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Table 1. Percentage of Undesired Isomer in the Final
Product (100Py/P) for Various Values of m = k,/k and r
= E,/A,, Assuming Complete Reaction of the Limiting

Reactant, A
val;1 e=s of values of m = k. /k,

E,/A, 1 0.5 0.1 0.05 0.01
1 25.0 16.7 4.5 2.38 0.495

2 12.5 6.9 1.5 0.76 0.153

4 6.3 3.3 0.68 0.34 0.068

6 4.2 2.2 0.44 0.22 0.044

10 2.5 1.3 0.26 0.13 0.026

automatically limits the maximum value of x.

In this case of excess E, that is, for r < 1, x equals r when
the reaction is completed. Since x never reaches 1, the
impurity fraction does not reach (m/2)/(m + 1). Table
I shows the advantage in product-purity to be gained by
using various ratios of E; to A, for several selected small
values of m = k,/k,, assuming the reaction goes until the
limiting reagent, A, is depleted.

It is interesting to note that eq 10 does not show any
explicit dependence of purity on the initial concentration
ratio, r. But when r is less than one (excess E), it affects
the product purity by limiting the maximum value of x to
r. An excess of ester has the effect of terminating the
reaction before the worst stage. An excess of the amine
reactant has no effect at all on the product purity. This
is because it has no effect on the extent of reaction of E
at completion (100%); that is, the maximum value of x
remains at 1 for all values of r greater than 1.

In actual practice, the reaction does not go all the way
to completion because that would require, theoretically,
an infinite time. But, as we have shown previously,” the
time required for reaction of, say, 99% of the limiting
reagent (A in our case) is considerably reduced by using
an excess of the other reagent (E). From the usual sec-
ond-order kinetics equations, the time required to reach
agiven x is, forr = 1, ¢t = x/(RAy(1 - x)), and, for r < 1,
t=(rln({(1-rx)/(1-x)))/(RBAy(1-r)). Applied to our
case, these expressions show that the time required to react
99% of A is about 25 times shorter when E, = 24, (r =
1/,), than when E; = A,, (r = 1). An excess of E thus has
the double effect of considerably shortening the reaction
time and significantly improving the optical purity of the
product. It is hoped that this strategem will prove useful
in practical peptide synthesis.

(7) Kovacs, J.; Holleran, E. M.; Hui, K. Y. J. Org. Chem. 1980, 45,
1060.

Stereochemical Effects in Free Radical Hydrogen
Abstraction from 2,3-Dichlorobutane

Nigel J. Bunce,* Henry K. Y. Cheung, and
Jo-Anne Langshaw

Department of Chemistry and Biochemistry, University of
Guelph, Guelph, Ontario, Canada, N1G 2W1

Received January 22, 1986

The stereochemical features of free radical hydrogen
abstraction from a saturated carbon are almost unexplored.
One relevant study is that of Dneprovskii et al.! who found
that hydrogen abstraction from norbornane by a series of

(1) Dneprovskii, A. S.; Pertsikov, B. Z.; Temnikova, T. L. J. Org. Chem.
USSR (Engl. Transl.) 1982, 18, 1951.
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Table I. Chlorination of 2,3-Dichlorobutane Isomers

rel reactivity®
k(meso)/k(dl)

1.10 + 0.05 (6)

isomer ratio®
1,2,3-Cly/2,2,3-Cl,

Cl, meso 0.43 £ 0.01 (6)c
dl 1.10 £ 0.04 (6)

!

t-BuOCl meso 0.16 £ 0.01 (3) 0.64 £ 0.02 (3)
dl 1.06 £+ 0.02 (8)
Relative Rate Constants
k, (meso) ky (meso) ky (d]) ky (dD)
Cl 1,04 7.0 1.6 4.3
t-BuQ’ 1.0¢ 18.8 5.8 16.5

¢Jsomer ratio = 3k;/k;. Subscripts 1 and 2 refer to the num-
bering of the carbon chain in 2,3-dichlorobutane. °k(meso)/k(dl)
= [3k,(meso) + ky(meso)]/[3k,(d]) + ky(d])]. °Numbers in par-
entheses are the numbers of of independent experiments, each an-
alyzed in triplicate. ¢ Assumed.

radicals ArICl® had values k(exo0)/k(endo) in the range
1.8-3.8. Abstraction by Cl* from the same substrate was
almost unselective, k(exo0)/k(endo) = 1.1 = 0.3. Our in-
terest in this stereochemical problem was sparked by the
report of Lukas et al.,2 who found that when a mixture of
2,4-dichloropentane isomers was photochlorinated, the di
isomer reacted slightly faster than the meso. Quantitative
treatment?® of the original data gave k(dl)/k(meso) = 1.03
for the overall hydrogen abstraction by Cl* from these
molecules. In this paper we examine the effect of neigh-
boring chiral centres in the chlorination of 2,3-dichloro-
butane by elemental chlorine and by tert-butyl hypo-
chlorite. This substrate is easier to study than 2,4-di-
chloropentane because each dichlorobutane isomer has
only two products of further monochlorination.

Experimental Section

All chlorinations were done in CCl, solvent at substrate con-
centrations <0.5 M using photoinitiation at room temperature
(ca. 22 °C). Samples (2.0 mL) were sealed in vacuo into 8 mm
o.d. Pyrex ampules by using the freeze-pump-thaw technique.
In the experiments done in the presence of CaCQOj, the end of
the ampule was blown out to give a round bulb, so that a micro
magnetic stirring bar could be used to stir the mixture. All
reaction mixtures were made up by mixing appropriate volumes
of stock solutions of the reactants. For experiments where
products were to be analyzed the ratio of substrate to chlorinating
agent was always >10. Reaction mixtures were analyzed by VPC
using gas chromatographs equipped with FID and electronic
integration (Carle model 211 GC and Hewlett-Packard Model 3390
integrator or Carle Model 9500 GC and Spectraphysics
“Minigrator”). VPC columns were 10% SE 30 on 60/80 mesh
acid-washed Chromosorb W. Experiments were done at least in
duplicate and were normally analyzed in triplicate. The response
of the FID was assumed to be equal toward isomers.

tert-Butyl hypochlorite* and the separate isomers of 2,3-di-
chlorobutane® were obtained by the literature methods. Their
purities by VPC were d! 96% and meso 97%. The mixed 2,3-
dichlorobutane isomers were obtained commercially (Aldrich).
The trichlorobutanes were obtained by chlorination, isolated by
preparative VPC (elution order 2,2,3-trichlorobutane and then
1,2,3-trichlorobutane; the erythro and threo isomers of 1,2,3-
trichlorobutane were not separable under our conditions), and
analyzed by proton NMR at 400 MHz, using CDC]; as the solvent.®

(2) Lukas, R.; Paleckova, V; Kolinsky, M; Barta, M. J. Polym. Sci.,
Polym. Chem. Ed. 1978, 16, 3285.

(3) The original paper? gives percent of each isomer remaining at
various stages of chlorination. Equation 1 allows a quantitative treat-
ment. Ineq 1, A and B are the substrates to be reacted competitively,

ka/kp = In ({A;]/[AD/In ({B,]/{B]) L

[A,] and [B,] are the starting concentrations, and {A] and {B] are the
concentrations after reaction.

(4) Mintz, M. J.; Walling, C. Org. Synth. 1969, 49, 9.

(5) Lucas, H. J.; Gould, C. W. J. Am. Chem. Soc. 1941, 63, 2541.
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Table I1I. Chlorination of 2-Chlorobutane®
rel selectivity per hydrogen
-CHCl- -CH,* -CH,

chlorinating agent CHj-

Clyb 25 °C 0.29 2.3 2.5 1.0
Cl,c 22 °C 0.20 1.5 2.3 1.0
t-BuOCls 22 °C 0.26 33.4 5.4 1.0

¢In CCl,. ®Reference 8. ¢ This work; average of four runs each.
We note that even at a 20:1 ratio of 2-chlorobutane to the chlori-
nating agent, about 3-4% of the product consisted of trichloro-
butanes. This is presumably a cage effect; cf.: Skell, P. S.; Baxter,
H. W. J. Am. Chem. Soc. 1985, 107, 2823. 4Sum of meso and d!
isomers.

2,2,3-Trichlorobutane: § 1.80 (d, 3 H, J = 6 Hz), 2.25 (s, 3 H),
426 (q, 1 H, J = 6 Hz). erythro-1,2,3-Trichlorobutane
(CH,2CHPCICHCICH,%¢Cl): 6 1.67 (d, 3 H, J = 6.5 Hz, H(a)),
3.82 (dd, 1 H, J, = 5 Hz, J, = 12 Hz, H(d) or H(e)), 4.00 (dd, 1
H, J, = 4.5 Hz, J, = 12 Hz, H(d) or H(e)), 4.10 (ddd, appears as
dt, 1 H, J, = J, = 5 Hz, J; = 7 Hz, H(c)); 4.30 (dq, appears as
quintet, 1 H, J, = J, = 7 Hz, H(b)). threo-1,2,3-Trichlorobutane:
61.64 (d,3H,J =17Hz H(a)), 373 (dd, 1 H, J, = 5 Hz, J, =
11 Hz, H(d) or H(e)), 3.88 (approximately t, 1 H, J = 9-11 Hz,
H(d) or H{e)), 4.04 (ddd, 1 H, J; = 2 Hz, J, = 5 Hz, J; = 9 Hz,
Hic)), 4.58 (dq, J, = 2 Hz, J, = 7 Hz, H(b)).

Results and Discussion

Table I shows (a) the isomer ratios obtained by chlo-
rinating the separate stereoisomers of 2,3-dichlorobutane,
(b) the relative rates of disappearance of meso- and dl-
2,3-dichlorobutanes obtained by chlorinating the mixture
competitively,? and (c) the relative rate constants for attack
on the different hydrogens of each isomer, obtained from
a and b. The latter are normalized to the reactivity of a
single methy! hydrogen of the meso isomer taken as unity.
The chlorinations involving tert-butyl hypochlorite were
done in the presence of 0.1 M trichloroethylene.” It is clear
that a significant stereochemical effect is operating in these
chlorinations; both chlorinating agents afford a much
greater proportion of 2,2,3-trichlorobutane when the sub-
strate to be chlorinated is the meso isomer.®

The selectivity of an abstracting radical for methyl and
CHCI hydrogens in 2,3-dichlorobutane is a complicated
affair. Polar effects deactivate positions close to the chloro
substituent, while resonance effects promote abstraction
specifically of the CHCI hydrogen.!® Thus in 2,3-di-
chlorobutane, the CHy hydrogens are deactivated, while
the CHCI hydrogens are activated by resonance with the
geminal chlorine and deactivated by the polar effects of
both the geminal and vicinal chlorines. To try to assess
a “normal” behavior for the CH;CHCI group, we examined
2-chlorobutane (Table IT). As expected, the CHCI group
of 2-chlorobutane (which lacks the deactivating chlorine
at C(3)) is more readily attacked relative to the methyl
hydrogens at C(1) in comparison with 2,3-dichlorobutane.

We had hoped to ascribe the stereochemical differences
for hydrogen abstraction from meso- and d!-2,3-dichloro-

(6) Formation of erythro-1,2,3-trichlorobutane from meso-2,3-di-
chlorobutane was stereospecific, but the threo-1,2,3-trichlorobutane ob-
tained from dl-2,3-dichlorobutane contained ca. 15% of the erythro iso-
mer. This loss of stereospecificity seems to suggest that Cl* migration
or elimination/addition reactions are occurring (see Results and Dis-
cussion).

(7) Walling, C.; McGuinness, J. A. J. Am. Chem. Soc. 1969, 91, 2053.

(8) Atto, S. Y.; Tedder, J. M.; Walton, J. C. J. Chem. Soc., Perkin
Trans. 2 1983, 629.

(9) The high selectivity at C(2) and C(3) has been observed before:
Knapsack, A. G. Netherlands Patent 6 513 528, 1966; Chem. Abstr. 1966,
65, 7056d.

(10) Although for Cl abstractions the polar effect usually predomi-
nates, especially for 1-substituted alkanes, abstraction by ¢t-BuO is ac-
celerated even at the 1-position of 1-chloropropane: Walling, C.; Jacknow,
B. B. J. Am. Chem. Soc. 1960, 82, 6113.

Notes

butanes to the conformational preferences of these mole-
cules. This was not possible. Many papers have been
written on the conformational analysis of 2,3-dichloro-
butane, but there is much disagreement on the subject.!"1¢
For the meso isomer it is accepted that the anti conformer
is most stable, with the gauche pair of conformers <10 kJ
mol™ higher in energy. For the dl isomer it is not even
clear which conformation is preferred and the three con-
formers are separated by perhaps as little as 5 kJ mol .18
Since Bell, Perkins, and Perkins!” have calculated the
activation energies (in the gas phase) for abstraction of
CH,CHCI and CH;CHC] hydrogens by Cl* to be =20 kJ
mol™!, we see that no simple rationalization of our data in
terms of ground-state conformational preference is pos-
sible.

We attempted to normalize our relative rate constants
(Table I) against 2,2,3,3-tetramethylbutane, for which the
rate of hydrogen abstraction by CI* is known absolutely.!®
When the competitive loss technique was used, the relative
reactivities k(CgH ) / R(C HgCly) but not those k(meso)/
k(dl) varied with percent conversion. This effect was
shown not to be due to the HX reversal reaction'® (eq 1).

R*+ HX — RH + X° (1)

Thus in the reactions with Cl,, the reactivities were un-
changed either by adding HCI deliberately to the reaction
or by removing the HCI chemically with powdered CaCO,.
Likewise when tert-butyl hypochlorite was the chlorinating
agent the relative reactivities were unaffected by adding
tert-butyl alcohol to the reaction mixtures. When the
appearance of products in competitive chlorination was
studied in order to extrapolate to zero conversion, an
unexpected result was obtained: only the chlorination
products of tetramethylbutane could be detected, even at
conversions high enough to cause a noticeable loss of 2,3-
dichlorobutane.

At this stage in our work, the mechanism of chlorination
of 2,3-dichlorobutane is not completely defined. Hydrogen
abstraction from 2,3-dichlorobutane affords the alkyl
radicals 1 and 2, and in the simplest view, the distributions
of trichlorobutanes from the diastereomeric 2,3-dichloro-
butanes reflects the relative rates of formation of radicals
1 and 2. Besides direct reaction with Cl,, radicals 1 and

*CH,CHCICHCICH, 0}13('30120}1010}13

2 can also afford trichlorides by elimination/addition or
by chlorine atom migration followed by direct reaction with
Cl,. However, the intervention of these reactions still leads
to 1,2,3-trichlorobutane from 1 and 2,2,3-trichlorobutane
from 2.2

In conclusion, we have observed for the first time that
the abstraction of hydrogen from 2,3-dichlorobutane is
affected by the stereochemistry of adjacent chiral centres.

(11) Jing, X; Krimm, S. Spectrochim. Acta., Part A 1983, 394, 251.

(12) Chia, L. H. L.; Huang, E.; Huang, H.-H. J. Chem. Soc., Perkin
Trans. 2 1973, 766.

(13) Hopmann, R. F. W. J. Chem. Soc., Faraday Trans. 2 1971, 75,
1844.

(14) Park, P. J. D.; Wyn-Jones, E. J. Chem. Soc. 4 1969, 422.

(15) Schneider, H.-J; Becker, G.; Freitag, W.; Hoppe, V. J. Chem. Res.
Miniprint 1979, 0421.

(16) Stokr, J.; Doskocilova, D.; Sykora, S.; Hérhold, H. H.; Schneider,
B. Collect. Czech. Chem. Commun. 1969, 34, 1875.

(17) Bell, T. N.; Perkins, K. A.; Perkins, P. G. J. Phys. Chem. 1981,
85, 160.

(18) Bunce, N. J.; Ingold, K. U.; Landers, J. P.; Lusztyk, J.; Scaiano,
J. C. J. Am. Chem. Soc. 1985, 107, 5464.

(19) Tanner, D. D.; Bunce, N. J. J. Am. Chem. Soc. 1969, 91, 3028.

(20) Control experiments showed that 2-chloro-2-butene and 3-
chloro-1-butene both add Cl; under the reaction conditions. Conse-
quently no more than traces of these alkenes were found among the
chlorination products of 2,3-dichlorobutane.
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To the extent that this may be a general phenomenon, it
will need to be considered in schemes (e.g., those of ref 17)
where the composition of products formed upon chlori-
nation of chloroalkanes is predicted.
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The asymmetric reduction of the prochiral carbonyl
group of é-keto acids attracts interest because it is a key
step for the facile synthesis of optically active é-lactones.
The asymmetric reduction of prochiral ketones has been
studied extensively,! and considerable success has been
attained especially for aromatic or a,8-unsaturated ketones
with high optical yields of more than 90% ee.? In contrast,
aliphatic ketones have generally been reduced with rather
low optical yields.? Recently we have reported that the
8-keto groups of 5-oxohexadecanoic acid (1a) and its ho-
mologues 1b,¢ were reduced to secondary hydroxyl groups
with a high enantioselectivity of more than 98% ee by
using fermenting bakers’ yeast.* This constitutes the most
effective preparation of optically pure (R)-(+)-5-hexade-
canolide, pheromone of Oriental hornet.” We now report
a nonmicrobial approach to the asymmetric reduction of
8-keto acid 1 by using sodium borohydride with bovine
serum albumin (BSA) as chiral auziliary in aqueous media
(eq 1).

(1) (a) Midland, M. M. In Asymmetric Synthesis; Morrison, J. D., Ed.;
Academic: New York, 1983; Vol. 2-A, Chapter 2. (b) Crandbois, E. R.;
Howard, S. L; Morrison, J. D. Ibid. Chapter 3.

(2) () Mukaiyama, T.; Asami, N.; Hanna, J.; Kobayashi, 8. Chem.
Lett. 1977, 783. (b) Noyori, R.; Tomino, I;; Tanimoto, Y. J. Am. Chem.
Soc. 1979, 101, 3129, 5843. (c) Ohno, A.; Ikeguchi, M.; Kimura, T.; Oka,
S. Ibid. 1979, 101, 7036. (d) Seki, M.; Baba, N.; Oda, J.; Inoue, Y. Ibid.
1981, 103, 4613. (e) Midland, M. M.; Kazubski, A. J. Org. Chem. 1982,
47, 2814. (f) Itsuno, S.; Ito, K.; Hirao, A.; Nakazaki, S. J. Chem. Soc.,
Chem. Commun. 19883, 469. (g) Sato, T.; Gotoh, Y.; Wakabayashi, Y.;
Fujisawa, T. Tetrahedron Lett. 1983, 24, 4123. (h) Noyori, R.; Tomino,
I.; Tanimoto, Y.; Nishizawa, M. J. Am. Chem. Soc. 1984, 106, 6709. (i)
Kawasaki, M.; Suzuki, Y.; Terashima, S. Chem. Lett. 1984, 239. (j)
Brown, H. C,; Pai, G. G.; Jadhav, P. K. J. Am. Chem. Soc. 1984, 106, 1531.
(k) Soai, K.; Yamanoi, T.; Hikima, H.; Oyamada, H. J. Chem. Soc., Chem.
Commun. 1985, 138.

(3) (a) Asami, M.; Ohno, H.; Kobayashi, S.; Mukaiyama, T. Bull.
Chem. Soc. Jpn. 1978, 51, 1869. (b) Terashima, S.; Tanno, N.; Koga K.
Chem. Lett. 1980, 981. (c) Sato, T.; Goto, Y.; Fujisawa, T. Tetrahedron
Lett. 1982, 23, 4111. (d) Midland, M. M.; Mcloughlin, J. I. J. Org. Chem.
1984, 49, 1316. (e) Yamamoto, K.; Fukushima, H.; Nakazaki, M. J. Chem.
Soc., Chem. Commun. 1984, 1490. (f) Oriyama, T.; Mukaiyama, T. Chem.
Lett. 1984, 2071. (g) Brown, H. C.; Mandal, A. K. J. Org. Chem. 1984,
49, 2558. (h) Yoon, N. M,; Kim, G. P.; Kim, K. W. J. Org. Chem. 1984,
49, 3646. (i) Midland, M. M.; Mcloughlin, J. L. J. Org. Chem. 1984, 49,
4104. (j) Mukaiyama, T.; Tomimori, K.; Oriyama, T. Chem. Lett. 1985,
813. (k) Brown, H. C.; Pai, G. C. J. Org. Chem. 1985, 50, 1384.

(4) Utaka, M.; Watabu, H.; Takeda, A. Chem. Lett. 1985, 1475.

(5) Ikan, R.; Gottlieb, R.; Bergmann, E. D.; Ishay, J. J. Insect Physiol.
1969, 15, 1709.

RW NaBH, R H* R

e [ \(gi\/\cozH] — B:; Q)
1 2 3

a R=n-GH;; ¢ R=nCH, 3

b R=n-CgH, d R=CH,

BSA in blood plasma serves as a transport protein for
various endogeneous and exogeneous materials, among
which long-chain fatty acids show high binding tendencies
to BSA.S Then, the chiral binding domain of BSA is
expected to differentiate the enantioface of the prochiral
carbonyl group of é-keto acids. In fact, BSA has been used
successfully to induce asymmetric reduction of aromatic
ketones.” It is also of interest to compare the result for
8-keto acids with that for the aromatic ketones reported.

Results and Discussion

The asymmetric reduction was carried out under various
conditions as shown in Table I. Several features for the
maximum optical yield can be pointed out. The optimum
pH value was found to be in the range of 9-10 (entries 1-5),
which is almost identical with the value (9-11) that Sug-
imoto et al.” found for trifluoroacetophenone as substrate.
Lowering of the reaction temperature improved the optical
yield remarkably from 16 to 44% for a change from 25 to
0 °C but only slightly from 44 to 49% for that from O to
~10 °C (entries 6-10). The latter may be due to a reversed
effect of the electrolyte (NaCl) added for prevention of
freezing. Quite interesting is the fact that the maximum
optical yield was obtained when 0.076 molar equiv of BSA
was used to the é-keto acid la (entries 11-16). Namely,
13 molecules of &-keto acid/molecule of BSA gave the best
result. A higher or lower ratio of the acid to BSA resulted
in decrease of the optical yield. This is in sharp contrast
to the result for aromatic ketones reported by Sugimoto
et al.,” where 3 or less molecules of aromatic ketone/
molecule of BSA brought about the best result. They
rationalized the observation in terms of the presence of
three analogous main binding domains on BSA.

The binding of long-chain fatty acids to BSA has been
investigated rather extensively, suggesting that BSA
possesses 6—7,% 8,° or 271 binding sites with different af-
finities for the ligand. Although the number of the sites
is liable to a wide variation, the binding of 13 molecules
of the é-keto acid/molecule of BSA seems to be probable.
The fact that the maximum optical yield is not realized
with 6-7 molecules of the §-keto acid/molecule of BSA
(entry 15) may be explained by the assumption that
high-affinity bindings are unfavorable to the asymmetric
induction.

Since the binding is expected to be highly dependent
on the length of hydrophobic carbon chain, we have ex-
amined 5-oxotridecanoic, 5-oxononanoic, and 5-oxo-
hexanoic acids (1b,e,d) as substrates. The results shown
in Table II indicate that a long chain is essential for the
induction of asymmetry.

We propose the binding of long-chain 5-oxoalkanoic
acids 1 to BSA at its chiral hydrophobic pockets or crevices
in the following way. The nonpolar chain of the acid could
be inserted into the hydrophobic domain, and the hydro-
philic carboxylate group would be projecting toward bulk

(6) Kragh-Hansen, U. Pharm. Rev. 1981, 33, 17.

(7) Sugimoto, T.; Matsumura, Y.; Tanimoto, S.; Okano, M. J. Chem.
Soc., Chem. Commun. 1978, 926. Sugimoto, T.; Kokubo, T.; Matsumura,
Y.; Miyazaki, J.; Tanimoto, S.; Okano, M. Bicorg. Chem. 1981, 10, 104.

(8) Reynolds, J.; Herbert, S.; Steinhardt, J. Biochemistry 1968, 7, 1357.

(9) Spector, A. A,; Fletcher, J. E.; Ashbrook, J. D. Biochemistry 1971,
10, 3229,

(10) Goodman, D. 8. J. Am. Chem. Soc. 1938, 80, 3892.
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