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The cationic alkylidyne complexes [Cp(CO)zM+CH2R]+ (M = Re, R = H; M = Mn, R = H, Me, Ph) 
undergo facile deprotonation to give the corresponding neutral vinylidene complexes Cp(CO)zM=C=C- 
(H)R. For [Cp(C0)2Re=CCHJ+, this transformation occurs spontaneously at -78 OC upon the addition 
of solvent (CHzC12 or THF) to the solid carbyne complex, but the manganese complexes [Cp(CO)2- 
Mn=CCHzR]+ (R = H, Me) require the addition of external base (e.g., Et3N) to induce their deprotonation. 
The manganese benzylcarbyne complex [Cp(CO)zMn=CCHzPh]+ is intermediate in behavior. Except 
for Cp(CO)zMn=C=C(H)Ph, these vinylidene complexes are thermally unstable and must be generated 
and studied at low temperature. They are potent dipolarophiles which undergo net [2 + 21 cycloaddition 
with imines to give cyclic carbene complexes of the general form Cp(CO)zM=CC(H)RC(H)PhN(R’) (M 
= Re, R = H, R’ = Me, Ph; M = Mn, R’ = Ph, R = H (17a), Me, Ph (17~)). Identical manganese products 
form upon treatment of the manganese carbyne complexes first with imine followed by addition of EtN.  
Permanganate oxidation of the manganese cyclic carbene complexes gives the corresponding @-lactams 
in excellent yield. Also formed in the reactions of the rhenium complex Cp(CO)zRe=C=CH2 with imines 
are the products Cp(CO)ZRe=dC(=C(H)Ph)C(H)PhN(R’) (R’ = Me, Ph (15b)), which have an exocyclic 
double bond formed via an aldol-type condensation between the initial cycloadduct and excess imine. The 
vinylidene complexes Cp(C0)2M=C=C(H)R react with HN=C(Phh to give imino-carbene complexes 
of the general form C~(C~)ZM=C(CH~R)N=C(P~)~, which are derived by addition of the N-H bond 
across the vinylidene C-C bond. Similar products form upon benzophenone imine addition to the 
manganese carbyne complexes, followed by addition of Et3N. Also formed in the reaction of Cp(CO)2- 
Mn=C=C(H)Ph or [C~(CO)ZM~+CH~P~I+ with HN=C(Ph)z is the 12 + 21 cycloadduct Cp(C0)z- 
Mn=CC(H)Ph-C(Ph)zN(H). Nitrile complexes, Cp(C0)2MnN=CCH2R, result from an organometallic 
analogue of the Beckmann rearrangement upon treatment of Cp(CO)zMn=C=C(H)R (R = H, Ph) or 
[Cp(C0)2Mn=CCHzRI+ (R = H, Me) with PhzC=NNHZ. Isocyanide complexes, Cp(CO)zReC=NR, are 
the result of reaction of the vinylidene complex Cp(C0)2Re=C=CHZ with carbodiimides (RN-C-NR 
R = Pri, But), a reaction that proceeds via net metathesis of the vinylidene R H  bond with the carbodiimide 
C=N bond. A similar isocyanide product forms upon reaction of [Cp(CO)ZMn=CCHS]+ with BdN= 
C-NBut and EtN,  and a 13C labeling experiment indicates a mechanism involving a 1,3-migration of the 
[Cp(CO)zMnl fragment in the intermediate [Cp(CO)zMnC(=CHz)N(But)+N(But)]. Reaction of both 
[Cp(C0)zMn=CCH31+ and Cp(CO)ZMn=C=CHz with Pr‘NSC-NPr’ gave the ansa-carbene complex 
~ ~ ~ ~ - C S H ~ C ( - C H ~ ) ) ( C O ) Z M ~ - C ( N ( H ) P ~ ’ ) ( N P ~ ~ )  (41) by a path involving a similar l,&migration of the 
[Cp(CO)zMnl fragment and insertion of the original vinylidene or carbyne a-carbon into the one of the 
C-H bonds of the cyclopentadienyl ligand. A byproduct of this reaction is the bis(amin0)carbene complex 
(11S-C6H4-C(0)CH3(C0)~Mn-C(NHPr‘)z (45), with an acetyl substituent on the cyclopentadienyl ligand, 
a product that likely results from hydrolysis of the above-mentioned ansa-carbene complex. The unusual 

zwitterionic vinylidene complex Cp(C0)zMn=C=C(Me)CN(But)B-C12N+(But) (46) is the principal 
product of the reaction of the propylidyne complex [Cp(CO)zMnWCHzMe]+ with ButN=C=NBut and 
EtaN. With benzalazine, Ph(H)C=NN=C(H)Ph, the complexes Cp(CO)zRe=C=CHz and [Cp(CO),- 

- 

I i 

- 
MnECCHs]+ react to form the bimetallic bis(carbene) complexes Cp(CO)ZM==&C(H)zC(H)PhNNC(H)- 

I_ PhC(H)2C=M(C0)2Cp (M = Re, Mn (47)), which result from consecutive [3 + 21 cycloaddition reactions 
d e  with 2 equiv of the organometallic reagents. Crystal structures are reported for 15b, 17a, 41, 
45,46, 47, and the qW5H4Me analogue of 17c. 
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Introduction 

In earlier work we demonstrated that the cationic aryl 
carbyne complex [Cp(CO)2Re=CToll+ reacts with Ph- 
(H)C=NCHs and Ph(H)C=NN=C(H)Ph to give prod- 
ucts arising from net [2 + 21 cycloadditions of the C=N 
bonds of these substrates across the R e s C  bond to form 
the metallacycles 2 and 3 shown in Scheme 1.l In contrast, 
the analogous Mn carbyne complex [Cp(CO)2Mn=CToll+ 
was observed to react with the same substrates to give the 
ansa-carbene complexes 4 and 5, which result from 
insertion of the imine between the carbyne carbon and a 
C-H bond of the Cp ring, followed by deprotonation.' 
Both types of products are believed to form in a stepwise 
manner via the common intermediate 1, which results from 
nucleophilic attack of the imine nitrogen at the electro- 
philic carbyne carbon atom. 

Following these and subsequent2 investigations of the 
arylcarbyne complexes [Cp(C0)2Re=CArl+, we turned 
our attention to the corresponding alkylcarbyne complexes 
[Cp(C0)2M=CCH2Rl+, which have in general been stud- 
ied far less than their aryl  analogue^.^ An important initial 
finding was the facile deprotonation of these species to 
generate the neutral vinylidene complexes Cp(C0)2M= 
C=C(H)R. The parent vinylidene complexes with R = 
H had not been previously described, although many 
examples of substituted (R # H) vinylidene complexes in 
this family are known.& Herein are described the 
reactions of the cationic carbyne complexes [Cp(CO)2- 
M--xCCH2Rl+ and the neutral vinylidene complexes Cp- 
(CO)gM=C=C(H)R with imines, carbodiimides (RN= 
C=NR), benzalazine (Ph(H)C=NN=C(H)Ph), and 
benzophenone hydrazone (Ph2C=NNH2). A preliminary 
account of part of this work has appeared.7 

Terry et al. 

Scheme 1 

Results 

In Situ Generation of the Vinylidene Complexes 
Cp(CO)2M=C=C(H)R. The cationic rhenium carbyne 

*Abstract published in Advance ACS Abstracts, February 1, 1994. 
(1) (a) Handwerker, B. M.; Garrett, K. E.; Nagle, K. L.; Geoffroy, G. 

L.; Rheingold, A. L. OrganometalEics 1990,9,1562. (b) Handwerker, B. 
M.; Garrett, K. E.; Geoffroy, G. L.; Rheingold, A. L. J. Am. Chem. SOC. 
1989,111,369. 
(2) Mercando, L. A.; Handwerker, B. M.; MacMillan, H. J.; Geoffroy, 

G. L.; Rheingold, A. L.; Owens-Waltermire, B. E. Organometallics 1993, 
12, 1559. 
(3) (a) Fischer, E. 0.; Schubert, U. J. Organomet. Chem. 1971,100,59. 

(b) Fischer, F. 0.; Clough, R. L.; Beel, G.; Kreissl, F. R. Angew. Chem., 
Int. Ed. Engl. 1976,15,543. (c) Fischer, E. 0.; Bed, G. 2. Naturforsch. 
1979,34B, 1186. (d) Kim, H. P.; Angelici, R. J. Adu. Organomet. Chem. 
1987,27,61. (e) Fischer, H.; Hofmann, P.; Kreissl, F. R.; Schrock, R. R.; 
Schubert, U.; Wiees, K. Carbyne Complexea; VCH Publishers: New York, 
1988. 
(4) (a) Bruce, M. I.; Swincer, A. G. Adv. Organomet. Chem. 1983,22, 

59. (b) Bruce, M. I. Chem. Rev. 1991,91,197. 
(5) (a) Antonova, A. B.; Kolobova, N. E.; Petrovsky, P. V.; Lokehin, 

B.V.;Obezyuk,N.S. J. Organomet. Chem. 1977,137,55. (b)Nesmeyanov, 
A. N.; Alekeandrov, G. G.; Antonova, A. B.; Anisimov, K. N.; Kolobova, 
N. E.; Struchkov, Yu. T. J. Organomet. Chem. 1976,110, C36. (c) Lbwe, 
C.; Hund, H A . ;  Berke, H. J. Organomet. Chem. 1989, 378, 211. (d) 
Kolobova,N.E.;Zhvanko,O.S.;Ivanov,L.L.;Batsanov,A.S.;Struchkov, 
Yu. T. J. Organomet. Chem. 1986,302, 235. (e) Schubert, U.; GrBnen, 
J. Chem.Ber. 1989,122,1237. ( f )  Schubert, U.; Grbnen, J. Organometallics 
1987,6,2458. (g) Sakurai, H.; Hirama, K.; Nakadaira, Y.; Kabuto, C. J. 
Am. Chem. SOC. 1987,109,6880. (h) Lbwe, C.; Hund, H.-U.; Berke, H. 
J. Organomet. Chem. 1989,371,311. (i) Berke, H. 2. Naturforsch. 1980, 
35B, 86. ti) Berke,H. Chem.Ber. 1980,113,1370. (k) Berke,H.; Huttner, 
G.; von Seyerl, J. Z. Naturforsch. 1981,36B, 1277. (1) Berke, H.; Huttner, 
G.; von Seyerl, J. J. Organomet. Chem. 1981,218,193. (m) Schubert, U.; 
Grbnen, J. Chem. Ber. 1989,122,1237. (n) Kolobova, N. E.; Antonova, 
A. B.; Khitrova, 0. M.; Antipin, M. Yu.; Struchkov, Yu. T. J. Organomet. 
Chem. 1977,137,69. (0) Kelley, C.; Lugan, N.; Terry, M. R.; Geoffroy, 
G. L.; Haggerty, B. S.; Rheingold, A. L. J. Am. Chem. SOC., 1992, 114, 
6735. 

Ph(H)C=NR 

,M I 
C - To1 

co co 

M= Re 

To1 

2 R= CH, 4: R= CH, 
3: R= N=C(H)Ph 5 R= N=C(H)Ph 

complex [Cp(C0)2RdCH31BC4 (6) was observed to 
deprotonate rapidly upon dissolution in either CHzClz or 
THF at -78 "C to give the vinylidene complex Cp(CO)2- 
Re=C=CH2 (7) in near-quantitative yield by IR (eq 1). 

CP l + B C 1 4  
\ 

, R E C - C H g  ____) 
THF or CHzClz 

5 min co I co 
6 -780 c 

H 
Rc=C=C'  +HC1 +BC13 (1) 

co 
co / I 'H 

7 

Gas evolution occurred when THF or CHzClz was added 
to a cooled (-78 OC) flask containing solid 6, and this gas 
turned moistened litmus paper red, suggesting the release 

(6) For other examples of vinylidene complexes that eueunsubstituted 
at  CB see: (a) van b e l t ,  A,; Burger, B. J.; Gibson, V. C.; Bercaw, J. E. 
J. Am. Chem. SOC. 1986,108,5347. (b) Birdwhietell, K. R.; Templeton, 
J. L. Organometallics 1985 4,  2062. (c) Werner, H.; Aloneo, F. J. G.; 
Otto, H.; Wolf, J. Z. Naturforsch. 1988,43B, 722. (d) Senn, D. R.; Wong, 
A.; Patton, A. T.; Marsi, M.; Strouee, C. E.; Gladyaz, J. A. J. Am. Chem. 
SOC. 1988,110,,6096. (e) Aloneo, F. J. G.; Hahn, A.; Wolf, J.; Otto, H.; 
Werner, H. Angew. Chem., Int. Ed. Engl. 1981,24,406. ( f )  Lomprey, J. 
R.;Selegue, J.P. J. Am. Chem.Soc. 1992,114,5518. (g) Wolf, J.; Werner, 
H.; Serhadli, 0.; Zeigler, M. L. Angew. Chem., Int. Ed. Engl. 1983,22, 
414. (h) Werner, H.; Wolf, J.; Aloneo, F. J. G.; Zeigler, M. L.; Serhadli, 
0. J. Organomet. Chem. 1987,336,397. (i) HBhn, A.; Otto, H.; Dziallas, 
M.; Werner, H. J. Chem. SOC., Chem. Commun. 1987,862. (i) Al-Obaidi, 
Y. N.; Green, M.; White, N. D.; Taylor, G. E. J. Chem. SOC., Dalton 
Trans. 1982,319. (k) Davison, A.; Selegue, J. P. J. Am. Chem. SOC. 1978, 
100, 7763. (1) SchHfer, M.; Wolf, J.; Werner, H. J. Chem. SOC., Chem. 
Commun. 1991, 1341. (m) Gamasa, M. P.; Gimeno, J.; Lastra, E.; 
Lanfranchi, M.; Tiripicchio, A. J. Organomet. Chem. 1992,430, C39. (n) 
Hbhn, A.; Werner, H. J. Organomet. Chem. 1990,382,255. (0) Gamasa, 
M. P.; Gimeno, J.; h t r a ,  E.; Martfn, B. M.; Anillo, A,; Tiripicchio, A. 
Organometallics 1992,11,1373. (p) Beckhaue, R.; Strauss, I.; Wagner, 
T.; Kiprof, P. Angew. Chem., Znt. Ed. Engl. 1993,32, 264. 

(7) Kelley, C.; Mercando, L. A.; Terry, M. R.; Lugan, N.; Geoffroy, G. 
L.; Xu, Z.; Rheingold, A. L. Angew. Chem., Int. Ed. Engl. 1992,31,1053. 
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Mn Carbyne and Mn and Re Vinylidene Complexes 

Scheme 2 

7 

H 
I r c P  - 1  

8 

of HC1 upon dissolution. Addition of Et3N to CHzClz or 
THF solutions of 6 also resulted in the instantaneous 
generation of 7, although the general procedure employed 
in this work was simply to dissolve 6 in CHzClz or THF 
and stir the solution for -5 min at  -78 "C to give 7. 

The vinylidene complex 7 could not be isolated, since 
when it was warmed to room temperature it decayed to 
give CpRe(C0)s and the binuclear p-vinylidene complex 
8 shown in Scheme 2, which also illustrates a likely 
mechanism for its formation. The complex CpRe(C0)z- 
(T~-HC=CH) could form by rearrangement of the vi- 
nylidene ligand in 7 to an acetylene ligand, analogous to 
other known tautomerizations of vinylidene ligands: and 
loss of acetylene would give CpRe(C0)2(THF). Addition 
of a second equivalent of Cp(C0)2Re==C=CH2 to CpRe- 
(C0)2(THF) would then give the observed 8. Complex 8 
has not been previously reported, but the related complex 
[Cp(CO)zReIz(p-C=C(H)Ph) is knownsn as is a manganese 
analogue which was proposed be formed by a mechanism 
similar to that of Scheme 2.&*b The IR spectrum of 8 
shows three vco bands at 1982,1960, and 1881 cm-l, which 
compare reasonably well to those reported for [Cp(CO)2- 
ReIz(p-C=C(H)Ph) (vco 1983, 1953, 1916 cm-lbSn 

The vinylidene complex 7 was characterized by IR and 
by its low-temperature lH NMR spectrum as well as by 
the detailed reactivity studies described below. Its IR 
spectrum shows two uco bands at 1990 (s) and 1915 (s) 
cm-' and a uc+ vibration at 1632 (w) cm-', which compare 
to the corresponding bands reported for the isolable 
complex Cp(CO)zRe=C--C(H)Ph at 2003 (a), 1938 (e), 
and 1594 (w) cm-I?n The -20 "C lH NMR spectrum of 
7 showed singlets at 6 5.48 and 2.32 assigned to the Cp 
ligand and the terminal vinylidene CHz protons, respec- 
tively. 

Mn-ethylidyne complex 9a was previously prepared by 
Fischer et al., and its reactions with several nucleophiles 
were investigated.&Ib However, complexes 9b and 9c have 
not been previously described, but they, and 9a, were 
prepared in this study via addition of BC13 to the 
appropriate carbene precursor Cp(CO)2Mn==C(OEt)R at  
-78 oC.3aJJ Each of these carbyne complexes is thermally 
unstable and must be handled at  low temperature. They 

(8) (a) Folting, K.; Huffman, J. C.; Lewis, L. N.; Caulton, K. G. Inorg. 
Chem. 1979,18,3483. (b) Lewis, L. N.; Huffman, J. C.; Caulton, K. G. 
J. Am. Chem. Soe. 1980,102,403. (c) Boland-Luesier, B. E.; Churchill, 
M. R.; Hughes, R. P.; Rheingold, A. L. Organometallics 1982,1, 628. 
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were deprotonated to form the neutral vinylidene com- 
plexes 10a-c (eq 2) by suspending them in CH2Clz at -78 

l+ I BC1,- 
+ E$N 

______) 
cq , M E  C - CH2R - (Et3NHIBC14 co I 

(34rJ2 
co 
9s: R= H 
9b R= Me 
9c: R= Ph 

- 780 c 

,Mn=c = c /H (2) 
C O I  'R 

co 

10% R= H 
lob: R= Me 
1k: R= Ph 

"C and adding Et3N. This caused the solid to dissolve 
and gave homogeneous orange solutions of 10a and 10b 
and a purple solution of 1Oc. IR analysis showed complete 
consumption of the cationic carbyne complexes and 
formation of neutral species. The benzylcarbyne complex 
9c undergoes slow deprotonation in CHzClz even in the 
absence of added base to form lOc, apparently due to the 
electron-withdrawing phenyl substituent, which increases 
the acidity of the adjacent benzyl protons. 

The vinylidene complexes 10a and 10b have not been 
previously described, although 1Oc was earlier prepared 
by an alternative route and is a stable compound.satb In 
contrast, 10a and 10b are unstable above ca. -50 "C and 
cannot be isolated. Like the rhenium vinylidene complex 
7, complex 10a decomposed upon warming to form the 
known p-vinylidene complex [ C ~ ( C O ) Z M ~ I ~ ( ~ - C = C H Z ) , ~  
although the yields were low (15-21 7% ). Complex 10a was 
earlier proposed as an intermediate in the preparation of 
[Cp(C0)2Mn]&-C=CHz) from the reaction of CpMn- 
(C0)s with acetylenehb and from treatment of Cp(C0)z- 
Mn=C(OSO&Fs)Me with 1,8-bis(dimethylamino)naph- 
thalene to eliminate HOSO&F3.& The vinylidene 
complexes 10a and 10b were characterized in solution by 
their IR data, and 1Oc was identified by comparison of its 
spectroscopic data with those previously reported.bb IR 
analysis of the solution of loa generated as described above 
showed two vco bands at  1996 (8) and 1932 (8) cm-' and 
a v w  band at  1624 (m) cm-', which compare favorably 
to the corresponding bands of the previously described 
complex Cp(C0)2MnlC=CH(C(But)~H) (UCO 1994 (a), 
1937 (8) cm-1; v w  1658 (8) cm-I),5l as do the corresponding 
data for 10b (uco 1992 (s) and 1928 (8) cm-l; v w  1662 (w) 
cm-1). 

Coordination of THF and Propylene Oxide to the 
Manganese Carbyne Complexes 9a and 9b. In addition 
to the deprotonationreactions described above, it was also 
observed that carbyne complexes 9a and 9b showed vco 
band in THF solutions in the ranges more typical of neutral 
species (e.g., 9a (THF): vco 1991 (a), 1926 (8) cm-l), rather 
than in the cationic ranges observed in CH2C12 (e.g., 9a 
(CHzCW: uco 2093 (a), 2053 (8) cm-9. However, no v w  
bands were observed, suggesting that deprotonation to 
give the vinylidene complexes 10a and 10b did not occur 
under these conditions. However, the addition of EtsN to 
these solutions caused the vc--c bands to appear as 10a 
and 10b formed. It was also found that the addition of 
just a small amount of THF (1.5-2.2 equiv) to CHzClz 
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suspensions of the carbyne complexes Sa and Sb caused 
the vco bands to shift to lower energy, but again the v w  
bands did not appear until EhN was added. Similar resulta 
were obtained when propylene oxide (1.1 equiv) was added 
to a -78 "C CH2C12 suspension of Sa. This gave two vco 
bands at  1992 (8) and 1925 (8) cm-l but no evidence of the 
v+,c band characteristic of vinylidene complex loa. To 
account for these spectroscopic observations, we suggest 
that THf;" and propylene oxide coordinate via their oxygen 
atoms to the highly electrophilic carbyne carbon atoms in 
complexes Sa and Sb to give the adducts lla, llb, and 12. 

Terry et al. 

11a: R= H 
Ilb R= Me 12 

C 6  I 'Ph co 

13 

Similar adducts between the phenylcarbyne complex [Cp- 
(CO)2Mn=-tPhl+ and pyridine (13)Saor PMe39b have been 
previously described. The IR spectra of 1 la, 11 b, and 12 
compare reasonably well with that reported for the PMe3 
adduct [Cp(CO)2Mn=C(PMe3)Phl+ (VCO (CH2CW 2010, 
1944 ~ m - l ) . ~ ~  

The observed IR changes could also be explained by 
deprotonation of the carbyne complexes Sa and Sb to form 
the vinylidene complexes 10a and 10b followed by their 
rapid tautomerization to give a-alkyne complexes. These 
would show vco bands in the neutral region, but of course 
the vinylidene v- vibrations would be absent. However, 
the vco bands observed when THF was added to CHzClz 
suspensions of Sa and Sb (see above) are slightly different 
from the bands reported for the a-alkyne complexes Cp- 
(C0)2Mn(q2-HC=CH) (VCO 1981 (s), 1919 (8) cm-l) and 
Cp(CO)2Mn(q2-HC4Me) ( ~ ~ 0 1 9 7 5  (s),1910 (8) cm-9.l0 
The complex (q6-CsH4Me) (C0)2Mn(q2-HCdH) has also 
been reportedlo to show a weak v- band at  1730 cm-l 
in pentane solution which was not observed in our samples 
of Sa in CH2CldTHF. We thus do not believe that 
a-alkyne complexes are formed in the transformations of 
9a and Sb described above but suggest instead formation 
of the adducts lla, l lb ,  and 12. 
Reaction of Cp(C0)2Re==C=CH2 with the Imines 

RN=C(H)Ph (R = Me, Ph). The vinylidene complex 
Cp(C0)2Re=C=CH2 (71, generated in si tu as described 
above, reactswith the imines PhN=C(H)Phand MeN-C- 
(H)Ph to give mainly the cyclic carbene complexes 14a 
and 14b, which form via net [2 + 21 cycloaddition of the 
imine across the C-C bond of the vinylidene ligand (eq 
3). Also formed in lower yields are the cyclic carbene 
complexes 15a and 15b, which are derived from 14a and 

(9) (a) Meineke, E. W. Dissertation, Techniiche Univereit Mthchen, 
1975 (cited on page 115 of ref 3e). (b) Kreissl, F. R.; Sttickler, P.; Meineke, 
E. W. Chem. Ber. 1977,110,3040. 

(10) Alt, H. G.; Engelhardt, H. E. J. Organomet. Chem. 1988,342,235. 

H H  
\ /-- 

14b: R= Ph (39%) 

I I  
Ph 

,Re= C 

co 
15a: R= Me (3%) 
15b: R= Ph (10%) 

14b and excess imine via an aldol-like condensation 
reaction. Similar [2 + 21 cycloadditions of imines have 
been previously reported for the vinylidene complexes 
( C O ) S W = C = C P ~ ~ ~ ~  and [Cp(CO)(L)Fd<R21+ (L 
= PPh3, P(OMe)3; R = H, and complexes 
analogous to 14 and 15 have also been prepared by the 
reaction of chromium carbene complexes with imines.lM 
As suggested in these earlier studies,11J2 these reactions 
likely proceed in a stepwise fashion via initial addition of 
the imine nitrogen atom to the vinylidene a-carbon 
followed by ring closure to form the carbon-carbon bond. 
There was no evidence in this reaction for the formation 
of complexes analogous to 2 (Scheme 1) that would have 
resulted from a [2 + 21 cycloaddition of the C=N bond 
across the R d  bond of 7. Complexes 14 and 16 were 
not chromatographically separable, and these products 
were isolated as a mixture of the two compounds. These 
complexes have been spectroscopically characterized (see 
Experimental Section), and the yields given in eq 3 were 
determined by integration of the 'H NMR spectra of the 
product mixtures. Complex 15b selectively crystallized 
from the l4b/lSb mixture and has been fully defined by 
an X-ray diffraction study (see Figures 1-3 and below). 

The lH NMR spectrum of the N-methyl complex 14a 
exhibits an interesting five-bond homoallylic proton- 
proton ~oupling'~ between the methylene protons of the 
ring and the methyl substituent on the nitrogen atom. 
These groups are in a homoallylic-like arrangement as a 
result of the electron delocalization characteristic of 
aminocarbene complexes (A). Each of the diastereotopic 
methylene protons in the lH NMR spectrum of 14a appears 
as a doublet of doublets of quartets, one at  6 2.39 ( 6 J ~ , ~  
= 1.2 Hz, ~JKH, = 4.7 Hz, ~J~I.I ,  = 14.7 Hz) and the other 

(11) Fiacher, H.; Schlageter, A.; Bidell, W.; Friih, A. Organometallics 
1991, 10, 389. 

(12) (a) Barrett, A. G. M.; Mortier, J.; Sabat, M.; Sturgeas, M. A. 
Organometallics 1988,7,2653. (b) Barrett, A. G. M.; Sturgea, M. A. J. 
Org. Chem. 1987, 52, 3940. (c) Barrett, A. G. M.; Sturgeas, M. A. 
Tetrahedron Lett. 1986,27, 381. (d) Barrett, A. G. M.; Brock, C. P.; 
Sturgeas, M. A. Organometallics 1986,4, 1903. 

(13) (a) Pinhey, J. T.; Sternhell, S. Tetrahedron Lett. 1963,4,275. (b) 
Abraham, R. J.; Loftus, P. In Proton and Carbon-13 NMR Spectroscopy; 
Heyden and Son: Philadelphia, PA, 1980; pp 48-51. (c) van Tamelen, 
E. E.; Levin, 5. H.; Brenner, G.; Wolinsky, J.; Aldrich,P. E. J.  Am. Chem. 
SOC. 1969,81,1666. (d) Richards, J. H.; Beach, W. F. J. Org. Chem. 1961, 
26, 623. 
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Mn Carbyne and Mn and Re Vinylidene Complexes 

Figure 1. ORTEP drawing of the ordered molecule of 15b. 

Figure 2. ORTEP drawing of the disordered molecule of 
15b. 

CO I 

ih 
A 

W 

Hz). These assignments have been verified by a homo- 
nuclear spin decoupling experiment in which irradiation 
of the signal due to the N-Me protons (6 2.71) caused each 
of the resonances assigned to Ha and Hb to collapse into 
a simple doublet of doublets (see Figure 4). The magnitude 
of homoallylic coupling has been shown to be directly 
proportional to the dihedral angle (8 )  between the planes 
defined by the bond vectors of the coupling nuclei and is 
strongest at 8 = 9Oo.1h9b The crystal structures of 15b and 
the related manganese compounds 17a and 17c’ described 
below show these compounds to have a planar four- 
membered ring. The carbon atom of the nitrogen sub- 
stituent is also in this plane, and free rotation about the 
C-N bond yields conformers such as A, which has the 
optimum 90° arrangement between the methylene and 
methyl protons. 

Organometallics, Vol. 13, No. 3, 1994 847 

Figure 3. ORTEP drawing of the core of 15b showing the 
Cp/CO disorder. 

Y n Hb 

2 5  2 .  a ‘>  P.2 ? I  2 0  1 9  
R. 

Figure 4. Homonuclear spin decoupling experiment for 14a. 

Crystal and Molecular Structure of 15b. Complex 
15b crystallizes in the Pi space group with two crystal- 
lographically independent molecules per asymmetric unit. 
One of these is completely ordered and is shown in Figure 
1 (unprimed molecule), and the other has an unusual Cp/ 
CO disorder as illustrated in Figure 2. Figure 3 shows the 
core of the molecule and displays the Cp/CO disorder and 
the relative orientation of the cyclic carbene ligand. 
Relevant crystallographic data are set out in Tables 1 and 
2. The disordered molecule has been refined using 64/36 
occupancy factors for the primed and doubly primed 
atoms, respectively. The two forms of the disordered 
molecule are significantly different in the orientation of 
the cyclic carbene ligand. In the primed molecule, the 
plane of the carbene ligand and its substituents bisects 
the two carbonyl ligands ([C(3’)-Re’-C(Cnt’)]/ [N’-C(3’)- 
C(4’)] dihedral angle 14.0°), but in the doubly primed 
molecule the plane of the carbene ligand is nearly 
perpendicular to the plane that bisects the carbonyls 
( [C (3’)-Re’-C(Cnt’’)] / [ N’-C(3’)-C (491 dihedral angle 
67.7O). The unprimed molecule has the former orientation 
( [ C( 3)-Re-Cnt]/ [ N-C( 3)-C(4)] dihedral angle 24. lo). 
Crystallographic studies of other carbene complexes within 
the Cp(C0)2M=CRR’ (M = Mn, Re) family have shown 
both orientations to be possible, but the orientation found 
in the unprimed and primed molecules is generally 
preferred.14 Otherwise, the three molecules possess the 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 8

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

01
5a

01
9



848 Organometallics, Vol. 13, No. 3, 1994 Terry et al. 

Table 1. Crystal Data for 15b, 17a, 17c’, 41, 45, 46, and 47 
1Sb 17a 17c’ 41 4s 46 47 

formula C29H22N02Re C22HlsMnN02 C29HzzMnN02 C16H~lMnN202 Cl6H23MnN202 
fw 6q2.71 3t3.33 473.46 328.3 346.3 
space group P1 P1 Pi P&/m Pbca 
a, A 10.536(6) 10.403(1) 14.143(1) 8.539(2) 16.859(5) 
b, A 12.756(8) 19.283(2) 14.768(2) 10.928( 1) 11.494(3) 
c, A 19.578(8) 9.284(2) 12.025( 1) 9.562( 1) 17.454(4) 
a, deg 79.73(4) 96.53( 1) 103.79( 1) 
P, deg 83.32(4) 101.83( 1) 91.64( 1) 111.59(1) 
7, deg 70.03(4) 84.29( 1) 104.41 (1) 
v, A3 2429(2) 1805.5(5) 2352.1(5) 829.6(2) 3382.4(15) 
Z 4 4 4 2 8 
D(calc), g 1.648 1.41 1.34 1.314 1.360 

radiation 
p(Mo Ka), cm-’ 50.30 7.16 5.63 7.68 7.57 

WF), %a 4.7 5.1 6.2 4.0 4.34 
Rw(F), %“ 5.3 5.1 6.2 4.3 4.79 

Mo Ka (A  = 0.710 73 A) 

” WF) = U I F o I  - I F c I ) / W o I ;  RdF) = UW’/~(IFOI - IF~I))/(w’/~IFoI). 

Table 2. Selected Bond Distances and Angles for 15b 
unprimed molecule primed/doubly primed molecules 

Re-C( 1 ) 
Re-C(2) 
Re-C( 3) 
N-C(3) 
N-C(5) 
N-C( 17) 
C(3)-C(4) 
C(4)-C(5) 
C(4)-C(6) 
C( 5)-C(23) 
C(6)-C(29) 

C( 1)-Re-C(2) 
C( 1)-Re-C(3) 
C(2)-Re-C(3) 
C(3)-N-C(5) 
C(5)-N-C( 17) 
C(3)-N-C( 17) 
Re-C(3)-C(4) 
ReC(3)-N 
N-C( 3)-C( 4) 
C(3)-C(4)-C(5) 
C (3)-C (4)-C (6) 
C(5)-C(4)-C(6) 
N-C(5)-C(23) 
C(4)-C(5)-C(23) 
N-C(5)-C(4) 
C(4)-C(6)-C(29) 

(a) Bond Distances (A) 
1.786( 18) Re’-C( 1’) 
1.912( 14) Re’-C(2’) 
2.013(11) Re’-C(3’) 
1.371( 18) N’-C(3’) 
1.489(14) N’-C(5’) 
1.399( 18) N’-C( 1 7’) 
1.509( 1 5) C( 3’)-C( 4’) 
1.534(21) C(4’)-C(5’) 
1.309(21) C(4’)-C(6’) 
1.507( 15) C(5’)-C(23’) 
1.478(17) C(6’)-C(29’) 

Re’-C( 2”) 
(b) Bond Angles (deg) 

8 7.6 (6) C ( 1 ’)-Re’-C( 2’) 
9 1.5( 5) C( 1 ’)-Re’-C( 3’) 
86.7 (5) C( 2’)-Re’-C( 3’) 
97.3(10) C(3’)-N’-C(5’) 
125.9( 10) C( 5’)-N’-C( 17’) 
135.3(9) C( 3’)-N-C( 17’) 
1 3 5.8 ( 10) 
1 3 5.2( 8) 

Re’-C( 3’)-C(4’) 
Re’-C( 3’)-N’ 

89.0(9) N’-C(3’)-C(4’) 
89.8( 10) C( 3’)-C(4’)-C( 5’) 
131.8( 12) C(3’)-C(4’)-C(6’) 
1 38.4( 10) C( 5’)-C( 4’)-C( 6’) 
112.3(9) N’-C(S’)-C(23’) 
117.5(11) C(4’)-C(5’)-C(23’) 
83.9(9) N’-C(5’)-C(4’) 
129.3(13) C(4’)-C(6’)-C(29’) 

C(2’)-Ret-C(2’’) 
C( 2’’)-Re’-C( 3’) 
C( l’)-Re’-C(2’’) 

1.823( 15) 
2.016(33) 
2.053(14) 
1.345(18) 
1.504( 15) 
1.389( 15) 
1.492(17) 
1.509( 18) 
1.357(18) 
1.529(22) 
1.446(17) 
2.127(44) 

92.6(9) 
88.1(6) 
90.0(9) 
95.2(9) 
128.9(10) 
1 3 5.9( 10) 
133.9( 10) 
1 35.3( 9) 
90.8( 10) 
89.2(9) 
13 1.7( 12) 
139.0( 11) 
113.2(11) 
119.4(10) 
84.4(8) 
128.4( 13) 
168.7(11) 
91.4( 12) 
98.6( 11) 

usual pseudooctahedral geometry about Re, as reflected 
in the 88.6’ (unprimed molecule), 90.2’ (primed molecule), 
and 95.0” (doubly primed molecule) average angle between 
the carbonyls and the carbene ligand. In each case the 
rhenium atom, the atoms of the four-membered ring, and 
the carbon atom and the phenyl ipso carbon of the exocyclic 
C(H)Ph group are essentially coplanar (primed molecule, 
maximum deviation of 0.098 A associated with C(5’); 
unprimed molecule, maximum deviation of 0.012 A 
associated with C(3)). The Re-C(3) and Re’-C(3’) bond 
lengths of 2.013(11) and 2.053(14) A are slightly longer 
than typical Re=C double bonds (e.g., for [Cp(NO)(PPh& 

C I ~ H Z ~ B C ~ Z M ~ N Z O Z  C Z Z H Z ~ M ~ ~ N Z O ~  
451.1 612.5 
Pea21 P1 
16.362(3) 10.652(2) 
10.068(2) 10.870(3) 
28.004(3) 13.199(6) 

75.966(33) 
67.850(32) 
82.542(32) 

4613(1) 1372.0(9) 
8 2 
1.299 1.482 
8.2 4.75 

6.5 
7.91 

3.91 
4.40 

Re=C(H)Phl+, R=C = 1.949(6) All5 but are shorter than 
typical Re-C bonds single bonds (e.g., for Cp(N0)- 
(PPha)Re-CHzPh, Re-C = 2.203(8) A),16 consistent with 
a delocalized structure like that drawn in A (for 14a). 
Similarly, the C(3)-N and C(3’)-N’ bond lengths of 1.371- 
(18) and 1.345(18) A are longer than typical C=N double- 
bond values (1.28 A)’7 but are significantly shorter than 
the C(5)-N and C(5’)-N’ single-bond lengths of 1.489( 14) 
and 1.504(15) A, respectively. The C(4)-C(6) (1.309(21) 
A) and C(4’)-C(6’) (1.357(18) A) bond lengths associated 
with the exocyclic double bond are considerably longer 
than the C=C distance of isolated double bonds (1.299 
A),17 but these compare well to the 1.330-A value typical 
of conjugated systems.’7 In addition, the bond distances 
within the cyclic carbene ligand are similar to those found 
in the structurally similar complex 16.1zd 

H Ph 
‘n’ 

L 

I I  

Reactions of the Carbyne Complexes [Cp(CO)2- 
Mn=CCH2R]+ and Vinylidene Complexes Cp(C0)z- 
Mn=C=C(H)R with PhN=C(H)Ph. As noted above, 
the manganese carbyne complexes 9a-c do not deprotonate 
as readily as does the rhenium complex [Cp(CO)nRe= 
CCH# (6). These carbyne complexes, and thevinylidene 
complexes that are derived from them (eq 21, both react 
with imines, but with some important differences. When 
treated with PhN=C(H)Ph and then EtaN, the carbyne 
complexes 9a-c yield the cyclic carbene complexes 17a-c 
(eq 4). The products 17a-c can also be formed by using 
excess imine (2.2 equiv) in the reaction instead of 
subsequently adding EtsN, with the second equivalent of 
imine used to deprotonate the initially formed adduct 
complex (see below). Complexes 17a and 17c were isolated 
as orange-brown and yellow powders, respectively, and 
17b was obtained as a red oil. There was no evidence for 
the formation of 2:l complexes analogous to 15 (see eq 3) 

~ ~ ~ ~ _ _ _ _ _ _ ~  

(14) (a) Schubert, U. In Transition Metal Carbene Complexes; Verlag 
Chemie: Deerfield Beach, FL, 1983; pp 84-88. (b) Schilling, B. E. R.; 
Hoffmann, R.; Lichtanberger, D. L. J. Am. Chem. SOC. 1979,101,585. (c) 
Kostib, N. M.; Fenske, R. F. J. Am. Chem. SOC. 1982, 104, 3879. (d) 
Kostib, N. M.; Fenske, R. F. Organometallics 1982,1,974. (e) Schubert, 
U. Organometallics 1982, 1, 1085. 

(15) Kiel, W. A.; Lin, G.-Y.; Constable, A. G.;McConnick, F. B.; Strouw, 
C. E.; Eisenstein, 0.; Gladysz, J. A. J. Am. Chem. SOC. 1982, 104,4866. 

(16) Merrifield, J. H.; Strouse, C. E.; Gladysz, J. A. Organometallics 
1982, 1, 1204. 

(17) Allen, F. H.; Kennard, 0.; Watson, D. G.; Brammer, L.; Orpen, A. 
G.; Taylor, R. J.  Chem. Soc., Perkin Trans. 2 1987, SI. 
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Mn Carbyne and Mn and Re Vinylidene Complexes 

Figure 5. ORTEP drawing of 17a. 

CP 1+Bc14- 1. + PhN=C(H)Ph 
\ 2. + Et3N 

, M E  C - CH,R * 
C O I  ~ Z C ' Z  

I co -78 -t 25' C 
-[Et$H]BCI.q 

9a: R= H 
9b: R= Me 
9c: R= Ph 

H R  

Ph 

17a: R= H (85%) 
17b: R= Me (62%) 
17~: R= Ph (58%) 

in any of these reactions or for the formation of ansa- 
carbene complexes analogous to 4 that result from addition 
of Ph(H)C=NMe to the arylcarbyne complex [Cp- 
(CO)zMn=CTol]+ (see Scheme 1). In addition to spec- 
troscopic characterization (see Experimental Section), 
complexes 17a and the Cp' (Cp' = v - C ~ H ~ M ~ )  analogue of 
17c (17c') were characterized by X-ray crystallographic 
studies (see Figures 5 and 6 and below). The NMR data 
indicate that complex 17b forms as a mixture of diaster- 
eomers in a ratio varying from 9:l to 4:1, depending upon 
the experimental conditions. The benzyl proton of the 
major isomer appears as a doublet at  6 4.79 (JHH = 1.8 Hz) 
due to coupling with the CHMe proton, suggesting that 
the Me andPh groups are trans to each other in this isomer 
(RSISR) pair). The benzyl proton in the minor isomer 
appears as a doublet at  6 5.56 (JHH = 5.0 Hz), establishing 
the cis arrangement of the Me and Ph groups in this 
diastereomer (RRISS pair). The lH NMR spectrum of 
17c indicates the formation of a single diastereomer, and 
the appearance of the two benzyl protons as mutually 
coupled doublets at  6 5.52 ( J m  = 1.6 Hz) and 6 4.15 suggests 
that the two phenyl groups are in a trans arrangement 
(RSISR), as observed in the crystal structure of the Cp' 
(q5-C5H4Me) analogue of 17c (see Figure 6). 

The mechanism proposed to account for the formation 
of 17a-c is shown in Scheme 3. The first step is likely 
nucleophilic addition of the imine nitrogen to the elec- 
trophilic a-carbon of 9 to give 18, analogous to the many 

Organometallics, Vol. 13, No. 3, 1994 849 

Figure 6. ORTEP drawing of 17c'. 

Scheme 3 

1 h4- 
Ph 

+ PhN&(H)Ph ,ME C - CHzR 

* 9  

+ Et3N 
- [Et$WlBCI, I + Et3N 

- [Et3NH]BCI4 I 
H 

19 

I Ring Closure 

H R  
're# 

17 Ph 

other nucleophiles which have been shown to add to these 
electrophilic carbyne complexes.'-3~9J* Addition of base 
(Et3N or excess imine) to this species should deprotonate 
the CH2R group to give 19, which upon ring closure would 
give the observed cyclic carbene complex. Experimentally, 
it was observed that the addition of 1.1 equiv of PhN-C- 
(H)Ph to a -78 "C CHzC12 suspension of 9a caused an 
instantaneous color change from pale yellow to orange 
and dissolution of much of the solid. This color persisted 
until Et3N (1.5 equiv) was added, which then caused a 
further color change to deep red. At  this point, the IR 
spectrum of the reaction mixture showed vco bands at  
1934 ( 8 )  and 1866 (8) cm-1 due to 17a. Similar observations 

(18) Fischer, H.; Troll, C. J .  Organomet. Chen. 1992,427,77. 
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850 Organometallics, Vol. 13, No. 3, 1994 

were made in the reaction of PhN=C(H)Ph with 9b and 
9c. We suggest that the initially formed orange solution 
contains the intermediate 18, which persists at  low tem- 
perature until base is added to induce its deprotonation 
to form 19 and from that the final product 17. 

Two complexes analogous to the proposed intermediate 
19 have been isolated in other work. The first of these is 
20, reported by Barrett et al. to form upon addition of 
MeN=C(H)Ph to [Cp(CO)(P(OMe)3JFe=C=CMe21+,12a 
and the second is 21, which Fischer et al. have noted to 
result from the reaction of (CO)BW=C(H)Ph with 
PhN=C=C(Ph)2 as well as from the combination of 
PhN=C(H)Ph with (C0)5W=C=CPh2.11 Each of these 
complexes has been shown to undergo ring closure to give 
cyclic carbene complexes analogous to 17. 

Terry et al. 

Me T O T f .  
\ 

.C -Me 

Ph 
\ c - Ph 

20 21 

The vinylidene complexes loa-c also react with 
PhN=C(H)Ph to give the cyclic carbene products 17a-c. 
These reactions were conducted by first generating loa-c 
via Et3N addition to 9a-c at -78 "C, followed by addition 
of PhN=C(H)Ph. Thus, the only difference in proceeding 
to 17 via 9 or 10 is the relative timing of the addition of 
imine and base, with imine addition occurring first from 
9 and second from 10. With the vinylidene complexes as 
starting materials, carbene complexes 17a-c were isolated 
in 75 '3% ,59%, and 48 % yields, respectively, which compare 
to the 85%, 62%, and 58% yields from 9a-c. For the 
formation of 17b, we did not observe any significant 
changes in the diastereoselectivity of the reaction starting 
either from 9b or lob. As illustrated in Scheme 3, the 
vinylidene reactions likely proceed via addition of the imine 
nitrogen atom to the electrophilic a-carbon of the vi- 
nylidene ligand to give 19, which then undergoes ring 
closure to give 17. As noted above, a similar mechanistic 
path has been proposed for the reactions of [Cp(CO)- 
(P(OMe)3]Fe=C=CMezl+ l2a and (CO)5W=C=CPh2l1 
with imines. 

It has also been observed that the Cp' analogues of cyclic 
carbene complexes 17a-c undergo smooth oxidation using 
a biphasic Et20/H20/ [Bu3NHlCl/KMn04 system to give 
the @-lactams 22a,b and 23 in excellent yields (eq 5). The 
yield given for 22b is that for the purified RSISR 
diastereomer. 

H R  

N 
I 
Ph 

N 
' I  

Ph 

22a: R= H (87%) 
22b: R= Me (77%) 
23: R= Ph (91%) 

Crystal and Molecular Structures of 17a and 17c' 
(Cp' Analogue of 17c). In each of these complexes, the 
unit cell contains two chemically similar but crystallo- 
graphically independent molecules which are designated 
with the labels a and b. ORTEP drawings of 17a and 17c' 

Table 3. Selected Bond Distances and Angles for 17a 
(a) Bond Distances (A) 

Mn(a)-C(2a) 1.775(5) Mn(b)-C(2b) 1.768(6) 
Mn(a)-C( la) 1.776(5) Mn(b)-C(1b) 1.766(5) 
Mn(a)-C(3a) 1.889(4) Mn(b)-C(3b) 1.894(4) 
C(3a)-N( la) 1.369(6) C(3b)-N(lb) 1.363(6) 
C( 3 a)-C (4a) 1.534(6) C(3b)-C(4b) 1.538 (6) 
C(4a)-C(5a) 1.531(7) C(4b)-C(5b) 1.540(7) 
C(5a)-N( la) 1.476(5) C(5b)-N(1b) 1.475(5) 
C(5a)-C(3 la) 1.507(6) C(5b)-C(3 1 b) 1.5 12(6) 
N(1a)-C(2la) 1.410(6) N(lb)-C(2lb) 1.407(6) 

(b) Bond Angles (deg) 
C(la)-Mn(a)-C(2a) 93.6(2) C( 1 b)-Mn(b)-C(Zb) 93.6(2) 
C( 1 a)-Mn(a)-C( 3a) 90.3 (2) C( 1 b)-Mn( b)-C(3 b) 90.8 (2) 
C(Za)-Mn(a)-C(3a) 96.1(2) C(Zb)-Mn(b)-C(3b) 96.2(2) 
Mn(a)-C(3a)-C(4a) 129.2(3) Mn(b)-C(3b)-C(4b) 129.7( 3) 
Mn(a)-C(3a)-N(la) 141.4(3) Mn(b)-C(3b)-N(lb) 140.6(3) 
C(4a)-C(3a)-N(la) 89.3(3) C(4b)-C(3b)-N(lb) 89.7(3) 
C(3a)-C(4a)-C(Sa) 88.0(3) C(3b)-C(4b)-C(5b) 87.5(3) 
C(4a)-C(5a)-C(31a) 115.6(4) C(4b)-C(5b)-C(31b) 116.1(3) 
N(  la)-C(5a)-C(31a) 115.2(3) N(  1 b)-C(5b)-C(31 b) 115.4(4) 
C(3a)-N(la)-C(Sa) 96.8(3) C(3b)-N( lb)-C(Sb) 97.2(3) 
C(3a)-N(la)-C(2la) 137.5(3) C(3b)-N(lb)-C(2lb) 137.4(3) 
C(5a)-N( la)-C(2 1 a) 125.6(4) C(5b)-N( 1 b)-C(21 b) 125.4( 3) 

Table 4. Selected Bond Distances and Angles for 17c' 
(a) Bond Distances (A) 

Mn(a)-C( la) 1.76(1) Mn(b)-C(1b) 1.77( 1) 
Mn(a)-C(2a) 1.76(1) Mn(b)-C(2b) 1.75(1) 
Mn(a)-C(3a) 1.88(1) Mn(b)-C(3b) 1.88( 1) 
C(3a)-N( la) 1.37(1) C(3b)-N(lb) 1.37(1) 
C( 3a)-C( 4a) 1.55(1) C(3b)-C(4b) 1.54( 1) 
C(4a)-C(41a) 1.51 (1) C(4b)-C(41b) 1.52( 1) 
C(4a)-C(5a) 1.54(1) C(4b)-C(5b) 1.53(1) 
C(5a)-N( la) 1.47(1) C(5b)-N( 1 b) 1.47(1) 
C (5 a)-C (3 1 a) 1.5 1 ( 1) C( 5b)-C( 3 1 b) 1.50(1) 
N(  la)-C(2la) 1.41( 1) N( 1 b)-C(21 b) 1.41( 1) 

(b) Bond Angles (deg) 
C(1a)-Mn(a)-C(Za) 92.6(4) C(1b)-Mn(b)-C(Zb) 93.3(4) 
C(la)-Mn(a)-C(3a) 93.9(4) C(lb)-Mn(b)-C(3b) 95.1(4) 
C(Sa)-Mn(a)-C(3a) 92.9(4) C(Zb)-Mn(b)-C(3b) 91.3(4) 
Mn(a)-C(3a)-C(4a) 130.2(5) Mn(b)-C(3b)-C(4b) 130.5(6) 
Mn(a)-C(3a)-N(la) 140.4(6) Mn(b)-C(3b)-N(lb) 139.9(6) 
C(4a)-C(3a)-N(la) 89.1(6) C(4b)-C(3b)-N(lb) 89.3(6) 
C(Sa)-C(4a)-C(4la) 113.8(5) C(5b)-C(4b)-C(41b) 114.3(6) 
C(3a)-C(4a)-C(41a) 117.6(7) C(3b)-C(4b)-C(41b) 116.0(5) 
C(3a)-C(4a)-C(5a) 87.3(6) C(3b)-C(4b)-C(Sb) 87.5(6) 
C(4a)-C(Sa)-N(la) 85.8(5) C(4b)-C(Sb)-N(lb) 86.1(5) 
C(4a)-C(5a)-C(3 1 a) 1 14.7(6) C(4b)-C(Sb)-C( 3 1 b) 1 16.7(6) 
N(la)-C(Sa)-C(3la) 115.0(6) N(lb)-C(Sb)-C(3lb) 114.4(5) 
C(3a)-N(la)-C(2la) 138.4(7) C(3C)-N(lb)-C(Zlb) 138.5(6) 
C(3a)-N(la)-C(Sa) 97.1(6) C(3b)-N(lb)-C(Sb) 96.6(6) 
C(Sa)-N(la)-C(21a) 124.6(6) C(Sb)-N(lb)-C(Zlb) 124.9(6) 

are shown in Figures 5 and 6, respectively, and relevant 
crystallographic data are set out in Tables 1, 3, and 4. 
Each of these complexes displays the usual pseudoocta- 
hedral geometry about manganese, and in both complexes, 
the Mn=C distances (17a, molecule a, 1.889(4) A; 17a, 
molecule b, 1.894(4) A; l7c', molecules a and b, 1.88(1) A) 
are values typical of Cp(CO)zMn-carbene complexes (e.g., 
Cp(CO)2Mn=C(OEt)(Ph), Mn=C = 1.865(14) A).1" In 
each complex, the atoms of the four-membered ring and 
the carbon atom attached to nitrogen are essentially 
coplanar (17a, molecule a, maximum deviation 0.036 A 
associated with C(4a); 17a, molecule b, maximum deviation 
0.013 A associated with C(4b); 17c', molecule a, maximum 
deviation 0.072 A associated with C(4a); 17c', molecule b, 
maximum deviation 0.061 A associated with C(4b)), and 
the plane defined by the atoms of the four-membered ring 
bisects the carbonyl ligands. As noted above, complex 
17c forms as a single pair of diastereomers, and the 1H 
NMR spectrum of 17c' indicates a similar result. Both 
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Mn Carbyne and Mn and Re Vinylidene Complexes 

the R S  and SR enantiomers are present in the centrosym- 
metric unit cell of 17c', with the SR enantiomer illustrated 
in Figure 6. 

Reaction of Cp(CO)zM=C==C(H)R and [Cp(CO)z- 
Mn=CCHzR]+ with HN=C(Ph)Z. In contrast to the 
results described above, reaction of the N-H imine 
HN=C(Ph)? with carbyne complexes 9a and 9b and 
vinylidene complexes 7, loa, and 10b did not give cyclic 
carbene complexes but instead gave the imino-carbene 
complexes 24, 25a, and 25b (eqs 6 and 7). These com- 

- 
25a: R- H (27%) 
25b: R= Me (54%) 

7.1Oa-c 

r H 1 

.- A 24: M= Re, R= H (66%) 
25a: M= Mn, R= H (27%) 
25b: M= Mn, R= Me (54%) 

27 

plexes are apparently derived from the carbyne complexes 
via addition of the nucleophilic nitrogen atom to the 
electrophilic carbyne carbon followed by loss of the N-H 
proton (eq 6). With the vinylidene complexes, these 
products form by net addition of the N-H bond across 
the vinylidene C=C bond (eq 7) in analogy to the many 
examples of the addition of amines and alcohols across 
this bond in many other vinylidene c~mplexes.~ Com- 
plexes 24 and 25a were isolated as orange and purple- 
brown microcrystalline solids, and 25b was obtained as a 
brown oil. The spectroscopic data given in the Experi- 
mental Section are consistent with the proposed structures 
and are also similar to data reported for the related imino- 
carbene complex Cp(CO)zMn=C(Ph)N=C(Me) (NMez) 
earlier prepared by Fischer e t  aZ.l8 Imino-carbene com- 
plexes have been prepared by various routes, most of which 
involve carbene complexes as precursors,19 but we can find 
no evidence for the prior formation of imino-carbene 
complexes from the reaction of imines with vinylidene 
and carbyne complexes. 

In contrast to the above reactions which gave only imino- 
carbene complexes, reaction of HN==C(Ph)z with the 

(19) (a) Dbtz, K. H. J. Organomet. Chem. 1976,118, C13. (b) Fischer, 
H.; Schubert, U. Angew. Chem.,Znt. Ed.  Engl. 1981,20,461. (c) Fischer, 
H.; Schubert, U.; Makl, R. Chem. Ber. 1981,114,3412. (d) Knauss, L.; 
Fischer, E. 0. Chem. Ber. 1970,103, 3744. (e )  Dbtz, K. H. Chem. Ber. 
1980,113,3597. (0 Knauss, L.; Fischer,E. 0. J. Organomet. Chem. 1971, 
31, C68. 
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benzylcarbyne complex 9c and the phenylvinylidene 
complex 1Oc gave both imino-carbene (25c) and cyclic 
carbene (28) products (eq 8). Complexes 25c and 28 were 

H Ph 
\/ 

H 

25c (29% from 9c) 
(81~98% from 1Oc) 

(8) 

28 (50% from 9c) 
(2-191 from 1Oc) 

isolated as purple and yellow solids, respectively, and are 
spectroscopically similar to the complexes 2Sa,b and 17a-c 
described above (see Experimental Section). The for- 
mation of 28 from 1Oc likely proceeds via an intermediate 
similar to 27 (eq 7) in which ring closure is competitive 
with hydrogen migration due to stabilization of the anionic 
center in this intermediate by the phenyl substituent. 

Reaction of [Cp(CO)zMn=CCHzR]+ and Cp(C0)z- 
Mn=C=C( H)R wi th  Benzophenone Hydrazone, 
Ph&=NNHz. In earlier work? it was shown that the 
rhenium vinylidene complex 7 reacts with benzophenone 
hydrazone to give the hydrazonyl-carbene complex 29 via 
addition of an N-H bond across the vinylidene C=C bond 
(eq 9). In contrast, the manganese vinylidene complexes 

1 Ph2C=NNH2 
,Re=C=C P 

\ H (342c12 
-78 + 25' C co I co 

7 

/Ph (9) 
R-C\ I N / N = C  ' Ph 

C O I  
29(73%) 

10a and 1Oc and the carbyne complexes 9a and 9b react 
with this substrate to give the nitrile complexes 30a-cm 
(eq 10). These complexes were isolated as yellow-orange 
solids and have been spectroscopically characterized. The 
acetonitrile complex 30a is a known compound,20b*c and 
the spectroscopic data for 30b and 30c (see Experimental 
Section) are consistent with their formulations. These 
complexes result from a Beckmann-type rearrangement 
(Scheme 4I2l via the intermediate 31, which is analogous 

(20) (a) Alt, H. G.; Engelhardt, H. E.; Stainlein, E.; Rogers, R. D. J. 
Organomet. Chem. 1987,344,321. (b) Herberhold,M.;Brabetz,H. Chem. 
Ber. 1970,103,3896. (c) Herberhold, M.; Brabetz, H. Chem. Ber. 1970, 
103, 3909. (d) Strohmeir, W.; Hellmann, H. 2. Naturforsch. 1964, 19, 
164. 
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cf yH PhzC=NNHz 
,Mn= C = C 

co I ‘R 
co 

10 - HNPC(Ph)2 
b 

CHZClZ 

l+ BCi4- 1. Ph&!=NNHZ 
M I G C - C H ~ R  

2. Et3N 

T 
co’ I 

- [Et3NH]BC14 co 9 

cp  
\ 

/Mn- N G C-CHzR 

co 
308: R= H (62% from 98) 

(32% from 108) 
30b: R= Me (62% from 9b) 
3Oc: R= Ph (66% from 10cj 

to the crystallographically characterized rhenium complex 
29 (eq 9).2 A similar transformation of a vinylidene ligand 
into a nitrile ligand has been described by Barrett et aLZ2 

Formation of Isocyanide Complexes from the Re- 
action of Cp(C0)2M=C=CHz and [Cp(CO)zMn= 
CCHzR]+ with Carbodiimides. It was initially antici- 
pated that carbodiimides (RN=C=NR) would undergo 
net [2 + 21 cycloaddition across the C=C bond of the 
vinylidene complex Cp(C0)2Re=C=CH2 to form cyclic 
carbene complexes analogous to 14a and 14b described 
above, similar to the previously reported reaction of 
(CO)sCr=C(OH)(Me) with CyN=C=NCy (Cy = cyclo- 
hexyl) which gives a cyclic carbene product and which 
may proceed via (CO)SC~==C=CHZ.~~ However, the 
reaction of 7 with RN-C-NR (R = Pri, But) led instead 
to the isocyanide complexes 33a and 33b, shown in eq 11. 

.. 

CO -78 - 250 c 
2.5 h 

- HzCPC=NR 7 

co 
338: R= ff’ (72%) 
33b: R= Bu’ (67%) 

These complexes were isolated as pale brown microcrys- 
talline solids and are similar to other known complexes 
within the Cp(CO)zM(CNR) family.24 A similar isocyanide 
complex (34)24a resulted from the reaction of manganese 
ethylidyne complex Sa with ButN=C=NBut (eq 12), 
although the manganese vinylidene complex Cp(C0)z- 
Mn=C=CHZ (loa) failed to react with this substrate. 

(21) McCarty, C. G. Syn-Anti Isomerizations and Rearrangements. 
In The Chemistry of the Carbon-Nitrogen Double Bond; Patai, S., Ed.; 
Interscience Publishers: New York, 1970; p 408. 

(22) Barrett, A. G. M.; Carpenter, N. E.; Sabat, M. J. Organomet. 
Chem. 1988,352, C8. 

(23) Weim, F.; Fiecher, E. 0.; Miiller, J. Chem. Ber. 1974,107, 3548. 
(24) (a) Harris, G. W.; Boeyens, J. C. A,; Coville, N. J. J. Organomet. 

Chem. 1983,256,87. (b) Caulton, K. G. Coord. Chem. Reu. 1931,38,1. 
(c) Treichel, P. M.; Mueh, H. J. Znorg. Chim. Acta 1977,22,265. (d) Le 
Maux, P.; Simonneaux, G.; Jnouen, G. J. Organomet. Chem. 1981,217, 
61. (e) Albers, M. 0.; Coville, N. J.; Singleton, E. J. Organomet. Chem. 
1982,234, C13. 

Terry et al. 

CP 
I \ 2.2 Bu’h’=C=NBu‘ ,MnE c - CH, co I CHzC1, 

I co 
9a 

-78 - 250 c 
12 h 

- HZC=C=NBu’ 

co 
34 (76%) 

The reactions outlined in eqs 11 and 12 represent a net 
metathesis of the N=C bond of the carbodiimide with 
either the C=C or M-C bond of the vinylidene ligand, 
via the two distinct mechanisms shown in Scheme 5 
(illustrated for 9a). The first step in the reaction is addition 
of the carbodiimide to 9a to produce 35, followed by 
deprotonation of the methyl substituent to give 36. The 
rhenium analogue of this species (36’) would form in 
reaction 11 by direct addition of the carbodiimide to the 
a-carbon of the vinylidene ligand. Complex 36 could 
undergo a l,&shift of the metal to the carbon atom of the 
original carbodiimide to give 37, which upon loss of the 
ketenimine fragment would yield the observed isocyanide 
product. This reaction represents metathesis of the car- 
bodiimide N=C bond with the vinylidene Mn=C bond. 
Alternatively, 36 could undergo ring closure to give the 
cyclic carbene complex 38, analogous to the complexes 14 
and 15 discussed above. Complex 38 could decay via a 
retro-cycloaddition to give the isocyanide complex and 
free ketenimine, resulting in net metathesis of the car- 
bodiimide N-C bond with the vinylidene C-C bond. As 
indicated in Scheme 5, if the a-carbon of the vinylidene 
ligand is labeled with 13C, these paths are distinguishable 
since, in the former path, the label is transferred to the 
ketenimine product, whereas in the latter it is retained in 
the isocyanide ligand. Thus, when complex 9a, labeled at  
both the CO ligands and C, with I3C (>15% enrichment 
by 13C NMR), was allowed to react with 2.2 equiv of 
ButN=C=NBut, isocyanide complex 34 was isolated in 
85% yield. A 13C NMR analysis of the product showed 
no 13C incorporation at  the isocyanide carbon, indicating 
that the reaction proceeds via the 1,3-shift path and not 
the cycloaddition path. Support for this mechanistic path 
also comes from a study by Fischer et al. of the reaction 
of [Cp(CO)zMn=CPhl+ with dimethylcyanamide (NE 
CNMe2; Scheme 6). This gave the ansa-carbene complex 
39 via a similar 1,3-migration of the metal fragment in 
intermediate 40.18 

Scheme 4 
c 

r 1 
1 

30 
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Scheme 5 (R = But) 

CP l+BC14- 

C 
35 II 

co' I 

CO 

Scheme 6 

co 

I 40 " T+ I 
Ph 

I 

1,3-shift I r 

3Y L 

Infrared evidence was obtained for the presence of 
intermediate 35 (Scheme 5) via the addition of ButN= 
C=NBut (1.1 equiv) to a -78 O C  CHzClz suspension of 9a, 
which gave a rapid change from a pale yellow suspension 
to an orange solution containing much undissolved solid 
material. The IR spectrum of this mixture showed the 
presence of a single species with uco 1991 (e) and 1926 (8) 

cm-1, which we suggest is 35. This species persists at  low 
temperature until Et3N is added or the solution is warmed 
to room temperature in the presence of excess carbodi- 
imide, which then gives the observed product 34. 

Formation of an ansa-carbene Complex via Reac- 
tion of [Cp(CO)aMn=CCHs]+ and Cp(C0)2Mn=C= 
CH2 with PrW==C=NPri. It was noted above that an 
isocyanide complex (34; eq 12) resulted from the reaction 
of [Cp(C0)2Mn=CCHs] + with ButN=C=NBut. Sur- 
prisingly, when the carbodiimide was changed to Pr"= 
C=NPri, none of this type of product formed, but instead 

-R 
I. 

38 co 

an ansa-carbene complex (41) similar to those prepared 
earlier by us (Scheme 1)l and by Fischer et al. (Scheme 
6)la was produced (eq 13). The same product also formed 

'BCli 
xs P+N=C=NP+ 

-18 + 25' C 
- H+/- BCli  r 

,Mn= C = C ,  
H THF 

m l  -78 + 25' C 
co loa 

co 

41 
(78% from 9a) 
(55% from loa) 

upon reaction of PriN=C=NPr' with the vinylidene 
complex loa. Complex 41 was isolated in good yield a8 
a yellow microcrystalline solid and has been characterized 
by spectroscopy (see Experimental Section) and by an 
X-ray diffraction study (see Figure 7 and below). The 
mechanism proposed to account for the formation of 41 
is shown in Scheme 7. As discussed above, an intermediate 
such as 42 can be accessed via either the vinylidene or 
carbyne complex combined with the carbodiimide sub- 
strate. A l,&migration of the [Cp(CO)aMnl fragment 
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Scheme 7 

' +RN=C=NR 
MEC-CH3 '-\ m' I co 

9a 

H 

/H +RN=C=NR / Mn=C=C, 
"I H 

I co II 

1Oa H, NH 
C 

C 

NR 
42 11 

H 
KC' 

43 

1 
H\ HH 

C 

" A  
41 

R' & /-H 

/Mn=C 
cd 

45 

I co 

Figure 7. ORTEP drawing of 41. 

would give 43, which could undergo electrophilic addition 
to the Cp ring to give 44. Hydrogen migration, perhaps 
assisted by the excess carbodiimide present, to the imine 
nitrogen atom would then give the observed product 41. 

In one reaction, the bis(amino)carbene complex 45 with 
an acetyl substituent on the cyclopentadienyl ligand was 
obtained as a byproduct in the preparation of 41. This 
species has been spectroscopically characterized (see 
Experimental Section) and has also been defined by an 

"4 
I 
H 

co 
44 

U 

Figure 8. ORTEP drawing of 45. 

X-ray diffraction study (see Figure 8 and below). Its 
formation was not reproducible, but it would appear to be 
derived from hydrolysis of the ama-carbene complex 41. 

Crystal and Molecular Structure of 41. An ORTEP 
drawing of complex 41 is shown in Figure 7, and the 
relevant crystallographic data are set out in Tables 1 and 
5. This complex crystallizes in the P2Jm space group 
with a crystallographic plane of symmetry containing the 
Mn(l), C(5), N(2), and C(1) atoms and bisecting the 
carbonyl ligands. As illustrated in Figure 7, the structure 
is disordered with two different, equally populated ori- 
entations of the C H d  unit on either side of the mirror 
plane. The Mn-C(5) distance of 1.965(4) A is longer than 
the corresponding distance in Cp(CO)ZMn=C(OEt)Ph 
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Mn Carbyne and Mn and Re Vinylidene Complexes 

Table 5. Selected Bond Distances and Angles for 41 
(a) Bond Distances (A) 

Mn( 1)-C(4) 1.755(5) Mn(l)-C(5) 1.965(4) 
N(l)-C(5) 1.33 l(6) N(2)-C(5) 1.386(7) 
N(  1)-C(10) 1.465(8) NW-C(8) 1.477(5) 
N(2)-C(6) 1.433(8) C(l)-C(6) 1.513(8) 
C(6)-C(7) 1.328(12) C(8)-C(9) 1.494(5) 
C(lO)-C(ll) 1.487(6) 

(b) Bond Angles (deg) 
C(4)-Mn(l)-C(4a) 94.9(3) C(4)-Mn(l)-C(5) 96.1(1) 
C(S)-N(l)-C(lO) 128.3(4) C(5)-N(2)-C(6) 116.1(4) 
C(5)-N(2)-C(8) 126.4(4) C(6)-N(2)-C(8) 1 16.0(4) 
C(2)-C( 1)-C(6) 113.5(5) Mn(l)-C(S)-N(l) 129.6(4) 
Mn(l)-C(5)-N(2) 118.2(3) N(l)-C(5)-N(2) 112.2(4) 
N(2)-C(6)-C(l) 107.7(6) N(2)-C(6)-C(7) 128.2(5) 
C(l)-C(6)-C(7) 123.1(6) N(2)-C(S)-C(9) 114.7(3) 
N(1)-C(l0)-C(l1) 110.5(4) 

Table 6. Selected Bond Distances and Angles for 45 

Mn-C( 1) 
Mn-C( 1 1) 
N(Z)-C(I 1) 
C(8)-C( 10) 

(a) Bond Distances (A) 
1.768(4) Mn-C(2) 
2.010(3) N(l)-C(l 1) 
1.344(5) C(7)-C(8) 
1.498(6) 0(3)-C(8) 

(b) Bond Angles (deg) 
88.1(2) C(1)-Mn-C(l1) 
93.4(2) Mn-C(ll)-N(l) 

118.9(4) C(7)-C(S)-O(3) 
120.5(4) 

119.7(3) N(l)-C(ll)-N(2) 

1.766(4) 
1.331(5) 
1.463(6) 
1.208(5) 

94.5(2) 
126.2(3) 
114.0(3) 
120.6(4) 

(Mn=C = 1.865(14) A)’“ and in compounds 17a (1.88 (1) 
A) and 17c (1.889 (41, 1.894 (4) A) as a consequence of 
enhanced electron donation from the two attached amino 
substituents. The C(5)-N(1) distance of 1.331(6) A is 
slightly shorter than the C(5)-N(2) distance of 1.386(7) A, 
but both are similar to the C-N distances found in the 
cyclic aminocarbene complexes 15b, 17a, and 17c’ dis- 
cussed above and are consistent with a delocalized 
structure. The N(2)-C(6) distance of 1.433(8) A compares 
well to that expected for a C(sp2)-N(pyramidal) single 
bond (1.416 A),’’ and the C(6)-C(7) distance of 1.328(12) 
A is typical for a CHyC(X2) double bond (1.321 

Crystal and Molecular Structure of 45. An ORTEP 
drawing of complex 45 is shown in Figure 8, and the 
relevant crystallographic data are set out in Tables 1 and 
6. It has a geometry typical of Cp(CO)zMn(carbene) 
complexes, with the plane of the carbene ligand lying 
essentially perpendicular to the plane which bisects the 
carbonyl ligands. The Mn-C(11) distance of 2.010(3) A 
is similar to the Mn-carbene distance of 1.966(3) A found 
in compound 41 but is significantly longer than similar 
bonds in the reference compounds cited above. The C(11)- 
N(1) and C(ll)-N(2) distances of 1.331(5) and 1.344(5) A 
are similar to those found in 41 and imply a highly 
delocalized structure. The isopropyl groups attached to 
the two nitrogen atoms are arranged in an anti fashion 
and are nonequivalent. The presence of two isopropyl 
CH(CH32 resonances (6 3.58, 4.38) in the IH NMR 
spectrum of 45 implies restricted rotation about the C-N 
bonds of the carbene ligand, although free rotation likely 
occurs about the Mn-C(11) bond. Bond parameters within 
the acetyl substituent of the cyclopentadienyl ligand 
appear normal. 

Reaction of [Cp(CO)2Mn=CCH2CH# with But- 
N=C=NButand E t a .  As described above, the reaction 
of the ethylidyne complex [Cp(C0)2Mn=CCH31+ (9a) 
with ButN=C=NBut gave an isocyanide complex, and 
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C16) rm . 

Figure 9. ORTEP drawing of 46. 

an ansa-carbene complex resulted from the reaction of 9a 
with PriN=C=NPi. Yet a different type of product 
formed when the propylidyne complex 9b was allowed to 
react with ButN=C=NBut and Et3N (eq 14). This gave 

l%cli 1. 1.1 Bu’h’=C=NBu‘ 
2. 2.2 Et3N M E  C - CHzCH3 

co -78 4 25’ C 

“I; 
b co’ I CHzClz 

9b 12h 

(14) F 3  ,Mn= C = C 
\ Bur 

c< 

C O I  co iq’ 
/N-B-C1 

Bur I 
c1 

46 (32%) 

the unusual zwitterionic vinylidene complex 46, which was 
isolated as a purple crystalline solid and has been fully 
characterized, including an X-ray crystallographic study 
(see Figure 9 and below). Complex 46 is remarkably stable 
and showed no evidence of decomposition even after 
several weeks of storage in air at  room temperature. Ita 
zwitterionic nature and the presence of the BC12 unit in 
a highly strained four-membered ring make i b  stability 
toward chromatography on neutral alumina even more 
surprising. Reaction of benzylcarbyne complex 9c with 
excess ButN=C=NBut resulted only in deprotonation of 
the starting carbyne complex to produce vinylidene lOc, 
which failed to react with this substrate. 

Crystal and Molecular Structure of 46. Complex 
46 crystallizes in thePca21 space group with two chemically 
similar but crystallographically independent molecules in 
the unit cell, which are designated with primed and 
unprimed labels. In each, the tert-butyl groups are 
significantly disordered over several rotationally related 
sites. An ORTEP drawing of the unprimed molecule is 
shown in Figure 9, and the relevant crystallographic data 
are set out in Tables 1 and 7. In both molecules, the 
vinylidene ligand is essentially linear (Mn( 1)-C(8)-C(9) 
= 174.3(9)’; Mn(l’)-C(8’)4(9’) = 176.1(9)’), and the 
Mn=C (1.756(11), 1.807(10) A) and C=C (1.300 (14), 
1.272(14) A) distances are similar to those found in other 
manganese vinylidene complexes.6b*0 The C(S)-C(lO) 
(1.542(17) A) and C(9’)-C(lO’) (1.501(16) A) distances are 
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Table 7. Selected Bond Distances and Angles for 46 
~~ ~ 

unDrimed molecule Drimed molecule 

(a) Bond Distances (A) 
Mn-C( 1) 1.7OO(23) Mn’-C( 1’) 1.822( 16) 
Mn-C(2) 1.760(18) Mn’-C(2’) 1.802( 16) 
Mn-C(8) 1.756( 1 1) Mn’-C(8’) 1.807( 10) 
Cl( 1)-B 1.827( 14) C1( 1’)-B’ 1.866( 15) 
C1(2)-B 1.846( 16) Cl(2’)-B’ 1.840( 16) 
N(l)-C(11) 1.334(11) N(l’)-C(ll’) 1.348(14) 
N( 1)-B 1.559( 15) N( 1’)-B’ 1.524( 14) 
N( l)-C( 13) 1.450( 16) N( l’)-C( 13’) 1.493( 15) 
N(2)-C( 1 1) 1.325( 13) N(2’)-C( 1 1’) 1.345( 1 1) 
N(2)-B 1.522(17) N(2’)-B’ 1.534( 18) 
N(2)-C( 17) 1.460( 14) N(2’)-C( 17’) 1.466( 17) 
C(8)-C(9) 1.300(14) C(8’)-C(9’) 1.272( 14) 
C(9)-C( 10) 1.542( 17) C(9’)-C( 10‘) 1.501 (16) 
C(9)-C(11) 1.486(14) C(g’)-C(ll’) 1.485(14) 

(b) Bond Angles (deg) 
C( l)-Mn-C(2) 90.8(10) C(l’)-Mn’-C(2’) 87.6(7) 
C( l)-Mn-C(8) 89.7(9) C( l’)-Mn’-C(8’) 86.0(6) 
C(2)-Mn-C( 8) 91.2(7) C(2’)-Mn’-C(8’) 89.9(6) 
C( 1 1)-N( 1)-B 86.9(8) C( 1 1’)-N( 1’)-B 87.9(9) 

E N (  l)-C( 13) 138.3( 10) B’-N( l’)-C( 13’) 139.4( 10) 
C( 1 l)-N(2)-B 88.8(8) C(l l’)-N(2’)-B’ 87.5(8) 

E N (  2)-C( 17) 1 3 7 3 9 )  B’-N( 2’)-C( 17’) 138.2(8) 
Mn-C(8)-C(9) 174.3(9) Mn’-C(8’)-C(9’) 176.1 (9) 
C(8)-C(9)-C(lO) 121.4(10) C(8’)-C(9’)-C(10‘) 122.8(10) 
C(8)-C(9)-C(ll) 120.3(9) C(8’)-C(g’)-C(ll’) 117.3(9) 
C(lO)-C(9)-C(ll) 118.4(9) C(lW)-C(9’)-C(ll’) 119.9(9) 

N(l)-C(ll)-C(9) 127.9(9) N(l’)-C(l l’)-C(9’) 131.3(9) 
N(2)-C(ll)-C(9) 131.2(9) N(2’)-C(1 l’)-C(9’) 129.0(9) 
Cl( 1)-B-c1(2) 11 1.1(7) Cl(l‘)-B’-C1(2’) 109.3(6) 
C1( 1)-EN( 1) 115.1(9) Cl(1’)-B’-N(1’) 1 13.3(9) 
Cl(2)-EN( 1) 1 14.1 (9) CI(2’)-B’-N( 1 ’) 115.7( 10) 
Cl( 1 ) -EN(  2) 115.4(10) Cl(l’)-B’-N(2’) 114.8(10) 
C1(2)-B-N(2) 115.3(9) C1(2’)-B’-N(2’) 117.5(10) 
N( 1 ) -EN(  2) 83.4(8) N(1’)-B’-N(2’) 84.6(8) 

C(ll)-N(l)-C(l3) 134.6(9) C(l1’)-N(l’)-C(l3’) 131.6(8) 

C( 1 1 )-N( 2)-C( 17) 1 33.6(9) C( 1 1 ’)-N( 2’)-C( 17’) 1 34.3( 9) 

N(l)-C(ll)-N(2) 100.9(8) N(l’)-C(ll’)-N(2’) 99.7(8) 

typical C(sp2)-C(sp3) values (1.507 A).17 The plane defied 
by the vinylidene @-carbon and its substituents (C(l0)- 
C(9)-C(ll)) is nearly perpendicular to the plane which 
bisects the carbonyl ligands (dihedral angle [CNT-Mn- 
C(8)]/ [ C( lO)-C(9)-C( 1 l)] 81. lo;  dihedral angle [ CNT’- 
Mn’-C(8’)] / [C( lo’)<( 9’)-C( 1191 75.6”). A similar per- 
pendicular arrangement exists between the plane of the 
vinylidene substituents and the four-membered BNpC ring 
(dihedral angles: unprimed molecule, 85.6O; primed mol- 
ecule, 84.0°). The latter rings and the attached carbon 
atoms of the tert-butyl substituents are also planar 
(unprimed molecule, maximum deviation of 0.024 A 
associated with C(17); primed molecule, maximum devi- 
ation of 0.072 A associated with N(1’)). The N-C 
distances within the four-membered ring (1.325( 13~1.348- 
(14) A; 1.338 A average) are closer to typical C(sp2)-N 
single bond (1.339 A)17 values than to typical C(sp2)=N 
double-bond distances (1.313 A).17 The C(9)-C(ll) and 
C(g’)-C(ll’) distances of 1.486(14) and 1.485(14) A are 
typical C(sp2)-C(sp2) single-bond values (1.460 &,’7 and 
B-C1 (average 1.845 A) and B-N (average 1.549 A) are 
in the typical range for these bondsY Although boron 
and carbon atoms are difficult to distinguish by X-ray 
crystallography, the presence of boron in the four- 
membered ring was verified by the llB NMR spectrum of 
46, which showed a single resonance at  6 4.51 (referenced 
to external BF~OE~QO), in the range typical of B&- ions.25 

‘ 

(25) Kidd, R. G. In NMR of Newly-Accessible Nuclei; Laszlo, P., Ed.; 
Academic Press: New York, 1983; Vol. 2, pp 49-77. 

CY 
Figure 10. ORTEP drawing of 47. 

Rsaction of [Cp(CO)2Mn=CCH# and Cp(C0)r 
Re=C=CH2withBenzalazine,Ph(H)C=NN=C(H)- 
Ph. As illustrated in Scheme 1, imines and benzalazine 
reacted with the arylcarbyne complexes [Cp(CO)2- 
M e T o l ] +  in a similar fashion, with the benzalazine 
reactions involving only one of the N = C  bonds. In 
contrast, both the manganese carbyne complex 9a and 

-the rhenium vinylidene complex 7 react with benzalazine 
to give the novel bicyclic bis(carbene) complexes 47 and 
48, which form via consecutive [3 + 21 cycloaddition 
reactions (eq 15).7 Each of these compounds was isolated 

Ph 
2 , M S C - C H 3  Ph 

- 2H+/-2 BCl4- co I 

\ co 
9a 

F -78 25OC 

7 

47: M= Mn (41%) 
48: M= Re (53%) 

as a yellow microcrystalline solid, and 47 has been 
characterized by an X-ray diffraction study (see Figure 10 
and below). IR monitoring of the reaction of Re-vinylidene 
complex 7 with benzalazine indicated a clean reaction, 
with no other products detected. In the reaction of Mn- 
ethylidyne complex 9a with benzalazine, 2 equiv of the 
substrate is required, with the second equivalent acting 
as a base. Alternatively, an external base (e.g. EbN, 1.1 
equiv) may be added after the addition of benzalazine. 
The corresponding vinylidene complex 10a (generated 
from 9a by Et3N addition prior to the addition of the 
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Mn Carbyne and Mn and Re Vinylidene Complexes 

Scheme 8 

f 
48 

substrate) failed to react with benzalazine. Reaction of 
propylidyne complex 9b with 1 equiv of benzalazine, 
followed by 1.1 equiv of Et3N and slow warming to room 
temperature, afforded an orange flocculent solid upon 
chromatographic workup. IR analysis of this fraction 
indicated the formation of a single product with VCO 1922 
(s) and 1853 (s) cm-l in CH2C12 solution, which compares 
favorably with the observed vco bands of 47 (47: vco 1926 
(s), 1858 (s) cm-l). The +FAB mass spectrum of the 
product showed a parent ion at  mlz 640, consistent with 
the expected HIMe analogue of 47. However, IH NMR 
analysis of the product showed it to be a complex mixture 
containing several byproducts, and this reaction was not 
further pursued. Vinylidene complexes 10b and 1Oc failed 
to react with benzalazine. 

The mechanism proposed to account for the formation 
of 48, and by analogy 47, is shown in Scheme 8 and is 
similar to that which has been established for organic 
analogues of this reaction, which have often been termed 
“criss-cross” cycloadditions.26 As in other reactions pre- 
sented in this work, the first step is likely addition of one 
of the nucleophilic nitrogen atoms of benzalazine to the 
electrophilic a-carbon of the vinylidene ligand to give 49. 
Intramolecular cyclization of this species would lead to 
the cyclic zwitterionic intermediate 50, which should 
rapidly add to a second equivalent of 7 to give 51. 
Subsequent cyclization would lead to the observed product 
48. The addition of benzalazine to the carbyne complex 
9a would proceed in a similar fashion, with the initial step 
involving addition of benzalazine to the electrophilic 
carbyne carbon followed by deprotonation of this species 
to form 47. 

Crystal and Molecular Structure  of 47. An ORTEP 
drawing of 47 is shown in Figure 10, and the relevant 
crystallographic data are set out in Tables 1 and 8. The 
fused five-membered ring systems are nearly coplanar 
(dihedral angle 9.59, and the Mn=C distances of 1.945- 

(26) (a) Bailey, J. R.; Moore, N. H. J. Am. Chem. SOC. 1917,39, 279. 
(b) Bailey, J. R.; McPherson, A. T. J. Am. Chem. SOC. 1917,40,1322. (c) 
Padwa, A. l,d-Dipo&r Cycloaddition Chemistry; Wiley: New York, 1984. 
(d) Wagner-Jauregg, T. Synthesis 1976,349. (e) Gieren, A,; Narayanan, 
P.; Burger, K.; Thenn, W. Angew. Chem., Znt. Ed. Engl. 1974,13, 475. 
(0 Nuyken, 0.; Maier, G.; Burger, K. Makromol. Chem. 1988,189,2245. 
(g) Nuyken, 0.; Maier, G.; Burger, K. Makromol. Chen. 1989,190,623. 
(h) Burger, K.; Heink, F. Liebigs Ann. Chem. 1982,853. (i) Burger, K.; 
Schickaneder, H.; Hein, F.; Gieren, A.; L a ” ,  V.; Engelhardt, H. Liebigs 
Ann.Chem. 1982,845. (j) Burger,K.;Thenn,W.;Rauh,R.;Schickaneder, 
H.; Gieren, A. Chem. Ber. 1975,108, 1460. 
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Table 8. Selected Bond Distances and Angles for 47 
(a) Bond Distances (A) 

Mn(l)-C(1) 1.783(3) Mn(l)-C(2) 1.778(4) 
Mn(1)-C(15) 1.945(3) Mn(2)-C(3) 1.770(3) 
Mn(2)-C(4) 1.769(4) Mn(2)-C(18) 1.936(3) 
C( 15)-C( 16) 1.518(5) C( 16)-C( 17) 1.544(4) 
C(16)-H(16a) 0.976(38) C(16)-H( 16b) 0.917(26) 
C( 17)-H( 17) 0.933(24) C( 17)-C(26) 1.503(4) 
C( 18)-C( 19) 1.524(5) C( 19)-C(20) 1.539(4) 
C(19)-H(19a) 0.960(27) C(19)-H(19b) 0.991(32) 
C(20)-C(36) 1.518(3) N(l)-N(2) 1.438(3) 
N (  15) 1.312(4) N(l)-C(20) 1.472(4) 
~ ( 2 ) - ~ ( 1 7 )  1.473(4) N(2)-C(18) 1.306(4) 

(b) Bond Angles (deg) 
C(l)-Mn(l)-C(2) 93.4(2) C(1)-Mn(1)-C(l5) 92.0(1) 
C(2)-Mn(l)-C(15) 93.3(1) C(3)-Mn(2)4(4) 92.8(2) 
C(3)-Mn(2)-C(18) 96.5( 1 )  C(4)-Mn(2)-C(18) 90.1 (1) 
N(2)-N(l)-C(l5) 116.2(2) N(2)-N(l)-C(20) 107.0(2) 
C( 15)-N( 1 )-C( 20) 136.8 (2) N (  1 )-N( 2)-C( 17) 108.2(2) 
N(l)-N(2)-C(18) 116.0(2) C(17)-N(2)-C( 18) 134.5(2) 

N (  I)<( 15)-C( 16) 104.5(2) C( 15)-C( 16)-C( 17) 108.8(3) 
N(2)-C(17)-C(16) 101.7(2) C(16)-C(17)-C(26) 115.0(3) 

Mn(l)-C(l5)-N(l) 130.2(2) Mn( l)-C( 15)-C( 16) 125.3(2) 

N(2)-C(17)-C(26) 112.8(2) Mn(2)-C(18)-N(2) 131.5(2) 
Mn(2)-C(18)-C(19) 123.8(2) N(2)-C(18)-C(19) 104.7(2) 
C(18)-C(19)-C(20) 107.6(3) N(l)-C(2O)-C(36) 113.0(2) 
N (  1)-C(20)-C( 19) 101.4(2) C( 19)-C(20)-C(36) 113.6(2) 

(3) and 1.936(3) A are similar to the Mn=C values found 
in the other Mn-carbene complexes described herein. The 
planes defined by the carbene atoms and their attached 
carbon and nitrogen atoms do not bisect the CO-Mn-CO 
angles, as is often found for Cp(C0)2Mn=C(R)(R’) 
complexes,14a but instead appear to be oriented so as to 
minimize steric interactions ([CNT(2)-Mn(2)-C(l8)1/ 
[Mn(Z)-C(18)-N(2)1 dihedral angle 82.2O; [CNT(l)-Mn- 
(1)-C(15)l/[Mn(l)-C(15)-N(l)l dihedral angle 42.3O). 
Each of the benzylic carbons of the bridging organic ligand 
is chiral, and thus the molecule could be present as a pair 
of enantiomers or in the meso form. The lH NMR 
spectrum of the product indicates the formation of a single 
spectroscopically detectable stereoisomer, and the ORTEP 
drawing shown in Figure 10 shows it to be the RRISS pair 
with the two phenyl groups on the same side of the plane 
defined by the fused five-membered rings. The C- 
(carbene)-N distances of 1.306(4) A (C(18)-N(2)) and 
1.312(4) A (C(15)-N(l)) are similar to the corresponding 
C-N distances in the other aminocarbene complexes 
described herein. The N(l)-N(2) bond distance of 1.438- 
(3) A is intermediate between the N(pyramidal)-N- 
(pyramidal) average distance of 1.454 A and the N- 
(pyramidal)-N(p1anar) average distance of 1.420 A, but 
it is considerably longer than the N(p1anar)-N(p1anar) 
average distance of 1.401 A.17 When they are taken 
together, these structural features indicate a considerable 
degree of delocalization of the Mn=C bonds toward the 
nitrogen atoms of the fused-ring system. 

Discussion 

The original objective of this work was to compare the 
reactivity of alkylcarbyne complexes of Mn and Re with 
the previous studies of the corresponding arylcarbyne 
complexes conducted in these laboratories.lI2 The im- 
portant initial finding was that the alkylcarbyne complexes 
readily deprotonated to form the highly reactive vinylidene 
complexes Cp(C0)2Re=C=CHz (7; eq 1) and Cp(C0)z- 
Mn=C=C(H)R (loa-c; eq 2), and this deprotonation 
tendency rendered the chemistry of these complexes 
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completely different from that observed for their aryl- 
carbyne analogues. The generation of vinylidene com- 
plexes via deprotonation of alkylidyne complexes is a 

it has not been previously employed for the compounds 
described herein. This reaction has permitted the gen- 

complexes 7 and 10a and the methylvinylidene complex 
Cp(CO)zMn=C=C(H)Me. Although the phenylvinylidene I 

Scheme 9 

1' -H+ '( /H synthetic method with considerable p r e ~ e d e n t , ~ ~ ~ * ~ ~ ~ ~  but ,MGC-CH,  ,M=C=C 
'O I co I 'H co 

C0 1N;C eration of the previously unreported parent vinylidene I N - C  

+ + (Y /-" 
COOy-c \ 

N-C 

complex Cp(CO)2Mn=C=C(H)Ph is a known compound, cf ,M=C ,CHIT+ 
its reported yields by other routes are low (-10%),5a~b 
and its formation in 75-85 % yields via deprotonation of 
[Cp(CO)zMn=CCHzPhl+ is clearly a superior synthetic 

C0 I 'N-C 
co 52 co 53 

method. 
The cationic alkylidyne complexes [Cp(CO)zM=CC- 

HzRl+ differ significantly in their relative acidity. As 
described above, the rhenium complex [Cp(CO)zRe= 
CCHJ+ undergoes spontaneous deprotonation upon dis- 
solution in THF or CHzClz at -78 "C, but the manganese 
complexes [Cp(CO)2Mn=CCHzRl+ (R = H, Me) require 
the addition of base to induce deprotonation at  this 
temperature. This observation implies that the Cp(C0)z- 
Re fragment is more electron withdrawing than is Cp- 
(COhMn, a conclusion consistent with previous obser- 
vations that the cyclopentadienyl ligand in CpMn(CO)3 
is far more reactive toward Friedel-Crafts acylation than 
is the Cp ligand of CpRe(C0)3.2s The Friedel-Crafts 
reaction is an electrophilic aromatic substitution reaction, 
and those results indicate a greater degree of electron 
density localized on the Cp ligand of CpMn(C0)s as a 
result of increased electronegativity of the M(C0)3 frag- 
ment in moving from Mn to Re. The higher electron 
withdrawing property of Cp(C0)zRe as compared to Cp- 
(C0)zMn also accounts for the formation of azetidinylidene 
products (15a,b; eq 3) from the cyclic carbene complexes 
of rhenium, but not manganese. The azetidinylidene 
complexes presumably form an aldol-type condensation 
reaction with excess imine that proceeds via initial 
deprotonation of the 8-carbon of the carbene ligand, and 
this site must be more acidic for Re than for Mn. The 
manganese benzylidyne complex [Cp(CO)zMn=CCHz- 
Phl+ also spontaneously deprotonates in the absence of 
added base, a result of the phenyl substituent on the 
@-carbon which stabilizes the vinylidene ligand through 
conjugation. 

The reactions of the organic substrates with the com- 
plexes described herein all likely proceed via initial 
addition of the nucleophilic substrate to the electrophilic 
a-carbon of the alkylidyne and vinylidene ligands to form 
intermediates 52 and 53, respectively (Scheme 9). As 
illustrated, 52 can subsequently transform into 53 via 
deprotonation. The proposed initial steps in these reac- 

(27) Carter, J. D.; Schoch, T. K.; McElwee-White, L. Organometallics 
1992,11,3571. (b) Gill, D. S.; Green, M. J. Chem. SOC., Chem. Commun. 
1981,1037. (c) Brower,D. C.; Stoll, M.;Templeton, J. L. Organometallics 
1989,8, 2786. (d) Allen, S. R.; Beevor, R. G.; Green, M.; Orpen, A. G.; 
Paddick, K. E.; Williams, I. D. J. Chem. SOC., Dalton Trans. 1987,591. 
(e )  Beevor, R. G.; Freeman, M. J.; Green, M.; Morton, C. E.; Orpen, A. 
G. J. Chem. SOC., Dalton Trans. 1991, 3021. (0 Htihn, A.; Werner, H. 
Angew. Chem., Znt. Ed. Engl. 1986,25,737. (g) Beevor, R. G.; Freeman, 
M. J.; Green, M.; Morton, C. E.; Orpen, A. G. J. Chem. Soc., Chem. 
Commun. 1985,158. (h) Birdwhitsell, K. R.; Tonker, T. L.; Templeton, 
J. L.J. Am. Chem. SOC. 1985,107,4474. (i) Birdwhistel1,K. R.;Burgmayer, 
S. J. N.; Templeton, J. L. J. Am. Chem. SOC. 1983, 105, 7789. 
(28) (a) Fischer, E. 0.; Fellmann, W. J. Organomet. Chem. 1963, 1 ,  

191. (b) Fischer, E. 0.; von Foerster, M.; Kreiter, C. G.; Schwarzhans, 
K. E. J. Organomet. Chem. 1967, 7, 113. (c) Fischer, E. 0.; Frank, A. 
Chem. Ber. 1978,111,3740. (d) Kozikowski, J.; Maginn, R. E.; Klove, M. 
S. J .  Am. Chem. SOC. 1969,81, 2995. 

tions are consistent with the known electrophilic character 
of the a-carbon of vinylidene 1igands4J4& and the previous 
studies that have demonstrated the high electrophilicity 
of the a-carbon of alkylidyne complexes within the [Cp- 
(CO)zM=CRl+ (M = Mn, Re) family.13>7pgJ8 As illustrated 
in Scheme 9, the details of the reaction course depend 
upon the timing of the deprotonation step-Le., whether 
deprotonation occurs prior or subsequent to addition of 
the organic substrate. The same product can result from 
either path, as illustrated by the formation of the cyclic 
carbene complexes 17a-c (Scheme 3) in similar yields from 
the reaction of imines with either the alkylidyne or 
vinylidene precursors. 

The acid-base equilibrium of the manganese alkylidyne 
complexes complicates the interpretation of the mecha- 
nism by which they react with the various organic 
substrates. The complication arises from the fact that all 
of the organic substrates used in these reactions are 
themselves weak bases and can potentially deprotonate 
the alkylidyne ligand to form the vinylidene intermediates. 
Indeed, we have observed that several of the reactions of 
the alkylidyne complexes proceed in the absence of added 
base if excess organic substrate is employed. Because of 
its high acidity, we are certain that [Cp(C0)2Re=CCHsl+ 
reacts via initial deprotonation to form Cp(CO)zRe= 
C=CHz. In contrast, IR analyses of the reactions of 
[C~(CO)ZM~=CCHZR]+ (R = H, Me) suggest that these 
complexes react via initial substrate addition followed by 
subsequent deprotonation, although we cannot be com- 
pletely sure of this conclusion for all of the reactions 
examined. This uncertainty is even higher for the ben- 
zylidyne complex [Cp(CO)2MnWCHzPhl+ due to ita 
increased acidity compared to its ethylidyne and propy- 
lidyne analogues. 

Because of their cationic nature, the manganese alky- 
lidyne complexes are substantially more electrophilic than 
their neutral vinylidene derivatives. This is illustrated 
by the failure of the manganese vinylidene complexes 
10a-c to react with ButN=C=NBut and benzalazine, 
whereas these substrates readily underwent reaction with 
alkylidyne complexes 9a and 9b. In a comparison of the 
vinylidene complexes Cp(CO)ZMn=C=CHz (loa) and 
Cp(CO)zRe=C==CHz (7), the rhenium compound appears 
to be more electrophilic than the manganese derivative, 
as evidenced by the formation of Cp(CO)2Re-CNBut 
upon reaction of 7 with ButN=C=NBut and the lack of 
reactivity of 10a with this substrate. The increased 
electrophilicity of 7 compared to 10a is consistent with 
the Cp(C0)zRe fragment being more electron withdrawing 
than Cp(CO)aMn, as discussed above. 

Although all of the organic substrates studied in this 
work have a reactive N=C double bond and a nucleophilic 
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Mn Carbyne and Mn and Re Vinylidene Complexes 

nitrogen atom, the reactions of these substrates with the 
alkylidyne and vinylidene complexes examined take widely 
different courses. N-substituted imines give net [2 + 21 
cycloaddition across the C,-C, bond of the alkylidyne or 
vinylidene ligands to form the cyclic carbene complexes 
14 (eq 3) and 17 (eq 41, whereas the unsubstituted imine 
HN--C(H)Ph gives mainly iminocarbene derivatives (eqs 
6 and 7). Benzalazine reacts via consecutive [2 + 31 
cycloaddition reactions to form the bicyclic bis(carbene) 
complexes 47 and 48 (eq 15), and carbodiimides give a 
variety of products depending upon the exact combination 
of reagents. Both ButN=C=NBut and PriN-C-NPr" 
react with Cp(C0)2Re=C==CH2 to form isocyanide com- 
plexes via net metathesis of the R d  bond with the N - C  
bond of the carbodiimide. A similar metathesis occurred 
between ButN=C=NBut and the ethylidyne complex 
[Cp(C0)2MnWCHsl+ (eq 12). However, when the pro- 
pylidyne complex [Cp(C0)2MnWCH2CHJ+ was allowed 
to react with this substrate, the product formed was the 
unusual zwitterionic vinylidene complex 46, which incor- 
porated a BC12 fragment (eq 14). Finally, Pr"=C=NPri 
underwent reaction with [Cp(C0)2MnWCHJ+ and 
Cp(C0)2Mn=C=CH2 to give the ansa-carbene complex 
41 (eq 13). 

Although we do not fully understand the reasons for 
the differing reactions with the carbodiimide substrates, 
some rationalization can be presented. Both Cp(CO)2- 
R d - C H 2  and Cp(C0)2Mn=C=CH2 are believed to 
react with P$N==C=NPri to give similar intermediates 
and initial reaction steps (Re, 36' - 37', by analogy to 
Scheme 5; Mn, 42 - 43, Scheme 71, but the final products 
differ markedly. In the case of rhenium, metathesis with 
the Re=C bond occurs to give the isocyanide derivative 
33a (eq ll), whereas with manganese the ansa-carbene 
complex 41 (eq 13) results. This difference is likely a 
consequence of the increased susceptibility of the Cp ligand 
in the manganese intermediate 43 to undergo electrophilic 
attack compared to that of the rhenium intermediate 37'. 
As noted above, the Cp ligand of CpMn(C0)s is far more 
susceptible to electrophilic Friedel-Crafts reaction than 
is the Cp ligand of CpRe(CO)3,29 and as illustrated in 
Scheme 1, a similar difference between Mn and Re 
complexes was observed in our earlier study of their 
arylcarbyne derivatives.' That being the case, why then 
did not an ansa-carbene complex form upon reaction of 
[Cp(C0)2Mn=CCHsl+ and Cp(C0)2Mn=C+H2 with 
ButN-C=NBut? Recall that the product of these 
reactions was the isocyanide complex CpMn(C0)2(CNBut) 
(34). Similar intermediates (43 and 37) have been invoked 
for the formation of both the ansa-carbene complex 41 
and the isocyanide complex 34, as illustrated in Scheme 
10, but these are proposed to lead to the different products 
41 and 34. We can only presume that steric interactions 
involving the bulkier tert-butyl groups of 37 favor loss of 
the ketenimine to give 34, rather than electrophilic addition 
to the Cp ring, which would have given an analogue of 41. 

As noted above, the propylidyne complex 9b was 
observed to react with ButN=C=NBut to give the zwit- 
terionic complex 46 as the surprising product. We do not 
fully understand the mechanism by which 46 forms, but 
Scheme 11 presents a speculative mechanism. The initial 
intermediate is likely to be 54, which would be the result 
of nucleophilic attack by a carbodiimide nitrogen at  the 
electrophilic carbyne carbon of 9b, as discussed above. 

(29) Yi, C.; Geoffioy, G. L. Unpublished observations. 

H H . 6  
$- 
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Scheme 10 

43 

*, /H 
C 

44 

- 41 

H 

\\ 

LC' 

Scheme 11 

Deprotonation of this species would give 55, which could 
then undergo ring closure to give 56. A second deproto- 
nation followed by ring opening would give 57, which could 
displace chloride from the BCL- anion to give the observed 
46. Intermediate 56 is analogous to the product formed 
upon reaction of CyN=C=NCy with (CO)&%=C!(OH)- 
(Me)= and is similar to the cyclic carbene complexes l7a- 
c. Support for the proposed deprotonation of 56 comes 
from other work in these laboratories, in which it was shown 
that the cyclic carbene complex 17a can be readily 
deprotonated at  the &carbon to give a highly reactive 
carbene anion.2e The presence of both Mn-C and C=N 
bonds adjacent to the -C(H)CH= group in intermediate 
56 should facilitate deprotonation at  the ,+carbon. An 
alternative mechanism, involving initial deprotonation of 
9b to give vinylidene lob, followed by a [2 + 21 cycload- 
dition between one of the C==N bonds of the carbodiimide 
and the terminal C = C  bond of the vinylidene ligand to 
give intermediate 56 directly is less likely, given the 
observation that vinylidene complex 10b (generated prior 
to the addition of ButN=C=NBut by addition of Et3N 
to a suspension of 9b) failed to react with ButN=C=NBut. 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 8

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

01
5a

01
9



860 Organometallics, Vol. 13, No. 3, 1994 

The results presented in this work show that the 
vinylidene complexes Cp(CO)&e=C=CH2 and Cp(C0)z- 
Mn=C=CHR and their carbyne precursors are highly 
reactive species that undergo a variety of new types of 
addition and cycloaddition reactions. We suspect that 
they and related complexes within this family of com- 
pounds likely have much interesting chemistry that is yet 
to be discovered, and further studies along those lines are 
in progress in these laboratories. 

Terry et  al. 

In SituGeneration of [Cp(CO)rMnHX2HtR]BCl, (9) and 
Cp(CO)rMneCE.C(H)R (10). The appropriate carbene com- 
plex Cp(CO)ZMn=C(OEt)CH2R was dissolved in -15 mL of 
hexane, the solution was cooled to -78 OC, and BCb (2.2 equiv 
of a 1.0 M solution in hexanes) was added dropwise via syringe, 
which caused formation of a light yellow precipitate of Sa and 
Sb and a brown precipitate of 9c.2v33 For the generation of Sa 
and Sb, the addition of BC4 must be performed rapidly after 
immersion in the low-temperature bath, as the carbene complexes 
precipitate from solution at this temperature. After the addition 
of BC13 waa complete and while the flask was maintained at  -78 
OC, the supernatant was removed by means of a cannula tipped 
with filter paper and wrapped with poly(tetrafluoroethy1ene) 
tape. This procedure was facilitated by insertion of the free end 
of the cannula-filter into an empty Schlenk flask sealed with a 
septum and by periodic evacuation of the flask. The solid carbyne 
residue was then washed with 1:l hexane/EhO (2 X 10 mL) at 
-78 OC, and the supernatant was similarly removed with a 
cannula-filter. The carbyne complexes were then suspended in 
-20 mL of CHzCl2 with the temperature maintained at -78 OC 
at all times. Addition of EbN (1.1 equiv) to the suspensions of 
the carbyne complexes resulted in dissolution of all solids and 
formation of homogeneous orange solutions of the vinylidene 
complexes loa and 10b anda purple solution of 1Oc in quantitative 
yield by IR. Complexes 10a and 10b are unstable at  room 
temperature and could not be isolated. For the stable complex 
lOc, the solution was warmed to room temperature, and a 
chromatographic workup on neutral alumina using 1:3 EhO/ 
pentane as eluent gave pure 100 in 80% yield as a purple 
microcrystalline solid. Trace amounts of violet [Cp(CO)aMnla- 
(r-C=C(H)Ph)S*b were sometimes obtained. When they were 
warmed to room temperature, CHzClz solutions of Sa and 10a 
both decomposed to give [C~(CO)IM~]Z(~-C==CH~), which was 
isolated as a maroon oil following silica gel chromatography with 
EtOAcas eluent in 18 % and 21 % yields, respectively (vco (hexane) 
1978 (w), 1950 (s), 1924 ( 8 )  cm-'; lit8 vco (hexane) 1975 (w), 1950 
(s), 1921 ( 8 )  cm-3.* Trace amounts of CpMn(C0)a were also 
formed. 

Cp(CO)zMn=C(OEt)CH3: vco (CH2C12) 1947, 1875 cm-l. 
Cp'(C0)2Mn=C(OEt)CHs: IR (EhO) vco 1952,1890 cm-1; 1H 

NMR ( c a s )  6 4.42-4.24 (m, C&Me), 4.31 (q,2H, Jm = 7.0 Hz, 
OCH2CHa), 2.44 (5,3H, CHs), 1.72 @,3H, C ~ I C H ~ ) ,  1.10 (t, 3H, 
J m  = 7.0 Hz, OCH2CHs); lsC(lH} NMR (C&) 6 337.0 (Mn=C), 
233.8 (Mn-CO), 103.0, 87.2, 86.5 (CSHdMe), 71.1 (OCH2CHs), 
14.9, 13.6 (OCHICHS and CaH4CHs). Anal. Calcd for C12Hl6- 
MnOs: C, 54.97; H, 5.77. Found C, 54.55; H, 5.76. 

Cp(CO)zMn=C@Et)CH&Hs: IR (CH2C12) vco 1946, 1875 
cm-l; lH NMR (CDzC12) 6 4.80 (8, 5H, Cp),  4.63 (9, 2H, Jm = 
7.0 Hz, OCH&Hs), 2.96 (q,2H, Jm = 7.5 Hz, CHzCHs), 1.48 (t, 
3H, J m  = 7.0Hz90CH2CHs), 0.99 (t, 3H, Jm = 7.5 Hz, CHzCHs); 
lsC(lH) NMR (CDzClz) 6 344.7 (Mn-C), 233.4 (Mn-CO), 86.7 
(Cp), 72.7 (OCHaCHs), 53.3 (CHzCHa), 15.2 (OCH&'Ha), 12.8 
(CH2CHa); MS (EI) m/2 262 (M+), 206 (M+ - 2 CO). 

Cp'(CO)zMn=C(OEt)CH&Hs: IR (EqO) vco 1955,1890 cm-1; 
'H NMR (C&) 6 4.62 (q, 2H, Jm = 7.0 Hz, OCHaCHa), 4.43- 
4.27 (m, Cd-Z4Me), 2.78 (q, 2H, J m  = 7.0 Hz, CH&Ha), 1.75 (8,  

3H, C~HICH~), 1.19 (t, 3H, Jm = 7.0 Hz, OCHZCHa), 0.94 (t, 3H, 
Jm = 7.0 Hz, OCHzCHs); 13C('H} NMR (Cas)  6 342.1 (Mn=C), 
233.4 (Mn-CO), 103.3, 87.0, 86.1 (CsH,Me), 72.5 (OCHaCHa), 
52.9 (CHsCHa), 15.0, 13.8, 13.0 (OCH&Ha, C&CHa, and 
CH2CHs). Anal. Calcd for ClaHi7M~Os: C, 56.53; H, 6.20. 
Found C, 55.80; H, 6.09. 

Cp(CO)zMn=C(OEt)CHzPh vco (CHaC12) 1950,1880 cm-l; 
lH NMR (CD2Clz) 6 7.33-7.15 (m, 5H, CHSh), 4.83 (8,  5H, Cp), 

233.1 (Mn-CO), 138.5 (ipso-Ph), 129.1 (ortho-Ph), 128.6 (meta- 
Ph), 126.4 (para-Ph), 86.9 (Cp), 73.3 (OCH&Hs), 65.2 (e, CHI- 
Ph), 15.1 (8 ,  CHzCHs); MS (E11 m/z 324 (M+), 268 (M+ - 2 CO). 

Cp'(C0)2Mn=C(OEt)CH2Ph: IR (EhO) vco 1950,1885 cm-l; 

(33) Auman, R.; Heinen, H. Chem. Ber. 1989,122,77. 

4.66 (9, Jm = 7.0 Hz, OCH&Hs), 4.32 (8, 2H, CH&'h), 1.44 (t, 
J m  = 7.OHz, OCHzCH3); 13C('H) NMR (CD2C12) 6 338.4 (Mn-C), 

Experimental Section 

General Considerations. These carbene complexes Cp- 
(CO)2Re==C(OSiMes)Me and Cp(CO)zMn=C(OEt)CH2R (R = 
H, Me, Ph) were prepared by modifications of the literature 
procedures for related complexes.km BenzyllithiwmTMEDA 
was prepared by the method of Eberhardt and Butte?l The 
reagents TMEDA, MeLi (1.4 M in EhO), MeI, MesSiC1, BC13 
(1.0 M in hexanes), EtsN, MeN=C(H)Ph, PhN=C(H)Ph, 
HN=C(Ph)2, propylene oxide, Ph&=NNHZ, Pr"-C-NPr', 
and ButN=C=NBut were obtained from Aldrich Chemical Co. 
[EtaO]BF4 was obtained from Lancaster Synthesis, CPM(CO)~ 
(M = Mn, Re) and Cp'Mn(C0)s were purchased from Strem 
Chemical Co., and Ph(H)C=NN=C(H)Ph was obtained from 
Pfalz and Bauer. 13C0 (99.2% 13C) was purchased from Isotech, 
Inc., and >E% 13CO-enriched CPM~(CO)~  was prepared by 
photolysis of CpMn(C0)s in EhO under a W O  atmosphere. This 
complex waa then used to prepare Cp(CO)zMn=C(OEt)CHs that 
was >15% enriched in 13C at the carbonyl and carbene carbon 
atoms. All reagents were used as received except for TMEDA, 
EtsN, and Pr'N=C=NPr', which were distilled prior to use. 
Solvents were dried by refluxing over Na/benzophenone ketyl 
(THF and EhO) or CaHz (hexane, pentane, CH2C12) and were 
freshly distilled prior to use. All manipulations were performed 
using standard Schlenk techniques under an atmosphere of dry 
N2. A liquid Nd2-propanol slush bath was used to maintain 
samples at  -78 OC. Solution IR spectra were recorded between 
NaCl plates on an IBM FTIR-32 spectrometer or between CaFz 
plates on a Perkin-Elmer 225 spectrometer, both operating in 
the absorbance mode. lH, 13C, and 31P NMR spectra were 
obtained on Bruker AM-300, WH90, AC80, and AC200 FT NMR 
spectrometers in CDzClz or C ,&,  and were referenced to the 
residual solvent protons (lH). Mass spectra were recorded on 
AEI-MSS (ET), Kratos MS-50 (+FAB), and Hewlett-Packard 
5970 mass spectrometers. Elemental analyses were performed 
on a Perkin-Elmer 2400 CHN analyzer or were obtained from 
Schwarzkopf Microanalytical Laboratories, Woodside, NY, or 
Galbraith Laboratories, Inc., Knoxville, TN. 
In Situ Generation of Cp(CO)&=C=CHx (7). The 

carbyne complex [Cp(C0)2RdCHs]BC& (75.1 mg, 0.166 
mmol), prepared from Cp(C0)2Re=C(OSiMes)Me and 2.2 equiv 
of BCla (1.0 M in h e x a n e ~ ) , 2 ~ ~ . ~ ~  was dissolved in -20 mL of CHr 
Clz at  -78 OC. This gave gas evolution over the course of 5 min, 
after which time IR analysis of the mixture indicated quantitative 
consumption of [Cp(C0)2Re=CCHsl+ and the formation of 7. 
A similar reaction in THF at room temperature for 2 h gave 
formation of 7 and then its slow conversion to [Cp(CO)zRe]2- 
(r-C=CHz) (vco (hexane) 1982 (m), 1960 (s), 1881 (s) cm-1) and 
CpRe(C0)a (vco (CH2C12) 2023 (e), 1925 (s) cm-l), which were 
isolated by chromatography on neutral alumina using 2:1 CH2- 
Cldhexane as eluent. 

7: IR (CH2C12) vco 1992 (s), 1915 (s), v~ 1632 (w) cm-1; 1H 
NMR (CDzC12, -20 'C) 6 5.49 (8,  5H, Cp), 2.34 (8, 2H, CH2). 

(30) (a) Fischer, E. 0.; Maaab61, A. Chem. Ber. 1967, 100, 2445. (b) 
Fischer, E. 0.; Besl, G. J. Organomet. Chem. 1978,157, C33. (c) Fischer, 
E. 0.; Stdckler, P.; Beck, H.-J.; Kreissl, F. R. Chem.Ber. 1976,109,3089. 

(31) Eberhardt, G. G.; Butte, W. A. J. Org. Chem. 1964,29, 2928. 
(32) (a) Fischer,E. O.;Ruatemeyer,P.; Neugebauer, D.Z.Naturforsch. 

1980, %E, 1083. (b) Fischer, E. 0.; Clough, R. L.; Stdckler, P. J. 
Organomet. Chem. 1976, 120, C6. (c) Fischer, E. 0.; Meineke, E. W.; 
Kreissl, F. R. Chem. Ber. 1977, 110, 1140. 
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Mn Carbyne and Mn and Re Vinylidene Complexes 

'H NMR (C&) 6 7.20-7.00 (m, Ph), 4.60 (q,2H, Jm = 7.0 Hz, 
OCH2CHs), 4.44-4.26 (m, Ca4Me), 4.12 (s,2H, CHph),  1.68 (e, 

NMR (Cas)  6 337.5 (Mn==C), 233.5 (Mn-CO), 103.5,87.4,86.5 
(CaHae), 72.7 (OCHtCHs), 65.0 (CHzPh), 15.0,13.8 (OCHZCHS 
and C&CHs). Anal. Calcd for ClJ-Il&fnOs: C, 63.91; H, 5.66. 
Found C, 62.74; H, 5.77. 

9a: vco (CH2CL) 2095,2056 cm-1 (lit." vco (CHzC12) 2084,2043 
cm-l). 

9b: um (CH2Clz) 2093, 2053 cm-l. 
9c: vco (CHzC12) 2095, 2054 cm-1. 
loa: vco (CHzC12) 1996 (s), 1932 (8) V- 1624 (m) cm-1. 
lob: vco (CHzClz) 1992 (s), 1928 (s), V- 1662 (w) cm-1. 
1Oc: IR (CH2C12) vw 2003 (s), 1942 (e), v~ 1646 (w) cm-1; 1H 

NMR (CDaC12) 6 7.28-7.04 (m, 5H,Ph), 6.71 (s,lH,C==C(H)Ph), 
5.11 (8, 5H, Cp); MS (EI) mlz 278 (M+) 222 (M+ - 2 CO) (lit.& 
IR (cyclohexane) vco 2009,1955 cm-I; 'H NMR (CS2) 6 7.40-7.00 
(m,5H,Ph),6.91(s,C=C(H)Ph),5.27 (s,5H,Cp)). Anal. Calcd 
for C1&11Mn02: C, 64.76, H, 3.99. Found: C, 64.19; H, 3.91. 

Reaction of C p ( C 0 ) m H s  (7) with RN=C(H)Ph 
(R = Me, Ph). Carbyne complex 6 (88.0 mg, 0.181 mmol) was 
dissolved in -20 mL of CHzClz at -78 OC, and the solution was 
stirred for -5 min as the vinylidene complex 7 formed. Excess 
MeN==C(H)Ph (0.5 mL, 4.06 mmol) was then added via syringe, 
and the resulting solution was stirred for 2 h. The solution was 
warmed to room temperature, the solvent was removed under 
vacuum, and the residue was chromatographed on neutral alumina 
(activity grade 11). Elution with 1:l CHzCldpentane gave an 
orange band containing a mixture of complexes 14a and Ha. 
Removal of the solvent from this fraction gave the 14allSa 
product mixture as an orange solid (37 mg, 0.081 "01); 1H NMR 
indicated the yields of 14a and Ma to be 45% and 3%, 
respectively. A similar procedure for the reaction of 7 with 
PhN=C(H)Ph gave a 14b (39%)/lSb (10%) product mixture as 
an orange microcrystalline solid. 

14a: IR (CH2CW vco 1919,1843 cm-'; 'H NMR (C&) 6 6.89- 
7.07 (m, 5H, Ph), 4.87 (8,  5H, Cp) ,  4.41 (dd, lH, JHH = 1.8, 4.7 
He, C(H)Ph), 2.71 (br t, 3H, N(CHs)), 2.39 (ddq, lH,  JHH = 1.2, 

137.7-126.3 (aryl), 85.8 (Cp) ,  72.0 (C(H)Ph), 54.8 (CHZ), 31.8 
(N(CH3)); MS (EI) m/z 453 (M+). 

Ma: IR (CHzC12) vm 1919,1843 cm-I; 'H NMR (CDzCl2) 6 6.81 
(C--C(H)Ph), 6.04 (N-C(H)Ph), 5.47 (Cp) ,  2.97 (N(CH3)) (the 
aromatic protons were obscured by 14a); MS (EI) mlz 540 (M+). 

14b: IR (CH2C12) vco 1928, 1853 cm-'; lH NMR (CDzC12) 6 
6.84-7.90 (m, 10H,Ph), 5.40 (e, 5H, Cp),  5.82 (dd, lH,  J, = 2.2, 

3H, C&CHs), 1.07 (t, 3H, Jm 7.0 Hz, OCHzCHs); W('H) 

4.7,14.7 Hz, CH2), 1.99 (ddq, lH, Jm = 1.2, 1.8, 14.7 Hz, CHz); 
'3C(lH) NMR (Cas)  6 243.2 (Re=.C), 204.2 and 204.0 (R-CO), 

5.1 Hz, C(H)Ph), 3.20 (dd, 1 H , J m  
lH, JHH 

5.1,15.4 Hz, CHz), 2.67 (dd, 
2.2, 15.4 Hz, CH2); 13C{'H) NMR (CDzC12) 6 244.5 

(R-C), 205.3and 203.8 (Re-CO), 150.8-121.8 (aryl),86.7 (Cp),  
71.7 (C(H)Ph), 55.8 (CHZ); MS (EI) m/z 515 (M+). 

1Sb IR (CH2C12) vco 1928, 1853 cm-'; lH NMR (CD2Clz) S 
7.62-7.23 (m, 15H,aryl), 6.70 (d, l H , J m  = 1.2Hz, W ( H ) P h ) ,  

NMR (CDzC12) 6 237.6 (R-C), 204.6 (Re-CO), 150.8-121.8 
(aryl), 86.1 (C-C(H)Ph), 85.5 (Cp) ,  80.3 (N-C(H)Ph) (the C-C- 
(H)Ph resonance was not resolved); MS (EI) m/z 603 (M+). 

Reaction of [Cp(CO)aMn.eCCHI]BClr (9) with PhN- 
C(H)Ph. Carbyne complex 9a was generated from Cp(CO)2- 
Mn=C(OMe)CHa (0.25 g, 1.01 mmol) and BCla (2.2 equiv, 2.2 
mL of a 1.0 M solution in hexanes) as described above and was 
suspended in -20 mL of CHZCL at -78 OC. To this was added 
viacannulaPhN=C(H)Ph (1.1 equiv, 1.11 mmol,0.20g,dissolved 
in 5 mL of CHZClz), which caused much of the solid to dissolve 
and gave an orange solution. The reaction mixture was stirred 
for 10 min, and Et3N (1.5 equiv, 0.21 mL) was then added via 
syringe, which caused formation of a deep red homogeneous 
solution. The reaction flask was then removed from the low- 
temperature bath, and stirring was continued while the reaction 
mixture was warmed to room temperature over 30 min. The 
mixture was then concentrated to -2 mL under vacuum and 
chromatographed on neutral alumina. Elution with EhO gave 

6.57 (d, lH, Jm 1.2 Hz, N-C(H)Ph), 5.19 (8,5H, Cp); 'BC{IH) 
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a brown band, which was collected and concentrated to -3 mL 
under vacuum. This solution was placed on a neutral alumina 
column, and the brown band was washed thoroughly with 100% 
pentane before being elutedwith 100% Eh0.  Removalof solvent 
from this band gave a brown flocculent solid, and recrystallization 
from EhOlpentane left 17a as a red-brown solid in 85% yield 
(0.33 g, 0.861 "01). Similar procedures were used to prepare 
17b (62% yield, red oil), 17c (58% yield, bright yellow powder), 
and the Cp' analogues of 17a (17a'; 80% yield, red-brown oil), 
17b (17b'; 80% yield, red oil), and 17c (17~'; 75% yield, red- 
orange powder). 

17a: IR (CHZC12) vco 1934, 1865 cm-'; 'H NMR (CD&!l*) 6 
7.49-7.20 (m, 10H, aryl), 5.86 (dd, lH,  Jm = 2.1,4.8 Hz, C(H)- 
Ph), 4.72 (s,5H, Cp), 2.48 (dd, lH, J m  = 4.8,15.7 Hz, CHp), 2.93 
(dd, lH, Jm 2.1,15.7 Hz, CHd; lBC(lH) NMR (CD&lz) 6 292.4 

85.3 (Cp), 72.7 (C(H)Ph), 54.8 (CHI); MS (EI) m/z 383 (M+), 327 
(Mn=C), 234.3 and 233.7 (2 X Mn-CO), 140.8-122.9 (aryl), 

(M+ - 2 CO). Anal. Calcd for CznHlsMnNOz: C, 68.93; H, 4.73. 
Found C, 69.19; H, 4.84. 

l7a': IR (EhO) vco 1930,1870 cm-'; 'H NMR (CsDe) 6 7.20- 
7.00 (m, 10H, aryl), 5.25 (dd, lH, Jm = 2.2, 5.0 Hz, C(H)Ph), 
4.45-4.27 (m, C&CHs), 2.72 (ABX pattern, 2H, Jm = 2.2,5.0, 

292.5 (Mn==C),234.5and 234.0 (2 X Mn-CO), 133.4-118.0 (aryl), 
15.6 Hz, CHa), 1.84 ( E ,  3H, CS&c&); 'BC{lH) NMR (Cad) d 

101.6,85.9,84.9, and 84.5 (CaCHs) ,  72.1 (C(H)Ph), 64.5 (CHn),  
14.2 (C&CH3). 

17b (RSISR diastereomer): IR (CHzClz) vw 1930,1861 cm-1; 
'H NMR (C&) 6 7.3-6.5 (m, 10H, aryl), 4.79 (d, lH,  JIM - 1.8 
Hz, C(H)Ph), 4.36 (8, 6H, Cp),  2.66 (dq, lH, Jm = 7.3, 1.8 Hz, 
C(H)CH,), 1.26 (d, 3H, Jm 5 7.3 Hz, C(H)CH& 'BC{'H) NMR 
(CDzC12) 6 300.1 (Mn-C), 233.9 and 232.9 (2 X Mn-CO), 142.0- 
123.3 (aryl), 83.9 (Cp), 80.8 (C(H)Ph), 60.6 (C(H)CHs), 16.8 (e, 
C(H)CH,); MS (EI) mlz 397 (M+), 341 (M+ - 2 CO). 

17b (RRISS diastereomer): IR (CHzClz) vco 1930,1861 an-'; 
'H NMR ( C a d  b 7.3-6.5 (m, aryl), 5.56 (d, lH,  JHH = 5.0 Hz, 

Cl2) 6 300.1 (Mn-0, 233.9 and 232.9 (2 X Mn-CO), 142.0- 
123.3 (aryl), 84.4 (Cp) ,  74.9 (C(H)Ph), 55.8 (C(H)CHs), 14.0 
(C(H)CH3); MS (EI) mlz 397 (M+), 341 (M+ - 2 CO). 

17b'(RS/SR diastereomer): IR (Eta01 uw 1934,1870 cm-1; 1H 
NMR (Cas)  6 7.6-6.7 (m, 10H, aryl), 4.84 (d, lH, Jm - 1.8 Hz, 
C(H)Ph), 4.5-4.3 (m, C&dCHa), 2.68 (dq, lH,  Jm = 7.1,1.8Hz, 

C(H)Ph), 4.41 (8, 5H, Cp), 2.97 (dq, lH, Jm = 7.6,5.0 Hz, C(H)- 
CHa), 0.84 (d, 3H, JIM = 7.6 Hz, C(H)CH& 'BC('H) NMR (CDp 

C(H)CHs), 1.81 (8, 3H, C ~ ~ C H S ) ,  1.29 (d, 3H, JIM = 7.1 Hz, 
C(H)CHS);"C{'H]NMR (Cas)  6 300.7 (Mn=C), 233.9and 233.4 

(C(H)Ph), 60.3 (C(H)CHs), 16.8,14.1 (C&CHa and C(H)CHs). 
(Mn-CO), 137.4-119.0 (aryl), 100.9,88.1,79.4 (C&CHa), 80.4 

17b' (RRISS diastereomer): IR (EhO) uw 1934,1870 cm-'; 'H 
NMR (Cas)  b 7.6-6.7 (m, 10H, aryl), 5.61 (d, lH,  Jm = 5.0 Hz, 
C(H)Ph), 4.6-4.3 (m, 4H, CdlrCHa), 3.03 (dq, lH, J m  - 7.1,5,0 
Hz, C(H)CHa), 1.79 (8,3H, CsH4CH3), 0.88 (d, 3H, Jm e 7.1 Hz, 
C(H)CHa). 

17c: IR (CHzC12) vco 1936, 1867 cm-'; 'H NMR (CDzCls) 6 
7.57-7.30 (m, 15H, aryl), 5.53 (d, lH, J m  = 1.6 Hz, C--C(H)Ph), 
4.45 (s,5H, Cp),  4.02 (d, lH,  Jm 5 1.6 Hz, N-C(H)Ph); 'BC(1H) 
NMR (CDZCIZ) 6 295.4 (Mn=C), 234.1 and 233.5 (2 X Mn-CO), 
140.9-124.3 (aryl), 84.7 (Cp), 82.3 (C-C(H)Ph), 69.6 (N-C(H)- 
Ph); MS (EI) m/z 459 (M+), 403 (M+ - 2 CO). Anal. Calcd for 
CBHZ~M~NOZ: C, 73.20; H, 4.83. Found C, 73.33; H, 4.93. 

17c': IR (EhO) vco 1930,1870 cm-1; 'H NMR (Cas)  6 7.73- 
6.83 (m, 16H, aryl), 5.30 (d, lH, Jm 5 1.9 Hz, C-C(H)Ph), 
4.35-4.24 (m, C&CHs), 3.86 (d, lH,  Jm = 1.9 Hz, N-C(H)Ph), 
1.70 (8, 3H, C.&CHs); lBC(lH) NMR (C&) 6 295.5 (Mn-C), 
234.2 and 234.0 (2 X Mn-CO), 133.6-118.0 (aryl), 102.6, 85.2, 

Ph), 14.1 (C&ma). Anal. Calcd for CaH&InNOn: C, 73.67; 
H, 5.11; N, 2.96. Found C, 73.53; H, 5.26; N, 2.81. 

Reaction of Cp(CO):Mn+==C(H)R (10) with P h N 4 -  
(H)Ph. Vinylidene complex 10a was generated from 9a (from 
Cp(CO)aMn==C(OMe)CH3 (0.25 g, 1.01 mmol) and BCb (2.2 
equiv, 2.2 mL of a 1.0 M solution in hexanes)) by the addition 
of EbN (1.5 equiv, 1.51 m o l ,  0.21 mL) in CH&lz (20 mL) at 

84.9, and 84.4 (C&CHa), 82.0 (C-C(H)Ph), 69.8 (N-C(H)- 
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-78 "C as described above. A solution of PhN=C(H)Ph (1.1 
equiv, 1.11 mmol, 0.20 g in 5 mL of CHsClz) was then added via 
cannula, and the reaction flask was warmed to room temperature 
over 30 min with continuous stirring. The resulting brown 
solution was concentrated to -3 mL and worked up as described 
above in the preparation of 17a from 9a to give 17a in 75% yield 
(0.29 g, 0.76 "01) as a red-brown solid. Complexes 17b (54% 
yield, red oil) and 17c (48% yield, yellow powder) were similarly 
prepared from 10b and 1Oc. 

Oxidation of 17a'-c' To Form the &Lactams 22 and 23. 
The following oxidation procedure is a slight modification of 
that described in ref 33. Complex 17a' (1.62 g, 4.05 "01) was 
dissolved in 70 mL of EhO in an Erlenmeyer flask, and water (70 
mL) and [BuaNH]C1(200 mg) were then added. The solution 
was vigorously stirred, and KMn04 was added in 100-mg portions 
every 5 min until the IR spectrum of the organic phase indicated 
the complete consumption of 17a'. The mixture was then filtered, 
and the organic phase was separated, washed with HzO (2 X 50 
mL), and dried over MgSO4. After filtration to remove the 
MgSO,, the volatiles were removed under vacuum to give crude 
22a as a pale yellow powder. This solid was washed with hexane 
(100 mL) to remove traces of yellow Cp'Mn(C0)s formed during 
the oxidation step. After the hexane was decanted, the solid 
residue was dissolved in CH2C12 and filtered through a short 
alumina column. Removal of the solvent from the filtrate gave 
a colorless solid, which was recrystallized from EbO/hexane at  
-20 "C to give pure 22a (782 mg, 3.50 mmol, 87 % yield) as white 
crystals. Lactam 22b was similarly prepared from a 322 mixture 
of diastereomers of 17b': the major RS/SR diastereomer of 22b 
was obtained in pure form as white crystals in 77% yield. lH 
NMR data for the minor RRISS diastereomer of 22b was inferred 
froma1H NMR spectrum taken before the recrystallization step. 
Lactam 23 was prepared in a similar manner from 17c' and was 
isolated as a white crystalline material in 91 % yield. 

22a: IR (EbO) uco 1770 cm-l; lH NMR (c&e) 6 8.00-7.00 (m, 
10H, aryl), 5.00 (dd, lH, Jm = 2.7,5.7 Hz, C(H)Ph), 3.24 (ABX 
pattern, 2H, Jm = 2.7,5.7,15.2 Hz, CH2); MS (EI) mlz 223 (M+), 
180 (C&cNC&+). Anal. Calcd for Cl&aNO: C, 80.69; H, 
5.87; N, 6.27. Found: C, 80.58; H, 6.14; N, 6.03. 

22b (RSISR diastereomer): IR (EhO) uco 1772 cm-l; lH NMR 
(Cas )  6 7.6-6.7 (m, aryl), 4.03 (d, lH, J m  = 2.5 Hz, C(H)Ph), 
2.70 (dq, lH, JHH = 7.4,2.5 Hz, CHCHS), 1.03 (d, 3H, Jm = 7.4 
Hz); MS (EI) mlz 237 (M+), 180 (CeH&NC&+). Anal. Calcd 
for Cl&I1$JO: C, 80.98; H, 6.37; N, 5.90. Found: C, 80.57; H, 
6.24; N, 6.05. 

22b (RRISS diastereomer): IR (EhO) uco 1772 cm-l; lH NMR 
( c a s )  6 7.6-6.7 (m, aryl), 4.43 (d, lH, J m  = 6.1 Hz, C(H)Ph), 

Hz). 
23: IR (EbO) uco 1770 cm-1; 1H NMR (c& 6 7.42-7.02 (m, 

15H, aryl), 4.95 (d, lH, Jm = 2.5 Hz, N-C(H)Ph), 4.28 (d, lH, 
JHH = 2.5 Hz, C-C(H)Ph); MS (EI) m/z 299 (M+), 180 (C&- 
CNC&). Anal. Calcd for CZ1H1,NO: C, 84.25; H, 5.72; N, 4.68. 
Found C, 84.23; H, 5-84; N, 4.69. 

Reaction of Cp(CO)&-C=CHt (7) with HN=C(Ph)2. 
Carbyne complex 6 (74.1 mg, 0.152 mmol) was dissolved in -20 
mL of CHzClz at  -78 "C and stirred for 5 min to give the vinylidene 
complex 7. Excess HN=C(Ph)Z (0.5 mL, 2.98 mmol) was then 
added via syringe, and the reaction mixture was stirred for 2 h 
while it was warmed to room temperature. The solvent was then 
removed under vacuum, and the crude product was column 
chromatographed on neutral alumina. Elution with a 1:5 CHZ- 
Cldhexane mixture gave a small yellow band containing unreaded 
HN=C(Ph)2, and further elution with 1:l CH2Clz/hexane gave 
an orange band of the imino-carbene product 24. Removal of 
the volatiles from this fraction under vacuum left imino-carbene 
complex 24 (52.3 mg, 0.102 mmol, 66% yield) as an orange 
microcrystalline solid. 

24 IR (CH2Clz) uco 1930,1854 cm-l;lH NMR (CDzClz) 6 7.81- 
7.48 (m, 10H, aryl), 5.16 (8, 5H, Cp),  2.78 (8, 3H, CHd; lsC(lH) 
NMR (CDC12) 6 228.3 (Re=C), 205.1 (Re-CO), 196.4 (N-C- 
(Ph)z), 137.7-128.4 (aryl), 87.2 (Cp) ,  43.6 (CH,); MS (EI) mlz 

3.09 (dq, lH, Jm 7.6,6.1 Hz, CHCHs), 0.64 (d, 3H, Jm = 7.6 

Terry et al. 

515 (M+). Anal. Calcd for C22H18NO&e: C, 51.35; H, 3.52. 
Found C, 51.01; H, 3.59. 

Reactionof [Cp(CO)aMnWCH&]+ (R = H (9a),Me (9b)) 
with HN=C(Ph)r. Carbyne complexes 9a and 9b were gen- 
erated from the appropriate carbene precursor (0.50 g) and BCla 
(2.2 equiv of a 1.0 M solution in hexanes) as described above and 
suspended in -15 mL of CH2C12 at -78 "C. HN=C(Ph)z (1.1 
equiv) was then added to this suspension via syringe, and the 
resulting deep red solution was stirred for 10 min. EbN (1.1-1.5 
equiv) was then added via syringe, and the solution was stirred 
overnight while it was warmed to room temperature. The 
resulting red-brown solutions were then concentrated to -2 mL 
and chromatographed on neutral alumina. Elution with 100% 
EhO gave red-brown bands in each case. The product band was 
collected, concentrated under vacuum to 2-3 mL, and reloaded 
onto the alumina column. The band was washed thoroughly 
with 100% pentane before being eluted with 1:3 EhO/pentane. 
The product band was collected, and the volatiles were removed 
under vacuum to give red-brown oils in each case. This procedure 
gave pure imino-carbene complexes 25a and 25b (0.41 g, 1.03 
mmol, 54 7% yield) as red-brown oils. In the case of 25a, diseolution 
of the oily product in a minimal amount of 1:l EhOlpentane, 
followed by addition of 5 mL of pentane, induced the formation 
of red-brown crystals. The mixture was stored at  -20 "C overnight 
to facilitate further crystal growth and the supernatant removed 
via cannula, leaving red-brown crystals of 2Sa (0.21 g, 0.55 mmol, 
27% yield). Similar treatment of 25b failed to produce any 
crystalline material. 

25a: IR (CHzClZ) YW 1927,1857 cm-1; lH NMR (CDZClz) 6 
7.81-7.48 (m, 10H, aryl), 4.47 (8, 5H, Cp), 2.69 (8, 3H, CHa); 

(N=C(Ph)z), 138.0-128.4 (aryl), 85.1 (Cp) ,  38.0 (CHa); MS (EI) 
m/z 383 (M+), 327 (M+ - 2 CO). Anal. Calcd for C~H&fnNOz: 
C, 68.93; H, 4.73. Found C, 69.05; H, 4.32. 

25b IR (CHzClZ) uco 1923,1853 cm-l; lH NMR (CD2Clz): 6 
7.81-7.48 (m, 10H, aryl), 4.46 (s,5H, Cp), 2.99 (q,2H, Jm = 7.4 

(CD2C12) 6 241.2 (Mn=C), 235.0 (Mn-CO), 196.7 (N=C(Ph)a), 
138.0-127.9 (aryl), 84.6 (Cp) ,  44.6 (CHzCHs), 12.6 (CH2CHa); 
MS (E11 m/z 397 (M+), 341 (M+ - 2 CO). 

Reaction of Cp(CO)zMn=C=C(H)R (R = H (loa), Me 
(lob)) with HN=C(Ph)2. The vinylidene complexes 10a and 
10b were generated from the appropriate carbyne precursor 
complex (9a and 9b formed from 0.5 g of their carbene precursor 
complexes as described above) via addition of EGN (1.1 equiv) 
to a CHZClzsuspension of the carbyne complexat -78 "C. H N 4 -  
(Ph)z (1.1 equiv) was then added to the homogeneous orange 
solutions via syringe. Stirring was continued for 8-16 h while 
the reaction mixture was warmed slowly to room temperature. 
The resulting red-brown solutions were concentrated to 2-3 mL 
and worked up as described above to give imino-carbene 
complexes 25a (0.21 g, 0.54 mmol, 27% yield) as a red-brown oil 
and 25b (0.41 g, 1.03 "01, 54% yield) as red-brown crystals. 

Reaction of [Cp(CO)aMnmCHSh]+ (9c) and Cp(C0)r 
Mn=C=C(H)Ph (1Oc) with HN=C(Ph)a. Carbyne complex 
9c was generated from Cp(C0)2Mn=C(OMe)CH$h (0.71 g, 2.19 
"01) in hexane at  -78 "C via addition of BC& (2.2 equiv, 4.8 
mL of a 1.0 M solution in hexanes) and isolated at  low temperature 
via the procedure described above. This complex was dissolved 
in 20 mL of CH&l2 at  -78 "C, and HN=C(Ph)2 (1.1 equiv, 2.41 
mmol, 0.40 mL) was added via syringe, which caused formation 
of a deep red homogeneous solution within 15 min. The reaction 
mixture was warmed to room temperature, and a second 
equivalent of HN=C(Ph)2 was added via syringe. The red-brown 
solution was stirred at room temperature for 3 days and 
concentrated to -2 mL under vacuum, and 10 mL of Eta0 was 
added to give a red-brown solution with a white precipitate. The 
supernatant was removed via cannula and filtered througha plug 
of Celite into another Schlenk flask. The solid residue was washed 
with additional EhO until the washings were colorless, and the 
supematanta were combined into the flask containing the red- 
brown filtrate. This solution was then chromatographed on 

W{'HJ NMR (CDzC12) 6 250.7 (Mn=C), 234.6 (Mn-CO), 196.7 

Hz, CHzCHa), 1.06 (t, 3H, Jm 7.4 Hz, CHzCHa); '3C('H) NMR 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 8

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

01
5a

01
9



Mn Carbyne and Mn and Re Vinylidene Complexes 

neutral aluminaand eluted with 100 % E t 0  to give a single brown 
band, which was collected, concentrated to 2-3 mL, and rechro- 
matographed on the alumina column. Elution with 1:3 E t O /  
pentane gave first a red band of unreacted 1Oc followed by a 
red-brown band of 2Sc. A third yellow band of 28 was eluted 
with 100% EhO. These fractions were separately rechromato- 
graphed; each was washed with 100% pentane before it was eluted 
with 1:3 E&O/pentane (25c) or 100% EhO (28). Removal of the 
solvents from the collected product bands gave 25c as a red- 
brown oil and 26 (0.44 g, 0.95 "01, 50% yield) as a yellow 
microcrystalline solid. Dissolution of the oily residue of 25c in 
a minimal amount of 1:l EhO/pentane, followed by the addition 
of 5 mL of pentane, induced the formation of purple crystals of 
25c. This mixture was stored overnight at  -20 "C to facilitate 
further crystallization and the slightly red-brown supernatant 
removed via cannula. The crystalline mass was washed with 
pentane (3 X 5 mL) and dried under vacuum to give purple- 
brown crystals of 25c (0.29 g, 0.63 mmol, 29% yield). 

In thereaction of 1Oc with HN=C(Ph)2, the vinylidene complex 
(0.50 g, 1.80 mmol) was dissolved in 15 mL of CHzClz at  room 
temperature and HN=C(Ph)l (1.1 equiv, 1.98 mmol, 0.33 mL) 
was added to the purple solution via syringe. The solution was 
stirred at room temperature for 1 h, after which time IR analysis 
of the red-brown solution indicated the complete consumption 
of 1Oc. The solution was concentrated to 2-3 mL under vacuum 
and chromatographed on neutral alumina. Elution with 1:l EhO/ 
pentane gave first a large red-brown band of 250, and continued 
elution with 100% EhO gave a smaller yellow band of 28. 
Removal of the solvents from the collected bands gave 25c as a 
red-brown oil and 28 (0.16 g, 0.35 mmol, 19% yield) as a pale 
yellow solid. The 25c thus obtained was crystallized as described 
above to give purple-brown crystals (0.66 g, 1.44 mmol, 80% 
yield). 

25c: IR (CH2C12) YCO 1925, 1855 cm-l; 1H NMR (CD2C12) 6 
7.80-7.00 (m, 15H, aryl), 4.50 (8,  5H, C p ) ,  4.24 (s, 2H, CH2Ph); 
W{lH) NMR (CD2C12) 6 235.0 (Mn-CO), 234.8 (Mn=C), 196.7 

(EI) m/z 459 (M+), 403 (M+ - 2 CO). Anal. Calcd for CaH22- 
MnN02: C, 73.20; H, 4.83. Found: C, 72.84; H, 4.72. 

28: IR (CH2Cl2) YCO 1936,1864 cm-l; lH NMR (CD2C12) 6 9.80 
(br s, lH, N-H), 7.80-6.91 (m, 15H, aryl), 4.88 (8,  lH, C(H)Ph), 
4.43 (s, 5H, Cp); l3C{lHJ NMR (CD2C12) 6 295.4 (Mn=C), 233.7 
and232.7 (2 X Mn-CO), 144.1-126.3 (aryl),84.3 (Cp) ,  76.0 (C(H)- 
Ph); MS (EI) m/z 459 (M+), 403 (M+ - 2 CO). Anal. Calcd for 
Ca22MnN02: C, 73.20; H, 4.83. Found: C, 72.65; H, 5.11. 

Reaction of [Cp(CO)zMnWCH&]+ (9) with Ph+NNH2. 
Carbyne complexes 9a and 9b were generated from the appro- 
priate carbene precursor (Cp(CO)zMn=C(OMe)CHzR, 0.35 g) 
and 2.2 equiv of BC13 in hexane at  -78 "C and isolated at  low 
temperature as described above. These complexes were sus- 
pended in -15 mL of CHzClz at -78 "C, and PhzC=NNH2 (1.1 
equiv in 5 mL of CH2C12) was added via cannula to give deep 
red-orange homogeneous solutions. These were stirred for 15 
min at  -78 "C, and Et3N (1.5 equiv) was added via syringe. The 
reaction mixture was then removed from the low-temperature 
bath, warmed to room temperature over 30 min, concentrated to - 3 mL, and chromatographed on neutral alumina. Elution with 
100% E t 0  gave in each case a single red-orange band, which was 
collected, concentrated to 2-3 mL under vacuum, and reloaded 
onto the chromatography column and rechromatographed. In 
the case of 30a, the product band was washed thoroughly with 
pentane before elution with 1:3 EhO/pentane. This gave first 
two small red and purple bands, which were discarded, followed 
by elution with 1:l EhO/pentane, which gave a large red band 
of 30a. This latter band was rechromatographed using the same 
procedure to give 30a (0.19 g, 0.88 mmol, 62 % yield) as an orange- 
brown solid. In the case of 30b, the product band was washed 
with 1:3 EhO/pentane, to elute a small orange-brown band, which 
was discarded, and continued elution with 1:l EhO/pentane gave 
a large yellow-orange band of 30b, which overlapped a small red 
band. The leading yellow-orange edge and trailing red-orange 
edge were collected separately, and the latter was rechromato- 

(N=C(Ph)2), 138.0-126.9 (aryl), 84.9 (Cp) ,  56.9 (CHZPh); MS 
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graphed as above. The yellow-orange bands of 30b were combined 
and the solvents removed to give 30b (0.19 g, 0.82 mmol, 62% 
yield) as an orange solid. 

30a: IR (CH2C12) vco 1934 (s), 1861 (s), VCN 2271 (w) cm-1; 1H 

(CD2C12) 6 234.5 (Mn-CO), 132.5 (Mn-NiC), 82.5 (Cp) ,  5.0 
(Ne-CHs);  MS (EI) m/z 217 (M+), 161 (M+ - 2 CO). Anal. 
Calcd for CsH&InNOz: C, 49.79; H, 3.71. Found C, 49.80; H, 
3.57. 

30b IR (CH2C12) YCO 1935 (81,1858 (81, UCN 2260 (w) cm-l; 'H 
NMR (CD2C12) 6 4.44 (8,  5H, C p ) ,  2.40 (9, Jm = 7.6 Hz, 
NS--CH2CH3), 1.14 (t,Jm= 7.6HZ,N~C--CH2CHs);l3C{'H) 

NMR (CD2C12) 6 4.45 (e, 5H, Cp) ,  2.08 (8,3H, CH3); '3C{'HJ NMR 

NMR (CD2C12) 6 234.6 (Mn-CO), 136.8 (Mn-NEC), 82.6 (Cp) ,  
14.0 (NW-CH2CHs), 10.6 (NW-CHzCHs); MS (EI) m/z 231 
(M+), 175 (M+ - 2 CO). Anal. Calcd for Cld-IloMnNOz: C, 51.97; 
H, 4.36. Found C, 51.86; H, 4.17. 

Reaction of C p ( C O ) a M n 4 4 ( H ) R  (10) with Ph&=N- 
NHa. Vinylidene complex 10a was generated in CHzClz at -78 
"C from 9a (formed from 0.25 g, 1.01 mmol of Cp(C0)2Mn=C- 
(OMe)Me, as described above). Ph2C=NNHz (1.1 equiv, 1.11 
mmol, 0.22 g, in 5 mL of CH2C12) was then added to the orange 
solution via cannula, and the reaction mixture was stirred 
overnight while it was slowly warmed to room temperature. The 
resultant red-orange solution was concentrated under vacuum 
to -3 mL and chromatographed on neutral alumina. Elution 
with 100% Et20 gave a single red-orange band, which was 
collected, concentrated to -3 mL under vacuum, reloaded onto 
the chromatography column, and washed thoroughly with 100% 
pentane before being eluted with 1:l EhO/pentane. This gave 
a single orange band, which upon solvent removal left 30a (0.07 
g, 0.32 mmol, 32 % yield) as an orange solid. A similar procedure 
from 1Oc gave 30c (0.20 g, 0.68 mmol, 66% yield) as an orange 
oil, which solidified to a waxy solid upon storage overnight at  -20 
"C. 

3 0 ~ :  IR (CH2C12) uco 1936 (s), 1863 ( 8 )  VCN 2264 (w) cm-l; 'H 
NMR (CD2C12) 6 7.40-7.20 (m, 5H, aryl), 4.49 (s, 5H, Cp),  3.83 
(s,2H, CH2Ph); laC(lH) NMR (CDzC12) 6 234.3 (Mn-CO), 133.8 
(Mn-NEC), 130.4-128.0 (aryl), 82.6 (Cp) ,  26.5 (N=C-CHz- 
Ph); MS (EI) m/z 293 (M+), 237 (M+ - 2 CO). Anal. Calcd for 
ClsH12MnN02: C, 61.45; H, 4.13. Found C, 61.33; H, 4.09. 

Reaction of Cp(CO)&=C=CHz (7) with R N 4 - N R  
(R = Pri, But). Carbyne complex 6 (82.3 mg, 0.169 mmol) was 
dissolved in 20 mL of CHzClz at -78 "C and the solution stirred 
for 5 min to generate vinylidene complex 7. Excess Bu"= 
C=NBu' (0.5 mL, 2.59 mmol) was then added via syringe, and 
the reaction mixture was stirred for 2 h and then warmed to 
room temperature. The solvent was removed under vacuum, 
and the residue was loaded onto a neutral alumina chromatog- 
raphy column. The product band was first washed thoroughly 
with 1:3 CHzCldhexane to remove excess carbodiimide before 
eluting with 2:l CHzCldhexane. This gave a light tan band from 
which the solvent was removed under vacuum to give isocyanide 
complex 33a (44.3 mg, 0.113 mmol, 67% yield) as a tan 
microcrystalline solid. A similar procedure was followed for the 
reaction of 7 with Pr"=C=NPr' to give isocyanide complex 
33b in 72% yield. 

33a: IR (CH2Cl2) vco 1934 (s), 1874 (s), VCN 2121 (br) cm-1; 1H 
NMR (CD2C12) 6 5.21 (s, 5H, C p ) ,  4.10 (sept, lH, JHH = 6.5 Hz, 
C(H)(CH&), 1.35 (d, 6H, JHH = 6.5 Hz, C(H)(CH&); MS (EI) 
m/z 377 (M+). 

33b: IR (CH2C12) vco 1934 (s), 1874 (s), VCN 2116 (br) cm-l; 'H 

NMR (CD2C12) 6 199.3 (Re-CO), 145.3 (Re-"), 83.3 (Cp) ,  
57.4 (C(CH&), 31.1 (C(CHS)~); MS (EI) m/z 391 (M+). Anal. 
Calcd for C12HlrN02Re: C, 38.17; H, 3.96. Found C, 37.92; H, 
3.98. 

Reaction of [Cp(CO)aMn*CHa]+ (sa) with B u t N 4 =  
NBut. Carbyne complex 9a was generated by the reaction of 
Cp(CO)2Mn=C(OMe)Me (0.25g, 1.01 "01) withBC& (2.2equiv, 
2.2 mL of a 1.0 M solution in hexanes) in hexane at  -78 "C and 
isolated as described above. This was suspended in 15 mL of 
CH2Clz at -78 "C, and ButN=C=NBut (2.2 equiv, 2.22 mmol, 

NMR (CDZClz) 6 5.21 (8 ,  5H, Cp) ,  1.43 (8, 9H, C(CH3)3); '3C{'H) 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 8

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

01
5a

01
9



864 Organometallics, Vol. 13, No. 3, 1994 

0.43 mL) was added via syringe. The resulting yellow-orange 
suspension was stirred overnight and warmed slowly to room 
temperature. The resultant red-brown solution was concentrated 
to -3 mL under vacuum and chromatographed on neutral 
alumina. Elution with 100% EhO gave a single yellow band 
containing 34 and unreacted carbodiimide. This band was 
collected, concentrated to -3 mL, and reloaded onto the 
chromatography column. The product band was first washed 
thoroughly with 100 % pentane before being eluted with 1:3 EhO/ 
pentane. Removal of the volatiles from the yellow band gave 
complex 34 (0.20 g, 0.72 mmol, 76% yield) as a yellow micro- 
crystalline solid. 

34: IR (CH2Cl2) vco 1948 (s), 1889 (8) VCN 2100 (m br) cm-l 
(lit.:24 IR (hexane) YCO 1952,1907, YCN 2114,2078); lH NMR (CD2- 
Cl2) 6 4.55 (8,5H, Cp), 1.41 (s,9H, C(CH3)3); W('H) NMR (CDp- 
Cl2) 6 230.8 (Mn-CO), 177.5 (Mn-NEC), 82.2 (Cp) ,  57.7 
(C(CH3)3), 31.2 (C(CHd3); MS (EI) m/z 259 (M+), 203 (M+ - 2 
CO). 

Reaction of [Cp(CO)zMn=CCHa]+ (9a) and Cp(C0)z- 
Mn=C=CHz (loa) with Pr"=C=NPr'. Carbyne complex 
9a was generated by the reaction of Cp(CO)zMn=C(OMe)Me 
(0.50g,2.00mmol) withBC13 (2.2equiv,4.4mLofal.OMsolution 
in hexanes) in hexane at -78 OC and isolated as described above. 
The complex was then dissolved in 15 mL of THF at -78 OC, and 
PriN=C=NPr' (3.5 equiv, 7.0 mmol, 1.1 mL) was added to the 
orange solution via syringe. The solution was warmed slowly to 
room temperature while it was stirred overnight, and stirring 
was continued for an additional 1 day. The resultant orange 
solution was concentrated to -3 mL and chromatographed on 
neutral alumina. Elution with 1:l EhO/pentane gave first a small 
red-purple band, which was discarded, and then a second larger 
yellow band. Removal of solvents from this latter fraction left 
ansa-carbenecomplex41(0.51 g, 1.6mmol,78% yield) asayellow 
microcrystalline solid. In one reaction of carbyne complex 9a 
with PriN=C=NPr', complex 45 was isolated in low yield 
following chromatographic separation of the reaction mixture 
on neutral alumina. Although this complex was isolated as a 
microcrystalline solid, ita formation could not be reproduced in 
later reactions. 

In a similar reaction, vinylidene complex 10a was generated 
from a CHzCl2 suspension of 9a (from Cp(CO)zMn=C(OMe)- 
Me, 0.50 g) via addition of EtsN (1.1 equiv, 2.23 mmol, 0.31 mL) 
at  -78 O C .  Pr'N=C=NPri (2.5 equiv, 5.04 mmol, 0.79 mL) was 
then added to the orange solution via syringe, and the reaction 
mixture was stirred for -4 h while it was warmed to 0 OC. The 
solution was stored overnight at  -20 "C, stirred an additional 3 
h at  0 OC, and then warmed to room temperature. The solution 
was filtered via cannula through a plug of Celite, and the resulting 
orange filtrate was concentrated to -3 mL and chromatographed 
on neutral alumina as described above for the reaction of 9a with 
Pr"=C=NPri. This gave 41 (0.36 g, 1.10 mmol) in 55% yield. 

In order to distinguish between the peaks due to Mn=C and 
Mn-CO in the 13C NMR spectrum, a sample of the product was 
stirred at room temperature in CHpClp under an atmosphere of 
W O  for several days. The 13C NMR spectrum of the product 
after treatment showed enhancement of the broad signal at 6 
235.6, whereas the sharp singlet at 6 237.4 remained unchanged, 
establishing the former as the Mn-CO peak and the latter as 
the Mn=C peak. 

41: IR (CH2C12) YCO 1915 (s), 1843 (s), VC-C 1523 (m) cm-l; lH 
NMR (CD2C12) 6 6.16 (br d, lH, JHH = 9.2 Hz, N-H), 4.74 (t, 

C=C(Hp) (note: The second doublet assignable to C=C(H)p is 
obscured by the signal due to H3 and H4 of the Cp ring at  6 4.40 
(t,2H, JHH = 2.1Hz,H3andH4of Cp),4.24 (dsept,AMXpattern, 
lH, JHH = 9.2, 6.5 Hz, N(H)C(H)(CH&), 4.10 (sept, lH, JHH = 

2H, JHH = 2.1 Hz, Hp and Hs of Cp) ,  4.44 (d, lH, JHH = 1.4 Hz, 

7.2 Hz, N-C(H)(CH&), 1.40 (d, 6H, JHH = 7.2 Hz, N-C(H)- 
(CHs)p), 1.26 (d, 6H, JHH = 6.5 Hz, N(H)C(H)(CH&; 13C(lH) 

(H)2), 108.3 (C1 of C p ) ,  91.8 (C=C(H)2), 82.6 (C2 and Ca of Cp), 
80.6 (C3 and C4 of Cp), 52.2 (N(H)-C(H)(CH3)2), 49.0 (N-C(H)- 

NMR (CDpC12) 6 237.4 (Mn=C), 235.6 (Mn-CO), 146.2 (C=C- 

(CHdz), 24.0 (N-C(H)(CH3)d1 20.7 (N(W-C(W(CH3)z); 13C 

Terry et al. 

NMR (CD2C12) 6 146.4 (s, C=C(H)z), 108.3 (br m, C1 of Cp), 91.8 
(t, JCH = 159.9 Hz, C=C(H)2), 82.9 (dq, JCH = 6.9, 145.9 Hz, C2 
and C5 of Cp),  80.7 (dq, JCH 6.5, 179.2 Hz, C3 and C4 of Cp) ,  
52.2 (d, JCH = 130.2 Hz, N(H)-C(H)(CH&), 49.0 (d, JcH = 136.2 
Hz, N-C(H)(CH&, 24.0 (9, JCH = 126.6 Hz, N--C(H)(CH&), 
20.8 (9, JCH = 127.2 Hz, N(H)-C(H)(CH&); MS (+FAB) m/z 
328 (M+). Anal. Calcd for C18H21MnN202: C, 58.54; H, 6.45. 
Found: C, 58.54; H, 6.47. 

45: IR (CH2C12) vco 1918,1848,1653 cm-'; lH NMR (CD2Clz) 
6 5.66 (br, 2H, NH), 4.97 (t, 2H, Jm = 2.2 Hz, C6r,C(O)Me), 4.58 
(t, 2H, JHH = 2.2 Hz, CJf4C{O)Me), 4.38 (br, lH, CHMez), 3.58 
(br, lH, CHMe2), 2.23 (s,3H, C6H&(O)C&), 1.65 (br, 12H, CH- 
(CH3)2); 'SC(lH) NMR (CD2C12) 6 233.0 (Mn-CO), 221.8 (Mn=C), 
196.4 (C~HIC(O)CH~), 90.4,87.9,87.7,83.5,83.4 (C5H&(O)CH3), 
51.4 (N-CPr'), 43.5 (N-CPr'), 27.0 (C6H4C(O)CHs), 24.3, 22.4 
(CH(CH3)p);MS (EI) m/z346(M+),290(M+-2CO). Anal.Calcd 
for Cl8H~MnN203: C, 55.49; H, 6.69. Found C, 56.02; H, 6.64. 

Reaction of [CP(CO)ZM~=CCHZCH*]+ (9b) with But- 
N=C=NBut. Carbyne complex 9b was generated in hexane at  
-78 "C from Cp(CO)sMn=C(OEt)CHzCHs (0.50 g, 1.91 mmol) 
and BC& (2.2 equiv, 4.20 mmol, 4.2 mL of a 1.0 M solution in 
hexanes) and isolated as described above. The carbyne thus 
obtained was suspended in 20 mL of CHzClg at  -78 OC, and 
ButN=C=NBut (1.1 equiv, 2.10 mmol, 0.40 mL) was added via 
syringe and the mixture stirred for 15 min, giving an orange 
suspension. Et3N (2.2 equiv, 4.20mmol,0.58 mL) was then added 
via syringe, causing dissolution of all solids and formation of a 
homogeneous red-orange solution. This solution waa stirred 
overnight and warmed to room temperature while the reaction 
flask remained immersed in the low-temperature bath. The deep 
red-purple solution was then concentrated to -1 mL under 
vacuum and 10 mL EhO added, giving a violet solution with a 
large amount of solid precipitate. The supernatant was removed 
via cannula and filtered through a plug of Celite into another 
Schlenk flask. The solid residue was washed with additional 
EhO, and the supernatants were filtered through Celite and 
combined with the violet filtrate until the washings were nearly 
colorless. The combined filtrates were then chromatographed 
on neutral alumina. Elution with 100% EhO gave a large red- 
brown band, which was collected, concentrated to - 10 mL under 
vacuum, and rechromatographed. Elution with 1:l EhO/pentane 
gave first a red-brown band, and removal of the volatiles from 
this fraction under vacuum gave a red oil. Continued elution 
with 100% EhO gave a violet band, and removal of the volatiles 
from this band under vacuum gave 46 as a violet crystalline solid. 
The red-brown oil from the first fraction was redissolved in 
minimal Et20 and rechromatographed. Elution with 1:l EhO/ 
pentane gave a small purple band followed by a small brown 
band, both of which were discarded on the basis of their IR spectra. 
Elution with 100% EhO gave a small violet band, which was 
collected into the flask containing the previously isolated 46, and 
removal of the volatiles from this mixture gave 46 (0.28 g, 0.62 
mmol, 32 % yield) as a violet crystalline solid. 

46: IR (CH2Clp) YCO 2012 (s), 1959 (e), Y- 1652 (w) cm-1; lH 

C(CH3)3); 13C(1H) NMR (CD2C12) 6 361.7 (Mn=C), 226.3 
(Mn-CO), 168.1 (C=C-(C)+), 118.7 (Mn=C=C), 88.5 (Cp) ,  

Cl2) 6 226.3 (br s, Mn-CO), 118.7 (br m, Mn=C=C), 88.5 (d, 
pent, JCH = 8.0,180.3 Hz, Cp) ,  30.3 (9, JCH = 127.9 Hz, C(CH&), 

external BF3.EhO at 6 0)26 6 4.51; MS (-FAB) m/z 451 (M+, BC4 
pattern), 422 (M+ - CO; BCl2 pattern). Anal. Calcd for 
ClsH&Cl2MnN202: C, 50.59; H, 5.81. Found C, 50.78; H, 5.87. 

Reaction of Cp(CO)&==C=CHi (7) with Benzalazine. 
Carbyne complex 6 (79.4 mg, 0.163 mmol) was dissolved in CHI- 
Cl2 at  -50 "C, and the mixture was stirred for -5 min to generate 
7. A 2-fold excess of benzalazine was then added, and the resulting 
solution was stirred at  -50 OC for 1 h and then slowly warmed 
to room temperature. The solvent was then removed under 
vacuum to afford an orange oil, which was chromatographed on 
neutral alumina. Elution with 1:l CH2Cldpentane gave first a 

NMR (CD2C12) 6 5.02 (8,5H, Cp), 1.99 (8,3H, CH3), 1.38 (~ ,18H,  

83.4 (C(CH3)3), 30.3 (C(CH3)3), 14.6 (C4-CH3);'SC NMR (CDr 

14.6 (4, JCH = 131.4 Hz, C=C-CHs); "B NMR (CD2C12; VS. 
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Mn Carbyne and Mn and Re Vinylidene Complexes 

yellow band containing unreacted Ph(H)C=NN=C(H)Ph, and 
continued elution with 100% CHzClz gave a second orange band 
of 48. Removal of the volatiles from this fraction afforded 48 
(36.8 mg, 0.043 mmol, 53% yield) as an orange microcrystalline 
solid. 

48: IR (CH2C12) YCO 1926,1847 cm-l; lH NMR (CsDs) 6 7.95- 
6.88 (m, 10H, Ph), 4.91 (s,lOH, C p ) ,  4.03 (dd, 2H, JHH = 7.5,2.4 
Hz, C(H)Ph), 1.85 (dd, 2H, JHH = 16.6, 7.5 Hz, CH2), 1.81 (dd, 
2H, JHH 16.6, 2.4 Hz, CH2); '3C(lH] NMR (CD2C12) 6 228.3 

38.3 (C(H)Ph), 22.6 (CH2). 
(Re=C), 206.9, 206.5 (Re-CO), 148.2-125.9 (aryl), 87.5 (Cp) ,  

Reaction of [Cp(CO)zMnWCHa]+ (9a) with Benzalazine. 
Carbyne complex 9a was generated as described above from Cp- 
(C0)2Mn=C(OMe)CHS (0.44 g, 1.77 mmol) and excess BC13 (1.0 
M in hexanes). The solid 9a thus obtained was dissolved in -25 
mL of dry THF at -50 OC, and benzalazine (0.82 g, 3.9 mmol) was 
added. The resulting solution was stirred at  -50 OC for 3 h and 
then slowly warmed to room temperature. Removal of the 
volatiles left a red oil, which was chromatographed on neutral 
alumina. Elution with 1:l CHzClz/pentane gave first a yellow 
band containing unreacted Ph(H)C=NN=C(H)Ph, and con- 
tinued elution with 100% CH2Cl2 gave a second yellow band of 
47. Removal of the volatiles from this fraction under vacuum 
left 47 (0.42 g, 0.72 mmol, 41 % yield) as a yellow microcrystalline 
solid. 

47: IR (CH2C12) YCO 1926,1858 cm-l; lH NMR (C6De) 6 7.38- 
6.99 (lOH, Ph), 5.34 (dd, 2H, JHH = 10.2, 2.4 Hz, C(H)Ph), 4.03 
(8, 10H, Cp) ,  3.34 (dd, 2H, JHH = 18.4, 10.2 Hz, CHd, 3.10 (dd, 
2H, JHH = 18.4, 2.4 Hz, CH2); W ( ' H )  NMR (CD2C12) 6 245.5 
(Mn=C), 234.0, 232.9 (Mn-CO), 140.6-126.6 (aryl), 84.0 (Cp) ,  
66.3 (C(H)Ph), 59.3 (CH2); MS (+FAB) m/z 612 (M+). Anal. 
Calcd for C32H~Mn2N204: C, 62.77; H, 4.28. Found: C, 62.88; 
H, 4.28. 

X-ray Diffraction Studies of 15b,45, 46,and 47 (University 
of Delaware). All specimens were mounted on glass fibers with 
epoxy cement, which also served as an atmospheric barrier. 
Preliminary photographic characterization revealed no symmetry 
higher than triclinic for 15b and 47 and orthorhombic for 45 and 
46. For both of the triclinic structures centrosymmetry was 
initially assumed and was verified by the results of refinement. 
Systematic absences in the diffraction data for 46 allowed either 
of the space groups Pca21 or Pcam with the noncentrosymmetric 
setting preferred (Rogers test: TJ = 1.2(1)). Systematic absences 
in the diffraction data for 45 uniquely defined the space group 
Pcba. In 46, no plane perpendicular to the c axis relates the two 
crystallographically independent molecules found. A semiem- 
pirical correction for absorption was applied to the data for 15b, 
but not for the three Mn-containing structures ($-scan data 
showed a <lo% variation). 

The structures were solved by heavy-atom methods. Disorder 
found in one of the two independent molecules in 15b is discussed 
in the text. The occupancies were refined as reported. In 46, in 
both of the crystallographically independent molecules, the tert- 
butyl groups are rotationally disordered in two nearly equally 
occupied orientations. For 15b, 45, and 47 all non-hydrogen atoms 
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were anisotropically refined, whereas for 46 all Mn, C1, N, and 
0 atoms and the C atoms in the CO groups plus C(8), C(9), C(lO), 
and C(11) were anisotropicallyrefined. All hydrogen atoms were 
found and refined for 47 and were idealized for the remaining 
structures. Hydrogen atom contributions were ignored for the 
disordered tert-butyl groups in 46 and the disordered Cp rings 
in 15b. 

All calculations used SHELXTL software (G. Sheldrick, 
Siemens, Madison, WI). 

X-ray Diffraction Studies of 17a, 17c', and 41 (CNRS, 
Toulouse, France). Crystalsof 17a suitable for X-ray diffraction 
analysis were obtained via recrystallization from EtzO/hexane 
solution at -20 OC. Crystals of 17c' were similarly obtained via 
recrystallization from pentane solution at room temperature. The 
initial diffraction data indicated triclinic symmetry for both 
compounds, and the centrosymmetric space group PI was initially 
assumed and was verified by the results of refinement. For 41, 
initial diffraction data indicated monoclinic symmetry, and 
systematic absences in the diffraction data allowed either of the 
space groups P21 or P21/m. The latter centrosymmetric setting 
was verified by the presence of a crystallographic mirror plane. 
For each compound, the intensities were corrected for absorption 
by the semiempirical $-scan method. 

The position of the Mn atoms in each compound were 
determined by direct methods. All remaining non-hydrogen 
atoms were located by the usual combination of full-matrix least- 
squares refinement and difference electron density syntheses. 
For 17c', the MeCp fragment in molecule b was found to be 
disordered, and two MeCp fragments were introduced with site 
occupancy factors fixed to 0.7 and 0.3, respectively, and the CbH, 
rings were constrained as rigid planar pentagons (C-C = 1.420 
A). All non-hydrogen atoms except for the carbon atoms of the 
phenyl rings and the carbon atoms of the MeCp fragments in 
17c' were anisotropically refined. The hydrogen atoms were 
entered in idealized positions (C-H = 0.97 A) and held fixed 
during refinements. 

The structures were solved by using the SHELXS-86 packageu 
and refined using the SHELXS-76 package.36 
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