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INTRODUCTION

During the pest several years progress has been mads in exploring
the chemistry of cyclopentenons and some of its derivatives. This work
has led to the preparation of several new compounds and simpler synthetlic
routes to others.

The advent of nuclsar magnetic resonance spectrometry and the recent
comnercial availability of n.m.r. spectrometers presantsd the opportunity
to examine these interesting compounds with a powerful new research tool.

Thus this study was undertaken with the object of obtaiming the NMR
spectra of many of the more recently synthesized cyclopentenone deriva-
tives. No spectra of these compounds have previously been reported in
the literature.

The object of this study was not only to add to the growing body of
NMR spectra of organic oompounds, but also to confirm previous structure
assigmments and to observe interesting aspects of NMR spectroscopy as

evidenced in the cyclopentenones,



HISTORICAL

Theory of Nuclsar Magnetic Resonance Spectroscopy
Nuclear magnetic resonance (NMR) was first observed in bulk matter

in 1945.1’ 2

The first spectra with separate lines for chemically
different nuclei in the same molecule were obtained for alcohols by
Arncld and co-vorkera3 in 1951. In the succeeding decade NMR techniques
have rapidly advanced and wide applications to organic chemistry have
been made.

Mary treatments of NMR theory exist in the literature,’’ >

conse-
quently only a brief review of the theory will be undertaken here.

The nuclel of certain isotopes behave as if thay were charged
spinning bodies, This circulation of charge produces a magnetic moment
along the axis of rotation. Certain of these isotopes are of particular
interest in organic chemistry, e.g. IH, 130. 15H, 19¢ amd 31p, They are
considered to have muclear spin I of 4. This means that the magnitude

of their magnetic moments in any given direction has only two equal, but

, ;E M, Purcell, H. C. Torrey and R. V., Pound, Phys. Rev., 69, 37
1946).

2p, Bloch, W. W. Hansen and M. Packard, Phys. Rey., §9, 127 (1946).

33. T. Armold, S. S. Dharmatti and M. E. Packard, J. Chem. PHYS.,
19, 507 (1951).

I‘For lesading references to the early literature see J. E. Wertz,
Chem. Revs., 55, 829 (1955).

54 Tecent comprehensive treatment of NMR theory may be found in J.
A, Pople, W. G, Schneider and H. J. Bernstein, High-Resoclution Nuclear
Magnetic Resonance, New York, N.Y., McOraw-Hill Book Co., Inc., 1959.



orposits,. Observabls valuss that correspond to spin quantum mmbers equal
to +# and -%.

If an external magnetic field is applied to a group of these muclsi,
these muclear magnets will experisnce torques and will tend to line uwp
with the field (I = -3) or against the field (I = +4). The more favorable
energy state is the one corresponding to aligmment with the field., The
difference in enargy between the states, aE, is proportional to the
strength of the applied field H at the nucleus., At ordinary temperatures
within the practically attainable range of valuss for H, the equilibriwm
concentrations of nuclei in the two possible states are always very
naarly equal. This is because the energy differences between the states
are quite small and bacause aligrment of the nuclei with the field is
opposed by thermal agitation in accord with the Boltzmann distribution
law. It has been calculated® that at 300%K 4in a field of 9,400 gauss
that the ratio 43 1.0000066/1 in favor of the spin state 1 = -4,

When a nucleus with a magnetic moment is acted upon by a magnetic

ield its magnetic vector behaves as if it were undergoing precession
around the field axds at an angular velocity that is proportional to the
magnetic field at the nucleus and is exactly equal to the frequency of
elsctromagnetic radiation which is necessary to induce a transition from
one muclsar spin state to an adjacent level,

To summarize, under appropriate conditions these nuclei can absorb

6J . D. Roberts, Ruclear Magnetic Resonance, New York, N.Y., McGraw-
H4l) Book Co., Inec., 1959, p. 9.



energy from a magnetic field, in a directica at right angles to ths main
field, oscillating with a frequency in the radio-frequency region to
causse transitions betwsen adjacent energy lsvels. Such absorption gives
rise to what is termed the muclear magnetic resonances spectrum.

A muclsus in an upper spin state returns to a lower state by means
of radiationless transitions of energy to a neighboring nmucleus or to the
entire molecular system. These ensrgy dissipation processes are termed
relaxation processes,

The local magnetic fisld nesar a particular nucleus is to a =mall
degree dependant on its molscular enviromment. This is because the
extranuclear electrons magnetically screen the nucleus so that the mag-
netic field felt by the muclesus is not quite the same as the applied
field. The observed resonance frequency of a given muclieus is thus a

very sensitive function of this molecular enviromment.

Experimental Method

An NMR spectrometer consists essentially of four parts: (1) a
magnet capable of producing a very strong, highly homogensous field,
(2) a means of contirmously varying the mgnetic field over a very small
range, (3) a radio-frequency oscillator, and (4) a radio-frequency
receiver.

A large magnetic field is directed along the z-axis, and the
alternating magnetic field produced by the oscillator is directed along
the x-axis. The receiver coil is oriented so as to respad to an

alternating magnetic field along the y-axis., Thus ths oscillator must



induce a component of y-magnstization in the sample if a signal is to be
picked up by the receiver.

Experimentally one changes ths precession frequency of the nuclei by
varying the applied magnetic field while the oscillator frequsncy is kept
constant. At some value of the field the muclear precession frequancy
beccmes equal to ths frequency of the rotating field vector produced by
the oscillator ard the energy may than be transferred from the oscillator
to the muclei, causing some of them to go to the higher energy state with
I =+}. At the same time the rotating vield vector acts to tip the
vectors of the individual muclear magnets, with which it is 90° out of
phase, away from the fisld axis and thus causes ths axis of the cone of
vectors to rotate around the field axis at the precession frequency.

This has the result of producing a rotating component of magnetization in
the x and y directions which precesses around the field axis with the
same angular velocity as the individual nuclei. This altermating field
in the y-direction induces a current in the receiver coil and generates
an NMR signal. As the magnetic field is further increased the nuclei
drop out of phase with the rotating field vector. As the y-magnetization

decreases the signal diec away in the receiver.

Conventions and Terminology

Chemical shift
Differences in absorption line positions for nmuclel of the same kind,

but located in different molecular enviromments, are called chemical

shifts. Chemical shifts have their origin in diamagnetic and



(¢ 2

paramagnetic shielding efTfects produced by circulation of both bonding
and non.bonding electrons in the neighborhood of the nmuclei. These
effects are proportional to thes aprlied fiseld,

The magnitude of a given chemical shift is usuvally taken with refer-
ence to a standard. Tetramethylsilane (TMS) is widely used 2s an
"interzal standard." A very small amount of T™MS is mixed with the sample

to provide an internal proton reference line.

Spin-spin coupling

Spin-spin coupling usually manifests itself as fine structure in
maip absorption peaks. It 15 explained by the fact that the fisld ex~-
perienced by ‘he protons of one group is influsnced by the spins of
protens i the peighboring group. In a saturated system proton spin
coupling is usually negligible over more than three bonds. Coupling is
independent of the applied field because it arises from fixed increments
in the total magnetic field produced at a given mucleus by the magnetic
moments of neighboring nuclel and is transmitted by the bonding
electrons,

Spin-spin coupling is expressed in cycles per second (cps) and
dencted Ly the coupling constant J. Usually subscripts are appended to J
to denote the protons involved in the particular coupling.

Coupling censtants for proton line values are to some extent
characteristic of the structure and stereochemistry of the system in-
volved., The correlation of J with structure is a subject that is

presently undergoing further desvelopment,



3 tion of absorption sitions
It is desireble to express lins positions in a form which is inde-
rendent of field strength and frequency. For this purpose Tiers7 has
introduced the quantity T which is defined as ™ = <TMS x 106/os<:.
freq. (cps). It is positive for all but very acidic protons if the
standard line position is that of ™S, The larger the valus of T, the

greater is the magnetic shielding of the mucleus to which it refers,

Ruclei groupings
Some groups of two or more protons produce characteristic absorption

patterns. It is therefore often convenient to consider a group of muclei
as a whole, For this purpose tke cornventions introduced by Bermstein,
m;.e have been widely adopted. Groups of equivalent ruclei for which
the chemdcal shifts and coupling constants are of the same order are
symbolized by A, B‘... where the subscripts refer to the mumber of
nmucleil in the group. If the groups of ruclei A, B, etc. are coupled to
other nuclei, the chemical shifts of which are very different from A, B,

etc., the latter are symbolized by L,;, I,, etc.

7G. V. D. Tiers, J. Phys. Chem., 62, 1151 (1958).

8H. J. Bernstein, J. A. Pople and W. G. Schneider, Capad. J. Chem.,
35, 65 (1957).



Quantum Mechanical Procedure for the
Analysis of NMR Spectra

MeConnell, et 31.9 have outlined ths quantum mechanical procedure
for the analysis of spin-spin multiplets of NMR spectra. The following

summation of ths derivation of this procedure is adapted from Conroy.lo

The electron coupled spin-spin intsraction is pos*l:t:tll..a*l:edl'1 to be of
the form E = Jij [Ii'IJ] where E is the energy of interaction, Ji:j is a
proportionality constant, the coupling constant describing the magnitudse
of the interaction, and I, and Ij are the spin angular momentum vectors
of mucleil 1 and J. The equation shows that the energy will depend on the
dot product of the two vectors, and hence on the reiative spatial
orientation of the two muclear magnets. J will be positive when the
state with spins parallel has the high energy.

In the presence of an external field Hy at the nucleus i, a field
which by convention is directed along the z-axis, thes energy of the
system will also depend on the interasction of the muclear magnet with
By as follows: B' = ni°3111(z) where 2777)3 = ¥4, the gyromagnetic
ratio of mue” s 1 and Ii(z) is the z component of the veccor Iy. Only

the z component is taken because only this component will interact with

9H. M. McCormell, A. D. Mclean and C. A. Reilly, J. Chem. Phys..,
23, 1152 (1955).

105, Conroy. Huclear Magnetic Resonance, in R. A. Raphael, E. C.
Taylor and H. Wynberg, eds. Advances in Organic Chemistry, Vol. 2, Hew
York, N.Y., Interscience Publishers, Inc., 1960, p. 296.

g, 3, Gutowsky, D. W. McCall and C. P. Slichter, J. Chem. DhyB..
21, 279 (1953).



tbe steady field Hy along z. The sign convention is such that nuclei
with positive spins have high energies. If there are a munber of nuclei
one introduces a summation. Considering both interactions one obtains
the total energy A to be Z 74 BT + 1%3113 [1,°15] which, W
postulate, is the correct "high resolution™ Hamiltonian for nuclear spin
interactions.

The anergy will be quantized, that is, there will be various
stationary states of the system to which will correspond discrete values
of E, Ii and Ij‘ In order to find the discrete values of energy and
hence the characteristic nuclear magnetic resonance frequenciss > = %E,
the Schrodinger equation must be used. Its form is ¥ = BE¥ where E
can take the desired discrete values, ¥ is a variable of the system
(called the wave function) which in this problem describes the condition
of the various muclear spins; and A is the Hamiltonian which operates
on ¥ 4in order to quantize the energy function. The Hamiltonian thms con-
tains within it the information needed to relate a set of spins to energy.

Values of E are obtained by solving the wave function by the
Variation Method.lz The secular equation obtained Ly tihis method factors
into equations of lower degree in E if one makes use of cartain "mixing
rules.” Energies and wave functions are then calcalated by diagonalizing
the sulmatrices of the total Hamiltordan. In general, the n proton

problem will involve 2 spin functions and a matrix with 27 columns or

126, 4. Coulson, Valsnce, Oxford, England, Umiversity Press, 1953,
PP. 5“-67.
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rows, The possible transitions are limited by a selsciion rule and by

symmetiry considerations.,

Interpretation of NMR Spectra

In undertaking the interpretation of an NMR spectrum one is guided
by three main considerations: (1) absorption line positions, (2) spin-
spin multiplicities and (3) line intensitises.

If the spectrum contains only a few, well-separated absorption lines
the assignment of accurate values of  and J will usually be a simple
matter. In more complex cases, especially in absorption line clusters
where the spin-spin splitting is large compared to the chemical shift,

T -values and J's may only be available from a mathematical analysis of
the spectral lines involved.

Of particular assistance in the interpretation of certain complex
groupings such as ABX and A2B, is the series of papers by Pople and co-
workers starting in 1957.13 Most of this material was included in a
later book by the same autbors.lu

The analysis of complex NMR patterns is also the subject of an ine
formative review by Corio.l®

The interpretation of several complex spectra of cyclopentsnones

will be undertaken in the Discussion section of this thesis.

13Eemstein, Pople and Schneider, op. cit.
l“Popla, Schneider and Bernstein, op. cit.

15, 1. Corio, Chem. Revs., 60, 363 (1960).
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Previous NMR Studiss of Cyclopentenones
A survey of the literature did not reveal amy reported MR spectra
of eyclopenterones,
The spectrum of the related compound, cyclopentanone, has been re-
ported.lé Its spectrum is of interest because it ccasists of one intense
peak, the difference in chemical shift between the two methylene groups

of the A43B; pattern being abnormally amall in this case.

( ;65 Primas, K. Frei, Hs. H. Gunthard, Hely. Chim. Acta, 41, 35
1958).
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DISCUSSICE

Introduction

The NMR spectrum of each c¢yclopentenone will be considered indi-
vidually and interpreted. Trends among groups of related derivatives
and other data obtainable from the spectra will then be noted and dis-
cussed., The interpretations outlined herein are based upon analysis of
absorption line positions. It is possible, by use of camputing equip-
ment, to calculate ensrgies and coupling paremeters for NMR spectra. By
this means one may, by trial and error fitting, obtain virtually exact
correspondence between calculated and experimental values.

Reproductions of the NMR spectra will be found in the Spectra
section of this thesis.

For the purposes of this discussion the carbon atoms of the

cyclopentenone ring will be numbered as shown in Figure 1.

Figure 1. Designation of the carbons of the
cyclopentenons ring

Cyclopentenone
In discussing the spectrum of oyclopentenorne the absorption lines of

the spectrum will be considerad in order of increasing applied magnetic
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field, i.e. from left to right as they appear on the recorder chart.

Of the six protons of cyclopenterone, the two vinyl protons would be
expected to produce separate absorption patterms in the region T = 2-4.
The four methylene protons constitute an AjB, grouping and would be ex-
pected to produce an absorption pattern in the region T = 6-8,

Examiration of the spectrum shows the first cluster encountered to
be a sextet centered at 457.8 cps or a T"-value of 2.37. This sextet, or
more precisely two triplets, is in the region where vinyl protons
characteristically absorb, Cne assigns this cluster to the more dashielded
vinyl proton—tie P -vinyl one. The absorption cluster appears as two
triplets due to spin-spin coupling of the 8 -vinyl proton with the
8 -methylene protons and with the o -vinyl proton. The triplet pattern
arises originally from the interaction of the @-vinyl proton with the
three spin arrangements of protons contained in the methylene group. The
triplet thus produced is further split into two triplets by coupling of
the P-vinyl and <« -vinyl protons. Calibration of the exact pcsition of
the six lines of the sextet and the knowledge that two olefimic protons
should be more strongly coupled than an olefirnic protorn and a methylene
proton leads one to assign spin coupling constants as follows: J32 = 5.7
cps and Jy = 2.6 cps.

The next cluster of absorption lines appears about 100 cps upfield
from the B -vinyl proton. It is also a sextet consisting of two triplets
and is centered at a T"~valus of 3.89. This cluster is assigned to the
o« =-vinyl proton. Again the three spin arrangements of the f-methylene

protons couple with the o« -vinyl proton so as to produce a triplet
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absorption pattern. This triplst is, in twrn, split by coupling of the
x -vinyl proton with the 7= 1 proton. The spin coupling constants
are calculated to be J,;, = 2.2 eps and J23 = 5.8 cps. 4s would be
expected the < -vinyl and 5 -vinyl protons split sach other equally in
the two absorption clusters, i.e. J32 = J23.

Farther upfield are two neighboring absorption clusters that com-
prise the A B, pattern produced by the four methylere protons.

The mmber and position of the absorption lines of an A,B, pattern
is determined in a complicated way by the relative chemical shift and
spin coupling constants. For this reason the interpretation of this type
of absorption pattern is often difficult. Of great assistance, however,
is the fact that absorption line assigrments have been worked out for
several general classes of AzB, pattems17’ 18 and thus it Ais possitle
by analogy and deduction to undertake the interpretation of most AzB,
systems., To aid in the interpretation of cyclopentenone, terminology and
some tables of data will be taken from the above-mantioned sources.

In an A2B, system there are four different spin coupling constants
as shown in Figure 2. It is convenient to define new quantities as
follows: K =J, +Jg; M=2Jy -Jgi L=J <-J'andN=J +J' In the

quantum mechanical solution of the A5B; patterm a complete set of bazic

175, A, Pople, W. G. Schmeider and H., J. Bernstein, Canad. J. Chem.,
35, 1060 (1957).

185, A. Pople, W. 3. Scheider and H. J. Bernstein, High-Resolution
Ruclear Magnetic Resonance, New York, N,Y., McOraw-Hill Book Co., Inc.,
1959. p. 1%0



Figure 2. Spin-coupling constants for
{our nuclei, A3B;

Tunctions is sat up and all stationary state wave functions are expressed
as linear combinations of them. The camplete matrix of the spin
Hamiltonian has besen evaluatodlg and values of the diagonal and off-
diagonal elements given in terms of V,, Vg, K, L, Mand N, \/A > Vg
vhere Y, and Vp are the frequsncies the lines would have were there no
spin coupling. Transitions will only occur between states of the same
symmetry whose total spin components differ by + or -l. This lsads to a
total of 24 possible transitions, or absorption lines, divided into two
groups that are mirror images of each other.

Turning to the spectrum of cyclopenternone one notes that the two
ApBp clusters do not appear as mirror images. This is because the down-
field cluster (the (-methylens grouping) is split by coupling with the
two vinyl protons. Since the downfield cluster is highly split, inter-

pretation may be best attempted by considering only the upfield, or B

1 o9 Po 140,
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cluster. Expansion of this cluster shows it to consist of eight major
lines or peaks. The positions of these peaks are calibrated to be 139.%,
138.4, 136.6, 134.1, 133.0, 131.8, 129.6 and 128.7 cps. The peaks are
scheamatically shown in Figure 3. The band center of the patterm is calcu-

latod to be 146.5 cps.

band
t
cen ar&

_

Figure 3. Schematic representation of the upfield half of
the A,B, pattern of cyclopentenone

The general case of the B spectrum where J > J' > O and
Jg 2 JA > O is adapted from the case of the A 8pectm2° and is shown
as Figure 4, The energies of the twelve theoretical A trensitions have
been calculatsd by Pople ,j_;;.a and some are given in Table 1. From
Table 1 it can be seen that it is advantageous if lines 1 and 3 can be
obtained by inspection of the spectrum. If this can be accomplished
then voS (which is v, - vp) and N (which is J + J') may be determined

zom. s Pe 1"70

ZIMQ. Pe 1“‘0



center;
l 12 7 69
1 1

l

| EE

Figure 4. Schematic repressntation of the general
case of the A5B, pattern

Table 1. Energlies of the A transitions for four nuclei, AzB,

Transition Energy relative to #( Y, + V)
1. 1>, 4x+4}[(u05)2+uﬂ*
3. 3.2—>13:1 -é” + "
9. 23;———> Zai 4}}:( Y, S+ M2 + szé + 302 + Lz)}
15, 2a)3—>la, 3,5 - w2+ 12/t "
' ] 2 2‘_]% n
1. la,— 28 $[(V, s + w2+ 127 .

12, 22 ,—>2a $[(us -w2 s I n
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simply by solving two simultaneous equatdions.

Inspection of the upfield or B sluster of cyclopentenons's AZB?_
pattern shows the Zirst two (139.4 and 138.4 cps) peaks to be the most
intenss of the eight, If this spectrum were to follow that of the
general case as shown in Figure 4 these two peaks are quite likely to be
absorption lines 4 and 3, respectively. The last two (129.6 and 128.7
cps) peaks are still quite intense relative to the others. It is thus
unlikely that they are lines 5 and 10. One tentatively assigns these
peaks as transitions 2 and 1, respectively. A valus of 138.4 cps has
thus been assigned to transition 3 and 128.7 eps to transition 1. Rs-

forring to Table 1 and solving the two simultaneous equations:

- ~lé
17.8 = 4% + %l_( Vo3 )2 + N°|®

8.13%4- "

one obtains a value of 24.0 cps for V,4 and 9.7 cps for N.

One now makes the assumption that K (which is J, + Jg) is relatively
large. (It is estimated that K is approximately 38 cps from the value of
J 55 of A-bromo-cyclopentenons and J, of 5-ethoxy-cyclopentenone.) If K
is reiatively large certsain transitions will not occur and transitions 1,
2, 3, %, 6, and 7 should have the same energy as they would have in the
g 2

case where J = Also, 1ines 5 and 8 are effectively forbidden. One

may thus refer to a tabls of energiss of transitions for the case v = J'

225, A. Pople, W. G. Schneider and H. J. Bernstein, Canad. 4. Chem.,
35, 1064 (1957).
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and obitain caleulatad values of transitions 1, 2, 3, &%, 6 and 7. I 4
wers to equal J' in cyclopentsnone these two quantities would be 9.7 / 2
or 4.8 cps. The ratio J / Vo & is 4,8 [/ 24,0 = 0,2, This ratio is used
to ascertain the ensrgies of transition as tabulated in Pople gt_.__ggj The
calculated transitions and thes actual spectrum lines are tabulated in
Table 2, It is seen that there is excellent agreement of the calculated
transitions with the actual lines of the spectrum.

The remaining two lines of the spectrum are assigned as follows:
136.6 cps to transitions 11 and 12, and 131.8 cps to transitions 9 and
10. Tbe basis for these assignments is found by examination of Tabls 1.
Tt is first assumed that M? is negligible. (Valuss obtained in other
cyclopentenones indicate that M is probably lsss than one in the case of
cyclopentenons.) If M is negligible then lines 9 and 10 should have the
same value., Similarly, lines 11 and 12 should have the same valus and
should differ from 9 and 10 by L (which 48 J - J'). It was calculated
above that J + J' 18 9.7 cps. Values of J and J' are tms chosen such
that one obtains the best fit between the calculated transitions 9, 10,
11 and 12 and the actual spectrum lines remaining to be assigned. It is
found that assuming a value of 4,7 eps for L leads to a valus of 131.8
cps for lines 11 and 12 and 136.5 cps for lines 9 and 10. These calcu~
lated transitions correspond exactly with the two remaining lines of the

actual spectrum,

233, A. Popls, W. G. Schneider and H. J. Bernstain, High-Resolution
Fuclear Magnetic Resonance, New York, N.Y., MoGrew-Hill Book Co., Inc.,
1959, p. 144,
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Table 2, Calculated and actual transitions of the upfield cluster of
the ApBs spectrum of cyclopentenons

Calculated Actual spectrum

Transition energy lines
4 139.1 139.4

3 138.4 138.4
136.6

6 133.9 134.1

7 133.2 133.0
131.8

2 129.8 129.5

1 128.8 128.7

One may sum up the following values for the chemical shift and
various parameters of cyclopentemone: Y, & = 24.0 eps, Yy = 46,5 +
12.0 = 158.5 cps, Vg = 146.5 - 12,0 = 134.5 ops., N = 9.7 ops, L =
4.7 cps, M= 30-1 cps, J = 7.2 cps and J' = 2.5 eps.

The value of K cannot be determined directly but it must be large
snough to prevent any significant mixing of the 3s, basic functions with
othsr functions, Otherwise the calculated and experimental values dis-

cuzsed herein would not be in such good agreement.

h-Bromo-cyclopentenons
It would be anticipated that 4-bromo-cyclopentenone would contain
two vinyl absorption clusters and an ABX pattern. Indeed, these patterns
appear clearly in the NMR spectrum. The lines of the spectrum will bhe

considsred in order of increasing applied magnetic field.
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The Zirst cluster encountered is a quartast centersd at ™ = 2.39.
This cluster is assigned to the most deshislded proton, i.s. the 3 -vinyl
ons. The splitting of 5.5 cps and 2.6 cps is caused by coupling with the
« =¥inyl proton and the methinyl proton, respectively.

The next cluster upZield is a guartet centared at ™ = 3.79 and
assigned to the « -vinyl proton. The splitting of 5.7 cps and 1.2 cps
arisses from coupling with the § -vinyl and methinyl protons, respec-
tively.

The next cluster appears as a highly split multiplet centered at
T = 4,87, This is assigned to the methinyl or X proton which, 1long
with the two methylens protons, comprises an ABY system.

The ABX system has been discussed by Pople and oo-vorkers.zu’ 25
The theory and terminology used herein are drawn from these sources.
The X spectrun theoretically consists of six lines, two of which

are of low intensity and oftan not observed. The theoretical X spectrum

i1s shown schematically in Figure 5.

Figure 5. Theoretical X pattsarn of the ABX grouping

25 ead. . . 132.

254, J, Bernstein, J. A. Popls and W. G, Schneider, Canad. J.
Chem., 35, 65 (1957).
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Expansion of the X multiplet of 4-bromo-cyclopentenone shows the
multiplet to consist of twelve lines. Ths spectrum is schematically
shown in Figure §. The lines are sesn to be derived from four original
lines. The four spectrum lines that are double the intensity of tbhe
others arise from the overlapping of some lines. Each of ths four
theoretical lines has been split twice: once, 2.7 eps, by the 8 -viryl
proton, and once, 1.3 cps, by the « -vinyl proton. |J,y + Jpx | 1s calcu-

lated to be 8.2 ops and 2/D, - D_| to be 3.0 cps.

Figure 6. X pattern of the ABX grouping of
bobremo-cyclopentenone

Parther upfield is a cluster of eight lines, the imner four of
which are more intense than the outer 1lines., This octet is assigned to
the methylene or AB protons. This pattern is typical of the AB portion
of an ABX grouping and 1s in reality two overlapping quartets. The AB
spectrum of UY-bromo-cyclopentenone with theoretical J distances and

various parameters indicated is shown schematically in Figure 7.
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Figure 7. Ths AB pattern of the ABX grouping of
4-bromo-cyclopentenone

The two overlapping quartets are lines 1, 3, 5, 7 and 2, 4, 6, 8.
The interval |J,p| occurs four times. The difference betwsen quartet
centers is %|J,y + Jgy|. A oross check is possible between the AB and
X patterns with regards to the values obtained for |dax + 9Bx|» D4y and
D_. From the AB pattern |Jap| is found to be 19.3 cps and | Jpy + Jpx|
to be 8.2 cps. D, is 14.4 cps and D_ is 12.8 ops. Comparing these
values with those obtained from the X multiplet one finds good agreement
for the values of |Jyy + Jpx| and 2|D4 - D_|.
The quantities ( v, - vg) and (Jyy - Jgx) may be obtained by use
of the following definitions:Z®
Dycos 24 4 = 3( vy - vB) + ¥Jyx - Ipx)
Dysin 2g+ = $,p
Dooos 2g_ = #( vy - Vp) - sy - JBx)

D.sin 2 _ = %JAB

26-1 o A, Pople, W. G, Schneider and H. J. Bernstein, High~-Resolution
Nuclear Magnetic Resonance, New York, N.Y., McGraw-Hi11l Book Co., Inc.,

1959, p. 133.



By substituting values obtained for D;, D_, and #J,5 into the above
squations one obtains (v, - Yp) = 19.1 cps and J,y - Jgx = 4.6 cps.
Since it previously had been calculated that Jay + Jpxy = 8.2 ops, one
Eay now solve and obtain Jyy to be .4 cps and Jpy to be 1.8 cps. The
signs of JAI and Jgy are taken to be positive although it is not possible
to detsrmine them absolutely.

The band center is considered to be midway between the two quartet
centers and is 167.4 eps. If it is assumed that trans protons are more
strongly coupled than cis protons.z? the T -value of the methylene
proton that 1= cis to the bromine atom is 7.05 and the proton trans to
the bromine is 7,37,

The AB octet cculd have been interpreted by selecting a different
set of quartets, i.e. 1, 3, 6, 8 and 2, 4, 5, 7 as numbered in Figure 7.
This possibility was considered and new parameters calculated on this
basis. Relative intensities were then calculated for each of the two
possible interpretations. The intensities calculated on the basis of
quartet 1, 3, 5, 7, etc. were found to more nearly fit the actual
spectrum. The intensities predicted on this basis were .25, .33, 1.74,
1.67, 1.74, 1.67, .25 and .33 for transitions 1 through 8, Although the
predicted intensities are greater than the actual values for the four
inner peaks, the relative intensity for the four weaker outer peaks is
accurately predicted. The set 1, 3, 6, 8, etc. 1lad to generally similar

valnes for the inner four peaks but did not reflsct so accurately the

27n4d., p. 192.
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four outer peaks especially in the case of lines 7 and 8,

The coupling constants for the quartets 1, 3, 6, 8, etc. were calecu-
loted to be Jyy = 7.6 cps and Jpy = -4.4 cps. It is difficult to
ascertain with certainty the signs of the coupling constants in a
spectrum. The magnitude of this negative coupling constant, however,
appears to be high in comparison with other negative coupling constants.

On the basis of present svidence the original selection of the

quartets seems to best fit the actval spectrum.

4-Acetoxy-cyclopentenone

The spectrum of this campound would be expscted to be quite similar
to that of the bromo analog except for the addition of an intense
absorption line for the methyl group. This is indeed what the actual
spectrum shows.

The first cluster of the spectrum is a gquartet centered at T = 2.49
and is assigned to the 8 -~vinyl proton. J32 is caleculated to be 5.5 cps
and J34 is 2.4 cps.

The o¢ -vinyl absorption cluster is centered at 7 = 3.75 and is also
a quartet. J23 is 5.7 cps and Jyy is 1.3 cps.

The methinyl or X wmultiplet is centered at = 4,22 and consists of
eleven lines. These are schematically shown in Figure 8. The four main
lines of the X spectrum have each been split twice and some overlapping
occurs, J43 is calculated to be 2.5 cps and Jy, to be 1.3 cps. Fram

the X spectrum one also obtains Jyy + Jpy = 8.6 cps and 2|D; - D_| = 3.7

Cp8e.



Figure 8, The X pattern of the ABX grouping of
-z cetoxycyclopentenons

The methylene or AB pattern of the ABX grouping appears as the
expected octet with the exception that the two low intensity upfield
peaks are obscured by the intense methyl absorption peak. From the AB
spectrum one obtains the following values: J,p = 18.6 c¢ps, D, = 18.6
cps, D_ = 16.9 ops, ( V4 - V) = 30.4 cps, Jyx = 6.4 cps and Jgy = 2.4
eps.

As in the case of the bromo analog, one again notes good agreement
among those values that permit cross-checking of the AB pattern with the
I pattern.

The midpoint of the two AR quartet centers is 147.9 cps. Thus the
two methylene protons are centered at 132.7 and 163.1 cps. Assuming
trans protons to be more strongly coupled than cis protons, the T -value
of the proton cis to the acetoxy group is 7.28 and the proton trans 1is

7.79.

5-Cxalyl-cyclopentencne
The RMR spectrum of this ccmpound is of special interest because it
contains several different types of protons including a very acidic one.

The oxalyl keto group involving the carbon adjacent to the ring
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would be expacted to be enolic and thus give rise to a proton hydrogen
bonded with the keto group of the cyclopentsnone ring. The NMR spectrum
confirms this. The sinzlat at the far left of ths spectrum (760.3 eps)
may be assigned to this acidic protons The Y -valus is -2.7.

The next upfield cluster is assigned to the @ -vinyl proton. The
cluster consists of two itriplets and is centered at v = 2,44, The
triplets arise from coupling with the methylene groupr and with the
« =vinyl proton. The coupling constants zrs J3p = 5.6 cps and J% = 2.3
cps.

Farther upfield is the cluster assigned to the = -vinyl proton.
Expansion shows it to also consist of two triplets. The cluster is
centered at Y = 3,64 and the coupling constants are J23 = 6.0 and
Jou = 2.0 cps.

The next upfield cluster is a quartet centered at v = 5.68. This
quartet and the triplet centered at ™ = 8.62 are easily recognizable as
belonging to the oxalyl ethyl grouping.

Between the above mentioned quartet and triplet is a triplet at
Y = 6,50, This is assigned tc the ring methylene group. The splitting

is caused by coupling with the vinyl protons. J% = Jyp = 2,1 cps.

5-Ethoxy-cyclopentenone
The NMR spectrum of S5-ethoxy-cyclopentenone in CCl, shows the
absorption peaks of the methinyl hydrogen and the side chain methylsne
group to intermingle in a complex pattern. When the spectrum is run

using D0 as a solvent the two groups produce clearly separated and more
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characteristic pattearns, The spectrum will therefore be discussad as it
appears when run in D0, Tau values are solvent dependent and tims
values obtained in D0 may be expected to differ, in varying degrees,
from values that would have bean obtained using a less polar solvent.
The spectrum peaks were originally calibrated against the HOD peak
present in the D0, and the HOD peak, in turn, calibrated against a
capillary of benzene ( Y = 2,74) placed inside the sample tube.

The @ -vinyl proton appears as two triplets centered at Y = 1l.27.
J32 is 6.4 cps and lel» is 2.9 eps.

The o« -vinyl proton is centsred at T = 2,95 and also appears as two
triplets. The coupling constants are Jp3 = 6.3 cps and Jpy = 2.1 cps.

The recidual HOD in the DO canses the sharp peak at T = 4.50,

The four sharp peaks centered at ™ = 4,98 are due to the methinyl
proton. This proton is, of course, the I proton of an ABX system.

The quartet centered at T = 5,47 and the triplet at ™ = 7.38 are
recognized as belsnging to the side-chain ethoxy grouping.

The ring methylene group would be expected to be the AB part of an
ABX grouping, further split by coupling with the vinmyl protons. Instead
of the expected octet pattern, however, four equally spaced and highly
split multiplets centered at T = 6,33 are obtained. These appear to be
best lnterpreted as a conventional AB system, in which case J,p is found
to be 19.5 cps.

The values obtained in D20 are shifted considarably downfield from
the values obtained using CCly as solvent. In CCly the 3 -vinyl proton

absorbs at v = 2.49 and the x ~vinyl proton at 3.95.
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Cyclopentane-l,2-dione

This compound exists predominantly in the snolic form, i.e. as
2-hydroxy-qyclenent-2-anonse .28 Examination of the NMR spectrum shows a
broad, low peak at the downfield end. This peak, centered at ¥ = 3.19,
is assigned to the hydroxyl proton.

The cluster immediately upfield is a triplet centered at T = 3.54
and is assigned to the vinyl proton. The splitting, J34 = 2.5 cps, is
caused by coupling with the 3 -methylene group.

The intense upfield peak centersd at T = 7.56 is dus to absorption
by the methylene protons. BEven upon expansion the sxpacted 438, pattern
cannot be separatsd enough to permit interpretation., It is apparent that
the chemical shift between the two methylene groups is very small thus

permitting the two mirror image clusters to coalesce.

3,4-Diethoxy-cyclopent-2-eanone

This compound contains an « -vinyl proton, an ABX grouping and two
ethoXy groups.

The clsfinic proton appears as a singlet with a T -value of 4.81.
The peak is unsplit since there ars no protons on adjaecent carbons for
the proton to ocoupls with.

The next absorption is a c¢luster of four sharp psaks centered at
T = 5.63., This is assigned to the meihinyl or X proton of the ABX

patto!'n.

283, Hesse and E. Bucking, Amp., 563, 31 (1949).



30

The next upfisld peaks may be assigned to the two methylene groups
o the two ethoxy groupings. The downfield quartet is centsred at 5.%%
and is the expected quartet pattern of intensity 1331. The other
mathylene pattern is immediately upfield and oentered at Y = 6.39., This
is seen to be a conventional 1331 pattern in wilch sach peak of the
quartet has been split 3.1 cps. This methylene group is assigned to the
athoxy grouping on carbon 4.

The next upfield cluster is the octst pattern of the two ring
mothylene protons. Thess protons constitute the AB portion of the ABX
grouping. Froa calculations similar to those outlined for 4-bromo-
cyclopentenone the following values are obtained: J,z = 17.6 cps,

Jux = 6.5 cps and Jpx = 23 cps. The chemical shifts of the two protons
are at T = 7.45 and 7.79.

Farther upfield are the two triplet groupings of the two methyl
groups. The triplet centered at T = 8.55 is assigned to the ethoxy
group on carbon 3 and that contered at v = 8.81 is assigned to the

similar group on sarbon 4.

Cyclic ethylene ketal of ayclopentenone
The effect of replacing cyclopentenone's carbonyl group with a
cyclic ketal would be expected to lead to more shielding of the protons
of the ring and, consequently, to highsr T -values. The spectrum con-
firms this expectation.
The first downfield cluster appears as a pair of triplets centered

at ™ = 4,04, This absorption is assigned to the o« -vinyl proton on the
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grounds that the inductive effect of the ketal grouping should make the
« -7inyl proton ths most deshialdsd one of the molecule. J23 is calcu-
lated to be 5.4 cps and Jyy is 2,0 cps.

The next upfield cluster is also a pair of triplets and is assigned
to the @-vinyl proton. This cluster is ocentered at T = 4.42 and the
coupling constants are J32 = 5,6 cps and J34 = 2.0 cps.

The intense singlet at T = 6.17 is caused by the methylene groups
of the kestal ring.

The two methylene groups form an AyB, pattern whose band center 1s
128.8 cps. To interpret this AxB, pattern one proceeds in much the same
manner as in the case of cyclopentenone. Sincs the downfield balf of
the cluster is split by the vinyl protons one must restrict interpreta-
tion to only tie upfield half of the patterm. This half consists of ten
ma jor peaks: 123.6, 122.2, 121.4, 118.4, 117.0, 116.1, 114.9, 113.3,
111.%4 and 109.8 cps.

These peaks are schematically sbown in Fignre 9.

band
center
o

R

Figure 9. Schematic representation of the upfield
half of the A2B2 pattern of the cyclic
ethylene ketal of cyclopentenons
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Fronm observation of the spectrum and experisnce gained from inter-
preting cyclopentenone one tentatively assigns the second peak (122,2
eps) to transition 3 and the last peak (109.8 cps) to transition 1.
BEquating these with the transition energies of Table 1 one obtains N
(which 4s J + J') = 12.5 ops and VoS = 22,4 ops. As in the case of
cyclopentencne K is assumed to be relatively large and thus one is able
to calculate trensitions %, 3, 6, 7, 2 and 1 to have the values thsy would
have 1f J = J'. The ratio J / Y5 = 6.2 / 22.4 = 0.28. If one con-
siders this ratio to be 0.3 one may readily refer to previocusly calculated
data®? to obtain values for the transitions listed above. The calculated
transitions and the actual spectrum lines are listed in Table 3.

Transitions 9, 10, 11 and 12 are obtained by examination of Table 1
and by deduction. If one assumes M to be negligible then lines 9 and 10
and ths pair 11 and 12 will be equally split. BExamination of the four
remaining unassigned lines of the actual spectrum shows that there is
3.0 cps difference bstwesn lines 121.4 and 118.4 and a difference of 2.8
eps between lines 113.3 and 116.1. One thus assigns the four remaining
lines of the spectrum as follows: transition 12, 121.4 cps; transition
11, 118.4 cps; transition 10, 116.1 cps and transition 9, 113.3 cps.

The two methylene protons are centsred at 117.6 cps and 140.0 cps,

or at T ~values of 8.04 and 7.57.

293, A. Popls, W. G. Schneider and H. J. Bernstein, High-Resolution
Kuclear Magnetic Resonance, New York, N.Y., McGrew-Hill Book Co,., Inc.,
1959, p. li4,
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Tadle 3. Caleulated and actual transitions of the upfield cluster of the
A,B, spectrum of the cyclic ethylene ketal of cyclopentenons

Calculated Actual spectrms
Transition energy lines
(cps) (cps)

. 123.5 123.5
3 122.5 122.2
121.54

m.".‘

6 116.8 117.0
116.1

7 114.7 11%.9
113.3

2 111.2 1M1.5
1 109.90 109.8

Cyclopentene-3,5-dione

This ocompound contains two equivalent vinyl protons and two
equivalent methylene protons. Since the two types of protons are
separated from each other Ly carbonyl groups no splitting due to spin
coupling would be expected. It would also be anticipated that the
absorption lines would be shifted downfield dus to the deshielding effect
of the two carbonyl groups.

Indeed, such is the case. The NMR spectrum consists of two sharp
singlets. The absorption at Y = 2,69 is assigned to the vinyl protons
and the peak at v = 7.10 to the methylene protons.

Gutowsky ot a .30 bave recorded the spectrum of this eompound

3%4, 3. Gutowsky, M. Karplus and D. M. Grant, J. Chem. Phys., 3l.
1282 (1959).
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monodsuterated on the methylsne carbon. The presence of desuterium caused
a slight upfield shift (0.8 cps) for ths proton on the methylsne carbon.

Jgp vas found to be 3.3 cps.

4, 4. Dibromo-qyclopentens-3, 5-dione
The two vinyl protons of this compound are equivalsnt and appear as

a singlet, T = 2,77,

1,8-Diketo-%,7-methano-3a,4,7,7a-tetrahydroindens

The NMR absorption of this compound, which is the Diels-Alder adduct
of cyclopentadienons, occurs in three main groupings, Farthest downfield
is the absorption grouping caused by the @ -vinyl proton of the cyclo-
pentenone ring. The next upfield grouping is more complex and contains
the patterns arising from the « -vinyl proton of the ayslopentenone ring
and the two olefimic protons of the six-carbon ring. The large grouping
farthest upfield is a very oomplex pattern and is produced by the inter-
mingling of the patterns of the four tertiary protons.

Simplest of all the groupings is that due to the (3 -vinyl proton of
the oyclopentenone ring and centered at ™ = 2,58. It is, as expected,
& quartet. The coupling constants are Jy; = 5.6 cps and Jay = 2.5 cps.
Expansion of the cluster further reveals that each peak of the gquartet
is split by approximately 0.6 cps. This additional fine splitting would
seem t0 be due to coupling either with the proton on carbon 5 of the
cyclopentenons ring or with the proton on ths nearest bridgehsad in the
six-carbon ring. As we shall observe later it appears more likely that

this coupling 4s with the bridgehead proton.
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The « -vinyl proton of ths cyclopentanons ring would be expectad to
produce a quartet with Jpq = 5.6 ocps. Examination of the four major down-
field peaks of the second absorption grouping show them to fit this
specification well. Assigmuent of these four peaks to the o« -vinyl
proton gives a j"-valno of 3.63 and coupling constants of J23 = 5,7 cps
and Jyy = 1.4 cps.

There remain in this grouping two intense lines plus several others
of varying and lesser intensity on either side of them. These lines must
be assigned to the six~carbon ring olefinic protons. If some of the
weakest of the lines are neglected there remain a total of six lines, the
middle two being more intense than the outer ones. Construction of a
molecular modsl shows that one of the olsfinmic protons is s0 orisnted as
to be in a position to experience some diamagnetic shielding from the
cyclopentenons carbonyl group. If the two olefinmlic protons are assumed
to be non-equivalsnt it would be expected that they would each be split
by each other and by the two bridgehead protons. From the spacing and
intensity of the lines, the possibility arises that this absorption is
two overlapping quartets of splittings 3.3, 3.4, and 1.7 cps. Although
the exact derivation of the patternm is not known with certainty it seems
gquite certain that the lines under consideration may be assizned to the
olsfinic protons mentionsd. The olefinic protones of the analogous

system, 7-uopropylidano—bicvclobcpt-2-one31 show a quite similar but

3, =, DePuy, Ames, Iowm, NMR spectrum of 7-isopropylidene-
bioyclohept-2-ene, Private communication, 1961.
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more split patternm.,

The complex upfield absorption grouping contains the absorption
lines of the four tertiary protons of the moleculs. Although tbere is
much splitting and some intermingling of lines, some assigmments and
generalizations may be made. Expansion shows four clsarly separated and
intense peaks on the upfield sids of the grouping. These are centered
at " = 7,04, The splitting is calculated to be 5.6 and 4.8 ops. Of the
four tertiary protons in the molecule there is only one that should be
coupled with only two otber pro’ons and produce a quartet patterm, and
that is the proton on carbon 5 of the cyclopenternone ring. One therefore
assigns this quartet to that proton. If this assigmment is correct then
it would seem apparent that this proton is not weakly coupled with the
8 -vinyl proton of the cyclopentenone ring since one observes no evidence
of fine splitting in this quartet.

The remairdng absorption peaks of this grouping are considerably
split and are intermingled to some extent. Although there are no clear
separations it seems possible to pick out at least the cutlines of the
three remaining tertiary protons. To facilitate discussion one first
divides thess remaining lines into thirds.

In the upfield one-third we observe several relatively intense peaks
which appear to belong to the same pattern. These peaks are assigned to
the proton on carbon 4 of the cyclopentenone ring. One is led to this
assigmment because these peaks can be made to fit the estimated splitting
pattern for this proton. From splitting patterns of protons ocoupled with

it we estimate that the proton of carbon 4 snould have splitting
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constants of about 3.6, 4.8, 2.5 and 1.4 cps. Indeed, it is possible to
plek out such a pattern from the lines in the upfield one-third of the
portion of the spectrum under considsration.

The remaining peaks of the grouping must be assigned tc the two
bridgehead protons. A clear interpretation does not seem to present
itself, however, it is possible to distinguish the gensral areas of
absorption of each proton. If ons examines the middle one-third of the
lines under consideration it i: seen that they all contain fine splitting
of the order 0.2-0.6 eps. The lines of the downfield one-third are of
similar intensity and spacing but do not contain fine splitting. It is
therefore postulated that the fine splitting occurs in the case of the
bridgehead proton that is weakly coupled with the @-vinyl proton of the
cyclopentenone ring., Hence the series of lines containing such splitting
is assigned to the bridgehead proton on the opposite sids of the molecule
from the cyclopentenone carbonyl group. The remaining downfield lines

of this grouping are then assigned to ths other bridgehead proton.

2-Yethyl-cyclopent-2-enone
One should expect this spectrum to be quite similar to that of
cyclopentenone, excapt for the addition of a methyl absorption cluster
and the absence of the o -vinyl cluster. Such, indeed, is the case.
Mors intsresting, however, is the fact that long-range coupling occurs
between the protons of the methyl and methylene groups.
The downfield cluster of the spectrum is assigned to the vinyl

proton and 4s a highly split multiplet centered at T = 2,79. This
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multiplet is split by coupling with the protons of both the methyl and
8 -methylene groups.

The two methylspne groups coamprise an AZBZ grouping. Of ths two
mirror image clusters the downfield one is split by the vinyl and methyl
protons. Interpretation must be based upon consideration only of the
upfield or B cluster. The band center of the ApB, system is 143.7 cps.

The upfield cluster is schematically shown in Figure 1C. The cluster

band

|

%
center — |
|
i
!
|
|

Figure 10, Schematic representation of the upfield half of
the AB» pattern of 2-methyl-cyclopent-2-enone

consists of six lines: 140.5, 138.€, 136.2, 133.5, 131.7 and 130.0 cps.
There 1s obviously more overlapping of lines than in the case of cyclo-
pentenone. As a start, the assumption is made that the first peak
(140.5 ops) corresponds to transitions 4 and 3 and that the last peak
(130.0 eps) corresponds to transition 1. One then proceeds in much the
same manner as in the case of oyclopentenone and related AyE, sysiems.
One assumes K to be relatively large and hence lines 1, 2, 2, 4, 6 and 7
are the same as taey would be in the case where J = J'. The ratio

J / VoS is calculated to be 5.3 / 13.3 = 0.4, Raferring to a table of
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transition energies one obtains calezlated valuves for the transitions as

shown in Table 4,

Table 4. Caleculated and actval transitions of the upfield cluster of
the AxB» spectrum of 2-methyl-cyclopent-2-enone

Calculated Actual spectrmm

Transition energy lines
(¢ps) (ops)

3 llw .5 lﬁ . 6

6 136.6 136.2

7 133.8 133.5

2 132.1 131.7

1 129.9 130.0

Iines 9, 10, 11 and 12 are calculated on the basis that M is
negligible and that (J - J') is 4.7 cps, the same value as in cyclo-
pentenone. Proceeding on this basis one obtains a value of 134.2 cps
for transitions 9 and 10 and 139.0 cps for 11 and 12. The 139.0 is in
reasonably good agresment with the actual peak at 138.6 eps. The 134.2
peak would be expected to reinforce the peak at 133.5 and indeed this
peak is about twice the intensity of its neighbors., The o« -methylene
group is centered at T = 7.72 and the @ -methylene grouwp at 7.490,

The methyl absorption cluster appears outwardly to be a quartet
centered at T = 8.29. However this pattern i3 unreasomable to account

for coupling with the methylene group and with the vinyl proton. It
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would seem that there are in actuality two triplets parilally super-
imposed as shown in Figure 11, J)‘.e,h is 1.9 cps and Jyy 3 is also 1.9

cps.

Figure 11. Schemitic representation of the methyl absorption
cluster of 2-methyl-cyclopent-2-encne

2-Mothyl-i-diazo-cyclopent-2-enone
The first cluster encountered in the spectrum of this ccmpound is a
highly split mmltiplet centered at T = 3.29. This is assigned to the
vinyl proton.
The methylene group appears as a quintet centered at ™ = 6.43.
The quintet arises from the overlapping of two quartets as shown

schematically in Figure 12. The quartet originally arises from

i
¢

Figure 12. Schematic representation of the methylens absorption
cluster of 2-methyl-lU-diazo-cyclopent-2-encne

b — -
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long-range splitting of the methylene protons by the protons of the
methyl group. This quartet is, in turm, split by coupling with the vinyl
proton., Jb3 is calculated to be 2.2 cps and JL&,Ma to be 2.2 cps.

The methyl group appears as a quartet centered at . = 8.20. The
quartet is actually two partially overlapping triplets. Coupling of the
mothyl group with the methylene protons gives rise to a triplet pattemn
for the methyl protons. This triplet is, in turn, split by coupling

with the vinyl proton. JHe,b = JHe,3 = 1.9 eops.

l-Methyl-cyclopentsne-4,5-dione

In the spectrum of this campound one again observes long-range
coupling between the methyl and methylene groups.

The vinyl proton gives rise to a highly split multiplet centered at
T = 2,28,

The methylene protons appear as a quintet centered at v~ = 6.97. As
in the 4-diazo analog, it is a case of two overlapping quartets. Jy3 and
Jy Me are 2.6 cps.

The methyl group appears as a sextet centered at v = 8.03. This
pattern arises from the splitting of a triplet. Jl‘b,u is 2.5 cps and

J)‘b,} is 1.3 cps.

Generalizations Concerning Chemrical Shifts and Coupling
Constants of Protons on the Cyclopentenone Ring
The chemical shifts and coupling constants of the ring protons of
cyclopentencnes are, of oourse, dependent upon the position or positions

substituted and the nature of the substituent. Although the number of
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compounds axamined wa3s not large enough to constitute a definitive stwdy
it is, none the less, possible to note general trends and to make

reasonable correlations of the data obtained.

X = ns

The protons on the o« -vinyl carbon of the cyclopentenones studied,
arranged in order of increasing tau-value, are summarized in Table 5.

The tau-values fall within the range 3.63-3.95 for cyclopentenone
and its derivatives monosubstituted on carbon & or carbon 5, or on both
as in dicyclopentadienone., In the case of the 3,4~diethoxy derivative
the resonance effect of the B ~ethoxy group is electron donating, thereby

shielding the « -vinyl proton and shd?ting its absorption to ldgher field.

Table 5. Chemical shifts and coupling constants of the « -vinyl proton
of some cyclopentenones in CCly

Tau 323 ok
Compound value
(cps) (¢ps)
Dicyclopentadienone 3.65* 5.7 1.3
5-Cxalyl-cyclopentencne 3.64 6.0 2.0
4_Acetoxy-cyclopentenons 3.75 5.7 1.3
L4_Bromo-cyclopentenone 3.79 5.7 1.2
Cyclopentenone 3.89 5.8 2.2
5-Ethoxy~-cyclopentenone 3.95 5.9 2,1
3, 4=-Diethoxy~cyclopentenone .81 - -

AIn CDC13.
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It is of interest to note the shift in value of Jpy from 2.0-2.2 cops
when carbon 4 is unsubstituted to 1,2-1,3 cps when carbon 4 is monosub-
stituded. J34, however, retains ths same value of approximstely 2.5 cps.
Preliminary calculations of the NMR spectrum of ths recently px-epared32
compound, 4-dimethylamino-cyclopentenone, indicate that this compound
also shows diminished coupling betwsen the 2 and 4 positions. When the
carbonyl group is replaced by an ethylene ketal ring Jo4 apparently does
not undergo an analogous shift in value. The cyclic ethylene ketal of
cyclopentenone has a Jpy of 2.0 eps and the 4-dimethylamino derivative
has a value of 2.1 ops.

No coupling was found between the protons of carbon 2 and carbon 5

of the ayclopentenonos examined.

2 -vinyl protops

The chemical shifts and coupling constants of the 8 -vinyl protons
of the cyclopentencnes examined are summarized in Table 6.

Cyclopentenone and its derivatives monosubstituted in the 4 or 5
position have tau-values in the range 2.37-2.49. Substitution of a
methyl or hydroxyl group for the « -vinyl proton shifts the absorption
to higher field except in the case of l-methyl-cyclopentene-4,5-dione
where the additional carbonyl group, as expected, deshields the 3 -vinyl
proton.

The ococupling constant JB‘-& is in the range 2.2-2.8 cps regardless of

325, F. Fitzpatrick, Ames, Iowa, FMR spectrum of 4edimethylamino-
cyclopentenons, Private commnication, 1961.
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Table 6. Chemical shifts and coupling constants of the 3-viryl proton

of some cyclopentsnones in

Tau I3y
Compound value
(cps)
l-Mathyl-cyclopentene-4,5-dione 2.28% 2.6
Cyslopentenone 2.37 2.6
4-3Bromo-cyslopentenone 2.39 2.6
5-0xalyl-cyclopentenone 2.44 2.3
4 Acetoxy-cyclopentenone 2.49 2.4
5-Ethoxy-cyclopentanone 2.9 2.8
Dicyclopentadienone 2.58% 2.5
2-Methyl-cyoclopent-2-enone 2,79
2-Methyl-i-diazo-cyclopent-2-enone 3.29 2.2
2~-Bydroxy-cyclopsnt-2-ancne 3.54 2.5
In CDC13.

substi tution,

No coupling was observed between the protons on carbon 3 and carbon

5 of the cyclopentenones examined.

Protons on carbon 4

The chemical shifts of protons on carbon 4 are listed in Table 7.

The chemical shift of protons on carbon 4 varies considerably with the

nature of the substitution. The lowest tau-values are obtained when the
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Table 7. Chemical shifts of protons on carbon 4 of some cyclopentenonss

in CCly
Compound Tau value

4 Acetoxy-cyclopsntenons §.22
4-Bromo-cyclopentenone 4.87
3,4Diethoxy-cyclopentenons 5.63
5-Ethoxy-oyclopentenone 6.332
2-Mathyl-4-diazo-cyclopentencne 6.43
5-Oxalyl-cyclopentsnone 6.50
Dicyclopentadienone 6. ?Ob
l-Methyl-cyclopentene-4,5~dione 6. 97b
Cyclopentenone 7.36
2-Methyl-cyclopentsnone 7.89
2-Hydroxy-cyclopent-2-anone 7.56

*1n D0,

b1p CD013 .

leposition is monosubstituted as in the case of 4-bromo or U-acetoxy-
cyclopentenone. Substitution in the 5-position shifts absorption of
protons on carbon 4 to higher field,

When the protons on carbon 4 are part of an A2B, system the absorp-
tion varies within the renge Y = 7.36-7.56. The substitution of a

methyl group for the o -vinyl proton scmewhat compresses the ABo



spectrum of c¢yclopeantenons and “hus the absorption of ths protons on
carbon 4 i3 shiftad upfield fraa 7.3% to 7.49. The case of cyclopentans-
1,2-dione is unusual in that the A2B2 pattern virtually coalssces at

T o= 70560

Protons on carbon 5
The protons on carbon 5 of ths compounds examined are, with one

exception, part of either an ABX or AzBp system. The chemical shifts and

coupling constants for these protons are listed in Table 8.

Table 8, Chemical shifts and coupling oconstants of the protons on
carton 5 of some cyclopentenones in ccy,

Tan J 5 5 J AX J BX
Compound value
(epe) (eps) (eps)
4-Bromo-cyclopentenonse 7.05 19.3 6.4 1.8
7437
L .Acetoxy-cyclopentencne 7.28 18.5 6.4 2.4
779
3,4Diethoxy-cyclopentenone 745 19.5 6.5 2.3
779
5-Ethoxy-cyclopentenone 4,982
Dicyclopentadienone 7.04°
2-Hydroxy-cyclopent-2-anone 756
2-Mothyl-cyclopent-2-enone 7.72 7.7 3.0
Cyclopentenone 7.76 7.2 2.5
8In D,

In cDCl5.
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In genaral, the protons on carbon 5 absorb at lower f£isld whan they
are part of an ABX system. The coupling constants between the protons
of the three AEX systems examined show quite similar values regardless of
the nature of the substituent.

When the protons on carbon 5 are part of an AzB, grouping the
absorption falls in the rangs ™ = 7.56-7.76. It can be seen that in
this type of A2B, grouping the protons alpha to the carbonyl group absorb
at somewhat higher field than do the protons besta to the carbonyl. Sub-
stitution of a methyl group for ths o -¥vinyl proton has only a small
effect on the A2B2 spectrum of cyclopentenone.

Correlation of Coupling Constants with
Structure of Cyclopentsnones

Karplus and oo-workers>>’ * have published calculations, using a
valence bond treatment, which show the coupling constant betwsen geminal
protons and also betwsen protons on adjacent carbons to be a sensitive
function of the bond angles involved.

These ealculations indicate that as J varies from 25 to 0, the
geminal B-C-H angle variss from about 102° to 0°. The geminal carbons
of cyclopentenones containing an ABX system thus afford an opportunity to
obtain valuass for H-C-H angles in these systems., Table 9 tabulates data
for three such cyclopentenones in which the methylene group under ocon-

sideration 4s alpha to the carbomyl group.

338, S. Gutowsky, M. Karplus and D. M, Grant, J. Chem. Phys., 31,
1278 (1959).

3%%, Karplus, J. Chem. Bhws., 30, 11 (1959).
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Tadle 9, Predicted geminal angles E-C-H in thres cyclopentencnes

Compound JiB B-C-H
(eps)
4.Bromo-cyclopentenons 19.3 106°
4-Acetoxy-cyclopentenone 18.5 106°
3,4-Diathoxy-cyclopentenone 17.6 107°

The spin coupling constant between adjacent protons of a saturated
system is predicted to vary from about 8 at 0° to O or less at 90° and 9
at 180°. Comroy>” has published a graph based on a molscular orbital
treatasnt and supported by some experimental data, that shows a somewhat
modified correlation. BHe differs from Karplus' valuses in the region
90-180°, the J's being scmewhat greater for a given angle in this region.
The J at 180° is shown as approximately 11. Shown in Table 10 are Jy,
Jgx and prod:i.cf.od36 dihedral angles for three cyoclopentenones.

It ocan be seen that if the geminal angle of 106° is correct, and
models indicate that this is approximately the case, then the predicted
dihedral angles do not agree with the actual angles. For example, in
the czse of 4-bromo-cyclopentenone 145° - 59° is 86° instead of 106°,

Karplus has also calculated that the theoretical spin coupling

Bconroy, op. k., pp. 308-311.
36Karp1na, obe cite, pe 11,
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Tabls 10, Predicted dihedral angle H-C-C.H in three cyclopentenonss

Jox  Dihedral Jgy  Dihedral
Compound angle angle
(aors (cps)
=Bromo-gsyclopsntenone Sl 145° 1.8 59°
4-Acetoxy-cyclopsntenons 6.4 1459 2.4 56°
3, 4%=Diethoxy-qyslopentenons 6.5 148° 2.3 56°

constant for protons of ethylene is 6.1 ¢ps when the dihedral angle is
0° and 11.9 when it is 180°. Most of the cyclopentenones examined have

coupling betwsen the ring vinyl protons in ths range 5.6-6.,0 cps.

Trends among the Cyclopentendiones
The chemical shifts of the vinyl protons of the two cyclopentendiones
examined are listed in Table 11. These tau-values fall between the
average values for the vinyl protons of ths cyclopentenones. They are,

however, closer to the @ -vinyl valuss,

Table 11. Chemical shifts of the vinyl protons of two cyclopentsndiones

Compound Tau value

Cyclopenten-3,5-dione 2.69
4, 4-Dibromo-ayclopenten-~3, 5-dione 2.77
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Trends within the 2-Methyl-cyclopent-2-enone Seriss
An interesting feature of the three methylcyclopentenones examined
is that all of them show long-range coupling between the protons of the
mothyl group and the protons of the carbon 4 methylsne group. The
chemical shifts and coupling constants of these coapounds are summarized

in Table 12.

Table 12, Chamical shifts and coupling constants for some
methylcyclopentenones in CCly

Tau-values JHO 4 J}b , J“
Compound -033 33—8 Cy-8 3 3
(cps) (eps) (eps)

2-Methyl-cyclopent-

2-snons 8,29 2.79 7.49 1.9 1.9

2-Methyl-4-diazo-

cyclopent-2-enons 8.20 3.29 6.43 1.9 1.9 2.2

l-Methyl-cyclopentene-

B,5.dicne® 8.03 2.28 6.97 2.5 1.3 2.6
2In CDC15.

The tau~values of the methyl and P -vinyl protons show the expected
trends. The absorption of the endicne is shifted downfield by the
deshielding effect of the extra carbonyl group.

The protons on carbon 4 do not show such a clear trend. The absorp-
tion at 7.49 in the case of methyl cyclopentencne is in the region where

other cyclopentenone ApBp systems absorb. The tau-value of £.97 for the
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endione is farther upfield than might be expected and perhaps reflscts
shielding due to elsctrons drawn toward carbon 4 from the double bond.

The long-range coupling between the methyl group protons and the
methylene group is 1.9 cps for the enone and diazoenone, but is 2.5 cps
in the case of the endione. In the case of the endione, Jna,3 has 3
lovwer value than in the other two compounds. This lowering of Jlie,B may
reflsct the withdrawal of electrons from the double bond by the extra
carbonyl group.

Jl&3 is approxixately the same value as in other cyclopentenones.

The long-renge coupling between the methyl protons and the methylene
protons occurs over four single bonds and one double bond. The magnitude
of the coupling constants obtained agree substantially with the calcula-
tions of Karplus.37 He points out that in unsaturated systems the
T -electron contritwiion to the long-range coupling constants is much
larger than the contribution of the sigma bonds. Jgy () of the protons
in the system H-C-C=C-C-E 18 calculated to be 2,0 cps.

To clarify the methyl-methylene splitting an attempt was made to
exchange the methylene protons in Dy0. The diazo-enone immediately de-
composed in basic D20. Treatment of the endione in DO led to what
appears to be addition of D0 to the molecule and subsequent rearrenge-
ment as shown in Figure 13. When this reaction was followed by NMR the
vinyl absorption virtually disappeared and new absorption, very similar

to an ABX pattern, arose upfield. When the reaction was followed by W

374, Karplus, J. Am. Chem. Sog., 82, 4432 (1960).,
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Figure 13. Postulated reaction of l-methyl-cyclopentene-4,5-dione in Dx0

spectroscopy the absorption peak shifted from 245 mu to 265 mu .

Equilibration of Cyclopentenones in DZO
Several equilibration experiments involving cyclopentenonss were run
in D;0 and the progress of the equilibration followed by NMR. The re-
placement of a proton by deuterium is evidenced by the disappearance of
the original proton absorption and by diminished splitting in the

absorption lines of protons that were coupled with it.

Equijjbration of cyclopentenone
Equilibration of cyclopentenone was followed in D0 made 0.25 K.

basic with NazCO4 and also in D0 made 0.9 N. acidic with HCl. In each
case the upfield cluster of the A3Bs pattern steadily diminished in
intensity until it had virtually disappeared. In the basic medium this
took about 15 hours and in the acidic mediwm about 24 hours. In each
caze the downfield half of the A3B, pattern retained approximately its

original intensity but exhibited less splitting. The vinyl protons



retained their original intensity and splitting.

The disappearance of the vpfield half of the A>B, pattern coincident
with no change in the vinyl peaks would indicate that deuterium is ex-
changing directly with the protons of the « -methylene group. It would
aprear to rule out exchenge with another proton of the molecule and sub-

sequent tautomerization of the double bord.

Equilitration of S-ethoxy-cyclopentenone
Equilibration of this compound in 0.05 N. basic D50 was inconclusive

due to polymerization. After two hours there was no evidence of exchange
taking place, but polymerization had proceeded to such an extent that
later spectra were not well resolved. The solution became yellow and a
white precipitate formed.

The spectrum of S5-ethoxy-cyclopentencne in 0.9 N. acidic D0
remained unchanged during 60 hours. The solution remained c¢lear and

colorless,

bration of ethoxy-gyclopentenone

The equilibration of this compound was carried out in D0 made basic
to 0.25 N. by the addition of Ka2003. NMR spectra were taken at inter-
vals. A study of the spectra, however, does not lead to a clear con-
clusion as to whether exchange is taking place in prefervnce to
elimination of ethanocl from the molecule.

Spectra taken during the first several hours showed little change
except for a slight lessening of intersity of the AB octet. The BHOD peak

maintained its original intensity. Direct observation of the methinyl
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proton of ths ARX system was not pogsible since its absorption was
largely obscured by the HOD peak.

After nine hours a weak nsw quartet could be observed intermingled
with, and slightly upfield of, the corresponding peaks of the methylene
quartet of the ethoxy group on carbon 4. The newly emerging quartet
continued to slowly increase in intensity. The HCD peak also became
more intsnse and the AB octet continued to slowly diminish.

After 45 hours the AB octet was still clearly discernable but‘it
had diminished to about one-half its original intensity. The HOD peak
had continued to increase in intensity as had the emerging methylene
quartet which had by now attained about &+ the intensity of the original
upfield methylene quartet. There were also indications of a new triplet
intermingled with, and slightly upfield of, the original upfield methyl
group triplet. All the other peaks had retained approximately their
original intensity and splitting. The solntion became yellow, but no
precipitation occurred.

It would appear that both exchange and elimination are taking place
at relatively slow rates. In any event, the sxchange of the proton on
the carbon alpha to the carbonyl group is taking place at a much slower
rate than in the case of cyclopentencne.

To test the conclusion that ethanol is slowly being eliminated from
the molecule, a solution of 3,l~diethoxy-cyclopentenona in basic DO was
prepared as above sxcept that 10/4L of ethanol were added. The NMR
spectrum of this prepared solution was similar with respect to line

positions to that obtained above after 45 hours of equilibration. The
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added ethanol had produced & new gquartet in the sams position, amd of
similar intensity, as that of the newly formed gquartet mentioned above.
A new methyl triplet was produced slightly upfield from the original

upfield metlyl quartst.

Equilibration of 4-gcetoxy-cyclopentenone in basic D0

The equilibration of this compound was followed in D0 made basic
to 0.75 N. by the addition of NazC0s.

An NMR spectrum taken in the interval #-minute to 2 minutes aftear
base addition showsed the appearance of a new strong singlet about 15 cps
upfield from the acetoxy methyl peak. This new peak was approximately
one-half the intensity of the original methyl peak. The new peak rapidly
increased in intensity and becams equal to the original methyl peak after
twelve minutes. By this time the solution had become bright yellow and
cloudy.

After twenty-four hours the new methyl peak was more intense than
the 01d methyl peak by a factor of about three to one. The rate of
growth of the peak had slowed considerably in the past twelve hours,

The @ -vinyl and methinyl clusters had remained much the same or slightly
diminished in intensity. The HOD peak had increased only slightly. The
o -vinyl cluster showed the presence of some new peaks on the upfield
side. The AB octet had diminished somewhat in intenzity and some new
peaks and broad low intensity absorption had arisen in this region.

To ascertain if the new peak was due to the formation of acetic

acid a blank run of 8 /4L of acetic acid in 400 /uL of the base solution
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used in the equilibration was prepared. The NMR spectrum of this pre-
rared solution showed a methyl group singlst that coincided exactly with
that of the new peak described above.

The immediate appearance of the acetic acid peak in the spectrumn
indicates that elimination occurs very rapidly in the case of 4eacetoxy-
cyclopentenone. That elimination takes place is supported by the fact
that when a sodium carbomate solution is slowly added to an aqueous solu-
tion of the acetoxy-enone a bridged carbonyl peak appears at 5.63 microns
in the IR spectrum. This indicates elimination and Diels-Alder dimeriza-

tion is probably taking place.

Cyclopentenone Photodimer
The photodimerisation of cyclopentenone is outlined in Figure 14,
The product of the irradiation should be one or more of four possible
isomers: head-to-hesad cis or trans; and head-to-tail eis or trans.
The NMR spectrum of the photodimer shows all the absorption lines
of the twelve protons to be grouped in the approximate range v = 7.0-8.0.
The complexity of so many intermingled absorption patterns prevents a

comprehensive interpretation of this spectrum.

9 9 0 9
2 e or /\
GE Sunlamp \
cis or trans 5

cis or trans

Pigure 14. Photodimerization of cyclopentenone
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In an attempt to clarify the structure of the photodimer, it was
treated with trifluoroperacetic acid and the dilactone dsrivative
obtained. The expected structure of the dilactons is the one in which
the oxygens are inserted into the cyclopentane rings in a positdon

adjacent to the syclobutane ring as shown in Figure 15.

¢is or trans cis or trans

Figure 15. Dilactone derivative of the photodimer
of cyclopentenone

The NMR spectrum of the dilactone is more informative. The absorp-
tion lines are spread over a longer rangs of the spectrum and thus it is
possible to surmise the protons responsible for the various absorption
clusters.

In examining the spectrum of the dilactone the first group en-
countered is a sharp quartet centered at ™ = 5.,23. The fact that only
four lines are present and also that the cluster is shifted noticeably
downfield from the other absorption leads one to assign this quartet to

the two tertiary protons adjacent to the ester groupings. The splittings
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of the quartet are 4.1 and 8.3 cps.

The next cluster upfield is an octet, the four inner lines of which
are more intense than the outer lines, Most of the splittings of the
octet match well with the splittings of the downfield quartet. This, as
well as the fact that the intensities are similar, leads one to assign
this octet to the two tertiary protons of the cyclobutane ring that are
not adjacent to the aster oxygens.

Immediately upfield from the octet is a series of lines which are
presumed to arise from the methylene protons. The series of lines is
seen to divide itself into halves, the upfield half consisting of more
bighly split and less intense peaks. Some of the fine structure of these
peaks matches with the fine structure of the cctet which had been
assigned to the tertiary protons adjacent to the g -methylene protons.
These lsess intense peaks are therefore assigned to the (2 -methylene
protons and the downfield half, containing the more intense peaks are
assigned to the methylsne group adjacent to the carbonmyl grouping.

The protorns of the cyclobutane ring of the dilactone derivative
would be expected to constitute an AjX, grouping. The protons adjacent
to the ester group oxygens should Zive rise to the less split downfield
portion of the absorption pattern, while the protons adjacent to the
g -methylene group would be expected to show absorption at higher field
and also to exhibit more splitting.

Examination of the dilactone spectrum is thus undsertaken on the
assumption that the four sharp downfield peaks arise from the A protons

of an AyXy system. If this be the case then one should be able to
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match this A pattern against the predicted A patterns of the four rossibie
isomers and trus obtain a tentative identdification of the correct isormer.

The energies and intensities for the A transitions of the AxX,
patterns of the four possible isomers were calculated38 and the conclu-
sions are sumnarized below.

In tbe case of the hsad-tc-tail cis isomer one would have identicsl
protons opposite one another in the cyclobutane ring. Assuming no
coupling occurs across the ring, each A proton would be split only by
two identical protons and thus a triplet pattern would be expected.

In the case of the head-to-head cis and head-to-hsad trans isomers
Jup EJgg > O, Jpp = O and Jpg > O, Caleulations made on this basis
indicate that six A transitions should arise, two of which are approxi-
mately twice as intense as the other four.

In the head-to-tsil trans isomer, Jy = Jpg = O, JzB = Jpp and both
are greater than zero. Calculations made on this basis indicate that
four A lines of equal intensity should be present.

From this interpretation of the NMR spectrum of the dilactone
derivative it would appear that the solid cyclopentenorne photodimer may
tentatively be assigned as the head-to-tail trans isomer.

There is a very recent report of the irradation of cyclopentenone

38, « A. Pople, W, G. Schmeider and H. J. Rernstein, High-Resolution
Fuclear Magnetic Resonance, New York, N.Y., McGraw-Eill Book Co., Ine.,
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with 1ight above 300 74 to obtain a photodimsr.o’ The abstract of the

paper, however, does not mantion the stereochemistry o2 the dimer.

391-". E. Eaton, The Photodimer of Cyclopentenons, 140th National
Meoting of the American Chemical Society, Chicago, 1961. Abstract of
Papers Presentead to the Division of Organic Chemistry, p. 57.
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SPECTRA

The NMR specira were taksen with a Varian Model HR-50 high-resolution
n.m.r. spectrometsr,

Chemical shifts were measured with respect to tetramethylsilane as
an internal reference using side-bands applied by a calibrated audio
oscillator. The spectra were reocorded on a Mosely Recordar, Model 2S,

In most instances the tube containing the sample solution was
avacuated and sealed 30 as to minimize line broadening due to O; present.

The accuracy of a given absorption line is estimated to be ro.4 cps.



HMR spectrum of cyclopentenone
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Expansion of U4-bromo-cyclopentenone spectrum

Figure 19.
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Figure 21.
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Figare 25. Expansion of 5-sthoxy-cyclopentsnons spectrwm
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Figure 26.
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NMR spectrum of cyclopentene-2,5-dione

Figure 32.
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NMR spectrum of dicyclopﬁntadiomm

Figure 33.
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