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Abstract: The regiospecificity and stereoselectivity of alkane hydroxylation and alkene epoxidation by the particulate
methane monooxygenase fraviethylococcus capsulatBath) was evaluated over a range of substrates. Oxidation
products were identified by conventional GC analysis, and the stereoselectivity of oxidation was determined by a
combination of chiral GC and HPLC methods, as weltldsNMR analysis of the corresponding)2-acetoxy-2-
phenylethanoate ester derivatives in the case of alkanol products. Alkane hydroxylation was found to proceed favoring
attack at the C-2 position in all cases, and the stereoselectivity-iotane andi-pentane was characterized by an
enantiomeric excess of 46% and 80%, respectively, with preference foRtkacphol noted for both substrates.
Epoxides were formed with smaller stereoselectivities. Together, the regio- and stereoselectivity results suggest that
an equilibrium of competing substrate binding modes exists. A simple substrate-binding model that incorporates
preferential C-2 oxidation with the observed stereoselectivity of alkane hydroxylation is proposed, and hypotheses
for the general mechanism are suggested and discussed.

The particulate methane monooxygenase (pMMO) from in a subset of methanotrophic organisms, and it is expressed in
Methylococcus capsulatugBath) catalyzes the dioxygen- copper-free, iron-rich growth conditions only. Further, while
dependent, two-electron oxidation of methane to meth&rfol.  sMMO has demonstrated a wide range of substrate specificity,
The enzyme is a copper-containing membrane protein comprisedincluding straight-chain, branched, and aromatieHCoondsto-13
of three subunits of 47-, 23-, and 20-kDa molecular ni&ss. pMMO mediates hydroxylation and epoxidation for a small set
Similar to its soluble counterpart (SMMO), pMMO has garnered of straight-chain alkane and alkene substrates s@fély.
increased attention of late due to its ability to activate dioxygen Determining the mechanism of @4 bond activation in
and hydrocarbon €H bonds. In cell cultures, the copper(ll) g ogical systems is of great interest curredB§ To this end,
content has be_en correlated to pMM_O _actl\?‘l'ras weI.I as the the mechanism of sMMO-mediated hydroxylation has been
active repression of SMMO tran_scrlptlén.The addltl_o_n qf studied with radical spin-trapsas well as radical clock substrate
copper(ll) has been shown to stlmulatg PMMO activity in a probes'® Several mechanisms, which have been suggested to
cell-free membrane system, while other divalent transition metals account for the observations, invoke alkyl free radical and/or

such as nickel(ll) and zinc(ll) do_n_ét. Further, in cell-free carbocation structures as potential intermediate sp&dfed®
assays, the inhibition of pMMO activity by the suicide substrate - . . - S
or a concerted process involving direct oxygen insertion into a

acetylene has been correlated to the total concentration of . .
y substrate carbeniron bond?122 Unfortunately, while pMMO

copper(ll) ions in the assa&y.The active site of pMMO is . : . . ) .
pper(ll & P warrants similar consideration due to its pervasive presence in

surmised to contain a trimeric copper clustexhereas the h h | di . MMO h b
sMMO active site contains a diiron, hydroxyl-bridged cluster. met anotrop 'S, analogous s'gu_ 1es using p 0 ave been
hindered by difficulty in maintaining the activity of the purified

The hydroxylase component of SMMO exists asgfyy, dimer e

which has been crystallized recently, and its three-dimensional PMMO, as well as the limited substrate range of the enzyme.

structure has been determined by X-ray crystallogréghy. However, the hydroxylation mechanisms of sMMO from

pMMO is expressed under copper-containing growth conditions Methylosinus trichosporium{OB3b) and pMMO from M.

in all known methanotrophs, while SMMO has been found only Capsulatus(Bath) have recently been investigated by the use
of cryptically chiral ethane¥2324 The determination of the
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Table 1. Hydroxylation and Epoxidation Product Chemistry Mediated by pMMO

dominant
substrate products (% total) kel a stereoisomer ee (%)
ethane ethanol 1.60 na
propane propan-2-o100) 0.90 na
propan-1-ol (trace) nd na
n-butane butan-2-ol (95) 0.4 R 46+ 4.5
butan-1-ol (5) 0.02 na
n-pentane pentan-2-ol (95) 0.17 R 80+ 2
pentan-1-ol (5) <0.01 na
2-methylpropane none na na
2-methylbutane 3-methylbutan-1-ol (trace) nd na
propylene propylene oxide 0] S 185+ 2
1-butene 1-epoxybutane (58) 0.62 s 37+2
3-buten-2-ol (42) 0.70 S 50+ 4
1,3-butadiene 1,3-butadiene monoxide 0.96 Re 15+ 2
cis-but-2-ene 2,3is-epoxybutane 0.29 na
transbut-2-ene 2,3rans-epoxybutane 0.26 nd

2Notes: na, not applicable; nd, not determineBor alkane substrates, rates are relative to ethane hydroxylation; for alkene substrates, rates are
relative to propylene epoxidatiofRelative to ethane hydroxylatiohAssigned by comparison to the (R)-2-acetoxy-2-phenylethanoate ester derivative
of (R)-butan-2-ol by*H NMR. @ The absolute configuration was assigned by GC analysis using a Chiraldex A-TA column %20.25 mm) by
comparison with authentic standards of (R)- and (S)-propylene oxide (FRiKag absolute configuration was assigned using a Chiraldex G-TA
column, with comparison toR)- and ©)-epichlorohydrin (Aldrich) and the trichloroacetic acid derivative Bj-(and ©)-glycidol (Aldrich) ,
assuming identical elution behavior dR)¢ and ©-isomers.

stereoselectivity in ethanol production using eitH&r- ©r (S)- Here we present a study of the regiospecificity of pMMO-
[1,1-H,2Hq] ethane demonstrated essentially 100% stereose-catalyzed alkane and alkene oxidation by utilizing a broader
lection for pMMO and retention accompanied by substantial range of substrates than attempted heretofore. We also present
inversion of configuration for sMMO. In this light, a concerted additional nuances on theterespecificity of these oxidation
reaction mechanism was proposed for pMMO-mediated hy- reactions.
droxylation of methane and ethane, with the further suggestion .
of a pentacoordinate carbon species serving as an intermétliate. Experimental Procedures
Alternatively, sSMMO-mediated hydroxylation was determined  gnzyme-Mediated Oxidations. Cultures ofM. capsulatug(Bath)
to proceedvia a short-lived alkyl radical in the case of the were grown on a 10 L scale on nitrate mineral salts medium, and
trichosporium (OB3b) enzymé? and it was decided that a  pMMO-containing membrane fractions frovh capsulatugBath) were
concerted yet nonsynchronous mechanism that contains anisolated as described previoudlyThese membrane fractions were
extremely short-lived alkyl radical structure in the transition state highly enriched in pMMO and provided an ideal source of enzyme
is a more appropriate description for sMMO frdvh capsulatus and were used to prepare oxidation products from the substrates listed
(Bath)2425 The mechanistic hypotheses associated with each in Table 1. The products were generated by the incubation of 2.5 mL
of these systems are of great interest currently and have yet to°f @ PMMO-containing membrane suspension (with a total protein
be resolved unequivocall concentration of 1216 mg/mL and a specific activity of 2015 nmol/
>Olved unequivocally. _ _ (min-mg)) with 354mol of NADH (Sigma) in 25 mL of 50 mM PIPES
In light of our previous observation of the stereospecific buffer (oH 7.3) at 43C, as described previousty. The reactions were
oxidation of chiral ethanes by pMMO, we have proceeded to initiated by the injection of 10 mL of gaseous substrate, so that all
investigate the potential of pMMO for mediating regio- and reactions were carried out in the presence of excess substrate such that
stereoselective oxidations of other hydrocarbon substrates. Inthe reaction velocity was assumed to b&at. For the assays carried
part, such a study focuses on the issue of the presentation ofut to determine product distribution and relative rates of product
substrate molecules in the active site (regiochemistry); however, formation, products were generated on a 1-mL scale, using 0.1 mL of
the results may well also shed additional insights into the nature membrane suspension, while the determination of the stereospecificity
. : of oxidations was carried out on a 25-mL scale, using 2.5 mL of
of the previously suggested concerted mechanism (stereoselec-

L. . A . . membranes, as described above.
tivity.) Previously, investigators have studied the product — pyqqyct |dentification and Quantification. The identification of

distribution and regiospecificity of alkane and alkene oxidations products, as well as the quantitation of products for the purpose of
mediated by MMOs fromM. capsulatus(Bath) and M. determining relative rates of formation, was achieved by the comparison
trichosporium(OB3b), finding that both purified SMMO and  of GC retention times using a Hewlett-Packard HP5840A gas chro-
sMMO-containing cell-free extracts oxidize a wide range of matograph fitted with a 1% AT-1000/Carbograph 60/80-mesh column
aliphatic and aromatic hydrocarbons, with little rigorous and a flame ionization detector. Primary and secondary alcohol
regiospecificity!®13 On the other hand, using the purified standards, as well as epoxidation standards, obtained from Aldrich were
multicomponent SMMO system froi. trichosporium(OB3b), used_to identify and quantify the qlistributio_n qf products. Aquu_ots of

it has been shown that alteration of the ratio of regulatory and reaction products were taken aside at42min intervals for the first

duct ¢ tl It th . ificity of 20 min of the reaction and immediately placed &Q) quenching the
reductase components greally allers the regiospeciiicity or o, qop. Subsequent aliquots were taken aside at 7-min intervals
hydroxylation for a given substrafé.

thereafter, monitoring the remaining time course of the reaction (usually
— . <1 h). The aliquots were centrifuged briefly, pelleting the membranes,
(23) Wilkinson, B.; Zhu, M.; Priestley, N. D.; Nguyen, H.-H. T.;

° i ' ) and 1ulL of the supernatant was applied directly to the GC. The
1M909r%mﬂ%, gé,lwnhams, P.G.; Chan, S.1.; Floss, H. @.Am. Chem. Soc. integrated peaks from GC traces corresponding to products were then

(24) Valentine, A. M.; Wilkinson, B.; Liu, K. E.; Komar-Panicucci, S.; used to determine the respective rates of formation for each of the
Priestley, N. D.; Williams, P. G.; Morimoto, H.; Floss, H. G.; Lippard, S.  products under study. Each product was quantified by comparing the

J.J. Am. Chem. S0d.997, 119 1818. peak size to a calibration curve for each of the possible oxidation
(25) Choi, S.-Y.; Eaton, P. E.; Hollenber, P. F.; Liu, K. E.; Lippard, S.
J.; Newcomb, M.; Putt, D. A.; Upadhyaya, S. P.; Xiong,JY Am. Chem. (26) Froland, W. A.; Andersson, K. K.; Lee, S.-K.; Liu, Y.; Lipscomb,

So0c1996 118 6547. J. D.J. Biol. Chem.1992 267, 17588.
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products. Only membrane preparations demonstratiag for ethane H

oxidation of 12-17 nmol of ethanol/(mimmg protein) and &ops for Horo-m) OH

propylene oxidation of 18615 nmol of propylene oxide/(mimg of ot} A’

protein) were used in these experiments. Relative rates of formation Et HCHS

of products are reported due to slight variationlQ%) between the H sz_ ©

baseline activities of ethane/propylene oxidation between membrane

preparations. n-Butane (R)-2-Butanol
Stereochemical Assignments.For those experiments designed to

determine stereoselectivity of product formation, the reaction products si face

were extracted into ether from the reaction mixture, and the ethereal O

layer was dried over MgS£and concentrated under a nitrogen stream Huy H K\‘

while immersed in an icesalt bath. The stereochemical identity of Et H - Et H

the hydroxylation products of the oxidation of butane and pentane was re face

assigned by comparison of the 300-MH# NMR spectra of theR)-

2-acetoxy-2-phenylethanoate ester derivatives with authentic standards, 1-Butene (S)-2-Epoxy-

prepared from )- and §-butan-2-ol (Aldrich?” These data were butane

confirmed by HPLC analysis of the derivatized products and standards Figure 1. The equivalence ofi-butane and 1-butene in the pMMO
using ap-DNB-leucine chiral column. Similarly, the absolute config-  active site. Here, we consider oxidation of the C-2 position of each
uration of the epoxidation products was determined directly using either sybstrate, assuming retention of configuration in catalysis. Attack of
Chiraldex-ATA or Chiraldex-GTA GC-LC methodologies on a Hewlett-  the analogous face of substrates leads tqRralcohol product for
Packard 5890 Series Il instrument, by comparing the products to the n-butane, or ar{S)-epoxide product for 1-butene, as is observed.
authentic standard&)- and §)-propylene oxide (Fluka)R)- and -
epichlorohydrin (Fluka) and the trichloroacetic acid esterR)f énd
(9-glycidol (Aldrich). Due to the commercial unavailability of
enantiomerically pure standards for 1-epoxybutane and 1,3-butadiene
monoxide, we used the epichlorohydrin- and glycidol-based standards

andn-pentane vary significantly (46% and 80%, respectively),
indicating that subtle steric constraints must be very important

in determining the stereoselectivityide infra).

as product analogs, which yielded consistent enantiomeric resolution,
and assumed analogous elution behavior of R énd §)4isomers.
A Chiraldex-ATA column (20 mx 0.25 mm) was used for analysis of

The uncertainties in the reported ee values were determined
by carrying out several replicates using a series of preparations
of pMMO-containing membrane extracts. For example, the

propylene oxide formed from the oxidation of propylene, while a determination of the stereoselectivityrebutane hydroxylation
Chiraldex-GTA column (20 mx 0.25 mm) was used to evaluate the was repeated seven times with a total of three different pMMO
stereochemical configuration of the 1-epoxybutane and 1,3-butadienepreparations, and the ee value reported in Table 1 is an average
monoxide produced from 1-butene and 1,3-butadiene, respectively. Theqf 1| the data accumulated. The standard deviation of data
enantiomeric excess (ee) values are definedras SI/(R+9, where  40qired from multiple experiments performed with samples
R andSar_e the tqtal amounts of each stereoisomer as determined byf . . f dtob Il (tvoicallv thi
GC peak integration. rom a given preparation was found to be sma .(yplca y this
was found to be<2). As noted in Table 1, deviations between
ee values acquired from different pMMO preparations were also
acceptable. Other pMMO-mediated oxidations were carried out
Regioselectivity of Hydrocarbon Oxidation. In our hands,  (at least) in duplicate, using different preparations, and again
pMMO-mediated oxidations of alkanes and alkenes are limited the variation between experiments was found to be small in
to straight-chain hydrocarbons containing five carbon atoms or comparison to the differences observed in the ee values for the
less (Table 1). No oxidation products were detected for any different substrates. It should be noted that all experiments were
substrate containing more than five carbon atoms. Further, carried out using membrane preparations of comparable activity.
branched hydrocarbons are not oxidized by pMMO, with a sole The use of membrane extracts of lower activity uniformly
exception being 2-methylbutane, which yielded 3-methylbutan- resulted in insufficient formation of products, which prohibited
1-ol in trace quantities. Substrates containing conformation- further stereochemical analysis.
limiting double bonds, such asis- or trans2-butene, were The alkene substrates studied did not yield ee values greater
oxidized exclusively to the corresponding epoxide, indicating than 40% and frequently yielded marginal stereoselectivity only.
that a loss in the conformational flexibility of a substrate does |n part, the spectrum of ee values may be attributed to variable
not terminate catalysis. Remarkably, oxidation was overwhelm- binding of the substrateiide infra). In the case of propylene,
ingly favored in the C-2 positiore.g., propane was oxidized  variable binding modes may cause the near racemization
to propan-2-ol solely, strongly contrasting with the wide-ranging observed if attack is conserved to a single side. If propylene
regiospecificity of sMMQ% 13 and unlike a previous account  binds either “methyl-first” or “vinyl-first” with nearly the same
of pMMO-mediated propan-1-ol and propan-2-ol formatén.  affinity, then the combination of binding modes would lead to
Further, we found that oxidation dfis- and trans2-butene both the R)- and ©-products. However, a preferred binding
yielded an epoxidation product only, and not the hydroxylation mode must exist, as completely racemic products are not
product crotyl alcohol or the further oxidation product, cro- attained. Further, the observed dominanceSpfepoxide and
tonaldehyde, as has been reported elsewere. (R)-alcohols suggests equivalent attack on the same face of
Stereoselectivity of Hydrocarbon Oxidation. Earlier stud- butane and 1-butene, as shown in Figure 1. In the case of
ies of the stereoselectivity of pMMO using cryptically chiral  1-butene, the binding mode (vinyl- or methyl-first) determines
ethanes revealed-100% retention of configuration in the  which product is formed and guides the stereospecificity.
hydroxylation products forme#, suggesting that a single However, the binding of substrate is not rigorous. As demon-
stereoisomer should result with the other alkane substrates usedtrated by the substrate 1,3-butadiene, the product 1,3-butadiene
in this study. However, while the stereoselectivity of the monoxide is produced with a small majority of tH){isomer.
hydroxylation chemistry reported in Table 1 strongly favors the Such variable stereoselectivity has been observed previously
formation of R)-alcohols, the chemistry is not 100% stereose- in the epoxidation of a series of vinyl and allyl halide substrates
lective. The observed ee values for the oxidatiomfutane oxidized byM. trichosporium(OB3b) in a whole-cell ass&:?°

(28) Ono, M.; Okura, 1.J. Mol. Catal.199Q 61, 113.

Results and Discussion

(27) Parker, DJ. Chem. Soc., Perkin Trans.1®83 83.
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A Model for Dioxygen Activation and Alkane Hydroxyl-
ation by pMMO. As noted above, interpreting the observed
regio- and stereoselectivities for a given substrate requires
invoking substrate recognition and binding (or, how a substrate
in presented within the active site) in addition to the intrinsic
substrate reactivityi.€., mechanism). In the case of ethane,
the stereochemical results offer a measure of the intrinsic
reactivity because of the symmetry of the substrate. Thus, it

appears that a concerted mechanism is at work for the oxygencH,CH,CH,

atom insertion step, as previously propo3&dFor other

substrates, an understanding of the observed regioselectivity and
stereoselectivity must include such considerations as the size

Elliott et al.
H
Hpro-(H) Hpro-(S)
CH3CH, — HsC
H H HaC H
Horo-(s) ¢ Horo-(R)
A B
H H
Hpm—(ﬂ) H
— oot
H H HsC H
Horos) ° H
C D

and symmetry of the substrate molecule as well as the stericFigure 2. (Top) Here, we consider the possible hydroxylation of

constraints imposed by the shape and symmetry of the active-

site pocket.

We will first consider the steric requirements of the active
site. As pMMO carries out regio- and stereoselective hydroxyl-
ation chemistry, it is evident that the active site must induce
asymmetry upon a highly symmetric hydrocarbon substrate
molecule. In addition to the simple steric considerations, which
may be insufficient to limit rotational freedom of the pseudocyl-
indrically symmetric hydrocarbon, the asymmetric catalysis may
be facilitated by a coppetoxygen adduct which is of lower
intrinsic symmetry. As mentioned above, pMMO is surmised
to contain a trimeric copper cluster in the active site, and recent
work has demonstrated the ability of diméfic®2 and trimeric
copper clustef8 to generate complexes that bind dioxygen and
cleave the G-O bond by using electron equivalents from
multiple copper atoms. In such model systems, the resulting
adducts contain either a hisfoxo) binuclear copper(lll)
core?0:32340r a bisfiz-ox0) trinuclear copper(ll,I1,11) coré The
displayed propensity of low-nuclearity copper clusters to form
such bridged copper(If)oxo adducts is helpful in considering
the nature of pMMO-mediated oxygen activation and hydroxyl-
ation, particularly as copper is unlikely to form a terminal
copper(llly-oxo species® Further, within the regime of the
[CuM,(u-O)2]%" core, Tolman and co-workers have noted the
proclivity of the thermally unstable complexes to activate an
internal G-H bond upon warming?3%-37as have Stack and co-
workers3* This process appears to have significant contribu-
tions from electrophilic oxo-centered acceptor orbit&f& Also,

a single-electron reduction of this oxo-bridged moiety apparently

further destabilizes the core, leading to unresolved decomposi-

tion of the dimeric complex prior to warming. This new
insight from model chemistry is useful in considering pMMO-
mediated dioxygen activation and hydroxylation, although the
model systems have a higher degree of symmetry than would

n-butane at either one of two carbon positions by presenting two
translationally-related conformers of the substrate to the hydroxylating
site. (Preferential hydroxylation at the C-2 position of the butanes is
assumed.) FormA presents gro-(R) hydrogen as depicted in Figure
1, while B presents @ro-(S)hydrogen at the same position within the
pMMO active site. (Bottom) Using the same rationale for the oxidation
of n-pentaneC presents gro-(R) hydrogen, and presents a C-3
hydrogen, which lacks prochirality.

Thus, in the presentation of a substrate molecule in the active
site, we first consider a simple model for asymmetric hydroxyl-
ation that emphasizes attack on a single face of a hydrocarbon
substrate (as in Figure 1) and attempt to rationalize the observed
variation in ee value due to variability in the substrate binding.
In the case of propylene, either the or thesi faces may be
presented in essentially the same orientations, and this should
lead to a racemic mixture of th@R)- and (S)- epoxides, as
observed. Similarly, the formation of 3-butan-2-ol and 1-ep-
oxybutane in essentially equal proportions can be understood
in terms of such a binding scheme and equilibrium. If the
asymmetric hydroxylation or epoxidation involves attack on the
same face of the hydrocarbon substrate as in Figure 1, the
stereochemical configuration of the alcohol and the epoxide
should be(R) and (S), respectively, as observed, if the attack
proceeds with retention of configuration.

A possible scheme to account for the stereoselectivity of
butane hydroxylation is shown in Figure 2. As shown therein,
butane can be thought of as having two binding modeand
B, which differ translationally as the butane molecule slides
forward and backward in the binding site, such that either a
pro-(R) (A) or apro-(S)hydrogen B) is presented in a similar
orientation within the active site. Presuming catalysis proceeds
with retention of configuration, as was demonstrated for
ethane?® A leads entirely tqR)-butan-2-ol andB leads to(S)-
butan-2-ol. Thus, the observed stereoselectivity may be ratio-
nalized if a butane molecule shifts within the equilibrium by a

account for the asymmetric catalysis described above, promptingsmall translational motion. However, such a binding scheme

consideration of an asymmetric dioxygen adduct for pMMO-
mediated oxidations.

(29) Seki, Y.; Shimoda, M.; Sugimori, D.; OkuraJl..Mol. Catal.1994
87, L17.

(30) Halfen, J. A.; Mahapatra, S.; Wilkinson, E. C.; Kaderli, S.; Young,
V. G.; Que, L.; Zuberbhler, A. D.; Tolman, W. B.Sciencel996 271,
1397.

(31) Mahapatra, S.; Halfen, J. A.; Wilkinson, E. C.; Pan, G.; Wang, X.;
Young, V. G.; Cramer, C. J.; Que, L.; Tolman, W. B.Am. Chem. Soc.
1996 118 11555.

(32) Mahapatra, S.; Young, V. G.; Kaderli, S.; Zubémtar, A. D.;
Tolman, W. B.Angew. Chem., Int. Ed. Endl997, 36, 130.

(33) Cole, A. P.; Root, D. E.; Mukherjee, P.; Solomon, E. I.; Stack, T.
D. P.Sciencel996 273 1848.

(34) Stack, T. D. P. Personal communication.

(35) Mayer, J. M.Comments Inorg. Chem 989 8, 125.

(36) Mahapatra, S.; Halfen, J. A.; Wilkinson, E. C.; Que, L.; Tolman,
W. B. J. Am. Chem. S0d.994 116, 9785.

(37) Mahapatra, S.; Halfen, J. A.; Tolman, W.BAm. Chem. Sat996
118 11575.

fails to account for the hydroxylation of pentane, which would
similarly bind in formsC andD, yielding (R)}pentan-2-ol and
pentan-3-ol. This model predicts the formation of pentan-3-ol
in analogous fashion to the formation (&)-butan-2-ol. Based

on the observed ee value for butane hydroxylation, pentan-3-ol
should constitute 27% of the hydroxylation products. Yet no
pentan-3-ol is observed. Similarly, propane should reorient in
the binding site, and the equilibrium would yiete?7% of the

total products as propan-1-ol; yet, propan-1-ol has been detected
at trace levels only. Thus, this “translational binding model”
cannot account for the regiospecificity observed as long as the
substrates are assumed to freely reorganize within the active
site.

While it seems unlikely that pentane would be able to
reorganize due to steric reasons (as compared to butane),
propane should be allowed to move quite freely. However, the
stringent oxidation of propane at the C-2 position can be
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explained by invoking some feature of the protein environment, ability of the substrate to conform to the preferred binding modes
such as a small hydrophobic pocket that can accommodate aallowed by the conformational flexibility of the active site. Thus,
methyl group of propane, but not any group larger. In such a the stereoselectivity of alkene epoxidation would be reduced,
scenario, this small pocket would hold a propane molecule in a as is observed.
position that exposes the C-2 position for alkane substrates and The Dioxygen Adducts and Mechanistic Hypotheses.
preferentially deters reorganization of the substrate. Thus, attackrinally, we turn to the question of the dioxygen adduct that
at the C-2 position is enforced. However, when the substrate may be involved in catalysis. The observed thermal decomposi-
is not fully extended into this pocket, some reactivity can occur tion of model complexes containing a [tt(u-O);]2* core is
at the C-1 position, as is observed in Table 1. With these types satisfied by the trinuclear copper cluster implicated as the active
of boundary conditions, it seems that most substrates are boundsite here. In particular, the findings of Stack and co-workers
in a single translational conformer preferentially, with some regarding bolstered reactivity of [(Mu(u-O),]>* upon a one-
potential for translation reorganization that results in the electron reduction suggest that injection of an additional electron
observed regiospecificity. The regioselectivity observed would into the reaction site, potentially by another copper ion, may
then reflect the free energy difference between the various modesenhance (or, indeed, be required for) reactivity. Such a process
of presenting the hydrocarbon substrate to the hydroxylation would imply that the redox states of the two copper ions within
site, as imposed by the steric constraints. the core need not be identical in conventional formalisives,
Further consideration of the substrate range displayed byin Figure 3,m = n. In addition, proximity and orientation of
pMMO can aid in revising the model proposed in Figure 2. the substrate can guide the decomposition pathway, as the
Linear straight-chain hydrocarbons no more than five carbons binding of substrate and its potential for slight reorganization,
in length appear to be favored substrates. As the data seem t@an affect both the character of the resulting dicopper core and
preclude the notion of significant translational motion of the which oxygen atom of the dicopper core is incorporated into
substrate within the binding site, it may be concluded that the product, thereby leading {&)- and(S)isomers. The correlation
active-site pocket in pMMO has a limited depth and is closed between oxidation state, substrate orientation, and reactivity is
at one end in the small pocket mentioned above, such that longerspecifically depicted in Scheme 1.
hydrocarbon chainsi.¢., hexane, heptane, etc.) are not ap-  This catalytic hypothesis is attractive in that it directly links
propriate substrates because their size interferes with a conforhinding of a small substrate to reactivity: substrate binding can
mational change of the binding pocket that is required for pe thought of as triggering the redox linkage necessary for the
catalysis. This suggestion is supported by the propensity for further reduction of the [Cli,(u-O),]2* core, thereby increasing
small 1-alkynes, such as acetyléhand 1-butyne, to act as  the energy of the ground state electronic structure of the
suicide substrates, while the larger putative suicide substrateintermediate, lowering the kinetic barrier for catalysis.
1-hexyne does not interfere with normal catalySisThese Generally speaking, this binding model can serve as suitable
observations further confirm that pMMO contains a small active grounds for subsequent mechanistic hypotheses. For example,
site that binds substrate very tightly, allowing only minimal conformer| may be better suited for a concerted reaction
translational reorganization of substrate molecules. process, as it agrees with the steric constraints of the preferred
With these considerations in mind, Figure 3 presents a further transition state structure proposed previoffslgr the insertion
refinement of a binding scenario in which eith&)- or (S- of an electrophilic oxygen atom into a methylene-i& bond
alcohol product resultsia a nonspecific oxidation of substrate  of n-butane by a solvated oxenoid species. Interestingly, this
molecules bound with the same translational orientation. Within type of insertion process has already been proposed for sMMO
this model, subtle differences in binding mode influence the by Shestakov and Shild¥. While Tolman and co-workers have
stereoselectivity of the reaction and, potentially, the mechanism postulated that the bridging oxygen atoms have significant
itself. Figure 3 implicitly assumes that the translational freedom electrophilic charactef3”we cannot rigorously discount other
allowed in Figure 2 is minimized, but, as before, substrates possibilities, such as the invocation of the direct formation of a
interact with a single face of a dicopper core. Further, we high-valent organocopper intermediate, as suggested by Barton
propose that steric interactions, and the conformation constraintsgnd co-worker4243 The direct involvement of one or both of
of the protein environment, allow for two binding modési(d the proposed oxo bridges is also circumspect, as a concerted
I1') to position either thero-(R) or pro-(S)hydrogen such that  process may be accommodated by either possibility: one
attack by the dicopper core proceeds, but the overall preferencesatisfying mechanism couples nucleophilic attack of the substrate
in substrate binding yields the observed preferential oxidation  pro-(R)proton by one bridging oxygen atom to the concomitant
at the pro-(R) hydrogen. The two binding modes also cor- electrophilic attack of the methylene carbon by the other
respond to two active-site conformations that differ slightly, bridging oxygen, thus requiring a cyclic transition state (central
yielding the overall preference in exposing ®-(R) or pro- pathway). However, direct oxygen insertion may involve only
(S) hydrogen while maintaining the hydrophobic contacts that a single oxygen atom (left pathway). A radical rebound
result in preferential attack at the C-2 position. The two modes mechanism may account for the findings as well, as long as
clearly will be close in energy, to be consistent with the ee ratios the active site poses severe steric constraints on the structure
reported in Table 1. Even in the case of the greatest stereoseof resulting radical intermediates and/or the rebound rate for
lectivity, an ee of 80% fom-pentane hydroxylation, the 1:9  methane and ethane hydroxylation is too large to allow the
distribution of §- to (R)-alcohol can be accounted for by a extended existence of a discreet population uéfecies (right
small free energy differences between the substrate conform-pathway). However, the previous study of chiral ethane
ers: a mere 5.75 kJ/mol, which is less than 2 kT per molecule oxidation, described earli@?, clearly demonstrates that the
at 315 K. The analogy between alkane and alkene binding
modes illustrated in Figure 1 still holds within this scheme, (40) Bach, R. D.; Andre, J. L.; Su, M.-D.; McDouall, J. J. WI. Am.

i i i i ; Chem. Soc1993 115, 5768.
although it can be imagined that, if pMMO does bind alkanes =75 3G 00 "8 F *Shilov, A. B Mol. Catal. AL996 105 1.
very tightly, the increased rigidity of the olefin may reduce the (42) Barton, D. H. R.; Beiére, S. D.; Chavasiri, W.; Csuhai, EDoller,
D. Tetrahedron1992 48, 2895.
(38) Prior, S. D.; Dalton, HFEMS Microbiol. Lett.1985 29, 105. (43) Barton, D. H. R.; Csuhai, E.; Doller, O.etrahedron Lett1992
(39) Data not shown. 33, 4389.
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Figure 3. (Top) An alternative substrate binding scheme that does not allow for translational motion between conformers. dfafthsare
related by differential insertion into the active site, which alternatively places eitheroh@R) or thepro-(S)hydrogen of the C-2 position in close

proximity to an oxygen atom of a proposed dicoppexo core, as found in model complexes previously. (Bottom) Mechanistic hypotheses based

on the above binding model. This model readily allows for concerted mechanisms, such as a direct insertion of an activated oxygen atom into the
pro-(R)C—H bond (left pathway) or a concerted pairwise process (middle pathway). A honsynchronous mechanism such as hydrogen atom abstraction

followed by attack of an oxygen-based radical (right pathway) is equally feasible.
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lifetime of such an alkyl radical would have to be shorter than consistent with a hydroxylation mechanism that proceeds

<1 x 1071s, implying that the contribution of such a process through retention of configuration, as has been ascribed to the
hydroxylation of ethan&® However, as just discussed, the regio-

is most unlikely in the oxidation of ethane.

Thus, the above discussion describes how the competitionand stereochemical characterization of reaction products cannot
between substrate binding modes may affect the observedrigorously exclude one mechanism or another, although a model
stereoselectivity, and how a number of possibilities might be describing an appropriate binding mode can be developed. It
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can be noted that, if a substrate is unable to adopt the preferredpreferential binding model that presents a substrate such that
conformer for a given mechanism, it is quite possible that the nonspecific, concerted catalysis yields stereoselectivities that
hydroxylation chemistry proceeds through one of the alternative vary with substrate size and shape. Moreover, in the case of
processes. Indeed, the existence of parallel pathways cannotlkane hydroxylation, the binding mode of the substrate at the
be ruled out at this time, and it seems most probable that theactive site can expose either theo-(R) or pro-(S) C—H bond
electronic structure of the activated oxygen species will be at the C-2 position in a substrate-specific manner. Although
controlled by the arrangement of the inner-sphere ligands aroundethane oxidation appears to proceed through a concerted
the copper atoms. This means that the steric effects for a givenmechanism, whether this is rigorously the case for other alkanes
substrate molecule may perturb the electronic structure of theremains to be seen. Further studies using diagnostic kinetic

site and, thereby, perturb the reactivity of the site as well. isotope techniques will, hopefully, elucidate the mechanistic
. aspects of this problem, expanding on the model presented
Conclusions herein.

The observed regio- and stereospecificity of alkane hydroxyl-
ation and alkene epoxidation mediated by pMMO are reported
here. This study has delineated the issues of substrate bindin
in the activation of alkanes by pMMO, generating a model for
substrate binding that can be related to known coppirxygen
chemistry and the previously proposed mechanism for alkane
activation. It is apparent that multiple pathways for alkane
hydroxylation and alkene epoxidation contribute to the observed
regio- and stereoselectivity and that these results may vary
between substrates in a manner that is determined by the
substrate binding mode. Specifically, while pMMO demon-
strates stringent substrate specificity, we can rationalize a JA971049G
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