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The sodium amalgam (two Na per Ti) reduction of hydrocarbon solutions of [Ti(OAr”)zCl~l 
(OAr” = 2,6-diphenylphenoxide) in the presence of EtC=CEt, ButC=CH, and MeCECPh (12  
equiv) produces the corresponding titanacyclopentadiene complexes [(Ar”0)2Ti(C4Et4)1 (l), 
[(Ar”O)z(C4H2But2)] (2), and [(Ar”O)zTi(C4MezPhz)] (3). The use of less bulky substituents 
on the alkyne substrate in such reactions leads to  mixtures of aromatic compounds due to 
cyclotrimerization reactions. The solid state structure of 1 shows a pseudotetrahedral 
environment about the titanium metal center with a planar titanacyclopentadiene ring. The 
lH and 13C NMR spectra of solutions of 1-3 show no exchange of a- and 0-positions of the 
metallacycle rings. Only the 2,4-regioisomer of 2 and 3 was detected in solution. Reaction of 
1 with PhCECPh  produced [(Ar”0)2Ti(C4Ph)1 (4). Reaction of 1-4 with protic reagents yielded 
the corresponding diene derivatives while iodination of 1 and 2 yielded 1,4-diiodo-1,3-butadienes. 
Compounds 1-4 will catalyze the cyclotrimerization of a range of alkynes. Terminal alkynes 
with small substituents produce the 1,2,4-trisubstituted benzene preferentially in an exothermic 
reaction. The more bulky substrates ButC=CH and Me3SiC=CH react more slowly and only 
the symmetrical 1,3,5-isomer is produced. The reaction of the titanacyclopentadiene rings in 
1 and 2 with a variety of unsaturated organic molecules has been investigated. Reaction of 1 
with ButNC leads to  a new organometallic compound 5 containing an T2-C,N-bound cyclopen- 
tadiene-imine which was structurally characterized as a pyridine adduct (7). The solid state 
structure of 7 showed a structure related to  other titanium +C,N-bound imine complexes, but 
with a long Ti-C distance of 2.262(3) A. Reaction of 1 or 2 with benzonitrile leads to the 
elimination of 1 equiv of the corresponding pyridine. The organometallic product of these 
reactions was identified as a dimeric material [ (Ar”O)zTi(p-PhCN)2Ti(OAr”)z] (8) containing 
two bridging benzonitrile ligands. The solid state structure of 8 showed the bridging PhCN unit 
to  be highly reduced and strongly bound to  the titanium metal centers. The lack of reactivity 
of 8 precluded the catalytic formation of pyridines. Both compounds 1 and 2 undergo ring 
expansion with Ph2C0 a t  25 “C to form the corresponding 2-oxatitanacyclohepta-4,6-diene 
derivatives 9 and 10. In  10 the ketone was found to insert into the side of the titanacyclopentadiene 
ring containing the less bulky substituent, leading to  a single regioisomer. Reaction of 1 with 
PhzCO a t  100 “C led to  the 2-oxatitanacyclopent-4-ene complex [(Ar”0)~Ti(0CPhzCEtCEt)l 
(1 1) along with 1 equiv of 3-hexyne. Attempts to  interconvert 9 and 11 failed. Further elaboration 
of the seven membered ring in 9 by reaction with ButNC yielded the 02-iminoacyl derivative 
12. The conformation of the large metallacycle rings in 9 and 12 was analyzed by carrying out 
single crystal X-ray diffraction anal ses. Crystal data: a t  20 “C for Ti02C48H4 (1) a = 12.627(3) 

= 1.205 g ~ m - ~  in space group Pi; for TiozNzC~8H60 (7) a t  -105 “c a = 12.554(4) A, b = 17.934(5) 
A, c = 21.567(6) A, = 102.38(2)”, Z = 4, dc&d = 1.211 g cm-3 in space group P21/n; for 
Ti2O4N2C98H,4 (8) a t  -50 “C a = 23.100(4) A, b = 12.656(3) A, c = 27.486(7) A, = 109.09(2)”, 
Z = 4, dc&d = 1.259 g cm-3 in space group C2/c; for TiO3C68H64 (9) a t  -50 “ C  a = 12.147(3) A, 
b = 12.527(3) A, C = 20.363(3) A, (Y = 80.92(2)”, = 80.94(2)”, ’)’ = 61.78(2)”, z = 2, dc&d = 1.204 
g cm-3 in space group Pi; for Ti03NC66H65 (12) at -20 “C a = 11.774(1) A, b = 22.775(3) A, c 
= 20.137(4) A, 

A, b = 17.378(4) A, C = 17.739(3) i, (Y = 90.41(2)”, = 94.68(2)”, ’)’ = 92.89(2)”, z = 4, dc&d 

= 98.320(9)”, Z = 4, d&d = 1.203 g cm-3 in space group PZl/n. 

Introduction 

The known organometallic chemistry of the group 4 
metals Ti, Zr, and Hf has been dominated by the use of 
cyclopentadienyl and substituted cyclopentadienyl liga- 
ti0n.l In particular the last 15 years has seen the emergence 
of an extensive and rapidly expanding body of research 
dealing with the reaction chemistry associated with the 
metallocene, [Cp2Ml, unit.2 Recent work in this area has 
focused on the use of group 4 metallocene derivatives as 
reagents for selective carbon-carbon bond forming 
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 reaction^^-^ and the involvement of cationic metallocene 
compounds in olefin oligomerization and polymerization 
reactions.a10 During the last 10 years our group has been 
exploring the use of bulky aryloxide ligation to support 
organometallic chemistry at early d-block metal centers.” 

(1) (a) Bottrill, M.; Gavens, P. D.; McMeeking, J. In Comprehensive 
Organometallic Chemistry; Wilkinaon, G., Stone, F. G. A,, Abel, E. W., 
Eds.; Pergamon Press: Oxford, U.K., 1982; Vol. 3, Chapter 22 (and 
references therein). (b) Cardin, D. J.; Lappert, M. F.; Raston, C. L.; 
Riley, P. I. In ref la, Chapter 23. (c) Sikora, D. J.; Macomber, D. W.; 
Rausch, M. D. Adu. Organomet. Chem. 1986,25,317. (d) Cardin, D. J.; 
Lappert, M. F.; Raston, C. L. Chemistry of Organozirconium andHafnium 
Compounds; Ellis Horwood Limited Chichester, U.K., 1986. 
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In the case of the group 4 metals, both complementary 
and novel stoichiometric reactivity has been developed at  
bis(ary1oxide) metal centers.12 

The fragment [ (Ar0)zMI can be formally considered 
isoelectronic with [CpzMI if the aryloxide oxygen atom 
donates a full six electrons to the metal center. However, 
for the group 4 metals, the flexible electron donating 
potential of the aryloxide ligands allows ready expansion 
of the coordination sphere, e.g. to six as in [(ArO)zZrMez- 
(bpy)] 13a and [(ArO)2Zr(~2-ButNCCH2Ph)21 .13b Expansion 
of the coordination sphere in metallocene analogues is 
more difficult, hence possibly cutting out certain reaction 
pathways available for electronically more flexible ary- 
loxide and related derivatives. This paper reports some 
of the chemistry associated with a series of titanacyclo- 
pentadiene compounds containing ancillary aryloxide 
ligation. These metallacyclic compounds exhibit an 
extensive stoichiometric reactivity as well as catalytic 
reactivity that has not been demonstrated for their direct 
metallocene counterparts. 
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Results and Discussion 
Synthesis and Characterization of Titanacyclo- 

pentadiene Compounds. The titanacyclopentadiene 
compounds 1-3 were all obtained by the room temperature 
sodium amalgam reduction (two Naper Ti) of hydrocarbon 
solutions of the dichloride compound [(Ar”0)2TiC12] 

(2) (a) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G. 
Principles and Applications of Organotransition Metal Chemistry, 2nd 
ed.; University Science Books: Mill Valley, CA, 1987; Chapter 9. (b) 
Parkin, G.; Bercaw, J. E. Organometallics 1989,8,1172. (c) Shapiro, P. 
J.; Henling, L. M.; Marsh, R. E.; Bercaw, J. E. Inorg. Chem. 1990, 29, 
4560. (d) Parkin, G.; Bercaw, J. E. J. Am. Chem. SOC. 1989,111,391. (e) 
Piers, W. E.; Shapiro, P. J.; Bunel, E. E.; Bercaw, J. E. Synlett 1990,74. 
(0 Stern, D.; Sabat, M.; Marks, T. J. J. Am. Chem. SOC. 1990,112,9558. 
(g) Gagne, M. R.; Nolan, S. P.; Marks, T. J. Organometallics 1990, 9, 
1716. (h) Gagne, M. R.; Marks, T. J. J. Am. Chem. SOC. 1989,111,4108. 
(i) Gilleepie, R. D.; Burwell, R. L., Jr.; Marks, T. J. Langmuir 1990, 6, 
1465. (j) Bercaw, J. E. Pure Appl. Chem. 1990,62,1151. (k) Bercaw, J. 
E.; Burger, B. J.; Green, M. L.; Santarsiero, B. D.; Sella, A.; Trimmer, M. 
S.; Wong, L. L. J. Chem. SOC., Chem. Commun. 1989,734. (1) Marks, T. 
J. Inorg. Chim. Acta 1987,140,l. (m) Nolan, S. P.; Marks, T. J. J. Am. 
Chem. SOC. 1989, 111, 8538. (n) Parkin, G.; Asselt, A.; Leahy, D. J.; 
Whinnery, L.; Hua, N. G.; guan,  R. W.; Henling, L. M.; Schaefer, W. P.; 
Santareiero, B. D.; Bercaw, J. E. Inorg. Chem. 1992, 31, 82. (0) Gagne, 
M. R.; Stern, C. L.; Marks, T. J. J. Am. Chem. SOC. 1992,114,275. (p) 
Kuo, L. Y.; Kanatzidis, M. G.; Sabat, M.; Tipton, A. L.; Marks, T. J. J .  
Am. Chem. SOC. 1991,113, 9027. 

(3) (a) Buchwald, S. L.; Nielsen, R. B. Chem. Rev. 1988,88,1047. (b) 
Buchwald, S. L.; Watson, B. T.; Lum, R. T.; Nugent, W. A. J. Am. Chem. 
SOC. 1987,109,7137. (c) Buchwald, S. L.; Nielsen, R. B. J. Am. Chem. 
SOC. 1989,111,2870. (d) Buchwald, S. L.; Watson, B. T.; Wannamaker, 
M. W.; Devan, J. C. J. Am. Chem. SOC. 1989,111,4486. (e) Buchwald, 
S. L.; King, S. M. J. Am. Chem. SOC. 1991,113,258. (0 Buchwald, S. L,; 
Wannamaker, M. W.; Watson, B. J. Am. Chem. SOC. 1989,111,776. (g) 
Buchwald, S. L.; Nielsen, R. B. J. Am. Chem. SOC. 1988, 110, 3171. 

(4) (a) Walsh, P. J.; Baranger, A. M.; Bergman, R. G. J .  Am. Chem. 
SOC. 1992,114,1708. (b) Walsh, P. J.; Hollander, F. J.; Bergman, R. G. 
J. Am. Chem. SOC. 1988,110,8729. (c) Woo, H.; Freeman, W. P.; Tilly, 
T. D. Organometallics 1992, 11, 2198. 

(5) (a) Erker, G.; Aulbach, M.; Mena, M.; Pfaff, R.; Sosna, F. Chem. 
Scr. 1989, 29, 451. (b) Coles, N.; Whitby, R. J.; Blagg, J. Synlett 1992, 
143. (c) Coles, N.; Whitby, R. J.; Blagg, J. Synlett 1990, 271. (d) Erker, 
G.; Sosna, F.; Hoffman, U. J. Organomet. Chem. 1989,372,41. (e) Erker, 
G. Angew. Chem., Int. Ed. Engl. 1989,28,397. (0 Erker, G.; Czisch, P.; 
Kruger, C.; Wallis, J. M. Organometallics 1985, 4, 2059. 

(6) (a) RajanBabu, T. V.; Nugent, W. A.; Taber, D. F.; Fagan, P. J. J .  
Am. Chem. SOC. 1988,110,7128. (b) Nugent, W. A.; Calabrese, J. C. J .  
Am. Chem. Soc. 1984, 106, 6422. (c) Parshall, G. W.; Nugent, W. A.; 
Chan, D. M.-T.; Tam, W. Pure Appl. Chem. 1985,57,1809. (d) Nugent, 
W. A.; Thorn, B. L.; Harlow, R. L. J. Am. Chem. SOC. 1987,109, 2788. 

(7) (a) Negishi, E.; Holmes, S. J.; Tour, J. M.; Miller, J. A.; Cederbaum, 
F. E.; Swanson, D. R.; Takahashi, T. J. Am. Chem. SOC. 1989,111,3336. 
(b) Swanson, D. R.; Rousset, C. J.; Negishi, E.; Takahashi, T.; Takashi, 
S.; Masahiro, S.; Yaseyo, U. J. Org. Chem. 1989, 34, 3521. (c) Yasuda, 
H.; Nakamura, A. Angew. Chem., Znt. Ed. Engl. 1987, 26, 723. (d) 
Takahashi, T.; Minouru, T.; Masahiko, S.; Yasuyo, U.; Negishi, E. J.  
Chem. SOC., Chem. Commun. 1989,852. 

(Ar”0 = 2,6-diphenylphenoxide)14 in the presence of the 
particular alkyne substrate (Scheme I). The initially bright 
red mixtures become deep-purple over a 30-min period 
due to the formation of the dinuclear intermediate 
[ (Ar”O)2Ti(p-C1)2Ti(OAr”)2] .I5 The purple color slowly 
fades over 12 h with the formation of dark-brown sus- 
pensions containing the crude metallacyclic products which 
can be isolated by simple filtration and recrystallization 
from hexane solution. Attempts to obtain analogous 
titanacyclopentadiene compounds using less bulky alkyne 
substrates such as 2-butyne or phenylacetylene were 
unsuccessful due to the rapid cyclotrimerization of the 
alkyne substrateunder the reaction conditions (v ide infra) .  

The reductive-coupling method also failed to produce 
the corresponding metallacyclic compound when diphe- 
nylacetylene was used as substrate. The reason for this 
is unclear as the compound [(Ar”O)*Ti(CdPh4)1 (4) was 
obtained by reacting compound 1 with P h C r C P h  in 
solution at  100 “C (Scheme I). I t  is interesting to note 
that when this reaction is carried out in a sealed, 5-mm 
NMR tube in CsD6,3-hexyne (EtCrCEt)  is detected as 
one of the products. 

A single crystal X-ray diffraction analysis of the 
tetraethyl-substituted derivative 1 12e confirmed the general 
structure of these titanacyclopentadiene compounds (Fig- 
ure 1, Table I) and is discussed in detail later. The 1H and 
13C NMR spectra of 1-4 in C ~ G  solution show many similar 
features. The aromatic region of the spectra for 1-4 and 
all other organometallic compounds in this study is 
dominated by signals due to the 2,6-diphenylphenoxide 
ligands. A complex overlapping set of multiplets is 
typically seen for these ligands a t  6 6.3-8.4 ppm in the 1H 
NMR spectrum. In the 13C NMR spectrum, the only 
readily assigned, and sometimes structurally informative, 
aryloxide signals are due to the Ti-0-C ipso carbons of 
the central phenoxy rings. These ipso carbons resonate 

(8) (a) Jordan, R. F. Adu. Organomet. Chem. 1991, 32, 325. (b) 
Borkowsky, S. L.; Jordan, R. F.; Hinch, G. D. Organometallics 1991,10, 
1268. (c) Jordan, R. F.; Bajgur, C. S.; Willett, R.; Scott, B. J. Am. Chem. 
SOC. 1986,108, 7410. (d) Jordan, R. F.; LaPointe, R. E.; Baenziger, N.; 
Hinch, G. D. Organometallics 1990, 9, 1539. 

(9) (a) Bochmann, M.; Wilson, L. M.; Hursthouse, M. B.; Short, R. L. 
Organometallics 1987,6,2556. (b) Bochmann, M.; Wilson,L. M. J. Chem. 
SOC., Chem. Commun. 1986, 1610. (c) Bochmann, M.; Wilson, L. M.; 
Hursthouse, M. B.; Mortevalli, M. Organometallics 1988, 7, 1148. 
(10) (a) Kaminsky, W.; Kopf, J.; Sinn, H.; Vollmer, J. Angew. Chem., 

Int. Ed. Engl. 1976,15,629. (b) Kaminsky, W.; Kulper, K.; Brintzinger, 
H. H.; Wild, F. R. Angew. Chem., Int. Ed. Engl. 1985, 24, 507. (c) 
Kaminsky, W. Angew. Makromol. Chem. 1986,145, 149. (d) Sinn, H.; 
Kaminsky, W. Adv. Organomet. Chem. 1980, 18,99. 

(11) (a) Rothwell, I. P. Acc. Chem. Res. 1988, 21, 153. (b) Yu, J. S.; 
Ankianiec, B. C.; Rothwell, I. P. J.  Am. Chem. SOC. 1992, 114, 1927. (c) 
Yu, J. S.; Rothwell, I. P. J. Chem. SOC., Chem. Commun. 1992,632. (d) 
Ankianiec, B. C.; Fanwick, P. E.; Rothwell, I. P. J .  Am. Chem. SOC. 1991, 
113, 4710. 

(12) (a) Hill, J. E.; Fanwick, P. E.; Rothwell, I. P. Organometallics 
1992,11, 1775. (b) Hill, J. E.; Fanwick, P. E.; Rothwell, I. P. Organo- 
metallics 1992, 11, 1771. (c) Hill, J. E.; Balaich, G. J.; Fanwick, P. E.; 
Rothwell, I. P. Organometallics 1991,10, 3428. Id) Hill, J. E.; Fanwick, 
P. E.; Rothwell, I. P. Organometallics 1991,10,15. (e) Hill, J. E.;Fanwick, 
P. E.; Rothwell, I. P. Organometallics 1990,9,2211. (0 Zambrano, C. H.; 
McMullen, A. K.; Kobriger, L. M.; Fanwick, P. E.; Rothwell, I. P. J. Am. 
Chem. SOC. 1990,112,6565. (9) Beshouri, S. M.; Chebi, D. E.; Fanwick, 
P. E.; Rothwell, I. P. Organometallics 1990, 9, 2375. (h) Durfee, L. D.; 
Kobriger, L. M.; McMullen, A. K.;Rothwell, I. P. J. Am. Chem. SOC. 1988, 
110, 1463. (i) Durfee, L. D.; Hill, J. E.; Kerschner, J. L.; Fanwick, P. E.; 
Rothwell, I. P. Inorg. Chem. 1989,2E, 3095. 

(13) (a) Kobriger, L.; McMullen, A. K.; Fanwick, P. E.; Rothwell, I. P. 
Polyhedron 1989,8,77. (b) Chamberlain, L. R.; Durfee, L. D.; Fanwick, 
P. E.; Kobriger, L. M.; Latesky, S. L.; McMullen, A. K.; Rothwell, I. P.; 
Folting, K.; Hoffman, J .  C.; Streib, W. K.; Wang, R. J. Am. Chem. SOC. 
1987, 109, 390. 
(14) Dilworth, J. R.; Hanich, J.; Krestel, M.; Beck, J.; Striihle, J. J. 

Organomet. Chem. 1986, 315, C9. 
(15) Hill, J. E.; Nash, J. M.; Fanwick,P. E.;Rothwell, I. P.Polyhedron 

1990, 9, 1617. 
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Scheme I 

E4 

2 Etc=cEt 

2 P h C e C M e  

Me 

Ph 

C124 

C125\ 

C1124 
32 

c-5 
Figure 1. ORTEP view of [(Ar"O)zTi(C4Et4)l (1) with 
hydrogen atoms omitted and emphasizing the central coor- 
dination sphere. 

very close to 6 160 ppm, and can indicate whether the 
2,6-diphenylphenoxide ligands are equivalent or not. In 
the 'H and 13C NMR spectra of 1, two (a and @) 
nonequivalent CH2Me groups are present. No evidence 
for exchange of the nonequivalent CY- and @-ethyl sub- 
stituents of the metallacycle ring is observed in the 1H 

(3) 
Ph 

+ 2 E t C e E t  
Ph 

Ph 
APO' 

Table I. Selected Bond Distances (A) and Angles (deg) for 
I(Ar"OhTi(CaEtA1 (1) 

Molecule 1 
Ti( 1)-O( 110) 1.806(6) Ti(1)-O(120) 1.804(6) 
Ti(1)-C( 101) 2.0 16(9) Ti( 1 )-C( 104) 1.986(9) 
C(lOl)-C(102) 1.35(1) C(102)-C(103) 1.52(1) 
C(103)-C(104) 1.33(1) 

O( 1 10)-Ti( 1)-0( 120) 94.3(4) 
Ti(l)-C(lOl)-C(102) 99.9(7) Ti(l)-C(104)-C(103) 100.4(7) 

Ti(1)-O(ll0)-C(ll1) 175.7(6) Ti(l)-0(120)-C(121) 155.8(6) 

Molecule 2 
Ti( 2)-O( 2 10) 1.788(6) Ti(2)-O(220) 1.828(6) 

1 16.5(3) C( 101)-Ti( l)-C( 104) 

C( 101)-C( 102)-C( 103) 121.1(9) C( 102)-C( 103)-C( 104) 122.7(9) 

Ti(2)-C(201) 1.983(9) Ti(2)-C(204) 2.02(1) 
C(201)-C(202) 1.33(1) C(202)-C(203) 1.55(1) 
C(203)-C(204) 1.34(1) 

0(210)-Ti(2)-0(220) 111.1(3) C(201)-Ti(2)-C(204) 98.5(4) 
Ti(2)-C(201)-C(202) 95.8(7) Ti(2)-C(204)-C(203) 92.7(7) 

Ti(2)-0(210)-€(211) 165.9(6) Ti(2)-0(220)-€(221) 165.9(6) 

NMR spectra of 1 at  temperatures up to 80 "C. Hence, 
although the reactivity (vide infra) of 1 indicates that 
fragmentation of the metallacycle ring back into its two 
alkyne units can occur, this process has too high a barrier 
to be detected on the 'H NMR time scale. There exist a 
large number of examples of group 4 metallacyclopenta- 
diene compounds containing the metallocene unit [CpzMI 

C(201)-C(202)-C(203) 123.0(9) C(202)-C(203)-C(204) 122.6(9) 
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Scheme I1 

Hill et al. 

Et 
”O‘,,. Ti$Et 

Ar“0 

Ft ___c [(Ar”O)zTiO] + 
Et / 

w Et 

(M = Ti, Zr, Hf).16’8 The a- and P-carbon atoms of the 
metallacycle rings in these compounds exhibit very 
characteristic chemical shifts in the 13C NMR spectra and 
little variation is observed even as the central metal atom 
changes. For example, in the series [Cp2MC4Ph41, the a 
(and P )  carbon atoms resonate at  6 202.1 (147.2), 193.8 
(147.7), and 196.5 (148.5) ppm, respectively, for M = Ti, 
Zr, and Hf. In the case of the aryloxide compounds 
obtained in this study, the a-carbon atoms resonate 
downfield of the position found for their metallocene 
analogues, 6 225.0ppm for [(Ar”0)2Ti(C4PhdI (4), possibly 
reflecting the more electron deficient nature of the metal 
center. Two nonequivalent Ti-C(a) resonances are ob- 
served for compounds 2 and 3 consistent with their 
formulation as 2,4-regioisomers. In the case of [(Ar”O)zTi- 
(C4But2Hz)l (2), two peaks a t  6 240.6 and 202.3 ppm are 
observed in the 13C NMR spectra. The higher field 
resonance appears as a doublet of doublets under proton 
coupling with lJ(l3C-lH) = 158.0 Hz and 3J(13C-lH) = 63 
Hz. The two protons bound directly to the ring in 2 appear 
as two doublets at  6 7.25 and 7.72 ppm in the lH NMR 
spectra with 4J(1H-1H) = 4.4 Hz. The spectroscopic data 
for 1-4 are strong evidence that these compounds contain 
stable titanacyclopentadiene rings in solution and certainly 
are inconsistent with their formulation as bis(a1kyne) 
complexes. 

The reaction of the titanacyclopentadiene compounds 
1-4 with protic reagents yields the corresponding sub- 
stituted 1,3-butadienes and various titanium products 
(Scheme 11). The structure (‘H NMR) of the organic 
products obtained by hydrolysis of [(Ar”O)zTi(C4But2H2)1 
(2) and [(Ar”O)zTi(C4Me2Phz)] (3) confirmed the assigned 
regiochemistry (Scheme 11). Intermediate organometallic 

(16) (a) Atwood, J. L.; Hunter, W. E.; Alt, H. G.; Rausch, M. D. J. Am. 
Chem. SOC. 1976,98, 2454. (b) Mattia, J.; Humphrey, M. B.; Rogers, R. 
D.;Atwood, J. L.; Rausch, M. D. Inorg. Chem. 1978,17,3257. (c) Tumas, 
W.; Wheeler, D. R.; Grubbs, R. H. J. Am. Chem. SOC. 1987,109,6182. (d) 
Famili, A.; Farona, M. F.; Thanedar, S. J. Chem. SOC., Chem. Commun. 
1983,435. (e) Alt, H. G.; Engelhardt, H. E.; Rausch, M. D.; Kool, L. B. 
J. Am. Chem. SOC. 1985, 107, 3717. 

(17) (a) Hunter, W. E.; Atwood, J. L.; Fachinetti, G.; Floriani, C. J .  
0rganomet.Chem. 1981,204,67. (b)Nugent, W.A.;Thorn,D.L.;Harlow, 
R. L. J. Am. Chem. SOC. 1987, 109, 2788. (c) Erker, G.; Zwettler, R.; 
Kruger, C.; Hyla-Kryspin, I.; Gleiter, R. Organometallics 1990,9,524. (d) 
Sikora, D. J.; Rausch, M. D. J. Organomet. Chem. 1984, 276, 21. (e) 
Buchwald, S. L.; Watson, B. T.; Huffman, J. C. J .  Am. Chem. SOC. 1987, 
109, 2544. 

(18) (a) Sabade, M. B.; Farona, M. F.; Zarate, E. A.; Youngs, W. J. J. 
Organomet. Chem. 1988,338,347. (b) Reference 16a. (c) Thanedar, S.; 
Farona, M. F. J. Organomet. Chem. 1982,235,65. (d) Buchwald, S. L.; 
Kreutzer, K. A.; Fisher, R. A. J.  Am. Chem. SOC. 1990, 112, 4600. (e) 
Reference 17d. 
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compounds were detected by lH NMR spectroscopy when 
the metallacyclic compounds were hydrolyzed in C6D6 
solution. In the case of 1 the spectroscopic data were 
consistent with the formation of an intermediate titanium- 
hydroxy compound of formula [(Ar”O)2Ti(CEt=CEt- 
CEt=CEtH)(OH)I (Scheme 11). In the case of complex 
3 the intermediate exhibited ‘H NMR signals consistent 
with its formulation as [(Ar”0)2Ti(CMe=CPh-CMe= 
CPhH) (OH)] (terminal olefin proton not coupled to a CMe 
group), indicating preferential hydrolysis of the Ti-CPh 
bond over the Ti-CMe bond within 3. The reaction of 
1 with aniline has been shown to be a useful synthetic 
method for the formation of the corresponding bis- 
(phenylamido) complex [(Ar”O)zTi(NHPh)zl, which can 
be converted into a variety of terminal phenylimido 
derivatives of titanium.lg 

The iodination of the titanacyclopentadiene complexes 
1 and 2 was also readily achieved to yield the corresponding 
1,4-diiodo-1,3-butadiene derivatives (Scheme 111). This 
contrasts with the reported reactivity of related tantala- 
cyclopentadiene compounds containing aryloxide ligation 
where only one side of the metallacycle ring was found to 
react with 12.20 

Catalytic Cyclotrimerization of Alkynes by Ti- 
tanacyclopentadiene Compounds. Reactivity Studies. 
The cyclotrimerization of alkynes into aromatic products 

(19) (a) Hill, J. E.;Profilet,R. D.;Fanwick,P. E.;Rothwell,I.P. Angew. 
Chem., Int. Ed. Engl. 1990,29,664. (b) Results submitted to Polyhedron 
for publication. 

(20) Strickler, J. R.; Wexler, P.  A.; Wigley, D. E. Organometallics 1991, 
IO. 118. 
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Scheme IV 

I’ 
a2 

is one of the most ubiquitous catalytic reactions in 
organometallic chemistry.21 Despite the large number of 
metallacyclopentadiene compounds containing the met- 
allocene unit, [CpzMI (M = Ti, Zr, Hf),l6l8 there are no 
reports of the involvement of such compounds in the 
catalytic oligomerization of alkynes. It appears that, once 
formed, further reaction of the metallacycle with alkynes 
does not readily occur. In contrast, the aryloxide con- 
taining titanacyclopentadiene complexes 1-4 will react 
with all but the most sterically protected alkynes to 
catalytically produce arene products (Scheme IV). We 
have investigated this reactivity in detail, focusing upon 
the use of the tetraethyltitanacyclopentadiene compound 
1 as the catalyst precursor. 

Solutions of compound 1 will react over days at 25 “C 
with 3-hexyne to catalytically produce hexaethylbenzene. 
The reaction occurs more rapidly at  elevated temperatures 
and can be readily monitored by IH NMR spectroscopy 
in C6Ds solution. In a typical experiment a mixture of 1 
with E t C s C E t  (25 equiv) in C6D6 was heated at  75 “C. 
Initially, signals due to the ethyl groups of only 1 and 
EtCECEt were present. Over time the intensity of the 
EtCECEt resonances decreased and were replaced by 
signals due to C6E& of equal intensity. No decrease 
occurred in the intensity of the signals of titanacyclo- 
pentadiene complex 1 during the course of the catalysis. 

The reaction of 1 with other alkynes to produce 
cyclotrimerization producs is highly dependent upon the 
steric properties of the alkyne substituents. As mentioned 
previously, reactions of 1 with P h m C P h  occur both slowly 
and stoichiometrically to produce [(Ar”O)zTi(C4Ph4)1 (4) 
along with 3-hexyne. Further reaction of 4 with excess 
PhC=CPh does not occur to produce hexaphenylbenzene 
over days at 100 “C. 

The reaction of 1 with phenylpropyne, PhCGCMe, 
occurs slowly at room temperature to initially produce 
[(Ar”O)zTi(C4MezPhz)l (3) (‘H NMR) and 1 equiv of the 
substituted benzene C6EtrMePh (GC/MS). The catalytic 
cyclotrimerization of PhC=CMe by 3 then occurs a t  a 

_ _ ~  

(21) (a) Shore, N. E. Chem. Reu. 1988,88,1081. (b) Winter, M. 3. In 
The Chemistry of the Metal-Carbon Bond. Carbon-Carbon Bond 
Formation Using Organometallic Compounds; Hartley, F. R., Patai, S., 
Eds.; Wiley: Chichester, U.K., 1985; Vol. 3, Chapter 5. (c) Jhingan, A. 
K.; Maier, W. F. J. Org. Chem. 1987, 52, 1161. (d) Schbnfelder, W.; 
Snatzke, G. Chem. Ber. 1980,113,1855. (e) Vollhardt, K. P. C. Angew. 
Chem.,Int. Ed. Engl. 1984,23,539. (0 Halterman, R. L.; Nguyen, N. H.; 
Vollhardt, K. P. C. J. Am. Chem. SOC. 1986,107, 1379. (g) Chiusoli, G. 
P.; Pallini, L.; Terenghi, G. Trans. Met.  Chem. 1983,8, 189. (h) Grigg, 
R.; Scott, R.; Stevenson, P. Tetrahedron Lett. 1982, 23, 2691. (i) 
Mantovani, A,; Marcomini, A.; Belluco, U. J. Mol. Catal. 1985,30,73. (j) 
Masuda, F.; Deng, Y. X.; Higashimura, T. Bull. Chem. SOC. Jpn. 1983, 
56, 2798. 

Table 11.’ Cyclotrimerization Reactions 
R R 

R 

isomer ratios, 7% 

R mmol of HC=CR mmol of 2 1,3,5 1,2,4 

-C6Hsb 9.1 0.036 7 93 
-Prn 1.5 0.043 28 72  
-Bun 0.9 0.043 31 69 
-(c!CsHg 1.8 0.07 1 30 70 
-Pr’ 4.5 0.043 38 62 
-%Me, 0.9 0.043 >95 <5 
-Bu‘ 0.9 0.043 >95 <5  

Solvent is C6D6; products analyzed by ‘H NMR. All reactions were 
performed at  room temperature unless noted. The reaction was exo- 
thermic, proceeding to completion within minutes after addition of styrene 
to a solution of 2 in CsD6. After 3 days of reaction time at room 
temperature, the sample was heated at  75 O C  for 22 h. 

rate comparable to that found between EtCECEt and 1. 
The cyclotrimerization of 20 equiv of phenylpropyne 
occurred over days at 25 “C to produce a 94:6 ratio of the 
1,2,4- and 1,3,5-substitutional isomers of C6Me3Ph3. No 
reaction between 1 and the alkyne substrate, PhC=CEt, 
was observed after 1 day at 75 “C. 

These titanacyclopentadiene compounds prove to be 
highly efficient catalysts for the cyclotrimerization of 
terminal alkynes. The rate of the reaction as well as the 
ratio of unsymmetrical (1,2,4) to symmetrical (1,3,5) 
trisubstituted benzene was found to be dependent upon 
the steric size of the substituents attached to the alkyne. 
The reactivity of various terminal alkynes toward 1 was 
investigated by adding the alkyne (typically >20 equiv) 
to a solution of [(Ar”O)~Ti(C4Et4)1 (1) in C6D6 and 
monitoring the reaction by ‘H NMR spectroscopy (Table 
11). The reaction of phenylacetylene with 1 was found to 
be exothermic, leading to the rapid formation of a 93:7 
ratio of 1,2,4- and 1,3,5-C&Ph3. In one experiment a 
total of 9.1 mmol (0.93 g, 250 equiv) of P h C r C H  was 
cyclotrimerized by 0.036 mmol (25 mg) of 1 in benzene 
after minutes. Workup of the product by chromatography 
on silica yielded a mixture of triphenylbenzenes (0.92 g). 
The dominant (93 96 ) 1,2,4-~ubstitutional isomer is readily 
separated from the minor component by recrystallization. 

The aliphatic terminal alkynes R C r C H  (R = Prn, Bun, 
Pri, c - C ~ H ~ ,  SiMea, But) undergo cyclotrimerization by 1 
as shown (Table 11). The reactions of ButC=CH or Me3- 
SiC=CH are slow at 25 “C occurring over days and hours, 
respectively, to produce exclusively the symmetrically 
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1,3,5-trisubstituted benzene product. During the reaction 
of 1 with ButC=CH, the compound 2 was formed in the 
reaction mixture and detected by lH NMR spectroscopy. 
The other terminal alkynes undergo rapid cyclotrimer- 
ization by solutions of 1 a t  25 OC to produce mixtures of 
the two substituted benzenes (Table 11). After 20 equiv 
of 1-pentyne had been completely cyclotrimerized, the 
majority of the tetraethyltitanacycle 1 was still present 
(1H NMR) in solution. This indicates that reaction of 
PrnC=CH with the unisolated intermediate [(Ar”O)nTi- 
(C4H2Prn)2] is much more rapid than with the catalyst 
precursor 1. 

Mechanistic Considerations. There has been exten- 
sive debate in the literature concerning the pathway of 
alkyne cyclotrimerization by transition metal com- 
pounds.21J2 It is doubtful that a reaction that can be 
achieved using such diverse metal reagents will exhibit a 
universal mechanism. The most widely discussed aspect 
of the mechanism involves the intermediates involved in 
reacting a metallacyclopentadiene with 1 equiv of alkyne 
to generate the uncomplexed arene product. The key 
mechanistic question centers on whether the two new 
carbon-carbon bonds are formed in a stepwise (via a 
metallacycloheptatriene intermediate) or in a concerted 
fashion, analogous to a Diels-Alder reaction (Scheme IV). 
The possible intermediacy of cyclobutadiene complexes 
has also been a mechanistic concern. Recent work by 
Bianchini and Caulton et al. favors a concerted pathway 
for acetylene cyclotrimerization at  iridium metal centers, 
with an q4-benzene species characterized as the organo- 
metallic product of reacting HC=CH with an iridacy- 
clopentadiene c0mplex.~3 In the case of the high valent, 
early d-block metal tantalum, Wigley et al. have isolated 
both tantalacyclopentadiene and q6-arene (tantalanor- 
bornadiene) complexes supported by aryloxide ligation.24 
Again, these results were interpreted in terms of a 
concerted pathway for the reaction. 

The oligomerization of alkynes a t  group 4 and group 5 
metal centers has excellent precedence.2627 In a recent 
series of studies, Calderazzo and co-workers have inves- 
tigated the reactivity of group 4 metal arene complexes 
containing tetrahaloaluminate  ligand^.^^?^^ The results of 

Organometallics, Vol. 12, No. 8, 1993 Hill et al. 

(22) (a) Collman, J. P.; Kang, J. W.; Little, W. F.; Sullivan, M. F. Inorg. 
Chem. 1968, 7, 1298, (b) Ville, G. A.; Vollhardt, K. P. C.; Winter, M. J. 
Organometallics 1984,3,1177. (c )  Canziani, F.; Allevi, C.; Garlaschelli, 
L.; Malatesta, M. C.; Albinati, A.; Ganazolli, F. J. Chem. SOC., Dalton 
Trans. 1984, 2637. (d) Maitlis, P. M. J.  Organomet. Chem. 1980, 200, 
161. (e) McAlister, D. R.; Bercaw, J. E.; Bergman, R. G. J. Am. Chem. 
SOC. 1977, 99, 1666. (0 Calderazzo, F.; Marchetti, F.; Pampaloni, G.; 
Hiller, W.; Antropiusovh, H.; Mach, K. Chem. Eer. 1989,122, 2229. (g) 
Lachmann, G.; DuPlessis, J. A. K.; DuTort, C. J. J. Mol. Catal. 1987,42, 
151. (h) Cotton, F. A.; Hall, W. T.; Cann,K. J.; Karol, F. J.Macromolecules 
1981, 14, 233. 
(23) Bianchini, C.; Caulton, K. G.; Chardon, C.; Eisenstein, 0.; Folting, 

K.; Johnson, T. J.; Meli, A.; Peruzzini, M.; Rauscher, D. J.; Streib, W. E.; 
Vizza, F. J. Am. Chem. SOC. 1991,113,5127. 

(24) (a) Strickler, J. R.; Wexler, P. A.; Wigley, D. E. Organometallics 
1988, 7, 2067. (b) Smith, D. P.; Strickler, J. R.; Gray, S. D.; Bruck, M. 
A.; Holmes, R. S.; Wigley, D. E. Organometallics 1992, 11, 1275. 

(25) (a) Nesmeyanov, A. N.; Gusev, A. I.; Pasynskii, A. A.; Amisimov, 
K. N.; Kolobova, N. E.; Struchkov, Y. T. J. Chem. Soc., Chem. Commun. 
1969,277. (b) Nesmeyanov, A. N.; Gusev, A. I.; Pasynskii, A. A.; Amisimov, 
K. N.; Kolobova, N. E.;Struchkov, Y. T. J .  Chem. Soc., Chem. Commun. 
1969, 739. 
(26) (a) Cotton, F. A.; Shang, M. Inorg. Chem. 1990,29,508. (b) ibid., 

p 2614. (c) ibid., p 2619. (d) Cotton, F. A.; Shang, M. J. Am. Chem. SOC. 
1990,112,1584. (e) Cotton, F. A.; Feng, X. Znorg. Chem. 1990,29,3697. 
(0 Cotton, F. A.; Shang, M. Organometallics 1990, 9, 2131. 
(27) Yur’eva, L. P. Russ. Chem. Rev. (Engl. Transl.) 1974,43,48. 
(28) Calderazzo, F.; Marchetti, F.; Pampaloni, G.; Hiller, W.; Antropius- 

OVA, H.; Mach, K. Chem. Eer. 1989, 122, 2229. 
(29) Calderazzo, F.; Pampaloni, G.; Pallavicini, P.; Striihle, J.; Wurst, 

K. Organometallics 1991, 10, 896. 

this study did not, however, manage to differentiate 
whether the isolated q4-cyclobutadiene compounds were 
true catalytic intermediates or were in equilibrium with 
a catalytically active titanacyclopentadiene  specie^.^^^^^ 

The stoichiometric and catalytic reaction chemistry 
supported by the titanium aryloxide fragment E(Ar”0)nTil 
is rapidly being developed by our g r o ~ p . ’ ~ , ~ ~  A wide range 
of organometallic reaction types have already been dem- 
onstrated at  the metal center. Specifically, it has been 
shown that ring expansion of titanacyclopentadiene (vide 
infra), titanacyclopent-3-ene, and titanacyclopentane rings 
to generate stable seven membered metallacycles occurs 
with unsaturated organic molecules. Intramolecular car- 
bon-carbon bond formation (reductive-elimination) to 
produce organic fragments which remain bound to the 
metal center has also been demonstrated. Each step in 
the stepwise pathway for cyclotrimerization, therefore, 
has precedence. There is, however, strong evidence that 
these titanacyclopentadiene compounds react with olefins 
in a concerted manner (Scheme Vh30 The cyclohexa-1,3- 
diene products obtained by the selective (2 + 2 + 2) 
cycloaddition of 2 equiv of alkyne and olefin are best 
accounted for by concerted formation and subsequent 
isomerization of titananorbornene (titanium cyclohexa- 
1,3-diene) intermediates.3O No products are observed 
resulting from @-hydrogen migration in an open metal- 
lacyclohepta-2,4-diene intermediate. In contrast the 
product of selective catalytic cross-coupling of 2,3-dim- 
ethyl-1,3-butadiene and a-olefins is generated by @-hy- 
drogen elimination in an isolable, open metallacycle. No 
cyclohexene products of reductive elimination are observed 
(Scheme V). This contrast in reactivity strongly supports 
the idea of a concerted pathway for these cyclotrimerization 
reactions (Scheme VI). A reaction proceeding via a 
statistical (1:1:2) distribution of the three possible inter- 
mediate titanacyclopentadiene complexes with identical 
rates would yield a 3:l ratio of 1,2,4- and 1,3,5-substitu- 
tional isomers. 

In the case of the substrate ButC=CH, the 2,4- 
substituted titanacyclopentadiene 2 was isolated and 
shown to catalyze the formation of only 1,3,5-tri-tert- 
butylbenzene. Hence, in this case catalysis must proceed 
via a highly regioselective concerted addition of B u t C S H  
to 2. In this system the driving force for the high 
regioselectivity is presumably steric factors. 

The usymmetrical alkyne PhC=CMe has also been 
shown to form a nonsymmetrical titanacyclopentadiene 
(3). However, cyclotrimerization of this alkyne leads to 
a 94:6 mixture of 1,2,4- and 1,3,5-substituted benzenes. 
The formation of the minor, symmetrical benzene product 
must proceed via3. The formation of the 1,2,4-substituted 
benzene could also be argued to proceed via 3 with the 
observed isomer ratio reflecting the regioselectivity of 
addition to the titanacyclopentadiene ring of 3 by 
PhCGCMe. However, it is difficult to rationalize the 
observed isomer ratio on the basis of steric effects if the 
catalytic reaction proceeds only via 3. An alternative is 
to invoke the presence of minor amounts of the symmetrical 
titanacyclopentadiene intermediates which react more 
rapidly with the third equivalent of alkyne than does 3. 

A similar situation is present for the rapid cyclotrim- 
erization by 1 of terminal alkynes containing small alkyl 
substituents. Steric (and statistical) factors favor the 2,4- 

(30) Balaich, G. J.; Rothwell, I. P. J .  Am. Chem. SOC. 1993, 115, 1581. 
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Scheme V 
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disubstituted titanacyclopentadiene intermediate. The 
observed final product isomer ratio implies that if catalysis 
proceeds mainly through this intermediate, then the 
concerted pathway has to be highly regioselective, toler- 
ating cis alkyl substituents during the addition. 

Reaction with Organic Isocyanides. The titanacy- 
clopentadiene complexes [(Ar"O)zTi(C4Et4)] (1) and 
[ (Ar"O)zTi(C4ButzH2)1 (2) react rapidly with ButNC in 
benzene solution to produce the new organometallic 
products 5 and 6 (Scheme VII). The spectroscopic data 
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Scheme VI1 

Hill et al. 

n l r C  

C441 

(PY) 

for 5 and 6 are consistent with their formulation as a2- 
imine complexes (Scheme VII). Compounds 5 and 6 
proved difficult t o  handle, undergoing further reactions 
in solution. Addition of pyridine (py) to 5 yielded the 
adduct [ (Ar"0)2Ti(q2-ButNCC4Et4)(py)l (7) which proved 
more amenable to study (Scheme VII). A single crystal 
X-ray diffraction study of 7 confirmed the presence of the 
metal-bound tert-butylimine of tetraethylcyclopentadi- 
eneone (Figure 2, Table 111). The l3C NMR data for 5-7 
are informative. In these complexes a peak at  6 108.2, 
116.5, and 115.2 ppm, respectively, can be assigned to the 
carbon atom of the a2-bound imine. There is no evidence 
in the 13C NMR spectra of 5 or 6 for their formulation as 
"open" metallacyclic intermediates (Scheme VII). This 
is significant, as previous work has shown that addition 
of 1 equiv of alkyl isocyanide (R'NC) to bis(alky1) 
substrates [(ArO)zTiRz] initially yields [(Ar0)2Ti(a2- 
R'NCR) (R)] which undergo ligand induced alkyl migration 
upon addition of pyridine to produce the a2-imine com- 
pounds [(Ar0)2Ti(q2-R'NCR2)(py)l .31 Presumably, the 
reaction of 1 and 2 with ButNC proceeds in a stepwise 
manner via an open metallacyclic, q2-iminoacyl interme- 
diate (Scheme VII). This intermediate must rapidly 

(31) (a) Durfee, L. D.; Hill, J. E.; Fanwick, P. E.; Rothwell, I. P. 
Organometallics 1990,9,75. (b) Durfee, L. D.; Rothwell, I. P. Chem. Reu. 
1988,88, 1059. 

C125 
Figure 2. ORTEP view of [(Ar"O)2Ti(v2-ButNCC4Et4) (py)] 
(7). 

Table 111. Selected Bond Distances (A) and Angles (deg) for 
I(Ar"0)*Ti(t12-ButNCC4Etr)(py)l (7) 

Ti-O( 10) 1.861(2) Ti-O(20) 1.841(2) 
Ti-N( 50) 1.860(2) Ti-C(41) 2.262(3) 

C(41)-C(45) 1.452(4) C(42)-C(43) 1.378(4) 
C(43)-C(44) 1.445(4) C(44)-C(45) 1.385(4) 

Ti-N( 3 1) 2.142(2) C(41)-N(50) 1.417(3) 

0(10)-Ti-0(20) 11  1.36(8) O(lO)-Ti-N(31) 95.20(8) 
0(10)-Ti-N(50) 11 1.78(9) O(lO)-Ti-C(41) 132.67(9) 
0(29)-Ti-N(31) 102.20(8) 0(20)-Ti-N(50) 113.21(9) 
0(20)-Ti-C(41) 114.84(9) N(31)-Ti-N(50) 121.51(9) 
N(31)-Ti-C(41) 84.85(8) N(50)-Ti-C(41) 84.85(8) 
Ti-N(50)-C(41) 86.2(1) Ti-C(41)-N(50) 55.1(1) 
Ti-O(1O)-C(11) 156.8(2) Ti-O(2O)-C(21) 153.5(2) 

undergo intramolecular reductive-elimination to produce 
5 and 6. An open metallacyclic a2-iminoacyl (12) has been 
isolated and structurally characterized (vide infra) ,  and 
the iminoacyl carbon is found to resonate a t  6 240.8 ppm, 
a region characteristic of other titanium q2-iminoacyl 
compounds. The hydrolysis of 5 or 7 yields the same 
organic product, which appears to be a tautomeric mixture 
of imines and enamines. 

Reaction with Organic Nitriles. Reaction of 1 with 
acetonitrile takes place rapidly in benzene solution to yield 
1 equiv of 2-methyl-3,4,5,6-tetraethylpyridine (lH NMR 
and high resolution mass spectrometry) along with an 
unidentified titanium product. The treatment of 1 or 2 
with benzonitrile similarly yielded 2-phenyl-3,4,5,6-tet- 
raethylpyridine and 2-phenyl-4,6-di-tert-butylpyridine as 
the organic products (Scheme VIII). However, in these 
cases the titanium containing product was isolated and 
identified as a dinuclear compound [(Ar"O)zTi(~-PhCN)2- 
Ti(0Ar")l~ (8) containing two bridging PhCN units. Dark 
red crystals of 8 were isolated from the reaction mixtures 
and subjected to a single crystal X-ray diffraction analysis 
(Figure 3, Table IV). The cotrimerization of alkynes and 
nitriles to produce the pyridine nucleus has been dem- 
onstrated many times both stoichiometrically and cata- 
lytically.21a Recent work by Wigley et al. on the reaction 
of a tantalacyclopentadiene with organic nitriles shows 
the resulting pyridine ring can sometimes remain strongly 
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Figure 3. QRTEP view of [(Ar"0)2Ti(p-PhCN)2Ti(OAr")21 
(8). 

Table IV. Selected Bond Distances (A) and Angles (deg) for 
[ ( Ar" 0) zTi( pPhCN)ZTi( OAr" )2] (8) 

Ti-Ti 3.027(2) Ti-O( 20) 1.799(4) 
Ti-0(30) 1.819(4) Ti-C(l) 2.014(6) 
Ti-N(l) 2.069(5) Ti'-N( 1) 2.089(5) 
C( 1 )-N( 1) 1.247( 7) 

Ti-N( 1)-Ti 93.4(2) Ti-N(1)-C(1) 69.0(4) 
Ti'-N(1)-C(1) 159.2 ( 5 )  Ti-C(1)-N(1) 75.6(4) 
Ti-O(20)-O(21) 159.7(4) Ti-O(3O)-C(31) 173.3(4) 
0(20)-Ti-0(20) 117.3(2) 

Scheme VI11 
Ft 4' 

2 PWN 

Ar"0 Et 

- 112 (8) + 

Et 

Rut Bd 

(2) 

(8) = [(Ar"O)iT i (pP hCN)2Ti(OAr")i] 

bound to the metal center.32 In the case of tantalum an 
+C,N-bound pyridine was structurally characterized. 
Previous work by our group has shown that the fragment 
[ (ArO)nTi] (ArO = 2,6-diisopropylphenoxide) can bond 
to pyridine ligands in a normal (0-N) fashion, although 
one electron reduction of one of the ligands typically 
occurs.12i Attempts to use 1 as a catalyst for production 
of NC5EtdPh failed. The addition of PhCN to a solution 
of 1 containing a large excess of EtCECEt did not produce 
catalytic amounts of NCbEtdPh. This appears to be due 
to the formation of 8 which does not react with 3-hexyne. 
The lack of reactivity of 8 may be due to the nature of the 
central core of the dinuclear unit which is discussed below. 

Reactivity with Benzophenone. The titanacyclo- 
pentadiene compounds 1 and 2 undergo a ring expansion 

C215 

c 74  

Figure 4. ORTEP view of [(Ar"0)2Ti(OCPh&4Et4)1 (9). 

Table V. Selected Bond Distances (A) and Angles (deg) for 
I(Ar"O)zTi(OCPh2C4Et4)1 (9) 

Ti-O( 70) 1.8 14( 1) Ti-0 (8 0) 1.804( 1) 
Ti-O(1) 1.802(1) Ti-C(6) 2.05 l(2) 
0(1)-C(2) 1.435(2) C(2)-C(3) 1.555(2) 
C(3)-C(4) 1.350(2) C(4)-C(5) 1.505(2) 
C(5)-C(6) 1.3 39( 3) 

0(70)-Ti-0(80) 112.48(5) O(l)-Ti-C(6) 99.05(6) 
Ti-O( 1)-C(2) 126.81(9) Ti-O(7O)-C(71) 161 .O( 1) 
Ti-O(80)-C(8 1) 163.1 (1) O( l)-C(2)-C(3) 107.0( 1) 
C(2)-C(3)-C(4) 121.9( 1) C(3)-C(4)-C(5) 126.6( 1) 
C(4)-C(5)-C(6) 12 1.1 ( 1) Ti-C(6)-C(5) 112.0(1) 

reaction with PhzCO at 25 OC in hydrocarbon solvents 
(Scheme 1x1. The resulting seven membered oxametal- 
lacycles 9 and 10 can be readily characterized by 'H and 
13C NMR spectroscopy. In the 13C NMR spectrum the 
carbon atom of the remaining Ti-C bond resonates at 6 
210.8 and 215.8 ppm for 9 and 10, respectively. The open 
structure and conformation of the metallacyclic ring in 9 
was confirmed by a single crystal X-ray diffraction analysis 
(Figure 4, Table V). The regiochemistry of 10, formed by 
insertion of Ph&O into the Ti-CH=CBut bond of 2, was 
confirmed by hydrolysis to yield the corresponding alcohol 
(Scheme IX). The reaction of 10 first with iodine followed 
by hydrolysis also yielded the corresponding iodo alcohol 
(Scheme 1x1, which was characterized by NMR and mass 
spectrometry. 

The reaction of the tetraethyltitanacyclopentadiene 
compound 1 with PhzCO at  elevated temperatures was 
found to lead to the 2-oxatitanacyclopent-4-ene complex 
11 and 1 equiv of 3-hexyne (Scheme IX). The formation 
of a significant amount of 11 free from 9 required addition 
of PhzCO to a hot benzene solution of 1. Hydrolysis of 11 
yielded the corresponding allylic alcohol (Scheme IX). 
Once formed, it was found that interconversion of 9 and 
11 was not possible. The thermolysis of 9 at 100 OC in 
CsDs in a sealed 5-mm NMR tube failed to generate 11 
plus 3-hexyne. Attempts to expand the five membered 
metallacycle in 11 by reaction with excess 3-hexyne also 
failed to produce 9. It can, therefore, be concluded that 
these two oxametallacycles are kinetic products of the 
reaction of 1 with PhZCO. The simple ring expansion of 
1 and 2 with benzophenone to produce 9 and 10 represents 
a special case of the typical reactivity of high valent, early 
d-block metal alkyl compounds toward ketonic groups. 

(32) Smith, D. P.; Strickler, J. R.; Gray, S. D.; Bruck, M. A,; Holmes, The formation Of however, requires intramolecdar 
R. S.; Wigley, D. E. Organometallics 1992, 11, 1275. coupling of PhzCO with 3-hexyne. This indicates that 
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Scheme IX 

Hill et al. 

' 2  

I- 

[(Ar"O)2TiO] + 

H*BU' 

P h  '" But H 

H H$ Ph 

HO 

Scheme X 

there is a thermally accessible reaction pathway for I 
involving initial fragmentation of the titanacyclopenta- 
diene ring into its component alkyne units (Scheme X). 
This fragmentation has been invoked for other metalla- 
cyclopentadiene complexes, e.g. to explain isomerization 
of nonsymmetrically substituted compo~nds .~~b  The 
fragmentation of metallacyclopentane rings into their 
olefin components is a general reaction33 and occurs for 
the compound [(Ar"0)2Ti(CH2)41 on the NMR time 
scale.12d 

Ph,CO - Ti, 
Ar"O,, /".c /Ph "O,, 

Ti' 'ph - ' 
Ph Ar"0 \HA M'O 

v 

Although the remaining titanium-carbon bond in 2-ox- 
atitanacyclohepta-4,6-diene (9) does not react with Phz- 
CO, it was found possible to elaborate the compound 

(33) (a) Chisholm, M. H.; Huffman, J. C.; Hampden-Smith, M. J. J.  
Am. Chem. SOC. 1989,111,5284. (b) Cohen,S. A.;Auburn,P. R.;Bercaw, 
J. E. J. Am. Chem. SOC. 1983,105,1136. (c )  Takahashi, T.; Fujimori, T.; 
Seki, T.; Saburi, M.; Uchida, Y.; Rousset, C. J.; Negishi, E. J. Chem. SOC., 
Chem. Commun. 1990,182. (d) McKinney, R. J. J.  Chem. SOC., Chem. 
Commun. 1980, 490. (e) Grubbs, R. H.; Miyashita, A. J. Chem. Soc., 
Chem. Commun. 1977,864. (0 Grubbs, R. H.;Miyashita, A. J. Am. Chem. 
SOC. 1978, 100, 1300. 
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site on the coordination sphere passing through the 
midpoint of the N-C bond. 

I t  can be seen (Tables I-VI) that the Ar”0-Ti-OAr” 
angle varies over the narrow range 106-117O for the 
compounds obtained in this study. This compares with 
values of 123.0(1) and 120.1(1)’ for the simple four- 
coordinate molecules [(Ar”O)2TiPh2134 and [(Ar”O)zTi- 
( N H P ~ ) Z ] . ~ ~  The Ti-OAr” distances vary from 1.788(6) 
Ain molecule 2 of 1 to 1.896(4) 8, in 12. These values span 
the range typically found for aryloxide ligands bound to 
Ti(1V) metal centers.36 Similarly, the large Ti-O-Ar” 
angles of 150-180° are typical. The lack of correlation 
between M-OAr distances and M-O-Ar angles for ary- 
loxide compounds of the group 4 metals has been dis- 
cussed.37 

[(Art’O)zTi(C4Et4)] (1). A large number of group 4 
metallocene compounds containing substituted metalla- 
cyclopentadiene rings have been structurally charac- 
terized;1618 cf. the complete series [Cp,M(CdPh4)1 (M = 
Ti, Zr, Hf).16aJ7a In the aryloxide compound 1 (Figure 1, 
Table I) the titanium-carbon distances vary from 1.983- 
(9) to 2.02(1) A within the two independent molecules. 
This distance is much smaller than the value of 2.157(5) 
A, found in [CpzTi(CrPh4)1 ,16a but very close to Ti-C(alky1 
and aryl) distances in compounds such as [(Ar”O)sTi- 
(CH2SiMea)I and [(Art’O)2Ti(C6H5)21 .34 The C,-Cb and 
C,-Cp/ distances of 1.32(1)-1.35(1) A and longer CTCF 
distances of 1.52(1) and 1.55(1) A within the metallacycle 
rings of 1 are typical of metallacyclopentadiene com- 
pounds. 
[(Ar”O)zTi(q2-ButNCC4Et4)(py)] (7). The most im- 

portant structural feature of this molecule concerns the 
bonding and orientation of the q2-C,N-bound cyclopen- 
tadiene-imine ligand (Figure 3, Table 111). Previous work 
by our group has led to the isolation and structural 
characterization of a series of q2-imine complexes of 
formula [(ArO)2Ti(q2-ButNCR2)(L)1 (R = CHzPh, L = py 
and various 4-substituted  pyridine^).^^ Compound 7 is 
formally another example of this class of compound 
differing only in that the imine carbon is part of a 
metallacycle ring. However, there are definite differences 
in the bonding of the imine in 7 compared to the previously 
studied compounds. This is highlighted by the long Ti-C 
distances of 2.262(3) A in 7 compared to values of 2 . 1 5 ~ )  
and 2.150(2) A for L = py-4-Ph and py-4-Et in the noncyclic 
 compound^.^^ In contrast the Ti-N distance of 1.860(2) 
A in 7 is essentially identical (values of 1.846(4) and 1.855- 
(2) A). The elongation of the Ti-C bond in 7 is presumably 
due to the steric requirements of the bulky tetraethyl- 
cyclopentadiene ring. The bending away from the metal 
of the carbon atom of an +imine ligand will eventually 
lead to a situation involving simple cr-N coordination of 
the ligand. However, the C-N distance of 1.417(3) A in 
7 can still be considered as representative of a C-N single 
bond (1.47 A in amines) and is much longer than that 
typically found for C-N double bonds (1.28 A in free 
imines). 

[ (Ar”O)zTi(p.-PhCN)zTi(OAr”)21 (8 ) .  There has re- 
cently been considerable interest in the structure and 

(34) Chesnut, R. W.; Durfee, L. D.; Fanwick, P. E.; Rothwell, I. P.; 

(35) Zambrano, C. H.; Profilet, R. D.; Hill, J. E.; Fanwick, P. E.; 

(36) Smith, G. D.; Fanwick, P. E.; Rothwell, I. P. Inorg. Chem. 1990, 

(37) Steffey, B. D.; Fanwick, P. E.; Rothwell, I. P. Polyhedron 1990, 

Folting, K.; Huffman, J. C. Polyhedron 1987, 6, 2019. 

Rothwell, 1. P. Polyhedron, in press. 

29, 3221. 

9, 963. 

Figure 5. ORTEP view of [(Ar”O)zTi(q2-ButNCC4Et4- 
CPh20)l (12). 

Scheme XI 
BU‘ 

(9) (12) 

Table VI. Selected Bond Distances (A) and Angles (deg) for 
I(Ar“0)2Ti(n*-ButNCC1EtrCPhiO)l (12) 

Ti-O( 80) 1.8 18(4) Ti-O(90) 1.896(4) 
Ti-O(1) 1.805(4) Ti-N( 7) 2.040(5) 
Ti-C(7) 2.026(6) 0(1)-C(2) 1.440(6) 
c m - c ( 3 )  1.534(8) C(3)-C(4) 1.346(8) 
C(4)-C(5) 1.497(8) C(5)-C(6) 1.335(8) 
C(6)-C(7) 1.469(8) C(7)-N(7) 1.258(7) 

O( 80)-Ti-O( 90) 1 06.2( 2) O( 1 )-Ti-C( 7) 89.7(2) 
O( 1)-Ti-N(7) 110.3(2) 0(7)-Ti-N(7) 36.1(2) 
Ti-O(8O)-C(81) 168.9(4) Ti-O(90)-C(91) 151.6(4) 
Ti*( 1)-C(2) 142.9(3) O(l)-C(2)-C(3) 107.2(4) 
C(2)-C(3)-C(4) 127.0(5) C(3)-C(4)-C(5) 126.7(5) 
C(4)-C(5)-C(6) 119.7(5) C(5)-C(6)-C(7) 121.6(6) 
Ti-C(7)-C(6) 149.1(4) 

further by insertion of ButNC into this bond to produce 
12 (Scheme XI). The presence of the resulting q2-iminoacyl 
group was confirmed by the presence of the characteristic 
Ti(+ButNC-) resonance at  6 240.8 ppm in the 13C NMR 
spectrum. A single crystal X-ray diffraction analysis of 
12 (Figure 5, Table VI) shows that the large metallacyclic 
ring can readily adopt a conformation which will allow 
bonding of both the nitrogen and carbon atoms of the 
iminoacyl group. 

Discussion of the Solid State Structures. General 
Considerations. The five compounds subjected to single 
crystal X-ray diffraction analysis each contain the titanium 
aryloxide “unit”, [(Ar”O)2Ti]. Furthermore, each struc- 
ture can be considered to contain a pseudotetrahedral 
geometry about the titanium metal center (Figures 1-5). 
This consideration involves viewing the q2-C,N-bound 
fragments or molecules in 7,8 ,  and 12 as occupying asingle 
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Scheme XI1 

Hill et al. 

\ Ph bh 

PI 

Ph 

Ph Ph  

[CI [Dl 

spectroscopy of compounds containing nitrile ligands 
*-bound to transition metal centem38 In compound 8 the 
molecular structure (Figure 3, Table IV) can be seen to 
consist of two [(Ar”O)zTil units held together by two 
benzonitrile bridging groups. There is a crystallographic 
inversion center which makes the two titanium atoms and 
two bridging groups equivalent. A description of the 
bonding involving each nitrile group a-bound to one metal 
center and *-bound to the other would result in a formal 
oxidation state of +2 for the metal centers. However, the 
structural parameters for 8 are best accommodated into 
a bonding picture depicted by resonance forms C and D 
(Scheme XII). The two Ti-N distances of 2.069(5) and 
2.089(5) A are comparable to each other and much shorter 
than typical for simple dative bonds between nitrogen 
and titanium. The bridging ligand can be described as an 
N-metalated, +-iminoacyl group. The C-N distance of 
1.247(7) A is within the range found for q2-iminoacyl 
derivatives of titanium(1V). A dizirconium compound 
containing a similar, unique bridging nitrile ligand has 
recently been reported by Hoffman et al.39 

[ (Ar”0)2Ti(OCPh~C4Et4)] (9). The Ti-0 and Ti-C 
distances within 9 are unexceptional (Figure 4, Table V). 
The C-C distances within the metallacycle ring clearly 
indicate the presence of the two double bonds: C(3)-C(4), 
1.350(2) A, and C(5)-C(6), 1.339(3) A. The seven mem- 
bered ring in 10 adopts a conformation which appears (on 
the basis of the internal angles) to contain very little strain 
at  each of the constituent atoms. 

[ (Ar”0)2Ti(q2-ButNCC4Et4CPhzO)] (12). As in the 
case of 9 above, the large metallacycle ring in 12 manages 
to adopt a conformation which does not appear (Figure 5, 
Table VI), on the basis of the angles within the ring, to 
contain any obvious strain. The most interesting feature 
of compound 12 is the bonding of the 72-iminoacyl group. 
A large number of early d-block metal compounds con- 
taining V2-iminoacyl groups are now known. A significant 
number of these have been subjected to single crystal X-ray 
diffraction analysk31b One key parameter that has been 
discussed in detail is the value of AN,C = [d(M-N) - d(M- 
C)], which gives a measure of the strength of the $-binding 

(38) (a) Barrera, J.; Sabat, M.; Harman, W. D. J. Am. Chem. SOC. 1991, 
113, 8178. (b) Chetcuti, P. A.; Knobler, C. B.; Hawthorne, M. F. 
Organometallics 1988,7,650. ( c )  Anderson, S. J.; Wells, F. J.; Wilkinson, 
G.; Hussin, B.; Hursthouse, B. Polyhedron 1988, 7,2615. (d) Wright, T. 
C.; Wilkinson, G.; Motevalli, M.; Hursthouse, M. B. J.  Chem. Soc.,Dalton 
Trans. 1986, 2017. (e) Chisholm, M. H.; Huffman, J. C.; Marchant, N. 
S. Organometallics 1987, 6, 1073. 

(39) Hoffman, D. M.; Lu, S. Inorg. Chem. 1992, 31, 2675. 

to the metal. This parameter adopts a negative value when 
the iminoacyl group is attached to highly electron deficient 
metal ~enters .~lb In the case of 12 the Ti-C, Ti-N, and 
C-N distances are not significantly different than those 
found in the titanium q2-iminoacyl compounds of formula 
[(Ar0)2Ti(q2-R’OCR)(R)1 However, the value of the 
AN,C parameter, +0.014, for 12 is more than the values of 
-0.061 and -0.081 found for the unchelated V2-iminoacyl 
compounds. Slight elongation of the Ti-N bond over the 
Ti-C bond may be a consequence of the group being part 
of the metallacycle ring or else due to the electron 
deficiency of the metal being decreased by the presence 
of the alkoxide and two aryloxide *-donor ligands. 

Experimental Section 
All reactions were carried out under Nz or vacuum using 

standard Schlenk techniques. Solvents were dried by distillation 
over Naibenzophenone under Nz. Cyclotrimerization reactions 
were carried out in 5-mm NMR tubes except in the case of 
phenylacetylene. 1H and 13C NMR spectra were recorded using 
a Varian Gemini 200-MHz instrument. Microanalytical and mass 
spectral data were acquired through Purdue in-house facilities. 

Preparation of [ (Ar”0)2Ti(C4Etd)] (1). A mixture of 
[(Ar”O)zTiClz] (2.0 g, 3.26 mmol) and 3-hexyne (0.94 mL, 8.15 
mmol) in benzene (50 mL) was stirred over a sodium amalgam 
(0.16 g of Na, 6.95 mmol) for 12 h. The initially deep-red solution 
became deep-purple within 1 h and finally turned a dark-orange 
color. The suspension was decanted from the mercury pool, 
filtered, and evaporated in vacuo to yield the crude product. The 
crude product was redissolved in a minimum of hexane and either 
seeded or slowly cooled to induce the formation of orange crystals 
of 1. The crystals were washed with a small amount of hexane 
and dried under vacuum. Anal. Calcd for TiCaHM02: C, 82.03; 
H, 6.60. Found: C,  81.43; H, 6.83. MS (EI): 702 amu (M+). *H 
NMR (CsD6, 30 “C), 6: 6.9-7.5 (aromatics); 2.02 (q), 1.59 (q, 
CH2Me); 0.87 (t), 0.42 (t, CHZMe). Selected l3C NMR (C&, 30 
“C), 6: 231.2 (TiCEt); 160.0 (TiOC); 136.3 (TiCEtCEt); 28.4, 
20.9 (CHZMe); 14.9, 13.9 ( C H a e ) .  ‘H NMR (C&, 30 OC) for 
the partially hydrolyzed product, [Ti(OAr”)z(CHEtCEtCEtCEt)- 
(OH)], 6: 6.9-7.5 (aromatics); 5.97 (9, OH); 5.0 (t, CHEt); 2.0 (q), 
1.63 (q, CCHzCH3); 1.82 (pentet, CHCHZMe); 0.81 (t), 0.75 (t), 
0.68 (t), 0.53 (t, C H a e ) .  ‘H NMR (CsDs, 30 “c) for the fully 
hydrolyzed, organic product, [CHEtCEtCEtCHEtl, 6: 5.47 (t, 
CHEt); 2.21 (q, CCHzMe); 2.05 (CHCHZMe); 1.00 (t), 0.96 (t, 
C H a e ) .  

Preparation of [ (Ar”O)zTi(C4ButzHz)] (2). An essentially 
identical procedure to that described for 1, only using 3,3- 
dimethyl-1-butyne (0.80 mL, 6.50 mmol), yielded 2 as orange 
crystals. 1H NMR (C6Ds, 30 “C), 6: 6.8-7.5 (aromatics); 7.72 (d), 
7.25 (d, Ti(C4Butfiz),4J= 4.4Hz); 1.00 (s), 0.34 (9, CMe3). Selected 
13C NMR (C6Ds, 30 “C), 6: 240.6 (TiCBut); 202.3 (TiCH); 160.3 
(TiOC); 28.1,29.1 (CMe,); 37.9,40.1 (CMe3). lH NMR (C&6,30 
“C) for the hydrolyzed organic product, [ButCHCHCButCH2], 
6: 5.97 (d, ButCH); 6.13 (dd, ButCHCH, (trans) 35 = 15.6 Hz); 
5.13(dd),4.84(d,CH2,(gem)2~=1.8Hz);1.01(s),1.10(s,CMe3). 

Preparation of [ (Ar”O)zTi(C4MezPhz)] (3). An essentially 
identical procedure to that described for 1 only using l-phenyl- 
1-propyne (1.0 mL, 8.15 mmol), yielded 3 as a brown powder. ‘H 
NMR (CsD8, 30 “C), 6: 6.2-7.5 (aromatics); 1.54 (s), 1.13 (s, CMe) .  
Selected NMR (C&, 30 “c), 6: 224.1, 222.6 (CMe); 160.5 
(TiOC); 22.2,19.5 (CMe). ‘H NMR (C&, 30 “c) for the partially 
hydrolyzed product, [Ti(OAr”)z(CMeCPhCMeCHPh)(OH)], 6: 
6.8-7.5 (aromatics); 6.38 (d, CHPh, 25 = 1.0 Hz); 5.17 (s, OH); 
1.72 (d, CMeCHPh, 2J = 1.0 Hz); 1.70 (9, TiCMe). lH NMR 
(C&, 30 “c) for the fully hydrolyzed organic product, 
[CHMeCPhCMeCHPh], 6: 6.8-7.8 (aromatics); 6.42 (d, CHPh, 
2J = 1.2 Hz); 5.90 (q, 1J = 7.0 Hz, CHMe); 2.03 (d, CMe, 2J = 1.2 
Hz); 1.54 (d, ’ J  = 7.0 Hz, CHMe). 

Preparation of [ (Ar”O)zTi(C~Ph4)1 (4). A mixture of 
[(Ar”O)zTi(C4Et4)] (1) (0.25 g, 0.36 mmol) and diphenylacetylene 
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Table VII. Crystal Data and Data Collection Parameters 

Organometallics, Vol. 12, No. 8, 1993 2923 

~ 

1 7 8 9 12 
formula 
fw 
space group 
a, A 
b, A 
c, A 
a, deg 
I% deg 
Y *  deg v, A3 
z 
dale, g ~ m - ~  
cryst dimens, mm 
temp, OC 
radiation (wavelength, A) 
monochromator 
linear abs coef, cm-' 
abs corr applied 
diffractometer 
scan method 
h,k,l limits 

20 range, deg 
scan width, deg 
takeoff angle, deg 
programs used 
FooO 
p factor used in weighting 
no. of data collcd 
no. of unique data 
no. of data with I > 3.Ou(n 

Pi (No. 2) 
12.627( 3) 
1 7.3 78( 4) 
17.739(3) 
90.41 (2) 
94.68(2) 
92.89( 2) 
3874( 3) 
4 
1.205 
0.44 X 0.32 X 0.25 
20 
Mo Ka (0.710 73) 
graphite 
2.53 
none 
Enraf-Nonius CAD4 
*2e 
-13 to +13,-18 to +18. 

0-18 
4.0&45.00 
0.83 + 0.35 tan(8) 
2.40 
Enraf-Nonius 
1488.0 
0.040 
10 099 
10 099 
348 1 

no. of variables 419 
largest shift/esd in final cycle 0.04 
R 0.075 
R W  0.080 
goodness of fit 1.628 

P21/n (No. 14) 
12.554(4) 

21.567(6) 

102.39(2) 

4742(5) 
4 
1.211 
0.44 X 0.36 X 0.09 
-105 
Mo Ka (0.710 73) 
graphite 
2.20 
none 
Enraf-Nonius CAD4 

0-13. 0-19.-23 to +22 

17.934(5) 

*2e 

4.00-45.00 
0.43 to 0.35 tan(8) 
1.90 
Enraf-Nonius 
1840.0 
6424 

6424 
4739 
568 
0.00 
0.040 
0.055 
1.422 

(0.13 g, 0.72 mmol) in benzene (10 mL) was heated for 1 h a t  110 
"C. Solvent was removed under vacuum, and the residue was 
dissolved in benzene. Small, red crystals of 4 were obtained from 
benzene/hexane. Anal. Calcd for TiCMHaOZ: C, 85.89; H, 5.18. 
Found: C, 85.98; H, 5.40. 'H NMR (C&, 30 "C), 6: 6.7-7.5 
(aromatics); 6.18 (ortho TiCPh). Selected 13C NMR (CoD6, 30 
"C): 6 225.0 (TiCPh); 160.6 (TiOC); 145.1 (TiCPhCPh). 

Cyclotrimerization of Phenylacetylene. Phenylacetylene 
(1.00 mL, 9.1 mmol) was slowly added to a benzene solution (2 
mL) of 1 (0.025 g, 0.036 mmol). The reaction mixture was eluted 
through a silica gel column. Solvent evaporation yielded a mixture 
(0.92 g) of 1,3,5-triphenylbenzene (7 %) and 1,2,4-triphenylben- 
zene (93%). 'H NMR (C&, 30 "C), 6: 7.78 (s, 1,3,5-C&Ph3); 
7.70 (d, 1,2,4-CPhCPhCHCPhCHCH); 7.52 (m, 1,2,4-CPhCPh- 

(m, 1,3,5- and 1,2,4-ceH$h3). 
Cyclotrimerization of 1-Pentyne. 1-Pentyne (0.15 mL, 1.47 

mmol) was added to a benzene solution (0.5 mL) of 1 (0.030 g, 
0.043 mmol). After 1 h the reaction mixture was eluted on a 
preparatory TLC plate. Workup yielded a mixture of 1,3,5- 
tripropylbenzene (28% ) and 1,2,4-tripropylbenzene (72 70). Se- 
lected 'H NMR (C& 30 "C), 6: 6.94-7.09 (m, lr2,4-C&(C3H7)3, 
ortho, 35 = 8.3 Hz); 6.83 (s, 113,5-C&Z3(C3H7)3). MS (EI) for 
1,3,5-tripropylbenzene: 204 (M+, 24.8%), 175 amu (100.0). MS 
(EI) for 1,2,4-tripropylbenzene: 204 (M+, 20.3%), 175 (100.0), 
147 (24.4), 105 (41.7), 91 amu (21.3). 

Cyclotrimerization of 1-Hexyne. 1-Hexyne (0.070 g, 0.85 
mmol) was slowly added to a benzene solution (0.5 mL) of 1 (0.10 
mL, 0.87 mmol). After 1 h the reaction mixture was eluted 
through a silica gel column. Solvent evaporation yielded a mixture 
of 1,3,5-tributylbenzene (31 %)and 1,2,4-tributylbenzene (69% ). 
Selected 'H NMR (CeDe, 30 "C), 6: 6.96-7.12 (m, 1,2,4-c&3- 
(C4H9)3, ortho, 3 = 7.7 Hz); 6.88 (s, 1,3,5-C&(C4H9)3). 

Cyclotrimerization of Cyclopentylacetylene. Cyclopen- 
tylacetylene (0.20 mL, 1.80 mmol) was slowly added to a benzene 
solution (0.50 mL) of 1 (0.050 g, 0.071 mmol). After 45 min of 
reaction time, a mixture of 1,3,5-tricyclopentylbenzene (30% ) 
and 1,2,4-tricyclopentylbenzene (70 % ) was obtained. Selected 

CHCPhCHCH); 7.40 (d, 1,2,4-CPhCPhCHCPhCHCH); 7.0-7.3 

c Z / c  (No. 15) 
23.100(4) 
12.656(3) 
27.486(7) 

109.09(2) 

7593(6) 
4 
1.259 
0.38 X 0.30 X 0.25 

Mo Ka (0.710 73) 
-50 

graphite 
2.61 
none 
Enraf-Nonius CAD4 
-28 
-24 to +23,0-13,0-29 

0.85 + 0.35 tan(8) 
2.95 
Enraf-Nonius Molen 
3008.0 
0.040 
5220 
5220 
3063 
448 
0.03 
0.060 
0.074 
1.660 

Pi (No. 2) 
12.147(3) 
12.577(3) 
20.363(3) 
80.92(2) 
80.94(2) 
6 1.78 (2) 
2694(1) 
L 

1.204 
0.52 X 0.52 X 0.50 

Mo Ka (0.710 73) 
-50 

graphite 
2.01 
none 
Enraf-Nonius CAD4 
w-28 
-12 to +13, -13 to +13, 

0-2 1 
4.0045.00 
0.43 + 0.35 tan(8) 
2.95 
Enraf-Nonius SDP 
1036.0 
0.040 
7024 
7024 
6054 
649 
0.09 
0.039 
0.056 
1.789 

P21/n (No. 14) 
11.774(3) 
22.775(3) 
20.137(4) 

98.320(9) 

5343(3) 
4 
1.203 
0.31 X 0.29 X 0.20 
-20 
Mo Ka (0.710 73) 
graphite 
2.02 
none 
Enraf-Nonius CAD4 
*2e 
-12 to +12,0-24, 

0-2 1 
4.00-45.00 
0.66 + 0.35 tan(8) 
2.95 
Enraf-Nonius SDP 
2056.0 
0.040 
7198 
7198 
3205 
640 
0.02 
0.047 
0.052 
0984 

'H NMR (C&5,30 "c), 6:  7.07-7.25 (m, 1,2,4-Cd3(C&)s); 7.05 
(s, 1,3,5-C&3(C6-H9)3); 3.32 (2 overlapping pentets), 2.92 (p, 1,2,4- 
CeHdCH(CHdd3). 

Cyclotrimerization of 3-Methyl-1-butyne. An essentially 
identical procedure to that described for the cyclotrimerization 
of cyclopentylacetylene, only using 3-methyl-1-butyne (0.20 mL, 
1.91 mmol), yielded amixture of 1,3,5-triisopropylbenzene (38%) 
and 1,2,4-triisopropylbenzene (62 % ). Selected 'H NMR (CeD6, 
30 "C), 6: 7.21 (d, 1,2,4-C(Pri)C(Pri)CHC(Pri)CHCH, ortho, 35 
= 8.2 Hz); 7.06 (dd, 1,2,4-C(Pri)C(Pri)CHC(Pri)CHCH); 6.99 (s, 
1,3,5-Cas(Pri)3); 3.17 (m), 2.81 (septet 1,2,4-CsH3(CH(Me)2)3); 
1.25 (d, 1,3,5-CsH3(CHC(Me),)3); 1.23 (d), 1.20 (d, 1,2,4-CsH3- 
(CHC(Me)dd. 

Cyclotrimerization of (Trimethylsily1)acetylene. An es- 
sentially identical procedure to that described for the cyclotri- 
merization of cyclopentylacetylene, only using Me3SiCSH (0.10 
mL, 0.71 mmol), yielded 1,3,5-tris(trimethylsilyl)benzene (>95 % 

(SiMe&); 0.30 (s, Si(Me)3). 
Cyclotrimerization of 3,3-Dimethyl-l-butyne. 3,3-Dim- 

ethyl-1-butyne (0.14 mL, 0.85 mmol) was added to a benzene 
solution (0.50 mL) of 1 (0.030 g, 0.043 mmol). After 3 days of 
reaction time at  room temperature, the reaction mixture was 
heated at  70 "C for a total of 22 h. This yielded 1,3,5-tris(tert- 
buty1)benzene (>95% pure by NMR). 'H NMR (CsDe, 30 "C), 
6: 7.40 (s, 1,3,5-C&(CMe3)3); 1.34 (s, 1,3,5-C&(CMe3)3). 

Preparation of [(Ar"O)zTi(ButNCC4ButzHz)] (6). tert- 
Butyl isocyanide (0.05 mL, 0.44 mmol) was added to a solution 
of 2 (0.20 g, 0.28mmol) in benzene (10.50 mL). A dark-red solution 
of crude 6 resulted. 'H NMR (c&, 30 "C), 6: 6.8-7.8 (aromatics); 
6.19 (d), 4.64 (d, ButNCsButJfz, 45 = 2.3 Hz); 0.78 (s, NC(Me),); 
1.18 (s), 1.06 (s, CC(Me)3). Selected 13C NMR (CeDs, 30 "C), 6: 
161.3 (TiOC); 116.5 (ButNC); 67.1 (NC(Me)3); 30.3, 32.9 (CC- 
(Me)3); 32.1, 32.7, 33.9 (CC(Me)3, NC(Me)3). 

Preparation of [ (Ar"O)zTi(ButNCC4Et4)] (5) and [ (Ar''0)~ 
Ti($-ButNCC4Et4)(py)] (7). tert-Butyl isocyanide (0.40 mL, 
0.36 mmol) was added to a solution of 1 (0.25 g, 0.36 mmol) in 
1:l benzene/hexane. The reaction mixture was stirred for 1 h. 

pure by NMR). 'H NMR (C&j, 30 "c), 6:  7.93 (9, 1,3,5-ca3- 
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Removal of solvent yielded crude 5 as a noncrystalline material. 
Addition of pyridine (0.056 mL, 0.70 mmol) resulted in the 
formation of dark orange crystals of 7. Anal. Calcd for 
TiCs~HBoNzOz: C, 80.53; H, 6.99; N, 3.24. Found: C, 80.29; H, 

7.7 (aromatics); 1.69 (m, CHzMe); 1.03 (t), 1.03 (t, CHJde); 0.64 
(s, CMe3). Selected 13C NMR (C6D6, 30 "c), 6: 160.6 (TiOC); 
115.2 (ButNC); 65.1 (CMe3); 31.7 (CMe3); 19.4, 18.1 (CHzMe3); 
16.5 (CHae3).  

Preparation of [ (Ar"O)2Ti(OCPh&4Et4)] (9). Benzophe- 
none (0.07 g, 0.36 mmol) and 1 (0.25 g, 0.36 mmol) were combined 
in 3:l hexane/benzene. This resulted in the formation of yellow 
crystals of 9 after 12 h. Anal. Calcd for Ti03CaHM: C, 83.16; 
H, 6.61. Found: C, 82.60; H, 6.86. '€3 NMR (C6D6, 30 "c), 6: 
6.8-7.8 (aromatics); 5.89 (broad d, TiOCPhz); 1.79 (overlapping 
quartets), 0.99 (q), 0.11 (4, CH2Me); 0.83 (t), 0.56 (t), 0.49 (t), 0.48 
(t, CHJde). Selected 13C NMR (C&, 30 "c), 6: 210.8 (TiCEt); 
161.1, 159.7 (TiOC); 92.2 (TiOCPhz); 28.0, 26.2, 24.7 (CHzMe); 
14.9, 14.5, 14.3, 13.9 ( C H a e ) .  'H NMR (C&, 30 "c) for the 
hydrolysis product, [HOCPhzCEtCEtCEtCHEtl, 6: 6.8-7.8 
(aromatics); 4.97 (t, CHEt); 4.79 (s, OH); 1.75-2.48 (three 
overlapping quartets, CCHzMe); 1.66 (p, CHCHZMe); 1.22 (t), 
0.98 (t), 0.58 (t), 0.37 (t, CHzMe). High resolution MS calcd: 
348.2453. Found: 348.2452. 

Preparation of [ (Ar"O)zTi(OCPh2C4But2H~)] (10). Ben- 
zophenone (0.060 g, 0.32 mmol) was added to a solution of 2 
(0,010 g, 0.014 mmol) in benzene (0.060 mL). This resulted in 
the formation of green crystals of 10 after 48 h. 'H NMR (C6D6, 
30 "C), 6: 6.8-7.7 (aromatics); 6.68 (s, TiOCPhzCHCButCHCBut); 
5.99 (s, TiOCPhzCHCButCHCBut); 0.65 (s), 0.68 (s, CMe3). 
Selected l3C NMR (C&, 30 "C), 6: 215.8 (TiCBut); 196.4 (TiCBut- 
CHCBut); 88.1 (TiOCPhz); 30.5,31.1 (CCMe)3; 36.6,41.0 (CMe)3). 
lH NMR (C6D6, 30 "C) for the hydrolysis product, [HOCPhZ- 
CHCButCHCHBut] , 6: 6.8-7.8 (aromatics); 5.93 (dd, HOCPhZ- 
CHCButCHCHBut, (trans) 3 5  = 16.6 Hz, 4J = 1.0 Hz); 5.34 (d, 

But); 4.89 (broad s,HOCPhzCHCButCHCHBut); 0.78 (s), 1.01 (s, 
CMe3). 

Iodination and Hydrolysis of [ (Ar"O)zTi(OCPhzCd- 
But2H2)] (10). Iodine (few flakes) was added to a benzene 
solution (0.60 mL) of 10 (0.02 g, 0.02 mmol). The reaction mixture 

Organometallics, Vol. 12, No. 8, 1993 

7.01; N, 3.62. 'H NMR (CeDe, 30 "c): 6 8.51 (d, ortho p y ) ;  6.3- 

HOCPhzCHCButCHCHBut); 6.33 (d, HOCPhzCHCButCHCH- 

Hill et  al. 

was hydrolyzed. Workup by preparatory TLC yielded the iodo 
alcohol [ICButCHCBu'CHCPhzOHl. 'H NMR (C&, 30 "c), 6: 
6.8-7.8 (aromatics); 6.63 (s), 6.75 ( 8 ,  ICBu'CH, ICButCHCButCH); 
5.09 (s, OH); 0.96 (s), 1.13 (s, CMe3). MS (CI): 457 ((M + H)+ 
-Hz0,79.1%),400(11.2),329 (10.6),302(15.8),248amu(15.6). 

Preparation of [ (Ar"O)zTi(OCPhzC2Etz)] (11). Benzophe- 
none (0.07 g, 0.36 mmol) was combined with 1 (0.25 g, 0.36 mmol) 
in benzene (5 mL). This solution was rapidly heated to a high 
temperature while solvent was simultaneously removed under 
vacuum. Bright yellow crystals of 11 were obtained from benzene/ 
hexane. Anal. Calcd for TiC55Ha03: C, 82.28; H, 5.78. Found: 
C, 82.36; H, 6.02. lH NMR (C6D6,30 "C), 6: 6.9-7.5 (aromatics); 
1.62 (q), 1.40 (4, CH2Me3); 0.51 (t), 0.14 (t, CHJde3). Selected 
l3C NMR (C6D6, 30 "C), 6: 219.7 (TiCEt); 169.1 (TiCEtCEt); 
160.1 (TiOC); 95.8 (OCPhz); 26.8, 24.3 (CHzMe3); 14.5, 13.6 
(CHae3) .  

Preparation of [ (Ar"O),Ti( +ButNCC4Et&PhzO)] (12). 
tert-Butylisocyanide (32 mL, 0.28 mmol) was combined with 9 
(0.25 g, 0.28 mmol) in a minimum of benzene. Yellow crystals 
of 12 were obtained from a benzene/hexane solution. 1H NMR 

-0.40 (diastereotopic multiplets, CHzMeS); 1.14 (t), 0.79 (t), 0.52 
(t), 0.49 (t, CHae3) .  Selected l3C NMR 30 "c), 6: 240.8 
(ButNC); 96.7 (TiOCPh2); 64.5 (CMe3); 29.0 (CMe3); 28.3, 25.1, 
24.9, 22.5 (CHzMe3); 17.8, 16.5, 14.2, 13.6 (CHJde). 

Crystallographic Studies. The crystal data and data 
collection parameters are collected in Table VII. Further details 
of the crystallographic studies are given in the supplementary 
material. 

(C6D6, 30 "c), 6: 6.6-8.4 (aromatics); 2.15, 1.60, 1.15, 0.80, 0.23, 
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Supplementary Material Available: Textual description 
of experimental procedures and full listings of the fractional 
coordinates, anisotropic thermal parameters, and bond lengths 
and angles (110 pages). Ordering information is given on any 
current masthead page. 
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