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Experimental studies by Shul’pin and co-workers have shown that vanadate anions in combination with
pyrazine-2-carboxylic acid (PCA: pcaH) produce an exceptionally active complex that promotes the oxidation

of alkanes and other organic molecules. Reaction of this complex with t¢leases HOCree radicals and
generates V(IV) species, which are capable of generatingréfficals by reaction with additional,B,. The
oxidation of alkanes is initiated by reaction with the H@dicals. The mechanism of hydrocarbon oxidation

with vanadate/PCA/pD, catalyst has been studied using density functional theory. The proposed model
reproduces the major experimental observations. It is found that a vanadium complex with one pca (PCA
pcaH) and one kD, ligand is the precursor to the species responsible for H§#@eration. It is also found

that species containing two pca ligands and a®Hmolecule do not exist in the solution, in contradiction

to previous interpretations of experimental observations. Calculated dependences of the oxidation rate on
initial concentrations of PCA and &, have characteristic maxima, the shapes of which are determined by
the equilibrium concentration of the active species. Conversion of the precursors requires hydrogen transfer
from H,O, to a vanadyl group. Our calculations show that direct transfer has a higher barrier than pca-
assisted indirect transfer. Indirect transfer occurs by migration of hydrogen from coordingdedoHhe

oxygen of a pca ligand connected to the vanadium atom. The proposed mechanism demonstrates the important
role of the cocatalyst in the reaction and explains wh@itomplexes without pca are less active. Our work
shows that the generation of HO€dicals cannot occur via cleavage of a®@OH bond in the complex
formed directly from the precursors, as proposed before. The activation barrier for this process is too high.
Instead, HOOradicals are formed via a sequence of additional steps involving lower activation barriers. The
new mechanism for free radical generation underestimates the observed rate of hexane oxidation by less than
an order of magnitude; however, the calculated activation energy§b&J/mol) agrees well with that
determined experimentally (6380 kJ/mol).

Introduction molecular proton transfer fromJ@, to one of the ¥*=0 bonds

Vanadium-containing enzymes and homogeneous catalystsIn the complex, resulting in a new comple, . Shul’pin et

are known to promote the oxidation of various organic al2 propose tr:at thi:s, process occurs i?dlirectly' via what they
compounds by hydrogen peroxide and alky! peroxidgsul’pin refer to as a rqbots arm mechanism”, in which the 'prot_on
and co-workers have reported that vanadate cations in combinaransfer moves first to one of the N atoms of the pyrazine ring
tion with pyrazine-2-carboxylic acid (PCA pcaH) produce a  @nd then to the vanadyl group. The effectiveness of PCA as a
complex that is exceptionally active for promoting the oxidation cocatalystin comparison with other amino acids (picolinic acid,
of alkanes to alkyl peroxides, alcohols, and ketones, and theMidazole-4,5-dicarboxylic, imidazole-4-carboxylic acid, and
oxidation of alcohols to ketones and aldehydedlhat is pyrazole-3,5-dicarboxylic acid) is attributed to the ability of PCA
particularly interesting about this system is thatrplays the to facilitate t_he proton transfer step from®} via the robot’s
role of a promoter, whereas the true oxidant js On the basis ~ am mechanism. Once formed, decomposqs to produce HOO

of rate measurements, spectroscopic data, and the distributiorfadicals and a ¥ complex (V). IV reacts with a second29,

of products formed, Shul’pin et &lhave proposed that the molecule to generate a hydroxyl radical, which then attacks
oxidation of alkanes involves the formation of M@dicals via ~ alkane molecules, RH, to produce alkyl radicals, Roe latter

the mechanism shown in Figure 1. A vanadium complex SPecies reacts with£o form peroxyl radicals, ROQwhich
Containing one pca |igand)(coordinates an O, molecule to then terminate to form aIkyI hydroperOXideS, the observed final
produce complexi!. While complexes containing two pca Product.

ligands and one kD, ligand can readily form, they do not In the present study, density functional theory was used to
contribute to the reaction mechanisth.undergoes an intra-  investigate the energetics of free radical generation via the
sequence of reactions proposed by Shul’pin €t Rarticular
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Figure 1. Proposed catalytic cycle for HO@nd HO radical generation.

of HOO radicals. The role of PCA in the transfer of protons have a reliable way to approximate the translation and rotational
from adsorbed KD, was examined in order to establish the partition functions in solution, equilibrium constants were
importance of indirect proton transfer (i.e., the robot’s arm calculated on the basis of only the electronic degrees of freedom,
mechanism) relative to direct proton transfer. Where possible, and the contributions of translational, rotational, and vibrational
the results of our calculations were compared with the experi- degrees of freedom were neglected. In the discussion of our

mental observations reported by Shul’pin et al. results, we show that the inclusion of all degrees of freedom in
the calculations of rate constants, as would be done for gas-
Theoretical Approach phase reactions, results in an overestimation of the entropic

. . . . _effects for reactions occurring in the liquid phase.
Figure 1 illustrates the structures that we have considered in 9 quid p

this study. We have found that it is crucial to include solvent
molecules in the coordination sphere of vanadium in order to
obtain reasonable energetics for each of the elementary reactions. Vanadium/PCA System.Shul’pin et al. have reported that
The inclusion of solvent also ensures that the coordination spherethe reaction oh-Bu;NVO3 with PCA results in an equilibrium

of vanadium remains full. All reactions involving ions were mixture of vanadiumpca complexes containing one and two
treated as though only neutral species are involved. This pca ligands$ H and5V NMR spectra showed that treatment
approach avoids the need to account for solvation effects, whichof n-Bu;N(VO3) with PCA in acetonitrileds results in the
cannot be handled accurately without including the first shell formation of a new product. Reaction was complete at about 2
of solvent molecules explicitly and thereby increasing the equiv of PCA, and higher concentrations of PCA did not lead
computational burden significantly. Thus, for example, reaction to any additional species. On the basis of this observation, it
i involving negative ions is replaced by reaction ii in which was concluded that the vanadium complex with two pca ligands
each of the anionic species is treated as a neutral species by thg the only species present in an equilibrated solution when
addition of a proton. When there was more than one way to [PCA]y/[V]o > 2. In support of this conclusion, the authors
attach a proton to a charged complex, we explored all possibili- reported than-Bus;N*[VOx(pca)]~ was crystallized from an
ties and chose the most stable species. In the case of JV(O) acetonitrile solutiors.

(pca}], the most stable neutral complex is the one in whichthe e have represented the reaction of /@nions with pca

Results and Discussion

proton is added to a vanadyl group. by reactions 1 and 2 in Table 1. As noted earlier, 3VQs
i. V(O)2(pca)(CHCN) + pcaH+ OH™ = [V(O)2(pca}] ~ + replaced by HOV@ to avoid dealing with anionic species.
CHCN + H0 Values of AE and equilibrium constants for these reactions are
ii. V(O)2(pca)(CHCN) + pcaH = V(O)(OH)(pca) + also given in Table 1. Figure 2 illustrates the distribution of
CHCN vanadium complexes involving one and two pca ligands as a

Unrestricted density functional theory (DFT) calculations function of the concentration of PCA. Our model predicts that
were performed using the B3LYP functiorfand the 6-31G* the concentration of speci@dncreases as the concentration of
basis set was used for all atoms. All electronic structure PCA increases from 0 to approximately 1 equiv of vanadium,
calculations were done using tkieChem 2.0%rogram pack- at which point all vanadium is in the form of compl@xUpon
age® Transition states for all reactions were determined using further increase in PCA concentration, a complex with two pca
the growing string methotlintrinsic reaction coordinate (IRC)  ligands @) is formed. However, a significant concentration of
calculations were performed for all transition state structures 2 (20% of all vanadium species) remains even when [RCA]
to confirm that these structures are properly related to the [V], & 10. Although reaction 2 is exothermic by29 kJ/mol,
expected reactant and product states. not all of the vanadium is predicted to be in comp8because

Equilibrium constants and rate constants were calculated usingreaction 2 represents a competition between PCA ligands and
statistical mechanics and absolute rate thé@ince we do not acetonitrile molecules for sites in the vanadium coordination
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TABLE 1: Model Reactions Used in This Work

Khaliullin et al.

AE, kd/mol K at 40°C

reaction a d° a d
1 HOVO,(CH;CN), (1) + pcaH<> VO,(pca)(CHCN) (2) + H.0 + CHsCN  —39 3.0x 10°mol/L
2 VOy(pca)(CHCN) + pcaH< (HO)VO(pca) (3) + CH:CN -29 8.1x 10*
3 VOy(pca)(CHCN) + H,0, <> VOa(pca)(HO2) (4) + CH:CN —-14 -15 2.0x 102 5.0x 10
4 VOy(pca)(HO2) + HxO + CH3CN <> HOVO,(CH;CN)(H:0,) (5) + pcaH 10 13 1.8< 1072L/mol 7.2 x 10-3L/mol
5 (HO)VO(pca) + H,0, < (HO)VO(pcay(H-0,) (6) N/A 0 L/mol
6 VO,(pca)(HOz) — VO(OH)(pca)(OOH) 1) see Table 2
7 VO(OH)(pca)(OOHM- CH3CN — *VO(OH)(pca)(CHCN) (8) + HOO  see Table 2

2Robot’'s arm pathway? Direct pathway.
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Figure 3. H,0, adsorption complexes with.

of the hydroperoxide are oriented with respect to the other
ligands, it is expected that in solution rapid equilibration between
these species occurs via rotation gf around the VO bond.

As discussed below, complexéa and4d represent precursors
to the robot’'s arm and direct mechanisms, respectively. In
complex4a, the migrating H atom is close to the oxygen atom
of the pca ligand, whereas in complég, the H atom is close

to a vanadyl group.

We also considered the coordination a4 with VO,(OH)-
(pca} (complex3). The vanadium atom i has a coordination
number of 6 (actually 5, if one recognizes that the dativeN/
bond is significantly longer than the other bonds to V). Since
the usual coordination number of V in this type of complex is
5, H,O; is not expected to fit into the coordination shell. Our
calculations confirm this conclusion. All attempts to find minima
for structures such &led to complexes with unbound,B..
That is why HO, can only replace one pca ligand in the
coordination sphere leading to the formation of the coordination
complexes discussed earlidia( 4d). The calculated instability
of the complex between 4@, and 3 is consistent with the
proposal of Shul’pin et athat complext is the only precursor

sphere. Since the concentration of solvent is much higher thanto the catalytically active species responsible for the free radical

the concentration of PCA, the equilibrium distribution is shifted
toward 2. While the results presented in Figure 2a are
qualitatively consistent with the observations of Shul’pin et al.,
the crossing of the curves f@and3 determined theoretically
occurs at a much higher value of [PGAY] o than that observed
experimentally, [PCAJ[V]o = 1. We believe that this discrep-
ancy is only apparent, since thd NMR signals of complexes

2 and3 are expected to be very similar and hence indistinguish-
able. Consequently, it is likely that what Shul’pin efakport

as the concentration is the sum of the concentratiorsarid

3, and not the concentration 8falone. We also note that the
observation of crystallin@ upon solvent evaporation is con-

generation.

The energies and equilibrium constants feOd adsorption
are given in Table 1 (reactions 3, 4, and 5). The calculated
equilibrium constants were used to determine the distribution
of vanadium complexes as functions of the initial concentrations
of PCA and HO,. Details concerning these calculations are
given in the Appendix. Figure 4A shows that, as the PCA
concentration is increased, while keeping the concentration of
H,0, at 2000 equiv of vanadium, the dominant complBx,
which contains only KO, and solvent ligands, is replaced by
complex3, which contains two pca ligands. At a constant PCA
concentration of 4 vanadium equiv, increasing theOH

sistent with our theoretical predictions, since solvent evaporation concentration leads to the replacement of compleéxasd 3

would shift the equilibrium of reaction 2 towafl
H,O, Coordination. According to Shul’pin et al}, H,O,

coordinates to vanadium complexes containing different num-

by 5 (Figure 4B).
Figure 5A shows the calculated concentrationd@and4a
as a function of the ratio of the initial concentration of PCA to

bers of pca ligands. The resulting species are shown in Table 1the initial concentration of vanadium, [PCAM] o (the initial

as complexed, 5, and6. Complex5 does not contain a pca
ligand, whereas complexesand 6 contain one and two pca
ligands, respectively.

To find stable configurations fo4, we considered several
possible ways to attach @, to complex2. The minimum-
energy structures are shown in Figure 3. In compledeand
4d, H,O, is located opposite the N atom of the pca ligand, while
in complexes4b and 4c, H,O; is coordinated opposite the O
atom of the pca ligand. Calculation of the relative stability of

concentration of KO, is held constant at [fD,]o/[V] o = 2000).

The concentration ofd increases with increasing [PCAM] o

and then passes through a maximum corresponding to 5% of
[V]o for [PCA]o/[V]o = 130. The same pattern is predicted for
43, which reaches a maximum of 2% of [y/gt [PCAW/[V]o =

130. A comparison of the results shown in Figure 5 with the
experiments of Shul'pin et &lcannot be done directly, since
the concentration ot was not measured in the experimental
studies. However, since Shul'pin et al. assumed that the rate of

these four structures predicts that an equilibrium mixture at 40 alkane oxidation is directly proportional to the concentration

°C consists of 39% oflaand 61% of4d. The fraction of4cis
less than 0.02%, and the fraction4id is negligible. Thus, only
4a and 4d are considered for further discussion. While
complexedtaand4d differ in the way that the hydrogen atoms

of 4, an apparent concentration dfcan be determined by
dividing the observed rate of alkane oxidation by the rate
coefficient for the rate-limiting step. With this approach, the
concentration oft versus [PCAJ[V] o was determined from the
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Figure 4. Calculated vanadium distribution in the mixture of vanadate/ Figure 5. Concentrations of speciesin the mixture of vanadate/
PCA/HOz: (A) as a function of initial PCA concentration [PCA] PCA/H,O, estimated from experiment and calculated from theory.
[H202]0 = 2000 x [V]o, (B) as a function of initial HO, concentration Corrected values are shown figs = 1.1 x 103, K3 = 7.9,Ks = 4.5 x
[H202]0, [PCA]o = 4 x [V],. Direct pathway distribution is shown; 104 L/mol: (A) as a function of initial PCA concentration [PCA]
indirect pathway gives almost identical curves and is not shown on [H20;]o = 2000x [V],, (B) as a function of initial HO, concentration
this plot. Complext is not shown because its concentration is negligible. [H20:]o, [PCA]o = 4 x [V]o.

data of Shul’pin et af.for hexane oxidation, taking the rate the values oK, and K3 are estimated to change by no more
coefficient for the rate-limiting step to be 0.41s The resulting than 2 orders of magnitude upon inclusion of the entropy of
curve is shown in Figure 5A. While the experimental and reaction, whereas the valueskf andK, could change by as
theoretical curves are similar in shape, the curve based onmuch as 5 orders of magnitude, since both reactions involve
experimental data reaches a maximum of 7% of {][PCA}/ changes in the number of moles. Working with these constraints,
[V]o = 50. we examined the effects of changeKis-K,4 on the distribution
The effect of HO, concentration on the concentrations of 0f 4 with changes in [PCAJ[V]o and [H:O2]¢/[V]o. The value
4d and4ais shown in Figure 5B for a fixed value of [PC#] of K; was not adjusted upward to account for the positive change
[V]o = 4. Also shown is a curve fot calculated from the work in the entropy of reactions, since reaction 1 will be complete
of Shul'pin et al® in same manner as that discussed above. As even forK; = 3.0 x 1Cf. The final values of the constants are
the concentration of pD, increases, the concentration 4f Ki=3.0x 10° mol/L, Ky = 1.1 x 105 Kz = 7.9, andK, =
passes through a maximum in accordance with the experimen-4.5 x 10~* L/mol. Figure 5A,B shows that the new valuis,
tally observed behavior. Although the calculated value of the Ks, and K4 result in significantly better agreement of the
peak (2-4% of [V]o) agrees with that observed experimentally calculated curves with the experimental estimation.
(3% of [V]o), the position of the predicted maximum does not  If the adjusted value df; is used to determine the distribution
coincide well with that seen in the experimental results of 1, 2, and3in a vanadium/PCA mixture, then essentially the
(theoretical 100 equiv D, vs experimental 2000 equiv). same results are obtained with the concentratio? drfopping

The discrepancies between the calculated and experimentamore slowly than shown in Figure 2.
curves shown in Figure 5A,B are attributable to the exclusion  Free Radical Generation via the Decomposition of V@
of entropy changes associated with reactionst Jas part of  (pca)(H02). Shul'pin et al®> have proposed that Vipca)-
the calculations oK;—K4. As noted in the section on Theoretical (H202) (4) generates hydroperoxyl radicals, HO®ia a two-
Approach, accurate determination of the entropy change for step process (see Figure 1). In the first step, an H atom migrates
liquid-phase reactions is much more difficult than for gas-phase from the adsorbed #D; to the O atom of a vanadyl group, and
reactions because of the need to capture the influence of solute in the second step, an HO@dical is released from the newly
solvent interactions in the calculations. It is possible, however, formed complex. Both of these steps were examined theoreti-
to set upper limits on the corrections #,—K4 based on cally in the course of the present investigation (reactions 6 and
estimates of the entropy changes which would occur if each of 7 in Table 1).
these reactions were carried out in the gas phase. For reactions As mentioned earlier, two pathways were considered for
2 and 3, which do not involve a change in the number of moles, hydrogen transfer to a vanadyl group. In the direct pathway,
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Figure 6. Hydrogen migration via direct (A) and “robot’s arm” (B) mechanisms.

TABLE 2: Calculated Activation Energies and Rate Constants (40°C) for Hydrogen Transfer and HOO* Generation

reaction Et kJ/mol AEES kd/mol kst Keev, 572
6d: 4dto 7d 99 137 1.7x 104 8.6 x 10711
6al: 4ato 7al 81 52 1.9x 10t 1.6 x 10*
6a2: 7alto 7a2 30 22 5.5x 10’ 1.7 x 1¢°
6a3: 7a2to 7a 29 70 8.4x 10/ 1.5x 10
Sl N2 vl SN2 Svl SN2 Sl N2
7d: 7dto 8 192 >141 51 >0 6.0x 10720 2.0x 101t 1.9x 10 N/A
7a: 7ato 8 154 >103 51 >0 1.3x 1013 45x%x 10°° 1.9x 10 N/A

TABLE 3: HOO * Generation: S1-Type and S2-Type Reactions

type reactions

Sl VO(OH)(pca)(OOH) Taor 7d) — *VO(OH)(pca) 9) + HOO
*VO(OH)(pca)+ CH;CN — *VO(OH)(pca)(CHCN) (8)

S\2 VO(OH)(pca)(OOH) Taor 7d) + CH;CN— [VO(OH)(pca)(OOH)(CHCN)J*

[VO(OH)(pca)(OOH)(CHCN)J* — *VO(OH)(pca)(CHCN) (8) + HOO'

hydrogen transfer occurs in one step as shown in Figure 6A just complex7 with a broken V-OOH bond. The energetics of
(see also Table 2, reaction 6d), whereas the indirect pathwaythe step are summarized in Table 2 (reactions 7d and 7a).
involves a series of intermediate states. The hydrogen atom first To explain the observed rate of cyclohexane oxidation
migrates to the oxygen atom of the pca ligand connected to the(~10-5 mol/(L x s)), rate constants for the key step should be
vanadium atom as shown in Figure 6B (reaction 6al in Table on the order of unity, since the calculated concentration of the
2). The pca ligand brings the hydrogen atom closer to a vanadyl precursors is 1@ mol/L. One can see from Table 2 that the
group (see Figure 6B and reaction 6a2 in Table 2), and the rate coefficients for L substitution of HO®Oby CH;CN are
hydrogen atom then transfers to the vanadyl group (see Figuretoo small to be consistent with the observed rates.
6B and Reaction 6a3 in Table 2). Contrary to the suggestion of The §2 reaction is expected to have a lower-energy transition
Shul'pin et al.3 we find that an H atom of KD, cannot be state, since both the OOH group and Ml are bonded to
transferred to the nitrogen atom involved in the dative bond to vanadium. These interactions lower the overall energy of the
vanadium, since this process would involve either breaking of system. Unfortunately, despite extensive effort, a transition state
a strong V=N bond or destabilization of the aromatic system for reaction 7 could not be determined. Since the reaction of
in the pca ligand. The activation energies for the forward and interest is endothermic, a lower bound on the activation energy
reverse processes, as well as rate coefficients for each step, aris given by the internal energy change, which is positive. This
given in Table 2. lower bound is 141 kJ/mol for reaction 7d and 103 kJ/mol for
The key step in the oxidation of hydrocarbons by the reaction 7a. Since the preexponential factor is taken to be
vanadate/PCA/KD, system is proposed to be the generation (kT/h), the lower bound on the rate coefficient at 40 is
of free radicals. To describe the kinetics of this process, we 2.0 x 107 s! and 4.5x 107° s~ for the direct and indirect
have determined the internal energy changes and the activatiormechanisms, respectively. The activation energy for the S
barriers associated with the elementary steps leading to thereaction gives the upper bound on the activation energy.
release of HOOradicals. In our model, a solvent molecule As noted earlier, Shul’pin et dlassume the rate at which
replaces HOOfrom complexes7d and 7a with the formation HOO radicals are formed to be equivalent to the overall rate
of complex8 (Table 3). This substitution can occur via aflS of alkane oxidation, since the former process is rate-limiting.
or Sy2 mechanism. The intermediate for thglSrocessY) is As described in the Appendix, we calculated the rate of alkane
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A E-04 , , given in Table 4. None of the proposed processes has an
100 200 300 400 500 activation barrier for free radical generation that is lower than
that for reaction 7, 103 kJ/mol. Therefore, we can conclude that

1.8-05 1 __;_Z even if the free radicals are formed frofia this process is
— slower than the observed rate of alkane oxidation.
E 1.E-06 - - Another possibility is that free radicals are not formed directly
3 from 7abut are formed instead via a sequence of steps starting
E from this complex. A plausible pathway for such a sequence is
S 1.E-07 . - . :
2 given in Figure 8. A solvent molecule first displaces water from

N 7a. This, of course, is not an elementary step and includes at
1.E-08 F T e least one hydrogen transfer. However, we have already shown
that the hydrogen transfer that occurs via the indirect mechanism
has a reasonably low activation barrier {880 kJ/mol). The

1.E-09

[PCAL/[Vo total energy of the system decreases in reaction 8. Furthermore,
B experimental observation confirms that complexes containing
1.00E-04 O, ligand(s) (e.g.,10, 15) are the components in vanadium/
1000 2000 3000 400p H,0, systemd. The formal coordination number of vanadium
1.00E-05 1 is 6 in complex10; however, since @does not form twar
1.00E-06 | bonds with the vanadium atom, it is considered to be a
- monodentate ligand, resulting in a coordination number 5. In
< 1.00E-07 4 the next step (reaction 9),.8, replaces a solvent molecule
?Ea coordinated tdL0, resulting in the formation of an analogue of
- 1.00E-08 g B ———— ) 4 with one vanadyl group replaced by, @.1). This complex
e e can also undergo indirect hydrogen migration to fdrznwhich
1.00E-09 | -2 in turn can eliminate an HOQadical via an §2 (reaction 11)
1.00E-10 —-b or Sy1 (reaction 12) process. We observe that comfzgan
—%-c also eliminate water (reaction 13), starting a new cycle £H
1.00E-11 coordination (reaction 14), hydrogen migration (reaction 15),
[H20,1¢/[V1o and HOO elimination (reactions 16 and 17). By analogy with
Figure 7. Theoretical (§2 mechanism) and experimental rates: (A) reaction 7, we can estimate the lower and upper bounds on the
as a function of initial PCA concentration [PGA[H20;]o = 2000 x activation barrier aa\E for the §2 and &1 processes. As we
[V]o, (B) as a function of initial HO, concentration [HO;]o, [PCA]o see from Figure 8, the range of activation barriers is-88

=4 x [V]o. Curve a, experimental rate; curve b, calculated with reaction 150 kJ/mol for the elimination of HOOfrom 12 and 85-
7a as the rate-dete_rr_nining step; curve c, calculated with reaction 6a1124 kJ/mol for the elimination from17 versus 103
as the rate-determining step. . . .

154 kJ/mol starting fron7a. We have summarized the estimated
barriers for HOO formation from7a, 12, and17 in Table 5.
The energetic profile of the overall process is shown in the
Figure 9. In this figure, we only show transition states for
reactions 6al, 6a2, and 6a3. All other transition states between

(cylcohexane) oxidation as a function of the initial concentra-
tions of PCA and HO,. The results are presented in Figure 7
(curve b) together with the experimentally reported rate (curve

a). Although the theoretically determined oxidation rate exhibits .
a maximum consistent with what is observed experimentally, COMPlexesraand12 and betweeri2 and 17, will not affect

the calculated rates are 3 orders of magnitude lower than theth‘_e overall kineti_cs. _The most important obS(_arvation fro_m Figure
experimental ones. The reason for the discrepancy is the high9 is that the activation barriers for free radical formation from
activation barrier for the dissociation of the~\DOH bond 12 and 17 are lower than that fron¥a Therefore, we can

(reaction 7a). The activation energy of this step was estimated ¢Onsider reactions 11 and 16 as plausible pathways for the
on the basis of B3LYP energies of the minimum-energy generation of HO®radicals. Another important observation is

structure, for which B3LYP is accurate. Therefore, the major that the barrier for HOOgeneration fromil7 is comparable to
source of error in the calculations might be the failure to take the barrier for indirect hydrogen transfer (reaction 6al).
into account entropy effects when calculating rate coefficients Therefore, the hydrogen transfer step can also become the rate-
for reactions 6 and 7. Taking into account the activation entropy limiting step in the overall process. This observation is in
will increase the rate of the hydrogen transfer step via e S agreement with the hyp_otheS|s of_ShuI’pln etal. t_h_at the catalytic
mechanism by at most 5 orders of magnitude. As can be seen@ctivity of the catalyst is detgrmlned by the ability to transfer
from Table 2, this is still not enough to describe the observed Proton from hydrogen peroxide to a vanadyl group.
rates. The activation entropy will significantly slow the rate via ~ We determined the rate of HO@rmation, assuming that
the S2 process (the transition state is more ordered than the hydrogen migration via reaction 6al is the rate-determining step
reactants). Therefore, correcting for the entropy of activation and that all processes after this reaction occur rapidly. Figure 7
will result in a prediction of even lower oxidation rates. These shows the rate of HOClormation as a function of the initial
observations lead us to conclude that alternative pathways forconcentrations of PCA and;B, (curve c). Also shown in this
the generation of free radicals need to be considered. plot are the experimental data (curve a) and the rate calculated
Alternative Pathways for Radical Generation. We con- for the previous model (reaction 7a as the rate-determining step,
sidered a number of alternatives to reaction 7 as possiblecurve b). It is evident that the new model gives results that are
pathways for the formation of free radicals. As shown in Table within 1 order of magnitude of the experimental data and 2
4, all of the alternative paths involve the generation ofl6© orders of magnitude better than the previous model. However,
HOO radicals with or without solvent patrticipation, as well as one should be aware of the errors in B3LYP energies for the
with O, participation. The estimated lower bounds®B,.; are transition states. Even though agreement within an order of
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Figure 8. Alternative pathway for HOOgeneration. Line formulas are given wherever vanadium ligands are not clearly visible.

TABLE 4: Alternative Pathways for (O)V(OOH)(OH)(pca) (7a) Decomposition

lower bound
onAEg,
reaction kJ/mol
(O)V(OOH)(OH)(pca)—HardReturriV(0)(OH)(pca)+ HO* 173
(O)V(OOH)(OH)(pca)—HardReturrvV(O)(OOH)(pca)+ HO* 270
CHsCN + (O)V(OOH)(OH)(pca)y~HardReturriV(O),(OH)(CH;CN)(pca)+ HO* 163
CHsCN + (O)V(OOH)(OH)(pca)y—~HardReturrV(O)(OOH)(pca)(CHCN) + HO* 217
O, + (O)V(OOH)(OH)(pca)—HardReturr\V(0)(0,)(OH)(pca)+ HOO 113
O, + (O)V(OOH)(OH)(pca)—~HardReturrvV(0)(0,) (OOH)(pca)+ HO* 168
TABLE 5: Kinetic Parameters for HOO * Formation
initial complex 7a 12 17
AEarange, kdJ/mol 103154 88-150 85-124
krange, st 45x 105-1.3x 10713 1.3x 102-6.6 x 10713 3.9x 102-1.3x 10°®
appareniAEy range, kJ/mol 85136 67115 6781
experimental apparent activation energy, kJ/mol —806

magnitude for the reaction rates is usually considered very good,On the basis of the agreement of the apparent activation energy
more accurate theoretical prediction of the reaction rates requiresfor HOO formation from17 (67—81 kJ/mol) with that observed
employment of more reliable methods for determination of experimentally, we can conclude that HOg®eneration origi-
transition state energies. nating from this complex is reasonable.

The experimentally measured activation energy-83 kJ/
mol agrees very well with the theoretical value for the apparent conclusions
activation energy. The apparent activation energy is calculated
as the difference between the energy of the highest transition DFT calculations of reaction energetics were used to verify
state along the reaction pathway (Figure 9) and the energy ofthe plausibility of the mechanism of hydrocarbon oxidation by
the starting compounds. The lower bound of the apparent a vanadate/PCA/4D, catalyst proposed by Shul'pin etabn
activation energy is determined by the height of the peak (with the basis of experimental observations. Despite its simplicity,
respect to the energy of the starting point) of either the hydrogen the proposed model is capable of reproducing the major trends
transfer step or HOOelimination step, whichever is higher. seen experimentally. Predicted dependences of the oxidation rate
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reported here show that coordination of the solvent, acetonitrile,
to vanadium complexes becomes important and plays significant
role in the reactions.

50 Appendix

Equilibrium Distribution of Vanadium-Containing Species
in Vanadate/PCA/H,0O, Mixtures. The distribution of vanadium-
containing species in vanadate/PCAQH mixtures was deter-
mined analytically by solving the equation describing equilib-
rium for reactions +4 and an overall mole balance on vanadium

-100 and PCA. The equilibrium concentrations o0f®3, water, and
Figure 9. Energy profile for the proposed mechanism. Numbers in acetonitrile were taken to be identical to their initial concentra-
italic represent the energy of the state. TS1, TS2, and TS3 correspondtions, since the concentrations of these components are much
to the transition states betwedaand7al, 7aland7a2 and7a2and higher than those of all vanadium-containing species and hence
7a, respectively (see Figure 6). do not change significantly during equilibration. The same
on initial concentrations of PCA and»B, have characteristic ~ aSSumption cannot be used for the concentration of PCA, since

maxima. This shape is determined by the equilibrium concentra- It 1€2ds to a solution that does not predict a maximum in the
tion of the active species. As correctly deduced by Shul'pin et dependence of the concentratiordain the initial concentration

al.3 vanadium complexes with one pca and on®lligand of H,O,. The following standard concentrations were used for
are the major catalytically active species;Qd4 adsorption all calculan_ons unless fthermse Statedi]_oF 1.0x %(i'r“ mol/
complexes without pca are less active, since they can bel: [PCA]E_‘LOX 10 mol/L, [';'202]0_ 2.0x 10 moI_/L,
converted only through the direct hydrogen transfer. Our [H20lo ~ _0'757 mol/L (33.33% KO, aqueous solution),
calculations show that direct hydrogen transfer from th®H [CH?CN]O = 18.536 moI/I'_. ) )
molecule to a vanady! group has a higher barrier and, therefore, Kinetics. The changes in the concentrations of all vanadium
a much lower rate. Indirect transfer occurs by migration of SPECies with time were determined analytically by solving the
hydrogen from coordinated48, to the oxygen of a pca ligand set of differential kinetic equations describing the rates of
connected to the vanadium atom. In contradiction to what was formation and consumption of speciés7al, 7a2 and7. The
proposed by Shul’pin et dlwe find that the nitrogen atom of ~ Initial concentrations for all species excepivere taken to be
the pca ligand cannot participate in hydrogen transfer and thatZ€70- The initial concentration dfis given by the equilibrium
species containing two pca ligands and a©pHmolecule do concentration in the equilibrated mixture. During the calculation,
not exist in the solution. The maximum in the rate of oxidation e concentration of this species was allowed to re-equilibrate
as a function of [PCAJis attributable to the predominance of ~after €ach second of system evolution. We also assumed that
vanadium complexes with two pca ligands at high initial PCA the final species is immediately converted back @ which
concentration. The maximum in the rate of oxidation versus Means that the final consequence .(?f the reaction is the
[H203] is attributable to the retarding effect of water, which is  €Onversion of HO; into HOO and H. H* is implicitly formed

part of the hydrogen peroxide solution. Our work has shown When8 is converted 2. The standard concentrations noted

that the generation of HOQadicals cannot occur via direct above were used for all species unless otherwise stated. For
cleavage of a VOOH bond, since the activation barrier for these conditions, the concentrations of intermediate §pgcies are
this process is too high. Instead, HO@dicals are formed via ~ Very small at all times and never exceed 10f the initial

a sequence of steps involving lower activation barriers. For our Ya@nadium concentration. After initiation, the rate of HOO
mechanism, the rate of VOOH bond breakage is lower than formatloq is essenthlly constgnt, meaning that the concgntratlon
the rate of the hydrogen transfer from coordinated hydrogen of HOO increases linearly with time. In acco_rdance with the
peroxide molecule to a vanadyl group. Thus, the latter becomesScheme in Figure 1, every HO@enerated in the system
the rate-determining step. The new mechanism for free radical Produces an additional HQadical. Therefore, the rate of
generation underestimates the observed rate of hexane oxidatioi?Xidation is twice the rate of HOGormation.

by less than an order of magnitude. Part of this error may be ) )
attributed to the failure of DFT to calculate accurate energies _ Acknowledgment. This work was supported by the Director,

of the transition states. The entropy change in the hydrogen Office of Basic Energy Sciences, Chemical Sciences Division
transfer is expected to be small and will not affect the barrier ©f the U.S. Department of Energy under contract DE-ACO3-
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