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Abstract: Xanthine oxidase is a molybdenum-containing enzyme that catalyzes the hydroxylation of xanthine
and a wide variety of other aromatic heterocycles. In the course of the reaction with xanthine and substrates
such as 2-hydroxy-6-methylpurine (HMP), the enzyme gives rise to a Mo(V) EPR signal, denoted “very rapid”,
that arises from an authentic catalytic intermediate. The two alternative catalytic mechanisms proposed for
this enzyme differ critically in whether the distance between Mo and C8 of the purine nucleus in this intermediate
is short enough to admit a direct bonding interaction. To examine this distance, we have petfarBBdDOR
measurements of the “very rapid” EPR signal generated by xanthine oxidase during reacti&iC@4HMP.

The resulting*3C8 hyperfine tensorA = [10.2(1), 7.0(1), 6.5(1)] MHz, is discussed in the framework of a
detailed consideration of factors involved in extracting metrical parameters from an anisotropic hyperfine
interaction composed of contributions from multiple sources, in particular, the effect of the local contributions
from spin density o#3C8. The analysis presented here gives a-Mbdistance whose value is expected to be

ca. 2.7-2.9 A in the “very rapid” intermediates formed wittothxanthine and HMP, consistent with plausible

bond lengths for a MeO—C8 fragment where C8 is a trigonal-planar aromatic carbon. The difference from
earlier conclusions is explained. The data thus do not support the existence of a dire€t bmd in the
signal-giving species. This conclusion supports a mechanism that does not involve such an interaction and
which begins with base-assisted nucleophilic attack of th¢/'MiH group on the C-8 of substrate, with
concomitant hydride transfer to the & group to give MY -SH; the EPR-active “very rapid” species then
forms by one-electron oxidation and deprotonation to yield the EPR-detectabl@$OR) species. We further
discuss the complexities and limitations of the semiempirical method used to arrive at these conclusions.

Introduction in the catalytic sequence is a catalytically labile site on the
enzyme that is regenerated in the course of each catalytic cycle
with oxygen from solverftand that corresponds to the oxygen
of a Mo—OH group of the active site.

A number of EPR signals attributable to the paramagnetic
Mo(V) (d', S = Y/,) state of the enzyme have been detected
during catalysig,and these have been investigated by EPR and

Xanthine oxidase is a molybdenum-containing enzyme in-
volved in the hydroxylation of hypoxanthine to xanthine and
xanthine to uric acid. 3 The structural, functional, and mecha-
nistic aspects of the protein have been extensively studfed,
and the crystal structure of the enzyme from cow’s milk has
been reported recentfyThe active site of the enzyme can be .
formulated as LMY OS(OH), where L is an enedithiolate ligand  'elated techniques such as ENDOR and ESEEN One of
contributed by a pyranopterin cofactor that is common among these,_termed very rapid on the baS|s_of the kinetics of its
all molybdenum enzymes other than nitrogenase, as well as a”forma_uon and decay during the reaction of enzyme W'th_
tungsten-containing enzymes. It has been known for some time.xanthme, has been shown to represent an authentic catalytic
that solvent water is the ultimate source of the oxygen atom

intermediate. It is formed to a varying degree with a number of
incorporated into produétbut that the proximal oxygen donor substrates for the enzyme, including 2-hydroxy-6-methylpurine.

With this slow substrate, the species giving rise to the “very

lNﬁrthM(]estern University. rapid” EPR signal accumulates transiently to the extent of
The Ohio State University. i 0 i
§ Present address: Department of Molecular, Cellular and Developmental appro>§|mately_80 /o at p.H 19' and it has been shown to represent
Biology, Yale University, New Haven, CT. an obligatory intermediate in the course of the reactfon.
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Two alternate structures have been proposed for the specieslemonstrate that the MeC8 distance is not unusually short in
giving rise to the “very rapid” EPR signal, and these are the “very rapid” species formed either with xanthine or HMP
incorporated into fundamentally different mechanisms. In the and explain the difference with the earlier analysis. As there is
first mechanism, the product of hydroxylation (in the enolate noMo—C8 bond in the intermediate that gives rise to the “very
tautomeric form) is proposed to be coordinated to the molyb- rapid” EPR signal formed with either HMP or xanthine, there
denum via the newly introduced oxygen atom (Scheme 1A). is no evidence that such a bond forms at any stage in the reaction
The bracketed intermediate/transition state is proposed to formof the enzyme.
via base-assisted nucleophilic attack of the"MOH group on
the C-8 of substrate, with concomitant hydride transfer to the Materials and Methods
Mo=S group to give MY-SH>!41>The EPR-active “very Sample Preparation. Xanthine oxidase was purified using the
rapid” species forms by one-electron oxidation and deprotona- method of Massey et &.The paramagnetic “very rapid” intermediate
tion to yield the EPR-detectable MOS(OR) species. In the  was generated by reacting 2-hydroxy-6-methylpurine (HMP) with
second mechanism (Scheme 1B), product is bound to thefunctional oxidase as described in Lorigan et?ahe 8-[*C]-HMP
molybdenum as the keto tautomer in a sidemgriashion!®16 was synthesized according to a procedure to be described elséWhere.
The process leading to this structure begins with insertion of ~EPR and ENDOR SpectroscopyCW 35 GHz EPR and ENDOR
the C8-H bond across the M6=S bond to give a species with measurements haye be(_en carried out on a m'OdIerd Varl_an E-109
a Mo—C bond, a reaction with chemical preced&fithe “very fpegtrometer |n"a d|sp9y5|011 mode with 100 kHz field modulation under

s . : . . . rapid passage” conditior8. 22 Pulsed 35 GHz ENDOR spectra are
rapid” intermediate is arrived at by subsequent insertion of

. recorded on a spectrometer described eafliBoth spectrometers are
oxygen across the MeC bond and (although not explicitly  ¢qinped with a helium immersion dewar, and all the measurements

considered in the original paper) oxidation of the center by one \yere carried out approximately at 2 K. Pulsed ENDOR experiments
equivalent. employed the Davies ENDOR sequenee-[—a/2—t—x—1—echo)

A key distinction between these two mechanisms is whether where the radio frequency was applied during the intefvial a period
there is a direct bonding interaction between Mo and C8 of the trr>* The typical microwave pulse lengths used were 80 ns, T =
purine nucleus in the species giving rise to the “very rapid” 1324s, andtze = 120us. The applied radio frequency was broadened
EPR signal3C isotope labeling provides a direct approach to " bandW|dt_h 5by mixing with a 100 kHz noise to improve the signal-
this problem, and an elegafiC ENDOR study of the “very  [©-noise ratic: L o .
rapid” signal formed during the reaction €8] xanthine has For a nucleus (N) of spii = ¥, interacting with a paramagnetic
been presente:1 The reported vsis of th It center, the _ﬂrst-o_rder ENDOR_ resonance condition for a single

p - p(?r e ang ysis of the resu, S gave & molecular orientation can be written as follows:
short Mo—C8 distance, which was interpreted as evidence for
the existence of a MeC bond in this specieS. The present v, = vy + A2 1)
report describes an independent examination of this issue. We
describe in detal’C ENDOR measurements of the “very rapid wherewy is the Larmor frequency andl is the orientation-dependent

EPR signal generated by xanthine oxidase during reaction with pyne fine coupling constant of the coupled nucleus. The equation

2-hydroxy-6-methylpurine fC8-HMP). The resulting*C8 predicts a doublet with separatidncentered aty whenvy > A2, as
hyperfine tensor is discussed in the framework of a detailed is true here. The full hyperfine tensor of a coupled nucleus, both

consideration of factors involved in extracting metrical param- principal values and orientation parameters (Euler angles) with respect
eters_ fro_m an anlsotroplc hyperfme_lntera_ctlon composed of (18) Massey, V.. Brumby, P. E.. Komai, H.. Palmer, 5 Biol. Chem.
contributions from multiple sources, in particular, the effect of 1969 244 1682-1691.
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v ~ 13 MHz at this magnetic field. These signals are

2,026 871955
i it unequivocally from'3C8 of HMP as they largely disappear in
Y the unenriched sample (Figure 1a), although low-interiSy
— ENDOR signals in fact are seen with natural abundaii€e
(1.1%).

In addition to the'3C ENDOR signals, there is a broad signal
seen with both samples near thg(*3C) features, around-6.5
MHz (Figure 1a,b), whose counterpart is not seen inithe
manifold. This signal is assigned to the double quantum
transition Am; = £2) of weakly coupled nitrogen, most likely
from the substrate, HMP. This 14N feature is not observed in
the pulsed ENDOR spectrum &iC-enriched sample because
of the choice of pulse lengths; it is not discussed further. As is
seen in Figure 1b, the (*2C) branch is more intense and better
resolved than the_(13C) branch, and it does not overlap with
the 1“N signal. For these reasons, the remainder of the analysis
discusses only the; branch.

The v, branch of the ENDOR features of theC spectrum
in Figure 1b is asymmetric with a tail toward the radio frequency
sweep direction (high-to-low in this case) as is comriohhis
tailing arises from slow nuclear spin relaxatid#! and is
typically accompanied by a shift of the center of the ENDOR
pattern in the direction of the radio frequency sweep, the extent
depending on the sweep rate. To correct for such an artifact,
the frequencies reported here are averages from measurements
carried out by sweeping the radio frequency in both the positive
and negative directions.

A further difficulty presented by the sweep distortions is that
determination of thé3C8 hyperfine tensor requires the simula-
tion of the peak shapes in a 2D field-frequency pattern of
ENDOR spectra collected at multiple fields across the EPR
envelope. To achieve conditions where the CW ENDOR spectra
could be subjected to such an analysis properly, we compared
them to Davies pulse#C ENDOR spectra. The pulsed ENDOR
technique exhibits substantially worse S/N than CW but does
not suffer from the sweep artifacts. Thus, by comparing the pulse
to the g-tensor frame, is obtained by simulating the 2-D pattern of Spectra with CW spectra collected under various conditions we
orientation-dependent ENDOR spectra recorded across the EPRwere able to establish conditions under which reliable data could
envelope using the procedures and program described elsetfittére.  be collected in the CW mode. A representative Davies pulsed
The computer simulation and analysis of the frozen-solution ENDOR 13C ENDOR spectrum recorded gt = 1.955 is compared in
spectra used in the present work are described in the same referencespigure 1 with an optimized CWEC ENDOR spectrum taken
at the samg-value with a negative sweep. While the feature
still exhibits a tailing to low frequency, comparison between

The 35 GHz CW EPR spectrum of the “very rapid” EPR the CW and pulsed spectra in this figure, as well as other data
signal of xanthine oxidase generated with HMP is given in (not shown), shows that the high-frequency edge is not distorted
Figure 1 (inset). The observepvalues areg = [2.026, 1.955, by relaxation phenomena. Thus, we rely on the more readily
1.946] corresponding to an axially symmetric pattern with small acquired CW spectra for further analysis.
rhombicity. These values are, within error, the same as those We performed orientation-selective CW ENDOR measure-
reported earlie?? The Q-band EPR spectrum of a sample labeled ments to determine the complete hyperfidg {ensor for'*C8
with 13C at the C8 position of HMP was undistinguishable; of HMP and its orientation parameters (Euler angles) with
hyperfine broadening has been seen in X-band sgéenal is respect to theg-tensor of the “very rapid” signal. Figure 2A
comparable to that seen previously with¥-xanthine3® represents CW ENDOR spectra of tR&C-labeled sample

r T T T T T T T 1

v-v(°C), MHz

Figure 1. CW ENDOR spectra taken at the maximum EPR intensity
of “very rapid” EPR signal generated with HMP: (a) natural-abundance
HMP; (b) 33C8-HMP. Conditions:vyw = 35.165 GHz, 2 G, 100 kHz
field modulation. (c) Davies ENDOR of thHéC-labeled sample at the
maximum echo position. Conditionsyuw = 34.754 GHz; three-pulse
microwave sequencéviy—T—tww—7—tww—7—echo) withtyw = 80,

40, 80 ns,;T = 132us, 7 = 0.6 us andtre = 120us during the interval,

T. The applied radio frequency was broadened with 100 kHz bandwidth
white noise?>4¢ (Inset) CW EPR spectrum of “very rapid” signal of
xanthine oxidase generated with HMP, measurement was don2 at

K under the dispersion-mode rapid-passage condition. Conditions: 2
G modulation, microwave frequency 35.165 GHz.

Results

35 GHz CW ENDOR spectra of natural abundance (unla-
beled) and3C-labeled “very rapid” samples were recorded at
the field of maximum EPR intensity, negs = 1.955, and are
given in Figure 1a,b respectively. The ENDOR spectrum of the

recorded at selected magnetic fields across the entire EPR
envelope. The top spectrum recordedjat= 2.026 position is

a “single-crystal-like” pattern associated only with those
molecules for which the external field lies alogg Only one

13C-labeled sample (Figure 1b) consists of a doublet composedset of signals is observed, which shows that there is only one

of v_ andv; branches centered around*@Larmor frequency,
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(30) Tanner, S. J.; Bray, R. C.; BergmannBfochem. Soc. Trand978
6, 1328-1330.

species (conformer) present. As the field is increased, a shoulder
develops on the high-frequency edge of the feature. The
shoulder becomes more pronounced as the field is raised until
aboutg = 1.979; upon further increase in the field the shoulder
collapses and the; feature again becomes a single peak.

(31) Houseman, A. L. P.; Oh, B. H.; Kennedy, M. C.; Fan, C.; Werst,
M. M.; Beinert, H.; Markley, J. L.; Hoffman, B. MBiochemistry1992
31, 2073-2080.
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(A) Experimental (B) Simulation of enzymic intermediates and of bound substrates, products, and
other small molecule®:3*In these prior studies, the hyperfine
interactions of nuclei on enzyme-bound small molecules were
dominated by their “nonlocal (nl)” electremuclear dipole
interaction with the metal ion(s) in the enzyme active site, and
in favorable cases we were able to extract precise metrical

M
1
m parameters for the small-molecule bindirg. principle, the
2.011 analysis of the anisotropic hyperfine interaction for the C8 of
HMP and xanthin can likewise give metrical information
M 1.995 about the “very rapid” intermediate, because this interaction

e

contains contributions which depend on metrical parameters of
the intermediate, these structure-dependent terms taking the form
79 of electron-nuclear dipolar interactions betwe&i€C8 and the
unpaired electron spin localized in the Mg, drbital (~65%),

/\*/\/9 [\ \L-964 with a lesser contribution from the more remote and lesser spin
on sulfur (~35%)2° Unfortunately, these geometry-dependent
2 1.955 contributions to the hyperfine interaction are not merely
augmented, but comparable in size to a local (loc) contribution
1.946 from the small spin density on C8 whose existence is established
95 - by the nonzero value foas, As we now discuss, the semi-
8

empirical analysis necessary to decompose the hyperfine inter-
v-v(°C), MHz action dogs not pgrmit, in the present case, the detail of our
’ other studies. We illustrate the difficulties with such an effort
Figure 2. (A) The experimental orientation dependéf€ ENDOR trough progressively more elaborate calculations of the-Mo
spectra of*C-labeled sample of HMP-generated “very rapid” signal C8 distance. Nonetheless. we show that theI@8 distance

recorded across the EPR envelope. Conditiongy = 35.165 GHz, 2 . . .
G, 100 kHz field modulation. (B) Corresponding simulated ENDOR In not anom'aI(.)u'SIy s.hor't as thou.ght' equler. We then discuss
the mechanistic implications of this finding.

spectra. Only the, component of the simulation is given for clarity. . . ) .
The parameters used for the simulation are given in the text. Analysis. The lowest level of approximation for treating the
anisotropic hyperfine interaction at tHéC8 nucleus of the

The pattern presented by this 2D field-frequency plot _pl_Jrine ring would be _to emp_loy a p(_)intjdipolar model in \_NhiCh

represents a hyperfine tensor that is mostly isotropic with an it iS assumed that anisotropic contribution to @8 hyperfine

additional small anisotropic hyperfine coupling of more-or-less tensor en_tlrely arises frqm the nonlocal (nl) interaction be_tween

axial symmetry?® Accurate!3C hyperfine tensor and orientation ~ the unpaired spin density on Mpxo) and the'*C8. This will

parameters were obtained by computer simulations of thesedenerate an axial tensor in Wh'cq the measured C8 hyperfine

spectra; the’, component of the simulations is given in Figure t€rm, T, is determined by the Me 3.C8 distance (Mo—C8)

2B. The simulation gives principal values for the hyperfine through the following the equation:

tensor ofA = [10.2(1), 7.0(1), 6.5(1)] MHz, with the unique s s

values making an angle ¢f = 65° with the g; direction. The T = pumo93:98+/” = (0.65)20f° MHz @)

hyperfine tensor of HMP corresponds to an isotropic coupling

of aso = 7.9(1) MHz, plus an anisotropic term that roughly where we follow Howes et at} who implicitly used the value

1
S
(=1
-~
oo
I=3
'
)

exhibits the dipolar form,T = [2T, —T, —T], where T = pmo = 0.653° The experimental valud, = 1.15 MHz, yields
1.15(25) MHz. It is noteworthy here that the hyperfine interac- r(Mo—C8) = 2.24 A for both HMP and xanthine.

tion tensor for*3C8 of HMP is very similar to that reported for As noted explicitly by Howes et all,the above treatment of
[8-3C] of substrate xanthine in the corresponding state: the T as being entirely nonlocal is not appropriate because one must
tensor for xanthine as substrate was reported to be akiad, first account for the local (loc) contribution from spin density
[11.1, 7.6, 7.6] MHZ! which givesais, = 8.8 MHz andT = on13C8, which not only gives rise to the isotropic coupling but

1.17 MHz32 The virtual identity of these ENDOR results also will produce an anisotropic one. This local anisotropic
confirms that the “very rapid” intermediates for these two interaction, which has axial symmetry (see below), is character-
substrates are equivalent in the vicinity of the Mo, and in the ized by an interaction constanfd;) which carries bonding, not
following discussion we treat them in parallel. In particular, metrical, information. One must characterize this interaction and
for the remainder of this paper we treat the dipolar couplings use the result to extract from the measured tensor the residual
for the two substrates as being identical, withF 1.15 MHz, through-space dipolar interaction constant, dendtgdOnly
as any difference is far smaller than the joint uncertainties.  this latter is to be used in eq 2 (or its generalizations; see below)
) ) to estimate'(Mo—C8). Now, the dipolar interaction of a nucleus
Discussion with the local spin on that atom will not in general be diagonal

The goal of the present effort is to characterize the speciesin the same coordinate frame that diagonalizes the nonlocal
giving rise to the “very rapid” EPR signal, in particular, to help dipolar interaction with spin on an adjacent atom, and asa resplt
distinguish between two competing proposals for the catalytic the decomposition of an experimental tensor is not simple, in
mechanism by determining whether Mo and C8 are sufficiently 9eneraf®*”However, the reporteC8 hyperfine interaction
close that there can be significant direct M08 7, (side-on) for xanthine is axiat! and the hyperfine tensor we measured

bonding interaction. We approach this problem in the context = (33) Lee, H.-I.; Cameron, L. M.; Hales, B. J.; Hoffman, B. W.Am.

of our extensive use of ENDOR spectroscopy to study structures Chem. Soc1997 119, 1012}+-10126.

(34) Tierney, D. L.; Huang, H.; Martasek, P.; Roman, L. J.; Silverman,
(32) No uncertainties were reported, but they cannot be very different R. B.; Hoffman, B. M.J. Am. Chem. So@00Q 122 7869-7875.

from those reported here. (35) We thank an anonymous reviewer for pointing out this fact to us.
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for HMP (see above) is essentially axial. In this circumstance,
the axial local and nonlocal dipolar interactions must have their
unique directions in common (parallel) or nearly38d.hus, to

a first approximation we may merely subtract the local contribu-
tion from the observed anisotropic interaction constant to obtain
the through-space terrii, = T — Tioe, Which is then used in
the determination of geometric parameters; we examine the
validity of this approach presently.

We begin by noting that the spin density on C8 resides in an
sp' hybrid orbital on C8 whose coefficient in the half-filled
HOMO (which exhibits mostly Mo(g) character) is €)*2,
wherep. is the spin density on C8:

W = (oyo)“bpo + - + (00" ©)

with
o = (UA+ M) ¢y + 1 9,

In this description the isotropic aridcal anisotropic hyperfine
coupling for'3C8 can be written as
aiso = pc[ll(l + n)]ao Tloc = pc[n/(l + n)]To (4)

wherea, = 3777 MHz is the isotropic hyperfine coupling for
one electron in the 2s orbital on C afid = 107 MHz is the
anisotropic hyperfine couplings for one electron in a 2p orbital
on C3° The C8 carbon of the species giving rise to the “very
rapid” EPR signal as pictured in Scheme 1 is trigonal, and the
experimental tensor shows that the spin density must be
introduced througle delocalized into the in-plane orbital whose
hybridization is nominallyn = 2. However, the hybridization
constantn, could be larger than 2, perhaps approaching 3,
if such bonding were strong. Ti,c were known, one could solve
eq 4 for pc and the apparent hybridization, but in fact we
measure only a sum of the local and the nonlocal, dipolar, terms,
T = Tioc + Tni, @and wish to decompose this sum. Thus, we retain
n as a parameter, calculating from the measure@, as a
function ofn, through use of eq 4. As we shall see, this hybrid
spin-bearing orbital on C8 accurately reproducesftren of
the experimental hyperfine interaction tensor: axial or ap-
proximately so, and with the isotropic interaction dominagt/(
Tioc = aisd T = [6.9, HMP; 7.7 xanthine]. We note that there
cannot be any significant delocalization, because spin density
in a 2pr orbital of carbon gives a hyperfine interaction in which
the isotropic coupling does not dominate, but rather one with a
much smaller ratio of isotropic to anisotropic contributions/
Tioc ~ 1.53941

The values op. for the “very rapid” intermediate of xanthine
oxidase formed with HMP are presented in Table 1 not only

(36) We have published an exact treatment that embodies the proper

Manikandan et al.

Table 1. Decomposition of the Anisotropic Interaction Parameter,
T(*3C8) = 1.15 MHz, for the “Very Rapid” Intermediate of
Xanthine Oxidase, As Formed with HMP and Xanththéyto Local
(loc) and Nonlocal, Dipolar (nl) Contributions, along with the
Resulting Spin Density on C&) and Mo-C8 Distance, Calculated
through egs 4 and 2, as a Function of the Hybridizatio(see

textp

o (%) Tioc (MH2) To (MHZ) r(Mo—C8) (A)
n HMP Xan HMP Xan HMP Xan HMP  Xan
1 042 047 022 025 093 092 241 2.42
2 063 070 045 049 070 066 2.65(5)2.71
3 085 093 067 074 048 041 3.0020)3.17

2 Note, the decompositions and resultiriiylo—C8) differ slightly
for HMP and xanthine because of their different isotropic coupling
constantsa(**C8) = 7.9 MHz for HMP, but 8.8 MHz for xanthin&.
b The uncertainties im(Mo—C8) for HMP applywithin the semiem-
pirical model discussed here, using uncertainties in Theequal to
those ascribed t&(*3C8) 4+ 0.1 MHz. No uncertainties were reported
for the hyperfine tensor for xanthine; our experience suggests they
cannot be appreciably less than those for HMP.

for the nominal hybridizatiom = 2, but also fon = 1,3, along
with the decomposition of (:3C8) = 1.15 MHz into local and
nonlocal contributions. The(Mo—C8) distance, also listed in
Table 1, was calculated from the nonlocal term through use of
eq 2. One first sees that, regardless of the value, @f large
percentage of the measur&(3C8) = 1.15 MHz comes from
the local contribution of the exceedingly small spin density on
13C8. The distances calculated in this way from the residixal

for the nominal hybridizationn = 2, which are a much better
approximation than that obtained when ignoring the local spin,
arer(Mo—C8) = 2.7 A for both substrates. This $gnificantly
longer thanr(Mo—C8) < 2.4 A reported original§* for
xanthine, whose value can be seen from Table 1 to have been
obtained because of the unphysical choicenef 1.3°

As an important aside, given this changer{(Mo—C8), we
also reexamined the MeC distance reported by Howes etlal.
for the “formaldehyde-inhibited” XO intermediate, which is
formed during reaction with formaldehyde and which presum-
ably corresponds to the “very rapid” intermediate. Taking the
experimental*C hyperfine tensor and= 111 gives the reported
dramatically short value af{Mo—C) = 1.95 A; however, taking
the more reasonable hybridization valwes 2, gives a more
reasonable distancgMo—C) = 2.4 A. Note, moreover, because
the 13C coupling is so large, the implied distance is extremely
sensitive to the assumed hybridization= 3; r(Mo—C) > 4
A) and detailed analysis in this case is not particularly reliable.
Thus, we suggest that the results for this intermediate cannot
be used to infer the presence of a strong-M®interaction.
We further note in passing a curious internal “inconsistency”
of this analysis as it relates to the proposal of direct-Nb
bonding. As the Me-C interaction increases, one might well

approach for describing the hyperfine tensor for a nucleus that experiencese€Xpect the geometry at C to become increasingly nonplanar.

two noncollinear dipolar interactions.

(37) Willems, J.-P.; Lee, H.-l.; Burdi, D.; Doan, P. E.; Stubbe, J.;
Hoffman, B. M.J. Am. Chem. S0d.997, 119, 9816-9824.

(38) A limiting condition, in which two dipolar interactions with
orthogonal unique directions have equal dipolar interaction constants,
accidentally gives rise to a dipolar tensor whose unique axis is orthogonal
to those of the contributing tensors, but it is easy to show that this does not
occur here.

(39) Well, J. A,; Bolton, J. R.; Wertz, J. EElectron Paramagnetic
Resonance: Elementary Theory and Practical Applicatialwhn Wiley
& Sons: New York, 1994.

(40) Carrington, A.; McLachlan, A. Dintroduction to magnetic reso-
nance with applications to chemistry and chemical physidéarper &
Row: New York, 1967.

(41) One might also expect manedelocalization from an-2 interaction
with Mo, as well.

To the extent that the bonding is described by this model, the
stronger bond would thus result in an increase in hybridization
constann, but in the context of this analysis this would lead to
a longer calculated value fa{Mo—C8), Table 1, and thus an
apparently weaker interaction.

This semiempirical analysis is not complete, but it will be
seen that we have introduced the major corrections to the dipolar
interaction and thus determined the essence of the final answer.
Thus, it is reasonable to ask, does the analysis yield a plausible
geometry for a Me-O—C8 fragment with a trigonal-planar C8
carbon and without significant metatarbon interactions? In
fact, use of a C80 distance of 1.4 A, an MeO distance of



Evidence against Direct MeC8 Interaction

Chart 1
Idealized Mo-O-C Fragment

Mo\

) 20«1“ N

PNA

01.42 /Ij
N
/
H

~2 A, and a tetrahedral angle at O of POd@efines an
Mo—O—C8 linkage withr(Mo—C) = 2.8 A, as depicted in
Chart 13529
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Again using the modified diagonalization procedure, we find
that this interaction would lead to “lengthening” of the inferred
Mo—C8 distance; the amount would be 0.1 A, varying
somewhat with the G8Mo—S angle which likely is somewhat
greater than~90°. The net of the three additional corrections,
spin on O, on S, and noncollinearity in tensor decompositions,
thus is likely to be perhaps ar0.1 A increase in the MeC8
distances in Table 1 fan = 2, giving a “best estimate” value
of r(Mo—C8) ~2.8 A for this hybridization and a larger value
for largern.

Overall, the semiempirical approach thus shows that the
ENDOR data for the “very rapid” intermediate is fully compat-
ible with the structure of Chart 1, and an analogous conclusion

Proceeding, however, with the correction process, one mustholds for the “formaldehyde-inhibited” state, as well. Could,

treat the effects of spin density on the bridging oxygen atom,
po. With the spin density on C8 approaching 1% (Table 1),

or even should, this rather satisfying picture be refined further,
for example, by self-consistently treating all the correction steps,

one would expect no less than a few percent on the bridging which wasnotdone above? Our answer: No, the “theory” itself

oxygen which is bound directly to thé o ion and the short
O—C bond length ofd ~ 1.4 A would give this spin a
disproportionately large weight. In fa¢fO ENDOR measure-
ments on a labeled “very rapid” intermedittshow that!’O

in this position exhibits an isotropic couplings, = 38 MHz.
This value with the appropriate reference hyperfine coupling
for one electron in a 2s orbital on O, assuming the spin is in
the orbital(s) withn = 3*2 and using the left side of eq 4, gives
po ~ 3%. Taking a point dipole approximation for the
interaction of spin on O with C8 giveko ~ 7.300 MHz,*344
with the result thaffo ~ 0.2 MHz. Subtracting this from the
Tn in the table would lengthen the distance calculatedhfer

2 tor(Mo—C8) ~ 2.9-3.0 A and would lengthen the distance
for n = 3 even more.

Next, we note that in such a Md&—-C8 fragment as
illustrated in Chart 1, the unique axis of the local dipolar
interaction would lie along the G80 bond, while that of the
nonlocal interaction with spin on Mo would lie along the Mo
C8 vector. These two make an angle<of40°, which would
break the axial symmetry of the net hyperfine interaction tensor.
However, exact diagonalization of the two tensors, done by
modifying in an obvious way our exact formulas for the dipolar
tensor of a nucleus interacting with the two electron spins of a
diiron center’” shows that the tensor, though rhombic, still has
a distinctly axial character and that the rhombicity introduced

is compatible with experimental results (see above).The ad-

ditional effect of this nonaxiality would be to lessen the resulting
principal value, such that the proper decomposition would lead
to a smaller value af(Mo—C8), by as much as 0.2 A. However,
this effect is opposed by the correction form the dipolar
interaction with the spin density on the sulfur ator35%)32°

(42) To use the experimental anisotropic hyperfine coupling to deduce

the hybridization on O would involve the same issues of decomposition as

faced for C8. As the correction from spin on O is minor, we use this

is not that robust. The assumption that the observed isotropic
and anisotropic interactions can be related according to eq 4 to
reference values for a single electron in a 2s and a 2p orbital
are oversimplifications. In particular, as we showed long ago
in the case of thé*N hyperfine coupling in M(TPP), M= Ag,

Cu/* the polarization of the inner shell substantially modifies
the observed isotropic coupling. A more elaborate treatment
yielded a value for the spin density in ar'gpbital on nitrogen
that isnot accurately related to the observed isotropic coupling
through eq 4. To model the “better” spin density with eq 4 would
require use of an “effective” value @, that is roughly?/, that
used above, an effect which is equivalent to an increase in
hybridization,n and which increaseqMo—C). Any effort at
increased rigor would require the more complicated approach
we used previously. But in that early case we were working
with 1N hyperfine coupling where the structure of the Cu(TPP)
was well-known, the local interaction was overwhelmingly
dominant, and we were interested in inferences about bonding,
not metrical parameters. Such a treatment is simply not possible
for the “very rapid” intermediate, where no single contribution
dominates the smalfC8 coupling.

Conclusions. The analysis presented here gives a-Mo
distance whose value is expected to be ca—2.9 A in the
intermediates formed withoth xanthine and HMP, consistent
with plausible bond lengths for a MeO—C8 fragment where
C8is a trigonal-planar aromatic carbon (Chart 1). The data thus
do not support the existence of a direct MG bond in the
signal-giving species, and by inference in the intermediate that
precedes it in the catalytic sequence, and therefore do support
the mechanism of Scheme 1A over that of Scheme 1B. We have
further discussed the complexities and limitations of the
semiempirical method used to arrive at these conclusions.
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