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Abstract: A density functional study of [VO(O,).(Im)]~ (1, Im = imidazole) is presented, calling special
attention to effects of dynamics and solvation on the 5V chemical shift. According to Car—Parrinello
molecular dynamics simulations, rotation of the Im ligand can be fast in the gas phase, but is more hindered
in agueous solution. In the latter, bonding between Im and V is reinforced, and dynamic averaging of GIAO-
B3LYP magnetic shieldings affords a gas-to-liquid shift of ca. —100 ppm for 6(°'V). A complete catalytic
cycle has been characterized for olefin epoxidation mediated by 1, using H,O, as oxidant. The
rate-determining step is indicated to be initial oxygen atom transfer from 1 to the substrate via a spiro-like
transition state. Substituent effects on this barrier are examined, and a significant decrease (by 2—6 kcal/
mol) is revealed upon removal of the Im proton or upon complexation with a H-bond acceptor. Implications
for the mechanism of the oxidative chemistry of vanadium-dependent haloperoxidases and requirements
for prospective biomimetic analogues are discussed.

Introduction latter define one of the principal areas of the bioinorganic

Oxidation of organic substrates is potentially very useful, but chemistry of vanadiurf? The discovery that certain model
is usually difficult to control. Significant research efforts have €0mpounds for these haloperoxidases show physiological activ-
been and are being made to widen the applicability of oxidation 1ty @S insulin mimetic¥’ has stimulated numerous studies to
reactions by increasing their selectivityespite impressive elucidate t_he details of the underlying blol_oglcal fun_ctlo_ns. The
progress in the level of understanding of such reactions, which haloperoxides themselves catalyze a variety of oxidation reac-
has led to some industrial applicatiochtheir practical use is ~ tons, for llnstance, the oxidation of bromide to hypobromlte
often still quite limited. In attempts to borrow know-how from ~ (from which the name of the enzymes was coined), the
nature, the study of so-called biomimetic or bioinspired reagents transformation of organic sulfides to sulfoxides, or the epoxi-
is enjoying increasing populari/ The goal is to mimic the dation of oleflns,_usmg different oxygen sources, such_ as air or
high activity and selectivity of enzymes by designing simpler Nydrogen peroxidé: These transformations are particularly
models of their active sites. Many natural oxidases contain one attractive from a synthetic point of view if the stereocontrol
or more transition metals in the active center, prominent YPical for enzymatic reactions can be fully exploited.
examples being the cytochrome P450 farfilgppper-based For a rational design of biomimetic analogues, detailed

metalloprotein$,or vanadium-dependent haloperoxidas&hae knowledge of the elementary steps involved is desirable. Even
- ” - ) S though the solid-state structure of a vanadium-containing
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7551, 4 rue Blaise Pascal, F-67070 Strasbourg Cedex, France. haloperoxidase Iszknown both "_q t_he natl_ve and in th(_e pe_roxo
*Present address: Interdiszipliea Zentrum fu Wissenschaftiiches form (Scheme 1j? the mechanistic details of the oxidation
Ee_cdhr;gn, UgversltaHeldelberg, Im Neuenheimer Feld 368, D-69120 process are not established. The current view is that the peroxo
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(1) For example: (a) Barton, D., Martell, A. E., Sawyer, D. T., Edlbe form’ prgsumaply aCt!Vated, by a h)’droge,” bond from a
Activation of Dioxygen and Homogeneous Catalytic OxidatiBtenum neighboring lysine residue, is the active oxidant. Numerous
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Scheme 1. Coordination about Vanadium in the Native (Top Left)
and Peroxo Forms (Top Right) of the Fungal Peroxidase from C.
inaequaliz (His = Histidine, H-Bond Pattern Not Shown); Bottom:
Structural Model for the Peroxo Form
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Computational Details

Stationary points were optimized with the Gaussian 98 progfram
at the BP86/AEL1 level, that is, employing the exchange and correlation
functionals of Beck& and Perdevi respectively, together with a fine
integration grid (75 radial shells with 302 angular points per shell),
the augmented Wachters’ b&8isn V (8s7p4d, full contraction scheme
62111111/3311111/3111), and the 6-31G* I7asis all other elements.
This and comparable DFT levels have proven quite successful for
transition-metal compounds and are well suited for the description of
structures, energies, barriers, &dhe nature of the stationary points
was verified by computations of the harmonic frequencies at that level.
Transition states were characterized by a single imaginary frequency,
and visual inspection of the corresponding vibrational modes ensured
that the desired minima are connected. In cases of doubt, the key parts
of the intrinsic reaction coordinate were followed. The computed

model compounds have been synthesized that preserve théarmonic frequencies were used to evaluate zero-point energies (ZPEs)
coordination sphere of the metal in the enzyme as closely as&nd enthalpic and entropic corrections at 300 K. Single-point energy

possiblet3 The simplest analogue containing only oxo, peroxo,

and aromatic N-donor ligands is probably [VOQJ&Im)]~ (1,

Im imidazole), which has been characterized by X-ray

crystallography;* and which is the predominant species of the

vanadate/KO,/Im system at low concentration and pH57.
Interest in1 has concentrated mainly on its insulin-mimetic

calculations were performed for the BP86/AE1 geometries at the BP86/
AE1+ level, that is, with a basis augmented with diffuse functions on
C, N, and &% Energies are reported at the BP86/AElevel including
BP86/AE1 ZPEs (denoted\E + ZPE; for selected iondipole
complexes these include also a correction for basis-set superposition
error with the counterpoise methi§ds implemented in Gaussian’®3

in addition, the estimatedG values are given as well. The basis sets

properties rather than peroxidase-like reactivity. Closely related are the same as those used in ref 19a.

compounds, however, have been shown to be active in olefin

epoxidationt®17 We now report a computational study of this
reaction usind. as a model catalyst, calling special attention to

the identification of the rate-determining step and to substituent
effects on the corresponding activation barrier. From the intrinsic (20)

reactivity of this model system, important implications are to

be expected for the key steps in the catalytic cycle of vanadium-

containing peroxidases, and for ligand tuning in biomimetic
complexes thereof.

BecauseV NMR spectroscopy is an important analytical
tool for diamagnetic vanadium complexes in genétalnd for

the abovementioned peroxovanadium(V) species in particular,

we also report computedV chemical shifts ofl and its
derivatives. Thermal and solvent effects on this property

Geometries of both rotamers dfvere reoptimized using the density-
functional based CarParrinello schen#as implemented in the CPMD
programs3! until the maximum gradient was less thanx510 au

Bihl, M.; Mauschick, F. T.; Schurhammer, R. Idigh Performance
Computing in Science and Engineering, Munich 2002gner, S., Hanke,
W., Bode, A., Durst, F., Eds.; Springer: Berlin, 2003; pp +899.
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A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratman,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
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Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A,; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M;
Gill, P. M. W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.;
Gonzales, C.; Head-Gordon, M.; Replogle, E. S.; Pople, JGaussian

98, Gaussian, Inc.: Pittsburgh, PA, 1998.

(experiments are usually conducted in water) are assessed usin@?2) Becke, A. D.Phys. Re. A 1988 38, 3098-3100.

a molecular dynamics (MD)-based methodology, which we have (23

introduced recently to model transition-metal chemical shifts
in aqueous solutiot? In this approach, MD simulations are

performed for the substrate embedded in an array of discrete
solvent molecules, and computed magnetic shieldings are g 2

averaged along the trajectory. Preliminary results ffdrave
been communicated in a conference proceedings®Baokl are
now fully documented here.

(13) (a) Rehder, DCoord. Chem. Re 1999 182 297-322. (b) Rehder, D.;
Santoni, G.; Licini, G. M.; Schulzke, C.; Meier, Eoord. Chem. Re
2003 237, 53—63.
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mando, A. J.; Sweet, L. J. Am. Chem. S0d 997, 119 5447-5448.

(15) (a) Andersson, |.; Angus-Dunne, S.; Howart, O.; Petterssod, lnorg.
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(17) Glas, H.; Herdtweck, E.; Artus, G. R. J.; Thiel, W.IRorg. Chem 1998
37, 3644.

(18) See, for instance: Rehder, D. Tiransition Metal Nuclear Magnetic
ResonancePregosin, P. S., Ed.; Elsevier: Amsterdam, 1991; pi5a.

(19) (a) Bihl, M.; Parrinello, M.Chem.-Eur. J2001, 7, 4487-4494. (b) Binl,

M.; Mauschick, F. T.; Terstegen, F.; Wrackmeyer Agew. Chem., Int.
Ed.2002 41, 2312-2315. (c) Binl, M.; Mauschick, FPhys. Chem. Chem.
Phys 2002 4, 5508-5514. (d) Binl, M. J. Phys. Chem. 2002 106,
10505-10509.
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B 1986 34, 7406.
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8, 213-222.
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(denoted CP-opt). The BP86 functional was employed, together with Table 1. Selected Geometrical Parameters (Distances in A, Bond
norm-conserving pseudopotentials generated according to the Troullierand Dihedral Angles in deg) of 1 (See Scheme 1 for Numbering)

and Martins proceduféand transformed into the KleinmaiBylander parameter BP86/AEL CP-optt  CPMD*  CPMD/D,Ob¢  expt!
form 33 For vanadium, asemicore (or small-c_ore) p_seudopoten_tial was Ny 2189 2166 2.186(47) 2.091(60) 2.092(2)
generated corresponding to that used previously in conjunction with r(v—0?) 1634 1616  1.621(23) 1.621(28) 1.603(2)
the BLYP functional. Test calculations ensured that very similar results r(V—0? 1872 1.885  1.887(54) 1.886(47) 1.866(2)
(in terms of both geometrical parameters and chemical shifts) are [(0\//:82 i-ggg 1283 12822223 igéggig iggg%
pbtamed wqh both fupctlona@.Perlgdlc boundgry conditions were r(V—0) 1001 1904 1.001(37) 1.915(48) 1.922(2)
imposed using a cubic supercell with a box size of 11.5 A. Kehn r(0?—0%) 1467 1487  1.488(17) 1.490(52) 1.467(3)
Sham orbitals were expanded in plane waves up to a kinetic energy r(0*-0% 1468  1.487  1.487(20) 1.493(33) 1.475(2)
cutoff of 80 Ry. For the complexes in vacuo, E&arrinello molecular a(0'=V—NY) 93.0 936 94.3(38)  96.5(50) 955
H(O'-V—NI-C) 89.3 895  110(7) 90(23) 28.3

dynamics simulations were performed starting from the equilibrium

structure, using a ficti'tious _eIectrcmic mass of 600 au and a time step . 200 1n parentheses: standard deviation along the trajectary.
of 0.121 fs. Unconstrained simulations (NVE ensemble) were performed \yater.d X-ray with ImH* counterion and one crystal water per unit cell,

over 1.5 ps at ca. 300 K, the first 0.5 ps of which were taken for from ref 14 (in parentheses: experimental uncertainties).

equilibration. For the aqueous solution, the box was filled with 48 water

molecules. To increase the time step, hydrogen was substituted with Upon immersion ofl in water, only small further changes

deuterium. The system was equilibrated for 0.5 ps, maintaing a gccur for most averaged parameters, exceptfavhich shows

temperature of 30&50) K, and was then propagated without con-  ayen |arger fluctuations, and the VN bond length, which is

straints fo.r aps. I significantly decreased (by 0.1 A, Table 1). A similar reinforce-
Magnetic shieldings were computed for equilibrium structures and ment of the bonding upon solvation has been noted between

for snapshots along the trajectories employing the B3¥\W®/brid . . B
functional, together with basis AB1 Snapshots were taken every 20 the metaland thewaterligandinthe closely related [V{OH,)]

fs over the last 1 ps. No periodic boundary conditions were employed, (2)-°*The VN bond distance simulated for aquedus in good

and solvent water molecules were not included specifically, but in the accord with the value observed for this ion in the solid state
form of point charges employing values ©0.9313 and+0.4656 for (Table 1, compare CPMDAD and expt.), suggesting that the

O and H atoms, respectively, as obtained for a single water molecule polar environment of the ionic crystal can have an effect on
from natural population analysfsat the B3LYP/6-31G* level (water ~ “soft” bonds similar to that of a polar solvefftFor all other
molecules from the six adjacent boxes were also included as point geometrical parameters, theory and experiment also agree
charges; cf., the procedure in ref 19a). These computations were carriettggsonably well, the only exception being the orientation of the
out with the Gaussian 98 program packaf&hemical shifts are Im group: As compared to the simulations in the gas phase or

reported relative to VOG| optimized or simulated at the same . . .
. ) in solution, the dihedral anglé adopts a much smaller value
respective leveld values of—2319 and—2264 ppm employing BP86/ 9 P

AE1 and CP-opt geometries, respectively, a292 ppm for a CPMD in the solid. . o . )
simulation averaged over 1 ps). A more thorough investigation of the rotational profile of
the Im group at the BP86/AEL level showed the presence of a
Results and Discussion second minimum¥, C<-symmetry), in which the Im plane is
This section is organized as follows: First, we present a €clipsed with the terminal VO bond) (= 0°). The transition
computational characterization of the catalyst complesalling state connecting both minimaTS, is very close in energy to

special attention to the structure an(fV) value in aqueous 1 (Iess than 0.1 kcal/mol higher at BP86/AE1) and ha8 a
solution. In the second part, we investigate possible mechanisms/alue of 25 (see Figure 1). Inclusion of diffuse functions and
for olefin epoxidation mediated by to identify the rate- zero-point corrections actually reverses the energetic ordering
determining step of this process. Finally, substituent effects andPetweenlTS and1’, and the rotational barrier passing through
their implications for the reactivity of vanadium-dependent 1'is only 0.4 kcal/mol AE + ZPE level)?’
haloperoxidases are discussed. When a CPMD simulation is started frof in vacuo, the

(1) Structure, Dynamics, and5V Chemical Shift of 1. imidazole moiety immediately (that is, already in the 0.5 ps
Geometrical parameters fdrare summarized in Table 1 (see €quilibration period) commences rotating, and continues to do
Scheme 1 for numbering Scheme)_ The Computed equi]ibrium so for the total simulation time. The saw-tooth steps in Figure
geometries (BP86/AE1 and CP-opt entries) are in good mutual 28, an illustration of hov evolves with time, are not indicating
accord, despite the different computational setup (all-electron discontinuities, but are a consequence of the definition of this
vs pseudopotential calculations, isolated molecule vs periodic angle ranging from+-180° to —180°. The rotational period of
boundary conditions, etc.). On going from the static to the the imidazole unit is slightly longer than 1 ps.
dynamically averaged values in the gas phase, most bond lengths From the very low barrier discussed above, essentially free
are somewhat elongated (compare CP-opt and CPMD entries)rotation of the Im moiety is to be expected at ambient
This elongation is less pronounced for the VO bonds (typically temperature. In the simulation starting from isolafecppar-
below 0.01 A), but is more prominent for the-\N distance ently, no initial momentum is present that would induce an
(0.02 A). The most notable change is found for the orientation immediate rotation, and only relatively small variationséin
of the Im group, as assessed by the OVNC dihedral afgle occur after equilibration (full lines in Figure 2a, after O ps).
Large fluctuations are found at 300 K, and the average value When the simulation is started frof, the system is rapidly

increases from ca. 9Go 110. dragged toward the lower minimum, and the concomitant twist
(32) Troullier, N.; Martins, J. LPhys. Re. B 1991, 43, 1993-2006. (36) Cf. BHsNH3: Bihl, M.; Steinke, T.; Schleyer, P. v. R.; Boese,Agew.

(33) Kleinman, L.; Bylander, D. MPhys. Re. Lett 1982 48, 1425-1428. Chem., Int. Ed. Engl1991, 30, 1160-1161.

(34) Lee, C,; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785-789. (37) There is another stationary point@ symmetry withd = 18C°, which is

(35) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899-926. a transition state 0.7 kcal/mol abote
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1’ (0.4)

1 (0.0)
Figure 1. Stationary points involved in Im rotation ib (in parentheses: relative energid€ + ZPE level); two views are shown in each case.
_180 - T T ; aF T I T T T T T T T .
/| a)gas / b) in water
-120 | foAar 8
O H /
o g Iy
ok ,'J i
60 ;\A,\A\W (,"‘ B
i
120 + W I
180 C ' 1 1 JLC 1 1 1 1 1 1 1 1 .
0 1 0 1 2 3 4
—> — > simulation time [ps]

Figure 2. Variation of 8 with time in CPMD simulations starting frort (full lines) and1' (dashed lines): left, in vacuo; right, in aqueous solution
(including equilibration).

. i . .. Table 2. 5V Chemical Shifts (B3LYP Level for BP86 Optimized or
of the Im group provides such initial momentum that is sufficient g, jated Geometries)2 of 1 and [VO(O2)2(OH2)]~ (2)

to overcome the barrier anew after a full rotation. That the course

. . - L level of approximation 1 1 2 (AO)P
of the simulation depends so strongly on the initial conditions 3J/BPBOIAEL —a 550 529 @5
(_the starting structure in _thls case) |nd_|cates that true equilibra- SyICP-opt _792 649 _sg8 (134)
tion between the various internal vibrational degrees of freedom,  s300k,cpmD 696 —685 561 (135)
in particular involving the very “soft” internal rotation, has not 0%0K/CPMD/D;0O —833 —864 —682 (151)

yet been reached. For the complex in the gas phase, the SXPeriment/HO® —748 —692 (56)

simulation starting froml' is probably the more realistic one, ain ppm relative to VOG}, equilibrium @¢) and thermally averaged

because this shows the free rotation expected from the low values §3°4), computed or averaged for the geometries obtained as
barrier. indicated after the double slashDifference betweerd and2. ¢ From ref
o o 14 and: Rehder, D. IMetal lons in Biological SystemSigel, H., Sigel,
Arguably, the dynamics in aqueous solution is more com- A., Eds.; M. Dekker, Inc.: New York, 1995; Vol. 31, p 1.

plicated. On one hand, collisions with solvent molecules could

provide momenta that would induce Im rotation. In fact, much trend discernible in Figure 2b, a full Im rotation would be
larger amplitudes are found fak starting from1 in water, as expected to require on the order of 10 ps or more.

compared to the gas phase (full lines in Figure 2a and b). On  What are the effects of the molecular dynamics on5he

the other hand, the solvent can serve to slow the rotation NMR chemical shifts? Equilibrium and dynamically averaged
observed in the gas phase, due to water diffusing into the way §(°1V) values are summarized in Table 2. Fortuitously, e

of the rotating imidazole “wheel” or being held in place there value for staticl appears to fit best to experiment. Thermal
by hydrogen bonds to the oxo or peroxo ligands at the metal. averaging in the gas phase causes relatively small changes in
When a CPMD simulation was started frdimin water, indeed the chemical shifts fod and 1’, on the order of ca. 30 ppm

no free rotation is observed within several picoseconds. The (compare CP-opt and CPMD entries); a somewhat larger
amplitudes for@ are similar to those in the trajectory starting shielding effect (ca. 140180 ppm) is obtained upon going from
from 1 (compare dashed and full lines in Figure 2b). From the the gas phase into aqueous solution (compare CPMD and
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5(51V) —719 ppm AL In absolute terms, this value is much smaller
[ppm] — than those deduced or computed for other transition-metal
pp 720 | i complexes so far. For [Co(CN}~, for example, an experi-
710 L _ mental estimate o§o<°/arcoc = —8000 ppm A1 (i.e., —1300
-700 L 4 ppm A1 per bond) has been given on the basis of isotope effects
-690 - - on the metal chemical shif§, and for MnQ~, 30M"/orpno =
680 - _ —17 000 ppm A (i.e., —4300 ppm A per bond) has been
S S S predictedt® Even with the smaltyy shielding derivative irl,
0 30 60 90 120 150 180 however, effects of this parameter are notable, because this bond

length changes significantly upon solvation: The concomitant
bond contraction iri, nearly 0.1 A (see above), translates into

a shielding of the metal of ca. 70 ppm, which is larger than
possible effects due to Im rotation (Figure 3), and amounts to

CPMD/D,0 entries). The finatV chemical shift simulated in ~ "oughly one-half of the computed total gas-to-liquid shift of
aqueous solution is too strongly shielded by ca. 100 ppm with 137 PPm (compare CPMD and CPMD/D entries in Table

respect to experiment. Errors of this magnitude are not uncom-</-

—> d°]
Figure 3. Variation of the computedV chemical shift in1 upon Im
rotation.

mon for theoreticab(5V) valueg® and are relatively small as To summarize .this section, the.structure.and propertid; of
compared to the total chemical shift range of this transition have been investigated computationally using well-established
metal, which covers several thousands of giimterestingly, DFT-based tools. Rotation of the Im group is facile, especially

almost all 5(51V) values of vanadates and peroxovanadates N the gas phase, and is somewhat slowed in solution. In general,

simulated so far have been found systematically too low (too the observedlV chemical shift and the geometrical parameters
negative) as compared to experimé&fi20.39 are well reproduced in the bulk simulations at ambient temper-

Results similar to those fd (notably a predicted shielding ~ ature. o
on going from the gas phase into water) have been obtained (2) Olefin Epoxidation Catalyzed by 1.Oxygen transfer
for the related peroxo complex [VO@R(OH,)]~ (2, i.e., 1 with reactions of peroxides is an intensely researched*amfayhich
a water ligand instead of imidazole) based on CPMD/BLYP olefin epoxidation mediated by transition-metal complexes
simulationsi®a The analogous CPMD/BP86-derived data 2or occupies a fair share. Computational studies of such epoxidation

are included in Table £ The difference in(5V) between1 ~ Pathways abountf® but to our knowledge no investigations
and2 is reproduced by the simulations in a qualitatively correct Nave been reported for vanadium species s6'far.
manner (the metal is more shielded inthan in 2), but From these studies, three possible pathways have emerged,

quantitatively the trend is significantly overestimated (see ~ Which, adapted fod, are sketched in Scheme 2. Path 1 starts
values in parentheses in Table 2). The computed thermal andWith coordination of HO; to the catalyst and formation of a
solvent effects on the metal shieldinglimnd2 are very similar, hydroperoxy complex4), which is the actual oxygen transfer
so that effects 0d(51V) of modifying the ancillary ligand can ~ @gent. Such a mechanism, previously suggested by Sheldon,

be assessed by static computations for the equilibrium geom-Nas been favored for related MoQglL —L) complexes (where
etries (see the Substituent Effects section below). L—L denotes chelating bisnitrogen donors, as modeled by two

ammonia ligands}> Path 2 is initiated by direct oxygen transfer
from the catalyst to the olefin, yielding a monoperoxo inter-
mediate §), which subsequently reacts with®, to regenerate

the catalyst. Such a pathway, originally put forward by

What factors govern the trends i(°V) upon thermal
averaging and solvation? The orientation of the Im group has
been found to affect the EPR properties of vanadyl complexes
noticeably*! To probe if>V chemical shifts could be of similar
diagnostic value for the Im orlentlatlo.n in dlamagne'Flc vanadium (43) Jameson, C. J.: Rehder, D.: Hoch. MAm. Chem. S04987 109, 2589
complexes, we have computé(lV) in 1 as a function of the 2594. This empirical value has been qualitatively reproduced using

i i 42 i i i theoretical methods similar to those employed in the present study, see:
dihedral angled (Figure 3_). !n fgct, S|zabl_e vgrlatlons of up Godbout. N.: Oldfield. EJ. Am. Chem. S0d997 119, 8065-8069.
to ca. 40 ppm are found, indicating that this single geometrical (44) Adam, W., EdPeroxide ChemistiyWiley-VCH: Weinheim, 2000.
parameter is responsible for the major part of the difference (45) Mo, for example: (a) Kn, F. E.; Groarke, M.; Bencze, E.; Prazeres, A.;

Santos, A. M.; Calhorda, M. J.; Romao, C. C.; Goncalves, I. S.; Lopes, A.

betweend(®V) in 1 and1' (ca. 70 ppm, see Table 2) with D.; Pillinger, M. Chem.-Eur. J2002 8, 2370-2383. (b) Deubel, D. V.;
. Sundermeyer, J.; Frenking, Gur. J. Inorg. Chem2001, 1819-1827. (c)

values of ca. 9T)a_nd 0, respectlvely. Deubel, D. V.; Sundermeyer, J.; Frenking, Grg. Lett. 2001, 3, 329
To gauge the importance of the VN bond length on the 332. (d) Hroch, A.; Gemmecker, G.; Thiel, W. Eur. J. Inorg. Chem

. . . 200Q 1107-1114. (e) Deubel, D. V.; Sundermeyer, J.; Frenking,JG.
chemical shift, we have computed the corresponding bond-length Am.QChem. 30(200(0)122 10101-10108. Y ¢

shielding derivative irl,*? arriving at a value oboV/dryy = (46) Re: (&) Gisdakis, P.; Yudanov, I. V."Bah, N Inorg. Chem 2001, 40,
9 : 9 VN 3755-3765. (b) Galing, A.; Trickey, S. B.: Gisdakis, P.; Rah, N.Top.
Organomet. Cheml999 4, 109-164.

(38) Bthl, M.; Hamprecht, F. AJ. Comput. Chenml998 119 113-122. (47) Mn: (a) Cavallo, L.; Jacobsen, H. Org. Chem?2003 68, 6202-6207.
(39) (a) Bihl, M. J. Comput. Chem1999 20, 1254-1261. (b) Binl, M. J. (b) Adam, W.; Roschmann, K. J.; Saha-Mo, C. R.; Seebach, DJ. Am.
Inorg. Biochem200Q 80, 137—139. Chem. So0c2002, 124, 5068-5073.
(40) The simulations with the BLYP or the BP86 functionals afford very similar  (48) Cr: Rappe, A. K.; Li, SJ. Am. Chem. SoQ003 125 11188-11189.
qualitative results, for example, for the averaged®H,) bond length: (49) Ti: (a) Sever, R. R.; Root, T. Wl. Phys. Chem. R003 107, 4090~
On going from the %as phase into aqueous solution, this bond contracts 4099. (b) Cui, M.; Adam, W.; Shen, J. H.; Luo, X. M.; Tan, X. J.; Chen,
from 2.279t0 2.017 A, that is, by 0.26 A, at the BP86 level (present work), K. X.; Ji, R. Y.; Jiang, H. L J. Org. Chem2002 67, 1427-1435.
and from 2.394 to 2.082 A, that is, by 0.31 A, with the BLYP functional  (50) Fe: (a) Musaev, D. G.; Basch, H.; Morokuma,JXAm. Chem. So2002
(ref 19a). 124, 4235-4148. (b) de Visser, S. P.; Ogliaro, F.; Harris, N.; Shaik).S.
(41) (a) Smith, T. S., Il; Root, C. A.; Kampf, J. W.; Rasmussen, P. G.; Pecorano, Am. Chem. So2001, 123 3037-3047.
V. L. J. Am. Chem. So@00Q 122, 767—775. (b) Saladino, A. C.; Larsen, (51) For arecent study of the oxidation of ethylene by coordinatively unsaturated
S. C.J. Phys. Chem. R002 106, 10444-10451. VO,*, see: Garcia, L.; Sambrano, J. R.; Safont, V. S.; Calatayud, M.;
(42) From a rigid scan with all other parameters fixed to the values in the CP- Beltran, A.; Andres, J.J. Phys. Chem. £003 107, 3107-3120.
opt geometry oflL. (52) Sheldon, R. ARecl. Tra.. Chim. Pays-Bad973 253 367.
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Scheme 2. Possible Catalytic Cycles for Ethylene Epoxidation with 1
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Figure 4. BP86/AE1 optimized structure df-H,O, (side view).

Sharples$? has been confirmed computationally for several Mo
and Re analogues, for example, Re@§(CHz)(OH,).*62Entry

in Path 3 is accomplished by insertion of the olefin into a metal
oxygen bond under formation of a transient metalla-2,3-
dioxolane 8), which decomposes- under liberation of the
reaction products- to the same monoperoxo intermedidte

seven-coordinated VO complexes have been characterized
by X-ray crystallography, but without exception these contain
chelating ligands with strong donors (aromatic N atoms and/or
carboxylato groups® A monodentate ligand such as Im
produces six-coordinate speciésin contrast, essentially all
neutral complexes with the MoOg) fragment have a coor-
dination number of seven about Mo, irrespective of the denticity
of the ligandS’ It is particularly noteworthy that the Mo
analogue ofl, MoO(O,)2(Im)(OHy), is seven-coordinated with

an additional water molecule trans to the oxo ligdhdH,O
molecules are also present in the solid contairfingut only

as crystal water, not coordinated to vanaditfn® possible
reason for this difference in stereochemistry is the smaller size
of vanadium as compared to molybdenum, which increases
mutual repulsion of the ligands. In addition, the vanadium
complex is anioni€? with a large fraction of the negative charge
at the terminal oxo ligand<0.6e according to natural population

from Path 2. Such a mechanism has been suggested to benalysis at the BP86/AE level), thereby increasing the trans-

operative with MoO(@)2(hmpaj* and has been computed for
a smaller model with OP¥as coligand'>¢In the following, all
three pathways are scrutinized starting frém

The initial step in Path 1 is coordination of,®&, to the
vanadium center irl. All attempts to locate a corresponding

influence of the latter. As a consequence, the availability of
the seventh coordination site is considerably reduced. Thus, Path
1 can be viable for neutral peroxo-molybdenum complé&és,
but not for the corresponding anionic vanadium congeners.

Turning now to Path 2, we have located the transition state

minimum @ in Scheme 2) failed, however. The additional ligand  for oxygen transfer from to the substrate, affording the epoxide
was always expelled from the coordination sphere of the metal and monoperoxo compleX. This step proceeds via a spiro-
and remained hydrogen-bonded to the two peroxo moieties. Thelike transition transition structur€[S15 (see Figure 5), and
lowest minimum is displayed in Figure 4. The same happened requires only a moderate activation energy, 17.3 kcal/mé (

when a CPMD run was started by placiB@n a periodic water
box.

Likewise, no minimum corresponding #could be found.
All optimizations starting from an arrangement as depicted in

Scheme 2 resulted in dissociation of the imidazole ligand from

the complex® Apparently, the metal center Inis very reluctant

to increase its coordination number beyond six. A number of

(53) Sharpless, K. B.; Townsend, J. M.; Williams, D. R.Am. Chem. Soc
1972 94, 295.

(54) Mimoun, H.; Seree de Roch, I.; Sajus, Tetrahedron197Q 26, 37.

(55) In the gas phase, the imidazole is also not strongly bourly a&s the
dissociation energy (for the reactidn— [VO(O,),]~ + Im) is computed
to be only 10.7 kcal/mol at the BP86/AEL level. It has been noted in part
1, however, that in aqueous solution the bonding between V and Im is
substantially reinforced (see-MN bond lengths in Table 1).

+ ZPE level, 27.8 kcal/mol aAG?2%). Similar structures and
barriers have also been reported for the related Mo sp&€ié&s.
The O atom is approaching the olefin in a rather unsymmetrical
fashion, with the two forming €0 bonds differing by 0.57 A

(56) For example, [VO(@2(bipy)]~, where the N atom trans to the oxo ligand
is more weakly boundr(n = 2.29 A) than the equatorial N atomf =
2.15 A): Szentivanyi, H.; Stomberg, Rcta Chem. Scand. A983 37,

553.

(57) For example, MoO(8,(OH,),: Shoemaker, C. B.; Shoemaker, D. P;
McAfee, L. V.; DeKock, C. W.Acta Crystallogr., Sect. @985 41, 347.

(58) Martin-Zarza, P.; Gili, P.; Rodriguez-Romero, P. V.; Ruiz-Peres, C.; Solans,
X. Inorg. Chim. Actal994 223 173.

(59) Interestingly, the only mononuclear, six-coordinated Mo analogue structur-
ally characterized so far is also an anion, [Mo@gIDSiPh)] : Piquemal,
J.-Y.; Halut, S.; Brgeault, J.-MAngew. Chem., Int. EA998 37, 1146~
1149.
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Figure 5. Entry into Parth 2 via oxygen transfer, including key distances (in A), optimized at the BP86/AE1 level, and relative energies (in kdal/mol,
+ ZPE level).

5 +H,0,

(-21.1)

Figure 6. Initial step for regeneration of catalystoy H,O, addition to5; key distances (in A), optimized at the BP86/AE1 level, and relative energies are
included (in kcal/mol AE + ZPE level, counterpoise-corrected foH,0,).

in TS15 (Figure 5). A tendency toward asynchronous oxygen (—27.9 kcal/mol atAG?%). The reaction product, monoperoxo
transfer had also been noted in related Mo systems, where thespecies5, is stable over several picoseconds in a CPMD
two forming C-O bonds differ by up to 0.11 A, for example, simulation in water, where no spontaneous decay occurs, for
in Mo(Oy)2(OPH).#%¢ Such asymmetry might be expected for example, by way of reaction with the solvent. Reactiorbof

a radical-type mechanism, for example, involving a transient with H,O, is not initiated by coordination of the latter to the
VIV —-0—0—CH,—CHjy species, but no evidence was found for metal. All attempts to optimize such a complex in the gas phase
such an electronic structure iMS15 the restricted wave  resulted in expulsion of the hydrogen peroxide from the
function turned out to be stable, and no lower open-shell coordination sphere, affording a simple H-bonded adduct (as
solutions could be found. Oxygen transfer thus proceeds was the case fol + H,O,, see above). We also performed

asynchronous, but concerted. extensive CPMD simulations in water, but in no case di®H
In the numbering scheme of Scheme 1, it is O3 that is remain in the coordination sphere &f
transferred to the olefin iS15 The remaining three transition It turned out that at the BP86 level in the gas phasgH

states for transfer of any of 02, O4, or O5 have also been can add metathetically t6 under cleavage of one of its OH

located, but have been found to be higher in energy by-2.9 bonds® The transition state that has been localE857, Figure

6.4 kcal/mol at the BP86/AEL levé!. 6) is actually lower in energy than the separated reactants. This
The driving force for this first step, that i$,+ CoHs — 5 + is because the transition state does not connect to the separated

C.H40, is considerable, ca-29 kcal/mol in the gas phase reactants, but to the doubly H-bonded complex of bBthi{Ox,

61) The product of this process, hydroperoxy compleis a stable minimum,
(60) The barrier for transfer of the oxo ligand O1 to the olefin is much higher, unlike the elusive hydroperoxy complek which would have a higher
ca. 60 kcal/mol (BP86/AE} ZPE level). coordination number (see Scheme 2).
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0.0)

Figure 7. Entry into Path 3 via olefin insertion, including key distances (in A), optimized at the BP86/AE1 level, and relative energies (in kaf&/mol,
+ ZPE level).

Scheme 3. Possible Pathway for Transformation of 7 Back to 1

not shown in Figure 6), which is a strongly stabilized fon (in Parentheses: Relative Energies at the AE + ZPE Level)

dipole complexiTS57lies 9.7 kcal/mol above this comple&AE

+ ZPE). In aqueous solution, there also appears to be a barrier
for this process, as no spontaneous OH activation was observed
in the simulations. We have not attempted to assess the height

of this barrier with CPMD simulations (e.g., via thermodynamic o 1 ¥
integration over several constrained MD runs), as a much smaller o7
activation energy than that of olefin epoxidation ¥i&15and, A

thus, a very facile reaction is to be expected. This expectation
is corroborated by an estimate of bulk solvent effects using a
polarizable continuum mod& together with a molecule-shaped
cavity and the parameters of water. When single-point energy
calculations are performed with such an approach, the oxo-
transfer barrier (i.eTS15relative tol) is 17.7 kcal/mol (BP86/
AE1+ level), that is, very similar to the gas-phase value (17.3 (0.0) (:2.9)
kcal/mol, Figure 5), an@'S57is 5.5 kcal/mol abové + H,0,.
Thus, the latter step should proceed much more facile than theactually be part of a catalytic cycle in solution. We report these
former. data for completeness and without further discussion, just to
In water, there are probably many possible pathways f& H ~ show that even in the absence of solvent, the epoxidation step
elimination leading fron¥ back tol, some of which are most ~ would be rate-limiting*
probably solvent-assisted, and it is unlikely that this reaction ~ Finally, we have explored computationally if initial olefin
would be a bottleneck in the catalytic cycle. In the gas phase, insertion (Path 3 in Scheme 2) could be competitive with initial
we were able to locate a transition state for water elimination 0x0 transfer, as has been discussed for related Mo spfeies.
from 7, but surprisingly this did not lead tb, but rather to a After product elimination from the initially formed metalla-
somewhat exotic, cyclic intermediat® Scheme 3), which then  dioxolane8, this path would connect to the second part of Path
can rearrange t5.53 On the zero-point corrected potential energy 2 with 5as common intermediate. We have located a transition
surface, the total activation barrier for this pathway (i.e., between state for ethylene insertion into a peroxieO bond (TS18in
7 and TS91) is somewhat higher than that of the epoxidation Figure 7), affording. The resulting barrier, 25.1 kcal/ma\E
step viaTS15 When entropy effects are taken into account, + ZPE level, 36.9 kcal/mol ahG?%), is much higher than that
however (see below), the latter barrier is higher and is thus the for oxo transfer viar S15 (Figure 5). In addition, the insertion

rate-determining one. These results do not imply thatould product8 s higher in energy than the separated reactants. Thus,
entry into Path 3 is both kinetically and thermodynamically

(62) As implemented in Gaussian 98, cf.: (a) Miertus, S.; Scrocco, E.; Tomasi,

J.Chem. Phys1981, 55, 117—129. (b) Mennucci, B.; Tomasi, J. Chem. (64) A referee pointed out th&could decompose through other channels, for
Phys 1997 106 5151-5158. (c) Barone, V.; Cossi, M.; TomasiJJChem. example, elimination of singlet dioxygen. This process, that9is;
Phys.1997 107, 3210-3221. Review: (d) Tomasi, J.; Persico, @hem. [VO2Im]~ + 10O,, is computed to be quite endothermic in the gas phase,
Rev. 1994 94, 2027-2094. AE = +19.7 kcal/mol at the BP86/AEL level (obtained from the calculated

(63) We explored a few other possibilities, such as proton transfer from the reaction energy usingD, and adding the experimental energy difference
hydroperoxo to the hydroxo group ify but no transition state lower in between®0, and'O,, 22 kcal/mol). Elimination of ozone is indicated to
energy thanrS79 was found. be even less favorable.

J. AM. CHEM. SOC. = VOL. 126, NO. 10, 2004 3317



ARTICLES Buhl et al.

Scheme 4. Evolution of Free Energy AG?8 (in Parentheses, kcal/mol Relative to 1) along Path 2 and Entry into Path 3
(36.9)

(-34.6) /' T879 TS91

S C2H40 + C2H4O (_39' 6) + C2H4O (-46.8)
+C,H,0 7 +H,0
+H,0, +GHO 9
+C,H,0 1
+ HZO + C2H4O
Path 2 . tH0

Table 3. Effect of Variation of L in [VO(O3),L]~ on the

disfavored over that into Path 2 and can be excluded for o/ = o Barrier AE and the 51V Chemical Shift

peroxovanadaté.> . -

Thus far, mainly relative energies on the potential energy L AE 5CV)
surface have been discussed. The free energy profiles at room J~NH
temperature AG2°9) of the first part of Path 3 and that of the A M 16.6 ~724 (-748)°
entire Path 2 are summarized in Scheme 4. It should be kept in T
mind that the enthalpic and, in particular, the entropic contribu- = 10 16.6 724
tions evaluated from the ideal-gas assumption are only a rough J~NH
guide and may be somewhat attenuated in solution. The _N\ANO (11 19.4 761
qualitative conclusions should be reliable, however, in particular, :
the preference of Path 2 over Path 3. The latter is even more 7~
disfavored at theAG level than atAE + ZPE (cf., Figure 7). N 1z 106 758
On Path 2, the initial oxo transfer is rate-limiting because it H
not only passes over the highest point in total, but has also the - J a3 14.6 -700
highest barrier of each elementary step (i.e., with respect to the
preceding minimum). Once the first barrier is overcome, the @N
remaining sequence should thus proceed smoothly, in particular — J

) . . (14) 9.1 -733

because there is a consecutive lowering of the free energy on
going from each intermediate to the next one. Oxo transfer has —NC\> (15) 16.5 710 (-712)¢
also been computed to be rate-limiting in the oxidation of
sulfides catalyzed by peroxovanadium speéfes. -N=C-Me  (16) 166 -670

(3) Substituent Effects.The next question after identification ~NH; 17 16.2 705

of the reaction path and the rate-determining step is, how is the  a | kcalimol, BP86/AE#//BPS6/AE1 level? Gas-phase equilibrium
activation barrier of this step affected by the nature of the ligands value, GIAO-B3LYP/AEH-//BP86/AEL level (experimental solution value
attached to the metal? Imidazoles, and nitrogen-containing nggrggtzezsgs_fﬂi’gﬁ ref 14.9 Tracey, A. S.; Jaswal, J. $org. Chem
heterocycles in general, are versatile ligands in transition-metal ' '
chemistry, and a plethora of derivatives of the various motifs

) . ) ever: The strongly electron-withdrawing nitro-substituentin
is known8” To study electronic effects of substituents on the

ter barri h laced the | oty End leads to a significant increase in the barrier, by almost 3 kcal/
oxo-transfer barrier, we have replaced the Im moietf an mol. This comes as a surprise because an electron-withdrawing

.TS.lS by the' Ilgands .shown in Table 3. These comprise group should facilitate electrophilic attack at the olefin, as has
imidazole derivatives with a donor or an acceptor group attachedfor instance been observed in epoxidations using Mo-based
(Cland NQ, respectively), or deprotonated at Im, other aromatic

N-donor ligands such as pyrazole and pyridine, as well as two
examples with formally sp and sp-hybridized N atoms
(ammonia and acrylnitrile, respectively).

Most ligands afford very similar barriers around ca. 16 kcal/
mol, indicative of little overall sensitivity of this property toward
subtle electronic effects. There are notable exceptions, how-

catalysts with chelating ligand8. Unfortunately, no simple
explanation for this counterintuitive result can be put forward.

A substantial decrease in the barrier, by 6 kcal/mol with
respect to the parent systelmis found upon deprotonation of
the Im moiety (2in Table 3). This finding will be dicussed in
more detail below. A somewhat less pronounced decrease, by
2 kcal/mol, is found upon substituting Im for the pyrazole ligand
(65) For Mo species following the insertion pathway, an additional reaction (13).

SB?)Q%%' would be nﬁ‘é‘t’g”s;_'g!&gr':g“'(ré?f"’rgfoig‘;‘ft\?v'ged*}gdﬁoiaézg{ot:‘ea?hit?e In context with these substituent effects, we were interested
possibility for8, as its formation is strongly disfavored in the first place.  to see if this system could be another example of an NMR/
(66) Balcells, D.; Maseras, F.; LIédpA.J. Org. Chem2003 68, 4265-4274.

(67) For instance Im derivatives: Sundberg, R. J.; Martin, RCBem. Re.
1974 74, 471-517. (68) Thiel, W. R.; EppingerJ. Chem.-Eur. J1997, 5, 696—705.
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> Figure 9. BP86/AEL optimized structure GfOAc™ including key distances
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Figure 8. Correlation of the computed(>V) and AE2 values from Table
3. Alinear fit for the neutral aromatic heterocycles (solid circles) is shown.  additional negative charge from the ligand onto the olefin which

o ] o is responsible for the lowering of the barrier on going fréam
reactivity correlation. For a number of catalffiand stoichio- {5 12

metric’® reactions at transition-metal centers, it has been possible Full deprotonation of free Im is not possible in water (cf.,
to porrelate reactivities or catalytic act|V|t|e§ W|th the chgmlcal the estimated Ig, value of 14.24 However, coordination of
shifts of the metal* When such a correlation is established |, 15 5 transition-metal fragment can lower the acid constant
within a series of closely related compounds, it could be by several K, units7>cf., 10.9 in [Fe(CNJIm]2~."5aVery basic
possible, for instance, to select prospective catalysts on the baSi%onditions, however, would probably still be required to produce
of their NMR spectra. A few such correlations have been eq 12 in aqueous solution. To probe to what extent the
rationalized or predicted computationalfy. electronic structure of fred2 can be approached under less
From the plot of the computed activation barriers vefs\fs dramatic, that is, more biomimetic conditions, we have opti-
chemical shifts in Figure 8, an overall trend toward a lower mized a complex ofl with a H-bond acceptor attached to the
barrier with a more deshielded metal can be discerned for the |m moiety, acetate ion in this case. The resuliF@Ac- (Figure
neutral heterocyclic ligands (solid circles). This correlation, 9) has the structural characteristics of a strong hydrogen bond,
however, does not extend to the formally sp-hybridized donor gz significantly elongated NH distance (1.08 A) and a short N
(16) or the deprotonated Im and pyrazole ligandi& @nd 14, --O separation (2.71 A). Indeed, the oxo-transfer barrier of
respectively). Thus, no general NMR/reactivity correlation can 1.0Ac" is appreciably reduced relative to thatlpby 2.7 kcal/
be predicted, and a screening of prospective catalys8\by  mo| (BP86/AEH- level), albeit not as much as in the fully
NMR spectroscopy would not appear to be reliable. deprotonated systefi?. However, this result suggests that the
The remarkably low barrier in the deprotonated spetizs activity of (imidazole)peroxovanadium complexes in bioinspired
however, may serve as a lead for further rational ligand design. oxidation reactions could be significantly enhanced by attaching
The imidazolate anion is a stronger base and a better donora suitable hydrogen-bond acceptor to the imidazole ligand.
than neutral imidazole. The concomitant stabilization of the It is tempting to speculate if a similar mechanism could be
peroxovanadate fragment is not so much apparent in the ground-operative in the active center of the vanadium-dependent
state structures (e.g., on going frointo 12 the VN bond haloperoxidases. In the peroxo form that has been structurally
decreases just by 0.004 A), but comes to the fore in the transitioncharacterized?® the His residue coordinated to the vanadium
states: upon removal of the proton at ImTiB15, the bonding center (HIS496) is indicated to form a hydrogen bond to the
to the N-donor is considerably reinforced, as evidenced by a carboxylate group of a nearby asparagic acid (ASP500). The
substantial VN bond contraction (by 0.05 A) and a notable observed short and, thus, probably H-bondeet® distance,
increase in the Wiberg bond indéka measure of the covalent  2.82 A, is of the same order of magnitude as that optimized for
bond order, from 0.29 to 0.39 (from natural population analysis 1-OAc~ (2.71 A, Figure 9). Based on the results just discussed,
at the BP86/AE® level). At the same time, the asymmetry of this hydrogen bond could be critical for the activity of the
the ethylene moiety with respect to the incoming O atom enzyme. The importance of the hydrogen-bond network around
increases upon deprotonation (cf., the CO distance pairs changehe prosthetic group has been highlighted recefttie have
from 1.77/2.35 to 1.63/2.44 A), as does the buildup of negative now provided computational evidence for the mode of action
charge at the distant C atom of the olefin (frorn0.53 to of one H-bond of this array, suggesting that, in the design of
—0.7%). It is probably this partial delocalization of the new biomimetic catalysts, this structural feature should be

included.
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not probe the effect of attaching a H-bond acceptor to the Substituent effects on this barrier have been explored com-
corresponding proton ih3, as this appears to be less favorable putationally by substituting the imidazole ligand inwith
than in1-OAc™, based on steric grounds. derivatives thereof, or with other N-donors. While an overall
trend toward lower barriers with a more deshielded metal has
) - been noted for the subset of neutikaheterocycles, no general
We have presented a computational study of [Ve}@m)] NMR/reactivity correlation is apparent. Of particular interest
(1), which may serve as a model for vanadium-dependent s the finding that the rate-limiting barrier is substantially
haloperomdases an.d their OX|ant|ve chemistry. S.peC|aI.att.ent|onreduced (by 6 kcal/mol) upon deprotonation of the imidazole
is called to lthgoretlcgl mohdellng of ttév c?err:ucal shift in fIigand. A similar effect, albeit somewhat attenuated, is predicted
&queogﬁ S0 u;uon ?r} ot e_;otmputgnor:s Cf aracterlzatlo? %when this proton is involved in a hydrogen bond to an acceptor
€ pathway for oletin epoxidation. or € 1ormer property, o,y 45 acetate. There is evidence for such a H-bond in the
the CPMD-based approach introduced previously has been_ . . - .
. o . i . 'solid-state structure of a vanadium-containing haloperoxidase,
applied. The quantitative accord with experiment of the dynami- . . N o .
51 . : where it may be critical for the oxidative activity. This
cally averaged(®'V) values is not improved over that of the - . L .
possibility has important implications for the design of new

equilibrium values from simple, static calculations. However, biomimeti talvsts with th dat tif
interesting insights into internal dynamics band the conse- lomimetic catalysts wi € peroxovanadate motil.

quences on Fhe NMR pargmeter are obtained. _Rc_)ta_tior_l of the Acknowledgment. M.B. wishes to thank Prof. Walter Thiel
coordinated imidazole moiety about the VN axis is indicated
to be very rapid in the gas phase and is somewhat slowed in
aqueous solution. This rotation affects tH¥ chemical shift
noticeably, but even more important for this property is the VN
bond length, which is considerably shortened upon going from
the gas phase into aqueous solution.

For the mechanism of catalyic ethylene epoxidation, the path
initiated by oxo transfer froni to the olefin is clearly favored
over other mechanistic alternatives that have been considered.
A complete catalytic cycle has been characterized, and the initial
oxo transfer step via an asymmetric, spiro-like transition state
is indicated to be rate-limiting, with a barrier of 17.3 kcal/mol
(AE + ZPE level, 27.8 kcal/mol ahG?°8), JA039436F
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