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HRh(CO)2[t12-MeC(CH2PPh2)3] (2), containing a free 
phosphine arm (Scheme I). 

The exact coordination mode of the triphos ligand in 2 
was established by high-pressure NMR spectroscopy. The 
31P NMR spectrum of 1 (0.05 mmol) in 1.8 g of THF-$ 
shows a doublet a t  18 ppm (JRh-P = 118 Hz; Figure 21, 
indicating three chemically equivalent -CH,PPh2 arms 
bonded to rhodium.2d When the solution was charged with 
450 psi of H2/C0 (l : l) ,  the intensity of the doublet de- 
creased and two new resonances appeared (Figure 2), a 
doublet at 15.9 ppm (JRh-p = 113 Hz) and a singlet at -26.8 
ppm, with relative intensities of 2:1, respectively. These 
resonances are assigned to an v ~ - M ~ C ( C H ~ P P ~ ~ ) ~  ligand 
in 2, which has one -CH2PPh2 arm not bonded to the 
rhodium. When the pressure was increased to 900 psi, the 
relative intensity of the doublet a t  18.0 ppm further de- 
creased and the intensity of the resonance assigned to 
T ~ - M ~ C ( C H ~ P P ~ ~ ) ~  proportionally increased. Measure- 
ments of the equilibrium between 1 and 2 are in progress. 
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In conclusion, we have established by high-pressure IR 
and NMR spectroscopy that the tripodal ligand MeC- 
(CH2PPh2)3 can readily undergo reversible dissociation of 
one of its phosphine arms under hydroformylation con- 
ditions. The arm-off dissociation can rationalize the low 
n l i  selectivities frequently observed in the catalytic hy- 
droformylation of olefins using triphos-modified rhodium 
catalysts.2eq6 The coordination of the v2-MeC(CH2PPh2), 
ligand to rhodium is similar to that of t12-Ph2P(CH2),PPh2, 
and bis(dipheny1phosphino)alkane-modified rhodium hy- 
droformylation catalysts are known to give low n / i  ratios.' 

Acknowledgment. The very careful technical work by 
Raymond A. Cook is gratefully acknowledged. 

(6) Our results on the hydroformylation of hexene-1 at 100 OC and 450 
psi of HP/CO pressure using 1 as catalyst were very similar to those 
reported by Bianchini and co-workers.2e 
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Summary: Treatment of ( 1,3-bis(trimethylsilyl)cyclo- 
pentadieny1)tiinium trichloride with silver triflate (1 equiv) 
and acetylacetone RCOCH,COR (2 equiv, R = CH,, 'Bu, 
CF,) in dichloromethane affords the triflate complexes 
[( 1 ,3-C5(Si(CH3),),H,)Ti(CH3COCHCOCH,),I 'TfO-, [( 1,3- 
C5(Si(CH,),),H,)Ti~BuCOCHCOtBu)2]+TfO-, and [( 1,342,- 
(Si(CH3)3)2H,)Ti(CF,COCHCOCF3)20Tf] . Similar reactions 
using ( 1,2,4-tris(trimethylsilyl)cyclopentadienyl)titanium 
trichloride and RCOCH,COR (R = 'Bu, CF,) give [(1,2,4- 
C5(Si(CH3)3)3H2)Ti('BuCOCHCOiBu)2]+TfO- and [( 1,2,4- 
C5(Si(CH,)3)3H2)Ti(CF3COCHCOCF3)20Tf] . These com- 
plexes exhibit modest to excellent solubility in alkane and 
perfluoroalkane solvents and demonstate that ionic com- 
plexes can be solubilized into even the most nonpolar 
solvents with the appropriate choice of ligands. The ionic 
versus molecular nature of the complexes has been es- 
tablished through crystal structure determinations for 
[( 1 ,3-C5(Si(CH,),),H,)Ti(CH3COCHCOCH3)2] 'TfO- and 
[ (1 ,3-C5(Si(CH3),),H,)Ti(CF3COCHCOCF,),OTf] . 

Cationic transition-metal complexes possessing an 
available coordination site promote a number of important 
reactions, including olefin polymerizations,2 alkene and 
alkyne  hydrogenation^,^ and many othersa4 The high 
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reactivity associated with these complexes arises a t  least 
in part from the enhanced electrophilicity of the metal 
center, which favors strong coordination of the organic 
fragments. However, the extreme Lewis acidity of the 
cationic site can lead to variety of deactivation processes, 
including atom abstraction from a reactive solvent5 and 
strong coordination of the solvent required to solubilize 
an ionic complex.6 For these reasons, it  would often be 
desirable to conduct catalytic transformations in solvents 
of low nucleophilicity and reactivity, such as saturated 
alkanes or perfluoroalkanes. Unfortunately, cationic 
transition-metal complexes tend to be rigorously insoluble 
in such media. We have therefore sought to develop lig- 
ands for cationic complexes that boost solubility in non- 
polar solvents without kinetically deactivating the resultant 
species.' In this context, we report the synthesis, struc- 
ture, and solubility of complexes of the formula [ (t15-C5- 
(S~(CH,)J,H,)T~(~C~C)~]+OT~ (n = 2,3; acac = CH,, CF,, 
and tBu 2,4-disubstituted acetylacetonates). These com- 
plexes exhibit modest to excellent solubility in alkane and 
perfluoroalkane solvents and demonstrate that ionic com- 
plexes can be solubilized into even the most nonpolar 
solvents with the appropriate choice of ligands. 

(4) For leading references, see: Beck, W.; Siinkel, K. Chem. Rev. 1988, 
88, 1405. 

(5) Jordan, R. F.; LaPointe, R. E.; Bajgur, C. S.; Echola, S. F.; Willett, 
R. J. Am. Chem. Soc. 1987, 109, 4111. 

(6) For examples of solvent coordination by cationic organometallic 
Lewis acids, see: Kulawiec, R. J.; Crabtree, R. H. Coord. Chem. Reu. 1990, 
99,89. Colsman, M. R.; Newbound, T. D.; Marshall, L. J.; Noirot, M. D.; 
Miller, M. M.; Wulfsberg, G .  P.; Frye, J. S.; Anderson, 0. P.; Straws, S. 
H. J. Am. Chem. Soc. 1990,112,2349. Fernandez, J. M.; Gladysz, J. A. 
Organometallics 1989,8,207. Boyle, P. F.; Nicholas, K. M. J. Organomet. 
Chem. 1976,114,307. Ferguson, J. A.; Meyer, T. J. Inorg. Chem. 1971, 
io in25 - - , - - 

(7) (a) Winter, C. H.; Kampf, J. W.; Zhou, X.-X. Acta Crystallogr., 
Sect. C: Cryst. Struct. Commun. 1990, C46, 1231. (b) Winter, C. H.; 
Zhou, X.-X.; Dobbs, D. A.; Heeg, M. J. Organometallics 1991,10, 210. (c) 
Winter, C. H.; Dobbs, D. A,; Zhou, X.-X. J. Organomet. Chem. 1991,403, 
145. 

0 1991 American Chemical Society 



3800 Organometallics, Vol. 10, No. 11, 1991 Communications 

0 

Figure 1. Perpective view of 1. Selected bond lengths (A) and 
angles (deg): Ti-O(1) 1.951 (4), Ti-0(2) 1.958 (4), Ti-0(3) 1.971 
(4), Ti-0(4) 1.969 (4), Ti-C(11) 2.379 (5), Ti-C(12) 2.340 (5), 
Ti-C(13) 2.369 (5), Ti-C(14) 2.357 (5), Ti-C(15) 2.371 (5); 0- 
(l)-Ti?(2) 83.0 (2), O(l)-Ti-0(3) 136.8 (l), 0(1)-Ti-0(4) 82.0(2), 
0(2)-Ti-0(3) 81.4 (2), 0(2)-Ti-0(4) 136.5 (l), 0(3)-Ti-0(4) 82.2 
(2). 

Treatment of (1,3-bis(trimethylsilyl)cyclopentadienyl)- 
titanium with silver triflate (1.0 equiv) and 
acetylacetone RCOCH2COR (2 equiv, R = CH,, tBu, CF,) 
in refluxing dichloromethane for 4-10 h afforded the 
t r i f la te  complexes [ (1,3-C5(Si(CH3)3)2H3)Ti- 
(CH3COCHCOCH3)2]+TfO- (1, 76%), [(1,3-C5(Si- 
(CH,),)2H3)Ti(tBuCOCHCOtBu)2]+TfO- (2, 71 % 1, and 
[ (1 ,3-C5(Si(CH3)3)2H3)Ti(CF3COCHCOCF3)20Tfl (3,8370 ; 
eq 1). Similar reactions using (1,2,4-tris(trimethylsilyl)- 

,Ti, 
CI I CI 

CI 

+ R UR + AgOS02CF, 

2.0 equiv 1.1 equiv 

+ 

CH~CIP 

4-10 h 

- 
reflux 

3 n.2 
5 n = 3  

cyclopentadieny1)titanium trichloridesb and RCOCHzCOR 
(R = tBu, CF3) afforded [ (1,2,4-C5(Si(CH3)3)3H2)Ti(tBu- 
COCHCOtBu),]+TfO- (4, 68%) and [(1,2,4-C5(Si- 
(CH3)3)3H2)Ti(CF3COCHCOCF3)20Tfl (5, 76%; eq 2). 
Complexes 1,2, and 4 could be handled in air for several 
hours without noticeable effect, while 3 and 5 rapidly 
decomposed upon exposure to ambient atmosphere. 
Structures were assigned on the basis of 'H and 13C NMR 
and IR spectroscopy, mass spectrometry, and microana- 
lytical data.g 

The crystal structures of 1 and 3 were determined to 
understand the bonding involved in these complexes.1° 
Figures 1 and 2 show perspective views of 1 and 3, re- 

(8) (a) Jutzi, p.; Kuhn, M. J. Organomet. Chem. 1979, 173, 221. (b) 
Okuda, J.; Herdtweck, E. Inorg. Chem. 1991,30, 1516. 

(9) The supplementary material contains full spectral and analytical 
data for 1-5. 

(10) Crystal data for 1: C n H g  07SSi,Ti, monoclinic crystal system, 
space group F??,/n, a = 10.612 (3) 1, b = 20.199 (7) A, c = 14.567 (5)  A, 
,3 = 104.27 (5)O, V = 3026 (1) AS, Z = 4, doled = 1.327 g/cm3, 8/20 scanning 
technique, refined in a full matrix with the programs of SHELX-76, R = 
0.055. Crystal data for 3 CnHDF, 07SSi2Ti, monoclinic crystal system, 
space group R d n ,  a = 10.512 (3) 1, b = 15.469 (7) A, c = 21.386 (5).A, 
6 = 92.55 (2)O, = 3474 (2) A3, Z - 4, ddd = 1.569 g/cm3, el2e scanning 
technique, refined in a full matrix with the programs of SHELX-76, R = 
0.078. 
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Figure 2. Perspective view of 3, with acac fluorines omitted for 
clarity. Selected bond lengths (A) and angles (deg): Ti-00) 2.007 
(5), Ti-0(2) 2.168 (5), Ti-0(3) 2.052 (5), Ti-0(4) 2.027 (6), Ti-0(5) 
2.018 (5), Ti-C(l) 2.412 (7), Ti-C(2) 2.363 (7), Ti-C(3) 2.357 (7), 
Ti-C(4) 2.379 (8), Ti-C(5) 2.417 (7); 0(1)-Ti-0(2) 79.3 (2), 0- 
(l)-Ti-O(3) 152.9 (2), 0(1)-Ti-0(4) 93.8 (2),0(1)-Ti-0(5) 88.9 
(2), 0(2)-Ti-0(3) 73.9 (2), 0(2)-Ti-0(4) 74.3 (2), 0(2)-Ti-0(5) 
77.2 (2), 0(3)-Ti-0(4) 82.8 (2), 0(3)-Ti-0(5) 81.5 (2), 0(4)-Ti- 
O(5) 150.3 (2). 

Table I. Solubilities" of 1-5 in Cyclohexane and 
Perfluoromethvlcsclohexane 

perfluoromethyl- 
cyclohexane cyclohexane 

g/ 100 complex Mb g/lOO mLC Mb mLc 

1 0.008 0.5 -0.0 -0.0 
2 0.020 1.5 0.0004 0.03 
3 0.060 4.9 0.0085 0.70 
4 0.030 2.5 0.0007 0.06 
5 >0.25 >22 0.017 1.5 
(1,3-C~(Si(CH3)3)2H3)- 0.10 3.7 0.017 0.62 

Solubilities determined as saturated solutions at 23 "C. 
Solubilities expressed in g/ 100 

mL. 

spectively, along with selected bond lengths and angles. 
Complex 1 is ionic in the solid state, with the triflate ox- 
ygens being >4 A from titanium. The cyclopentadienyl 
ligand is bonded to titanium in a q5 fashion, with an av- 
erage titanium-carbon distance of 2.36 A. The titanium- 
acetylacetonate oxygen distances average 1.96 A. A notable 
feature is the large empty coordination site that is trans 
to the cyclopentadienyl ligand. The angle between the 
planes of the acetylacetonate ligands (defined by Ti, O(l), 
O(2) and Ti, 0(3), O(4)) is 122O, which indicates the size 
of the open site. Complex 3, in contrast, is molecular in 
the solid state and exists in an approximately octahedral 
geometry. One diketonate ligand spans an axial and 
equatorial site, while the other is bonded to two equatorial 
sites. The cyclopentadienyl ligand is bonded in a normal 
q5 fashion, with an average titanium-carbon bond length 
of 2.38 A. The three equatorial titanium-oxygen bonds 
(Ti-O(l), Ti-0(3), Ti-0(4)) range between 2.01 and 2.05 
A, while the axial Ti-O(2) bond length is 2.168 (5) A. The 
titanium-triflate oxygen distance is 2.018 (5) A. The 
molecular nature of 3 can be rationalized on the basis of 
the increased Lewis acidity imparted by the trifluoro- 
methyl substituents. 

Table I lists the solubilities of complexes 1-5 in cyclo- 
hexane and perfluoromethylcyclohexane. The ionic com- 
plexes 1,2, and 4 exhibit solubilities of 0.008,0.020, and 
0.030 M in cyclohexane, while in the less polar perfluoro- 
methylcyclohexane these values are -0,0.0004, and 0.0007 
M, respectively. For 4, these values translate into solu- 
bilities of 2.5 g/ 100 mL in cyclohexane and 0.06 g/ 100 mL 
in perfluoromethylcyclohexane. The molecular complexes 

TiC13 

Solubilities expressed in mol/L. 
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3 and 5 are far more soluble than the ionic complexes, as 
exemplified by their solubilities of 0.060 and >0.25 M in 
cyclohexane and 0.0085 and 0.017 M in perfluoromethyl- 
cyclohexane, respectively. For 5, this indicates solubilities 
of >22 g/100 mL in cyclohexane and 1.5 g/100 mL in 
perfluoromethylcyclohexane. Addition of a third tri- 
methylsilyl group leads to a significant increase in solu- 
bility, although the diketonate substituents also clearly 
play a role in solubility enhancement. 

To the best of our knowledge, 1,2, and 4 represent the 
first examples of cationic transition-metal complexes 
bearing an open coordination site that possess substantial 
solubilities in alkane and perfluoroalkane solvents. These 
species are probably tightly ion-paired in these media but 
still appear to be ionic, since the molecular complexes 3 
and 5 exhibit considerably higher solubilities. The results 
of this study provide a rational basis for increasing the 
solubility of transition-metal complexes in nonpolar media 
through the use of polysilylated cyclopentadienes and 

substituted acetylacetonates. The fact that the worst case 
scenario (i.e., cationic complex solubility in cyclohexane 
and perfluoromethylcyclohexane) is easily achieved implies 
that simple ligand modification should allow the use of less 
reactive nonpolar solvents in cases where solvent coordi- 
nation or reactivity is a problem. The extensive reaction 
chemistry of 1-5 will be reported in due course. 
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Summary: Reaction of NbCI,(DMEXPhmMe) with KTp‘ 
in THF produces a high yield of Tp‘NbCI,(PhC=CMe). 
The solid-state structure of Tp’NbCI,(PhCsMe) has the 
alkyne ligand in the molecular mirror plane, and NMR data 
are compatible with retention of this alkyne orientation in 
solution. 

Alkyne orientation is an important parameter in alkyne 
coordination chemistry. This informative probe, which has 
been particularly well studied in the field of four-electron 
alkyne ligands,* reflects the influence of both electronic 
and steric interactions. 

Consider the geometries found for the extensive family 
of Cp’MX,(RC=CR’) complexes (Cp’ = T ~ - C ~ H + ~ M ~ , ;  M 
= Nb, Ta; X = halide, alkyl, alkoxy; R or R’ = alkyl, aryl). 
For all but one category of alkyne, namely benzyne ligands, 
the alkyne has been shown to lie parallel to the cyclo- 
pentadienyl ring and perpendicular to the molecular mirror 
plane in the solid state; spectral data are compatible with 
retention of this alkyne orientation in so lu t i~n .~J  An 
exception was revealed by the X-ray structure of (a5- 

t Present address: Laboratoire de Chimie de Coordination du 
CNRS, 205 route de Narbonne, 31077 Toulouse Cedex, France. 
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C5Me5)TaMe2(C6H,),4 where benzyne lies in the molecular 
mirror plane (“vertical”), and the low barrier to rotation, 
less than 9 kcal mol-’, yields an average NMR signal for 
the ends of the alkyne even at  -80 “C. For the whole series, 
the barrier to alkyne rotation about the metal-alkyne bond 
is low (ca. 111 kcal mol-’).% We report here the synthesis 
and structure of tris(3,5-dimethylpyrazolyl)borate (Tp’) 
derivatives of niobium of the type Tb’NbX2(PhC=CMe) 
that exhibit the vertical alkyne orientation as their 
ground-state geometry. 

Reaction of NbCl,(DME)(PhC=CMe) (synthesized 
according to the method of Hartung and Pedersen5) with 
1 equiv of KTp’ in THF overnight proceeds smoothly to 
give a red solution from which red crystals of Tp’NbC12- 
(PhC=CMe) (1) are isolated in 80% yield after workup 
(eq 

NbC13(DMe)(PhCECMe) + KTp’ - Tp’NbClp(PhC=CMe) + KCI 
1 

H (1) 

(4) (a) McLain, S. J.; Schrock, R. R.; Sharp, P. R.; Churchill, M. R.; 
Youngs, W. J. J. Am. Chem. SOC. 1979, 101, 263. (b) Churchill, M. R.; 
Youngs, W. J. Inorg. Chem. 1979, 18, 1697. 

(5) Hartung, J. B.; Pedersen, S. F. Organometallics 1990, 9, 1414 
(DME = dimethoxyethane). 

0276-7333/91/2310-3801$02.50/0 0 1991 American Chemical Society 


