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Abstract
a - o
Chapter I  Model. compounds for NADH coenzyme. |
» -. L « : . : R R
-Two model compounds, N-(8-D-ribofuranosyl) imidazole and N-
(tri—D—acet&l-B-ribofunanosyl) imidazoie,'wereyStudiedf' The

3

J>COnformations‘of these ribOSe moieties are.almost-identical E

| and 3T2,,in the two different\crystalline environments AIthough
it was not p0551ble to crystallize the analogous compounds which
hed‘a posdtive charge on their aglycons, seversl published(reports
show thsththe_torsiondangle C(Ai);O(l')-C(;')-N is quelit;trye}y

.smaller in‘the unproténated cytidine than innthe protonated deri- :» :
‘vatives. 'fhe.anomeric~erfect and the'renerse anomeric etfect can |
be‘applied to the ribgse system "It is highly probable that the
.stable conformation is 3T2 or 3E in the ribose system bonded to.an
" uncharged aglycon and 2T3 in the ribose system bonded to a positivelyv

3

charged aglycon. §
: ChapterAII The'anomeric'effect in the system C-0-C-N.
R i :

.The,synthetic-molecule, 1-methyl ~5- fluorg—é—methoxy—s 6~ dihy—

:.drouracil was studied. The primary question was the configuration
at carbon 5 and 6 of this molecule. ‘The molecular structure shows
' that the addition of - CH30F on the double bonded carbon atoms 5 and‘
6 has ‘been cis reaction In ‘additiod the molecule has an interest-Ai'
-h.:ing chemical bond system C(7) O(6)—C(6)-d(l) CarbOn atom C(6).is

bonded to an oxygen and a nitrogen atom. The nitrogen.atom is tri—{< -

. gonalV In this system the observed torsion angle C O -C-N - was 70 6



. . Wy
v . . ‘1

and carbon atom C(7) was gauche with respect to the nitrogen atom
N(l) This molecular confprmation supports the fact that the

anomeric effect can also be applied to such systems as Well as to ')

*u

the system c-0-C- 0 found in pyranose and. furanose rings

A .. ) . " “.

: Chapter IIZ  The intramolecular hydrogen bond in thé;maleate v

-
%

monoanion

1

-The crystal structure of imidazolium maleate was investigated

The space gr0up of the crystals is P2 /c Neither mirror nor two-

fold symmetry is\across the molecules. Therefore the parameters

R} .
of :all the atoms were independently”determined The positional \;

parameters of the hydrog%n atom in the intramolecular hydrogen )
bond ‘were in doubt because of the weak X-ray scattering ability
“‘of hydrogen and the large anisotrOpic thermal vibration along the :
hydrogen bond A However the molecular symmetry on both sides of
hthe carboxyl groups were found in this crystal structure. It can"
be concluded that the short intramolecular hydrogen bond is sym- -
' metric in this symmetric environment._ y-vh |
The accurate structure determination of the‘maleate monoanion»”'
" in an asymmetric environment had been attempted in the crystal of
pyridinium paleate. But the intramolecular hydrogen bond in the
jmaleate monoanion had been destroyed by an unexpecte& chemical
_reaction.‘ The actual molecule in the cfystals was N-Succino—y
- pyridine. .lh;‘molecular geometry 18 very close to. tha; of aspartic‘

P

‘ acid rather than that of succinic acid derivatives. 'Ihe-molecularv.f



packing shows that the‘carbonlgfhnd half!degatiVelyéhharged“oxygep;

»atdms of neighbouring chboxyl-gqups\approaéh closely to the two

© ortho and para positions'witﬁ‘rej?ect to the positively charged

diitrogen atom in the pyridine ring.

!

~
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DEFINITIONS \

The .following terms are used throughout. the X-ray studies in this

thesis.
a, b, ¢ * lengths. of unit-cell edges
a, B, Y 5 /ff a: angle.betweenlb/ﬁnd%c ,
B: angle. between a and ¢
y: -angle betwesen a and b
x %k & b o ‘ . S -
a, b, ¢ . _ “lengths of .the reciprocal lattice unit-cell
edges’ '
6 o : Bragg angle of a reflexion
.Do. . ‘ observed density of the crystals
Dc'v - -lcelculated density of the crystals
by k, & _:. _ indices Of.the reflexion from sAset of
’ ° parallel planes : ‘ ;
Foor F o : B obserﬁed>structure factor amplitude which
o : - 1s calculated by the following equation
N |F|2_(/2n)xAxI_ »
" where k is scale factor, L is Lorentz
,factor, pis polarization factor,.A is .
absorption factor and I observed intensity
of the reflexion The polarization factor if'
N is expressed by
p = (1 + c03229 X -cos 26)/2
,twhere e is Bragg angle of monochrometer
'Fc L o P calculated structute factor . _
: » £ X T x exp 2mi (hx, + k + 3
‘C :z);j xP"(j yj z)

-where fjs are form factors specified b

“.]atomic species at the-observed value of



y Z,

N

is a set of fKactional atomlc coordinates,

- N - (sin 8)/>\ (A: wave length) and %Y

T 1is a:thermaJ factor

T = exp(—8n2U. o sinze/kz)‘in an isotropic

, refinement mode where U, _ is a mean
"‘square amplitude of V1brat10n in R _
2 %2 2 2 *2, .
= - 4
T exp{ 2n (U h a “+ U22k b + U33£ |
' o 1 4
. o r2hka b 2Ul3h2a c 2U23k2b c )} in an

" anisotropic reflnement‘mode, where Umns are
‘mean. square amplitudes of v1bration in R
'fjs are referred to those_qf_CrOmer & Mann i
(1968), except those for. hydrogen-atom are
referred to those‘of‘Stewart, Davidson:&._g
-Siubson (1965)' The scattering curves were
corrected for the real part of anomalous : ‘
'dispersion (Cromer & L1berman, 1969)

The scattering factors for half negatively
charged oxygen atoms are averaged values of
those for neutral and negatively charged |

, k oxygen atom. o
R H:znu-kml/zm
R AR A T
. .\ Where w is weighting value

the goodness of fit - (z W(IF | - kIF ]) /(m - n)}%

‘where m is the number of observations and

' n is the number of variables. o

I ,,ul or |5

C % ‘l._ I thI R R e
S e , R
| 1( j) g
o -v_ -_i‘ '_~. _fwhere e is a correction factor allowing for AR

R -;‘d"- B e‘fiispace group extinctiogs and converts quase—‘fn_;g
,into normalized structure factor and DK is
Lo - Lthe F relative scale factor correction to DR



insure that the average value of IE ,2— 1. O

(Karle &, Karle, 1966)

3/2 -1 '
% %3 BBk
. . N n i
where o =_Z;Zj4. (n=32)
tlle | - ¥zl g,
- . K»= - ‘ - -
z|E | o Z|<Ekth_k>kl
. -3/2
.% + *stanh 030 / lE IZ(E E - k)
e R

-~ The estlmated standard deviation will be :

shown in parentheses after the observed -

' value R o ce o
o NN
/ i .
. ¢
- . " ‘:f
o * Yy
t ‘ +
N
L ' v



_Chapteril" 4
S o
|

Model Compounds for the Anomeric

Effect in the Ribose System

o

Part 1

' The Molecular and Crysgal Structure of

Ni(g_D—ribofuranosyl) Imidazole

b
Y

1-1' Introduction-."
. : : C \ ‘ N .
' X-ray crystallography~can be applied to conformational studies of

-

'molecules if a conformation is carefully examined in many crystalline
modifications of a molecule or in many crystal structures of closely
;re]ated molecules. If common conformational tendencies are found for '

_athese molecules in different environments, it may be concluded that

»

the commOn conformational tendency is determined by certain internal
%

' tforces of" the molecule(s) In this chapter the confOrmations of two -

ribose moieties are studied by the X—ray crystallographic method.vm_f
PSRRI

Before considering conformational parameters that describe five -
';‘and six—membered rings, several definitions introduced below as they

Cwill be used throughout this thesis.. |

L
Ll



S _tively. Some of them are. .‘5‘

- C-D rotates clockwise relative to the near bond'ArB. . » v

Torsion angle: an angle about the bond B-C in a system comprising
a sequence of atomS'A-B—C—D This;angle is defined as. the angle

through which’ the far bond C-D is rotated relative to the near bond

-~

A -B from the eclipsed pos1tion of the bond A-B and C—D The angle

.1s‘considered p031tive for‘a right,handed rotation,’ the farkbond,\

t

. v p
. Torsion angle -'x' around the glyc051dic bonds in nuc1e031des and
nuc1eotide: the angle is defined by the torsion angle’ of the system

of C(8)~N(9) C(l )- 0(1’) in purines, C(6)-N(l) C(l )= 0(1 )-'in pyri—

1

"midines. The term anti\ reans ‘the torsion angle = 270 to 90',V13.

N

Q0 and the term 'syn' means the torsion angle = 90 to 270°.'_

270"

/
/

.-Conformational nomenclatnres of monosaccharides and their derivativest R

These in this thesis are, same as those which have been approved

by the British Carbohydrate Nomenclature Committee and by the U S.¢ ,ﬁh
'_Carbohydrate Nomenclature Committee, The letters describe the appro-”
'~‘:ximate shape of the molecules., The superscript@hnd the subscript meanr_;ﬁl:ff 5

~1f'that the numbered atoms are above and below a reference plane, respec--i';"l



Fig. 1°1-1. Chair conformations

Fig. I 1-2 Béat cohfprmations

e
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Fig, I 1-4° Twist conformations

y .

Conformational analyses in.solutlon’have been aohievedxby car- g
.bohpdrate chemists Generally‘a large aubstituent on a cyclohexane
-favours ﬁhe equatorial orientation ’ This generality, however,’dfea

w-not appear to be, applied ro adjacent polar substituents on hetero,
‘oxygen- six—membered rings The polar Substituents are alkoxy, acyloxy.
~and halogens. The. configuratiOnal stability was found in the a-glyco-'/J o

3pyranosides, because B- glyco—pyranosides are hydrolysed more rapidly

' -than the a-anomer (Pignan and’ Goepp, 1948) o . _1* S




"
The a-anomer which is- substltuted in the axlalﬁh051tlon is more stable i
by ao\ut 2Kca1/mole than the B~ anomer which is substltuted in the
equatoriul position. . This phenomenon is named the anomerlc effect
(Lemieux and Chu,. 1958 and a rev1ew, Zefirov and Sekhtman, 1971)
It is the most 1m&vgssive 1nformat10n from the results of NMR experi-
ments that ‘both trl—O—acetyl B- D—xylopyranosyl chlorlde ‘and fluoride

”exist in the all axial conformer of C4 (HolLand Horton and Jewell

1967 and Hall and Manville 1967)
i

CLF

ACO IR R
The crystal structure of a-xylose showed that the conformation
of thg molecule was 4,1 and the q*mopomer'was in the axial,positioﬁl,

(Hordv1k 1971)




The X-ray structure analyses of pyranoses and pyranosides confirmed
that a-anomers oriented the substituents in the axial position and//

revealeéd a difference in the ring C-0 bond lengths (Berman, Chu .and

Jeffrey , 1967).

or -
R

oy
Lo

The bond 1ength of C(1)- 0(5) is shorter than that‘bf C(S) 0(5)
Lo o
- The bond lehgth of C(l)—O(l) is shorter than the, average bond length

»
of C—O in the structures. Altona et al showed that the trans 2 5~

L dichloro and trans- 2 3- dibremodioxanes exist in the chair conformation

;With both halogens in the axial orientation (Altona Romer & Havinga,

~1959) o c T Br

-

C -Cl = 1 845(6)A . “E' S __C-Br*='2 025(25)A" }\.
Canom~o, l 388(7)A»~_;b-- - .“-Aganom 1 375(30)A ST
; co ¢'

- C-0.=1. 428(7)A ‘*lf' o 1 47(3)A



™ ' W . ) o
They fgpnd that the bondeanom~O were shortened in these structures,

and that the bond lengths between the halogen atoms and the andmeric

carbon were elongﬁted,“compared with accepted'parafinie bond lengths;

. N 0 . . .
.C~Cl = 1.767(2)A, C-Br = 1.937(3)2 (International.tables for X-ray .

- crystallography, V01 III).~ In the cis-2, 3—dichlorbdioxanathere”were'

one elongqted C-Cl bond length intheax1al orlentatlon and a normal

»C—Cl bond length in-the equator;alrposition. The difference of the :

C~0 bond lengths was reduced in the side of the Chiorine atom’infthe,
equatorial poeition. h

PR 1782(2)
/7 Tasan -
1466(9) oy

‘-»Edward (1955) ﬁroposed the first explanatiOn of the anomeric'
effect In his theory there exists a greater tepulsion'between the .
unshared electron pairs of the ring oxygen and an electronegatiVe.

substituent in. the equatorial orient

tion

n than in the axial orienta?_‘



\

AY

"Romers et al. sUggested that the non- bondlng electrons on the rnng
. —— I 4 . b . ' .
A 1
oxygen were delocallzeﬁ over the C-0 bond by quantum mechanical
a ‘ v
m1x1ng of the oxygen p- orbatal with the suitably oriented anti-
i e

'fbondlng o} bond orbital of the C- Halogen grouping (Romers,‘éi:::a,
_Buys and Hav1nga, 1969). ThlS sugge!!pon could well explaln

observatlon that the 1nteratomlc dlstances of the C anom —O bonds

-

 were shortened, and that the distance of the C, i ‘—Halogen bonds .

. 3
wereye]ongated 1n the axlal orientation 'and that the m1x1ng of the \

electronic orbltals directed the suitable orlentation of the sub— ,

/

- stituents. That is the anomeric effect

v

Thé recent molecular orbital theory has developed to such a
4 .

’ - stage that ix can be quantltatlvely applied to explaln in part the

&
1

stereochemf%try of s1mple molecules Wolfe et al examlned the poten- )
tlal function for the 1nternal rotatlon about the C-0 bond in fluoro;
methanol,. FCH OH (WOlfe, Rank, Tel & Cs1zmad1a,@l97l) They calcu—
lated the ab 1n1t10 SCF—MO on the standard geometry of the molecule | .

All bond angles were taken to be tetrahedral and the bond lgngths
were 0 H 0. 96A C- F, l 375A C-H,~ l 091A and c- O 1 428A.‘ The

total energy curve of fluoromethanol showed that there were two.minlma
and two barriers whlch were aesoelated with the maxima at the torsion

angles of H-0.C- F = O and 180o , The minimum was loéated_ap'thelangle_

ofabout fe0% . e ~

'-h{fl

o -

"Un;OVQrobIe*

Favarable &



D

. to the ring oxygen. | - _‘ - ﬂ - o T:l

This means that the gauche conformations are more stablé than the

eclipsed and trans conformations.

Moreover, Radom et al. applied the gg.initio-molece}ar orbital

A\

,theory.td methanediol, HOCHZOH, which was more closely related with

the‘saccharides (Radom, Hahre and Poble, 1971). The minimum poten-

tial was found at.the eonformetipn-H-O, c-0 gauche and 0-C, O0-H gauche.

The minimum energy was 4.72 Kcal/mole less than the energy of the

molecule with-gauche—trans conformation.

If this energy profile'is applied to'the»simeembered ring molecule,
for example 2- hydroxy tetrahydro pyrane, the energy minimum could be _
located at the ax1al p031tion for the alcoholic oxygen and the hydro—‘

gen atom of the hydroxyl group would be oriented gauche with respect

e i’. ."r “ () ;‘u
40




10.

/

Jeffrey et a.. further calculated the total energy of\@ethanediol.

They‘kept the “ond lengths and the angles fixed, and varied two
geometrical parameters which were the dihedral~anglesvarouhd the
C-0 bonds and calculated the relatiue'potential energy profile over

-

the two dimensional parameters (Jeffrey , Pople‘and Radom, 1972).

Only two‘energy.minima.which were equivalentvwith syﬁﬁetty,were»
foundfon the-energy_surface. Iheae conformatione‘were_c}ose to'o=60°,
8=60° and the;symmetry eQuivalentfposition. Thia result was:the aame'A‘g
as that of the gauche-gauche-oonformation.by Radom gt_gk._(kadon; gt
al, 1971). | |

'v.When o was fixed at 606, the energy clearly had a-éharp minimun
~at 62 +»60°. On the other hand when ¢ was fixed at 180 s there were

© two equivalent m1n1ma at 92 ¢ 350. The difference between the minima

( .
~at ¢= 60 and 180° was about 4 Kcal/moﬂ and the conformation of ¢- .
60 o CE 60 was more stable than any of the other conformations

Once the energy curve was '’ obtained the 1nterpretation of rota—~" :ﬂz >
’

tional potential functlons was facilitated by decomposition of the

]



11

tOtal functlon 1nto Fourler>components By this»waytone can easily
‘ v1sualize certain factors that'stabili}e the noiechlat contormation.
Supposing that the total: energy is~decomposed»into three ternS'of
cosine functions,.the eouation canfbe tepresented as:,

A}

R C
V(8) =% I Vn(l-co$ n®) - - S ¢ =180° «
o on=] - ; \ '
where V(e)i potential energytto be varied with the torsion<engle; B,
v 1:*‘ a component between the dipole moments which represent
" the lone pair electrons on the oxygen 0(2) and the ele-

s ctronegative Substituent 0(1)

Hom*' I

‘V2Jf‘ 'a component of the interaction between the pz—orbital
“‘on the oxygen 0(2) and the carbon electron orbital in o

| which the partial electron is witharawn by the electro- -

'negativity of the oxygen O(I)

HO(I)

o




V3 : bonding electron interactions between O(Z)—H bond-and .
LI

three bonds on the carbon atom.

1 219 wvere obtained by inserting

alculated total energies for the appropriate angles, f. At ¢'=l80o h

These potential cdnstants,

.V1—7 .65, V2 =-0, 97 V3——0 .88 Kcal/mole in methaned101 | A'positiVe
value of V1 means a stable conformation at the anti parallel dipole
orientatlon which»is illustrated under the V1 explanation The negae‘
vtlve Vzvterm showed that the orthogonal conformation was favored

(the 1llustrat10n was given in the V2 explanation) This result can
be rationalized in terms of stabilization due toielectron delocali—
zation, where the p-orbital on the carbon was partially emptied by
.the oxygen 0(1) and thls facilitated the delocalization of the p _‘f
»type lone pair electron ‘on the adjacent‘0xygen‘ 0(2), (David~,EiSen-
- stein, Hehre, Salem & Hoffmann, 1973 Van—Catledge, 1974) The nega--
tive V3 term showed the famillar tendency towards a staggered coufor-f
mation. = A similar profile was shown in the potential function of v

yfluoromethanol (Radom, Hahre and POple, 1972)

After these conformational analyses were carried out with standard

K

bond lengths and angles, the bond lengths C 0 were allowed to vary in

'four chosen conformations until the - energy was minimized.y In the cal~ .

. -fculations the authozs found that at the energy minimum the C-O bond

lengths were shortened in methanediol relative to the C—O bond length

,»1n methanol and that there was a strong conformational dependence of

12

the calculated C o bond lengths The tw0 C-O bond lengths were- equiva—hﬂi' E

: vo--

_ lent and 1 421A in the conformatlon of ¢ 60 6=605,'5Whereasvin-the -f '

’conformation~¢=180 ;,6160- these;two bonds_were_uneqdal.and;ofglength('ﬁ.v



l.AZBleor ci0(1) and l;3962'for Cc-0(2). The.strapture of the metha-‘
nediol molecule has not been solved yet, but‘electron diffraction |
" analysis of d1meth0xymethane confirmed the gauche gauche confirmation
_with the C- O c-0° torsion angle of 66 3 , (Astrup, 1971) Further—
more, 1n the methyl pyran051des, where the methyl group is not" restri-
'cteg in conformation about the c(l)—0(1) bond‘the torsion anglee of
O(S)QC(l),‘O(l)jMe were-veryucloee to 60° injoeanomers:and close'to;"_’

-70° in B-anomers.

,

f_ These conformational—angles could be explained by a 1arger V3

_value for a methyl group than that for a hydrogen atom.4 The larger L

-,’V3 term can be expected not to change the torsion angle with the mini-f‘A “

. mum energy, but to deepen the energy wel} in the a—anomers, because
‘-the a-anomers have already had the energy minimum at the torsion anglei}'*
A;near 60° at wthh the term; %V3(l—cos 3 6), also has a minimum.l Qhé}:ﬁ
: the other hand the larger V3 value in the B-anomers would affect the i;7
.,rtorsion angles which were. c105e to 35°, and would result in a more O
\ e

.-;~pronounced minimum in- the region of 6 60 for tﬂe B—anomers.



U

‘So far, the sybstituents on the anomeric carbon have been neutral

or_electronegative,- When a pyridinium group.was substituted on the
* . ' ’ . < . B . N

anomeric carbon of tetra—?*acetyl—u¥D—glue09e, a,conformational change

'of the molecule was detected by consideration of the c0up11ng constants'

of the PMR spectrum (Lemleux and Morgan, 1965) The crystal structure

of the related compound N-(tetra-o acetyl-a-D glucopyranosyl) -4~

‘methyl pyridinium bromide monohydrate showed that the compound existed

~ in an unusual. conformatlon of the boat, 25, (Fig I l -2(b)) with ‘the

o

acetyl grOups on C(2) and C(3) in a qua51axial orientation and the 4— :

'.“methyl pyrldinium moiety in quasi equatorial position (James, 1969)

,‘i

o Similar aglycon orientation has heen observed in the crystal struc-'j”v

lformation was 1c4 (Fig I 1- 1(a))gin the ftructure. All three acetyl

'~tiye1y charged was in the equatorial orientation..

o

t“re °f N"(tri‘o‘acetyl“““D‘XylopyranoSyl)'-pyridinium chloride, B

b ‘:'jgroups were in the axial orientation and the aglycon which was posi-j ;'f;g'

14

'l(James & C Delbaere, petsonal communication) The molecular con— ;df-:v"b



' TheSe phenomena were named the reverse anomeric effect (Lemieux o
and Morgan, 1965) because tbe positivély charged substituents on ;f

{the anomeric carhou favored the equatorial orientation.

We have examined theoretically and experimentally that in the

six—membered hetero oxygen ring system the electronegative and
X

n'lfyneutral substituents on the anomeric carbon favored the axial
J;.orientation, but the positively charged hubstituents on the anomeric'

: i?:carbon favored the equatorial orientationaf In order to obtain the
f?hequatorial orientation in a—anomers gross conformational changes of Qf

bomthe whole pyranose ring are required In the five-membered ring the

fnbond lengths and angles are more strained to. make the ring than those
- are in the six~membered ring. But the same kind of the tendency can.- -
nbe found about the C(l)—0(4) bond lengths in the structures of furaw fv%

'Sﬁinose.sugar% nuc1e051des dnd nucleotides.- L ;lﬂj.

X

15



Cé4)

oxygen atom in saccharides

\

These are significantly shorter than the C(4) 0(4) bond lengths

~

( Sundaralingam and Jensen, 1965, reviews in Sundaralingam, 1969 and d(

- Arnott- 1970) The nitrogen atoms on the anomeric carbon could

jsimilarly affect the f1ve—membered ring, as the alkoxy, acyloxy and

Vo

X = nitrogen atom in nucleosides or - s

.halogens pn the anomeric carbon of the six-membered rings do.; Alé}i‘fo-' .

‘-though the five-membered hetero oxygen rings for example ribose,

T4

‘ rare less flexible about the conformation than the six-membered rings;i

/

' the torsion angles of C(4)-0(4)~C(1)—X can be varied between abOut zyih:QA

e 110° and 175 " The- angle can be 110° in 3T2 conformation (Fig.i

1 4(b)), 1450 in 2T3 conformation (Fig I 1-4(a)) and 1700 in El

- conformation (These angles were measured on a model with suitable ‘

_bond 1engths, the\tetrahedral orientations On the carbon atoms and

;“jfh110 for the bond angle at the ring oxygen atom) compared with the" o
}torsion angles in 51x—membered rings, these are restricted in a much i‘f
"‘fISmaller range in furanose rings The crystal structures of the nuo-l“i

'”-fuleosides and nucleotides which consist of ribose moiety and bases

'igshowed that there are a. variety of conformations of the ribose moiety
'-4,

' hf(Sundaralingam,1969 Arnott 1970) The 2T3 and 3T2 conformations '_@”U'w' "

e e



. arefusualfy-obServed. Alth&ugh what factor(s)'determinesbthe confor- .

-mation is not khokn; therenare the oédgibilitieSfof'theiahomeric'and
.reVerse anomeriC'effects | | .
In order toyinvestigate these effects, the crystal structure of
N~ (B—D&ribofuranosyl) imidazole (herinafter referred to as IMR) was
o studied. ‘The anomeric effect may. affect the conformation of the ri— 3
._bose moiety 1in the neutral molecule and the reverse anomeric effect

‘may. affect that in the positively charged molecule which can be made

PN

’ by protonation -or methylation of the aglycon. The aromaticity of the
o '/

aglycon delocalizes the positive charge on the nitrogen atom which isif*f‘

-4

bonded to the anomeric carbon atom IMR was kindly 8upplied by Dr R. o

U. Lemieux of the Chemistry Department UniVersity of Alberta. The

"molecular form and atomic numbering of IMR are. ShOWn in Fig. I 1- i

H\)

L

cc4)
ia)
RIS ocs‘> H<5>~C(5) ”
cc5) N(l)’"_, \

H(2)

o ch')C'-ﬁ? b
‘ iy Y| I Nty

17



"*li'instability were monitored by measuring three reflexions, 007 039

18-

1-2 Experimental

i
L

1

‘The purified compound was klndly supplied by Dr R. U. Lemleux
:of.the Chemlstry Department, Univer31ty of Alberta. It was sub-
sequently recrystalllzed by slow vapour diffusion of diethyl ether
iinto an ethanolic solution Crystals of ‘an approximately equidimen;"
-sional habit resulted from thls<récrystallization vPreliminary os—.
' ‘cillation, Weissenberg and precession Qiffractiohotographs tdken
i.with Cu Ka radiation showed that the crystals were monoclinic with
.hthe only systematic absences being OkO 2n + l. An experimental
-den31ty was not obtained because of a paucity of crystals The unit-
cell dimen51ons were determined from the 20 values of twelve reflexions'
.1in the range 35 < 26 < 46 (A 0 70926 A) using the least-squares
vprocedure described by Busing & Levy (1967) These values and other
n.crystal data are included in. Tabie I l-l The 1ntensity data were |
'1collected at room temperature from a single crystal of dimensiOns_t
-
-',:O 28 X 0 27 X 0 21 mm using graphiteomonochromated MOKa radiatiOn and 4
’a Ricker FACS l diffractometer The reflexions were scanned in the
'6 26 mode with a\scan speed of 1° per minute and a basic peak width
fiof 1. 5 Background counts were taken for 10 Sec at either end of
‘ "~,the 26 scan for each reflexion. Crystal decomposition and instrum ntal»
Cf.023 after eVery 30 reflexions of fhe data run At the start and o

M'finish of the complete data collection the ihtensities of these monitor;{'a.ﬂ7"A

‘dreflexions agreed to within 24, indicating only minor experimental in-?vl“

: fnstability The total number of independent reflexions in the range :

- ;3 < 26 < 60 was 1414. slightly more than available in the Cu limiting ‘

St



Molecular formula
Molecular weight

- Systém 

- a

b .

De

Crystal sizg

u (Mo k‘a)." |

. Systemaﬁic aﬁéeh¢e§:
i.Sbacévgfoup'-'
.No;fréfiéxiéns éééqned
.JNg; réfLexi6né inéiﬁdeéf‘
,1n refinement._

26 range explored -

fTempefthfe'during,déta’cdlléction,

- it
3!

. Table'I 1-1 Crystal data fo
Table'T 1-1 Crystal data £

~

Tooa

: 1.28 cmf

451.4 &

1,473 g/cm3

[

CgH1aN20
200.2 Dalton

Monoclinic

5.190(1)

(o]

A

‘ o
7.775(1) A

REE

A

111.198(2)

’ (e}
92.49(2)
03

0.28X0.27X0., 21 mm
1.

- 0k0, k odd

1416

1280 (90.7% of total) - < .
3<20¢60°. - -

&_Nj(B;DFfibdfhtéhosyi)7iﬁidazgié -’: Aol

19



sphere. Uéing the>criterion %hét (Any/1 = (T+(O.b4152+t2B)%/(T-tB),
where I f% the nei.peak cbudf} T the . total pegkICOunt, B the‘total
background éoun; aﬁd't is ;hekfatio of-total backgrogndstime.to_
éeak scan time, 'should be lgsg than 0.333 ot the_net iﬁtensity gr854
ter ‘than a thfeshoiﬂ.of 69 counts, a tptéi of 1280 £ef1exiohs;were
considéred?observed;v ihis ;eprésents 90.7Z'bf the-fotal examined
data. | | |

The intensities were reduced to structure féctors-by the appli~

cation of the_appropriate'Lorentzvand‘polarization corredtion factors

for nérmal—beam<equatoriallgeometfy.' Nb-absorption;corréctions were

applied.tpkthese data.

20
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. 3 .

g .. ‘ ]
I-3 Structure Solution‘and Refinement

. . o 2 -
An overall isotropic temperature factor, B, of 2.43 A and scaﬂea

S

'factor 0.130 were computed from the 1nten51ty data using the program

of Huber & Brisse (1970) Trial atomic positional parameters for‘all

carbon-like atoms of IMR were determined_from.a sharpened three—demen-i.

1

- sional Patterson map computed with F02 1/1P as coefficlents but the:

rellability of some positions was 1n1tially in doubt. The_other non-

'hydrogen atom pbsitions'were obtained in two ways: (i) from a symmetry °

minimum function map (Simpson,; Dobrott & Lipscomb,'l965)land (ii) from
..a difference Fourier map based\onia partial molecular structure of
eight atoms. The initial R value for the first 14 atom structure was

0;34, "The y COordinatevof'atom N(1) was fixed at.0.0 in all-subser

quent least- -squares computations A difference Fourier map computed

N —— /
‘follow1ng two 1n1tial block dlagonal least squares cycles on the com-

~plete molecular structure, contained reasonable peaks for 10 of the

12 hydrogen atoms; the two which did not appear on this é;; were hyd—.

‘l'roxyl hydrogen atoms Six cycles of block—diagonal least—squares

with unit welghts for all reflexions refined the non—hydrogen atomic

parameters. A second difference Fourier map clearly showed the other ‘

two hydrogen atoms and resolved the N(3) position of the imidazole
,ring on the ba51s of bond 1engths C(2)—N(3) 1 34 A compared with the
o C(4)-C(5) distance of lﬁ37 A FOur further least squares cycles Ll

C,;using observational weights Gf' —.ZFO/[T+(O 041) +t B]% and refine-"

o ment of all atomic positlonal parameters anisotropic thermal para- f-” :

';meters for nonhydrogen atoFs and isotropic B values for the hydrogen S

-pvatoms reduced the residual to 0 034

-

21



o v ’ o ‘. .
A close examination of the data at this stage showed that five

reflexions were probably suffering from.secondary extinction or
counter coincidence loss. These reflexions, OZOP 011, 003, 110 and
102, were excluded from the data set and further least—squares

-~ - ~ :
cycles. Three final cycles of refinement of the 174 parameters were

" computed using the full—matrix_}east—squares program ORFLS'(Busing,

~ for all atoms are listed rﬂ“Table I1- 3 (a), (b) and (¢). The abso—

&

.

. Martin & Levy, 1962) These cycles were based on minimizing ‘the

quantity Zw(lFo[ ]Fcl)using an artificial weighting scheme Q = a/ -

[a +(Fo¥b) ]2, with a=2.3e and b=3.7e. The following refinement

~parameters resulted from these computations;'REO.OBO, Rw=0.040 and

the goodness offit=1.11. From the final cy"clek?{ﬁll-matrix least

-

“.squares, all.parameter sﬁ;§€§’E3}‘the non—hydrogen atoms were'less ’

than 1/3 of the corresponding e.s.d. and-those for the hydrogen atoms
were all less'than 1/2 of the corresponding e.s.d. In addition to

the program ORFLS the initial block~diagona1”fefinement,Was carried

o L . T |
out with the NRC set of programs (Ahmed _Hall, Pippy~&‘Huber 1966)

The structure amplitudes (’Fo| and |Fe| 10x absolute scale) are

given 1n Table I 1- 2 The final p051t10na1 and thermal parameters

“lute configuration of the IMR molecule has not- been determined in:

‘ the present stu y, but the atomic coordinates do conform to the con—

figuration accepted for B-D ribose N L

22
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Table I1-2

The obse;ved and calculated structure factor amplitudes

»
1
.
+
.
'

P

7.

ssvrwauan

'X'10 for N- (B—D-ribofuranosyl)—1m1dazole.‘ Reflexions marked with an

asterisk were excluded from the least—squares computations E
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1-4 Results and Discussion’

The molecular conformation of IMR is ShOWn in Fig I 1-6. The

‘molecular'geometry is. given in Fig._I 1-7 (a) and (b) which contain

o, the bond lengths with the estimated standard deViations in paren-

theses and the bond angles in degrees The average standard dev1a—
tion for bond angles between non—hydrogen atoms is 0 2 whereas that,
for angles 1nvolv1ng hydrogen atoms 18’2 0 All eys, d 's 1n atomic_
positionsfwere.determined from‘the‘diagonal elementa of'therinverse i
'matrix_in-thelleast—SQuares calcnlation;' | | i
(i)‘ 'lmidazole ringv | .
| The bond lengths and angles in the imidazole m01ety agree well'

leth the corresponding parameters. from the structure determination jhc\:.*
of imidazole at —lSO C (Martinez-Carrera,_l966) In this latter
structure the imidazole molecules were 1inked together into ribbonsvuf/-f

r by an intermolecular hydrogen bond >N(l)-H N(3)< - A similar sit--

,'uation is- observed 1n the present structure with the formation of

- an intermolecular hydrogen bond [ 0(5 )-H ..N(3)<] having the nitrogen o

atom accepting a proton from the 5' hydroxyl of a‘21 screw axis related
| ,'molecule , Within the ring all of the distances correspond to bonds of
'intermediate order and there is a significant difference

.hbetween bonds which one WOuld expect to. exhibit similar 1engths.‘ This

1~[3fact coupled with the elongated appearance of the bonding electron-'

'vdensity peaks on the final difference map indicates the considerable H:

3 f'aromatic nature of imidazole.'ﬂ ?7

/ 5 Least ,s,quares . planes :f_Ol': theatoms Of, t’he_" inﬂ.dazolering : are ";.7' S
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. Fig. L 1-6 Stereoscopic diagram of the molecule of IMR The ‘ﬁvi"7”3w“'
o Ty thermal ellipsoids include -30% probability and the -

o

hydrogen atoms were: ann with artificial tempera-*7'5 
ture factors of 1 0

. / : ‘

(JohnsonJ 1965)
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‘Fig. 1 1-7(a)  Schematic diagram showing interatomic bond: lengths (A). -
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| Disténcés'(z) of atoms'ffbm‘ieastquuafééxplaﬁés;
S i ‘ I S R : A
N(D O 0.00L(D* L 0.032(1)% G 0.011)% - 0.0%
Ce@ . 0.000()% 40:914(2)*f M 00072k 0.055(2)
iﬁ(3)v v-oﬂbo}(z)*f -;0;015(2)* ©e@n. ~,_ox§62(2):1 " o, 604(2)
o) 0.00203) . ~0. 0J4(3)*' cwh . oloorx 0. 0%
Q(s) {0.001(31 | f 0. 011(3)*  ’ 0K1f>7fQ‘—0!Q12k2)¥~A_, 0.0%
'1Ac(i‘)"7b.096(éi‘”a -0.028(3) Ceshy ~0.809(2) ‘_oij§}(2) f
c2ny 0767 - s o
 ’,0(1*); ;1;444(2}5‘_
'[.'H<2>»',;0;QI- x |
fin(a) 0.1 ‘.f; :if*  ; :_--. :f_ L'~ 1;“jir"?f w
H(S) :;0;02f ‘ - R N
.\* Thesé atomic p051tlons.were used to define the iéastféqﬁérés,éléﬁe{iwﬁ‘
Equatlons of the ieast;sqﬁéres.planes. f;i/;;f  - Rt

- Plane - .pﬁf f’° ;fq.‘  3‘?ffffqv  ”;-.3‘ 1” .:l;j 5;”>X2‘iFijthi“.

"
—o : A.‘

'b;azssy ; o 03602 40,8365 = L8k

llv
o

0. 0555z +VQ;93§3?:5 191947

o 8304y

I

‘ g

et o 6852x - 0. 5887y o.azggz;t 0.0622 =0 1243 .. -

' .

LI

l'ﬁA§'ﬂ:_ 0. 7036x

G |

;0.576zy, ,o,aieéi“e'o;ozlz ‘
o Ry,E refer to the a b 'gn d c* axes eépéctivei?;;p;ﬁ;f”gréi;hé’J”'
- “firect cosines, § is in A, o D e e T L

*5;1]'¢ab1¢11;1;4_tngspfsqqargs;p@;ﬁeglfggﬁxl(é;pfribqugggogyi)¢1§i¢h291¢;»ffg,;;




included in Table I 1—4.- This:structural teature is‘ekeeptiOnally'

' planar with all atoms less than one standard deviatlon from the plane

¢ The x2 value is 1. 84 with four degrees of freedom) Atom c(1') is,

| 'however, O 090 X from ‘the plane of the 1m1dazole ring (0 093 X from )

the plane through the atoms N(l) C(2) and C(S)) an& ‘on the same. side of'

ring as is atom 0(1 ) Atom N(l) is- therefore definitely nat tri—

~gonal but it has considerable tetrahedral character. The reSulting

‘partlal l;ne—palr electrons on N(l) apparently reside on the oppo-

'site side of the 1midazole plane as. are 0(1') and C(l ) plfh“\

:(ii) f» Ribose ring | .~;% K . |

The dimen51ons of the ribose r1ng are.slmilar to those found '
'.in other nucleosrdes and nucleotldes [for reviews,:see-Arnott (1970), ;i
?eSundarallngam (1969)] ' The carbon—oxygen hydroxyl bond lengths are»'

e <o, i 409(3) £ c<3') - 0(3 ), 1. 408(2) e and sy -
10(5 ) l 423(3) A Although the first two are considerably sholter

itfthan the last it appears that these former are normal lengths in x?'thg;"
{ribose—contalning nucleosides (Lai & Marsh 1972 Viswamitra, Swami-?-

,natha Reddy, James & Willlams, 1972 Thewalt Bugg & Marsh 1970,‘,.~

' Rao & Sundaralingam, 1970) The c<4 ) e ) length of 1. 506(3) A

ﬁ“which at first sight appears short for a C(SP3) = C(SP3) bond 19 n°t

*n‘tunusual but lies within the range found for other nucleosides (Sunda—1 -
B ralinga@ & Jensen, 1965 Saenger & Scheit, 1970, Thewalt Bugg & Marshlifffr”'f-

'“:;1970 Rao & Sundaralingam, 1970 Lai & Marsh 1972 Viswamitra et al., f,}ff?ﬁf?

: ;511972) As found in these other structures there 1s a largf discre—7f'3"

"'
e



has its source in the anomeric effect (Bermaﬁ Chu & Jeffrey, 1967)
The average bond length for the carbon—hydrogen bonds is 0. 97(3)

‘A and that for the oxygen—hydrogen bonds is O. 82(3) A ~Both of |

f'these values are approximately 0. 10~0 15 A shorter- than expected

| for the 1nternuc1ear separatlon but this has been ageommon observa—

tion in other X~ray~dlffract1on analyses;(hanson, Sleker.&‘Jensen;h_

1973)s | | S

| ’ The bond angles in the rlbose moiety are also close to those

1f0und 1n other nucleosides and nucleotides (Arnott, 1970) ‘There

: are some dlfferences in the exocycllc angles howeVer, the mosc

_notable those angles at C(2 ) Whereas the angles C(2 ) - C(3 ) - ﬂ _:;:1

03", 114 6(2f and cca ) c(3 ) 114 6(2) agree with the values

'i\observed for the correSponding angles in adenosine (Lai &‘Marsh

“-{1972), the angles: c<1 ) - ) = 0(2 ), 105 8(2) and c<3 ) - C(2 ).

h'.-0(2 ) 11 5(2‘0 differ by almost 4 from the corresponding angles,

: 109. 5(2) and 107 9(2) observed in adenoslne..,f/‘wﬁv L
- 3 ..

The conformatlon of q.F ribose rlng as determined here is
: . Cees e
| (Fig I 1- 3(b) and Fig L 1—8) A .ﬂf'-;};<_j§_«i L

cm - cm

C(l)
o

0055A O;GOI‘A

._.‘

Fig\ I 1 8 ffSchematic drawing showing the displacementf“of atoms C(Z:%a e
_.-.and: C(3!)-from the ‘Plane defined by.atoms C{1'),:0(1') an

'fC(4 )\with the equation given in Table I 1—5 for plane D

32



those 1n,the present structure ShOWS that this resemblance is 1ndeedl

R are given in the form of Newman projections in Fig. I 1—9

&

The dlsplacements of the carbon atoms C(2 Y*~and C(3 ) are ‘almost the

_same as the correspondlng dlsplacements in the structure of aden051ne

° (Lai‘& Marsh 1972) and adenos1ne -3'—phosphate dihydrate (Sundera- .

lingam, 1966)¢ In considerlng the detall of the ribose conformatlon v

as expressed by the tor51on angles arOund the ring (Flg 1 1—9),‘the

conformation whlch the present study most closely resembles is adeno— -

sine. —3'-phosphate

In llght of the fact that the aglycon ‘is imidazole and not a -

yrlmidlne or’ purlne base, the - definitlon of glyc081dic torsion angle, ,;.

[

VX, .and” arguments restricting 1ts possible values are not enforced

The 1m1dazole rlng resembles the fave—membered ring of the purines/"

N
Hg

i '
and comparison of the bond lengths and angles of this portion of the_

adenlna rlng (La1 & Marsh 1972 and references quoted therein) with‘“\ .":

Lo

L close. The glycosidic tor31on angle N C(2) —‘N(l) - C(l )*— 0(1 ),
s —97 8 4de thus falls 1n the syn range Saenger & Scheit (1970)
' ‘point out the multltud1nous definitions of the glycosidic torsion i

;_angle For an attempt to overcome the confu51on, the complete angles

<

..33

;» The torsion angles about the bond C(4')-— C(S ) are also shown 'fth“ -

’f in Fig I l 9 The conformation is gauche-trans referred to 0(1 )
:VOi.and C(} ) respectively‘with the angles 0(5 ) - C(S ) e C(4') - 0(1 ),

R and 0(5 ) - C(S') : c(4 ) -»c(3') +.180. 4 B This latter

L This is not the mo* commonly observed conformation of the C(d') -

b

[7 C(S ) bond but Wilson & Rahman (1971) have shoWn that for the 3'1'2

: value is very close to the 177 0 found by Lai & Marsh for adenosine. L e
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Fig‘ 1 1 9 Conformational angles for the ribose in the form
of Newman projection S L :
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ribose conformation, thevvariatiOn in non-bonded interaction energy

was“not{sufficlently large to‘exhibit a oreference of one‘conforma—

A tlon over another of the three‘allowed,'gauchefgauche;'gauche~trane-'
A Y

trans conformatlon is adopted apparently because of the advantageous

hydrogen bundlng attalnable for 0(5' ) | | |

R

The torsion angle N(l) - ¢’y - o1y - c(a ) is 126.3°." This
" angle is smaller than_the apgle expected 1n'zE,Qr 2T3 conformation. |
Thehelectronegative and uncharged'nitrogen atom ﬁ(l)ifayors'the-

' -émallervangle about the carbon;oxygen bond, C(l'dngO(l') by the
anomericleffect:(Lemieux &'chﬁ, 1958) This effect.seeme to domi— ?“
.;nate other forces whlch affect the ribose conformatlon and determine
the torslon angle ab0ut C(l ) - O(l ) bond

.(111) : Molecular packing : /.h

Fig. I 1-10. ShOWS a’ stereoscoplc view of the packlng of IMR in |

the crystal as viewed almost parallel to the a axis: of the crystal

or trans-gauche. 1In the present crystal structure the 0(5'") gauche—

35

'The molecular packlng is clearly dominated by the formation of hydro-f'l*fj~"'

.~gen bonds Each nucleoside is hydrogen bOnded to six neighbouring

: molecules, all nitrogen and oxygen atoms except N(l) @hd 0(1 ) are

"involved in thlS bonding scheme 1e distances between the oxygen SR

- satoms and the hydrogen bond acceptors*and thé angles O-H....X are

N

i;-listed 1n Table I 1 5 All three of thege are ndrmal hydrogen bonds,,1>%

1’f(cf Donohue, 1968)

KU '.‘,.”"' oA S : .
o D e .



O

0~-H...Xx 0...X° "H...X <O-H...X
0(2")-H(6)...0(3")  (-x,y-%,-z) 2.759  1.970 * "167.7

COGBN-EMLLPGY) (ex,yhmz) 2,672 1,818 167.3

0(5")-H(8Y...N(3) ~ (1-x,y#s,1-z) 2.740 ' 1.938  178.8. .

R ' ’ ) '
Table I 1-5 Hydrogen bond distances (A) and angles (0).

: w:,.', "A a
.Fig}.l,i%10~ Stereoscoplc drawing of the unit cell c0n ents ;";ﬂfv‘id;
PR - projected along’ the. a axis.v The intermol ylar ' :

BRI f.*tf‘hydrogen bonds are identified by broken 1ines
I (thnson, 1965) - .
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From Fig..I i-10 it may be seen that there is a hydrOphilic
surface parallel to the gh_plane, The‘imidazole rings arei
stached by the 2, screw axis through %, Ys % but there is no’
'base'stacking Egixgg-as occurs with other nuclebsidesg(Bugg,
%homasi Baold‘snndaralingam, f971) because the~imidazole rings._
are not‘coplanar.in this‘strncture.;.Ihe angle between adjacent
imidazolelplaneS'isi68.7°; Oxygen3aton§>Q(3{)‘and 6(5;)~act
both as hydrogen—bond acceptors and?donors.whereas”O(Zf) acts‘ ;
only in a;donor,role; donating its proton H(6) to oxygen-0(3i5 at y
i,‘y—%,%i; Oxygen 0(3") donates its proton H(7) to oxygen 0(5 )
‘at l-x y-k, -2z and oxygen 0(5 ) donates its proton to nitrogen
- dtom N(3) in the imidazole :ing of thelnolecnle'at 1~x, 1+y%vl42v
(iv) Final difference'electron density‘ - hv.VAl ' j S ey
A re31dual electron—density ‘map shown in: Fig T 1-11 nas
. computed from the finaICSF values.' The overall-standard deviationf;

12

in electron denslty computed form the formula given by Cruickshank

(o 08

(1967) is 1.0.04 e A 3. The largest peak 0. 21 eX 0n this map

oceurs: along the bond‘mid—way betWeen atoms C(l ) - C(2 ) e.

i other large peaks shown on: Fig I 1<1 occur bet?een o—bonded carbonj“
atoms in the r1bose m01ety and all’ have peak heights greater than o
'+ 0. 15 e‘A 3 | The peaks of the residual density around the imida- -
'ﬂzole ring were extended perpendidular go the plane of the ring
whereas the bonding densxty in the rlbose was - more spherical It
s of interest to .note that there was, little 1i.any bonding elect~“ L
héron density in the C~O bonds._ The fact that the bondlng electron

density was less along C—O bonds than along the C—C bonds was also



' Fig. I1-11" Composite drawing of the final difference electron
' density map showing those features greater than :
twice the estimated ‘standard deviation of the - elec—

tron dengity (0.037 e/X 3) 'The first contour i 3
0,075 e/A3 and the contour interval 15 0.025 e
The negative contOurs have been omitted from this

4 draw1ng." L .S\

13

'noted in a comparison of the X—ray and neutron structural studies
’of sucrose by Hanson, Sieker & Jensen (1973)
o There is an. interesting region occuring around oxygen atom-f'

_0(5 ) Whlch 1nd1cates that hydrogen bond formation may be causing

38

a dlstortion in’ the electron density. The density in the bond C(S )‘ih"’”-

- 0-3
’ —O(S ) is 1ess than 6 075 e A but there are two peaks of + 6 13
3 .

e A_ in the region where one might expect 1one-pair electron-cloud,:f'

© density for 0(5;) There is. also a peak of + 0 10 e A in the SRR



region neighboring atom N(3)'of.tne imldazdlé.ring along the 1iﬁé"
fjoining O(S')éﬂ. N(@3) . One of the peaks (peak A in Flg. I l 12)
near 0(5 ) is along. the 11ne 0(3 )—H(7) 0(5 ) | The geometry of
the atomic grouplng ‘is such that atoms c(s"), 0(5 ) N(3) and 0(3 )
lie approx1mate1y in a single plane (max1mum dlsplacement 0 23 A)

The distance of the second re31dual density peak (peak B in F1g I

1- 12) from this plane is 0 55 A and it 11es almost directly above o

O

the oxygen atom 0(5 ) " The situat%pn‘ls shown.diagramatically_in :

'Flg I1- 12

/

7iefig; I_Ielilm Diagrammatic sketch of the region around the atom B
T o . '0(5') “showing' the” hydrogen bond distances and co-

 .ordination angles "The numbers in parentheses after . .
‘the atom symbols refer. to the distances those: atoms‘

are from the plane w1th equation -0. 5553x +0,8310y
. =0, 0297z -.1.0107 = §ak ‘A is -0.20 A. from this
plane, peak B is + 0 56 from. tﬂ&s plane

PR

39.
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- The approxinate trigonal-coordination oflb(S')fnas thns'shlfted o o
the lone-pair eleCtrons.on this atom away'from”tne ekpeeted so3;; |
tetranedral ooSition;' |

| Clearly further‘exPerimental'workinili have to te'carrieo‘odt:
- before the 31gnificance of thHis apparent distortlon ‘¢an be asseseed.b_ l;

From the work on Sucrose it is obviously very 1mportant to use more

P
1

~ than one crystal more than one temperature, extinction and absorp— R
'tion correctlons‘and a comparlson .of X—ray and neutron diffraction B
: data if detalls of bondlng density are to be evaluated. The pre—

sent compound WQuld be ideal for such a study as large crystals Co

. lare easily grown by the vapour-dlffusion technique.



Part 2

-

_ The- Crystal andxMolecular Structure of

N (tri 0 acetyl B-D—ribofuranosyl) imidazole

/

éel_ lntroduction':

RN

The compound N—(B-D~ribofuranosy1) 1midazole was studied in o

" part l of this chapter ' This compOund was intended as a. model for
B illustrating the anomeric effect. n The crystal structure showed
d that the ribose conformation was 3E in which the anomeric effect

'”c0u1d play a. predominant role in the molecule, because the torsion

_angle/C(4 ) —-0(1 )vw C(l ) - N(l) was less than that expected if

the molecule had a conformation of 2E or 2T3 However a close f;fi"”

, examination of the crxstal structure could lead to the possibility

’b that the ribose conformatiOn might be determined or severely affected

41

E by the six hydrogen bonds which extended to neighbouring molecules in ;]L;H“4

' the cyrstal of IMR

To clear this possibility, tHe crystal structure of N—(tri—O—- ~i~"

acetyl-B-D-ribofuranosyl) imidazole (herinafter referred to AIMR) was
'-studied° Since the cOmpound was acatylated on all three hydroxyl

bfngrOups oi’IMR there was no possibility of hydrogen bonding in/the

‘crystal structure.. It was expected that there would be less distur-’-h»'

”,bance of the ribose conformation by the packing of the moleCules in

' ,tthese crystals.i The compound was kindly provided by Dr. RJJ l;emieux F’>‘ s

7:o£ the Chemistry Department University of Alberta.; The chemical

e ‘ 0

1

i.'g:formula and the atomic numbering are shown in Fig..I 2—1-,,* l’ﬁ?i&l,’l“
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Hen - 82
. o C‘(B)-—-H(83) _ | -
| E 0(5') H(2)-—-C(2) B | '

,Htsf’\c(s(, \Nm A

e \ - om / IR
;¢~~~,/ \\«u:¢q¢u«»~

\f‘” | “‘f/

H““ ca‘)——crz) H‘”

()«5) 5f;‘ ;. ;f’ i

0(7)

wrmwpuwsw,u,

H >C'(7)"‘"H(74) SR , Cié)""'H(éB)‘,iv R T
S H(73) H(62) PR

o FHg. T2-1 - The atomic numbering for N—(tr1~0—acety1-8—n-.g]ﬂ T
B L ribofuranosyl) imidazole | BN




_.Z—é:IExpefimental . w,.i

) The compound AIMR was recrystallized by slow evaporation of a'
f'diethyl ether Solutlon at room temperature (22 2 C) Preliminary
’boscillatlon and Werssenberg photographs showed that the crystals

-»4.
‘"belonged to the orthorhombic system with systemat1c absences, hOO

| .Tahﬁ2n+l‘ OkO k—2n+1 002 2—2n+l Thevspace groups of these crystals~"
fv"was P2 2121. The unlt cell dimensions were determined from the Bragg

; angles of twelve accurately centered reflexions on the Picker FACS-l |
.‘t;diffractometer in the range 36°<26<54°(A=0 70926 A) ‘ The density of
.;iithe crystals l 412g/cm s was determined by the flotation method

.Lusing a mixture of carbontetrachloride and ﬁ—hexane., Therefbre, four

o molecules are in a unit cell or one molecule in an asymmetric unit....

iThe crystal data are listed in Table I 2—1. A single crystal 0 58

.',r

‘ziux 0 49 X 0 52 mm, for the intensity data collection was-cleaved from

"ga larger rod shaped crystal The intensities were collected at room fi;if_ffff:
'1atemperature,_22 2°C on a Picker FACS 1 diffractometer with graphite
'”1emonochromatized MoKa radiation. The reflexions were scanned in the

S 6-26 mode with a scan speed of 2 /minute. The badkground c0unts were :jiggh'
: oo PIonl

'f24measured for 10 seconds at either ends of peak scanning.; Three stan— '

'»Tjdard reflexions, 0 8 0 3 7 0 and 0,35,f1, were'measuredtdv;ry

!

m:;;sities for each reflexion were_measured’from the planes';hkl and Ekl L

.,';;and the average of Ihkl and Iﬁkl wa::uéed Fo dé?ivehfhe'vaihe_forijz" R




i w; no. reflexions in refinementf _ 1f' 2302 (90 6%)

/ gAftTemperature durlng data collection 11 : 2 2 C

'ﬁ"”ﬁTéblg}i'ZQi Crystal data for N-(tri-O-acetyl-B~D-r1bo;uranosyl)

b

Mo;eculét{féfmg}a.  ','t o :  -'..“‘14H18N 07 =
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e e T e
a | j .:' =  ‘ o .:4 ;'<;lv:;i12 643(2)*AA;

b ;-:. - ﬁrufav{a ,. . ‘:Ta”;ffj .‘15 802(2) Aiff' qu- |
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_(.::b Co . ‘{{  :ff, X  .f ; ;;*'fl 419 g/cm ':f'¥7; f‘,;‘_i'f”_fil};"‘

R

'j »1 412 g/cm

i .

Crystal size '~ . 0 _ﬁ'ff{o 58x0 49x0 52mm ;*5f“
Mo ka) . ;:;;“f',x_f,g __L«;§1 24 o o
© hy0 03 he2nH
0,05 ke2ntls
0,0,2: 222041
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:nb. reflexions.measured _ ‘ffffaﬂ*f fiﬁ2540




T Twenty nine reflexiOns suffered from coincidence loss (count‘

hkl® .

. rate greater than 20, 000 c. p s ) and were remea3ured with an atte—‘

nuator in position (attanuator factor = 23 71) ,Ihe total number of : j

':independent reflexions was. 2540 within the Bragg angle range, 2 5

A_<26<6O ' The number of the reflexions 1nc1uded %n the refinement f’

&7

fwas 2302 on the basis of the same criteria 1n the experimental sec— i;

R )

.tion l 2 of the chapter I. No absorption corrections were applied

_because of the small absorption coefficient (uR‘O 072) and of the

u_almost spherical shape of the crystal.. The intensitﬁps were reduced:p“"

'to structure factors by the application of the Lorentz and polari-_'.p_f.*'

) fzation corrections.pj'ﬂ- S

45



‘ = 2-3 ’stru;:ufé Solution_andARefinement3, - VH ‘.;'.
| - , o p‘ | ‘_-f::’ - ,lJ-f . nx_
An overall isotropic temperature factor B= 3 22 Az,‘and scafhrf’},
factor, 0. 1433, were calculated by Wilson 'S method (Wilson, 1942);'
vrThe structure factors were reduced to IEI Va]ues (Karle & Karle,;'
1966) - The statistical averages of the |E] values were <E> = 0. 857

0 812 (ef” theoretical values for non—"b'

» aéiy_gi.ig

'll

u:<g?>-= 0. 993 and’ <(E2-1)>

centrlc, <E> = 0 886 2%{= lah ;‘-<(E2~l)> =0, 736) A total of

l

_245 reflexions had IEI values greater than 1. 54 One of the combi-— .,,: .

o nations of the starting phases were 0 3 l 0 19 4 and 3 7 0 for

' origin reflexions and 0 12 4 180o and 3 l 1 270 for the symbol
'i',reflexions This combination showed Rk—o 21 after the tangent for-ffﬂ;l;":”
7mula refinement (Karle & Hauptman 1956) An E map from the refined

“phases showed all of non—hydrogen atoms in the molecule with referencelﬁg,;.lbpf»

')'o.

"h*uto the chemically known stereoisomer of the molecule.. The initial

s

".ftR value for the 23 non-hydrogen atoms wss 0 34 After s%veral

' d;l:map showed 6 out of 18 hydrogen atoms.» The atomic species in the

7cyc1es of block-diagonal least squares refinement with isotropic

~

| :vytemperature factors, the R value was reduced to 0 13 and a difference 'ﬁlffﬁff""

P

' ~acety1 groups were defined from the bond distances and the tempera-'pkf_vffntffff

"7ﬂ'fture factorL The difference map at R = 0 056 showed all hydrogen

".ffiatoms, except those on the carbon atom C (7) and the atomic species gffJf. L
"ffat the pOSitions N(3) and C(A) Were determined by the hydrogen

"'Lposition on the carbon atom C(4) and the bond lengths.,»‘»ﬂ.i'Lﬁfh.”‘

.m\-.

o

Because a total of 11 atoms, including the acetyl groups onpﬁﬁ_.;:;gj‘

fov0(z ) and 0(5 ) plus c(2 ) 0(4') and c<5 ) xhad almost the;same"
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. A
. , N \
”x-coordinates, one cycle of the full—matnlx leas&;squares program

\

(ORFLS), (BUSJN?\ Martin & Levy, 1962) was computed But a dif—-

\
ference map,showed only-rlng electron'densitles w1th twOvmaxima

: &
bwh1ch were’ On the: plane of the’ acetyl group It was. decided th:t _ ;-r
,six hydrOgen atom positions w1th half occupancies should be placed |
1around the. carbon atom c! (7) The final full—matrlx 1east squares‘

"calculations reduced the R value to 0. d39,IR ,Value to 0 055 and
b.the goodness of fit to 2. 10 The weighting scheme was expressed
h as; 2Fo/[T+(O 041)2 + B];5 where T 1s the total peak count I
-1s the net peak counts and B is the peak background (Peterson &

Levy, 1957) The structure amplitudes are listed in Table I 2 2.

" The'. flnal positlonal_and thermal parameters are 1isted id Table I

2~ 3(a), (b) and (c) The thermal parameters for all hydrOgen atomsfiv: tr’.'}"'
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'.The 2031tional parameters of the non‘hydrogen atoms
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H(2)
H(4)
H(5)
'Y
H(2") i
e
H(4')
H(S') -
s
H61)
H(62)
H(63) -
H(71);.
CRaD*
CH(73)*
H(74)™
H(75)%
H(76)*
3(81)"
H(82)

H(83)

Cx/a oy z/c

169Q) s U s2sq4)
314(2) 282(2) . 975(4)
303(25 - 133(?) S . 948(4) |
238(2) o £ 1¢) P 679(4)‘
s8(2) . _74(2)23‘ P g3
s@ 138(2) ) 56134)

9 4@y 370(4)

Co10Q@) %0 @ 139.(4)

6 e 9 183(4)
26(2) sk 78

156() O -la@ . 81s() -

s -20002) Caasy
-258(0) - -48(0) 621(0)

C-297(0) . oa1(0) o 691(0)

~281(0) | I L() 461(0)'

S312(0) 480) - 553(0)
B4 300) T 649(0)
LS e - 484(0)

53 3@ . ‘hf§;(5);ﬂ"

wi@ @) 1816)

6@ “:'{‘350§2)ﬂ N sy

"' Tha atoms with asterisks have a ha1f+pccupah¢y, )

 Table I 2-3(c) -

" imidazole. ThGZUiso value for all hydrogens was -

The pos1t10na1 narameters (X103) of the’ hydrogen
atoms for N- (tr1—0—acety1 B‘D—ribofuranosyl)

o .set to- 0 057 A .
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A

2-4 RQSults and Discnssion

Fig; 1 2-2 Stereoscoplc view of N- (tri«O—acetyl ~B- D rlbofuranosyl)
S : imidazole (Johnson 1965) :

~Fig.‘I 2;2vshovs thelstereo;ii - .
sCopic‘view{of the molecule,vithout‘ |
the hydrogeniatoms 0n.the'carbon aton..

"-' C'(7): The puckering of the rlbose
- ring is 3T2 which is close to that . of

IMR structure;' ThlS glycosidic ' |
.torsion angle is different from that

) \‘:’«i"-

The molecole of IMR o ~of:IMR' This imidaéole ring is. in _[

" anti range regarded as’ the angle in purine nutleosides and nucleotides.
‘The carbon oxygen d0uble bonds in the - three acetyl groups are Synplanar

w1th respect to the C—O( ester ) bonds ' The molecular geometry of AIMR

L

is g1ven in Flg. 1 2 3(a) and (b) The estimated standard deviations

-'for bond angles between the non—hydrogen atoms are- O 1 andvthoseijr ?'

' 1angles involving the hydrogen atoms - are 1
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'Efmoiety.

1) Imidazoie ring

. ' ]
- Thé bond lengths C(2) - N(3) and" N(3) = C(4) in’ thls molecule K
/ .

o :
_are- 0. 01 A shorter than the c01respond1ng lengths of the 1midazole t

@ .
ring in IMR (Fig 1 1—7(a)) and of imidazole at -150° C (Martinez—

‘-'Carrera, 1966) It is possible that these differences depend '

upon whether,or not thE'nltrogen athm'N(B),accepts anfinter-'v

i‘molecular hydrogen bond The nltrogen atom N(3) in this structure

»does not contribute to hydrogen bonding, but those 1n the IMR and

/-

' 1midazole structures do. Such an effect was observed on carbon -
'oxygen double bond lenéths of various barbltal structures (Craven,;'
'Cusatis, Cartland & Virzinl, 1969) On the other hand the bond
flengths around the nmtrogen atom N(l) -are longer than those of IMRf

f7and imidazole

o The bond angles in the imidazole ring agree well with those of

._'nm whereas the angle c(l ) - N(l) - c(2) and 0(1, ) - N(l) - c(5)

‘”:are 128 50 and 125 0o in AIMR respectively and the corresponding

'_A;pointed Out the wider angle is always associated with the cis-confor—~
1mat10n w1th respect to the rlbose ring This dngle is affected by

the steric interactions between the imidazole portion and the ribose

K )
v‘ o

A description of the least—squares plane of the imidazole ring

'fh is glven 1n Table I 2—4 The imidazole ring is as[planar as that s

- -but the displacement of the carbon atom C(l ) from the plane is

Lo o . ot

; 11T0 O45(2)Ais on the opposite 31de of that of the 0xygen atom 0(1 )

56

".angles were 124 8°,and 128 0o in IMR As Rao and Sundarallngam (1970);_:_‘

:"in IMR | The displacements of the atoms of the ring are insignificantl-‘--?t‘.
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"‘:The atoms with * were included in the least squares calculations, .

a.:! o

*'( ) The oxygen atom 0(8) was operated by a symmetry (x,y,1+z)

Equatlons of the least squares planes e

' ng.

’[;-plane 11 o 1979x —'o 9802y - o 0053z + 0. 7255

1??,Table I 2 4 ' The least—squares planes and the atomic displacements !;5 ‘

‘“J' of N—(tri-O—acetyl B—D—ribofuranosyl) imidazole e



( 0;053 X'fnom thé plane through.the atoms N(1), C(Z) and C(S)).' The

: n1trogen atom N(l) has a tendency towards tetrahedral coordlnation,.

'instead of the true trigonal coordinatlon This tendency was also

\

) observed in the structure'of‘IMR Therefore there is a'partial lone .

.‘pair electrOn den81ty which extends to the same 31de of the plane as'ﬁ

t,

ethe oxygen atom 0(1 ) It is different from the direction of the "
"partial 1one pa1r electron on the nitrogen atom N(l) in IMR which
extended to the opp051te side of the 1m1dazole plane with respect to

",the oxygen atom 0(1 ) l~. ,_'g;},f'.f -j.u_'-'w f* PR

- C(2) 0(1)\«

) —

c<5) o

AIMR - , i

- This difference can. be eXPlained by the molecular packing in the
‘-1crystals of AIMR (see molecular packing Section) /?_ rJ;:¥::i1}~
- i) rlbose "'," ' .

The bond length O(l ) ‘- C(l ) is shorter than ’ bond length

'i',hﬁO(l ) - C(4 ) This dlffereﬂce has been observed in many ribose

el

*’imoietles (5undara11ngam, 1969 Arnott 1970) The carbon—carbon

;;]bopd~hgngths are on. tHe average 0 01 A shorter than thoFe in IMR. ,”?** B



- ;those in IMR Th~ angles C(3 ) - C(2 ) - 0(2 ) and C(A ) ~ C(3 )

A

59
'The bond lengths C(2 ), - 0(2 ), Cc(3" ) - 0(3 ) and C(5 ) - 0(5 )
:are srmilar even though the first two carbon atoms are secondary
‘.and-the last one is. primary._ The average carhon oxygen bond ‘.',ﬁg"
- distance is 1 438(1).2 . A ‘ .. | i
- . The angles in the ribose ring agree with those in IMR but/

E

‘some angles of the exocyclic bonds are considerably different from

' j~0(3 ) are reduced from 115 S(z) and 114 6(2)° in IMR ‘to 107. 8(1)
-and 108 9(1) in AIMR respectively. The angle C(3 ).- C(A ) —»C(S )
©157117.5(1)° in ADR and 113, 72 :1n IMR Sundaralingam (1966) A
F.POintEd out that this bond angle is dependent upon the conformation dl :
.4.around0%he C(4 ) - C(5 ) bond The angle is 114 in the case where {fi\l:},lnf*
:;Sthe oxygen atom. 0(5 ) 15 in the gauche—traps conformation with | o
'~respect to the oxygen atom 0(1 ) and the carbon atom C(3 ) resnectively;bd:

i and the angle is 117 in the case where 0(5 ) is in the guache- :_f~' A

gauche conformation The torsion angle around the C(4 ) - c(5 )

bond s shown in Fig I 2 4 The conformation of the oxygen atom ;fig?ﬁ‘“'

bi;0(5 ) is gauche gauche in AIMR but the conformation was gauche-'j;-fd»

T_trans 1n IMR The angle C(3 ) -VC(A ) (5 ) agree well with |
1'1Sundaralingam s result and the similar relation ragarding this angle ':';;‘&
d.fiS Seen in the structures of 5 Iodouridine (Rahman & Wilson, 1970)

‘ufﬂa“d 6—Methylur1dine (SUCk & Saenger, 1972) Both structures contain ?*ujﬁ

; ifﬁtwo 1ndependent molecules in an asymmetric unit, and one of these“‘.}
a:i}molecules has dhe gauche—gauche conformation around the C(A y '5tidfjdd;hf%ﬁ'}“?

vf;11é(5 ) bOnd and the other molecule has the gauéhe—trans cOnfornation: “



Fig I 2-4

C(5)1.1

TR

70 A2ne

The torsion angles on, the Newman projections for’

~N- (tri 0«acetyl B*D—ribofuranOSyl) imidazole B S
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The glyc081dic tor51on angle x, is 32 9 Compared with that
of:—97,8 in IMR the 1m1dazole ring thus rotates’ by 130.7° ~around
vthe glycosldicobond-C(l ) - N(l) .Thls conformation can be regarded‘.
~.as the anti conformation Although the aglycon is 1midazole in this
’=,molecule, the.glyc051d11 angle can ‘be. compared with those of the

'purlne nucle031des and nucleotldes, because the ring does not dlrectly
‘-'rnteract with the rlbose ring in ahtl conformatlons * fact the o
“glyc051d1c angle in AIMR is that whlch 1s usually found in the struc-
Atures of the purlne nucle031des and nucleotldes (Sundarallngam, 1969’
'Arnott 1970) | | . |
. : i
Rub1n et al_, p01nted out that. the oxygen atom 0(5 ) attracts |

’the actlve H~C group in’ the bases in: the gauche—gauche conformation

;around the bond C(A') - C(S ), (Rubln Brennan & Sundarallngam, 1972) . o

The carbon atom C(2) 1s bonded to two nltrogen atoms N(l) and N(3)
- as® is the carbon atom C(8) in purine rlng systems. In the structure

‘:’of AIMR the 1nteratom1c distances are 2 51(3) A between the oxygen b

' atom 0(5 ) and the hydrogen atom H(Z), and 3 374(3) A between the f}

_oxygen atom 0(5 )-and the carbon atom C(2) These distances are ndt -

;s1gn1f1cantly short but the ﬂisplacement of the oxygen atom 0(5 )

. d‘is only 0 018(2) A from the least squares plane through the imidazole

hhring (Table I 2- 4) There may be a weak interaction between the
B 'oxygen,atom 0(5 ) and C(2) - H(Z) group. o

The displacements of the rlbose atOms from the plane defined by

"“ﬁthe atoms C(l ), 0(1 ) and C(& ) art shoWn in Table I 2—4 and Fig. wrfﬂ

{7_1 2 5 The carbon atoms C(2 ) and- c(3 ) are by o 130(2) A and 0. 489(2)'["

'VA from this plane respectively,45yg{tnlh-;[7u_:’
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O OSSA O 604A

O{7) s
C(4)

Cl7

01‘30A 0489A

«

Fi‘g'. T 2—5 ' The displacements of the carbon atoms C(2 ) and C(3 )
s ‘ from the plane defined by the atoms C(1),. 0(1'). and '
.C(4 ) in the structures of IMR angi AIMR R

4
. o

.ThlS shows the rlbose conformatlon is 3T2 | Whex@’tﬁ"ribosef'rv'-“ S

conformation of IMR was 3

© 1 2 4 and some torSion angles of AIMR and IMR are listed 1n Table e

T ”1_

o 'rings 1s seen around O(l ) = C(l ) bonds The torsion angle C(4 )

. L ) —»C(l ) - 0(2 ) is'5, 1° in AIMR and--—2 2 in IHR. The

The torsion angles are shom in Fig. T e

_.e 1argest difference of the angles between the tWO rlbose .
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torsion”angie c'y - o" ¥'C(1')'~ N(1) which is important for
>‘ the anomeric effeet.ie‘—118;36 in.AIMR and -126. 3 1n IMR These 4
_.differences can be eonsidered‘small;’ Therefore both conformatlons
of the ribose ring_inttheistruotureehof AIMR and IMRnare essentially "
" the same’ and ‘the hydrogen’bonds‘in-the»crystal etructUre of IMR .

have not appreciably.affected the ribose conformation of IMR.

o
| o
' AIMR ; . IMR
0(1") - c(1") - N(1) - ¢(2) . 32.9° .-97.8°
0(1") - c1") ~c@D -c@d) - -27.1 - -20.4
Sean -c@H ~e@EYH -ceh) T 87 336
C(2') - c(3") - c@") ~0(1"). - -35.7  -35.8
SCBY -ce) -0 - 194 2.1
CGY) - 01" -.ca” = ¢y - s . -
o@D -0 - cuy - N 183 -126.3
~ Table ILZQSj Comparison of the torsion angles' in AIMRxand'IMR;a‘
“(111) 'Acetyl groupé o
Both the bond lengths and angles in the three acetyl groupsvfh
' agree well with those in. 3 —O-acetyl adenosine (Rao & Sundaralingam,
' fl970) The bond angles at. the ester oxygen atoms are similar for f;f'rf'
" ‘the oxygen atoms 0(2 ) and 0(3‘) but the corresponding angle at 'f‘t“.

"'the oxygen atom 0(5 ) 1s significantly smaller than these.;-Onei~f5.

4

.8
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reason seens to be that the forner two oxygen atoms are bonded to
' & . .
.secondary carbon atoms and the oxygen atom_O(S'f»ié bonded -to a
- ptinary carbon atom, C(Sl)ﬂ.‘The interatomic dlstancesdbetneen'the
carboayl oxygen‘atom and. the hydrogen atom on the secondaryicarbon
: atomﬁare 2}34(3) X and'2.36(3).xt The distances betWeen the oxygen
atom 0(8) and the hydrogen atoms H(5') and H' (5' ) are 2 49(3) A |
- .and 2. 45(3) A These dlstances a{e longer than the former two
dlstances even though;the bond angle at the oxygen atom 0(5') is
'snaller. | | )
The.conformatlons of acetyl groups were discussed by Dunitz and f
Strlckler (1968) A synplanar eonformation is more‘stable.than'
- the antl.planan confotmation:atound'the bond between the’carbo;yl
lcarbon atom and the ester oxygen atom.‘ All three acetyl groups
have synplanar conformatlon in. this crystal The torsion angles o
. o N '
are.less than 3.4°, | o ‘- o . ' fi
<1y5 ‘ Molecular packiné . 1 ‘ %iphf‘ d’ k‘ . |
A short contact is found between the acetyl oxygen‘atom 0(6)
(x,y, -1) and the" carbon atom C(S ) ) The dlstance ig 2. 997(2) ér
Thls is nearly the same as the s%nmation of.. Van der Waals radll of _
: o 6 W, R

carbon and oxygen atoms, 1.6 A and ‘1. 4 A. o o

L The dlstances between the oxygen atom; (6) ‘and. the hydrogen atoms

T H(SY) and H' (5 ) are 2. 51 A and 2 81 A'respectively Supposing
that theég;ygen atom has sp2 lone palr electrons, the plane through
the atoms, H(S Y, C(S ) and°H (5 ) is almost perpendlcular to the

gpz plane on the oxygen atom f«fé.ui ;vv ; -";4' ,:tg’ : "'j;3 »Wj.ff?d
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A \ ' 8
Y
O(5") |
\ ~
: ‘ O(2)
. H'(S' : ) S
as?. 281 LN \
K 29972 Lo
| o
' ‘ ‘ ’ ‘\ /'
‘ C‘4') B E— ({ b
£ \ i

(4]
This“intermolecular.distance shows the direct contact between'the:~ J
“ . . = . ] ! . . . : . s

Van der, Waals radii of the carbon and.the ‘oxygen atom.

Another relatlvely short contact is found between the 1m1dazole
ring and an acetyl oxygen. 0(8) (x y,l+z) (The displacement of the

oxygen atomxfrom the plane’ of_the imidazolium ring is 3.142(2) A.

+

.'The ‘distance from the oxygen atom to the nitrogen atom N(1) is -

. (o] : . o : . . | .
3.266(2) A on the same side of the imidazole’ring aS'the'carbon

1 vy)" v [ B
atom5C(lf) is.: ThlS molecular packing suggests that the. electro— .

negative oxygen atom 0(8) may affect the electrons on the nltrogen

atom N(l) and drive the partlal lOne palr electron on it to the S
/ ! :

Opposlte side of the imidazole plane -and the direction of the dls— .

>‘placement of the carbon atom C(l ) from the imidazole plane can be
. ._4

' determlned by the dlrectlon of the partial lone pair electrons.



2-5 Conclusions

‘As presented in the'introductory.chapter, the primary‘aim of this
research project was to devise a model aystem for the anometic effect
and the reverse anomeric effect *in the ribose ring. ihe compounds IMR
and ATMR uere considered to the system'for the anomerie effect, whereas
protonation orbmethylation‘of the inidahoie ring in either compound
would resulm in a positive eharge on the agiycon,which w0u1d then
represent a model-for the'reverse‘anomeric‘effect. A number of
attempts to crvstallized the N(3) methylated IMR with a variety of
anfhns from a variety of solvent systems were not successful and no'

further experimental work would be con51dered on: this system without

suitable crysta]line specimens.

"

‘ ~There are in the'literature a number of other compoundS“Which have

- a positlvely charged ag]ycon attached to the B -D- rlbose ring which
\would satlsfy these requirements and the following dlscussion is based
in part on the results of these published studies Table I 2 6 shows
the conformations of the unprotonated and protonated cytidine deriva-
‘.t1ves, IMR AIMR and 1 7 dimethyl guan031ne._ The torsion angle -
-C(4 ) 0(1 ) - C(l )-N was 122 1 in the unprotonated cytidine but this
'dtor51on angle was increased to: 140 8 1n the protoégted cytidine(ortho-

.rhombic form) and 138 4 in the protonated cytidine (monoclinic form)

In addltion there is ‘a short communication about the conformatlon of

1, 7~ dhnethyl guanosine 1od1de The methylation on the nitrogen atom R

N(7) of the guanine base gave a. positive charge to the imidazole ring
"The conformation of the ribose ring in\I 7—dimethyl guanosine iodide
VS

.‘wa‘s'2 3 In this conformation the torsion angle C(4 )—0(1 )-C(l )-N
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. should bc-widerhlhan that in the'conformation 3E or’3T2-

¢

aglycon  ribose . torsion angle

ref, charge  puckering C(4')-0(1')-C(1')~N
cytidine 7 '1' 0 3T2 ' l22.lo
cytidine-3'=p (o) 2 B A2T3 140.8°
(m) 3+ V'2T3 138:4°
AIMR L 0 3T2 . 118.3°
1;7-dimethyl guanoeine 4 . +o 2T3.: - -
e

references . . : _

' ' 1 Furberg, iP‘e't_er'sonl_& Romming, lgS
o . 2 Sundaralingam &'JenSen,»1965.

)//c, - Y Bugg & Marsh, 1967.

. 3 SRR 4 Shefter Singh & Sackman, 1974

’iTablefI'2~6- : The conformation of the ribose rings. bonded to
| R the uncharged and positively charged aglycon,

I

These values in- Table I 2~ 6 Suggest that a positive charge on the

nitrogen aton‘may affect the torsion angle in the system C O—C—N.: From

”+these results and arguments presented earlier in this work it is highly

: prObable that the conformatiOn of the ribose ring is affected by the 1
"ianomeric effect and the reverse anomeric effect |

Of cource,an accurate molecular orbital calculation has to be'v

;o

' fapplied:to the reverse anomeric effect. But if the theoretical

?

-explanations of the anomeric effect are»permitted to extend to an

"interpretatlon of the reverse anomeric effect the dipolerdipole



interaction could ‘affect the conformation of the furanosides and.

pyranosides. The dipole—dipole'interaction terxhv-l was the large

L

positive value in the anomeric effect Thls term would be negatlve,,

possibly large ncgatlve value in the reverse anomerlc effect, because

of the actual p031t1ve charge on the aglycon. As far as the substitu—‘

¢

ent on the anomeric carbon atom is electronegatlve (that 1s, the

_-substltuent ‘has the ablllty to attract the electron cloud on the'

‘~'anomer1c ‘carbon atom) and the anomeric carbon atom has the tetrahedral

bonding orlentatlon, the»V_2 and V3 terms mlght be the 31m11ar negative

vaiuee’in‘hbth effects. These expectatlons give that the energy

N

m1n1mum would- be close to 6 180 in the reverse anomeridgpffect,:

vE

2

instead of 6 60 1n the anomeric effect These agree with Lhe obser- a

4

vations of the conformatlons in the furanoses and pyranoses with the

anomerlc carbon bond

S R

kY . S
-2 e
N .
. —6 q : - ” .
1 N . . .
"'@:\A’.
: ey

. P

L

VI>256' P0531b1e energy curve for the reverse anomeric effect

V. 1~A..7 65 v2- -0. 97 V3-’—0 88 Kcal/mole “

”system Cc- 0- C—N which have a wiﬁer tor31on angle about the ripg oxygen—f.
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"{,on the dgubie bOnded carbon atoms C(S) and C(6)

C#e .

CCHAPTERIT
The Conformation of the ﬂethokyﬁgronp of
. 1-methyl-5-fluoro-§-methoxy=5,6=dhydrouracil.

> - o 1-1. Introduction -

5~ fluorOurac1l and 5- fluoro 2! ~deoxyufid1ne are- employed as

standard cllnlcal drugs for treatment of certaln solid tumors

and v1ral 1nfect10n (Heidelberger, 1970) The methods (Heidel—

f berger, 1965) for preparation of 5 fluoropyrlmidlne and thelr

nucleosides had depended on de novo: construction of the.S fluoro— ?-ff

pyr1m1d1ne ring beglnnlng ultlmately with the highly tqgic ethyl

- fluoroacetate Robins and Na1k€§197l) found a dlrect route }‘_“ |

.appllcable to uracil bases using trifluoromethyl hypofluorite ini;-"

A

:trlchlorofluoromethane : ":-"L‘-h ﬂ.':“;."-;;h"‘

1 —methyl 5 fluoro 6—methoxy—5 6—dinydrouracil which is

studled in thls chapter is: an 1ntermed1ate in the synthetic path—

:way from l—methyl uracll to l-methyl—S fluoro urac11 The primary S

jproblem in thls analySis concerned whether the configurati@n of the -

L)

‘ ATy Lo P o S

e Simnta

. B . K
e AR g,
~

R
W

‘additlon reactlon was . cis or trans with respect t‘ the substituents T
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- In addltlon this molecule has an interesting molecular SyStem Which o o
- 1s very similar to the pyrimidine nucleosides, such as dihydrourl_ :}

 dine (compare I and II below)

>,




(:\'

,isi chemlcally 81m11ar to the portion of the ribose ring drawn in

N(l) in II Also- C(l ) in I would occupy the C(6) positlon and N
lthe system C(l ) - 0(1 ) - c(4 ) has its counter part in II with - ﬁf..:f; e

» atoms C(6) - 0(6) - CH

"cosides in the crystals wer
‘ '1n1t10 molecular orbltal ¢ lculations in a iimple molecular System'.jlﬂfj”
‘Athe pyr1m1dine nucleos' es and nucleotides.~‘f'

\tetragonal symmetry

: N(Karle & Karle, 196 ) to solve the cfystal structure on .a complex

I'7;

The 51m1lar1ty of the pylimldlne ring port1on between I and II ,

.is clear. HoweVer, 1t 1s possible to. look at II in another fashion

The portioh of the pyridlne r1ng that has the C(S) C(6) substituents

I as follows.4 A hyp?thetical two—fold rotation‘about the Vector

,i N(l) -+ C(2) would 1nterchange C(6) in I w1th the methyl grOup on -hl" o :f

. Similérly the C(S) F grouplng in II would te

er.correspond to atoms C(2 ) = On‘im I As Jeffrey, Pople and Radom ff Ii‘ ‘»_;;vgﬁf

.7'(1972) p01nted 0ut the conforjations of methyl groups of methyl gly—7n

/

simllar to those predicted by the ab o

Sy

‘ lﬁTherefore, the conformati n of the methoxy group in the compound II ’

,‘could be q good subJect ‘o study the energy mlnimum cqnformation in

WAPSR

In additlon the ‘pace group of this compOund in the crystals had

It 1s worthwhile to apply the direct methods

'”;,} space group symmet y._ 137,1e ~gj(f:[. f;,j:f_lf:_yt,f:ﬁ.j_f,plj‘ L
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1-2  Experimental
The compound ‘was crystalllzed in methanol ‘and supplied by Dr ‘
Ji-‘ M.J. Robins, Chemistry Department, niversity of Alberta. Prelimi— i
nary OSClllatlQn and Weissenberg photographs revealed that the
1» crystal belonged to the space group I41/a in the tetragonal system,
.since the same 1nten31t1es of the reflex1ons were repeated every 90°
‘brotationvaround c’ ax1s, and the following condition applied to :.'L"
‘p0381ble reflex1ons for 0 0 i 2 4n,‘h k 0- h or k = 2n and h k 2
'.'f_"_j-h+k+z 2n. ' | R

| hrThe cell dlmen51ons were . dctermined by the least squares program a

T e

T T o C B

.':1from‘the Bragg angles of twelve reflexiOns which were in the range of d
':>‘35 K26<40° using Mo Ka radiation., The density of the crystals was ;”;;/;y}1,257~
‘measured by the flotation method | he number of the molecules in ;filﬁb:

‘unlt cell was 16 that is,_one molecule in the asymmetric unit |
l‘These crystal values are: summarized in Table II 1 1. |

Intensity data wg.i collected up to 26 55 by 0 26 scan mode on

Z”Jﬂa Picker FAhS l diffractometer with graphite monochromatized Mo Ka }fr
. v-;f‘e,

Afradiation.v The background ‘was measured for 10 seconds at the eitherivs'~--

o

' "sides of the refLexiOn scan._ Three reflexions as standards yére
g : L e

"*e'measured every 30 reflexions. No decay of the crystal could be
’ij.detected during the data collection., The strongest 2# intensities _
T : E 4'

‘pwere remeasured with an attenuator in position.. The ref exidns of ;;'Q/qtf o

tw.which 1ntensities were stronger than three,times the estimated stan—f' n

;. at

R dard deviations (o(I) (total counxf! ) wereﬂincludedh n: the refine-:“bﬁllf.;:f

S mept,‘ The number of these reflexions was 1298 out’_




o
. -

S

~ -,i  MolecPia? formula f} © CeHgFNN 0y
Molecular weight ~ = 176.15, dalton
~ System . ' Tetragonal
“Possible reflexions . h,k,2 ; hikii=2n
Ea N
- v .0,‘(_),,'2 _;-~.E=>4n_". s
. Spacé'gibugi' ';l', f.‘;f S,Iﬁi]a

e T

SRS
B
-

L e
©7.141Q1) A

g lae g™ o

S e S S e

 ‘MQ1ééﬁi¢s,iﬁjuhipfég}lﬂ;f;v5'16(i iﬁfa$ymmefric ﬁnitj“ f‘  '?“" ":

ﬂu (Mo'Ka) | fﬁf f : ;”jf:lﬁ&Slgﬁt}*ﬂff ' ;;:l;i3 f*'fi:'f'f i'i?fj_f{
A L ..'-- 5“::~“'j-__" I N L S T
| No. total reflex&pns i'-{-f 1é5i°;l$..fﬁ:’“Gfo;fﬂi; 4';T; flyiﬁg-f;ﬁ5;,'
; .No. reflexlon included in "L298-(7035%.OfﬁtOtallfi o

e 7-refinement ' Coe e e

LTS IEA

L \‘-'::‘ / £ ":-
R 26 range explore

-“.Zﬁ;ﬁTaﬁléfii~i1:i Physical values for 1~methyl 5 fluoro—
L "‘]fg= —meth?xyds 6—dihyrouracil R O
e n i i _.fui.gv:;g_~c :
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spanned.. The data were cdrrebtedifor the variation of the'inteqsitiés
-of tﬁe-stardard féflexﬁénsband'usual Ldrenté and»polériiation:faciofs,_,f
bgt:ﬁo absorptidnidorrectiéns:we:e.déne) because of the smail_linearA
 ab$§tption coeffiéient,_0.06‘ahd.:he'éimostASPHeriCal'Sﬁépe'ofitﬁe 

o i
crystal.

4

:‘gT



. 1-3 Structure Solving and Refinement

There are two alternative origin choices in space group

I41/a The or1g1n for this structure was chosen at the. center of
R N
symmetry 0, O 0 at 0,1/4, 1/8 from the other p0551ble origin on the

w

—

-4 axis, An overall isotropic temperature factor .Bis , of 3.75 A

and a scale factor, 0. 478 were computed by W1lson s method (W1lson,

]

'1942)

o

A Patterson distribution of 1nteratomic vectors was computed

'-from the lFoI values but 1nterpretat10n of this map proved difficult

,\

_The molecule has relatively large conformational flexibillty and as
f'the conFiguration of “the. r1ng Substituents was in doubt it seemed

'that thg most promising phasing technique would be that ofﬁered by

direct methods ' The 1ntens1t1es were converted to a set of relativehd

“[EL' values The IE[ statistics showed a good correlatlon with the vtf(

”'xtheoretical values;for,centrosymmetricvcrystals;cf*f*

R R

: centric '.._-.~ 5 nohcehtric" il

e ‘|E[ 0798 0886 0,7 773
{E | | '_ PRI ooo 1. ooo . ooo
E i (E -1>| 0 968 -_:0'.,;73,6._;;'- L ~Ji-.00'4_ y =

A SIGMAZ program which was modified by the author in the XRAY70‘f :{‘f

‘Thprogram system determined the 22 relations and sign probabilities‘;3ﬁ‘;;'

fuiwithin a set of 147 reflexions of which the IEI values were larger

.’h,lfthan 1 80 Only one reflexion is required to define the origin, The .'”l?
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S

_reflexion 18,9,1 had the largest IE]-value of 2.93 among those

1'?2} -

T“pwith unit weight for the reflexlons and one - cycle with the aniso- :

..either methyl carbon atoms, C(l) and C(7) The positions for the‘

‘all hydrogen coordinates with isotropic temperature factors was ebm-i.f L

76

reflexions possible.for the origin definition. The program PHASE

produced a set of phases for 141 of the 147 reflexions with lE|

»values greater than 1.80. The cut-off in ‘accepting a phase indi-

]

cation to be the correct value was chasen at P+ = 0.85. Those Lo

.relations involy}ng three.reflexions from the'same‘zone,lie h1k10 h2k20

h3k30 etc. were excluded and no symbol ‘was 1ntroduced during the

phase determination. The resulting E map based on these 141 phaSed

'reflexions clearly showed all of the non—hydrogen atoms of the
) molecule and one: additional spurious peak
Ty Atomic coordinates were measured from the E map and the chemi-,

. cal identity of the atoms based on the expected chemical formula g_ff

was chosen.' Using these ato ic coordinates and an overall isotropic
: '.02 .

s temperature factor, Bis t=3, 75 A for all the atoms led to an R.

l

factor of O 21 Two cycles of full-matrix least squares refinement

"vtropic thermal model reduced R to 0 08 A difference map showed five
;of the nine hydrogen atom positions Two other doubtful elecFron

.'positive peaks for ‘other hydrogen atoms could be found around the

.“remaining four hydrogen atoms Were calculated on the aSSumption that f'ﬁ
5“the methyl hydrogen atomn would beiat the tetrahedral orientations f{

: .. ".‘ N K .
1.with respect to the known atomic coordinates and their bond distances

”[‘from the carbon atoms would be 0 95 A One refinement cycle including

"puted but the parameters of the four hydrogen atoms positioned were fbblfj'"*’“‘

. vy
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¥

fixed. After this ref:nement a dxfference map at R = ¢ 948 showed‘

>‘that the four hydrogen atoms were at almost correct p031t10ns, but
‘the temperature factors which .had been set to gne isotropic tempe~- -
_rature'factors‘of the oondedbcarbon atoms mere too. small.” Allzthe
'oarameters;Which were'the atomic coordinates with tne anisotropic

temperature factors for the non~-hydrogen atoms and with»the'iso— '

.

trOplc temperature factors for fhe hydrogen atoms,were rhflned in . .
the flnal full-matrix least-squares\caICulatlonSu The flnal R

least=-squares refinement further“refinementvwas-not'considered'
important as thecmaln chemical problems about the configuration

eand the conforma;ion vere solved satisfactorily (Fig. II 1- l)

The f1nal atomlc parameters are glven in Table 11 1~2 (a), (b)’r

f
'-and (c) and the observed and calculated)structure factors are listed
‘ 5 R
L€ % o

“in Table‘II 1-3.
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1-4 " Results and Discussion - o

% .
y Lo . .

The stercoscopic view Of the molecule is shown in ;}@.
. . _ S

The configuration of the addition ofvthe»substituents, the f]uorlne

11 _ 1—\2 . - !

e
®.

atom;andlthe methoxy group is definitly cisy that is, ‘Eoth of ‘the

substltucnts attack from the same side of the carbon- carbon dcub]e . A
- S

" bond. The fluorlne atom is added to the . carbon atom C(Sx and tﬁb

-

‘methoxy group to the carbon atomC(6).

H ' ‘() ‘
e
L—H +CH.

TR
éscn43 ;_Jf?f i) -

IR Aﬁthough the temperature factors of thlS structure were h1gh _
there was no trace of the d1sorder, such as’' was observed in- the re-" ,;
lated molecular structure, dlhydrothymlne (Furberg & Jensen, 1968)

or of the'decomposition to a uracil derivatlve like that of the : ' f

dlhydrOthymldlne to thymldlne (Konnert & Karle, 1970) T
CRE P

The bond lengths and angles w1th assoeiated standard dev1ations’ o

b . NS

) ‘1are shown in Flg II —3(8) and (b), respectlvely ' -, '1’ S e .

The. bond angles are 81m11ar to. those in the dlhydrouracil deri- ,
|' . S 3’, .

vatives except for the three internal ring angles at’ carbon atoms,
N 1] .

l_, C(A), C(S) and C(6) These dngles are smaller than those obserVed {:f;i

in dlhydrouracil (Rohrer & Sundaralingam 1970) and d1hydrouridine :.,t"; iy

(Suck Saenger & Zechme;ster, 1972) but agree w1th those obserVed

.‘.



o (Johnson 1965)

k}

2" The stereoscopic view . for the hydrogen bonded molecules S
- of l-methyl-5- fluoro 6—methoxy3-5 6~d_hydrouracil '

84
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in- the dlhydrothymine (Furberg & Jensen, 1968) and the dlhydro-

thymidine (Konnert, Karle & Karle, 1970) structures

angles

, N3-C4-CS C4-C5-C6  C5-C6-N1

dihydrouracil SN 151N\ 112.3(3)  110.3(3)

. B S A L

. dihydrouri¢fn®\ A 115.9(5) 111.0(5) 110.8(3)
IR o 115.9(%) 111.0(5) 109.4(5)
- R | o N
dihydrothymine  °  113.4(3) 108.1(15)  108.8(<)

- dibydrothymidine . - 114.8(10) - 109.6(10)  110.6(10)

this compound -~ 112.3(2) 108.5(2)  106.9(2)

)

The most liﬁély reason for this particular similarity in geometry
is due to the substitution on atom C(S) of the ring by methyl in

/
,the two dihydrothymine structures compared with the substitution

-

.'by. fluorine zh-thedpresent compé%nd; o | V;? : fgvif
"Taking account of the estimated.standard deviations.in'the
'related molecular structures, there were no disagreements in the
»h‘bond distances. In spite of the introduction of the substituents‘
”;the bopd lengths agree with,thosezof dihydrouracil. B

There is significant difference in the two carbonyl bond

"'lengths C(Z) - 0(2) = l 224(3) A and C(4) - 0(4) - 1 215(3)’A (30).; o

This same difference was observed in the structure of dihydrouracil.;"3"

.‘-nwhere c@ s 0(2) 1 222(5) A and c(4) - 0(4) . 1 211(5) Q// A

' likely rea501 for these differences is that the oxygen atoms 0(2)

'

‘acceptﬁhydrogen bond(s), whereas the Oxygen atom 0(4) has no hydrogen “"'”

.1

w”-.” bonding interactions A similar situation.was discussed in thel,f i



) | . | '  ‘\' !.88

‘ | E _ - /
structures of barbltal (Craven Casatis, Cartland & Vizzinr,/l969),

and these obseran?ons support “their arguments
14

The bond length C(S) - C(6) seems to be shorter than those of

-

/L‘ " the )ordlnary C(sp*— C(sp3) bonds, 1 541(3) é (International Tables -

; ~ for X ray Crystallography, Vol III), but the average ‘bond length

| ¢ of the related dihydrogenated compounds is the same , l 509(3) A

The bond length C(S)'- F(S), 1. 382(2) A ‘agrees with .that of the
imple parafinic ‘mono- fluorine compounds, such as CHBF CH3CH2

jtc The average valuevfor these lengths in these comp0unds is

1. 381(5) A (International Tables for X—ray Crystallography, V!ﬁ III), ‘ .

but the *bond length in modofluoroacetamide, CH FCONH2 , which has

2
-similar fragment to this compound was l 406(5) A (Hughes & Small,

1962) . The average value of the bond lengths in 5 fluorouracil and

its derivatives is 1 346@53 A (Voet & Rich 1969 Kim & Rich 1968 ‘i,
Mazza Sobell & Kartha, 1969 Harris & Macintyre, 1964) Therefore, | A
it appears that if carbon ajom C(S) is an sp3 carbon ‘then the C : F |

& .

_ bond length increases by O 4 A over that observed in 5= fluorOuracilt o

o

| derivatives where C(S) is an<ep hybridized carbon.-}_ '
F{;: o At first sigh@ it appears that the atoms NCl), C(2), 0(2) N(3),
| 'C(4) and 0(4) might be involved in an extensive delqcalized n—electron
system similar to that observed in uracil (SteWart & Jensen,“l967) ‘:gki?;":"‘
.In that structune and other uracil derivatives this delocalization is: :
:exhibited in the equality of the bond lengths N(l) - C(2), C(Z) - N(3);.>
. and N(3) - c(4) viz..l 371(2), 1. 376(2) and 1. 371(2) A respectivély. :

A simidar situation regarding this delocalization was observed in 1—2 -

'1‘.methy1 thymine (Hoogsteen, 1963) “In uracil and l—methyl thymine all fj¢; ERT
: . N . G _ ] LRI
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=

!

of the above atoms ‘were co- planar (maxlmum deviat\bn from the molecular
plane was 0. 007 A, atoms N(3) and O(A) i:@y#bcil). However, this

deviation is not significant “’v °

.On the otheqrhand in the present compOund these three bonds are

N '

' decidedly unequal with bonds N(1l) - C(Z/h§ﬁ 347(3) A and N(3) - C(4),
1 357(3) A significantly shorter ‘than bond C(2) - N(3), l 397(3)
This trend is also" exhibited in the other compOunds which have sp3
carbon atoms at positlons 5 and 6 in the pyrimidine ring (see Table
II 1-4). IAlso presented in this table are the torsion angles about‘
‘the bond 6(2) - N(d) From these values it is apparent that there
s no systematictvariation of this torsion angle for these several
compounds. In additiOn the conformations of the dihydrogenated rings
exhibit no systematic trends. However, ‘When one considers the '
displacements of the atoms C(S) and C(6) from the best planes computed

from the coordinates of the atoms N(l), C(2), N(3) C(4) (Table II

o

—4) for- these\several comp0unds, it -can be seen that in all cases,

except where the substitutiOn on C(S) is a particulariy electronegative .

atom (fluorine in this compound), the aton furthest from this plane |
/N(l),,C(Z), N(3), C(4) is c(6).- In addition the present compound is '

substituted on C(6) by a methoxy group which is also a major differ—"

ence among these several rlng systems The apparent anomaly, that

of dihydrothymine in which both C(5) and C(6) have almost equal

,3_ .?r_,_\

89

/ displacements from this plane is explained by the disorder of the atoms . ...

C(S) and C(6) in the crystals of this compound.,

Table II 1—4 gives the bond lengths, N(l) - C(Z) C(Z) - N(39 and

'..

g

'N(3) - C(4), for these several compounds in a}} cases ihe bond C(2) - «-f"

'.a’
s
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I3 A > A

. . ) » *
‘N(3) is considerably longer than the other two bonds. The fact that
) . | (

C(5) and C(6) are sp3 carbon atoms may 1ead to the redlstrlbutlon of

[

dhe delocallzed electron cloud over these atomlc centers. - It.does
» : _ :
appear‘from the bond Tengths that there are two major ‘regions for

the delocallzation of ‘thé atom grouplngs N(l), C(2), 0(2) and N(3),

—_ ' R
c(4), 0<2) The attempt to correlate the ‘torsion angle VAIlatlon ;
- ' Kt (-\J' '
with thlS delocalization is}not’conv1nc1ng due to the variation of”
Ry

the torsion angle abOut_C(Z) - N(3) (Table II I—é). vThns the'bond
:‘length.differences innolving'the shree C - N bonds can not be ex4
plained by a sim;le ‘torsion angle dependence of the overlapping T, D
electron systems. The details of the least squares planes for 1- :_”
' methyl -5- flnoro—6—methoxy 5,6- dihydrourac11 are given in Table IT
1—5; The equation of the best plane through the atoms N(l), C(2),i
N(3), C(4) has not been 1ncluded as these atoms are not coplanar N
(x ‘2312) | Rather‘the two . planar sectlons ‘have been cOnsidered, and : j o
the angle between these planes (plane 1 N(l), C(Z), 0(2) "N@3) and
plane 11 N(3), c(®), 0(4), C(5)) is 21 5° ‘ It is clear that there -

+

is a large torsion angle about the bOnd C(2) - N(3) (see Fig 11 1 4)

“y :
Ihis angle probably reSults from the fact that the two atoms "’ Q(ﬁ) and

- €(6) are saturated sp3'carbon atoms In addition the fact that the
' ﬁond c(2) - N(3) has more single bond;}haracter than the bonds N(l) -
lC(é) and N(3) - C(A)}alldwa.for‘aarelatlvely large torsion angle here.

=}
R

'§f~ 'vf . _% g



Atom .Plane 1 Plane 11
N1 0.0004(1)*A . 0.631A
c1 " 0.0063 0.735
C2 0.0011(7)* -0.142
02 -0.0004 (7)* 0.165
N3 ~0.0003(1)* \ " 0.003¢6)*
ct 0.304 ~0.009(6)*
04, 0.180 0.003&6)*
cs 0.844 , 0.002(6)*
c6 - -0.047 ~1.025
H3 i) & ;o
N3 i) \ ' ,
x 2 0.41 21.58

-~ B |

o ® sy, oz,
equations

Plane T  4.30520x + 6.56347y - 6.62860z
IT -3.10972x + 9.12247y - 6.35270z

IIT  4.25929x + 6.57433y - 6.63076z

L2

I

A\

*

=§-0.77618
~-0.60873 .

~0.77771

92.

Plane III °

*

*

*

»
-0.36
AN
-0.339% RPN
VY

2

Table II 1-5 Leastfsqugres planes for l-methyl-5~fluoro-6-
T methoxy-5,6-dihydrouracil ~



) . . ¢ 0.844 C 5

% \
Na | 4/
N3 | 0. 0117

W

1,317
I 0.063 -
) ‘ C1 ‘06(‘.
8

Fig. TII 1-4 The displacements of the atoms from the lemst- -squares

plane defined by the atoms N(1J, c(2), 0(2) and N(3)

Fig. II 1-4 shows that the six memberedfréng closely ahproxi—
mates & half chéit conformation with atom C(S).ferthest>from.the
plane of the ring. In %his eonformation’the fluerine atom is in a
quasi—eq;atorial oriehtatioﬁ and as seee'in Fig. Ii 1—5 the torsion
" angle about the C(4) ~ C(5) bond (i.e. F(5) - C(5) - C(4) - 0(4))

S —_ L ot '
is very small, 13.5°. This-is;rather unexpected since one might :
conciude that beceuse there_are~t§oiadjacent electronegative eeb—'
sFituents the torsion angle C(A)v-_C(S)/wduld be }erge ca 9095'
A conformationlin which.the fluorine‘etOm F(5) was‘infan'axial
ofientaﬁion weuld afferd this.large angle.

Aol

Another unexpected result is seen in the torsion angles about

/ ¢

. the bond C(5) - C(6). - Here all angles are very pIOSe to the perfect .

staggered confdfmation.of‘60°_end in fact are closer to.this value

9

93



. Fig: II 1-5

LY

Newman pfojections of the'térsion angles of 1? ’
methyl-5-fluoro-6-methoxy-5,6-dihydrouracil

- 94
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involved. in a conjugated'systCm. .

than the torsion angles exhibited by pyranose riﬂ%sé\notwithstanding

ix~-membered ring

]

the fact that the present compound has part of the

Con51der that the atom system in this compound C(7) - 0(6) -~

-C(6) - N(1) is analogous to the atom system in ribose Eings C(4") -

0(1') - C(1') - N. 1In this situation atom 0(6) is analogous to

’the ring oxygen atom 0(1*), and atom C(6) js analogous to the ano-

meric carbon'atom C(lf). That the anomeric effect. influences this

]
atomic system can be seen from the fact that the two- bond lengths

c(6) - 0(6), 1. 401(3) A and c@) - 0(6), 1. 425(4) A are unequal

This same phenomenon is observed in:the ribose ring systems of purine

and pyrimidine nucleosides and nucleotides at the ring oxygen atom,

Frequently in X-ray work variatlons of. conformation are glossed over

by referring to influences of molecular packing on the ‘conformation

observed in single cryStal struCturés. However, an alternative

explanation may be considered in the present case and'the following

_argument,’ based on the C - 0 bond length dependence and cOnformation

s

‘ observed in sugar molecules, may offer at least a qualitative expla-

.,nation for the torsion angle around the bdnd C(6) - 0(6)

As discuSSed 4n Chapter I Jeffrey et al., found a potential

'energy minimum at the gauche—gauche conformation-arOund the carbon—

oxygen bonds of the methanediol system by ab initio molecular orbital

' calculations (Jeffrey et al. 1972) They drew attcntion to the

similarity of this system w1th that of the a and 8 mcthyl glycosides

in single crystal structures As the theoretical calculations pre—'

dicted, the methyl groups were gauche w1th respect to the ring oxygenb"

o

95
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and trans:withkrespect to C(Z). In addifion, the molecular orbital -
) . )

Icalculations have‘been‘applied to the s%stem HO —'CHé - NH, which

has an oxygen and a nitrogen atom bondedrto the same carbon.atOm

, | .

.-instead of two oxygen atoms on both sides of the»carbon'atom, (Pople
& Radom, 1973). The energy minimum was calculated atithe eClipsed-
.position with respect to the‘bonds 0 - H and~C.~ N.. It is noldoubt
partiallwy stabiliaed'by a distzrted-hydrogen‘bond from theﬁhydroxyl
hydrogen to the nitrogen 1one pair of electroms. Whereas the present
molecule does not have -a hydroxyl hydrogen atom and aﬂso‘the nitrogen

i done pa1r electrons is delocallzed by the adJacent carboxyl group '
the results of.Pople and Radom2 (1973) can be applled w1th caution. |

‘ Therefore, thlS molecule is more close to the system of - nucleosides,
where the.nitrogen lone palr of electronsgare delocalized and;the

‘ oxygen«atom'is one.of'the atoms'in riboSe ring. The tor31on angle
N(l) - C(6) - 0(6) - C(7) would .show the favorable torsion anglé in

. the system N-¢C- 0 - C in Whlch the nltrogen lone pair of electrons' g
is delocallzed The methyl carbon atom C(7) is trans w%th respect'
to the carbon atom C(S) 172 5 and gauche w1th respect to the nitrogen.

.

°' . This observed angle is close to thie 60 angle in

'atom N(l),
the: methaned1ol system> The’ nitrogen atom.can also affect the ;'ld
"'tor31on angle around the carbon c(") oxygen O(k~) bond as. does an g .“Z?
exocycllc oxygen atom in monosaccharlde molecules. d.j | o -

- Two molecules of l—methyl -5~ fluoro—6-methoxy—5 6-dihydrouracil‘
_are joined together by two hydrooen bonds (Fig II 1—2) to form

dimers The molecules are related by the tWO fold symmetry of the ; ~,r

inver31on tetrad axis. Each molecule donated the hydrogen atom H(3)

Y N



to the carbonyl oxygen atom 0(2) ‘of the other molecule. The inter-
atomic dlstanc s are 1.95(3) A between the hydrogen atom and the

: o
oxygen atom, and 2.814(2) A between the nitrogen atom and the oxygen

/
atom. The. angles are 170(3)° for N - H...0 and 117. 3(8) for C -~

b...H; The angle between the. planes through the atoms C(Z), 0(2),

N(3) in one molecule and in the other molecule is 43. 6 - Such a
P . o .
large angle suggests large deviations of-the hydrogen‘and nitrogen,
! ‘ .

‘ atom pOSlthﬂS from the best plane of thlS system in the other mole-

d

-cule. However, they are not displaced far from the plane; 0 36 A

for the hydrogen atom and 0. 339 X for the nitrogen atom.

The stereoscoplc molecular.packing diagram is shown_in Fig. I

" 1-6. The dimers which'are hydrogen‘bOnded are stacked.aronnd.inver—-v

sion tetrad axis. There is no short COntact between the staekedst;

columns; Sonie relatively Short.eontaqts are bound within a single’

column (Table 1T 1- 6)

The distances are 3. 177(3) A and 3. 180(3) A from the oxygen atom'

4

10(4) to the nitrogen atom N(l) and the carbon atom C(2) of the i

molecule ( 1/4+y, l/4-x, 1/4- -z), respectively In addltion, the -~

.

carbon atom C(2) and the nltrogen atom N(3\ make a contact#with the :

»oxygen atoﬁ 0(2) 1n the neighbourlng molecule (-1/4+y, 1/4~x, 5/4—2)

: o
These distanoes are 3. 250(3) A and 3 320(3) A, respectively.

i

\0
~J
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Fig. II 1-6

' Molecular ‘packing.in the crystals of l-methyl-5- ..
ﬂflugrosé—methbxy-S,6-dihydrouragil«(JohnsOn,jl96S):,J.‘

S



(/
T , A 4 o
Atom A . Atom B _ Distances (A)
ALLB
o, owm - 3.177(3)
o (-1/4+y, 1/4-x, 1/4-2) ~ o
04 . C2 A o - 3.180(3)
. C2 . 02 . o 3.250(3) "
l(-l/4+y; 1/4-x, 5/4~z) .
. N3 02 - - N 37320(3)

'+ ‘Table IT 1-5

o

"Contacts of the molecules in the crystals of 1~

methyl -5- fluoro 6—methoxy—5 6~ dihydrouracil

99



;qunohue, 1968) The energy of the ordinary hydrogon bonds is. about
5

"Ajb

Chapter'III‘

The Short lptramolecular'Hydrogen Bond of Hydrogen Maleate Monoanion.

L - ‘Part 1 - *
The Crystal and Molecular Structure'of Imidazolium ﬁa}eate
. \ ' .

'y

1-1" Introduction = - - A o

H . . R . . \&

The nature‘ot hydrogen bond has been studied fOr_a long time ( a

. .review, Hamilton‘&beers,'1968); The;name 'hydrogen'bondf refers to the

group of three or mOre,atoms which are in a configuration'AwH .B.

Atoms A and B are electronegatlve atoms wh1ch have a strong affin-‘ .
ity for the electron cloud on the hydrogen atom. The common atomic y

spec1es for A and B are oxygen n1trogen and halogens The dlstance

H ‘B ig less than the sum of the Van der Waals rad11 of H and B b@

. ‘minus 0. 2A (Hamllton, 1968) The preferred orientatlon of the atoms R

R

1s linear, but the maximum allowable angle H-A B is near 30

’/

o 10 Kcal/mole (Coulson, 1961) This amount of energy is - far below 'D

covalent 31ngle bonds of about 100 Kcal/mole (Kerr & Trotman-Dickenson,' '

1967) . Some hydrogen bonds have 30 60 Kcal/mole ’ For example, the B
energy of F.. F hydrogen bond is 58 ¥\§7Kca1/mole (Waddington, 1958)

These are:. called strong hydrogen bonds, and the distance between the

: -‘,'

two atoms on both s1des of the proton are’ shorter than those in Weak
hydrogen bonds Such short hydrogen bonds nave been found in inter- and

™
intra-molecular systems The well known systems are the (FHF) bonds

o and the 1ntramolecular hydrogen bonds of maleic acid and its derivatives
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The carboxyl groups are forcbd:tzvapproach each other.by.the planar
cisiconfiguration‘of the double bond of the ethylene.system. Accor-
dingly:as the hydrogen bonds are strong and the distances'betweed

'atoms A and B are short, the-potential‘energylwell profiles for the

proton are changed'from a double minimum‘to'a‘single minimum»‘ If theA-i' o
.atom A and atom B are the same spec1es and the hydrogen bond system

is 1solated, the potentlal 39£rgy levels at the:double minima'are

equal It.is believed that the proton in the crystal structures of
potassium dihydrogen phosphate (Bacon & Peaée, 1953 and 1955) and the |
deuterium in the crystal structure of DCrO2 (Hamilton & Ibers, 1963)

v'are in, ‘one of the double minima potential energy Lell and the proton

in. the blfluoride 1on are: in a 31ngle minimum potential energy wgll
(Peterson & Levy, 1952 Ibers, 19643 McGraw & Ibers, 1963) Between .
thefe two cases the potential energy function 1s often described as a - .
broad.well Kollman and Allen calculated the: energetlc problems in‘:*'h
the strong- hydrogen bonds (Kollman & Allen, 1970) They found thAt in

the blfluoride 1on system the potentiaI energy profile was a- single |
fiinimum at an F F distance of 2. 249A and a double minima with a very

low energy barrier at, an F ..F distance of 2 381A In addition in the 5
‘HSOZ system the potential.energy profile was a sharp single minimum atd
" an o.; O distane of 2 302A a double minima at an 0..;O:ﬁistance of |

3 487A and at the‘intermediate distance of 2 381A the energg}profile
g

C"\\'.’,

hecame an extremely shallow single minimum with the 1OWest enﬁrg& level

B I

B These may be regarded as a fundamental description of strqhg:hydrogen ';/ -
bonding character,‘ But the calculations that determined the potential‘

; g.energy profiles ‘were normally carried out without cdnsideration of the}
.'environment of the hydrogen bond atomic gr@uping .J'illfﬂ_:;ili ?;;7f' Li?t‘

1



I"ﬂ tive atoms in a hydrogen bond were 1n different environments...,f

K
13

- One may look in detail at strong and short hydrogen‘bonds to
exémjne~the effects df environment.in crystal'structures‘where thel
environment has been expressed'by thétpoSitional parameters. |

The distancesAof the hydrogen bonds of,bifluorides were about
2.272 for the F.{LF separations and the'hydrogen;atOms ln the struc—
.tures,wererlocated in the middle of;the bonds.(Peterson &'Levy;k1952.
Ibers, 1964 McGraw & 1bers; l963'iﬁcDonald§ 1960) . But these studies
"have been c rr1ed out mainly on, the metal salts of the blfluorlde anion
' andfthe ani]ns were,located in,symmetric‘envlronments‘in'these strUth
tures. | | |

Another example of short symmetric hydrogen bonds 1s f0und in po-

tass1um hydrogen or deuterium bis (trlfluoroacetate) (Macdonald & Speak-

0

man,vl972)' The 0...0 separatlons were 2. 437(4)A for the hydrogen der1~-

h: vative and 2. 437(3)A for the deuterlum derivative., It showed that-the "

-hydrogen or the deuterium atom in the hydrogen bonds was on a center of

,symmetry by which. the oxygen atoms of these %ends ‘were related with each

other Thus the functlonal oxygen atoms ‘were. Surrounded by identical

environments.

t

- In these structureﬂdiscussed"above'we haVe examined'hdeOgen'bonds‘;
_which occur between the same elements in equ1valent states 3 In these :
cases some of the parameters from the environments neéd not be taken v"‘

into account : On the other hand some strong hydrogen bonds were obser-"

102

ved to be asymmetric in crystal structures Here the same. electronega~ :f'l

Y

‘ At first, let us check some short hydrogen bonds between the same_ E

s . . '

' Qatomic spec1es in different klnds of molecules.- The atoms might be in

’Judifferent electronic states and energy levels in the structures._:Thefhif
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structure determinations by neutron oifftaction studies were chosen to;
consider'the accut;tehjgfameters of;the hydtogen atoms, because the
'hydtogen atom‘parameters_are.believed to, be more precise from neutron
.diffraction'oata than X-ray data. - V v_: ~

| ‘The character of the oxygen atoms of.the hydrogen bond may be appa—
rently dlfferent 1n the complex of urea: phosphoric ac1d,“51nce one of
:the oxygen atoms belongs to urea and the other to phosphorlc aclo (Kos-:
tansek & Bu31ng, 1972). The dlstance between them was 2.421(3)2 and

. the dlstances from the.hydrogen‘atom were 1.223(6)2 to the 0x§gen‘atom
of,théhohoephoric acid ahd‘l.207(652 to the uronic.oxfgen.atom. Thef |
: angle of oxygen-hydrogen oxygen was 169 9(4) : These oxygen hydrogen 5

¢
“dlstances are dlfferent but bnly at the 30 level of confidence.

The solvated hydronlum-ion, 5 3 R in'the-structure of picrylfb"
sulfpnic'acid'trihydrate, C H (NO ) SO H 3H20, showed'thathne of ‘the
hydrogen bonds had a dlstance ‘of 2 436(2)A between the oxygen atoms

0(1) and 0(2) (Lundgren & Teblgren, 1974)

. I 0996(4) o T e

1128(4) 998(3) -
| 1310(4) 2436(2) 2 621(2)‘ 1634(3) - A
H, 0(2) O(3)H o

~ _. ,/ .‘ .l g- ‘ : 1!\’ . .

,»:‘ A' .‘J .



" atoms were in different electronic states.

°

2. 518A.,”

N oy o _ 30 ‘ Co
The hydrogen atom H(2) was located 1.128(4)A from the oxygen O(l) of -

Ny

" the oxonium ion. The oxygen atom O(l) was coordinated by three'hydro-_

gen atoms and the -oxygen atom 0(2) which accepted“the_hydrogen bond
: & .

had covalent bonds with. two hydrogen atomsr Although the hydrogen

.

bond. distance was short, it could be distinguished that the oxygen

L4

‘These two hydrogen bonds in the urea: phosphoric dcid complex and
- ) t: H . N ?

the hydronium ion were strong enOugh to have a single and broad energy

. . - t - T L e
well because of the short distances but they were observed toe asym-

metric.

In the next case, we~have the‘same elements on both sides of a
hydrogen bond but in dlfferent 1onrc env1ronments In the s;ructure
of p- toluidinium blfluorlde, CH3 6 4 (FHF) , therauthors found that
mhe.dlstance of one 81de of the F. ..H “bond in the‘bdﬁluoride'ion fas

signlflcantly shorter than that of the other-51de, F(l)—H 1. 235(6)A,

'F(2)~H 1. 025(6)2 and F(l) ..F(2) 2. 260(4)A (Wi%llams & Schneemeyer,

1973) They POlnted out that this differenca ‘came from the envirommen- :

tal dlfferences around the fluorlne atoms. The near—neighbors around

:F(l) were two hydrogen atoms of two —NH3 groups. ‘The distances of F WH .
were 1. 608A and 1. 675A Also the near—neighbors around F(2) were two .

,hydrogen atoms of two other —NH3 groups But the dlstances of F.

were 1onger than thosa around F(l) These distances were 1 7778 and ﬂ
R} L _

..

A similar observation was f0und in the structure of a nickel che-'

late molecule w1th an 1ntramolecular asymmetric hydrogen bond With an.

o O(l) O(Q) distance of 2 420(3)A (Schlemper Hamilton & LaPlaca 1971)

1The authors dléﬁhssed the asymmetry of the hydrogen bond The distances

et '."

&

104
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of 0(1)...H and H...0(2) were 1.242(5)A and 1.187(5)A respectively.
'~.~‘~’ I 4 . . - 5 . e
The shorter 0...H distanfe was associated with the*longer N-0(2) - ' r
. _ \ :
™ o

ﬁcovalént bond distance of 1.346(2)A. On the other hand, the longer
\b .H dlstance was associated with the shorter N-0(1) dlstance of
1. 335(2)A Although the analysis of Qe therhal 'mot'ion led to a con-

clusion that the hydrogen atom moved in a broad and 31ngle minimum

potential well, they pointed out that the surroundlngs of the two

1

: I
'oxygeng were not 1dentica1 and that the-small change in intermolecular\

environment could lead to 31gn1f1cant asymmetry in the hydrogen bond
Malelc acid has a short hydrogen bond between the carboxyl groups
joined by a ethylene double bond in c1s—configuration The hydrogen i

/

1 bond distance between the oxygens was 2, 502(1)A (James & Wllllams, l974a)

The monoanlqn%c form of this molecule malntains the bond which is be- a
lieved.to,be symmetrlcal. The hydrOgen-atom may lie‘inya broad’single

energy Well;‘ To estimate the electronlc states on@the oxygens and the
_negatlve charge dlstrlbutlon over the molecnle, one has to have observable ‘
values which are to be influenced by the env1ronmental factors.l For .
“these purposes‘the bond‘lengths and.angleS’are good'indicators in the;
system of the maleate monoanion Dunltz and Strlckler summarized the
-geometry of - carboxyl groups (Dunltz & Strlckler, 1968) The average '
bond lengths are l 229A for carbon oxygen double bond and 1 309A for
hcarbon oxygen s1ng1e bond. A The average bond angles are 122, 7 for C~C o
and 115 0° for C C-OH. Whenitne carboxyl grOup dissociates the acidic |
hydrogen, the negative charge is usually dlstributed to both oxygens {/f
.and they are charged half negatlvely The bond 1engths betweeh.the ~":wv
cggbon and the oxygen atoms in such ionlzed carboxyl groups haVe an - o

L

intermediate value of the double and single bond lengths Those'havej.r

. ¥ J - L ; &
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' ' o] . 0
‘been observed in the range of 1.250A to 1.293A in the structures of

. disodium maleate (James & Williams, 1974b) and dilithium maleate

(Town & Small, 1973). The differences of the bond iengths'and angles
are fortunately significant in accurate structure deterfiinations by

X-ray diffraction analyses at present, in spite of the underestimated’

~standard deviations associated with them.. Of course, the charge

would not equally be distributed over the oxygen atoms,'but the dis-

tribution should make the total energy lower. This freedom may:allow7

P

» that the environmental effects would appear on the molecular dimensions

® .

and the electronié state of the atoms.
In the maleate monoanion system the observable values of the bond
lengths and angles and the hydrogen position should hopefully show the

small diffetences“in'the dimensions of the carboxyl group in a crystal
- ) } ’ r> N
if the carboxyl groups were in different environments. In contrast

with this, there.should be no difference if the carboxyl grbﬁps are in
. - b
similar environments,
B . o

_ . The structure determination of potassium hydrogen maleate has been

reported by Darlow and Cochran (1961) and by, Peterson and Levy (1968).

It was shown that the'crystals;belonged to the‘space group of Pbcm’and

that a mirror plane in the crystal structure was right across the maleate

moiety. This means that the two carboxyl groups are related by mirror

“

: Symmetry- and there ére two pos.s_,ible p/psitwor the hydrogen atom. .

In one case the proton siQS)exac:ly'onuthe firror plane;-and in the

other the proton. is disorde:éd dn'eithef side of the mifror plane coxr-
responding to either a double minima well or statistical disorder in

the molecules of the‘crystal,~,An indepéndentvx—ray'study (P. Codding,

personal communication) could notldistinéuish‘bétween these two cases

Py
N '
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nor could a model which did not include the mirror ¢ metry be deduced

One of the ways to overcome this difficulty was the snbst1tut10n of a
chlorlne.atom on the double bond. The structure determination of . pota-
ssium hydrogen chloromaleate was carried out by the neutron diffraction
method,(Ellison and Levy, 1965). lt clearly showed that the hydrogen
in the Jnt1amolecular hydrogen bond lay at the mlddle of the oxygen—h
oxygen separation. It seems‘that the introduction of the chlorine atom
and the dlfferences of the‘arrangement of the pot3551um cations around
the halves of ;he molecule does not effect the hydrogen atom position.
BuL some dlfferences in the carboxyl é!%up bond lengths were detected
It 1§ not certain that the dlscrlmlnatlons come from the SubStltuthn

of the chlorlne atom or from the environmental dlfferences

Three crystal Structures, so far, have been reported- in whlch the.

: maleate monoanion was present- with. organlc cations in the crystals.

These were the crystals of di- Bromophenlramlne maleate (James & Wllliams'
1971), (+)- Chlorophenlramlne maleate (James & Wllllams, 1974c),Methoxy—
promazine (Marsau & Cauthler, 1973). The mirror symmetry was broken in \
them.' One of.the carboxyl gr0ups was bound with a hydrogen bond to an
amino group of the cationic molecules and the other carboxyl group was
free from an 1ntermolecular hydrogen bond. The atomic. parameters deter~
mlned by X-ray dlffractlon studles suggested the offset of the hydrogen ,
electron den51ty in the intramolecular hydrogen bond 1n the- three struc-A
tures. | |

The molecular geometries of the/maleate molecules showed that the

oxygen atoms: wlth the longer C-0 bond lengths were closer to the hydrogen

atom than those w1th the shorter C—O bonds in the hydrogen bonds and that
o' .

the dlfferences of the €C-0 bond lengths in a carboxyl group which was.

3

. e

.&'
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bound by an intermolecular hydrogen bond were less than those in

}
)

tﬁe<bfher free carboxyl group. That is, there was a clear diffe-

, &

rence in the bond characters of the C-0 bonds.
. . '/, )

The crystal structure of imidazolium maleate was hoped to get

-«

clear the effect of the environments on the short hydéogen bond and

the molecular geometries.
. . .

%ince the dissociation constants of the maleic acid are pK31=

1.83 &nd_pKaz=6.07 at 25°C and the dissociation constant of imidazole
is pKa=6.953 at 250C,(Weast et.al., 1968);.,It'can be ekpected that

[

. .‘" . . . . ) )
the maleic acid becomes maleate monoanion in the crystal in a 1:1 ratio.

108

-
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1~2  Experimental
]

" Equal molar amounts of lmidazole and maleic acid were'nixed toge-
ther in methanol. The prineipal salt compound was crystallized by
evaporating the solution. 'The preliminally'OScillation and Weissen-
berg photographs showed that the crystals belonged to the space group,
P2 /c, in the monocllnlc system Systematic absences~were‘noted as
OkO; k=2n+l; hOQ;.£=2n+1. It nas noticed that there’was a small.aMOunt‘
of crystals w1th a dlfferent habit in the bottom of the crystalllzation
contalner. They belong to the space grOup of P212121 and'their cell
dimensions were a~7 90A b=14. 27A, c= 7 24A meaSured from the dlffrac—
"tion photographs. Since the cell dimen91ons were slmllar with those\
.of N-suCCinopyrldine (see later) and the sizes of the pyridine and
thevlmida7ole molecules are 81m11ar, the compound in thls modificatlon
was con81dered to be the.covalently bonded one of 1m1dazole and maleic
.acid in ‘the presence of the water as moisture‘or'impurity.in_the-sol—[
yvent.i | | |

a ' l._ b o c o, ;space‘grbup
'irn‘idazole:male"ic acid - 17,.91'2‘ 14,294 7.242". | | fll’212~1'2-1. o
N-succinyl _-py<ridine, .‘-7.'77-5(2.)A 14.97,4,‘(.3)'_"1 7.730(1) Apzlv.zlﬂz.l .

A single crystal of monoclinic form was - recrystalllzed from metha—:_"

.

nol solution for the data collectlon A crystal of the size 0 3X0 5

%
.XO 15 mm was mounted along the Cc- axis on a Plcker FACS 1 dlffractometer

with graphlte monochromatlzed MoKa radiatlon.. The 26 of the monochro—-}
ymeter Was 12 09 ; The cell dimenslons were deduced from the indices '

‘and Bragg angles of 12 reflexions by least squares calculations. The,;'
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density of the crystals was measured by flotatdioy method in a. mixture
~of . carbon tetrachloride (p = 1.58) and chlorobenzene'(p = 1.10). The

crystal.data are summarized in Table III l—l; The intensities were

4

collected out to 28 = 60° (A = 0.7093A) in a room where the tempe-

max
'rature<was eontrolled at 16 + 1°c. The 6-28 mode was usedeat‘the scan
_rade of 2tQO a mlnute over the basic'width,of 1.509{ The backgrounds
were-counted[at both‘extreme ends of the.26 driving for 20.seconds
each.f Three standard reflenions were measured eyery Sd reflexiohs.

No erystal decay or moving ‘of the‘orystal Was‘observedhthroughout'the
data‘eoilgetiOn. The;variation;of the standards'waS'tQZ. |

\ , L . o

Since sixteen reflexions were considered to be suffering from the

effects of coincidénce_loés; they Wereiremeasured with an'attenuator

in posltion The attenuator factor of 8.335 was experimentallj deter? '

mlned by 10 reflex10ns measurdﬂ twice of each with and without the

attenuator. These reflex1ons were est1mated not to be suffering from ;

" the effedt..'The intensities-were‘between 10,000 and lS,OOO.counts per~

second at the max1mum rate w1thout the attenuator

Although the linear absorptlon c0eff1c1ent is 1 29 cm l,,and thel S

‘31ze of the crystal ‘was small the absorptiOn correctlon curves Were
emplrlcally obtalned around the phi axi% for the reflexions 0, 0 2

'29 =5. 72 and 0.0.8; 2e 23: oz (North Phillips and Mathews, 1968)

PR
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. RS -
molecular formula ' C3H5N2 ‘C4H304

molecular weight . A 18415 Daltons ' o o ' '“\\/
space grddﬁ* o . B _P21/c
a o 10.869(1)A -
, . E . . o ‘
b o _ : 5.523(1)A .
- _ A .
c o . 14.614(3)A
| : . St o
B ‘ : . . 102.85(2) . .

v : o o 855.29A° 1 |
zZ.o
. Do _ o o 1.426 g/cm

Dd,  i . ) :' -4:‘ 1‘926 g/cms'-A
T L9t o
26 range explored o 3~600 hk1landhkl1 :
no. unique reflexions 2495
T S o
‘no. reflexions for ' - 1621 (65.0%)
refinement Lo

final -R i 0.038 . :"} SR \ ,
fihal R, C L0029 ¢

S

!

5 PhySi¢éi-COﬁSténféjéﬁd:Oﬁhéiﬂdataffor;imidazoiium_méleate."” N

Coedt g o
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Fig. IIT 1-1. A plot of relatlve inten31ty versus é for the o :
imldazollum maleate crystal o 2 .

:The transmis31on curve values from the reflexion 0 O 2 were applled on

o the data reflex1ons of which 28 were 1ess than 10 O | The data ref1e~ v

-.xions of which 26 more than 10 0 were multiplled by the values from

jfthe Curve for O 0 8 The 1nten51t1es were corrected for the appropriate ::’

";Lorentz and polarlzatlon factors and reduced to the structure factors,f,fﬁ‘

:=The standard dev1ation, o(I), of the 1ntensities were estimated by the -»;“,fff,i

o follow1ng equatlon‘f"m'geiii_ 3:~'
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/
. 22 2, " )
o(I) = {P+C P2+t (B1+B2+cznf+C2322)}ﬁ
-kwhere’ + P: total counts of peak
c:instrumental instability coefficient ' *

chosen equal: to 0.01 -

t: the ratio of the back ground counting -
time to the peak countlng tlme

By and B2. back ground_counts‘:

‘The intensitles of 2495 unique reflexions with 1nd1ces h k,1
and h, k 1 were surveyed A total of 1621 reflexions whose net 1nten—_
sitles vere greater than 30(1) were considered for the structure
solution and refunement ' These represented 65. 0/ of the total refle-.

‘ X1ons . The molecplar forms and atomlc numbering of 1midazollum maleate

' are shown in Fig. 111 1 2. . H(])

S /N(l)\ Hcsj
H(2)*c(2)/ | C(5)

v

O(4)--H(10 --oc2> | '}‘(3’ C(
\ o H(3) H(4)

o<3> ——C“’) 7; C‘°’~ om

Go—=cp T

*

\
H(8) H(7)

"e Fig III 1 2 l Molecular forms and atomic numbering of
‘ o imidazolium maleate TR P
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1-3 - Solutkon and ' Ref inement
’ ) A' .. - ) ’ '-. O .
The overall isotropic temperature factor B 3 81e/A and the scale
factor K= 0 178 were calculated by least squares fit to.a Wllson plot

) (Wilson, 1942) (Flg ITT 1- 3)

In(ensf >/(|F0|2) ‘."'i; . ) | L o .

00

UL | <SIn W)

| Fig. III 1-3, ]Wilsoh‘plotiofilﬁldazoiium{ﬁaleate{,}ll

The structure factors were reduced to IEI values (Karle and Karl:xfllﬂffkw‘
*'“j1966) The statlstics and the dlstribution of the IEI values are ‘
_listed in Table Ing 1-2.



.theoretical'

centric

average valué of |E| , ' 0.798

average Qalge of ]E?I o 1.000

average value bf;[Ez;ll . 0.2@&\
T BN

N

1.4
; .’. 1."12 .A

0.0 i

‘Table III 1*2

_thebretical

centric- %  acentrie %

123 'f‘.f'd¥l9  B
'\gjss"Ai Cones
s am

1110,96 *H§? 5.7l75  l* 
a1 109
”f 2&o1f , :¥z$?97f'

71{i3§.j§;[‘ ff;fa36{79":“'

©100.00 ¢ 100.00
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experimental -

acentric
" 0.886 . 0.773
1.000-  © 1.000

0.736 . 1.008

..
l.
+ B

¥

- experimental ! . -

A*:Z: 'fﬁQl'OerefleXioﬁf

0.3 . g

5,04 127

S 7:53 ’3;»":i8?; 
ff f16 19 , }4?Q;;fu SRR
’  22 % ;fj?}“55§45 ‘

’j31 75112 ?' ‘jé8:?f1*i :;'

= '1‘0-0‘"'00 i:: 2"49:5

s The theoretical and experimental statistics of the
wo E[ values of 1midazollum maleate... ' L

- t.,jﬂ, -
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After a faflure of the structure determlnation by the statlstlcal

method with 127|E| values which ‘were greater than 2. O, the number of

IE] values used was expanded to 187

These !El values‘were.greater

than 1.8. . The solutlon was continued,by MULTAN and‘three'origin

i

reflexions were assigned and fout other .reflexions given symbols.
total of 16 sets of starting phase combinatlons were examined

"computatlon by the program PHASE 1n the XRAY?O system determined 147

.to 159 reflex1on phases in these 16 sets.

k from these 16 phase sets was-better‘than'anytof-the_othersrby any' )

criteria. .- IR .

In. addltion to the automated phasing by MULTAN hand—phasing (Karle .

& Karle, 1966) was also undertaken

The

It was difficult to plck

up the most probable phase comblnations, because none of the results

Three different origin reflexions

.iwere chosen and only one additional reflexion assigned a. symbol“

_summary of the results from the combinations is listed on Table III l 3

]

‘—5.. »2 16 % '3}3Qf
-l 1 3k g4
Sl 1. b x 72,70,
5 ‘~j1;1- . 2.89

i cycle(s) to reflne the generatorssp
Vdescrepancies in extended phases '
"total number of phases determined-3

positlve phases A

";no. negatlve phases

hf(#“_origin defining reflex103§ )

S

Table III 1—3 Comparison between the two sets of the starting phase jﬁf §

-'combindtions‘ ) u_=_ .\.:

) - -
I .

. combination I

167
G

+ o+ o+ o+

combination ,II
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" An E map was computed with the phases from the starting phase
combinatign I. It showed the clear figure of the mclecular struc-

tures with reasonable molecular packing in the unit cell.

The ath speciesvwerelaSSlgned to.tnefpeAks on. the E‘mapJand the
imidazole ring was.assumed to be hydrogen bonded to an oﬁygen of the
.maleate anion, The structUre:factors within 26=400-nere computedl:
The initial R value‘was 0.32 and<itdnas reduced'tO'O.Zl.after two "

cycles of full matrix least squares reflnement with unit welghtq for

:_the reflex1ons and 1sotropic temperature factors for. all non—hydrogen

.‘
-

atoms. The R value was tremendously reduced to 0.087 by oné cycle of
least squares calculations with unit welghting of the 1621 reflexlon |
. v : _ N
Jgatavand.anisotroplc_temperature factors. o
.A difference.Fourief map showed electfon denSity»peakstOI the'_‘

'.hydrogen atoms,'except that of H(lO), the intramolecular proton, and

lstive and negatlve peaks around some non—hydrogen atoms
::rogen atoms with isotropic temperature factors were in—""j
Ee next two cycles of the least squares computatlons with'.
;fational welghtlng scheme [/*# = (leol)ﬁ/ (v)]:. Another
‘ie map was calculated aroung the oxygen atomﬁ 0(2) and 0(4) |

n of the map 1s shown in Fig III 1-4
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Fig}'iII 1-4: A section around H(lO) in the dlfference maB of 1mida-‘
zolium malkate. The3f1rst contour line is drawn at 0, 15e/A and the
-increment is 0.05e/ “ - :

.it repeaied a ciear but-broad electronrdensity peakvwhfch was
elongated in the dlrection of the ‘oxygen - atoms | It was decided that
the temperature parameters of- this hydrogen atom should hégrefined
‘anisotropically. E O I i‘ f ; {‘r_l o .
The full matrrx leastAsquares reflnement‘conVerged at R ; 0 036 : 7\"
= 0, 0711 But it was found that several reflexions with strong in- g
r-tens1t1es and low Bragg angles seemed to - suffer frdh extinction - ThlS o
| factor was taken 1nto account 1n the further refinement (Zachariasen,,‘”
1963) The atomlc scatterrng'factors for the 0xygen atoms 0(2) and
0(4) -were changed to those of a half negatively charged oxygen atom,"h
:'because ‘the- bond lengths between the carbon and the oxygen atoms were

longer than C = 0 bonds and shorter than C - 0 b?nds.” This fina1 re-i'

fxflnement procedure affected the hydrogen temperature factors and posi-."
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a

tions as well as the non-hydropen atomic posiﬁioﬁal porameters., The

maximum shift of the interatomic bond distances for non-hydrogen atoms

.

. o .
- was as ldrge as 0.013(3)A. o a .

The final secondary extinction coefficient was 0.191(7)X10?6. The

~ ‘ . : . .
ratio of parameter shifts to those of the parameter-error were all less

than 0.3. The R, Rw and the goodness of fit were 0.038, 0.029 and

- 3.021, reépectively. ' The Rw value was greatly improved by the extinc—

tion refinement. The structure factors with the phases aPe given in

Table II1 1-4., The final positional and thermal parameters for all.

" “the atoms are listed in Table III 1-5 (a), .(b) and (c).  TherORTEP

ddeiﬁg'(JOhnsog}l965) ofvtwo units of imidazole maleate molecules is

~ shown in Fig. Iii}l—S. The imidaaglium maleate is Berinafter referrgdn_

to IMDMAL. | R : ‘ e
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RY
S x/a L y/b . ze
NCD) 5 3970(1) S 11518(3)  7090)
c 3158 (1) 09753 920(1) . |
N(3) 3768(1) 8324 (2) | 1492(1) a
c(4) so391) 8838(3) - 1es2y) T |
¢(5) osle2(n)  los26(3) ;iI66(l%{
JONE 1212(1) C 5036(3) © 15901y
NI )N : 234(1) S 3f54(33 : ;605Y1) 
c® 00 aes) - 1266Q)
c(9) -1838(1)  s10603) N s
0(1) 2312(1) 4586(2) | 1980 (1)
02 N891(1)_ - 7053(2) | -ii7i(1)
oy " 22977(1) f‘ | 4760(2), o 505(1)

o) -1357Q) . 71203) © . 563(1)

' Tab;l'é I1I 1-=5 (a) Posit'ional .parameters‘(Xl,OA)"lof_ non-—
' : - hydrogen atoms of imidazolium maleate.
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“<1),
"
H(3)
H(4)
H(S)

H(T)

R

-~ 1Q10)

x/a

374(1)

é35§1)
332(1);
565(1)
.594(1i ‘
- 58(1)
:-1zﬁ£ﬁ)

7).

Table ITI 1-5 . (c)

A

&

y/b

1278(3)
1004 (3)

705(3)

'787(3)5
1;72(3) -
.;73(3j
i86(3) |

L 713(4)

Z/C"

33(1).

73D

169(1)

205(1) -
1i2¢1)
101y .

134(1)

83(2)

_sé<§5'
46(4)
10
56(5)

1 66(§} -
-,:f5$(4> _

- 56(5) -

'Rositionél-éndfthérmalfpgrémetéfst(XlO?)‘bf-°vf
" the hydrogen atoms of imidazolium maleate.

iso
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Fig. TII 1-5 -

_Two units of imldazo]e maleate related by a center :
of symmetry S T : :
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ﬂN ribofuranosyl im

L

1-4 Results and Discussion.

All of the-atomic parameters in thls structure have been in-“

dependently determined because the space group symmetry ‘does not

, requ1re mirror or two fold symmetry on either the maleate or imi-

dazole ions.

(1) 'imidazoliumtmoiety-

The bond lengths and angles of the 1midazolium m01ety are.

flllustrated in Fig IIT 1-6. Protonation on one of the nitrogen

'atoms of the 1midazole rlng would create a mirror symmetry in thej'v

molecule along the bond Joining atoms C(2) and H(2) The observed

values of the bond 1engths and angles agree well with thls postuléﬁe

‘and the values of ‘the bond lengths and angles on one half of the J o

molecule are very close to the corresponding values on. the other half

' Table III l 6 shows the bond lengths of the imidazole m01eties

2 in the structures of 1midazole 1tself histldines and hlstamines

* which Were unprotoyated and protonated and the structures of two

dazoles, Most of the bond lengths in this struc-"_‘

'._ture agree reasonably well Wlth those of the 1midazolium phosphate
1 structure w1th the exception of C(4) = C(S) The bond length C(4)

' ;Q’_ C(S) is much shorter than the equivalent distance in the related

'w'-.

ComPOUHdS The extlnctlon cdrrection in the refinement reduced this T

'fglength from 1. 343(3)A However thermal vibration of the atoms in .

.q .

: crystals results in apparently short bond length (Busing & Levy, 1964)

: than a delocahzed aromatic c c bond length. The bond lengths are S

‘.l 33 (6)Atfor 31mp1e carbon—carbon double bond and 1 395(3)A in

125

‘The bond length C(4) - C(S) closely correSponds to a double bond rather o
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0.8925\
D { 128 39

L “'1.2.3..-3(‘9)% | o o
o , 1373(23 .

.12«5.8(9), e e T

| 105.53(1).__"_' e
086(]) 1249(10) | o

1 313(2) T 1071(1).

|  108.4(1),  ~

S {._' 1 ,--33_6?_:3')" '.

] § .-;13'0 8-(1'0)‘ : -

108, m) | 094(2).[‘

s @ T 379(2) a2 "j°> Tw
o | '_ 1293(9) |

. B s ) . .
‘

' Fig. JIL 1-6' " The bond lengths and angles of the imidazolium motety. = -
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P Table III 1- 6 The bond lengths and angles of the 1midazolium'd 
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aromatic compounds. The bond lengths,arevreferred to those in’

'"International Tables for X4ray’Crystallography"‘vol III,.p 276.

?rengths N(l) - C(5) and. N(3)- C(4)- are longer
-% N 1ength l 340(l)A of . pyridlne r1ng (Bak

strup—Anderson ‘1958), although they-are much

J,fflnlc C-N bond length 1 472(5)A The lengths,!',
'h512(2)A and N(3) .- C(2), 1. 313(2) were almost equ{&
‘;ter than aromatic C-N length ' These facts indlcatev}’"‘
,;on of h electronrof the carbon C(Z) over these three -
:fly w1th less.lnvolvement of.the other rlng'atonst The _
”harge is equally dlstrlbuted on both nltrogen atoms

Jznd angles agree more closely with other protonated

- :oieties than bond 1engths The protonation mainly affects
‘iufat:the nltrogen atoms and the angle N(l) - C(2) - N(3) |

~ The angle C.~ Nv— C are w1dened from 105 4(1) /at the unprotonatedv
",nitrogen Et ;:to 109 0(1) by the protonation The angle N -‘C - N
'isfslmulf ”.y reduced from 112 1(1) to 108 6(1) by the proto-ff

i he welghted averaged values agree with the obServed

:ivalues An’ the structure of IMIMAL | | |

These factors of the 51m11arity of theigeometrlesvin the m01~: if,\’ ‘/_f
,,ecule and the tendency of the angles could be a good indicator of |
f}fnrotonatlon on the imidazole m01et1es in- the solid state, in addltion-f;*.':

"to a d1rect search for the hydrogen position in a ﬂifference map. fvf ii;;l .

'7The bond angles Wthh include hydrogen atoms are usually less reliable"i_ji fv{

'.';fthan those between non—hydrogen atoms only One of the reasons is o

'.*'that the X-ray scattering power from hydrogen atoms affects reflexiousf""i’fn
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with low Braggfangles and thase reflexions systematically‘suffer
from the secondary'extinction. The refinement 1nclud1ng the
extinctnon factors should improve the hydrogen parameters In
fact the angles 1nclud1ng the hydrogen atoms were closer to those

between the non~hydrogen atoms which were substltuted on the imi-

dazole rrngk

t
\.\:

The carbon and nitrogen atoms of the 1midazolium'm01etyhlie
in a plane within the experimental errors - The equatlon of the
;best plane through them and ‘the dlsplacements of the hydrogen atoms

’from the plane are listed in Table I11 l 7 The largest displaced \ o ;:
hydrogen atom was atom H(3) on nitrogen ‘atom N(3) which was 0 04A |
Tfrom the plane, whereas the dlsplacement of the oxygen, 0(1), which

is hydrogen bonded to N(3) was 0. 154A on the same side of thlS plane

; The hydrogen atom, H(l), -on the nitrOgen, N(l), and the hydrogen

_ bonded oxygeni 0(3), were almost 1n the 1midazolium rlng plane

Although the magnltlde of the displacement of the hydrogen atom H(3)

) may not be 81gn1f1cant 1n this structure determination, 1t may be

'worth whlle to look for this tendency in. other similar structures

. 'Q‘sﬂ
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_ . o -
Atoms  Plane 1 Atoms Plane II
N(1) 0,000% C(6) ';0;000*
c(2) --o.op;*"C(7) . 00.015%
NG 9.001% c(8) -0.012%
c4) L0.001% c®)  o0.008%
c(sjt 0,000+ 0(1). . 0.026%
BO) . 0.001 0(2) -0.021%
H(2) 0.015 0(35 0.010%
CHG3) ; -0.041 O(4)  0.003%
1) 0.000 H(7) -0.038
H(5) 10.010 H(8) ; —oﬁozs.
oy 056
'b(s)(a) © -0.001
standéfd 0. 001 ‘.0.615
dev1at10n
x? 41.511« goo
,degfee‘ofv' . \t t
freedOml R 'Z

Plane ITI

0.002%

-0.001%

0.032

~0.001%

-0.001%

0.001

2.61°

.

Piénejlv

Plane V

0.0001% -

-0.0001%

0.0002%:

~0.0001*
- 0.0329

- =0.0410

0.0029

=0.0235

~0.0084

0.0001 ~

0.02 -
g 3
) ,

-0.002%

0.005*

-0.002%

20.002%

. 0.004

 ’* ‘the atoms included 1n the least squares plan@ calculatlons

. ,(a) the atom whlch was operated by the symmetry (ﬁﬁh 2 O-y, - ); '

D'Teble III‘1¥7,”

E}

) Displate@eﬁts‘of the atoms from
.- planes .of imidazolium maleate

¢

YA ll

RS .
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“:structdres. The conformatlon of the systems appears to prefer co~-

134

The equations of the least squares planes.

Pi + Qj + Rk = Sin orthogronal angstrom space.
F Q R ‘ S
Rlane I -0.25720 - 0.56427 0.78450  3,33118
11 -0.33654  0.37907 0.86200 2.73735
111 -0.35576 - 0.38595 0.85116 . 2.71484
IV -0.33652  0.36431 . 0.86835 2.71090
v -0.32929 - 0.37478  0.86666 2.71709
(ii) V maleate ion

The least squares planes of the non-hydrogen atoms of the
maleate moiety are shown in‘Table III'l?j- The maleate noiety is
lesslplanar than the imidazoiiumkmoietyﬁ The atomic groups of the
‘two C-CO0 and C-C = c- -C are relétlvely planar. The angle betgeen
the least squates planes III and IV 1s 1. 9 and»the,angle betpeen
ithe'planesﬁlv and V 1af0.7 . The angle between the 1east sdnarea
piénes‘of imidazoIiUmaand'maieate'noieties isj12.40. |

jd; B—unéaturated earb0xyl\systemsbhamz.been stodied in many

-~

A:planarlty of the carboxyl grOup and the sp2 planes of the carbon- © -

[

::carboh dOuble bond (Dunltz & Strlckler, 1968) There are two con- |

' _formations of the carboxyl group w1th respect to the double bond
_These are the synplanar and- antlplanar conformations of the carbon—

oxygen double bond w1th resp t to the a B carbon d0uble bond round

",the carbon carbon s1ng1e bond ' Table III 1 8 shows the %nter—atomic

, dimensions ofasugh“systems The bond dlstances agree in both confor-. o
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mations, 1.327(2) A for~C C bond, 1. 486(2) A for C - C bond, 1.208(2)

X-for C =0 bond and . 1. 313(2) A for C - O bond. The bond angles in
the carboxyl groups were 113, l(l) for c - ¢ -0 angle, 122. 8(1) for
.C -C= O'angle andA124.0(l) for 0 - C = O angle These bond
lengths and angles were almost unlform in the synplanar and anti-
planar conformations and were comparable_withvthe_angles~1n;a B -
saturated carboxvl~c0mpounds (bunita.&‘Strickler, 1968)A-'A'var1ation
can be found in a bond a) 1gle between C C and C - C bonds The‘angle
- 1in the synplanar‘COnformation 1s_11818(1)_ and that in.the antiplanarl r
conformation is 122. 6(1) N | |

It is suggested thatothe difference of the angle comes from the
difference betweenvthe'C - C ;‘Q and c - C~=_O angles,&that»is; the
narrower angletof C e‘C,- Ormay'demand'a'wider angle of C = C"- C 80
that the wide angle might compensate for the non-bonded distance be-
: tween\the cis oxygen atom and ‘the B carbon or its. hydrogen atom from '
that wh1ch wouId have becdme short in the anti conformation

As well ‘as in the aye—unsaturated carboxyl derivatives, the'doublehi
. bond in cis- dicarboxyl'ethylene derivatlves prefers the coincidence of
the planes of double bond and carboxyl groups in the neotralland mono—.
‘,anion forms maklng '.a short intramol cular hydrogen bond between the ; o
carboxvl groups. On the other hand, two carboxyl groups in the bicyclo;'”llfh
- [2,2, 1] hept-S ene-2 3—endo-dié§rboxylic acid (Pfluger, Harlow and

blﬁfSimonse“ 1973) do " not maintain the intramolecular hydrogen bond even ‘fn:lﬁ 5

though the carboxy] groups are preferably oriented in the rigid molecule., RPN
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anch one of the earboxyl groups donates znd accepts intermolecolar
‘hydrogen bonds with a. carboxyl group of a neighborlng molecule 4 Ihe'm
difference is that the two - carboxyl groups are separated by a carbon-'df
carboh 31ngle bohd in this molecule, - on the- other hand by a carbon-
carbon double bond in maleic acid derivatlves and the tricycllc alkene 2

(Hechtflsher - Steigemann and Hoppe, 1970)‘ R O

- The weighted mean geometries of the cis-dicarboxyl ethylene and:}fiiﬁ
"]'the closely felated compounds were listed in Table III 1 9 and the

tubond lengths and angles of the maleate moiety in IMIMAL are illustra4”“;';iwfliljﬁ

ted in Figure III 1 7
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vTheivalues ofmIMIMAL'agree,weli With the weighted mean:vaiues
of six maleate'monoanionﬁderivat ves: potassium hydrogen maleate
(Parlow 1961), pota551um hydrogjn chloromaleateﬂgEllison & Levy,-,.
v1965), copper hydrogen maleate (Prout, Carruthers & Rossotti 19715, I
" cis- aconitate (Glusker Orehowsky, Casciato & Carrell 1972)
Brompheniramine hvdrogen ma;zate (James & Williams, 1971), Chlor-}
'pheniramlne hydrogen maleate (James & Wllllams, 1974c)and Methoxy—'
b.prOma21ne (Marsau & Gauthier, 1973) The bond Iengths 1 287(1) 1n
'b' and 1. 283(1) 1n ’ of maleate monoanion derivatiyes are inter~
“mediate between the bond 1engths of carbonroxygen double and single:“
'bond of the a, B-unsaturated carboxyl groups in Table III 1 8 and |
'these lengths are comparable with those 1n the maleate dianion mole-"'V

.cules, diSOdlum maleate (James & Williams, l974b)and dilithium mal-

"eate (Town & Small 1973) The bond lengths 'd' ¥ 485(2) A and e

:f'l 328(2) A in IMIMAL are shorter than the welghted averfge bond

{”lengths of maleate monoamion derivatives but the bond 1engths are.:
-‘close to those of the a,hB-unsaturated carboxyl groups (Table III l~8)
. The carbonyl compounds in Table III 1-8 hdve been chosen to be |
,,_,transnconflgurationAw1th reSpect to the substituents on the tharbon.l:;:???i}i
d:~It is hardly expected that there WOuld be direct steric hinderance
jh“?hfrom the substituents to the carbOxyl groups.l The maleic acid deri- v‘val
:idvatives, of course, hold strong steric interactions between the cis -
'('urelated carbOxyl groups in a plane._ To compare with the values in i?ﬁi}mxnxff
| uihTable III 1- 8 and Table III 1—9 differences are observed in the bond .
vutfangles. The angles of the cis dicarboxyl derivatives indicate unifonm

o tendencies The angles which are inside of the hydrogen-bonded seven— f“mi,]' .



o atoms, the oxygen atoms on both sides of the hydrogen bond in the mono-;J;

- _’_o(z).. H(lO ..0(4) 13 173(2) These values show that this strong

“‘j,ﬂof the positional parameters of the hydrogen atom.A-i
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j:membered ring are widened whlle those on the out51de of the rinf are
made narrow | The most affected angles are those of L =C - C and the .
'least effected are those of 0 -C= b;' The angles of C -C= C fh
,IMIMAL 130 7¢2) © are expanded by 8. l from that of the antiplanar
'ccnformational a; B—unsaturated carb0xyl ac1d | The angles of C - C = 0
in IMIMAL ll9 7(1) and 119. 6(1) R also are widened from 113 1(1)
-of. unstralned compounds but are comparable with the. angle 1n maleate :viqjy
dianion molecules | | | | R | B
The distances between the intramolecular hydrogen—bonded Oxygens
fare.presented in the column 'a' of Table III 1 9 ’ The distance,_ |
K 2, 408(1)A of IMIMAL is one, of the shortest hydrogen bonds in the i
'maleate monoanions observed The distance was not corrected for ther—"
' :mal motion Slnce the bond lengths of IMIMAL in the columns 'b'band R
"‘fh' are comparable with those of the maleate dianion compounds and the’

Fnt

"charges in the dianions appear to be distributed over the four oxygen :

" anions seemed to have a half negatlve charge The negative charge | .
:‘distribution clearly strengthens the 1ntramolecular hydrogen bond

‘since the distance in the monoanions is shorter than that/in the neu-
'f-tral maleic acid derivatlves | ‘ o i-
The distances from the hydrogen atom H(lO) are l 35(3)2 to the

-’*r{oxyge“ atom o(z) and 1 06(3)3 to the oxygen atom 0(4) The angle of

Lintramolecular hydrogen bond seems to be asymmetric. But a little i
‘*deOubt to this conclusion can be allowed because of the reliability

R . - \' N e
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Firstly s1nce atomic scatterlng facbors of X&ray ;re propor—

‘ EAY
tional to atomlxc\numberf the X~ray scatterlng from hydrogen atom .

A}
is only one 51xth_of that.from-carbon.atom _ Therefore hydrogena
. &

atoms 1n a crystal contribute 1ess to structure factors than car—-

bon nitrogen or oxygen atoms do, and the least squares reflnement

]

2
is less sensitlve to the parameters of the hydrogen atoms Secon~

dly the hydrOgen atom H(lO) has been reflned with anlsotrOplc tem—

perature factors The anisotropy became very large along the

direction of the hyHrogen bond It may be worthwhile to note that"

the contrlbutrtn of the hydrogen atom is- shown in a. drfference map"

)l

which was computed with the coefflcient (Fo—kFc), but in Fc there

was no. contrlbution from the hydrogen atom H(lO) '_The ‘mab 1s~shown'-e

T in Fig 111 1-8. . - S e

V:.Fig;,Iii“1%8; The final difference map arOund the intramolecular

hydrogen bond of imidazolium maleate. [.,;?c

144
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—
The section was‘at'y/b”= 0. 716 1ch was between the y coordlnates
7bf the hydrogen bonded oxygen atoms,‘O 03 A above 0(2) and 0. Ol A
 below 0(4) . The map had one large peak elongated along the 11ne
\ between'themoxyg?n_atoms centered~nearly at‘the-midrpoint between’i
- them, ‘and another peak which was smaller and oloSer.to'OXygen 0(4).
This electron density.peak had appeared.after the extinction re=
finement and ‘it could not be 1nterpreted by‘the thermal anlsotropy
~of the oxygen atom, 0(4)  The hydrogen atom, H(lO) was centred
in the former electron den51ty wh1ch had a’ gentle slope along the"
11ne.301n1ng ‘the . oxygen atoms In thls situatlon the hydrogen atom
is poorly.determined by the least squares refinement and such 1arge
‘.thermal motlon makes the arguments.of the hydrogen atom positlon less
"..meaningfull It is another poss1bllity that the apparent asymmetry
of the hydrogen bond could come from the uninterpretable electron
vden31ty be31de the oxygen atom, 0(4)
As a result the most plausible model is one, in which the hydrogen
_atom lleS in . a single broad and probably symmetric energy wellllin
‘ spite of the fairly large difference between the calculated distances.s'” tf
'from the hydrogen position to the oxygen positlons This result N
‘iiwould be supported by the symmetric geometry of the.maleate molec%le,gb
B Q(Fig III 1 7) ; The geometry of the right side of the molecule ._G""
"agreed well with that of the left side There were no - significant

.’differences between the bond lengths of C(6) —-0(2) and C(9) = 0(4),,_

{and between the corresponding angles around the carbon atoms, C(6)

vy

Tw;and C(9) } These facts suggest that the electronic states at the

foxygen atoms would be 31milar and that the hydrogen atom, H(lO) 'would
'-— '.I . | -

”bvzbe equally affected by these two carboxyl grOups.a_ly”
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] ‘\“ \‘y\
' z&istance .distance ' angle ' angle 5
C=0...H-N - - 0...N - 0...H . 0...H-N C=0...H

.'/.

C(6)=0(1)...H(3)-N(3)  2.789(2)A 1.89(2)& 171(1)° 109.3(3)°

\ . . . .

' : " R o .0 o . n .o i
3 C(9)=O(3)...H(l)'eN(l)' $2.797(2)A 0 1.92(2)A - 170(1)" ° 108.8(4) h
e
H(1)' and N(l)“are‘operated on By“éAsymmetry
operation of x = -x, y'= 2.0, z = -z,

' Table III 1-10. ‘ Geometriésvof the intermolechéf '
hydrogen bonds of imidazolium’maleate.‘-,‘ '

L

G



fiii) . molecular packing

The maleate anions are arrayed in a‘plane that is parallel to
the bc-plane at-'x/a = 0 and the plane of the‘maleate moiety is
almost perpendiCUlar‘to this bc—glane. The.imidazolium cations
arevarraied in another bec-plane at x/a = % and tne olane of the
imidazolium moiety is also perpenditular,to the plane. -But this

’ﬁiane at x/a % % is charged positively. The negatively charged
- planes of the arrayed maleateimoieties and the positively.charged

planes of the imidazolium moieties are stacked alternatively along

the a-axis.
The similarity of the geometries of the right and left sides -
of the maleate molecule has already'been discussed This similarity

-

of the geometries can be extended to the env1ronments around both
sides of the,molecule. A group’of_two imidazolium ions and two
naleate-ions encirole a center of synnetr; in the.crystal‘(fig.'lli
1—5). Two‘hydrogen‘bonds.were.aoeebted by the oxygens of Q(li and
v . v o : : o
0(3){- TheAgeOmetries of.the intermolecnlar hydrogen.bonds.are

listed in Table III 1-10. The distances between the nitrogen and

voxygen atoms vere 2. 789(2) A and 2. 797(2) A 'The angles of C =

0. H were 109 3(5) -and 108.8(4). . These geometries are:very”simi-"

1ar w1th each othe; 51des ‘of the molecule ] The dimen51ons of’ other

close contacts around the carboxyl groups are. 1isted on Table III

}b‘

1-11. T*e oxygen atoms of 0(2) and 0(4) were close to the carboxyl o

carbon atoms in a centrosymmetrlcally related maleate anion The

'distances were 3 414(2) A and 3. 401(2) A . The relatively close "f}’{.;'.'

.approaches of carbon and hydrogen atoms in the positively charged

%

147
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. . v
A/ B C -distances B...C angles A-B-C
C(6)-0(2)...c(9) 1) 3.4148 ‘ 89.4°
C(9)-0(4)...c(6) 1) 3.401 - 90.0
C(6)-0(1)...C(4) i) 3.146 | 168.2
C(9)-0(3)...C(5) iii) 3,247 133.5
, "v) ' §
C(6)-0(1)...N(1) div) 3.326 | 115.8
- €(9)-0(3)...N(3) 1) 3.305 113.4
C(6)-0(1)w..C(2) 1v)’ 3.220 5 © 106.8
C(9-003)...c2) 1) 3204 & 104.1
1](3).--0(1)...1‘](1) iV) - ’ . . 79.9
v) H(1)...0(3)...N(3) 1) S S 80.2
) . - . ' »v i ‘ .
‘ A A , ) ) \‘/’:\" ) . ‘
CH(3)...0(1)...C(2) iv) o vﬁ4:;?~ 102.9
WOHD...03)...c() D : £ 1030
W) R(1)...0(1)...C(2) iv) ’ 23.1
1) N@)...0(3)...C(2) 1) - 230
1) -x, 1.0-y, =z./  ii) 1.0-x, y=0.5, 0.5-z
C14) -x, 1.0-y, z iv) x, y=1.0, z°
Y o 2.0, -z |
“
o ) o b
. Table III 1-11.. The dimensions. of close
- ~contacts around the’carboxyl groups. .
..
.
.t}’;



imidazolium cation to'carboxy]-groups were found for both Qides of
~ the maleate anion. These dlstances between the oxygen and the car-
bon atoms were 3. 146(2) A from 0(1) and 3. 237(2) A from 0(3). Other

close contacts in both sldes were found with the carbon and nltrogen
N

atoms of the imidazolium cations whlch were shlfted by one unlt cellr

The dlstances were 3.326(2) A and 3. 305(2) A fr%m the oxygen atoms
to the nitrogen atoms and 3 220(2) A and 3 294(2) A to the carbon
atoms. The differences between the correspondlng angles around the

- oxygen atoms were less than 2. 7 except ‘those of C@% 0. . These

relatlons are shown in a- stereosc0pic dlagram of F1§’ III 1-9,

v

Fig. III 1-9 A stereOSCopic ‘diagram of the
packing structure of 1m1daaolium .maleate.

R

14¢
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A

o

Since the.samc ndmber andnhinds of atons Surrounded both the
carboxyl groups . at similar di;tances.and in simiiar direction;, R
it may be concluded that the tVO-C§Tb0¥Y1 groupshofdthe maleate
anion are in almost identical environhents.A %@&acrystal-structute
- of IMIMAL suggests that the short intramolecular.hydrpéen bonddis

symmetric in the Symmetric.e'vironment. But;the symmetry-of the
3hydfogenfbond would be variaXle in_different envfronments‘sdch as

the three crystal stnﬁctures,hbromopheniramine.hydrogen‘maleate, '
chlotphenitamine'hydrogen maleate and Methorypromazfne;nwhefe.one

of the carbonyl‘groups,contributed to an intetmolecdlat hydtogen

bond and the other_remained free. The theoretical calcolatiOns
(Murthy, Bhatﬁé'ﬁao 1970) assumed that the distanoe between both
.oxygen atoms of the hydrogen bond would be the only factor which .
determlnes whether the bond should be symmetric or not. These

authors did not take 1nto account the env1ronméntal effects on the
.vatoms comprlslng the two cis—carboxyl groups. 'When theee effects
Were-takén'into'account in the.system of p-tolbidfnium bifluorfde;.
the hydrogen bond of the-bifluoride became asymmetric (Ostlund &
Ballenger, 1975) : i" | o A;':’ o | B - f-.’n
- Slnce the. carbonyl groups in the maleate anion’ have a. conjugated
. electfon system Whlch may amplify the environmentel effects on their .
__geometrles, the dlfferences between them could be observed by a cry~ = -
stal structure anaiysls of the present.accuracy. »If a-crystal could

i be growu that had different ntlronments of the two carboxyl grOups, '
a these geometrlcal dlfferences coufd differentiate betQééh a symmetricjl
,_~or aznonfsymmgtrlc h&drogen»bond. .} fﬁn. o

¢
v



a
)

It is prop@sed»that,the crystal structure of IMIMAL  should be

. ) A . S NS .
- refined with the data from neutron-diffraction, because it s out~ .

A}
_ stahding that the molecules are in general,positiOns and have an

almost symmetric environment. Another proposition is the structure

'determihécion of one side of the maleate monoanion with a hydrogen

: /‘ . . A .
bond and the other freein small molecular combination. One such
structure isupyridinéum maleate and an attempt at the preparation

of this compound is presented in part 2, chapter iII.“

151
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‘Part 2
. : o,
The Molecular andfCrysta1'Structure’

'offN*succinopyridine

27ll:Introduction'
‘The crystal structure ef imidazolium maleate showed that the fv"

two nitrogen atoms of the lmidazollum-ring made two hydrogen bonds
in’ ‘the crystals In this structure the maleate molecules were
' p!esent in a symmetrlc environment with the result that the‘éeometry

of the molecule was symmetric. In‘order to get an accurate struc—’.i o

ture of the maleate monoanion in an asymmetric envlronment, crystals
» of pyrldlnlum maleate were grown in the hope that the pyridinium _
' molecule would make only one hydrogen bond with the maleate‘ménoanion..
~ The hydrogen bond could break the symmetry of the environment and‘ "“h J.vi
" the maleate molecule would hopefully be placed 1n a general positlon |
“of(the crystal's space - group.v At the beginning of the’ experiment |
;two modifications of these crystals were discovered.‘fOHe of them_' R

‘b’, Sl
‘came from a methanolic solution of pyrldire and maleic acid There L

was no additlon of water in thlS solution A The crystals were thought' ‘
to belong to the triclinic system and had : interplanar unit cell spac-
Aings of approximately 5 A But theacrystals decomppsedﬂin‘air duringi_yf
the X—ray exposure B i‘ “3*::i,. t'_'ff’.-_' ;';7- :*T.!?' '
The other mOdlficathn of the crystals was grown from water solu— ”fi»
tion The crystals dld not decompose during the experiments. The _fi;nil'f',ﬁf*
'calculated and observed den51t1es of the crystals agnee well with the‘ |

v

: 'fz”' '
s A



- 153

aesumptlon of a formula CSHgN C4H304 for the asymﬁetrlc unit.

‘A spectroscoplc experiment, for example IR, could have conflrmed t
the reaction prcduct exbected;' The actual-molecular'etruCtetef

was reQéaled only’aftervthe stfectare was soivedn Howe;ef‘tﬁé.
subsequent structure analysis of these crystals shoeed that the .
expected hydrogen bonded complex between the pyrldlnlum ion and
theAmaleateemonoanion‘was‘not the.isqlated product.  | |

k4



2-2" Experimental.- ’ L

Solid anhydrousAmaleic acid (lrldlg" 0.01 mole)'was mixed

together w1th 0. 80 ml. . (0 01 moles) of pyridine in . a beaker. The‘

o coagulated mixture was subsequently dissolved 1n small amount of

‘}.\‘

warm water.. This solution was. set in a Styroform box and allowed
to cool slowly to room temperature Colorless crystals ware de-

posited invthQurs} These crystals were shown to be of high X—

' ray reflectivity and were' examined by preliminary oscillation and

Weissenberg photOgraph which showed that ‘the crystals were Qrth— |
orhombic with the systematical ab%ences h00—2n+l 0k0—2n+l and i
001 2n+1 The density. of the crystals, o-l 442 g/cm , was _ :
measured by the flotation method in a mixture of carbon tetra-lh”
chloride (p l 58 g/cm ) and chlorobenzene (p 1 10 g/cm3) at room |

temperature 21 c. ' The cell dimen51ons were calculated from 12 E»”

accurately centered reflexions by a 1east squares method at the :]“jj;?

beginning of the 1ntensity data collectlon 2 The crystal data are

in Table III 2 1. A crystal 0 23 X 0 25 X 0. 43 mm, was mounted

with the a. ax1s coinc1dent w1th the ¢ axis of a Picker FACS 1

diffractometer ) The incident radiation was graphite monochromati— ~:'j“f“

l_ zed Mo Ka (A 0, 71069 A) The 26 of the monochrometer was 12\09o

Two octants, h k 1 and h k! l reflexions within the angular range

3 0 < 26< 55 0 Were searched by the 6—26 scan mode over .a basic s o

peak width of l 5 in 26 This Value was varied by the function o

154

0 692 tan 6 to account for a1a2 splitting.y A total of 23 reflexionsj”';"lu"’

’ were considered to be affected by counter coincidence 1oss and were-';ﬂ S
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.. moléculér_formula7 I CgHgNO,
‘molecularsweight . . . 195.17 Daltoms - -

spécevgroup' o . | P212121,"

Ca . - - L 2 7.775(2) A
R L " o o
b , o g ‘.;:14.974(3)'A ‘
e i. e .  7. 730(2) A R ;
v SRS 899, 9 A RIS
4. _
) S ) R o 1442 g/em
D¢ co ’;" o o R B 439 g/cm ’
. AR S o 1.4 cm+1<-'

20 range explored ' . 0 55° hk1and hk 1

R TnQ.fﬁniqué reflexibns ‘ '1, 2“:.  vi x;;122l
“no. reflexlons for reflnement L ﬁﬂf1037 (84 9ZI?;‘3}-H3j-}-Q ,f2‘15 ,
flnal unWelghted R’  _vf',5nv:_ ;”{ {ff:0;O32

’;rTable III 2 1 PhySical c0nstants and other data for N-succino—;fijfi S
_ Pyridine e _ _ ’ o
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corrected with an~attenuator'in position.- Since the'value of uR
. R ,
was very Small, and the crystai was almost cylindrical absorption S

corrections were not applied on the data. Durlng the 1nten51ty ﬁ

f

data collection, three standard reflex1ons were measured after
::-'every 50 reflex1ons-to detect mov1ng or decomposition of the.

.l crystal and to check the stability of the diffractometer."No.i
signiflcant effects were detected | After averaglng the- two in-
dependent sets of reflex10ns,.a total of 1037 reflexions had

1ntensit1e° more than 30(1) The same - statistical cr1ter1a as

described in ‘the experimental section of imidazolium maleate ;,..t,fh\w.f,_

were ﬁmployed to examine whether the net counts of each refl “ions o
' were signiflcantly above backgrOund

q w’ . :
The 1ntensities were reduced to structure factors by the appli—

cation of the appropriate Lorentz and polarization factors

beam equatorial geometry



' '2-3-ASolutiOu and Refinemedt

An overall 1sotrop1c temperature factor of 3. 209 e/A and a

l‘ scale factor.of 0 1969 were computed by Wilson's method (WllSOn, |

'1942)

'Astructure factors (Karle and Karle, 1966)

v distrlbutlon_are listed in Table III 2-2.°

daverage_value of lﬁ[.
- S o 2
. average value of IE'I

1average_value'of-]E2—l]rV

'|El>3.o-}t,-'

. 2.5

a0
| “i;Sﬂ”*
IRV
R
f.{ ;i}6>;.”._a

: df;O;d:g" »

. Table III 7-2
Co - the 'El values of N—succinopyridlne .

23,01

W

- 100.00- -

acentric .-

:'0.19ﬂ 5
'hﬂiltsj_ 5
‘~519é;f
m
»1]]?14 o9fie
36: 79h

:;100:90

, 0.886 .
1,000

J736

0.852

©1.000

acentric /
0. 01;A

0.0
313

_5;55 a.._,,‘

23 29-J,_1”
35 47;]x~

100 00':”

7?%'

‘~0;46.

‘35118'f .

The structure factors were reduced to the normalized

The.statlstlcs and

-experimentalﬁ

‘no.. of

~reflexions;

2

<

R I

116

o

RTINS

The theoretical and experimental statistics of

e e

75

RO

157




A total of 117 reflexlons with IEI values greater than 1.60
were selected for the calculation of al 11st of phase relations
Hand phase determlnatlons were carried out on thls erlist.“ The .
reflex:rons, 2,0 7(]1:1 3, 28); 0,3 ,1(|E|= 2.55) and 3 4,0{(1;{= 2.4'2_3)
.. for the origin determining reflexions and 7, 0 l([EI 2.095;f0r:the

_enantiomorph reflex1on were chosen Durlng the hand‘phasing'the o
phaSe of reflex1on l 13, 3 had a strong 1nd1cat10n that it was close
_;ito 90 or 270°, The phase of reflexion 4 10 3 whlch had a large

.lEl value in general 1ndex reflexlons could not be determlned ST

because of no interactions w1th others in the hand~phase determina—'

,tion., The tangent refinements (Karle & Hauptman 1956) were computed '

| _ w1th eight sets of starting phase combinations in which the phase of

reflex1on 1, 13 3 was either 90 or 270 s and the phases of reflexion .
4, 10 3 were 45 135 -225 and 315 . One of the conbinations,v.
»phase of 1, 13 3= 90 and phase of ¥ 10 3 = 45 R had the lowest Rk

.value'of 0 17. The resulting phases for all 117 reflexions were P

73

158"

: well distributed over 360 ' The Rk values of other phase combinations'_'..L‘

fWere all more than 0. 24

- o

g The E° map corresponding to the phases from the best combination

. showed the. molecular figure of 14 non-hydrogen atoms as the 14

.1argest peaks.‘ The 10 carbon and 4 oxygen positions with the iso— ;hf' PR

: 02,
. ropic temperature factors of 3 21e/A and the scale factor of 0 1969

- were applled in the structure factor calculation using only the

.‘.data out to 26 40 The R factor was 0 20 fOr these 507 YEflex1ons, ig;;' S

B

"ﬂ:fThe 1ntroduction of the nitrogen scattering factors and all of the

: ""reflexion data resulted in an: R factor of 0. 11 after three cycles ftif{yf;;"a :

s )



14 . . .
of full~matrix least—squares calculations A difference map showed

eight out of the nine hydrogen atoms expected The one hydrogen
‘p051t10n that did not show on thlS map belonged to a carboxyl grOup
After one cycle of least.squares calculatlons wfth anlsotropic
tempenature factors for the non—hydrogen atoms, the carboxyl hydro;.‘b
gen atom appeared at the expected p051tion in a difference map ‘The
atomlc scatterlng factors of the half negatlvely charged Oxygens‘
for 0(1) and 0(2) were used in’ the follow1ng structure'factor cal; -
ffculatlons w1th the welghting scheme, (2[Fol6/0(1)) The final
, :R factor was 0 032 ;nde factor was 0 048 The maxlmum and average
shift w1th respect to the correspond1ng error. were 0 05 and 0. 02 for
the non- hydrogen atomld parameters in the f1na1 cycle,of least squares
' calculatlons, respectlvely | Those for ‘the hydrogen atomic parameters
‘nere 0 32 and 0. OS,_respectiVely The final F and F values are‘ ‘

listed in Table III 2-3: and the final atomlc parameters are given 1n :

) Table 111 2- 4 (a), (b) and (c)

). ‘.\ . .‘
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2-4 Results and Discussion

-~

{ The molecule that appeared in the E map proved to be a co-~

valently bonded product - The reaction that-had taken~place wgs 5

S

a nugleophllic additiop reactidn of pyridine tobthe double bond .

in maleic acid in water solution as shown- below.

’ A simplified reaction pathway shows the nucleophilic attack of

yridine on maleic acid tO'produne the resonance stabilized f".l?f:: - ;t.fi'

. structure.- Removal of a proton from water produces the produet
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N
found in the crystals. The molecule exists as a zuifterion'in\the'
‘ .solid‘state'with'the pyridinefring positively-charged-and'the'q-
“carbokyl-group"neg!tiveiy charged. The atomic nunbering scheme used
in th1s crystal structure ana1y51s is glven in Fig. III 2-1, and

the molecular confdrmation is shown in Fig. III 2~ 2 which represents :

. a stereoscopic draw1ng of the molecule of N succinopyridine it

can be seen in thlS diagram that the intramoleCUlar hydrogen bond
)
4_of the malelc ac1d moiety has been destroyed

HS

\ / _"\C9/' aH - -
.-c6’ib - c':ll
O FR

N Ns'/ HIO 03

.‘_ : ‘2;‘——F{:! _ ;e_t".,;dﬁ '\i4bfi“‘"i
\/\/\/'

s ‘j=-~bHéiihH32"d.}7f7
o1

hﬁ.Fig IIIZ-l The molecular form and atomic numbering of
N-Succinopyridine L o ‘

Ve’



~1tion was raised In,order to test whether or not

‘ }of N:succinopyridine ' The anomalohs dispersion data for the ;f;_~.'
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[ v L)
N -
Pl - Y : N
) &
Lo W .
. S o
L4 .
\ P . <
Loy
A,
Al
Cey e -
[l 4
-
4
°

Fig.,IIIEZ-Z ‘A stereoscopic view of N-Succinopyridine molecule ,'
R co v o (Johhson, 1965)

| As’ this reaction produced an. asymmetric carbon atom C(2) in

gy

| 'the succinyl moiety the question of stereoapecificity of the reac-‘:

'1

g )

theareaction was

"stereospecific a batch of the crystalg was: dissolved in water and

“an ORD experﬁnent showed no: optical activity (‘K. Oikawa kindly ran o fi.” S

I

g this spectrum) Since the dpace group was non-centrOSymmetric :,}.e_k._hff;j.ﬁ

’1‘(P212121), the isblated product was one of the enantiomorphs (D or L) sz”?*'“

.

oo Ure dn e
-
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L]

~: These several derivatives of succinic acid are dif rent in their

oxygen‘atomSIWere not‘used to determine which-enantiomorph-was
present 1n.the crystal used for intensity data collection. -
The bond lengths and angles are illustrated in Fig III
| 2 -3(b) and Fig III 2 A(b) The estimated standard deviationsv V;

.are 0. 003A for C C bonds, except 0. 0042 for C*C bonds in the o{f‘

-
I

pyridine moiety, o 002A for C—N bonds, 0. 003A for c- o bonds e

’

S and 0 04A for/bonds involving hydrogen atoms.: The eStimated 7hi

standard deviations for angles are 0. 20 between.nqn-hydrogen
atoms and 2° for those angles involving’hydrogen atoms.‘u'
The bond lengths of the succino. moiety are compared with

those of Succinic acid (Broadly, Cruickshank Morrison, Robertson
NP

& Shearer, 1959) potassium hydrogen succinate (McAdam, Currie & fk?l-

_ Speakman, 1971), dilithium succ1nghe (Klapper & Kupper 1973),,
: DL—methyl sqpclnic acid (Schouwstra, 1973), potassium hydroggil‘gf
methyl succinate (Schouwstra, 1972) and two aspartic acid molecules g

Y

(Rao, 1973 Derissen, Endeman & Peerdeman, 1968) in Table III 2 5

. t“,
ionization statee and the subStituents on the succinic acid back
bone.» Aspartic acid has the most similar moleculgr ﬁorm and ioni— e

:zation stati' because it has & positively charged nitrogen atom

(a-NH +) and a negatively charged carboxyl grOup (h—COO Vs and the -

e

B-camboxyl grOUp retains its proton. In fact the most similar
geometries of this.compound were fOund in those of aspartic acid :

molecules. The positively charged nitrogen atom affects the bond

- 167
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1492

1215

e | Fig 1112-3(3) - Thebond lengtheofN-succimpyrj_dine :
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.1ength C(l) - C(2) 1 545(3) A in N succinopyridine ' and 1 540(2) A
in aspartic acid both of which are longer than those of the methyl--

Substituted molecules-' The bond length C(3) - ¢, 1. 516(3) A, 1s:f

close to that of C - C 0 system, 1. 516(5) A (International Tablesflf

for X—ray Crystallography, vol III) The bond length C(2) - C(3), B

»l 521(3) A, is not affectaﬁlnrthe substituents.~ In the a-carboxyl_

,group th bond lengths C -0 are 1 236(3) A and 1. 258(3) A and the»Jzi"‘,

\

angles of C\: C - 0 are: 114 5(2) and 117 4(2) The two bonds and Sl

the twWo angles'

hvthose of negatively charged carboxyl groups in which the oxygen atoms'

.share the charge (refer‘here ‘to’ imidazolium maleate) Although it {:

1s difficult to explain cl.hrly ‘the reason why the bond length of

":{f'C(l) - 0(2) is sigpificantly lo:ger than that of C(l) —‘Oil), one ;;a.

.';reason may be that the oxygen atom"(Z) accepts a hydrogen bond

"_;giv1ng the C(l) - 0(2) Bond more singlv bond character.l On the other

171

e simllar to- each other and the values agree with R

‘f,hand the carhon oxygen bonds in B-carboxyl\gfoup have marked diffen-.‘gfh¢i§“ha

“ences in bond lengths and angles.- The bond lei;ths are 1 2r5(3)A

\ .

are- 122 4(2) A fOr c(3):—\c(4)v- 0(3) and 113 1(25 A foy c(‘_ y?f _Tgfggfndil';V”

F
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-

Fig III 2 4 Newmap projections of the torsion ang,les of"N
_ . R succinopyridine LR S
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of. DL-and L—aspartic acid were 7.3° and. 37 8° ,.respectively, (Rao,

1973) " These three values are very similar especially when one

L . i
considers that the. three aspartate moieties are in different envi-

ronment 1n three separate crystal structures. In addition the tor—

~ sion angles C(l) - C(2) - C(3)-— C(&) and C(Z) - C(3) - C(&) -0(3)

¢
are. l73 lo and 22 7o 1n this structure The corresponding angles

r

were 174, 2° and 3 1° in the structure of DL—aspartic acid, and 178. 2°, .
,*and l3l 4° in the structure of L—aSpartic acid . The torsion angles o
of the carbon back bone retain almost the sarme angle in these three -

;"Structures but the tor31on angles: around the bond C(3) = C(4) can =

.

l‘be different in the different crystalsﬁ reflecting the effects of

crystal packing and specific hydrogen bond formation.zv;'H

‘(ii) : Pyridinium moiety i

Y

:> The bond 1engths and angles of neutral pyridine rings were Sum—n‘_if g

',lmarized by Dr. G.J B Williams (1972) These averaged values and

g

i the values of,pyridinium rings are listed in Table III 2 6 The b°nd=f'
:'llengths betWeen the non-hydrogen atoms in this structure are not eg,”

- significantly different from those of: other pyridine rings, bmt the

.b*’fdinium rings are different from those in neutral pyridine.; The aver-eiwl'
'kf;aged angles of the neutral rings were 117 4 for C - N - C 124 3 }
,i_ﬁfand 121 8 for N - c -c and 119 19 at the para position With respectiff
Jr{;to the nitrogen atom.w The angles of pyridine by a spectroscopic :v'fib

‘?fdetermination agreed well with these above angles.' Serewiez et al

.),3’.-.'« .".

173

"bond angles show that the angles c --N - C and N = C - C in the pyri—ffufh_;4d'

.'.fkobserved in the structure of pyridine hydrogen nitrate that when the L_: fff”w
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. v .
1ofic pair clectrons of the nitrogen in the Sing.werc covalently

bondcd W1Lh another atom, the dnflus C-N-C and c - Cpara -C s

>
increased and the angles N - C - C decreased (Sercwiez, Robertson

&eMeyers, 1965). " This structuYe did not show the idcrease of .the
) \
angle ‘at the.pard position, butﬁthe angle C - N - C in the ring

- : fo) I
increases to 120.87 and the angles N - C - C decreased to 120.2 . . \

) These chang@s of geometry agree with those observed for the aver- \\

’

aged angles of N- substltuted nlcotrnamlde molecu]es (Table III 2-7).
The bﬁmd length c(2y - N(S) 1. 492(2)A agrees with those corres-— -

‘ ’ ” Lyl
ponding bonds in the aspar¢ic acid stru¢tures, and also with the

~
v . &£

)
averaged value, 1.489(2) A in the N-substituted nicotinamide deri-

. ‘ - *
/ vatives. . - - o )
. \ l 5] . . ~ . ) .

Atom/?(lO) o{/the pyridine ring is in the'guache—gauche—confor—_‘

mation‘with»reSpect to the carbon‘atoms C(1) and C(3}) of the suc-

.

cinyl moiety. The torsion angle around the bond C(2) - N(S) is

68.7° for C(1) ~ C(2) - N(5) - C(10) and -54.2° for'C(ﬁ) - c(2) -

LA -

N(5) - C(10) (Fig. III.2-4). The least -squares plane of the pyri-

: o
dine ring is listed in Table III 2-8. Carbon atom C(2) lles 0.Q45 A

above thlS plane( 0 036 & above-the plane through the atoms N(5), C(6)

and C(10)). This atom may be sign1ficantkﬁ~o$§ of the planes,.but the
/.
d1splacement is less than those of the atoms C(1') fron the imidazole

. planes in IMR and ATMR. * ]

(iii) . MoleCular Packing ) -
A molecular pack1ng dlabram is showm in Fig? III*Z 5. A hydrogen
bond is formed between the oxygen atom 0(4) anﬂ the oxygen atom 0(2)
< . I

Wthh belongs to the molecule translaaed by one unft cell along the a -

ax1s.' The dimension of the hydrogen&bond is shOWn in Table III 2-9.
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&
. . T \ » ¢
satoms | . distance from the plang :
‘ ‘ o
N(5) * . b 0.002 A
ce) * - ©-0.001
ORI | ~0.006 )
ce®) * . - 0.002
c * -0.001 ' .
C(10) % | ~ -0.001° \ ) )
c@y | 0.065 -
‘standard deviation ' v “0.0le _ _ , U
.
* ~atoms defining the~least—$quares plane.
equation of the plane  0.99284i + 0.119255 -
’ »

0.00627k = 5.08858 in ofthogonal angstrom

space

Table III‘2-8 The least-squares plane thrdugh pyridiné
S ' moiety. . . ’



Fig. III 2-5

L

0(45—H(4)...O(2)

3

Table IIT 2-9

~

-, of N~suq01nopyr1d1ne

Molecular packing in the crystals of N-succino-
pyrldlne (Johnson, 1965).

is along the a-axis and the horizontal dlrectlon ,
is approx:mately along the b axis. - . -

The “vertical dlrectloni

-

-l

) distance disfance | angle -~
& . ' : . B - -
\ " 0...0 o “H...0 0-H...0
. g 0o N . o < 0 ' .
2.531(2)A . 1.72(5)A  171(4) “

o

The dlmenqlon of the hydrogen bond in the structure

)

L



. . N

Since- the hydrogen atom H(é) is the only availablevhydrogenh

atom.to form-a hydrogen, bond in the molecule, theseihydrogen bonds .

‘iink the molecules and‘forﬁ Anfinite one diﬁénsional chains'oé 7
mo;ecdles parallel to the crystallographic a axis. Thie pyridine-

moieties_partially ovérlap with each other and are related by a

qymmetry opcratlon of a 2l screw axis along the aﬁax1s at x~ Yoy

oy .

0 (Tlg I1T 2-6).

Fig. IIT 2-6 - The projected dlagram on. be plane of the structurez .

of N- succ1nopyr1dine

“~

There is another intermolecdlar intétactioh‘occufing betwaéﬁ !

- . . R -

" the positively charged pyridine ring and, several OXygenlatoms; -A o

[}

. ~
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steréo§£:pic view showing &he environment of.the pyridine ring is

shown;in Fig. II1 2-7.

Fig. III 2-7 A stereoscoplc view around.the pOSlthely charged
pyridlne ring (Johnson, 1965)

£
- A distance scan of

~

' . L A R
1l intermoiecular contacts.within a 3.5 A

) radiué from each of the carbon atoms of _the pyridine. ring was
calculated. The odly atoms found in this'Scan are two carboﬁylu

‘ oxygen atoms and four nagatlvely charged oxygen atoms. .None of .

. . ,

the hydroxyl Qxygen atoms are- close to the ring. vThe'distanées”
between the carbon atoms and the oxygen atom are listed in

Fig. III28 ST ’_“ c

Lt
e, .OD
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-~

' *
o* 0
N ’ / . K . ’
1 ) T
:3'278(3)- 7 3.35413) )
* . ’ ' /
, O-\_\3.1<52(3) L VA o o L.
| 3310 o
# A & \
‘ 3.2620) '
~ % *

\

,\_.
_Fig. 11T 2-8 The. distancés between the carbon atoms and the
‘ ‘ oxygen atoms around the pyridine ring. The
.. asterisks above O medn the oxygen atoms wh1ch

have a half of negatrve charge.

‘The angles ano lhe:dlsglaeements from‘the leas;—equAres plane of o
_ pjridine rlng are listed in Tableilll 2—101 'The'signs’of;the“;v
.dlsplacements‘iodioate theAa;bitrery direetioos along fhevperbeo—

| diculaf\to;thelpéjne. TWO oxygen atoms 0(3) and 0(1) are: close . to

one of the ortho carbon atom C(6) ' The distances are 3. 157(3) A

.and 3-262(3) A.

_ The other ortho carbon atom s C(lO) '1s close to
an 0xygen atom 0(1),, whlch is almggt on the plane of pyridine rlng.
.'The‘aieﬁapce ip- 3 162(2) A Tﬁe para cafbon atom, c(8), ialapproached '

- by two Qxygen acoms, 0(3) and 0(3). The-diStances are 3.3ll(3)1A |

and,3.-354(3) A. _Only one of the.metcfli carbon ‘atoms;. C{9), is 'c?s,e-
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| N5-C6...0(i) ¥ 100.5° ©C7-C8...03(1i1) 119.4
A\ .
€7- C6.,203(1) .\\V13o.6° * 9-C8. 03(111) - 114.0 )
c9 03(1) [ V146.3 NS 03(%259 S151.5
N5-C6. . 01(ii) © 134.5. .. ¢7-c8. 02(1v) ' 88.5,
C7=€6 01?%]) 95.1 C9-C8...02(iv) 146.9
..C6 ¢ .01 (i), 1}41*9\\\_f/ N5...C8...02(}v) ~ 142.7
'C3(di)...C6...01(iLli)71.7. 03(1ii)...cs.;.oé(iw6 59.0
. - (7“\ . . ‘v. . N ‘
68-C9...01(v).  124.0 7 C9=C10...01(vi) . 114.3 S
€10-¢9...01(v) ~ 106.8 ' N5-€10...0l(vi) “  125.0
C6-C9...01(v) Fras.1 . €7...C10...01(vi)  173.2
v‘/rg ‘ \ N - , ] . . . -
| - disglaqément from the pyrxgihe_fing
P N - N o "’, Bl
Cole3i) | 1.526 A B '
..// 01(ii) o -1.653 Y . g
03¢iii) . 1.572 :
02(iv) - -1.127
S 01w) S 1.669
. . ;- o . foL
cO1(vi) \ ~0.253 ‘
Symmetry transformation for the following notation
(-~ 1/2 +x, 1/2-y,1-2 - -
(i x=1/2,1/2 -2, 1 = 2 R
. a ] Y . i o ,.°~ . N
(iii) ' ,1/2-f Yy, ~Z - S S : ‘d o
(iv) / Y2 -y, -2 o
_ / he = ¥ _ core o )
. (V) . T j ‘" Z - l :,. . . ]
) L T,y 12 v
. Y . » ) . :
r‘*\\%. r ‘ .. ‘- : - )
7 _‘ﬁ . ' . ‘ - :A “
'/;able 114'2}10 “The. angles and dlsplacements of the oxygen atoms a L
.+ around: the pyrldlne ring. o L S
‘ | . -
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' : ‘ - ) ’ > -

to anonygen atom 0(1) to which the distance'from the éarbon atom is

o} ) . ] N .
3.278(3)A. The fact that these oxygen atoms were oriented primarily

.
>

towards both of the ortho carbon atoms and the para carbon atom in

LI J )

the pyridinium ring sdﬁgests/QE?t taese atoms are involved with'the

chargevgﬁﬁiii}ization. This packing also sﬁggests that the-positive
‘ [

~t ,

charge on the nitrogen atomﬁéén‘reduce the electron de?sities on the

carbon atoms at the ortho and para positions and that these carbon.

¢ ~

atoms have a slight positive charge.

.
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Glossary

s

;bqorption coefficient a rate that X-ray beam is transmitted through

1 cm thick substance. This coefficient is dependent

" 3

on the material and the wave length of the X-ray beam,

absorption of X-rays X-ray beam is absorbed by material in its

L X . ’ )
path and this reduces the intensity of the transmitted

v

X-ray beam. .

aglycon’ : a substituent on an anomeric carbon atom.

anisotropic temperature factors.

elements of a matfix'which describe ‘atomic

thermal motion as ellipsoidal harmonic vibration.
' ~
anomeric carbon - a carbon atom, Cl, which is bonded to the

EN .
ring oxygen atom and also to_an'electroneéativevatom,

in saccharides,

.
. . o 1 .

dnomeric effect”™ -a phenomenon which causes an electronegative -

and neutral .aglycon to prefer an axial orientation with

A

respect .to a saccharide ring.

anomers - 'a pair of saccharide diasteteoisomers which
differ orily in the configuration of their anomeric car- .-
bon atoms.

coenzyme . a moleéule‘which_is small and non-protein, ‘and .

which is iequiﬁed.in an‘enzymatié_reacpion_aﬁd caﬁ re-

... Versibly be modified by other enzjme]systéms.‘-

~.



¢ difference map

f»

“ r .
+a map-calculdted by Fourier summations with co-

efficicnts (Fo-Fc) and calculated phases. This map |,
shows differences between the actual and the calcu-
lated model of electron densities.

\

E (normarized structure factor) This value is a ratio of a étruc—

»

_full;matrix'and

a

.tween the parameters .into account. ‘Block-diagonal-

meters of different atoms.

v .
ture afiplitude to the root square of the sum of the

squared atomic scattering fagtors in a unit cell,

“assuming no atomic thermal vibpations

block~diagonal-matrix refinement
Full-matrix refinement takes ‘@1l correlations be~

i

matrix refinement neglaects correlations between para-

isotropic temperature‘factdr  thermal factor which describes atomic

lorentz factor

motion as isotropic harmonic,vibr@tion.

-

Tﬂis féctor takes accbunﬁbof fhe depéndehéy of
the diffractibn time of a rgfleﬁioﬁ uéder.?hé’qbsef}
vgtionailcondition of coﬁétant angular velocity of a
érystal. fﬂe difffactioﬁ time»is.dépendent 6n Bragg

angle,

-

L least-squares refinement * a summation of weighted. squared values

o

of differenCés°BétWeeﬁ observed and‘caléulated}valués'.

' : N
is minimized. h

.
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monochrometer a single crystal (eg. quartz, graphitc)'
\ | placed in the path of an incident X-ray heam in
order to produce a monochromatic beam. Such an
. X—rey bean can be selee&ed by a diffraction trom

N - .
-a crystal because Bragg angle from a set of para-

1lel planes is dependent on wave length,

\

- polarization factor - This factor corrects the intensity of a

reflexion for polarization.

R (residual index) e \'one of the'indicaters which show correct- -

ness of a model used.

i
N,

- Teverse anomeric effect a phenomenon where an equational orientation

is preferred by an aglycon which is eleCtronegatiYe and"
elhas a positive charge.

e

secondary extinction This arises for reflexions of SuCh 1nted§ity
that an appreciable amount of the inc1dent radiation
is reflected at a given instant by the first planes N

(8 ' , .
encountered by the beam, The deeper planes receiVe EO

\}\ v
o 1eSs incident 1ntens&ty and therefore reflect less
’ power than would ' otherwise;have'been the case.
S o . . - L.
structure factor ~ an amplitude.and,phase.of‘a reflexion'from) ‘

a cryétal;. This factor 1ncludes the informatioa about

’

' the atomlc parameters in a unit cell of the crystal

Al
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synplanar if D eclipses A in a'éystém~A—B—9—D wheretB,

C,D and E are on ,a plane,the corformation is termed as
. 9y

synplanar.

‘weighting a method of taking the reliability of obser-

vations into account in least-squares rkfinement cal-

culations. - - '

/

L

Weissenberg camera - a camera which is designed td take X-ray

photographs in which X-ray diffractions from a selected

W v |
)

layer line are recorded in a two-dimensional array.

-



