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Summary. The rates for the reduction of ketones with sodium borobydride arc interpreted
in terms of two parameters, both derived from force-field calculations; i.e. the strain difference
between alcohol and ketone {4 strain) and the steric hindrance towards approach of the hydride R.
Modecls for the evaluation of R are discussed. With this approach reduction rates over a range
of 108 can be rationalized within a factor of 6-10.

The reduction of ketones with complexed hydrides such as sodium borohydride
or lithium aluminium hydride is subject to steric effects determining stereo- and
regioselectivity of the reaction. These effects are still not fully understood. The
stereochemistry of the reduction is usually explained in terms of thermodynanic
considerations (product development control [1] [2]} and of steric hindrance of the
attacking hydride (steric approach control [1] [3]) however, so far no quantitative
relationship between structure and reactivity could be established. In this com-
munication we propose an approach towards the rationalization of the ketone re-
duction rates with sodium borohydride, taking into account both product develop-
ment and steric approach control.

It is assumed that the maximum rate of reduction, in the absence of steric Lin-
drance of the attacking nucleophile, is proportional to the strain difference (A strain)
between alcohol and ketone:

log kmax = Aj - A strain

This factor represents ‘product development control’. If the approach of the
hydride is hindered £max Will be reduced, and we may write:

log k== Ay - A strain — Ag - R

wlere R represents the steric hindrance of the carbonyl group towards approach of
a nucleophile from one side. A; and Ag are proportionality constants. Force field
calculations allow the evaluation of strain in ketones [4]. The strain in alcohols may
be approximated by that of the corresponding hydrocarbons [5]. The strain dif-
ference between ketones and alcohols obtained in this way determines the rates of
alcohol oxidation with chromic acid 5a}. If the carbonyl reduction is controlled by
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thermodynamic [actors (transition state resembling the alcohol), A strain will also
determine the reduction rates. The problem then is to obtain values for R,

One method to handle ‘steric approach control’ has recently been published [6].
Wipke's congestion function describes thie ‘bulk’ at a reacting centre in the direction
ol preferred approach of an attacking reagent. In our own approach we probe the
steric environment on the respective sides of the carbonyl group by placing a hydro-
gen atom perpendicular to the carbonyl carbon atom at arbitrary distances (Model
A). The energy of the ketone is minimized beforehand by means of the BIGSTRN-
program of Schieyer & Mislow, using the Allinger force-field [4]. In a second step the

Schewe

A B

non-bonded interactions of the extra hydrogen atom with all the other atoms are
calculated and added up. For these interactions the parametrization of Schleyer is
used [5b]. In an alternative procedure the energy of the appropriate methyl com-
pound (Model B) is minimized, and the non-bonded interactions of the methyl
hydrogen atom, pointing towards the ‘inside’ of the molecule, with the other atoms
arc added up. Table 1 contains values for R of 21 ketones calculated with the model
A with the hydrogen probe at 1.5, 1.75 and 2.25 A and with model B. The table also
contains the relevant reduction rates from the literature and the A strain values
published previously [5a]. For clarity the name of the alcohol formed is given instead
of that of the reacting ketone.

Inspection of the table reveals that R may increase or decrease within the model
A with increasing distance of the probe, depending from the ketone structure. In
some cases (entries 6, 11, 21) extremely high energies are obtained, particularly at
2.25 A, This is not the case in model B, where the strain can be distributed over the
entire molecule. Because of the energy minimization the position of the hydrogen
probe in model B is different in each molecule, contrary to A, where it is kept con-
stant.

The relative rate constants for formation of the various alcohols are correlated
with the parameters A strain and R by means of the equation

log krey = A1 A strain + AR + Az
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Table 1. Ketone veductions

Alcohol formed log kre1®) A strainb) R IR, Model A [keal/mol]

Model B - — ) n
[kealf 158 1754 225 A

mol]
Uyclobutanol (1) —=0.09 1.94  0.28 445 3.0 0.93
Cyclopentanol 2y -—1.60 — 1.55 0.19 +.84 3.40 1.12
els-4-Methyleyelohexanol 3) ~0.52 0.14 014 0.29 4.38 142
trans-4-Methyleyclohexanol 4 —0.02 179 045 5.40 6.74 7.29
trans-3, 3, 5-Trimethyleyclohexanol  (5) —1.92¢) — 2.87 0.15 5.93 4.09 1.29
cis-3, 5, 5-Trimethylcyclohexanol (6) —2.10¢ L.09  0.92 28,03 49.99 241.09
2-Propanol (7) —-1.33 0.08 0.12 +.62 3.04 0.84
2-endo-Norbornanol 8) —1.55 0.24  0.42 R.31 8.33 6.-48
2Z-evo-Norbornanol 9 —-2.34 1.07  0.062 1200 1575 18.86
7-Norbornanol (10) L.67 5.65 0.71 8380 11,05 12,96
Bornceol (11)  —5.66 - 1.56  1.00 S8.54+ 22453 725.24
Isoborneol (12) —+4.86 —~ 351 093 1572 2101 2514
Zrenndo-Bicvelo[3.2.1octanot (13) —-0.066 .53  0.50 7.78  10.11  11.81
2-exvo-Bicyclo[3.2.1]octanol 14y —1.24 0.533 0.33 .16 12,02 10.87
3-cndo-Bicvelo[3.2.1]octanol (15) —2.89¢ — 419 0.21 7.20 5.21 1.81
3-cvo-Bicyclo[3.2.1 |octanol (16) —2.64¢) 049 0.85 10.33 1740 36.39
9-Bicyclo[3.2.1nonanol (17) —0.66°) 1.27  0.70 10.32 13.55 15.77
S-endo-Bicycelof3.2.1 joctanol (18) —1.5641) 3.69  0.93 10,38 22,03 2531
S-cvo-Bicyclo[3.2.1]octanol (19) 0.44 ¢) 212 042 3.49 3.97 3.93
3-endo-Bicyclo[3.2.1nonanol (20) —5.29¢) —-11.56  0.33 7.90 5.70 1.98
3-exo-Bicyclo[3.3.1]jnonanol 21y —6.16¢) — 334 1.00 165.39 418.21 2446.53

4)  Partial rate constants relative to cyclohexanonc; solvent 2-propanol, 07 [1a).
b o strain = strain RpC=0 — strain RCHCH3, in keal/mol [5al.

Yy Solvent 0.025 A NaOH/dioxane 1:1, 25° [2c].

) Estimated from (7],

using a double regression procedure. The Dest fit was obtained with model A at a
1.5 A hydrogen distance and with model B. Fig. 1 and 2 show plots of the experi-
mental rate constants as a function of the values calculated from the double regres-
sion. The characteristic constants of the regression and of Fig. 1 and 2 are summarized
in Table 2.

Table 2. Regression conslanls and statislical pavameters

Maodel Double regression Plot log keexpy vs. 10g £eate)

Al As Ay Slope Intercept Correlation Standard
cocfficient  deviation

A 15 A 0.407 -0.0275 -1.226 0.9999 —1.11-10~*  0.8965 (.96
3 0.495 -3.61 0.155 1.0000 —-3.02-10-*  0.93 0.79
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Fig.1. Plot of cxpevimental vs. calculated vate constants. Model A (1.5 A C—H distance)

With model B the standard deviation of the rate constants corresponds to a
factor of ca. 6. The correlation coefficient is higher than with A. On the other hand,
the standard deviation in model A is to a considerable degree determined by the two
points related to the reduction of camphlor. This ketone is handled very poorly
indeed, while all the others come out rather better in model A than in B. Both ap-
proaches are however far from perfect.

For practical purposes it is often of interest to know the stereoselectivity of the
reduction, that is the relative rates for exo/endo attack. Table 3 shows the experi-
mental and calculated relative rate constants for exof/endo reduction. From a total
of eight epimeric alcohol pairs the best model predicts in six cases the experimental
preference for exo/endo attack (model A), the other only in four, a very poor agree-
ment. If one considers only the repulsions R for the prediction the failures are one
with A and three with B. Although the calculations seem to give reasonable values
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Fig. 2. Plot of experimental vs. calculated vate constants. Model 13

Table 3. Expevimental and calculated exofendo prefevence of attack for kelone veduction

Ketone log (kexolkendo) log (kexolkenan) log (kca:u/kwr dn)
cxperimental®) calc. model A 1.5 A cale. Model B
4-Methyleyclohexanone - 0.50 ~1.69 —0.30
3,3, 5-Irimethyleyclohexanone 0.18 - Lol 0.82
2-Norbornanol 0.79 —0.24 0.31
Camphor —{.80 —1.38 0.71
Bicyclo[3.2.1]octanone-2 0.58 .50 —0.12
Bicyclo|3.2.1]octanonc-3 —0.25 —-1.82 —0.01
Bicyclo[3.2.1]octanone-8 < —2.00) ~0.31 —0.96
Bicyclo[3.2.1]nonanone-3 0.87 0.98 —1.43

4)  kego = rate constant for attack from cxo side. Data from Table 1.
b Estimated from [7].
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for R, the regression procedure tends to put ‘too much’ weight on the A strain term,
so that the trends predicted from R may in part be overcompensated. The advantage
of this approach over that of Wipke is that it allows to correlate rate constants. How-
ever, when it comes to predict exo/endo preferences the uncertainties in the procedure
become too high as to allow predictions, at least when small reactivity differences
are involved. In terms of energy, A strain and R are in the same order of magnitude
and to achieve a balance is a delicate matter.

The approach proposed here for the calculation of steric effects on reduction rates
is based on ground state properties of the molecules. Although it allows predictions
of rate constants within the appreciable rate range of 8 powers of 10 it needs further
refinement. One possible approach which is currently under investigation consists in
deriving models for the transition state in such a way, that the contribution from
steric approach control and product development control can be obtained from one
and the same structure.
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