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Abstract 

The five-membered ring, or furanose, form of galactose is not found in 

mammalian systems.  However, it is commonly found in pathogenic organisms, 

including Aspergillus fumigatus, Campylobacter jejuni, and Mycobacterium 

tuberculosis.  In many of these organisms, galactofuranose (Galf) is essential for 

virulence or viability.  For example, a major component of the mycobacterial cell 

wall is the mycolyl-arabinogalactan (mAG) complex, which contains 30–35 

alternating β-(1→5)- and β-(1→6)-linked Galf moieties.  The enzyme that 

synthesizes most of the galactan portion of mAG, GlfT2, is bifunctional, forming 

both β-(1→5)- and β-(1→6)-bonds in a single active site.  The exact mechanism 

of the regiochemistry of bond formation catalyzed by GlfT2 has not been 

established, but accurate predictions of the conformation of short galactan 

oligomers would allow us to determine key carbohydrate-protein interactions with 

these furanose sugars. 

The inherent flexibility of the furanose ring makes it difficult to model 

with current methods.  This thesis presents improved tools for determining the 

conformation of the monosaccharides, methyl α- and β-D-Galf, as well as Galf-

containing trisaccharides, which are model systems for the mycobacterial mAG 

complex.  Specifically, we have evaluated the gas-phase the potential energy 

surfaces (PES) for both monosaccharides.  We then compared the low energy 

conformations from the PES to the solution-state conformation determined from 

nuclear magnetic resonance (NMR) spectra and the program PSEUROT.  For the 



  

α-anomer, there was good agreement between the gas-phase conformation and the 

PSEUROT results; however, the PSEUROT approach failed for the β-anomer.   

To overcome the limitations in PSEUROT, we turned to molecular 

dynamics (MD) simulations of the monosaccharides.  Average vicinal proton–

proton coupling constants were determined from the MD simulations, via newly 

developed Galf-specific Karplus relationships.  Most of the calculated vicinal 

coupling constants agreed well with the corresponding experimental values, 

except those of the C4–C5 bond.  Therefore, we adjusted the force field terms 

associated with this bond, and the new parameters improved the agreement 

between experiment and simulation for C4–C5 bond in the monosaccharides.  

However, the new terms did not affect the C4–C5 bond for β-(1→5)-linked 

residues in the Galf-containing trisaccharides. 
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1.1.  Introduction 

Galactose is an important component in many mammalian 

glycoconjugates, including the ABO blood group antigens, the 

glycosaminoglycan keratan sulfate, and glycolipids such as GM1 and GM3.2  In 

mammals, galactose is found solely in the six-membered ring form as 

galactopyranose (Galp); in contrast, galactose is found both as Galp and as 

galactofuranose (Galf), the five-membered ring form, in bacteria, protozoa, and 

fungi.  Examples of a few glycoconjugates from pathogenic organisms are 

illustrated in Figure 1.1.  Many of these organisms that produce Galf are 

pathogenic; thus, targeting Galf biosynthesis might lead to novel, specific 

therapies, and we propose that a detailed understanding of their conformational 

properties is essential to successfully exploiting them as drug targets.  The design 

of inhibitors for many enzyme systems has benefited from a detailed 

understanding of the substrate’s conformational preferences.3,4  The furanose ring 

is much more flexible than the pyranose ring,5-7 but conformational models of the 

former are not well refined.  Our objective has been to elucidate the 

conformational preferences of Galf through NMR spectroscopy and 

computational chemistry. 
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Figure 1.1.  Portions of glycoconjugates containing galactofuranose from 
pathogenic organisms (clockwise, from top right):  galactomanan from 
Aspergillus fumigatus, mucin-like proteins from Trypanosoma cruzi, 

arabinogalactan from Mycobacterium tuberculosis, and galactan I from Klebsiella 
pneumoniae. 

This chapter focuses on the enzymes responsible for Galf biosynthesis, 

particularly the one that create the furanose ring (UDP-galactopyranose mutase, 

UGM).8  UGM is central to galactofuranose metabolism; most organisms cannot 

use exogenous Galf, and UDP-Galf appears to be the biological source of Galf 

residues in polysaccharides.9  Readers are also alerted to other reviews by 

Houseknecht and Lowary,10 Pedersen and Turco,11 Peltier et al.,12 von Itzstein,13 

and Tefsen et al.14 that also discuss the chemistry and biology of Galf. 

The earlier review by Peltier et al.12 includes an extensive list of Galf-

containing polysaccharides and the organisms that produce them.  These are, 
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therefore, not catalogued here.  To highlight just a few examples:  the major 

structural component of the Mycobacterium tuberculosis cell wall contains a 

galactan chain of 30–35 Galf units,15 and the biosynthesis of the galactan is 

essential for viability.16  The O-antigens of both Escherichia coli and Klebsiella 

pneumoniae contain β-D-Galf as part of lipopolysaccharides.9,17  Several Galf-

containing glycoconjugates have been found in Trypanosoma cruzi, the causative 

agent of Chagas disease, including glycoinositolphopholipids,18,19 lipopeptido-

phosphoglycans,20 and mucin-like proteins.21  The galactomannan of Aspergillus 

fumigatus also contains Galf,22 and this polysaccharide is used for clinical 

detection of fungal infections.23,24  Finally, halting Galf biosynthesis in 

Leishmania major attenuates its virulence.25  

Since the earlier review’s publication, several other oligosaccharides with 

Galf have been identified in algae, bacteria, fungi, lichen, marine sponges, and 

nematodes.  Analysis of cell-wall glycoproteins from the green alga 

Chlamydomonas reinhardtii revealed polysaccharides similar to those found in 

plants:  α-D-Galf-(1→2)-β-L-Araf-(1→2)-β-L-Araf-(1→4)-hydroxyproline and 3-

O-methyl-β-L-Araf-(1→5)-α-D-Galf-(1→2)-β-L-Araf-(1→2)-β-L-Araf-(1→4)-

hydroxyproline.26  The core arabinose disaccharide seems to be conserved 

between plants and algae, and glycosylation of hydroxyproline in proteins of 

plants has been shown to stabilize polyproline type II helices.27  The 

lipopolysaccharide from Citrobacter freundii, a bacterium that causes enteritis, 

contains the same repeating unit as galactan I from K. pneumoniae: [→3)-β-D-

Galf-(1→3)-α-D-Galp(1→].28  Cell-wall polysaccharides from the 
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cyanobacterium Nostoc commune contain linear chains of three to nine β-(1→6)-

linked Galf residues.29  A complex polysaccharide containing Galf at branch 

points (Figure 1.2) was identified from the fungus Neotestudina rosati, an 

organism that causes severe subcutaneous infections that often lead to 

deformity.30  A similar, less branched polysaccharide was found in the water-

soluble extract from the lichen species Lichina pygmaea and L. confinis; it too is 

composed of a main chain of α-(1→6)-linked mannose, with substitution at O2 or 

at both O2 and O4 positions with the less common α-Galf residues.31 A 

glycosphingolipid vesparioside B from the marine sponge Spheciospongia 

vesparia was identified containing both α- and β-Galf components: α-D-Galf-

(1→3)-[α-D-Galf-(1→2)]-β-D-Galf-(1→3)-α-D-Galp-(1→2)-α-D-Arap-(1→6)-β-

D-Glcp.32  Interestingly, in this last example, the authors assigned the anomeric 

configurations for the furanosides through three-bond proton-proton coupling 

constants by comparing the values from the 1H NMR spectrum to values 

determined via quantum mechanical calculations. A terminal α-D-Galf residue 

was found in the exopolysaccharide produced by Bifidobacteriaum animalis 

subsp. lactis, a probiotic often present in dairy products.33  Recently, 

galactomannans were isolated from a group fungi that infect insects – 

Lecanicillium muscarium, Beauveria bassiana, Beauveria brogniartii, and 

Cordyceps sphingum – that all contain Galf in β-(1→2)-linkages to the mannan.34 
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{[→6)-α-D-Manp-(1→6)-α-D-Manp -(1→]m[→6)-α-D-Manp-(1→6)-α-D-Manp-(1→]n}

β-D-Glcp
1
↓
4

α-D-Glcp

2
↑
1

[α-D-Glcp (1→2)-β-D-Galf ]p

α-D-Glcp (1→2)-β-D-Galf

2
↑
1

6
↑
1

β-D-Glcp
1
↓
4

m = 19, n=0.15, p=6  

Figure 1.2.  Complex Galf-containing polysaccharide isolation from Neotestudina 
rosati. 

1.2.  Biosynthesis of galactofuranose residues 

Several enzymes involved in Galf polysaccharide synthesis have been 

identified and characterized in detail – a mutase that provides the starting material 

(UDP-Galf) for elongating galactan chains, two galactosyltransferase enzymes 

from Mycobacterium tuberculosis, and exo-galactofuranosidases.   

1.2.1.  UDP-galactopyranose mutates (UGM) 

Because Galf is not present in glycoconjugates in mammals, Galf 

metabolism is an attractive therapeutic target for the treatment of diseases caused 

by Mycobacteria spp., Leishmania spp., Trypanosoma cruzi, E. coli, and 

Klebsiella spp., among others.11,13 These pathogenic organisms all use the same 

building block for synthesizing Galf-containing polysaccharides: uridine 

diphosphogalactofuranose (UDP-Galf, 1.2, Figure 1.3).  This sugar nucleotide is 

produced from UDP-Glcp by the enzymes UDP-glucose 4-epimerase (generating 
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UDP-Galp, 1.1) and UDP-galactopyranose mutase (UGM), which catalyzes the 

transformation of UDP-Galp to UDP-Galf.35  The gene encoding UGM was first 

identified in E. coli 1996,9 followed shortly by its identification in K. 

pneumoniae17 and M. tuberculosis.36  More recently, UGM was identified in the 

eukaryotes Aspergillus fumigatus,37 Cryptococcus neoformans, Leishmania 

major,38 Trypanosoma cruzi,36,39 and Caenorhabditis elegans.40  There is only 

about 20% homology between the eukaryotic and prokaryotic proteins, though the 

sequence identity is similar for the active site amino acids.39  A homologue of 

UGM from Campylobacter jejuni has also been characterized, and this enzyme 

can catalyze the reaction from UDP-2-acetamido-2-deoxy-D-galactopyranose 

(UDP-GalpNAc) to UDP-2-acetamido-2-deoxy-D-galactofuranose (UDP-

GalfNAc), in addition to the reaction from UDP-Galp to UDP-Galf.41 

O
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Figure 1.3.  The reaction catalyzed by UDP-galactopyranose mutase (UGM). 

Besides not being present in mammals, UGM is also crucial for the 

survival of these organisms.  For example, when UGM is not expressed in L. 

major, its virulence is attenuated25 and no lipophosphoglycan is produced.42  In 

fact, when mice were infected with L. major clones lacking UGM, they showed a 

dramatic reduction in onset of symptoms (nine weeks versus three weeks for wild-

type).42  When UGM is deleted from A. niger, colony growth is altered.25  In A. 
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fumigatus, UGM deletion leads to thinner cell walls, increased susceptibility to 

antifungals, attenuated virulence, and reduced growth.43  Deletion of UGM in  C. 

elegans results in larval lethality.40  This evidence suggests that UGM is an 

attractive therapeutic target.  Also, if UGM is overexpressed in M. bovis, the 

organism displays increased resistance to isoniazid, one of the front-line drugs 

used to treat tuberculosis.44 

1.2.2.  UGM structure and mechanism 

There has been significant effort toward understanding the mechanism of 

UGM.  Naismith and coworkers reported the first crystal structure of UGM from 

E. coli in 2001.45,46  Site-directed mutagenesis and comparison with other flavin 

and nucleotide binding domains identified key amino acid contacts: W156 stacks 

against uridine; R247 and R278 form ionic interactions with the diphosphate; and 

Y181, Y311, and Y346 are important for substrate binding, potentially forming 

hydrogen bonds with the carbohydrate ring.  In 2005, Naismith and coworkers 

solved additional crystal structures of UGM with FAD bound – from M. 

tuberculosis in the oxidized (inactive) state, as well as from K. pneumoniae in 

both the oxidized (inactive) and reduced (active) states.8  These structures are 

quite similar to the E. coli enzyme, with < 1.2 Å root mean square deviation 

(RMSD) for the 330 α-carbons in the proteins.  The major differences seen in the 

structures are in the flexible loop.  This loop is in the “closed” form in the E. coli 

structure, lying in the cleft occupied by the FAD cofactor; whereas, the loop is in 

the solvent-exposed, “open” form in the M. tuberculosis and K. pneumoniae 

structures.  Further site-directed mutagenesis studies identified a key arginine 
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residue on the mobile loop necessary for catalysis – R170 in E. coli.47  When this 

residue is mutated to alanine, UGM no longer catalyzes the reaction.  Docking 

studies and molecular dynamics simulations indicate that R170 forms an 

electrostatic interaction with the β-phosphoryl group of UDP-Galp.  The UGM 

from M. tuberculosis and K. pneumoniae also possess this arginine residue, R180 

and R174, respectively.  Molecular dynamics simulations and biophysical studies, 

including measuring changes in tryptophan and FAD fluorescence for various 

UGM mutants and STD NMR,48 indicate that substrate binding induces closure of 

the flexible loop, which is necessary for the reaction.49  

Since the first crystal structure of UGM was reported, there has been 

considerable progress towards elucidating its mechanism.  Elegant isotope 

scrambling experiments demonstrated the anomeric carbon–OUDP bond is 

broken during the reaction.50  Additionally, it was shown that 2- 3-, and 6-fluoro-

galactose analogs, both in the pyranose and furanose form, can act as substrates 

for UGM.51-54  The experiments with the fluorinated derivatives establish both 

that the UDP is not transferred to O2 during the reaction and that neither C2 nor 

C3 are oxidized during ring contraction.  The catalytic efficiencies (kcat/Km) of the 

2-deoxy-2-fluoro- and 3-deoxy-3-fluoro- analogs are decreased by four and three 

orders of magnitude, respectively, from UDP-Galf,52 while the 6-deoxy-6-fluoro-

analog is only ten times less efficient.54  These data support an oxocarbenium ion 

intermediate or transition state.  Also, because the 2-deoxy-2-fluoro compound is 

dramatically less active than UDP-Galf, there could be strong stabilizing 

interactions between the C2 hydroxyl and amino acid side chains in the active 



 

 10 

site.  Furthermore, neither talose, the C2 epimer of galactose, nor 2-deoxy-2-

fluoro-talose serve as substrates for UGM.54  
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Figure 1.4.  One of several proposed mechanisms for UGM. 
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Figure 1.5.  Several compounds designed to test the mechanism of UGM. 

The isotope exchange data support a bicyclic intermediate in the ring 

contraction,50 as is shown in Figure 1.4.  This proposed mechanism would also be 

consistent with the fluorinated analogs serving as substrates.  To test various 

proposed mechanisms, several groups have designed compounds to serve as 

substrates, transition state mimics, or inhibitors (Figure 1.5).  Caravano et al. 

made the proposed bicyclic intermediate itself, 1,4-anhydrogalactopyranose (1.3), 
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and it was not a substrate for UGM in 0.5–5 mM concentration range.55  The 

carbasugar analog 1.4 and methylene homologue 1.5 were synthesized by 

Sadeghi-Khomami et al. as potential inhibitors of UGM.56-58 For 1.4, no inhibition 

was seen at concentrations up to 100 μM, and 1.5 showed only 17% inhibition at 

4 mM.  In contrast, phosphonate 1.6 was designed as conformational probe,59 and 

it is a weak inhibitor of the UGM, with ~30% inhibition at 1 mM.  Compound 1.6 

inhibits UGM, whereas 1.3 and 1.4 do not; this difference can be attributed to the 

presence of uridine.  UDP itself is a competitive inhibitor of UGM with a Ki of 37 

μM.56  Itoh et al. synthesized UDP-galactitol (1.7) to test if the conversion of 

UDP-Galp to UDP-Galf goes through an oxocarbenium intermediate.60  The 

rationale for the design of this compound is if the reaction undergoes a direct 

nucleophilic attack (SN2), then 1.7 should be a substrate for UGM; if, on the other 

hand, the reaction goes through an oxocarbenium intermediate (either SN1 or 

radical mechanisms), then UDP-galactitol should remain intact.  UDP-galactitol is 

not a substrate for UGM; in fact, it is a weak inhibitor with comparable inhibition 

to UDP itself.  Caravano et al. synthesized UDP-exo-galactofuranosyl glycal 

(1.8),61 a fluorinated exo-glycal (1.9),62 and UDP-exo-galactopyranosyl glycal 

(1.10)63 as conformational mimics of an oxocarbenium transition state.  The 

furanose compounds 1.8 and 1.9 showed time-dependent inactivation when 

assayed against oxidized (i.e. inactive) UGM; however, when a reducing agent 

was added the compounds were weak inhibitors (<10% inhibition at 1 mM).   In 

contrast, 1.10 was a competitive inhibitor with 42% inhibition at 1 mM under 

non-reducing conditions. 
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UGM is a flavin-dependant enzyme; however, the conversion of Galp to 

Galf is not a redox process.  Thus, the precise role of flavin adenosine 

dinucleotide (FAD) in the reaction has elicited much interest.  Despite early 

reports to the contrary,52,64 only the reduced form of the enzyme is active.45,65-69  

Potentiometric studies determined that the reduced form of the flavin in UGM is 

the anionic FADH–, rather than the neutral FADH2.65  Further EPR experiments 

showed that binding of the sugar nucleotide stabilized the radical FADH•.65  

These data support a radical mechanism for the ring contraction catalyzed by 

UGM.  Additional support comes from activity studies using enzymes 

reconstituted with deaza-analogs of FAD:66  UGM is active with FAD or 1-deaza-

FAD (Figure 1.6) but not with 5-deaza-FAD.  Both FAD and 1-deaza-FAD can 

participate in one- or two-electron processes.  However, 5-deaza-FAD is limited 

solely to two-electron processes.  Interestingly, there are other enzymes, such as 

chorismate synthase, that also require reduced FAD to catalyze reactions that are 

not redox processes. In the case of chorismate synthase, the enzyme has been 

shown to proceed through a radical mechanism.64  
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Figure 1.6.  FAD-containing compounds to probe whether UGM uses a radical or 
nucleophilic mechanism. 

Kiessling and coworkers put forth another possible mechanism for UGM, 

that N5 of FADH– acts as a nucleophile and attacks the anomeric carbon of the 

oxocarbenium intermediate, forming an iminium ion intermediate.67  UGM was 

incubated with UDP-Galp tritiated at C6 then treated with the reducing agent 

sodium cyanoborohydride, and a radiolabeled flavin–galactose adduct 1.11 was 

isolated (Figure 1.6), supporting the proposed nucleophilic mechanism.  These 

results are also consistent with the reaction not being catalyzed with 5-deaza-

FAD, as there is no nucleophilic nitrogen at the 5-position.70   

Further support for FADH– as a nucleophile in an SN2 reaction comes 

from positional isotope exchange (PIX) experiments and linear free energy 

relationships carried out by the Liu group.71  UDP-Galp was doubly labelled to 

have 13C at C1 and 18O at the anomeric oxygen.  When UGM was reconstituted 

with 5-deaza-FAD, it could not catalyze the PIX of the doubly labelled substrate, 

implying that N5 is necessary to break the anomeric bond.  UGM was also 

reconstituted with 7- or 8-substitued FAD analogs.  When the nucleophilicity of 
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the FAD analogs was plotted against log(kcat) of the reaction, the slope of the 

resulting Hammett plot is negative, as would be expected for an SN2 reaction as 

the rate-limiting step.  If the C1-O5 (or C1-O4) bond cleavage were the rate-

limiting step, UDP-galactitol 1.7 should be a substrate for the reaction, and it is 

not, as discussed above.  The current proposed mechanisms for UGM are 

summarized in Figure 1.7.69  

 

Figure 1.7.  Currently proposed mechanisms for UGM.  Route A involves 
nucleophilic attack by the FAD cofactor in an SN1 manner, Route B involves a 

single electron transfer to the galactose, and Route C involves nucleophilic attack 
by the FAD cofactor in an SN2 reaction. 
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Sanders and coworkers crystallized UGM from Deinococcus radiodurans, 

which has only ~40% sequence homology to the other crystallized enzymes, to 

facilitate substrate–enzyme crystallization studies.72  This strategy was successful, 

and they were able to obtain X-ray crystal structures of UDP-Galp and UDP 

bound to reduced UGM at 2.50 Å and 2.55 Å resolution, respectively.73  Earlier 

studies suggested that W184 (or W156 in E. coli) stacked against uracil (see 

above); however, in the crystal structure, W184 forms a hydrogen bond with C3 

hydroxyl group of ribose.  The crystal structure does confirm that the arginine 

residue on the mobile loop (R198 in D. radiodurans) interacts with the 

diphosphate of UDP-Galp.  There is also significant electron density between N5 

of FAD and the anomeric carbon of Galp, supporting the existence of a substrate–

cofactor intermediate.  The 2- and 3-hydroxyl groups of Galp form water-

mediated hydrogen bonds within the active site, consistent with the fluorinated 

analogs described above.  Finally, the conformation of UDP-Galp bound to UGM 

is quite different to those of the inhibitors UDP-Glcp74 or UDP-C-D-Galf75 (1.19, 

Figure 1.11) bound to UGM.  Neither UDP-Glcp nor 1.19 interact with R198, and 

the anomeric carbon of Glcp is too far (6.0 Å) to form a bond with N5 of FAD. 

Quite recently, the crystal structure of UGM from A. fumigatus bound 

with UDP-Galp has been published.76,77  The eukaryotic enzyme has low 

sequence identity to the bacterial enzymes (<20%), and small angle X-ray 

scattering shows that it forms a tetramer in solution, whereas the bacterial 

enzymes often form dimers.76  Despite these differences, there is only 3.0 Å rmsd 

between 351 residues of the A. fumigatus and D. radiodurans structures.77  Also, 



 

 16 

the key contacts in the active site are similar between the eukaryotic and 

prokaryotic enzymes. 

1.2.3.  Assessing UGM activity 

Effective assays are necessary to screen for inhibitors of UGM activity.  

The most commonly used assay, developed by Lee et al.,78 is HPLC-based and 

relies on UDP-Galp and UDP-Galf having significantly different retention times 

(23 min versus 31 min).  Although readily reproducible, it is not high-throughput.  

Also, because the reaction equilibrium heavily favors the pyranose product, this 

HPLC assay is best run using UDP-Galf as a starting material; however, UDP-

Galf is not commercially available and can be difficult to synthesize (see below). 

A radioactivity-based assay reported by Scherman et al. relies on NaIO4 

oxidation, which will cleave the C5–C6 bond of Galf but not of Galp (Figure 

1.8).79  This assay requires the preparation of C6 radiolabelled UDP-Galp, and the 

release of tritiated formaldehyde from the product UDP-Galf is monitored.  After 

screening a 1300-member library of uridine-based compounds with this assay, a 

weak inhibitor of UGM was found; see Section 1.2.4 for details.   
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Figure 1.8.  Galf assay that relies on formation of tritiated formaldehyde. 

Kiessling and coworkers developed a fluorescence polarization assay for 

UGM, which uses a fluorescent UDP analog (Figure 1.9, 1.12).80  The Kiessling 

group then screened a 16,000-member library and identified seven compounds 

with Kd values less than 10 μM that served as lead compounds for further 

development of inhibitors (Section 1.2.4).  
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Figure 1.9.  Compounds used in assays of UGM activity. 

One barrier to enzymatic studies of UGM or enzymes that use UDP-Galf 

is the limited access to this sugar nucleotide.10  One approach to overcome these 

limitations is a chemoenzymatic synthesis described by Rose et al.,81 and 
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originally reported by Field and coworkers82 (Figure 1.10).  In this process, α-Galf 

1-phosphate (Figure 1.10, 1.13)83 is converted to UDP-Galf by the enzyme 

galactose-1-phosphate uridinyltransferase (GalPUT); 30 mg of UDP-Galf can be 

obtained from 1.13 after HPLC purification.  Peltier et al. probed the specificity of 

GalPUT.84  The enzyme accepts a variety of furanoside phosphates, including D-

galactose, 6-deoxy-6-fluoro-D-galactose, D-fucose, and L-arabinose but neither D-

glucofuranose nor D-mannofuranose serve as substrates.  Additionally, when an 

anomeric phosphate mixture is used, only the 1,2-cis anomer reacts.  UDP-Galf 

has been synthesized chemically,64,85-88 but the various strategies are not detailed 

here.  It is also possible to use UGM itself to produce UDP-Galf;17 however, this 

is not practical due to the ~9:1 ratio of UDP-Galp to UDP-Galf at equilibrium.78  
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Figure 1.10.  Chemoenzymatic synthesis of UDP-Galf. 

1.2.4.  Inhibitors of UGM 

The majority of compounds screened as potential inhibitors of UGM have 

been designed as substrate mimics.  In fact, the first reported inhibitor from Fleet 

and coworkers was a pyrrolidine analog of Galf (Figure 1.11, 1.14);89 this 

compound showed weak inhibition of UGM and prevented Galf incorporation into 

the mycobacterial galactan chain in vitro.  Building upon this result, they also 
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synthesized a pyrrolidine UDP-Galf mimic (1.15),90 though evaluation of this 

compound as an inhibitor of UGM was not reported.  Liautard et al. designed and 

tested another pyrrolidine Galf analog linked to UMP by a non-hydrolyzable, 

three carbon chain (1.16).91,92  This compound showed low micromolar inhibition 

in the HPLC assay described previously.78  Additionally, the same group used a 

[3+2] dipolar cycloaddition to synthesize a pyrrolidine- and phosphonate-

containing UDP-Galf mimic (1.17),93 though no biological data were reported for 

this compound.  Similarly, several other pyrrolidine analogs were synthesized by 

Desvergnes et al.,94 and the best of these compounds (1.18) displayed <35% 

inhibition of UGM at 25 mM. 
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Figure 1.11.  Compounds synthesized as inhibitors of UGM. 

In addition to changes to the carbohydrate ring, other potential inhibitors 

have been synthesized with changes to the diphosphate linkage.  Sinaÿ and 

coworkers synthesized UDP-C-D-Galf (1.19), which is weak inhibitor of the E. 
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coli UGM.95  A chemoenzymatic synthesis of 1.19 provided higher yields, and the 

compound  showed >50% inhibition at 1 mM concentration against four bacterial 

UGM enzymes.75  Following a similar strategy, Owen et al. replaced the uridine 

diphosphate of UDP-Galf with sulfenamides and sulfonamides,96,97 and the most 

potent of these analogs, the Galf N,N-didecyl sulfenamide 1.20, had a 1 μg/mL 

inhibitory concentration (MIC) against M. smegmatis in a cell-based assay.  The 

same group also tested several thioglycosides and sulfones of Galf,98 and the best 

of these compounds, the Galf 9-heptadecyl thioglycoside (1.21) and Galf 9-

heptadecyl sulfone (1.22), had comparable MIC values.  None of the compounds 

were screened against UGM itself. 

Pinto and coworkers designed ammonium, selenonium, and sulfonium ion 

mimics of Galf phosphate, with a sulfate ion side chain (1.23).99,100  The sulfate 

ion was chosen for stability and because it is present in known glycosidase 

inhibitors, salacinol and kotalanol.101  The compounds were designed as transition 

state mimics for UGM but are only weak inhibitors (<45% inhibition at 10 mM). 

A weak inhibitor (1.24) was found using the assay designed by Scherman 

et al.79 (described in Section 1.2.3), but it was not active against whole cells.  

Using a different commercial library with the same assay, Tagallapally et al.102 

identified nitrofuranylamide 1.25 as an inhibitor of UGM (IC50 = 12 μg/mL) that 

was also active against M. tuberculosis H37Ra (MIC = 1.6 μg/mL).  They went 

on to synthesize a panel of nitrofuranylamides and screened them against UGM, 

but none displayed significant improvement over the lead.  Four compounds were 
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also tested in vivo, and although they displayed some anti-mycobacterial activity, 

it appears that UGM is not their target.102  

Open-chain aminophosphonate mimics of L-arabinose have also been 

synthesized as potential inhibitors (1.26).103  While these compounds are similar 

to UDP-galactitol 1.7 (Figure 1.5) synthesized as a mechanistic probe,60 these 

aminophosphonates lack uridine, which appears necessary for binding, and they 

only showed weak inhibition of UGM at 2 M (< 11%). 

Using the fluorescence polarization assay described in Section 1.2.3,80 

Kiessling and coworkers identified several thiazolidinone-based compounds that 

inhibit UGM with Kd values less than that of UDP.  One of these also showed 

selectivity for UGM with low micromolar IC50 values (1.27);104 however, the 

thiazolidinone reacts with free thiols present under biological conditions.  

Kiessling and coworkers subsequently reported aminothiazoles (1.28) that inhibit 

M. smegmatis growth at MICs comparable to ethambutol and rifampicin (50 

μM).105  An additional 20,000 compounds were screened, and 11 had Kd’s of 10 

μM or below.  These were used as lead compounds for further SAR studies.  The 

Pinto group later assayed both 1.28 and 1.29,106 a compound that inhibits M. 

tuberculosis but whose biological target was initially unknown.107  Both 1.28 and 

1.29 were active against UGM with low micromolar IC50 values, inhibit the 

growth of M. smegmatis, and are inactive against Gram-positive bacteria.  

However, only 1.29 inhibits the growth of M. tuberculosis.  Following up on the 

fluorescence polarization assay itself, Dykhuizen et al.108 identified an additional 

site on UGM with apparent affinity for an aromatic moiety.  By varying the 
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number of carbons connecting UDP and fluorescein, they determined the optimal 

linker length was eight carbons.  Furthermore, by attaching fluorescein to a 

known inhibitor, they identified an even more potent inhibitor against UGM with 

a Kd of 0.30 μM and an IC50 of 3.5 μM (1.30). 

Once the crystal structure of substrate bound to UGM was available 

(Section 1.2.2), Sanders and coworkers used this structure as part of a virtual 

screening study.109  Thirteen inhibitors were identified from an initial screen of 

84,000 compounds.  Of these, two had very low IC50 values against the UGM 

from M. tuberculosis, 0.8 μM for 1.31 and 1.0 μM for 1.32.  Compound 1.32 

includes an aminothiazole ring, as does 1.28 identified by Kiessling and 

coworkers, and docking simulations indicated that this moiety is involved in a 

cation-π interaction with the arginine residues that engage the diphosphate of 

UDP. 

1.2.5.  Galactofuranosyltransferases 

Mycobacterial galactan contains a chain of 30–35 Galf residues attached 

via alternating β-(1→5) and β-(1→6) linkages.  This motif is attached to a 

disaccharide consisting of a N-acetyl-D-glucosamine and L-rhamnose as illustrated 

in Figure 1.12.  In 2001, Pan et al. determined that two genes involved in 

mycobacterial galactan biosynthesis (Rv3809c and Rv3808c) are necessary for 

mycobacterial growth,16 highlighting that their protein products might make good 

therapeutic targets.  The Rv3809c gene, also known as glf, encodes for UGM.  

The other gene, Rv3808c, was identified as a potential galactosyltransferase after 

it was cloned into M. smegmatis.110  This gene encodes for GlfT2, a bifunctional 
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enzyme that creates both the β-(1→5) and β-(1→6) linkages found in 

mycobacterial galactan.  GlfT2 was expressed, purified, and characterized in E. 

coli by Besra and coworkers.111  They reported that earlier attempts at purification 

had been hampered due to the formation of insoluble inclusion bodies; the 

insolubility was overcome by adding chaperones to the plasmid containing 

Rv3808c.  However, Palcic, Lowary and coworkers had earlier succeeded in 

isolating multi-milligram quantities of recombinant GlfT2 without the need for 

chaperones.112  To aid in the identification of galactofuranosyltransferase 

inhibitors, Rose et al.81 reported a coupled spectrophotometric assay for GlfT2 

that requires α-UDP-Galf and can be done in a 384-well plate (Figure 1.13). 
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Figure 1.12.  Mycobacterial galactan chain attached to the linker disaccharide. 
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Figure 1.13.  Basis of spectrophotometric assay for GlfT2. 

Several groups have studied the mechanism of the GlfT2.  STD NMR 

experiments demonstrated that synthetic trisaccharide acceptors (1.33 and 1.34, 

Figure 1.14) bind competitively to the same active site of GlfT2 and have similar 

Kd values, 85 ± 15 μM for 1.33 and 50 ± 10 μM for 1.34.113  Further STD NMR 

experiments with 1.33 and 1.34 indicated that the residue at the reducing end and 

the aglycone bind more tightly to the active site than non-reducing end, where the 

glycosylation takes place.114  Weaker binding near the site of the reaction would 

allow the substrate to adopt the necessary transition state conformation.  Mass 

spectrometry assays supported that the enzyme is processive rather than 

distributive.115  In other words, once the acceptor binds to GlfT2, the Galf 

moieties are added until chain termination occurs.  Site-directed mutagenesis of 

GlfT2 indicated that the Asp372 acts as a catalytic base in the formation of both 

β-(1→5) and β-(1→6) linkages.116  The X-ray crystal structure of GlfT2 as a 

homotetramer with UDP-Galf bound was recently solved,117 and the position of 

the sugar donor supports that Asp372 is the catalytic base.  There is also a region 

of hydrophobic residues in the putative acceptor binding site, similar to other 

glycosyl transferases in the same enzyme family.  The acceptors 1.33 and 1.34 

were both modeled into this site, and the hydrophobic pocket can accept both β-
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(1→5) and β-(1→6) linkages.  When the non-reducing residue has a β-(1→5) 

linkage, the acceptor is more exposed than when the terminal residue has a β-

(1→6) linkage, leaving the 6-OH is positioned appropriately for reaction.  When 

the terminal residue is has a β-(1→6) linkage, then the terminal residue is 

positioned deeper in the active site, and the 5-OH is held in the correct orientation 

to react.  GlfT2 can use 5- or 6-deoxy-UDF-Galf , as well as UDP-β-L-Araf, with 

both acceptors 1.33 and 1.34.118  However, the resulting oligosaccharides are 

dead-end products, indicating that both the 5- and 6-hydroxyl groups are 

necessary for substrate specificity. 
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Figure 1.14.  Synthetic trisaccharide donors used in STD NMR experiments of 
GlfT2 

The gene for another galactosyltransferase involved in mycobacterial 

galactan biosynthesis was tentatively identified in 2006 by Brennan and 

coworkers as Rv3782.119  This gene was overexpressed in M. smegmatis, and 

when decaprenyl pyrophosphate α-L-rhamnopyranosyl-(1→3)-N-acetyl-α-D-

glucosamine was added to the membrane fraction, the production of the 

oligosaccharide with two Galf residues increased, indicating that the enzyme has 

dual β-(1→5) and β-(1→6) transferase activity.  Later, the enzyme encoded by 
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Rv3782 (GlfT1) was expressed in M. smegmatis and characterized.120  In vitro 

assays, in which both GlfT1 and GlfT2 were probed with natural and synthetic 

substrates, demonstrated that GlfT1 puts the first two Galf residues on the linker 

disaccharide, and GlfT2 adds the remainder.120  As with GlfT2, UDP-β-L-Araf 

and UDP-5-deoxy-α-D-Galf serve as sugar donors for GlfT1, forming dead-end 

products that inhibit galactan biosynthesis in a cell-free reaction.121  The current 

model for the assembly of mycobacterial galactan involves two bifunctional 

glycosyltranserases that are responsible for the polymerization of UDP-Galf into 

the full-length structure.  It remains to be established how the process is 

terminated; therefore, it is possible that additional galactofuranosyltransferases 

are involved in the later stages of biosynthesis.  However, Kiessling and 

coworkers put forth the hypothesis that there is an additional binding site on 

GlfT2 for the lipid aglycone.74  Once the galactan chain reaches the desired 

length, the lipid could fold back and interact with the second site to signal chain 

termination.  However, there is no evidence of a lipid binding site in the crystal 

structure of GlfT2.117 

Few other galactofuranosyltransferases have been well characterized.  

WbbO is another bifunctional galactosyltransferase from K. pneumoniae.122  By 

expressing this enzyme in E. coli, Whitfield and coworkers demonstrated that it 

adds both Galf and Galp to synthesize galactan I, which is part of the O-antigen 

for K. pneumoniae.  WbbI from E. coli K-12 was expressed and purified as a 

maltose binding protein conjugate.123  In vitro assays confirmed this enzyme is a 

β-galactofuranosyltransferase that catalyzes the addition of Galf to an α-
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glucopyranose acceptor.  Octyl α-Glcp gave octyl β-Galf-(1→6)-α-Glcp, the 

structure of which was verified by comparison with the NMR spectrum of an 

authentic sample; however, octyl β-Glcp was not a substrate for the enzyme.  In 

another investigation, the activity of a galactofuranosyltransferase in a membrane 

preparation from Penicillium fellutanum was demonstrated through incorporation 

of radiolabeled Galf into the peptidophosphogalactomannan produced by this 

organism.85  Galactofuranosyltransferase genes have also been identified in 

Streptococcus anginosus,124 T. cruzi,125 T. rangeli,126 and L. major;127-129 however, 

only the enzyme for T. rangeli has been expressed and purified.126  The L. major 

genes were knocked out, and Galf was no longer present in the lipophosphoglycan 

of the mutants.127  Galf incorporation in glycosylinositolphopholipids was 

unaffected.128 

1.2.6.  Galactofuranosyltransferase inhibitors 

There have been fewer potential inhibitors synthesized for the 

galactofuranosyltransferases than for UGM.  Pathak et al. demonstrated that the 

disaccharide octyl β-D-Galf-(1→4)-α-L-Rhap is a substrate for the 

galactofuranosyltransferases in M. smegmatis membranes.130  Additionally, two 

protected synthetic intermediates – octyl β-D-galactofuranosyl-(1→4)-2,3-O-

isopropylidene-α-L-rhamnopyranoside (Figure 1.15, 1.35) and octyl 2,3,5,6-tetra-

O-acetyl-β-D-galactofuranosyl-(1→4)-α-L-rhamnopyranoside (1.36) – were 

modest inhibitors of the growth of M. tuberculosis and three clinical strains of M. 

avium complex.   
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Figure 1.15.  Compounds designed as inhibitors of galactofuranosyltransferases. 

Presumably, the reaction catalyzed by GlfT2 involves a transition state 

with some oxocarbenium ion character.  This rationale led to the design synthesis 

of the pyrrolidine 1.37,131 which is a weak inhibitor of GlfT2 (IC50 = 4.8 mM).  It 
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is interesting to note that compound 1.38, with the same absolute stereochemistry 

as C5 of Galf, showed no activity.  Another pyrrolidine containing compound 

1.39 that was originally designed as a transition-state mimic for the E. coli 

glycosyltransferase MurG, is a weak inhibitor of GlfT2, showing 80% inhibition 

at 1 mM.132  Liautard et al. synthesized two Galf disaccharide mimics with 

iminogalactitol moieties (1.40, 1.41),133 using the same 1,3-dipolar cycloaddition 

methodology discussed earlier.93  These compounds were designed as potential 

galactofuranosyltransferase inhibitors; however, no biological data have been 

reported.  Carbasugar disaccharide analogs 1.42 and 1.43 were are similar to 1.40 

and 1.41 and were designed as GlfT2 inhibitors.134  Only 1.43 showed activity of 

53% inhibition at 2 mM; 1.42 was showed no inhibition. 

1.2.7.  Galactofuranosidases 

Early synthetic methodology for Galf-containing mono- and 

oligosaccharides was directed toward understanding the substrate specificity of 

exo-β-D-galactofuranosidase,135,136 an enzyme that cleaves Galf residues from 

glycoconjugates as fungal colonies increase in age.137  Galactofuranosidases have 

been identified in several species of fungi, including Aspergillus sp., Penicillium 

sp., and Helminthosporium sacchari.138  de Lederkremer and coworkers 

synthesized and evaluated a panel of alkyl and aryl β-thioglycosides of Galf as 

inhibitors of this enzyme and found the 4-aminophenyl-thioglycoside (Figure 

1.16, 1.44) was a moderate inhibitor (IC50 = 0.08 mM).137  Additionally, D-

galactono-1,4-lactone 1.45 was a more potent inhibitor (IC50 = 0.02 mM).  The 

authors proposed that compound 1.44 might be usable in affinity chromatography 
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to “pull down” galactofuranosidases, and that 1.45 might then elute the enzymes 

off the column.  Later, they used this approach to identify an exo-

galactofuranosidase from T. cruzi.138  Varela and coworkers later evaluated three 

thiodisaccharides with β-D-Galf as the terminal moiety for inhibitory activity 

against the P. fellutanum exo-β-D-galactofuranosidase.139  All of these compounds 

were worse inhibitors than 1.45, with <60% inhibition at 1 mM.     
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Figure 1.16.  Compounds used for studying exo-galactofuranosidase. 

To probe galactofuranosidase substrate specificity, a portion of the 

repeating unit of lipophosphoglycan of Leishmania, β-D-Galf-(1→3)-α-D-Manp 

1.46, was synthesized.140  Because the repeating unit also contains the α-D-Galp-

(1→3)-β-D-Galf motif, the same disaccharide lacking the 3-OH of Galf (1.47) was 

also synthesized.  Compound 1.46 was a substrate for the galactofuranosidase 

while 1.47 was not, demonstrating that the 3-OH is necessary for enzyme 

recognition.  Additional, deoxygenated analogs have also been evaluated as 
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substrates.  The 6-deoxy analog, 4-nitrophenyl β-D-fucofuranoside, was 

synthesized in four steps from 2,3,5-tri-O-benzoyl-6-bromo-6-deoxy-D-galactono-

1,4-lactone,141 and this compound was also not a substrate for the 

galactofuranosidase.  Using a photoinduced electron-transfer strategy, the 2-

deoxy-142 and 5-deoxy-analogs143 were both synthesized from D-galacturonic acid.  

The 2-deoxy-Galf was not a substrate for galactofuranosidase, while the 5-deoxy 

compound had not been assayed.  Much is know about the substrate specificity of 

the exo-galactofuranosidase, but only one inhibitor has been synthesized, the 

imidazolidine-2-thione 1.48.21  

1.3.  Conformation of galactofuranosides 

While crystal structure for UGM and GlfT2 with UDP bound have both 

been solved, no enzyme structures with UDP-Galf bound exist.  Additional 

knowledge of the conformation of Galf in active sites, as well as in solution, 

would help in the design of inhibitors; however, there are few reports on the 

conformation of Galf.  Weller, et al. used nuclear Overhauser effect (NOE) data in 

combination with restrained molecular dynamics (MD) simulations to determine 

the solution conformation of the glycoinositol phospholipid 1.49 from L. major 

(Figure 1.17).144  The MD simulations indicated that 1.49 has a hairpin structure 

in solution, and the bend in the glycan occurs at the Galf residue.  Lichtenthaler 

and coworkers used Monte Carlo searches to find low energy conformations of 

cyclic β-(1→3)- and β-(1→6)-linked oligogalactofuranosides of three to five Galf 

residues.145  Unlike cyclodextrins (cyclic α-(1→4)-linked glucopyranosides), the 
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conformations of the cyclic oligogalactofuranosides were not symmetric and had 

small central cavities.  The small cyclic structures also forced the ring 

conformations of the Galf residues into higher energy conformations than the 

monosaccharide.  Other reports of Galf conformation describe protected synthetic 

intermediates, such as the bicyclic thiocarbamate, 1.50 (Figure 1.17).146  

α-Manp -1-PO4-(1→6)-α-Galp -(1→6)-α-Galp -(1→3)-β-Galf -(1→3)-α-Manp -(1→3)-α-Manp -(1→

α-Glcp-1-PO4
1
↓
6

O
HO

HO

HO

1.50

O
NH

S

H

1.49  

Figure 1.17.  Compounds evaluated for the conformation of Galf.  Only the non-
reducing end residues of 1.49 are shown. 

1.4.  Summary and thesis research goals  

Galf-containing glycans are essential components of a host of bacterial, 

fungal, and parasitical organisms, and the biochemical pathways by which these 

molecules are assembled and catabolized are attractive sites for drug action.  This 

potential has led to increasing interest in the synthesis of molecules containing 

Galf residues, their subsequent use in studies directed at understanding the 

enzymes that processes these residues, and the identification of potential 

inhibitors of these pathways.   

Among the major achievements of the past several years has been an in-

depth understanding of the mechanism of the UDP-galactopyranose mutase 

(UGM), the enzyme that produces the donor species for 

galactofuranosyltransferases, UDP-Galf, and crystal structures of UGM with 

substrates and inhibitors bound in the active site.  There has already been success 
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in identifying inhibitors with in vivo anti-bacterial activity, as well as lead 

compounds, which will serve as the basis for future analog synthesis.  Future 

work in this area would involve docking known inhibitors in the active site, which 

would provide additional key insights into the UGM mechanism, and would, in 

turn, guide further efforts to design inhibitors.  Additionally, having the structure 

of UDP-Galp bound to UGM would provide a starting point for quantum 

mechanics/molecular mechanics (QM/MM) calculations to study the reaction 

mechanism.    

Other achievements of note are reported in papers that have studied 

galactofuranosyltransferases.  Those receiving the most intense scrutiny are the 

enzymes involved in mycobacterial cell wall assembly, and the current model for 

galactan synthesis in mycobacteria involves two bifunctional enzymes, GlfT1 and 

GlfT2.  Future mechanistic work in this area, including X-ray crystallographic 

investigations of GlfT1, is essential to develop high-affinity inhibitors of galactan 

biosynthesis.  In particular, the known essentiality of galactan formation for 

mycobacterial viability suggests that potent inhibitors of GlfT1 and GlfT2 have 

significant clinical potential.  A crystal structure of GlfT2 was recently reported 

with 1.33 and 1.34 modelled into the active site; these docked structures could 

provide initial structures for MD simulations of the enzyme–substrate complex, 

which would highlight key interactions for substrate recognition that are not 

readily apparent.  Docking simulations of the natural substrate or of galactan 

chains of varying lengths could lead to understanding of substrate recognition and 
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how chain termination occurs.  Furthermore, docking of known inhibitors could 

allow for virtual screening or aide in the design of new inhibitors of the enzyme.   

  The experiments and calculations presented in this thesis lay the 

foundation for future docking, MD, or QM/MM simulations.  All of these 

techniques rely on accurate models of Galf behaviour in aqueous solution.  We set 

out to develop these models.  Chapter 2 describes the potential energy surface 

(PES) of methyl α- and β-D-Galf (1.51 and 1.52, respectively, Figure 1.18) in the 

gas phase, calculated with density functional theory (DFT) methods.  We then 

compare the low energy conformations on the PES with those predicted using the 

proton nuclear magnetic resonance (NMR) spectra and the program 

PSEUROT.147,148  We also used the conformations from the PES to develop Galf-

specific Karplus relationships,149,150 which are described in Chapter 3.  The new 

equations allowed us to interpret the results of MD simulations of 1.51 and 1.52 in 

solution, by comparing the coupling constants averaged of the calculations with 

those from the proton NMR spectra.  These calculations highlighted problems 

with the chosen force field, and we addressed these shortcomings in Chapter 4.  

Our changes to the force field improved agreement between the simulation results 

and experiment.  We calculated the solution conformations of 1.33 and 1.34 using 

both the original and improved force field, and the results are summarized in 

Chapter 5. 
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Figure 1.18.  The conformations of methyl α- and β-D-Galf are the focus of 
Chapters 2 through 4. 
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Chapter 2: 

 
A comparison between the gas-phase potential energy 
surfaces of methyl α- and β-D-galactofuranosides and 

solution conformations predicted by PSEUROT 

 

 

 

 

 

 

 

 

Compounds 2.1 and 2.2 discussed in this chapter were synthesized by Mr. 

Yu Bai, using published protocols.1,2
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2.1.  Introduction 

Pyranose rings typically exist in one chair conformation that is much 

lower in energy than the corresponding ring-flipped form.  Furanose rings, 

however, often exist in a variety of envelope and twist conformations that are 

similar in energy, and these conformers interconvert through a process known as 

pseudorotation.3  For example, Kilpatrick, et al.3 first calculated that the envelope 

and twist conformations of cyclopentane had the same energy.  The planar form 

was calculated to be 4 kcal/mol higher in energy.  The dynamic structure of the 

furanose ring makes its conformational analysis an area of active research.4 

Galactose is present in the furanose form in several species of bacteria, 

fungi, protozoa,5,6 and metaozoans,7 although galactofuranose (Galf) is absent in 

mammals (Chapter 1).  An example of a glycoconjugate containing Galf is the 

mycolyl arabinogalactan (mAG) complex that forms part of the cellular envelope 

of Mycobacterium tuberculosis and other mycobacteria species.8  The mAG 

complex is composed of a linear chain of 30–35 Galf residues connected through 

alternating β-(1→5) and β-(1→6) linkages (Figure 2.1).  At three points on the 

galactan chain – residues 8, 10, and 12 – branched arabinan chains are attached.9  

The arabinan chains are capped with mycolic acids, complex lipids containing 

60–90 carbon atoms.10,11   
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Figure 2.1.  The galactan portion of the mycolyl arabinogalactan (mAG) complex. 

 

The arabinose and galactose moieties of the mAG complex are in their 

furanose forms.  For both carbohydrates, the furanose form is less 

thermodynamically stable than the pyranose form, as illustrated by the proportion 

of each found at equilibrium in aqueous solution.12  Thus, it is unclear why 

mycobacteria produce these configurations.  One proposed rationale is the 

“flexible scaffold hypothesis”,13,14 which suggests that the inherent flexibility of 

the furanose ring allows the mycolic acids to tightly pack against one another to 

form a protective barrier at the outer surface of the cell wall (Figure 2.2).  There 

has been little experimental evidence to support this hypothesis, however.15,16    
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Figure 2.2.  The mycobacterial cell wall, showing the mAG complex. 

As part of our on-going study of furanosides present in the mAG complex, 

we present here partial potential energy surfaces (PES) of methyl α- and β-D-

galactofuranosides (2.1 and 2.2, Figure 2.3) in the gas-phase derived from density 

functional theory (DFT) calculations.  Ninety conformations for both 2.1 and 2.2 

are described, as a full scan of conformational space would require 21,870 

conformations (10 x 37) to include every C–C–O–H rotamer for each anomer.  We 

limited our conformers to those without intramolecular hydrogen bonds, which 

are not expected to form in aqueous solution.  Our group has already discussed in 

detail the structural parameters for both anomers of D-arabinofuranose (D-Araf) 

from quantum mechanical calculations.17-19  The configuration of the furanose 

ring is the same for D-Galf and L-Araf (Figure 2.3); however, Galf is a hexose, 
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while Araf is a pentose.  Because there should no difference in geometries 

between the enantiomers D-Araf and L-Araf, we have focused on the exocyclic 

portions of 2.1 and 2.2 in our discussion of the conformations below.  Finally, a 

comparison is presented between the gas-phase PES for 2.1 and 2.2 and the 

solution conformations.  
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Figure 2.3  The structures of methyl α-D-galactofuranoside (2.1) and methyl β-D-
galactofuranoside (2.2) with the carbon atoms numbered.  Methyl L-Araf is also 

shown for comparison. 

2.2.  Methods 

2.2.1.  Nomenclature 

Envelope (E) ring conformations have one atom above or below the plane 

of the ring formed by the remaining four atoms.  If the atom is above the plane, it 

is designated by a superscript preceding E; if the atom is below the plane, it is 

designated by a subscript following E.  For example, the 1E conformation 

corresponds to the envelope with C1 above the plane of the ring.  Twist (T) 

conformations have one atom above and one atom below the plane of the ring 

formed by the remaining three ring atoms.  The atoms displaced from the plane 

are similarly designated by superscripts and subscripts.  For example, the 3T2 

conformation would indicate the twist conformer with C3 above and C2 below the 

plane of the ring.     
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Figure 2.4.  The pseudorotational itinerary, showing the value of P in degrees 
along the inside of the circle and the corresponding envelope or twist 

conformation along the outside. 

The conformation of a furanose ring can also be defined by two 

parameters, P and φm.  P refers to the Altona–Sundaralingam pseudorotational 

phase angle.20  Values of P = 18°, 54°, 90°, etc. correspond to envelope 

conformations, and values of P = 0°, 36°, 72°, etc. correspond to twist  

conformations, as shown in Figure 2.4.  The value of P can be calculated from the 

endocyclic torsion angles φ0–φ4 (Figure 2.5) using eq. 2.1.  The value of φm 

describes the puckering of the five-membered ring or the displacement from 

planarity.   The value of φm can be calculated from eq. 2.2.  

)72sin36(sin2
)()(

tan
0

3142

°+°
+−+

=
φ

φφφφ
P  2.1

Pm cos
0φφ =  2.2
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Figure 2.5.  Definition of the endocyclic ring torsion angles φ0–φ4. 

 

In addition to ring conformation, Galf has additional sites of 

conformational variation, including the exocyclic C4–C5 and C5–C6 bonds.  

These bonds have three possible staggered rotamers (Figure 2.6), and each 

rotamer is named according to the gauche or trans relationships of the O–C–C–O 

and O–C–C–C dihedral angles – gg, gt, or tg.  For example, when the O4–C4–

C5–O5 is 60° and C3–C4–C5–O5 is 300°, both torsions are in a gauche 

relationship, and the rotamer is termed gg.  The angles for each rotamer about the 

C4–C5 and C5–C6 bonds of Galf in the ideal staggered conformation are also 

shown in Figure 2.6. 
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Figure 2.6.  (top)  The three staggered rotamers about the C4–C5 bond, viewing 
down the C4–C5 bond axis.  (bottom)  The three staggered rotamers about the 

C5–C6 bond, viewing down the C5–C6 bond axis. 

Throughout the discussion in this thesis, the individual conformations of 

2.1 and 2.2 are named according to their ring conformation, followed by the 

orientations about the C4–C5 bond and the C5–C6 bond (gg, gt, or tg).  For 

example, E4-gg-gt refers to an envelope ring conformer with C4 below the plane, 

the C4–C5 bond in the gg orientation, and the C5–C6 bond in the gt orientation.  

Additionally, hydrogens in the hydroxyl groups are referred to by the oxygen to 

which they are attached; for example, O5H refers to the hydrogen attached to O5.     

2.2.2.  Computational methodology 

All calculations were performed in the Gaussian 03 program.21  For the 

PES, the ten envelopes of both 2.1 and 2.2 were constructed, then each of the 
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three staggered rotamers for the C4–C5 and C5–C6 bonds (Figure 2.6) were 

generated for every envelope, giving a total of 90 conformations for both 2.1 and 

2.2.  The geometries of all 180 conformations were optimized using DFT, 

specifically B3LYP/6-31G*.22,23  Previous studies in our group17-19 and others24 

demonstrated that this level of theory provides structural parameters in good 

agreement with experimental crystal structures for carbohydrates.  During the 

optimization, the endocyclic ring torsion angle corresponding to the four atoms in 

the plane of the ring was fixed at 0° to maintain the envelope structure.  For 

example, the C1–C2–C3–C4 dihedral angle was constrained at 0° in the EO and 

OE conformations.  Additionally, the C–C–O–H torsion angles were fixed to 

preclude the development of any intramolecular hydrogen bonds during geometry 

optimization.  The values of these dihedral angles varied, depending on the 

overall conformation of the molecule.  The C2–C1–O1–CH3 dihedral angle was 

initially set at 180° (i.e. in the exo-anomeric preferred configuration) but was not 

fixed during geometry optimization.  All other parameters – bond lengths, bond 

angles, and dihedral angles – were allowed to vary freely during geometry 

optimization.  Single point energies were then calculated using both B3LYP/6-

31+G**22,23,25,26 and MP2/6-311+G**.27 

The Cartesian coordinates for all optimized conformations of 2.1 and 2.2 

are listed in the Appendix A.  All 3D images were created using the program 

PyMol.28 
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2.2.3.  NMR spectroscopy and PSEUROT 

One-dimensional solution-state 1H nuclear magnetic resonance (NMR) 

spectra were obtained for 2.1 and 2.2 in D2O at 300 K on a 600 MHz 

spectrometer.  For both compounds, the three-bond proton–proton coupling 

constants (3JH,H) were determined and are discussed in Section 2.3.4.  A 

presaturation pulse sequence was used to reduce the intensity of the residual HOD 

signals (4.78 ppm at 300 K).   

The magnitude of the coupling constant between vicinal protons is 

dictated by the dihedral angle φi
HH between them, as described by the Karplus 

relationship (eq. 2.3).29,30  In addition, the dihedral angle φi
HH can be related to the 

corresponding ring dihedral angle φi by eq. 2.4.31  (See Figure 2.5) for the 

definition of φ0 through φ4.)  For a system with ideal tetrahedral geometry at each 

atom, the dihedral angle φi
HH between cis protons would be equivalent to the ring 

dihedral angle φi.  Therefore, the coefficient ai would be 1, and bi would be 0°.  

The dihedral angle φi
HH between trans protons would differ from the ring torsion 

φi by ± 120°; thus, the coefficient ai would still be 1, but bi would be ± 120°.  

Most atoms in furanosides do not have ideal tetrahedral geometries; therefore, the 

values of ai and bi come from crystal structure data or from quantum mechanical 

calculations.  Plotting the ring dihedral angle φi (x-axis) vs. the proton–proton 

dihedral angle φi
HH

 (y-axis) should give a linear relationship, where the slope of 

the line is ai and the y-intercept is bi.32  Also, D-Galf has the same relative 

configuration of the ring as D-Araf, but the two rings are mirror images.  Thus, the 
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opposite of slope of the line ai should be used in PSEUROT calculations of D-

Galf.20,33 

HHHH
HH CBAJ φφ 2coscos,

3 ++=  2.3
4,3,2,1,0, =+= iba i

HH
iii φφ  2.4
 

The program PSEUROT31,34 was developed by Altona and coworkers to 

determine the ring conformation of furanosides based on vicinal proton–proton 

coupling constants, as well as eq. 2.3 and eq. 2.4.  PSEUROT assumes that the 

observed coupling constants represent equilibrium values between two 

conformations – one in the northern part of the pseudorotational wheel (Figure 

2.4) and one in the southern part.  This assumption means the program has five 

unknowns to solve for:  P and φm for the northern conformation, P and φm for the 

southern conformation, and the ratio between the two conformers.  However, Galf 

only has three vicinal proton coupling constants for the ring.  Thus, in PSEUROT 

calculations of 2.1 and 2.2, the value of φm for both conformers was held constant 

at 39°, leaving only three unknowns.  The value φm = 39° was used because it was 

observed in crystal structures of methyl α- and β-D-Araf, which has the same 

substitution pattern on the ring as Galf.32  PSEUROT also requires initial values of 

P for both conformers.  For both 2.1 and 2.2, four different calculations were run 

with the following starting values – run A:  PN = 50°, PS = 150°; run B:  PN = 50°, 

PS = 250°; run C:  PN = 320°, PS = 250°; and run D:  PN = 320°, PS = 50°.35  The 

program then takes the initial values of P and φm and obtains the best fit to the 

observed coupling constants through Newton–Raphson minimization.36   
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2.3.  Results and discussion 

2.3.1.  Optimized conformations for 2.1 

2.3.1.1.  Pseudorotational phase angle and puckering 

Each individual envelope conformation of 2.1 started from the same initial 

ring geometry prior to geometry optimization, i.e., the furanose ring was the same 

for the E3-gg-gg conformer as for the E3-tg-tg conformer.  After geometry 

optimization, however, a range of ring conformations were present, as illustrated 

in Figure 2.7.  All of the conformers maintained near ideal values of P because 

one endocyclic torsion angle was fixed during the optimization process, but the 

ring puckering varied.  In particular, the northeast – E3, 4E, and EO geometries – 

showed a larger range of puckering than the remaining conformations.  The φm 

values for these three rings ranged from 17° to 39°.  In contrast, the puckering for 

the E1 conformers was much narrower, φm = 39–42°.  For all 90 optimized 

conformations of 2.1, the average φm was 34.8°, with the total range φm = 17–43°. 
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Figure 2.7.  Ring conformations for the optimized geometries of 2.1.  Each spoke 
on the wheel represents a phase angle P, and the distance from the center of the 

wheel represents the ring puckering, φm, in degrees. 

2.3.1.2.  Orientation about the C4–C5 bond for the gg rotamers 

As with the ring geometries, each of the exocyclic torsions of 2.1 started 

from the same point, but over the course of geometry optimization, the values of 

O4–C4–C5–O5 dihedral angles diverged.  The ideal angles for the O4–C4–C5–

O5 torsion in each of the three staggered rotamers is shown in Figure 2.6; i.e., gg 

is 60°, gt is 300°, and tg is 180°.  The value of this torsion was close to the ideal 

value of 60° for all ring conformations when the C4–C5 bond was in the gg 

orientation and the C5–C6 bond was in either the gg or tg conformation (Figure 

2.8a).  For these 20 conformers, the O4–C4–C5–O5 torsion was between 60° and 
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69°, with an average of 66°.  A larger range of values was seen when the C5–C6 

bond was in the gt orientation; the O4–C4–C5–O5 torsion was lower than the 

ideal, with an average value of 50°.  The lowest extreme was seen in the E2-gg-gt 

conformer, which had a 39° O4–C4–C5–O5 dihedral angle.  The E2-gg-gt 

conformer contained an intramolecular hydrogen bond from O5H to O2, which 

may account for the small O4–C4–C5–O5 torsion angle.   

 

Figure 2.8.  O4–C4–C5–O5 dihedral angles for optimized geometries of 2.1.  
Graph a) shows the O4–O5 torsion for each envelope when the C4–C5 bond is in 
the gg orientation, b) shows the O4–O5 torsion for each envelope when the C4–

C5 bond is in the gt orientation, and c) shows the O4–O5 torsion for each 
envelope when the C4–C5 bond is in the tg orientation. For all three graphs, each 
line represents a different rotamer about the C5–C6 bond:  gg is the filled circles 

and solid line, gt is the open circles and long dashed line, and tg is the filled 
triangle and short dashed line. 

We tried to exclude intramolecular hydrogen bonds in our sampling of the 

PES; however, for some ring conformations, this was impossible.  In particular, 

with the C4–C5 bond in the gg orientation and the C5–C6 bond in the gt 

conformation, the E2, 3E, and E4 conformers all contained a hydrogen bond from 

O5H to O2 (Figure 2.9a).  These conformations all had the C4–C5–O5–H 
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dihedral angle at 55° (or the g+ orientation), which was consistent with the 

remaining conformers in the series.  When the C4–C5–O5–H was set to the t or 

g– orientations and the conformer was optimized, other intramolecular hydrogen 

bonds developed, between O5H and O6 or O5H and O4, respectively.  Finally, 

the E1-gg-gt conformer had an intramolecular hydrogen bond between O5H and 

O1, though the geometry for this hydrogen bond was not ideal, having an O5–O1 

distance of 2.8 Å and an O5–H–O1 angle of 108° (Figure 2.9b).   

 

 

Figure 2.9.  Examples of hydrogen bonds (blue dashed lines) in optimized 
conformations of 2.1.  a) E2-gg-gt has a hydrogen bond from O5H to O2.  b) E1-

gg-gt has a hydrogen bond from O5H to O1.   
1.  

2.3.1.3.  Orientation about the C4–C5 bond for the gt rotamers 

For the conformers of 2.1 with the O4–C4–C5–O5 dihedral angle in the gt 

conformation, the average value for this torsion was 303°, with a range of 285–

320° (Figure 2.8b).  When the C5–C6 bond was in the gt orientation, the O4–C4–

C5–O5 dihedral angle took on the largest values from 285° to 320°.  Specifically, 

in the northeast section from 1E to E1, O4–C4–C5–O5 averaged 317°, presumably 

to reduce steric clashes between H3 and H6S.  For example, the O4–C4–C5–O5 
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torsion angle in E1-gt-gt took on the largest value at 320°, and the distance 

between H3 and H6S is 2.5 Å (Figure 2.10a).  If this angle is decreased to 300°, 

the distance between the two protons decreases to 1.9 Å, which is smaller than 

twice the van der Waals radius for two hydrogens (2.4 Å).37  Conformers in the 

southwest section from 2E to EO averaged values closer to the ideal angle at 303°.   

There was similar trend for conformations with the C5–C6 bond in the tg 

conformation:  the northeast section from 1E to E1, O4–C4–C5–O5 averaged 

305°, while the southwest section from 2E to EO had a lower average of 288°.  The 

lower than ideal values for the southwest region was due to relieving steric strain 

between O4 and O5.  For example, the E3-gt-tg conformation has the lowest value 

for the O4–C4–C5–O5 dihedral angle at 285°, and the O4–O5 distance is 2.9 Å in 

this conformation, which is quite close to twice the van der Waals radius for two 

oxygens (3.0 Å, Figure 2.10b).37  If the angle is increased to 300°, this distance 

drops to 2.7 Å.  Finally, the trend is different for conformations with C5–C6 in the 

gg conformation.  For these structures, the northeast region from E1 to 1E has an 

average O4–C4–C5–O5 value of 303°, and the southwest from E2 to OE had an 

average of 293°.  The lower than ideal values for the southern conformations were 

due to steric repulsion between O4 and O5. 
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Figure 2.10.  Examples of close contacts (green dashed lines) in optimized 
conformations of 2.1.  a) The distance between H3 and H6S is 2.5 Å in E1-gt-gt.  

b) The distance between O4 and O5 is 2.9 Å in E3-gt-tg.  

2.3.1.4.  Orientation about the C4–C5 bond for the tg rotamers 

The conformations of 2.1 with the O4–C4–C5–O5 dihedral angle in the tg 

conformation showed a consistent trend among the three conformations about the 

C5–C6 bond (Figure 2.8c).  The average value for the O4–C4–C5–O5 torsion was 

close to 185°, ranging from 162° to 200°.  The conformers with the C5–C6 bond 

in the gg and tg orientations show the same pattern, with gg offset 15° higher than 

tg, with the southern conformations E2 to OE having higher values than the rest of 

the pseudorotational itinerary.  Additionally, both tg-gg and tg-tg exhibited a 

narrow range of values – the range for tg-gg is 14° with an average O4–C4–C5–

O5 dihedral angle of 192°, and the range for tg-tg is 16° with an average O4–C4–

C5–O5 dihedral angle of 185°.  The trend for the structures with C5–C6 in the gt 

orientation also follow the same overall trend as the other conformations with two 

outliers.  The O4–C4–C5–O5 dihedral angle of EO-tg-gt conformation is the 

lowest value of the series at 162°, which increases the distance between the partial 

positive charges on O3H and O5H, relieving some electrostatic repulsion (Figure 
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2.11a).  The distance between O3H and O5H is significantly shorter in EO-tg-gt 

(2.3 Å) than for its neighbor 1E-tg-gt  (2.9 Å).  The 2E-tg-gt conformation has the 

highest value of the series at 200°, and its deviation from ideal is to accommodate 

electrostatic repulsion between O3 and O5.  With the angle at 200°, the distance 

between O3 and O5 is 3.2 Å; whereas, closer to the ideal value of 180°, the 

distance drops to 3.1 Å (Figure 2.11b).  Additionally, O5H and O3 are closer to 

the proper orientation for a weak hydrogen bond when the angle is 200°.38 

 

Figure 2.11.  Examples of close contacts (green dashed lines) in optimized 
conformations of 2.1.  a) The distance between O3H and O5H is 2.3 Å in EO-tg-
gt.  b) The distance between O3 and O5 is 3.1 Å in 2E-tg-gt.  When the O4–C4–
C5–O5 dihedral angle is 200º there is also a favorable interaction between O5H 

and O3 (blue dashed line). 

2.3.1.5.  Orientation about the C5–C6 bond for the gg rotamers 

For the C5–C6 bond, the ideal angles for the O5–C5–C6–O6 torsion are 

shown in Figure 2.12; i.e. gg is 300°, gt is 60°, and tg is 180°.  Structures of 2.1 

with gg orientation about the C5–C6 bond have O5–C5–C6–O6 dihedral angles 

ranging from 280° to 319°, with an average value of 304° (Figure 2.12a).  When 

the C4–C5 bond is also in the gg conformation, the values for the O5–C5–C6–O6 

torsion angle have a narrow range very close to ideal, 302–306°.  The largest 
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variation is seen for gt-gg conformations with a range from 280° to 302° and an 

average of 294°.  The southwest region from E2 to OE has lower than ideal values 

averaging 283°, while the conformations from E1 to 1E average near ideal at 301°.  

The low values for the O5–C5–C6–O6 torsion of E2-gt-gg, 3E-gt-gg, E1-gt-gg, and 

OE-gt-gg can be explained by the presence of a hydrogen bond between O3H and 

O6 (Figure 2.13a).  The average O3 to O6 distance is 3.8 Å, and the average O3–

H···O6 angle is 114°. Taken together, these two values are within the range of a 

weak hydrogen bond.38  The average value for the O5–C5–C6–O6 torsion of the 

tg-gg conformers is above the ideal angle at 314°, with a range from 306° to 319°.  

The deviation from the ideal 300° reduces the potential syn-pentane strain along 

O6–C6–C5–C4–C3 motif (Figure 2.13b).39  

 

Figure 2.12.  O5–C5–C6–O6 dihedral angles for optimized geometries of 2.1.  
Graph a) shows the O5–O6 torsion for each envelope when the C5–C6 bond is in 
the gg orientation, b) shows the O5–O6 torsion for each envelope when the C5–

C6 bond is in the gt orientation, and c) shows the O5–O6 torsion for each 
envelope when the C5–C6 bond is in the tg orientation. For all three graphs, each 
line represents a different rotamer about the C4–C5 bond:  gg is the filled circles 

and solid line, gt is the open circles and long dashed line, and tg is the filled 
triangle and short dashed line. 
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Figure 2.13.  Optimized conformations of 2.1.  a) Example hydrogen bond (blue 
dashed line) between O3H and O6 in E2-gt-gg.  b) The O6–C6–C5–C5–C3 motif 

is highlighted (blue solid line) in E2-tg-gg. 
 

2.3.1.6.  Orientation about the C5–C6 bond for the gt rotamers 

Conformations of 2.1 with the C5–C6 angle in the gt orientation have the 

smallest variation in the O5–C5–C6–O6 angle (Figure 2.12b), with an average 

value close to ideal at 65°.  The structures in the gg-gt orientation have a narrow 

range of values for the O5–C5–C6–O6 dihedral angle between 69° and 73° with 

an average of 71°, reducing the distance between the partial electron-rich 

substituents on O5 and O6.  While the range for the conformers in the gt-gt 

orientation is larger than those for the gg-gt orientation (54°–64°), the average is 

60°.  Finally, several values for the O5–C5–C6–O6 torsion in tg-gt are similar to 

those for the gg-gt orientation, with the exception of the northern conformations 

E2, 3E, and E4.  In these three conformations, the O5–C5–C6–O6 torsion ranges 

from 71° to 79°.  These conformers also have the C4–C3–O3–H dihedral angle in 

the g+ conformation (Figure 2.14a) to prevent a hydrogen bond between O5H and 
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O3, while the remaining structures in the series have the C4–C3–O3–H dihedral 

angle in the g– orientation (Figure 2.14b).   

 

Figure 2.14.  Variations in the C4–C3–O3–H dihedral angle (blue solid line) of 
2.1.  a) This torsion is g+ in E2-tg-gt.  b) This torsion is g– in 2E-tg-gt. 

2.3.1.7.  Orientation about the C5–C6 bond for the tg rotamers 

For tg orientations about the C5–C6 bond of 2.1, the range of values of 

O5–C5–C6–O6 is fairly large, from 141° to 186°, with an average value well 

below the ideal, at 162° (Figure 2.12c).  Once again, when the C4–C5 bond is in 

the gg conformation, the range of values for the O5–C5–C6–O6 dihedral angle is 

narrow, 170–173°.  The largest range of values is seen for the structures with the 

C4–C5 bond in the gt conformation from 160° to 186°.  The E4-gt-tg and the OE-

gt-tg conformations are closest to the ideal 180°, while the remainder range 

between 160° and 170°.  In both E4-gt-tg and OE-gt-tg, the C3 and C4 substituents 

are pseudoaxial; therefore, when the O5–C5–C6–O6 dihedral angle is close to 

180°, O3 and O6 are not close to one another (Figure 2.15a).  However, in other 

conformers, when this torsion is close to its ideal value, syn-pentane strain would 

arise along the O6–C6–C5–C4–C3 structural domain.39  By reducing this angle to 
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below 170°, the steric strain is removed.  The largest deviations from ideal are 

seen for the values of the O5–C5–C6–O6 dihedral angle when C4–C5 is in the tg 

conformation.  The range for these structures is 141–151° with an average value 

of 146°.  Conformers of 2.1 with the tg-tg orientation bring the O6 and O1 atoms 

close to one another, and if the O5–C5–C6–O6 angle is closer to 180°, these 

atoms are within twice the distance of the van der Waals radius for oxygen (3.0 Å, 

Figure 2.15b).37  

 

Figure 2.15.  Optimized conformations of 2.1.  a) In E4-gt-tg, the distance 
between O3 and O6 (connected by a blue solid line) is large due to the 

pseudoaxial substituents.  b) In E4-tg-tg, O5–C5–C6–O6 is 147°, keeping the 
distance between O1 and O6 (connected by a blue solid line) larger than their 

combined van der Waals radii. 

2.3.2.  Optimized conformations for 2.2 

2.3.2.1.  Pseudorotational phase angle and puckering 

Just as with the α-anomer 2.1, a range of ring conformations were present 

for the β-anomer 2.2 after geometry optimization (Figure 2.16).  Because the 

torsion angle in the plane of the ring was constrained during the optimization 

process, only near ideal values of P are observed.  However, the puckering 

amplitude φm varies from 16°–44°, a slightly larger range than was observed for 
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2.1.  Also similar to 2.1, the northeast region – 2E through EO – have the largest 

spread of values, with an average range of φm of 16°.  The remaining envelope 

conformations have an average range of φm of 8°.   

 

Figure 2.16.  Ring conformations for the optimized geometries of 2.2.  Each 
spoke on the wheel represents a value of the phase angle, P/π in radians, and the 

distance from the center of the wheel represents the ring puckering, φm in degrees. 

2.3.2.2.  Orientation about the C4–C5 bond for the gg rotamers 

While the graphs for O4–C4–C5–O5 dihedral angles for 2.1 and 2.2 are 

not identical (Figure 2.8 and Figure 2.17, respectively), the trends are similar.  

Specifically, for the conformations with C4–C5 in the gg orientation (Figure 

2.17a), the average value for the O4–C4–C5–O5 torsion is exactly the ideal at 

60°, with a large range of 42–69°.  Among the three possible orientations about 
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the C5–C6 bond, the gg-tg conformers of 2.2 have the narrowest range, 60–66°, 

which is similar to what was seen for 2.1.  The gg-gt structures also follow a 

similar trend as described above, with the northern conformations OE to EO close 

to the ideal value with an average of 61°.  The southern conformations 1E to E4, 

however, have O4–C4–C5–O5 dihedral angles much lower than the idea value, 

averaging 48°.  These conformations also all have a hydrogen bond between O5H 

and O2 (Figure 2.18a), and the C4–C5–O5–H torsion is in the g+ orientation, 

consistent with the remaining conformers in the series.  We attempted to eliminate 

this hydrogen bonding by introducing additional constraints.  However, 

constraining C4–C5–O5–H to one of the other rotamers led to the development of 

other intramolecular hydrogen bonds, as described above.  The 3E-gg-gg 

conformation is a major outlier with a 42° O4–C4–C5–O5 torsion angle.  The 

deviation from the ideal can be accounted for by the electrostatic repulsion 

between O6 and O4 in this rotamer (Figure 2.18b).  If the dihedral angle is closer 

to 60°, then the oxygen–oxygen distance drops to 2.7 Å.  Despite this 

conformation, the average for gg-gg is 60°. 
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Figure 2.17.  O4–C4–C5–O5 dihedral angles for optimized geometries of 2.2.  
Graph a) shows the O4–O5 torsion for each envelope when the C4–C5 bond is in 
the gg orientation, b) shows the O4–O5 torsion for each envelope when the C4–

C5 bond is in the gt orientation, and c) shows the O4–O5 torsion for each 
envelope when the C4–C5 bond is in the tg orientation. For all three graphs, each 
line represents a different rotamer about the C5–C6 bond:  gg is the filled circles 

and solid line, gt is the open circles and long dashed line, and tg is the filled 
triangle and short dashed line. 

 

Figure 2.18.  Optimized conformations of 2.2.  a) An example of the hydrogen 
bond (blue dashed line) between O2 and O5H in E3-gg-gt.  b) The smaller than 

ideal value for the O4–C4–C5–O5 dihedral angle in E3-gg-gg decreases the 
electrostatic repulsion between O4 and O6 (blue solid line). 
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2.3.2.3.  Orientation about the C4–C5 bond for the gt rotamers 

The conformations of 2.2 with the C4–C5 bond in the gt orientation all 

show similar trends to the same conformations of 2.1.  Briefly, the overall range 

for the O4–C4–C5–O5 dihedrals angle is 284–333°, and the average is 303° 

(Figure 2.17b).  When the C5–C6 bond is in the gg orientation, the southwest 

conformers E2 through OE have lower values than the remainder of the series.  

This trend is reversed for the structures with the C5–C6 bond is in either gt or tg. 

2.3.2.4.  Orientation about the C4–C5 bond for the tg rotamers 

When the C4–C5 bond is in the tg orientation, conformations of 2.2 show 

the least similarity to those of 2.1.  The range of the O4–C4–C5–O5 dihedral 

angle for the tg conformers is 45°, with an average close to the ideal at 182° 

(Figure 2.17c).  The overall trend in the values of O4–C4–C5–O5 for 2.2 is tg-gt 

< tg-tg < tg-tg, with average values of 177°, 183°, and 185°, respectively.  The 

trend for 2.1, however, is tg-tg < tg-gt < tg-gg.  For all the structures of 2.2, the 

southern conformations 1E to OE have higher values for the O4–C4–C5–O5 

dihedral angle, with an average of 187°, than the northern ones E1 to EO, which 

average 175°.  The exception to this is the 2E-tg-tg conformer with a O4–C4–C5–

O5 torsion of 209°, the highest of all 30 structures.  This conformation puts O5 

and O3 at a distance of 3.1 Å when O4–C4–C5–O5 is close to 180°; when the 

dihedral angle is at 209°, these atoms are 3.4 Å apart (Figure 2.19a).  Despite the 

magnitudes of the O4–C4–C5–O5 torsions having different trends between 2.1 

and 2.2, the curves themselves are quite similar.  For the tg-gg curve, the 

exception is the outlier E4-tg-gg, possessing an O4–C4–C5–O5 torsion of 207°.  
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The adoption of a larger than ideal angle prevents a steric clash between O5 and 

H3 (Figure 2.19b).  A value of 180° puts these atoms within 2.6 Å of each other, 

while at 207°, they are 3.0 Å apart.  For the tg-gt curve, the values for the 

northern conformation 2E through 4E have lower values for O4–C4–C5–O5 in the 

β-anomer than the α-anomer.  The trend for tg-tg is the same between 2.1 and 2.2, 

except for 2E-tg-tg conformer, discussed above. 

 

Figure 2.19.  Examples of close contacts (green dashed lines) in optimized 
conformations of 2.2.  a) The distance between O3 and O5 is 3.4 Å in 2E-tg-tg.  b) 

The distance between H3 and O5 is 3.0 Å in E4-tg-gg.  

2.3.2.5.  Orientation about the C5–C6 bond for the gg rotamers 

The graphs for the O5–C5–C6–O6 dihedral angles for 2.2 (Figure 2.20) 

are quite similar to those for 2.1 (Figure 2.12).  For conformations with the C5–

C6 bond in the gg orientation (Figure 2.20a), the trend gt-gg < gg-gg < tg-gg 

holds for both the α- and β-anomers.  Specifically, the curve for gt-gg is the same 

between the two, with a range from 280–303° and an average value of 293°.  The 

gg-gg conformers for 2.2 show more variation than in 2.1, with a range of O5–

C5–C6–O6 values spanning 38°.  While structures with the tg-gg conformation 

also show a similar overall trend between the anomers, there are larger values for 
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2.2 with a maximum at 318° for the southeastern conformations 1E through 3E.  

These larger than ideal values for the O5–C5–C6–O6 dihedral put the O6 and H3 

atoms 2.3–2.4 Å apart, whereas if the angle were closer to 300°, this distance 

decreases to 2.1–2.2 Å (Figure 2.21).  

 

Figure 2.20.  O5–C5–C6–O6 dihedral angles for optimized geometries of 2.2.  
Graph a) shows the O5–O6 torsion for each envelope when the C5–C6 bond is in 
the gg orientation, b) shows the O5–O6 torsion for each envelope when the C5–

C6 bond is in the gt orientation, and c) shows the O5–O6 torsion for each 
envelope when the C5–C6 bond is in the tg orientation. For all three graphs, each 
line represents a different rotamer about the C4–C5 bond:  gg is the filled circles 

and solid line, gt is the open circles and long dashed line, and tg is the filled 
triangle and short dashed line. 

 

Figure 2.21.  The 3E-tg-gg conformation of 2.2, showing the distance between H3 
and O6 (green dashed line). 
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2.3.2.6.  Orientation about the C5–C6 bond for the gt rotamers 

The conformations of 2.2 with the C5–C6 bond in the gt orientation 

(Figure 2.20b) all show similar trends to the same conformations of 2.1 with an 

average value close to ideal at 65°.  The structures of 2.2 in the gg-gt orientation 

have an even narrower range of values for the O5–C5–C6–O6 dihedral angle than 

for 2.1: 70° to 73°, with an average of 72°.  The range for the conformers in the 

gt-gt orientation is larger than those for the gg-gt orientation (54°–66°), but the 

average is very close to ideal at 61°.  Finally, many of the conformations with the 

tg-gt conformation are close to those in the gg-gt orientation, with the exception 

of the northern conformations 3E and E4.  In these two conformations, O5–C5–

C6–O6 is 71°, and if the O5–C5–C6–O6 dihedral angle is closer to the ideal 

value, the O5 and O6 atoms would be only 2.7 Å apart.  Increasing the angle to 

71° also increases the distance between O5 and O6 to 2.8 Å (Figure 2.22).  

 

Figure 2.22.  Optimized conformations of 2.2, showing the distance between O5 
and O6 (green dashed line).  a) 3E-gg-gt conformation. b) E4-gg-gt conformation. 
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2.3.2.7.  Orientation about the C5–C6 bond for the tg rotamers 

For tg orientations about the C5–C6 bond of 2.2, the range of values of 

O5–C5–C6–O6 is fairly large, from 141° to 188°, with an average value well 

below the ideal at 166° (Figure 2.20c).  The β-anomer 2.2 shows similar trends as 

the α-anomer 2.1 when the exocyclic bonds are in the gg-tg or gt-tg conformation. 

Specifically, when the C4–C5 bond is in the gg conformation, the range of values 

for the O5–C5–C6–O6 dihedral angle of 2.2 is narrow, 171–173°.  When the C4–

C5 bond is in the gt conformation, the range of values for the O5–C5–C6–O6 

dihedral angle is larger, 160–180°, with an average value of 168°.  For the 

western and southern conformations E1 through 1E, the values are between 160° 

and 162°, while the average of the remaining conformations is 179°.  The value of 

the O5–C5–C6–O6 dihedral angle in OE-gt-tg is the largest at 187°, due to a 

favorable electrostatic interaction between O3H and O6 (Figure 2.23a).  The 

heavy atoms are 3.4 Å apart, and the angle between O3H and O6 is 117°.  For 

conformations with the C4–C5 bond in the tg conformation, the values of the O5–

C5–C6–O6 dihedral angle range from 141° to 184°, with an average of 159°.  In 

particular, the eastern ring conformations from E3 to 1E have O4–O5 torsion 

angles between 141° and 149°, similar to what is seen for the α-anomer.  For all 

of these ring conformations, the bringing the O5–C5–C6–O6 dihedral angle closer 

to the ideal value of 180° would lead to syn-pentane strain along O3–C3–C4–C5–

O5 (Figure 2.23b).39  In the remaining ring conformations, the range of values for 

O5–O6 torsion is closer to the ideal, 161–184°, with an average value of 169°. 
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Figure 2.23.  Optimized conformations of 2.2.  a) There is a favorable 
electrostatic interaction (blue dashed line) between O3H and O6 in OE-gt-tg.  b) 

The O3–C3–C4–C5–O5 motif is highlighted (blue solid line) in E3-tg-tg. 

2.3.3.  Relative energies calculated for 2.1 and 2.2 

2.3.3.1.  Relative energies for 2.1 at B3LYP/6-31+G** 

Once all of the conformations were optimized, single point energies were 

calculated at the B3LYP/6-31+G** level of theory.  The resulting smoothed40 

PES for methyl α-D-Galf is shown in Figure 2.24, and the energies have been 

scaled relative to the lowest energy conformation, 2E-gg-tg, which was arbitrarily 

set at 0.0 kcal/mol.  All but three conformations have single point energies less 

than 14 kcal/mol.  The outliers are 2E-gt-tg (34.6 kcal/mol), E3-gt-tg (38.2 

kcal/mol), and 4E-gt-tg (39.2 kcal/mol).   The ring geometry of these conformers 

forces O1, O2, O3, and O6 all close together, as shown in Table 2.1 and Figure 

2.25.  As mentioned above, twice the van der Waals radius for oxygen is 3.0 Å,37 

and the distance between O1 and O2 is 2.6–2.7 for all three conformations.  The 

O2–O3 and O3–O6 distances vary between 3.1 and 3.4 Å, only slightly larger 

than two van der Waals radii.  For the 4E-gt-tg conformation, the O2–O3 distance 
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is the largest at 3.4 Å, but this conformer also has a high-energy eclipsing 

interaction due to the small O1–C1–C2–O2 dihedral angle (4°, Table 2.1).    

 

Figure 2.24.  Potential energy surface (PES) for 2.1.  The surface was calculated 
with B3LYP/6-31+G**, and a Loess smoothing algorithm40 with a polynomial of 

one was applied in SigmaPlot.41 
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Table 2.1.  Oxygen-oxygen distances and O1–C1–C2–O2 dihedral angles for 
select conformations of 2.1. 

Conformer O1–O2 dist. 
(Å) 

O2–O3 dist. 
(Å) 

O3–O6 dist. 
(Å) 

O1–C1–C2–O2 
(degrees) 

2E-gt-tg 2.7 3.2 3.2 44 

E3-gt-tg 2.6 3.2 3.1 29 

4E-gt-tg 2.6 3.4 3.1 4 

 

 

Figure 2.25.  High energy conformations of 2.1 with O1, O2, O3, and O6 
represented as spheres:  a) 2E-gt-tg, b) E3-gt-tg, c) 4E-gt-tg. 

The relative energies of 2.1 broken down by exocyclic geometries are 

shown in Figure 2.26.  To keep the y-axis the same in all three graphs, three 

points are not shown in Figure 2.26b; however, the entire graph is shown in 

Figure 2.27.  As stated above, the lowest energy conformation is 2E-gg-tg, which 

is in the northern portion of the pseudorotational itinerary (Figure 2.4).  The 

lowest energy conformation in the southern part of the pseudorotational wheel is 

1E-tg-gg, which is 4.0 kcal/mol higher in energy than the global minimum.   
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Figure 2.26.  Relative energies for 2.1 calculated with B3LYP/6-31+G**.  Graph 
a) shows the relative energies for each envelope when the C4–C5 bond is in the 
gg orientation, b) shows the relative energies for each envelope when the C4–C5 
bond is in the gt orientation, and c) shows the relative energies for each envelope 
when the C4–C5 bond is in the tg orientation.  Note that the full graph for b) can 

be seen in Figure 2.27.  For all three graphs, each line represents a different 
rotamer about the C5–C6 bond:  gg is the filled circles and solid line, gt is the 
open circles and long dashed line, and tg is the filled triangle and short dashed 

line. 

 

Figure 2.27.  Full graph of Figure 2.26b showing the entire range of data points. 

The relative energies of 2.1 when the C4–C5 bond is in the gg orientation 

follow an inverted U shape if the C5–C6 bond is in either the gg or tg (Figure 

2.26a).  That is, for the gg-gg and gg-tg conformations, the northern 2E and E3 
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conformers are approximately 6 kcal/mol lower in energy than the southern 

conformers, E2, 3E and E4.  The northern conformations have the C1–O1 bond in 

the pseudoaxial position; therefore, these geometries have some stabilization due 

to the endo-anomeric effect.  Also, the gg-tg conformers are approximately 6 

kcal/mol lower in energy than the gg-gg conformers (Figure 2.28).  By rotating 

the C5–C6 bond into the tg orientation, O6 is moved away from O4, relieving 

strain caused by having two electronegative atoms close together (~3.0 Å).  The 

trend for the gg-gt conformations is different, having an M shape.  The 2E and E1 

conformers are still lower in energy than the remainder, but the E2 and 3E 

conformers only slightly higher in energy.  As noted above (Sections 2.3.1.2–

2.3.1.4), the E2-gg-gt and 3E-gg-gt structures are stabilized by a hydrogen bond 

from O5H to O2 (Figure 2.9a).  

 

Figure 2.28.  Optimized conformations of 2.1 with O4 and O6 shown as spheres. 
In 2E-gg-gg (a) O4 and O6 are closer than in 2E-gg-tg (b), and 2E-gg-gg is also 

approximately 6 kcal/mol higher in energy than global minimum, 2E-gg-tg. 

 When the C4–C5 bond is in the gt orientation, the E3-gt-gg structure is the 

lowest in energy (Figure 2.26b).  The other gt-gg conformers are all between 1 

and 6 kcal/mol higher in energy.  For conformations with the gt-gt orientation, 
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trend is again an inverted U shape, with the southern conformations (1E through 

3E) having higher energies than those in the north (E1 through E3).  As mentioned 

earlier, the relative energies when the exocyclic portion is gt-tg are the highest for 

all the calculated conformations of 2.1 when the ring is in the 2E, E3, or 4E 

envelope (Figure 2.27, Table 2.1).  The remaining gt-tg conformations similar in 

energy to the corresponding gt-gg geometries. 

The trend in the relatives energies for all three rotamers about the C5–C6 

bond is similar, when the C4–C5 bond is in the tg orientation.  Approximately 3 

kcal/mol separate the three geometries (Figure 2.26c).  The southern ring 

conformations E2 through OE are lower in energy than the northern conformations 

E3 through EO.  The northern conformers also have syn-pentane strain39 along O5–

C5–C4–C3–O3 when the C3–O3 bond is pseudoequatorial (shown above in 

Figure 2.23b).  This strain is relieved in the southern conformer when the C3–O3 

bond is pseudoaxial.   

2.3.3.2.  Relative energies for 2.2 at B3LYP/6-31+G** 

The smoothed40 PES for methyl β-D-Galf is shown in Figure 2.29, and the 

energies have been scaled to the lowest energy conformation, 4E-gg-tg, which is a 

northern conformation.  Unlike the α-anomer, all of the conformations of 2.2 are 

within 13 kcal/mol of the global minimum.  The lowest energy southern 

conformation 1E-tg-gg is only 2.3 kcal/mol higher in energy than the global 

minimum.  This is also the same low energy southern conformer that is seen for 

2.1.   
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Figure 2.29.  Potential energy surface (PES) for 2.2.  The surface was calculated 
with B3LYP/6-31+G**, and a Loess smoothing algorithm40 with a polynomial of 

one was applied in SigmaPlot.41 

The relative energies of 2.2 broken down by exocyclic geometry are 

shown in Figure 2.30.  When the C4–C5 bond is in the gg orientation, the relative 

energies follow an inverted U shape if the C5–C6 bond is in either the gg or tg 

rotamer (Figure 2.30a).  Specifically, the 3E-gg-gg and 3E-gg-tg conformations 

are approximately 7 kcal/mol higher in energy than E3-gg-gg and E3-gg-tg.  The 

3E-gg-gg structure is also the global maximum for 2.2.  When the β-D-Galf ring is 
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in the 3E conformation, all the substituents are pseudoaxial, which forces O2 and 

O5 close to one another (2.8–2.9 Å) in E3-gg-gg and E3-gg-tg (Figure 2.31a).  

However, in the E3 conformation, all the substituents are pseudoequatorial, and 

the O2–O5 distance is 4.9 Å in E3-gg-gg and E3-gg-tg (Figure 2.31b).  

Additionally, when the C1–O1 bond is pseudoaxial in 2.2, the endo-anomeric 

effect is diminished because the lone pairs on oxygen are eclipsed with the C1–

O1 and C1–H1 bonds.  The relative energies do no follow the same trend for the 

gg-gt conformation.  As mentioned in Section 2.3.2.2, the ring geometries 1E to E4 

all have a hydrogen bond between O5H and O2, which would stabilize these 

conformers and lower their relative energies.   
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Figure 2.30.  Relative energies for 2.2 calculated with B3LYP/6-31+G**.  Graph 
a) shows the relative energies for each envelope when the C4–C5 bond is in the 
gg orientation, b) shows the relative energies for each envelope when the C4–C5 
bond is in the gt orientation, and c) shows the relative energies for each envelope 

when the C4–C5 bond is in the tg orientation. For all three graphs, each line 
represents a different rotamer about the C5–C6 bond:  gg is the filled circles and 
solid line, gt is the open circles and long dashed line, and tg is the filled triangle 

and short dashed line. 

 

Figure 2.31.  Optimized conformations of 2.2 with O2 and O5 shown as spheres.  
a) In 3E-gg-gg, the pseudoaxial substituents force O2 and O5 close together, 

resulting in higher relative energy.  b) In E3-gg-gg, the substituents are 
pseudoequatorial, thus O2 and O5 are farther apart. 

For structures with the C4–C5 bond in the gt orientation (Figure 2.30b), 

the trends in relative energies are the similar for gt-gt and gt-tg.  For both, the 
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energies for eastern E3 through 1E conformations are ~2.0 kcal/mol lower in 

energy than the remaining conformations E2 through 2E, with minima at 4E-gt-gt 

(4.4 kcal/mol) and EO-gt-tg (3.5 kcal/mol).  Also for the EO through OE 

conformations, the gt-gt geometries are approximately 2 kcal/mol higher in 

energy than gt-tg.  The energies for structures with the gt-gg geometry overlay 

with gt-tg conformations when the ring is in the southern orientations E2 through 

OE, while the remaining gt-gg conformations do not follow any obvious trend. 

The EO-tg-gg structure is only 0.5 kcal/mol higher in energy than the 

global minimum (Figure 2.30c).  The low energy may be due to a weak hydrogen 

bond between O3H and O5 (Figure 2.32).  The heavy atoms are 3.1 Å apart, and 

the angle between O3H and O5 is 120°.38  All of the remaining conformations 

with the tg orientation about C4–C5 bond are at least 2.3 kcal/mol higher in 

energy than the global minimum.  The tg-gg conformers show the greatest 

variation, 0.5 to 7.9 kcal/mol, while conformations with the tg-gt orientation show 

the smallest spread from 4.1 to 7.2 kcal/mol.  For the tg-tg exocyclic orientation, 

the energies for the E2 through E1 ring geometries are all very close in energy, 4.3 

to 5.0 kcal/mol, and the remaining envelope conformations are all at least 1.7 

kcal/mol higher.   
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Figure 2.32.  Optimized conformation of 2.2 in EO-tg-gg, showing the weak 
hydrogen bond between O3H and O5 as a blue dashed line. 

2.3.3.3.  A comparison between B3LYP and MP2 

Recently, Csonka and coworkers evaluated several common basis sets and 

density functionals for the relative energies of carbohydrate conformations.24  For 

basis sets, they concluded that polarization functions on both the hydrogens and 

heavy atoms were necessary for relative energies that closely matched their 

reference values, which were calculated using MP2/aug-cc-pVTZ.  Additionally, 

diffuse functions were needed on the heavy atoms but not on the hydrogens.  

Various conformations of four different carbohydrates were evaluated, and they 

used 15 conformations of 3,6-anhydro-4-O-methyl-D-galactitol (2.3, Figure 2.33) 

as a reference for furanosides.  Of the functionals used, M05-2X/6-311+G** gave 

relative energies closest to the reference.  The values calculated for 2.3 using MP2 

and the same basis differed from M05-2X by 0.5 kcal/mol or less.  While the 

authors did not recommend using the B3LYP functional, the average difference in 

relative energies between B3LYP and M05-2X was 0.8 ± 0.6 kcal/mol.   



 

 88 

O

OH

OCH3

OH

OH

2.3  

Figure 2.33.  The structure of 3,6-anhydro-4-O-methyl-D-galactitol (2.3).   

To determine if the observations for 2.3 are similar for the conformations 

of Galf, the single point energies for 2.1 and 2.2 were calculated using MP2/6-

311+G** and the optimized geometries described above (Sections 2.3.1 and 

2.3.2).  A comparison between the relative energies for 2.1 calculated at 

B3LYP/6-31+G** and MP2/6-311+G** are shown in Figure 2.34, and the 

conformations are sorted according to their relative energies.  Both methods found 

the same overall minimum conformation, 2E-gg-tg.  On average, the values 

calculated at MP2/6-311+G** are 1.1 ± 0.5 kcal/mol higher in energy than those 

calculated at B3LYP/6-31+G**, which is the same as the differences seen by 

Csonka, et al within error.24  Although for the three lowest energy conformations 

of 2.1 – all under 1.5 kcal/mol – the relative energies calculated with MP2 are 

only 0.2 ± 0.3 kcal/mol higher in energy than those calculated with B3LYP.  The 

maximum difference seen between the two methods is 2.5 kcal/mol, and this 

conformation is 6.4 kcal/mol higher in energy than the global minimum 

(B3LYP/6-31+G**). 
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Figure 2.34.  Relative energies for 2.1 calculated with B3LYP/6-31+G**22,23,25,26 
(filled circles, solid line) and MP2/6-311+G**27 (open circles, short dashed line).  

The difference between the two methods is also shown (filled triangles, long 
dashed line).   

The energy differences between the two methods are lower for 2.2 (Figure 

2.35), but the methods also predict different low energy conformations.  For 

B3LYP/6-31+G**, the lowest energy conformation is 4E-gg-gt, and 3E-gg-tg is 

0.4 kcal/mol higher in energy (Figure 2.30).  For MP2/6-311+G**, these 

conformers are reversed, but 4E-gg-gt is only slightly higher in energy than 3E-gg-

tg (0.04 kcal/mol).  On average, the MP2/6-311+G** relative energies are 0.6 ± 

0.4 kcal/mol higher than B3LYP/6-31+G**, which is the same as Csonka, et al.24  

For energies under 2.4 kcal/mol – the first seven points on the graph – the MP2 

values are only 0.1 ± 0.3 kcal/mol higher than B3LYP.  The largest energy 
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difference seen for conformations of 2.2 is 1.9 kcal/mol, and this conformer is 3.3 

kcal/mol higher in energy than the global minimum (B3LYP).  As a compromise 

between speed of calculations and accuracy, B3LYP/6-31+G** seems to give 

reasonable results for conformations of Galf.  Csonka and coworkers also suggest 

that the quickest methods for “useful results” are B3LYP/6-31+G** or 

B3PW91/6-31+G**.24 

 

Figure 2.35.  Relative energies for 2.2 calculated with B3LYP/6-31+G**22,23,25,26 
(filled circles, solid line) and MP2/6-311+G**27 (open circles, short dashed line).  

The difference between the two methods is also shown (filled triangles, long 
dashed line).   

2.3.4.  NMR spectra and coupling constants for 2.1 and 2.2 

The 1D 1H NMR spectra for 2.1 and 2.2 are shown in Figure 2.36 with the 

proton resonances labeled above each signal.  The chemical shifts and 3JH,H values 
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for methyl β-D-Galf were easily determined from the first-order spectrum (Figure 

2.36b) and are listed in Table 2.2.  However, the spectrum for methyl α-D-Galf 

(Figure 2.36a) is a seven-spin virtually coupled42 spectrum, due to the small 

differences in chemical shifts between H2 and H3, as well as between H5 and H6.  

Simulation of the spectrum for 2.1 was necessary in order to determine accurate 

3JH,H values.  The program SpinWorks43 can determine the coupling constants and 

chemical shifts for up to ten spins using the NUMARIT algorithm.44  This 

program was used to simulate the spectrum of 2.1 until the RMS difference 

between the simulation and the actual spectrum was less than the digital 

resolution of the spectrum (RMS difference = 0.021 Hz, digital resolution = 0.1 

Hz).  A comparison between the simulated and actual spectra can be seen in 

Figure 2.37.  The chemical shifts and 3JH,H values for 2.1 were taken from this 

simulation and are listed in Table 2.2.  As further validation of the coupling 

constants derived from SpinWorks,43 the spectrum of 2.1 taken in D2O at 300 

MHz was also simulated.  The 3JH,H values from this simulation were within ± 0.1 

Hz of the simulation at 600 MHz (data not shown). 
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Figure 2.36.  a) The 1H NMR spectrum for 2.1.  b) The 1H NMR spectrum of 2.2.  
Both spectra were acquired in D2O at 300 K on a 600 MHz spectrometer. 

 

Figure 2.37.  a) The 1H NMR spectrum for 2.1 simulated in SpinWorks.  b) The 
experimental 1H NMR spectrum for 2.1, which is also shown in Figure 2.36a.  

The RMS difference between the simulated and actual spectra is 0.021 Hz. 
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Table 2.2.  Chemical shifts and three-bond coupling constants for 2.1 and 2.2. 

 2.1 2.2    2.1   2.2 

δH1 (ppm) 4.88 4.91 3JH1,H2 (Hz)   4.5   2.0 

δH2 (ppm) 4.13 4.04 4JH1,H3 (Hz)   – a   0.6 

δH3 (ppm) 4.12 4.06 3JH2,H3 (Hz)   8.0   3.6 

δH4 (ppm) 3.78 3.95 3JH3,H4 (Hz)   7.1    6.2 

δH5 (ppm) 3.71 3.82 3JH4,H5 (Hz)   6.0   4.4 

δH6 (ppm) 3.71 3.71 3JH5,H6 (Hz)   3.9   4.4 

δH6’ (ppm) 3.60 3.65 3JH5,H6’ (Hz)   7.0   7.4 

   2JH6,H6’ (Hz) –11.7 –11.8 
a Not observed. 

As mentioned above, the spectrum for methyl α-D-Galf is virtually 

coupled.42  In other words, all seven spins behave as if they are each coupled to 

the other six spins, leading to more complex splitting patterns than expected for 

each signal.  For example, based on the structure of 2.1, H4 should only be 

coupled to H3 and H5 and is expected to give a doublet of doublets in the 1D 1H 

NMR spectrum.  The multiplet that is actually observed for H4 (Figure 2.36a) is 

clearly more complex than a doublet of doublets. Virtual coupling between two 

protons occurs when the difference in chemical shifts in Hz, Δν, is smaller than or 

about the same size as the coupling constant in Hz, J.  For 2.1, this ratio Δν/J is 

0.65 for H2 and H3 and 0.74 for H5 and H6 at 600 MHz.  Because the frequency 

difference between two chemical shifts changes with spectrometer frequency, 
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Δν/J decreases for both sets of spins at 300 MHz: 0.35 for H2 and H3 and 0.36 for 

H5 and H6.   

2.3.5.  Ring conformations of 2.1 and 2.2 from PSEUROT 

As discussed in section 2.2.3, the program PSEUROT takes vicinal proton 

coupling constants and relates them to ring conformation dihedrals φi through eqs. 

2.3 and 2.4.  Only three values of φi
HH are available in either anomer of Galf – 

φ0
HH, φ1

HH, and φ4
HH.  These dihedral angles, along with the corresponding values 

for φ0, φ1, and φ4, were determined from the optimized geometries of 2.1 or 2.2 

(described in Sections 2.3.1 and 2.3.2).  Then the relationship between ring 

dihedral angles φi and the proton–proton dihedral angles φi
HH

 were calculated.  

The resulting graphs are shown in Figure 2.38 for 2.1 and Figure 2.39 for 2.2.   

 

Figure 2.38.  Graphs of φi vs. φi
HH for 2.1.  The slope of the line is –ai and the y-

intercept is bi described in eq. 2.4. 
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Figure 2.39.  Graphs of φi vs. φi
HH for 2.2.  The slope of the line is –ai and the 

intercept is bi described in eq. 2.4. 

The newly determined values of ai and bi were used in four PSEUROT 

calculations on 2.1 (Table 2.3); all four runs gave the same results.  (The initial 

values of PN and PS are detailed in Section 2.2.3.)  Additionally, using the new ai 

and bi values instead of those determined for Araf,32 improved the RMS 

difference in PSEUROT from 0.112 Hz to 0.008 Hz (data not shown), though the 

conformations and populations predicted were the same.  The northern 

conformation 2E is predicted to be present 88% of the time, while the southern 

conformation 1E will be present only 12% of the time.  The PSEUROT results 

agree nicely with the relative energies predicted from the DFT calculations 

(Section 2.3.3.1).  In fact, the identity of the ring conformations are the same, but 

the relative populations differ.  DFT gave the lowest energy for the northern 2E-

gg-tg structure.  The lowest energy southern conformation 1E-tg-gg was 4.0 

kcal/mol higher in energy.  Assuming a two-state model, the ratio between 2E-gg-

tg and 1E-tg-gg at 300 K is would be 823:1.  Thus at room temperature almost 

none of the 1E-tg-gg would be observed.     
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Table 2.3.  Results of PSEUROT calculations for 2.1. 

 PN %N PS %S RMS (Hz) 

run A 345.9° (2E) 88 125.1° (1E) 12 0.008 

run B 345.9° (2E) 88 125.2° (1E) 12 0.008 

run C 346.0° (2E) 88 125.4° (1E) 12 0.008 

run D 345.9° (2E) 88 124.9° (1E) 12 0.008 

 

The four runs in PSEUROT for 2.2 using the new values of ai and bi gave 

three different solutions (Table 2.4).  Unlike for 2.1, the new ai and bi values gave 

different results than the values from Araf (data not shown).32 Runs A and B 

predicted a 68:32 ratio between the northern 4E and southern E4 conformations.  

For runs C and D, the southern conformations are preferred.  Run C predicted a 

56:44 ratio between the northern E1 conformation and the southern conformation 

3T4.  Run D had the largest RMS difference at 0.415 Hz, and it predicted a 72:28 

ratio between OE/OT1 in the north and E2 in the south.  None of the PSEUROT 

results predict the same lowest energy conformations from the DFT calculations 

(Section 2.3.3.2).  The DFT gave the lowest energy for the northern 4E-gg-tg 

structure, and the southern 1E-tg-gg is 2.3 kcal/mol higher in energy.  Thus, 

PSEUROT runs A and B predicted the same northern geometry as DFT, but the 

southern conformers and the ratio between the two was different.   
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Table 2.4.  Results of PSEUROT calculations for 2.2. 

 PN %N PS %S RMS (Hz) 

Run A 62.3° (4E) 68 242.7° (E4) 32 0.001 

Run B 62.3° (4E) 68 242.7° (E4) 32 0.001 

Run C 303.3° (E1) 56 218.3° (3T4) 44 0.001 

Run D 281.1° (OE/OT1) 72 161.2° (E2) 28 0.415 

2.4.  Conclusions 

In this chapter, we presented a gas-phase, partial PES for both anomers of 

methyl D-Galf.  We focused on the exocyclic portion of Galf in our discussion of 

conformations optimized using B3LYP/6-31G*, as the ring conformations of Araf 

have already been discussed.17-19  While all conformations started from the ideal 

values of 60°, 180°, or 300°, deviations from the ideal value of the O4–C4–C5–

O5 torsions occurred because of intramolecular hydrogen bonds or to relieve 

steric interactions.  The O5–C5–C6–O6 torsions also deviated from ideal values 

to relieve strain between electronegative groups.  Compared to the O4–C4–C5–

O5 torsion, the O5–C5–C6–O6 dihedral was more prone to develop syn-pentane 

interactions, which were alleviated by rotation about the C5–C6 bond.   

Single-point energies were calculated from the optimized geometries using 

two different levels of theory, B3LYP/6-31+G** and MP2/6-311+G**.  In 

general, the energies from B3LYP are lower than those from MP2 by 0.9 ± 0.5 

kcal/mol for both anomers.  The northern ring conformations 2E, E3, and 4E of 2.1 

all have the C1–O1 bond in the pseudoaxial position and would have some 

stabilization from the endo-anomeric effect.  As expected, the 2E ring 
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conformation of 2.1 is the lowest energy conformation for all but one of the 

exocyclic geometries calculated (Figure 2.26).  For 2.2, the southern 

conformations E2, 3E, and E4 have the bond in the pseudoaxial position, but the 

endo-anomeric effect would provide less stabilization because neither of the lone-

pair electrons are antiperiplanar to the C1–O1 bond.  Correspondingly, the 

relatives energies for E2, 3E, and E4 of 2.2 are neither the highest nor lowest 

energy conformations. 

The 1D 1H NMR spectra of 2.1 and 2.2 are presented, along with the 3JH,H 

values determined from these spectra.  The coupling constants 3JH1,H2, 3JH2,H3, and 

3JH3,H4 were used with the program PSEUROT to determine the solution state ring 

conformations.  For both 2.1 and 2.2, the conformations predicted by PSEUROT 

are similar to the lowest energy conformations determined by gas-phase 

calculations.  PSEUROT favors northern conformations in an 88:12 ratio to the 

southern conformers for all calculations on 2.1, but DFT predicts the southern 

conformations are substantially higher in energy.  The relative energy difference 

between the lowest energy northern conformation for 2.1 (2E-gg-tg) and the 

lowest energy southern conformation (1E-tg-gg) is 4.0 kcal/mol.  At 300 K, the 

ratio between north and south would be 824:1.  For 2.2, PSEUROT predicts that 

the northern conformation is favored in only two of the four runs, and three 

different solutions are returned from PSEUROT. 

The differences in preferred conformations predicted by DFT and 

PSEUROT can be explained because the DFT calculations are in the gas-phase.  

PSEUROT predicts solution-state conformations from NMR data, and the solvent 



 

 99 

can stabilize different conformations due to the presence of intermolecular 

interactions, such as hydrogen bonds.  However, PSEUROT is also a purely 

mathematical solution that is based on the assumption that there are two 

equilibrating populations, and a two-state model is most likely not appropriate for 

this system.  As such, PSEUROT can predict chemically unreasonable 

structures.35  Or, as in the case with 2.2, PSEUROT can give two or more 

solutions with the same average coupling constants.  Also, all of the northern 

conformations predicted by PSEUROT (Figure 2.40) have the substituents in 

pseudoaxial positions; therefore, it is not obvious which conformation is expected 

to be lower in energy.  A model that predicts solution-phase conformations from 

chemical principles would be preferred over one that relies solely on math.  Such 

a model will be discussed in the remaining chapters.   
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Figure 2.40.  Northern conformations of 2.2 predicted by PSEUROT.  The 4E 
conformation was found in runs A and B, E1 was found in run C, and OE was 

found in run D (Table 2.4). 
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Chapter 3: 

 
Solution-state conformation of methyl α- and β-D-

galactofuranosides from AMBER/GLYCAM simulations:  
Advantages and limitations 

 

 

 

 

 

 

 

 

Compounds 3.1 and 3.2 discussed in this chapter were synthesized by Mr. Yu Bai, 

using published protocols.1,2
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3.1.  Introduction 

Karplus developed the familiar equation to describe the dependence of 

vicinal proton-proton coupling constants (3JH,H) on the dihedral angle between the 

protons.3,4  His theoretical work was based on the empirical data of Lemieux,5 

among others.  The relationship between 3JH,H values and the torsions follows a 

Fourier series (eq. 3.1) with maxima when the H–C–C–H angle is eclipsed (0°) or 

antiperiplanar (180°) and minima when the H–C–C–H angle is perpendicular 

(±90°).  Later, Pachler determined the Karplus-like relationships for mono- and 

disubstituted fluoroethanes using extended Hückel theory.6,7  He found that one of 

the curves was phase-shifted relative to unsubstituted ethane (Figure 3.1) and that 

the addition of sine terms were necessary to describe the data (eq. 3.2).  Another 

way of incorporating this phase-shift is to rewrite eq. 3.2 as shown in eq. 3.3.  The 

advantage of the new equation is that the εX term correlates with the 

electronegativity difference between hydrogen and the other substituents on the 

C–C bond.  Pachler went on to determine an empirical expression for AX´, BX´, 

and CX´ for ethane fragments mono- or di-substituted with electronegative groups. 

φφ 2coscos,
3 CBAJ HH ++=  3.1

φφφφ 2sinsin2coscos,
3 EDCBAJ HH ++++= 3.2

)(2cos)cos( ''',
3

XXXXXHH CBAJ εφεφ ++++=  3.3
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Figure 3.1.  A comparison between the original Karplus equation (eq. 3.1) and the 
extended equation developed by Pachler (eq. 3.2).  The solid line is the original 

Karplus equation, the dotted line is Pachler’s equation for 3JHa,Hb for 1,2-
difluoroethane, and the dashed line is Pachler’s equation for 3JHa,Hb´ for 1,2-

difluoroethane.  See the inset Newman projection for the relationship between 
Ha/Ha´ and Hb/Hb´. 

Haasnoot et al.8 extended Pachler’s ideas further to develop a generalized 

Karplus-like equation (eq. 3.4) that takes into account the electronegativity and 

orientation of the substituents on the C–C bond.  In the eq. 3.4, P1 through P6 were 

empirically determined from a set of 315 experimental coupling constants and 

molecular mechanics calculations using the MM1 force field.9  The Δχi term is the 

electronegativity difference between the substituent and hydrogen, and the ξi term 

refers to the orientation about the C–C bond, as illustrated in Figure 3.2.  The 

generalized Karplus equation was then extended by Donders, et al.10,11 (eq. 3.5) to 
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use a new empirical electronegativity scale (λ) that also incorporates solvent 

effects.  This is the equation used in the program PSEUROT (Chapter 2).12,13 
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Figure 3.2.  Newman projections to describe the ξi terms in eq. 3.4 and 3.6.  a) For 
substituents S1 and S3, ξi is +1; for S2 and S4, ξi is –1.  b)  For substituents SH1 and 

SC1, ξi is +1; for SH2 and SC2, ξi is –1. 

Eqs. 3.1 through 3.5 discussed above, all relate proton–proton coupling 

constants to the H–C–C–H dihedral angle.  Carbon–proton coupling constants and 

the Cα–Cβ–Cγ–H dihedral angle can also be described by a similar Karplus-like 

relationship.  Recently, Palermo et al. developed such an equation that includes 

electronegativity terms (eq. 3.6) using density functional theory (DFT) 

calculations of 2157 conformations of butane fragments with amine, halide, 

hydroxyl, and thiol substiuents.14  They used the Haasnoot equation (eq. 3.4) as a 

starting point, and, like that equation, there are terms for the electronegativity 

difference between the substituent and hydrogen (ΔχHi) or carbon (ΔχCi), as well 

as for the orientation about the central C–C bond (ξi, Figure 3.2).  The new 

equation also includes more coefficients to account for the different effects of 

electronegative substituents on the β- or γ-carbons.  The root mean square (RMS) 
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difference between the generalized equation and the calculated couplings is 

0.66Hz, which is comparable to the 0.52 Hz RMS difference observed by 

Haasnoot, et al.8  It should be noted that only a few examples of Karplus-type 

relationships have been discussed here; for a more in depth discussion, the reader 

is referred to a recent review by Coxon.15 
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The observed value of 3JH,H or 3JH,C can be easily related to the 

corresponding dihedral angle via the Karplus relationship when that angle is 

conformationally restricted.  When the H–C–C–H or H–C–C–C fragment can 

freely rotate – like the C4–C5 or C5–C6 bonds of methyl α- and β-D-

galactofuranosides (3.1 and 3.2, Figure 3.3) – the observed vicinal coupling 

constants represent a weighted average of several states.  A common approach to 

determine the conformation of freely rotating bonds in carbohydrates is to assume 

the three staggered rotamers – gg, gt, and tg – represent “limiting values” for the 

observed 3JH,H or 3JH,C, as shown in eq. 3.7.16  The variable X represents the mole 

fraction of each rotamer; thus, the sum of Xgg, Xgt, and Xtg must be one. With two 

known coupling constants for each rotatable bond, there are three equations and 

three unknowns; therefore, the populations for each rotamer can be determined. 

tgtggtgtggggobserved XJXJXJJ 3333 ++=  3.7
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Figure 3.3.  The structures of methyl α-D-galactofuranoside (3.1) and methyl β-D-
galactofuranoside (3.2) with the carbon atoms numbered.  The pro-R and pro-S 

hydrogens on C6 are also labeled as H6R and H6S, respectively. 

The limiting values method for determining rotamer populations has 

drawbacks.  To determine the value of 3Jgg, 3Jgt, and 3Jtg to be used in eq. 3.7, 

some knowledge of the H–C–C–H or H–C–C–C dihedrals is required.  The ideal 

values of –60°, 60°, and 180° can be used, but they may not be appropriate for the 

system of interest (see Section 3.3.3).  The limiting values approach also neglects 

contributions from small populations that may have large values of 3JH,H or 3JH,C.  

Markley and coworkers introduced a new technique to overcome these 

limitations, the Continuous Probability Distribution (CUPID) method.16  In 

CUPID, the probability for the dihedral angle φ is treated as a periodic Fourier 

series, eq. 3.8.  The coefficients ρ0, ρn, and σn are fit to the data for each system 

using linear regression.  CUPID does not require any knowledge of the values of 

dihedral angle φ; however, it does rely on having accurate Karplus equations for 

the system of interest. 
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Our group17-19 and others20-26 have used molecular dynamics (MD) 

simulations as another way for determining the probabilities for dihedral angles.  

Rather than using discrete values for dihedral angles (eq. 3.7), the observed 

vicinal coupling constant can also be represented an average over all 360° (eq. 

3.9).16  In this equation, J(φ) is the appropriate Karplus-like relationship, and ρ(φ) 

is the probability distribution of dihedral angles.  In this chapter, we present 

newly determined equations for J(φ) that are specific to methyl α- and β-D-

galactofuranosides (3.1 and 3.2, Figure 3.3).  These new equations are then used 

in conjunction with MD simulations to evaluate the solution conformations of 3.1 

and 3.2.  In particular, the distribution of H–C–C–H and H–C–C–C, or ρ(φ), come 

from the simulations.  Limitations of the MD simulations will also be discussed. 

)()()(
360

0

φφρφ dJJ ∫=  3.9

3.2.  Methods 

3.2.1.  Coupling constant calculations and determination of 
Karplus-like relationships 

The spin–spin coupling constants were calculated in Gaussian 0327 using 

the 180 optimized envelope geometries of 3.1 and 3.2 described in Chapter 2.  A 

basis set developed by the Serianni and Carmichael groups specifically for 

coupling constant calculations ([5s2p1d|3s1p])28 was used for the DFT 

calculations with the B3LYP functional.29  This level of theory has been 
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successfully used by our group for similar arabinofuranose systems.17-19  

Calculations were also run with Dunning’s triple-zeta basis set (cc-pVTZ),30 but 

the calculated 3JH2,H3 and 3JH3,H4 values were all lower than the experimental 

values (data not shown).  The coupling constants and associated dihedral angles 

were extracted for all conformations and are listed in Appendix B.  The resulting 

coupling constants were fit to the Karplus-like relationship6,7 in eq. 3.2, using the 

Marquardt-Levenberg algorithm,31 as implemented in SigmaPlot. 

While fitting the data, we noticed that none of the conformers for 3.1 had 

H2–C2–C3–H3 or H3–C3–C4–H4 values of ±180°, leaving these regions of the 

curve undefined.  Similarly, none of the conformers for 3.2 had H2–C2–C3–H3 or 

H3–C3–C4–H4 values of ±180°, nor were any of the H1–C1–C2–H2 at ±180°.  

Because these regions represent local maxima in the Karplus-like equations, an 

additional six conformations of 3.1 and an additional nine conformations of 3.2 

were optimized in Gaussian 03 using B3LYP/6-31G*,29,32 and their coupling 

constants were calculated as described above (B3LYP/[5s2p1d|3s1p]).28  During 

geometry optimization for 3.1, H2–C2–C3–H3 was frozen at 180° for 2E-gg-gt, 

2E-gt-gt, and 2T3-tg-gt; and H3–C3–C4–H4 was frozen at 180° for E3-gg-gt, E3-

gt-gt, and E3-tg-gt.  During geometry optimization for 3.2, H1–C1–C2–H2 was 

frozen at 180° for 2T1-gg-tg, 2T1-gt-tg, and 2E-tg-tg; H2–C2–C3–H3 was frozen at 

180° E3-gg-tg, E3-gt-tg, and E3-tg-tg; and H3–C3–C4–H4 was frozen at 180° for 

4T3-gg-tg, 4T3-gt-tg, and 4T3-tg-tg.  The 2T1 and 4T3 conformations were included 

because they were the low energy conformations resulting from holding the H1–

C1–C2–H2 or  H3–C3–C4–H4 torsion at 180°.  For both compounds, all of the 
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C–C–O–H were also fixed during geometry optimization to prevent formation of 

intramolecular hydrogen bonds.  The coupling constants and associated dihedral 

angles for these 15 additional conformations are also listed in Appendix B.   

3.2.2.  NMR spectroscopy 

All spectra were acquired at 600 MHz, in D2O, and at 300 K.  The values 

for 3JH,H were determined from the 1D 1H NMR spectra that were described in 

Section 2.3.4.  The 3JH4,C6 values for 3.1 and 3.2 were determined from an average 

of three Excitation-Sculptured Indirect-Detection Experiments (EXSIDE).33,34  A 

sculpted pulse selectively inverted proton H4 and was generated through 

Agilent’s “Pandora’s Box” module of the VNMRJ software package; specifically, 

a Q3 inversion pulse was used.  For 3.1, three different widths of selective pulses 

were used – 25, 35, and 40 Hz.  For 3.2, only two widths were used, 50 and 55 

Hz.  The spectra were acquired with a small sweep width (500 Hz) in the 13C 

dimension to increase resolution.  Also, in the indirect dimension, 64 or 128 

increments were acquired, resulting in 12 or 24 h experiments.  In all experiments, 

96 transients were acquired in the directly-detected dimension.  A 5 Hz 3JC,H 

value for the refocusing delay and a J-scaling factor of 10 were used for all 

EXSIDE spectra.  Sine-bell functions were applied interactively during processing 

to improve the signal-to-noise in the spectra. 

3.2.3.  MD simulations 

All MD simulations were performed using the PMEMD module of the 

AMBER 1035 software package and the GLYCAM0636 force field.  Partial 
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charges were calculated using our previously reported approach for restrained 

electrostatic potential (RESP) charge fitting.37-39  Briefly, a 50 ns MD simulation 

was run as described below, and 200 conformations were selected over the entire 

trajectory.  Geometry optimizations (HF/6-31G*) were run in Gaussian 03,27 and 

the C–C–O–H bonds were all frozen during optimization.  Single point energies 

were calculated at the same level of theory, fit using RESP, and averaged over all 

conformations.  The charges for C1–C4 and O1–O4 for 3.1 and 3.2 were taken 

from our earlier calculations on β-D-Araf38 and α-D-Araf,37 respectively.  In the 

GLYCAM06 force field, aliphatic hydrogens have a partial charge of zero to 

reduce artifactual fluctuations.40  Therefore, we did not include the aliphatic 

hydrogens in the fitting process.  The calculated charges for all the 

monosaccharides discussed in this chapter are listed in Appendix B. 

For all production runs, 250 ns MD simulations were performed with a 2 

fs timestep in a box of approximately 300 TIP3P41 water molecules, under 

periodic boundary conditions and using particle mesh Ewald summation for long-

range interactions.  Specifically, 312 water molecules were included in a 27.9 x 

26.3 x 23.3 Å box for 3.1, and 292 water molecules were included in a 26.5 x 25.0 

x 24.1 Å box for 3.2.  The simulations were run under NPT conditions at 1 atm 

and 300 K.  The temperature was maintained with either the Berendsen42 (ntt = 1) 

or Langevin43 (ntt = 3) thermostat.  With the Berendsen thermostat, the velocities 

were rescaled every 1 ps, and with the Langevin thermostat, the collision 

frequency γ was 2 ps–1.  All bonds containing hydrogens were fixed using the 
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SHAKE44 algorithm.  The cutoff for nonbonding interactions was 8 Å, and 

nonbonded and electrostatic interactions were unscaled.     

To prepare the system for dynamics, the water molecules were minimized 

to remove any high-energy contacts, via 50 steps of steepest descent followed by 

950 steps of conjugate gradient minimization.  The entire system was then 

minimized similarly.  An equilibration period was carried out that included 

heating the system from 5 K to 300 K over 50 ps, then cooling to 5 K over 50 ps.  

This simulated annealing step was followed by a second, slower heating from 5 K 

to 300 K over 100 ps.  After an additional equilibration at 300 K for 100 ps, the 

production simulation began. 

3.3.  Results and discussion 

3.3.1.  Karplus-like relationships for vicinal couplings in 
galactofuranosides 

Because the single point energies (B3LYP/6-31+G**, Chapter 2) of the 

2E-gt-tg, E3-gt-tg, and 4E-gt-tg conformation of 3.1 were all more than 34 

kcal/mol higher than the global minimum, these conformations are all excluded 

from the data presented below.  These conformations are also not included in the 

tables in Appendix B. 

3.3.1.1.  Equations for ring couplings in 3.1 and 3.2 

The values of 3JH1,H2, 3JH2,H3, and 3JH3,H4 for 3.1 and 3.2 from the DFT 

calculations were plotted as a function of their respective H–C–C–H dihedral 

angle and fit to eq. 3.2 (Figure 3.4).  The H1–C1–C2–H2 angles for 
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conformations of the α-anomer 3.1 have values between –50° and +50°, while for 

the β-anomer 3.2, the same angles have a range between 75° and 180° (Figure 

3.4a).  When the data were fit separately for each anomer, the resulting equations 

were quite similar (data not shown); therefore, we combined the data for both 

anomers and fit to one Karplus-like equation, eq. 3.10 (Figure 3.4a, solid grey 

line) that had an overall r2 = 0.985.  The resulting equation differs from the 

empirical equation 3.5 for 3JH1,H2 (Figure 3.4a, dashed line), especially for values 

of H1–C1–C2–H2 near 0° ± 30°.  The empirical equation predicts 3JH1,H2 values 

that are about 2 Hz lower than the calculated values near 0°.  Near ±180°, the 

empirical equation overestimates 3JH1,H2 by 1 Hz.   

φφφφ 2sin27.1sin34.02cos55.3cos54.003.42,1
3 +−+−=HHJ 3.10

 

For the couplings along the C2–C3 and C3–C4 bond, the H–C–C–H 

torsion are constrained by the ring and take on a narrow range of values, ~90°.  

Specifically, the values of H2–C2–C3–H3 are between –80° and –180° (Figure 

3.4b), and the values of H3–C3–C4–H4 are between +85° and +180° (Figure 

3.4c) for both 3.1 and 3.2.  Because a large region of the curve is not defined, 

constraints were used for coefficients B and D when fitting the data to eq. 3.2.  

Without the constraints, the equations took on unreasonable values in the 

undefined region of the function, e.g. 3JH3,H4 was less than –30 Hz for H3–C3–

C4–H4 of –90°.  For 3JH2,H3, the constraints were 2*B < –0.5 and 2*D > –1, and 

the constraints for 3JH3,H4 were 2*B < –1.2 and 2*D < 1, as suggested by 

Schmidt.45  Adding the constraints did not significantly affect the fit to the data.  
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For 3JH2,H3, the unconstrained fit had an r2 value of 0.991, and the constrained fit 

had r2 = 0.988.  For 3JH3,H4, both the unconstrained and constrained fits had r2 = 

0.990. 

 

Figure 3.4.  Karplus-like relationships for the ring dihedral angles.  Graph a) 
shows H1–C1–C2–H2 versus 3JH1,H2.  Graph b) shows H2–C2–C3–H3 versus 

3JH2,H3.  Graph c) shows H3–C3–C4–H4 versus 3JH3,H4.  For all three graphs, the 
filled circles are conformations of 3.1 and open circles are conformations of 3.2.  

The solid grey line represents the fit to eq. 3.2 and the dashed black line 
represents the empirical eq. 3.5. 
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The resulting equation for 3JH2,H3 as a function of H2–C2–C3–H3 is shown 

in Figure 3.4b as a solid grey line (eq. 3.11).  The empirical equation for 3JH2,H3 is 

shown as a dashed line.  The two equations are quite similar for the values of H2–

C2–C3–H3 for values from –90° to –150°, though the empirical equation 

overestimates the value of 3JH2,H3 near –180° by about 1 Hz.  Larger deviations 

are seen for dihedral angles near –15° where the calculated equation predicts 

larger coupling constants than the empirical one.  Only –180º to 0º is shown in 

Figure 3.4b, as the constraints of the ring precludes the H2–C2–C3–H3 torsion 

angle from the region not pictured.    

Figure 3.4c shows the equation for 3JH3,H4 as a function of the H3–C3–C4–

H4 dihedral angle (solid grey line, eq. 3.12), as well as the empirical equation for 

3JH3,H4 (dashed line).  Both equations are similar for torsion angles from 85° to 

180°, though the empirical equation underestimates the value of 3JH3,H4 near 90° 

by about 0.7 Hz.  As with Figure 3.4b, the portion of the graph shown in Figure 

3.4c is limited to the angles accessible to the H3–C3–C4–H4 torsion in the 

furanose ring (i.e. 0° to 180°). 

φφφφ 2sin27.2sin50.02cos35.4cos25.021.43,2
3 −−+−=HHJ 3.11

φφφφ 2sin82.0sin50.02cos87.4cos60.033.44,3
3 +++−=HHJ  3.12

 

3.3.1.2.  Equations for couplings along the C4–C5 bond in 3.1 and 3.2 

For the couplings along the ring, the empirical equations agreed well with 

the newly determined Karplus-like relationships.  However, for the couplings 

along the C4–C5 bond, this was not the case.  The relationship between H4–C4–
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C5–H5 dihedral angle and 3JH4,H5 for both 3.1 and 3.2 was plotted (Figure 3.5a), 

and the data were fit to eq. 3.2 (solid grey line, eq. 3.13).  Because we selected 

conformations for all three staggered rotamers about the C4–C5 bond (see 

Chapter 2), the entire curve is well defined, and no constraints were used during 

the fitting procedure.  A good correlation between the fit and the data is observed 

(r2 = 0.983).   The values for 3JH4,H5 calculated for the tg rotamer (H4–C4–C5–H5 

near 55° ± 20°, Figure 3.8) differ significantly from those predicted by the 

empirical equation (eq. 3.5, Figure 3.5a, dashed line).  Eq. 3.13 predicts that 

3JH4,H5 is 9.3 Hz at H4–C4–C5–H5 = 35°, but the empirical equation predicts a 

value that is 3 Hz less.  For the gt and tg rotamers, the agreement between the two 

equations is better, though the maximum near –180° is larger in eq. 3.13.    

φφφφ 2sin54.2sin21.02cos18.4cos15.056.55,4
3 +−++=HHJ 3.13
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Figure 3.5.  Karplus-like relationships for the couplings about the C4–C5 bond.  
Graph a) shows H4–C4–C5–H5 versus 3JH4,H5.  Graph b) shows H4–C4–C5–C6 
versus 3JH4,C6.  For both graphs, the filled circles are conformations of 3.1 and 

open circles are conformations of 3.2.  The solid grey line represents the fit to eq. 
3.2 and the dashed black line represents the empirical eq. 3.5 or eq. 3.6. 

The proton–carbon coupling constants 3JH4,C6 for 3.1 and 3.2 were plotted 

against the H4–C4–C5–C6 dihedral angles (Figure 3.5b) and fit to eq. 3.2 (eq. 

3.14, solid grey line).  The ranges of 3JH4,C6 values near ±180° is large – from 5.5 

to 9.0 Hz – and, as a result, the fit for eq. 3.14 is the lowest of all the new 

equations, r2 = 0.937.  Also, there is poor agreement between eq. 3.14 and the 

empirical equation (eq. 3.6, Figure 3.5b, dashed line).  The empirical equation is 

asymmetric about 0°, with a maximum at 15°.  However, eq. 3.14, has a 

maximum much closer to 0°.  Similarly, eq. 3.14 has minima near the expected 

±90°, but the empirical equation has minima at –80° and 100°.  Also, the largest 
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values for 3JH4,C6 predicted by eq. 3.14 are 2–3 Hz larger than those predicted by 

the empirical equation. 

φφφφ 2sin21.0sin20.02cos12.4cos76.036.36,4
3 −−++=CHJ 3.14

 

3.3.1.3.  Equations for couplings along the C5–C6 bond in 3.1 and 3.2 

As with the C4–C5 bond, we selected conformations that included all 

three staggered rotamers about the C5–C6 bond.  Thus, the curves for both 

3JH5,H6R and 3JH5,H6S are well defined (eq. 3.15 and eq. 3.16, respectively), and no 

constraints were necessary in the fitting process.  Eq. 3.15 is shown in Figure 3.6a 

(solid grey line), along with the values 3JH5,H6R and H5–C5–C6–H6R for 3.1 and 

3.2.  The empirical eq. 3.5 is also shown as a dashed line.  Both equations show 

good agreement in regions of the curve that contain data points for the staggered 

rotamers (Figure 3.8), i.e. –180° to –160° for the gt rotamer, –100 to –55° for the 

gg rotamer, and 35° to 75° for the tg rotamer.  Neither the calculated nor the 

empirical equations are symmetric about 0°, rather both have a maximum at –18°.  

At this maximum, the empirical equation predicts a value of 3JH5,H6R that is 2 Hz 

lower than the one predicted by eq. 3.15.  Similarly, for the maximum near 180°, 

the empirical equation also predicts a lower value than eq. 3.15. 

φφφφ 2sin34.3sin53.02cos08.4cos69.075.56,5
3 −−+−=RHHJ 3.15

φφφφ 2sin05.0sin20.02cos08.5cos36.064.56,5
3 −++−=SHHJ 3.16
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Figure 3.6.  Karplus-like relationships for the couplings about the C5–C6 bond.  
Graph a) shows H5–C5–C6–H6R versus 3JH5,H6R.  Graph b) shows H5–C5–C6–
H6S versus 3JH5,H6S.  For both graphs, the filled circles are conformations of 3.1 

and open circles are conformations of 3.2.  The solid grey line represents the fit to 
eq. 3.2 and the dashed black line represents the empirical eq. 3.5. 

Unlike eq. 3.15, the equation for 3JH5,H6S as a function of H5–C5–C6–H6S 

(eq. 3.16, Figure 3.6b, solid grey line) is symmetric about 0°.  A similar 

observation was made by Pachler for 1,2-difluoroethane – one of the curves for 

3JH,H was symmetric about 0°, while the other was phase shifted by 20° (Figure 

3.1).7  As observed for eq. 3.15 for 3JH5,H6R, the empirical equation (Figure 3.6b, 

dashed line) and eq. 3.16 for 3JH5,H6S agree well for the regions of the curve with 

data points for the staggered rotamers (Figure 3.8), i.e. –85° to –40° for the gt 

rotamer, 55° to 80° for the gg rotamer and 140° to –165° for the tg rotamer.  The 

area of the curve near 0° differs between the two equations; eq. 3.16 predicts a 

coupling constant that is more than 3 Hz larger than the empirical equation.   
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3.3.2.  3JH4,C6 values from EXSIDE experiments 

To determine the rotamer populations about the C4–C5 bond, two 

coupling constants that relate to the C4–C5 bond are needed (Section 3.1).  

However, there is only one H–C–C–H torsion angle for this bond.  Three-bond 

proton–carbon coupling constants follow the same Karplus-type relationship as 

vicinal proton–proton coupling constants, so a 3JC,H value could also be used.  

There are two options for the C4–C5 bond of 3.1 and 3.2, H4–C4–C5–C6 or H5–

C5–C4–C3.  We chose to determine 3JH4,C6 for both compounds because H4 was 

isolated in both 1D 1H NMR spectra, and the signal for H5 in 3.1 overlapped with 

the resonance for one of the H6 protons (Figure 2.21, Chapter 2).  Two examples 

of the EXSIDE33,34 spectra are shown in Figure 3.7.  The value of 3JH4,C6 for 3.1 is 

3.0 ± 0.1 Hz, which is the average for the three spectra that were acquired.  For 

3.2, the average value of 3JH4,C6 is 1.6 ± 0.1 Hz.   
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Figure 3.7.  a) The EXSIDE spectrum of 3.1.  H4 was selectively inverted with a 
40 Hz Q3 pulse.  b) The EXSIDE spectrum of 3.2.  H4 was selectively inverted 
with a 50 Hz Q3 pulse.  For both spectra, the splitting along the F1 dimension is 

equal to ten times the value of 3JH4,C6.   

3.3.3.  Rotamer populations for 3.1 and 3.2 using the limiting value 
method 

3.3.3.1.  Rotamer populations for the C4–C5 bond 

The three staggered rotamers for 3.1 and 3.2 are shown in Figure 3.8, 

along with the ideal values for the H4–C4–C5–H5 and H4–C4–C5–C6.  As 

Figure 3.5 shows, these two dihedral angles clustered near the ideal values during 

the geometry optimization process; therefore, we used the ideal values in eq. 3.13 

and 3.14 to determine the values of 3Jgg, 3Jgt, and 3Jtg for both H4–C4–C5–H5 and 

H4–C4–C5–C6.  The limiting values (Table 3.1) were then used with eq. 3.7 to 

determine the rotamer populations for 3.1 and 3.2. 
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Table 3.1.  Limiting values of 3Jgg, 3Jgt, and 3Jtg for the C4–C5 bond. 

 3Jgg (Hz) 3Jgt (Hz) 3Jtg (Hz) 

H4–C4–C5–H5 1.5 9.6 5.6 

H4–C4–C5–C6 1.3 2.0 6.7 

  

O5

H5 C6
H4

O4C3
H5

C6 O5
H4

O4C3
C6

O5 H5
H4

O4C3

gg
H4-C4-C5-H5: –60°
H4-C4-C5-C6: 60°

gt
H4-C4-C5-H5: 180°
H4-C4-C5-C6: –60°

tg
O4-C4-C5-O5: 60°
C3-C4-C5-O5: 180°

O6

H6S H6R
H5

C4O5
H6R

O6 H6S
H5

C4O5
H6S

H6R O6
H5

C4O5

gg
H5-C5-C6-H6R: 60°
H5-C5-C6-H6S: –60°

gt
H5-C5-C6-H6R: 180°
H5-C5-C6-H6S: 60°

tg
H5-C5-C6-H6R: –60°
H5-C5-C6-H6S: 180°  

Figure 3.8.  (top)  The three staggered rotamers about the C4–C5 bond, viewing 
down the C4–C5 bond axis.  (bottom)  The three staggered rotamers about the 

C5–C6 bond, viewing down the C5–C6 bond axis.  The ideal values for the 
dihedral angles associated with the measured coupling constants are shown. 

The observed values of 3JH4,H5 and 3JH4,C6 for 3.1 are 6.0 and 3.0 Hz, 

respectively (see also Table 2.6, Chapter 2).  Using eq. 3.7, the rotamers for the 

C4–C5 bond are 32 ± 4% gg : 42 ± 1% gt : 26 ± 4% tg.  The gt rotamer is slightly 

more preferred than the others, but it is present less than half the time.  The small 
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differences in populations indicate that the energy differences among all the 

rotamers are also small. 

For 3.2, the observed values for 3JH4,H5 and 3JH4,C6 are 4.4 and 1.6 Hz, 

respectively (see also Table 2.6, Chapter 2).  The rotamer populations calculated 

using eq. 3.7 are 64 ± 3% gg : 35 ± 2% gt : 1 ± 2% tg.  The rotamers with the 

oxygen substituents in the gauche orientation dominate, which is expected due to 

the gauche effect.46  Also, the tg rotamer is a minor component of the population, 

indicating that it is significantly higher in energy than the other two 

conformations. 

3.3.3.2.  Rotamer populations for the C5–C6 bond 

Unlike for the C4–C5 bond, the H5–C5–C6–H6R and H5–C5–C6–H6S 

dihedral angles did not cluster about the ideal values (Figure 3.8) after the 

geometry optimization, as shown in the graphs in Figure 3.6.  Instead, they took 

on the values shown in Table 3.2.  The H5–C5–C6–H6S and the O5–C5–C6–O6 

dihedral angles have the same relative orientation, i.e., for the gg rotamer both 

have average values near 300°.  After geometry optimization, the average values 

for the O5–C5–C6–O6 were 303° for gg, 65° for gt, and 164° for tg for both 3.1 

and 3.2 (see also Sections 2.3.1 and 2.3.2).  These deviations from the ideal values 

are reflected in the average values for the H5–C5–C6–H6R and H5–C5–C6–H6S 

torsions.  The non-ideal values in Table 3.2 were used in eq. 3.15 and 3.16 to 

determine the values of 3Jgg, 3Jgt, and 3Jtg for both H4–C4–C5–H5 and H4–C4–

C5–C6.  The limiting values (Table 3.2) were then used with eq. 3.7 to determine 

the rotamer populations for 3.1 and 3.2. 
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Table 3.2.  The dihedral angles φgg, φgt, φtg, and limiting values of 3Jgg, 3Jgt, and 
3Jtg for the C5–C6 bond. 

 φgg (°) 3Jgg (Hz) φgt (°) 3Jgt (Hz) φtg (°) 3Jtg (Hz) 

H5–C5–C6–H6R 58.2 1.0 187.3 9.5 283.4 2.9 

H5–C5–C6–H6S 302.3 3.5 70.1 2.0 166.3 9.9 

 

The experimental values for 3JH5,H6R and 3JH5,H6S for 3.1 are 7.0 and 3.9 

Hz, respectively(see also Table 2.6, Chapter 2).  These coupling constants lead to 

rotamer populations of 12 ± 5% gg : 66 ± 2% gt : 22 ± 4% tg.  The gt rotamer 

occurs more than twice as often as either of the other rotamers.  The same trend is 

seen for 3.2, which has 3JH5,H6R of 7.4 Hz, and 3JH5,H6S of 4.4 Hz(see also Table 

2.6, Chapter 2).  Using eq. 3.7, the rotamer populations for the C5–C6 bond of 3.2 

are 1 ± 5% gg : 69 ± 2% gt : 30 ± 4% tg.   

3.3.4.  Results from MD simulations 

Because β-D-galactofuranosides are more common in nature,47 we began 

our simulations with 3.2.  The discussion in Sections 3.3.4.1 though 3.3.4.3 below 

will also start with 3.2. 

3.3.4.1.  Ring conformation 

We observe mainly one broad distribution of ring conformations in the 

MD simulation of 3.2 (Figure 3.9).  The population is centered at a 

pseudorotational phase angle P of 16°, which corresponds to the E3 ring 

conformation.  Upon closer inspection of the histogram, there appears to be a 

minor population around P = 125–135°.  When the MD data are fit to two 
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Gaussian functions (eq. 3.17) with the same width, 90% of the population is 

centered at P = 16° and 10% is centered at P = 132°, which is the 1E 

conformation.  The furanose ring spends very little time in the regions of a P of 

200° to 220° or a P of –140° to –100°.  In contrast, the program PSEUROT had 

predicted that 32% of the population of 3.2 had a conformation of P = 242°, the 

E4 conformation (Section 2.3.5).  For cases like this with a broad distribution of 

conformers, PSEUROT fails, which may be one reason the four separate 

PSEUROT calculations for 3.2 gave three different answers. 
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Figure 3.9.  Histogram of pseudorotational phase angle P for 3.2 fit to two 
Gaussian functions (thick solid black line).  The major population is centered at P 

= 16° (thin solid black line), and the minor population is centered at P = 133° 
(thin dashed line).  The inset shows P versus time of the simulation. 

The minor population for 3.2 is more apparent in two of the individual 

distributions of the H–C–C–H dihedral angles along the ring (Figure 3.10).  For 

H1–C1–C2–H2, the major population occurs around 145° and the minor 

population occurs near 100°.  For H2–C2–C3–H3, the major population is near  

–154°, and the minor one is near –106°.  However, the H3–C3–C4–H4 dihedral 

angle does not have an apparent peak for the minor population.  Its distribution is 

centered near 155°.  We have observed similar distributions for oligosaccharides 
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containing α-L-Araf,19 which is a pentose with the same configuration of 

substituents on the furanose ring. 

 

Figure 3.10.  Histograms for the ring dihedral angles for 3.2.  The solid line is for 
H1–C1–C2–H2, the long dashed line is for H2–C2–C3–H3, and the dotted line is 

for H3–C3–C4–H4. 

Unlike for 3.2, we observe two distinct distributions of ring conformation 

in the MD simulation of 3.1 (Figure 3.11).  The major population is centered near 

P = –12°, which is the 2E conformation.  The minor population, like that of 3.2, is 

centered near P = 135°, which is between the 1E and 1T2 conformations.  When 

the MD distribution is fit to two Gaussian functions (eq. 3.17), the resulting 

equation does not correspond to the data as nicely as it does with 3.2.  For 3.1, the 

fit has an r2 = 0.943, but the fit was almost perfect for 3.2 (r2 = 0.994).  One 
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reason for the worse fit for 3.1 is because the major distribution does not have a 

perfect Gaussian curve; rather, it has a long tail on the positive side of the peak.  

Despite the lower value for r2, we can determine the ratio between the two 

populations by fitting the data to two Gaussian curves.  The major population is 

present 78% of the time, and the minor population is present 22% of the time.  

The MD results also agree favorably with the PSEUROT results (Section 2.3.5).  

PSEUROT predicts an 88:12 2E–1E conformational equilibrium. 

 

Figure 3.11.  Histogram of pseudorotational phase angle P for 3.1 fit to two 
Gaussian functions (thick solid black line).  The one population is centered at P = 
–11°, and the other is centered at P = 135°.  The inset shows P versus time of the 

simulation. 
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The H2–C2–C3–H3 and H3–C3–C4–H4 dihedral angles for 3.1 (Figure 

3.12) look very similar to those from 3.2.  For H2–C2–C3–H3, the major 

population is centered at –158°, and the minor population is centered near –94°.  

The H3–C3–C4–H4 torsion appears to have only a shoulder for the minor 

population, near 118°, and the major population is centered at 154°.  

Unsurprisingly, the two populations for the H1–C1–C2–H2 dihedral angle are 

near 0°, reflecting the cis orientation of H1 and H2 in 3.1.  The major 

conformation is centered near 34°, and the minor one is near –34°.  We also 

observed similar distributions for the ring dihedrals of β-D-Araf18 – a pentose with 

the enantiomeric configuration for the furanose ring. 

 
Figure 3.12.  Histograms for the ring dihedral angles for 3.1.  The solid line is for 
H1–C1–C2–H2, the long dashed line is for H2–C2–C3–H3, and the dotted line is 

for H3–C3–C4–H4. 
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3.3.4.2.  Conformation about the C4–C5 bond  

In previous MD studies on arabinofuranoside systems,37,38 we found 

simulations of 200 ns were necessary to achieve convergence of the C4–C5 

rotamer populations.  We observed convergence of the C4–C5 rotamers of 3.2 in 

250 ns simulations, as shown in Figure 3.13.  Although the distribution changes 

little throughout the simulation, the variation in the mean48 is not 3% or less until 

after 220 ns.  Integrating the area under the curves in the histogram shown in 

Figure 3.14 give us the overall distribution for each rotamer, which 97 ± 3% gg, 1 

± 1% tg, and 2 ± 1% gt.  The dominant conformation is gg, which is also the 

major conformer predicted using the limiting values approach (Section 3.3.3.1).  

However, neither of the other rotamers are substantially populated over the course 

of the simulation, in contrast with the results presented earlier.     

 
Figure 3.13.  Convergence of the C4–C5 rotamer distribution of 3.2 as a function 

of simulation time. 
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Figure 3.14.  Histogram of the O4–C4–C5–O5 dihedral angle for 3.2.  The inset 
shows the same angle over the time of the simulation. 

We tried altering the simulation conditions because the results from the 

MD simulation of 3.2 differed quite substantially from what we calculated using 

the limiting values approach.  However, none of the parameters we varied in the 

solution simulations significantly altered the rotamers populations along the C4–

C5 bond.  The results discussed above were run with the Berendsen42 thermostat; 

changing to the Langevin43 thermostat gave exactly the same rotamer distribution.  

Raising the simulation temperature to 370 K, with either thermostat, resulted in a 

small increase in the gt rotamer to 5%.  Altering the initial conformation of 3.2 

had no effect, so it did not appear that the molecule was trapped in one 

conformation.  Using either the TIP4P41 or TIP5P49 water models led to 100% of 

the population in the gg rotamer.  We constrained the furanose ring into either the 

E3 or 1E conformation, which are the centers of the populations of ring 
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conformations (Figure 3.9).  Neither ring conformation affected the C4–C5 

rotamers.  We biased the partial charges used in the simulations to those from 

only the gt or tg rotamers, and the new charges had no effect on the rotamer 

distribution.  Finally, we ran a short 50 ns simulation in the gas phase.  While this 

calculation did not converge, it was the only one to produce different C4–C5 

rotamer populations:  74 ± 7% gg, 2 ± 1% tg, and 24 ± 4% gt.  

Despite the unsatisfying results for the C4–C5 rotamers of 3.2, we 

proceeded with simulations on 3.1.  Similar to 3.2, the rotamer populations for 3.1 

did not show variations in the mean of 3% or less until after 220 ns (Figure 3.15).  

However, the final converged values were similar to those observed at 50 ns.  The 

rotamer distribution over the course of the simulation was 94 ± 3% gg, 3 ± 1% tg, 

and 3 ± 1% gt (Figure 3.16), very similar to that observed for 3.2.   For 3.1, the 

major conformer populated in the MD simulation is not even the same one that 

was predicted using the limiting values approach (Section 3.3.3.1).  Also, the 

anomeric configuration clearly has little effect on the distribution of rotamers 

about the C4–C5 bond in MD simulations using GLYCAM06.   
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Figure 3.15.  Convergence of the C4–C5 rotamer distribution of 3.1 as a function 

of simulation time. 

 
Figure 3.16.  Histogram of the O4–C4–C5–O5 dihedral angle for 3.1.  The inset 

shows the same angle over the time of the simulation. 
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Because 3.1 and 3.2 both showed similar rotamer distributions about the 

C4–C5 bond (Figure 3.14 and Figure 3.16), we were curious if other 

hexofuranosides would behave the same way in MD simulations with 

GLYCAM06.  Simulations were performed as described in Section 3.2.3 on the α- 

and β-methyl glycosides of glucofuranose (Glcf, 3.3 and 3.4, Figure 3.17), 

allofuranose (Allf, 3.5 and 3.6, Figure 3.17), and gulofuranose (Gulf, 3.7 and 3.8, 

Figure 3.17).  Both Glcf and Gulf have cis orientation of the C3 and C4 

substituents, and both Galf and Allf have trans orientation of the C3 and C4 

substituents.  Thus, if the C3 hydroxyl influences the rotamers about the C4–C5 

bond, one might expect MD simulations on Glcf and Gulf to result in the same 

rotamer distributions, and simulations of Galf and Allf to also yield the same 

results.   

The populations of the C4–C5 rotamers of 3.3 through 3.8 from 250 ns 

MD simulations with TIP3P water are shown in Table 3.3.  None of the rotamer 

distributions are similar to those of 3.1 or 3.2.  All have at least two rotamers 

significantly populated during the simulation.  For the glucofuranosides 3.3 and 

3.4, the tg rotamer is occupied about three times as often as the gg rotamer, and 

the gt rotamer does not occur very frequently.  The allofuranosides 3.5 and 3.6 

differ the most between anomers.  For the α-anomer 3.5, the gt rotamer 

dominates, but for the β-anomer 3.6, all three rotamers occur in similar amounts.  

While Gulf and Glcf have the same relative orientation between the C3 and C4 

substituents, both have a different dominant rotamer.  For both 3.7 and 3.8, the gg 

orientation occurs most frequently, followed by gt then the sparsely populated tg.  



 

 136 

Based on these results, 3.1 and 3.2 are unique in their behavior in GLYCAM06.  

However, we cannot say if the rotamer populations that GLYCAM06 predicts for 

3.3–3.8 are accurate due to the lack of experimental vicinal coupling constants, 

especially 3JH4,C6.   
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Figure 3.17.  Other methyl furanosides studied in AMBER/GLYCAM06 
simulations. 

Table 3.3.  C4–C5 rotamer populations from 250 ns MD simulations of 3.3–3.8. 

 C4–C5 rotamer populations 

3.3 21 ± 2% gg : 76 ± 3% tg : 3 ± 1% gt 

3.4 26 ± 2% gg : 68 ± 3% tg : 6 ± 1% gt 

3.5 11 ± 1% gg : 31 ± 2% tg : 58 ± 3% gt 

3.6 31 ± 2% gg : 42 ± 3% tg : 27 ± 2% gt 

3.7 68 ± 3% gg : 2 ± 1% tg : 31 ± 2% gt 

3.8 61 ± 3% gg : 3 ± 1% tg : 36 ± 2% gt 
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We also wanted to determine if ring size played a role in the in the 

rotamers observed for the C4–C5 bond.  Thus, we ran AMBER/GLYCAM06 

simulations on methyl β-D-glycero-D-galacto-heptopyranoside 3.9 and methyl β-

D-glycero-D-gluco-heptopyranoside 3.10 (Figure 3.18) using the same methods 

described in Section 3.2.3.  The relative orientation for the C4 and C5 

substitutents on 3.9 is trans, and it is opposite for 3.10.  Thus, we might expect 

that the C5–C6 rotamers of 3.10 would behave the same way as 3.1 or 3.2, if the 

C4 substituent on the heptopyranosides influences the rotamers about the C5–C6 

bond.  (Note that the C5–C6 bond is the first exocyclic bond for the 

heptopyranoside, and is equivalent to the C4–C5 bond in 3.1 or 3.2.)   Neither 3.9 

nor 3.10 has only one C5–C6 rotamer populated in the MD simulations.  For 3.9, 

the C5–C6 rotamer distribution is 16 ± 2% gg : 83 ± 3% tg : 1 ± 1% gt.  For 3.10, 

the C5–C6 rotamer distribution is 65 ± 3% gg : 15 ± 2% tg : 20 ± 2% gt.  As is the 

case for 3.3–3.8, there are no experimental vicinal coupling constants for 3.9 and 

3.10 to compare to. 
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3.103.9  

Figure 3.18.  Heptopyranosides studied in AMBER/GLYCAM06 simulations. 

3.3.4.3.  Conformation about the C5–C6 bond   

For 3.2, the rotamers about the C5–C6 bond converged, i.e., the variation 

in the mean was 3% or less for each population (Figure 3.19) after 180 ns.  Unlike 
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the C4–C5 bond, each rotamer about C5–C6 is populated, and the distribution 

seen at 50 ns is similar to the distribution seen after 250 ns.  The final distribution 

after a 250 ns simulation is 65 ± 3% gt, 28 ± 2% tg, and 7 ± 1% gg (Figure 3.20), 

which is remarkably similar to the populations that the limiting values method 

predicted (Section 3.3.3.2). 

 
Figure 3.19.  Convergence of the C5–C6 rotamer distribution of 3.2 as a function 

of simulation time. 
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Figure 3.20.  Histogram of the O5–C5–C6–O6 dihedral angle for 3.2.  The inset 

shows the same angle over the time of the simulation. 

Just as we saw for the C4–C5 bond, rotamers about the C5–C6 bond take 

on similar values for both 3.1 and 3.2.  The rotamers for 3.1 also converged after 

180 ns, showing variations in the mean of 3% or less for each conformation 

(Figure 3.21).  The populations seen in the first 50 ns of the simulation differ 

significantly from the final distribution seen after 250 ns.  After integrating the 

histogram shown in Figure 3.22, the rotamer distribution for 3.1 is 64 ± 3% gt, 29 

± 2% tg, and 7 ± 1% gg – the same distribution (within error) as we saw for 3.2.  

Also, the populations obtained from MD simulation agree nicely with those 

determined using the limiting values approach (Section 3.3.3.2). 
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Figure 3.21.  Convergence of the C5–C6 rotamer distribution of 3.1 as a function 

of simulation time. 

 
Figure 3.22.  Histogram of the O5–C5–C6–O6 dihedral angle for 3.1.  The inset 

shows the same angle over the time of the simulation. 
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As with the C4–C5 rotamers, we wanted to see if the C5–C6 rotamers for 

3.3 through 3.8 showed similar distributions to 3.1 and 3.2 (Table 3.4).  The 

populations for the C5–C6 rotamer differed among all the hexofuranosides.  For 

the glucofuranosides 3.3 and 3.4, the gt rotamer dominates, just as it does for the 

galactofuranosides 3.1 and 3.2.  However, for 3.3 and 3.4, the gg rotamer is also 

significantly populated, not the tg rotamer like 3.1 and 3.2.  For the allo- and 

gulofuranosides 3.5 through 3.8, all three rotamers are significantly populated.  

From these results, it appears that relative orientation of the C3 and C4 

substituents alone does not determine the configuration about the C5–C6 bond, 

because all four saccharides yield different results in the MD simulations.  

Instead, it appears that the overall configuration of the furanoside affects the 

rotamers about both exocyclic bonds. 

Table 3.4.  C5–C6 rotamer populations from 250 ns MD simulations of 3.3–3.8. 

 C5–C6 rotamer populations 

3.3 55 ± 3% gt : 7 ± 1% tg : 38 ± 2% gg 

3.4 59 ± 3% gt : 9 ± 1% tg : 32 ± 2% gg 

3.5 30 ± 2% gt : 41 ± 3% tg : 30 ± 2% gg 

3.6 42 ± 3% gt : 28 ± 2% tg : 30 ± 2% gg 

3.7 39 ± 2% gt : 39 ± 2% tg : 23 ± 2% gg 

3.8 43 ± 3% gt : 32 ± 2% tg : 25 ± 2% gg 

 

For the C6–C7 bond in heptopyranosides 3.9 and 3.10, the gt rotamer is 

dominant for both.  For 3.9, the C6–C7 rotamers are 56 ± 3% gt : 5 ± 1% tg : 39 ± 

2% gg, and for 3.10, they are 57 ± 3% gt : 28 ± 2% tg : 15 ± 2% gg.  Like 3.3 and 
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3.4, the gt rotamer is present about twice as often as the gg rotamer in 3.9, while 

the tg rotamer is sparsely populated.  The glucofuranosides have a cis relationship 

between the C3 and C4 substituents; similarly, 3.9 has a cis relationship between 

the C4 and C5 substituents.  Likewise, the rotamer distribution seen for 3.10 is 

similar to those seen for 3.1 and 3.2.  The C4 and C5 substituents in 3.10 are in a 

trans relationship, just as the C3 and C4 substituents are in the galactofuranosides.     

Based on the C5–C6 rotamers for 3.1 through 3.8, and the C6–C7 rotamers for 3.9 

and 3.10, the relative orientation of the hydroxyl group three bonds away appears 

to affect the rotamers along both the C5–C6 and C6–C7 bonds.   

3.3.4.4.  Coupling constants from MD simulations 

In Sections 3.3.4.1 though 3.3.4.3, we compared the results from MD 

simulations to those from PSEUROT or from the limiting values method.  Both 

the program PSEUROT and the limiting values method have built in assumptions 

that may not be applicable to every system.  PSEUROT is a purely mathematical 

algorithm; thus, it may return chemically unreasonably conformations.  The 

limiting values approach for determining rotamer populations requires some 

knowledge of the dihedral angles associated with each of the staggered rotamers.  

Obtaining average coupling constants from an MD simulation provides a direct 

comparison between experiment and calculation.17-19 

Table 3.5 lists the experimental vicinal coupling constants for 3.1 and 3.2, 

as well as those determined from MD simulations.  The 3JH,H or 3JH,C values from 

the MD simulations were calculated using the Karplus-like relationships 

described in Section 3.3.1 (eq. 3.10–3.16) and averaged over the entire 
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simulation, as described in eq. 3.9 in the introduction.  The errors in the MD-

derived coupling constants are simply the standard deviation for the ring 

couplings 3JH1,H2, 3JH2,H3, and 3JH3,H4.  For the exocyclic couplings – 3JH4,H5, 

3JH4,C6, 3JH5,H6R, and 3JH5,H6S – the average and standard deviation was determined 

for each rotamer, then the three populations and their standard deviations were 

averaged.   

Table 3.5.  Comparison between the coupling constants from experiment and 
from MD simulations in 3.1 and 3.2. 

 Experimentala 
3.1 (Hz) 

MD-derived 
3.1 (Hz) 

Experimentala  
3.2 (Hz) 

MD-derived 
3.2 (Hz) 

3JH1,H2 (Hz) 4.5 5.6 ± 1.1 2.0 3.3 ± 2.3 

3JH2,H3 (Hz) 8.0 4.5 ± 2.7 3.6 4.0 ± 2.3 

3JH3,H4 (Hz) 7.1 5.7 ± 2.6 6.2 6.2 ± 2.6 

3JH4,H5 (Hz) 6.0 2.0 ± 0.8 4.4 1.7 ± 0.7 

3JH4,C6 (Hz) 3.0 2.2 ± 1.4 1.6 2.1 ± 1.3 

3JH5,H6 (Hz) 7.0 7.0 ± 1.9 7.4 7.0 ± 1.9 

3JH5,H6´ (Hz) 3.9 4.4 ± 1.1 4.4 4.3 ± 1.1 
a From 1D 1H NMR or EXSIDE spectra at 600 MHz in D2O (Sections 2.3.4 and 
3.3.2).  The error in the experimental values is estimated to be ± 0.2 Hz.   

For 3.1, the MD value for 3JH1,H2 is within error of the experimental value. 

However, the MD values for 3JH2,H3 and 3JH3,H4 do not agree with the experimental 

values, indicating that the ring conformations from the MD simulations do not 

reflect the actual solution conformation of 3.1.  Similarly, the values for 3JH4,H5 

and 3JH4,C6 obtained in the AMBER/GLYCAM06 simulations vary substantially 

from experiment.  Presumably, the C4–C5 is not locked into the one conformation 
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observed in the MD simulation.  Very good agreement is seen between 

experiment and simulation for 3JH5,H6R, and the value for 3JH5,H6S obtained from 

MD is also within error of the experimental value.   

All of the ring couplings for 3.2 agree nicely between experiment and 

simulation, especially 3JH3,H4.  Thus the ring conformation that is present in 

solution is well represented by the distribution seen in Figure 3.9.  As with 3.1, 

the values for 3JH4,H5 and 3JH4,C6 from the simulation vary substantially from the 

experimental values for 3.2.  Also, while the MD simulations for 3.1 and 3.2 

predict similar rotamer distributions for the C4–C5 bond, the experimental values 

for 3JH4,H5 and 3JH4,C6 are not the same.  Therefore, the anomeric configuration of 

the galactofuranose ring has some effect on the conformation about the C4–C5 

bond, in addition to ring conformation.  The anomeric configuration seems to 

have little effect on the C5–C6 conformation, as the experimental values for 

3JH5,H6R and 3JH5,H6S are quite similar between 3.1 and 3.2.  The calculated values 

for 3JH5,H6R and 3JH5,H6S are also similar between 3.1 and 3.2, which is not 

surprising as the distributions seen in Figure 3.20 and Figure 3.22 are the same 

within error.  MD simulations on 3.2 seem to accurately represent the solution 

conformation for the C5–C6 bond. 

3.4.  Conclusions 

In this chapter, we present new Karplus-like equations (eq. 3.10–3.16) that 

are specific for galactofuranosides.  The new equations for the ring couplings 

3JH1,H2, 3JH2,H3, and 3JH3,H4 all agree well with the empirical equation used in in the 
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program PSEUROT (eq. 3.5), especially for the range of 3JH,H that are allowed by 

the ring.  For the exocyclic bonds, we observed better agreement between the 

empirical equation and the equations for the C5–C6 bond.  For the C4–C5 bond, 

the poor agreement between the empirical equation and the equation for 3JH4,H5 is 

pronounced for the tg conformations (50–100°).  Moreover, for 3JH4,C6, the 

empirical equation is not symmetric about zero, which is a feature of our 

calculated equation. 

We used the new Karplus-like relationships to evaluate the conformation 

about the exocyclic bonds of 3.1 and 3.2 using the limiting values approach.  

They were also used to calculate average coupling constants from MD 

simulations.  For the α-anomer 3.1, we saw poor agreement between the 

experimental and calculated coupling constants along the ring and along the C4–

C5 bond; however, the MD values agreed well for the couplings along the C5–C6 

bond.  Previously, we had seen similarly poor agreement for the ring couplings of 

β-D-arabinofuranosides with the GLYCAM06 force field,18 which implies that 

this force field is not an appropriate model for either β-D-arabinofuranosides or α-

D-galactofuranosides.  With the β-anomer 3.2, we also saw good agreement for 

the C5–C6 couplings, and additionally, the ring couplings were similar between 

experiment and calculations.  The C4–C5 couplings still show poor agreement for 

3.2.   

The limiting values approach for the C5–C6 bond give similar rotamer 

distributions as the MD simulations, while the C4–C5 populations differ 

significantly between the two methods.  There is essentially one rotamer for the 
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C4–C5 bond for both 3.1 and 3.2 during the entire MD simulation.  Varying the 

thermostat, temperature, water model, and partial charges all have no effect on the 

rotamers about this bond.  We previously saw distorted populations along the C4–

C5 bond of oligosaccharides of α-L-Araf; that is, the calculated coupling constants 

for the trisaccharide and hexasaccharide show worse agreement with experiment 

than the monosaccharide.17,19  Furthermore, the C4–C5 bond behaves differently 

in AMBER/GLYCAM06 simulations of Galf than simulations of other 

hexofuranosides.  All these results indicate that the GLYCAM06 parameters for 

the C4–C5 bond in Galf are not appropriate.  We will address this, along with the 

ring conformation of 3.1, in the next chapter. 
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4.1.  Introduction 

In the previous chapter, molecular dynamics (MD) simulations on methyl 

α- and β-galactofuranosides (4.1 and 4.2, respectively, Figure 4.1) gave 

effectively one conformation about the C4–C5 bond (see Section 3.3.4.2).  

Furthermore, the 3JH4,H5 values derived from the MD simulations show poor 

agreement with the experimental values (Table 3.5).  Several attempts to 

overcome this disparity were unsuccessful.  However, it is unclear whether the 

energy barriers separating the rotamers about the C4–C5 bond are too high to 

show adequate sampling.  Calculating the potential of mean force (PMF, W(χ), eq. 

4.1),1-3 which is the free energy change along a reaction coordinate χ, will reveal 

the energy barriers for rotation about this bond in GLYCAM06.4  In eq. 4.1, the 

ρ(χ) function is the Boltzmann weighted average for the reaction coordinate (eq. 

4.2).  The functions V(q) and χ'(q) in eq. 4.2 are both dependent on the 

conformation q: V(q) is the total energy of the system, and χ'(q) describes the 

reaction coordinate in terms of conformation.  It should be noted that the reaction 

coordinate χ is not limited to rotation about a bond; rather, it can be any 

conformational change, including the separation between two atoms or 

pseudorotation about a five membered ring.3,5 
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Figure 4.1.  The structures of methyl α-D-galactofuranoside (4.1) and methyl β-D-
galactofuranoside (4.2) with the carbon atoms numbered.  The pro-R and pro-S 

hydrogens on C6 are labeled as H6R and H6S, respectively.   
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If large energy barriers separate the C4–C5 rotamers of 4.1 and 4.2, then 

determining the PMF from long MD simulations can give inaccurate results.1,2  

Umbrella sampling6 techniques can overcome large energy barriers by artificially 

smoothing the potential energy surface (PES) through the application of a 

weighting function over a series of simulations.  Each simulation restrains the 

system to a particular value of χ through a weighting function.  An example of a 

harmonic weighting potential is shown in eq. 4.3, where k is a force constant and 

χr is the restrained value.  Once all the individual simulations are complete, they 

can be combined to reveal the unbiased Boltzmann weighted average.   

One popular technique to combine the simulations is the weighted 

histogram analysis method (WHAM),3,5,7 introduced by Kumar and Kollman.  An 

advantage of this algorithm is that it uses all the information in the individual 
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histograms, preventing the need for significant overlap between restrained 

simulations.  WHAM involves two equations (eq. 4.4 and 4.5) with two 

unknowns – the Boltzmann weighted average ρ(χ) and the free energy constants fj.  

Therefore, the WHAM equations must be solved iteratively and self-consistently.  

In eq. 4.4, nj is the number of points in histogram hj, and eq. 4.5 relates free 

energy constants fj to the Boltzmann weighted average.  Roux has written an 

excellent review of the method.3 
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The energy barriers associated with rotation about a dihedral angle are 

determined by the force field used in the simulation.  The form of the force field 

equation used by the AMBER 108 software package is shown in eq. 4.6.9,10  There 

are bonding terms to describe bond stretching, angle bending, and dihedral angle 

rotation, all of which are in the form of harmonic potentials.  There are also non-

bonding terms to describe van der Waals and electrostatic interactions.  The van 

der Waals forces are in the form of the Lennard–Jones 12-6 function, and the 

electrostatic term is a Coulomb potential.  The bonding and non-bonding terms 

are summed over all N atoms in the system at each time step to give the potential 

energy of the system, V(rN).  Other molecular mechanics (MM) software packages 
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may include additional terms in their force field equations, such as improper 

torsions, out-of-plane bending, and cross terms.10-16    

4.6

 

Guvench and MacKerell17 have developed a Metropolis Monte Carlo18 

simulated annealing (MMCSA) procedure to determine force field parameters 

using two PES – one from quantum mechanical (QM) calculations and one from 

force field calculations.  The MM PES is determined by setting the torsion 

parameters to be fit to zero then new force field terms are calculated to give the 

lowest root mean squared error (RMSE) to the QM PES (eq. 4.7).  The difference 

between the QM energies, Ei
QM, and MM energies, Ei

MM
, is minimized over all i 

conformations.  An optional weighting factor wi is included during the fitting 

processes to favor lower energy conformers, and a constant c is included to align 

the relative energies of the two PES. 
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In this chapter, we present the use of WHAM to determine the free energy 

of rotation about the C4–C5 bonds of 4.1 and 4.2.  This information prompted us 

to examine new terms for the GLYCAM06 force field.  The new terms were used 

in subsequent MD simulations to evaluate the solution-state conformation of 4.1 

and 4.2 in conjunction with the new Karplus-like equations discussed in the 

previous chapter (eq. 3.10–3.16). 

4.2.  Methods 

4.2.1.  Umbrella sampling  

The umbrella sampling simulations of 4.1 and 4.2 were run using the 

PMEMD module of AMBER 108 and the GLYCAM06 force field4 with either the 

original or new torsion parameters for the O4–C4–C5–C6 and C3–C4–C5–C6 

bonds. The O4–C4–C5–O5 dihedral angle was chosen as the reaction coordinate 

χ.  This dihedral angle was restrained every 5° from –180° to 180° (for a total of 

73 simulations), using a harmonic restraining potential (eq. 4.3) of 30 kcal (mol  

rad2)–1, and each simulation was run for 200 ps.  These conditions were 

appropriate in previous studies in our group on arabinofuranoside monomers.2  

Each simulation started from the same equilibrated structure.  The 

equilibration phase started by minimizing the water molecules, while holding 4.1 

or 4.2 fixed, then the entire system was minimized.  Minimization was followed 

by simulated annealing, heating the system from 5 K to 300 K over 50 ps, then 

cooling back to 5 K over 50 ps.  A final simulation was run, heating the system 

back to 300 K over 100 ps, then kept at a constant 300 K for 100 ps.  All 
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simulations were performed under NPT conditions, used a 2 fs timestep, and 

included approximately 300 molecules of explicit TIP3P19 water.  The 

temperature was maintained using the Langevin thermostat,20 with a collision 

frequency of 2.0 ps–1, and the pressure was a constant 1 atm.  All bonds to 

hydrogen were constrained using the SHAKE algorithm,21 and 8 Å was the cutoff 

for non-bonding interactions.  The PMF and Boltzmann weighted average were 

calculated using the WHAM software package of Grossfield.22-24 

4.2.2.  Development of new C4–C5 torsion parameters 

Following the procedure of Guvench and MacKerell,17 we calculated two 

gas-phase QM PES for both 4.1 and 4.2, using a relaxed PES scan in Gaussian 

03.25  Geometries were optimized using HF/6-31G*,26,27 and single-point energies 

were calculated using B3LYP/6-31++G(2d,2p)28-30 for consistency with the 

GLYCAM06 force field.4  Each PES for 4.1 or 4.2 constrained the furanose ring 

into one conformation, and the ring conformers chosen were the center of the 

populations observed in AMBER/GLYCAM06 simulations (Section 3.3.4.1).  

The first conformation for 4.1 was 2E, and the C3–C4–O4–C1 dihedral angle was 

frozen at 0° to maintain the desired ring conformation.  For 4.2, the first 

conformation was E3, and the C4–O4–C1–C2 dihedral angle was fixed at 0°.  

Both 4.1 and 4.2 had minor populations centered at the 1E conformation, so a PES 

was calculated with this ring conformation for both, freezing the C2–C3–C4–O4 

torsion at 0°.   

For all of the PES, the O4–C4–C5–O5 and O5–C5–C6–O6 dihedral angles 

were varied separately from 0º to 360º in 15º increments, yielding 625 points for 
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each surface.  When the O4–C4–C5–O5 was rotated, the O5–C5–C6–O6 angle 

was fixed, and vice versa.  The C–C–O–H torsions were also fixed during 

geometry optimization to prevent the formation of intramolecular hydrogen 

bonds.  The angles at which these bonds were fixed varied as a function of ring 

and C4–C5 and C5–C6 conformation.  

The optimized geometries from the QM PES were used to calculate the 

gas-phase MM PES in the Sander module of the AMBER 10 program suite and 

using the GLYCAM06 force field. To not conflict with existing GLYCAM06 

force field parameters, a new atom type, CF, was created and assigned to C6 in 

4.1 and 4.2.  The torsion parameters for C6–C5–C4–C3 and C6–C5–C4–O4 were 

set to zero (see below) when calculating the MM surfaces to be used in the fitting 

procedure described in Section 4.1.  

Figure 4.2 shows the Newman projection along the C4–C5 bond of 4.1 

and 4.2, with the O4–C4–C5–O5 dihedral angle labeled θ.  There are nine 

separate equations in GLYCAM06 to define the potential energy V for rotation 

about the C4–C5 bond (Table 4.1, eq. 4.8–4.16).  When these equations are all 

graphed, only the equations for O4–C4–C5–C6 and C3–C4–C5–C6 (eq. 4.14 and 

4.15, respectively) lead to asymmetry in the overall equation for V.  Therefore, 

these were the parameters that were fit using the MMCSA protocol. 
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H4

O4C3

θ  

Figure 4.2.  The O4–C4–C5–O5 dihedral angle, or θ, for 4.1 and 4.2. 

Table 4.1. Separate equations from GLYCAM06 to define the potential energy V 
about the C4–C5 bond. 

Torsion Value of torsion
(in terms of θ)a Eq. for V  

O4–C4–C5–O5 θ )]cos(1[10.1)]2cos(1[45.0 θθ +−+=V  4.8

C3–C4–C5–O5 θ – 120º )]}120(3cos[1{10.0 −+= θV  4.9

H4–C4–C5–O5 θ + 120º )]}120(3cos[1{05.0 ++= θV  4.10

O4–C4–C5–H5 θ + 120º )]}120(3cos[1{05.0 ++= θV  4.11

C3–C4–C5–H5 θ )]3cos(1[15.0 θ+=V  4.12

H4–C4–C5–H5 θ – 120º )]}120(3cos[1{17.0 −+= θV  4.13

O4–C4–C5–C6 θ – 120º )]120cos(1[27.0 −+−= θV  4.14

C3–C4–C5–C6 θ + 120º )]120cos(1[45.0 ++= θV  4.15

H4–C4–C5–C6 θ )]3cos(1[15.0 θ+=V  4.16
a The dihedral angle θ, O4–C4–C5–O5, is shown in Figure 4.2. 

4.2.3.  MD simulations with new torsion parameters 

MD simulations of 4.1 and 4.2 were run using the PMEMD module of 

AMBER 10 and the GLYCAM06 force field with new torsion parameters for the 
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O4–C4–C5–C6 and C3–C4–C5–C6 bonds.  All simulations were carried out for 

250 ns with a 2 fs timestep in a box of approximately 300 TIP3P water molecules 

under periodic boundary conditions and using particle mesh Ewald summation for 

long-range interactions.  The simulations were run under NPT conditions at 1 atm 

and 300 K.  The temperature was maintained by the Berendsen31 thermostat, and 

velocities were rescaled every 1 ps.  All bonds containing hydrogens were fixed 

using the SHAKE21 algorithm, and 8 Å was the cutoff for nonbonding 

interactions.  Both the non-bonding and electrostatic interactions were not scaled 

over the course of the simulations.   

The systems were first equilibrated by minimizing only the water 

molecules with 50 steps of steepest decent followed by 950 steps conjugate 

gradient minimization.  Then the entire system, including 4.1 or 4.2, was 

minimized in the same fashion.  Minimization was followed by simulated 

annealing, heating the system from 5 K to 300 K over 50 ps, then cooling back to 

5 K for 50 ps.  Finally, the system was again heated from 5 K to 300 K over 100 

ps and allowed to run at a constant 300 K for an additional 100 ps before the 

production period began.   

4.3.  Results and discussion 

4.3.1.  Umbrella sampling and WHAM for 4.1 and 4.2 with the 
original GLYCAM06 parameters 

With the umbrella sampling simulations of 4.1 and 4.2, we wanted to 

determine the free energy of rotation about the C4–C5 bond in solution.  As the 

histograms in Figure 4.3 and Figure 4.4 show, the O4–C4–C5–O5 dihedral angle 
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was restrained to the desired values in all 73 windows along the reaction 

coordinate, indicating that the choice of restraining potential was appropriate.  

There are no deviations from the expected values, nor any gaps in the individual 

distributions.  Overlap of the histograms is necessary for the WHAM analysis.32  

 

Figure 4.3.  Histograms showing the O4–C4–C5–O5 dihedral angle distributions 
from each 5° window for 4.1. 
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Figure 4.4.  Histograms the O4–C4–C5–O5 dihedral angle distributions from each 
5° window for 4.2. 

Once we confirmed that the individual windows gave the expected 

distributions, all the windows were combined to determine the rotamer 

populations and free energy of rotation using the WHAM equations, eq. 4.4 and 

4.5.  The rotamer distribution for 4.1 is shown in Figure 4.5.  The distribution 

from the umbrella sampling calculations is very similar to that from long MD 

simulations (see also Figure 3.16).  Long, unbiased MD simulations gave a ratio 

of 94 ± 3% gg, 3 ± 1% tg, and 3 ± 1% gt, while the WHAM analysis gave 93 ± 

1% gg, 1 ± 1% tg, and 6 ± 3% gt.   
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Figure 4.5. Rotamer distribution about the C4–C5 bond of 4.1. 

The free energy for rotation about the C4–C5 bond of 4.1 is shown in 

Figure 4.6.  The global minimum occurs at an O4–C4–C5–O5 torsion of 58°, 

which is the gg conformation.  There are two other minima – one for the gt 

conformation at –54° and one for the tg conformation at –174°.  The energy 

difference between the gg and gt conformations is 1.8 kcal mol-1.  Assuming a 

two-state model, eq. 4.17 predicts a 95:5 ratio of gg:gt with the calculated energy 

difference, which is observed in the long MD simulations.  Therefore, the energy 

barriers between the rotamers along the C4–C5 bond are not too high to prevent 

adequate sampling in the long MD simulations.  Rather, the calculated population 

reflects the energy differences between the rotamers.  

KRTG ln=Δ  4.17
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Figure 4.6. Free energy for rotation about the C4–C5 bond of 4.1.   

A similar rotamer distribution is seen after the WHAM analysis of 4.2 

(Figure 4.7).  The gg rotamer is heavily favored, while the other rotamers are 

sparsely populated.  The WHAM equations gave 96 ± 1% gg, 1 ± 1% tg, and 3 ± 

3% gt, which is similar to results above and from the long MD simulations of 4.2: 

97 ± 3% gg, 1 ± 1% tg, and 2 ± 1% gt (see also Figure 3.14). 
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Figure 4.7. Rotamer distribution about the C4–C5 bond of 4.2. 

As with 4.1, the global minimum for rotation about the C4–C5 bond of 4.2 

is corresponds to the gg rotamer at 62° (Figure 4.8).  The minimum for the gt 

rotamer at –54° is 2.1 kcal mol-1 higher in energy, and the one for the tg rotamer 

at –174° is 3.1 kcal mol-1 higher in energy.  With a two-state model, eq. 4.17 

predicts a 97:3 ratio between the gg and gt rotamers.  Once again, the relative 

energies between the rotamers governs the distribution observed from the long 

MD simulations.  The energy barriers between the rotamers have little effect.  
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Figure 4.8. Free energy for rotation about the C4–C5 bond of 4.2. 

4.3.2.  New torsion parameters for the C4–C5 bond of 
galactofuranosides 

4.3.2.1.  Potential energy surfaces for 4.1 and 4.2 

The O4–C4–C5–O5 and O5–C5–C6–O6 dihedral angles and the relative 

QM and MM energies for 4.1 and 4.2 in both ring conformations are listed in 

Appendix C.  These values were used to produce the PES shown in Figure 4.10.  

The energies for all of the PES were scaled such that the lowest energy for each 

was set to 0.0 kcal mol–1.  Also similar to Guvench and MacKerell,17 any relative 

energies above 12 kcal mol-1 are not shown and were not used in the fitting 

process.  To aide in the discussion below, the staggered rotamers about the C4–C5 

and C5–C6 bonds are shown in Figure 4.9, along with the ideal values for the O4–

C4–C5–O5 and O5–C5–C6–O6 dihedral angles.  
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Figure 4.9.  (top) Three staggered rotamers about the C4–C5 bond, viewing down 
the C4–C5 bond axis.  (bottom) Three staggered rotamers about the C5–C6 bond, 

viewing down the C5–C6 bond axis. 
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Figure 4.10.  PES surfaces calculated for 4.1 and 4.2.  Each row represents a 
different ring conformation, labeled on the left.  The graphs in column a) show 
QM surfaces, column b) are the GLYCAM06 surfaces with the O4–C4–C5–C6 

and C3–C4–C5–C6 terms removed, and column c) are the surfaces from the 
original GLYCAM06 parameters. 
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For all four sets of graphs, the PES with the O4–C4–C5–C6 and C3–C4–

C5–C6 terms removed (Figure 4.10, center column) bears a close resemblance to 

the PES with the original GLYCAM parameters (right column).  Also, the ring 

conformation affects the relative energies of the conformations about the C4–C5 

and C5–C6 bonds.  The QM PES for 4.1 with the ring in the 2E conformation 

looks quite similar to both MM PES (top row).  All three surfaces show three 

regions of low energy when the O5–C5–C6–O6 dihedral angle is in the gt 

conformation; although in the QM PES, the energies are lower when C4–C5 is in 

the gg or gt orientation.  Similarly, when O5–C5–C6–O6 is in the tg 

conformation, all three surfaces show lower energies when C4–C5 bonds is gg or 

gt.  The relative energies when the C5–C6 bond is in the gg orientation are all 

over 3 kcal mol-1 higher in energy than the other two orientations; thus, this 

rotamer would be sparsely populated compared with the others, regardless of the 

C4–C5 orientation. 

 The two MM PES for 4.1 with the ring in the 1E conformation differ more 

from the QM PES than in the previous example (Figure 4.10, second row).  For 

both MM surfaces, the lowest energy conformation occurs with the C4–C5 bond 

in the tg orientation and the C5–C6 bond in the gt orientation.  All the other 

staggered rotamers are at least 3 kcal mol-1 higher in energy.  In the QM PES, all 

three staggered rotamers of C4–C5 have energies of 3 kcal mol-1 or less when the 

O5–C5–C6–O6 torsion is gt, though the tg-gt conformer is the lowest in energy, 

as it is for the MM surfaces.  When both the O4–C4–C5–O5 and O5–C5–C6–O6 

dihedrals angles are gg, the relative energy is over 12 kcal mol-1 higher in energy 
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than the global minimum on both MM surfaces.  For the QM surface, however, 

this orientation is still within 6 kcal mol-1 of the minimum.   

For both ring conformations of 4.2, the QM PES differs from both the 

MM PES.  When the ring is in the E3 conformation, there are four regions that are 

within 3 kcal mol-1 of the global minimum (Figure 4.10, third row).  These 

regions occur when the C4–C5 bond is in either the gg or gt orientation and when 

the C5–C6 rotamer is either gt or tg.  In both the MM PES, the conformations 

within 3 kcal mol-1 of the global minimum only occur with C4–C5 is in the gg 

orientation, though the C5–C6 rotamer can be either gt or tg.  Also, the gg 

rotamers for the O5–C5–C6–O6 dihedral angle are all 9 kcal mol-1 or higher in 

energy for the MM PES but are 6 kcal mol-1 or higher in the QM PES. 

The QM PES for 4.2 with the ring in the 1E conformation (Figure 4.10, 

bottom row) is quite similar to 4.1 in the same ring conformation.  The largest 

region of low energy conformation occurs for the tg-gt rotamer, but all three 

staggered rotamers of C4–C5 have energies of 3 kcal mol-1 or less when the O5–

C5–C6–O6 torsion is gt.  In both of the MM PES, the tg-gt, gg-gt, and gg-tg 

rotamers all have energies within 3 kcal mol-1 of the global minimum, but the gt-

gt conformer is higher in energy.  The gg-gg and gt-gg conformations on the MM 

surfaces are both significantly higher in energy than the same regions on the QM 

surface.   
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4.3.2.2.  Metropolis Monte Carlo simulated annealing fitting procedure 
and new torsion parameters 

The contribution to the overall potential energy due to rotation about a 

bond is given by eq. 4.18, where Vn is the barrier to rotation, n is the nth term in a 

Fourier expansion or the periodicity, and γ is a phase factor.4  The PES shown in 

Figure 4.10 were used in the MMCSA procedure described in Section 4.2.2 with a 

up to three or four Fourier terms.  Specifically, the surfaces without the O4–C4–

C5–C6 and C3–C4–C5–C6 terms (center column) were fit to the QM surfaces 

(left column).  Relative energies within 6 kca mol-1 of the global minimum were 

weighted five times higher than energies from 6–12 kcal mol-1 higher than the 

global minimum (refer to eq. 4.7).17  Energies above 12 kcal mol-1 were not used 

for fitting.  Each fitting procedure was run five times, using 5000 Monte Carlo 

steps.  For three Fourier terms, the RMSE ranged from 2.195 to 2.204 kcal mol-1 

for the five runs; with four Fourier terms, the RMSE range was similar, from 

2.188 to 2.203 kcal mol-1.  The parameters with the lowest RMSE from each are 

shown in Table 4.2 and were tested in MD simulations.   

( ))(cos1
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)(
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γφ −+=∑ n
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Table 4.2.  New torsion parameters for the C4–C5 bond of 4.1 and 4.2 obtained 
from the MMCSA fitting procedure. 

Fourier terms Dihedral angle  
2
nV  (kcal mol-1) n γ (degrees)

3 C3–C4–C5–C6 0.24 

0.20 

0.04 

1 

2 

3 

0 
180 

180 

3 O4–C4–C5–C6 0.74 

0.20 

0.47 

1 

2 

3 

0 

180 

180 

     

4 C3–C4–C5–C6 0.01 

0.05 

1.68 

0.44 

1 

2 

3 

4 

0 

0 

180 

180 

4 O4–C4–C5–C6 0.64 

0.08 

1.01 

0.54 

1 

2 

3 

4 

0 

180 

0 

180 

 

Because the parameters with three Fourier terms gave better results in MD 

simulations (Section 4.3.3), we will limit our discussion to these for the rest of 

this section.  Figure 4.11 shows the PES for two different ring conformations of 

4.1 and 4.2 using these torsion parameters, along with the surfaces from the QM 

calculations and the GLYCAM06 parameters.  The relative energies to create the 

graphs are included in the tables in Appendix C.  As before, the energies for each 

PES were scaled independently to set the lowest energy to 0.0 kcal mol-1, and 

relative energies above 12 kcal mol-1 are not shown. 
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Figure 4.11.  PES surfaces calculated for 4.1 and 4.2.  Each row represents a 
different ring conformation, labeled on the left.  The graphs in column a) show 
QM surfaces, column b) are the GLYCAM06 surfaces with the new terms for 
O4–C4–C5–C6 and C3–C4–C5–C6, and column c) are the surfaces from the 

original GLYCAM06 parameters.  It should be noted that the columns a and c are 
the same as in Figure 4.10. 
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For all ring conformations shown, the PES with the new torsion 

parameters are quite similar to those with the original GLYCAM parameters 

(Figure 4.11, columns b and c).  As we saw in Section 4.3.2.1, the ring 

conformation of 4.1 and 4.2 affect the overall PES.  For 4.1 in the 2E 

conformation (top row), the new torsion parameters favor the C4–C5 gt 

conformation over the gg conformation when O5–C5–C6–O6 is 180°, which is 

the opposite of the QM PES and the original GLYCAM06 parameters.  Also, the 

area of the minimum when the C4–C5 bond is tg and C5–C6 is gt is smaller with 

the new parameters, which is similar to the QM PES.  When 4.1 is in the 1E 

conformation (Figure 4.11, second row), the major difference with the new 

torsion parameters is to lower the energies for the conformations when the C4–C5 

bond is in the gt orientation.  If the C5–C6 bond is in either the gt or tg 

conformation, the relative energies are within 3 kcal mol-1 of the global minimum.  

Otherwise, there is little difference to the PES with the O4–C4–C5–C6 and C3–

C4–C5–C6 terms removed (Figure 4.10) for both ring conformations of 4.1 

For 4.2 with the ring in the E3 conformation (Figure 4.11, third row), the 

new parameters reduced the relative energies for conformations with the C4–C5 

bond in the gt orientation and C5–C6 in either gt or tg.  For 1E ring conformations 

(Figure 4.11, bottom row), the energies when the C4–C5 is gt and the C5–C6 is gt 

or tg are similarly reduced.  The area for the minimum with O4–C4–C5–O5 at 60° 

and O5–C5–C6–O6 at 180° is larger with the new torsion parameters than when 

the terms are removed (Figure 4.10).  The new parameters put these conformers 

within 3 kcal mol-1 of the global minimum.  Other than the changes noted here, 
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the PES for 4.2 with the new parameters look similar to the ones with the torsion 

terms removed in Figure 4.10. 

4.3.3. MD simulations with new torsion parameters 

We ran 250 ns MD simulations on 4.1 and 4.2 with the new parameters 

described above.  Simulations with both sets of new parameters shown in Table 

4.2 were run; however, the C4–C5 rotamer population of 4.2 from the simulations 

with a periodicity up to n = 4 was split almost evenly between gg and gt (51 ± 3% 

gg: 1 ± 1% tg: 49 ± 3% gt).  Thus, we focused on simulations using the 

parameters with a periodicity up to n = 3.   

4.3.3.1.  Conformation about the C4–C5 bond 

In the previous chapter, we showed that a 250 ns simulation with the 

original GLYCAM06 parameters was long enough for the populations of the C4–

C5 rotamers to converge.  The same length simulation with the new torsion terms 

also allows the C4–C5 populations to converge, as measured by a variance in the 

mean of 3% or less.33  For 4.1, the C4–C5 rotamer distribution over time is shown 

in Figure 4.12.  The populations change little from the values at 140 ns, while the 

variances are all 3% or less by 170 ns.  Thus, in terms of the rotamers about the 

C4–C5 bond, a 250 ns simulation is sufficently long.  The histogram of the C4–

C5 populations is shown in Figure 4.13.  Integrating the area under the curves 

gives the overall population for each conformation:  44 ± 3% gg, 1 ± 1% tg, and 

55 ± 3% gt.  The gt rotamer is favored over the gg rotamer, while the tg rotamer is 

hardly populated during the simulation. 
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Figure 4.12.  Convergence of the C4–C5 rotamer distribution of 4.1 with new 
torsion parameters as a function of simulation time. 
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Figure 4.13.  Histogram of the O4–C4–C5–O5 dihedral angle for 4.1 with new 
torsion parameters.  The inset shows the same angle over the time of the 

simulation. 

The C4–C5 rotamers of 4.2 took longer to converge (Figure 4.14) than the 

ones for 4.1 in the simulation with the new torsion parameters.  The variances 

were not 3% or less until after 200 ns, though the populations did not change 

appreciably from the values at 100 ns.   The rotamer population over the course of 

the simulation was 68 ± 3% gg, 1 ± 1% tg, and 31 ± 3% gt.  Unlike with the 

original GLYCAM06 parameters, the different anomers have different 

populations about the C4–C5 bond during MD simulations.  Furthermore, the 

values for 4.2 are quite similar to what was calculated using the limiting values 

approach (Section 3.3.3.1), which was 64% gg, 1% tg, and 35% gt.  However, the 
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values for 4.1 differ from those determined using the limiting values, 32% gg, 

26% tg, and 42% gt.   

 

Figure 4.14.  Convergence of the C4–C5 rotamer distribution of 4.2 with new 
torsion parameters as a function of simulation time. 
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Figure 4.15.  Histogram of the O4–C4–C5–O5 dihedral angle of 4.2 with new 
torsion parameters.  The inset shows the same angle over the time of the 

simulation. 

4.3.3.2.  Conformation about the C5–C6 bond 

The new torsion parameters altered the rotamer populations for the C4–C5 

bond, as they were designed to do.  The next thing we wanted to determine was 

their effect on the C5–C6 rotamers.  For 4.1, the C5–C6 rotamers converged 

within 150 ns, as shown in Figure 4.16.  The distribution of the rotamers seen at 

120 ns is similar to the final values.  After the simulation, the final populations 

were 47 ± 3% gt, 24 ± 2% tg, and 29 ± 3% gg (Figure 4.17).  The populations for 

the gt and gg rotamers both differed by about 20% from the values obtained with 
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the original GLYCAM06 parameters, which were 68% gt, 28% tg, and 7% gg 

(Section 3.3.4.3).   

 

Figure 4.16.  Convergence of the C5–C6 rotamer distribution of 4.1 with new 
torsion parameters as a function of simulation time. 
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Figure 4.17.  Histogram of the O5–C5–C6–O6 dihedral angle of 4.1 with new 
torsion parameters.  The inset shows the same angle over the time of the 

simulation. 

Like with 4.1, the C5–C6 rotamer population from an MD simulation of 

4.2 with the new torsion parameters converged within 150 ns.  The population of 

the three rotamers at 100 ns was also similar to the final distribution.  The final 

populations are 49 ± 3% gt, 26 ± 2% tg, and 25 ± 2% gg, which are all within 4% 

of the values obtained for 4.1.  As above, the populations for the gt and gg 

rotamers of 4.2 differ substantially from those observed with the original 

GLYCAM06 parameters: 69% gt, 22% tg, and 12% gg.  For both anomers, the 

population of the tg conformation remains essentially unchanged with the new 

torsion parameters.  Not only do the new parameters change the conformation of 
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the C4–C5 bond, they also affect the conformation of the C5–C6 bond.  The 

rotamer populations themselves cannot be directly compared to experiment, 

however.  One way to assess the significance of the changes in the C5–C6 

rotamers is to evaluate proton–proton coupling constants obtained from the MD 

simulations. 

 

 

Figure 4.18 Convergence of the C5–C6 rotamer distribution of 4.2 with new 
torsion parameters as a function of simulation time. 
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Figure 4.19.  Histogram of the O5–C5–C6–O6 dihedral angle of 4.2 with new 
torsion parameters.  The inset shows the same angle over the time of the 

simulation. 

4.3.3.3.  Coupling constants from MD simulations 

The new torsion parameters improve the agreement between the 

experimental and MD-derived 3JH4,H5 values.  Table 4.3 lists the experimental 

vicinal coupling constants for 4.1, as well as those determined from MD 

simulations with the original and new GLYCAM06 torsion parameters.  Table 4.4 

lists the same values for 4.2.  As described in Section 3.3.4.4, the values for 3JH,H 

or 3JH,C from the MD simulations were determined with the Karplus-like 

relationships of equations 3.10–3.16 then averaged over the entire simulation.  
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Table 4.3. Comparison between the coupling constants from experiment and from 
MD simulations of 4.1 with the new and original GLYCAM06 torsion 
parameters. 

 Experimentala New parametersb  Original parametersb

3JH1,H2 (Hz) 4.5 5.5 ± 1.3 5.6 ± 1.1 

3JH2,H3 (Hz) 7.9 4.3 ± 2.7 4.5 ± 2.7 

3JH3,H4 (Hz) 7.1 5.3 ± 2.8 5.7 ± 2.6 

3JH4,H5 (Hz) 6.0 5.7 ± 1.1 2.0 ± 0.8 

3JH4,C6 (Hz) 3.0 2.5 ± 1.8 2.2 ± 1.4 

3JH5,H6R (Hz) 7.0 5.6 ± 1.7 7.0 ± 1.9 

3JH5,H6S (Hz) 3.9 4.1 ± 1.2 4.4 ± 1.1 
a From 1D 1H NMR or EXSIDE spectra at 600 MHz in D2O (Sections 2.3.4 and 
3.3.2).  The error in the experimental values is estimated to be ± 0.2 Hz. 
b The error analysis for the MD simulations is described in Section 3.3.4.4. 

Table 4.4.  Comparison between the coupling constants from experiment and 
from MD simulations of 4.2 with the new and original GLYCAM06 torsion 
parameters. 

 Experimentala New parametersb  Original parametersb

3JH1,H2 (Hz) 2.0 3.2 ± 2.2 3.3 ± 2.3 

3JH2,H3 (Hz) 3.2 4.0 ± 2.3 4.0 ± 2.3 

3JH3,H4 (Hz) 6.2 6.3 ± 2.6 6.2 ± 2.6 

3JH4,H5 (Hz) 4.4 3.8 ± 0.9 1.7 ± 0.7 

3JH4,C6 (Hz) 1.6 2.6 ± 1.8 2.1 ± 1.3 

3JH5,H6R (Hz) 7.4 5.8 ± 1.7 7.0 ± 1.9 

3JH5,H6S (Hz) 4.4 4.3 ± 1.2 4.3 ± 1.1 
a From 1D 1H NMR or EXSIDE spectra at 600 MHz in D2O (Sections 2.3.4 and 
3.3.2).  The error in the experimental values is ±0.2 Hz. 
b The error analysis for the MD simulations is described in Section 3.3.4.4. 
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For 4.1, the value of 3JH4,H5 with the new torsion parameters is 5.7 ± 1.1 

Hz, which compares favorably with the experimental value of 6.0 ± 0.2 Hz.  With 

the original GLYCAM06 parameters, this coupling from MD simulations is 2.0 ± 

0.8 Hz.  The other coupling constant determined for the C4–C5 bond, 3JH4,C6, has 

an experimental value of 3.0 ± 0.2 Hz, and both simulations produce similar 

values for this coupling constant.  The original parameters give 2.2 ± 1.4 Hz, and 

the new parameters give 2.5 ± 1.8 Hz.   

Similar improvement is seen for 4.2.  The value of 3JH4,H5 from MD 

simulations with the new parameters is 3.8 ± 0.9 Hz, and the experimental value 

is 4.4 ± 0.2 Hz.  Because the simulation with the original parameter gives 

essentially one conformation, 3JH4,H5 from that simulation is 1.7 ± 0.7 Hz.  The 

values for 3JH4,C6 change little between the old and new parameters, 2.1 ± 1.3 and 

2.6 ± 1.8 Hz, respectively.  Both values are within error of the experimental value, 

1.6 ± 0.2 Hz.   

In the gt conformation, the H4–C4–C5–H5 dihedral angle is close to 180° 

(Figure 4.9), which is a maximum in the Karplus curve.  This torsion is close to  

–60º in the gg conformation and, consequently, has a small value in the Karplus 

curve.  Therefore, by increasing the population of the gt rotamer, the value of 

3JH4,H5 also increases.  In contrast, the H4–C4–C5–C6 dihedral angle is close to 

60° in the gg conformation and close to –60° in the gt conformation.  Both angles 

would have small J values in the Karplus curve.  The H4–C4–C5–C6 torsion is 

less sensitive to the conformation about the C4–C5 bond than the H4–C4–C5–H5 

dihedral angle. 
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With the original GLYCAM06 parameters, there was excellent agreement 

between the experimental and calculated values of both 3JH5,H6R and 3JH5,H6S for 

both anomers.  With the new parameters, the MD-derived values for 3JH5,H6S are 

unchanged from the original parameters.  However, the agreement for 3JH5,H6R is 

not as good.  This vicinal coupling is 5.6 ± 1.7 Hz for 4.1, compared with 7.0 ± 

0.2 Hz experimentally, and for 4.2, the calculated coupling is 5.8 ± 1.7 Hz, 

compared with 7.4 ± 0.2 Hz experimentally.  Both calculated values are within 

error of the experimental value.  The value for 3JH5,H6R is more sensitive to the 

populations of the gt and gg rotamers than the value for 3JH5,H6S.  The H5–C5–C6–

H6R dihedral angle is close to 180° for gt and close to 60° for gg, whereas the 

H5–C5–C6–H6S dihedral angle is close to 60° for gt and close to –60° for gg. 

The new torsion parameters for the C4–C5 bond have little effect on the 

ring conformation.  The values for the three ring couplings – 3JH1,H2, 3JH2,H3, and 

3JH3,H4 – show little difference between simulations with the original and new 

GLYCAM06 parameters.  Specifically, both simulation conditions give good 

agreement between experiment and calculations for 3JH1,H2 of 4.1, though the 

agreement for 3JH2,H3, and 3JH3,H4 is poor.  For 4.2, the all three values show good 

agreement to the experimental values.  The ring conformation will be discussed in 

the next section. 

4.3.3.4.  Ring conformation 

We observe two distinct ring populations for 4.1 in MD simulations with 

the new torsion parameters (Figure 4.20).  The populations are similar to those 

observed with the original parameters.  When the overall distribution is fit to two 
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Gaussian functions with the same width, using eq. 3.17, the major population is 

centered at P = –18°, which is the 2E conformation.  This is the same major 

conformer given by the original GLYCAM06 parameters (Section 3.3.4.1).  The 

minor population is centered at P = 140°, which is the 1T2 conformation.  The 

minor population is similar to the one from the original parameters, centered at 

135° and between 1E and 1T2.  The major conformation is present 75% of the 

time, which is also comparable to the originally observed value of 78%.  

Similarly, the distributions of the ring dihedral angles (Figure 4.21) are quite 

similar to those obtained with the original parameters (Figure 3.12). 

 

Figure 4.20.  Histogram of pseudorotational phase angle P for 4.1 fit to two 
Gaussian functions (thick solid black line).  One population is centered at P =  

–18°, and the other is centered at P = 140º.  The inset shows P versus time of the 
simulation. 
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Figure 4.21.  Histograms for the ring dihedral angles of 4.1.  The solid line is for 
H1–C1–C2–H2, the long dashed line is for H2–C2–C3–H3, and the dotted line is 

for H3–C3–C4–H4. 

Unlike with 4.1, we observed one broad distribution of ring conformation 

for 4.2 in simulations with the new torsion parameters (Figure 4.22).  The 

population is centered at P = 22°, which is the E3 conformer.  This is the same 

major conformation observed with the original parameters.  Upon closer 

inspection of the data, there is a shoulder around P = 140–150°.  When the 

distribution is fit to two Gaussian functions, using eq. 3.17, there is a minor 

population at P = 148°, the 1T2 conformer.  The original GLYCAM06 parameters 

gave a minor conformation of P = 132° (1E); therefore, the new C4–C5 torsion 

parameters do have small effect on the overall ring conformation.  The major 
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population is present 91% of the time, which is similar to what we observed with 

the original parameters.  As with 4.1, the distributions of ring dihedral angles for 

4.2 obtained with the new parameters (Figure 4.23) looks very similar to those 

from the original parameters (Figure 3.10).  

 

Figure 4.22.  Histogram of pseudorotational phase angle P for 4.2 fit to two 
Gaussian functions (thick solid black line).  One population is centered at P =  

22° (thin solid black line), and the other is centered at P = 148º (thin dashed line).  
The inset shows P versus time of the simulation. 
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Figure 4.23.  Histograms for the ring dihedral angles of 4.2.  The solid line is for 
H1–C1–C2–H2, the long dashed line is for H2–C2–C3–H3, and the dotted line is 

for H3–C3–C4–H4. 

4.3.4.  Umbrella sampling and WHAM for 4.1 and 4.2 with the new 
GLYCAM06 parameters 

After the long MD simulations were complete, umbrella sampling 

simulations on 4.1 and 4.2 were run as described above to determine the free 

energy of rotation about the C4–C5 bond due to the newly determined torsion 

parameters.  The histograms in Figure 4.24 and Figure 4.25 show that the O4–C4–

C5–O5 dihedral angle was restrained to the desired values in all 73 windows 

along the reaction coordinate, as in the previous simulations.  There were also no 

deviations from the expected values, nor any gaps in the individual distributions. 
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Figure 4.24.  Histograms showing the O4–C4–C5–O5 dihedral angle distributions 
from each 5° window for 4.1, calculated with the new torsion parameters. 

 

Figure 4.25.  Histograms showing the O4–C4–C5–O5 dihedral angle distributions 
from each 5° window for 4.2, calculated with the new torsion parameters. 
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The rotamer distribution for 4.1 from the WHAM calculations does not 

agree with the long MD simulations (Figure 4.26).  In fact, the results from 

WHAM favor the gg rather than the gt rotamer.  The WHAM equations gave 62 ± 

3% gg, 1 ± 1% tg, and 37 ± 3% gt, which is in sharp contrast to the long MD 

results: 43 ± 3% gg, 1 ± 1% tg, and 55 ± 3% gt.  The free energy for rotation 

about the C4–C5 (Figure 4.27) matches the rotamer distribution.  That is, the 

global minimum is at 62°, corresponding to the gt rotamer.  The minimum for the 

gt rotamer is at –62° and is 0.4 kcal mol-1 higher in energy.  The minimum for the 

tg rotamer occurs at –174° and is 2.8 kcal mol-1 above the global minimum.  The 

energy barriers separating each of the rotamers are lower than those from the 

original GLYCAM06 parameters (Figure 4.6). 

 

Figure 4.26. Rotamer distribution about the C4–C5 bond of 4.1, calculated with 
the new torsion parameters. 
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Figure 4.27. Free energy for rotation about the C4–C5 bond of 4.1, calculated 
with the new torsion parameters. 

As with 4.1, the rotamer distribution for 4.2 determined from WHAM 

using the new torsion parameters does not match that of the long MD simulations.  

However, both WHAM and the long MD simulations favor the gg rotamer.  The 

rotamer populations from WHAM are 53 ± 3% gg, 1 ± 1% tg, and 46 ± 3% gt, 

compared with 68 ± 3% gg, 1 ± 1% tg, and 31 ± 3% gt.  The energy difference 

between the global minimum gg conformation at 54° and the gt conformation at  

–54° is quite small, 0.2 kcal mol-1.  The relative energy for the minimum 

corresponding to the tg rotamer at –174° is 2.8 kcal mol-1, as it was for 4.1.  The 

energy barriers separating the rotamers are also lower with the new torsion 

parameters than those from the original GLYCAM06 values (Figure 4.8). 
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Figure 4.28. Rotamer distribution about the C4–C5 bond of 4.2, calculated with 
the new torsion parameters. 

 

Figure 4.29. Free energy for rotation about the C4–C5 bond of 4.2, calculated 
with the new torsion parameters. 
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Because the results of WHAM calculations did not match those obtained 

from the long MD simulations, the umbrella sampling simulations were repeated 

under different conditions.  We increased the length of each window to 500 ps, 

used the Berendsen thermostat, or changed the restraint potential.  Changing to 

the Berendsen thermostat had no effect.  However, longer simulations did alter the 

rotamer ratios.  For 4.1, the ratio between gg and gt was 55:44; for 4.2, the ratio 

was 33:66.  Both ratios are flipped from what is observed in the long MD 

simulations.  A restraining potential that is too large can bias the final distribution 

because higher energy conformations will dominate.1,32 Thus, we tried smaller 

restraining potentials of 15 and 5 kcal (mol rad2)–1, and both gave the opposite 

results from the long MD simulations.   

Finally, we also used fewer windows in the WHAM calculations.  There is 

good overlap between the individual windows shown in Figure 4.24 and Figure 

4.25.  We used 19 of these windows, every 20° from –180° to 180°, and the ratio 

between gg and gt for 4.2 changed to 60:38, much closer to the long MD 

simulations.  The energy difference between the two conformations increased to 

0.3 kcal mol-1.  For 4.1, using fewer windows did not affect the energy difference 

between gg and gt, thus the rotamer ratio was unchanged.  However, for the 

umbrella sampling simulations with the 5 kcal (mol rad2)–1, the gg:gt ratio for 4.1 

was 44:55 when 19 windows were used.  This ratio matches the long MD 

simulations and was reversed when all 73 windows were used.  For the 

simulations of 4.2 under the same conditions, both 73 and 19 windows gave 38:61 

gg:gt – the reverse of the MD simulations. 
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4.4.  Conclusions 

In the previous chapter, AMBER/GLYCAM06 MD simulations of 4.1 and 

4.2 gave effectively one rotamer population about the C4–C5 bond.  The results in 

Section 4.3.1 show that the GLYCAM06 energy difference between the gg and gt 

rotamers is about 2 kcal mol-1.  This energy difference gives a 29:1 ratio between 

gg and gt rotamers (or 97% gg), which is the same result that GLYCAM06 yields 

in the MD simulations (Figures 3.14 and 3.16).  Additionally, the vicinal coupling 

constants from MD simulations of 4.1 and 4.2 differ substantially from the 

observed experimental values.  The original GLYCAM06 parameters for the C4–

C5 bond clearly overestimate the energy different between these two rotamers. 

We developed new force field parameters for the rotations about the C4–

C5 bond.  The new terms improved the MD results for 3JH4,H5 without affecting 

the couplings for the galactofuranose ring.  However, these new terms also 

negatively affected the rotamer distribution about the C5–C6 bond.  

Consequently, the MD values for 3JH5H6R do not show as good agreement to 

experiment as the values from simulations with the original parameters, though 

the new values are within error of the experimental values.  Further improvements 

to the force field parameters may be necessary.  The MMCSA procedure is not 

limited to a three dimensional PES; therefore, including the H4–C4–C5–C6 term 

might be one way to improve the fits. 

The WHAM calculations for 4.1 and 4.2 with the new torsion parameters 

are unsatisfying.  The first simulation conditions worked well for the original 

GLYCAM06 parameters.  Specifically, the results from WHAM matched those 
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from long MD simulations, while taking significantly less time (14.6 ns vs. 250 

ns).  However, with the new torsion parameters, the same umbrella sampling  

conditions gave WHAM results that did not match the long MD simulations.  

Changing parameters, such as the restraining potential or the number of windows 

used in the WHAM equations, gave different results for each anomer.  Relatively 

small changes in the relative energies between rotamers have larger effects on the 

rotamer distributions.  For example, if the gt rotamer is 0.2 kcal mol-1 higher in 

energy than the gg rotamer, the ratio between the two will be 53:46 gg:gt.  

Increasing the energy difference to 0.4 kcal mol-1 changes the ratio to 62:37 gg:gt.  

These small energy differences may be at the limit of force-field based 

calculations.34,35 
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Chapter 5: 

 
Solution-state conformation of β-D-galactofuranosyl 

trisaccharides from NMR experiments and 
AMBER/GLYCAM simulations  

 

 

 

 

 

 

 

 

Compounds 5.1 and 5.2 discussed in this chapter were synthesized by Mr. Simon 

Byrns or Dr. Maju Joe, using published protocols.1 
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5.1.  Introduction 

In Chapters 3 and 4, we presented molecular dynamics (MD) simulations 

as a method to elucidate solution-state conformation of galactofuranose (Galf) 

monosaccharides.  Galf residues are often components of oligosaccharides 

(Chapter 1);2,3 therefore, we sought to extend our studies to trisaccharides 5.1 and 

5.2 (Figure 5.1).  Both 5.1 and 5.2 represent substructures of the galactan chain 

that forms part of the cell wall of mycobacteria.  Information on the conformation 

of these trisaccharides may provide insight into their biosynthesis.  For example, 

the octyl glycoside of 5.1 and 5.2 are known acceptors for GlfT2,4 one of the 

enzymes responsible for the synthesis of the mycobacterial galactan.  The X-ray 

crystal structure of GlfT2 has recently been solved,5  and docking 5.1 and 5.2, or 

the natural galactan acceptor, into this structure would provide information about 

important interactions in the active site. 
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Figure 5.1.  The trisaccharides discussed in this chapter, methyl or octyl β-D-
galactofuranosyl-(1→6)-β-D-galactofuranosyl-(1→5)-β-D-galactofuranoside (5.1), 
and methyl or octyl β-D-galactofuranosyl-(1→5)-β-D-galactofuranosyl-(1→6)-β-
D-galactofuranoside (5.2).  The rings are labeled in each compound to facilitate 

discussion. 

Outside the plasma membrane of Mycobacterium tuberculosis, there is a 

large glycolipid, the mycolyl–arabinogalactan (mAG) complex, which is attached 

to peptidoglycan through a linker disaccharide, phosphate α-L-rhamnopyranosyl-

(1→3)-2-acetamido-2-deoxy-β-D-glucopyranoside.6,7  The galactan of mAG is 

composed of 30–35 residues of alternating β-(1→5) and β-(1→6) linkages, as 

illustrated in Figure 5.2.  Two bifunctional enzymes are responsible for the 

biosynthesis of the galactan chain, GlfT1 and GlfT2.4,8,9  GlfT1 attaches the first 

two Galf moieties, and GlfT2 adds the remaining residues.   
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Figure 5.2.  The galactan chain of the mAG complex. 

Saturation transfer difference (STD) NMR experiments10 have shown that 

the octyl glycosides of 5.1 and 5.2 bind competitively to GlfT2.11  More recent 

STD NMR experiments, in combination with site-directed mutagenesis, 

demonstrate that both glycosidic linkages are formed in the same active site.12  

Additionally, the reducing end residue (ring A) of 5.1 or 5.2 show the strongest 

STD signals, indicating it is in closer contact with the enzyme than non-reducing 

residues involved in the reaction.13  It is unclear whether the same would hold true 

for longer oligosaccharides.  One rationale for the weaker STD signals at the non-

reducing end of the trisaccharides is to allow for conformational changes to 

accommodate the glycosylation reaction.  However, the details of such 

conformational changes are unknown. Computational models of the galactan 

could aid in our understanding of the specificity of GlfT2.12 

The X-ray crystal structure of GlfT2, mentioned above, has a hydrophobic 

channel that can accept the growing galactan chain.5  Neither acceptor 5.1 nor 5.2 

has been able to crystallize with GlfT2 to day.  However, the acceptors 5.1 and 

5.2 were modeled into the active site, and their relative positions provide an 
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explanation for the alternating regiochemistry of the glycosidic linkages.  When 

5.1 is in the hydrophobic channel, the non-reducing residue has a β-(1→6) 

linkage, and the acceptor is deeper in the active site, leaving the 5-OH positioned 

appropriately for reaction.  With 5.2, the terminal residue has a β-(1→5) linkage 

and is more exposed; thus, the 6-OH is held in the correct orientation to react.  

This mechanism is still tentative, and MD simulations of the GlfT2-acceptor 

complex would provide more information on key contacts that are not apparent in 

the current model.  

In this chapter, we present MD simulations on the methyl glycosides of 

5.1 and 5.2, which are simple models of the galactan present in the mAG 

complex.  Both compounds contain a β-(1→5) and β-(1→6) glycosidic linkage; 

thus, they represent the smallest repeating units of the galactan.  We compare the 

simulations with coupling constants from solution-state NMR experiments.  

Earlier, we described new parameters for the O4–C4–C5–C6 and C3–C4–C5–C6 

terms to address the limitations of the original GLYCAM0614 terms that held the 

C4–C5 bond in one conformation (Chapter 4).  The new terms successfully 

altered the rotamer populations for the galactofuranose monosaccharides (Section 

4.3.3.1).  We also discuss the roles the new terms play on the conformation of the 

trisaccharides 5.1 and 5.2 in MD simulations.   
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5.2.  Methods 

5.2.1.  NMR spectroscopy 
1H NMR spectra of the octyl glycosides 5.1 and 5.2 were acquired in D2O 

on a 700 MHz spectrometer at 300 K.  For the 1D spectra, a presaturation pulse 

sequence was used to eliminate the residual HOD signal. While the trisaccharides 

are both known compounds and spectral details have been reported,1 there is 

significant overlap in the region for the ring protons.  Thus, we ran a series of 1D 

gradient-enhanced chemical shift selective filtering (ge-CSSF) TOCSY 

spectra15,16 to accurately determine the vicinal proton–proton coupling constants 

for comparison with our MD simulations.  The spectra are shown in Section 5.3.1, 

and their captions indicate the conditions used to acquire each spectrum, including 

the mixing times (mix) and the frequency differences (Δ) between the irradiated 

peak and its nearest neighbor.  Several of the galactofuranose rings were virtually 

coupled17 spin systems, and we simulated these spectra using the SpinWorks18 

and WinDNMR19 programs.  No line broadening or window functions were 

applied during the data analysis. 

5.2.2.  MD simulations 

All MD simulations of the methyl glycosides of 5.1 and 5.2 were carried 

out using the PMEMD module of the AMBER 1020 suite of programs and the 

GLYCAM0614 force field with either the original or new torsion parameters for 

the O4–C4–C5–C6 and C3–C4–C5–C6 dihedral angles (described in Chapter 4).  

The simulations were carried out under periodic boundary conditions and using 

particle mesh Ewald summation for long-range interactions.  The trisaccharides 
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were built from multiple units of β-D-Galf (described in Chapter 3), using additive 

atomic charges21-24 and solvated in boxes of explicit TIP3P25 water molecules.  

For 5.1, the initial box was 35.0 x 34.3 x 30.1 Å and contained 724 water 

molecules.  For 5.2, the box was 32.3 x 30.5 x 34.2 Å and contained 669 water 

molecules.  All simulations were run under NPT conditions at 300 K and 1 atm.  

The temperature was maintained with the Berendsen theromostat,26 and velocities 

were rescaled every 1 ps.  The SHAKE algorithm27 was used to constrain bonds 

containing hydrogen.  The cutoff for nonbonding interactions was 8 Å, and 

nonbonded and electrostatic inteactions were unscaled throughout the simulations. 

The simulations were run for 250 ns with a 2 fs timestep, after an 

equilibration period.  Equilibration began by holding the trisaccharides fixed and 

minimizing the water molecules with 50 steps of steepest decent followed by 950 

steps conjugate gradient minimization.  Then the entire system was minimized in 

the same manner.  After minimization, a short period of simulated annealing was 

run, heating the system from 5 K to 300 K over 50 ps then cooling back to 5 K 

over 50 ps.  The final step of equilibration heated the system back to 300 K over 

100 ps and ran at constant temperature for 100 ps before the production period 

began.      

5.3.  Results and discussion 

5.3.1.  NMR spectroscopy 

The 1D 1H and CSSF-TOCSY spectra for the octyl glycoside 5.1 are 

shown in Figure 5.3.  Figure 5.4 shows the same spectra for the octyl glycoside 
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5.2.  For both trisaccharides, the 3.55–4.20 ppm region of the 1D spectrum is 

crowded, making a first-order interpretation of the spectrum difficult.  The three 

anomeric signals are all distinct, however, and provide handles for selective NMR 

experiments.  For 5.1, the individual anomeric signals were selectively irradiated 

in 1D-ge-CSSF-TOCSY experiments to provide a separate spectrum for each ring 

system.  Because 3JH1,H2 is small (~2 Hz), the intensities of the signals for H5, H6, 

and H6’ fall off sharply, though the multiplets can still be observed.  For 5.2, we 

obtained spectra that were difficult to interpret using the anomeric signals at 5.22 

ppm (ring C) and 4.99 ppm (ring A).  Instead, we irradiated the signals at 3.68 

ppm (ring C) and 3.62 ppm (ring A).  The signal intensities for the anomeric 

protons in these spectra are significantly reduced, but the remaining multiplets are 

still distinct. 
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Figure 5.3.  CSSF-TOCSY spectra for the octyl glycoside 5.1.  Spectrum a is an 
expansion of the 1D 1H spectrum, spectra b through d show the 1D-ge-CSSF-

TOCSY of each ring with an arrow indicating the irradiation frequency as 
follows: b) ring B, selectively irradiated at 5.15 ppm, mix = 0.2 s, Δ = 111 Hz; c) 

ring C, selectively irradiated at 5.04 ppm, mix = 0.2 s, Δ = 38 Hz; d) ring A, 
selectively irradiated at 5.97 ppm, mix = 0.2 s, Δ = 38 Hz. 
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Figure 5.4.  CSSF-TOCSY spectra for the octyl glycoside 5.2.  Spectrum a is an 
expansion of the 1D 1H spectrum, spectra b–d show the 1D-ge-CSSF-TOCSY of 
each ring with an arrow indicating the irradiation frequency as follows: b) ring B, 
selectively irradiated at 5.02 ppm, mix = 0.2 s, Δ = 3.5 Hz; c) ring C, selectively 

irradiated at 3.68 ppm, mix = 0.12 s, Δ = 10 Hz; d) ring A, selectively irradiated at 
3.62 ppm, mix = 0.12 s, Δ = 10 Hz. 

The spin systems for rings A and B of 5.1 contain virtually coupled17 

multiplets (Figure 5.3, spectra d and b, respectively).  Specifically, in ring A, H6 

is separated from H6’ by 7.3 Hz, 2JH6,H6’ is –12.1 Hz, and the ratio Δν/J is 0.60.  

For ring B, H3 is separated from H4 by 6.6 Hz, 3JH3,H4 is 6.4 Hz, and the ratio 

Δν/J is 1.0.  For both rings, the ratio Δν/J is less than 2, which mean a first-order 

analysis of the spectra will give inaccurate values for the coupling constants and 

chemical shifts.  (Virtual coupling was also discussed in Section 2.3.4.)  The 

CSSF-TOCSY spectra for these rings were simulated in SpinWorks18 until a good 

fit was obtained visually.  Because the intensities of the CSFF-TOCSY spectra are 
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distorted, the root-mean square difference in SpinWorks between the 

experimental and simulated spectra was inadequate to judge the quality of the 

simulation.  Therefore, the spectra for all three rings were also simulated in 

WinDNMR,19 summed, and compared with the experimental 1D 1H spectrum 

until a good correlation (i.e. Pearson’s r ≥ 0.95) was obtained (Figure 5.5), as we 

have described previously.28  The chemical shifts and coupling constants from this 

interpretation are listed in Table 5.1 and Table 5.2, respectively. 

 

Figure 5.5.  Simulated and experimental spectra for 5.1.  Spectrum a is an 
expansion of the 1D 1H spectrum (also shown in Figure 5.3), and b is the 

simulated 1H spectrum for the same region. The correlation coefficient (i.e. 
Pearson correlation) between the spectra in a and b is r = 0.967. 

All three rings of 5.2 contain virtually coupled multiplets.  In ring A, the 

chemical shifts of H4 and H5 differ by less than 1 Hz, and the ratio Δν/J is quite 

small at 0.11.  There are two virtually coupled multiplets in ring B, H2 and H3 are 

separated by 3.2 Hz, and H6 and H6’ are separated by 7.0 Hz, giving Δν/J ratios 

of 0.89 and 0.58, respectively.  In ring C, the difference in the chemical shifts for 

H3 and H4 is only 2 Hz, leading to a ratio Δν/J of 0.30.  All three of these ring 
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systems were simulated in SpinWorks and WinDNMR, as described above, until 

we obtained a good correlation between the simulated and experimental spectra 

(Figure 5.6).  The chemical shifts and coupling constants for 5.2. are also listed in 

Table 5.1 and Table 5.2, respectively. 

 

Figure 5.6.  Simulated and experimental spectra for 5.2.  Spectrum a is an 
expansion of the 1D 1H spectrum (also shown in Figure 5.4), and b is the 

simulated 1H spectrum for the same region. The correlation coefficient (i.e. 
Pearson correlation) between the spectra in a and b is r = 0.984. 

Table 5.1.  Chemical shifts for the carbohydrate portion of the octyl glycosides 
5.1 and 5.2. 

 5.1 5.1 5.1 5.2 5.2 5.2 
 Ring A Ring B Ring C Ring A Ring B Ring C 

δH1 (ppm) 4.97 5.23 5.04 4.99 5.02 5.22 

δH2 (ppm) 4.04 4.15 4.13 4.04 4.12 4.15 

δH3 (ppm) 4.10 4.08 4.08 4.07 4.12 4.08 

δH4 (ppm) 4.04 4.07 4.00 3.97 4.09 4.07 

δH5 (ppm) 3.95 3.98 3.84 3.97 3.96 3.85 

δH6 (ppm) 3.79 3.89 3.72 3.86 3.80 3.73 

δH6’ (ppm) 3.78 3.64 3.66 3.62 3.79 3.68 
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Table 5.2.  Proton–proton coupling constants for the carbohydrate portion of the 
octyl glycosides 5.1 and 5.2. 

 5.1 5.1 5.1 5.2 5.2 5.2 

 Ring A Ring B Ring C Ring A Ring B Ring C
3JH1,H2 (Hz) 2.3 1.9 1.9 2.2 1.9 2.0 
4JH1,H3 (Hz) 0.0 0.0 0.0 0.0 0.5 0.0 
3JH2,H3 (Hz) 4.2 3.6 3.6 4.1 3.6 4.1 
3JH3,H4 (Hz) 6.9 6.4 6.4 6.3 6.7 6.6 
3JH4,H5 (Hz) 3.5 3.5 4.3 3.5 3.3 3.5 
3JH5,H6 (Hz) 5.1 3.8 4.7 3.8 4.9 4.6 
3JH5,H6’ (Hz) 6.4 7.4 7.2 7.1 7.1 7.3 
2JH6,H6’ (Hz) –12.1 –11.0 –11.7 –10.8 –12.1 –11.8 

 

5.3.2.  MD simulations with the original GLYCAM06 parameters 

5.3.2.1.  Conformation of the galactofuranose rings in 5.1 and 5.2 

In MD simulations of the monosaccharide, we saw one major 

conformation for the furanose ring, the E3 ring conformation, though the 

distribution of conformers was broad (Section 3.3.4.1).  Similarly, we observe a 

large distribution of ring conformations for rings A and C in the methyl glycoside 

5.1 (Figure 5.7), while the distribution for the central residue, ring B, is narrower.  

Ring A has a major peak near P = 34°, the 4T3 conformation, and a minor peak 

near P = 128°, the 1E conformation.  These two conformers are close to those 

observed in simulations of the monosaccharide.  Unlike the monosaccharide, there 

appears to be another shoulder near P = –44°, between the 2T1 and E1 

conformations.  There is only one major peak for ring B at P = 50°, the 4E 

conformer.  Ring C also has two major conformations, and both have 
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approximately the same populations.  One is centered near P = 34°, which is the 

major conformation we see for ring A, and the other is centered near P = 0°, the 

2T3 conformation.  

 
Figure 5.7.  Histograms of pseudorotational phase angle P for 5.1 using the 

original GLYCAM06 parameters.  The solid line is ring A, the dashed line is ring 
B, and the dotted line is ring C. 

 

With the methyl glycoside of 5.2, there is broad distribution of ring 

conformations for all three residues (Figure 5.8).  Ring A has a major population 

centered at P = 20°, the E3 conformer.  There is also a small shoulder in the region 

of P = 110°–130°, the 1TO and 1E conformations.  As we see with 5.1, both of 

these conformers are similar to the ring conformations we observed in simulations 

with the monosaccharide.  Residue B has an O5 linkage to residue C.  In 5.1, the 

same linkage is found for residue A, and these rings in both trisaccharides show 
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similar distributions of conformations.  In 5.2, ring B has a major peak centered at 

P = 38°, the 4T3 conformation, and a minor peak near P = 128°, the 1E 

conformation.  There is also a small shoulder at P = –40°, the 2T1 conformation.  

The distribution for ring C is narrower than the rest, similar to ring B in 5.1.  The 

major population occurs at P = 50°, the 4E conformer, and there is another 

population near P = 128°, which also overlays with the minor population for ring 

B.  The data presented in Figure 5.7 and Figure 5.8 show having the anomeric 

oxygen attached to a secondary carbon center affects the ring conformation more 

than the groups on O5 or O6.  However, whether the anomeric oxygen is attached 

to a methyl group or O6 of Galf has little effect on the ring conformation.  That is, 

the distribution of ring conformations for rings A and C in 5.1, as well as rings A 

and B in 5.2, are closer to the monosaccharide than those of ring B of 5.1 or ring 

C of 5.2. 
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Figure 5.8.  Histograms of pseudorotational phase angle P for 5.2 using the 

original GLYCAM06 parameters.  The solid line is ring A, the dashed line is ring 
B, and the dotted line is ring C. 

The distributions for the ring H–C–C–H dihedral angles do not vary 

significantly among the three residues of 5.1 (Figure 5.9), despite the differences 

in overall ring conformation described above.  Similar distributions are to be 

expected as the vicinal coupling constants (Table 5.2) are similar for the three 

rings.  The torsion for H1–C1–C2–H2 (solid line) shows the most obvious 

changes among the rings.  For rings A and C, there are two distinct populations, a 

major population centered near 150° and a minor population centered near 100°.  

However, for ring B, there is only one peak, centered at 125°.  The H2–C2–C3–

H3 dihedral (dashed line) for all three rings shows two populations, one centered 

at –150° and the other at –100°.  The H3–C3–C4–H4 torsion (dotted line) shows a 

major population centered at 160° for all three residues, but only ring A shows an 

obvious second population centered at 120°. 
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The distributions for the H–C–C–H dihedral angles of 5.2 are also similar 

for all three residues (Figure 5.10), corresponding to the similar values for 3JH1,H2, 

3JH2,H3, and 3JH3,H4 for the three rings (Table 5.2).  For rings A and B, the H1–C1–

C2–H2 torsion (solid line) shows two populations, one centered 150° and another 

at 100°.  For ring C, there is only one broad distribution, centered at 125°.  The 

differences observed in the H1–C1–C2–H2 correspond to the differences in 

distribution of the ring conformations, described above.  For the H2–C2–C3–H3 

dihedral angles (dashed line), there are little differences among the residues.  All 

have two populations, a major one at –150° and a minor one at –100°.  Similarly, 

all of the H3–C3–C4–H4 torsions (dotted line) have a major population at 160°, 

with a tail towards more positive values for rings A and C.  Ring B has a small 

shoulder for a second population at 120°. 
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Figure 5.9.  Histograms for the ring dihedral angles of 5.1 using the original 

GLYCAM06 parameters.  Graph a) corresponds to ring A, graph b) corresponds 
to ring B, and graph c) corresponds to ring C.  For all three graphs, the solid line 
is for H1–C1–C2–H2, the long dashed line is for H2–C2–C3–H3, and the dotted 

line is for H3–C3–C4–H4. 
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Figure 5.10.  Histograms for the ring dihedral angles of 5.2 using the original 

GLYCAM06 parameters.  Graph a) corresponds to ring A, graph b) corresponds 
to ring B, and graph c) corresponds to ring C.  For all three graphs, the solid line 
is for H1–C1–C2–H2, the long dashed line is for H2–C2–C3–H3, and the dotted 

line is for H3–C3–C4–H4. 
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5.3.2.2.  Conformation about the C4–C5 bonds of 5.1 and 5.2 

In MD simulations of the monosaccharide with the original GLYCAM06 

parameters, we observed mainly one rotamer about the C4–C5 bond, the gg 

rotamer (Section 3.3.4.2).  We see the same thing in simulations with both of the 

trisaccharides.  Figure 5.11 shows the C4–C5 rotamer distribution for 5.1 over the 

course of the simulation, and Figure 5.12 shows the same for 5.2.  All three C4–

C5 bonds for both trisaccharides remain in the gg conformation for the majority 

of the simulations.  The populations observed at the beginning of the calculation 

are unchanged from those observed at the end.  Though, simulations do not 

converge until after 220 ns, at which point the variance in the mean is 4% or less 

for all 3 residues.  Table 5.3 details the final C4–C5 rotamer populations for each 

residue of 5.1 and 5.2.   

 

Table 5.3.  C4–C5 rotamer populations for 5.1 and 5.2 from simulations with the 
original GLYCAM06 parameters. 

Cmpd Residue % gg % tg % gt 

5.1 A 98 ± 3 2 ± 1 0 ± 0 

5.1 B 99 ± 3 0 ± 0 1 ± 0 

5.1 C 98 ± 3 0 ± 0 2 ± 1 

5.2 A 94 ± 4 2 ± 1 4 ± 1 

5.2 B 99 ± 4 1 ± 1 0 ± 0 

5.2 C 98 ± 4 1 ± 1 1 ± 1 
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Figure 5.11.  Convergence of the C4–C5 rotamer distribution of 5.1 as a function 

of simulation time, using the original GLYCAM06 parameters.  Graph a) 
corresponds to ring A, graph b) corresponds to ring B, and graph c) corresponds 

to ring C.  
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Figure 5.12.  Convergence of the C4–C5 rotamer distribution of 5.2 as a function 

of simulation time, using the original GLYCAM06 parameters.  Graph a) 
corresponds to ring A, graph b) corresponds to ring B, and graph c) corresponds 

to ring C.   
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Figure 5.13 and Figure 5.14 show the histograms for the O4–C4–C5–O5 

dihedral angles for 5.1 and 5.2, respectively.  The distributions all appear fairly 

similar.  The major populations for residues B and C in 5.1 coincide and are 

centered at 62°.  The peak for the reducing end moiety is shifted to 68°.  For 5.2, 

the major populations for residues A and C overlap and are centered at 62°.  The 

peak for residue B is shifted to 68º.  In these simulations, having a large 

substituent on O5 increases the O4–C4–C5–O5 dihedral angle but does not affect 

the overall population for the gg rotamer. 

 
Figure 5.13.  Histograms of the O4–C4–C5–O5 dihedral angle for 5.1 with the 

original GLYCAM06 parameters. The solid line is ring A, the dashed line is ring 
B, and the dotted line is ring C. 
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Figure 5.14.  Histograms of the O4–C4–C5–O5 dihedral angle for 5.2 with the 

original GLYCAM06 parameters. The solid line is ring A, the dashed line is ring 
B, and the dotted line is ring C. 

5.3.2.3. Conformation about the C5–C6 bonds of 5.1 and 5.2 

The rotamers about the C5–C6 bonds of 5.1 and 5.2 took the same time to 

converge as the C4–C5 rotamers, more than 220 ns (Figure 5.15 for 5.1, Figure 

5.16 for 5.2).  However, unlike the C4–C5, each residue shows a different ratio 

among the rotamers (Table 5.7).  As might be expected, the C5–C6 bonds at the 

non-reducing end of the trisaccharides behave quite similarly to the 

monosaccharides (Section 3.3.4.3), with the gt rotamer dominating.  The residues 

with large substituents on O6 – ring B in 5.1 and ring A in 5.2 – have 

approximately the same populations for all three rotamers, though for 5.2, the gt 

rotamer is slightly larger than the others.  For residues with substituents on O5 – 

ring A of 5.1 and ring B of 5.2 – the gt rotamer dominates, and the population of 

the tg rotamer is less than that observed for the non-reducing end. 
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Figure 5.15.  Convergence of the C5–C6 rotamer distribution of 5.1 as a function 

of simulation time, using the original GLYCAM06 parameters.  Graph a) 
corresponds to ring A, graph b) corresponds to ring B, and graph c) corresponds 

to ring C.   
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Figure 5.16.  Convergence of the C5–C6 rotamer distribution of 5.2 as a function 

of simulation time, using the original GLYCAM06 parameters.  Graph a) 
corresponds to ring A, graph b) corresponds to ring B, and graph c) corresponds 

to ring C.   

 



 

 226 

Table 5.4.  C5–C6 rotamer populations for 5.1 and 5.2 from simulations with the 
original GLYCAM06 parameters. 

Cmpd Residue % gt % tg % gg 

5.1 A 77 ± 3 15 ± 2 9 ± 1 

5.1 B 33 ± 2 33 ± 2 34 ± 2 

5.1 C 64 ± 3 29 ± 2 7 ± 1 

5.2 A 45 ± 3 26 ± 3 29 ± 3 

5.2 B 76 ± 4 15 ± 2 9 ± 2 

5.2 C 62 ± 3 30 ± 3 8 ± 2 

 

Having a large substituent on O5 affects the O5–C5–C6–O6 dihedral 

angle for the gg rotamers more than gt.  Figure 5.17 and Figure 5.18 show the 

histograms for O5–C5–C6–O5 torsion for 5.1 and 5.2, respectively.  In 5.1, the 

peaks for the gt conformers are close to one another, centered at 70°, 68°, and 74° 

for residues A, B, and C, respectively.  For the gg rotamers in 5.1, the 

distributions for residues B and C are both centered at –67°, but for ring A, with 

an O5 substituent, the peak shifts more positive to –54°.  We observe the same 

pattern for 5.2.  That is, the populations for gt are centered at 68°, 70°, and 73° for 

residues A, B, and C, respectively.  For the gg conformations, the peaks for 

residues A and C are centered at –64°, while ring B shifts to –54°.   The O5–C5–

C6–O6 dihedral angle for all residues is centered at 174°. 
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Figure 5.17.  Histograms of the O5–C5–C6–O6 dihedral angle for 5.1 with the 
original GLYCAM06 parameters. The solid line is ring A, the dashed line is ring 

B, and the dotted line is ring C. 

 
Figure 5.18.  Histograms of the O5–C5–C6–O6 dihedral angle for 5.2 with the 

original GLYCAM06 parameters. The solid line is ring A, the dashed line is ring 
B, and the dotted line is ring C. 
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5.3.3.  MD simulations with new torsion parameters for the C4–C5 
bond 

5.3.3.1.  Conformation of the galactofuranose ring of 5.1 and 5.2 

In MD simulations of the monosaccharide, the new torsion parameters for 

O4–C4–C5–C6 and C3–C4–C5–C6 had little effect on the furanose ring 

conformation (Section 4.3.3.4).  We see the same trend in simulations of 5.1 and 

5.2 with the new torsion parameters.  Figure 5.19 shows the histograms of ring 

conformations for 5.1.  The distributions for rings A and C are quite broad, while 

the distribution for ring B is narrower – the same as we observe using the original 

terms (Figure 5.7).  The major population for ring A is centered at P = 30°, the 

4T3 conformation.  There is a minor population centered near P = 128°, the 1E 

conformation, and there is a slight shoulder at P = –30°, the 2T1 conformation.  

For ring B, there is one major peak at 52º, which is the 4E conformer, the same 

conformer seen using the original parameters.  Ring C has only one distinct 

population, unlike the two described earlier.  The distribution is centered near P = 

24°, which is between the E3 and 4T3 conformations.  With the ring conformations 

for 5.1 varying little between the two simulations, it is not unexpected that the 

distributions for the ring H–C–C–H dihedral angles of 5.1 using the new 

parameters (Figure 5.20) are very similar to those we observe with the original 

parameters (Figure 5.9).   
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Figure 5.19.  Histograms of pseudorotational phase angle P for 5.1 using the new 

torsion parameters.  The solid line is ring A, the dashed line is ring B, and the 
dotted line is ring C. 
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Figure 5.20.  Histograms for the ring dihedral angles of 5.1 with the new torsion 
parameters.  Graph a) corresponds to ring A, graph b) corresponds to ring B, and 
graph c) corresponds to ring C.  For all three graphs, the solid line is for H1–C1–
C2–H2, the long dashed line is for H2–C2–C3–H3, and the dotted line is for H3–

C3–C4–H4. 
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The new torsion parameters for the C4–C5 bond also have little affect on 

the ring conformations of 5.2.  Figure 5.21 shows the populations of ring 

conformations from MD simulations of 5.2 with the new parameters, and they 

vary little from the data presented in Figure 5.8.  Rings A and B have a broad 

distribution of conformations, but for ring C the distribution is narrower.  The 

population for ring A is centered near P = 24°, which lies between the E3 and 4T3 

conformations.  Unlike with the original GLYCAM06 parameters, we observe no 

obvious second population for ring A with the new parameters.  For ring B, the 

three conformations we see are the same as described above with the original 

parameters.  That is, the major population is centered at P = 40°, the 4T3 

conformer, a minor conformation centered near P = 128º, the 1E conformer, and a 

shoulder starting at P = –32°, the 2T1 conformer.    Ring C shows two populations, 

as well.  The major one is centered at P = 50°, or the 4E conformation, and the 

minor one is near P = 128º, similar to ring B.  With the new parameters, the minor 

populations for rings B and C do not overlap as well as with the original 

parameters; rather, the minor population for ring C is smaller.  As we see with 

5.1, the distributions of the ring H–C–C–H torsions from the simulation with the 

new parameters (Figure 5.22) are nearly identical to those we obtain using the 

original GLYCAM06 parameters (Figure 5.10). 
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Figure 5.21.  Histograms of pseudorotational phase angle P for 5.2 using the new 

torsion parameters.  The solid line is ring A, the dashed line is ring B, and the 
dotted line is ring C. 
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Figure 5.22.  Histograms for the ring dihedral angles of 5.2 with the new torsion 
parameters.  Graph a) corresponds to ring A, graph b) corresponds to ring B, and 
graph c) corresponds to ring C.  For all three graphs, the solid line is for H1–C1–
C2–H2, the long dashed line is for H2–C2–C3–H3, and the dotted line is for H3–

C3–C4–H4. 
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5.3.3.2.  Conformation about the C4–C5 bonds of 5.1 and 5.2 

For both the monosaccharides and the trisaccharides 5.1 and 5.2, the 

original GLYCAM06 terms O4–C4–C5–C6 and C3–C4–C5–C6 yield one 

conformation about the C4–C5 bond.  Our new terms adjust energy differences 

between the gg and gt rotamers and, consequently, change their populations in 

MD simulations of the monosaccharides (Section 4.3.3.1).  We see the same 

effect for the C4–C5 bonds of the trisaccharides 5.1 and 5.2 with no substituents 

on O5.  For the residues with a large O5 substituent, the rotamer populations 

remain unchanged from the original GLYCAM06 parameters (Table 5.5).   

 

Table 5.5.  C4–C5 rotamer populations for 5.1 and 5.2 from simulations with the 
new torsion parameters. 

Cmpd Residue % gg % tg % gt 

5.1 A 96 ± 4 1 ± 1 3 ± 1 

5.1 B 69 ± 4 1 ± 1 30 ± 3 

5.1 C 72 ± 4 1 ± 1 27 ± 3 

5.2 A 61 ± 4 3 ± 1 36 ± 3 

5.2 B 89 ± 4 2 ± 1 9 ± 2 

5.2 C 69 ± 4 1 ± 1 30 ± 3 

 

Figure 5.23 shows the rotamer populations about the C4–C5 for 5.1 over 

the course of the simulation with the new torsion parameters.  As we observe with 

the original terms, it takes longer than 220 ns for all the populations to converge 

and reach a variance in the mean of 4% or less.  For residue A, the populations 
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vary little throughout the course of the simulation, and essentially only the gg 

rotamer is observed.  The final populations for the C4–C5 rotamers of residues B 

and C are approximately 70% gg and 30% gt.  For both residues, the populations 

change little from the values observed at 100 ns of simulation time.  Both residues 

B and C have an O5 hydroxyl group, and both give similar results to the 

monosaccharide (Section 4.3.3.1). 

The C4–C5 rotamer populations for 5.2 over the course of the simulation 

with the new torsion parameters are shown in Figure 5.24.  Similar to 5.1, the 

calculations converge after 220 ns for the three C4–C5 bonds.  The overall 

population for residue B, which has a large O5 substituent, shows little change 

throughout the simulation and remains mostly in the gg conformation.  The 

populations for residue A do not change much after 140 ns, and for residue C, the 

final values are reached by 90 ns.  For both residues A and C, the gg conformation 

still dominates, but the gt rotamer is significantly populated:  36% for A and 30% 

for C.  Once again, residues with an unsubstituted hydroxyl at O5 behave 

similarly to the monosaccharide.  
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Figure 5.23.  Convergence of the C4–C5 rotamer distribution of 5.1 as a function 
of simulation time, using the new torsion parameters.  Graph a) corresponds to 

ring A, graph b) corresponds to ring B, and graph c) corresponds to ring C.   
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Figure 5.24.  Convergence of the C4–C5 rotamer distribution of 5.2 as a function 
of simulation time, using the new torsion parameters.  Graph a) corresponds to 

ring A, graph b) corresponds to ring B, and graph c) corresponds to ring C.   
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Figure 5.25 and Figure 5.26 show the distributions for the O4–C4–C5–O5 

dihedral angles from simulations with the new parameters for 5.1 and 5.2, 

respectively.  The centers of the populations change little from those obtained 

with the original parameters.  For the reducing end in 5.1, the center of the gg 

conformation is 67°.  For residues B and C with an O5 hydroxyl, the gg rotamers 

occur at 58° and 60°, respectively.  For 5.2, residue B has an O5 substituent, and 

the gg conformation is centered at 67°.  For both of the residues where O5 is not 

substituted, the gg rotamer is at 59°.  The O5 substituent also has an effect on the 

gt rotamers.  In 5.1, the center of the gt population is –58°, whereas it is –52° for 

the other residues.  In 5.2, the center of the gt rotamers are shifted a bit.  The 

center for residue B is at –63° and at –54° for the others.  Substitution at O5 

increases the O4–C4–C5–O5 dihedral angle for both the gg and gt rotamers.   

 
Figure 5.25.  Histograms of the O4–C4–C5–O5 dihedral angle for 5.1 with the 

new torsion parameters. The solid line is ring A, the dashed line is ring B, and the 
dotted line is ring C. 
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Figure 5.26.  Histograms of the O4–C4–C5–O5 dihedral angle for 5.2 with the 

new torsion parameters. The solid line is ring A, the dashed line is ring B, and the 
dotted line is ring C. 

5.3.3.3.  Conformation about the C5–C6 bonds of 5.1 and 5.2 

The new O4–C4–C5–C6 and C3–C4–C5–C6 terms also change the C5–

C6 rotamer populations in MD simulations of the monosaccharide from those we 

observe with the original GLYCAM06 parameters (Section 4.3.3.2).  We see the 

same effect for the rotamers about the C5–C6 bond in the trisaccharides 5.1 and 

5.2 (Table 5.6).  The populations for residues with an O5 substituent are 

essentially the same for both sets of simulation conditions.  The populations for 

the rotamers with an O5 hydroxyl differ between the new parameters and the 

original ones. 
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Table 5.6.  C5–C6 rotamer populations for 5.1 and 5.2 from simulations with the 
original GLYCAM06 parameters. 

Cmpd Residue % gt % tg % gg 

5.1 A 75 ± 4 14 ± 2 11 ± 2 

5.1 B 22 ± 3 22 ± 3 56 ± 4 

5.1 C 53 ± 3 27 ± 3 20 ± 2 

5.2 A 28 ± 3 23 ± 3 49 ± 4 

5.2 B 70 ± 4 15 ± 2 15 ± 2 

5.2 C 47 ± 3 27 ± 3 26 ± 3 

 

Figure 5.27 shows the populations for the C5–C6 rotamers over the course 

of the simulation of 5.1 with the new torsion terms.  The populations all converge 

in 200 ns or less, as determined by a variance in the mean of less than 4%.  For 

residue A, the populations vary little over the course of the simulation, and the gt 

rotamer dominates.  The rotamer distribution is same as that from the calculation 

using the original parameters.  For residue B, the original parameters give equal 

populations for all three rotamers.  With the new terms, the gg rotamer dominates 

at 56%, and the other two rotamers are populated equally.  For residue C, the 

population of the gt rotamer decreases from the original parameters, while the gg 

rotamer increases.  These values for the non-reducing end are also similar to those 

observed in MD simulation of the monosaccharide with the new torsion 

parameters (Section 4.3.3.2).   
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Figure 5.27.  Convergence of the C5–C6 rotamer distribution of 5.1 as a function 
of simulation time, using the new torsion parameters.  Graph a) corresponds to 

ring A, graph b) corresponds to ring B, and graph c) corresponds to ring C.   



 

 242 

For the trisaccharide 5.2, Figure 5.28 shows the populations of the C5–C6 

rotamers throughout the MD simulation with the new torsion parameters.  As with 

5.1, the calculations converge within 200 ns.  For residue A, the populations 

change little from those present 40 ns.  Both residue A in 5.2 and residue B in 5.1 

have an O6 substituent, and both show a similar trend, gg > gt ≈ tg.  For residue B 

in 5.2, the C5–C6 rotamer population at the end of the simulation is the same at 

that at the beginning, and the gt rotamer dominates.  The ratio among the rotamers 

obtained with the new parameters are not significantly different from that 

obtained with the original terms.  Residue C again shows very similar populations 

to those obtained in simulations of the monosaccharide with the new torsion 

terms.  The trend for residue C is gt > tg ≈ gg.   
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Figure 5.28.  Convergence of the C5–C6 rotamer distribution of 5.2 as a function 
of simulation time, using the new torsion parameters.  Graph a) corresponds to 

ring A, graph b) corresponds to ring B, and graph c) corresponds to ring C.   
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Distributions of the O5–C5–C6–O6 dihedral angles for 5.1 and 5.2 from 

simulations with the new torsion parameters are shown in Figure 5.29 and Figure 

5.30, respectively.  The values for the angles do not change significantly from 

those we observe with the original GLYCAM06 parameters.  For 5.1, the 

populations for the tg rotamers are all centered at 174°.  The peaks for the gt 

conformation are all close to each other.  They are centered at 71°, 67°, and 73° 

for residues A, B, and C, respectively.  For the gg conformations, residue B is 

centered at –66º, and residue C is at –67°.  Residue A is shifted more positive to  

–58º.  For 5.2, we observe the same trends.  The tg rotamers are centered at 174º, 

and the peaks for the gt rotamers are similar.  Residue A is at 66°, while residues 

B and C are at 71º.  For the gg rotamers, residues A and C are at –66º and –67°, 

respectively, and residue B is shifted to –56º.  As we observed with the original 

parameters, having a large substituent on O5 affects the gg for the C5–C6 bond 

more than the other rotamers. 
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Figure 5.29.  Histograms of the O5–C5–C6–O6 dihedral angle for 5.1 with the 

new torsion parameters. The solid line is ring A, the dashed line is ring B, and the 
dotted line is ring C. 

 
Figure 5.30.  Histograms of the O5–C5–C6–O6 dihedral angle for 5.2 with the 

new torsion parameters. The solid line is ring A, the dashed line is ring B, and the 
dotted line is ring C. 
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5.3.4.  Proton–proton coupling constants from MD simulations 

To directly compare the results of our MD simulations with the 

experimental conformations of 5.1 and 5.2, we determined the values for 3JH,H as 

described in Section 3.3.4.4.  In earlier studies on arabinofuranosides, we found 

the Karplus-like relationships for 3JH4,H5R and 3JH4,H5S of the monosaccharide were 

not appreciably different from those for internal C4–C5 bond of an α-(1→5)-

linked disaccharide.29,30  Therefore, we used the Karplus-like relationships (eqs. 

3.10–3.13, 3.15, and 3.16) for the monosaccharides to calculate 3JH,H from the 

MD simulations of the trisaccharides.  Table 5.7 lists the experimental vicinal 

coupling constants for 5.1, as well as those determined from MD simulations with 

the original and new GLYCAM06 torsion parameters.  Table 5.8 lists the same 

values for 5.2.   

For both 5.1 and 5.2, the values for 3JH1,H2, 3JH2,H3, and 3JH3,H4 do not differ 

appreciably between the two sets of parameters.  The values for 3JH2,H3 all show 

excellent agreement to the experimental values.  For the residues with a hydroxyl 

at O5, 3JH3,H4 also agrees well with experiment.  A large O5 substituent decreases 

this value, resulting in a worse agreement between the simulations and 

experiment.  The values for 3JH1,H2 from the simulation are larger than the 

experimental values, but a β-(1→5)-linkage reduces this value, bringing it closer 

to experiment.   

In simulations with the original GLYCAM06 parameters, the values for 

3JH4,H5 do not agree with the experimental values, just as we observe for the 

monosaccharides (Section 3.3.4.4).  The new torsion parameters improve 
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agreement for the non-reducing end moieties for both 5.1 and 5.2.  Similarly, for 

the residues without an O5 substituent – i.e. ring B of 5.1 and ring A of 5.2 – the 

new parameters improve the values for 3JH4,H5.  However, for both cases, the 

experimental coupling constants are smaller that the ones from the simulations 

with the new terms.  For the residues with a large O5 substituent, the new 

parameters do not alter the values for 3JH4,H5, and both conditions for the MD 

simulations show poor agreement to the experimental values. 

In simulations with the original parameters, values for the non-reducing 

end residues show good agreement between experiment and calculations.  The 

new torsion parameters show worse agreement, similar to the case with the 

monosaccharide (Section 4.3.3.3).  For residue A of 5.1, with an unsubstituted 

O6, both sets of parameters give the same values for 3JH5,H6R and 3JH5,H6S, and 

neither agrees well with the experimental values.  Similarly, for residue B of 5.2, 

both sets of torsion terms give similar values for 3JH5,H6R and 3JH5,H6S, but 3JH5,H6S 

shows poor agreement with experiment.  The values for the residues with O6 

substituent show poor agreement between simulation and experiment, regardless 

of the parameters used for the simulations.    
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Table 5.7.  Comparison between the coupling constants from experiment and 
from MD simulations of 5.1 with the new and original GLYCAM06 torsion 
parameters. 

Ring Coupling Expt’la Original Parametersb New Parametersb

A 3JH1,H2 (Hz) 2.3 3.2 ± 2.2 3.2 ± 2.3 

 3JH2,H3 (Hz) 4.2 3.7 ± 2.4 3.7 ± 2.4 

 3JH3,H4 (Hz) 6.9 5.9 ± 2.8 5.9 ± 2.8 

 3JH4,H5 (Hz) 3.5 2.0 ± 1.0 2.1 ± 1.1 

 3JH5,H6R (Hz) 6.4 7.7 ± 2.0 7.5 ± 2.0 

 3JH5,H6S (Hz) 5.1 3.7 ± 1.5 3.7 ± 1.6 
     

B 3JH1,H2 (Hz) 1.9 2.3 ± 2.0 2.3 ± 2.0 

 3JH2,H3 (Hz) 3.6 3.6 ± 2.2 3.6 ± 2.3 

 3JH3,H4 (Hz) 6.4 6.8 ± 2.4 6.8 ± 2.4 

 3JH4,H5 (Hz) 3.5 1.5 ± 0.6 3.8 ± 0.9 

 3JH5,H6R (Hz) 7.4 5.1 ± 1.7 5.9 ± 1.6 

 3JH5,H6S (Hz) 3.8 5.3 ± 1.5 4.9 ± 1.7 
     

C 3JH1,H2 (Hz) 1.9 3.3 ± 2.3 3.0 ± 2.3 

 3JH2,H3 (Hz) 3.6 3.9 ± 2.3 3.8 ± 2.3 

 3JH3,H4 (Hz) 6.4 6.1 ± 2.6 6.3 ± 2.6 

 3JH4,H5 (Hz) 4.3 1.7 ± 0.7 3.6 ± 0.9 

 3JH5,H6R (Hz) 7.2 7.0 ± 1.9 6.1 ± 1.8 

 3JH5,H6S (Hz) 4.7 4.4 ± 1.1 4.3 ± 1.2 
a The error in the experimental values is estimated to be ± 0.2 Hz. 
b The error analysis for the MD simulations is described in Section 3.3.4.4.  
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Table 5.8.  Comparison between the coupling constants from experiment and 
from MD simulations of 5.2 with the new and original GLYCAM06 torsion 
parameters. 

Ring Coupling Expt’la Original Parametersb New Parametersb

A 3JH1,H2 (Hz) 2.2 3.4 ± 2.3 3.2 ± 2.2 

 3JH2,H3 (Hz) 4.1 4.0 ± 2.3 4.0 ± 2.3 

 3JH3,H4 (Hz) 6.3 6.2 ± 2.6 6.4 ± 2.5 

 3JH4,H5 (Hz) 3.5 1.9 ± 0.7 4.4 ± 1.0 

 3JH5,H6R (Hz) 7.1 5.7 ± 1.8 4.4 ± 1.6 

 3JH5,H6S (Hz) 3.8 4.8 ± 1.6 4.5 ± 1.6 
     

B 3JH1,H2 (Hz) 1.9 3.0 ± 2.3 2.9 ± 2.3 

 3JH2,H3 (Hz) 3.6 3.6 ± 2.4 3.6 ± 2.4 

 3JH3,H4 (Hz) 6.7 6.0 ± 2.8 6.1 ± 2.8 

 3JH4,H5 (Hz) 3.3 2.0 ± 1.0 2.6 ± 1.2 

 3JH5,H6R (Hz) 7.1 7.6 ± 2.0 7.1 ± 1.9 

 3JH5,H6S (Hz) 4.9 3.7 ± 1.5 3.8 ± 1.6 
     

C 3JH1,H2 (Hz) 2.0 2.4 ± 2.0 2.4 ± 2.1 

 3JH2,H3 (Hz) 4.1 3.6 ± 2.3 3.6 ± 2.3 

 3JH3,H4 (Hz) 6.6 6.6 ± 2.5 6.6 ± 2.5 

 3JH4,H5 (Hz) 3.5 1.7 ± 0.7 3.8 ± 0.9 

 3JH5,H6R (Hz) 7.3 6.9 ± 1.9 5.7 ± 1.7 

 3JH5,H6S (Hz) 4.6 4.5 ± 1.1 4.3 ± 1.2 
a The error in the experimental values is estimated to be ± 0.2 Hz. 
b The error analysis for the MD simulations is described in Section 3.3.4.4.  

5.4.  Conclusions 

We have presented MD simulations of the trisaccharides 5.1 and 5.2 using 

two sets of torsion parameters for the C4–C5 bond, and we compared the 

simulation results to NMR experiments.  In simulations with either set of torsion 

parameters, the non-reducing residue of a β-(1→5) glycosidic bond (ring B of 5.1 
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or ring C of 5.2) has a narrower distribution of ring conformations than the 

remaining residues.  When the anomeric oxygen is attached to a secondary 

carbon, the furanose ring is less flexible, and the major population shifts away 

from the E3 conformation observed in the monosaccharide to the 4E conformation.  

The anomeric linkage affects ring conformation more than large groups on O5 or 

O6.  This shift in the population is accompanied by a change in the H1–C1–C2–

H2 distribution.  Also, the value for 3JH1,H2 from the simulations is closer to 

experiment (0.4 Hz difference) for these rings than for the other residues (0.9–1.4 

Hz difference), while the values for 3JH2,H3 and 3JH3,H4 are similar for all residues.  

The vicinal coupling constant between H1 and H2 may be more diagnostic for the 

ring conformation than the other ring couplings. 

Our newly developed torsion parameters for O4–C4–C5–C6 and C3–C4–

C5–C6 alter the rotamer populations for the trisaccharides, if there is no O5 

substituent.  The original GLYCAM06 terms yield one rotamer about the C4–C5 

bond, the gg rotamer, and this is also the case for the new parameters when O5 is 

linked to another Galf residue.  For the non-reducing end or residues with an O6 

substituent, the gg rotamer is still favored, but gt is also significantly populated.  

These changes are reflected in the improved agreement between the experimental 

and calculated values of 3JH4,H5.   

For residues without an O5 substituent, the new parameters also altered 

the rotamers about the C5–C6 bond.  Based on the 3JH5,H6S values, the new terms 

do not reproduce the populations for experiment for the non-reducing end as well 

as the original GLYCAM06 terms do.  Neither set of parameters reproduce the 
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experimental values for residues with an O6 substituent.  This disparity may be 

due to poor simulation conditions or to the use of inappropriate Karplus-like 

equations.  While there was little difference between the equations for mono- and 

disaccharides of Araf,30 the same may not be true for β-(1→6)-linked residues of 

Galf.  Evaluating equations specific for the β-(1→6) glycosidic linkage may be 

worthwhile.   
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6.1.  Highlights 

Galactose, in its furanose form, is a component of many important 

bacterial and fungal glycoconjugates, including the cell wall mycolyl-

arabinogalactan (mAG) of Mycobacterium tuberculosis (as discussed in Chapter 

1).1  The mAG complex is essential for the viability of mycobacteria,2 yet little is 

known about the conformation of mAG or its constituent residues.  To address 

this, we have developed improved methods for the conformational analysis of 

galactofuranosides, which we applied to the compounds shown in Figure 6.1.  

These methods represent an extension of earlier work in the Lowary group on 

arabinofuranosides.3-5  The trisaccharides 6.3 and 6.4 represent the smallest 

repeating units of the galactan of mAG.  
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Figure 6.1.  The galactofuranose-containing compounds studied in this thesis. 
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As a first step in these investigations, we calculated the gas-phase partial 

potential energy surfaces (PES) for 6.1 and 6.2 using B3LYP/6-31+G**6-9 

(Chapter 2).  The PES for 6.1 and 6.2 were constructed with the ten envelope ring 

conformations (Figure 6.2), the three staggered rotamers about the C4–C5 bond, 

and the three staggered rotamers about the C5–C6 bond.  The lowest energy ring 

conformation for 6.1 is 2E (Table 2.2).  The lowest energy ring conformation for 

6.2 is EO, but the 4E conformer is only 0.1 kcal/mol higher in energy (Table 2.4).   

 
Figure 6.2.  The pseudorotational itinerary for the galactose ring.  The ring 

conformations are listed on the outside, and the corresponding pseudorotational 
phase angle, P, is listed inside. 

We compared the results from the PES to the ring conformations from 1H 

NMR spectra and PSEUROT.10,11  The program PSEUROT assumes that the 

observed coupling constants for the ring dihedral angles are the average of two 

low energy conformations.  For 6.1, PSEUROT gave an 88:12 ratio between the 

2E and 1E conformations (Table 2.7); thus, the major conformation agrees well 
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with the lowest energy conformation determined by density functional theory 

(DFT) calculations.  For 6.2, however, the results from four PSEUROT 

calculations gave three different major ring conformations (Table 2.8).  Two of 

the PSEUROT runs predicted a 68:32 ratio between the 4E and E4 conformations, 

but the other two runs were not in agreement with lowest energy conformers from 

the DFT calculations, predicting the major conformation as either 1E or 1TO.  

From these studies we conclude that the two-state model that PSEUROT employs 

may not be appropriate for 6.2.  Earlier, we had seen similar  results when 

PSEUROT was used to analyze the conformation of methyl α-D-Araf, which has 

the same relative configuration along the ring as 6.2:  four separate PSEUROT 

calculations gave three different answers.12 

To address the limitations of PSEUROT, we ran molecular dynamics 

(MD) calculations on both 6.1 and 6.2 using the AMBER 1013 software package 

and the GLYCAM0614 force field (Chapter 3).  The simulations of 6.1 gave two 

major populations for the ring conformation, 78:22 ratio between 2E and 1E, 

showing good agreement with both DFT and PSEUROT.  For 6.2, we observed 

mainly one population centered at the E3 conformation, in contrast with the two-

state model of PSEUROT.  As shown in Figure 6.2, the E3 and 4E conformations 

are close on the pseudorotational itinerary.  The differences in the low energy 

conformations from the DFT and MD calculations may be due to solvent 

interactions:  We included explicit water solvation in the MD simulations, but the 

DFT calculations were conducted in the gas phase.    
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To compare directly with experiment, we developed Karplus relationships 

specific for galactofuranose (Galf) from the PES described above (eqs. 3.10–

3.16), and we used the new equations to calculate the average coupling constants 

from the MD simulations (Chapter 3, Table 3.5).  Excellent agreement was found 

for 3JH5,H6R and 3JH5,H6S of both 6.1 and 6.2.  For 6.2, good agreement was also 

seen for the coupling constants from the ring torsions, 3JH1,H2, 
3JH2,H3, and3JH3,H4, 

indicating the ring conformation from MD is similar to the experimental 

conformation.  However, the same coupling constants for 6.1 showed poor 

agreement between experiment and simulation.  This agreement could be 

improved in the future by restraining the simulation values for 3JH2,H3 or 3JH3,H4 to 

their experimental values,15 and initial calculations with such J-restraints appear 

promising (data not shown).  For both 6.1 and 6.2, the values for 3JH4,H5 and 

3JH4,C6 calculated from MD simulation were the same but did not match the 

experimental values obtained for either compound.  To improve this agreement, 

we tried varying many simulation parameters, including the choice of water 

model, thermostat, and simulation temperature.  None of these parameters 

significantly affected the results of the MD simulations; thus, we concluded the 

relative energies for each of the rotamers about the C4–C5 bond in the 

GLYCAM06 force field was not appropriate for 6.1 or 6.2. 

 We were able to improve the agreement between MD simulations and 

experiment for 3JH4,H5 and 3JH4,C6 by developing new force field parameters for the 

C4–C5 bond of Galf (Chapter 4, Tables 4.3 and 4.4).  We used umbrella 

sampling16-18 to determine the free energy of rotation about the C4–C5 bond for 
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6.1 and 6.2 using the original GLYCAM06 parameters (Figures 4.6 and 4.8).  For 

both compounds, the gg rotamer is 2 kcal/mol lower in energy than the other two 

staggered conformation, which effectively restricts the C4–C5 bond to one 

conformations.  We also used a Metropolis Monte Carlo simulated annealing 

algorithm19 to determine new force field parameters for the C4–C5 bond.  With 

the addition of these new terms, the gg rotamer is now only 0.3–0.5 kcal/mol 

lower in energy than the gt conformer (Figures 4.27 and 4.29), and the values of 

3JH4,H5 and 3JH4,C6 more closely match experimental values.  Unfortunately, the 

improvements for the C4–C5 bond came at the expense of accurate predictions of 

3JH5,H6R and 3JH5,H6S, though the values with the new parameters are still within 

error of those obtained from NMR experiments.  The new terms did not have an 

effect on the ring conformations that we observed in the MD simulations. 

Furthermore, we compared the original and improved force field 

parameters in MD simulations of 6.3 and 6.4 (Chapter 5).  The values of 3JH1,H2, 

3JH2,H3, and3JH3,H4 from the MD simulations show good agreement with 

experiment (Tables 5.7 and 5.8), and the ring conformations for the trisaccharides 

were similar to those from simulations on 6.2.  For the non-reducing end and O6-

linked residues, the new force field parameters improve the agreement between 

calculation and experiment for 3JH4,H5.  However, the new terms have little effect 

on the O5-linked residues.  The new force field parameters also have little effect 

on 3JH5,H6R and 3JH5,H6S for both O5- and O6-linked residues, with the O6-linked 

moieties showing poor agreement between simulation and experiment for both the 

original and new terms.  The original GLYCAM06 parameters show excellent 
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agreement to the experimental values for 3JH5,H6R and 3JH5,H6S for the non-reducing 

end moieties.  More work will be necessary to improve the models for internal β-

(1→5)- and β-(1–6)-Galf linkages.       

6.2.  Future directions 

The work detailed in this thesis sets the stage for future studies.  When we 

noticed the discrepancy between experiment and simulation for the values of 

3JH4,H5 and 3JH4,C6 for 6.1 and 6.2, MD simulations were run on other 

hexofuranosides – allofuranose, glucofuranose, gulofuranose.  None of the 

rotamer populations about the C4–C5 bond of these compound were the same as 

the distributions for 6.1 and 6.2 (Table 3.3).  However, the values of 3JH4,H5 and 

3JH4,C6 for these compounds are not available for direct comparison with the 

calculations, and these data will be necessary to determine the accuracy of the 

simulations for these hexofuranosides.  Future work in this area would include 

measuring the vicinal coupling constants for these compounds. 

Both hexofuranosides and heptopyranosides contain ethylene glycol side-

chains.  Initial MD simulations on β-D-glycero-D-galacto-heptopyranose (6.5, 

Figure 6.3) using GLYCAM06 indicate that the C5–C6 bond remains in 

essentially one conformation (data not shown), like the C4–C5 bonds of 6.1 and 

6.2.  However, all three staggered rotamers for the C5–C6 bond of β-D-glycero-D-

gluco-heptopyranose (6.6, Figure 6.3) are significantly populated in initial MD 

simulations (data not shown).  Further work is still needed to determine if the 

conformations about the C5–C6 bonds of 6.5 and 6.6 in the MD calculations are 



 

 261 

representative of their solution conformations.  In particular, the 6-O-methyl-D-

glycero-α-L-gluco-heptopyranose 6.7 (Figure 6.3) has been synthesized20 and 

could serve as a starting point for studies on heptopyranosides. 
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Figure 6.3.  Heptopyranosides for further study in MD simulations. 

As noted above, the MD results for the internal β-(1→5)- and β-(1→6)-

Galf linkages do not agree well with experiment for 6.3 and 6.4.  Nevertheless, 

future studies should include simulations on longer Galf-containing 

oligosaccharides.  Dr. Maju Joe has synthesized portions of the mAG containing 

4–14 Galf residues.  Comparison of the NMR spectra of these compounds to MD 

simulations may provide insight into the presence of stable secondary structure in 

solution, although these NMR spectra may be difficult to interpret due to spectral 

overlap.  While oligosaccharides do not typically form rigid secondary structures 

as proteins do,21 there are examples of helical conformations in solution, such as 

β-(1→2)-linked mannopyranosides.22  Furthermore, the mAG complex contains 

30–35 Galf residues, and the arabinan chains are attached to the O3 hydroxyl 

group on residues 8, 10, and 12.23  Systematic studies of galactans with defined 

length may provide insight into the specificity of these attachment points.   

The precise mechanism of the galactofuranosyltransferase GlfT2, one of 

the enzymes that synthesizes mAG, remains unclear.24,25  GlfT2 catalyzes the 
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formation of alternating β-(1→5)- and β-(1→6)-linkages with high fidelity; 

incorporation of either 5-deoxy or 6-deoxy Galf residues halts chain extension.24  

The crystal structure of GlfT2 has recently been solved,26 and docking of the 

trisaccharides 6.3 and 6.4, the natural acceptor substrates, or longer galactan 

chains into the active site could identify key interactions responsible for 

determining glycosidic linkage specificity.  The resulting complexes from 

docking simulations would also provide structures for MD simulations than could 

be correlated with available saturation transfer difference (STD) NMR data.27-29 

The mechanism for galactan chain termination in GlfT2 is also unclear.  

The galactan chain is synthesized on decaprenyl phosphate, and it has been 

proposed that the lipid interacts with a second site on the enzyme to halt galactan 

synthesis.30  However, there is no apparent lipid binding sight in the crystal 

structure of GlfT2.26  Docking calculations, followed by MD simulations, of the 

full 35-residue galactan on the decaprenyl phosphate would provide insight into 

the mechanism of chain termination. 

The studies of galactofuranosides presented here, along with our earlier 

work in arabinofuranosides,3 represent advances in our understanding of the 

conformation of furanosides in solution.  These results lay the foundation for 

further work on other systems, including isolated mono- and oligosaccharides and 

the mechanisms of carbohydrate-processing enzymes and will help elucidate the 

function of the galactan polymers that form part of the mycobacterial cell wall. 
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A.1.  Cartesian coordinates for 2.1 (α-Galf) and 2.2 (β-Galf) from 
the gas-phase potential energy surfaces 

 
Coordinates for α-Galf OE-gg-gg 
Energy:  -726.49632332 Hartrees 
  
C     -0.8750   1.0690   -0.7150 
C     -1.9770   0.1820   -0.0820 
C     -1.3340  -1.2190    0.0690 
C      0.1020  -1.0610   -0.4850 
H     -1.2240   1.6150   -1.6050 
H     -2.7760   0.0640   -0.8270 
H     -1.3210  -1.4960    1.1310 
H      0.2890  -1.8480   -1.2300 
O      0.1110   0.1690   -1.2060 
O     -0.4010   1.9670    0.2320 
C      0.6510   2.7930   -0.2440 
H      1.5580   2.2080   -0.4300 
H      0.8390   3.5320    0.5390 
H      0.3580   3.3170   -1.1690 
O     -2.4780   0.7440    1.1120 
H     -3.3210   0.3010    1.2950 
O     -2.1260  -2.1340   -0.6890 
H     -1.6750  -2.9930   -0.6920 
C      1.1980  -1.2120    0.5820 
H      1.0750  -2.2480    0.9590 
O      0.9620  -0.2740    1.6120 
H      1.5690  -0.4630    2.3450 
C      2.6340  -1.1580    0.0460 
H      2.7360  -1.9160   -0.7500 
H      3.3060  -1.4660    0.8680 
O      2.9660   0.1380   -0.4150 
H      3.9130   0.1440   -0.6200 
 

Coordinates for α-Galf OE-gg-gt 
Energy:  -726.50411462 Hartrees 
  
C     -1.3990   0.7200   -0.6970 
C     -2.0110  -0.4710    0.0870 
C     -0.8770  -1.5170    0.1770 
C      0.3230  -0.8760   -0.5570 
H     -2.0310   1.0610   -1.5300 
H     -2.8060  -0.9180   -0.5250 
H     -0.6450  -1.7090    1.2360 
H      0.7050  -1.5970   -1.2930 
O     -0.2190   0.2160   -1.3090 
O     -1.1800   1.7720    0.1890 
C     -0.5860   2.9140   -0.4130 
H      0.4420   2.7070   -0.7260 
H     -0.5850   3.6980    0.3470 
H     -1.1730   3.2510   -1.2820 
O     -2.5050  -0.0480    1.3440 
H     -3.0810  -0.7540    1.6730 
O     -1.3450  -2.7080   -0.4520 
H     -0.6080  -3.3360   -0.4990 
C      1.5030  -0.4700    0.3560 
H      1.7170  -1.3420    1.0020 
O      1.2580   0.6860    1.1300 
H      0.4520   0.5690    1.6570 
C      2.7780  -0.2020   -0.4360 
H      2.6640   0.7550   -0.9660 
H      2.9060  -0.9960   -1.1910 
O      3.8680  -0.1820    0.4730 
H      4.6470   0.1370   -0.0070 
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Coordinates for α-Galf OE-gg-tg 
Energy:  -726.504745912 Hartrees 
  
C     -1.3010   0.5770   -0.7890 
C     -1.8370  -0.7250   -0.1400 
C     -0.5840  -1.5880    0.1460 
C      0.6080  -0.7440   -0.3500 
H     -1.8050   0.8130   -1.7390 
H     -2.4040  -1.2690   -0.9080 
H     -0.5160  -1.7730    1.2260 
H      1.2280  -1.3360   -1.0340 
O      0.0510   0.3150   -1.1410 
O     -1.4560   1.6410    0.0940 
C     -1.0670   2.8900   -0.4450 
H      0.0140   2.9350   -0.6300 
H     -1.3390   3.6480    0.2930 
H     -1.5940   3.1020   -1.3900 
O     -2.6460  -0.4480    0.9830 
H     -3.1560  -1.2520    1.1640 
O     -0.7390  -2.8120   -0.5730 
H      0.0860  -3.3150   -0.4900 
C      1.5440  -0.2470    0.7560 
H      1.9940  -1.1480    1.2100 
O      0.7860   0.4790    1.7090 
H      1.3770   0.7350    2.4340 
C      2.6860   0.6060    0.2020 
H      3.2460   1.0410    1.0480 
H      2.2620   1.4300   -0.3870 
O      3.5190  -0.2410   -0.5830 
H      4.2030   0.3070   -0.9950 
 

Coordinates for α-Galf OE-gt-gg 
Energy:  -726.507407646 Hartrees 
  
C      1.7340   0.0800   -0.5290 
C      1.2760   1.4430    0.0440 
C     -0.2700   1.3990   -0.0440 
C     -0.5800   0.0190   -0.6590 
H      2.5780   0.1620   -1.2280 
H      1.6030   2.2250   -0.6560 
H     -0.6750   1.5000    0.9720 
H     -1.3150   0.1060   -1.4630 
O      0.6440  -0.3910   -1.2880 
O      2.0750  -0.7770    0.5300 
C      2.5030  -2.0580    0.0870 
H      1.6910  -2.6010   -0.4100 
H      2.8250  -2.6040    0.9780 
H      3.3530  -1.9740   -0.6080 
O      1.7950   1.6640    1.3400 
H      1.6890   2.6100    1.5270 
O     -0.7140   2.4750   -0.8610 
H     -1.6700   2.3530   -0.9830 
C     -1.1120  -1.0250    0.3330 
H     -0.3540  -1.2020    1.1110 
O     -1.3280  -2.2090   -0.4310 
H     -1.6360  -2.9010    0.1740 
C     -2.3930  -0.5430    1.0310 
H     -2.1250   0.0980    1.8850 
H     -2.9200  -1.4210    1.4390 
O     -3.2130   0.1650    0.1030 
H     -4.0650   0.3410    0.5290 
 



 

 268 

Coordinates for α-Galf OE-gt-gt 
Energy:  -726.504057901 Hartrees 
  
C     -1.7070   0.4860   -0.3900 
C     -1.7870  -0.9090    0.2750 
C     -0.4090  -1.5580   -0.0160 
C      0.3490  -0.4810   -0.8250 
H     -2.6100   0.7530   -0.9560 
H     -2.5250  -1.5020   -0.2830 
H      0.0910  -1.7810    0.9370 
H      0.8390  -0.9320   -1.7010 
O     -0.6760   0.3660   -1.3560 
O     -1.4450   1.4460    0.5870 
C     -1.3750   2.7730    0.0750 
H     -0.5060   2.8970   -0.5780 
H     -1.2830   3.4320    0.9420 
H     -2.2940   3.0290   -0.4760 
O     -2.1310  -0.8130    1.6410 
H     -2.4130  -1.6960    1.9250 
O     -0.6500  -2.7560   -0.7510 
H      0.2050  -3.1170   -1.0330 
C      1.4040   0.3030   -0.0060 
H      0.9870   0.5660    0.9700 
O      1.7220   1.5450   -0.6120 
H      2.1320   1.3650   -1.4740 
C      2.6560  -0.5520    0.2020 
H      2.3700  -1.5390    0.6050 
H      3.1310  -0.7300   -0.7820 
O      3.5310   0.1290    1.0830 
H      4.2790  -0.4570    1.2740 
 

Coordinates for α-Galf OE-gt-tg 
Energy:  -726.507324922 Hartrees 
  
C      1.7120   0.2150   -0.4680 
C      1.1150   1.5310    0.0840 
C     -0.4140   1.3810   -0.1150 
C     -0.5730  -0.0140   -0.7660 
H      2.5970   0.3680   -1.1030 
H      1.4340   2.3450   -0.5810 
H     -0.9150   1.4240    0.8580 
H     -1.2550   0.0270   -1.6240 
O      0.7160  -0.3150   -1.3170 
O      2.0290  -0.6310    0.6010 
C      2.6170  -1.8590    0.1890 
H      1.9060  -2.4650   -0.3820 
H      2.9070  -2.3850    1.1020 
H      3.5170  -1.6800   -0.4210 
O      1.5250   1.7660    1.4160 
H      1.3390   2.6990    1.6060 
O     -0.8620   2.4400   -0.9550 
H     -1.7950   2.2650   -1.1530 
C     -1.0780  -1.0860    0.2160 
H     -0.5950  -0.9380    1.1920 
O     -0.7420  -2.3650   -0.3180 
H     -1.0570  -3.0350    0.3090 
C     -2.6050  -1.0270    0.3710 
H     -2.9120  -1.7780    1.1180 
H     -3.0520  -1.3140   -0.5930 
O     -3.0190   0.2800    0.7650 
H     -3.9350   0.2260    1.0740 
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Coordinates for α-Galf OE-tg-gg 
Energy:  -726.50615388 Hartrees 
  
C      1.5850   0.3710   -0.5220 
C      0.8990   1.4240    0.3870 
C     -0.6100   1.3390    0.0580 
C     -0.7200   0.2430   -1.0230 
H      2.4140   0.7990   -1.1040 
H      1.2310   2.4180    0.0570 
H     -1.1730   1.0680    0.9540 
H     -1.2540   0.6490   -1.8900 
O      0.6150  -0.0420   -1.4670 
O      2.0750  -0.6950    0.2460 
C      2.8740  -1.5980   -0.5040 
H      2.2930  -2.0980   -1.2880 
H      3.2540  -2.3420    0.2010 
H      3.7250  -1.0790   -0.9710 
O      1.2300   1.2020    1.7440 
H      1.0090   2.0170    2.2210 
O     -1.0100   2.6220   -0.4320 
H     -1.9260   2.5380   -0.7390 
C     -1.4750  -1.0450   -0.6390 
H     -1.2890  -1.7560   -1.4620 
O     -2.8430  -0.6510   -0.5990 
H     -3.3860  -1.4440   -0.4750 
C     -1.0310  -1.7430    0.6510 
H      0.0620  -1.8340    0.6460 
H     -1.4590  -2.7620    0.6480 
O     -1.4980  -1.0160    1.7820 
H     -1.1980  -1.4870    2.5730 
 

Coordinates for α-Galf OE-tg-gt 
Energy:  -726.504072869 Hartrees 
  
C      1.6600  -0.1890   -0.4980 
C      1.5100   1.0150    0.4690 
C      0.1000   1.5900    0.1950 
C     -0.4960   0.6940   -0.9110 
H      2.5770  -0.1250   -1.1000 
H      2.2230   1.7910    0.1590 
H     -0.4840   1.5370    1.1260 
H     -0.8270   1.3310   -1.7400 
O      0.5850  -0.1020   -1.4180 
O      1.6680  -1.3890    0.2200 
C      1.9960  -2.5170   -0.5810 
H      1.2410  -2.6950   -1.3560 
H      2.0390  -3.3760    0.0920 
H      2.9770  -2.3860   -1.0620 
O      1.7320   0.6210    1.8080 
H      1.8850   1.4300    2.3190 
O      0.2600   2.9470   -0.2120 
H     -0.6090   3.2800   -0.4880 
C     -1.7360  -0.1350   -0.5110 
H     -2.0250  -0.7270   -1.3860 
O     -2.8300   0.7580   -0.2980 
H     -2.6480   1.2590    0.5140 
C     -1.5580  -1.1110    0.6470 
H     -1.4020  -0.5520    1.5880 
H     -0.6560  -1.7110    0.4820 
O     -2.7310  -1.9110    0.7160 
H     -2.6160  -2.5310    1.4520 
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Coordinates for α-Galf OE-tg-tg 
Energy:  -726.50550362 Hartrees 
  
C     -0.9080  -1.2140   -0.5780 
C      0.2100  -1.7860    0.3340 
C      1.4180  -0.8420    0.1450 
C      0.9390   0.2250   -0.8620 
H     -1.3290  -1.9710   -1.2560 
H      0.5090  -2.7650   -0.0630 
H      1.6810  -0.3840    1.1080 
H      1.6580   0.2820   -1.6890 
O     -0.2850  -0.2560   -1.4200 
O     -1.9280  -0.6770    0.2070 
C     -3.0270  -0.1940   -0.5550 
H     -2.7440   0.6780   -1.1510 
H     -3.8010   0.0890    0.1630 
H     -3.4240  -0.9810   -1.2150 
O     -0.2400  -1.8950    1.6730 
H      0.3840  -2.4810    2.1300 
O      2.5090  -1.6170   -0.3460 
H      3.2250  -0.9990   -0.5630 
C      0.8320   1.6470   -0.2850 
H      0.4920   2.3150   -1.0890 
O      2.1820   1.9460    0.0920 
H      2.2130   2.8700    0.3820 
C     -0.1440   1.8420    0.8900 
H     -0.3510   0.9010    1.4130 
H      0.3340   2.5290    1.6100 
O     -1.3400   2.4130    0.3670 
H     -1.9530   2.5360    1.1070 
 

Coordinates for α-Galf EO-gg-gg 
Energy:  -726.496553163 Hartrees 
  
C     -1.4510   0.4850   -0.4670 
C     -1.7300  -0.9890   -0.0880 
C     -0.3210  -1.6250   -0.1200 
C      0.6140  -0.4490   -0.5140 
H     -1.5510   0.5980   -1.5670 
H     -2.3570  -1.4630   -0.8560 
H     -0.0760  -1.9580    0.8960 
H      0.7360  -0.4870   -1.6130 
O     -0.0810   0.7200   -0.1300 
O     -2.2810   1.3660    0.1870 
C     -2.0820   2.7210   -0.1970 
H     -1.0840   3.0720    0.0850 
H     -2.2150   2.8490   -1.2830 
H     -2.8410   3.3050    0.3280 
O     -2.3440  -1.0530    1.1860 
H     -2.6110  -1.9750    1.3220 
O     -0.2960  -2.7080   -1.0460 
H      0.5610  -3.1530   -0.9610 
C      2.0110  -0.5190    0.1050 
H      2.4290  -1.4850   -0.2470 
O      1.8720  -0.5150    1.5150 
H      2.7420  -0.6910    1.9040 
C      2.9930   0.5450   -0.3990 
H      3.0590   0.4560   -1.4980 
H      3.9920   0.2910    0.0020 
O      2.5930   1.8360    0.0090 
H      3.3060   2.4510   -0.2220 
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Coordinates for α-Galf EO-gg-gt 
Energy:  -726.502540049 Hartrees 
  
C      1.5990  -0.4630   -0.4720 
C      1.7660   1.0320   -0.1000 
C      0.3130   1.5650   -0.1250 
C     -0.5400   0.3280   -0.5060 
H      1.7150  -0.5760   -1.5680 
H      2.3500   1.5490   -0.8740 
H      0.0790   1.9000    0.8980 
H     -0.6720   0.3710   -1.6030 
O      0.2450  -0.7960   -0.1410 
O      2.4890  -1.2700    0.1970 
C      2.4440  -2.6320   -0.2100 
H      1.4880  -3.0970    0.0570 
H      2.5980  -2.7270   -1.2960 
H      3.2570  -3.1390    0.3150 
O      2.3780   1.1490    1.1700 
H      2.5780   2.0880    1.3020 
O      0.2020   2.6400   -1.0460 
H     -0.6840   3.0250   -0.9600 
C     -1.9290   0.2380    0.1370 
H     -2.4940   1.1320   -0.1890 
O     -1.8930   0.1490    1.5510 
H     -1.4110   0.9110    1.9050 
C     -2.6950  -0.9820   -0.3610 
H     -2.2790  -1.8690    0.1330 
H     -2.5380  -1.0850   -1.4470 
O     -4.0710  -0.7930   -0.0580 
H     -4.5300  -1.6280   -0.2360 
 

Coordinates for α-Galf EO-gg-tg 
Energy:  -726.505760286 Hartrees 
  
C     -1.4660   0.4760   -0.4620 
C     -1.6470  -1.0490   -0.2680 
C     -0.1910  -1.5670   -0.1980 
C      0.6730  -0.2910   -0.3600 
H     -1.4600   0.7010   -1.5480 
H     -2.1420  -1.4830   -1.1470 
H     -0.0320  -1.9960    0.7980 
H      0.9320  -0.1870   -1.4260 
O     -0.1660   0.7820    0.0520 
O     -2.4410   1.2090    0.1760 
C     -2.3740   2.6030   -0.0900 
H     -1.4650   3.0480    0.3280 
H     -2.4050   2.8040   -1.1730 
H     -3.2510   3.0510    0.3830 
O     -2.3870  -1.2990    0.9130 
H     -2.5840  -2.2480    0.9240 
O      0.0260  -2.5330   -1.2230 
H      0.9040  -2.9200   -1.0880 
C      1.9750  -0.2760    0.4330 
H      2.6130  -1.0750    0.0130 
O      1.6760  -0.5300    1.8000 
H      2.5150  -0.5770    2.2850 
C      2.7320   1.0460    0.2870 
H      3.5960   1.0350    0.9750 
H      2.0680   1.8680    0.5840 
O      3.1570   1.1580   -1.0660 
H      3.5730   2.0250   -1.1800 
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Coordinates for α-Galf EO-gt-gg 
Energy:  -726.499527771 Hartrees 
  
C      1.7000  -0.1020   -0.4760 
C      1.3470   1.3540   -0.0950 
C     -0.1980   1.2880    0.0960 
C     -0.5540  -0.1880   -0.1930 
H      1.6710  -0.2010   -1.5800 
H      1.5940   2.0350   -0.9230 
H     -0.4010   1.5250    1.1520 
H     -0.8440  -0.2750   -1.2510 
O      0.6500  -0.9010    0.0650 
O      2.9270  -0.4920    0.0140 
C      3.3190  -1.7930   -0.4110 
H      2.6520  -2.5620   -0.0070 
H      3.3250  -1.8660   -1.5090 
H      4.3320  -1.9490   -0.0340 
O      2.0360   1.7120    1.0910 
H      1.8930   2.6590    1.2390 
O     -0.9520   2.1220   -0.7740 
H     -0.7380   3.0450   -0.5690 
C     -1.6680  -0.7660    0.6770 
H     -1.3550  -0.6560    1.7300 
O     -1.7930  -2.1360    0.3280 
H     -2.4480  -2.5340    0.9220 
C     -2.9920  -0.0130    0.5060 
H     -2.8570   1.0420    0.7900 
H     -3.7230  -0.4520    1.2090 
O     -3.4290  -0.1440   -0.8360 
H     -4.3240   0.2210   -0.8960 
 

Coordinates for α-Galf EO-gt-gt 
Energy:  -726.499713171 Hartrees 
  
C      1.8100  -0.1450   -0.4010 
C      1.4740   1.3210   -0.0430 
C     -0.0750   1.3400   -0.0640 
C     -0.4690  -0.1170   -0.4320 
H      1.9530  -0.2250   -1.4980 
H      1.8500   1.9970   -0.8230 
H     -0.4170   1.5730    0.9550 
H     -0.6120  -0.1500   -1.5310 
O      0.6470  -0.9060   -0.0570 
O      2.9200  -0.6080    0.2670 
C      3.3150  -1.9190   -0.1210 
H      2.5610  -2.6620    0.1600 
H      3.4890  -1.9750   -1.2070 
H      4.2500  -2.1270    0.4040 
O      2.0150   1.6460    1.2230 
H      1.8920   2.6000    1.3470 
O     -0.5220   2.3180   -0.9970 
H     -1.4850   2.3980   -0.9200 
C     -1.7180  -0.6820    0.2580 
H     -1.5530  -0.6630    1.3400 
O     -1.9150  -2.0490   -0.0570 
H     -2.1110  -2.1140   -1.0060 
C     -2.9660   0.1510   -0.0580 
H     -2.7870   1.2040    0.2250 
H     -3.1510   0.1300   -1.1480 
O     -4.0570  -0.3860    0.6650 
H     -4.8210   0.1930    0.5280 
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Coordinates for α-Galf EO-gt-tg 
Energy:  -726.50263147 Hartrees 
  
C      1.7600   0.0380    0.3920 
C      1.1770  -1.3830    0.2000 
C     -0.3580  -1.1340    0.2390 
C     -0.4940   0.3890    0.4460 
H      1.9440   0.2080    1.4720 
H      1.4800  -2.0310    1.0370 
H     -0.7760  -1.4310   -0.7300 
H     -0.6120   0.5690    1.5280 
O      0.7320   0.9360   -0.0240 
O      2.9160   0.2370   -0.3310 
C      3.5270   1.4980   -0.0870 
H      2.8950   2.3230   -0.4330 
H      3.7380   1.6360    0.9850 
H      4.4680   1.4980   -0.6410 
O      1.6190  -1.9040   -1.0430 
H      1.3360  -2.8290   -1.0890 
O     -1.0440  -1.7760    1.3100 
H     -0.9080  -2.7320    1.2280 
C     -1.6480   1.0770   -0.2760 
H     -1.4260   1.0800   -1.3540 
O     -1.6950   2.4030    0.2470 
H     -2.3890   2.8840   -0.2300 
C     -3.0040   0.3830   -0.0740 
H     -3.7890   1.1280   -0.2870 
H     -3.1200   0.0640    0.9720 
O     -3.1000  -0.7180   -0.9720 
H     -4.0260  -0.9990   -1.0030 
 

Coordinates for α-Galf EO-tg-gg 
Energy:  -726.500983718 Hartrees 
  
C      1.6910   0.0810   -0.4560 
C      1.0960   1.3520    0.1970 
C     -0.4270   1.2390   -0.1040 
C     -0.5640  -0.0790   -0.8970 
H      2.0530   0.3320   -1.4730 
H      1.5080   2.2490   -0.2890 
H     -0.9690   1.1760    0.8450 
H     -0.5990   0.1880   -1.9650 
O      0.6060  -0.8370   -0.5970 
O      2.7100  -0.4730    0.2910 
C      3.3710  -1.5500   -0.3590 
H      2.7020  -2.4070   -0.4970 
H      3.7630  -1.2420   -1.3410 
H      4.2050  -1.8360    0.2860 
O      1.3890   1.3370    1.5860 
H      1.1280   2.1990    1.9450 
O     -0.9270   2.2870   -0.9300 
H     -0.8700   3.1150   -0.4290 
C     -1.7710  -0.9820   -0.6020 
H     -1.6360  -1.8740   -1.2380 
O     -2.9220  -0.2490   -0.9840 
H     -3.6970  -0.8170   -0.8480 
C     -1.8440  -1.5090    0.8360 
H     -0.8600  -1.9170    1.1010 
H     -2.5710  -2.3410    0.8570 
O     -2.2530  -0.4760    1.7260 
H     -2.2830  -0.8560    2.6170 
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Coordinates for α-Galf EO-tg-gt 
Energy:  -726.502525908 Hartrees 
  
C      1.7440  -0.0970   -0.4240 
C      1.4330   1.2180    0.3350 
C     -0.0750   1.4290    0.0680 
C     -0.4900   0.2270   -0.8110 
H      2.1050   0.1500   -1.4410 
H      1.9970   2.0500   -0.1080 
H     -0.5730   1.3870    1.0500 
H     -0.4310   0.5770   -1.8550 
O      0.4880  -0.7780   -0.5650 
O      2.6580  -0.8830    0.2390 
C      3.0880  -2.0160   -0.5050 
H      2.2670  -2.7230   -0.6690 
H      3.5030  -1.7170   -1.4800 
H      3.8710  -2.4960    0.0870 
O      1.7360   1.0640    1.7090 
H      1.6490   1.9390    2.1170 
O     -0.2970   2.6800   -0.5650 
H     -1.2580   2.8140   -0.6090 
C     -1.9090  -0.3200   -0.5580 
H     -2.2590  -0.8370   -1.4570 
O     -2.8330   0.7630   -0.4010 
H     -2.6140   1.2090    0.4330 
C     -1.9970  -1.3240    0.5890 
H     -1.7070  -0.8370    1.5370 
H     -1.2740  -2.1300    0.4050 
O     -3.3330  -1.8020    0.6400 
H     -3.3870  -2.4400    1.3670 
 

Coordinates for α-Galf EO-tg-tg 
Energy:  -726.497642787 Hartrees 
  
C     -1.5800  -0.2040   -0.5080 
C     -1.1240  -1.4360    0.3160 
C      0.4180  -1.4670    0.1140 
C      0.7170  -0.2610   -0.8030 
H     -1.9460  -0.5410   -1.4980 
H     -1.5740  -2.3500   -0.0960 
H      0.8980  -1.3470    1.0950 
H      0.8500  -0.6540   -1.8230 
O     -0.4170   0.5910   -0.7180 
O     -2.5580   0.5210    0.1400 
C     -3.0440   1.6200   -0.6210 
H     -2.2650   2.3760   -0.7680 
H     -3.4140   1.2900   -1.6040 
H     -3.8720   2.0490   -0.0510 
O     -1.4920  -1.2460    1.6750 
H     -1.3140  -2.0770    2.1420 
O      0.8890  -2.6360   -0.5470 
H      0.6810  -3.4020    0.0100 
C      1.9520   0.5670   -0.4180 
H      2.1470   1.2920   -1.2230 
O      3.0180  -0.3720   -0.3030 
H      3.8300   0.1280   -0.1250 
C      1.7680   1.3900    0.8700 
H      1.0430   0.9100    1.5440 
H      2.7400   1.4180    1.3930 
O      1.3490   2.6970    0.5020 
H      1.2350   3.2120    1.3150 
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Coordinates for α-Galf 1E-gg-gg 
Energy:  -726.494738122 Hartrees 
  
C     -1.5030   0.3600   -0.3950 
C     -1.6060  -1.0230    0.2660 
C     -0.3100  -1.6990   -0.2330 
C      0.6160  -0.5010   -0.6220 
H     -1.8150   0.2750   -1.4560 
H     -2.4810  -1.5740   -0.1000 
H      0.1310  -2.2920    0.5770 
H      0.8100  -0.5890   -1.7070 
O     -0.1130   0.6840   -0.3560 
O     -2.2540   1.3160    0.2560 
C     -2.1970   2.5960   -0.3600 
H     -1.1870   3.0180   -0.3030 
H     -2.8950   3.2340    0.1870 
H     -2.5060   2.5440   -1.4160 
O     -1.6260  -0.8620    1.6700 
H     -1.8830  -1.7130    2.0550 
O     -0.6400  -2.5170   -1.3560 
H      0.1520  -3.0150   -1.6080 
C      1.9740  -0.5080    0.0850 
H      2.4470  -1.4640   -0.2200 
O      1.7460  -0.4840    1.4820 
H      2.5960  -0.6220    1.9280 
C      2.9500   0.5810   -0.3790 
H      3.0790   0.4820   -1.4720 
H      3.9330   0.3600    0.0780 
O      2.4950   1.8660   -0.0100 
H      3.2030   2.4960   -0.2110 
 

Coordinates for α-Galf 1E-gg-gt 
Energy:  -726.503045256 Hartrees 
  
C      1.6680  -0.2790   -0.4070 
C      1.6030   1.0780    0.3070 
C      0.2560   1.6360   -0.1880 
C     -0.5320   0.3620   -0.6370 
H      1.9830  -0.1180   -1.4570 
H      2.4320   1.7320    0.0150 
H     -0.2490   2.1630    0.6350 
H     -0.7380   0.4740   -1.7140 
O      0.3190  -0.7530   -0.4000 
O      2.5130  -1.1640    0.2260 
C      2.6670  -2.4000   -0.4610 
H      1.7310  -2.9690   -0.4710 
H      3.4310  -2.9620    0.0810 
H      3.0030  -2.2400   -1.4970 
O      1.5640   0.8570    1.7120 
H      1.7110   1.7150    2.1390 
O      0.5070   2.5290   -1.2690 
H     -0.3310   2.9510   -1.5130 
C     -1.8510   0.1580    0.1280 
H     -2.4140   1.1090    0.0540 
O     -1.6340  -0.2050    1.4770 
H     -1.0670   0.4580    1.9020 
C     -2.7430  -0.9140   -0.4850 
H     -2.3160  -1.8980   -0.2450 
H     -2.7430  -0.7960   -1.5820 
O     -4.0520  -0.7550    0.0450 
H     -4.5750  -1.5240   -0.2250 
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Coordinates for α-Galf 1E-gg-tg 
Energy:  -726.504763318 Hartrees 
  
C     -1.5120   0.3620   -0.4180 
C     -1.5680  -1.1060    0.0280 
C     -0.1680  -1.6080   -0.3880 
C      0.6890  -0.3080   -0.4760 
H     -1.6740   0.4120   -1.5130 
H     -2.3430  -1.6580   -0.5200 
H      0.2210  -2.2920    0.3750 
H      1.0320  -0.1990   -1.5160 
O     -0.1740   0.7770   -0.1380 
O     -2.4280   1.1530    0.2430 
C     -2.4730   2.4920   -0.2300 
H     -1.5380   3.0230   -0.0200 
H     -3.2960   2.9800    0.2970 
H     -2.6670   2.5260   -1.3140 
O     -1.7680  -1.1510    1.4270 
H     -1.9920  -2.0650    1.6570 
O     -0.2930  -2.2580   -1.6530 
H      0.5630  -2.6590   -1.8710 
C      1.9250  -0.2910    0.4210 
H      2.6100  -1.0660    0.0330 
O      1.5230  -0.5870    1.7510 
H      2.3210  -0.6300    2.3000 
C      2.6610   1.0500    0.3690 
H      3.4670   1.0370    1.1250 
H      1.9580   1.8500    0.6320 
O      3.1920   1.2060   -0.9420 
H      3.5960   2.0840   -1.0000 
 

Coordinates for α-Galf 1E-gt-gg 
Energy:  -726.500405015 Hartrees 
  
C      1.7200   0.0530   -0.4140 
C      1.2760   1.3470    0.2770 
C     -0.2390   1.3530   -0.0440 
C     -0.5660  -0.1440   -0.3150 
H      1.7800   0.2310   -1.5060 
H      1.7850   2.2270   -0.1420 
H     -0.7880   1.7500    0.8220 
H     -0.9250  -0.2270   -1.3480 
O      0.6600  -0.8590   -0.1500 
O      2.9220  -0.4200    0.0710 
C      3.3820  -1.5880   -0.5990 
H      2.7100  -2.4360   -0.4280 
H      4.3700  -1.8120   -0.1890 
H      3.4720  -1.4150   -1.6830 
O      1.5060   1.2150    1.6720 
H      1.3930   2.0910    2.0710 
O     -0.5580   2.0760   -1.2290 
H     -0.3620   3.0120   -1.0700 
C     -1.6010  -0.7590    0.6290 
H     -1.2190  -0.6430    1.6570 
O     -1.6990  -2.1310    0.2760 
H     -2.3340  -2.5480    0.8800 
C     -2.9660  -0.0670    0.5590 
H     -2.8780   0.9730    0.9150 
H     -3.6430  -0.5860    1.2620 
O     -3.4580  -0.1280   -0.7690 
H     -4.3710   0.1940   -0.7670 
 



 

 277 

Coordinates for α-Galf 1E-gt-gt 
Energy:  -726.49979992 Hartrees 
  
C      1.8200   0.0200   -0.3220 
C      1.3470   1.3140    0.3520 
C     -0.1060   1.4160   -0.1580 
C     -0.4670  -0.0560   -0.5460 
H      2.0520   0.2310   -1.3860 
H      1.9330   2.1810    0.0230 
H     -0.7450   1.7900    0.6540 
H     -0.6670  -0.0660   -1.6340 
O      0.6820  -0.8450   -0.2650 
O      2.9040  -0.5420    0.3130 
C      3.4070  -1.7050   -0.3330 
H      2.6820  -2.5250   -0.2970 
H      4.3120  -1.9920    0.2060 
H      3.6630  -1.4960   -1.3840 
O      1.3910   1.1340    1.7570 
H      1.2690   2.0050    2.1640 
O     -0.1300   2.3020   -1.2740 
H     -1.0550   2.4410   -1.5310 
C     -1.6680  -0.6530    0.2070 
H     -1.5070  -0.5140    1.2810 
O     -1.7620  -2.0550    0.0290 
H     -1.9420  -2.2280   -0.9100 
C     -2.9680   0.0510   -0.1950 
H     -2.8390   1.1450   -0.1260 
H     -3.1840  -0.1820   -1.2550 
O     -4.0060  -0.3970    0.6570 
H     -4.8030   0.1140    0.4520 
 

Coordinates for α-Galf 1E-gt-tg 
Energy:  -726.504181775 Hartrees 
  
C      1.7480  -0.1250    0.3230 
C      1.0580  -1.4000   -0.1740 
C     -0.3810  -1.1910    0.3520 
C     -0.4880   0.3500    0.5270 
H      1.9530  -0.2250    1.4070 
H      1.5230  -2.3030    0.2490 
H     -1.1080  -1.5750   -0.3700 
H     -0.6690   0.5480    1.5950 
O      0.7690   0.8940    0.1310 
O      2.9070   0.1580   -0.3690 
C      3.5970   1.3010    0.1220 
H      3.0090   2.2130   -0.0240 
H      4.5280   1.3680   -0.4450 
H      3.8320   1.1940    1.1920 
O      1.0900  -1.4000   -1.5930 
H      0.8240  -2.2820   -1.8920 
O     -0.5960  -1.7620    1.6450 
H     -0.5310  -2.7260    1.5570 
C     -1.5860   1.0380   -0.2810 
H     -1.3590   0.9140   -1.3510 
O     -1.5430   2.4110    0.1020 
H     -2.2260   2.8810   -0.4020 
C     -2.9940   0.4830   -0.0140 
H     -3.7170   1.2490   -0.3400 
H     -3.1410   0.3330    1.0670 
O     -3.1890  -0.7250   -0.7440 
H     -4.1370  -0.9240   -0.7460 
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Coordinates for α-Galf 1E-tg-gg 
Energy:  -726.507948243 Hartrees 
  
C      1.6840   0.2600   -0.2320 
C      0.9050   1.0290    0.8420 
C     -0.4430   1.2790    0.1360 
C     -0.4960   0.1660   -0.9550 
H      2.0470   0.9730   -0.9970 
H      1.3950   1.9760    1.1000 
H     -1.2670   1.1810    0.8460 
H     -0.5300   0.6700   -1.9330 
O      0.7050  -0.5950   -0.8360 
O      2.7300  -0.4750    0.2860 
C      3.5390  -1.0930   -0.7060 
H      2.9820  -1.8590   -1.2570 
H      4.3750  -1.5590   -0.1790 
H      3.9300  -0.3530   -1.4200 
O      0.7550   0.1780    1.9700 
H      0.4300   0.7270    2.6990 
O     -0.4120   2.5830   -0.4450 
H     -1.3000   2.7540   -0.7960 
C     -1.6840  -0.7990   -0.8890 
H     -1.5180  -1.5530   -1.6770 
O     -2.8240   0.0030   -1.1780 
H     -3.5990  -0.5760   -1.2370 
C     -1.8050  -1.5700    0.4320 
H     -0.8030  -1.9170    0.7160 
H     -2.4410  -2.4570    0.2610 
O     -2.3860  -0.7390    1.4340 
H     -2.4410  -1.2680    2.2440 
 

Coordinates for α-Galf 1E-tg-gt 
Energy:  -726.504524506 Hartrees 
  
C      1.7460   0.0750   -0.2600 
C      1.2040   0.9850    0.8500 
C     -0.1170   1.4830    0.2290 
C     -0.4590   0.3990   -0.8420 
H      2.1890   0.7030   -1.0580 
H      1.8780   1.8260    1.0530 
H     -0.8780   1.5510    1.0210 
H     -0.4520   0.9100   -1.8160 
O      0.5830  -0.5740   -0.7870 
O      2.6600  -0.8430    0.2070 
C      3.2660  -1.6220   -0.8180 
H      2.5350  -2.2740   -1.3080 
H      4.0320  -2.2300   -0.3320 
H      3.7400  -0.9810   -1.5770 
O      0.9660   0.1960    2.0050 
H      0.8030   0.8050    2.7420 
O      0.1120   2.7610   -0.3560 
H     -0.7430   3.1090   -0.6560 
C     -1.8210  -0.2970   -0.6870 
H     -1.9850  -0.9260   -1.5690 
O     -2.8660   0.6730   -0.7420 
H     -2.8060   1.2180    0.0600 
C     -1.9190  -1.2110    0.5320 
H     -1.8600  -0.6120    1.4580 
H     -1.0540  -1.8860    0.5300 
O     -3.1520  -1.9140    0.4490 
H     -3.2090  -2.4930    1.2230 
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Coordinates for α-Galf 1E-tg-tg 
Energy:  -726.503366344 Hartrees 
  
C      1.5970   0.2830   -0.3060 
C      1.0010   1.1740    0.7940 
C     -0.3910   1.5010    0.2020 
C     -0.6430   0.3510   -0.8100 
H      1.9430   0.9270   -1.1390 
H      1.6060   2.0810    0.9410 
H     -1.1520   1.5190    0.9910 
H     -0.7160   0.8290   -1.8020 
O      0.4950  -0.5010   -0.7640 
O      2.6210  -0.5140    0.1560 
C      3.2290  -1.3050   -0.8590 
H      2.5270  -2.0430   -1.2610 
H      4.0720  -1.8170   -0.3890 
H      3.6020  -0.6760   -1.6830 
O      0.9000   0.4150    1.9900 
H      0.7040   1.0300    2.7120 
O     -0.4100   2.7160   -0.5480 
H     -0.2610   3.4510    0.0670 
C     -1.9230  -0.4640   -0.5600 
H     -2.0810  -1.1420   -1.4110 
O     -3.0270   0.4340   -0.4150 
H     -3.0610   0.9970   -1.2050 
C     -1.8840  -1.3430    0.6940 
H     -1.1710  -0.9480    1.4290 
H     -2.8930  -1.3230    1.1320 
O     -1.5220  -2.6580    0.2830 
H     -1.4970  -3.2140    1.0760 
 

Coordinates for α-Galf E1-gg-gg 
Energy:  -726.502062134 Hartrees 
  
C     -0.9080   1.0710   -0.7190 
C     -2.0150   0.0880   -0.3290 
C     -1.2490  -1.1460    0.1770 
C      0.1580  -0.9900   -0.4600 
H     -1.1730   1.7310   -1.5580 
H     -2.5070  -0.2220   -1.2650 
H     -1.1850  -1.0920    1.2710 
H      0.2880  -1.8010   -1.1910 
O      0.1170   0.2200   -1.2280 
O     -0.5440   1.8160    0.3940 
C      0.5220   2.7250    0.1530 
H      1.4560   2.1940   -0.0520 
H      0.6260   3.3240    1.0620 
H      0.2860   3.3940   -0.6910 
O     -2.9460   0.6410    0.5750 
H     -3.6620  -0.0080    0.6640 
O     -1.9570  -2.3140   -0.2360 
H     -1.5370  -3.0830    0.1800 
C      1.3330  -1.1260    0.5220 
H      1.2550  -2.1700    0.8910 
O      1.1810  -0.2120    1.5920 
H      1.8530  -0.4170    2.2600 
C      2.7190  -1.0380   -0.1320 
H      2.7560  -1.7550   -0.9700 
H      3.4610  -1.3770    0.6140 
O      2.9990   0.2830   -0.5530 
H      3.9240   0.3120   -0.8380 
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Coordinates for α-Galf E1-gg-gt 
Energy:  -726.509711315 Hartrees 
  
C      1.3870   0.7600    0.7210 
C      2.0530  -0.5120    0.1920 
C      0.8630  -1.3710   -0.2650 
C     -0.3410  -0.7930    0.5230 
H      1.9460   1.2580    1.5240 
H      2.4910  -1.0280    1.0610 
H      0.7310  -1.2280   -1.3490 
H     -0.6660  -1.5680    1.2290 
O      0.1890   0.2810    1.3250 
O      1.1870   1.6400   -0.3460 
C      0.6430   2.8970    0.0450 
H     -0.3740   2.7840    0.4290 
H      0.6290   3.5220   -0.8510 
H      1.2800   3.3740    0.8060 
O      3.0260  -0.2480   -0.7920 
H      3.4620  -1.0930   -0.9860 
O      1.1530  -2.7350    0.0160 
H      0.4550  -3.2820   -0.3750 
C     -1.5670  -0.3930   -0.3270 
H     -1.7470  -1.2360   -1.0220 
O     -1.4120   0.8170   -1.0390 
H     -0.6110   0.7690   -1.5840 
C     -2.8350  -0.2520    0.5070 
H     -2.7630   0.6740    1.0950 
H     -2.8980  -1.1000    1.2100 
O     -3.9460  -0.2380   -0.3770 
H     -4.7300   0.0030    0.1370 
 

Coordinates for α-Galf E1-gg-tg 
Energy:  -726.509591373 Hartrees 
  
C     -1.2790   0.6640   -0.8270 
C     -1.8860  -0.6590   -0.3500 
C     -0.7060  -1.4000    0.3050 
C      0.5440  -0.7100   -0.2920 
H     -1.7330   1.0510   -1.7510 
H     -2.1380  -1.2350   -1.2540 
H     -0.7550  -1.2410    1.3900 
H      1.0720  -1.4320   -0.9260 
O      0.0540   0.3090   -1.1870 
O     -1.3800   1.6070    0.1900 
C     -0.8460   2.8760   -0.1410 
H      0.2450   2.8410   -0.2360 
H     -1.1150   3.5510    0.6750 
H     -1.2760   3.2580   -1.0810 
O     -3.0200  -0.4750    0.4670 
H     -3.4020  -1.3550    0.6110 
O     -0.8200  -2.7850   -0.0110 
H     -0.1460  -3.2660    0.4930 
C      1.5830  -0.2060    0.7120 
H      1.9470  -1.1010    1.2490 
O      0.9880   0.7130    1.6150 
H      1.6570   0.9570    2.2730 
C      2.7890   0.4260    0.0120 
H      3.4370   0.8910    0.7760 
H      2.4360   1.2170   -0.6630 
O      3.4770  -0.6050   -0.6850 
H      4.1990  -0.2000   -1.1880 
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Coordinates for α-Galf E1-gt-gg 
Energy:  -726.505310739 Hartrees 
  
C      1.7150   0.3450    0.5950 
C      1.6630  -1.1420    0.2370 
C      0.1750  -1.3450   -0.1340 
C     -0.5410  -0.1820    0.5860 
H      2.5100   0.6090    1.3050 
H      1.8410  -1.7010    1.1700 
H      0.0910  -1.2460   -1.2270 
H     -1.2090  -0.5730    1.3570 
O      0.4930   0.5550    1.2690 
O      1.8420   1.0980   -0.5820 
C      1.8730   2.5010   -0.3410 
H      0.9270   2.8500    0.0880 
H      2.0460   2.9790   -1.3080 
H      2.6970   2.7640    0.3410 
O      2.6050  -1.4880   -0.7590 
H      2.6010  -2.4530   -0.8520 
O     -0.3850  -2.5820    0.2950 
H      0.0780  -3.2970   -0.1690 
C     -1.3540   0.7090   -0.3680 
H     -0.7190   0.9690   -1.2300 
O     -1.7170   1.8760    0.3570 
H     -2.2290   2.4450   -0.2380 
C     -2.5840  -0.0300   -0.9070 
H     -2.2600  -0.9120   -1.4850 
H     -3.1060   0.6420   -1.6120 
O     -3.4240  -0.3910    0.1760 
H     -4.2530  -0.7370   -0.1880 
 

Coordinates for α-Galf E1-gt-gt 
Energy:  -726.508445539 Hartrees 
  
C      1.7020   0.6270    0.4490 
C      1.9180  -0.8420    0.0800 
C      0.4800  -1.3700   -0.0620 
C     -0.3520  -0.3800    0.7980 
H      2.5230   1.0740    1.0250 
H      2.3470  -1.3340    0.9670 
H      0.1920  -1.3070   -1.1210 
H     -0.7650  -0.9110    1.6680 
O      0.5900   0.5690    1.3300 
O      1.4530   1.3610   -0.7130 
C      1.2330   2.7490   -0.4690 
H      0.3200   2.9060    0.1160 
H      1.1340   3.2230   -1.4480 
H      2.0890   3.1920    0.0620 
O      2.7410  -1.0100   -1.0510 
H      2.8950  -1.9640   -1.1440 
O      0.4560  -2.7240    0.3820 
H     -0.4190  -3.0940    0.1870 
C     -1.4960   0.3160    0.0260 
H     -1.1260   0.6420   -0.9500 
O     -1.9300   1.5050    0.6650 
H     -2.3060   1.2690    1.5280 
C     -2.6510  -0.6650   -0.1880 
H     -2.2570  -1.6140   -0.5960 
H     -3.1030  -0.9020    0.7940 
O     -3.5930  -0.0810   -1.0670 
H     -4.2740  -0.7420   -1.2610 
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Coordinates for α-Galf E1-gt-tg 
Energy:  -726.507638049 Hartrees 
  
C      1.7460  -0.3270   -0.4390 
C      1.5420   1.1780   -0.2440 
C      0.0030   1.3050   -0.1590 
C     -0.5080   0.0290   -0.8590 
H      2.6620  -0.5880   -0.9860 
H      1.8560   1.6660   -1.1810 
H     -0.2890   1.3210    0.8970 
H     -1.0400   0.3030   -1.7760 
O      0.6670  -0.6980   -1.2720 
O      1.7270  -0.9620    0.8110 
C      1.9230  -2.3680    0.7220 
H      1.1140  -2.8490    0.1600 
H      1.9390  -2.7460    1.7470 
H      2.8830  -2.6030    0.2370 
O      2.2700   1.6710    0.8630 
H      2.1930   2.6370    0.8630 
O     -0.5340   2.4390   -0.8400 
H     -0.2090   3.2350   -0.3920 
C     -1.4370  -0.8440   -0.0070 
H     -0.9210  -1.1200    0.9230 
O     -1.7260  -1.9940   -0.8000 
H     -2.3250  -2.5610   -0.2880 
C     -2.7510  -0.1370    0.3640 
H     -3.4720  -0.9160    0.6630 
H     -3.1660   0.3720   -0.5200 
O     -2.5220   0.7710    1.4360 
H     -3.3820   1.0260    1.8020 
 

Coordinates for α-Galf E1-tg-gg 
Energy:  -726.503932503 Hartrees 
  
C      1.5570   0.1760   -0.6470 
C      1.1000   1.4320    0.1120 
C     -0.4480   1.3500    0.1220 
C     -0.7740   0.3120   -0.9680 
H      2.4280   0.3630   -1.2900 
H      1.3560   2.2930   -0.5260 
H     -0.7870   1.0120    1.1050 
H     -1.3060   0.8340   -1.7700 
O      0.4850  -0.1300   -1.5200 
O      1.8620  -0.8560    0.2510 
C      2.5470  -1.9400   -0.3580 
H      1.9330  -2.4320   -1.1240 
H      2.7800  -2.6540    0.4360 
H      3.4870  -1.6030   -0.8230 
O      1.7330   1.5260    1.3730 
H      1.5150   2.3930    1.7460 
O     -1.0730   2.5820   -0.2430 
H     -0.8710   3.2320    0.4470 
C     -1.6670  -0.8830   -0.5840 
H     -1.7050  -1.5210   -1.4840 
O     -2.9400  -0.3120   -0.3080 
H     -3.5650  -1.0350   -0.1480 
C     -1.1820  -1.7900    0.5480 
H     -0.1770  -2.1520    0.3060 
H     -1.8570  -2.6660    0.5800 
O     -1.2090  -1.0970    1.7870 
H     -0.8950  -1.7040    2.4730 
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Coordinates for α-Galf E1-tg-gt 
Energy:  -726.50723846 Hartrees 
  
C      1.5130   0.6740    0.5760 
C      1.8670  -0.6340   -0.1430 
C      0.5430  -1.4120   -0.1810 
C     -0.3240  -0.7430    0.9090 
H      2.3340   1.0610    1.1940 
H      2.5300  -1.1960    0.5340 
H      0.1100  -1.2710   -1.1840 
H     -0.4610  -1.4820    1.7060 
O      0.4800   0.3110    1.4820 
O      1.1260   1.6400   -0.3590 
C      1.0800   2.9570    0.1720 
H      0.3460   3.0440    0.9840 
H      0.7940   3.6190   -0.6490 
H      2.0660   3.2630    0.5510 
O      2.4830  -0.4110   -1.3910 
H      2.7810  -1.2770   -1.7120 
O      0.8060  -2.7900    0.0510 
H     -0.0280  -3.2700   -0.0740 
C     -1.7510  -0.3320    0.4830 
H     -2.3170  -0.0950    1.3900 
O     -2.3970  -1.4940   -0.0460 
H     -2.0410  -1.6450   -0.9360 
C     -1.8880   0.8720   -0.4430 
H     -1.3490   0.6970   -1.3900 
H     -1.4190   1.7390    0.0380 
O     -3.2770   1.0780   -0.6670 
H     -3.3650   1.8430   -1.2550 
 

Coordinates for α-Galf E1-tg-tg 
Energy:  -726.509599367 Hartrees 
  
C     -0.4870  -1.4310    0.6290 
C     -1.7330  -0.8170   -0.0260 
C     -1.3910   0.6750   -0.1570 
C     -0.2300   0.8840    0.8410 
H     -0.7210  -2.2600    1.3110 
H     -2.5440  -0.8850    0.7160 
H     -1.0540   0.8580   -1.1860 
H     -0.6000   1.5350    1.6420 
O      0.0250  -0.3890    1.4520 
O      0.4030  -1.8660   -0.3560 
C      1.4810  -2.6350    0.1650 
H      2.1130  -2.0360    0.8260 
H      2.0670  -2.9720   -0.6950 
H      1.1050  -3.5180    0.7040 
O     -2.0850  -1.4700   -1.2260 
H     -2.9380  -1.0990   -1.5000 
O     -2.5440   1.4580    0.1210 
H     -2.3080   2.3760   -0.0870 
C      1.0000   1.6070    0.2630 
H      1.7050   1.8040    1.0840 
O      0.4260   2.8320   -0.2200 
H      1.1480   3.4090   -0.5110 
C      1.8000   0.9060   -0.8440 
H      1.1630   0.2490   -1.4490 
H      2.2050   1.6910   -1.5070 
O      2.8580   0.1810   -0.2270 
H      3.3610  -0.2590   -0.9290 
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Coordinates for α-Galf 2E-gg-gg 
Energy:  -726.505955697 Hartrees 
  
C     -1.1110   0.9850   -0.7070 
C     -1.9690  -0.2680   -0.5230 
C     -0.9970  -1.1700    0.2380 
C      0.3340  -0.8510   -0.4770 
H     -1.3980   1.6210   -1.5560 
H     -2.1310  -0.7150   -1.5180 
H     -0.9610  -0.8510    1.2850 
H      0.4530  -1.5580   -1.3120 
O      0.1790   0.4680   -1.0200 
O     -1.1290   1.7160    0.4820 
C     -0.2290   2.8180    0.4810 
H      0.8090   2.4780    0.4170 
H     -0.3910   3.3470    1.4230 
H     -0.4420   3.5010   -0.3560 
O     -3.1900  -0.0110    0.1290 
H     -3.6570  -0.8600    0.1760 
O     -1.4230  -2.5250    0.1190 
H     -0.8540  -3.0710    0.6820 
C      1.5780  -0.9790    0.4110 
H      1.6090  -2.0470    0.7100 
O      1.4070  -0.1450    1.5440 
H      2.1330  -0.3190    2.1620 
C      2.9080  -0.7210   -0.3090 
H      2.9500  -1.3650   -1.2040 
H      3.7220  -1.0540    0.3620 
O      3.0470   0.6490   -0.6280 
H      3.9470   0.7830   -0.9630 
 

Coordinates for α-Galf 2E-gg-gt 
Energy:  -726.512297085 Hartrees 
  
C      1.4490   0.7390    0.7400 
C      1.9710  -0.6640    0.4210 
C      0.7650  -1.2560   -0.3100 
C     -0.4040  -0.6870    0.5200 
H      1.9410   1.2350    1.5870 
H      2.0810  -1.2080    1.3730 
H      0.7690  -0.8710   -1.3400 
H     -0.6320  -1.4130    1.3130 
O      0.0950   0.5220    1.1240 
O      1.5560   1.5190   -0.4160 
C      1.0380   2.8360   -0.2650 
H     -0.0490   2.8180   -0.1400 
H      1.2970   3.3770   -1.1780 
H      1.5000   3.3450    0.5950 
O      3.1750  -0.6490   -0.3080 
H      3.4250  -1.5770   -0.4410 
O      0.8590  -2.6730   -0.3040 
H      0.1410  -3.0320   -0.8490 
C     -1.6850  -0.3920   -0.2790 
H     -1.9680  -1.3250   -0.8030 
O     -1.5210   0.6750   -1.1990 
H     -0.7810   0.4730   -1.7910 
C     -2.8540  -0.0230    0.6250 
H     -2.6810   0.9890    1.0160 
H     -2.8790  -0.7210    1.4780 
O     -4.0490  -0.1050   -0.1390 
H     -4.7660   0.2740    0.3920 
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Coordinates for α-Galf 2E-gg-tg 
Energy:  -726.514311122 Hartrees 
  
C     -1.3590   0.6230   -0.8300 
C     -1.7610  -0.8210   -0.5250 
C     -0.6180  -1.2520    0.3950 
C      0.5900  -0.5830   -0.2880 
H     -1.7650   1.0270   -1.7680 
H     -1.6710  -1.3990   -1.4590 
H     -0.7880  -0.8330    1.3930 
H      1.0200  -1.2830   -1.0150 
O      0.0540   0.5470   -1.0110 
O     -1.7350   1.4250    0.2480 
C     -1.3180   2.7760    0.1340 
H     -0.2290   2.8610    0.2140 
H     -1.7890   3.3170    0.9580 
H     -1.6480   3.2160   -0.8210 
O     -3.0530  -0.9280    0.0240 
H     -3.2120  -1.8770    0.1570 
O     -0.5640  -2.6750    0.4300 
H      0.1000  -2.9380    1.0860 
C      1.7170  -0.1410    0.6430 
H      2.1110  -1.0510    1.1290 
O      1.1840   0.7610    1.6050 
H      1.8940   0.9930    2.2220 
C      2.8730   0.5120   -0.1210 
H      3.5870   0.9320    0.6100 
H      2.4760   1.3390   -0.7250 
O      3.4880  -0.4930   -0.9180 
H      4.1730  -0.0720   -1.4580 
 

Coordinates for α-Galf 2E-gt-gg 
Energy:  -726.506589436 Hartrees 
  
C      1.7760  -0.2920   -0.6110 
C      1.4750   1.1980   -0.4620 
C      0.0960   1.1440    0.2110 
C     -0.5650  -0.0290   -0.5290 
H      2.4930  -0.5360   -1.4070 
H      1.3380   1.6130   -1.4730 
H      0.2500   0.8970    1.2710 
H     -1.1130   0.3440   -1.4010 
O      0.5310  -0.8520   -0.9950 
O      2.2330  -0.7830    0.6210 
C      2.5740  -2.1620    0.5810 
H      1.7060  -2.7830    0.3320 
H      2.9410  -2.4230    1.5770 
H      3.3700  -2.3520   -0.1550 
O      2.4830   1.8940    0.2420 
H      2.2570   2.8370    0.2170 
O     -0.6830   2.3270    0.0790 
H     -0.2420   3.0220    0.5920 
C     -1.5130  -0.8690    0.3300 
H     -0.9390  -1.2310    1.2010 
O     -1.9440  -1.9530   -0.4780 
H     -2.4890  -2.5360    0.0720 
C     -2.6950  -0.0490    0.8580 
H     -2.3210   0.7680    1.4950 
H     -3.3090  -0.7100    1.4970 
O     -3.4430   0.4430   -0.2410 
H     -4.2540   0.8430    0.1030 
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Coordinates for α-Galf 2E-gt-gt 
Energy:  -726.508592761 Hartrees 
  
C     -1.8120  -0.4900    0.5000 
C     -1.7540   1.0300    0.3530 
C     -0.3130   1.2250   -0.1220 
C      0.4350   0.1710    0.7240 
H     -2.5730  -0.8530    1.2040 
H     -1.8290   1.4680    1.3620 
H     -0.2620   0.9840   -1.1930 
H      0.7650   0.6500    1.6600 
O     -0.5470  -0.8300    1.0580 
O     -2.0040  -1.0550   -0.7640 
C     -2.1040  -2.4730   -0.7400 
H     -1.1780  -2.9340   -0.3740 
H     -2.2920  -2.7910   -1.7670 
H     -2.9410  -2.7990   -0.1030 
O     -2.7460   1.5390   -0.5040 
H     -2.6360   2.5030   -0.5070 
O      0.0620   2.5760    0.1220 
H      0.9390   2.7300   -0.2620 
C      1.6360  -0.5100    0.0480 
H      1.2870  -0.9910   -0.8720 
O      2.1460  -1.5680    0.8410 
H      2.5110  -1.1860    1.6560 
C      2.7310   0.4980   -0.3150 
H      2.3040   1.2880   -0.9590 
H      3.0970   0.9890    0.6060 
O      3.7710  -0.1900   -0.9840 
H      4.4190   0.4650   -1.2850 
 

Coordinates for α-Galf 2E-gt-tg 
Energy:  -726.459204093 Hartrees 
  
C      1.8060  -0.2410   -0.4940 
C      1.4130   1.2140   -0.4970 
C     -0.0220   1.1150   -0.0410 
C     -0.4740  -0.1490   -0.7560 
C      2.6080  -1.9910    0.8600 
C     -1.4930  -0.9910    0.0200 
C     -2.8230  -0.3320    0.3810 
H      2.7040  -0.4440   -1.1180 
H      1.4920   1.6460   -1.5210 
H     -0.0950   1.0270    1.0670 
H     -0.8960   0.1080   -1.7580 
H      2.0170  -2.7410    0.2910 
H      2.6650  -2.3140    1.9230 
H      3.6430  -1.9180    0.4560 
H      1.8620   2.9050    0.3280 
H     -1.0250   3.2230   -0.4080 
H     -1.0470  -1.3950    0.9560 
H     -2.4290  -2.6870   -0.2750 
H     -3.4780  -1.0390    0.9410 
H     -3.3630  -0.0100   -0.5380 
H     -3.5310   1.0490    1.5690 
O      0.6770  -0.9220   -0.9990 
O      1.9800  -0.7270    0.8220 
O      2.1830   2.0020    0.3720 
O     -0.8730   2.2890   -0.4490 
O     -1.8620  -2.0980   -0.7790 
O     -2.6810   0.8130    1.1890 
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Coordinates for α-Galf 2E-tg-gg 
Energy:  -726.50616917 Hartrees 
  
C      1.6410  -0.1430   -0.6660 
C      1.3910   1.2690   -0.1380 
C     -0.1120   1.2330    0.1800 
C     -0.6520   0.3550   -0.9580 
H      2.4870  -0.2150   -1.3630 
H      1.5300   1.9620   -0.9830 
H     -0.2640   0.7540    1.1520 
H     -0.9640   1.0140   -1.7780 
O      0.4690  -0.4430   -1.4110 
O      1.8370  -1.0220    0.4090 
C      2.2970  -2.3050    0.0120 
H      1.5630  -2.8230   -0.6190 
H      2.4600  -2.8790    0.9270 
H      3.2470  -2.2320   -0.5390 
O      2.2530   1.5980    0.9340 
H      2.0830   2.5240    1.1680 
O     -0.7390   2.5100    0.1380 
H     -0.4020   3.0260    0.8860 
C     -1.8320  -0.5880   -0.6730 
H     -1.9030  -1.2360   -1.5640 
O     -2.9780   0.2400   -0.5500 
H     -3.7490  -0.3320   -0.4170 
C     -1.6560  -1.5330    0.5210 
H     -0.6680  -2.0080    0.4460 
H     -2.4180  -2.3290    0.4410 
O     -1.8130  -0.8210    1.7430 
H     -1.6930  -1.4560    2.4660 
 

Coordinates for α-Galf 2E-tg-gt 
Energy:  -726.509039142 Hartrees 
  
C      1.6350   0.5120    0.6510 
C      1.8040  -0.9140    0.1190 
C      0.3610  -1.2370   -0.2920 
C     -0.4380  -0.5940    0.8510 
H      2.4090   0.8160    1.3670 
H      2.0640  -1.5580    0.9750 
H      0.1770  -0.7330   -1.2510 
H     -0.5610  -1.3490    1.6390 
O      0.4100   0.4580    1.3680 
O      1.5990   1.4060   -0.4260 
C      1.6190   2.7710   -0.0270 
H      0.7340   3.0300    0.5660 
H      1.6340   3.3660   -0.9430 
H      2.5220   2.9950    0.5620 
O      2.7790  -1.0000   -0.8990 
H      2.8750  -1.9360   -1.1360 
O      0.0290  -2.6180   -0.3900 
H      0.5200  -2.9900   -1.1390 
C     -1.8540  -0.0810    0.5290 
H     -2.1840   0.5270    1.3780 
O     -2.7460  -1.1880    0.4820 
H     -2.5250  -1.7130   -0.3050 
C     -1.9270   0.7920   -0.7210 
H     -1.8480   0.1530   -1.6180 
H     -1.0680   1.4790   -0.7300 
O     -3.1640   1.4900   -0.7000 
H     -3.2040   2.0430   -1.4950 
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Coordinates for α-Galf 2E-tg-tg 
Energy:  -726.504388378 Hartrees 
  
C      1.3040   0.8230    0.6580 
C      1.8900  -0.5150    0.2130 
C      0.6330  -1.2840   -0.2300 
C     -0.4020  -0.8010    0.7970 
H      1.9010   1.3480    1.4160 
H      2.2750  -1.0210    1.1130 
H      0.3690  -0.9700   -1.2490 
H     -0.4090  -1.5180    1.6280 
O      0.0770   0.4700    1.2810 
O      1.1280   1.6430   -0.4630 
C      0.6510   2.9450   -0.1390 
H     -0.3660   2.9020    0.2650 
H      0.6610   3.5200   -1.0680 
H      1.3140   3.4360    0.5900 
O      2.9060  -0.3640   -0.7580 
H      3.2830  -1.2420   -0.9240 
O      0.7690  -2.6960   -0.1570 
H      1.4080  -2.9660   -0.8340 
C     -1.8490  -0.6420    0.3040 
H     -2.4610  -0.3420    1.1690 
O     -2.2250  -1.9330   -0.1670 
H     -3.1590  -1.8910   -0.4270 
C     -2.0650   0.4440   -0.7680 
H     -1.1420   0.6520   -1.3230 
H     -2.8100   0.0630   -1.4870 
O     -2.5480   1.6200   -0.1210 
H     -2.6800   2.2970   -0.8020 
 

Coordinates for α-Galf E2-gg-gg 
Energy:  -726.492651815 Hartrees 
  
C     -1.4190   0.5390   -0.4620 
C     -1.7100  -0.7690    0.3040 
C     -0.5820  -1.7050   -0.1820 
C      0.5510  -0.7510   -0.6470 
H     -1.9760   0.5470   -1.4170 
H     -2.6760  -1.1850   -0.0110 
H     -0.2560  -2.3570    0.6390 
H      0.8870  -1.0930   -1.6400 
O     -0.0280   0.5360   -0.7860 
O     -1.7600   1.6480    0.2910 
C     -1.5000   2.8790   -0.3690 
H     -0.4250   3.0270   -0.5170 
H     -1.8960   3.6660    0.2770 
H     -2.0090   2.9240   -1.3460 
O     -1.6750  -0.5300    1.6950 
H     -2.0480  -1.3120    2.1280 
O     -1.1120  -2.4670   -1.2690 
H     -0.4630  -3.1470   -1.5020 
C      1.7940  -0.7490    0.2550 
H      2.1770  -1.7890    0.2120 
O      1.3950  -0.4100    1.5680 
H      2.1550  -0.5300    2.1570 
C      2.9490   0.1210   -0.2580 
H      3.1900  -0.1970   -1.2890 
H      3.8360  -0.1100    0.3600 
O      2.6280   1.4950   -0.1860 
H      3.4310   1.9930   -0.3990 
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Coordinates for α-Galf E2-gg-gt 
Energy:  -726.506072462 Hartrees 
  
C      1.6880  -0.1730   -0.3690 
C      1.4730   0.9880    0.6150 
C      0.2940   1.7170   -0.0370 
C     -0.5260   0.5610   -0.6760 
H      2.2840   0.1840   -1.2280 
H      2.3570   1.6310    0.6770 
H     -0.2900   2.2780    0.7070 
H     -0.8750   0.9000   -1.6630 
O      0.3840  -0.5260   -0.8390 
O      2.3140  -1.2410    0.2430 
C      2.6020  -2.3170   -0.6410 
H      1.6820  -2.7890   -1.0040 
H      3.1840  -3.0430   -0.0680 
H      3.1960  -1.9760   -1.5030 
O      1.1140   0.4810    1.9010 
H      1.1330   1.2280    2.5180 
O      0.8450   2.5930   -1.0170 
H      0.1320   3.1570   -1.3540 
C     -1.7440   0.1050    0.1710 
H     -2.2370   1.0230    0.5470 
O     -1.3780  -0.7530    1.2260 
H     -0.7010  -0.3100    1.7680 
C     -2.8020  -0.6210   -0.6520 
H     -2.4270  -1.6280   -0.8880 
H     -2.9560  -0.0800   -1.6020 
O     -4.0010  -0.6640    0.1080 
H     -4.6190  -1.2530   -0.3500 
 

Coordinates for α-Galf E2-gg-tg 
Energy:  -726.502781585 Hartrees 
  
C     -1.5000   0.3320   -0.5090 
C     -1.5580  -1.0610    0.1490 
C     -0.2070  -1.6800   -0.2720 
C      0.7260  -0.4660   -0.5000 
H     -1.9160   0.2750   -1.5310 
H     -2.3730  -1.6520   -0.2870 
H      0.1690  -2.3430    0.5180 
H      1.2580  -0.6080   -1.4510 
O     -0.1180   0.6800   -0.6300 
O     -2.1970   1.2720    0.2290 
C     -2.2900   2.5380   -0.4060 
H     -1.3080   3.0180   -0.4900 
H     -2.9440   3.1530    0.2170 
H     -2.7290   2.4490   -1.4130 
O     -1.7030  -0.9210    1.5460 
H     -1.9210  -1.7960    1.9010 
O     -0.4450  -2.3990   -1.4830 
H      0.3570  -2.9000   -1.6970 
C      1.8040  -0.2510    0.5660 
H      2.4990  -1.1060    0.4860 
O      1.1950  -0.2070    1.8460 
H      1.8990  -0.1230    2.5080 
C      2.6050   1.0280    0.3100 
H      3.2830   1.1940    1.1660 
H      1.9070   1.8730    0.2570 
O      3.3390   0.8540   -0.8970 
H      3.7890   1.6870   -1.0970 
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Coordinates for α-Galf E2-gt-gg 
Energy:  -726.504876794 Hartrees 
  
C     -1.7420  -0.2410   -0.3210 
C     -1.0190  -1.3100    0.5060 
C      0.3650  -1.3130   -0.1540 
C      0.5630   0.1710   -0.5540 
H     -2.1000  -0.6880   -1.2660 
H     -1.5100  -2.2870    0.4230 
H      1.1240  -1.6720    0.5510 
H      1.0280   0.2140   -1.5450 
O     -0.7500   0.7390   -0.6330 
O     -2.8010   0.3180    0.3750 
C     -3.5430   1.2600   -0.3870 
H     -2.9400   2.1440   -0.6250 
H     -4.3980   1.5530    0.2270 
H     -3.9090   0.8140   -1.3250 
O     -0.9280  -0.8700    1.8550 
H     -0.5910  -1.6150    2.3760 
O      0.3090  -2.1600   -1.2970 
H      1.2170  -2.2520   -1.6250 
C      1.4200   1.0230    0.3910 
H      0.8470   1.1870    1.3150 
O      1.6330   2.2530   -0.2980 
H      2.1300   2.8420    0.2900 
C      2.7430   0.3510    0.7740 
H      2.5620  -0.3780    1.5800 
H      3.4220   1.1190    1.1810 
O      3.3100  -0.2840   -0.3700 
H      4.2010  -0.5850   -0.1370 
 

Coordinates for α-Galf E2-gt-gt 
Energy:  -726.499856779 Hartrees 
  
C      1.8280   0.1150   -0.2130 
C      1.1940   1.2020    0.6650 
C     -0.0730   1.5280   -0.1420 
C     -0.4650   0.1470   -0.7360 
H      2.3650   0.5860   -1.0560 
H      1.8440   2.0810    0.7500 
H     -0.8510   1.9430    0.5130 
H     -0.7920   0.2920   -1.7800 
O      0.7290  -0.6340   -0.7420 
O      2.6830  -0.6910    0.5140 
C      3.3350  -1.6810   -0.2700 
H      2.6210  -2.4190   -0.6520 
H      4.0540  -2.1740    0.3890 
H      3.8730  -1.2290   -1.1180 
O      0.8700   0.6480    1.9290 
H      0.5990   1.3780    2.5060 
O      0.3010   2.4650   -1.1490 
H     -0.5040   2.7810   -1.5860 
C     -1.5660  -0.6120    0.0390 
H     -1.3050  -0.6150    1.1010 
O     -1.6140  -1.9780   -0.3350 
H     -1.8750  -2.0250   -1.2700 
C     -2.9320   0.0560   -0.1420 
H     -2.8600   1.1350    0.0770 
H     -3.2340  -0.0360   -1.2030 
O     -3.8630  -0.5780    0.7170 
H     -4.7010  -0.0950    0.6580 
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Coordinates for α-Galf E2-gt-tg 
Energy:  -726.505076193 Hartrees 
  
C     -1.7370  -0.2630   -0.2320 
C     -0.8850  -1.3340    0.4590 
C      0.3840  -1.2900   -0.4030 
C      0.5050   0.2160   -0.7520 
H     -2.2000  -0.6860   -1.1410 
H     -1.3620  -2.3200    0.4190 
H      1.2560  -1.6670    0.1390 
H      0.8340   0.3280   -1.7960 
O     -0.8130   0.7570   -0.6250 
O     -2.7110   0.2430    0.6120 
C     -3.5660   1.1900   -0.0130 
H     -3.0200   2.1000   -0.2860 
H     -4.3450   1.4330    0.7120 
H     -4.0330   0.7700   -0.9180 
O     -0.6160  -0.9190    1.7890 
H     -0.1900  -1.6620    2.2420 
O      0.1170  -2.0770   -1.5670 
H      0.9460  -2.1680   -2.0610 
C      1.4550   1.0340    0.1340 
H      1.0980   0.9690    1.1710 
O      1.3800   2.3700   -0.3630 
H      1.9330   2.9290    0.2050 
C      2.9240   0.5900    0.0820 
H      3.5270   1.3960    0.5320 
H      3.2450   0.4960   -0.9690 
O      3.1130  -0.6280    0.7990 
H      4.0630  -0.7490    0.9390 
 

Coordinates for α-Galf E2-tg-gg 
Energy:  -726.506270227 Hartrees 
  
C      1.6700   0.3410   -0.1310 
C      0.8120   0.8100    1.0580 
C     -0.4530   1.3350    0.3500 
C     -0.5440   0.4820   -0.9370 
H      2.2550   1.1900   -0.5250 
H      1.3070   1.6240    1.6000 
H     -1.3400   1.2180    0.9800 
H     -0.7790   1.1590   -1.7700 
O      0.7560  -0.0720   -1.1530 
O      2.5170  -0.6950    0.2270 
C      3.4230  -1.0670   -0.8030 
H      2.8960  -1.4910   -1.6660 
H      4.0890  -1.8210   -0.3750 
H      4.0210  -0.2060   -1.1390 
O      0.5570  -0.3010    1.9000 
H      0.1630   0.0440    2.7150 
O     -0.2050   2.7090    0.0430 
H     -1.0350   3.0870   -0.2850 
C     -1.6030  -0.6320   -1.0020 
H     -1.3570  -1.2130   -1.9050 
O     -2.8430   0.0530   -1.1530 
H     -3.5350  -0.6050   -1.3180 
C     -1.6180  -1.6230    0.1640 
H     -0.5850  -1.9190    0.3850 
H     -2.1740  -2.5230   -0.1550 
O     -2.2580  -1.0340    1.2940 
H     -2.2410  -1.6960    2.0010 
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Coordinates for α-Galf E2-tg-gt 
Energy:  -726.504132225 Hartrees 
  
C      1.7190   0.0960   -0.2170 
C      1.1180   0.9010    0.9500 
C     -0.0740   1.6010    0.2740 
C     -0.4920   0.6290   -0.8590 
H      2.4240   0.7330   -0.7790 
H      1.8330   1.6440    1.3210 
H     -0.8770   1.7740    1.0070 
H     -0.6650   1.2360   -1.7590 
O      0.6300  -0.2270   -1.0870 
O      2.3570  -1.0460    0.2320 
C      3.0460  -1.7530   -0.7930 
H      2.3490  -2.1590   -1.5350 
H      3.5760  -2.5720   -0.3020 
H      3.7740  -1.1040   -1.3020 
O      0.7070   0.0140    1.9770 
H      0.4920   0.5520    2.7540 
O      0.4100   2.8370   -0.2430 
H     -0.3500   3.3500   -0.5590 
C     -1.7750  -0.2060   -0.6620 
H     -1.9170  -0.7820   -1.5830 
O     -2.9070   0.6600   -0.6010 
H     -2.8660   1.1400    0.2410 
C     -1.7410  -1.2210    0.4760 
H     -1.7980  -0.7010    1.4470 
H     -0.7810  -1.7520    0.4500 
O     -2.8450  -2.0990    0.2940 
H     -2.8230  -2.7450    1.0160 
 

Coordinates for α-Galf E2-tg-tg 
Energy:  -726.50365973 Hartrees 
  
C     -1.4510  -0.6370   -0.3480 
C     -0.6600  -1.4080    0.7310 
C      0.7610  -1.4840    0.1430 
C      0.8320  -0.3140   -0.8710 
H     -1.9330  -1.3470   -1.0450 
H     -1.0630  -2.4200    0.8530 
H      1.5110  -1.3770    0.9350 
H      1.2430  -0.7160   -1.8070 
O     -0.5030   0.1200   -1.1010 
O     -2.4070   0.1820    0.2300 
C     -3.1420   0.9490   -0.7150 
H     -2.5040   1.7020   -1.1890 
H     -3.9430   1.4410   -0.1570 
H     -3.5860   0.3080   -1.4920 
O     -0.6990  -0.6920    1.9580 
H     -0.3680  -1.2920    2.6450 
O      0.8880  -2.7490   -0.5070 
H      1.8180  -2.8490   -0.7630 
C      1.7160   0.8770   -0.4630 
H      1.7820   1.5560   -1.3270 
O      2.9910   0.2920   -0.1780 
H      3.6160   1.0130   -0.0050 
C      1.1990   1.7220    0.7110 
H      0.6620   1.1040    1.4410 
H      2.0820   2.1560    1.2160 
O      0.3680   2.7480    0.1780 
H      0.0450   3.2770    0.9220 
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Coordinates for α-Galf 3E-gg-gg 
Energy:  -726.492772131 Hartrees 
  
C     -1.1550   0.9030   -0.5800 
C     -1.9030  -0.2290    0.1730 
C     -1.0530  -1.4920   -0.0930 
C      0.3080  -0.9670   -0.6110 
H     -1.6860   1.1850   -1.5060 
H     -2.8850  -0.3880   -0.2930 
H     -0.9390  -2.0630    0.8380 
H      0.5840  -1.5350   -1.5130 
O      0.1070   0.3830   -0.9930 
O     -1.0170   2.0160    0.2350 
C     -0.2730   3.0650   -0.3690 
H      0.7710   2.7690   -0.5170 
H     -0.3260   3.9140    0.3170 
H     -0.7080   3.3580   -1.3380 
O     -2.0380   0.0920    1.5420 
H     -2.6490  -0.5590    1.9210 
O     -1.7430  -2.2580   -1.0830 
H     -1.2630  -3.0910   -1.2060 
C      1.4570  -1.1370    0.3960 
H      1.5580  -2.2320    0.5390 
O      1.0760  -0.4990    1.5990 
H      1.7370  -0.7010    2.2780 
C      2.8280  -0.6720   -0.1130 
H      3.0310  -1.1770   -1.0740 
H      3.5880  -1.0360    0.6030 
O      2.8830   0.7360   -0.2290 
H      3.8010   0.9760   -0.4280 
 

Coordinates for α-Galf 3E-gg-gt 
Energy:  -726.507013724 Hartrees 
  
C      1.6260  -0.3140   -0.4220 
C      1.5900   0.8300    0.6220 
C      0.5080   1.7570    0.0530 
C     -0.4570   0.7760   -0.6470 
H      2.4130  -0.1280   -1.1700 
H      2.5550   1.3430    0.6750 
H      0.0160   2.3350    0.8500 
H     -0.8920   1.2800   -1.5210 
O      0.3810  -0.2740   -1.1260 
O      1.8480  -1.5260    0.2140 
C      1.8980  -2.6340   -0.6750 
H      0.9250  -2.8050   -1.1480 
H      2.1710  -3.5020   -0.0720 
H      2.6580  -2.4830   -1.4580 
O      1.2210   0.3170    1.9010 
H      1.3080   1.0410    2.5400 
O      1.1640   2.6170   -0.8740 
H      0.5200   3.2670   -1.1930 
C     -1.6130   0.2320    0.2390 
H     -2.0230   1.0890    0.8070 
O     -1.2120  -0.8130    1.0920 
H     -0.4760  -0.5000    1.6500 
C     -2.7610  -0.3020   -0.6120 
H     -2.4380  -1.2500   -1.0670 
H     -2.9760   0.4140   -1.4230 
O     -3.8950  -0.4730    0.2260 
H     -4.5670  -0.9510   -0.2820 
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Coordinates for α-Galf 3E-gg-tg 
Energy:  -726.502462056 Hartrees 
  
C     -1.4320   0.3900   -0.6480 
C     -1.6510  -0.9670    0.0710 
C     -0.2980  -1.6990   -0.0820 
C      0.7210  -0.5990   -0.4470 
H     -1.9300   0.3950   -1.6320 
H     -2.4060  -1.5480   -0.4740 
H     -0.0370  -2.1980    0.8610 
H      1.3470  -0.9390   -1.2810 
O     -0.0350   0.5210   -0.9090 
O     -1.9220   1.4360    0.1220 
C     -1.8840   2.6890   -0.5390 
H     -0.8530   3.0180   -0.7220 
H     -2.3810   3.4050    0.1200 
H     -2.4190   2.6530   -1.5020 
O     -2.0420  -0.7570    1.4120 
H     -2.3200  -1.6180    1.7590 
O     -0.4590  -2.6480   -1.1390 
H      0.3550  -3.1710   -1.1980 
C      1.6720  -0.2080    0.6890 
H      2.2980  -1.0940    0.9020 
O      0.8950   0.1550    1.8180 
H      1.4990   0.3550    2.5500 
C      2.6030   0.9350    0.2850 
H      3.1740   1.2570    1.1740 
H      1.9930   1.7820   -0.0560 
O      3.4730   0.4520   -0.7330 
H      4.0150   1.1930   -1.0420 
 

Coordinates for α-Galf 3E-gt-gg 
Energy:  -726.504790366 Hartrees 
  
C      1.7320   0.3170   -0.2870 
C      0.9320   1.3310    0.5620 
C     -0.4040   1.3930   -0.1900 
C     -0.5590  -0.0480   -0.7120 
H      2.3480   0.8420   -1.0350 
H      1.4250   2.3110    0.5680 
H     -1.2230   1.7060    0.4680 
H     -1.1240  -0.0580   -1.6490 
O      0.7790  -0.4610   -1.0110 
O      2.5430  -0.4660    0.5290 
C      3.3660  -1.3660   -0.1990 
H      2.7650  -2.1060   -0.7400 
H      3.9990  -1.8710    0.5340 
H      4.0040  -0.8300   -0.9180 
O      0.7570   0.8260    1.8790 
H      0.3320   1.5290    2.3950 
O     -0.2400   2.3170   -1.2610 
H     -1.1020   2.4200   -1.6930 
C     -1.2280  -1.0600    0.2350 
H     -0.5180  -1.2930    1.0410 
O     -1.4740  -2.2110   -0.5720 
H     -1.8420  -2.9020    0.0010 
C     -2.5090  -0.5390    0.8900 
H     -2.2360   0.1410    1.7130 
H     -3.0450  -1.3910    1.3400 
O     -3.3130   0.1210   -0.0820 
H     -4.1700   0.3240    0.3220 
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Coordinates for α-Galf 3E-gt-gt 
Energy:  -726.500113058 Hartrees 
  
C      1.8190   0.0910   -0.1790 
C      1.1960   1.1800    0.7240 
C     -0.0190   1.6330   -0.1040 
C     -0.4400   0.3320   -0.8220 
H      2.6090   0.5180   -0.8170 
H      1.8920   2.0170    0.8620 
H     -0.8040   2.0420    0.5490 
H     -0.8680   0.5720   -1.8090 
O      0.7850  -0.3560   -1.0610 
O      2.3340  -0.9380    0.5950 
C      2.9260  -1.9790   -0.1700 
H      2.1750  -2.5010   -0.7740 
H      3.3700  -2.6750    0.5450 
H      3.7140  -1.5890   -0.8340 
O      0.8070   0.6120    1.9630 
H      0.5130   1.3390    2.5330 
O      0.4520   2.6200   -1.0160 
H     -0.3090   2.9780   -1.4980 
C     -1.4380  -0.5700   -0.0540 
H     -1.0800  -0.7060    0.9700 
O     -1.4720  -1.8730   -0.6120 
H     -1.8180  -1.8030   -1.5180 
C     -2.8360   0.0530   -0.0170 
H     -2.7790   1.0840    0.3700 
H     -3.2240   0.1190   -1.0520 
O     -3.6700  -0.7540    0.7960 
H     -4.5250  -0.3070    0.8810 
 

Coordinates for α-Galf 3E-gt-tg 
Energy:  -726.505003502 Hartrees 
  
C     -1.7090  -0.3460   -0.1740 
C     -0.7730  -1.3620    0.5190 
C      0.4360  -1.3730   -0.4290 
C      0.4900   0.0920   -0.9030 
H     -2.4110  -0.8620   -0.8490 
H     -1.2370  -2.3550    0.5710 
H      1.3490  -1.6960    0.0810 
H      0.9160   0.1570   -1.9140 
O     -0.8820   0.4790   -1.0000 
O     -2.4140   0.3930    0.7690 
C     -3.3400   1.3000    0.1900 
H     -2.8270   2.0750   -0.3920 
H     -3.8830   1.7620    1.0180 
H     -4.0560   0.7780   -0.4650 
O     -0.4230  -0.8730    1.8030 
H      0.0950  -1.5640    2.2440 
O      0.0970  -2.2520   -1.5030 
H      0.8730  -2.3370   -2.0760 
C      1.2670   1.0720   -0.0100 
H      0.7850   1.1110    0.9740 
O      1.1850   2.3300   -0.6840 
H      1.6280   2.9910   -0.1290 
C      2.7520   0.7260    0.1780 
H      3.2480   1.6180    0.5920 
H      3.2130   0.5260   -0.8040 
O      2.9050  -0.3810    1.0640 
H      3.8340  -0.4180    1.3350 
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Coordinates for α-Galf 3E-tg-gg 
Energy:  -726.504869888 Hartrees 
  
C      1.6340   0.4250   -0.2360 
C      0.7870   1.0800    0.8880 
C     -0.5670   1.3770    0.2060 
C     -0.6110   0.4300   -1.0090 
H      2.3580   1.1430   -0.6530 
H      1.2410   2.0310    1.1930 
H     -1.3990   1.1940    0.8930 
H     -0.9990   0.9840   -1.8730 
O      0.7450   0.0800   -1.2950 
O      2.3130  -0.6910    0.2480 
C      3.2100  -1.2550   -0.6980 
H      2.6770  -1.6590   -1.5670 
H      3.7380  -2.0620   -0.1850 
H      3.9420  -0.5100   -1.0460 
O      0.6890   0.1850    1.9820 
H      0.2810   0.6780    2.7100 
O     -0.5180   2.7450   -0.2060 
H     -1.3900   2.9700   -0.5660 
C     -1.4820  -0.8350   -0.8980 
H     -1.1970  -1.4590   -1.7610 
O     -2.8210  -0.3690   -1.0200 
H     -3.4080  -1.1390   -1.0680 
C     -1.2690  -1.6890    0.3570 
H     -0.1920  -1.7830    0.5480 
H     -1.6670  -2.7000    0.1580 
O     -1.9580  -1.1030    1.4570 
H     -1.7970  -1.6720    2.2240 
 

Coordinates for α-Galf 3E-tg-gt 
Energy:  -726.50357088 Hartrees 
  
C      1.6910   0.0760   -0.2640 
C      1.1550   0.9740    0.8810 
C     -0.0660   1.6670    0.2480 
C     -0.5100   0.7160   -0.8840 
H      2.5530   0.5520   -0.7590 
H      1.9000   1.7340    1.1450 
H     -0.8490   1.8230    1.0070 
H     -0.7990   1.3270   -1.7480 
O      0.6610  -0.0200   -1.2470 
O      2.0620  -1.1720    0.2240 
C      2.6940  -1.9920   -0.7500 
H      2.0080  -2.2420   -1.5680 
H      3.0010  -2.9050   -0.2360 
H      3.5840  -1.4970   -1.1690 
O      0.8140   0.1790    2.0050 
H      0.6130   0.7890    2.7310 
O      0.3920   2.9150   -0.2640 
H     -0.3760   3.4030   -0.5990 
C     -1.7120  -0.2180   -0.6190 
H     -1.8620  -0.7930   -1.5390 
O     -2.9000   0.5630   -0.4850 
H     -2.8490   1.0340    0.3620 
C     -1.5470  -1.2390    0.5020 
H     -1.5990  -0.7350    1.4810 
H     -0.5540  -1.7000    0.4300 
O     -2.5910  -2.1960    0.3570 
H     -2.4880  -2.8460    1.0670 
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Coordinates for α-Galf 3E-tg-tg 
Energy:  -726.503486697 Hartrees 
  
C     -1.2210  -0.9550   -0.4180 
C     -0.2680  -1.6010    0.6240 
C      1.1460  -1.2530    0.1180 
C      0.9410  -0.0970   -0.8860 
H     -1.6620  -1.7160   -1.0820 
H     -0.3850  -2.6920    0.6100 
H      1.7880  -0.9480    0.9530 
H      1.5310  -0.3130   -1.7850 
O     -0.4350  -0.1040   -1.2480 
O     -2.2320  -0.2580    0.2330 
C     -3.1260   0.4000   -0.6550 
H     -2.6270   1.2250   -1.1720 
H     -3.9420   0.7880   -0.0400 
H     -3.5400  -0.3010   -1.3980 
O     -0.5340  -1.0830    1.9190 
H     -0.0280  -1.6250    2.5450 
O      1.6680  -2.4190   -0.5190 
H      2.5850  -2.2270   -0.7690 
C      1.3690   1.2950   -0.3860 
H      1.2720   1.9970   -1.2280 
O      2.7420   1.1330   -0.0150 
H      3.0910   2.0070    0.2200 
C      0.5310   1.8780    0.7630 
H      0.1590   1.0930    1.4310 
H      1.1970   2.5350    1.3530 
O     -0.5340   2.6290    0.1900 
H     -1.0570   2.9950    0.9180 
 

Coordinates for α-Galf E3-gg-gg 
Energy:  -726.503300352 Hartrees 
  
C     -1.3120   0.8060   -0.6400 
C     -1.8250  -0.6430   -0.5190 
C     -0.6690  -1.3390    0.1910 
C      0.5270  -0.6530   -0.4920 
H     -1.5960   1.2970   -1.5840 
H     -1.8800  -1.0700   -1.5350 
H     -0.6840  -1.0820    1.2560 
H      0.6670  -1.1080   -1.4880 
O      0.1170   0.7060   -0.6160 
O     -1.7740   1.5490    0.4420 
C     -1.3020   2.8890    0.4450 
H     -0.2130   2.9270    0.5610 
H     -1.7820   3.3850    1.2920 
H     -1.5820   3.4110   -0.4840 
O     -3.0740  -0.7200    0.1260 
H     -3.3180  -1.6590    0.1240 
O     -0.7650  -2.7420   -0.0180 
H     -0.0620  -3.1720    0.4930 
C      1.8560  -0.7850    0.2560 
H      2.0700  -1.8730    0.2610 
O      1.6770  -0.2980    1.5750 
H      2.4770  -0.5000    2.0830 
C      3.0570  -0.1450   -0.4520 
H      3.1170  -0.5600   -1.4730 
H      3.9700  -0.4730    0.0790 
O      2.9490   1.2640   -0.4510 
H      3.7840   1.6210   -0.7900 
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Coordinates for α-Galf E3-gg-gt 
Energy:  -726.508707007 Hartrees 
  
C     -1.5340   0.6540   -0.6710 
C     -1.8170  -0.8480   -0.4680 
C     -0.5480  -1.3360    0.2270 
C      0.5170  -0.5020   -0.5000 
H     -1.9090   1.0480   -1.6280 
H     -1.8330  -1.3270   -1.4610 
H     -0.6130  -1.0540    1.2890 
H      0.7080  -0.9810   -1.4750 
O     -0.1050   0.7740   -0.6780 
O     -2.0830   1.3690    0.3890 
C     -1.8850   2.7720    0.2940 
H     -0.8240   3.0330    0.3790 
H     -2.4400   3.2220    1.1200 
H     -2.2760   3.1640   -0.6580 
O     -3.0190  -1.0810    0.2240 
H     -3.1230  -2.0450    0.2670 
O     -0.4380  -2.7410    0.0650 
H      0.3340  -3.0530    0.5630 
C      1.8640  -0.3340    0.2150 
H      2.3120  -1.3420    0.3000 
O      1.7550   0.2840    1.4870 
H      1.1480  -0.2320    2.0390 
C      2.8260   0.5150   -0.6070 
H      2.5100   1.5640   -0.5230 
H      2.7520   0.2170   -1.6660 
O      4.1390   0.3080   -0.1060 
H      4.7220   0.9580   -0.5260 
 

Coordinates for α-Galf E3-gg-tg 
Energy:  -726.512050032 Hartrees 
  
C      1.4140  -0.6170   -0.7010 
C      1.6260   0.9040   -0.5730 
C      0.4320   1.3350    0.2720 
C     -0.6630   0.4330   -0.3160 
H      1.6940  -1.0190   -1.6870 
H      1.4860   1.3510   -1.5720 
H      0.6120   1.0740    1.3210 
H     -1.0050   0.8540   -1.2720 
O      0.0050  -0.8180   -0.5340 
O      2.1330  -1.2670    0.2980 
C      2.0090  -2.6800    0.2590 
H      0.9850  -2.9980    0.4870 
H      2.6900  -3.0740    1.0160 
H      2.2960  -3.0790   -0.7270 
O      2.8930   1.2270   -0.0510 
H      2.9390   2.1970   -0.0430 
O      0.2230   2.7320    0.1030 
H     -0.4960   3.0020    0.6950 
C     -1.8960   0.2220    0.5570 
H     -2.4170   1.1950    0.6120 
O     -1.4720  -0.2050    1.8460 
H     -2.2590  -0.2810    2.4080 
C     -2.8700  -0.7910   -0.0520 
H     -3.6740  -0.9880    0.6800 
H     -2.3340  -1.7310   -0.2330 
O     -3.3920  -0.2270   -1.2480 
H     -3.9530  -0.8910   -1.6740 
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Coordinates for α-Galf E3-gt-gg 
Energy:  -726.50921383 Hartrees 
  
C      1.7650  -0.2410   -0.6190 
C      1.3380   1.2350   -0.4600 
C     -0.0110   1.1240    0.2440 
C     -0.5880  -0.1450   -0.3920 
H      2.2540  -0.4580   -1.5840 
H      1.1560   1.6590   -1.4600 
H      0.1820   0.9510    1.3140 
H     -1.0340   0.0960   -1.3650 
O      0.5600  -0.9960   -0.5690 
O      2.6320  -0.5770    0.4250 
C      3.0840  -1.9240    0.3690 
H      2.2540  -2.6280    0.4910 
H      3.7970  -2.0490    1.1870 
H      3.5900  -2.1340   -0.5870 
O      2.1890   2.0670    0.3000 
H      3.0440   2.1330   -0.1520 
O     -0.8530   2.2450    0.0460 
H     -0.4390   2.9860    0.5170 
C     -1.6210  -0.8910    0.4510 
H     -1.1490  -1.1270    1.4220 
O     -1.9410  -2.0800   -0.2560 
H     -2.5860  -2.5750    0.2730 
C     -2.8650  -0.0440    0.7350 
H     -2.5760   0.8560    1.2960 
H     -3.5390  -0.6380    1.3790 
O     -3.4900   0.2830   -0.4950 
H     -4.3400   0.7020   -0.2970 
 

Coordinates for α-Galf E3-gt-gt 
Energy:  -726.504879842 Hartrees 
  
C     -1.8440  -0.3780    0.5150 
C     -1.5820   1.1340    0.4120 
C     -0.1620   1.2000   -0.1480 
C      0.4880   0.0090    0.5810 
H     -2.4170  -0.6660    1.4100 
H     -1.5290   1.5390    1.4370 
H     -0.1950   1.0150   -1.2310 
H      0.7410   0.3290    1.6080 
O     -0.5470  -0.9790    0.6140 
O     -2.5010  -0.8130   -0.6320 
C     -2.8250  -2.1960   -0.6100 
H     -1.9230  -2.8200   -0.6010 
H     -3.4000  -2.3960   -1.5170 
H     -3.4400  -2.4460    0.2690 
O     -2.5630   1.8030   -0.3420 
H     -2.3310   2.7450   -0.3080 
O      0.3660   2.4850    0.1520 
H      1.2420   2.5660   -0.2540 
C      1.7270  -0.6330   -0.0610 
H      1.4440  -1.0130   -1.0480 
O      2.1420  -1.7780    0.6640 
H      2.4480  -1.4870    1.5390 
C      2.8750   0.3680   -0.2350 
H      2.5400   1.1970   -0.8840 
H      3.1400   0.8030    0.7460 
O      3.9720  -0.3090   -0.8170 
H      4.6630   0.3450   -1.0020 
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Coordinates for α-Galf E3-gt-tg 
Energy:  -726.453494019 Hartrees 
  
C      1.8140  -0.2060   -0.5270 
C      1.2770   1.2070   -0.5570 
C     -0.1160   1.0360   -0.0010 
C     -0.4850  -0.2970   -0.6240 
C      3.1390  -1.6920    0.7260 
C     -1.5930  -1.0740    0.0960 
C     -2.9240  -0.3590    0.3220 
H      2.5120  -0.4170   -1.3660 
H      1.2490   1.5870   -1.6040 
H     -0.1240   1.0020    1.1110 
H     -0.7470  -0.1650   -1.7020 
H      2.4700  -2.5460    0.4840 
H      3.5520  -1.8420    1.7490 
H      3.9850  -1.6420    0.0060 
H      1.6100   2.9840    0.1300 
H     -1.2770   3.0430   -0.4650 
H     -1.2390  -1.4550    1.0800 
H     -2.5610  -2.7490   -0.2110 
H     -3.6460  -1.0210    0.8530 
H     -3.3760  -0.0570   -0.6490 
H     -3.6760   1.0900    1.3960 
O      0.6880  -1.0640   -0.5710 
O      2.4200  -0.4770    0.7220 
O      2.0220   2.1180    0.2080 
O     -1.0640   2.1210   -0.4440 
O     -1.9340  -2.1990   -0.6890 
O     -2.8070   0.8120    1.0970 
 

Coordinates for α-Galf E3-tg-gg 
Energy:  -726.503321228 Hartrees 
  
C      1.6980  -0.1040   -0.6470 
C      1.2930   1.3090   -0.1940 
C     -0.1990   1.1620    0.1390 
C     -0.6410   0.1600   -0.9310 
H      2.3960  -0.1060   -1.4980 
H      1.3540   1.9710   -1.0740 
H     -0.3090   0.7220    1.1370 
H     -0.8240   0.7060   -1.8690 
O      0.4830  -0.7260   -1.0730 
O      2.2600  -0.8010    0.4230 
C      2.7830  -2.0690    0.0620 
H      1.9930  -2.7550   -0.2700 
H      3.2660  -2.4750    0.9540 
H      3.5320  -1.9770   -0.7400 
O      2.1230   1.7870    0.8450 
H      1.8680   2.7080    1.0130 
O     -0.9310   2.3730    0.0250 
H     -0.6540   2.9530    0.7500 
C     -1.8700  -0.7240   -0.6730 
H     -1.8630  -1.4700   -1.4870 
O     -3.0040   0.1210   -0.7650 
H     -3.7950  -0.4270   -0.6520 
C     -1.8260  -1.5330    0.6270 
H     -0.8530  -2.0420    0.6780 
H     -2.6080  -2.3110    0.5730 
O     -2.0470  -0.6880    1.7500 
H     -2.0080  -1.2430    2.5430 
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Coordinates for α-Galf E3-tg-gt 
Energy:  -726.504967963 Hartrees 
  
C      1.6920   0.3520    0.6360 
C      1.6410  -1.0930    0.1040 
C      0.1640  -1.2860   -0.2720 
C     -0.5290  -0.4530    0.8100 
H      2.3440   0.4690    1.5140 
H      1.8320  -1.7680    0.9550 
H     -0.0060  -0.8530   -1.2680 
H     -0.5970  -1.0760    1.7200 
O      0.3520   0.6540    1.0390 
O      2.1040   1.2100   -0.3800 
C      2.3060   2.5480    0.0520 
H      1.3700   3.0110    0.3870 
H      2.6990   3.0980   -0.8060 
H      3.0390   2.5920    0.8730 
O      2.5870  -1.3070   -0.9230 
H      2.5430  -2.2450   -1.1660 
O     -0.2770  -2.6340   -0.2120 
H      0.1370  -3.1200   -0.9420 
C     -1.9350   0.0950    0.5050 
H     -2.2170   0.7490    1.3450 
O     -2.8630  -0.9700    0.3460 
H     -2.8920  -1.4770    1.1730 
C     -1.9970   0.9480   -0.7540 
H     -2.0500   0.2810   -1.6290 
H     -1.0780   1.5460   -0.8210 
O     -3.1530   1.7740   -0.6650 
H     -3.1890   2.3140   -1.4680 
 

Coordinates for α-Galf E3-tg-tg 
Energy:  -726.500154632 Hartrees 
  
C      1.5460   0.3400    0.6710 
C      1.5760  -1.1200    0.1890 
C      0.1200  -1.3990   -0.2250 
C     -0.6520  -0.5380    0.7820 
H      2.1560   0.5220    1.5690 
H      1.7690  -1.7580    1.0670 
H     -0.0300  -1.0320   -1.2510 
H     -0.7780  -1.1210    1.7050 
O      0.1840   0.6020    1.0030 
O      1.9630   1.1780   -0.3640 
C      1.9010   2.5580   -0.0270 
H      0.8640   2.8830    0.1180 
H      2.3490   3.1020   -0.8620 
H      2.4750   2.7700    0.8890 
O      2.5590  -1.3310   -0.8040 
H      2.5880  -2.2830   -0.9830 
O     -0.2510  -2.7630   -0.1100 
H      0.2220  -3.2590   -0.7950 
C     -2.0270  -0.0060    0.3490 
H     -2.4550   0.5360    1.2060 
O     -2.8050  -1.1530    0.0270 
H     -3.6990  -0.8480   -0.1940 
C     -1.9830   1.0050   -0.8130 
H     -1.1180   0.8250   -1.4660 
H     -2.8920   0.8540   -1.4210 
O     -1.9520   2.3200   -0.2690 
H     -1.9240   2.9440   -1.0090 
 



 

 302 

Coordinates for α-Galf 4E-gg-gg 
Energy:  -726.499068756 Hartrees 
  
C     -1.3980   0.6400   -0.5390 
C     -1.7610  -0.8630   -0.3590 
C     -0.4310  -1.5040    0.0500 
C      0.6010  -0.5050   -0.5020 
H     -1.5520   0.9590   -1.5870 
H     -2.0350  -1.2760   -1.3430 
H     -0.3670  -1.5020    1.1450 
H      0.7080  -0.6790   -1.5890 
O      0.0000   0.7550   -0.2460 
O     -2.1350   1.4400    0.3130 
C     -1.8750   2.8280    0.1490 
H     -0.8460   3.0770    0.4290 
H     -2.5740   3.3520    0.8060 
H     -2.0510   3.1440   -0.8910 
O     -2.8120  -1.0450    0.5660 
H     -3.0210  -1.9920    0.5530 
O     -0.3470  -2.8220   -0.4790 
H      0.4220  -3.2560   -0.0770 
C      1.9970  -0.6160    0.1100 
H      2.3470  -1.6290   -0.1740 
O      1.8800  -0.4990    1.5180 
H      2.7440  -0.6980    1.9100 
C      3.0350   0.3460   -0.4810 
H      3.0580   0.1960   -1.5750 
H      4.0270   0.0410   -0.0980 
O      2.7430   1.6820   -0.1300 
H      3.4890   2.2300   -0.4150 
 

Coordinates for α-Galf 4E-gg-gt 
Energy:  -726.504230917 Hartrees 
  
C      1.5660  -0.5760   -0.5600 
C      1.7800   0.9520   -0.3470 
C      0.3900   1.4640    0.0560 
C     -0.5480   0.3780   -0.4910 
H      1.7630  -0.8600   -1.6090 
H      2.0200   1.4080   -1.3200 
H      0.3590   1.4680    1.1580 
H     -0.6930   0.5780   -1.5680 
O      0.1790  -0.8290   -0.2880 
O      2.3660  -1.3120    0.2910 
C      2.2880  -2.7150    0.0790 
H      1.2960  -3.1040    0.3350 
H      3.0390  -3.1690    0.7300 
H      2.5150  -2.9710   -0.9680 
O      2.7980   1.2150    0.5930 
H      2.9220   2.1770    0.5960 
O      0.1880   2.7660   -0.4720 
H     -0.6190   3.1370   -0.0820 
C     -1.9340   0.2760    0.1570 
H     -2.4590   1.2260   -0.0550 
O     -1.8920   0.0170    1.5510 
H     -1.3740   0.7100    1.9860 
C     -2.7580  -0.8410   -0.4730 
H     -2.3780  -1.7990   -0.0940 
H     -2.6140  -0.8210   -1.5660 
O     -4.1210  -0.6310   -0.1320 
H     -4.6180  -1.4170   -0.4020 
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Coordinates for α-Galf 4E-gg-tg 
Energy:  -726.507939193 Hartrees 
  
C      1.4340  -0.5850   -0.5370 
C      1.6260   0.9590   -0.4840 
C      0.2780   1.4750    0.0350 
C     -0.6790   0.3320   -0.3360 
H      1.5150  -0.9560   -1.5750 
H      1.7430   1.3290   -1.5150 
H      0.3350   1.5500    1.1270 
H     -0.9370   0.4060   -1.4050 
O      0.0970  -0.8390   -0.0830 
O      2.3500  -1.2320    0.2700 
C      2.2890  -2.6480    0.1800 
H      1.3490  -3.0370    0.5890 
H      3.1280  -3.0330    0.7640 
H      2.3910  -2.9850   -0.8640 
O      2.7390   1.3230    0.3040 
H      2.8310   2.2840    0.2110 
O     -0.0150   2.7320   -0.5630 
H     -0.7830   3.1070   -0.1060 
C     -1.9890   0.2780    0.4420 
H     -2.5830   1.1540    0.1240 
O     -1.6950   0.3400    1.8330 
H     -2.5370   0.3620    2.3140 
C     -2.8020  -0.9780    0.1200 
H     -3.6760  -1.0140    0.7960 
H     -2.1800  -1.8610    0.3180 
O     -3.2100  -0.8970   -1.2390 
H     -3.6620  -1.7230   -1.4670 
 

Coordinates for α-Galf 4E-gt-gg 
Energy:  -726.499791083 Hartrees 
  
C     -1.7300  -0.1950    0.5400 
C     -1.3170   1.2890    0.3240 
C      0.1220   1.1890   -0.2250 
C      0.5770  -0.1940    0.2570 
H     -1.9290  -0.3940    1.6090 
H     -1.2600   1.7830    1.3070 
H      0.0540   1.1820   -1.3250 
H      0.9110  -0.1310    1.3030 
O     -0.6080  -0.9820    0.1390 
O     -2.8410  -0.5210   -0.2170 
C     -3.3190  -1.8380    0.0200 
H     -2.5940  -2.5930   -0.3040 
H     -4.2410  -1.9420   -0.5580 
H     -3.5420  -1.9930    1.0870 
O     -2.2330   1.9610   -0.5200 
H     -1.9770   2.8960   -0.5400 
O      1.0040   2.2070    0.2290 
H      0.6970   3.0530   -0.1310 
C      1.6770  -0.8570   -0.5710 
H      1.3110  -0.9250   -1.6110 
O      1.8730  -2.1510   -0.0200 
H      2.5560  -2.5950   -0.5450 
C      2.9750  -0.0450   -0.5900 
H      2.7870   0.9370   -1.0470 
H      3.6960  -0.5800   -1.2350 
O      3.4650   0.0770    0.7350 
H      4.3470   0.4740    0.6920 
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Coordinates for α-Galf 4E-gt-gt 
Energy:  -726.500938561 Hartrees 
  
C     -1.8250  -0.2770    0.4650 
C     -1.5160   1.2340    0.2840 
C     -0.0210   1.2700   -0.0670 
C      0.4910  -0.0790    0.4740 
H     -2.1440  -0.4950    1.5000 
H     -1.6260   1.7310    1.2610 
H      0.0690   1.2810   -1.1640 
H      0.6700   0.0300    1.5610 
O     -0.5920  -0.9680    0.2280 
O     -2.7900  -0.7010   -0.4280 
C     -3.1810  -2.0550   -0.2430 
H     -2.3590  -2.7440   -0.4660 
H     -4.0090  -2.2350   -0.9330 
H     -3.5260  -2.2310    0.7880 
O     -2.3560   1.8340   -0.6770 
H     -2.1580   2.7840   -0.6550 
O      0.5510   2.4350    0.5150 
H      1.4490   2.5460    0.1690 
C      1.7450  -0.6790   -0.1780 
H      1.5280  -0.8580   -1.2370 
O      2.0360  -1.9600    0.3530 
H      2.2810  -1.8510    1.2870 
C      2.9560   0.2550   -0.0820 
H      2.7220   1.2100   -0.5830 
H      3.1650   0.4830    0.9800 
O      4.0570  -0.3790   -0.7040 
H      4.7960   0.2470   -0.7150 
 

Coordinates for α-Galf 4E-gt-tg 
Energy:  -726.451898192 Hartrees 
  
C     -1.7850  -0.1050    0.5100 
C     -1.2160   1.2980    0.3890 
C      0.2340   1.0810    0.0060 
C      0.4770  -0.3360    0.4790 
C     -3.4340  -1.5630   -0.3200 
C      1.5950  -1.1060   -0.2340 
C      3.0010  -0.5120   -0.1860 
H     -2.1950  -0.3070    1.5240 
H     -1.2960   1.8220    1.3690 
H      0.3840   1.1690   -1.0940 
H      0.6400  -0.3520    1.5830 
H     -2.7220  -2.4160   -0.3410 
H     -4.1490  -1.6770   -1.1650 
H     -4.0080  -1.5540    0.6340 
H     -1.4910   2.9890   -0.5180 
H      1.4670   2.9320    0.7870 
H      1.3360  -1.2880   -1.3000 
H      2.3640  -2.9030   -0.1050 
H      3.7230  -1.1580   -0.7360 
H      3.3500  -0.4160    0.8670 
H      4.0090   0.9970   -0.9100 
O     -0.7290  -0.9960    0.2190 
O     -2.7530  -0.3380   -0.4920 
O     -1.8630   2.1030   -0.5640 
O      1.1950   2.0340    0.6560 
O      1.7320  -2.3700    0.3850 
O      3.0870   0.7710   -0.7610 
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Coordinates for α-Galf 4E-tg-gg 
Energy:  -726.499088556 Hartrees 
  
C      1.7040  -0.0510   -0.5660 
C      1.2050   1.3480   -0.1050 
C     -0.3280   1.1830    0.0100 
C     -0.6040  -0.0340   -0.8790 
H      2.1760   0.0090   -1.5630 
H      1.4030   2.0710   -0.9120 
H     -0.5770   0.9440    1.0500 
H     -0.6700   0.3090   -1.9240 
O      0.5360  -0.8730   -0.6820 
O      2.5890  -0.6010    0.3430 
C      3.1860  -1.8100   -0.1030 
H      2.4480  -2.6170   -0.1920 
H      3.9340  -2.0820    0.6450 
H      3.6820  -1.6730   -1.0760 
O      1.8540   1.7420    1.0910 
H      1.5720   2.6490    1.2870 
O     -1.0660   2.3020   -0.4600 
H     -0.8580   3.0590    0.1090 
C     -1.8430  -0.8990   -0.6060 
H     -1.7520  -1.7590   -1.2940 
O     -2.9740  -0.1080   -0.9280 
H     -3.7580  -0.6750   -0.8790 
C     -1.9140  -1.5080    0.7980 
H     -0.9580  -2.0110    1.0000 
H     -2.7040  -2.2810    0.7930 
O     -2.2070  -0.5080    1.7650 
H     -2.2390  -0.9410    2.6310 
 

Coordinates for α-Galf 4E-tg-gt 
Energy:  -726.501128706 Hartrees 
  
C      1.7300  -0.2180   -0.5550 
C      1.5320   1.2050    0.0450 
C     -0.0010   1.3400    0.1980 
C     -0.5330   0.2840   -0.7760 
H      2.1870  -0.1620   -1.5590 
H      1.8520   1.9460   -0.7050 
H     -0.2660   1.0770    1.2320 
H     -0.5340   0.7360   -1.7850 
O      0.4160  -0.7770   -0.7020 
O      2.4980  -1.0120    0.2740 
C      2.8240  -2.2760   -0.2880 
H      1.9330  -2.9010   -0.4190 
H      3.5090  -2.7590    0.4120 
H      3.3250  -2.1600   -1.2620 
O      2.2690   1.3530    1.2440 
H      2.1880   2.2780    1.5220 
O     -0.5120   2.6150   -0.1620 
H     -0.1940   3.2670    0.4810 
C     -1.9390  -0.2870   -0.5120 
H     -2.1470  -1.0250   -1.3030 
O     -2.9070   0.7540   -0.5140 
H     -2.8940   1.1830   -1.3830 
C     -2.0650  -1.0250    0.8140 
H     -2.1610  -0.2850    1.6240 
H     -1.1520  -1.6130    0.9790 
O     -3.2180  -1.8560    0.7380 
H     -3.2950  -2.3250    1.5820 
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Coordinates for α-Galf 4E-tg-tg 
Energy:  -726.496159933 Hartrees 
  
C     -1.5930   0.0490   -0.6120 
C     -1.3410  -1.3650   -0.0190 
C      0.1930  -1.4280    0.1760 
C      0.7050  -0.3250   -0.7590 
H     -2.0290  -0.0160   -1.6260 
H     -1.6030  -2.1150   -0.7820 
H      0.4100  -1.1730    1.2240 
H      0.8100  -0.7590   -1.7660 
O     -0.3110   0.6710   -0.7200 
O     -2.4170   0.7980    0.2100 
C     -2.6860   2.0990   -0.2990 
H     -1.7770   2.7110   -0.3230 
H     -3.4180   2.5490    0.3760 
H     -3.1120   2.0490   -1.3130 
O     -2.1000  -1.5630    1.1600 
H     -1.9730  -2.4840    1.4340 
O      0.7680  -2.6750   -0.1830 
H      0.4240  -3.3520    0.4190 
C      2.0280   0.3610   -0.3870 
H      2.2880   1.0460   -1.2100 
O      2.9890  -0.6810   -0.2650 
H      3.8520  -0.2650   -0.1150 
C      1.9590   1.2330    0.8810 
H      1.2120   0.8470    1.5890 
H      2.9430   1.1730    1.3780 
O      1.6660   2.5670    0.4900 
H      1.6250   3.1080    1.2930 
 

Coordinates for α-Galf E4-gg-gg 
Energy:  -726.493879604 Hartrees 
  
C     -0.9350   1.0580   -0.6490 
C     -1.9320   0.1280    0.0970 
C     -1.3210  -1.2880   -0.0280 
C      0.1170  -1.0600   -0.5500 
H     -1.3830   1.5110   -1.5480 
H     -2.8790   0.1110   -0.4600 
H     -1.3230  -1.7790    0.9540 
H      0.3240  -1.7760   -1.3600 
O      0.1200   0.2330   -1.1360 
O     -0.4940   2.0570    0.2080 
C      0.4690   2.9200   -0.3790 
H      1.4040   2.3870   -0.5800 
H      0.6450   3.7200    0.3450 
H      0.0920   3.3610   -1.3170 
O     -2.1390   0.5630    1.4240 
H     -2.8630   0.0260    1.7800 
O     -2.1260  -2.0080   -0.9630 
H     -1.7720  -2.9080   -1.0340 
C      1.2020  -1.2720    0.5180 
H      1.1090  -2.3370    0.8140 
O      0.9150  -0.4160    1.6050 
H      1.5170  -0.6280    2.3350 
C      2.6410  -1.1260    0.0090 
H      2.7760  -1.8040   -0.8520 
H      3.3140  -1.4890    0.8080 
O      2.9370   0.2170   -0.3220 
H      3.8860   0.2700   -0.5120 
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Coordinates for α-Galf E4-gg-gt 
Energy:  -726.502688563 Hartrees 
  
C     -1.4640   0.6520   -0.5500 
C     -1.8580  -0.5020    0.4220 
C     -0.8500  -1.6320    0.1050 
C      0.2920  -0.9120   -0.6260 
H     -2.2490   0.8300   -1.3030 
H     -2.8880  -0.8310    0.2280 
H     -0.5150  -2.1200    1.0330 
H      0.6780  -1.5860   -1.3990 
O     -0.3540   0.1700   -1.3060 
O     -1.2420   1.8170    0.1660 
C     -0.8150   2.9070   -0.6360 
H      0.1860   2.7300   -1.0430 
H     -0.7930   3.7810    0.0190 
H     -1.5160   3.0910   -1.4660 
O     -1.7160  -0.0520    1.7700 
H     -2.0040  -0.7770    2.3460 
O     -1.3780  -2.5870   -0.8110 
H     -2.1090  -3.0530   -0.3750 
C      1.4590  -0.4770    0.2910 
H      1.7240  -1.3580    0.9040 
O      1.1510   0.6380    1.0990 
H      0.4280   0.4140    1.7100 
C      2.7160  -0.1240   -0.4960 
H      2.5560   0.8410   -1.0000 
H      2.8790  -0.8920   -1.2700 
O      3.8070  -0.0730    0.4130 
H      4.6000   0.1520   -0.0950 
 

Coordinates for α-Galf E4-gg-tg 
Energy:  -726.502995619 Hartrees 
  
C     -1.3610   0.4830   -0.7220 
C     -1.7440  -0.8400   -0.0030 
C     -0.4410  -1.6750    0.0210 
C      0.6730  -0.7000   -0.4100 
H     -1.8930   0.5920   -1.6810 
H     -2.4550  -1.3880   -0.6370 
H     -0.2690  -2.0580    1.0360 
H      1.3200  -1.1730   -1.1580 
O      0.0200   0.3910   -1.0640 
O     -1.6470   1.5740    0.0910 
C     -1.4540   2.8210   -0.5510 
H     -0.3970   2.9960   -0.7900 
H     -1.7990   3.5890    0.1460 
H     -2.0410   2.8900   -1.4820 
O     -2.2990  -0.5790    1.2670 
H     -2.6380  -1.4230    1.6010 
O     -0.6160  -2.7450   -0.9090 
H      0.1830  -3.2940   -0.8860 
C      1.5800  -0.2390    0.7350 
H      2.1230  -1.1330    1.0920 
O      0.7620   0.3060    1.7570 
H      1.3280   0.5500    2.5050 
C      2.6210   0.7810    0.2710 
H      3.1520   1.1720    1.1570 
H      2.1030   1.6180   -0.2150 
O      3.5180   0.1160   -0.6120 
H      4.1350   0.7730   -0.9650 
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Coordinates for α-Galf E4-gt-gg 
Energy:  -726.505075524 Hartrees 
  
C      1.7110   0.3310   -0.3690 
C      0.9980   1.4690    0.4250 
C     -0.4390   1.4580   -0.1410 
C     -0.5680   0.0460   -0.7330 
H      2.5180   0.7130   -1.0120 
H      1.4630   2.4360    0.1930 
H     -1.1670   1.6650    0.6540 
H     -1.2530   0.0260   -1.5850 
O      0.7420  -0.2090   -1.2520 
O      2.2280  -0.6160    0.5220 
C      2.8810  -1.6940   -0.1360 
H      2.1750  -2.2760   -0.7380 
H      3.3080  -2.3230    0.6490 
H      3.6920  -1.3300   -0.7860 
O      1.0340   1.1990    1.8180 
H      0.6490   1.9710    2.2590 
O     -0.5040   2.4570   -1.1520 
H     -1.4140   2.4700   -1.4900 
C     -1.0110  -1.0490    0.2530 
H     -0.2380  -1.1620    1.0260 
O     -1.1140  -2.2380   -0.5300 
H     -1.3460  -2.9650    0.0680 
C     -2.3240  -0.7120    0.9650 
H     -2.1180  -0.0020    1.7820 
H     -2.7160  -1.6320    1.4290 
O     -3.2530  -0.1680    0.0310 
H     -4.1110  -0.0880    0.4730 
 

Coordinates for α-Galf E4-gt-gt 
Energy:  -726.50096999 Hartrees 
  
C      1.7800  -0.1690   -0.2170 
C      1.4350   1.0840    0.6450 
C      0.2020   1.6900   -0.0660 
C     -0.3550   0.4940   -0.8620 
H      2.7540  -0.0800   -0.7210 
H      2.2550   1.8120    0.5890 
H     -0.5080   2.0830    0.6770 
H     -0.8430   0.8300   -1.7890 
O      0.8190  -0.2040   -1.2680 
O      1.7550  -1.3040    0.5880 
C      2.0010  -2.5100   -0.1250 
H      1.1810  -2.7290   -0.8160 
H      2.0720  -3.3000    0.6250 
H      2.9480  -2.4550   -0.6850 
O      1.1690   0.7070    1.9830 
H      1.0480   1.5250    2.4880 
O      0.6790   2.7280   -0.9150 
H     -0.0840   3.1390   -1.3510 
C     -1.3300  -0.4160   -0.0700 
H     -0.9340  -0.5840    0.9350 
O     -1.4170  -1.7070   -0.6520 
H     -1.7980  -1.6110   -1.5400 
C     -2.7090   0.2390    0.0400 
H     -2.6040   1.2690    0.4220 
H     -3.1470   0.3140   -0.9740 
O     -3.5190  -0.5470    0.8960 
H     -4.3580  -0.0790    1.0250 
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Coordinates for α-Galf E4-gt-tg 
Energy:  -726.50502534 Hartrees 
  
C      1.6810   0.4550   -0.2600 
C      0.8030   1.5240    0.4590 
C     -0.5620   1.4210   -0.2590 
C     -0.5170   0.0140   -0.8830 
H      2.5230   0.9010   -0.8100 
H      1.2140   2.5250    0.2810 
H     -1.3880   1.5430    0.4490 
H     -1.0900  -0.0390   -1.8170 
O      0.8550  -0.1400   -1.2490 
O      2.1580  -0.4660    0.6750 
C      2.9340  -1.5030    0.0890 
H      2.3200  -2.1330   -0.5630 
H      3.3310  -2.0970    0.9160 
H      3.7740  -1.0920   -0.4940 
O      0.7200   1.2390    1.8450 
H      0.2380   1.9760    2.2520 
O     -0.5810   2.4390   -1.2590 
H     -1.4440   2.4030   -1.7000 
C     -0.9930  -1.1100    0.0570 
H     -0.5350  -0.9670    1.0450 
O     -0.5650  -2.3380   -0.5330 
H     -0.8300  -3.0550    0.0630 
C     -2.5200  -1.1710    0.2090 
H     -2.7610  -2.0760    0.7930 
H     -2.9690  -1.2960   -0.7890 
O     -3.0140  -0.0070    0.8640 
H     -3.9230  -0.1830    1.1450 
 

Coordinates for α-Galf E4-tg-gg 
Energy:  -726.505152505 Hartrees 
  
C      1.6010   0.4560   -0.3470 
C      0.7870   1.2800    0.6910 
C     -0.6400   1.3660    0.0980 
C     -0.6560   0.3340   -1.0440 
H      2.4050   1.0520   -0.8030 
H      1.1880   2.3010    0.7350 
H     -1.3910   1.1360    0.8600 
H     -1.1490   0.7680   -1.9210 
O      0.7140   0.1230   -1.4040 
O      2.1600  -0.6760    0.2560 
C      3.0330  -1.3920   -0.6060 
H      2.4990  -1.8010   -1.4720 
H      3.4560  -2.2080   -0.0160 
H      3.8500  -0.7480   -0.9670 
O      0.8530   0.6510    1.9590 
H      0.4340   1.2560    2.5890 
O     -0.7920   2.6990   -0.3980 
H     -1.6930   2.7750   -0.7490 
C     -1.3810  -1.0000   -0.7740 
H     -1.0580  -1.6780   -1.5810 
O     -2.7660  -0.6860   -0.8890 
H     -3.2700  -1.5130   -0.8380 
C     -1.0530  -1.6950    0.5530 
H      0.0340  -1.6930    0.7020 
H     -1.3830  -2.7470    0.4760 
O     -1.7400  -1.0460    1.6180 
H     -1.5050  -1.5140    2.4330 
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Coordinates for α-Galf E4-tg-gt 
Energy:  -726.503307429 Hartrees 
  
C      1.6800  -0.0080   -0.3570 
C      1.2870   1.0210    0.7400 
C     -0.0290   1.6540    0.2300 
C     -0.5000   0.7290   -0.9090 
H      2.6210   0.2720   -0.8540 
H      2.0420   1.8160    0.7820 
H     -0.7550   1.7120    1.0550 
H     -0.8520   1.3440   -1.7440 
O      0.6800   0.0570   -1.3650 
O      1.8170  -1.2840    0.1920 
C      2.3260  -2.2370   -0.7320 
H      1.6350  -2.3930   -1.5690 
H      2.4510  -3.1710   -0.1800 
H      3.3020  -1.9190   -1.1300 
O      1.1540   0.3770    1.9950 
H      1.0190   1.0730    2.6560 
O      0.2980   2.9600   -0.2390 
H     -0.5210   3.3850   -0.5400 
C     -1.6690  -0.2290   -0.5870 
H     -1.8240  -0.8480   -1.4770 
O     -2.8700   0.5330   -0.4620 
H     -2.8100   1.0490    0.3570 
C     -1.4680  -1.1830    0.5870 
H     -1.4550  -0.6130    1.5330 
H     -0.4920  -1.6740    0.4980 
O     -2.5420  -2.1170    0.5640 
H     -2.4130  -2.7220    1.3100 
 

Coordinates for α-Galf E4-tg-tg 
Energy:  -726.504102099 Hartrees 
  
C     -1.0110  -1.1450   -0.4760 
C      0.0480  -1.6880    0.5240 
C      1.3710  -1.0020    0.1210 
C      0.9620   0.0980   -0.8820 
H     -1.4120  -1.9400   -1.1230 
H      0.1720  -2.7680    0.3700 
H      1.8600  -0.5720    1.0040 
H      1.6380   0.0560   -1.7450 
O     -0.3390  -0.2440   -1.3490 
O     -2.0560  -0.5450    0.2210 
C     -3.0840  -0.0480   -0.6260 
H     -2.7300   0.8010   -1.2180 
H     -3.8960   0.2740    0.0310 
H     -3.4590  -0.8350   -1.2980 
O     -0.3460  -1.4130    1.8590 
H      0.2840  -1.8740    2.4340 
O      2.2000  -1.9950   -0.4800 
H      3.0410  -1.5680   -0.7090 
C      1.0350   1.5360   -0.3350 
H      0.7900   2.2210   -1.1600 
O      2.4030   1.6830    0.0590 
H      2.5390   2.6060    0.3240 
C      0.0700   1.8780    0.8130 
H     -0.1740   0.9980    1.4210 
H      0.5840   2.6060    1.4670 
O     -1.0970   2.4570    0.2390 
H     -1.7030   2.6710    0.9640 
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Coordinates for β-Galf OE-gg-gg 
Energy:  -726.502784639 Hartrees 
  
C     -1.0070   0.7140    0.1750 
C     -1.6160  -0.6880    0.3270 
C     -0.5790  -1.6480   -0.2990 
C      0.5660  -0.7080   -0.7690 
H     -0.5510   1.0410    1.1210 
H     -2.5190  -0.7290   -0.2960 
H     -0.2280  -2.3600    0.4600 
H      0.8730  -0.9650   -1.7920 
O      0.0040   0.5930   -0.8270 
O     -1.9820   1.6130   -0.2420 
C     -1.5390   2.9630   -0.2560 
H     -0.7430   3.1170   -0.9940 
H     -2.4060   3.5740   -0.5210 
H     -1.1690   3.2690    0.7340 
O     -1.9110  -0.9220    1.6920 
H     -2.5030  -1.6890    1.7340 
O     -1.2180  -2.3260   -1.3800 
H     -0.5480  -2.8490   -1.8460 
C      1.8190  -0.8060    0.1180 
H      2.2170  -1.8270   -0.0430 
O      1.4080  -0.6350    1.4650 
H      2.1650  -0.8030    2.0480 
C      2.9520   0.1540   -0.2690 
H      3.1480   0.0480   -1.3500 
H      3.8670  -0.1790    0.2540 
O      2.6250   1.4820    0.0890 
H      3.4140   2.0260   -0.0560 
 

Coordinates for β-Galf OE-gg-gt 
Energy:  -726.51001245 Hartrees 
  
C     -1.2320   0.6240    0.1790 
C     -1.5720  -0.8640    0.3610 
C     -0.4080  -1.6350   -0.2940 
C      0.5350  -0.5210   -0.8140 
H     -0.8180   1.0430    1.1070 
H     -2.4990  -1.0890   -0.1790 
H      0.0900  -2.2730    0.4530 
H      0.8570  -0.7370   -1.8420 
O     -0.2420   0.6730   -0.8550 
O     -2.3690   1.3180   -0.2150 
C     -2.1940   2.7280   -0.2570 
H     -1.4860   3.0200   -1.0420 
H     -3.1740   3.1580   -0.4740 
H     -1.8370   3.1120    0.7100 
O     -1.6890  -1.1150    1.7590 
H     -2.1040  -1.9840    1.8720 
O     -0.9560  -2.4390   -1.3350 
H     -0.2230  -2.8460   -1.8230 
C      1.7830  -0.3560    0.0780 
H      2.3660  -1.2930    0.0210 
O      1.4420  -0.0540    1.4280 
H      0.8670  -0.7500    1.7870 
C      2.6780   0.7720   -0.4160 
H      2.1850   1.7260   -0.1890 
H      2.7790   0.6930   -1.5110 
O      3.9400   0.6530    0.2260 
H      4.4490   1.4520    0.0270 
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Coordinates for β-Galf OE-gg-tg 
Energy:  -726.512216171 Hartrees 
  
C     -1.2910   0.5560    0.1810 
C     -1.5580  -0.9530    0.1020 
C     -0.2310  -1.5830   -0.3730 
C      0.7310  -0.3800   -0.5400 
H     -1.1580   0.8690    1.2270 
H     -2.3030  -1.1210   -0.6850 
H      0.1390  -2.2810    0.3900 
H      1.2420  -0.4190   -1.5090 
O     -0.0830   0.7930   -0.5450 
O     -2.3460   1.2480   -0.4070 
C     -2.2620   2.6570   -0.2580 
H     -1.4110   3.0700   -0.8120 
H     -3.1910   3.0710   -0.6580 
H     -2.1690   2.9400    0.8020 
O     -2.0200  -1.4040    1.3640 
H     -2.4090  -2.2820    1.2340 
O     -0.4920  -2.2620   -1.6010 
H      0.3550  -2.5680   -1.9610 
C      1.8140  -0.3100    0.5410 
H      2.4350  -1.2180    0.4480 
O      1.1580  -0.2670    1.8040 
H      1.8320  -0.2670    2.5010 
C      2.7250   0.9050    0.3660 
H      3.3860   0.9830    1.2470 
H      2.1020   1.8080    0.3220 
O      3.4790   0.7110   -0.8250 
H      4.0050   1.5080   -0.9820 
 

Coordinates for β-Galf OE-gt-gg 
Energy:  -726.508132122 Hartrees 
  
C      1.6270  -0.1530    0.2420 
C      1.1320   1.3010    0.2570 
C     -0.3360   1.2290   -0.2130 
C     -0.5860  -0.2790   -0.4670 
H      1.6470  -0.5550    1.2720 
H      1.7090   1.8700   -0.4820 
H     -0.9720   1.6160    0.5950 
H     -1.0610  -0.4260   -1.4400 
O      0.7010  -0.8880   -0.5490 
O      2.8970  -0.2180   -0.3180 
C      3.4770  -1.5150   -0.2690 
H      2.9170  -2.2270   -0.8860 
H      4.4940  -1.4170   -0.6570 
H      3.5200  -1.8920    0.7640 
O      1.2970   1.8160    1.5720 
H      1.1930   2.7780    1.5240 
O     -0.4980   2.0150   -1.3850 
H     -1.4030   1.8490   -1.6980 
C     -1.4890  -0.9700    0.5680 
H     -0.9810  -0.9880    1.5480 
O     -1.6800  -2.2940    0.0830 
H     -2.2200  -2.7750    0.7290 
C     -2.8200  -0.2250    0.7570 
H     -2.6830   0.6010    1.4710 
H     -3.5510  -0.9210    1.2000 
O     -3.2760   0.2640   -0.5040 
H     -4.1730   0.6110   -0.3860 
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Coordinates for β-Galf OE-gt-gt 
Energy:  -726.505243727 Hartrees 
  
C      1.5030  -0.3160    0.2160 
C      1.2980   1.1900    0.4410 
C     -0.0670   1.5060   -0.2160 
C     -0.5240   0.1290   -0.7640 
H      1.1910  -0.8850    1.1080 
H      2.0760   1.7300   -0.1120 
H     -0.7660   1.8910    0.5420 
H     -0.9360   0.2220   -1.7790 
O      0.6590  -0.6460   -0.8880 
O      2.8260  -0.5830   -0.0960 
C      3.1320  -1.9700   -0.1620 
H      2.6090  -2.4550   -0.9950 
H      4.2110  -2.0440   -0.3160 
H      2.8630  -2.4800    0.7750 
O      1.3550   1.4480    1.8350 
H      1.4460   2.4050    1.9560 
O      0.1600   2.4790   -1.2310 
H     -0.6670   2.6050   -1.7210 
C     -1.5750  -0.5510    0.1680 
H     -1.4040  -0.2450    1.2060 
O     -1.4450  -1.9590    0.1860 
H     -1.6320  -2.2930   -0.7060 
C     -2.9760  -0.0950   -0.2380 
H     -2.9790   1.0030   -0.3610 
H     -3.2130  -0.5290   -1.2270 
O     -3.9030  -0.5070    0.7490 
H     -4.7690  -0.1390    0.5210 
 

Coordinates for β-Galf OE-gt-tg 
Energy:  -726.507992848 Hartrees 
  
C     -1.5960   0.1210    0.2250 
C     -1.0550  -1.3110    0.3340 
C      0.3960  -1.2410   -0.1880 
C      0.5870   0.2560   -0.5650 
H     -1.5970   0.6040    1.2190 
H     -1.6370  -1.9520   -0.3390 
H      1.0850  -1.5320    0.6130 
H      1.0240   0.3530   -1.5660 
O     -0.7160   0.8160   -0.6490 
O     -2.8830   0.1070   -0.3000 
C     -3.5050   1.3850   -0.3220 
H     -2.9890   2.0700   -1.0040 
H     -4.5300   1.2280   -0.6660 
H     -3.5260   1.8320    0.6840 
O     -1.1650  -1.7260    1.6900 
H     -1.0370  -2.6870    1.7120 
O      0.5310  -2.1160   -1.3000 
H      1.4180  -1.9620   -1.6630 
C      1.4940   0.9980    0.4390 
H      1.2920   0.6260    1.4570 
O      1.2110   2.3890    0.3510 
H      1.7820   2.8450    0.9900 
C      2.9760   0.7790    0.1000 
H      3.5950   1.2550    0.8780 
H      3.1790   1.2950   -0.8510 
O      3.2630  -0.6150    0.0040 
H      4.2240  -0.7290    0.0220 
 



 

 314 

Coordinates for β-Galf OE-tg-gg 
Energy:  -726.507338364 Hartrees 
  
C      1.3580  -0.2390    0.0920 
C      0.8400   1.0960    0.6400 
C     -0.4930   1.3510   -0.0990 
C     -0.6520   0.1250   -1.0350 
H      1.1710  -1.0480    0.8180 
H      1.5430   1.8750    0.3170 
H     -1.3210   1.4140    0.6140 
H     -0.8810   0.4950   -2.0420 
O      0.6330  -0.4900   -1.1180 
O      2.7180  -0.1500   -0.1800 
C      3.3100  -1.3800   -0.5710 
H      2.9220  -1.7240   -1.5370 
H      4.3840  -1.1990   -0.6540 
H      3.1340  -2.1630    0.1840 
O      0.7720   1.0210    2.0540 
H      0.6950   1.9280    2.3870 
O     -0.3530   2.5680   -0.8300 
H     -1.1480   2.6700   -1.3770 
C     -1.7700  -0.8910   -0.7220 
H     -1.7540  -1.6240   -1.5460 
O     -2.9700  -0.1230   -0.7520 
H     -3.7230  -0.7300   -0.6830 
C     -1.6140  -1.7020    0.5600 
H     -0.6970  -2.3060    0.4750 
H     -2.4630  -2.4080    0.6270 
O     -1.5820  -0.8270    1.6700 
H     -1.4830  -1.3460    2.4810 
 

Coordinates for β-Galf OE-tg-gt 
Energy:  -726.506234885 Hartrees 
  
C      1.3970  -0.4230    0.1280 
C      1.1430   0.9410    0.7850 
C     -0.0970   1.5140    0.0670 
C     -0.4810   0.4290   -0.9700 
H      1.0410  -1.2360    0.7830 
H      1.9990   1.5940    0.5770 
H     -0.8930   1.6790    0.8100 
H     -0.6280   0.9060   -1.9460 
O      0.6610  -0.4200   -1.0990 
O      2.7520  -0.5770   -0.1280 
C      3.1020  -1.8610   -0.6300 
H      2.6700  -2.0330   -1.6230 
H      4.1920  -1.8820   -0.6980 
H      2.7680  -2.6580    0.0510 
O      0.9590   0.7300    2.1790 
H      1.0180   1.5910    2.6200 
O      0.2770   2.7490   -0.5340 
H     -0.4680   3.0560   -1.0750 
C     -1.7930  -0.3390   -0.6820 
H     -1.9770  -1.0020   -1.5350 
O     -2.8830   0.5770   -0.6990 
H     -2.8090   1.1480    0.0820 
C     -1.7850  -1.2180    0.5680 
H     -1.5810  -0.6100    1.4670 
H     -0.9680  -1.9490    0.4730 
O     -3.0470  -1.8630    0.6540 
H     -3.0380  -2.4190    1.4470 
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Coordinates for β-Galf OE-tg-tg 
Energy:  -726.509825662 Hartrees 
  
C      1.3380  -0.1600    0.0810 
C      0.8250   1.1140    0.7710 
C     -0.5300   1.4310    0.1060 
C     -0.7180   0.3050   -0.9400 
H      1.2280  -1.0330    0.7410 
H      1.5210   1.9330    0.5570 
H     -1.3330   1.4160    0.8520 
H     -0.9710   0.7440   -1.9130 
O      0.5330  -0.3520   -1.0810 
O      2.6720   0.0130   -0.2790 
C      3.2740  -1.1570   -0.8150 
H      2.8180  -1.4410   -1.7700 
H      4.3300  -0.9220   -0.9710 
H      3.1910  -2.0020   -0.1150 
O      0.7320   0.8490    2.1680 
H      0.6290   1.7010    2.6190 
O     -0.4380   2.7250   -0.4870 
H     -1.2530   2.8690   -0.9920 
C     -1.8540  -0.6770   -0.5970 
H     -1.8710  -1.4550   -1.3750 
O     -3.0340   0.1310   -0.6430 
H     -3.8020  -0.4470   -0.5220 
C     -1.7590  -1.3920    0.7600 
H     -1.4710  -0.6910    1.5560 
H     -2.7670  -1.7710    1.0030 
O     -0.8320  -2.4650    0.6500 
H     -0.7850  -2.9030    1.5130 
 

Coordinates for β-Galf EO-gg-gg 
Energy:  -726.505915365 Hartrees 
  
C      1.4020   0.6910   -0.5310 
C      1.8670  -0.7410   -0.2270 
C      0.6310  -1.3910    0.4370 
C     -0.4280  -0.2550    0.4460 
H      1.7350   1.0490   -1.5130 
H      2.6990  -0.7210    0.4870 
H      0.2830  -2.2050   -0.2130 
H     -0.3760   0.2310    1.4340 
O     -0.0110   0.6450   -0.5750 
O      1.8790   1.5210    0.5010 
C      1.4970   2.8810    0.3390 
H      0.4070   2.9910    0.3180 
H      1.9100   3.4260    1.1920 
H      1.9120   3.3000   -0.5910 
O      2.2410  -1.3510   -1.4540 
H      2.6460  -2.2060   -1.2420 
O      0.9690  -1.8730    1.7330 
H      0.2090  -2.3690    2.0740 
C     -1.8640  -0.7280    0.2260 
H     -2.0410  -1.4890    1.0140 
O     -1.9440  -1.3120   -1.0620 
H     -2.8160  -1.7260   -1.1510 
C     -2.9340   0.3420    0.4690 
H     -2.8530   0.6700    1.5200 
H     -3.9220  -0.1430    0.3620 
O     -2.7910   1.4200   -0.4340 
H     -3.5600   1.9990   -0.3240 
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Coordinates for β-Galf EO-gg-gt 
Energy:  -726.511733047 Hartrees 
  
C      1.6040   0.5660   -0.5320 
C      1.8660  -0.8940   -0.1280 
C      0.5280  -1.3510    0.5020 
C     -0.3840  -0.1020    0.4010 
H      2.0130   0.8140   -1.5190 
H      2.6590  -0.9380    0.6260 
H      0.1390  -2.1690   -0.1270 
H     -0.3180   0.4120    1.3720 
O      0.1970   0.7020   -0.6280 
O      2.1570   1.3840    0.4680 
C      2.0220   2.7730    0.1990 
H      0.9690   3.0730    0.1450 
H      2.5110   3.3000    1.0210 
H      2.5160   3.0430   -0.7470 
O      2.2100  -1.6180   -1.3020 
H      2.4940  -2.5020   -1.0260 
O      0.7410  -1.8010    1.8310 
H     -0.0880  -2.1830    2.1600 
C     -1.8610  -0.3640    0.0850 
H     -2.2650  -0.9770    0.9120 
O     -2.0670  -1.0000   -1.1660 
H     -1.5690  -1.8310   -1.1820 
C     -2.6620   0.9330    0.0570 
H     -2.4260   1.4590   -0.8780 
H     -2.3450   1.5680    0.9000 
O     -4.0410   0.6030    0.1540 
H     -4.5500   1.4090   -0.0160 
 

Coordinates for β-Galf EO-gg-tg 
Energy:  -726.514916591 Hartrees 
  
C      1.4760   0.6000   -0.5610 
C      1.8590  -0.7800   -0.0050 
C      0.5370  -1.3200    0.5900 
C     -0.4880  -0.1900    0.3180 
H      1.9270   0.8070   -1.5400 
H      2.6010  -0.6680    0.7930 
H      0.2520  -2.2180    0.0290 
H     -0.5640   0.4310    1.2200 
O      0.0750   0.5710   -0.7580 
O      1.8670   1.5600    0.3900 
C      1.5720   2.8930    0.0010 
H      0.4930   3.0500   -0.1120 
H      1.9550   3.5420    0.7920 
H      2.0680   3.1480   -0.9480 
O      2.3570  -1.5610   -1.0830 
H      2.7130  -2.3800   -0.7070 
O      0.7150  -1.6090    1.9730 
H     -0.0890  -2.0470    2.2920 
C     -1.8910  -0.6510   -0.0580 
H     -2.3130  -1.1480    0.8340 
O     -1.7950  -1.5590   -1.1490 
H     -2.6860  -1.8890   -1.3420 
C     -2.8120   0.5180   -0.4180 
H     -3.7730   0.1100   -0.7790 
H     -2.3540   1.0870   -1.2370 
O     -2.9980   1.3060    0.7510 
H     -3.5210   2.0840    0.5100 
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Coordinates for β-Galf EO-gt-gg 
Energy:  -726.508501256 Hartrees 
  
C     -1.8500  -0.2710   -0.3340 
C     -1.5910   1.2200   -0.0700 
C     -0.0470   1.2910    0.1100 
C      0.4230  -0.1700   -0.0670 
H     -2.5970  -0.4410   -1.1200 
H     -2.1020   1.5360    0.8480 
H      0.3460   1.9150   -0.7100 
H      0.5200  -0.6270    0.9240 
O     -0.6300  -0.7950   -0.8120 
O     -2.2520  -0.8470    0.8840 
C     -2.4960  -2.2450    0.7890 
H     -1.5960  -2.7900    0.4850 
H     -2.8090  -2.5750    1.7830 
H     -3.3010  -2.4580    0.0680 
O     -2.0550   1.9380   -1.2100 
H     -1.9950   2.8850   -1.0140 
O      0.4000   1.7640    1.3720 
H      0.0920   2.6770    1.4800 
C      1.7310  -0.3400   -0.8340 
H      1.6000   0.1300   -1.8250 
O      1.9530  -1.7360   -0.9640 
H      2.7560  -1.8610   -1.4930 
C      2.9040   0.3600   -0.1400 
H      2.6930   1.4380   -0.0560 
H      3.7950   0.2490   -0.7850 
O      3.1130  -0.2340    1.1290 
H      3.9330   0.1250    1.4970 
 

Coordinates for β-Galf EO-gt-gt 
Energy:  -726.508884351 Hartrees 
  
C     -1.8800  -0.2310   -0.4430 
C     -1.5980   1.2550   -0.1790 
C     -0.1020   1.2830    0.2180 
C      0.3360  -0.2050    0.1430 
H     -2.5030  -0.3940   -1.3310 
H     -2.2060   1.6110    0.6610 
H      0.4340   1.8660   -0.5460 
H      0.2580  -0.6230    1.1620 
O     -0.6240  -0.8260   -0.7140 
O     -2.4870  -0.7590    0.7090 
C     -2.8330  -2.1320    0.5820 
H     -1.9490  -2.7550    0.4050 
H     -3.3070  -2.4240    1.5220 
H     -3.5440  -2.2850   -0.2440 
O     -1.8760   1.9710   -1.3750 
H     -1.8150   2.9170   -1.1690 
O      0.0390   1.8710    1.5040 
H      0.9840   1.9810    1.6890 
C      1.7340  -0.4820   -0.4210 
H      1.7820  -0.0890   -1.4430 
O      1.9760  -1.8730   -0.5550 
H      1.9880  -2.2620    0.3350 
C      2.8250   0.1980    0.4130 
H      2.6150   1.2810    0.4810 
H      2.8010  -0.2060    1.4420 
O      4.0740  -0.0350   -0.2090 
H      4.7480   0.4670    0.2740 
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Coordinates for β-Galf EO-gt-tg 
Energy:  -726.512057812 Hartrees 
  
C      1.8290  -0.0320   -0.4670 
C      1.2530  -1.4100   -0.1070 
C     -0.2150  -1.0980    0.2970 
C     -0.3380   0.4300    0.1300 
H      2.4580  -0.0540   -1.3660 
H      1.8090  -1.8400    0.7360 
H     -0.8830  -1.6190   -0.4010 
H     -0.1760   0.8890    1.1150 
O      0.7190   0.7890   -0.7680 
O      2.5540   0.4250    0.6480 
C      3.1260   1.7130    0.4570 
H      2.3560   2.4710    0.2740 
H      3.6690   1.9530    1.3740 
H      3.8300   1.7110   -0.3900 
O      1.3500  -2.2200   -1.2750 
H      1.0920  -3.1230   -1.0370 
O     -0.5500  -1.4100    1.6460 
H     -0.4080  -2.3590    1.7820 
C     -1.6520   0.9560   -0.4350 
H     -1.7140   0.6740   -1.4970 
O     -1.5990   2.3730   -0.2790 
H     -2.4040   2.7450   -0.6720 
C     -2.8940   0.3950    0.2760 
H     -3.7250   1.0950    0.0880 
H     -2.7280   0.3540    1.3620 
O     -3.1910  -0.8920   -0.2580 
H     -4.0870  -1.1320    0.0210 
 

Coordinates for β-Galf EO-tg-gg 
Energy:  -726.516851876 Hartrees 
  
C     -1.6800   0.0460   -0.5700 
C     -1.1100   1.3550   -0.0000 
C      0.2150   0.9270    0.6710 
C      0.2790  -0.5980    0.4200 
H     -2.1030   0.1650   -1.5760 
H     -1.7960   1.7640    0.7510 
H      1.0340   1.4240    0.1430 
H     -0.1250  -1.0860    1.3190 
O     -0.5770  -0.8430   -0.7000 
O     -2.6440  -0.4310    0.3320 
C     -3.2750  -1.6300   -0.0930 
H     -2.5560  -2.4530   -0.1890 
H     -4.0190  -1.8800    0.6670 
H     -3.7810  -1.4890   -1.0610 
O     -0.9270   2.2510   -1.0920 
H     -0.6870   3.1120   -0.7170 
O      0.2200   1.2560    2.0520 
H      1.1190   1.0590    2.3650 
C      1.6630  -1.1950    0.1530 
H      1.5460  -2.2910    0.1150 
O      2.4380  -0.8060    1.2870 
H      3.3040  -1.2380    1.2320 
C      2.3120  -0.7970   -1.1760 
H      1.5890  -1.0020   -1.9780 
H      3.1880  -1.4510   -1.3370 
O      2.7090   0.5670   -1.1490 
H      3.1120   0.7740   -2.0050 
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Coordinates for β-Galf EO-tg-gt 
Energy:  -726.511045443 Hartrees 
  
C      1.6870  -0.4320    0.5180 
C      1.4460   1.0850    0.6050 
C      0.1200   1.2950   -0.1630 
C     -0.2870  -0.1230   -0.6260 
H      2.0270  -0.8640    1.4680 
H      2.2550   1.6220    0.0990 
H     -0.6050   1.6920    0.5670 
H      0.0680  -0.2250   -1.6600 
O      0.4240  -1.0190    0.2370 
O      2.6190  -0.6530   -0.5050 
C      2.9610  -2.0230   -0.6740 
H      2.0890  -2.6240   -0.9550 
H      3.7070  -2.0630   -1.4710 
H      3.3960  -2.4380    0.2490 
O      1.3570   1.4320    1.9820 
H      1.3290   2.4000    2.0360 
O      0.3070   2.2010   -1.2380 
H     -0.5670   2.3860   -1.6170 
C     -1.7970  -0.4260   -0.5890 
H     -2.0110  -1.2590   -1.2670 
O     -2.5280   0.6710   -1.1460 
H     -2.4350   1.4200   -0.5350 
C     -2.3240  -0.8330    0.7860 
H     -2.1800  -0.0040    1.5030 
H     -1.7310  -1.6820    1.1500 
O     -3.6980  -1.1590    0.6420 
H     -4.0290  -1.4180    1.5150 
 

Coordinates for β-Galf EO-tg-tg 
Energy:  -726.506784593 Hartrees 
  
C      1.5390  -0.4620    0.4130 
C      1.3070   1.0130    0.7730 
C     -0.0000   1.3890    0.0180 
C     -0.4050   0.0900   -0.7110 
H      1.8230  -1.0710    1.2800 
H      2.1480   1.6230    0.4220 
H     -0.7600   1.6830    0.7560 
H     -0.0830   0.1900   -1.7550 
O      0.3030  -0.9620   -0.0490 
O      2.5390  -0.4980   -0.5760 
C      2.8670  -1.8150   -0.9980 
H      2.0020  -2.3230   -1.4410 
H      3.6580  -1.7170   -1.7450 
H      3.2380  -2.4190   -0.1560 
O      1.1620   1.0720    2.1920 
H      1.1290   2.0060    2.4510 
O      0.1710   2.4000   -0.9650 
H      0.4570   3.2120   -0.5200 
C     -1.9000  -0.2570   -0.6700 
H     -2.0740  -1.1130   -1.3390 
O     -2.5700   0.9090   -1.1410 
H     -3.5160   0.7010   -1.1940 
C     -2.4060  -0.6880    0.7200 
H     -1.8020  -0.2310    1.5180 
H     -3.4390  -0.3140    0.8320 
O     -2.3660  -2.1060    0.7850 
H     -2.6850  -2.3730    1.6600 
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Coordinates for β-Galf 1E-gg-gg 
Energy:  -726.502622783 Hartrees 
  
C      1.3820   0.4950   -0.6520 
C      1.5690  -1.0130   -0.4590 
C      0.5290  -1.3570    0.6300 
C     -0.4480  -0.1420    0.6250 
H      1.5580   0.8200   -1.6860 
H      2.5790  -1.2350   -0.0960 
H      0.0020  -2.2750    0.3400 
H     -0.3850   0.3320    1.6170 
O      0.0260   0.7620   -0.3710 
O      2.2590   1.1450    0.2370 
C      2.1860   2.5610    0.1600 
H      1.1850   2.9280    0.4140 
H      2.9130   2.9520    0.8750 
H      2.4450   2.9180   -0.8490 
O      1.2920  -1.6380   -1.7030 
H      1.6090  -2.5520   -1.6490 
O      1.2040  -1.5240    1.8730 
H      0.5560  -1.8340    2.5240 
C     -1.9110  -0.5230    0.3820 
H     -2.1620  -1.2240    1.2040 
O     -1.9940  -1.1710   -0.8740 
H     -2.8890  -1.5300   -0.9700 
C     -2.9140   0.6280    0.5280 
H     -2.7970   1.0580    1.5380 
H     -3.9290   0.1890    0.4850 
O     -2.7340   1.5940   -0.4870 
H     -3.4680   2.2240   -0.4240 
 

Coordinates for β-Galf 1E-gg-gt 
Energy:  -726.510449275 Hartrees 
  
C      1.5860   0.3550   -0.6680 
C      1.5910  -1.1220   -0.2630 
C      0.4660  -1.2090    0.7860 
C     -0.3780   0.0760    0.5400 
H      1.8670   0.5140   -1.7170 
H      2.5540  -1.4150    0.1670 
H     -0.1260  -2.1190    0.5990 
H     -0.3420   0.6780    1.4600 
O      0.2450   0.7790   -0.5400 
O      2.4610   1.0290    0.2000 
C      2.5600   2.4210   -0.0670 
H      1.5940   2.9250    0.0600 
H      3.2810   2.8260    0.6460 
H      2.9210   2.6040   -1.0910 
O      1.2620  -1.8800   -1.4270 
H      1.4590  -2.8090   -1.2340 
O      1.0430  -1.2600    2.0840 
H      0.3310  -1.4120    2.7240 
C     -1.8400  -0.2110    0.1600 
H     -2.2590  -0.8570    0.9550 
O     -1.9510  -0.8270   -1.1100 
H     -1.4120  -1.6340   -1.1250 
C     -2.7020   1.0430    0.1230 
H     -2.4450   1.6130   -0.7810 
H     -2.4660   1.6660    1.0020 
O     -4.0660   0.6420    0.1330 
H     -4.6050   1.4270   -0.0430 
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Coordinates for β-Galf 1E-gg-tg 
Energy:  -726.512282414 Hartrees 
  
C      1.4800   0.3670   -0.6750 
C      1.6420  -1.0450   -0.1010 
C      0.4500  -1.1690    0.8750 
C     -0.5220  -0.0390    0.4390 
H      1.8120   0.4460   -1.7180 
H      2.5870  -1.1340    0.4460 
H     -0.0160  -2.1540    0.7440 
H     -0.6330   0.6640    1.2740 
O      0.0930   0.6310   -0.6720 
O      2.2020   1.2450    0.1530 
C      2.1250   2.6000   -0.2590 
H      1.0940   2.9730   -0.2260 
H      2.7440   3.1750    0.4330 
H      2.5130   2.7280   -1.2820 
O      1.5600  -1.9530   -1.1910 
H      1.8710  -2.8150   -0.8770 
O      0.9350  -1.0030    2.2040 
H      0.2000  -1.1790    2.8120 
C     -1.9180  -0.5100    0.0380 
H     -2.3880  -0.9230    0.9490 
O     -1.7870  -1.5090   -0.9650 
H     -2.6740  -1.8420   -1.1700 
C     -2.8000   0.6370   -0.4610 
H     -3.7460   0.2120   -0.8430 
H     -2.2900   1.1380   -1.2940 
O     -3.0380   1.5140    0.6340 
H     -3.5340   2.2770    0.3040 
 

Coordinates for β-Galf 1E-gt-gg 
Energy:  -726.507300317 Hartrees 
  
C     -1.8180  -0.1760   -0.4680 
C     -1.4410   1.2940   -0.2780 
C     -0.0440   1.2040    0.3890 
C      0.4430  -0.2270    0.0480 
H     -2.4620  -0.3480   -1.3410 
H     -2.1680   1.8120    0.3610 
H      0.6020   1.9720   -0.0650 
H      0.5870  -0.7730    0.9850 
O     -0.6030  -0.8350   -0.7300 
O     -2.4450  -0.6050    0.7150 
C     -2.8050  -1.9790    0.6930 
H     -1.9260  -2.6220    0.5750 
H     -3.2900  -2.1910    1.6490 
H     -3.5120  -2.1910   -0.1250 
O     -1.3620   1.8690   -1.5790 
H     -1.3110   2.8310   -1.4770 
O     -0.0620   1.3280    1.8030 
H     -0.3920   2.2130    2.0240 
C      1.7310  -0.2900   -0.7770 
H      1.5590   0.2830   -1.7040 
O      1.9590  -1.6620   -1.0630 
H      2.7410  -1.7200   -1.6330 
C      2.9320   0.3360   -0.0590 
H      2.7600   1.4160    0.0850 
H      3.8090   0.2400   -0.7250 
O      3.1430  -0.3310    1.1720 
H      3.9780  -0.0150    1.5480 
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Coordinates for β-Galf 1E-gt-gt 
Energy:  -726.506929098 Hartrees 
  
C     -1.8310  -0.1730   -0.5520 
C     -1.4110   1.2940   -0.4340 
C     -0.1200   1.2200    0.4100 
C      0.3360  -0.2640    0.2690 
H     -2.3500  -0.3980   -1.4930 
H     -2.1740   1.8890    0.0780 
H      0.6210   1.9010   -0.0320 
H      0.3070  -0.7210    1.2720 
O     -0.6260  -0.9090   -0.5720 
O     -2.6390  -0.4730    0.5580 
C     -3.1040  -1.8150    0.5690 
H     -2.2740  -2.5290    0.6230 
H     -3.7370  -1.9200    1.4540 
H     -3.7010  -2.0360   -0.3290 
O     -1.1500   1.7570   -1.7540 
H     -1.0770   2.7220   -1.7180 
O     -0.4160   1.5990    1.7480 
H      0.4180   1.6410    2.2410 
C      1.7290  -0.4590   -0.3530 
H      1.7740   0.1040   -1.2910 
O      1.9630  -1.8060   -0.7220 
H      1.9710  -2.3430    0.0880 
C      2.8230   0.0600    0.5860 
H      2.5780   1.0840    0.9200 
H      2.8460  -0.5780    1.4900 
O      4.0600   0.0290   -0.1020 
H      4.7300   0.4360    0.4680 
 

Coordinates for β-Galf 1E-gt-tg 
Energy:  -726.511288859 Hartrees 
  
C      1.7810  -0.0270   -0.5670 
C      1.1160  -1.3930   -0.3890 
C     -0.1470  -1.0580    0.4420 
C     -0.3450   0.4620    0.2220 
H      2.3410   0.0630   -1.5060 
H      1.7810  -2.0930    0.1340 
H     -0.9960  -1.6350    0.0600 
H     -0.2520   0.9570    1.1980 
O      0.7150   0.8930   -0.6460 
O      2.6170   0.1850    0.5430 
C      3.2700   1.4460    0.5210 
H      2.5500   2.2720    0.5370 
H      3.8980   1.4900    1.4140 
H      3.9060   1.5490   -0.3720 
O      0.7730  -1.8480   -1.6950 
H      0.5260  -2.7820   -1.6300 
O      0.0070  -1.2560    1.8450 
H      0.1710  -2.1990    1.9960 
C     -1.6700   0.8830   -0.4080 
H     -1.7200   0.4720   -1.4280 
O     -1.6520   2.3090   -0.4230 
H     -2.4660   2.6110   -0.8560 
C     -2.9050   0.4020    0.3700 
H     -3.7510   1.0440    0.0740 
H     -2.7480   0.5420    1.4510 
O     -3.1800  -0.9600    0.0520 
H     -4.0740  -1.1660    0.3650 
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Coordinates for β-Galf 1E-tg-gg 
Energy:  -726.513891867 Hartrees 
  
C     -1.6080   0.3980   -0.5730 
C     -0.8720   1.3190    0.4040 
C      0.1370   0.3740    1.0910 
C      0.2350  -0.8300    0.1140 
H     -1.9480   0.9140   -1.4800 
H     -1.5580   1.7620    1.1330 
H      1.1020   0.8780    1.1870 
H     -0.1160  -1.7210    0.6510 
O     -0.6410  -0.5490   -0.9890 
O     -2.6850  -0.1850    0.1110 
C     -3.4490  -1.0750   -0.6880 
H     -2.8500  -1.9280   -1.0270 
H     -4.2710  -1.4310   -0.0620 
H     -3.8630  -0.5610   -1.5700 
O     -0.2170   2.3020   -0.3960 
H      0.0890   3.0030    0.1990 
O     -0.3690  -0.0040    2.3670 
H      0.3320  -0.5130    2.8030 
C      1.6230  -1.1490   -0.4520 
H      1.4840  -1.9710   -1.1740 
O      2.3850  -1.5760    0.6720 
H      3.2490  -1.8820    0.3580 
C      2.2860  -0.0010   -1.2260 
H      1.5320   0.4400   -1.8920 
H      3.0890  -0.4250   -1.8540 
O      2.8260   0.9570   -0.3220 
H      3.2300   1.6570   -0.8560 
 

Coordinates for β-Galf 1E-tg-gt 
Energy:  -726.510651546 Hartrees 
  
C      1.6100  -0.5520    0.5400 
C      1.1620   0.8080    1.0820 
C      0.1660   1.3020    0.0110 
C     -0.2390   0.0080   -0.7530 
H      1.8560  -1.2720    1.3320 
H      2.0060   1.4990    1.1780 
H     -0.6920   1.7610    0.5270 
H      0.0930   0.1350   -1.7910 
O      0.4800  -1.0730   -0.1380 
O      2.7030  -0.3310   -0.3080 
C      3.2200  -1.5200   -0.8890 
H      2.4770  -2.0130   -1.5260 
H      4.0810  -1.2240   -1.4930 
H      3.5490  -2.2300   -0.1140 
O      0.5130   0.5630    2.3270 
H      0.4020   1.4170    2.7730 
O      0.8090   2.2560   -0.8220 
H      0.1410   2.6220   -1.4220 
C     -1.7400  -0.3250   -0.7750 
H     -1.8940  -1.1650   -1.4600 
O     -2.4610   0.7550   -1.3670 
H     -2.4140   1.5090   -0.7580 
C     -2.3100  -0.7500    0.5770 
H     -2.2540   0.0890    1.2920 
H     -1.6840  -1.5580    0.9780 
O     -3.6530  -1.1640    0.3690 
H     -4.0100  -1.4340    1.2280 
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Coordinates for β-Galf 1E-tg-tg 
Energy:  -726.508668272 Hartrees 
  
C      1.4640  -0.6230    0.4170 
C      1.0700   0.6320    1.2030 
C      0.1110   1.3650    0.2290 
C     -0.3270   0.2620   -0.7650 
H      1.6570  -1.4920    1.0600 
H      1.9540   1.2380    1.4390 
H     -0.7470   1.7720    0.7820 
H      0.0110   0.5760   -1.7600 
O      0.3330  -0.9460   -0.3630 
O      2.5940  -0.3010   -0.3520 
C      3.0590  -1.3810   -1.1500 
H      2.3010  -1.7010   -1.8740 
H      3.9430  -1.0200   -1.6800 
H      3.3370  -2.2440   -0.5260 
O      0.4020   0.1880    2.3830 
H      0.3230   0.9450    2.9830 
O      0.7520   2.3810   -0.5310 
H      1.0490   3.0730    0.0800 
C     -1.8350  -0.0180   -0.8230 
H     -2.0160  -0.7370   -1.6350 
O     -2.4340   1.2440   -1.1160 
H     -3.3840   1.0960   -1.2410 
C     -2.4180  -0.6550    0.4540 
H     -1.7890  -0.4390    1.3280 
H     -3.4090  -0.2010    0.6310 
O     -2.5320  -2.0550    0.2290 
H     -2.8970  -2.4540    1.0330 
 

Coordinates for β-Galf E1-gg-gg 
Energy:  -726.505210204 Hartrees 
  
C     -1.0770   0.7440    0.1330 
C     -1.7610  -0.6160    0.0230 
C     -0.5940  -1.5980   -0.1340 
C      0.5790  -0.7010   -0.6300 
H     -0.7530   0.9490    1.1650 
H     -2.3320  -0.6150   -0.9170 
H     -0.3600  -2.0200    0.8520 
H      0.8660  -1.0100   -1.6450 
O      0.0670   0.6240   -0.7210 
O     -1.9100   1.7480   -0.3350 
C     -1.3910   3.0560   -0.1330 
H     -1.1890   3.2420    0.9320 
H     -2.1570   3.7530   -0.4810 
H     -0.4660   3.2110   -0.7010 
O     -2.5940  -0.8540    1.1410 
H     -3.0770  -1.6760    0.9660 
O     -0.9780  -2.6260   -1.0450 
H     -0.2850  -3.3040   -1.0440 
C      1.8250  -0.8100    0.2620 
H      2.1250  -1.8770    0.2250 
O      1.4410  -0.4420    1.5790 
H      2.1810  -0.6190    2.1800 
C      3.0460  -0.0250   -0.2310 
H      3.2610  -0.3380   -1.2670 
H      3.9130  -0.3360    0.3820 
O      2.8280   1.3680   -0.1270 
H      3.6670   1.8090   -0.3270 
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Coordinates for β-Galf E1-gg-gt 
Energy:  -726.509737451 Hartrees 
  
C     -1.2780   0.6580    0.1340 
C     -1.7420  -0.7960    0.0740 
C     -0.4470  -1.5910   -0.1380 
C      0.5580  -0.5380   -0.6800 
H     -0.9630   0.9370    1.1530 
H     -2.3580  -0.9060   -0.8290 
H     -0.1240  -1.9870    0.8390 
H      0.8360  -0.8110   -1.7060 
O     -0.1500   0.7060   -0.7470 
O     -2.2790   1.4990   -0.3200 
C     -1.9880   2.8830   -0.1620 
H     -1.7520   3.1200    0.8850 
H     -2.8870   3.4260   -0.4610 
H     -1.1480   3.1890   -0.7970 
O     -2.4580  -1.1350    1.2470 
H     -2.8150  -2.0270    1.1190 
O     -0.7110  -2.6710   -1.0250 
H      0.0750  -3.2380   -1.0590 
C      1.8420  -0.3960    0.1590 
H      2.3960  -1.3500    0.0990 
O      1.5770  -0.0520    1.5160 
H      1.0070  -0.7310    1.9080 
C      2.7360   0.6990   -0.4050 
H      2.2780   1.6680   -0.1690 
H      2.7750   0.5980   -1.5030 
O      4.0290   0.5600    0.1690 
H      4.5460   1.3420   -0.0730 
 

Coordinates for β-Galf E1-gg-tg 
Energy:  -726.514319257 Hartrees 
  
C     -1.3060   0.5740    0.1000 
C     -1.6270  -0.9050   -0.0900 
C     -0.2500  -1.5840   -0.1100 
C      0.7300  -0.4280   -0.4470 
H     -1.1820   0.8230    1.1650 
H     -2.0700  -1.0140   -1.0910 
H     -0.0440  -1.9790    0.8930 
H      1.2140  -0.6140   -1.4120 
O     -0.0630   0.7570   -0.5910 
O     -2.2920   1.3580   -0.4810 
C     -2.1480   2.7480   -0.2250 
H     -2.0980   2.9500    0.8560 
H     -3.0320   3.2370   -0.6400 
H     -1.2490   3.1530   -0.7050 
O     -2.5040  -1.3600    0.9220 
H     -2.7580  -2.2670    0.6920 
O     -0.2740  -2.6360   -1.0720 
H      0.5530  -3.1350   -0.9910 
C      1.8340  -0.2350    0.5970 
H      2.4300  -1.1650    0.6260 
O      1.2060   0.0060    1.8540 
H      1.8960   0.0820    2.5310 
C      2.7740   0.9150    0.2390 
H      3.4490   1.1040    1.0930 
H      2.1740   1.8190    0.0700 
O      3.5060   0.5280   -0.9170 
H      4.0520   1.2780   -1.1940 
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Coordinates for β-Galf E1-gt-gg 
Energy:  -726.502991095 Hartrees 
  
C      1.6430  -0.2250    0.1780 
C      1.3300   1.2630    0.0370 
C     -0.2120   1.3020   -0.0230 
C     -0.6140  -0.1420   -0.4080 
H      1.6300  -0.5250    1.2430 
H      1.7300   1.5900   -0.9340 
H     -0.5700   1.5500    0.9900 
H     -1.1020  -0.1420   -1.3850 
O      0.6060  -0.8820   -0.5390 
O      2.8770  -0.5170   -0.3830 
C      3.2850  -1.8670   -0.1980 
H      3.3130  -2.1290    0.8710 
H      4.2930  -1.9470   -0.6120 
H      2.6160  -2.5610   -0.7190 
O      1.9100   1.9780    1.1170 
H      1.7770   2.9260    0.9640 
O     -0.7590   2.2050   -0.9750 
H     -0.4860   3.1030   -0.7320 
C     -1.5630  -0.8030    0.6060 
H     -1.1030  -0.7430    1.6100 
O     -1.7130  -2.1530    0.2010 
H     -2.2770  -2.5980    0.8530 
C     -2.9150  -0.0810    0.6830 
H     -2.7680   0.9480    1.0470 
H     -3.5360  -0.6020    1.4350 
O     -3.5240  -0.1060   -0.5950 
H     -4.4270   0.2340   -0.5060 
 

Coordinates for β-Galf E1-gt-gt 
Energy:  -726.505878594 Hartrees 
  
C      1.6120  -0.2980    0.2340 
C      1.4320   1.2120    0.1120 
C     -0.0730   1.3780   -0.1400 
C     -0.5200  -0.0200   -0.6580 
H      1.4020  -0.6410    1.2630 
H      1.9660   1.5310   -0.7940 
H     -0.5560   1.6020    0.8240 
H     -0.8520   0.0690   -1.7030 
O      0.6480  -0.8400   -0.6730 
O      2.8890  -0.6700   -0.1480 
C      3.1770  -2.0470    0.0680 
H      3.0260  -2.3210    1.1230 
H      4.2280  -2.1890   -0.1930 
H      2.5510  -2.6890   -0.5620 
O      1.9150   1.8690    1.2670 
H      1.8680   2.8220    1.0960 
O     -0.2700   2.4520   -1.0520 
H     -1.2210   2.6320   -1.1120 
C     -1.6500  -0.6620    0.1810 
H     -1.4040  -0.5870    1.2470 
O     -1.7720  -2.0500   -0.0630 
H     -2.0400  -2.1730   -0.9880 
C     -2.9710   0.0760   -0.0560 
H     -2.8140   1.1640    0.0530 
H     -3.2910  -0.1000   -1.1000 
O     -3.9310  -0.3970    0.8710 
H     -4.7350   0.1330    0.7690 
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Coordinates for β-Galf E1-gt-tg 
Energy:  -726.506721179 Hartrees 
  
C     -1.5990  -0.1140   -0.2720 
C     -1.1390   1.3080    0.0460 
C      0.3650   1.1490    0.3510 
C      0.5380  -0.3600    0.6390 
H     -1.4740  -0.3270   -1.3500 
H     -1.6580   1.6240    0.9630 
H      0.9320   1.4470   -0.5380 
H      0.8450  -0.4910    1.6830 
O     -0.7530  -0.9610    0.5000 
O     -2.9250  -0.2890    0.0990 
C     -3.4600  -1.5540   -0.2680 
H     -3.3630  -1.7250   -1.3510 
H     -4.5200  -1.5320   -0.0030 
H     -2.9630  -2.3690    0.2690 
O     -1.4460   2.1530   -1.0520 
H     -1.2320   3.0660   -0.8060 
O      0.8260   1.8690    1.4940 
H      0.6880   2.8150    1.3280 
C      1.5740  -1.0760   -0.2360 
H      1.2360  -1.0710   -1.2850 
O      1.6460  -2.4040    0.2750 
H      2.2660  -2.9040   -0.2790 
C      2.9690  -0.4290   -0.1870 
H      3.7020  -1.1990   -0.4780 
H      3.2060  -0.1190    0.8420 
O      3.0160   0.6720   -1.0920 
H      3.9450   0.9170   -1.2180 
 

Coordinates for β-Galf E1-tg-gg 
Energy:  -726.512305341 Hartrees 
  
C      1.3800  -0.1640    0.0450 
C      0.9200   1.2630    0.3260 
C     -0.5560   1.2860   -0.0960 
C     -0.7050   0.0310   -0.9990 
H      1.2080  -0.8080    0.9230 
H      1.4760   1.9220   -0.3570 
H     -1.1810   1.1920    0.7960 
H     -0.9350   0.3800   -2.0130 
O      0.5730  -0.6100   -1.0560 
O      2.7200  -0.1820   -0.3140 
C      3.2610  -1.4860   -0.4580 
H      3.1100  -2.0820    0.4560 
H      4.3330  -1.3650   -0.6300 
H      2.8130  -2.0160   -1.3070 
O      1.1680   1.5930    1.6810 
H      0.9710   2.5370    1.7830 
O     -0.8340   2.5060   -0.7770 
H     -1.7940   2.5320   -0.9140 
C     -1.8230  -0.9560   -0.6100 
H     -1.9240  -1.6740   -1.4410 
O     -2.9940  -0.1470   -0.5040 
H     -3.7570  -0.7280   -0.3680 
C     -1.5530  -1.8020    0.6310 
H     -0.6830  -2.4400    0.4170 
H     -2.4200  -2.4680    0.7910 
O     -1.3340  -0.9700    1.7590 
H     -1.1650  -1.5320    2.5290 
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Coordinates for β-Galf E1-tg-gt 
Energy:  -726.507453464 Hartrees 
  
C      1.4390  -0.4120    0.1210 
C      1.3260   1.0730    0.4620 
C     -0.0860   1.4670    0.0070 
C     -0.5300   0.3170   -0.9340 
H      1.1240  -1.0340    0.9790 
H      2.0460   1.6100   -0.1720 
H     -0.7180   1.5110    0.9090 
H     -0.6440   0.7350   -1.9400 
O      0.5530  -0.6220   -0.9830 
O      2.7400  -0.7210   -0.2410 
C      2.9690  -2.1090   -0.4520 
H      2.6860  -2.6960    0.4350 
H      4.0400  -2.2240   -0.6310 
H      2.4110  -2.4780   -1.3200 
O      1.5850   1.2730    1.8390 
H      1.6120   2.2300    1.9920 
O     -0.0390   2.7440   -0.6170 
H     -0.9520   3.0260   -0.7840 
C     -1.8750  -0.3490   -0.5720 
H     -2.1660  -0.9960   -1.4070 
O     -2.8980   0.6440   -0.5160 
H     -2.7270   1.2020    0.2600 
C     -1.8450  -1.2340    0.6720 
H     -1.6230  -0.6240    1.5680 
H     -1.0320  -1.9650    0.5580 
O     -3.1100  -1.8680    0.7860 
H     -3.0880  -2.4290    1.5760 
 

Coordinates for β-Galf E1-tg-tg 
Energy:  -726.510687834 Hartrees 
  
C      1.3530  -0.0830    0.0270 
C      0.9290   1.3390    0.3910 
C     -0.5680   1.3800    0.0570 
C     -0.7750   0.1730   -0.8930 
H      1.2050  -0.7760    0.8710 
H      1.4530   2.0230   -0.2920 
H     -1.1320   1.2420    0.9890 
H     -1.0770   0.5560   -1.8750 
O      0.4920  -0.4580   -1.0530 
O      2.6760  -0.0990   -0.3900 
C      3.1900  -1.4050   -0.6150 
H      3.0860  -2.0320    0.2830 
H      4.2510  -1.2860   -0.8490 
H      2.6820  -1.8960   -1.4530 
O      1.2410   1.6100    1.7470 
H      1.0490   2.5480    1.9000 
O     -0.9000   2.6370   -0.5210 
H     -1.8670   2.6610   -0.5980 
C     -1.8810  -0.8040   -0.4560 
H     -1.9380  -1.6030   -1.2100 
O     -3.0640   0.0040   -0.4640 
H     -3.8280  -0.5680   -0.2920 
C     -1.7340  -1.4760    0.9150 
H     -1.5370  -0.7240    1.6930 
H     -2.7060  -1.9430    1.1580 
O     -0.7060  -2.4540    0.8530 
H     -0.6340  -2.8630    1.7290 
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Coordinates for β-Galf 2E-gg-gg 
Energy:  -726.506604913 Hartrees 
  
C     -1.2880   0.6490    0.2090 
C     -1.7390  -0.7670   -0.1330 
C     -0.4350  -1.5520   -0.0500 
C      0.6130  -0.5220   -0.5380 
H     -1.2350   0.7990    1.3000 
H     -2.0850  -0.7640   -1.1780 
H     -0.2470  -1.8050    1.0010 
H      0.7880  -0.6830   -1.6130 
O      0.0250   0.7630   -0.3480 
O     -2.1420   1.5800   -0.3670 
C     -1.8520   2.9220    0.0020 
H     -1.8810   3.0460    1.0960 
H     -2.6280   3.5450   -0.4500 
H     -0.8680   3.2330   -0.3660 
O     -2.7490  -1.2100    0.7510 
H     -2.9990  -2.1020    0.4640 
O     -0.5350  -2.7280   -0.8460 
H      0.2640  -3.2580   -0.7060 
C      1.9610  -0.6530    0.1850 
H      2.2870  -1.6990    0.0140 
O      1.7290  -0.4160    1.5650 
H      2.5430  -0.6170    2.0500 
C      3.0880   0.2140   -0.3850 
H      3.2130  -0.0470   -1.4500 
H      4.0250  -0.0770    0.1260 
O      2.8130   1.5880   -0.2010 
H      3.6060   2.0810   -0.4590 
 

Coordinates for β-Galf 2E-gg-gt 
Energy:  -726.511072449 Hartrees 
  
C     -1.4490   0.6030    0.2010 
C     -1.7590  -0.8580   -0.1100 
C     -0.3820  -1.5120   -0.0540 
C      0.5550  -0.3940   -0.5590 
H     -1.4000   0.7790    1.2890 
H     -2.1270  -0.9070   -1.1460 
H     -0.1800  -1.7540    1.0040 
H      0.7130  -0.5520   -1.6360 
O     -0.1570   0.8370   -0.3720 
O     -2.4010   1.4270   -0.3790 
C     -2.2730   2.7980   -0.0210 
H     -2.3010   2.9260    1.0710 
H     -3.1240   3.3170   -0.4660 
H     -1.3400   3.2260   -0.4080 
O     -2.6960  -1.3840    0.8060 
H     -2.8680  -2.3010    0.5390 
O     -0.3830  -2.6970   -0.8350 
H      0.4670  -3.1490   -0.7140 
C      1.9320  -0.3240    0.1250 
H      2.4720  -1.2590   -0.1130 
O      1.8470  -0.1300    1.5290 
H      1.3290  -0.8520    1.9160 
C      2.7510   0.8340   -0.4320 
H      2.3330   1.7670   -0.0330 
H      2.6450   0.8510   -1.5290 
O      4.1070   0.6440   -0.0500 
H      4.5920   1.4520   -0.2730 
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Coordinates for β-Galf 2E-gg-tg 
Energy:  -726.51563998 Hartrees 
  
C      1.4260  -0.5380    0.1830 
C      1.6250   0.9150   -0.2350 
C      0.2370   1.5140   -0.0350 
C     -0.6970   0.3320   -0.3760 
H      1.5130  -0.6550    1.2760 
H      1.8590   0.9220   -1.3100 
H      0.1250   1.7920    1.0210 
H     -1.0210   0.4100   -1.4210 
O      0.0900  -0.8590   -0.2220 
O      2.3430  -1.3540   -0.4660 
C      2.3190  -2.7060   -0.0300 
H      2.4690  -2.7750    1.0580 
H      3.1440  -3.2130   -0.5370 
H      1.3740  -3.1950   -0.2920 
O      2.6480   1.5260    0.5260 
H      2.7390   2.4320    0.1920 
O      0.0930   2.6530   -0.8780 
H     -0.7550   3.0770   -0.6720 
C     -1.9470   0.2510    0.5010 
H     -2.5370   1.1680    0.3210 
O     -1.5220   0.1740    1.8580 
H     -2.3110   0.1710    2.4210 
C     -2.8280  -0.9480    0.1460 
H     -3.6310  -1.0350    0.8990 
H     -2.2150  -1.8580    0.1920 
O     -3.3640  -0.7210   -1.1510 
H     -3.8640  -1.5070   -1.4130 
 

Coordinates for β-Galf 2E-gt-gg 
Energy:  -726.510165457 Hartrees 
  
C      1.7420  -0.1720    0.2230 
C      1.3000   1.2460   -0.1180 
C     -0.2030   1.1820    0.1680 
C     -0.5700  -0.2550   -0.2550 
H      1.9050  -0.2870    1.3090 
H      1.4700   1.3950   -1.1970 
H     -0.3290   1.3080    1.2510 
H     -0.9180  -0.2610   -1.2980 
O      0.6530  -1.0030   -0.1960 
O      2.8980  -0.5030   -0.4700 
C      3.4270  -1.7780   -0.1290 
H      3.6240  -1.8490    0.9520 
H      4.3700  -1.8800   -0.6710 
H      2.7450  -2.5850   -0.4220 
O      1.9960   2.2000    0.6570 
H      1.6710   3.0740    0.3880 
O     -0.9790   2.2150   -0.4130 
H     -1.0640   2.0260   -1.3620 
C     -1.6650  -0.9100    0.5880 
H     -1.3090  -0.9630    1.6330 
O     -1.8640  -2.2100    0.0560 
H     -2.5300  -2.6580    0.6000 
C     -2.9540  -0.0810    0.5800 
H     -2.7790   0.8790    1.0890 
H     -3.7190  -0.6280    1.1600 
O     -3.3720   0.1150   -0.7640 
H     -4.2500   0.5230   -0.7470 
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Coordinates for β-Galf 2E-gt-gt 
Energy:  -726.507334194 Hartrees 
  
C      1.7300  -0.2750    0.2890 
C      1.4810   1.1880   -0.0570 
C     -0.0410   1.2890   -0.0130 
C     -0.4940  -0.1100   -0.4960 
H      1.7440  -0.4310    1.3820 
H      1.8120   1.3460   -1.0940 
H     -0.3420   1.4450    1.0360 
H     -0.6850  -0.0570   -1.5800 
O      0.6220  -0.9830   -0.2800 
O      2.9230  -0.7050   -0.2720 
C      3.2930  -2.0250    0.1060 
H      3.3550  -2.1210    1.2010 
H      4.2800  -2.2070   -0.3250 
H      2.5820  -2.7650   -0.2780 
O      2.1500   2.0460    0.8440 
H      1.9710   2.9540    0.5520 
O     -0.4540   2.3820   -0.8220 
H     -1.4100   2.5020   -0.7190 
C     -1.7390  -0.6850    0.2030 
H     -1.5490  -0.7320    1.2810 
O     -1.9770  -2.0270   -0.1820 
H     -2.1980  -2.0360   -1.1280 
C     -2.9730   0.1940   -0.0330 
H     -2.7560   1.2270    0.2940 
H     -3.1900   0.2310   -1.1160 
O     -4.0570  -0.3480    0.6980 
H     -4.8080   0.2580    0.6120 
 

Coordinates for β-Galf 2E-gt-tg 
Energy:  -726.508081818 Hartrees 
  
C      1.6770  -0.1050    0.3050 
C      1.2020   1.2590   -0.1860 
C     -0.3230   1.0980   -0.2040 
C     -0.5180  -0.3930   -0.5230 
H      1.6940  -0.1440    1.4090 
H      1.5640   1.3860   -1.2170 
H     -0.7060   1.3330    0.7980 
H     -0.6920  -0.5020   -1.6020 
O      0.7200  -1.0410   -0.1920 
O      2.9420  -0.3800   -0.1990 
C      3.5040  -1.5900    0.2930 
H      3.5480  -1.5880    1.3930 
H      4.5190  -1.6480   -0.1060 
H      2.9290  -2.4610   -0.0410 
O      1.6940   2.2790    0.6690 
H      1.3970   3.1350    0.3260 
O     -1.0070   1.8710   -1.1850 
H     -0.8200   2.8080   -1.0160 
C     -1.6750  -1.0850    0.2020 
H     -1.4150  -1.1780    1.2680 
O     -1.7960  -2.3650   -0.4140 
H     -2.4910  -2.8550    0.0540 
C     -3.0080  -0.3260    0.1070 
H     -3.8160  -1.0540    0.2870 
H     -3.1450   0.0830   -0.9040 
O     -3.0260   0.7010    1.0950 
H     -3.9380   1.0140    1.1850 
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Coordinates for β-Galf 2E-tg-gg 
Energy:  -726.506857345 Hartrees 
  
C      1.4430  -0.1980    0.1010 
C      1.0400   1.2690    0.1930 
C     -0.4780   1.2550   -0.0580 
C     -0.6730   0.0070   -0.9390 
H      1.3680  -0.6890    1.0850 
H      1.5230   1.7970   -0.6430 
H     -0.9990   1.1440    0.8980 
H     -0.7490   0.3460   -1.9800 
O      0.5030  -0.8030   -0.7930 
O      2.7370  -0.3080   -0.3970 
C      3.2440  -1.6340   -0.3950 
H      3.1950  -2.0770    0.6110 
H      4.2890  -1.5710   -0.7070 
H      2.6930  -2.2750   -1.0950 
O      1.4510   1.7950    1.4450 
H      1.2250   2.7370    1.4650 
O     -0.9520   2.3930   -0.7720 
H     -0.8150   3.1740   -0.2130 
C     -1.9090  -0.8610   -0.6270 
H     -2.0280  -1.5660   -1.4690 
O     -3.0130   0.0310   -0.5620 
H     -3.8210  -0.4980   -0.4710 
C     -1.7690  -1.7420    0.6150 
H     -0.9660  -2.4690    0.4260 
H     -2.7110  -2.3060    0.7370 
O     -1.4970  -0.9530    1.7660 
H     -1.4160  -1.5480    2.5260 
 

Coordinates for β-Galf 2E-tg-gt 
Energy:  -726.508754572 Hartrees 
  
C      1.5170  -0.4340    0.1770 
C      1.4680   1.0920    0.2170 
C     -0.0170   1.3890    0.0330 
C     -0.5100   0.2290   -0.8530 
H      1.3280  -0.8660    1.1750 
H      2.0120   1.4640   -0.6640 
H     -0.4750   1.3450    1.0360 
H     -0.4910   0.5850   -1.8910 
O      0.4600  -0.8240   -0.7150 
O      2.7450  -0.8590   -0.3050 
C      2.9290  -2.2680   -0.2600 
H      2.7740  -2.6560    0.7590 
H      3.9610  -2.4580   -0.5620 
H      2.2460  -2.7820   -0.9470 
O      2.0210   1.5820    1.4210 
H      1.9860   2.5500    1.3730 
O     -0.1890   2.6750   -0.5380 
H     -1.1410   2.8650   -0.5510 
C     -1.9440  -0.2620   -0.5440 
H     -2.3490  -0.7570   -1.4330 
O     -2.8130   0.8570   -0.3440 
H     -2.5460   1.2860    0.4860 
C     -2.0340  -1.2740    0.5960 
H     -1.6930  -0.8090    1.5400 
H     -1.3520  -2.1060    0.3760 
O     -3.3850  -1.6990    0.6920 
H     -3.4400  -2.3420    1.4150 
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Coordinates for β-Galf 2E-tg-tg 
Energy:  -726.505210194 Hartrees 
  
C      1.4780  -0.2340    0.0700 
C      1.1480   1.2530    0.0790 
C     -0.3860   1.2560    0.0290 
C     -0.7010   0.0090   -0.8160 
H      1.4300  -0.6620    1.0840 
H      1.5370   1.6870   -0.8540 
H     -0.7410   1.1360    1.0620 
H     -0.8430   0.3290   -1.8570 
O      0.4610  -0.8280   -0.7380 
O      2.7340  -0.4420   -0.4880 
C      3.1710  -1.7930   -0.4270 
H      3.1660  -2.1660    0.6080 
H      4.1950  -1.8080   -0.8090 
H      2.5420  -2.4460   -1.0440 
O      1.7160   1.8800    1.2180 
H      1.5070   2.8260    1.1770 
O     -0.9740   2.4010   -0.5740 
H     -0.7550   3.1730   -0.0290 
C     -1.9420  -0.8300   -0.4550 
H     -1.7230  -1.8450   -0.8180 
O     -3.0450  -0.2600   -1.1580 
H     -3.8160  -0.8300   -1.0160 
C     -2.2910  -0.9070    1.0340 
H     -2.6130   0.0910    1.3690 
H     -3.1530  -1.5850    1.1540 
O     -1.1650  -1.3770    1.7630 
H     -1.4100  -1.4170    2.7000 
 

Coordinates for β-Galf E2-gg-gg 
Energy:  -726.500901219 Hartrees 
  
C      1.3070   0.5160   -0.5390 
C      1.4820  -1.0060   -0.4530 
C      0.4420  -1.4530    0.5970 
C     -0.5300  -0.2500    0.7310 
H      1.2890   0.8680   -1.5800 
H      2.4870  -1.2380   -0.0850 
H     -0.0830  -2.3450    0.2310 
H     -0.6130   0.0070    1.7980 
O      0.0590   0.8460    0.0400 
O      2.3760   1.1080    0.1570 
C      2.3470   2.5260    0.1300 
H      2.3630   2.9050   -0.9050 
H      3.2460   2.8690    0.6490 
H      1.4580   2.9210    0.6340 
O      1.2520  -1.5480   -1.7450 
H      1.5650  -2.4650   -1.7360 
O      1.1390  -1.7320    1.8100 
H      0.5110  -2.1340    2.4300 
C     -1.9450  -0.5490    0.2170 
H     -2.2940  -1.4110    0.8200 
O     -1.8400  -0.8970   -1.1510 
H     -2.7060  -1.2110   -1.4530 
C     -2.9760   0.5570    0.4740 
H     -2.9970   0.7610    1.5600 
H     -3.9700   0.1500    0.2090 
O     -2.6840   1.7160   -0.2790 
H     -3.4300   2.3260   -0.1780 
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Coordinates for β-Galf E2-gg-gt 
Energy:  -726.511366728 Hartrees 
  
C      1.5130   0.3040   -0.6680 
C      1.3640  -1.1900   -0.3520 
C      0.4300  -1.1960    0.8680 
C     -0.4050   0.0990    0.6860 
H      1.6020   0.4990   -1.7460 
H      2.3330  -1.6390   -0.1180 
H     -0.2110  -2.0910    0.8490 
H     -0.4720   0.6090    1.6570 
O      0.3150   0.9230   -0.2390 
O      2.6450   0.7670    0.0160 
C      2.8960   2.1500   -0.1820 
H      3.0300   2.3820   -1.2500 
H      3.8210   2.3790    0.3530 
H      2.0810   2.7670    0.2130 
O      0.7440  -1.8260   -1.4760 
H      0.8060  -2.7840   -1.3360 
O      1.2350  -1.1820    2.0390 
H      0.6540  -1.3160    2.8030 
C     -1.8270  -0.1550    0.1310 
H     -2.2670  -0.9720    0.7340 
O     -1.8140  -0.4770   -1.2430 
H     -1.2280  -1.2410   -1.3880 
C     -2.7540   1.0420    0.3020 
H     -2.4610   1.8140   -0.4220 
H     -2.6260   1.4550    1.3180 
O     -4.0890   0.5990    0.0990 
H     -4.6560   1.3820    0.0580 
 

Coordinates for β-Galf E2-gg-tg 
Energy:  -726.510695218 Hartrees 
  
C      1.4300   0.3660   -0.5900 
C      1.5210  -1.0850   -0.1020 
C      0.3380  -1.2310    0.8810 
C     -0.6050  -0.0520    0.5430 
H      1.5910   0.4460   -1.6740 
H      2.4610  -1.2310    0.4420 
H     -0.1600  -2.1960    0.7120 
H     -0.8520   0.4880    1.4660 
O      0.1190   0.8320   -0.3220 
O      2.3990   1.1110    0.1030 
C      2.4330   2.4790   -0.2690 
H      2.6170   2.5950   -1.3490 
H      3.2580   2.9350    0.2850 
H      1.4960   2.9890   -0.0140 
O      1.4270  -1.9320   -1.2370 
H      1.6890  -2.8230   -0.9600 
O      0.8630  -1.1490    2.2040 
H      0.1480  -1.3680    2.8210 
C     -1.9270  -0.4590   -0.1110 
H     -2.4840  -1.0540    0.6340 
O     -1.6360  -1.2290   -1.2680 
H     -2.4760  -1.5280   -1.6490 
C     -2.7870   0.7530   -0.4770 
H     -3.6600   0.4020   -1.0560 
H     -2.1970   1.4220   -1.1170 
O     -3.1940   1.3810    0.7330 
H     -3.6770   2.1880    0.5050 
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Coordinates for β-Galf E2-gt-gg 
Energy:  -726.509830838 Hartrees 
  
C     -1.7450   0.1380    0.5340 
C     -1.1060  -1.2500    0.6180 
C      0.1050  -1.1360   -0.3220 
C      0.4620   0.3680   -0.2630 
H     -2.1990   0.4520    1.4850 
H     -1.8010  -2.0300    0.2930 
H      0.9150  -1.7670    0.0660 
H      0.6530   0.7310   -1.2780 
O     -0.6950   1.0450    0.2570 
O     -2.7110   0.0990   -0.4830 
C     -3.3530   1.3470   -0.6970 
H     -3.8510   1.7010    0.2200 
H     -4.1050   1.1830   -1.4730 
H     -2.6420   2.1120   -1.0290 
O     -0.6790  -1.4270    1.9690 
H     -0.4120  -2.3530    2.0720 
O     -0.2600  -1.5550   -1.6280 
H      0.5620  -1.5870   -2.1420 
C      1.6790   0.7400    0.5920 
H      1.4170   0.5820    1.6500 
O      1.9200   2.1210    0.3330 
H      2.6560   2.4060    0.8950 
C      2.9100  -0.1220    0.2820 
H      2.8380  -1.0760    0.8270 
H      3.8050   0.3990    0.6590 
O      3.0000  -0.3450   -1.1240 
H      3.8490  -0.7750   -1.3070 
 

Coordinates for β-Galf E2-gt-gt 
Energy:  -726.505427575 Hartrees 
  
C     -1.7290   0.2140    0.5990 
C     -1.1880  -1.2150    0.6650 
C     -0.1280  -1.2340   -0.4510 
C      0.3570   0.2380   -0.4950 
H     -2.0240   0.5990    1.5850 
H     -1.9780  -1.9490    0.4730 
H      0.6840  -1.9210   -0.1720 
H      0.4260   0.5620   -1.5460 
O     -0.6550   1.0200    0.1500 
O     -2.8210   0.2220   -0.2810 
C     -3.4120   1.5020   -0.4360 
H     -3.7530   1.9040    0.5310 
H     -4.2740   1.3720   -1.0940 
H     -2.7120   2.2170   -0.8860 
O     -0.5910  -1.3750    1.9480 
H     -0.3820  -2.3150    2.0630 
O     -0.7540  -1.6570   -1.6550 
H     -0.0640  -1.7910   -2.3220 
C      1.7100   0.4890    0.2100 
H      1.6890   0.0030    1.1900 
O      1.9140   1.8640    0.4850 
H      1.9740   2.3350   -0.3620 
C      2.8670  -0.0880   -0.6100 
H      2.6520  -1.1340   -0.8860 
H      2.9490   0.4820   -1.5550 
O      4.0560   0.0050    0.1560 
H      4.7630  -0.4380   -0.3360 
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Coordinates for β-Galf E2-gt-tg 
Energy:  -726.509924161 Hartrees 
  
C     -1.7180   0.1650    0.5290 
C     -1.0180  -1.1730    0.7650 
C      0.1390  -1.1530   -0.2500 
C      0.4310   0.3620   -0.4180 
H     -2.1320   0.5940    1.4530 
H     -1.6960  -2.0130    0.5820 
H      1.0030  -1.6800    0.1650 
H      0.5500   0.5980   -1.4850 
O     -0.7230   1.0590    0.0690 
O     -2.7360  -0.0440   -0.4150 
C     -3.4480   1.1370   -0.7470 
H     -3.9120   1.5870    0.1460 
H     -4.2330   0.8440   -1.4480 
H     -2.7960   1.8820   -1.2170 
O     -0.5240  -1.1520    2.1040 
H     -0.2200  -2.0470    2.3160 
O     -0.2910  -1.7670   -1.4570 
H      0.4930  -1.8530   -2.0200 
C      1.6760   0.8450    0.3380 
H      1.6360   0.4480    1.3630 
O      1.6420   2.2700    0.3400 
H      2.4150   2.5820    0.8370 
C      2.9870   0.4200   -0.3410 
H      3.8220   0.8440    0.2420 
H      3.0170   0.8790   -1.3410 
O      3.0990  -1.0000   -0.4180 
H      4.0190  -1.2170   -0.6320 
 

Coordinates for β-Galf E2-tg-gg 
Energy:  -726.511217807 Hartrees 
  
C     -1.5360   0.4170   -0.5240 
C     -0.7750   1.1890    0.5590 
C      0.1270   0.1130    1.2010 
C      0.3040  -0.9360    0.0790 
H     -1.6990   1.0180   -1.4300 
H     -1.4680   1.6040    1.2980 
H      1.0890   0.5430    1.4970 
H      0.1300  -1.9280    0.5160 
O     -0.7190  -0.6830   -0.8960 
O     -2.7620   0.0080    0.0190 
C     -3.5660  -0.7300   -0.8870 
H     -3.7790  -0.1470   -1.7980 
H     -4.5060  -0.9410   -0.3720 
H     -3.0870  -1.6720   -1.1760 
O     -0.0340   2.2030   -0.1140 
H      0.3150   2.8050    0.5600 
O     -0.5690  -0.4190    2.3240 
H      0.0500  -0.9970    2.7960 
C      1.6690  -1.0250   -0.6210 
H      1.5170  -1.7050   -1.4760 
O      2.5360  -1.6060    0.3480 
H      3.3860  -1.7940   -0.0770 
C      2.2260   0.2810   -1.1970 
H      1.4210   0.8000   -1.7310 
H      3.0110   0.0260   -1.9310 
O      2.7750   1.0780   -0.1530 
H      3.1120   1.8880   -0.5640 
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Coordinates for β-Galf E2-tg-gt 
Energy:  -726.509161531 Hartrees 
  
C      1.5120  -0.6740    0.3260 
C      1.0230   0.4570    1.2370 
C      0.1710   1.3320    0.2960 
C     -0.2860   0.3550   -0.8140 
H      1.5500  -1.6430    0.8450 
H      1.8690   1.0280    1.6330 
H     -0.6790   1.7480    0.8590 
H     -0.1060   0.8460   -1.7790 
O      0.5620  -0.8000   -0.7200 
O      2.7820  -0.3200   -0.1470 
C      3.3550  -1.2870   -1.0150 
H      3.4380  -2.2670   -0.5190 
H      4.3550  -0.9270   -1.2670 
H      2.7640  -1.4040   -1.9310 
O      0.2440  -0.1360    2.2720 
H      0.0790   0.5430    2.9430 
O      0.9980   2.3750   -0.2010 
H      0.4350   2.9970   -0.6880 
C     -1.7690  -0.0700   -0.8240 
H     -1.9080  -0.7220   -1.6940 
O     -2.5870   1.0670   -1.0910 
H     -2.5570   1.6450   -0.3110 
C     -2.2400  -0.8640    0.3900 
H     -2.2690  -0.2130    1.2800 
H     -1.5140  -1.6610    0.5960 
O     -3.5280  -1.3840    0.0860 
H     -3.8280  -1.8890    0.8570 
 

Coordinates for β-Galf E2-tg-tg 
Energy:  -726.509831501 Hartrees 
  
C      1.4070  -0.5400    0.2540 
C      0.8760   0.5310    1.2170 
C     -0.0910   1.3670    0.3550 
C     -0.4420   0.4400   -0.8330 
H      1.4690  -1.5300    0.7260 
H      1.7000   1.1570    1.5740 
H     -0.9870   1.6260    0.9330 
H     -0.3060   1.0120   -1.7610 
O      0.4830  -0.6450   -0.8140 
O      2.6750  -0.1230   -0.1830 
C      3.2870  -1.0280   -1.0880 
H      3.3940  -2.0290   -0.6390 
H      4.2780  -0.6270   -1.3100 
H      2.7110  -1.1190   -2.0170 
O      0.2180  -0.1360    2.2930 
H      0.0600   0.5220    2.9870 
O      0.5910   2.5460   -0.0610 
H     -0.0640   3.1180   -0.4900 
C     -1.8830  -0.0950   -0.8500 
H     -1.9970  -0.7190   -1.7490 
O     -2.6900   1.0850   -0.9360 
H     -3.6130   0.8090   -1.0420 
C     -2.3100  -0.9510    0.3500 
H     -1.9560  -0.5080    1.2890 
H     -3.4160  -0.9500    0.3710 
O     -1.8080  -2.2660    0.1720 
H     -2.0860  -2.7920    0.9370 
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Coordinates for β-Galf 3E-gg-gg 
Energy:  -726.497415047 Hartrees 
  
C      1.3010   0.4020   -0.5650 
C      1.3940  -1.1200   -0.3690 
C      0.4470  -1.3780    0.8150 
C     -0.5860  -0.2240    0.7020 
H      1.2130   0.6640   -1.6290 
H      2.4180  -1.3810   -0.0770 
H     -0.0300  -2.3670    0.7260 
H     -0.8610   0.0930    1.7190 
O      0.1180   0.8480    0.0900 
O      2.4420   0.9900   -0.0070 
C      2.4740   2.4020   -0.1460 
H      2.4030   2.6990   -1.2050 
H      3.4340   2.7350    0.2560 
H      1.6570   2.8780    0.4090 
O      1.0090  -1.7700   -1.5670 
H      1.2020  -2.7140   -1.4570 
O      1.2200  -1.2870    2.0040 
H      0.6500  -1.5240    2.7510 
C     -1.9010  -0.5590   -0.0390 
H     -2.1930  -1.5800    0.2780 
O     -1.6530  -0.5110   -1.4290 
H     -2.4530  -0.8080   -1.8890 
C     -3.0690   0.3400    0.3800 
H     -3.2880   0.1470    1.4470 
H     -3.9630   0.0240   -0.1890 
O     -2.7600   1.6990    0.1460 
H     -3.5620   2.2180    0.3020 
 

Coordinates for β-Galf 3E-gg-gt 
Energy:  -726.512346616 Hartrees 
  
C      1.4060   0.4210   -0.5490 
C      1.3110  -1.1140   -0.4900 
C      0.4160  -1.3750    0.7310 
C     -0.4520  -0.0990    0.8100 
H      1.2800   0.7950   -1.5760 
H      2.3050  -1.5470   -0.3460 
H     -0.1960  -2.2780    0.5820 
H     -0.6310   0.1470    1.8660 
O      0.3400   0.9420    0.2360 
O      2.6540   0.7940   -0.0410 
C      2.8740   2.1970   -0.0500 
H      2.7610   2.6100   -1.0640 
H      3.9000   2.3540    0.2900 
H      2.1810   2.7140    0.6230 
O      0.7140  -1.5840   -1.7040 
H      0.7670  -2.5530   -1.7010 
O      1.2760  -1.5230    1.8530 
H      0.7320  -1.7650    2.6180 
C     -1.8130  -0.2010    0.0780 
H     -2.3020  -1.1340    0.4170 
O     -1.6770  -0.1700   -1.3270 
H     -1.0840  -0.8900   -1.6100 
C     -2.7460   0.9420    0.4600 
H     -2.3700   1.8620   -0.0100 
H     -2.7200   1.0790    1.5550 
O     -4.0560   0.6130    0.0200 
H     -4.6090   1.4010    0.1280 
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Coordinates for β-Galf 3E-gg-tg 
Energy:  -726.506817475 Hartrees 
  
C      1.3970   0.2770   -0.5860 
C      1.4000  -1.1680   -0.0600 
C      0.3270  -1.1430    1.0450 
C     -0.6390  -0.0240    0.5800 
H      1.4310   0.3030   -1.6850 
H      2.3750  -1.3730    0.4000 
H     -0.1800  -2.1180    1.1150 
H     -0.9990   0.5210    1.4630 
O      0.1740   0.8820   -0.1720 
O      2.5010   0.9480   -0.0470 
C      2.6120   2.2940   -0.4800 
H      2.6540   2.3580   -1.5790 
H      3.5450   2.6820   -0.0630 
H      1.7720   2.9020   -0.1230 
O      1.1340  -2.0480   -1.1340 
H      1.2780  -2.9510   -0.8120 
O      0.9820  -0.8110    2.2610 
H      0.3300  -0.8690    2.9750 
C     -1.9030  -0.4350   -0.1830 
H     -2.4740  -1.1070    0.4820 
O     -1.5490  -1.0810   -1.3930 
H     -2.3680  -1.3590   -1.8320 
C     -2.7810   0.7860   -0.4770 
H     -3.6080   0.4720   -1.1380 
H     -2.1770   1.5300   -1.0140 
O     -3.2770   1.2840    0.7610 
H     -3.7720   2.0970    0.5810 
 

Coordinates for β-Galf 3E-gt-gg 
Energy:  -726.508551667 Hartrees 
  
C     -1.6660   0.1710    0.4990 
C     -1.0050  -1.2070    0.6450 
C      0.1440  -1.1690   -0.3720 
C      0.4950   0.3310   -0.4400 
H     -1.9100   0.6080    1.4800 
H     -1.7190  -2.0050    0.4150 
H      0.9820  -1.7860   -0.0240 
H      0.7950   0.6040   -1.4560 
O     -0.7260   1.0200   -0.1460 
O     -2.8310   0.0210   -0.2640 
C     -3.5230   1.2410   -0.4820 
H     -3.7850   1.7260    0.4710 
H     -4.4400   0.9890   -1.0200 
H     -2.9260   1.9390   -1.0810 
O     -0.5080  -1.2930    1.9820 
H     -0.1750  -2.1940    2.1120 
O     -0.3470  -1.6550   -1.6140 
H      0.4090  -1.6980   -2.2200 
C      1.6090   0.8130    0.5050 
H      1.2330   0.7690    1.5380 
O      1.8700   2.1590    0.1180 
H      2.5330   2.5210    0.7250 
C      2.8720  -0.0530    0.4410 
H      2.7170  -0.9640    1.0400 
H      3.7010   0.5030    0.9090 
O      3.1660  -0.3720   -0.9160 
H      4.0330  -0.8040   -0.9430 
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Coordinates for β-Galf 3E-gt-gt 
Energy:  -726.504907271 Hartrees 
  
C      1.6350  -0.2730    0.5320 
C      1.0960   1.1540    0.7180 
C      0.0870   1.3130   -0.4330 
C     -0.3940  -0.1370   -0.6660 
H      1.7020  -0.8040    1.4930 
H      1.9060   1.8850    0.6260 
H     -0.7330   1.9800   -0.1290 
H     -0.5740  -0.3080   -1.7390 
O      0.7040  -0.9660   -0.2910 
O      2.8940  -0.1960   -0.0720 
C      3.5020  -1.4620   -0.2780 
H      3.5970  -2.0160    0.6690 
H      4.4990  -1.2670   -0.6810 
H      2.9320  -2.0700   -0.9890 
O      0.4640   1.2030    1.9930 
H      0.2110   2.1230    2.1650 
O      0.7920   1.8470   -1.5460 
H      0.1520   2.0250   -2.2520 
C     -1.6670  -0.5210    0.1320 
H     -1.5780  -0.1390    1.1530 
O     -1.7940  -1.9240    0.2740 
H     -1.9140  -2.3080   -0.6100 
C     -2.9120   0.0900   -0.5170 
H     -2.7490   1.1640   -0.7090 
H     -3.0700  -0.3910   -1.5010 
O     -4.0200  -0.1150    0.3430 
H     -4.7820   0.3470   -0.0370 
 

Coordinates for β-Galf 3E-gt-tg 
Energy:  -726.508794749 Hartrees 
  
C      1.5950   0.0910   -0.5720 
C      0.8320  -1.2420   -0.5830 
C     -0.1580  -1.0960    0.5840 
C     -0.4180   0.4240    0.6130 
H      1.7370   0.4810   -1.5920 
H      1.5140  -2.0830   -0.4230 
H     -1.0710  -1.6730    0.4040 
H     -0.5800   0.7700    1.6440 
O      0.7960   1.0220    0.1500 
O      2.8350  -0.1090    0.0450 
C      3.6250   1.0670    0.1200 
H      3.7950   1.4980   -0.8800 
H      4.5860   0.7710    0.5490 
H      3.1560   1.8260    0.7570 
O      0.1590  -1.3170   -1.8380 
H     -0.2550  -2.1920   -1.9000 
O      0.5130  -1.5410    1.7610 
H     -0.1280  -1.5260    2.4880 
C     -1.6040   0.9180   -0.2320 
H     -1.4410   0.6280   -1.2790 
O     -1.6130   2.3370   -0.0770 
H     -2.3250   2.6910   -0.6320 
C     -2.9710   0.3790    0.2190 
H     -3.7440   1.0030   -0.2590 
H     -3.0780   0.5100    1.3080 
O     -3.1280  -0.9840   -0.1660 
H     -4.0640  -1.2150   -0.0770 
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Coordinates for β-Galf 3E-tg-gg 
Energy:  -726.50960361 Hartrees 
  
C     -1.5030   0.2170   -0.5050 
C     -0.7950   1.1890    0.4540 
C      0.2360   0.3250    1.2090 
C      0.3790  -0.9480    0.3470 
H     -1.5270   0.6140   -1.5310 
H     -1.5170   1.6100    1.1610 
H      1.1910   0.8530    1.3030 
H      0.3430  -1.8230    1.0070 
O     -0.7630  -0.9980   -0.5130 
O     -2.8080   0.0110   -0.0420 
C     -3.5740  -0.8530   -0.8670 
H     -3.6190  -0.4800   -1.9020 
H     -4.5840  -0.8720   -0.4500 
H     -3.1630  -1.8700   -0.8750 
O     -0.2010   2.1960   -0.3630 
H      0.1370   2.8880    0.2260 
O     -0.3220   0.0340    2.4900 
H      0.3540  -0.4420    2.9960 
C      1.6690  -1.1020   -0.4800 
H      1.4860  -1.9550   -1.1530 
O      2.6790  -1.4060    0.4760 
H      3.4950  -1.6250   -0.0000 
C      2.0490   0.0880   -1.3700 
H      1.1510   0.4440   -1.8940 
H      2.7600  -0.2680   -2.1360 
O      2.6470   1.1110   -0.5840 
H      2.8690   1.8380   -1.1840 
 

Coordinates for β-Galf 3E-tg-gt 
Energy:  -726.507931779 Hartrees 
  
C      1.4610  -0.5910    0.2780 
C      1.0280   0.6240    1.1150 
C      0.0900   1.4230    0.1900 
C     -0.3480   0.4080   -0.8910 
H      1.3410  -1.5290    0.8410 
H      1.9020   1.2310    1.3720 
H     -0.7630   1.8060    0.7720 
H     -0.2850   0.9020   -1.8690 
O      0.6170  -0.6480   -0.8670 
O      2.7990  -0.4150   -0.0870 
C      3.3290  -1.4940   -0.8450 
H      3.2320  -2.4460   -0.3010 
H      4.3880  -1.2760   -0.9990 
H      2.8280  -1.5850   -1.8150 
O      0.3650   0.1270    2.2750 
H      0.2070   0.8780    2.8680 
O      0.8440   2.4990   -0.3540 
H      0.2430   3.0530   -0.8760 
C     -1.7850  -0.1500   -0.7920 
H     -1.9280  -0.8130   -1.6520 
O     -2.7220   0.9060   -0.9920 
H     -2.6880   1.4870   -0.2150 
C     -2.0910  -0.9800    0.4510 
H     -2.0820  -0.3410    1.3490 
H     -1.2960  -1.7280    0.5800 
O     -3.3600  -1.5890    0.2570 
H     -3.5530  -2.1170    1.0470 
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Coordinates for β-Galf 3E-tg-tg 
Energy:  -726.509406138 Hartrees 
  
C      1.3720  -0.4210    0.1800 
C      0.8070   0.6310    1.1480 
C     -0.2490   1.3990    0.3280 
C     -0.5400   0.4800   -0.8780 
H      1.3590  -1.4260    0.6260 
H      1.6060   1.3170    1.4490 
H     -1.1540   1.5720    0.9240 
H     -0.5520   1.0880   -1.7920 
O      0.5360  -0.4480   -0.9680 
O      2.6810  -0.0500   -0.1520 
C      3.3290  -0.9730   -1.0140 
H      3.3490  -1.9820   -0.5740 
H      4.3540  -0.6170   -1.1410 
H      2.8350  -1.0240   -1.9920 
O      0.2580  -0.0520    2.2740 
H      0.0390   0.6190    2.9380 
O      0.3330   2.6380   -0.0670 
H     -0.3570   3.1520   -0.5150 
C     -1.8880  -0.2610   -0.8300 
H     -1.9360  -0.9070   -1.7190 
O     -2.8680   0.7800   -0.8910 
H     -3.7420   0.3660   -0.9570 
C     -2.1440  -1.1450    0.3970 
H     -1.9350  -0.5910    1.3200 
H     -3.2210  -1.4000    0.3940 
O     -1.3460  -2.3150    0.3020 
H     -1.5260  -2.8550    1.0860 
 

Coordinates for β-Galf E3-gg-gg 
Energy:  -726.508257729 Hartrees 
  
C     -1.3990   0.6180    0.3110 
C     -1.7450  -0.8040   -0.1330 
C     -0.4040  -1.5210   -0.0310 
C      0.5660  -0.4070   -0.4670 
H     -1.5860   0.7640    1.3860 
H     -2.0430  -0.7670   -1.1920 
H     -0.2130  -1.7800    1.0190 
H      0.5700  -0.3640   -1.5700 
O      0.0030   0.7820    0.0820 
O     -2.1490   1.5280   -0.4360 
C     -1.9670   2.8780   -0.0290 
H     -2.2330   3.0120    1.0310 
H     -2.6360   3.4840   -0.6450 
H     -0.9310   3.2030   -0.1790 
O     -2.7720  -1.3450    0.6750 
H     -2.9470  -2.2390    0.3390 
O     -0.4160  -2.6780   -0.8570 
H      0.4200  -3.1520   -0.7260 
C      2.0120  -0.6150   -0.0100 
H      2.3220  -1.5750   -0.4720 
O      2.0190  -0.7090    1.4040 
H      2.9100  -0.9690    1.6850 
C      3.0090   0.4200   -0.5440 
H      2.9510   0.4140   -1.6460 
H      4.0250   0.0730   -0.2760 
O      2.7490   1.6980   -0.0020 
H      3.4760   2.2820   -0.2660 
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Coordinates for β-Galf E3-gg-gt 
Energy:  -726.512930388 Hartrees 
  
C     -1.5600   0.5740    0.3030 
C     -1.7720  -0.8710   -0.1540 
C     -0.3730  -1.4730   -0.0520 
C      0.5080  -0.2770   -0.4450 
H     -1.7760   0.6970    1.3750 
H     -2.0630  -0.8520   -1.2150 
H     -0.2060  -1.7480    1.0030 
H      0.5250  -0.2240   -1.5470 
O     -0.1710   0.8600    0.0990 
O     -2.3760   1.4140   -0.4530 
C     -2.3610   2.7680   -0.0220 
H     -2.6560   2.8510    1.0350 
H     -3.0870   3.3010   -0.6390 
H     -1.3700   3.2180   -0.1520 
O     -2.7500  -1.5080    0.6430 
H     -2.8480  -2.4100    0.2980 
O     -0.2790  -2.6080   -0.8970 
H      0.5920  -3.0170   -0.7740 
C      1.9620  -0.3050    0.0460 
H      2.4610  -1.1520   -0.4620 
O      2.0850  -0.4180    1.4560 
H      1.6240  -1.2180    1.7500 
C      2.7000   0.9640   -0.3600 
H      2.3600   1.7780    0.2940 
H      2.4290   1.2200   -1.3980 
O      4.0960   0.7240   -0.2380 
H      4.5520   1.5710   -0.3480 
 

Coordinates for β-Galf E3-gg-tg 
Energy:  -726.516992037 Hartrees 
  
C     -1.4980   0.5200    0.3180 
C     -1.6540  -0.8820   -0.2710 
C     -0.2690  -1.4910   -0.0770 
C      0.6330  -0.2680   -0.3070 
H     -1.8130   0.5550    1.3720 
H     -1.8420  -0.7790   -1.3500 
H     -0.1700  -1.8340    0.9610 
H      0.7690  -0.1130   -1.3870 
O     -0.1000   0.8250    0.2650 
O     -2.2500   1.4210   -0.4380 
C     -2.2800   2.7340    0.1010 
H     -2.6660   2.7320    1.1320 
H     -2.9540   3.3180   -0.5310 
H     -1.2840   3.1930    0.0940 
O     -2.7040  -1.5780    0.3730 
H     -2.7590  -2.4490   -0.0500 
O     -0.0900  -2.5610   -0.9950 
H      0.7680  -2.9750   -0.8130 
C      2.0200  -0.3480    0.3250 
H      2.5670  -1.1510   -0.2020 
O      1.8680  -0.6550    1.7060 
H      2.7540  -0.7590    2.0870 
C      2.8150   0.9480    0.1460 
H      3.7470   0.8730    0.7330 
H      2.2250   1.7820    0.5470 
O      3.0930   1.0970   -1.2400 
H      3.5320   1.9510   -1.3700 
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Coordinates for β-Galf E3-gt-gg 
Energy:  -726.506944808 Hartrees 
  
C     -1.7960  -0.1880   -0.2780 
C     -1.3520   1.2200    0.1120 
C      0.1410   1.2160   -0.2380 
C      0.5360  -0.2240    0.1110 
H     -2.2140  -0.2150   -1.2970 
H     -1.4540   1.3190    1.2030 
H      0.2360   1.3710   -1.3260 
H      0.7230  -0.3050    1.1900 
O     -0.6200  -0.9950   -0.2590 
O     -2.7480  -0.6340    0.6400 
C     -3.2880  -1.9100    0.3240 
H     -3.7490  -1.9100   -0.6760 
H     -4.0560  -2.1190    1.0720 
H     -2.5170  -2.6890    0.3620 
O     -2.1350   2.1890   -0.5690 
H     -1.8340   3.0680   -0.2900 
O      0.9280   2.1580    0.4760 
H      0.6500   3.0460    0.2020 
C      1.7470  -0.7790   -0.6390 
H      1.5270  -0.7110   -1.7190 
O      1.8840  -2.1330   -0.2360 
H      2.6140  -2.5210   -0.7430 
C      3.0250   0.0240   -0.3760 
H      2.8890   1.0580   -0.7290 
H      3.8360  -0.4270   -0.9770 
O      3.3240  -0.0230    1.0080 
H      4.1980   0.3730    1.1400 
 

Coordinates for β-Galf E3-gt-gt 
Energy:  -726.509178796 Hartrees 
  
C     -1.8120  -0.2520   -0.3470 
C     -1.5060   1.1800    0.0820 
C      0.0100   1.2780   -0.0780 
C      0.4520  -0.1450    0.3140 
H     -2.1000  -0.3090   -1.4080 
H     -1.7440   1.2720    1.1520 
H      0.2410   1.4660   -1.1390 
H      0.4950  -0.2010    1.4170 
O     -0.5940  -0.9870   -0.1810 
O     -2.8330  -0.7610    0.4560 
C     -3.2740  -2.0550    0.0660 
H     -3.6260  -2.0560   -0.9770 
H     -4.1060  -2.3140    0.7250 
H     -2.4750  -2.7990    0.1750 
O     -2.2410   2.1050   -0.6940 
H     -2.0170   2.9890   -0.3610 
O      0.4800   2.3350    0.7470 
H      1.4320   2.4460    0.6030 
C      1.7810  -0.6580   -0.2620 
H      1.7020  -0.6680   -1.3550 
O      2.0050  -2.0100    0.0970 
H      2.1270  -2.0510    1.0590 
C      2.9660   0.2300    0.1320 
H      2.7930   1.2560   -0.2410 
H      3.0350   0.2880    1.2340 
O      4.1410  -0.3160   -0.4350 
H      4.8720   0.2940   -0.2540 
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Coordinates for β-Galf E3-gt-tg 
Energy:  -726.509696275 Hartrees 
  
C     -1.7450  -0.0630   -0.3740 
C     -1.2160   1.2660    0.1660 
C      0.3080   1.0880    0.1340 
C      0.4680  -0.4170    0.3780 
H     -1.9880   0.0020   -1.4460 
H     -1.5370   1.3550    1.2150 
H      0.6770   1.3560   -0.8660 
H      0.4760  -0.5980    1.4630 
O     -0.6940  -1.0130   -0.2160 
O     -2.8840  -0.4230    0.3520 
C     -3.5110  -1.6060   -0.1240 
H     -3.7950  -1.5060   -1.1830 
H     -4.4130  -1.7450    0.4770 
H     -2.8570  -2.4780   -0.0100 
O     -1.7210   2.3350   -0.6220 
H     -1.3900   3.1680   -0.2540 
O      1.0140   1.8060    1.1390 
H      0.8300   2.7510    1.0240 
C      1.7080  -1.0840   -0.2170 
H      1.5660  -1.1530   -1.3060 
O      1.7680  -2.3780    0.3790 
H      2.5110  -2.8550   -0.0210 
C      3.0160  -0.3190    0.0350 
H      3.8450  -1.0390   -0.0790 
H      3.0480   0.0690    1.0620 
O      3.1210   0.7260   -0.9270 
H      4.0330   1.0520   -0.9170 
 

Coordinates for β-Galf E3-tg-gg 
Energy:  -726.507307332 Hartrees 
  
C      1.6000  -0.2290    0.2730 
C      1.1930   1.2280    0.0610 
C     -0.3320   1.1650   -0.1300 
C     -0.5150  -0.2090   -0.7890 
H      1.7040  -0.4710    1.3420 
H      1.6470   1.5710   -0.8800 
H     -0.8180   1.1810    0.8520 
H     -0.3910  -0.0800   -1.8740 
O      0.5390  -1.0270   -0.2570 
O      2.8050  -0.4690   -0.3910 
C      3.3340  -1.7670   -0.1650 
H      3.4850  -1.9540    0.9100 
H      4.3000  -1.8060   -0.6730 
H      2.6760  -2.5450   -0.5720 
O      1.6370   2.0070    1.1630 
H      1.3910   2.9300    0.9970 
O     -0.8500   2.1800   -0.9800 
H     -0.7190   3.0330   -0.5390 
C     -1.8340  -0.9680   -0.5700 
H     -1.7220  -1.9180   -1.1230 
O     -2.8570  -0.1670   -1.1370 
H     -3.6790  -0.6800   -1.1260 
C     -2.1270  -1.3800    0.8750 
H     -1.2670  -1.9570    1.2450 
H     -3.0000  -2.0560    0.8610 
O     -2.3930  -0.2410    1.6850 
H     -2.5700  -0.5560    2.5840 
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Coordinates for β-Galf E3-tg-gt 
Energy:  -726.508593754 Hartrees 
  
C      1.6150  -0.4420    0.2670 
C      1.4780   1.0830    0.2790 
C     -0.0250   1.3310    0.0670 
C     -0.4610   0.0960   -0.7310 
H      1.6740  -0.8520    1.2870 
H      2.0200   1.4740   -0.5950 
H     -0.5230   1.3600    1.0470 
H     -0.3110   0.3340   -1.7980 
O      0.4300  -0.9580   -0.3450 
O      2.7590  -0.7860   -0.4540 
C      3.0530  -2.1770   -0.4310 
H      3.1680  -2.5410    0.6010 
H      3.9990  -2.3050   -0.9630 
H      2.2710  -2.7590   -0.9310 
O      2.0150   1.5890    1.4920 
H      1.9480   2.5560    1.4750 
O     -0.3290   2.4950   -0.6920 
H     -0.0490   3.2740   -0.1880 
C     -1.9280  -0.3450   -0.5440 
H     -2.1610  -1.0990   -1.3130 
O     -2.7860   0.7820   -0.6590 
H     -2.6170   1.2120   -1.5130 
C     -2.2140  -0.9990    0.8010 
H     -2.1920  -0.2290    1.5890 
H     -1.4240  -1.7330    1.0060 
O     -3.4930  -1.6160    0.7180 
H     -3.6730  -2.0310    1.5740 
 

Coordinates for β-Galf E3-tg-tg 
Energy:  -726.503580078 Hartrees 
  
C      1.5110  -0.3350    0.2050 
C      1.3360   1.1820    0.2630 
C     -0.1810   1.3950    0.1100 
C     -0.6010   0.1770   -0.7280 
H      1.6080  -0.7740    1.2100 
H      1.8330   1.6120   -0.6190 
H     -0.6370   1.3560    1.1120 
H     -0.5070   0.4560   -1.7870 
O      0.3280  -0.8580   -0.3930 
O      2.6470  -0.6290   -0.5540 
C      2.9620  -2.0140   -0.5920 
H      3.1130  -2.4150    0.4220 
H      3.8930  -2.1080   -1.1560 
H      2.1720  -2.5900   -1.0880 
O      1.9000   1.6800    1.4680 
H      1.8050   2.6450    1.4710 
O     -0.5350   2.5920   -0.5620 
H     -0.2510   3.3410   -0.0160 
C     -2.0200  -0.3690   -0.5060 
H     -2.1790  -1.1780   -1.2360 
O     -2.8950   0.7270   -0.7540 
H     -3.8040   0.3920   -0.7140 
C     -2.2740  -0.9920    0.8790 
H     -1.6790  -0.4880    1.6560 
H     -3.3360  -0.8220    1.1270 
O     -1.9810  -2.3790    0.8120 
H     -2.1450  -2.7600    1.6880 
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Coordinates for β-Galf 4E-gg-gg 
Energy:  -726.509031416 Hartrees 
  
C      1.4040   0.7240   -0.4140 
C      1.8770  -0.6770    0.0160 
C      0.5700  -1.4690    0.1410 
C     -0.4520  -0.3450    0.3980 
H      1.7740   1.0040   -1.4080 
H      2.3390  -0.6020    1.0100 
H      0.3430  -1.9280   -0.8300 
H     -0.3530  -0.0090    1.4440 
O     -0.0140   0.6700   -0.5040 
O      1.8330   1.6450    0.5570 
C      1.4740   2.9860    0.2480 
H      1.9280   3.3090   -0.7020 
H      1.8600   3.6090    1.0590 
H      0.3860   3.0990    0.1770 
O      2.7920  -1.1910   -0.9390 
H      3.1020  -2.0450   -0.6000 
O      0.6860  -2.4440    1.1690 
H     -0.0880  -3.0260    1.1170 
C     -1.9120  -0.7280    0.1690 
H     -2.1040  -1.5530    0.8850 
O     -2.0490  -1.1810   -1.1680 
H     -2.9420  -1.5440   -1.2720 
C     -2.9240   0.3620    0.5400 
H     -2.7830   0.6080    1.6070 
H     -3.9350  -0.0760    0.4440 
O     -2.7760   1.4940   -0.2920 
H     -3.5140   2.0940   -0.1030 
 

Coordinates for β-Galf 4E-gg-gt 
Energy:  -726.51371834 Hartrees 
  
C     -1.5990   0.6150    0.4080 
C     -1.8730  -0.8210   -0.0720 
C     -0.4740  -1.4420   -0.1910 
C      0.4190  -0.2010   -0.3580 
H     -2.0220   0.8100    1.4020 
H     -2.3170  -0.7740   -1.0760 
H     -0.2550  -1.9330    0.7710 
H      0.3360   0.1380   -1.4030 
O     -0.1850   0.7440    0.5320 
O     -2.1320   1.4980   -0.5430 
C     -2.0300   2.8650   -0.1670 
H     -2.5540   3.0550    0.7820 
H     -2.5070   3.4440   -0.9610 
H     -0.9840   3.1760   -0.0630 
O     -2.7340  -1.4780    0.8430 
H     -2.9310  -2.3520    0.4710 
O     -0.4450  -2.3690   -1.2650 
H      0.3890  -2.8610   -1.2270 
C      1.9050  -0.3670   -0.0250 
H      2.3240  -1.0740   -0.7650 
O      2.1460  -0.8170    1.3000 
H      1.6800  -1.6560    1.4380 
C      2.6560   0.9490   -0.1860 
H      2.4130   1.5860    0.6750 
H      2.3030   1.4540   -1.1000 
O      4.0450   0.6600   -0.2640 
H      4.5260   1.4990   -0.2130 
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Coordinates for β-Galf 4E-gg-tg 
Energy:  -726.517596597 Hartrees 
  
C      1.4890   0.6120   -0.4410 
C      1.8080  -0.7620    0.1770 
C      0.4420  -1.4550    0.2450 
C     -0.5230  -0.2570    0.2640 
H      1.9750   0.7540   -1.4150 
H      2.1740  -0.6060    1.2010 
H      0.2890  -2.0150   -0.6850 
H     -0.5410   0.1900    1.2670 
O      0.0850   0.6410   -0.6760 
O      1.8970   1.6020    0.4680 
C      1.7340   2.9240   -0.0240 
H      2.3080   3.0760   -0.9520 
H      2.1170   3.5960    0.7470 
H      0.6800   3.1520   -0.2190 
O      2.7730  -1.4320   -0.6190 
H      2.9880  -2.2600   -0.1620 
O      0.3860  -2.3050    1.3830 
H     -0.4180  -2.8430    1.3120 
C     -1.9620  -0.5510   -0.1420 
H     -2.4000  -1.1630    0.6670 
O     -1.9520  -1.2670   -1.3730 
H     -2.8680  -1.4990   -1.5890 
C     -2.8020   0.7230   -0.2690 
H     -3.7890   0.4510   -0.6850 
H     -2.3090   1.4020   -0.9760 
O     -2.9310   1.2900    1.0280 
H     -3.3990   2.1330    0.9430 
 

Coordinates for β-Galf 4E-gt-gg 
Energy:  -726.508969612 Hartrees 
  
C     -1.8330  -0.2290   -0.3040 
C     -1.4770   1.2220    0.0620 
C      0.0480   1.2910   -0.1720 
C      0.4650  -0.1830   -0.0420 
H     -2.5110  -0.2880   -1.1660 
H     -1.6800   1.3750    1.1300 
H      0.2120   1.6190   -1.2120 
H      0.5290  -0.4620    1.0170 
O     -0.6230  -0.8600   -0.6890 
O     -2.4150  -0.8250    0.8260 
C     -2.8140  -2.1730    0.6090 
H     -3.5540  -2.2400   -0.2040 
H     -3.2710  -2.5170    1.5390 
H     -1.9550  -2.8070    0.3620 
O     -2.2460   2.1070   -0.7450 
H     -2.0530   3.0150   -0.4670 
O      0.7610   2.1100    0.7440 
H      0.4520   3.0230    0.6360 
C      1.7600  -0.5780   -0.7460 
H      1.6500  -0.3140   -1.8130 
O      1.8920  -1.9840   -0.5860 
H      2.6800  -2.2650   -1.0760 
C      2.9800   0.1730   -0.2070 
H      2.8520   1.2520   -0.3780 
H      3.8610  -0.1550   -0.7890 
O      3.1350  -0.1250    1.1700 
H      3.9800   0.2460    1.4640 
 



 

 349 

Coordinates for β-Galf 4E-gt-gt 
Energy:  -726.510530877 Hartrees 
  
C     -1.8660  -0.2580   -0.3880 
C     -1.5940   1.2000    0.0140 
C     -0.0620   1.3170   -0.0300 
C      0.3780  -0.1520    0.1490 
H     -2.4300  -0.3360   -1.3270 
H     -1.9190   1.3420    1.0540 
H      0.2280   1.6620   -1.0340 
H      0.2910  -0.4140    1.2180 
O     -0.5970  -0.8590   -0.6230 
O     -2.5600  -0.8770    0.6630 
C     -2.9350  -2.2180    0.3770 
H     -3.5880  -2.2660   -0.5070 
H     -3.4840  -2.5820    1.2480 
H     -2.0560  -2.8510    0.2040 
O     -2.2760   2.0790   -0.8640 
H     -2.1300   2.9790   -0.5320 
O      0.3540   2.2300    0.9770 
H      1.2940   2.4250    0.8490 
C      1.7640  -0.5620   -0.3630 
H      1.7960  -0.3940   -1.4450 
O      1.9720  -1.9560   -0.2070 
H      1.9980  -2.1500    0.7450 
C      2.8900   0.2490    0.2870 
H      2.7420   1.3210    0.0670 
H      2.8460   0.1310    1.3850 
O      4.1240  -0.2030   -0.2380 
H      4.8240   0.3680    0.1120 
 

Coordinates for β-Galf 4E-gt-tg 
Energy:  -726.511479992 Hartrees 
  
C     -1.8000  -0.0020   -0.4280 
C     -1.2410   1.3410    0.0730 
C      0.2830   1.1050    0.1590 
C      0.3910  -0.4240    0.2230 
H     -2.2860   0.0900   -1.4080 
H     -1.6350   1.5290    1.0810 
H      0.7490   1.4770   -0.7630 
H      0.2540  -0.7440    1.2670 
O     -0.6960  -0.8760   -0.5940 
O     -2.7130  -0.4700    0.5330 
C     -3.3380  -1.6920    0.1660 
H     -3.8900  -1.5860   -0.7810 
H     -4.0420  -1.9360    0.9650 
H     -2.6060  -2.5010    0.0610 
O     -1.6340   2.3620   -0.8390 
H     -1.3280   3.2130   -0.4920 
O      0.9080   1.6630    1.3090 
H      0.7630   2.6210    1.3020 
C      1.6750  -1.0560   -0.3070 
H      1.6540  -0.9930   -1.4050 
O      1.6450  -2.4130    0.1330 
H      2.4190  -2.8620   -0.2410 
C      2.9620  -0.3680    0.1730 
H      3.7840  -1.0940    0.0570 
H      2.8900  -0.1080    1.2380 
O      3.1870   0.7830   -0.6360 
H      4.0980   1.0760   -0.4910 
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Coordinates for β-Galf 4E-tg-gg 
Energy:  -726.508480766 Hartrees 
  
C      1.6740  -0.1420    0.4340 
C      1.2150   1.2680    0.0360 
C     -0.2790   1.1030   -0.3340 
C     -0.3960  -0.4050   -0.6050 
H      1.9890  -0.1960    1.4850 
H      1.7730   1.5780   -0.8570 
H     -0.8880   1.3740    0.5360 
H     -0.1080  -0.5850   -1.6510 
O      0.5490  -1.0000    0.2960 
O      2.7290  -0.5120   -0.4160 
C      3.2960  -1.7740   -0.0970 
H      3.6850  -1.7860    0.9330 
H      4.1240  -1.9310   -0.7930 
H      2.5650  -2.5840   -0.2090 
O      1.4610   2.1450    1.1330 
H      1.2310   3.0440    0.8560 
O     -0.6730   1.8220   -1.4940 
H     -0.5810   2.7680   -1.3070 
C     -1.7400  -1.1080   -0.3690 
H     -1.5490  -2.1780   -0.5680 
O     -2.6490  -0.5690   -1.3150 
H     -3.4680  -1.0860   -1.2680 
C     -2.2680  -1.0540    1.0670 
H     -1.4750  -1.4160    1.7370 
H     -3.1150  -1.7590    1.1420 
O     -2.6890   0.2630    1.4030 
H     -3.0110   0.2430    2.3160 
 

Coordinates for β-Galf 4E-tg-gt 
Energy:  -726.510141622 Hartrees 
  
C      1.6740  -0.4490    0.3850 
C      1.5130   1.0810    0.3790 
C      0.0330   1.3170   -0.0030 
C     -0.3810  -0.0210   -0.6310 
H      1.9310  -0.8350    1.3800 
H      2.1560   1.4940   -0.4100 
H     -0.5400   1.5110    0.9150 
H     -0.1030   0.0270   -1.6970 
O      0.4100  -1.0050    0.0410 
O      2.6680  -0.7810   -0.5470 
C      2.9740  -2.1690   -0.5790 
H      3.3170  -2.5220    0.4050 
H      3.7800  -2.2950   -1.3050 
H      2.1060  -2.7640   -0.8870 
O      1.8810   1.5710    1.6630 
H      1.8400   2.5400    1.6430 
O     -0.1700   2.3460   -0.9640 
H      0.1120   3.1900   -0.5810 
C     -1.8750  -0.3880   -0.5380 
H     -2.0580  -1.2520   -1.1970 
O     -2.6700   0.7250   -0.9260 
H     -2.3950   1.0050   -1.8130 
C     -2.3280  -0.8060    0.8550 
H     -2.3640   0.0830    1.5040 
H     -1.5930  -1.5090    1.2670 
O     -3.6130  -1.4040    0.7270 
H     -3.8990  -1.6710    1.6130 
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Coordinates for β-Galf 4E-tg-tg 
Energy:  -726.505095322 Hartrees 
  
C      1.5640  -0.4150    0.3110 
C      1.4250   1.1120    0.4070 
C     -0.0590   1.3910    0.0660 
C     -0.4900   0.1040   -0.6590 
H      1.8320  -0.8700    1.2740 
H      2.0570   1.5700   -0.3660 
H     -0.6100   1.5010    1.0120 
H     -0.2330   0.2190   -1.7220 
O      0.2890  -0.9260   -0.0460 
O      2.5400  -0.6990   -0.6570 
C      2.8110  -2.0870   -0.7940 
H      3.1690  -2.5160    0.1550 
H      3.5960  -2.1810   -1.5480 
H      1.9210  -2.6390   -1.1180 
O      1.8200   1.5210    1.7120 
H      1.7930   2.4890    1.7470 
O     -0.2610   2.5090   -0.7830 
H      0.0370   3.3040   -0.3150 
C     -1.9660  -0.3050   -0.5570 
H     -2.1110  -1.1840   -1.2060 
O     -2.7090   0.8120   -1.0320 
H     -3.6420   0.5490   -1.0630 
C     -2.4190  -0.7420    0.8490 
H     -1.8230  -0.2490    1.6310 
H     -3.4640  -0.4100    0.9800 
O     -2.3180  -2.1560    0.9290 
H     -2.6050  -2.4250    1.8150 
 

Coordinates for β-Galf E4-gg-gg 
Energy:  -726.50101748 Hartrees 
  
C     -1.2000   0.5910    0.3550 
C     -1.5080  -0.9150    0.3970 
C     -0.4230  -1.5780   -0.4780 
C      0.5970  -0.4450   -0.7670 
H     -0.9760   0.9680    1.3640 
H     -2.4800  -1.0840   -0.0830 
H      0.0460  -2.4040    0.0730 
H      0.8440  -0.4380   -1.8390 
O     -0.0510   0.7780   -0.4620 
O     -2.2990   1.2640   -0.1840 
C     -2.1540   2.6770   -0.1820 
H     -1.9610   3.0550    0.8340 
H     -3.0990   3.0890   -0.5450 
H     -1.3370   2.9970   -0.8400 
O     -1.5160  -1.3340    1.7520 
H     -1.8230  -2.2530    1.7690 
O     -1.0640  -2.0530   -1.6610 
H     -0.3950  -2.4950   -2.2060 
C      1.9120  -0.6220    0.0100 
H      2.3120  -1.6080   -0.3000 
O      1.5810  -0.6200    1.3880 
H      2.3720  -0.8490    1.8990 
C      3.0130   0.3860   -0.3380 
H      3.2050   0.3250   -1.4240 
H      3.9400   0.0510    0.1660 
O      2.6590   1.6920    0.0680 
H      3.4360   2.2570   -0.0580 
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Coordinates for β-Galf E4-gg-gt 
Energy:  -726.512359428 Hartrees 
  
C     -1.2790   0.5490    0.3340 
C     -1.3690  -0.9750    0.5660 
C     -0.4080  -1.5870   -0.4680 
C      0.4930  -0.3950   -0.8570 
H     -0.9080   1.0590    1.2340 
H     -2.3910  -1.3200    0.3880 
H      0.1690  -2.4150   -0.0260 
H      0.7840  -0.4760   -1.9130 
O     -0.3500   0.7490   -0.7350 
O     -2.5380   1.0270   -0.0220 
C     -2.5880   2.4390   -0.1770 
H     -2.2370   2.9500    0.7330 
H     -3.6350   2.6960   -0.3520 
H     -1.9830   2.7700   -1.0280 
O     -0.9570  -1.2430    1.9120 
H     -1.0870  -2.1900    2.0780 
O     -1.2040  -2.0460   -1.5530 
H     -0.6170  -2.4600   -2.2040 
C      1.7720  -0.2670    0.0010 
H      2.3220  -1.2230   -0.0790 
O      1.4950   0.0550    1.3520 
H      0.9040  -0.6170    1.7420 
C      2.6940   0.8220   -0.5340 
H      2.2350   1.7970   -0.3150 
H      2.7740   0.7200   -1.6300 
O      3.9630   0.6750    0.0860 
H      4.4930   1.4540   -0.1400 
 

Coordinates for β-Galf E4-gg-tg 
Energy:  -726.510796545 Hartrees 
  
C      1.3620   0.4960   -0.3550 
C      1.5220  -1.0150   -0.1260 
C      0.2440  -1.4570    0.6190 
C     -0.6890  -0.2260    0.5750 
H      1.3550   0.7260   -1.4310 
H      2.3770  -1.1770    0.5430 
H     -0.2080  -2.3140    0.1010 
H     -1.1040  -0.0240    1.5700 
O      0.1130   0.8940    0.2020 
O      2.4160   1.1620    0.2770 
C      2.4170   2.5640    0.0570 
H      2.4280   2.7990   -1.0190 
H      3.3290   2.9540    0.5170 
H      1.5440   3.0430    0.5160 
O      1.7210  -1.6370   -1.3850 
H      1.9360  -2.5670   -1.2190 
O      0.6280  -1.8090    1.9480 
H     -0.1650  -2.1140    2.4160 
C     -1.8680  -0.3840   -0.3910 
H     -2.4800  -1.2310   -0.0320 
O     -1.3300  -0.6490   -1.6800 
H     -2.0660  -0.7960   -2.2950 
C     -2.7580   0.8580   -0.4240 
H     -3.4990   0.7430   -1.2340 
H     -2.1330   1.7320   -0.6510 
O     -3.3970   0.9660    0.8430 
H     -3.9060   1.7900    0.8550 
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Coordinates for β-Galf E4-gt-gg 
Energy:  -726.507621738 Hartrees 
  
C     -1.6060   0.1680    0.3580 
C     -1.0170  -1.2470    0.5180 
C      0.2580  -1.2390   -0.3450 
C      0.5470   0.2640   -0.5410 
H     -1.6530   0.6720    1.3380 
H     -1.7260  -1.9950    0.1430 
H      1.0700  -1.7660    0.1710 
H      0.9750   0.4580   -1.5280 
O     -0.7370   0.8870   -0.5100 
O     -2.8830   0.0820   -0.1950 
C     -3.5290   1.3390   -0.3320 
H     -3.5920   1.8600    0.6360 
H     -4.5390   1.1330   -0.6940 
H     -3.0070   1.9820   -1.0490 
O     -0.7300  -1.4260    1.9050 
H     -0.4200  -2.3370    2.0240 
O     -0.0470  -1.8800   -1.5770 
H      0.7690  -1.8930   -2.1020 
C      1.4950   0.8920    0.4980 
H      1.0080   0.8750    1.4860 
O      1.6980   2.2310    0.0610 
H      2.2550   2.6780    0.7170 
C      2.8170   0.1260    0.6360 
H      2.6620  -0.7540    1.2790 
H      3.5450   0.7760    1.1500 
O      3.2850  -0.2550   -0.6540 
H      4.1780  -0.6170   -0.5570 
 

Coordinates for β-Galf E4-gt-gt 
Energy:  -726.504953387 Hartrees 
  
C      1.5290  -0.3180    0.3550 
C      1.1090   1.1240    0.7090 
C      0.0030   1.4670   -0.3120 
C     -0.4540   0.0730   -0.7880 
H      1.3320  -0.9900    1.2060 
H      1.9590   1.8010    0.5710 
H     -0.8090   2.0300    0.1740 
H     -0.7790   0.0950   -1.8390 
O      0.7240  -0.7200   -0.7550 
O      2.8760  -0.3460    0.0110 
C      3.3750  -1.6540   -0.2330 
H      3.1940  -2.3150    0.6280 
H      4.4520  -1.5530   -0.3890 
H      2.9170  -2.0980   -1.1250 
O      0.6440   1.1130    2.0530 
H      0.4470   2.0280    2.3080 
O      0.6080   2.2340   -1.3450 
H     -0.0800   2.4810   -1.9820 
C     -1.5890  -0.5220    0.0990 
H     -1.4720  -0.1700    1.1290 
O     -1.5100  -1.9310    0.1900 
H     -1.6470  -2.3010   -0.6980 
C     -2.9450  -0.0480   -0.4240 
H     -2.9070   1.0410   -0.6040 
H     -3.1320  -0.5280   -1.4040 
O     -3.9480  -0.3810    0.5190 
H     -4.7850  -0.0010    0.2130 
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Coordinates for β-Galf E4-gt-tg 
Energy:  -726.507972228 Hartrees 
  
C     -1.5680   0.1410    0.3630 
C     -0.9070  -1.2310    0.5910 
C      0.3120  -1.2440   -0.3530 
C      0.5160   0.2530   -0.6780 
H     -1.5710   0.7230    1.2990 
H     -1.6020  -2.0320    0.3170 
H      1.1860  -1.6810    0.1410 
H      0.8700   0.4010   -1.7060 
O     -0.7870   0.8200   -0.6150 
O     -2.8720  -0.0360   -0.0970 
C     -3.5800   1.1820   -0.2780 
H     -3.6030   1.7710    0.6520 
H     -4.6020   0.9100   -0.5550 
H     -3.1340   1.7900   -1.0730 
O     -0.5360  -1.2920    1.9670 
H     -0.1840  -2.1790    2.1370 
O     -0.0540  -1.9960   -1.5060 
H      0.7200  -2.0280   -2.0900 
C      1.4980   0.9490    0.2890 
H      1.3010   0.5990    1.3140 
O      1.2720   2.3510    0.1770 
H      1.8680   2.7940    0.8020 
C      2.9680   0.6750   -0.0590 
H      3.5950   1.2710    0.6250 
H      3.1560   1.0410   -1.0810 
O      3.2680  -0.7120    0.0620 
H      4.2320  -0.8130    0.0640 
 

Coordinates for β-Galf E4-tg-gg 
Energy:  -726.505067346 Hartrees 
  
C     -1.4380   0.0870   -0.4570 
C     -0.7580   1.2020    0.3610 
C      0.2590   0.4510    1.2500 
C      0.4410  -0.9010    0.5400 
H     -1.2690   0.2430   -1.5370 
H     -1.5030   1.6880    1.0010 
H      1.2020   1.0030    1.3310 
H      0.5820  -1.6900    1.2870 
O     -0.8460  -1.1470   -0.0520 
O     -2.8050   0.0770   -0.1920 
C     -3.5280  -0.8830   -0.9470 
H     -3.3620  -0.7470   -2.0270 
H     -4.5860  -0.7230   -0.7250 
H     -3.2470  -1.9060   -0.6700 
O     -0.1850   2.1180   -0.5640 
H      0.1730   2.8610   -0.0560 
O     -0.3640   0.2880    2.5210 
H      0.2710  -0.1590    3.1020 
C      1.6130  -1.1000   -0.4470 
H      1.3060  -1.9480   -1.0810 
O      2.7190  -1.4500    0.3820 
H      3.4520  -1.7230   -0.1910 
C      1.9730   0.0510   -1.3900 
H      1.0720   0.4110   -1.9030 
H      2.6550  -0.3500   -2.1620 
O      2.6140   1.0900   -0.6620 
H      2.8230   1.7930   -1.2940 
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Coordinates for β-Galf E4-tg-gt 
Energy:  -726.507183132 Hartrees 
  
C      1.4550  -0.4950    0.2320 
C      1.0910   0.8210    0.9390 
C     -0.0250   1.4570    0.0860 
C     -0.4090   0.3720   -0.9470 
H      1.2660  -1.3560    0.8930 
H      1.9620   1.4850    0.9420 
H     -0.8700   1.7220    0.7410 
H     -0.4170   0.8270   -1.9450 
O      0.6280  -0.6110   -0.9220 
O      2.8030  -0.4550   -0.1250 
C      3.2730  -1.6590   -0.7170 
H      3.0990  -2.5200   -0.0540 
H      4.3470  -1.5330   -0.8680 
H      2.7870  -1.8470   -1.6810 
O      0.6700   0.4920    2.2600 
H      0.5320   1.3240    2.7400 
O      0.5100   2.6280   -0.5210 
H     -0.1960   3.0460   -1.0380 
C     -1.7970  -0.2770   -0.7490 
H     -1.9590  -0.9640   -1.5860 
O     -2.8160   0.7080   -0.8920 
H     -2.7630   1.3090   -0.1310 
C     -1.9420  -1.0990    0.5300 
H     -1.8240  -0.4540    1.4180 
H     -1.1310  -1.8410    0.5580 
O     -3.2190  -1.7200    0.5050 
H     -3.3060  -2.2420    1.3170 
 

Coordinates for β-Galf E4-tg-tg 
Energy:  -726.509626693 Hartrees 
  
C      1.3440  -0.2930    0.1380 
C      0.7900   0.8430    1.0170 
C     -0.3860   1.4440    0.2200 
C     -0.6290   0.4320   -0.9230 
H      1.2560  -1.2620    0.6480 
H      1.5620   1.6080    1.1450 
H     -1.2750   1.5500    0.8550 
H     -0.7780   0.9770   -1.8630 
O      0.5590  -0.3360   -1.0510 
O      2.6790  -0.0180   -0.1660 
C      3.3150  -1.0470   -0.9100 
H      3.2480  -2.0140   -0.3870 
H      4.3660  -0.7620   -1.0040 
H      2.8730  -1.1530   -1.9070 
O      0.4020   0.2800    2.2690 
H      0.1510   1.0150    2.8500 
O      0.0330   2.7170   -0.2660 
H     -0.7160   3.1050   -0.7440 
C     -1.8720  -0.4600   -0.7430 
H     -1.8960  -1.1600   -1.5910 
O     -2.9710   0.4560   -0.7940 
H     -3.7920  -0.0590   -0.7820 
C     -1.9500  -1.2930    0.5430 
H     -1.7200  -0.6770    1.4210 
H     -2.9940  -1.6440    0.6420 
O     -1.0580  -2.3950    0.4340 
H     -1.1220  -2.9060    1.2540 
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B.1.  Calculated spin-spin coupling constants 

The dihedral angles φH,H and vicinal coupling constants 3JH,H or 3JH,C that 

were calculated in Gaussian 031 at the B3LYP/[5s2p1d|3s1p]2,3 level of theory for 

3.1 and 3.2 are shown in Tables B.1 through B.4 below.  The 2E-gt-tg, E3-gt-tg, 

and 4E-gt-tg conformation of 3.1 are excluded, as their single point energies 

(B3LYP/6-31+G**, Chapter 2) were all greater than 34 kcal/mol above the global 

minimum.   

Table B.1.  φH,H (in degrees) and JH,H (in Hz) for the ring dihedral angles of 3.1. 

Conformer φ1,2 J1,2 φ2,3 J2,3 φ3,4 J3,4 
OE-gg-gg 16.4 6.8 -127.1 1.1 113.7 0.9 
OE-gg-gt 16.5 6.7 -125.3 1.1 112.7 1.1 
OE-gg-tg 15.5 7.1 -127.1 1.1 114.5 1.1 
OE-gt-gg 22.8 6.4 -126.8 1.2 109.7 0.8 
OE-gt-gt 23.4 6.3 -127.0 1.0 108.4 0.3 
OE-gt-tg 22.7 6.4 -127.2 1.2 108.7 0.5 
OE-tg-gg 14.2 7.3 -126.0 1.2 115.0 1.1 
OE-tg-gt 14.1 7.3 -125.5 1.1 116.2 1.3 
OE-tg-tg 13.7 7.1 -125.8 1.3 114.5 1.2 
EO-gg-gg -24.2 5.5 -127.2 1.2 150.9 6.6 
EO-gg-gt -23.4 5.5 -125.8 1.1 150.9 7.2 
EO-gg-tg -24.2 5.5 -126.7 1.2 150.3 6.8 
EO-gt-gg -25.6 5.1 -126.2 0.8 151.3 7.0 
EO-gt-gt -23.5 5.5 -126.5 1.2 150.8 6.5 
EO-gt-tg -24.7 5.2 -124.9 0.8 148.8 6.9 
EO-tg-gg -22.2 5.6 -124.6 0.7 145.3 5.8 
EO-tg-gt -22.9 5.6 -125.6 1.1 150.5 7.0 
EO-tg-tg -19.6 5.7 -123.9 0.7 142.5 5.4 
1E-gg-gg -37.5 3.6 -101.8 -0.1 124.7 2.1 
1E-gg-gt -39.8 3.3 -99.1 -0.1 123.3 2.3 
1E-gg-tg -38.4 3.6 -101.0 -0.1 124.2 2.2 
1E-gt-gg -42.4 3.0 -98.0 -0.2 123.8 2.4 
1E-gt-gt -40.2 3.3 -99.6 -0.1 125.5 2.1 
1E-gt-tg -42.5 3.0 -97.8 -0.1 123.0 2.4 
1E-tg-gg -41.1 3.2 -99.0 0.0 123.2 2.0 
1E-tg-gt -40.5 3.3 -98.5 0.0 124.7 2.3 
1E-tg-tg -41.0 3.3 -99.4 -0.2 123.4 2.1 
E1-gg-gg 36.6 5.6 -151.3 4.9 131.0 3.3 
E1-gg-gt 38.3 5.7 -150.9 5.1 130.9 3.6 
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Conformer φ1,2 J1,2 φ2,3 J2,3 φ3,4 J3,4 
E1-gg-tg 35.3 5.9 -150.1 4.7 130.5 3.4 
E1-gt-gg 40.8 5.1 -152.8 4.8 129.9 3.5 
E1-gt-gt 41.7 5.0 -153.5 5.2 130.5 2.8 
E1-gt-tg 39.5 5.2 -151.4 4.9 129.0 3.6 
E1-tg-gg 30.1 6.7 -145.0 3.8 127.9 3.3 
E1-tg-gt 34.4 6.4 -148.2 4.7 131.8 3.7 
E1-tg-tg 33.6 6.4 -148.8 5.3 130.8 3.5 

2E-gg-gg 43.2 4.7 -169.8 7.8 154.0 6.9 
2E-gg-gt 44.4 4.7 -168.5 7.5 154.0 7.5 
2E-gg-tg 43.3 4.8 -169.8 7.8 153.8 7.3 
2E-gt-gg 43.8 4.9 -170.3 7.8 154.5 7.8 
2E-gt-gt 43.4 4.9 -168.7 7.7 154.0 6.9 
2E-tg-gg 40.7 5.6 -166.5 7.8 151.0 7.2 
2E-tg-gt 43.3 5.2 -169.7 7.9 156.3 8.3 
2E-tg-tg 41.0 5.4 -166.1 7.5 151.1 7.1 
E2-gg-gg -24.2 5.1 -99.1 0.0 108.8 0.5 
E2-gg-gt -36.9 3.6 -87.3 0.6 100.8 0.1 
E2-gg-tg -26.7 4.9 -96.7 0.1 107.2 0.4 
E2-gt-gg -37.7 3.4 -86.0 0.8 101.5 0.3 
E2-gt-gt -37.7 3.3 -86.3 0.7 102.0 0.0 
E2-gt-tg -38.9 3.2 -84.7 1.0 99.1 0.0 
E2-tg-gg -31.1 4.4 -92.4 0.3 104.1 0.2 
E2-tg-gt -31.1 4.4 -91.6 0.3 105.0 0.3 
E2-tg-tg -24.0 5.1 -99.4 0.0 108.8 0.6 

3E-gg-gg -9.2 6.3 -108.0 -0.1 108.7 0.5 
3E-gg-gt -23.6 4.9 -88.9 0.5 92.4 0.0 
3E-gg-tg -10.6 6.4 -106.1 -0.1 106.8 0.4 
3E-gt-gg -24.4 4.7 -86.4 0.7 89.5 0.1 
3E-gt-gt -23.2 4.8 -88.2 0.6 92.7 -0.1 
3E-gt-tg -25.0 4.5 -85.6 0.9 88.9 0.1 
3E-tg-gg -13.4 6.0 -101.2 -0.1 102.5 0.2 
3E-tg-gt -16.2 5.8 -96.9 0.1 100.3 0.1 
3E-tg-tg -11.1 6.2 -105.5 -0.1 106.5 0.5 
E3-gg-gg 30.3 6.3 -169.9 8.3 166.6 8.3 
E3-gg-gt 29.9 6.4 -167.8 7.5 166.7 9.0 
E3-gg-tg 30.3 6.4 -169.6 8.3 166.4 8.6 
E3-gt-gg 27.1 5.9 -165.8 7.5 164.5 9.0 
E3-gt-gt 29.8 6.5 -167.9 7.8 165.6 8.3 
E3-tg-gg 28.3 6.8 -166.3 8.0 162.5 8.5 
E3-tg-gt 28.1 6.8 -164.8 7.4 162.8 8.5 
E3-tg-tg 27.6 6.6 -163.2 7.2 159.9 8.0 

4E-gg-gg 3.2 7.5 -153.8 6.0 166.6 8.7 
4E-gg-gt 3.5 7.4 -151.3 5.3 165.3 9.3 
4E-gg-tg 3.1 7.5 -153.4 5.9 166.1 9.0 
4E-gt-gg 3.4 7.4 -152.4 5.2 164.7 8.9 
4E-gt-gt 3.7 7.5 -151.3 5.5 163.9 8.5 
4E-tg-gg 2.6 7.4 -150.1 5.0 161.7 8.3 
4E-tg-gt 2.9 7.4 -149.1 4.7 162.2 8.4 
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Conformer φ1,2 J1,2 φ2,3 J2,3 φ3,4 J3,4 
4E-tg-tg 3.4 7.3 -148.4 4.5 159.6 7.9 
E4-gg-gg 1.2 6.7 -112.8 0.0 106.3 0.3 
E4-gg-gt -6.2 6.0 -101.7 -0.3 96.3 0.2 
E4-gg-tg 1.3 7.0 -113.8 0.1 107.4 0.5 
E4-gt-gg -1.1 6.1 -100.1 -0.1 90.3 0.0 
E4-gt-gt -0.9 6.0 -101.2 -0.1 92.2 -0.1 
E4-gt-tg -0.7 6.0 -101.3 -0.1 91.2 0.0 
E4-tg-gg 0.9 6.8 -110.5 0.0 103.8 0.2 
E4-tg-gt 0.0 6.9 -108.6 -0.1 103.6 0.2 
E4-tg-tg 0.0 6.8 -112.6 0.1 107.0 0.5 

2E-gg-gg 49.0 4.6 -179.9 8.3 155.1 6.8 
2E-gt-gg 47.8 4.7 -180.0 8.4 156.5 6.4 
2T3-tg-gt 43.9 5.2 -179.9 8.6 165.9 8.8 
E3-gg-gt 41.6 4.9 -178.0 6.7 179.9 9.7 
E3-gt-gt 39.3 5.4 -177.8 7.3 180.0 9.2 
E3-tg-gt 39.9 5.4 -178.5 7.4 180.0 9.8 
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Table B.2.  φH,H (in degrees), JH,H (in Hz), and JH,C (in Hz)  for the exocyclic 
dihedral angles of 3.1. 

Conformer φ4,5 J4,5 φH4,C6 JH4,C6 φ5,6R J5,6R φ5,6S J5,6S 
OE-gg-gg -58.3 2.3 55.9 0.2 59.4 1.1 -55.6 4.2 
OE-gg-gt -72.2 0.6 43.8 0.4 -170.8 9.5 71.9 1.6 
OE-gg-tg -57.6 2.3 59.5 0.9 -70.8 4.1 171.5 10.2 
OE-gt-gg 175.1 9.6 -66.0 0.2 36.4 3.3 -80.1 0.6 
OE-gt-gt -167.6 11.1 -47.7 0.4 -174.4 9.3 69.0 2.1 
OE-gt-tg -163.5 10.2 -41.8 0.4 -56.2 5.7 -172.4 9.9 
OE-tg-gg 68.4 4.3 -173.4 0.7 69.6 0.6 -47.4 5.1 
OE-tg-gt 60.9 6.0 -179.4 0.8 -172.2 10.1 70.8 2.4 
OE-tg-tg 59.2 5.4 179.0 0.7 -99.3 0.1 142.6 7.1 
EO-gg-gg -59.8 1.8 54.8 0.2 57.9 1.2 -56.9 3.9 
EO-gg-gt -58.5 1.3 58.2 0.2 -167.8 8.2 74.8 1.2 
EO-gg-tg -55.1 2.3 62.7 0.6 -69.4 4.4 173.2 10.1 
EO-gt-gg -179.5 9.0 -61.3 0.1 57.8 1.0 -58.6 3.5 
EO-gt-gt 178.8 9.4 -61.8 0.2 -179.3 10.1 63.4 2.8 
EO-gt-tg 168.5 8.0 -71.6 0.1 -81.1 2.4 161.6 9.8 
EO-tg-gg 61.2 5.1 177.1 0.6 67.2 0.7 -49.1 4.8 
EO-tg-gt 37.2 8.7 156.4 0.5 -176.9 10.8 66.2 3.3 
EO-tg-tg 50.9 6.2 168.7 0.6 -95.6 0.4 147.0 7.4 
1E-gg-gg -58.0 2.0 56.5 0.2 58.6 1.1 -56.2 4.0 
1E-gg-gt -67.4 0.6 49.2 0.3 -168.4 8.9 74.1 1.3 
1E-gg-tg -53.5 2.5 64.3 0.6 -69.5 4.3 173.1 10.1 
1E-gt-gg -179.0 9.4 -60.3 0.2 53.7 1.2 -62.1 2.9 
1E-gt-gt -172.6 10.5 -53.1 0.3 -174.0 9.3 69.3 1.9 
1E-gt-tg 175.2 8.8 -64.0 0.2 -79.3 2.6 164.2 9.9 
1E-tg-gg 63.9 4.9 -178.7 0.6 73.6 0.5 -43.3 5.6 
1E-tg-gt 53.3 6.9 172.0 0.7 -174.5 10.3 68.8 2.8 
1E-tg-tg 53.0 6.3 171.8 0.6 -96.6 0.3 144.9 6.4 
E1-gg-gg -55.5 2.7 58.5 0.2 61.4 0.9 -53.8 4.5 
E1-gg-gt -73.1 0.6 42.6 0.4 -170.9 9.6 71.7 1.7 
E1-gg-tg -58.3 2.4 58.2 0.1 -71.7 4.0 170.6 10.2 
E1-gt-gg -171.1 10.1 -52.9 0.3 56.9 1.1 -59.3 3.4 
E1-gt-gt -166.9 10.9 -47.7 0.4 -173.3 9.0 70.3 1.9 
E1-gt-tg -179.5 9.4 -59.0 0.3 -77.7 2.8 165.9 9.7 
E1-tg-gg 63.8 5.5 -178.8 0.7 62.0 1.0 -54.4 4.0 
E1-tg-gt 49.0 8.2 169.4 0.8 -179.2 10.9 63.5 3.7 
E1-tg-tg 55.5 6.1 176.8 0.7 -90.0 0.9 151.9 8.4 

2E-gg-gg -57.6 1.9 57.5 0.2 62.2 0.9 -53.0 4.6 
2E-gg-gt -66.1 0.6 50.9 0.3 -169.8 8.9 72.9 1.4 
2E-gg-tg -59.6 1.6 58.1 0.1 -70.3 4.2 172.2 10.1 
2E-gt-gg -179.9 9.0 -61.7 0.1 56.8 1.1 -59.8 3.3 
2E-gt-gt 179.2 9.6 -61.3 0.2 -179.8 10.2 63.1 2.8 
2E-tg-gg 68.2 4.3 -175.5 0.6 68.2 0.7 -48.2 5.0 
2E-tg-gt 71.5 3.9 -169.4 0.7 -165.9 8.6 76.9 1.4 
2E-tg-tg 55.8 5.9 173.7 0.6 -99.3 0.1 142.8 6.8 
E2-gg-gg -57.1 2.0 57.3 0.2 59.8 1.0 -55.0 4.3 
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Conformer φ4,5 J4,5 φH4,C6 JH4,C6 φ5,6R J5,6R φ5,6S J5,6S 
E2-gg-gt -77.9 0.7 37.8 0.5 -169.3 9.5 73.0 1.6 
E2-gg-tg -53.6 2.5 63.8 0.8 -69.9 4.2 172.7 10.0 
E2-gt-gg 166.7 7.7 -74.1 0.3 38.5 3.0 -77.9 0.8 
E2-gt-gt -171.4 10.5 -51.2 0.3 -174.3 9.5 68.9 2.0 
E2-gt-tg 177.0 8.9 -61.0 0.2 -73.1 3.6 171.0 10.4 
E2-tg-gg 70.0 4.5 -172.4 0.6 72.1 0.6 -45.1 5.5 
E2-tg-gt 57.4 7.0 175.4 0.7 -169.0 9.7 73.9 2.0 
E2-tg-tg 52.5 6.6 171.3 0.7 -89.1 1.1 153.1 8.8 

3E-gg-gg -57.0 2.0 57.9 0.2 61.5 0.9 -53.4 4.5 
3E-gg-gt -78.0 0.7 37.8 0.5 -171.1 9.6 71.4 1.7 
3E-gg-tg -56.2 2.1 61.5 0.9 -69.8 4.2 172.7 10.2 
3E-gt-gg 162.9 7.1 -78.0 0.2 41.8 2.7 -74.4 1.2 
3E-gt-gt -172.8 10.5 -52.5 0.3 -175.8 9.6 67.4 2.2 
3E-gt-tg 173.5 8.7 -64.5 0.2 -73.0 3.7 171.1 10.4 
3E-tg-gg 70.5 4.2 -171.7 0.7 73.3 0.5 -43.8 5.7 
3E-tg-gt 58.8 6.8 176.9 0.8 -168.5 9.7 74.3 1.9 
3E-tg-tg 53.4 6.4 172.2 0.7 -89.9 1.0 152.3 8.7 
E3-gg-gg -57.3 1.8 57.4 0.2 60.2 1.0 -54.8 4.3 
E3-gg-gt -57.6 1.2 59.0 0.2 -168.1 8.3 74.5 1.2 
E3-gg-tg -54.9 2.0 62.8 0.7 -69.6 4.4 173.0 10.1 
E3-gt-gg 179.7 8.7 -62.1 0.1 57.1 1.1 -59.6 3.3 
E3-gt-gt 175.8 8.8 -64.4 0.1 177.0 10.6 59.7 3.4 
E3-tg-gg 66.4 4.3 -177.9 0.5 66.3 0.8 -49.8 4.7 
E3-tg-gt 63.9 5.0 -178.5 0.6 -161.6 7.6 80.2 0.9 
E3-tg-tg 54.0 5.9 171.3 0.5 -95.9 0.4 146.8 7.3 

4E-gg-gg -57.3 2.0 57.4 0.2 59.6 1.0 -55.3 4.3 
4E-gg-gt -57.3 1.3 59.4 0.2 -167.9 8.1 74.7 1.2 
4E-gg-tg -53.6 2.3 64.1 0.6 -69.2 4.4 173.3 10.2 
4E-gt-gg 179.0 8.6 -62.7 0.1 56.6 1.1 -60.0 3.2 
4E-gt-gt 175.5 8.8 -64.8 0.1 177.5 10.6 60.2 3.3 
4E-tg-gg 62.9 4.8 178.4 0.5 64.5 0.9 -51.7 4.4 
4E-tg-gt 58.7 5.7 176.3 0.6 -163.5 8.0 78.1 1.1 
4E-tg-tg 52.2 6.0 169.5 0.5 -94.9 0.5 148.0 7.5 
E4-gg-gg -58.2 2.0 56.5 0.2 60.4 1.0 -54.5 4.4 
E4-gg-gt -72.3 0.6 43.3 0.4 -171.0 9.5 71.5 1.8 
E4-gg-tg -56.7 2.2 60.9 0.8 -70.2 4.1 172.2 10.1 
E4-gt-gg 170.3 8.6 -70.7 0.8 40.7 2.9 -75.5 1.1 
E4-gt-gt -168.6 10.8 -48.4 0.4 -174.4 9.3 69.0 2.1 
E4-gt-tg -171.4 10.0 -49.4 0.4 -65.2 4.7 179.0 10.2 
E4-tg-gg 72.3 3.7 -169.4 0.7 71.5 0.6 -45.5 5.5 
E4-tg-gt 62.7 5.7 -177.9 0.8 -171.8 10.1 71.1 2.3 
E4-tg-tg 55.5 6.0 174.8 0.7 -93.3 0.7 148.7 8.2 

2E-gg-gg -67.3 0.6 49.8 0.4 -172.2 9.0 70.5 1.7 
2E-gt-gg 179.4 9.6 -61.2 0.2 -179.9 10.2 63.0 2.8 
2T3-tg-gt 70.1 4.0 -171.3 0.6 -166.5 8.8 76.2 1.6 
E3-gg-gt -61.8 0.8 55.2 0.2 -168.7 8.4 73.9 1.3 
E3-gt-gt 173.5 10.0 -66.8 0.1 177.2 10.6 60.0 3.4 
E3-tg-gt 67.2 4.0 -174.9 0.7 -163.9 7.9 78.1 1.1 
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Table B.3.  φH,H (in degrees) and JH,H (in Hz) for the ring dihedral angles of 3.2. 

Conformer φ1,2 J1,2 φ2,3 J2,3 φ3,4 J3,4 
OE-gg-gg 145.3 4.5 -126.1 1.0 108.4 0.5 
OE-gg-gt 142.0 4.1 -123.1 0.8 107.3 0.7 
OE-gg-tg 141.8 4.2 -126.1 1.1 110.6 0.8 
OE-gt-gg 141.6 4.3 -125.1 1.2 111.7 1.3 
OE-gt-gt 147.9 5.0 -125.6 0.9 105.8 0.1 
OE-gt-tg 141.6 4.3 -125.7 1.3 111.1 0.8 
OE-tg-gg 143.5 4.7 -126.5 1.1 110.4 0.8 
OE-tg-gt 141.2 4.3 -123.9 0.9 111.1 0.9 
OE-tg-tg 138.1 3.8 -124.0 1.1 111.3 1.0 
EO-gg-gg 104.3 0.0 -126.7 1.2 149.2 6.3 
EO-gg-gt 105.1 0.0 -125.3 1.1 149.2 6.9 
EO-gg-tg 104.7 0.0 -126.2 1.1 148.2 6.4 
EO-gt-gg 102.9 -0.1 -125.7 0.7 149.6 6.7 
EO-gt-gt 104.8 0.0 -126.0 1.2 149.6 6.3 
EO-gt-tg 103.3 -0.1 -124.3 0.7 147.4 6.8 
EO-tg-gg 104.3 0.0 -125.9 1.2 149.1 6.4 
EO-tg-gt 105.5 0.1 -125.1 1.1 149.0 6.7 
EO-tg-tg 105.4 0.1 -123.1 0.6 142.9 5.5 
1E-gg-gg 95.7 -0.1 -106.3 -0.1 125.6 2.4 
1E-gg-gt 93.1 -0.1 -103.2 -0.1 124.4 2.6 
1E-gg-tg 95.5 -0.1 -105.8 -0.1 125.2 2.5 
1E-gt-gg 90.4 0.0 -102.0 -0.3 125.2 2.7 
1E-gt-gt 92.7 -0.1 -103.7 -0.1 126.7 2.4 
1E-gt-tg 90.5 -0.1 -101.6 -0.2 124.4 2.8 
1E-tg-gg 91.5 -0.1 -102.4 -0.1 124.6 2.3 
1E-tg-gt 92.2 -0.1 -102.1 -0.1 126.0 2.6 
1E-tg-tg 91.9 -0.1 -102.5 -0.3 123.0 2.3 
E1-gg-gg 162.0 6.7 -149.9 4.9 128.5 3.0 
E1-gg-gt 160.2 6.6 -147.3 4.8 128.4 3.4 
E1-gg-tg 160.9 6.6 -149.1 4.8 127.9 3.1 
E1-gt-gg 158.3 6.2 -147.9 4.4 129.2 3.7 
E1-gt-gt 161.3 6.8 -149.6 5.1 129.9 3.0 
E1-gt-tg 156.0 6.0 -145.5 4.2 128.0 3.9 
E1-tg-gg 156.4 6.3 -146.2 4.6 128.5 3.1 
E1-tg-gt 154.1 6.2 -144.2 4.2 129.7 3.5 
E1-tg-tg 157.7 6.5 -146.5 4.9 128.4 3.2 

2E-gg-gg 161.9 6.5 -163.7 7.6 149.3 6.6 
2E-gg-gt 161.1 6.5 -161.6 7.2 150.2 7.5 
2E-gg-tg 161.6 6.5 -162.9 7.5 148.4 6.8 
2E-gt-gg 161.9 6.4 -165.0 8.2 152.5 8.5 
2E-gt-gt 161.0 6.5 -162.6 7.5 150.2 6.8 
2E-gt-tg 158.3 6.1 -159.9 7.2 147.7 7.7 
2E-tg-gg 156.0 6.0 -155.8 6.1 143.8 6.3 
2E-tg-gt 159.4 6.4 -160.3 7.0 150.2 7.4 
2E-tg-tg 161.0 6.4 -161.9 7.0 150.2 7.3 
E2-gg-gg 108.5 0.3 -107.7 0.0 114.3 1.2 
E2-gg-gt 94.9 -0.1 -93.8 0.2 105.9 0.5 
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Conformer φ1,2 J1,2 φ2,3 J2,3 φ3,4 J3,4 
E2-gg-tg 106.6 0.2 -105.5 -0.1 112.8 1.1 
E2-gt-gg 93.9 -0.1 -92.9 0.3 107.8 0.9 
E2-gt-gt 94.0 -0.1 -92.5 0.3 107.2 0.3 
E2-gt-tg 94.4 -0.1 -93.8 0.3 107.5 0.5 
E2-tg-gg 98.0 -0.1 -96.5 0.1 108.1 0.6 
E2-tg-gt 98.5 -0.1 -96.5 0.1 109.4 0.7 
E2-tg-tg 103.5 0.1 -102.4 -0.1 110.6 0.9 

3E-gg-gg 107.9 0.2 -96.2 0.1 97.1 0.0 
3E-gg-gt 105.6 0.1 -94.6 0.1 96.7 0.1 
3E-gg-tg 108.4 0.3 -96.7 0.2 97.7 0.1 
3E-gt-gg 103.4 0.0 -91.8 0.3 96.1 0.2 
3E-gt-gt 104.8 0.0 -93.1 0.2 97.4 -0.1 
3E-gt-tg 103.1 0.0 -90.5 0.5 94.2 0.1 
3E-tg-gg 111.8 0.6 -104.0 -0.1 106.1 0.5 
3E-tg-gt 111.1 0.5 -102.2 -0.1 105.9 0.5 
3E-tg-tg 113.4 0.7 -105.5 -0.1 105.7 0.5 
E3-gg-gg 151.2 5.1 -166.4 8.0 163.7 8.5 
E3-gg-gt 150.8 5.1 -164.4 7.3 164.2 9.3 
E3-gg-tg 151.0 5.1 -165.8 8.0 163.2 8.8 
E3-gt-gg 150.6 5.0 -166.0 7.6 163.9 9.2 
E3-gt-gt 150.8 5.3 -164.6 7.6 163.2 8.6 
E3-gt-tg 147.4 4.7 -159.9 7.1 158.0 9.1 
E3-tg-gg 147.6 4.8 -159.9 6.9 157.8 8.4 
E3-tg-gt 145.5 4.6 -155.9 6.3 155.6 8.4 
E3-tg-tg 146.2 4.7 -157.3 6.4 155.9 8.1 

4E-gg-gg 128.0 1.7 -155.0 5.9 169.4 9.0 
4E-gg-gt 128.3 1.9 -152.5 5.2 168.0 9.6 
4E-gg-tg 128.1 1.8 -154.1 5.8 167.9 9.3 
4E-gt-gg 127.7 1.7 -153.2 5.0 167.0 9.2 
4E-gt-gt 128.5 2.0 -152.9 5.5 167.5 8.9 
4E-gt-tg 126.8 1.7 -148.1 4.5 160.3 9.2 
4E-tg-gg 126.8 1.8 -147.4 4.3 159.1 8.3 
4E-tg-gt 126.8 1.8 -145.1 4.0 157.7 8.4 
4E-tg-tg 127.0 1.8 -146.6 4.1 158.6 8.1 
E4-gg-gg 126.0 2.0 -114.9 0.2 108.4 0.6 
E4-gg-gt 122.7 1.4 -102.7 -0.2 94.2 0.1 
E4-gg-tg 125.9 2.0 -115.7 0.3 109.4 0.8 
E4-gt-gg 122.2 1.4 -102.5 -0.1 95.3 0.2 
E4-gt-gt 124.1 1.6 -102.7 -0.2 93.7 -0.1 
E4-gt-tg 122.9 1.5 -103.5 -0.1 95.3 0.0 
E4-tg-gg 124.2 1.7 -103.1 -0.1 95.0 0.1 
E4-tg-gt 123.8 1.9 -113.5 0.2 111.1 1.0 
E4-tg-tg 124.7 1.8 -111.2 0.1 104.3 0.4 

2T1-gg-tg 180.0 7.7 -166.7 7.0 142.6 5.5 
2T1-gt-tg 179.9 7.5 -169.8 7.3 149.3 7.8 
2E-tg-tg 180.0 7.5 -171.5 7.1 153.2 7.6 
E3-gg-tg 152.8 4.6 -180.0 8.9 173.3 8.5 
E3-gt-tg 155.7 4.9 -180.0 8.8 169.4 8.9 
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Conformer φ1,2 J1,2 φ2,3 J2,3 φ3,4 J3,4 
E3-tg-tg 152.7 4.5 180.0 8.6 174.6 8.6 

4T3-gg-tg 134.1 2.4 -163.1 6.1 180.0 10.0 
4T3-gt-tg 129.0 1.8 -158.2 5.1 180.0 10.5 
4T3-tg-tg 134.5 2.5 -163.5 6.2 -180.0 9.8 
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Table B.4.  φH,H (in degrees), JH,H (in Hz), and JH,C (in Hz)  for the exocyclic 
dihedral angles of 3.2. 

Conformer φ4,5 J4,5 φH4,C6 JH4,C6 φ5,6R J5,6R φ5,6S J5,6S 
OE-gg-gg -54.9 2.5 61.3 0.1 65.2 0.7 -50.0 5.0 
OE-gg-gt -58.6 1.2 59.3 0.2 -169.4 8.6 73.5 1.3 
OE-gg-tg -60.0 1.8 58.5 1.0 -69.9 4.0 172.5 10.1 
OE-gt-gg 171.4 9.3 -69.8 0.1 36.7 3.2 -80.1 0.6 
OE-gt-gt -153.9 10.5 -35.5 0.6 -171.6 8.7 72.3 1.9 
OE-gt-tg -160.0 10.2 -39.3 0.5 -55.0 5.7 -171.5 9.6 
OE-tg-gg 55.3 7.1 172.7 0.7 55.4 1.5 -60.3 2.8 
OE-tg-gt 54.7 7.0 173.8 0.9 178.8 11.2 61.4 3.8 
OE-tg-tg 61.7 4.8 -177.8 0.7 -78.0 2.6 164.9 9.9 
EO-gg-gg -63.7 1.4 50.7 0.2 54.2 1.5 -60.7 3.2 
EO-gg-gt -58.6 1.3 58.1 0.2 -168.1 8.2 74.4 1.2 
EO-gg-tg -54.8 2.4 63.1 0.6 -68.4 4.5 174.2 10.1 
EO-gt-gg -180.0 9.3 -61.8 0.2 58.2 1.0 -58.2 3.6 
EO-gt-gt 178.2 9.9 -62.3 0.2 -178.8 10.1 64.0 2.7 
EO-gt-tg 168.1 8.3 -72.0 0.1 -81.4 2.4 161.3 9.7 
EO-tg-gg 53.5 6.3 171.3 0.6 66.6 0.7 -49.6 4.5 
EO-tg-gt 39.0 8.6 158.3 0.6 -177.1 10.7 66.0 3.3 
EO-tg-tg 50.8 6.2 168.8 0.6 -95.8 0.3 146.9 7.3 
1E-gg-gg -60.0 1.8 54.6 0.2 58.0 1.2 -56.7 3.9 
1E-gg-gt -65.8 0.7 51.0 0.3 -168.7 8.9 73.7 1.4 
1E-gg-tg -55.3 2.3 62.5 0.7 -69.2 4.4 173.3 10.2 
1E-gt-gg -179.1 9.5 -60.5 0.2 54.1 1.2 -61.8 3.0 
1E-gt-gt -173.2 10.7 -53.8 0.3 -174.2 9.3 69.1 1.9 
1E-gt-tg 174.3 9.0 -64.9 0.2 -79.8 2.5 163.7 9.8 
1E-tg-gg 63.3 5.0 -179.2 0.6 72.7 0.5 -44.0 5.5 
1E-tg-gt 52.0 7.1 170.7 0.7 -175.6 10.4 67.6 2.9 
1E-tg-tg 53.8 6.2 171.9 0.7 -99.8 0.1 142.4 6.7 
E1-gg-gg -60.3 1.7 55.5 0.2 61.2 0.9 -53.6 4.3 
E1-gg-gt -56.9 1.3 61.0 0.2 -169.0 8.3 73.9 1.2 
E1-gg-tg -60.3 1.7 58.2 0.1 -70.2 4.0 172.2 10.1 
E1-gt-gg -176.2 10.1 -58.0 0.2 55.8 1.1 -60.4 3.1 
E1-gt-gt -169.7 11.2 -50.8 0.4 -173.1 8.8 70.4 1.8 
E1-gt-tg 173.2 9.2 -66.3 0.2 -81.4 2.2 161.8 9.4 
E1-tg-gg 49.8 7.8 167.0 0.7 54.6 1.6 -61.3 2.6 
E1-tg-gt 49.5 8.1 168.2 0.8 -176.2 10.7 66.4 3.0 
E1-tg-tg 59.9 5.3 -178.7 0.7 -71.4 3.6 172.4 10.3 

2E-gg-gg -62.9 1.2 52.3 0.2 58.0 1.2 -56.8 3.8 
2E-gg-gt -56.7 1.2 60.6 0.3 -168.9 8.2 73.8 1.2 
2E-gg-tg -59.2 1.5 59.1 0.1 -69.9 4.2 172.6 10.1 
2E-gt-gg 176.9 8.8 -65.0 0.1 52.4 1.4 -64.5 2.6 
2E-gt-gt -179.7 9.7 -60.2 0.2 -178.7 9.9 64.2 2.6 
2E-gt-tg 168.0 8.0 -72.0 0.9 -81.6 2.3 161.2 9.7 
2E-tg-gg 46.7 7.6 162.7 0.6 52.9 1.8 -63.3 2.4 
2E-tg-gt 37.5 9.0 156.6 0.6 -176.6 10.8 66.3 3.3 
2E-tg-tg 84.3 1.7 -155.4 0.4 -58.0 5.7 -174.1 10.3 
E2-gg-gg -60.9 1.6 54.0 0.2 58.7 1.1 -56.0 4.0 
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Conformer φ4,5 J4,5 φH4,C6 JH4,C6 φ5,6R J5,6R φ5,6S J5,6S 
E2-gg-gt -73.1 0.6 43.1 0.4 -169.6 9.3 72.8 1.5 
E2-gg-tg -56.7 2.1 61.2 0.9 -69.7 4.2 172.8 10.1 
E2-gt-gg 167.9 8.2 -73.0 0.5 37.0 3.2 -79.5 0.6 
E2-gt-gt -169.9 10.8 -50.1 0.3 -174.0 9.3 69.3 1.9 
E2-gt-tg -169.9 10.0 -47.8 0.3 -61.2 5.1 -177.0 10.1 
E2-tg-gg 68.4 4.7 -173.8 0.7 72.2 0.5 -44.7 5.5 
E2-tg-gt 57.7 6.8 176.1 0.8 -171.5 10.0 71.4 2.3 
E2-tg-tg 59.1 5.4 179.3 0.7 -79.1 2.5 163.6 9.9 

3E-gg-gg -80.6 0.6 34.4 0.4 51.5 1.8 -63.6 2.4 
3E-gg-gt -72.2 0.6 44.2 0.4 -170.7 9.3 71.8 1.6 
3E-gg-tg -62.4 1.6 54.6 0.2 -70.8 4.1 171.8 10.1 
3E-gt-gg 166.7 7.9 -74.2 0.4 40.1 2.9 -76.2 1.0 
3E-gt-gt -167.0 10.9 -47.3 0.4 -173.1 9.1 70.3 1.9 
3E-gt-tg 177.2 9.2 -61.1 0.2 -73.7 3.5 170.4 10.1 
3E-tg-gg 69.3 4.4 -172.8 0.7 72.7 0.5 -43.9 5.6 
3E-tg-gt 57.2 6.9 175.6 0.8 -173.3 10.3 69.6 2.5 
3E-tg-tg 61.9 5.0 -177.6 0.7 -72.9 3.5 170.1 10.4 
E3-gg-gg -60.1 1.5 54.5 0.2 58.1 1.1 -56.7 4.0 
E3-gg-gt -55.2 1.4 61.6 0.2 -168.1 8.1 74.5 1.2 
E3-gg-tg -55.6 1.9 62.1 0.8 -69.9 4.3 172.6 10.1 
E3-gt-gg 178.6 8.6 -63.1 0.1 56.4 1.1 -60.2 3.2 
E3-gt-gt 176.0 8.9 -64.3 0.1 177.5 10.6 60.2 3.3 
E3-gt-tg 164.5 7.3 -75.9 0.5 -81.3 2.4 161.2 9.8 
E3-tg-gg 58.3 5.8 173.9 0.6 61.2 1.0 -54.7 3.9 
E3-tg-gt 48.9 7.2 167.1 0.6 -168.7 9.0 73.1 1.6 
E3-tg-tg 54.2 6.0 171.9 0.6 -92.6 0.7 150.8 7.9 

4E-gg-gg -60.8 1.6 53.7 0.2 55.8 1.3 -59.0 3.6 
4E-gg-gt -56.6 1.4 60.1 0.2 -167.8 8.1 74.8 1.2 
4E-gg-tg -53.8 2.4 63.9 0.6 -69.9 4.4 172.7 10.1 
4E-gt-gg 178.2 8.8 -63.5 0.1 56.4 1.2 -60.3 3.2 
4E-gt-gt 174.0 9.0 -66.1 0.1 177.3 10.6 60.1 3.4 
4E-gt-tg 163.2 7.4 -77.3 0.5 -81.0 2.5 161.5 9.9 
4E-tg-gg 60.4 5.2 176.0 0.6 63.0 0.9 -53.0 4.2 
4E-tg-gt 48.3 7.2 166.5 0.6 -168.3 8.9 73.5 1.6 
4E-tg-tg 52.6 6.1 170.0 0.5 -96.4 0.3 146.5 7.2 
E4-gg-gg -62.1 1.5 53.4 0.2 59.2 1.0 -55.5 4.0 
E4-gg-gt -66.5 0.7 50.3 0.3 -170.9 9.1 71.7 1.5 
E4-gg-tg -60.1 1.7 58.4 0.1 -69.8 4.1 172.7 10.2 
E4-gt-gg 169.9 8.6 -71.3 0.7 39.7 2.9 -76.6 0.9 
E4-gt-gt -156.1 10.6 -37.2 0.6 -171.5 8.9 72.3 1.9 
E4-gt-tg -165.9 10.0 -44.7 0.4 -63.3 4.8 -179.3 9.9 
E4-tg-gg 78.4 2.8 -162.7 0.7 67.6 0.6 -49.1 4.8 
E4-tg-gt 55.2 7.0 173.7 0.8 -178.0 10.8 64.9 3.2 
E4-tg-tg 62.0 4.9 -177.4 0.7 -74.6 3.3 168.1 10.4 

2T1-gg-tg -60.0 1.5 58.5 0.1 172.4 10.1 62.0 1.0 
2T1-gt-tg 167.4 7.9 -72.4 0.9 161.1 9.6 -70.7 0.7 
2E-tg-tg 87.3 1.3 -152.3 0.4 -176.0 10.4 -151.1 4.2 
E3-gg-tg -54.2 2.2 63.4 0.6 172.5 10.1 70.1 0.7 
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Conformer φ4,5 J4,5 φH4,C6 JH4,C6 φ5,6R J5,6R φ5,6S J5,6S 
E3-gt-tg 159.8 6.5 -80.6 0.2 160.9 9.9 -75.2 0.4 
E3-tg-tg 97.2 0.3 -142.3 0.3 176.4 10.4 -137.7 3.1 

4T1-gg-tg -58.6 2.1 59.9 0.7 173.9 10.5 67.0 0.7 
4T1-gt-tg 155.6 7.4 -85.1 0.2 161.3 10.0 -76.6 0.2 
4T1-tg-tg 98.6 0.2 -141.1 0.3 175.0 10.4 -135.0 2.8 
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B.2.  Partial charges for 3.1–3.10 

Table B.5.  Partial charges for 3.1 determined by RESP charge fitting4 of 200 
conformations.  

Atom Partial charge Standard deviation 

CH3 0.264 0.000 

C1 0.394 0.000 

O1 –0.458 0.000 

C2 0.295 0.000 

O2 –0.690 0.000 

H (O2) 0.422 0.000 

C3 0.277 0.000 

O3 –0.719 0.000 

H (O3) 0.432 0.000 

C4 0.270 0.000 

O4 –0.482 0.000 

C5 0.232 0.077 

O5 –0.609 0.070 

H (O5) 0.393 0.044 

C6 0.217 0.066 

O6 –0.643 0.041 

H (O6) 0.405 0.031 
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Table B.6.  Partial charges for 3.2 determined by RESP charge fitting4 of 200 
conformations.  

Atom Partial charge Standard deviation 

CH3 0.264 0.000 

O1 –0.458 0.000 

C1 0.368 0.000 

C2 0.278 0.000 

O2 –0.688 0.000 

H (O2) 0.430 0.000 

C3 0.370 0.000 

O3 –0.703 0.000 

H (O3) 0.404 0.000 

C4 0.147 0.000 

O4 –0.453 0.000 

C5 0.307 0.069 

O5 –0.659 0.054 

H (O5) 0.392 0.029 

C6 0.259 0.055 

O6 –0.664 0.050 

H (O6) 0.406 0.036 
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Table B.7.  Partial charges for 3.3 determined by RESP charge fitting4 of 200 
conformations.  

Atom Partial charge Standard deviation 

CH3 0.264 0.000 

C1 0.409 0.049 

O1 –0.458 0.000 

C2 0.264 0.075 

O2 –0.700 0.030 

H (O2) 0.432 0.020 

C3 0.296 0.083 

O3 –0.736 0.030 

H (O3) 0.445 0.021 

C4 0.288 0.105 

O4 –0.511 0.052 

C5 0.315 0.118 

O5 –0.729 0.049 

H (O5) 0.436 0.029 

C6 0.257 0.056 

O6 –0.698 0.030 

H (O6) 0.424 0.025 
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Table B.8.  Partial charges for 3.4 determined by RESP charge fitting4 of 200 
conformations.  

Atom Partial charge Standard deviation 

CH3 0.264 0.000 

C1 0.403 0.043 

O1 –0.458 0.000 

C2 0.272 0.067 

O2 –0.707 0.035 

H (O2) 0.434 0.021 

C3 0.281 0.089 

O3 –0.740 0.033 

H (O3) 0.448 0.024 

C4 0.286 0.102 

O4 0.000 0.000 

C5 –0.502 0.041 

O5 0.340 0.123 

H (O5) –0.734 0.047 

C6 0.437 0.024 

O6 0.246 0.058 

H (O6) –0.696 0.036 
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Table B.9.  Partial charges for 3.5 determined by RESP charge fitting4 of 200 
conformations.  

Atom Partial charge Standard deviation 

CH3 0.264 0.000 

C1 0.417 0.067 

O1 –0.458 0.000 

C2 0.226 0.070 

O2 –0.669 0.041 

H (O2) 0.429 0.022 

C3 0.273 0.111 

O3 –0.723 0.035 

H (O3) 0.443 0.027 

C4 0.386 0.148 

O4 –0.543 0.075 

C5 0.258 0.111 

O5 –0.727 0.050 

H (O5) 0.438 0.029 

C6 0.261 0.056 

O6 –0.708 0.038 

H (O6) 0.432 0.024 
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Table B.10.  Partial charges for 3.6 determined by RESP charge fitting4 of 200 
conformations.  

Atom Partial charge Standard deviation 

CH3 0.264 0.000 

C1 0.413 0.048 

O1 –0.458 0.000 

C2 0.217 0.063 

O2 –0.661 0.037 

H (O2) 0.430 0.018 

C3 0.242 0.104 

O3 –0.712 0.033 

H (O3) 0.444 0.027 

C4 0.387 0.134 

O4 –0.528 0.048 

C5 0.254 0.114 

O5 –0.714 0.039 

H (O5) 0.434 0.021 

C6 0.260 0.053 

O6 –0.698 0.035 

H (O6) 0.426 0.024 
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Table B.11.  Partial charges for 3.7 determined by RESP charge fitting4 of 200 
conformations.  

Atom Partial charge Standard deviation 

CH3 0.264 0.000 

C1 0.435 0.061 

O1 –0.458 0.000 

C2 0.272 0.076 

O2 –0.695 0.028 

H (O2) 0.431 0.027 

C3 0.260 0.079 

O3 –0.717 0.042 

H (O3) 0.456 0.030 

C4 0.211 0.096 

O4 –0.526 0.056 

C5 0.362 0.111 

O5 –0.709 0.057 

H (O5) 0.437 0.032 

C6 0.257 0.067 

O6 –0.714 0.037 

H (O6) 0.433 0.024 
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Table B.12.  Partial charges for 3.8 determined by RESP charge fitting4 of 200 
conformations.  

Atom Partial charge Standard deviation 

CH3 0.264 0.000 

C1 0.428 0.056 

O1 –0.458 0.000 

C2 0.251 0.067 

O2 –0.682 0.031 

H (O2) 0.431 0.017 

C3 0.252 0.070 

O3 –0.686 0.041 

H (O3) 0.439 0.020 

C4 0.177 0.097 

O4 –0.466 0.042 

C5 0.327 0.105 

O5 –0.702 0.056 

H (O5) 0.431 0.027 

C6 0.274 0.061 

O6 –0.713 0.032 

H (O6) 0.432 0.025 
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Table B.13.  Partial charges for 3.9 determined by RESP charge fitting4 of 200 
conformations.  

Atom Partial charge Standard deviation 

CH3 0.264 0.000 

C1 0.381 0.065 

O1 –0.458 0.000 

C2 0.377 0.098 

O2 –0.729 0.018 

H (O2) 0.431 0.016 

C3 0.235 0.093 

O3 –0.697 0.023 

H (O3) 0.431 0.016 

C4 0.279 0.078 

O4 –0.681 0.029 

H (O4) 0.435 0.019 

C5 0.100 0.094 

O5 –0.437 0.046 

C6 0.362 0.110 

O6 –0.691 0.033 

H (O6) 0.416 0.018 

H6 0.000 0.000 

C7 0.250 0.045 

O7 –0.680 0.031 

H (O7) 0.412 0.026 
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Table B.14.  Partial charges for 3.10 determined by RESP charge fitting4 of 200 
conformations.  

Atom Partial charge Standard deviation 

CH3 0.264 0.000 

C1 0.381 0.065 

O1 –0.458 0.000 

C2 0.377 0.098 

O2 –0.729 0.018 

H (O2) 0.431 0.016 

C3 0.235 0.093 

O3 –0.697 0.023 

H (O3) 0.431 0.016 

C4 0.279 0.078 

O4 –0.681 0.029 

H (O4) 0.435 0.019 

C5 0.100 0.094 

O5 –0.437 0.046 

C6 0.362 0.110 

O6 –0.691 0.033 

H (O6) 0.416 0.018 

H6 0.000 0.000 

C7 0.250 0.045 

O7 –0.680 0.031 

H (O7) 0.412 0.026 
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C.1.  Relative energies used to develop new torsion parameters 

The tables below show O4–C4–C5–O5 and O5–C5–C6–O6 dihedral 

angles for 4.1 and 4.2 that are shown in Figures 4.10 and 4.11 in Section 4.3.2.1.  

The C3–C4–C5–C6 and O4–C4–C5–C6 dihedrals angles that were used in the 

Metropolis Monte Carlo simulated annealing procedure1 are also included.  The 

QM relative energies were calculated in Gaussian 032 at the B3LYP/6-

31++G(2d,2p)3-5 level of theory.  The MM1 relative energies were calculated 

using the Sander module of the AMBER 106 program and the GLYCAM067 force 

field.  The MM2 relative energies are from GLYCAM06 without the terms for the 

O4–C4–C5–C6 and C3–C4–C5–C6 dihedral angles.  The MM3 relative energies 

are from GLYCAM06 with the new parameters described in Section 4.3.2.2.  The 

relative energies are scaled independently with the lowest energy conformation 

set to 0 kcal/mol.   

 

Table C.1.  Dihedral angles and relative energies for 4.1 with the 2E ring 
conformation. 
O4-C4-C5-O5 

(degrees) 
O5-C5-C6-O6 

(degrees) 
C3-C4-C5-C6 

(degrees) 
O4-C4-C5-C6 

(degrees) 
QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

0.02 0.01 113.01 -126.58 14.34 20.09 19.49 18.56 
0.01 14.93 112.77 -126.84 12.71 17.95 17.34 16.41 
-0.04 29.95 113.4 -126.15 9.80 14.18 13.58 12.65 
-0.04 45.01 114.87 -124.58 6.95 10.22 9.64 8.71 
0.02 60.0 116.32 -123.03 5.45 7.47 6.90 5.98 
-0.05 75.03 116.72 -122.59 5.82 6.69 6.12 5.20 
-0.04 89.94 116.42 -122.97 7.49 7.83 7.26 6.34 
-0.06 105.01 115.75 -123.82 9.35 9.54 8.96 8.03 
0.01 120.03 115.32 -124.45 10.35 10.56 9.98 9.05 
-0.03 134.99 115.47 -124.5 10.17 10.07 9.49 8.56 
-0.01 149.98 116.9 -123.34 9.23 8.89 8.32 7.39 
-0.04 164.99 119.22 -121.38 8.28 8.15 7.61 6.69 
-0.05 -179.95 121.36 -119.52 8.21 8.74 8.22 7.31 
-0.01 -165.03 122.27 -118.78 9.35 10.80 10.29 9.38 
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O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

-0.02 -150.01 121.54 -119.66 11.28 13.75 13.23 12.31 
0.05 -134.98 119.7 -121.53 12.84 16.12 15.59 14.66 
-0.0 -120.0 117.3 -123.81 13.14 16.70 16.14 15.20 

-0.03 -104.99 115.39 -125.45 12.06 14.89 14.31 13.37 
0.09 -90.04 114.81 -125.66 10.25 12.55 11.96 11.02 
0.01 -75.0 115.15 -124.94 8.83 11.19 10.61 9.68 
0.01 -60.0 115.54 -124.12 8.71 11.96 11.38 10.45 
0.02 -45.0 115.26 -124.13 10.10 14.45 13.87 12.95 
-0.03 -29.99 114.47 -124.84 12.30 17.51 16.92 15.99 
-0.05 -15.02 113.65 -125.8 14.08 19.77 19.17 18.24 
0.02 0.01 113.01 -126.58 14.34 20.11 19.50 18.57 

15.15 -0.01 130.16 -110.46 13.54 19.92 19.50 18.71 
15.13 14.95 129.99 -110.54 11.76 17.77 17.34 16.56 
15.11 29.91 130.62 -109.77 8.81 13.91 13.49 12.72 
15.15 44.96 132.01 -108.25 6.00 9.85 9.45 8.71 
15.08 59.98 133.23 -107.01 4.66 6.87 6.48 5.77 
15.12 75.02 133.81 -106.53 5.15 6.04 5.65 4.95 
15.06 89.99 133.54 -106.99 6.88 7.12 6.73 6.02 
15.13 104.97 133.03 -107.68 8.64 8.85 8.45 7.72 
15.08 119.98 132.49 -108.32 9.44 9.90 9.50 8.75 
15.05 134.98 132.6 -108.28 9.01 9.26 8.86 8.12 
15.1 149.95 133.76 -107.23 7.80 7.95 7.56 6.84 

15.06 165.03 135.61 -105.5 6.69 7.12 6.75 6.06 
15.01 -179.98 137.43 -103.87 6.60 7.62 7.27 6.63 
15.12 -164.97 138.47 -103.12 7.82 9.77 9.43 8.81 
15.07 -150.0 137.78 -103.98 9.78 12.84 12.49 11.85 
15.08 -135.0 136.0 -105.8 11.40 15.17 14.81 14.11 
15.13 -119.98 133.89 -107.79 11.83 15.62 15.23 14.49 
15.08 -104.98 132.1 -109.29 10.93 13.93 13.52 12.75 
15.0 -90.0 131.32 -109.71 9.37 11.82 11.40 10.63 

15.13 -74.97 131.68 -108.96 8.17 10.88 10.47 9.72 
15.09 -60.02 131.93 -108.44 8.24 11.78 11.37 10.63 
15.1 -45.0 131.78 -108.52 9.70 14.26 13.85 13.11 

15.04 -30.02 131.22 -109.2 11.85 17.41 17.00 16.24 
15.04 -14.99 130.63 -109.95 13.49 19.72 19.30 18.53 
15.15 -0.01 130.16 -110.46 13.54 19.90 19.48 18.70 
29.92 0.02 145.98 -95.07 11.54 18.32 18.04 17.66 
29.89 14.9 145.88 -95.03 9.71 16.21 15.94 15.56 
29.91 30.02 146.51 -94.25 6.79 12.40 12.13 11.78 
29.94 44.98 147.78 -92.92 4.18 8.17 7.92 7.61 
29.83 60.03 148.96 -91.79 2.95 5.15 4.91 4.63 
29.92 75.02 149.59 -91.27 3.48 4.19 3.95 3.69 
29.87 90.02 149.3 -91.7 5.16 5.07 4.83 4.55 
29.91 104.98 148.76 -92.37 6.74 6.79 6.55 6.25 
29.86 119.98 148.17 -92.96 7.34 7.71 7.46 7.14 
29.88 135.03 148.22 -92.9 6.71 7.27 7.02 6.70 
29.89 150.04 149.11 -92.01 5.36 5.95 5.71 5.42 
29.93 165.0 150.89 -90.36 4.24 5.06 4.83 4.59 
29.92 -179.98 152.7 -88.77 4.21 5.49 5.27 5.09 
29.87 -164.96 153.52 -88.19 5.51 7.59 7.38 7.21 
29.92 -149.97 152.97 -88.89 7.53 10.55 10.34 10.15 
29.91 -135.0 151.23 -90.64 9.21 12.83 12.60 12.36 
29.92 -119.97 149.1 -92.59 9.81 13.41 13.16 12.85 



 

 382 

O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

29.9 -105.01 147.25 -94.17 9.16 12.03 11.77 11.41 
29.89 -89.97 146.23 -94.81 7.86 10.42 10.15 9.78 
29.85 -74.96 146.18 -94.56 6.87 9.70 9.43 9.06 
29.91 -60.02 146.77 -93.89 7.00 10.56 10.30 9.96 
29.93 -45.01 147.08 -93.69 8.36 12.93 12.67 12.33 
29.91 -29.94 146.86 -94.07 10.27 15.88 15.61 15.26 
29.93 -15.0 146.42 -94.62 11.66 18.12 17.86 17.49 
29.92 -0.04 145.98 -95.07 11.55 18.28 18.01 17.63 
44.97 0.02 160.74 -79.86 9.29 15.86 15.71 15.79 
44.96 15.07 160.52 -79.99 7.46 13.83 13.68 13.76 
45.04 30.02 161.09 -79.33 4.72 10.02 9.87 9.97 
44.94 45.04 162.19 -78.22 2.24 6.10 5.97 6.10 
45.08 59.96 163.61 -76.82 1.05 2.85 2.72 2.89 
45.03 75.01 164.2 -76.28 1.52 1.84 1.72 1.90 
45.03 90.02 164.04 -76.53 3.01 2.75 2.62 2.79 
45.06 105.02 163.48 -77.15 4.44 4.17 4.05 4.20 
45.0 120.04 162.81 -77.78 4.94 5.16 5.02 5.16 

45.02 134.99 162.61 -77.94 4.28 4.82 4.68 4.82 
45.07 150.04 163.3 -77.26 2.99 3.60 3.47 3.63 
45.0 164.97 164.88 -75.85 2.00 2.69 2.57 2.76 

45.01 -179.98 166.7 -74.21 2.03 3.09 2.98 3.21 
45.0 -164.99 167.61 -73.45 3.29 5.05 4.94 5.19 

45.02 -150.03 167.1 -74.05 5.33 7.96 7.85 8.08 
45.02 -134.98 165.22 -75.84 7.17 10.41 10.29 10.47 
45.01 -120.04 162.61 -78.18 8.08 11.31 11.17 11.30 
45.03 -105.07 160.15 -80.3 7.82 10.41 10.26 10.33 
45.04 -90.05 158.86 -81.32 6.77 8.99 8.83 8.88 
45.02 -75.01 159.08 -81.03 5.84 8.24 8.08 8.14 
44.99 -60.0 160.14 -80.04 5.82 8.92 8.77 8.85 
45.03 -45.01 161.2 -79.18 6.83 11.05 10.91 11.01 
44.98 -30.01 161.51 -79.05 8.44 13.72 13.58 13.68 
45.01 -14.99 161.27 -79.38 9.54 15.74 15.60 15.70 
44.94 0.0 160.73 -79.9 9.30 15.94 15.79 15.87 
60.02 0.01 174.67 -65.17 7.93 14.22 14.16 14.54 
59.99 15.02 173.88 -65.77 6.24 12.02 11.95 12.33 
60.07 30.03 174.07 -65.47 3.66 8.31 8.25 8.63 
60.0 45.01 175.16 -64.37 1.23 4.27 4.22 4.61 

60.03 60.03 176.62 -62.91 0.00 1.24 1.19 1.60 
60.07 74.99 177.47 -62.09 0.33 0.16 0.11 0.53 
60.01 90.0 177.45 -62.17 1.65 0.97 0.93 1.35 
60.08 105.0 176.95 -62.68 2.96 2.53 2.48 2.89 
60.0 119.98 176.04 -63.56 3.46 3.47 3.42 3.82 

60.03 134.98 175.49 -64.04 2.93 3.28 3.23 3.63 
60.06 150.03 176.0 -63.58 1.79 2.09 2.04 2.45 
60.03 165.0 177.53 -62.17 0.90 1.26 1.22 1.64 
60.05 -179.95 179.39 -60.45 0.98 1.66 1.63 2.05 
60.03 -164.98 -179.64 -59.59 2.25 3.58 3.55 3.98 
60.02 -150.02 179.7 -60.17 4.41 6.75 6.71 7.14 
60.03 -135.01 177.2 -62.37 6.68 9.35 9.31 9.72 
60.02 -120.01 173.74 -65.38 8.13 10.38 10.32 10.71 
59.99 -104.97 170.89 -67.96 8.13 9.77 9.69 10.04 
60.03 -90.06 169.95 -68.86 7.08 8.47 8.39 8.73 
60.08 -75.01 170.83 -68.11 5.90 7.71 7.64 7.98 



 

 383 

O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

60.04 -59.97 172.49 -66.62 5.45 7.87 7.81 8.18 
60.04 -45.07 174.11 -65.25 6.04 9.50 9.44 9.82 
60.01 -30.0 175.18 -64.51 7.29 11.98 11.92 12.32 
59.98 -15.05 175.37 -64.54 8.19 14.04 13.99 14.38 
60.05 0.03 174.71 -65.14 7.93 14.13 14.07 14.46 
75.02 0.03 -172.72 -51.47 8.15 13.75 13.75 14.17 
75.06 14.93 -173.78 -52.31 6.65 11.75 11.74 12.17 
75.03 30.04 -173.97 -52.3 4.04 8.00 7.99 8.42 
74.97 44.97 -172.86 -51.14 1.56 4.06 4.06 4.48 
75.05 59.97 -171.22 -49.48 0.24 1.00 1.00 1.41 
75.01 74.96 -170.26 -48.58 0.43 0.00 0.00 0.40 
74.96 89.93 -170.21 -48.59 1.66 0.95 0.95 1.36 
74.99 105.0 -170.91 -49.26 3.01 2.55 2.55 2.96 
75.01 119.95 -172.02 -50.27 3.64 3.58 3.58 4.00 
74.97 134.99 -172.72 -50.94 3.22 3.36 3.35 3.77 
74.98 150.02 -172.26 -50.51 2.21 2.30 2.30 2.72 
75.06 165.0 -170.6 -48.95 1.41 1.40 1.40 1.81 
74.98 -179.97 -168.91 -47.31 1.53 1.82 1.83 2.22 
74.99 -164.99 -168.07 -46.41 2.99 4.25 4.25 4.63 
74.99 -150.05 -169.36 -47.36 5.67 7.60 7.61 8.00 
75.05 -135.05 -172.62 -49.97 8.67 10.35 10.35 10.76 
75.02 -120.01 -176.3 -53.29 10.37 11.41 11.40 11.83 
74.96 -105.02 -178.69 -55.75 10.13 10.95 10.93 11.37 
74.96 -89.94 -179.07 -56.34 8.63 9.48 9.46 9.90 
75.02 -74.94 -177.85 -55.26 6.96 8.31 8.30 8.74 
75.0 -60.03 -175.92 -53.46 6.06 8.04 8.03 8.46 

74.97 -44.98 -173.96 -51.81 6.25 9.22 9.21 9.64 
74.98 -30.03 -172.47 -50.78 7.20 11.52 11.51 11.93 
74.99 -15.01 -172.04 -50.71 8.12 13.42 13.42 13.84 
75.02 0.04 -172.7 -51.46 8.16 13.77 13.76 14.19 
89.91 -0.03 -160.6 -38.15 9.77 14.89 14.91 15.17 
89.94 14.96 -161.67 -39.04 8.36 12.85 12.87 13.14 
89.91 29.95 -161.97 -39.07 5.56 9.00 9.02 9.29 
89.92 44.96 -160.55 -37.65 2.90 4.81 4.83 5.08 
89.84 60.01 -158.73 -35.91 1.42 1.84 1.86 2.08 
89.85 75.04 -157.72 -34.95 1.56 1.03 1.05 1.25 
89.91 90.0 -157.81 -35.04 2.86 2.13 2.15 2.35 
89.88 105.0 -158.85 -35.92 4.37 3.99 4.01 4.22 
89.89 119.98 -160.03 -37.01 5.16 5.01 5.03 5.26 
89.85 135.04 -160.72 -37.67 4.81 4.77 4.79 5.03 
89.94 150.0 -160.11 -37.09 3.77 3.46 3.48 3.72 
89.98 165.01 -158.4 -35.46 3.02 2.75 2.77 2.98 
89.94 179.97 -156.71 -33.75 3.36 3.60 3.62 3.80 
89.92 -165.02 -156.5 -33.12 5.43 6.53 6.55 6.71 
89.93 -150.07 -158.48 -34.31 8.98 10.06 10.08 10.26 
89.94 -135.01 -161.77 -37.07 12.36 12.90 12.92 13.15 
89.88 -119.99 -164.98 -40.34 13.81 14.10 14.12 14.41 
89.86 -104.97 -167.05 -42.66 12.98 13.10 13.11 13.44 
89.89 -90.03 -167.4 -43.13 10.82 11.25 11.27 11.60 
89.89 -75.02 -166.22 -41.99 8.63 9.52 9.54 9.86 
89.94 -60.02 -164.05 -39.94 7.35 8.99 9.01 9.29 
89.88 -44.99 -161.91 -38.18 7.26 10.03 10.05 10.30 
89.89 -30.07 -160.46 -37.26 8.18 12.33 12.35 12.59 



 

 384 

O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

89.91 -14.99 -160.11 -37.37 9.39 14.33 14.35 14.59 
89.87 -0.03 -160.63 -38.18 9.76 14.93 14.94 15.20 
105.02 -0.05 -146.95 -23.8 11.94 16.97 16.97 16.97 
104.95 15.0 -148.23 -24.86 10.33 14.47 14.48 14.49 
104.97 30.0 -147.84 -24.5 7.47 10.39 10.39 10.40 
104.94 44.98 -145.81 -22.76 4.66 6.30 6.30 6.28 
104.99 60.0 -143.58 -20.71 3.10 3.55 3.54 3.49 
104.93 75.05 -142.86 -19.94 3.29 2.82 2.82 2.75 
104.99 90.01 -143.49 -20.29 4.79 4.23 4.22 4.16 
105.01 104.98 -144.76 -21.32 6.48 6.30 6.30 6.25 
105.01 119.99 -145.99 -22.43 7.28 7.40 7.40 7.37 
104.99 135.04 -146.51 -22.97 6.88 6.82 6.82 6.80 
104.93 149.96 -145.8 -22.41 5.85 5.47 5.48 5.45 
104.99 165.0 -143.85 -20.61 5.18 4.93 4.93 4.87 
104.99 179.99 -142.39 -18.85 6.08 6.57 6.56 6.48 
104.96 -165.04 -142.61 -18.2 9.12 9.85 9.84 9.75 
104.93 -149.99 -144.49 -19.37 13.26 13.70 13.70 13.62 
104.99 -134.97 -147.46 -22.12 16.40 16.65 16.66 16.61 
105.01 -120.04 -150.81 -25.45 17.20 17.14 17.16 17.17 
105.07 -105.01 -153.26 -27.92 15.78 15.66 15.68 15.74 
104.95 -89.96 -153.96 -28.66 13.10 13.22 13.24 13.31 
104.96 -75.0 -152.42 -27.27 10.58 11.15 11.17 11.21 
104.95 -59.97 -149.76 -24.93 9.08 10.54 10.55 10.55 
105.0 -45.03 -147.55 -23.18 8.90 11.57 11.58 11.55 
104.98 -29.94 -146.67 -22.71 9.97 13.89 13.89 13.86 
105.01 -15.0 -146.54 -23.04 11.44 16.22 16.23 16.20 
104.96 -0.02 -147.01 -23.86 11.93 16.87 16.87 16.87 
120.04 -0.01 -131.42 -8.34 13.60 18.76 18.70 18.54 
120.07 15.02 -131.67 -8.82 11.92 16.11 16.05 15.90 
120.04 30.04 -130.43 -8.04 8.90 11.96 11.90 11.74 
120.09 44.96 -127.96 -6.01 5.99 7.82 7.74 7.59 
120.04 60.02 -126.05 -4.23 4.39 5.02 4.93 4.79 
120.01 74.99 -125.84 -3.75 4.81 4.53 4.44 4.29 
120.08 89.93 -126.88 -4.32 6.49 6.27 6.19 6.04 
120.04 105.02 -128.44 -5.5 8.21 8.52 8.45 8.29 
120.04 120.04 -129.55 -6.52 8.95 9.35 9.28 9.12 
120.08 135.05 -129.52 -6.73 8.49 8.65 8.59 8.43 
120.08 149.96 -128.2 -5.78 7.50 7.42 7.34 7.19 
120.04 165.0 -126.37 -3.92 7.18 7.33 7.25 7.09 
120.05 -179.98 -125.03 -1.96 8.85 9.30 9.20 9.06 
120.06 -165.0 -125.2 -1.23 12.54 13.04 12.95 12.80 
120.06 -150.03 -127.51 -2.71 16.54 17.05 16.97 16.80 
120.04 -135.0 -131.11 -5.8 19.15 19.72 19.66 19.48 
120.06 -120.02 -134.64 -9.17 19.62 19.94 19.90 19.72 
120.07 -104.96 -136.84 -11.54 17.90 17.88 17.86 17.69 
120.11 -90.01 -136.78 -11.8 14.99 14.93 14.90 14.74 
120.07 -75.02 -134.98 -10.29 12.14 12.58 12.54 12.37 
120.09 -60.01 -132.5 -8.15 10.45 11.75 11.70 11.53 
120.06 -45.01 -130.69 -6.83 10.39 13.10 13.04 12.87 
120.07 -30.0 -130.09 -6.7 11.68 15.73 15.67 15.51 
120.09 -14.99 -130.54 -7.38 13.29 18.49 18.43 18.26 
120.04 -0.01 -131.42 -8.33 13.59 18.69 18.63 18.47 
134.97 -0.06 -113.29 8.45 14.04 19.49 19.32 19.33 



 

 385 

O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

135.01 15.0 -113.21 8.19 12.25 16.73 16.56 16.56 
134.96 30.02 -112.08 8.93 9.00 12.45 12.26 12.29 
135.03 45.02 -110.1 10.66 5.95 8.13 7.93 8.00 
135.05 60.01 -108.59 12.19 4.56 5.29 5.08 5.18 
135.0 74.96 -108.49 12.57 5.22 5.05 4.83 4.94 
135.06 90.03 -109.4 12.06 7.07 6.94 6.73 6.82 
134.96 104.98 -110.69 11.01 8.76 9.12 8.92 8.99 
134.99 120.01 -111.34 10.29 9.40 9.89 9.70 9.75 
135.02 134.96 -111.1 10.25 8.85 9.08 8.88 8.94 
135.02 149.98 -109.85 11.32 7.93 8.14 7.94 8.01 
134.95 164.97 -108.03 13.37 8.11 8.34 8.12 8.24 
135.0 179.97 -106.88 15.35 10.33 10.83 10.60 10.77 
135.0 -164.97 -107.31 15.89 14.02 14.80 14.57 14.75 
134.97 -149.94 -109.27 14.51 17.72 18.87 18.66 18.79 
134.99 -135.01 -112.29 11.82 20.14 21.29 21.10 21.16 
135.02 -120.01 -115.75 8.64 20.48 21.24 21.09 21.08 
134.99 -104.97 -118.52 6.08 18.59 18.73 18.59 18.53 
134.97 -89.97 -119.38 5.32 15.47 15.36 15.23 15.16 
135.01 -75.06 -118.02 6.58 12.49 12.68 12.54 12.49 
134.96 -60.01 -115.59 8.43 10.75 11.86 11.70 11.69 
135.01 -44.96 -113.37 9.65 10.83 13.59 13.42 13.44 
134.99 -29.96 -112.45 9.75 12.33 16.69 16.51 16.54 
135.0 -15.0 -112.72 9.21 13.89 19.40 19.22 19.24 
134.98 -0.03 -113.28 8.45 14.03 19.55 19.37 19.38 
150.0 0.01 -95.6 25.11 12.83 18.09 17.76 18.23 
150.03 15.02 -95.98 24.68 10.91 15.42 15.09 15.55 
150.05 29.99 -95.27 25.18 7.77 11.29 10.95 11.43 
150.02 44.97 -93.86 26.43 5.01 6.93 6.58 7.10 
150.07 60.03 -92.43 27.84 3.89 4.05 3.69 4.25 
150.04 75.03 -92.0 28.4 4.62 3.81 3.45 4.03 
150.06 89.99 -92.55 28.11 6.37 5.67 5.31 5.88 
150.04 104.99 -93.52 27.33 7.91 7.70 7.35 7.89 
150.03 120.02 -94.22 26.64 8.41 8.49 8.15 8.67 
149.99 135.0 -93.96 26.67 7.88 8.02 7.67 8.20 
150.04 149.97 -92.57 27.98 7.25 7.21 6.85 7.41 
150.06 165.03 -90.98 30.08 7.86 7.88 7.50 8.13 
150.04 179.94 -89.15 32.33 10.07 10.31 9.91 10.60 
150.02 -165.01 -89.07 33.0 13.49 14.24 13.84 14.55 
150.0 -149.98 -91.62 31.49 16.94 18.11 17.73 18.39 
150.0 -135.0 -95.59 28.61 19.30 20.48 20.14 20.70 
150.05 -119.99 -99.61 25.38 19.59 20.31 20.01 20.46 
150.05 -104.99 -102.34 22.97 17.69 17.70 17.42 17.79 
150.01 -90.02 -102.74 22.4 14.54 14.15 13.88 14.23 
149.99 -75.05 -100.86 23.63 11.48 11.31 11.03 11.43 
150.07 -60.04 -98.17 25.19 9.79 10.55 10.24 10.69 
150.04 -45.01 -96.13 25.96 10.00 12.26 11.93 12.42 
150.07 -30.02 -94.48 26.45 11.52 15.49 15.15 15.66 
150.05 -15.0 -94.55 26.05 12.92 18.14 17.80 18.30 
150.0 0.01 -95.61 25.1 12.82 18.02 17.69 18.16 
165.02 -0.06 -79.8 40.78 10.84 15.70 15.21 16.13 
165.01 14.98 -80.55 40.05 9.08 13.36 12.87 13.77 
164.98 30.03 -80.36 40.13 6.34 9.20 8.71 9.62 
164.97 45.02 -79.17 41.17 3.96 5.15 4.65 5.58 



 

 386 

O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

164.97 60.06 -77.78 42.55 2.93 2.39 1.87 2.84 
165.0 74.99 -77.23 43.32 3.50 1.91 1.39 2.37 
164.99 90.01 -77.61 43.2 4.98 3.57 3.05 4.03 
164.96 104.99 -78.23 42.65 6.32 5.58 5.07 6.03 
165.0 119.99 -78.44 42.21 6.78 6.66 6.15 7.10 
165.0 134.98 -78.1 42.33 6.41 6.38 5.86 6.82 
164.95 149.98 -77.32 43.41 6.14 5.73 5.21 6.19 
164.99 165.02 -75.37 45.69 6.93 6.39 5.85 6.86 
165.02 -180.0 -74.13 47.67 8.91 8.56 8.00 9.04 
165.07 -165.04 -74.79 48.27 11.89 12.16 11.61 12.66 
165.04 -149.95 -77.34 47.06 15.11 15.99 15.46 16.49 
165.06 -134.97 -80.8 44.64 17.40 18.29 17.79 18.77 
165.06 -120.01 -83.99 41.91 17.64 18.06 17.59 18.52 
164.98 -104.98 -85.87 39.81 15.65 15.29 14.85 15.72 
165.05 -90.04 -85.81 39.18 12.42 11.55 11.11 11.97 
165.0 -74.93 -84.37 39.56 9.41 8.67 8.22 9.10 
165.02 -60.03 -81.79 40.71 7.93 7.80 7.32 8.23 
165.06 -45.01 -79.19 41.83 8.11 9.47 8.97 9.91 
164.96 -29.99 -78.39 42.02 9.50 12.70 12.19 13.14 
164.99 -14.99 -78.8 41.63 10.85 15.42 14.92 15.86 
165.02 -0.03 -79.81 40.77 10.84 15.72 15.23 16.15 
-179.92 -0.04 -65.77 55.15 9.30 13.71 13.05 14.16 
-179.98 15.03 -67.03 54.0 7.96 11.42 10.78 11.89 
-179.94 29.95 -67.07 53.9 5.65 7.85 7.22 8.32 
-179.98 45.0 -66.02 54.89 3.41 4.17 3.52 4.63 
-179.99 60.04 -64.54 56.46 2.26 1.53 0.87 1.97 
180.0 74.96 -63.63 57.51 2.54 1.05 0.37 1.48 

-179.95 89.95 -63.4 57.76 3.68 2.23 1.55 2.65 
-179.93 105.0 -63.64 57.36 4.85 4.16 3.49 4.59 
-179.96 119.98 -64.09 56.65 5.44 5.16 4.49 5.60 
-179.96 134.99 -64.49 56.55 5.45 5.16 4.49 5.60 
179.99 150.0 -63.88 57.6 5.54 4.69 4.02 5.13 
-179.96 165.03 -62.5 59.73 6.28 5.31 4.61 5.71 
-179.97 179.98 -61.55 61.8 7.83 7.17 6.47 7.55 
-179.96 -165.03 -61.74 62.79 10.34 10.42 9.71 10.79 
-179.98 -150.01 -63.37 62.15 13.17 13.70 13.00 14.09 
179.99 -135.02 -66.04 60.08 15.09 15.71 15.04 16.14 
-179.98 -120.02 -68.85 57.36 15.05 14.98 14.34 15.45 
-179.92 -105.03 -70.98 54.77 13.12 12.15 11.54 12.65 
-179.98 -90.04 -71.59 53.18 10.21 8.94 8.34 9.43 
-179.98 -74.97 -69.99 53.35 7.59 6.57 5.96 7.06 
-179.98 -59.97 -67.55 54.43 6.23 6.13 5.50 6.60 
-179.97 -44.99 -65.66 55.59 6.44 7.69 7.03 8.14 
-179.96 -30.0 -64.62 56.27 7.77 10.50 9.84 10.95 
-179.98 -15.01 -64.66 56.12 9.12 13.25 12.59 13.70 
-179.92 -0.05 -65.77 55.15 9.30 13.56 12.91 14.02 
-165.04 0.02 -53.65 67.99 9.25 13.04 12.25 13.23 
-165.06 15.01 -55.03 66.74 8.25 11.45 10.68 11.68 
-165.08 30.04 -54.92 66.73 6.01 8.22 7.45 8.45 
-165.03 45.0 -53.29 68.24 3.61 4.87 4.08 5.06 
-165.06 59.99 -51.18 70.24 2.14 2.08 1.27 2.20 
-165.06 75.07 -49.87 71.46 2.09 1.16 0.33 1.23 
-165.0 90.07 -49.75 71.57 3.10 2.16 1.33 2.22 
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O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

-165.03 105.01 -50.6 70.66 4.47 4.04 3.23 4.14 
-164.98 119.94 -51.76 69.75 5.45 5.34 4.53 5.47 
-165.04 134.97 -52.37 69.66 5.78 5.54 4.74 5.68 
-165.06 150.0 -51.64 70.97 5.85 5.35 4.54 5.46 
-165.01 164.96 -49.99 73.45 6.17 5.56 4.73 5.58 
-165.08 180.0 -48.52 75.84 7.19 6.92 6.07 6.85 
-165.03 -165.02 -48.17 77.09 9.12 9.26 8.40 9.14 
-164.99 -150.03 -49.66 76.4 11.38 11.83 10.98 11.76 
-165.01 -135.02 -52.76 73.82 13.01 13.26 12.44 13.30 
-165.07 -119.99 -56.26 70.26 13.20 12.87 12.09 13.04 
-165.02 -105.02 -58.49 67.16 11.80 10.99 10.24 11.25 
-165.05 -90.0 -58.68 65.64 9.28 8.61 7.87 8.90 
-164.98 -75.02 -56.88 66.12 6.94 6.96 6.20 7.22 
-165.01 -60.02 -54.38 67.69 5.65 6.41 5.63 6.62 
-165.04 -44.99 -52.2 69.24 5.84 7.52 6.72 7.67 
-165.04 -29.98 -51.15 69.96 7.17 10.07 9.26 10.19 
-165.04 -14.95 -51.8 69.47 8.68 12.43 11.63 12.57 
-165.04 -0.06 -53.64 68.0 9.24 12.99 12.20 13.18 
-150.08 -0.03 -41.68 80.93 10.74 14.75 13.84 14.43 
-150.07 15.04 -42.54 79.97 9.65 13.53 12.62 13.25 
-150.08 29.95 -41.64 80.5 7.11 10.20 9.29 9.89 
-150.08 45.04 -39.11 82.51 4.24 6.33 5.39 5.92 
-150.09 60.03 -36.58 84.68 2.51 3.38 2.42 2.85 
-150.04 74.97 -35.77 85.63 2.41 2.38 1.41 1.80 
-150.05 89.94 -36.67 85.14 3.73 3.50 2.54 2.96 
-150.1 105.01 -38.36 83.7 5.59 5.84 4.90 5.38 

-150.07 120.01 -39.57 82.88 6.80 7.39 6.46 6.97 
-150.07 135.01 -39.55 83.25 7.02 7.49 6.56 7.06 
-150.06 149.96 -38.07 85.02 6.67 6.63 5.68 6.11 
-150.08 165.01 -35.73 87.78 6.31 6.15 5.17 5.49 
-150.09 -179.98 -33.97 90.24 6.72 6.83 5.84 6.05 
-150.08 -165.02 -34.37 90.9 8.28 8.78 7.78 7.97 
-150.12 -150.01 -37.07 89.32 10.63 11.33 10.35 10.61 
-150.09 -134.99 -40.6 86.22 12.74 13.33 12.38 12.78 
-150.04 -120.02 -43.73 82.61 13.40 14.03 13.12 13.67 
-150.08 -105.0 -45.49 79.72 12.12 12.71 11.82 12.47 
-150.05 -90.01 -45.04 78.84 9.69 10.48 9.60 10.27 
-150.14 -75.02 -42.82 79.86 7.33 8.35 7.45 8.08 
-150.06 -60.02 -39.74 81.95 6.03 7.46 6.53 7.07 
-150.05 -45.05 -37.86 83.38 6.31 8.48 7.54 8.03 
-150.11 -29.98 -38.04 83.49 7.93 11.15 10.21 10.69 
-150.06 -15.01 -39.67 82.52 9.89 13.73 12.80 13.33 
-150.06 0.02 -41.65 80.95 10.74 14.84 13.92 14.51 
-135.02 -0.08 -27.32 95.79 12.65 18.04 16.99 16.96 
-135.06 14.96 -27.36 95.28 11.10 16.23 15.19 15.17 
-135.05 29.95 -25.53 96.28 8.05 12.35 11.30 11.23 
-135.07 45.01 -22.79 98.4 4.93 7.99 6.92 6.76 
-135.05 60.03 -21.08 100.2 3.23 4.91 3.83 3.59 
-135.03 75.03 -21.34 100.63 3.52 4.23 3.14 2.89 
-135.11 89.99 -22.82 99.88 5.33 5.83 4.75 4.53 
-135.04 105.01 -24.28 98.64 7.43 8.46 7.39 7.23 
-135.04 120.0 -24.96 97.8 8.47 9.89 8.83 8.70 
-135.04 134.99 -24.14 98.38 8.18 9.30 8.23 8.08 
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O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

-135.04 149.96 -21.91 100.35 7.19 7.67 6.59 6.35 
-135.07 164.96 -19.68 102.95 6.34 6.67 5.57 5.23 
-135.08 -179.98 -19.25 104.65 6.68 7.32 6.21 5.81 
-135.06 -165.05 -20.72 104.69 8.67 9.79 8.68 8.29 
-135.03 -150.0 -23.27 103.04 11.60 13.29 12.20 11.88 
-135.05 -135.08 -26.04 100.25 13.92 16.16 15.09 14.88 
-135.04 -120.02 -28.48 97.11 14.55 16.84 15.80 15.71 
-135.12 -104.97 -29.68 94.71 13.12 15.04 14.01 14.03 
-135.09 -89.98 -28.73 94.3 10.55 12.08 11.04 11.07 
-135.09 -75.0 -26.14 95.63 8.15 9.44 8.39 8.35 
-135.06 -59.99 -23.75 97.4 6.97 8.76 7.70 7.58 
-135.04 -45.02 -23.33 98.23 7.62 10.48 9.41 9.26 
-135.05 -30.06 -24.45 97.95 9.79 13.65 12.58 12.45 
-135.07 -14.99 -26.13 96.9 12.02 16.83 15.77 15.68 
-135.04 0.02 -27.35 95.76 12.64 17.93 16.88 16.85 
-120.04 0.03 -9.3 112.77 13.48 20.16 18.99 18.31 
-120.0 14.99 -8.61 112.7 11.46 17.78 16.61 15.93 

-119.98 29.99 -6.98 113.69 8.13 13.32 12.15 11.44 
-120.04 45.02 -5.54 115.23 5.13 8.94 7.76 7.01 
-119.95 59.95 -4.66 116.77 3.86 6.09 4.90 4.11 
-119.99 75.0 -4.88 117.29 4.60 5.66 4.47 3.68 
-119.96 89.98 -5.63 116.93 6.56 7.40 6.21 5.42 
-120.0 105.01 -6.38 115.98 8.39 9.69 8.51 7.74 

-120.01 120.07 -6.59 115.08 9.05 10.58 9.40 8.65 
-120.0 134.99 -5.61 115.3 8.32 9.58 8.40 7.65 

-119.98 149.97 -4.12 116.76 6.95 7.77 6.58 5.79 
-119.98 164.98 -3.37 118.69 6.12 6.90 5.70 4.88 
-120.0 179.98 -3.29 120.32 6.92 8.19 6.99 6.13 

-119.99 -164.99 -3.71 120.89 9.39 11.56 10.35 9.49 
-119.97 -150.0 -5.01 119.76 12.43 15.53 14.33 13.49 
-119.99 -135.04 -7.06 117.27 14.69 18.21 17.02 16.23 
-119.97 -119.93 -9.1 114.37 15.15 18.40 17.22 16.50 
-119.95 -104.98 -10.3 112.11 13.65 15.78 14.61 13.95 
-120.01 -89.98 -10.02 111.29 11.03 12.25 11.09 10.45 
-119.94 -75.0 -8.49 112.15 8.72 9.82 8.65 7.98 
-119.98 -60.0 -7.55 113.37 7.96 9.84 8.67 7.97 
-119.97 -45.02 -7.55 114.17 9.20 12.33 11.16 10.44 
-119.97 -30.03 -8.09 114.19 11.51 16.16 14.99 14.27 
-119.99 -15.01 -8.85 113.57 13.40 19.50 18.32 17.62 
-120.04 -0.01 -9.3 112.77 13.49 20.17 19.00 18.32 
-104.98 -0.03 10.52 130.32 12.53 19.86 18.63 17.68 
-104.98 14.98 10.47 129.96 10.39 17.14 15.90 14.96 
-105.0 30.03 10.84 130.52 7.27 12.83 11.60 10.65 

-105.01 44.99 11.79 132.04 4.67 8.60 7.36 6.42 
-104.96 60.07 13.16 133.86 3.66 5.89 4.64 3.70 
-104.97 75.01 13.83 134.7 4.47 5.38 4.13 3.19 
-104.96 90.01 13.65 134.42 6.22 6.82 5.57 4.63 
-104.95 104.99 13.23 133.48 7.69 8.49 7.25 6.31 
-105.0 120.0 12.94 132.51 7.97 8.95 7.71 6.76 

-105.01 134.99 13.07 132.34 6.99 8.01 6.77 5.83 
-104.96 149.99 13.53 133.53 5.60 6.45 5.21 4.27 
-104.99 165.0 14.46 135.7 5.20 6.09 4.84 3.90 
-104.98 -179.97 15.86 137.95 6.38 7.97 6.72 5.80 
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O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

-104.98 -165.01 16.48 138.7 8.93 11.37 10.11 9.20 
-104.96 -150.0 15.57 137.45 11.90 15.00 13.74 12.82 
-104.99 -134.97 13.23 134.62 14.09 17.10 15.85 14.91 
-104.99 -119.96 10.57 131.36 14.54 16.78 15.54 14.60 
-104.99 -104.93 8.66 128.76 13.11 14.19 12.96 12.01 
-104.99 -90.0 8.24 127.8 10.75 11.25 10.02 9.08 
-104.97 -75.03 9.18 128.68 8.86 9.50 8.27 7.33 
-104.93 -60.01 10.59 130.44 8.45 9.97 8.74 7.79 
-104.96 -44.98 11.36 131.6 9.60 12.94 11.70 10.75 
-105.01 -30.03 11.24 131.68 11.46 16.69 15.45 14.50 
-104.98 -15.06 10.88 131.13 12.83 19.64 18.40 17.46 
-104.98 0.03 10.52 130.32 12.53 19.82 18.58 17.64 
-90.12 -0.01 28.02 146.16 10.60 17.66 16.42 15.62 
-90.11 15.01 27.5 145.81 8.66 15.41 14.16 13.36 
-90.12 29.97 27.81 146.58 5.92 11.36 10.12 9.32 
-90.12 45.05 29.2 148.33 3.50 7.32 6.08 5.31 
-90.14 60.03 30.87 150.11 2.44 4.47 3.23 2.50 
-90.13 75.01 31.62 150.78 3.03 3.56 2.32 1.60 
-90.14 90.01 31.29 150.19 4.53 4.45 3.21 2.48 
-90.11 105.04 30.56 149.01 5.78 6.07 4.83 4.08 
-90.12 120.01 29.88 147.95 5.93 6.69 5.45 4.68 
-90.09 134.99 29.77 148.03 5.00 5.81 4.57 3.81 
-90.1 149.98 30.6 149.66 3.85 4.57 3.33 2.58 
-90.09 165.03 32.52 152.33 3.59 4.39 3.15 2.45 
-90.04 -179.99 34.29 154.48 4.76 6.07 4.84 4.18 
-90.13 -164.99 34.45 154.57 7.26 9.06 7.83 7.17 
-90.12 -150.02 33.25 152.91 10.27 12.24 11.01 10.32 
-90.04 -134.99 31.15 150.2 12.59 14.22 12.98 12.25 
-90.11 -120.03 28.65 147.1 13.27 14.33 13.09 12.31 
-90.05 -105.04 26.98 144.9 12.14 12.50 11.25 10.44 
-90.09 -90.04 26.84 144.46 10.05 9.84 8.60 7.77 
-90.1 -75.01 28.53 146.06 8.22 8.38 7.14 6.34 
-90.08 -59.97 30.39 148.07 7.47 8.93 7.69 6.93 
-90.14 -45.01 30.67 148.77 8.14 11.65 10.41 9.65 
-90.08 -29.98 29.96 148.34 9.65 15.03 13.79 13.03 
-90.13 -14.98 28.93 147.21 10.84 17.51 16.27 15.49 
-90.11 0.03 28.0 146.13 10.59 17.65 16.41 15.61 
-75.02 -0.06 43.59 161.17 8.89 15.76 14.56 14.04 
-75.04 14.99 43.2 161.05 7.23 13.49 12.29 11.77 
-75.02 30.01 43.73 161.94 4.63 9.92 8.72 8.21 
-75.01 45.0 44.95 163.47 2.20 5.85 4.65 4.17 
-74.98 59.98 46.3 164.88 1.02 2.75 1.56 1.10 
-75.01 75.0 46.89 165.3 1.44 1.82 0.64 0.18 
-75.02 90.0 46.62 164.7 2.79 2.74 1.55 1.08 
-75.04 104.99 45.89 163.63 3.95 4.29 3.10 2.62 
-75.02 120.02 45.17 162.78 4.11 4.80 3.61 3.12 
-75.09 135.03 45.1 163.04 3.30 4.04 2.84 2.35 
-75.05 150.02 46.16 164.79 2.29 2.91 1.72 1.26 
-75.06 165.03 47.64 166.98 2.13 2.75 1.57 1.13 
-75.03 -179.98 48.92 168.47 3.40 4.17 2.99 2.58 
-75.05 -165.0 49.58 168.61 5.95 6.86 5.68 5.27 
-75.04 -150.01 49.17 167.32 9.01 10.16 8.98 8.56 
-75.01 -134.97 47.79 165.05 11.40 12.59 11.41 10.95 
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O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

-75.02 -119.96 46.02 162.59 12.10 12.74 11.55 11.06 
-75.03 -104.98 44.96 161.03 10.99 11.02 9.82 9.31 
-75.05 -89.95 45.44 161.28 8.67 8.44 7.24 6.74 
-74.98 -75.05 46.91 162.96 6.40 7.01 5.82 5.34 
-75.1 -60.02 47.27 164.07 5.36 7.59 6.41 5.94 
-75.04 -45.06 46.59 164.1 5.99 9.98 8.79 8.32 
-75.0 -29.99 45.6 163.26 7.64 12.96 11.77 11.29 
-75.07 -14.99 44.47 162.02 8.98 15.34 14.14 13.64 
-74.98 -0.06 43.62 161.2 8.89 15.75 14.55 14.03 
-60.03 0.0 57.35 175.44 8.45 14.82 13.68 13.35 
-59.97 14.93 56.91 175.29 6.86 12.79 11.65 11.32 
-60.01 30.02 57.04 175.81 4.30 9.35 8.21 7.88 
-59.96 44.98 58.12 177.1 1.91 5.31 4.18 3.85 
-59.98 60.02 59.52 178.43 0.69 2.31 1.19 0.87 
-59.96 75.03 60.37 179.02 1.01 1.43 0.32 0.00 
-60.0 90.0 60.28 178.63 2.20 2.37 1.26 0.94 
-59.98 105.05 59.61 177.8 3.30 3.85 2.73 2.41 
-59.98 120.02 58.72 176.96 3.56 4.34 3.21 2.89 
-59.97 135.03 58.29 176.98 2.94 3.63 2.50 2.18 
-59.97 149.98 58.7 178.16 2.20 2.67 1.55 1.22 
-59.99 165.01 60.05 179.93 2.31 2.62 1.51 1.19 
-59.95 -179.99 62.11 -178.42 3.68 4.10 3.00 2.68 
-59.99 -165.0 63.69 -177.87 6.18 6.95 5.86 5.55 
-59.93 -150.06 64.17 -178.58 9.05 10.35 9.27 8.95 
-60.0 -134.96 63.29 179.54 11.16 12.51 11.42 11.11 
-59.96 -120.04 61.97 177.6 11.54 12.43 11.33 11.01 
-60.0 -105.0 60.86 176.27 10.01 10.36 9.25 8.92 
-60.0 -89.98 60.36 176.22 7.34 7.93 6.82 6.49 
-60.0 -74.96 60.21 177.06 5.01 6.56 5.45 5.13 
-60.01 -59.99 60.13 177.87 4.23 6.99 5.87 5.55 
-59.96 -44.99 59.92 178.01 5.14 9.25 8.13 7.81 
-60.0 -29.99 59.21 177.29 6.95 12.28 11.16 10.83 
-59.96 -14.99 58.31 176.32 8.40 14.69 13.56 13.23 
-60.04 0.02 57.36 175.44 8.46 14.88 13.74 13.41 
-45.06 0.08 69.88 -170.75 9.48 15.40 14.36 14.02 
-45.05 15.0 69.07 -171.28 8.02 13.27 12.22 11.88 
-45.03 29.97 69.26 -170.89 5.51 9.86 8.81 8.47 
-45.05 44.96 70.61 -169.57 3.10 6.11 5.08 4.72 
-45.05 60.03 72.35 -168.02 1.79 3.24 2.22 1.85 
-45.14 75.02 73.24 -167.31 1.92 2.52 1.51 1.13 
-45.01 90.0 73.25 -167.39 3.02 3.44 2.42 2.05 
-45.09 104.99 72.25 -168.34 4.19 4.80 3.78 3.41 
-45.1 120.01 70.87 -169.49 4.71 5.32 4.29 3.94 
-45.12 135.02 69.88 -169.99 4.47 4.93 3.89 3.54 
-45.07 149.99 70.5 -169.0 4.10 4.10 3.07 2.71 
-45.08 165.03 72.74 -167.04 4.35 4.24 3.23 2.85 
-45.09 179.99 75.73 -165.0 5.62 5.85 4.86 4.46 
-45.13 -165.0 78.05 -163.91 7.75 8.68 7.71 7.29 
-45.07 -150.02 78.85 -164.23 10.12 11.59 10.62 10.20 
-45.05 -134.97 77.85 -165.91 11.73 13.27 12.30 11.90 
-45.12 -120.01 75.77 -168.15 11.68 12.70 11.70 11.33 
-45.08 -104.99 73.51 -169.88 9.85 10.70 9.69 9.33 
-45.06 -90.01 71.98 -170.46 7.33 8.51 7.49 7.14 
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O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

-45.09 -74.97 71.79 -169.75 5.41 7.21 6.19 5.83 
-45.02 -59.98 72.49 -168.6 4.93 7.71 6.69 6.32 
-45.07 -45.03 72.66 -168.25 5.96 9.97 8.95 8.58 
-45.01 -30.06 72.16 -168.68 7.80 13.03 12.01 11.65 
-45.07 -15.02 71.09 -169.73 9.34 15.25 14.22 13.87 
-45.06 -0.05 69.89 -170.74 9.49 15.35 14.31 13.96 
-30.08 -0.01 82.44 -156.88 11.56 16.75 15.82 15.30 
-30.08 14.96 81.72 -157.52 10.18 14.77 13.83 13.32 
-30.12 29.99 82.27 -157.06 7.61 11.33 10.40 9.88 
-30.09 45.01 83.98 -155.48 5.03 7.69 6.78 6.23 
-30.04 59.98 85.77 -153.75 3.56 4.93 4.04 3.46 
-30.02 74.99 86.6 -152.92 3.58 4.23 3.34 2.75 
-30.07 89.97 86.19 -153.23 4.76 5.18 4.29 3.70 
-30.05 104.95 85.01 -154.23 6.24 6.63 5.73 5.16 
-30.08 119.99 83.49 -155.54 7.14 7.38 6.47 5.92 
-30.15 135.02 82.79 -156.11 7.21 7.11 6.18 5.65 
-30.06 149.98 84.26 -154.9 6.93 6.38 5.47 4.92 
-30.07 165.03 87.39 -152.53 6.96 6.39 5.51 4.91 
-30.09 179.99 90.84 -150.13 7.71 7.65 6.80 6.14 
-30.07 -165.0 93.06 -148.83 9.22 10.02 9.19 8.51 
-30.07 -150.05 93.11 -149.38 11.07 12.57 11.74 11.07 
-30.1 -135.01 91.1 -151.47 12.42 13.96 13.11 12.47 
-30.05 -120.04 88.15 -154.04 12.36 13.89 13.01 12.42 
-30.09 -105.01 85.37 -156.14 10.79 12.33 11.43 10.88 
-30.13 -90.0 84.14 -156.72 8.63 10.28 9.36 8.83 
-30.04 -74.95 84.73 -155.69 6.96 8.91 8.00 7.45 
-30.0 -60.02 85.66 -154.43 6.57 9.27 8.38 7.80 
-30.16 -44.96 85.7 -154.12 7.64 11.60 10.71 10.13 
-30.12 -29.99 85.03 -154.59 9.57 14.68 13.77 13.21 
-30.09 -14.96 83.75 -155.69 11.22 16.74 15.83 15.28 
-30.1 0.07 82.39 -156.93 11.55 16.75 15.82 15.30 
-15.07 0.01 96.59 -142.27 13.57 18.71 17.93 17.15 
-15.12 14.99 96.19 -142.79 12.15 16.74 15.95 15.18 
-15.06 30.03 97.02 -142.07 9.37 13.11 12.33 11.55 
-15.08 44.96 98.65 -140.44 6.60 9.31 8.55 7.74 
-15.08 60.01 100.21 -138.83 5.01 6.65 5.91 5.08 
-15.06 74.96 100.75 -138.16 5.13 5.88 5.14 4.31 
-15.09 89.98 100.21 -138.56 6.58 7.04 6.30 5.47 
-15.07 105.05 99.27 -139.51 8.37 8.54 7.79 6.97 
-15.07 120.0 98.36 -140.51 9.47 9.45 8.69 7.89 
-15.06 134.99 98.39 -140.67 9.53 9.20 8.44 7.64 
-15.1 149.95 100.03 -139.49 8.96 8.28 7.53 6.71 
-15.07 164.98 103.13 -137.08 8.44 7.88 7.16 6.30 
-15.08 179.93 106.06 -134.82 8.59 8.71 8.02 7.13 
-15.04 -164.99 107.37 -133.89 9.72 10.69 10.02 9.12 
-15.11 -150.0 106.56 -134.83 11.55 13.32 12.64 11.75 
-15.11 -135.0 104.25 -137.02 13.00 15.22 14.51 13.64 
-15.06 -120.0 101.5 -139.47 13.13 15.64 14.90 14.07 
-15.0 -105.03 99.35 -141.26 11.88 14.15 13.39 12.58 
-15.09 -90.0 98.53 -141.72 9.93 11.89 11.12 10.32 
-15.08 -75.05 99.11 -140.78 8.37 10.46 9.71 8.90 
-15.02 -60.08 99.88 -139.62 8.07 10.96 10.21 9.39 
-15.08 -44.97 99.68 -139.44 9.27 13.39 12.64 11.82 
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O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

-15.04 -30.03 98.82 -140.04 11.37 16.27 15.51 14.70 
-15.09 -15.05 97.61 -141.21 13.16 18.44 17.67 16.88 
-15.07 0.01 96.6 -142.27 13.58 18.66 17.88 17.10 
0.14 0.04 113.13 -126.45 14.35 20.10 19.50 18.57 
0.09 15.01 112.85 -126.77 12.69 17.97 17.36 16.43 
0.12 30.0 113.56 -125.99 9.79 14.26 13.66 12.73 
0.16 45.0 115.09 -124.35 6.94 10.30 9.72 8.79 
0.12 60.0 116.42 -122.93 5.45 7.43 6.87 5.95 
0.05 75.02 116.83 -122.49 5.82 6.79 6.23 5.31 
0.11 89.93 116.61 -122.81 7.49 7.78 7.21 6.29 
0.07 105.02 115.9 -123.68 9.35 9.59 9.02 8.09 
0.15 120.05 115.47 -124.31 10.36 10.52 9.94 9.01 
0.07 134.98 115.57 -124.4 10.18 10.07 9.50 8.57 
0.18 149.97 117.1 -123.16 9.22 8.95 8.38 7.45 
0.09 165.01 119.35 -121.25 8.26 8.15 7.61 6.69 
0.1 -180.0 121.52 -119.37 8.19 8.85 8.33 7.42 

0.12 -165.02 122.42 -118.65 9.35 10.78 10.27 9.36 
0.08 -150.03 121.66 -119.55 11.27 13.76 13.25 12.33 
0.21 -135.03 119.87 -121.36 12.83 16.14 15.61 14.68 
0.05 -119.99 117.36 -123.76 13.15 16.62 16.06 15.12 
0.1 -104.98 115.55 -125.31 12.05 14.89 14.31 13.37 

0.16 -90.04 114.91 -125.59 10.24 12.46 11.87 10.94 
0.17 -75.0 115.31 -124.77 8.83 11.22 10.63 9.70 
0.08 -60.0 115.63 -124.04 8.70 11.99 11.41 10.48 
0.09 -44.97 115.34 -124.05 10.11 14.52 13.94 13.02 
0.14 -29.97 114.66 -124.67 12.30 17.52 16.94 16.01 
0.14 -15.08 113.87 -125.57 14.08 19.81 19.21 18.29 
0.14 0.04 113.15 -126.45 14.34 20.10 19.49 18.57 
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Table C.2.  Dihedral angles and relative energies for 4.1 with the 1E ring 
conformation. 
O4-C4-C5-O5 

(degrees) 
O5-C5-C6-O6 

(degrees) 
C3-C4-C5-C6 

(degrees) 
O4-C4-C5-C6 

(degrees) 
QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol)

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol)

-0.06 0.05 112.09 -126.73 17.09 25.81 25.87 23.85 
-0.02 14.96 112.01 -126.88 15.41 23.57 23.63 21.61 
-0.02 30.01 112.76 -126.07 12.42 19.76 19.82 17.80 
-0.05 45.07 114.13 -124.53 9.50 15.68 15.76 13.74 
-0.02 59.97 115.45 -123.04 7.98 12.74 12.83 10.82 
-0.05 75.04 115.81 -122.62 8.29 11.88 11.98 9.97 
-0.04 90.02 115.49 -123.07 9.89 12.77 12.87 10.86 
-0.04 105.01 114.79 -124.04 11.60 14.21 14.30 12.28 
-0.0 119.95 114.08 -124.93 12.34 14.91 14.99 12.96 
-0.03 134.97 113.82 -125.28 11.79 13.89 13.97 11.94 
0.04 149.99 114.79 -124.43 10.49 12.42 12.51 10.48 
-0.03 164.97 116.7 -122.68 9.42 11.59 11.69 9.67 
-0.07 -179.97 118.87 -120.71 9.48 12.51 12.64 10.63 
0.02 -165.02 120.31 -119.58 10.95 14.79 14.93 12.93 
-0.05 -150.03 120.04 -120.18 13.19 18.12 18.26 16.24 
-0.01 -135.01 118.51 -121.9 15.00 20.84 20.96 18.94 
-0.07 -119.96 116.29 -124.11 15.56 21.51 21.60 19.57 
-0.04 -105.03 114.61 -125.59 14.62 19.99 20.07 18.03 
0.04 -90.02 114.09 -125.76 12.88 17.80 17.88 15.84 
-0.02 -75.03 114.44 -124.96 11.48 16.74 16.83 14.80 
-0.06 -60.02 114.7 -124.17 11.37 17.65 17.74 15.72 
-0.01 -44.94 114.35 -124.17 12.80 20.27 20.36 18.34 
0.01 -29.97 113.63 -124.84 15.06 23.39 23.47 21.45 
-0.06 -15.01 112.74 -125.87 16.85 25.54 25.61 23.59 
-0.03 -0.0 112.13 -126.69 17.10 25.84 25.90 23.88 
14.9 -0.02 129.06 -110.65 16.61 25.82 26.06 24.17 
14.92 15.02 128.99 -110.65 14.74 23.43 23.67 21.79 
14.92 30.01 129.67 -109.79 11.73 19.51 19.76 17.90 
14.9 44.98 130.94 -108.36 8.92 15.25 15.51 13.68 
14.89 59.96 132.2 -107.08 7.55 12.09 12.37 10.56 
14.91 74.98 132.76 -106.67 8.03 11.15 11.43 9.64 
14.98 90.0 132.65 -107.03 9.67 11.99 12.27 10.46 
14.95 104.99 131.96 -107.94 11.27 13.44 13.71 11.88 
14.89 119.96 131.24 -108.75 11.83 14.19 14.45 12.61 
14.89 135.01 131.12 -108.87 11.13 13.27 13.53 11.68 
14.97 150.02 132.09 -107.91 9.72 11.83 12.09 10.27 
14.92 164.96 133.87 -106.21 8.64 11.01 11.30 9.51 
14.97 179.96 136.06 -104.3 8.71 11.68 11.98 10.24 
14.93 -165.01 137.22 -103.48 10.16 14.08 14.40 12.67 
14.9 -149.99 136.81 -104.18 12.33 17.52 17.83 16.08 
14.92 -134.98 135.19 -105.89 14.18 20.07 20.36 18.57 
14.9 -120.0 133.05 -107.92 14.73 20.81 21.08 19.25 
14.92 -104.97 131.34 -109.36 13.92 19.27 19.52 17.66 
14.93 -90.0 130.61 -109.68 12.36 17.36 17.61 15.74 
14.91 -74.96 130.72 -109.13 11.20 16.57 16.82 14.97 
14.96 -59.96 131.02 -108.48 11.29 17.61 17.87 16.03 
14.88 -44.92 130.71 -108.65 12.80 20.28 20.54 18.70 
14.94 -30.0 130.28 -109.2 14.95 23.42 23.67 21.82 
14.9 -14.94 129.62 -110.04 16.58 25.64 25.88 24.01 
14.95 -0.06 129.13 -110.58 16.61 25.81 26.05 24.17 
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O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol)

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol)

29.99 -0.06 145.63 -94.83 14.64 23.67 24.07 22.60 
29.96 15.09 145.49 -94.79 12.70 21.30 21.70 20.22 
29.97 29.99 146.11 -94.0 9.74 17.35 17.76 16.31 
29.95 45.0 147.32 -92.74 7.07 12.99 13.40 12.00 
29.94 60.02 148.69 -91.51 5.80 9.86 10.29 8.92 
30.0 74.99 149.44 -91.01 6.30 8.60 9.04 7.68 
29.98 89.98 149.26 -91.38 7.83 9.48 9.91 8.54 
29.99 104.98 148.63 -92.14 9.29 10.88 11.30 9.91 
29.95 120.02 147.92 -92.81 9.72 11.56 11.98 10.57 
29.97 135.01 147.71 -92.91 8.96 10.92 11.34 9.92 
30.02 150.03 148.55 -92.05 7.55 9.56 9.98 8.59 
29.99 164.98 150.3 -90.43 6.53 8.72 9.16 7.82 
29.94 -179.99 152.31 -88.78 6.63 9.23 9.68 8.40 
29.98 -165.02 153.52 -87.91 8.02 11.50 11.96 10.71 
29.92 -149.97 153.05 -88.59 10.14 14.71 15.17 13.89 
29.99 -134.97 151.46 -90.2 11.98 17.22 17.67 16.33 
30.02 -119.99 149.28 -92.18 12.70 18.05 18.47 17.08 
29.94 -104.98 147.14 -93.93 12.19 16.97 17.38 15.93 
29.91 -90.01 145.89 -94.71 10.95 15.57 15.97 14.50 
30.05 -75.04 145.9 -94.35 10.00 14.91 15.31 13.85 
29.99 -59.98 146.35 -93.78 10.14 15.95 16.36 14.92 
29.91 -44.97 146.61 -93.62 11.50 18.45 18.86 17.43 
29.9 -30.02 146.46 -93.91 13.41 21.45 21.86 20.41 
29.97 -14.99 146.08 -94.41 14.78 23.55 23.95 22.49 
29.98 -0.01 145.64 -94.82 14.63 23.62 24.02 22.55 
45.05 0.05 160.54 -79.88 12.19 20.63 21.15 20.14 
44.94 15.03 160.22 -80.05 10.34 18.36 18.88 17.85 
45.05 30.04 160.87 -79.36 7.53 14.34 14.87 13.87 
45.02 45.0 162.19 -78.15 4.96 10.10 10.63 9.67 
45.06 59.98 163.72 -76.76 3.67 6.87 7.42 6.48 
45.05 75.02 164.51 -76.14 4.02 5.62 6.17 5.25 
45.05 89.94 164.44 -76.33 5.40 6.27 6.82 5.90 
44.98 105.02 163.76 -77.06 6.74 7.74 8.28 7.34 
45.0 120.0 162.98 -77.75 7.16 8.56 9.10 8.14 
44.99 134.96 162.56 -78.03 6.47 7.97 8.51 7.54 
44.99 150.02 163.12 -77.47 5.22 6.74 7.28 6.33 
45.04 165.0 164.95 -75.88 4.27 5.77 6.33 5.41 
45.01 -179.96 166.98 -74.19 4.36 6.27 6.83 5.96 
44.97 -165.01 168.13 -73.29 5.64 8.31 8.88 8.02 
45.01 -149.97 167.8 -73.76 7.77 11.61 12.18 11.31 
44.96 -135.03 165.87 -75.57 9.71 14.23 14.78 13.88 
45.07 -119.98 163.17 -77.92 10.79 15.12 15.66 14.69 
45.04 -104.95 160.43 -80.22 10.66 14.60 15.12 14.10 
45.02 -89.98 158.89 -81.35 9.75 13.59 14.10 13.05 
45.0 -74.92 158.91 -81.12 8.84 13.09 13.60 12.55 
44.99 -60.05 159.82 -80.22 8.83 14.00 14.52 13.49 
45.01 -44.96 160.78 -79.41 9.90 16.08 16.60 15.60 
45.01 -29.95 161.18 -79.19 11.49 18.70 19.23 18.23 
45.06 -14.99 161.0 -79.45 12.57 20.67 21.19 20.19 
44.98 -0.0 160.49 -79.93 12.22 20.77 21.29 20.28 
59.9 -0.01 173.46 -66.05 10.66 18.14 18.75 18.02 
59.91 14.96 173.09 -66.39 8.84 15.95 16.56 15.83 
59.94 29.97 173.67 -65.89 6.09 11.96 12.56 11.84 
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O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol)

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol)

59.96 45.0 175.13 -64.54 3.53 7.83 8.44 7.74 
59.93 59.94 176.81 -62.98 2.15 4.62 5.25 4.55 
59.89 75.0 177.77 -62.17 2.37 3.32 3.95 3.27 
59.94 90.01 177.89 -62.14 3.63 4.02 4.65 3.96 
59.9 104.99 177.18 -62.83 4.92 5.48 6.11 5.42 
59.86 119.99 176.1 -63.8 5.43 6.28 6.90 6.20 
59.92 135.02 175.49 -64.3 4.90 5.91 6.52 5.82 
59.91 149.96 176.01 -63.86 3.79 4.83 5.45 4.75 
59.89 165.02 177.78 -62.33 2.90 3.97 4.60 3.91 
59.94 179.96 179.89 -60.46 2.97 4.37 5.01 4.33 
59.88 -165.0 -178.93 -59.47 4.26 6.60 7.24 6.57 
59.93 -150.0 -179.5 -60.02 6.58 9.85 10.49 9.82 
59.97 -135.03 177.91 -62.25 9.02 12.62 13.25 12.56 
59.91 -120.02 174.2 -65.41 10.58 13.80 14.41 13.69 
59.91 -104.98 171.13 -68.05 10.66 13.50 14.09 13.34 
59.95 -90.01 169.83 -69.11 9.63 12.72 13.31 12.54 
59.91 -74.99 170.25 -68.6 8.60 12.24 12.83 12.07 
59.91 -59.98 171.68 -67.21 8.26 12.70 13.30 12.57 
59.89 -44.94 173.18 -65.94 8.97 14.44 15.04 14.32 
59.92 -29.96 174.14 -65.26 10.15 16.70 17.31 16.59 
59.89 -14.96 174.09 -65.44 11.02 18.50 19.11 18.39 
59.9 -0.01 173.46 -66.04 10.66 18.28 18.89 18.17 
74.99 -0.0 -174.42 -52.59 10.62 17.14 17.80 17.13 
75.01 15.0 -174.91 -53.11 8.82 14.94 15.60 14.93 
75.05 29.93 -174.23 -52.58 6.04 11.16 11.82 11.15 
75.02 45.0 -172.5 -51.03 3.36 7.02 7.69 7.01 
75.05 60.04 -170.51 -49.21 1.89 3.72 4.39 3.70 
75.0 75.01 -169.45 -48.27 2.01 2.58 3.25 2.55 
74.99 90.03 -169.46 -48.33 3.23 3.44 4.11 3.42 
74.98 104.98 -170.41 -49.17 4.60 4.89 5.56 4.87 
74.98 120.0 -171.7 -50.34 5.25 5.76 6.43 5.75 
75.04 134.95 -172.36 -50.93 4.86 5.60 6.26 5.59 
74.97 150.0 -171.77 -50.46 3.79 4.50 5.17 4.49 
74.98 165.04 -169.89 -48.78 2.96 3.65 4.32 3.63 
74.98 179.97 -167.82 -46.88 3.14 4.37 5.04 4.33 
75.02 -165.0 -166.89 -45.99 4.74 6.87 7.54 6.82 
74.99 -150.02 -168.28 -46.99 7.66 10.33 11.00 10.29 
74.97 -135.0 -171.85 -49.82 10.75 13.19 13.86 13.18 
74.95 -119.97 -175.91 -53.29 12.50 14.67 15.33 14.66 
74.99 -105.02 -178.77 -55.89 12.39 14.59 15.24 14.58 
75.0 -90.03 -179.66 -56.7 11.07 13.65 14.30 13.64 
75.0 -75.03 -178.67 -55.75 9.56 12.78 13.43 12.77 
75.05 -60.03 -176.59 -53.83 8.85 12.71 13.37 12.70 
75.03 -44.98 -174.53 -52.14 9.20 14.16 14.82 14.15 
75.0 -29.98 -173.31 -51.33 10.20 16.06 16.72 16.05 
74.98 -14.97 -173.48 -51.65 10.97 17.56 18.22 17.55 
74.99 0.06 -174.44 -52.6 10.62 17.27 17.93 17.26 
90.02 -0.01 -161.86 -38.91 11.82 17.88 18.57 17.74 
89.99 15.04 -162.32 -39.5 9.95 15.55 16.24 15.42 
89.98 29.97 -161.45 -38.88 7.01 11.64 12.32 11.49 
89.95 45.02 -159.41 -37.11 4.19 7.47 8.16 7.30 
90.04 59.96 -157.16 -35.08 2.67 4.39 5.08 4.18 
90.02 75.01 -156.17 -34.18 2.82 3.51 4.20 3.29 
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O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol)

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol)

89.98 90.0 -156.58 -34.5 4.15 4.42 5.11 4.20 
89.97 105.03 -157.87 -35.54 5.72 6.17 6.86 5.97 
89.96 120.02 -159.22 -36.73 6.40 7.10 7.78 6.92 
90.01 135.0 -159.68 -37.24 6.00 6.67 7.36 6.50 
90.02 149.96 -158.85 -36.56 4.94 5.64 6.33 5.46 
89.99 165.02 -156.87 -34.81 4.21 5.04 5.72 4.82 
89.98 -179.97 -155.01 -33.0 4.67 6.24 6.92 5.99 
90.01 -164.98 -154.76 -32.35 7.00 9.16 9.85 8.90 
89.97 -150.01 -157.03 -33.69 10.75 12.82 13.51 12.58 
90.02 -135.05 -160.87 -36.68 14.18 16.00 16.69 15.82 
90.05 -120.01 -164.78 -40.19 15.76 17.51 18.20 17.38 
90.03 -105.01 -167.4 -42.77 15.25 17.01 17.69 16.92 
90.02 -90.01 -167.87 -43.32 13.34 15.52 16.21 15.44 
90.04 -75.02 -166.23 -41.92 11.39 14.18 14.87 14.08 
90.04 -59.98 -163.58 -39.65 10.28 13.65 14.34 13.52 
90.04 -44.99 -161.17 -37.77 10.32 14.68 15.37 14.52 
90.0 -30.0 -160.13 -37.13 11.22 16.73 17.42 16.55 
90.06 -15.05 -160.66 -37.73 12.10 18.07 18.75 17.90 
90.03 -0.02 -161.85 -38.9 11.81 17.82 18.50 17.67 
105.0 0.02 -147.31 -24.13 13.35 19.86 20.54 19.44 

105.08 15.03 -147.47 -24.55 11.39 17.28 17.95 16.86 
105.05 30.03 -146.32 -23.8 8.30 13.20 13.88 12.77 
105.06 44.98 -143.99 -21.86 5.36 9.03 9.69 8.56 
105.04 60.02 -141.78 -19.9 3.81 6.05 6.71 5.56 
105.09 75.01 -141.08 -19.11 4.11 5.36 6.01 4.84 
105.07 89.97 -142.03 -19.67 5.68 6.52 7.18 6.02 
105.01 104.98 -143.6 -20.88 7.31 8.45 9.12 7.97 
105.03 120.01 -144.75 -21.96 8.02 9.44 10.11 8.97 
105.07 135.01 -144.93 -22.29 7.52 8.91 9.58 8.45 
105.0 149.99 -143.89 -21.54 6.45 7.75 8.41 7.27 

105.08 164.96 -141.76 -19.62 5.88 7.62 8.28 7.11 
105.07 -179.96 -140.23 -17.81 7.02 9.32 9.97 8.78 
104.98 -164.98 -140.74 -17.31 10.29 12.73 13.39 12.18 
104.99 -150.01 -143.33 -18.77 14.57 16.90 17.57 16.37 
105.02 -134.99 -147.11 -21.87 17.90 20.11 20.79 19.63 
104.99 -120.01 -150.85 -25.4 19.09 21.08 21.77 20.67 
105.01 -105.01 -153.15 -27.86 18.04 19.91 20.60 19.55 
104.96 -90.01 -153.23 -28.25 15.60 17.69 18.38 17.34 
105.05 -74.96 -151.02 -26.47 13.17 15.66 16.35 15.28 
105.01 -59.93 -147.96 -23.98 11.63 14.77 15.45 14.34 
105.0 -44.96 -145.7 -22.25 11.49 16.00 16.67 15.54 

105.03 -29.95 -145.23 -22.03 12.49 18.36 19.03 17.89 
105.03 -15.0 -146.21 -22.97 13.56 19.88 20.55 19.43 
105.0 0.08 -147.31 -24.13 13.35 19.87 20.55 19.45 

119.98 0.04 -130.46 -8.09 14.14 21.68 22.29 21.04 
119.99 14.98 -130.3 -8.38 12.11 18.96 19.57 18.32 
119.95 30.03 -128.82 -7.45 8.87 14.63 15.23 13.98 
119.97 44.99 -126.35 -5.49 5.85 10.31 10.89 9.65 
119.99 59.99 -124.41 -3.66 4.34 7.50 8.08 6.85 
119.99 74.98 -124.33 -3.2 4.82 7.04 7.61 6.38 
119.98 90.02 -125.71 -3.95 6.60 8.51 9.09 7.85 
119.99 105.0 -127.21 -5.1 8.29 10.65 11.24 9.99 
119.99 119.96 -128.08 -6.03 8.90 11.46 12.06 10.81 
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O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol)

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol)

119.97 134.97 -127.88 -6.2 8.31 10.64 11.23 9.98 
119.98 149.96 -126.4 -5.12 7.31 9.70 10.28 9.04 
119.96 165.0 -124.46 -3.16 7.11 9.95 10.52 9.28 
119.99 180.0 -123.31 -1.26 9.01 12.29 12.85 11.62 
119.98 -165.01 -124.11 -0.77 12.94 16.36 16.93 15.69 
119.99 -149.97 -126.72 -2.35 17.29 20.63 21.22 19.96 
119.98 -135.02 -130.21 -5.37 20.41 23.76 24.37 23.09 
120.06 -120.05 -133.4 -8.58 21.23 24.10 24.72 23.45 
120.04 -104.99 -135.43 -10.9 19.67 21.97 22.61 21.34 
119.93 -90.01 -135.3 -11.22 16.74 18.97 19.60 18.34 
120.0 -74.95 -132.67 -9.22 13.78 16.34 16.96 15.70 

119.97 -60.0 -129.68 -6.79 11.96 15.63 16.23 14.97 
119.99 -45.02 -128.27 -5.68 11.89 17.18 17.78 16.52 
119.99 -29.99 -128.66 -6.09 13.14 19.74 20.33 19.08 
119.94 -14.97 -129.71 -7.13 14.34 21.72 22.32 21.06 
120.0 0.04 -130.41 -8.04 14.14 21.74 22.35 21.09 

134.89 -0.07 -111.91 8.81 13.36 21.57 22.05 20.98 
134.87 15.03 -111.44 8.69 11.17 18.77 19.25 18.18 
134.9 30.01 -109.93 9.65 7.94 14.36 14.82 13.78 

134.91 45.03 -108.01 11.3 4.90 10.11 10.56 9.56 
134.94 59.98 -106.68 12.78 3.62 7.11 7.55 6.58 
134.92 75.02 -106.86 13.1 4.33 6.77 7.22 6.25 
134.89 90.05 -108.12 12.38 6.15 8.56 9.01 8.02 
134.93 104.95 -109.3 11.4 7.70 10.66 11.13 10.11 
134.93 119.99 -109.76 10.69 8.21 11.37 11.84 10.81 
134.9 135.0 -109.22 10.77 7.63 10.70 11.16 10.14 

134.93 149.96 -107.82 11.9 6.81 10.01 10.46 9.47 
134.92 165.02 -106.26 13.87 7.16 10.81 11.25 10.30 
134.9 -179.99 -105.38 15.78 9.65 13.66 14.09 13.18 

134.92 -165.04 -105.96 16.32 13.64 17.83 18.26 17.36 
134.91 -150.0 -108.23 14.82 17.74 21.98 22.43 21.48 
134.93 -134.98 -111.22 12.11 20.44 24.56 25.04 24.01 
134.89 -119.96 -114.13 9.1 20.91 24.37 24.87 23.78 
134.94 -105.03 -115.71 7.19 18.99 21.64 22.15 21.03 
134.91 -89.98 -115.41 7.08 15.69 17.88 18.39 17.26 
134.93 -75.01 -113.44 8.75 12.49 14.90 15.40 14.31 
134.92 -59.98 -111.66 10.32 10.74 14.48 14.96 13.91 
134.93 -45.01 -110.9 10.77 10.99 16.25 16.72 15.68 
134.91 -30.0 -110.98 10.37 12.44 19.33 19.80 18.76 
134.91 -14.98 -111.59 9.52 13.60 21.74 22.22 21.16 
134.97 -0.01 -111.79 8.89 13.34 21.67 22.15 21.08 
150.08 0.01 -93.06 25.9 10.84 18.56 18.88 18.29 
150.09 14.96 -93.25 25.52 8.77 15.56 15.88 15.29 
150.01 30.03 -92.78 25.87 5.73 11.31 11.63 11.04 
150.03 45.09 -91.6 27.1 3.07 7.15 7.45 6.90 
150.08 59.97 -90.43 28.49 1.98 4.48 4.77 4.26 
150.06 75.02 -90.15 29.0 2.68 4.17 4.46 3.97 
150.05 89.96 -90.69 28.63 4.31 6.04 6.33 5.82 
150.08 104.99 -91.36 27.91 5.76 7.99 8.29 7.76 
150.08 119.95 -91.82 27.27 6.16 8.82 9.12 8.58 
150.06 134.99 -91.79 27.12 5.65 8.50 8.81 8.25 
150.06 149.97 -90.97 28.11 5.15 8.14 8.43 7.91 
150.06 164.99 -89.49 30.23 6.06 9.26 9.54 9.08 



 

 398 

O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol)

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol)

150.07 -179.98 -87.96 32.47 8.67 12.03 12.30 11.90 
150.06 -164.99 -87.7 33.29 12.30 15.98 16.23 15.86 
150.04 -150.01 -89.23 32.18 15.92 19.69 19.96 19.55 
150.09 -135.02 -91.94 29.79 18.23 21.85 22.15 21.66 
150.04 -119.96 -95.08 26.93 18.36 21.02 21.35 20.77 
150.05 -105.02 -97.37 24.86 16.30 17.79 18.14 17.50 
150.03 -90.03 -97.97 24.38 12.99 14.05 14.40 13.74 
150.07 -75.0 -97.09 25.31 10.02 11.67 12.02 11.39 
150.05 -60.02 -95.98 26.16 8.66 11.24 11.58 10.98 
150.02 -44.96 -94.54 26.66 8.98 12.97 13.30 12.72 
150.0 -30.0 -93.2 26.83 10.24 16.23 16.54 15.98 

150.05 -14.97 -92.75 26.53 11.22 18.86 19.17 18.60 
150.02 -0.02 -93.15 25.82 10.86 18.65 18.96 18.37 
165.05 0.04 -77.52 41.2 8.03 14.03 14.19 14.03 
165.06 15.04 -78.56 40.38 6.36 11.73 11.90 11.72 
165.06 29.94 -78.59 40.46 3.81 8.06 8.22 8.04 
165.08 45.01 -77.57 41.55 1.53 4.20 4.35 4.20 
165.08 59.98 -76.23 42.92 0.49 1.47 1.61 1.49 
165.08 74.98 -75.51 43.63 0.95 1.25 1.38 1.27 
165.06 89.98 -75.64 43.48 2.32 2.75 2.89 2.77 
165.03 105.03 -76.33 42.81 3.56 4.59 4.73 4.60 
165.06 119.99 -77.07 42.11 4.04 5.70 5.85 5.71 
165.13 135.01 -77.34 41.95 3.87 5.98 6.13 5.98 
165.12 150.0 -76.56 43.04 3.88 5.98 6.12 5.99 
165.09 164.95 -74.77 45.31 4.88 6.87 6.99 6.90 
165.06 179.96 -72.76 47.62 7.04 8.97 9.07 9.01 
165.08 -164.94 -71.97 48.68 10.01 12.07 12.16 12.12 
165.09 -150.05 -73.4 47.86 13.05 15.16 15.26 15.21 
165.09 -135.0 -76.48 45.6 15.10 16.86 17.00 16.91 
165.06 -120.02 -79.84 42.88 15.19 16.48 16.65 16.51 
165.03 -104.99 -82.39 40.71 13.28 14.23 14.43 14.24 
165.05 -90.01 -83.6 39.75 10.37 11.46 11.66 11.45 
165.09 -74.98 -83.3 39.97 7.87 8.86 9.06 8.86 
165.06 -60.01 -81.39 40.87 6.62 8.08 8.27 8.09 
165.08 -45.04 -78.77 41.86 6.60 9.22 9.38 9.23 
165.07 -30.04 -76.74 42.39 7.47 11.93 12.08 11.94 
165.07 -15.01 -76.39 42.17 8.28 14.09 14.23 14.09 
165.06 0.03 -77.52 41.2 8.03 13.97 14.12 13.96 
179.96 -0.03 -64.77 54.9 6.66 11.45 11.47 11.47 
179.94 14.97 -66.02 53.86 5.47 9.74 9.77 9.77 
179.99 30.06 -66.11 53.83 3.33 6.51 6.54 6.54 
-179.99 44.97 -65.02 54.83 1.18 2.89 2.90 2.91 
180.0 60.01 -63.56 56.19 0.00 0.53 0.53 0.53 

179.95 74.97 -62.77 56.98 0.18 0.00 0.00 0.00 
179.99 89.94 -62.78 57.04 1.28 1.18 1.17 1.17 
179.97 104.97 -63.46 56.54 2.50 3.20 3.20 3.20 
179.98 119.98 -64.3 55.87 3.28 4.89 4.89 4.90 
-179.99 134.99 -64.6 55.7 3.58 5.44 5.45 5.46 
-179.99 150.0 -63.74 56.85 3.89 5.26 5.26 5.26 
179.97 165.02 -61.9 58.98 4.70 5.55 5.53 5.53 
179.99 -179.96 -60.16 61.07 6.28 6.83 6.79 6.77 
179.99 -165.0 -59.9 62.04 8.52 9.09 9.04 9.02 
179.99 -149.97 -61.29 61.53 11.02 11.94 11.91 11.89 



 

 399 

O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol)

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol)

179.98 -135.04 -63.87 59.69 12.86 14.17 14.16 14.16 
179.98 -119.98 -67.11 56.99 13.02 14.91 14.94 14.94 
179.97 -104.97 -70.41 54.26 11.45 12.82 12.88 12.88 
-179.98 -90.01 -71.55 53.02 9.04 9.55 9.62 9.62 
179.97 -74.99 -70.04 53.37 6.62 6.93 6.99 6.99 
179.98 -60.03 -67.1 54.53 5.08 5.86 5.89 5.90 
179.97 -45.0 -64.48 55.54 4.76 6.73 6.74 6.75 
-179.99 -30.01 -63.14 56.1 5.47 8.67 8.67 8.67 
179.99 -14.99 -63.44 55.89 6.42 10.81 10.81 10.82 
-180.0 0.01 -64.72 54.95 6.65 11.43 11.45 11.45 
-165.0 0.02 -52.74 68.03 7.26 11.62 11.50 11.38 
-165.0 15.04 -54.09 66.77 6.42 10.02 9.91 9.81 

-164.98 29.97 -54.08 66.59 4.43 7.18 7.07 6.98 
-165.02 45.04 -52.84 67.57 2.08 3.97 3.85 3.73 
-165.01 60.01 -51.11 69.16 0.66 1.38 1.25 1.09 
-165.03 75.04 -50.23 70.15 0.61 0.85 0.70 0.52 
-165.03 90.02 -50.22 70.41 1.65 2.08 1.94 1.75 
-164.96 105.01 -50.84 70.08 3.08 4.27 4.13 3.96 
-165.04 119.99 -51.89 69.26 4.27 5.91 5.78 5.63 
-165.01 134.99 -52.32 68.96 4.93 6.47 6.34 6.20 
-164.98 149.98 -51.57 69.89 5.25 6.23 6.09 5.93 
-165.0 165.01 -50.01 71.82 5.70 6.20 6.04 5.83 

-165.04 -179.96 -48.77 73.83 6.65 6.84 6.67 6.41 
-165.03 -165.04 -48.64 74.97 8.29 8.67 8.50 8.20 
-165.01 -149.97 -49.96 74.58 10.43 11.80 11.63 11.35 
-165.05 -134.96 -52.98 72.44 12.17 14.55 14.41 14.19 
-164.99 -119.95 -56.72 69.46 12.63 14.46 14.35 14.22 
-165.03 -105.02 -58.81 66.95 11.37 11.93 11.85 11.77 
-165.02 -89.99 -58.41 65.85 8.81 8.94 8.87 8.80 
-164.99 -74.97 -56.18 66.19 6.18 6.76 6.67 6.59 
-165.01 -60.04 -53.58 67.24 4.50 5.87 5.76 5.65 
-164.97 -45.0 -51.6 68.46 4.16 6.43 6.30 6.16 
-165.01 -30.02 -50.79 69.22 5.10 8.27 8.13 7.98 
-165.03 -14.97 -51.27 69.11 6.56 10.54 10.40 10.25 
-164.94 -0.02 -52.7 68.07 7.25 11.59 11.46 11.34 
-149.96 0.01 -40.49 81.17 9.42 13.70 13.45 12.93 
-149.98 15.04 -41.83 79.73 8.61 12.53 12.30 11.83 
-149.94 29.96 -41.5 79.66 6.35 9.82 9.58 9.11 
-150.0 45.0 -39.72 81.08 3.68 6.41 6.16 5.63 

-149.98 60.0 -37.53 83.14 2.01 3.83 3.56 2.95 
-149.96 75.0 -36.44 84.39 1.90 3.20 2.92 2.26 
-149.99 90.04 -36.76 84.49 3.15 4.51 4.22 3.56 
-149.98 105.02 -37.92 83.82 5.02 6.70 6.42 5.79 
-149.98 120.01 -39.21 82.83 6.62 8.55 8.29 7.70 
-149.97 135.01 -39.83 82.3 7.33 9.21 8.95 8.38 
-149.97 149.99 -39.1 83.18 7.32 8.88 8.61 8.01 
-149.95 164.99 -37.5 85.29 7.17 8.15 7.87 7.19 
-149.96 179.98 -36.22 87.5 7.54 8.35 8.05 7.28 
-149.97 -165.03 -36.27 88.61 8.93 10.41 10.10 9.29 
-149.96 -150.0 -38.21 87.97 11.18 13.41 13.12 12.34 
-149.97 -135.03 -41.07 85.79 13.21 15.25 14.98 14.30 
-149.97 -120.0 -43.44 82.8 13.62 14.89 14.65 14.08 
-149.94 -105.0 -44.64 80.1 12.11 12.97 12.75 12.28 



 

 400 

O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol)

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol)

-149.95 -90.01 -44.35 78.66 9.39 10.61 10.40 9.97 
-149.98 -75.01 -42.55 78.99 6.72 8.67 8.44 8.00 
-149.99 -60.01 -39.98 80.67 5.06 7.45 7.20 6.68 
-150.0 -45.0 -38.03 82.35 4.97 7.90 7.63 7.05 

-149.95 -29.98 -37.46 83.2 6.38 10.04 9.77 9.16 
-149.95 -15.03 -38.52 82.72 8.38 12.56 12.29 11.70 
-150.0 0.04 -40.54 81.11 9.41 13.64 13.39 12.87 
-135.0 -0.03 -27.0 95.26 12.16 17.58 17.20 16.08 

-135.02 15.01 -27.87 94.11 11.00 16.43 16.06 14.99 
-134.97 29.96 -26.83 94.58 8.19 13.40 13.02 11.93 
-135.01 45.01 -24.29 96.57 5.17 9.31 8.92 7.74 
-134.99 60.04 -21.9 98.82 3.39 6.44 6.03 4.75 
-135.02 74.99 -21.44 99.71 3.56 5.76 5.34 4.03 
-134.99 90.0 -22.47 99.41 5.39 7.48 7.07 5.77 
-135.02 104.98 -24.05 98.42 7.72 10.07 9.67 8.42 
-134.99 120.0 -25.21 97.49 9.31 12.28 11.89 10.68 
-135.01 134.98 -25.43 97.25 9.63 12.49 12.10 10.90 
-135.0 150.01 -24.2 98.44 9.01 11.34 10.94 9.69 

-135.02 165.03 -22.14 100.87 8.30 10.02 9.60 8.24 
-135.01 179.98 -20.71 103.23 8.44 10.29 9.85 8.41 
-135.03 -164.97 -21.09 104.12 10.01 12.32 11.88 10.41 
-134.99 -150.06 -22.63 103.19 12.61 15.21 14.78 13.35 
-134.97 -134.98 -25.03 100.47 14.66 17.42 17.01 15.69 
-135.0 -120.02 -27.7 96.92 14.89 17.84 17.46 16.28 

-135.04 -105.04 -29.5 93.94 13.23 16.45 16.09 15.04 
-134.98 -90.07 -29.2 92.99 10.45 13.67 13.31 12.29 
-135.02 -74.98 -26.92 94.16 7.66 10.85 10.48 9.40 
-135.02 -59.99 -24.07 96.37 6.13 9.29 8.90 7.72 
-135.03 -44.96 -22.73 97.84 6.48 10.10 9.70 8.46 
-135.03 -29.98 -23.36 97.94 8.57 13.00 12.60 11.36 
-135.01 -14.93 -25.11 96.89 11.05 15.98 15.59 14.40 
-135.0 -0.03 -27.0 95.26 12.15 17.55 17.17 16.05 

-119.98 -0.02 -10.53 111.5 14.01 21.44 20.95 19.20 
-120.05 15.05 -10.65 110.87 12.32 19.76 19.27 17.54 
-120.04 30.01 -8.98 111.81 9.07 15.70 15.20 13.44 
-120.06 45.03 -6.55 113.86 5.87 11.35 10.84 9.03 
-120.11 60.03 -5.18 115.53 4.33 8.35 7.83 5.98 
-120.07 74.98 -5.41 116.03 5.05 7.92 7.41 5.54 
-120.05 90.04 -6.57 115.57 7.32 10.04 9.53 7.67 
-120.04 104.97 -7.64 114.8 9.73 12.98 12.47 10.64 
-120.03 119.97 -8.13 114.19 10.90 14.76 14.26 12.44 
-120.04 134.99 -7.46 114.48 10.55 14.08 13.57 11.74 
-120.04 150.01 -5.36 116.2 9.33 12.01 11.49 9.62 
-120.02 165.0 -3.07 118.82 8.25 10.69 10.16 8.23 
-120.06 179.99 -2.41 120.54 8.59 11.32 10.79 8.83 
-120.04 -165.0 -2.95 120.77 10.69 14.12 13.58 11.62 
-120.05 -149.97 -4.61 119.19 13.55 17.90 17.37 15.44 
-120.06 -134.99 -7.16 116.29 15.55 20.86 20.35 18.48 
-120.07 -119.98 -9.73 113.1 15.71 21.35 20.85 19.07 
-120.06 -104.98 -11.15 110.81 13.88 18.95 18.46 16.74 
-120.04 -90.02 -10.43 110.45 10.86 14.98 14.49 12.78 
-120.02 -75.03 -7.95 112.04 8.06 11.27 10.77 9.00 
-120.05 -60.03 -6.17 113.82 6.86 10.14 9.64 7.82 



 

 401 

O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol)

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol)

-120.07 -44.97 -6.64 114.21 8.01 12.27 11.77 9.94 
-120.04 -30.01 -7.98 113.69 10.75 16.15 15.64 13.84 
-120.05 -14.99 -9.48 112.6 13.30 19.90 19.40 17.62 
-120.04 -0.03 -10.6 111.43 14.02 21.51 21.02 19.28 
-104.99 0.02 8.88 129.3 13.99 22.95 22.38 20.34 
-104.96 14.98 9.39 129.27 11.83 20.36 19.79 17.75 
-105.02 30.01 10.55 130.17 8.38 15.98 15.41 13.37 
-104.94 45.02 11.75 131.73 5.51 11.58 11.01 8.96 
-104.97 59.95 12.45 133.01 4.57 8.86 8.28 6.24 
-104.95 75.02 12.57 133.58 5.70 8.79 8.21 6.17 
-104.99 90.02 12.11 133.28 7.97 10.98 10.41 8.36 
-105.0 105.01 11.65 132.63 9.92 13.36 12.79 10.74 

-104.99 120.02 11.81 132.27 10.45 13.99 13.42 11.37 
-104.96 135.01 13.21 133.01 9.43 12.49 11.92 9.88 
-104.93 150.02 14.92 134.72 7.79 10.50 9.93 7.89 
-104.96 165.02 15.64 136.42 6.90 9.82 9.24 7.21 
-105.0 180.0 16.22 137.78 7.83 11.40 10.82 8.80 

-104.93 -164.98 16.47 138.12 10.23 15.03 14.45 12.43 
-104.91 -150.02 15.52 136.85 13.01 19.05 18.47 16.44 
-104.97 -134.96 13.48 134.32 14.89 21.57 21.00 18.95 
-105.0 -120.0 11.4 131.63 14.84 21.03 20.46 18.42 

-104.95 -104.97 10.4 129.88 12.79 17.42 16.85 14.81 
-104.95 -89.97 10.97 129.77 9.74 12.71 12.15 10.11 
-105.04 -75.03 11.85 130.71 7.31 10.03 9.47 7.43 
-104.97 -59.98 11.68 131.47 6.97 10.54 9.97 7.92 
-105.02 -44.98 10.75 131.34 8.85 13.74 13.17 11.12 
-104.98 -29.96 10.03 130.89 11.68 18.23 17.66 15.61 
-104.99 -14.95 9.31 130.11 13.84 22.06 21.50 19.45 
-104.99 0.04 8.89 129.32 13.99 22.99 22.42 20.38 
-90.01 0.0 28.39 146.86 12.12 21.22 20.65 18.76 
-90.01 15.04 28.39 146.8 9.81 18.75 18.18 16.29 
-89.99 30.03 28.45 147.43 6.81 14.77 14.20 12.32 
-90.01 45.07 29.04 148.64 4.56 10.79 10.22 8.35 
-90.01 60.03 30.32 150.12 3.92 8.27 7.70 5.86 
-89.95 75.02 31.3 150.99 4.92 7.78 7.21 5.39 
-90.02 89.96 31.25 150.69 6.77 9.15 8.58 6.75 
-89.97 105.0 31.17 150.1 8.12 10.56 9.99 8.15 
-89.98 119.97 31.43 149.73 8.06 10.64 10.08 8.24 
-90.0 135.03 31.8 150.03 6.79 9.55 8.98 7.15 

-90.02 150.01 31.99 151.1 5.36 8.26 7.69 5.87 
-90.02 165.0 33.1 153.0 5.03 8.22 7.66 5.87 
-90.04 179.96 34.83 154.76 6.15 10.04 9.48 7.72 
-89.99 -164.97 35.91 155.37 8.36 13.11 12.55 10.81 
-90.04 -150.03 35.4 154.22 10.84 16.20 15.64 13.88 
-89.98 -135.06 33.95 152.11 12.39 17.65 17.09 15.30 
-90.0 -120.02 32.05 149.65 12.20 16.34 15.78 13.94 

-90.02 -104.98 30.51 147.76 10.26 13.00 12.43 10.57 
-89.98 -89.97 29.67 147.15 7.71 9.96 9.39 7.51 
-90.04 -74.96 29.37 147.67 6.21 8.88 8.31 6.43 
-89.97 -59.97 29.55 148.58 6.54 10.18 9.61 7.75 
-89.96 -44.97 29.5 148.75 8.41 13.77 13.20 11.34 
-90.02 -29.97 29.1 148.25 10.85 17.86 17.29 15.42 
-90.01 -14.97 28.65 147.5 12.46 20.92 20.35 18.47 



 

 402 

O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol)

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol)

-90.01 0.0 28.39 146.86 12.12 21.23 20.66 18.77 
-75.02 -0.08 44.66 162.37 9.82 19.02 18.49 16.89 
-75.07 15.07 43.79 162.02 7.94 16.86 16.32 14.72 
-75.15 30.02 43.73 162.58 5.56 13.37 12.84 11.24 
-75.06 45.01 45.02 164.14 3.59 9.63 9.10 7.53 
-75.05 60.04 46.8 165.77 2.77 6.97 6.45 4.90 
-75.09 75.01 47.9 166.55 3.38 5.93 5.42 3.88 
-75.05 90.0 48.06 166.31 4.72 6.52 6.01 4.47 
-75.05 105.05 47.62 165.41 5.61 7.65 7.13 5.58 
-75.05 119.94 46.9 164.51 5.43 7.97 7.45 5.89 
-75.08 134.96 46.35 164.53 4.41 7.21 6.69 5.12 
-75.06 149.95 46.98 165.95 3.46 6.24 5.72 4.18 
-75.06 164.98 49.04 168.23 3.32 6.09 5.58 4.06 
-75.17 -179.97 51.29 170.09 4.20 7.31 6.82 5.33 
-75.07 -165.02 52.69 170.78 5.95 9.47 8.98 7.50 
-75.13 -149.96 52.3 169.6 8.07 11.86 11.37 9.88 
-75.06 -134.97 50.61 167.3 9.47 12.94 12.44 10.93 
-75.05 -120.0 48.25 164.6 9.48 12.41 11.90 10.35 
-75.09 -105.0 46.03 162.51 8.13 10.52 10.00 8.41 
-75.04 -90.0 45.01 162.12 6.38 8.77 8.25 6.65 
-75.1 -75.0 45.41 163.14 5.38 8.08 7.56 5.97 

-75.05 -59.97 46.34 164.4 5.63 9.54 9.02 7.45 
-75.12 -44.97 46.54 164.62 7.08 12.60 12.08 10.52 
-75.07 -29.99 46.17 164.13 9.05 16.12 15.60 14.03 
-75.1 -14.98 45.46 163.17 10.26 18.69 18.16 16.58 

-75.04 -0.04 44.63 162.35 9.82 19.00 18.47 16.87 
-60.04 -0.01 57.55 175.99 9.02 18.12 17.65 16.22 
-59.98 15.01 56.9 175.79 7.60 16.16 15.69 14.26 
-60.04 30.04 57.34 176.48 5.42 12.88 12.42 10.99 
-60.01 44.99 58.93 178.01 3.32 9.17 8.71 7.29 
-60.03 60.0 60.73 179.59 2.18 6.23 5.79 4.37 
-60.04 75.0 61.66 -179.71 2.38 5.16 4.72 3.31 
-60.05 90.0 61.47 179.87 3.37 5.65 5.22 3.80 
-60.0 104.99 60.52 178.77 4.22 6.83 6.39 4.97 

-59.99 120.02 59.3 177.71 4.32 7.24 6.80 5.37 
-60.0 135.07 58.99 177.88 3.69 6.38 5.93 4.50 

-59.98 149.97 60.2 179.47 2.96 5.30 4.86 3.44 
-60.0 165.0 62.57 -178.27 2.66 4.65 4.22 2.80 

-60.02 179.98 64.88 -176.47 3.19 5.42 5.00 3.59 
-59.99 -165.0 66.05 -176.02 4.65 7.29 6.88 5.47 
-60.03 -149.95 65.59 -177.25 6.59 9.69 9.28 7.87 
-60.03 -134.99 63.79 -179.61 8.18 11.69 11.27 9.86 
-60.03 -120.0 61.28 177.75 8.61 11.97 11.54 10.12 
-60.03 -104.97 59.28 176.05 7.75 10.68 10.23 8.80 
-59.99 -90.04 58.8 176.07 6.27 9.18 8.73 7.30 
-60.05 -75.01 59.53 177.24 5.16 8.50 8.06 6.63 
-59.99 -60.0 60.58 178.52 5.02 9.48 9.04 7.62 
-60.05 -44.99 60.71 178.8 6.19 12.22 11.78 10.36 
-60.04 -30.01 60.04 178.18 7.91 15.35 14.91 13.49 
-60.05 -15.05 58.83 177.0 9.11 17.74 17.29 15.86 
-60.02 0.01 57.56 176.0 9.01 18.03 17.57 16.14 
-44.98 0.04 69.37 -170.77 10.30 19.01 18.63 17.19 
-44.99 15.0 68.93 -171.13 9.05 17.15 16.77 15.33 
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O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol)

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol)

-44.98 30.04 69.62 -170.48 6.74 13.87 13.50 12.05 
-44.97 44.99 71.27 -168.96 4.37 10.19 9.83 8.37 
-44.94 59.96 72.93 -167.39 2.98 7.15 6.81 5.33 
-44.97 74.97 73.61 -166.73 2.95 6.16 5.82 4.34 
-44.97 90.06 73.21 -167.1 3.88 6.86 6.52 5.04 
-45.04 104.98 71.96 -168.31 4.92 7.99 7.63 6.17 
-45.01 120.0 70.7 -169.44 5.39 8.31 7.95 6.49 
-44.94 134.98 70.59 -169.36 4.99 7.45 7.08 5.63 
-45.04 150.02 71.92 -168.05 4.20 5.99 5.63 4.16 
-45.06 165.01 74.23 -166.0 3.70 5.22 4.88 3.39 
-44.99 180.0 76.48 -164.27 4.01 5.87 5.56 4.05 
-45.0 -164.94 77.7 -163.75 5.38 8.23 7.92 6.40 

-44.92 -150.01 77.48 -164.62 7.41 11.22 10.91 9.40 
-44.99 -134.99 75.71 -166.79 9.25 13.42 13.09 11.61 
-44.93 -120.02 73.44 -169.08 9.92 13.75 13.41 11.95 
-44.99 -104.98 71.58 -170.64 9.11 12.58 12.22 10.77 
-44.94 -90.09 71.18 -170.65 7.51 10.96 10.59 9.15 
-44.97 -75.04 71.91 -169.56 6.12 10.12 9.76 8.31 
-44.99 -59.97 72.77 -168.34 5.85 10.84 10.49 9.03 
-44.96 -45.09 72.78 -167.97 6.88 13.37 13.02 11.55 
-45.0 -29.96 71.91 -168.6 8.66 16.42 16.06 14.60 

-44.97 -15.01 70.64 -169.69 10.08 18.65 18.29 16.83 
-44.99 0.02 69.39 -170.76 10.31 18.93 18.56 17.12 
-30.1 -0.0 81.66 -157.18 12.99 21.29 21.02 19.41 

-30.04 14.93 81.43 -157.6 11.65 19.41 19.15 17.54 
-30.07 30.0 82.16 -157.04 9.08 15.92 15.66 14.04 
-30.12 45.01 83.69 -155.56 6.46 11.96 11.71 10.07 
-30.06 60.0 85.28 -153.86 4.88 9.25 9.02 7.34 
-30.09 74.96 85.78 -153.19 4.84 8.40 8.17 6.49 
-30.1 90.0 85.26 -153.54 5.91 9.15 8.93 7.25 

-30.08 104.98 84.11 -154.64 7.29 10.38 10.14 8.48 
-30.07 120.0 82.88 -155.94 7.99 10.64 10.38 8.75 
-30.08 135.01 82.63 -156.33 7.65 9.80 9.54 7.91 
-30.04 149.96 83.91 -155.21 6.74 8.32 8.08 6.43 
-30.11 165.03 86.09 -153.36 6.01 7.51 7.29 5.60 
-30.09 180.0 88.45 -151.49 6.22 8.36 8.16 6.44 
-30.14 -164.98 89.87 -150.63 7.58 11.01 10.83 9.08 
-30.1 -149.99 89.76 -151.18 9.80 13.97 13.79 12.05 

-30.08 -134.99 88.19 -152.99 11.74 16.10 15.90 14.19 
-30.1 -120.01 85.87 -155.27 12.37 16.52 16.30 14.64 

-30.07 -104.97 84.12 -156.84 11.43 15.45 15.20 13.57 
-30.07 -89.96 83.62 -157.03 9.65 13.68 13.43 11.80 
-30.06 -75.0 84.32 -155.94 8.18 12.70 12.45 10.81 
-30.07 -60.04 85.03 -154.75 7.88 13.41 13.18 11.51 
-30.05 -45.02 84.98 -154.32 9.00 15.85 15.61 13.94 
-30.11 -30.0 83.98 -154.96 10.92 18.91 18.67 17.02 
-30.15 -14.95 82.68 -156.12 12.59 21.01 20.76 19.13 
-30.0 -0.01 81.76 -157.09 13.01 21.28 21.01 19.40 

-15.01 -0.01 95.98 -142.38 15.69 23.93 23.81 21.94 
-15.02 15.04 95.78 -142.81 14.20 21.86 21.75 19.88 
-14.98 29.98 96.58 -142.07 11.38 18.18 18.07 16.19 
-14.95 44.97 98.17 -140.41 8.55 14.35 14.26 12.35 
-15.0 59.98 99.52 -138.88 6.93 11.53 11.45 9.52 
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O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol)

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol)

-14.98 74.99 99.88 -138.28 7.02 10.73 10.66 8.73 
-15.02 89.99 99.33 -138.74 8.39 11.68 11.60 9.68 
-14.98 104.94 98.47 -139.74 10.04 12.88 12.79 10.88 
-14.96 119.97 97.52 -140.91 10.84 13.32 13.22 11.33 
-15.02 135.01 97.13 -141.49 10.41 12.40 12.29 10.40 
-15.0 150.04 98.1 -140.69 9.33 11.00 10.90 9.00 

-15.01 164.99 100.25 -138.83 8.42 10.11 10.04 8.11 
-15.04 179.99 102.62 -136.81 8.50 11.13 11.08 9.12 
-15.02 -164.99 104.1 -135.66 9.91 13.57 13.53 11.56 
-14.99 -149.99 104.04 -136.05 12.20 16.64 16.61 14.63 
-15.0 -134.94 102.41 -137.87 14.09 19.03 18.97 17.02 

-15.01 -120.06 100.29 -140.06 14.63 19.64 19.56 17.64 
-14.97 -105.04 98.59 -141.62 13.62 18.36 18.26 16.37 
-15.03 -89.98 97.98 -141.91 11.85 16.45 16.35 14.46 
-15.03 -74.99 98.52 -140.93 10.38 15.33 15.23 13.33 
-15.01 -60.01 99.04 -139.84 10.11 15.98 15.90 13.98 
-15.01 -45.06 98.77 -139.61 11.33 18.47 18.38 16.47 
-15.03 -29.94 97.81 -140.28 13.48 21.58 21.49 19.59 
-15.01 -15.07 96.79 -141.34 15.29 23.72 23.62 21.73 
-14.99 0.01 95.99 -142.37 15.69 24.00 23.89 22.02 
-0.01 0.03 112.17 -126.64 17.10 25.82 25.87 23.85 
0.04 15.05 112.09 -126.81 15.40 23.65 23.71 21.69 
-0.01 29.97 112.74 -126.07 12.43 19.81 19.88 17.86 
-0.0 45.02 114.16 -124.49 9.52 15.69 15.78 13.76 
-0.06 60.04 115.41 -123.09 7.98 12.78 12.87 10.86 
0.07 74.98 115.95 -122.5 8.29 11.92 12.03 10.02 
0.01 89.98 115.56 -123.02 9.89 12.90 12.99 10.98 
-0.04 104.97 114.79 -124.01 11.61 14.25 14.33 12.32 
-0.01 119.94 114.07 -124.93 12.34 14.82 14.90 12.88 
0.03 135.04 113.9 -125.22 11.78 13.91 13.99 11.96 
-0.02 150.0 114.74 -124.47 10.49 12.39 12.47 10.45 
0.05 164.99 116.79 -122.59 9.42 11.58 11.69 9.67 
0.05 179.98 119.0 -120.58 9.46 12.42 12.55 10.54 
-0.03 -164.99 120.25 -119.64 10.94 14.81 14.95 12.94 
0.0 -150.0 120.07 -120.15 13.19 18.12 18.26 16.25 

0.03 -135.02 118.57 -121.87 15.00 20.79 20.91 18.89 
0.05 -120.07 116.45 -123.96 15.56 21.54 21.64 19.60 
-0.02 -104.97 114.63 -125.58 14.62 20.06 20.14 18.11 
0.0 -90.01 114.04 -125.8 12.87 17.72 17.80 15.77 

0.05 -74.99 114.52 -124.88 11.48 16.70 16.78 14.76 
0.05 -60.02 114.81 -124.09 11.36 17.61 17.70 15.68 
0.03 -45.02 114.41 -124.11 12.79 20.29 20.37 18.36 
0.01 -29.95 113.63 -124.83 15.05 23.45 23.53 21.51 
0.03 -15.07 112.88 -125.76 16.87 25.69 25.76 23.74 
-0.02 -0.05 112.16 -126.65 17.11 25.98 26.04 24.02 
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Table C.3.  Dihedral angles and relative energies for 4.2 with the E3 ring 
conformation. 
O4-C4-C5-O5 

(degrees) 
O5-C5-C6-O6 

(degrees) 
C3-C4-C5-C6 

(degrees) 
O4-C4-C5-C6 

(degrees) 
QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

-0.04 0.04 115.4 -126.78 15.56 22.69 22.11 20.75 
-0.1 14.98 115.05 -127.12 13.90 20.36 19.77 18.42 

-0.08 29.97 115.72 -126.33 10.95 16.66 16.08 14.72 
-0.02 44.96 117.25 -124.7 8.10 12.61 12.05 10.70 
-0.06 60.04 118.64 -123.25 6.62 9.73 9.18 7.83 
-0.02 74.95 119.21 -122.66 7.03 8.83 8.28 6.94 
-0.1 89.99 118.89 -123.11 8.78 9.82 9.27 7.92 

-0.06 104.97 118.41 -123.78 10.73 11.63 11.08 9.73 
-0.06 119.97 117.99 -124.39 11.78 12.75 12.19 10.84 
-0.06 134.97 118.32 -124.27 11.66 12.53 11.97 10.61 
-0.09 149.99 119.84 -123.08 10.71 11.73 11.19 9.84 
-0.11 165.01 122.15 -121.16 9.74 11.17 10.65 9.30 
0.01 179.97 124.24 -119.33 9.59 11.85 11.35 10.01 
-0.05 -164.93 124.89 -118.86 10.71 13.99 13.50 12.17 
-0.05 -150.02 124.13 -119.78 12.56 16.85 16.34 15.00 
-0.03 -135.01 122.24 -121.73 14.10 19.18 18.66 17.30 
-0.04 -120.01 119.87 -123.99 14.40 19.72 19.18 17.81 
-0.04 -104.97 117.96 -125.6 13.29 17.96 17.40 16.03 
-0.09 -89.97 117.19 -125.98 11.51 15.59 15.01 13.65 
-0.03 -74.99 117.66 -125.09 10.08 14.57 14.00 12.64 
0.04 -60.0 118.1 -124.21 9.96 15.32 14.76 13.41 
-0.09 -45.01 117.64 -124.34 11.35 17.67 17.11 15.76 
-0.07 -29.96 116.94 -125.01 13.55 20.56 19.99 18.64 
-0.06 -14.96 116.11 -125.96 15.33 22.71 22.13 20.78 
-0.07 0.03 115.34 -126.84 15.55 22.65 22.06 20.70 
15.05 0.02 132.97 -110.66 14.35 22.26 21.85 20.63 
15.01 14.95 132.73 -110.76 12.57 19.83 19.42 18.20 
15.0 30.0 133.31 -109.99 9.63 15.91 15.51 14.31 

15.03 45.02 134.67 -108.5 6.88 11.75 11.36 10.19 
15.04 60.01 136.05 -107.16 5.57 8.69 8.32 7.18 
15.03 75.04 136.67 -106.72 6.07 7.66 7.29 6.16 
14.97 89.99 136.49 -107.12 7.79 8.74 8.36 7.22 
15.05 104.99 136.09 -107.71 9.55 10.33 9.95 8.79 
14.98 120.05 135.57 -108.31 10.37 11.38 11.00 9.83 
15.06 134.95 135.83 -108.11 9.94 11.10 10.72 9.56 
15.07 149.96 136.85 -107.14 8.73 9.99 9.62 8.48 
15.04 164.96 138.61 -105.51 7.63 9.37 9.02 7.91 
14.95 179.97 140.36 -104.01 7.54 9.93 9.59 8.52 
14.95 -164.98 141.27 -103.41 8.75 12.06 11.73 10.68 
15.02 -150.02 140.81 -104.13 10.65 15.18 14.85 13.77 
15.02 -135.0 139.08 -105.93 12.26 17.63 17.27 16.15 
15.04 -120.0 136.96 -107.92 12.69 18.07 17.69 16.52 
15.06 -105.04 135.23 -109.34 11.81 16.52 16.13 14.93 
15.05 -90.02 134.46 -109.68 10.25 14.73 14.33 13.13 
15.04 -74.96 134.59 -109.15 9.09 13.78 13.39 12.20 
15.02 -60.01 134.82 -108.59 9.14 14.68 14.29 13.12 
15.02 -45.03 134.65 -108.68 10.57 16.91 16.52 15.35 
15.0 -29.94 134.14 -109.34 12.71 20.03 19.63 18.44 

15.02 -15.03 133.54 -110.06 14.31 22.09 21.69 20.48 
15.1 -0.03 133.04 -110.6 14.35 22.22 21.81 20.60 
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O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

29.95 -0.04 149.23 -95.04 11.91 19.82 19.56 18.76 
29.95 14.96 149.12 -95.02 10.09 17.43 17.17 16.37 
29.93 30.0 149.71 -94.28 7.25 13.66 13.41 12.63 
29.93 45.02 150.97 -93.0 4.63 9.36 9.12 8.38 
29.95 59.96 152.37 -91.7 3.40 6.22 6.00 5.30 
29.94 74.97 153.03 -91.25 3.88 5.14 4.91 4.23 
29.92 89.99 152.85 -91.57 5.45 5.96 5.73 5.04 
29.93 104.98 152.32 -92.19 7.01 7.57 7.33 6.62 
29.97 119.99 151.82 -92.69 7.64 8.50 8.26 7.53 
29.91 135.0 151.69 -92.74 7.09 8.20 7.97 7.24 
29.87 149.99 152.46 -91.97 5.82 7.28 7.05 6.34 
29.92 165.01 154.15 -90.42 4.76 6.49 6.27 5.62 
29.91 179.98 156.01 -88.87 4.75 6.98 6.78 6.17 
29.96 -165.03 157.02 -88.14 5.93 9.06 8.86 8.28 
29.92 -150.03 156.48 -88.87 7.85 12.07 11.86 11.25 
29.96 -135.01 154.87 -90.51 9.52 14.43 14.22 13.55 
29.96 -120.0 152.75 -92.46 10.15 15.13 14.90 14.18 
29.91 -105.02 150.75 -94.11 9.54 14.18 13.93 13.15 
29.94 -89.97 149.67 -94.78 8.28 12.68 12.42 11.63 
29.99 -75.0 149.64 -94.48 7.32 11.96 11.71 10.92 
29.89 -59.98 149.99 -94.0 7.45 12.70 12.45 11.68 
29.99 -45.02 150.35 -93.7 8.74 14.90 14.66 13.90 
29.94 -30.02 150.13 -94.06 10.64 17.70 17.45 16.68 
29.9 -15.03 149.64 -94.64 12.01 19.79 19.54 18.75 

29.96 -0.01 149.26 -95.04 11.90 19.75 19.49 18.69 
45.01 -0.01 163.85 -79.89 9.43 16.67 16.53 16.21 
44.95 15.04 163.66 -80.02 7.64 14.45 14.30 13.97 
44.94 29.94 164.2 -79.45 4.93 10.70 10.56 10.24 
45.02 44.95 165.55 -78.17 2.43 6.54 6.41 6.13 
44.89 60.01 166.84 -76.96 1.18 3.33 3.20 2.96 
44.95 75.04 167.63 -76.27 1.54 2.15 2.04 1.81 
45.02 89.98 167.63 -76.37 2.94 2.75 2.64 2.40 
44.96 104.98 167.0 -77.0 4.35 4.25 4.13 3.88 
44.97 120.01 166.38 -77.6 4.89 5.21 5.08 4.81 
45.03 134.99 166.1 -77.81 4.34 5.06 4.94 4.67 
45.0 149.96 166.63 -77.27 3.16 4.10 3.98 3.72 

44.98 165.01 168.23 -75.88 2.21 3.29 3.18 2.95 
45.01 179.98 170.17 -74.19 2.23 3.84 3.74 3.56 
44.94 -165.0 171.1 -73.47 3.40 5.93 5.83 5.67 
44.93 -150.02 170.7 -73.99 5.33 8.93 8.83 8.65 
44.98 -135.01 168.87 -75.7 7.18 11.49 11.38 11.16 
45.01 -119.98 166.21 -78.08 8.14 12.47 12.35 12.07 
45.02 -105.01 163.63 -80.24 7.93 11.69 11.55 11.21 
44.99 -89.99 162.16 -81.35 6.89 10.37 10.22 9.85 
45.03 -74.99 162.2 -81.12 6.01 9.70 9.55 9.19 
44.99 -60.07 163.08 -80.23 5.95 10.25 10.11 9.77 
44.94 -45.02 163.95 -79.49 6.98 12.19 12.05 11.73 
44.93 -29.98 164.31 -79.29 8.56 14.77 14.63 14.32 
44.96 -15.02 164.19 -79.54 9.69 16.68 16.54 16.22 
45.03 -0.04 163.87 -79.87 9.43 16.69 16.55 16.23 
60.04 -0.01 176.82 -65.59 8.15 14.39 14.33 14.31 
59.98 15.04 176.35 -66.07 6.46 12.13 12.06 12.04 
60.01 30.0 176.82 -65.63 3.81 8.49 8.43 8.41 
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O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

59.98 45.01 178.15 -64.37 1.32 4.43 4.38 4.37 
60.01 60.02 179.77 -62.83 0.00 1.16 1.12 1.13 
59.96 75.01 -179.33 -62.01 0.22 0.07 0.03 0.04 
60.04 90.0 -179.13 -61.89 1.48 0.73 0.69 0.70 
60.0 105.01 -179.77 -62.54 2.81 2.27 2.22 2.23 

60.02 119.97 179.26 -63.42 3.41 3.36 3.31 3.32 
60.06 135.04 178.64 -63.93 2.96 3.19 3.13 3.13 
59.99 149.98 179.03 -63.62 1.91 2.22 2.17 2.17 
59.95 165.02 -179.37 -62.2 1.05 1.54 1.49 1.51 
59.97 179.97 -177.42 -60.44 1.06 2.07 2.03 2.06 
59.98 -164.96 -176.29 -59.45 2.26 4.29 4.26 4.29 
60.02 -150.02 -176.87 -60.0 4.41 7.65 7.62 7.65 
59.98 -135.01 -179.54 -62.26 6.76 10.15 10.10 10.12 
59.99 -119.98 176.89 -65.34 8.22 11.12 11.06 11.05 
59.93 -104.99 173.87 -67.99 8.22 10.53 10.46 10.40 
60.06 -89.99 172.68 -68.97 7.15 9.29 9.22 9.15 
60.01 -75.01 173.16 -68.44 6.00 8.53 8.46 8.40 
59.99 -59.98 174.63 -67.05 5.64 8.74 8.67 8.63 
60.02 -45.01 176.25 -65.68 6.30 10.29 10.23 10.21 
60.0 -30.03 177.24 -64.97 7.53 12.67 12.61 12.60 

60.05 -15.0 177.44 -64.96 8.44 14.40 14.35 14.33 
59.97 -0.01 176.74 -65.66 8.15 14.43 14.37 14.34 
74.97 0.03 -171.26 -52.16 8.54 13.93 13.92 13.95 
75.03 14.98 -171.87 -52.75 6.95 11.76 11.75 11.79 
75.01 30.03 -171.39 -52.38 4.30 8.00 7.99 8.02 
75.02 45.06 -169.83 -50.93 1.71 4.17 4.17 4.19 
75.06 59.99 -167.95 -49.13 0.31 1.17 1.16 1.18 
75.03 75.0 -166.91 -48.18 0.43 0.00 0.00 0.00 
75.01 89.99 -166.93 -48.25 1.64 0.89 0.89 0.90 
75.03 105.03 -167.81 -49.02 3.01 2.26 2.26 2.27 
75.01 120.06 -169.08 -50.15 3.74 3.27 3.26 3.28 
75.04 135.01 -169.77 -50.77 3.41 3.13 3.12 3.15 
75.0 149.98 -169.26 -50.37 2.40 2.33 2.33 2.35 

75.02 165.02 -167.47 -48.76 1.62 1.68 1.68 1.69 
75.04 -179.99 -165.45 -46.92 1.72 2.58 2.58 2.58 
75.03 -165.02 -164.61 -46.06 3.20 5.13 5.13 5.12 
74.99 -150.02 -166.05 -47.06 5.95 8.38 8.38 8.37 
75.06 -135.0 -169.52 -49.8 8.94 10.98 10.98 11.00 
75.0 -120.05 -173.43 -53.21 10.60 11.94 11.92 11.96 
75.0 -105.02 -176.19 -55.77 10.40 11.53 11.51 11.55 

75.02 -89.94 -176.93 -56.54 8.93 10.10 10.08 10.12 
75.07 -74.98 -175.77 -55.5 7.38 8.99 8.98 9.02 
75.08 -60.01 -173.64 -53.57 6.61 8.86 8.85 8.88 
75.01 -45.01 -171.51 -51.86 6.90 10.12 10.11 10.14 
75.03 -30.0 -170.12 -50.9 7.88 12.34 12.33 12.36 
75.04 -14.98 -170.14 -51.1 8.74 14.02 14.01 14.04 
75.07 0.0 -171.16 -52.05 8.56 13.78 13.77 13.81 
90.01 -0.04 -158.56 -38.39 10.34 15.16 15.17 15.04 
90.03 15.03 -159.22 -39.06 8.71 12.99 13.00 12.88 
90.06 29.95 -158.61 -38.58 5.97 9.41 9.42 9.29 
89.98 44.96 -156.85 -37.03 3.25 5.34 5.35 5.20 
90.04 59.98 -154.78 -35.1 1.76 2.49 2.50 2.31 
90.03 75.03 -153.86 -34.23 1.88 1.62 1.63 1.43 



 

 408 

O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

90.07 89.96 -154.18 -34.43 3.19 2.47 2.48 2.28 
90.02 104.99 -155.43 -35.45 4.76 4.15 4.16 3.98 
90.02 120.05 -156.72 -36.59 5.56 5.20 5.21 5.05 
90.0 135.02 -157.23 -37.15 5.22 4.96 4.97 4.82 

89.99 150.02 -156.5 -36.56 4.21 4.06 4.07 3.91 
90.03 164.98 -154.59 -34.86 3.43 3.56 3.57 3.38 
90.02 180.0 -152.76 -33.09 3.82 4.85 4.86 4.64 
90.03 -165.02 -152.54 -32.47 5.99 7.72 7.73 7.49 
90.0 -150.03 -154.74 -33.74 9.58 11.14 11.15 10.93 

90.01 -134.98 -158.41 -36.65 12.89 13.86 13.88 13.71 
89.98 -120.03 -162.11 -40.07 14.32 14.70 14.72 14.61 
90.04 -104.98 -164.44 -42.46 13.64 13.93 13.94 13.87 
90.02 -90.0 -164.71 -42.95 11.65 12.05 12.06 11.99 
90.04 -75.03 -162.94 -41.48 9.63 10.44 10.45 10.37 
90.01 -59.97 -160.13 -39.16 8.41 10.03 10.05 9.93 
89.97 -44.99 -157.65 -37.24 8.37 11.15 11.16 11.01 
90.03 -30.02 -156.44 -36.46 9.28 13.53 13.54 13.38 
90.02 -15.01 -157.17 -37.13 10.30 15.21 15.22 15.07 
90.01 0.03 -158.57 -38.39 10.32 15.20 15.21 15.08 
105.06 0.02 -143.87 -23.45 12.62 17.77 17.76 17.37 
105.01 15.02 -144.52 -24.17 10.98 15.48 15.48 15.09 
105.03 29.98 -143.69 -23.59 8.10 11.58 11.57 11.19 
105.07 44.98 -141.62 -21.82 5.26 7.63 7.61 7.20 
104.96 59.97 -139.7 -20.06 3.70 4.77 4.75 4.31 
105.01 75.05 -139.04 -19.31 3.94 4.12 4.10 3.65 
105.02 90.02 -139.81 -19.75 5.46 5.25 5.22 4.78 
104.96 105.04 -141.24 -20.85 7.16 7.10 7.08 6.65 
104.98 120.02 -142.38 -21.87 7.93 8.02 8.01 7.59 
104.98 135.01 -142.64 -22.29 7.50 7.77 7.76 7.35 
104.99 149.97 -141.66 -21.56 6.45 6.68 6.67 6.25 
105.02 165.04 -139.72 -19.8 5.83 6.51 6.49 6.05 
104.98 -179.99 -138.29 -18.11 6.76 8.12 8.10 7.63 
104.96 -164.97 -138.59 -17.5 9.85 11.41 11.39 10.91 
104.98 -149.96 -140.89 -18.76 13.99 15.09 15.08 14.60 
104.99 -135.04 -144.3 -21.64 17.18 17.78 17.77 17.33 
105.0 -120.04 -147.64 -24.95 18.22 18.30 18.31 17.92 
104.99 -104.99 -149.66 -27.27 16.97 16.83 16.84 16.50 
105.0 -89.98 -149.37 -27.45 14.42 14.28 14.29 13.96 
105.01 -75.03 -146.87 -25.59 11.79 12.10 12.10 11.73 
104.95 -59.95 -143.52 -22.97 10.10 11.62 11.61 11.21 
104.97 -44.97 -141.21 -21.21 9.86 13.22 13.20 12.78 
105.01 -29.95 -141.0 -21.08 11.01 15.72 15.70 15.28 
105.01 -15.04 -142.4 -22.17 12.42 17.60 17.59 17.17 
104.99 -0.01 -143.92 -23.5 12.61 17.76 17.76 17.36 
119.99 0.0 -127.29 -7.44 14.36 20.47 20.39 19.85 
120.01 14.97 -127.62 -7.97 12.66 17.91 17.83 17.30 
120.03 30.0 -126.57 -7.29 9.63 13.89 13.81 13.28 
120.02 45.0 -124.47 -5.55 6.69 9.76 9.67 9.14 
119.97 60.02 -122.75 -3.9 5.18 7.06 6.95 6.43 
119.97 74.92 -122.59 -3.39 5.64 6.41 6.30 5.79 
120.02 90.0 -123.64 -3.93 7.42 7.83 7.73 7.20 
120.02 104.99 -125.01 -4.96 9.14 9.87 9.77 9.24 
119.98 119.94 -125.96 -5.93 9.81 10.77 10.68 10.15 



 

 409 

O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

119.96 135.03 -125.92 -6.16 9.25 10.16 10.07 9.54 
119.96 149.99 -124.69 -5.28 8.19 9.12 9.03 8.50 
120.01 165.02 -122.83 -3.43 7.91 9.39 9.28 8.76 
120.03 179.96 -121.7 -1.59 9.63 11.48 11.37 10.85 
119.95 -164.98 -122.2 -0.97 13.38 15.05 14.94 14.41 
120.0 -150.01 -124.14 -2.15 17.53 18.65 18.55 18.01 
119.96 -135.0 -127.06 -4.91 20.37 21.18 21.10 20.55 
119.98 -119.95 -129.78 -7.91 20.88 21.23 21.17 20.62 
119.97 -105.04 -131.19 -9.89 19.07 18.99 18.94 18.39 
120.0 -89.98 -130.24 -9.73 15.85 15.78 15.72 15.19 
120.0 -74.99 -127.12 -7.49 12.61 13.39 13.31 12.78 
119.97 -59.97 -123.88 -4.98 10.56 13.13 13.03 12.51 
119.99 -45.03 -122.94 -4.14 10.58 15.19 15.08 14.57 
120.0 -30.04 -124.06 -4.85 12.27 18.03 17.94 17.41 
120.02 -14.97 -125.87 -6.17 14.05 20.27 20.18 19.65 
119.99 -0.06 -127.27 -7.42 14.37 20.49 20.41 19.87 
135.05 0.04 -109.27 9.37 14.68 21.65 21.45 21.10 
134.99 14.97 -109.48 8.87 12.93 19.05 18.84 18.50 
134.97 30.02 -108.37 9.53 9.80 15.00 14.79 14.46 
135.05 45.04 -106.49 11.19 6.89 10.95 10.72 10.43 
134.99 60.02 -105.37 12.52 5.60 8.17 7.93 7.67 
135.01 74.97 -105.45 12.95 6.36 7.52 7.28 7.02 
135.01 90.02 -106.52 12.38 8.18 9.06 8.84 8.56 
135.04 104.96 -107.6 11.49 9.82 11.07 10.86 10.56 
134.97 120.03 -108.28 10.66 10.32 11.86 11.65 11.33 
135.02 134.98 -107.86 10.67 9.70 11.20 10.98 10.67 
135.01 149.97 -106.63 11.65 8.80 10.60 10.37 10.08 
135.03 164.95 -105.05 13.59 9.07 11.16 10.92 10.67 
135.05 -179.98 -103.88 15.66 11.43 13.46 13.21 13.01 
135.04 -164.98 -103.83 16.47 15.18 16.90 16.65 16.47 
135.08 -150.02 -105.04 15.46 18.84 20.48 20.23 20.02 
134.98 -134.93 -107.25 13.0 21.11 22.55 22.32 22.05 
135.03 -120.04 -109.09 10.58 20.99 22.08 21.88 21.55 
135.0 -104.98 -109.88 9.05 18.57 19.19 18.99 18.64 
134.98 -90.01 -108.63 9.45 14.81 15.57 15.36 15.03 
135.03 -75.02 -106.18 11.35 11.20 13.04 12.81 12.52 
135.0 -60.0 -104.8 12.65 9.47 13.26 13.02 12.76 
134.98 -44.99 -105.09 12.58 10.21 15.68 15.44 15.18 
134.99 -30.05 -106.54 11.63 12.42 18.93 18.70 18.41 
135.03 -15.0 -108.19 10.42 14.36 21.38 21.17 20.85 
135.01 -0.01 -109.33 9.32 14.68 21.72 21.51 21.17 
149.89 0.03 -91.58 25.7 13.39 20.65 20.28 20.40 
149.97 14.96 -91.72 25.32 11.57 18.26 17.90 18.01 
149.88 30.01 -91.22 25.63 8.60 14.42 14.06 14.18 
149.94 45.04 -90.13 26.84 6.06 10.46 10.08 10.23 
149.94 60.01 -89.25 28.11 5.09 7.56 7.17 7.36 
149.88 75.04 -89.18 28.59 5.84 6.94 6.55 6.75 
149.86 90.03 -89.75 28.26 7.49 8.41 8.02 8.21 
149.91 104.97 -90.38 27.62 8.91 10.19 9.81 9.99 
149.93 120.0 -90.71 26.98 9.34 11.04 10.67 10.82 
149.91 135.01 -90.46 26.9 8.82 10.71 10.34 10.49 
149.95 150.07 -89.52 27.96 8.33 10.43 10.05 10.23 
149.9 165.01 -88.11 30.01 9.14 10.97 10.57 10.82 



 

 410 

O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

149.89 179.98 -86.42 32.3 11.45 12.96 12.54 12.85 
149.91 -164.99 -85.43 33.37 14.52 15.98 15.55 15.89 
149.92 -150.04 -85.71 32.71 17.35 19.23 18.81 19.13 
149.95 -134.98 -87.07 30.84 18.82 20.75 20.34 20.61 
149.93 -119.99 -88.81 28.63 18.16 19.77 19.37 19.58 
149.98 -105.01 -90.03 27.08 15.38 16.35 15.97 16.13 
149.91 -89.95 -90.64 26.46 11.56 12.60 12.23 12.37 
149.89 -74.95 -90.61 26.74 8.56 10.47 10.10 10.25 
149.89 -59.96 -90.19 27.34 7.73 10.91 10.53 10.69 
149.92 -44.99 -89.8 27.65 9.01 13.68 13.30 13.47 
149.87 -29.98 -90.03 27.34 11.34 17.51 17.13 17.29 
149.94 -15.04 -90.67 26.68 13.19 20.45 20.08 20.22 
149.93 0.0 -91.52 25.77 13.39 20.66 20.29 20.41 
164.93 -0.03 -75.81 40.89 11.39 18.46 17.93 18.47 
164.95 15.03 -76.79 39.99 9.75 16.39 15.87 16.39 
164.91 30.0 -77.07 39.94 7.27 12.82 12.31 12.82 
164.94 45.0 -76.38 40.94 5.13 8.98 8.46 9.00 
164.93 60.01 -75.17 42.38 4.12 6.33 5.79 6.36 
164.92 75.03 -74.38 43.26 4.65 5.58 5.04 5.62 
164.93 90.02 -74.15 43.34 5.96 6.79 6.24 6.83 
164.95 105.02 -74.4 42.87 7.19 8.51 7.96 8.54 
164.92 120.02 -75.01 42.11 7.68 9.51 8.97 9.53 
164.95 134.95 -75.42 41.81 7.54 9.63 9.10 9.65 
164.93 150.01 -74.95 42.8 7.58 9.33 8.79 9.36 
164.92 165.01 -73.22 45.12 8.46 9.48 8.92 9.53 
164.89 179.98 -70.88 47.53 10.11 10.83 10.25 10.90 
164.93 -164.98 -69.1 48.82 12.08 12.94 12.33 13.00 
164.93 -150.02 -68.83 48.46 13.91 15.41 14.81 15.47 
164.97 -135.01 -70.33 46.7 14.77 16.41 15.82 16.46 
164.94 -119.99 -73.27 44.01 13.95 15.10 14.55 15.14 
164.92 -104.99 -76.43 41.32 11.53 12.07 11.55 12.09 
164.89 -89.94 -78.65 39.6 8.70 9.60 9.10 9.61 
164.95 -75.04 -79.03 39.5 6.85 8.38 7.88 8.38 
164.91 -59.94 -77.96 40.38 6.55 8.87 8.37 8.89 
164.92 -45.04 -76.37 41.42 7.70 11.31 10.79 11.33 
164.94 -30.02 -75.25 41.93 9.64 14.95 14.42 14.98 
164.9 -14.96 -75.06 41.72 11.26 18.03 17.49 18.05 
164.93 -0.03 -75.82 40.88 11.38 18.44 17.92 18.45 
179.96 -0.0 -63.34 54.1 10.16 16.81 16.15 16.85 
179.92 14.99 -64.91 52.86 9.03 15.29 14.65 15.34 
179.95 30.02 -65.13 52.87 6.90 12.32 11.67 12.37 
179.93 45.0 -63.94 54.13 4.71 8.80 8.14 8.84 
179.9 59.96 -62.0 55.91 3.47 6.08 5.40 6.10 
179.95 75.02 -60.59 57.09 3.58 5.14 4.45 5.15 
179.94 90.0 -60.18 57.29 4.62 5.95 5.25 5.95 
179.98 104.97 -60.8 56.73 5.86 7.60 6.91 7.61 
179.97 120.0 -62.12 55.7 6.73 8.89 8.21 8.91 
179.95 135.01 -62.98 55.28 7.12 9.28 8.61 9.31 
179.95 150.02 -62.18 56.53 7.35 8.85 8.17 8.88 
179.97 165.02 -59.7 59.08 7.72 8.53 7.82 8.51 
179.98 179.96 -56.71 61.55 8.34 8.97 8.23 8.90 
179.93 -164.99 -54.75 62.79 9.33 10.19 9.43 10.09 
179.92 -149.95 -55.35 62.17 10.50 11.70 10.95 11.61 



 

 411 

O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

-180.0 -135.04 -58.51 59.77 11.33 12.35 11.63 12.32 
179.94 -120.05 -63.0 56.16 11.17 11.85 11.18 11.88 
179.98 -105.01 -66.87 52.85 9.82 10.43 9.80 10.50 
179.98 -90.04 -68.48 51.33 8.04 9.13 8.52 9.21 
179.99 -74.98 -67.64 51.86 6.58 8.31 7.69 8.38 
179.97 -60.03 -65.4 53.41 6.10 8.88 8.24 8.94 
179.98 -45.0 -63.14 54.84 6.84 10.75 10.09 10.79 
179.92 -30.02 -61.76 55.55 8.36 13.68 13.00 13.71 
179.93 -15.0 -61.77 55.36 9.82 16.29 15.61 16.31 
179.96 -0.0 -63.32 54.1 10.17 16.84 16.18 16.88 
-164.97 -0.02 -52.13 66.79 10.68 17.47 16.68 17.27 
-165.0 14.96 -53.34 65.74 9.75 16.38 15.60 16.21 

-165.02 29.96 -52.75 66.11 7.47 13.51 12.73 13.33 
-165.01 44.94 -50.6 67.85 4.89 9.85 9.05 9.61 
-164.96 59.95 -48.07 69.97 3.28 6.90 6.07 6.59 
-164.96 74.95 -46.83 71.08 3.18 5.78 4.94 5.43 
-164.96 89.99 -47.25 70.94 4.29 6.52 5.68 6.18 
-165.07 105.02 -48.78 69.96 5.90 8.26 7.44 7.96 
-164.96 120.01 -50.17 69.03 7.21 9.81 9.00 9.55 
-165.0 135.01 -50.51 68.87 7.69 10.15 9.34 9.89 

-165.04 150.02 -48.89 70.32 7.52 9.29 8.46 8.98 
-165.03 165.01 -45.62 72.96 7.06 8.35 7.50 7.94 
-164.97 179.96 -42.4 75.43 6.84 7.94 7.05 7.41 
-165.0 -165.03 -42.06 76.06 7.40 8.55 7.66 8.00 

-165.03 -149.97 -44.95 74.48 8.85 10.08 9.21 9.61 
-165.0 -134.99 -49.48 71.33 10.50 11.76 10.93 11.43 

-164.97 -120.02 -53.79 67.68 11.22 12.48 11.69 12.28 
-165.05 -104.99 -56.44 64.85 10.49 12.15 11.39 12.03 
-165.02 -89.94 -56.5 64.14 8.77 10.74 9.99 10.64 
-165.0 -74.97 -54.57 65.22 7.11 9.79 9.02 9.65 

-164.99 -59.98 -51.8 67.04 6.31 9.79 8.99 9.58 
-165.0 -45.02 -49.57 68.51 6.76 11.51 10.70 11.25 

-165.02 -30.01 -48.97 68.99 8.24 14.18 13.36 13.90 
-165.0 -15.06 -50.15 68.29 9.95 16.47 15.66 16.22 

-165.02 0.0 -52.18 66.74 10.69 17.49 16.71 17.30 
-149.91 0.03 -39.36 80.74 12.34 20.04 19.11 19.29 
-149.98 15.07 -39.61 80.1 11.06 18.76 17.84 18.04 
-149.95 29.99 -38.08 80.92 8.30 15.30 14.37 14.54 
-149.93 44.99 -35.33 83.0 5.37 11.36 10.41 10.49 
-149.94 60.04 -33.13 85.02 3.60 8.16 7.19 7.19 
-149.9 74.94 -32.87 85.75 3.71 7.03 6.05 6.02 

-149.96 89.99 -34.18 85.25 5.22 7.90 6.93 6.93 
-149.95 105.01 -35.63 84.36 7.18 9.97 9.01 9.04 
-149.97 120.03 -36.48 83.56 8.46 11.49 10.54 10.61 
-149.95 135.0 -35.86 83.7 8.55 11.32 10.36 10.43 
-149.97 150.02 -33.39 85.27 7.67 9.88 8.91 8.90 
-149.97 164.98 -30.2 87.65 6.50 8.24 7.24 7.12 
-149.95 179.99 -29.07 89.28 5.98 7.76 6.75 6.57 
-149.95 -165.02 -30.87 89.21 7.05 8.86 7.86 7.69 
-149.98 -149.96 -34.41 87.45 9.47 11.52 10.54 10.45 
-149.95 -135.04 -38.02 84.69 11.82 14.23 13.28 13.33 
-149.95 -120.0 -40.97 81.59 12.78 15.33 14.41 14.58 
-149.95 -105.04 -42.46 79.28 11.98 14.64 13.74 13.99 



 

 412 

O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

-149.96 -90.0 -41.92 78.73 10.01 12.94 12.04 12.30 
-149.99 -75.0 -39.66 79.88 8.07 11.53 10.61 10.82 
-149.94 -60.02 -37.05 81.7 7.15 11.57 10.63 10.76 
-149.92 -45.03 -35.79 82.88 7.73 13.28 12.33 12.42 
-149.96 -29.93 -36.42 82.87 9.61 16.17 15.22 15.31 
-149.96 -15.03 -38.0 81.94 11.61 18.96 18.02 18.15 
-149.94 0.01 -39.36 80.72 12.33 20.09 19.17 19.35 
-135.04 0.02 -23.27 96.52 13.72 22.90 21.84 21.35 
-135.01 15.04 -22.7 96.36 11.94 20.83 19.77 19.28 
-135.03 30.05 -21.05 97.28 8.79 16.79 15.71 15.19 
-135.09 45.01 -19.04 99.06 5.75 12.42 11.33 10.72 
-135.02 59.98 -17.71 100.8 4.19 9.15 8.05 7.38 
-135.01 74.99 -17.89 101.39 4.67 8.24 7.14 6.44 
-135.04 89.97 -18.79 101.05 6.53 9.61 8.51 7.83 
-134.97 104.96 -19.5 100.38 8.45 11.69 10.60 9.95 
-135.05 119.94 -19.61 99.69 9.35 12.73 11.64 11.01 
-135.05 135.03 -18.47 99.85 8.82 11.82 10.73 10.10 
-135.06 150.02 -16.51 100.98 7.33 9.90 8.80 8.12 
-135.07 165.03 -15.33 102.58 5.94 8.20 7.09 6.35 
-135.0 179.97 -15.73 103.92 6.05 8.31 7.19 6.40 

-135.02 -165.0 -17.22 104.23 8.06 10.52 9.40 8.61 
-135.02 -149.99 -19.2 103.12 11.05 14.24 13.13 12.39 
-135.02 -134.99 -21.74 100.63 13.53 17.32 16.23 15.58 
-135.08 -119.95 -24.25 97.57 14.40 18.15 17.08 16.56 
-134.99 -105.04 -25.63 95.3 13.42 16.92 15.87 15.44 
-135.06 -90.02 -25.54 94.4 11.27 14.65 13.60 13.21 
-135.08 -75.0 -23.87 95.25 9.27 13.25 12.20 11.76 
-135.07 -59.97 -22.18 96.77 8.49 13.47 12.40 11.90 
-135.08 -45.01 -21.72 97.74 9.42 15.62 14.55 14.00 
-135.06 -29.98 -22.13 97.88 11.59 19.02 17.94 17.40 
-135.06 -14.97 -22.85 97.28 13.46 21.99 20.92 20.41 
-135.08 0.07 -23.33 96.47 13.72 22.76 21.69 21.21 
-119.95 -0.01 -4.54 113.59 13.93 24.11 22.94 21.83 
-119.92 14.96 -4.52 113.22 11.90 21.66 20.49 19.39 
-119.94 29.94 -3.84 113.83 8.75 17.35 16.17 15.05 
-119.94 45.03 -2.56 115.43 5.88 12.79 11.61 10.45 
-119.88 59.99 -1.16 117.23 4.65 9.69 8.49 7.30 
-119.94 74.95 -0.54 118.11 5.22 8.81 7.61 6.40 
-119.92 89.98 -0.69 117.99 7.00 9.93 8.74 7.52 
-119.94 105.0 -1.17 117.1 8.65 11.80 10.61 9.41 
-119.91 120.0 -1.4 116.22 9.10 12.34 11.15 9.97 
-119.87 134.95 -1.03 115.95 8.18 11.21 10.02 8.85 
-119.94 149.98 -0.46 116.66 6.52 9.15 7.96 6.77 
-119.87 164.94 0.15 118.51 5.58 7.84 6.64 5.42 
-119.96 -179.95 0.77 120.44 6.35 8.78 7.57 6.32 
-119.87 -165.03 1.11 121.5 8.77 12.01 10.80 9.53 
-119.95 -149.99 -0.38 120.28 11.94 16.05 14.84 13.58 
-119.98 -134.96 -3.19 117.45 14.47 19.02 17.82 16.62 
-119.91 -119.99 -6.14 114.17 15.38 19.60 18.42 17.30 
-119.94 -104.96 -8.33 111.4 14.38 18.00 16.84 15.79 
-119.93 -90.0 -8.67 110.42 12.30 15.95 14.79 13.77 
-119.92 -74.99 -7.48 111.27 10.43 14.51 13.35 12.30 
-119.9 -60.0 -5.96 112.88 9.91 14.92 13.74 12.65 



 

 413 

O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

-119.92 -45.03 -4.69 114.14 10.93 17.53 16.35 15.23 
-119.96 -30.03 -4.01 114.69 12.74 21.10 19.92 18.78 
-119.87 -15.01 -4.01 114.47 14.10 23.77 22.59 21.46 
-119.95 -0.03 -4.54 113.58 13.93 24.16 22.99 21.88 
-104.97 -0.01 13.14 129.84 12.96 23.53 22.30 20.96 
-104.94 14.98 12.63 129.4 11.04 21.03 19.80 18.47 
-104.97 29.98 13.01 130.02 8.12 16.75 15.52 14.19 
-104.96 45.0 14.63 131.82 5.47 12.21 10.97 9.64 
-104.97 59.98 16.6 133.77 4.19 8.98 7.74 6.41 
-104.98 75.03 17.4 134.57 4.66 7.74 6.51 5.18 
-105.01 90.05 16.87 134.02 6.26 8.72 7.48 6.15 
-105.03 104.99 15.95 132.81 7.68 10.27 9.03 7.70 
-105.0 119.98 15.28 131.67 7.95 10.93 9.69 8.36 

-105.05 135.0 15.05 131.27 6.94 9.83 8.60 7.26 
-104.96 149.96 15.82 132.61 5.49 7.86 6.62 5.29 
-104.97 164.99 17.55 135.09 4.83 6.83 5.59 4.26 
-104.98 -179.98 19.27 137.46 5.84 8.46 7.22 5.91 
-104.99 -165.0 18.94 137.85 8.45 11.84 10.59 9.28 
-105.03 -150.03 16.96 136.2 11.83 15.89 14.65 13.32 
-104.98 -134.97 14.18 133.32 14.59 18.78 17.54 16.20 
-104.99 -119.94 11.25 130.06 15.67 19.61 18.38 17.03 
-105.03 -105.04 9.16 127.52 14.79 18.25 17.03 15.69 
-104.99 -89.94 8.89 126.82 12.79 16.26 15.04 13.71 
-104.94 -75.05 10.56 128.07 11.02 14.91 13.68 12.35 
-104.95 -60.06 13.46 130.18 10.32 15.52 14.28 12.95 
-105.02 -44.97 15.36 131.68 10.76 17.91 16.67 15.34 
-104.99 -29.97 15.32 131.85 12.02 21.02 19.79 18.45 
-105.0 -14.97 14.18 130.91 13.15 23.28 22.05 20.71 

-104.96 -0.0 13.14 129.84 12.96 23.39 22.16 20.83 
-90.09 0.08 29.68 145.43 11.43 21.87 20.64 19.44 
-90.01 15.07 29.42 145.32 9.71 19.57 18.33 17.13 
-90.01 30.01 30.21 146.21 6.91 15.31 14.07 12.89 
-89.96 44.93 31.93 147.96 4.23 10.88 9.65 8.49 
-90.01 60.01 33.3 149.48 2.88 7.41 6.18 5.05 
-89.99 75.01 33.6 149.91 3.30 6.06 4.84 3.71 
-90.05 89.97 33.0 149.2 4.84 6.90 5.67 4.54 
-90.02 104.97 32.13 148.03 6.16 8.60 7.37 6.21 
-90.07 120.04 31.35 146.96 6.35 9.18 7.95 6.78 
-90.03 135.0 31.42 147.03 5.37 8.01 6.78 5.61 
-90.08 149.99 32.69 148.65 4.03 6.17 4.94 3.80 
-90.0 164.98 34.46 151.15 3.56 5.64 4.41 3.31 
-90.0 179.96 34.98 152.73 4.81 7.39 6.16 5.08 
-90.03 -164.98 34.59 152.85 7.80 10.82 9.59 8.51 
-89.98 -149.99 33.49 151.53 11.39 14.88 13.65 12.54 
-90.04 -134.98 31.46 149.02 14.26 17.98 16.74 15.60 
-89.98 -120.02 29.3 146.36 15.34 18.91 17.67 16.48 
-89.98 -105.05 27.78 144.37 14.43 17.70 16.46 15.24 
-90.02 -90.01 28.36 144.13 12.36 15.54 14.31 13.09 
-90.03 -74.97 31.69 146.12 10.13 14.34 13.11 11.94 
-90.07 -59.97 34.19 148.19 8.67 14.62 13.39 12.26 
-89.99 -44.99 33.66 148.53 8.75 16.42 15.19 14.06 
-90.01 -30.05 32.12 147.69 10.16 19.23 18.00 16.84 
-90.03 -14.95 30.77 146.46 11.47 21.51 20.28 19.10 



 

 414 

O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

-90.06 -0.02 29.72 145.46 11.43 21.94 20.71 19.51 
-75.08 0.01 45.43 160.72 10.12 20.35 19.15 18.24 
-75.0 14.98 45.37 160.73 8.45 17.95 16.76 15.85 
-75.03 29.97 45.86 161.44 5.62 13.72 12.53 11.63 
-75.12 45.01 46.67 162.63 2.99 9.33 8.14 7.26 
-75.04 60.03 47.76 163.94 1.74 5.93 4.75 3.88 
-75.03 74.99 48.28 164.38 2.20 4.73 3.55 2.69 
-75.1 89.98 48.01 163.82 3.61 5.76 4.57 3.71 
-75.09 105.0 47.37 162.9 4.81 7.29 6.10 5.23 
-75.05 120.0 46.76 162.1 4.96 7.74 6.55 5.66 
-75.0 134.97 46.77 162.23 4.04 6.46 5.28 4.39 
-75.08 150.0 47.29 163.46 2.93 4.99 3.80 2.93 
-75.04 165.0 47.87 165.26 2.88 5.00 3.82 2.97 
-75.03 179.99 48.8 166.8 4.56 6.92 5.74 4.92 
-75.07 -165.03 49.63 167.29 7.63 10.51 9.33 8.51 
-75.04 -150.0 49.58 166.46 11.12 14.50 13.33 12.50 
-75.04 -135.01 48.39 164.52 13.75 17.49 16.31 15.45 
-75.09 -119.98 46.83 162.23 14.61 18.25 17.07 16.18 
-75.04 -104.96 46.81 160.98 13.43 16.95 15.77 14.87 
-75.06 -89.98 48.7 161.56 10.69 14.77 13.60 12.71 
-75.06 -75.04 50.04 162.98 7.72 12.96 11.80 10.93 
-75.07 -59.97 49.39 163.61 6.25 12.72 11.55 10.69 
-75.05 -44.99 48.16 163.36 6.87 14.67 13.49 12.62 
-75.09 -30.04 47.09 162.49 8.58 17.56 16.38 15.50 
-75.07 -15.01 46.16 161.47 10.04 19.99 18.80 17.90 
-75.05 -0.02 45.45 160.75 10.13 20.46 19.27 18.35 
-59.99 -0.03 59.6 175.38 9.74 19.40 18.28 17.56 
-59.96 15.0 59.03 175.07 8.04 16.86 15.73 15.00 
-60.0 29.98 58.9 175.41 5.37 12.88 11.75 11.02 
-59.98 44.99 59.78 176.58 2.95 8.74 7.62 6.90 
-60.0 60.02 61.2 177.96 1.74 5.69 4.58 3.86 
-60.0 74.97 62.1 178.59 2.10 4.78 3.68 2.96 
-60.0 89.96 62.12 178.34 3.32 5.76 4.66 3.94 
-60.0 104.99 61.48 177.54 4.43 6.93 5.83 5.11 
-60.02 120.02 60.43 176.56 4.65 7.17 6.06 5.33 
-59.98 135.05 59.52 176.2 4.03 6.20 5.08 4.35 
-59.95 149.96 59.28 177.06 3.46 5.39 4.27 3.54 
-59.99 164.97 60.36 178.82 3.89 5.80 4.69 3.97 
-59.96 -180.0 62.55 -179.26 5.70 8.07 6.97 6.26 
-60.01 -164.99 64.36 -178.35 8.52 11.68 10.60 9.88 
-60.02 -149.99 64.93 -178.86 11.56 15.52 14.44 13.73 
-59.99 -135.04 64.7 179.59 13.72 18.25 17.17 16.46 
-60.03 -120.01 64.56 177.92 14.03 18.68 17.60 16.89 
-59.99 -105.01 64.12 176.78 11.99 16.70 15.61 14.90 
-60.0 -89.98 63.04 176.33 8.74 13.63 12.54 11.82 
-60.0 -75.02 62.17 176.79 6.17 11.67 10.57 9.85 
-59.97 -60.05 61.89 177.53 5.39 11.78 10.67 9.95 
-60.02 -44.96 61.65 177.59 6.37 14.15 13.04 12.32 
-60.0 -30.03 61.19 177.03 8.22 17.21 16.11 15.38 
-59.98 -15.04 60.39 176.16 9.70 19.54 18.43 17.70 
-60.01 -0.07 59.59 175.36 9.74 19.43 18.32 17.59 
-45.03 0.02 72.02 -170.74 10.68 19.27 18.25 17.50 
-45.04 14.98 71.0 -171.4 9.19 16.90 15.87 15.13 



 

 415 

O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

-45.04 30.02 71.1 -171.04 6.72 13.27 12.23 11.49 
-45.09 44.98 72.45 -169.73 4.29 9.42 8.40 7.64 
-45.09 60.07 74.29 -168.1 2.97 6.58 5.58 4.81 
-45.07 75.02 75.32 -167.25 3.12 5.68 4.68 3.90 
-45.09 90.02 75.25 -167.46 4.25 6.59 5.59 4.81 
-45.06 105.03 74.21 -168.34 5.45 7.58 6.57 5.80 
-45.04 119.96 72.56 -169.6 6.00 8.13 7.11 6.35 
-45.08 134.94 71.15 -170.28 5.92 7.71 6.68 5.93 
-45.12 150.01 71.46 -169.39 5.85 7.44 6.41 5.65 
-45.13 165.0 73.77 -167.28 6.45 8.24 7.23 6.46 
-45.01 179.96 77.13 -164.85 7.99 10.50 9.52 8.72 
-45.03 -164.98 80.01 -163.46 10.24 14.06 13.11 12.27 
-45.06 -149.97 81.53 -163.57 12.56 17.53 16.58 15.74 
-45.08 -134.99 81.03 -165.15 13.93 19.33 18.38 17.56 
-45.05 -119.99 78.86 -167.5 13.48 18.49 17.52 16.74 
-45.1 -105.01 75.97 -169.69 11.30 15.95 14.95 14.19 
-45.06 -89.95 73.93 -170.5 8.60 13.26 12.25 11.50 
-45.05 -75.01 73.71 -169.81 6.67 11.79 10.78 10.02 
-45.04 -60.01 74.53 -168.65 6.24 12.16 11.16 10.39 
-45.05 -44.97 74.83 -168.22 7.30 14.67 13.67 12.90 
-45.07 -30.01 74.35 -168.67 9.17 17.74 16.73 15.96 
-45.06 -14.97 73.31 -169.68 10.61 19.72 18.70 17.95 
-45.07 0.01 72.01 -170.79 10.68 19.30 18.28 17.53 
-29.97 0.01 84.41 -156.89 12.80 20.29 19.38 18.45 
-29.94 14.99 83.72 -157.48 11.41 17.98 17.06 16.14 
-30.03 30.05 84.29 -157.01 8.84 14.57 13.66 12.73 
-30.01 44.97 86.05 -155.4 6.26 10.81 9.91 8.95 
-30.01 60.0 87.86 -153.67 4.74 7.98 7.10 6.11 
-29.99 74.99 88.64 -152.86 4.79 7.07 6.20 5.20 
-29.97 89.99 88.25 -153.12 6.06 7.89 7.02 6.02 
-30.03 105.04 86.85 -154.26 7.60 9.16 8.28 7.30 
-29.99 119.98 85.3 -155.44 8.66 10.06 9.16 8.20 
-30.0 135.0 84.76 -155.74 8.95 10.04 9.13 8.18 
-29.99 149.98 86.46 -154.33 8.97 10.08 9.18 8.21 
-30.0 165.0 89.91 -151.76 9.19 10.69 9.84 8.81 
-30.04 -179.99 93.82 -149.19 9.96 12.54 11.72 10.63 
-30.01 -165.01 96.28 -147.92 11.32 15.27 14.47 13.35 
-30.04 -150.01 96.13 -148.72 12.96 17.70 16.90 15.79 
-29.97 -134.97 93.84 -151.01 14.04 18.83 18.00 16.94 
-29.97 -120.0 90.43 -153.88 13.75 18.37 17.51 16.50 
-29.96 -105.04 87.41 -156.09 12.11 16.45 15.56 14.60 
-29.99 -90.03 86.18 -156.65 9.94 14.30 13.40 12.45 
-30.01 -75.03 86.82 -155.67 8.28 12.94 12.05 11.09 
-30.04 -59.95 87.82 -154.42 7.91 13.39 12.51 11.53 
-29.99 -45.0 88.03 -153.92 8.98 15.82 14.94 13.95 
-30.0 -29.99 87.24 -154.49 10.91 18.65 17.76 16.79 
-29.98 -15.03 85.89 -155.64 12.52 20.32 19.43 18.47 
-29.98 0.01 84.39 -156.92 12.79 20.10 19.19 18.25 
-15.15 -0.04 98.52 -142.54 14.84 21.63 20.86 19.67 
-15.06 14.98 98.29 -142.89 13.33 19.63 18.86 17.67 
-15.09 29.97 99.08 -142.21 10.56 15.94 15.17 13.98 
-15.09 45.01 100.73 -140.55 7.76 12.05 11.31 10.08 
-15.18 60.0 102.21 -138.99 6.20 9.18 8.45 7.21 
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O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

-15.12 74.99 102.76 -138.3 6.39 8.42 7.70 6.45 
-15.1 89.97 102.28 -138.66 7.96 9.32 8.60 7.35 
-15.12 105.01 101.3 -139.6 9.85 10.93 10.20 8.96 
-15.16 119.99 100.46 -140.48 11.07 11.98 11.24 10.02 
-15.15 134.96 100.82 -140.36 11.29 12.12 11.38 10.16 
-15.14 150.0 102.94 -138.81 10.82 11.63 10.91 9.66 
-15.12 165.04 106.27 -136.35 10.34 11.81 11.12 9.83 
-15.12 -180.0 109.12 -134.24 10.39 12.80 12.14 10.82 
-15.15 -165.03 110.09 -133.65 11.41 14.82 14.17 12.84 
-15.07 -150.0 109.07 -134.71 13.12 17.29 16.63 15.31 
-15.22 -134.95 106.36 -137.22 14.45 19.02 18.32 17.04 
-15.15 -120.05 103.52 -139.73 14.51 19.20 18.48 17.23 
-15.14 -104.96 101.32 -141.57 13.23 17.70 16.96 15.74 
-15.15 -89.98 100.62 -141.94 11.26 15.41 14.66 13.45 
-15.05 -75.01 101.38 -140.85 9.71 14.04 13.30 12.07 
-15.12 -60.01 102.02 -139.8 9.41 14.62 13.89 12.65 
-15.13 -44.91 101.79 -139.6 10.60 17.01 16.28 15.04 
-15.09 -30.0 100.87 -140.24 12.69 19.71 18.96 17.74 
-15.09 -15.04 99.66 -141.37 14.49 21.69 20.93 19.72 
-15.12 -0.01 98.54 -142.52 14.85 21.64 20.87 19.68 
0.05 -0.02 115.46 -126.7 15.55 22.67 22.09 20.73 
0.11 14.95 115.26 -126.89 13.91 20.57 19.98 18.63 
0.12 30.03 115.96 -126.14 10.94 16.71 16.13 14.77 
0.12 45.01 117.41 -124.58 8.09 12.56 11.99 10.64 
0.08 59.97 118.77 -123.11 6.62 9.61 9.06 7.71 
0.05 75.03 119.28 -122.6 7.04 8.77 8.22 6.88 
0.12 89.98 119.16 -122.86 8.78 9.91 9.36 8.02 
0.13 104.99 118.62 -123.6 10.74 11.63 11.07 9.72 
0.13 119.99 118.23 -124.17 11.78 12.70 12.14 10.79 
0.09 134.99 118.51 -124.09 11.66 12.58 12.02 10.66 
0.04 149.99 119.97 -122.96 10.71 11.67 11.13 9.78 
0.12 165.01 122.38 -120.92 9.72 11.12 10.60 9.26 
0.13 179.98 124.37 -119.18 9.58 11.77 11.27 9.93 
0.13 -164.97 125.07 -118.68 10.69 14.01 13.52 12.18 
0.1 -149.97 124.28 -119.64 12.56 16.80 16.30 14.95 

0.04 -135.0 122.32 -121.67 14.08 19.24 18.72 17.36 
0.01 -119.99 119.93 -123.92 14.39 19.66 19.11 17.74 
0.11 -105.01 118.12 -125.44 13.29 18.06 17.49 16.13 
0.02 -89.99 117.31 -125.89 11.51 15.70 15.13 13.76 
0.12 -75.04 117.81 -124.95 10.08 14.41 13.84 12.48 
0.1 -60.02 118.19 -124.14 9.96 15.36 14.80 13.45 

0.04 -44.98 117.79 -124.22 11.36 17.69 17.13 15.78 
0.12 -29.97 117.16 -124.81 13.56 20.52 19.95 18.60 
0.0 -14.98 116.18 -125.89 15.34 22.65 22.07 20.72 

0.09 0.0 115.53 -126.65 15.56 22.67 22.09 20.73 
 



 

 417 

Table C.4.  Dihedral angles and relative energies for 4.2 with the 1E ring 
conformation. 
O4-C4-C5-O5 

(degrees) 
O5-C5-C6-O6 

(degrees) 
C3-C4-C5-C6 

(degrees) 
O4-C4-C5-C6 

(degrees) 
QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

-0.01 0.03 112.45 -126.67 16.24 25.80 25.77 23.86 
0.01 14.99 112.29 -126.88 14.54 23.30 23.27 21.36 
0.05 30.02 113.07 -126.04 11.49 19.36 19.33 17.43 
-0.01 45.02 114.43 -124.52 8.56 15.10 15.10 13.20 
0.11 59.92 115.87 -122.95 7.04 11.97 11.98 10.09 
0.05 75.0 116.23 -122.53 7.34 10.90 10.92 9.02 
0.03 90.02 115.85 -123.03 8.97 11.62 11.63 9.73 
0.02 105.01 115.14 -123.97 10.71 13.00 13.00 11.10 
0.03 119.99 114.42 -124.87 11.47 13.69 13.69 11.78 
0.04 135.05 114.27 -125.14 10.99 13.00 12.99 11.08 
0.02 150.0 115.18 -124.34 9.78 11.81 11.81 9.90 
-0.01 164.98 117.14 -122.54 8.75 11.30 11.32 9.42 
0.05 179.99 119.44 -120.47 8.83 12.37 12.41 10.52 
0.04 -165.01 120.73 -119.48 10.28 15.17 15.22 13.34 
0.02 -149.96 120.46 -120.09 12.53 18.67 18.72 16.83 
0.05 -135.01 118.92 -121.81 14.33 21.62 21.65 19.74 
0.13 -120.0 116.83 -123.88 14.81 22.32 22.33 20.42 
0.04 -105.0 115.01 -125.49 13.85 21.10 21.09 19.18 
0.1 -90.03 114.48 -125.66 12.05 18.96 18.95 17.04 

0.03 -75.0 114.81 -124.86 10.62 17.82 17.81 15.91 
0.03 -60.03 115.14 -124.03 10.51 18.55 18.55 16.65 
0.06 -44.94 114.78 -124.04 11.95 21.00 20.99 19.09 
0.03 -29.98 113.95 -124.8 14.18 23.76 23.75 21.85 
0.12 -15.02 113.26 -125.66 16.00 25.80 25.78 23.88 
-0.01 -0.03 112.45 -126.66 16.23 25.75 25.72 23.82 
15.04 -0.06 129.58 -110.47 15.57 25.17 25.32 23.56 
15.07 14.94 129.51 -110.48 13.73 22.63 22.78 21.02 
15.02 29.99 130.13 -109.7 10.66 18.59 18.75 17.01 
15.06 44.96 131.48 -108.21 7.82 14.17 14.35 12.64 
15.05 60.03 132.78 -106.92 6.40 10.89 11.08 9.39 
15.02 74.98 133.3 -106.55 6.85 9.72 9.91 8.24 
15.12 90.01 133.15 -106.92 8.52 10.53 10.72 9.03 
15.04 104.97 132.43 -107.82 10.19 11.91 12.09 10.38 
15.03 120.01 131.78 -108.56 10.82 12.63 12.81 11.08 
15.11 135.01 131.81 -108.57 10.17 12.00 12.17 10.45 
15.07 150.0 132.67 -107.71 8.85 10.84 11.02 9.32 
15.04 165.0 134.52 -105.99 7.78 10.29 10.49 8.82 
15.06 180.0 136.64 -104.12 7.87 11.34 11.57 9.94 
15.05 -165.04 137.8 -103.3 9.31 13.96 14.19 12.59 
15.08 -150.0 137.44 -103.94 11.46 17.59 17.82 16.20 
15.05 -135.04 135.75 -105.71 13.24 20.42 20.63 18.96 
15.04 -119.99 133.61 -107.73 13.76 21.34 21.53 19.82 
15.09 -105.0 131.96 -109.08 12.88 19.99 20.16 18.42 
15.0 -90.01 131.13 -109.49 11.28 18.01 18.18 16.43 

15.12 -75.02 131.41 -108.77 10.08 17.19 17.36 15.64 
15.08 -59.95 131.53 -108.28 10.16 18.03 18.21 16.49 
15.09 -44.95 131.33 -108.4 11.69 20.38 20.56 18.84 
15.05 -30.03 130.77 -109.06 13.85 23.05 23.22 21.49 
15.1 -15.03 130.22 -109.79 15.51 25.12 25.28 23.53 

15.11 -0.07 129.66 -110.41 15.56 25.11 25.27 23.51 



 

 418 

O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

30.06 0.01 146.17 -94.71 13.39 22.39 22.70 21.35 
30.04 15.05 146.05 -94.68 11.43 19.91 20.23 18.87 
29.96 29.97 146.57 -94.01 8.53 15.92 16.24 14.91 
29.98 45.01 147.86 -92.69 5.86 11.45 11.78 10.50 
29.97 59.95 149.21 -91.49 4.58 8.12 8.46 7.21 
29.97 74.97 149.9 -91.0 5.02 6.72 7.07 5.83 
29.95 90.02 149.68 -91.41 6.61 7.47 7.81 6.57 
29.95 105.0 149.06 -92.12 8.09 8.87 9.20 7.93 
29.92 120.01 148.39 -92.79 8.61 9.69 10.02 8.73 
29.98 135.02 148.27 -92.82 7.91 9.22 9.55 8.26 
29.97 150.0 149.03 -92.02 6.56 8.21 8.54 7.27 
30.01 164.98 150.86 -90.36 5.53 7.52 7.88 6.66 
29.97 179.98 152.89 -88.66 5.62 8.52 8.89 7.72 
30.03 -164.99 154.07 -87.82 7.01 10.91 11.28 10.14 
29.96 -149.98 153.57 -88.5 9.10 14.38 14.75 13.59 
29.95 -135.01 151.92 -90.15 10.89 17.25 17.61 16.39 
29.91 -119.98 149.69 -92.15 11.59 18.13 18.47 17.19 
29.99 -105.02 147.72 -93.72 10.97 17.18 17.50 16.18 
30.02 -89.99 146.49 -94.46 9.66 15.75 16.06 14.72 
29.99 -74.97 146.31 -94.26 8.69 14.92 15.24 13.90 
30.05 -60.02 146.81 -93.67 8.86 15.65 15.97 14.65 
29.91 -44.96 147.01 -93.6 10.23 17.64 17.97 16.65 
29.98 -30.03 146.95 -93.83 12.15 20.45 20.77 19.45 
30.03 -15.01 146.61 -94.31 13.54 22.51 22.83 21.49 
30.02 0.01 146.13 -94.77 13.41 22.31 22.62 21.27 
44.98 0.03 161.06 -79.87 10.87 18.73 19.16 18.26 
44.98 14.97 160.87 -79.95 9.00 16.39 16.82 15.92 
44.97 29.99 161.4 -79.36 6.22 12.35 12.78 11.90 
45.01 45.01 162.73 -78.12 3.65 7.99 8.43 7.58 
45.05 59.99 164.26 -76.73 2.36 4.55 5.00 4.19 
44.99 75.0 164.99 -76.15 2.72 3.19 3.65 2.85 
45.03 90.0 164.96 -76.31 4.11 3.96 4.42 3.62 
44.95 104.99 164.3 -77.0 5.49 5.23 5.69 4.86 
45.0 120.02 163.58 -77.64 5.95 6.15 6.60 5.76 

45.02 135.02 163.19 -77.93 5.31 5.88 6.33 5.48 
44.98 150.01 163.73 -77.4 4.08 4.93 5.38 4.55 
44.98 164.99 165.44 -75.89 3.15 4.26 4.72 3.93 
45.04 -179.96 167.55 -74.09 3.22 4.95 5.42 4.67 
45.03 -165.03 168.73 -73.17 4.52 7.35 7.82 7.09 
44.98 -149.98 168.34 -73.66 6.59 10.81 11.28 10.54 
45.0 -135.0 166.47 -75.4 8.52 13.80 14.27 13.48 

45.06 -120.04 163.71 -77.77 9.53 14.83 15.28 14.43 
45.0 -105.02 160.86 -80.12 9.32 14.15 14.59 13.68 

45.01 -90.05 159.29 -81.28 8.39 12.92 13.34 12.41 
44.97 -75.01 159.21 -81.17 7.49 12.09 12.51 11.58 
45.04 -60.05 160.21 -80.21 7.48 12.60 13.03 12.12 
45.04 -45.0 161.19 -79.42 8.52 14.45 14.89 14.00 
45.04 -29.99 161.69 -79.17 10.12 17.05 17.48 16.61 
45.01 -15.08 161.53 -79.42 11.21 18.79 19.23 18.34 
45.08 -0.01 161.17 -79.77 10.87 18.61 19.04 18.15 
59.95 -0.0 174.15 -65.91 9.29 15.88 16.39 15.79 
60.03 14.97 173.81 -66.2 7.51 13.40 13.92 13.31 
59.97 29.99 174.22 -65.82 4.80 9.46 9.97 9.37 



 

 419 

O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

59.96 44.99 175.63 -64.52 2.23 5.30 5.83 5.24 
59.97 60.05 177.3 -62.96 0.89 2.01 2.54 1.97 
59.93 74.97 178.26 -62.11 1.13 0.65 1.19 0.62 
59.98 89.96 178.42 -62.05 2.38 1.28 1.81 1.25 
59.99 105.05 177.8 -62.68 3.70 2.72 3.25 2.68 
59.96 120.04 176.73 -63.63 4.24 3.60 4.13 3.55 
59.96 134.99 176.1 -64.2 3.73 3.54 4.07 3.48 
59.98 149.95 176.6 -63.75 2.62 2.66 3.19 2.61 
59.98 164.96 178.32 -62.22 1.76 2.14 2.67 2.11 
59.97 -179.99 -179.65 -60.42 1.82 2.81 3.35 2.80 
59.95 -165.0 -178.48 -59.4 3.11 5.43 5.97 5.43 
59.95 -149.94 -179.02 -59.91 5.33 8.96 9.50 8.96 
60.01 -134.94 178.36 -62.14 7.73 11.82 12.35 11.79 
59.98 -119.99 174.59 -65.31 9.24 12.76 13.29 12.69 
60.02 -105.06 171.47 -67.95 9.33 12.31 12.81 12.18 
59.98 -90.0 170.04 -69.16 8.36 11.17 11.67 11.02 
59.92 -75.01 170.42 -68.72 7.26 10.37 10.87 10.23 
59.96 -60.0 171.96 -67.29 6.93 10.68 11.19 10.57 
59.98 -45.1 173.58 -65.94 7.57 12.12 12.64 12.04 
59.93 -29.96 174.62 -65.25 8.77 14.38 14.90 14.31 
59.99 -15.05 174.81 -65.24 9.63 15.98 16.50 15.90 
59.96 -0.03 174.18 -65.88 9.28 15.72 16.24 15.64 
75.05 0.03 -173.8 -52.44 9.31 14.43 15.00 14.45 
75.02 15.05 -174.45 -53.09 7.54 12.23 12.80 12.25 
75.08 29.96 -173.87 -52.6 4.81 8.50 9.07 8.53 
75.09 44.95 -172.19 -51.06 2.18 4.27 4.85 4.29 
75.08 59.95 -170.27 -49.27 0.74 1.16 1.74 1.17 
75.1 75.0 -169.08 -48.23 0.90 0.00 0.58 0.00 

75.11 90.03 -169.04 -48.26 2.12 0.59 1.18 0.60 
75.1 104.97 -169.92 -49.06 3.50 2.09 2.67 2.10 

75.04 120.04 -171.27 -50.27 4.17 3.13 3.71 3.15 
75.04 134.96 -172.0 -50.93 3.79 3.15 3.73 3.17 
75.0 150.01 -171.43 -50.46 2.76 2.34 2.92 2.36 

75.03 164.99 -169.59 -48.79 1.92 1.92 2.50 1.92 
75.05 179.99 -167.52 -46.87 2.05 3.05 3.63 3.04 
75.05 -165.05 -166.64 -45.97 3.57 5.70 6.28 5.68 
75.04 -149.98 -168.07 -47.0 6.42 9.34 9.93 9.34 
75.05 -135.01 -171.7 -49.85 9.48 11.85 12.43 11.86 
75.04 -120.0 -175.88 -53.39 11.29 13.10 13.67 13.12 
75.04 -105.02 -178.8 -56.06 11.18 12.66 13.22 12.68 
75.06 -90.03 -179.6 -56.84 9.81 11.41 11.97 11.43 
75.06 -75.05 -178.52 -55.87 8.35 10.32 10.88 10.34 
75.06 -60.03 -176.36 -53.97 7.61 10.20 10.76 10.22 
75.07 -45.02 -174.13 -52.15 7.90 11.27 11.84 11.29 
75.01 -30.03 -172.77 -51.26 8.86 13.34 13.91 13.36 
75.06 -15.07 -172.76 -51.44 9.64 14.87 15.44 14.89 
75.08 0.02 -173.79 -52.43 9.31 14.40 14.97 14.42 
90.03 -0.05 -161.49 -38.9 10.64 15.25 15.84 15.13 
89.97 14.94 -162.14 -39.62 8.87 12.96 13.55 12.86 
89.95 30.0 -161.37 -39.07 5.97 9.19 9.79 9.08 
90.01 45.02 -159.33 -37.25 3.21 5.01 5.61 4.87 
90.02 60.06 -157.13 -35.27 1.71 1.99 2.59 1.82 
90.02 74.94 -156.06 -34.32 1.87 0.98 1.57 0.78 



 

 420 

O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

89.98 90.01 -156.45 -34.6 3.22 1.97 2.57 1.78 
90.02 104.94 -157.7 -35.59 4.79 3.54 4.14 3.37 
89.96 120.0 -159.13 -36.85 5.56 4.67 5.26 4.52 
89.94 135.0 -159.68 -37.43 5.19 4.53 5.13 4.40 
89.98 150.01 -158.83 -36.73 4.13 3.82 4.42 3.67 
89.99 165.0 -156.89 -34.97 3.36 3.53 4.13 3.35 
90.03 179.98 -155.02 -33.12 3.74 4.94 5.54 4.73 
90.02 -165.0 -154.91 -32.55 6.00 8.01 8.60 7.78 
90.02 -149.99 -157.26 -33.92 9.72 11.39 11.99 11.19 
90.01 -135.0 -161.27 -37.04 13.18 14.17 14.77 14.02 
89.98 -120.01 -165.17 -40.6 14.75 15.40 16.00 15.32 
89.94 -104.95 -167.71 -43.18 14.13 14.54 15.14 14.49 
89.99 -90.03 -167.89 -43.58 12.21 12.89 13.49 12.85 
90.0 -74.96 -166.09 -42.09 10.24 11.35 11.95 11.29 

89.95 -60.02 -163.28 -39.76 9.07 10.84 11.44 10.74 
90.05 -45.0 -160.6 -37.66 9.02 12.02 12.62 11.88 
90.0 -30.04 -159.51 -36.98 9.89 14.03 14.63 13.89 

89.94 -14.95 -160.24 -37.75 10.81 15.41 16.01 15.28 
90.03 -0.07 -161.49 -38.9 10.64 15.19 15.79 15.08 
104.94 0.02 -147.29 -24.29 12.47 17.46 18.04 17.06 
104.97 15.03 -147.65 -24.85 10.57 15.02 15.60 14.64 
104.96 29.98 -146.58 -24.14 7.52 10.96 11.54 10.56 
104.94 44.97 -144.29 -22.24 4.60 6.79 7.36 6.36 
104.96 59.93 -142.04 -20.23 3.04 3.90 4.47 3.44 
104.92 74.98 -141.41 -19.5 3.36 3.10 3.66 2.62 
104.97 90.02 -142.24 -19.96 4.97 4.21 4.78 3.74 
104.96 105.02 -143.77 -21.12 6.68 6.18 6.76 5.73 
104.94 120.01 -145.01 -22.26 7.44 7.32 7.90 6.89 
104.9 135.05 -145.28 -22.68 6.94 6.97 7.55 6.55 
104.94 150.05 -144.18 -21.83 5.85 6.16 6.74 5.73 
104.94 164.98 -142.22 -20.03 5.25 6.20 6.77 5.73 
105.01 179.97 -140.82 -18.25 6.30 7.96 8.53 7.46 
104.95 -165.02 -141.39 -17.78 9.51 11.32 11.89 10.81 
105.01 -150.02 -143.96 -19.19 13.83 15.12 15.70 14.64 
104.95 -134.99 -147.7 -22.36 17.17 17.97 18.56 17.54 
104.95 -119.95 -151.19 -25.81 18.30 18.70 19.30 18.33 
105.0 -105.03 -153.2 -28.1 17.15 17.19 17.79 16.87 
105.0 -90.04 -152.97 -28.31 14.66 14.87 15.47 14.56 
104.94 -75.02 -150.65 -26.54 12.08 12.67 13.26 12.32 
104.93 -59.98 -147.35 -23.88 10.41 12.00 12.58 11.60 
104.97 -45.04 -145.03 -22.09 10.21 13.31 13.89 12.88 
104.98 -29.97 -144.77 -21.96 11.30 15.71 16.29 15.28 
104.98 -15.02 -145.94 -22.99 12.53 17.36 17.94 16.94 
104.97 0.04 -147.26 -24.27 12.47 17.43 18.01 17.03 
120.03 -0.05 -130.48 -8.15 13.55 19.60 20.12 18.99 
120.05 14.95 -130.45 -8.5 11.62 17.01 17.53 16.40 
120.07 29.94 -129.03 -7.63 8.39 12.81 13.33 12.20 
120.03 45.05 -126.57 -5.67 5.34 8.67 9.17 8.04 
120.06 60.04 -124.62 -3.83 3.86 5.87 6.35 5.24 
120.02 74.99 -124.59 -3.39 4.37 5.21 5.69 4.58 
120.02 90.01 -125.95 -4.14 6.19 6.57 7.06 5.94 
120.05 104.98 -127.43 -5.26 7.89 8.67 9.18 8.04 
120.01 120.05 -128.42 -6.26 8.55 9.63 10.14 9.01 



 

 421 

O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

120.01 135.0 -128.27 -6.44 7.95 9.11 9.61 8.48 
120.1 149.95 -126.77 -5.32 6.89 8.34 8.84 7.71 
120.02 165.0 -125.02 -3.5 6.67 8.77 9.26 8.14 
120.05 -179.97 -124.0 -1.64 8.63 11.19 11.67 10.55 
120.02 -164.97 -124.78 -1.14 12.57 14.79 15.28 14.15 
120.05 -149.99 -127.11 -2.61 16.87 18.74 19.25 18.10 
120.06 -135.0 -130.25 -5.5 19.86 21.41 21.93 20.78 
120.08 -120.02 -133.21 -8.66 20.50 21.52 22.06 20.90 
120.08 -105.02 -134.93 -10.83 18.77 19.22 19.77 18.62 
120.04 -90.03 -134.45 -10.93 15.68 16.00 16.54 15.40 
120.06 -74.98 -131.71 -8.85 12.52 13.37 13.90 12.76 
120.01 -60.0 -128.79 -6.46 10.69 12.92 13.43 12.30 
120.09 -44.99 -127.58 -5.42 10.71 14.70 15.20 14.07 
120.04 -30.01 -128.3 -5.97 12.16 17.30 17.81 16.67 
120.04 -14.96 -129.51 -7.07 13.58 19.52 20.03 18.90 
120.07 -0.02 -130.43 -8.11 13.56 19.66 20.17 19.04 
135.08 -0.01 -111.89 8.88 12.91 20.00 20.39 19.44 
135.08 14.95 -111.51 8.72 10.89 17.21 17.60 16.65 
135.09 30.01 -110.0 9.65 7.63 13.19 13.57 12.65 
135.06 44.99 -108.06 11.31 4.68 8.94 9.30 8.42 
135.08 59.95 -106.73 12.79 3.41 6.07 6.43 5.58 
135.0 74.99 -107.0 13.05 4.13 5.51 5.86 5.01 
135.07 90.04 -108.26 12.38 5.97 7.19 7.56 6.69 
135.06 105.01 -109.55 11.35 7.59 9.21 9.58 8.69 
135.03 120.04 -110.11 10.56 8.12 10.01 10.39 9.48 
135.08 135.01 -109.55 10.65 7.49 9.47 9.84 8.93 
135.07 149.98 -108.15 11.81 6.63 9.06 9.42 8.54 
135.04 165.03 -106.61 13.77 7.02 9.84 10.19 9.36 
135.08 180.0 -105.56 15.84 9.56 12.42 12.76 11.97 
135.04 -165.0 -106.01 16.34 13.49 16.23 16.58 15.79 
135.1 -149.96 -107.85 15.01 17.40 20.05 20.41 19.59 
135.08 -135.01 -110.54 12.37 19.86 22.17 22.56 21.66 
135.07 -120.0 -113.11 9.53 20.05 21.62 22.02 21.06 
135.07 -104.98 -114.56 7.64 17.89 18.61 19.02 18.03 
135.05 -90.01 -114.14 7.62 14.46 14.79 15.20 14.22 
135.05 -74.95 -112.29 9.24 11.13 12.02 12.41 11.46 
135.06 -60.02 -110.79 10.7 9.54 11.84 12.22 11.30 
135.1 -45.0 -110.31 11.08 10.02 14.00 14.38 13.47 
135.04 -30.02 -110.68 10.53 11.69 17.31 17.69 16.77 
135.1 -15.01 -111.38 9.7 13.00 19.81 20.20 19.26 
135.07 0.01 -111.89 8.87 12.92 20.07 20.46 19.51 
149.96 -0.03 -93.32 25.75 10.59 17.65 17.88 17.40 
149.97 15.03 -93.48 25.34 8.58 14.83 15.06 14.58 
149.95 30.0 -92.92 25.74 5.53 10.69 10.92 10.44 
149.97 45.08 -91.67 27.03 2.90 6.57 6.78 6.35 
149.94 59.98 -90.63 28.3 1.91 3.97 4.18 3.78 
149.95 75.0 -90.37 28.86 2.66 3.50 3.70 3.32 
149.98 90.04 -90.97 28.51 4.34 5.20 5.41 5.02 
149.98 104.95 -91.74 27.74 5.79 7.23 7.44 7.03 
150.01 119.96 -92.15 27.1 6.22 8.01 8.23 7.79 
149.95 134.97 -92.09 26.97 5.71 7.65 7.86 7.43 
149.93 149.97 -91.21 27.98 5.23 7.53 7.73 7.33 
149.98 165.01 -89.57 30.21 6.08 8.41 8.60 8.26 



 

 422 

O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

149.97 -180.0 -87.9 32.5 8.61 10.86 11.03 10.75 
149.98 -164.98 -87.34 33.39 12.03 14.46 14.63 14.37 
149.98 -149.98 -88.57 32.31 15.32 17.70 17.87 17.59 
149.95 -134.98 -91.08 29.92 17.35 19.22 19.42 19.06 
149.98 -119.99 -93.89 27.24 17.20 18.01 18.24 17.80 
149.94 -104.98 -96.12 25.15 14.91 14.63 14.89 14.38 
149.97 -89.97 -96.69 24.75 11.54 10.95 11.21 10.69 
149.96 -75.03 -96.29 25.46 8.76 8.85 9.10 8.60 
149.94 -60.04 -95.53 26.19 7.67 8.90 9.15 8.67 
149.98 -45.0 -94.18 26.74 8.27 11.06 11.29 10.84 
149.97 -30.0 -92.98 26.93 9.70 14.80 15.02 14.58 
149.98 -15.03 -92.8 26.51 10.84 17.68 17.90 17.45 
149.91 0.04 -93.38 25.67 10.60 17.65 17.88 17.40 
164.98 0.01 -77.5 41.18 7.89 13.54 13.61 13.57 
164.97 15.0 -78.56 40.28 6.19 11.36 11.43 11.37 
164.99 29.98 -78.54 40.39 3.71 7.77 7.85 7.79 
164.98 44.99 -77.63 41.42 1.46 4.04 4.10 4.07 
164.97 59.99 -76.36 42.78 0.50 1.52 1.57 1.56 
165.01 74.98 -75.6 43.57 1.00 1.07 1.11 1.11 
164.97 90.06 -75.72 43.46 2.38 2.40 2.44 2.44 
164.99 104.98 -76.31 42.87 3.59 4.28 4.33 4.32 
164.94 120.0 -77.07 42.09 4.09 5.25 5.31 5.29 
164.96 134.99 -77.31 41.91 3.92 5.52 5.58 5.55 
164.96 150.02 -76.47 43.06 3.92 5.45 5.51 5.50 
164.97 164.99 -74.51 45.41 4.82 6.06 6.08 6.12 
164.96 179.98 -72.28 47.78 6.77 7.77 7.78 7.85 
164.94 -165.01 -71.27 48.8 9.41 10.39 10.38 10.47 
165.0 -149.99 -72.41 48.01 12.08 12.79 12.79 12.87 
164.95 -135.0 -75.19 45.78 13.78 13.84 13.87 13.91 
164.97 -120.0 -77.9 43.38 13.57 13.06 13.12 13.11 
165.0 -105.02 -79.87 41.72 11.49 10.99 11.07 11.03 
164.99 -90.01 -81.2 40.83 8.66 7.84 7.94 7.88 
164.98 -75.01 -81.26 41.01 6.48 4.68 4.78 4.72 
164.97 -59.94 -80.64 41.42 5.88 3.92 4.00 3.96 
164.96 -45.05 -80.31 41.58 7.12 6.47 6.56 6.51 
165.02 -29.96 -80.31 41.6 9.38 10.17 10.26 10.22 
164.97 -14.98 -76.38 42.13 8.04 13.44 13.49 13.47 
164.97 0.05 -77.54 41.15 7.89 13.61 13.67 13.63 
180.0 0.03 -64.65 54.89 6.48 11.43 11.35 11.48 
180.0 14.95 -65.89 53.85 5.39 9.88 9.82 9.94 

-179.98 29.96 -66.0 53.8 3.27 6.79 6.73 6.85 
180.0 45.01 -64.98 54.77 1.16 3.34 3.27 3.39 
180.0 59.99 -63.44 56.21 0.00 0.85 0.75 0.88 

-179.97 75.0 -62.57 57.11 0.18 0.10 0.00 0.13 
179.99 90.07 -62.57 57.18 1.25 1.29 1.19 1.31 
179.99 105.0 -63.15 56.73 2.48 3.16 3.07 3.19 
179.99 120.06 -63.98 55.99 3.26 4.53 4.44 4.57 
-179.99 134.97 -64.25 55.87 3.52 5.03 4.94 5.07 
179.99 149.97 -63.38 56.99 3.70 4.80 4.70 4.83 
180.0 164.99 -61.37 59.17 4.38 4.82 4.70 4.82 
179.99 -179.98 -59.41 61.24 5.65 5.56 5.42 5.52 
-179.98 -164.98 -58.94 62.18 7.56 7.16 7.01 7.11 
-179.96 -149.99 -59.94 61.7 9.64 9.07 8.93 9.03 
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O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

-179.94 -134.98 -61.51 60.38 10.89 10.80 10.67 10.79 
-179.99 -119.98 -65.29 57.61 10.82 10.68 10.60 10.73 
180.0 -105.01 -68.6 54.87 9.32 8.38 8.34 8.46 

-179.96 -90.03 -70.15 53.4 7.26 4.73 4.70 4.82 
179.98 -75.0 -69.99 53.22 5.68 2.60 2.57 2.69 
179.98 -59.93 -68.99 53.99 5.50 3.11 3.06 3.19 
-179.99 -45.03 -67.54 55.11 6.65 5.34 5.28 5.41 
180.0 -30.01 -63.14 56.03 5.14 8.33 8.24 8.36 
-180.0 -14.99 -63.35 55.89 6.24 10.64 10.55 10.68 
179.99 0.01 -64.64 54.89 6.48 11.34 11.26 11.39 
-164.97 -0.02 -52.67 67.91 7.16 12.11 11.89 11.89 
-165.01 15.01 -54.07 66.63 6.30 10.80 10.60 10.63 
-165.06 30.01 -54.13 66.4 4.25 8.02 7.82 7.85 
-165.03 44.96 -52.76 67.52 2.01 4.94 4.73 4.73 
-165.02 60.01 -50.97 69.18 0.55 2.39 2.17 2.13 
-164.99 74.97 -49.91 70.32 0.53 1.60 1.37 1.31 
-165.01 89.98 -49.88 70.55 1.50 2.49 2.25 2.18 
-165.02 105.0 -50.54 70.13 2.92 4.35 4.12 4.06 
-165.02 120.04 -51.56 69.34 4.09 5.82 5.60 5.56 
-164.95 134.92 -51.97 69.06 4.70 6.27 6.05 6.02 
-164.99 150.03 -51.15 69.95 4.87 5.91 5.68 5.63 
-165.05 165.01 -49.43 71.85 5.10 5.55 5.30 5.20 
-164.98 179.98 -47.99 73.86 5.75 5.64 5.38 5.23 
-165.04 -165.05 -47.77 74.85 7.12 6.74 6.46 6.29 
-164.98 -150.05 -47.73 74.99 8.33 7.94 7.66 7.48 
-165.02 -135.0 -51.21 72.89 9.73 9.80 9.55 9.44 
-165.01 -119.95 -55.38 69.57 10.28 9.04 8.84 8.81 
-165.02 -105.03 -58.48 66.53 9.55 6.84 6.68 6.72 
-165.05 -89.99 -59.53 64.95 8.06 4.89 4.73 4.80 
-165.04 -74.97 -58.8 65.28 6.82 4.23 4.07 4.13 
-165.05 -60.0 -56.77 66.89 6.43 4.60 4.42 4.45 
-165.01 -45.03 -51.69 68.26 3.89 6.42 6.20 6.19 
-165.05 -29.98 -50.82 69.07 4.93 8.58 8.35 8.32 
-165.03 -15.03 -51.18 69.01 6.43 11.03 10.80 10.77 
-165.03 0.08 -52.73 67.84 7.14 12.02 11.81 11.80 
-150.02 -0.01 -40.57 80.92 9.30 14.87 14.53 14.14 
-150.02 15.07 -41.83 79.56 8.50 13.90 13.58 13.23 
-150.01 30.01 -41.48 79.53 6.14 11.30 10.97 10.62 
-149.93 44.98 -39.53 81.13 3.49 7.88 7.54 7.13 
-149.99 60.01 -37.31 83.17 1.77 5.17 4.80 4.31 
-149.97 74.96 -36.17 84.44 1.65 4.11 3.73 3.19 
-149.98 90.01 -36.5 84.52 2.90 5.13 4.75 4.21 
-149.99 105.01 -37.66 83.82 4.77 7.12 6.75 6.24 
-149.98 119.99 -38.99 82.79 6.30 8.74 8.39 7.92 
-149.99 135.0 -39.54 82.27 6.96 9.30 8.95 8.50 
-150.01 149.95 -38.72 83.11 6.72 8.55 8.19 7.71 
-149.95 164.96 -36.98 85.2 6.37 7.64 7.26 6.70 
-149.98 -179.95 -35.61 87.34 6.57 7.31 6.92 6.27 
-149.97 -165.02 -35.75 88.33 7.76 8.66 8.26 7.58 
-149.93 -150.01 -37.84 87.59 9.93 11.25 10.86 10.22 
-149.95 -135.0 -40.79 85.47 12.08 13.06 12.70 12.15 
-150.01 -120.02 -43.27 82.48 12.70 13.06 12.73 12.30 
-149.99 -105.05 -44.6 79.73 11.37 11.64 11.33 11.00 
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O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

-149.97 -90.02 -44.41 78.3 8.78 9.88 9.58 9.29 
-149.97 -74.98 -42.69 78.7 6.28 8.39 8.08 7.76 
-150.02 -59.97 -40.16 80.41 4.84 7.85 7.51 7.13 
-149.95 -45.07 -38.06 82.21 4.86 8.75 8.39 7.94 
-149.99 -30.04 -37.51 82.99 6.33 11.07 10.70 10.22 
-149.97 -15.03 -38.57 82.51 8.30 13.65 13.29 12.83 
-149.99 0.01 -40.52 80.95 9.30 14.78 14.45 14.05 
-135.09 -0.01 -27.03 95.09 12.04 19.26 18.79 17.80 
-135.08 15.07 -27.85 94.01 10.82 18.31 17.86 16.91 
-135.07 30.03 -26.77 94.5 7.95 15.06 14.59 13.62 
-135.11 45.01 -24.21 96.51 4.90 11.11 10.62 9.56 
-135.07 60.04 -21.77 98.8 3.11 7.94 7.44 6.28 
-135.11 74.99 -21.32 99.67 3.25 6.95 6.44 5.25 
-135.08 89.99 -22.36 99.33 5.06 8.27 7.77 6.60 
-135.08 104.94 -23.89 98.37 7.36 10.60 10.11 8.97 
-135.11 120.08 -25.1 97.34 8.91 12.60 12.12 11.03 
-135.04 135.0 -25.13 97.22 9.07 12.64 12.15 11.07 
-135.12 150.03 -23.92 98.29 8.30 11.15 10.66 9.53 
-135.05 165.03 -21.71 100.75 7.47 9.67 9.16 7.93 
-135.08 -179.94 -20.35 103.04 7.44 9.27 8.74 7.42 
-135.06 -164.99 -20.78 103.92 8.98 11.00 10.48 9.13 
-135.07 -149.99 -22.49 102.88 11.62 13.65 13.14 11.83 
-135.14 -135.01 -25.08 100.07 13.74 16.01 15.52 14.33 
-135.07 -119.99 -27.74 96.59 14.17 16.93 16.46 15.41 
-135.11 -104.98 -29.64 93.61 12.66 15.78 15.33 14.41 
-135.1 -89.94 -29.48 92.62 10.02 13.65 13.20 12.32 

-135.08 -75.03 -27.19 93.86 7.50 11.52 11.06 10.12 
-135.07 -60.0 -24.25 96.14 6.06 10.35 9.87 8.82 
-135.07 -44.98 -22.84 97.63 6.48 11.62 11.13 10.02 
-135.06 -30.0 -23.44 97.74 8.58 14.58 14.10 12.98 
-135.13 -14.95 -25.26 96.61 11.01 17.64 17.16 16.10 
-135.09 -0.0 -27.07 95.07 12.03 19.27 18.81 17.81 
-119.99 0.01 -10.34 111.55 13.79 23.70 23.12 21.50 
-119.95 14.94 -10.26 111.11 12.06 21.94 21.36 19.74 
-119.96 29.97 -8.63 112.04 8.74 17.85 17.26 15.62 
-119.99 45.02 -6.16 114.11 5.49 13.15 12.56 10.85 
-120.0 59.99 -4.82 115.78 3.98 10.05 9.44 7.70 

-119.99 74.97 -5.07 116.24 4.71 9.19 8.59 6.83 
-119.99 89.99 -6.21 115.76 6.95 11.02 10.41 8.67 
-119.95 104.98 -7.22 115.0 9.25 13.78 13.18 11.46 
-119.97 119.99 -7.69 114.34 10.34 15.15 14.56 12.85 
-119.97 135.02 -6.96 114.63 9.86 14.14 13.54 11.83 
-119.96 149.97 -4.73 116.41 8.47 11.84 11.24 9.48 
-120.01 164.98 -2.57 118.9 7.31 10.12 9.50 7.69 
-120.0 -179.98 -2.01 120.57 7.63 10.54 9.92 8.08 

-119.98 -165.02 -2.64 120.74 9.77 13.21 12.58 10.74 
-119.97 -149.97 -4.42 119.13 12.70 17.07 16.45 14.64 
-119.98 -135.01 -7.05 116.26 14.83 20.36 19.75 18.00 
-120.04 -119.96 -9.75 113.01 15.17 21.08 20.49 18.82 
-119.96 -104.98 -11.12 110.8 13.47 19.20 18.62 17.02 
-119.99 -90.03 -10.51 110.4 10.62 15.68 15.10 13.51 
-119.99 -74.98 -7.98 112.01 7.97 12.60 12.01 10.37 
-120.05 -60.0 -6.22 113.73 6.84 12.04 11.45 9.76 
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O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

-120.02 -45.02 -6.54 114.2 8.01 14.30 13.71 12.00 
-120.06 -29.95 -7.9 113.65 10.69 18.29 17.70 16.01 
-119.94 -14.97 -9.17 112.76 13.15 22.21 21.62 19.96 
-119.94 -0.01 -10.26 111.63 13.79 23.68 23.10 21.47 
-105.07 0.04 9.11 129.39 13.64 25.30 24.64 22.72 
-105.08 15.03 9.59 129.33 11.40 22.67 22.01 20.09 
-105.03 30.04 10.9 130.39 7.92 18.05 17.39 15.47 
-105.04 45.02 11.94 131.84 5.05 13.53 12.87 10.94 
-105.01 60.03 12.74 133.2 4.10 10.56 9.90 7.97 
-105.0 75.0 12.91 133.77 5.20 10.03 9.37 7.44 

-105.01 89.93 12.49 133.46 7.41 11.85 11.19 9.26 
-105.02 105.04 11.99 132.75 9.32 14.02 13.35 11.43 
-104.99 119.99 12.23 132.41 9.72 14.29 13.63 11.71 
-105.0 135.0 13.63 133.11 8.62 12.55 11.89 9.97 

-105.03 150.01 15.16 134.69 6.88 10.27 9.61 7.70 
-104.99 165.02 15.83 136.39 5.98 9.45 8.78 6.87 
-104.95 179.99 16.41 137.81 6.94 10.92 10.25 8.35 
-104.97 -165.0 16.49 138.05 9.41 14.54 13.86 11.96 
-104.96 -150.03 15.45 136.76 12.30 18.74 18.07 16.16 
-105.02 -134.98 13.38 134.25 14.32 21.48 20.82 18.89 
-105.09 -120.0 11.21 131.49 14.44 21.31 20.65 18.73 
-105.01 -105.02 10.24 129.79 12.56 18.26 17.61 15.69 
-104.97 -90.03 10.88 129.72 9.64 14.23 13.58 11.66 
-105.02 -75.0 11.88 130.72 7.27 12.07 11.42 9.49 
-105.03 -60.01 11.74 131.43 6.94 12.93 12.27 10.35 
-105.02 -45.01 11.0 131.42 8.75 16.30 15.64 13.71 
-105.02 -30.02 10.31 130.98 11.49 20.77 20.11 18.18 
-105.06 -15.03 9.54 130.18 13.54 24.45 23.80 21.87 
-105.06 0.01 9.13 129.41 13.63 25.32 24.66 22.74 
-90.03 -0.02 28.75 147.05 11.59 23.53 22.87 21.10 
-90.01 15.02 28.7 146.99 9.27 20.99 20.33 18.57 
-90.0 30.02 28.69 147.57 6.26 16.83 16.17 14.41 
-90.03 45.03 29.33 148.79 4.01 12.55 11.89 10.14 
-90.02 59.97 30.68 150.33 3.32 9.76 9.10 7.39 
-89.98 75.02 31.63 151.16 4.28 8.92 8.26 6.56 
-90.03 90.05 31.61 150.84 6.06 9.98 9.33 7.62 
-89.98 105.0 31.53 150.25 7.33 11.04 10.39 8.68 
-90.01 119.98 31.73 149.79 7.24 10.84 10.18 8.47 
-89.96 134.99 32.01 150.05 5.85 9.43 8.77 7.06 
-90.05 150.01 32.06 151.04 4.39 7.91 7.26 5.56 
-90.02 165.02 33.15 152.98 4.11 7.82 7.16 5.50 
-89.99 -179.99 34.9 154.81 5.29 9.68 9.02 7.39 
-90.07 -165.01 35.73 155.24 7.66 12.98 12.33 10.71 
-90.02 -149.99 35.3 154.2 10.30 16.36 15.71 14.08 
-90.02 -134.98 33.75 152.01 12.01 18.12 17.47 15.79 
-90.06 -120.02 31.82 149.52 11.96 17.38 16.73 15.01 
-90.0 -105.01 30.43 147.71 10.14 14.64 13.98 12.23 
-90.02 -89.98 29.66 147.09 7.65 12.15 11.49 9.73 
-90.01 -74.94 29.62 147.77 6.12 11.42 10.76 9.01 
-90.02 -60.01 29.83 148.65 6.37 12.94 12.28 10.54 
-89.97 -45.02 29.84 148.89 8.13 16.44 15.78 14.04 
-90.05 -30.01 29.38 148.35 10.45 20.52 19.85 18.11 
-89.98 -15.0 29.03 147.71 11.97 23.50 22.84 21.09 
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O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

-90.03 -0.02 28.73 147.04 11.59 23.65 22.99 21.23 
-74.93 -0.05 44.91 162.52 9.18 21.13 20.51 19.03 
-75.02 14.99 44.03 162.15 7.32 18.80 18.18 16.70 
-75.02 29.98 44.04 162.79 4.90 15.02 14.40 12.93 
-74.95 44.99 45.37 164.34 2.88 11.19 10.57 9.12 
-75.01 60.02 47.11 165.93 2.03 8.13 7.52 6.09 
-74.96 74.97 48.28 166.78 2.59 6.78 6.18 4.76 
-75.0 90.02 48.34 166.42 3.88 7.11 6.51 5.10 
-74.98 104.95 47.83 165.46 4.74 7.95 7.35 5.92 
-75.0 120.0 46.98 164.47 4.53 7.89 7.28 5.84 
-75.04 134.97 46.36 164.45 3.48 6.92 6.31 4.87 
-74.98 150.0 47.01 165.94 2.54 5.77 5.16 3.74 
-75.0 165.01 49.01 168.2 2.43 5.72 5.12 3.72 
-74.96 -179.96 51.34 170.2 3.43 7.07 6.48 5.12 
-75.01 -165.01 52.53 170.73 5.35 9.63 9.05 7.69 
-75.01 -150.0 52.16 169.6 7.60 12.35 11.77 10.40 
-74.98 -135.04 50.52 167.31 9.19 14.00 13.41 12.02 
-75.0 -120.02 48.24 164.62 9.32 14.04 13.44 12.01 
-75.01 -104.97 46.18 162.61 8.02 12.75 12.14 10.68 
-75.0 -90.02 45.3 162.24 6.26 11.36 10.75 9.27 
-75.0 -75.01 45.84 163.35 5.12 10.95 10.34 8.88 
-75.0 -60.08 46.74 164.59 5.25 12.42 11.81 10.37 
-75.02 -44.98 46.95 164.85 6.62 15.36 14.75 13.32 
-75.02 -29.97 46.51 164.31 8.49 18.80 18.19 16.74 
-75.03 -14.98 45.76 163.34 9.63 21.06 20.45 18.98 
-75.03 0.02 44.83 162.43 9.17 21.13 20.51 19.04 
-60.07 -0.05 57.64 175.97 8.37 19.87 19.32 18.00 
-60.01 14.99 57.04 175.78 6.96 17.83 17.28 15.96 
-60.04 30.06 57.5 176.51 4.72 14.28 13.73 12.42 
-59.93 44.98 59.13 178.09 2.59 10.46 9.92 8.62 
-60.02 60.02 60.84 179.59 1.40 7.23 6.70 5.40 
-60.02 75.02 61.73 -179.75 1.55 5.65 5.12 3.83 
-60.0 90.05 61.54 179.82 2.52 5.94 5.42 4.12 
-60.03 105.01 60.46 178.58 3.40 6.68 6.15 4.85 
-59.96 119.98 59.29 177.59 3.47 6.90 6.36 5.06 
-59.97 135.0 58.91 177.77 2.85 6.04 5.49 4.19 
-59.92 149.97 60.16 179.42 2.15 4.95 4.42 3.12 
-59.98 164.98 62.38 -178.39 1.93 4.50 3.98 2.69 
-60.03 -179.99 64.67 -176.59 2.61 5.54 5.04 3.74 
-60.03 -164.98 65.84 -176.16 4.24 7.85 7.35 6.06 
-60.0 -149.98 65.48 -177.31 6.36 10.80 10.31 9.01 
-60.02 -135.01 63.79 -179.62 8.05 13.21 12.71 11.41 
-60.01 -119.98 61.4 177.79 8.51 13.95 13.43 12.13 
-60.05 -104.93 59.46 176.09 7.61 13.06 12.52 11.22 
-59.97 -90.01 59.11 176.19 6.03 11.69 11.15 9.84 
-59.95 -75.02 59.88 177.44 4.75 11.21 10.68 9.37 
-59.97 -60.03 60.79 178.6 4.56 12.25 11.72 10.42 
-59.98 -45.03 60.91 178.9 5.62 14.71 14.18 12.89 
-59.99 -29.96 60.2 178.24 7.30 17.74 17.20 15.90 
-60.02 -15.02 58.96 177.04 8.47 19.77 19.22 17.92 
-60.05 0.01 57.65 175.98 8.36 19.84 19.29 17.98 
-45.06 -0.03 69.45 -170.84 9.64 20.40 19.94 18.62 
-45.01 14.98 69.02 -171.17 8.38 18.32 17.85 16.53 
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O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

-45.02 29.99 69.7 -170.55 6.03 14.84 14.38 13.05 
-45.01 44.95 71.27 -169.08 3.64 10.87 10.42 9.08 
-45.01 59.96 72.9 -167.53 2.19 7.73 7.30 5.94 
-45.07 74.98 73.55 -166.9 2.14 6.29 5.86 4.50 
-45.01 90.04 73.18 -167.25 3.07 6.83 6.39 5.04 
-45.05 104.99 71.92 -168.45 4.14 7.59 7.15 5.81 
-45.06 120.01 70.61 -169.6 4.62 7.79 7.34 6.00 
-44.97 135.01 70.52 -169.5 4.24 6.95 6.50 5.16 
-45.03 150.01 71.8 -168.16 3.53 5.67 5.23 3.88 
-45.01 165.02 74.1 -166.09 3.17 5.21 4.78 3.41 
-45.04 179.97 76.32 -164.4 3.64 6.36 5.95 4.56 
-45.0 -164.99 77.71 -163.76 5.11 9.05 8.66 7.26 
-44.98 -149.96 77.53 -164.63 7.23 12.59 12.19 10.80 
-45.04 -135.02 75.84 -166.77 9.06 15.14 14.72 13.36 
-45.0 -120.01 73.59 -169.07 9.68 15.67 15.23 13.89 
-45.01 -105.03 71.8 -170.59 8.80 14.72 14.27 12.94 
-45.08 -90.01 71.23 -170.73 7.06 13.24 12.79 11.46 
-45.02 -74.99 72.02 -169.59 5.62 12.64 12.20 10.87 
-45.04 -59.96 72.8 -168.41 5.29 13.24 12.80 11.46 
-45.01 -45.03 72.85 -168.01 6.25 15.53 15.10 13.75 
-45.02 -30.02 72.01 -168.59 7.98 18.43 17.98 16.64 
-45.0 -15.03 70.71 -169.73 9.39 20.32 19.87 18.54 
-45.06 -0.03 69.46 -170.84 9.63 20.38 19.92 18.59 
-29.95 -0.02 81.93 -157.07 12.28 22.09 21.74 20.24 
-29.97 15.0 81.59 -157.6 10.94 20.07 19.72 18.23 
-29.96 29.93 82.32 -157.01 8.40 16.37 16.02 14.52 
-29.99 45.05 83.87 -155.49 5.73 12.34 12.01 10.48 
-29.99 60.01 85.4 -153.89 4.13 9.31 9.00 7.44 
-29.99 75.07 85.94 -153.17 4.06 8.20 7.88 6.32 
-29.96 90.0 85.46 -153.48 5.15 8.76 8.44 6.88 
-30.02 104.98 84.21 -154.67 6.55 9.73 9.40 7.86 
-29.98 119.99 83.01 -155.93 7.33 9.98 9.64 8.12 
-29.96 135.02 82.78 -156.26 7.05 9.19 8.85 7.34 
-29.96 149.99 84.01 -155.19 6.26 8.05 7.71 6.18 
-30.01 165.03 86.24 -153.29 5.62 7.45 7.14 5.57 
-30.03 -179.99 88.63 -151.41 5.86 8.88 8.59 6.98 
-29.96 -165.02 90.24 -150.38 7.28 11.77 11.50 9.87 
-29.98 -149.96 90.09 -150.98 9.49 15.25 14.98 13.36 
-29.99 -135.0 88.5 -152.85 11.43 17.58 17.29 15.70 
-29.93 -120.0 86.24 -155.08 11.98 18.24 17.92 16.38 
-29.91 -105.05 84.45 -156.65 11.01 17.26 16.93 15.42 
-29.94 -90.05 83.9 -156.91 9.17 15.63 15.30 13.79 
-30.05 -74.95 84.44 -155.97 7.60 14.70 14.37 12.85 
-29.99 -59.93 85.23 -154.7 7.27 15.31 14.99 13.45 
-30.01 -44.96 85.09 -154.31 8.31 17.58 17.26 15.71 
-29.93 -30.04 84.3 -154.75 10.23 20.33 20.00 18.46 
-30.02 -14.99 82.95 -155.99 11.88 22.15 21.81 20.29 
-29.94 0.02 81.94 -157.05 12.28 22.16 21.81 20.31 
-15.02 0.11 96.17 -142.41 14.93 24.41 24.21 22.45 
-14.96 15.03 96.02 -142.77 13.40 22.08 21.87 20.12 
-14.99 30.01 96.71 -142.14 10.58 18.29 18.09 16.33 
-14.96 44.99 98.32 -140.48 7.74 14.21 14.03 12.25 
-14.88 60.03 99.78 -138.82 6.10 11.13 10.97 9.16 



 

 428 

O4-C4-C5-O5 
(degrees) 

O5-C5-C6-O6 
(degrees) 

C3-C4-C5-C6 
(degrees) 

O4-C4-C5-C6 
(degrees) 

QM rel. E 
(kcal/mol)

MM1 rel. E 
(kcal/mol) 

MM2 rel. E 
(kcal/mol) 

MM3 rel. E 
(kcal/mol) 

-14.97 75.0 100.07 -138.31 6.20 10.14 9.98 8.17 
-14.96 90.0 99.57 -138.73 7.60 10.85 10.69 8.88 
-15.01 104.95 98.6 -139.81 9.23 12.03 11.85 10.06 
-15.04 120.01 97.58 -141.04 10.08 12.37 12.18 10.41 
-15.04 135.02 97.29 -141.51 9.77 11.72 11.52 9.75 
-14.95 149.99 98.43 -140.58 8.75 10.53 10.35 8.56 
-14.9 165.01 100.66 -138.63 7.92 10.22 10.06 8.25 
-14.96 -179.95 103.03 -136.6 8.02 11.56 11.43 9.59 
-14.97 -165.0 104.5 -135.49 9.43 14.25 14.13 12.27 
-15.01 -149.96 104.3 -136.01 11.71 17.53 17.40 15.55 
-14.94 -134.95 102.75 -137.77 13.60 20.11 19.97 18.14 
-14.95 -120.05 100.59 -139.98 14.08 20.98 20.81 19.01 
-15.01 -104.98 98.77 -141.68 13.02 19.89 19.71 17.93 
-15.0 -89.98 98.21 -141.9 11.17 17.94 17.76 15.98 
-14.95 -75.05 98.78 -140.87 9.65 16.72 16.54 14.75 
-14.96 -59.97 99.35 -139.75 9.38 17.45 17.28 15.48 
-14.94 -44.99 99.06 -139.51 10.64 19.76 19.59 17.79 
-14.94 -29.97 98.13 -140.17 12.76 22.56 22.38 20.60 
-14.98 -14.98 97.05 -141.3 14.57 24.30 24.10 22.34 
-15.02 0.09 96.15 -142.44 14.93 24.38 24.18 22.43 
-0.02 -0.04 112.45 -126.65 16.23 25.71 25.68 23.77 
-0.05 14.95 112.21 -126.93 14.54 23.41 23.38 21.47 
-0.07 29.98 112.92 -126.17 11.50 19.47 19.44 17.54 
0.04 44.95 114.53 -124.44 8.58 15.08 15.08 13.18 
0.0 60.0 115.75 -123.06 7.03 11.97 11.97 10.08 
0.0 74.99 116.17 -122.59 7.34 10.90 10.91 9.01 

0.06 89.96 115.89 -122.99 8.97 11.67 11.68 9.78 
-0.02 104.99 115.09 -124.0 10.70 13.05 13.05 11.15 
0.02 119.93 114.41 -124.88 11.46 13.63 13.62 11.72 
-0.08 134.96 114.13 -125.27 10.99 12.94 12.93 11.02 
0.0 149.98 115.19 -124.35 9.79 11.82 11.82 9.91 

0.01 164.98 117.2 -122.5 8.75 11.28 11.30 9.40 
-0.01 179.98 119.34 -120.56 8.83 12.46 12.50 10.61 
-0.02 -165.02 120.65 -119.55 10.26 15.14 15.20 13.31 
-0.07 -150.01 120.37 -120.15 12.52 18.68 18.74 16.84 
-0.05 -135.01 118.8 -121.92 14.34 21.48 21.52 19.61 
-0.08 -119.98 116.62 -124.09 14.81 22.44 22.45 20.53 
0.02 -105.03 114.98 -125.51 13.85 21.11 21.10 19.18 
-0.03 -90.01 114.33 -125.81 12.04 18.90 18.89 16.98 
-0.03 -74.98 114.73 -124.93 10.62 17.81 17.81 15.90 
0.01 -60.06 115.12 -124.03 10.51 18.66 18.66 16.76 
-0.06 -44.99 114.63 -124.17 11.93 21.02 21.02 19.12 
-0.04 -30.0 113.87 -124.85 14.16 23.75 23.74 21.84 
-0.02 -15.03 113.1 -125.8 15.98 25.70 25.68 23.77 
-0.02 0.05 112.43 -126.67 16.22 25.75 25.72 23.82 
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