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Redox reactions coupled with the formal loss or gain of an
oxygen atom are ubiquitous in chemical processes. Such reactions
proceed through the reduction of the donor center (XO) and the
oxidation of the acceptor (Y) molecule? Among many examples
of the metal-centered oxygen atom transfer (OAT) reactivity, those
involving molybdenum complexes have been widely investigated
due to their involvement in mononuclear molybdenum enzymes.
The heat of reaction of the overall atom transfer process can be
expressed as a difference between the bond dissociation energies
(BDESs) of the oxygen-donor (X) and oxygen-acceptor (Y) bond,
i.e.,AH = Dx=o0 — Dyzo.S

It has recently become apparent that the OAT reactions from
many [MoQ)]?* cores proceed via multiple stepblere we describe
the isolation and characterization of an intermediate of OAT
reaction, LMoO(OPMgCI (1), (where L= hydrotris(3,5-dimethyl- Figure 1. Thermal ellipsoid (30% probability) diagram bf Selected bond
1-pyrazolyl)borate ligand) generated by reacting LMGOwith distances and angles: Mo@®(1) 1.727(12), Mo(1}0(2) 2.139(11), Mo-
PMe;. Surface-induced dissociation (SID) of the complex was (1)—N(11) 2.382(14), Mo(1)N(31) 2.183(15), Mo(1)}N(21) 2.124(16),
studied using a novel Fourier transform ion cyclotron resonance Mo(1)—CI(1) 2.422(6), O(1)Mo(1)-0O(2) 96.3(5), O(1)yMo(1)-N(11)
mass spectrometer (FT-ICR MS) specially configured for SID 170.1(6), O(1) Mo(1)~N(31) 93.6(6), Mo(1)- O(2)~P(1) 133.6(6).
experiments. The Mo—OPMe BDE was determined using RRKM 13 eV 538
modeling of the time- and energy-dependent SID data. The
determination of the BDE allows description of the overall heat of 446
the reaction in a stepwise fashion for the first time.

Room-temperature anaerobic reaction of LM@Dwith PMe;
in benzene resulted in a rapid change in color from light yellow to eV
dark green. The target compouri, has been precipitated as a
crystalline solid by adding hexane into the reaction mixture
(Supporting Information). The compound is soluble in acetonitrile
and benzene but decomposes over a period of time. In the solid 47ev
state, however, the compound is relatively stable.

X-ray quality single crystals (Supporting Information) were 538
grown by slow diffusion of hexane into a solution of benzene. A S P S A SN
thermal ellipsoid diagram of the molecular structure is shown in m/z
Figure 1. The Me-N distances are CODS'Stent with other reported Figure 2. FT-ICR SID spectra ofl as a function of collision energy for
structures of oxeMo(IV) of hydrotrispyrazolyl borate com- reaction delay of 1 s. -
plexest® Compared to the average of the equatorial -Nib

distances, the MeN (trans to the terminal oxo group) has been  gyiracted from the source, transferred into the ICR cell using an

elongated by 0.23 A. The MeO distance of 1.727 A is signifi-  g|ectrostatic ion guide, and collided with a surface (a self-assembled
cantly shorter than the MeO(P) distance (2.139 A), indicating a monolayer of dodecanethiol (HSAM) on A{111} crystal)?
reduction in the bond order consistent with a reduced molybdenum geaitered ions were collected and analyzed in the ICR1%ell.

center. The phosphorus-to-oxygen distance of 1.492 A is also pejative abundance of the precursor ion and its fragments were
consistent with the formation of a P-to-O double bond. The-©()  ecorded at different collision energies and reaction times. The only
Mo—O—P torsion angle of 46is smaller than the angle reported  55qyct jon observed atvz 446 corresponds to cleavage of the

for LIPrMoO(OPEf)(OPh)? o Mo—OPMe; bond. Survival curves (SCs) displaying the relative
Collision-energy resolved SID spectra fbare shown in Figure 45 ndance of the precursor ion as a function of collision energy

2. The ions ofl were produced in a high-transmission electrospray 4re shown in Figure 3 for four different reaction times (1ms, 10ms,

(ESI) source that allowed external accumulation of mass-selectedg 15 and 1s). The curves corresponding to a longer reaction time

ions prior to their collision with a surface. The ions were then e glightly shifted to lower collision energies as a result of the
t Duguesne University. decre_ase in the k_metlc shift. SCs were modeled using a previously
* Pacific Northwest National Laboratory. described modeling approdétthat utilizes RRKM theory and a
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Figure 3. Experimental (points) and simulated (lines) survival curves for  Accurate BDE for the Me-OPMe; bond was determined using FT-
protonated leucine enkephalin (left panel) dn(fight panel) for reaction |cR SID experiments. The determination of the BDE allows us to
times of 1 ms (blue), 10 ms (green), 100 ms (red (black). establish the thermodynamic propensity for individual steps of the

proposed analytical form for the internal energy deposition function OAT reaction. The results show that in this particular case the heat
(EDF) that represents the internal energy distribution of ions excited Of formation of the intermediate complex has the major contribution
by collisions with a surface. Under the same experimental condi- to the overall driving force of the OAT reaction. Future studies in
tions, the EDF for protonated leucine enkephalin, an extensively our laboratories will focus on factors that affect the thermochemistry

T T v
30 10 &0

Collision Energy, eV

o
LMoOCI(OPMe,) (g)

studied peptide ion of a similar complexity with similar molecular ©of individual steps in OAT reactions.
weight (/z 556) asl, was used to establish the energy-transfer
efficiency in collision of ions with the HSAM surface. The
preexponential factorsAj at 500 K were calculated from the
corresponding reaction entropies to provide a link with thermal data.
Dissociation parameters obtained from the best fit for leucine
enkephalin are in a good agreement with literature datas(1.11

eV, log A = 10.7)12 SCs for 1 were modeled using the same
parameters for the EDF, which correspond to an average kinetic-
to-internal energy transfer of 8.9%. This value is in good agreement
with the literature data for energy-transfer efficiency for a variety
of precursor ions colliding with HSAM surfacésBond dissociation
energy of 1.27 eV (29.5t 3.5 kcal/mol) was obtained for the
Mo—O bond in the intermediate complex. The radiative rate
constant for the Mo complexq = 280 s?) is about 10 times
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higher than the corresponding rate constant for leucine enkephalin
(krad = 25 s1). We used the calculat&diR transition intensities

for 1 to estimate the radiative rate consté&ood correspondence
between the estimated value of 200 and the value obtained from
our modeling (280 9" provides additional support for the accuracy
of the model utilized in this study.

The BDE for Mo=0O bond was estimated on the basis of the
literature data. Watt et af have determined the BDE for an
Mo(V1)=0 bond of+96 kcal/mol for MOQ(S,CNEb),, while Luo
et all” determined the BDE of 110 kcal/mol for the Mo(F#D
bond in an oxometallocene complex. Assuming the BDE for
Mo=0 bond of 100 kcal/mol and using the literature BDE value
for O=PMe; bond of 139 kcal/mo!® the relative thermodynamic
driving force for the formation and the decomposition of the
intermediate complex could be calculated. A corresponding to
thermochemical cycle is shown in Scheme 1 (also in Supporting
Information), from which one obtains the heat of reaction for the
formation of the intermediate\H2) —68.5 kcal/mol, and the heat
of reaction for the dissociatiom\H3) of the Mo—OPMe bond is
29.5 kcal/mol. Thus, the formation of the intermediate is the primary
contributing factor to the overall heat of reaction. This methodology
presents the first approach toward determining the thermodynamic
propensity of the OAT reaction in elementary steps.

In summary, in this study we presented synthesis and charac-
terization of an intermediate complex for an OAT reaction,
demonstrating the presence of two steps in the OAT reaction.
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