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assess the extent and the chemical consequences of such 
interactions. 

Acknowledgment. This research was supported by 
NATO Collaborative Research Grants RG 86/0553 and 
83/983, by the US Department of Energy, Grant DE- 

1989,8, 1785-1790 1785 

FG02-84ERl3299.AO04, and by Natural Sciences and 
Engineering Research Council of Canada, Grant A6659. 
We thank Professor Roald Hoffmann for constructive 
comments and Mr. F. De Zuane for technical assistance. 

Registry No. 1, 83705-04-8; 2, 83705-05-9. 

Synthesis of 
[ $4 Diphenylphosphino)cyclopentadienyl][ #-(diphenyl- 

phosphino)cycloheptatrienyl]titanium and Its Utility in the 
Formation of Heterobimetallic Complexes: The Molecular 

Structure of 
Tetracarbonyl( [ q5-( dip henylphosphino)cyclopentadienyl] [ #-( di- 

phenylphosphino)cycloheptatrienyl]titanium-P ,P')chromium 
Hemitoluene Solvate 

Lawrence B. Kool,' Masao Ogasa,* and Marvin D. Rausch" 

Department of Chemistry, University of Massachusetts, Amherst, Massachusetts 0 1003 

Robin D. Rogers" 

Department of Chemistry, Northern Illinois University, DeKalb, Illinois 60 1 15 

Received January 5, 1989 

Treatment of (q5-C5H5)(s7-C7H7)Ti with 2.4 equiv of n-BuLilTMEDA followed by reaction with PhzPCl 
has afforded the titanium diphosphine complex (~5-C5H4PPhz)(~7-C7H6PPhz)Ti (5) in high yield. Complex 
5 reacts with a variety of metal carbonyls in refluxing toluene to produce a series of chelated heterobimetallic 
compounds, including [ (q5-C5H4PPhz)(s7-C7H6PPh2)Ti]M(C0)4 [M = Cr (6); Mo (7)], [ (q5- 
C5H4PPh2) (s7-C7H6PPh2)Ti] (s5-C5H5Co) (81, and [ (s5-C5H4PPh2)(s7-C7H6PPhZ)Ti]Fe(C0)3 (9). 31P NMR 
spectra of both 7 and 9 indicate phosphorus-phosphorus coupling as a result of coordination to the same 
metal atom. The crystal structure of the hemitoluene solvate of 6 has been carried out. It crystallizes 
in the triclinic space group Pi with (at -150 "C) a = 10.478 (6) A, b = 11.012 (7) A, c = 17.679 (8) A, CY 

= 82.05 (5)", 6 = 79.39 (5)O, y = 84.01 (5)", and D d d  = 1.31 g cm-3 for 2 = 2. A toluene molecule is disordered 
about a center of inversion. The phosphino groups are both on the same side and coordinated to the Cr 
atom (Cr-P(average) = 2.43 (2) A). The Ti-C(s7) and Ti-C(s5) distances average 2.19 (1) and 2.31 (2) A, 
respectively, with an observed Cent(C5)-Ti-Cent(C7) angle of 173.5". The parent compound 5 was also 
crystallographically characterized. 5 is monoclinic, P2,/c,  with (at 20 "C) a = 8.611 (3) A, b = 18.633 (5) 
A, c = 9.110 (3) A, p = 98.02 (3)", and Dcdcd = 1.31 g cm-3 for 2 = 2. The molecule is disordered about 
a crystallographic center of inversion; the phosphorus atoms thus are trans to one another. Important 
parameters include Ti-C(s7) = 2.19 (5) A (average), Ti-C(s5) = 2.34 (3) A (average), and Cent(C5)-Ti-Cent(C7) 
= 175.8". 

Introduction metals, since such systems might exhibit cooperative re- 
There is currently considerable interest in the synthesis, 

properties, and structures of heterobimetallic compounds 
in which the two metals are held in close proximity by 
heterodifunctional  ligand^.^^^ Studies have focused es- 
pecially on complexes that contain both early (electron- 
deficient) and middle or late (electron-rich) transition 

(1) Current address: Department of Chemistry, Boston College, 
Chestnut Hill, MA 02167. 

(2) On sabbatical leave from the Corporate Research Institute, Sekisui 
Chemical Co., Ltd., Osaka, Japan, 1987-1989. 

(3) Bullock, R. M.; Casey, C. P. Acc. Chem. Res. 1987, 20, 167. See 
also references cited therein. 

also references cited therein. 
(4) White, G. R.; Stephan, D. W. Organometallics 1988, 7, 903. See 

a ~ t i v i t y . ~ , ~  While heterobimetdlics with a wide variety of 
bridging ligands are now known, some of the most readily 
accessible systems are those derived from metallocene-type 
units that  contain two symmetrically positioned di- 
phenylphosphino substituents. These compounds may be 
regarded as chelating diphosphines that are linked by an 
organometallic moiety. Subsequent reactions with metal 
carbonyls or with transition-metal halides lead directly to 
heterobimetallic compounds in which the two phosphine 
units become chelated to the second metal. 1,l'-Bis(di- 
phenylphosphino) derivatives of ferrocene,"1° cobaltoc- 

(5) Whitesides, G. M.; Gaasch, J. F.; Stedronsky, E. R. J. Am. Chem. 
SOC. 1972, 94, 5258. 
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ene," cobaltocenium ion,I zirconocene dichloride,12 and 
bi~(q~-benzene)chromium'~ have been converted to het- 
erobimetallic compounds in this manner, and the prop- 
erties and structures of the resulting products have been 
examined. 

Of particular relevance to the present investigation was 
the report by Tikkanen and co-workers12 that 1,l'-bis- 
(dipheny1phosphino)zirconocene dichloride (1) reacted 

Organometallics, Vol. 8, No. 7, 1989 Kool et al. 

neuf and co-workers have prepared the monophosphine 
derivative 4 and demonstrated that it was capable of co- 
ordinating to other transition metals.16 

In this paper, we describe the preparation and properties 
of the new bidentate organometallic compound [q5-(di- 
phenylphosphino)cyclopentadienyl] [ q 7 - (  diphenyl-  
phosphino)cycloheptatrienyl]titanium ( 5 )  and its reactions 

Ph2p-% 

1 2 

with (~4-norbornadiene)tetracarbonylmolybdenum to 
produce tetracarbonyl{ bis [ (dipheny1phosphino)cyclo- 
pentadienyl]dichlorozirconium-P,P?molybdenum (2), 
whose molecular structure was determined by X-ray dif- 
fraction techniques. The structure of 2 was remarkable 
in that, despite chelation of the molybdenum atom by 1, 
the coordination spheres of both metals showed only 
slightly distorted pseudotetrahedral and octahedral geom- 
etry, presumably because 1 could undergo rotation of the 
two canted cyclopentadienyl rings to find the least steri- 
cally hindered conformation upon coordination. 

In order to further examine the structures and reactiv- 
ities of heterobimetallic compounds of this general type, 
we have initiated a study of analogous systems, including 
( q5-cyclopentadienyl) ( q7-cycloheptatrienyl) titanium (3). 

3 4 

A ,bough 3 has been known since 1970,14 its reaction 
chemistry has not been extensively developed. On the 
other hand, 3 is known to have a sandwich structure15 
(uncommon in group 4 organometallic chemistry), is 
readily synthesized in sizeable quantities,16J7 and can be 
metalated by organolithium reagents.Is Moreover, Dix- 

(6) Mann, K. R.; Morrison, W. H., Jr.; Hendrickson, D. N. Inorg. 
Chem. 1974, 13, 1180. 

(7) Rudie, A. W.; Lichtenburg, D. W.; Katcher, M. L.; Davison, A. 
Inorg. Chem. 1978,17, 2859. 

(8) (a) Cullen, W. R.; Kim, T.-J.; Einstein, F. W. B.; Jones, T. Or- 
ganometallics 1983,2, 714. (b) Cullen, W. R.; Kim, T.-J.; Einstein, F. W. 
B. Organometallics 1985, 4, 346. (c) Butler, I. R.; Cullen, W. R.; Kim, 
T.-J.; Rettig, S. J.; Trotter, J. Organometallics 1985, 4, 972. 

(9) (a) Hayashi, T.; Konishi, M.; Kobori, Y.; Kumada, M.; Higuchi, T.; 
Hirotsu, K. J .  Am. Chem. SOC. 1984,106,158. (b) Hayashi, T.; Kumada, 
M.; Higuchi, T.; Hirotsu, K. J .  Organomet. Chem. 1987, 334, 195. See 
also references cited therein. 

(10) George, T. A.; Tisdale, R. C. J .  Am. Chem. SOC. 1985,107,5157. 
(11) DuBois, D. L.; Eigenbrot, C. W., Jr.; Miedaner, A.; Smart, J. C.; 

(12) Tikkanen, W.; Fujita, Y.; Peterson, J. L. Organometallics 1986, 

(13) Elschenbroich, C.; Stohler, F. Angew. Chem., Int. Ed. Engl. 1975, 

Haltiwanger, R. C. Organometallics 1986, 5, 1405. 

5, 888. 

14. 174. 
(14) Van Oven, H. 0.; DeLiefde Meijer, H. J. J .  Organomet. Chem. 

(15) Zeinstra, J. D.; De Boer, J. L. J .  Organomet. Chem. 1973,54, 207. 
(16) Demerseman, B.; Dixneuf, P. H.; Douglade, J.; Mercier, R. Inorg. 

(17) Demerseman, B. Organomet. Synth. 1986, 3, 27. 

1970, 23, 159. 

Chem. 1982,21, 3942. 

5 

M(CO), 

/ 

C Y P h z  
6 : M = C r  
7 : M - M o  

with a variety of metal carbonyls, leading to chelated 
heterobimetallic compounds. In addition, the molecular 
structure of one of these products, tetracarbonyl( [q5-(di- 
phenylphosphino)cyclopentadienyl] [ q7-(diphenyl-  
phosphino)cycloheptatrienyl]titanium-PQIchromium (6) 
has been elucidated by means of single-crystal X-ray 
diffraction. 

Results and Discussion 
An earlier investigation by Groenboom et al. demon- 

strated that 3 was readily metalated by 1 equiv of n-bu- 
tyllithium in diethyl ether solution a t  0 OC.18 Following 
treatment with iodomethane, 'H NMR examination of the 
reaction mixture indicated that two methylated products 
were formed, viz., (q5-C,H5)(q7-C7H6CH3)Ti and (q5- 
C5H4CH3)(q7-C7H,)Ti, in a ratio of 95:5. The metalation 
of 5 thus takes place preferentially on the seven-membered 
ring. 

Previous studies in our laboratory have shown that  
ferrocene is readily dimetalated by n-butyllithium-TME- 
DA (TMEDA = N,N,",N'-tetramethylethylenediamine) 
and that the resulting dilithium intermediate could be 
converted into heteroannularly disubstituted ferrocenes 
in very high  yield^.'^-^^ It was therefore of interest to 
examine the possible dimetalation of 3 under these con- 
ditions. Accordingly, 3 was added to 2.4 equiv of n-bu- 
tyllithium-TMEDA in hexane solution a t  room tempera- 
ture. A subsequent reaction with chlorodiphenylphosphine 
followed by crystallization of the product from toluene 
produced 5 as blue-green crystals in 93% yield.21 Di- 
phosphine 5 was characterized by elemental analysis, 'H 
NMR spectroscopy, and a 31P NMR spectrum that  ex- 
hibited two sharp singlets a t  6 17.5 and -18.8 ppm. The 
mass spectrum of 5 exhibited an intense peak a t  mle  572 
corresponding to the molecular ion. 

The reaction between equimolar amounts of 5 and 
Mo(CO), in refluxing toluene readily afforded the new 
heterobimetallic compound 7 as light green crystals in 96% 
yield. The mass spectrum of 7 exhibited a molecular ion 
a t  m l e  780 as well as fragmentation peaks resulting from 
loss of each of the carbonyl substituents. The 31P NMR 
spectrum of 7 was notable in that both phosphorus reso- 

(18) Groenboom, C. J.; De Liefde Meijer, H. J.; Jellinek, F. J .  Orga- 
nomet. Chem. 1974, 69, 235. 

(19) Rausch, M. D.; Ciappenelli, D. J. J. Organomet. Chem. 1967,10, 
127. 

(20) Rausch, M. D.; Moser, G. A.; Meade, C. F. J.  Organomet. Chem. 
1973, 51, 1. 

(21) Groenboom et al.18 also briefly investigated the possible di- 
metalation of 3 by n-butyllithium-TMEDA, followed by reaction with 
iodomethane. Under their conditions, (~5-C6H,CH3)(17-C,H6CH3)Ti was 
produced in only relatively low yield and was grossly contaminated by 
the product resulting from monometalation, ($-C,H,) ($-C,H6CH,)Ti. 
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C B  c 1 0  

c 4  

Figure 1. Molecular structure and atom-labeling scheme for 5. 
The  atoms are represented by their 50% probability ellipsoids 
for thermal motion. H atoms were not located. 

nances a t  6 59.2 and 32.2 ppm were deshielded relative to 
the resonances for 5 as a result of coordination. Moreover, 
both resonances appeared as doublets, with a Jp-p coupling 
constant of 29 Hz. This strong phosphorus-phosphorus 
coupling interaction in 7 compared to 5 provides strong 
evidence that  both diphenylphosphino substituents in 7 
are coordinated to the same metal atom. 

A similar reaction between equimolar amounts of 5 and 
Cr(CO)6 produced emerald-green crystals of the chromium 
analogue 6 in 83 % yield. Elemental analysis indicated that 
6 incorporated 0.5 mol of toluene upon crystallization from 
that solvent, and this conclusion has been corroborated by 
results of an X-ray diffraction study (vide infra). 

In an analogous manner, reactions of diphosphine 5 with 
either ( V ~ - C ~ H ~ ) C O ( C O ) ~  or Fe2(C0)9 in refluxing toluene 
gave the new chelated heterobimetallic compounds 8 and 
9 in yields of 98% and 38%, respectively. The titanium- 

I 
T i  

\ 5  

/ C o I q  -C5H5) 

WPh2 
I 
I 

Ti 
\ 
je(C0)3 

WPh2 
8 9 

iron product 9, like 7, exhibited two deshielded resonances 
in its 31P NMR spectrum, and both resonances also ap- 
peared as doublets with Jp-p = 44 Hz. The mass spectrum 
of 9 contained a molecular ion peak a t  m / e  712 as well as 
peaks for losses of each carbonyl substituent. The IR 
spectrum of 9 showed 3 strong terminal carbonyl fre- 
quencies a t  1978, 1917, and 1890 cm-', as would be ex- 
pected for a cis-chelated diphosphine system containing 
a Fe(CO), moiety.22 

Diphosphine 5 as well as the heterobimetatlic derivatives 
6-9 are slightly sensitive in air. However, they can be 
stored for long periods of time under argon at room tem- 
perature. Additional reactions of 5 as well as its dilithium 
precursor are currently under study in our laboratories. 

The molecular structure of 5 is depicted in Figure 1, and 
important bond distances and angles are given in Table 
I. The structure of 5 is disordered about a crystallographic 
center of inversion, and thus only the gross features of the 
structure can be discussed. The most important aspect 
of this molecule that can readily be ascertained is the trans 
orientation of the phosphorus atoms. The P-C(14)-C- 
(14)'-Pa torsion angle is 180' by symmetry. Despite the 
disorder the average Ti-C(s5), Ti-Cent(C5), Ti-C(v7), and 

(22) Manuel, T. A. Inorg. Chem. 1963,2, 854. 

Table I. Bond Distances (A) and Angles (deg) for 
(qS-C5H4PPh2)(q7-C7H6PPh2)Ti 

Bond Distances 
Ti-C (13) 2.18 (2) Ti-C (14) 2.13 (1) 
Ti-C( 15) 2.24 (1) Ti-C( 16) 2.10 (1) 
Ti-C(17) 2.23 (2) Ti-C(18) 2.22 (2) 
Ti-C (19) 2.20 (2) Ti-C( 13)' 2.36 (2) 
Ti-C(2O) 2.31 (2) Ti-C(l4)O 2.34 (1) 
Ti-C(15)= 2.30 (1) Ti-C(l6)O 2.37 (1) 
P-C(l) 1.840 (9) P-C(7) 1.85 (1) 
P-C(14) 1.83 (1) Ti-Centlb 1.45 
Ti-Cent2 1.99 

Bond Angles 
C(l)-P-C(7) 100.9 (4) C(l)-P-C(14) 102.2 (4) 
C(7)-P-C(14) 104.2 (5) Centl-Ti-Cent2 175.8 

"Atoms related to those in Table IV by a crystallographic center 
of inversion. *Cent1 is the centroid of the C7 ring; Cent2 is the 
centroid of the C5 ring. 

Table 11. Bond Distances (A) and Angles (deg) for 
[ (q5-C6H4PPh2) ( W ~ - C ~ H ~ P P ~ ~ ) T ~ ] C ~ ( C O ) ~  0.5C6H&fe 

Bond Distances 
Cr-P(l) 2.445 (4) Cr-P(2) 2.415 (3) 
Cr-C( 1) 1.88 (1) Cr-C(2) 1.82 (1) 
Cr-C(3) 1.85 (1) Cr-C(4) 1.89 (1) 
Ti-C(29) 2.17 (1) Ti-C(30) 2.18 (1) 
Ti-C(31) 2.19 (1) Ti-C(32) 2.19 (1) 
Ti-C(33) 2.22 (2) Ti-C(34) 2.20 (2) 
Ti-C (35) 2.19 (1) Ti-C(36) 2.30 (1) 
Ti-C (37) 2.32 (1) Ti-C(38) 2.33 (1) 
Ti-C(39) 2.33 (1) Ti-C(40) 2.29 (1) 
Centl-Ti" 1.46 Cent2-Ti 1.98 

Bond Angles 
P(l)-Cr-P(2) 99.1 (1) P(l)-Cr-C(l) 87.6 (4) 
P(2)-Cr-C(1) 98.2 (3) P(l)-Cr-C(2) 171.8 (4) 
P(2)-Cr-C(2) 88.8 (4) C(l)-Cr-C(2) 89.0 (6) 
P(l)-Cr-C(3) 87.9 (5) P(2)-Cr-C(3) 171.0 (4) 
C(l)-Cr-C(3) 87.7 (5) C(2)-Cr-C(3) 84.6 (6) 
P(l)-Cr-C(4) 98.5 (4) P(2)-Cr-C(4) 83.9 (3) 
C(l)-Cr-C(4) 173.1 (6) C(2)-Cr-C(4) 84.5 (6) 
C(3)-Cr-C(4) 89.4 (5) Centl-Ti-Cent2 173.5 

OCentl is the centroid of the C7 ring; Cent 2 is the centroid of 
the C5 ring. 

C26 

Figure 2. Molecular structure of 6. The solvent molecule is not 
shown. 

Ti-Cent(C,) distances of 2.34 (3), 1.99, 2.19 (51, and 1.45 
A, respectively, are normal. The Cent(C5)-Ti-Cent(C7) 
angle is essentially linear a t  175.8'. 

In the structure of compound 6, depicted in Figure 2, 
the phosphino groups are both on the same side to allow 
coordination to Cr. The P(l)-C(29)-C(36)-P(2) torsion 
angle is only 36.0'. From Table I1 the Cr-P distances 
differ by 7.50, 2.445 (4) 8, for Cr-P(l) and 2.415 (3) A for 
P(2). The corresponding trans carbonyls are also slightly 
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different [Cr-C(2) = 1.82 (1) A, Cr-C(3) = 1.85 (1) A], the 
shorter of the two trans to the longer Cr-P(l) separation. 
The remaining two carbonyls are longer with an average 
Cr-C distance of 1.88 (1) A. The average Ti-C(q5), Ti- 
Cent(C5), Ti-C( v7) ,  Ti-Cent( c,), and Cent(C5)-Ti-Cent- 
(C,) values are 2.31 (21, 1.98, 2.19 (l), 1.46 A, and 173.5", 
respectively. 

An interesting variation in the deviation of the phos- 
phorus atoms from their respective ring planes has been 
observed. In 5,  the C5 ring is planar to within 0.021 A and 
the phosphorus atom deviates out of this plane 0.048 8, 
away from the Ti  center. Similarly, the C7 ring is planar 
to within 0.032 A, and again the phosphorus atom deviates 
away from Ti out of the plane by 0.098 A. In 6, however, 
the bending is different. P(2) bonded to the C5 ring de- 
viates from the plan of this ring 0.09 A away from the Ti 
center, while P(1) deviates from the C7 plane toward Ti 
by 0.19 A. It is P(1) that exhibits the longer Cr-P ap- 
proach. 

I t  is fairly evident that the coordination or lack thereof 
of the attached phosphino groups does not have much of 
an effect on the bonding of the C5 and C7 rings to the 
titanium atom. Comparison of the Ti-C(q5), Ti-Cent(C,), 
Ti-C(q7), Ti-Cent(C,), and Cent(C5)-Ti-Cent(C7) param- 
eters for 5 ,  6, (q5-C5H5)(v7-C7H7)Ti (3),15 (q5-C5Me5)(v7- 
C,H7)Ti,23-25 and [ (v5-C5H5) (v7-C7H6PPh2)Ti]Mo(CO)5- 
C6H5CH316 reveals all of these parameters to be identical 
within 30. 

Kool et al. 

solution resulted, from which light blue-green crystals formed as 
the solution was slowly cooled to  -20 "C (2.6 g, 93%); mp 90 "C 
dec. Anal. Calcd for C3,H38,Ti: C, 75.53; H,  5.28. Found: C, 
75.38; H, 5.35. 'H NMR (toluene-d,): 6 5.09 (m, 2 H, C5H4), 5.22 
(m, 2 H, C5H4), 5.45-5.65 (m, 6 H, C7H6), 7.0-7.5 (m, 20 H,  Ph). 
31P NMR (toluene-d8, 18 "C): 6 -18.8 (s), 17.5 (s). MS: m / e  572 

[ (q5-C5H4PPh2)(q7-C7H6PPhz)]Mo(C0)4 (7). A solution of 
(q5-C5H4PPhz)($-C7H6PPh2)Ti (1.18 g, 2.06 mmol) and MO(CO)~ 
(0.54 g, 2.0 mmol) in 75 mL of toluene was allowed to reflux until 
gas evolution ceased (ca. 1 h). The solution was filtered while 
hot through filter-aid and was slowly cooled to 0 "C. The su- 
pernatant liquid was then decanted from light green crystals of 
[ (q5-C5H4PPh2)(q7-C7H6PPh2)]Mo(CO),. Cooling of the decanted 
solution to -20 "C afforded a second crop of crystals. The com- 
bined crops amounted to 1.5 g (96%); mp 110 "C dec. Anal. Calcd 
for C a M 0 4 P 2 M o T i :  C, 61.54; H, 3.87. Found: C, 61.61; H, 4.10. 
'H NMR (CDCl,): 6 5.3-5.6 (m, 10 H,  C5H4 and C7H6), 7.1-7.6 
(m, 20 H, Ph). 31P NMR (CDCI,): 6 59.2 (d, Jp-p = 29 Hz), 32.2 
(d, J P - ~  = 29 Hz). IR (KBr): vco 2020 (s), 1865 (br) cm-'. MS: 
m/e  780 (M+), 752 (M - CO)+, 724 (M - 2 CO)+, 696 (M - 3 CO)+, 

[(q5-C5H4PPh2)(q7-C7H$Ph2)Ti]Cr(Co), (6). A solution of 
(q5-C5H4PPh2)(q7-C7HsPPh2)Ti (400 mg, 0.7 mmol) in 30 mL of 
toluene was treated with Cr(CO)6 (150 mg, 0.7 mmol). The re- 
action mixture was allowed to reflux for 30 h, during which time 
it became dark green. The solution was then filtered while hot 
and allowed to cool slowly to room temperature. After 24 h, 
emerald-green crystals of [ (q5-C5H4PPh2)(v7-C7H6PPh2)Ti]Cr(C0)4 
had formed (430 mg, 83%). The complex incorporates 0.5 mol 
of toluene/mol of 6 upon crystallization. Anal. Calcd for 
C40H3004P2CrTi-1/2C7H8: C, 66.76; H,  4.38. Found: C, 66.77; H,  
4.35. 'H NMR (toluene-de): 6 4.9-5.8 (m, 10 H, C5H4 and C7H6), 
7.6-8.0 (m, 20 H,  Ph). IR (KBr): 6co 2010 (s), 1870 (br) cm-'. 

[ (q5-C5H4PPhz)(q7-C7H6PPh2)Ti](q5-C5H5)Co (8). The com- 
plexes (q5-C5H4PPh2)(a7-C7H6PPh2)Ti (1.00 g, 1.75 mmol) and 
( T ~ - C ~ H ~ ) C O ( C O ) ~  (0.30 g, 1.7 mmol) were dissolved in 50 mL of 
toluene and heated under gentle reflux for 20 h. The hot solution 
was filtered and cooled to room temperature. The solution was 
concentrated to ca. 20 mL, a layer of pentane was carefully added, 
and the mixture was cooled to -20 "C. A red solid deposited, from 
which the supernatant liquid was decanted. The residue was 
redissolved in toluene and passed through a 5 X 5 cm column of 
5% deactivated alumina. The solvent was removed in vacuo, 
depositing 1.16 g (98%) of [(v5-C5H4PPh2)(v7-c7H6PPh2)- 
Ti]($'-CjH5)Ti as a red solid. The complex incorporates 0.5 mol 
of toluene/mol of 8 in crystallization. Anal. Calcd for 
C41H35PzCoTi~i/2C7H8: C, 72.36; H,  4.78. Found: C,  72.16; H,  

(M+). 

668 (M - 4 CO)+. 

4.71. 'H NMR (C6D6): 6 4.57, 4.63 (m, 4 H, C5H4), 5.11 (s, 5 H, 
C5H5), 5.52 (m, 6 H, C7H6), 7.12, 7.23 (m, 20 H, C6H5). 
[(q5-C5H4PPh2)(q7-C~H6PPh2)Ti]Fe(C0)3 (9). A solution of 

(q5-C5H,PPh2)(v7-C7H6PPh2)Ti (0.68 g, 1.19 mmol) and Fe2(C0)9 
(0.43 g, 1.18 mmol) in 100 mL of toluene was allowed to reflux 
for 56 h. The hot solution was filtered, and the solvent was 
removed in vacuo. The residue was redissolved in a mixture of 
hexane/toluene, and the solution was chromatographed under 
argon on alumina. Elution with 1:3 hexane/toluene followed by 
pure toluene removed a dark green band. The solution was 
concentrated, a layer of pentane was carefully added, and the 
mixture was cooled to -20 "C, producing [(q5-C5H4PPh2)(v7- 
C7H6PPh2)Ti]Fe(C0), as a green solid. The supernatant liquid 
was decanted, concentrated, and cooled to afford a second crop 
of solid. The combined crops weighed 0.32 g (38%). Anal. Calcd 
for C39H3003P2FeTi: C, 65.75; H,  4.24. Found: C, 65.55; H, 4.33. 
'H NMR (toluene-d,):. 6 5.31 (m, 4 H, C5H4), 5.4-5.7 (m, 6 H,  

(d, Jp-p = 44 Hz), 86.6 (d, Jp_p = 44 Hz). IR (toluene): vc0 1978, 
1919,1890 cm-'. MS: m / e  712 (M'), 684 (M - CO)", 656 (M - 
2 CO)', 628 (M - 3 CO)', 572 [M - Fe(CO),]+. 

X-ray Data Collection, Structure, Determination, and 
Refinement for 5 and 6. Compound 5 was mounted in a thin- 
walled glass capillary, and data were collected a t  20 "C. A 
transparent single crystal of 6 was mounted on a pin and 
transferred to the goniometer. This crystal was cooled to -150 
"C during data collection using a stream of cold nitrogen gas. The 
space group was 5 was uniquely determined to be F'2,/c from the 

C7H6), 7.3-7.8 (m, 20 H,  C6H5). ,'P NMR (toluene-d8): 6 62.5 

Experimental Section 
All operations were carried out under an argon atmosphere by 

using standard Schlenk or vacuum line techniques, except where 
specified. Argon was deoxygenated with activated BTS catalyst 
and dried with molecular sieves and phosphorus pentoxide. 
Diethyl ether, pentane, and toluene were distilled under argon 
from sodium-potassium alloy. N,N,N',N'-Tetramethyl- 
ethylenediamine (TMEDA) was obtained from Aldrich Chemical 
Co. and was dried and distilled from calcium hydride. NMR 
spectra were recorded on a JEOL FX-SOQ, Varian XL-200, or 
Varian XL-300 spectrometer. IR spectra were recorded on a 
Perkin-Elmer 1310 spectrometer. Mass spectra were obtained 
at 70 eV on a Varian CH7 mass spectrometer. Microanalyses were 
performed by the Microanalytical Laboratory, University of 
Massachusetts, Amherst, MA. Melting points were taken in sealed 
tubes under argon and are  uncorrected. (q5-Cyclo- 
pentadienyl)(v7-cycloheptatrienyl)titanium was prepared by a 
literature procedure.16J7 Neutral grade CAMAG alumina was 
deactivated with degassed water ( 5 % )  before use. 

[ q 5 - (  Diphenylphosphino)cyclopentadienyl][q7-(di- 
phenylphosphino)cycloheptatrienyl]titanium ( 5 ) .  Into a 
200-mL Schlenk flask were placed 60 mL of pentane, 7.7 mL (12 
mmol) of n-butyllithium in hexane, and 2.2 mL (15 mmol) of 
TMEDA. (~5-Cyclopentadienyl)(q7-cycloheptatrienyl)titanium 
(1.0 g, 4.9 mmol) was added over 10 min with stirring. Within 
minutes, the mixture darkened and gas was evolved. Stirring was 
continued for 20 h a t  room temperature, then a room-temperature 
water bath was attached, and chlorodiphenylphosphine (3.7 g, 
17 mmol) was added dropwise via a pipette over a 1-h period. Heat 
was evolved during the addition, although the mixture warmed 
only slightly because of the bath. The mixture was stirred for 
30 min, and then 10 mL of diethyl ether was added. After ad- 
ditional stirring for 2 h a t  room temperature, the solvents were 
removed in vacuo. The residue was extracted with hot toluene 
and filtered while hot through filter-aid. A deep blue-green 

(23) Kool, L. B.; Rausch, M. D.; Rogers, R. D. J. Organomet. Chem. 
1985, 297, 289. 

(24) Sheldrick, G. M.; SHELX76, a system of computer programs for 
X-ray structure determination as locally modified, University of Cam- 
bridge, England, 1976. 

( 2 5 )  International Tables of Crystallography; Kynoch Press: Bir- 
mingham, England, 1974; Vol. IV, pp 72,99, 149 (Present distributor: D. 
Reidel, Dordrecht). 
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Table V. Final Fractional Coordinates for 
[ (#-C5H4PPh2) ($-C7H6PPh2)Ti]Cr(CO)4 0.5C6H,Me 

atom x / a  Y l b  z /c  B(eq): A2 

Table 111. Crystal Data and Summary of Intensity Data 
Collection and St ruc ture  Refinement 

5 6 
color/shape green/parallelepiped green/parallelepiped 
fw 572.5 782.6 
space group f l l / C  Pi 
temp, "C 20 -150 
cell constantsa 

a, A 8.611 (3) 10.478 (6) 
18.633 (5) 11.012 (7) 

17.679 (8) 
b, A 
c ,  A 9.110 (3) 
a, deg 82.05 (5) 
P, deg 98.02 (3) 79.39 (5) 
79 deg 84.01 (5) 

cell vol, A3 1447 1979.2 
formula units/unit 2 2 

cell ~ ~ ~~ 

Dcalcd? g cm-3 1.31 1.31 

diffractometer/scan Enraf-Nonius CAD-4/0-20 
radiatn, graphite 

Wcdcd, cm" 3.80 5.44 

Mo K a  ( A  = 0.71073 A) 
monochromator 

max cryst dimens, 
mm 

scan width 
std reflctns 
decay of std 
reflctns measd 
20 range, deg 
range of h,k,l 
reflctns obsd 
computer 

programsc 
struct soln 
no. of parameters 

varied 
weights 
GOF 

0.13 X 0.30 X 0.35 0.10 X 0.33 X 0.33 

0.80 + 0.35 tan 0 
400; 060; 004 
Zkl Zk1 
2807 3697 

+10,+22,f10 +10,ZklO,f17 
1206 [F, 1 5o(F0)]* 

0.80 + 0.35 tan 0 
050; 005; 300 

2 5 28 i 50 2 i 28 i 40 

2802 [F, 1 2.5u(F,,)lb 
SHELX2' 

heavy- atom techniques 
208 445 

[ u ( F , ) ~  + 0.0006F,2]-' unit 
2.22 3.37 

R =- EllFol - 0.082 

R w  0.083 
lareest feature final 0.4 

IFCI I / IF01 
0.077 

0.093 
0.3 

i i f f  map, e A-3 

Least-squares refinement of ((sin 0 ) / A ) 2  values for 25 reflec- 
tions, 0 > 20'. Corrections: Lorentz-polarization. Neutral 
scattering factors and anomalous dispersion corrections from ref 
25. 

Table IV. Final Fractional Coordinates for 
( q5-C.H,PP h2) ( #-C,H6PPh2)Ti 

atom x/a  Y l b  z / c  B(eq),'A* 
Ti 0.4578 (4) 0.4927 (3) 0.4962 (7) 2.95 
P 0.3705 (3) 0.6385 (1) 0.2224 (3) 3.11 
C(1) 0.270 (1) 0.6267 (6) 0.032 (1) 2.98 
C(2) 0.193 (1) 0.5628 (5) -0.012 (1) 3.27 
C(3) 0.106 (1) 0.5586 (6) -0.158 (1) 4.11 
C(4) 0.105 (1) 0.6174 (7) -0.251 (1) 4.26 
C(5) 0.187 (1) 0.6792 (6) -0.206 (1) 4.37 
C(6) 0.265 (1) 0.6856 (6) -0.064 (1) 3.87 
C(7) 0.573 (1) 0.6560 (5) 0.187 (1) 3.14 
C(8) 0.656 (1) 0.7068 (6) 0.280 (1) 5.34 
C(9) 0.811 (2) 0.7204 (8) 0.259 (2) 7.46 
C(l0) 0.881 (1) 0.6869 (7) 0.149 (2) 5.68 
C(l1) 0.793 (1) 0.6380 (6) 0.053 (1) 4.13 
C(l2) 0.637 (1) 0.6240 (6) 0.075 (1) 3.66 

C(13)' 0.718 (2) 0.482 (1) 0.617 (2) 3.96 
C(14) 0.377 (1) 0.5468 (5) 0.294 (1) 3.32 
C(15) 0.473 (1) 0.4908 (6) 0.252 (1) 3.70 
C(l6) 0.459 (1) 0.4235 (6) 0.314 (1) 4.50 
C(17) 0.382 (3) 0.386 (1) 0.401 (2) 3.90 
C(18) 0.261 (2) 0.414 (1) 0.474 (2) 3 .'2 7 
C(19) 0.201 (2) 0.484 (1) 0.473 (2) 3.68 
C(20) 0.677 (3) 0.559 (1) 0.589 (3) 5.35 

C(13)b 0.241 (2) 0.547 (1) 0.407 (2) 3.43 

"B(eq) = 4/3[a2P(ll) + bz/3(22) + c2p(33) + ab(cos -y)P(l2) + ac- 
(cos p)@(13) + bc(cos a)P(23)]. *Atoms C(13), C(13)', and C(17)- 
C(20) have occupancy factors of 0.5. 

Cr 0.0313 (2) 
Ti 0.4549 (2) 
P(1) 0.1094 (3) 
P(2) 0.2209 (3) 
O(1) -0.1214 (8) 
O(2) -0.1128 (9) 
O(3) -0.2094 (8) 

C(1) -0.056 (1) 
C(2) -0.050 (1) 
C(3) -0.115 (1) 

O(4) 0.1353 (9) 

C(4) 0.103 (1) 
C(5) 0.007 (1) 
C(6) 0.051 (1) 
C(7) -0.034 (2) 
C(8) -0.162 (2) 
C(9) -0.206 (1) 
C(10) -0.125 (1) 
C(l1) 0.105 (1) 
C(12) 0.087 (1) 
C(13) 0.090 (2) 
C(14) 0.111 (2) 
C(15) 0.127 (2) 
C(l6) 0.122 (2) 
C(17) 0.224 (1) 
C(18) 0.149 (1) 
C(19) 0.143 (1) 
C(20) 0.218 (1) 
C(2l) 0.299 (1) 
C(22) 0.302 (1) 
C(23) 0.240 (1) 
C(24) 0.172 (1) 
C(25) 0.183 (1) 
C(26) 0.265 (2) 
C(27) 0.334 (2) 
C(28) 0.324 (1) 
C(29) 0.274 (1) 
C(30) 0.295 (1) 
C(31) 0.413 (1) 
C(32) 0.534 (2) 
C(33) 0.574 (2) 
C(34) 0.496 (1) 
C(35) 0.362 (1) 
C(36) 0.378 (1) 
C(37) 0.498 (1) 
C(38) 0.598 (1) 
C(39) 0.545 (2) 
C(40) 0.411 (I) 
C(41) 0.5852 
C(42) 0.6810 
C(43) 0.7385 
C(44) 0.6767 
C(45) 0.5572 
C(46) 0.4997 
C(47) 0.5418 
C(48) 0.4688 
C(49) 0.4405 
C(50) 0.5287 
C(51) 0.6451 
C(52) 0.6733 

"B(eq) = 4/3[a2P(ll) 
(cos /3)@(13) + bc(cos a 

0.1291 (2) 
0.2468 (2) 
0.2813 (3) 
0.0982 (3) 
0.3334 (7) 

-0.0434 (8) 
0.1182 (8) 

-0.1094 (7) 
0.261 (1) 
0.023 (1) 
0.126 (1) 

0.427 (1) 
0.541 (1) 
0.646 (1) 
0.645 (1) 
0.535 (1) 
0.426 (1) 
0.245 (1) 
0.336 (1) 
0.309 (2) 
0.190 (2) 
0.099 (1) 
0.126 (1) 

-0.0539 (9) 
-0.072 (1) 
-0.189 (1) 
-0.286 (1) 
-0.272 (1) 
-0.155 (1) 

0.194 (1) 
0.307 (1) 
0.379 (1) 
0.335 (1) 
0.222 (1) 
0.150 (1) 
0.334 (1) 
0.378 (1) 
0.418 (1) 
0.421 (1) 
0.392 (1) 
0.347 (1) 
0.324 (1) 
0.0913 (9) 
0.119 (1) 
0.095 (1) 
0.046 (1) 
0.044 (1) 
0.1877 
0.2453 
0.3243 
0.3591 
0.3148 
0.2358 
0.1375 
0.2302 
0.3559 
0.4392 
0.3966 
0.2709 

+ b'P(22) + ( 
)P(23)1. 

-0.015 (1) 

0.2266 (1) 
0.2036 (1) 
0.2919 (2) 
0.1283 (2) 
0.1395 (4) 
0.1630 (5) 
0.3462 (5) 
0.3095 (4) 
0.1715 (6) 
0.1849 (7) 
0.3029 (8) 
0.2799 (6) 
0.2892 (6) 
0.2541 (7) 
0.2526 (8) 
0.2860 (8) 
0.3226 (7) 
0.3235 (7) 
0.3969 (6) 
0.4444 (7) 
0.5225 (8) 
0.5544 (7) 
0.5084 (8) 
0.4295 (7) 
0.0961 (6) 
0.0443 (7) 
0.0231 (7) 
0.0540 (7) 
0.1054 (7) 
0.1272 (7) 
0.0339 (6) 
0.0239 (7) 

-0.0501 (8) 
-0.1121 (8) 
-0.1025 (7) 
-0.0299 (7) 

0.2606 (6) 
0.1764 ( 7 )  
0.1302 (8) 
0.1495 (8) 
0.2220 (9) 
0.2948 (8) 
0.3099 (8) 
0.1543 (6) 
0.1069 (7) 
0.1473 (8) 
0.2258 (8) 
0.2292 (7) 
0.5535 
0.5266 
0.5631 
0.6346 
0.6697 
0.6332 
0.5340 
0.5275 
0.5076 
0.5138 
0.5398 
0.5597 

?/3(33) + ab(cos 7 

1.51 
2.08 
1.59 
1.45 
2.07 
3.17 
2.93 
2.65 
1.48 
2.26 
1.93 
1.91 
1.87 
2.52 
3.08 
2.78 
2.82 
2.56 
1.73 
3.33 
4.18 
3.91 
5.47 
3.93 
1.26 
2.66 
3.06 
2.75 
2.66 
2.25 
2.04 
2.00 
2.97 
3.58 
3.30 
2.97 
1.68 
2.37 
2.54 
2.91 
3.40 
3.29 
2.65 
1.63 
1.82 
2.81 
2.93 
2.00 
(iso) 
(iso) 
(iso) 
(iso) 
(iso) 
(iso) 
(iso) 
(iso) 
(iso) 
(iso) 
(iso) 
(iso) 

*)P(12) + ac- 

systematic absences. 6 was found to be either Pi or p1. Statistical 
tests indicated that the space group was centric and the subse- 
quent solution and successful refinement of the structure in the 
space group Pi confirmed this. A summary of data collection 
parameters is given in Table 111. 

I t  was immediately obvious in the solution of 5 that  the 
structure was disordered about a center of inversion. The disorder 
is such that the PPhz  groups [P, C(l)-C(6), C(7)-C(12)] are in 
fact ordered and only the C5 and C7 rings are disordered. C(14), 
C(15), and C(16) are common to both rings and are full weighted. 
C(13) and C(17)-C(19) complete the C7 ring and are half weighted. 
C(13)' and C(20) complete the C5 ring and are also half weighted. 
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The difference in Ti-C(v7) and Ti-C($) separations results in 
the Ti atom also fractionally disordered about the center of 
inversion. As a result, the Ti-C(v7) distances are shorter as 
expected. Due to the proximity of the disordered carbon atoms, 
refinement of the rings was very poor. No hydrogen atoms were 
included. Final position parameters for 5 are given in Table IV. 

Several diffuse peaks near a center of inversion were observed 
in a difference Fourier map for 6. Analysis of these positions 
revealed a toluene molecule in four different positions (two related 
by the center of inversion). One position [C(41)] was common 
to both unique orientations and was given an occupancy of 0.5. 
Another position [C(50)] corresponded to  an aryl carbon atom 
on one side of the inversion center and a methyl group on the 
other side and was also given an occupancy of 0.5. The remaining 
ten carbon atoms were given occupancies of 0.25. Due to the 
proximity of the carbon atom positions, the refinement was poor. 
In the final cycles, each group of six ring atoms was idealized and 
only the isotropic thermal parameters were allowed to refine. The 
hydrogen atoms (except for those associated with the toluene 
molecule) were included in calculated positions 0.95 A from the 

bonded carbon atom and allowed to ride on that atom with B fived 
at 5.5 A’. Final positional parameters for 6 are given in Table 
V. 
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Protonation of Nickel-Molybdenum and Nickel-Tungsten Alkyne 
Complexes with Trifluoroacetic Acid Affording p-q’,q2-Alkenyl 
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Protonation of the heterodinuclear bridging alkyne complexes NiM(C0)z(lr-~2,~2-RC~R’)(~5-C5H5)(~5- 
C5H4Me) (M = Mo, RCzR’ = MeCzMe; M = W, RCzR’ = HCzH, MeCzMe, n-PrCzH, PhC2H) with tri- 
fluoroacetic acid affords the neutral alkenyl complexes NiM(CO)Z(p-v1,vz-(E)-CR=CHR’)(q5-C5H5)(v5- 
C5H4Me)(COzCF3), in which the alkenyl ligand is a-bonded to the group 6 metal and .Ir-bonded to the nickel 
atom. In some cases, the alkenyl complexes are in equilibrium with the alkyne species: the position of 
the equilibrium depends on the particular complex and on the solvent. Proton addition is regio- and 
stereospecific: isomers obtained result from Markovnikov addition to the alkyne. The nickel-tungsten 
isomer containing the alkenyl ligand y-v1,v2-C(Ph)=CHz, resulting from Markovnikov addition, can be 
thermally isomerized to the anti-Markovnikov isomer NiW(CO)z(pv1,~z-(E)-CH=CHPh)(~5-C5H5)(v5- 
C5H4Me)(COzCF3). Deuteration of the nickel-tungsten ethyne, 1-pentyne, or phenylacetylene complexes 
with trifluoroacetic acid-d,, afforded (Z)-alkenyl-d, species. However, the 2-butenylnickel-molybdenum 
complex exists as an equilibrium mixture of E and 2 isomers, and the complex NiW(CO)z(~-~1,~2-(Z)-C- 
(Ph)=CHD)(v5-C5H5)(v5-CgH4Me)(CO2CF3) eventually afforded a mixture of Z and E isomers when allowed 
to stand in solution. The complexes have been characterized by ‘H and 13C NMR and IR spectroscopy 
and elemental analysis. An X-ray diffraction study was carried out on 2a, NiW(CO),(r-v1,v2-(E)-C- 
(Me)=CHMe)(v5-C5H5)(v5-C5H4Me)(CO2CF3). Crystals of 2a (C, Hl9F3NiO4W) belong to the monoclinic 
space group F’2,/n (No. 14) with a = 8.3710 (7) A, b = 27.609 ( 5 )  1, c = 9.045 (1) A, (3 = 109.210 (7)O, and 
2 = 4. 

Introduction Mechanistic details of these reactions have been reported.2 
The protonation of these alkyne complexes was of interest 
in order to establish whether this would be a viable route 
to mixed-meta1 alkenyl 

Protonation of homodinuclear bridging alkyne com- 
Plexes to afford y-v’,v2-alkenyl species has been observed 
for dimolybdenum c ~ m p l e x e s , ~ , ~  and an uncommon in- 

we have been investigating the chemistry of the group 
10 cyc~openta~ieny~-carbonyl complexes N ~ M -  

(C0)4(a5-C5H5)(q5-C5H4Me) with reactive hydrocarbon 
ligands. The  mixed-metal species react with alkynes af- 
fording the bridging alkyne complexes NiM(CO)z(lr- 
a z , a z - ~ ~ 2 ~ ’ ) ( v 5 - ~ 5 ~ 5 . ) ( v 5 - ~ 5 ~ 4 ~ e )  (M = M ~ ,  ~ 1 . i  

- 
(1) Chetcuti, M. J.; Eigenbrot, C.; Green, K. A. Organometallics 1987, 

(2) Chetcuti, M. J.; Green, K. A. Organometallics 1988, 7, 2450-2457. 
(3) Gerlach, R. F.; Duffy, D. N.; Curtis, M. D. Organometallics 1983, 

6, 2298-2306. 2, 1172-1178. 

0276-7333/89/2308-1790$01.50/0 0 1989 American Chemical Society 
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