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As part of a general investigation of secondary a-deuterium isotope effects
on addition reactions, we have studied the reduction of benzaldehyde and benzal-
dehyde-d with sodium borohydride, sodium cyanoborohydride, and borane-morpholine.
Since these results may be relevant to current discussions of the mechanism of

1-10 we report them now in preliminary form.

borohydride reductions,
Pseudo-first order rates of reaction for deuterated and undeuterated alde-

hyde with excess reducing agent were determined by monitoring the disappearance

of absorption at 246 nm. The observed second order rate constants and isotope

effects axe e Tolliowme-

Reagent Baivent (k‘fg‘ dns,M—Tl sea! (k'H/'k‘L)'o‘.os
NaBH., i-C3H,0H, [NaOH] = 107° M 5 x 10-! 0.883 + 0.012
NaBH 9% A=CaRO%, "PR = 5.7 1.1 % 1t Q.852 + 0.018
NaBH sT% T30, oHR = 5.5 LI R VT 0.278 + Q.00%
O(C2HyJ 2NH*BH H.0, DH > 5.5 4.5 = 2971 0.897 £ ©.019
0(C3H, ] 2 NH*BH 3 Ho0, pH = 2.4 1.5 x 1072 8.8 * 0.02

Second-order rate constants were calculated on the assumption that the first
hydride transferred is rate determining,lo and that there are four asquivalents
of remuciny‘ﬁyﬁfiﬁe%ﬂx&xnﬁnyﬁrtﬁ3}0 ﬁhﬁe&‘ﬁ;tsﬁﬁﬁhmmﬂﬁyaxk&e}l wmdl Wwes
morpholine—borane.8 The cyanoborohydride reductions, which are acid catalyzed,ll
were run in acetate buffers. The morpholine-borane reaction is uncatalyzed

above pH = 4, and acid catalyzed at lower pH in acetate or chloroacetate buf-
fers.a'9 An isotope effect of about 0.78 way be derived for the acid-catalyzed
portion from measurewments at ph = 2.4, where about 78% of the reaction is cata-
lyzed., Rt 1oweT BH, Tydrogeh svobluiion fion deconposition of the teagent pre-
vented accurate rate measurements.

If acid-catalysis involves rate-determining hydride transfer to protonated
aldehyde, then evaluation of the isotope effect for The re&attion sTop TEQELITS
knowledge of the eguilibrium isotope effect for protonation. A value KH/KD =
1.06 (for dissociation of the conjugate acid of aldehyde) was obtained from the
difference in Hy between sulfuric acid solutions which gave identical spectra for

deuterated and undeuterated aldehyde in the vicinity of half-protonation. Then,

3013



3014 No.35

for the hydride transfer, kH/kD = (KH/KD)I(kH)ObS/(kD)ObS] = 0.90 and 0.93 for
cyanoborohydride in isopropanol and water, and 0.83 for morpholine-borane.

The observed isctope effects fall within the range of 10-20% per D frequent~
ly observed in reactions involving sp?® + sp?® hybridization change at carbon.12
They are somewhat less substantial than equilibrium isotope effects recently
found for addition of carbon, nitrogen, and oxygen nucleophiles to aldehyde car-
bonyl groups (0.78 to 0.72).713/1% The equilibrium isotope effect for hydride
addition should be the maximum effect for complete sp® + sp® hybridization
change., This is not directly accessible, but might be approximated using acetal-
dehyde &= ethanol as a model. From publighed infrared analyses, this isotope
effect might be estimated as KH/KD = 0.78.15 A superimposed inductive isotope
effect similar to that for aldehyde protonation might move this to a value in
the vicinity of 0.83 (for aldehyde + alkoxide anion or protonated aldehyde -+
alcohol). The observed isotope effect is thus a gizeable fraction of the proba-
ble maximum effect, suggesting that very substantial rehydridization at the car-
bonyl carbon has occurred by the time the transition state is reached.

Prevailing interpretationsl_4’17

of the stereochemistry of hydride reduc-
tions of cyclohexanones seem to require an early transition state, with little
rehybridization at the carbonyl carbon. Studies with morpholine-borane reduc-
tions have also been interpreted on the basis of a transition state with little
hydride transfer.8 On the other hand, large polar substituent effects on boro-

6,8,16 secondary iso-

6,18

hydride reductions of a variety of aryl carbonyl compounds,
tope effects of o-hydrogens (8-4 effect),6 and perhaps other results may be
best interpreted on the basig of a "late" transition state. If the secondary a-
deuterium effect is largely a function of transition state hybridization, the
present results are most consistent with the later transition state. They are
clearly incompatible with any mechanism8 in which coordination at the carbonyl
oxygen is rate-determining.

Several possibilities might be suggested to resolve the apparent contradic-
tions about transition state structure. Most simply, the structure of the tran-
sition state may vary with the environment of the carbonyl grcup;7’9 the need to
overcome resonance stabilization might result in a later transition state for
aryl carbonyl compounds. Even if the transition state is similar in all cases,
there appears to be no formal requirement that "progress along the reaction co-
ordinate" must mean parallel change of all parameters which are modified during
the rate-determining step (such as hybridization, B-H cleavage, C-H bonding).
Furthermore, the magnitude of the secondary a-deuterium isotope effect may be a
decidedly non-linear function of this progress,19 and may not even be simply
related to the hybridization changes. We note that the isotope effect in SN2
reactions is close to unity,12 though the hybridization must approximate sp?.
Apparently, congestion about the central carbon occasioned by approach of the
nucleophile may compensate for the hybridization change from sp? to sp®. It is

possible that attack of a nucleophile may involve substantial electronic and even
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covalent interaction with the carbonyl carbon, with restriction of the bending
modes of the aldehydic and g-hydrogens, before there has been much progress
toward tetrahedral geometry. It may be pertinent that a theoretically calculat-
ed reaction coordinate for attack of H on formaldehyde pictures approach of the
nucleophile from the carbon end of the carbonyl group.

A striking feature of the isotope effects we report here is their relative
constancy. An uncritical application of the Hammond postulate predicts that
more exothermic processes (such as reaction with a more active reductant, or
hydride transfer to the conjugate acid of the aldehyde) should have earlier tran-
sition states, and hence, isotope effects closer to unity. However, despite siz-
able differences in rates, the only marked difference in isotope effect is the
larger effect on the acid-catalyzed morpholine-borane reduction. One interpre-
tation of the constancy might be that all the reactions have similar hybridiza-
tion at the carbonyl carbon. However, the Hammond postulate was originally
stated (and should be most valid) for steps involving formation or reaction of
an unstable intermediate, via transition states very cleose to it in energy and
structure.21 Borohydride reductions are indeed exothermic and have gquite low

enthalpies of activation.l’2r8,9,22

But their strongly negative entropies of
activation may indicate a considerable difference in structure from reactants.
Furthermore, it is possible that the different reductions studied here might

have reaction coordinates which differ gqualitatively. Possibilities might in-

clude direct transfer of hydride (1) or a cyclic mechanism (g),z’9 perhaps with
I
J— H.,
Q O-—-Bx i
!% f---EZ, !% b e
------ - -~
A\ = VAN / ~~.H.-4'3\
1 2 3

prior complex formation. Protonation on the carbonyl oxygen should render such
coordination less likely. However, another cyclic mechanism such as g could be
imagined, or the function of the acid catalyst could be to make the borane more

8 If the transition states compared are no longer grada-

accessible for reaction.
tions along essentially the same reaction pathway, there is no need to expect a
gradation in isotope effect with variation in reagent or conditions. Then, sim-
ilarity or variations in isotope effects could be guite fortuitous.

In conclusion, the substantial isotope effects found for reduction of ben-
zaldehyde with a variety of boron hydride reagents suggest that interaction of
the reagent with the carbonyl carbon is fairly well advanced in the transition
state. Generalization of this result to a conclusion that all borochydride

reductions have "late" transition states is gquite uncertain at this stage.
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