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VALERIE A. STOUTE and MITCHELL A. WINNIK. Can. J. Chem. 53, 3503 (1975).

An n.m.r. technique was used to measure Ku/Kp of ketal formation in methylene chloride
i solution for acetone and phenylacetone. For acetone, Ky/Kp = 0.95 per D for methyl ketal
3 formation. Phenylacetone-1,1-d,, -3,3,3-ds, and -1,1,1,3,3-ds were examined for both dimethyl
| and ethylene ketal formation. For both ketals, Ky/Kp = 0.91 per D, for each ketone. Liquid
\ scintillation counting was used to examine Ku/Kr for ketal formation in methylene chloride.
‘ An extraordinarily large isotope effect was found for ethylene ketal formation in 1,3-diphenyl-
i acetone. Here Ky/Ky = 0.67 for one tritium atom. This isotope effect is too large to arise from
hyperconjugative effects alone. It must have a substantial steric component.

| VALERIE A. STOUTE et MITCHELL A. WINNIK. Can. J. Chem. 53, 3503 (1975).

On a utilisé une technique de r.m.n. pour mesurer le Ku/Kp de la formation de cétals de
\\ I’acétone et de acétophénone en solution dans le chlorure de méthyléne. Pour I’acétone,
i Ku/Kp = 0.95 par D pour la formation du cétal de méthyl. On a étudié les formations des dimé-
: thy! et éthyléne cétals des phénylacétones -1,1-d,, -3,3,3-d; et -1,1,1,3,3-d;. Pour les deux cétals
} on a trouvé un Ky/Kp = 0.91 par D pour chaque cétone. On a utilisé le comptage par scintilla-
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tion liquide pour étudier le Ky/Kr de la formation des cétals en solution dans le chlorure de mé-
thylene. On a trouvé qu’il y a un effet isotopique trés grand pour la formation de I’éthyléne
cétal de la diphényl-1,3 acétone. Dans ce cas, le K/Ky = 0.67 pour un atome de tritium. Cet
effet isotopique est trop grand pour dériver uniquement d’effets d’hyperconjuguaison; il doit y
avoir en plus une composante stérique.

[Traduit par le journal]
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The wealth of secondary deuterium isotope
data on the kinetics of nucleophilic addition
to carbonyl compounds, (1) and hydrolysis of
ketone adducts, (2) has not been accompanied by
a similar effort to determine isotope effects on
‘corresponding carbonyl addition equilibria (3).
Equilibrium isotope effects serve as an important
point of reference for kinetic isotope effects
studies (3c). The latter are easier to carry out.
Results can be obtained with greater precision,

LThe experimental results in this paper are téken from
the Ph.D. Thesis of V.A.S,
2Author to whom correspondence should be addressed.

and, for the most part, that has been where the
attention has been focused.

In the course of our studies of isotope effects
in the Baeyer-Villiger reaction, (4) it became
necessary to model the isotope effect on the pre-
equilibrium -step. This meant determining an
equilibrium isotope effect for an appropriate
reaction involving nucleophilic addition to a
ketone. Since we were concerned with an oxy-
gen nucleophile, hemiketal or ketal formation
seemed appropriate. In our original communi-
cation (4) we reported application of the method
of Jones and Bender (3a) to obtain the isotope
effect for hemiketal formation in phenyl-2-pro-
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panone (phenylacetone). In this approach, the
ketone, in methanol-dioxane, is treated with an
acid catalyst and the equilibrium concentrations
of all species are inferred from the decrease in
carbonyl absorbance. -This -approach’ is " un-
satisfying, not only because of scatter in the data,
and not only because the data unexpectedly re-
quired extrapolation of equilibrium constants to
zero ketone concentration, but also because the
spectroscopic technique does not guarantee that
one is looking only at hemiketal formation.
Lamaty and co-workers have pubhshed ex-

tensive studies of kinetic isotope effects in the

addition of nucleophiles to ketones (lc, 14, 3).
Among the nucleophiles studied is bisulfite (35).
Here secondary deuterium isotope effects on the
kinetics of dissociation of the bisulfite addition
complex were measured. K,;/K, has been mea-
sured in this system and ky/kp for formation of
the complex calculated from these data.

Isotope effects on equilibria: of addition to
aldehydes have recently been reported (3c¢).
These isotope effects derive from substitution of
deuterium for the aldehyde proton, and are
properly referred to as a-isotope effects.” Our

concern is the perturbation of ketone-addition
equilibrium constants by deuterium and tritium

substitution at carbons adjacent to the carbonyl.
These are called B-isotope effects. These B-iso-
tope effects are related to B-isotope effects in
solvolysis reactions (5, Chapt. 2, 6).

From the work of Lamaty and co-workers
(3b) and of Bender and co-worker (3a) it is clear
that nucleophilic addition to carbonyls gives rise
to inverse B-deuterium isotope effects, Ky/Kj, <
1. The magnitude of these isotope effects (i.e. the
degree to which Ky/Kp, differs from 1.0) is sig-
nificantly greater than kinetic isotope effects for
addition to carbonyls (1, 3¢). Much more is
known about the variation of ky/kp with changes
in ketone and nucleophile structure than about
Kii/Kp. To inderstand Kkinetic isotope effects
sufficiently to use them for inferring the position
of -the transition state along ‘the reaction co-
ordinate, corresponding values for ky/ky and
Ky/Kp must be obtained. Lamaty has accom-
plished this for bisulfite additions to ketones
(3b). '

We have turned to an n.m.r. method to deter-
mine isotope effects in' ketone—ketal equilibria
in an unambiguous manner. What we wished to
obtain was the ratio of equilibrium constants for

. If D
. [2] RCX,CCX’,R"+ 2CH,0H=

reactions 1 and 2 under conditions in which
hemiketal formation would be unimportant and
the concentrations of all species at equilibrium
could be monitored. -

(o]

Il
f1] RCH,CCH,R’ + 2CH;OH
CH;0 OCH;
= RCH,CCH.R’ + H,0

o
K;

CH,0 OCH,

N/
: RCX,CCX’;R’ + H,O
X, X'=HD R,R"=HPh

- Werecognized (5, p. 97) that the equilibrium con-

stant for reaction 3 was equal to the isotope ef-
fect on reactions 1 and 2, K3 = Ky/Kp. The iso-
tope effect could be obtained by mixing solutions
of the deuterated ketone and undeuterated ketal,
effecting equilibrium by addition of an acid
catalyst, and observing all species by n.m.r.

CH,O ~ OCH; o)
\/ II K3
3] RCX,CCX’;R’ + RCH,CCH,R’ =
o CH.0  OCH,

I N/
RCX,CCX’;R’+ RCH,CCH,R"’

In this paper we report application of this
method "to determine Xy/K, for ‘acetone di-
_methyl ketal formation, and for formation of
both dimethyl and ethylene glycol ketals of three
specifically-deuterated phenylacetones. A modi-
fied approach allowed us to measure Ky/Kr, by
scintillation counting, for formation of the ethyl-
ene glycol ketal of tritiated dibenzyl ketone.

Results -

Most reactions were carried out in dry
methylene chloride solution. Reactions of ace-
tone were also examined in 1,1,2,2-tetrachloro-
ethane (sym-TCE). BF;-Et,O was used as the
acid catalyst. For the reactions discussed here,
equ111br1um was achieved in 2-10h at room
temperature (22 + 1 °C), although reactions in
some cases were examined up to 48 h after ad-
ding catalyst. The catalyst could be quenched by
removing solvent and catalyst at reduced pres-
sure. Monitoring the. n.m.r. intermittently after
several hours gave identical results. For tritiated
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dibenzyl ketone, the approach to equilibrium
could not be followed by n.m.r. Instead, the re-
action was examined at successive reaction times
until Ky/Kp became constant.

Proton-deuterium and proton-tritium ex-
change was a constant source of concern. The
methylene position in phenyl acetone and di-
benzyl ketone excharges readily in base, more
slowly in acid. Sirict controls were run in which
deuterated, partially deuterated, and tritiated
kétones were exposed to the reaction conditions
and then examined by n.m.r. and mass spectrom-
etry. No exchange was detectable under these re-
action conditions. In addition, all ketals were
unchanged when exposed to the reactlon con-
ditions.

One technique was used to measure the iso-
tope effects in the phenylacetone and acetone
systems. In these series of experiments, the
equilibrium isotope effect is given by Eq. 4.

[ketone.— d,]..[ketal — doleq
[ketone — do]. lketal — d, ],

Ky _ . _
[4] Fh=Ks =

(i) For phenylacetone, values of K /K, were
determined both for dimethyl, ketal formation
and for ethylene ketal formation. These were ob-
tained for each of the three. deuterated species
PhCD,COCH,(d,), PhCH,COCD;(d5), and Ph-
CD,COCD;(ds). Mixtures of the deuterated ke-
tones and undeuterated ketals were dissolved in
dry methylene chloride. BF; - Et,0 in dry methy-
lene chloride was added as a catalyst. The re-
action was monitored by n.m.r. Once equilib-
rium was established, the solvent and catalyst
were distilled off at room temperature. The rela-
tive concentrations of the deuterated and non-
deuterated species were caleulated from the
n.m.r. spectrum and substltuted into Eq. 4 to
yield KH/KD :
CH,0 .OCHj; -

‘ : N/ Ks
[5] PhCHzC_OCH3 + PhCX.CCX’'; =
CH.0  OCH,

N/ 4
PhCH,CCH; + PhCX;COCX’s

0—oO0
./ Ks
(61 PhCHZCOCHg + PhCX,CCX’y =

h

0—O0

f\/g :
PhCH,CCH; + PhCX,COCX’,3

For the equilibrium mixtures in Eqs. 5 and 6
the equilibrium constants could be obtained by
direct manipulation of the various n.m.r. in-
tensities. The protons labelled by a, b, ¢, d, e and
the phenyl hydrogens p in Eq. 5 all show discrete
and resolved signals (see Table 1). The integrals
for each signal were normalized by:dividing the
integral by the number of hydrogens contribu-
ting to the signal. These normalized values I,
were taken to be representative of the concen-
tration of the species x in the mixture (Egs. 7—
14). Eq. 16 gives the equilibrium isotope effect
for both d, ‘and for ds;, while Eq. 17 allows
Ku/Kp to be obtained for d, and ds.

[71 Total [ketal],, oc I,
[8] [ketal —dgle, c 1. or I,
[9]1 [ketal —d, ], oc (. — 1) or (I — I

[ketal — dolg L L
00 e —a3, "7, - % -7,

(11 . Total ([ketal],, + [ketone].y) o I,
[12] Total [ketonel., o< (1, — L)
[13] [ketone — dole, oc (, or 1)

[14] -[ketone — d ] oc T, — i, + 1)
cor I, — (1, + Iy)

TaBLE 1.~ Nuclear magnetic reson- »
ance shifts for the compounds in the
ketal-ketone equilibrium mixtures

Covmpouhd. ' 8(p.p.m.)*
a b
PhCH,COCH, a 3.55
' b 2.00
CH.0 OCH, ¢ 2.80
N a ' d 1.00
PhCH,CCH; e 3.15
0 0 f2.80
. f\/g g 1.15
PhCH,CCH; h 3.65
]
CH;COCH; i2.10 °
. :
CH,0  OCH; j 1.20
NS k310
CH,;CCH, '

“Downfield from internal TMS,
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[15] [ketone — d,Jeq . I, — (L + 1) . methylene signals a overlapped part of the ketal
[ketone — dgle, I, _ signals . We were able to correct for the ap-
I, — (L + I) propriate intensity of # and obtain I, by differ-

Ip T Me T MY

ence. The equilibrium constants for ' reaction. 6
‘ » are described by equations identical to 16 and
17 with I, substituted for I,, and I, and 1, sub-

[16] (ﬁ) = (IP — (L + I"))( Ly ) stituted respectively for 7, and I,. d
1, \L -1 (it) A small modification of this method was
for d; and ds necessary for calculation of Kj/Kp, for equilibria
' involving acetone. There is no way of obtaining,
(171 (K_H) _ (I,, -, + I,,)) ( I, ) from the n.m.r. spectrum of the equilibrium mix-
1, I, — 1, ture, the relative concentrations of the deuterated
: and non-deuterated acetone present. If the sys-
for d, and ds tem is depicted by Eq. 18, Ky/K, is given by

For the ethylene ketals in reaction 6, the Eq. 19.

or
1,

CH,0 - OCII-‘I3 CH;0 OCH;,
, N\ AN :
[18] CD3;COCD; + CH;CCH; = CD;CCD; + CH3;COCH;,
Initially: [a] . - [b] 0o . -[e]
At equilibrium: [a — x] [ — x] S [x] [e + x] -
[19] Ky _ [a — x][b — x] reduced to 1,3- dlphenyl -2- propano'] with lithium
KD [c + x][x] aluminum hydride in ether at —78 °C, without

) loss of molar act1v1ty, M.
The relative ketal concentrations can be cal-

culated (Egs. 20-23) from the n.m.r. spectrum o S o

as before. Equation 23 can be solved for x and I AN

this value, along with the known concentra- [24] PhCH,*CCH,Ph + PhCH,CCH,Ph<=
tions [a], [b], [c], can be substituted into Eqg. : . S\ :

19. The concentration [c] derives from a small - - : 0\/0 ' C”)
and unavoidable amount of acetone in the * : ;
freshly distilled 2,2-dimethoxypropane. PhCH,"CCH.Ph + PECH,CCH,Fh

[20] Total [ketall,, oc I, | [25] =Tk

[217 - [ketal - dg]eq ¢ I; .
- The equilibrium mixture of ketone and ketal

[22] [ketal — x]eq oc(ly—1I) . in ether was treated with lithium aluminum hy-
' ketal — d b — 1. : dride at —78 °C. The product diphenylpropanol
[23] Eket e d0§|' L [ ]x] T =T -and unreacted ketal were chromatographed on
x k y activity II alumina using methanol-hexane as

(iii) The equilibrium with dibenzyl ketone the eluting solvents. Radioactivities of the puri-
could not be monitored by n.m.r. Furthermore, . fied compounds were measured by scintillation
once equilibrium was achieved and the catdlyst counting. Absolute molar activities were not
removed under vacuum, problems arose in at- calculated. The a.e.s. (automatic external stan-
tempts to separate and purify ketone and ketal. dardization) ratios of the ketal, ketone, and al-
The most serious problem was that chromatog- cohol were found to be identical. Relative molar
raphy of the ketone on Florisil, alumina, orsilica  activities were obtained; M, .., Was substituted
gel resulted in loss of radiolabel. Control experi- for My.,..; and KH/KT was obtained from Eq.
ments indicated that dibenzyl ketone could be 25.
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TaBLE 2. Equilibrium isotope effects

i Isotopic
System Ketone purity (%) Ketal K/ Kp®b©
1. PhCD,COCD3, _ 96.8 PhCH,C(OCH,;),CH, 0.63+0.02
1
o o]
N/
2. PhCD,COCD3 96.8 PhCH,CCH,; 0.60+0.02
3. PhCD3>;COCH, 85.6 PhCH,C(OCH,).CH; 0.85+0.03
| (0} 0
. , NS
. PhCD,COCH;,; 85.6 PhCH,CCH, 0.82+0.03
5. PhCH,COCD, 90.5 PhCH»(OCH3;),CHj, 0.74 +0.054
l‘
(o] o)
NS
6. PhCH,COCD, 90.5 PhCH,CCH; 0.75+0.04
O |
o 0
. N/
. PhCH, "COCH_;Ph — PhCH,CCH,Ph 0.67+0.02¢
8. CD;COCD; 97.0 CH;C(OCH;),CH; 0.72+0.05
0.70+0.037

9All vaiues of Ky/Kp were calculated from the n.m.r. spectra of equilibrium mixtures. These values are the averages of five

experiments.

¢In methylene chloride solution using BF3-Et;O as the catalyst.

cCorrected to 1007 isotopic abundance.

“Calculated from (Ku/Kole; = (Ku/Kn)as/(KulKpda, = SYSTEM 1/SYSTEM 3,

eKw/Kr, calculated from scintillation counting experiments.

fIn sym-tetrachloroethane solvent using BF3-Et,0 as a catalyst.

The extraordinary magnitude of the isotope
effect in reaction 24 suggested special care in
examining the validity of our experimental
method. Since Ky/K; is inverse, we were con-
cerned that the number we obtained might be
artificially too small. Two factors convince us
that this is not the case. First, lithium aluminum
hydride reduction of the ketone, followed by
chromatography of the alcohol and distillation,
gave diphenylpropanol with the same molar
activity as that of the starting ketone. Second,
the molar activity of the ketal plus that of the di-
phenylpropanol equalled that of the starting ke-
tone. These controls demand that artifacts in
Ky/Ky be less than one. percent.

Discussion

- ‘Calculated equilibrium isotope effects are pre-
sented 'in Table 2. In each case, the isotope ef-
fects are strongly inverse, Ky;/Kp < 1.0. Inverse
B-deuterium isotope effects in carbonyl addition

reactions are associated with decrease in the
positive charge on the carbonyl carbon in re-
hybridization from sp? to sp® (3,5, 6). The rela-
tionship between the magnitude of the B-deuter-
ium isotope effect and the amount of positive
charge at the adjacent carbon is well demon-
strated by three examples taken from the litera-
ture. Protonation of acetophenone (7), (Eq. 26),
occurs with a large isotope effect. Solvolysis of
acetyl chloride (le), (Eq. 27), in 109, and 207,
aqueous acetone has a kinetic B-isotope effect in
the opposite direction to that of the base cata-
lysed hydrolysis of acetate esters (le). The B-
isotope effect is a useful probe of charge develop-
ment at an adjacent center. This makes it partic-
ularly useful for studies of solvolysis reactions
(8). Other factors, however, are involved.

+(J)il 0
+
26} ©) CLy —~ ©/U\CL3+ H
" L=H,D KulKo =0.76
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O
I s
[27] CL;CCl —» [CL;C=0] - CL;CO,H

10%, H,O-acetone ky/kp = 1.62

o) -0 OH
Il N/
[28] CL,;COC,H; + OH- — [CL;COC,H;] —
CL,CO,"-
ky/ko = 0.90 ,

Isotope effects arise from -changes in- zero-
point energies for C—H and C—D vibrational
modes in going from reactants to the transition
state (ky/kp) or products (Ku/Kp). These changes
derive from changes in force constants for the
respective modes, which in turn are determined
by the shapes of the potential energy wells as-
sociated with the C—H bonds at which atten-
tion is focused (ref. 5, Chapt. 4 and p. 138).
Steeper wells give rise to larger force constants,
with greater separation of C—H and C—D zero-
point energies.

Isotopic substitution does not affect the shape
of the electronic energy surface. The origin of
secondary hydrogen isotope effects.is purely vi-
brational. An explanation of the magnitude of
isotope effects observed in an experiment must
be couched in terms of the effect (steric, elec-
tronic) of the rest of the molecule on the C—H
and C—D vibrations (ref. 5, Chapt. 4 and p. 138,
and ref. 9).

V. 1. Shiner has pointed out (ref. 5, p. 97) that
there are two major contributors to B-isotope ef-

fects; the extent of nuclear attachment at the re-

active carbon and the internal electronic distri-
bution. The latter factor is sensitive to the di-
hedral angle between the f C—H or C—D bond
and a p orbital at the electron deficient carbon.
The charge induces'a dipole into those adjacent
C—H bonds with proper overlap. The C—H po-
tential energy well is broadened, giving rise to
weaker force constants, larger vibrational am-
plitudes, and decreased separatlon of C—H and
C—D zero-point energies (ref. 5 Chapt. 4 and
p. 138).

While the word. ‘hyperconjugation’ is properly
used to describe these dipole-induced dipole in-

teractions, explanations which cite the greater

polarizability of C—H bonds adjacent to a
charge as the source of the B-isotope effect, focus
on the wrong part of the potential energy sur-
face. Hyperconjugation is a word commonly
used. Keeping in mind its proper focus, we have
found both the concept and the word convenient.

In these terms, the major contributor to the
inverse isotope effects presented in Table 2 is
the loss of hyperconjugative delocalization when
the ketones react to form ketals. The most com-
pelling evidence for this -point of view is the
nearly identical isotope effects observed for both
dimethyl ketal and ethylene glycol ketal forma-
tion from the three different deuterated phenyl-2-
propanones. Small ¢hanges in ketal structure ap-
parently do not perturb the equilibrium isotope
effects.

In the phenyl-2-propanones, the B-isotope ef-
fects are cumulative. For ethylene glycol ketal
formation Ky/Kp, for d, = 0.82, K;/Kp, for d; =
0.75, and their product (0.75)(0.82) = 0.615.
This value compares favorably with the value
0.60 + 0.02 measured for ds. Cumnulative kinetic
isotope effects were observed for these three ke-
tones in their Baeyer-Villiger oxidation (4).
Both results imply that PhCD,— and CD;—
make the same contribution to the isotope effect
in ds and in d, and d, respectively.

From the tritium isotope effect Ky/K; for di-

‘benzyl ketone, one ‘can calculate from the

Swain-Schaad equation, [29], (10) the corre-

“sponding isotope effect associated with a single
“deuterium. ‘For- dibenzyl ketone we calculate

Ky/Kp = 0.76

KH _ KH 0.693
o e[

The 1sotope effect for dimethyl ketal formatlon
in acetone is significantly smaller than that for
phenylacetone On a per-deuterium basis, these
differences become even _more striking (see
below).

In Table 3, our experlmental results are pre-
sented in terms of the secondary B-isotope effect
per deuterium. It is customary to present these
results as AAG/n values, where AAG® and AAG*
are, respectively the change in staridard free
energy or activation free energy, in cal/mol, for
substituting '# hydrogens with deuteriums. Be-
fore commenting on the implications of the data,
we ask the reader to note that small changes in
Ky/Kp per D lead to large changes in AAG/n,
and that the Ky/Kp values from which the
AAG®/n values are calculated, for all examples in
Table 3, are known orily to about +0.01.

One obvious and important- conclusion from
the data in Table 3.is that deuterium substitu-
tion at CH, and CH, in phenylacetone contri-
butes -equally to the observed isotope effect.
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- TABLE 3.- Equilibrium and kinetic isotope effects on ketone-addition reactions
. Ketal . i AAGIn . "AAG*/n
Ku/Kp . - - = : -
Ketone per D Ketal Hemiketal Bisulfite® BH.? HSO;~ ¢ NH,OH*®
CH3COCH, 0.95¢ 3242 26+5" 26 3.6 9 . 8
) 0.94! 35+4 _ o .
PhCH,COCH, 0.914 55+4 46.+10° 28 : : 14 21-
. . 0.90° . 60+4 . . ‘ i i
PhCH,COCH, 0.92¢ . 48+10 . - 42+10°
. 0.91¢ 55+10. . .
PhCH,COCH; ~ - 0.90¢ 60+13 47+159
. 0.91° 55411
PhCH,COCH,Ph .0.76" 160+ 15 34

Cyclopentanone — — © 54

58 : 33 25

aData from ref. 35.

3Data from ref. lc.

¢Data from ref. 14.

dMethyl ketal formation.

eEthylene glycol ketal formatlon

fData from ref. 3a.

9Data_from ref. 4.

ACalculated from corresponding Ky/K7 value, see text.
'Sym tetrachloroethane solvent.

This result is somewhat surprising (3b). It is
often found that B-isotope effects, per deuterium,
are larger for methylene than for methyl (11).
Note as an example the AAG®/n values for ace-
tone and cyclopentanone hemiketal formation
in Table 3, taken from experiments by Jones and
Bender (3a@). This empirical generalization does
not yet have a sound theoretical basis. The ob-
servations probably reflect the effects of struc-
tural modification on either the C—H vibra-
tional force constants or the preferred conforma-
tions of the molecule. The number of hydrogens
adjacent to the reaction center, per se, may not
be important.

A more difficult challenge is to understand
how structural changes give rise to changes in
AAG®/n. For example AAG®/n nearly doubles for
methyl ketal formation from 32 cal/mol in ace-
tone to, 55 cal/mol in phenylacetone. The same
trend is seen in methyl hemiketal formation, with
cyclopentanone having as large an effect as
phenylacetone. Bisulfite addition is rather pe-
culiar in-that:AAG®/n follows hemiketal forma-
tion for acetone and cyclopentanone, but is sig-

n1ﬁcant1y smaller than for those reactlons of

phenylacetone (3b). :
A -complete normal coordmate analys1s for

proto- and ‘deuteroketones, ketals, and bisulfite:

addition products is central to a complete un-
derstanding of these isotope effects. In its ab-

sence we can only speculate on the source of the
isotope effects.

The larger isotope effect in cyclopentanone
than acetone is probably related to the ketone
conformations in solution. The most favorable

OH

~Nuc

C
§ \
H \0
C, axis
. 2 axl 5

conformation of cyclopentanone. is the half-
chair form, which minimizes hydrogen eclipsing

.Anteractions (12). The pseudoaxial protons ad-

jacent to the carbonyl overlap well with the ke-
tone C=O0 p-orbital. Not only is this hypercon-
jugation lost on formation of a tetrahedral prod-
uct, but there is significant increase in hydrogen-
eclipsing interactions. If these interactions nar-
row the energy well in those cross-sections of the
potential energy surface describing the C—H
bonds on the. B‘carbon the isotope effect will
increase over that in acetone, almost lrrespectlve
of the reacting nucleophile.

In tetrahedral phenylacetone addition prod-
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ucts, coupling of the carbcn-nucleophile vibra-
tional modes with the f C—H modes must be
important. The bisulfite adduct, with its rela-
tively long C—S bond, contributes less to the
isotope effect than does the shorter C—O bond
in the ketal and hemiketal. Similar trends appear
in kinetic isotope effects determined by Lamaty
(3b) (cf. Table 3). A significantly smaller kinetic
isotope effect is observed in the addition of bi-
sulfite to phenylacetone when compared to hy-
droxylamine. These differences are not apparent
for the addition of those nucleophiles to acetone
and cyclopentanone. Comparison of the kinetic
and equilibrium isotope effects give some indi-
cation of what fraction of the carbonyl charac-
ter is lost in the transition state for nucleophilic
addition. :

The B-isotope effect of extraordinary magni-
tude is that for ketal formation in dibenzy! ke-
tone. It is our belief that such a large isotope ef-
fect must reflect a preferred conformation in the
ketone giving rise to a strong hyperconjugative
interaction between the ketone and the p-hydro-
gens. In addition, steric crowding in the tetra-
hedral product must seriously perturb its C—H
bending or stretching modes.®> A comparison of
phenylacetone and dibenzyl ketone is shown.
Differences in ketone conformations and the
energetics of ketal formation result primarily
from phenyl-phenyl interactions in the latter.
Space-filling molecular models suggest that the
preferred conformation of dibenzyl ketone has a
C—H bond parallel to the C-—=O m=-bond.
Phenylacetone has a slightly different geometry

of lowest energy.

Ph ' H

In phenylacetone, as in most a-CH, ketones,
the preferred geometry has a CH bond eclipsing
C=0. This allows a staggered geometry between
a-substituents of the ketone. Phenyl-phenyl re-
pulsion is rather severe in dibenzyl ketone. In-
creasing the dihedral angle between these stag-
gered substituents increases the overlap between
one C—H bond and the C—=0 n-bond. In no
way does it appear possible for two C—H bonds
simultaneously to achieve such overlap.

In the corresponding ketals, 1-3 steric inter-
actions appear to dominate conformational pref-
erences. These are difficult to assess. In confor-
mation 4 there are obvious destabilizing steric
interactions involving the hydrogens at which
the isotope effect is probed. There is no doubt,
however, that the ketal derived from dibenzyl
ketone is significantly more crowded than that
derived from phenylacetone. With the increase
in isotope effects paralleling the increasing diffi-
culty (primarily steric) in forming tetrahedral ad-
dition products from ketones, (13), it is likely
that these steric factors are in part responsible
for the size of the B-deuterium isotope effect.

Experimental

Acetone-dg was purchased from Merck, Sharp, and
Dohme. Specifically deuterated phenyl-2-propanones
were prepared and purified by methods we reported
previously (14). Methylene chloride was distilled fresh
from phosphorus pentoxide. Sym-tetrachloroethane was
washed with concentrated sulfuric acid, followed by
aqueous sodium carbonate. BF;-Et,O was freshly dis-
tilled. Nuclear magnetic resonance spectra were run on a
Varian T-60 spectrometer. Peak areas were determined by
repetitive integration. The details of the n.m.r. method
and typical correlation coefficients have been reported
(15). Scintillation counting in toluene-Omnifluor was
carried out in a Packard-Tri-Carb liquid scintillation
spectrometer, model 3375. Counting data were recorded

S0 — -H by teletype. Sample counts per minute normally had
2 o standard deviations of 0.19,. Those with deviations
H ’ L_\ O greater than 0.2 were discarded. An automatic external
Ph 0 standardization (a.e.s.) feature allowed a.e.s. ratios to be
measured. These give an indication of the counting effi-
3 4 ciency of each sample.
Ph

—Q — ~H
. (0]

1,3-Diphenyl-2-propanone-1-t

A solution of 32.5 g (0.15 mol) of 1,3-diphenyl-2-prop-
anone (J. T. Baker, recrystallized from petroleum ether
30-60 °C) in 50 ml of pyridine was prepared. To this was
added a mixture of 1.5 ml tritiated water (New England
Nuclear Co., 1 mCi/ml) and 15 ml distilled deionized
water. The reaction mixture was refluxed for 10 h. The

\ 3We do not wish to imply that 4 is extraordinarily- pyridine and water were distilled off, and the ketone was
strained ; 4 is more strained than any tetrahedral adduct twice recrystallized from petroleum ether, m.p. 33-34°C.
for which equilibrium isotope effects have been measured.  The sample activity was 2.1 x 10° c.p.m./mol.
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2,2-Dibenzyl-1,3-dioxolan ( Dibenzyl Ketone Ethylene
Ketal)

Dibenzyl ketone (10. 5 g, 0. 050 mol) was reﬂuxed with
ethylene glycol (0.049 mol) in toluene using 0.5 g p-
toluenesulfonic acid as a-catalyst. Water was removed via
a Dean-Stark trap. After 5 h, the catalyst was quenched
with powdered anhydrous potassium carbonate. After
filtering, the solution was concentrated and then :chro-
matographed on a column of activity IT alumina. Hexane
was used as the eluting solvent. Concentration of the
hexane gave whité crystals, m.p. 3637 °C free of detect-
able traces of ketone: The overall yield was 88%7.

2-Phenyl-2-methyl- I 3-dioxolan ( Pheny[acetone Ethylene
Ketal)

An identical procedure gave the ketal as a liquid, which
was distilled at 90 °C (pot temperature)/0.2 Torr through
a 10 in. Vigreux column. The yield of product was 75%;
however, it contained 5.5%, phenylacetone by n.m.r. as
the sole impurity. Further purification was unnecessary,
as our analytical technique allowed us to monitor con-
centrations of all species at equilibrium.

1-Phenyl-2,2- dzmethoxypropane (Phenylacetone Dimethyl
Ketal)

Phenylacetone (2.08 g, 15.5 mmol) in 60 ml anhydrous
methanol (distilled from magnesium) was treated with
10 ml 2,2-dimethoxypropane and 80 mg bis(p-nitrophe-
nyl)phosphoric acid (Aldrich). After 15 min reflux, the
acid was quenched with 10%; aqueous sodium hydroxide.
The solution was concentrated, taken up in hexane,
washed with aqueous bicarbonate, dried with magnesium
sulfate, and chromatographed on a 45cm X 1cm Florisil
column. Benzene (10%) in hexane was used as the eluant.
The dimethyl ketal was collected as a colorless oil, re-
chromatographed on Florisil and distilled at 60°C (pot)/
0.4 Torr. It was stored in a desiccator. The overall yield,
0.3 g, was poor, 119, but the n.m.r. showed it to be free
of ketone.

2,2-Dimethoxypropane -(Aldrich) was fractionally dis-
tilled (8283 °C) through a 10 in. Vigreux column. The
compound decomposed in the g.l.c. on both DEGS and
Carbowax columns. An n.m.r. analysis of the fraction
used indicated that-it contained 7.2%; acetone. There was
no detectable trace of methanol or other-impurities in the
n.m.r. spectrum. A suitable correction for this acetone
impurity was applied to the calculation of isotope effects
(see text).

Ketone-Ketal Equilibria

In general, the catalytic solution of BF;-Et,O (freshly
distilled) in dry methylene chloride or sym-tetrachloro-
ethane was prepared and a 0-5 ml aliquot of this was
added to a pre-weighed mixture of the ]abelled ketone
and unlabelled ketal.

(i) Acetone—Acetone-ds (150 mg, 2.58 mmol) and 2,2-
dimethoxypropane (210 mg, 2.0 mmol) were mixed to-
gether in 0.5 ml of solvent containing BF;-Et,O (0.05
mmol). In separate experiments methylene chloride or
sym-tetrachloroethane was used as the solvent. The re-
action was monitored by n.m.r. and spectra, recorded be-
tween 2-15 h after the addition of catalyst, were used to
calculate values for Ky/Kp.

(ii) Phenylacetone—Mixtures of the ketone (0.75 mmol)

and the ketal (0.60 mmol) were stirred together in meth-
ylene chloride using BF;-Et,O (0.05 mmol). The three
deuterated species PhCD,.COCD3;, PhCD,COCH3, and
PhCH,COCD; were all examined in this way Mixtures
of the ds and of the 4, compounds with 2,2-dimethoxy
phenylpropane and with phenylacetone ethylene ketal
were studied. The d; species was equilibrated only with
phenylacetone ethylene ketal. The solutions were con-
centrated at reduced pressure to remove solvent and cata-
lyst. The n.m.r. spectra of these mixtures, recordéd be-
tween 10-48 h after contact with the catalyst, were used
to calculate values for Ky;/Kp. -

(iiiy Dibenzyl Ketone—Tritium labelled dibenzyl ke-
tone (0.75 mmol) and unlabelled dibenzyl ketone ethyl-
ene glycol ketal were dissolved in 0.5 ml dry methylene
chloride, containing 0.010 mmol BF;-Et,0. The reaction
mixture was stirred for 16 h. The methylene chloride and
BF;-Et,0O were removed at room temperature under re-
duced pressure. The solid residue was dissolved in 5 ml
of dry ether and added dropwise to three molar equiv. of
lithium aluminum hydride in 10 ml ether at —78 °C. The
reactants were stirred ten minutes at —78 °C. The stir-
ring was continued for 1 h as the contents of the reaction
flask warmed to room temperature.

The reaction was quenched by slowly adding a satura-
ted aqueous solution of sodium sulfate until a white
powdery precipitate formed. After filtering, the ether
solution was washed with 5 ml water followed by an
equal volume of saturated sodium chloride solution. The
concentrate was applied to a small (3 in. x in.) column
of activity IT alumina. The ketal came off the column in
hexane, whereas addition of miethanol to the hexane was
necessary to recover the 1,3-diphenyl-2-propanol. The
ketal was crystallized, and the alcohol was molecularly
distilled at 110 °C (pot)/0.2 Torr. Radioactivities of each
were measured by scintillation counting.

The authors wish to thank the National Research
Council of Canada for its financial support, and Professor
A. Guha for the use of the scintillation counter.
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