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The Effect of a Complexed Lithium Cation on a Norcarane-Based Radical
Clock

Christof M. Jiger, Matthias Hennemann, and Timothy Clark*!*!

Abstract: Density-functional theory (DFT) and ab initio calculations have been
used to investigate the effect of a complexed lithium cation on the radical-clock re-

arrangement of the 2-norcaranyl radical to the 3-cyclohexenylmethyl radical. As
found earlier for ring-closing radical clocks, complexation with a metal ion leads
to a significant lowering of the barrier to rearrangement. DFT calculations on a
model for the norcaranyl clock in cytochrome P450 confirm the two-state reactivi-
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ty proposal of Shaik et al. and indicate that the porphyrin exerts little or no elec-

trostatic effect on the rearrangement barrier.

Introduction

Radical clocks!!! have commonly been used as a diagnostic
tool for radical intermediates in unknown reaction mecha-
nisms or for determining rate constants for radical reactions
that compete with the “clock” rearrangement. In classical
physical-organic mechanistic studies, they helped obtain a
more distinct picture of the factors that govern radical reac-
tivity.>) However, as the radical reactions to be investigat-
ed became faster, as is the case for many biological reac-
tions, the classical radical clocks based on the ring-closing
addition of a radical center to a multiple bond to give a
five-membered ring became too slow. A new generation of
faster radical clocks based on the ring-opening of cyclopro-
pylmethyl-type radicals was introduced."” Radical clocks
have also been the subject of numerous theoretical studies
that use both ab initio!"*" and density-functional theory
(DFT)!'21%+18 methods.

Radical clocks work by forming a radical intermediate
that undergoes a known, fast unimolecular rearrangement
to give characteristic products. These rearrangements usual-
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ly belong to the two types outlined above. The radical rear-
rangement rate is assumed to be constant under all reaction
conditions. However, for a ring-closure-type radical clock,
wel'”! were able to show that complexation of the double
bond of the intermediate hex-1-en-6-yl radical® to a lithium
cation decreases the calculated activation barrier for the
ring-closing rearrangement significantly. This effect is sup-
ported indirectly by recent work of Michl and co-work-
ers,”"?l who showed that “naked” lithium cations have a
catalyzing effect on the radical polymerization of terminal
olefins, in accord with a proposal made 20 years ago on the
basis of ab initio calculations® and a recent more-detailed
study at higher theoretical levels.” However, all these ob-
servations pertain to radicals that contain a double bond,
which can complex the lithium cation moderately well.”
We have now extended our studies of electrostatic perturba-
tions of the rates of radical-clock rearrangements to a cyclo-
propane-ring-opening clock, for which the initial intermedi-
ate does not contain a double bond to complex the metal
cation.

Norcarane, bicyclo[4.1.0]heptane, is one mechanistic
probe for the hydroxylation of alkanes by P450 enzymes
that has been investigated by Newcomb etal.,”® and
Grooves and co-workers,”” and others. These authors point-
ed out the ability of this probe to discriminate between radi-
cal and cationic intermediates. In contrast to results ob-
tained earlier with other radical clocks, rearranged products
derived from both reaction pathways were detected. The
possible rearrangements of the norcaranyl radical are shown
in Scheme 1.
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Scheme 1. Rearrangement pathways and products that result from the formation of either radical or cationic

intermediates upon the oxidation of norcarane by P450 enzymes.

We recently reported a survey of unperturbed radical
clock reactions calculated at the DFT and ab initio levels of
theory that contained both radical-cyclization and ring-
opening reactions, including the norcaranyl system.*! We
now demonstrate the effect of complexation of the norcar-
anyl radical to lithium cations and compare the results of
this ring-opening reaction with the barrier-lowering effect
for the cyclization of the hex-1-en-6-yl radical by lithium
cation complexation.'” We also discuss these results for the
gas-phase reaction and present a comparison of these results
with DFT calculations of the rearrangement in a model-
enzyme active site with respect to their relevance for the
mechanistic studies of the rearrangement mechanisms in cy-
tochrome P450 enzymes.

Results and Discussion

The parent reaction: We recently reported the results of
DFT and ab initio calculations for the unperturbed rear-
rangement of the 2-norcaranyl radical.”®! We found two low-
energy conformations, namely, 1 and 2 (see scheme 1), for
the initial radical with a CBS-RAD-calculated energy differ-
ence of 1.4 kcalmol™'. We included CBS-RAD energies for
comparison with our earlier work. However, we have also
given energies calculated with the more recent CBS-QB3
procedure wherever possible (shown in brackets). Generally,
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the two techniques agree very
well, and details of both are
given in the Methods section.

The most stable conforma-
tion 1 rearranges to product 4
via transition state 3%, whereas
the other conformer 2 rearrang-
es to product 6 via transition
state 57. The calculated transi-
tion barriers at the CBS-RAD
(and CBS-QB3) level of theory
are 5.9 (6.0) and 7.3 (7.6) kcal
mol~! relative to conformer 1,
respectively.

As mentioned, a second rear-
rangement is possible in the
norcaranyl system. The radical
intermediate can undergo an
electron transfer to give a cat-
ionic intermediate, which ring
opens to give a seven-mem-
bered ring product. We calcu-
lated this rearrangement in the
(inappropriate) radical oxida-
tion state for both conformers
to confirm that it is a pathway
that applies exclusively to the
cation oxidation state. Com-
pound 1 rearranges to product
8 via transition state 7° with an
activation barrier of 10.7 (10.0) kcalmol™ relative to 1, and
conformer 2 rearranges to 10 via 9% with an activation barri-
er of 9.3 (9.1) kcalmol™* relative to 1 and 7.9 (7.9) kcalmol™
relative to 2. Interestingly, the rearrangement barrier is
lower for conformer 2. However, neither rearrangement is
competitive with the pathways that give 4 and 6. Therefore,
these rearrangements do not represent possible radical rear-
rangements.

The calculated relative energies are shown in Table 1 and
the schematic energy diagram of the rearrangement is

+

2-cycloh eptenyl
cation

rebound

3—cyclohcptcn01

Table 1. Calculated relative energies for the radical rearrangement of the
2-norcaranyl radical.

B3LYP/ QCISD/6- CBS-RAD (QCISD,-  CBS-

631 G(d) 31G()H B3LYP)® QB3
1 00 0.0 0.0 0.0
2 11 1.0 1.4 1.2
3* 74 10.0 5.9 6.0
4 24 -32 -2.9 —2.7
5* 88 11.6 73 7.6
6 -28 -35 -3.8 -3.0
7 113 14.5 10.7 10.0
8§ -19 1.4 0.7 0.8
9* 104 13.3 9.3 9.1
10 1.4 -1.5 -1.0 -0.9

[a] All the relative energies are given in kcalmol *; the absolute energies
and < S”> values are given in the Supporting Information; the B3LYP/6-
31G(d) and QCISD/6-31G(d) energy values are corrected with unscaled
B3LYP/6-31-G(d) zero-point energies.
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shown in Figure 1. Detailed energy tables, 3D representa-
tions of the structures, and important atom distances are
available in the Supporting Information of our previous
paper.*®
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the complexation of the radical carbon C2 atom. A second,
less stable complexation site is below the ring (1b-Li), with
close contact between the lithium ion, the radical carbon C2
atom and C1 and C6. All the important interatomic distan-
ces are listed in the Supporting Information. The best esti-
mate for the energy difference at the CBS-RAD (CBS-
QB3) level is 1.7 (2.2) kcalmol ™! (see Table 2).

Table 2. Calculated relative energies for the radical rearrangement of the
lithium cation complexed to the 2-norcaranyl and 3-cyclohexenylmethyl
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Figure 1. Schematic energy diagram of the rearrangements of the 2-nor-
caranyl radical.

2-Norcaranyl radical complexed to the Lit ion: We first in-
vestigated several possible positions for complexation of the
lithium cation to the initial 2-norcaranyl radical. Figure 2
shows the four lowest energy complexes found in which the
metal cation is complexed to the radical carbon C2 atom.
Distances shorter than 2.5 A to other carbon atoms are
shown as dotted lines.

The most stable complex 1-Li is derived from the more
stable radical conformer 1 and shows close contact of the

lithium ion to the carbon C1 and C7 atoms in addition to

1-Li 2-Li

1b-Li 2b-Li

Figure 2. QCISD/6-31G(d) optimized structures of the 2-norcaranyl radi-
cal complexed to lithium cations.

Chem. Eur. J. 2009, 15, 2425-2433

radicals.

B3LYP/ QCISD/ CBS-RAD CBS-QB3
631 G(d) 6-31G(d) (QCISD,
B3LYP)®
1-Li 0.0 0.0 0.0 0.0
1b-Li 2.7 2.7 1.7 22
2-Li 1.5 1.4 1.1 14
2b-Li 3.1 2.6 22 27
3°-Li 4.6 6.6 4.0 4.6
3b*-Li 10.0 122 9.4 9.2
4-Li —4.1 -5.7 -17 -32
4b-Li 33 21 45 35
5°-Li 6.6 8.8 6.3 6.8
5b*-Li 10.3 12.7 10.3 10.1
6-Li -35 49 -13 -23
6b-Li 33 1.9 3.4 35

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] All the relative energies are given in kcalmol'; the absolute energies
and <S?> values are given in the Supporting Information; the B3LYP/
6-31G(d) and QCISD/6-31G(d) energy values are corrected with un-
scaled B3LYP/6-31-G(d) zero-point energies.

The conformers labeled 2 are the next highest in energy
and show the same modes of complexation as 1-Li and 1b-
Li but to conformer 2 of the 2-norcaranyl radical. The ener-
gies relative to 1-Li are 1.1 (1.4) and 2.2 (2.7) kcalmol ™ for
2-Li and 2b-Li, respectively. The CBS-RAD-calculated
complexation energies between the lithium cation and the 2-
norcaranyl radical are —34.4 and —34.6 kcalmol™' for 1-Li
and 2-Li, respectively, and are slightly lower for 1b-Li and
2b-Li (-32.7 and —33.5 kcalmol !, respectively).

The two different complexation modes lead to character-
istic changes in the geometry of the organic moiety relative
to the unperturbed radicals. In the case of 1-Li and 2-Li, in
which the lithium ion is complexed above the ring, the C—C
bond between atoms C1 and C7 is lengthened by 0.05 and
0.04 A, respectively, and is therefore weakened. For the
complexation from below the ring, the C—C bond between
C1 and C6 is lengthened by 0.05 A in both 1b-Li and 2b-
Li.

Complexation of the Li* ion in the gas-phase reaction: The
radical rearrangement pathways that lead to the 3-cyclohex-
enylmethyl radical product were calculated for all four pre-
cursor complexes. All the relative energies are listed in
Table 2. The schematic energy diagram is shown in Figure 3.
The first conformer 1-Li rearranges to structure 4-Li via
the transition-state structure 3*-Li. The CBS-RAD (CBS-
QB3)-calculated activation barrier is 4.0 (4.6) kcalmol ™,
and 3*-Li is the lowest energy transition state found. The
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Figure 3. Schematic energy diagram of the radical rearrangement of the
lithium-cation-complexed 2-norcaranyl radical to the 3-cyclohexenyl-
methyl radical relative to the unperturbed rearrangement.

rearrangement of the second conformer 2-Li to product 6—
Li via the transition state 5-Li is calculated to be less fa-
vorable with an energy barrier of 6.3 (6.8) kcalmol™' relative
to 1-Li and 5.2 (5.4) kcalmol™! relative to 2-Li. However,
both rearrangements are lower in energy relative to the un-
perturbed rearrangement. The lowest energy pathway shows
a decrease of the activation barrier from 5.9 to 4.0 (4.6) kcal
mol ..

The CBS-RAD complexation energies between the lithi-
um cation and the radical species are —36.2 (3*-Li), —33.3
(4-Li), —35.4 (5*-Li), and —32.0 kcalmol™" (6-Li). Thus, the
lithium cation complexes most strongly to the transition
state 3"-Li and slightly less strongly to 5°-Li. Note that the
presence of odd electron bonds in the transition states sug-
gests that they should complex better to cations than the
minima,! as found for this example.

The geometrical changes relative to the unperturbed rear-
rangement are relatively small. The most significant changes
are a slightly lengthened double bond (C1—C2) of products
4-Li and 6-Li (by 0.02 A) and a slightly enlarged distance
for the breaking bond between C1 and C7 in the transition
states (0.03 and 0.02 A for 3-Li and 4-Li, respectively).

The calculations show increased activation barriers for the
rearrangement of the 2-norcaranyl radical complexed by
lithium ions from below the ring. Complex 1b-Li rearranges
to 4b-Li via the transition state 3b*-Li with a barrier of 9.4
(9.2) kcalmol™ relative to 1-Li and 7.7 (7.0) kcalmol™' rela-
tive to 1b-Li, whereas 2b-Li rearranges to 6b-Li via Sb*-
Li with a barrier of 10.3 (10.1) kcalmol™! relative to 1-Li
and 8.1 (7.4) kcalmol ' relative to 2b-Li.

The CBS-RAD complexation energies between the lithi-
um cation and the radical decrease along the reaction path-
way for both rearrangements. The values are —32.7 (1b-Li),
—33.5 (2b-Li), —30.9 (3b*-Li), —27.0 (4b-Li), —31.5 (5b*-
Li), and —27.2 kcalmol™ (6b-Li). Thus, in this case the tran-
sition states 3b*-Li and Sb*-Li are less strongly complexed
than expected, possibly because the radical center (and

2428 ——

www.chemeurj.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

hence the unpaired electron density) lies on the opposite
side of the ring to the site of complexation. During the rear-
rangement, the lithium cation looses its close contact with
C6, as can be seen clearly in Figure 4. Moreover, the lithium
cation is not complexed to the radical center in the products,
which is caused by the relocation of the radical center from
C2 to C7. In effect, the lithium cation can only complex the
double bond of the product structure from below the ring.
The double bonds of the products 4b-Li and 6b-Li are

5+.Li 6-Li

5b*-Li 6b-Li

Figure 4. QCISD/6-31G(d) optimized structures of the rearrangement to
the 1-cyclohexenylmethyl radical complexed to a lithium cation. For
clarity, the atom numbers correspond to the IUPAC numbering of the in-
itial radical. Therefore, they are not the correct IUPAC numbers for the
3-cyclohexenyl radical.

Chem. Eur. J. 2009, 15, 2425-2433
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again lengthened by 0.02 A relative to the unperturbed rear-
rangement.

Thus, as expected, the barrier for the rearrangement of
both conformers of norcarane is lowered by the complexa-
tion of lithium cations from above the ring. However, the
barriers are increased by the complexation of lithium cat-
ions from below the ring. This effect highlights the contrast
between direct (odd-electron bonding) complexation to the
radical center and Lewis acid-base complexation to the
double bond. Only the former can be expected to provide
electrostatic catalysis of the rearrangement. Moreover, the
low-energy pathway of the unperturbed reaction 1 to 4 via
3% remains lowest in energy after complexation by the
cation.

Nevertheless, it is also interesting to study the effect of
the complexation of lithium cations on the radical rear-
rangement to the 3-cycloheptenyl radical product. We know
from the unperturbed rearrangements that such a rearrange-
ment is unlikely and has a high calculated activation barrier,
whereby the rearrangement of the lowest energy conformer
1 is even more unlikely than that of conformer 2. Again, we
calculated possible rearrangement pathways for all complex-
ation modes. We showed above that complexation from
above the norcarane ring weakens the bond between C1
and C7, whereas complexation from below weakens the
bond between C1 and C6. Thus, we only expect an energy-
lowering effect for the ring opening between C1 and C6 on
complexation from below the ring. However, for the sake of
completeness we also investigated the rearrangements start-
ing from 1-Li and 2-Li. The rearrangement of 1-Li to 8-Li
via the transition state 7°-Li is calculated to have an activa-
tion barrier of 12.9 (12.0) kcalmol™, which is 2.2 (2.0) kcal
mol ™! higher than in the unperturbed reaction. Moreover,
8-Li is a metastable intermediate that rearranges to 8c-Li
via transition state 7c¢*-Li with an activation energy of only
1.2 (0.8) kcalmol ™' relative to 8-Li. The relative energies
are shown in Table 3, and the schematic energy diagram and
the structures are shown in Figure 5 and Figure 6.

Table 3. Calculated relative energies for the lithium-cation-complexed
radical rearrangement to the cycloheptenyl product 10.

B3LYP/ QCISD/ CBS-RAD CBS-QB3
6-31G(d)™ 6-31G(d)! (QCISD,
B3LYP)H

7*-Li 11.0 14.7 12.9 12.0
7b*-Li 8.2 10.8 9.1 7.9
7c¢*-Li 3.5 4.6 7.5 5.5
8-Li 2.9 2.9 6.3 47
8b-Li —43 —4.6 -1.1 22
8c-Li -39 -39 -0.3 -13
9b*-Li 83 10.7 8.9 8.1
10-Li —43 —4.6 -1.1 22
10b-Li -39 -38 -0.3 -13

[a] All the relative energies are given in kcalmol'; the absolute energies
and <$?> values are given in the Supporting Information; the B3LYP/
6-31G(d) and QCISD/6-31G(d) energy values are corrected with un-
scaled B3LYP/6-31-G(d) zero-point energies.

Chem. Eur. J. 2009, 15, 2425-2433
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Figure 5. Schematic energy diagram of the rearrangement of the 2-norcar-
anyl radical to the 3-cycloheptenyl radical complexed to a lithium cation.

9b*-Li

Figure 6. QCISD/6-31G(d) optimized structures for the rearrangement to
the 3-cycloheptenyl radical complexed to a lithium cation. For clarity, the
atom numbers correspond to the IUPAC numbering of the initial radical.
Therefore, they are not the correct IUPAC numbers for the product.

The CBS-RAD complexation energies are —32.2 and
—37.6 kcalmol™ for 7°-Li and 7c¢*-Li, respectively, and
—27.4 and —33.9 kcalmol™" for 8-Li and 8c-Li, respectively.
Therefore, the lithium cation complexes most strongly to the
second transition state 7¢™-Li and least strongly to the inter-
mediate structure 8-Li. These energies correspond well to
the changes in the complexation pattern of the lithium
cation during the rearrangement. The first transition state
7*-Li shows the loss of the close contact of the Li* ion to
C7, which is still present in the intermediate 8-Li. To form a
more stable complex, the conformation of the radical

— 2429
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changes during the second rearrangement step coupled to a
recomplexation of C7 in the transition state 7¢*-Li to give
the final structure 8c-Li, in which the lithium cation shows
close contacts to the newly formed double bond C1=C2 and
the radical carbon C6 atom. The bond-opening distance be-
tween C1 and C6 in transition-state 7°-Li is 0.05 A longer
than in the unperturbed rearrangement. We were unable to
find a rearrangement path to the cycloheptenyl product 10-
Li for the second conformer 2-Li.

The “cation-like” rearrangements of 1b-Li and 2b-Li
have calculated activation barriers of 9.1 (7.9) and 8.9
(8.1) kcalmol !, respectively, relative to 1-Li. Thus, only a
moderate barrier-lowering effect could be detected relative
to the global minimum complex structure 1-Li. However,
the complexation of lithium cations shows an energy-lower-
ing effect relative to the precursors 1b-Li and 2b-Li. In the
case of the rearrangement of 1b-Li to 8b-Li via the transi-
tion state 7b*-Li, the barrier is lowered from 10.7 (10.0) to
7.4 (5.7) kcalmol ' and in the case of the rearrangement of
2b-Li to 10b-Li via 9b™-Li from 7.8 (6.7) (relative to 2-Li)
to 6.7 (5.4) kcalmol~'. Analogously to the unperturbed rear-
rangement, the barrier is lower for the less-stable conformer
of norcarane. Unusually, the CBS-QB3 method predicts a
larger barrier-lowering effect for the “cation-like” rear-
rangement than the CBS-RAD calculations. The CBS-RAD
complexation energies are —36.0, —34.8, —34.9, and
—34.5 kcalmol " for 7b-Li-10b-Li, respectively. Therefore,
the lithium ion complexes to the transition structure 7b*-Li
best.

In both transition states and both products, the lithium
cation shows close contacts to C1, C2, and C6. Moreover,
the resulting structure 10b-Li (derived from the rearrange-
ment of 1b-Li) is enantiomeric to the conformationally rear-
ranged structure 8 c-Li, which is derived from complex 1-Li
rather than 2-Li. Thus, the second rearrangement step
found for the complexation from above the ring in which
the conformation of C7 changes can also be seen as a
change of the complexation of the lithium cation to give the
more stable radical conformation with the lithium cation
complexed from below the ring. This effect might also ex-
plain why we were unable to find a direct rearrangement
pathway from the second conformer 2-Li to give the prod-
uct 10-Li, which is enantiomeric to 8 b-Li.

Models for oxidation by cytochrome P450: Experimental
studies®*?” of the hydroxylation of norcarane by cyto-
chrome P450 enzymes have shown that products from both
the radical and cationic rearrangement pathways could be
detected in small amounts. However, it is still not clear
whether the “cationic” products arise from a cationic inter-
mediate formed by electron transfer after the formation of
the radical intermediate, beforehand, or both. To understand
the possible reaction pathways for P450-mediated alkane hy-
droxylation, Shaik and co-workers®™ performed several the-
oretical studies on reactions that have been characterized
experimentally. The authors found support for the two-state
reaction (TSR) mechanism that they originally reported as a
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low-energy rebound pathway for the hydroxylation of meth-
ane.P!l

The novel feature of the TSR mechanism is that the prod-
uct distribution of the hydroxylation of an alkane results
from a complex interplay between two reactive states of the
active ferryl-oxene—porphyrine complex (compound 1) at
the active site of the enzyme. Shaik and co-workers®! calcu-
lated transition structures, intermediates, and products for
the low-spin (doublet) and high-spin (quartet) states and
found significant differences between the two spin states. In
the initial bond-activating H-abstraction step, a hydrogen
atom is transferred from the alkane to compound 1 to form
an alkyl radical complexed to the iron-hydroxo complex.
This step is followed directly by the rebound of the hydroxy
group. For the low-spin complex, the rebound is almost bar-
rierless, whereas the high-spin complex forms a radical that
has a significant barrier for rebound. It is therefore possible
that the discrete radical formed in the high-spin reaction
path can undergo a rearrangement to result in a new hy-
droxylation product.

In recent years, further theoretical investigations of C—H
hydroxylation by cytochrome P450 enzymes have been re-
ported.’*>7 Currently, ten cases have been studied exhaus-
tively.?**! Both DFT and hybrid QM/MMP*¥"! calculations
have been used to shed light on the complexity of the differ-
ent electronic states that appear during the catalytic cycle of
compound I during the oxidation of different organic com-
pounds. This work has allowed the picture of the TSR mech-
anism of compound 1 to be expanded to one of multistate
reactivity (MSR) for some cases, such as C=C epoxida-
tion.!

We now use the results of our DFT calculations on nor-
carane to study the rearrangement of norcarane in a model-
active site. The goal of these calculations was to determine
whether the iron-hydroxo complex can also exert an elec-
trostatic effect on the barrier to the rearrangement of the
radical. If this were the case, conclusions drawn from radi-
cal-clock studies on the reactions of cytochrome P450 en-
zymes would have to be questioned. The results described
above for the two conformers and especially the effects of
the complexation of the lithium cation from the two sides of
the ring structure help to indicate reasonable positions for
norcarane relative to the iron—oxo—porphyrin complex. As
we are principally interested in whether the electrostatic
effect of the porhyrin can be significant, we have used a
simple truncated active-site model, rather than trying to re-
produce the behavior of the enzyme more completely by
using QM/MM studies.

We used the Dmol® module®®! of the Accelrys Materials
Studio software package®! for these calculations. Transition
states, intermediates, and products were located by a linear
synchronous transit/Quadratic synchronous transit (LST/
QST) transition-state search,*’ nudged elastic-band transi-
tion-state confirmation,*!! and geometry-optimization calcu-
lations. We investigated the radical rearrangement behavior
of conformer 1, which is part of the low-energy rearrange-
ment pathway to give radical 4 in the gas-phase calculations.

Chem. Eur. J. 2009, 15, 2425-2433
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We focused on the rearrangement of the radical and the rad-
ical rebound to determine whether the rearrangement or
direct rebound is favored.

Table 4 shows the relative energies for the radical rear-
rangement during the hydroxylation of norcarane for the
low- and high-spin states derived from transition-state
search calculations. Figure 7 and Figure 8 show the geome-
tries and important atom distances for the rearrangement
and the rebound.

Table 4. Calculated relative energies for the rearrangement and rebound
of norcarane bound to the modeled enzyme site.

Relative energy [kcalmol ] Relative energy [kcalmol™]"

o1 0.0 4 0.0
23+ 7.0 43+ 8.5
24 -25 44 0.6
2% 03 1 e 144
LN -55.9 e -30.7

Y 10.0

Y —374

[a] Derived from the LST/QST transition-state search calculations.

In the low-spin pathway, the rebound of the radical inter-
mediate 21 occurs almost without a barrier to give the alco-
hol *1g,, with a relative energy of —55.9 kcalmol™. The al-
ternative rearrangement of the radical to *4 has a calculated
barrier of 7.0 kcalmol ' relative to *1 and is therefore not
competitive.

The reaction profile of the high-spin state differs signifi-
cantly from its low-spin equivalent. The direct-rebound pro-
cess has a pronounced barrier via *1¥g,, which is 14.4 kcal
mol™" higher in energy than *l. The barrier for the rear-
rangement of the 2-norcaranyl radical (“3%) to the 3-cyclo-
hexenyl radical complex *4 is 5.9 kcalmol™ lower than this

2.270 2.240

A 231

~\ 1.964

> ."3338

i s o
L "3.222
1.853 1.834
2266 2.268
43t

“

Figure 7. Structures of the rearrangement of norcarane bound to the low- and high-spin species.
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Figure 8. Structures of the rebound of unrearranged and rearranged nor-
carane.

rebound barrier. The rearrange-
ment barrier calculated at the
same level of theory for the un-
perturbed norcaranyl radical of
8.7 kcalmol ™ is almost identical
to this barrier (8.5 kcalmol™).
1.860 The subsequent rebound of the
rearranged radical ‘4 has a bar-
rier (*4%ge) of 10.0 kcalmol ™!
relative to *4 to give the prod-
uct complex *4g,,. The schemat-
2 ic reaction pathway shown in
Figure 9 indicates that the re-
bound pathway with rearrange-
ment of the radical is lower in
energy than the direct rebound.
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The gas-phase calculations for
‘4 the radical rearrangement of
the 2-norcaranyl radical show
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Figure 9. Schematic energy diagram of the rearrangement and rebound
pathways of the 2-norcaranyl radical bound to the high-spin state.

that complexation of the radical to a lithium cation lowers
the barrier to rearrangement in analogy to our previous
work."” Tt is not obvious that this effect, which was studied
previously for a ring-closing clock, should also apply to a
ring-opening reaction. In the case of the cyclization of the
hex-1-en-6-yl radical, the lithium cation showed high prefer-
ence toward complexing the double bond of the radical.l'”)
In the 2-norcaranyl rearrangement, the double bond is
formed during the reaction and the complexation patterns
therefore differ.

It is important that the radical carbon atom is complexed
by the lithium cation in the initial and rearranged radical
structures for the barrier to be lowered. Complexation of
the double bond of the rearranged product alone is not suf-
ficient. Moreover, it is important to highlight the complexa-
tion of the bonds of the cyclopropane ring. As mentioned
above, the complexed bond is weakened, which favors cleav-
age of this bond. This effect is enhanced by the strong
donor character of the cyclopropane ring bonds.

Therefore, the energy-lowering effect of the radical rear-
rangement to the cyclohexenylmethyl radical appears only
when the lithium cation complexes 2-norcaranyl from the
top (radical) side of the ring structure. Complexation from
the opposite side only lowers the barriers for the hypotheti-
cal alternative radical rearrangement to the cycloheptenyl
radical. In reality, this rearrangement is believed to be ob-
served after electron transfer to form a cationic intermedi-
ate. Our calculations do not suggest that this rearrangement
could result from a Li*-catalyzed radical rearrangement.

The results for the cytochrome P450 model correspond
well to the two-state rebound mechanism of Shaik and co-
workers.®! We could show that the rearrangement of the 2-
norcaranyl to 3-cyclohexyl radical is likely in the high-spin
state. Therefore, the amount of rearranged product should
depend strongly on the proportion of high-spin species in
the reaction. Our calculations are not reliable enough to be
able to predict the relative stabilities of the high- and low-
spin states along the reaction pathways, so we cannot make
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any quantitative predictions of the yields of the individual
products.

We note that complexation with the cytochrome P450
model does not affect the calculated barrier to the radical
rearrangement at all, in contrast to complexation with the
lithium cation. It is not unreasonable to postulate such an
effect because electrostatic catalysis should be largely inde-
pendent of whether the perturbing charge is positive or neg-
ative.” However, the OH group in the iron-hydroxy spe-
cies is relatively nonpolar, with natural bond orbital (NBO)
charges of only —0.156 and —0.154 on the hydroxy groups in
the low- and high-spin states, respectively. Their electrostatic
effect can therefore be expected to be small.

Note that our calculations did not include the steric effect
of the enzyme pocket, so we cannot say anything about the
steric effect on possible radical rearrangements. This study
does, however, help rule out a significant electrostatic catal-
ysis or retardation of radical-clock rearrangements in cyto-
chrome P450 reactions.

Methods

We used the Gaussian suite of programs*? for the calcula-
tions of norcarane and norcarane complexed to lithium ions
in the gas phase. The B3LYP™! hybrid density functional
and the 6-31G(d) basis set!*! were used to calculate initial
geometry optimizations. Minima and transition states were
confirmed as such by calculating their normal vibrations at
this level of theory. The zero-point energies derived from
these calculations were used for CBS-RAD (QCISD,
B3LYP) calculations.'"*"! To obtain the CBS-RAD energies,
further QCISD™6-31G(d) geometry optimizations and
CCSD(1)*! single-point energy calculations were performed
on all systems according to the procedure outlined by
Radom and co-workers."! Additionally, CBS-QB3*"*! cal-
culations were performed on the QCISD*1/6-31G(d) geom-
etry optimized structures for all systems.

The Dmol®> module® of the Accelrys Materials Studio
software package®™! was used for the calculations of norcar-
ane complexed to a model enzyme site. Transition-state con-
firmation and geometry optimization calculations, the gradi-
ent corrected potential PW91,*! and the numerical DND
basis set*!! were used for all the transition-state searches.

The active site was modeled by an iron—-oxo-porphyrin
complex model of the so-called compound L.
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