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Abstract

The sperm whale myoglobin active site mutants (L29H/H64L and F43H/H64L Mb) have been shown to catalyze
the asymmetric oxidation of sulfides and olefins. Thioanisole, ethyl phenyl sulfidesigfemethylstyrene are
oxidized by L29H/H64L Mb with more than 95% enantiomeric excess (% ee). On the other hand, the F43H/H64L
mutant transformgrans-f-methylstyrene into th&rans-epoxide with 96% ee. The dominant sulfoxide product in
the incubation of alkyl phenyl thioethers is tRasomer; however, the mutants afford dominantly 8isomer of
aromatic bicyclic sulfoxides. The results help us to rationalize the difference in the preferred stereochemistry of
the Mb mutant-catalyzed reactions. Furthermore, the Mb mutants exhibit an improvement in the oxidation rate up
to 300-fold with respect to wild type. © 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Asymmetric biotransformations have been applied to organic synthesis as excellent alternatives to
chemical procedure'sChloroperoxidase fronCadariomyces fumag(CPO)? a heme enzyme, is one
of the well studied enzymes for the enantioselective oxidation of sulfides and Gléfiasently, a
vanadium-containing non-heme bromoperoxidase from the@lgéicinalis(VBrPOY has been shown
to perform sulfoxidation of aromatic bicyclic sulfides in high enantiomeric excess ($%la&)rder to
extend the biocatalytic methodology, we have examined the oxygenation by sperm whale myoglobin
(Mb) mutants.

Mb has protoporphyrin IX as a prosthetic group, and its major physiological role is the storage and
transfer of molecular oxygeéhHowever, Mb can support the peroxide-dependent one- and two-electron
oxidation of a variety of substrates at a very slow raRecently, we reported as communications
that L29H/H64L and F43H/H64L Mb exhibit high catalytic turnover with high stereospecificity for the
sulfoxidation of thioanisole and the epoxidation of styréméore importantly, a ferryl porphyrin radical
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cation species (QF€Y Por"), equivalent to compound | of peroxidase, has recently been confirmed as
the catalytic species of a two-electron oxidation process by F43H/H64L, H64S, H64A, and HG&L Mb.
The mutants were designed to increase the life time of catalytic intermediate as well as the accessibility of
substrates. In this report, we have explored the scope of asymmetric oxygenation by the use of aromatic
bicyclic sulfides and methyl styrene. The results help us understand the substrate binding orientation on
the basis of the preferred stereochemistry for L29H/H64L and F43H/H64L Mb. Furthermore, we have
confirmed that compound | of L29H/H64L Mb is also a catalytic species for the oxidation of sulfides and
styrene.

2. Results and discussion
2.1. Asymmetric sulfoxidation of cyclic and acyclic sulfides

Among the Mbs studied here, L29H/H64L Mb is the best chiral catalyst (Table 1). The values of % ee
for the L29H/H64L mutant are greater than those of wild type and F43H/H64L Mb for the oxidation of
sulfides examined here. The largest improvement from 7.6% to 95% in enantioselectivity is observed
for the sulfoxidation of ethyl phenyl sulfide) by the L29H/H64L mutant. On the other hand, the
FA3H/H64L mutant is the best catalyst in terms of the sulfoxidation rate. The Phe-d& and His-

64— Leu mutation increases the rate of thioanisdledxidation by 190-fold with respect to the wild
type, which is the largest enhancement achieved herein.

In order to elucidate the substrate recognition by the Mb mutants, we have determined the enantio-
selectivity for the oxidation of 2-hydroxyethyl phenyl sulfid®).(The absolute configuration for the
sulfoxide isomers of3 was determined by comparison of their CD spectra with thatR)nfethyl
phenyl sulfoxide (Fig. 1). In the reaction with L29H/H64L and F43H/H64L Mb, the hydroxy group
of 3 decreases the value of % ee by approximately 25% with respect to ethyl phenyl sefithet(
the R enantiomers are still the major sulfoxide products 2cand 3 (Table 1). Thus, the orientation
of substrate binding does not appear to be controlled by hydrophilic properties of alkyl groups in the
case of sulfoxidation catalyzed by L29H/H64L and F43H/H64L Mb. Interestingly, cyclic sulfides give
different stereoselectivity from acyclic thioethers for the L29H/H64L mutant. The values of % ee in the
oxidation of 2,3-dihydrobenzothiophend) @nd 1-thiochroman5) by L29H/H64L Mb are 67 and 66%
ee, respectively, and the dominant isomers §es(lfoxides (Table 1). On the contrafy,is the major
enantiomer with 97% ee for thioanisol®) pxidation by the L29H/H64L mutant. Since sulfifldearing
anortho substituent is oxidized to the correspondii-éulfoxide with 82% ee by L29H/H64L Mb, the
cyclic moiety, not theortho substituent of the benzene ring, appears to be important for the formation of
the Sisomer. The similar changes in dominant isomers are also observed for F43H/H64L Mb.

In this study, hydrogen peroxide was added in one portion at the beginning of the reaction to determine
the initial rate, and the values can not be directly compared with the results from the continuous
addition of oxidants to the reaction mixture with CE@r VBrPCP as previously reported. However,
the sulfoxidation system with F43H/H64L appears to be comparable to that of CPO in terms of the rate.

2.2. Catalytic species for the sulfoxidation reaction

In order to confirm that compound | is the catalytic species for the oxidation of sulfides by the
L29H/H64L and F43H/H64L mutant, we have performed double mixing stopped-flow experiments.
Compound | was generated in the first mixing, and sulfides were added to compound | in the second
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Table 1
Enantiospecific sulfoxidation of cyclic and acyclic thioettters
wild type L29H/H64L F43H/H64L
rateb Joee rateb Toce rateb Toee
S 25¢ 97¢ 85¢
1 0.25¢ 5.5¢ 47¢
(R) (R) (R)
S 7.6¢ 95¢ 54
2 ~ 0.46¢ 6.5¢ 26
(R) (R) (R)
S 27 71 27
3 SoH 65 1.6 3.2
(R) (R) (R)¢
S 0.2 67 17
4 2.2 24 95
(R) () (S
S 5.4 66 34
5 0.8 3.2 50
(R) ($) (S
S 4.3 82 8.5
6 ~ 0.4 2.4 7.5
) R (R)

COOCH;3

(2) HPLC conditions: 20 % isopropanol : 80 % hexane for 1, 10 % isopropanol : 90 % hexane for 2 and 6, 15
% isopropanol : 85 % hexane for 3, and, 5 % isopropanol : 95 % hexane for 4 and 5. Retention times of the
sulfoxide products: 1 17 and 20 min, 2 17 and 21 min, 3 17 and 20 min, 4 36 and 38 min, 5 64 and 68 min,
and 6 19 and 21 min. Except for the sulfoxide of 6, the S isomers always elute from the column first .

(b) The unit for rate is turnover/min.

(c) The results are taken from reference 8a and 8b.

mixing. UV-visible spectra began to be collected just after the second mixing to monitor the spectral
changes.
The decrease in the absorbance of the Soret and the increase in the absorbance around 650 nm are
characteristic for the formation of ferryl porphyrin radical cation from the ferric state (Fig. 2). Compound
| (O=F€V Por") of L29H/H64L Mb is reduced back to the ferric state in the presence of an excess
of thioanisole {). Since compound Il (@F€Y Por), bearing one oxidation equivalent with respect to
the ferric state, is not observed, the sulfoxidation appears to proceed with a direct two-electron process.
Essentially the same spectral changes are observed in the presence of 2,3-dihydrobenzotkippitane (
L29H/H64L Mb. Therefore, the bicyclic sulfide does not change the oxidation mechanism. Thioanisole
and dihydrobenzothiophene also reduce compound | of the F4A3H/H64L mutant directly to the ferric state.
The similar UV—visible spectral changes were observed in the reaction of compound | of both mutants
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Figure 1. CD spectra oR)-methyl phenyl sulfoxide,R)-sulfoxide of3 (eluted at 20 min), an@ (eluted at 19 min)
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Figure 2. The UV-visible spectral changes from compound | of L29H/H64L Mb to the ferric state in the presence of thioanisole
in 50 mM NaOAc buffer (pH 5.3) at 5°C

with styrene 7). Thus, the results indicate that the ferryl porphyrin radical catioak€¥ Por") is the
reactive species for the peroxide dependent monooxygenation by the mutants.

2.3. Asymmetric epoxidation of styrene ghthethylstyrene

In order to gain an insight into the highly stereoselective oxidation by the L29H/H64L and F43H/H64L
mutant, we next studied epoxidation reactions. The epoxidation rate for styfeteus (8), andcis-
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B-methylstyrene §) catalyzed by the L29H/H64L mutant is increased by 9-fold, 4-fold, and 46-fold,
respectively, compared with the rate of the wild type Mb (Table 2). The highest value of enantiomeric
excess was 99% ee fois--methylstyrene epoxidation catalyzed by L29H/H64L Mb. On the other hand,
F43H/H64L Mb oxidizedrans-B-methylstyrene to [B,29)-trans-epoxide with 96% ee. The F43H/H64L
mutant is the best enzyme in terms of epoxidation rate, and stytrans; andcis-B-methylstyrene are
found to be oxidized 300, 210, and 57 times faster by F43H/H64L than wild type Mb, respectively.
Synthetic iron porphyrins, hemoprotein model compounds, oxidizeithenuch faster than thgans
isomeriC but cis-B-methylstyrene is less reactive to Mbs thantiia@sisomer (Table 2), presumably due

to the limited accessibility of theisisomer to the active site.

No more than a trace dfans-3-methylstyrene oxide is detected as a side product in the oxidation of
cis-B-methylstyrene. Thus, the epoxidation proceeds with the retention of olefin stereochemistry. Since
the transepoxide was generated in the oxidationotd--methylstyrene by sterically unhindered Mn
porphyrin, the active site of the mutants might prevent the rotation of the two vinyl carbais [®f
methylstyrene for steric reasons (Fig.18).

Only a trace of side product is observed in the oxidation of styrenetmmd--methylstyrene;
however, a significant amount of phenylacetone is generated in the incubatiig femethylstyrene
with F43H/H64L Mb. Compound |, an oxo-ferryl porphyrin-cation radical species (FéeV Por™),
is responsible for the epoxide production, but phenylacetone seems to be generated by the 1,2-hydrogen
rearrangement of the cationic species as previously proposed for the cytoahpamxidase-catalyzed
oxidation of olefin (Fig. 3}:! SinceB-methylstyrene oxide is not transformed into phenylacetone in the
presence of F43H/H64L Mb and hydrogen peroxide, the carbocation at the benzylic position would be
formed from the reaction of compound | wifimethylstyrene.

2.4. Substrate binding orientation

The dominant isomers observed in the oxidation of thioanisole, dihydrobenzothiophene, and styrene by
L29H/H64L Mb are summarized in Fig. 4. We previously found {baata substituents of thioanisole.{
did not change the Mbs’ preference in enantioselectityy addition, a bulky substituent at tlegtho-
position of1 did not change the enantioselectivity (Table 1). Thus, the origin of enantioselectivity could
be rationalized by the conformational difference of sulfur or benzylic carbons in the putative reaction
intermediates. If we assume the aromatic group is bound in a fixed position, dihydrobenzothiagphene (
and styrene seem to share a common binding orientation (Figs. 4 and 5). The vinyl group of styrene could
be in the same plane of the benzene ring to form a flat molecule like dihydrobenzothiophene (Fig. 5). On
the contrary, methyl phenyl sulfide approaches to the ferryl oxygen with the $b@id approximately
perpendicular to the plane of benzene ring. A similar substrate binding mode can be proposed for the
FA3H/H64L mutant (Fig. 5).

In order to elucidate the origin of enantioselectivity for L29H/H64L Mb, we have crystallized the
mutant and performed the X-ray crystal structure anafffs&nergy minimization followed by docking
either the substrates or products in the active site of L29H/H64L Mb did not immediately provide an
obvious rationale for the difference in enantiospecifi€ttfforts to soak the substrate into the crystals
are underway to elucidate the reason for high stereospecificity of the Mb mutants.
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Table 2
Enantioselective epoxidation of olefins

o <T
X -

B
7 1R 1S
O O
X e \\\““'.A<l/
—_—
8 1R, 2R 5,25
(0] <T
\ \\\‘\\‘l.. :
9 1R, 2S 1S, 2R
wild type Mb L29H/H64L Mb F43H/H64L Mb
rateb ee(%) rateb ee(%) rateb ee(%)
7¢ styrene 0.015 9 (1R) 0.14 80 (R) 4.5 68 (R)
8 trans-f3- 0.076 39 (1R, 2R) 0.29 83 (1R, 2R) 16 96 (IR, 2R)
methylstyrene
9 cis-B- 0.0026 3 (IR, 29) 0.12 99 (IR, 25) 0.15d 45 (1R, 25)

methylstyrene

(a) Retention times: styrene oxide 8.5 min (1S) and 10.6 min (1R), trans-methylstyrene oxide 13.5
min (1S5, 25) and 15.4 min (IR, 2R), cis-methylstyrene oxide 12.1 min (1S, 2R) and 17.1 min
(IR, 25).

(b) The unit for rate is turnover/min.

(c) The results are taken from reference 8a and 8b.

(d) Phenylacetone was also formed in the reaction. The ratio of cis-epoxide : phenylacetone was 1 : 3.

3. Experimental section

3.1. Materials

All substrates except for sulfidd, 5, and 6 are commercially available4, 5, and H180, were
chemically synthesized as previously reportéd@Sulfoxides and epoxides were synthesized from the
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corresponding starting substrates by the oxidation witthloroperbenzoic acid (ImMCPBA) or.B, and
used to make standard curves.

The L29H/H64L and F43H/H64L Mb were constructed utilizing the polymerase chain reaction based
method!* The Mbs were expressed and purified as previously repétt&tie protein concentration was
determined spectrometrically at 408 nax{.8x10°> M~1 cm™).

GC-MS analysis of sulfidé and its sulfoxide was performed on a Shimadzu QP5000 equipped with
a Shimadzu CBP1 capillary column. The column temperature was kept at 150°C for 2 min, then rose to
250°C at 20°C/min.

3.2. Synthesis of sulfideand its sulfoxide

A mixture of thiosalicylic acid (4.0 g), methyl iodide (36 mL), and 28% ammonium hydroxide (24
mL) was stirred at 25°C for 48 h. The products (a mixture6oénd its free acid) were extracted
with dichloromethane, and purified by silica gel 60 (2.1>d8ncm). The column was washed with
dichloromethane to eluté and then with 20% isopropanol containing hexane to recover the free acid.
NMR: 6 (CDCls) 2.49 (s, 3H), 3.95 (s, 3H), 7.18 (t, 1H76.9 Hz), 7.31 (d, 1HJ)=7.9 Hz), 7.50 (t,
1H, J=7.2 Hz) 8.03 (d, 1HJ=7.9 Hz). GC-MS: retention time 4.3 min, MS found 182.1 (calculated for
CoH1002S 182.23).

The sulfoxide of6 was synthesized in a water—-methanol mixture (2.0 mL) contaififid mg) and
H>0O> (0.01 mol) at 25°C for 4.5 h. The sulfoxide product was purified by silica gel 60 (2>18:om)
with the eluent system of isopropanol:hexane, 20:80. NMRCDCI3) 2.85 (s, 3H), 3.96 (s, 3H), 7.57 (t,
1H,J=7.6 Hz), 7.83 (t, 1HJ=6.6 HZz), 8.09 (d, 1HJ)=7.6 Hz), 8.32 (d, 1HJ=7.9 Hz). GC-MS: retention
time 5.6 min, MS found 198.1 (calculated foghd1003S 198.24). Th&andRisomers were separated and
collected by isocratic HPLC on a Daicel chiral column OD (0.46«@%& cm) at a flow rate of 0.5 mL/min
(isopropanol:hexane=20:80). The CD spectra were obtained on a JASCO J-40 spectropolarimeter, and the
absolute configuration was assigned by comparison of the CD specRrmokthyl phenyl sulfoxide and
the synthetic sulfoxide d (Fig. 1).

3.3. Enzymatic sulfoxidation

H>0O, (1 mM) was added to a solution of either Mb or the Mb mutantsil) and 1 mM sulfide in
0.5 mL of 50 mM sodium phosphate buffer (pH 7.0) at 25°C. A selected internal standard was added, the
mixture was extracted with dichloromethane, and analyzed by isocratic HPLC on Daicel chiral column
OD (0.46 cnmx 25 cm) at a flow rate of 0.5 mL/mitf The reaction time varies from 1 to 30 min, and the
rates were determined from the linear portion of the product versus time plot. Since the enzymes were
inactivated during the reaction, we normally observed up to 2500 turnovers. Standard curves prepared
using synthetic sulfoxides were used for quantitative analysis, and the values of % enantiomeric excess
were determined on a basis of peak area of HPLC traces. It was previously reported tBasthfoxides
of 1 and2 eluted from the colum#® The absolute configurations for sulfoxides3and6 were confirmed
by the comparison of the CD spectra &{methyl phenyl sulfoxide and those of sulfoxide isomers for
3 and6 collected from the chiral column. To determine the stereochemistry for sulfoxidésiod 5,
authentic R)-sulfoxides were synthesized by CPO as described previdfislyd the retention times
were determined as 2¥)(and 36 min §), respectively. The sulfoxide formed in control incubations
without enzyme was subtracted when necessary.
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3.4. Reactions of compound | with sulfides or styrene

Rapid scan spectra were collected on a Hi-Tech SF-43 stopped-flow apparatus equipped with an MG
6000 diode array spectrometer. Single mixing experiments (i.e. mixing of ferric Mb and mCPBA) were
performed to determine the rate of compound | formation. mMCPBA was used as an oxidant because it was
better than HO; at generating compound | on the time scale of stopped-flow experiments. The reaction
of L29H/H64L Mb (10uM) with mCPBA (250uM) was performed in 50 mM sodium acetate buffer (pH
5.3) at 5°C. Since the F43H/H64L mutant (1) does not require a large excess of MCPBA to generate
compound |, the mCPBA concentration was reduced to l0 Based on the results of single mixing
experiments, the delay times, defined as the interval between the first and the second mixing, were set
as 10 and 0.3 s for L29H/H64L and F43H/H64L Mb, respectively. Sulfides (@M@Por styrene (100
puM) were added to compound | by the second mixing after the appropriate delay time to collect spectral
changes.

The rates of compound | reduction for L29H/H64L Mb by thioanisole, 2,3-dihydrobenzothiophene,
and styrene were 5:90.1 s?', 4.5:0.1 s!, and 0.92-0.02s%, respectively. The values for the
F43H/H64L mutant were 663 s1, 44+1 s1, and 44-2 s'1, respectively.

3.5. Enzymatic epoxidation

The wild type or mutants (1@M) in 0.5 mL of 50 mM sodium phosphate buffer (pH 7.0) were
incubated with 0.31L of neat styrenegis-, ortrans-3-methylstyrene and 1 mM #D- at 25°C. A selected
internal standard was added, and the dichloromethane extracts were analyzed by GC equipped with a
Chiraldex G-TA capillary column at 80°C. The reaction time varies from 2 to 20 min, and the rates were
determined from the linear portion of the product versus time plot. Since the enzymes were inactivated
during the reaction, we normally observed up to 100 turnovers. The standard curve was prepared for
guantitative analysis, and the absolute stereochemistry was determined based on a retention time of the
authentic epoxide.

References

1. (@) Anderson, B. A.; Hansen, M. M.; Harkness, A. R.; Henry, C. L.; Vicenzi, J. T.; Zmijewski, M.Aim. Chem. Soc.
1995,117, 12358-12359. (b) Brunel, J.-M.; Diter, P.; Duetsch, M.; Kagan, HJ.BOrg. Chem 1995, 60, 8086—8088.
(c) Stein, K. A.; Toogood, P. LJ. Org. Chem1995,60, 8110-8112. (d) Parmar, V. S.; Singh, A.; Bisht, K. S.; Kumar,
N.; Belokon, Y. N.; Kochetkov, K. A.; Ikonnikov, N. S.; Orlova, S. A.; Tararov, V. |.; Saveleva, 7. Rrg. Chem1996,
61, 1223-1227. (e) Itoh, T.; Takagi, Y.; Murakami, T.; Hiyama, Y.; TsukubeJ.HOrg. Chem1996,61, 2158—-2163. (f)
Hudlicky, T.; Endoma, M. A. A.; Butora, Gletrahedron: Asymmety996,7, 61-68. (g) Huber, P.; Bratovanov, S.; Bienz,
S.; Syldatk, C.; Pietzsch, Metrahedron: Asymmet3996,7, 69—78.

2. Morris, D. R.; Hager, L. Rl. Biol. Chem1966,241,1763-1768.

3. (a) Colonna, S.; Gaggero, N.; Manfredi, A.; Casella, L.; Gullotti, M.; Carrea, G.; PasBip¢hemistry1990, 29,
10465-10468. (b) Colonna, S.; Gaggero, N.; Casella, L.; Carrea, G.; Pait#raRedron: Asymmetri092,3, 95-106.
(c) Colonna, S.; Gaggero, N.; Casella, L.; Carrea, G.; Pasi@tRhedron: Asymmetrd©093,4, 1325-1330. (d) Allain,
E. J.; Hager, L. P,; Deng, L.; Jacobsen, EJNAmM. Chem. S0d.993,115 4415-4416. (e) Dexter, A. F.; Lakner, F. J.;
Campbell, R. A; Hager, L. Bl. Am. Chem. S0d.995,117, 6412-6413. (f) Zaks, A.; Dodds, D. B. Am. Chem. Soc.
1995,117, 10419-10424. (g) Allenmark, S. G.; Andersson, Tdtrahedron: Asymmetd996,7, 1089-1094. (h) Lakner,
F. J.; Cain, K. P.; Hager, L. B. Am. Chem. S0d.997,119,443-444.

. Butler, A.; Walker, J. VChem. Rev1993,93,1937-1944.

. Andersson, M.; Willetts, A.; Allenmark, S. Org. Chem1997,62,8455-8458.

6. Antonini, E.; Brunori, MHemoglobin and Myoglobin in Their Reactions with Liganderth-Holland: Amsterdam, 1971.

[



192

10.

11.
12.

13.
14.

15.

16.

S. Ozaki et al./ TetrahedromAsymmetry10 (1999) 183-192

. (a) Catalano, C. E.; Ortiz de Montellano, PBRochemistryl987,26,9265-9271. (b) Adachi, S.; Nagano, S.; Ishimori, K.;

Watanabe, Y.; Morishima, I.; Egawa, T.; Kitagawa, T.; MakinoBRachemistryl993,32,241-252. (c) Rao, S. |.; Wilka,
A.; Ortiz de Montellano, P. R]. Biol. Chem1993,268,803-809. (d) Matsui, T.; Nagano, S.; Ishimori, K.; Watanabe, VY.;
Morishima, I.Biochemistryl996,35,13118-13124. (e) Tschirret-Guth, R. A.; Ortiz de Montellano, FAIRh. Biochem.
Biophys.1996,335,93-101.

. (a) Ozaki, S.; Matsui, T.; Watanabe,JYAm. Chem. S04996,118,9784-9785.(b) Ozaki, S.; Matsui, T.; Watanabel.Y.

Am. Chem. S0d.997,119,6666-6667. (c) Matsui, T.; Ozaki, S.; Watanabe].\Biol. Chem1997,272,32735-32738.

. The oxidation of 231mol of dihydrobenzothiophend) by the CPG? and VBrPG incubation system requires 1 h and 10

h, respectively. Our F43H/H64L Mb system producgsniol of the oxidation product of in 30 min, and the linearity of

the relationship between time and product formation has been observed for at least 30 min under the reaction conditions.
(a) Groves, J. T.; Stern, M. K. Am. Chem. S0d.988,110,8628-8638. (b) Groves, J. T.; Viski, P.0Org. Chem1990,
55,3528-3634.

Miller, V. P.; DePhillis, G. D.; Ferrer, J. C.; Mauk. A. G.; Ortiz de Montellano, Rl.Biol. Chem1992,267,8936—8942.

Matsui, T.; Ozaki, S.; Liong, E.; Phillips, G. N.; Watanabe, Y., manuscript in preparation. The coordinate (PDB ID, 10FJ)
is deposited with the Protein Data Bank.

Discover and Dock Modules from Molecular Simulation Inc. are used for the studies.

For general procedures, see Ausubel, F. M.; Brent, R.; Kingston, R. E.; Moore, D. D.; Seidman, J. G.; Smith, J. A.; Struhl,
K. Current Protocols in Molecular Biologylohn Wiley & Sons: New York, 1996.

(a) Springer, B. A.; Sligar, S. ®roc. Natl. Acad. Sci. USA987,84,8961-8965. (b) Wilks, A.; Ortiz de Montellano, P.

R.J. Biol. Chem1992,267,8827—8833.

Ozaki, S.; Ortiz de Montellano, P. R.Am. Chem. S0d995,117,7056—-7064.



