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of the 1-NAc group allows them to occupy the A-1 and N loci
(Figure 3b). In this case, the 3-OH group at A-1 is galactosy-
lated, as is actually observed. On the contrary, 1-NAc
derivatives of D-sugars can not adopt the supplementary
interaction at the N or A-2 loci. Instead, D-xylose-1-NAc may
adopt an alternative bonding at the A-2 and N loci where no
reactive OH is placed at A-1 (Figure 3c). For p-glucose-1-
NAc, which is reactive in the presence of a-LA, the exocyclic
C-5 group may disturb this bonding (Figure 3d). Moreover,
judging from the higher reactivity of D-glucose than p-xylose
(Figure 1a), a peripheral binding interaction may exist around
the C-5 group of p-glucose and contribute to the usual 5-1,4-
transfer reaction.

In conclusion, we have proved that an anomeric NAc group
changes unnatural L-glucose and L-xylose into acceptor
substrates for bovine f-1,4-GalTase. The transfer reaction is
regiospecific at the 3-OH position and so this is the first 5-1,3-
transfer reaction for this enzyme. This finding, together with
our previous ones, have shown that variable unnatural
glycosyl linkages can be produced enzymatically by a single
enzyme. This fact may exceed the general concepts of “one
glycosyl enzyme for one glycosyl linkage”[3] and “biological
homochirality”' that express the high substrate and enan-
tiospecificity of enzyme reactions in biosynthetic pathways.
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Two-State Reactivity in the Rebound Step of
Alkane Hydroxylation by Cytochrome P-450:
Origins of Free Radicals with Finite Lifetimes**
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Alkane hydroxylation!] by cytochrome P-450 poses tanta-
lizing mechanistic questions. The consensus rebound mecha-
nism, Scheme 1, involves hydrogen abstraction from the
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Scheme 1. Schematic representation of the rebound mechanism.

alkane (RH) in step (a), followed by hydroxyl rebound onto
the radical to generate the ferric—alcohol complex, in step
(b). The rebound mechanism has gained support from
findings of rearranged alcohol products, which indicate the
presence of a free radical with a finite lifetime.’) Further
support has recently been provided by the kinetic isotope
effect (KIE) measurements of Dinnocenzo, Jones et al.[*!
They found that for a few substituted alkanes, the KIE’s of
cytochrome P-450 hydroxylation are virtually identical to
those of a corresponding hydrogen abstraction reaction by
tert-butoxyl radical, thus implying isostructural transition
states for the two processes.!l In an apparent contrast,
mechanistic studies by Newcomb and co-workers,”! designed
to probe the radical using alkane substrates that would yield
ultrafast radical clocks, do not concur with a free-radical
intermediacy; apparent lifetimes are too fast to correspond to
a real free-radical intermediate (for example, 7 <70 fs),5
and have no correlation with independently clocked rear-
rangement lifetimes of the free radicals.” Thus, while the
evidence for incursion of radicals is strong, their presence is
nevertheless controversial and merits elucidation.

The origin of the radicals in the rebound process is the key
issue addressed in this communication. Our approach to
tackle this question, is to use density functional calculations to
ascertain whether the hypothetical rebound process in step
(b) of Scheme 1, involves a barrier which would endow the
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radical with a finite lifetime, and if so what is the precise
nature of the iron-porphyrin state that originates the
barrier ? Thus, our study focuses on modeling of the rebound
process itself, and is not meant to be a study of the full
hydroxylation mechanism of a particular alkane.

In a previous paper,® we showed by means of density
functional calculations, that in a dielectric environment (such
as in a solvent or in a protein cavity) the iron-hydroxo
intermediate 2 in Scheme 1 involves an Fe!! (d° configuration)
ion and a cation radical situated in the porphyrin. The ground
state of the iron —hydroxo complex was found to be the triplet
state (S=1) with single electrons occupying the d,,(7*)
orbital of the iron and the a,, type orbital of the porphyrin,
which is delocalized toward the sulfur.l® As shown in part (a)
of Scheme 2, this iron-hydroxo complex with two unpaired
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Scheme 2. a) Orbital diagrams showing the low-spin and high-spin cou-
pling modes of the triplet iron—hydroxo and alkyl radical species during
the rebound step. b) An electron-counting diagram illustrating the filling of
the porphyrin “hole”.

electrons in a triplet situation (S =1) can couple with the odd
electron of the radical (S =) in low-spin (LS) and high-spin
(HS) manners, resulting in doublet (S ="'%) and quartet (S=
%) states of the ferric—alcohol products, respectively. These
two processes are studied here and, as will be shown, the
radical has a finite lifetime due to a barrier on the high-spin

2004 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

surface, while the low-spin coupling proceeds to the ferric—
alcohol complex with no significant barrier. This and the spin-
state branching ratiol’l may well be the roots of the apparent
controversy in the experimental data.

Hybrid (Hartree —Fock/DFT) density functional B3LYP
calculationsl® are performed with the JAGUAR 3.5P! and
GAUSSTAN98 packages, and used for geometry optimiza-
tion of the species in Scheme 1 with CH;" as a model radical
and HS™ as an axial ligand. Following the previous study®!, we
use the Los Alamos effective core potential coupled with the
double zeta LACVP basis set!!!! for iron, and an all-electron
6-31G basis set for the rest of the atoms. Molecular geometries
of all species are fully optimized without any symmetry
constraints.

For the ferric—methanol complex 3 (R =Me in Scheme 1),
the ground state is found to be the doublet state (S ='2) with
the quartet state (S =3) lying 7.5 kcalmol ' higher.['") While
transient alcohol complexes have not as yet been detected in a
mechanistic study of the hydroxylation process, ferric—alco-
hol complexes of cytochrome P-450 are nevertheless known.
Our computational result is in accord with the experimental
assignment of the 5-hydroxycamphor complex (a ferric—al-
cohol complex) of cytochrome P-450., as a doublet-spin
complex (S = %2).[¥l The strong binding, indicated by the short
Fe—O bond in the computed ferric—methanol complex (see
Figure 1), suggests that an alcohol transient is reasonable,
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Figure 1. Stationary species for the rebound process.

while the alternative direct OH transfer to the alkyl radical to
form a free alcohol may be energetically more demanding.['*]

From this point on, the term low spin (LS) will denote the
doublet state while the term high spin (HS) will denote the
quartet state.['?2l The HS rebound step involves a cluster that
precedes a transition state (TS) en route to the HS ferric—
methanol complex. These stationary species are depicted
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schematically in Figure 1 which shows only key geometric
parameters. The cluster C,,, is seen to correspond to the
product of the hydrogen-abstraction step. Rotation of the
methyl group to the other side of the oxygen occurs at the
expense of a small energy increase (2.1 kcalmol™') and
generates a second cluster, C,,, which is not a true minimum
but is a species en route to the rebound. In contrast, the only
stationary point found in the LS rebound is the LS ferric—-
methanol product.

Location of the transition states on the HS and LS surfaces
was achieved in two steps. First, the minimum energy HS and
LS paths were scanned along the rc..q coordinate (approach of
the CHj; radical to the oxygen of the iron —hydroxo complex)
with C; symmetry constraints. Figure 2 shows the energy
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Figure 2. Potential energy curves of the high-spin (HS) and low-spin (LS)
rebound processes along the CH;-+- O coordinate (rc..o)-

profiles obtained and it is apparent that, while
the LS profile descends smoothly!"! toward the
LS ferric—methanol complex, the HS surface
exhibits a barrier near ro.o=2.2 A. The true
transition state (TS) on the HS surface (shown
with a filled triangle in Figure 2) was then
located by saddle-point optimization of all
geometric variables with no symmetry con-

overestimates the LS state somewhat, a significant barrier is
still unlikely on the LS surface. We cannot however, rule out a
tiny barrier at a much “earlier” position along the rc.o
coordinate.

Further inspection of Table 1 reveals that the HS TS
possesses geometric parameters between those of the ferryl—
hydroxo reactant complex, [Por*Fe™OH], and those of the
HS ferric—methanol complex, [PorFe™(CH;OH)]. The spin
density data in Table 1 further show that the vicinity of the TS
is characterized by an extensive electronic reorganization. We
shall now analyze this electronic reorganization, and thereby
show that there is a simple reason for the HS barrier and the
lack of an LS barrier.

Table 1 shows that the attacking CHj;® radical and the
porphyrin ring lose their initial spins in both the HS and LS
rebounds. What makes the difference is the spin density of the
iron, which rises steeply on the HS path (0.85-2.42), but
remains essentially constant (0.84-0.86) along the LS path.
The orbital diagrams, part (a) of Scheme 2, show the origins of
this reorganization. Thus, initially in the ferryl—hydroxo
reactant complex the a,,(a’) porphyrin orbitall®l is singly
occupied, and so is the orbital of the alkyl group (lpo is an
oxygen lone-pair orbital). During the rebound, the a,,(a")
orbital is filled by an electron formally provided by the alkyl
radical R* which now participates in the newly formed oox
orbital. However, while in the LS process this is the primary
change, during the HS process the filling of the porphyrin shell
must be attended by excitation of an electron from the d,,
orbital to the higher energy (o* type) d, orbital. Thus,
whereas in the iron-hydroxo complex/CHj;" cluster all the
unpaired electrons reside in relatively low-lying orbitals, in

Table 1. Selected geometric parameters r [A], spin densities p, and relative energies Ei
[kcalmol~'] of the critical species along the rebound pathway.

HsC..
- H

(N'—Fle‘N)
S~~—1]1_—

1
S
SH

straints. This was followed by a complete vibra-

parameter [Por*FeOH]/CH;" [Por*Fe"OH]/CH;* TS

[PorFe'(CH;0H) |

tional analysis which revealed that there is only reactants HS clusterl HS HS LS
one mode with an imaginary frequency of 0 3.298 2051 1456 1.465"
i447.6 cm~! which corresponds to the expected Fre—o 1.824 1.811 1.858 2462 2.108!
mode along the rc.o reaction coordinate that (1.829)1
connects reactants to products. Tre-s (iigg)ldl 2.503 2.594 2491 2.278

Table 1 displays key features of t.he statlgnary Feen(@v)él 2017 2017 2018 2018 2.018
structures along the path. The barrier relative to (2.017)1
the separated fragments is 5.0 kcalmol™!, and  reering +0.09 +0.09 +0.08 -0.14  -0.09
relative to the reactant cluster it is 7.1 kcal mol . E. 0 -21 + 5.0l —-612 —68.7
Considering the known tendency of density —17.18
functionals to underestimate barriers,[') the HS  Pcn, g-zg 8.(5)2 8'22_8'3[}[‘? 8-[1)23 g-ggg

. . . . . pring . . A —U. N 3

barrier feature found in this way is not likely to o 0.85 0.84 1052260 1 o

be an artifact. The energy stabilization of the LS
surface in the region of the HS transition state
(approximately 17 kcalmol™' relative to the
onset at 3 A) is significantly larger than the
expected B3LYP error.l'* Thus, even if B3LYP

[a] The C,, cluster shown in Figure 1. [b] C—O distance. [c] Fe--- O distance. [d] Data in
parentheses are for the C; structurel® which is 0.88 kcalmol~' higher than the C; structure
(data not in parentheses). [e] The average measurements of four Fe—N distances. [f] The
barrier relative to the optimized reactant at C; symmetry. [g] Energy of the corresponding LS
structure at 2.2 A. [h] Range of spin density at rc.o=2.2-2.05 A.
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the HS TS and in the corresponding HS ferric—alcohol
complex, one electron is excited to a higher level 0%(d,)
orbital in order to conserve the total quartet spin. This
additional excitation is accompanied by the aforementioned
increase of the spin density on the iron, as well as by a
considerable elongation of the Fe—O and Fe—S bond lengths
in the TS relative to the iron—hydroxo complex, and the loss
of bonding is manifested as a barrier for the HS rebound
process. Thus, the barrier on the HS path has a straightforward
electronic origin.

Since the LS path is barrier-free, or very flat, it cannot endow
a radical intermediate with a significant lifetime, if at all. It
follows that LS hydroxylation will proceed in an effectively
concerted manner, 7 1 even if the trajectory of approach of
the ferryl—oxene species to the R—H alkane will resemble a
hydrogen abstraction process. Along the same trajectory, an
alkyl radical will be produced on the HS path and will face a
rebound barrier. Thus, assuming that the rate of the rebound
step obeys the Arrhenius equation with the same preexpo-
nential factor for the HS and LS pathways, the potential
barrier of 5 to 7 kcalmol~! on the HS profile will slow down
the HS rebound by four to six orders of magnitude, and will
thereby endow the radical with a significant lifetime, during
which radical rearrangement can occur. In this dual pathway
scenario, where rearranged alcohol is produced through only
one state (HS), while unrearranged alcohol is produced from
two states (LS and HS), apparent lifetimes—calculated from
percentages of rearrangement—may occasionally appear
unrealistically short and will bear no correlation to clocked
lifetimes of the free radicals, as observed by Newcomb et al.¥
At the same time, the measured KIE will reflect a “hydrogen
abstraction trajectory” (common to the two states), as
deduced in the study by Dinnocenzo, Jones et al.l! Thus, the
proposed two-state scenario provides a reasonable reconcili-
ation of the apparent contradiction in the two sets of data.

The percentage of rearrangement will depend on the initial
concentration of the radical, as determined by the branching
ratio of the reaction complexes between the HS and LS
processes,” as well as on the HS rebound rate, which is sized
by the HS barrier. Two factors will influence the height of the
barrier in the HS rebound, and can be deduced from
Scheme 2. The first factor is associated with the electron
excitation from the lower level d,, orbital to the higher energy
d,(0*) orbital which is antibonding across the axial O-Fe-S
axis. The stronger the S-binding ability of the thiolate ligand,
the higher the d.(o*) orbital is, and a higher HS rebound
barrier is the result. Since in the natural enzyme the thiolate
ligand is a side group of the encapsulating protein, the protein
is expected to affect the binding ability of the thiolate through
variation in the polarity and acidity of its pocket as well as
through steric constraints for Fe—S bonding.

The second factor of the rebound barrier is associated with
the properties of the attacking radical and can be deduced
from part (b) of Scheme 2. A simple electron count reveals
that, initially, the R—O linkage involves three electrons and
the porphyrin has a “hole”,/®® and later the R-O linkage
becomes a two-electron R—O bond and the porphyrin attains
a closed shell. Thus, the electron that fills the porphyrin
“hole” originates in the extra electron of the R—O linkage and

2006 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

is formally transferred from the electropositive alkyl radical.
Consequently, the HS rebound process involves concomitant-
ly an R—O bond formation and an electron shift (from R* to
Por*). It follows therefore that the percentage of radical
rearrangement will depend on the oxidation potential of the
radical. All other factors being equal, the lower the oxidation
potential, the shorter the true lifetime of the radical on the HS
surface and the less rearranged alcohol can be expected. This
trend is in agreement with recent observations by Newcomb
etal., who found that as the alkyl radical moiety of the
substrates (2-aryl-cyclopropyl alkanes) becomes a better
electron donor, the amount of rearranged alcohol decreases
from 26 % (for a p-CF; aryl substituent) down to less than 1%
for the best donor situation (for 2-phenyl-cyclopropyl iso-
propane).’] Nevertheless, the experimental results are more
complicated due to rearrangement of cationic intermediates
and the presence of more than one oxidizing species.?!
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Noncovalent, attractive interactions are extremely impor-
tant forces that can influence molecular, solution, and solid-
state properties. For example, hydrogen bonding is unargu-
ably the most important directing intermolecular force and
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structure generating motif in many chemical and biological
systems. Much less appreciated (and utilized) are the related
forces that exist between heavier atoms. A class of such
attractive interactions have often been termed secondary
bonds.'l Like hydrogen bonds, these bonds have strong
electrostatic components and show directional preferences.?!
From the similarity to hydrogen bonds, it has also been
suggested that secondary bonds might have potential for the
rational design of supramolecular structures.?!

Secondary bonds, particularly I--- O bonds, are a pervasive
feature of structural organoiodine(i) chemistry.! Recently,
such secondary bond interactions have been exploited to
introduce chiral environments about iodine(ir) centers for
enantioselective oxidation reactions.’! In other cases, secon-
dary bonds can be counterproductive. In iodosylbenzene
(PhIO),, I---O bonds dominate the structure to such an
extent that this extremely potent and important reagent is
essentially insoluble in all nonreactive media.l®! Nonetheless,
this veritable “oxygen atom warehouse” has found wide-
spread use in catalytic oxygenation reactions after the
discoveries of its efficacy as a source of oxygen atoms for
oxidations catalyzed by cytochrome P-450U1 and by discrete
transition metal complexes.®!

Though known for over 100 years,”!
structural details for iodosylbenzene—
or any members of this class of materi-
als—are still limited. Various spectro-
scopic studies have suggested that io-
dosylbenzene adopts the form of a zig-
zag polymer (Scheme 1), whereby
monomeric units of PhIO are linked
by intermolecular I---O secondary
bonds. Within PhIO monomers, I-O single bonds (2.04 A)
and a C-I-O bond angle near 90° have been deduced from
extended X-ray absorption fine-structure (EXAFS) analy-
sis.'%] The tight, solid-state aggregation of the PhIO mono-
mers is undoubtedly caused by the strong electrostatic
attractions between the oppositely charged iodine and oxygen
atoms (right resonance structure, Scheme 1). Polymeric
iodosylbenzene is also likely to be terminated by addition of
water and thus iodosylbenzene can be further formulated as
HO(PhIO), H."l We have recently discovered that soluble
derivatives of (tosyliminoiodo)benzene and iodosylbenzene
are realized if strong internal dipoles capable of introducing
intramolecular 1---O secondary bonds, for the purpose of
replacing intermolecular 1---N and I---O secondary bonds,
are incorporated into these materials.'”! Indeed, a single-
crystal X-ray structure analysis of the (tosylimino-
iodo)benzene derivative showed the presence of significant
intramolecular I--- O secondary bonding and thus confirmed
our expectations. We now have succeeded in obtaining single
crystals suitable for X-ray diffraction studies of the corre-
sponding soluble iodosylbenzene and herein report the first
crystal structure of an iodosylbenzene derivative ArIO (1;
Ar=2-1BuSO,C¢H,). Furthermore, the crystal structure of
the corresponding iodylbenzene ArlO, (2) has also been
obtained. Comparisons between these two structures reveal
interesting aspects of the nature of iodosyl and iodoxy
bonds.

h
LAY g
+
Phl=O~——= Ph—0
Scheme 1. Zigzag

structure of iodosyl-
benzene.
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