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Oxygen Atom Transfer in Models for Molybdenum Enzymes: Isolation and
Structural, Spectroscopic, and Computational Studies of Intermediates in
Oxygen Atom Transfer from Molybdenum(vi) to Phosphorus(1r)

Andrew J. Millar,”™ Christian J. Doonan,™ Paul D. Smith,"”! Victor N. Nemykin,"
Partha Basu,*™ and Charles G. Young*!*!

Abstract: Intermediates in the oxygen
atom transfer from MoY' to P
[TpPMoOX(OPR;)]  (Tp™ =hydrot-
ris(3-isopropylpyrazol-1-yl)borate; X=
Cl~, phenolates, thiolates), have been
isolated from the reactions of [Tp™-
MoO,X] with phosphines (PEt,,
PMePh,, PPh;). The green, diamagnetic
oxomolybdenum(1v) complexes possess
local C; symmetry (by NMR spectro-
scopy) and exhibit IR bands assigned
to v(Mo=0) (approximately 950 cm™")
and v(P=0) (1140-1083 cm™ ") vibra-

[Tp"™™MoOX(OPEt;)]  (X=0C:H,-2-
sBu, SnBu), [Tp*"MoO(OPh)-
(OPMePh,)], and  [Tp*MoOCI-

(OPPh;)] have been determined. The
monomeric complexes exhibit distorted
octahedral geometries, with coordina-
tion spheres composed of tridentate
fac-Tp™ and mutually cis monodentate
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terminal oxo, phosphoryl (phosphine
oxide), and monoanionic X ligands.
The electronic structures and stabilities
of the complexes have been probed by
computational methods, with the three-
dimensional energy surfaces confirming
the existence of a low-energy steric
pocket that restricts the conformational
freedom of the phosphoryl ligand and
inhibits complete oxygen atom transfer.
The reactivity of the complexes is also
briefly described.

tions. The X-ray crystal structures of

Introduction

Molybdenum enzymes are widely distributed in nature, are
essential in key metabolic processes, and are active agents in
the global biogeochemical cycles of elements such as
carbon, nitrogen, and sulfur.! The pterin-containing en-
zymes feature mononuclear oxomolybdenum active states
and generally catalyze net oxygen atom transfer (OAT) re-
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actions. Net OAT is also a defining reaction in synthetic
oxomolybdenum chemistry.?l

The mechanisms of enzymes from the sulfite oxidase and
dimethyl sulfoxide (DMSO) reductase families are thought
to involve direct OAT between the substrate and the Mo
center.!"! Evidence for this has been garnered through (inter
alia) protein structural,”! spectroscopic,® kinetics,”'”! and
theoretical™ studies. Sulfite oxidases and assimilatory ni-
trate reductases effect substrate transformations through in-
terconversion of Mo“'O[O] ([O]=active oxygen) and
Mo™O centers, while members of the DMSO reductase
family exploit Mo""[O] and Mo" centers in their catalytic
cycles. An intermediate in the oxidation of dimethylsulfide
(DMS) by Rhodobacter capsulatus DMSO reductase has
been isolated and structurally characterized by McAlpine
et al.l”

Model systems containing dithiolene, trispyrazolylborate,
and NS-/NO-donor coligands emulate enzymatic OAT reac-
tions, with the stoichiometric or catalytic oxidation of terti-
ary phosphines being an archetypal OAT reaction.”! Reac-
tions of this type are generally second order, with rate con-

stants in the range 2x107°-22m's™!, depending on the
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nature of the coligands.””! Kinetics data are consistent with
associative reaction mechanisms initiated by nucleophilic
attack of the phosphine lone pair on a m* Mo=O orbital
producing a phosphine oxide intermediate that rapidly
transforms into product. Oxidation of the Mo" by-product
by, for example, DMSO, permits the development of catalyt-
ic systems based on direct, bidirectional OAT.”>*! The dem-
onstration by Schultz et al. that Rhodobacter sphaeroides
DMSO reductase catalyzes OAT from DMSO to a water-
soluble phosphine underscores the potential for model stud-
ies to inform about enzyme structure and reactivity.'” How-
ever, apart from results from our laboratories, "> there
have been no reports of the interception or isolation of in-
termediates in Mo-mediated OAT reactions, including those
of enzyme models.

The reactions of [Tp*Mo0O,X] (Tp* =hydrotris(3,5-dime-
thylpyrazol-1-yl)borate; X =monoanion, especially SPh™)
with PPh; yield OPPh; and oxomolybdenum(1v) complexes
by direct OAT.'™! These complexes are components of a
broad-based model for the combined (catalytic) OAT and
coupled electron—proton transfer (CEPT) reactions envis-
aged for enzymes.""! Phosphine oxidation in this system has
been probed by a number of computational studies."” In the
first step of the reaction between sterically unencumbered
[MoO,(SH),(NHj;),] and PMe;, nucleophilic attack of PMe;
on a ¥ Mo=0 orbital perpendicular to the MoO, unit and
at an Mo—O--P angle of approximately 130° takes place.
This results in a transition state with a weakened Mo—O
bond (1.83 A), an O—P interaction (2.43 A), and an O=Mo-
O-P torsion angle of 89.7°; the remaining Mo=0O bond be-
comes stronger, consistent with a “spectator oxo” func-
tion." The OPMe; ligand then rotates about the Mo—O
bond, thereby breaking the Mo—O m interaction to generate
an intermediate with Mo=0, Mo—O, and O—P distances of
1.67, 2.18, and 1.53 A, respectively, and an O=Mo—O—P tor-
sion angle of 0.5°. The intermediate is 288 kJmol ' lower in
energy than the reactants. At this stage, displacement of
OPMe; by water is predicted to take place by an associative
mechanism, the loss of OPMe; being assisted by the absence
of m interactions in the intermediate. Our isolation of oxo-
(phosphoryl) OAT intermediates™" confirms their exis-
tence and provides a unique opportunity to experimentally
evaluate the factors influencing their stability and reactivity.

Here, we report the isolation and characterization of the
oxo(phosphoryl)molybdenum(iv) complexes, [TpT'MoOX-
(OPR;)] (Tp* =hydrotris(3-isopropylpyrazol-1-yl)borate),
generated by treating cis-dioxomolybdenum(vi) complexes
with tertiary phosphines. Since complete OAT to phosphine
is arrested in these Mo™—O=P" complexes, they represent
important intermediates along the reaction coordinate for
OAT from Mo"" to P™. The structural, spectroscopic, and
theoretical interrogation of intermediates of this type is es-
sential for a complete understanding of Mo-mediated OAT
reactions. Chemical, structural, and theoretical studies of the
complexes are consistent with the stabilization of the com-
plexes through stereoelectronic influences. Complexes 1-13
are described herein; preliminary results relating to complex
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2 have appeared in a communication.”? Complexes 2, 6, 7,
9, and 12 have been structurally characterized. Complex 13
is a computational model.

Tp*MoOCI(OPEL;)] 1
[Tp"MoO(OPh)(OPEt,)] 2
[Tp™MoO(OC,H,-3-Me)(OPEL;)] 3
[Tp™"MoO(OC,H,-3-rBu) (OPEL,)] 4
[Tp*"MoO(OC,H;-3,5-Bu, ) (OPEL;)] 5
[Tp*""MoO(OC¢H,-2-sBu)(OPEL;)] 6
[Tp*""MoO(SnBu)(OPEL;)] 7
[Tp""MoO(SsBu)(OPEt;)] 8
[Tp""MoO(OPh)(OPMePh,)] 9
[Tp®"MoO(OCH,-3-Me)(OPMePh,)] 10
[Tp®*MoO(OC¢H,-4-Br)(OPnBu;)] 11
[Tp™*MoOCI(OPPh;)| 12

[Tp™"MoO(OPh)(OPPh,)] 13

Results and Discussion

Syntheses: The reactions of [Tp™Mo0,X] complexes with
1.5 equivalents of tertiary phosphines in noncoordinating
solvents such as benzene or toluene resulted in incomplete
OAT and the generation of oxo(phosphoryl)molybdenu-
m(1v) species according to Equation (1). When the reactions
were performed in coordinating solvents (solv) such as ace-
tonitrile or N,N-dimethylformamide (DMF), complete OAT
occurred and the equilibrium in Equation (2) was establish-
ed. (In related work, we have demonstrated that these phos-
phine oxide displacement reactions from 2 and 9 proceed by
a dissociative interchange mechanism.!'”) Reaction times
varied from minutes for the thiolate derivatives to approxi-
mately 12-24 h for the phenolate derivatives. Isolation of
the complexes was achieved by solvent removal, dissolution
of the green (NCMe) or brown (benzene, toluene) residues
in dry hexane, and cooling to induce crystallization. The po-
sition of the equilibrium in Equation (2) is solvent, concen-
tration, and coligand dependent; only phosphoryl complexes
were isolated by using the specified workup of the phenolate
derivatives. However, their dissolution in acetonitrile led to
in situ formation of [TpPMoO(OAr)(NCMe)] and free
OPR,;, as evidenced by 'H NMR spectroscopy (Ar=aryl).
Slight modification of the workup allowed the isolation of
either [Tp™MoOX(OPR;)] or [Tp™MoOX(solv)] when X
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was a thiolate; conversion of the latter to the former upon
addition of OPR; and suitable work up facilitated the prepa-
ration of isotopically labeled complexes such as [Tp*MoO-
(SnBu)(**OPEL;)].

[Tp’PrMOOZX] +PR; — [Tp’PrMOO(OPRS)X] (1)

[Tp""MoO(OPR;)X]+solv = Tp™"MoOX(solv)|+OPR;  (2)

The disparate outcomes of the reactions of [Tp*'MoO,Cl]
with P"™ compounds underscore the versatility of this
system. Thus, the reaction of [Tp*"MoO,Cl] with phosphines
or P(OiPr); in NCMe yields light green-blue colored
[TpPMoOCI(NCMe)], while the reaction of [Tp"MoO,Cl]
with phosphines in benzene affords the phosphoryl com-
plexes 1 and 12. However, the reaction of [Tp®MoO,Cl]
with P(OiPr); in toluene leads to the formation of the un-
usual  dinuclear  species  [(Tp™"MoOCI)(u-O){Tp™-
MoO(OH)}].2"! Synthetic observations are consistent with
the following qualitative ligand affinities: for the phenolate
systems, OPR;>MeCN> Tp*"MoO, (comproportionation);
for the thiolate systems, MeCN,DMF ~OPR;> Tp*"Mo0,;
when X=Cl, MeCN >OPR;> Tp™MoO,. (Note: mixtures
of [Tp"MoOX(OPEt;)] and [Tp"Mo00,X] (1:1) are stable
with respect to comproportionation.) The reactions are
quite general and a variety of other derivatives have been
synthesized.*"-??

The isolation of phosphoryl complexes of Tp™" contrasts
with the complete OAT generally observed between
[Tp*Mo0O,X] and tertiary phosphines. In reactions involving
PEt;, PPh;, and PnBu;, dissociation of OPR; leads to the
formation of solvent-bound or chelated oxomolybdenum(1v)
complexes; subsequent solvent or comproportionation reac-
tions can lead to mononuclear or dinuclear oxomolybde-
num(v) complexes.'>?! Interestingly, one Tp* complex,
namely, [Tp*MoOCI(OPMe,)], has now been isolated.!’
The enhanced stability of Tp™* complexes over most Tp* an-
alogues appears to be stereoelectronic in origin (see below).

The green- (OPEt; and OPnBu;) or gold-colored
(OPMePh,) phosphoryl complexes were moderately air-
stable as solids but were stored under an inert atmosphere.
However, they were extremely air-sensitive in solution and
unstable in chlorinated solvents (see below). The complexes
were soluble and stable in dried, deoxygenated toluene and
benzene, but dissolution in coordinating solvents generated
[Tp*™MoOX(solv)] species. They reacted with oxygen atom
donors such as pyridine N-oxide, cyclohexene oxide, and
DMSO to form the corresponding cis-dioxo complexes
[Tp™Mo00,X]. By analogy, reactions with propylene sulfide
yielded red [Tp™"MoOSX], isolated either as monomeric or
dimeric species.*""*! Chlorinated solvents induced decompo-
sition with the formation of the paramagnetic, EPR-active
complexes [Tp™MoOCIX]; purple-brown [TpF'MoO-
ClI(OC¢H;-3,5-Bu,)] was isolated and identified by IR
(v(Mo=0)=966 cm™', v(BH)=2494 cm™") and EPR (g, =
1.948, Apo=47.11x10"*cm™) spectroscopy. The phenolate
complexes were rapidly chlorinated (within minutes), where-

iPr
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as the thiolate complexes reacted slowly. Indeed, autoxida-
tion of the thiolates was competitive with chlorination under
aerobic conditions. Previous studies found that electrochem-
ically produced oxomolybdenum(iv) thiolate complexes
were more stable than their olate counterparts; this observa-
tion was ascribed to the greater stabilization of the soft
Mo center by thiolate donors.?*

We were unable to obtain any evidence for the reversibili-
ty of Equation (1). Thus, mixtures of [Tp""MoOCI(OPPh;)]
and [D;5]PPh; in [D¢]benzene monitored by *'P NMR spec-
troscopy showed no growth of resonances attributable to
PPh; or [D;5]OPPh;. Only slow dissociation of OPPh; and
the formation of unidentified Mo complexes were observed
upon standing. Similar results were reported by Seymore
and Brown for a related Re system.” Furthermore, there
was no IR evidence for significant isotope scrambling during
the synthesis, isolation, and manipulation of [Tp*Mo'°O-
(SnBu)("*OPEt,)] from a mixture of [Tp™Mo'°O(SnBu)-
(NCMe)] and "OPEt;. As stated above, the phosphoryl
ligand is labile and is readily displaced by other ligands and
coordinating solvents.

Phosphoryl complexes are well known and examples from
group 6 chemistry span all common oxidation states and a
wide range of coligands. Examples include [MO,X,-
(OPPh;),], [MOCIL(OPPh;),] (M=Mo, W), [Mo,O,l,-
(OPPh;);], [Mo(NO)CI;(OPPh;)], [CpMo(Me)X-
(OPPh;)(NO)] (Cp=cyclopentadienyl, X=Cl, Br), cis-
[Mo(CO),(OPR;),], and fac-[Mo(CO);(OPPh;),]; these and
related species have been comprehensively reviewed.?*?’)
Generally, they are prepared by treating a suitable precursor
with the phosphine oxide; the title compounds are represen-
tive of the very few complexes that have been generated by
direct attack of phosphines on oxo-Mo complexes.['>

Characterization of the complexes: The oxo(phosphoryl)
complexes were characterized by microanalytical, spectro-
scopic, mass spectrometric, and crystallographic techniques.
Spectroscopic and mass spectrometric data are summarized
in Table 1; full details may be found in the Supporting Infor-
mation.

Infrared spectra exhibited conspicuous bands assignable
to Tp™ (v(BH)~2470 cm™' and v(CN)~1510 cm™), termi-
nal oxo (v(Mo=0)=966-943 cm '), and phosphoryl ligands
(v(P=0)=1140-1083 cm™ '), as well as distinctive bands
from the various coligands (for example, v(C—O)
~1590 cm™! for phenolates). The v(Mo=0) bands are in the
region expected for monomeric oxomolybdenum(1v) spe-
cies.> The v(PO) band in the thiolate complexes was evi-
dent from spectral comparisons with the corresponding ni-
trile complexes and the observed shift from v=1096 cm™' in
[Tp®"MoO(SnBu)(OPEL;)] to v=1069 cm™' in isotopically
labeled [Tp™™oO(SnBu)(**OPEt;)]. The v(PO) bands of
the triethylphosphine oxide complexes were 70-80cm™
lower in energy than the corresponding band of the free
ligand (v=1166cm™"),® in line with previously reported
shifts of 10100 cm™' upon complexation.?****"! It should be
noted that some of the v(PO) bands were broader than ex-
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pected or split to some extent by solid-
state effects, which made assignments
difficult; similar observations have been
reported by Cotton et al.’'l Complex 11

exhibited a v(PO) band at 1096 cm™,
which is 73 cm™ lower in energy than

the corresponding band of OPnBu; (v
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'"H NMR data (Table 1) confirmed the
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local C; symmetry of all species. For ex-

results.*’]
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triplet (2x1H) aromatic resonances con-
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different from those of free triethylphos-
phine oxide, characterized the coordinat-

ed phosphine oxide under local C; sym-
metry. For 3, the diastereotopic methyl-

ligand. Complex resonances, distinctly

o —
35TES
> aOt
= =
22 _ &7
oS82 o g
©c 3% .2 3
— 5]
)
md:nm
thlu.coao
o >
b ) —
me s X7
AT TS
QO 2 vwen &
o O <
L T Q Q
<= =
ttaCt
—w QO g g 2
OHOC...N
S.US(u
.2 8 5]
-
o T e}
= =
o5 a=
R )
Z =
[5) s g
S 3D
eaqlm

1.70 ppm resonance in all but one of

0
the complexes. Finally, a doublet of trip-

lets at o
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methyl protons of OPEt;.

The NMR spectra obtained for com-
plexes containing a chiral coligand were

complicated by the presence of diaster-

eomers, that is, (R,R)/(S,S) and (R.S)/
(S,R) complexes, leading to an apparent
Overlap in

duplication of resonances.
the '"H NMR spectra prevented reliable

of the isomer ratio was obtained from
the well-separated *'P NMR resonances
of the enantiomeric pairs (see below).

integration but an accurate assessment
Variable-temperature NMR spectrosco-

py of 5 indicated the presence of restrict-

ed rotation about the phenolate O—C
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bond in this sterically encumbered derivative, with broad
room-temperature resonances transformed into sharper sig-
nals at higher temperatures.

BC{'H} NMR spectra were collected for the more stable
triethylphosphine oxide derivatives (see the Supporting In-
formation). These exhibited doublet methyl (0=6.3 ppm,
2Jep~4.5Hz) and methylene (6~19.0 ppm, 'Jcp~r65 Hz)
phosphoryl resonances. The number of Tp™" and coligand
resonances was concordant with expectations based on C,
symmetry; for example, six methyl and three methine Tp™
resonances were observed.

*P{'"H} NMR spectra (Table 1) were consistent with the
absence of phosphine oxide exchange in benzene on the
NMR timescale. A single, sharp resonance was observed for
all complexes except 6 and 8, which exhibit two resonances
ascribed to (R,R)/(S,S) and (R,S)/(S,R) enantiomeric pairs.
Diastereomer ratios of 50:50 and 70:30 for 6 and 8 were de-
termined by integration, although specific assignments were
not persued. There was a clear chemical-shift dependence
on the phosphine oxide, such that shielding increased in the
order: PEt; <PBu; <PMePh, <PPh;. The OPEt; complexes
displayed resonances at d=78.0+1.5 ppm, deshielded by
approximately 26 ppm relative to free OPEt; (0 =>52.2 ppm
in C¢Dy), in line with literature reports.””! *'P chemical shifts
were insensitive to the phenolate ligand and showed no cor-
relation with coligand Hammett parameters. The resonances
for 9/10, 11, and 12 were deshielded by 23-28 ppm relative
to the free phosphine oxides (in CDCl;, 6(OPMePh,) =28.7,
0(OPnBu;) =46.9, and 6(OPPh;) =29.3 ppm[®)).

The spectroscopic properties of the acetonitrile and DMF
complexes accorded with their formulations (see the Sup-
porting Information). The IR spectra of the complexes ex-
hibited bands due to Tp®" (v(BH) = 2533-2481 cm™') and
terminal oxo (v(Mo=0) = 966-946 cm™") ligands. A nitrile
v(CN) mode was not observed but these are typically weak
in intensity.’” Coordinated DMF was revealed by a v(C=0)
band at 1645 cm™ (compared with v=1671cm™" for free
DMF).”! The '"H NMR spectrum of freshly prepared solu-
tions revealed resonances consistent with C; symmetry and
the presence of acetonitrile (6 =3.06 ppm) or DMF (6=2.95
and 2.80 ppm (methyl groups), 6=28.03 ppm (C(O)H)) li-
gands. Exchange of the coordinated and deuterated solvents
was evident with time. Mass spectrometry of the complexes
dissolved in acetonitrile confirmed the mononuclear formu-
lation. For [Tp*"MoO(SnBu)(DMF)], a parent ion for
[Tp*"MoO(SnBu)(NCMe)] (m/z 583.2) was observed due to
rapid ligand exchange in the sample.

Crystallographic studies: The crystal structures of com-
pounds 6, 7, 9, and 12 were determined by X-ray diffraction.
The molecular structures are displayed in Figures 1-4, and
selected metrical data are presented in Table 2. These struc-
tures complement the published structure of 2, the data
for which are included for comparison and completeness in
Table 2 and the following discussion. All five complexes ex-
hibit distorted octahedral Mo centers complexed by a tri-
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Figure 1. Molecular structure of 6. The numbering schemes for the pyra-
zole rings containing N11 and N21 follow that shown for the ring con-
taining N31. The Tp™" isopropyl groups and hydrogen atoms have been
removed for clarity and probability ellipsoids are shown at the 30%
level.

Figure 2. Molecular structure of 7. See the legend of Figure 1 for further
details.

dentate fac-Tp™ ligand and mutually cis terminal oxo, phos-
phine oxide, and phenolate or thiolate ligands.

We begin our discussion with the triethylphosphine oxide
complexes. Here, the Mo=O bond lengths lie in the range
1.682(2)-1.6913(15) A, in the region typical of oxomolyb-
denum(1v) species.’**”! The Mo—03 and Mo—S1 distances
of approximately 2.034 and 2.3930(6) A are within the
ranges expected for phenolate and thiolate ligands to
Mo.’! The Mo—OP and O—P distances fall in the ranges
2.157(3)-2.1706(14) and 1.511(2)-1.5189(15) A, respectively;
the former are typical of Mo—OPR; complexes.””! The P—O
distances are not significantly different from those observed
for lattice OPEt; in [Mo;(;-S)(u-S);ClLy(PEt;);(H,0),]- OPEt;,
(1.511(7) A)BS and [PtIOPEt,){P(OH)Et,},]-OPEt;
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Figure 3. Molecular structure of 9. See the legend of Figure 1 for further
details.

C43 C49

Figure 4. Molecular structure of 12. See the legend of Figure 1 for further
details.

(1.499(4) A),P consistent with the presence of multiple
bonding. The P—O bond lengths are substantially shorter
than a P—O single bond (1.60 A), as is present in P,Oy,
etc. The complexes are very similar in their triethylphos-
phine oxide and coligand (X) conformations, as dictated by
the steric constraints of the Tp™" ligand (see below). When
the Mo(=O)N; portions of the three molecules are superim-
posed, the Mo—O—P fragments are closely coincident with
spatial separations of less than 0.21 and 0.47 A for the O
and P atoms, respectively (see Figure 5 for superposition of
all structures except (for clarity) 12). There is considerable
congruence of the Mo-O-P angles (130.9(2)-135.57(9)°) and
O=Mo-O-P torsion angles (52.6(4)°-57.5(3)°); the smallest
Mo-O-P and largest O=Mo-O-P angles are associated with
the least hindered of the complexes (2). The bent Mo-O-P
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units are consistent with the use of m electron density in the
bonding of the phosphine oxide to the metal. The ethyl sub-
stituents also occupy similar regions, the Mo-O-P-C torsion
angles spanning a range of only 10°. The phenolate rings in
2 and 6 lie in the same plane, with a small displacement
(max. 0.39 A) due to a difference in the Mo-O3-C angles. In
all cases, the coligand substituent projects away from the
Tp™ ligand, with the sec-butyl group in 6 being directed
away from the sterically restricted cleft between the Tp*”
pyrazolyl groups. The steric clash of the sec-butyl and ethyl
groups on neighboring ligands appears to be responsible for
observed differences. The butyl substituent of 7 zigzags
through the same region of space occupied by the phenolate
rings in the other structures.

The Mo—N(n1) (n=1-3) distances are in accord with ex-
pectations based on the trans influence of the various coli-
gands, that is, =O > X > OPEt;. In each case, the Mo atom
sits out of the equatorial plane defined by N21, N31, O2,
and O3/S1, toward the terminal oxo ligand, by approximate-
ly 0.28 A. The greatest angular deviations from ideal octahe-
dral geometry are seen in the O1-Mo-O2, O1-Mo-E (E=0,
S), and O1-Mo-N11 angles, which lie in the ranges 97.3(1)-
98.54(7)°, 104.67(6)-108.89(10)°, and 164.8(1)-166.66(7)°, re-
spectively.

Very few triethylphosphine oxide complexes have been
structurally characterized. Previous examples from molybde-
num chemistry are limited to the dinuclear species [Mo,-
(S,CPEt;)(0,CCH;);(OPEL;)|BF, (Mo—O 2.348(5) A, P—O
1.502(5) A, Mo—O—P 145°)*) and [MoCI(NO),(OPEt;)],(u-
Cl) (Mo—O 2091(2) A, P-O 1.5172) A, Mo—O-P
145.3(1)°)."” The source of the phosphine oxide in both
compounds remains unclear. The present complexes repre-
sent the first structurally characterized examples of mono-
meric oxo(triethylphosphine oxide)molybdenum complexes
and the first complexes of this type to be generated by in-
complete OAT.

For 9, the terminal oxo ligand is bound at a distance of
1.684(3) A, while the phenolate exhibits an Mo—O bond
length (2.027(3) A) typical of Mo—OAr bonds. The phospho-
ryl ligand is coordinated at an Mo—O2 distance of
2.172(3) A, with an O—P bond length of 1.512(3) A. These
compare to the analogous distances of 2.100 A (av Mo—O)
and 1.495 A (av O—P) in [MoOCIl;(OPMePh,),]-C¢H;, the
only other structurally characterized OPMePh, complex of
Mo.¥! The O=Mo-O-P torsion angle of 46.8(3)° is slightly
smaller than in the other structures. The orientations and
conformations of the ligands are generally similar to the
triethylphosphine oxide complexes above, with the superpo-
sitions of 2 and 9 indicating displacements of only 0.18 and
0.24 A for the O(P) and P atoms, respectively (see Figure 5).
The steric interaction of phenyl groups on the OPMePh,
and OPh ligands results in a small tilting of the OPh group
of 9 away from the position occupied in 2 (a dihedral angle
of approximately 8° relates the two phenyl planes, hinged at
a common O—Ar site (AO=0.07 A). The Mo-O-P and O=
Mo-O-P torsion angles are 131.91(19)° and 46.8(3)°, respec-
tively.
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served for the earlier com-

Parameter®® 200 6 7 9 12 plexes. The chloride ligand is
Mo—O1 1.684(3) 1.682(2) 1.6913(15) 1.684(3) 1748(5)  sited close to the midpoint of
Mo-02 2.157(3) 2.168(2) 2.1706(14) 2172(3) 2159(4)  the O—C(Ar) bond of the su-
Mo—E 2.031(3) 2.036(2) 2.3930(6) 2.027(3) 2.397(2) perimposed molecule 2, with
Mo-N11 2.430(4) 2.377(2) 2.4554(17) 2.412(4) 2.411(6) - . :
Mo-N21 2.155(4) 2.150(3) 2.1786(17) 2.147(4) 2.161(6) the Mo Cll  distance being
Mo-N31 2212(4) 2.199(2) 22421(18) 2.193(4) 22056)  2397(2) A.

02-P1 1.516(3) 1.511(2) 1.5189(15) 1.512(3) 1.498(4)

01-Mo-02 97.3(1) 98.08(9) 98.54(7) 99.00(14) 98.5(2) Electronic structures: The elec-
O1-Mo-E 108.0(2) 108.89(10) 104.67(6) 105.14(15) 10207(17)  {ronic structures of the crystal-
O1-Mo-N11 164.8(1) 165.21(9) 166.66(7) 168.35(15) 16972) hicall haracterized
01-Mo-N21 91.3(2) 92.95(10) 90.27(7) 93.58(16) 932(2) ographically Characterize
01-Mo-N31 90.0(2) 90.02(10) 91.91(7) 90.92(15) 922(2) complexes were probed by
02-Mo-E 79.1(1) 81.72(8) 85.78(4) 80.07(12) 85.69(13)  using density functional theory
02-Mo-N11 91.7(1) 87.25(8) 87.86(6) 85.57(13) 8691(18)  (DFT). The atomic orbital con-
02-Mo-N21 171.2(1) 168.97(8) 170.10(6) 167.42(14) 168.2(2) oo

02-Mo-N31 93.7(1) 91.42(8) 88.77(6) 92.84(13) 93.4(2) tributions of selected molecular
E-Mo-N11 85.7(1) 85.47(8) 87.39(4) 86.15(13) 86.96(5) orbitals  are Summarlle‘.j m
E-Mo-N21 96.8(1) 94.93(9) 96.39(5) 96.72(14) 91.18(18) ~ Table 3. As expected, the ligand
E-Mo-N31 161.2(1) 160.55(9) 163.14(5) 163.23(14) 165.96(17)  field was dominated by the ter-
N11-Mo-N21 80.2(1) 82.00(9) 82.61(6) 82.07(15) 81.6(2) minal oxo ligand and the metal
N11-Mo-N31 77.2(1) 76.00(9) 76.46(6) 78.11(14) 78.7(2) bital fold

N21-Mo-N31 87.9(1) 88.36(10) 86.42(7) 86.91(14) 86.8(2) orbital maniolds were organ-
Mo-02-P1 130.9(2) 133.52(12) 135.57(9) 131.91(19) 1467(3)  ized accordingly (Figure 6). In
01-Mo-02-P1 —57.5(3) —53.5(2) —52.6(4) —46.8(3) —-33.1(5) each case, the molybdenum 4d,,
O1-Mo-E-C —103.4(4) —108.9(3) —111.5(4) —99.1(4) - orbital was the major contribu-

[a] E=03 for 6 and 9, S1 for 7, and Cl1 for 12. [b] Data for 2 were taken from reference [12]. A modified
numbering scheme has been adopted to make the data directly comparable, that is, atom numbers O2/O3 and

N21/N31 in ref. [12] have been exchanged.

Figure 5. Superposition of the structures of 2, 6, 7, and 9 showing congru-
ence of the Tp*" isopropyl, OPR;, and X groups.

In 12, the steric bulk of the triphenylphosphine oxide re-
sults in a considerably greater displacement of 0.66 A be-
tween P atom sites of superimposed molecules of 2 and 12;
the corresponding displacement in the O(P) sites remains
small (0.17 A). The Mo-O-P angle of 146.7(3)° is considera-
bly opened relative to the other derivatives and the O=Mo-
O-P torsion angle of 33.1(5)° is the smallest observed for
the series of structurally characterized compounds. The P-O
distance of 1.498(4) A is not significantly different from the
values determined for orthorhombic (1.491 A) and mono-
clinic (1.494 A) forms of OPPh; at 100 K.* Nevertheless,
the phenyl substituents adopt the broad conformations ob-
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tor to the highest occupied mo-
lecular orbital (HOMO; see,
for example, Figure7 and
Table 3). Interestingly, the ener-
gies of the HOMOs were
nearly invariant to the nature of the equatorial phosphoryl
ligands, the energy range of the HOMOs being 0.171 eV
(Table 3) and the ligand orbital contributions practically
constant. However, the contribution from the equatorial
ligand X to the HOMO (primarily through a pseudo-w
bonding interaction) varied from 4.8% in 9 to 8.8% in 7.
The nature of the donor atom alone cannot explain this dif-
ference. For instance, the contributions of X to the HOMOs
of 2 and 6 (4.9 and 7.5%, respectively) differ significantly
despite the phenolate character of both X groups. However,
at a qualitative level, these differences can be explained on
the basis of the O=Mo-E-C torsion angles. It has been pro-
posed that for [MoO,(SMe)(S,C,Me,)]~, the O-Mo-S-C tor-
sion angle can modulate the percent contribution from the
equatorial SMe ligand to the lowest unoccupied molecular
orbital (LUMO; predominantly d,,) in a sinusoidal
manner.! In the title complexes the overall behavior is sim-
ilar: the larger the O=Mo-E-C torsion angle, the larger the
contribution of the ER equatorial ligand to the predomi-
nantly d,, molecular orbital. In all cases, except 9 and 12,
the LUMO and LUMO +1 orbitals predominantly consist
of the d,, and d,, metal-centered atomic orbitals, respective-
ly. In the case of complex 12, the d,, orbital was delocalized
between the LUMO+41 and the LUMO+42 orbitals
(Table 3). On the other hand, two molecular orbitals, pri-
marily composed of phenyl m* orbitals of the OPPh,Me
ligand, were located in between the HOMO and the d,, or-
bital of 9 (see the Supporting Information). The calculated
d,, to d,, energy difference for 12 was 2.725 eV, but this dif-
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Table 3. Calculated energies and compositions of selected molecular orbitals.

tion, could also be located in

Orbital Compound OPR; X E [eV] Orbital composition [%] the higher energy region in the
Mo O X  OPR;  Tp™ optical spectra of 2 and 9.1
d, 2 OPE, OPh —4247 836 03 49 3.7 74  The differences in energy be-
6 OPEt, OCH,sBu  -4.193 815 04 75 32 74 tween these two bands were
7 OPEt SnBu 4269  80.0 06 88 3.1 74
9 OPM;PhZ OPh 4167 828 03 48 46 75 ?0'402 al,ld 0.441 eV, respec-
12 OPPh, a 4338 804 03 68 51 73 tively, with the computed
d,, 2 OPE, OPh -1.199 628 137 33 93 137 values being 0449 and
6 OPEt, OCHsBu  —1182 607 109 3.0 93 162 0357 eV.
7 OPEt, SnBu 1187 655 114 1.0 9.1 12.9 The d.._, and d,. metal-cen-
9 OPMePh, OPh —1115 517 91 1.9 248 125 . .
12 OPPh, al 1613 517 87 05 311 go tered orbitals are highly delo-
d,. 2 OPEt, OPh 0750 628 100 67 1.8 187  calized over a few molecular or-
6 OPEt, OC¢H,sBu —0.689 60.3 9.5 7.0 1.9 214  Dbitals (Tables S1-S5 in the Sup-
7 OPEt; SnBu —0.860 61.7 9.5 9.3 2.0 17.6 porting Information)' In gener-
e oMo on T e e onder of he o
122 OPPh, cl —1395 486 79 28 300 107 lecular orbitals was
approximately the same:

[a] The d,, orbital of 12 is delocalized between the LUMO and LUMO + 1 orbitals.

Unoccupied

i

=2
Occupied

Figure 6. Molecular orbital diagrams for selected compounds. Details of
the DFT calculations can be found in the text.

Q
p s
-

J

Figure 7. Model of the HOMO for 9. The calculated HOMOs for all
complexes are very similar to the example presented.

ference was slightly higher and nearly constant for the other
complexes (3.011-3.082 eV). Again, the energy differences
between the d,, and d,, orbitals (with the exception of 12)
were nearly constant (0.327-0.493 eV; Table 3). Consistent
with this description of the energy levels, a low-energy band
at ~890 nm, attributed to the d,,—d,, transition, was ob-
served. A shoulder, presumably due to the d,,—d,, transi-
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OPR,() < Tp™'(;w) ~ ER(m) <
d,,(HOMO) <d,. <d, < Tp™,
OPR; (7t*). In all cases the low-
lying m-acceptor orbitals were found to be located on the
tris(pyrazolyl)borate***”! and OPR, ligands.

Stability of the complexes: The computational study of steri-
cally unencumbered [MoO(OPMe;)(SH),(NH;),] by Hall
and co-workers determined an O=Mo-O-P torsion angle
close to 0° for the complex.'"”! In contrast, the O=Mo-O-P
torsion angles of the title complexes lie in the range 47-59°.
To understand the underlying reasons for this difference, we
have calculated 3D energy surfaces at the PM3(tm) semiem-
pirical level for all of the structurally characterized com-
plexes. The results are summarized in Figure 8 and in Figur-
es S1 and S2 (see the Supporting Information). The figures
show that the energy of a specific conformer is primarily
controlled by the steric interactions between the equatorial
phosphine oxide and the Tp™ and X ligands. The shape of
the steric binding pocket is dominated by the conformation-
al flexibility of the OPR; ligand. For example, in the OPEt;

'Erell kd ol

Figure 8. Three-dimensional energy surface of 7 as a function of phos-
phine conformation, as calculated by semiempirical methods. See the text
for details.
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complexes the shape of the binding pocket is nearly sym-
metrical, while the shapes of those of the OPPh,Me and
OPPh; complexes are not. A closer look at the surfaces sug-
gests that at room temperature (298 K), where the thermal
energy, kT (k=Boltzmann constant, 7=absolute tempera-
ture), is equivalent to approximately 2.5 kJmol~!, the rota-
tional freedom of the phosphoryl ligand is constrained to a
small range of Mo-O-P and O=Mo-O-P torsion angles. This
smaller area results in a more restricted rotation for the aryl
phosphoryl ligands.

It is interesting to compare the area (designated as the ro-
tation area) where the phosphine oxide can rotate freely at
room temperature for the different complexes. Qualitatively,
the rotation area of 2 is about 1.7 times larger than that of
6, a fact suggesting that the sec-butyl group contributes to
the restricted rotation of the phosphoryl ligand. Similarly,
the rotation area of 9 is significantly smaller (~5 times)
than that of 2. This is consistent with the kinetic experi-
ments conducted in our laboratories, in which 9 decays ap-
proximately five times faster than 2 at 5°C. Although details
of the mechanistic studies will be presented elsewhere,l') a
few important aspects are worthy of discussion here. There
are two major contributions to the molybdenum-phosphine
oxide interaction in these complexes, electronic and steric.
The basicity of the tertiary phosphine oxides is lower com-
pared to related amine oxides. For instance, the pKj value
for Me;N=0 is 9.3, while pK;, values for trialkylphosphine
oxides approach 15.5.%1 Moreover, the basicities of the
phosphine oxides fall in a very narrow range: ~15.5 for tri-
alkylphosphine oxides, 16.4 for OPMe,Ph, and 17.0 for
OPPh,.*#I This behavior is significantly different from that
of tertiary phosphines, where large differences in basicity
lead to a large difference in the metal-phosphine interac-
tions. Thus, in a first approximation, the electronic contribu-
tion to the Mo—OPR; interaction is nearly constant. The
steric contribution to the metal-phosphine interaction, as
defined by Tolman,”” has been discussed extensively in the
literature. In the case of the complexes under discussion, it
is the phosphine oxides that coordinate to Mo rather than
the terminal oxo group to the phosphine (based on observed
Mo—O and O=P distances). The net effect is that the steric
interactions in these complexes originate from the cone
angle of the OPR; ligand and the steric properties of the
Tp™ and X ligands. By using the crystallographic approach
of Miller and Mingos,!! the following cone angles have
been determined for the phosphoryl ligands in the title com-
plexes: For OPEt;, 119.1° (2), 114.6° (6), 114.1° (7); for
OPMePh,, 122.7° (9); and for OPPh,, 122.7° (12). In the
case of the X ligands, the steric influence follows the order:
OC¢H4-2-sBu>OPh~SnBu>Cl. On the other hand, the
steric influence for the tripodal Tp™" ligand (defined as a
plane between three CH protons of the iPr groups) is nearly
constant for all complexes (minimal area is 7.59 A? for 6
and maximum area is 8.06 A% for 7). When all this informa-
tion is taken into consideration, it is expected that the “k7”
area should follow the order 7~2>6>9, which is in excel-
lent agreement with the PM3(tm)-generated 3D surfaces
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(Figure 8 and Figures S1 and S2 in the Supporting Informa-
tion). Despite a larger estimated cone angle for OPPh; than
OPEt;, the calculated “kT” area for 12 is larger than that
for 2 and 7. This unexpected observation can be attributed
to a difference in the steric properties of the OPh and SnBu
equatorial ligands in 2 and 7, respectively, as compared to
the Cl ligand in 12. To test this hypothesis, we have calculat-
ed the 3D potential surface of a hypothetical complex,
[Tp*"MoO(OPh)(OPPh;)] (13), the geometry of which was
constructed by using the known geometries of 2 and 9, but
with OPPh; as the phosphine oxide. Based on the estimated
cone angles of OPR; ligands, the expected “k7” areas
follow the order 2>9=~13, but the calculated “kT” areas
follow the order 2>13>9. Such a deviation can be ex-
plained only if the conformational flexibility of the PR; frag-
ment in the OPR; ligand is taken into consideration. De-
tailed analysis of all of the available crystal structures with
PR; ligands suggests that the conformational flexibility of
the PR; ligands decreases in the order: PPh; (39.3°) > PEt;,
(35.8°) >PMePh, (32.3°).°" It was suggested that the large
conformational flexibility of the PPh; ligand can also modu-
late the M-P-C angle and the dihedral angle between the
phenyl plane and the M-P-C plane."™ Such rotational free-
dom of the phenyl ring is restricted in the OPMePh, ligand
by the rigid methyl group. When this information is taken
together, the expected “k7T” area should follow the order
2>13>9, which is in excellent agreement with the
PM3(tm)-generated 3D potential surfaces.

Another interesting observation is that the minimum
energy for each O=Mo-O-P torsion angle has a different
Mo-O-P angle. In other words, the energy of [Tp*MoOX-
(OPR;)] complexes depends not only on the O=Mo-O-P tor-
sion angle but also on the Mo-O-P angle. When the relative
energies of the lowest energy conformers were plotted
against the O=Mo-O-P torsion angle, a nonsymmetric (with
respect to the torsion angle) behavior was observed
(Figure 9). All traces went through a minimum of approxi-
mately 55°, in agreement with experimental data. The left
side of the graph, with dihedral angles of 10-55°, represents
the steric interaction between the phosphoryl and trispyra-
zolylborate ligands, while the right side with dihedral angles

60

404

E,o, kJ mol™

204 -

0=Mo-O-P deg.

Figure 9. Calculated energy response as a function of the O=Mo-O-P tor-
sion angle. Data points have been removed for clarity.
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of 55-90° represents the steric interaction between the phos-
phoryl, Tp™, and X ligands. The interaction between the
phosphoryl and Tp*" ligands follows a similar pattern in all
complexes except for 9 and 12, a fact lending support to the
idea that, in this region, the dominating interaction is the in-
teraction between the phosphoryl and Tp™" ligands. Such in-
teractions can only be increased with bulkier groups in the
trispyrazolylborate fragment or in the OPR; ligand as seen
in 9. On the other hand, conformational flexibility of the
PPh; group leads to a reduction of these steric interactions.

As mentioned, for O=Mo-O-P torsion angles greater than
55°, the iPr group of Tp™ and X interact with the OPR,
group and, as a result, the energy profiles are quite different
for different compounds (Figure 9). Thus, the energy profile
of 6 deviates significantly, by 8-16 kJmol™', from those of
the sterically less crowded 2 and 7. The low-energy barrier
for 12 originates from the smaller equatorial chloro ligand,
while the hypothetical 13 shows an energy profile that is
similar to complexes 2 and 7. Interestingly, the steric inter-
actions caused by the OPMePh, ligand are quite comparable
to those of the sec-butyl group in the coligand of 6. Finally,
we note that the calculated 3D surfaces of the complexes
agree well with X-ray data. Thus, the PM3(tm) method pro-
vides reliable relative energies of transition-metal com-
plexes, as noted by others. In the earlier, simplified compu-
tational model,"” the small steric requirement can lead to
an energetically favorable conformation with an O=Mo-O-P
torsion angle close to 0°.

In the crystal structures of several mononuclear molybde-
num enzymes, for example, sulfite oxidase and DMSO re-
ductases, the Mo center was found to be deeply buried
inside the protein matrix, often at the bottom of a cavity or
crevice, with the catalytic pockets tightly defined by the
nearby amino acid residues and the cofactor.”” While the
“energy-controlled pockets” discussed here may differ in
their exact nature, the pocket may play a role in defining
the mechanism of the product dissociation. Thus, it is provo-
cative to speculate as to how steric interactions can influ-
ence the mechanism of the product dissociation in this
system. Due to the restrictive nature of the energy-control-
led pockets, the formation of a solvated product with higher
coordination number can be inhibited, thereby favoring the
dissociation of the coordinated phosphine oxide first.
Indeed, on-going studies in our laboratories suggest that dis-
sociation of phosphine oxide from 2 and 9 proceeds through
a dissociative interchange mechanism; results from these
studies will be communicated in a forthcoming paper.!"”)

Summary

Reaction of dioxomolybdenum(vi) complexes with phos-
phines leads to the formation of the oxo(phosphoryl)molyb-
denum(1v) complexes [Tp*Mo"VOX(OPR;)] by incomplete
OAT from Mo"" to P™. The complexes, which are intermedi-
ates along the OAT reaction coordinate, represent rare ex-
amples of “substrate-bound” species isolated in molybde-
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num-enzyme model studies. Their isolation and structural,
theoretical, and kinetic! evaluation constitute significant
advances in the study of metal-mediated OAT reactions by
high-valent oxo transition-metal complexes.

A comparison of structure parameters obtained by X-ray
crystallography and theoretical studies (reference [17] and
herein) reveals good agreement between experiment and
theory. However, the intermediate identified in an earlier
computational study examining OAT from [MoO,(SH),-
(NHs;),] with PMe;, that is, [MoO(SH),(NH;),(OPMe;)], ex-
hibits a markedly different O=Mo-O-P torsion angle (ap-
proximately 0°) to those of the title complexes (approxi-
mately 50°). Eclipse of the oxo and phosphoryl multiple
bonds of [Mo(=0)(SH),(NH;),(O=PMe,)] is proposed to
cause complete disruption of Mo—OP & bonding, thereby fa-
cilitating solvent-assisted dissociation of phosphine oxide.
The torsion angles observed in the title complexes are dic-
tated by steric interactions between the Tp™, coligand X,
and phosphine substituents R, with the PR; group residing
in an energy-controlled binding pocket that induces a tor-
sion angle of 50°. Restricted rotation about the Mo—O bond
appears to maintain sufficient Mo—O & bonding to confer
stability and isolability on the title complexes. Detailed ki-
netics studies of the reactions of [Tp*"MoO,(OPh)] with
PEt; and PMePh, and the solvent-assisted decomplexation
of phosphine oxide from 2 and 9, along with a complete the-
oretical assessment of these reactions will appear in a forth-
coming paper.'"”)

Experimental Section

Materials and methods: The precursor compounds, [Tp""Mo0O,X], were
prepared by literature methods.”” All reactions and workup procedures
were performed under an atmosphere of pure dinitrogen by employing
standard Schlenk techniques. All solvents were carefully dried and de-
oxygenated before use. Samples of *OPEt; (v("*0=P)=1106 cm™' (com-
pare with v=1139 cm™" in "“OPEt;), 6(*'P)=52.2 ppm in benzene (com-
pare with 0(*'P)=48.3 ppm for OPEt, in CS,)**) were prepared by
adapting the method described for the preparation of '*OPPh; by Mayer
and co-workers.*"

Infrared spectra were recorded on a Biorad FTS 165 FTIR spectropho-
tometer as pressed KBr disks. NMR spectra were obtained by using
Varian FT Unity 300 or INOVA400WB spectrometers and were refer-
enced to tetramethylsilane or external H;PO, (6 =0 ppm). UV/Vis spec-
tra were recorded on Hitachi 150-20 or Shimadzu UV-2401PC spectro-
photometers. X-Band EPR spectra were recorded at ambient tempera-
ture on a Bruker ECS 106 EPR spectrometer using 1,2-diphenyl-2-picryl-
hydrazyl as reference. Mass spectra were conducted with a Bruker BioA-
pex 47e FTMS spectrometer fitted with an Analytica electrospray source
operating with capillary voltages between 50-120 V; compounds were di-
luted with CH,Cl, or MeCN and run immediately. Microanalyses were
obtained from Atlantic Microlab, Inc., GA, USA. Spectroscopic and
mass spectrometric data are summarized in Table 1. Full listings of ana-
lytical and spectroscopic data are included in the Supporting Informa-
tion.

Preparation of [Tp*"MoOCI(OPR;)] complexes: A yellow solution of
[Tp*Mo00O,ClI] (200 mg, 0.4 mmol) in dry benzene (10 mL) was treated
with PR; (1.5 equivalents) and the resultant green (R=Et) or brown
(R=Ph) solution was stirred for 5 h. The solvent was removed in vacuo
and dry hexane (10 mL) was added to the residue. Cooling to —4°C pro-
duced green (R=Et) or beige (R=Ph) crystals, which were collected by
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filtration, washed with hexane, and dried in vacuo. Yields were typically
50-60%.

Preparation of [Tp""™MoO(OAr)(OPEt;)] complexes: The synthesis of 3
described here is typical. A solution of [TpT"™MoO,(OCH,-3-Me)]
(288 mg, 0.5 mmol) in dry benzene, toluene, or MeCN (10 mL) was treat-
ed with PEt; (110 uL, 0.75 mmol) and then stirred at room temperature
for 24 h. During this time the solution darkened to a golden-brown (tolu-
ene, benzene) or emerald-green (MeCN) color. The solvent was removed
in vacuo and the residue was triturated with dry hexane (10 mL); this
process was repeated in order to remove all MeCN. Cooling to —4°C
produced green crystals, which were collected by filtration, washed with
hexane, and dried in vacuo. The yield was 230 mg (70%) for 3 and was
typically in the range 50-75 % for other derivatives.

Preparation of [Tp**MoO(SR)(OPEt,)] (R =nBu, sBu) complexes:

Method A: A solution of [Tp*™Mo00,(SR)] (212 mg, 0.38 mmol) in dry
MeCN (10 mL) was treated with PEt; (84 uL, 0.57 mmol) and stirred for
24 h. The solvent was evaporated and the residue was treated with dry
hexane (15 mL) and stirred for 1h to produce a light-blue suspension.
The evaporation and hexane treatment
above were repeated two more times.

The final green solution was filtered = Table 4. Crystallographic data.

FULL PAPER

with hexane (10 mL) was immediately filtered, washed with hexane (2 x
2 mL), and dried in vacuo. The yields were 50-60 %.

[Tp*"MoO(SnBu)(DMF)]: A solution of [TpT™MoO,(SnBu)] (218 mg,
039 mmol) in dry DMF (20mL) was treated with PEt; (80 puL,
0.54 mmol) and stirred for 1-2 h. The solution was then evaporated to
dryness and the residue was treated with dry hexane. A light-green/blue
solid precipitated immediately and was filtered, washed with cold hexane
(5mL), and dried in vacuo. The yield was 120 g (43 %).

[TpiP'MoO(OAr)(NCMe)]: These complexes were formed in situ when a
sample of [Tp""MoO(OAr)(OPR;)] was dissolved in dry MeCN and stir-
red for 1 h under anaerobic conditions. NMR spectra were recorded on
samples prepared in [D;]MeCN.

X-ray crystallography: Green crystals of 6 and 7 were grown by slow dif-
fusion of hexane into a benzene solution of the compound at 4°C.
Golden crystals of 9 and 12-0.5C¢H40.5 C¢H,, were grown by the same
method. Crystallographic data for all complexes are collected in Table 4
and selected metrical parameters are listed in Table 2. Unit cell parame-
ters were obtained by a least-squares procedures from the angular set-

and the filtrate was reduced in volume

( s | Compound 6 7 9 120
to approximately 5-10mL) and
cooled to —4°C. The resulting green formula Cy;HssBMoN4O;P CyHs,BMoNO,PS C3;HysBMON(O;P C4,Hs;BCIMoNO,P
crystals were filtered in air, washed formula mass 722.6 674.5 760.52 847.07

; crystal system monoclinic monoclinic monoclinic triclinic
with small amounts of cold hexane, n
and dried in vacuo. The yields were space group P2 P2i/n P2y/n Pl
approximately 105 mg (40%). a [A?] 12.320(4) 10.4345(7) 11.7697(13) 11.122(3)

) . ) »  DI[A] 16.919(4) 18.7269(15) 17.707(2) 11.297(6)

Method B: A solution of [Tp™- 45 18.854(3) 18.457(2) 18.065(4) 19.830(7)
MoO,(SR)] (212mg, 0.38mmol) in ] 90 90 90 97.97(3)
dry benzene or toluene (10mL) was g o] 103.926(16) 103.080(7) 90.463(13) 99.74(3)
treated with ?Et3 (84 }L.L, 0.57 mmol) v [ 90 90 90 112.09(15)
and the solution was stirred for 24h.  y, [A%] 3814.5(16) 3513.0(5) 3764.7(10) 2218.9(15)
The solvent was evaporated and the 4 4 4 2
residue was tregtgd with d.ry hexane Peaea [2em 7] 1.258 1.275 1.342 1.266
(10 Il'lL) with stlrrlng. Coohng of the R 0.036 0.027 0.056 0.078
solution to —4°C produced green crys- R, 0.091 0.058 0.1318 0.1291

tals, which were filtered, washed with

hexane, and dried in vacuo. The yields
were approximately 210 mg (80 % ).

Method C: A solution of

[Tp"MoO(SR)(MeCN)] (150 mg, 0.26 mmol) in dry acetonitrile or
hexane (10 mL) was immediately treated with OPEt; (57 puL, 0.39 mmol)
and the solution was stirred for 1 h. The workup procedure in Method A
was followed to yield a green solid. The yields were 30-50 %.

Preparation of [Tp""™MoO(OAr)(OPMePh,)] complexes: The procedure
described here for 9 is generally applicable. A solution of [Tp™™MoO,-
(OPh)] (252 mg, 0.45 mmol) in dry benzene, toluene, or MeCN (10 mL)
was treated with PMePh, (142 pL, 0.76 mmol) and stirred for 24 h. The
solvent was evaporated from the golden-brown (toluene, benzene) or
emerald-green (MeCN) solution and then the residue was treated with
dry hexane (10 mL). Cooling to —4°C produced a light-brown product,
which was filtered, washed with hexane (1 mL) and ice-cold methanol
(1 mL), and dried in vacuo. The yield was 174 mg (51%). Analytically
pure compound may be obtained by recrystallization from dry benzene/
hexane.

Preparation of solvent complexes:

[Tp**MoOCI(NCMe)]: A sample of [Tp*"MoO,CI] (220 mg, 0.44 mmol)
was dissolved in dry MeCN (15mL) and treated with an excess of P-
(OiPr); (162 pL, 0.66 mmol) under argon. The stirred solution became
green over 20 min. After 12 h of stirring, the solvent was evaporated and
the residue was treated with hexane and cooled to —4°C. The green crys-
tals were filtered, washed with hexane, and dried in vacuo. The yield was
165 mg (72%).

[Tp™MoO(SR)(NCMe)] (R =nBu, sBu): These compounds were synthe-
sized by slight modification of Method A above for [Tp*"MoO(SR)-
(OPEt;)]. Thus, the light-blue solid precipitated in the first treatment
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[a] Data for the 0.5C4H¢0.5 C¢H,, mixed solvate.

tings of 25 reflections. Crystallographic data were collected on an Enraf
Nonius CADA4f diffractometer by employing the w:26 scan method. Re-
flections were measured over the range 4° <260 <50° at 293(2) K by using
MoKa radiation with a wavelength of 0.71069 A. The structures were
solved by direct methods and refined by using full-matrix least-squares
methods on F* (SHELXL-97).") The sec-butyl and n-butyl moieties of
structures 6 and 7, respectively, were disordered. Carbon atoms of these
groups were located in difference maps and, where possible, refined with
partial occupancies. For the structure of 12, the Mo—Cl and Mo—O1 bond
lengths were marginally outside their expected ranges.*”! This was ascri-
bed to a degree of disorder between the chloro and oxo ligands. Howev-
er, a disordered model did not improve statistical measures of accuracy
and thus was not adopted. Hydrogen atoms were included in idealized
positions with the exception of the disordered sec-butyl group of 6 and
atoms C8, C9, and C10 of the disordered n-butyl moiety of 7. The atomic
scattering factors used were those incorporated in the SHELXL-97 pro-
gram.”! The molecular diagrams in Figures 1-4 were generated by using
the program ORTEP-3.5%°!

CCDC-257484 (6), CCDC-257485 (7), CCDC-257486 (9), and CCDC-
257487 (solvate of 12) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_re-
quest/cif.

Theoretical calculations: All the computations were carried out by using
the Gaussian 98W or 03W"’ and HyperChem 6.03°%! software packages.
For the electronic structure calculations, the starting geometries were ob-
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tained from the X-ray crystal structures and used without any truncation.
Becke’s three-parameter hybrid exchange functional®™ and the Lee—
Yang-Parr nonlocal correlation functional (B3LYP)*! were used with
the DZVP basis set on molybdenum!®! and the 6-311G(d)!*? basis sets
for all other atoms. The percentage of atomic orbital contributions to
their respective molecular orbitals was calculated by using the VMOdes
program.® The results of the molecular orbital calculations are included
in the Supporting Information (Tables S1-S5).

The rotational energy barriers of all complexes were calculated, starting
from the X-ray crystal structures, as the energy difference between the
most stable conformer and all other conformers obtained under changes
in the O=Mo-O-P torsion (~+40°) or Mo-O-P (~=+20°) angles with 5°
increments. To reduce the steric interactions between alkyl or phenyl
groups of the coordinated PR; ligand and isopropyl groups of pyrazole
rings, these atom positions were optimized by molecular mechanics with
the MM + force field, implemented in the HyperChem package.® After
completion of the molecular mechanics calculations, all single-point cal-
culations were performed by using the semiempirical PM3(tm) method™®!
incorporated into the HyperChem package.™!
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