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Multicomponent relaxation times have been reported for some 
solvents, and it has been suggested that the fastest components 
best correlate to the electron-transfer event.30 We have included 
in Figure 1 the entire range of the most reliable rs values measured 
by ultrafast spectroscopy for each solvent.2"'8 Despite the large 
error limits on 1/TS, a nearly linear dependence of /cCR on 1/TS 
is apparent, even though the rate constant of CR is much slower 
than the time scale of solvent motion. 

This observation is consistent with theoretical predictions for 
electron-transfer processes influenced by solvent dynamics,22'0 

which is schematically represented in Figure 2. The motion in 
the CS well is characterized by a rate constant kD, and the crossing 
motion between the surfaces is characterized by fcNA. The overall 
electron-transfer rate for CR is given as9"11 

where fcNA is given by a standard Marcus expression, 

*NA = | F | 2( I^f) **Pl-Ufr*)/kBT\ (2) 

U{x*) = (£r - A£)2/4£r, where Ex is the reorganization energy 
and AE is the driving force. In the case where the electron transfer 
occurs at a localized crossing point,10 fcD becomes11 

l/c/(x*)V/2 

*D = - | ^ j exp[-[/(x*)ABn (3) 

It is important to note that the well dynamics under discussion 
refer to that of solvent polarization coordinate, as characterized 
by TS. The acceptor/donor pair is assumed to be kept at a fixed 
distance and, as such, is not involved in the reaction coordinate. 
From eq 1, if the rate constant for well dynamics is large relative 
to the rate constant for surface crossing (i.e., kD » &NA)>

 t n e n 

the well population is equilibrated and the conventional nona-
diabatic rate expression is obtained (i.e., &CR = fcNA). On the other 
hand, if the well motion is sufficiently slow, a dependence on well 
dynamics will be obtained (i.e., for fcNA » kD, kCJL = kD). In this 
case, kCR should depend intimately on the microscopic solvation 
time of the solvent. As observed in Figure 1 and predicted by 
eq 3, kCR should vary linearly with the inverse of the solvent 
relaxation time.12 Slow electron-transfer rates can exhibit a 
dependence on fast solvent motions because kD is characterized 
by an activated process. Thus, the intrinsic well dynamics may 
be fast, but as illustrated in Figure 2, the rate constant describing 
the motion within the well is retarded because the system must 
reach a point high on the potential energy surface. Therefore, 
the solvent effectively "gates" the overall reaction of the CS state 
at a localized crossing. 

Our observations further emphasize the important role that 
solvent can play in governing the rates of electron transfer in 
biological and chemical charge separating networks. In a static 
sense, the importance of solvent in mediating CS and CR kinetics 
by affecting the activation energy of electron transfer has recently 
been stressed.13 Yet as we have shown here, the dynamics of 

(8) (a) McManis, G. E.; Golovin, M. N.; Weaver, M. J. J. Phys. Chem. 
1986, 90, 6563. (b) Grampp, G.; Harrer, W.; Jaenicke, W. J. Chem. Soc, 
Faraday Trans. 1 1987, 83, 161. 

(9) (a) Hynes, J. T. In 7"Ae Theory of Chemical Reactions; Baer, M., Ed.; 
CRC: Boca Raton, FL, 1985; Vol. 4. (b) Rips, I.; Jortner, J. J. Chem. Phys. 
1987, 87, 2090. 

(10) Morillo, M.; Cukier, R. I. J. Chem. Phys. 1988, 89, 6736. 
(11) (a) Hynes, J. T. J. Phys. Chem. 1986, 90, 3701. (b) Calef, D. F.; 

Wolynes, P. G. / . Phys. Chem. 1983, 87, 3387. (c) Zusman, L. D. Chem. 
Phys. 1980, 49, 295. 

(12) Solvent-dependent contributions to kD can also arise via the activation 
free energy Boltzmann factor in addition to 1/TS. However, electrochemical 
studies performed on the corresponding monomeric forms of Mg(II) and free 
base octaethylporphyrins show only small changes (~0.05 V) in the appro
priate charge-separated redox potentials over the range of solvents reported. 
These observations are further supported by the electrochemistry reported for 
the cofacial Mg-H2 system in a limited solvent series (see ref 5). Nevertheless, 
in the inverted region, the Boltzmann factor should cause deviations from 
linearity, which may explain the slight nonlinearity of the data in Figure 1. 

solvation may dominate the reactivity of charge-separated states, 
even when the overall rate for the electron-transfer reaction is slow. 
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Homogeneous cyclopolymerization of nonconjugated dienes 
yields an array of structurally diverse cyclopolymers. We have 
previously reported the diastereo- and enantioselective cyclo
polymerization of 1,5-hexadiene to give stereoregular poly-
(methylene-1,3-cyclopentanes).' For the homogeneous polym
erization systems,2 the selectivity for cyclization is dependent on 
a number of factors,10 but generally exceeds 95% for hexadiene. 
This remarkable selectivity prompted us to investigate the cy
clopolymerization of unsymmetrical dienes, where one terminus 
of the diene contains a sterically hindered olefin subunit.3 Herein 
we report the unprecedented chemo- and stereoselective cyclo
polymerization of 2-methyl-1,5-hexadiene to give trans-poly-
(methylene-1,3-( 1 -methylcyclopentane)) (PMMCP). 

Homogeneous Ziegler-Natta catalysts derived from 
Cp2*ZrMe2/MAO (Cp* = pentamethylcyclopentadienyl, MAO 
= methylaluminoxane) or from [Cp2*ZrMe]+A*~ cations (X = 
B(C6F5I)4 or CH3B(C6Fs)3)

4-* are active for the cyclo-

(1) (a) Resconi, L.; Waymouth, R. M. J. Am. Chem. Soc. 1990,112, 4953. 
(b) Coates, G. W.; Waymouth, R. M. J. Am. Chem. Soc. 1991, 113, 6270. 
(c) Resconi, L.; Coates, G. W.; Mogstad, A.; Waymouth, R. M. J. Macromol. 
Sd., Chem. 1991, A28, 1225. 

(2) Heterogeneous catalysts: (a) Marvel, C. S.; Stille, J. K. / . Am. Chem. 
Soc. 1958, 80, 1740. (b) Makowski, H. S.; Shim, K. C; Wilchinsky, Z. W. 
J. Polym. Sd., Part A 1964, 2, 1549. (c) Butler, G. B. Ace. Chem. Res. 1982, 
15, 370. 

(3) See also: (a) Piers, W. E.; Bercaw, J. E. J. Am. Chem. Soc. 1990, 
4112, 9406. (b) Piers, W. E.; Shapiro, P. J.; Bunel, E. E.; Bercaw, J. E. 
Synlett 1990, 74. (c) Stille, J. R.; Young, J. R. Organometallics 1990, 9, 
3022. (d) Rigollier, P.; Young, J. R.; Fowely, L. A.; Stille, J. R. J. Am. Chem. 
Soc. 1990, 112, 9441. 

(4) (a) Jordan, R. F.; Bajgur, C. S. J. Am. Chem. Soc. 1986, 108, 7410. 
(b) Jordan, R. F.; LaPointe, R. E.; Bajgur, C. S.; Echols, S. F.; Willett, R. 
J. Am. Chem. Soc. 1987,109, 4111. (c) Jordan, R. F. / . Chem. Educ. 1988, 
65, 285. (d) Jordan, R. F.; LaPointe, R. E.; Bradley, P. K.; Baenziger, N. 
Organometallics 1989,8, 2892. (e) Jordan, R. F.; LaPointe, B. E.; Baenziger, 
N.; Hinch, C. D. Organometallics 1990, 9, 1650. 

(5) (a) Hlatky, G. G.; Turner, H. W.; Eckman, R. R. J. Am. Chem. Soc. 
1989, 111, 2728. (b) Eur. Pat. 0 277 003 to Exxon (H. W. Turner and G. 
G. Hlatky), 1988. (c) Eur. Pat. 0 277 004 to Exxon (H. W. Turner), 1988. 

(6) (a) Bochman, M.; Wilson, L. M. / . Chem. Soc, Chem. Commun. 
1986, 1610. (b) Taube, R.; Krukowka, L. J. Organomet. Chem. 1988, 347, 
C9. (c) Bochmann, M.; Jaggar, A. J.; Nicholls, J. C. Angew. Chem., Int. Ed. 
Engl. 1990, 29, 780. (d) Eshuis, J. W.; Tan, Y. Y.; Teuben, J. H. J. MoI. 
Catal. 1990, 62, 277. (e) Amorose, D. M.; Lee, R. A.; Petersen, J. L. Or
ganometallics 1991, 10, 2191. 
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Table I. Polymerization of 2-Methyl-1,5-hexadiene with Cp2*ZrMe2 Derivatives 

entry 

1 
2 
3 
4 
5 
6 
7 

[Zr] (mmol) 

0.031 
0.015 
0.013 
0.013 
0.020 
0.026 
0.023 

cocatalyst (mmol) 

B(C6F5)J (0.024) 
MAO (13.7)* 
B(C6F5)3 (0.012) 
salt'(0.013) 
B(C6Fj)3 (0.024) 
B(C6Fj)3 (0.024) 
B(C6Fs)3 (0.028) 

temp (0C) 

-25 
-25 

22-35 
22-48 
22+» 
0 

-25+ ' 

time (h) 

36 
6 
2 
2 
1 
1 

20 

conv (GC, %) 

85 
90 
30 
41 
75 

>90 
>95 

yield" (%) 

85 
36 
30 
39 
62 
37/ 
53 

A / / 

18175 
619* 

3438 
2677 
1120 
606O^ 
4219 
7497/ 

conditions" 

A 
A 
A 
A 
B 
B 
B 

0A = 5 mL of toluene, 2 mL of 2-methyl- 1,5-hexadiene; B = bulk monomer. 6A large exotherm (boiling monomer) was observed. ' A large 
exotherm (warm to the touch) was observed. 'Salt = [iVyV-dimethylanilinium][B(C6Fs)4]. 'Nonvolatile fraction (0.06 mmHg, 25 0C). 
/Acetone-insoluble fraction. «MAO = methylaluminoxane (13.7 mmol aluminum). * Nonvolatile fraction (0.06 mmHg, 70 0C). 

m 

Figure 1. 13C NMR spectrum of PMMCP obtained with Cp2*ZrMe2/ 
B(C6F5)3 at -25 0 C in toluene (CDCl3, room temperature). 

polymerization of 2-methyl-1,5-hexadiene to give highly saturated 
cyclopolymers (eq 1, Table I). Cyclopolymerization of 2-

O) 
methyl-1,5-hexadiene in the presence of Cp*2ZrMe2/B(C6F5)3 
in toluene at -25 0C proceeded in 85% yield to produce a solid 
polymer (A/w = 18 175, Afn = 2659 vs polystyrene), which was 
completely soluble in benzene, chloroform, and tetrahydrofuran. 
Cyclopolymerization of 2-methyl-1,5-hexadiene in the presence 
of Cp*2ZrMe2/MAO afforded oligomers of lower molecular 
weight (Mw = 619). In both cases, the selectivity for cyclo
polymerization is extremely high—even in neat monomer, residual 
unsaturation due to uncyclized monomer units could not be de
tected by NMR spectroscopy. The selectivity for cyclization is 
particularly noteworthy in view of the fact that 1,1-disubstituted 
olefins are generally inactive toward polymerization with me-
tallocene Ziegler-Natta catalysts.9 

The 13C NMR spectrum of the polymer obtained from 
Cp*2ZrMe2/B(C6F5)3 at -25 0C is shown in Figure 1. The 
appearance of only seven major resonances indicates that this 
cyclopolymerization is both highly chemo- (>99%) and stereo
selective. 1CU' The perfectly alternating head-to-tail microstructure 
can be interpreted in terms of a selective insertion of the less-
hindered terminus of the diene into the metal-polymer bond 
followed by cyclization of the disubstituted olefin to yield a 1 -
methylcyclopentane intermediate (B; eq 1). 

The regio- and stereochemistry of the polymer was confirmed 
by analyzing low molecular weight oligomers produced with 
Cp*2ZrMe2/B(C6F5)3. The cyclized monomer, 3-methyl-l-

(7) Yang, X.; Stern, C. L.; Marks, T. J. J. Am. Chem. Soc. 1991, 113, 
3623. 

(8) Chien, J. C. W.; Tsai, W. M.; Rausch, M. D. J. Am. Chem. Soc. 1991, 
H i , 8570. 

(9) 2-Methyl-l-pentene (2MP) did not polymerize under these conditions 
and did not react in copolymerization experiments with 2-methyl-1,5-hexa
diene (2MHD): 1:1 2MHD/2MP, [2MHD + 2MP] = 2.3 M, 99% conver
sion 2MHD. 

(10) With catalysts derived from Cp2ZrMe2 derivatives, we observe a 
similar chemoselectivity, but lower diastereoselectives: M. Kesti, R. M. 
Waymouth, unpublished results. 

(11) We have not yet determined the tacticity of the polymer. 

methylenecyclopentene (94% pure by GC), the dimer 1 (96% pure, 
one isomer), and the trimer 2 (95% pure, one isomer) were isolated 
via fractionation of the crude polymer with acetone and vacuum 
distillation.12'13 

1 2 3 

The stereochemistry of the methylcyclopentane rings is ten
tatively assigned as trans14 on the basis of 13C NMR analysis of 
low molecular weight oligomers (cyclized monomer, dimer, and 
trimer) and by comparison with published spectra of hydrogenated 
poly-1-methylnorbornene,15 a model polymer containing only cis 
methylcyclopentane rings. 

An intriguing consequence of the cyclopolymerization of 2-
methyl-1,5-hexadiene is that the propagating species B cannot 
undergo /3-H elimination16 because it contains no ^-hydrogens. 
We had envisioned that use of "cationic" catalysts [Cp2*ZrMe]+X~ 
(X = B(C6F5)4 or CH3B(C6F5)J)

4"8 would eliminate the possibility 
of chain transfer to aluminum17 and potentially result in a "living" 
Ziegler-Natta polymerization system. However, cyclo
polymerization of 2-methyl-1,5-hexadiene in the presence of 
Cp*2ZrMe2/B(C6F5)3 at room temperature afforded a low mo
lecular weight polymer (Mw = 3438; Table I, entry 3). End group 
analysis of the lower molecular weight oligomers by 1H and 13C 
NMR spectroscopy indicated the presence of methylenecyclopentyl 
(1H 8 4.78 (m); 13C, 8 153.3 and 104.7) and methylcyclopentyl 
(13C, 8 21.6) end groups; no other end groups were detected. These 
results, in combination with the isolation and identification of 1 
and 2, provide convincing evidence that |8-CH3 elimination is the 
exclusive chain-transfer mechanism under these conditions.18,19 

Both (S-CH3 elimination and chain transfer to aluminum17 occur 
in the presence of Cp2*ZrMe2/MAO catalysts. Acidic workup 
of the reaction mixture with D2O afforded two cyclized monomers, 
two dimers, and two trimers. The cyclized monomers were 
identified as 3-methyl-l-methylenecyclopentane (19% GC yield) 
and l-(deuteriomethyl)-l,3-dimethylcyclopentane (28% GC yield) 
by co-injection of known compounds onto the GC. The two dimer 
products were isolated via vacuum distillation and identified as 

(12) All compounds were identified by 1H, 13C NMR, and GC/MS 
methods. 

(13) Predominantly one diastereomer (>90%) was observed by GC for 
both 1 and 2. In contrast, reactions run with Cp2ZrMe2 catalyst precursors 
produced a large distribution of isomers for both the dimer and trimer (an
alyzed by GC). 

(14) In contrast, cyclopolymerization of 1,5-hexadiene under similar con
ditions leads to the cis cyclopentane rings in the polymer (ref 1). 

(15) Hamilton, J. G.; Ivin, K. J.; Rooney, J. J.; Waring, L. C. J. Chem. 
Soc, Chem. Commun. 1983, 159. 

(16) Kaminsky, W.; Ahlers, A.; Moller-Lindenhof, N. Angew. Chem., Int. 
Ed. Engl. 1989, 28, 1216. 

(17) (a) Mogstad, A.; Waymouth, R. M. Macromolecules, in press, (b) 
Mogstad, A.; Resconi, L.; Waymouth, R. M. Polym. Prep. 1991, 160. (c) 
Resconi, L.; Albis, L. Macromolecules 1990, 23, 4489. (d) Chien, J. C. W.; 
Wang, B. P. J. Polym. Sci., Polym. Chem. Ed. 1990, 28, 15. 

(18) /3-CH3 elimination with Cp*2ZrX2/cocatalyst: (a) Eshuis, J.; Tan, 
Y.; Teuben, J. J. MoI. Catal. 1990, 62, 277. (b) Mise, T.; Kageyama, A.; 
Miya, S.; Yamazaki, H. Chem. Lett. 1991, 1525. (c) Resconi, L.; Piemontesi, 
F.; Franciscono, G.; Albis, L.; Fiorani, T. J. Am. Chem. Soc. 1992,114,1025. 

(19) 0-CH3 elimination has also been observed with lutetium and scandium 
catalysts: (a) Watson, P.; Roe, C. J. Am. Chem. Soc. 1982, 104, 6471. (b) 
Bunel, E.; Burger, B.; Bercaw, J. J. Am. Chem. Soc. 1988, 110, 976. 
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1 and 3 (~1:1 ratio).20 The trans stereochemistry of the deu-
teriated dimer 3 was inferred from 2D NMR and NOE experi
ments, providing further support for our assignment of the trans 
stereochemistry for the polymer. 

In conclusion, we report the first example of a highly chemo-
and stereoselective cyclopolymerization. Aluminum-free "cationic" 
metallocenes were found to yield higher molecular weight polymers 
than those obtained with the typical metallocene/MAO catalysts. 
The observed chain transfer via /3-CH3 elimination represents a 
very facile C-C bond activation process. The remarkable se
lectivity of this cyclopolymerization is a testament to the excep
tional control possible with homogeneous Ziegler-Natta catalysts. 
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(20) Pure 3 (one isomer) was obtained by treatment of the mixture of 1 
and 3 with KMnO4 to remove the olefinic product 1. 
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Site-directed mutagenesis of proteins has evolved into a powerful 
tool for investigations in mechanistic enzymology and in protein 
engineering, but except for hydrophobic residues it is generally 
not possible to produce subtle changes in amino acid side chain 
properties. This is because site-directed mutagenesis is limited 
to only the 19 amino acids naturally incorporated into proteins. 
The two principle strategies available for insertion of non-protein 
amino acids are chemical modification, alone2 or in combination 
with site-directed mutagenesis,3 and the in vitro mutagenesis/ 
translation system developed by Schultz and co-workers which 
can use unnatural amino acids.4 Unfortunately, this second 
strategy produces only very small amounts of protein at present. 
Chemical modification of wild type or mutant proteins, however, 
can provide modified enzyme in sufficient quantities for spec
troscopic studies and for single turnover kinetic experiments. 

We report here the modification of the Escherichia coli as
partate aminotransferase (AATase) mutant R292K5 , 6 with the 

(1) Abbreviations: aKG, 2-ketoglutaric acid; AATase, aspartate amino
transferase from E. coli; CAPS, 3-(cyclohexylamino)-l-propanesulfonic acid; 
HEPES, JV-(2-hydroxyethyl)piperazine-./vv-(2-ethanesulfonic acid); MIU, 
O-methylisourea hydrogen sulfate; MOPS, 3-(Ar-morpholino)propanesulfonic 
acid; PLP, pyridoxal phosphate; PMP, pyridoxamine phosphate; R292K, 
AATase mutant with Arg 292 changed to lysine; R292K-hR, R292K modified 
with MIU; WT, wild type AATase; WT-hR, WT treated with MIU. 

(2) Eyzaguirre, J., Ed. Chemical Modification of Enzymes: Active Site 
Studies; Ellis Horwood: Chichester, England, 1987. 

(3) (a) Planas, A.; Kirsch, J. F. Biochemistry 1991, 30, 8268-8276. (b) 
Smith, H. B.; Hartman, F. C. / . Biol. Chem. 1988, 263, 4921-4925. (c) 
Engler, D. A.; Campion, S. R.; Hauser, M. R.; Cook, J. S.; Niyogi, S. K. J. 
Biol. Chem. 1992, 267, 2274-2281. 

(4) Ellman, J.; Mendel, D.; Anthony-Cahill, S.; Noren, C. J.; Schultz, P. 
G. Methods Enzymol. 1991, 202, 301-336. 

(5) This mutation has been reported, but only the range of increases in the 
free energy of activation of km?JKt compared to WT for several substrates 
was given. (Inoue, Y.; Kuramitsu, S.; Inoue, K.; Kagamiyama, H.; Hiromi, 
K.; Tanase, S.; Morino, Y. J. Biol. Chem. 1989, 264, 9673-9681.) 

Arg292 Lys292 Homoarginine 292 

O 

Figure 1. Conversion of arginine to homoarginine. The Lys 292 mutant 
of aspartate aminotransferase was prepared by standard site-directed 
mutagenesis.6 Chemical modification was carried out for 97 h at 25 0 C 
with 100 mM O-methylisourea hydrogen sulfate and 5 mg/mL enzyme. 
The pH was maintained at 10.0 in 50 mM CAPS buffer. 

Table I. Steady-State Kinetic Parameters for Aspartate 
Aminotransferase Variants" 

WT 

WT-hR 

R292K 

R292K-hR 

* « . Cs'1) 
162 

(2) 
53 
(D 
0.26 

(0.03) 
32 
(2) 

KnI 
Asp 

1.73 
(0.06) 
0.67 

(0.03) 
55 
(8) 
24 
(3) 

mM) 

aKG 

0.47 
(0.02) 
0.19 

(0.01) 
21 
(3) 
21 
(2) 

*cat./^m 

Asp 

94000 
(5 000) 
79000 
(4000) 

5 
(D 

1300 
(200) 

(M"1 s"1) 

aKG 

340000 
(20000) 
280000 
(10000) 

12 
(3) 

1500 
(200) 

"Steady-state kinetics for the aspartate/a-ketoglutarate (aKG) 
substrate pair was measured at pH 7.5 in 200 mM HEPES/100 mM 
KCl using the coupled assay described in ref 9. Substrate concentra
tions were 0.4-10.5 mM Asp and 0.1-2.5 mM aKG for wild type, 
0.2-10.5 mM Asp and 0.05-2.5 mM aKG for modified wild type, 3-45 
mM for both substrates for R292K, and 3-60 mM for both substrates 
for R292K-hR. R292K is the mutant of E. coli AATase where the 
active site residue Arg 292 has been changed to lysine. R292K-hR was 
obtained by treatment of R292K with O-methylisourea (MIU). The 
control WT-hR was prepared by reaction of WT with MIU under 
identical conditions as used for R292K. Standard errors are shown in 
parentheses. 

guanidinating reagent O-methylisourea (MIU) to convert the wild 
type Arg 292 into homoarginine, an amino acid whose side chain 
is one methylene group longer than that of arginine (Figure 1). 
AATase is a pyridoxal phosphate (PLP) containing enzyme which 
catalyzes the interconversion of the amino acids aspartate and 
glutamate and their corresponding a-keto acids. 

E-PLP + amino acid +* E-PMP + a-keto acid 

The major determinant of the enzyme's specificity for these di-
carboxylate substrates is a hydrogen bond between the carboxylate 
side chains and the guanidino group of arginine 292 in the active 
site ( I ) . 7 All site-directed mutations of this residue result in an 
enzyme with substantially reduced activity for dicarboxylate 
substrates.5,8 

•-coo" 
R292+ R386+ 

(6) The mutation was produced according to the procedure given in the 
following: Danishefsky, A. T.; Onuffer, J. J.; Petsko, G. A.; Ringe, D. Bio
chemistry 1991, 30, 1980-1985. The protein was purified as described in the 
following: Gloss, L. M.; Planas, A.; Kirsch, J. F. Biochemistry 1992, 31, 
32-39. 

(7) (a) Ford, G. C; Eichele, G.; Jansonius, J. N. Proc. Natl. Acad. Sci. 
U.S.A. 1980, 77, 2559-2563. (b) Jansonius, J. N.; Vincent, M. G. In Bio
logical Macromolecules and Assemblies; Jurnak, F., McPherson, A., Eds.; 
Wiley: New York, 1987; Chapter 4. 

(8) (a) Cronin, C. N.; Kirsch, J. F. Biochemistry 1988, 27, 4572-4579. 
(b) Hayashi, H.; Kuramitsu, S.; Inoue, Y.; Morino, Y.; Kagamiyama, H. 
Biochem. Biophys. Res. Commun. 1989, 159, 337-342. 
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