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The water soluble ligands, lithium and potassium tris(3-isopropylpyrazol-1-yl)methanesulfonate
(LiTpms™ and KTpms™) and potassium hydrotris(3-carboxyethyl-5-methylpyrazol-1-yl)borate
(KTpCO2FtMey have been prepared and their reactions with simple Mo-containing starting material
investigated. The crystal structure of LiTpms™™1.2MeOH consists of dinuclear units containing
two distinctly different, four-coordinate, tetrahedral Li centers coordinated by bidentate KN,0-
Tpms™~ and methanol. The ligands fail to coordinate to aqueous molybdate under neutral to acidic
conditions. Reaction of KTp®C2F*Me with MoO,Cl,(OPPhs), results in reduction and formation of
Mo OCl5(OPPhs),-MoY'0,Cl,(OPPhs),. The crystal structure of this binary mixture revealed
distorted octahedral molecules in crystallographically distinct sites.

Keywords: Scorpionate ligands; Molybdenum complexes; Co-crystallization; X-ray crystal structure

1. Introduction

Molybdenum enzymes are essential to the health of microorganisms, plants, animals and
humans, and are vital agents in many of Earth’s biogeochemical cycles [1-4]. Related tung-
sten enzymes are important to hyperthermophilic organisms found in deep-sea hydrothermal
vents and volcanic environments [4, 5]. Molybdenum and tungsten enzymes typically cata-
lyze net oxygen atom transfer (OAT) to or from organic or oxyanionic substrates with con-
comitant interconversion of Mo(VI) and Mo(IV) enzyme states. Regeneration of the enzyme
active sites typically involves sequential one-electron processes featuring coupled electron-
proton transfer (CEPT) and the binding or elimination of water, the original source or sink
of the transferred oxygen [1-5]. While OAT between biologically relevant Mo(VI) and Mo
(IV) states has been extensively studied [6-9], there are few reports of the generation, isola-
tion and study of oxo(aqua)-Mo(IV) and oxo(hydroxo)-Mo(V) complexes [10—13].
Scorpionate complexes feature prominently in spectroscopic and functional models
for molybdenum enzymes [8]. Sterically demanding ligands such as hydrotris(3,5-dim-
ethylpyrazol-1-yl)borate (Tp*; note, the charge is normally omitted on this and related
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ligands) and hydrotris(3-isopropylpyrazol-1-yl)borate (Tp™") limit comproportionation and
dinucleation in catalytic, bidirectional OAT reactions and stabilize biologically-relevant,
mononuclear Mo(V) species. Some systems feature catalytic substrate oxidation using
water as the source of oxygen and the interconversion of Mo(VI), Mo(V) and Mo(IV)
complexes via OAT and CEPT reactions. Oxo(aqua)-Mo(IV) and oxo(hydroxo)-Mo(V)
complexes are implicated or observed in these systems. However, the isolation (in pure
form) and full characterization of these important species has not been realized.

A number of approaches may be envisioned for the synthesis and stabilization of oxo
(aqua)- and oxo(hydroxo)-Mo(IV/V) scorpionate complexes. Moving from the current
organic solvent systems [8] to aqueous systems would increase the effective concentration
of water and assist aqua complex formation and stabilization, e.g. by control of pH. How-
ever, this approach requires the synthesis of Mo complexes of water-soluble scorpionate
ligands. Progress in this area includes the synthesis of alcohol derivatives of HC(pz);
(pz=pyrazol-1-yl) by Reger et al. [14] and of tris(pyrazolyl)methanesulfonate ligands,
Tpms ™, by Kléui et al. [15].

Other approaches include hydrogen-bond stabilization of the aqua/hydroxo ligands by
hydrogen-bond acceptor/donor groups incorporated into the co-ligands and/or scorpionate.
The first of these approaches has failed to deliver stable oxo(aqua)-Mo(IV) complexes [16,
17], although a co-ligand H-bond stabilizing effect has been observed for oxo(hydroxo)-
and cis-dioxo-Mo(V) complexes [13]. The second approach has met with more success,
albeit with first row transition metals rather than Mo. For example the aqua ligand of
square-planar [Cu(Tp”™M*¥)(H,0)]PF¢-CH,Cl,-CsH;, (Tp?”™<" =hydrotris {3-(6-methylpy-
rid-2-yl)pyrazol-1-yl}borate) is stabilized by intramolecular H-bonding to two pyridyl
groups [18], while the Ni, Co, Mn and Cu complexes of the hydrotris(3-carboxyethyl-5-
methylpyrazolyl)borate ligand (Tp“©:EtMe) feature two or three aqua co-ligands stabilized
by H-bonding to the ester groups, perchlorate counter ions and/or solvate waters (figure 1)
[19]. The latter ligand appears to be well suited to the intramolecular stabilization of aqua
co-ligands. It is also noteworthy that the Ni(Il) complex, [TpC02Et*MeNi(H20)3]CIO4, is

Figure 1. ORTEP projections of the cations of (a) [Tp®®2E*MeCu(H,0),]C10,4 and (b) [Tp©OFtMeMn
(H,0);5]C104-H,0 (O(15) is a solvent water molecule). Both structures are drawn at the 30% proba-
bility level. Adapted from Hammes et al. [19] with permission.
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highly soluble in polar organic solvents and much less soluble in water due to tight ion-
pairing mediated by strong H-bonding between the cation and perchlorate counterion [19].
Here, we report the synthesis of water-soluble lithium and potassium salts of
tris(3-isopropylpyrazolyl)methanesulfonate (Tpms™ ), the X-ray crystal structure of
LiTpms™"1.2MeOH and an initial survey of the ligand’s coordination chemistry with Mo.
Since our initial work in this area [20], Papish et al. [21] have reported the synthesis of
LiTpms™" by a similar method. These workers also prepared NaTpms”” and a number of
first row transition metal complexes, most of which were characterized by X-ray crystal-
lography [21, 22]; the crystal structure of LiTpms™™ has not been reported. We also report
attempts to prepare Mo complexes from KTp®O2FtMe and the X-ray crystal structure of a
by-product of these reactions, viz., Mo OCl;(OPPhs),"Mo"'0,Cl,(OPPhs),. Our initial
survey of the “Mo chemistry” of both ligands suggests that their binding to Mo (in the
form of proven starting materials) may be inhibited by competitive ligand protonation
(versus metallation) or steric factors such as cavity size or functional group encumbrance.

2. Experimental

2.1. Materials and methods

Analytical reagent grade chemicals and solvents were purchased from commercial suppli-
ers and used without purification. Samples of 3-isopropylpyrazole (3-PrpzH) [10], HC(3-
Prpz); [14], 3-carboxyethyl-5-methylpyrazole [19], KTp“®:F*Me [19], MoO,Cl,(OPPhs),
[23] and MoO,Cl,(OH,),-H,O-Et,NCI [24] were prepared according to literature proce-
dures. The synthesis of 3-carboxyethyl-5-methylpyrazole was modified at the work-up
stage, with the reported extraction of product into dichloromethane (which causes product
loss) being replaced by pH adjustment to 9-10, followed by filtration and washing of the
crystalline product.

Solid-state (KBr disk) infrared spectra were recorded on a Biorad FTS 165 FTIR spec-
trophotometer. '"H NMR spectra were obtained using a Varian Unity Plus 400 spectrometer
using external 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) (60) or the residual sol-
vent peak (DOH 04.80) as reference. Microanalyses were performed by Atlantic Microlabs
Inc., Norcross, GA.

2.2. Syntheses

2.2.1. LiTpms™" and KTpms™". Solid HC(3-Pr'pz); (10.05 g, 29.5 mmol) was dissolved
in dry tetrahydrofuran (100 mL) in a three-necked round-bottom flask. The deep red solu-
tion was cooled in an ethanol-dry ice bath and allowed to equilibrate (20 min). n-Butyllith-
um (14.2mL of a 2.5M solution in hexanes; 35.5mmol, 1.2 x excess) was added by
syringe and the mixture stirred at —72°C for 1.5h before sulfur trioxide-trimethylamine,
SO5;-NMejs (4.945 g, 35.5mmol, 1.2 x excess), was added. The final reaction mixture was
stirred at —72°C for 1.5h before the ethanol-CO, bath was replaced with an ice-water
bath. The reaction was stirred for a further 3 h at 0 °C before being transferred to a round-
bottomed flask for removal of the solvent and volatiles at<30°C on a rotary evaporator.
The orange-red fluffy residue was taken up in CHCl; (20 mL, non-distilled) producing a
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red solution, from which the product began precipitating within minutes. The mixture was
stirred rapidly for 1.5h and the crude product collected under vacuum and washed with
CHCI; (15mL). Further drying of the crude product under high vacuum yielded 7.69 g of
a pale peach solid. Recrystallization from hot methanol afforded colorless crystals of
LiTpms™". Metathesis of a solution of LiTpms™" in water—-methanol with K,CO5 afforded

the potassium salt, KTpms™”, in crystalline form upon recrystallization from hot methanol.

LiTpmsiPr: Anal. Calcd for LiTpmsiPr-l.2MeOH (%): C, 52.19; H, 6.89; N, 18.08.
Found: C, 51.77; H, 6.65; N, 18.39. 'H NMR (D,0; referenced to external DSS): dy 7.38
(d, 3H, J=2.8, 5-H of pz); 6.38 (d, 3H, J=2.4, 4-H of pz); 2.95 (septet, 3H, J=6.8, CH
(CHs),); 1.21 (d, 18H, J=7.2, CH(CHs),). FT-IR (KBr, cm™'): 2965 m, 2930 w, 2873 w,
1636 w-m, br, 1535 m, 1473 w-m, 1388 m, 1376 m, 1282 m, 1257 s, 1234 m, 1214 m,
1113 m, 1083 m, 1052 m, 861 m, 766 m, 763 m, 649 m, 470 w-m.

KTpms™: '"H NMR (D,0; referenced to HOD): 5y 7.39 (d, 3H, J=2.4, 5-H of pz); 6.40
(d, 3H, J=2.8, 4-H of pz); 2.96 (septet, 3H, J=6.8, CH(CHz),); 1.23 (d, 18H, J=7.2, CH
(CHs),). 13C NMR (D,0; referenced to external DSS): dc 165.5, 135.6, 106.7, 30.0, 24.7.
Spectrum with long d1 (first delay) of 40s: dc 165.7, 164.1 (CSO5; ), 135.7, 106.8, 30.2,
24.9. FT-IR (KBr, cmfl): 2965 m, 2930 w-m, 2872 w-m, 1633 m, 1534 m, 1401 m, 1371
m, 1251 s, 1214 m, 1068 m, 1050 m, 1008 w-m, 861 m, 757 m, 640 m, 540 m. ESI-MS
(cone potential = 10 or 50 V; negative ion mode): 419.42 [M — K]~ (419.31).

2.2.2. MOOC]3(OPPh3)2MOOzclz(OPPh3)2. A mixture of MOOzclz(OPPh3)2 (10 g,
1.32mmol) and KTp®O:EMe (0.64¢, 1.32mmol) was treated with dry, deoxygenated
dichloromethane (20mL) and stirred for 1 day under anaerobic conditions. The volume of
the resultant orange solution was then reduced to 5mL and diethyl ether (30 mL) was
added to precipitate an orange solid, which was collected by filtration (in air) and washed
with diethyl ether. The material was recrystallized from dichloromethane—methanol as
golden-brown crystals. Addition of ligand was required for formation of MoO-
CI3(OPPh3),-MoO,Cl,(OPPh;). Yield: 0.77g (95% based on CI). Anal. Calcd for MoO-
Cl3(OPPh3),-M0O,Cl,(OPPh3), (%): C, 56.51; H, 3.95; Cl, 11.58. Found: C, 56.31; H,
3.76; Cl, 11.43. FT-IR (KBr, cm'): 1438 m, 1384 vs, 1370 vs, 1181 m, 1120 m, 1090 w,
1039 w, v(Mo=0) 974 m, v{(Mo0O,) 947 m, v,((M0O,) 906 m, 790 m, 738 s, 693 m, 540
s, 483 s. EPR (CH,Cl,, 298 K): <g>=1.935.

2.3. X-ray crystallography

Colorless crystals of LiTpms™™-1.2MeOH were obtained by evaporation of a methanol
solution of LiTpms™". Golden-brown crystals of MoOCI;(OPPhs),-MoO,Cl,(OPPh;), were
obtained by slow diffusion of diethyl ether into a dichloromethane solution of the product
obtained from the reaction of MoO,Cl,(OPPhs), with KTp®OEtMe  For
LiTpms™"1.2MeOH, data were collected at 130(1)K using an Oxford Diffraction Super-
nova diffractometer with Cu Ka radiation. For MoOCI3(OPPh;3),-MoO,Cl,(OPPh;),, data
were collected at 293(2) K using a Bruker CCD diffractometer with a sealed tube Mo Ka
radiation source. The structures were solved using direct methods and refined using the
SHELX-97 package of software [25, 26]. Crystal and metrical data are reported in tables
1-3.
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Table 1. Crystallographic data.

L.M.R. Jensen et al.

Parameter LiTpmsiP *1.2MeOH MoOCI3(OPPh;3),-MoO,Cly(OPPh;),
Formula C20.2H3 1 .gLiN6O4.25 C72H60C15M0207P4
Formula mass 464.92 1530.21

Crystal system Monoclinic Monoclinic

Space group C2le P2,/c

a, 22.7715(7) 18.954(2)

b, A 13.4085(3) 16.8140(8)

¢, A 17.4694(5) 22.078(2)

b, ° 108.909(3) 95.851(2)

v, A’ 5046.1(2) 6999.5(13)

VA 8 4

p,gem ? 1.224 1.452

i, cm ! 1.447 6.93

Data (unique data) 9800 (4995) 43,934 (15,898)

Ry [I>20(D)]* 0.0558 0.0759

WwR, (F2, all data)® 0.1599 0.1644

GOF 1.089 0.998

Ry =Y Fo Il [Fol.> wRy= {[Ew(F S —F Y Y WIFS )T .

Table 2. Selected bond lengths (A) and angles (°) for LiTpms™1.2MeOH®.

Li(1)-N(2) 2.086(3) Li(1)-0(2) 1.929(3)
Li(2)-N(6) 2.092(9) Li(2)-0(1) 1.904(8)
Li(2)-O(4) 1.843(10) Li(2)-0(4)" 1.725(10)
O(2)-Li(1)-N(2) 95.47(8) 0(2)-Li(1)-N(2)" 107.92(8)
0(2)-Li(1)-0(2)' 124.9(3) N(@2)-Li(1)-N@2)' 128.3(3)
O(1)-Li(2)-N(6) 96.0(4) O(1)-Li(2)-0(4) 103.9(4)
O(1)-Li(2)-0(4)" 119.0(5) N(6)-Li(2)-0(4) 118.9(5)
N(6)-Li(2)-0(4)" 109.9(5) O(4)-Li(2)-0(4)" 109.1(4)
Symmetry operations: '1—x, y, Y4—z; "1 —x, 1—y, —z.

3. Results and discussion

3.1. Synthesis of LiTpms™ and KTpms™"

The method employed by Kldui et al. [15] for the synthesis of LiTpms was adapted for
the preparation of LiTpms”". The immediate ligand precursor, tris(3-isopropylpyrazolyl)
methane, was produced using the method reported by Reger et al. [14]. This compound
was converted into LiTpms™" using a one-pot synthesis involving sequential lithiation
(using n-butyllithium) and sulfonation (using SO3-NMej) reactions [15]. The potassium
salt was prepared by the metathetical reaction of LiTpms™" with potassium carbonate.

3.2. Crystal structure of LiTpms™"1.2MeOH

The asymmetric unit of LiTpms™"-1.2MeOH consists of a single anion, two crystallographi-
cally distinct Li centers and two types of methanol, one a full occupancy ligand and the other
a sub-occupancy solvate [figure 2(a)]. The lithium centers exhibit two distinct coordination
environments. As indicated in figure 2(b), Li(1) is coordinated by a pair of symmetry related,
chelate k>N,O-Tpms™™~ anions. Atom Li(1), which is located on a 2-fold axis, is in a
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Table 3. Selected bond lengths (A) and angles (°) for MoOCl;(OPPhs),-MoQ,Cl,(OPPhs),.

Mo(1)-0(1) 1.667(4) Mo(2)-0(4) 1.752(4)
Mo(1)-0(2) 2.158(3) Mo(2)-0(5) 1.722(4)
Mo(1)-0(3) 2.099(3) Mo(2)-0(6) 2.190(3)
Mo(1)-CI(1) 2.271(2) Mo(2)-O(7) 2.180(4)
Mo(1)-C1(2) 2.3902(16) Mo(2)-Cl(4) 2.3877(17)
Mo(1)-CI(3) 2.3884(16) Mo(2)-CI(5) 2.3942(17)
0(1)-Mo(1)-0(2) 174.31(16) 0(4)-Mo(2)-0(5) 100.74(19)
O(1)-Mo(1)-0(3) 94.61(16) 0(4)-Mo(2)-0(6) 89.95(17)
O(1)-Mo(1)-CI(1) 99.65(15) 0(4)-Mo(2)-0(7) 168.85(17)
O(1)-Mo(1)-CI(2) 93.88(15) 0O(4)-Mo(2)-Cl(4) 93.85(15)
0(1)-Mo(1)-CI(3) 96.36(15) 0(4)-Mo(2)-CI(5) 83.75(10)
0(2)-Mo(1)-0(3) 79.70(13) 0(5)-Mo(2)-0(6) 169.30(17)
0(2)-Mo(1)-CI(1) 86.03(10) 0(5)-Mo(2)-0(7) 90.41(17)
0(2)-Mo(1)-C1(2) 85.59(10) 0(5)-Mo(2)-Cl(4) 94.85(14)
0(2)-Mo(1)-CI(3) 84.64(11) 0(5)-Mo(2)-CI(5) 94.61(14)
0(3)-Mo(1)-CI(1) 165.69(11) 0(6)-Mo(2)-0(7) 78.90(14)
0(3)-Mo(1)-C1(2) 86.08(11) 0(6)-Mo(2)-Cl(4) 84.91(10)
0(3)-Mo(1)-CI(3) 87.40(11) 0(6)-Mo(2)~CI(5) 83.75(10)
CI(1)-Mo(1)-Cl(2) 91.78(7) O(7)-Mo(2)-Cl(4) 85.34(11)
CI(1)-Mo(1)-CI(3) 92.38(7) O(7)-Mo(2)-CI(5) 83.53(11)
C1(2)-Mo(1)-CI(3) 169.09(6) Cl(4)-Mo(2)-CI(5) 165.43(6)
Mo(1)-0(2)-P(1) 168.6(2) Mo(2)-0(6)-P(3) 165.4(2)
Mo(1)-0(3)-P(2) 146.0(2) Mo(2)-O(7)-P(4) 162.5(2)

distorted tetrahedral N,O, environment with angles of 95.47(8)-128.3(3)° subtended at
Li(1). In contrast, Li(2) is coordinated by only one «*N,O-Tpms™ "~ anion and a pair of sym-
metry related methanol molecules (O(4)-C(20)) located on either side of an inversion center.
Two sites for Li(2) are located close to the inversion center but only one of the sites is occu-
pied at any one time; the two Li(2) sites are only 2.07(2) A apart. The symmetry related Li(2)
sites, one of which is indicated by cross-hatching, are indicated in figure 2(c). The methanol
oxygen (O(4)) is located only 2.952(3) A from the sulfonate oxygen (O(1)), a separation that
is consistent with the presence of a weak hydrogen bond when the Li(2) site is empty.

The isopropylpyrazolyl group containing N(2) is disordered and adopts two orientations,
with C(2), N(1) and N(2) occupying the same sites in both orientations. The major orienta-
tion is shown in figure 2(a). The minor orientation is located near the 2-fold axis through
Li(1) and as a result there is insufficient space for the anion and its symmetry related
neighbor to both be in the minor orientation at the same time. When both of the symmetry
related molecules have the isopropylpyrazolyl group in the major orientation, a
sub-occupancy, disordered methanol molecule occupies a site near the 2-fold axis. The site
occupancy of this methanol refines to a value just under 20%. The isopropyl substituent of
C(10) is also disordered, with methyls occupying two sets of sites.

The Li-N contacts of 2.086(3) and 2.092(9) A are similar to those reported for trigonally
coordinated Li in [PhTp"™®"ILi (1.934-1.979 A) [27], and the Li-N bonds of octahedrally
coordinated Li in [HC(3,5-Me,pz);]Li(n*>-BHy4) (two bonds at 2.038 A and the third at
2.092A) [28]. The Li-Ogyfonaic distances of 1.904(8) and 1.929(3)A are typical of
Li—O bonds; the Li—Opethanol bonds (1.725(10) and 1.843(10)A) are shorter than reported
Li—O bond distances for non-bridging methanol donors (1.900-1.906 A) [29, 30]. The S-O
bonds of the sulfonate are all very similar and lie in the range of 1.437(2) to 1.449(2) A.
The sulfur has a slightly distorted tetrahedral geometry, with O—S—O angles of 113.17(10)
to 115.48(11)° and O-S-C angles 103.42(9) to 104.48(10)°.
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Figure 2. The structure of LiTpms™'-1.2MeOH. (a) An ORTEP diagram showing the asymmetric unit with
probability ellipsoids represented at the 30% level. (b) A ball and stick representation highlighting the
coordination environment of Li(l); isopropyl groups have been omitted for clarity. (c) A ball and stick
representation highlighting the coordination environment of Li(2); two locations for Li(2) are indicated (one with
cross-hatching) but only one of the two indicated Li(2) centers is present at any one time. In all three figures,
only the major conformation of the anion is indicated. All hydrogens have been omitted for clarity. Symmetry
operations: I 1—x, y, %2—z; II 1—x, 1—y, —z. Color code: S yellow; O red; N blue; C black; Li green. (see http://
dx.doi.org/10.1080/00206814.2013.778988 for color version).

The structure of LiTpms™-1.2MeOH contrasts with that reported [21] for NaTpms™,
which exhibits a tetrameric structural unit, with two unique sodium centers related by an
inversion center. Each of the sodium centers is six-coordinate, with a distorted octahedral
geometry; coordination of the ligand is via bridging and non-bridging pyrazole nitrogen
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and sulfonate oxygens. We believe salts of Tpms™"~ can adopt a variety of solid-state
structures depending on the cation, solvents present and crystallization conditions.

3.3. Reactions of (Li/K)Tpms™" with oxo-molybdenum species

Acidification of a mixture of LiTpms™" and Na,MoO,4 (0.06 M each) in DO using 1.25M
DCI in D,O was monitored by '"H NMR spectroscopy. No changes in the chemical shifts of
the ligand were observed up to the point where ligand precipitation occurred. This indicates
that water soluble LiTpms™" did not react with Na,MoO, under conditions expected to gener-
ate reactive [Mo0O,]*"(aq) species. Reaction of equimolar amounts of KTpms™" and MoO,.
CI,(OH,), H,0-Et4,NCI in water—methanol mixtures produced a slightly off-white solid. The
"H NMR spectrum of the solid (in D,O or dg-acetone) revealed the presence of uncomplexed
ligand, along with the tetraecthylammonium cation. The infrared spectrum revealed four bands
in the v(Mo=0) region, two of which correlated with the presence of the Mo-containing start-
ing material. The remaining two bands (933 and 900 cm™') indicate the co-precipitation of
molybdate, as (Et;N),[MoO,]. Hence, the material obtained was identified as a mixture of
KTpms[Pr, M002C12(0H2)2 and (Et4N)2[MOO4]

3.4. Reactions of KTp 2 E"™M¢ with molybdenum species

Reaction of potassium trispyrazolylborate salts (KTp™) with Mo(CO),, followed by addition
of NEt4Cl, leads to the formation of NEt;[Tp*Mo(CO);]. The reaction can be conveniently
monitored by solution IR spectroscopy, with two strong v(CO) bands in the 2250-1950 cm ™
region being indicative of the formation of the Cj, anion [31]. However, reaction of
KTp®O2EtMe with Mo(CO)s in DMF resulted in the loss of the v(CO) bands of Mo(CO)s with-
out any appearance of bands assignable to [Tp“?2F*M¢Mo(CO),;]~ or any other carbonyl spe-
cies. Attempted work-up of the reaction yielded an intractable mixture of unidentified
products.

Reaction of equimolar quantities of MoO,Cl,(OPPhs), and KTp©©2EtMe in dichlorometh-
ane under anaerobic conditions produced an orange/brown solution yielding a brown crystal-
line solid upon work-up (“molybdenum blues” are observed to form in the absence of
ligand). IR spectroscopy revealed an absence of bands assignable to the Tp“©2FM¢ Jigand but
the presence of bands indicative of OPPh; ligation to Mo. The IR spectrum also exhibited
bands attributable to v{(MoO,) and v,s(Mo0O,) stretches of MoO,Cl,(OPPh3), (947 and
906 cm™ ', respectively) [23] and the v(MoO) stretching mode of MoOCIl;(OPPhs),
(974 cm™") [32]. The 'H NMR spectrum of the compound revealed broadened signals assign-
able to triphenylphosphine oxide. EPR spectroscopy indicated the presence of an
Mo(V) d' complex, the g value observed (1.935) being the same as that reported by Garner
et al. for MoOCl3(OPPhs), [33]. The compound was, therefore, formulated as a mixture of
MoV OCI5(OPPhs), and Mo "'0,Cl,(OPPhs),.

3.5. Crystal structure of MoOCI;(OPPh3), MoO,Cl,(OPPh;),

X-ray crystallography established the compound to be a 1:1 binary mixture of Mo"O-
Cl3(OPPh3), and Mo"'0,Cl,(OPPh;),. A view of the asymmetric unit is shown in figure 3
and selected bond distances and angles are contained in table 3.
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Two polymorphs of pure MoOCI;(OPPhs), have been structurally characterized. The
first, crystallized in space group P2,/c, contained two distorted octahedral molecules in the
asymmetric unit [33]. One of these molecules was ordered and will be employed in the
structural comparisons to follow. The other exhibited two-site, positional disorder with oxo
and chloro ligands distributed equally over the two sites.

The second polymorph, in space group C2/c, also displayed positional disorder within
the crystallographically unique distorted octahedral molecule; in this case oxo and chloride
positions were resolved but the associated Mo—L distances were not reliable [34]. The Mo
(V) component of the title structure has bond lengths and angles (table 3) that are essen-
tially the same as those of the ordered molecule in the structures above. The Mo(1)-O(1)
distance of 1.667(4) A is typical of molybdenyl compounds and compares well with the
published value of 1.662(13)A for pure MoOCI;(OPPh;), [33]. A notable difference is
found in Mo(1)-CI(1) distances, that of the title compound and ordered MoOCI;(OPPhjs),
being 2.271(2) and 2.348(5) A [33], respectively. Two-site disorder of oxo and cis-chloro
ligands would introduce a pseudo-C, axis through the midpoints of the Oppps--Opppz and
O/Cl---O/Cl donor sites, resulting in equalization of the Mo—Opp; distances and the “Mo—
O/CI” distances (assuming the atoms are not resolved [34, 35]). Clearly, the data presented
here (table 3) are not consistent with the effects of a two-site ligand disorder. Residual
electron density observed around Mo(1) is less than 0.8 e /A at each site, with the closest

Figure 3. ORTEP projection of co-crystallized M0V0C13(OPPh3)2'MOV'OQCIZ(OPPh3)2. Probability ellipsoids
are drawn at the 30% level.
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to CI(1) being 1.22 A away. As the structure is well ordered, the suspect Mo(1)-CI(1) dis-
tance is likely to result from a small degree of compositional disorder between MoO-
CI3(OPPh3), and MoO,Cl,(OPPh;),, of the type demonstrated by Parkin [36, 37] and
Fronczek et al. [38].

The crystal structure of pure MoO,Cl,(OPPh;), was reported by Butcher et al. [23].
The complex displays a distorted octahedral geometry, with average Mo=0, Mo—Cl and
Mo—Oppyps distances of 1.684, 2.392 and 2.185 A, respectively. The corresponding parame-
ters for the bromo analog, MoO,Br,(OPPhs),, are 1.69—1.73(1), 2.548 and 2.18 A, respec-
tively [23]. Short Mo=O bond distances have also been reported for inter alia
MoO,Cl,(OPMePh,), (av. 1.677(3)A) [38] M0o0,X,(OPMes), (X = CI (1.685(3)A), Br
(1.691(3) A)), MoO,Br, {0-CcH4(P(O)Ph,), (1.694(3)A) and MoO,Cl, {Ph,P(O)CH,P(O)
Phy} (av. 1.696 A) [39]. The Mo(VI) component of the title compound also exhibits a dis-
torted octahedral geometry, the bond distances and angles (table 3) being similar to those
reported for pure MoO,Cl,(OPPhs), [23]. The most notable difference in the two struc-
tures is the apparent lengthening of the Mo=0O bonds (at 1.722(4) and 1.752(4)A) in the
title complex compared to those of pure MoO,Cl,(OPPh;), and related compounds (the
1.73(1) A Mo=0 distance in pure MoO,Br,(OPPhs), being a notable exception). Again, it
is likely that compositional disorder between MoOCIl;(OPPhs), and MoO,Cl,(OPPh;s),
(the complement to that discussed above for the second crystallographically unique site)
accounts for the apparent lengthening in the Mo=0O distances. It is difficult to assess the
degree of compositional disorder in the absence of the full resolution of the atomic posi-
tions but it is estimated to be small (<5%). A full discussion of the crystallographic ramifi-
cations of compositional and ligand disorder has been provided by Parkin [36, 37].

The co-crystallization of MoOCI;(OPPhs), and MoO,Cl,(OPPhs),, with attendant
changes in product color (ranging from orange to green), was first noted by Horner and
Tyree in 1962 [32]. The closely related complexes, MoOCIl;(OPMePh,), and MoO,Cl,(OP-
MePh,),, as well as MoOCl;(OPMe,Ph), and MoCly(OPMe,Ph),, also form binary mixtures
that have been characterized by X-ray crystallography [38]. Indeed, co-crystallization is a
common feature of chloro-Mo complexes containing bulky P-containing co-ligands, particu-
larly phosphine oxides; some other examples include MoCl3(OPPh3),(NO)-MoCl,(OPPh;),
[40], M0oO,Cl,(OPPh3), " MoOSCl,(OPPh;), [41], mixtures of MoO,Cl,(OPPhs), and MoO
(O,)CI,(OPPh;), [42], and the original examples of “bond-stretch isomerism”, which were
shown to be binary mixtures of MoOCl,(PMe,Ph); and MoCl3;(PMe,Ph); [43, 44].

4. Summary

Three water-soluble scorpionate ligands, viz., (Li/K)Tpms™" and KTp®®:FM¢ have been
prepared and their reactions with Mo-containing complexes have been investigated. The
X-ray crystal structure of LiTpms”™"1.2MeOH is reported. The ligands fail to react with a
variety of common Mo containing starting materials. The reason for this lack of reactivity
is unclear but could involve preferential protonation, rather than metallation, under the
conditions employed or an energetically unfavorable mis-match in the size of the metal
and ligand cavity. A product of the reaction of MoO,Cl,(OPPh;), with KTp®O2EtMe hag
been structurally characterized as the binary mixture Mo OCI;(OPPhs),-Mo"'0,.
Cl,(OPPh3),. Unfortunately, the inability to obtain dioxo-Mo(VI) complexes of either
ligand has thwarted attempts to generate water-soluble, H-bond stabilized oxo(aqua)-Mo
(IV) and oxo(hydroxo)-Mo(V) complexes of these ligands as Mo enzyme models.
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Supplementary material

CCDC 876393 and 876394, respectively, contain the supplementary crystallographic data
for LiTpms™™1.2MeOH and MoOCI;(OPPhs),"M0O,Cl,(OPPhs),. These data can be
obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the
Cambridge Crystallographic Data Center, 12 Union Road, Cambridge CB2 1EZ, UK; Fax:
(+44) 1223 336 033; or E-mail: deposit@ccdc.cam.ac.uk.
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