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ABSTRACT: Previous studies have shown that the dopargimeonooxygenase (BM; E.C. 1.14.17.1)/1-
(2-aminoethyl)-1,4-cyclohexadiene (CHDEA) reaction partitions between side chain and ring H-abstraction
to produce the side-chain-hydroxylated product, 2-amino-1-(1,4-cyclohexadienyl)ethanol, and the aromatized
product, phenylethylamine, and that the two pathways do not crossover. [Wimalasena, K., and May, S.
W. (1989)J. Am. Chem. Soc. 112729-2731; Wimalasena, K., and Alliston, K. R. (1998)Am. Chem.

Soc. 1171220-1224]. We now report that the ring H-abstraction pathway of the reaction further partitions
to produce the ring hydroxylated product, CHDEA-60H, and the aromatized product, PEA, at the-carbon
oxygen bond formation step. The ring hydroxylation is shown to be stereospecific, exclusively producing
the (S) product. The absolute stereospecificity of the ring and side-chain hydroxylations offtkié D
CHDEA reaction suggests that the side-chaiio-R hydrogen of the enzyme-bound substrate is close to
perpendicular to the aromatic ring of the phenylethylamine substrate or cyclohexadiene ring of CHDEA.
The relative activation energy parameters suggest that the partitioning of the ring H abstraction pathway
between aromatized and ring hydroxylated products is due to the partitioning of the high-energy
intermediates, the cyclohexadienyl radical and the Cu() species, between carbeoxygen bond
formation and direct electron transfer. The relatively high activation enthalpic favorability and entropic
unfavorability for the carboroxygen bond formation strongly suggest that the critical balancing of these
two opposing forces is mandatory for the desired product formation.

Dopamine-monooxygenase [EM;! E.C. 1.14.17.1], a  aromatization of cyclohexadiene$6( 17). While ascorbic
copper-containing mammalian enzyme, catalyzes the bio-acid is presumed to be the physiological reductaBt2),
synthetic conversion of dopamine (B)-norepinephrine in K4Fe(CN}), catecholamines,20—23), N-substituted phen-
the sympathetic nervous system (for recent reviews see refsylenediamines, and 2-amino24, 25), 6-O-phenyl, 60O-
1-4). In addition to the physiological benzylic hydroxylation alkylphenyl- 6) substituted ascorbic acid derivatives are
reaction, [¥M has also been shown to catalyze a wide variety also good reductants for the enzyme.
of monooxygenations including ketonization of phenyletha-  The copper atoms in theAM active site are responsible
nolamines %, 6) and -halophenylethylaminesr( 9), oxy- for binding, activation, and insertion of oxygen into the
genation of sulfides1(0) and selenidesl{l), epoxidation of organic substrate. An optimum stoichiometry of two catalyti-
olefins (12, 13), N-dealkylation of benzylic N-substituted cally essential coppers perpgDl active site has been
analogues 14), allylic hydroxylation (5), and oxidative determined 27, 28). A high-energy Cu-peroxo species, i.e.,
Cu(Il)-O—0—H which is analogous to the initial Fe(IH)
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1 Abbreviations: CHDEA-10H, 2-amino-1-(1,4-cyclohexadienyl)- the concomitant t‘omOIytlc cleavage of thQ—O bonc.; to
ethanol; CHDEA-d2, 1-(2-amino-1,1-dideuterioethyl)-1,4-cyclohexa- generate Cu(ly-Or, a substrate-derived radical species, and
diene; 4Me-CHDEA-d2, 1-(2-amino-1,1-dideuterioethyl)-4-methyl-1,4-  water (14, 30—32). Subsequent fast radical recombination
cyclohexadiene; CHDEA-d6, 1-(2-amino-1,1-dideuterioethyl)-3,3,6,6- of the Cu-O* to the substrate carbon radical results in the
tetradeuterio-1,4-cyclohexadiene; CHDEA, 1-(2-aminoethyl)-1,4- f . faCu-b d alkoxid hich h b
cyclohexadiene; CHDEA-d4, 1-(2-aminoethyl)-3,3,6,6-tetradeuterio-1,4- formation of a Cu-bound alkoxide, which was shown to be
cyclohexadiene; PEA-OH, 2-amino-1-phenylethafid; NMR, carbon hydrolyzed in a rate-determining step and released from the
&U;lfzag gﬁggqet!c ge(zor?a(?ce Sfictfolscr?py;dcHI?)I]E?HdﬁGQtH-SNPA, active site 80—32). The absolute stereoselectivity of the

-2-|2,Z-01deuterio-2-(b-nydroxy-1,4-cycionexadienyl)etnyl-4-nitrobenz- H H
amide; PEA-d2, 1,1-dideuterio-2-phenylethylamingiND dopamine DAM reaction for(R)_hydrOXyIatlor.].haS been .Shown to be
B-monooxygenase; HPLC, high-performance liquid chromatography; @ consequence of the stereospecific abstraction gfrib&
CHDEA-d2-60H, 2-(6-hydroxy-1,4-cyclohexadienyl)-2,2-dideuterio-

ethylamine; CHDEA-60H, 2-(6-hydroxy-1,4-cyclohexadienyl)ethyl- 2Tian et al. R9) have recently proposed a sophisticated description
amine; CHDEA-d2-60H-pNPAN-2-[2,2-dideuterio-2-(6-hydroxy-1,4- of the relative timing of the @0 bond cleavage based on tH®
cyclohexadienyl)]ethyl 4-nitrophenylacetamide; 5SRS and 5RISS, isotope effects of the ©0O bond cleavage step. According to this

{trans-2-[(9-2-methoxy-2-trifluoromethyl-2-phenylacetyloxy]cycloheyl mechanism, homolysis of the-@D bond must occur prior to the initial
ethylbenzamide; SNPAx-nitrophenylacetic acit-hydroxysuccinimide C—H bond cleavage. However, the interpretation of our results does
ester. not depend on the order of-¢H and O-O bond cleavage.
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H from the benzylic position of the substrate followed by of 10 mM after the reaction mixture was equilibrated for 10
the binding of oxygen with the retention of configuration min at the indicated temperature. The enzymatic reactions
(33). were terminated after 45 min and the mixture was derivatized
Our recent studies1f, 17) have shown that 1-(2- With SNPA by adding a 2-fold excess of SNPA in 0.5 mL
aminoethyl)-1,4-cyclohexadiene (CHDEA) is an alternate Of acetonitrile and 0.5 mL of water and adjusting the pH to
substrate for [PM that partitions between side-chain hy- 8.5 with saturated N&€Os. The desired SNPA-derivatized
droxylation and ring aromatization at the initia-® bond ~ products were resolved and quantified by @verse-phase
cleavage step. Quantitative deuterium labeling studies haveHPLC with UV detection at 280 nm using 580%
shown that the side-chain hydroxylation and aromatization acetonitrile and 215% methanol in 50 mM potassium
are initiated by the side-chain methylene H and ring phosphate buffer (pH 8.0) as the isocratic mobile phase
methylene H-abstractions, respectively, and that the two (depending on the CHDEA derivative). The products of the
pathways do not cross ovet§ 17). In the present study ~DBM/CHDEA turnover were identified by spiking with
we have shown that the ring H-abstraction pathway of the corresponding SNPA-derivatized, authentic synthetic prod-
DAM/CHDEA reaction further partitions to produce ring- ucts. Products from methylated and other structurally dif-
hydroxylated and aromatized products. The ring hydroxy- ferent analogues were identified by the relative retention
lation of CHDEA was shown to be highly stereospecific, times of their products compared to CHDEA. In product
producing only théS)alcohol. The relative activation energy quantification experiments, the extinction coefficients of
parameters derived from the temperature dependency of thedNPA derivatives of enzymatic products at 280 nm were
partition ratios strongly suggest that aromatization and ring assumed to be the same as the pNPA derivative of the
hydroxylation are a consequence of the partitioning of the internal standard, benzylamine.
cyclohexadienyl radical and the Cu(ll)-Gpecies between Time Courses of PEA, CHDEA-10OH, and CHDEA-60H
carbor-oxygen bond formation and direct electron transfer. Formation during BM/CHDEA Turnaer. Enzymatic reac-
Relevance of these findings to the molecular mechanism of tions were carried out in a total volume of 2 mL of 100 mM

DSM and other monooxygenases are discussed. potassium phosphate buffer, pH 7.2, containing 10 mM
L-ascorbate, 10 mM fumarate, 10 mM CHDEA, 16§/mL
EXPERIMENTAL PROCEDURES catalase, 0..uM CuSQ, 0.5 uM benzylamine (internal

standard), and 45 j7g purified bovine adrenal solubleM
at 32°C (under these reaction conditions the formation of
Sodium fumarate,L-ascorbic acid, N,N-dimethyl-1,4- PEA-OH due to the hydroxylation of enzymatically produced
phenylenediamine dihydrochloride (DMPD), 2-amino-1- PEA was found to.be. insignificant)_. AIi_quots pf 0.1 mL were
phenylethanol, benzylcyanide, 3-phenylpropylamine, 4-me- withdrawn at 5 min mtervals', derivatized with SNPA, and
thylbenzylcyanide, boraremethyl sulfide complex, and ~analyzed by HPLC as described above.
2-phenylethylamine were purchased from Aldrich; dimethyl- ~ Temperature-Dependent Studi&gese experiments were
ds sulfoxide was from Cambridge Isotope Labs; tyramine typically carried out at the temperature range48 °C under
and p-nitrophenylacetic acidN-hydroxysuccinimide ester standard [BM assay conditions in 0.5 mL of 100 mM
(SNPA) were from Sigma; and beef liver catalase was from potassium phosphate buffer, pH 7.2, containing 10 mM
Boehringer Mannheim. All other chemicals and solvents were fumarate, 5 mM CHDEA or other analogue, 100/mL
of the highest grade obtainable. SolublgNDwas purified catalase, 0.uM CuSQ, 0.5 uM benzylamine (internal
(specific activity 26-25 units/mg) by use of freshly prepared standard), and 1015 ug of highly purified bovine adrenal
bovine adrenal chromaffin granules as previously reported soluble [BM. The reactions were initiated by adding
(34). The concentration of purified enzyme was estimated L-ascorbic acid to a final concentration of 10 mM after
spectrophotometrically usingsso = 1.24 mL mg?! cmt. preincubating for 10 min at the indicated temperature in order
All spectrophotometric measurements were carried out on ato ensure that the reaction mixture attained the correct
Hewlett-Packard 8452A spectrophotometer equipped with atemperature prior to initiation of the reaction. The products
temperature-regulated cell compartment. All HPLC analyses were derivatized with SNPA, resolved, and quantified by
were carried out on a LDC analytical HPLC system with reversed-phase HPLC as mentioned above. In most cases
variable UV detection. AlfH- and13C NMR spectra were ~ 6—7 separate experiments were carried out for the full
recorded on a Varian XL-300 or Varian INOVA-400 in©® temperature range using the same enzyme preparation and
with 3-(trimethylsilyl)-2,2,3,3-tetradeuteriopropionic acid identical experimental conditions (see individual figure

Materials

(Aldrich) as an internal standard or in CQGkith TMS. captions). The averages of partition ratios and standard
All the melting points were uncorrected. deviations were calculated from these sets of data.
Methods Syntheses

Product Identification and Quantification from Various 1,1-Dideuteriobenzylcyanide, 1-(2-aminoethyl)-1,4-cyclo-
DSM/CHDEA Reactions.DSM/CHDEA reactions were  hexadiene (CHDEA), 1,1-dideuterio-2-phenylethylamine (PEA-
carried out in a total volume of 0.5 mL of 100 mM potassium d2), 1-(2-amino-1,1-dideuterioethyl)-1,4-cyclohexadiene
phosphate buffer at pH 7.2 containing 10 mM fumarate, 5 (CHDEA-d2); 1-(2-aminoethyl)-3,3,6,6-tetradeuterio-1,4-cy-
mM CHDEA analogue, 100g/mL catalase, 0.6M CuSQ, clohexadiene (CHDEA-d4); 1-(2-amino-1,1-dideuterioethyl)-
0.5uM benzylamine (internal standard), and-11b ug of 3,3,6,6-tetradeuterio-1,4-cyclohexadiene (CHDEA-d6), and
purified bovine adrenal soluble M. The reactions were  N-2-(trans6-hydroxycyclohexyl)ethyl-4-nitrobenzamide were
initiated by adding_-ascorbic acid to a final concentration synthesized as previously describdd)(
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1,1-Dideuterio-4-methylbenzylcyanidd.(This compound
was synthesized fro 5 g of 4-methylbenzylcyanide by
K,COs-catalyzed deuterium exchang&7j with a 100%
yield. IH NMR (CDCl) 6 2.34 (3 H, s), 7.2 (4 H, m).
2,2-Dideuterio-2-(4-methylphenyl)ethylamir®. (This com-
pound was synthesized frofnby LiAIH 4/AICI3 reduction
(35) with an 84% vyield.'"H NMR (D,0) 6 2.35 (3 H, s),
3.26 (2 H, s) 7.25 (4 H, m).
1-(2-Amino-1,1-dideuterioethyl)-4-methyl-1,4-cyclohexa-
diene.This compound was synthesized fr@by traditional
Birch reduction with Li/NH (16, 36), with absolute ethanol
as a cosolvent, with a 25% yield. Mp 15888 °C (dec);
IH NMR (D20) 6 1.79 (3 H, s), 2.63 (4 H, brs), 3.11 (2 H,
s), 5.51 (1 H, br s), 5.68 (1 H, br s).
N-2-(Cyclohexenyl)ethylbenzamid8).( This compound
was obtained by stirring a mixture of 0.5 g (2.28 mmol) of
benzoic acid\-hydroxysuccinimide ester, 0.5 g (4.0 mmol)
of (cyclohexenyl)ethylamine, and 1 mL of saturategCiO;
in a mixture of CHCN/H,O (1:1 v/v) for 1.5 h (pH> 8).

Wimalasena and Alliston

(1 H, ddt,J = 7.58, 8.14, and 13.48 Hz), 1.62.79 (4 H,
m), 1.94-2.02 (1 H, d, mJ = 12.36 Hz), 2.042.10 (1 H,
d, m,J=8.99 Hz), 3.39-3.47 (2 H, m), 3.50 (3 H, s), 4.76
(1 H, dt,J=4.21 and 9.55 Hz), 5.97 (1 H, br s), 7:37.56
(8 H, m), 7.76-7.74 (2 H, m). Mass spectrometry [low
resolution (CI)] M+ 1 = 463 m/z

Isolation and Characterization of the Ring-Hydroxylated
Product of the [BM/CHDEA-d2 Reaction.Large-scale
enzymatic incubations were carried out in a total volume of
10 mL of 100 mM potassium phosphate buffer, pH 7.2,
containing 10 mM fumarate, 5 mM CHDEA-d2, 10@/

mL catalase, 0.5xM CuSQ, and about 1 mg of purified
DM (added in three portions owe 9 hincubation period).
After preincubation for 10 min at 2620 °C, the enzymatic
reaction was initiated by addingascorbic acid to a final
concentration of 10 mM. The temperature was maintained
at 16-20 °C throughout the incubation period. Aliquots of
20 uL were withdrawn &1 h intervals, derivatized with
SNPA, and analyzed by HPLC as described previously, to

The reaction mixture was concentrated in vacuo to dryness,follow the progress of the reaction. Aft® h no further

dissolved in 100 mL of kD and extracted with diethyl ether.
The combined ether layers were washedwiitM HCI, 1
M NaOH, H0, and brine, dried with N&O,, and concen-
trated in vacuo (yield 86%3fH NMR (CDCls) 6 1.53-1.67
(4 H, m), 1.95-2.02 (4 H, m), 2.24 (2 H, tJ = 6.8 Hz),
3.50 (2 H, quartet) = 12.3 Hz), 5.25 (1 H, s), 6.3 (1 H, br
s), 7.38-7.48 (3 H, m), 7.727.75 (2 H, m);3C NMR
(CDCly) 6 22.3, 22.8, 25.2, 27.9, 33.9, 37.6, 123.6, 126.7,
126.8, 128.4, 131.2, 134.7, 134.9, 167.3.
N-2-(trans-2-Hydroxycyclohexyl)ethylbenzamidisR and
4RS). Under N, 0.34 g (1.5 mmol) o8 in 10 mL of CH-
Cl, was cooled to *C and 49.4 mL of boranemethyl
sulfide (0.5 mmol) was added. The solution was refluxed
for 1.5 h and then 10 mL of ethanol, 99 mf ®M NaOH
(0.5 mmol), and 174 mL of 30% @, (1.53 mmol) were
added. The reaction mixture was diluted withQHand the

increase in the ring-hydroxylated product was observed and
the reaction was terminated. The reaction mixture was
derivatized with SNPA as described above and the products
were extracted with ether, washed with brine, and dried over
anhydrous Nz50,. Then, 1 mL of pyridineds was added to

the ether extract and the solution was concentrated in vacuo,
to about 0.5 mL (CHDEA-60H-pNPA was found to dehy-
drate to PEA-pNPA when removed from aqueous basic
solutions unless pyridine was present). The product was
isolated by preparative HPLC. Immediately after the isolation
the sample was reconstituted with pyrididgeand analyzed

by 'H NMR. 'H NMR of the product was consistent with
the expected product.

Assignment of the Stereochemistry of the Ring-Hydroxy-
lated Product of the PM/CHDEA-d2 ReactionThe ben-
zamide derivative of the ring-hydroxylated product of the

products were extracted with ether. The ether layers WerepaM/CHDEA-d2 reaction, {N-2-[2,2-dideuterio-2-(6-hy-

combined and washed with,8 and brine, dried over Na
SO, and concentrateth vacuo.The reaction mixture was
purified by silica gel column chromatography with 1:1
hexane/ethyl acetate to yield 47.5 mg48R and4RS. *H
NMR (CDClg) 6 1.00-1.39 (5 H, m), 1.5%2.10 (6 H, m),
2.45 (1 H, br s), 3.223.45 (2 H, m), 3.58-3.70 (1 H, m),
7.0 (L H, brs), 7.357.50 (3 H, m), 7.757.81 (2 H, m);
13C NMR (CDChk) 6 24.9, 25.7, 31.8, 33.4, 36.3, 38.6, 43.4,
75.1, 126.9, 128.5, 131.2, 134.9.

N-2{ trans-2-[(S)-2-Methoxy-2-trifluoromethyl-2-(phen-
ylacetyloxy)]cyclohexykethylbenzamidesSRSand5RSS.
To 37 mg of thedSR and4RS mixture was added 5 mL of
dry pyridine and 33.7 mL ofS)2-methoxy-2-(trifluoro-

droxy-1,4-cyclohexadienyl)]ethylbenzam}devas obtained
from large-scale incubations in the same manner as CHDEA-
60H-pNPA except thatN-hydroxysuccinimide ester of
benzoic acid was used as the derivatization agent and the
reaction was monitored by;@HPLC at 254 nm. The reaction
mixture was hydrogenated in benzene (15 mL) containing
20 mg of PtQ, and 0.5 g of KCGO; at 45 psi for 12 h. The
product mixture was filtered and concentrated in vacuo to
dryness. The residue was dissolved in 50 mL @OHand
extracted with ether. The ether layers were combined and
washed with 0.1 M HCI, 0.1 M NaOH, and.B, dried over
N&SQOy, and concentrateid vacuo.The product mixture was
dissolved in 0.5 mL of dry pyridine, andS-methoxye.-

methyl)phenylacetyl chloride (Mosher's reagent). The reac- yqyoromethyl)phenylacety! chloride was added in portions

tion progress was monitored by HPLC and an additional

aliquot of 25uL of (S)-methoxy-2-(trifluoromethyl)pheny-

lacetyl chloride was added until the starting material disap-
peared (monitored by HPLC). The resultant two diastereo-

mers, 5SRS and 5RSS were separated by preparative
reversed-phase HPLC with 55:5:40 ¢EN/CH;OH/50 mM

until the alcohol peak, as identified by HPLC, completely
disappeared. The products were resolved and isolated by
reversed-phase;gHPLC and characterized B NMR and
mass spectrometry. THel NMR, mass spectra, and HPLC
elution profile of this compound were found to correspond
to those of the synthetiBSRSunder identical conditions.

potassium phosphate buffer, pH 8.0. The structures of these
two compounds were deduced by HPLC, mass spectrometryResyLTS

NMR, 2D NMR, and Mosher’'s model analysis (see Results).

IH NMR of 5SRS(the diastereomer corresponding to the
enzymatic product) in CDGl 6 1.09-1.40 (3 H, m), 1.46

Identification of CHDEA-60H as a Third Product from
the D3M/CHDEA Reaction.Examination of the PBM/
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Scheme 1: Partitioning Pathways of th@Nl/CHDEA Reaction
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CHDEA reaction products at neutral pH (pH 7.2) revealed derivatization of the ring hydroxyl group of CHDEA-d2-
that in addition to previously characterized side-chain- 60H-pNPA with Mosher’s reagen{$)2-methoxy-2-(tri-
hydroxylated and aromatized products, 2-amino-1-(1,4- fluoromethyl)phenylacetyl chloride38, 39 was attempted
cyclohexadienyl)ethanol (CHDEA-10H) and phenylethyl- under a variety of reaction conditions. All these attempts
amine (PEA) 16, 17), a third product was also produced in failed, primarily due to the instability of CHDEA-d2-60H-
a time-, reductant-, and enzyme-dependent manner (Schem@NPA under the reaction conditions and led to the dehydra-
1). This new product had a retention time close to but tion of the cyclohexadienol moiety to produce the corre-
resolvable from that of CHDEA-1OH under the standard sponding aromatic derivative. Therefore, a different strategy
HPLC conditions (see Experimental Procedures), suggestingin which the primary NH group of the enzymatic reaction
it could be a second hydroxylated product of CHDEA. The mixture was initially derivatized witiN-hydroxysuccinimide
new product was found to be stable at or above pH 7.0 underester of benzoic acid followed by catalytic hydrogenation
the standard assay conditions but readily and quantitatively of the mixture with PtQ as a catalyst in the presence of
decomposed to produce PEA, under mild acidic conditions solid K,CO; in benzene40), was developed and successfully
(1 M acetic acid). Preliminary experiments also revealed that used in the stabilization and isolation of the enzymatic
the side-chain-deuterated derivative of CHDEA, CHDEA- product (Scheme 2). Under the above hydrogenation condi-
d2, produced a higher ratio of new product/side-chain- tions the cyclohexadienol ring was efficiently reduced to
hydroxylated product than either CHDEA or CHDEA-d6 cyclohexanol without significant dehydration to the corre-
under similar experimental conditions. sponding aromatic derivative. The reduced, ring-hydroxylated
To structurally characterize the novel product, large-scale product was derivatized with Mosher’s reagent under stan-
DBM/CHDEA-d2 reactions were carried out under the dard reaction conditions and was easily isolated by reversed-
optimum conditions (pH 7.2 and 1&) for the formation ~ phase HPLC. An authentic diastereomeric mixtureNe?-
of the new product. Thp-nitrophenylacetic acid derivative ~ [trans-2-hydroxycyclohexyllethylbenzamidd $Rand4RS)
of the product was isolated by preparative HPLC and was synthesized froi-(2-cyclohexenyl)ethylbenzamid8)(
identified by*H NMR asN-2-[2,2-dideuterio-2-(6-hydroxy- by hydroboration with boranemethyl sulfide complex
1,4-cyclohexadienyl)]ethyl-4-nitrophenylacetamide (CHDEA- followed by HO; oxidation (Scheme 249). The resultant
d2-60H-pNPA), suggesting that the new product is the C-6 two trans products were derivatized with the same Mosher’s
ring-hydroxylated product of CHDEA-d2, 2-(6-hydroxy-1,4- reagent to produce an equimolar mixtureR8S and SRS
cyclohexadienyl)-2,2-dideuterioethylamine (CHDEA-d2- N-2-{trans2-[(S)-2-methoxy-2-trifluoromethyl-2-(phenyl-
60H; Scheme 1). The chemical properties of the new acetyloxy)lcyclohexyethylbenzamide§SRS and 5RSS,
product, especially the acid-catalyzed dehydration to the which were used for spectroscopic and chromatographic
corresponding aromatic product, are consistent with this comparison purposes.
structure, because 1,4-cyclohexadienols are known to un- The above two 2-OH-derivatized synthetic trans isomers,
dergo dehydration to produce the corresponding aromatic5SRSand5RSS (which were separable by reversed-phase
compounds under mildly acidic conditior@7). In addition, =~ HPLC under the conditions given in Experimental Proce-
the observed higher ratio of new product/side-chain-hydroxy- dures), were compared with the catalytically reduced and
lated product in the PM/CHDEA-d2 reaction in comparison  similarly derivatized enzymatic products by reversed-phase
to that of either CHDEA or CHDEA-d6 under the same HPLC. Analytical-scale HPLC comparisons revealed that the
reaction conditions is also consistent with the ring-hydroxy- slow-eluting trans diastereomer of the authentic synthetic
lated product, CHDEA-60H, since the side-chain deuteration mixture corresponded to the enzymatic product and not even
increases the favorability for the ring H abstraction relative a trace of the fast-eluting trans diastereomer or any other

to the side-chain H abstraction (unpublished results).
Stereochemistry of the AM Ring Hydroxylation of

CHDEA. To determine the stereochemistry of the ring-

hydroxylated product of the BM/CHDEA reaction, chiral

similar products were present in the enzymatic reaction
mixture (Figure 1). To further verify the above observations,
a preparative-scale fM/CHDEA-d2 reaction was carried
out and the products were subjected to the above reaction
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Scheme 2: Derivatization of Enzymatic and Synthetic Ring-Hydroxylated Préducts
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Ficure 1: Characterization of the ring hydroxylation of thgk/
CHDEA reaction. The enzymatic products from analytical-scale
DSM/CHDEA reactions were derivatized with thg-hydroxy-
succinimide ester of benzoic acid and catalytically reduced as

detailed under Experimental Procedures. The reduced products wer

derivatized with(S)2-methoxy-2-(trifluoromethyl)phenylacetyl chlo-
ride and analyzed by { reversed-phase HPLC at 254 nm with
55% acetonitrile/45% 50 mM potassium phosphate buffer (pH 7.2)

as the mobile phase. The peak eluting approximately between 26

and 28 min (*) corresponds to the enzymatic product (control

experiments revealed that the small peak eluting soon after the

enzymatic product is a breakdown product of one of the derivatizing
reagents).

sequence and analyzed by reversed-phase HPLC. Again, onl

trans product was not detected (Figure 2). However, a secon
faster eluting product (faster than the faster eluting trans

product) was detected in the large-scale reaction mixture that

mide by 'H NMR and mass spectral analysis (data not
shown).

Absolute Stereochemistry of the Ring-Hydroxylated Prod-
uct of the PM/CHDEA ReactionTo establish the absolute
stereochemistry of the ring-hydroxylated product by use of
Mosher’s empirical modeBg, 39), initially *H NMR spectra
of the two isolated synthetic trans products were fully
resolved by 2D-COSY experiments. Careful examination of
the chemical shifts of the cyclohexane ring hydrogens of the
derivatized productshSRSand5RSS revealed that while
the hydrogens on carbons 2, 3, and 4 of the slow-eluting
trans isomer displayed small but consistent downfield shifts,
the hydrogens on carbons 5 and 6 shifted upfield relative to
the corresponding protons of the fast-eluting trans isomer
(Figure 4). This same trend was also observed for the
exocyclic methylenes of the ethylamine side chain where
the protons of the slow-eluting trans isomer displayed

gonsiderable downfield shifts relative to the fast-eluting trans

isomer (Figure 4). On the basis of these observations and
the empirical Mosher’s rules, the absolute configuration of
the 2-OH of the fast-eluting trans isomer was assigned to
(R) (5RS9 and the slow-eluting isomer was assigned3p
(5SR9 (Figure 4,38, 39).

Stability of the CHDEA-60H Product under Assay Condi-
tions. The solution stability of the enzymatically generated
CHDEA-60H at elevated temperatures was determined by
examining the time courses of thggM-mediated production

Y . i-
the slow-eluting trans product was detected; the faster eIutingOf PEA and CHDEA-60H from CHDEA. In these experi

ents, the concentrations of all enzymatic products were

etermined by reversed-phase HPLC as a function of time
up to 60 min at pH 7.2 and 32C. All resulting rates of
synthesis were linear with no lag or burst periods (Figure

was not present in the analytical sample. Both theseg) gyggesting that both products are stable under the
enzymatic products were isolated by preparative HPLC and gxperimental conditions and accurately quantified by HPLC.

subjected tdH NMR and mass spectroscopic analysis. The

Relative Actwation Energy Parameters of Partitioning of

*H NMR and mass spectral analysis of the isolated reducedthe Ring H-Abstraction Pathway of the SDI/CHDEA

enzymatic product confirmed that it corresponds to the
isolated slow-eluting synthetic trans product (Figures 2 and
3). The product eluting prior to the above two synthetic trans

ReactionThe temperature dependency of the partition ratio,
CHDEA-60OH/PEA, for the [BM/CHDEA reaction was
examined in the temperature range4® °C at pH 7.2 under

products, which was not present in the analytical enzymatic standard experimental conditions. The enzymatic products,

sample (Figures 1 and 2), was identified as the partially
reduced N-2{trans6-[(S)-2-methoxy-2-trifluoromethyl-2-
(phenylacetyloxy)]cyclohexenyd2,2-dideuterioethylbenza-

PEA and CHDEA-60H, were derivatized with SNPA and
carefully quantified by reversed-phase HPLC. These studies
revealed that the above partition ratio sharply decreased with
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Ficure 2: Isolation of reduced and derivatized CHDEA-60H from
large-scale DM/CHDEA incubations. The enzymatic products
were reduced and derivatized as described in the caption to Figure
1. All the products were separated by preparative HPLC and
analyzed by analytical HPLC and mass spectrometry. (A) Synthetic
trans mixture; (B) first fraction (from 20.0 to 25.5 min) of the
preparative HPLC of the enzymatic reaction mixture; (C) fraction
B spiked with mixture A. Note that the enzymatic product does
not correspond to either of the synthetic trans products. This product
has been identified as the partially reduced, derivatized enzymatic
product,N-2-{ trans-6-[(9-2-methoxy-2-trifluoromethyl-2-(phenyl-
acetyloxy)]cyclohexenyt2,2-dideuterioethylbenzamide, by mass
spectroscopy [low resolution MS (CI) Mt 1 = 463] and'H NMR
analysis (data not shown). (D) Second fraction (from 25.5 to 28.8
min) of the preparative HPLC of the enzymatic reaction mixture; :,J__

C

L

7 H 3 : 1
H H s H H H 1 o
» a > ; » L

(E) fraction D spiked with mixture A. Note that the isolated
enzymatic product corresponds to the slow-eluting synthetic trans Ficure 3: 'H NMR spectra of synthetic and enzymatic products.
product. Mass spectral characteristics{M. = 465) and'H NMR (A) 'H NMR spectrum of the fast eluting diastereomer of the
(Figure 3) of the isolated enzymatic product is consistent with the synthetic trans mixture in Figure 2A; (BH NMR spectrum of
proposed structure. (F) Preparative HPLC-isolated slow-eluting the slow-eluting diastereomer of the synthetic trans mixture in
(from 25.5 to 28.8 min) diastereomer of the synthetic trans mixture. Figure 2A,F; (C)'H NMR spectrum of the enzymatic product in
IH NMR of this compound corresponds to the enzymatic product Figure 2D.

(Figure 3). The molecular ion peak of this compound {ML =

463) differs from the enzymatic product by 2 mass units due to the increasing temperature for CHDEA and all the CHDEA

absence of benzylic deuterium in the synthetic product (data not A .
shown). (G) Fraction D spiked with compound F. Note that the derivatives tested, i.e., CHDEA-d2, CHDEA-d6, 4Me-

slow-eluting synthetic trans product corresponds to the enzymatic CHDEA-d2, and CHDPA. In addition, the Eyring plol(
product. 42) for all these derivatives were linear and the results were
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FIGURE 4: Assignment of absolute stereochemistry of the ring-hydroxylated product ofikB@HDEA reaction. All thelH NMR peaks

were resolved and assigned by analyzing the COSY spectra of the two isolated synthetic trans fFR&Ba8d5SRY, and the difference

in chemical shifts) of the corresponding hydrogens were calculated and compared. By use of Mosher’s empirical model, the slow-eluting
isomer is assigned as tl&SRSconfiguration on the basis of the small but consistent upfield shift of the hydroggrts,HH;, and H and
downfield shifts of the hydrogens 1,MH, Hp, He, Ha, Hg, and one of the b in comparison to the fast-eluting diastereon®tSS
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0.25 modynamic parameteréyAH*, AAS, or AAG* were not
significantly changed for CHDEA-d6 or CHDEA-d2 (data
S o024 not shown), suggesting that the deuterium substitution on
% either the ring or the side chain has no significant effect on
S 0.15- " the above partition ratio (Table 1). On the other hand
3 substitution of a methyl group on the 4-position of the ring
g 0.1 of CHDEA-d2 significantly decreased bothAH* (from
S : 15.44+ 0.59 to—19.45+ 0.20 kcal/mol) andAAS* (from
é 0.05 n . 46.36+ 2.08 to—65.96+ 0.71), resulting in the change of
* ° overall activation free energh\AG#, from —1.07 to+1.00
0 T T T T T kcal/mol at 37°C, favoring the aromatization over ring
0 10 20 30 40 50 hydroxylation. Furthermore, the extension of the side chain
Time (min.) of CHDEA by one methyl unit [1-(3-aminopropyl)-1,4-

FiIGURE 5: Time courses of the products of the3®/CHDEA cyclohexadiene (CHDPA)] had only a minor effect on the
reaction. The [BM/CHDEA reaction was carried out as detailed activation energy parameters, with the activation free energy
under Experimental Procedures. Aliquots of 0.1 mL were withdrawn fqr oxygen rebinding AAG¥) at 37 °C slightly favoring

at 5 min intervals, derivatized with SNPA, and analyzed hy C g P )
reversed-phase HPLC at 280 nm using 45% acetonitrile/55% 50 aromatization, similar to CHDEA and CHDEA-d6 (Table

mM potassium phosphate buffer (pH 7.2) as the mobile ph@e. ( ).
PEA; @) CHDEA-60H (CHDEA-1OH is not shown for clarity). 5 o~ 550N
Note that the small deviation of the line for CHDEA-60H from

the origin is due to a small background in the chromatograms. Stereochemistry of theAM/CHDEA Ring Hydroxylation
Reaction.The new enzymatic product of theSDI/CHDEA
highly reproducible between experiments (Figure 6). The reaction was unequivocally identified as the ring-hydroxy-
direct fit of the data to the logarithmic form of the Eyring lated product of 1,4-CHDEA, CHDEA-60H, by standard
equation 41, 42) revealed that the difference in activation chemical and spectroscopic techniques (Figure8)1The
enthalpy AAH#) and activation entropyXAS’) betweenthe  stereospecificity of enzymatically produced CHDEA-60H
two pathways was-15.44+ 0.59 kcal/mol and-46.36+ was determined by a multistep analysis procedure, involving
2.08 eu, respectively (Table 1), for CHDEA. The activation the benzoylation of the NJgroup and catalytic hydrogena-
Gibbs free energy differencA(\G¥) for the two pathways  tion of the cyclohexadiene ring, followed by the derivatiza-
was calculated to be-1.07 kcal/mol at 37C in favor of tion of the OH group with excess Mosher’s reag&ig 39).
the ring hydroxylation (Table 1). The corresponding ther- After the reaction sequence, the enzymatic product yielded
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Ficure 6: Eyring plots for the partition ratio, CHDEA-60H/PEA, of the3BI/CHDEA reaction at pH 7.2. Each point is an average of

4-5 independent experiments that were carried out at the given temperature under identical conditions with the same enzyme preparation
as described under Experimental Procedures. The errors were calculated from the standard deviation of the data. The average data sets were
fit to straight lines. The activation energy paramet&AH” and AAS, were calculated by direct fit of the data to the exponential form of

the Eyring equation. (A) CHDEA; (B) CHDEA-d6; (C) 4Me-CHDEA-d2; (D) CHDPA.

Table 1: Relative Activation Energy Parameters of Oxygen
Rebinding/Aromatization in the BM/CHDEA Reaction at pH 72

AAH? AAS AAG#
substrate (kcal/mol) (eu) at 37°CP
CHDEA —15.44+ 059 —-46.36+2.08 —1.07+0.09 ‘d i 6
CHDEA-d6 —15.90+ 0.36 —48.06+ 1.27 —1.00+ 0.08 Cult) “Cu(ll) “Cully
éﬁgg:DEA-dz :ﬁﬁgi 8'%‘7) :gg'gii 2;% té'ggi 8'32 Ficure 7: Proposed mode of interaction of amine substrates with

DAM.

aThe activation energy parameteAsAH* andAAS, were calculated
by direct fit of th(_e partition_ratio, CHDEA-60H/PEA, to the exponential
form of the Eyring equation4(l, 42) at the temperature range-80 catalyzed ring hydroxylation of CHDEA is highly stereo-

°C as described under Experimental Procedures. The erraxabiff o
and AAS* were obtained from the fit of the average sets of data. specific and produces only the correspond(&g alcohol.

b Directly calculated from partition ratios by use of the equatiakG* Furthermore, on the basis of the known absolute stereospeci-
= —RT In [CHDEA-60H]/[PEA]; errors were calculated from the ficity of DM toward benzylic 10, 33) and allylic (15) (R)
standard deviations. hydroxylations, we are certain that thggl/CHDEA side-

chain hydroxylation reaction is also stereospecific and
a single trans diastereomer that coeluted with the similarly Produces only the correspondig) alcohol.
derivatized slow-eluting authentic trans diastereomer in A Model for the Mode of Interaction of the Substrate with
reversed-phase HPLC while not a trace of the faster eluting DAM. The absolute stereospecificity of theS® benzylic
trans isomer was detectable (Figures 1 and 2). These resulthiydroxylation reaction has been shown to be due to the
clearly show that, similar to the normal benzylic hydroxy- stereo- and regiospecific abstraction of tpeofR) benzylic
lation reaction, [BM-catalyzed ring hydroxylation of CHDEA  hydrogen followed by the carberoxygen bond formation
is highly stereospecific. The corresponding cis isomers were with the retention of configuratior88). These results suggest
absent in the enzymatic reaction mixture, suggesting that thethat while the pro-R) benzylic hydrogen of the enzyme-
catalytic hydrogenation of the cyclohexadiene ring of bound substrate must be accessible to the activated copper
CHDEA-60H exclusively produces the corresponding trans oxygen species, thg(o-S) hydrogen must be inaccessible
products. This finding is not unexpected since hydrogenation and located away from the activated copper oxygen species
of cyclic alcohols is known to predominantly produce cis H (for further support for this proposal see #4). Similarly,
addition products from the same face as the hydroxyl group the observed(S) stereospecificity of the ring andR)
due to the interaction of the OH group with the catalytic stereospecificity for side-chain hydroxylations of th8NaY
surface 43). In the case of CHDEA-60H this effect together CHDEA reaction suggests that whilpr6-S) hydrogen of
with the bulkiness of the benzoylated phenylethylamine side the C6 position of the ring and therp-R) hydrogen of the
chain appears to exclusively direct hydrogenation toward the side chain are readily accessible to the activated copper
more stable trans isomer. oxygen species, thg@(o-R) hydrogen of the ring andofo-

The 'H NMR spectra of the isolated enzymatic product S hydrogen of the side chain are not. Consequently, as
and slow-eluting authentic trans product were identical shown in Figure 7A, the side-chaiprp-R) hydrogen and
(except for deuterium at the benzylic position of the (pro-S hydrogen of ring C6 must be located, along with
enzymatic product), suggesting that the absolute stereochemthe activated copper oxygen species, in the same face of the
istry of the enzymatic product must be the same as that of cyclohexadiene ring of enzyme-bound CHDEA. Such a
the slow-eluting authentic trans diastereomer (Figure 3). The binding mode will require the side-chaiprp-R) hydrogen
stereochemistry of the slow-eluting authentic trans product to be approximately perpendicular to the plane of the
has been assigned by use of Mosher’s empirical m@&8| (  cyclohexadiene ring (Figure 7A). The direct extrapolation
39) as (S R) with respect to the ring hydroxyl group and of these findings to the regulardM substrate, phenylethyl-
the side chain (Figure 4). Therefore, we conclude thz¥D amine, suggests that the plane of the aromatic ring of the
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enzyme-bound substrate must also be perpendicular to the H H H
side-chain benzylicgro-R) hydrogen. H&‘\\ HH H.,

The importance of the above binding mode for the catalytic p NH, _ NH,
efficiency of the enzyme can readily be seen by close (|)” N “
examination of the possible transition-state structures of the H™ " cum) O ~cul)

C—H bond cleavage step in thef® reaction. In the case
of CHDEA and other allylic substrates, abstraction of the
(pro-R) allylic hydrogen of the side chain could be facilitated
by lowering of the transition-state energy through maximum
delocalization of the radical character into the ring double
bond, when theffro-R) hydrogen is parallel to the orbitals

of the ring double bond (Figure 7B). Similarly, in the
benzylic hydroxylation reaction, the abstraction of benzylic
(pro-R) hydrogen could be facilitated by lowering of the
transition-state energy through the delocalization of the
benzylic radical character into the aromatic ring when the
side-chain jpro-R) hydrogen is parallel to the aromatic ring
ot orbitals (Figure 7C). Therefore, the selective binding of

Ficure 8: Possible transition states for the hydrolysis and dehydra-
tion of the enzyme-bound ring alkoxide of CHDEA.

products are derived from the partitioning of the copper
alkoxide product species between the dehydration and the
hydrolysis (Scheme 1, pathways ¢ and d) could be eliminated.
If such a mechanism was operativeAH* and AAS* would

be small due to the similarity of the respective transition-
state structures (Figure 8)n addition, abstraction or ejection

of a H from the C3 position of the initially generated
cyclohexadienyl radical, with or without any assistance from
the enzyme, leading to the subsequent formation of the
. o . aromatized product would also be inconsistent with the
this specific conformation of the substrate by the enzyme observed lack of a significant deuterium isotope effect on
may be essential for the catalytic efficiency of the enzyme. the aromatization pathway{/ko for aromatization is 1.02
Although a similar binding mode has also been proposed  ( 5 4t 37°C) 4 Therefore, we propose that the partitioning

for tk|1e in(;et:actiolr_l Or]: SdUbStiﬁUt.ed benze_ne d?rivative&ilga P ofthe ring H-abstraction pathway between hydroxylation and
catalyzed benzylic hydroxylation reactions (for example see 5., matization is a consequence of the partitioning of the

ref 45).’ to our knowledgg no direct experimental evidence cyclohexadienyl radical intermediate between carbon

is available to support this proposal. o oxygen bond formation from the GuO* species or direct
Molecular Mechanism of the f/M/CHDEA Aromatization  g|eciron transfer from the GtO* species. As shown in

Reaction.Although it is conceivable that CHDEA-60H is  gcheme 1, most likely the aromatization is a consequence

the terminal enzymatic product fr_om the ring H abstr_action of the direct transfer of an electron from the cyclohexadienyl
pathway of the [BM/CHDEA reaction and PEA exclusively radical to the active-site Cu(H)O" species followed by a

arises from the nonenzymatic dehydration of the initially ¢, deprotonation of the highly unstable cyclohexadienyl
generated CHDEA-60H (Scheme 1, pathway c), the fol- 440 to produce the aromatic product, PEA (Scheme 1,
lowing experimental evidence strongly disfavors this pos- naihway a). Efficient and macroscopically irreversible elec-
sibility. First, stability tests of CHDEA-60H under the o1 ransfer could be facilitated by the high thermodynamic
experimental conditions clearly show that _en_zymancally driving force for aromatization of the cyclohexadienyl cation.
generated CHDEA-6OH does not undergo significant solu- 1 aqgition, the highly favorablAH? for the hydroxylation

tion dehydration to produce PEA under the experimental haihvay would be a consequence of a high thermodynamic
conditions (data not shown). Second, the time courses of theyjying force for radical recombination to produce the ring-
formation of all three enzymatic products, PEA, CHDEA-  ,,4qxviated enzyme-bound alkoxide, similar to the normal
60H, and CHDEA-10H (data not shown), displayed no lag  ps\ monooxygenation pathway, compared to direct electron
or burst periods for upot1 h (Figure 5), demonstrating that o nefer to produce the cyclohexadienyl cation and-Ou

all three products must have their own independent origins species. Furthermore, the highly unfavorahlast for the

under the experimental conditions. These results, along with ring hydroxylation pathway is also consistent with the above
the observation that both PEA and CHDEA-60H are .., nqa| since radical recombination is expected to be
produced in significant quantities in the enzyme reaction
mixtures under appropriate conditions, strongly suggest that

_ ; 3 As one reviewer suggested, the measured activation parameters
PEA and CHDEA-60H were directly produced by the include the entire system and the difference in activation energies could

enzyme as terminal products and, especially, PEA is Nnothe due to the difference in energies of the enzyme conformations at
derived from the solution decomposition of CHDEA-60H the transition state. While this is a theoretical possibility, on the basis

under the experimental conditions. of the following arguments we strongly believe that the partitioning of
The | P - lati S hal H# the reaction pathways in the AM/CHDEA reaction is due to the
e large negative relative activation enthalgy\H", characteristics of CHDEA. BM is a specific enzyme and known to

determined for CHDEA and its derivatives (Table 1) suggests interact exclusively with the benzylic positions of the substrate to
that the ring hydroxylation pathway is highly favored by produce the expected monooxygenated products from all known

ot At substrates, except CHDEA. Clearly, the unexpected ring H-abstraction
activation enthalpy compared to the aromatization pathway. pathway is a consequence of the structural and electronic properties of

However, .the relative QCtiVation entropyAS’, f_Or the ring ~ CHDEA. Therefore, it is very likely that the observed partitioning of
hydroxylation pathway is very large and negative, suggesting the reaction pathways between the ring hydroxylation and aromatization
that the transition state for the ring hydroxylation is much is also a consequence of the unique characteristics of the cyclohexa-

. . . dienyl radical intermediate rather than the existence of different enzyme
more ordered, organized, and entropically highly unfavorable ¢ nations at the transition state.

in comparison to aromatization (Table 1). These results 4A mechanism involving spontaneous ejection of a hydrogen atom
indicate that the transition states of these two partitioning from the cyclohexadienyl radical without assistance from the enzyme

i ; may not be possible simply due to the fact that therCbond energy
pathways are significantly structurally different from each of the cyclohexadienyl! radical is about 20 kcal/méb). The isotope

other (Scheme 1, pathways a and b). Therefore, a mechanisntect for aromatization is calculated from the partition ratios of CHDEA
in which the aromatized product and the ring-hydroxylated and CHDEA-d6.
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entropically costly in comparison to the direct electron
transfer, which does not involve carbeoxygen bond
formation.

Activation Entropic Cost of CarbonOxygen Bond For-
mation. Partitioning of the ring H abstraction pathway of
the D3M/CHDEA reaction between the ring hydroxylation
and aromatization is intriguing. The small activation free
energy differenceAAG#, between the two pathways (Scheme

Biochemistry, Vol. 38, No. 45, 19994925

the formation of the aromatized and ring-hydroxylated
products from CHDEA is a consequence of the partitioning
of the high-energy intermediates, cyclohexadienyl radical and
Cu(Il)—O species, between the carbamxygen bond forma-
tion and direct electron transfer. Since the carboxrygen
bond formation is highly favored by activation enthalpy and
direct electron transfer is favored by activation entropy,
critical balancing of these two opposing forces is mandatory

1; pathways a and b) clearly demonstrates that the highfor the desired specific product formation. Finally, the relative
relative activation enthalpic favorability (Table 1) for the activation parameters of 4Me-CHDEA-d2 further suggest that
carbonr-oxygen bond formation (Scheme 1, pathway b) is the partition ratio is highly sensitive to small alterations of
offset by the high relative activation entropic cost (Table 1) the structural parameters of the substrate and therefore the
of a highly ordered transition state. On the other hand, the structure-activity studies of the carberoxygen bond
high relative enthalpic unfavorability for the direct electron formation step in enzymatic monooxygenations must be

transfer (Scheme 1, pathway a) is compensated by highanalyzed cautiously (for example see réisand48).

entropic favorability of a loose transition state for direct

electron transfer. Therefore, although the enzyme has beefACKNOWLEDGMENT

naturally optimized for efficient carberoxygen bond for-
mation through the generation of highly reactive intermedi-
ates with an optimal arrangement under normal circum-

We gratefully thank Dr. Mike Gangel of USDA, Well-
ington Quality Meats Inc., Kansas, for his assistance in
obtaining fresh bovine adrenal glands. We also thank M. P.

stances, the inherent high entropic burden associated with &y \anindaratne Department of Chemistry, Wichita State

highly ordered transition state could redirect the enzyme
leading to the formation of undesirable products. Further
support for this proposal is provided by the activation energy
parameters presented in Table 1 for 4Me-CHDEA-d2. Both
AAH#? and AAS for 4Me-CHDEA-d2 are noticeably lower
than the corresponding values for CHDEA, suggesting that
the transition state for the carbeonxygen bond formation

is more optimal and rigid for 4Me-CHDEA than for CHDEA.
However, the overall relative activation free energ\G*,

for AMe-CHDEA-d2 at 37°C is positive and disfavors the
carbor-oxygen bond formation in contrast to CHDEA
(Table 1). These results indicate that the enthalpic favorability
gain by geometric and electronic optimization of the transi-
tion state for the carbonoxygen bond formation is offset
by the high entropic cost of such a highly ordered transition
state to an extent that aromatization is more favored than
with CHDEA. Therefore, the maximum efficiency and
selectivity of the desirable reaction could only be achieved
by optimization of the transition state to balance these two
opposing forces.

Concluding Remarkg.aken together, we have shown that
the ring H abstraction pathway of thggDl/CHDEA reaction
partitions into two pathways after the initial-& bond
cleavage to produce the ring-hydroxylated product, CHDEA-
60H, and aromatized product, PEA. The ring hydroxylation
is highly stereospecific, similar to the physiological benzylic
and allylic hydroxylation reactions of #M, and exclusively
produces thgS) hydroxylated product. The absolute ste-
reospecificities of the ring and side-chain hydroxylations of
the DSM/CHDEA reaction led us to propose a model for
the interaction of substrates with the enzyme. The salient
feature of this model is that the enzyme effectively interacts
with a conformation of the substrate in which the side-chain
benzylic pro-R) hydrogen is approximately perpendicular
to the aromatic ring of the substrate. This specific interaction
may provide an additional mechanism for lowering the
activation energy of the initial hydrogen abstraction step
through extended delocalization of the radical character into
the aromatic ring of the substrates. On the basis of the
magnitudes of the relative activation parameters for the two

pathways (Scheme 1, pathways a and b), we propose that

University, for assistance in the analysis of NMR spectra.
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