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Experimental Section

A vial equipped with a septum screw-cap and a stir bar was purged with
argon. The olefin (1.20 mmol, 1.20 equiv) and then a solution of 9-BBN
(0.50m in THF; 2.40 mL, 1.20 mmol, 1.20 equiv) were introduced to the
vial, and the resulting homogeneous solution was stirred for at least 6 hours
at room temperature. After that time, the THF was removed under vacuum
and replaced with dioxane (0.9 mL).'*) In air, a stir bar, [Pd,(dba);]
(45.8 mg, 0.05 mmol, 5%), PCy; (56.0 mg, 0.20 mmol, 20% ), and CsOH -
H,O (185 mg, 1.10 mmol, 1.10 equiv) were placed into a second vial, which
was then capped with a septum screw-cap and purged with argon for
10 minutes. Dioxane (0.3 mL) was added by syringe, and then the solution
of the alkyl-9-BBN was added through a cannula (the alkyl-9-BBN was
transfered completely by rinsing the first vial with dioxane (2 x 0.3 mL)).
The alkyl chloride (1.00 mmol, 1.00 equiv) was introduced to this homoge-
neous brown solution, and the resulting mixture was stirred vigorously
under argon for 48 hours at 90°C. At the conclusion of the coupling, the
reaction mixture, which was now heterogeneous, was cooled to room
temperature, diluted with Et,O (5 mL), and filtered through a short plug of
silica gel with Et,O washings (30 mL). The solvent was evaporated, and the
resulting yellow residue was purified by flash chromatography.
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nates at 0 = —2 ppm)). Presumably, this is the species that transfers
the n-octyl group to palladium (Scheme 1). For "B NMR investiga-
tions of related systems, see: K. Matos, J. A. Soderquist, J. Org. Chem.
1998, 63, 461-470. See also: R. Koster, G. Seidel, B. Wrackmeyer,
Chem. Ber. 1992, 125, 617 -625.
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[16] If desired, the synthesis of the alkyl-9-BBN can be conducted directly
in dioxane by hydroborating the olefin with solid 9-BBN dimer, rather
than a solution of 9-BBN in THF (both are commercially available).

Hydrogen Bonding Modulates the Selectivity of \:ﬁs

Enzymatic Oxidation by P450: Chameleon
Oxidant Behavior by Compound I**
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Two of the important reactions of the enzyme cyto-
chrome P450 are C—H hydroxylation and C=C epoxida-
tion.'! Different P450 isozymes give different ratios of these
products with substrates which can undergo both hydroxyla-
tion and epoxidation.l! Furthermore, mutation of a single
amino acid away from the reaction center changes the ratio of
the two products.’! What are the factors that determine the
oxidation regioselectivity? There may exist many answers(!~!
to this question and it is desirable to begin unraveling them
step by step. Here we use model calculations of C—H
hydroxylation and C=C epoxidation pathways, which show
that the primary active species of the enzyme, compound I
(Cpd 1), behaves like a chameleon oxidant that changes its
reactivity and selectivity patterns under the influence of
hydrogen bonding and polarization effects, which mimic the
protein environment.

To explore this issue, we used density functional calcula-
tions (see Methods Section) of a model Cpd I species that
reacts with propene to give both allylic hydroxylation and
C=C epoxidation. The reaction profiles were computed under
different conditions, including effects of the environment such
as polarization effect and NH---S hydrogen bonding of the
type found in the crystal structures of P450 enzymes.l> 7l Our
model calculations, which focus on the electronic component
of the environment, do not involve stereoelectronic effects
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arising from variations in the substrate,[> 8l or effects arising
from substrate binding and juxtaposition in the enzyme’s
pocket.[% 10

Figure 1 shows the lowest energy profiles of the two
possible reaction pathways for the bare molecules, Cpd I (*1
and ‘1) and propene. The compounds exhibit two-state-
reactivity (TSR), involving quartet high-spin (HS) and
doublet low-spin (LS) processes,!!'"3l which have the appear-
ance of stepwise mechanisms. However, while the HS
mechanism is truly stepwise with carbon-radical intermedi-
ates (“2 and “4), possessing barriers for the subsequent C—O
bond formation steps, the LS radical species (2 and %4)
behave as shoulders on the potential energy surface, without
significant barriers for the C—O bond formation.!"" 12!

A major difference between the epoxidation and hydrox-
ylation processes is that the barriers to bond activation, via
4TS1 and ?TS1 as well as “TS3 and ?TS3, favor epoxidation by
3.1-3.8 kcalmol~'. However, as can be seen from Figure 2a,
upon inclusion of zero point energies (ZPE), the four
transition states, “TS1 and ?TS1 as well as “TS3 and ?TS3,
become almost isoenergetic. The ZPE effect is primarily due
to the loss of a high-frequency C—H mode (>3000 cm™') that
becomes imaginary in the hydroxylation transition states,
“TS3 and 2TS3, and consequently lowers their ZPE com-
pared with those of the epoxidation transition states. Thus,
taking into account only the intrinsic reactivities of the bare
molecules, it is expected that CpdI will have a small
preference for C=C epoxidation over C—H hydroxyla-
tion, and will generate stereoselective epoxidation products
but less stereoselective hydroxylation products (due to the
differences in the barriers to C—O bond making via ‘TS2
and “TS4).

Figure 2 shows the effects of the environment on the
relative energies of the transition states for bond activation,
2TS1 and “TS1 as well as ?TS3 and “TS3. The environmental
effects were chosen!' to mimic, albeit naively, the interac-
tions of the thiolate ligand (the cysteinate residue) with the
protein pocket.l Accordingly, Figure 2b shows the energies
of the transition states when the thiolate ligand is coordinated
by two NH---S hydrogen bonds, while Figure 2¢ shows the
effect of a relatively nonpolar, yet polarizing, environment
represented by the dielectric constant &=35.7.' Finally,
Figure 2d shows the combined effects.

It is seen that in the bare system (Figure 2a), the four
transition states, “TS1 and ?TS1 as well as “TS3 and *TS3, are
very close in energy (E + ZPE), whereas the environmental
effects (Figure2b—d) tip the balance in favor of hydroxyla-
tion. Thus, with just two hydrogen bonds (Figure 2b) away
from the reaction center, the lowest transition state becomes
>TS3, the LS species for hydroxylation. When a polarization
effect is applied (Figure 2¢) the HS hydroxylation species
“TS3 descends also below the epoxidation species. Finally,
when both effects are combined (Figure 2d), the preference
for hydroxylation further increases. In fact, the general trend
is true without ZPE, as well as when free energies at different
temperatures are considered (see Supporting Information).
The calculated energy changes correspond to a regioselectiv-
ity change of at least two orders of magnitude. Furthermore,
the environmental effects prefer the effectively concerted LS
process for both reactions. Thus, the present study demon-
strates that the stereospecificity and regioselectivity changes
are emergent properties that can, in principle, originate in the
electronic interaction exerted on the active species of the
enzyme by the protein pocket.

o
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Figure 1. Energy profiles for hydroxylation and epoxidation of propene (energies in kcalmol™").
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A straightforward comparison with experi-
ment is not possible, since our calculations
focus on the electronic component alone.
Nevertheless, some general trends can be
addressed. The calculated facility of C—H
hydroxylation concurs with the opinion that
the thiolate ligand enables P450 enzymes to
carry out hydroxylations of nonactivated C—H
bonds.? ! The calculations show, however,
that this function is made more selective by
the NH --- S bonding machinery and the elec-
tric field of the protein. The calculated C=C/
C—H ratio is 0.007-0.11, and falls within the
range of observed values.[ 8l Moreover, in line
with the preference for the LS processes,
experimental data show that alkane hydrox-
ylation by P450 isozymes occurs with high
degrees of stereoselectivity, albeit incom-
plete.l: 3 Similarly, epoxidations of cis- and
trans-butenes by a few P450 isozymes were
shownl'% to be stereospecific. An experimen-
tal study that addresses the effect of NH---S
hydrogen bonding on the ratio of C-H
hydroxylation to C=C epoxidation, shows that
in P450,,, two hydrogen bonds are slightly
more favorable for hydroxylation than three.
While this is not directly comparable to the
results of our calculations, it nevertheless
shows that the NH --- S hydrogen bonds apply
a subtle effect on the reaction center.

Insight into the origins of the computed
environmental effects can be gained from
Figure 3 and 4. Figure 3 shows the bond
activation transition state structures, along
with two indicators of their electronic features,
the transition state dipole moments (x) and
their polarizabilities (a). For each process,
larger dipole moments and polarizabilities are
possessed by the LS transition states. More-
over, the hydroxylation transition states are
significantly more polarizable than those of
the epoxidation species. It seems that the
polarizability is the more important factor,
and comes into play especially through the
localized NH---S hydrogen-bonding interac-
tions. Consequently, the most highly affected
species is the most polarizable one, the LS
hydroxylation species, *TS3, which becomes
the lowest transition state.['”]

To understand the roots of this behavior of
the system, consider first Cpd I. As shown
recently, the electronic structure of Cpd I
can be reconstructed as a hybrid of the
resonance structures a and b (Figure 4 A). In
both structures there are three unpaired
electrons: two in the n* (d,,, d,,) orbitals of
the FeO moiety and the third one is located
either in a porphyrin (Por) orbital (a,,) in
structure a, or in a sulfur hybrid orbital in
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Figure 2. Relative energies (including ZPE) of the bond-activation transition states, “TS1 and
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T ] R R R 4, Figure2), and are depicted in c—e in
o o o o ’ o Figure 4 A.['Yl One form is the Fe!V species (¢)
v | 1 w | ﬁ v | H 0| 4 0| ﬁ and the other two forms are the singlet and
— PO (+) = G m— — PG () e € triplet Fe!! species shown in d and e. The
@ @ @ @ computed transition states spin density, on
-SH SH -SH - SH SH iron, in Figure 4B is seen to reflect different
a b ¢ d e blends of c—e. In the HS species, “T'S3 and
pO) =1 1 o 0 o “TS1, the spin density on Fe (ca 1.2) is closer
to the situation in Fe'!, while in ?TS1 and
piFe) =t ! 2 ! ! 2TS3, this spin density (ca 1.7) is closer to the
p(Por)  =1(-1) 0 0 1¢1) 0 situation in Fe'. In addition to these con-
p(SH) =0 161 0 0 1) tributions, there are resonance forms in
which the propene transfers an electron to
the available low-lying orbitals of the Cpd I
“TS1 (°TS1) 53 (°T$3) moiety. The quantity Qcrin Figure 4B shows
that the degree of charge transfer from the
CHs 0.30 ('gﬁz_)___ propene is about 0.26—0.28 e~, which in turn
C‘ﬁ 0.49 (-0.35) E\C{j «0-15(0.10) means that the charge transfer forms con-
CHy 0.37 (:0.25) stitute some 26-28 % of the transition state
_ACHa -0.11(0.04) L H-0.05(0.02) character, and will generally vary with the
0" 088(0.22) O 074(0.10) donor capability of the substrate. Clearly, the
| 4 1:19(1.69) | W~ 120(1.73) transition states are richly blended in terms
— O m— — O m— . .
| X_0.13 (-0.28) | X_0.19 (-0.29) O.f closely lying resonance strgcturgs, and this
SH 042 (-0.32) SH 040 (-0.19) rich blend endows them with high polar-
izability and response to the protein environ-
ment.
Qo = 0.26 (0.27) Qor = 0.28 (0.27) To summarize the changes imparted by the

A= 0.89 D (1.04 D)
%(AQeT/Qer) = 11.5 (14.8)

Figure 4. A) Some of the resonance forms that contribute to the chameleonic nature of the
transition states (TS), and their idealized group spin densities, p (o values in parentheses

Au=0.24D (1.62 D)
%(AQeT/Qcr) = 10.7 (18.5)

environment most succinctly, we indicate
below the structures in Figure 4B, the com-
puted changes in the dipole moment and in
the percentages of charge transfer, when
“TS1 and ?TS1 as well as “TS3 and 2TS3 are

correspond to the LS situation). B) Spin densities in ?TS1 and “TS1 as well as > TS3 and “TS3,

degrees of charge transfer (Qcr) in units of electrons, changes in dipole moments (Ax) and in
degree of charge transfer (% AQc1/Qcr), induced by the two NH --- S hydrogen bonds. The pairs
of data refer to the high-spin species (out of parentheses) and low-spin ones (in parentheses).

structure b.'%'8] Whereas the bare system is b-like, medium
polarization and NH --- S hydrogen bonding stabilize structure
a. The stronger the hydrogen bonding and the polarizing
effect, the more a-like is Cpd I. Thus, Cpd I, the reactant of
the two oxidation processes, behaves as a chameleon state that
changes character to fit the environment into which it is
accomodated.

Transition states are generally more polarizable than their
reactants and products, owing to electronic delocalization in
the bonds that are broken and formed during the reaction.
However, the transition states of the P450 oxidation are
special, since in addition they also possess available orbitals
on the iron center, the porphyrin, and the thiolate moieties.
These orbitals are not fully occupied and are also close in
energy, and can therefore participate in delocalizing the
electrons in the transition state, thereby making the transition
state very polarizable. A similar idea was articulated by
experimentalists.-> 1]

In addition to a and b, among the many other resonance
structures that contribute to electron delocalization in the
transition state, three important reference forms are those
that represent the flavors of the reaction intermediates (2 and
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subject to NH---S hydrogen bonds. These
changes are seen to be larger for the LS
species ?TS1 and ?TS3 than for the HS
counterparts. Especially large changes are
apparent in the dipole moments of the LS
hydroxylation species, *TS3 that changes its dipole by as much
as 1.62 D upon hydrogen bonding to the thiolate. Apparently,
the variable blend of resonance structures endows the
transition states with a chameleonic nature. It follows there-
fore that not only is Cpd I a chameleon species, it is also a
chameleon oxidant that tunes its reactivity and selectivity
patterns in response to the protein environment in which it is
accommodated.

Our study is a first principle demonstration that, in addition
to classical factors (such as active species accessibility,
substrate fit, and steric effectsl® ), there is a significant
electronic component that modulates regioselectivity of
oxidation by P450 enzymes. This factor is the chameleonic
character of the active species that varies in response to the
hydrogen-bonding machinery of the protein pocket and its
polarity. Especially notable is the effect of the NH:---S
hydrogen bonding, which exerts its influence on the Fe=O
reaction center from the remote proximal side. Thus, a single
oxidant having chameleon character like CpdI, can in
principle exhibit a library of reactivity patterns, depending
on the electric and hydrogen-bonding properties of the
protein pocket.
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Methods

The calculations were performed with JAGUAR 4.1,2%l following pre-
viously established procedures.['" 1214 The calculations utilized the hybrid
B3LYP density functional and the double zeta basis set, LACVP(Fe)/6-
31G(C,H,N,0). Geometries were optimized and characterized by frequen-
cy calculations. To consider the pure environmental effect, the calculations
(with hydrogen bonding and with ¢=5.7) did not involve geometry re-
optimization. The ZPEs (calculated with the more accurate Gaussian98
routineP®!) of the bare systems were added to the total energies for the
different conditions in Figure 2.
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A Dynamic Rearrangement of a Metal Cluster \:ﬁs

in a Process that Closely Resembles the
Hopping Mechanism of Adatom Diffusion on
Metal Surfaces™*

Richard D. Adams,* Burjor Captain, Wei Fu,
Perry J. Pellechia, and Mark D. Smith

It has been over 20 years since Muetterties proposed the
widely discussed cluster—surface analogy as a model for
understanding surface phenomena on an atomic level.d]
Over the years, however, there have been surprisingly few
well-characterized experimental confirmations of this con-
cept.[*81 One important surface process that has been well
studied over the years is that known as adatom diffusion.-'%
Adatom diffusion is important to understanding crystal and
thin-film growth, phase transitions, segregation, cluster nu-
cleation, and other surface phenomena. The two most
important mechanisms are atom hopping and atom ex-
change.-11]

In the atom hopping mechanism, an adatom moves from
one hollow site to another by moving over a pair of atoms via
an “edge bridge” twofold transition state, see the fourfold,
twofold, fourfold example in Figure 1.

fourfold fourfold

edge bridge

Figure 1. The shaded surface adatom moves from one fourfold site to
another via an edge-bridging transition state.

Here we report the synthesis and molecular structures of
the compound [PtRus(CO);5(PrBu;)(C)] (1) and a study of its
unusual molecular dynamics in solution by variable temper-
ature NMR spectroscopy.l'¥ Compound 1 was obtained in
52% yield from the reaction of [Rus(CO),5(C)] with
[Pt(PBus),] at 25 °C.I'l The compound crystallizes in three
different crystal modifications depending on the solvent that
is used. Mixtures of a triclinic form and a monoclinic form A
were observed to form by crystallization from solutions in
benzene/octane solvent mixtures.'” ¥ The molecular struc-
ture of the compound is similar in both of these crystal forms
and the structure consists of a square-pyramidal cluster of five
ruthenium atoms with one platinum atom spanning the square
base with significant bonding to the four proximate ruthenium
atoms (Figure 2). The four Pt—Ru distances range from
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