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‘of physical orgaric chemistry. A brief qualitative des-’

r
ABSTRACT
— e —
. The technique of photoelectron spectroscopy (pes) was

employed in order to investigate some fundamental concepts

o

cription of the basic theory of pes is given in Chapter I.

The essential instrumental aspects of this téghnique are

-als80 introduced in” this chapter with the aid of a simple

picture of a pe spectrometer. A A .
Chapter II déals w;th,the application of pes to the

long standing question of the symmetries of the H-bonded.

enol .forms of 'some_diketones. 1In this chapter, tMg advan-
tagés of pes over other methods in terms of the time scale
for. measurement and the simplicity of the spectra is demon-

strﬁtgd. The O,. ionization region of the enolized malon-

1S
aldehyde,'hexafluoroacetylacetone, 9-hydroxy-phenalenone

and 6-hydroxy-2-formyl-fulvene as well as that of tropolone

.

show two major peaks from which one concludes thatfthlif
SRR
. . . . o L we s
enols exist in an asymmetric C; form. | Ty T
‘ . y e
In Chapter III, several series of nitrogen-containifg
N - @

bases are examined, and their Nig binding energies are

S

presented. For pyridines, NlS Eg values are fgund to cor-
relate well with existing o-parameters. Cémpérisoééof the-

substituent effect on the le EB with that predicted from

s

. . , “ -4
two existing theoretical models (GPM and:RP %‘iﬂdicates

qualitative, but not quantitative agreement. In pdditggh,
the 2-hydroxy§yridine = 2-pyridone equilibrium is inves-
. ) ' § . .

T e . P
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. ’ A
tigated in the gas phase and *the' results corroborate
existing data with respect to AG° and AH®° values. These

- . . ‘
data,are used to predict a gas phase basicity for 2-hydroxy"

’
-

pyridine and 2-pyridone, and moreover unambiguously show :
that the relationship between EB and gas phase basibity |
can only be valid when the sites of protonation and photo-
ionization ;re the same. Further éxamples éo&cerning this
poing’are,also pPresented. It.is also shown that the above
relationship will again fail if ‘there is a substantial geo-
metry change accompanying protonation which cannot bé probed
by photoionization since the latter 'is a fast process.
Utilizingrkhé presented data, one can get ' some idea of the b
energetic contribution of such geometry changes to the gas‘
phase basicity. Finally in Chapter III a utilization of
the NLS Ey versus basicity data iséused to show that the
site of brotonation in aniline is N-protonated, but m-NH2
aniline and m—OCH3 aniline are_ ring protonated.y

Finally; in Chapter 1V, attention is switched from
_abfe orbital (Eg) to valence orbital (ip) ionization. By .
using the technique of UV pes, we have studqfd the substit-
uent effects ofrthe OH and OCH3 groups on the wm ip in some
allylic ethers and alcohols. It was found that the flexible
allylic substituted cyclohexenes examined in this study

prefér to exist in a conformation in which the 7 orbital is

aligned with the adjacent C-OR bond.

vi
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CHAPTER I

INTRODUCTION

For the present thesis work, photoelectron

spectroscopy (pes) was utilized as a tool to gather in-

formation about the electronic structure and che?:cal

bonding of several series of organic compounds. he

theory and method of pes have been reviewed by several

authors, for both‘x-rayl_8 and ultraviolet (U.V.)

pese-le. In this chapter a qualitative description of

pes is given to acquaint the reader with the essentials
of the method as it pertains to the work presented,
since details of this technique can be found in ref-

o
erences W -18.

Basic Principles of Photoelectron Spectroscopy

Photoelectron spectroscopy is a technique. which
permits the direct measurement of the energy required
to remove an electron from an atom or molecule

(equation 1).

M+ hy —sM + e~ (1)

hv = EB(e')»+ EK(e') ‘ ‘ (2)

The method provides information about the bonding
characteristics of the orbital from which the electron

. . 154 : :
is ejected and hence the electronic properties of the



\

AJatom-or molecule. The theory behind the experimentalx\

techﬁique rests on.the photoelectric effect19 for which\
accorélng to the law of conservatlon of energy, an
absorbed -photon prov1des energy (hv) Whlch is equal to
the sum of the minimum energy required for the ejection
of an electron (held with a binding energy EB) from a
particular orbital and the kinetic energy, Eg of the
free electron. The photoelectron'spectrometer allows
the measurement of the electron kinetic energy (Ek)' and
together with the;known input photon energy (hv), EB

of the ejected eleétron can be evaluated from equation 2,
In order to interpret the photoelectron spectral data

as pfoviding'information~about orbital energies, ohe |
generally invokes Koopmans' fheorem20 which states that
the molecular blndlng energy (E ) of an electron is
equal to the negatlve of its molecular orbltal eigen-

/
\‘ra_l.ue (e;) (equation 3). ‘ '.Q

Eg; = —¢5 - (3)

Howevér, one should be aware of thé approximations made:

in Koopmans' approach so that the photoelectron spectra

" are not misinterpreted due to the defects in the theorem

itself. The approach rests on three méjor approxima¥

tionSZI. i

(a) The reorientation approximation

The general proof of Koopmans' theoren assumes. that



all the energy orbitals remain unchanged when going

from the molecule's neutral state to its iOnicistate.
This is not necessarily true since electronic relaxation
may become important upon ionization. Eléctrgpic
£s;axation occurs.during an ionizing process in which
the removal of an electron from a molecular orbital
causes the remaining electrons in the molecule to
polarize towards the resultant positive hole so. as to
"screen" the hole charge. As a result of tﬁis elec-
tronic reorganization a;more stgbié"ionic state with a

different set of orbitals from that of the molecular

groundkétate‘fs formed.

R

(b) The relativistic energy approximation ‘ ,

In the Hartree-Fock;self—consistent-field calcula-

22

tion””, only non-relativistic ‘orbital energies are

determined. However,.in order to equate the experi-:

mental EB values with the theoretical ones, relativistic
corrections need to be considered. According to the
theory of é?lativity23, relativistic effects are only

important f&% particles travelling at high velocity

(compéréble to the speed of light); the faster the

v 3

partiéle travels the gréater thé’relativistic correc-
tions become. Since inngf shells require a higher photon
"enérgy to ionize their electrons than valence shells (Mg
K; vs HeI radiation reséectively); the former generally

possess higher E_'s and therefore require larger'relativ-

K
istic corrections than the latter. As.Kbopman's'theorem



assumes that the relativistic energy is the same in botf .
molecule and ion, the ionization energy is then given

by the difference between the non-relativistic orbital
-energy of~the-molecgle and.the’ion:-'This assumption

may be reasonable if only outer shell electrons are rei
moved because of the smaller relativistic corrections,
however, it is not surprising that the assumption breaks
down for removal of inner shell electrons.

(c) The correlation energy approximation

Electrons tend to be as far from each other a#
posgible, that is, their'mosioﬁs.are correlated. ?ﬁe
assumption howéver is made that the correlation eﬁergy
is the same in both the molecule and ion. As correla-
tion effects arise largely from interactions between
‘electrons, and the ion has fewer electrons than the
parent molecule,~the.cdrrelation'energy would cerfainlx
be(different and generally less in ﬁhe‘ion than its
parent molecule.

WhilefKoopmans' fhgorem isg generally invoked to
interpret ionization data in terms of molecular orbital

(M.0.) energies, several violations of the theqrem‘aré
' o 25-27

<

documented in the literature
25

. . For éxample,
ab initio calcﬁlatigps on N, and N2+ failed to predict
the cofrect energy ordering of orbitals in the ionic
ground state. The failure is presumably due to the\\

neglect of correlation terms. ~



~

In the present thesis work; the E. data are
analyzed with respect to a suitable standard. For

example, all the binding energy shifts df_Substituted‘

pyridines are interpreted relative to the Ej value of

(
pyridine. Since no absolute Eg value is involved in

the discussion of spectral‘results, the errors in-
herent in the Koopmans' theofem should be minimized
wheq comparison of EB data is considered.

- As the ionization process involves an electronic.
transition (v = 1016 sec™1)?8, it should be fast

compared to molecular motlons, the fastest being vibra-

14

tions occuring with frequency of 10°" sec~l ") There-

- fore the transition should follow the Franck-Condon

Princviplezg_31

which states .that the internuclear
distances remain constant during an electronic transi-
tion. In other/ words, the transfer of excitation

occurs:on a time scale which is short compared with that

. requi:gtvthe execution of vibrational motion. The

princig%e erns the relative probabilities of ionizing
" A . '
transitionsgfrom the molecular vibratjonal ¢ground state

(v' = 0) tof.';.various ionie vibrational‘s ates (v" = 0O,

e mormal circumstan , transitions are
A R 3 ‘
all fiien as orlginatlnq from'v' = O since it is usually

the most populated sts;e atiamblent temperatures32

1.....).

Accordlng to the Franak-Condon Pr1nc1ple, the transition

‘probability Pv"v' is proportional to the square of the

»



N

overlap integral of the ground vibrational (wv,) and

ionic vibrational (wv") wave fuﬁctions (equation 4).
P a [J v n ¥ #drlz : (4)
\)"\)' \J"’ \)l - . e

' Consider the hypothetital transition,shown in

A

Figure 1. The zeroth ground vibrational state (v' = 0)
N _ :
has its maximum at the equilibrium internuclear position
(ro) so that the maximum probability for transition
occurs in the ¢entre of the Franck-Condon region
(area between two vertical lines in Figure 1). Signifi-
cant transition cannot occur outside this region since’ |
P approaches zero. Trapsitron from A to B represents
‘the situation where equilibrium internuclear distance in
ion Bis the same or nearly "‘the same as that in A, and
hence the most probable transition is to the v" = 0 iﬁ
B. Tf;nsition td other vibrational levels in B will
have a very low probability which decreasés é; v" in-

-

creases. The transition from v' = O to v" = O is called

. the adiabatic transition which in this case is eéual to

the "vertical" transition (vide infrd).

In the case of the transition.from A to ion C wheré
equilibrium internuclear distances in both states are
different (in this case, the equilibrium internucléar
\distance is greatef in C than in 3), the maximum overlap
occurs at higher vibrational level than v" = O in C.

This transition of maximum probability is termed

J
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Figure 1. Potential energy functions of a hypothetical
molecule illustrating transitions from the ground state

(A) to a final state for which the equilibrium inter=.
N

nuclear distance i's (a) about the same (B) and (b) quiég

different from the internuclear separation (r,) of theﬂ/

e

ground state (C). ' A s

o

"vertical". 1In principle, one should be able to observe
. the fine vibrational structure in a photoeléctron spec-
trum provided that the separation of these vibrational

. levels in the ion state is greatér than the resolution

of the spectrometer. This is commonly observed in UV
s o -



photoelectron spectrag, but not in the X-ray phoE%electron
spectra sincé the usual YTull width at half maximum
(FWHM)-of the ionization peak in the X-ray case is in
-the order of 1-2 eV. For a molecule undergoing core
shell or 1ls ionization, the equilibrium internuclear
distance is almost the same in the ion as for the neutral
molecule because the!core electrons ére essentiaily non-
bonding. Thus for X~ray pes (XPS) the adiabatic and

the vertical ionization energies are’basically the same.
However, this is not always the caée for valence ®Well
ionization as they generally arise from orbitals which
have some bonding or anti-bonding characteristics. Un-
less otherwise stategﬁ oﬁf& vertical ionization energieg’
determined as the m&ﬁimum intensiﬁy of the band, will

be considered.

The generalized photoelectron spectrometer basically
consist; of three comparﬁments, a sample chamber,lan
energy analyéer égd an electron detector, (Figure 2).
'Each compartment ;s maintained under high vacuum ,

(~10"6

Torr) during spectral runs to alléw propef fﬁnc-
-tioning of the X~ray source and electron d;teétor and
to provide a collision-free path for the photo-emitted
electrons. The sample chamber ié compriéed of a source
o;-ionizing radiatiqn and either a target chamber for
vapor phage studies or a solid target where collisions

between éample and photons occur leading to ionization.
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In a typical experiment an electron can be ejected

from any energy level in the molecule, provided that the
individual EB is less than that of the incident photon
energy and that its ionization cross-section or 
ionization probability is substantial. These ejécted
electrons possess Ex given by equation_2 and enter .
the analyzer if they are within the solid angle pf
acceptance of the analyzer entrance slit. The tra-
jectories of these electrdns in the analyzer are con- -
trolled by a po;ential difference between_the analyzer
plates. By‘;ncreasing the potent;al,acrosé the plates,
electrons of increasing Ey are brought into focus on .
the exit slit at the end of the analyzer. Once through

the exit‘slit, the electrons enter the deteétor
33,34

¢

fied. The recorded information consists of electron

(electron multiplier) where signals will be ampli-
counts as a function of plate voltage, the latter being
‘directly proportional to EK;: ‘

Two types of pes, ultraviolet &UV) and X-ray, will
be considered in terms of their ionizing sources and
target cham@grs} Since the spectrometer uséd through-~
.out this thesis ﬁgrk is a commercial McPherson ESCA

35

36”7, discussion will be restricted to the design of

this particular instrument.



Ionizing sources

-

(1) X-ray source
o H;ny X-t@y;éourdés3 have been used in pes; but
bynfar the mostiihportant are the characteristic K_ :w
X-rays of Mg and Al. The Mg KGL X-ray (1253.6 ev)3 was
used as ﬁhe photon sourcé for this wofk,‘and it 1is
produced by bomba{ding a M§ anode with eiectrons genér-

ated from a thoriated“tungSten filament of the X-ray

cathode. Bombardment of the Mg anode by these electrons.: .

e 8

[ ] -
creates initial vacancies .in the desired inner shell

(K~§héil) of the magnesium atoms. By filling of the
K-shell vaéﬁncy with an atomic electron én X~ray is
generated by means of a radiative transitidn. Ih order
to prevent any contamination of the X-ray source by the
sample gas molecules which decreases the photon flux,
the target chamber (Figure 2) is fitted with an
,aluminum "window"” (100 mm x 50 mm X 0.005 mm) to isolate
the sample vapor from the source. The aluminum window
also serves the purpose of filtering out thg low
gnergy'breméstrahlung36. By using Mg Ka X-rays, the
typical-half-width of an ionization peak is 1.0-1.2 eV .
for the refe;encq neon Auger liné (Eg ¥‘804;56 ev) 37

and about 1.5 eV for the gas molecules studied, although

2 . ' :
the natural width of Mg K, radiation is 0.8 eV3.

(2) Vacuum-UV sources

Two methods have proven successful in producing

&

Y

11
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Hel reuonancé‘ilnes, gas discharge and microwave dis-
c¢charge. I‘ithis work valence shell studies utilized
a ;atﬁadé dischargé vacﬁuﬁ-ﬁv 1amp préducing Hel
radiation of 21.2175 ev (584 A)13. pPhotons from this
light source &re capable of ioh;éing the majeority

~ “%f valence electrons and are uncontaminated by any

~ .

photon of lower energy down. to about 4 eV. The spectra

generated in the,helium discharge lamp exhibit‘shgré
lines, resulting from deexcitation of excited free
helium atoms. .These'lines have a natural linewidth

of ;s low as-a few millielectron volts, (meV)38.
4

-

§ampie Introduction J -

In principle, any solid or g&s sample can be
studied'by pes, however, the aiscussion will be limited
to gas phase stydies. One of the major problems in
measuring pes spgctra in phe gas phése is that a high
sample pressure is desirable in the region of ioniza-
tio; gsuch that é-reasonqble signal can be obtained.

On the‘éther hand, tyé'sample pressure should -be low

enough so that the pﬁotdemifted electron does not suffer
. eollisions during the time it is ejected from the

parent molecule until it gntgrs the/;nalyzef. A térget

chamber (Figure 2) is set' up in the sample chamber

to permit. a#high concentration of vapor Eor ionization

while keeping the rest of the spectrometer at low

pressure through differential pumping. Typic§1=§téssufe

4
.

~

R

'ﬂ.g, ta



in the target chamber is about 10-'2 Torr whereas -in

- the analyzer is about 10_5 or 10—6 Torr. For compounds of

low volatility, a heated-inlet system was utilized to

produce sufficient sample vapor for spectral runs.

Heated~-inlet assembly‘

o

Shown in Figure 3.is the heated-inlet system wi£h
~ which involatile samples can be introégcedtinto a
target chamber. This design allows thé&minimﬁm modi-
fication of the existing sample chamber:%nd henée it
can be used as a permanent set up for boé@ volatile
and non-volatile samples. However, it sufigrs from
the minor disadvantage of having the heatedzgéseOUS
molecules’travel some distance down a hot sté}q}ess
steel.tube before being bOmbardea by X-rays. Tgig could
produce problems with molecules which thermalize Okk.
the steel surface, although we have not observed any.
problem with the samples studied here.

The heated—inlet~ass§mbly-consists of three main
parts, a piecé.of machinable glass, a&n aluminum target
chamber, and a piece of stainless steel tube for in-
troduciﬁg-the,sample into the target chahber. The
machinable glass simply acts as a support for the tar-
get chamber and also érovides thermal and electrical
insulatiqn.from.thelénilyzer. Four 30-Q pencil

39

heaters (1/8" x 1") coénnected in parallel are implanted

o

fis

it e
| e

e |



Figure 3. Heated inlet assembly for McPherson ESCA 36
spectrometer designed for these studies. Upper half of
thé diagram shows the front view oé the‘heated inlet
assembly. Lower half reveals the bottom view at right
angles to the upper view.of the rest of the assembly

inside the sample chamber. 2
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in t four corners of the target chémber'for heating
purp:§::¥vﬁa thefﬁécouple is also placed in'the target
éhamber body for temperature- measurement. Flexible
1/16"'stain1ess‘steel tubfﬁé inside the sample chamber
allows easy connection/disconnection of the tube from
the target chamber. The other end of this”l/16" stain-
less steel tube is connected to é l/4"ﬂ;téinless steel
entrance tube by a Kovar seal whichiminimizes heat
transfer from the stainless steel tube to the s;mple
chamber. Tubé heating inside and outside the sample
chamber is accomplighed with 12' of electfically in-
sulated nichrome wire (2.669Q/foot) bifillar'wrappea
around the tubes. Electrically insulated feed-throughs
allow the entry of the leads for tﬁeﬁgéating assembly
and thermoéougle. Binding energigé fér éompounds such
as N2, 62 and 2-aminopyridine aetermined Qith th;é
heated-inlet éssembly reproduéed vélﬁes measured>at
room temperature wi?ﬁ the standardlgas celi suppiied as

1

standard equipmgnt indicating that no anomélqys field-
effects 6f thevheéters and nichrome wire were influencing
the bihdiﬁg energy values. Utilizing this assembly.
temperature of up to 200°C could routinély be reached

although in principle temperatures greater than 250°C

should be attainable.
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Spectral measurements

i

XPS spectra were determined on gaseous samples

using a neon Auger‘line37 as calibrant.' The repokted

EB values are the average of at least three calibrated :

runs in which the sample and the calibrant were
¢
measured alternately, and each has a precision of
+ 0.03 eV unless otherwise noted. For each sample at

least two spectra were scanned for a 12 eV range and

one spectrum for a 24 eV range; each spectrum was

e

, computer stored in 100 or 200 channels. Thé experimental
data were then least-squares ana;yzed withban ELSPEC |
program40 assuming Gaussian péaks and the XPS spectra
shown in this thesis were cdméuﬁer plotted usingyal
PLOTTO program41.

In the UV pes studies, all spectra were measured
. .

in the gas phase and were calibrated against the argon -
. k ere _ .

2. . 2 18
Py/27 B3/

(Ep are 5.281 and 5.459 ev respectively) e
lines which had a resolution of 25-35 meV during ‘
operation. Spéctfa were'computer stbred in 1006 channels

for a 10 eV scan and peak positions were determined

from én intensity vs channél number listing. Each

ionization energy value repérted the average of at

least three calibrated runs and has a precision of

+ 0.02 eV unless otherwise stated. ' ) o



CHAPTER II

-

DETERMINATION OF THﬁ PREFERRED SYMMETRY

OF THE HYDROGEN-~-BONDED ENOL FORMS OF SOME

DIKETONES IN GAS PHASE

INTRODUCTION

In recent years, the gues'tion concerning the
J’ymmetry of the hydrogen-bonded enol form of malonalde-
hyde (MA) proved to be an active area in both experi-

mental and theoretical chemistry (equation 5).

—

%‘?«@V‘v—
2 ’ 'H |

Cs | - Cav: - Cg
The first theoretical calculation on MA was done by
fSchuster42 using semi—empirical CNDO/2 methods®374° with

a flxed geometry of the carbon molecular backbone. This
'calculatlon showed an energy difference of 0.5 kcal/mol

S.an‘d C2 forms with the CS form belng the

between the C
’more stable structure. The two O——-H dlstandes,were

found to be 1.13 A and 1.33 A respectlvely Recently,

Roos et al46

ab initio‘calculatlons on the lntramolecularly‘H-bonded

enols with geometry optimization. Based on all the

relnvestlgated the MA questlon by performlng

P O S
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available X~-ray and electron diffraction data on analogous
B-dicarbonyl compOunds47-5°, MA was considered?® to be
Vplaﬁar.v fhe‘rétioéiﬁethéeﬁ ;ngies afb; é;d,:e:f wéfé-
kept constant and equal to(the corresponding values

determined by -electron diffractionso‘on the enol form

of acetylacétone, The result of this calculation agreed
: ) . ‘ .

with that of Schuster's?? with the Cs'fofm being
11.47'kca1/moi.more stable than the C2v foﬁmvi Independ-

ently, Morokuma and Isaacson51 employedlboth semi4
empirical, INDO, CNDO/2 and ab initio method552>to de-
termihe:the mo§t stable.énol fdrm\ovaA; They inveséi—
gated the dependence .of the éhape of the pétential
surface onithe 0---0 distancé and found that when the
0---O separation was Iégs than 2.3 il,a single_ﬁinimum
corresponding to the C2§.form was obtéined whereas a
double minimum éorreéponding'tbvan.asymmetric_ehol form
was observed when the 0---0 distance was greater than
2.3 A. Theyﬁsugges£ed»that Schuster's?? predictiontofl
anfééymmefric MA enol was due to the lack of geometry
~optimization in his calculation since they'demonstratedﬁ

the dependence of the stmetry on the 0---0 separation

4
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in both semi~empirical and ab inttio calculations.

51 .ould not make a conclusive

However, these authors
Aprediotion as to whether the enol should hey.' sym-
metric H- -bond because the CNDO/2 and INDO methods tend
to underestimate the H-bonded 0---0 distance53 54, end
the ab ¢nitio study they had performed did not involve
extensive geometry'optimiiation which inclnded back-
bond structural changes. |

55,56

Del Bene and Kochenour carried out other ab

tnitio calculations on both the és and C, synmetry
forms with geometry optimization. The caICuiations
predicted that the Cg4 forms is more stable than the Coy
- form by 6.6 kcal/mol. Although both tnis study and the
one made by.Roos46 support the greater stability of the

\
- C form, both results had been obtained with limited

°S

..baSis sets, and neither study had taken 1nto account
correlation energy corrections, which would be greater
for the Cé form. Hence the determination of 'the
favorable symmetry form is senSitive to the parameters’

used in the calculation. They suggested that the small

energy. difference between'the C and C2 forms probably

—.—.allowed easy interconverSion of the two: structures..

Other work concerning MA was done by Fukui et al.

uSing CNDO/2 methods to calculate the proton location on -

the reaction coordinate and the rate of proton exchange

between the two Cg forms via a C,, intermediate. They

57

20



calculated the rate of proton transfer to be 9.77 x

1013‘4$ec—1 and the barrier between the CS and C2 forms

of 1.04 kcal/mol w1th the Cq form belng the more stable.
They suggested an elllpse -like orblt for the proton

motion based on their calculated reaction coor . .nate.

pv

The p0551b111ty of proton tunnellng22 between the two

_CS forms of MA enol had been examined by Fluder and

de 1la Vega58 who performed ab iRitio calculationssgz’60

R

to obtain an energy profile for this moleeule. The

calculated tunneling frequency of the interconversion

was found to be 2.25 x 1010 sec™! which is an order of

4

magnitude less than that obtained experimentally by
microwave spectroscopy61 . Their results concerning the
energies and geometries for'the initial and final
asymmetric structuree.(c ) as well as the symmetric‘h
1ntermed1ate (C2 ) c01n01de with those obtained by

46
Roos*?. In view of the previous lnconclu51ve calcula-

tions42'46 31,55-58 on the symmetry of MA enol,’

‘Fernandez-Alonso et al.62 made detailed calculafions

of the potential energy of MA as a functlon of the

O—f-O distance using CNDO/Z, INDO, and ab initio methods.
.The calculations were carried out by varying the

0---0 distance fro%’Z.I to 2.7 i'wifh full geometry
optimization. The results from each method wefe used

to plot a potential energy vs 0---0 distance éurve; in

all cases Cév form was favored for shoft O-——O'separa-

21



r’/ ‘ \ .4
tion (< 2.3 R) while the Cs form aominated at long
0~-~0 distance (> 2.3 R). Here they:demqggﬂ?&ted that
the comparisoﬁ of the energy between the g&éﬁ;}mmetry
forms is not necessarily the determining facﬁor in
deciding which is the more favérable one; it is the
variation in the 0---0O separation that decides the

' Nk
symmetry of the molecule.

6367 on MA was mainly done

Early experimentél work
in solution in which the enol conformation varied
depending on the'solvent used. It had been shown by

1H NMR64

that MA exists as a frans,enol in water and
‘hydroxylic solvents and as an intramoiécularly H-
bonded c7is enolvin léss polar chlorinated h§drocarbons.
A gas phase.UV-phdtoelectron studysa‘indicated that MA
exists predominantly’in'its enol form. However, no
comment was made c0ncerning.the preferred symmetry

of this molecule. Recently Wilson et al.61 reported
the microwave spectra of a nuﬁbeﬁ of isotopic species
of MA and'suggested that the molecule has a symmetrical
“double minimuﬁ po;gntial surface with a relativg}y low
barrier between the two minima so that ‘rapid proton

tunneling can occur between the two asymmetric forms.

This explanation is also preferred by Seliskar and
69 '

“

Hof fmann who measured the electronic transitions of
MA. However, each of these experimental results still

was not able to conclusively solve the symmetry question

22
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of the MA enol. Related dicarbonyl compounds, }g, %Q'
3a, 4 and 5, which can also exist in either C,, or Cg -
enol forms with five~, six-, and seven-membered H-bonded

. A S .
rings, and are also of interest since the 0---0 separations

and O0—H---0 angles are altered by the molecular struc-
ture. To our knowledge, there have been no theoretical
calculations on compounds 3a, 4 and 5, possibly due .
‘to their larger sizes when compared to MA. |

A number of dlfferent technlques have been employed
in order to determine the preferred symmetry of tro-

70,7

polone (gg). Early solution IR studies. 1 suggested

an asymmetric structure compllmentlng results obtained

1H72 73 a 13.74,75

by nd c ! NMR studies in which a rapid

proton exchange is believed to occur between two

asymmetric C., structures through a symmetric Coy inter-

-

S
mediate. This process appears to be faster than the

ﬁMR time scale at room temperature, but in principle,
| one should be able to observe the Cg structure of 3a
by’measpring its NMR spectrum at low temperature. We
have attempted variable temperatﬁre 13C NMR studies76
on this compound but no change in the spectrum was ' 5
found at -130°C when compared to that measured at toom

temperature. | |

77,78 indicated two

*. The X-ray crystal structure
different C-O bond lengths which is consistent with an

asymmetric structure of‘tropolone. However, the X-ray
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analysls also revealed that the crystal is composed

of dlmers, so this eXperlmental result cannot be used

to confirm the preferred symmetry of the individual

-

monomer. Qn the other hand, gas phase studies should
provide information about the intrinsic properties

of the individual molecule.
Electron diffraction data79 gave two slightly dif-
T !

o [
ferent C~-0 distances (Rc o~ 1.34 A, RC=O = 1.26 A)
supportlng a CS symmetry for 3a. Additionally, the near
uv spectroscoplc data of Alves and Hollas80 81 favored
rapid equilibrium between the two Cs structure via a

C intermediate Thus, the question of the preferred

2v
symmetry of 3a is still an ambiguous one based on the

experlmental ev:l.dence70 -8l presented above.

x

As for compound 4 (9—hydroxy-2¥§henalenone) IR
stodies82 in solution and solid states showed no ]
absorptiom due to the O-H stretching vibration. Our
variable temperature 1y and 13C NMR studies83 appear
to support C2v symmetry for 4 at amb;ent temperature
and reveal no 51gn1f1cant change down to —130°C How-

ever'the possibility of a rapid interconversion between

two Cg forms cannot be eliminated. A recent X-ray {

crystallographic study84 shows 4 to have a short 0~——O

separation (< 2.5 i). The only gas phase work on this

85

compound was done by Peel et al. who studied the UV

pes of 4 and assigned the spectra with the aid of

-

25
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86

~SPINDO calculatidns. No discussioh on the preferred

etry of 4 was made by these authorsas.

\
J

/ A Drieding model of the 6-hydroxy-2- formylfulvene
(5) shows that the O—H---O moiety is almost linear -
(confirmed by X~-ray); .this suggests that the proton )
movement between the two oxygens should be relaéively

facile. Thus it is a very demanding case for the

determinatiom of the preferrdd symmetry., Early ly NMR

91 at ambient temperature and our variable

temperature 1H and 13

data
C NMR studie583 down to -130°C are
k'qonsistent with a C, syﬁmetry form of 5 or two

rapidly interconverting‘cé forms. The IR spectrum91

was intérpreted as arising from two equilibrating‘cS -

forms. Gas phase microwave data for 5 and its deuterated

analogues are interpreted as arising from either a sz

form or a C_. form with the proton oscillating between

12

S

the terminal oxygens at a rate faster than 2 x 10
92 . A .
sec 1 "+ Solid state X-ray and neutron diffraction

data93

give a sllghggy asymmetrlc H-bond with: O-H dls-
tances of 1.343 and 1.214 A, but it is not certaln to °
what gxtent crystal packing forces pertuﬁb the individual
mcl;culgx symmetry. , ‘ S

Because of the lack of experimental evidence to
unambiguéusly confirm the preferfred symmeﬁry of the
above-mentioned compounds (%f’ }S’ }9' 3a, f and’?),

. we decided to attack this part{;;I;;\gﬁestidn using the

26
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technique of X—ify pes. The advantages of this technique
over others for this particular problem are the follow-

ing. First, its time scale for measurement is short

16 28

enough (10~ sec) to freeze out fast proton

transfer between the two oxygen atoms of the enol -
(suggested to be > 2 x 1012 sec'-l for 592). Secondly,
the simplicity of the pe spectrum‘allows the unambiguous
assignment of the Ep peaks. Consequently, the preferred
symmetry of the enols can be identified without any
interpfetive difficulty. Hence, the pes measurement
sho;ld provide the most definite ;vidence for the
preferred molecular symmetry of }-?. We have also con-
ductéd variable~teﬁ§erature NMR.studies on MA and its
deuterated analogue (D-MA), Qith the aim of retarding

gge proton exchange process gg that the frozen CS form

~might be observed. From the measured coalescence

temperature, the interconve:sion barrier between the

%%o CS forms via the sz form, (which is possibly re-

_:fceaﬁby proton‘tunnelingzz) can be determined. 1In the
I :
o

f@owing discussion, the results concerning these

‘questions will be presented.

27
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RESULTS AND DISCUSSION

)

Shown in Table I are the OlS Ep for the dominant

peaks in the X-PS spectra éf %—5 and their computer
deéqnvolutéd spectra are'presénted in Figures 4-12.
The assignment of the observed peaks is based on the
argument ‘that the symmetric sz enof form of Ehese
molecules should show a single OlS ionization from the

two equivalent oxygens. The asymmetric CS form should

give rise to two different ionizations of i:l area
rakio, assuming equal ionization cross-sections fo; the
inequivalent oxygens, which may lead to either con-
siderably‘broadehed or even separated peaks. It is
therefore expected that the nonenolizable, but stmetric
dimethylacetylacgtone (g) should give a single O1s
ionization peak. Indeed this is observed to be the
case as indicated in Figure 4. On the other hand, two
olS ionization‘peaks of 1:1 area ratidvare observed
for g-methoxyacrolein (}E) which has two inequivalent
oxygens (Figure 5). Based on the aréument given above,
tﬁe results for the enols %g;s,g, 33, f and § are
analyzed as follows. |

In every observed spectrum, there is at'iéast one

low intensity peak on the higher EB,side,of the main

O1s ionization peaks. One might suspect that these

. enols could possibly exist in equilibrium between the

and the C2v

Cc

S forms to give rise to at least three

28
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a. Referenced to a Ne Auger line at 804.56 eV kinetic

energy37.

b. Binding energy values reported are the average of at

least three runs and have a precision of $0.03 eV.

b ]

-

continued.....

29

G

Oy .
R TN

54

Table 1. Ols Biﬂding energies for dicarbonyls.a’b
‘ ‘ 7‘"*WR§1ative : c
Compound Peak® Azea Ep (eV) FWHM
Malonaldehyde9 1 0.16+0.05  542.52 1.60
(la) 2 0.96+0.05 539,71 1.49
~~ 3 1.0 +0.04 - 538.14 1362
3-Methoxyacrolein® 1 0.31+0.03 541.78  2.27
(1b) 2 1.0 +0.04 539.79 1.26
~~ , 3 0.91%0.02 537.53 1.52
Acetylacetone® 1 0.1 #0.01 541.68 1.86
(lc) 2 1.4320.08 '538.83 1.95
~~ 3 1.0 +0.11 537.33 ©  1.65
Hexafluoro- 4 1 0.37+0.03 543.06 2.24
acetylacetone 2 1.47+0.17 540.48\ 1.75
(14) 3 1.66+0.16 539.03\ 1.91
‘ \
3,3-Dimethyl- 1 1.0 538.08 \ 1.77
' acetylacetone \
(2) N\
= . \
Tropolone 1 1.0 539.27 1372
(3a) 2 0.71% .05 536.95 1.46
2-Methoxytropone - 1 1.0 539.60 1.8>\
"+ (3b) : 2 0.71+0.03 537.08 1.63
9-hydroxyphenalenone 1 1.0 g 539.23f  2.88
(4) 2 0.99£0.03 536.64 2.88
6-Hydroxy-2- 1’ 0.14:0.02  543.45  2:16
formylfulvened 2 0.15+0.02 541.39 1.61
(5) 3 1.0 539.07 1.69
~ 4 1.1 +0.12 537.74 1.68
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Table 1 (continued)

¢. Full width at half maximum height.

d. Low intensity peaks (assigned as'beaks 1 for }é,_f
1b, lc, and 14, and peaks 1 and 2‘forh§) are
believea tb‘arise from shake up phenomena (see text).

e.. Each compound investigaped shows the presence of
one or more low intensity peak td'the high binding
energy.s;de 6f the main ionization lines. The'

Table includes this peak only if its intensity is
greater Jian";O% of the main lines, but iﬁ is clearly”

Present in‘every éase (cf. Figs. 4-12).° |

4

f. Average of two calibrated runs; precision *0.06 eV.
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distinct °1s peaks, two from the Cg form and one from
the 02 form. In fact, thlS was suggesied by Ferndndez-
Alonso -et a162 for 'MA (}a) and hexafluoro-acetylacetone
-(}é) based on our published data. This possibilitg:
can be eliminated based on several lines of ¢videace.
First of all, even the ndhenolizable dimeshyiacetyl—
acetone (2) Shows such a- peak on the higher fB side of
the major peaks, as can be seen in Figure 4, (alﬁhough
its intensity is very . low. Secongly, the Ols B of the
Ciﬁ form is expecﬁed to be somewheré“betweenithe th )
lS p ©f the Co structure since the two equivalent.
oxygens of the C, forﬁ are supposed to be iéfermediate '
between a carbonyl oxyéen and a hydroxyl oxygeh.' Asv' /;\\
the observed low-1ntens1ty peaks always 11es at the
ahlgher Ep sxde of 015 peaks of the CS form, it could
not ppss;bly arise from the sz form. Thlrd}y, the
asymmetnic samethoxyacﬁslein (lb) also showsgat least
one similar low lntenSIty lonlzatlon peak (see Figure 5)
Hence it is very unllkely that thls low-lnten51ty peak

‘,O
- comes from the C2 symmetry form as suggestéd 2

-

Probably the occurrence of thls peak is the result of

8

the’ so~ca11ed'&hakeﬂmw phenomenon  in Whlch ‘an electron .

in a hlgh~1y1ng occupled M.0. is promoted tQ,a low-fylng
virtual orbital during core ionization. Because_éf o
this simultaneous core electron ejecfion and valenceé h

electron excitation, the observed Eé,of the ejected core

Al




electron appears_tb be lower than that obségved in the
- absence of shake up processes. This phenomehon has

been observed for‘compdunds such as carbon suboxide94

(O=C=C=C=0) , furéhgs

pentadienegs.

, tetrahydrofuran and @iazocyclo-

|

“In the case of acetylacetone (lc) the OlS ionization
region was deconvoluted into two major pe%¥swof
approximately 6:4 area ratio (Figure 7). However, there

is evidence that lc is not completely enolized in the

97

gas phase. Eariy gas phase IR studies revealed the

presence of both’a keto-carbonyl band (1725 cm-l)_and an

1

‘enol-carbonyl band (1625 cm ). Recent electron dif-

fraction data49 gave the keto-enol ratio of roughly 1:2
at 105°C. This is supported by the results from the

[
‘variable temperature UV pes stuq}esgs. Accordingly

the observed XPS spectrum of lc is most likely a result

~ o~

ofgihe ionization from both keto and enol forms. The .
observed ionization region may consist of three over-
lapping peaks, one from the keto-form and the others
from the‘eno;—form thch is probably asyﬁmétric althohgh
this experiﬁental evidence %S not as clear cut as in the
"other‘cases.

BOth_MA68 (}g) (Figure 6) aﬁd‘hexafluorbécetyl—

Ecetone‘(ld)sq (Figure 8) have been shown to exist com-

pletély in their enolized form in the gas phase. The

-
-

present XPS spectra_shéixggstinctly.two dominant Ols' ' ‘:3

41
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ionization peaks of 1:1 ratio which can only be con-
sistent with an asymmetric enol having two inequivalent
oxygens. The present result for 1ld contrasts the assumed

~ o~

symmetric location of the proton derived from the
electron diffraction studyso.
Tropolone (3a) represenfs an interesting case

since it demonstrates that an unequal peak area in the

two O ionization may not necessarily be due to ioniza-

1s
tion from two or more species. A previous report
for this molecule showed that the XPS spectrum consists

——

of a broad O S peak (FWHM = 2.7 eV) centred at 532 = e

1
0.2 eV and was interpreted as arising from inequivalent
oxygens. However it appears that the measurement was ,
made in thé solid state. The present XPS spectra of %f
(Fig&ie 9) and its O—meth&lated derivative, 3b (Figure

10), show two unequal Ols peaks of area ratio l:Q,?,
which seems to suggest é Cs symmetry structure of ég.
The iﬁequivalent area ratio of the Ols peaks can be
explained with two alternatives. It mayibe caused tk
L S . -

the prefgrential-shake—up*process of the lower EB

oxygen which detracts from its intensity. This pro éés'

was observed by other workers for carbon suboxid

1?0 and_N,N—dimethylnitrosamine101.

nitrous oxide
Anéther,explanation is the possibility of .at least one
shake-upr peak hidden under the higher Ep ionization

which then appears to have higher.intenéity than the

‘ s
e

b}

u
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lower Eé peak. N

Due to involatility, the XPS spéctrum of 4 was
obtained by heating the inlet system to 50°C. Our
experiment using fourier-transform (FT) IR on a dilute
solution of 4 in tetréchloroéth&iene has shown no
significant speétral éhange when the s;mple is heated
from room temperature to 100°C and shows no definite
C=0 or O-H stretches.. Assuming that' this is applicable
to the gas phase, 4 should still be intramolecularly
H-bonded at 50°C. Figure 11 shows the XPS spectrum of
'f which exhibits poor statistics. Nevertheless the
FWHM as well as the satisfactory deconvolution»intd_two
equal areﬂ"péaks seems to suggest an asymmetric CS
form for g. ‘

Asnfor G-hydroxy—2-fo;mylfulvene (§); the XPS-

spectrum (Figure 12) was deconvoluted into two equal .

. A

intensity major peaks and two minor pééks, also of equal
intgnsity. The former ones come” ffom the ionization

of the inequivalent oxygens and the latter Qhes which

have higher EB, are believed to ariée‘from some shake '"';:';

up phenomeneon by analogy with our previous results.
On the basis of the abovgainfqrmation it seems clear
from the XPS spectral data that-the enolized diketones

investigated are predominantly (if not exclusively) in

102

an'asymmetric'cS form. Recently, Maksic et al based

on their semi-empirical calculations on la,c and d

-~ e ™, -

.'
RI%

Al . L
I e <AL \#&%~:va;;&$5~.‘). g o




Suggested that the carbonyl oxygen is easier to ionize
\\ .
than the hydroxyl one. This is reasonable since the

former has a higher charge density than the latter one.
Assuming that this is true, the higher EB ionization

peak in the OlS XPS spectra of %-5 should arise from

the hydroxyl oxygen and the lower one from the carbonyl

oxygen.

Variable temperature 1H NMR studies on MA and D-MA

1

It has been shown by previous ~H NMR

studie563’64’66’67 that MA exists in transoid enol form

in aqueous or hydroxylic solvents and in cisoid enol

 form in non-polar, chlorinated hydrocarbons. It ‘has

also been demonstrated that the presence of very small

amounts of impurities in the chlorinated hydrocarbon

S

could change the conformafiqn'of MA ff&yvcﬁ;-enol to
| 63 ” T

trans-enol ~. Nonetheless, the trans-enol form in

hydroxylic solvents appears to be syﬁmetric based on'lH
NMR data. The mechanism of how the terminal. hydrogens
(HA and,HA, in structure 6a) become equivalent is of

interest.
N

S ky B . k2 = jJi(o ¢
HA)LIJ\OD + EtoD ‘——T 7 —_— A + EtOHy
Hy - | -1 THD Ez op Hy,

6a L N ée | "6b

~
-~ -~

" (6)

44
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. ‘ - . { . .
Equation 6 shows one of the possible mechanisms in which

the enol form 6a ketonlzes and then re-enolizes to 6b.

~ o~

To test this possibility, the rate of exchange of the

methine H for D (which can only occur through some keto

form) was investigated under pseudo-first order conditions’ '
~

in deuterated ethanol at 303°K by NMR techniQuele3.

Assuming a steady-state condition and the reversal of
6b to 6c is negllglble1 4, the rate ekpression for this

ketonlzatlon-enollzatlon process is represented by = v

equation 7.

-d[6a] ~d[6b] 'k k_,[6a] [EtOD] -
= = = * = obs[sa] (7) : i
at at - k_, +k_, "

adAAYALE o o

While the magnitudes of k_2 and k_l are not known, they

are related by a primary isotope effectlos. The maximum \

\ .

k_2:k_l ratio is roughly 7:1 and by using this reLetion— \ .

TR+

ship equation 7 can be simplified into the following form.

-d[6a] d[6b] . k, [6a] [EtOD]
—— - —— — indiad — k
dt atc 1.14

obslea] : - (8) \

On the .other hand, if there is no primary isotqgg-effect

(k_2 =k_;) equatlon 7 becomes

-d[6a] d[é6b] k [Ga][EtOD] :
6a] dlébl k(62 ) 6al (9)

at - at 2 Oobs
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Nonetheless, both equations 8 and 9 indicate that kobs is
directly proportional to kl (rate constant for ketoniza-

_tion) which therefore serves as a good measure of the rate

of ketonization. In order to determine k obs’ & Plot of the

106
concentration of 6a ‘as a function of tlme t was made .

-~ -~

‘The [6a)] was evaluated by calculatlng the ratio of the

. 'a -
integrated area of 6a to the total integrated areas of

~ -~

both 6a and 6b, determinéd on the basis- of H, and H,,.

~

' By determining the rate of dlsappearance of §a,'k055

was found to be 1.7 x 107> se‘c-l at.303°K.

After the completion of deuterium exchange (as in-

-

dicated by the absence the methino.hydrogen in the NMR

spectrum of 6b), this same sample was subjected to

v

variable temperature studies in order to determine the

coalescence temperature of H, and HA" At ambient
temperature HA and HA. are equivalent and'apPEar as a
2H-coupled singlet centred at 68.52. Gradual cooling

of the sample down. to lower than 145°K causes this

1

-51nglet to separate into two broadened 51nglets centred

at 69.38 and 7.67 whlch correspond to the formyl (HA.)

. and hydroilblnyl (HA) proton, respect1vely107..

vThe rate of equlllbratlon of HA and - HA, (keq) is
given by equation %O} where Av is the difference in

chemical shift berween HA-and HA};

-Av—- = 1 (at coales#cencé}lﬂ8 (10)
keq mN2Z o :

Il
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Comparison of/keq, which is found to be 2.26 x 102 ’

sec-l,:with kd%s shows the latter process is far too
slow to account for the apparent equivalence of HA and

HA;Aas measured by NMR. . Therefore, the present resqlt

- seems to suggest some intermolecular proton transfer

.mechanism for the apparent equivalence of Hp and HA"“

It is found that the exchange process 1s not strictly
first order in MAa, since, as the concentration of MA

is reduced,‘the.cgalescence temperatﬁre is increased,

sb that very dilute solution Show‘considerable broaden- .
ing Qf the terminal C-H signals even at 25°C. It is also
found that small quantities &f acids, ﬁﬁnigs base,

and e&en solid Nazcoé added to the NMR'solution reduce
the coalesceace temperature and thus the exchange'

process-must be very sensitive to trace catalysis

by both acid and base. On the basis of thevabove

observatlons,va mechanlsm for the proton transfer

process of MA is propodsed as. shown in equatlon 11. A

higher cobalescence temperature at low concentration ef

MA is,probably due to the slower exchange between

MA and EtOD than between twe or. more MA molecules, the

latter belng ‘more 1mportant at hlgher Ma concentratlon.
For the lntramolecularly H-bonded -cis enol case

Wthh can be generated in a 1:1 mixture of CFCl3 CD2C12,‘
1

the H NMR spectrum at amblent3temperature shows a

triplet centered at 65.68 (J = 3.5 H, 1 H), a doublet

‘e

- 47
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BD= ETOD , MA , acid

(1)

48



centred at §8.37 (J = 3.5 Hz, 2 H) and hoAindicapioh of
a low-field intramolecularly H—bohded Oﬁ.‘ At teméera~‘
tures lewer.than 200°K, the spectrum reveals unamblgu-
mously an 1ntramolecularly H-bonded OH triplet at §16.60
(J\=”6.l Hz), coupled equivalently to the_terminal
hydrogene, wh;ch themselves appear as a doublet of
doublete centred at §8.37 (J = 3.5 Hz, J" = 6.1 Hz)

' (Figure 13). This small value‘of J demonstrates that
MA, under these conditions, exists in a cisoid conforma-
tion."Nohetheless it appears as a Coy symmetric
sffucture eﬁ‘the NMR time scaie and rehains as such

down to 133°K, where the solution freezes. No broaden—_
ing of the terﬁinal‘hydrogens' signal other than that
aftributable to viscosity effects was observed "at low
etemperature. Assuming that:the chemical shift difference
between the formyl and hydroxyvinyl hydrogens in the
cisoid form is the same as that in the transoid form,b
the upper limit fof;the barrier to interconversion of

) the two C. form via a sz form is found to be 6.1 kcal/

-8
108

mol using equation 12 where A&T is the activation

86T = 2.303RT: (10.319 + log T - log keq) (12)

energy in kcal/mol and T is the temperature in degrees
Kelvin (°K).
A p0551b111ty exists that replac1ng OH by OD might

slow down the D. transfer between the oxygens because

49
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of a primary isotope effect and reduced efficiency
- . ’
of deuterium tunneling, and hence the coalescence

temperature of the deuterated cisoid form_was attempted.

,;the 14 MR spectrum at 150°K where
3.-at § 8.87 (terminal hydrogens)

was“dﬁéé_fﬁ.ﬁf' ff?(servii}e change was found at tempera-

:.gures“dowgfto“i%ﬂﬁj, at,which point the solution freezes.
Thus the intramolecular exchaﬁge of the Ob is still
rapid enough to preveht the measurement of coalescence
temperature. @Again utilizing the same assumptiogs as -
kor the MA case, the same interconversion barrier for
D—Mﬁ asAthat for MA is obtained.. Thé uppef limit of
the efféétive barrier to interconversion of the Cg form
via the sz form therefore cannot be greater than 6
fkcal/mol. ‘This is considefably smaller than the inter-
conversion barrier predicted by}the céﬁbulations (0.5~
11.5 keal/mol)46:58:62
One can estimate the lower limit of the intefcon—'
vérsion barrier by assuming that the observed XPS
spectrum of MA contains no more than 10% of the C2v form
.which'is hidden in ﬁhe ols ionizatilepeaks of the CS |

form (equation 13).

(13)

90 % o 10%
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fhis assumption is based on the totai uncertainty in
“the determination of the relative areas of the two
inéqu}valéht oxygens in MA. Using this aSshmption’,‘keq
is evaluated using equation 14 and is equal to 0.11.

A

(c,. 1] .
Keq = —_2v . (14) y
¢ ‘ [CS] ‘ 3
» »y/{ . . - IS
Substituﬁfng keq'into\equation 15, AG° (T = 300°K) is t e
found to be 1.3 kcal/mol, which is thg lower limit. . .?
of the CS“CZv interconveréion bérrier. | ;
Y |
AG® = -RT 2n k_ 28 : (15) o

q o | o
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L 1%

CONCLUSIONS

(1) The%techniquegof %¥PS has demonstrated its ability
to identify unambiguously the preferfed symmetry form

of the enols‘lWS. Therbservation of a Cg form for 5

1s partlcularly sxgnlflcant con81der1ng the apparently
near - llnear H-bond and the close proximity of the oxygens

which favor an’ extremely rapid Ot--rB—0 == 0—H---:0
12 -192,

‘transfer (said to be > 1077 sec ) . Nevertheless,

from the preésent

the time scale of the XPS measurement (10-L6 sec) is -

- gufficient to differentiate between the terminal oxygeéns.

x

P |

(2) Varlable tempéfature 1y NMR and deuterium exchange

studies on MA (la)yln deuterated ethanol indicate that

tlie ketonlzatlanvenollzatlon process is not ifet enough
to account for the apparent equlvalence of the term1na1
hydrogens’ (H and H ') in 6a. Other 1ntermolecular

proton transfer rcactlons must account for. thls apparent
symmetry. - L o
L SR k

A f R

46,58, 62

(3) Recent calculations on the cxs-enol forms

of H-MA place the C. form abq.t’ho 5-11.5 kcal/mol

2v

higher in energy than the Cg form. The‘bar;ie; to inter-'.

v

L &
is postulated to bhe zeduced by proton tunn@p ngsa'sl.

conversion between the two C‘S form via the 'd' _ form

The effective barrler to 1nterconversxon ez uated

i
lH NMR studaes on H-MA and D-MA give

an upper imit of no hiéher than 6 kcal/mol.and‘a5lower;};

-
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- [
\
X0
limit of 1.3 kcal/mol.
- ‘ “\s )
~(4) -A low intensity beak of'higher Eg than tBe major ]
p ~

. WOls ionization peaks igeoObserved in all the XPS spectra
. . of the compounds under study. It was éhggested that
this low intensfgty peak arises from the Cy forms?.
\ This is proved not to be the case since even dimethyl-
' pal . - :
acetylacetone (2)-also show such a peak. -~ It is believgd .
N“d‘ .“.’ y
that.this peak arises from shake-up phénomenon. -
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' '% Deuterpted Malgnaldehyde (6b)

et

A

EXPERIMENTAL

Routine IR, 1y NMR and exact mass spectrd were g

recorded Jh a Nlcalet FTdIR spectrophotometer, a
Varian ﬁx50cgpte2;hﬂ;tbo spectromet and an AEI MS-50

13
spes;rometer, ’espectlvely
2 1

C NMR spectra were

_measut?l.qsing a- Brﬁker HFX- -90 spectrometer.

\’nJ'

{Jp Vﬁrlable temperature NMR studies of MA~ (la) and

D—MA;&wre determlned on a Bruker WP-60 FT NMR spectrometer

IRV EENE N
\" #i

=3 to 4 x lGr%-M solutlons of MA or D-MA

u51n9 5 x 10,

¢

in a solvent of 1:1 CFCl —CD2C12 .All the solvents
used for the NMR studies were dried over CasO4 (which

had been flamed dry under vacuum) and then distilled

he Y

into holding receivers using vacuum—llne technigu®es.

Y Seoe s

Malonaldehyde (la)

o

Malonaldehyde was prepared by the method of

109

Hﬁttel and subllmed flve tlmes into a holdlng receiver

®
where it could be stored at *TW°C for several weeks
Y .
‘WLthout vrstble signs of decomposition. NMR samples &

. *
were then madéﬁpp as required using vacuum-line tech-
. . N . 'dl

{:niques to ensure the ahﬁenoeﬂof moisturs. H NMR
o .

, %
(acetone-ds): d 5.61 (1 H, t, J-= 9 Hz), 8.52 (2 H,

d, J =9 Hz), 9.34 (1 H, br.s).
) *

o BRE . RIS N ‘ . Q

-

"3 . i
Deuterated MA was prepared with great precaution
o V . -

' : ' ‘ i i
S e

)
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since the high acidity of system {(pKa of MA = 4.46°)

4

=30, 4

g . P 4
leads to extremely rapi”® OD-OH exchange even if theﬁ&@.

slightest source of exchangeablg p:pﬁon is present:
sodium malonatell® was aried ﬁhdef va@uum over refidﬁa.1< /
ing xylene for 2 days. All glassware which would be .

in contact with §§, inclﬁding the vacuum rack, was con-
ditioned wiﬁﬁ Dzéland either oven afied orvflamed out

under vacuum. Two grams (0.021 mol) of sodium mélonate

was dissolved with stirring at 0°C in a solution of
20 ml of 05‘2(99.7£) containing 4 grams of P,0g in'a
serum-stoppered 100 ml Erlenmeyer flask. The.gzrprOWt‘ 9 P
duced was then extracted via syringe techniqués with ‘

10 ml aliquots of sodium-dried ether (for removal of

traces of protium) and the combineéafxtracts were

3
X

transferred via syringe to a secon serum4stopgqxedf

Brlenmeyer flask whicﬁ contained 15 gréﬁﬁ Sé‘glril-
mixtu:e_of CaSb4~Na2C03'which‘hd§.been fiémed dry under
vécquﬁ.4 Aftef stanaing at -5°C overnight the m%ﬁture
Qas filtered in a glove bag - dnd the ether was removed
under'Pogsé_vacuum. The pale yellow solid residue |
was imme&iately flughed with N, a;& connected to the
vacuum rack -where it was manipulated as described for
la. The ﬁMR £ube used was freshly coﬂditioned with D20,

-~ -~

then flumed Out ‘under vacuum; otherwise, the sample

¢ e
1nvaf1ably showed residual ‘traces of protlum Employing
<8

-

'the above précedure, samples of 6b could be routlnely ,

,”MB ‘T{ .

THCARSS JPv -2V SB RN NV

e
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EJ

prepared which contained no detectable la by NMR.

B-Methoxyacrolein (1b)

gB-Methoxyacrolein was prepared following the

piocedﬁre of Kalinina et a1lll: lm NMR (CDCl,) § 3.77 %
(s, 3 H), s}sa,(d of d, J.= 13.0, 8.0 Hz, 1 H),'7.45 S ;
(@, 3 = 13.0'He, 1yW), 9.43 (4, J = 8.0 Bz, 1 ). "Whe & .
large vinyl coupling constants suggest that %P-exi”" IO v
Vc6mplete1y"in a solution as a-trans enol ether.

? .

Acetylacetone (lc)

Reagent grade acetylacetone was obtained from the
&
Fischer Scientific Co. (glpc purity, 99.46%)@nd was’

used as supplied. ¢ - ‘.5

Hexafluoroacetylacetone (14)

Remagent grade (dipc purity 99.38%) was used as

supplied by the Pierce Chemical Co.

‘Tropolone (3a) ' ' - ﬁ

Commercially available tropolone was sublimed twice

A o

under high vaéuﬁh at 40°C bath tﬁgperqgure before used.

4

2~-Methoxy~tropone (gg) N : O

- . L

. The hemihydrate of 3b was prepared according to

112

the method of Cook et al and the watef of crystalliza- .

tion remgved using the following procedure. To 1 ml

-~ . XX .
*é!gs : R LN
0 : . e
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.’ ‘. ..A
of benzene was added 0.48_gm,of;H§drated gg'ana the

] (N . . . . . J‘v' . i
benzene-water azetrope was distilled under nitrogen. R
A small amount of oven-dried silica gel was added to

the residue from which distillation (95°C bath tempera-

ture/0.3 mm) gave the arii ether 3b as a yellow
gt ous 23

oil: 100 Mz 'm NMR (cDCly) 6 3.94 (s, 3 H), & 7.04 ‘
" (m, 5 H). | ) .
' 113 ' 114 ‘
\ Dimethylacetylacetone (2) » 9-hydroxyphenalenone '
and 6-hydroxy-2—formylfulvene115 were prepared by litera- |
; , : i &
. ture methods without modification. ‘
”.,
b - , ‘ﬁ"
n.
.; ' /
as 'l ’
. ? ,
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= CHAPTER III

le BINDING ENERGIES OF NITROGEN-CONTAINING COMPOUNDS :

CORRELATION BETWEEN le EB'AND GAS PHASE BASICITY,

SUBSTITUENT CONSTANTS‘AND'THEORETICAL TREATMENTS.

/

‘ INTRODUCTION

d : 5 ‘ |
Basicity, one of the fundamental concepts ;n

. a

chemistry, has been of interest to chemists since it

116 ., is?17 in 1923.

was first proposed by Bronsted and Lewis

 Bronsted definéd'basicity as the tendency of a molecule

B: to accept a proton (equati%lﬂ .
protem 1S .

K_

+ .+ Fagi
B: + HB, —=i> BH + ¥8; w5 .(16)
. A". .g >
© = *
8G® =) -RTL, Koo
L A
q'-“—.-Aﬂo - APA

In the Qas:phase;.thelﬁééative of the enthalpy change
(-AH?) in equation l§ is defined as the proton}

affiﬁiﬁy 6f‘B- fPA), while the gas phase basiéity (AG®°)
is related to the equilibrium constant (Kg ) of the
proton transfer rééctlon in equatlon 16. A more general
deflnltlon was, glvgﬁ by Lewis who descrlbed a base as

a molecule which tends to donate a valencé electron

"lone pair" to an electron acceptor (Lewis acid). Re-

cently, Martin ;nd’Shirleylﬁs-llg, noting the formal

60 - -
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similarity between the removal of a core-electronuaygm
an atom in a molecule (equation'17) and the addition
of a proton to that same atom (equation 16), extended
the idea of Lewis basicity to include the ease with

which core electrons are removed (EB or binding energy).

B —Eﬁa—B+ (core hole) + e - o (17)
_ oH
They, and independently Davis and Rabalaislzo,,had

Y
shogp a correlatlon between EB and gas phase PA in a
. ? o 0"2 e
serles of simple. aﬁﬁ@i substltuted compounds ¢ontaining
 #a
oxygen, nltrogen, sulfur and phosphorus. They suggested

that both EB and PA were dependent on two terms, the

initial state (inductive and mesomeric)121 effects and

122 effects.

the final 'state (polarization, Or relaxation)
-Tne former rely on the electrostatic potential at the
site in the neutral molecule on which the positive
charge,is located while the latter réflect the ease

v .
v

w1th which theé positive charge can be delocallzed over :

Eod2
the entire molecule by rearrangement of the remalnlng
electrons. It was proposed119 but not'demonstrated -

that the EB-PA correlatlon would fail if there is a -

ﬁichange in hybrldrzatlon or geometry at the site of

'protonation since this cannot be probed by the photo~
emission process which is vertical in the Franck-Conuon

sense. Thomas et all237125 extended these studies by

investigating a number of doubly-bonded oxygen compounds;. -

61



such aslcarboxylic'aoids, esters;‘éoz, Cb,‘No; Nzoland
‘Pz, and found good correlations between EB and Pa
except for-the étmple molecules Co, NO and 0,. No
explanatlon was glven by these authors: for the above
‘"exceptions". Further work was done by Behoit aﬁd

126

Harrison™ '~ on a wide variety of oxygenatefifompounds

¥

o

and they explained that the failure of Ols Eg of CO to
correlate with its PA was due to the difference in

site of.protonation and ionization. This explanation
was also suggested by Cavell and Alllson127 on the
‘basis of the ‘deviation of some amides and pyrrole from

the le B VS PA graph. In addition, theylz7 also

suggested the observed deviation of N,N-dimet@ﬂ} aniline

E

from the correlation is either due to the dlfferent
site of protonatlon and ionization, a destabilization
-0f the le hole state 'in this compound relatlve to the
hole state f; aniline or a stabilization of the ground
state relative to the ground state of aniline. More.
' 1
recent work by Ashe et allzg on the E, of As and P
7B 38 2P
electrons in arsabenzene and ohosphabenzene, respectively,

‘showed that the rigid heterocyclic structure did not

allow geometry rearrangement upon protonation and

therefore the Eg-PA correlation failed. They explained

S5 :
that the ionization procéss only depends on inductive

and relaxation effects whereas the protonation process .

relies, in addition to the aboye effects, on the ability

62
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of the molecule to undergo geometry réérrangement.
Thus the observed PA's for arsa- and phospﬁabenzene
wére lower than that predicted.from'their EB's.

Based on the explanations offered for the above
"exceptions" in the EB—PA corrélation,ﬁﬁwo conditions
under which the correlation will fail are as follows;

-

the site of protohation and ionization are different,
and within a series of closely related cémpOunds there
are large energetically diffefent geometry change=
accompanying protonation. Certainly in evéry pfotona—

tion process, geomefry reorganization takes pléce but

only those that show unusually large geometry changes

would deviate from the Eg-PA correlation line., This

is also supported by some semi-empirical calculations

~ which ﬁéjﬁ be discussed later on in this chapter. To*#

our knowledge there are no detailed'studies on ciréum-
stances where the EB—iA,correlation will break down

and thus it is ihtérésting to expérimentally investigate
molecules which are expected to deviate from the
correlation for one or Soth of the above reasons. We
havé therefore invesfigated several series of compounds,

pyridines, anilines, amides and amino-naphthalenes, for
. .
which deviations from some N&S EB-AG° correlation

will be explained in terms of these reasons. Previousﬁfr
workers have used PA(-AH®) for the correlation since '

118

the original derivation for the correlation directly

Py
..
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connects Eg with AH°. In our case we have used AG°
valueé since they are obtained from the direct measure-
ment of the equilibrium position in the proton transfer
reactions and they should be consistent for AG° values
abstracted from various published workst22 131 Lhich
emp%?y differegt techq}ques of meaSurehent. In
-.princip;e, QGP values can be converted to PA(-AH®) by
thé expression AG° = AH°~TAS° provided thatAthe entropy
term (AS°) is known. In most cases, the magnitude of
TAS°is rather small, 1-2 kcal/m01131-132, when compared

s 132

to that of 4G° and is usually roughly constant within

a series of related compounds. - Alghough only AG°'s and  £
EB's are being discussed in this chapter, AH®'s are'
~also given along with the above data when they are
available in‘the fggerature.
Becﬁuse of pyridiné's molecular rigi&&ty, minimgl
' geometry rearrangement is allowed to occur on protonafion,
the site of which is most certainly nitrogen. Hence . o

both the ionization and protonation érocess are

affected by the same féctors, inductive, mesomeric and -

and relaxation. It is thén expected a good éorrelation
exists between Nyg Eg and AG° ?nd this correlation li;e'
)should | vide the "sténdard",@ith which to compare

situations where correlation failsy & recent ab initio .
study’33 showed the calculated Nyg Eg Of 3 and 4-

substituted pyridines correlate with the corresponding



» experimental PA using only the ground state geometry.
While our priTary target was the investigation of
circumstances under which the Eg vs AG° correlation
failed, the large number of examples of N g Eg for
a virtually complete series of pyridines allowed assess—
ment of other correlations which had been given in the
’\literature on the basis of fewer and more ambiguous

examples. Although there have heen studiest347140

of

substitafnt effects on the C;g Ep Oof substitutel
benzenes, virtually no experimental work had been done
on the EB'of'substituted pyridines which in fact,

B .
posg?55vseveral advantages over the benzeépe series.

:e‘

Firgily the assignméht of ., the benzene Cls Ep peak is
f p

‘rather dlfflcult 51nge in most céses, ghe ClS peaks are

badly overlapped. They were assigned elther with the

aid of CNDO/2 calculatlons138 or empirically in terms

of two groups,oneefrom the carbon that is direétIy'
' attached to the substituent and the other being due to

all - the remaining benzene carbons. The latter approach

1nvar1ably leads to a551gnment amblgulty. For the '

..

|
~ o
-former model, CNDO/2 calculatlons.provide charge densities

.*of the molecule which are related to the relative

binding energy shift (AEg;) by the folldwing equation

138

given by the'elecﬁfb§£a§$q4§6£§hflal model™ %, where

- - : V E ‘¢ _(’ " '
-AEB. = gcqi' + i R_E- | - as)

$

s . . P e .
a4 B el S
() X.‘. , " #‘: .
3 .".
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19) .

+

q; and qj are the charge densities of the ith and jth

PR

atoms, respectively, Rij is the interatomic distance in
gtdmic units, and kc is a constant which commonly has
a value of ~22 eV/unit charge for the benzene carbons.
This approach suffers from whatever short comings mighg

-
be inherent in the CNDO/2 calculation. On the other

hand, the pyridine NlS ionization peak ~an be identified

dnambiguously becéuse it is far removed from othgr CGre
iohization bands. Compatison of thesobseryed Nig Eg
shift for pyridines with that pre@ic£ed from the CNDO/2
calculations‘fqr‘benzenes would then offer experimental
evidence to test fhe strength of this CNDO/2 model
provided that substituent effects for nitrogen are
roughly equivalent to those for carbon.

SeCohdly, the measured le EB shifts could be usqd
to test the SCOpe of two other models, the ground state
potential model (GPM) and.reiaxation potential model

141-144 which hav?_been shown to predict quite

(REM)
wgli the E; shifts of a 1érge number of moleculesicon-_
taiﬁiﬁg carbgn, pitfogen and oxygen..

Thi£dly, it is also of interest to examinqvthe
correiation between le Eg and the substiﬁuent parameters
(c values) which have been &brived from solutién .

chemical processe%, specifically, from the dissociation

of substituted benzoic acids at.25°C in H20122~(equation

wmal



4 . -

| Keg ‘ . I
: _ . & | g!%?

_H0 @ /' +H0 (19)
D X 0~

. L ‘-
log Keg(x) _ pro [p= 1 fogytenzoié]‘

acid ionization
Keq(H) .

:The Keq(x), Keq(H) terms are the equilibrium constants

of tﬁé dissociation reaction in equation 19 with sub-
stituents x,éh& H respectively. The o value for a‘l
obarticular substituent represents its ability ﬁo
influence the benzoic acid équilibrium in comparisQn

to its parent molecule and therefore it is only remotely
related to the ionization process. However it would

be of general interest to see if the SOIﬁtion—derived
parameters are usefu&'for the gas phésenphotoe@ission
process. | -

- In the course of investigating the pyridine

~-series, the tautomeric equilibrium of 2-pyridone =¥ 2.

hydroxypyridine as a function of temperatufg was

studied (equation 20).

L]

- . -

As
8

I~
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-isﬁconcerned, recent. gas phase b381c$b¥ stud s

This equlllbrlum has been examlned by a number of

workers145 ~154 using various techngg:es, frpm which 7
was found €o be the preferred speeie in the gas
hase. Our XPS studies on the N and 0 E.'s for
P 1S lsa‘
7 and 8 confirm the above results (vide infra). Tautomer
8:is an amide; examples of which have been shown to

protonate at the 6kygen in both solution and golid
155-160 : ' e . 161~162

phases with some.theoretical confirmation

- It is therefore expected that the le B of, O?should

~

not correlate with lts AG® but the correlation should
[ 8

be’ good between-plsags and AG®. For this' reasgm, a

-number of amldes, whose AG° values 4dre known,‘were also

investigated in order to substantlate this gpﬂht

As far gs the questlon of geometry reorganlzatlon
131 of ©

g

.

a number of substltuted anlllnes and:am;no~ hthalenes
p

suggested that  the. anomalous\ -G°$#31ues of some

X

anlllnes and amlno—naphthalenQQVWEre due to either
-

: dlfferent site of protonatlon or geometry cha%?es on

.protonatlon. One of. these molecules, 1, 8‘%t8-

(dlmethylamlno)—naphthalene (proton‘sponge,‘drawn in

1

three dimensions as structure 9), has received 3

»
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much attention for its unusually h@ph basicity in

¥ -

LT ‘ both gas131 and solutlon phasesls3*&65. x-ray
St ' 166-167
; . “; . Jcrystallogrephr, studles ‘ of the non-protopnated

“i . ‘J‘al’ species reveal‘ _that the bze—dlmethylamlnzsgroups'
f~‘ S | experienoé’severe pert interaction causin large

g : distortion from planarlty for the naphthalene ring.

%

However, the pnotonated specxes of 9 allows the big-

~ g
- dlmethylamlno groups td reorient themselves in order

to share the proton and thus permlt the flattenlng of

0 .
the naphthalene rlng although not to compiete N )

ﬂ&‘ " planarlty167. As a result paﬁt of the bAS1c1t
s ‘ :

& . must be ascrlbed to a rellef of ground sﬁate
’ .i ,l‘s .

o>

N - )
W z“h' on prptonatlon, a proceis whlch cannoq,be probed by

o

éhe photoem1391on e s.. Thereforg compouné 2 and
]

: other substltuted naphth %nes, ‘and anilines whlch
' 7 possess unusuaily hﬁh basu:ik:.es shéuld provxde good /)
> 1.' examples for. Wthh the cor:elatlon betwellh Eg and AG°-
fails. Eurthermore, the dev;atlonaqf_AG°_for these
'»oompounds from the correlation line allows an indirect.
;.' o - - experimental neesunement of the energy associated.with

"~ such geometry changes or different site of protonation.

In order to demonstrqte ‘how - geometry ”nge-.‘

168"

;dent affects AG°, semlemplrlcal MINDO/3 calculations

F? A on pyridine, guinuclldlne;*anlllne and O-dlamlnoj

o : s ‘ s : .
- ‘ benzene wecg*per&ormed. ®yridine and quinucliding
h

e situation.where geometric ' rearrangement

t

_represent -

-3
.

-t P g3t
/

¢
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“Ells EB s AG‘ drpph for -

ﬂ

&5

B ' t W
% ' @ . K

ﬁaccoq\panying protonation is minimized due to thei#

) » : .
..A»molecult ixgldlty ..gn the other ‘hand, aniline and

x Q-di&mr ene may 1nvolve geometry changes upon

addition offa proton. . . \ \
~a¥

;-:- @ently, m\;ch attention was addressed to aniline

ether it should protonat.e on the rlncj or at
.-1:70

as t
b‘:,‘;' .

»

have Shovm that

the nltrogenJatm\ ‘ Taft"’et ale

: .lﬂﬂd‘"‘invfluorb-
b+ - ’\» :"»,z:

&nlline*prefer to ‘protonate at tl‘le nitiogem e
A R

toluidlne and m-amsz.d,lne arg&nxg protm}JAted spec1es.

These flndlngs seem to sugge%f that w1th§ %he.mr
substltuted am.llnes, the electrOn-—w1thdrawq=ﬂ tend. to
favor N-protonatlon and the e'otron-donofs prefer

SR> AR
.ring protonation. In other! Wi ,ﬁ, 5, i1f one !lots an +

* .

..‘-‘:; i" -ﬁ_~ . ' .
S¥1 tuted anlllnes; two -

—

correlatlon llnes of dlféerent slope are e?cted, e

-

for the electron-w:.thdrawers and the other for tl"le

£

-donors.: - The two ll.nes should intersect at -some point
in&ative of a cthange in the site of protonation ffom

‘nitrogen‘ to the ring carbbn. It is 'therefore interesting

to J.nvest:.gate the le E13 s of the m—suNltuted ‘ ‘

an111nes.and compare Wlth the cirrespondlng ‘»AG° values:
Due to the large nunib*er of compounds i :wstlgated

:the follow1ng dlscu551on is d1v1ded 1nto two sections.

Sedtlon I deals with the pyr:.dln% series, in wh:Lch

- 13C.' and 14

comparlsons between . E values and N NMR -
S ' ’ .

o .*

70
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- RPM, -parameters and the AG° values are made. IQ e - o
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. section 1II, examples ‘who'se le EB ] dld not correlaté :
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‘ L4 . . ) 7 & v “‘. ) :.‘, .‘ 0 . )
ot ' RESULTS AND ;D XGoir SR S
A (1) Substituted pyridines _ L ;
! . ' " ,
(A o The observed le g' s for the pyridine series ,
.o _
. -~ and the avallable 6AG°'s and 6AH°'8129 »130,132,171 .are’
. .. * .
" ) *Summarized ianable 2. Part of the N EB'S'are .
3 - 1s. .o /N

reproduced agaln 1n Tabae 3, where they are. compared w1th

¢ ‘l

- the ceécuiated ClS.EB's of the analogous%y substituted . s
4 LR S T aﬂé‘
< benzenés. . ‘ . Byl

. ¥ . ,9'. & ' T e T bt
. ‘ ' ‘ "& y
. S ) Comparison of N blndlng energy shlft (AE ) for % Sl
' . _ .

Bubstitutedfpyrldlnes w;thﬂcl AEp of eubstltuted benzenes

S
End with 14MNMR chemlcal shifts of" substltuted pyrldlnes

Q? " 'Pyr:.dlne ana %enzene are both érom&b c compounds;

; e, ' andusubstltuent effects on the ring should 1n prmnc1ple
' . . /s .
: ' " be similar in both systems. There have been St“‘%ﬁs on v

Ythe correlatlon of 13C .NMR shlfts between substltuted

yrldlnes a'h substltuted benzenes172 174. Houever no

/ 4
. . 19ppa ¢son of the substltuent effects on the nitrogen
N PR ¢ - A
\\ N - atom 1n the pyriaenes and the correspondlng carbon 1n -"
' ' g \»

3& - the benzene serles has. been made. It is therefore in-

.i : X . C .\‘ ' ~ R . : - : ¢ R . ' —‘;‘ t::
“ teresting to -seé if.the Nis 'AEg of - the ﬁyridine,deriva- ‘:,»;ﬁﬂﬁﬁgag
) oo, -‘ . , LA T

tlves correlates w1th the correspondlng Cis AEB in the
benzene serles. Shown in Figure 15 is a plotvof .

. 1s AEB of pyrldlne derlvatlves (relatlve to pyrldlne)

- vs C AE of the substitued benzenes (relatlve 3

- : ‘ benzene). Because of the overlap of all ié-EB peaks
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L ‘«.‘, ) .
Table 2. Gas phase N . binding energies (Ey), basicities ¥
_ = ' (AG®) pnd proton affinities (PA) for some 2,3
' and 4~substituted pyridines.?’
. e ——y
SR G AE, s§46°%7® = sppels
. ‘CcPound Eg(ev) . (kcal/mol)C - (kcal/mol)
}i ‘ pyridine 404.94 7 0.0 g 0.0
. 2-onf 404.96 _-0.46
” ! 2-NH, 404.48, ": 10.8%.°
- : PN B
B PUNEE L RSN R
) - S _
-N(CH,)., 404.05- . 55
. 2-Br™” - 405.22 © -6.46
4 ) - f)‘- .
2-C1 405.23 . +6.68 ., 6.7 -
2-F 405.34 - -9,22 10.4
(‘D | Y ) t
2-cF, 4p5.54 7 -13.84 ° . 9,7
P . - . o o ) w ., "
f P 2cN e 405.54. -13.84 | 13.3
* ’ . . ’ ) " K v 5 ’ -
2-NO,, 405.89 -21.91 > -
o ‘ L - Y R S .
_ 2-COCH, | 405.12° . -4.15 Fo =
3 . = . ‘ . ' ) 4 - X . . . . 2
3-CH, 404.75 - 4.%8 -2.9
' » .- B T Ty, ..
3-0H %04.97 . 20.69 -~ . -
AP A..xiiﬁ Wf P '4045.37@} "b‘rﬂrl"s ;-{3.2
R 3-NH, - 404167 R 22 | (<0.6)
: : % . . »
g 3-u(ca3.12h © 404.57- - g.s3 (-9.5)®
“”\ ‘ A c - )\
i P 3-c1 405.20 -6:% . .. 6.2
¢ ' . . ' R y
? ) ~ ‘continued..... -
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y Table 2 (continuea) N . &
. - S . ) [ Y . . h‘ d~ \y
. ) N . 4 .’
. | . | aEg 6AG°d sapet + ¥
Compound Ey (ev) (kcaldmol)€ (kcal/mol) \ pe @y
x, . W . . -
3-F 405.34 . -9.22 S"‘%ﬁ 7.0 7 . W
. -CF. : _londd , .
LoFe e e RGO
3-CN. . 405.55 —-1‘4 07 2.1 P v
. .' ! L ' “ J A - “'“ -
r 3TN . T3 405,67 . —16..83' R L=
. P e ) Ld aa % N ¢
* - 3-cocH, l\ PRPTENS P ¥ 92 | 4.0 .
W 4-CH, "404.68 6.00 . -4.3
; v v . g LI« { L .
. %b ‘ ' T .' . o ey » . R e : . o
o amocHy 0 fel0.38% - =720
o 4-NH, © aomize’ w"ba - L €-9.4)
L4-om -+ . ~4o4 95 ~0.23 RS
. . ‘W
-N(CH,) , 404.03 .~ 20.9Q -15.6
. . ” L,
4-Ccl .405.08 .  -3.23 3.3 |
. o %
4-Br 405.18 -~ -5.53 (2.5) :
4-F 405.12 > . -4.15 4.2 |
s 405.55 | -14.7p 1.2 ,,
1-No, 405.66 7 -16.60 12% ) L
) < ) ‘ .. . . - A -
4"C0CH3 vt 404 . 98. ' "'0 9} \ ! 3 - 7 ) . . ( ,
) ) . oo . * - » ‘. . . .
ZA-CFS 405.44 “-l} 53 e 8.3 T ..
S 9L, e A . -~
L _ | .. R
¢+ R (,- $
Por X <o
. a.?a le EB values are re&ted" as ‘the average of at_"
L]
.Vleast 3 runs and have a pre(c:ls:.on of >%0. 03 ev. ,\
-b. Calﬂy:ated agalﬁst an lnternal standard neon Auger
N 1‘!" ) .
' 1’§1e (EK = 804.56 ev)> g
: -Contipued o 'oA . s
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‘ 7L rable 2 .,_(éghti‘hued') | - : ,,
e . . . N ‘l;“ A ) ! z{ . ’ . . ,c'. A ‘ AL
c. N,/ AEg = le g (gyrkglhe) N;g Ep (substituted
! 1t, .- pyrldlne), agpositlve vaide 1ndicates the base 1s_
P 5
[ B »
% easier to ionize than pyrldg.ne. » o
p A » ' 1 )
. q{mA SAG® = AG° (pyrldine) - AG°q&eubst;tuted»pyrxnlne), . -
a Y '.?-_-‘;J" 7 “, & 3
“a negatave value for 64G° 1nd1c9te$ the base 15 : ﬁf
. i “",ﬁ . & e, A ."_.

stronger th&qﬁ pyrld;.ne.

*

‘ Valges a e fro ref~f129 132 values 1n’Brackets
’? Tt

\ w

are those from~re£ 130.qi . fsz “;' Pf}% ) '; CR Eﬁ&
-ngroxypyfld}na>gx1sts’1p the é;é”phase in ‘
; f ‘ equlribrlum'w1th Z-pyrldone, and dlfferent le EB s
]  are seen. fon each Yﬁide infra) . _f,’ .
,. Jkkv Value is ta;en>from ref’. 171. ‘;4+3V¢“}?9 fi%g.
‘ s h. The N 1onlzat10n reglon for 3-N(CH3)2—pyrfgine-

shogs a 51ngle broaqmpeak (FWHM = 1.9 eV). which was

..
: . deconvoluted assumlng two equal half-w1dth ’ .' -
' 1onlzatlons. We a351gn the low Eg peak to the a{ /\/////
* pgrldine le in analogy to the 3 and 4-subst1tuted,/

A '. - ’estemSQ prec ontOleV. | '
, iy ' b“ |

fl : AG° is less than AH® by 0 8 kcal/mol (/ o~

L} ] [ Y »

B R A VN R S
N
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tg, (inducti
" . the clS EB S. Comj_ j | “of

.for Eh3“3-m4!pyr,f4-bromo and 2-cyanoisubstitueﬁts.x*th;»

78

-~
in each substitued benzene, they were assigned with the
aid of a speetrum~s;mulation program138, whrchlmade use
of the electrostatic poeential model (equation 18) to o
evaluate Cl AE 's and fit them into the X—ray pes spectrb

measured at the Cls region. However, this electrostatlc

~

potential model assumes that the molecular reorganiza-

_tion energy accompanying photoionization cancels within

a series.of olosely ‘related molecules such - that Only -

ground state effec or mesomerlc) influence

i
. -

‘series with the le\ ;ior.pyrldlnes Should then‘ﬂi&—

v1de some measure of the valldlty of Ehls model fgr this

.

particular system. . | I o

A leaét squares analysis of the ClS AE vs le AEB
plot shows a slope of near-unity (1. 14) but W1th con- .
slderable scatter in the. pdlntS?(Cbxr!iat;on coef£1c1ent,

r = 0.82) 1ndlgat1ng a serious’ shortconlng in the cb:reli—

L

tion. In general the plot 1ndlcates theiexpected trehds

-

of the substituent effects on these qpmpoundg‘ except'

. ) . ' .. - ‘ . L
lack of correlatlon between C{s.and/le'AE ‘may be‘due . .

4
to some def1c1en01es in the CNDOVZ parameterlzatfonl7s,, ' A,
the 1nappllcab111ty Of applylng a point charge ele;bf/)//*/f~f\

i L)

static model to n—systems, and/or the Lnabll;ty of the

electrostatic potential model to account for the

* » —

‘molecular reorganization energy accompanYing photo-~

IS ' - : o



Wy

voa

o

-

ionization. .

.

The correlation between NMR—EB shifts was flrst

176

attempted in a theoretlcal paperqby Basch » where

o Lo

he pointed out that there should exlst a close relatlon—

shlp betwen the chemlcal shift Jn MMR and the electro—
S
static potential, which describes the Ep shift based_
) , "4" "; '.. . '
on the ground state effects (induc"&«or mesomeric)

. ' » sk 177
of“the substltuents. Recent work :

Y has questloned the @vﬁll Valldlt :
chemical Shlft corrglatlons although"

between Cls AE and 13C chemlcal shlfts for a series
h i

of clafely related halomethanes have been presented .

i ,
by some workers178 180.. Llndberglel, haseﬁb the

correlatlons for an expanded set of ibbstgtuted

Pats
“methanes and p- sd%ftxtuted fluorobenzene 19,

A

F chemical

AShlftS,, concluded that useful cod@nons between,

A
- NMR and EB shifts should be_expected "provided that
’ ) .

. the objects for correlamion ére'Wisely chosen”. In-

. N
'this s¢udy, a.somgarisqn of. Nl AE \

14,

: the existing N NMR chemlcal shift values182

for a
'llmlted number of pyrldlnes (Table 4) reveals a rather
poor correlatlon (r <0 65) especzally for electron—
.w;thdrawers for which, large ‘observed changes in AE

A did not lead to large.l4N shifts. ThlSuresult seems to

177

aupport the conclu51on made by Gellus et al™ " that.

“the NMR-Eg corr@iatlons may not be valld even for ‘a

» 1

ﬁgom Table 2 w1th .

4
F

79
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Table 4. 14N 'chemical.» shift v'alue\s '(ppm') of some 2, 3
—_— . T ‘ | .
and 4-substituted pyridines referred to CH4NO, as
: - ) .
internal standard.a R b
_ Position
Substituent 2 . 3 -4 '
" H 632 . 6322 6312 .-
’ . AR 4 . o o
Nﬁzb, \ ’ 12814 | ‘@"'_ssu o 10549
OHb - . 209%2 ﬁ.. ¥, 85t4 -, ZQI;Z' )
TQCH3 T 1103 594 9016
) - <. : L, ,A ' Ay ' . .
CH, g . 32t3 . 68M3 a3 .74%3 SRR
-, ) . . ) N ‘.A l( ‘ ‘ b ..
cl ' o 673 59+3" L 694 |
oA . . ‘. . » . \ ' )
. Br . B . 6133 © ... 55%3 © .565 o
3 . RN ’ : 'v ) . ;
‘ CN 06224 . s 64%4 . 5414, ¢
CocCHy . - 7215 oasxl2 | 38212
, b . ¥ . o .- S . ¥
N02 . ) . » 805 : / 56i5 ) t' ’ . ’35-‘2‘%:“‘:&’: e
’ . ) . . - . : Cw - : .
-~ " " - . ) ) ‘ " . Al . T
a: ‘Data -abstracted from ref. 182. ' *
b: These 1N shi’ft values _det’erni,fﬂ’ed in acetone while | »?’
. . . - . . _ ' A ’
the rémaining-values were determined as neat liquids. )
) IR . ) S ‘ e
‘ . . ‘e - i ) N ) .' ‘
: ) "t ‘ * - ¥ b . !
. # ? -
LN
« P 4 . 4
'4:/_’.
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A .. series of closely related compounds. -
o Comparison of theaobserved.ana calcuiated le AEB shifts
‘ L41-144 -

¥

. Computatlons of @‘e le L\EB using GPM and 'RPM
! ,3—7 - based“hp CNDO/2 methods Were doné oh the present Ser;es
9 5f}of substituted, gyrldlnes The GPM deals w1th the . .
v‘ﬁggy{_electrostatlc pdfeﬂtlé! (V) ekperlenced by thedgggg//// ‘J
T v, : ” - ’electron in the ground state th.l'e RPM, 1? add;tlon to

v term, alsp takes 1nto conslderatlon a relargtldn .

‘rgy (V ). that arlses from redlstrlbutlon of "§

.

. eled ‘onrc charge durln 1on1zat10n.

N

LI A@Bordlng to the QPM, ‘the electrostaklc potentlal

experrenéed by an electron at a nucleus is glven -by

4

(" - b 13 ‘ e - . ,. ’
. -V. = e2 Z : e2 Z_..l.__ ‘ , ©(21)
.1 ri .3 Rys T S '

v R L SR _ : o

where ry and RiJ refer to the dlstance betweén the
b . parent nucleus and the 1th electron and ]th other nucleqs .

-t " A respectlvely, and ZJ is the nuclear charge on the Jth

. nucleus. It was’shown by Baschl76 ahd Schwart2183
P . that the shift 1n‘€he ogbltal energy (As) relative to
a reference-ls approxlmately equaf ' to the shift in the

potent1al energy of the electron (AV)‘(equatlon 22).

‘ ’ . . AT N
. . \ Y N

Cae = AV LR O (22)

'g"using-xocpmans' theorem, equatioen gé then beocomes

e o S - o S
2 AEp = -4V . - o (23)
.. ' & o



[

: /
. shifts for some series of closely related com-

b

Based on the CNDO/2 wave functions, {V at a given

=

nucleus can be evaluated from which AEg gen ben“

r

determined. Flgdie 16 shows the plot of NIS QEB (GPM A ',

predicted) vs Nig AEg (observed) for the substituted

pyridines. " Standard bond lengths and angies were

17§

- agssumed for,tﬁ@ substrtuents and the g&%metry of :

the pyrxd* rlng was taken froxﬁ’ the experlmental

data as determined for pxrldlne by .electron diffrac~

Q .
tlon184. In thls.case, an imperfect correlat;on is

-obser%gd duevto'the large sc%ttering of’deta points o
‘ although least-squares analy31s glves a near~un1ty Qy ~ ‘.:> .
\slope as. predlcted from the theory (euntlon 24) . 9

N L o oA 1 LY | ’

. w

a " "\

AE (predlcted) = 1 07 AEB(observed) + O l3(r = 0. 88) (24)

!

- ~ .

Qualltatlvely, the thepry reproduces the obéerved‘gB

trend forveach.z, 3 and 4-subst1tuent3 but quantlth e £
s T e

tively"the agreé@eht is poor.’ As has been shown/py

ve - !

previous workers,”this'approachfgave more or, 1ess- » { ,

satisfactory agreement between observed and preﬂlcted

T e ) 4

pounds141 14a'- The lack of quant1tat1Ve agréement ln_

this pyrldlne serles could be related to.aome short-

—_— N

Il A )

comlng.ln ghebcyno/z method (parametrlzatlon) or the
incorrect geoiztrles used or more fupdamental
dlfflcultles in treatlng delocallzéa n-systems Wlth S

poxnt charge models-7Q

4



 GPM PREDICTED 15T 2-NO,
SHIFT FOR ~ o o o
RECATVETO [ o 4-NO,
PYRIDINE (&) = [ .  ®3-NO,
1
» .2‘CF3
® 2-C
= £
4-CF
- 4.-CI . 063_0:_:
asfF © @ T3f e2-cN
" ® 3-CN
i o
__ 0gr. 4-CN .
", i ..,‘-F
ITQIS 1 I' L L 1 1 - | "8 I L L | I | 1 1 J
o . | Qs : 0
4#0cH, Mo, OBSERVED SHIFT (eV)
® o -
~ 2-0CH; | ' |
2-NH a |
? @%4°CHy | ABE,(PREDICTED): 107 ABEL(EXPT)+013
2-CHy '
asl r=Q88

Figure 16. A plot of Nig AEB (observed) against Nig

AEB (calculated) on the basis of GPM.
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",

‘ionized atom ™ (N) is replacéa by thesnext higher;elémenf

@
- ] o
. .

4 Since the GPM appreoach was not very successful
- ‘ -
on the pyridine sg;ies, the RPM approach was then
examined in ordér to see 1f the int’rﬁ&:' of re-
laxation terms would improve the correlation. The RPM

approacﬁ makes use of an "equivalertt-core" approximation
. M . ™

O calculate the nitrogen "hole’state" whereby the

f o {
¢0) . By using this "equivalent-core" approximation,

Ey was found to be best representedl85-186 by tHe !

following expression, * . |
Ep = ~1/2 [e (2) + €(2+1)] I (25¥

where ¢ (2) and e(2+1) represent the orbital energies v

' \ g .
in the ground and the hole states respectively, and’2 is

. [ 2 - . 4=
the nu¢lear charge of the neutral atom. Accordingly,

the Eg shift relative to the parent nucleus is given as

follows, .

AEg = =1/2 [AV(Z) + AV(2+1)] | (26)
\' N

In o;@er'to compare with-the‘GPM expression (equation

23) it is instructive to write equation 26 as

AEg = -AV(Z) - AVp @

» «

where Ve is the relaxation energy which is equal to

' 1/24[V(Z+1)-- V(zZ)]. It has been shown that the intro-

duction of this relaxation term in the RPM approach

84
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‘provides‘better agréement between the observed and
141,144

predicted AER's for unlike‘moleculgs
i \ )

Shown in Figure 17 is,r plot og N g AEg (RPM

predicted) vs N,g 4Ep (ob®erved) for the substituted '

pyridines and the best fit straight line from the

least-squares analysis is

AEg (predicted) = 1.047AEg(observed) - 0.06 (r = 0.88) (28)

»

Upon examining both correlation equations 27 and 28,
»

one sees that the RPM {does not‘show a better correlati

than the GPMy but RPM calculations tend to lower ‘the

Al

AEB values by an average of 0.2‘eV wheﬁ compared to those
from the GPM calculations. Nevertheless, a closer
examination,éf;the Nig AEB'values,reveals that for a
given substituent the order of imporﬁance of relaxation
is 2>4>3. This is illustrated in Table 5 which lists
the calcula£§d differences in EB between GPM and RPM

calculation§. It appears from Table 5 that réléxat;on
;s between two and three timés as impdrtant fot 2 and

. 4 éubstituepts as for 3 substituents for a given .
\substituent. This implies that 2 aﬁd 4 substitﬂents
can beiter respond to Nig photdionization through

-

.electronic relaxation than can 3 substituents.

-

Correlation between N;g Eg and o-substituent parameters

[ .

The process of XPS involves the redeal of a core
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f'.';‘ A ‘- |:: . ‘ . L] . 0*
BN Y . . - . : . he
!' 4. , ¥ v\"o . s e ‘ ..
. - o Ca
. g“.
" RPM PREDICTED [ . o .
X & T ;
SHFT FOR @-[F ¥ " &8 2-NO;
on - RELATIVE TO , g 302 ®
. ~ PYRIDINE (eV)'0 4-NO2 ,
3-F
- ®
: ® 2-CF
. as ©® 3-CF, 3
., 2-Cl o
‘ o o 4-CFy \
*. - o ¢ T3-en |
- ®2-F . . Y
-~ 4 sl.F ® 2-CN N .
(W VS W W SR | 3 [ 1 ) L1 1@ .4-({ I U NS N |
“Q5 - 05 1.0
3-NH;  3-OCH, OBSERVED SHIFT (eV)
®eo o ' T
- 3-CH, B v
| © ABE,(PREDICTED) =104 XBE\(EXPT)-006
4-OCH, :
® -ask r=088
0 ® 2‘OCH3 .
® 4-CH,
® o
2-NH, 2-CH3
| " Y
Figure 17. A plot of le AEB(observed) against \ﬁls -v%}: B -
: AEB(calculéted) on the basis of RPM. | &
° £




Table 5. Calculated Differences in Binding Energy Based

_ ' Upon GPM and RPM Approaches.a b
| : | ‘ : : &
SABE,  (GPM -RPM) (eV) &
L N . ‘
Substituent ' 2 3 Lo a4 )
. . . . ' . . . ] y . . .
-F ‘ : 0007 h -0002 . 0-09 .
-Cl ; 0.3% . 0.18 ©0.20 |
~CF; .. 0432 0.13 0.22 |
- =CH, ©0.33. - 0% . o0.29
-OCH; "0.31° .~ 0.14 -0.27 '
-CN ¢ 0.38 . 0.15 . 0.30 |
ot . o
-No.z 9.38 4.0 0-10 ' :- 0.29 '

1
a. Calculations based upon CNDO/2 methods inifef. 144.
b. .These values represent differences in the vertical

_axes. for Figures 16 and 17.°
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el?tron in which direct resonance interaction is not

.
.

i

expccted—to—p{ay ﬁtgnrf icant——ro%e £n~-stabi lizing-the -

& positively charged core hole sinée resonance only

»

mdigls with»valence electrons (equation 29). s

\x' .1_

r

| %@H@ +—>p etc. (29)
le

LIS

However resonance effects should affect the ;onization
process through relaxation which infiuehces the ef!‘i
,tron:dehs@tylsurrounding the ionized cénter. On the
other hand, the o-parameter measures the'totel sub- .
stituent effect which ihcludes inductive, mesomeric

- and “solvent factors, the former two be;ng the

intrinsic properties of the substituent. Flgure 18 R "f,;'?'
. ® ' .

illustrates a plot of Nig AE, for .‘3'and'4-subst1tut_'e,a &

pyridines ve the corresponding o—éalheslsz and’?-,the _ 4] .-

. : S N
correlatlon equatlon determined from the least—square% ¢$

_analy81s is NlS_AEB = -1 07 + 0 06 eV (r = 0 985),‘Zxclud-
ing the points for the 4-hydroxy and 4-acety1—pzr1d1nes.
COnsrderlng that the substituent o-values were deter@
mined in aqueous media for a. chemlcal proces whlch
is only remotely related to le phot01oﬂlzat1 ng ., ‘the
correlation is remarkably good. The: fact tha bothp %— \ €
and 4—subst1tuents 11e on the same line wouid tend=to'

indJ.cate that the mechanlsm by which they affec@ the/

, i
cof e e P K

Erd

> «
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. , - Nis - !
’ . vV, 3-sumstiTuEnTs
10 o §-SUBSTITUENTS
' g N(CH), : |
. ‘E"ls - -1t°7 o+ 0-% EV
& . ‘ : -8 R = 0,985
> L D NH2 " N .
' L) r‘ [
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"
Figure 18. A plot of Nyg AEB agaiﬁst-o—substituted
paraméters. from ref. 187. ‘
\
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by

core ionization 1s not markedly different and that the
~ substituents respond Siﬁiidri? to both benzolc acid
ionization and pyridine N;g photoionization provided.

that nolsubstituent-solvent interaction 4uch as H-
: . W ‘ "

bonding is present.’ ’
B

It is interesting to note that 4-hydrox§ a 4=

acetylpyridines féil badly off the correlation line,

but not 3-hydroxy and ;-acetyleridines. The hydroxyl ;
188-191

substituent has been shown to exhibit H-bonding
effects in solution. It could be that the H-bonding
ﬂeffects influence the resonance interaction of the OH
-'@s?bs;ituent with the benzene ring leading to the
o?served large negative o-values (equation &QL,

«— © (30)

\
This does not occur in 3-OH since there is no direct'

resonahce between the 3-substituent and the carbon to
which the COO~ is attached. Similarly, the substituent-
solvent interaction may allow the electron-withdrawing

4—acgtyl group to exert stronger inductive effects .

90
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N\ A . A 3
B bt

* ~

L 4

giving a substantially larger positive o-value

. (equation 31).

” . B S
S |

— . - (31)
»
ZN0 - ' N\ -
Correlation between N,  Eg and 6AG° ®
The correlation between Eg and AG° has been e

studied for a large number of compounds and it is -

génerally good within a series of closely related

chpounds;IB-IZO,123—127.

In the present pyridine series, the correlation
between le Asg(vs gas phase basici;y shift (6AG°);V
both relative to pyridine, is illustrated in Figure
19. The best fit straight line froﬁ the least- i
squares analysis for 24 pyridihes subgtitutedAat the

2,3 and 4-position is

Nyg AEg = -1.40 (84G°) + 2.0 kcal/mol (r = 0.980) (32)

The best fit straight line for each series is given

‘as follows.
. 3

2-substituted pyridines ; N;o AEg = -1.5 (§4G°) ¢ 3.65
kcal/mol (r = 0.980)

91
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Figu;e 19. A plot of le AEB vs §AG° (relative to
pyridine) for 2, 3, and 4-substituted pyridines. Open

circles (Q) are for 2, (A) are for 3, and closed

circles (®) are for 4 substituents.:

-

PomaP i o i e
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3-substituted pyridines; N,  AE; = -1.36 (8AG*) +

I
\' jkcal/lﬂol {r = 0.988)

4-substituted pyridines; N;¢ AEB -1.34 (6AG*® ) +
kcal/mol (r = 0.996)

The. fact that all the correlation®quations prese

above have slopes 1éss than (~) one suggests that,

change in molecular environment affects Ep's more

-

0. 16

nted

the

than their corresponding 4G°'s. Although the original

’pr:oposalll8 indicated that the variationw PA should

be nearly equal to the variation in EB' shere is no

reason to expect this to be valﬁg in eVery case.
reason is that the original derivation of the AEg
correlation on alkyl substituted alcohols!® inai
that both AE; and APA aré approximgzely equal to

chande in relasation energy (4Ep), and therefore

The .
- PA
cated
the

there

should exist a one to one ratio between AEg and APA.

This non-unity correlation was also reported by

‘several workers on some ’%hOSPhor‘-‘?‘llg

and oxygen- 125-126

contalnlng compounds.
In general, the fit for substituted pyridine

quite good and one can utilize this correlation

s

s is

equation to predict those gas phase basidity values,

which are not yet available in the literature provided

that the N E_'s are known. One'should note that

1s "B
’ /
there is a lack of correlation between le EB and

in the methoxypyridines whose order of basicity i

AG®

3

.

\
) nitrogen-_]f19 <*

.
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2 <3 <4-while the N;g E, order is 3 <2 <4, No clegr-’ | 2
cut iealon'ia'appafent for this observation and o
therefore MINDO/3 calculations were peiformcd in order

to atteﬁpt to;dbtain some intiqht.into this problem.

MINDO/3 studies on the methoxypyridines

The photoiofiization brocess is Q\vertical one in
the Franck-Condon Bense which requifes the éround
and ion state geometry remain Gﬁe,sgmé; Hence tactqfs
influencin§ the photoionization process are those .
related to electronic (inductive and mesomeric) effects
on the ground and ion states; ) ¢

On the other &fnd, basicity values are*#diabatic
ones since the‘protonated bases a% équilibtium are |
fully relaxed electronically as well as gboﬁétrically.
Therefore, lack o; correlation, between LEp and 6§4G°
values éggld arisé from either aifferences in the site
of g;otonation and ionization or éeometric relaxation
of the protonated species which cannot be probed in thg_
photoionizatiqn process. . W

‘Ouf qoa{ in qtteﬁpting these calculations on the
'methoxjpyridines was to see if geométric relaxation
or different site of protonation does indged account
,for the different trend in the measured AG° values and
in the observed le Eg values. According to the

resonance theory, one would predict the trend in AG®



'tion is more 1mportant in the protonated Q-methoxyv B 5

L w N2
» F e
. . I .
) , w_a’.z" w':k e ® :—.
.Q }' - * ? . ..\‘,“1"&
v/w . ,‘.'»;‘:" M .‘,*
TG
5 ' ) [] R .
R " f‘ ' ‘ . " ] o . s i?ﬂ-.
. o' be the same as that in N‘ls B xrtyptﬁ:uﬁ py e —
e N equation 33. . the nitrogan atom bei?mos more nogativ. ‘w; :”juffkfx%E.
O-‘_ -, .,;:'. . B
. due to resonance interaction with tph mgthoxy-sgbnik}a; R
g% s - Nim
" eht in the 2~ponition (skmilarly ‘in the 4-po;tt$en)‘ a '.34~’,w:“5;
. LT
* % No ‘such interactxon is possib}‘ in the 3~position'§nd{“‘€%“ o
» 2 \ s
. | thus on thil basis its tendcncy*tOAaccopt a proton .th.QF%?
NS B [ 3 ey . fa X . ."'h., ",
. "~ the nitrogen should be leSI.Ehaq&that in the~case of St L
. 2= or Q&methoxypytidines. | i.“~'.*_ " _‘; ‘i§; . e ‘

§ Yane ow

However,‘ihere is a poséibility thaﬁ/geometr{c relaxa-~¢ -

# @

PYrgﬂlne (eQuat1on 34) because thete 13 no direct - . - L

resonance lnteractlon to staplllze the positlvely

charged nltrogen and such relaxak1on seems ‘to be the

. N
-4.- e

only way to accommodate €he incoming proton. . “ﬁ C L iy

It has been Shown. that MINDO/3 calculations nge S "':;
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reasonable heats of,foré!}ioh (AHf) for a wide variety

-

168,192

of compounds and have been used to ﬁ}ovide

some insight into the protonation of some dihydro-
pyriainéslg?. It therefore appeared that this method"
S , . - - - F o b -
might allow one to study the possible cause of the

observed basicity order for methoxypyridines.

Consider the hypothetical protonation proces§

Iisted below. ‘ !
L +
. H + +
optimized vertidal ' adiabatic
- base ion ion

The first step of the protonation process in equation

-

35 is the simple attachment of a proton to the

molecule while ghe second step involves relaxation of

this protonated vertical ion to its most stable con-

~ formation (adiabatic ion). The calculation of the

vertical ion involves simply the attachment of a proton to
the geometry optimized neutral methoxypyridiné in the
ground state. The secbnd process represents a full
geometry optimization of the vertigai ion leading.to

the adiabatic iom. The overall calculated protonation

processes are  shown in equation 36 for 3-methoxy-

pyridine, and the 2- and 4-methoxYpyridines can be

considered in a similar manner. According to the calcu-

lations, phé addition of a bare proton in equation 36

a

&[

96
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] : —> | Vertical
\N 5AHf = 133.9 kcal/mol \N | ?on
(38)

Relaxation

GAHf = 131.5 GAH = -2.5 kcal/mol

kcal/mol
. \X:H3 Adiabatic
‘ ’ ion
+
|
H

to form a vertical ion raises AHe by 133.9 kcal/mol.
Geometric relaxation which.appears to involve the
reorientation of the OCH3-group releases 2.5 kcal/mol
and thus the overall process of adéing a proton to the
neutral species is endothermic by 131.5 kcal/mol. |
Similarly, the changes in heat of formation for the
overall protonation process of 2- and 4-methoxypyridines
are 130.9 and 127.3 kcal/mol, respectively. 1In
érinciple, one can determine the AH®° (-PA) vaiués for
the.protonation.procgss in each methoxypyridine
(equation 37) provided that the calculated values of
NH4+ and NH3192 are known. " Y 7,

[}

" Y
- = _AHy yd
~ OCH, + NH, ‘__ ~ CHy + NHj. P (37)
SN N S
: +1
‘ H

% -
\ e
J."‘i.
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the r1ng 1is logt (Table 6). Hence the p0551b111ty

!

Shown in Table 6 are the calculated AHf's for methoxy-.

pyridines and their protonated lons, and the AH

for the reaction listed in equation 37. Comparison of

aﬁ!’trend as that in the Nig Eg- The 3-OCH, is less
basxc than the 2-OCH3 by ~0.5 kcal/mol, and 1ess basic
than the 4-OCH, by ~4.1 kcal/mol. Accordlngly, these

calculations suggest thet geometry relaxation is not

responsible for the observed behavior ;n,methoiyé .

pyridines although one.doeejhet kndﬁrhow muchfvalue to
place in the validity of the method for Such small
energ;\dlfferehces. |
One md& argue that the 3-metho§y yrldlne pro-

tonates on the rlng since there have been reports that

ring protonation occurs 'in some substituted h\\\\
170,194-196 "

S

T~

benzenes : 7%, However calculations in whlch o~

T

a proton is plaeed-on the p051tlons ortho and para to X
the methoxy K:bstituent indicate'that ring protonation

is not a favorable process Sane the aromat1c1ty of

~

_of protonatlon on the r1ng (1 e. dlfferent 51te of

protonatlon) can be ellmlnated. Thus charge-separated
ionic forms as in.eqUat{?n 34 might‘be_quite importaht_
in determining the ‘basicity of 3-methoxypyr1d1ne.

| The calculatlons for the methoxypyrldlnes also

indicate that geometry relaxation in passing from the

100

‘the B values fof the methoxypyridines ‘indicates—the - - —--— -
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'”vertical" ion to the "adiabatic" ion releases more ®
cﬁergy for 2 and 4-substituents (~4. 5 and 4 2 kcal/mol)

‘than for 3*substituent (~2.5 kcal/mol). ~This is

probably due to the better interaction of the-substituent ‘
with the positive charge in the former cases (equations .
"33 and 34). Analysis of the cahculated geometry b -
changes'for all species showed that the plane of the
methoxy group was tilted slfghtly (~ 1°) downward from

the ring plane so as to allow large interaction between

the ring and oxygen "P" “type lone pair. In all %ases,

the geometry relaxation Of the protonated species

(10) causes the shortening of Nl-c4 distance by ~0.05" A,
lengthening of the Cy=Ce distance by ~0.10 A and a

‘decrease in the ring. carbon—oxygen bond length by .

'~0 04 A relative to the neutral speCies.

The introduced pOSitive charge is baSically accommodated‘
by the Nl' N—H, the ring carbon to which the methoxy

group is attached’and.the methyl hydrogens.



49

] ' . :
s ! ¥ ?

A : L . \o |
Tautomeric equilibrium between pyridone and hydroxy- -

pyriding | b
a .
The prototroplc equlllbrlum of Z—hydroxypyrldlne (7)

with 2-pyridone (8) has been much studied. Recently,

{
showed that?8 is the major

-7

solution UV studleslsq152

spec1es down to a concentratlon of 10 M in cyclo-

hexane where 7 becomes detectable. However, in the gas

phase, 7 is the favored species. This further supported

148 153-154 . .p. o

by -gas phase IR and UV pes studies

.equilibriuml In the éresent study, theNls and OlS

: ® ' .
EB's for 7, 8 and related derivatives as well as the

analogous 2- hydrokypyrldlne—N—oxlde (1la) and N-ethoxy-

o~~~

2-pyr1done (12b) were measured and are listed in-

[~~~

JJTable 7. The deconvoluted spectﬁa of the N;g and O, ¢

. ‘.75

wregions for 7 — 8 obtained at 130°C are presented in
ﬁfigureq‘ qﬂﬁ the a531gnment of the 1onlzat10n peaks

-is made 'gt‘d-arlson with 2-methoxypyridine (13) and

: -Onev(l4). Relative to pyridine (NiS

='40§ "he le orbitals of pyrldov s 8 and

14 age’mbé%‘ hicult to 1onﬁge by I.67 eV, and 1.39 ev
he o ether h?ﬁi;7 ig-harfer to 1on1ze~
i 3 ls-eaSier by 0.26 eV.

=sections for 7 = 8,

"K_ _ can be determindghs ‘ﬁ_iidexing the ratio of the

deconvoluted intensitl 3 of both speczes in the le and

0, regions and is found q, be 0 48 % ¥ 0.05 at 130°C

1s

»

102



Table 7. O1

and Nig Binding.Energies (EB) for Hydroxy-

b . .

o

Pyridine-N<g<‘

s
pyridines and Pyridones.a T
S T - —"777§inding_ﬁhé;§yf(évy
Compound . | le oIS
pyridine , | 404.94 (404.82)°
- 2-Hydroxy§}riaipe'(z)  404.96 539.45
. 2-Meth6xypyridihe (13) 404.68 '538.91
2-Pyriéone‘(§) . 406.61 536.66
N—ﬁethylfz-pyridone (14) =  406.33 536.36
' N-Hydroxy-2-pyridone §¥3§); 408.079 g;g:gg'ig;g;
S, L _ : .
N-Ethoxy-2-pyridgfe (12b) - 407.41 239.3% Egﬁg;

d

536.00

\

a. Each Eg is the averafie of at least three determina-

tions and has a precision of *0.03 eV unless otherwise

noted.

P

b. Calibrated against a neon Auger ‘line with 804.56. eV

kinetic energy>’:

c.  Ref. 127.

da. Precision *0.10 eV.

Q
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BE (eV) OXYGEN REGION

|  { v L | | v L ! T T

e

."COUNTS/SEC. (ARBITRARY UNITS)

1 S B 1 ) 1 1 —
415 4L 405 400
BE (eV) NITROGEN REGION

Figure 20. Unrestricted cémputer deconvolution of the
N * [3 . 3 A . °
N;g and O, ionization region of 7 &= 8 at 130°C. The

ratio of the two N peaks and O peaks is O.48t0.055

v

<
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with 7 clea;iy dominating. Thus AG® for 7 = 8 is

evaluated to be 0.58 * 0.08 kcal/mol in excellent

agreement with the AG® of 0.8 kcal/mol at 132°C found

by Beak et a1152. ,

Our temperature studies on this equilibrium

7 & 8. indicate no significant change between' the

~

spectra at 130°C (Keq = 0.48 * 0.05) and 240°C .

(Keq = 0.51 +# 0.02). However, one can estimate the

" enthalpy change (AH®°) by.considerihgvthe uncertaiﬂiy'

limit in thé~?;q values determined at the above-
> \ . -

e

mentioned temperatures and usiny van't Hoff's

expression197. where K,
. : w "2

K . ’

T “AK O

tn - 2 _ -0H ( 1 _ 1 )

Tl R \ T2 Tl

constants at temperatures T, and Tl respectively, and
- R is the gas constant. Hence 0H° is estimated to be

v‘ »
0.23 * 0.55 kc#al/mol which is in agreement with the

value determined by Beak et allsz, AH® = -0.3 * 0.3

kcal/mbl using gas phase UV-spectroscopic techniques.

e

vy
T D

-t
N
0

E] X I

|
i
p;

Y
Sy

o o
—

-

N
T

and KTl axe the equilibrium ‘/
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' with 12a. It would be d

1106

-

The assignment for the equilibrium lla = 1l2a is

~ o w ~

not so straightforward. le and ols 1on1zation reglons

show only one and two peaks reSpectlvely 1nd1cat1ng that‘y

+
there is one dominating species in the gas phase-

3

%
Comparison‘of the separation between the OlS ionizations

for the blocked diglvatlve 12b (3.09 eVv) and that

N R

found for lla —*-12a (3.07, eV) suggests that the oxygens

~ o o ~ o~

in both cases are of similar charge type and thus the

equlllbrlum must be lying on the side of l2a. Further

-~ e

support comes from a comparison of the difference in

Nis Es
Assuming that this AE; can be applied to the differehce

Y

L) N
in le EB between 7 and lla, the estimated le EB of

~ o~

E, for pyridine aﬁﬁ its N~oxide (AEB = 3.71 eV).

lla then becomes 408. 67 eV. The obser&ed EB for

~ oo

1la ;ﬁ 12a is less than this value by some 0.6 eV

~ e~ - e~

sug?estlng that the dominant spec1es does. not have

such a p051t1ve nltrogen and is therefore more compatible

irable to lnvestlgate*llb

~ ~

for further'evidence to suppo the proposal that 1l2a

is the dominant species. Unfortunately, under the con--

11b causes 1t

~ ~

ditions of the experiment, heating o

to rearrange to 12b and the XPS spectr

~ -~

obtalned

showed only 12b and no other.species. SN

N

From consideration of the thermodynamic Eygie in
equatiyn 38, the gas phase basicity of the pyridine\\\

and pyridone forms cannot differ by more than ~.

\ .
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0.58 kcal/mol, even though the former is N~protonated

while the latter is O-protonated.

AG°=O.58'kcal/mol’ o |
@ < . (38)
N A
. .
e
M <0H -
!

That the NiS'EE for 8 is 1.65 eV greater than that for

7 even though theAbasiéities cannot be appreciablyb

different provides ﬁnquestionable evidence for the

lack of oo;re"tion between E; and AG® ﬁnen.the sites

of protonatioﬁ and photoionization are differgnt.- One

should therefore éxpect a:correlatidn between 0ls Eq

and’ AG® for compound B (vide infra). Since both

pyridine and 7 have similar N,o Ep, their AG° valﬁes

are eXpected £o be roughly the same according toffhe ‘
correlétion ééuation 32. »Consequently,Acompopnd § is - ,
also expected to have ‘similar AG® value as that of the | |

parent pyridine.
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L

_whose values are taken from Table 8. Selected pyridine

o o | 108

(II) Circumstances under which N, g Eg-AG® correlation

__breéaks down

"L

The wain e%sqmptions under which correlations
between EB and AGJ'Lill hold are that (a) the site of yav .
pzofonation and ionization exe the sa@gﬁ‘and (b) within
a series of closely related uOmpounds‘tbere are not - ( ) sy
large energetically different geometry ohanges accom- ' S
panying protonation; In this section, examples R I
whose dev1ation from ®the defined EB-AG° correlatlon

-

line are explalned by elther or both of the above : Ny

reasons. A

Fiqure 21 shows the ' plot of le E vs (- )6AG°

data were abstracted from Table 2. All AG® values

were obtalned from the publxshed work of Kebarle131 _ )

Taﬁtlzg 132, and Auelge, the latter two sets of data
,being detetrmined by ICR experiments at 309°K and the
former one by’ hlgh pressure mass Spectrometry at |
600°K, but ore'corrected to 300°K199. The three
straigqy Iines on‘:he giaph répresehibtﬁe uppei and
lower limits (: 1 kcal/mol) for the correlation for
which (a) the site of protonatlon ls uqdoubtedly
nltrogdﬂ, i.e., pyrldxnes, qulnuclldlne (32) and diaza-
‘bieyclooctane (gﬂ) and some anilines and (b) ‘the
geometry changes accompanying protohatioh are small-
becaose of*molecular.rigidityk‘ The best straight line

Lo
‘g ’

&

_———,
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enqgggijjfng 21 bageS‘withip‘the upper and lower lines is

8AG® = 20. 6486 (E -.8379.37 kcal/mol (r =.0.994) (39) ..

B V15!

. e
Other points which lie cOnsiderably off the correlation
line are the subject of discussion here.

One should note that the deviating pqints_aren

all above the correlation line indicatirg that these

. compounds appear to be moré'basic than that predicted

" to better stabiiize the positive charge.

from the N 's. This is due to the energy galned

lS B

‘from either changes in molecular geometry accompanying

i

protonation or change ln site of grotonatlon in order

WF

‘ Amides (36-42, ,'lé) £

&7

-~ e

: r ‘ .
"Because of the observed diffefenca~in.le EB

'but_similafity in AG° values of 7 ;e’a,.We'decided‘A

to‘investigate a series of amidés..'The triangular
points in Figure ZQ'fepresent"amides"which

generally are located above the N;g correlation-line.

 The amldes 37-41 form a reasonably stralghtCllne »

~ o

(r‘=°0.98) with a ‘slope (17.43 kcal/mol/eV) rOughly{
pafallel to fhe main line. However; the py;idones

(8, 14) do not fit even this correlation line and.
appear to be far more baai¢ than expected on fhe-baSis

of their N, %B's'aithdugh AG® value of 8 is a pre-

dicted one from the cofrelation'StudiesVOf>NlS EB and

- . . ]
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84G° in pyridines (vide supra) . Thie'deviation

,can be understood if one consxders that on protonatlon

e o s .
v the pyrldones relax to an aromat;c spec1es whlch pro-

vides an extra stability to the molecule (equation 40)

and this cannot be monitored by the le photo-
. . .
~emission process.

( 40')

_Shown: in " Flgure 22 is a graph oOf 0ls Ep vs 64G°
"for the amides (37-41, -8, 14) in which excellent

correlation is found for amides 37- 41 and rather good

-~ ~~

correlatlon for 8, 14.~ The best f1t.stralght llne ' e,

for the amides 37-41 is S . ' : .

~ . : .. o
L IS

e 6AG°— 15 844(0ls B)j"8517.96 kcal/mol (r = 0.999) (4D

| - which should allow one to predlct the ba81c1ty of other
' amide compounds. For example, the GAG° predlcted for
formamlde lS 1.8 kcal/mol (1ess basic than ammonla) ok

..  from equatlon 39 and is 5.7 ‘kcal/mol from the’ 054 B—AG

correlation equation.” However,  the better £it in the
' 9

Ols EB vs AG°p plot allows a higher degree of confidence &

‘in the number prédicted from.equation 41 than in the

basicity predicted on the basis of the,le'EB-(equation

E 0.

39).

[

[
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- It ‘was suggested
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Anlllne, N—substltuted, N, N-dlsubstltuted and p-

isubstltuted anilines- ~~~w~~~f~~“-w-~Mf-tﬂm~-m¥—w-~~w"~ e

o Recently, much attentloh was devoted to the gas

phase ba3101t1es of anlline derlvatlves w1th an

eye to determlnlng the site of protonatlona27 131 169- 170

169- 170 that aniline, N,N-dlmethyl-.
’aniline:and’some p—Substituted anilines favorrN-

protonation.' Flgure 21 reveals that the anlllnes

- 15-19, 20 21, 26 27 fall within the correlatlon llmlt

- case 51nce‘the.angle (e) between the RNR~plane and}ther

Upon protonatlon, the nltrogen atom in- the N-methylated

- wh1ch allows o' to be. as hlgh as 55° if " the CNR

‘deviates. from the correlatlon llne. The speculated

o 169-170 | L

in agreement w1th the bellef that these molecules

«

are nltrogen protonated Although N, N-dlmethylanlllne‘

(23) is predlcted to favor N-protonatlonlsgy'it T f’

reason for the dev1atlon 1s dlscussed 1n the follow1ng.

N-methylated anlllnes represent an 1nterest1ng

aromatic rlng (equatlon 42) depends on- the number

—

and type of substltuents attached_to the nltrogen atom._'

.
B :
:
3
4
i
;
=
E
S5
,

(42)

anlllnes adopts an approxlmately tetrahedral geometry




"angle (8) is assumed to be 109.5°, and he\lr the

’Wstartlng aniline is close to planarlty (i.e.) = 0) a

sxgniflcant geometry change will occur. The magnltude

of this change becomes smaller as © 1ncreases towards
o v -

¢ “ S

Anlllne has been demonstrated to be non-planar

in the gas phase by mlcrowavezoo, UV201, and far IR

202-204

studies ﬁlth support from theoretlcal calculaf

tionéZOS, The angle © 1s found to be between 42° and

. 46° from these studies. MINDO/3 calculatlons on the

anlllum ion (vtde znfra) gives 8' a value of 56° from

Whlch one flnds an increase of 10° in angle 6 upon

‘protonatlon of the aniline’ molecule based on the ex~

berrmental value of 9 = 46°., Apparently,,thls geometry

'change (10~ lS°)' 1s not large enough to cause anlllne

to. dev1ate from the le B—AG correlatlon llne so

1ts energetlc advantage must be qulte small. For N—

:methylanlllne 20 (and analogously N—ethylanlllne) e 1s ,

ﬁt, estlmated to ‘be 38 5° from solutlon dipole. moment

measurementszos and thus this compOund also falls on

the correlatlon llne with anlllne. A sxmllar explanatlon
can also be applled to p-fluoroanlllne whose 8 is
reported to be between 43°2O4 and 46 4°207.‘ Solutlon

phase. data for substltuted anlllnes 1nd1cate e is

' large (close to 9. value ln anlllne) for electron donors

and smaller for electron W1thdrawers belng near 0° for

,

117




p-nltroanlllne208 209, which is therefore'not expected

' to‘fall'on’thevcorrelation“linerbecause of large
geometryVehahgesuaccompanying protonatioh.

e

As for N,N-dimethylaniline‘(gé), a previous
suggeetivn127 for its failure to correlate on the
le Eg vs.PA graph for various amines was consideréd
to arise either from "stabilization of its ground
state or destabiliaat;on of the'gzg hole state"
relative to those for.aniline.‘ Odr present results
tend to favor the explanation'based on geometry
ichangee accompanying protonation.,'The reason is that
the ground State déométry is close to planarity
for the nitrogen‘atom as is“determihed by gas phase

210

electron diffraction measurements , and protonation

' WOuldfthen’cause a large geometry change at the’

’. nitrogeh."51nce this protonatlon rehybrldlzatlon

'step cannot be probed by phot01onlzat10n, the relative

baSicity value thereforeiappears‘to be higher (20 kcal/

_vmol) than that can be predlcted by le EB (15 kcal/mol)
Thls 5 kcal/mol lncrease in energy can be regarded as -
a result of change 1n geometry to stablllze the
p051t1ve charge. A 51mllar explanatlon is also applied
_to cdmpounds 23 and 24

Whlle 11tt1e structural lnformatlon is’ avallable
for N-phenylplperldlne (26) and N-phenylpyrrolldlne

(27), -Drieding models lndlcate the saturated ring should

118
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hold the ring approximately tetrahedral saﬂthat

'minimal geometry changes are expected toﬁﬁccux on

protonation. That 26 and 27 lie on the coggelation

o~ ~ " £
£

1ine_snpports this idea.

Substituted amino-naphthalenes (28 -31)

~ o~

All amino-naphthalene compounds (28-31) 1nvesti-

-~ Ay

gated here deviate considerably from the correlation
line with the most severe case being 30 (g). Compound
28 has been suggested by Kebarle et all3l
R Xl \ B N -

- protonated consistent with the presént finding. By

analogy with.the structure of aniline and some substi-

dvtuted enilines‘it is'unlikely that the amino group in.
' 28!will nnderéo'energeticaliy significant geometry
changes on: protonation and thus a different Site of
.protonation and 1onization seems to be a reasonable
\vexplanation for the dev1ation. It is also suggested

. that 29- 31 (as well as 25) are- nitrogen protonated and

B 4

that the_unusually,high basicities are due to H-bond |

formation resulting eftef protonation (equatiép.43).

to be ring-.

(43)

119
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As stated before, X-ray crystallographlc data on 30 (9)

and its protonated derlvatlve166 -167" indicate that the R '”‘“v“f

distortion from planarlty of ‘the naphthalene ring of

-

30 is relieved upon protonatlon, the two nitrogens ' o

n~

contractlng from 2. 79 A in 30 to 2.65 A in the pro-
tonated species. Th;s rellef of .ground state strain
=with'the g—bond'formation between the two nitrogen lone.
vpairs permits‘aesnbséantial increase in basicity s
(15 kcal/mol) of ég as measured by .its deviaﬁion'from

the correiation line. The smaller deviatlon of 29 and

-~
~

31 from the correlation llne is probably due to less

o~ =~

ground state sterlc strain as predlctedvby Drieding

models, Simiiarlyi the 11 kcal/mol deviation of 25
can be explained based on/the'Nélone paif reorientation

to chelate the proton. . o - S 3 . 

MINDO/3 calculatlons for pyridine, qulnuclldlne, I

anlllne and O-dlamlnobenzene

The purpose of.these calcnletions‘is'the same as
'those°foiAthe methokypyridinesvdiscussed_in«éection'if‘i.e.,»
to detefmine’howximportant geometry reorganizeﬁioneis :
quponeaddition.of a proton to the'nitIOgen;. Again; thev
_same_hyoothetical protonetion'proceee as _that shown o
in equation 35'is;considered. If the molecnlar struoture o

o

opposes such geometryvchangeS‘the difference

E

between

the calculated egiabatic and vertical ions should be
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small. However, if the hybridlzatlon of the aton‘ww”“
| (nxtrogen) changes from sz in the neutral state to
Sp3 in the ionic state, then the calculated dlfferences
1n AHf for the adiabatic and vertlcal ions should h
reflect thls by glvxng a 1arge stablllzatlon for the
former ion. Table 9 llsts the heats. of formatlon
(AHf) of the varlous hypothetlcal steps for the compounds
considered. Pyrldlne and qulnuclldlne are examples |
in which geometry reorganlzatlon should not be
important'because'of their holecular rigidity; and thisd
can be seen from the calculated dlfferences between ! v
'adlabatlc and vertical ions whlch are bqth -2. 3 kcal/
mol. |

Whlle the calculated AHf for 15.reproduced the-

'prev1ously publlshed value192 211

the calculatlon falls
'vto produce the experlmental geometry and prefers 1n-l \
'stead to’ favor a planar conformatlon for the amino
‘group such that the lone palr electrons can’ conjugate E ﬁ
'w1th the ring. Nevertheless thls calculatlon should - |
give: lndlcatlon on the magnltude of the rehybrldlzatlonal
_energy assoc1ated in- pass;ng from Sp nEutral to Sp3
:1on 31nce the anlllum ion should possess ‘a tetrahedral

| n1trogen. As the verthal ion 1s a hypothetlcal entlty

no sxgnrflcance should\be attached to 1ts calculated

AHf, other than as a reference rumber w1th which to : ' o

e

& compare .the adlabatlc 1on. The calculated dlfference

;o
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~ a H-bonded structure in the protonated-state

44) . The AHf value for this adiabatic ion- is found

larger (-35 kcal/mol) than that for 32 and 42, support-

ng the xdea that carrelatan between EB and AG® will

break down if significant geometry changes occur

during protonation.

0-diaminobenzene 43 should resemble its N*methylated

dgrlvatxve, 25, which has begn suggested to exist as ~

131.‘ The

calculations for Q} indicate that the most stable
>

form of the ion (after Tull geometry optimized calcula-

tion) does not involve’ﬂiﬁ\nding; but has one amino

group in a planar conformat&on (wIE\\resgect to the

benzene ring) ‘and the other one as tetrahedra

- o

" to be 152.9 kcal/mol.

(44) >

E

' ' =
A calculatlon on the H-bonded ion structure with fulr

geometry optimization indigateg that it.is a local
minimum with a 4H. of 159.1 kcal/mol, 6.2 kcal/mol

higher than the ion structurg/EEBﬁﬁXin equation 44.

ﬁbe ween the- vertical and adiabatie—%ea—is found -to- be—— — -




However, the higher energy of the optimized structure

(44) is suspect'since it has been shown

212-213

workers that the MINDO/3 method fails to'reproduce

the energetics of intermolecularly H-banded systems

and probably the 1ntramolecularf§ H-bonded systems as

well. Therefore the validitj of the calculation’ for

systems where the conjugate acids are H-bonded may be

dod%tful.
,3(“)

W

p.

% Site of protonation of m-substituted anilines

The aﬁestion of the preferred site of protonation.

#

of substltuted aromatics in t&e ‘gas phase has been

N $
,',.\‘{

the’,

-G 3¢

V_Anilmne was determined

169

ject of some recent publications

169,170,194-196

to favor N-protonation over

ring protonatlon by 1-3 kcal/mol and because of this

) ‘amhll energy'difference, selective substitution might

be expected to 1nf1uence the site of protonation. Our

‘ flndlngs concernlng “the preferred site of protonatlon of

=

m-Subst;tuted anilines are presented as follows.

It ‘was suggested169 $170 that - the meta electron-

2 7y

by other

124
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donating substituents CHg, OCH3 and NH, favor ring
sprotonation while electron withdrawers prefer N-
protonation. . This can be undetstood if one considers
the resonance lnteractlons of the substltuent with

the ring in the protonated m-anisidine (equat;on 45) .

HH.
+ Me
d—f—b
NH,

. The formatlon of positive charge on the ring carbon

is stablllzed by both the amino- and methoxy groups
through resonance 1nteractlons. HoWever, in the case
of electron-ﬁithdrawiné substituents, this positive
charge would be destabilized by the inductive effects
of the substituent and‘hence_N—protonation:oecomes
more favorable than ring protonation. A
Figure 23 illustrates the ploﬁ of N g AEp vs
6&G° of m-substituted anil;?es (relative to aniline)
whose values are taken from Table 10 and two stralght
llnes ‘can be drawn for each type of substituent. The‘
electron-withdrawers themselves form a very good

correlatlon 11ne which has a close to-unlty slope

(equation 46) - . ; Do

Njg 8Ep = 1.17 §AG® - 0.25.kcal/mol (r = 0.99) . (46)
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Table 10. Nlé AEBrand’GAG° values of ﬁ;Substiﬁuted

Anilines Ralag{ye to Aniline.a’b
- — T —— B . \\:% — GAGo .
Compound  Nyg Ey (eV) Ny AE; (eV)™ <. _(kcal/mol)%s®
: . =S —
45 rm‘2 40s5.30 015 - .-1;.F%MQ%\6MQ; -
46 Et | 405.33 0.12 - 3.6 =L
47 cmy . . 405.34 0.11 - 3.0 -
48 OH 405.34 ». 0.11 - 3.8
49 ocH, 405.37 - 0.08 - 7.2
"50 SCH, 405.39 "0.06 | - 4.5 s
15 H 405.45 . o | | 0.0 | ;
51 1 405.55° 0.1 1 {
" 52 Br 405.58 | -0.13 o 2.4 E
537 Co,H - 405.58  -0.13 - g
54 F 405.61 -0.16 | 3.3
55 ¢ C1 ~ 405.66 - -o.21 - 3.3
56 CF, 405.78 o -0.33 6.2
57 CN 405.96 . -0.51 . 9.6
s No, . 405.97 -0.52 -

a. le.EB values are reported aslthe aQerage ofdat_legstv
3 runs.and.have a precision of >%0.03 eV. ’ . ~
b, ACaiibratedwagainst an ihtefnallstandard neon Augér -
line (Ey'=-804.56 ev)3'. ”
!

COntinued. LI A A Iy

x
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Table 10 (continued) :

. Njg 8Ep = Nyg Ep (aniline) - N)¢ Ey (substituted
aniline); a positive‘valué indicates the baée
is easier to ionize than aniline. o

d. J§AG®° = AG°® (éubstituted Sniline)‘-VAG°‘(aniLine);
a négative value. for 6AG° indicétes the‘base is
strOnger!thah aniline. '

e. :P,tKebarlé, Y:K; Lau and;K.'Nishizawa,'UnpubliShed

results.

D
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'ﬁbte that the‘mbalkyl'substituents lie Qery»close
to this correlation line suggesting that the free
energy difference between nitrogen and ring protonation
.cannot’be Very‘large,’ As for the'electron donors; _
:least-sguares anaIYSis reveals some scatter of data -
points (equation 47). | |

Nig By = 0.10 6AG° + 1.75 kcal/mol (r = 0.52) . . (47)
The EB'Vaiues of these "donors" indicate that they

. are not'very sensitive to the change in substltuent
5udg1ng from the slope of the 11ne in equatlon 47
nprobablg due to the counterbalanc1ng of 1nduct1ve and
polarization effects. ' On the othér hand, the

stability of the rihg-protonated Species depends‘onf

| “how strong the dodor ‘is invterﬁs of'its ability‘to "e“ilﬁgg
“resonance stablllze the positive charge (equatlon 45) .
Although there is no structural 1nformation on the
‘orlenfatlon of the OCH3 group (51m11arly w1th SCH )
in m-anlsldlne it may exlst with the lone palr :
elther coplanar w1th-or perpendlcular to the benzehe !
fw-system in the oround state. Regardless of thls

ground state geometry protonatlon will allow the lone.
pair to allgn with the L rlng for stablllzatlon of the-
p081t1ve charge through resonance 1nteractlon. ,Accord-.
rngly, the coplanar arrangement of the,OCI-l3 group ih‘
.enisidine should inﬁolve minimal geometry changes upon

Rt e 3
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protonatlon while a near ‘90° turn of the. OCH3 group

'is expected to be observed for the‘"perpendlcular"

-arrangement. We have therefore de01ded to employ

MINDO/3 calculatlons to galn some lnSlght on the con-
formatlon of m—anlsldlne. The result of the calculatlons
(w1th full geometry optlmlzatlon) 1nd1cated that ‘
'coplanarlty of the OCH3 lone. pa1r w1th the benzene

rlng glves a more stable ground state structure

’(AHf‘= -30.8 kcal/mol), belng 1.6 kcal/mol lower in

energy than’the "perpendlcular" arrangement. This fl.i“{h
flndlng is 1nd1rectly supported by the work of |

214

Houk et al on dlmethoxybenzene »1n whlch the two

electron-donatlng substltuents have thelr lone palrs
fallgned w1th the benzene T system.y It 1s therefore -
,unllkely that geometry changes occurrlng upon protona-;"\
"tlon of m-anlsldlne are larae enough to account for-
-}the dev1atlon, but is satlsfactorlly explalned by -
'.ring protonatlon.‘ It 1s also 1nterest1ng at thls

_ p01nt to examine the correlatlon between le AEB of.
';:m-substltuted anlllnes and the correspondlng c—valuesjf
-n81nce 1t was shown in. the last sectlon that pyrldlnes :
exhlblt good correlatlons between the two values.
_Flgure 24 1llustrates the plot of. le AE vs o~ . -

187

1‘parameters and the correlation equatlon 1s represented

as follows. ~ . t o i' 5

NlSVAEB_-_'.-O.VBI 0‘4‘-'0.0'9 eV (r ,g. -q'.‘93'_) | - (48)




NH,
o Et
cHy 8

N

. 0.3 AEB’- A(lei)' = -0.81 o + 0.‘(.)’9_ ev

~ W

s AEg (ev )

(r = 0.93)

- @OCH4

-..SQl:; ,

-05 4

.»Flgure 24.‘ le

-0.3 -

- relative to aniline.

oN
e L%
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AEE vs'QPQAIﬁés for m-Substituted_anilineé L
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There is sufficient scatter in the points‘to'indicate

'”some shortcomlng in “the corrélatlon. It had'been'

-

shown that the change in lonlzatlon constant (ApK) of

215

substltuted anlllnes (relatlve to anlllne)

correlates_Welljw1th the o-values whlch are deriwed_
.frOm‘bensofc acid.ionization. The unexceétiOnaiACerelae i

"tion betweeh Nig AE; of mJSubStituted'anilines~andzthe

o-values seems to suggest somewhat different substrtuent

effects in the gas phase photolonlzatlon of m- substltuted

anlllnes and in the solutlon phase lonlaatlon of m-

substltuted benzorc acids perhaps due to solvatlon effects.

' However, the Nig AE - o correlatlon is better (at least .

‘accordlng to the correlatlon coeff1c1ent) for the p-

substltuted anlllnee (equatron 49) suggeStlng that,i.‘,f ' o
"mechanlsms by which the squtltuents in the para position . '

interact Wlth the charged specres produqed by elther

S P U P

anlllne NlS photoxonlzatlon and benzoxc ac1d 1onlzat10n

i et

are- sxmllar (Flgure 25)
‘Njg Mg = -0.68¢ - 0.01 eV (r = q‘,.97)v " o (49)

: Thevbetterrébrrelation'fdund for p-substituted anilines 3

. was aiso ohservedffor‘pésubstituted‘fluorobenzenes on
Fls ;'o'plot reported by Siegbahn et a1216, At this

pornt, we have no explanatron as to why the m-substltuted

{

‘ anillnes glve a poor correlatlon w1th o—values.

/
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2
. T
\
0.3+ '
OC:l; E.t :AEB (Nyg) = -o.§8 o - 0.01
.CH3' (r =0.97).
1 - HL . |  1 S
-0.5 . 'ri - . 05 o
.- 1 Cl
’;. QOB _
: o'
-=0.3 - o
e
Figure-zs.' NlS-AEB vs o-values fdr p-substituted
. anilines relative to aniline.
. : )
\
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' EXPERIMENTAL

All routine speetral measurements were‘obtained

- with the same eqnipment‘ described in Chapter Il

all pyrldlne and anlllne compounds, except the ones .

’ 1dent1f1ed below, were commercially: aVallable and were
purlf;ed by elther subllmatlon or dlstlllatlon prior
to use. \ Preparatlve glpc was done on a HP 5830 A gas

chromatograph using a. stalnless steel column (1/4 in. x
y

10 ft.) containing 10% polyphenyl ether on Chromosorb

WAW-DMCS (80-100 mesh)

The substituted pyrldlnes 3F217,-2— and 4—N0§218,
3;N02219 220
- pyr1d1ne—N—ox1de

215

;. and N-methyl~2—pyridone221,

’ N-Phenyl~piperidine?23,'Ndphenyl-}

224

222

f pyrrolidine , and benzoquinuclidine ‘were prepared

'according to existing prOCedures : The CF3 substltuted

pyrldlnes were generously provided by Drs. A.E. Felrlng,-

W. A Sheppard, and M 'Raasch and Mr. E. Wonchoba of
the Central Research and Development Department,

E. I Dupont de Nemours and CO., Wllmlngton, Delaware,
19898. N-hydroxy-2-pyr1done, N-ethoxy—z-pyrldone and
2~ethoxy~pyr1d1ne-N—ox1de were klndly given by Dr. J C.
Vederas of thls,Department. ‘all substLtuted-,.
naphthalenes were also kindly providedlby'Prof.‘P.

Kebarle. -
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_4-Chlortopyridime .
- 4;chiordpyridine wastbteined frOm.the.oommercially _
available hydrochloride salt (Aldrich) according
to the,following prdéeduree; The hydrochloride salﬁ'

'“was ba31f1ed uslng a saturated NaHCO3 solutlon. It was

v' en extracted w1th methylene chlorlde, whlch was then
./ CiZled with anhydrous sodium’ sulfate and,flnally

removal of solvent geve a red liquid from which after

distillation (§7e69°C/35 mm) yielded 4—chloropyridine :
as'a'colorless liquid (lit.225-b p. 147~ 148°C) a1l

'glassware was treated with NH4OH and oyen-drled before

use, otherw1se the 4- halopyrldlnes tended to decompose

z

durlng dlstlllatlon'

4‘Bromopyridine
: It was prepared the same way as descrlbed for 4-
.chloropyrldlne.- . The -colorless liquid was mlcrodlstllled

at a bath temperature of 80°C/20 mm (1it.226 4 p. 27.5-

N

30°C/0.3-0.5 om). S g L

-

‘4-Fluor0pyr1d1ne | . L - R y : f“'ﬁ
4= Fluoropyrldlne was synthe81zed u51ng a modified -

227, and Desalzzs. 4-Amino-

procedure of Lyle and'Taft
pyrldlne (3 6 gm, 0.038 mol) was dlssolved in 16 ml
of 48% fluoroborlc ac1d and cooled to O°C The amine

' was dlazotlzed by the addltlon of 3 gm (0 04 mol) of ' vﬂ“f

sodlum nitrite 'in small portions,W1th.constant stirring.




(B

‘ ceeéatiOn-of N, evolution, the solution was quickly

"3-Dlmethylam1nopyr1d1ne

‘{of'the'oorresponding_dimethylamihopYridine (1it.’

-\3-Methoxypyridioe

.Q v

The temperature of the : solution was kept below , _w_“"m.;;g“ o
10°C durlng the addltion process. The mlxtuQL.was ‘
then allowed to’ stand at ice bath temperature ~for one

hour. To decompose‘the dlazonxum salt the mixture , Ty

v : : : : o : -
-~ was warmed slowly to room temperature. .After thw \
. S .

cooled to 0°C and was neutralized with solid sodium : S
. A T v T “ , S
bicarbonate. The resulting mikture was extracted with’

lobvmleof methylene ehloride,and.dried over anhydrous o

e

7sodlum sulfate. ' The solvent was then removed and

the residue was distilled (60-62°C/150 mm) to give  am
0.5 gm (13.6%) o% colorless 4~ fluoropyrld:me (llt.‘}”

.Ib P. 108°C/757 mm) Whlch was stored over a pellet of

‘sodlum hydroxlde to prevent decomposxtfon.

" The conversion of commerc1a1 3- amlnopyrldlne to

. 3-d1methylam1nopyr1d1ne was dOne by the procedure of

Clarke,_Glllesple and Welsshauszzg; 4 7 gm (0. 05 mol)

of the startlﬁg mater1a1 gave after dlstlllatlon (lo0°c
bath,temperature/0.3 mm)-2.9 gm (0.024 mol, 47n5%)
| 230

b.p. .108-110°C/12 mm) .

This was prepared using the same procedure as’ in

220

‘the preparatlon of 4~methoxypyr1d1ne " with 3-chloro

P
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' 37
__pyridine as_the startlag material. A&%eru3iéay3»of-- d~f~~wéj;b~w-—
heatlng at 130°C in a sealed tube usxng methanol as | : I
solvent, a mixture of B—Qploropyrldlne and —methouyh o N
.pyridlne was obtalned The 3~methoxypyrldﬁne was -

then isolated by preparatlve glpc and mlcrokdistlllation
(50°C bath temperature/l mm) to give a céloLless llQUld

(11£.231 b.p. 43-45°c/1 m). .
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CHAPTER IV : v

oAt

o~

" DEPENDENCE OF THE y-IONIZATION ENERGY

_ : - : t

ON THE ORIENTATION OF AN ALLYLIC HYDROXYL OR METHOXYL
+ B N m\

SUBSTITUENT AS DETERMINED BY

L UV-PHOTOELECTRON SPECTROSCOPY.

.

INTRODUCTION -

Sobstituenc effectsvhavefbeen of considerable
intesest to chemisfs for some t#menano much effort has
been expended in'hetermininc the mechanism of interaction
between the sqbstltuent and the reaction site. Tkese
effects are generally considered lﬁ terms of induc-
tive232 and conJugatlve233 factors with the former

dependlng qn the dlfference in the electronegat1v1ty

. of -the 1nteract1ng groups as well as their separatlon,

whergis the latter rely on the mutual lnteractlon of

orbitals of llke symmetry; The two effects either rein-

-force or oppose each other, thereby introducing un-

certainty in the quantitative measurement of one or the
other individual effects. . |

'kecently,-Pople et alz'?"‘-236

perfofmed ab‘initio'
calculafiops on the rotatlonal co&formers of some 31mple
acyclic molecules containlng H, C, N, O and F. They
found that for a molecule with two electronegative

substltuents brldged by a methylene dnit the maost’

-

' stable conformation allows an orbital 1nteractlog‘

;134§.
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x

betwzen the two substituents (equation 50). They

suggested an electron transfer process with a n-type -
e —X — ==X+ | (50)
H |

-

donation (from X) and a g-type acoeptance (by C-Y) as

shown}in .equation 50. ‘Under this condition; the lone

pair in X and the C-Y bond are requlred to be coplanar .
- for maximum 1nteractlon, and consequently the "pair"

of electrons in X should be more dlfflcult to idnize

wﬂln»coplanarlty is-achieved than\when the C-Y bond is

orthogonal In pr1nc1p1e, one can probe the above

predlctlon by 1nvestlgat1ng the ionization potentral

- (ip) of this lone pair in X as a function of its orienta-

'tion to the C-Y bond. ‘As part-of our interest in the
application of pas to substituent effecte we measuradg
the 1p s'of a number Of*C;cllC compounds in which

. “" : lllyllc subq&ituents are elther coplanar w1th or per—
pendicular_ to ;he,n—orblta%.uslng_HeI rad;atlon as the.
vphoton source.l bur Zim in this study was to find out

Mwhetgerﬁhhere is a rotatlonal dependence of this
'bonda- uo bond"™ resonance stabillzatlon (equation 50).
For oux part1qplar case, Y is represented by Ehe

Mﬁ-, :
53

139
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allylic substituent (OR) while the "lone pair" of X is
7’ - : - ’ .

‘approximated by the m-bond.
Early pes studies on some big-allyli¢ oxygen

conpounds (45 48)237 1238

with different orientations
of the bzs oxygens-relatlve to the 7 bond indicated that

there is no significant change in the = ip's.

[}

o _ Ve
3 Me
Me
45 6 a7 48
'v‘,, This 1nvar1ance of the 1p s (between 9 65 and 9. 70
ev) to the orientation of the bzs-allyllc Cc-0 bohds L=

and their hlgher values relatlve to blcyclooctene (r ip = _ $.

239 .

9. 05 eV) seemed to suggest the domlnance of in-

-

ductlve effects.

’ This apparent’discrepancy between thelexperiﬁental

and theoretica1234"236 relults 1ead Brown and Marcznk024° ?;%;

R s

. v'__ to investigate another serlés of compounds (49-52) in .

whlch only one substltuent (OR) 1s lnvolved in the
2
1nteractlon with the 7« orb1ta1 They have shown a

B T

definlte variance of the ip's w1th the orlentatlon -
'of the substltuents in these systems. In view of this

f ' .orientational effect observed for compounds'59r§2<it7is

» : . . - -
) : I . e
3 ' : : ' ' s - : - z-.“%

Lo
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X
a H
o
- b. OH

. 1
+ interesting to use this pes technique to determine the
preferred orientations of similar substituents in

3~56) which'ére:not as confordétionally»figid

i . e ",

sYsﬁems (S

X .
: ) "OH
., . OMe
.
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{

-fae 4§'52. Although 53 and 54 contain a tert-butyl
group, the flexlblllty provided by the cyclohexene
'allows the substituent X to be in pseudo-axlal (53) and

.~pseudo-equatoria1 p081tlons(54), respectxvely
the other ‘hand, compound 35 can’ potentlally exist 1n
two conformatlons having the allyllc c-x bond co-
planar w1th (55) and orthogonal to (56) the -0=bond. 1In
the following the preferred gas phase conformatlons

~ N me

of the allyllc compounds 53-56 are dlscussed
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;RESULTS _i

N An attempt to determlne the dlhedral angles (e and

e') between the allyllc methlne hydrogen (H and Hx.)

and the ad]acent v1ny1 hydrogen HY was made on 57 and

7 38

¢ 3

58'respectively in order to determine the favorable

conformatlon for these two compounds., This was done

i

by performlng proton decoupllng éxperlments based\
bon the. observed chemical shlfts&from the 400 MHz lH”

NMR spectra. Irradlatlon at the H-(Hx.)‘reglon and

observatlon on the change in Hy region allows one to,h'

: obtaln the coupllng constant (J) between H (Hx.) and'

tH’Y.. These JH H and JHX.H werevfound to be 4 3 and
241

1.8 Hz respectlvely. stng the Karplus equatlon
' developeilfor cyclooleflns (equatlon 51), and e'.

. was determlned to be about 50° and 65° respectlvely

g = Lo.s cosZe (0. % & 90°); I (51)

-

Note that the derlvatlon of equatlon 51 did not take ipto
account the effect of allyllc electronegatlve substlt—

uents(OH) on the coupllng constant between Hy (H ) and

T
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“Hy which may be significant in both §~7‘-' and .:ig,.' Never- '_
theless, the alfference between é and e' stillfprouides
a general ldea .0of the dlfference between the conformatlons
57 ‘and 58. Assumlnghthat the angle between the OH and :
H (Hx.) is the usual tetrahedral angle, 109¢5° the

» d1hedra1 angle between the OH group ‘and the ™ system.ln
57 (58) is then equal to 31° (46°)§; Consequently, one
can conclude that compound 57 permlts more overlap
between the « orbltal and the c-0 bond than compound

¢ 58 One may theh observe a dlfference ‘in the T 1p
between 57 and" 58 from thelr pe spectra providing - ' R
there are not spec1f1c solvatlon effects in tﬁe solutlon -

-NMR measurement.

Slnce 55a serves as the parent compound w1th

o~ o~

whlch to compare SSb and 55c, 1t 1s essentlal that

' v ~~~

1ts structure should ‘be on flrm ground It was pre—-,‘

pared from the a,e—unsaturated ketone242 (59) by a

243 whlch could potentlally

Clemmensen reductlon method
. .
glve 55a, 50a, 60 (cis and trana) and 61, as shown

~ .~ ~ o~ ~

1n equatlon 52. - R 7wb

144
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Compound 50a was oroduced in 10% YIEld and was .

B

‘identlfled by comparlson w1th an authentic- sample

prepared via an 1ndependent route240

1

A 100 MHz H NMR spectrum of the maJor product

of the ClemmenSen reductlon revealed two vrnyl protons

\ centered at § 5 52 1ndlcat1ng that the compound could

be elther 55a or 60 but not’ 61. Further support

~ o~ ~~.

'vfrom the 13C NMR data 1nd1cat1ng two. v1ny1 carbons

separated by 7 ppm which appeared as doublets when proton -

'coupled, and hence compound 61 cannot ‘be the major

13

product. The large cC. chemlcal Shlft dlfference

(A6 C) for the v1nyl g;zbons (7 ppm) seems to be

-more approprlate for 55a than 60 based on the argument RPN _

~ .

‘below utlllZlng the emplrlcal method developed by ?

244

'Roberts et al for the predlctlon of alkene carbon—

A a .

B 4 - 13 chemlcal sh1ftsz45, tll V1nyl carbons in 60a should
>_be very much the -same (predlcted AG 13C = 0 5 ppm)

while ln 55a they should be qulte dlfferent (predlctedf,

S C ' ‘dAa.l3Cd= 4. 9 ppm) ComparlsOn of the predlcted AS 13C_

~

-

‘with that of the experlmental ‘one therefore favors

v | 55a. Nevertheless a more deflnltlve proof was - carrled

Aaa o . : ~
N\

‘out’ by chemlcal degradatlon accordlng to equatlon 53.

v ] ‘ ' (1) 03”‘ (1) Jones’
-78°C oxidation
—
(2) ‘me,S (2) c1_12N2

AT OV ity AR fur .y
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Ozonolysis of 55a followed by Jones' oxldatlon

v

- of the presumed dialdehyde 1ntermed1ate 62 and flnal

treatment wlth dlazomethane gave, after chromatography

¥

over sxllca gel, the dlester 63 in good yield.”

Analysis of the 200 MHz lm NMR spectrum of‘Gﬁ showed

',an 1ntegrated areas of the ‘carbonyl a- hydrogens and

the. methoxyhydrogens in a ratlo of 1:2, This conflrmed

that the structure 1s_55a since followlng the same

-~ o
a

-route compound 60 would give a dlester hav1ng the
correspondlng 1ntegratlon ratio of 2: 3. UtlllZlng the

lsame chemﬁaﬁl degradatlon procedure on a mixture of 55a

Lo~~~

. and SOa resulted in two isomeric diesters, one corres-

pond1ng to structure 63 and the other varylng slightly

1

4in terms-of its 200 MHz H NMR spectrum. Hence, there

“ls no doubt- that the maJOr product from the Clemmensen'

.«reductlon of 59 is S55a.

~ o ne

The vert1ca1 ip's of compounds 23-56 and thelr

'saturated analogues (64 66) are shown in Table ll, and

' the spectra of 539 -54b, 530, 54c‘and 55 are presented

e

~ o~ —~

in Figure5‘26-28.- The a581gnments for 53 56 were made

~ Ao

_ by comparlng thelr vertical ip's with those of" the

C o~

gjsturated analogues. For example, the m-ip.of 53a
appears at 8.94 ev, whlle the saturated alcohol §2§
exhlblts nOH at 9.82 eV. It has been shown previously
that w1th oleflns posse531ng electronegatlve sub-

stituents the ip of each group is- lncreased in the

146
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Table 1l1. Vertical ionization §ﬁer§ies (ip) and assign-

ments .for compounds 53, 54, 55, 56, 64, 65
| iy

and 66. . ) o
‘ : -Vertical Ionization Enérgies (eV).
Compound - - Ngr u ~ Aipb
- a=H | q 8-94 0.0
53 'b ="0H- . 10.07 9.33 0.39
~- € = OCH, - 9.53 9.29¢€ 0.35
54" b =o0H L 10.219 9,18 0.24
R c = OCH, _9.61  8.97 0.03.,
. a=H . ' 3.9 0.0
"T85 b=o0H > 9.64 9.26 0.34
o c = OCHq 9.00  9.34 0.4%
64 - a = OH . 9.82
~ b = OCH, 9.36
65 a = OH 9.91
Bl b = oCH, 9.32 o
66 a = OH . 9.45
-~ b = OCH, "9.08
- a = H : a 999 0.0
51 b = O0H 10.15¢ - 9.18 0.09
~~ © = OCH, 9.55 .  8.97 -0.12
5. b=o08 9.979 9.37  o0.28
R c = OCH, 9.54  9.30 0.21

a. " All Qalues ére aver&ges of at least'three runs and
have a precision of +0 02 eV unless otherwmse noted.
b. Calibrated agalnst argons; Alp ipr (compound) -
vlpn (parent olefln) | -
c. ' Reference 240.
c.‘ Tentatlvely assigned; appears as a well-defzned;é#
shoulder on the edge of o-envelope. N

d.. Preclslon of +0.03 eV.
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butyl-2-cyclohexen-1-ol (53b and 54b) using argon-
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" Figure 27. "The pe spectra of cis and trana-3—meth0xy-

G-tert—butylcyclohexene (53c and 54c) using Argon as an.

internal callbrant
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Figure 28. The pe spectra of Ba-substituted -10a-methyl- A3-

B octalins (55a b c) using Argon as an 1nterna1 calibrant. .
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&
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o {~' a
, presence of the ot:herzn 252 t‘\erefore the 1r-ip ui- E e

L * X

53b appears at 9.33, 0. 39 eV lugher than in 53e, {ilule

~ oo oa

the $g. is found to be 10 07, 0 25 eV hlgher«f{ben in- )
: 64a.. «.It 18 a general observetion that sub,‘:'}'

. of a meth.yl groug for hydrogen lowered the 1p of “(SR ' L
< Hy between 0.4 and 0. 6 ev depend:.ng bn%e system. ‘ ;

uéion o .;

“ a"rh\ie :ln the ether 53c, the second 1‘p ie eseigned bo be '

-~y a

.', 4

e
from the "GCH orbitel (9 53 ev‘gT and the first ip to

S ‘.;;_“f *agiee from the w bond (9 29 eV) . In a similar Iashian,

:-J'I)j‘&' .‘ ¢ q . . b

oo . N 'éoyound 54 was eeszgne? eccordingly as shown in‘ 'rahle
o ,/

.11. '.l‘he eeiigmnents of 55 and 56 lere nore co:npliceted

&

bechuse of the poepible eﬁpinbrium between them and . -
' .t'? they will

?er%iscuased in deteil in the next section. | RS
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DISCUSSION
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Thg/strucpure gf cyclohexene has been shown to

P

adopt—e hﬁ}f—ohaig'dﬁhtgrmatlon from the x—ray
~ ¥
' 24¢ measurements of me substituted

It has also been established that
o3 ‘i’_.gﬁ‘thEyted cxclohexenes, electronegatlve
"' -ﬁ) .-,"0‘ ”

ubﬁ} tueﬁts such as OH, 0Ac254; c1253, ‘and 3:255 256

v fén**to favor a pseudoaxi:*‘l pos“’ition which is in

! 'R

;-’"ﬁ> S @co§trast to the usual Qﬁeference of the equator1a1
r&;f&w ‘ positioh in the substltuted cyclohexane ser1eszs7

% ) ,5 , . This is very g8imilar to the anomeric effect258 263 ™,
o '

1 i . in which the axial orlentatiOn of an electroneqatlve

| - suhstitueﬁt,ln the 2-p031t10n of a tetrahydr0pyran is

\vfavored over the equatOrlal one. This effect was
firlt discussed by Lemleuxzss =260 in a detailed

5

study of the anomerizatlon of acétylated Pento- an

.

i : . hexo-pyranoses and whs expl&f%kd in terés of dlpole-.,
s ’ ‘.‘ ] .
' dipole intéfnctlons between the ring c-0 bonds and R

’f ‘ : « the anomeric X bohd. These dipoles form a small

%.a- T angle whéh the subat; fnt;é"equatoriéﬁ (67), while ’
' - o ;
F,‘ B theY form a large one’ when the substxtuent is axial

) o (68). the two dipoles becomlng almost perpendicular.

R LA IR W AR

~, i » 9 * ? RO oty s L% -

) " ' ¢ ' . v. '? _ o

: Vg i 0 5
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Another exp*aratlon for this anomerlc effect, ‘the’ u*’*,ﬂ9

rabbit-ear effect258 262, says that the lone palr— ';L
lone pa1r 1nteractlon is sxgnlflcantly larger than

either the lone palr—bondlng palr or the bondlng palr- N

s e

- bonding palr lnteractlons.,Struct Es 69 70 shows that one

or less lone pair-lone pair repul 1nteract1og

t

OCCurs when the substltuent is axlal (GQY‘whereaé the o

equatorial substmtuent experlences two (or less)

-

:fsuch 1nteractlons (10) The pzeference for axlal o ;

,brientatlon is due to thls repu181ve 1nteractlon~wh1ch

v

A

destabi;izes the equatorial conformation. , : ~
oA ‘ T, ' EEN :

»
- - >
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A third explanation known as the double bond-no bond

resanance Was offered23‘4-236'264"266 “in which the

-.charged. ‘resonance -forms shown in equation_°50

'
-

< contrlbute to the observed anqperlc effect. This can

also be” 1nterpreted 1n terms ofathe overlap between ijir' ’ '¢J

» -
v;the lone—pair electrons on x ("X) and thd'ﬁb (anti- 1 ) ¥
bonding) orbital’ of the C-Y bond (71) which results in

_the stabilization of X lone pair electrons. Not such,
fa,lsrge interactien is posslble for the equatorialu
substituent as Shown’in'72 Thls nx-o 1nteract10n
should be max1ma1 when ”X and the C-Y- bond are in an
antlperlplanar p051tlon (71), and accordlngly, the'
“'double bond-no band resonance predlcts a more stable
-form-w1th Y’#n the axlal posltlon.g Less;rd et a14°% .,
demonstrated thlS by a 13C-NMR study of a number of 2~
substituted methylendbyclohexanes and 3-sub§t1tuted
cyclohexenes for whlch the electronegatlve substltuents
‘were found to prefer a pseudo-axial conformatlon rather . K ;/‘iﬂaz
-thanti,pseudo-equatorial one. ' | : |

. e e .
Mown in Table 11, compounds 53b,c and ’lb,c\

-~

N ~
T s Y
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- have very similar. pe spectra whéﬁ compared to their "4n .

BN o

e
isomers 52b,c and 51b,c, respectlvely., For the axially“”"

~ e m ~ e

- oriented electronegatxve substltuents, such‘a3'53b'C“ o

and 52b c, the 1 bond is mar¥edly stabilized' relatlve

~ N A

to thelr parent compound‘bﬁb&“hnd 5la respectlvely.

~ o -~ ~

Oon the other hand,,the pseudo-equatorlal substltuents

- in 54b,c and 51b,c affect "the r ip dlfferently, 54b

~on o~ ST P g~~~

shows a distinct stabilization'of 0.24 eV relative to

aq

the parent cyclohexene 53a whlch is'diminished (to 0.03
~ o~ § . Iv"'

eV) for the ether 54c. However, 51b shows a 7 ip o

o « . s~ . e

whlch is 0.09.ev larger thdn its eqb;methylene parent

(51ay} whereas the ether 5lc is destabilized by 0. 12 ev

~ wy ~ ~~~

‘relatlve to 5la. The slmllarlty of the pe spectral . . o
-~~~ - . I

data between the anchored models (Slb,c and 52b c) and

oo ~~~ ~

thelr flexible counterparts {53b,c and 54b c) seems

~ o~ ay LR X R Y

. to’ Suggest that the dihedral angle between the
“--“substitugnt and the v bond is similar in both systems.

“ 1

This‘suppotté our results from the “H NMR experlmentsi?

b;jﬁme!ented in the prev10us sectlon, srnce the Drledlng
P

hgﬁels sug"f' that the C-OR bond 1n 52 is some 10°

:: ’ f";._"; mkfrthpgon??;rty Whlle L}n 51 l.t 13 roughly 20 30°

' from coplanarltyﬁbaghlépe T bOnd.
o 1he 1nt§}pr;§£gion of the pe spectra of compound

¥
confqrmations (55 —*f56)'1n~equllibr1um.»-Var1ab1e

temperature 13C NMR stud1e3267

"'d'*
R SR
L.

Zp

»t*

of 55a revealed a ¢

~

L e
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»solvent does not interact preferentlally w1th one of

group. S TR : »

" 55¢, varlable yemperature
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'ﬁu’

‘o"v

roughtly 1:1° ratio of 55a and 56a at —70°C. If the

~ oy ~ oy oy

the conformers the observed gas phase pe spectrum is

probably a result of these two equ111br1um structures.

~ However the comparable sharpness and 51m11ar1ty of the

-~ ay e~~~

n—iOnlzatlon peak observed foslSSa = S6a to that of

50a24° suggests that even if both conformers‘are.' (n,'.

~ o

present in the gas phase, their pe. spectra must be

very‘similar. The 1nvar1ance of this 7 ip in 55a and

~

50a 1nd1cates the 7 ionization: energy is 1nsensxt1ve

~ e~

'to the orlentat}on of.the al%‘lic hydrogen or alkyl 4

e .
~ ‘.

v "

As for the allyllc alcohol 55b- and allyllcfether .
13C NMR data down to -70‘C267 , -

~ .
»

'3indicate a ratio of 5: 1 and 631 for sSb :56b and 55c:56c

L R ~ oy ~ e~

respectlvely. Thls guggests that the conformatlon ‘ ' ~'5;i.
is more favored when the d-O bond is 1n allgnment with '

the w-bond and-hence allows some stabllizlng interaction _‘iu

S

_ between them. Table 11 shows that the n-bond in 55b

~~ oy o~

,..ana 55c a;e moreéstabllizéd than 55a by 0.34 ev and

Ay e~ a~r "

0.42 eV tespectlvely.» These large stablllzatlon energles

found 1n 55b é”are‘slmllar to that obsexved prev1ously24o’

~ .

in the rlgld trans-lsomers 50b ¢ and thus strongly

~ oy e

support a dOmlnant cdblanar conformatlon in the gas

phaSe. . b : . ~ ‘

It appears then that in a flexible allyliéﬁsysten, ‘
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~ the electronegative substituent X would‘tend to Orient
the C-X bond to allign with the & system so as to allow
a- stabiylzlng T ;”';;* ;nteractzon resultlng in-a S
predomlnance of one oonformation. Although this study
deals w1th cyclohexene serxes of compounds it is anilogous
to the anomeric effects proposed for the tetrahydfbpyran
!?‘systems discussed earller. . Several literature examples
also support the conc1u51ons based on$the pe observatlons
_made?&n this investi aprn. For example, allyl fluorlde,
' chlorlde and bromldééFhow T lp g @F 10, 56, 10. 34 and
10.18 eV, respectlvely while propene has anm ;pnlzatlon’

‘ L3
equallng 9. 88 ev 208 Therells experlmental'ev1dence269 ~271

. eon

to suggest that allyl fluorlde and chlorlde exlsts
preferentlally in conformatlong which allgn C X. bond

with the r© system although confllctlng data for the

fluoride have been reported272' ‘The pe observatlons are

Jconsistent with aither a = - °C x'lnteractlon or an
inductive effect of the allyllc substltueptggp the T

system whlch is then more dlfflcult to ionize. However,7~ vqg | ~

only the former argument requlres ‘the coplanarlty of

AL

C-x bond and K| system. o - o o \

=t Allyl alcohol has been shown by mlcrowave
spectroscopy273 to adopt a conformatlon where the C-0
bond is nearly coplanar with the « system. The observed i'f7: e
n ip (10,22 eV) is 0.34 ev hlgher than'that‘of the s :f; A

parent propene, close to the stablllzatlon found for 58b1”

~ . - -

~and 60b in Table 11. T R

~ a R » ]

\
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CONCLUSION ©

. ‘ "

The pe speciga of the flexible allylié substituted
A - e . .
cyclopexenes §§;:%§ demonstrate the preference of -

these compounds for a conformation in which the

orb}tal.is aligned with the adjacent C-OR o(of) bond.vv “} AR

In“the;SituatiOp Where two orientations of £ sub- -

stituent with respect to the 7 bond are possible, as

in compound 55, the conformation described above was

- 3

found £O"be the more'favdrable one (in sélution the

L e -

. ratlos are 5’1 and 6:1 for 55b:56b and 55¢c:56c respec- -
: tively and our gas phase pe spectra are consxstent
'~ with these ratlos). These finding are also Spﬂg?rtedﬂ '

' by the pes results of the allyl systems studied By

previous workers268 273. Furthermore, the results

are con51stent w1th explanatlons given for the anomeric
258- 2:‘¢

however, further 1nvest1gatlon is

needed- to clarify this point.

k!
+

LY
it
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' |  EXPERIMENTAL

i
AAii rodrihe eoectroecopic measuremedts were-made on
.the. instruments described in'Chapter II and IiI. All.
200 MHz and 400 MHz 1H NMR spectra were obtained
using Bruker WH-200 and WH-400 spectrometers, respec-
‘tLVEIY. Melting pornts and borllng p01nts are reported

1 4

uncorrected. : : -

3-teff-Butylcyolohexene-(§§a) . : 9

Compound 53a was prepared by the procedure of

2?5; it was purified by glpc

_ Goering, Reeves and Espy v
' (10% QF~1 on chromosorb P DMCS AW, 3/8" x 16' alhmlnum
| column, 110°C): b.p. 80°C/20 mm (11t.375 170.5°C/746
3 L mm. £ - c :
v 2 - | a
: .

#égﬁﬁ h ~ etis and.trans-4-tertfgutyl42-CYClohexenol (33b and 54b)

Both 53b and 54b ‘were ‘prepared from the same‘

v , reaction/according to'the‘published procedurez-"'s'z77 in

| o a. 3:7 ratio; Seven grams of thlS mlxture were chromato-
graphed over 350 gm of grade Iv alumlna (prepared by
mixing 35 gm of'water with 350 gm of neutral alumlna)
taggive 0.9 gm of pure 53b, m.p. 51-54°C (1it.2”® 44-49)
and 6 gm of mixture. Compound 54b was. obtalned by the’

_ LR
& publlshed method Qf Dunkelblum, Levene and Kle1r1278 8

~ o~

,from 9 gm of this 3: 7 mixture to give 2.5 gm of 54b,
m.p. 32-34°c (1it.?7® m.p. 31-32°¢). |

15 p

[ . .

e .

s | . o .
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aia-3~Methoxy—6—tért-butylcyclohexene (§3c)
-3

Compound 53b (0.25 gm, 1.49 x 107> mol) was

~

methylated279 yielding after microdistillation (70-80°C

bath temperature/14 mm), 0.17 gm (63%) of 53c; 1y NM?

~ o~

(CDC1 ) §: 0.89 (s, 9H), 1.20-2.20 (m,'SH), 3.32 (s,
3H), 3@44 3.70 (m,. 1H), 5.78 (s, 2H).

4

Ana1y51s: Calculated for CllHZOO" c, 78.57; H,
11.90; Found: C, 78.43; H, 11.99.

trans~3-Methoxy~6 tert-butylcyclohegene (54c) - e

~3 mol)279 v

Methylation of 54b (0.50:gm, 2.98 x 10

gave after flnal work up and mlcro-ﬂlstlllatlon (80°C
bath temperature/lZ mm) 0.40 gm (74%) of §2c: 100 MHz
g aR (cnc13)'5:_3§§88-(s, oH), 1.12-2.40 (m, 5H), 3.36
(s, 3H), 3.60-4.00 (m, 1H), 5.78 (b s, ZH),

Analysis: Calculated for C11H200: C, 78.57; H,

11.90; Found: C, 78.51; H, 12.11. .

280 o s

10-Methyl=-cis-3-octalin (55a)

~ o~ ~

~ Five grams (0.03 mol) of 10-methyl-4-octalin-3-

one2%? yas added .to. amalgamated zinc (prepared from

3 mol) of granular zinc) in .a solution of

6. 1 gh

water (6 1 ml) and concentrated hy ochloric acid

(6.4 ml) accordlng to the procedure o Dav13 and
Woodgate243-<.After refluxing for 3 5 hours, the mix-

ture was cooled and extracted with ether and the extracts

4 -

16l



subseduently dried (MgS0,), filtered, and evaoorated
“to give 4.0 gn (88 yield) ‘o'f'vis’cous ‘brown oil which
proved to be a mixture of §§3 and 1ts trans isomer 592;
in a 10:1 ratio.. Preparatlve glpc (20%vDE%s on Chrom. W
DMCS AW, 3/8" x 16' aluminum column, l20°d) yielded
,{lrst the major isomer §§a which was collected and
’microdistilled (50°Cc/5.0 mm)‘to give a clear liquid;

s
100 MHz 1H NMR (CDC1,) 6: 0.94 (s; 3H, 1o—cn 3

Mass cal!klated for C11 18 150.1409, Found:

Degradation of 55a to 63

~

%?wenty-five mil igrams‘(l 67 x 10 éﬁl) of 55a

246 I

~was ozonized in 2% ml dgy CH2q12 at -78°C until

the solqplon turned b&ue._ After flushrqg ‘the solution

with 02 to remove eXCess ozone, l ml of dlmethyl

-

’fsulfide was added and. the mlxture stirred 2. hours at:

room temperatures The mlxture ‘was then extracted Wlth
' 'y

Hzo, dried over anhydrous Na2804, and evaporated The
residue was dissolved in 5 ml of acetone and the solution
was;oildized,by‘theﬁaddition of Joues',reagent, worked
’up by the addition of Hzé and entracted with CH2C12 |
" which wa5qsubsequently dried over anhydrous Na2504

Evaporatlon produceﬂ a second resxdue whlch was methylated
!.‘ A
. usxng dlazomethane ln eéhﬁt ‘!fter.removal of ether,
H
the res1dqg was chromatographed over 15.gm sxllca gel

g ?

fg in a. l mm (dxameter) colunn usxng 19: 1 pebroleum

3 ?‘ LA T
v M s vn . hd
ar - *

162
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"ether:ether to yiéld 11.4 mg of diester 63; 200 MHz

lu NMR (eDCL,) &: 0.35 «s, 3m), 2.12-2.40 (m, 3H,
(a-H's)), 3.64 (s, OCH3) '3.66 (s, OCH3); FT IR (cast
film):. 1739 cm-l, Exact Mass Calculated for wa"

7

Cy3H,204: 242.1518; Found: 242.1511. .

~ o~ ~ o~

'czs And tran8—4-tert butylcyclohexanol (64a and 65a)

Seven grams of commercially available alcohol 1
),
give 1.2 gm of cis-isomer 64, m.p. 82-83°C (1it.281

(4:1 of trans:cis) VQS separated as reported281 to

' 81-82°C) and 2.6 gm of trans-isdmer 65, m.p. 81-82°C
‘(lit.zel 80-81°C) as well as 3 gm of_mixture.

L,

ozs~1-Methoxy-4 tert-butylcyclohexane (64b)

~ e

-2

279

Methylatxon of11.6_gm (1.04 x 10 mol) of

64a yielded after microdistillation (100°C bath teémpera~
ture/15 mm), 0.6 gm (38%) of 64b: 100 MHz 'H NMR - oy
(€DC1;) §::0.85 (s, gu), 1.14-2.20 (m, 7H), 3.28 (s

: 3ﬁ), 3941 m, 1),

Ana1y31s: Calculated for Cll 22O. C, 77.5#;'3,

13;027*Fdhnd: c, 77.43; H, 12.91.

trans—l-ﬁethoxy-4-tert-butylfyclohexane (65b).
-2

Two grams (1.3 x 10 mol) of 65a were methylated

according to the procedure of Brown, Diner and Sweet279

.giving 1.3 gm (59%) of 65b: 1oo MHz 1

~ ~ a

H NMR (cuc13)

8: 0.84 (s, 9H), 0.92-1.42 (m, 53),, 6-2.28 (m, 4H),

~ o~ o »"‘}." .
S e
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.. ..2.84=3.20 (m, 1H), 3.32 (s, 3H). __ .
. . ]
| Analysis: Calculated for CllHZZ o: ¢, 77.58;
H, 13.02; Found: C, 77.28; H, 13.01 - .

Compounds 55 and 66a b were ‘kindly prepared by

LR N

‘R.W.. Marcinko. s @ i '
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