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Structural Diversity in the Reaction of Mono- and Disubstituted Pyrazoles with Titanium
Tetrachloride. Importance of Hydrogen Bonding and Trends in cis/trans Geometry of
Binary Adducts with Unidentate Ligands
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Treatment of titanium tetrachloride with 3,5-@irt-butylpyrazole affords the complexes [3,5-(C(§4HbCsH3N,]»-
[TiClg] and (3,5-(C(CH)3).C3HN,),TiCl, in 37 and 42% yields, respectively. An analogous reaction with 3,5-
dimethylpyrazole, 3-methylpyrazole, 4-bromopyrazole, and 4-iodopyrazole leads to the formation of corresponding
TiClyL, binary adducts in 3086% yields. Crystal structures of [3,5-(C(gk).CsHaN2]2[TiCl¢], (3,5-(C(CH)3).Cs-
HN2)2TiC|2, TiC|4(3,5-(C|"3)2C3H2N2)2, and TiCh(4-|CaH3N2)2 were determined. [3,5-(C((3)§)2C3H3N2]2[TiC|5]
crystallizes in the space gro@®/c with a = 18.892(4) A b = 7.1200(10) Ac = 24.461(6) A8 = 103.78(23,
andZ = 4. (3,5-(C(CH)2)2CzHN,),TiCl, crystallizes in the space grolR2:/n with a = 12.283(10) Ab =
17.891(8) A,c = 12.580(6) A, = 90.96(4}, andZ = 4. TiCls(3,5-(CHs)-C3H2Ny); crystallizes in the space
group C2/c with a = 12.087(2) A,b = 12.922(3) A,c = 10.403(2) A, = 92.08(2), andZ = 4. TiCly(4-
IC3HsN,), crystallizes in the space grou2/c with a = 9.252(2) A,b = 8.660(2) A,c = 19.652(4) A8 =
102.14(3j, andZ = 4. An analysis of factors governing this/trans geometry of MCIL, (M = Ti, Zr, Hf)
complexes is offered.

Introduction 3,5-ditert-butylpyrazolium hexachlorotitanate(IV1) and the
molecular complex bis(3,5-dert-butylpyrazolato)dichlorotita-
nium(lV) (2) in 37 and 42% yields, respectively (eq 1).
Complex1 was isolated as pale yellow crystals by diffusion of
hexane into the reaction solution. The complex was character-

Titanium tetrahalides characteristically react with Lewis bases
to form binary adducts of the formula TiX,. We recently
reported that adducts of titanium tetrachloride witfdonor
ligands act as single-source precursors in a chemical vapor
deposition reactor to titanium nitride, titanium phosphide, and
titanium disulfide thin filmst Many octahedral titanium(lll)

(2) (a) Weller, F.; Wocadlo, S.; Mai, H.-J.; Dehnicke, K. Krystallogr.
1994 209, 634. (b) Clegg, W.; O’'Neil, P. AActa Crystallogr.1993

and titanium(lV) complexes of the composition [Til&]" (A

= molecule or ion with a CI, Br, O, or N donor atom; &
molecule or ion with an I, Cl, F, O, or N atom;= —2 to +1)

have been studied by various spectroscopic methods and X-ray
diffraction2=* Despite the large number of complexes that have
been characterized, the driving forces for a certain complex to
adoptcis or transgeometry are still unclear. Herein we report
on the reaction of titanium tetrachloride with a small range of
substituted pyrazoles. X-ray crystal structures of 3,5ed-
butylpyrazolium hexachlorotitanate(lV), bis(3,5-@irt-bu-
tylpyrazolato)dichlorotitanium(IV)trans-bis(3,5-dimethylpyra-
zole)tetrachlorotitanium(lV), and cis-bis(4-iodopyrazole)-
tetrachlorotitanium(lV) demonstrate that the solid state structures
adopted by the complexes are extremely sensitive to the pyrazole
substituents and to nitrogetnydrogen-chlorine hydrogen
bonding. In addition, an analysis of factors governing ¢
transstereochemistry of the Mgtl, (M = Ti, Zr, Hf) complexes

is offered.

Results

Titanium tetrachloride reacts with 2 equiv of 3,5tdit-
butylpyrazole in dichloromethane to afford the ionic complex

® Abstract published idvance ACS Abstract#yugust 15, 1997.
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and thetransangles spanning 172.97(10) and 175.32(7)he
hexachlorotitanate anion is bonded to the two pyrazolium cations
by two pairs of hydrogen bonds: N@H(1N)---Cl(2) and
N(2)—H(2N)---CI(2) with distances of 3.205 and 3.188 A and
N—H---Cl angles of 163.1 and 172 8respectively. Remark-
ably, involvement of the CI(2) atom in both of these interionic
interactions results in a significant elongation of the-Ti(2)
distance to 2.464(2) A, compared to the-Tl(1) and Ti~Cl-

(3) bonds. The FCI(2) bond length is also longer than the
average titaniumchlorine distance of 2.341(9) A found in other
hexachlorotitanate(lV) ion. Apparently, the increased Fi
CI(2) bond length causes a reduction in the electron density on

copy, microanalysis, and an X-ray crystal structure determination titanium, which enables the other chlorine atoms to approach
(vide infra). The presence of hydrogen bonding involving the more closely to the central metal. In related compouBiéad
nitrogen-hydrogen bonds was suggested by weak infrared 4, hydrogen bonds of the type FCl--*H—N do not lead to

stretches at 3208, 3158, and 3131¢ém To isolate2, the
reaction was performed in hexane, in whicts insoluble. Light
yellow crystals of2 separated after filtration and cooling the
solution to—20°C. The formulation o was assigned on the
basis of the data obtained By and13C{1H} NMR spectros-

appreciable lengthening of the titaniurohlorine bonds. It is
also possible that some of the observed lengthening of the Ti
CI(2) bond could be due to reduced librational motion of Cl-
(2), which could make the FHCI(2) bond distance slightly
longer than the FCI(1) and Ti~CI(3) values. However, such

copy, infrared spectroscopy, microanalysis, and an X-ray crystal an effect would be small and cannot account for the 0-157

structure determination (vide infra).
Analogous treatment of titanium tetrachloride with 2 equiv

0.195 A elongations that are observed.
The molecular structure of compléxis shown in Figure 2.

of 3,5-dimethylpyrazole, 4-iodopyrazole, 4-bromopyrazole, and The titanium atom possesses approximate tetrahedral geometry,
3-methylpyrazole afforded the adducts bis(3,5-dimethylpyra- if the centers of the nitrogemitrogen bonds in the 3,5-dért-

zole)tetrachlorotitanium(lV) 3, 86%), bis(4-iodopyrazole)-
tetrachlorotitanium(lV) 4, 86%), bis(4-bromopyrazole)tetra-
chlorotitanium(IV) 6, 76%), and bis(5-methylpyrazole)tetra-
chlorotitanium(IV) €, 30%), respectively, as orange-red crystal-
line solids (eq 2). The formulation &—6 as adducts rested

R CH,Cl,
23°C
Ticl, + 2 R1—(\"R3
N-N,
H H R1

3

o’ I'““N/ Ra @
Cl N}RZ
/
H R
3, Ry, R3 = CHgj, Ry = H, 86%
4,R;,R3=H,Ry =1,86%
5, R1, R3= H, R2= Bf, 76%

6, Ry = CHj, Ry, Ry =H, 30%

\
Cl N N R,
o I il

butylpyrazolato moieties are considered as unidentate ligands.
The pseudotetrahedral angles around the titanium atom span
100.5-113.3. The titanium-chlorine bond lengths (2.247(4)
and 2.251(3) A) are typical and compare well to thosel.in
The 3,5-ditert-butylpyrazolato ligands are symmetrically co-
ordinated in any?-fashion, with the titaniumnitrogen distances
ranging from 1.972(9) to 1.986(8) A. These values are slightly
shorter than those of the titaniumitrogen bonds found in
tetrakis(dimethylpyrazolato)titanium(lV) (average2.047(36)
A)52 and tetrakis(diphenylpyrazolato)titanium(lV) (average
2.057(24) A)%a The shorter titaniumnitrogen bonds ir2 can

be rationalized by the presence of two chlorine atoms, which
make the central metal more electrophilic and less crowded,
relative to that in tetrakis(3,5-dimethylpyrazolato)titanium(¥¥).
Consequently, a closer approach of the nitrogen atoms to the
titanium atom in2 ensues. The nitrogemitrogen distances
(1.377(9) and 1.381(9) A) and the bite angles (40.8(3) and 40.8-
(3)°) of the bidentate ligands i are similar to the correspond-
ing values found in pyrazolato and hydrazido complexes of
titanium: 1.364(7) A and 38.9(&)in tetrakis(3,5-dimethyl-
pyrazolato)titanium(IVF2 1.364(4) A and 38.69(8)in tetrakis-

upon microanalyses, infrared spectra, and X-ray structure (3 5-diphenylpyrazolato)titanium(I\# 1.42(1) A and 42.6(2)

determinations fo and 4 (vide infra). Unfortunately3—6

in Ti(OAr-2,6-Pr)a(n2-PhNNPh)(py).62and 1.339 A and 39°8

were insoluble in unreactive NMR solvents, which precluded in Cp,Ti(52-PhNNPh)P
solution structural analysis. The presence of hydrogen bonding Compound3 is molecular with intermolecular hydrogen

involving the nitroger-hydrogen bonds was evident by weak
absorptions observed between 3100 and 3300lcim the
infrared spectra 08—6.

bonding. The complex adopts a distorted octahedral geometry
with the two pyrazole ligandsansto each other. Atoms Ti-
(1), CI(1), and CI(3) occupy a crystallographic 2-fold axis, and

In order to understand the molecular geometries, the X-ray therefore only half of the molecule is crystallographically

crystal structures ofl—4 were determined. Experimental

independent. The titaniurrchlorine bond lengths (average

crystallographic data are summarized in Table 1, selected bond 28g(23) A) are typical for terminal distances. The titanium

lengths and angles are given in Tables5?2 and perspective
views are presented in Figures4. Further data are available
in the Supporting Information.

Complex1 is an ionic compound consisting of a hexachlo-
rotitanate(lV) anion and two 3,5-dért-butylpyrazolium cations.

The titanium atom is situated on a crystallographic 2-fold axis,

and as a result, there are only three unique titartghlorine
bond distances, FiCI(1) (2.269(2) A), Ti-CI(2) (2.464(2) A),
and TiCI(3) (2.3070(14) A). The environment about the
titanium atom is a distorted octahedron with ttie chlorine—
titanium—chlorine angles ranging from 85.57(6) to 94.93(9)

nitrogen bond length (2.146(5) A) compares well with other
Lewis acid/base titanium/nitrogen interactions (vide infra). The
cisangles about the titanium atom range from 85.7(2) to 94.3-
(2)°, while the trans angles span 171.5(3)180.0. Weak

(5) (a) Guzei, I. A,; Baboul, A. G.; Yap, G. P. A;; Rheingold, A. L.;
Schlegel, H. B.; Winter, C. HJ. Am. Chem. Sod.997 119, 3387.
(b) Guzei, I. A;; Yap, G. P. A,; Winter, C. Hnorg. Chem1997, 36,
1738.

(6) (a) Durfee, L. D.; Hill, J. E.; Fanwick, P. E.; Rothwell, I. P.
Organometallics199Q 9, 75. (b) Fochi, G.; Floriani, C.; Bart, J. C.
J.; Giunchi, GJ. Chem. Soc., Dalton Tran$983 1515.



TiCl4 Reactions with Substituted Pyrazoles

Table 1. Experimental Crystallographic Data far4

Inorganic Chemistry, Vol. 36, No. 20, 1994417

1 2 3 4
empirical formula GoH4ClgN4Ti CooH3zgClIoNgTi C10H16Cl4N4Ti CeHgClsNal o Ti
fw 623.20 477.36 381.97 577.65
space group C2/c P2/n C2/c C2/c
a (A) 18.892(4) 12.283(10) 12.087(2) 9.252(2)

b (A) 7.1200(10) 17.891(8) 12.922(3) 8.660(2)
(o] (A) 24.461(6) 12.580(6) 10.403(2) 19.652(4)
£ (deg) 103.78(2) 90.96(4) 92.08(3) 102.14(3)
\% (AS) 3195.6(11) 2764(3) 1623.8(6) 1539.4(6)
Z 4 4 4 4
T (K) 295(2) 295(2) 295(2) 170(2)
A (A) 0.71073 0.71073 0.71073 0.71073
Pealcd (g CNT3) 1.295 1.147 1.562 2.492
w (mm?) 0.787 0.517 1.176 5.245
T(max)/T(min) 0.784/0.629 n/a 0.810/0.622 0.631/0.424
R(F) (%)? 5.82 8.82 7.34 6.50
R(WP?) (%)? 13.51 16.82 13.73 15.12

a Quantity minimized: RWF?) = {J[W(Fo? — FAA/S[(WFA?}Y2 R = SAIS(Fo), A = |(Fo — FJl; | > 20(l).

Table 2. Selected Bond Lengths (A) and Angles (deg) for

Ti(1)—CI(3) 2.269(2) Ti(1)}-CI(2) 2.464(2)
Ti(1)—CI(1) 2.3070(14)

CI(3)-Ti(1)—CI(3)#1 94.93(9)

CIB)#2Ti(1)—CI(2#1 175.32(7)

CI(3)-Ti(1)-Cl(1)  92.52(6) CI(LyTi(1)-CI2#L  87.52(6)
CI@)#1-Ti(1)—CI(1) 92.23(6)  CI(3}-Ti(1)—CI(2) 175.33(6)
CI(1)-Ti(1)—CI(L)#1 172.97(10) CI(HTi(1)—Cl(2) 87.32(6)
CI(3)-Ti(1)-Cl(2#1 89.75(5)  CI(2#%Ti(1)-Cl(2)  85.57(7)

Table 3. Selected Bond Lengths (A) and Angles (deg) 2or

Ti—N(4) 1.972(9) TiCI(1) 2.247(4)

Ti—N(1) 1.977(8) TCI(2) 2.251(3)

Ti—N(3) 1.981(8) N(1)N(2) 1.381(9)

Ti—N(2) 1.986(8) N(3)N(4) 1.377(9)
N(4)—Ti—N(3) 40.8(3) N(4)-Ti—CI(2) 98.7(2)
N(1)-Ti—N(2) 40.8(3) N(1)-Ti—ClI(2) 135.2(2)
N(4)—Ti—CI(1) 136.0(2) N@3)»Ti—Cl(2) 110.6(2)
N(1)-Ti—CI(1) 96.9(2) N(2)-Ti—ClI(2) 94.6(2)
N(3)-Ti—CI(1) 95.3(2) CI(1)-Ti—CI(2) 100.5(2)
N(2)-Ti—CI(1) 113.3(2)

Table 4. Selected Bond Lengths (A) and Angles (deg) Sor
Ti—N(1) 2.146(5) Ti-CI(2) 2.297(2)
Ti—CI(3) 2.254(3) TiCI(1) 2.303(3)

N(Q)-Ti—N@Q)#1 171.5(3) CI(Ti—Cl(2#1 179.9(2)
N(1)-Ti—CI(3) 94.3(2) N(1)-Ti—ClI(1) 85.7(2)
N(1)-Ti—ClI(2) 88.07(14) CI(3)Ti—ClI(1) 180.0
N(1)#1-Ti—CI(2) 91.92(14) CI(Ti—CI(1) 89.96(8)
CI(3)-Ti—ClI(2) 90.04(8)

Table 5. Selected Bond Lengths (A) and Angles (deg) 4or
Ti—N(1) 2.235(7) TiCI(2) 2.280(2)
Ti—CI(1) 2.265(2) I-C(2) 2.048(9)

N(L)#1-Ti—N(1) 83.4(4) N(1)>-Ti—CI(2) 85.8(2)

N@Q)-Ti—Cl(1)#1 172.4(2) CI(L)#£Ti—CI(2) 95.23(9)
N(1)-Ti—CI(1) 89.1(2) CI(1)-Ti—CI(2) 92.88(9)
CI(1)#1-Ti—CI(1) 98.32(14) CI(2)Ti—CI2#1 167.6(2)

N(1)#1-Ti—CI(2) 84.9(2)

hydrogen bonding occurs in N@2H(2)---CI(2) with a nitroger-
chlorine distance of 3.479 A and nitrogehydrogenr-chlorine
angle of 154.6.

Adduct 4 is molecular with cis pyrazole ligands. The

Figure 1. Perspective view of [3,5-(C(CH).CsHaN2][TiClg] (1) with
thermal ellipsoids at the 30% probability level.

Figure 2. Perspective view of (3,5-(C(Gt).CsH3N2).TiCl, (2) with
thermal ellipsoids at the 30% probability level.

with a nitroger-chlorine distance of 3.514 A and nitrogen
hydrogenr-chlorine angle of 1454

Hydrogen bonding detected in addutfs, and4 is probably
responsible for the observed distortion of the titanium atom
environment from ideal octahedral geometry. Complex
contains one titaniumchlorine bond (T+CI(2)) which is
0.157-0.195 A longer than the other titaniurchlorine dis-
tances. A unit cell diagram emphasizing close nitrogen
chlorine contacts is shown in Figure 5. Since there is not a
strongm-donor grougransto the elongated bond, the observed
phenomenon can be explained by the formation of two hydrogen
bonds with the CI(2) atom. Hexachlorotitanate(IV) anions found

coordination sphere exhibits significant deviations from ideal in [AsPhy,TiClg:2CH,Clp,42 [CHaPhPLTiCle,4b [(15-crown-

octahedral geometry, with thes angles ranging from 83.4(4)
to 98.32(149, while thetransangles span 167.6(2)L72.4(25.

The titanium-chlorine distances (2.265(2) and 2.280(2) A) are

typical, but the titaniumnitrogen bond (2.235(7) A) is sub-

stantially longer than that 02 and related compounds. An

intermolecular hydrogen bond occurs in N&j(2)---CI(1),

5)Mg(CH3CN)2]T|C|6,4C and [ClengNOZ]2TiC|6'2C6H6,4d’e in
which hydrogen bonding is not possible, are far less distorted.
Figures 6 and 7 show intermolecular hydrogen bonding that
occurs between the nitrogehydrogen bonds and a chlorine
atom in an adjacent molecule3and4. The nitrogen-chlorine
distances ir8 (N(2)—Cl(2) 3.479 A) and4 (N(2)—CI(1) 3.514
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Figure 3. Perspective view of TiG(3,5-(CH).CsH2N2)2 (3) with
thermal ellipsoids at the 30% probability level. Figure 6. View of 3, emphasizing the nitrogerhydrogenr-chlorine
hydrogen bonding interactions. Thermal ellipsoids are at the 30%
probability level.

Figure 4. Perspective view of TiG(4-ICsH2Ny), (4) with thermal
ellipsoids at the 30% probability level.

Figure 7. View of 4, emphasizing the nitrogerhydrogenr-chlorine

hydrogen bonding interactions. Thermal ellipsoids are at the 30%
Oj\) L probability level.
. ° E R0 o

Discussion

«a\T Several models have been proposed in the literature to explain
trends incis/trans geometry of octahedral metal complexes of

QY & . . X h
0 \ jj—b‘ Z| the formula TiAB,.297-10 Furthermoregis—transisomeriza-
?§ : D—%&v@\ v b tion for titanium tetrachloride adducts of tetrahydrofuran (THF),

PN ol ‘ tetramethylphosphorodiamidic chloride, and trimethylphosphine

oxide has been obsen/dand the structures of bottis- and
trans TiCl4(THF), have been reported In the following
— paragraphs, we rationalize the geometries observééd fhand
Z"ﬁj@ o—‘&% compare these results with related structures from the literature.
R o The adduct4 crystallizes in thecis configuration with
O_{/}, Sl ;% 4-iodopyrazole ligands. It is well-known that 3-substituted
VC\I/" l . pyrazoles are in dynamic equilibrium with the 5-substituted
tautomers (Scheme 1. The latter should be preferred during
Figure 5. Unit cell view of 1 along thea axis, emphasizing the crystallizatipn, since it yields the less sterically.encumbere.d
nitrogen-hydrogen-chlorine hydrogen bonding interactions. adduct. With two substituents on the pyrazole ring, the steric
demand in the titanium coordination sphere increases and
) ) crystallization of thetrans adduct becomes preferred, as
A) are longer than those iy suggesting much weaker hydrogen  ghserved for the 3,5-dimethylpyrazole addBctHaving taken
bonds. HoweveB—6, once crystallized, become insoluble in  the aforementioned rationales into account, we tentatively assign
common organic solvents. Such insolubility appears to be due
to hydrogen bonding, which creates an extended network. (7) Zahrobsky, R. FJ. Coord. Chem1971 1, 301.
Unexpectedly, the titaniumnitrogen bond irfrans complex3 Eg; (Ba‘iag'yee' r"' g_%_fg’églggj e1,7|'?.3£g{o 9. Chem.1969 8, 1116. (b)
is 0.089 A shorter than that icis adduct4. In neither of these Borden, R. S.; Hammer, R. Nnorg. Chem.197Q 9, 2004.
complexes does hydrogen bonding result in appreciable length-(10) TUfiné7E-: Nielson, R. M.; Merbach, A. Enorg. Chim. Actal987,

ening of bond distances between the titanium atom and 4 67. ; . ; ;
g X (11) Barton, D.; Ollis, W. DComprehensie Organic ChemistryPergamon
hydrogen-bonded chlorine atom. Press: Oxford, U.K., 1979; Vol. 4, pp 3510.
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Table 6. Relevant Structural Information for Octahedral Complexes of Titanium and Hafnium

complex A L Ti—A (A) T-LA) Ti—L/Ti—A cisltrans ref
TiCl,(OAsPh), cl OAsPh 2.352(23) 1.895(5) 0.81 trans 2a
TiCl,(OPPh), cl OPPh 2.342(2) 1.923(3) 0.82 trans 1c
TiCl4(OP(NMe)s3), Cl OP(NMe)s 2.328(7) 1.945(3) 0.84 trans 2b
[TiCl4(N3)z]2~ cl N3 2.352(10) 2.006(9) 0.85 trans 2c
TiCl(THF), cl THF 2.395(9) 2.099(23) 0.88 trans 2d
TiCl4(THF), cl THF 2.293(2) 2.050(4) 0.89 trans 2e
TiCl(PhCOOE® cl PhCOOEt 2.261(41) 2.058(18) 0.91 cis 2f
[TiCla(py)al Cl py 2.405(3) 2.21(1) 0.92 trans 29
TiCl4(DMP), Cl DMP 2.288(23) 2.146(5) 0.94 trans this work
TiCl4(THF), Cl THF 2.265(23) 2.117(3) 0.94 cis 2e
TiCl4(ELO), Cl Et,0 2.269(16) 2.139(27) 0.94 cis 29
TiCl4(ELO), Cl Et,O 2.249(35) 2.087(44) 0.94 cis 2h
TiCla(py)2 Cl py 2.290(4) 2.20(1) 0.96 trans 2i
TiCl4(CHsCN), cl CHsCN 2.240(29) 2.208(33) 0.97 cis 2j
TiCly(4-1pz), Cl 4-Ipz 2.273(11) 2.235(7) 0.98 cis this work
TiCl4(RiCN) Cl R.CN 2.244(23) 2.188(1) 0.98 cis 2k
TiCla(HCN), Cl HCN 2.254(49) 2.198(7) 0.98 cis 2l
TiCl4(R-CN) cl R.CN 2.241(43) 2.212(10) 0.99 cis 2m
TiCla(SCiHs)2 Cl SCHg 2.256(27) 2.626(71) 1.16 cis le
TiCly(HSCsH12)2 cl HSCeH12 2.253(36) 2.655(12) 1.18 cis 1d
TiBry(CHsCN), Br CHsCN 2.418(48) 2.199 0.91 cis 2n
[Ti(MeCN),ClJ]* MeCN cr 2.140(26) 2.280(13) 1.07 trans 20
[Ti(py)al2]™ py I~ 2.218(10) 2.747(1) 1.24 trans 29
[Ti(MeCN)alz]* MeCN I- 2.145 2.68(1) 1.25 trans 2p
[Ti(H20)4F2] " H.0 F 2.087(12) 1.879(74) 0.90 trans 2q
[Ti(THF)4Cl]+ THF cl 2.096(42) 2.332 1.11 cis 2r
[Ti(HOR3)4Clz] HOR, cl 2.097(10) 2.325 1.11 cis 2s
[Ti(THF)4Cl]* THF cl 2.080(16) 2.360(1) 1.14 cis 2t
Ti(OR4)4(MeCN), OR; MeCN 1.845 2.235 1.21 cis 2u
HfCl(THF), cl THF 2.444(4) 2.052(8) 0.84 cis 2a
aR; = NC(CHp)s; Rz = ((CHs)sSi).N(CeHa); Rs = isopropyl; OR = OCH(CR),; DMP = 3,5-dimethylpyrazole.
Scheme 1. Tautomerism of 3- and 5-Substituted Pyrazoles Nitrogen—hydroger-chlorine hydrogen bonding is a promi-
4 4 nent feature in the structures df 3, and4. In 3 and4, these
sﬁS_R 3ﬁig interactions are weak, as evidenced by the long nitregen
N-N N-N chlorine distances. The hydrogen bonding does not have a
H1 2 2 1 H significant effect on the bond lengths3rand4 and is probably
3-R-pyrazole 5-R-pyrazole not a factor in the adoption @fis versustransgeometries. The

weak interactions probably help to orient the molecules during

the cis geometries to bis(4-bromopyrazole)tetrachlorotitanium- Crystallization and lead to the lowest energy packing. 1In

(IV) (5) and bis(5-methylpyrazole)tetrachlorotitanium(I\g) ( nitrogen-hydrogen-chlorine hydrogen bonding is substantially
with 5-substituted pyrazole ligands. stronger than that it is irB and 4 and leads to observable

A substantial increase in the bulkiness of the substituents at&!0ngations of the titaniumchlorine bonds involved in the
the 3- and 5-positions (e.g., with 3,54irt-butylpyrazole) hydrogen bonding. The greater effect of hydrogen bonding in

prevents the pyrazole ligand from coordinating to the titanium L 'elative to3 and4, is likely a result of having more polar
atom via its nitrogen atoms. Instead, the ionic complleand interactions due to the cationic pyrazolium hydrogen bond
molecular complex2 result. It should be noted thaj* donors and the hexachlorotitanate(IV) acceptor.
pyrazolato coordination by d-block metals is extremely rare and ~ Finally, it is surprising that the small range of pyrazoles
2is an accordingly significant molecule. We recently described @xamined in this study provides such a broad array of structures
several examples of?-pyrazolato ligand coordination in early — upon interaction with titanium tetrachloride. The steric bulk
transition metal complexes and have carried out molecular Of the pyrazole, as measured both by the substituent tiete (
orbital calculations to understand the bondingVe also note ~ butyl versus methyl) and by position (3,5 versus 4), is an
in passing tha® bears a strong resemblance to titanocene important factor in determining the product(s) upon reaction
dichloride, but is chiral. Derivatives d may be useful as  With titanium tetrachloride. 113 and4, the steric profile of the
catalysts in olefin polymerization and organic derivatization Pyrazole ligands seems to dictate the adoptiomisfor trans
schemes. geometries. The other structure determinant is nitregen
A comparison of the structural featuresdind4 with those ~ hydrogen-chlorine hydrogen bonding. Hydrogen bonding
of related adducts is given in Table 6. For complexes with &PPears to be amajor driving force for the formatior aivhile

titanium—ligand bond lengths above 2.05 A, batis andtrans in 3 and4 it is a significant force in molecular packing but
configurations are observed. However, when the titarium Probably does not contribute to adoption ois or trans
ligand bond length is less than 2.05 A, only tieans geometries.

configuration is found. Strong-donor ligands tend to form . ]
shorter bonds to titanium, since there are increased bondingEXperimental Section

interactions relative to a saturated donor analog (e.g., pyridine G . . . .

. " . T . eneral Considerations. All manipulations were performed under
Versus trlmethylamlng). While the tlltanluﬂh.g'and distances argon using either drybox or Schlenk-line techniques. Hexane and
do not furnish information on the relative stability of the adducts, giethy| ether were distilled over sodium. All NMR solvents were dried
they do reflect comparativer-donor properties of different  oyer 4-A molecular sieves. Dichloromethane was distilled from calcium
molecules and ions, provided that the radii of different donor hydride. 3,5-Dimethylpyrazole, 3-methylpyrazole, 4-methylpyrazole,
atoms are taken into consideration. 4-bromopyrazole, 4-iodopyrazole, and titanium tetrachloride were
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purchased (Aldrich Chemical Co. or Acros Organics) and used as Anal. Calcd for GHeClaloN4Ti: C, 12.48; H, 1.05; N, 9.70.
received. 3,5-Diert-butylpyrazole was prepared according to a Found: C, 12.68; H, 0.99; N, 9.66.
published proceduré. _ Preparation of cis-Bis(4-bromopyrazole)tetrachlorotitanium(IV)

'H NMR and **C{*H} NMR spectra were obtained at 300 and 75 (5). In a fashion similar to the preparation 8ftitanium tetrachloride
MHz, respectively, in chloroforna: Infrared spectra were recorded (9,310 mL, 2.82 mmol) reacted with 4-bromopyrazole (0.829 g, 5.64
using Nujol or Fluorolube mulls. Elemental analyses were performed mmol) to affords5 as a red powder (1.037 g, 76%): mp 2IDdec; IR
by Midwest Microlab, Indianapolis, IN. Melting points are uncorrected. (Nujol, crm2) 3400 (w), 3308 (m), 3125 (m), 1661 (w), 1522 (w), 1470

Preparation of 3,5-Di-tert-butylpyrazolium Hexachlorotitanate- (m), 1384 (m), 1327 (m), 1052 (m), 1024 (w), 971 (s), 952 (s), 903

(IV) (1). A 50-mL Schlenk flask was charged with titanium tetra- (s), 876 (w), 836 (w), 741 (w), 683 (m), 666 (M), 649 (M), 594 (s),
chloride (0.310 mL, 2.82 mmol), 3,5-dert-butylpyrazole (2.032 g, 587 (s).

11.29 mmol), dichloromethane (20 mL), and a stir bar and was fitted - . .
with a rubber septum. After being stirred for 2 h, the dichloromethane Foﬁr?g'l. Ccilg%sz)r'_'Q?GZBsr?ﬂ“’\i“ngigc‘ 14.90; H, 1.25; N, 11.58.
solution was layered with hexane (ca. 50 mL), and the system was T T T e T e o
allowed to equilibrate for 24 h. The solvent was decanted, and the  Preparation of cisBis(3-methylpyrazole)tetrachlorotitanium(IV)
flask contents were vacuum dried to affdtdas ||ght ye”OW Crysta's (6) In a fashion similar to the pl’epal’ation &ftltanlum tetrachloride
(0.325 g, 37%): mp 222C dec; IR (Nujol, cml) 3208 (w), 3158 (0.310 mL, 2.82 mmol) reacted with 3-methylpyrazole (0.462 g, 5.64
(w), 3131 (w), 1601 (w), 1518 (w), 1337 (w), 1262 (w), 1250 (w), Mmol) to afford6 as a pale yellow powder (0.300 g, 30%): mp 248

1204 (w), 1181 (w), 984 (w), 807 (WfH NMR (CDCls, 22 °C, 9) °C dec; IR (Nujol, cm?) 3353 (s), 2964 (w), 2928 (w), 2853 (w), 1560
12.76 (broad s, N), 6.82 (s, ring ®), 1.27 (s, 2 C(El3)s); 13C{*H} (m), 1538 (w), 1504 (w), 1489 (w), 1437 (w), 1419 (w), 1506 (w),
NMR (CDCls, 22°C, ppm) 158.18 (SCC(CHs)s), 100.33 (s, ringCH), 1382 (w), 1333 (w), 1322 (w), 1288 (m), 1262 (m), 1059 (m), 1041
31.85 (2C(CHa)s), 29.42 (2 CCHa)s). (w), 1017 (w), 968 (s), 958 (s), 900 (m), 794 (m), 788 (m), 658 (m).
Anal. Calcd for GoHsClgN4Ti: C, 42.40; H, 6.79; N, 8.99. Anal. Calcd for GH1,CI4UIN4Ti: C, 27.15; H, 3.24; N, 15.83.
Found: C, 41.75; H, 6.54; N, 8.97. Found: C, 27.41; H, 3.67; N, 16.07.
Preparation of Bis(3,5-ditert-butylpyrazolato)dichlorotitanium- Crystallography. The single-crystal X-ray diffraction experiments

(V) (2). A 50-mL Schienk flask was charged with titanium tetra-  \ere performed on a Siemens P4 diffractometerf@, and4 and on
chloride (0.310 g, 2.82 mmol), 3,5-tért-butylpyrazole (2.0329,11.29 4 giemens P4/CCD diffractometer far The crystals were mounted

mmol), hexanes (20 mL), and a stir bar and was fitted with a rubber i, thin-walled capillaries in a drybox under an atmosphere of nitrogen.
septum. After being stirred for 2 h, the solution was filtered, and the

filtrate was cooled te-20 °C to afford2 as light yellow crystals (0.283
g, 42%): mp 157C; IR (Nujol, cn1) 3230 (w), 3119 (w), 1734 (w),

The unit cell parameters fdr, 3, and4 were obtained by the least-
squares refinement of the angular settings of 36, 34, and 39 reflections,

1717 (w), 1700 (), 1684 (w), 1653 (w), 1636 (), 1597 (w), 1559 respectively. The data were corrected for L_orentz and_ polarization
W), 1541’ W), 150é m), 148’5 w), 143é m), 136'7 m), 128’3 w), effects as well as for absorptlgn. The absorption correction d'ata were
1253 (m), 1234 (m), 1204 (w), 1127 (), 1019 (w), 1004 (w), 992 cqllected by they-scan technique. In the case &f112 reflectl_ons

(W), 975 (W), 840 (m), 806 (W)*H NMR (CDCl;, 22 °C, &) 6.68 (s, W|th | > 200@) from 60 frames of 0.?_3w-scan datz_:l were _used in the
fing CH), 1.29 (s, 2 C(El)s): “*C{*H} NMR (CDCl;, 22 °C, ppm)) initial cell refinement. The systematic absences in the diffraction data

161.08 (sCC(C . 114.60 (s, ringCH), 32.53 (2C(CHs)s), 30.18 were consistent with the reported space groups. 1F8yr and4 either
@ C(CH(3)3). (CH)a) (s, ringCH) (2C(CHa)) of the monoclinic space grougsc and C2/c was indicated; the latter

Anal. Calcd for GHsCLN4Ti: C, 55.35: H, 8.02; N, 11.74. was preferred on the basis of the chemically reasonable and compu-
Found: C, 56.81: H, 8.26; N, 12.22. tationally stable results of refinement. The structures were solved using
Preparation of trans-Bis(3,5-dimethylpyrazole)tetrachlorotitanium- direct methods, completed by subsequent difference Fourier synthesis,
(IV) (3). A 50-mL Schlenk flask was charged with titanium tetra- and refined by fL_JII-matr.|x Ieas_t-squa_res procedures. All n(_)n_-hydrogen
chloride (0.310 mL, 2.82 mmol), 3,5-dimethylpyrazole (0.542 g, 5.64 atoms were refined with anlsotrpplc ‘dlsplacerr.]ent. coefﬂmentg All
mmol), dichloromethane (20 mL), and a stir bar and was fitted with a hydrogen atoms were treated as idealized cqntrlbutlons. The Ti at.oms
rubber septum. After being stirred for 2 h, the dichloromethane solution N for 1, 3, and 4 resided on crystallographic 2-fold axes. Despite
was layered with diethyl ether (ca. 50 mL), and the system was allowed Several recrystallizations, the crystals 2fvere of low quality, and
to equilibrate for 24 h. The solvent was decanted, and the flask contents®nly 1.03 A resolution data were obtained.
were vacuum-dried to affor@las red crystals (0.927 g, 86%): mp 252 All software and sources of the scattering factors are contained in
°C dec; IR (Nujol, cm?) 3233 (w), 3246 (w), 3204 (w), 3105 (w), the SHELXTL (version 5.0.3) program librafy Siemens XRD,
3035 (w), 2788 (b), 2711 (s, b), 2647 (s, b), 2520 (b), 1598 (m), 1570 Madison, WI).
(s), 1524 (w), 1351 (s), 1308 (m), 1281 (s), 1154 (m), 1048 (s), 1013
(s), 1010 (w), 971 (w), 851 (m), 788 (m), 773 (m), 738 (W), 717 (w), Acknowledgment. We are grateful to the National Science
689 (m, b), 661 (m), 647 (m). Foundation (Grant CHE-9510712) for support of this research.
Anal. Calcd for GoHi1eCliN4Ti: C, 31.44; H, 4.22; N, 14.67. We thank Dr. Glenn P. A. Yap for collecting a data setdn
Found: C, 31.40; H, 4.14; N, 14.21.
Preparation of cis-Bis(4-iodopyrazole)tetrachlorotitanium(1V) Supporting Information Available: Tables S+S20, listing full
(4). To a hexane solution (30 mL) of 4-iodopyrazole (0.177 g, 0.91 experimental details for data collection and refinement, atomic coor-
mmol) was added titanium tetrachloride (0.050 mL, 0.46 mmol). dinates, bond distances and angles, and thermal parameteks 4or
Insoluble orange-red crystals (227 g, 86%) precipitated over 24 h: mp (14 pages). Ordering information is given on any current masthead
229°C dec; IR (Nujol, cm?) 3410 (w), 3318 (s), 3137 (m), 3128 (M),  page.
1662 (w), 1509 (w), 1463 (m), 1375 (s), 1321 (m), 1053 (s), 1026 (m),
971 (s), 941 (s), 903 (s), 871 (m), 832 (m), 793 (W), 747 (m), 738 (m), 1C961468Z
719 (m), 696 (m), 673 (s), 650 (s), 589 (s).

(13) Sheldrick, G. SHELXTL. InstitutfuAnorganische Chemie, @mgen,
(12) Elguero, J.; Gonzalez, E.; JacquierBrll. Soc. Chim. Fr1968 707. Germany.






