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free H™ is produced at low conversions of D7, nor does HCr(CO),
undergo H/D exchange with the ND; which is present in the flow
reactor. Thus, we conclude that ring attachment must occur at
some point in the course of an ion—molecule collision. Moreover,
from the fact that the observed HCr(CO);/DCr(CO); product
ratio is near the statistical value of 6:1, we can conclude that
complete H/D scrambling occurs within the collision complex prior
to expulsion of benzene. Our view of the mechanism is outlined
in Scheme I. Initial ring addition by D~ produces a vibrationally
and rotationally excited cyclohexadieny! anion complex which can
undergo rapid hydrogen shifts in either a thermally allowed sig-
matropic manner!? or with mediation by the Cr(CO); fragment.
This latter possibility seems unlikely, however, since we have found
that HCr(CO);™ does not undergo H/D exchange in the presence
of C¢Dg, although an adduct readily forms by termolecular as-
sociation. This implies that a barrier exists for hydride migration
from chromium to the arene ligand and, by inference, that once
the metal-hydrogen bond is formed expulsion of benzene follows.
Thus, H/D scrambling proceeds entirely within the benzene moiety
prior to a slower chromium-hydride bond formation step which
is accompanied by loss of neutral benzene.

Preliminary studies of the reactions of HCr(CO);~ with a variety
of small molecules have exposed a striking and enhanced reactivity
relative to other transition-metal negative ions which have been
examined previously.'*!” For example, HCr(CO);™ undergoes
facile oxidative insertion/reductive elimination reactions with a
variety of n-donor Bronsted acids (eq 2), as well as H/D exchange
HCr(CO);- + HX m XCr(CO);"+ H, (2)
in the presence of D,.!%!" While 2 does not appear to react with
alkanes or cyclopropane, it does react readily with alkenes, cy-
cloalkenes, and alkynes in a manner reminiscient of atomic metal
cations.’®2!  For instance, propylene and many other olefins
possessing allylic CH bonds give insertion/elimination products
which we formulate as 16-electron w-allyl complexes (eq 3).

CHp
CHz ==CH—CH3 + HCrlCO)y~ —= HC/ —CrlCO)5™ + Hz (3)
2 CHp

Cyclic and acylic conjugated dienes react exclusively by simple
adduct formation; in this case coordinatively saturated (18-
electron) complexes are initially produced, so elimination of H,
is apparently disfavored. Interestingly, acetylene also reacts with
2 by insertion/H, elimination, whereas ethylene produces only
an adduct. A complete accounting of the rich chemistry of
HCr(CO);™ will be reported in a future publication.
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Enantiotopic group differentiation by biochemical methods has
been shown to be a prevailing method of choice for asymmetric
syntheses.> On the other hand, only a few abiological methods,
useful for providing enantiomerically rich compounds, exist to
date,’ although considerable attention® has been paid since
Marckwald® reported decarboxylation of geminal dicarboxylic acid
with brucine in low enantioselectivity. Here we describe a simple
and preparative method for enantiotopic group differentiation
between two carboxylate groups by protonation.

Sodium 4-hydroxypimelate (1) has been chosen as a starting
dicarboxylate because monoprotonation allows rapid cyclization
in the reaction medium to afford a stable y-lactone. Careful
neutralization® of the ethanolic solution of 1 with (1.8)-(+)-10-
camphorsulfonic acid (S-CSA) monohydrate as a chiral proton
source gave rise to the expected lactone 2 in nearly quantitative
yield.” Results are summarized in Table I. The degree of

(1) “Abstracts of Papers”; 105th Meeting of Pharmaceutical Society of
Japan, Kanazawa, Japan, April 5, 1985.

(2) Enantioselective hydrolysis: Cohen, S. G.; Klee, L. H. J. Am. Chem.
Soc. 1960, 82, 6038. Cohen, S. G.; Khedouri, E. J. Am. Chem. Soc. 1961,
83,1093. Cohen, S. G.; Sprinzak, Y.; Khedouri, E. J. Am. Chem. Soc. 1961,
83,4225, Kosmol, H.; Kieslich, K.; Gibian, H. Liebigs Ann. Chem. 1968, 711,
1968. Huang, F.-C,; Lee, L. F. H,; Mittal, R. S. D.; Ravikumer, P. R.; Chan,
J. A Sih, C. J,; Caspi, E.; Eck, C. R. J. Am. Chem. Soc. 1975, 97, 4144,
Chen, C.-S; Fujimoto, Y.; Sih, C. J. J. Am. Chem. Soc. 1981, 103, 3580.
Wang, Y .-F.; Chen, C.-S.; Girdaukas, G.; Sih, C. J. J. Am. Chem. Soc. 1984,
106, 3695. Wang, Y.-F.; Sih, C. J. Tetrahedron Lett. 1984, 25, 4999, Go-
palan, A. S.; Sih, C. J. Tetrahedron Lett. 1984, 25, 5235. Ohno, M.; Koba-
yashi, S.; Iimori, T.; Wang, Y.-F.; Izawa, T. J. Am. Chem. Soc. 1981, 103,
2405. Ito, Y.; Shibata, T.; Arita, M.; Sawai, H.; Ohno, M., J. Am. Chem. Soc.
1981, /03, 6739. Mohr, P.; Toru, M.; Grossen, P.; Herold, P.; Tamm, C. Helv.
Chim. Acta 1982, 65, 1412, Mohr, P.; Waespe-Sarcevic, N.; Tamm, C.;
Gawronska, K.; Gawronski, J. K. Helv. Chim. Acta 1983, 66, 2501.
Schneider, M.; Engel, N.; Boensmann, H. Angew. Chem., Int. Ed. Engl. 1984,
23, 66. Schneider, M.; Engel, N.; Honicke, P.; Heinemann, G.; Gérisch, H.
Angew. Chem., Int. Ed. Engl. 1984, 23, 67. Laumen, K.; Schneider, M.
Tetrahedron Lett. 1984, 25, 5875. Laumen, K.; Reimerdes, E. H.; Schneider,
M.; Gorisch, H. Tetrahedron Lett. 1985, 26, 407. Laumen, K.; Schneider,
M. Tetrahedron Lett. 1985, 26, 2073. Galis, H. J., Lukas, K. L. Angew.
Chem., Int. Ed. Engl. 1984, 23, 142. Francis, C. J.; Jones, J. B. J. Chem. Soc.,
Chem. Commun. 1984, 579. Enantioselective reduction: for a review, see:
Sih, C. J.; Chen, C.-S. Angew. Chem., Int. Ed. Engl. 1984, 23, 570. Lan-
zilotta, R. P.; Bradley, D. G.; Beard, C. C. Appl. Microbiol. 1975, 29, 427.
Schwarz, S.; Schaumann, J.; Truckenbrodt, G.; Weber, G.; Meyer, M. Z.
Chem. 1979, 19, 450. Brooks, D. W.; Grothaus, P. G.; Irwin, W. L. J. Org.
Chem. 1982, 47, 2820. Brooks, D. W.; Mazdiyasni, H.; Chakrabarti, S.
Tetrahedron Lett. 1984, 25, 1241. Enantioselective oxidation: Jakovac, I.
J.; Goodbrand, H. B.; Lok, K. P.; Jones, J. B. J. Am. Chem. Soc. 1982, 104,
4659. Lok, K. P.; Jakovac, 1. J.; Jones, J. B. J. Am. Chem. Soc. 1985, 107,
2521,

(3) Eder, U.; Sauer, G.; Wiechert, R. Angew. Chem., Int. Ed. Engl. 1971,
10, 496, Partridge, J. J.; Chadha, N. K.; Uskokovic, M. R. J. Am. Chem.
Soc. 1973, 95, 532. Partridge, J. J.; Chadha, N. K.; Uskokovic, M. R. J. Am.
Chem. Soc. 1973, 95, 7171. Hajos, Z. G.; Parrish, D. R. J. Org. Chem. 1974,
39, 1615.

(4) Morrison, J. D.; Mosher, M. S. “Asymmetric Organic Reaction”;
Prentice-Hall: Englewood Cliffs, NJ, 1971; pp 419-424 and references cited
therein. Osakada, K.; Obata, M.; Ikariya, T.; Saburi, M.; Yoshikawa, S.
Tetrahedron Lett. 1981, 22, 4297. Ishii, Y.; Osakada, K.; lkariya, T.; Saburi,
M.; Yoshikawa, S. Chem. Lert. 1982, 1179.

(5) Marckwald, W. Ber. 1904, 37, 349.

(6) Every neutralization process was performed at -78 °C.

(7) In a typical experiment, sodium 4-hydroxypimelate (78 mg, 0.35 mmol)
in ethanol (100 mL) was neutralized with a 0.01 mol solution of S-CSA
monohydrate in ethanol at =78 °C. After removal of the solvent under
reduced pressure, the residue was redissolved in water. Sodium ion and
S-CSA were removed from the aqueous solution by means of ion-exchange
resin. Evaporation of water under reduced pressure afforded a nearly quan-
titative yield of lactonic acid 2, [«]%*p —22.3° (¢ 0.66, H,0).

© 1985 American Chemical Society



Communications to the Editor

HOOC OH COONa @

(o]
— -
W lactonization T\_/)5\/\COONa

P N b
asymmetric 3 4
NaOOC oOH COONa protonation
protonation

: protonation
- pat&
HOOC oM COOH &
asymmetric T‘\—i/\COOH

5 lactonization ;

asymmetric induction strongly depends upon the concentration
of the substrate 1. As the concentration of the substrate was
lowered a higher degree of enantiomeric excess (ee) was obtained.
Using a 2-5 mmol solution is advisable because enantiomerically
pure (—)-lactone 2 can be obtained from one recrystallization.
Absolute stereochemistry of (—)-butyrolactone 2 was proved to
be S by an X-ray crystallographic analysis of the (S)-(-)-a-
methylbenzylamine salt as shown in Figure 1.

The successful asymmetric lactonization of hydroxy di-
carboxylate 1 might be attributed to the formation of a chiral
species 3 (path A) through the enantioselective monoprotonation
of the carboxylate with the hydronium ion captured by the sul-
fonate group in S-CSA as shown in Figure 1. Lactonization of
3 under the reaction conditions affords carboxylate 4 which is then
converted into lactonic acid 2. Treatment of the ethanolic solution
of disodium salt 1 with 1 equiv of S-CSA followed by the addition
of another equivalent of 0.5% hydrogen chloride in ethanol af-
forded (S)-2 with 94% ee in quantitative yield.® On the other
hand, the reverse process where 1 was treated with 1 equiv of 0.5%
hydrogen chloride in ethanol and then with another equivalent
of S-CSA yielded racemic butyrolactone 2. Although these results
cannot provide conclusive evidence, we prefer path 4 over the
alternative path B which involves achiral diprotonated species 5.

Asymmetric lactonization is remarkably affected by the con-
centration of water in the medium. As seen in Table II, less than
0.5% of water did not have a significant effect on the percent ee
of the product, while 15% of water completely eliminates enan-
tioselectivity. These results suggest that the acidic proton of the
sulfonic acid moiety in S-CSA is fixed by the intramolecular
hydrogen bonding with the carbonyl group even in the ethanolic
solution, when the water content in the medium is small.

The optically active lactonic acid 2 provides a versatile chiral
building block for the synthesis of biologically active natural
products such as pheromones® and antifungal metabolities.!® Tt
is worth noting that both (S)-(-)-alcohol 6, [a]*'; —11.4° (¢ 0.36,
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EtOH), and its enantiomer, [a]?*'p + 11.5° (¢ 0.33, EtOH), were

(8) The results that the S-CSA followed by HCI gives a higher ee than
S-CSA alone can be explained as follows: As the lactonization step is slower
than monoprotonation on carboxylate, some amount of achiral diprotonated
species § will be produced after the half-neutralized point when addition of
proton source is relatively fast. In the former case, time lag of 30 min between
a?dsition of S-CSA and that of HCl may eliminate the possibility of formation
of 8.

(9) Brownlec, R. C.; Silverstein, R. M.; Miiller-Schzwarze, D.; Singer, A.
G. Nature (London) 1969, 221, 284. Wheeler, J. M.; Happ, G. M.; Araujo,
J.; Pasteels, J. M. Tetrahedron Lett. 1972, 4635. Tumlinson, J. H.; Klein,
M. G,; Doolittle, R. E.; Ladd, T. L.; Proveaux, A. T. Science (Washington,
D.C) 1977, 197, 789. Vigneron, J. P.; Meric, R.; Larcheveque, M.; Debal,
A.; Kunesch, G.; Zagatti, P.; Gallois, M. Tetrahedron Lett. 1982, 23, 5051.

(10) Brooks, D.; Tidd, B. K.; Turner, W. B. J. Chem. Soc. 1963, 5385.
McCorkindale, N. J.; Wright, J. L. C.; Brian, P. W.; Clark, S. M.; Hutch-
inson, S. A. Tetrahedron Lett. 1968, 727. Aldridge, D. C.; Turner, W. B. J.
Chem. Soc. C 1971, 2431,

J. Am. Chem. Soc., Vol. 107, No. 22, 1985 6405

Table I. Asymmetric Lactonization? of Dicarboxylate 1

i te 1
dicarboxylate (8)-(~)-lactonic acid 2

concentration,

Mmol [2]®p (H,0)? % eef
1.8 -20.9° 79
3.5 -22.3° 84
3.5 -24.9° 944
4.5 -21.8° 80
6.5 -18.6° 70
7.2 -15.4° 58
9.1 -12.3° 46

10.0 -~9.7° 37
10.6 -3.6° 14
11.8 -0.1° 0
12.7 +0 0

4 All reactions were run with a 100-mL scale at ~78 °C and yields
are more than 95%. %¢ 0.66. “Calculated on the basis of the maxi-
mum rotation of the pure S-(-) isomer, [@]®p(max) -26.5° (H,0),
obtained by the optical resolution through the (S8)-(-)-a-methyl-
benzylamine salt. “After addition of 1 equiv of S-CSA, the reaction
mixture was stirred for 30 min; then another equivalent of 0.5% hy-
drogen chloride in ethanol was added.

Table II. Effect of Water in Ethanol on the % ee of 2

water, % [@]*p(H,0) % ee yield, %
0 -22.4° 84.5 474
0.5 -22.4° 84.5 94
2.0 -14.6° 55.1 92
5.0 ~12.1° 45.0 94
10.0 -10.3° 38.9 95
15.0 0 0 945

4Lactonic ester 8, [@]®'p ~4.0° (¢ 0.21 MeOH), was obtained in
37% yield. ®Frozen under the reaction conditions at ~78 °C.

Figure 1. Perspective views of (a) (S)-(~)-a-methylbenzylamine salt of
(8)-(=)-2 and (b) (15)-(+)-10-camphorsulfonic acid monohydrate
showing the atom numbering schemes.

obtained from the single (S)-lactonic acid 2 by the reduction with
borane—-dimethyl sulfide complex and with LiAlIH,, respectively.
The Jones oxidation of the latter furnished (R)-(+)-lactonic acid
7 with a slight loss of optical activity ([a]?'p +21.6°).
Another interesting aspect of this enantioselective protonation
is revealed by considering the structure of the starting material
for dicarboxylate 1. The most easily accessible starting compound
is the racemic form of lactonic acid 2 or racemic ester 8, because
basic hydrolysis of them yields 1 without difficulty. Ester 8 was
obtained by the reduction of the corresponding ketone 9!! with
NaBH, in ethanol. Acid hydrolysis of racemic 8 afforded the
racemic lactonic acid of 2 in good yield. Thus, the overall process
from the racemic form of 2 to (S)-(-)-2 described herein con-
stitutes enantioconvergent transformation of a racemic mixture
into a single enantiomer. Generally, reported methods!?-!% of
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enantiomeric enrichment involve the destruction of the sp*-hy-
bridized asymmetric carbon atom, thereby creating the sp*-hy-
bridized carbon followed by regeneration of the original sp3-hy-
bridized carbon atom under the asymmetric environment. For
instance, proton abstraction from the asymmetric carbon atom
followed by enantioselective protonation has been reported for
a-amino acid derivatives'? and a-substituted carbonyl com-
pounds.!* Enamine formation followed by hydrolysis with chiral
acids has been used for the enantiomeric enrichment of a-sub-
stituted carbonyl compounds.!#!* All of those reported methods
involve the enantioface differentiation by protonation. The present
method provides the first example of the enantiomeric enrichment
in which the sp-hybridized carbon is not destroyed throughout
the overall process.

The method for the asymmetric lactonization described here
can be applied to other hydroxy dicarboxylates and dihydroxy
monocarboxylates possessing o-symmetry. Further studies along
these lines are currently under way.

Supplementary Material Available: Tables of crystal data, bond
lengths, bond angles, atomic coordinates, and thermal parameters
for the (S)-(-)-a-methylbenzylamine salt of (S)-(-)-2 and
(18)-(+)-10-camphorsulfonic acid monohydrate (5 pages). Or-
dering information is given on any current masthead page.
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Horseradish peroxidase (HRP) catalyzes the oxidation of
various substrates in the presence of hydrogen peroxide by forming
sequential intermediates, compounds I and II (HRP-I and
HRP-II).! The active site of resting HRP contains ferric pro-
toheme, which is ligated in one axial position by histidine nitrogen.
HRP-1 is formed by the reaction of hydrogen peroxide with the
resting enzyme and is two oxidation equivalents above the native
ferric state. While one oxidation equivalent is thought to be
located on the metal center as a low-spin (S = 1) oxyferryl
structure (Fe!YO),2 the other equivalent most likely resides on the
porphyrin ring as a = cation radical.’> The second intermediate,
HRP-II, is a single oxidation equivalent above the ferric state and
retains the low-spin oxyferryl center.

Though resonance Raman (RR) techniques have been applied
to the ferrous and ferric enzyme? and to HRP-I1,5"1® Raman data
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istry 1979, 18, 2280. (c) Callahan, P. M.; Babcock, G. T. Biochemistry 1981,
20, 952. (d) Teraoka, J.; Kitagawa, T. J. Biol. Chem. 1981, 256, 3969.

0002-7863/85/1507-6406801.50/0

—-1374

Aex =390 nm

(B} HRPI I5°C

INTENSITY

RAMAN

(CYHRP -35°C

(DY HRPI" -125°C

RAMAN SHIFT (cm™)

Figure 1. RR spectra of native HRP and HRPI, pH 7.2, excited at 390
nm (10-ns pulses, 10 Hz): (A) native HRP, 0.1 mM, 50 mM phosphate,
15 °C, 90° scattering, 10~15 mW, 25-min acquisition time; (B) HRPI,
0.05 mM, 50 mM phosphate, 15 °C, 90° scattering, 10~15 mW, sum of
eight 5-min runs; (C) native HRP, 0.6 mM, 66% DMF, 34% 50 mM
phosphate, ~35 °C, spinning EPR tube, backscattering, 20 mW, 12 min;
(D) HRPI, 0.6 mM, generated at ~40 °C in 66% DMF, 34% 50 mM
phosphate by the reaction of resting HRP with a slight excess of H,Oy;
spectra were recorded at ~125 °C by backscattering from a spinning EPR
tube with vertical translation of the sample in the laser beam; 15 mW,
6 min.

for HRP-I have been difficult to obtain owing to the reactivity
and photolability of the first intermediate.!! Cryogenic techniques
may be insufficient to stabilize HRP-I to laser irradiation and
past attempts to obtain RR measurements of HRP-I° resulted in
photoreduction to a mixture of HRP-II, ferric, and ferrous
species.'? Thus a reliable RR spectrum of HRP-I has not yet
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