conductivity detector was used. The areas of the peaks obtained with
the flame ionization detector, however, was corrected for the carbon
number of the product (area X 1/number of carbons). Several mix-
tures were analyzed with both detection systems and the results were
the same within £5%.
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Simulation and Evaluation of Chemical Synthesis,
Congestion: a Conformation-Dependent Function of
Steric Environment at a Reaction Center,
Application with Torsional Terms to
Stereoselectivity of Nucleophilic

Additions to Ketones!2
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Abstract: An empirical, conformation-dependent function, related to congestion at a reaction center, is derived. Based upon
calculating the surface area of cones of access defined by each hindering atom, the congestions calculated from three-dimen-
sional models of 52 ketones were correlated with stereoselectivity of steric approach controlled nucleophilic addition reactions.
For hydride reductions which were not steric approach controlled, addition of an empirical transition state again afforded good
correlation correction with experimental stereoselectivity. It is proposed that the present function permits *““factoring out” the
steric effect for ketone addition reactions, and that it may also be useful in evaluating different conformations. An example of
the latter is illustrated with 2-methylcyclopentanone. The mechanism of nucleophilic attack on ketones is discussed. The con-

cept of a torsional effect is strongly supported by our results,

The most challenging problems for the synthetic organic
chemist are generally those which involve stereoselective
transformations. A large number of empirical rules have been
formulated to aid the chemist in this regard.2 Unfortunately
such rules are often very specific with respect to the class of
compounds to which they apply; furthermore, they are not
always well grounded mechanistically. Orbital symmetry rules?
have elegantly rationalized many selective transformations,
but application to large polyfunctionalized molecules of syn-
thetic interest is not always straightforward in the absence of
detailed molecular orbital calculations.

While the synthetic chemist can usually look at a Dreiding
model of a compound and predict which side of a reactive
center is more “sterically hindered” to attack by a reagent,
there has been no simple method of quantifying the chemist’s

perception. We have addressed the task of formulating the
organic chemist’s stereochemical rules in forms amenable for
computer analysis of synthesis.*3

Many stereochemical properties of molecules are indepen-
dent of conformation (e.g., cis-trans relationships in rings),
and may be perceived symbolically and manipulated alge-
braically.® Other conformation-dependent stereochemical
relationships, e.g., axial-equatorial, group proximity, least
hindered side, require, in general, evaluation of a three-di-
mensional molecular model. The models utilized in this paper
were built by computer from two-dimensional structural di-
agrams with stereochemistry designated using the SYMIN
module,’"7 an interactive Westheimer type molecular me-
chanics® program.

Steric Control of Reactions, While steric hindrance is well
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accepted as an important effect in controlling stereoselectivity
for a number of reactions,? the concept is applied by chemists
in a rather intuitive manner. Qur goal was to discover a func-
tion which afforded a quantitative description of the steric
environment about a reaction center, and then to calibrate that
function by correlating it with experimentally observed ster-
eoselectivity for reaction at that center. As a model reaction,
we chose nucleophilic attack on carbonyl carbon.® Since we
will later comment on the mechanism of such reactions, we
briefly review this somewhat controversial area.

Nucleophilic Addition to Ketones,® The importance of steric
factors in the stereoselectivity of nucleophilic attack on acyclic
ketones was recognized very early by Cram’s rules:!? if it is
assumed that that rotamer predominates in which, of three
attachments to an adjacent asymmetric center, the two
smallest flank the carbonyl carbon, then the diastereomer
formed by reagent attack on the side of the smallest group
predominates. Cram’s rules are quite successful empirically,
but Karabatsos pointed out that conformers in which the
carbonyl group is eclipsed are more stable, and that the Cram
rules could be rederived on the basis of different preferred
rotamers.!! Felkin suggested that, due to torsional strain in the
transition state, an all-staggered conformation is more likely.
This viewpoint also gives rise to an equivalent of Cram’s
rules.!?

Steric control of additions to cyclic, hindered ketones has
also been well established since rationalized by Dauben in
terms of “steric approach control™ of direction of attack.!3 On
the other hand, additions to unhindered cyclic ketones seemed
not to be governed by steric effects. Dauben proposed that, in
such cases, “product development control” prevailed, i.e., the
more thermodynamically stable product was preferentially
formed.

This last proposal has been the subject of some controversy.’
1t has seemed strange to many workers that additions to acyclic
and hindered cyclic ketones should have a transition state re-
sembling starting materials, while additions to unhindered
cyclic ketones have transition states resembling products.
Furthermore, it was found that the major product may pre-
dominate by greater than its equilibrium concentration.'4
Alternate explanations have been advanced for the cyclic,
unhindered ketone additions. For instance, Kamernitzky!?
proposed that dipolar effects could account for observed
stereoselectivites, but while this is undoubtedly true for polar
groups,'® it is less clearly true for simple alkyl substitutents.
Richer!” proposed that for cyclohexanones, the axial a-hy-
drogens hinder equatorial attack of small nucleophiles more
strongly than axial 8-hydrogens hinder axial attack (Figure
1). While this ground-state proposal failed to stand up to ex-
periment, Marshall'8 converted it to a transition-state argu-
ment as follows. For a nucleophile approaching a cyclohexa-
none carbonyl carbon from the two possible perpendicular
directions (Figure 1), the 8-hydrogens are closer to the per-
pendicular (and therefore more interfering) for distances of
reagent above 1.6 A from the reaction center. At 1.6 A the a-
and 8-hydrogens are equally interfering, while below 1.6 A the
a-hydrogens are more interfering.!” It was suggested that for
hydride attack there was a short carbonyl-hydride distance
in the transition state and a-hydrogens were more interfering.
For attack by large nucleophiles (e.g., Grignard reagents), an
early transition state with a longer C-H developing bond
length, and therefore more hindrance by 8-hydrogens, was
proposed to account for the observed reversal of stereoselec-
tivity.!8 This hypothesis has been criticized by Ashby.%®
Chérest and Felkin suggested? that additions to cyclohexa-
nones proceed via reactant-like transition states, in which axial
attack is dominated by steric effects (from the axial §8-hydro-
gens) while equatorial attack is hindered by torsional inter-
actions between the developing C-nucleophile bond and the

axial B-hydrogens. The relatively mild hindrance caused by
axial substituents « to the carbonyl carbon is attributed to the
relative insensitivity of torsional strain to steric size.?? Simi-
larly, Pasto and Gontarz?! emphasized the separability of steric
effects into “remote steric effects” and “‘torsional angle ef-
fects”; the latter primarily affect the transition-state ener-
gy.
It is reasonable that bulkier reagents would place more steric
demand on a reaction center, and Ashby?? noticed that, for
nucleophilic addition to 4-tert-butylcyclohexanone, the pro-
portion of axial product varied with the 4 value?? of the re-
agent.

If the tert-butyl value is dropped, the data collected by
Ashby?? give an excellent linear correlation of percent axial
alcohol vs. both A4 value and Taft E constant?4 of the reagent
(Table I).2° Similar variation of product ratio with reagent size
has been observed for 3-cholestanone.?¢ These observations
suggest that interference of the axial 8-hydrogens with axial
attack is the predominant steric effect in cyclohexanones, and
that attacking hydride is subject to the same effects as other
nucleophiles.

The torsional strain proposal has been advocated in several
recent studies,'*?7 but questions still remain.’ In particular,
the idea that the transition state for borohydride reduction of
ketones is reactant-like has been questioned. Eliel'*® has
summarized the evidence for substantial sp? hybridization at
the carbonyl carbon in the transition state: namely, a large
cyclohexanone/cyclopentanone rate ratio, a large Hammett
p value for the reaction, and the borodeuteride isotope effect. 2%
Geneste?8® has shown that the position of the transition state
along the reaction coordinate varies with the nucleophile, and
that the transition state for borohydride attack is product-like.
Ashby®® has recently advocated an additional “compression
effect”, a different type of torsional effect which apparently
was originally proposed?® and later rejected3? by Klein.

In summary, although our model stereoselective reaction
has been studied in great detail, many questions remain about
all the factors affecting stereoselectivity. A mathematical
model accounting for all effects would be complex indeed. But
we might expect that ketones which exhibit substantial con-
gestion would correlate with a function which measures steric
congestion. Relatively uncongested ketones may not correlate
because of possible dominance by other effects. However, in
the latter cases we may still be able to assess the steric envi-
ronmental effects, since bulky nucleophiles appear to make
more steric demand upon the ketone.! In particular, catalytic
reduction in acid solution appears to be governed strongly by
steric effects,? while reduction in neutral solvents usually gives
the more stable alcohol. Dissolving metal reductions may also
be sterically controlled,? although epimerization of the
products can occur.

Methods

Congestion Function Derivation, According to Velluz,2b«<
the stereochemistry of the product obtained by asymmetric
attack at a trigonal carbon atom is determined largely by four
factors: perpendicularity of attack, accessibility of the reaction
center, relative transition-state energies, and equilibration of
products. For the present we ignore the last two effects, and
attempt to develop a function which assesses the consequences
of the perpendicularity and accessibility criteria. Later we will
examine torsional transition-state effects of the incoming re-
agent.

Clearly steric hindrance in a reaction is a function of the
substrate molecule, the reagent (solvated), and the structure
of the transition state. First, consider the substrate molecule.
Let us use the term steric congestion to refer to the steric en-
vironment of the isolated substrate in its ground state, and
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Table I, Nucleophilic Addition Reactions to 4-tert-Butylcyclohexanone
Nucleophile, RM % axial Calcd % axial alcohol
No. R M alcohol? A value? E® Eq 1€ Eq 24
1 H LiAlH, 8 0 1.24 7 9
2 H LiAl(O-t-Bu), 10 0 1.24 7 9
3 CN H 10 0.17 13
4 C=CH H 11 0.18 13
5 CH,=CHCH, MgBr 48
6 Me MgBr 60 1.70 0 65 62
7 Et MgBr 69 1.75 -0.07 66 65
8 n-Pr MgBr 74 -0.36 77
9 i-Pr MgBr 82 2.15 -0.47 80 82
10 t-Bu MgCl 100 (>4.2)¢ (-1.54)¢ 127

a Reference 22. b Reference 24, € % axial = 6.730 + 34.0994 ;1 = 7,r* = 0.992.9 % axial = 61.636 — 42.289E; n = 6, r* = 0.994. ¢ Excluded

from the correlation.

Table II, van der Waals Atomic Radii Used in Congestion

Calculation4

Atomtype Radius, A Atom type Radius, A
H 1.2 C 1.7
N 1.55 C (unsaturated) 1.86
(6] 1.52 C (methyl) 2.2¢

@ Unless otherwise noted, values are from A. Bondi, J. Phys.
Chem., 68, 441 (1964). b Half-thickness of benzene ring: L. Pauling,
*The Nature of the Chemical Bond™, 3rd ed, Cornell University
Press, Ithaca, N.Y ., 1960, p 260. € This value for a symmetrical spin-
ning top methyl group gave better results than the value of 2.0 A
recommended by Pauling (footnote 5) but is less than the maximum
value of 2.23 A along the C—H axis (M. Charton, Progr. Phys. Org.
Chem., 8,247 (1971)).

reserve the term steric hindrance to refer to steric environment
with respect to the approach of a specific reacting partner.

Thus, we define steric congestion at a reaction center as a
property of the substrate molecule in its ground state, inde-
pendent of reaction partners and transition-state structure.
It seems clear that a function which measures steric congestion
must take account of the number, type, and location of hin-
dering atoms on each side of the reactive locus. We have de-
fined such a function in the specific context of our model sys-
tem, nucleophilic attack on a ketone,” as illustrated in Figure
2; however, this general model should also be applicable to
other types of reaction.3? Let us assume that a nucleophile R
of negligibly small radius preferentially approaches the carbon,
x, along a line perpendicular to the plane of the carbonyl
group.’* For each hindering atom, /, we may define a cone of
preferred approach, centered on the perpendicular and tangent
to the sphere of van der Waals radius r; surrounding atom i.
Intersection of this cone with a sphere of unit radius centered
on x defines a spherical cross section of preferred approach.
We equate this solid angle® with 4., (i), the accessibility of
x on side a with respect to i (Figure 2). Thus, each atom i al-
lows a certain accessibility to atom x. Angle 8 is easily derived
from r;, d; (the distance from x to #), and 4; (the height of
above the plane).

Ao (i) = 27mr2(1 — cos 6) (D

We further define C., (i), the congestion at x on side a
caused by /, as the reciprocal of the accessibility; then the total
congestion for each side is the sum of the contributions from
each atom on that side.

Cra= ;Cxa(i) = Zi:(l/Axa(i)) (2)

As accessibility approaches zero, i.e., when atom i starts to
overlap the perpendicular pathway, congestion from eq 2 be-
comes infinite. Experimentally, however, the observation of
products resulting from such attack indicates congestion does
not become infinite, but instead nonperpendicular approaches

apparently become significant. In such cases, C is set to the
congestion from eq 1 at the arbitrary changeover point (8 =
14°, r* = 0.25 A) and a corrective displacement term is
added:

Cra(i) = 5.32 + exp [12(0.25 — )]

when #’ < 0.25 A and where ’ = (b; — ri)/h;.

While the displacement term is strictly empirical in nature,
it may be envisioned as reflecting the nonbonded repulsive
interaction of incoming reagent and hindering atom. Non-
bonded repulsive energy is often represented as an exponential
function of distance.3¢

van der Waals radii used are collected in Table II. Hydro-
gens are considered explicitly except for methyl groups, which
are treated as symmetrical, spinning tops.

Torsion Corrected Congestion Derivation, As will be dis-
cussed later, the calculated congestions correlate well with
stereoselectivity of ketone additions by large nucleophiles, or
in highly congested substrates, i.e., additions which are dom-
inated by steric effects. But for addition of small nucleophiles
reverse stereospecificity is observed. We attempted to find an
empirical correction function which would allow correlation
with these latter cases. we first tried a function based on
Marshall’s concept of axial a-hydrogens hindering only large
reagents.'® However, all such correction functions we tried,
which varied with the distance of the hindering atom centers
from a line drawn perpendicular to the carbonyl carbon atom
(distance = b; — r;, Figure 2), varied wildly with small changes
in geometry of the model and, when parameterized for one
system, failed to give good results for other systems.

An empirical correction function based on Chérest and
Felkin’s proposal of torsional transition state effects?® was more
successful. We calculated the dihedral angle between hindering
g atoms and a line drawn through the carbonyl carbon per-
pendicular to the plane of the carbonyl group (Figure 3), and
designed a function3” which gave a congestion correction of
65 when the incoming reagent was completely eclipsed (¢ =
0), and 0 when ¢ was 35° or greater:

C; = 65 cos (2.572¢) for ¢ < 35° 4)

As a simplification, the function was made independent of
atom type.? The resulting torsional “correction” was added
to the normal congestion (eq 2 and 3) for a hindering 3 atom,
giving a “torsion-corrected congestion™ which correlated re-
markably well with product stereoselectivity for attack by small
nucleophiles, as discussed below.

(3)

Results

The ketones studied are collected in Figure 4, with the less
congested face3® of each ketone indicated by an arrow. For
each face of these ketones, calculated congestions (C) and
torsion-corrected congestions (T7CC) are given in Table III,

Wipke, Gund | Simulation and Evaluation of Chemical Synthesis



9461 ‘8 42quiadaq | §z:86 | 4131208 (porway) uvoumy ay3 fo [pudnof

Table III,

Congestions and Torsion-Corrected Congestions for Some Selected Ketones

Obsd ratio for nucleophilic

Congestion¢ Torsion correction angestlon TCC ratio, attack (covert/overt)
ratio Coyert/ overt/covert,
No. Ketone Overtd Coverth Overtd Covertd Ceovert> % % Larged Smalle Nucleophile Ref.
A. Bridged-Ring Ketones
1 Norbornanone-2 7.4 303 8.7 (H, H)f 41.5(C)f 15:85 8:92, 10:90 LiAlH, g h
14:86 NaBH, i
20:80 0:100 CH,Mgl ik
2 Norbornenone 6.6 23.8 43.3 (O) 9:91 9:91 LiAlH, g
5:95 NaBH, i
22:78 ~10:90 CH,Mgl !
3 1-Methylnorbornan- 9.5 234 8.3 (H) 45.5 (O) 29:71 20:80 15:85 NaBH, i
2-one
4 a-Santenone 10.1 24.2 8.7(H) 46.3 (C) 29:71 21:79 10:90m LiAlH, n, o
5 Apocamphor . 324 5748 45.0 (C, H) 6.0 (H) 5:95 12:88 10:90 LiAlH, h
22:78 NaBH, h
6 Camphor 24 .4 454.7 47.7 (C) 12.1 (H) 5:95. 13:87 8:92 LiAlH, 4
14:86 NaBH, i
0.2:99.8 LDMB
7 Fenchone 45.6 994 51.2 (C) 57.6 (O) 41:59 10:90m LiAlH, n
31:68 5:95 CH,Mgl k
8 7-Methylene-2- 13.9 314 17.4 (C) 44.7 (C) 31:69 29:71 6:94 LiAlH, g
norbornanone
9 7-Methylenenor- 16.3 26.6 9.6 (H) 319 (C,H) 38:72 31:69 11:89 LiAlH, g
bornen-2-one
10 7-Isocamphanone 309 72.3 3.8(0) 3.2(0 30:70 31:69- 93% ovt LiAlH, q
11 Camph-2-en-7-one 314 207.5 0 0 13:87 13:87 81% ovt NaBH, q
12 Norbornen-7-one 29.3 374 0 43O 44:56 41:59 85:15 NaBH, i
13 Tricyclo[2.2.2.0%°]- 6.4 45.6 0 58.8 (O) 12:88 6:94 9:91 LiAlH, 4
octan-2-one
14 Isopinocamphone 5.6 200.9 79.2 (H, H) 0 3:97 30:70 11:89 LiAlH, r
15 2-Protoadamantanone 6.6 17479 0 102.8 (C,0O) 0:100 0:100 0:100 LiAlH, r
16 2-Isoprotoadamanta- 8.3 12472.0 65.0 (H) 51.6 (O) 0:100 1:99 9:91 LiAlH, r
none
17 2-lsotwistanone 5.6 43.2 14.7 (H) 64.9 (O)- 11:88 16:84 0:100 LiAlH, r
18 9-Protoadamantanone 12.1 50.5 0 94.5(C,0) 19:81 8:92 >50% ovitm LiAlH, r
19 7-Protoadamantanone 20.1 41.7 2.2() 48.7 (C) 32:68 20:80 >50% ovt LiAlH, r
20 4-Twistanone 15.5 61.8 59.0 (H) 32.0(0) 20:80 44:56 0:100 LiAlH, r
21 Chrysanthenone 51.7 261.9 0 125.3 (C,0) 16:84 12:88 62% cvts LiAlH, t
22 Bicyclo[4.2.1 ]nona- 4.9 356.0 0 129.1 (C,0) 1:99 0:100 NaBH, u, v
2.,4,7-trien-9-one 1:99 0:100 PhLi u
23 Bicyclo[4.2.0]oct4- 33 234 94.8 (H, H) 0 12:88 81:19 8:92 NaBH, w
en-2-one
24 Bicyclo[3.2.1]oct-6- 3.6 379 130.0 (H, H) 0 9:91 80:22 (95:5%) (Na/EtOH) r
en-3-one
25 Cyclopentadiene— 112.8 2074 114.7 (C,C) 0 35:65 52:48 0:100 LiAlH,” z
tropone adduct
26 Codeinone 5.1 759 4.1 (H) 33.6 (0O) 6:94 8:92 >65% ovtm NaBH, aa
27 Trichodermin pre-. 171 195.5 0 96.8 (C, 0) 8:92 5:95 0:100 CH,=SMe, bb

cursor
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28
29

30

31
32
33

34
35
36
37

38

39a

39
39¢

40
41

42
43
44
45
46

47

1-Cholestanone
2-Cholestanone

3-Cholestanone

4-Cholestanone
6-Cholestanone

7-Cholestanone

11-Cholestanone
12-Cholestanone
3-Coprostanone

trans-10-Methyl-2-
decalone

trans-9-Methyl-2-
decalone

2-Methylcyclopenta-
none (env)

(Intermediate)
(Almost half-chair)

Cyclohexanone
4-tert-Butylcyclo-
hexanone

2,2-Dimethyl-4-tert-
butylcyclohexanone
cis, cis-3,5-Dimethyl-
cyclohexanone
3,3,5-Trimethylcyclo-
hexanone
2-Methylcyclohexanone

2,5,5-Trimethylcyclo-
hexanone
3-Methylcyclohexanone

22.5
3.2

34

3.8
1.1

6.4

6.6
24.5
5.6
33

3.0

14.5
33
2.7
3.1
3.0
3.0

69.2
153.2

20.9

488.3
386.4

28.1

346.9

56.8

19.8

499.1

17.2

23.6
32.1

88.6
10.8
52.6
17.3

938.5

0
87.1 (H,H)

87.5 (H,H)

82.0(H,H)
71.5 (H, H)

91.3 (H,H)

59.0 (H,H)
0

98.7 (H, H)

93.0 (H, H)

93.1 (H,H)

51.6 (H, H)

38.5
26.4

109.1 (H, H)
99.5 (H,H)

0
117.9 (H, H)
30.2 (H,H)
97.0 (H, H)
91.3 (H,H)

92.8 (4, H)

B. Steroidal Ketones

81.9 (H,C)
25:75
0
2:98
0
14:86
0
1:99
0
1:99
0
18:82
6.0 (O)
2:98
93.1(H,C)
30:70
0
27:73
0 14:86
0 1:99

C. Cyclopentanones

10.3 (H, H)
17:83
20.2 13:87
30.0 10:90
D. Cyclohexanones
0 21:79
0
14:86
125.3 (H,O) 14:86
0 23:717
31.2(C,0)
5.95
0
15:85
0 0:100
0 16:84

13:87
37:63

81:19

15:85
16:84

78:22

16:84
14:86
87:13
83:17

16:84

67:33

49:55
36:63

90:10
85:15

6:94
92:8
28:72
85:15

9:91

86:14

0:100

0:100

25:75
0:100

0:100

40:60
0:100
0:100

5:95

6.94
35:65

40:60
0:100

20:80
6:94

3:97

1:99

56:44

65:35
41:59

90:10

7%:90%
6:94

55:45
73:27

0:100
25:75
95:5
85:15

41:59

79:21

80:20ss
90:10

6:94
8:92
83:17
89:11
40:60

76:24
29:71

87:13

LiAlH,
H,/Pt/H*
LiAlH,
H,/Pt/H*
LiAlH,
CH,Mgl
H,/Pt/H*
LiAlH,
H,/Pt/H*
LiAlH,
H,/Pt/H*
LiAlH,
NaBH,
H,/Pt/H*
LiAlH,
H,/Pt/H*
LiAlH,
H,/Pt/H*
LiAlH,
H,/Pt/H*
NaBH,

NaBH,

LiAlH,
Pin,BHPP
H,/Pt/H*

NaBH,

LiAlH,

CH, ;MgBr
t-BuMgCl
H,/Pt/H*
LDMBbbD
LiAlH,
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Table III (continued)

Congestion  TCC ratio € Obsd ratio for nucleophilic

Congestion¢ Torsion correction . attack (covert/overt)
ratio Coyert/ overt/covert,
No. Ketone Overtd Covertd Overté Covertb Ceovert> % % Larged Small€ Nucleophile Ref.
48 cis-3,4-Dimethylcyclo- 2.9 678.2 81.6 (H, H) 0 0:100 11:89 13:87 NaBH,?2 aaa
hexanone
49 trans-3 4-Dimethylcyclo- 3.0 17.7 96.6 (H, H) 0 14:86 85:15 88:12 NaBH,?2 aaa
hexanone
50 3-tert-Butylcyclohex- 3.7 13.0 112.4 (H, H) 0 22:78 90:10 83:17 NaBH, 22z aaa
anone
51 3,5-Di-tert-butylcyclo- 43 12.5 121.7 (H, H) 0 25:75 91:9 81:19 NaBH,22 aaa
hexanone
52 4-Methylcyclohexanone 29 16.9 87.4 (H, H) 0 15:85 84:16 89:11 NaBH,2? aaa
83:17 LiAIH(O-#-Bu), ddd
6:94 LDMBbbb cce

@ Overt (least congested) side of ketone. b Covert (most congested) side of ketone. € Torsion comrected congestion ratio. d Reagent having large effective steric bulk controlled reaction (large nucleophile).
€ Effective bulk is small (small nucleophile). f Eclipsing atom types. £ C. H. DePuy and P. R. Story, J. Am. Chem. Soc., 82, 627 (1960). 7 R. Howe, E. C. Friedrich, and S. Winstein, J. Am. Chem. Soc., 87,
379 (1965). ! H. C. Brown and J. Muzzio, J. Am. Chem. Soc., 88, 2811 (1966).7 N.J. Towonen, E. Siltanen, and K. Ojala, Ann. Acad. Sci. Fenn., Ser. A2, 64 (1955). k¥ J. Korvala, Ph.D. Thesis, University
of Juvaskyla, Finland, 1972.! Unpublished results of M. Lajunen, quoted in ref k. #? Minimum ratio; actual stereoseleciivity is probably higher. 7 S. Beckmann and R. Mezger, Chem. Ber., 89,2738 (1956).
o Reference 31a. P H. C. Brown and H. R. Deck, J. Am. Chem. Soc., 87, 5620 (1965). 4 E. E. van Tamelen and C. I. Judd, J. Am. Chem. Soc., 80,6305 (1958).7 L. A. Spurlock and K. P. Clark, J. Am.
Chem. Soc., 94, 5349 (1972). s Stereochemistry of alcohol product assigned on basis of assumed less hindered attack from the olefinic side (footnote ¢). 7J.J. Hurst and G. H. Whitham, J. Chem. Soc., 2864
(1960). 4 J. A. Antkowiak, D. C. Sanders, G. B. Trimitsis, J. B. Press, and H. Schechter,J. Am. Chem. Soc., 94,5366 (1972). V M. Sakai, R. F. Childs, and S. Winstein, J. Org. Chem., 37, 2517 (1972). WL.
A. Pacquette, O. Cox, M. Oku, R. P. Henzel, and J. A. Schwartz, Tetrahedron Lett., 3295 (1973). X Thermodynamically controlled conditions. ¥ No reaction with NaBH, or Na/EtOH. Z S. 1to, Y. Fujise, T.
Okuda, and Y. Inoue, Bull. Chem. Soc. Jpn., 39, 1351 (1966). 44 M. Gates, J. Am. Chem. Soc., 75,4340 (1953). bb E. W. Colvin, S. Malchenko, R. A. Raphael, and J. S. Roberts, J. Chem. Soc., Perkin
Trans. 1, 1989 (1973). €€ Reference 13b. dd P. Streibel and Ch. Tamm, Helv. Chim. Acta, 37, 1094 (1954). €€ L. Ruzicka, PL. A. Plattner, and M. Furrer, Helv. Chim. Acta, 27, 524 (1944). f/f Reference 26.
82 L. Ruzicka, H. Bringger, E. Eichenberger, and J. Meyer, Helv. Chim. Acta, 17, 1407 (1934). #% R. Tschesche and A. Hagedorn, Ber., 68, 2247 (1935). {{C. W. Shoppee and G. H. R. Summers, J. Chem.
Soc., 3361 (1952).57 W. G. Dauben, D. F. Dickel, O. Jeger, and V. Prelog, Helv. Chim. Acta, 36, 325 (1953). ¥k S_ Bernstein, R. H. Lenhard, and J. H. Williams, J. Org. Chem., 18, 1166 (1953). ¥ R. Hirsch-
mann, C. S. Snoddy, Jr., C. F. Hiskey, and N. L. Windler, J. Am. Chem. Soc., 76,4013 (1954). mm A_Lardon and T. Reichstein, Helv. Chim. Acta, 26, 586 (1943). #7C. W. Shoppee and G. H. R. Summers,
J. Chem. Soc., 687 (1950). 00 Reference 18. PP Lithium diisopinylborane. 99 H, C. Brown and D. B. Bigley, J. Am. Chem. Soc., 83,3166 (1961). 7" W. Hlickel, M. Maier, E. Jordan, and W. Seeger, Justus
Liebigs Ann. Chem., 616,46 (1958). 5 Extrapolated from the Hammett correlations of ref 16b. 7f Reference 14b. % H. O. House and W. L. Respess,J. Org. Chem., 30, 301 (1965). VWE. L. Eliel and R. S.
Ro, J. Am. Chem. Soc., 719, 5992 (1957). ww Reference 14a. ** Lithium perhydro-9b-boraphenalylhydride. ¥Y H. C. Brown and W. C. Dickason, J. Am. Chem. Soc., 92, 709 (1970). 22 Extrapolated to 0%
reaction. 444 Reference 27c. bbb Lithium dimesitylborohydride bis(dimethoxyethane). €€€J. Hooz, S. Akiyama, F. J. Cedar, M. J. Bennett, and R. M. Tuggle, J. Am. Chem. Soc., 96, 274 (1974). ddd Ref-
erence 17.

Figure 1. (Left) Hindrance of axial attack on cyclohexanone by g-hy-
drogens and of equatorial attack by a-hydrogens (Marshall’s analy-
sis). 18

Figure 2. (Right) Cone of preferred approach of reagent R to carbon x
defined by hindering atom i. The accessibility of x on side a with respect
to i is defined by this solid angle and is numerically equal to the area on
a unit sphere cut by this cone (shaded area). b
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Figure 3, Definition of dihedral angles (¢) from incoming reagent R to
substituents for torsion correction term.

along with percent ratios and experimental product ratios. We
have listed experimental product ratios according to the ef-
fective steric size of the nucleophile: small (predominantly
additions of LiAIH4 or NaBH,) or large (reagents which are
highly sensitive to steric environment, e.g., H,/Pt/H* 3?). In
fact LiAlH4 and NaBH, are not strictly interchangeable since
LiAlH4 reacts faster and often leads to slightly different
product ratios, but for the purposes here can be classified to-
gether.

Despite the simplicity of the congestion function, we do
observe semiquantitative correlation between the congestion
ratios (C) and experimentally observed product ratios from
additions involving /arge nucleophiles. We also observe good
correlation, independent of nucleophile size, for additions in
which one side of the ketone is highly congested, e.g., 11-cho-
lestanone (34), camphor (6), and 2-protoadamantanone (15).
When steric demands are high, our congestion function cor-
relates well with experiment. The overall steric effect might
be expressed in the following form: steric hindrance = (sub-
strate C) (reagent bulk) + (transition-state effects). Thus,
substrate steric congestion allows prediction of stereoselectivity
when substrate C, or reagent bulk, or both are large.

However, when substrate congestion and reagent bulk are
both small then C fails to correlate with experiment and steric
effects appear not to predominate. For unhindered cyclopen-
tanones, cyclohexanones, and steroids in Table III, the torsion
corrected congestion (7CC) correlates with the experimental
additions of small nucleophiles better than does congestion (C)
alone.

For systems where the experimental ratios were reasonably
well established, the observed percent endo (for polycyclics)
or percent equatorial (for monocyclics and steroids) nucleo-
phile attack was compared with that calculated from C and
TCC ratios (Table IV). For cases with substantial congestion
(C = 25) on at least one side of the ketone (first 19 compounds
of Table IV), C alone accounted for 92% of the variance in the
observed LiAlH, product ratios. Where data for bulkier nu-
cleophiles are available, they in general correlate even better
with C than does hydride reduction. Furthermore, 7CC ac-
counted for 83% of the product variance in hydride reduction
of 38 ketones of widely different types, including the highly
congested compounds which correlated with ground-state
congestion. When the four worst correlated cases (compounds
7, 20, 33, and 38) are dropped, the remaining 34 ketones show
an almost one-to-one correlation of observed and calculated
ratios, and account for 92% of the variance (% obsd = 0.908
+ 0.980% calcd; n = 34; r2 = 0.924). Considering that the data
were obtained in many different laboratories under different
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Table IV, Correlation of Observed and Calculated Product Ratios
for Hydride Addition to Various Hindered Ketones

Tor-
sion-cor-
rected Caled %
. Con-  conges- attack
Direc-  gestion- tion _
Compd tion of calcd% caled % Obsd % Eq Eq
No. no.4 attack  attack attack attack? 1< 2d
1 1 Endo 20 15 10 15 15
2 2 Endo 22 9 9 17 9
3 3 Endo 29 20 15 24 19
4 4 Endo 29 21 10 24 20
5 5 Endo 95 88 90 88 82
6 6 Endo 95 87 92 88 81
7 7 Endo 31 41 10 26 39
8 13 Endo 12 6 9 7 6
9 14 Endo 3 11 30 -2 11
10 15 Endo 0 0 0 -5 1
11 16 Endo 0 1 9 -5 2
12 17 Endo 11 16 0 6 16
13 20 Endo 20 44 0 15 41
14 22 Endo 1 1 0¢ —4 2
15 31 Equat 99 85 92 92 79
16 32 Equat 99 84 94 92 78
17 34 Equat 98 84 100 91 78
18 35 Equat 30 14 25 25 14
19 42 Equat 14 6 6 9 6
20 29 Equat 98 63 59 59
21 30 Equat 86 19 10 18
22 33 Equat 82 22 45 21
23 36 Equat 73 13 4 13
24 37 Equat 86 17 15¢ 16
25 38 Equat 99 84 59¢ 78
26 39 Equat 83 33 21 31
27 40 Equat 79 10 20¢e 10
28 41 Equat 86 15 10 15
29 43 Equat 77 8 17 8
30 44 Equat 95 72 60 67
31 45 Equat 85 15 24 15
32 46 Equat 100 91 71¢ 85
33 47 Equat 84 14 13¢ 14
34 48 Equat 100 89 87¢ 83
35 49 Equat 86 15 12¢ 15
36 50 Equat 78 10 17¢ 10
37 51 Equat 75 9 19¢ 9
38 52 Equat 85 16 17 16

aSee Figure 5. b LiAlH, reagent unless specified otherwise. € (For
1-19) % obsd = —4.78 + 0.997% calcd (congestion; n = 19, 7% =
0.919). 4 (For 1-38) % obsd = 0.85 + 0.920% calcd (torsion-correct-
ed congestion; n = 38,r? = 0.831). € NaBH,.

experimental conditions (temperature, solvent, reaction times,
stoichiometry, heterogeneity, side reactions, workup, even
reagents differed) and with different isolation methods, the
correlation must be considered highly satisfactory. In fact, the
variance in the experimentally reported ratios, especially for
some of the steroidal ketones,>!? is at least as high as that in
the regression equations.

A referee pointed out that because molecules occupy vi-
brational states which differ from one another, when one is
dealing with small energy differences, we should not expect
a continuous function to perfectly represent what we might
think of as essentially discontinuous quantities. Thus perhaps
the agreement is as good as we can reasonably expect.

Discussion

For hydride reduction of 38 ketones without other func-
tionality for which good experimental ratios were found (18
and 19 were excluded), 15 were correlated within 5% by TCC,
11 were correlated within 10%, two (4, 44) within 15%, four
(14, 17, 34, 46) within 20%, three (10, 33, 38) within 25%, two
(7, 20) within 45% with the correct major product predicted,
and one (28) was wrongly predicted.

Wipke, Gund /| Simulation and Evaluation of Chemical Synthesis



Figure 4, Ketones investigated. Arrow points to the overt face of each ketone. Diagrams are the normal top views; the lower edge is closest to the
viewer.
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Looking more closely at those structures which deviate by
more than 15% from TCC-predicted stereoselectivity, isopi-
nocamphone (14) is highly congested on one side and observed
selectivity correlates better with C than with TCC; torsion
correction appears to be overemphasized here. 2-Isotwistanone
(17) is slightly better correlated by C than by TCC; we see no
obvious reason for the greater than expected stereospecificity.
11-Cholestanone (34) has extremely high congestion on one
side and correlates perfectly with C but less well with 7CC;
torsion effects appear to be swamped here by congestion. The
reduction of 2,5,5-trimethylcyclohexanone (46) is less specific
than the high congestion on the axial side would predict; a
twist-boat transition state® may be involved. 7-Isocamphanone
(10) is strongly congested on both sides, neither C nor TCC
ratios appear adequate to explain the observed specificity.
7-Cholestanone (33) exhibits less stereoselectivity with LiAIH4
than we would expect, but with NaBH, there is good agree-
ment. trans-9-Methyl-2-decalone (38) is remarkably congested
on the axial side; lower specificity than predicted (from C or
TCC ratios) may be due to poor modeling of the ground state,
or to a twist-boat transition state.?® Fenchone (7) is highly
hindered on both sides; torsion effects seem to be swamped and
the congestion ratio is also inadequate to describe the observed
specificity. 4-Twistanone (20) is fairly congested on both sides,
and torsion effects do not appear to be expressed. Finally, I-
cholestanone exhibits a specificity on catalytic hydrogenation
consistent with that predicted by the C ratio; while the TCC
ratio predicts stereospecificity in the same direction, the other
stereomer actually predominates on LiAlH,4 reduction, owing
perhaps to preferential reaction from a less congested twist-
boat conformation.3®

Of 12 olefinic ketones for which correlations were at-
tempted, C was generally as good.as or better than TCC in
explaining reaction specificity. The one exception was nor-
bornenone (2), which correlated better with T7CC (exactly)
than with C (specificity underpredicted by 13%). On the other
hand, 8, 9, 11, 22, 26, and 27 correlated as well with C as with
TCC. and 23 was nicely correlated by C but wrongly predicted
by TCC. Compound 25, which is strongly hindered on both
sides, was also correctly predicted by C but wrongly by TCC.
Reduction of 24 was reported using Na/EtOH, conditions
which may allow equilibration and predominance of the ob-
served most stable product; the less stable alcohol is predicted
by the C ratio to be favored under steric control conditions.
Norbornen-7-one (12) is interesting, in that both C and TCC
ratios suggest that attack from the side of the double bond
should be slightly more hindered, while attack from that side
is experimentally strongly favored. Based on our results, this
appears not to be a steric or torsional effect, but may be due
to a chelating effect of the double bond. Apparently, pre-
dominating isomer can vary with experimental conditions.?®
Finally, chrysanthenone (21) is predicted by both Cand 7CC
ratios to strongly prefer attack on the side of the four-mem-
bered ring (exo), while stereospecific formation of the other
isomer in 62% yield is the reported result.*® However, since the
stereochemistry of the alcohol was assigned® by examining
models and assuming that endo attack was less hindered,
further proof of configuration may be in order.*! On the basis
of congestion the assignment of stereochemistry should be
reversed, unless interactions involving the double bond prevail,
We briefly examined some olefinic steroidal ketones*? and
found them to be relatively unhindered from either side; attack
did not generally correlate with congestion and other than
ground-state steric effects appear to predominate. Further
studies in this area are in progress.

Cyclopentanones and Cyclohexanones. An intuitive analysis
of 2-methylcyclopentanone (39) might lead one to expect on
the basis of the steric bulk of the methyl group that preferred
attack by hydride would be trans to the methyl. With large
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Figure 5, (a) Envelope, (b) intermediate, and (c) almost half-chair con-
formations of 2-methylcyclohexanone (39) are solid, dotted, and dashed,
respectively.

reagents, H,/Pt/H* or lithium diisopinylborane, the major
product is in fact the cis alcohol (see Table IIT). However,
lithium aluminum hydride reduction produces primarily the
trans alcohol (cis/trans, 21:79).43 Consider three possible
conformations of 39; an envelope 39a, an almost half-chair 39c¢,
and an intermediate conformation, 39b (Figure 5). Note that
in going from the envelope to the half-chair, the methyl be-
comes more axial, increasing congestion (C) on that side (17
— 32), while the tertiary a-hydrogen becomes less axial, de-
creasing the torsional term on the overt side (52 — 26). Similar
changes occur on the other side of the carbonyl. All three
conformations favor trans (overt) attack of large reagents (C
ratio, selectivity increases in half-chair), but only one confor-
mation, the envelope 39a, favors cis attack by small reagents
(TCC ratio). Previous analysis of 2-methylcyclopentanone
assumed the half-chair conformation,®®44 for which the tor-
sional terms for approach from either side of the carbonyl plane
must be about equal (the torsional term for methyl should be
approximately the same as for hydrogen2%). But if the torsion
terms are equal, then congestion should dominate and trans
attack should also prevail for small reagents. Since this is not
observed, our ground-state model of congestion suggests that
2-methylcyclopentanone is reacting through an envelope
conformation 39a,

According to the Curtin-Hammett principle, when con-
formations are in rapid equilibrium, it is the transition state,
not the ground state, which determines the rate of reaction.
Basically, we are using the ground-state geometry as an ap-
proximation of the transition-state geometry. Congestion and
torsional terms are calculated from the ground-state geometry
as an approximation of the terms that may exist in the transi-
tion state. Thus, this analysis is not a violation of the Curtin-
Hammett principle.

Cyclohexanones have been the classic examples of “unhin-
dered” ketones. The intrinsic difference in steric environment
on either side of the carbonyl in cyclohexanone is pointed out
by C ratios in Table III. The axial 8-hydrogens do in fact
contribute more to congestion than do the axial a-hydrogens.
As expected, torsional terms for the «-axial hydrogens are
larger in cyclohexanones than cyclopentanones, and control
direction of addition of small reagents.

In summary, congestion and/or torsion corrected congestion
ratios offer satisfactory explanations of preferred direction of
nucleophilic addition to a wide variety of bridged and steroidal
ketones, cyclopentanones, and cyclohexanones. While such
correlations are not without exceptions, they offer a useful
semiquantitative guide to reaction stereoselectivity and may
also be used to suggest conformations consistent with experi-
mental product ratios. For alicyclic ketones, the ratios offer
the possibility of quantitative assessment of reaction stereo-
selectivity.

Congestion vs, Reaction Rates, The reaction of nucleophile
with a ketone is a complex process, dependent on many effects
besides the ground-state steric environment which is probed
by congestion. Consequently, it is not surprising that the partial
rate factors for ketone reductions do not correlate as well with

Wipke, Gund | Simulation and Evaluation of Chemical Synthesis
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Figure 6, Partial rate factors for NaBH4-i-PrOH reduction®’ and (in
parentheses) torsion corrected congestion (this work) for some bicyclic
ketones.
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congestion (C), or torsion corrected congestion (7CC), as do
the less sensitive rate ratios. Figure 6 gives partial rate factors
for some rigid ketones (measured by Brown and Muzzio*%) and
corresponding torsion-corrected congestions in parentheses;
the expected inverse relationship is not found. For example,
in comparing 3 to 1 and 6 to 5, we see that an a-methyl group
in the 1 position causes a tenfold decrease in rate of reduction
of the 2-ketone, but does not increase TCC because the methyl
group is essentially in the plane of the carbonyl and in our
treatment the torsional term (eq 4) for the methyl is the same
as for the 1-hydrogen it replaced.?? Brown argued that the
inductive effect of the methyl was too small to explain this rate
difference.*> Thus, the 1-methyl must increase crowding in the
transition states leading to exo and endo products equally, an
effect not adequately measured by our ground-state congestion
function.

A more obvious effect of transition-state crowding is illus-
trated by comparing the rates for endo attack on norbornanone
(1) and apocamphor (5). As predicted,*’ the 7,7-dimethyl
group in 5 forces the carbonyl group into the endo hydrogens,
slightly increasing congestion on the endo side, but the 35-fold
decrease in rate is clearly a result of the interference between
the geminal methyls and the complexed oxygen atom in the
transition state. This effect can be anticipated from the high
congestion (581) on the exo side. Thus, the rate of attack on
the overt side is a function not only of the overt congestion, but
also of the covert congestion.

Mechanism of Nucleophilic Ketone Additions, We now
consider congestion in relation to the mechanism of the model

reaction. Uelzmann*® proposed a mechanism for ketone re-
ductions illustrated in Scheme I for NaBH,.

This mechanism and a similar mechanism for Grignard
additions to ketones appear to be in agreement with most of
the experimental results,’® and may allow resolution of some
of the differences of opinion regarding interpretation of those
results. The evidence supporting this mechanism is as fol-
lows.

(1) Initial Complexation, The rate of NaBH, reduction of
ketones is first order in each reactant, 2847 consistent with—
but not requiring®®—oprior coordination of reagents before the
slow step. The observed kinetic order for B;Hg reduction of
ketones*3 (1 in ketone, 3/2 in diborane) is also consistent with
complexation before reduction:

fast
B,H, === 2BH;,
fast
ketone + BH; === ketone-BH;

I
ketone'BH; + B,H, =, products

Dauben, Noyce, and coworkers,!3 in their original postulation
of steric approach control and product development control,
suggested that prior complexation of hydride and ketone oc-
curred before hydride transfer. Similarly, complexation before
ketone addition has been invoked to explain the stereoselecti-
vity of Grignard additions.’4?7° Finally, Uelzmann*® pointed
out that prior coordination is necessary to explain the variation
of hydride reactivity with changes in the cation, and the failure
of NaBH, in ethylene glycol dimethyl ether to reduce ketones
(complexation of the sodium cation by the ether apparently
reduces the strength of the ketone-NaBH,4 complex). Ashby
et al. have very recently confirmed that initial complexation
occurs.*?

(2) Hydride Transfer Step, Addition of borohydride to the
carbonyl carbon appears to be the rate-determining step on the
basis of a high Hammett p value for these reactions and other
evidence.'#® Correlation of product ratios with torsional effects
of the incoming nucleophile (this work) also requires that
hydride attack occur during the slow step, both for NaBH,4 and
LiAIH,. Similarly, nucleophilic attack appears to be kinetically
controlling in additions of Grignard reagents.?!-?7® Better
correlation with cones of accessibility with respect to the carbon
of the carbonyl rather than to the oxygen also suggests that
addition of hydride to carbon is the slow step.

The metal displacement step (k3) should be fast.*® The re-
sulting ROBH;~Li* reacts further to reduce another mole of
ketone by a similar series of steps.

(3) Violation of Hammond Postulate, It has been suggested
that, since ketone reductions by hydride are highly exothermic
processes (AH = 125-130 kcal/mol),'4® the transition state
should resemble the starting materials according to the
Hammond postulate.>® It has also been pointed out,3!® how-
ever, that it is inconsistent with the postulate to maintain that
sterically hindered ketones have reactant-like transition states
for reduction, while the unhindered ketones are product-
like.

We suggest that the Hammond postulate may not apply
here. The exothermicity of the reaction is actually over four
stepwise replacements of hydrogen on boron, so each step is
less exothermic (less than 45 kcal). Furthermore, the actual
heat of reduction must be even less, since some heat should be
evolved upon initial complexation of the hydride and ketone
(step k). Since the reactions have appreciable activation
energies (7-13 keal/mol)'5-3! which may not be totally over-
come by the high heat of reaction, the reactions may fall in the
intermediate area where it is not obvious (according to the
Hammond postulate) that the transition state resembles either
reactants or products.*2

(4) Entropy Effects, If the transition states for these reactions
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do not resemble starting materials, of what relevance is
ground-state congestion? It is possible to associate our derived
congestion function, C, with a reaction entropy of activation.3?
We may then propose that, when congestion on one side of a
ketone is high, borohydride is more likely to be on the other side
when hydride attack is begun. The possibility of entropic
control of ketone reductions was recognized by Kamernitsky
and Akhrem in 1962.!5 Recently, Lewis and coworkers4 found
that photochemical a-hydrogen abstraction by alkyl phenyl
ketones is controlled primarily by conformational entropy ef-
fects. However, while entropy effects did not appear to be
important in a study of ketone reduction by borohydride,’! they
were important in reduction by organoaluminum com-
pounds.5?

(5) Activation Energy Effects, Congestion may also affect
the activation energy for step k» (Scheme I) by hindering hy-
dride approach, an effect working in the same direction as the
entropic effect, and perhaps impossible in practice to com-
pletely separate from the latter effect. It seems that increasing
congestion must also displace the transition state toward
starting materials; thus, in the extreme case of a reactive center
surrounded by distant bulky groups such that the energy
needed by the reagent to pass by these groups is rate deter-
mining, the transition state may have no bond making char-
acter at all.

Torsional effects involving the developing C-H bond may
be felt during the slow step and, as we have seen, may prevail
when the congestion effect is not too large. An element of
product development control may also occur during & in that,
as the carbonyl carbon tends toward tetragonality in the
transition state (leading to B), the presence of congestion on
the side of the ketone opposite the nucleophile can both reduce
k- and increase k_,. Furthermore, the well-established effects
of polar substituents!3-!7 most likely act by stabilizing or de-
stabilizing A and/or B. Finally, we note that changes in
mechanism change the stereoselectivity of nucleophilic ketone
addition somewhat,%-22.27b.d.¢ and this can be accounted for
in the above mechanism by entropic variations for tight
(four-center greater steric congestion control) or loose (six-
center or linear) transition states, and by reduced torsional
effects in the latter.

(6) Electronic Effects, A different interpretation of the
stereochemistry of cyclohexanone reductions was proposed by
Klein, involving a distortion of the electron density on each side
of the carbonyl = cloud due to interactions with the C-Cj; ¢
bonds.39- Klein proposes that the electronic effect will prevail
only “when additional steric or polar interactions are absent™.*°
This apparently special qualitative explanation for cyclohex-
anones ignores the effect of the axial « substituents or hydro-
gens, which are crucial appendages according to the torsion
effect argument which we advocate. It is not clear how com-
plexation of the carbonyl would affect the r-electron distri-
bution arguments or how this interpretation extends to non-
chair conformations. This concept has also been criticized by
Ashby and Laemmle %®

Other Applications of Congestion, We suggest that as a
conformation-dependent property of the local environment of
any reactive center in a molecule, congestion has broad utility
as a method of estimating steric effects. In addition to the work
reported here, congestion has also been used to study steric
effects in electrophilic additions to double bonds,*? and in the
Simulation and Evaluation of Chemical Synthesis program?®
(SECS) to assess the stereoselectivity of synthetic transforms
during computer-assisted synthetic planning.

Congestion allows comparison of steric environments in
different conformers of the same molecule, or in different re-
lated molecules. Thus, Geneste?®® used adamantanone as a
model for 4-tert-butylcyclohexanone (41) in comparing rates
of nucleophilic addition, but the model is not exact, since
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congestion in the rigid adamantanone (27.4) is higher than in
the flatter 41 (17.8). We believe congestion may prove appli-
cable to other reactions such as cycloadditions,’” ionization,’®
and the correlation of biological activity with steric ef-
fects.>®

Limitations of Method. In addition to the limitations men-
tioned regarding rates, we wish to point out additional prob-
lems which may be areas for future development of the func-
tion. The calculation of congestion takes each atom indepen-
dently of all others, so that atoms which are hidden from the
incoming reagent may still be assigned a congestion contri-
bution.®® While such contributions have been negligible in the
models studied, it could be a significant source of error in some
structures. Avoidance of this pitfall essentially involves solving
the well-known hidden surface problem.®! A more sophisti-
cated function, which calculates the integrated hemispherical
area about a ketone which is not eclipsed by other atoms in the
molecule, has been found to give similar results.5?

The torsional correction function might also be improved
by using different parameters for eclipsed C-C and C-H
bonds. A more complex function, which contains the absolute
magnitude of congestion on each side plus the ratio, may cor-
relate observed stereoselectivity better than the simple
ratio.

Our function estimates the steric environment from a static
model of the ground state, and ignores orbital, Coulombic, and
solvent effects, reagent size, etc., which affect transition-state
energy. Finally, stereoselectivity predictions are limited by the
accuracy of the model of the ground state. While the function
varies smoothly and continuously with conformation, the
congestion ratio will depend strongly upon the exact molecular
conformation and, where more than one conformation may
react, as in flexible molecules, calculation of congestion of just
one conformation may have no predictive utility.%3

Conclusion

Empirical functions have been developed which quantify the
steric congestion and torsion effects at a reaction center, and
which correctly predict preferred direction of attack for a large
variety of cyclohexanones, cyclopentanones, and steroidal and
polycyclic ketones. Our results strongly support the view that
the effect of a-axial hydrogens in ketone reductions is torsional
in nature. The concept of varying transition-state nucleophile
approach distance was tested but could not be converted to a
predictively useful function. Apparently congestion and torsion
contributions are always present, but for strongly congested
reactants and/or bulky reagents, simple steric effects pre-
vail.

These functions also appear useful for “factoring out™ steric
and torsional effects, in order to assess such other factors as
dipole interactions, change in mechanism, and reaction through
a distorted conformation. Thus, we concluded that 2-methyl-
cyclopentanone is probably reduced through the envelope
rather than chair conformation, and that 2,5,5-trimethylcy-
clohexanone (among others) may react through a twist-boat
conformation.

Finally, the results were interpreted in favor of a mechanism
for ketone reduction involving prior complexation with reagent
and rate-determining transfer of nucleophile. It was concluded
that steric congestion can be manifested in both entropy and
activation energy contributions.
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