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dilute phosphoric acid and extracted with ether, which was washed 
with aqueous carbonate buffer (NaHC03-Na2C03, 1:1) and then 
with water. Iodometry indicates 40-80% yields of peroxide formation. 
The crude peroxide 1 was purified by passing through a Florisil column 
using «-hexane, H-hexane-CKhCb (3:1), and then CH2CI2. Elution 
of the peroxide was easily monitored by iodometry. Evaporation of 
CH2CI2 under slightly reduced pressure afforded a-hydroperoxy ni-
trile in 20-50% yields, some of which (lb-d) could be crystallized by 
standing in a refrigerator for 2-10 days and washing with «-hexane. 
Melting points are listed in Table IV. 

Attempted preparations of 1 by the reaction at -20 0C or in di-
methylformamide-monoglyme at -60 0C were unsuccessful (titrated 
yield <2%). The washing with aqueous carbonate buffer was effective 
in decomposing contaminated cyanohydrin. 

The purity of peroxide 1 was determined iodometrically in 
MeOH-AcOH-H2O (2:1:1).6 The structure of R,R2C(OOH)CN 
was established by IR and NMR spectra (Table IV), and by the KI 
reduction to cyanohydrins. 

Rates and Products. The rate of base-catalyzed decomposition of 
1 was followed up to 80% conversion by iodometry6 and found to be 
first order in 1. The reproducibility of the fc0bsd value was adequate 
(within ±5%) in the presence of EDTA, although its absence did not 
affect the value in most cases. 

Organic products were determined by GLC analysis using pro-
piophenone or biphenyl as an internal standard. Cyanide ion could 
not be detected even by benzidine-cupric acetate test.9 Quantitative 
formation of cyanate ion was reported for the reaction of la.4 

Chemiluminescence. Chemiluminescence was monitored by a Hi
tachi MPF-2A fluorescence spectrophotometer using a 3-mL solution 
in a 4-mL quartz cell. The initial intensity at time zero was determined 
from the plot of / vs. time. The quantum yields were calculated ac
cording to the reported method733 using the equation in footnote d, 
Table III. The incident light from a Xe arc was determined by fer-
rioxalate actinometry.34 
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thetic viewpoint, as it should allow predictions concerning the 
regio- and stereospecificity of the ketone reduction. 

The reaction of sodium borohydride with ketones in 2-pro-
panol solution exhibits simple second-order kinetics; it is first 
order both in hydride and ketone.1 The rate-determining step 
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consists in the transfer of the first hydrogen from the borohy
dride to the carbonyl carbon. For the various ketones studied, 
the entropies of activation are nearly identical2'3 so that their 
relative reactivities can be attributed in a first approximation 
to enthalpy effects alone. The electronic substituent effects are 
of minor importance for aliphatic ketones;4 a value of 0.76 has 
been reported for Taft's reaction constant p*. These effects will 
be neglected in our discussion. 

The steric factors operating in the reaction are traditionally 
interpreted in terms of two fundamental concepts, "product 
development control" and "steric approach control".6 "Product 
development control" is associated with a late (productlike) 
transition state;7 it explains the predominant formation of the 
more stable alcohol in the reduction of unhindered cyclohex-
anones8 and the rate profile for the reduction of the cycla-
nones.9 "Steric approach control", on the contrary, implies an 
early (reactant-like) transition state;7 the complexed hydride 
attacks the carbonyl group from the less hindered side. This 
concept is used to explain the predominant equatorial attack 
on sterically hindered cyclohexanones or, more generally, the 
preferential formation of the thermodynamically less stable 
alcohol in the reduction of sterically hindered ketones.3a'6'7 In 
addition to this, two additional hypotheses are offered: (1) an 
early transition state for all ketones where the stereochemical 
outcome is determined by steric and torsional interactions 
between the partially bound hydride and the substituents of 
the ketone,10" and (2) a late transition state where strain ef
fects control ketone reactivity and remote steric effects direct 
the hydride to the less hindered side of the carbonyl group.12 

The arguments in favor of one or the other hypothesis have 
recently been reviewed.1 lb'13'14a 

Wipke and Gund14 applied a molecular mechanics program 
to the problem of stereoselectivity of carbonyl addition. In their 
approach an early transition state is suggested. The steric 
hindrance of the ketone in its ground state with respect to 
perpendicular approach of a nucleophile is described with an 
empirical function called congestion. The calculated conges
tions correlate well with the stereoselectivity of ketone addi
tions by large nucleophiles, and in highly congested ketones 
also by small nucleophiles. For addition of small nucleophiles 
such as sodium borohydride to uncongested ketones another 
function, containing an empirical torsional correction, must 
be used. The torsion-corrected functions are able to reproduce 
the stereoselectivity of the reduction, but they do not correlate 
with rate constants. 

Force-field calculations have been successfully used to 
correlate rate constants with the strain difference between 
reactants and hypothetical transition state models for solvolysis 
of bridghead halides,15 ester hydrolysis,16 and alcohol oxida
tion.17 Application of the method to the sodium borohydride 
reduction of ketones requires a transition state model appli
cable to both hindered and unhindered ketones. We have 
previously described a procedure to calculate "steric approach 
control" and "product development control" from two inde
pendent structures. Rate constants were rationalized by a 
linear combination of these two factors.18 The failure of the 
procedure to reproduce the stereoselectivity of the reaction 
suggested that both of them derive from one and the same 
structure. 

Scheme I 
CHj 

Table I. Reduction Rates of Ketones and Strain Energies 

Log TS A 
Compd Alcohol formed /crei" strain* strainr 

" Partial rate constants relative to cyclohexanone; the rates of the 
symmetric ketones are divided by 2; conditions, solvent 2-propanol 
at 0 0C. * Strain energy of transition state model, calculated from 
steric energy and group increments by molecular mechanics,21-22 in 
kcal/mol (the stretching energy of the CH bond of 2.30 A is not in
cluded). c A strain = strain ketone — strain transition state, in kcal/ 
mol. d Half-chair form for ketone and transition state. ' Reference 
3a. 1 Reference 4. * Reference 23. * Reference 24. ' Upper limit, 
estimated from ref 12b. > Solvent 0.025 M dioxane/water (1:1), 25 
o C 12b 

The model adopted is shown in Scheme I. It has a CH3 group 
bound to an sp3-hybridized carbon atom and an only partially 
bound carbinolic hydrogen at 2.30 A perpendicular to the 
carbonyl carbon. The CH3 group simulates the steric re
quirements of the alcohol product, for which our program is 
not parametrized.19 This part of the model reflects "product 
development control". The carbinolic hydrogen at 2.30 A 
serves as a measure for the strain hindering perpendicular at
tack of the complexed hydride. Although theoretical consid
erations suggest a wider angle,20 perpendicular approach was 
retained for the model for reasons of simplicity. The steric 
energy of the model was calculated with the Engler force fi
eld2'a incorporated in the BIGSTRN program of Schleyer21 and 
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Figure 1. Exo/endo preference for carbonyl attack, in percent, calculated 
using In ̂ (endo/exo) = [strain TS exo — strain TS endo]//?7". Experi
mental values in parentheses. References as in Table 1. 

Table II. Calculated Thermodynamic Properties of Ketones 

Ketone 

Cyclopentanone'' 
2- M ethylcyclohexanone 
2,2-Dimethylcyclohexanone 
7-Norbornanone 
1 -Methyl-2-norbornanone 
7,7-Dimethyl-2-norbornanone 
Bicyclo[2.2.2]octanone 
3-Bicyclo[3.2.1]nonanone 

AWf0" 

-46.56 
-62.26 
-68.43 
-33.14 
-48.14 
-50.89 
-51.01 
-60.75 

Strain* 

6.36 
2.80 
4.74 

24.09rf 

17.20 
21.40 
11.41 
6.86 

" Gas phase standard enthalpies of formation in kcal/mol of ketones 
calculated from steric energies and general increments according to 
Allinger.25 * Strain energy from AWf° and strainless increments of 
Allinger,25 kcal/mol. ' Half-chair form (most stable conformation). 
d The value of 29.09 quoted in ref 17a is in error. e Chair-chair 
form. 

Mislow,22 and its enthalpy of formation and strain by using the 
general and strainless increments of Schleyer.2la All internal 
coordinates were relaxed except the 90° angle of the carbinolic 
hydrogen and its bond length. The latter was varied system
atically until (at 2.30 A) the model reproduced the isomer 
distribution in the reduction of camphor correctly. Application 
to other ketones required a reduction of the H-H nonbonded 
distance from 3.20 to 2.50 A for the hydrogen probe. Further 
modification of the parameters produced no improvement. The 
results of the calculations are summarized in Table I, which 
also contains the partial rate constants for reduction. For 
clarity the names of the alcohols are given so that the partial 
rate constants refer to formation rates. Inspection of Figure 
1 shows good agreement between experimental and calculated 
stereoselectivity (±10%),except inonecase(3-bicyclo[3.2.1]-
octanone). For all ketones studied the model predicts the 
predominant isomer correctly. It is applicable to hindered and 
unhindered cyclohexanones as well as to other hindered ke
tones, and there appears no need to invoke different transition 
states as the ketone structure varies. 
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Figure 2. Plot of log kre\ vs. A strain. Data from Table I. 

In order to rationalize rate constants for reduction the strain 
of the starting carbonyl compounds must also be known. Since 
very few reliable experimental data are available, we use the 
strain energies calculated by the force-field method of Al
linger;17'25 calculations for new compounds are summarized 
in Table II. The strain difference between ketone and TS model 
(A strain) is found in the last column of Table I. 

In Figure 2 the partial rate constants for ketone reduction 
relative to cyclohexanone (log fcrei) are plotted against A strain. 
The plot covers a rate range of 10s. The slope of the regression 
line is 0.71, the intercept 2.58, the correlation coefficient 0.85, 
and the standard deviation on log k = 1.0. Thus the correlation 
allows us to rationalize rate constants with an average error 
of a factor of 10. If log k is transformed in energetic units by 
multiplying with 2.303 RT the slope of the correlation becomes 
0.97, in good agreement with the theoretical value of 1.0. From 
this viewpoint the model reflects the properties of the transition 
state reasonably well. Although agreement between calcula
tions and experiment is much less than for the isomer distri
bution, the trend is still significant. The most important de
viations are due to the very reactive as well as to the very un-
reactive ketones. Their rate constants are known to be some
what less reliable.3a An additional uncertainty may come from 
the use of a different solvent system for compounds 27-31. 

The accuracy of the calculations is of course far from perfect 
and needs refinement. Such refinements may be possible by 
slightly changing the position and the van der Waals radius of 
the carbinolic hydrogen or even the function for the nonbonded 
interactions. Further improvement could be possible with a 
force field for alcohols. However, it appears that the main 
problem comes from the strain energies of the ketones, which 
need not to be considered in the calculation of the isomer dis
tribution. In fact, preliminary experiments26 show considerable 
disagreement between experimental and calculated enthalpies 
of formation of bicyclic ketones. From the limited amount of 
data available at the present time it is impossible to predict if 
a modified ketone force field will lead to better results. This 
point is currently under investigation. 

From the results of the calculations it appears possible to 
rationalize, within the limitations indicated, rates and isomer 
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distributions of the borohydride reduction of ketones with only 
one transition state. 

The approach used here is not limited to the treatment of 
the ketone reduction. It is possible to adapt the parameters to 
other nucleophiles and other functional groups, such as double 
bonds. It should therefore be of general interest in mechanistic 
and synthetic chemistry. 

Acknowledgments. This work was supported by the Swiss 
National Science Foundation. The authors thank the Centre 
Universitaire d'Informatique of Geneva for free computer time 
and the UNIVAC 1108. 

References and Notes 

(1) H. C. Brown, O. H. Wheeler, and K. Ichikawa, Tetrahedron, 1, 214 
(1957). 

(2) H. C. Brown and K. Ichikawa, Tetrahedron, 1, 221 (1957). 
(3) (a) H. C. Brown and J. Muzzio, J. Am. Chem. Soc, 88, 2811 (1966); (b) D. 

C. Wigfield and D. J. Phelps, J. Org. Chem., 41, 2396 (1976). 
(4) H. C. Brown and K. Ichikawa, J. Am. Chem. Soc, 84, 373 (1962). 
(5) K. Bowden and M. Hardy, Tetrahedron, 22, 1169 (1966). 
(6) W. G. Dauben, G. J. Fonken, and D. S. Noyce, J. Am. Chem. Soc, 78, 2579 

(1956). 
(7) D. C. Wigfield and D. J. Phelps, Can. J. Chem., 50, 388 (1972). 
(8) G. Just and R. Nagarajan, Experientia, 18, 402 (1962); H. C. Brown and H. 

R. Deck, J. Am. Chem. Soc, 87, 5620 (1965). 
(9) H. C. Brown, R. S. Fletcher, and R. B. Johannesen, J. Am. Chem. Soc, 73, 

212 (1951); H. C. Brown, J. Chem. Soc, 1248 (1956). 
(10) M. Cherest and H. Felkin, Tetrahedron Lett., 2205 (1968); M. Cherest. H. 

Felkin, and N. Prudent, ibid., 2199 (1968). 

A survey of the electrochemical literature reveals that 
studies on "electrochemical irreversible" systems do not pro
vide evidence for the presence of reactions which regenerate 
the starting material from the reaction intermediate. This 
situation is not expected with those electrochemically irre
versible cases where one and only one reaction pathway is 
available for the oxidation-reduction process as is usually the 
case with metal cations. However, in the case with larger or
ganic molecules more than one reaction pathway may be 
available for the oxidation-reduction process. Even with these 
cases no evidence of the regeneration reaction is available. For 
example, the electrolytic reductions of alkyl halides is pre
sumed to proceed with no regeneration of RX from RX--. And 
while the more facile reduction of halides which are allylic, 
benzyl ic, or a to a carbonyl is associated with the formation 
of an initially formed radical ion, no evidence of regeneration 
is available (eq I).2'3 We now present the results of a study 
aimed at establishing the relative importance of reactions 
which regenerate the alkyl halide from the radical ion. For 
technical convenience the easily reducible phenacyl chloride 

(11) (a) E. C. Ashby and S. A. Noding, J. Am. Chem. Soc, 98, 2010 (1976); (b) 
E. C. Ashby and J. T. Laemmle, Chem. Rev., 75, 521 (1975). 

(12) (a) P. Geneste, G. Lamaty, and J. P. Roque, Tetrahedron Lett., 5007 (1970); 
P. Geneste, G. Lamaty, C. Moreau, and J. P. Roque, ibid., 5011 (1970); (b) 
C. Moreau, Ph.D. Thesis, Universite des Sciences et Techniques du Lan-
guedoc, Montpellier, 1972. 

(13) (a) H. O. House, "Modern Synthetic Reactions", 2nd ed, W. A. Benjamin, 
Menlo Park, Calif., 1972, pp 54-70; (b) E. Goller, J. Chem. Educ, 51, 183 
(1974). 

(14) (a) W. T. Wipke and P. Gund, J. Am. Chem. Soc, 98, 8107 (1976); (b) ibid., 
96,299(1974). 

(15) R. C. Bingham and P. v. R. Schleyer, J. Am. Chem. Soc, 93, 3189 (1971); 
J. L. Fry, E. M. Engler, and P. v. R. Schleyer, ibid., 94, 4628 (1972); W. 
Parker, R. L. Tranter, C. I. F. Watt, L. W. K. Chang, and P. v. R. Schleyer, 
ibid., 96, 7121 (1974). 

(16) D. F.deTar, J. Am. Chem. Soc, 96, 1254, 1255(1974); D. F. de Tar and 
C. J. Tanpas, ibid., 98, 4567 (1976). 

(17) (a) P. Muller and J. C. Perlberger, J. Am. Chem. Soc, 97, 6862 (1975); (b) 
ibid. 98, 8407(1976). 

(18) P. Muller and J. C. Perlberger, HeIv. Chim. Acta, 59, 1880 (1976). 
(19) A force-field program parametrized for alcohols and other oxygen-con

taining functions has recently been described; cf. N. L. Allinger and D. Y. 
Chung, J. Am. Chem. Soc, 98, 6798 (1976). 

(20) H. B. BCirgi, J. D. Dunitz, J. M. Lehn, and G. Wipf, Tetrahedron, 30, 1563 
(1974); H. B. Burgi, Angew. Chem., Int. Ed. Engl., 14, 460 (1975). 

(21) (a) E. M. Engler, J. D. Andose, and P. v. R. Schleyer, J. Am. Chem. Soc, 
95, 8005 (1973); (b) J. E. Williams, P. J. Stang, and P. v. R. Schleyer, Annu. 
Rev. Phys. Chem., 19, 531 (1968). 

(22) J. D. Andose and K. Mislow, J. Am. Chem. Soc, 96, 2168 (1974). 
(23) B. Rickborn and M. T. Wuesthoff, J. Am. Chem. Soc, 92, 6894 (1970). 
(24) E. Volpi, G. Biggi, and F. Pietra, J. Chem. Soc, Perkin Trans. 2, 571 

(1973). 
(25) N. L. Allinger, M. T. Tribble, and M. A. Miller, Tetrahedron, 28, 1173 

(1972). 
(26) P. Muller and W. V. Steele, unpublished. 

was studied using a platinum electrode in order to avoid the 
usual adsorption and mercuration problems of the mercury 
electrode3 and in moist dimethylformamide in order to avoid 
solvent problems.4 

RX ^==± [RX-] — R- + X- — -* RH (1) 

Results and Discussion 
Phenacyl Derivatives. All electrochemical reductions were 

performed using a PAR Model 170. The electrolysis experi
ments were performed in DMF containing the appropriate 
amount of D2O or CH3OD plus 0.1 M tetraethylammonium 
fluoroborate. As seen in Figure 1, cyclic voltammetry of 
phenacyl chloride (10 -3 M) using a platinum button as the 
working electrode shows electrochemical irreversibility at scan 
rates between 0.1 and 10 V/s. £pc appears at —2.0 V with /p / 
V' /2C equal to 0.19 A s' /2/V' /2M at a scan rate of 200 mV/s. 
With these DMF-D2O solutions used, the background currents 
become significant at —2.5 V and finally break down at —2.8 
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Abstract: Reduction of phenacyl chloride in DM F containing 1 % D2O is electrochemically irreversible. The observed products 
at the reduction potential are acetophenone plus dimeric product. Recovery of the ketone after short reaction times reveals the 
presence of considerable H/D exchange of the methylene hydrogens in competition with the reduction reaction. Similarly, in 
the reduction of 1,2-diphenylpropanone, which proceeds with asymmetric induction, H/D exchange of the a hydrogen is very 
important. The exchange process appears to be part of the electrochemical reaction and is associated with the first electron 
transfer step. 
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