Tetrahedron, 1957, Vol. 1, pp. 221-230. Pergamon Press Ltd., London

CHEMICAL EFFECTS OF STERIC STRAINS—XIV

THE EFFECT OF RING SIZE ON THE RATE OF REACTION OF THE
' CYCLANONES WITH SODIUM BOROHYDRIDE

HEerBERT C. BROWN and K. ICHIKAWA*
Department of Chemistry, Purdue University, Lafayette, Indiana, U.S.A.

Abstract—The rates of reaction of sodium borohydride with a number of cyclanones (4-, 5-, 6-, 7-, 8-,
9-, 10-, 11-, 12-, 13-, 15-, and 17-ring members) were determined at several temperatures in order to
ascertain the effect of ring size on the reactivity of the carbonyl group. Cyclobutanone is the most
reactive of the ketones examined, followed closely by cyclohexanone. Cyclopentanone is considerably
less reactive, followed a sharp drop in reactivity in the 7-, 8-, 9-, and 10-ring derivatives. The rate
reaches a minimum in the 10-ring and then increases with the larger rings to the value exhibited by the
open-~chain derivative, di-n-hexylketone. The trends in reactivity are very similar to those observed
in the equilibrium constants for cyanohydrin formation and in other reactions of ring derivatives. The
results agree with the predicted effects of ring size on the magnitude of the internal strains (I-strain).

THE reactivities of ring compounds exhibit a remarkable dependence upon the size of
the rings.:* This dependence of the reactivity upon the size of the ring has been
attributed to the changes in internal strain accompanying the formation or breaking of
a bond to the ring atom in the rate-determining stage.>-5

According to this proposal, opposite effects of ring size should be observed in
reactions involving the breaking of a bond, such as in the acetolysis of tosylates, and in
reactions involving the making of a bond, such as in the reduction of ketones.
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Data on the effect of ring size on the rate of solvolysis of cyclanyl tosylates are now
available.®.? However, rate data for the reactions of ketones are available only for the
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TABLE 1. RATE CONSTANTS AND DERIVED DATA FOR THE REACTION OF THE CYCLANONES WITH SODIUM
BOROHYDRIDE IN ISOPROPYL ALCOHOL SOLUTION

Rate constant Eqot AH? +
| | . act. . AS*
€Y.y =0 | o ky % 10¢ (ocal | logA. | (ecal | 25
| | (1. mole~! sec™) mole™?) mole-') o
4 —241 56:9 86 54 81 —364
—14-5 115
o1 266
5 00 7-01 98 47 9.3 —38-8
250 318 . :
35-1 54-1
6 —237 617 58 29 51 —48-1
: -92 115
00 161
7 00 1-02 102 41 96 | —41-6
250 490 :
35-1 8-54
8 00 0-0781 119 | 44 113 —412
25-0 0411
351 0963
9 25:0 0203 122 43 11-6 —414
351 0-381
450 0732
10 250 0103 13-1 46 12:6 —43.5
351 0218
450 0-416
11 250 0-152 12:0 40 114 —42:4
35-1 0290 ‘
451 0-537
12 250 1-05 113 43 10-7 ~41-0
351 198
451 3-42
13 00 0-194 118 47 111 ~39:2
250 122
350 222
15 00 0420 115 49 10-8 —1389
250 2:41
351 461
17 00 0-583 107 44 10-2 —40-5
250 307
350 5-56
Di-n-hexyl
ketone
250 267 115 49 108 —388
351 5-05 ‘
450 9-00
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5- and 6-membered rings.® The reaction of sodium borohydride with aldehydes and
ketones is a kinetically simple reaction which promises to be of considerable utility in
examining the reactivity of these compounds.® It appeared desirable therefore, to
undertake a detailed study of the rates of reaction of sodium borohydride with a wide
range of cyclic ketones.
RESULTS

The cyclanones (4, 5-, 6-, 7-, 8-, 9-, 10-, 11-, 12-, 13-, 15- and 17-ring members)
were either commercially available products or were synthesized by recognized
literature procedures. In each case the compounds were carefully purified prior to use.
The rates of reaction were run in isopropyl alcohol solution by the procedure previously
described.?

For comparison of the rates observed for the large rings with those antlcxpated for
related open-chain structures, di-n-hexyl ketone was included in the study.

The results are summarized in Table 1.

DISCUSSION
To facilitate ready comparison, the rate constants at 0° for the borohydride
reduction reaction are listed in Table 2. Previously available data for the solvolysis of
the 1-chloro-1-methylcycloalkanes,* the cyclanyl tosylates,®7 and the dissociation of the
cyclic cyanohydrins!® are also included.

TABLE 2. EFFECT OF RING SIZE ON RATE AND EQUILIBRIUM CONSTANTS OF CYCLIC DERIVATIVES

1dafc) teld
Ty | | i | sovas [ SO of
(CHY k10 | dissociation, 22-23°| of tosylates, 70° | "0, DIl oo
1 (. mole* sec-1) (keq., mole 1.7%) | (k, X 10°sec™?) (ks X 108 h;-l)
n
4 264 267 / 0224
5 7-01 0-021 322 132
6 161 0-001 2:37 106
7 : 102 013 60-0 115
8 0-0781 0-86 452 303
9 00316 170 408 465
10 0-0132 ' 891 18-8
11 0-0235t S 112 116 127
12 0-182¢ 0-31 770
13 0194 © 026 8:30 3-02
14 : 0-06 312 ’
15 0-420 g 011 518 192
16 009
17 0-593 012 515 2:01
R.CO 0.454(0),(1) 3.15(3) 4.80(‘)

() This study. ® Dissociation of cyanohydnn in 96 per cent ethanol (ref. 11). @ Acetolysis of cyclanyl
tosylates (ref. 7, 8). ‘4 Solvolysis in 80 per cent aqueous ecthanol (ref. 5). (* Calculated from data at other
temperatures. (/) Di-n-hexylketone. ! Di-n-octylketone. ‘¥ Di-mpropylcarbinyl tosylate. (9 Di-z-
amylmethylcarbinyl chloride. .
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co-ordination number 3, as in carbonyl derivatives (> C—=0) and carbonium ions
(> Ct—H), would be expected to be 120°, as compared to the 109-5° for the normal
tetrahedral value. Consequently, the deformation of the angle at the carbonyl carbon
atom (120° — ~90°) must be greater than the corresponding deformation for a tetra-

hedral carbon atom (100.5° . ~.00° \ Ttigreagonable to axnect that the larser anoular

carbon atom (109 Itisreasonable to expect that the Iarger angular
deformation will result in a greater strain. Conversion of the carbonyl céarbonﬁto a
tetrahedral derivative should relieve this additional strain. On this basis it was
predicted that reactions of cyclobutanone in which the carbonyl carbon atom under-
goes transformation from co-ordination number 3 to 4 in the rate-determining step
should be strongly favored.? In this discussion it is tacitly assumed that the bond
oppositions in the cyclobutane system are relatively small and may be ignored in view
of the large change in angular strain accompanying the change in the configuration of
the ring atom.

The rate constant for the reaction of cyclobutanone with sodium borohydride is far
larger than that for an open-chain compound, such as acetone, and indeed is larger
than that of any other ring compound here examined. This result supports the
proposed role of angular strain in controlling the reactivity of 3- and 4-membered ring
derivatives.?

If the change from co-ordination number 3 to co-ordination number 4 is favored in
4-ring systems, the reverse change should be resisted. This prediction is supported by
the low rate of solvolysis of 1-chloro-1-methyleyclobutane.t It has been pointed out
that the solvolysis of cyclobutyl tosylate is far greater than would be anticipated on the

basis of the considerations here discussed. 2 Hpwever, thic comnound solvalvzes with
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rearrangement, and it is probable that the solvolysis proceeds directly to the formauon
of a carbonium ion more stable than the cyclobutyl cation. The theory cannot be
applied to such a case; it should be restricted to cases where the rate-determining
stage depends primarily upon a simple change in the number of bonds formed by the
ring atom undergoing reaction.

In the 5- and 7-ring compounds the bond angles are presumably near the tetra-
hedral values and angle strain is not believed to be a major factor. The strains in
cyciopentane and cyciohepiane, which are indicated by heais of combustion studies,*
are believed to arise from bond opposition forces. On this basis, a change in co-
ordination number from 4 to 3 should reduce the number of bond oppositions and
the resulting strain in 5- and 7-ring systems. Such reactions should be favored in these
rmg systems Conversely, cycIopcntanone and cycloheptanone should resist reactions
in which the carbonyl carbon is converted into a tetrahedral derivative in the rate-
determining stage. s

On the other hand, in cyclohexane all of the carbon-to-hydrogen bonds are nicely
staggered and there are no bond opposition effects, whereas in cyclohexanone both the
angle is unfavorable and two of the alpha carbon-to-hydrogen bonds are in partial
opposition to the carbon-to-oxygen bond. These considerations lead to the conclusion
that changes in co-ordination number from 4 to 3 should be favored in the S- and
7-ring and resisted in the 6-ring systems, whereas the converse should be true for
reactions involving changes in co-ordination number from 3 to 4. In confirmation of

11 K. S. Pitzer Science 101, 672 (1945); J. E. Kilpatrick, K. S. Pitzer, and R. Spitzer J. Amer. Chem. Soc.
69, 2483 (1947).
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this conclusion, the reduction of cyclohexanone is faster than that of any ring ketone
other than cyclobutanone, with the rate for cyclopentanone and cycloheptanone being
much smaller (Table 2).

The available evidence indicates that the medium rings (8- to 12-members) are
highly strained,® with the strain reaching a maximum in the 10-ring compounds.
These strains are believed to arise from both bond opposition forces and compressions
of van der Waals radii. Consequently, these ring systems should favor reactions in
which bonds to a ring atom are broken and resist reactions in which additional bonds
are made. The low rate of reaction with borohydride ion, with a minimum in rate at
cyclodecanone, is in agreement with this interpretation.

The large rings exhibit reactivities which are considerably lower than that of acetone
(kg at 0° is 15-1 X 10~*1. mol." sec™?), but which are comparable to the higher
aliphatic ketones, such as di-n-hexyl ketone.

In general, the enthalpies of activation parallel the rate constants. Only in the case
of cyclohexanone and cyclobutanone do the entropies of activation exhibit a wide
variation from the average value of approximately —40 e.u. The higher value for
cyclobutanone, —36-4, can be accounted for in terms of the relatively high rigidity and
order of this ring system.® On this basis, the lower value for cyclohexanone might be
attributed to a low degree of order in the parent ketone, or to a highly ordered
structure in the transition state, or both.

The close similarity in the effects of ring size in the various reactions is indicated in
Figs. 1-4. In order to facilitate comparison, the ordinates have been fixed so as to
place the points for the 4- and 6-ring systems (either the most reactive, or the least
reactive compounds) at the bottom of the diagrams. The remarkable similarity in the
effects of ring size on chemical behavior argues for a common factor. This common
factor is believed to be the change in internal strain accompanying the change in
the co-ordination number of the ring atom undergoing reaction.

The internal strain is made up of several types of interactions: (1) compression of
van der Waals radii, (2) the distortion of bond angles, and (3) bond opposition
forces.” Reactions which proceed with a net decrease in internal strain in the transition
state should be favored; those which proceed with a net increase in such strain will be
hindered. Ideally, the effect of making or breaking a bond to one of the ring atoms
should be analyzed in terms of each of the above strain factors. In actual fact, such an
analysis is not possible at the present time. The individual strains are not mutually
independent, nor can they be estimated separately with any accuracy at the present
time.

On the other hand, the net change in internal strain accompanying the makmg or
breaking of a bond to a ring atom can be estimated with considerable precision.
Consequently, it appears desirable to discuss the effect of ring size on chemical
behavior in terms of the net change in internal strain accompanymg the reaction
(I-strain).

It should be recognized that I-strain effects will not be the only factor influencing
chemical behavior of ring compounds. Itis only claimed that it is an important factor,
and in the simple systems here examined it appears to be a dominant factor.

In three of the four reactions considered in Table 2, the maximum or the minimum
in the behavior of the system appears at the lo-rmg derivative. This behavior is in
accord with the evidence that the internal strain is a maximum in the 10-ring compounds.

4
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Itis of interest to exylore the exception, the solvolysis of the 1-chloro-1-methylcyclanes,
where the maximum in rate appears at the 8-ring compound

Examination of molecular models of the medium rings suggest that compression of
van der Waals radii may be involved in the internal strain as well as the bond opposition
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Fig. 1. Effect of ring size on the rate of
reaction of sodium borohydride with the
cyclanones in isopropyl alcohol at 0°.
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forces. On this basis, the introduction of both a methyl group and a chlorine atom on
the same carbon atom of a given cyclane molecule may be expected to alter both the
internal compressions and the bond opposition forces. There is no reason to expect
that both these forces will be equally affected, and the relative magnitude of each effect
may vary considerably with the size of the ring and the steric requirements of the
substituents. :
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It would appear that the larger the ring the greater should be its possibilities for
modifying its conformation and minimizing the magnitude of the atomic compressions.
The maximum observed in the solvolysis of 1-chloro-1-methylcyclo-octane may there-
fore be attributed to relatively large strains arising from the conflicting steric require-
ments of the two substituents and the ring hydrogen atoms, superimposed upon the
usual bond opposition forces. These atomic compressions are presumably also
present in the 10- and 9-ring derivatives, but are reduced to a greater extent than in the
smaller ring by modification of the conformation. Conceivably, the maximum in rate
could be shifted down as far as the 7-ring, or even further, by a suitable increase of the
steric requirements of the substituents.

In general, linear free-energy relationships, such as those pointed out by Hammett
for meta and para aromatic derivatives,® are rarely encountered in other than the rigid
aromatic systems. The similarity in the structural effects in these ring compounds
(Figs. 1-4), encourages an examination of the data from this point of view.

o
&

dcs
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-6 -5 -4 -3 -2
log k,

. F1G. 5. Free-energy relationship between the equilibrium constants for the dissociation of the
cyclic cyanohydrins and the rate constants for the reaction of the cyclanones with sodium

borohydride.

Comparison of the equilibrium data for the dissociation of the cyanohydrins with
the rate data for the borohydride reaction reveals a reasonably good linear relationship
(Fig. 5). The fitis unexpectedly good for systems of this kind and presumably should
be attributed to the similarity in the two reactions under comparison.

OH
\C=O 4 HCN =¥_\C/ '
‘ 7 Nen
H
\C==O + HB- —h\C/
/ \OBH,

Cormpanson of the. rate data for the aoetolyms of the cyclic tosylates with the rate
data for the borohydride reaction also reveals a rough linear relationship for the 5- to
10-ring derivatives (Fig. 6). Larger rings deviate from this relationship and so do

131, P, Hammett Physical Organic Chemistry McGraw-!_{ﬂl, New York (1940).
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Fia. 6. Frec-energy relationship between. the rate constants for the is_of the cyclic
tosylates and the rate constants for the reaction of the cyclanones with sodium borohydride.

It is the existence of a limitod linear relationship for the six consecutive ring systems,
5- through 10-, which must be considered unexpected. The fit, rough as it is, appears
tobetoogoodtobeoonsndetedputely fortuitous. It may be that the fit arises from the
fact that the rings from 5- through 10-members are relatively rigid, with. compasatively
fixed conformations, resembling the aromatic structures in that characteristic, whereas
the larger rings possess greater mobility of conformation and more closely resemble
aliphatic derivatives.

Carrying the eomyanson further to the tertiary chlorides, we observe that no
linear relationship is indicated (Fig. 7). Presumably this is the result of the much
larger steric requirements of the methyl and chlorine substituents in the smaller rings,
giving rise to larger strains and enhanced solvolysis rates.

As was pointed out, these effects should be less in the larger rings. Presumably
these steric interactions result in the points for the 5-, 6-, 7-, and 8-rings being consider-
ably higher than they would otherwise appear in the plot and thereby destroy the
linear relationship which might exist in the absence of this effect.

The existence of a limited linear relationship for the solvolysis of the cyclic tosylates
and the reaction of the cyclanones with borohydride may have important consequences.
A number of strained substances are known which exhibit enhanced rates of solvolysis.
In some cases the enhanced rates have been attributed to relief of steric strain.’® In
others, the enhanced rates have been attributed to the formation of unusually stable
“non-classical” ions.}¢ A rigorous test of the relative 1mportancc of these factors in

13 Y, C. Brown J. Chem. Soc. 1248 (1956).
14 S, Winstein  Bull. Soc. Chim. 18, 55 (1951).
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various systems has been rendered difficult by the transient nature of these carbonium
ions. ' : *
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Fic. 7. Free-energy relationship between the rate constants for the solvolysis of the 1-chloro-
1-methylcycloalkanes and the rate constants for the reaction of the cyclanones with sodium
borohydride. .

Conceivably, the carbonyl derivatives may provide relatively stable models of
carbonium ions of related structures.

5
&y A

FiG. 23a.

For example, we have attributed the high rate of solvolysis of cyclodecyl tosylate
to relief of internal strain accompanying the ionization. On the other hand, the
alternative possibility that the high rate is due to the formation of a relatively stable '
“non-classical” cyclodecyl cation has been considered.® '

: CHy),
(CHy), H cha A

H, s —_— H—¢~ - _H- - 2c—H -OTs
CH, OT: ‘ '
(CHy), s \CH,)‘/

Such a structure would, of course, provide a reasonable explanation for the facile
transannular hydride shifts which are observed in this ring system.15 '
However, from Fig. 6 it appears that the high rate of solvolysis of cyclodecyl
tosylate is not out of line with the low reactivity of cyclodecanone. Since *“‘non-
classical™ structures for this cyclic ketone are of questionable importance, it does not

1V, Prelog and K. Schenker Helo. Chim. Acta 35, 2044 (19).52
V. Prelog, K. Schenker, and W. Kung 7bid. 36, 471 (1953).



230 Hessant C. BrowN and K. Iclaxawa

appear desirable.in the absence of additional evidence to attribute the high reactivity of
cyclodecyl tosylate to this type of Stabilization of the cyclodecyl cation.

We are presently investigating this cxpemnent&l approach, utilizing the carbonyl
compounds as models for related carbonium ions, in the hope of attaining a more
complete understanding of the factors influencing the rates of formauon and the
stability of carbonium ions.

EXPERIMENTAL PART
Materials. The purifications of isopropyl alcohol and sodium borohydride have
been described previously.® The carbonyl compounds were either commercial samples,
carefully purified, or were synthesized by standard procedures. The physical properties
of the cyclic ketones used in the rate measurements are summarized in Table 3.

TABLE 3. PHYSICAL PROPERTIES OF CYCLANONES

\ | B.p. (°C/mm) © Mp. (O ny

(CHy, , C=0

! | Obsd. Lit. Obsd. Lit. Obsd. Lit.
” .
4 98-2/743 | 98-100{760' 14209 | 1-4189(25%)@
5 130-5/744 | 129-5/761® 1-4363 | 1-4370-

1-4373¢

6 153-8/744 | 155-7/760' 14502 | 1-45066(19-3°)
7 180-0/744 | 66-70/16'" | 1-4610 | 1-4608\
8 435 43.8@
9 97-5/15 | 92°95/12 14475 | 1-4730(17°)9
10 24-5-25 | 20-n2@
1 106/10 108/10t 14810 | 1-4786(17°)
12 61-62 | 60-61™
13 29-5-305 | 30-32
15 63 63
17 65 631

@ J, D. Roberts and C. W. Sauer J. Amer. Chem. Soc, 71, 3925 (1949). ™ L Vogel J. Chem. Soc.
2030 (1928). ‘! E. R. Johnson snd W. D. Walters J. Amer. Chemi. Soc. 76,6266 (1954). “.J.

and H. Roland J. Chem. Phys. 34, 693 (1923924 @) W, Herzand W, Bloch _Z. physik. Chem. uu,as(ms)
("R, H. Cox J. Amer. Chem. Soc. T4, (1952). 0 E, P. Kohler, M. Tishler, H. Potter, and H.
Thompson Ibid. 61, 1057 (1939). ™ V, Prelog, L. Frenkiel, M. Kobeit, and P. ‘Barman  Helv, Cldm.Azta
30, 1741 (1947). ' L. Ruzicke and W. Bnlluer Ibid. 9, 399 (1928). ' L. Ruzicka, M. Stoll, and H. Schinz
Ibid. 9,249 (1928). ™ L. Ruzicks, M. Stoll, H. W. Huyser, and H. A. Bockenoogen Jbid. 13, 1152 (1930).

Kinetic measurements. The experimental procedure was identical with that
reported previously.® The temperatures were controlled to less than 1-0-02° except
for temperatures below 0°, where the variation was of the order of 4-0-1°. Several
individual determinations, with varying initial concentrations. of reactants, were
carried out for a number of the compounds. In these cases the individual rate con-
stants usually agreed to within 1 per cent. The quality of the agreement realized was
similar to that reported in Table 1.° Where multiple determinations were available,
the mean values. of the second-order rate constants are reported in Table 1. For the
less accessible ring derivatives, the value of the material made it advisable to restrict
our measurements to a single kinetic run at each temperature.



