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Figure 4. Proposed structural analogy between compound 8 and the
triiridatrithiacyclohexane crown-like compound Ir;(u-S-t-Bu)3(CO)g(u-
7'-(CH;CO0C),).

equivalent phosphorus nuclei in both cases [§ 6(*'P) 139.0 (d)
(Je-rn = 238 Hz) and 6 §(°'P) 37.95 (d) (Jp_ry = 153 Hz) in
CD,Cl,], indicate molecular structures in which phosphorus lig-
ands occupy a regular disposition according to a molecular
structure of Cy symmetry.

Rh;(CH;C(CH,S)3)(P(OMe);)s (7) has been quantitatively
obtained by reaction of Rh,Cl,(P(OMe),),, prepared in situ by
addition of 4 equiv of trimethyl phosphite to a toluene solution
of Rh,Cl,(C4H,,),, with CH;C(CH,SLi);, added in a 3:2 molar
ratio. 7 crystallizes from toluene/hexane solutions, upon cooling,
as an air-sensitive red-orange solid.

The *'P{'H} NMR spectrum of 7 in CD,Cl,, which exhibits a
single doublet centered at 143.8 ppm (Jp_gy = 262 Hz), reveals
a molecular structure of C,, symmetry. .

Reaction of 4 with Dimethyl Acetylenedicarboxylate. 4 reacts
quantitatively at room temperature with stoichiometric amounts
of dimethyl acetylenedicarboxylate to yield a 1:1 adduct, 8. During
the reaction, the three typical »(CO) bands of the highly sym-
metrical starting material, 4, disappear and six new »(CO) bands
appear at 2094 (s), 2076 (vs), 2059 (vs), 2044 (s), 2030 (m), and
2000 (vs) cm™ for the adduct 8 (IR spectrum in hexane). As far

as the number and the intensities of the »(CO) bands are con-
cerned, the IR spectrum of 8 is remarkably similar to that ob-
served, and previously reported,® for Ir;(u-S-£-Bu);(CO)g(u-
7'-(CH,COO0C),), i.e. 2084 (s), 2066 (vs), 2042 (vs), 2033 (s),
2011 (m), and 1977 (vs) cm™'. As in the latter complex, whose
crystal structure has been previously described, we assumed the
added alkyne in 8 to be u-n! bonded to two of the three iridium
atoms, leading to a molecular structure of C, symmetry, with the
two bridged metallic centers mutually bonding (Figure 4).

To our knowledge, the ability of trifunctional ligands to bind
together three metallic centers has been recognized so far in cases
of ligands with tertiary phosphine or arsine functionalities.?s-?

The above results clearly show that 1,1,1-tris(sulfidomethyl)-
ethane can serve as a 12-electron-donor ligand to complex three
nonbonded metal atoms, leading to triple-square-planar rhodium(I)
and iridium(I) species. Our preliminary observations on the
reactivity of these new trimetallic complexes toward electrophilic
substrates also indicate that the bridging tripod 1,1,1-tris(sulfi-
domethyl)ethane is flexible enough to support the geometric
deformations induced by the formation of a metal-metal bond.

Supplementary Material Available: Tables SI-SIII, listing final an-
isotropic thermal parameters for non-hydrogen atoms, hydrogen posi-
tional and thermal parameters, and least-squares planes and dihedral
angles for 4 (6 pages); tables of calculated and observed structure factors
(10 pages). Ordering information is given on any current masthead page.

(26) Bianchini, C.; Meli, A.; Orlandini, A.; Sacconi, L. J. Organomet. Chem.
1981, 209, 219-231,

(27) De Boers, J. J.; Van Doorn, J. A.; Masters, C. J. Chem. Soc., Chem.
Commun. 1978, 1005-1006.

(28) (a) Osborn, J. A,; Stanley, G. G. Angew. Chem., Int. Ed. Engl. 1980,
19,1025-1026. (b) Bahsoun, A. A.; Osborn, J. A.; Voelker, C.; Bonnet,
J.-J.; Lavigne, G. Organometallics 1982, 1, 1114-1120. (c) Bahsoun,
A. A.; Osborn, J. A,; Bird, P. H.; Siriwardane, U. Nowv. J. Chim. 1984,
8, 125-132.

(29) (a) Guimerans, R. R.; Olmstead, M. M.; Balch, A. L. J. Am. Chem.
Soc. 1983, 105, 1677-1679. (b) Balch, A. L.; Fossett, L. A.; Linehan,
J.; Olmstead, M. M. Organometallics 1986, 5, 691—698 and references
therein.

Contribution No. 4230 from the Central Research and Development Department,
E. I. du Pont de Nemours and Company, Wilmington, Delaware 19898

Novel Polypyrazolylborate Ligands: Coordination Control through 3-Substituents of the

Pyrazole Ring

Swiatoslaw Trofimenko, Joseph C. Calabrese, and Jeffery S. Thompson*

Received October 16, 1986

The synthesis, structures and coordination chemistry of a series of polypyrazolylborate ligands, [H,B(3-Rpz),,]", are presented,
where R is a tert-butyl or phenyl group. These ligands are made by the reaction of tetrahydridoborate ion with the appropriate
pyrazole. A series of transition-metal complexes were prepared and characterized by analytical and spectroscopic data. In addition
two complexes were characterized by means of X-ray diffraction techniques. The complex Co(HB(3-ters-butylpyrazol-1-yl),)(NCS)
crystallizes in the monoclinic space group P2,/n with 4 molecules per unit cell of dimensions @ = 16.466 (4) A, b = 16.884 (2)
A, c=9635(2) A, and 8 = 95.04 (2)°, at =75 °C. Least-squares refinement of 289 variables led to a value of the conventional
R index (on F) of 0.043 and of R,, of 0.042 for 3401 reflections having I > 3.0¢(I). The geometry about the Co(II) ion, which
is coordinated to three pyrazolyl nitrogen atoms and the nitrogen atom of the thiocyanate group, is tetrahedral. The tert-butyl
group is in the 3-position of the pyrazolyl group. The complex Co(HB(3-phenylpyrazol-1-yl);)(NCS)(tetrahydrofuran) crystallizes
in the monoclinic space group P2,/n with 4 molecules per unit cell of dimensions a = 18.530 (2) A, b =14.177 2) A, ¢ = 11.733
(2) A, and 8 = 100.34 (1)°® at -100 °C. Least-squares refinement of 388 variables led to a value of the conventional R index
(on F) of 0.045 and of R, of 0.043 for 3094 reflections with / > 3.0c(I). The geometry about the Co(II) ion, which is coordinated
to three pyrazoly! nitrogen atoms, the nitrogen from the NCS group, and the oxygen atom of a tetrahydrofuran molecule, is trigonal
bipyramidal. The phenyl group is in the 3-position of the pyrazolyl ring. The results presented here indicate that appropriate
selection of the 3-R group in the [HB(3-Rpz);]~ ligand will permit the construction of custom-sized pockets around metal ions,
allowing access only to molecules of predetermined size and/or shape.

In this contribution, we present the synthesis and coordination
chemistry of a new series of polypyrazolylborate ligands with bulky
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alkyl and phenyl groups in the 3-position of the pyrazole ring. The
polypyrazolylborate ligands have been widely used in inorganic,
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Table I. Properties of Complexes with [H,B(3-Rpz),]” Ligands (L*)

Trofimenko et al.

anal.,” %
complex color Cc H N mp, °C IR data, cm™
R = tert-Butyl

TIL* white 36.3 (36.4) 5.18 (5.15) 12.1 (12.1) 194-195 2410, 2355, 2290, 2275, 2218, 2178

R = Phenyl
TIL* white 43.0 (42.8) 3.18(3.27) 11.1 (10.9) 235-237% 2460, 2300, 2240
CoL*, violet 65.8 (66.1) 4.87(4.98) 17.1(17.3) 168-169 2450, 2430, 2295
NiL*, yellow-orange 65.8 (65.6) 4.87 (4.83) 17.1 (17.4) 229-230 2424
ZnL*, white 65.1 (65.5) 4.83 (4.85) 16.9 (16.8) 213-214 2460, 2470, 2425, 2315
MoL"(CO)z(rf CH,C(CH,;)CH,) orange 56.9 (57.0) 4.55 (4.45) 11.1 (11.0) 171-172 2478, 2060, 1970, 1950, 1852
MoL*(CO),(n*-C;Hj) orange 56.1 (55.9) 4.27 (4.34) 11.4 (11.5) 185 2480, 2030, 1950, 1855

Values determined are given in parentheses. ®Decomposition temperature.

bioinorganic, and organometallic chemistry.! Although a large
number of ligands of the form [R,B(pz),_,]” have been prepared,?
where R = H, alkyl, or aryl groups and pz = pyrazole or sub-
stituted pyrazoles, the ligands [HB(3,5-Me,pz);]~ (I) and [HB-

| |
PN

a i aa

@
I
(pz);]” (II) are the most extensively used. It is clear from the
many studies in the literature that the chemistry of these ligands
with first-row transition-metal ions is dominated by the formation
of ML, complexes. ML(X) complexes are in general unstable
to ligand-exchange reactions to form ML, and MX, compounds.>*
We report here the synthesis, structures, and coordination
chemistry of several polypyrazolylborate ligands with phenyl or
tert-butyl groups in the 3-position of the pyrazole ring, which
makes the formation of ML, complexes impossible. The ligands
[H,B(3-Rpz),.,]", with n = 0-2, and their coordination chemistry
with a variety of MX, compounds are presented. These ligands
allow the synthesis of stable (to ligand exchange), monomeric
ML(X) species with varying degrees of access to the transition-
metal ion. The chemistry of this new group of ligands is otherwise
similar to the parent ligands I and II. Initial results from this
study have appeared.’

|:>~

Experimental Section

General Methods. All chemicals were reagent grade and used as
received unless otherwise noted. Elemental analyses were performed by
Galbraith Laboratories, Knoxville, TN, and MicroAnalysis, Inc., Wil-
mington, DE. Infrared spectra were obtained as Nujol mulls with a
Perkin-Elmer 283-B infrared spectrophotometer. NMR spectra were
obtained with a Perkin-Elmer EM-390 spectrometer.

Preparation of 3(5)-tert-Butylpyrazole.® To a slurry of dry sodium
methoxide (140 g, 2.60 mol) in 800 mL of toluene was added with rapid
stirring a mixture of pinacolone (270 g, 2.70 mol) and ethyl formate (222
8. 3 mol). An exothermic, but well-contained, reaction ensued. When
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the bubbling stopped (approximately 0.25 h) low-boiling materials (250
mL) were distilled off under aspirator vacuum. Ice-cold water (1 L) was
added. The resulting two-phase system was stirred, during which time
the color of the reaction mixture passed into the aqueous phase, which
was then separated and added to a solution of hydrazine monohydro-
chloride (2.6 mol) in 800 mL water. An oil separated from the aqueous
phase and was extracted with dichloromethane. The 3-ters-butylpyrazole
was obtained in 185 g yield (58%) by distillation and collection of the
fraction with a boiling point of 76-80 °C at 0.3 mmHg. NMR (ppm):
12.35 (s, 1 H), 7.44 (d, 1 H), 6.03 (d, | H), 1.32 (5, 9 H).

Preparation of 3(5)-Phenylpyrazole.” Acetophenone (240 g, 2.00
mol) and ethyl formate (222 g, 3.00 mol) were added in one portion with
rapid stirring to a slurry of sodium methoxide (108 g, 2.00 mol) in 1.5
L of toluene in a 4-L beaker. A vigorous reaction took place, and a large
amount of solid precipitated from the reaction mixture. The thick slurry
was stirred for 1 h and then filtered. The solid was washed with hot
toluene and then with hexane, air-dried, and then slurried in 1 L of
methanol. To this methanol slurry was added hydrazine monohydro-
chloride (137 g, 2.00 mol) in 1 L of water. The product was extracted
with 1 L of dichloromethane. The solvent was stripped from the extracts
and the product distilled in vacuo (bp 139 °C (0.9 mm)). 3-Phenyl-
pyrazole was obtained in 184 g yield (64%) with a melting point of 83
°C by differential scanning calorimetry (DSC). NMR (ppm): 13.13 (s,
1 H), 7.8-7.6 (m, 2 H), 7.45 (d, 1 H), 7.4-7.2 (m, 3 H), 6.50 (d, 1 H).

Preparation of Potassium Dihydrobis(3-phenylpyrazol-1-yl)borate,
KH,B(3-Phpz),. A mixture of potassium tetrahydridoborate (5.4 g, 0.10
mol) and 3(5)-phenylpyrazole (31.7 g, 0.22 mol) was stirred and heated
in anhydrous N,N-dimethylacetamide (DMAC). Hydrogen gas evolved
during this reaction was conducted through a water-cooled condenser and
a —-80 °C trap to a wet-test meter; the cold trap condensed small amounts
of dimethylamine evolved during the reaction. Hydrogen gas evolution
stopped after approximately 5 L, at which point heating was discontinued.
The reaction mixture was then heated under vacuum at 130-135 °C to
remove all volatile materials. The cool reaction mixture was dissolved
in 500 mL of tetrahydrofuran (THF), stirred with Celite, and filtered
to yield a clear solution that is 0.2 M in the ligand. This solution was
used for the preparation of derivatives.

Preparation of Metal Complexes with Dihydrobis(3-phenylpyrazol-1-
yl)borate. To an aliquot of the 0.2 M THF solution of the ligand de-
scribed above was added an appropriate amount of an aqueous solution
of metal nitrate (Co(II), Ni(II), Zn(II), or TI(I)). The reaction mixture
was then extracted with methylene chloride. The extracts were com-
bined, washed with water, and chromatographed on a short alumina
column. Evaporation of solvent and recrystallization from toluene-hep-
tane yielded M(H,B(3-Phpz),), (M = Co(1l), Zn(II)) or TI(H,B(3-
Phpz),). The very insoluble complex Ni(H,B(3-Phpz),), was obtained
by extensive washing of the solid obtained from the above reaction with
water and methanol, followed by recrystallization from toluene. Com-
plexes of the form Mo(H,B(3-Phpz),)(»*-CH,CRCH,)(CO), were pre-
pared by the method described previously. Properties of the various
compounds are listed in Table I.

Preparation of Potassium Dihydrobis(3- fert-butylpyrazol-1-yl)borate,
KH,B(3-¢-Bupz),. This compound was prepared and isolated as a 0.2
M THEF solution by the method described above for KH,B(3-Phpz),.
The TI(I) salt was prepared in the manner described above for the 3-
phenyl analogue. Properties of this ligand are described in Table I.

Preparation of Potassium Hydrotris(3-phenylpyrazol-1-yl)borate,
KHB(3-Phpz),. The ligand KH,B(3-Phpz), was prepared as described
above. The solid material generated after heating the crude reaction
mixture in vacuo at 130-135 °C was used here; the material was not

(7) Elguero, J.; Jacquier, R. Bull. Soc. Chim. Fr. 1966, 2832-2845.
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Table II. Properties of Complexes with [HB(3-Rpz),]” Ligands (L*)
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anal.,* %
complex color C H N mp, °C IR data, cm™
R = tert-Butyl
TIL* white 50.2 (50.2) 3.43(3.66) 13.0 (13.1) 191¢ 2438, 2418
CoL*Cl blue 53.0(53.0) 7.16(7.17) 17.7(17.7) 245-246 2540
CoL*(NO») blue-violet 50.2 (50.4)  6.77 (6.70)  19.5 (19.3) 191-193 2490, 2450
CoL*(NCS) blue 53.0 (52.7) 6.88 (6.87) 197 (19.6) 276 2534, 2082
CoL*(NCO) blue 54.8 (54.9) 7.05(7.15) 20.3 (20.0) 290° 2515, 2234
CoL*(N,;) blue 52.3(52.0) 7.05(7.05) 26.1(26.3) 275¢ 2505, 2091
NiL*Cl purple 53.0 (53.0) 7.16(7.20) 17.7 (17.4) 222-224 2525
NiL*(NCS) purple 53.0 (52.9) 6.88 (6.97) 19.7 (19.7) 226° 2527, 2070
NiL*(NCO) purple 548 (55.1) 7.05 (1.17) 203 (20.1) 259-261 2515, 2222
NiL*(N,) purple 523 (52.3) 7.05(7.14) 26.1(258) 200° 2515, 2100
CuL*Cl brown 52.5(52.5) 7.08 (6.84) 17.5(17.3) 153-155 2512
CuL*(NO,) green 49.8 (49.9) 6.72 (6.71) 19.3(19.1) 160-163 2508
CuL*(NCO) brown 54.3 (54.2) 6.99 (6.99) 20.1 (19.9) 145-147 2510, 2230
ZnL*(NO,) white 49.6 (49.5) 6.69 (6.65) 19.3(19.0) 202-203 2510
ZnL*(NCS) white 523 (52.2) 6.74(6.58) 19.4 (19.4) 283 2529, 2087
ZnL*(NCO) white 54.0 (53.8) 6.96 (6.82) 20.1 (19.9) 232 2510, 2244
ZnL*(N,) white 51.6 (51.7) 6.96 (7.01) 25.8 (25.5) 242 2502, 2108
MoL*(CO),NO yellow-orange  49.0 (49.1) 6.04 (6.12) 17.4(17.1) 174-176 2505, 2000, 1908, 1885, 1655
PdL*(#*-CH,C(CH;)CH,) white 55.4 (55.7) 7.56 (7.52) 15.5(15.4) 134-136° 2398
R = Phenyl
KL* white 67.5 (67.8) 4.58 (4.59) 17.5(17.3) 267-270 2415
TIL* white 50.2 (50.2) 3.43(3.66) 13.0(13.1) 185~187 2420
CoL*(NCS) blue 60.2 (60.5) 3.94(3.99) 17.6(17.3) 223-224 2510, 2077
CoL*(NCO) blue 62.0 (62.2) 4.06(4.08) 18.1 (18.0) 223-224 2510, 2220
CoL*(N,) blue 59.8 (60.1) 4.06 (4.01) 23.3(23.1) 222-223 2504, 2078
NiL*(NCS) brown 60.2 (59.9) 3.94(3.73) 17.6 (17.5) 242-244 2510, 2070
ZnL*(NCS) white 59.5(59.4) 3.90(4.04) 174 (17.2) 261-263 2508, 2092
ZnL*(NCO) white 61.3 (61.1) 4.01 (4.07) 179 (17.7) 248-250 2510, 2238
ZnL*(N,) white 59.1 (58.9) 4.01 (4.08) 23.0(22.8) 239-241 2505, 2100
CoL*(NCS)-THF burgundy 61.0 (60.8) 4.80(4.78) 15.6 (15.6) 196-200 2515, 2080
MoL*(CO),NO yellow-orange  55.9 (55.8) 3.53 (3.66) 157 (15.4) 298-301¢ 2518, 2000, 1910, 1660
MoL*(CO),(»*-CH,CHCH,) yellow 60.6 (60.6) 4.26 (4.28) 13.2 (13.0) 204-206 2475, 1929, 1842
MoL*(CO),(n>-CH,C(CH;)CH,) yellow 61.1 (60.9) 4.48 (4.49) 13.0(128) 243 2505, 2495, 1932, 1835
PdL*(»*-CH,C(CH,)CH,) white 61.8 (61.7) 4.82(4.72) 14.0(14.0) 169-172¢ 2414
PdL*(#*-CH,C(C¢H)CH,) white 65.1 (64.7) 4.67 (471) 12.6 (12.6) 169-171 2443

% Values determined are given in parentheses. ¢ Melting point determined by DSC. ¢Decomposition temperature.

dissolved in THF for further purification. 3(5)-Phenylpyrazole (16.0 g,
0.11 mol) and 250 mL of anisole were added. This mixture was refluxed
with vigorous stirring for 68 h. During this heating period, hydrogen
was evolved and fine needles precipitated from the solution. At the end
of the heating time, a thick slurry resulted. The mixture was cooled, and
the precipitate was collected by filtration, washed with hot toluene and
then hexane, and air-dried. This material (23 g, 48% yield) is suitable
for the preparations described below but can be purified by dissolving in
THEF, stirring with Celite, filtering, and removing solvent.

Preparation of Potassium Hydrotris(3-tert-butylpyrazol-1-yl)borate,
KHB(3-¢-Bupz);. Potassium tetrahydridoborate (16.2 g, 0.30 mol) and
3(5)-tert-butylpyrazole (82.0 g, 0.66 mol) were refluxed in 500 mL of
anhydrous DMAC, with the emanating gases being conducted through
a water-cooled condenser and a —80 °C trap to a wet-test meter. After
evolution of 15 L of hydrogen, the flask was heated in an oil bath at 135
°C under vacuum to remove volatile materials. To the cooled reaction
mixture was added 3(5)-tert-butylpyrazole (41 g, 0.33 mol) and 500 mL
of anisole. This mixture was refluxed overnight and produced approxi-
mately 7.5 L of hydrogen. Volatile materials (including excess starting
pyrazole) were removed with heating under vacuum at 165-170 °C. The
glassy residue was stirred with 500 mL of heptane; the separated solid
was collected by filtration and washed with hexane to yield crude
KHB(3-t-Bupz), (47 g, 37% yield). The filtrate from this filtration was
evaporated to a syrup, dissolved in 300 mL methanol, and stirred with
600 mL of a 0.35 M aqueous thallium nitrate solution. This mixture was
extracted with dichloromethane. The extracts were chromatographed on
a short alumina column. Evaporation of solvent yielded a solid that was
then stirred with 500 mL of methanol. The insoluble material was
collected by filtration and washed thoroughly with methanol and dried
to yield a white solid (42 g, 23%). This TI(I) salt was recrystallized from
toluene; its properties are shown in Table II. The overall yield for
potassium and thallium salts is 60%. In another preparation, the residue
from the final stripping of the anisole solution described above was dis-
solved in THF to a total volume of 1.5 L, stirred with Celite, and filtered.
Treatment of this solution with excess aqueous thallium nitrate followed
by the workup given above yielded the thallium salt in 61% yield.

Preparation of M(HB(3-¢-Bupz);)X Complexes. The preparations of
Co(HB(3-1-Bupz);)(NCS) and the Ni(II) analogue are presented as
representative examples of this type of complex. The properties of these
compounds are presented in Table II.

A. Preparation of Co(HB(3-¢-Bupz),)(NCS). A mixture of Co(N-
CS), (2.1 g, 12 mmol) and 50 mL of the THF solution (0.2 M) of the
crude potassium salt of [HB(3-1-Bupz),]~ was stirred for 1 h to yield a
deep blue solution. Dichloromethane (50 mL) and water (300 mL) were
added; the deep blue organic layer was separated and chromatographed
on alumina and eluted with dichloromethane. The residue obtained from
solvent evaporation was stirred with methanol and filtered to yield blue
crystals (2.9 g, 58% yield), which were purified further by recrystalli-
zation from toluene-heptane.

B. Preparation of Ni(HB(3-¢-Bupz),)(NCS). Potassium thiocyanate
(2.4 g, 25 mmol) and 25 mL of methanol were added to 25 mL of 0.5
M nickel nitrate (8 mmol). To this stirred solution was added all at once
40 mL of the 0.2 M THF solution of the crude ligand described above.
The solution became deep purple in color, with separation of some purple
solid material. Water (0.1 L) and additional methanol were added to
yield a purple precipitate, which was collected by filtration and washed
thoroughly with hot water and then with methanol. The purple solid (2.4
g, 60% yield) was recrystallized from toluene-heptane.

Other M(HB(3-1-Bupz);)X complexes were prepared similarly and in
comparable yields by substituting other M(NO,), solutions (M = Co(II),
Cu(II), and Zn(II) ions) and other pseudohalide salts (NaN,, KNCO).
For X = Cl and NO,, aqueous solutions of these salts were used directly.
The products were recrystallized from toluene-heptane. Generally,
M(HB(3-¢-Bupz);) X complexes of the Co(II) and Zn(II) ions could be
easily purified by chromatography, whereas those of the Ni(II) and
Cu(IT) ions could be purified only by flash chromatography, as significant
decomposition was observed on prolonged contact with alumina.

Preparation of M(HB(3-Phpz),)X Complexes. These compounds
were generally prepared by method B given above and were recrystallized
from toluene or xylene. The properties of compounds in this class are
shown in Table II. In some cases, prolonged boiling in toluene or xylene
was necessary to remove coordinated solvent molecules.
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Table III. Properties of Complexes with [B(3-Rpz),]~ Ligands (L*)

Trofimenko et al.

anal.,’ %
complex color C H N mp, °C IR data, cm™
R = tert-Butyl
TIL* white 47.5 (47.7) 6.22 (6.08) 15.8 (15.7) 146
CoL*(NCS) blue 56.1 (56.0) 7.10 (6.94) 20.3 (20.0) 359-361 2076
CoL*(NCO) blue 57.6 (58.0) 7.28 (7.43) 20.8 (20.3) 242-244 2240
ZnL*(NCS) white 55.6 (56.0) 7.02 (7.10) 20.1 (19.8) 264 2088
ZnL*(NCO) white 57.1 (57.5) 7.21 (7.14) 20.6 (20.2) 253-255 2250
ZnL*(N,) white 55.1 (55.5) 7.21 (1.31) 25.2 (24.6) 252-254 2110
PAL *(s*-CH,C(CH;)CH,) white 578 (580)  7.68 (1.45) 169 (17.0) 277
MoL*(CO),NO orange 52.6 (52.6) 6.42.(6.14) 18.4 (18.1) 193-195 2030, 1926, 1670
Phenyl
TIL* white 54.9 (55.3) 3.56 (3.65) 14.2 (14.5) 215-216 s
MoL*(CO),NO orange 59.6 (59.9) 3.66 (3.95) 16.5 (16.4) 283 2020, 1945, 1670
MoL*(CO)y(n*-CH,CHCH,)  yellow 63.4 (62.6)  4.25 (4.60) 144 (14.1)  197-199 1940, 1850
PdL*(n3-CH,C(CH;)CH,) white 64.5 (64.7) 4.70 (4.72) 15.0 (14.7) 266 .

9Values determined are given in parentheses.

Preparation of Co(HB(3-Phpz);)(NCS)-THF. This compound was
prepared by procedure A given above using KHB(3-Phpz);. During
chromatography of the deep blue dichloromethane solution of the Co(II)
complex, the product changed color on the column to wine red. Evapo-
ration of the eluatent produced'a burgundy solid. Recrystallization from
THF-hexane produced burgundy crystals.

Preparation of Potassium Tetrakis(3-fert-butylpyrazol-1-yl)borate,
KB(3-t-Bupz),. A mixture of 3(5)-tert-butylpyrazole (124 g, 1.0 mol)
and potassium tetrahydridoborate (6.75 g, 0.125 mol) was heated with
stirring in a dry 250-mL round-bottom flask until 12.5 L of hydrogen was
evolved. The flask was then placed in an oil bath, and excess 3(5)-
tert-butylpyrazole was distilled at a bath temperature of 150-155 °C (1
Torr). The white solid residue was boiled in 300 mL of heptane, filtered
hot, washed with heptane, and dried to yield 56.2 g (82.7% yield) of the
potassium salt of the ligand suitable for preparation of complexes.

Preparation of Sodium Tetrakis(3-phenylpyrazol-1-yl)borate, NaB(3-
Phpz),. A mixture of 3(5)-phenylpyrazole (272 g, 1.9 mol) and sodium
tetrahydridoborate (7.2 g, 0.19 mol) was heated with stirring until 19 L
of hydrogen was evolved and further gas evolution stopped. The hot melt
was poured into 500 mL of stirred toluene. The resulting slurry was
filtered hot. The solids were washed with hot dimethylcyclohexane and
air-dried to yield 75 g (66% yield) of material suitable for the preparation
of metal complexes.

Preparation of MoL*(n*-CH,CRCH,)(CO), Complexes (L* = [HB-
(3-Phpz).T, [B(3-Phpz),]'). Equimolar quantities of KL* or TIL* and
Mo(7*-CH,CRCH,)X(CH;CN),(CO),, prepared by the literature me-
thod,® were stirred at room temperature in a 50/50 mixture of DMAC
and dichloromethane. After 5 min, the slurry was poured into a 10-fold
volume of cold water and the layers then were separated. The di-
chloromethane layer was washed several times with water to remove the
DMAC and was then chromatographed on alumina. The yellow band
was collected and solvent evaporated by heating until precipitation began,
at which point methanol was added, Heating was continued to remove
all of the dichloromethane.. The cooled slurry was filtered, and the yellow
product, obtained in 50-60% yield, was recrystallized from toluene—
heptane.

Preparation of PdL*(n*-CH,CRCH,) (L* = [HB(3-¢-Bupz);], [B(3-
¢-Bupz),I, [HB(3-Phpz);I, {B(3-Phpz),]"). These compounds were
prepared as described above, starting with [Pd(n*-CH,CRCH,)Cl],,
which was prepared by the literature procedure.” After chromatography
on alumina, the eluent was concentrated at reduced pressure and at
50-60 °C to a thick slurry, which was then stirred with methanol and
cooled. The white product (60-70% yield) was collected by filtration.

Preparation of MoL*(NO)(COQ), Complexes (L* = [HB(3-¢-Bupz);I",
[HB(3-Phpz).], [B(3-t-Bupz),I, [B(3-Phpz),I"). To 100 mL of 0.2 M
THEF solution of KL* (0.02 mol) was added Mo(CO), (5.3 g, 0.02 mol).
The mixture was refluxed with stirring until 1.5 L of CO, measured with
a wet-test meter, was evolved. The yellow solution was cooled under
nitrogen to room temperature. Butyl nitrite (3.1 g, 0.03 mol) was added,
and the resulting solution was stirred and heated gently until 0.5 L of CO
was evolved. The reaction mixture was then poured into 500 mL of cold
water, and the product was extracted with dichloromethane. The extracts
were concentrated and chromatographed on alumina. The yellow-orange
band, which was eluted with dichloromethane, was collected and con-
centrated until solids started to appear. Methanol (500 mL) was added,

(8) Hayter, R. G. J. Organomet. Chem. 1968, 13, P1-P3.
(9) Dent, W.T.; Long, R.; Wilkinson, A. J. J. Chem. Soc. 1964, 1585-1588.

Table IV. Crystal Data for Co(HB(3-¢-Bupz);)(NCS) (III) and
Co(HB(3-Phpz);)(NCS)(THF) (1V)

III v
mol formula C22H34BCON7S C32H3oBCON7OS
M, 498.37 630.44
a, A 16.466 (4) 18.530 (2)
b A 16.884 (2) 14.177 (2)
c, A 9.635 (2) 11.733 (2)
B, deg 95.04 (2) 100.34 (1)
v, A} 2668.3 3032.2
z 4 4
space group P2,/n P2 /n

radiation (A, &) Mo Ka (0.71069) Mo Ka (0.71069)

from graphite from graphite

monochromator monochromator

20 limits, deg 4.2-55.0 4.5-53.0

temp, °C -75 ~100

abs coeff, cm™! 7.37 6.66

no. of unique data used (I > 3401 3094

3a(D})

no. of variables 289 388

R 0.043 0.045

R, 0.042 0.043

and the remaining dichloromethane was removed by gentle heating to
yield an orange slurry. The product was collected by filtration (40-60%
yield) and recrystallized from toluene—heptane.

An equivalent amount of nitrosyl chloride can be used in place of butyl
nitrite.

X-ray Data Collection and Structure Solution and Refinement., Co-
(HB(3-¢-Bupz);)(NCS). Crystals suitable for diffraction studies were
obtained by vapor diffusion of petroleum ether into a THF solution of
the complex under an inert atmosphere. The crystal was handled in the
manner described elsewhere,!® was placed on an Enraf-Nonius CAD-4
diffractometer, and was shown to be suitable for diffraction on the basis
of w scans, which showed the peak width at half-height to be ca. 0.16 at
—-100 °C. The cell parameters were then refined on the basis of 20
reflections chosen from diverse regions of reciprocal space. These pa-
rameters and other crystallographic data are summarized in Table IV.
Intensity data collection by the w-scan technique, intensity measurement
of standard reflections, empirical corrections for absorption, and data
processing were performed as described elsewhere.!® The solution and
refinement of the structure were carried out on a Digital Equipment
VAX 11/780 computer with a system of programs developed by J.C.C.
The cobalt atom was located by the heavy-atom Patterson method. The
positions of the remaining non-hydrogen atoms were obtained by the
usual combination of structure factor and Fourier synthesis calculations
and full-matrix least-squares refinement. The function minimized in
these refinements is given elsewhere.!® Atomic scattering factors and
anomalous dispersion terms were taken from the usual sources.!! Hy-
drogen atom positions were calculated with a C~H distance of 0.95 A.
Least-squares refinement converged to R = 0.043 and R, = 0.042, where

(10) Thompson, J. S.; Harlow, R. L.; Whitney, J. F. J. Am. Chem. Soc. 1983,
105, 3522-35217.

(11) International Tables for X-ray Crystallography; Kynoch: Birmingham,
England, 1974; Vol. 1V: (a) Table 2.2B; (b) Table 2.31.
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Table V. Fractional Coordinates (X10*) and Isotropic Thermal
Parameters for Co(HB(3-1-Bupz);)(SCN)
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Table VI, Fractional Coordinates (X10*) and Isotropic Thermal
Parameters for Co(HB(3-Phpz);)}(SCN)(THF)

atom x y z B.° A? atom x y z B, A?
Co(1) 2298.5(3) 2363.3(3) 2021.8 (4) 22 (D) C(1) 1451.7 (4) 1674.2 (5)  3345.1 (6) 1.5 (1)
S(1) 272.7 (7) 691.8 (6) 3447.7 (14) 5.0 (1) S(1) =925 (1) 1241 (1) 1195 (1) 29 (1)
N(1) 1453 (2) 1653 (2) 2452 (3) 3.5 (1) o(1) 1464 (2) 2812 (2) 2146 (3) 2.1(1)
N(11) 3493 (2) 3452 (2) 3055 (3) 2.4 (1) N(1) 494 (2) 1284 (3) 2489 (4) 2.3 (1)
N(12) 2954 (2) 2934 (2) 3587 (3) 23 (1) N(11) 2952 (2) 1481 (3) 4636 (3) 1.9 (1)
N(21) 2757 (2) 3766 (2) 730 (3) 24 (1) N(12) 2566 (2) 1496 (3) 3516 (3) 1.8 (1)
N(22) 2061 (2) 3329 (2) 808 (3) 2.3(1) N(21) 2000 (2) 667 (3) 5562 (3) 1.8 (1)
N(31) 3787 (2) 2662 (2) 949 (3) 23 (1) N(22) 1535(2) 484 (3) 4539 (3) 1.7 (1)
N(32) 3276 (2) 2020 (2) 1057 (3) 23 (D) N@31) 2111 Q2) 2429 (3) 5620 (3) 1.7 (1)
C(1) 953 (2) 1250 (2) 2859 (4) 29 (1) N(32) 1537(2) 2602 (3) 4735 (3) 1.6 (1)
C(11) 3907 (2) 3843 (2) 4099 (4) 29 (1) C(1) -99 (3) 1258 (3) 1950 (4) 1.8 (1)
C(12) 3637 (2) 3580 (2) 5340 (4) 2.9 (1) C(Q2) 1990 (3) 3581 (3) 2290 (5) 2.6 (2)
C(13) 3046 (2) 3011 (2) 4988 (3) 2.4 (1) C(3) 1962 (4) 3979 (4) 1112 (6) 4.0 (2)
C(14) 2558 (2) 2513 (2) 5917 (3) 2.7 (1) C(4) 1183 (5) 3813 (5) 531 (6) 6.2 (3)
C(15) 1647 (2) 2689 (2) 5631 (4) 3.5(1) C(5) 945 (3) 2957 (4) 1076 (5) 3.1 (2)
C(16) 2826 (3) 2710 (3) 7449 (4) 4.2 (1) C(11) 3673 (3) 1467 (4) 4614 (4) 2.5 (1)
C(17) 2712 (2) 1634 (2) 5672 (4) 3.3(1) C(12) 3770 (3) 1479 (4) 3484 (4) 24 (1)
C(21) 2582 (2) 4411 (2) -42 (4) 3.2(D) C(13) 3070 (3) 1487 (3) 2817 (4) 1.9 (1)
C(22) 1767 (3) 4404 (2) -478 (4) 3.6 (1) C(14) 2848 (3) 1479 (3) 1552 (4) 2.0 (1)
C(23) 1459 (2) 3717 (2) 60 (3) 2.8 (1) C(15) 3258 (3) 1965 (3) 863 (5) 2.5(1)
C(24) 603 (2) 3394 (2) -85 (4) 3.4 (1) C(16) 3047 (4) 1980 (4) -337 (5) 3.5(2)
C(25) 251 (2) 3398 (3) 1352 (4) 5.1 (1) C(17) 2419 (4) 1506 (4) -847 (5) 3.4(2)
C(26) 586 (2) 2559 (3) -653 (4) 4.4 (1) C(18) 2003 (3) 1007 (4) -187 (5) 3.1(2)
C(@27) 56 (3) 3911 (3) -1088 (5) 5.5(1) C(19) 2229 (3) 998 (3) 1011 (4) 2.3 (D)
C(31) 4430 (2) 2426 (2) 296 (3) 2.9 (1) C(21) 1906 (3) 36 (4) 6367 (4) 23 (1)
C(32) 4358 (2) 1634 (2) -9 (4) 3.2(D C(22) 1368 (3) -585 (4) 5886 (4) 2.3 (1)
C(33) 3620 (2) 1396 (2) 480 (3) 2.6 (1) C(23) 1152 (3) =295 (3) 4735 (4) 1.6 (1)
C(34) 3212(3) 598 (2) 378 (4) 38 () C(24) 641 (3) -780 (3) 3829 (4) 1.7 (1)
C(35) 2380(3) 659 (3) —-419 (5) 5.8(2) C(25) - 30 (3) —-1242 (4) 4110 (4) 2.2 (1)
C(36) 3108 (3) 268 (2) 1827 (5) 5.1(1) C(26) -431(3) -1764 (4) 3279 (5) 2.8(2)
C(37) 3728 (4) 28 (3) -384 (8) 10.4 (3) C(27) -303 (3) -1815 (4) 2156 (5) 29 (2)
B(1) 3582 (2) 3493 (2) 1465 (4) 2.6 (1) C(28) 303 (3) -1357 (3) 1876 (4) 24 (1)

. s C(29) 768 (3) -853 (3) 2695 (4) 2.1(1)
By =32 Byaray C(3l) 2230 (2) 3190 (4) 6310 (4) 22(1)

C(32 1726 (3 3872 (4 5891 (5 23 (1

R‘, = [EW(IFOI - IFCI)2/2W|FOI2]]/2 with w proportional to [0’2(1) + CE33§ 1296 Ez; 3482 §3; 4911 54; 1.8 Elg
0.000972]°'/2, The final difference map shows electron density near the C(34) 655 (3) 3889 (3) 4146 (4) 1.8 (1)
Co(II) atom (0.32¢/A?). , C(35) 76 (2) 3330 (4) 3623 (4) 2.0 (1)
The final positional parameters of the refined atoms appear in Table C(36) =516 (3) 3727 (4) 2894 (5) 29 (2)
V. Tables of general temperature factors, calculated hydrogen atom C(37) -556 (3) 4683 (4) 2716 (5) 3.1 (2)
positions, and structure factor amplitudes and a complete listing of bond Cc(38) 2(3) 5253 (4) 3265 (5) 33 (2)
distances and angles are available.!2 C(39) 610 (3) 4869 (4) 3970 (5) 2.7 (2)
Co(HB(3-Phpz),)(NCS){THF). Crystals suitable for diffraction B(1) 2542 (3) 1503 (4) 5664 (5) 1.8 (1)

studies were obtained by vapor diffusion of petroleum ether into a THF
solution of the compound. The crystal was handled in the manner de-
scribed above, placed on a Syntex R3 diffractometer, and shown to be
suitable for diffraction studies of w scans, which showed the peak width
at half-height to be 0.26 at =100 °C. The cell parameters were refined
on the basis of 24 reflections chosen from diverse regions of reciprocal
space. These parameters and other crystallographic data are summarized
in Table IV. Intensity data collection, intensity measurements of
standard reflections, empirical corrections for absorption, and data pro-
cessing were performed as described above.

The cobalt atom was located by the heavy-atom Patterson method.
The structure solution and refinement were performed as described
above. Least-squares refinement converged to values of R = 0.045 and
‘R, = 0.043. All peaks in the final difference Fourier map were less than
0.33 /A%

The final positional parameters for the non-hydrogen atoms appear
in Table VI. Tables of general temperature factors, calculated hydrogen
atom positions, and structure factor amplitudes and a complete listing
of bond distances and angles are available.!?

Results

Synthesis of Ligands and Metal Derivatives. The syntheses of
the new polypyrazolylborate ligands described here are essentially
the same as that used to prepare the parent ligands [H,B(pz),-,]™:
heating sodium or potassium tetrahydridoborate with an excess
of the appropriate pyrazole.!»!> Hydrogen gas is evolved during
the reaction and is used to measure its progress. The [H,B(3-
Rpz),;]~ and [B(3-Rpz),]” derivatives were prepared in a manner
analogous to the preparations of the parent ligands. The crude

(12) See paragraph at end of paper regarding supplementary material.
(13) Trofimenko, S. Inorg. Synth. 1970, 12, 99-109.

“ B.q defined in Table V.

sodium or potassium salts produced are suitable for the preparation
of derivatives. The [HB(3-Rpz),]™ derivatives were prepared in
a somewhat different manner. The [H,B(3-Rpz),]™ salt was
prepared first and was then mixed with additional 3(5)-R-pyrazole
and refluxed in anisole until the compound precipitated from
solution, or until the appropriate amount of hydrogen was evolved.
The parent ligands I and II were prepared in one step from the
pyrazole and sodium or potassium tetrahydridoborate; this reaction
is done in a melt, without added solvent. When this procedure
was tried with 3(5)-phenylpyrazole, KHB(3-Phpz), precipitated
from solution partway through the reaction while KBH, was still
present. Purification of the ligand was tedious. The melt reaction
of KBH, with H(3-t-Bupz) was difficult to control. On the other
hand, preparation of KH,B(3-¢-Bupz), first, followed by reaction
with 1 equiv of 3(5)-tert-butylpyrazole, was a convenient way to
prepare crude ligands, suitable for reaction with transition-metal
ions. In both cases, analytically pure ligands were easily obtained
as their Tl salts.

Metal complexes were prepared by mixing the ligand with the
appropriate metal salt. With the [HB(3-Rpz);]~ ligands, only
M(HB(3-Rpz);)(X) and M(HB(3-Rpz),)(X)(solvent) compounds
(Table II) were obtained because of the steric bulk of the sub-
stituents in the 3-position of the pyrazole ring. This coordination
chemistry is very different from that of the parent ligands I and
II, which readily form ML, or rarely form dimeric ML(X)
complexes. A similar coordination chemistry is observed with the
[B(3-Rpz),]” ligands (Table III), whereas the ligand [H,B(3-
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Figure 1. View of Co(HB(3-t-Bupz),)(NCS). The vibrational ellipsoids
are drawn at the 50% level in this and the other figure. Atom labels are
included.

Phpz),]~ forms complexes analogous to those of the less sterically
crowded ligands [H,B(pz),]” and [H,B(3,5-Me,pz),]~ (Table I).
The ligand with the R = tert-butyl group has the greatest steric
bulk of the ligands reported to date and forms M(HB(3-t-
Bupz),)(X) complexes exclusively with divalent first-row tran-
sition-metal ions (Mn, Fe, Co, Ni, Cu, and Zn). They were
obtained as crystalline solids, insoluble in water and methanol but
very soluble in dichloromethane and other organic solvents, and
were purified by crystallization from toluene or by sublimation
in vacuo. Acceptable analytical results were obtained. These
complexes all show a B-H stretch at approximately 2500 cm™
in the infrared spectrum, For pseudohalide complexes, typical
stretches! were observed (NCS, 2070-2090 cm™!; NCO,
2220-2240 cm™; N3, 2090-2110 cm™). Spectra of the various
metal complexes were essentially superimposable for any given
X and ligand, implying isostructural tetrahedral complexes.
Other types of complexes can be synthesized with HB(3-1-
Bupz);~ and the proper choice of metal complex. An octahedral
molybdenum(0) complex was prepared by the reaction of the
potassium salt of the ligand with Mo(CO); to yield [Mo(HB(3-
t-Bupz),)(CO),]; addition of nitrosyl chloride yields the orange,
crystalline material Mo(HB(3-7-Bupz);)(NO)(CO),. A different
type of coordination is observed for this ligand when the potassium
salt is added to w-methallylpalladium chloride dimer. The product
from this reaction has a very complicated NMR spectrum, which
is consistent with a bidentate coordination of the ligand to form
a square-planar coordination (both pyrazole 4-H and the ters-butyl
groups were observed in a 2:1 pattern). These results are different
from those with the parent ligands [HB(pz);]~ and [B(pz).]-,
which show only one type of pyrazole group, indicating rapid
exchange of the coordinated and uncoordinated pyrazole groups.
The coordination chemistry of the ligand [HB(3-Phpz),]~ is
similar to that of the terr-butyl analogue in that ML, complexes
are not formed with first-row transition-metal ions, but it does
permit greater access to the metal ion than this other ligand. This
property can be illustrated in the reactions of K(HB(3-Phpz);)
with Co(NCS),. Mixing of these components in dichloromethane
yields a deep blue solution, analogous to Co(HB(3-7-Bupz),)-
(NCS). During chromatography on alumina, the color changes
to wine red. Recrystallization from THF yields a material with
the same color, which was shown by X-ray diffraction techniques
to have a coordinated solvent molecule (Figure 2). This change
in color, indicating a change of coordination between tetrahedral
and trigonal bipyramidal geometries, is reversible. Recrystallizing
the wine red material from xylene or toluene or heating in vacuo

(14) Nakamoto, K. Infrared and Raman Spectra of Inorganic and Coor-
dination Compounds, 3rd ed.; Wiley: New York, 1978; pp 270-279.

Trofimenko et al.
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Figure 2. View of Co(HB(3-Phpz),)(NCS)(THF).

yields the blue tetrahedral complex.

Other types of compounds can be prepared from this ligand
with the proper choice of metal complex. Adding KHB(3-Phpz),
to Mo(CO), followed by addition of butyl nitrite yields Mo-
(HB(3-PhPz)3)(NO)(CO),, analogous to the compound with
[(HB(3-t-Bupz);]~. The w-allyl complex Mo(HB(3-Phpz))(n*
CH,CRCH,)(CO), (R = H, CH,) was prepared, as was the
Pd(IT) complex Pd(HB(3-Phpz),)(7*-CH,CRCH,), with R = H
and CHj; the NMR spectra of these complexes showed the
presence of only one type of pyrazolyl group, indicating rapid
exchange of the coordinated and uncoordinated pyrazolyl groups.
This rapid interconversion of coordinated and uncoordinated
pyrazolyl groups is observed with other polypyrazolylborate de-
rivatives, but is not seen with the fert-butyl derivative (vide supra).

‘The coordination chemistry of the tetrapyrazolylborate ligands
[B(3-Rpz),]” is similar to that of [HB(3-Rpz),;]”. The same types
of ML(X) compounds are formed, but there are subtle differences
that can be attributed to the presence of the fourth pyrazolyl group.
The thallium(I) salts are soluble in methanol, whereas the tri-
pyrazolyl analogues are not. The NMR spectra of Zn(B(3-z-
Bupz),)(X) complexes indicate exchange of the pyrazolyl groups.
For X = NCS", only one type of pyrazolyl group is observed; with
X = NCO™ and Ny, a 3:1 pattern is observed for the ligand
resonances, but the peaks are broad. On the other hand, the
resonances in the NMR spectrum of Pd(B(3-¢-Bupz),)(n*-
CH,C(CH;)CH,) are sharp; the 2:1:1 pattern of the pyrazolyl
resonances suggests noninterchangeable axial and equatorial (3-
t-Bupz) groups. The same pattern is observed with Mo(B(3-t-
Bupz),)(NO)(CO),, resulting from a static, octahedral structure.
Similar results are obtained with [B(3-Phpz),]".

The chemistry of the dipyrazolyl ligand [H,B(3-Phpz),]” is
analogous to that of the parent ligands and (H,B(3,5-Ph,pz),]~.">!3
Tetrahedral complexes of the form M(H,B(3-Phpz),), were
formed with Co(II) and Zn(II) ions, whereas a square-planar
complex was obtained with Ni(II) ions. The properties of these
complexes are shown in Table III.

The coordination chemistry of [H,B(3-1-Bupz),]™ is very dif-
ferent from that of the phenyl analogue. Addition of the ligand
to Ni(II) or Co(II) ions led to a fleeting formation of a species
with the correct color for a ML, complex, followed by rapid
evolution of hydrogen and apparent decomposition of the ligand.
No reduction of the metal was observed. To date, only the po-
tassium and thallium(I) salts of this ligand have been isolated and
characterized.

Description of the Structure of Co(HB(3-¢-Bupz);)(NCS). The
overall structure of this Co(II) compound is apparent in the
drawing of the molecule (Figure 1) and consists of well-separated
neutral monomeric Co(HB(3-1-Bupz);)(INCS) molecules. The
ligand coordinates to the Co ion through the nitrogen atom in the
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Table VII. Selected Bond Distances (A) and Angles (deg) for
Co(HB(3-£-Bupz),)(NCS)
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Table VIII. Selected Bond Distances (A) and Angles (deg) for
Co(HB(3-Phpz),)(NCS)(THF)

Co-N(1) 1911 3) N(11)-B 1.554 (5)
Co-N(12) 2020 (3) C(11)-C(12)  1.386 (5)
Co-N(22) 2024 (3) C(12)-C(13)  1.387 (5)
Co-N(32) 2013 (3)  C(13)-C(14)  1.509 (4)
S-¢(1) 1.605 (4)  C(14)-C(15)  1.531 (5)
N(1)-C(1) 1.162 (4)  C(14)-C(16)  1.540 (5)
N(11)-N(12)  1.376 (3) C(14)-C(17)  1.528 (5)
N(1)-C(11)  1.338 (4)

N(1)-Co-N(12) 1193 (1) C(11)-C(12)-C(13) 106.4 (3)
N(1)-Co-N(22)  121.6 (1) C(12)-C(13)-C(14) 129.7 (3)
N(1)-Co-N(32) 123.2(1) C(13)-C(14)-C(15) 110.4 (3)
N(1)-C(1)-S 178.9 (4) C(13)-C(14)-C(16) 109.0 (3)
N(12)-Co-N(22)  96.3 (1) C(13)-C(14)-C(17) 110.2 (3)
N(12)-Co-N(32) 949 (1) C(15)-C(14)-C(16) 108.9 (3)
N(22)-Co-N(32)  95.0 (1) C(15)-C(14)-C(17) 109.5 (3)
Co-N(12)-N(11) 1102 (2) C(16)-C(14)-C(17) 108.7 (3)
N(12)-N(11)-B~  121.0 (3) N(11)-B-N(21) 108.0 (3)
N(22)-N(21)-B  121.3 (3) N(11)-B-N(31) 108.7 (3)
N(32)-N(31)-B  122.6 (2) N(21)-B-N(31) 109.5 (3)

C(11)-N(11)-B 1293 3) N(OD-C(11)-C(12) 108.0 (3)

2-position of each ring of the 3-tert-butylpyrazolyl ring, in a
manner analogous to complexation with the parent ligand. The
thiocyanate group is coordinated to the Co ion through the nitrogen
atom to form a four-coordinate complex. In Figure 1 it can be
seen that the Co ion is in a pocket formed by the tert-butyl groups.
Presumably in this way dimerization and ML, formation are
prevented. This structure confirms that the tert-butyl substituents
are in the 3-position of the pyrazolyl ring.

Selected bond distances and angles are presented in Table VII.
The Co-N distances are typical of both Co—N distances in po-
lypyrazolylborate complexes and Co-N distances in general. !5
The geometry of the Co inner coordination sphere may be de-
scribed as trigonally distorted tetrahedral and is very nearly C;,,
as evidenced by the N(pyrazolyl)-Co—-N(NCS) bond angles of
119.3-123.2° and the N(pyrazolyl)-Co—N(pyrazolyl) bond angles
of 94.9-96.3°.

Description of the Structure of Co(HB(3-Phpz),)(NCS)(THF).
The overall structure of the molecule is apparent in the drawing
of the molecule (Figure 2) and consists of well-separated neutral,
monomeric Co(HB(3-Phpz),)(NCS)(THF) molecules. The ligand
coordinates to the Co ion through the nitrogen atoms in the
2-position of the pyrazolyl rings. In addition, a nitrogen-bound
thiocyanate ion and a THF molecule are present to produce a
5-coordinate Co(II) complex. In Figure 2 it can been seen that
the phenyl groups form a pocket about the Co(II) ion, which
presumably prevents formation of dimers and ML, compounds,
but the pocket here is clearly larger than that with the 3-terr-butyl
derivative. This structure confirms that the phenyl groups are
in the 3-position of the pyrazolyl ring.

Selected bond distances and angles are presented in Table VIIIL
The Co-N(pyrazolyl) distances are nearly identical with those
for the Co(HB(3-tert-Bupz);)(NCS) complex and typical of
Co(II)-pyrazolyl distances in general.*!5 The overall geometry
is trigonal bipyramidal. The average intramolecular nonbonding
distance between the phenyl rings is 7.6 A. These rings are rotated
with respect to the pyrazolyl rings by 36.6, 36.2, and 32.3°.
Discussion

The preparations presented above yield polypyrazolylborate
ligands with bulky alkyl or aryl groups in the 3-position of the
pyrazolyl ring. The structures of Co(II) compounds with each
of the [HB(3-Rpz);]” ligands presented here confirm this as-
signment. These two ligands are prepared from the analogous
[H,B(3-Rpz),]™ ligand, which should thus have the same regio-
chemistry. Similarly, the [B(3-Rpz),]" ligands are prepared from
the simpler tripyrazolyl ligands. Previous work from these lab-
oratories suggested a very crowded transition state for the reaction

(15) (a) Guggenberger, L. J.; Prewitt, C. T.; Meakin, P.; Trofimenko, S.;
Jesson, J. P. Inorg. Chem. 1973, 12, 508-515. (b) Churchill, M. R.;
Gold, K.; Maw, C. E. Inorg. Chem. 1970, 9, 1597-1604.

Co-0 2.143 3)  N(12)-C(13)  1.348 (5)
Co-N(1) 1955 (4)  C(11)-C(12)  1.370 (7)
Co-N(12) 2054 (4)  C(12)-C(13)  1.388 (6)
Co-N(22) 2180 (4)  C(13)-C(14)  1.467 (6)
Co-N(32) 2079 (4)  C(14)-C(15)  1.387 (6)
S-C(1) 1.624 (5)  C(14)-C(19)  1.387 (6)
N(1)-C(1) 1167 (6)  C(15)-C(16)  1.392 (7)
0-C(2) 1451 (5)  C(16)-C(17)  1.383 (8)
C(2)-C(3) 1486 (1)  C(17)-C(18)  1.382 (7)
C(3)-C(4) 1.501 (9)  C(18)-C(19)  1.393 (7)
C(4)-C(5) 1.476 (8)  B-N(l1) 1.537 (6)
N(I1)-N(12) 1379 (5)  B-N(21) 1.544 (7)
N(11)-C(11)  1.342(6) B-N(31) 1.532 (6)

0-Co-N(1) 89.5 (1) N(11)-C(11)-C(12) 108.8 (4)
0-Co-N(12) 91.6 (1) N(12)-C(13)-C(12) 109.7 (4)
0-Co-N(22) 175.0 (1) N(12)-C(13)-C(14) 121.0 (4)
0-Co-N(32) 91.7 (1) C(11)-C(12)-C(13) 106.0 (4)

N(1)-Co-N(12)
N(1)-Co-N(22)
N(1)-Co-N(32)
N(12)-Co-N(22)
N(12)-Co-N(32)
N(22)-Co-N(32)
Co-N(1)-C(1)

144.9 (2) C(12)-C(13)-C(14) 129.3 (4)
93.7 (2) C(13)-C(14)-C(15) 120.2 (4)
121.1 (2) C(13)-C(14)-C(19) 121.7 (4)
83.6 (1) C(15)-C(14)-C(19) 118.1 (5)
93.9 (1) C(14)-C(15)-C(16) 120.9 (5)
90.0 (1) C(15)-C(16)-C(17) 119.5 (5)
165.4 (4) C(16)-C(17)-C(18) 121.1 (5)

S-C(1)-N(1) 179.0 (5) C(17)-C(18)-C(19) 118.2 (5)
0-C(2)-C(3) 105.5 (4) C(14)-C(19)-C(18) 122.1 (5)
0-C(5)-C(4) 106.7 (3) N(11)-B-N(21) 109.2 (4)
C(2)-C(3)-C(4) 103.5 (3) N(11)-B-N(31) 108.7 (4)
C(3)-C(4)-C(5) 105.6 (3) N(21)-B-N(31) 109.2 (4)

N(12)-N({11)-C(11) 109.3 (4)

of tetrahydridoborate ion with pyrazole,? leading to the less ste-
rically hindered product. Such products were observed with the
derivatives prepared with 3(5)-methylpyrazole; only the less
sterically hindered 3-methyl derivatives [H,B(3-Mepz),]” and
[HB(3-Mepz),]~ were obtained.!¢ Additional ligands prepared
in these laboratories confirm that such preparations yield the
less-sterically hindered derivatives.!’

The bulky substituents in the 3-position of the pyrazolyl ring
do have a profound effect on the coordination chemistry of these
ligands. Formation of ML, complexes with [HB(3-7-Bupz),]~ and
[HB(3-Phpz),]~ does not appear to be possible with the first-row
transition-metal ions. Addition of KL to M(X), complexes yields
simple ML(X) compounds. The coordination chemistry of all
other tripyrazolylborate derivatives reported to date is dominated
by the formation of ML, complexes. With first-row transition-
metal ions, the ligand [HB(3-t-Bupz),]” appears to be a tetrahedral
enforcer, leading to complexes with C;, symmetry.

This study also demonstrates that the accessibility to the metal
ion can be controlled by changing the substituent in the 3-position
of the pyrazolyl ring. With both of the tripyrazolylborate ligands
reported here, only one ligand fits around a first-row transition
metal. Yet the 3-phenyl derivative provides a more open cavity
for the metal ion. This increased accessibility is clearly seen in
Figures 1 and 2. A single complex was observed with [HB(3-¢-
Bupz),]”, whereas solvated and unsolvated derivatives can be
isolated with the 3-phenyl derivative. Thus, appropriate choice
of 3-R groups will permit the construction of custom-sized pockets
around the metal ions, regulating the access to it by other ligands.

The structures and reactivity of M(HB(3-#-Bupz);)(X) com-
plexes clearly demonstrate that this polypyrazolylborate ligand
is sterically restrictive and limits the accessibility of the metal ion.
One way to quantify accessibility is to determine the cone angle
of a ligand. Cone angle values of 180 and 225° were reported
for Mo(RB(pz),)(X); and Fe(HB(3,5-Me,pz);)(X),, respec-
tively.!®  Our calculations were based on the established di-

(16) (a) McCurdy, W. H. Inorg. Chem. 1975, 14, 2292-2294. (b) Desmond,
T. J; Lalor, F. J.; Ferguson, G.; Parvez, M. J. Organomet. Chem. 1984,
277, 91-97. (c) Niedenzu, K.; Niedenzu, P. M.; Warner, K. R. Inorg.
Chem. 1988, 24, 1604-1606.

(17) Trofimenko, S.; Calabrese, J. C.; Thompson, J. S.; Domaille, P. J.,
manuscript in preparation.
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mensions of the crystallographically characterized Co(HB(3-¢-
Bupz),;)(NCS) complex. Because the sharpness of the tert-butyl
peak in the NMR spectrum of the analogous Zn(II) complex
indicated free rotation of that group, we chose for calculations
the cone angle of the conformation that brings one of the methyl
hydrogen atoms closest to the Co atom. Then, the same calcu-
lations were repeated with a methyl group in place of the tert-butyl
group, and finally with a hydrogen atom in place of the methyl
group. Values of cone angles are 244, 224, and 184° for the
tert-butyl group, the methyl group, and the hydrogen atom, re-
spectively. Clearly, the sert-butyl group generates the largest cone
angle known for polypyrazolylborate ligands.

Conclusion
The introduction of these new ligands broadens significantly.

(18) Frauendorfer, E.; Brunner, H. J. Organomet. Chem. 1982, 240,
371-379.

the scope of polypyrazolylborate chemistry. The reaction between
[BH,]™ and 3-R-pyrazole is regiospecific. This property allows
the preparation of a wide variety of unsymmetrically substituted
polypyrazolylborates. The bulky groups in the 3-position of the
pyrazole ring prevent dimerization and bis-chelate formation, two
properties that severely limit the usefulness of the parent ligands.
This property coupled with the ability to construct custom-sized
pockets around the metals ions, allowing access to molecules of
predetermined size and/or shape, makes this new series of poly-
pyrazolylborate ligands potentially very useful.
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Mol;(THF), has been synthesized by jodination at room temperature of either Mo(CO);(n%-C¢HsCH3) or Mo,I4(CO)s in
tetrahydrofuran (THF) as solvent. Crystals are orthorhombic, space group Pbcn, with @ = 9.252 (3) A, b= 14.541 (5) A, c =
14.273 () A, V'=1920 (2) A3, Z = 4, d ys = 2.397 g cm™3, and R = 0.0501 for 926 data having F,2 > 30(F,2). The molecule
is octahedral, in the meridional configuration. Substitution reactions have been carried out with PR; (R = Me, Et) to produce
Mol;(PR;);. The direct interaction between MoX; (X = CI, I) and PR; (R = Me, Et) in toluene has been studied. Reduction
competes with coordinative addition to produce mixtures of MoX;(PR;); and Mo, X(PR;); for X = C], I and R = Me and mixtures
of [PHR;][Mol,(PR;),] and M0,X,(PR;), for X = I and R = Et. A possible mechanism for these reactions is discussed.

Introduction

In relation to our recent work on the synthesis of Mo,I,L, and
Mo,I4(LL), (L = phosphine; LL = diphosphine) complexes by
decarbonylation of molybdenum(II) carbonyl derivatives,'™ where
molybdenum(III) iodide complexes were also sometimes obtained
as a result of a competitive disproportionation reaction, we became
interested in finding alternative and better routes to derivatives
of molybdenum(III) iodide. This interest was reinforced upon
realizing that such derivatives were not known, although the
chemistry of the corresponding chlorides and bromides had been
developed. The [M0X¢]* and [Mo0,X]*" (X = CI, Br)>¢ anions
are well-known, MoX;L,; (X = Cl, Br) compounds with L =
pyridine were prepared for the first time’ by high-temperature
reaction of MoX; and the ligand and later®® from
(NH,);M0XsH,0. Compounds with other hard-donor-based
ligands were obtained!® by disproportionation reactions from
Mo0,X4(CO)y; the unavailability of a good preparative method for

(1) Cotton, F. A.; Poli, R. J. Am. Chem. Soc. 1986, 108, 5628.

(2) Cotton, F. A.; Dunbar, K. R.; Poli, R. Inorg. Chem. 1986, 25, 3700.

(3) Cotton, F. A.; Poli, R. Inorg. Chem. 1986, 25, 3703.

(4) Cotton, F. A.; Poli, R. Inorg. Chem. 1986, 25, 3624,

(5) Cotton, F. A.; Wilkinson, G. Advanced Inorganic Chemistry, 4th ed.;
Wiley: New York, 1980, p 864.

(6) Cotton, F. A.; Ucko, D. A. Inorg. Chim. Acta 1972, 6, 161 and refer-
ences therein.

(7) Rosenheim, A.; Abel, G.; Lewy, R. Z. Anorg. Allg. Chem. 1931, 197,
189.

(8) Brencic, J. V. Z. Anorg. Allg. Chem. 1974, 403, 218.

(9) Brencic, J. V.; Leban, 1. Z. Anorg. Allg. Chem. 1978, 445, 251.

(10) Westland, A. D.; Muriithi, N. Inorg. Chem. 1972, 11, 2971.

Mo,1,(CO);s!!2 may have prevented such chemistry from being
performed on the iodide system.!'® San Filippo and Schaefer King
were able to prepare the MoX;(py); (X = Cl, Br; py = pyridine)
compounds by interactjon of the Mo,X,(py)4 dimers of Mo(II)
with pyridine at high temperatures.'?

The cleanest route to MoX;L; complexes, which also has the
advantage of being applicable to the preparation of derivatives
containing soft-donor-based ligands,'? seems to be the substitution
reaction on preformed MoX;(THF); (THF = tetrahydrofuran).
Such a method has been applied so far only to the chloride system,
the corresponding bromide and iodide being unknown. MoCl;-
(THF); has been conveniently obtained by reduction of MoCl,-
(THF), with zinc' or tin'® or more recently via MoCl;(MeCN),,
which in turn had been obtained from MoCl,(MeCN),.!6 The

(11) (a) Colton, R,; Rix, C. J. Aust. J. Chem. 1969, 22, 305. (b) A good-
yield synthesis of Mo,1,(CO); is now available,!!*4 and the dispropor-
tionation reaction with pyridine to afford Mol;(py); has been reported.*
(c) Poli, R. “Tesi di perfezionamento”, Scuola Normale Superiore: Pisa,
Italy, 1985. (d) Calderazzo, F.; Poli, R.; Zanazzi, P. F., manuscript in
preparation,

(12) San Filippo, J., Jr.; Schaefer King, M. A. Inorg. Chem. 1976, 15, 1228.

(13) (a) Atwood, J. L.; Hunter, W. E.; Carmona-Guzman, E.; Wilkinson,
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J. M.; Poveda, M. L,; Atwood, J. L.; Rogers, R. D. J. Am. Chem. Soc.
1983, 105, 3014.
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