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to generate an q4-arene intermediate which results from 
the retention of aromaticity in the noncoordinated rings. 
Our results indicate that similar effects reverse the di- 
rection of the exchange reaction if the q4-arene complex 
is the starting material rather than an intermediate, that 
the q4-benzene in [ C ~ ’ ( q ~ - C & ~ ) ( c o ) ~ ] ~ -  is an exceptionally 
labile arene ligand, and that reductive activation arene 
exchange reactions can lead to products which cannot be 
prepared pure by other routes. 
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Summary: The cationic carbene complexes Ir- 

(CR=CRCR=CR)(=CCH,CH,CHR’O)( PPh,),(CO)+BF,- 
[R = CO,CH,; R’ = H, 1; R’ = CH,, 51 react with pyridine 

to form the acyl complexes ;r(CR=CRCR=CR)- 
(COCH,CH,CHR’NC,H,)(PPh3)2(CO)+BF,- [R’ = H, 3; R‘ 
= CH,, 61. The solid-state structure of the novel pyridi- 
nium-substituted acyl complex 3 has been determined by 
X-ray crystallography. 

7 

i I 1 

The role of metal carbene complexes in olefin metath- 
esis,’ in certain olefin polymerizations,2 and as synthetic 

~~ ~~ 

(1) Dragutan, V.; Balaban, A. T.; Dimonie, M. Olefin Metathesis and 
Ring Opening Polymerization of Cycloolefins; Wiley: New York, 1986. 
Ivin, K. J .  Olefin Metathesis; Academic: New York, 1983. Grubbs, R. 
H. In Comprehensiue Organometallic Chemistry: The Synthesis, Re- 
actions and Structures of Organometallic Compounds; Wilkinson, G., 
Ed.; Pergamon: New York, 1982; Vol. 8, pp 499-551. Schrock, R.; 
Rocklage, S.; Wengrovius, J.; Rupprecht, G.; Fellmann, J. J.  Mol. Catal. 
1980,8, 73. Katz, T. J. Adu. Organomet. Chem. 1977, 16, 283. 

(2) Anslyn, E. V.; Grubbs, R. H. J. Am. Chem. SOC. 1987,109,4880 and 
references therein. Katz, T. J.; Hacker, S. M.; Kendrick, R. D.; Yannoni, 
C. S. J. Am. Chem. SOC. 1985,107, 2182. Green, M. L. H. Pure Appl. 
Chem. 1978, 50, 27. Turner, H. W.; Schrock, R. R.; Fellmann, J .  D.; 
Holmes, S. J .  J.  Am. Chem. SOC. 1983, 105, 4942. 
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intermediates3 has generated extensive interest in the 
properties and reactivity of this prominent compound 
class. In the area of organic synthesis, 2-oxacycloalkylidene 
complexes are attractive due to ease of ligand formation: 
m~dif icat ion,~ and subsequent removal of the metal.6 
With respect to carbene modification, the isolobal analogy 
of alkoxycarbene complexes and esters has been a useful 
guide for development of carbene r e a c t i o n ~ . ~ ~ ~ *  It is now 
widely recognized that alkoxycarbene complexes exhibit 
four primary reactivity patterns (Figure 1kSb ligand sub- 
stitution (l), nucleophilic attack at  the carbene carbon (2), 
often resulting in heteroatom exchange (2’), deprotonation 
a t  the a-carbon (3), and addition of unsaturated species 
across the metal-carbon double bond (4). A less commonly 
observed fifth mode of reactivity is nucleophilic attack at  
the sp3 carbon-oxygen bond (5).*11 

(3) Wulff, W. D. In Aduances in Metal-Organic Chemistry; Liebes- 
kind, L. S., Ed.; JAI: Greenwich, CT, 1987; Vol. 1. Brookhart, M.; 
Studabaker, W. B. Chem. Reu. 1987,87,411. Doyle, M. P. Chem. Reu. 
1986,86, 919. Casey, C. P. React. Intermed. (Wiley), 1985,5, 3. Dotz, 
K. H. Angew. Chem., Int., Ed. Engl. 1984,23,587. Dotz, K. H.; Fischer, 
H.; Hofmann, P.; Kreissl, F. R.; Schubert, U.; Weiss, K. Transition Metal 
Carbene Complexes; Verlag Chemie: Deerfield Beach, FL, 1984. Dotz, 
K. H. Pure Appl. Chem. 1983, 55, 1689. Brown-Wensley, K. A.; Bu- 
chwald, s. L.; Cannizzo, L.; Clawson, L.; Ho, s.; Meinhardt, D.; Stille, J. 
R.; Straus, D.; Grubbs, R. H. Pure Appl. Chem. 1983,55, 1733. Casey, 
C. P. In Transition Metal Organometallics in Organic Synthesis; Alper, 
H., Ed.; Academic: New York, 1976; Vol. I. Casey, C. P. Organomet. 
Chem. Libr. 1976,1,397. Fischer, E. 0. Pure Appl. Chem. 1970,24,407; 
1972, 30, 353. 

(4) Dotz, K. H.; Sturm, W. Organometallics 1987,6, 1424. Casey, C. 
P. J.  Chem. SOC., Chem. Commun. 1970,1220. Casey, C. P.; Anderson, 
R. L. J.  Am. Chem. SOC. 1971,93,3554. Cotton, F. A.; Lukehart, C. M. 
J .  Am. Chem. SOC. 1971,93, 2672. Game, C. H.; Green, M.; Moss, J. R.; 
Stone, F. G. A. J. Chem. Soc., Dalton Trans. 1974, 351. Casey, C. P.; 
Anderson, R. L. J. Organomet. Chem. 1974, 73, C28. Chisholm, M. H.; 
Clark, H. C. Acc. Chem. Res. 1973,6,202. Marten, D. F. J. Chem. Soc., 
Chem. Commun. 1980, 341. Bruce, M. I.; Swincer, A. G.; Thomson, B. 
J.; Wallis, R. C. Aust. J .  Chem. 1980,33,2605. Clark, H. C.; Manzer, L. 
E. J .  Organomet. Chem. 1973,47, C17. Oguro, K.; Wada, M.; Okawara, 
R. J.  Organomet. Chem. 1978,159, 417. Chisholm, M. H.; Clark, H. C. 
J .  Chem. Soc., Chem. Commun. 1970,763; Inorg. Chem. 1971,10,1711; 
J .  Am. Chem. SOC. 1972,94,1532. Dotz, K. H.; Sturm, W. J. Organomet. 
Chem. 1985, 285, 205. King, R. B. J.  Am. Chem. SOC. 1963, 85, 1922. 

(5) Casey, C. P.; Brunsvold, W. R. J. Organomet. Chem. 1975,102,175. 
Casey, C. P.; Brunsvold, W. R. J.  Organomet. Chem. 1976, 118, 309. 
Casey, C. P.; Brunsvold, W. R.; Scheck, D. M. Inorg. Chem. 1977, 16, 
3059. Cotton, F. A.; Lukehart, C. M. J. Am. Chem. SOC. 1973,95, 3552. 
Casey, C. P.; Neumann, S. M. J.  Am. Chem. SOC. 1977,99,1651. Connor, 
J. A.; Fischer, E. 0. J.  Chem. SOC., Chem. Commun. 1967, 1024. 

(6) Fischer, E. 0.; Riedmuller, S. Chem. Ber. 1974,107,915. Fischer, 
H. J. Organomet. Chem. 1981, 219, C34. Fischer, H.; Zeuner, S. Z.  
Naturforsch., B Anorg. Chem., Org. Chem. 1983,38B, 1365. Casey, C. 
P.; Anderson, R. L. J .  Chem. Soc., Chem. Commun. 1975, 895. 

(7) Hoffmann, R. Angew. Chem., Int. Ed. Engl. 1982, 21, 711. 
(8) (a) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G. 

Principles and Applications of Organotransition Metal Chemistry; 
University Science Books; Mill Valley, CA, 1987; p 51. (b) Ibid., p 783. 

(9) Davison, A.; Reger, D. L. J.  Am. Chem. SOC. 1972,94,9237. Cutler, 
A. R. J .  Am. Chem. SOC. 1979,101,604. Green, M. L. H.; Hurley, C. R. 
J.  Organomet. Chem. 1967, 10, 188. Green, M. L. H.; Mitchard, L.; 
Swanwick, M. J.  Chem. SOC. A 1971, 794. Treichel, P. M.; Wagner, K. 
P. J .  Organomet. Chem. 1975,88, 199. Chisholm, M. H.; Clark, H. C.; 
Johns, W. S.; Ward, J. E. H.; Yasufuku, K. Inorg. Chem. 1975, 14,900. 
Bodner, G. S.; Smith, D. E.; Hatton, W. G.; Heah, P. C.; Georgiou, S.; 
Rheingold, A. L.; Geib, S. J.; Hutchinson, J. P.; Gladysz, J. A. J .  Am.  
Chem. SOC. 1987, 109, 7688. 
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Figure 2. Molecular structure and labeling scheme for 3 (-BF, 
counterion). Bond distances (A): Ir-C(2), 2.161 (4); 1 ~ C ( 5 ) ,  2.102 
(4); I rC(6) ,  2.136 (4). Bond angles (deg): P(1)-Ir-C(l), 90.6 (2); 
P(l)-Ir-C(2), 90.3 (1); P(l)-Ir-C(5), 87.3 (1); P(l)-Ir-C(6), 89.1 
(2); P(2)-1r-C(1), 91.4 (2); P(2)-Ir-C(2), 88.4 (1); P(2)-Ir-C(5), 
90.7 (1); P(2)-Ir-C(6), 91.8 (2); c(l)-Ir-C(2), 102.5 (2); C(1)-Ir- 
C(6), 89.3 (2); C(2)-Ir-C(5), 77.3 (2); C(5)-Ir-C(6), 90.9 (2). 

We report herein the pyridine-induced cleavage of 
substituted sp3 carbon-oxygen bonds in electrophilic 
carbene complexes. In the case of bond cleavage at  a 
secondary carbon center, the mild conditions of this re- 
action are remarkable on the basis of established reactivity 
trends for other electrophilic carbenes as well as organic 
esters and lactones.12 

We recently reported the synthesis of the first metal- 
lacycle-carbene complex 1 by treatment of the cationic 
metallacycle Ir (CR=CRCR=CR) (PPh,),( CO) (NCCH3)+- 
BF4- (2, R = C02CH3) with 3-butyn-1-01.'~ In the course 
of examining the reactivity of this compound, we have now 
discovered that addition of excess pyridine (aqueous) (200 
pL, 2.5 mmol) to CDC13 solutions of 2 (150 mg, 0.13 mmol, 
0.05 M) a t  23 OC results in nearly quantitative conversion 
to the pyridinium-acyl complex 3.14 We were unable to 
confirm the presence of an acyl ligand in 3 by infrared 
spectroscopy as a single band in the acyl region is observed 
a t  1625 cm-l; the location of a pyridinium ion stretching 
mode. 

Comparison of the structure for pyridinium acyl 3 
(Figure 2)15 to that for carbene precursor l I3  indicates relief 

I I 

(10) Fischer, E. 0.; Selmayr, T.; Kreissl, F. R.; Schubert, U. Chem. Ber. 
1977, 110, 2574, Fischer, E. 0.; Schubert, U.; Fischer, H. Pure Appl. 
Chem. 1978,50, 857. 

(11) For nucleophile-induced ring opening of unsubstituted 2-oxacy- 
clopentylidene complexes see: Moss, J. R. J. Organomet. Chem. 1982, 
231,229. Bailey, N. A,; Chell, P. L.; Manuel, C. P.; Mukhopadhyay, A.; 
Rogers, D.; Tabbron, H. E.; Winter, M. J. J. Chem. SOC. Dalton Trans. 
1983,2397. See also: Lukehart, C. M.; Zeile, J. V. J. Organomet. Chem. 
1975, 97, 421. 

(12) Related S ~ 2 - t y p e  ester cleavage reactions which employ nucleo- 
philes such as halides and amines usually work well only with methyl 
esters or, to a lesser extent, ethyl esters: McMurry, J. Org. React. (N.Y.) 
1977,24, 187. Friedrich, E. C.; Delucca, G. J. Org. Chem. 1983,48,1678. 
Olah, G. A,; Narang, S. C.; Gupta, B. G. B.; Malhotra, R. J. Org. Chem. 
1979,44,1247. Powerful nucleophiles such as phenyl selenide or Lewis 
acids in combination with thiols will induce S N ~  ester cleavage reactions 
a t  secondary carbon centers: Liotta, D.; Sunay, U.; Santiesteban, H.; 
Markiewicz, W. J. Org. Chem. 1981, 46, 2605. Node, M.; Nishide, K.; 
Ochiai, M.; Fuji, K.; Fujita, E. J. Org. Chem. 1981, 46, 5163. 

(13) OConnor, J. M.; Pu, L.; Rheingold, A. L. J. Am. Chem. SOC. 1987, 
109, 7578. 

(14) Complexes 3-7 have been characterized by 'H NMR, 13C NMR, 
IR, and mass spectroscopy and microanalysis. Details are provided as 
supplementary material. 

PPh] 

3 R ' H  

6 R :  CH, 
- 
- 

of steric strain in the conversion of 1 to 3. The P(2)-1r- 
C(2) and P(l)-Ir-C(2) angles are increased to 88.4O and 
90.3', respectively (from 85.3 and 88.4' in l ) ,  and the 
C(l)-Ir-C(6) and C(5)-Ir-C(6) angles are decreased to 
89.3' and 90.9', respectively (from 91.5' and 94.8' in 1). 
The alkyl chain of the acyl ligand is extended so as to place 
the pyridine substituent at a maximum distance from the 
metal center. 

When the reaction of 1 and pyridine is followed by lH 
NMR spectroscopy, we observe the transient formation of 
a third species, the originally expected vinyl ether complex 
4. We independently synthesized 4 in nearly quantitative 
yield from the reaction of 1 and PMe3 in CHC13 solution 
at  23 O C .  Treatment of isolated vinyl ether complex 4 
(0.004 mmol, -0.01 M) with C5H5NH+BF4- (0.04 mmol, 
-0.10 M) in CD3CN leads to rapid formation of carbene 
1 which slowly (days) undergoes clean conversion to acyl 
complex 3. Complex 1 is stable to PPh, under similar 
conditions. There is no evidence for competitive cleavage 
of the unhindered methyl ester substituents on the me- 
tallacycle ring during the 1 to 3 conversion. 

The surprisingly facile and selective nature of this ring 
opening reaction led us to examine the effect of substitu- 
tion at  C-3 of the carbene ligand. Reaction of metallacycle 
2 and 4-pentyn-2-01 generates the desired 3-methyl-2-ox- 
acyclopentylidene complex (5) in 95% isolated yield.'* At 
23 'C an equilibrium is established between 5 (14.2 mg, 
0.012 mmol, -0.04 M) and 7 in the presence of excess 
pyridine (2 pL, 0.025 mmol) in CDCl, (Keq = 9.4 X lo-,). 
Heating a chloroform solution of 5 (164 mg, 0.14 mmol, 
0.01 M) and pyridine (aqueous) (1 mL, 12.4 mmol) a t  
reflux leads to slow formation of the pyridinium-substi- 
tuted acyl complex 6 in 63% yield.I4 In contrast, reaction 
of 5 and pyridine in CGD, leads to immediate precipitation 
of C5H5NH+BFc and quantitative formation of the neutral 
vinyl ether complex 7.14 Thus, choice of solvent as well 
as nucleophile dictates the reaction course. 

It is clear that  the electrophilic nature of the cationic 

(15) Crystal data for 3 (23 "C): [C,,H5JrNOl,,P2] [BF4]C,Hs0, tri- 
clinic; Pi; a = 12.157 (3), b = 12.133 (3), c = 23.080 (6) A; = 78.41 (2), 
p = 77.45 (2), y = 61.87 (2)'; U = 2911 (2) A3; 2 = 2; JId = 1.525 g ~ m - ~ ;  
~ ( M o  K a )  = 25.34 cm-'. A Nicolet R3m/& diffractometer was used to 
collect 9392 data (4' 5 28 5 48O) of which 9132 were independent (R,"T 
= 1.68%) and 7912 with F 2 5u(F,) were observed. No correction for 
absorption was applied (Tm=/T- = 1.12). The structure was solved by 
Patterson methods. All non-hydrogen atoms were refined with aniso- 
tropic thermal parameters. All hydrogen atoms were located and iso- 
tropically refined except for those associated with the THF molecule of 
solvation (these were ignored). The phenyl rings were constrained to 
rigid, planar hexagons (C-C = 1.395 A). At conver ence; R = 3.04%, R ,  
= 4.0470, GOF = 1.009, A/u = 0.042, A ( p )  = 0.74 e and N,/N, = 9.00. 
Atomic coordinates, bond lengths and angles, and thermal parameters 
have been deposited at  the Cambridge Crystallographic Data Centre. 
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iridium center in 1 and 5 plays a major role in the chem- 
istry reported here. The expected deprotonation a t  the 
a-carbon atom is competitive with ring opening, but re- 
versible, thereby allowing eventual conversion to acyl 
products. We are currently examining the scope of this 
reaction in order to determine if, under the proper con- 
ditions, it will prove to be general for other mild nucleo- 
philes and substituted electrophilic carbene ligands. 
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Summary: The binuclear rhodium hydrides 
[(R,PCH,CH,PR,)Rh],(p-H), (R = Pr’, l a ;  R = OPr’, l b )  
react with N-benzylideneaniline to afford p-amido hydride 
complexes in good yield. Spectroscopic monitoring of the 
reaction at low temperatures revealed that the reaction 
proceeds through an intermediate stable only below -50 
OC; above this temperature, the intermediate decompos- 
es to the amido hydride product. The two steps in this 
transformation were analyzed kinetically via 31P(’H} NMR 
spectroscopy. The structure of the intermediate is pro- 
posed to have a side-on bonded p-imine ligand which 
collapses via migratory insertion of the carbon-nitrogen 
double bond into a terminal hydride bond. 

The migratory insertion of unsaturated organic func- 
tionalities into metal-carbon and metal-hydride bonds is 
an important primary reaction in organotransition-metal 
chemistry. In addition to forming one of the fundamental 
reaction steps in various homogeneous catalytic hydro- 
genationl and oligomerization cycles,2 many types of 
stoichiometric insertions have found wide application in 
organic ~ y n t h e s i s . ~  

(1) Parshall, G. W. Homogeneous Catalysis; Wiley: New York, 1980; 
pp 16, 17. 

(2) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G. Prin- 
ciples and Applications of Organotransition Metal Chemistry, 2nd ed.; 
University Science Books: Mill Valley, CA., 1987; p 578 ff and p 870 ff. 
(b) Ibid., p 64. 

(3) In particular, insertions involving organozirconium compounds 
have been used extensively in organic synthesis. For a recent review, see: 
Negishi, E.; Takahashi, T. Synthesis 1988, 1. 

Generally, the mechanisms of the migratory insertion 
process are well understood in those reactions where only 
one metal center is i n ~ o l v e d . ~  However, in polynuclear 
systems, insertion reactions are less common and may be 
more complex mechanistically. This is not only due to the 
presence of reactive metal-metal bonds but also because 
the hydride or alkyl bond that is being formally “inserted 
into” may be in a bridging mode of ligation. As part of 
our continuing research in the area of the fundamental 
reactivity patterns in polynuclear we herein re- 
port the apparent “insertion” of an imine carbon-nitrogen 
double bond into the highly reactive four-center, four- 
electron Rh2(p-H2) core of a family of binuclear rhodium 
hydrides incorporating chelating phosphine ligands. 

l a  l b  

The binuclear rhodium hydrides [ (R2PCH2CH2PR2)- 
Rh],&-H), (R = Pr‘, la; R = OPr‘, lb)hb react readily with 
1 equiv of the N-benzylideneaniline, (C6H5)N=CH(C6H5)6 
(21, to afford the binuclear p-amido-hydride complexes 3a 
and 3b in 80-8570 isolated yields’ (eq 1). Spectroscopic 

R\ / a  a\ / a  

Ph\ /H toluene * 

25’C 
N=C\ Ph 

2 

l a  R = P t  

l b  R = O P ?  
Ph 

5 min 

3 a  R = P r  

3 b  R =OPr 

(4) (a) Thompson, M. E.; Baxter, S. M.; Bulls, A. R.; Burger, B. J.; 
Nolan, M. C.; Santarsiero, B. D.; Schaefer, W. P.; Bercaw, J. E. J.  Am. 
Chem. SOC. 1987, 109, 203. (b) Doherty, N. M.; Bercaw, J. E. J.  Am. 
Chem. SOC. 1985, 107, 2670 and references therein. (c) Halpern, J.; 
Okamoto, T. Inorg. Chim. Acta 1984,89, L53. (d) Watson, P. L.; Roe, 
D. C. J .  Am. Chem. SOC. 1982, 104, 6471. 

(5) (a) Fryzuk, M. D. Can. J. Chem. 1983, 61, 1347. (b) Fryzuk, M. 
D.; Einstein, F. W. B.; Jones, T. Organometallics 1984,3,185. (c) Fryzuk, 
M. D.; Jang, M.-L.; Einstein, F. W. B.; Jones, T. Can. J.  Chem. 1986,64, 
174. (d) Fryzuk, M. D.; Piers, W. E. Polyhedron 1988, 7, 1001. (e) 
Fryzuk, M. D.; Piers, W. E.; Albright, T. A.; Rettig, S. J.; Einstein, F. W. 
B.; Jones, T. J.  Am. Chem. SOC., manuscript to be submitted. 

(6) Organic Syntheses, 2nd ed.; Gilman, H., Blatt, A. H., Eds.; Wiley: 
New York, 1941; Collect. Vol. 1, p 80. 

(7) Preparation of 3a. To a stirred solution of l a  (0.164 g, 0.22 
mmol) in toluene (20 mL) was added 0.081 g of N-benzylideneaniline (2, 
2 equiv). Within 5 min, a deep green to orange color change was com- 
plete, and the toluene was removed under vacuum. The orange residue 
was recrystallized from toluene/hexanes, yielding 0.167 g (82%) of orange 
crystals of 3a after two recrystallizations. An identical procedure using 
l b  was employed to yield 3b in 84% yield. 
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