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perimental conditions employed, ' our data (Table I) would dictate
virtually no inhibition. The finding, where extensive inhibition
was observed (greater than 60%), further supports the proposition
that the lipase-like activity of the “abzyme” is not a consequence
of contamination. In addition, the antibody (20 uM) shows
minimal inactivation (less than 20% when 2 is 400 uM) in the
presence of the powerful acetylcholinesterase inhibitor diisopropyl
phosphorofluoridate (DFP) (50 uM)."”

Enantioselectivity of the antibody-catalyzed reaction was in-
vestigated by GC analysis of a large-scale reaction of 37E8 (40
uM) in ATE (ACES, Tris, ethanolamine), pH 8.0, containing 200
uM 1. At selected time intervals an aliquot of the reaction mixture
was removed (600 uL), extracted twice with a 50/50 mixture of
ethyl ether/ethyl acetate, and injected onto a microcapillary gas
chromatographic column (Chrompack, CP-(optically pure)-
cyclodextran-B-236-M-19). At 8 h, 60 uM 2 was detected with
enantioselectivity in excess of 86% for the (1R,4S)-(+)-4-
hydroxy-2-cyclopentenyl acetate (2). After 14 h, 100 uM 2 with
an ee of 84% was detected. These results, while gratifying, appear
to be limited only by the catalytic activity of abzyme 37ES rather
than by an inherent lack of enantiotopic group differentiation.

A comparison of abzyme 37ES8 to acetyl- and butyrylcholin-
esterase (Table I) provided us with a crude index for an ab-
Zyme—enzyme comparison. Moreover, it provides us with alter-
native methods to check antibody purity. A comparison of k.,
(Table I) shows abzyme 37ES8 to be some 3—4 orders of magnitude
less potent catalytically than the cholinesterases. However, the
inherent enantio group selectivity of 37E8 is excellent (>98% ee).!

The abzyme obtained here is admittedly somewhat primitive
compared to its enzymatic counterparts. However, these findings
suggest that asymmetric synthesis with catalytic antibodies could
well provide attractive opportunities in organic synthesis. Further
applications along these lines are envisioned.

(16) The following experiment was performed: Catalytic antibody 37E8
(10 uM) was added to a solution of 800 uM 1 and 25 uM 3. These conditions
were chosen so that the concentration of substrate would be at saturation for
the antibody (4.5K,,) and approximately K, for either cholinesterase.

(17) Wilson, B. W.; Walker, C. R. Proc. Nall. Acad. Sci. U.S.A. 1974,
71,3194, In contrast, acetylcholinesterase (2 nM) hydrolysis of 2 (400 uM)
was completely inhibited by 50 uM DFP.

(18) Calculated values, which was approximated by correcting for the
unwanted antipode (15,4R)-(-)-4-hydroxy-2-cyclopentyl acetate, which came
from the competing background hydrolytic reaction.
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Hydroxide ion is regarded as a better electron donor as well
as a stronger base in an aprotic solvent such as acetonitrile than
in water, since the solvation energy for OH" in an aprotic solvent
is much less than in water.»2 Thus, OH" in aprotic solvents has
been reported to act as an electron donor toward quinones and
other electron acceptors, since the radical anions of electron ac-
ceptors are often formed in the presence of OH™ in aprotic sol-
vents.2 The oxidized species of OH- has been presumed to be

(1) Sawyer, D. T.; Roberts, J. L., Jr. 4cc. Chem. Res. 1988, 21, 469.
(2) (a) Shaik, S. S. J. Org. Chem. 1987, 52, 1563. (b) Buncel, E.; Shaik,
S.S.; Um, I.-H.; Wolfe, S. J. Am. Chem. Soc. 1988, 110, 1275. (c) Shaik,
S. S. Acta Chem. Scand. 1990, 44, 205.

(3) (a) Roberts, J. L., Jr.; Sugimoto, H.; Barrette, W. C., Jr.; Sawyer, D.
T. J. Am. Chem. Soc. 1985, 107, 4556. (b) Srivatsa, G. S.; Sawyer, D. T.
Ir‘;org.ZChem. 1988, 24, 1732. (c) Hojo, M.; Sawyer, D. T. Inorg. Chem. 1989,
28, 1201.
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H,0,*® when no substitution reaction takes place.” However,
no oxidized products of OH~ (H,0, or O,) have so far been
definitely identified in the one-electron reduction of electron
acceptors in the presence of OH™ in aprotic solvents, the mech-
anism of which remains to be solved.2® This study reports that
various quinones are readily reduced in the presence of Me,N*OH-
to yield the corresponding semiquinone radical anions and that
the one-electron reduction of p-benzoquinone (Q) to Q*~ is ac-
companied by the oxygenation of Q to rhodizonate dianion
(C¢O0¢%), which is the 10-electron-oxidized species of Q.
Upon mixing of p-benzoquinone (Q) with Me,N*OH" in
deaerated MeCN at 298 K, Q is readily reduced to Q* (Apey =
422 nm), and the yield based on the amount of OH" is 100%.!°
The Q* thus formed is very stable in deaerated MeCN at 298
K. Similarly, the reactions of various quinones with Me,N*OH-
yield the corresponding semiquinone radical anions.!! No oxidized
products of OH~ (H,0, or O,) have, however, been formed in the
one-electron reduction of Q in the presence of OH™ in deaerated
MeCN.!12  No oxidized products derived from the solvent (e.g.,
succinonitrile)!® have been detected, either.!* Then, the question

(4) (a) Ballester, M. Pure Appl. Chem. 1967, 15, 123. (b) Ballester, M.
Acc. Chem. Res. 1988, 18, 380. (c) Ballester, M. Adv. Phys. Org. Chem.
1989, 25, 267. (d) Ballester, M.; Pascual, I. J. Org. Chem. 1991, 56, 841.

(5) (a) Endo, T.; Miyazawa, T.; Shiihashi, S.; Okawara, M. J. Am. Chem.
Soc. 1984, 106, 3877. (b) Arudi, R. L.; Allen, A. O.; Bielski, B. H. J. FEBS
Lett. 1981, 135, 265. (c) Umemoto, K. Chem. Lett. 1988, 1415, (d) Ume-
moto, K.; Okamura, N. Bull. Chem. Soc. Jpn. 1986, 59, 3047,

(6) (a) Fomin, G. V.; Blyumenfel'd, L. A.; Sukhorukov, V. 1. Dokl. Akad.
Nauk SSSR 1964, 157, 1199. (b) Ledwith, A. Acc. Chem. Res. 1972, 5, 133.

(7) In methanol, the real reductant has been reported to be CH;0" formed
by the deprotonation of CH;OH with OH": Farrington, J. A.; Ledwith, A.;
Stam, M. F. J. Chem. Soc. D 1969, 259.

(8) In the one-electron reduction of methylviologen in an alkaline aqueous
solution, methylviologen itself acts as a reductant to yield methylviologen
radical cation and the pyridone derivative: (a) Calderbank, A.; Charlton, D.
F.; Farrington, J. A.; James, R. J. Chem. Soc., Perkin Trans. 1 1972, 138.
(b) Novakovic, V.; Hoffman, M. Z. J. Am. Chem. Soc. 1987, 109, 2341,

(9) For electron-transfer pathways in the nucleophilic substitution by OH":
(a) Bacaloglu, R.; Bunton, C. A,; Cerichelli, G. J. Am. Chem. Soc. 1987, 109,
621. (b) Bacaloglu, R.; Bunton, C. A.; Ortega, F. J. Am. Chem. Soc. 1989,
111, 1041, (c) Bacaloglu, R.; Blasko, A.; Bunton, C.; Dorwin, E.; Ortega, F.;
Zucco, C. J. Am. Chem. Soc. 1991, 113, 238.

(10) The ESR measurement of the deaerated product solution confirmed
the formation of Q* (g = 2.0046, ay = 2.4 G): (a) Venkataraman, B.;
Fraenkel, G. K. J. Chem. Phys. 1955, 23, 588, (b) Fukuzumi, S.; Ono, Y.;
Keii, T. Int. J. Chem. Kinet. 1975, 7, 535.

(11) The yields of semiquinone radical anions were determined from the
absorbances at Ap,, by using the reported ¢, values: Fukuzumi, S.; Nish-
izawa, N.; Tanaka, T. J. Org. Chem. 1984, 49, 3571. The yields of most
semiquinone radical anions are high except for those derived from tetrasub-
stituted quinones (the yields are 7%, 7%, and 6% for chloranil, bromanil, and
fluoranil, respectively).

(12) When the product mixture of the reaction of Q (2.0 X 1072 M) with
Me,N*OH- (2.0 X 10" M) was treated with PhyP (1.0 X 1072 M) in
deaerated MeCN, no formation of PhyP=0 was detected. When H,0, was
added to the same solution, however, Ph,P was converted to PhyP==0 quan-
titatively in 40 min. Thus, it is concluded that no H,0, is formed in the
reaction of Q with OH- in MeCN. The products in the gas phase were also
analyzed by GLC using a molecular sieve 13 X column with He gas carrier.
No appreciable formation of O, has been detected, either.
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arises. What is really oxidized in the one-electron reduction of
Q in the presence of OH™ in MeCN? Scrutiny of the detailed
stoichiometry of the reaction revealed that a slight excess of OH~
is required to complete the reaction when a part of p-benzoquinone
(ca. 10%) is found to be oxidized to rhodizonate dianion (1: A,
= 483 nm),!>!¢ which corresponds to the 10-electron-oxidized
species of p-benzoquinone.!” Under such conditions, the stoi-
chiometry of the reaction is given by eq 1, where the one-electron
reduction of 10 Q is accompanied by the 10-electron oxidation
of one Q.

0
O 0~
11Q + 120H" —> 10Q™ + 1 + 8H,0 (1)
0 0~

0
(1)

Rates of the formation of Q*~ obeyed pseudo-first-order kinetics
under conditions wherein the quinone concentrations [Q] were
maintained at more than a 10-fold excess of OH™. The observed
pseudo-first-order rate constants kg of most quinones were
independent of [Q]. In the case of 2,5-dimethyl-p-benzoquinone
(Me,Q) the k.4 value increased with an increase in [Me,Q] to
reach a plateau value. Such a saturated dependence of kg On
the quinone concentration indicates that the formation of Q*~ may
proceed via the initial formation of the OH~ adduct of Q, followed
by the rate-determining unimolecular step.

There are three possible forms of the OH™ adduct of Q. The
first is the OH™ adduct on the carbonyl carbon of Q (2); the second
is that on the carbonyl oxygen (3); and the last one is that on the
carbon next to the carbonyl group (4). The first one has so far
been simply assumed to be formed.!"'¥ Our MNDO calculation!®
revealed that OH™ adduct 4 is most stable, as shown in Scheme
122 Deprotonation of OH- adduct 4 produces the corresponding
hydroxyhydroquinone dianion (OHQ?"), which is a stronger re-
ductant than Q°*~ and therefore can reduce two Q to two Q*~ to
yield OHQ (Scheme I). Thus, substitution of one hydrogen of
Q by OH, which corresponds to the two-electron oxidation of Q,
results in the one-electron reduction of two Q to yield two Q.
Consequently, successive substitutions by OH finally result in the
formation of 10-electron-oxidized species 1, accompanied by the

(13) Coffman, D. D,; Jenner, E. L.; Lipscomb, R. D. J. Am. Chem. Soc.
1958, 80, 2864.

(14) No succinonitrile has been detected by the GLC analysis of the
product mixture. The 1*C NMR spectrum of the product mixture was also
measured by using a Bruker AM-600 spectrometer (600 MHz), indicating
that CD,CN remains unchanged by the reaction.

(15) (a) Patton, E.; West, R. J. Phys. Chem. 1970, 74, 2512. (b) Zhao,
B.; Back, M. H. Can. J. Chem. 1990, 69, 528. (c) Endo, T.; Takada, T.;
Okawara, M. Tetrahedron Leti. 1986, 27, 615.

(16) The yield of 1 was determined by comparing the electronic spectrum
in a diluted deaerated aqueous solution (X10) of the product mixture with the
characteristic spectrum of the authentic sam,ple under the same conditions
(Amax = 483 nMm, €, = 1.5 X 10* ML cm™).'5 The dilution with deaerated
H,0 resulted in the disappearance of the semiquinone radical anion and
thereby no interruption in determining the yield of 1.

(17) It was confirmed that 1 is converted to rhodizonic acid (Ap,, 360 nm)
in the presence of HCIO,.!

(18) (a) Bishop, C. A.; Tong, L. K. J. Teirahedron Lett. 1964, 3043. (b)
Bishop, C. A,; Tong, L. K. J. J. Am. Chem. Soc. 1968, 87, 501.

(19) (a) Dewar, M. J. S,; Thiel, W. J. Am. Chem. Soc. 1977, 99, 4899,
(b) Dewar, M. J. S; Thiel, W. J. Am. Chem. Soc. 1977, 99, 4907. (c) The
personal computer version of a QCPE program by Prof. Kitaura was used for
the MNDO calculations. (d) The AH| values were obtained by optimizing
the geometrical parameters.

(20) Essentially the same results were obtained for methyl-p-benzoquinone
(AH; = -109, =77, and —127 kcal mol™! for the 2, 3, and 4 type adducts,
respectively) and chloro-p-benzoquinone (AH; = -115, 86, and —134 kcal
mol™! for the 2, 3, and 4 type adducts, respectively).

(21) This mechanism is analogous to that suggested for the one-electron
reduction of methylviologen.?

(22) This may be the reason why the semiquinone radical anions derived
from tetrasubstituted p-benzoquinone derivatives are not formed efficiently
compared with those that have no site for the OH" addition.!! In the case of
p-chloranil, nucleophilic substitution by OH" is known to occur to yield
:l;l:;al;iéi;: acid: Hancock, J. W.; Morrell, C. E.; Rhum, D. Tetrahedron Lett.

one-electron reduction of 10 Q to yield 10Q°*~ (Scheme I). Such
novel disproportionation of Q is responsible for the apparently
quantitative formation of Q*~ (eq 1). The rate-determining step
may be the deprotonation of 4. In such a case, ky,y may be
independent of the quinone concentration when the formation
constant of the OH~ adduct is large enough, in agreement with
the experimental results.
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The concept of sequence-specific cross-linking of nucleic acids
was first suggested over two decades ago.! Since that time,
numerous demonstrations have appeared.? Most of these involve
the targeting of a single-stranded DNA or RNA with a deoxy-
oligonucleotide (DON) bearing a reactive moiety. The concept
of sequence-specific double-stranded DNA recognition via tri-
ple-helix formation has recently been demonstrated,’ and several
examples of cross-linking to duplex DNA have been reported.*
We report the high-efficiency cross-linking of DONSs containing
the modified nucleoside N,,N,-ethano-5-methyldeoxycytidine (1,
Figure 1) to the N, of a specific guanine (G) in a double-stranded
DNA target.

The deoxycytidine analogue 1 has previously been incorporated
into DONs and been shown to specifically cross-link to single-
stranded DNA.® Triple-helix formation via Hoogsteen base
pairing occurs with the third strand binding in the major groove
of the duplex.®® Substitution of the third-strand C of a C*:G:C
triplet with 1 would allow for the placement of the electrophilic
methylene of 1 near the nucleophilic N5 or O sites of the G in
the duplex (Figure 1).

(1) Belikova, A. M.; Zarytova, V. F.; Grineva, N. I. Tetrahdron Lett. 1967,
3557-3562.

(2) (a) Summerton, J.; Bartlett, P. A. J. Mol. Biol. 1978, 122, 145-162.
(b) Meyer, R. B, Jr.; Tabone, J. C.; Hurst, G. D.; Smith, T. M.; Gamper,
H. J. Am. Chem. Soc. 1989, 111,8517-8519. (c) Iverson, B. L.; Dervan, P.
B. J. Am. Chem. Soc. 1987, 109, 1241-1243. (d) Vlassov, V. V.; Zarytova,
V. F.; Kutiavin, I. V.; Mamaev, S. V.; Poduminogin, M. A. Nucleic Acids.
Res. 1986, 14, 4065, (e) Salgarnik, R. I.; Dianor, G. L.; Ovchinnikova, L.
P.; Voronina, E. N.; Kokoza, E. B.; Mazin, A. V. Proc. Natl. Acad. Sci. US.A.
1980, 77, 2796-2800. (f) Vlassov, V. V,; Gall, A. A.; Godovikov, A. A.;
Zarytova, V. F.; Katyavin, 1. V.; Motovilova, I. P.; Shishkin, G. V. Dokl.
Biochem. (Engl. Transl.) 1984, 274, 87-89. (g) Knorre, D. G.; Vlassov, V.
V. Prog. Nucleic Acid Res. Mol. Biol. 1985, 32, 291-320.

(3) (a) Moser, H. E.; Dervan, P. B. Science 1987, 238, 645-650. (b)
Cooney, M.; Czernuszewicz, G.; Postel, E. H.; Flint, S. J.; Hogan, M. E.
Science 1988, 241, 456. (c) Poidot-Forget, M.; Chassignol, M.; Takasugi, M.;
Thuong, N. T.; Helene, C. Gene 1988, 72, 361-371. (d) Sun, J. S,; Francios,
J. C,; Lavery, R.; Saison-Behmoaras, T.; Montenay-Garstier, T.; Thuong, N.
T.; Helene, C. Biochemistry 1988, 27, 6039-6045. (e) Povsic, T. J.; Dervan,
P. B. J. Am. Chem. Soc. 1989, 11, 3059-3061.

(4) (a) Le Doan, T.; Perrouault, L.; Praseuth, D.; Habhoub, N.; Decout,
J. L.; Thuong, N. T.; Lhomme, J.; Helene, C. Nucleic Acids Res. 1987, 15,
7749. (b) Fedorova, O. S.; Knorre, D. G.; Podust, L. M.; Arytova, V. F. FEBS
Lett. 1988, 228, 273-276. (c) Praseuth, D.; Perrouault, L.; Le Doan, T.;
Chassignol, M.; Thuong, N.; Helene, C. Proc. Natl. Acad. Sci. U.S.A. 1988,
gi,zé349-1353. (d) Povsic, T. J.; Dervan, P. B. J. Am. Chem. Soc. 1990, 112,

(5) (a) Webb, T. R.; Matteucci, M. D. Nucleic Acids Res. 1986, 14,
7661-7674. (b) Webb, T. R.; Matteucci, M. D. J. Am. Chem. Soc. 1986, 108,
2764.
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