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Conformational equilibrium isotope effects (CEIEs) are found in selectively deuterated cyclooctanone isoto-
pomers (cyclooctanone-2-D, cyclooctanone-2;2dyclooctanone-2,8-D) cyclooctanone-2,2,7,7-Dand cy-
clooctanone-2,2,8-f) by observing equilibrium NMR isotope shifts'#€ spectra. The temperature dependence

of the isotope shifts are included for the complete analysis of cyclooctanone conformation. Equilibrium constants
and the changes in the free energies, enthalpies, and entropies are also reported for these cyclooctanone isoto-
pomers. Molecular mechanics (MM2) calculations of steric interactions and molecular geometry strongly sup-
port the steric and hyperconjugative origin of the observed isotope shift results.

Introduction of the boat-chair conformation of cyclooctanone do change
environments in degenerate conformational equilibria, and
A systematic investigation of deuterated cycloalkanone isinequal weighting of conformers due to isotopic labeling
needed to understand the origin of CEIEs of conformationwill cause separation of the signals for these two carbons:
ally mobile ketones: There are few reports on CEIEs of(similar splitting is feasible for the C-2 and C-8 and also the
unsymmetrically labeled cyclic ketones using isotopic split-C-4 and C-6 carbondr) additon, the cyclooctanone model
ting of 13C signals, and the origin of these effects has nosystem enables the examination of various types of isotope
been clearly establishédThe equilibrium NMR isotope effects systematically by comparing the effects originating
shift in 13C NMR spectroscopy is a very sensitive tool to from labeling at different positions: 1) Different steric iso-
study isotope effects, becadS€ NMR spectroscopy has a tope effects can be observed for the exchanging pair of C-3
large spectral width and because the sharpness of the peaksd C-7 versus the pair of C-4 and C-6 since these carbons
in a 'H-decoupled spectrum permits even a small isotopi@re located in positions which differ in extent of steric
splitting to be accurately observed when high fleRINMR crowding; and 2) the hyperconjugative contribution can be
is exploited. When there aKC signals which represent two evaluated by comparing isotope effects associated with C-2
or more carbons time-averaged to equivalence by a rapidnd C-8 versus C-4 and C-6 because these carbons are situ-
degenerate equilibrium in an unlabeled compound, labelingted at similar positions in the boat-chair cyclooctanone con-
can lead to splitting of the averaged resonances by removirfgrmation although in different situations in regard to
the degeneracy. The signal splitting provides an accurateossible hyperconjugation with the carboflybond.
method for determining small CEIEs. In this study, selectively deuterated cyclooctanone-2-D,
Conformational equilibrium isotope effects arising from cyclooctanone-2,2-p cyclooctanone-2,2,7,74D cyclooc-
the perturbation of hyperconjugation on 1,3-dioxane and Ntanone-2,8-B cyclooctanone-2,2,8-Dare investigated for
methyl piperidine were reportédn 5,5-dimethyl-1,3-diox-  their intrinsic and equilibrium NMR isotope shifts. These
ane-2-0, deuterium preferred the equatorial position by 49intrinsic and equilibrium isotope effects are discussed in
3 cal/mol. Forsyth and Henley reported on N-methyl piperi-relation to the preferred boat-chair conformation of cyclooc-
dine, and the distribution of deuterium between equatoriatanone. The temperature dependence of the isotope shifts is
and axial C-2 positions was found to be a 61 cal/mol preferalso studied in order to better understand the origin of the
ence for the equatorial positionCEIEs were detected in isotope effects in cyclooctanone. Equilibrium constants for
several deuterated cyclopentanones and cyclohexanones the perturbed equilibria between boat-chair conformers are
use of the temperature dependence of the circular dichroisealculated. The changes in the free energies, enthalpies, and
spectré. The preference of deuterium to be in the equatoriakbntropies are also derived from the temperature dependence
position in cyclopentanone-2-D was observed at room temef the equilibrium isotope effects.
perature and was understood within the concept of a "small

size" for the heavier isotope. Although several CEIEs in con- Experimental
formationally mobile ketones have been observed, the origin
of these effects was not clearly explained. 13C NMR spectra were recorded on Varian XL-300 NMR

Selectively deuterated cyclooctanones provide goodpectrometer equipped with a broad band probe at 75.4 MHz
model systems to study CEIEs because rapid exchandéMR spectra measured with narrow spectral width to afford
between nonidentical environments in boat-chair conformagood digital resolutioncg 0.001 ppm/point). Temperature
tions can cause isotopic splitting?8€ signals. C-3 and C-7 was controlled during acquisition of spectra for the purpose
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of determining isotope shifts : spectra recorded while temN,. This solution of lithium diisopropyl amine was added to
perature varied by more tharl °C were discarded. All cycloheptanone-2,2,7,71[(2.34 g, 0.0208 mol) and dibro-
chemical shifts reported were referenced to,31€0.00 momethane (3 mL, 0.0416 mol) in tetrahydrofuran. The
ppm) either directly fotH NMR spectra or indirectly fdfC solution was stirred while monitoring the reaction progress
NMR spectra by using solvent signals for reference: @DClby TLC, diluted with ice water, neutralized with 10% HCI
(77.00 ppm) as a triplet, GEl, (126.30 ppm) as a triplet, (ph 7), and extracted with ether. After dry colum flash chro-
CFCk (115.67 ppm) as a doubl&iC NMR spectra of unla- matography, 3.1 g of 1-(dibromomethyl)cyclooctanol-
beled and labeled cyclooctanone samples were recordety2,7,7-D (77%) were obtained.
from 20°C to -150°C at every 2(°C interval and entire 13C NMR (CDCE) : 77.31 (s, &, 60.51 (s, -CHB), 36.12
spectra were measured with a width of 20000 Hz and 6500, Jcp=20 Hz, G or G), 28.71, 22.36 ppm:H NMR
data points!3C NMR spectra of the deuterated and the mix-(CDCl): 5.68 (s, 1H), 2.51 (br s, 1H), 1.80-1.40 ppm (m,
ture of deuterated and undeuterated cyclooctanones (2 :8H)
ratio) were compared for signal assignments. The assign- Cyclooctanone-2,2,7,7-R To the solution of dibromide
ments of chemical shifts for methylene carbons aboveG90 (2.3 g, 0.007 mol) in THF, n-BuLi (4.1 mL, 2.6 M in hexane,
is determined by replacing various protons with deuteriun.0105 mol) was added dropwise at 9C8under N. This
and observing the effect on th& spectrum of cyclooc- mixture was stirred with monitoring on TLC. After dry col-
tanone. Thé&C signals of the low temperature can be readilyumn flash chromatography 1.0 g of the desired product was
assigned by application of tlyegauche and deuterium effect collected (97%).
on chemical shifts. 13C NMR (CDCE) : 217.45 (s, @, 41.60 (s, €, 41.19 (p,
MM2 calculations were carried out for quantitative con-Jcp=19.39 Hz, @), 26.78 (s, @or G), 25.40 (s, €), 24.35
formational analysis of cyclooctanone, by use of theppm (s, G). *H NMR (CDCk) : 2.42 (br s, 2H), 1.21-1.83
Allinger's MM2 force field method All geometrical optimi-  ppm (m, 8H).
zations are treated by minimizing the potential energy with
respect to all geometrical variables. If a global minimum is Synthesis of Cycloctanone-2,8-B and Cycloctanone-
desired to be found, it is necessary to repeated the calculd;2,8-D;
tion with different starting geometries, since the MM2 37 mg DTN dihydrochloride, 15 mg anhydrousQQs,
method will find local minima on the energy surface corre-and 23 mL DO were added to cyclooctanone (4.2 g, 0.033
sponding to different conformers separated by energy barrimol) in p-dioxane. The pD was adjusted to 8.65 using 20%
ers. DCI. The resulting solution was heated to°&5for 45 h,
Derivation of Saunder's equatiofi. The equilibrium con-  during which time the exchange was monitoredHbNMR
stant is derived fromdq by comparison with the maximum spectroscopy. The reaction solution was allowed to cool and
possible peak separatiah, which is the chemical shift dif- quenched by adding 5 drops of 20% DCI igOD then
ference between exchanging nuclei in the absence a#xtracted with pentane. The combined pentane extracts were
exchange. For cyclooctanone, thevalue for each pair of evaporated to give 2.4 g (56%) of the 3: 10 : 10 mixture of
exchanging carbons was determined by the peak separatiogiclooctanone-2-D, tri-labeled cyclooctanone-2,2;8a0d
at -148°C, where exchange is slow on the NMR time scale. di-labeled cyclooctanone-2,8;fter distillation (bp 138-
_ _ 145°C, at 50 mm). The product ratio was identified by mass
K= [BYIA] = (A+0cq)/(A-Oeq) spectroscopy:3C NMR (CDCh): 218.07 (s, @, 41.35 (t,
where A and B are concentrations of the two equilibratingC;, Jcp=19.5 Hz), 26.89 (s, £or G), 25.32 (s, gor C),
species (here two boat-chair conformers of cyclooctanoneR4.28 ppm (s, §. *H NMR (CDCk): 2.38 (m, 2H), 1.88 (m,
OeqiS the peak separation due to the perturbed equilibrium 4H), 1.56 (m, 4H), 1.39 ppm (m, 2H). Mass Spectral Data
under conditions of rapid exchange, ani the maxi- (Electron Impact Nuclide 12-9DG 70 eV single focusing

mum possible peak separation. magnetic sector): 128.678 (M+3, 9.61), 127.781 (M+2,
10.06), 126.664 (M+1, 3.45), 99.735 (52.78), 84.810
Synthesis of cyclooctanone-2,2,7,7:D (72.33), 57.006 (72.94), 55.964 (87.95), 54.932 (53.93),

Cycloheptanone-2,2,7,7-R A solution of cyclohep- 43.031 (100.00), 41.998 (95.93), 41.231 (77.30), 28.216
tanone (11.2 g, 0.100 mol), potassium carbonate (0.4 g), ar(82.18), 27.174 (34.72).
D20 (9.3 g, 0.46 mol) was stirred at ¥ for 2 days. The
mixture was worked up and deuterium exchange was Results and Discussion
repeated. Distillation (bp 74-7&, at 10 mm) gave 9.24 g
(83%) cycloheptanone-2,2,7,7:D Trans-Cyclooctanone-2,8-B and Cyclooctanone-2,2,8-
13C NMR (CDCE): 214.2 (s), 42.5 (Qlcp=20 Hz, G, G)), Ds. Specific deuteration aimed at preparation of the trans-
29.8 (s), 23.6 ppm (S). 2,8-D, isotopomer of cyclooctanone afforded the mixture of
1-(Dibromomethyl)-1-Cycloheptanol-2,2,7,7-  Lith- mono-deuterated (2-D), di-deuterated (28&Ddd 2,2-D),
ium diisopropylamine was made by addition of n-butyl lith- and tri-deuterated (2,2,8spisotopomers in the ratio of
ium (16 mL, 2.6 M in hexane, 0.0416 mol) to dry isopropyl 3 : 10 : 10 by analysis of electron impact mass spectroscopy.
amine (6 mL, 0.0416 mol) in tetrahydrofuran at®Z8inder  From analysis of3C NMR spectroscopy, there were three
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(a) “\ aB Table 1 Observed Equilibrium and Intrinsic Isotope Shifts at
1‘ (7 l Various Temperatures for Cyclooctanone-2-D
& o 3”7 Temp. Equilibrium Isotope Shifts
m I8 LWMJ\ ) c28 c37 C46
‘“‘V{V‘“{“‘ ‘Wwwvvww | 22.0 0.118 0.194 0.084
®) “ 205 0.130 0.278 0.096
1, - -58.0 0.194 0.356 0.130
. }/" -92.0 0.357 0.145 0.064
B\JJZ(/° rJ L ’ Temp. Intrinsic Isotope Shifts
l[f”}‘} (°C) C-2 C-3 C-4
42 40
Figure 1. (a) 13C NMR Spectrum of Cyclooctanone-Z&(B), 220 0.356 0.081 0.038
2,2,8-y(B) and 2-D (C) Isotopomers at 18@. (b) 3C NMR 205 0.356 0.108 0.049
Spectrum of Mixture of Cyclooctanone-2,8-@), 2,2,8-D; (B)
and 2-D (C) Isotopomers and Cyclooctanone (Asterisks indicate -58.0 0.356 0.129 0.049
peaks of unlabeled cyclooctanone). -92.0 0.357 0.145 0.064

sets of triplet peaks of C-2 and C-8 carbons, confirming the

mass spectral data. These peaks appeared as having differbatause the 2,8-0sotopomer is affected only by the intrin-
chemical shifts and intensities, around 42 ppm, as shown isic isotope shift.

Figure 1. Thé<C spectra of labeled and mixture of labeled For the C-3 and C-7 methlyene carbon region in'¥6e

and unlabeled cyclooctanone were compared and signaBMR spectrum, there are two major peaks with different
were assigned on the basis of chemical shift and signal inteimtensities as shown in Figure 1(a). When unlabeled
sity. The triplet peak at 41.61 ppnic§=19.5 Hz) was cyclooctanone was added, a new peak around 26 ppm
assigned to C-2 and C-8 carbon peaks in trans-2,&f2l  appeared in the most downfield position and was assigned to
the triplet at 41.69 ppmJ§p=19.5 Hz) was assigned to the C-3 and C-7 methylene carbons of unlabeled cyclooctanone
C-8 peak in the 2,2,8-{Isotopomer. (Figure 1(b)). The middle peak belongs to C-3 and C-7 car-

The 13C signal assignments of cyclooctanone by deutebons of 2,8-B, and also the C-3 carbon of the 2,2 8idb-
rium substitution have been reported and agreed with thogepomers. The upfield peak was assigned to the C-7 carbon
of Silverstein? The chemical shifts of the four groups in the of the tri-deuterated isotopomer. The equilibrium isotope
methylene region in Figure 1 correspond to the chemicashift was calculated from difference between the C-3 and C-
shifts of C-5 and the averaged resonances for C-2 and C-8,carbon peak of 2,84and the C-7 carbon peak of the tri-
C-3 and C-7, and C-4 and C-6. The structure of cycloocdeuterated isotopomer.
tanone on the NMR time scale at room temperature was In the case of C-4 and C-6 carbons, the unlabeled methyl-
known as a conformational average having nets@mme-  ene carbon peak was found in the most downfield position
try which has two planes and an axis of symmetry as in thaith strong intensity in Figure 1(b). The next most down-
plannar representation of cyclooctanéh&he G, symme- field peak beside the reference peak was assigned to the C-4
try can be explained by any combination of rapidly intercon-and C-6 of 2,8-Risotopomer, and the most upfield peak to
verted conformers. the C-4 carbon of 2,2,84sotopomer. The observed chemi-

In the 2,8-di-deuterated isotopomer, there would becal shift was the sum of one-half of the equilibrium isotope
no equilibrium effects expected, because the equilibriurreffect, plus the intrinsic isotope effect coming from di-deu-
will remain degeneracy. The observed intrinsic isotopeteration at C-2 carbon. The intrinsic isotope shift for C-4 car-
shift for C-2 of this isotopomer is 0.339 ppm, which is
very similar to the derived intrinsic isotope shift for C-2 of
cyclooctanone-2-D (0.356 ppm in Table'1Yhis observed Table 2 The Intrinsic Isotope shifts for Cyclooctanone-2,2,8,8-D
shift is also not temperature dependent, thus indicating

- R " Temp. Intrinsic Isotope Shifts
that there is no equilibrium isotope effect observed for the
2,8-D, isotopomer. The unsymmetrically labeled 2,28-D °C) (ppm)
isotopomer affords a conformational equlibrium isotope Cc-2 Cc-3 C-4 C=0
effect since the degeneracy _of equmbrlum was removed 185 0.512 0.194 0.094 0226
by the unsymmetrical labeling, leading to a shift of
equilibrium. Since the di-deuterated C-2 carbon peak was -20.0 0.518 0.194 0.097 -0.223
not visible in the spectrum, the equilibrium isotope shift was  .584 0.519 0.190 0.090 -0.222
obtained from the difference between triplets of the 2,8-D 902 0.501 0.194 0.093 0923

isotopomer and the 2,2,8ssotopomer. This can be done
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Table 3. The Equilibrium Constants and Free Energy Differences intable 4 The Chemical Shifts of 2 : 1 Mixture of Cyclooctanone-

Cyclooctanone-2,2,8-D 2,2,7,7-D and Cyclooctanone
Temp  Equilibrium Constants  Free Energy Enthalggtropy Temp. Chemical Shifts (ppm)
0 (K) Differences AH° AS (°C) c-2,8 C-37 C-4,6 C-5 C=0
(cal/mol) (cal/mol) (cal/T) 26.07 *27.82 *25.18  *214.19
C-28 C-3,7 C-4,6 Ave. AG° -43+4 -0.06t.00 18.5 *42.04 *26.01 27.71 25.14 214.16
18.4 1.049 1.044 1.049 1.047 -27 27.66
-20.5 1.056 1.053 1.058 1.056 -27 42.19 26.26 *27.89 *25.11 *215.18
-58.7 1.064 1.069 1.067 1.067 -28 -18.2 *42.14 *26.15 27.83 25.05 215.05
-90.3 1.097 1.091 1.100 1.096 -33 Corr. Co€£.963 27.72
“From Van't Hoff plots 42.13 26.18 *27.67 *24.85  *215.92
-58.3 *42.06 *25.99 27.65 24.79 215.80

bon in 2,2,8-[3 isotopomer was obtained from

cyclooctanone-2,2,8,840model compound (0.094 ppm in 21.45
Table 2). Only intrinsic isotope shifts were observed for 42.26 26.29 *27.59  *24.76 *216.80
symmetrically deuterated cyclooctanone-2,2,8,8ifbto- -90.3 *4213  *25.98 2733 2470  216.66

pomer. The calculated equilibrium constants and the free
energy differences are listed in Table 3. The relationship of 41.38
equilibrium constants and inverse temperatures could prgAveraged methylene peaks for unlabeled cyclooctand@aemical
vide the enthalpy and entropy differences. These difference‘:é“ﬁs of completly deuterated C-2 and C-7 carbon were not obtained.
were -43 cal/mol and -0.063 cal/K, respectively.

Cyclooctanone-2,2,7,7- The chemical shifts of mix- perature spectrum of cyclooctanone-2,2,8,8-(Jable 2)
ture of unlabeled cyclooctanone and labeled cyclooctanonéFhe intrinsic isotope effect on the C-4 carbon in this isoto-
2,2,7,7-D are listed in Table 4 at various temperatures. Fopomer is influenced by two deuterium atoms at the C-2 posi-
the comparison of spectra of 2,2,7,7edd a 2 : 1 mixture tion, but not by di-deuteration of C-7 due to greater bond
2,2,7,7-D and unlabeled cyclooctanone, Figure 2(a) and (byeparation. The intrinsic isotope shift of C-4 was obtained as
include the methylene carbon region at 15 The peaks 0.094 ppm from the room temperature spectrum of cyclooc-
corresponding to peaks of unlabeled cyclooctanone artanone-2,2,8,8-b
marked in Figure 2. Signals for C-2 and C-8 methylene car- For the C-8 and C-6 carbons of cyclooctanone-2,2,7,7-D
bons of unlabeled cyclooctanone overlapped with the signalyclooctanone-3,3-Dis chosen as a model compound,
for the C-8 methylene carbon of 2,2,7,7ddroom tempera- because the C-8 and C-6 carbons of this isotopomer are sim-
ture, but the peaks were separated at -90.3see Figure ilarly located next to deuterium. The intrinsic isotope shift of
2(c) C-2 and C-7 carbons of 2,2,7,7dd not show up in the C-8 carbon is estimated as 0.130 ppm, from the C-2 posi-
Figure 2 owing to complete deuteration on C-2 and C-7 cartion of cyclooctanone-3,3-32 For the isotope shift of C-6,

bons. an estimate is obtained as 0.188 ppm from the cyclooc-
Intrinsic isotope shifts of the peaks for 2,2,7 #6@an not
be directly obtained from thBC NMR spectrum: (1) The (a) \ 5¢ 3 ’

directly deuterated C-2 and C-7 carbon peaks are not visibl

I 1:

p

and only peaks for unlabeled cyclooctanone, and the corre AAJI J [i H
sponding C-3 and C-8 carbon peaks of 2,2,7,4dbto- ... R i

pomer are observable in the Figure 2(b). (2) BothC-4andC "' IV S S

6 carbon peaks are shifted by intrinsic and equilibrium iso{b) ‘ ’ l )
tope shifts. Intrinsic isotope shifts were therefore obtainec JLWJ} 3“ N

pounds in rapid exchange condition. © 42 40 28 o 26 22
Model compounds were chosen which are only affectec ) ‘% =

by intrinsic isotope shifts. Cyclooctanone-2,2,8,81as ! J i |

chosen to obtain intrinsic isotope shifts of C-3 and C-4 car J Lw U\ o ]1 B

bons, because this isotopomer has a degenerate equilibriu ™ T T T
thus no equilibrium isotope shift occurs. Also, the C-3 car-_ ' ) )

. . . Figure 2. (a) 13C NMR Spectrum of Cyclooctanone-2,2,7,7-&
bon is two-bonds away from deuterium at th.e C_Z. Car_bon Irl1:89.50(3. (b()1)3C NMR Spepctrum of 2:1 ?\//Iixture of Cyclooctanone-
the tetra-deuterated cyclooctanone-2,2,8,8{Dst like in 2,2,7,7-Dand Cyclooctanone at 18%6. (c) 1%C NMR Spectrum

cyclooctanone-2,2,7,7-DThe intrinsic isotope shift of the of 2 : 1 Mixture of Cyclooctanone-2,2,7,7-Bnd Cyclooctanone at
C-3 carbon was obtained as 0.194 ppm from the room tem90.3°C (Asterisks indicates peaks of unlabeled cyclooctanone).
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tanone-3,3-Risotopomer. Since the intrinsic isotope shift
should remain approximately constant with changing tem
perature, the same values for the intrinsic isotope shifts wel
used for all the calculations of equilibrium isotope shifts to
obtain equilibrium constants at various temperatures fo
2,2,7,7-Disotopomer.

The equilibrium isotope effects were observed i@
NMR data at several temperatures. The tendency of equilik
rium isotope effects is to increase as temperature gets lowe
This tendency is evident in Table 5 and Figure 2: In the cas——=>*
of C-8 and the reference methylene carbons, these two pea
overlap at room temperature, but the peaks were resolved
-90.3°C in Figure 2(c). Similar increases in peak separation:
are seen for the other carbons also. From the observed che
ical and intrinsic isotope shifts, equilibrium isotope shifts
were calculated. The equilibrium constants and corresponc
ing free energy differences are listed in Table 5, and thi
obtained enthalpy and entropy differences are -93 cal/mc¢
and -0.122 cal/K, respectively, from the results of regressiol
analysis of equlibrium constants versus inverse tempere
tures. . . TR

Isotope Effects Related to Cyclooctanone Conforma- Eggﬁo,ﬁ'eg_he Shifts of Equlibrium in 2-D and 2.2.7.7,-D
tion. The conformational equilibria that are being perturbed
by isotopic substitution are the equilibria among the boat-
chair conformers of cyclooctanone. The four conformers aramount to the equilibrium. However, since only two carbon
shown in Figure 3 with all of the hydrogen positions indi- environments can be distinguished, the apparent equilibrium
cated. Any particular hydrogen at C-2, C-3, or C-4will be between two pairs of conformer®,., [1B + 1C]=
exchanges among four possible environmemtsr@', or 3, [LA+1D]. Each particular carbon has the same chemical
or ', yory and axial or equatorial). If a single deuterium is shift in both 1A and 1De.g, C-3 is in the environment in
substituted for a hydrogen at C-2, C-3, or C-4, the four conboth 1A and 1D. Similarly, each carbon has the same chemi-
formers are diastereomeric and equilibrium isotope effectgal shift in the 1B and 1@.g, C-3 is in thef3' environment
may occur in which each conformer contributes a differenin both. The equilibrium isotope shifts #C spectra can be

used to detect the proportion of time C-3 is in each environ-
Table 5. Equilibrium Isotope Shifts on Cyclooctanone- 2,2,7,7,-D ment,3 andf', but cannot reveal the position of £81C or
with Various Temperatures 1A= 1D equilibria. The situation is simpler if both hydro-
Temp. Equilibrium Isotope Shifts gens at a carbon are substituted by deuterium, as in the
2,2,7,7-D isotopomer, because then the 4B1C equilib-
(*C) C-28 C37 C-A6 rium is degenerate, the & 1D equilibrium is degenerate,
185 0.336 0.474 0.177 and the observed equilibrium is between only two different
-18.2 0.384 0.608 0.226 conformers. _ .
When equilibrium constants were derived from equilib-
-58.3 0436 0.782 0313 rium isotope shifts using Saunders' equation, direction of the
-90.3 0.534 1.004 0.380 isotope effects were not indicated. The equilibrium constants
The Equilibrium Constants and Free Energy Differences were f’;llwa_ys expres_sed as values greater than _unity, K>1
in Cyclooctanone-2,2,7,7,:D The direction of the isotope effect can be determined by not-
ing whether individual carbons are moved upfield or down-
field by the equilibrium isotope shift. It was known thaf
(°C) (K) Differences AH°  AS , and y carbons appear upfield of the corresponding',
(cal/mol) (calimol) (calT) ~ andy carbons due to thegauche effect. Thus, for example,
C28 C37 C46 Ae AG  -93t6 01%03 if C_—3 is movgd_ downfield and Q—? upfield by the_lsotqpe
’ ’ ’ : S environment, it is clear that Cs8sides more of the time in
185 1.120 1100 1.095 1.105  -58 the B environment, C-7 is correspondingly more in flie
2182 1.123 1130 1.123 1.126  -58 environment, and the [1B+1GP [1A+1D] equilibriium
583 1171 1471 1174 1172  -66 favors [1A+1_IZ_)]. _If the isotope effect is in the opposite_direc—
- ’ ' ' tion, the equilibrium constant for [LB+1&} [1A+1D] will
-90.3 1.200 1.224 1215 1213 -70 Cor.CeBf980  Dbe inverse, K<1. The results of the equilibrium isotope effect
“From Van't Hoff plots determinations are summarized in Table 6. This table gives

Temp. Equilibrium Constants Free Energy Enthdimjropy
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Table 6. Equilibrium Constants and Free Energy Differences ofTable 7. Key Features of MM2 Geometry for Boat-chair
Cyclooctanone Isotopomers Conformation of Cyclooctanone

Isotopomers Temp. Keq AGe Interatomic Van der Waals Total
Carbon Atom Pa#r Distance Interaction  Van der Waals
(°C) [1B+1C]==[1A+1D] (cal/mol) (A9  Energy (kcal/mol)  Energy
>D 220 1.042 o 0 H(10), H(12) 2.4237 0.1803
22770 185 1105 - H(10), H(20) 2.3151 0.3808
el H(10), C-8 2.6480 0.2458 0.8069
3,3-D» 20.2 0.988 7 a H(11), H(12) 2.3647 0.2760
2280 18.4 1.047 27 H(11), H(13) 2.4140 0.1942
H(11), 0 2.5732 0.2515 0.7217
22D, (-51) b H(@2),H(l) 2.3647 0.2760
2,8-D2 22.0,18.4 1.000 0 H(12), H(11) 2.4237 0.1803
22880 185 1.000 0 H(12), H(14) 2.4211 0.1840
‘Estimated value from other results, based on additivity of isotope :8:23)) :gg 2?32331, (()):;?3:;?1 0.9839
effects. See text for explanaticiThe obtained data from reference 11. ’
bThe obtained data from reference 12. H(13), C-1 2.7422 0.2217 0.4531
g H(14),H@12) 24211 0.1840
the equilibrium constants and derived free energy difference H(14), H(20) ~ 2.3949 0.2235
for the conformational equlibrium near room temperature. H(14), 2.6317 0.2717 0.9106
The magnitude of the conformational free energy difference H(15), H(12) ~ 2.3313 0.3436
in the 3,3-Disotopomel? was smallest (7 cal/mol) and that H(15), H(13)  2.3901 0.2314
of the 2,2,7,7-Risotopomer was largest (-58 cal/mol). The H(15), H(16)  2.2031 0.7315 1.3065
isotope effect for the 2,2dsotopomer, which was not mea- H(18), H(20)  2.3739 0.2501
sured directly, can be estimated to be about -51 cal/mol by H(18), H(16)  2.2986 0.4216
assuming additivity of isotope effects. Assuming additivity, H(18), H(21)  2.3626 0.2799 0.9606
the -58 cal/mol for the 2,2,7,7,30topomer can be consid- H(19), H(16) ~ 2.4064 0.2055
ered as the sum of -7 cal/mol from the 7 dbel (analo- H(19), H(17) ~ 2.3541 0.2964
gous to 3,3-D and -51 cal/mol from the 2,2;Dabel. . H(19), H(21) ~ 2.3667 0.2722 0.7741
Alternatively, the -24 and -27 cal/mol for the 2-D and 2,2,8- B H(20),H(10) 23151 0.3808
Ds isotopomers can be used also to obtained an estimate of - H(20), H(14)  2.3949 0.2235
51 cal/mol for the 2,2-pcompound. H(20), H(18) ~ 2.3739 02591
An MM2 calculation was carried out on the boat-chair H(20), H(22)  2.4171 0.1896
conformation of cyclooctanone to assist in the interpretation P HEO). c1 2.8326 0.1185 1.1715
of the NMR isotope shift results. This method enables one to H(21), H(18)  2.3626 0.2799
find steric energy distributions and molecular geomety, H(21), H(19)  2.3667 0.2722
strain and energy of van der Waals interactions associated H(21), H(22) ~ 2.3815 0.2458
with calculated bond angles and distances. Geometrical opti- o' H(21), H(@23) 23872 0.2362 1.0341
mization starting with a boat-chair conformation (BC-1) of H(22), H(20) ~ 2.4171 0.1896
cyclooctanone resulted in a BC-1 boat-chair conformation as o' H(22), H(21)  2.3815 0.2458 0.4354
the optimized structure. This conformation should be the H(23), H(21)  2.3872 0.2362
lowest energy structure, as described in a previous Study.— H(23), 0 2'4853 04278 0.6640
The results of the MM2 calculation are summarized in TabI'=D'heol|Ira| Atom Dihedral Anglet) Cos6
7. Axial hydrogens at tha, B' andy carbons have strong HZTG,'Cl'P°’bi‘a' 16.51 0.919
mutual steric interactions due to their close proximity in the 20 -Ca-Poria 82.00 0.019
boat-chair conformation. One indication of this steric effect' 01 Pl 42.00 0.552
H10-0-C1-Porbital 73.00 0.085

in the MM2 calculations is the van der Waals interaction : .
. Lo . 2Numbering system for hydrogen atoms is shown bek@nly
energies. Van der Waals repulsive interactions are seen fQteractions greater than .01 kcalimol are indicated
hydrogen atom pairs located on adjacent carbons in gauct -
alignment. In addition, there are mutual transannular interac
tions of H(20) with H(10) and H(14) on the (' andy car-
bons. There is a near eclipsing interaction between H(15
and H(16) on the and & carbons. The sum of the van der
Waals energies for the important steric interactions is givel
in the Table 7 for each hydrogen atom. For the purpose c
discussing isotope effects, the important feature is the
change in steric interactions as hydrogen atoms exchang
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environments during the equilibration process between coranda' hydrogens and the p-orbital at the carbonyl carbon.
formers. For example, hydrogens at tle carbon  The corresponding dihedral angle between H(22) and the p-
(H10+H11) exchange into the position (H22+H23). The orbital is 16.5% and the angle between H(23) and the p-
calculations show that tree-hydrogens would become less orbital is 82.00, for the protons of tha' carbon. The dihe-
sterically crowded in becoming-hydrogens, with the van dral angles of protons H(10) and H(11) at ¢thearbon are
der Waals energy decreasing by 0.43 kcal/mol. Hydrogens &3.00 and 42.0Q respectively. Sunko, Hehret al sug-
the B-carbon become more crowded in exchanging into theyested a C8s8 dependence of kinetic deuterium isotope
B position (+0.72 kcal/mol); this is the result of the effects of individual C-H(D) bonds, based on the angular
uncrowded H(13) & and the crowded H(20) Bt Hydro-  dependence of hyperconjugative overlap, where the @alue
gens at the-carbon become less crowded in exchangingis the dihedral angle of the C-H(D) bond with respect to the
into they-position (-0.48 kcal/mol). p-orbital’®> Calculated values of the Cd$ dependence for
When deuterium is involved in such calculation of confor-the individual C-H(D) bonds are listed at the bottom of Table 7.
mational equilibra, deuterium then tends to occupy more The smaller the dihedral angdethe better the alignment
crowded positions due to this "steric isotope eff&dntro- of the C-H bond for overlap with the p-orbital. Better over-
duction of deuterium would be expected to cause isotopitap leads to increased hyperconjugation, as indicated by the
perturbation of the boat-chair equilibria by the steric isotopeCog 6 term. Hyperconjugation weakens the force constant
effect. Deuterium is expected to prefer tagosition over for the C-H stretching vibration (and probably bending
[, overf, andy overy. The actual observations in Table 6 vibrations), hence the potential wells for C-H bonds. Thus,
are consistent with the expectations. considering Figure 4, deuterium will be found preferentially
The free energy differences for the equilibria of mono-2-in nonhyperconjugating positions in an equilibrium because
D, 2,2-D, 3,3-D, isotopomers and 2,2,7,7:Bere -24, -51, such positions are the more stiffy bound positions. In
+7, -58 cal/mol, respectively, at room temperature. If thecyclooctanone, the hyperconjugative interactions are not
steric isotope effect alone were responsible for these freequal for all thex anda' hydrogens. For example, there are
energy differences, the free energy differences for 3,3-Dfour possible conformers in the 2-D isotopomer (Figure 3),
would be larger than for 2,2,DBut, the free energy differ- and the shift of equilibrium in this isotopomer is controlled
ences for 2-D was larger than for the 3 3idtopomer by by steric and hyperconjugative isotopic perturbation. H(22)
17 cal/mol. This discrepancies suggest strongly that anothgor Hye) has the best alignment with p-orbital for hypercon-
mechanism is needed to account for the relatively large frepigation, and the steric interaction on this proton is smallest
energy difference resulting from placement of the label at Camong the protons af anda’ carbons: the value of Co8
2. Hyperconjugation seems a likely candidate to be then H(22) is 0.919, and the van der Waals energy is 0.435
major course of the isotope effects for the 2-D, 2,2,8-D3, anttcal/mol. For both these reasons, deuterium is least likely to
2,2,7,7-D4 isotopomers. Hyperconjugationcobr a' C-H be found there. H(11) (ordg has the next best alignment
bonds with the carbonyll-bond would weaken and (Cog 6=0.552) and the steric interaction is larger (0.772
lengthen the hyperconjugating bonds. By creating a broadd{cal/mol). H(10) (or He) and H(23) (or ke) both have very
potential well (smaller force constants) for stretching andpoor alignments for hyperconjugation, with €ésalues of
bending, hyperconjugation can be the origin of equilibrium0.019, respectively. Although the equilibrium was shifted by
isotope effects (see Figure 4). It is necessary, of couse, thavmbined factors of steric and hyperconjugative interaction,
the extent of hyperconjugation differ between the two posithe main factor of the comparatively large conformational
tions undergoing exchange énda’). energy difference for the 2-D isotopomer is expected to be
In orbital terms, hyperconjugation is the release of electhe hyperconjugative interaction: The observable equilib-
tron density from a bonding C-H orbital into thkanti- rium [1B+1C]= [1A+1D] for the 2-D isotopomer is shifted
bonding orbital of the carbonyl. Such orbital interactions areby -24 cal/mol while the magnitude of the steric contribution
not included in molecular mechanics calculations. Howeveris expected to be less than half the effect observed for the
the angular dependence of hyperconjugation can be invest,3-D, isotopomer of 7 cal/mol. The sum of €8svalues
gated from the MM2 results by examining the predictedfor 1B+1C = 0.919+0.019 =0.938 while the sum for 1A+1D
molecular geometry, especially the dihedral angle betareen = 0.552+0.085 = 0.637, so it is clear that the tendency for
deuterium to avoid the'e position (1B in Figure 3) because
of its hyperconjugative interaction is the dominant influence
on the equilibrium.
The temperature dependence of the CEIE is summarised
in Table 3 and 5. As expected, equilibrium constants are
larger at low temperatures. The same relative magnitudes of

Energy

(C-D) C-H
C-D)

¢-p in CoH in C-H fn D in effects are maintained as at room temperature. The one
Loosely Bound  Stiffly Bound B Leosely Bound  Stiffly Bound somewhat disturbing feature of the results is the treAGf
Environment  Environment Environment  Fnviranmen . values toward larger magnitudes with lower temperature

Figure 4. Origin of Isotope Effect on Equilibria for Exchange rather than remaining constant. The possible error fakkhe
between Stiffly and Loosely Bound Positions. andAS values from the In K versus 1/T plots are simply the
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one standard deviation of these values from a simple linedormation. The equilibrium isotope shifts provide good evi-
regression analysis which did not included errors in the K odence of the origin of CEIEs in cyclooctanone, in which

T measurements: two species the actual erraksliandAS

isotope labeling perturbs conformational equilibria by either

are expected to be larger. The source of the variation witisotope effects arising from hyperconjugative interactions or
temperature is not a systematic error in temperature meateric isotope effects.

surement. Th&GCvalue is relatively insensitive to errors in
temperature (howevekH andAS are much more sensitive).
The calibration of the thermocouple reading with actual
sample temperature has been checked over a wide range af
temperatures and found to vary from the actual temperature
by no more than®which is not sufficient to account for the
variation.Another possible source of error arises from the
assumptions involved in separating intrinsic and equilibrium 2.
isotope shifts. It is difficult to rule out these sources as con-
tributing a systematic error because it was not possible to3:
measure accurately intrinsic isotope shifts for each con-
former at low temperature. However, the potential impact of
these assumptions shoud be minimized by measuring equi
librium constants for each labeled compound from three
independent sets of datage., from the three pairs of ¢.
exchanging carbons.

The 13C chemical shifts of cyclooctanone are somewhat 7.
temperature dependent, including those of the carbonyl car-
bon and C-5 which are not affected by line shape changess-
due to boat-chair exchanges. Also, no temperature-depen-
dent, equilibrium isotope shifts were detected for the sym-
metrically labeled 2,2,8,8-Disotopomer, where the label
cannot perturb equilibria among boat-chairs but could pers
turb an equilibrium between the boat-chairs and another typg;
of conformer. The sensitivity of the technique depends noj o
only on the magnitude of the equilibrium isotope effect (in13.
cal/mol), but also on the chemical shifts differences between
the species being rapidly equilibrated and the relative poput4.
lations of the two species. The boat-chair form afforded &5.
satisfactory explanation of tHéC NMR spectral data, and
appears to be the lowest energy form of cyclooctanone con-

References

(@) Hansen, P. Ann. Rept. NMR Speci983 15, 105.

(b) Forsyth, D. A.lsot. Org. Chem.1984 6, 1. (c)
Nakashima, Y.; Sone, T.; Teranishi, T.; Suzuki, K
Takahash, KMagn. Reson. in Cheri994 32, 578.
Nakashima, Y.; Kanada, H.; Fukunaga, M.; Suzuki, K;
Takahashi, KBull Chem. Soc. Jpri992 65, 2894.

Anet, F. A. L.; Kopelvich, M. 1. Am. Chem. So&986
108 2109.

4. Forsyth, D. A.; Hanley, J. A. Am. Chem. Sot987 109

7930.

5. Dijerassi, C.; Barth, G.; Lee, SF.Am. Chem. So&981,

103 295.

Anet, F. A. L.; Basus, V. J.; Hewett, A. P. W.; Saunders,
M. J. Am. Chem. So&98Q 102, 3945.

Allinger, N. L.; Flanagar, H. L1. Comput. Cheni983 4,
399.

Saunders, M.; Jaffe, M.; Vogel JPAm. Chem. Sot971

93, 2558.

9. Silverstein, R. M.; Bassler, G. C.; Morrill, T. C. Spectro-

metric Identification of Organic Compounds; 4th ed.; John
Wiley and Sons: NY1981, p 257.

10. JungM. W. Bull. Korean. Chem. Sot991, 12, 224.
. JungM. W. Bull. Korean. Chem. Sot998§ 19, 836.

JungM. W. Bull. of Magn. Resoh995 17, 67.

Anet, F. A. L. Conformational Analysis: Scope and
Present Limitation; Academic Pred8€71; p 15.

Batell, L. STetrahedron Letted96Q 13, .

Sunko, D. E.; Szle, I.; Hehre, W.JJ.Am. Chem. Soc.
1977, 99, 5000.




