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Synthesis and Molecular Structures of Novel Hydrotris
(3,5-dimethyl-1-pyrazolyl)borate Molybdenum Complexes Containing
1,2-Dicarba-closo-dodecaborane-1,2-dichalcogenolato Ligands
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Abstract: Reactions of tridentate mononuclear hydrotris (3,5-dimethyl-1-pyrazolyl) borate molybdenum(V) complex
Tp"Mo(0)Cl, (1) (Tp'=hydrido-tris 3,5-dimethyl-1-pyrazolyl-borate, HB(C;H(Me,)N,);) with dilithium dichalcogeno-
late carboranes [(THF);LiE,C,BoH (THF)], [E=S(2a), Se(2b), Te(2¢)| afforded mononuclear complexes Tp"Mo(O)
E.C,B,(H,, [E=S(3a), Se(3b), Te(3c)] in moderate yields. Complexes 3a~3c¢ have been characterized by IR and el-
emental analysis. The molecular structure of 3b was determined by X-ray crystallographic analysis. In the air 3a
can convert into a novel binuclear oxo molybdenum complex [HMe,Pz][Tp"Mo(O)(,-0),Mo(0)S,C,B,;H,] 4a. The
molecular geometry of 4a has been determined by a single crystal X-ray structure analysis. According to the short
Mo-Mo distance (0.254 83(12) nm), direct metal-metal interaction exists. CCDC: 263618, 3b; 263619, 4a.
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0 Introduction the large number of substitutable positions available
on the pyrazole rings!", they are widely used in the

Tris (pyrazolyl)borate ( TpR, R’=hydrotris(3-R-5- design of functional molecules, catalysis of chiral in-

R’-pyrazolyl)-borate) ligands have proved very versa- duced asymmetric synthesis, liquid crystal materials,
tile reagents for the preparation of a huge range metal molecular’ electronic devices’ and biomimetric chem-
sandwich and half-sandwich complexes, in part due to istry?),  Half-sandwich mononuclear complexes with
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mono-hydrotris  (pyrazolyl)borate ligand and small
molecules or anions can be considered as the com-
plexes of metalloenzymes such as carbonic anhydrase
(CA)¥ and nitrite reductases?, and as the precursors
for the syntheses of various multinuclear model com-
plexes®®.  Molybdenum is an essential trace element
which is found in enzymes such as xanthine oxidase,
sulfite oxidase, and nitrate reductase!”. The chemical
reactions catalyzed by these enzymes all involve a
change in the number of oxygen atoms in the sub-
strate, and there is strong evidence that these enzymes
posses a common molybdenum cofactor™. EXAFS stud-
ies support a mononuclear molybdenum center with at
least two RS~ ligands bound to the molybdenum atom®.
Due to the unique molecular structures of 1,2-dicarba-
closo-dodecaborane(12) and organothiolato complexes,
during the past decade considerable attention has
been devoted to transition metal complexes and
organolanthanide complexes with dichalcogenolate o-
carboranyl ligands. Recently, a large number of com-
plexes with the chelating 1,2-dicarba-closo-dodecabo-
rane (1,2)-dicalcogenolato ligands have been reported
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by our group and other groups!”. However, to our

knowledge, up to now complexes containing both tris
(pyrazolyl)borate (Tp™" =hydrotris (3-R-5-R’-pyrazolyl)
-borate) ligands ([HB(pz);]~ (Tp~) and [HB (Me,pz);|~
(Tp™) as tridentate o-bonding counterparts of the 7r-
bonding CsHs™ and CsMe; ™)

carboranyl ligands are scarcely investigated.  This

and dichalcogenolate o-

prompted us to investigate the syntheses of these com-
plexes, we now report the syntheses and X-ray struc-
tural characterization of molybdenum complexes con-

taining both hydrotris (3,5-dimethyl-1-pyrazolyl) borate

and dichalcogenolate o-carboranyl ligands.
1 Results and discussion

The synthetic approach to the complexes (3a),
(3b), (3¢) is outlined in Scheme 1.

Elemental chalcogen E (E=S, Se, Te) could easily
insert into Li-C bonds of dilithium o-carborane in Et,0
solution, which afforded dimers of dilithium dichalcoge-
[(THF);LiE,C,BoHy (THF)], [E =S
(2a), Se(2b), Te(2¢)] in THF solution!". Tridentate
mononuclear hydrotris (3,5-dimethyl-1-pyrazolyl)borate
molybdenum(V) complex Tp"Mo(0O)Cl, (1) reacted with
one equivalent of [(THF);LiE,C,BH ,o(THF)], [E=S(2a),

nolate carboranes,
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Scheme 1 Synthesis of complexes 3a~3c

Se(2b), Te(2¢)] with the replacement of both chloride
ligands to give 3a, 3b, 3c in moderate yields, after

which all
are characterized by IR and elemental analysis. 'H NMR

chromatographic purification over silica gel,

spectra of complexes 3a, 3b and 3¢ show paramagnet-
ic properties and indicate that the oxidation state of
these complexes in molybdenum center is Mo(V). The
IR spectra exhibit the expected bands for the B-H
bond (ca. 2600 em™ (carborane), ca. 2500 em™ (Tp"))
and the terminal Mo=0 bond (ca. 960 ¢m™). The in-
frared spectrum of complex 1 of the (3,5-dimethylpyr-
azolyl) borate ligand, where it functions in a tridentate

1

fashion, show a single sharp band at ~1 542 ¢cm™ in
the region for an aromatic C-N stretch in the coordi-
nated pyrazole ring, while the infrared spectra of com-
plexes 3a~3c¢ show two infrared bands in this region,
one at 1570 ecm™ of the uncoordinated arm and one at
1542 ecm™ for the coordinated rings, suggesting the
ligand is bidentate. X-ray structure analysis of complex
3b confirmed that it was really bidentate complex with
one dangling 3,5-dimethylpyrazolyl ring (Fig.1). Such
structures have been reported for other metals!'"?. The
strong preference of Mo unit to adopt a square-pyra-
midal geometry may be responsible for the bidentate
binding of the ligand to the molybdenum. The facial
geometry imposed by simultaneous coordination of all

three rings is incompatible with a square-pyramidal,
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Scheme 2 Synthesis of complexes 4a
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and the ligand adopts a bidentate mode in relatively

uncoordinating solvent such as THF.

Molecular structure of 3b

Fig.1
Selected lengths (nm) and angles (°):
Mo(1)-O(1) 0.166 8(4),  Mo(1)-Se(1) 0.247 19(11),

Mo(1)-Se(2) 0.246 04(11), Mo(1)-N(1) 0.217 6(4),
(

Mo(1)-N(3) 0.218 1(5),  C(1)-C(2) 0.163 3(7):;
0(1)-Mo(1)-N(1) 104.13(18), O(1)-Mo(1)-N(3) 104.3(2),
N(1)-Mo(1)-N(3) 83.94 (18), Se(2)-Mo(1)-Se(1) 88.03(2),
0(1)-Mo(1)-Se(1) 107.97(14), C(1)-Se(1)-Mo(1) 106.59(15).

In the air, complex 3a can convert into the novel
binuclear oxo molybdenum complex [Me,PzH]|[Tp"Mo
(0)(2-0):Mo0(0)S,C,BoH o] 4a, which contains two ox-
o-bridge. There is hydrogen bond interaction between
one terminal oxygen and one Me;pzH molecule (Fig.3).
Single crystal X-ray diffraction analysis shows that
Mo-Mo exists interactions,  whose bond length is
0.254 83(12) nm, which is within a single bond length
(Fig.2). Several potential pathways for decompositions
of tris (pyrazolyl)borate compounds have been ad-
vanced. These include hydrolysis of the B-N bond by
traces of water in the solvent used'™, or the abstrac-
tion of the oxophilic boron by oxygenated solvents !,
Attempts to the synthesis of corresponding selenium
and tellurium complexes 4b and 4¢ were not success-
ful.

The molecular structure™ of 3b is mononuclear
complex, shown with the atomic labeling in Fig.1. Mo
is five-coordinate with square-pyramidal coordination,

having one terminal oxo ligand in the apical position

Fig.2  Anionic structure of complex 4a

Selected lengths (nm) and angles (°):
Mo(1)-0(3) 0.168 5(4), Mo(1)-O(1) 0.194 6(4),
Mo(1)-0(2) 0.194 8(4), 1)-S(1) 0.239 9(2),

Mo(2)-0(4) 0.169 4(4),  Mo(2)-0(1) ),

(1)-Mo(2) 0.2548 3(12), Mo(2)-N(1) 0.218 2(5);

S(1)-Mo(1)-S(2) 127.26(6),  O(3)-Mo(1)-O(1) 111.04(19),

-Mo(1)-0(2) 91.15(17), O(3)-Mo(1)-Mo(2) 102.15(15),

1)-Mo(1)-Mo(2) 48.21(13), Mo(1)-O(1)-Mo(2) 82.56(16),

Mo(1)-Mo(2) 127.26(6), O(4)-Mo(2)-O(1) 105.83(19),
2) 92.77(17), O(1)-Mo(2)-N(1) 164.68(18),
3) 88.81(19).

Mo(
2 0.191 6(4

A,.\

Fig.3 Stacking diagram of 4

(Mo1-01=0.166 8(4) nm), two bridging selenium atoms
of diselenolato-carborane (Mol-Se1=0.247 19(11) nm;
Mo1-Se2=0.246 04(11)
pyrazole (Mol1-N1=0.217 6(4) nm; Mo1-N3=0.218 1(5)
The angles of O1-Mo1-N1 and the O1-Mo1-N3
are 104.3(2) and 104.13(18)° respectively. The N1-

nm), two nitrogen atoms of

nm).

Mo-N3 angle is 83.94(18)°. The Sel-Mo-Se2 angle is
88.03(2)°. The large Se-Mo-0 angles (O(1)-Mo(1)-Se(1)
=107.97(14)° and O(1)-Mo(1)-Se(2)=108.89(15)°) can
be explained by nonbonded repulsion between the
filled p orbitals on selenium and the 7-electron den-
sity in Mo=0 bond"®.

The molecular structure™ of 4a is binuclear com-
plex, shown with the atomic labeling in Fig.2. The
molecule contains two distinct molybdenum atoms.
Mol is five-coordinate with square-pyramidal coordi-

nation, having one terminal oxo ligand in the apical
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position, two bridging sulfur atoms of dithio-carborane,
two equatorial oxo bridges to Mo2. The two bridging
oxygen atoms and the two sulfur atoms forms the basal
plane (coplanar to within 0.004 5 nm), the Mol atom
being displaced by 0.068 03 nm from this plane and
the apical oxygen atom by 0.236 594 nm. The bond
angles about the Mol atom deviate from square-pyrami-
dal geometry. The angles of 03-Mo1-0O1 and 03-Mo1-
02 are 111.04(19)°, 110.49(19)°, respectively. The an-
gles of 03-Mo1-S1 and 03-Mo1-S2 are 106.09 (15)°,
106.19 (16)°, respectively. The dihedral angle between
the plane Mol, S1, S2 and the plane containing S1,
C1, C2, S2 is 158.13°. The five-membered metallacycle
Mo(1)S(1)C(1)C(2)S(2) has a distorted envelop confor-
mation. The Mo2 atom has distorted-octahedral coordi-
nation geometry, with Tp* ligand occupying one trigonal
face. A terminal oxo ligand (M02-04=0.169 4(4) nm)
and two bridging oxo ligands (M02-01=0.191 6(4) nm;
Mo02-02=0.192 5(4) nm) occupy the opposite face. The
Mo2-N distances show the usual trans influence with
Mo2-N5 trans to O4 being longer than the other Mo2-
N bond distances (M02-N1=0.218 2(5) nm; Mo2-N3=
0.219 5(5) nm; Mo02-N5=0.234 6(5) nm). Other bond
distances and angles in the Tp" ligand and the coordi-
nation spheres are normal”. The dihedral angle be-
tween the Mol1-O1-Mo2 plane and the Mol-02-Mo2
plane is 145.82°. Similar to that [Tp"MoS (u-S),MoO
(u-OH)], with syn stereochemistry (148°)™.  The two
terminal oxo groups are syn with respect to each other
and the Mol-O1-Mo02-02 four-membered ring is
The Mol =03 bond is shorter than the
Mo2 =04 bond because of the pyrazolylborate ligand

puckered.

nitrogen atom in the position trans to Mo2=04. In
general, Mo=E (E=0, S) bonds are shorter in square
pyramidal than in octahedral complexes!. The five-
coordinate Mol atom is bonded to O3 in the apical
position at a distance of 0.168 5(4) nm. O3 and one
Me;pzH molecule has hydrogen bond interaction (N7-
H7=0.089 7(10) nm, 03-H7=0.188 7(15) nm, N7-03=
0.278 1(8) nm, N7-H7-03=174(6)°) (Fig.3). The oxy-
gen atoms bridging to Mo2 at distances of 0.194 6(4)
and 0.194 8(4) nm while the oxygens bridging to Mol
at distances of 0.1916(4) and 0.1925(4) nm. The dis-
tance between Mol and Mo2 is 0.254 83(12) nm, indi-
cating the presence of a single bond™. In the di-u-ox-
o- bis [di (benzenethiolato)oxomolybdate(V)] ~dianion,

which is based on the same central atomic configura-
tion, mean bond lengths are Mo-S 0.244 7 nm, Mo-O
(bridging) 0.193 7 nm and Mo-O (terminal) 0.167 7
nm, Mo-Mo 0.261 nm™. Similarly, in the dimeric anion
[{Mo(=0)(u-0)(S,C,BoH )}, which is based on the
same central atomic configuration, mean bond lengths
are Mo-S 0.242 3 nm, Mo-O (bridging) 0.193 8 nm and
Mo-O (terminal) 0.167 3 nm, Mo-Mo 0.256 5(1) nm™".

2 Experimental

2.1 General procedures

All manipulations were performed under a dry,
oxygen-free, nitrogen or argon atmosphere using stan-
dard Schlenk techniques. THF, toluene, ether, and
hexane were freshly distilled over sodium benzophe-
none. Dicholomethane was dried and distilled over
CaH,. The starting materials potassium hydrotris (3,5-
dimethyl-1-pyrazolyl) borate (KTp")*, Tp™Mo(O)Cl,
()™ and [(THF);LiE,C,B,oH, Li (THF)], (E=S(2a), Se
(2b), Te(2¢))'™ were prepared according to the litera-
ture methods, while other chemicals were obtained
commercially and used without further purification. IR
spectra were measured on a Nicolet Avatar-360 spec-
trophotometer (as the KBr pellet). NMR spectra were
recorded on a Brucker DMX-500 spectrometer. Mass
spectra were carried out on a Finnigan MAT 8500
(70) instrument. Elemental analyses were carried out
on a German Elementar Vario EI analyzer.

2.2 Preparations of complexes
{HB(Me,Pz)(Me,Pz),}Mo(O)E,C,B,H,,
[E=S(3a), Se(3b), Te(3c)]

A solution of 2 mmol (0.29 g) o-carborane, 1,2-
C,BgHy, in 40 mL of diethylether was lithiated by ad-
dition of 2.75 mL of a 1.6 mol L™ solution of butyl-
lithium (4.4 mmol)
amount (4.4 mmol) of the elemental chalcogen (E=S, Se,
Te) was added and the solution stirred for 1-6 h (de-
pending on the chalcogen E=S (1 h), Se (3 h), Te (6 h) at

ambient temperature to give the corresponding 1,2-

in hexane. The corresponding

and afforded dimers
of dilithium dichalcogenolate carboranes, [(THF);LiE,
C,B o Ho(THF)], [E=S(2a), Se(2b), Te(2¢)] in THF solu-
tion.

A solution of 2 mmol (0.96 g) Tp"Mo(O)Cl, (1) in
40 mL THF was added to the above Et20/THF solu-

tions slowly, respectively. The reaction mixture was

carborane-1,2-dichalcogenolates,
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stirred 24 h at room temperature, then the solvents
were evaporated under reduced pressure. The residue
was redissolved in CH,Cl, and the product purified by
Elution with
CH,Cl,-hexane (4:1) gave a red zone of 5, 6, 7, re-

spectively.

column chromatography on silical gel.

Recrystallization from CH,Cl,-hexane got
red crystals.

3a: red crystals, yield 0.67 g (55%). IR (KBr): v
(B-H) 2578, 2655 ¢cm™ (carborane), 2 536 cm™ (Tp");
v(C-N) 1543, 1575 cm™; »(Mo=0): 963 cm™. Ele-
mental analysis C;;H3;B;;MoN4OS, (615.74), Anal. Calc.
(%) C, 33.77; H, 5.33; N, 13.90; S, 10.61, found (%)
C, 33.80; H, 5.57; N, 13.76; S, 10.33.

3b: red crystals, yield 0.84 g (60%). IR (KBr): v
(B-H) 2574, 2642 cm™ (carborane), 2 566 cm™ (Tp");
v(C-N) 1542, 1570 cm™; »(Mo=0): 965 cm™. Mp=192
C  (dec). Elemental analysis C;H3;3B;;MoNOSe,
(709.66), Anal. Calc. (%) C, 29.23; H, 4.61; N, 12.04,
found (%) C, 29.13; H, 4.78; N, 11.73.

3c: red crystals, yield 0.99 g (62%). IR (KBr): v
(B-H) 2571, 2640 cm™ (carborane), 2 570 ecm™ (Tp");
v(C-N) 1542, 1570 cm™; »(Mo=0): 963 cm™. Ele-
mental analysis C;H3;B;;MoNOTe, (806.94), Anal.
Cale. (%) C, 25.32; H, 4.00; N, 10.42, found (%) C,
25.40; H, 3.92; N, 10.44%.

4a: A solution of 3a (0.12 g, 0.19 mmmol) in
CH,CI, was exposed in air for several days and 3a as
red needle crystals was formed and isolated (yield
0.024 ¢ (29%)). 1R (KBr): »(B-H) 2579, 2 668 cm™
(carborane), 2536 em™ (Tp"); »(C-N) 1543, 1575 ecm™
L v(Mo=0): 964 cm™. 'H NMR (CDCly): 6=2.19 (s,
6H, CH;), 2.36(s, 6H, CH;), 2.70(s, 6H, CHs), 6.11
(s, 2H, CH), 6.20(s, 1H, CH). Elemental analysis
C,H, B Mo, N{O,S, (855.46), Anal. Calc. (%) C, 30.86;
H, 4.68; N, 13.09; found (%): C, 30.80; H, 4.57; N,
13.14.
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