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Rowland Pettitl-1927-1981 


Kenneth M. Nicholas 


Rowland Pettit, W.T. Doherty Professor of Chemistry at the University of Texas, died of lung cancer 
on December 10, 1981, at the age of 54. He was a dominant figure in the rapid ascendency of organo- 
transition-metal chemistry as a major thrust in modern chemistry. Trained as an organic chemist, he made 
important contributions in theoretical organic chemistry, the stabilization of transient species by metal 
complexation, the use of metal complexes in organic synthesis, and homogeneous catalysis. 


Pettit was born in Port Lincoln, a small town in southern 
Australia on February 6, 1927. He completed his B.Sc. 
(1949), M.Sc. (1950), and first Ph.D. (1953) a t  the Univ- 
ersity of Adelaide. His graduate research was in natural 
products and polynuclear heterocyclic chemistry under the 
direction of Professors A. K. MacBeth and G. M. Badger. 
Always responsive to opportunity’s call, he accepted an 
Exhibition of 1851 Overseas Fellowship (intended to bring 
intellectual talent from the Empire to  England) to  work 
on his second doctorate with Michael J. S. Dewar, a 
promising, new assistant professor a t  the University of 
London. During this period, his interest in theoretical 
organic chemistry led to synthetic and theoretical studies 
on non-benzenoid aromatic compounds, including the 
elusive tropylium ion for which he provided the first ra- 
tional synthesis. Pettit’s adventurous spirit was already 
in evidence when he set out on a hitchhiking tour of the 
continent only to run out of money in Spain. 


Finally tiring of London’s damp, dreary winter (he fre- 
quently cursed cold weather), Pett i t  accepted a faculty 
position at  the University of Texas in Austin in 1957. His 
interest in the fledgling field of organotransition-metal 
chemistry having been piqued by the fascinating and 
provocative reports of ferrocene by Pauson, Foodward, 
Rosenblum, Whiting, and Wilkinson, his initial contribu- 
tion to the field came in 1959 with his preparation of the 
first metal complexes of a nonconjugated diene, nor- 
bornadiene. His pioneering work in the stabilization of 
reactive molecules and ions by metal coordination followed 
soon thereafter with the preparation of complexes of cy- 
clobutadiene, benzocyclobutadiene, o-xylylene, carbenes, 
and carbonium ions. The ready release of cyclobutadiene 
from its iron complex led to important insight into the 
electronic and structural nature of the free ligand and its 
elegant utilization in synthesis-e.g., the preparation of 
cubane and hypostrophene. Pettit’s love of a challenge and 
the spirited exchange of ideas was perhaps best evidenced 
in his contributions on the role of orbital symmetry control 
in metal-catalyzed isomerizations of strained hydrocarbons. 


Pettit had a great respect for and interest in industrial 
chemical problems. Early studies on the mechanisms of 
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metal-catalyzed olefin isomerization and metathesis are 
particularly noteworthy in this respect. His unusual talent 
for designing novel, elegant experiments to  elucidate 
practical questions was apparent in his more recent studies 
of the catalysis of carbon monoxide reduction and ho- 
mologation. These studies have improved significantly our 
understanding of the homogeneous water gas shift reaction 
and heterogeneous Fisher-Tropsch process. 


Pett i t  was an inspiring mentor to his many graduate 
students and postdoctoral fellows, most of whom have 
enjoyed considerable success and recognition in the in- 
dustrial and academic sectors. His “nose” for the signif- 
icant, his wonderful ability to analyze complex problems 
with basic chemical principles, to design novel experiments, 
and his sharp, critical eye were traits that  have left their 
mark on the thinking of his chemical progeny and col- 
leagues alike. 


Pettit was author of over one hundred articles and held 
numerous distinguished lectureships. He was a former 
Alfred P. Sloan Fellow as well as a member of the National 
Academy of Sciences. Rolly’s cleverness, warmth, fun- 
loving way, and underlying sensitivity will be long re- 
membered. He lived his life intensely and, accordingly, 
he made a lasting imprint on all of us who knew him and 
his chemistry. 
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(2-Butyne)hexacarbonyldicobalt reacts at moderate temperatures with tetrahydro-2- (2-propeny1oxy)pyran 
to give a trisubstituted cyclopentenone regiospecifically and in moderate yield. This cyclopentenone may 
be readily converted into the antibiotic methylenomycin B. This is the first example of regiospecificity, 
with respect to a simple alkene, in a cyclopentenone synthesis by this method. 


The antibiotics methylenomycin A and methylenomycin 
B were first isolated from Streptomyces uiolaceoruber by 
Haneishi e t  al.' in 1974. X-ray crystallographic determi- 
nation2 of the structure (1) for the first compound was 
followed in 1977 by synthetic confirmation by Scarborough 
and Smith: several further syntheses have been reported: 
The  correct structure (2) of methylenomycin B was es- 
tablished by Jernow et a1.6 in 1979, by means of an un- 
ambiguous synthesis. Other syntheses have appeared! but 
all require relatively inaccessible s ta t ing materials or many 
steps. We report here a brief new synthesis of methyle- 
nomycin B (2) involving as the  key s tep a regiospecific 
reaction between (2-butyne)hexacarbonyldicobalt (3) and 
tetrahydro-2-(2-propenyloxy)pyran (4). 
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The reaction of (alkyne)cobalt complexes analogous to 
compound 3 with alkenes has previously been shown to 
be a general route to substituted cycl~pentenones~ (Scheme 
I). Its synthetic utility has, however, been limited by both 
the lack of regiospecificity observeds when simple unsym- 
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(2-Butyne)hexacarbonyldicobalt reacts at moderate temperatures with tetrahydro-2- (2-propeny1oxy)pyran 
to give a trisubstituted cyclopentenone regiospecifically and in moderate yield. This cyclopentenone may 
be readily converted into the antibiotic methylenomycin B. This is the first example of regiospecificity, 
with respect to a simple alkene, in a cyclopentenone synthesis by this method. 
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steps. We report here a brief new synthesis of methyle- 
nomycin B (2) involving as t he  key s tep  a regiospecific 
reaction between (2-butyne)hexacarbonyldicobalt (3) and 
tetrahydro-2-(2-propenyloxy)pyran (4). 
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be a general route to substituted cycl~pentenones~ (Scheme 
I). Its synthetic utility has, however, been limited by both 
the  lack of regiospecificity observeds when simple unsym- 
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metrical alkenes are employed (e.g., when R = CBH13 in 
Scheme I, the ratio of 5:6 = 1:l) and the relatively low 
reactivity displayed by simple alkenes. In contrast to the 
earlier examples we find that reaction with the alkene 4 
proceeds under significantly milder conditions (80 OC) and 
with high regioselectivity. With use of the butyne complex 
3, the product, formed in 30-35% yield, is apparently 
exclusively the 2,3,5-substituted cyclopentenone (5, R1 = 
R2 = C H ,  R3 = CH20THP); no evidence for the presence 
of the expected 2,3,4substituted isomer (6, R1 = R2 = CH3, 
R3 = CH20THP) could be detected in the single frequency 
off resonance decoupled NMR spectrum of the prod- 
uct. 


Mild acid hydrolysis readily converted this acetal (5, R' 
= R2 = CH3, R3 = CH20THP) into the free alcohol 7. 


$5- 7 
'v 


This had been the final intermediate in the synthesis of 
methylenomycin B (2) developed by Jernow et a1.F and 
their method was successfully employed for the final 
dehydration step. The overall yield from complex 3 [itself 
formed in almost quantitative yield from 2-butyne and 


The identity of the final product is clearly established 
by our spectral data and comparison to the spectral data 
reported by Jernow et aL6 We found however that the 
compound 2 is considerably more stable than is suggested 
by these authors. 


We are currently investigating the effects that lead to 
the observed regiospecificity in this case and extending the 
above methodology to related natural products. 


Experimental Section 
'H NMR spectra were recorded at 90 MHz on a Perkin-Elmer 


R32 spectrometer and data refer to 5% samples in CDC13 ref- 
erenced against Me,Si. 13C NMR spectra were recorded at  62.9 
MHz on a Bruker WM 250 spectrometer. IR spectra were re- 
corded on a Perkin-Elmer 257 spectrometer and refer to liquid 
films on sodium chloride plates. Mass spectra were obtained by 
using an AEI Kratos MS9 mass spectrometer fitted with a Mass 
Spectrometry Services Solid State Console, using a GEC 905 
Computer system for data capture and processing. Allyl alcohol 
and 2-butyne were obtained commercially and used without 
purification. "Flash chromatography" refers to the method of 
Clark-Stille and was performed by using Merck Kiesel-gel 60 
(230-400 mesh). Purity of products was confiied by using TLC 
on Polygram 0.25 mm silica gel plates. All solvents were dried 
by standard methods and distilled before use. Petroleum ether 
refers to the fraction of bp 40-60 OC. Solvent removed in vacuo 
refers to the use of a Corning rotary film evaporator operating 
at  25 OC and 15 torr. 
Tetrahydro-2-( 2-propeny1oxy)pyran. A solution of allyl 


alcohol (29 g, 0.5 mol), dihydropyran (50.4 g, 0.6 mol), and tol- 
uene-p-sulfonic acid (10 mg) in CH2C12 (150 mL) was stirred at  
room temperature for 15 h. The solution was washed with sat- 
urated NaHC03 solution (50 mL) and brine (50 mL), dried 
(MgS04) and fractionally distilled to give tetrahydro-2-(2- 
propeny1oxy)pyran (60 g, 85%) as a colorless oil: bp 65-67 "C 
(20 torr) (lit.lo 61-62 OC (15 torr)); NMR 6 1.6 (6 H, m), 3.2 (1 


CO~(CO)~] wu 23%. 
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H, m), 4.0 (3 H, complex m), 4.65 (1 H, a), 5.2 (2 H, t), 5.9 (1 H, 
complex m). 
(2-Butyne) hexacarbonyldicobalt (3). Following Greenfield 


et al.," a solution of 2-butyne (2.8 mL, 1.9 g, 35 mmol) in pe- 
troleum ether (50 mL) was added over 0.5 h to a stirred solution 
of octacarbonyldicobalt (12 g, 35 mmol) in the same solvent (100 
mL) at  10 OC under an atmosphere of nitrogen. The resulting 
red solution was stirred for 5 h at 10-15 "C and then filtered 
through celite. The solvent was removed in vacuo, and the residue 
chromatographed on neutral alumina by using petroleum ether 
as eluant, to give (2-butyne)hexacarbonyldicobalt (11.3 g, 94%) 
as a dark red oil, which crystallized on refrigeration. 
Reaction between (2-Butyne)hexacarbonyldicobalt (3) and 


Tetrahydro-2-(2-propenylosy)pyran (4). A solution of complex 
3 (2.5 g, 7.3 "01) and the acetal 4 (3 g, 22 mmol) in dry toluene 
(100 mL) under nitrogen was heated for 8 h under reflux. The 
resulting dark blue solution was fdtered through celite, the solvent 
was removed in vacuo, and the residue was extracted with chlo- 
roform and with petroleum ether. The solvents were removed 
in vacuo, and the residue was purified by ''flash chromatography" 
using petroleum ether and 70% ether/petroleum ether as eluants, 
to give dodecacarbonyltetracobalt (0.64 g, 56%), (2-butyne)- 
hexacarbonyldicobalt (0.25 g, lo%), and 2,3-dimethyl((5-tetra- 
hydropyran-2-yloxy)methyl)cyclopent-2-en-l-one (5, R' = R2 = 
CH3, R3 = CH20THP; 0.43 g, 32%) as a colorless oil; NMR 6 1.6 
(6 H, m), 1.7 (3 H, s), 2.1 (3 H, a), 2.6 (3 H, br 81, 3.7 (4 H, m), 
4.6 (1 H, a); IR 1700,1650 cm-'; mass spectrum, m/e found Mt 
224.1422, C13H2003 requires M 224.1412. A similar experiment 
conducted in benzene (8 h of reflux) gave the product 5 in 26% 
yield. 
2,3-Dimethyl-5-(hydroxymethyl)cyclopent-2-en-l-one (7). 


A solution of the tetrahydropyranyl derivative (5 R' = R2 = CH3, 
R3 = CH20THP; 0.23 g, 1 mmol) and one crystal of toluene-p- 
sulfonic acid (2 mg) in dry methanol (20 mL) was stirred at room 
temperature until TLC analysis showed no remaining starting 
material (19 h). The solvent was removed in vacuo, the residue 
extracted into ether (20 mL), and the solution washed with 
saturated NaHC03 solution (2 mL). The solvent was removed 
in vacuo, and the residue was purified by "flash chromatography" 
on silica gel using ether as eluant to give 2,3-dimethyl-5-(hy- 
droxymethyl)cyclopent-2-en-l-one (7; 0.13 g, 92%) as a colorless 
oil: NMR 6 1.7 (3 H, a), 2.1 (3 H, a), 2.3-2.9 (3 H, complex m), 
3.0 (1 H, a), 3.8 (2 H, m); IR 1675,1635 cm-'; mass spectrum, m/e 
found M+ 140.0822, C&II2O2 requires M 140.0837. These spectral 
properties are consistent with literature  value^.^ 
2,3-Dimethyl-5-(methylene)cyclopent-2-en-l-one, Methy- 


lenomycin B (2): Following the method of Jernow et a1.6 a 
solution of alcohol 7 (0.13 g, 0.92 mmol) and dicyclohexylcarbo- 
diimide (0.25 g, 1.2 "01) in dry ether (20 mL) was stirred under 
nitrogen, and cuprous chloride (5 mg, 0.05 "01) was added. The 
suspension was stirred under nitrogen for 15 h and then filtered. 
The solvent was removed in vacuo, and the residue was distilled 
in a Buchi Kugelrohr apparatus to give 2,3-dimethyl-5-(methy- 
lene)cyclopent-2-en-l-one (2; 0.091 g, 75%) as a colorless oil: bp 
40 OC (oven temperature) (0.2 torr); NMR 6 1.8 (3 H, s), 2.1 (3 
H, a), 3.1 (2 H, br a), 5.35 (1 H, d), 6.05 (1 H, d); IR 1690, 1662, 
1630 cm-'; mass spectrum, m/e found Mt 122.0733, CBHloO re- 
quires M 122.0732. In contrast to the reported instabilitp of this 
compound we find that it may be stored in petroleum ether 
solution at -20 OC for some time with no obvious decomposition. 
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Reaction of allyllithium and chloroiridium 1,5cycloodadiene dimer yielded allyliridium 1,5cyclooctadiene, 
a thermally reactive molecule. Dired reactions of the allyliridium complex with 1,2, and 3 equiv of trimethyl 
phosphite yielded, respectively, (q3-C3Hs)Ir(q4-1,5-COD) [P(OCH,),], (~1-C3Hs)Ir(q4-l,5-COD) [P(OCH,),],, 
and (q3-C3Hs)Ir[P(OCH3)3]3 (1,5-COD = 1,5-~yclooctadiene). The first and last allyliridium complexes 
have NMR spectral features consistent with five-coordinate square-pyramidal structures with the axial 
site occupied by a trimethyl phosphite ligand, whereas those of the second complex are better accounted 
for in a trigonal-bipyramidal form with equatorial phosphite ligands. Hydrogen reacted with the last two 
complexes to give mixtures of HIr[P(OCH,),], and the facial and meridianal isomers of H,Ir[P(OCH,),],; 
small amounts of another hydride complex were generated from the bis(phosphite) complex. None of the 
allyliridium complexes nor any of their products in the hydrogen reaction was a catalyst precursor for arene 
hydrogenation-unlike analogous allylcobalt complexes. However, two of the complexes, the mono- and 
tris(phosphite) species, were catalysts for olefin hydrogenation. The crystal structure of (q3-C3Hs)1:- 
(q4-1,5-COD) [P(OCH3),] was established by an X-ray diffraction study. Square-pyramidal geometry is 
an accurate description of the inner coordination sphere. The unique axial site is occupied by the phosphite 
ligand. 


Introduction 
In earlier studies, we demonstrated a rich and diversified 


chemistry for a l l y l ~ o b a l t ~ * ~  and allylrhodium' phosphite 
and phosphine complexes. Allylcobalt tridphosphite) and 
tris(phosphine) complexes comprise a unique class of 
catalyst precursors that effect totally stereoselective hy- 
drogenation of aromatic hydrocarbons.3~ In contrast, the 
allylrhodium bis(phoaphite) complexes rapidly react with 
hydrogen to give propylene and polynuclear rhodium hy- 
drides, (HRh[P(OR),],J,, the resultant polynuclm hydrides 
are extremely active alkene and alkyne hydrogenation 
cataly~ta .~~'  In extending this chemistry to iridium, we 
found diversity to prevail-the allyliridium chemistry was 
not analogous to that of either cobalt or rhodium. 


Experimental Section 
Reagents, Solvents, and General Procedures. All operations 


with air-sensitive materials were carried out in a Vacuum At- 
mosphere drybox under an argon atmosphere, in a conventional 
vacuum system or by using Schlenk technique. Trimethyl 
phosphite and 1,5-cyclooctadiene were purchased from Aldrich 
Chemical Co, Inc.; 1-hexene was purchased from Chem. Samp. 
Co.; tetraallyltin was purchased from ROC/RIC Corp. Iridium 
trichloride hydrate was obtained from Alfa Chemicals and 
Matthey Bishop, Inc. Prepurified hydrogen (99.95%) was pur- 
chased from Matheson & Co. 


The 1,5cydooctadiene was purified by passing it down a neutral 
alumina column and degassing it prior to use or by vacuum 
distillation under nitrogen. 1-Hexene was dried by vacuum 
distillation from sodium benzophenone ketyl. Toluene, benzene, 
diethyl ether, and n-hexane were distilled from sodium benzo- 
phenone ketyl under nitrogen. The trimethyl phosphite was stored 
over sodium and vacuum distilled. Allyllithium" and [(1,5- 
COD)IRC1]29 were prepared according to literature methods. 
Tetraallyltin was vacuum distilled prior to use. 
NMR spectra were obtained with a Varian Associates EM-390, 


Bruker-180, or Bruker HXS-360 spectrometer system. Proton 
chemical shifts were referenced to tetramethylsilane. Positive 
phosphorus chemical shifts were measured downtield from HPO1. 
The volatile components from the attempted hydrogenation re- 


+ Dedicated to the memory of Rowland G. Pettit. 


actions of benzene and of 1-hexene were analyzed by gas chro- 
matography'O using a 12 f t  X '/g in. 15% OV-17 on Chromosorb 
W column and a 12 f t  X '/g in. 15% dimethylsulfolane on 
Chromosorb P column, respectively. Microanalyses were per- 
formed by Pascher Mikroanalytisches Laboratorium, Bonn, 
Germany, and the Analytical Laboratory at U.C.B. 


Synthesis of (t$C3Hs)Ir( 1,S-C8H12)P(OCH3)3. A brownish 
yellow C3H& (6.4 "01) solution was prepared by the addition 
of (C3Hs)4Sn (0.50 g, 1.8 mmol) to C6HsLisb (0.54 g, 6.4 mmol) 
in diethyl ether (55 mL) followed by filtration of the resulting 
white (C6HS),Sn precipitate after the mixture was stirred for 20 
min.& 


To a cold mixture (at -78 OC, 2-propanol-dry ice bath) of 
[(1,5C&Ilz)IrCl]~ (2.02 g, 3.0 "01) in diethyl ether (20 mL) was 
added CSH& (6.4 mmol) in diethyl ether (55 mL) over a period 
of 20 min. The resulting orange-red mixture was stirred for an 
additional 40 min. Trimethyl phosphite (0.8 mL, 6.8 mmol) was 
syringed into the flask, resulting in a lightening of the color of 
the solution and subsequent precipitation of a white solid. Stirring 
at -78 OC was continued for 5 h, and the mixture was then warmed 
to the room temperature. Twelve hours later, the yellow mixture 
was fdtered, and the filtrate was concentrated to an oil which was 
extracted with n-hexane. After concentration, the hexane extract 
was filtered and the filtrate was mixed with methanol (50 mL) 
and then set aside at -20 O C  to give, after 1 day, white crystals. 


(1) For related allyl metal chemistry, see references 2-5. 
(2) Muetterties, E. L.; Hirsekom, F. J. J.  Am. Chem. SOC. 1974, 96, 


7920. 
(3) Stuhl, L. S.; Rakowski Dubis, M.; Hirsekorn, F. J.; Bleeke, J. R.; 


Stevens, A. E.; Muettertiea, E. L. J. Am. Chem. SOC. 1978, 100, 2405. 
(4) Sivak, A. J.; Muetterties, E. L. J.  Am. Chem. SOC. 1979,101,4878. 
(5) Stuhl, L. S.; Muetterties, E. L. Znorg. Chem. 1978, 17, 2148. 
(6) Bleeke, J. R.; Muetterties, E. L. J. Am. Chem. SOC. 1981,103,566. 
(7) (a) Brown, R. K.; Williams, J. M.; Fredrich, M. F.; Day, V. W.; 


Sivak, A. J.; Muetterties, E. L. h o c .  Natl. Acad. Sci. U.S.A. 1979, 76, 
2099. (b) Brown, R. K.; W i l l i i ,  J. M.; Sivak, A. J.; Muettertiea, E. L. 
Inorg. Chem. 1980,19, 370. (c) Teller, R. G.; Williams, J. M.; Koetzle, 
T. F.; Burch, R. R.; Gavin, R. M: Muetterties, E. L. Zbid. 1981,20,1806. 


(8) (a) Prepared from C&LiBb and (CsHs),Sn: Seyferth, D.; Werner, 
M. A. J. Org. Chem. 1961,26,4797. (b) Schlosaer, M.; Ladenberger, V. 
J.  Organomet. Chem. 1967,8, 193. 


(9) Heede, J. L.; Lambert, J. C.; Senoff, C. V. Inorg. Synth. 1974,15, 
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(10) Rakowki Dubois, M.; Hiraekorn, F. J.; Stuhl, L. S.; Muetterties, 
E. L. Inorg. Chem. 1976,16,2359. 
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The crystals were collected and recrystallized from n-hexane or 
methanol at low temperature. Additional crystals were obtained 
by further concentrating the filtrate and cooling to -20 "C. Total 
yields varied from 1.375 (49%) to 1.115 g (40%): mp 97.5-99 "C; 
'H NMR (C&, 90 MHz, 30 OC) 6 +4.65 (m, CH-allyl, l), +3.55 
(br s, CH-C8H12, 4), +3.20 (d, CH,OP, JpH = 11.4 Hz, 9), +2.15 
(overlapping multiplets, CH2-C8H12 and CH,-allyl, lo), +1.42 
(doublet of doublets, CHmti-allyl, J H ~ ~  - 8 Hz, J H , ~ ~  = 21.6 
Hz, 2); 31P(1H) NMR (toluene-de, 72.9 %!I;, 25 "C) 6 125.3 (8); 
'H NMR (toluene-de, 180 MHz, -76 "C) 6 4.65 (m, CH-allyl, l), 
3.72, 3.3 (two broad multiplets, CH-CeH12, 4), 3.05 (d, CH30P, 
JPH = 11.4 Hz, 91, 2.45 (m, CH8,,,-dy,, 21, 2.0 (m, CH2-C8H12, 81, 
6 1.2 (doublet of doublets, CHmtid 1, JH H = 8 Hz, JHmtip = 
21.6 Hz, 2). Anal. Calcd for C14H&03P?f36.12; H, 5.63; Ir, 
41.29; P, 6.65. Found C, 35.90; H, 5.59; Ir 43.0; P, 6.94. 


Synthesis of (B~-C~H~)I~(~,~-C~H~Z)[P(OCH~)~]~ (v3- 
C3H5)Ir(1,5-C8H12)[P(OCH3)3] (0.85 g, 1.83 m o l )  was dissolved 
in a minimum amount of hexane and then treated with P(OCH& 
(0.227 g, 1.83 mmol). The resulting solution was stirred for 10 
min, allowed to stand overnight, and then cooled to -20 "C. White 
crystals were collected by filtration, washed with cold hexane, and 
dried under vacuum: 0.775 g, 72% yield; mp 91-92 "C; IR 1605 


CH-allyl, l) ,  +4.75 (overlapping multiplets, vinyl CH2-allyl, 21, 
+3.45 (overlapping multiplets, CH-C&@d CH30P, 22), -+2.3 
(overlapping multiplets, CH2-C8H12 and methylene-allyl, 10); 
31P(1HJ NMR (toluene-de, 72.9 MHz, 25 and -68 "C) 6 109.0 (8 ) .  


Anal. Calcd for C17H&0,J'2: C, 34.63; H, 5.98; Ir, 32.6; P, 10.51. 
Found: C, 34.64; H, 6.01; Ir, 32.1; P, 10.81. 
(q'-C3HS)Ir(1,5-C8Hlz)[P(OCH3)3]2 can be synthesized by using 


the same procedure as that for (q3-C,HdIr(l,5-C~H,2)[P(0CH3)3] 
with a 2:l phosphite/iridium molar ratio. Repeated recrystal- 
lization gave analytically pure (+23H6)Ir(l,5-C,&) [P(OCH&]p 
Attempted sublimation of the bis(phosphite) led to loss of a 
phosphite ligand and formation of (~3-C3Hs)Ir(l,5-CsH1z) [P- 
(OCH3)al. 


Synthesis of (v3-C3H5)Ir[P(OCH3)3]3. A toluene solution (40 
mL) Of (q3-CSH~)Ir(1,5-C8H12)[P(OCH3)3] (0.65 g, 0.40 -01) was 
treated with P(OCH3)3 (2 mL) and refluxed for 5 h. The resulting 
solution was concentrated to an oil which was extracted with 
hexane. The hexane solution was evaporated under vacuum. The 
solid residue was dissolved in diethyl ether, and the solution was 
filtered through Celite. A white waxy solid was obtained on 
evaporation of the ether: 0.63 g, 75% yield; mp 100 "C (darkens), 
178-185 "C (decomposes to a brown oil)); 'H NMR (CJ&, 90 M H Z ,  
30 OC) 6 +4.55 (m. CH-allvl. 1). +3.45 (m. CHQOP. 27). +2.35 (d. 


Cm-' (~(w)); 'H NMR (cas ,  90 W, 30 "c) 6 +6.20 (m, Vhyk 
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. I  " I I ,  ., . .  
C G k l y l ,  J = 6 Hz, 2), +1.36 (q&tet, HA, JIhH, e J 
= 7 Hz. 2): 3%f@I NMR (toluene-dR. 72.9 MHz. -80 C) A T  .,, 
spectrum,.bA 124.2, bB 121.3, and JAB = 91.3 HZ;.~'P('HJ NMR 
(toluene-d8, 25 "C) 6 120.1. Anal. Calcd for C12H321rO$3: C, 
23.80, H, 5.33; Ir, 31.74; P, 15.35. Found: C, 24.01; H, 5.31; Ir, 
28.60; P, 15.89. 


HIr[P(OCH3)3],. A hexane solution (-10 mL) of (v3- 
C3Hs)Ir[P(OCH3)3]3 (0.44 g) with excess trimethyl phosphite was 
kept in a closed reaction tube and stirred under 1 atm of H2 at 
room temperature for 9 days. The solvent and the remaining 
trimethyl phosphite were then removed under vacuum to yield 
a white waxy product: 'H NMR (C&& 90 MHz, 35 "c) 6 3.5 (m, 
CH30P, 36), -14.2 (quintet Jp-H = 18.5 Hz, 1); IR (Nujol) Ir-H, 
2055 cm-'. 31P(Hm~d NMR (toluene-ds, 72.9 MHz, 25 "C) 6 125.0 
(d, JP-H = 18.5 Hz). Anal. Calcd for C12H3,1rO12P4: C, 20.90; 
H, 5.42; P, 17.97. Found: C, 21.17; H, 5.27; P, 17.96. 


( ~ J ~ - C ~ H ~ ) I ~ [ P ( O C H , ) , ] ~  Reaction with Hydrogen in  
Benzene and with P(OCH&. (~3-C3H5)Ir[P(OCH3)3]3 (0.136 
g, 0.224 mmol) was dissolved in benzene (2 mL, 0.224 mmol) 
contained in a reaction tube fitted with a Kontes stopcock. The 
tube was cooled to -196 "C, evacuated, and filled with Hz (76 
CmHg). The solution was warmed to rmm temperature and stirred 
for 48 h. During this time, the solution gradually turned yellow. 
The volatile components were collected by vacuum distillation 
on a vacuum line, and the remaining yellow oil was dissolved in 
toluene-de for NMR spectrum. The 'H NMR of the yellow oil 
indicated three hydride specie were present. fac-H3Ir[P(0CH&,l3 
was the major species: 31P{1H) NMR (toluene-ds, 72.9 MHz) 6 
122.2 (9); 'H NMR (toluene-d8, 360 MHz, hydride region) 
AA'A"XX'X" spectrum, 6 -12.55 to -13.60. Minor species were 


Table I. 1-Hexene-H, Reactions (25 "C) 
time, % of 1-hexene 


catalyst h conversn to products 
hexane (go%), 2- and 


< 1% hexane 


> 99% hexane 
none 


3-hexenes (8%) 


H&[ P( OCHijij3 fac, 24 hexane (68%), 2- and 
mera16 3-hexenes (30%) 


a Contaminated with a small amount of HIr[P)OCH,),],. 
0.11 mmol. 0.09 mmol. 5.6 mmol of 1-hexene; all 


other experiments with 8.0 mmol of 1-hexene. 


HIr[P(OCH3),], (NMR spectrum see above) and mer-H31r[P- 
(OCH&]a: 31P(1HJ (toluene-ds, 72.9 M H Z )  AB, spectrum, 6,126.8, 
hB 122.9, J = 33.4 Hz; 'H NMR (toluene& 360 MHz hydride 
region) 6H1 = 6Hs -12.41, 6H -14.03. The remaining coupling 
constants for the meridiand isomer were determined from the 
31P and 'H NMR spectra: J H ~ H ~  = J H ~ H ~  = 4.6 Hz; = Jpap 
= 191 Hz; J P ~ H ~  = 166 Hz; Jp H = J P ~ H ~  = 150 Hz; J P ~ H ,  = J p  H~ 
= J p a ~ l  = Jpf13 = 187 Hz; laieled structure 1. Analysis of the 
volatile reaction components by gas chromatography showed the 
absence of any significant amount of cyclohexane. 


H3 


In contrast to the (v3-C3H6)Rh[P(OCH3)3]3 system, a toluene 
solution of (q3-C3Ha)Ir[P(0CH3),I3 with excess P(OCH& showed 
no NMR ('HI evidence for the presence of (q'-C3H&Ir[P(OCH&3]r 
or for fast exchange. 


Catalytic Reactions. Following the procedure, the precise 
reaction conditions and reagent amounts, and the analytical 
procedure described by Rakowski et al.,'O the hydrogenation of 
benzene with the three allyliridium complexes was examined. Over 
reaction periods of - 1 day, there was no detectable hydrogenation 
of benzene. A similar procedure was employed for 1-hexene 
hydrogenation using 8.0 mmol of hexene and 0.11-0.09 mmol of 
iridium complex. Results are presented in Table I. 


X-ray Crystallographic Study'' of (v3-C3H5)Ir( 1,5- 
C8Hlz)[P(OCH3)3], 4. Large, well-shaped colorless, smgk cryat& 
of (q3-C~dIr(1,5-C~H,,[P(OCHS)3], 4, were obtained from hexane 
solution. They are, at 20 f 1 OC, orthorhombic with a = 8.929 
(2) A, b = 13.885 (2) A, c = 25.677 (4) A, V = 3183.2 (8) A3, and 
2 = 8 (pJMo Ka)'" = 9.00 nm-'; d,.+ = 1.94g cm"). The 
systematically absent reflections in the diffraction pattern were 
those for the uniquely determined centrosymmetric space group 
Pbca--DE (No. 61).13 


Intensity measurements were made on a Nicolet PI autodif- 
fractometer using 0.90" wide w scans and a graphite-mono- 
chromated Mo Ka radiation for a specimen having the shape of 
a rectangular parallelepiped with dimensions of 0.31 X 0.40 X 0.46 
mm. This crystal was sealed under N2 in a thin-walled glass 
capillary and mounted on a goniometer head with its longest 
dimension nearly parallel to the phi axis of the diffractometer. 
A total of 4384 independent reflections having 28&, < 58.70 (the 
equivalent of 1.2 limiting Cu Kn spheres) were measured in three 
concentric shells of 28. A scanning rate of 4"/min was used to 
measure intensities for reflections having 3" < 28 5 43" and rata  
of 3"/min and 2O/min were used for those having 43" 5 28 < 55" 
and 55" 5 28 < 58.7", respectively. The data collection and 
reduction procedures which were used are described in ref 14; the 


(11) Sea paragraph at end of paper regarding supplementary material. 
(12) (a) "International Tables for X-Ray Crystallography"; Kynoch 


Press: Birmingham, England, 1974; Vol. IV, pp 55-56. (b) Zbid., pp 
99-101. (c) Zbid., pp 149-150. 


(13) 'International Tables for X-Ray Crystallography"; Kynoch Press: 
Birmingham, England, 1969; Vol. I, p 160. 


(14) Wreford, S. S.; Kouba, J. K.; Kirner, J. F.; Muetterties, E. L.; 
Tavanmepour, I.; Day, V. W. J.  Am. Chem. SOC. 1980,102,1558. 
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scan width and stepoff for background measurements were both 
0.90°. The intensity data were corrected empirically for absorption 
effects using psi scans for ten reflections having 28 between 5O 
and 35' (the relative transmission factors ranged from 0.654 to 
1.000). 


The structure was solved by using the 'heavy-atom" technique. 
Unit-weighted full-matrix least-squares refinement which utilized 
anisotropic thermal parameters for all non-hydrogen atoms 
converged to Rl(unweighted, based on F)15 = 0.040 and R2- 
(weighted, based on F)16 = 0.046 to 1438 independent reflections 
having 2eMoKa < 43' and I > 3a(Z). When a difference Fourier 
calculated at this pointed failed to give reasonable positions for 
hydrogen atoms, positions for hydrogen atoms of the allyl and 
cyclooctadiene ligands were calculated by using idealized sp2 or 
sp3 hybridization for the carbon atoms and a C-H bond length 
of 0.95 A. 


The hydrogen atom parameters were not varied during least- 
squares refinement cycles; the idealized positions were periodically 
recalculated. Unit-weighted refinement cycles with the more 
complete (28M&& < 58.7') data set which varied parameters for 
anisotropic non-hydrogen atoms but not those for isotropic hy- 
drogen atoms, gave R1 = 0.044 and R2 = 0.048 for 2822 reflections. 
The final cycles of empirically weightedl6 full-matrix least-squares 
refiement gave R1 = 0.042 and Rz = 0.054 for 2822 independent 
reflections having 20MoKa < 58.7O and I > So(Z). Since a careful 
comparison of final lFol and IF,[ values indicated the absence of 
extinction effects, extinction corrections were not made. 


All structure factor calculations employed recent tabulations 
of atomic form and anomalous dispersion corrections'2E 
to the scattering factors of the Ir and P atoms. All calculations 
were performed on a Data General Eclipse S-200 computer 
equipped with 64K of 16-bit words, a floating point processor for 
32- and 64-bit arithmetic, and versions of the Nicolet E-XTL 
interactive crystallographic software package as modified at 
Crystalytics Co. 


Results and Discussion 
Synthesis and Chemistry. Allyliridium ~~-1,5-cyclo- 


octadiene was synthesized and used as an intermediate for 
the preparation of the allyliridium phosphite complexes. 
This cyclooctadiene complex proved to be too thermally 
reactive for conventional isolation procedures and was 
generated from allyllithium and [C11r(l,5-COD)12 a t  low 
temperatures (-78 "C) and then was directly reacted with 
trimethyl phosphite. By way of comparison, the analogous 
allylrhodium complex was isolable a t  20 "C and was pu- 
rified by vacuum sublimation a t  20 "C although this com- 
plex slowly decomposed in the solid state a t  20 0C.4 


Whereas (v3-C3H5)Rh(04-1,5-COD) reacted nearly 
quantitatively with 2 and 3 equiv of a phosphite of 
phosphine (L) to form (q3-C3H5)RhL2 and (q3-C3H5)RhL3, 
respectively,4 the iridium complex reacted with trimethyl 
phosphite a t  -78 "C to form (q3-C3H5)Ir(04-1,5-COD)[P- 
(OCH,),]. Addition of a second equivalent of trimethyl 
phosphite did not lead to cyclooctadiene displacement but 
to the formation of the u-allyl complex, (q1-C3Hs)Ir(q4- 
1,5-COD)[P(OCHJ3],. Cyclooctadiene was displaced only 
on reaction of the bis(phosphite) complex with excess 
trimethyl phosphite at  -90 "C. Another measure of the 
robust iridium-diene bonding was the conversion of (q l -  
C3H5)Ir(~4-1,5-COD)[P(OCH3)3]2, on warming under 
vacuum, to the mono(phosphite) complex, (v3-C3HS)Ir- 
(I~'-~,~-COD)[P(OCH,)~], rather than to a species such as 
(q3-C3H5)Ir[P(OCH3)3]2 which in the rhodium system4 is 


Muetterties et al. 


(15) The R values are defined aa R1 = ~ l l F o l  - ~ F c ~ ~ / ~ ~ F , , ~  and R.z = 
[Xw(lFoI ~ o l ) z / ~ ~ ~ ~ z ~ l ~ z ,  where w is the weight given each reflection. 
The function mmmlu, I Xw(lFJ -KIF#, where K is the scale factor. 


(16) Empincal weights were calculated from the e uation uC&znlFoI" 
= 3.50 - 1.30 X 10-21FoI + 1.34 X 10-'IFo12 - 1.33 X 10$lF019 the a being 
coefficients derived from the leastsquares fitting Ivol - vcll = )3$,,lFol", 
where the F, valuea were calculated from the fully refmed model by using 
unit weighting and the I > 3u(n rejection criterion. 


an isolable and quite thermally stable complex. 
Solution-State Structure. The structures of the three 


allylrhodium complexes are reasonably well-defined by 
spectroscopic and crystallographic information. 'H and 
31P NMR data and analogy to the cobalt system support 
structure 2 for (q3-C3Hs)Ir[P(OCH3)3]3. A crystallographic 


2 
study established structural form 2 for (q3-cyclooctenyl)- 
C O [ P ( O C H ~ ) ~ ] ~ ' '  Both the iridium complex and the 
v3-C3HSCo analogue2 are stereochemically nonrigid and 
have A, and AB2 fast and slow-exchange limiting ,lP(lH) 
spectra. The only substantive difference between the two 
complexes is in the exchange barrier: the AB2 spectrum 
was observed below -120 "C and below --70 "C for the 
cobalt and iridium complexes, respectively. Since the ,'P 
chemical shift for the axial phosphorus atom (PA) in 
( V ~ - C ~ H ~ ) I ~ [ P ( O C H ~ ) ~ ] ~  and for the single phosphorus atom 
in (n3-C3H5)Ir(q4-1,5-COD)P(OCH3), are very similar, a 
square-pyramidal form with an axial phosphite ligand is 
a reasonable formulation for the latter complex in the 
solution state. A crystallographic study of this complex, 
described below, established such a square-pyramidal 
stereochemistry for the solid state. 


The 31P(1H) spectrum of (q1-C3H5)Ir(q4-1,5-COD)[P- 
(OCHJ,], consisted of a singlet (to -70 "C) with a chemical 
shift very different from those of the other two dyliridium 
complexes. Structure 3 is proposed for this &allyl com- 


3 
plex. Analogous X I ~ ( T ~ - ~ , ~ - C O D ) L ~  complexes have been 
shown to have such structural forms; e.g., a crystallographic 
s t ~ d y ' ~  of CH31r(l,5-COD) [P(CH3)2CBH5]2 established a 
near trigonal-bipyramidal form with the phosphine ligands 
a t  equatorial sites and the methyl group a t  an axial site. 


Solid-state Structure of (q3-C3Hs)Ir[q4-1,5-COD]P- 
(OCH3)3, 4. Single crystals of (q3-C3H5)Ir[q4-1,5-COD]P- 
(OCH3), are constructed of discrete mononuclear metal 
complexes as defmed by the X-ray structural analysis. The 
mononuclear complex is illustrated in Figure 1. Presented 
in Tables I1 and IIIm are the final atomic coordinates and 
anisotropic thermal parameters for non-hydrogen atoms, 
respectively. Idealized atomic coordinates for hydrogen 
atoms of the allyl and cyclooctadiene ligands are listed in 
Table IV.20 Bond distances and angles are presented in 
Tables V and VI,2o respectively, for the coordination group 
atoms and for the ligands. The numbering protocol for 


(17) Tau, K. D.; Muetterties, E. L.; Thompson, M. R.; Day, V. W. 


(la) Churchill, M. R.; Bezman, S. A. Inorg. Chem. 1972, 11, 2243. 
(19) The propylene waa hydrogenated by hydridoiridium complexes 


(20) See supplementary material. 


Inorg. Chem. 1981,20, 1237. 


present in these solutions. 
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Table 11. Atomic Coordinates for Non-Hydrogen Atoms 
in Crystalline (q W3H )Ir( 1,5-C ,H , , )[ P( OCH l3 I a 


atom6 10~3~ 1 0 4 ~  1 0 4 2  


d2 "' 
C 


H32 


01 


Cm ICm. 


Figure 1. Perspective ORTEP drawings of the (q3-C3H6)Ir(1,5- 
CsH12) [P(OCH3),] molecule, 4, viewed (a) nearly perpendicular 
and (b) parallel to the pseudo mirror plane which would ideally 
contain Ir, P, 02, Cm2 and C& All non-hydrogen atoms are 
represented by thermal vibration ellipsoids drawn to encompass 
50% of their electron density; hydrogen atoms for the allyl and 
cyclooctadiene ligands are shown in their idealized positions with 
arbitrarily sized spheres for purpoees of clarity. Methyl hydrogen 
atoms of the phosphite ligand are not shown. 


atoms in 4 is given in ref 21. 
The iridium atom in 4 is within bonding distance of the 


three allylic carbon atoms, the four olefinic carbon atoms 
of the cyclooctadiene ligand, and the phosphite phosphorus 
atom. Generally, ($-ally1)metal complexes with three 
other ligands adopt a coordination geometry than can be 
represented ideally as five-coordinate with the allyl ligand 
occupying two-coordinate sites.22 The iridium complex 
conforms to the general rule and has a polytopal form 
analogous to that of (~3-cyclooctenyl)Co[P(OCH3!3~3,a 5, 
and (q3-allyl)Co(CO)2[P(C6H5)3],24 6. The allyliridium 


(21) The labeling scheme used to designate atoms of 4 is aa follows. 
Atoms of the allyl ligand are designated by a subscripted a and methyl 
carbon atoms of the trimethyl phosphite ligand by a subscripted m. 
Non-hydrogen atoms of the same type within each ligand are distin- 
guished from each other by a numerical subscript to the appropriate 
atomic symbol. Hydrogen atom of the d y l  and cyclooctadiene ligands 
carry the same subscripts aa the carbon atom to which they are cova- 
lently bonded aa well as a final numerical subecript to distinguish (when 
necessary) between hydrogens bonded to the same carbon. 


(22) Putnik, C. F.; Welter, J. J.; Stucky, G. D.; DAniello, M. J., Jr.; 
Sosinsky, B. A.; Kimer, J. F.; Muetterties, E. L. J. Am. Chem. SOC. 1978, 
100,4107. 


(23) Thompson, M. R.; Day, V. W.; Tau, K. D.; Muetterties, E. L. 
Inorg. Chem. 1981, 20, 1237. 


Ir 1084.9 (4) 1077.6 (2) 1120.8 (1) 
P 500 (3) 47 12) 1779 (1) 


-1083 (9) -527 ( 6 )  1777 (3 j  
1719 (9) -789 (5) 1875 (3) 


CtIli -1448 (17) -1127 (11) 1325 (6) 
Cm z 1532(17) -1490 (9) 2304 (5) 


Cal -1259 (13) 1296 (10) 924 (5) 


0, 
0 2  
0 3  187 (8) 460 (5) 2355 (3) 


Cm 3 1357 (12) 1042 (9) 2598 (4) 


Caz -504 (14) 2169 (9) 998 (4) 
Ca3 32 (15) 2301 (8) 1505 (5) 


1947 (13) -39 (8) 608 (4) 
1584 (13) 778 (8) 316 (4) 


3677 (17) 1986 (11) 465 (6) 
3121 (13) 1889 (9) 1016 (5) 
3430 (12) 1099 (10) 1340 (5) 
4289 (16) 251 (12) 1155(7) 


c, 
c, 
c3 


c4 
c5 


c, 


2712 (17) 1434 (10) 72 (5) 


'6 


C8 3562 (18) -328 (12) 725 (5) 
The numbers in parentheses are the estimated standard 


deviations in the last significant digit. 
labeled in agreement with Figure 1. 


Atoms are 


Table V. Bond Lengths, Polyhedral Edge Lengths, and 
Bond Angles Subtended at the Ir(1) Ion in Crystalline 


(71 3-C3H, )Wl, 5-C8H, I )[ P(OCH, l3 1 
parameter6 value parameter6 value 


Distances, A 
Ir-P 2.276 (2) Caz.**C, 3.206 (16) 


ca,-. c, 3.260 (17) 
Ir-Cal 2.174 (11) 
Ir-Ca3 2.178 (11) P***Cal 3.209 (13) 


3.675 (12) 
Ir-Ca2 2.100 (12) P-C,, 3.235 (11) 
Ir-C1 2.175 (11) P***C, 3.276 (11) 
Ir-C, 2.154 (9) P.+*C. 3.201 (12) 


P. * * c,, 


2.156 (12) 
2.168 (11) 
1.892 (-) 


2.049 ( - )  
2.044 (-) 


3.065 (16) 
3.084 (18) 


Bond Angles. Deg - 
100.8 (-) 


112.3 (-) 
110.1 ( - )  


123.6 (-) 
125.0 (-) 


ClIrC2 
C51rC6 


CJrC 
c11rc6 


3.221 (-) 
3.594 (-) 
3.54 5 (-) 


3.474 (-) 
3.492 (-) 


2.763 (-) 


38.2 (5) 
38.1 (5) 


37.6 (4) 
37.9 (4) 


79.9 (4) 
78.9 (4) . -  . ,  


Cg121rCg56c 84.9 (-) 
ClIrC5 89.9 (4) 


Cai IrCa3 65.2 (5) C,IrC6 93.0 (4) 
a Numbers in parentheses are the estimated standard 


deviation for the last significant digit. 
labeled in agreement with Tables 11-IV and Figure 1. 
subscript g denotes center of gravity. 


Atoms are 
The 


complex, 4, is described best as square pyramidal with the 
allyl ligand spanning adjacent basal sites as in 5 and 6 and 
with an apical phosphite phosphorus atom. Maximal 
possible symmetry is C,-m which is approached closely in 
4: atoms Ir, P, 02, Cm2, Cs, and Ha, which define the 
idealized mirror plane, are coplanar to within 0.03 A and 
their least-squares mean plane2sa makes a dihedral angle 


(24) Rinze, P. V.; Muller, U. Chem. Ber. 1979, 112, 1973. 
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of 91.3O with thatBb of a basal coordination plane% defined 
by the terminal allylic carbon atoms (Cal and C,) and the 
midpoints of the cyclooctadiene olefinic carbon atoms (Cg12 
and C 66). The plane defined by the three allyl carbon 
atom& generates a dihedral angle of 90.1’ with the 
aforementioned idealized mirror plane. Configurationally, 
the allylic ligand in 4 is analogous to that in 5 and 6 and 
has a staggered orientation with respect to the triangular 
coordination face of the square pyramid, a face defined in 
4 by P, CaB12, and Cag23. This is the electronically2’ and 
sterically preferred orientation. 


An examination of nonbonded intramolecular contacts 
for 4 indicates a congested coordination sphere. There are 
numerous interligand P . 4 ,  C.-.C, P-H, C--H, and H-H 
contacts, substantially less than their respective van der 
Waals values28 of 3.60, 3.40, 3.10, 2.90, and 2.40 A: P-Cd 


A; C2.-C, = 3.21 (2) A; C5-C, = 3.26 (2) A; P.-Hal2 = 2.49 


= 2.17 (-) A; and H5--Ha31 = 2.19 (-) A. These short non- 
bonded contacts clearly indicate that the solid-state 
structure of 4 shown in Figure 1 represents a low-energy 
conformation with an efficient packing of the ligands 
within the iridium coordination sphere. Thus, the allylic 
ligand is oriented with Cd and its hydrogen atom directed 
away from the phosphorus atom and nestled between cy- 
clooctadiene olefinic hydrogen atoms H2 and H5. The 
phosphite phosphorus atom is similarly situated in a 
“pocket” surrounded by cyclooctadiene olefinic hydrogen 
atoms H1 and H6 and allyl hydrogen atoms Ha12 and Hal* 
Furthermore, the O2 methoxy group is directed away from 
the allyl ligand to a position above the cyclooctadiene ring. 
Cyclooctadiene hydrogen atom H2 is directed between allyl 
hydrogen atoms Hall and H,; H5 is directed between Hd1 
and H& Summarily, the orientation of a given ligand on 
the coordination sphere of 4 is highly dependent on the 
relative orientation of the others. 


Since the cyclooctadiene ligand would be expected to 
be the most inflexible of those present in 4, it should be 
informative to make detailed comparisons between the 
coordination groups of 4 and 5. The ligand complement 
in 4 can be derived from that of 5 in the cobalt analogue 
by replacing the q3-bonded cyclooctenyl ligand with an 
unsubstituted allyl ligand and the two “basal” trimethyl 
phosphite ligands by the bidentate cyclooctadiene ligand. 
Sterically, the substitution of allyl for cyclooctenyl would 
be expected to reduce congestion between the q3-allyl group 
and the apical phosphite ligands. The replacement of the 
two “basal” phosphite ligands by a more rigid bidentate 
cyclooctadiene ligand would be expected to decrease the 
“basal” L-M-L (L2 = cyclooctadiene in 4 and L = phos- 
phite in 5) angles and increase congestion between these 
two L coordination sites and the remaining three. The net 
effect of these coordination sphere alterations should thus 


(25) The least-squares mean planes for the following groups of atoms 
in 4 are defined by the equation: aX + bY + cg = d, where X ,  Y,  and 
Z are orthogonal coordinates measured along P, b, and 6, respectively of 
the crystal system: (a) Ir, P, 02, Cd, Ca, and Hd (coplanar to within 0.03 


(coplanar to within 0.03 A), a = -0.063, b = -0.724, c = 0.667, d = 0.970; 


(26) C, is uaed to represent the center-of-gravity for the three carbon 
atoms of the allyl ligand. Cg12 and C 68 are used to designate the mid- 
points of the cyclooctadiene olefinic &=C2 and C6=Ce bonds, respec- 
tively. 


(27) Harlow, R. L.; McKinney, R. J.; Ittel, S. D. J. Am. Chem. SOC. 
1979,101, 7496. 
(28) Pauling, L. ‘The Nature of the Chemical Bond”, 3rd ed.; Comell 


University Press: Ithaca, NY, 1960, p 260. 


= 3.209 (13) A; P-.Ca3 = 3.24 (1) A; P**.C1 = 3.28 (1) A; 
P”’c6 = 3.20 (1) A; c *.*cd = 3.07 (2) A; C5”’Ca3 = 3.08 (2) 


(-) A; P***Ha32 = 2.52 (-) A; P*.*H1 = 2.82 (-) A; P..*H6 = 2.74 
(-) A; Ca1*-*H2 = 2.39 (-) A; Ca3*-H5 = 2.40 (-) A; H2-*Ha11 


A), (I = 0.493, b = 0.593, c = 0.637, d 


(c) C.1, Ca, and Cd, -0.862, b 0.438, c = 0.255, d 2.363. 


3.192; (b) C.1, Ca, C 12, and C 68% 
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be smaller Pa id-M-Cg26 and “basal” L-M-L angles in 4 
than in 5 an8larger Papic+-M-Lbd and C,,-M-L angles 
in 4 than in 5. The followng averaged29 values for ligand 
bond angles subtended a t  the metals in 4 and 5 are in full 
agreement with these expectations: Papa-M-Cga = 100.8O 
in 4 and 116.5O in 5;  “basal” L-M-L = 84.9O in 4 and 97.4O 
in 5; Papicd-M-Lbd = 111.2 (-, 11, 11, 2) in 4 and 104.9 
(1, 14, 14, 2)029 in 5; and Cga-M-L = 124.3 (-, 7, 7, 2 ) O  in 
4 and 115.4 (-, 10, 10, 2 ) O  in 5. Thus, the steric demands 
of the relatively bulky cyclooctadiene ligand manifest 
themselves in 4 even though the metal diameter is con- 
siderably larger (>0.20 A) than in 5. 


The -0.15 A elongation of the M-Ca2 and M-Papicd 
bonds in 4 relative to 523 can probably be attributed to the 
larger size of the metal atom in 4. The relatively small 
(only 0.057-A) differences in M-Cal and M-Ca3 distances 
between 4 and 5 might reflect steric elongation of these 
bonds in 5 due to short nonbonded repulsions of the cy- 
clooctenyl ligand with the axial phosphite ligand. Gen- 
erally, the parameters for the coordinated trimethyl 
phosphite and cyclooctadiene ligands are comparable to 
those reported in analogous c ~ m p l e x e s . ~ ~ * * ~ ~  There are 
no intermolecular contacts which are substantially less 
than the respective van der Waals value.2s 


Catalytic Chemistry. None of the three allyliridium 
complexes was a catalyst precursor for nene hydrogenation 
although both (q3-allyl)iridium complexes were quite active 
catalyst precursors for olefin hydrogenation. The allyl- 
iridium bond was rapidly cleaved in these hydrogen re- 
actions a feature common to the allylcobalt6 and allyl- 
rhodium4 phosphite complexes. Hydrogen, in the presence 
and absence of a reducible substrate, effected an irre- 
versible cleavage of the allyliridium bond to give propylene 
(initiallylg) and a series of iridium hydride complexes. The 
tris(phosphite), 2, primarily formed the facial and merid- 
ianal isomers of H31r[P(OCH3),13 with the facial isomer 
the dominant one. A small but significant coproduct was 
HIr[P(OCH&,],; hence stoichiometry requires that another 
iridium complex was formed, but none was spectroscopi- 
cally detected. Since H31r[P(OCHJ313 and HIr[P(OCH!),], 
are stable complexes, the formation of the latter requires 
phosphite ligand dissociation, probably in the allyliridium 
hydride intermediate, as a process competitive with the 
allyl cleavage reaction; similar chemistry was operative in 
the hydrogen cleavage of the allyl-rhodium bond in the 
analogous rhodium c~mplexes .~  


Cyclooctane and the facial and meridianal isomers of 
H3Ir[P(0CH3),], were formed in the reaction of ( q l -  
C3H5)Ir(q4-1,5-COD) [P(OCH,),], and hydrogen in benzene 
solution; another unidentified hydride (see below) was also 
formed in this reaction. Curiously, this bis(phosphite) 
complex did not significantly react with hydrogen when 
the reaction was effected with 1-hexene as the solvent. 


(29) The first number in parenthesis following an averaged value of 
a bond length or angle is the root-mean-square estimated standard de- 
viation of an individual datum. The second and third numbers, when 
given, are the average and maximum deviations from the averaged value, 
respectively. The fourth number represents the number of individual 
measurements which are included in the average value. 


(30) (a) Day, V. W.; Abdel-Meguid, S. S.; Dabestani, S.; Thomas, M. 
G.; Pretzer, W. R.; Muetterties, E. L. J. Am. Chem. SOC. 1976,98,8289. 
(b) Kulzick, M.; Price, R. T.; Muetterties, E. L.; Day, V. W. Organo- 
metallics, 1982, 1, 1256. 


(31) (a) Goh, L.-Y.; DAniello, M. J., Jr.; Slater, S.; Muetterties, E. L.; 
Tavanaiepour, I.; Chang, M. I.; Fredrich, M. F.; Day, V. W. Inorg. Chem. 
1979,18,192. (b) Burch, R. R.; Muetterties, E. L.; Day, V. W. Organo- 
metallics 1982,1,188. (c) Day, V. W.; Tavanaiepour, I.; Abdel-Meguid, 
S. S.; Kimer, J. F.; Goh, L.-Y.; Muetterties, E. L. Inorg. Chem. 1982,21, 
657. (d) Meier, E. B.: Burch. R. R.: Muetterties, E. L.: Day. V. W. J. Am. 
Chem. SOC. 1982,104, 2661. 


20, 2188. 
(32) Day, C. S.; Day, V. W.; Shaver, A.; Clark, H. C. Inorg. Chem. 1981, 
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Under these conditions, less than 1% of the 1-hexene 
solvent was converted to n-hexane in a 24-h period at  25 
“C. 


Hydrogen reacted with a benzene solution of (1,- 
C3H5)Ir(04-COD) [P(OCH,),] to form propane, cyclooctane, 
and a new iridium complex. The ‘H NMR spectrum of 
this hydride consisted of a phosphite methoxy doublet 
resonance and a broad complex multiplet in the hydride 
region. All attempts to isolate the hydride in crystalline 
form failed; the hydride appeared to be a multinuclear 
iridium hydride, possibly analogous to the [HRhP(OR),],4 
complexes. 


Both (03-C3H5)Ir[P(OCH3)3]3 and (03-C3H5)Ir(04-1,5- 
COD) [P(OCH,),] were active catalyst precursors for 1- 
hexene hydrogenation to hexane (Table I). Isomerization 
of the 1-hexene to the cis- and trans-Zhexene and cis- and 
trans-3-hexene isomers was a significant (- 10%) com- 
peting process to olefin hydrogenation with the latter 
complex but not with the former (<1% isomerization). 
The mixture of (03-C3H5)Ir[P(OCH3)3]3-hydr~en cleavage 
products also catalyzed 1-hexene hydrogenation and 
isomerization. In separate experiments with the hydrides 
derived from the allyliridium complex, it was established 
that the H3Ir[P(OCH,),l3 isomers are active species in the 
reaction system. However, the catalytic activity of the 
trihydrides was lower than for the parent allyl complex, 
and these trihydrides, unlike the allyl precursor complex, 
were, in the presence of hydrogen, active olefin isomeri- 
zation catalysts. HIr[P(OCH3),I4, like the cobalt2 analogue, 
was not detectably active as a catalyst for olefin hydro- 
genation. 


Generally, the presence of a reducible substrate like 
1-hexene appeared to “inhibit” the reductive hydrogenation 
of the organic ligands in the allyliridium complexes. As 
noted above, (~‘-C3H5)Ir(q4-l,5-COD) [P(OCH,),], was not 


an active catalyst for either olefin isomerization or hy- 
drogenation. The presence of 1-hexene literally blocked 
(over a 24-h reaction period) the hydrogenation of the allyl 
and cyclooctadiene ligands in the bis(phosphite) complex, 
whereas this process was relatively fast in the absence of 
an olefin (benzene solution). Presumably, the hexene 
captured a coordinately unsaturated intermediate, an in- 
termediate that reacts with hydrogen to effect, ultimately, 
the hydrogenation of the hydrocarbon ligands. The effect 
of the presence of a reducible substrate on the rate of 
allyl-metal bond cleavage was also observed for (trialkyl 
phosphite)allylcobalt complexes; the rate was substantially 
higher in cyclohexane solution than in benzene (a reducible 
substrate for these cobalt c o m p l e x e ~ ) . ~ * ~ J ~  
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A reaction between tetracarbonylnitrosylmanganese and diphenylacetylene in refluxing toluene solution 
has produced the title compound, [q4-(CJ36)4C4](CO)2(NO)Mn, in low yield. The product, which represents 
the first cyclobutadiene derivative of a group 7B metal, has been characterized by infrared and mass spectral 
data as well as by a single-crystal X-ray diffraction study. [q4-(C6H6) C4](C0)2(NO)Mn crystallizes in the 
monoclinic space group P21/c with lattice parameters a = 8.921 (2) A, b = 18.775 (8) A, c = 14.056 (5) A, 
p = 92.27 (3)O, and Ddd = 1.40 g cm-, for 2 = 4. Least-squares refinement gave a final R value of 0.041 
using 878 independent observed reflections. The tetra henylcyclobutadiene ligand is q4 coordinated to 
the Mn atom at an average Mn-C distance of 2.11 (2) 1. The four atoms of the cyclobutadiene ring are 
planar to within 0.001 A. Two of the X-0 (X = N or C) ligands are disordered. 


Introduction 
The formation, structure, and properties of cycle- 


butadiene have fascinated both synthetic and theoretical 
chemists for over a century.2 In recent years, organo- 


metallic chemistry has played a significant role in the 
development of this topic. Thus, while cyclobutadiene 
itself is highly unstable, LonWet-Higgins and Pro- 
posed in 1956 that CYclobutadiene might form stable 


‘Dedicated to the late Professor Rowland Pettit, a brilliant and 
dedicated chemist whose enthusiasm for research was equaled only 
by his friendship for his fellow colleagues. 
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Under these conditions, less than 1% of the 1-hexene 
solvent was converted to n-hexane in a 24-h period at 25 
“C. 


Hydrogen reacted with a benzene solution of (1,- 
C3H5)Ir(04-COD) [P(OCH,),] to form propane, cyclooctane, 
and a new iridium complex. The ‘H NMR spectrum of 
this hydride consisted of a phosphite methoxy doublet 
resonance and a broad complex multiplet in the hydride 
region. All attempts to isolate the hydride in crystalline 
form failed; the hydride appeared to be a multinuclear 
iridium hydride, possibly analogous to the [HRhP(OR),],4 
complexes. 


Both (03-C3H5)Ir[P(OCH3)3]3 and (03-C3H5)Ir(04-1,5- 
COD) [P(OCH,),] were active catalyst precursors for 1- 
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of the 1-hexene to the cis- and trans-Zhexene and cis- and 
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derived from the allyliridium complex, it was established 
that the H3Ir[P(OCH,),l3 isomers are active species in the 
reaction system. However, the catalytic activity of the 
trihydrides was lower than for the parent allyl complex, 
and these trihydrides, unlike the allyl precursor complex, 
were, in the presence of hydrogen, active olefin isomeri- 
zation catalysts. HIr[P(OCH3),I4, like the cobalt2 analogue, 
was not detectably active as a catalyst for olefin hydro- 
genation. 


Generally, the presence of a reducible substrate like 
1-hexene appeared to “inhibit” the reductive hydrogenation 
of the organic ligands in the allyliridium complexes. As 
noted above, (~‘-C3H5)Ir(q4-l,5-COD) [P(OCH,),], was not 


an active catalyst for either olefin isomerization or hy- 
drogenation. The presence of 1-hexene literally blocked 
(over a 24-h reaction period) the hydrogenation of the allyl 
and cyclooctadiene ligands in the bis(phosphite) complex, 
whereas this process was relatively fast in the absence of 
an olefin (benzene solution). Presumably, the hexene 
captured a coordinately unsaturated intermediate, an in- 
termediate that reacts with hydrogen to effect, ultimately, 
the hydrogenation of the hydrocarbon ligands. The effect 
of the presence of a reducible substrate on the rate of 
allyl-metal bond cleavage was also observed for (trialkyl 
phosphite)allylcobalt complexes; the rate was substantially 
higher in cyclohexane solution than in benzene (a reducible 
substrate for these cobalt complexe~) .~*~J~  
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itself is highly unstable, LonWet-Higgins and Pro- 
posed in 1956 that CYclobutadiene might form stable 


‘Dedicated to the late Professor Rowland Pettit, a brilliant and 
dedicated chemist whose enthusiasm for research was equaled only 
by his friendship for his fellow colleagues. 


(1) (a) University of Massachusetts. (b) University of Alabama. 
(2) Maier, G. Angew. Chem., Znt. Ed. Engl. 1974, 13, 425. 
(3) Longuet-Higgins, H. C.; Orgel, L. E. J. Chem. SOC. 1956, 1969. 


0276-733318212301-1567$01.25/0 0 1982 American Chemical Society 







1568 Organometallics, Vol. 1, No. 12, 1982 


complexes with transition metals, and soon thereafter 
Hubel and Braye4 as well as Criegee and Schroder5 re- 
ported the successful isolation of the stable organometallic 
compounds (q4-tetraphenylcyclobutadiene) tricarbonyliron 
(1) and the dimeric (q4-tetramethylcyc1obutadiene)di- 


Rausch et al. 


o&co 0 


1 


Fe 


oc / I \  c co 
0 


2 


3 


chloronickel (2), respectively. The first transition-metal 
complex of the parent hydrocarbon, viz., (q4-cyclo- 
butadiene)tricarbonyliron (3), was prepared by Pettit and 
co-workers in 196L6 


Since that time, a large number of new (cyclo- 
butadiene)metal compounds have been isolated, and their 
structures and reactivities have been extensively investi- 
gated.7 It is notable, however, that there are presently 
no reported group 7B (cyc1obutadiene)metal compounds, 
even though stable cyclobutadiene derivatives are now 
known for every other transition-metal triad. 


In this article, we describe the synthesis and molecular 
structure of (q4-tetraphenylcyclobutadiene)dicarbonyl- 
nitrosylmanganese (5), the first cyclobutadiene complex 
of a group 7B metal. It is appropriate that these results 
be published in this special issue of Organometallics de- 
dicated to the late Professor Rowland Pettit, in view of 
his many pioneering, significant, and imaginative contri- 
butions to (cyc1obutadiene)metal chemistry.8 With the 
isolation and structural elucidation of the (cyclo- 
butadiene)manganese complex 5, the series of known cy- 
clobutadiene derivatives of the transition metals from 
group 4B through group 8 is now complete. 


Results and Discussion 
Since pentacarbonyliron, Fe(C0)5, has played a key role 


in the formation of (cyc1obutadiene)metal compounds,? it 
seemed possible that the isoelectronic manganese analogue, 
tetracarbonylnitrosylmanganese (4), might also serve as 
a useful precursor for (cyc1obutadiene)manganese com- 
pounds. The substitution of a carbonyl ligand in 4 by 
nucleophiles such as phosphines and phosphites has been 
examined under both thermal9 and photochemicallo con- 
ditions. Moreover, irradiation of 4 in the presence of 
l,&butadiene has yielded the carbonyl substitution prod- 
uct (q4-C4H6)(C0)2(NO)Mn as well as a paramagnetic 17- 
electron complex (q4-C4H6)2(Co)Mn, whose structure has 
been confirmed by X-ray crystal1ography.l1J2 


~~~ ~ ~~~ 


(4) Hiibel, W.; Braye, E. H. J. Inorg. Nucl. Chem. 1959,10,250. 
(5)  Criegee, R.; Schriider, G. Liebigs Ann. Chem. 1959,623,l. 
(6) Emerson, G.; Watts, L.; Pettit, R. J. Am. Chem. SOC. 1965,87,131. 
(7 )  Efraty, A. Chem. Rev. 1977, 77,691. 
(8) Pettit, R. J.  Organomet. Chem. 1975,100, 205. 
(9) Wawersik, H.; Basolo, F. J. Am. Chem. Soc. 1967,89, 4626. 
(10) Keeton, D. P.; Basolo, F. Inorg. Chim. Acta 1972,6,33. 
(11) Herberhold, M.; Razavi, A. Angew. Chem., Int. Ed. Engl. 1975, 


14, 351. 
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Figure 1. The molecular structure and atom labeling scheme 
for [q4-(C6H5)4C4] (CO)Z(NO)Mn. The atoms are represented by 
their 50% probability ellipsoids for thermal motion. 


We therefore decided to investigate a possible reaction 
between 4 and diphenylacetylene, since cyclodimerization 
of this acetylene to form (q4-tetraphenylcyc1obutadiene)- 
metal compounds is well-known and fairly general in 
scope.7 Photolysis of a benzene solution of diphenyl- 
acetylene and 4 did not lead to any identifiable products. 
However, a thermal reaction between 4 and diphenyl- 
acetylene in refluxing toluene resulted in the formation 
of an air-stable, orange crystalline compound in low yield. 


Mn(CO),(NO) 4- 2PhCECPh - px + 2co 


4 Ph Ph Mn 


Mn(CO),(NO) 4- 2PhCECPh - px + 2co 


4 Ph Ph Mn 


OC c NO 
0 


5 


Elemental and mass spectral analyses (M+ 498) of the 
resulting reaction product were consistent with a molecular 
formula [(CSH5)4C4](C0)2(NO)Mn. An IR spectrum of the 
product in toluene solution exhibited carbonyl stretching 
frequencies a t  2010 and 1970 cm-l, as well as a nitrosyl 
stretching frequency at  1720 cm-l. The IR spectrum in 
KBr was very similar to that reported previously for l .13 


While the above data are consistent with a formulation 
of the reaction product as the q4-tetraphenylcyclobutadiene 
complex 5, they do not rule out a metallacyclic structure 
(6) or a bis(q2-diphenylacetylene) structure (7) as possi- 


Ph 
I 


bh 


7 
6 


bilities. In view of the air stability and high thermal 
stability of the reaction product, as well as the tendency 
of manganese to invariably form 18- rather than 16-elec- 
tron organometallic complexes, structure 7 seemed highly 


(12) Huttner, G.; Neugebauer, D.; Razavi, A. Angew Chem., Int. Ed. 


(13) Fritz, H. P. 2. Naturforsch., B Anorg. Chem., Org. Chem., Bio- 
Engl. 1975,14, 352. 


chem., Biophys., Biol. 1961,16B, 415. 
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Table I. Bond Distances (A) and Angles (deg) for 
7)  "-(C, H s ),C 4 I (CO ),(NO )Mn 


Figure 2. View of [~I~-(C&),C,](CO)~(NO)M~ normal to the 
butadiene plane. 


unlikely. Further, the relative stability of the product as 
well as the apparent lack of coordinated acetylenic fre- 
quencies in the IR spectrum would also appear to favor 
structure 5 over 6, although the latter frequencies could 
conceivably not be observable, due to overlap with the 
intense carbonyl and nitrosyl bands. 


For the structure of the reaction product to be unam- 
biguously determined, a single-crystal X-ray diffraction 
study was therefore undertaken. The molecular structure 
and atom numbering scheme are presented in Figure 1. 
The compound is isostructural with [q4-(CJ-15)4C4] (C0)3Fe 
( l).14 The cyclobutadiene ligand is symmetrically bound 
to the manganese atom at  an average Mn-C(q4) distance 
of 2.11 (2) A. Although the molecule exhibits no crys- 
tallographically imposed symmetry, the four-membered 
carbocyclic ring is planar to better than 0.001 A. 


Few details of the bonding of the dicarbonyl nitrosyl 
tripod to the metal bear discussion because of the disorder 
problem. However, it is noteworthy that one of the X-0 
groups (X = N or C) is eclipsed by a Mn-C(q4) bond, while 
the other two X-O moieties are bisected by another Mn- 
C(v4) bond. This is shown clearly in Figure 2. A mani- 
festation of this is that the phenyl group "trans" to the 
eclipsed Mn-XO bond is twisted far more out of the bu- 
tadiene plane than are the other three. The dihedral angles 
are 27,33, and 37O for the latter vs. 60° for the former. A 
related observation (also noted in the structure of 1)14 is 
that the carbon atom of the large-twist phenyl group lies 
18' out of the C4 plane, compared with 9" for the other 
three. This feature was attributed to packing effects in 
the discussion of 1 but may well be electronic in origin. Of 
the other transition-metal structures containing an [ q4- 
(C6H5)4C4] no consistent pattern has yet 
emerged for the bend and twist of the phenyl substituents 
from the c4 plane. In (q5-C5H5) [q4-(C6H5)4C4]Rh,15 the 
phenyl groups are bent away from the metal a t  a mean 
angle of 7 O  with angles of twist ranging from 32 to 43O. 


(14) Dodge, R. P.; Schomaker, V. Acta Crystallogr. 1966, 19, 614. 
(15) Cash, G. G.; Helling, J. F.; Mathew, M.; Palenik, J. J. Organomet. 


(16) Efraty, A.; Potenza, J. A.; Zyontz, L.; Daily, J.; Huang, M. H. A.; 


(17) Nesmeyanov, A. N.; Gusev, A. I.; Pasynskii, A. A.; Anisimov, K. 


(18) Potenza, J. k; Johnson, R. J.; Chirim, R.; Efraty, A. Inorg. Chem. 


(19) Mathew, M.; Palenik, G. J. J.  Organomet. Chem. 1973,61,301. 
(20) Rausch, M. D.; Westover, G. F.; Mintz, E.; Reisner, G. M.; B e d ,  


Chem. 1973,50,277. 


Toby, B. J. Organomet. Chem. 1978,145,315. 


N.; Kolobova, N. E.; Struchkov, Y. T. J. Chem. SOC. D 1969,739. 


1977,16,2354. 


I.; Clearfield, A.; Troup, J. M. Inorg. Chem. 1979,18,2605. 


Mn-X( 1) 
Mn-C( 2) 
Mn-C( 4) 
Mn-C(6) 
O( 2)-X( 2) 
C( 3 )-C( 4 1 
C(3)-C(7 1 


C( 7 1-w 1 
Cent -Mn 


C( 4)-C( 13) 
C( 5)-C( 19) 


Bond Distances 
1.72 (1) Mn-X(2) 1.78 (1) 
1.84 (1) Mn-C(3) 2.12 (1) 
2.084 (9) Mn-C(5) 2.10 (1) 
2.13 (1) O(lbX(1)  1.16 (1) 
1.16 (1) 0(3)-C(2) 1.14 (1) 
1.45 (1) C(3)-C(6) 1.46 (1) 
1.45 (1) C(4)-C(5) 1.46 (1) 
1.46 (1) C(5)-C(6) 1.47 (1) 
1.46 (1) C(6)-C(25) 1.47 (1) 
1.39 (1) C(7)-C(12) 1.41 (1) 
1.836 


X( 1)-Mn-X( 2) 
X( 2)-Mn-C( 2) 
Mn-X( 2)-O( 2) 
Mn-C(3)4(6) 
C(4)-C( 3)-C( 7) 
C(3)-C( 4)-C( 5) 
C( 5)-C( 4)-C( 13) 
C(4)-C( 5)-C( 19)  
C( 3)-C( 6)-C( 5) 
C( 5)-C(6)-C(25) 
X (1 )-Mn-Cent 
C( 2 )-Mn-Cent 


Bond 
99.4 (5) 
98.8 (5) 


176 (1) 
70.1 (6) 


131.8 (9) 
90.8 (8) 


134 (1) 
132.4 (9) 


90.2 (8) 
134.2 (9) 
120.26 
114.49 


Angles 
X( 1)-Mn-C( 2) 
Mn-X( 1)-O( 1) 
Mn-C( 2)-O( 3) 
C(4)-C( 3)-C(6) 
C( 6)-C ( 3 )-C ( 7) 


C( 4)-C( 5)-C( 6) 
C( 6)-C( 5)-C( 19) 
C( 3)-C( 6)-C( 25) 


C(3)-C(4)-C(13) 


C(3)-C(7)-C( 8) 
X( Z)-Mn-Cent 


100.5 (5) 
176.9 (9) 
179 (1) 


89.9 (8) 
137.4 (9) 
130 (1) 


89.1 (8) 
137.5 (9) 
134 (1) 
120.5 (9) 
119.61 


Much larger perturbations have been noted in [q4- 
(C6H5)4C4]2(C0)2Mo,16 where the angles of twist ranged 
from 31 to 8 4 O .  


Experimental Section 
All reactions, manipulations, and crystallizations were con- 


ducted under an atmosphere of dry argon by using standard 
Schlenk and cannula techniques. Toluene, hexane, and methylene 
chloride were dried over calcium hydride and freshly distilled from 
calcium hydride under argon before use. IR spectra were obtained 
on a Perkin-Elmer 237-B spectrometer and were calibrated vs. 
polystyrene. Mass spectra were obtained on a Perkin-Elmer- 
Hitachi RMU-6L instrument at 70 eV. Microanalyses were 
performed by the Microanalytical Laboratory, Office of Research 
Services, University of Massachusetts. Diphenylacetylene was 
prepared according to a literature procedure.21 Tetra- 
carbonylnitrosylmanganese was best synthesized from penta- 
carbonylhydridomanganese and N-methyl-N-nitroso-p-toluene- 
sulfonamidenlB and was purified by vacuum line manipulations. 


Preparation of (q4-Tetraphenylcyc1obutadiene)di- 
carbonylnitrosylmanganese. A 100-mL Schlenk flask was 
flushed well with argon and was charged with 1.18 g (6.62 mmol) 
of diphenylacetylene, 0.65 g (3.3 mmol) of freshly distilled 
tetracarbonylnitrosylmanganese, and 50 mL of toluene. The flask 
was equipped with a reflux condenser and the solution heated 
at reflux for 12 h. After cooling, ca. 2 g of alumina was added 
to the reaction mixture, the solvent was evaporated under vacuum, 
and the residue was placed onto a 2 X 36 cm alumina column 
(CAMAG neutral grade, deactivated with 5% by weight of ar- 
gon-saturated water). Elution with hexane produced a rapidly 
moving yellow band which was collected. IR analysis of this band 
indicated the presence of Mn2(CO)lo. Elution with hexane was 
continued until ca. 150 mL of eluent had been collected. The 
fractions were combined, the solvent was removed under reduced 
pressure, and the resulting light yellow crystals were placed in 
a sublimer. The apparatus was evacuated (ca. mmHg) and 
then slowly warmed to 60 O C ,  while the water-cooled probe was 
left a t  room temperature. In this way, the yellow Mn2(CO)lo was 
sublimed. The water to the cold finger was next turned on, and 
sublimation was continued, producing 1.10 g (93% recovery) of 


(21) Cope, A. C.; Smith, D. S.; Cotter, R. J. "Organic Syntheses*; 


(22) Triechel, P. M.; Pitcher, E.; King, R. B.; Stone, F. G. A., J. Am. 


(23) King, R. B. In "Organometallic Syntheses"; Eisch, J. J., King, R. 


Wiley: New York, 1963; Coll. Vol. IV, p 377. 


Chem. SOC. 1963,83, 2593. 


B., Eds.; Academic Press: New York, 1965; Vol. 1, p 164. 
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Table 11. Crystal Data and Summary of Intensity Data 
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Collection and Structure Refinement 


Rausch et al. 


compd 
mol wt 
space group 
cell constants 


a,  A 
b,  
c, '4 
P ,  deg 


cell vol, A 3  
molecules/unit cell 
Dcalcd, g cT-3 


radiatn 
max cryst dimens, mm 
scan width 
std reflctns 
decay of stds 
reflctns measd 
28 range, deg 
reflctns collected 
no. of parameters varied 
GOF 
R 


Wcalcd, cm- 


Rw 


[v4-(C6Hs hC4 I(CO),(NO)Mn 
497.4 
p 2 ,  I C  


8.921 (2 )  
18.775 (8) 
14.056 (5 )  
92.27 (3 )  
2352.4 
4 
1.40 
6.23 
Mo KO 
0.25 X 0.50 X 0.50 
0.80 t 0.20 tane  
(0601, (006) 
+2% 
1902 
36 
87 8 
146 
2.53 
0.041 
0.048 


diphenylacetylene. Subsequent elution of the column with 1:l 
hexane-toluene developed an orange band which was collected, 
and the solvent was removed under vacuum, leaving 81 mg (5%) 
of orange (~4-tetraphenylcyclobutadiene)dicarbonylnitrosyl- 
manganeae. An analytical sample was obtained by recrystallization 
from methylene chloride-hexane at -20 OC: mp 192 OC dec; IR 
(KBr) 3050 (w), 3025 (sh), 2010 (vs), 1975 (vs), 1930 (s), 1820 (vw), 
1760 (sh), 1730 (vs), 1595 (m), 1495 (e),  1440 (vw), 1435 (vw), 1385 
(w), 1375 (w), 1300 (vw), 1250 (vw), 1170 (w), 1140 (w), 1085 (br 
w), 1060 (m), 1015 (m), 940 (vw), 900 (vw), 770 (m), 760 (sh), 740 
(m), 730 (m), 685 (s) cm-'; IR (toluene) uco 2010,1970 cm-', uN0 
1720 cm-l; mass spectrum, m/e 498 (Mt). 


Anal. Calcd for C30H20MnN03: C, 72.44; H, 4.05; N, 2.82. 
Found: C, 72.22; H, 4.02; N, 2.80. 


X-ray Data Collection, S t ruc ture  Determination, and 
Refinement. Single crystals suitable for X-ray diffraction studies 
were grown by carefully layering hexane onto a solution of ( T ~ -  
tetraphenylcyc1obutadiene)dicarbonylnitrosylmanganese (5) in 
methylene chloride. The resulting mixture was allowed to stand 
undisturbed for ca. 72 h, during which time diffusional mixing 
of the two layers had occurred, effecting the formation of orange 
crystals. Final lattice parameters as determined from a least- 
squares refinement of ((sin @/A)' values for 15 reflections (8  > 
15') accurately centered on the diffractometer are given in Table 
11. The space group was uniquely determined as P21/c from the 
systematic absences in OkO for k = 2n + 1 and in h01 for 1 = 2n 
+ 1. 


Data were collected on an Enraf-Nonius CAD-4 diffractometer 
by the 8-28 scan technique. The method has been previously 
described.24 A summary of data collection parameters is given 
in Table 11. The intensities were corrected for Lorentz and 
polarization effects but not for absorption. 


Calculations were carried out with the SHELX system of 
computer programs.25 Neutral atom scattering factors for Mn, 
0, N, and C were taken from Cromer and Waber,= and the 
scattering for manganese was corrected for the real and imaginary 
components of anomalous dispersion using the table of Cromer 
and Libermam2' Scattering factors for H were from ref 28. 


The position of the manganese atom was revealed by the in- 
spection of a Patterson map. A difference Fourier map phased 
on the manganese atom readily revealed the position of the 


(24) Holton, J.; Lappert, M. F.; Ballard, D. G. H.; Pearce, R.; Atwood, 


(25) SHELX, a system of computer programs for X-ray structure 


(26) Cromer, D. T.; Waber, J. T. Acta Crystallogr. 1966,18, 104. 
(27) Cromer, D. T.; Liberman, D. J. Chem. Phys. 1970,53, 1891. 
(28) "International Tables for X-ray Crystallography"; Vol. IV, Ky- 


J. L.; Hunter, W. E. J .  Chem. SOC. Dalton Tram. 1979, 46. 


determination by G .  M. Sheldrick, 1976. 


noch Press: Birmingham, England, 1974; Vol. IV, p 72. 


Table 111. Final Fractional Coordinates for 
[o'-(C,H,),C,I(Co),(NO)Mn 


1.0992 (2 )  
1.378 (1) 
1.1804 (9)  
0.908 (1) 
1.265 (1) 
1.143 (1) 
0.982 (1) 
1.064 (1) 
0.923 (1) 
0.962 (1) 
1.104 (1) 


1.072 (1) 


1.216 (1) 
1.259 (1) 
1.213 (1) 
0.781 (1) 
0.687 (1) 
0.552 (1) 
0.502 (1) 
0.591 (1) 
0.729 (1) 
0.876 (1) 
0.947 (1) 
0.863 (1) 
0.709 (1) 
0.639 (I) 
0.720 (1) 
1.222 (1) 
1.181 (1) 
1.288 (1) 
1.429 (1) 
1.474 (1) 
1.368 (1) 
1.0006 
1.0834 
1.2526 
1.3257 
1.2519 
0.7213 
0.4830 
0.3977 
0.5573 
0.7940 
1.0631 
0.9183 
0.6454 
0.5240 
0.6618 
1.0712 
1.2566 
1.5116 
1.5803 
1.4011 


1.119 (1) 


1.120 (1) 


0.3050 (1) 
0.2406 (5 )  
0.4546 (5)  
0.2766 (4) 
0.2667 (5)  
0.3959 (6 )  
0.2877 (6)  
0.3222 (5)  
0.3111 (6 )  
0.2366 (5)  
0.2481 (5 )  
0.3814 (6 )  
0.4505 (6)  
0.5076 (6 )  
0.4969 (7) 
0.4293 (6 )  
0.3701 (6 )  
0.3496 (6 )  
0.3674 (6)  
0.4022 (6)  
0.4207 (6)  
0.4041 (6 )  
0.3693 (6 )  
0.1764 (5)  
0.1192 (6 )  
0.0615 (6)  
0.0602 (6 )  
0.1163 (6) 
0.1749 (6) 
0.2007 (6)  
0.1325 (6 )  
0.0852 (7)  


0.1773 (6)  
0.2245 (6 )  
0.4611 
0.5585 
0.5414 
0.4216 
0.3195 
0.3548 
0.4140 
0.4465 
0.4174 
0.3586 
0.1 199 
0.0202 
0.0175 
0.1146 
0.2167 
0.1129 
0.0348 
0.0753 
0.1953 
0.2748 


0.1102 (7)  


0.4863 (1) 
0.4378 (6) 
0.4536 (6)  
0.3120 (6)  
0.4547 (7 )  
0.4651 (7 )  
0.3785 (9)  
0.6328 (7)  
0.5790 ( 7 )  
0.5627 (7)  
0.6171 (7)  
0.6906 (7)  
0.6698 (8) 
0.7253 (9 )  
0.8052 (9)  
0.8297 (8) 
0.7718 (8) 
0.5830 (8) 
0.5021 (8) 
0.5139 (9) 
0.6019 (8) 
0.6817 (8) 
0.6718 (8) 
0.5247 (7)  
0.4809 (8) 
0.4441 (8) 
0.4495 (8) 
0.4930 (8) 
0.5303 (7 )  
0.6569 (7)  
0.6823 (8) 
0.7279 (9 )  
0.7448 (9) 
0.7202 (8) 
0.6748 (8) 
0.6095 
0.7098 
0.8451 
0.8900 
0.7883 
0.4355 
0.4541 
0.6092 
0.7502 
0.7322 
0.4769 
0.4121 
0.4194 
0.4993 
0.5626 
0.6696 
0.7518 
0.7742 
0.7376 
0.6532 


non-hydrogen atoms. In locating the nitrogen atom, it became 
evident that some disorder was present. Initially all three atoms 
of the X-0 ligands (X = N or C) were treated as carbon atoms. 
Two of the X-0 positions refined with very low-temperature 
factors (one of which was negative). The third position showed 
no signs of disorder, and ita Mn-X bond length was significantly 
greater than the other two. At this point it was clear that the 
N-0 ligand was disordered over two of the X-O positions. X(1) 
and X(2) were thus refined as mixtures of 50% N and 50% C. 
Other ratios were tried, but no significant change in the R values 
was observed. Least-squares refinement with isotropic thermal 
parameters led to R = Clvol - IFcll/x:IFol = 0.058. The hydrogen 
atoms of the phenyl rings were placed at calculated positions 1.08 
8, from the bonded carbon atom and were not refined. Refinement 
of the manganese atom with anisotropic temperature factors led 
to final values of R = 0.041 and R, = 0.048. A final difference 
Fourier showed no feature greater than 0.3 e/A3. The weighting 
scheme was based on unit weights; no systematic variation of w(voF,I 
- IFJ) vs. lFol or (sin @)/A was noted. The final values of the 
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Treatment of Na[CpCo(CO)12 with 1,n-dihaloalkanes leads in certain cases to double alkylation, giving 
dinuclear metallacycles containing two adjacent cobalt atoms. This paper reports the synthesis and study 
of several such systems and an in-depth investigation of the five-membered dimetallacycle 1 prepared 
from 1,3-diiodopropane. The molecular structure of 1 was determined by X-ray diffraction, using 1016 
reflections ( R  = 2.47). The crystals were orthorhombic (space group FddZ), with unit-cell parameters a 
= 16.7983 A, b = 45.576 A, c = 6.9565 The complex has an “open envelope” ring structure, with a dihedral 
angle of 32.9O; the Co-Co bond distance is 2.413 A. Thermolysis of 1 (80-100”) gives cyclopropane and 
propene. Reaction of 1 with CO or phosphines (L) occurs at lower temperature, leading to a product 
distribution which is dependent upon the concentration of L. At low [L], the reaction leads to cyclopropane 
mixed with a small amount of propene and CpCo(L)(CO). High [L] produces CpCo(L)(CO) and mononuclear 
metallacyclopentanones 6, 7, or 8 depending on the entering ligand. Thermolysis of the metallacyclo- 
pentanones leads again to cyclopropane and propene rather than to cyclobutanone. Kinetic and isotope 
labeling studies on the reaction of 1 with dative ligands suggest a mechanism involving initial formation 
of dicobaltacyclohexanones A and B. B then is postulated to rearrange to a mononuclear carbonyl- 
metallacyclobutane complex (C) which can either eliminate C3 hydrocarbons or undergo CO insertion, leading 
to metallacyclopentanone. 


Introduction 
Metallacycles-heterocycles containing a transition 


metal in the ring-have been a subject of intensive study 
by organometallic chemists. The longest known members 
of this class of complexes are the carbon-unsaturated 
“metalloles” formed during metal-induced oligomerization 
or cyclotrimerization of acetylenes.’s2 More recently, 
carbon-saturated metallacycles have been implicated in 
important processes such as C-H a~t ivat ion,~ olefin me- 
tathesis: alkene dimerization: and metal-catalyzed isom- 
erization of organic small-ring compounds.6 The synthesis 
of stable, isolable members of this class of complexes has 
helped in elucidating their properties and understanding 
the role they play in the processes mentioned above. 


There is increasing evidence that many metal-mediated 
processes depend on catalysts or intermediates containing 
more than one metal.’ Despite this, the majority of me- 
tallacycles studied so far contain only one metal in the ring. 
An interesting departure from this trend is the provocative 
series of carbon-unsaturated metallacycles formed by se- 


‘This paper is submitted in memory of Rowland Pettit,  a brilliant 
chemist and good friend. We have chosen this manuscript because 
of the  interest we shared in the  chemistry of dinuclear metallacycles, 
b u t  we hope i t  will serve as our tribute to Pettit’s many important 
contributions to organotramition-metal chemistry from ita early days 
to  the most recent times. 
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quential insertion of alkynes into a dinuclear molybdenum 
system* and the class of dimetallacyclopropanes (p- 
methylene complexes) which have been prepared and 
studied r e~en t ly .~  
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McAlister, D. R.; Bercaw, J. E.; Bergman, R. G. J. Am. Chem. SOC. 1977, 
99, 1666. 


(3) DiCosimo, R.; Moore, S. S.; Sowinski, A. F.; Whitesides, G. M. J. 
Am. Chem. SOC. 1982,104, 124 and references cited there. 
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102, 5610. 
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via Metal Carbonyls”; Wender, I.; Pino, P., Eds.; Wiley: New York, 1977; 
Vol. 11, p 705. 
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85, 451. (b) Sinfelt, J. H. Acc. Chem. Res. 1977, 10, 15. (c) Muetterties, 
E. L.; Stein, J. J.  Chem. Reu. 1979,79,479. (d) Johnson, B. F. G.; Lewis, 
J. Pure Appl. Chem. 1975,44,43. (e) Ozin, G. A. Catal. Reu.-Sci. Eng. 
1977, 16, 191. 


(8) (a) Knox, S. A. R.; Stansfield, F. D.; Stone, F. G. A.; Winter, M. 
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M.; Norman, N. C.; Orpen, A. G. J .  Am. Chem. SOC. 1981, 103, 1269. 
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propene. Reaction of 1 with CO or phosphines (L) occurs at lower temperature, leading to a product 
distribution which is dependent upon the concentration of L. At low [L], the reaction leads to cyclopropane 
mixed with a small amount of propene and CpCo(L)(CO). High [L] produces CpCo(L)(CO) and mononuclear 
metallacyclopentanones 6, 7, or 8 depending on the entering ligand. Thermolysis of the metallacyclo- 
pentanones leads again to cyclopropane and propene rather than to cyclobutanone. Kinetic and isotope 
labeling studies on the reaction of 1 with dative ligands suggest a mechanism involving initial formation 
of dicobaltacyclohexanones A and B. B then is postulated to rearrange to a mononuclear carbonyl- 
metallacyclobutane complex (C) which can either eliminate C3 hydrocarbons or undergo CO insertion, leading 
to metallacyclopentanone. 


Introduction 
Metallacycles-heterocycles containing a transition 


metal in the ring-have been a subject of intensive study 
by organometallic chemists. The longest known members 
of this class of complexes are the carbon-unsaturated 
“metalloles” formed during metal-induced oligomerization 
or cyclotrimerization of acetylenes.’s2 More recently, 
carbon-saturated metallacycles have been implicated in 
important processes such as C-H a~t iva t ion ,~  olefin me- 
tathesis: alkene dimerization: and metal-catalyzed isom- 
erization of organic small-ring compounds.6 The synthesis 
of stable, isolable members of this class of complexes has 
helped in elucidating their properties and understanding 
the role they play in the processes mentioned above. 


There is increasing evidence that many metal-mediated 
processes depend on catalysts or intermediates containing 
more than one metal.’ Despite this, the majority of me- 
tallacycles studied so far contain only one metal in the ring. 
An interesting departure from this trend is the provocative 
series of carbon-unsaturated metallacycles formed by se- 


‘This paper is submitted in memory of Rowland Pettit, a brilliant 
chemist and good friend. We have chosen this manuscript because 
of the interest we shared in the chemistry of dinuclear metallacycles, 
but we hope i t  will serve as our tribute to Pettit’s many important 
contributions to organotramition-metal chemistry from ita early days 
to the most recent times. 
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quential insertion of alkynes into a dinuclear molybdenum 
system* and the class of dimetallacyclopropanes (p- 
methylene complexes) which have been prepared and 
studied r e ~ e n t l y . ~  


(1) Collman, J. P.; Hegedus, L. S. “Principles and Applications of 
Organotransition Metal Chemistry”; University Science Books: Mill 
Vdley, CA, 1980; p 525 ff. 


(2) See, for example, the following papers and the references cited 
therein: (a) Collman, J. P.; Kang, J. W.; Little, W. F.; Sullivan, M. F. 
Znorg. Chem. 1968, 7,1298. (b) Maitlis, P. M. Acc. Chem. Res. 1976,9, 
93. (c) Wakatauki, Y.; Aoki, K.; Yamazaki, H. J.  Am. Chem. SOC. 1979, 
101,1123. (d) Dickson, R. S.; Mok, C.; Connor, G. Aust. J. Chem. 1977, 
30, 2143. (e) Vollhardt, K. P. C. Acc. Chem. Res. 1977, 10, 1. (0 
McAlister, D. R.; Bercaw, J. E.; Bergman, R. G. J. Am. Chem. SOC. 1977, 
99, 1666. 


(3) DiCosimo, R.; Moore, S. S.; Sowinski, A. F.; Whitesides, G. M. J. 
Am. Chem. SOC. 1982,104, 124 and references cited there. 


(4) Grubbs, R. H. In ‘Progress in Inorganic Chemistry”; Lippard, S. 
J., ed.; Wiley: New York, 1978; Vol. 24. 


(5) McLain, S. J.; Sancho, J.; Schrock, R. R. J. Am. Chem. SOC. 1980, 
102, 5610. 


(6) (a) Paquette, L. A. Acc. Chem. Res. 1971,4, 280. (b) Bishop, K. 
C., I11 Chem. Rev. 1976, 76, 461. (c) Halpern, J. In ‘Organic Synthesis 
via Metal Carbonyls”; Wender, I.; Pino, P., Eds.; Wiley: New York, 1977; 
Vol. 11, p 705. 


(7) (a) Muetterties, E. L. Bull. SOC. Chim. Belg. 1975,84, 959; 1976, 
85, 451. (b) Sinfelt, J. H. Acc. Chem. Res. 1977, 10, 15. (c) Muetterties, 
E. L.; Stein, J. J.  Chem. Reu. 1979,79,479. (d) Johnson, B. F. G.; Lewis, 
J. Pure Appl. Chem. 1975,44,43. (e) Ozin, G. A. Catal. Reu.-Sci. Eng. 
1977, 16, 191. 


(8) (a) Knox, S. A. R.; Stansfield, F. D.; Stone, F. G. A.; Winter, M. 
J.; Woodward, P. J. Chem. Soc., Chem. Commun. 1978,221. (b) Green, 
M.; Norman, N. C.; Orpen, A. G. J .  Am. Chem. SOC. 1981, 103, 1269. 
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Figure 1. ORTEP stereopair drawing of one molecule of Co2(C0)2(C3Hs)(CsHs)2 (I) ,  showing the atomic labeling scheme. View is 
approximately parellel to the molecular mirror plane. Thermal ellipsoids are scaled to represent the 50% probability surface. 


The work reported in this paper was initiated in the 
belief that saturated dinuclear metallacycles would have 
a chemistry at  least as rich and important as their mo- 
nonuclear relatives. I t  was stimulated by our earlier de- 
velopment of a method for preparing dinuclear dialkyl- 
cobalt complexes.1° We describe the full details of syn- 
thesis and chemistry of the first saturated five-membered 
dimetallacycle, including its crystal and molecular struc- 
ture. 


Results and Discussion 
Preparation of Dicobaltacycles. As described earlier, 


the dinuclear radical anion Na[Cp,Co,(CO),] can be doubly 
alkylated with a variety of alkyl monohalides and sulfo- 
nates.'O We have now extended this reaction, using di- 
haloalkanes to prepare metallacycles containing the di- 
cobalt moiety. For example, when l,&diiodopropane was 
added to a suspension of N ~ [ C ~ , C O , ( C O ) ~ ] ' ~ ~ ~  in THF at 
room temperature, an immediate color change to an in- 
tense blue-green indicated reaction. At the same time the 
IR carbonyl stretching frequencies of the radical anion (at 
1740,1690, and 1660 cm-l) were replaced by new absorp- 
tions at  2020 and 1955 cm-' (CpCo(CO),), 1790 cm-' 
(Cp,Co,(CO),), and 1815 cm-'. The latter value is remi- 
niscent of the IR carbonyl frequency of the earlier prepared 
dialkyl dimemlob Column chromatography on alumina 
yielded a first fraction of yellow C ~ C O ( C O ) ~  and a second 
dark green fraction of a new material. Analytical data and 
spectroscopic characterization of this material are con- 
sistent with structure 1 (Scheme I), a cobalt dimer in which 
the two metal atoms are bridged by a trimethylene chain 
and two CO ligands. Complex 1 was isolatsd in 42% yield 
based on Na[Cp,Co,(CO),]. I t  forms air-stable black 
needles, and solutions of it can be exposed to air without 
any signs of decomposition. 


Because the analogous acyclic dialkyl dimers decompose 
in solution at  room temperature,lob we were surprised by 
the high thermal stability of 1. Solutions of 1 in benzene 
decompose at  an appreciable rate only at 100 "C. To test 
the influence of ring size on this thermal stability, we 
attempted the preparation of analogous metallacycles with 
larger and/or smaller rings. Reaction of Na[Cp,Co,(CO),] 


(9) See, for example, the following papers and references cited therein: 
(a) Herrmann, W. A.; Plank, J.; Ziegler, M. L.; Balbach, B. J.  Am. Chem. 
SOC. 1980,102,5906. (b) Theopold, K. H.; Bergman, R. G. Ibid. 1981,103, 
2489. 


(10) (a) Schore, N. E.; Ilenda, C. S.; Bergman, R. G. J. Am. Chem. SOC. 
1976,98,7436,1977,99,1781. (b) White, M. A.; Bergman, R. G. J. Chem. 
SOC., Chem. Commun. 1979,1056. (c) Bergman, R. G. Acc. Chem. Rea. 
1980,13,113. Some of the results reported here were described earlier 
in preliminary form: (d) Theopold, K. H.; Bergman, R. G. J.  Am. Chem. 
SOC. 1980,102, 5694. 


(11) The material used throughout this study WBB the crude product 
of the reduction of CpCo(C0)p with Na amalgam. The actual concen- 
tration of Na[Cp2Coz(CO),] in this material is ca. 70% by weight. 


Scheme I 


I 2 


\-I /--I 


Scheme I1 


F 
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with l14-diiodobutane afforded a new material, to which 
we assign structure 2 (Scheme I) on the basis of analytical 
and spectroscopic data. This six-membered metallacycle 
proved to be much more sensitive thermally than 1. So- 
lutions of 2 decompose rapidly at room temperature, and 
ita preparation and chromatographic isolation in 18% yield 
had to be carried out a t  ca. -10 "C (see Experimental 
Section for details). Treatment of Na[Cp2C02(CO),] with 
1,2-diiodoethane did not result in the formation of the 
expected four-membered metallacycle (Scheme I). If it is 
indeed formed, ita decomposition, most likely to C2H4 and 
unsaturated cobalt fragments, must be very fast. 


Such a decomposition pathway might be energetically 
less favorable for a strained olefin. We therefore attempted 
to generate a four-membered metallacycle by using the 
diiodide of benzocyclobutadiene (Scheme I). This reaction 
indeed afforded the expected metallacycle 3 in 16% yield 
after chromatography on alumina. However, this molecule 
is also relatively thermolabile and rearranges to the pre- 
viously prepared', mononuclear ~4-benzocyclobutadiene 
complex 4 at  ambient temperature (Scheme 11). Finally, 
treatment of N~[C~,CO,(CO)~] with gem-diiodides led to 


(12) Ducloe, R. T.; Vollhardt, K. P. C.; Yee, L. S. J. Organomet. Chem. 
1979, 174, 109. 
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Table I. Selected Distances ( A )  and Angles 


Bond Distances 
C0l-C02 2.413 (1) C1-01 1.154 (4)  


1.164 (4)  Col-C1 1.885 (3) c2-02 
Col-C2 1.872 (3) C 3 4 4  1.528 (5 )  
Col-C3 2.044 14) C4-c5 1.494 (5) 


CP2 


Figure 2. ORTEP drawing showing a view of 1 along the metal- 
metal bond axis. Cyclopentadienyl rings have been omitted for 
clarity. 


dimetallacyclopropanes (Scheme I). These compounds are 
quite stable thermally; i.e. their solutions can be heated 
to 60-70 "C before decomposition begins. Preliminary 
results on the chemistry of these p-alkylidene dimers has 
been described e l s e ~ h e r e . ~ ~ J ~  


To our knowledge, 1 and 2 are the first saturated di- 
nuclear five- and six-membered metallacycles, and com- 
plete structural characterization seemed warranted. Due 
to its greater stability 1 was chosen for the structure de- 
termination. Suitable crystals were grown by diffusion of 
pentane into a solution of 1 in toluene at room tempera- 
ture. A total of 1016 reflections were measured, and the 
structure was refined to an R value of 2.4%. (See Table 
11, Experimental Section, and supplementary information 
for details of the structure determination.) The crystal 
structure consists of well-separated molecules of 1. There 
are no unusually short intermolecular contacts. Figure 1 
shows an ORTEP stereodrawing of the molecule with the 
atom numbering scheme. Figure 2 shows a view along the 
Co-Co bond (Cp rings omitted for clarity). 


Selected distances and angles are compiled in Table I. 
The individual molecules possess approximate noncrys- 
tallographic mirror symmetry with the mirror plane normal 
to the Co-Co bond. Each cobalt is bound to one carbon 
of the C3H6 moiety, a q5-cyclopentadienyl ligand, two 
bridging carbonyls, and the other cobalt. The Cp rings are 
"slipped" relative to the cobalt atoms so that col-C8 < 
Col-C9 i= Col-C'7 < Col-CG = Col-C10; i.e. the cobalt 
is closer to the edge near the C3H6 ligand. This is pre- 
sumably due to steric interaction between these two lig- 
ands. The carbonyl oxygens are coplanar with the Co2-C 
planes to which they belong, and these planes are bent 
away from the Cp ligands. The geometry of the five- 
membered ring is that of an opened envelope with a di- 
hedral angle (Col-C3-C4-C5) of 32.9". Since the 'H NMR 
spectrum shows the four a protons and two @ protons to 
be respectively equivalent in the temperature range from 
25 to -80 "C, the ring flip that equilibrates these protons 
must be fast on the NMR time scale (in addition, the 
average cis and trans H,/H, coupling constants must be 
very similar). This is not surprising given the reported 
barrier to planarity in cyclopentane of 5.2 kcal/mol.14 


Chemistry of Bimetallacycle 1. The thermal chem- 
istry of 1 reflects its cyclic structure. When solutions of 
1 in benzene were heated to 100 "C, the metallacycle slowly 
decomposed to yield propene (73%), cyclopropane (18%), 
and traces of propane (1%). The organometallic products 


(13) Theopold, K. H.; Bergman, R. G. Organometallics 1982, 1, 219. 
(14) Carreira, L. A.; Jiang, G. J.; Person, W. B.; Willie, J. N. J. Chem. 


Phys. 1972,56, 1440. 


- - ~. 


Col-c6 
Col -c7  
Col-cS 
Col-c9 
Col-c10 
Col-Cpl 
co2-c1 
c02-c2 
C02-c5 
co2-c11 
co2-c12 
C02-Cl3 
C02-Cl4 
co2-c15 
co 2-cp 2 


Cl-Col-C2 
Cl-Col-C3 
C2-COl-C3 
col -co2-cpl  
c1-cOl-cD1 


2.144 (4 j 
2.107 (4)  
2.053 (3)  
2.090 (3)  
2.13143) 
1.732 
1.875 (3) 
1.884 (3)  
2.038 (4) 
2.140 (4) 
2.141 (3) 


2.060 (3 )  
2.102 (3) 


2.107 44) 
1.737 


C6-C7 
C7-C8 
C&C9 
c9-c10 
ClO-C6 
Cl l - c12  
C12-Cl3 
C13-Cl4 
C14-Cl5 
C15-C11 


1.400 
1.388 
1.419 
1.412 
1.417 
1.395 (6)  
1.418 (5)  
1.437 (5)  
1.382 (6) 
1.414 (5 )  


Bond Angles 
98.19 (13) C O ~ - C O ~ - C ~  92.49 (10) 
85.98 (17) C O ~ - C O ~ - C ~  92.55 (9)  
82.4t (15) Col-C3-C4 133.9 (3) 


142.6 Co2-C5-C4 114.8 (3) 
126.6 C3-C4-C5 118.1 (4) . .  


C2-Col-Cpl 125.5: ClO-C6-C7 107.7 (4)  
C6-C7-C8 108.2 (4) C3-C0l-Cpl 124.8 _ _  - .  _ _  


c i -co2-c2  98.12 (13) c7-cg-cg io9.5 (3j 
Cl-C02-C5 85.95 (17) C8-C9-C10 106.1 (4) 
C2-C02-C5 82.54 (14) C9-ClO-C6 108.6 (3) 
C O ~ - C O ~ - C P ~  143.1 C15-Cll-Cl2 108.5 (4)  
Cl-Co2-Cp2 127.7: Cll-Cl2-Cl3 108.9 (3) 


C12-Cl3-Cl4 105.5 (4)  C2-Co2-Cp2 124.9 
C13-Cl4415  109.6 (3) C5-Co2-Cp2 124.2' 


col-c1-01 139.62 (21) c i 4 - c i 5 - c i i  107.5 (4 j  
C02-C1-01 140.46 (21) 
C O ~ - C ~ - C O ~  79.86 (14) 
C0l-C2-02 140.71 (25) 
C O ~ - C ~ - C O ~  79.96 (13) 


Torsional Angles 
Cp 1-CO 1 - c 0 2 - c ~  2 2.0 C O ~ - C O ~ - C P  1-C6 -23.4 
c3-Col-co 2-c 5 0.0 C0l-C02-Cp2-C11 6.8 


C ~ - C O ~ - C O ~ - C ~  -78.0 cO2-cOl-C3-C4 -1 5.6 


C5-CO 2 4 0  1-Cpl 1 77.0 C 0 2 4  5 4 4 4 3  -32.1 


c3-c01-c02-c1 82.6 Col-Co 2 4 5 4 4  16.0 


C ~ - C O ~ - C O ~ - C P ~  -174.9 Col-C3-C4-C5 31.9 


a In this and all subsequent tables the esd's of all 
parameters are given in parentheses, right-justified to the 
least significant digit(s) given. The esd's are calculated 
including the correlation terms derived from the inverted 
least-squares matrix. Distances and angles are uncor- 
rected for thermal motion. 
troids of the two cyclopentadienide rings. 


of this reaction were CpCo(CO), and cobalt-containing 
clusters (mainly Cp4C04(CO)2). This unusual resistance 
to decomposition by @-elimination resembles the behavior 
of other five-membered metalla~ycles.'~ Thermolysis of 
1-dz (fully deuterated @-position) exhibited no scrambling 
of the label into the a-positions of recovered starting 
material, indicating that the trimethylene unit does not 
suffer skeletal rearrangement under these conditions. 
Likewise, the thermolysis of a 1:l mixture of 1 and 1-d4 
(fully deuterated a-positions) gave cyclopropane having 
label distribution do, 45.7%, dl, 4.1%, d2, 2.1%, d3, 9.0%, 
and d4, 39.1 %, and propene having label distribution do, 
44%, dl, 4.4%, d2, 1.7%, d3, 9.4%, and d4, 40.1%. This 


Cp l  and Cp2 are the cen- 


(15) McDermott, J. X.; White, J. F.; Whitesides, G. M. J. Am. Chem. 
SOC. 1973, 95,4461. 
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Scheme I11 
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Figure 3. First-order plot of the disappearance of 1 in the 
presence of excess triphenylphos hine ([ lI0 = 0.014 M, [PPh3] 


demonstrates that the product hydrocarbons arise in 
predominantly intramolecular reactions. 


The cleanest and in some ways most dramatic reaction 
of bimetallacycle 3 occurs upon treatment with CO and 
phosphines (Scheme 111). Reaction with relatively high 
concentration of PPh,, for example, occurs rapidly at  56 
"C and leads to CpCo(PPh,)CO and the mononuclear 
metallacycle 6. Similar treatment of 1 with PMe, leads 
to 7, and carbonylation gives 8. During carbonylation of 
Cp2C02(CO)zMez it was possible to observelob both binu- 
clear diacyl complexes as well as the mononuclear dialkyl 
complex CpCo(CO)Me2, but we have never been able to 
detect the alkyl/acyl complex CpCo(COCH3)(CH3)C0. 
Neither have we found CpCo(COCH3)(CH3)(PR3) in re- 
actions of the dimethyl complex with phosphines; appar- 
ently these materials undergo too rapid reductive elimi- 
nation to acetone. In sharp contrast, complex 6 is stable 
to 125 "C, and even at this temperature cyclopropane and 
propylene, rather than cyclobutanone, are the products 
of thermal decomposition. Trimethylphosphine complex 
7 is even more stable, again leading to cyclopropane and 
propylene a t  temperatures near 175 "C. 


Lowering the concentration of PPh, produces two ef- 
fects. First, a t  sufficiently low [PPh,], substantial de- 
creases in the reaction rate are observed. Second, signif- 
icant amounts of cyclopropane (mixed with small amounts 
of propene) begin to be observed, the ratio of cyclopropane 
to 6 increasing as the phosphine concentration (and the 
reaction rate) drops. Control studies demonstrated that 
the C3 products are not formed from unassisted thermal 
decomposition, which proceeds too slowly at  56 "C to 
produce detectable amounts of cyclopropane or propene; 


= 0.402 M; kom = 14.1 X 10" S- P ), 


U a 


P 
0 
X 
c - 0 
1 


t i 


I 


1 .  0.6 0.8 
O'O 0.2 0.4 


[PPh3], M 


Figure 4. Dependence of the pseudo-first-order rate constant 
of the reaction of 1 with PPh3 on the concentration of phosphine. 


I I I 1  
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Figure 5. Plot of l/kow versus inverse phosphine concentration 
(according to eq 2). 


C D 


1 
+ CpCoCO CpCo(PR3)C0 


the formation of 6 and C3 hydrocarbons are therefore both 
phosphine-induced reaction channels in this system. 


Examination of the kinetics of the reaction between 1 
and PPh3 provides information about its mechanism. 
Operating at  phosphine concentrations high enough that 
[L] c! constant during each run, good pseudo-first-order 
decomposition of 1 is observed (see Figure 3). At  high 
concentrations of PPh3 the product is essentially exclu- 
sively 6, and kinetic studies show a dependence of the 
reaction rate upon the concentration of PPh, (see Figure 
4). 


These observations are consistent with an initial re- 
versible isomerization to an intermediate such as A in 
Scheme IV, followed by trapping of this intermediate by 
phosphine. Formulation of the appropriate rate law under 
the steady-state assumption for A leads to eq 1. Under 







Scheme V 
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Scheme VI 


6 9 6-d, 


conditions where [L] = constant, the pseudo-first-order 
rate constant koW depends on [L] according to eq 2. The 


1 k-1 1 1 + -  
kobsd klkZ iL1 kl 


- -  --- 


corresponding plot of l/kow vs. inverse phosphine con- 
centration (Figure 5), does indeed yield a straight line. The 
intercept and slope of this line determine kl (15.9 X 10" 
s-l) and the ratio k-,/kZ (0.041 M 9 .  


If this mechanism is correct, the employment of a dif- 
ferent trapping agent for A in this reaction should not 
affect the overall rate, provided its concentration is high 
enough to  trap A every time it is formed (i.e., koM = k l ) .  
Accordingly the rate constant for the reaction of 1 with 
the much more nucleophilic PMezPh (0.443 M) is 9.8 X 
lo" s-l. This compares reasonably well with the kl derived 
from the PPh, reaction (when [PPh,] = 0.402, koW = 14.1 
X d), considering the use of two different techniques 
in collecting the data (see Experimental Section). 


Evidence against certain other reversible processes in 
this system (e.g., a metal-metal bond cleavage/alkyl 
transfer preequilibrium (eq 3)) was provided by the 


1 c p ' c o ~  + CpCo(C0)  (3 )  


thermolysis of a mixture of 1 and its MeCp analogue 5. 
The reaction was carried to ca. 10% conversion; mass 
spectral analysis of recovered starting material showed only 
a very small amount (ca. 1%) of the mixed dimer, indi- 
cating that such a process is not significant under these 
circumstances. 


In order to explain the phosphine-dependent product 
ratio, partitioning of intermediate B or C (Scheme IV) 
must also be dependent on the phosphine concentration. 
We cannot decide at  this point whether B or C is the 
immediate precursor of cyclopropane, but there must be 
a PPh,-independent route to cyclopropane, competitive 
with attack of phosphine on an intermediate to form co- 
baltacyclopentanone 6. Since thermolysis of 6 afforded 
mostly cyclopropane, presumably via species D and C, we 
currently favor C as the species that eliminates cyclo- 
propane in the reaction of 1 with PPh,. 


In order to test this conclusion and to determine whether 
C and D equilibrate rapidly relative to the extrusion of 
cyclopropane, we prepared 6 - 4  with the deuterium label 
a to the carbonyl function. Cobaltacyclopentanone 6 was 
deprotonated with lithium diisopropylamide (LDA) to 
form the enolate 9. Addition of MeOD generated 6-d1 
(Scheme V). Entry from 6 into the D + C manifold 
provides a pathway for scrambling this label into the 
position adjacent to the metal center (Scheme VI). No 
scrambling was observed when a solution of 6-dl was 
heated to 100 OC until decomposition occurred. This 
would only be consistent with the mechanism outlined in 
Scheme IV, if a t  low phosphine concentrations the trap- 
ping of D with phosphine were too slow to compete with 
the formation of cyclopropane from C. To test this, we 
heated a solution of 6-d1 at 110 "C in CJ16 in the presence 
of excess phosphine ([PPh,] = 0.8 M). Under these con- 


D C D 


ditions monitoring by lH NMR indicated a slow equili- 
bration of the deuterium label between the two positions 
CY to the ketone and CY to the metal, as predicted by the 
mechanism in Scheme IV. 


Summary and Conclusions 


Some similarities, but also significant differences, have 
been observed between the chemical behavior of the acyclic 
dinuclear dialkylcobalt complexes reported earlier,1° and 
the related cyclic dimetallacycles discussed in this paper. 
Reactions of both types of complexes result ultimately in 
the formation of new carbon-carbon bonds. This does not 
occur via intact dinuclear intermediates but instead in- 
volves transient mononuclear intermediates which are 
formed by transfer of one of the alkyl groups from one 
metal center to the other. One of the most rapid processes 
in the acyclic system, reversible dissociation of the starting 
complex to two CpCo(C0)R fragments, is clearly less fa- 
vorable in the cyclic system, because considerably less 
entropy is gained upon cleavage of the metal-metal bond 
(a "diradical", or dicobalt(I1) intermediate, would be gen- 
erated in the dimetallacycle case). This may be the reason 
for the greater thermal stability of the dimetallacyclo- 
pentane. We cannot say whether diradical-type species 
intervene in the conversion of 1 to C (Scheme IV), but our 
present results certainly do not require such an interme- 
diate. 


Important differences also exist in the behavior of the 
mononuclear species generated after metal-to-metal alkyl 
transfer. Perhaps most interesting is the contrast between 
the behavior of cobaltacyclopentanones D and the analo- 
gous acyclic intermediate CpCo(C0R)R. The latter must 
undergo reductive elimination to ketone extremely rapidly 
even below room temperature; CpCo(L)(COR)R complexes 
are never detected in the carbonylation of CpCo(L)Rz or 
[CpCo(CO)RI2. Finally, metallacyclobutane complex C is 
a critical intermediate in the mechanism outlined in 
Scheme IV; circumstantial evidence for its involvement is 
very compelling. For that reason, it is frustrating that 
stable complexes of this type appear to be completely 
unknown in the cobalt triad. Synthesis of mbtallacyclo- 
butanes, with M = Co, Rh, or Ir, therefore represents a 
challenge which, if successfully met, should provide im- 
portant information about the conclusions reached in this 
study. 


Experimental Section 
General Techniques. 'H NMR spectra were recorded on a 


Varian EM-390 spectrometer or at  250 MHz or 200 MHz on 
spectrometers equipped with Cryomagnets Inc. magnets and 
Nicolet Model 1180 data collection systems. 13C NMR spectra 
were recorded at  45 MHz on a spectrometer equipped with a 
Bruker superconducting magnet and a Nicolet Corp. Fourier 
Transform Computer package. All high-field instruments were 
constructed by Mr. Rudi Nunlist in the UC Berkeley NMR 
laboratory. IR spectra were obtained on a Perkin-Elmer Model 
283 infrared spectrophotometer. Analysis of the volatile products 
of the decomposition reactions was performed on an analytical 
Perkin-Elmer 3920 gas chromatograph, connected to a Spectra 
Physics integrator using a 20 f t  X in. stainless-steel column 
packed with 15% DBTCP on Chromosorb P. All manipulations 
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involving air-sensitive organometallic compounds, including 
chromatographic separations, were carried out in a Vacuum 
Atmospheres inert atmosphere box under Nz, prescrubbed and 
continuously circulated through a purifier, unless indicated 
otherwise. 
AU solvenu were purified by stirring over sodium benzophenone 


ketyl, followed by distillation under Nz. Before transfer to the 
drybox, the solvents so obtained were frozen and the flasks 
evacuated. Hexane was purified by stirring with concentrated 
sulfuric acid two times for 12 h, followed by stirring with a sat- 
urated solution of KMn04 in 10% sulfuric acid and washing with 
water, saturated sodium carbonate solution, and water again. After 
the solution was dried with CaClZ, the hexane was stirred over 
sodium benzophenone ketyl followed by distillation as mentioned 
above. 


Elemental analysis were performed by the UC Berkeley College 
of Chemistry microanalytical laboratory. C~CO(CO)~ was prepared 
according to published procedures16 and reduced to the known 
Na[s5-CpCo(CO)lz with Na amalgam.lo*~l' 


(p-Trimethylene)bis(q5-cyclopentadienyl)bis(p- 
carbony1)dicobalt (1). In the dry box, 1.0 g of 1,3-diiodopropane 
(3.4 mmol) was added all at  once to a stirred suspension of 1.0 
g of Na[CpCo(CO)lz (2.14 mmol) in 20 mL of THF. The pale 
green suspension immediately turned blue-green. The IR spec- 
trum a t  this time showed CO stretches a t  2020 and 1955 cm-' 
(CpCo(CO)z), 1815 cm-' (l), and 1790 cm-' (Cp2Co&O)z), causing 
the intense blue-green color.'ck After 30 min the solution appeared 
brown-green, and the IR spectrum showed that all CpzCoz(C0)z 
had decomposed. A 40-mL sample of hexane was then added to 
precipitate NaI and the mixture filtered. After evaporation of 
the solvent the residue was chromatographed on neutral Alumina 
11, eluting first with hexane and then with hexane/benzene. The 
second fraction (dark green) was collected and the solvent 
evaporated under reduced pressure. The solid residue was re- 
crystallized from toluene/hexane to yield 314 mg of analytically 
pure 1 (42% yield): mp 170 "C dec; IR (THF) 1850 (wk), 1815 


31.9, 20.5; MS (15 eV), m / e  346 (M'). Anal. Calcd for 
C1&I&O202: C, 52.05; H, 4.66; Co, 34.05. Found: C, 52.33; H, 
4.91; Co, 33.7. 


(p-Tetramethylene)bis(q5-cyclopentadienyl)bis(p- 
carbony1)dicobalt (2). This reaction was carried out under inert 
gas by using Schlenk techniques to facilitate cooling. A solution 
of 1 g of 1,4-diiodobutane in 5 mL of THF was added to a sus- 
pension of 1 g of Na[Cp2Coz(CO)z] in 15 mL of THF which was 
cooled to 10 "C. After 20 min this solution was exposed to ca. 
1 atm of CO to convert CpzCoz(CO)2 to C ~ C O ( C O ) ~  The solvent 
was then evaporated. The residue was taken up in cold toluene 
(0 "C) and the mixture transferred to a column (Alumina 11, 2 
X 30 cm, cooled to -10 "C) and eluted with pentane/EkO (101). 
The green fraction was collected and the solvent evaporated, while 
the solution was kept below -10 "C. The resulting green solid 
was recrystallized from toluene/pentane (1:2) to yield 140 mg of 
analytically pure 2 (18% yield): mp 100 "C dec; IR (THF) 1848 
(wk), 1828 (s), 1783 (vwk) cm-'; 'H NMR (toluene-& -20 "C) 6 
4.43 (s, 10 H), 1.16 (m, 4 H), 0.91 (m, 4 H). Anal. Calcd for 
C16H18Coz0z: c, 53.36; H, 5.04; Co, 32.7. Found C, 52.88; H, 
5.00; Co, 32.4. 


(p-Benzocyclobutene) bis(q5-cyclopentadienyl) bis(r- 
carbony1)dicobalt (3). A 930-mg (2.6-"01) sample of 1,2- 
diiodo-3,4-benzocyclobutene was added to a stirred suspension 
of 0.86 g of Na[CpzCo&0)2] (1.84 "01) in 15 mL of THF. After 
the solution was stirred for 20 min, 30 mL of hexane was added 
and the green-brown solution fiitered. The solvent was evaporated 
under vacuum and the residue chromatographed on SiOz (1 X 
20 cm, eluent benzene/hexane (1:l)). The second, dark green, 
fraction was collected, the solvent evaporated, and the solid residue 
recrystallized from toluene/hexene to yield 120 mg of analytically 
pure 3 as black needles (yield 16%): mp 104 "C; IR (THF) 1853 
(vwk), 1817 (s), 1786 (sh, vwk) cm-'; 'H NMR (THF-d8) 6 6.85 
(m, 4 H), 4.88 (8, 10 H), 3.25 (s,2 H). Anal. Calcd for CpH&%Oz: 
C, 59.14; H, 3.97; Co, 29.02. Found: C, 59.29; H, 4.13; Co, 29.1. 


(s), 1785 (wk) cm-'; 'H NMR (C&) 6 4.71 (8, 10 H), 1.66 (t, 4 
H), 0.68 (4, 2 H, JHH = 7.1 Hz); 13C NMR (C& d 254.8, 91.75, 
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Formation of (~4-Benzocyclobutadiene)(q5-cyclo- 
pentadieny1)cobalt (4). An NMR tube was charged with ca 10 
mg of 3 and 0.5 mL of THF-d8 transferred on. The tube was then 
sealed. After 3 days at  room temperature the resonances of the 
starting material were replaced by those of C ~ C O ( C O ) ~  and a set 
of resonances consistent with 4: 6 7.01 (m, 2 H), 6.63 (m, 2 H), 
4.56 (e, 5 H), 2.92 (s, 2 H). The yield of 4 as determined by the 
integration of the 'H NMR spectrum using the residual solvent 
peaks as internal standard was ca. 75%. The tube was then 
opened and the mixture filtered through Alumina I1 using hexane 
as eluent. The solvent was evaporated and the residue heated 
to ca. 50 "C under vacuum to remove the C~CO(CO)~.  The 'H 
NMR spectrum in c& and the mass spectrum of the so obtained 
material were identical with the reported values for 4.'' 


(q5-Cyclopentadienyl(triphenylphosphine)cobaltacyclo- 
pentanone (6). To a solution of 360 mg of 1 (1.04 mmol) in 10 
mL of THF was added 2.3 g of PPh3 (8.77 mmol), and the solution 
was kept at  60 "C for 15 h. The solvent was evaporated and the 
residue chromatographed on silica gel. Elution with benzene 
yielded first a dark red fraction of CpCo(PPhs)CO (identified by 
its H NMR and IR spectra). Further elution with THF yielded 
an orange fraction containing 6. Evaporation of solvent and 
recrystallization from toluene/pentane gave 455 mg of analytically 
pure 2 (1.0 mmol, 96% yield): mp 177.5-178.5 "c dec; IR (C6H6) 


(s, 5 H), 3.34 (m, 1 H), 2.61 (m, 1 H), 1.61 (m, 4 H); MS (20 eV), 
m / e  456 (M'). Anal. Calcd for C27Hz&OOP: C, 71.05; H, 5.74; 
Co, 12.9; P, 6.79. Found: C, 71.10; H, 5.88; Co, 12.6; P, 6.66. 


(q5-Cyclopentadienyl)(trimethylphosphine)cobaltacyclo- 
pentanone (7). A 1Wmg (0.29-"01) samples of 1 WBS dissolved 
in 3 mL of toluene. Into the degassed solution was vacuum 
transferred ca. 3.3 mmol of PMe3, and this mixture was heated 
to 70 "C for 3 h. Excess PMe3 and solvent were pumped off, and 
the residue was chromatographed on SOz. With benzene a first 
fraction of CpCo(CO)PMe3 was eluted, and further elution with 
benzene/THF yielded a yellow fraction of 7. This material was 
recrystallized from pentane to yield 70 mg (0.26 mmol, 90%) of 
orange air-sensitive crystals: mp 124 "C; IR (C6H6) 1640 cm-l; 


= 10 Hz): MS (20 eV), m / e  270 (M+). Anal. Calcd for 
ClzHzoCoOP: C, 53.34; H, 7.46; Co, 21.8; P, 11.46. Found: C, 
53.23; H, 7.33; Co, 22.0; P, 11.19. 
($-Cyclopentadienyl)carbonylcobaltacyclopentanone (8). 


A solution of 37 mg of 1 in 1 mL of benzene in an open NMR 
tube was placed in a steel bomb, pressurized with CO (750 psi), 
and kept at ca. 70 "C for 3 days. The color of the solution changed 
to a reddish brown. Chromatography of the solution on SiOz 
yielded a first fraction of C ~ C O ( C O ) ~  with benzene and a second 
light yellow fraction of 8 upon elution with THF. This fraction 
was evaporated to dryness to yield pure 8 as volatile yellow oil: 


H), 2.94 (m, 1 H), 2.35 (m, 3 H), 1.40 (m, 2 H); MS (20 eV), m / e  
222 (M+). High-resolution MS calcd for CloHllCo02: m / e  
222.0091. Found: m / e  222.0093. 
Thermolysis of 1. An NMR tube was charged with 10 mg 


of 1. Approximately 0.5 mL of C6D6 was vacuum transferred in 
and the tube sealed off. The tube was then heated to 100 "C and 
the progress of the reaction monitored periodically by lH NMR 
spectroscopy. After 20 h the resonances of 1 were replaced by 
those of C~CO(CO)~, propene, and cyclopropane as major products. 
Because the NMR signals at  this point were rather broad, the 
volatile materials were vacuum transferred into another NMR 
tube. The 'H NMR spectrum again confirmed the presence of 
C ~ C O ( C O ) ~ ,  propene, and cyclopropane. No cyclobutanone was 
detected. An IR spectrum of the solid residue showed CO 
stretches for C~CO(CO)~,  some unconverted 1, and C ~ , C O ~ ( C O ) ~  
The absolute yield of Cs hydrocarbons was determined in an 
independent experiment. A 23.5-mg sample of 1 (0.0679 mmol) 
was dissolved in benzene and the solution degassed and then 
heated to 110 OC for 2 days to ensure complete reaction. The 
volatile products of this reaction were isolated by using a Toepler 
pump and quantitated by gas chromatography by using an added 
known amount of C2H, as standard. The absolute yields were 
as follows: propene, 73%; cyclopropane, 18%; propane, 1%.  
Thermolysis of 6. An NMR tube was charged with 15 mg 


of 6,0.5 mL of C& vacuum transferred in, and the tube sealed 


1645 cm-'; 'H NMR (C&) 6 7.76 (m, 6 H), 7.08 (m, 9 H), 4.63 


'H NMR (C&) 6 4.57 (9, 5 H), 3.7-0.8 (m, 6 H), 0.9 (d, 9 H, J ~ H  


IR (THF) 2005 (e), 1700 (m) cm-'; 'H NMR (C6D6) 6 4.53 (s, 5 


(16) Rausch, M. D.; Genetti, R. A. J. Og.  Chem. 1970, 35, 3888. 
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Na[CpCo(CO)lz in 2 mL of THF. Workup as described previously 
yielded ca. 10 mg of l-d2: 'H NMR (C6D6) S 4.72 ( 8 ,  10 H), 1.67 
(s, br, 4 H). A solution of 1-dz in C6D6 was heated to 80 "C in 
an NMR tube and the sample periodically checked by 'H NMR 
spectroscopy. After 24 h the thermal decomposition to cyclo- 
propane and propene had progressed to ca. lo%, and no scram- 
bling of the label could be detected. 


Thermolysis of a Mixture of 1 and l-d& As described above 
dimethyl malonate was reduced with LiAlD4 (99% D) to 
1,1,3,3-tetradeuterio-1,3-propanediol, the diol was converted to 
the corresponding diiodide (1,1,3,3-tetradeuterio-1,3-diiodo- 
propane) with P24" and this treated with Na[CpCo(CO)12 to yield 
30 mg of 1-dd 'H NMR (e&) 6 4.71 (e, 10 H), 0.65 (s, br, 2 H); 
MS (20 eV), m l e  350 (M+); isotopic enrichment (by MS): 98% 


A solution of 11.5 mg of 1 (0.033 mmol) and 13.1 mg of 1-d4 
(0.037 mmol) in 2.5 mL of benzene was heated to 110 "C for 3 
days. The volatile products of this reaction were isolated by using 
a Toepler pump and analyzed by GC-MS. The distribution for 
propenes was as follows: do, 44%; d l ,  4.4%; d2, 1.7%; d,, 9.9%; 
dl, 40.1%. The distribution for the cyclopropanes was as follows: 


analysis of independently generated cyclopropane-d4 and prop  
ene-d4 (from thermolysis of pure l-d4) showed that contribution 
to the peaks at mle  42-45 due to fragmentation of d4 hydrocarbons 
was negligible. 


(p-Trimet hylene) bis ($-met hylcyclopentadien yl) bis (p-  
carbony1)dicobalt (5). A 10-g (51.5-"01) sample M ~ C ~ C O ( C O ) ~  
was added to a mixture of 20 mL of THF and 44 mL of 0.75% 
Na amalgam and stirred for 1 h. This mixture was extracted with 
two 200-mL portions of THF, and the combined extracts were 
filtered and evaporated to dryness to leave 11.0 g of a green 
air-sensitive solid: IR (THF) 1890 (br, vs) and 1860 (m) (Na- 
Co(CO),) and 1740 (m), 1690 (m), and 1655 (s) cm-I (Na- 
[MeCpCo(CO)lz). 


A 0.3-mL sample of 1,3-diiodopropane (2.6 mmol) was added 
to a stirred suspension of 1.12 g of this material in 20 mL of THF. 
After the solution was stirred for 1 h, hexane was added and the 
solution filtered to remove NaI. The solvent was evaporated and 
the residue chromatographed on neutral Alumina I1 (20 X 1 cm). 
Elution with hexane yielded first a fraction of MeCpCo(C0)2 and 
further elution with hexane/benzene (1:l) afforded a dark green 
fraction of 5. The solvent was evaporated and the solid recrys- 
tallized from toluene/hexane (1:l) to yield 210 mg (0.56 mmol, 
yield 11% based on MeCpCo(CO)2) of analytically pure 5: mp 
102-103.5 "C; 'H NMR (C&) 6 4.6-4.3 (m, 8 H), 1.80 (s, 6 H), 
1.47 (t, 4 H, Jm = 7.2 Hz), 0.67 (m, 2 H); IR (benzene) 1840 (wk), 
1803 (s), 1775 (wk) cm-'; MS (20 eV); m / e  374 (M'). Anal. Calcd 
for Cl7HZ0O2Co2: C, 54.56; H, 5.39; Co, 31.15. Found: C, 54.84; 
H, 5.45; Co, 31.9. 


Crossover between 1 and 5. An NMR tube was charged with 
12 mg of 1 (0.035 mmol) and 13 mg of 5 (0.035 mmol). Ap- 
proximately 0.6 mL of c&, was transferred in and the tube sealed 
under vacuum. This solution was then heated to 80 "C and 
monitored periodically by 'H NMR spectroscopy. After 24 h the 
'H NMR spectrum showed some decomposition of the metalla- 
cycles but no new resonances which could be interpreted as those 
of a mixed (MeCp/Cp) dimer. The tube was then opened and 
the mixture of metallacycles reisolated by chromatography. A 
mass spectrum of this mixture showed a small peak (ca. 1%) at 
m / e  360 (the M+ ion of a mixed dimer) in addition to the starting 
metallacycles. A high-resolution MS of the same mixture was 
consistent with the assignment of this peak to a mixed dimer. 
Calcd. for C16H1802C02: m l e  359.9971. Found m / e  359.9972. 


Preparation of 6-dl. A solution of 50 mg of 6 in 5 mL of THF 
was slowly added to a solution to 35 mg of LDA (- 3 equiv) in 
5 mL of THF kept at -78 "C in an acetone/dry ice bath. After 
being stirred for 1 h, the solution had turned red-brown. Three 
drops of CH,OD (299.5% D) were added to the cold solution. 
The color of the solution immediately changed back to the light 
orange color characteristic of 6. The solvent was evaporated under 
vacuum and the solid residue chromatographed on a small SiOz 
column. The material so obtained was recrystallized from tolu- 
ene/pentane to yield 35 mg of 6-d1: 'H NMR (C6Ds) 6 7.76 (m, 
6 H), 7.08 (m. 9 H), 4.63 (8,  5 H), 3.34 (m, 0.87 H), 2.61 (m, 0.08 
H) 1.61 (m, 4 H); MS (20 eV) m / e  457 (Mt). 


d4, 2% d3. 


do, 45.7%; d1, 4.1%; d2, 2.1%; d3, 9.0%; d4, 39.1%. A GC-MS 


under vacuum. The tube was then heated to 120 "C and the 
reaction monitored periodically by 'H NMR spectroscopy. After 
12 h the reaction was complete and the resonance of 6 had been 
replaced by those of CpCo(CO)PPh3 (the only organometallic 
product), cyclopropane, and propene. An IR spectrum of this 
solution showed only one CO stretching vibration at 1920 cm-I 
(consistent with CpCo(CO)PPh3). The yield of C3 hydrocarbons 
was determined in an independent experiment. A 23.bmg sample 
of 2 (0.052 mmol) was dissolved in benzene and the solution 
degassed and then heated to 110 "C for 4 days. The volatile 
products of this reaction were isolated by using a Toepler pump 
and the absolute amounts of cyclopropane and propene deter- 
mined by GC. A known amount of CzH4 was added to the gas 
mixture prior to GC analysis. The absolute yields were as follows: 
cyclopropane, 46.6%; propene, 34.4%. 


Kinetics of the Reaction of 1 with PPhQ Solutions of 1 and 
excess PPhs (i.e., [PPh3]/[l] L 5, to maintain pseudo-first-order 
conditions) in benzene were heated to 56.2 O C  in an acetone bath 
maintained at  a gentle reflux. The progress of the reaction was 
monitored by IR spectroscopy using the CO bands of 1 (1815 cm-') 
and 2 (1645 cm-'). Spectra were taken in the absorbance mode 
to facilitate the w e  of peak heights as a measure of concentration, 
and four scans were averaged to determine each point. The 
reactions were monitored for 2 half-lives and yielded good 
first-order plots (see Figure 3 for a typical plot). In a typical 
experiment 10.0 mg of 1 (0.029 mmol) and 104.8 mg of PPh3 (0.4 
mmol) were dissolved in benzene to give a total volume of 2.00 
mL. This solution was transferred to a glass tube fitted with a 
joint and equipped with a stirring bar. The tube was stoppered 
with a rubber septum and immersed in gently refluxing acetone. 
IR spectra were taken every 15 min by removing aliquots of the 
reaction mixture with a syringe and transferring them into an IR 
cell which had previously been flushed with argon. 


Kinetics of the Reaction of 1 with PMeph. An NMR tube 
was charged with 8 mg of 1 (0.023 mmol) and a solution of 49 mg 
of PMe2Ph (0.355 mmol) in CeDs to give a total volume of 0.80 
mL. MelSi was added as internal standard by using a glass bulb 
of known volume on a vacuum line. The tube was then sealed 
under vacuum. The tube was maintained at 56 OC in the probe 
of an NMR spectrometer (201 MHz for IH NMR), and spectra 
were taken every 7 min. A total of 30 points were taken over 2 
half-lives monitoring the disappearance of the Cp resonance of 
1. A f iborder  plot of these data yielded a straight line with Kow 


1,3-Diiodo-2,2-dideuteriopropane. A 10.02-g (0.1-mol) of 
malonic-d4 acid (Aldrich, 99 atom % D) was dissolved in 150 mL 
of CHC13 (refluxed over P2O5 and distilled). A 14.2-mL sample 
of CH30D (Aldrich, 99.5 % D) and 1 mL of DzSO4 were added, 
and this mixture was refluxed for 10 h. The solution was washed 
with D20, the CHC13 evaporated, and the residue distilled to yield 
11.02 g (83%) of the pure dimethyl ester (bp19 = 75-78 "C). A 
solution of this ester in 40 mL of THF waa added to a stirred 
suspension of 4 g of LiA1H4 in ca. 300 mL of dry THF. The 
solution was heated to reflux for 30 min and after being cooled, 
20 mL of saturated Na$04 solution was added. The solution was 
again heated to reflux and filtered hot. The solid residue was 
extracted twice with hot THF, and the combined filtrates were 
evaporated to leave behind a viscous oil. This was distilled under 
vacuum to yield 3.7 g (0.047 mol, 56%) of the desired diol (bp, 
72 "C). The diol was added to a stirred solution of 7.72 g (0.0244 
"01) of PJ," in 300 mL of CS2 and cooled to 0 "C under argon. 
After the solution was stirred for 4 days, workup and distillation 
under vacuum yielded 3.85 g (0.013 mmol, 28%) of the desired 
diiodide (bp2.5 50-51 "C; 'H NMR (CCW S 3.2 (s, br). [Lit.lB (for 
the protio compound) bplg 110 "C; 'H NMR (CCq) 6 3.2 (t, 4 H) 
2.25 (m, 2 H).] No hydrogen could be detected in the @-position 
by 'H NMR spectroscopy, Le., D incorporation 295%. 


Preparation and  Thermolysis of (p-2,2-Dideuteriotri- 
methylene) bis( q6-cyclopentadienyl) bis (p-carbony 1)dicobalt 
( l-d2). A solution of ca. 30 pL of 1,3-diiodo-2,2-dideuteriopropane 
in 0.5 mL of THF was added to a stirred suspension of 80 mg of 


= 9.77 (10.16) x 10-5 s-1. 


(17) Lauwers, M.; Regnier, B.; Van Eenoo, M.; Denis, J. N.; Krief, A. 


(18) 'Handbook of Chemistry and Physics", 55th ed.; CRC Press: 
Tetrahedron Lett. 1979,80, 1801. 


Cleveland, OH, 1975; p C-442. 
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Table 11. Crystal Data and Data Collection Details 


mol formula C,,H,,Co,* 2 
mol wt, amu 346.16 
a, b, A 16.7983 (20), 45.576 (6), 


v, A3 5326 (3)  
space group, Z Fdd2, 16  
d( calcd), g cm-3 1.727 
p(calcd), cm-' 25.8 
size, mm 
scan method; speed (e )  
scan width 
bkgd 


6.9565 (16) 


0.20 X 0.30 X 0.55 
e ,  28; 0.74-6.7 deg s-l (e) 
Ae = 0.6 + 0.347 tan e 
measd over an additional 0.25 


( Ae)  added to  each end of 
the scan 


three reflctns measd every 2 
h ;  no decay in intensity 


stds 


28 range, deg 3-45 


no. of unique reflctns 
no. of reflctns collected 1016 


9 59 


Unit cell parameters and their esd's were derived by a 
least-squares fit to the setting angles of the unresolved Mo 
KE (A = 0.710 73 A )  components of 24 reflections with 2 
near 28". 


Thermolysis of 6-dP An NMR tube was charged with 5 mg 
of 6 4 ,  and ca. 0.5 mL of c&, transferred in and the tubed sealed 
under vacuum. This tube was kept in an oil bath maintained at  
100 "C and periodically monitored by 'H NMR spectroscopy. 
After 20 h the formation of cyclopropane and CpCo(PPh3)C0 
indicated decomposition. At this time the relative integrals of 
the alkyl resonances of 6-d1 had not changed noticeably. 


Thermolysis of 6-d1 at High PPh3 Concentration. An NMR 
tube was charged with 7.7 mg of 6 - 4  and 129.1 mg of PPh3 (0.493 
mmol). C6Ds was transferred on and the tube sealed under 
vacuum. The total volume of the sample was 0.70 mL corre- 
sponding to a phosphine concentration of [PPh3] = 0.704 M. The 
tube was immersed in an oil bath heated first to 80 "C, then to 
105 "C, and finally to 120 "C. The progress of the reaction was 
monitored by 'H NMR spectroscopy. After 11 h a t  120 "C 30% 
of the starting material had decomposed to CpCo(CO)PPh3 and 
C3 hydrocarbons. The remaining metallacycle was reisolated 
chromatographically and a 'H NMR spectrum recorded and 
carefully integrated. The ratio of the two protons CY to the carbonyl 
function had dropped from the initial 10.9 to 1.63, and the total 
integral of both a protons relative to the Cp had increased to 1.6 
(compared to the initial 1.0). 


Crystal S t ruc ture  of 1. Dark, shiny air-stable crystals, 
primarily of a bladelike habit were obtained by slow diffusion of 
pentane into a solution of 1 in toluene at room temperature. The 
crystal used for data collection was a columnar fragment of ap- 
proximate dimensions 0.20 X 0.30 X 0.55 mm cleaved from a thick 
blade. This was mounted on a glass fiber, in air by using cya- 
noacrylate cement. Preliminary precession photographs indicated 
orthorhombic Laue symmetry and an F-centered cell and yielded 
rough cell dimensions. The systematic absences suggested Fdd2 
or Fddd as possible space groups. 


The crystal was then transferred to an Enraf-Nonius CAD4 
automated diffra~tometer'~ and centered in the beam. Our 
standard peak search and automatic indexing procedure yielded 
a primitive triclinic cell of one-fourth the volume of the prelim- 
inary cell. Inspection of the Niggli values20 showed that the 
F-centered orthorhombic lattice was obtainable from the primitive 
cell and the transformation was made. The systematic absences 
(h01, h + 1 = 4n, Okl,  k + 1 = 4n, hkO, h = 2n and k = 2n) were 
consistent only with the noncentric space group Fdd2. The final 


(19) Instrumentation at the University of California Chemistry De- 
partment X-ray Crystallographic Facility (CHEXRAY) consists of two En- 
raf-Nonius CAD-4 diffractometers, one controlled by a DEC PDP 8/a 
with an RK05 disk and the other by a DEC PDP 8/e with an RLOl disk. 
Both use Enraf-Nonius softward as described in the CAD-4 Operation 
Manual, Enraf-Nonius, Delft, Nov 1977, updated Jan. 1980. 


(20) Roof, R. B., Jr. "A Theoretical Extension of the Reduced-Cell 
Concept in Crystallography", Publication LA-4038 Los Alamos Scientific 
Laboratory: Los Alamos, NM, 1969. 
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set to 0.03 throughout the refinement. The analytical forms for 
the scattering factor tables for the neutral atoms were used,% and 
all non-hydrogen scattering factors were corrected for both the 
real and imaginary components of anomalous dispersion.26 


The largest peak in the final difference Fourier map had an 
electron density of 0.30 e/A3. There was no apparent correlation 
of peaks with the structure. 


The positional and thermal parameters of the non-hydrogen 
atoms are given in Table III. The positions of the hydrogen atoms 
and a listing of the values of F, and F, are available as supple- 
mentary material. 
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cell parameters and the details of the data collection procedure 
are given in Table 11. 


The 1016 raw intensity data were reduced to structure factor 
amplitudes and their esd’s by corrections for background, scan 
speed, and Lorentz and polarization  factor^.^^-^^ Inspection of 
azimuthal scan data indicated the necessity of an absorption 
correction, and so the faces of the crystal were identified and 
measured. The actual correction was applied after solution of 
the structure and before the final refmement. The maximum and 
minimum transmission factors were 0.630 and 0.525, respectively. 


The locations of the two cobalt atoms were determined by 
analysis of the three-dimensional Patterson synthesis. Standard 
Fourier and leashquarea techniques slowly revealed the remainder 
of the non-hydrogen atoms in the structure. The difficulty in 
attaining convergence was due to the near perfect pseudomirror 
plane located approximately normal to a at x = 0.25 which related 
one half of the molecule to the other. After refinement of all atoms 
with anisotropic thermal parameters (Ru = 3.54%, R, = 5.29%) 
a difference Fourier showed peaks where many of the hydrogens 
were expected. The hydrogen positions were calculated based 
on their idealized geometry and included in structure factor 
calculations but not refined. Inversion of the structure followed 
by refinement led to a much higher R value, indicating that our 
original choice of enantiomer in the space group was the correct 
one. 


The final residuals for 171 variables refined against the 921 
data for which p > 3a(P) were R = 2.30%, R, = 3.2170, and 
GOF = 1.853. The R value for all 959 data was 2.47%. 


The quantity minimized by the least-squares program was 
~ ~ ( ~ 3 ’ ~ ~  ;)Fcl), where w is the weight of a given observation. The 
p factor, used to reduce the weight of intense reflections, was 


(21) All calculations were performed on a PDP 11/60 equipped with 
128 kilowords of memory, twin RK07 28 MByte disk drives, Versatec 
printer/plotter, and TU10 tape drive using locally modified Nonius- 
SDPn software operating under RSM-11M. 


(22) Structure Determination Package User’s Guide, April 1980, Mo- 
lecular Structure Corp.: College Station, TX 77840. 


(23) The data reduction formulae are F?= (w/Lp)(C - 2B!, uo(F2) = 
(w/Lp!(C + 4B)1/2, F, = F2, and u0(m = uo(F2)/2F0 where C 18 the total 
count In the scan, B the sum of the two background counts, w the scan 
speed used in deg/min, and 1 / L p  = sin 28(1 + cos2 28,)/(1 + cos2 28, 
- sin2 28) is the correction for Lorentz and polarization effecta for a 
reflection with scattering angle 28 and radiation monochromatized with 
a 50% perfect single-crystal monochrometer with scattering angle 28,. 


(24) R = (CIPol - Pcll)/CP~9 Rw l[C.~l(lF~l - Pcl)21/~~F211/2p and 
GOF = [[w(Fo - FJ2]/(nO - nJ,)pp, where no ia the number of observations, 
n, is the number of variable parameters, and the weights w were given 
by w = 4F,2/2(F,2), u2(F,2) = [u?(F2) + @P)2], where p is the factor 
used to lower the weight of intense reflections. 


(25) Cromer, D. T.; Waber, J. T. “International Tables for X-ray 
Crystallography”; Kynoch Press: Birmingham, England, 1974; Vol. IV 
Table 2.2B. 


(26) Cromer, D. T. ref 25, Table 2.3.1. 
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The hydrido(hydroxymethyl)iridium(III) complex [IrH(CH,OH)(PMe,),]+ has been prepared by two 
routes: the reduction of the corresponding cationic hydridoformyl complex and 0-Si bond cleavage of 
the silyl ether complex [IrH(CH20SiMe3)(PMe3),]+. This silyl ether complex has been prepared by addition 
of ICH20SiMe3 to the hydridoiridium(1) complex IrH(PMe,),. The hydrido hydroxymethyl complex 
decomposes to [IrH2(PMe3),]+ and formaldehyde in the presence of strong base and reacts with strong 
acid to form water and the methyl complex [Ir(CH,)I(PMe,),]+. The latter reaction is believed to occur 
by hydrogen migration to a transient methylene species. The crystal and molecular structure at -100 O C  


of [IrH(CH20H)(PMe3),][PF6] has been determined space group C$,-P21/c (No. 14), a = 9.237 (2) A, 
b = 21.067 (3) A, c = 13.156 (2) A, j3 = 104.30 (1)O, V = 2481 (1) A3, 2 = 4. The final conventional and 
weighted agreement indices on F, for 4417 reflections with F,2 > 3a(F,2) are 0.029 and 0.031, respectively. 
The cation has pseudooctahedral geometry with a stereochemically active hydride ligand. The C-0 bond 
length, 1.471 (7) A, suggests a contribution from an incipient iridium-methylene dication. 


Introduction 
Metal-bound hydroxymethyl fragments are often pro- 


posed as important intermediates in the reduction of 
carbon monoxide.' However, only recently have transi- 
tion-metal hydroxymethyl complexes become available, 
and studies of their reactivities are vital if the role of the 
hydroxymethyl fragment in CO hydrogenation is to be 
understood. 


Unsubstituted hydroxymethyl complexes that have been 
reported are the cyclopentadienylrhenium(1) compounds 
l,,-, the osmium and iron complexes 26 and 3: and the 
hydridoiridium compound 4a.7 Hydroxymethyl complexes 
of Cr(II1) have been studied but apparently have not been 
isolated and completely characterized.*~~ In addition, 
elegant syntheses have been reported for C-substituted 
hydroxymethyl compounds;l@l2 also, numerous alkoxy- 
methyl comp~unds '~J~  have been prepared and utilized as 
a source of carbenoid species since the initial report by 
Jolly and Pettit.13 


- 1 2 3 5, L=PMe3; :,X=PF6 
b,  X = I  


The iridium hydrido hydroxymethyl complex 4 s  was 
first obtained by the reduction of the hydrido formyl 
compound 5 (Scheme I).' Subsequently, we have been 
studying the hydrido hydroxymethyl complexes 4a,b and 
have found them to undergo a number of interesting re- 
actions. Unfortunately, our previously reported synthesis 
of compound 4a7 is cumbersome, and the yield is poor; 
therefore we report a more convenient method for the 
preparation of compounds 4a,b. We also describe the 


We and our colleagues at Du Pont wish to honor the memory of 
Professor Rowland Pettit; we have lost a valued friend. * Contribution No. 3133. 


0276-7333/82/2301-1580$01.25/0 


crystal and molecular structure of compound 4a as de- 
termined by X-ray diffraction, its base-induced decom- 
position to [IrH2(PMe3),]+ (6, Scheme I) and form- 
aldehyde, and the reaction of 4b and related compounds 


(1) (a) Gladysz, J. A. Ado. Organomet. Chem. 1982, 23, 1-38. (b) 
Rofer-DePoorter, C. K. Chem. Rev. 1981,81,447-474. (c) Masters, C. 
Ado. Organomet. Chem. 1979,17,61-103. (d) Muetterties, E. L.; Stein, 
J. Chem. Reu. 1979, 79,479-490. (e) Henrici-Olive, G.; Olive, S. Angew. 
Chem. 1976,88,144-1M); Angew. Chem., Int. Ed. Engl. 1976,15,136-141. 


(2) Nesmeyanov, A. N.; Anisimov, K. N.; Kolabova, N. E.; Krasnos- 
lobodekaya, L. L. Izu. Akad. Nauk SSSR, Ser. Khim. 1970,860-865; Bull. 
Acad. Sci. USSR, Diu. Chem. Sci. (Engl. Trans.) 1970, 807-811. 


(3) Sweet, J. R.; Graham, W. A. G. J. Am. Chem. SOC. 1982, 104, 
2811-2815; J. Organomet. Chem. 1979,173, C9412. 


(4) Casey, C. P.; Andrews, M. A.; McAlister, D. R.; Jones, W. D.; 
Harsey, S. G. J. Mol. Catal. 1981,13,43-59. Casey, C. P.; Andrews, M. 
A.; McAlister, D. R.; Rim, J. E. J. Am. Chem. SOC. 1980,102,1927-1933. 
Casey, C. P.; Andrews, M. A.; McAlister, D. R. Ibid. 1979,101,3371-3373. 
Casey, C. P.; Andrews, M. A.; Rinz, J. E. Ibid. 1979, 101, 741-743. 


(5) (a) Clark, G. R.; Headford, C. E. L.; Marsden, K.; Roper, W. R. J. 
Organomet. Chem. 1982,231,335-360. Headford, C. E. L.; Roper, W. R. 
Ibid. 1980,198, C7-ClO. Brown, K. L.; Clark, G. R.; Headford, C. E. L.; 
Marsden, K.; Roper, W. R. J. Am. Chem. SOC. 1979,101, 503-505. (b) 
Berke, H.; Huttner, G.; Weiler, G.; Golnai, L. J. Orgammet. Chem. 1981, 
219, 353-362. 


(6) Bodnar, T.; Coman, E.; Menard, K.; Cutler, A. Inorg. Chem. 1982, 
21, 1275-1277. 


(7) Thorn, D. L. Organometallics 1982, 1, 197-204; J. Am. Chem. SOC. 
1980,102, 7109-7110. 
(8) Espenson, J. H.; Bakoc, A. J. Am. Chem. Soc. 1980,102,24882489; 


1981,103,2721-2728, 2728-2733 and references therein. 
(9) Cohen, H.; Meyeratein, D. Inorg. Chem. 1974, 13, 2434-2443. 


Schmidt, W. 0.; Swinehart, J. H.; Taube, H. J. Am. Chem. SOC. 1971,93, 
1117-1123. 


(10) Vaughn, G. D.; Gladysz, J. A. J. Am. Chem. SOC. 1981, 103, 
5608-5609. Gladysz, J. A.; Selover, J. C.; Strouse, C. E. Ibid. 1978, 100, 
6766-6768. 


(11) Wayland, B. B.; Woods, B. A.; Mmde, V. M. J. Chem. Soc., Chem. 
Commun. 1982.634-635. 


(12) Blackmore, T.; Bruce, M. I.; Davidson, P. J.; Iqbal, M. 2.; Stone, 
F. G. A. J. Chem. SOC. A 1970, 3153. 


(13) Jolly, P. W.; Pettit, R. J. Am. Chem. SOC. 1966,88, 504475045. 
OConnor, E. J.; Helquist, P. J. Am. Chem. SOC. 1982,104,1869-1874 and 
references therein. 


(14) Chou, C.-K.; Miles, D. L.; Bau, R.; Flood, T. C. J. Am. Chem. SOC. 
1978, 100,7271-7278. 
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Scheme I 
H L  [ IrHp(PM& ] C I  -@% IrHL, I [ L#CHzOH] I 


" I  L 


(CHz0) [ I r  ( PMe 3)4] [ PF6] 


with electrophilic reagents to form methyliridium com- 
pounds. 


Results 
Scheme I summarizes two routes for the synthesis of 


compounds 4a,b from the Ir(1) starting materials [Ir- 
(PMe3),]C115 or [h(PMe3),][PF6]? The bottom route, the 
previously reported reduction of the formyl complex 5, is 
low yielding and requires a lengthy workup procedure. The 
top route, while requiring more steps than the reduction 
reaction, provides compounds 4a,b in better and more 
reliable yield. The crucial step of this route is the addition 
of the reagent, iodomethyl trimethylsilyl ether,16 to  the 
hydridotetrakis(trimethylphosphine)iridium(I) complex 
(7), resulting in the formation of the hydrido (trimethyl- 
si1oxy)methyl complex 8. (Excess iodomethyl silyl ether 
must be avoided to prevent further reaction with com- 
pound 8; see below.) Subsequent conversion of the 
CH20SiMe3 group of compound 8 to the hydroxymethyl 
group of compound 4b is conveniently effected by am- 
monium bifluoride in refluxing tetrahydrofuran (THF). 


In the course of our studies we discovered that com- 
pounds 4a,b react with base (eq l), resulting in the release 


H 


(1) 
I ..L 


[L,!f-CHzOH1+- IrHL, + CHzO + H-BASE+ 
L L L  J 


4,. L=PMe3 7 


of formaldehyde and formation of the hydridoiridium 
compound IrH(PMe3), (7). The formaldehyde has been 
detected by its reaction with separately added [Ir(PMe3)4]+ 
to yield a hydrido formyl complex (see Experimental 
Section). A base stronger than pyridine is necessary, as 
compound 4 is indefinitely stable in pyridine at  room 
temperature. Potassium tert-butoxide is a convenient 
base; another basic reagent which will cause the reaction 
of eq 1 is IrH(PMe3)4 (7) itself. This allows a chain re- 
action for the decomposition of compound 4 to free form- 
aldehyde and the dihydrido cation 6, illustrated in eq 2, 


!!% IrHL4  (CHzO), BASE-H' (INITIATION) 


4 5. 
(21 


H 
I 


[L4yr-CHzOH]* + I rHL4 - L41r + IrHzL; (CHzO), (PROPAGATION) 


4 ?. Z 6  


in which IrH(PMeJ4 serves as the chain carrier. Therefore, 
care must be taken in the preparation and handling of 4, 
as even trace amounts of strong base can initiate the de- 
composition reaction. 


Compound 4b also reacts immediately with HBF4 e- 
therate in methylene chloride to form the methyl com- 


(15) Herskovitz, T. h o g .  Synth. 1982, 21, 99-102. Herskovitz, T.; 
Guggenberger, L. J. Am. Chem. Soc. 1976,518,1615-1616. English, A. D.; 
Herskovitz, T. Ibid. 1977,99,164&1649. 


(16) Brinkman, K. C.; Vaughn, G. D.; Gladysz, J. A. Organometallics 
1982, 1, 1056-1060. 


L 


2, L=PM83 


pound [Ir(CH3)I(PMe3)4] [BF,] (9) and water. The mech- 
anism we consider most likely is outlined in eq 3. Excess 


/ i b ,  L=PMe, 


- 9, L=PMe, 


HBF, must be avoided, as it reacts further with the methyl 
compound 9 to form [HPMe3] [BF,] and as-yet-unidenti- 
fied iridium-containing products. Compound 4a also rea& 
with HBF4 etherate, but the reaction is more complicated 
and the products have not been identified. 


Discussion 
Compounds 4 and 8 are further examples of remarkably 


stable (trimethylphosphine)iridium(III) hydrido alkyl 
complexes?J7 We have not observed reductive elimination 
of methanol from 4 (or methyl trimethylsilyl ether from 
8), although we have not explored a wide range of condi- 
tions, owing to the other competing reactions these com- 
pounds undergo. 


The base-induced decomposition (eq 1, 2) has been 
mentioned elsewhere.'* The most surprising aspect of this 
reaction is that the hydrido complex IrH(PMe3)2 (7) does 
not react further with formaldehyde to make a hydrido 
formyl complex, whereas the analogous methyl complex 
Ir(CH3)(PMe3)4 does react with formaldehyde to yield a 
hydrido formyl complex. Apparently, the trimethyl- 
phosphine ligands are too tightly bound, in the hydrido 
complex 7, to permit formation of an q2-formaldehyde 
adduct (presumably a necessary prelude to formation of 
a hydrido formyl complex5?'). That the phosphine ligands 
of IrH(PMe3)4 (7) are less labile than those of Ir(CH3)- 
(PMe3)4 is consistent with our observation that ethylene 
(at atmospheric pressure) displaces PMe3 from the me- 
thyliridium compoundlg but does not react with the hy- 
dridoiridium compound 7. We have been able to isolate 
the stable hydrido ethylene complex IrH(C2H4)(PMe3), by 
using a different synthetic procedure2" and find that it 
reacts readily with PMe3 to yield IrH(PMeJ4 (7) and free 
ethylene. 


This reaction (eq 1, 2) accounts for a number of our 
observations concerning compounds 4a,b. We believe that 


(17) Milstein, D.; Calabreee, J. C. J. Am. Chem. SOC. 1982, 104, 
3773-3774. Other stable cis-hydrido methyl complexes have been re- 
ported by: Jordan, R. F.; Norton, J. R. J. Am. Chem. SOC. 1982, 104, 
1255-1263. Norton, J. R. Acc. Chem. Res. 1979,12,139-145. Wood, C. 
D.; Schrock, R. R. J. Am. Chem. SOC. 1979,101,5421-5422. Green, M. 
L. H. Pure Appl. Chem. 1978, 50, 27-35. Chatt, J.; Hayter, R. G. J. 
Chem. SOC. 1963, 6017-6027. See also ref 5a. 


(18) Thorn, D. L. J. Molec. Catal., in press. 
(19) Thorn, D. L.; Tulip, T. H. J. Am. Chem. SOC. 1981, 103, 


(20) Thorn, D. L.; Tulip, T. H., to be submitted for publication. 
5984-5986. 
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Scheme I1 


[L4!-CH2OH] I (2) 


HBF, ETHER 


1 


? H [ L41r-CH2-OHI] I I, BF, (2 [ L4!r-CH21] BF4 


the low yield of 4a in the reduction reaction (Scheme I, 
bottom route) is the result of partial decomposition in the 
alkaline reduction medium; in several instances the di- 
hydrido complex 6 was the only isolated product. Also, 
attempts to prepare the hydroxymethyl complex 4b from 
the siloxymethyl complex 8 using highly basic, “naked 
fluoride” reagents were invariably unsuccessful. The 
reagent we have chosen for this reaction, NH4HF2, is acidic, 
yet too weak to cause the further reaction of eq 3. 


The reaction of eq 3, the formation of a methyl complex 
when compound 4b is treated with HBF4-ether, is the first 
example of which we are aware in which a stable methyl 
group has been prepared by migration of a hydrido hy- 
drogen atom to an adjacent carbon-bound methylene 
precursor. There exist several examples in which hydrido 
methylene complexes are implicated in a-elimination re- 
actions of methyl group~;~z and a beautiful study by Shaw 
and colleagues has established the reversible addition of 
hydrogen to an Ir(1) “carbene” complex.23 Of course, the 
reaction of diazomethane with transition-metal hydrido 
compounds is known to yield methyl complexes.% Also, 
examples of migration of hydrido hydrogen atoms to ad- 
jacent oxycarbene l i g a n d ~ ~ ~ ~ ~  and of methyl groups to al- 
kylidene or carbene l i g a n d ~ l ~ , ~ ~ ~ ~  are known. 


Several aspects of this reaction are of interest. Almost 
certainly, the action of the acid is to protonate the oxygen 
atom of the hydroxymethyl complex and to form the di- 
cationic complex 10 (Scheme 11). Possibly, complex 10 
is a metastable complex that could be isolated (cf. Ir- 
(CH2-pyridine) (CH3)Br(PMe3)3+ 19), but we presently have 
no evidence for its existence. Other dicationic complexes 
can be prepared; for example, [IrH(PMe3)5]2+ has been 
isolated.20 Substitution of I- for H20 in 10, resulting in 
the formation of the iodomethyl complex 11 (eq 4),5a,16*29 


(21) Cooper, N. J.; Green, M. L. H. J. Chem. SOC., Dalton Trans. 1979, 
1121-1127; J.  Chem. SOC., Chem. Commun. 1974,761. 


(22) Muetterties, E. L.; Watson, P. L. J.  Am. Chem. SOC. 1978,101, 
697843989. 


(23) Empsall, D. H.; Hyde, E. M.; Markham, R.; McDonald, W. S.; 
Norton, M. C.; Shaw, B. L.; Weeks, B. J. Chem. SOC., Chem. Commun. 
1977,589-590. 


(24) Herrmann, W. A. Angew. Chem. 1978, 90, 855-867; Angew. 
Chem., Znt. Ed. Engl. 1978,17,800-812 and references therein. 


(25) Threlkel, R. S.; Bercaw, J. E. J. Am. Chem. Soc, 1981, 103, 
2650-2659. 


(26) Sharp, P. R.; Schrock, R. R. J. Organomet. Chem. 1979, 171, 
43-51. We thank Professor Schrock for bringing this work to our at- 
tention. 


(27) Hayes, J. C.; Pearson, G. D. N.; Cooper, N. J. J.  Am. Chem. SOC. 
1981,103,4648-4650. 


(28) Caulton, K. G. J. Mol. Catal. 1981, 13, 71-82. Marsella, J. A.; 
Folting, K.; Huffman, J. C.; Caulton, K. G. J. Am. Chem. SOC. 1981,103, 
5596-5598. 


Figure 1. A perspective view of the iridium coordination sphere 
of [IrH(CH,OH)(PMe,),] [PF,] (4a). The vibrational ellipsoids 
are drawn at the 50% probability level. Only atoms of the major 
isomer are included. 


appears to be a plausible reaction and has been observed 
for an osmium hydrido hydroxymethyl complex,5a but 
again we have no evidence for its occurrence. Hydrido 
hydrogen atom migration may occur subsequent to or in 
concert with the formation of complex 10, as implied in 
eq 3, or the iodomethyl complex 11 or a discrete methylene 
complex 12 may be the reactive species (Scheme 11). 
Low-temperature studies (in progress) may provide ad- 
ditional insight into the actual mechanism for the forma- 
tion of 9. 


There is no reason to believe that the IrCH2-OH group 
is uniquely susceptible to protonation, and in fact the 
(trimethylsi1oxy)methyl compound 8 forms the methyl 
compound 9 when treated with HBF,-ether. Also, the 
related methoxymethyl complex 1330 reacts with HBF4- 
ether to form the methyl complex 14. In addition, the 


9, L=PMe3 E, L=PMe3 


C-0 bond of compounds 4,8, and 13 is cleaved by other 
alkylating or silylating reagents, including iodo- and bro- 
motrimethylsilane and iodomethyl trimethylsilyl ether; for 
this reason, compound 8 should not be exposed to an ex- 
cess of ICH20SiMe3. 


One reaction observed by other researchers is intermo- 
lecular transfer of an a-hydrogen atom, eq 4.4,31*32 A 


ACID M-CHIOR 
M-CHIOR - [M=CH2]+ c 


M-CH3 + [M=CHOR]* (4) 


consequence of this reaction is that the yield of the methyl 
complex cannot exceed 50%. The reaction of the iridium 
hydrido hydroxymethyl complex 4b with acid, eq 3, gives 


(29) Kermode, N. J.; Lappert, M. F.; Skelton, B. W.; White, A. H.; 
Holton, J. J. Chem. SOC., Chem. Commun. 1981,698-699. Davison, A,; 
Krussel, W. C.; Michaelson, R. C. J. Organomet. Chem. 1974,72, C7410. 
Flood, T. C.; DiSanti, F. J.; Miles, D. L. Znorg. Chem. 1976,15,1910-1918. 
Feser, F.; Werner, H. Angew. Chem. 1980,92,960-961; Angew. Chem., 
Znt. Ed. Engl. 1980,19,940-941. 


(30) Thorn, D. L. Organometallics 1982,1,879-881. 
(31) Tam, W.; Lin, G.-Y.; Wong, W.-K.; Kiel, W. A.; Wang, V. K.; 


Gladysz, J. A. J. Am. Chem. SOC. 1982,104,141-152. Wong, W.-K.; Tam, 
W.; Gladysz, 3. A. Ibid. 1979,101, 5440-5442. 


(32) Cutler, A. J.  Am. Chem. SOC. 1979, 101, 604-606. 
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Table I. Selected Bond Distances (A) and Angles (deg) and Estimated Standard Deviations 


Ir-P( 1 ) 
Ir-P( 3 )  
Ir-C( 1 )  
P( 1 )-C( 11,2,3 ) 
P( 2)-C(21,2,3) 
P(3)-C(31,2,3) 
P(4)-C(41,2,3) 


0. . .F(2) 


P( 1)-Ir-P( 2) 
P( 1)-Ir-P(3) 
P( i)-Ir-P(4) 
P(1)-Ir-C(1) 


Ir-C( 1)-0 
Ir-P(1)-C(11,2,3) 
Ir-P( 2)-C( 21,2,3) 
Ir-P( 3 )-C( 3 1,2,3) 
Ir-P( 4)-C( 41,2,3) 
C( 11,2)-P( 1)-C( 12,3) 
C(21,2)-P(2)-C(22,3) 


C( 41,2)-P( 4)-c(42,3) 


P( 4)-Ir-C( 1) 


C( 31,2)-P( 3)-C( 32,3) 


Bond Distances 
2.313 (1)  Ir-P( 2) 
2.335 (1) Ir-P( 4) 
2.134 (5 )  C( 1)-0 


1.889, 763, 757 (8,7,7) C( 1 )-Of 
1.810, 18, 01 (5,6,6) 


1.813, 1 ,  8 (5) 
1.809, 26, 19  (5,6,5) 


2.985 (6) 


P-F( 1-6) 


P( 2)-C( 21,2,3)‘ 
P-F( 2-5)’ 
0’. * .F( 3)’ 


Bond Angles 
98.90 (4)  P(2)-Ir-P( 3) 
155.86 (4)  P( 2)-Ir-P( 4) 
94.36 (4) P( 2)-Ir-C( 1) 
87.0 (2)  P( 3)-Ir-P( 4) 
178.5 (2)  P(3)-IrC(1) 
110.3 (3)  F( 1-5)-P-F( 2-6) , 


114.7-121.6 (2) Ir-P( 2)-C( 21,2,3)’ 


116.8-119.0 (2) F( 2-5)’-P-F( 1,2‘-5’,6) 
99.9-100.8 (3) 
96.2-105.7 (4)  
98.3-101.7 (3 )  
98.6-101.5 (3) 


113.7-123.1 (2 )  Ir-C( 1)-0’ 


114.1-123.0 (2 )  C( 21,2)’-P(2)-C( 22,3)‘ 


2.362 (1) 
2.355 (1) 
1.471 (7)  
1.568-95 (4 )  
1.53 (2)  
2.10, 1.74, 1.77 (2) 
1.40-71 (2) 
2.51 (3)  


102.42 (4) 
96.24 (3) 
84.2 (2)  


84.1 (2)  


113.1 (8) 


94.45 (4) 


86.7-94.3, 176.5-178.4 (3)  


107.5-124.2 (8) 
94-104 (1) 
69-112,169 (1) 


the methyl complex 9 in good yield, free of other products 
(see Experimental Section). Likewise, the reaction of 
compound 13 with acid gives the methyl compound 14 with 
no observable byproducts. An intramolecular mechanism 
for the formation of 9 and 14 is the most plausible, as 
assumed in eq 3 and Scheme 11. 


Description of the Structure of cis-[IrH- 
(CH,0H)(PMe3),][PFs] (4a). This compound is the first 
hydmxymethyl compound to be structurally characterized. 
The crystal structure of 4a consists of the packing of four 
well-separated ion pairs. Selected bond distances and 
angles are listed in Table I and non-hydrogen atom pos- 
itions in Table 11. Non-hydrogen atom thermal param- 
eters (Table 111) and idealized hydrogen atom positions 
(Table IV) are also available as supplementary material, 
as is a listing of the observed and calculated structure 
factor amplitudes. Table V summarizes the crystallo- 
graphic data. Figure 1 contains a representation of the 
iridium coordination sphere and includes the atom labels 
used in the text and tables. Figure 2 shows the same view 
of the coordination sphere but contains the minor disor- 
dered atoms, 0’ and C(21)’-C(23)’. Figure 3 depicts the 
disordered PF8 anion, and a perspective view of the unit 
cell is shown in Figure 4. Figures 2-4 are available as 
supplementary material. 


In the crystal chosen for study the PF,, CH20H, and 
MeP(2) groups are disordered. Our model for the disorder 
includes extra atoms F(2)’-F(5)’, O’, and C(21)’-C(23)’, 
each with an occupancy factor of 0.20. The occupancy 
factors of the corresponding unprimed atoms are decreased 
accordingly. These disorders are correlated because of a 
weak OH-F hydrogen bond ((FF(2) = 2.985 (6) 4 O’-F(3)’ 
= 2.51 (3) A) and the intermeshing of the CH20H and P(2) 
methyl groups. The presence of two distinct isomeric 
forms in the solid state indicated by this disorder is con- 
sistknt with our observation of two 0-H and Ir-H 
stretching frequencies in the IR spectrum of complex 4a.7 
We hesitate to ascribe any significance to the metrical 
parameters of the minor isomer but believe the values for 
the major isomer (unprimed atoms) are reliable. 


The iridium cation, Figure 1, adopts the expected cis, 
octahedral geometry with the hydrido hydrogen atom oc- 
cupying a well-defined coordination site. Despite the 


presence of a difference Fourier peak corresponding to the 
hydrido hydrogen atom, attempts to refine its location have 
failed, and this atom has not been included in the final 
refinement. The hydroxy hydrogen atom also been 
omitted. Ir-P bond distances are unexceptiona11’J9 and 
show variations consistent with the expected pattern of 
trans influences. There is a general tendency for some 
angular distortions of neighboring ligands toward the 
sterically undemanding hydrido hydrogen atom. Partic- 
ularly important structural features ate the Ir-C(l) bond 
distahce and the C(1)-0 bond distance (2.134 (5) and 1.471 
(7) A, respectively; see Table I). The C(1)-0 separation 
is comparable to that reported for Cp(CO)(PPh3)- 
FeCH20(menthyl) (1.474 (9) A’,), which is the only other 
structurally characterized alkoxymethyl complex. We 
regard the C(l)-O bond distance as significantly increased 
over the value expected for ordinary alcohols or ethers and 
believe it indicates some contribution from a “carbene” or 
“metallacarbonium” resonance structure, However, 
the 1r-C separation is not significantly decreased by this 
resonance contribution, and the Ir-C(l) bond distance is 
comparable to values for other PMe31rn1 alkyl complexes 
(e.g., 2.123 ( 5 )  &le 2.127 (6) A17). 


‘2 


Summary and Conclusions 
Use of the reagent ICH20SiMe3 permits facile syntheses 


of M-CH20SiMe3 complexes (M = Mn,’, Ir), which (for 
M = Ir) can be converted into a stable M-CH20H com- 
plex. This may become the preferred method for the 
synthesis of other hydroxymethyl compounds. We find 
that the hydroxymethyl complexes 4a,b readily decompose 
in the presence of base and that the hydrido hydroxy- 
methyl (and alkoxymethyl complexes in generallg) are 
sensitive to acid. The structure of complex 4a reveals a 
C(l)-O bond distance somewhat greater than that of sim- 
ple alcohols or ethers, which we believe indicates a weak- 
ening of this bond and is consistent with facile C(1)-0 
bond cleavage when treated with acid. 
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Table 11. Positional Parameters of [IrH(CH,OH)(PMe,),][PF,,], 4a 


X - 


0.4 29 28 ( 2) 


0.2552(2) 


0.3252(2) 


0.6100(2) 


0.5994( 1) 


-0.0019 ( 2 


0.1755(4) 


0.0165( 6)  


-0 .O 137 ( 6)  


-0 .O 127 ( 6 )  


0.0199(6) 


-0.17 68( 4)  


-0.059( 3) 


-O.O23( 3) 


o .o ia (3)  


0 .000( 3) 


0.2983(6) 


0.16192( 1) 0.23996(1) 


0.11951(7) 0.0990(1) 


0.12635(9) 0.3767(1) 


0.23421(6) 0.3259(1) 


0.07753(6) 0.2501(1) 


0.39518(7) 0.1812(1) 


0.3937 ( 2 )  0.201 7 ( 4 )  


0.3433(2) 0.2689(4) 


0.3410(2) 0.0952(4) 


0.4476(2) 0.0926(4) 


0.4501(2) 0.2663(4) 


0.394(1) 0.080(2) 


0.467(1) 0.195(2) 


0.?685( 3) 0.337 1( 4)  


Trea tment  of the hydrido hydroxymethyl complex 4b 
(and the other hydrido alkoxymethyl complexes 8,13) with 
acid results in the immediate formation of t he  methyl 
complex 9. This  reaction (eq 3) provides an excellent 
example of one proposed step in CO reduction, the acid- 
ification of a hydroxymethyl fragment to give metal-bound 
methylene and water, followed by  reaction of the methy- 
lene moiety with hydrogen.'** In fact, compound 4a can 
be obtained by borohydride or borane reduction of CO, and 
the present iridium system is a very good model indeed 
for several steps which may be important in the Fischer- 
Tropsch process.l8*% 


(33) Brady, R. C.; Pettit, R. J .  Am. Chem. SOC. 1980,102,6181-43182. 
(34) Parshall, G. W.; Thorn, D. L.; Tulip, T. H. CHEMTECH 1982, 


571-576. 


0.119(3) 0.219(1) 0.226(2) 


0.2798( 7) 0.2400(3) 0.2326(5) 


0.3321( 7) 0.0977(3) -0.0099(5) 


0.1480( 8)  


0.1064( 9 )  


0.3227 ( 11) 


0.4067(10) 


0.1321( 8) 


0.6647( 7) 


0.5717( 9)  


0.7924( 6)  


0.7317( 6)  


0.5273( 9)  


0.7222( 7) 


0.262( 3) 


U.428(3) 


0.150( 3) 


0.0484(4) 


0.1718(4) 


0.037 3( 4 ) 


0.1455(5) 


0.1376( 6) 


0.2426 ( 3)  


0.3 157( 3) 


0.226% 3) 


0.0649 ( 3) 


-0.0029(3) 


0.0804( 3) 


0.207( 1)  


0.093( 1)  


0.088(1) 


0.1086( 6) 


0.0348( 6) 


0.3926( 7) 


0.5089(6) 


0.3593(7) 


0.4674(5) 


0.2842( 6)  


0.2980(6) 


0.3750(5) 


0.2210(7) 


0.1613(5) 


0.449( 2) 


0.494( 2 )  


0.354( 2)  


Experimental Section 
Experimental procedures are described in the earlier work.' 


Iodotrimethylsiiane, bromotrimethylsilane, bromomethyl methyl 
ether, tetrafluoroboric acid-diethyl ether, and potassium tert- 
butoxide were obtained from Aldrich Chemical Co. and were wed 
as supplied. Paraformaldehyde was also obtained from Aldrich; 
purification was accomplished by washing with tetrahydrofuran 
(THF) and diethyl ether. Technical grade ammonium bifluoride 
[NH4HF2] was obtained from Fisher. Note that a-halo ether 
compounds are extremely toric. 'H NMR chemical shifts are 
reported in parts per million downfield from external Me,Si or 
from internal OSiMe3 (if present). Infrared (Et) data are reported 
in units of inverse centimeters for solid samples in Nujol. All 
reactions were carried out at room temperature in an atmosphere 
of dinitrogen unless otherwise noted. 
Hydridotetrakis(trimethylphosphine)iridium(I), IrH- 


(PMe3), (7). Bubbling dihydrogen through a suspension of 
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IR 3350 (m, br), 2028 (s), cm-'; 'H NMR (CDzClz) 6 -13.4 (d (J 
= 124 Hz) o f t  (J = 22 Hz) of d (J = 16 Hz), IrH), 1.55 (d (J = 
8 Hz) of d (J(H hydride) = 1 Hz), 1.71 (d, J = 8 Hz), 1.74 (t, J(effj 


(J = 1.5 Hz) of m, IrCH20). Anal. Calcd: C, 23.82; H, 6.15. 
Found: C, 23.75; H, 6.25. A signal for the OH proton was not 
observed in CDzC12 but occurs a t  6 4.3 (br) in pyridine-d,. 
Compound 4b is unstable in methylene chloride and appreciably 
decomposes to uncharacterized products within 24 h. Adding 
excess NaPF6 to an aqueous solution of compound 4b caused the 
hexafluorophosphate salt 4a7 to precipitate. 


Methyliodotetrakis( trimethylphosphine)iridium(III) 
Tetrafluoroborate, [Ir(CH3)I(PMe3),][BF4] (9). A solution 
of compound 4b (0.071 g) in CD& was treated with 0.018 g of 
HBF, diethyl etherate. The resulting cloudy solution was fiiterd, 
the 'H NMR spectrum showed only signals of compound 9 6 0.84 
(quartet (J = 6.8 Hz) of d (J = 4.2 Hz), IrCH3), 1.73 (d, J = 9 
Hz), 1.85 (d, J = 8 Hz), 1.88 (t, J(eff) = 3.4 Hz) (P(CHd3), together 
with diethyl ether and excess HBF4-(ether),,-(HzO)n at 6 9.9 (a). 
Similar reactions of compounds 8 and 13 with HBF4 diethyl 
etherate yielded the corresponding methyl compounds 9 and 14 
(>95% by 'H NMR analysis). 


Base-Induced Decomposition of Compound 4b. Compound 
4b (0.20 g) in pyridine-d5 (0.8 mL) was treated with a solution 
of compound 7 (0.02 g) in pyridine-ds (0.8 mL). The pale yellow 
color of compound 7 bleached within 1 min. The 'H NMR 
spectrum of the resulting solution revealed [IrH2(PMe3)4]+ 36 as 
the only detectible product: 6 -13.1 (d (J = 100 Hz) of pseudo 
t (J = 21 Hz), IrH), 1.32 (d, J = 7 Hz), 1.36 (t, J(eff) = 3.5 Hz) 
(P(CH&). 


In a separate experiment, 0.13 g of compound 4b, 0.13 g of 
[Ir(PMe3)4][PF6]: 0.033 g of NaPF6, and 0.002 g of potassium 
tert-butoxide were added sequentially to 10 mL of THF. The 
resulting orange suspension became white after the mixture was 
stirred 15 min. After being stirred an additional hour, the mixture 
was filtered, yielding 0.07 g of [IrHz(PMe3)4]I; the solution was 
evaporated and the residue redissolved in pyridine-d5. The 
dominant species in solution ('H NMR) was again [IrHZ(PMea4]+, 
but there was ca. 15% of the hydrido formyl complex IrH- 
(CHO)I(PMe3)3. This formyl complex was prepared separately 
by adding paraformaldehyde to a suspension of [Ir(PMe3),]I in 
THF:'pZ0 'H NMR of IrH(CHo)I(PMe,),(C,D,) 6 -10.4 (d (J = 
137.5 Hz) o f t  (J = 20 Hz), IrH), 1.41 (d (J = 8 Hz) of d (J(H 
hydride) = 1 Hz), 1.59 (t, J(eff) = 3.7 Hz) (P(CH3),), 14.9 (t (J 
= 6.8 Hz) of d (J = 4.1 Hz) of d (J = 0.7 Hz), IrCHO); IR 2580 
(m), 2022 (s), 1620 (s), 1600 (8) cm-'; dec pt 140 "C. Anal. Calcd: 
C, 20.80; H, 5.06. Found: C, 21.08; H, 4.99. 


X-ray Data Collection and St ruc ture  Solution and Re- 
finement. For structural studies, the compound cis-[IrH- 
(CHzOH)(PMe3)4][PF6] (4a) was prepared by the reduction of 
the formyl compound 5 (Scheme I, bottom routeh7 Crystals of 
this compound suitable for diffraction studies were obtained by 
cooling a methanol-diethyl ether solution to -30 "C. The crystal 
chosen was encapsulated in a glass capillary under an atmosphere 
of Nz. Preliminary .photographic investigations indicated the 
crystal system, space group, and approximate cell dimensions. 
These and other crystallographic data are summarized in Table 
V. The crystal was then placed on a Syntex P3 diffractometer 
and shown to be suitable for diffraction on the basis of w scans 
which showed the peak width at half-height to be ca. 0.20" at -100 
"C. The cell parameters were then refined on the basis of 50 
computer-centered reflections chosen from diverse regions of 
reciprocal space. 


Intensity data were collected by using the w scan technique 
(variable scan range, 4.0-10.0" m i d ;  total background time equals 
scan time). The intensities of four standard reflections were 
measured every 200 reflections. No significant deviations in the 
intensities of these standards were observed. The intensities of 
several reflections were measured at 10" increments about the 
diffractor vector. Empirical corrections for absorption thereby 
derived were subsequently applied. The data were processed by 
using counting statistics and a p value of 0.02 to derive standard 
 deviation^.^^ 


= 3.6 Hz) (P(CH,),), 4.20 (t (J = 8.2 Hz) of d (J = 5.5 Hz) of d 


(37) Corfield, P. W. R.; Doedens, R. J.; Ibers, J. A. Znorg. Chem. 1967, 
6, 197-204. 


complex 
formula 
fw 673.52 - 
a, A 9.237 ( 2 )  
b, A 21.067 ( 3 )  
c, A 13.156 (2) 
P ,  deg 104.30 (1) v, A 3  2481 (1) 
2 4 
Pc&& g cm-3 1.803 
space group 
cryst dimens, mm 


radiatn 


w ,  cm-' 60.62 
transmissn factors 


total no. of observns 6185 
unique data, Fo2 > 4417 


final no. of variables 267 
R 0.029 
Rw 0.031 
error in observn of 


C: -P2,/c (NO. 1 4 )  
0 . h  X 0 .30  X 0.32 


Mo Ka (0.710 69 A )  from 
graphite monochromator 


0.502, 0.998;  average 0.872 


temp, "C -100 


20 limits, deg 4.0-55.0 


3o(FO1) 


1 .54  electrons 
unit wt 


[Ir(PMe3)4]C116 in THF resulted in ita conversion to the dihydride 
[IrH2(PMe3),]C1 in ca. 80% A suspension of [IrHz- 
(PMe3),]C1 (0.61 g) in 10 mL of THF was treated with 0.20 g of 
potassium tert-butoxide. The mixture rapidly became a cloudy 
yellow solution which was filtered and evaporated after being 
stirred 30 min. The residue was extracted into pentane. Evap- 
oration of the pentane extract left compound 7 as a yellow oil or 
paste, estimated yield 80%. The compound is too soluble in inert 
solvents to be recrystallized, but the crude reaction product is 
sufficiently pure for most purposes. The compound is extremely 
sensitive to oxygen and moisture: 'H NMR ( C a d  6 -13.6 (quintet, 
IrH, J = 6 Hz), 1.55 (br s, P(CH,),). 


Iodomethyl Trimethylsilyl Ether, ICHzOSiMe3.16 Para- 
formaldehyde (0.33 g) was added to iodotrimethylsilane (2.00 g) 
and dissolved within ca. 10 min at room temperature. After being 
stirred an additional 20 min the resulting cloudy solution, con- 
sisting primarily of ICH20SiMe3,16*3e was refrigerated and the 
reagent used directly as needed. The compound decomposed when 
distillation was attempted or after being stored for ca. 3 days at 
-20 "C. The compound decomposed even more rapidly when 
slightly damp paraformaldehyde was used. 


Hydrido (( t rimet hylsi1oxy)met hyl) te t rakis  (tr imet hyl- 
phosphine)iridium(III) Iodide, [IrH(CHzOSiMe3)(PMe3)4]I 
(8). A solution of ICH20SiMe3 (0.176 g) in 2 mL of ether was 
added slowly to a stirred solution of 0.38 g of IrH(PMe3)4 (7) in 
10 mL of ether. The resulting white suspension was stirred an 
additional 5 min and filtered, yielding 0.45 g (81%) of compound 
8. An analytically pure sample was obtained by recrystallization 
from acetonitrile by the vapor diffusion of ether: dec pt 185 "C; 
mp >195 "C; IR 2045 (e, Ir-H) cm-'; 'H NMR (CD,CN) 6 -13.5 
(d (J = 126 Hz) o f t  (J = 20 Hz) of d (J = 14 Hz), Ir-H), 0.0 
(reference, s, OSi(CH3)3), 1.40 (d (J = 9 Hz) of d (J(H hydride) 
= 1 Hz)), 1.56 (d, J = 8 Hz), 1.56 (t, J(eff) = 3.6 Hz) (P(CH,),), 
4.10 (t (J = 7.7 Hz) of d (J = 6.0 Hz) of d (J = 1.8 Hz) of d (J(H 
hydride) = 0.6 Hz), IrCHzO). Anal. Calcd: C, 26.41; H, 6.65. 
Found: C, 26.59; H, 6.77. 


Hydrido( hydroxymet hyl)tetrakis(trimet hy1phosphine)- 
iridium(IL1) Iodide, [IrH(CH20H)(PMe3)4]I (4b). Ammonium 
bifluoride (0.05 g) was added to a suspension of compound 8 (0.24 
g) in 10 mL of THF, and the mixture was boiled gently for 1 h. 
After cooling, the suspension was filtered to yield 0.18 g (82%) 
of compound 4b. An analytically pure sample was obtained by 
recrystallization from acetonitrile by the vapor diffusion of ether: 


(36) Herskovitz, T., unpublished work. We deeply appreciate Dr. 
Herskovitz's helpful suggestions and continuing interest in this work. 


(36) Voronkov, M. G.; Komarov, V. G.; Albanov, A. I.; Korataeva, I. 
M.; Dubinskaya, E. I. Zru. Akad. Nauk SSSR. Ser. Khim. 1981. 
1391-1392. 
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The solution and refinement of the structure were carried out 
on a PDP-11 computer using local modifications of programs 
supplied by the Enraf-Nonius Gorp.% The iridium atom was 
located by using an origin-removed Patterson synthesis. The 
positions of the remaining non-hydrogen atoms were obtained 
by the usual combination of structure fador and Fourier synthesis 
calculations and full-matrix least-squares refinements. In the 
least-squares refinements, the function minimized was Cw(lFoI 
- IFc1)2, where lFol and IFcI are, respectively, the observed and 
calculated structure amplitudes and where w = 1/u2(Fo). The 
atomic scattering factors were taken from the compilations of 
Cromer and Waber.3“ Anomalous dispersion terms used were 
those of Cromer.39b After convergence of refinements containing 
the non-hydrogen atoms, a difference Fourier synthesis revealed 
residual electron density arising from disorder of the oxygen atom, 
the “equatorial” fluorine atoms F(2-5), and the carbon atoms 
about P(2). In a seriea of refinements, the populations of the minor 
positions were found to be approximately 0.20. This value was 
fixed in subsequent refinements to convergence in which atoms 
occupying both major and minor positions were included. The 
atoms occupying the major positions were allowed to vibrate 
anisotropically while those at  the minor positions were included 
as isotropic bodies. The positions of the majority of hydrogen 
atoms were then determined in a difference Fourier synthesis. 
The positions of the major carbon-bound hydrogen atoms were 
then idealized with a C-H distance of 0.95 A, and these atoms 
included as fixed contributions (BH = 4.0).”O The hydroxy hy- 
drogen atom was not located. Although a peak corresponding 


(38) Frenz, B. A. “The Enraf-Noniue CAD4 SDP- -A Realtime System 
for Concurrent X-ray Data Collection and Crystal Structure 
Determinations”, in “Computing in Cryetallography”; Schenk, H., 01- 
thof-Hazelhamp, R., Van Koningeveld, H., Bassi. G. C.. Ede.: Delft 
University Preee: Delft, Holland, 1978; pp 64-71. 


(39) “International Tables for X-ray Cryatallography”; Kynoch Preaa: 
Birmingham, England, 1974; Vol. IV (a) Table 2.2B; (b) Table 2.3.1. 


(40) See paragraph at end of paper regarding eupplementary material. 


to the hydrido hydrogen atom was located in the expected area, 
attempted refinement of this atom was unsuccessful and no 
contribution from this atom was included. The hydrogen atoms 
associated with the minor C and 0 positions were not included. 
Least-squares refinement converged to values of R = 0.029 and 
R, = 0.031, where R = CIIFoI - ~Fcll/CIFol and R, = [Czu(lFol 
- IFc1)2/CwlFo1]1/2. A number of peaks on the order of 1.0 e/A-3 
remain in a final difference Fourier synthesis and are associated 
with the metal atom. 
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Cocondensation of spiro[2,4]hepta-4,6-diene with tungsten atoms gives [ W(q-CsH4CH2CH2)2], 1. 
One-electron oxidation of 1 with AgPF, gives [W(q-CSH4CHzCHz)2]PFs which readily reduces to 1. 


Treatment of 1 with [Ph3C]PF6 or of [ W ( T ~ C ~ H ~ C H ~ C H ~ ) ~ ] P F ~  with Ph3C gives [W(q-C5H4CH2-trans-q- 
CH=CHCH2-q-CsH4)H]PF6 via a carbon-carbon bond formation reaction. [W(q-C5H4CH2-trans-q- 
CH=CHCH2-q-C5H4)H]PF6 is readily deprotonated with aqueous base forming [W(q-C5H4CH2-trans-q- 
CH=CHCH2-&,H4)]. Treatment of [W(q-CSH4CH2CH2),] with PhIClz cleaves both tungsten-carbon 
bonds forming the tetrachloro derivative [ W(q-CSH4CH2CH2C1)2C12]. This is readily reduced back to 
[W(r)-CsH4CH2CH2)2] by sodium amalgam. 1 reacts with 1 equiv of benzoic acid forming [W(q- 


CsH4CH2CH2)(~-EtCSH4)0COPh] which upon treatment with trimethyliodosilane gives [W(q- 
C ~ H ~ C H ~ C H ~ ) ( T - E ~ C ~ H ~ ) I ] .  This compound reacts with PMe3 in acetone giving first [W(q-CSH4CH2CH- 
(PMe3)(q-EtCsH4)H]PF6 and then [W(q-CSH4CH2CHz)(q-EtCSH4)PMe3]PFs. A mechanism involving a 
1,2-hydrogen shift equilibrium is proposed to account for this sequence of reactions. 
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b . 
Introduction 


The bis(vcyclopentadieny1)tungsten moiety has proved 
to be a versatile system for the s tudy  of the role of a 
transition-metal center in basic reactions with simple hy- 


drocarbon systems. For example, t he  study of bis(q- 
cyclopentadieny1)tungsten derivatives has led t o  the  ac- 
ceptance of reversible 1,e-hydrogen shifts in metal alkyls 
as a general phen0menon.l Tungstenocene is one of t he  
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The solution and refinement of the structure were carried out 
on a PDP-11 computer using local modifications of programs 
supplied by the Enraf-Nonius Gorp.% The iridium atom was 
located by using an origin-removed Patterson synthesis. The 
positions of the remaining non-hydrogen atoms were obtained 
by the usual combination of structure fador and Fourier synthesis 
calculations and full-matrix least-squares refinements. In the 
least-squares refinements, the function minimized was Cw(lFoI 
- IFc1)2, where lFol and IFcI are, respectively, the observed and 
calculated structure amplitudes and where w = 1/u2(Fo). The 
atomic scattering factors were taken from the compilations of 
Cromer and Waber.3“ Anomalous dispersion terms used were 
those of Cromer.39b After convergence of refinements containing 
the non-hydrogen atoms, a difference Fourier synthesis revealed 
residual electron density arising from disorder of the oxygen atom, 
the “equatorial” fluorine atoms F(2-5), and the carbon atoms 
about P(2). In a seriea of refinements, the populations of the minor 
positions were found to be approximately 0.20. This value was 
fixed in subsequent refinements to convergence in which atoms 
occupying both major and minor positions were included. The 
atoms occupying the major positions were allowed to vibrate 
anisotropically while those at the minor positions were included 
as isotropic bodies. The positions of the majority of hydrogen 
atoms were then determined in a difference Fourier synthesis. 
The positions of the major carbon-bound hydrogen atoms were 
then idealized with a C-H distance of 0.95 A, and these atoms 
included as fixed contributions (BH = 4.0).”O The hydroxy hy- 
drogen atom was not located. Although a peak corresponding 


(38) Frenz, B. A. “The Enraf-Noniue CAD4 SDP- -A Realtime System 
for Concurrent X-ray Data Collection and Crystal Structure 
Determinations”, in “Computing in Cryetallography”; Schenk, H., 01- 
thof-Hazelhamp, R., Van Koningeveld, H., Bassi. G. C.. Ede.: Delft 
University Preee: Delft, Holland, 1978; pp 64-71. 


(39) “International Tables for X-ray Cryatallography”; Kynoch Preaa: 
Birmingham, England, 1974; Vol. IV (a) Table 2.2B; (b) Table 2.3.1. 


(40) See paragraph at end of paper regarding eupplementary material. 


to the hydrido hydrogen atom was located in the expected area, 
attempted refinement of this atom was unsuccessful and no 
contribution from this atom was included. The hydrogen atoms 
associated with the minor C and 0 positions were not included. 
Least-squares refinement converged to values of R = 0.029 and 
R, = 0.031, where R = CIIFoI - ~Fcll/CIFol and R, = [Cw(lFol 
- IFc1)2/CwlFo1]1/2. A number of peaks on the order of 1.0 e/A-3 
remain in a final difference Fourier synthesis and are associated 
with the metal atom. 
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to be a versatile system for the study of the role of a 
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Bis(7-cyclopentadieny1)tungsten Compounds 


best characterized examples of a molecule which can un- 
dergo intermolecular activation of carbon-hydrogen 
bonds,2*3 and the ability of cis dihydrides of transition 
metals to undergo a photoinduced elimination of di- 
hydrogen was first demonstrated by using dihydrido- 
tung~tenocene.~ 


Recently, we have shown that the compound [Mo(q- 
C5H4CH2CH2)2] is formed by cocondensation of spiro- 
[2,4]hepta-4,6-diene with molybdenum atoms and that this 
compound reacts with iodine giving the ring-fundionalized 
tetraiodo derivative [MO(~-C~H~CH~CH~I)~I~].~ It was 
clearly to be anticipated that the tungsten analogues of 
these compounds could be synthesized. And, if so, they 
would provide a means to further explore basic reactions 
between a reactive transition-metal center and simple 
hydrocarbon systems, as described below. 
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Experimental Section 


All operations were performed in vacuo or in an inert atmo- 
sphere. All solvents were rigorously dried before use by standard 
procedures. Infrared spectra were determined on mulls by using 
a Pye Unicam SP 2000 spectrophotometer and were calibrated 
with polystyrene. 'H and 'V NMR spectra were determined on 
a Bruker 3000-MHz instrument. Microanalyses were performed 
by the microanlytical laboratory of this department. Spiro- 
[2,4]hepta-4,6-diene was prepared by a modification of the pub- 
lished method! as described elsewhere.' PhIClz8 and Me3SiIe 
were prepared as described. 


cyclo -Bis (2- (q-c yclopentadieny1)et hy1)t ungsten, 1. 
Tungsten atoms (6.0 g, 32.6 mmol) were cocondensed with spi- 
ro[2,4]hepta-4,6-diene (150 cm3, 1.6 mol) over a period of 4 h by 
using the apparatus previously described.1° The reaction mixture 
was allowed to warm to room temperature and was washed from 
the reaction vessel with tetrahydrofuran. The extract was fltered 
though Celite, and the volatile components of the filtrate were 
removed under reduced pressure. The red oily residue was ex- 
tracted with petroleum ether (40-60 "C) (2 X 250 cm3), and the 
extract was filtered and concentrated to ca. 30 cm3. Cooling to 
-20 "C and then to -78 "C gave large red crystals which were 
collected, washed with cold petroleum ether (30-40 "C), and dried 
in vacuo, yield 2 g, 5.4 mmol (15%). 


Bis(w(2-chloroet hsl)cscloDentadien~l)dichlorotun~sten. .. . - I -  - - I  -~ , 
2. The compound [[W(&5H4CH2CH2)2] (0.3 g, 0.81 m in tet- 
rahvdrofuran (50 cm3) was treated with PhIC1, (0.45 e. 1.62 "01) . -I 


in tkrahydrofuran (20 cm3). The mixture was warmed to 50 "C, 
and the initially orange solution turned dark green. After 3 h 
the solvent was removed under reduced pressure and the green 
residue was recrystallized from tetrahydrofuran/ethanol mixture 
as green cubic crystals. These were collected and washed with 
petroleum ether (30-40 "C) and dried in vacuo, yield 0.31 g, 0.61 
mmol (75%). 


(2) Berry, M.; Elmitt, K.; Green, M. L. H. J. Chem. SOC., Dalton 


(3) Grebenik, P. D.; Downs, A. J.; Green, M. L. H.; Perutz, R. N. J. 


(4) Gianotti, C.; Green, M. L. H. J. Chem. Soc., Chem. Commun. 1972, 


(5 )  Baretta, A.; Cloke, F. G. N.; Feigenbaum, A,; Green, M. L. H.; 


(6) Wilcox, C. F., Jr.; Craig, R. R. J. Am. Chem. SOC. 1961,83, 3866. 
(7) Baretta, A,; Chong, K. S.; Cloke, F. G. N.; Feigenbaum, A.; Green, 


M. L. H., submitted for publication in J. Chem. Soc., Dalton Trans. 
(8) Lucas, H. J.; Kennedy, E. R.; O g .  Synth. 1955, 3, 482. 
(9) Jung, M. E.; Lyster, M. A. Org. Synth. 1980,59, 35. 
(10) Cloke, F. G. N.; Green, M. L. H. J. Chem. SOC., Dalton Trans. 


1981,1938. Green, M. L. H. 'IUPAC, Frontiers of Chemistry"; Laidler, 
K. J., Ed.; Pergoman Press: Oxford and New York, 1982; p 229. 


(11) Hayes, J.; Pearson, G. N.; Cooper, N. J. J. Am. Chem. SOC. 1981, 
103,4648. 


Trans. 1979, 1960. 


Chem. SOC., Chem. Commun. 1979,742. 
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Gourdon, A,; Prout, K. J. Chem. Soc., Chem. Commun. 1981, 156. 


Reduction of [W(q-C5H4CHzCHzC1)2C12] to [W(q- 


CbH4CHzCHz)z]. The compound [W(&&4CH2CHzC1)2Clzl (0.3 
g, 0.39 "01) in tetrahydrofuran (25 cm3) was treated with Na/Hg 
(20 g of a 3% Na in Hg), and the mixture was stirred at room 
temperature for 3 h. The initially green solution turned orange. 
This was separated from the exceas amalgam, and the solvent was 
removed under reduced pressure. The orange residue was 
crystallized from petroleum ether (40-60 "C), giving pure [W- 
(q-C5H4CHzCHz)z] in 70% yield. The product was identified by 
comparison of the hydrogen-1 NMR spectrum with that of an 
authentic sample. 
cyclo-Bis(2-(q-cyclopentadienyl)ethyl)tungsten Hexa- 


fluorophosphate, 3. Silver hexduorophosphate (0.34 g, 1.35 
mmol) in tetrahydrofuran (10 cm3) was added to [W(q- 
C5H4CH2CHz)2] (0.5 g, 1.35 mmol) in tetrahydrofuran (50 cm3). 
Immediately a black precipitate of silver metal separated, giving 
a dark red solution. After being stirred at room temperature for 
3 h, the mixture was filtered through Celite and ethanol (10 cm3) 
was added to the filtrate. The solution was concentrated under 
reduced pressure (ca. 20 cm3) and cooled to -78 "C. Dark red 
crystals separated which were collected, washed with ethanol, and 
dried in vacuo, yield 0.59 g, 1.15 mmol (85%). 


Reduction of [W(q-C5H4CHzCHz)2]PF6. The compound of 
[W(pC5H4CHzCH2)2]PF6 (0.20 g, 0.39 mmol) in tetrahydrofuran 
was stirred over Na/Hg for 3 h. The initially dark red solution 
turned orange. The solution was decanted from the amalgam, 
and the solvent was removed under reduced pressure. The red 
residue was crystallized from petroleum ether (40-60 "C) at -78 
"C, giving crystals of [W(tpC5H4CH2CH&J, which were identified 
by comparison of the IR and hydrogen-1 NMR spectra with those 
of the authentic compound, yield >95%. 


- 


- 
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Bis(q-ethylcyclopentadienyl)dichlorotungsten, 4. The 
compound [W(&5H4CHzCHz)z] (0.5 g, 1.4 mmol) in petroleum 
ether (40-60 "C) (100 cm3) was treated with hydrogen chloride 
at room temperature for 5 min. A green-black precipitate ap- 
peared instantly, and after 5 min the solvent was removed under 
reduced pressure. The green residue was recrystallized from 
dichloromethane/petroleum ether (60-80 "C) mixture, giving dark 
green crystals. These were collected, washed with petroleum ether 
(30-40 "C), and dried in vacuo, yield 0.54 g (>90%). 


cyclo -(2-(q-Cyclopentadienyl)et hyl) (q-et hylcyclo- 
pentadienyl)iodotungsten, 5. The compound [W(?- 
CsH4CHzCH2)(~-EtC5H4)OCOPh] (3.6 g, 7.4 mmol) in tetra- 
hydrofuran (50 cm3) was treated with trimethyliodosilane (1.5 cm3, 
10.5 mmol). The solution became dark green (dark red by 
transmitted light). After the mixture was stirred for 1 h, the 
solvent was removed under reduced pressure and the residue was 
recrystallized from ethanol/diethyl ether at -20 OC, giving dark 
green crystals which were collected and dried in vacuo, yield 2.8 
g (76%). 


cyclo -(2-( q-Cyclopentadieny1)ethyl) (q-ethylcyclo- 
pentadienyl) (benzoato)tunsten, 16. The compound [ W(7- 
C6H4CH2CH2)2] (0.3 g, 8.2 mmol) in tetrahydrofuran was treated 
with benzoic acid (1.0 g, 8.2 "01) in tetrahydrofuran (30 cm3). 
The mixture was warmed to 50 "C for 3 h. The solvent was 
removed under reduced pressure, and the red residue was re- 
crystallized from toluene/petroleum ether (40-60 "C) mixture, 
giving red crystals, yield 3.6 g, 7.4 mmol (90%). 


cyclo - (24 q-Cyclopentadienyl)-2- (trimet hy1phosphonio)- 


c - 


7 - 


ethyl)(q-ethylcyclopentadieny1)hydridotungsted Tetra- 
fluoroborate, 7. The compound [W(a-C5H4CHzCH2)(7- 
EtC3IAI1 (0.30 e. 0.6 "01) in acetone (20 cm3) was treated with 


, . 
Y ..,a. 


thallium tetrafuoroborate (0.18 g, 0.61 mmol) suspended in 
acetone (20 cm3). Immediately trimethylphosphine (1 g, 13.0 
mmol) in acetone (20 cm3) was added. The mixture was stirred 
at room temperature for 12 h and a yellow precipitate separated. 
The mixture was filtered though Celite, and the solvent was 
removed from the red filtrate under reduced pressure. The red 
residue was recrystallized from ethanol/diethyl ether mixture, 
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giving an orange powder, yield 0.71 g, 0.32 mmol (53%). 
cyclo -( 2- (q-Cyclopentadieny1)et hyl) (q-ethylcyclo- 


pentadienyl)(trimethylphosphine)tungsten Hexafluoro- 
phosphate, 8. The compound [W(&5H4CH2CH2)(pEtC~4)I] 
(0.3 g, 0.6 mmol) in acetone (50 cm3) was treated with tri- 
methylphosphine (1.0 g, 13 mmol), and the mixture was heated 
at 50 "C for 3 days. The initially dark green solution slowly turned 
red. The solvent was removed under reduced pressure, and the 
residue was extracted with water (2 X 30 cm3). The extracts were 
filtered, and aqueous ammonium hexafluorophosphate was added 
to the filtrate, giving a pink precipitate. This was collected and 
recrystallized from acetone/water mixture, giving large pink 
crystals, yield 0.21 g, 0.36 mmol (59%). 


. [ 1,4-Bis(q-cyclopentadienyl)-q-trans -2-butenelhydrido- 
tungsten Hexafluorophosphate, 9. Method A. The compound 
[W(q-C6H4CH2CH2)2] (0.30 g, 0.81 "01) in dichloromethane was 
treated with triphenylmethyl hexafluorophosphate (0.34 g, 0.81 
mmol). After the mixture was stirred at room temperature for 
1 week, the solvent was removed under reduced pressure, and the 
purple residue was recrystallized from acetone/ethanol mixture, 
giving purple crystals which were collected and dried in vacuo, 
yield 70%. 


I I 


Chong and Green 


Method B. The compound [W(q-C6H~CH2CH2)zlPF6 (0.5 g, 
0.97 "01) in tetrahydrofuran (50 cm3) was treated with an exceas 
of triphenylmethyl radical (3 "01) in tetrahydrofuran (30 an3). 
The mixture was warmed to 50 OC for 4 h, giving a red-blue 
solution. The solvent was removed under reduced pressure, and 
the purple residue was recrystallized from acetone/ethanol 
mixture, giving purple crystals, yield 0.35 g, 0.68 mmol (70%). 


[ 1,4-Bis(q-cyclopentadienyl)-q- trans -2-butene]tungsten, 
10. The compound [W(q-C5H4CH2-trans-q-CH=CHCH2-q- 
C5H4)H]PF6 (0.20 g, 0.39 mmol) in acetone (10 cm3) was treated 
with aqueous sodium hydroxide (10 cm3 of a 1 M solution). The 
initially purple solution tumd orange. The mixture was extracted 
with toluene (2 X 30 cm3), the toluene layer was separated, and 
solvent was then removed under reduced pressure. The residue 
was recrystallized from toluene/petroleum ether (40-60 "C) at 
-20 "C, giving an orange powder, yield 0.11 g, 0.3 mmol (77%). 


Results 


Cocondensation of tungsten atoms with spiro[ 2,4] hep- 
ta-4,6-diene forms the yellow-brown crystalline compound 


[W(T-C~H,CH~CH~)~]  (1). The yield of 1 based on tung- 
sten atoms arriving in the cocondensate was only about 
15% compared to 40% for the analogous reaction of mo- 
lybdenum atoms with spiro[2,4]hepta-4,6-diene. Also, 
there was a substantial amount of polymerized diene in 
the reaction mixture. We do not known whether i t  is the 
high-temperature conditions required for the generation 
of the tungsten atoms (ca. 3600 "C), with the concomitant 
increase of radiation of photons and possibly electrons or 
ions, which is the cause of the poor yield, or if the tungsten 
atoms being intrinsically more reactive than molybdenum 
atoms undergo more complex reactions with the 'spiro- 
[ 2,4] hepta-4,Gdiene. The compound 1 sublimes a t  ca. 100 
"C and is soluble in nonpolar hydrocarbon solvents. So- 
lutions in air show evidence for decompositior. within a few 
minutes. 


Treatment of 1 with PhIC1, causes cleavage of both 
tungsten-carbon bonds the desired tetrachloro derivative 
[W(q-C5H4CH2CH2C1)2C12] (2) in 75% yield. 


Compound 2 forms deep green crystals which are soluble 
in the more polar solvents such as dichloromethane and 
tetrahydrofuran. Solutions are moderately stable in air. 


Treatment of 2 with sodium amalgam in tetrahydrofuran 
results in a rapid reduction, giving 1 in essentially quan- 
titative yield. 


Compound 1 readily undergoes a one-electron oxidation 
when treated with silver hexafluorophosphate, giving the 


, i 


compound [ W ( V - C ~ H ~ C H ~ C H ~ ) ~ ] P F ,  (3). This may be 
readily reduced back to 1 with sodium amalgam. 


As would be expected, the tungsten-carbon bonds of 1 
are readily cleaved with proton acids, and 1 reacts with 
hydrogen chloride to give [ W(V-C,H,E~)~C~~]  (4) instantly 
in a quantitative reaction. 


It was decided to attempt to synthesize the compound 


[W(T~C~H~CH~CH~)(~-E~C,H,) I ]  (5) in order to compare 
its reactivity with that of [W(T-C,H~)~M~I]  .12 


Addition of 1 mol of benzoic acid to  [W(q- 
C5H4CH2CH2)2] results in the cleavage of only one tung- 
sten-carbon bond, giving the compound [W(q- 
C5H4CH2CH2)(q-EtC5H4)OCOPh] (6). Treatment of this 
with trimethyliodosilane results in the clean metathetical 


I i 


- 
- 


I 


exchange reaction, giving [W(q-C5H4CH2CH2)(q-EtC5H4)I] 
(5) in high yield. 


Solutions of 5 in acetone were treated with a slight exceas 
of trimethylphosphine at  50 "C, and the ensuing reaction 
was monitored by 'H NMR spectroscopy. This showed 
that there was a steady reduction of the initial spectrum 
of 5 and new bands assignable to [W(q-C5H4CH2CH- 
(PMe,)(q-EtC,H,)H]PF, (7) appeared. After 3 days a 
second group of bands appeared which are assignable to 
the compound [W(q-C5H4CH2CH2)(q-EtC5H4)PMeS]PF, 
(8). Compound 7 was separately prepared from tetra- 
hydrofuran solutions of 5 with thallium tetrafluoroborate 
a t  room temperature in the presence of trimethyl- 
phosphine. Similarly, 8 was prepared from 5 and an excess 
of trimethylphosphine a t  50 "C for 3 days. 


The reaction between 5 and phenyldimethylphosphine 
a t  50 "C was also monitored by hydrogen-1 NMR spec- 
troscopy over a period of 1 week. The spectra show the 


f , 


I . 


formation of bands assignable to the compound [W(q- 
C5H4CH2CH(PPhMe2))(q-EtC5H4)H]I. 


The abstraction of a hydride ion from the @-carbon of 
transition-metal alkyls, giving a olefin-metal cation is a 
general and normally facile reaction. However, when [ 


W(q-C5H4CH2CH2)2] was treated with triphenylmethyl 
tetrafluoroborate, then there is a very slow reaction, and 
after 1 week the ethylene-hydride cation [W(q- 
C5H4CH2-trans-q-CH=CHCH2-q-C5H4)H]PF, (9) could be 
isolated. 


The structure proposed for the cation in 9 is clearly 
indicated by the 'H NMR spectrum. The spectrum of 9 
in deuterioacetone after a few minutes shows a decrease 
in the intensity of the band assignable to the W hydrogen, 
and this may be understood in terms' of deuterium-hy- 
drogen exchange with the solvent. 


Evidence that the W hydrogen in 9 is labile is shown by 
the reaction with aqueous base which causes rapid de- 
protonation forming the neutral olefin derivative [W(v- 
C5H4CH2-trans-q-CH=CHCH2-q-C5H4)] (10). 


The compound 9 was formed in a rapid reaction between 
[W(q-C5H4CH2CH2)2]PF6 (3) and the triphenylmethyl 
radical. 


- 
* i 


I 1 


Discussion 
The structures for the new compounds 1-10 are shown 


in the Schemes I and I1 and are proposed on the basis of 
the data given in Table I. . 


(12) Cooper, N. J.; Green, M. L. H. J. Chem. Soc., Dalton Trans. 1979, 
1121. 
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Scheme I 


Chong and Green 


proposed intermediates 


I. 


CH2 


9 10 
(i) benzoic acid in tetrahydrofuran, 90%; (ii) PhIC1, in 


tetrahydrofuran, 70%; (iii) Na/Hg in tetrahydrofuran at 
room temperature for 5 h, 70%; (iv) Me,SiI in tetrahydro- 
furan at room temperature for 2 h, 90%; (v) AgPF, in 
tetrahydrofuran at room temperature 95%; (vi) Na/Hg in 
tetrahydrofuran, >go%; (vii) hydrogen chloride at room 
temperature for 5 min, >go%; (viii) [Ph,C]+PF, in 
dichloromethane with 1 at room temperature for 1 week 
or Ph,C in tetrahydrofuran on 3 at 50 "C for 4 h, 70%; 
(ix) sodium hydroxide at room temperature, S O %  


Cooper has shown that treatment of [W(T~C,H,)~M~,]+ 
with the Ph3C radical gives the hydridoethylene cation 
[W(tl-C,H,)2(s-C,H,)H]+.11 By analogy with this work we 
propose the mechanism for the conversion of 1 to 9 shown 
in Scheme I. 


5 7 
\ / 


( i )  PMe, and thallium tetrafluoroborate in acetone at 
room temperature for 2 h, A = BF,; (ii) proposed revers- 
ible 1,2-hydrogen shift giving hydridocarbene interme- 
diate; (iii) heat at'70 "C for 1 0  h, >95%; (iv) PMe, in 
acetone at 7 0  "C for 3 days, 50% 


The reaction between 5 and Me3P qving first 7 and then 
8 presumably proceeds via a reversible tungsten methyl 


tungsten methylene hydride equilibrium (Scheme 11), 
as is proposed elsewhere for related systems.12 This re- 
action provides further support for our proposal that re- 
versible 1,2-hydrogen shift processes are likely to be a 
general feature of transition-metal alkyl chemistry.12 


The rapid and high-yield formation of 1 by sucessive ring 
closure reactions during the reduction of 2 is an interesting 
reaction. In a separate experiment we have shown that 
reduction of [ W ( Q - C ~ H ~ ) ~ I ~ ]  in the presence of excess of 
iodomethane with sodium amalgam does not give any of 
the dimethyl derivative [W(.rl-C,H,),Me,] .13 The tung- 
sten-carbon bond forming step in these ring closure re- 
actions is presumably favored by a "proximity" effect 
which entails advantageous entropy contributions. A de- 
tailed study of the mechanism of this and related reactions 
is in progress. 
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I . - 
Three new heterobimetallic compounds, (C0)4MnMo(C0)3[q5-C5H4P(C6H5)2], 1, (CO)4MnMo(C0)3- 


[q5-C5H4P(C6H4-P-CH3)2], 2, and (C0)4ReMo(CO)3[q5-c5H4P(C6H4-~-cH3)2], 3, have been prepared. 1 
was prepared by reaction of Li+[q5-C@4P(CJ-€J2]Mo(CO)f, 4, with [(CO)&~IB~]~ Similarly, 2 was prepared 
by reacting Li+[q5-C5H4P(C6H4-p-CH3)2]M~(CO)3-, 5, with [(CO)4MnBr]2, and 3 was prepared from 5 and 
[(CO)4ReBr]2. 1 was structurally characterized by X-ray crystallography. 1 crystallizes in the space oup 
Pbca [Dg] with 2 = 8 and orthorhombic unit cell dimensions of a = 11.782 (2) A, ti = 17.215 (3) fend 
c = 23.129 (6) A. The Mo-Mn bond length is 3.054 (1) A. 


- 


Introduction 
Binuclear transition-metal complexes have been known 


for many years, and they continue to be the focus of in- 
vestigations of their synthesis and reactivity.' Of par- 
ticular interest to us are heterobimetallic complexes. 
Complexes of this type include those which have two 
different metal fragments held together only through a 
metal-metal bond,2 only through bridging  ligand^,^ or 
through both bridging ligands and a metal-metal bond.4 
Our goal is to prepare heterobimetallic compounds which 
are held together through bridging ligands and metal- 
metal bonds and to investigate the reactivity of these 
compounds with hydrogen in an attempt to form hetero- 
bimetallic dihydrides which might be homogeneous cata- 
lysts for the reduction of carbon monoxide. Others have 
also explored the utility of heterobimetallic compounds 
for CO red~ct ion .~  In this paper we report the synthesis 
and characterization of (C0)4MnMo(C0)3[q5-C5H4PAr2] 
(Ar = C6H5, 1; Ar = C6H4-p-CH3, 2) and (CO)4ReMo- 
(C0)3[q5-C5H4PAr2] (Ar = C6H4-p-CH3, 3). In these het- 
erobimetallic compounds, two different metal atoms are 
linked by a metal-metal bond as well as by a heterodi- 
functional ligand in which one metal is bonded to a cy- 
clopentadienyl ring and the other metal is bonded to the 
phosphine portion of the bridging ligand. Schore and 
co-workers have prepared a similar heterodifunctional 
ligand which they used very successfully in the synthesis 
of a series of heterobimetallic compounds? 


Results and Discussion 
Synthesis. The heterobimetallic compounds 1-3 in 


which molybdenum is linked to either manganese or rhe- 
nium both by a metal-metal bond and by a heterodi- 
functional (diary1phosphino)cyclopentadienyl ligand were 
synthesized in a logical stepwise fashion (Scheme I). 
1-(Diphenylphosphino)cyclopentadiene,' 6, was prepared 


by reaction of sodium cyclopentadienide with chlorodi- 
phenylphosphine in THF as described by Davison et al.* 


I i 


7 


'This manuscript is dedicated to the fond memory of Rowland 
Pettit, one of the pioneers of transition-metal organometallic chem- 
istry. 


0276-733318212301-1591$01.25/0 


Scheme I 


I M o I C O i 6  


Since 6 slowly decomposes a t  room temperature, it was 
immediately converted to the corresponding lithium salt 


(1) (a) Kubiak, C. P.; Eisenberg, R. J. Am. Chem. SOC. 1977, 99, 
6129-6131. (b) Benner, L. S.; Balch, A. L. Zbid. 1978,100,6099-8106. (c) 
Cooper, N. J.; Green, M. L. H.; Couldwell, C.; Prout, K. J. Chem. SOC., 
Chem. Commun. 1977, 146-146. (d) Smart, J. C.; Curtis, C. J. Znorg. 
Chem. 1978,17,3290-3292. (e) Wegner, P. A.; Uski, V. A. Zbid. 1979,18, 
846-6153. (0 Brown, M. P.; Fisher, J. R.; Puddephatt, R. J.; Seddon, K. 
R. Zbid. 1979, 18, 2808-2813. (g) Balch, A. L.; Hunt, C. T.; Lee, C.; 
Olmstead, M. M.; Farr, J. P. J. Am. Chem. SOC. 1981,103,3764-3772. (h) 
Herrmann, W. A,; Plank, J.; Riedel, D.; Ziegler, M. L.; Weidenhammer, 
K.; Guggolz, E.; Balbach, B. Zbid. 1981,109,63-76 and referenm therein. 
(i) Berry, M.; Cooper, N. J.; Green, M. L. H.; Simpson, 5. J. J. Chem. SOC., 
Dalton Trans. 1980, 29-40. 


(2) (a) Vyazankin, N. S.; Razuvaev, G. A.; Kruglaya, 0. A. Orgummet. 
Chem. Reu., Sect. A 1968,3, 323-423. (b) Abel, E. W.; Singh, A,; Wil- 
kinson, G. J. Chem. SOC. 1960,1321-1324. (c) Haneen, P. J.; Jacobson, 
R. A. J. Organomet. Chem. 1966,6,389-398. (d) King, R. B.; Treichel, 
P. M.; Stone, F. G. A. Chem. Znd. 1961,747-748. (e) Coffey, E.; Lewis, 
J.; Nyholm, R. S. J. Chem. SOC. 1964, 1741-1749. (0 Haines, R. J.; 
Nyhoh, R. S.; Stiddard, M. H. B. J. Chem. SOC. A 1988,4&47. (g) Bars, 
V. 0.; Braunstein, P. Angew. Chem. 1982,94, 319-320. 


(3) (a) Threlkel, R. S.; Bercaw, J. E. J. Am. Chem. SOC. 1981, 103, 
2650-2669. (b) Schore, N. E.; Hope, H. Zbid. 1980,102,4251-4253. (c) 
Alcock, N. W.; Howarth, 0. W.; Moore, P.; Morris, G. E. J. Chem. SOC., 
Chem. Commun. 1979,1160-1162. (d) Pregosin, P. S.; Togni, A.; Venanzi, 
L. M. Angew. Chem., Znt. Ed. Engl. 1981,20,668-669. (e) Stelzer, 0.; 
Unger, E.; Wray, V. Chem. Ber. 1977,110,3430-3437. (0 Yasufuku, K.; 
Yamazaki, H. J. Organomet. Chem. 1972,35,367-373. (g) Johannsen, 
G.; Stelzer, 0. Chem. Ber. 1977,110,3438-3448. (h) Dias, A. R.; Green, 
M. L. H. J. Chem. SOC. A 1971. 1951-1956. 


0 1982 American Chemical Society 
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7 by treatment with n-butyllithium. Lithium salt 7 was 
characterized by 'H, 13C, and 31P NMR spectroscopy. The 
heterodifunctional ligand 7 had previously been used in 
situ for the synthesis of heterobimetallic compounds,B but 
it had not been isolated and characterized. Lithium (di- 
p-tolylphosphino)cyclopentadienide, 10, was prepared by 
an analogous route and was used for the preparation of 
heterobimetallic complexes since the 'H NMR spectra of 
its derivatives are greatly simplified compared with those 
of the related phenyl derivatives. 


Reaction of 7 with Mo(CO)~ in refluxing THF gave an 
impure solid that appeared by IR and 'H NMR spec- 
troscopy to be a 85:15 mixture of lithium [(diphenyl- 
phosphino)cyclopentadienyl] tricarbonylmolybdate, 4, and 
(C0)5MoP(CsH5)zC5H4-, 9. The infrared spectrum of the 
mixture in THF had bands at  1911,1812,1788, and 1726 
cm-I assigned to 4; for comparison, Li+(C5H5)Mo(C0)3- in 
THF has IR bands at 1905,1807,1780, and 1714 cm-I.9 In 
addition, the mixture had weaker IR bands at  2068,1983, 
and 1947 cm-I assigned to 9; for comparison, (CO)5MoP- 
(C6H5)3 in THF has IR bands at 2071,1991, and 1948 cm-'. 
Attempted purification of lithium salt 4 by crystallization 
from etheral, aromatic, and aliphatic solvents failed. 
Cation exchange with N(CH3)4+C1- or N(CH2CH3)4+C1- 
followed by attempted recrystallization also failed to give 
pure materials. Since we were unable to obtain pure salts 
of 4, we attempted to characterize 4 by preparation of 
derivatives. However, attempts to prepare a halogenated 
derivative of 4 by treatment with CC14, N-bromosuccin- 
imide, or 1,2-dibromoethane, a methylated derivative of 
4 by treatment with CH31, or a protonated derivative of 
4 by treatment with acetic acid gave complex reaction 
mixtures. 


Similarly, reaction of 10 with Mo(CO)~ gave L ~ + [ T ~ -  
C5H4P(C6H.I-p-CH3)2]Mo(C0)3-, 5, contaminated with 
(CO)5MoP(C6H4-p-CH3)zC5H4-. Attempted purification 
or derivatization of 5 was also unsuccessful. 


We initially set out to synthesize anions 4 and 5 since 
we thought that their reactions with halogen-bridged metal 
dimers would provide an excellent route to a wide variety 
of heterobimetallic compounds linked by the heterodi- 
functional (diary1phosphino)cyclopentadienyl ligand. The 
anions 4 and 5 can be viewed as a difunctional chelate 
ligand with phosphine and metal anion donor groups. The 
reaction of 4 with the bromine-bridged dimanganese com- 
pound [ (CO)4MnBr] 210 gave the heterobimetallic complex 


Casey et al. 


(4) (a) Finke, R. G.; Gaughan, G.; Pierpont, C.; C a s ,  M. E. J .  Am. 
Chem. SOC. 1981, 103, 1394-1399. (b) Wong, K. S.; Scheidt, W. R.; 
Labinger, J. A. Inorg. Chem. 1979,18,136-140,1709-1712. (c) Laonhard, 
K.; Wemer, H. Angew. Chem.; Int. Ed. Engl. 1977, 16, 649-650. (d) 
Hoxmeier, R.; Deubzer, B.; Kaesz, H. D. J.  Am. Chem. SOC. 1971, 93, 
536-537. (e) Yasufuku, K.; Yamazaki, H. J .  Orgammet. Chem. 1972,38, 
367-372. (0 Brockhaus, M.; Staudacher, F.; Vahrenkamp, H. Chem. Ber. 
1972,105,3716-3725. (g) Yasufuku, K.; Yamezaki, H. Bull. Chem. SOC. 
Jpn. 1973,46,1502-1504. (h) Yasufuku, K.; Yamazaki, H. J. Orgammet. 
Chem. 1971,223,415-421. (i) Yasufuku, K.; Yamazaki, H. Bull. Chem. 
SOC. Jpn. 1970.43, 158&1589. (j) Tilney-Bassett, J. F. J.  Chem. SOC. 
1963,4784-4788. (k) Ehrl, W.; Vahrenkamp, H. Chem. Ber. 1973, 106, 
2556-2562. 


(5) (a) Longato, B.; Norton, J. R.; Huffman, J. C.; Marsella, J. A.; 
Caulton, K. G. J. Am. Chem. SOC. 1981,103,209-210. (b) Labinger, J. 
A.; Wong, K. S.; Scheidt, W. R. Ibid. 1978,100,3254-3255. (c) Labinger, 
J. A.; Wong, K. S. Ibid. 1980,102,3652-3653. (d) Shoer, L. I.; Schwartz, 
J. Ibid. 1977,99,5831-5832. (e) Marsella, J. A.; Caulton, K. G. Ibid. 1980, 
102, 1747-1748. 


(6) (a) Schore, N. E. J .  Am. Chem. SOC. 1979, 101, 7410-7412. (b) 
Schore, N. E.; Benner, L. S.; Labelle, B. E. Inorg. Chem. 1981, 20, 
3200-3208. 


(7) Mathey, F.; Lampin, J.-P. Tetrahedron 1975, 31, 2685-2690. 
(8) Rudie, A. W.; Lichtenberg, D. W.; Katcher, M. L.; Davison, A. 


(9) Gladyaz, J. A.; Williams, G. M.; Tam, W.; Johnson, D. L.; Parker, 


(10) Zingales, F.; Sartorelli, U. Inorg. Chem. 1967, 6, 1243-1246. 


Inorg. Chem. 1978,17, 2859-2863. 


D. W.; Selover, J. C. Inorg. Chem. 1979, 18, 553-558. 
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Figure 1. 


1 as an orange crystalline solid in 45% yield. 
The bimetallic compound 1 is simple and symmetric 


enough that its structure was readily determined spec- 
troscopically. The IR spectrum of 1 in cyclohexane has 
seven CO bands for the seven CO ligands at  2056, 1994, 
1980,1976,1941,1921, and 1901 cm-'. The 'H NMR of 
1 consists of multiplets a t  6 8.1 for the ortho-phenyl hy- 
drogens and at  6 7.6 for the meta- and para-phenyl hy- 
drogens and four-line patterns at 6 5.8 and 4.7 for the two 
sets of protons on the cyclopentadiene coupled to each 
other and to phosphorus. 


The 13C NMR spectrum of 1 was particularly useful in 
structural characterization. In the room-temperature 13C 
NMR of 1, the molybdenum bound CO's give rise to two 
resonances at  6 236.8 and 227.0 in a 1:2 ratio, while the 
manganese bound CO's give rise to a 55Mn quadrupole 
broadened resonance at  6 216. In the 13C NMR at -40 "C, 
"thermal decoupling"" of the 55Mn quadrupole results in 
the appearance of three peaks at 6 2248,222.9, and 216.2 
in a 1:1:2 ratio assigned to the CO's bonded to manganese. 
The C2 and C3 carbons of the cyclopentadienyl ring appear 
a t  the normal positions of 6 91.0 and 89.2; however, the 
C1 carbon bonded to the diarylphosphine group appears 
as a doublet (Jpc = 51.3 Hz) a t  6 57.8. This -32-ppm 
upfield shift of the C1 carbon of the cyclopentadienyl group 
is undoubtedly related to the fact that it is held directly 
over the Mo-Mn bond. 


Reaction of lithium [ (di-p-toly1phosphino)cyclo- 
pentadienylltricarbonylmolybdate, 5, with [(C0)4MnBr]2'o 
similarly gave a 32 % yield of the bridged bimetallic com- 
pound 2. In the 'H NMR of 2, the protons ortho to 
phosphorus appear at 6 7.65 as a doublet of doublets (JPH 
= 11.6 Hz, JHH = 7.9 Hz), protons meta to phosphorus 
appear at 6 6.72 as a broad doublet and the tolyl methyl 
groups appear as a singlet a t  6 1.84. The simplified 'H 
NMR spectra of the p-tolyl derivatives have proven useful 
in studying the reactions of 2 and 3. 


Reaction of 5 with [(C0)4ReBr]z'2 gave the bridged 
molybdenum-rhenium compound 3 as a yellow solid in 
31% yield. In the 13C NMR at  -50 "C, the molybdenum 
carbonyls give rise to two resonances in a 1:2 ratio at 6 230.7 
and 223.9 and the rhenium carbonyls appear in 1:2:1 ratio 
a t  6 192.4 (d, Jpc = 47 Hz, CO trans to P), 189.7 (d, Jpc 
= 9.2 Hz), and 187.4 (d, Jpc = 4.6 Hz). At 30 "C the I3C 
resonances of the molybdenum carbonyls were broadened, 
and at 63 "C these resonances were not observable but the 
rhenium carbonyls remained sharp at  all temperatures. 


(11) Todd, L. J.; Wilkinson, J. R. J. Organomet. Chem. 1974, BO, 


(12) Abel, E. W.; Hargreaves, G. B.; Wilkinson, G. J. Chem. SOC. 1958, 
C31-C34. 


3149-3152. 
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Table I. Bond Distances and Bond Angles in 
7 1  


(C 0 1 ,MnMo( C 0 1 [ rl ’-C ,H,P(C, H , 1 1 a 


Bond Distances ( A )  
Mo-Mn-P 3.054 (1) Cpl-Cp2 1.423 (7) 
Mn-P 2.278 (1) Cp2-Cp3 1.394 ( 7 )  
Mn-C( 1) 1.845 (5)  Cp3-Cp4 1.423 (7)  
Mn-C( 2) 1.833 (5)  Cp4-Cp5 1.392 (7) 
Mn-C( 3) 1.847 (5 )  Cp5-Cpl 1.444 (6) 
Mn-C(4) 1.792 (5)  Cpl-P 1.797 (5) 
MO-C(5) 2.004 (6) C(ll)-P 1.829 (5)  
Mo-C(6) 1.957 (5 )  C(21)-P 1.837 (5)  
MO-C(7) 1.970 (5) C(l1)-C(12) 1.388 (7) 
O(l)-C(l)  1.139 (6)  C(12)-C(13) 1.365 (7 )  
0(2)-C(2) 1.151 (6) C(13)-C(14) 1.356 (8) 
0(3)-C(3) 1.137 (6)  C(14)-C(15) 1.361 (8) 
0(4)-C(4) 1.161 (7) C(15)-C(16) 1.389 (7 )  
0(5)-C(5) 1.137 (7)  C(16)-C(ll) 1.375 (7)  
O(6)-C(6) 1.162 (7)  C(21)-C(22) 1.388 (7)  
0 ( 7 ) C ( 7 )  1.149 (6) C(22)-C(23) 1.369 (8) 
Mo-Cpl 2.377 (5 )  C(23)-C(24) 1.358 (9)  
Mo-Cp2 2.333 (5)  C(24)-C(25) 1.370 (9) 
Mo-Cp3 2.334 (5)  C(25)-C(26) 1.394 (8) 
Mo-Cp4 2.335 (5 )  C(26)-C(21) 1.367 (7)  
Mo-Cp5 2.356 (5)  CENT-MO 2.015 (3) 


Bpnd Angles (deg) 
Mo-Mn-P 77.3 (0) C( 5)-Mo-C(6) 77.9 (2)  
C( 1)-Mn-P 90.9 (1) C(5)-Mo-C(7) 98.2(2)  
C( 2)-Mn-P 165.7 (2)  C(6)-M04(7) 81.2 (2)  
C( 3)-Mn-P 87.5 (2) Mo-C(5)-0(5) 174.2 (5)  
C( 4)-Mn-P 97.3 (2) Mo-C(6)-0(6) 179.2 (5)  
Mn-C(l)-O(l) 176.5 (4) Mo-C(7)-O(7) 175.4 (4) 
Mn-C( 2)-O( 2) 178.5 (4)  C( 1)-Mn-Mo 87.1 (2)  
Mn-C( 3)-O( 3) 176.4 (5)  C( 2)-Mn-Mo 88.6 (2) 
Mn-C(4)-O(4) 179.5 (3) C(3)-Mn-Mo 91.2 (2) 
Mn-P-C(l1) 116.4 (2) C(4)-Mn-Mo 174.1 (2)  


Mn-P-Cpl 103.6 (2)  C(6)-Mo-Mn 141.2 (2)  
C(ll)-p-C(21) 103.5 (2)  C(7)-Mo-Mn 75.0 (1) 
P-Cpl-cp2 128.2 (3) P-C(11)-C(12) 119.1 (4)  
P-Cpl -cp5 122.0 ( 4 )  P-C(11)-C(16) 123.3 (4 )  
Cpl-Cp2-Cp3 108.2 (4 )  P-C(21)-C(22) 120.0 (4 )  
cp2-cp3-Cp4 108.8 (5) P-C(21)-C(26) 120.7 (4)  


Mn-P-C(21) 121.1 (2) C(5)-Mo-Mn 75.7 (2) 


Cp3-Cp4-Cp5 108.0 (4 )  (av) phenyl(1) 119.7 (5 )  
Cp4-Cp5-Cpl 108.1 (4 )  (av) phenyl(2) 120.0 (5) 
Cp5-Cpl-Cp2 106.9 (4)  CENT-Cpl-P 165.1 (6)  


a CENT = Cp ring centroid, 


This broadening might be due to exchange between the 
two different types of molybdenum carbonyls. 


X-ray Structure of 1. While the IR and NMR spectra 
of 1 established its overall structure, we were interested 
to see what distortions the heterodifunctional ligand 
caused in this cyclic bimetallic compound. Consequently, 
the X-ray crystal structure of 1 was determined. Bond 
lengths and angles are listed in Table I. 


The ORTEP diagram of 1 (Figure 1) clearly demonstrates 
that the heterodifunctional (phosphino)cyclopentadienyl 
ligand links the manganese and molybdenum atoms. The 
manganese and molybdenum atoms are also linked by a 
single bond of 3.054 (1) A. For comparison, the bond 
length of the metal-metal bond in (C5H5)(CO)3Mo-Mn- 
(CO), is 3.08 A,13 and the average of the metal-metal bond 
lengths of [(C5H5)Mo(C0)3]24 (3.23 A) and of Mn2(CO)l&5 
(2.93 A) is 3.08 A. The molybdenum, manganese, phos- 
phorous, and cyclopentadiene centroid form a nearly 
planar slightly strained ring system. Two carbonyls on 


(13) Bir’yukov, B. P.; Struchkov, Yu. T.; Anieimov, K. N.; Kolobova, 
N. E.; Bescbtnov, A. S. J. Chem. Soc., Chem. Commun. 1968,667-668. 


(14) Adame. R. D.; Collins. D. M.: Cotton, F. A. Zmra. Chem. 1974.19, - 
1086-1090. 


1750-1751. 
(16) DahI, L. F.; Ishiehi, E.; Rundle, R. E. J. Chem. Phys. 1967,26, 


Table 11. Least-Squares Planes for 


(CO ),MnMo(CO), [+CS H,P( C, H, ) J a ,  
I I  


atoms dev atoms dev 


Plane I: 0.0593X + 0.5500Y + 0.83302 = 7.3163 
Cpl*  0.012 (7)  Cp4* -0.004 (7) 
cp2* -0.014 (7)  Cp5* -0.005 (7) 
cp3* 0.011 (7) P -0.420 (4) 
C(2) -0.096 


Plane 11: 0.5080X + 0.6931Y + 0.51142 = 5.5900 
Mo* 0.008 (1) C ( l )  1.835 (7) 
Mn* -0.007 (1) C(2) -0.096 (7) 
P* 0.008 (4)  C(3) -1.851 (7)  
CENT* -0.008 (7) C( 4) 0.057 (7) 
C(11) -1.417 (8) C(5) 1.498 (7) 


1.455 (8) C(6) 0.05 2 (7)  
-0.049 (7)  C(7) -1.503 (7) 


C(21) 
CP(1) 


Atoms marked with an asterisk were used in cal- 
culating the planes. 


manganese, two carbonyls on molybdenum, and the two 
phenyl rings are arranged nearly symmetrically on either 
side of this plane (Table 11). The distance from molyb- 
denum to the phosphine substituted cyclopentadiene 
carbon (Cpl) is -0.04 A longer than the distance to the 
other four cyclopentadiene carbons. 


The slight strain of the ring system gives rise to several 
distortions from the geometry expected for acyclic systems. 
The P-Mn-Mo angle is contracted to 77.3’ and is the only 
major distortion from idealized octahedral geometry about 
manganese. The phosphorous atom is bent down 0.42 A 
(Table 11) from the plane of the cyclopentadiene ring to- 
ward the manganese atom. The angle between the cen- 
troid of the cyclopentadiene ring, molybdenum, and 
manganese is contracted to 102.0O; for comparison the 
Cp-Mo-Mo angle in [C5H5M~(C0)3]2 is 117.6’,16 and the 
Cp-Mo-Hg angle in (C5H5)(C0)3Mo-HgC1 is 111.95’.’’ 
This distortion of the idealized four-legged piano stool 
geometry about molybdenum in 1 leads to a wider angle 
of 141.2’ between manganese-molybdenum and the CO 
“trans” to manganese [Mn-Mo-C(6)] and a smaller angle 
of 98.2’ about molybdenum and the CO’s “trans” to one 
another [C(5)-Mo-C(7) 1. For comparison, the corre- 
sponding Mo-Mo-CO angle is 128.2’ and the CO-Mo-CO 
angle between “trans” CO’s is 105.9’ in [(C5H5)Mo(C- 
O)3]2.14 There are no significant interactions between 
manganese and the carbonyls on molybdenum (C-Mn 
distances 13.17 A) or between molybdenum and the car- 
bonyls on manganese (C-Mo distances 13.49). Moreover, 
the carbonyl ligands are not significantly bent; the most 
distorted carbonyl is a molybdenum carbonyl cis to man- 
ganese (<Mo-C(5)-0(5) = 174.2’). 


Stability of 1 under H2. In our continuing search for 
heterobimetallic dihydrides, we have looked for interaction 
between 1 and H2 Cyclohexane solutions of 1 under high 
pressure of H2 were examined by high-pressure IR spec- 
troscopy as a function of temperature. No change in the 
IR spectrum of 1 was seen even upon heating to 145 ‘C 
under 1200 psi of HP Slow decomposition of 1 occurs 
above 170 ‘C, and the integrated intensities of the metal 
carbonyl bands decrease. The major band in the IR 
spectrum of decomposed 1 is seen at  -1960 cm-l. 


The stability of rhenium-molybdenum compound 3 
under H2 was studied by heating THF solutions of 3 under 
high hydrogen pressure, cooling the solutions, and exam- 


Dihedral angle (I/II) = 90.8 (4)”. 


(16) Wilson, F. C.; Shoemaker, D. P. J. Chem. Phys. 1967,27,809-810. 
(17) Bueno, C.; Churchill, M. R. Inorg. Chem. 1981,20, 2197-2202. 
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ining samples of the solutions at  room temperature and 
atmospheric pressure. No change in the IR spectrum of 
3 was noted upon heating at  90 "C for 4 h under 1400 psi 
of H2. Further heating at  120 "C for 14 h led to 10% 
decomposition. Complete decomposition to nonmetal 
carbonyl-containing material occurred when 3 was heated 
at  150 "C for 24 h under 1400 psi of H2. 


Thus 1 and 3 thermally decompose when heated under 
H2, and no evidence was obtained for formation of a bi- 
metallic dihydride resulting from addition of hydrogen 
across the metal-metal bond. 


In the hope that a catalytic, undetectable amount of 
heterobimetallic dihydride might be in equilibrium with 
1 and that it might act as a CO hydrogenation catalyst, 
we heated 1 under high pressure of synthesis gas. When 
a toluene solution of 1 (6 mM) was heated at  180 "C for 
22 h under 1400 psi of a 1:l CO/H2 mixture, a small 
amount of decomposition of 8 was noted by IR spectros- 
copy but no CHI or CH30H were detected by gas chro- 
matography (detection limit 0.1 5%). Similarly, when a 
toluene solution of rhenium-molybdenum compound 3 (5 
mM) was heated at  205 "C for 16 h under 1200 psi of 1:l 
CO/H2, a small amount of decomposition of 3 occurred but 
no CH, or CH30H were observed. 


An attempt to intercept heterobimetallic dihydrides in 
equilibrium with 1 or 3 by reaction with cyclohexene was 
made but no hydrogenation of cyclohexene was observed. 
When a toluene solution of 1 (3.3 mM) and cyclohexene 
(20 mM) was heated at  165 "C under 1400 psi of H2 for 
27 h, about 50% decomposition of 1 was observed by IR, 
but no cyclohexane was detected by gas chromatography 
(detection limit 0.1%). Similarly, when a toluene solution 
of 3 (2.6 mM) and cyclohexene (25 mM) was heated at  170 
"C under 1200 psi of H2 for 20 h, no decomposition of 3 
or formation of cyclohexane was observed. 


The reaction of heterobimetallic compounds 1-3 with 
H2 might be expected to require prior metal-metal bond 
cleavage or ligand dissociation to generate a site for the 
activation of hydrogen. Their failure to react with hy- 
drogen may reflect the difficulty of generating such re- 
active sites in these molecules. We are now synthesizing 
heterobimetallic compounds in which one of the metals 
is a coordinatively unsaturated da metal capable of oxi- 
datively adding H2 without prior ligand dissociation or 
metal-metal bond cleavage. 


Experimental Section 
General Data. Solvents were distilled from sodium benzo- 


phenone ketyl prior to use. All reactions were run under dry 
nitrogen, except where indicated. 'H NMR spectra were recorded 
on a Bruker WH-270 (270 MHz) spectrometer; 13C NMR (50.10 
MHz) and 31P NMR (80.76 MHz) spectra were recorded on a 
JEOL FX-200 spectrometer. 31P chemical shifts are referenced 
in parts per million from 85% &,PO,; downfield chemical shifts 
are recorded as positive. Infrared spectra were recorded on either 
a Beckman 4230 infrared spectrometer or a Digilab FTS-20 in- 
terferometer. Elemental analyses were performed by Schwankopf 
Microanalytical Labs (Woodside, N.Y.). 


I-(Dipheny1phosphino)cyclopentadiene (6) was prepared 
by a modification of the method of Mathey and Lampin? Freshly 
distilled chlorodiphenylphosphine (19.5 g, 88.2 mmol) was added 
by cannula to a solution of Na(CJ-I5).DMElS (15.70 g, 88.2 "01) 
in THF (180 mL) at -78 "C and then stirred for 30 min at room 
temperature. The solution was fdtered through Celite in a drybox, 
and the solvent was evaporated on a vacuum line to give a pale 
orange oil (17.9 g, 81% yield). The 'H NMR of 6 was in agreement 
with the reported ~pec t rum.~  


1- and 2-(Di-p -tolylphosphino)cyclopentadiene (8A and 
SB). Reaction of Na(C5H5).DME18 (10.1 g, 57 mmol) with freshly 


(18) Smart, J. C.; Curtis, C. J. Znorg. Chem. 1977, 16, 1788-1790. 
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distilled P(C6H4;p-CH3)zCl'g (14.1 g, 57 mmol) following the 
procedure used in the preparation of 6 gave a 2:l mixture of 
8A/8B (14.4 g, 91%) as a red-brown oil: 'H NMR (270 MHz, 


meta), 6.38-6.60 (m, 3 H of C5H5P), 3.09 (s, 0.7 H, CH, of 8B), 


Lithium (Dipheny1phosphino)cyclopentadienide (7). Since 
6 decomposes if left standing at room temperature for several 
hours, it is imperative that the deprotonation be carried out on 
freshly prepared samples of 6. At -78 "C n-BuLi (31 mL, 1.51 
M in hexane, 46.6 mmol, 1.2 equiv) was added to a solution of 
6 (9.70 g, 38.8 mmol) in toluene (100 mL). When the solution 
was vigorously stirred at  room temperature for 15 min, a yellow 
precipitate formed. The precipitate was collected by filtration 
in a drybox and washed with hexane to give 7 as a yellow powder 
(9.47 g, 95% yield): mp 167-170 OC dec; 'H NMR (270 MHz, 
THF-ds) 6 7.15 (m, meta and para) 7.34 (m, ortho), 5.95-5.91 (m, 


ipso), 133.8 (d, Jpc = 18.3 Hz, ortho), 128.0 (d, Jpc = 6.1 Hz, meta), 
127.1 (s, para), 113.0 (d, Jpc = 20.8 Hz, Cz of C5H4P), 107.3 (d, 
Jpc = 9.8 Hz, C3 of C&P), 105.8 (9, C1 of C5H4P); ,'P NMR (80.76 
MHz, THF) 6 -18.1 (8 ) .  
Lithium (Di-p-toly1phosphino)cyclopentadienide (10). 


Reaction of 8 (8.90 g, 32 mmol) with n-BuLi (35 mL, 1.35 M in 
hexane, 47.6 mmol, 1.5 equiv) following a procedure similar to 
that described for 7 gave 10 as a pale yellow solid (8.70 g, 78% 
yield): mp 175-178 "C dec; 'H NMR (270 MHz, THF-d8) 6 7.20 
(t, Jm = JpH = 7.3 Hz, ortho), 6.97 (d, J = 7.7 Hz, meta), 5.95-5.91 
(m, CJ-I,), 2.25 (8, CH3); 'H NMR (270 MHz, CsD6) 6 7.51 (t, JIIH 
= JPH = 7.2 Hz, ortho), 7.04 (d, J = 7.5 Hz, meta), 5.65 and 5.37 
(2 br s, C5H4P), 2.13 (8,  CH3); 13C NMR (50.10 MHz, THF-d8) 
6 136.6 (s, para), 133.9 (d, Jpc = 18.3 Hz, ortho), 128.8 (d, Jpc = 
6.1 Hz, meta), 112.9 (d, J = 20.7 Hz, Cz of C5H4P), 107.0 (d, J 
= 8.6 Hz, C3 of C&$), 21.2 (8, CH3), ipso carbon and C1 of C5H4P 
not observed; 31P NMR (80.76 MHz, THF-d8) 6 -19.0 (8). 
Lithium [(Diphenylphosphino)cyclopentadienyl]tri- 


carbonylmolybdate (4). A solution of Mo(CO), (3.50 g, 13.3 
mmol) and 7 (3.40 g, 13.3 mmol) in THF (100 mL) was refluxed 
for 19 h. The solvent was removed on a vacuum line to give 5.62 
g of a tan solid. The IR in THF consisted of bands (cm-', relative 
absorption) assigned to 4 at 1911 ( l . O ) ,  1812 (0.88) 1788 (0.70) 
and 1726 (0.59); bands assigned to Li+(CO)SMoP(C6H5),(C5H4)- 
were at 2068 (0.08), 1983 (0.21), and 1947 (0.53). NMR indicated 
that the ratio of 4:Li' ( C ~ ) ~ M O P ( C ~ H ~ ) ~ ( C ~ H ~ ) -  was about 8515. 
'H NMR indicated that the solid was a THF solvate of 4 con- 
taining -1.6 molecules of THF/Mo: 'H NMR (270 MHz, C6D6) 
6 7.60 (m, ortho), 7.13 (m, meta and para), 5.40 (br s, C5H4P). Also 
observed in this spectrum were resonances from THF at 6 3.73 
and 1.56 and low intensity broad singlets at 6 5.50 and 5.31 which 
are probably due to Lit(CO)5MoP(C6H5)2(C5H4)-: 'H NMR (270 
MHz, THF-d8 6 7.32 (m, ortho), 7.15 (m, meta and para), 5.09 
and 4.94 (2 m, C5H4P); 13C NMR (50.10 MHz, THF-d8, 0.07 M 
Cr(aca~)~)  6 235.4 (8, Mo(CO),) 141.3 (d, Jpc = 12.8 Hz, ipso), 133.9 
(d, Jpc = 18.3 Hz, ortho), 128.1 (s, meta and para), 96.4 (br s, C1 


Lithium [ (Di-p-tolylphosphino)cyclopentadienyl]tri- 
carbonylmolybdate (5). A solution of Mo(CO)G (4.63 g, 17.5 
mmol) and 10 (5.00 g, 17.5 "01) in THF (130 mL) was refluxed 
for 22 h. The solvent was evaporated on a vacuum line to give 
9.09 g of a golden yellow solid. 'H NMR indicated the solid was 
a nearly pure THF solvate of 5 containing -2.5 molecules of 


Hz, ortho), 7.04 (d, J = 9.2 Hz, meta), 5.46 (pseudotriplet, J = 
1.8 Hz, 2 H of C5H4P), 5.43 (pseudodoublet, J = 1.8 Hz, 2 H of 
CJ-14P), 2.09 (s, CH,), resonances for THF at 6 3.72 and 1.57; 13C 
(50.10 MHz, THF-d8, 0.07 M (Cr(acac),) 6 235.7 (s, Mo(CO),), 
137.6 (s, para), 133.9 (d, Jpc = 18.3 Hz, ortho), 129.1 (br s, meta), 
21.5 (8,  CH,). Other observed resonances and tentative assign- 
ments include (1) a singlet at 6 128.3 which we believe is the upfield 
resonance of a doublet due to the ipso carbon; the downfield 
portion of the doublet is probably obscured by the peak at 6 129.1, 
(2) 6 97.7 (br s, C1 of C5H4P), (3) 6 94.1 (d, Jpc = 11.0 Hz, Cz of 


CDCl3) 6 7.26 (t, J m  = JPH 


3.0 (9, 1.3 H, CHZ of 8A), 2.32 (8,  CH3). 


7.2 Hz, ortho), 7.13 (d, J = 8.3 Hz, 


C5H4); 13C NMR (50.1 MHz, THF-ds) 6 145.6 (d, Jpc = 12.2 Hz, 


of CbHdP), 94.3 (d, Jpc = 14.6 Hz, Cz of CSHhP), 88.8 (5, C3 of 
C5H4P); ,'P NMR (80.76 MHz, THF) 6 -16.3 (9). 


THF/Mo: 'H NMR (270 MHz, C&3) S 7.61 (t, JHH JPH == 7.5 


(19) Montgomery, R. E.; Quinn, L. D. J. Org. Chem. 1965, 30, 
2393-2395. 
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Table 111. Crystallographic Data and Nicolet R3 Data 
Collection Parameters (24 "C) 


formula 
cryst system 
space group 
a, A 
b, A 
c,  A v, A3 


z 


MnMoC,,H,,PO, 
orthorhombic 
Pbca [D:; (No. S l ) ]  
11.782 (2) 
17.215 ( 3 )  
23.129 (6)  
4691.3 (2.3) 
8 


d c a l c d ,  g k m 3  1.6921 (2 )  
crystal size, mm 
radiation graphite monochromated 


Mo Ka ( h  = 0.71073 A )  
p ,  cm-I 10.22 
scan type W 


2e units 


no. of rflns measd 5404 
no. of unique data, 2431 


std reflns 31141 


R ( F 0 )  0.034 
W F O )  0.028 


largest shiftlerror on final cycle 0.093 
largest peak in final diff map, 0.29 


0.20 X 0.25 X 0.35 


3" < 2e < 42", +h,k,l 
scan range, deg 1.9 + A (a, -a,) 


( F 2  2 2.0o(F)') 


(no decay observed) 


esd of unit weight 1.200 


e / A 3  


CSHIP), and (4) 6 88.8 (8, C3 Of CSHIP). IR (THF): 1912 (s), 1813 
(s), 1790 (m), 1723 ( 8 )  cm-'. 


In various preparations, the purity of 5 varied from 95% to 
80% ; the major impurity is probably Li+(CO)SMoP(C6H4-p- 


(CO)4MnMo(C0)3[qS-C5H4P(C&15)2] (1). A solution of 4 
CH~)ZC&-. 


i 


(3.00 g) in THF (75 mL) was added by cannula to a suspension 
of [(CO)4MnBr]Jo (150 g, 3.0 "01) in THF at 0 OC. The solution 
was stirred at  0 OC for 3 h, and the solvent was evaporated on 
a vacuum line. The residue was purified by column chroma- 
tography (silica gel, 9 1  hexane/ether) to give 1 as an orange solid 
(1.62 g, 45% based on [(CO)4MnBr]z, mp 184-187 OC dec): 'H 
NMR (270 MHz, acetone-de) S 8.1 (m, ortho), 7.57 (m, meta and 
para), 5.77 (pseudoquartet, J = 2.1 Hz, 2 H, C5H4P), 4.70 
(pseudoquartet, J = 2.0 Hz, 2 H, C5H4P); 'H NMR (270 MHz, 
C8D6) 6 7.72-7.63 (m, ortho), 6.84 (m, meta and para), 4.53 
(pseudoquartet, J = 2.1 Hz, 2 H, CsH4P), 3.80 (pseudoquartet, 
J -  2.1 Hz, 2 H, C,H4P); 13C NMR (50.10 MHz, acetone-de, 0.07 
M Cr(acac)a, 25 "C) 6 236.8 (s, Mo(CO)), 227.0 (8 ,  Mo(C0)2), 215.9 
(quadrupole broadened -Yvln(CO),), 134.2 (d, J ~ c  = 42.2 Hz, ipso), 
132.7 (s, para), 132.3 (d, Jpc = 12.8 Hz, ortho), 130.3 (d, JPc = 
10.9 Hz, meta), 91.0 (br s, Cz or C3 of CsH4P), 89.2 (d, J = 9.2 
Hz, C2 or C3 of C6H4P), 57.8 (d, J = 51.3 Hz, C1 of CSH4P). A 
13C NMR spectrum obtained at  -40 OC caused "thermal 
decoupling"" of the 5SMn quadrupole, and the Mn(CO)4 reso- 
nances appeared at  6 224.8,222.9, and 216.2 (relative intensities 
1:1:2) in addition to the other resonances described above: IR 
(cyclohexane): 2056 (m), 1994 (m), 1980 (s), 1976 (s), 1941 (m), 
1921 (m), 1901 (m) cm-'. Anal. Calcd for C24H14 MnMo0,P: C, 
48.35: H. 2.37. Found: C. 48.47: H. 2.35. 


, I  , -, 


(CO)4MnMo(C0)3[q5-CSH4P(CeH4-p -CH3)2] (2). Reaction 
of molybdenum anion 5 (3.30 g) with [(CO)4MnBr],'o (1.25 g, 2.52 
mmol) using the procedures used in the preparation of 1 gave 2 
(1.00 g, 32% yield) as an orange solid: mp 169-170 "C dec; 'H 


ortho), 6.72 (br d, peak separation 7 Hz), 4.55 (m, 2 H, C5H4P), 
3.93 (m, 2 H, C,H4P), 1.84 (s, CH3); '% NMR (50.10 MHz, CDzCl2, 
0.07 M Cr(acac)J 6 231.4 (8,  Mo(CO)), 225.0 (s, MO(CO)~), 215.8 
(quadrupole broadened MMn(CO)4), 142.3 (s, para), 131.2 (d, JpC 
= 12.2 Hz, ortho), 129.9 (d, J ~ c  = 10.7 Hz, meta), 130.6 (tentatively 
assigned as one resonance of the ipso tolyl doublet; other resonance 


NMR (270 MHz, C&) S 7.65 (dd, JPH = 11.6 Hz, J H H  7.9 Hz, 


Table IV. Final Positional and Thermal Parameters' and Their Esd's for Non-Hydrogen Atoms 
7 


of (CO),MnMo(CO), [vS-C,H4P(C,H,)~I 


5160 (1) 
6236 (3)  
4270 (3 )  
3851 (4 )  
7165 (3 )  
3946 (3)  


810 (3) 
1954 (3)  
5740 (4 )  
4549 (4 )  
4265 (4)  
6327 (5 )  
3615 (4)  
1581 (5 )  
2340 (4)  
5179 (4 )  
5946 (4)  
5963 (5)  
5213 (5)  


4461 (5 )  
6297 (4 )  
6154 (5 )  
7010 (5 )  
8002 (5) 
8163 (5)  
7294 (4)  
3889 (4 )  
2764 (4 )  
2017 (4 )  
2653 (5)  
3798 (4)  


4473 (5 )  


3675 (1) 
4128 (3) 
2114 (2) 
1734 (2)  
2076 (2) 
4158 (2)  
4272 (2)  
2258 (2)  
3684 (3)  
2437 (3)  
2204 (3)  
2412 (3) 
4057 (3)  
4147 (3)  
2869 (3)  
3157 (3) 
2554 (3)  
2135 (3)  
2293 (3) 
2897 (3)  
3329 (3) 


5024 (3)  


5471 (3) 
4860 (4) 
4319 (3)  
4252 (2)  
4021 (3)  
45 68 (3) 
51 34 (3) 


4397 (3) 


5554 (3)  


4947 (3)  


1586 (1) 49 (1) 
8 0 ( 2 )  85 (3 )  


1494 (2 )  96 (3)  
912(2 )  5 7 ( 3 )  


-297 (1) 85 (3) 


-527 (2 )  76 (3)  
-86 (2 )  75 (3)  
595 (2)  69 (3 )  
343 (2)  61 (4 )  
115 (2)  5 0 ( 4 )  


8 6 0 ( 2 )  58 (4 )  


213(2 )  65 (4)  
624 (2 )  47 (3 )  


2276 ( 2 )  55 (4 )  
2355 (2 )  69 (4)  
2856 (2 )  95 (5 )  
3285 (2)  95 (5 )  
3235 (2 )  90 (5) 
2727 (2 )  90 (5 )  
1666 (2)  50 (3)  
2036 (3 )  82  (5)  
2104 (3 )  110 (5)  
1812 (3 )  100 (5)  
1440 (3)  53 (5 )  
1370 (2)  60 (4)  
1573 (2)  58 (4 )  
1714 (2)  55 (3 )  
1485 (2)  52 ( 4 )  
1176 (2 )  79 (5 )  
1226 (2 )  57 (4)  


1221 (2 )  57 (4 )  


-71 (3 )  49 (4)  


34 ( i j  30 (ij 2 ( i j  3 ( i j  -2 ( i j  
3 6 ( 1 )  3 1 ( 1 )  -1 (1) 0 (1) -2 (1) 
5 5 ( 2 )  6 0 ( 2 )  -14 (2 )  1 6 ( 2 )  8 (2)  
8 6 ( 3 )  39 (2)  5 (2)  -10 (2) -23 (2 )  
6 3 ( 3 )  6 6 ( 3 )  -38 (2 )  -12 (3)  2 0 ( 2 )  
77 (3)  7 2 ( 3 )  2 4 ( 2 )  -4 (2)  -2 (2 )  
7 2 ( 3 )  45 (3) - 4 ( 2 )  10 (2) l O ( 2 )  
8 9 ( 3 )  1 0 2 ( 3 )  9 (3) -30 (3) 4 (3)  
5 8 ( 2 )  7 6 ( 3 )  -16 (2 )  -9 (2 )  - 6 ( 2 )  
3 9 ( 3 )  37 (3)  1 ( 3 )  7 (3) -6 (3)  
4 7 ( 3 )  44 (3)  9 (3)  6 (3) 3 (3)  
4 6 ( 4 )  37 (4)  -2 (3)  -12 (3 )  -12(3)  
3 8 ( 3 )  3 5 ( 3 )  -6 (3)  2 (3) -5 (3)  
37 (3)  5 3 ( 4 )  4 (3) - 6 ( 3 )  -1 (3)  
5 2 ( 4 )  6 5 ( 4 )  2 (3) O(3)  -4 (3 )  
54 (3)  42 (3) 2 ( 3 )  - 9 ( 3 )  - 2 ( 3 )  
41 (3 )  26 (3) - 6 ( 3 )  1 ( 3 )  -4 (2 )  
60 (4)  35 (3) 1 3  (3) 5 (3)  -1 (3) 
5 9 ( 4 )  4 6 ( 4 )  2 2 ( 3 )  - 5 ( 4 )  6 (3) 


78 (4)  3 6 ( 4 )  29 (4)  7 (3) 5 (3)  
38 (3) 38 (3) -7 (3)  - 8 ( 3 )  4 (3)  


78 (4) 47 (4) -7 (4 )  -5 ( 4 )  1 5 ( 3 )  
1 1 4 ( 5 )  4 0 ( 4 )  28 (4) 1 9 ( 3 )  19 (4)  


5 9 ( 4 )  72 (4)  -18 (4)  - 4 ( 4 )  -16 (4 )  
58 (4 )  9 4 ( 5 )  -22(4)  -27 (5) -13 (4 )  
6 1 ( 4 )  1 1 6 ( 6 )  -44 (4 )  -49 (5 )  2 7 ( 4 )  
87 (5)  8 6 ( 5 )  -18 (4) - l O ( 4 )  23 (4) 
47 (3)  5 7 ( 4 )  - 6 ( 3 )  -11 (3)  5 (3)  
34 (3 )  37 (3) 1 ( 3 )  3 (3) - 8 ( 3 )  
5 6 ( 3 )  3 9 ( 3 )  -3 (3 )  1 3 ( 3 )  -8 (3 )  
7 7 ( 4 )  52 (4 )  17 (3) 1 3  (3) -8 (3 )  
4 0 ( 3 )  5 1 ( 4 )  1 7 ( 3 )  - 0 ( 3 )  - 7 ( 3 )  
4 0 ( 3 )  45 (3)  4 ( 3 )  - 3 ( 3 )  -4 (3 )  


a The form of the expression defining the thermal ellipsoids is e~p[-2n'(U,,h 'a*~ + U,,kZb*' + U,,l'c*' + 
2U,,hka*b* + 2U,,hla*c* + 2U,,kZb*c*)]. X104. X103. 
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is obscured by either the 6 131.2 or the b 129.9 peak), 89.4 (d, J ~ c  solution. The crystals were mounted in thin-walled glass capil- 
= 9.1 Hz, C, of C5H4P), 88.0 (d, J ~ c  = 18.1 Hz, Cz of C,H4P), 57.3 laries, immobilized on an aluminum pin with beeswax, and fixed 
(d, Jpc = 50.5 Hz, C1 of C5H4P), 21.0 (s, CH,); IR (cyclohexane) in a eucentric goniometer head. Unit-cell dimensions were de- 
2059 (m), 1996 (m), 1978 (s), 1973 (s), 1939 (m), 1919 (m), 1900 termined and refined from the angular settings of 25 reflections, 
(m) cm-'. Anal. Calcd for cz6Hl8MnMoO7P: C, 50.02; H, 2.91. 20 I 28 5 30°, chosen to sample all regions of reciprocal space. 
Found: C, 50.45; H, 3.25. The space group Pbca was uniauelv determined from the svs- 
(CO)4ReMo(CO)3[q5-C5H4P(C6H4-p-CH3)] (3). A solution 


of 5 (183 mg) in THF (30 mL) was added by cannula to a BUS- 
pension of [(CO)4ReBr]12 (80 gm, 0.10 mmol) in 10 mL of THF 
at  -78 "C and stirred for 1 h at -78 "C and 10 min at room 
temperature. The solvent was removed by rotary evaporation, 
and the residue was purified by preparative TLC (silica gel, 1:l 
hexane/ether) which gave 10 (50 mg, 31% based on [(CO),ReBr]z, 
Rf = 0.4, lower yellow band) as a yellow solid: mp 167-169 "C 
dec; 'H NMR (270 MHz, C&) 6 7.58 (dd, JPH 12.0 Hz, J H H  
= 8.4 Hz, ortho), 6.70 (dd, J H H  = 8.0 Hz, JPH = 2.0 Hz, meta), 
4.66 (pseudoquartet, J = 2.1 Hz, 2 H, C&P), 4.02 (pseudoquartet, 


CD2Cl2, 0.07 M Cr(acac),, 25 "C) 6 224.2 (br s, Mo(CO),), 192.4 
(d, JPc = 47.7 Hz, Re(C0) trans to P), 189.7 (d, Jpc = 9.2 Hz, 
Re(C0)2), 187.4 (d, J ~ c  = 4.6 Hz, Re(C0) cis to P), 142.7 (8, para), 
131.8 (d, Jpc = 13.8 Hz, ortho), 130.0 (d, JPc = 12.2 Hz, meta), 
128.0 (d, Jpc = 49.0 Hz, ipso), 89.7 (d, Jpc = 7.6 Hz, Cz or C3 of 
C6H4P), 89.2 (d, Jpc = 9.2 Hz, Cz or C3 of C5H4P), 61.6 (d, Jpc 
= 59.7 Hz, C1 of C5H4P), 21.1 (s, CH3). At -50 "C, the Mo 
carbonyls appeared in a 1:2 ratio a t  6 230.7 and 223.9. IR (cy- 
clohexane): 2081 (m), 2006 (m), 1992 (s), 1974 (s), 1939 (m), 1910 
(m), 1886 (m) cm-'. Anal. Calcd for CmHrnMoO7PRe: C, 41.33: 


J 2.1 Hz, 2 H, CSHIP), 1.84 (8, CH,); 13C NMR (50.10 MHz, 


temaGc absences observed in the data. Crystal data and d k a  
collection parameters are listed in Table 111. All data processing 
was performed on a Data General Nova 4 using the Nicolet 
SHELXTL program library (version 3.0). An empirical absorption 
correction was performed by using the azimuthal data from four 
+-scan reflections collected in 10" increments, maximum/mini- 
mum intensity ratio was 1.16 f 0.01. Neutral atom scattering 
fadors were calculated by the standard procedures, and anomolous 
dispersion corrections were applied to all non-hydrogen atoms. 


The structure was solved by direct methods, and all non-hy- 
drogen atoms were located by subsequent difference Fourier 
syntheses phased by the metal atoms. All non-hydrogen atoms 
were refined with anisotropic thermal parameters. Hydrogen atom 
locations were calculated and not refmed by using a ''rid&' model 
with d(C-H) = 0.96 A and isotropic thermal parameters of 1.2 
times the isotropic equivalent for the carbon atom to which it 
was attached. A correction for extinction was applied to the data. 
The largest peak found on the fiial difference Fourier map, 0.29 
e/A3, was located equidistant from C(6) and O(6). A table of 
calculated vs. observed structure factors is available as supple- 
mentary material. Final positional and thermal Parameters and 
their esd's are listed in Table IV. - -- 
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RhW (p-CC,H4Me-4) (CO),( PMe,) ( $-C5H5) ( q5-CgH7) and 
PtW(pC(C,H4Me-4)C(0))(CO) (PMe,) ( q4-C8H12) ( q5-C5H5)ti1 
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The “ketenyl” tungsten compound W(t12-C(CeH4Me-4)C(0)J(CO)(PMe3)(tl-C5H6) reacts with CO~(CO)~ 
to give CO~W(~~-CC~H,M~-~)(CO)~(PM~~)(.~~-C~H~), and with Rh(C2H4)2(t15-CgH7) to yield RhW(p- 
CC6H4Me-4)(C0)2(PMe3)(tl-C6H6) (7-C9H7). The molecular structure of the latter has been determined 
by X-ray crystallography (space group D:-P2i2121, a = 9.486 (2) A, b = 15.693 (6) A, c = 16.882 (5) A, 
2 = 4). Reactions between bis(cycloocta-l,5-diene)platinum and the compounds W(t12-C(C6H4Me-4)C- 
(0)](CO)(PR,)(t&H5) (PR, = PMe3, PPh3, PMe2(CH2Ph), PMe2Ph and PMePh2) have been investigated. 
The nature of the produde varies with the tertiary phosphine, but with PMe3, PMe2(CH2Ph), and PMezPh 
the bimetal complexes PtW(p-C(C6H4Me-4)C(0))(CO)(PR3) (7-C8Hl2)(tl-C5H5) were characterized, and the 
molecular structure of the trimethylphosphine derivative was established by X-ray crystallography (space 
group C$,-P2,/c, a = 22.492 (7) A, b = 12.241 (6) A, c = 20.430 (7) A, @ = 106.07 (3)O, 2 = 8). Spectroscopic 
data (IR and ‘H, slP(lH), 13C(’HJ, and lssPt{’HJ NMR) for all new compounds are reported and discussed. 


Introduction 
We have previously demonstrated that the compound 


W=CR(CO),(&H,) (R = Cd4Me4)  is a versatile ligand 
toward low-valent transition-metal complexes, reactions 
occurring to afford species in which a tolylidyne group 
bridges bonds between tungsten and other transition ele- 
m e n t ~ . ~  Typical of compounds obtained in this manner 
are PtW(p-CR)(CO)2(PMe2Ph)2(q-C6H6),4 Co,W(p&R)- 
(C0)8(tl-C5H5),5 and F ~ R ~ W ( ~ S - C R ) ( ~ - C O ) ( C O ) S ( ~ -  
C5H6)($-CgH7).6 These studies, together with the dis- 
covery7i8 of the compounds 1, prompted us to investigate 
reactions between the “ketenyl” tungsten complexes 29 and 
certain low-valent metal compounds. It was expected that 
the products from 2 would be different in character from 
those obtained from W=CR(CO)~(TC~H,). 


U 2a, PR, = PMe, 
b, PR, = PPh, 
c, PR, = PMe,(CH,Ph) 
d, PR, = PMe,Ph 
e, PR, = PMePh, 


la, M = Mn 
b , M =  Re 


Results and Discussion 
Treatment of a dichloromethane solution of 2a with 1 


equiv of CO&O)~ at room temperature gave the dark green 
cluster compound 3. The ‘3c NMR spectrum of the latter 
showed the characteristic resonance for the p3-C group at  
6 263. The corresponding signal for the triply bridging 
carbon atom in the spectrum of CO~W(~~-CR)(CO)~(T 
C5H5) occurs6 at  6 257. The 31P NMR spectrum of 3 was 
informative since the singlet resonance at  6 -38.5 showed 
strong 187W-31P coupling (162 Hz), confirming that the 
trimethylphosphine ligand ‘was attached to the tungsten 
atom. 


‘This paper is dedicated to the memory of Professor Rowland 
Pettit, a friend whose seminal contributions to organometallic 
chemistry illuminated the field for others to follow. 


0276-733318212301-1597$01.25/0 


CsHyle-4 
I 


( T-C~H~)(M~~P)(OC)W NC\ -1 \c&y 
3 


Over a period of ca. 48 h, however, compound 3 isom- 
erizes to 4, with the PMe3 group attached to a cobalt atom. 
This process may be followed by 31P NMR spectroscopy, 
the peak in the spectrum of 3 at  6 -38.5 decreasing in 
intensity as a new resonance for 4 at  6 -4.9 increases in 
strength. Compound 4 is analogous to the previously 


C&4Me- 4 
I 


4 


described5 complex C%W(p3-CR)(C0),(PMe2Ph)(tl-C5H5) 


(1) This paper is part 19 in the series ‘Chemistry of Di- and Trimetal 
Complexes with Bridging Carbene or Carbyne Ligands”. For part 18 see: 
Dawkins, G. M.; Green, M.; Mead, K. A.; Salaun, LY.; Stone, F. G. A.; 
Woodward, P. J. Chem. SOC., Dalton Trans., in press. 


(2) Taken in part from the Diploma Theses of C. Sambale and M. F. 
Schmidt of the Phillip-Univereitat, Marburg, German Federal Republic. 


(3) For review see: Stone, F. G. A. Acc. Chem. Res. 1981,14,318-326; 
Stone, F. G. A. “Inorganic Chemistry: Towards the 21st Century”; Am- 
erican Chemical Society: Washingtan, DC, 1982; ACS Symp. Ser. No. 
m, PP -. 


(4) Ashworth, T. V.; Howard, J. A. K.; Stone, F. G. A. J.  Chem. Soc., 
Dalton Trans. 1980, 1604-1614. 


(5) Chetcuti, M. J.; Chetcuti, P. A. M.; Mitrprachachon, P.; Pickering, 
S. J.; Stone, F. G. A.; Woodward, P. J. Chem. Soc., Dalton Trans. 1982, 
699-708. 


(6) Green, M.; Jeffery, J. C.; Porter, S. J.; Razay, H.; Stone, F. G. A. 
of J. Chem. SOC., Dalton Trans., in press. 


(7) Martin-Gil, J.; Howard, J. A. K.; Navarro, R.; Stone, F. G. A. J. 
Chem. SOC., Chem. Commun. 1979,1168-1169. 


(8) Complexes analogoua to 1, e.g., MnRe(r-C(CO)Ph)(CO)B(?-C6H6), 
have been independently characterized by: Orama, 0.; Schubert, U.; 
Kreissl, F. R.; Fischer, E. 0. 2. Naturforsch., E: Anorg. Chem., Org. 
Chem. 1980, B35,82-85. 


(9) Kreissl, F. R.; Eberl, K.; Uedelhoven, W. Chem. Eer. 1977, 110, 
3782-3791. 
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PC(”’ 


C(2 


Figure 1. View of the structure of RhW(r(-C6H4Me-4)(C0)2- 
(PMe3)(&sH6)(q6-CgH7) (5) with the atom numbering scheme. 


obtained by treating Co2W(p3-CR) (CO)8(q-C5H5) with 
PMe2Ph. Like other species of ita type, 4 shows more CO 
stretching bands in ita IR spectrum than expected for the 
existence of a single isomer, a property discussed elsewhere. 


The next reaction investigated was that between Rh- 
(C2H4)2(q5-CgH,) and 2a, in tetrahydrofuran. It was nec- 
essary to reflux the mixture for the product to form at  an 
appreciable rate, and in this manner the dimetal compound 
5 was isolated in ca. 50% yield. The spectroscopic data 


CrH4Me-4 


5 
for 5 were in accord with the structure illustrated. The 
13C NMR spectrum showed the characteristic resonances 
for the bridging tolylidyne carbon atom at  6 326.6., The 
one resonance in the 31P NMR spectrum appeared as a 
doublet a t  6 5.04 with JmC = 208 Hz, confirming that the 
PMe, ligand was attached to the rhodium. The IR spec- 
trum of 5 showed two CO stretching bands (1874 and 1775 
cm-’), the lower frequency absorption suggesting the 
presence in the compound of a semibridging or bridging 
carbonyl ligand. 


In order to establish the molecular structure of 5, we 
carried out a single-crystal X-ray diffraction study. The 
data in Table I summarise the results of this study, and 
a view of the molecule is shown in Figure 1. 


The Rh-W bond is bridged by the CC6H4Me-4 group 
and semibridged by a CO ligand [W-C(5)-0(5) = 164 (2)’; 
Rh-C(5) = 2.42 (2) A]. The tungsten atom has a terminal 
CO and a cyclopentadienyl group bonded to it, while the 
rhodium is ligated by PMe, and indenyl groups. The 
q-C,H, and q5-CgH7 rings are cis to the p-CRhW plane, in 
contrast to the cyclopentadienyl and arene ring systems 
in the complexes CoW(p-CC6H4Me-4)(CO),(rl-C,H,)(rl- 
C5Me5)l0 and CrW(p-CC6H4Me-4)(C0)4(q-C5H5)(v- 
C&e,)” where a trans configuration is adopted. 


In 5, the p-C-W separation [1.913 (14) A] and the angles 
about C(O1) [W-C(0l)-C(l1) = 146 ( 1 ) O  and Rh-C(O1)- 
C(l1) = 124.2 (9)O] closely resemble those foundlo in 
COW(~-CC~H~M~-~)(CO)~(~-C,H~)(~-CM~~) [p-C-W = 


(51’1. Evidently bonding within the p-CWM (M = Co or 
Rh) triangle is very similar in both complexes. Moreover, 


1.913 (7) A, W-p-C-C 142.1 (6)O, and CO-p-C-C = 124.7 


(10) Mead, K. A.; Woodward, P., personal communication. 
(11) Chetcuti, M. J.; Green, M.; Jeffery, J. C.; Stone, F. G. A.; Wilson, 


A. A. J. Chem. SOC., Chem. Commun. 1980.949949. 


Table I. Selected Interatomic Distances (A ) and 
Interatomic Angles (Deg) with Esd’s for 


RhW(cl-CC,H,Me-4)(CO),(PMe,)(77.C,H, )(wC9H, 1 ( 5 )  


W-Rh 
w-C(4) 
w-C( 21) 
W-C( 23) 
W-C( 2 5) 
Rh-C( 01) 
Rh-C( 31) 
Rh-C(37) 
Rh-C( 39) 
C(4 )-0(4)  


(a) Distances 
2.796 (1)  W-C(O1) 


2.33 (3) W-C(22) 
2.39 ( 2 )  W-C( 24) 
2 .36(3)  Rh-P 
2.048 (14)  Rh-C( 5) 
2.48 (2)  Rh-C( 36) 
2.31 ( 2 )  Rh-C(38) 
2.27 (2)  C(Ol)-C(ll) 
1.14 ( 3 )  C( 5)-O( 5) 


1.99 (2)  w-C( 5)  
1.913 (14) 
1.98 (2)  
2.35 ( 3 )  
2.40 ( 2 )  
2.247 ( 5 )  
2.42 (2)  
2.51 (2)  


1 .48 (2)  
2.21 (2)  


1.21 (3)  


(b) Angles 
Rh-W-C( 01) 47.1 (4)  Rh-W-C(4) 
C(Ol)-W-C(4) 84.7 (6)  Rh-W-C(5) 
C(Ol)-W-C(5) 100.8 (7)  c(4)-W-C(5) 
W-Rh-P 106.1 (1) W-Rh-C(O1) 
P-Rh-C( 01) 91.6 (4)  W-Rh-C(5) 
P-Rh-C( 5)  93.3 (5) qOl)-Rh-C(5) 
W-C( 01)-Rh 89.7 (6) W-c(0l)-C( 11) 
Rh-C(Ol)-C(ll) 124.2 (9) W-C(4)-0(4) 
W-C( 5)-Rh 78.3 (7)  W-C( 5)-O( 5)  
Rh-C(5)-O(5) 116.3 (14)  


102.6 ( 5 )  
57.9 (6) 


43.2 (4) 


83.8 (6)  
146.0 (10)  
174.3 (14)  
164 (2)  


90.0 (7)  


43.8 (5) 


the p-C-W separations are intermediate between those 
found in WsCR(C0) (q-C5H5) [1.82 (2) A]’, and in W= 
CPh2(C0)5 [2.14 (2) All3 and must reflect considerable 
multiple-bond character. 


The p-C-Rh distance [2.048 (14) A] is close to that in 
FeRhW(p3-CR)(p-CO)(CO),(q-C5H5)(q5-C,H7) E2.035 (6) 
A].6 This suggests that there is little or no p-C-Rh mul- 
tiple-bond character, and 5 can thus be regarded as con- 
taining a dimetallacyclopropene ring ~ y s t e m . ~  


The Rh-W bond [2.796 (1) A] in 5 may be compared 
with those found in the di- and trimetal compounds 


A] ,14 Rh2W(p3-CR) (a~ac)~(p-CO) (CO),(q-C,H,) [ 2.809 (2) 
and 2.764 (2) A],, and FeRhW(p,-CR)(p-CO)(CO),(q- 
C5H5)(q5-CgH7) [2.760 (1) A].s Other features of the mo- 
lecular structure require no special comment. 


Formation of 5 from Rh(C2HJ2(q5-C&17) and 2a involves 
transfer of the PMe, group from tungsten to rhodium. 
However, by following the reaction by IR spectroscopy it 
was observed that the initial products were the mono- 
metallic complexes W=CR(C0)2(q-C5H5) and Rh(C0)- 
(PMe,) (v5-CgH7) which subsequently slowly combined to 
give 5. This was confirmed by preparing 5 by treating 
W4R(C0)2(q-C5H5) with an independently synthesized 
sample of Rh(CO)(PMe3)(q5-C9H7). 


It was also found that 5 could be obtained by adding 
PMe3 to RhW(p-CR)(C0)3(q-C6H5)(q5-CgH7)11 in di- 
chloromethane solution. When this reaction was moni- 
tored by IR and 31P(1H) NMR spectroscopy, it was ob- 
served that the trimethylphosphine reagent displaces 
W=CR(CO),(q-C,H,) from the bimetal compound af- 
fording Rh(C0)(PMe3)(q5-C&I7). The latter then combines 
with the (toly1idyne)tungsten complex to give 5. This 
emphasises the isolobal relationship between CR and 
W(C0)2(q-C5H6) groups, since it is frequently observed that 
alkyne ligands are more readily replaced by tertiary 
phosphines than are carbonyl ligands. The displacement 
of the pseudoalkyne W=CR(CO),(q-C,H,) from RhW(p- 
CR) (C0),(q-C5H5)(q5-CgH7) by PMe3 is probably aided by 
an v5 to v3 “slippage” of the indenyl group believed to be 


RhW(p-CRCPhCPh) (CO)2(~-C,H,)(~5-CgH,) [2.754 (1) 


(12) Fischer, E. 0.; Lmdner, T. L.; Huttner, G.; Friedrich, P.; Kreissl, 


(13) Casev, C. P.: Burkhardt. T. J.: Bunnell, C. A.: Calabrese, J. C. J .  
F. R.; Besenhard, J. 0. Chem. Ber. 1977,110, 3397-3404. 


Am. Chem. SOC. 1977,99,2127-2134. 
(14) Howard, J. A. K.; Tyler, D. C., personal communication. 
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Table 11. Selected Interatomic Distances ( A )  and Interatomic Angles (Deg) with Esd's for 
PtW b-C6H,Me4)C(0)l(C0 )(PMe, )(s-C,H,,)(s-C,H, 1 ( 7 4  


molecule 1 malecule 2 


(a) Distances 
W( 1)-Pt( 1) 2.728 (1) W( 2)-Pt( 2) 2.720 (1) 


2.405 (6) 
1.96 (2)  


W( 1 )-P( 1) 
W( 1)-C(14) 1.92 (2) 
W( 1)-C( 15 )  2.11 (2) W( 2)-C( 25) 2.14 (2) 
W( 1)-C( 128) 2.17 (2) W( 2)-C( 228) 2.16 (2) 
Pt( 1 )-C( 14) 2.273 (15) Pt( 2)-C( 24) 2.29 (2) 
Pt( 1)-C( 15)  2.67 (2)  Pt( 2)-C( 25) 2.703 (15) 
Pt(1)-C(128) 2.06 (2) Pt( 2)-C( 228) 2.064 (15) 


Pt( 1)-C( 132) 2.28 (2) Pt( 2)-C( 232) 2.19 (2)  
Pt( 1)-C( 135) 2.23 (2) Pt( 2)-C( 235) 2.24 (3) 
Pt(1)-C( 136) 2.23 (3) Pt( 2)-C( 236) 2.23 (3) 
C( 14)-O( 14) 1.22 (2) C( 24)-O( 24) 1.15 (3) 


C(128)-C(15) 1.44 (2) C( 228)-C( 25) 1.38 (3) 
C(128)-C(121) 1.44 (2) C( 228)-C( 221) 1.49 (3) 


2.402 (4) W( 2)-P( 2) 
W( 2)-C( 24) 


Pt( 1 )-C( 131) 2.21 (2)  Pt( 2)-C( 231) 2.22 (2)  


C(15)-O(15) 1.25 (2) C( 25)-O( 25) 1.20 (2) 


(bl  Andes 
Pt( l)-W(l)-C(l4) 
Pt( 1)-W( 1)-C( 15 )  
C(14)-W(l)-C(l5) 
Pt( 1)-W( 1)-C( 128) 
C( 14)-W( l)-c( 128) 
C(l5)-W(l)-C(128) 


W(l)-Pt(l)-C(128) 
W( 1)-C( 14)-O( 14) 
W( 1 )-C( 15)-O( 15) 
O( 15)-C( 15)-C( 128) 
W( 1)-C( 15)-C( 128) 
W(l)-C(l28)-Pt(l) 
W( 1)-C(128)-C( 15 )  
Pt(l)-C(128)-C(15) 
W(l)-C(l28)-C(121) 
Pt( 1)-C( 128)-C( 121) 
C( 15)-C( 128)-C( 121) 


W( 1)-Pt( 1)-C( 14 )  


55.3 (5) 
65.5 (5)  
112.6 (7)  
48.1 (5)  
102.9 (7)  


44.0 (5) 
51.6 (5) 
158.7 (15) 
148.8 (12) 
138.0 (15) 
72.4 (9) 
80.3 (6)  
68.2 (9) 
97.7 (11) 
140.9 (13) 
126.5 (11) 
125.1 (13) 


39.4 (5)  


responsible for the relatively high reactivity of compounds 
containing Rh(q5-C9H7) groups in ligand substitution re- 
actions.l6 


It has been previously shown16 that the bridged tolyli- 
dyne compounds COW(~-CR)(CO)~(~-C,H~)(~-C~M~~) and 
P~W(P-CR)(CO),(PM~~)~(~-C,H,) can be readily proton- 
ated a t  the bridging carbon atoms to afford reactive cat- 
ionic (ptoly1idene)dimetal complexes. Slow addition of 
HBF4-Ea0 to a saturated solution of 5 in diethyl ether at  
-20 "C precipitated the salt 6. The IR spectrum of 6 


U 


6 
showed CO stretching bands a t  1945 and 1783 cm-l; the 
latter at  a frequency corresponding to that expected for 
either a semibridging or a bridging carbonyl ligand. The 
31P NMR spectrum showed the anticipated doublet reso- 
nance for a RhPMe3 group at  6 14.7 [Jw = 173 Hz]. The 
'H Nh4R spectrum had a resonance [doublet, JPH = 20 Hz] 
at 6 7.95 which is characteristic for the CH proton of the 
p-CHR group.'6 The salt 6 is a relatively unstable species 
in solution, and this property made it impossible to obtain 


(15) Caddy, P.; Green, M.; OBrien, E.; Smart, L. E.; Woodward, P. 


(16) Jeffenr. J. C.: Moore. I.: h v .  H.: Stone. F. G. A. J.  Chem. SOC.. 
Angew. Chem., Znt. Ed. Engl. 1977,16,648-649. 


- 
Pt( 2)-W( 2)-C( 24) 
Pt( 2)-W( 2)-C( 25) 
C( 24)-W( 2)-C( 25) 
Pt( 2)-W( 2)-C( 228) 
C( 24)-W( 2)-C( 228) 
C( 25)-W( 2)-C( 228) 


W( 2)-Pt( 2)-C( 228) 
W( 2)-C( 24)-O( 24) 
W( 2)-C( 25)-O( 25) 
O( 25)-C( 25)-C( 228) 
W( 2)-C( 25)-C( 228) 


W( 2)-C( 228)-C( 25) 
Pt( 2)-C( 228)-C( 25) 
W( 2 ) 6 (  228)-C( 221) 
Pt( 2)-C( 228)-C( 221) 
C( 25)-C( 228)-C(221) 


W( 2)-Pt( 2)-C( 24) 


W( 2)-e( 228)-Pt( 2) 


55.9 (6)  
66.3 (4) 
115.1 (6) 
48.4 (4) 
103.8 (7) 
37.6 (6) 
45.2 (5)  
51.5 (4)  
159.2 (14) 
146.4 (15) 
140 (2)  
71.9 (9) 
80.2 (6) 
70.5 (10) 
101.4 (11) 
136.6 (9) 
125.7 (9) 
125.4 (13) 


high-quality I3C NMR data. The postulated p-q1,q3 in- 
teraction of the CH(C6H4Me-4) group with the dimetal 
system in 6 is by analogy with that established by X-ray 
crystallography for this system in [PtW(p-q1,q3-CH- 
(C6H4Me-4))(CO)2(PMe3)2(~-CsHs)] [BF4]16 and for the 
C(C6H4Me-4)2 group in MO~(~-~',~~-C(C~H~M~-~)~)(CO)~- 


As part of our studies on the synthesis of compounds 
with bonds between tungsten and other metals, we have 
investigated the reaction of 2a with Pt(q-C8Hl2), (C8H12 
= cycloocta-1,5-diene). Previously we have shown'* that 
Pt(C2H4)3 reacts with W4R(CO),(q-CSH5) to give the 
trimetal compound PtW2Gc-CC6H4Me-4)2(CO)4(tl'CsHS)2. 
However, reaction of W=CR(C0)2(q-CsHs) with Pt(p 
C8H12)% failed to yield isolable products. Nevertheless, it 
was thought that the ketenyl tungsten compound might 
be a more favorable reagent for the platinum species. This 
was because Pt(.?-C8H12)2 is knownlB to form a stable 
product with diphenylcyclopropenone, and the latter is 
closely related to 2a through the isolobal mapping between 
the fragments CR and W(CO)(PMe3)(q-CsHs). 


Addition of P~(T~C,H, , )~  to 2a in tetrahydrofuran at 0 
"C gave an orange crystalline compound 7a. The spec- 
troscopic properties of the latter did not unambiguously 
define the molecular structure, and hence a single-crystal 


(tl-C5Hs)2.17 


(17) Meseerle, L.; Curtis, M. D. J.  Am. Chem. SOC. 1980, 102, 
7789-7791. 
(18) Ashworth, T. V.; Chetcuti, M. J.; Howard, J. A. K.; Stone, F. G. 


A.; Wisbey, S. J.; Woodward, P. J.  Chem. SOC., Dalton Trans. 1981, 


(19) Carroll, W. E.; Green, M.; Howard, J. A. K.; Pfeffer, M.; Stone, 
F. G. A. J.  Chem. SOC., Dalton Trans. 1978, 1472-1478. 


763-770. 
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Not unexpectedly, in 7a the p-C(128)-W [2.17 (2) A], 
W-C(l5) [2.11 (2) A], and C(15)-C(128) [1.44 (2) A] sep- 
arations are all significantly longer than the corresponding 
distances in the parent molecule 2a, these being 1.97,2.07, 
and 1.32 A, respe~tively.~ The dimensions of the Pt(1)- 
W(l)C(128) ring in 7a are typical of those found in 
structurally related molecules. Thus Pt(l)-W(l) [2.728 


compare with corresponding distances of 2.795 (1),2.053 
(14), and 2.166 (14) A found16 in [PtW(p-q',q3-CH- 
(C6H4Me-4)}(CO),(PMe3)z(?-C5H5) 1 [BF41. 


The platinum atom in 7a adopts an approximately 
square-planar geometry with the ligated double bonds of 
the cod ligand being essentially transoid to the Pt-W and 
Pt-C(l28) bonds, respectively. The dimensions of the cod 
group and the separations of the atoms C(131), C(132), 
C(136), and C(135) from the platinum are similar to those 
established in a variety of other complexes containing a 
Ptiql'C8Hlz) fragment.21 


Compound 2b was also prepared by Kreissl et a1.: and 
we have investigated its reaction with Pt(q-C8H12)z. Sur- 
prisingly, the previously reportedzz bimetal compound 8 
was the only product, isolated from what was evidently a 
complicated process. Possibly 2b reverts to WeCR- 
(C0),(q-C,H5) and PPh3. The latter would displace cy- 
cloocta-1,5-diene from platinum, perhaps affording Pt- 
(PPh& in situ, which would add readily to the (tolyli- 
dyne)tungsten compound yielding 8.4 The unexpected 
product from 2b and Pt(q-C8Hlz)z prompted a more ex- 
haustive study of reactions of the platinum reagent with 
ketenyltungsten complexes, leading to synthesis of the 
precursors 2c-e. 


7 


7 


(l)], Pt(1)-C(128) [2.06 (2)] and W(l)-C(128) [2.17 (2) A] 


GH4Me-4 


C 
I 


(9 -G&,cocy R-'P+(fTh4, 
8 


The benzyldimethylphosphine derivative 2c gave the 
bimetal complex 7b. The spectroscopic properties of the 
latter were similar to those of 7a, indicating similar 
structures for the two products. Thus in its IR spectrum 
7b had CO bands at  1691 and 1624 cm-'. The 31P NMR 
spectrum showed a singlet resonance at 6 9.3 with lWW and 
lQ6Pt satellite peaks [JW = 337, Jptp = 52 Hz] commen- 
surate with the presence of the WPR, group. The corre- 
sponding data for 7a are 6 -1.38 [s, Jwp = 337, Jptp = 54 
Hz]. The 13C NMR spectrum of 7b showed all the reso- 
nances expected for the structure proposed. Noteworthy 
are doublet signals for the semibridging CO ligand at  6 
246.5 [Jpc = 10, JPtc = 146 Hz] and W(p-C0)C group at  
6 235 [Jpc = 23, Jptc = 39 Hz]. The lg5Pt satellites ob- 
served on the latter signal are in accord with the incipient 
q3-bonding mode for the W(p-C0)C ring to platinum, 
discussed above for 7a. In the spectrum of 7b, the four 
chemically inequivalent ligating carbon atoms of the cy- 
cloocta-1,5-diene ligand (6 111.7, 102.5, 98.3, and 86.6) all 
show 1Q5Pt-13C coupling. The values of the coupling con- 
stanta suggest that the signals at 6 111.7 and 102.5 [Jptc(av) 
= 142 Hz] are due to the C = C  group transoid to the Pt-W 


- 
- 


C(127) I? 


Figure 2. View of the structure of PtW(p-C(C6H4Me-4)C(0))- 
(CO)(PMe,)(?4-C,H,,)(?-C,H,) (7a) with the atom numbering 
scheme. 


X-ray diffraction study was carried out. There proved to 
be two independent molecules in the asymmetric unit of 
7a, with very similar geometries. One of these is shown 


C6H4Me-4 
I 


7a, PR, = PMe, 
b, PR, = PMe,(CH,Ph) 
c, PR, = PMe,Ph 


in Figure 2, with the atom numbering scheme. Table I1 
lists selected inter-atomic distances and angles for both 
molecules, and in the following discussion reference is 
made to the parameters of molecule (1). 


Compound 7a can be regarded as a complex in which 
a Pt(q-C8HIZ) fragment is coordinated by 2a. The p-C- 
(128)-W(1) bond is bridged by a carbonyl group [W(l)- 
C(15)-0(15) = 149 ( 1 ) O  and C(128)-C(15)-0(15) = 138 
(2)OI. The remaining CO group semibridges the Pt-W 
bond [Pt(l)-C(14) = 2.27 (2) A and W(l)-C(l4)-0(14) = 
159 ( 2 ) O I .  The IR spectrum of 7a is not entirely consistent 
with this result, suggesting a somewhat different structure 
in solution. The spectrum shows two strong CO absorp- 
tions at  1689 and 1625 cm-', one of which can be ascribed 
to C(15)-0(15). However, C(14)-0(14) should give rise to 
a band in the IR in the 1850-175O-cm-' region, suggesting 
that perhaps in 7a, and its analogues described below, the 
semibridging CO ligand becomes fully bridging in solution. 


The relatively short Pt(l)-C(15) distance [2.67 (2) A] 
in 7a suggests a tendency toward $-bonding of the 2a 
fragment to the platinum atom, reflected in the 13C NMR 
spectrum by 1g6Pt-13C(15) coupling (44 Hz). A similar 
bonding mode of diphenylcyclopropenone to platinum may 
occur in the relatively unstable isolobal complex Pt(q3- 
PhC:C(Ph)C(0))(PPh3)z.zo It is interesting to compare 
the synthesis of 7a with the reaction of bis(cycloocta-1,5- 
dienelplatinum with diphenylcyclopropenone, which af- 
fords a diplatinum compound through breakage of the 
C=C bond in the ketone.19 In the reaction between 2a and 
Pt(C8HlZ)z the corresponding bond, C(128)-W(l), is pre- 
served. 


. 


(20) Visser, J. P.; Ramakers-Blom, J. E. J. Organomet. Chem. 1972, 
44, C63-65. 


(21) (a) Smart, L. E.; Browning, J.; Green, M.; Laguna, A.; Spencer, 
J. L.; Stone, F. G. A. J.  Chem. SOC., Dalton Trans. 1977,1777-1785. (b) 
Christofides, A,; Howard, J. A. K.; Rattue, J. A.; Spencer, J. L.; Stone, 
F. G. A. Ibid.  1980, 2095-2101. (c) Boag, N. M.; Howard, J. A. K.; 
Spencer, J. L.; Stone, F. G. A. Zbid. 1981, 1051-1056. 


(22) Chetcuti, M. J.; Marsden, K.; Moore, I.; Stone, F. G. A.; Wood- 
ward, P. J. Chem. SOC., Dalton Trans. 1982, 00004000. 







Synthesis of W-Co, W-Rh, and  W-Pt Compounds 


bond, while the peaks at  6 98.3 and 86.6 [Jptc(av) = 113 
Hz] are due to the C=C group transoid to the carbon atom 
bridging the metal-metal bond. The Is5Pt NMR spectra 
of 7a [6 153.6 (d, Jppt = 51 Hz)] and 7b [6 139.0 (d, Jppt 
= 50 Hz)] are very similar. 


Whereas 2a and 2c gave analogous products in their 
reactions with Pt(7-C&I12),, the compound 2d reacted with 
bis(cycloocta-l,5-diene)platinum to give a mixture of two 
complexes. One of these, 7c was characterized (see Ex- 
perimental Section) as being structurally similar to 7a,b. 
The identity of the other product 9 has not been firmly 
established but is tentatively assigned the structure shown, 
on the basis of its NMR spectra, although its instability 
and insolubility in solution inhibited measurement of a 
good quality 13C spectrum. 


The 31P NMR spectrum of 9 showed two resonances, 
both doublets with lS5Pt satellite peaks. One peak had a 
chemical shift (6 -15.5) and coupling constants (Jpp = 219 
and Jptp = 3056 Hz) diagnostic for a trans P.Pt-P 
g r o ~ p . ~ ~ - ~ ~  The chemical shift of the other resonance (6 
118 (Jpp = 219, Jptp = 1406, Jwp = 222 Hz) provides strong 
evidence for the presence in 9 of a p-PR, ligand, since 
signals for such groups in three-membered dimetalla rings 
are shifted markedly downfield from those of tertiary 
phosphines. The observation of both lS5Pt and la7W 


C&Me-4 1 
Ph 


9 


couplings on the signal a t  6 118 further supports the as- 
signment. As mentioned above, some difficulties were 
encountered in measuring the 13C NMR spectrum, and it 
was not possible to observe a resonance for the carbon 
atom bridging the metal-metal bond. However, signals 
characteristic of the two CO groups were observed, together 
with peaks attributable to P h  (two environments), 
C6H4Me-4, PMe, and C5H5 groups. 


The reaction between P ~ ( T - C ~ H , ~ ) ~  and 2e gave as the 
only product a complex 10, the structure of which is ten- 


96H4Me - 4 
I 


,PMePh, 
w.- Pt 


/ 'P' 'Me 
oc / \  


Ph Ph 


10 


tatively assigned on the basis of spectroscopic data (Ex- 
perimental Section), as done for 9 above. We are unable 
to account for the formation of 9 and 10 in these reactions, 
which obviously involve C-P bond cleavage and transfer 
of tertiary phosphine groups from tungsten to platinum. 
However, reactions of zero-valent platinum compounds 
with cleavage of P-Ph bonds and formation of p-PPh, and 


(23) Howard, J. A. K.; Mead, K. A.; Moes, J. R.; Navmo, R.; Stone, 
F. G. A.; Woodward, P. J. Chem. SOC., Dalton Trans. 1981, 743-750. 


(24) In ref 23, slP chemical shifts are quoted to low frequency of the 
standard (86% HaPOc external), in contrast to the more recent conven- 
tion employed herein and in ref 22. 


(26) Garrou, P. E. Chem. Rev. 1981,81, 229-266. 
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Pt-Ph linkages have been previously observed.26 
During attempts to grow crystals of 7a,b for X-ray 


diffraction studies, it was observed that in solution at 25 
"C these complexes decomposed (ca. 24 h), yielding WE 
CR(C0)2(~-C5H5) and the compounds PtW(p-CC&,Me- 
4)(C0),(PR3),(~-C5H5) [PR3 = PMe3 or PMe2(CH2Ph)].4,22 
It was also observed that PMe3 reacts with 7a to displace 
the cycloocta-1,5-diene ligand and afford PtW(p-C- 
(C,H4Me-4)C(o))(CO)(PMe3)3(1.C5H5), 11. 


Experimental Section 
General Remarks. Infrared spectra were recorded in CHzClz 


on a Nicolet MX-1 FT spectrometer. NMR spectra ('H, 13C('H), 
31P(1H), and 'g6Pt('H)) were measured on a JEOL FX 9OQ Fourier 
transform spectrometer. Chemical shifts 6 (ppm) are to high 
frequency, with ,'P relative to 85% H3P04 (external) and lg5Pt 
relative to Z106pt = 21.4 MHz. Unless specified to the contrary, 
NMR spectra were measured in CDCl,. 


All solvents were freshly distilled prior to use, and reactions 
were carried out under nitrogen by using Schlenk tube techniques. 
Chromatography was carried out on alumina (Brock", activity 
11). Microanalyses were determined at the School of Chemistry, 
University of Bristol. The compounds P ~ ( T ~ C ~ H ~ ~ ) ~ , ~ ~  Rh- 
(C2H4)2(&H7),15 W~CC6H4Me-4(C0)z(a-c5H5),'2 and W($--C- 
(C6H4Me-4)CO)(CO)(PR3)(.?-C5H5) (PR, = PMe3 or PPh3)$ were 
synthesized by literature procedures. However, certain new 
mononuclear rhodium and tungsten complexes were prepared as 
precursors for the work described herein: 


Rh(CO)(PMe3)(q5-CgH7) was obtained by bubbling CO gas 
through a hexane (10 mL) solution of Rh(CzH4)z($-C9H7) (0.14 
g, 0.50 mmol) to generate Rh(C0)z(v5-C9H7) in situ. Tri- 
methylphosphine (0.50 "01) was added to the mixture cooled 
to -20 "C. After being warmed to room temperature, the solution 
was stirred (1 h). Removal of solvent in vacuo afforded a residue 
which was dissolved in hexane-dichloromethane (4:l) and chro- 
matographed to afford, after removal of solvent, yellow crystals 
(70 mg, 43%): IR vco 1943 (vs) cm-l; 'H NMR (CDzCl2) 6 1.38 
(d of d, 9 H, MeP, JPH = 9, J m  = 1 Hz), 5.30 (d, 2 H, CBH7, JHH 


(m, 4 H, C$17); slP NMR (CDzCl2-CH2Cl2) 6 -2.53 (d, JRhp = 190 
Hz). Anal. Calcd for C13H160PRh: C, 48.4; H, 5.0. Found: C, 
47.8; H. 4.6. 


W(?$C(C6H4Me-4)C( o ) ) ( c o )  (PR,) ( 7-C5H5) (2). The com- 
pound W~CC6H4Me-4(C0)z(11-c5H5) (0.41 g, 1.00 mmol) in 
CHzClz (25 mL) was treated with PMe2(CH2Ph) (1.00 mmol) and 
the mixture stirred at 25 "C (3 h). Solvent was removed in vacuo 
and the residue dissolved in CHzClz (5 mL) and chromatographed. 
Elution with the same solvent afforded, after evaporation, 
brick-red 2c (0.49 g, 88%): IR vco 1889 (vs), 1681 (s) cm-'; 'H 
NMR S 1.33 (d, 3 H, MeP, JpH = 10 Hz), 1.53 (d, 3 H, MeP, JpH 
= 10 Hz), 2.32 ( 8 ,  3 H, Me-4), 2.88 (d, 1 H, CHz, JpH = lo), 3.02 
(d, 1 H, CHz, JPH = 10 Hz), 5.46 (s,5 H, C5H5), 6.8 -7.9 (m, 9 H, 
C6H4, Ph); slP NMR 6 -2.1 (JwP = 410 Hz). Anal. Calcd for 
CaHz5O2PW: C, 51.5; H, 4.4. Found: C, 51.5; H, 4.4. 


A similar synthesis afforded compound 2d (0.51 g, 93%): IR 
vCo 1889 (vs), 1691 (e) cm-'; 'H NMR 6 1.3 (d, 3 H, MeP, Jwp = 
10 Hz), 1.9 (d, 3 H, MeP, Jwp = 10 Hz), 2.3 (s, 3 H, Me-4), 5.4 
(s, 5 H, CIH5), 7.0-7.7 (m, 9 H, C&, Ph); 31P NMR 6 7.0 (Jwp 
= 411 Hz). Anal. Calcd for C26H,0zPW C, 50.6; H, 4.2. Found 
C, 49.9; H. 4.1. 


Similarly, for 2e (0.54 g, 89%): IR vco 1889 (vs), 1693 (s) cm-'; 
'H NMR 6 2.14 (d, 3 H, MeP, JpH = 9 Hz), 2.29 (s, 3 H, Me-4), 
5.39 (s, 5 H, C5H5), 7.2-7.7 (m, 14 H, C6H4, Ph); 31P NMR 6 19.1 


Reaction of 2a with C O ~ ( C O ) ~  A CHzCl2 (10 mL) solution 
of 2a (0.36 g, 0.76 mmol) was treated with C O ~ ( C O ) ~  (0.26 g, 0.76 
mmol) and the mixture stirred for 1 h. Solvent was removed in 
vacuo and the green residue chromatographed using CH2Cl2- 
hexane (25). Removal of solvent and recrystallization gave dark 
green crystals Co2W(fi3-CC6H4Me-4) (C0)7(PMe3) (q-C5H5) (3) 


= 2 Hz), 5.97 (d of d, 1 H, CgH7, JHH = 2, JRhH = 2 Hz), 6.7-7.2 


(Jwp = 417 Hz). 


(26) Evans, D. G.; Hughes, G. R.; Mingos, D. M. P.; Bassett, J.-M.; 


(27) Spencer, J. L. h o g .  Synth. 1979,19, 213-215. 
Welch, A. J. J. Chem. Soc., Chem. Commun. 1980, 1255-1257. 
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Table 111. Crystallographic Details for 5 and 7a 
C,,H,,O,PRhW, 5 C,H3,0,PPtW.1/ ,CH,Cl,, 7a 


fw 702.2 829.9 


a, A 9.486 (2)  22.492 (7 )  
b, A 15.693 (6) 12.241 (6)  
c, A 16.882 (5)  20.430 (7)  
0, deg 106.07 (3)  
v, A3 2513 (1) 5404 (4) 
z 4 8 
p (calcd), g cm-' 1.86 2.04 


cryst dimens, mm 
radiatn graphite monochromator, graphite monochromator, 


Mo Ka (h = 0.710 69 A)  
diffractometer Nicolet P3m Nicolet P3m 
abs coeff, cm-, 
scan range, deg 
scan technique 8-28 e -2e 
data collected h,k , l  h , k , i l  
total unique data 264 9 7189 
unique data with F, 2 u( F,) 


space group D~-P2,2,2,  c:~-P2,Ic 


temp, "C 22 22 
0.10 X 0.10 X 0.50 0.35 X 0.35 X 0.36 


M o  Kcu (h  = 0.710 69 A )  


~ ( M o  Ka) = 54.0 ~ ( M o  Ka) = 95.0 
3.0 G 2e G 50 3.0 G 2e G 50 


2119 ( n  = 5) 5577 (n = 6)  


(0.48 g, 85%): mp 189-190 "C; IR uco 2047 (s), 2003 (vs), 1982 
(s), 1964 (s), 1900 (m) cm-'; 'H NMR (CD2C12) 6 1.26 (d, 9 H, MeP, 
J p H  = 10 Hz), 2.24 (8, 3 H, Me-4), 5.08 (9, 5 H, C5H5), 6.8-7.2 (m, 


(C$14Me-4)), 134,127 (C&), 91 ( C a d ,  20.0 (Me-4), 19.0 (d, MeP, 
Jpc = 15 Hz). Anal. Calcd for CBHzlCozO7PW C, 37.3; H, 2.9. 
Found: C, 37.2; H, 3.0. 


A CHzClz solution of 3 after three days at  room temperature 
isomerized to 4 mp 125-128 "C; IR uco 2054 (m), 2041 (m), 2002 
(vs), 1983 (sh), 1979 (s), 1962 (sh), 1908 (w), 1849 (w), 1833 (w) 
cm-'; 'H NMR (CD2C12) 6 1.37 (d, 9 H, MeP, JPH = 9 Hz), 2.31 
(s, 3 H, Me-4), 5.16 (8, 5 H, C5H5), 6.93-7.41 (m, 4 H, C&); 31P 
NMR (CD2C12-CH2C12) 6 -4.9. Anal. Calcd for C23H21C%07PW 
C, 37.3; H, 2.9. Found C, 36.8; H, 2.6. 


Reaction of 2a with Rh(C2H4)2(q5-CgH7). A sample of 2a 
(0.39 g, 0.81 mmol) was added to Rh(C2H4)2(q.5-C&17) (0.22 g, 0.81 
mmol) in tetrahydrofuran (20 mL). The mixture was refluxed 
(12 h), solvent removed in vacuo, and the residue chromatographed 
with CH2C12-hexane (1:4) to obtain black crystals of RhW(p  
CC6H4Me-4)(CO)2(PMe3)(p-C5H5)(qS-CgH7) (5) (0.29 g, 52%): 
mp 183 "C; IR uco 1874 (vs), 1775 (m) cm-'; 'H NMR (CD2C12) 
6 1.06 (d of d, 9 H, MeP, J p H  = 9, J w  = 2 Hz), 2.31 (s,3 H, Me-4), 
5.50 (s,5 H, C a 5 ) ,  5.84 (s,2 H, C&), 5.92 ( ~ , l  H, CgH7), 6.42-7.36 


4 H, C&4); 31P NMR (CD2C124H2C12) 6 -38.5 (8, Jwp = 162 Hz); 
13C NMR (CD2C12-CH2C12) 6 263 (p3-C), 207 (CO), 161 (Cl- 


(m, 8 H, CeH4, C&); 31P NMR (CD2C124H2C12) 6 5.04 (d, J ~ h p  
= 208 Hz); 13C NMR (CD2C12-CH2C12) 6 326.6 (d, p-C, Jmc = 22 
Hz), 238.1 (d, p-CO, Jmc = 31 Hz), 216.8 (CO), 154.7 (C'- 
(C6H4Me-4)), 136.7-104.9 (CeH4, C9H7), 91.7 (C5H5), 87.3, 80.2, 
77.0 (CgH7), 21.9 (Me-4), 18.8 (d, MeP, Jpc = 30 Hz). Anal. Calcd 
for C27H2sOzPRhW C, 46.2; H, 4.0. Found: C, 46.4; H, 4.0. 


Compound 5 was also prepared by treating Rh(C0)- 
(PMe3)(v5-CgH,) with W~C6H4Me-4(C0)2(q-c5H5) in CHzClz 
a t  room temperature (24 h) and by reacting RhW(p-CC6H4Me- 
4)(C0),(v-C5H5)(v5-CgH7) with PMe3 in CHzClz a t  room tem- 
perature (3 h). These reactions were monitored by IR and NMR 
spectroscopy (see Discussion). 


Protonation of 5. A sample of 5 (0.13 g, 0.18 mmol) in EbO 
(20 mL) was treated with HBF4.Et20 (0.2 mL) at  0 "C leading 
to immediate precipitation of the ocre salt [RhW(p-q',q3-CH- 
(C~H~M~-~)J(CO)Z(PM~~)(~-C~H~)(~~~-CBH~)I[BF~I (6): mp 
97-98 "C dec; IR vc0 1946 (vs), 1783 (8) cm-'; 'H NMR (CD2C12) 
6 1.67 (d of d, 9 H, MeP, J P H  = 11, J m  = 1 Hz), 2.37 (8, 3 H, 
Me-4),4.61 (s,5 H, C5H5), 5.46 (8, 1 H, C&), 5.81 (8, 1 H, CgH7), 
6.02 (s, 1 H, CBH7), 7.07-7.17 (m, 4 H, C9H7), 7.28-7.44 (m, 4 H, 
CsH4), 7.95 (d, 1 H, w-CH, J p H  = 20 Hz); 31P NMR (CD2C12) 6 
14.7 (d, J ~ b p  = 173 Hz); '3C Nh5R (CD2C12-CH2ClJ 6 225.4 h-CO), 
134-128 (C,H4), 126.5-96.3 (C&7), 92.8 (C5H5), 90.5, 84.0 (CgH7), 
21.5 (Me-4), 16.8 (d, MeP, JPc = 34 Hz). Anal. Calcd for 
CZ7H&F4O2PRhW: C, 41.0; H, 3.7. Found: C, 39.7; H, 4.0. 


Reactions of the Compounds 2 with Pt(q-C&12)2. A solution 
of 2a (0.33 g, 0.69 mmol) in tetrahydrofuran (20 mL) at  0 "C was 
treated with Pt(q-CgH12)2 (0.28 g, 0.69 mmol), and the mixture 
was stirred and warmed to room temperature (3 h). Solvent was 


removed in vacuo and the residue chromatographed with CH2C12 
to give orange crystals of PtW(a-C(C6H4Me-4)C(o)l(CO)- 
(PMe3)(q-C8H12)(q-C5Hs) (7a) (0.28 g, 51%): mp 111-113 "C; 
IR uc0 1689 (vs), 1625 (vs) cm-'; 'H NMR (CD2C12) 6 1.49 (d, 9 
H, MeP, J p H  = 10 Hz), 2.3 (m, br, 11 H, Me-4, CH&BH12)), 4.94 
(m, 4 H, CH), 5.30 (8, 5 H, CSH& 7.05-7.30 (m, 4 H, C&4); 31P 
NMR (CD2C12) 6 -1.38 (Jwp = 337, J p t p  54 Hz); '"Pt NMR 
(CD2C12) 6 153.6 (d, J p p t  = 54 Hz); 13C NMR (CD2C12-CH2C12) 
6 244.5 (d, PtWCO, J p c  = 12, J p t c  = 240 Hz), 231.8 (d, CO, Jpc 


(C,H4), 110.6 (CH(CBH12), Jptc 149 Hz), 101.6 (CH(C&12), Jptc 
= 132 Hz), 96.4 (CH(CaH12), J p c  = 117 Hz), 89.8 (CSH~), 85.2 
(CH(CaH12), Jptc = 110 Hz), 30.6, 29.7, 29.0, 28.6 (CHZ(CgH12)), 


= 22, Jptc = 44 Hz), 221.4 &-C), 140.9 (C1(C,)4Me-4)), 133.7,126.5 


20.3 (Me-4), 19.9 (d, MeP, JPc = 24 Hz). Anal. Calcd for 
C26H3302PPtW: C, 39.6; H, 4.2. Found: C, 39.0; H, 4.3. 


Similarly 2c (0.28 g, 0.50 mmol) and Pt(pCBH1z), (0.20 g, 0.50 
mmol) gave, after chromatography (hexane-CHzClz, l:l), PtW- 
( ~ - C ( C , H ~ M ~ - ~ ) C ( ~ ) ~ ( C O ) ( P M ~ , ( C H , P ~ ) ~ ( ~ - ~ B ~ ~ ~ ) ( ~ - ~ ~ ~ ~ )  
(7b) (0.26 g, 60%): mp 110-123 "C dec; IR uco 1691 (vs), 1624 
(vs) cm-'; 'H NMR 6 1.33 (d, 3 H, MeP, JPH = 9 Hz), 1.39 (d, 3 
H, MeP, JPH = 9 Hz), 2.20 (m, br, 8 H, CHz(CBH12)), 2.31 (8, 3 
H, Me-4), 3.27 (d of d, 2 H, CH2, JPH = 10, Jm = 9 Hz), 4.90-4.92 
(m, 9 H, CH(C8Hl2), C5H5), 7.26 (m, 9 H, C&, Ph); 31P NMR 
6 9.3 (Jptp = 51, J w p  = 337 Hz); '"Pt NMR 6 139 (d, J p p t  = 51 
Hz); '3C NMR 6 246.5 (d, PtWCO, Jpc = 10, Jptc = 146 Hz), 234.5 
(d, CO, Jpc = 23, Jptc = 39 Hz), 140.8 (C'(C&Me-4)), 136.2-128.2 
(C&4, Ph), 111.7 (CH(C&12), Jptc = 152 Hz), 102.5 (CH(CaH12), 
Jptc = 132 Hz), 98.3 (CH(C$I12), Jptc = 117 Hz), 90.6 (C5H5), 86.6 
(CH(CaH12), J p c  = 109 Hz), 41.0 (d, CHZP, J p c  = 25 Hz), 31.0, 
30.2, 29.8, 29.4 (CH2(CgH12)), 21.1 (Me-4), 18.2 (d, MeP, JPC = 
30 Hz), 17.0 (d, MeP, Jpc = 30 Hz). And Calcd for C,H~02PtW 
C, 44.5; H, 4.3. Found: C, 43.2; H, 4.6. 


The product mixture from 2d (0.27 g, 0.50 mmol) and Pt(v- 
CJ-I,,), (0.20 g, 0.50 "01) was chromatographed. Elution of the 
column with hexane-CHzClz gave brown PtW(p-C(C6H4Me-4)- 
C(0)J(p-PMe2)(Ph)(CO)(PMe2Ph)(q-C5Hs) (9) (0.11 g, 26%): 
IR uc0 1873 (s), 1732 (m), cm-'; 'H NMR 6 1.3-1.5 (m, 12 H, 
p-MeP), 2.30 (e, 3 H, Me-4), 5.04 (9, 5 H, C5H5), 6.5-7.4 (m, 14 
H, C6H4), Ph); 31P NMR 6 -15.5 (d, PMe2Ph, J p p  = 219, J p t p  = 


147.5-122.2 (CgH4, Ph), 91.2 (C5H5), 25.9 (d, MeP, Jpc = 31, Jptc 
= 32 Hz), 22.2 (d, MeP, Jpc = 36, Jptc = 22 Hz), 21.0 (Me-4), 15.0 
(d, MeP, JPc = 36, Jptc = 42 Hz), 12.6 (d, MeP, Jpc = 34, Jptc 
= 34 Hz). Anal. Calcd for C3,H%O2P2PtW: C, 42.3; H, 3.8. 
Found: C, 43.3; H, 4.4. Elution of the chromatography column 
with CH2Clz afforded orange PtW(p-C(C6H4Me-4)C(o)J(CO)- 
(PMe2ph)(q-C6H12)(q-C5H5) (7c) (0.26 g, 49%): mp 125 "C; IR 
uc0 1685 (vs), 1622 (vs) cm-'; 'H NMR 6 1.70 (d, 3 H, MeP, JPH 
= 10 Hz), 2.15 (d, 3 H, MeP, J P H  = 10 Hz), 2.30 (m, 11 H, Me-4, 
CH2(C8H12)), 4.81 (m, 4 H, CH(C&I12)), 5.28 (s,5 H, C5I-€5), 6.8-7.8 
(m, 9 H, C6H4, Ph); 31P NMR 6 5.4 (Jppt  = 58, Jwp = 336 Hz); 
lg5Pt NMR 6 151.0 (d, Jppt = 58 Hz). Calcd for 


3056 Hz), 118.2 (d, N-P, J p p  = 219, J p t p  = 1406, Jwp = 222 Hz); 
'3C NMR 6 223.6 (d, WCO, Jpc = 7 Hz), 207.8 (CO, Jptc = 29 Hz), 


Anal. 







Synthesis of W-Co, W-Rh, and W-Pt Compounds 


Table IV. Positional Parameters (and Esd's) for 
RhW(p-CC, H4Me-4)(CO),(PMe, )(q -C,H,)(o-C,H,) 


atom X Y z 


W 0.36765 (7)  0.15872 14) 0.29942 141 
0.09159 (12) 
0.1042 (6)  
0.238 (3) 


0.113 (7)  
0.2704 (15) 
0.2789 (11) 
0.1584 (11) 
0.1703 (11) 
0.3027 (11) 
0.4232 (11) 
0.4113 (11) 
0.316 (3 )  
0.522 (3) 
0.386 (3)  
0.348 (3) 
0.459 (3) 
0.567 (3)  


-0.048 (3)  


-0.145 (2)  
-0.212 (2)  
-0.200 (3)  
-0.130 (3) 
-0.058 (3)  
-0.063 (2) 
-0.008 (3) 
-0.065 (3) 
-0.141 (2)  


0.545 (2)  
0.254 (3)  
0.2070 (15)  


0.10627 (sj 
0.0220 (4)  


-0.061 (2)  
-0.047 (3)  


0.076 (3) 
0.0532 (10 


-0.0350 (5)  
-0.0796 (5)  
-0.1620 (5 )  


--0.1554 (5 )  
-0.0729 (5 )  
-0.2884 (13 


-0.1999 (5 )  


0.1713 (12 
0.1963 (12 
0.2722 (12 
0.2943 (12 
0.2319 (12 
0.0801 (12 
0.0017 (13 


0.0086 (14)  
0.085 (2)  
0.1230 (12) 
0.2007 (12) 
0.2103 (13) 
0.1401 (12) 
0.0529 (10) 
0.2100 (14)  
0.2570 (10) 


-0.031 (2) 


0.26795 i7 j 
0.1605 (3) 
0.1529 (14 
0.145 (2)  
0.0705 (12 
0.3148 (7)  
0.3462 (6) 
0.3692 (6)  
0.3994 (6)  
0.4065 (6) 
0.3835 (6)  
0.3533 (6)  
0.4443 (12 
0.4063 (14 
0.4338 (14 
0.3936 (14 
0.3413 (14 
0.3492 (14 
0.3258 (9)  
0.3398 (12) 
0.4124 (14)  
0.4742 (10)  
0.4625 (11) 
0.3877 (10) 
0.3566 (12)  
0.2790 (11) 
0.2568 (13)  
0.1786 (8) 
0.2138 (12)  
0.1634 (8) 


C32H3602PPtW: C, 42.5; H, 4.1. Found: C, 41.1; H, 4.2. 
Reaction of 2e (0.30 g, 0.50 mmol) with P ~ ( T ~ C ~ H ~ ~ ) ~  (0.20 g, 


0.50 "01) in tetrahydrofuran (20 mL) gave brown-orange PtW- 
~ C ( C ~ H I M ~ - ~ ) C ( O  )Kr-PPhd(Me) (CO) (PMePhd (v-CSHS) 
(10) (0.23 g, 47%): IR YCO 1877 (vs), 1734 (8) cm-'; 'H NMR 6 
1.26 (e,  3 H, MePt, J p t ~  = 646 Hz), 2.32 (d, 3 H, MeP, J p H  = 8 
Hz), 2.36 (s,3 H, Me4), 5.28 (s,5 H, C a 5 ) ,  6.9-7.4 (m, 24 H, C6H4, 
Ph); 31P NMR 6 -1.1 (d, PMePh2, Jpp = 224, Jptp = 3212 Hz), 


Decomposition of 7b in CHZCl2. A sample of 7b (0.43 g, 0.50 
mmol) in CHzC12 (25 mL) was stirred for 24 h a t  25 OC. Solvent 
was removed in vacuo and the residue chromatographed with 
hexane-CH2ClZ (1:l) and subsequently with CH2C12 to give 
PtW(p-CC6H,Me-4)(C0)2(PMe2(CH2Ph)J2(s-C5H,) (0.20 g, 
43%): IR vco 1895 (vs), 1803 (8) cm-'; 'H NMR 6 1.00 (d, 6 H, 
MeP, J p H  = 8 Hz), 1.32 (d, 6 H, MeP, JPH 8 Hz), 2.34 (s,3 H, 


(m, 14 H, c6H,, Ph); 31P NMR 6 -2.9 (Jptp = 4087 Hz), -13.5 (JW 
= 2771 Hz). 


Reaction of 7a with PMe3. A solution of 7a (0.22 g, 0.30 
mmol) in CH2Clz (20 mL) was treated with PMe3 (0.6 mmol). 
Solvent was removed in vacuo and the residue chromatographed 
by using hexane-CH&12 (1:l) to elute trace products and tetra- 
hydrofuran to give red crystals of PtW(p-C(C6H,Me-4)C(o)~- 
(CO)(PMe3)3(q-CsHs) (11) (0.17 g, 71%): IR vm 1705 (w), 1641 
(5) cm-'; 'H NMR 6 1.35 (d, 9 H, MeP, JPH = 9 Hz), 1.53 (d, 9 
H, MeP, JPH = 8 Hz), 1.67 (d, 9 H, MeP, J p H  = 8 Hz), 2.30 (8, 
3 H, Me-4), 4.80 (s,5 H, C5HS), 7.0-7.3 (m, 4 H, C&); 31P NMR 


= 3427 Hz). Anal. Calcd for C24H3902P3PtW: C, 34.6; H, 4.6. 
Found: C, 34.1; H, 4.5. 


Crys ta l  S t r u c t u r e  Determinations.  (a) RhW(p- 
cC6HIMe-4)(Co)2(PMe3)(~~5)(~6-c~,). A deep red crystal 
of 5 was grown from hexane-CH2Clz. Details concerning crystal 
characteristics and X-ray diffraction methodology are shown in 
Table III. Intensity data were collected and corrected for Lorentz, 
polarization, and absorption effeccta, as previously described.s* 


132.6 (d, p-PPhz, Jpp = 223, Jptp = 1538, Jwp = 348 Hz). 


Me4), 2.75 (d, 4 H, CH2, JPH 10 Hz), 5.29 ( ~ , 5  H, CSHs), 6.6-7.2 


6 0.2 (d, PW, Jpp 7, Jwp = 313, Jptp = 17 Hz), -12.9 (d, PPt, 
Jpp = 12, Jptp = 3390 Hz), -30.0 (d of d, PPt, Jpp = 12,7, Jptp 


(28) Sheldrick, G. M. SHELXTL programs for use with the Nicolet 
P3m X-ray system. 
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atom X Y z 


W ( l 1  0.35891 (31 0.82708 151 0.38537 ( 3 )  
Pti 1 j 
W( 2) 
Pt( 2) 
P(1) 
P(2) 
C(11) 
C( 12) 
W 3 )  
C(14) 
O(14) 
(415) 
(315) 
C( 111) 
C(112) 
C(113) 
C( 114) 
C(115) 
C(121) 
C(122) 
C( 123) 
C( 124)  
C( 125) 
C( 126) 
C( 127) 
C( 128) 
C(138) 
C(137) 
C( 136) 
C(135) 
C( 134)  
C( 133) 
C(132) 
C(131) 
C(21) 
(722) 
C(23) 
C(24) 
(324) 
C(25) 
O(25) 
C( 211) 
C(212) 
C( 213) 
C( 214) 
C(215) 
C(221) 
C( 222) 
C( 223) 
C( 224) 
C(225) 
C( 226) 
C(227) 
C( 228) 
C(231) 
C( 232) 
C( 233) 
C( 234) 
C( 235) 
C( 236) 
C(237) 
C( 238) 
C 


CL(2) 


0.44772 ( 3  j 
0.08662 (3) 
0.15624 (3) 
0.2940 (3) 
0.1606 (3) 


0.2968 (10) 
0.3128 (10) 
0.4222 (8) 
0.4549 (6) 
0.3296 (8) 
0.2885 (6) 
0.3915 (6)  
0.3699 (6)  
0.3059 (6) 
0.2879 (6) 
0.3408 (6)  
0.3943 (5) 
0.4340 (5)  
0.4427 (5)  
0.4118 (5)  
0.3722 (5)  
0.3635 (5)  
0.4218 (11) 
0.3850 (7) 
0.4567 (11) 
0.4951 (12) 
0.4947 (9)  
0.5371 (9) 
0.5877 (11) 
0.5670 (11) 
0.5028 (10) 
0.4531 (9)  
0.1336 (12)  
0.1952 (10) 
0.2326 (11) 
0.1512 (10) 
0.1797 (7) 
0.1028 (8) 
0.1128 (7)  
0.0053 (11) 
0.0381 (11) 
0.0313 (11) 


-0.0057 (11) 
-0.0217 (11) 


0.0299 (5) 
-0.0037 (5) 
-0.0495 (5)  
-0.0616 (5) 
-0.0279 (5)  


0.0178 (5)  
-0.1097 (10) 


0.0799 (8) 
0.1903 (10) 
0.1503 (10) 
0.1723 (12) 
0.218 (2)  
0.2204 (10) 
0.2553 (11) 
0.2956 (12) 
0.2597 (10)  
0.1605 (11) 
0.2373 (5 )  
0.1349 (6) 


0.2102 (10)  


0.89530 ( 5 j  
0.30213 (6)  
0.36345 (5) 
0.7247 (4) 
0.1904 (5) 
0.753 (2)  
0.5739 (15) 
0.739 (2) 
0.7352 (12) 
0.6545 (9)  
0.9494 (13) 
0.9861 (10) 
0.8317 (15)  
0.7243 (15) 
0.7307 (15) 
0.8421 (15) 
0.9045 (15) 
1.0980 (7)  
1.1158 (7 )  
1.2214 (7 )  
1.3092 (7 )  
1.2913 (7)  
1.1857 (7)  
1.4256 (2)  
0.9884 (14)  
0.965 (2) 
0.861 (2) 
0.796 (2) 
0.8140 (15) 


1.013 (2) 
1.0414 (13) 
1.0192 (13) 
0.056 (3) 
0.252 (3) 
0.149 (2)  
0.4150 (14) 
0.4879 (11) 
0.1731 (13) 
0.0771 (11) 
0.428 (2) 
0.410 (2) 
0.298 (2) 
0.247 (2 )  
0.328 (2)  
0.2584 (9) 
0.3522 (9)  
0.3481 (9) 
0.2503 (9)  
0.1566 (9) 
0.1606 (9 )  
0.243 (2)  
0.2623 (11) 
0.302 (2)  
0.389 (2) 
0.508 (2)  
0.555 (3) 
0.506 (2)  
0.414 (2) 
0.339 (3) 
0.312 (2)  
0.573 (4)  
0.5024 (10) 
0.5296 (13) 


0.900 (2) 


0.32685 (3 j 
0.36319 (3) 
0.48904 (3)  
0.2924 (3) 
0.3289 (3) 
0.2697 (12)  
0.3017 (13) 
0.2091 (10) 
0.3685 (8) 
0.3712 (7) 
0.3104 (9) 
0.2605 (6) 
0.5061 (8) 
0.4865 (8) 
0.4520 (8) 
0.4502 (8) 
0.4837 (8) 
0.3856 (6)  
0.4505 (6) 
0.4772 (6)  
0.4389 (6) 
0.3740 (6) 
0.3474 (6) 
0.4698 ( l a )  
0.3591 (9) 
0.1865 (11) 
0.1954 (13) 
0.2644 (10)  
0.3291 (12) 
0.342 (2)  
0.3150 (11) 
0.3064 (10)  
0.2503 (9)  
0.2976 (13) 
0.2668 (12) 
0.3955 (11) 
0.3797 (10) 
0.3692 (7)  
0.4368 (9)  
0.4474 (8) 
0.3154 (14)  
0.2662 (14) 
0.2472 (14)  
0.2848 (14)  
0.3269 (14) 
0.4990 (6) 
0.5043 (6) 
0.5385 (6) 
0.5674 (6)  
0.5622 (6) 
0.5280 (6) 
0.6085 (12)  
0.4638 (8) 
0.5952 (9) 
0.5930 (10)  
0.6169 (13)  
0.5831 (15)  
0.5194 (10) 
0.51 29 (10) 
0.5639 (14) 
0.6208 (11) 
0.066 (2 )  


0.1414 (6) 
0.0911 (7) 


The structure was solved and all non-hydrogen atoms were 
located by conventional heavy-atom and difference Fourier 
methods. Hydrogen atoms were not included in the refinement. 
The cyclopentadienyl ring was treated as a rigid group (C-C = 
1.420 A) but not the indenyl ligand. Refinement by blocked 
cascade least squares, with anisotropic temperature factors for 
all non-hydrogen atoms, led to R = 0.047 (R' = 0.047) with a 
weighting scheme of the form w = [u2(F,,) + 0.001~Fo~2]-1. The 
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final electron density difference synthesis showed no peaks >1 
e A-3. Scattering factors were used and anomalous dispersion 
corrections were applied to all non-hydrogen All com- 
putations were carried out on an "Eclipse" (Data General) min- 
icomputer with the "SHELXTL" system of programs.28 Atomic 
coordinates are given in Table IV. 


(b) P~W(~-C(C,H~M~-~)C(O)J(CO)(PM~~)(~-C,H~Z)(~- 
C5H5).'/,CHzClP A well-formed red parallelepiped crystal of 7a 
was obtained from a CHzClz-hexane solution. Details are given 
in Table 111, and the solution and refinement of the structure were 
as described for 5,  but with the cyclopentadienyl and aryl rings 
treated as rigid groups (C-C(C5H5) = 1.420 8, and C-C(C8H4) = 
1.395 A). Refinement converged at R = 0.048 (R'= 0.051) with 
a weighting scheme of the form w = [a2(F,,) + O.OO1lFol]-'. The 
final electron-density difference synthesis showed no peaks >1.4 
e A-3. Atomic coordinates are listed in Table V. 


(29) "International Tables for X-Ray Cryetallography"; Kynoch Press: 
Birmingham, England, 1962; Vol. 111, pp 201-13. 
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Under appropriate conditions reaction of [ (C,Me5Rh)2C14] with AlzMee gives bis(b3-methylidyne)tris- 
[ (~5-pentamethylcyclopentadienyl)rhodium], [ (C5Me5Rh)3(CH)z], 4, in 50% yield rather than trans- 
[ (C5Me5Rh)z(pCH2)2(CH3)2]. The stoichiometry of formation is formally represented by the equation 
3[(C5Me5Rh)zC14] + 2A12Me6 = 2[(C5Me5Rh)3(CH)2] + 2AlzC& + 8CH4. Complex 4 was characterized 
spectroscopically and by an X-ray structure determination [rhombohedral, a = 11.918 (7) A, (r = 101.91 
(4)O, 2 = 2, and space group R3 (Cii, No. 148); 1441 reflections with I > 3u(r); R = 0.0271. This showed 
an equilateral triangle of rhodiums each v5 bonded to a C5Me5 and capped top and bottom by a M~-CH 
ligand. From its dimensions the Rh3C2 skeleton appears to be very tightly bound; this may account for 
the high thermal stability of 4. 


We have recently described the syntheses of the cis- and 
trans-dimethylbis(pmethy1ene)dirhodium complexes 2a 
and 2b from reaction of [(C5Me5Rh)2C1,] (1) and AlzMe6 
(or LiMe) in hydrocarbon  solvent^.^?^ Recent studies of 
the mechanism by which 2 were formed showed that the 
kinetically controlled product was the cis-isomer 2a which 
isomerized, in the presence of a Lewis acid, into the 
thermodynamically more stable trans-isomer 2b. The 
cis-complex 2a was, in turn, obtained from an intermediate, 
identified by low-temperature 13C NMR spectroscopy as 
C5Me5RhMe2MeAlMe,Cl2_,, 3, by careful oxidation or 
addition of a hydrogen acceptor such as a ~ e t o n e . ~ ~ ~  Under 
different conditions, however, the trinuclear bis(fi3- 
methylidyne) complex 4 is formed in this reaction (Scheme 
I). 


Results and Discussion 
Structure of 4. Complex 4 crystallized from chloroform 


in orange needles and was air stable in both solid and 


'To Rowland Pettit, a brilliant and dedicated chemist, whom we 
remember with affection. 
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solution. It was readily soluble in hydrocarbons, di- 
chloromethane, and ether but less so in acetone or meth- 
anol. Elemental analysis and the mass spectrum gave the 
formula C32H47Rh3 (the molecular ion at m / e  740 was also 
the parent ion). The 'H NMR spectrum showed the 
presence of a singlet a t  6 1.88 and a quartet a t  6 13.18 (J 
= 5.5 Hz), with relative intensity ratio close to 452. The 
very low-field chemical shift of the latter resonance sug- 
gested the presence of a methylidyne ligand; for example, 
in [(CpRh)3(p3-CH)(p-C0)z]BF4 the p3-CH resonates at 6 
16.28,5 while in [Co3(p3-CH)(CO),] it is at 6 12.OELs The 
multiplicity of the signal indicated that it was coupled, and 


(1) Part 36: Moreto, J.; Maruya, K.-I; Bailey, P. B.; Maitlis, P. M. J. 
Chem. Soc., Dalton Trans. 1982, 1341. 


(2) Iaobe, K.; Andrews, D. G.; Mann, B. E.; Maitlis, P. M. J. Chem. 
SOC., Chem. Commun. 1981, 809. 


(3) VHzquez de Miguel, A,; Isobe, K.; Taylor, B. F.; Nutton, A.; Maitlis, 
P. M. J. Chem. SOC., Chem. Commun. 1982, 758. 


(4) Isobe, K.; VLquez de Miguel, A.; Bailey, P. B.; Maitlis, P. M., 
unpublished. 


(5 )  Herrmann, W. A.; Plank, J.; Riedel, D.; Ziegler, M. L.; Weiden- 
hammer, K.; Guggolz, E.; Balbach, B. J. Am. Chem. SOC. 1981,103,63. 


(6) Seyferth, D.; Hallgreen, J. E.; Hung, P. L. K. J. Organomet. Chem. 
1973, 50, 265. 
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final electron density difference synthesis showed no peaks >1 
e A-3. Scattering factors were used and anomalous dispersion 
corrections were applied to all non-hydrogen All com- 
putations were carried out on an "Eclipse" (Data General) min- 
icomputer with the "SHELXTL" system of programs.28 Atomic 
coordinates are given in Table IV. 


(b) P~W(~-C(C,H~M~-~)C(O)J(CO)(PM~~)(~-C,H~Z)(~- 
C5H5).'/,CHzClP A well-formed red parallelepiped crystal of 7a 
was obtained from a CHzClz-hexane solution. Details are given 
in Table 111, and the solution and refinement of the structure were 
as described for 5,  but with the cyclopentadienyl and aryl rings 
treated as rigid groups (C-C(C5H5) = 1.420 8, and C-C(C8H4) = 
1.395 A). Refinement converged at R = 0.048 (R'= 0.051) with 
a weighting scheme of the form w = [a2(F,,) + O.OO1lFol]-'. The 
final electron-density difference synthesis showed no peaks >1.4 
e A-3. Atomic coordinates are listed in Table V. 


(29) "International Tables for X-Ray Cryetallography"; Kynoch Press: 
Birmingham, England, 1962; Vol. 111, pp 201-13. 
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Under appropriate conditions reaction of [ (C,Me5Rh)2C14] with AlzMee gives bis(b3-methylidyne)tris- 
[ (~5-pentamethylcyclopentadienyl)rhodium], [ (C5Me5Rh)3(CH)z], 4, in 50% yield rather than trans- 
[ (C5Me5Rh)z(pCH2)2(CH3)2]. The stoichiometry of formation is formally represented by the equation 
3[(C5Me5Rh)zC14] + 2A12Me6 = 2[(C5Me5Rh)3(CH)2] + 2AlzC& + 8CH4. Complex 4 was characterized 
spectroscopically and by an X-ray structure determination [rhombohedral, a = 11.918 (7) A, (r = 101.91 
(4)O, 2 = 2, and space group R3 (Cii, No. 148); 1441 reflections with I > 3u(r); R = 0.0271. This showed 
an equilateral triangle of rhodiums each v5 bonded to a C5Me5 and capped top and bottom by a M~-CH 
ligand. From its dimensions the Rh3C2 skeleton appears to be very tightly bound; this may account for 
the high thermal stability of 4. 


We have recently described the syntheses of the cis- and 
trans-dimethylbis(pmethy1ene)dirhodium complexes 2a 
and 2b from reaction of [(C5Me5Rh)2C1,] (1) and AlzMe6 
(or LiMe) in hydrocarbon  solvent^.^?^ Recent studies of 
the mechanism by which 2 were formed showed that the 
kinetically controlled product was the cis-isomer 2a which 
isomerized, in the presence of a Lewis acid, into the 
thermodynamically more stable trans-isomer 2b. The 
cis-complex 2a was, in turn, obtained from an intermediate, 
identified by low-temperature 13C NMR spectroscopy as 
C5Me5RhMe2MeAlMe,Cl2_,, 3, by careful oxidation or 
addition of a hydrogen acceptor such as a ~ e t o n e . ~ ~ ~  Under 
different conditions, however, the trinuclear bis(fi3- 
methylidyne) complex 4 is formed in this reaction (Scheme 
I). 


Results and Discussion 
Structure of 4. Complex 4 crystallized from chloroform 


in orange needles and was air stable in both solid and 
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solution. It was readily soluble in hydrocarbons, di- 
chloromethane, and ether but less so in acetone or meth- 
anol. Elemental analysis and the mass spectrum gave the 
formula C32H47Rh3 (the molecular ion at  m / e  740 was also 
the parent ion). The 'H NMR spectrum showed the 
presence of a singlet a t  6 1.88 and a quartet a t  6 13.18 (J 
= 5.5 Hz), with relative intensity ratio close to 452. The 
very low-field chemical shift of the latter resonance sug- 
gested the presence of a methylidyne ligand; for example, 
in [(CpRh)3(p3-CH)(p-C0)z]BF4 the p3-CH resonates at  6 
16.28,5 while in [Co3(p3-CH)(CO),] it is at  6 12.OELs The 
multiplicity of the signal indicated that it was coupled, and 
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Chem. Soc., Dalton Trans. 1982, 1341. 


(2) Iaobe, K.; Andrews, D. G.; Mann, B. E.; Maitlis, P. M. J. Chem. 
SOC., Chem. Commun. 1981, 809. 
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(6) Seyferth, D.; Hallgreen, J. E.; Hung, P. L. K. J. Organomet. Chem. 
1973, 50, 265. 
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Scheme I 


1 


4 


Figure 1. View of the structure of [(C&fe&h)3(CH)2] (hydrogens 
omitted for clarity). 


hence bonded to, three rhodiums. This conclusion was 
supported by the 13C(lHJ spectrum which showed an un- 
resolved multiplet (probably a quartet) a t  6 291.5. The 
lo3Rh{lH} NMR showed a singlet a t  6 -990.9 ppm [with 
respect to frequency of Wo3Rh) of 3.16 MHz]. 


Final proof for the structure of complex 4 came from the 
X-ray structure determination (Figure 1). This showed 
the three rhodiums to be a t  the apices of an equilateral 
triangle [LRhRhRh = 60'; Rh-Rh = 2.6363 (5) A] which 
is capped top and bottom by a p3-methylidyne (CH). The 
methylidyne carbons lie on the crystallographic three fold 
axis. Each rhodium is v5 bonded to a C5Me5 ligand (mean 


The Rh3C2 core of the molecule is compressed to an 
unanticipated degree. This can be seen in the unexpect- 
edly short Rh-Rh interactions as well as in the short Rh- 
C(methy1idyne) bonds [ 1.970 (19) A].' For comparison 
the Rh-Rh distances in the k3-oxy-capped trinuclear tri- 
hydride [ (C5Me5Rh)3(p-H)3(p3-0)]PF6-H20 average 2.7584 
(10) A.5 In fact the Rh-.Rh distance of 2.6363 A is very 
similar to the Rh-Rh bond lengths in the molecules 
[(C5Me5Rh)2(p-H)2(p-OAc)]PF6,a 2.680 (1) A, cis- 
[ (C5Me,Rh)2(p-CH2)2(CH3)2],4 2.620 (1) A, t rans-  
[(C5Me5Rh)2(k-C(C02Me)2}(CO)21,g 2.663 (1) A, 
[ (C~e~)2 (p -CO)2(p -~CBr :CBrCBr :CBr ) ]~  2.612 A, and 


Rh-C = 2.227 A). 


(7) Owing to the fact that C(11) and C(12) sit on the threefold axis of 
the molecule their esd's are unrealistidy large, by a factor of ca. 3. This 
is then reflected in unreasonably high esd's for bond lengths and angles 
involving C(l1) or C(l2). 


(8) Nutton, A.; Bailey, P. B.; Maitlis, P. M. J. Orgummet. Chem. 1981, 
213, 313. 


(9) Herrmann, W. A.; Bauer, C.; Plank, J.; Kalcher, W.; Speth, D.; 
Ziegler, M. L. Angew. Chem. 1981,93,212. Herrmann, W. A.; Plank, J.; 
Bauer, C.; Ziegler, M. L.; Guggolz, E.; Alt, R. Z .  Anorg. Allg. Chem., 1982, 
487, 85. 


cis-2a 


C 5 W \  / C b \  / C H 3  
Rh- R h  


CH3' 'CHz/ 'CsMea 


trans-2b 


[ (C5Me5Rh)2(C0)2(p-CHz)]: 2.672 A, where the diamag- 
netism and electron bookkeeping requirements indicate 
the existence of Rh-Rh bonds. This is not formally re- 
quired in complex 4 where each Rh would appear to be in 
the (+III) oxidation state (d6, low spin) and therefore not 
to need any metal-metal bonding. 


The Rh-Umethylidyne) bond is very short when com- 
pared to a normal Rh-C (sp3, terminal) bond, 2.12 A as 
in C ~ S - [ ( C , M ~ ~ R ~ ) ~ ( ~ - C H , ) , ( C H ~ ) ~ ] ~  or to a Rh-C (sp3, 
bridging) bond of 2.03 A in the same molecule or 2.08 A 
in [(C,Me5Rh)2(Co)2lr-C(CO~Me)z)l.~ 


If the skeletal Rh-C bonds were any longer, then the 
angles at  the methylidyne carbon would be even less than 
the 84' found. This will be strongly disfavored for what 
is formally at  least a tetrahedrally hybridized carbon, and 
this may explain the short Rh-C bonds found. Since an 
increase in the Rh-Rh distances would widen the angle at  
carbon and could also lead to an increase in the Rh-C bond 
lengths we must presume that this does not happen for 
electronic reasons. This in turn implies that there is 
substantial metal-metal bonding and, probably, that the 
best description of the oxidation state of the rhodiums is 
not +III. Some support for this is also provided by the 
metal ring distances in 4,1.872 A, which are rather longer 
than expected for Rh(II1) (1.75-1.79 A) but are reasonably 
consistent with values for Rh(1) complexes (1.85-1.91 


In the skeleton of the monocapped pa-methylidyne 
complex [ (CpRh)3(p3-CH)(p-C0)2]+ the Rh-CH distances 
(mean 1.962 A) and the Rh-Rh distances (mean 2.691 A)5 
are very similar to those in 4 while the angles Rh-C-Rh' 
(average 86.6') have opened out a little more than in 4. 


Several workers have noted that acetylenes can be 
cleaved to give trinuclear bis(p3-methylidyne) complexes 
5 (M = Co or Rh)"-13 under appropriate conditions and 
the structures of two such complexes (5, M = Co, R' = Me, 
R2 = COZMe, and M = Co, R' = SiMe3, R2 = Me3SiC*) 
have been determined.12J3 In both cases the geometries 
found were very similar to those for 4 and in particular the 
methylidynemethylidyne separations (RC-CR), 2.546 (9) 
and 2.544 (14) A, respectively, were very close to that 
observed for 4,2502 (25) A These values clearly show that 
there can be little direct C-C bonding in any of these 
complexes since even a C sp3-C sp3 bond is only 1.54 8, 
long. The structural evidence therefore points, certainly 
in the rhodium complex 4 and probably in general for the 


(10) Maitlis, P. M. Chem. SOC. Rev. 1981, 10, 1. 
(11) Kng, R. B.; Harmon, C. A. Znorg. Chem. 1976,15,879. See also: 


Freeman, M. B.; Hall, L. W.; Sneddon, L. G. Znorg. Chem. 1980,19,1132. 
(12) Fritch, J. R.; Vollhardt, K. P. C.; Thompson, M. R.; Day, V. W. 


J. Am. Chem. SOC. 1979, 101, 2768. Fritch, J. R.; Vollhardt, K. P. C. 
Angew. Chem., Znt. Ed. Engl. 1980,19,559 See also: Van Horn, D. E.; 
Vollhardt, K. P. C. J. Chem. SOC., Chem. Commun. 1982,203. 


(13) Yamazaki, H.; Wakatsuki, Y.; Aoki, K. Chem. Lett. 1979, 1041. 
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other complexes, to an unexpected stabilisation of the 
M3C2 48-electron cluster. 


Although the molecule 4 appears chemically quite re- 
active, thermally it is very stable. For example, under 
pyrolysis conditions (375 "C) where the cis and trans 
complexes 2a or 2b rapidly broke down (>go% decom- 
position) and gases (methane, propylene, ethylene, and 
ethane) were obtained,2 the decomposition of 4 was less 
than 1% and only a trace of methane could be detected. 


Mode of Formation of 4. The first indicator to the 
route whereby complex 4 was formed was the observation 
that gas (found to be methane) was evolved more copiously 
from experiments that  gave a higher yield of 4 and less 
from those in which 4 was a byproduct and the chief 
product was the trans complex 2b.14 This was later put 
on a more quantitative basis (see Experimental Section) 
which showed that the amount of methane given off during 
the addition of A12Me6 to complex 1 was very close to that 
implied by eq 1. That is, 4 mol of methane are produced 
3[(C5Me5Rh)2C14] + 2A12Me6 - 


1 
2[(C5Me5Rh),(CH),I + 2Al2Cb + 8CH4 


per mole of complex 4. Furthermore, separate experiments 
have shown no methane to be produced during the for- 
mation of the intermediate 3 from 1 and A12Me6. 


The precise differences in the conditions needed to form 
4 on the one hand and 3, and thence 2, on the other, are 
subtle, and for this reason an optimum preparation of 4 
is described rather carefully. It appears that formation 
of 4 is favored by low amounts of solvent, Le., high con- 
centrations of 1, as might be anticipated. We find addition 
of a 10% solution of A12Me6 in benzene to solid 1 gives best 
yields. The formation of the black and green oils seems 
to be critical but because of their extreme sensitivity (even 
to hydrocarbon solvents) it was not possible to obtain 
useful spectroscopic measurements on them. 


Although the reaction of preformed intermediate 3 with 
excess of 1 did give rise to some trinuclear complex 4, the 
yields (ca. 15-20'70) were lower than those by the method 
indi~ated. '~  This may be due to the need to use more 
solvent in the preparation of 3 than to make 4. Thus we 
cannot say for certain whether 3 is involved directly. 


In summary, under some conditions C5Me5Rh methyls 
each possess two sufficiently acidic hydrogens to react with 
Al methyls giving methane and, eventually bis(p3-methyne) 
complex 4.16 This represents a useful alternative route 
to p3-methyne complexes. Further extensions of this work 
and an investigation of the chemistry of 4 are under study. 
This is likely to be rich since, although it is thermally very 
stable, it  seems quite reactive. For example, it  reacts 
readily with acid to give methane, essentially quantita- 
tively, according to eq 2. 
[(C5Me5Rh)3(CH)2] + 6CF3C02H - 


4 


2CH4 + 3C5Me5Rh(02CCF3)2 


Experimental Section 
Microanalyses were determined by the University of Sheffield 


Microanalytical Service; NMR spectra were measured on a 
Perkin-Elmer R-12B (60 MHz, 'H), Bruker WH-400 (400 MHz 


Vcizquez de Miguel et al. 


(14) In some cases mixtures of 2a and 2b are obtained because the 
isomerization of 2a to 2b is incomplete; neither 2a nor 2b gives 4 with 
A12MeG. 


(16) Addition of sodium or magnesium to the reaction of 3 and 1 in 
toluene raised the yield of 4 to 30-35%. Other variations such as changes 
in temperature and in quenching solvent did not improve the reaction. 


(16) This reaction is probably then rather similar to the reaction 
Cp2TiMe2 + AlzMee - Cp2TiCH2AMe2 + CH,: Tebbe, F. N.; Parshall, 
G .  W.; Reddy, G .  S. J. Am. Chem. SOC. 1978,100, 3611. 


Table I. Atomic Coordinates (XlO')' 
atom X Y 2 


Rm 20886 ( 3 )  18108 (3)  33533 (3) 
C(O1) 1047 ( 5 )  199 (5)  3717 ( 5 )  


707 ( 5 )  1206 ( 5 )  4243 ( 5 )  
2035 ( 5 )  5118 ( 5 )  C(03) 1 7 1 5 ( 5 )  


C(04) 2684 ( 5 )  1511 (5 )  5145 ( 5 )  
C(05) 2270 ( 5 )  399 ( 5 )  4287 (5)  
C(06) 253 ( 8 )  -889 ( 6 )  2847 ( 6 )  
C(07) -547 ( 6 )  1328 ( 7 )  3990 (7)  
C(08) 1737 ( 8 )  3181 ( 6 )  5917 (6)  
C( 09)  3919 ( 7 )  2025 (9)  5960 (7)  


C(11) 3209 (14)  3209 (14)  3209 (14)  
C(12) 1627 (16)  1627 (16)  1627 (16)  


C(02)  


C(10) 2994 ( 8 )  -505 ( 7 )  4081 (7)  


' Those marked with an asterisk are ~ 1 0 ~ .  


'H and "Rh courtesy of the SERC National Service), and JEOL 
PFT-100 (W) spectrometers. Solvents were rigorously dried, 
distilled and stored under argon. 


Bis(p-methylidyne)tris[ (pentamethylcyclopentadieny1)- 
rhodium] (4). A number of different methods gave 4; this one 
gave a high yield and worked consistently well. A sample of 
[(C5Me5Rh)&14] (0.30 g, 0.49 mmol) in a dry Schlenk tube (35 
mL) containing a magnetic stirrer was heated in vacuo (60-80 "C 
(0.05 mm pressure)) for a few minutes; dry argon was then ad- 
mitted. This procedure was repeated 10-12 times over the course 
of 1 h and until the complex [(C5Me5Rh)zC14] had a powdery 
orange appearance; the tube was cooled to 20 "C. A 10% solution 
of &Mes in benzene (1.2 cm3, 0.6 mmol. CAUTION! Great care 
needs to be used in making up and handling these solutions, and 
the reactions should only be attempted by experienced workers) 
was then injected dropwise over 15 min at 20 "C with stirring. 
Reaction occurred to give a black oily solid, and methane was 
evolved. Stirring was continued for a further 2 h, and then another 
1.2 cm3 of the above solution of AlZM% in benzene was added over 
15-20 min at 20 "C. This gave a green oil and a further, but much 
smaller, quantity of methane was given off. The green oil was 
stirred (3 h) and then cooled to 0 "C; tetrahydrofuran (2 cm3) was 
added with vigorous s t i r r i i  to yield a dark brown-orange solution. 
This solution was then evaporated to dryness and extracted with 
pentane (2 X 35 cm3), hot benzene (2 x 35 cm3), and dichloro- 
methane (35 cm3). Reextraction with pentane of the residues 
remaining when these solutions were evaporated to dryness gave 
essentially pure complex 4 (0.125 g, 0.17 mmol, 51% yield). 


A further experiment was carried out to monitor the amounts 
of methane given off at various stages of the reaction. In this case 
0.49 mmol of [ (C5Me&h)2Ch] was reacted initially with 0.4 mmol 
of AlzMes in benzene as described above. GC analysis (Poropak 
Q) showed the presence of methane and integration against a 
standard sample showed that 0.63 mmol of methane had been 
formed. A further 0.14 mmol of methane was given off during 
the addition of the second aliquot of A12Mee. In this experiment 
acetone (1.5 cm3) was then added to quench the reaction releasing 
a further 0.65 mmol of methane, followed by water (0.2 cm3) which 
gave a further 1.4 mmol of CHI. Upon workup, this reaction 
yielded 50% of complex 4 and 15% of complex 2b. 


By comparison, an experiment under conditions more appro- 
priate for formation of 2b, in which [ (C,Me&h)zC14] (0.49 "01) 
in benzene (5 cm3) was reacted with 1.2 mmol of AlzM% in benzene 
solution, gave 0.26 mmol of methane. After addition of acetone 
(1.16 mmol of CHI) and water (0.71 mmol of CHI), this yielded 
62% of 2b and 20% (0.07 mmol) of 4. A blank experiment in 
which a benzene solution of 1.2 mmol of A1,Me6 was added to 
benzene (5 cm3) in a carefully dried Schlenk tube released 0.03 
mmol of methane. 


These three experiments indicate that approximately 4 mol 
of methane per mol of 4 are produced during the addition of 
&Mes to 1: 


Anal. Calcd for C32H4,Rh3: C, 51.9; H, 6.4; mol wt, 740. Found 
C, 51.7; H, 6.5; mol wt (mass spectrometric) m / e  740 (100%). 'H 
NMR (CDC13) 6 1.63 (8 ,  45 H, C,Me5), 13.18 [q, 2 H, J(Rh-H) 
= 5.5 Hz]; 13C(1H) NMR (CDC13) 6 11.3 (s, C5Me5), 95.5 (s, C5Me5), 
291.5 (m, CH); '03Rh('H) NMR 6 -990.9 (with respect to frequency 
of E(lo3Rh) of 3.16 MHz). 
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Table 11. Bond Lengths (A) and Angles (Deg) in 
[(C$fesRh),(CH),I (4) 


Bond Lengths 
Rh(A)-Rh(B) = Rh(B)-Rh(C) etc. 
Rh(A)-C( 1) 2.254 (6) 
Rh( A)-C( 2) 2.214 (6) 
Rh(A)-C(3) 2.212 (6) 
Rh( A)-C( 4) 2.233 (6) 
Rh(A)-C( 5 )  2.223 (6)  
mean Rh-C(C,Me,) 2.227 
Rh(A)-c.g. (C,Me,) 1.872 
Rh(A)-C(11) 1.971 (17) 
Rh( A)-C( 12) 1.970 (19) 
C(11) .  . eC(12) 2.502 (25) 


2.6363 (5) A 


Bond Angles 
Rh( A)-C( 11)-Rh( B) 
C( 11)-Rh( A)-C( 1 2 )  
Rh( A)-Rh( B)-Rh( C) 


84.0 (8) 
78.8 ( 7 )  
60.0 (4) 


X-ray Crystal Structure Determination. Crystal data: 
C&&h3; M = 740.44, rhombohedral, a = 11.918 (7) 4 a = 101.91 
(4)O, U = 1586 A3, 2 = 2, D d  = 1.55 g F(OO0) = 748, space 
group R3 (Cii, No. 148) (from systematic absences); Mo Ka  ra- 
diation (graphite monochromator), X = 0.71069 A, ~ ( M o  Ka) = 
15.36 cm-'. 


Single-crystal X-ray data in the range 3.5 < 28 < 50' were 
collected on a Nicolet Instruments Syntex R3 four-circle dif- 
fractometer in the omega scan mode. A total of 1441 reflections 
with intensity Z > 3u(4 and background difference of A < 443) 
were corrected for Lorentz and polarization but not for absorption 
or extinction. The structure was solved by Patterson and Fourier 
methods; block-diagonal-matrix least-squares refinement has 
reduced R to 0.027 at which stage all the thermal parameters of 
the non-hydrogen atoms are anisotropic, and those of the hydrogen 
atoms have fixed isotropic values. 


The overall geometry of the molecule is shown in Figure 1; 
atomic coordinates are in Table I and distance and angle values 
in Table 11. 
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The novel heterobmuclear bridging methylene complex (pCH2)(p-CO) [Cp(CO)FeMn(CO)4] (1) crystallizes 
in two forms: form A (from pentane), monoclinic, R , / m  (No. 111, a = 8.282 (1) A, b = 10.002 (2) A, c 
= 8.504 (1) 4 B = 115.70° at -110 O C ,  2 = 2; form B (from thermal gradient vacuum sublimation), monoclinic, 
Cc (No. 9), a = 15.402 (2) A, b = 6.1731 (7) A, c = 14.104 (2) A, /3 = 107.36O at -110 O C ,  2 = 4. Single-crystal 
diffraction data (-110 "C) were used to determine and refine (by full-matrix least-squares methods) the 
crystal structures of both forms: form A, R1 = 0.036, Rz = 0.037 for 1251 reflections with I / q  > 2.0; form 
B, R1 = 0.038, Rz = 0.041 for 1774 reflections with X / q  > 2.0. Both forms contain disordered molecules 
with each bridging site occupied (exactly in form A and nearly in form B) by half of p-CHz and half of 
p-CO. Principal structural features of the molecule are (1) an unusually short Fe-C(p) bond (average 1.921 
A), (2) the shortest Fe-Mn bond (average 2.615 A) yet seen in an organometallic complex, (3) an unusually 
long Mn-C(p) bond (average 2.087 A), (4) an unsymmetrical bridge with Fe-X uncharacteristically shorter 
than Mn-X, and (5 )  Mn-CO(terminal) bond lengths which are significantly shorter when trans to p-CH2/C0 
than when trans to CO(termina1). These structural features are related to the strong r-acceptor nature 
of pCH2 and p-CO and to the presence on Fe and absence on Mn of the electron-releasing Cp group. 


Introduction 
Compounds containing unsubstituted (CH,) or substi- 


tuted (CHR, CRz, or CRR') methylene groups spanning 
two bonded transition-metal atoms have been the subject 
of many studies, involving synthesis, reactivity, spectros- 
copy, and theory, complemented by structural studies of 
a wide variety of these complexes.2 Many of the bridging 
methylene complexes which have been structurally char- 
acterized have been substituted with either heteroatoms 


'Dedicated to the memory of Rolly Pettit-mentor, colleague, 
friend. 


or aromatic rings (analogous to the mononuclear Fischer 
carbene complexes); several structures have been deter- 


(1 )  Robert A. Welch Foundation Undergraduate Scholar, 1979-1981. 
(2) Some reviews and leading references: (a) Herrmann, W. A. "The 


Methylene Bridge", to appear in 'Advances in Organometallic 
Chemistry". (b) Schrock, R. R. Acc. Chem. Res. 1979, 12, 98-104. (c) 
Calderon, N.; Orstead, E. A.; Judy, W. A. Angew. Chem., Int.  Ed. Engl. 
1976,15,401-409. (d) Hursthouse, M. B.; Jones, R. A.; Malik, K. M. A.; 
Wilkinson, G. J. J. Am. Chem. SOC. 1979,101,4128-4139. (e) Creswick, 
M.; Bernal, I.; Reiter, B.; Herrmann, W. A. Inorg. Chem. 1982, 21, 
645-652. (0 Kao, S. C.; Lu, P. P. Y.; Pettit, R. Organometallics 1982,1, 
911-918. (9)  Sumner, C. E., Jr.; Collier, J. A.; Pettit, R. Ibid. 1982, 1, 
1350-1360. (h) Kao, S. C.; Thiel, C. H.; Pettit, R. Organometallics, 
submitted for publication. 
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Table 11. Bond Lengths (A) and Angles (Deg) in 
[(C$fesRh),(CH),I (4) 


Bond Lengths 
Rh(A)-Rh(B) = Rh(B)-Rh(C) etc. 
Rh(A)-C( 1) 2.254 (6) 
Rh( A)-C( 2) 2.214 (6) 
Rh(A)-C(3) 2.212 (6) 
Rh( A)-C( 4) 2.233 (6) 
Rh(A)-C( 5 )  2.223 (6)  
mean Rh-C(C,Me,) 2.227 
Rh(A)-c.g. (C,Me,) 1.872 
Rh(A)-C(11) 1.971 (17) 
Rh( A)-C( 12) 1.970 (19) 
C(11) .  . eC(12) 2.502 (25) 


2.6363 (5) A 


Bond Angles 
Rh( A)-C( 11)-Rh( B) 
C( 11)-Rh( A)-C( 1 2 )  
Rh( A)-Rh( B)-Rh( C) 


84.0 (8) 
78.8 ( 7 )  
60.0 (4) 


X-ray Crystal Structure Determination. Crystal data: 
C&&h3; M = 740.44, rhombohedral, a = 11.918 (7) 4 a = 101.91 
(4)O, U = 1586 A3, 2 = 2, D d  = 1.55 g F(OO0) = 748, space 
group R3 (Cii, No. 148) (from systematic absences); Mo Ka  ra- 
diation (graphite monochromator), X = 0.71069 A, ~ ( M o  Ka) = 
15.36 cm-'. 


Single-crystal X-ray data in the range 3.5 < 28 < 50' were 
collected on a Nicolet Instruments Syntex R3 four-circle dif- 
fractometer in the omega scan mode. A total of 1441 reflections 
with intensity Z > 3u(4 and background difference of A < 443) 
were corrected for Lorentz and polarization but not for absorption 
or extinction. The structure was solved by Patterson and Fourier 
methods; block-diagonal-matrix least-squares refinement has 
reduced R to 0.027 at which stage all the thermal parameters of 
the non-hydrogen atoms are anisotropic, and those of the hydrogen 
atoms have fixed isotropic values. 


The overall geometry of the molecule is shown in Figure 1; 
atomic coordinates are in Table I and distance and angle values 
in Table 11. 
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B, R1 = 0.038, Rz = 0.041 for 1774 reflections with X / q  > 2.0. Both forms contain disordered molecules 
with each bridging site occupied (exactly in form A and nearly in form B) by half of p-CHz and half of 
p-CO. Principal structural features of the molecule are (1) an unusually short Fe-C(p) bond (average 1.921 
A), (2) the shortest Fe-Mn bond (average 2.615 A) yet seen in an organometallic complex, (3) an unusually 
long Mn-C(p) bond (average 2.087 A), (4) an unsymmetrical bridge with Fe-X uncharacteristically shorter 
than Mn-X, and (5 )  Mn-CO(terminal) bond lengths which are significantly shorter when trans to p-CH2/C0 
than when trans to CO(termina1). These structural features are related to the strong r-acceptor nature 
of pCH2 and p-CO and to the presence on Fe and absence on Mn of the electron-releasing Cp group. 


Introduction 
Compounds containing unsubstituted (CH,) or substi- 


tuted (CHR, CRz, or CRR') methylene groups spanning 
two bonded transition-metal atoms have been the subject 
of many studies, involving synthesis, reactivity, spectros- 
copy, and theory, complemented by structural studies of 
a wide variety of these complexes.2 Many of the bridging 
methylene complexes which have been structurally char- 
acterized have been substituted with either heteroatoms 


'Dedicated to the memory of Rolly Pettit-mentor, colleague, 
friend. 


or aromatic rings (analogous to the mononuclear Fischer 
carbene complexes); several structures have been deter- 


(1 )  Robert A. Welch Foundation Undergraduate Scholar, 1979-1981. 
(2) Some reviews and leading references: (a) Herrmann, W. A. "The 


Methylene Bridge", to appear in 'Advances in Organometallic 
Chemistry". (b) Schrock, R. R. Acc. Chem. Res. 1979, 12, 98-104. (c) 
Calderon, N.; Orstead, E. A.; Judy, W. A. Angew. Chem., Int.  Ed. Engl. 
1976,15,401-409. (d) Hursthouse, M. B.; Jones, R. A.; Malik, K. M. A.; 
Wilkinson, G. J. J. Am. Chem. SOC. 1979,101,4128-4139. (e) Creswick, 
M.; Bernal, I.; Reiter, B.; Herrmann, W. A. Inorg. Chem. 1982, 21, 
645-652. (0 Kao, S. C.; Lu, P. P. Y.; Pettit, R. Organometallics 1982,1, 
911-918. (9)  Sumner, C. E., Jr.; Collier, J. A.; Pettit, R. Ibid. 1982, 1, 
1350-1360. (h) Kao, S. C.; Thiel, C. H.; Pettit, R. Organometallics, 
submitted for publication. 
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Table I .  Crystallographic Summary 
form A form B 


a ,  a 
b ,  a 
c ,  a 
P ,  deg v, a3 
d 4 c . d :  g (-110 "C) 
empirical formula 
fw 
cryst system 
space group 
z 
F( 000), electrons 


radiation; h ,  A 
mode 
scan range 
background 
scan rate, deg min-' 
exposure time, h 
stability analysis 


computed a ,  b 
max correction (on I) 


28 range, deg 
total reflctns measd 
data cryst dimens, mm 
data cryst vol, mm3 
data cryst faces 
absorption coeff, p(Mo Ka), cm-' 
transmission factor range 


ignorance factor p 
reflctns used, I > n (01) 
no. of variables 
R,,  R ,  
R. for all data 
m'ax shift/esd (non-H) 
max shift/esd (H) 
max peak in diff map (e  A-3) 


A. Crystal Data (-110 "C)(l 
8.282 (1) 15.402 (2) 
10.002 (2) 6.1731 (7) 
8.504 (1) 14.104 (2) 
115.70 (2) 107.36 (2) 
634.8 1279.9 
1.871 1.856 
C,,H,O,FeMn 
357.7 
monoclinic 
P2, /m (No. 11) 
2 
3 56 


C,,H,O,FeMn 
357.7 
monoclinic 
Cc (No. 9) 
4 
71 2 


B. Data Collection (-110 oC)6 
MO Ka;  0.710 69 
w scan w scan 


Mo Ka;  0.710 69 


symmetrically over 1.0" about Ka,,, maximum 
offset 1 .0  and -1.0" in w from K a , , ,  maximum 


1.0-5.0 2.0- 5.0 
70.0 34.1 


0.0025 (5), -0.000 021 (8) 
7.0% 
4.0-5 5.0 
1537 
0.11 X 0.43 X 0.27 
0.0131 
see footnote c 
22.1 
0.567-0.785 


0.0005 (4), -0.000 016 (11) 
not applied 
4.0-60.0 
1870 
0.12 X 0.19 X 0.44 
0.0133 
(TOl),  ( lOT),  (TTl), (ill), (TOO), and fragmentary face 
22.1 
0.616-0.789 


C. 
0.02 
1251, 2.0 
128 
0.036, 0.037 
0.049 
0.05 
0.17 
0.9 


Structure Refinementd 
0.02 
1774, 2.0 
181 
0.038, 0.041 
0.040 
0.11 


0.8 


a Unit cell parameters for form A were obtained by least-squares refinement of the setting angles of 44 reflections with 
22.0 < 2e < 26.5'. For form B, 44 reflections with 24.2 < 2e < 26.9" were used. 
with a graphite monochromator and a Syntex LT-1 inert-gas (N,) low-temperature delivery system. Data reduction was 
carried out as described in: Riley, P. E.; Davis, R. E. A c t a  Cryotallogr. ,  Sect.  B 1976, B32, 381. Crystal and instrument 
stability were monitored by remeasurement of four check reflections after every 96 reflections. These data were analyzed 
as detailed in: Henslee, W. H.; Davis, R. E. A c t a  Crystal logr. ,  Sec t .  B 1975, B31 ,  1511. 
noticeably rounded as the cold crystallization solution warmed, so faces could not be unambiguously indexed. Relevant 
expressions are as follows, where in this footnote Fo and F, represent, respectively, the observed and calculated structure 
factor amplitudes: function minimized was z w ( F 0  - F,),, where w = (oF)-,; R,  = zabs(Fo - F,) / zF, ;  R, = [ z w ( F o  - 


Syntex P2, autodiffractometer 


Crystal faces had been 


Fc)2/EF 0 .  '1 ''* 
mined for p-CH2 complexes with Os2, Ru2, Rh2, and Mn2 
metal centers. Only a few structures have been studied? 
however, which include methylene-like fragments bridging 
two different transition-metal atoms;&* these have all in- 
volved a t  least one second- or third-row transition metal, 
and in each, the methylene bridge is substituted with 
aromatic and/or heteroatom groups. We report here the 
structure of (p-CH,)(p-CO)[(Cp)(CO)Fe-Mn(CO),)] (1). 


(3) Another rare example of a heterobinuclear @-methylene complex, 
Ol-CH,)Cp(CO)CoRh(CO)Cp, has been reported, though apparently not 
studied by X-ray methods: Theopold, K. H.; Berg", R. B. J.  Am. 
Chem. SOC. 1981,103, 2489-2491. 


(4) Howard, J. A. K.; Mead, K. A.; Moa,  J. R.; Navarro, R.; Stone, F. 
G .  A.; Woodward, P. A. J.  Chem. SOC., Dalton Trans. 1981, 743-750. 


(5) Kreissl, F. R.; Friedrich, P.; Lindner, T. L.; Huttner, G .  Angew. 
Chem., Int. Ed. Engl. 1977, 16, 314. 


(6) Howard, J. A. K.; Jeffery, J. C.; Laguna, M.; Navarro, R.; Stone, 
F. G. A. J. Chem. SOC., Dalton Trans. 1981, 751-762. 


(7) Jeffery, J. C.; Moore, I.; b y ,  H.; Stone, F. G .  A. J. Chem. SOC., 
Chem. Commun. 1981,1255-1258. 
(8) Ashworth, T. V.; Howard, J. A. K.; Laguna, M.; Stone, F. G .  A. J. 


Chem. SOC., Dalton Trans. 1980, 1593-1600. 


This is, to our knowledge, the first structural account of 
a p-CH, heterobinuclear complex; it also represents the 
first reported structural study of any p-methylene complex, 
substituted or not, involving two different first-row tran- 
sition metals. A preliminary account of the preparation, 
structure, and reactivity of this compound has been sub- 
mittedeg 


Experimental Section 
Single crystals of 1 obtained by Dr. C. Thiel by very slow 


evaporation of a pentane solution at -20 "C were of adequate 
internal quality for X-ray studies, in spite of their poor external 
appearance. Attempts to produce better formed crystals by 
vacuum thermal gradient sublimation (0.050 torr, 55 OC to room 
temperature) gave crystals of excellent morphology, which, 
however, proved to be a second crystal form. The pentane form 
(space group ml/m) is herein referred to as form A, while the 
form produced by sublimation (space group Cc) is referred to as 


(9) Thiel, C. H.; Pettit, R.; Davis, R. E. Angew. Chem., submitted for 
publication. 
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Figure 1. Stereoscopic view of the GL-CH2)(ru-CO)[Cp(CO)FeMn(CO)4] molecule (1) in form A, illustrating the atom numbering scheme. 
The unlabeled H atom on C1 is H1A. On the disordered bridges, the atoms which are mirror related to 01, HlA, and H1B are omitted 
for clarity. Non-hydrogen atoms are shown as ellipsoids of 30% probability and hydrogen atoms as spheres of radius 0.1 A. 


Figure 2. Stereoscopic view of the GL-CHZ)GL-CO)[C~(CO)F~~~~I(CO)~] molecule (1) in form B, illustrating the atom numbering scheme. 
The unlabeled H atom on C1 is H1A. On the disordered bridges, the atoms 01, H2A, and H2B are omitted for clarity. Non-hydrogen 
atoms are shown as ellipsoids of 30% probability and hydrogen atoms as spheres of radius 0.1 A. 


form B. X-ray experimental procedures were the same for crystals 
of these two forms. 


A single crystal was mounted and transferred to a Syntex P21 
autodiffractometer, where it was maintained in a cold (-110 "C) 
stream of dry nitrogen for the duration of the diffraction ex- 
periments. Preliminary diffraction studies revealed, in each case, 
diffraction symmetry and systematic absences prohibiting un- 
equivocal space group assignment solely on these bases (vide infra). 
A summary of the pertinent crystal data and details of the X-ray 
diffraction data collection and processing is presented in Table 
I. Prebminary proceasing of the diffraction data was accomplished 
as described in detail previous1y,l0J1 including corrections for 
absorption based on measured crystal shape. 


Each structure was solved by the heavy-atom method, using 
metal atom positions determined from a sharpened Patterson map. 
Because heavy-atom identity could not be ascertained at this early 
stage, each was included in the heavy-atom map calculation with 
the Fe scattering curve, and these atoms were identified following 
subsequent maps from consideration of their bonding environ- 
ment. In the case of form A, since any reasonable estimate of 
bulk density indicated the presence of no more than two molecules 
per unit cell, the space group was initially assumed to be the more 
common P21 (No. 4). Early maps, however, revealed that the 
molecule was oriented in such a way as to be situated on the mirror 
plane (position e) of space group P2Jm (No. ll), with the mirror 
plane passing through the two heavy atoms, the Fe carbonyl group, 
two Mn carbonyl groups, and one Cp carbon. After a difference 
density map computed in P21 omitting the oxygen of the bridging 


(10) Riley, P. E.; Davis, R. E. Acta Crystallogr., Sect. B 1976, B32, 


(11) Principal computer programs: least-squares lattice parameters, 
LSLAT by K. N. Trueblood; absorption correction, SYABS, a local version 
of ORABS by W. R. Busing and H. A. Levy as modified by J. M. Williams; 
full-matrix least squares and Fourier calculations, smx-76 by G. M. 
Sheldrick; least-squares planes, LSMP by M. E. Pippy; thermal ellipsoid 
plota, ORTEP-II by C. K. Johnson. Various data processing programs of 
local origin, including the following: statistical analysis of check reflec- 
tions, SYSTD by T.-H. Hseu; data reduction, INCON by R. E. Davis; prep- 
aration of computer-typed tables of atomic parameters, bond lengths, 
bond angles and torsion angles for publication, FWER by S. B. Laraon; and 
a listing of structure factor amplitudes, FIWLE by R. E. Davis. Neutral 
atom scattering factors used are from Table 2.2B, and anomalous dis- 
persion corrections from Table 2.3.1: 'International Tables for X-Ray 
Crystallography"; Kynoch Press: Birmingham, England, 1974; Vol. IV. 


381-386. 


carbonyl group revealed density consistent with one-half oxygen 
in these positions, the space group was taken to be R 1 / m .  The 
subsequent successful refinement with this assumption is taken 
as confirmation of this choice of space group. 


The expected presence of only four molecules per unit cell in 
Form B led to the initial assumption of one independent molecule 
per asymmetric unit in Cc (No. 9). The alternative space group 
consistent with the diffraction pattem, C2/c (No. E), would have 
required only half of a molecule per asymmetric unit. Since either 
of its sites of twofold symmetry (inversion center or twofold 
rotation axis) would have involved disorder of one or more car- 
bonyl groups with the sterically quite different Cp ring, this was 
thought to be a very unlikely possibility. The near identity (at 
this early resolution) of the y coordinates of the two heavy atoms 
led to a quite cluttered heavy-atom map, though, so that several 
cycles of carefully interpreted electron and difference density maps 
were required to locate all non-hydrogen atoms in Cc. Again, the 
molecule is disordered, with the two bridging ligands interchanged 
in (approximately) half of the locations, though in this crystal 
form the disorder is not across a crystallographic symmetry el- 
ement but rather within a molecule in a general position. 


Both structures were refined by full-matrix least-squares 
methods, using the program SHEW. For form A, all non-hydrogen 
atoms were refined anisotropically, and all H atoms were refined 
isotropically, with fixed U = 0.025 A. In the refinement of form 
B, considerable variation appeared in the geometry of the Cp ring, 
so this ring was constrained to a regular pentagon with C-C = 
1.42 A, with Cp H atom U values fixed at 0.05 A; the CH2 hy- 
drogens (half-weight) did not behave well, so they were allowed 
to ride on the bridging C atoms with U = 0.025 A. Additional 
details of the two refinements appear in Table I. 


Tables iI  and I11 present final atomic coordinates (with esds) 
and values of U or U,. Listings of thermal parameters and of 
observed and calculated structure factor amplitudes for both 
crystal structures are available.12 


Discussion 
The crystal structures of both forms consist of discrete 


molecules with no unusual intermolecular contacts. Fig- 
ures 1 and 2 present stereoscopic views of single molecules 


(12) Additional tables are available as supplementary material. 
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Table 11. Fractional Coordinates and Thermal Parameters for Form A" 
ATOM X Y Z U 


FE 
MN 
c1 
01 
c2 
02 
c3 
03 
c4 
04 
c5 
05 
C6 
c7 
C8 


H1A 
H1B 
H6 


H8 
n7 


.28603 (8 )  


.1413(4) 


.1498(8) 


-.04795(8) 


-. 1099 (6 )  -. 1546( 5) 
.0127 (6 )  
.0439 (5 )  


-.2045( 4) 
- .2994( 3) 


.3912(6) 
,4635 (4 )  
.5341(7) 
.4359 (6 )  
,2867 (5 )  
.114(10) 


.624(9) 


.465(5) 


.194(6) 


.191(10) 


.25 


.25 


.4010(4) 


.25 


.25 


.25 


.25 


.3872(4) 


.25 


.25 


.25 


.3644 ( 5) 


.3182 (4 )  


.458(9) 


.25 


.451(4) 


.378(5) 


-.0105(5) 


.4755(3) 


.457 (9 )  


.41724 (8) 


.18211(8) 


.2953 (5 )  


.2994 (8) 


.3669 (6 )  


.4747 (5 )  -. 0049 (6 )  
-e1221 (4 )  


.0836 (4 )  


.0252(3) 


.2765( 6) 


.1877 (4 )  


.6335(6) 


.6415(4) 


.6552 (4 )  


.354( 10) 


.245 ( 10) 


.622(8) 


.633(5) 


.650(5) 


.Oii02 (2) 


.0189(2) 


.0272(12) 


.043(2) 


.035(2) 


.067(2) 


.025(2) 


.042(2) 


.0271(11) 


.0426( 10) 


.025(2) 


.0362( 14) 


.061(3) 


.049(2) 


.0385(14) 


.03(2) 


.04(2) 


.06(2) 


.047 (13) 


.067 (14) 


See Figure 1 for identity of the atoms. Numbers in parentheses are estimated standard deviations in the units of the 
For anisotropic atoms, the Uvalue is Ueq, calculated as Ueq = least significant digits for the corresponding parameter. 


( 1 / 3 ) ~ i C j U i j a i * a j * A i j ,  where Aij is the dot product of the ith and jth direct space unit cell vectors. 


Table 111. Fractional Coordinates and Thermal Parameters for Form Ba 


ATOM X Y Z & 
M N .o .17373(11) .O .0200(2) 


.0222 (2 )  FE .16742( 6) .19780( 11) .11582(6) 
01 .0549( 7) .5725(13) .1245(6) .036(3) 
02 .1371(5) -. 1562 ( 11 ) - 0258 (6 )  .036(3) 
03 -.0839( 4) - e  1805( 7) -. 1360 (4 )  .059(2) 
04 -.1571(3) .4591(8) -.0145( 4 )  .050( 2) 
05 .0392(3) .4205 (7 ) - 1666 (3 )  .0386(14) 
06 -. 0460 ( 3 )  -.0459( 11) .1663(4) .070(2) 
07 .2521(3) .4417(7) - e  0115( 3) .044(2) 
c1 .0728 (3 )  ,4099 (8) .0973(4) .0254(15) 
c2 .1209(3) -. 0060 (8) .0105(4) .0249(15) 
c3 - .0528( 4) -.0413(9) -. 0852( 5) .034(2) 
c4 -. 0975( 4) .3462(9) -a0111 ( 4 )  .030(2) 
c5 .0262 (3 )  .3258(8) - e  1030( 3) .0240(14) 
C6 -.0251(4) .0316 (11 ) . lo34 (5 )  .040(2) 
c7 .2178( 3) .3486( 8 )  .0375 (4 )  .029( 2 )  
C8 .1730 (3 )  .17ii3(8) .2677(3) .079(4) 
c9 .2492 (3 )  .2925 (8) -2572 (3 )  .113(5) 


c10 .2996 (3 )  .1512(8) .2140( 3) .122 ( 5 )  
c11 .2546( 3) -. 0522 (8)  .1977 (3 )  .053 (3 )  
c12 .1764(3) -.0367 (8) .2309 (3 )  .042 (2 )  
H1A .0517 (3 )  .4407( 8) .1565 (4 )  ,025 
H1B .0828(3) .5496 (8) .0662(4) .025 
H2A .1455(3) .0058( 8)  -. 0474 (4 )  .025 
H2B .1208(3) -.1614(8) .0305 (4 )  .025 


H8 .1254( 3 )  .2344 (8 )  .2959(3) .05 
H9 .2647 (3 )  .4467 (8) .2768( 3 )  .05 


H10 .3568 (3 )  .1885( 8 )  .1978(3) .05 
H11 .2745( 3 )  -. 1834 (8) .1682( 3) .05 
H12 .1315( 3 )  -. 1551 ( 8 )  .2288 (3 )  .05 


See Figure 1 for identity of the atoms. Numbers in parentheses are estimated standard deviations in the units of the 
For anisotropic atoms, the U value is Ues, calculated as Ueq = least significant digits for the corresponding parameter. 


( 1 / 3 ) ~ i ~ j U j j a i * a j * A i j ,  where Aij is the dot product of the ith and jth direct space unit cell vectors. 


in the crystal forms and indicate the atom numbering 
schemes used in this paper. Bond lengths and angles 
appear in Tables IV and V.I2 


Ignoring the Fe-Mn bond, the coordination around Mn 
is octahedral, with two terminal CO ligands in the equa- 
torial plane along with p-CH, and p-CO, and two terminal 
CO ligands axial. At the iron end of the molecule, again 


discounting the metal-metal interaction, the coordination 
may be described as roughly tetrahedral, with Cp, terminal 
CO, p-CH,, and p-CO in the four sites. The central 
four-atom group is folded about the Fe-Mn line (12.3' in 
form A and 14.8O in form B, average 13.6') in such a way 
as to relieve the nonbonded interactions between CO 
groups on the two metals. Thus, the distances C5-C3 = 







A Heterobinuclear Bridging Methylene Complex 


Table IV. Bond Lengths (A)  and 
Angles (Deg) in Form A" 


MN 
MN 
MN 
MN 
MN 
MN 
c1 
c1 
c1 
c1 
c1 
c1 
c1 
c1 
c 5  
c 5  
c 5  
c 5  
C6 
C6 
c7 
c7 
c7 
C8 
c1 
c1 
c1 
c1 
c1 
c1 
c2 
c2  
c2  
c 3  
c 3  
c4  
c4  
FE 
02 
03 
04 
05 
CJ 
c7 
C8 
C8 
FE 
FE 
FE 
c7 


FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
MN 
MN 
MN 
MN 
MN 
MN 
MN 
MN 
MN 
M N 
MN 
MN 
MN 
c1 
c2  
c 3  
c4 
c 5  
C6 
C6 
c7 
c7 
c7 
C8 
C8 
C8 


C8 *1 C8 


c1 
c 5  
C6 
c7 
C8 
CPM 
c 5  
C6 
c7 
C8 
CPM 
c1 *1 
c7 *1 
C8 *1 
C6 
c7 
C8 
C PM 
c7 
C8 
C8 
c7 *1 
C8 *1 
C8 *1 
C2 
c 3  
c4  
FE 
c1 *1 
c4 *1 
c 3  
c4 
FE 
c4 
FE 
FE 
c4 *1 
MN 
MN 
MN 
MN 
FE 
FE 
c7 *1 
FE 
CG 
C6 
c7 
C8 *1 
C8 *1 


01 C 1  *1 FE 
01 C 1  *1 MN 


1.927 ( 3 )  


1.759 


2.080 


2.106 


2.133 
2.087 


1.852( 6 )  


1.864 ( 6 )  


1.823 ( 3) 


1.128(8)  
1.133( 7 )  
1.143( 4)  
1 .150(7)  
1 .423(6)  


1.371 ( 7 )  


1 .363(6)  
1.097 ( 7 )  


Angle ---------- 
1-2-3 ---------- 


52.00 (10) 
98.71(12) 


17O.7( 2 )  
134.79(14) 
106.96( 10) 
146.2 ( 2 )  
90.6(2)  


128.41 ( 9 )  
92.7(2)  
90 .3(2)  


123.96(13) 
103.16( 1 4 )  
153.9(2)  
120.4(2)  
90 .6(2)  


147.88 ( 1 5 )  
115.1(3)  


39.7 ( 2 )  
64.3(2)  
37.7(2)  
65.8(2)  
6 3 . 7 ( 2 )  
37 .3(2)  
92.17(15) 
88.1 ( 2 )  
84.81 (13)  
46.70 ( 9 )  
92.70( 13) 


110.2(2)  


177.2( 2 )  
179.6(2)  
89.22(15)  
86.66( 12 j 
90.5(2)  
93.75(13)  


131.02( 10) 
97.65( 1 4 )  
81.30( 14 j 


177.3(4) 
177.8(4)  
178.1( 3 )  
178.5( 3 )  


71.1(2)  
107.1(5) 


72.2(2) 
106.7 ( 4 )  


69.2(2)  
70.1 ( 2 )  
71.4(2)  


109.7( 4 )  


138.5(3)  
139.6( 4 )  


See Figure 1 for identity of the atoms. Atoms iden- 
tified by the notation *1 have been transformed by the 
operation (x, 0.5 - y ,  2). Numbers in parentheses are 
estimated standard deviations in the units of the least 
significant digits for the corresponding parameter. 
designates the centroid of the five Cp carbons. 


3.010 (7) 8, in form A and C54!7 = 3.028 (7) A in form 
B put these groups a t  the outer limit of the collision di- 
ameter range of 2.75-3.00 A said to be appropriate for the 
van der Waals' interactions between carbonyls in binuclear 
c~mplexes. '~ The shortest nonbonded contacts between 


CPM 


(13) Kamrass, B. S.; Lohr, L. L. cited in ref 14. 
(14) Triplett, K.; Curtis, M. D. J.  Am. Chem. SOC. 1975,97,5747-5751. 
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Table V. Bond Lengths (A) and Angles (Deg) in Form Ba 
Atans 


1 2 3 


FE 
FE 
FE 
FE 
FE 
c1 
c1 
c1 
c1 
c1  
c2 
c2 
c 2  
c 2  
c3 
c3 
c 3  
c4 
c 4  
c5 
C6 
c1 
c1 
c1 
c1 
c1 
C I  
c1 
c1 
c1 
C2 
c2 
c2 
c2 
c 2  
c2 
c2 
c2 
c7 
c7 
c7 
c7 
C l  
c7 
c7 


CPM 
CPM 


C8 
CB 
C8 
C8 
CB 
c9 
c9 
c9 
c9 


c10 
c10 
c10 
c11 
c11 
c12 
c1 
c2 
c3 
c4 
c5 
C6 
c7 
MI4 
MN 
FE 
MN 
MN 
FE 
MN 
MN 
MN 
MN 
FE 
c9 
c9 


c12 
C l O  
C l O  


FE 
C l l  
c11 


FE 
c12 
c12 


FE 
FE 
FE 
ce 


MN 
MN 
MN 
MN 
MN 
MN 
MN 
MN 
MN 
MN 
MN 
MN 
MN 
MN 
MN 
MN 
MN 
MN 
MN 
MN 
MN 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
FE 
01 
02 
03 
04 
05 
06 
07 
c 1  
c1 
c1 
c2 
c2 
c2 
c3 
c4 
c5 
C6 
c7 
C8 
C8 
C B  
c9 
c9 
c9 


c10 
c10 
c10 
c11 
c11 
c11 
c12 
c12 
c12 


c1 
c2 
C3 
c 4  
c5 
c2 
c3 
c4 
c 5  
C6 
c3 
c 4  
c5 
C6 
c 4  
c 5  
C6 
c 5  
C6 
C6 
FE 
c2 
c7 


CPM 
C8 
c 9  


c10 
c11 
c12 
MN 
c7 


CPM 
C8 
c9 
GI0 
c11 
c1z 


MN 
CPM 


C8 
c9 


c10 
c11 
c12 


MN 


MN 
c9 


c10 
c11 
c12 


MN 
c10 
c11 
c12 


MN 
c11 
c12 


MN 
c12 


MN 
MN 


FE 
01 
01 
FE 
02 
02 
03 
04 
05 
06 
07 


c12 
FE 
FE 
FE 
C8 
C8 
FE 
c9 
c9 
FE 


C I O  
c10 


C8 
c11 
C l i  


Length 


1 - 2  
-- -_ -___  
- - - - - - - - 
2.6127( 9 )  


2.085( 5 )  


2.134 ( 5 )  


1.812(6) 


1.809 (6 )  


1.872(5) 
1.839( 7 )  
1.919( 5 )  


1.916( 5) 


1.789( 6 )  


I,. 748( 4 )  


2.122(5) 


2.099(4) 


2.112(4) 


2.144 ( 5 )  


2.149(5) 
1.137( IO) 


1.130(7) 
1.142(7) 
1.137( 7) 
1.136(9) 


1.122( 9 )  


i . i 4 2 ( n )  


1.420(7) 


1.420 ( 7 )  
1.420( 7) 


1.420(7) 


1.420( 8 )  


Angle 


1-2-3 
_-__--____ 
-_-__-_-__  


46.55(14) 
46.25( 13) 


128.3(2) 


91.8(2) 


131.3( 2 )  
93.19(13) 


174.5(3) 
85. I( 2 )  
87.8(2) 
90.6 ( 2 )  


175.1 ( 2 )  
85.9( 2 )  
94.7( 2 )  


90.6(3) 
91.0(3) 


82.8 ( 2 )  


100.2(2) 


90.212 
89. I (31  


178.3(3) 
86.2( 2 )  


104.4(2) 
90.7(2) 


122.3(2) 
88.9 ( 2 )  
99.0( 2 )  


136.6(2)  
153.3(2) 
115.9(2) 


52.09(  14)  
89.6 2 )  


1 2 9 . 4 ( 2 )  
154. I( 2 )  
118.9(2)  
88.5(2) 
93.9( 2 )  
5 3 . q  2 )  


139.6(2) 


88.0(2) 
113.0(2) 
151.112) 


119.812) 


122.2(2) 


101.2(2) 


99.9(2) 


137.8(2) 
39.3(2) 
65.7(2) 
65.2(2) 
38.8( 2 )  


111.29( 1 3 )  
39.4(2) 
6 5 . 6 ( 2 )  
65.5(2) 


144.15(15) 
39.0(2) 
65.2(2) 


168.65(14) 
38.6(2) 


129.69(13) 
105.24(12) 


B1.4(2) 
134. b ( 6 )  
143.8(6) 
80.1 ( 2 )  


134.9(5) 
144.4( 5) 
177.6(5) 
177.2(5) 
177.7(4) 
174.9(6) 
178.1(4) 


69.5(3)  
7 i .6 (3)  
70.8131 
108.0(4) 


71.2(3) 
71.7(2) 


108.0(4) 
69.8(2) 
70.9(3) 


108.0(4) 
69.3(3) 
69.5(3) 
70.5(3) 


108.0 ( 4 )  


108.0( 5 ) 


" See Figure 1 for identity of the atoms. Numbers in 
parentheses are estimated standard deviations in the units 
of the least significant digits for the corresponding 
parameter. 
carbons. 


carbonyl on Mn and Cp carbon on Fe are comfortable- 
C2-C8 = 3.206 (7) 8, in form A and C6-Cl2 = 3.117 (8) 
8, in form B. 


CPM designates the centroid of the five Cp 
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Both crystal forms contain disordered molecules of 1; 
as described above, this disorder has the effect that each 
bridging position is occupied (exactly in form A and nearly 
in form B) on average by half of p-CH, and half of p-CO. 
Such disorder in (p-CH,)(p-CO) complexes seems to be a 
common occurrence (e.g., (p-CH2)(p-C0)2Fe2(CO)615 and 
(p-CH2)(p-CO)Os2(CO)l~16), though not an invariable one 
(e.g., (p-CO)(p-CH2)(Me2Cp)2C0217 and (pCO)(p-CH2)- 
Cp2Fe2(C0)28). The only significant difference observed 
in the molecular structures in the two forms is a small 
rotation of the Cp ring in form B away from the symmetric 
conformation seen in form A. Of course, the disorder 
present in both forms, while permitting resolution only of 
the p-carbonyl 0 atoms and the p-methylene H atoms, 
implies lack of strict coincidence of the other atoms as well. 
Thus, the “thermal parameters” which are considerably 
higher for both crystal forms in, e.g., the carbonyl group 
and the Cp ring on Fe and the “axial” carbonyls on Mn, 
than would be expected a t  -110 ‘C, surely represent the 
effects of this disorder. Nevertheless, the principal me- 
trical details of this novel complex are sufficiently well 
determined to merit report and some comment. In par- 
ticular, the thermal ellipsoids of the bridging carbon atoms 
(Cl in form A and C1 and C2 in form B) are among the 
smallest and mast symmetrical in the structures, suggesting 
that, in fact, these two bridging groups do display, in this 
complex, very similar bond lengths and bridging angles. 
I t  is to be hoped that subsequent structural studies of 
well-ordered heterobinuclear p-CH, complexes will further 
clarify such details. 


The composite of bond lengths in the central four-atom 
fragment is quite consistent with generalizations which 
have been discussed both on experimental grounds by 
Herrmann et  al.2a7eJ9 and on theoretical grounds by 
Hoffmann et  aL20 The principal conclusions of those 
discussions which apply here are (1) that p-CH, is a quite 
good .rr acceptor, comparable to p-CO, (2) that bridging by 
stronger .rr acceptors such as CH, or CO serves to enhance 
the bonding in the bridge region, and (3) that the presence 
of a Cp ring in place of terminal CO ligands strengthens 
the bridge bonding, making the metal atom a better donor. 
The Fe-C(p) bond in 1 is very short (1.927 (3) A in form 
A and 1.919 (5) and 1.916 (5) A in form B, average 1.921 
A) compared to 2.015 (1) A in (p-CH2)(p.~-CO)2Fe2(C0)6,’~ 
which does not contain Cp (but in which the bridge pos- 
ition is disorderd (p-CH2)l:(p-CO)2) and to 1.987 (1) A in 
(p-CHMe)(p-CO)[CpFe(CO)]215p21 and 1.952 A (average of 
four) in (~-CO)(~-CHCO,-~-BU)[C~F~(CO)]~,~~ both of 
which contain Cp rings on Fe. By contrast the Mn-C(p) 
bond in 1 is longer (2.087 (3) A in form A and 2.085 (5) 
and 2.134 (5) 8, in form B, average 2.102 A) than the re- 
ported value of 2.014 A (av) in (p-CH,)[(MeCp)Mn(CO)],;” 
it compares favorably with the average Mn-COb) distance 


Gadol and Davis 


of 2.095 A in the asymmetric (2.037, 2.154 A) bridge in 
(p-CO)(p-GeMe,) [Mn(CO),l2,l4 which is apparently the 
only structurally characterized (p-CO)-Mn2 compound. 
This is, of course, consistent with the decreased availability 
of back-bonding electron density a t  metals on which the 
other ligands include only CO and not Cp. 


A further indication of the strengthened bonding in the 
bridging region is the remarkably short Fe-Mn distance 
(2.618 (1) A in form A and 2.613 (1) A in form B, 2.615-A 
average). This may be compared, among organometallics, 
to 2.84 A in the nonbridged Cp(C0)2FeMn(C0)5,23 2.848 
(4) A in (~-ASM~~)(CO),F~M~(CO)~~~~ 2.825 (5) A in (p- 
P P ~ , ) ( C O ) , F ~ M ~ I ( C O ) ~ , ~ ~  2.760 (4) A in (p-C=CHPh)- 
(C0)3FeMnCp(C0)2,26 and 2.742 (4) and 2.752 (4) A in the 
cluster compound PhP[ (CO)6Fe2MnCp(p-CO)2].27 The 
Fe-Mn bond observed in this work is, however, not as short 
as has been reported for certain alloys, cf. 2.559 A in 
Fe3Mn4Ge628 and 2.324 in Fe4Mn,,Si19.29 As has been 
carefully discussed by Bernal and Herrmann et a1.,2e ob- 
served Mn-Mn lengths (and, by implication, perhaps Mn 
bond lengths to other transition metah ?) are exceptionally 
sensitive to many features of their bonding environment, 
including the number and nature of bridging ligands. The 
present compound seems to be the only structurally 
studied bis bridged Fe-Mn compound, and both these 
bridges are quite good T acceptors. 


An additional feature of the bridging in this structure 
which requires comment is ita unsymmetrical nature. All 
previous (p-X)Fe-Mn structures have exhibited either 
Fe-X > Mn-X (viz., 2.33 (2) vs. 1.76 (2) A and 2.44 (2) vs. 
1.76 (2) A (semibridging carbonyls ?) in the cluster com- 
pound PhP[(CO)6Fe2MnCp(i-C0)2]27) or FeX = Mn-X 
(viz., 2.239 (6) vs. 2.257 (6) A in (p-PPh,)(CO),FeMn- 
(co)4;25 2.356 (3) vs. 2.350 (3) A in (p-AsMe,)- 
(C0)4FeMn(C0)424). In 1, the pattern is reversed, with 
Fe-C vs. Mn-C lengths of 1.927 (3) vs. 2.087 (3) A in form 
A and 1.919 (5) and 1.916 (5) vs. 2.085 (5) and 2.134 (5) 
A in form B (average Fe-C = 1.921 (4) vs. Mn-C = 2.102 
(4) A or Fe-C < Mn-C by 0.181 A). The origin of this 
variation may again be the electron-releasing effect of the 
Cp ring, since in the unsymmetrically bridged compounds, 
the shorter bond is to the metal atom carrying the Cp ring, 
while the p-P25 and p-As2, ligands symmetrically bridge 
two different M(CO), groups. This is substantiated by the 
pattern of bond lengths in the heterobinuclear complexes 
(p-C(OMe)(C6H,-Me-4))Pt(PMe3),W(CO),)(PMe,),4 (pC- 
(OMe)(Ph))Pt(PMe3)2W(C0)5,8 and (p-C(CO,Me)(Ph))- 
Pt(PMe3),Cr(CO),(PMe3),6 in which the shortest M-C(p) 
invariably involves the metal with the largest number of 
highly electron-releasing PR3 groups, their effect appar- 
ently overriding the covalent radii of the metal atoms. 


The Fe-C(p)-Mn angle in 1 averages 80.9 (2)’ (81.3 (I)’ 
in form A and 80.1 (2) and 81.4 (2)’ in form B), centered 
in the extreme range of 81 f 7’ cited in Herrmann’s re- 
view2” and within the 76-81’ range he describes as typical. 
Further, it coincides with the average value (80.9O) in Table 
VI1 of ref 2e for seven Fez, Co2, and Rhz structures. The 


(15) Meyer, B. B.; Riley, P. E.; Davis, R. E. Inorg. Chem. 1981, 20, 


(16) Churchill, M. R.; Wasserman, H. J. Inorg. Chem. 1982, 21, 


(17) Halbert, R. T.; Leonowicz, M. E.; Maydonovitch, D. J. J. Am. 
Chem. SOC. 1980,102, 5101-5102. 


(18) Korswagen, R.; Ah, R.; Speth, D.; Ziegler, M. L. Angew. Chem., 
Int. Ed. Engl. 1981,20,1049-1051. This structure report offers, however, 
only a thermal ellipsoid plot, and no quantitative data from which any 
detailed structural features may be inferred. 


(19) Clemente, D. A.; Rees, B.; Bandolo, G.; Biaggini, M. C.; Reiter, 
B.; Herrmann, W. A. Angew. Chem., Int. Ed. Engl. 1981,20, 887-888. 


(20) Shaik, S.; Hoffmann, R.; Fisel, C. R.; Summerville, R. H. J. Am. 
Chem. SOC. 1980,102,4555-4572. 
(21) Dyke, A. F.; Knox, S. A. R.; Naish, P. J.; Orpen, A. G. J. Chem. 


SOC.,  Chem. Commun. 1980, 441-442. 
(22) Herrmann, W. A.; Plank, J.; Bernal, I.; Creswick, M. 2. Natur- 


forsch. B: Anorg. Chem., Org. Chem. 1980, 358, 68C-688. 


3024-3029. 


825-827. 


(23) Hansen, P. J.; Jacobson, R. A. J. Organomet. Chem. 1966, 6, 


(24) Vahrenkamp, H. Chem. Ber. 1973,106, 2570-2579. 
(25) Vahrenkamp, H. 2. Naturforsch. B: Anorg. Chem. Org. Chem. 


(26) Andrianov, V. G.; Struchkov, Yu. T.; Kolobova, N. E.; Antonova, 
A. B.; Obezyuk, N. S. J. Organomet. Chem. 1976,122, C33-C36. 


(27) Huttner, G.; Frank, A.; Mohr, G. 2. Naturforsch. B: Anorg. 
Chem. Org. Chem. 1976,31B, 1161-1165. 


(28) Shoemaker, C. B.; Shoemaker, D. P. Acta Crystallogr., Sect. B 


(29) Malaman, B.; Roques, B.; Cortois, A.; Protas, J. Acta Crystallogr., 


389-398. 


1976,30B, 814-815. 


1977, B33, 743-754. 


Sect. B 1976, B32, 1352-1355. 
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H-C-H angle in form B was constrained in the refinement 
to be 109.5O, while its calculated value after the refinement 
of form A was 98 (9)O. However, these hydrogen positions 
are quite poorly determined, since they were refined as 
half-weight hydrogen atoms in the proximity (approxi- 
mately 0.8 A) of the disordered carbonyl oxygen, so no 
conclusions regarding H-C-H or M-C-H angles should be 
drawn from the results reported here. 


In the few structures in which metal geometry is such 
that one terminal CO group is clearly trans to p-CR, (where 
R can be H), patterns of M-C bond lengths seem to be 
emerging which suggest that pCR2 may be, in fact, a 
slightly poorer ?r acceptor than p-CO. For example, in 
three heteronuclear p-carbene complexes reported by Stone 
and co-workers, the following M-CO(termina1) bond 
lengths are seen: in (p-C(OMe)(C6H4-Me-4))Pt(PMe3)2W- 
(CO)4)(PMe3)eW-C0 trans to p-CR, = 1.96 (2) A, trans 
to PMe3 = 1.95 (l), and trans to CO = 2.02 (2) and 2.03 
(2) A; in (JL-C(OM~)(P~))P~(PM~~)~W(CO)~-W-CO trans 
to CR2 = 1.99 (1) A and trans to CO = 2.03 (l), 2.04 (11, 
2.06 (l), and 2.07 (2) A; in (p-C(COzMe)(Ph))Pt- 
(PMe3)2Cr(CO)4(PMe3)6-C~0 trans to p-CR, = 1.85 (4) 
A, trans to PMe3 = 1.75 (5) A (semibridging), and trans 
to CO = 1.86 (5) and 1.93 (5) A. Thus, in these complexes, 
M-CO trans to p-CR, tends to be shorter than M-CO trans 
to other carbonyls. Two features which complicate the 
extrapolation to comparison of pCR2 and p-CO are that 
(1) these complexes do not contain p-CO for direct com- 
parison and (2) these p-CR2 bridges all carry aromatic or 
0-containing substituents and may thus not be strictly 
comparable to p-CH2 or p-CR2 where R = alkyl. 


Further, though still not definitive, structural indications 
along these lines are seen in 1 and in (p-CH2)(p- 
CO)2Fe2(C0)6.15 In the latter structure, the small but 
perhaps marginally significant decrease in the Fe-CO- 
(terminal) bond lengths compared to those in Fe(CO)930 


was viewed as a consequence of strengthening the Fe-CO- 
(terminal) bonding due to the substitution of the slightly 
poorer n-acceptor p-CH2 for p-C0.l6 In similar fashion in 
1, the Mn-CO bonds trans to p-CH2/C0 are distinctly 
shorter (1.823 (3) A in form A and 1.809 (5) and 1.812 (6) 
A in form B, average 1.815 A) than those trans to terminal 
CO (1.852 (6) and 1.864 A in form A and 1.839 (6) and 
1.872 (5) A in form B, average 1.857 A). These latter values 
may be compared with, e.g., the values for the seven Mn- 
CO lengths not trans to Mn-Mn in the nonbridged Mn2- 
(CO)9(CPh(OMe))31-average = 1.847 A and range = 
1.832-1.856 A-in which the Mn-CO length trans to the 
(terminal) carbene is 1.979 (5) A. Unfortunately, due to 
the disorder present in both 1 and in (p-CH2)(pCO)Fe2- 
(CO)6,16 the terminal CO positions obtained by refinement 
are the weighted averages of those actually trans to p-CH2 
and those trans to p-CO, weighted as 1:l in 1 and as 1:2 
in the Fez structure. A careful determination of an ordered 
structure (preferably not involving Cp or phosphines-vide 
supra) in which one terminal CO is clearly trans to p-CH2 
and one is clearly trans to p-CO should help to clarify this 
point. 
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H-C-H angle in form B was constrained in the refinement 
to be 109.5O, while its calculated value after the refinement 
of form A was 98 (9)O. However, these hydrogen positions 
are quite poorly determined, since they were refined as 
half-weight hydrogen atoms in the proximity (approxi- 
mately 0.8 A) of the disordered carbonyl oxygen, so no 
conclusions regarding H-C-H or M-C-H angles should be 
drawn from the results reported here. 


In the few structures in which metal geometry is such 
that one terminal CO group is clearly trans to p-CR, (where 
R can be H), patterns of M-C bond lengths seem to be 
emerging which suggest that pCR2 may be, in fact, a 
slightly poorer ?r acceptor than p-CO. For example, in 
three heteronuclear p-carbene complexes reported by Stone 
and co-workers, the following M-CO(termina1) bond 
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apparently is a mononuclear copper carbonyl carboxylate, 
Cu(CO)(CF3C02), which has been prepared;8 however, it 
has not been structurally characterized. As pointed out 
by the authors,l the bridging bonding mode for carbon 
monoxide may facilitate its metal-promoted reduction. In 
view of the role played by copper(1) species in the present 
generation of heterogeneous methanol synthesis catalysts: 
this discovery has important implications in the under- 
standing of the mechanism of CO reduction and in the 
development of new, more efficient catalysts for this 
process. 


Because of the potential importance of these carbon- 
yl-bridged copper complexes, we initiated a study of the 
preparation, characterization, and reactions of these and 
some similar types of compounds. 


Doyle et al. 


and the (diamine)copper(I) halide complexes are formed 
by the simple addition of the diamine to the copper halide, 
there are few limitations as to the availability of the 
reactants in this method. 


The third synthetic route employs the direct reaction 
of the carboxylic acid with copper(1) oxide in the presence 
of the diamine and CO. 
Cu20 + 2RC02H + 2diamine + CO - 


C~~(CO)(diamine)~(0~CR)+(0~CR)- + H20 (3) 
Although the simplest procedure, this method of synthesis 
was not very useful in that it worked well only for formic 
acid. None of the three methods of synthesis will work 
in all cases, and the preferred method is best determined 
by trial and error. The success of a particular synthesis 
is often affected by a number of different reaction pa- 
rameters, including the choice of solvent, which often plays 
a crucial role. 


A considerable number of different dinuclear copper 
complexes with a bridging CO group have now been pre- 
pared containing a variety of diamine and carboxylate 
groups, indicating that these complexes represent a fairly 
large class. Although the synthesis of several complexes 
has been successful, not all possible combinations of lig- 
ands have been tried nor has every combination tried been 
successful. 


A variety of chelating diamines have been used including 
ethylenediamine (en), symmetrical and unsymmetrical 
N,N-dimethylethylenediamine (sden and uden), N,N,- 
N’,N’-tetramethylethylenediamine (tmed), N,N,N‘,N‘- 
tetramethylmethylenediamine (tmmd), N,N,N’,N’-tetra- 
methyl 1,3-propylenediamine (tmpd), N,N,N’,N’-tetra- 
ethylethylenediamine (teed), 2,2-bipyridyl, and 1,lO- 
phenanthroline. With the exception of tmmd, which did 
not yield any isolable carbonyl complexes, we could find 
no apparent restrictions as to the structure of the aliphatic 
diamines with respect to their ability to form the bridging 
carbonyl complexes, although we tried no diamines with 
very long bridging groups or with large or bulky substit- 
uents on the nitrogen. Aromatic diamines such as 2,2- 
bipyridyl or 1,lO-phenanthroline form only mononuclear 
Complexes with a terminal CO, such as Cu(bpy)CO+RCO,. 
As might be expected, preparations with monodentate 
aliphatic amines were not successful, but pyridine appears 
to form unstable complexes with bridging carbonyls which 
contain both 1 and 2 equiv of pyridine per copper. It is 
also interesting to note that the phosphorus analogue of 
tmed, bis(dimethy1phosphino)ethane (dmpe), did not form 
a complex with a bridging CO or in fact with any CO at 
all, but rather compounds of the type Cu(dmpe)RC02 were 
isolated. 


The carboxylic acids which form these bridging carbonyl 
complexes cover a fairly wide range of acidities (pK,’s from 
3.42 to 5.05) and steric characteristics; they include acetic, 
phenylacetic, trimethylacetic, p-nitrobenzoic, p-toluic, and 
formic acids. Very strong acids, especially the halogen- 
substituted acetic acids, tended to give mononuclear com- 
plexes with a terminal CO group of the type Cu(L2)- 
(CO)+RC&-. These complexes could usually be prepared 
either from Cu20 and the free acid or from a copper halide 
and the sodium or thallium carboxylate. In several cases, 
disproportionation reactions occur resulting in the de- 
position of copper metal and the formation of copper(I1) 
species. It is not certain if the complexes are formed but 
decompose due to their inherent instability or if the dis- 
proportionation occurs before the complex is formed. 


In addition to monocarboxylic acids, a number of other 
compounds which could potentially act as anionic bridging 
ligands were investigated. Among these compounds were 


Results and Discussion 
The method of synthesis employed for the 


(tmed)2Cu2(p-CO)(p-02CCeH6)+ species involved the re- 
action of copper(1) benzoate with N,N,N’,N’-tetra- 
methylethylenediamine (tmed) in methanol under a CO 
atmosphere and the subsequent precipitation of the cation 
as the tetraphenylborate salt (eq 1). Although this method 


2Cu(02CR) + 2diamine + CO - 
C~~(CO)(O~CR)(diamine)~+ + 02CR- 


C~~(CO)(O~CR)(diamine)~+ + BPh4- - 
C~~(C0)(0~CR)(diamine)~BPh~ (1) 


of synthesis works quite well for this particular compound, 
it is not a particularly useful general synthetic route mainly 
due to the nonavailability of the copper(1) carboxylates. 
In contrast to the benzoate and some substituted ben- 
zoates, other simple copper(1) carboxylates are much more 
difficult to obtain in useful quantities and are not very 
stable or easily handled.1° Two alternate methods of 
synthesis were developed which did not require the prep- 
aration of the intermediate carboxylates. The first and 
most general of the methods employs the thallium(1) 
carboxylates, which are stable and readily prepared from 
the free acid. The reaction of these T1 salts with (di- 
amine)copper(I) halide complexes under a CO atmosphere 
results in the formation of the dinuclear CO-bridged cat- 
ions as the carboxylate salts. 


2T1(02CR) + 2(diamine)CuX + CO - 
2T1X + Cuz(CO)(diamine)(02CR)+ + RC02- (2) 


The carboxylate salts can either be isolated as such or can 
be converted to other less soluble salts such as the tetra- 
phenylborate by simple metathetical reactions. Since most 
thallium carboxylate salts can easily be prepared from the 
carboxylic acids by the reaction with thallium(1) ethoxide, 


(2) Pasquali, M.; Marini, G.; Floriani, C. J.  Chem. Soc., Chem. Com- 
mun. 1979,937. 


(3 )  P y u a l i ,  M.; Marini, G.; Floriani, C.; Gaetani-Manfredotti, A.; 
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Carbonyl-Bridged Dinuclear Copper Complexes 


several dicarboxylic acids such as malonic acid, oxalic acid, 
terephthalic acid, and fumaric acid. The dicarboxylic acids 
could potentially react in a number of different ways; 
however, with the exception of oxalic acid, none of the 
dicarboxylic acids gave any signs of forming any kind of 
dinuclear copper complexes with a bridging CO group. 


If copper carbonyl oxalate CU~(CO)~(C~O~)  is contacted 
with an excess of tmed, an insoluble compound with the 
composition C ~ ~ ( t m e d ) ( C O ) ~ C ~ 0 ~  is obtained. In contrast 
to C U ~ ( C O ) ~ C ~ O ~  which has CO stretching bands at  2122 
and 2110 cm-l, the tmed adduct has two bands of equal 
intensity at  2080 and 1930 an-’. The latter is characteristic 
of a CO group bridging two coppers, whereas the 2080-cm-l 
band is typical of polyamine copper complexes with ter- 
minal C0’s.l1 Because of the insolubility of this material, 
very little can be said concerning its structure if it is indeed 
a single pure compound. 


An attempt to prepare a complex with a CO and thio- 
carboxylate as bridging groups failed. Although thallium 
thiobenzoate reacts smoothly with (tmed)CuI to give TI1 
and the resulting solution shows a strong IR absorption 
at  -2080 cm-l, no carbonyl-containing species could be 
isolated. Upon crystallization from the reaction mixture, 
only an uncharacterized orange solid was obtained. 


In order to determine how unique the carboxylate group 
is a t  forming dinuclear copper complexes with bridging 
carbonyls, we attempted the synthesis (using procedures 
similar to those employed in preparing the carboxylate 
derivatives) of complexes derived from @-diketones, cate- 
chols, tropolone, and squaric acid (1 ,2-dihydroxycyclo- 
butenedione). In contrast to the five-membered ring 
formed by the two coppers and the chelating carboxylate 
group, the @-diketones would be expected to form seven- 
membered rings and tropolone and catechol and squaric 
acid to form six-membered rings. With the exception of 
the squarate group, none of the above-mentioned poten- 
tially bridging ligands proved suitable for the formation 
of dinuclear copper complexes. Even catechol and its 
mono- and dichlorinated derivatives proved to be unsui- 
table. 


The reaction of copper(1) squarate with tmed under CO 
did lead to an interesting binuclear copper complex. When 
copper(1) squarate, which is formed as an insoluble tan 
solid by the reaction of squaric acid with Cu20 under CO, 
is treated with tmed under a CO atmosphere in methylene 
chloride, the solids rapidly dissolve, giving a clear yellow 
solution with infrared bands at  2070 and 1910 cm-’. On 
evaporation of a portion of the solvent and cooling, pale 
yellow brown crystals are formed which have the compo- 
sition C ~ ~ ( t m e d ) ~ ( C O ) C ~ 0 ~ 4 ! H ~ C l ~  The solid complex 
which has a single CO stretching band at  1908 cm-l ap- 
peared to be electrically neutral, in contrast to the cationic 
carboxylate derivatives. This plus the fact that additional 
bands were observed in the infrared at  1640, 1530, and 
1450 cm-l indicated that the squarate moiety was not 
symmetrically coordinated through all four oxygen atoms 
as is generally obemed. In order to confi i  this possibility 
and to compare the overall structure to that of the Cu2- 
( tmed)2( C0)O2CCGH5+ cation, a single-crystal X-ray 
analysis was undertaken. 


Figure 1 shows an ORTEP view of the molecule, and 
Tables I and I1 give a list of the bond lengths and selected 
bond angles. The presence of the bridging CO group is 
confirmed as is the chelating squarate moiety. In many 
respects, the overall geometry is quite similar to the ben- 
zoate derivative. Especially interesting is the similarity 
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Figure 1. ORTEP view of (tmed)&u2(CO)C404 showing the co- 
ordination about the copper atoms. 


Table I. 


Cu( 1)-Cu( 2) 
Cu( 1)-O( 1 )  
Cu(l)FN( 1 )  
Cu(u-N(2) . 
Cu( 1)-C( 5) 
CU( 2)-0(4) 
CU( 2)-N( 3) 
CU( 2)-N(4) 
Cu( 2)-C( 5) 
N( 2)-C(9) 
N( 2 1-c ( 10 ) 
N( 2)-C( 11 ) 
N( 3 )-C (1 2) 
N( 3)-C( 13) 
N( 3 )-C( 14) 
N( 4)-C( 15) 
N (4)-C( 16) 
N( 4)-C( 17) 


Interatomic Bond Lengths (A) 


2.422 (1) O(1)-C(l) 1.282 (5)  
1.964 (3) 0(2)-C(2) 1.224 (5) 
2.147 (4) 0(3)-C(3) 1.244 (5) 
2.129 (4) 0(4)-C(4) 1.277 (5) 
1.836 (6) 0(5)-C(5) 1.164 (6) 
1.974 (3) N(l)-C(6) 1.484 (6) 
2.189 (4) N(l)-C(7) 1.518 (6) 
2.104 (4) N(l)-C(8) 1.479 (6)  
1.860 (5) 
1.489 (6) C(l)-C(2) 1.467 (6) 
1.512 (6) C(l)-C(4) 1.401 (6) 
1.486 (6) C(2)-C(3) 1.466 (6)  
1.474 (7) C(3)-C(4) 1.462 (6)  
1 4 9 3  (7) C(8)-C(9) 1.507 (7) 
1.472 (7) C(14)-C(15) 1.504 (8) 
1.507 (7) 
1.485 (6) 
1.495 (7) 


of the Cu-Cu bond length (2.422 vs. 2.410 A) and the bond 
distances and angles associated with the bridging carbonyl 
group. This is particularly surprising in lieu of the dif- 
ference in charge and the “bite” of the chelating squarate 
as compared to the benzoate. The 0-0 distance of the 
oxygen atoms on the chelating groups is 2.19 A for the 
benzoate vs. 3.21 A for the squarate in these complexes. 


The geometric arrangement of the five groups bound to 
each copper is very irregular and does not fit a simple 
description. If one. neglects the Cu-Cu interaction, the 
light atoms form an approximately tetrahedral configu- 
ration about the copper. This lack of symmetry might be 
expected when the coordinating groups are all quite dif- 
ferent and a dl0 species with an essentially spherical 
electron distribution and nondirected orbitals is involved. 
There can be little doubt that a copper-copper bond is 
present in this complex: the Cu-Cu bond distance (2.422 
A) is considerably shorter than in copper metal (2.55 A)12 
or in CU~(CH~CO~)~-~H,O (2.65 A).13 


There are a few minor but distinct differences in the 
structures of the benzoate cation and the neutral squarate 
complex that can be predicted due to the difference in 
charge and steric requirements of the bridging ligands. As 
would be expected, the C-0 distance of the CO ligand is 
noticeably longer and the Cu-C distances are shorter in 
the neutral squarate complex as compared to those of the 
cationic benzoate. The tmed ligands also appear to be bent 


(11) Pasquali, M.; Floriani, C.; Gaetini-Manfredotti, A. Inorg. Chem. 
1980,19,1191. 


(12) Web, A. F. “Structrual Inorganic Chemistry”; Oxford University 
Press: Oxford, England, 1962; p 985. 


(13) Wells, A. F. ref. 12, p 881. 
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Cu( 2)-Cu( 1)-O( 1) 
CU( ~)-CU( 1)-N( 1) 
CU( ~)-CU( 1)-N( 2) 
Cu( 2)-Cu( 1)-C( 5) 
O( ~ ) - C U (  1)-N( 1) 
O( l)-Cu( 1)-N( 2) 
0(1)-C~(l)-C(5) 
N(l)-Cu(l)-N(2) 
N( l)-Cu( 1 )-C( 5) 
N( ~)-CU( 1)-C( 5) 


Cu(l)-N(l)-C(G) 
CU( 1 )-N( 1 )-C( 7) 
Cu(l)-N(l)-C(8) 
C( 6)-N( 1)-C( 7) 


C(7)-N(l)-C(8) 
CU( l)-N(2)-C(9) 
Cu(l)-N(2)-C(lO) 
Cu(l)-N(2)-C(Il) 
C( 9)-N( 2)-C( 10) 
C( lO)-N(2)-C(ll) 


0(4)-CU(2)-CU( 1) 


C(6)-N(1)4(8) 
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98.93 (10) 
126.67 (11) 
141.04 (11) 
49.50 (16) 
97.66 (15) 
96.28 (14) 
148.16 (19) 
86.07 (15) 
105.18 (22) 
107.01 (21) 
101.37 (9) 
11 5.52 (33) 
110.45 (32) 
100.92 (28) 
108.43 (40) 
111.00 (40) 
110.34 (39) 
103.53 (28) 
115.66 (331 
110.09 (31) 
107.59 (38) 
109.11 (44) 


Table 11. Interatomic Bond Angles (deg) 
CU( l)-Cu( 2)-N( 3) 
CU( l)-Cu( 2)-N(4) 


0(4)-C~(2)-N(3) 
0(4)-C~( 2)-N(4) 
0(4)-Cu(2)-C(5) 
N(3)-Cu( 2) -N( 4) 
N(3)4~(2)-C(5) 
N(4)-Cu( 2)-C( 5) 


Cu( 1)-Cu( 2)-C( 5) 


Cu( 1)-O( 1)-C( 1) 
Cu( 2)-O( 4)-C( 4) 
C(15)-N(4)-C(16) 
C( 15)-N( 4)-C( 17) 
C(16)-N(4)-C(17) 
N(3)-C(14)-C(15) 
N( 4)-C( 15)-C( 14) 
O(1 )-CU)-C(2) 
O( 1)-C( 1)-C( 4) 
C(2)-C(1) -c(4) 
0(2)-C(2)-C(1) 
O( 2 1-c ( 2 1-C ( 3 1 
C(l)-C(2)*(3) 


up and away from the squarate group and in addition the 
plane consisting of the eight atoms of the squarate group 
is twisted at  a considerable angle with respect to the Cu- 
Cu-CO plane. 


The squarate dianion, although almost rigidly planar, 
deviates from the symmetrical delocalized 


OxoZ- d ,’ \ \  ‘0 


structure in a direction approaching 


a diketocyclobutenediolate dianion. 
We have attempted, without success, the preparation 


of other complexes which would resemble the squarate 
derivative. Likely candidates were thought to be cate- 
cholates with a like charge and similar geometry to the 
squarate and tropolonates which are uninegative but have 
a similar chelating bite. In neither case were any well- 
defined products obtained from the reactions. 


In the preparation of the benzoate complex, the inter- 
mediate formation of a complex with a terminal CO group 
was observed and an intermediate with the composition 
[Cu(tmed)(CO)CH30H]+BPh4- was isolated.’ Although 
the mechanism of formation of the dinuclear derivatives 
are not known, it is clear that there are mononuclear 
copper complexes and free carboxylate groups in solution. 
We have also found evidence of complexes with terminal 
carbonyls in solution during the preparation of several 
other dinuclear carboxylate complexes. Indeed, solutions 
from which the dinuclear complexes with a bridging CO 
are crystallized generally contain only low concentrations 
of the bridging CO complexes, as evidenced by the infrared 
spectra. In most cases the absorption of these solutions 
in the terminal CO region (approximately 2080 cm-’) is 
several times that of the bridging CO region. 


Once isolated, the complexes are only fairly stable as 
solids, although the stability is very dependent on the exact 
composition of the complex. Most of the complexes slowly 
decompose on standing and are rapidly oxidized in air. In 
general, it appears that the neutral squarate complex is 


111.22 (13) 
150.00 (12) 
48.64 (17) 
99.52 (16) 
99.73 (15) 
146.25 (20) 
85.84 (17) 
105.75 (23) 
104.02 (21) 
123.55 (30) 
120.63 (29) 
112.98 (49) 
106.10 (43) 
106.31 (45) 
112.46 (48) 
109.32 (46) 
133.39 (43) 
134.96 (43) 
91.64 (36) 
136.41 (44) 
135.39 (43) 
88.19 (36) 


C( 9)-N( 2)-C( 11) 


N( 2)-C( 9)-C(8) 
CU( 2)-N( 3)-C( 12) 
CU( 2)-N( 3)-C( 13) 
CU( 2)-N( 3)C( 14) 
C( 12) -N(3)-C( 13) 
C( 12)-N(3)-C(14) 
C( 13)-N(3)6( 14) 
CU( 2)-N(4)-C( 15) 
CU( 2)-N(4)-C( 16) 
CU( 2)-N(4)-C( 17) 
O( 3)-C( 3)-C( 2) 
O( 3)-C( 3)-C( 4) 


O( 4)- C( 4)-C( 1) 


N(1 )-c(8 )-C(9) 


C(2)-C(3)-C(4) 


0(4)4(4)-C(3) 
C( 1)-c(4)-c(3) 
Cu( 1) C( 5)-Cu( 2) 
Cu( l)-C(5)-0(5) 
CU( 2)-C( 5)- O( 5) 
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110.69 (43) 


110.75 (37) 
112.51 (36) 
111.32 (34) 
101.31 (33) 
108.24 (46) 
112.44 (47) 
110.97 (48) 
104.55 (32) 
109.79 (31) 
117.25 (34) 
136.09 (44) 
134.64 (46) 
89.26 (36) 
134.68 (42) 
134.42 (43) 


81.86 (23) 
140.70 (45) 
137.43 (46) 


109.91 (39) 


90.90 (37) 


more stable than the cationic carboxylate derivatives. The 
tetraphenylborate salts of the cations tend to be more 
stable than the carboxylate salts which are often the initial 
product isolated. Diamines in which the nitrogens are fully 
substituted, such as tmed, tend to form more stable de- 
rivatives than those derived from partially or unsubstituted 
diamines. The nature of the bridging carboxylate groups 
also has a large effect on the ease of formation and stability 
of the complexes. Those derived from formic acid and 
trimethylacetic acid are less stable than the acetates which 
are in turn less stable than the benzoate or substituted 
benzoates. 


Except for the neutral squarate derivatives, these com- 
plexes are almost totally insoluble in nonpolar solvents. 
In polar solvents, the complexes are converted slowly to 
species with no bridging carbonyls as evidenced by the 
disappearance of the CO stretching band at  -1900-1950 
cm-’ and the appearance of a new band in the 2060- 
2080-cm-l region. It is not certain at this time whether the 
process involves the complete dissociation of the complex 
into mononuclear species or if it just involves a solvent 
interaction which breaks the Cu-Cu bond as shown in eq 
4. This process appears to be only partially reversible in 


+ n + 


b o  
\c/ 


I 
R 


\c/ 
I 
R 


that only a portion of the bridging CO complex can be 
recovered after conversion to the terminal species. This 
is most likely due to a gradual loss of CO from the solution 
after prolonged periods resulting in species containing no 
carbonyl groups at  all. 


Experimental Section 
Reagents. All reagents obtained from commercial sources were 


high purity materials and were used without further purification. 
Tetrahydrofuran and diethyl ether were distilled from lithium 
aluminum hydride, methylene chloride was distilled from PzOs, 
and pentane was distilled from sodium. The thallium(1) car- 
boxylate salts were prepared by the reaction of equivalent amounts 
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of thallium(1) ethoxide and the carboxylic acid in benzene. 
Analysis. Elemental analyses were carried out by either 


Galbraith Analytical Laboratories or by the Analytical and In- 
formation Division, Exxon Research and Engineering Co. The 
data are summarized in Table 111. 


Infrared spectra were recorded in solution or as Nujol mulls 
and were calibrated by comparison with the spectrum of poly- 
styrene film. A Perkin-Elmer Model 283 spectrophotometer was 
used. 


Preparation of the Complexes. The method of synthesis of 
the individual complexes is given in Table 111. These three 
methods are illustrated by the following examples: 


Method A. Preparation of (tmed)2Cu2(CO)C404~CH2C12. 
A steady stream of CO was bubbled through a suspension of 2.0 
g (8.35 mmol) of CuzC404 in 75 mL of CH2C12 for 10 min. Tet- 
ramethylethylenediamine (1.94 g, 16.7 mmol) was then added, 
and after a 2-h period the solids were almost completely dissolved, 
giving an almost clear brown solution. The solution was filtered 
to remove a small amount of residual solid, and the filtrate was 
reduced to a third its volume on a rotary evaporator, yielding a 
tan solid. This was recrystallized from a methylene chloride- 
pentane mixture, giving 3.0 g (61%) of tan crystals. 


Method B .  Preparation of (tmed)&u2- 


(CO)(02CC6H5)+(C6H5)4-. A suspension of 1.75 g (9.2 mmol) of 
CUI in 75 mL of methylene chloride was stirred for 30 min under 
CO, and then tmed (1.07 g, 9.2 "01) was added and the mixture 
stirred for an additional 20 min. To the resulting clear solution 
was added 3.0 g (9.2 mmol) of T1O2CC6H5, and the resulting 
mixture was stirred under CO for 30 more min. The mixture was 
filtered through a fine glass frit, yielding 3.03 g of T11 (100% 
recovery). The filtrate could then be reduced to one-third its 
volume, and upon addition of 100 mL of pentane crude 
(tmed)2C~2(CO)(02CC6H5)+(02CC6H5)- could be precipitated. 
Altematively, if N&(C$Id4 (1.57 g, 4.6 "01) was added in small 
portions to the filtrate over a 10-min period, a precipitate of 
NaO2CC$I5 gradually forms. This can be filtered off after 30 min 
and the clear filtrate evaporated to dryness on a rotary evaporator, 
yielding a pale green residue. Washing the residue several times 
with pentane resulted in the recovery of 3.7 g (97%) of a pale green 
product. 


Method C. Preparation of (tmed)2Cuz(CO)(02CH)+B- 
(C6&)4-. A suspension of CuzO (2.0 g, 14 mmol) in 100 mL of 
THF solution containing 3.25 g (28 mmol) of tmed was stirred 
under CO for 20 min followed by the dropwise addition of a 
solution containing 1.29 g (28 mmol) of formic acid in 25 mL of 
THF. N&(C6H5)( (4.78 g, 14 mmol) was slowly added to the 
suspension, and the resulting mixture was stirred an additional 
30 min under CO. The mixture was then filtered removing 1.25 
g of white solids consisting mainly of Na02CH. The filtrate was 
evaporated, and the resulting pale green residue was washed with 
several portions of pentane yielding 9.9 g (94%) of dry product. 


Preparation of CU~(CO)~(C~O~) .  A suspension of 2.52 g (0.02 
mol) of oxalic acid in 50 mL of THF was added to a suspension 
of 2.86 g (0.02 mol) of copper(1) oxide in 75 mL of THF while 
a stream of CO was passed through the mixture. After several 
hours the red color of the oxide disappeared and a gray solid was 
formed which after 16 h had turned white. The reaction was 
allowed to continue for an additional 2 h, and then the suspended 
solids were collected on a glass frit, washed with several 25-mL 
portions of ether, and dried. The yield was quantitative. Anal. 
Calcd for C&u206: c ,  17.71; H, 0.00. Found: c ,  17.60; H, 0.29. 


Reaction of C U ~ ( C O ) ~ ( C ~ O ~ )  with tmed. A mixture of 1.17 
g (0.043 mol) of C U ~ ( C O ) ~ ( C ~ O ~ )  and 1.00 g (0.0086 mol) of tmed 
in 50 mL of THF was stirred for 16 h at room temperature while 
a steady stream of CO was passed through the solution. The solid 
was filtered off, washed with five 25-mL portions of pentane, and 
vacuum dried. The yield of gray solid was 1.25 g (75%). Anal. 


Found: C, 30.55; H, 4.14; N, 7.99; Cu, 32.31. 
Attempted Preparation of C ~ ~ ( C O ) ( d m p e ) ~ C ~ 0 ~ .  A sus- 


pension of 1.0 g (4.18 mmol) of Cu2C404 in 50 mL of methylene 
chloride was stirred under a CO atmosphere while 1.25 g (8.34 
mmol) of dmpe was slowly added. After approximately 2 h the 
solid material had almost completely dissolved. The solution was 
filtered, but the clear filtrate showed no evidence of any carbonyl 


(C0)(0zCC6H5)+02CC6H5- and  ( tmed)&u2-  


Calcd for C&&UzNzO6: C, 30.98; H, 4.13; N, 7.23; CU, 32.81. 
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Table IV. Atomic Coordinates for (tmed),Cu,(CO)C,O;CH,Cl, 


Doyle et al. 


atom X Y z atom X Y z 


Cu(1) 0.61598 (5)  0.2473 (1) 0.16365 (8) 
Cu(2) 0.60439 (5)  0.1457 (1) 0.33553 (8) 


Cl(1) 0.3981 (3)  0.4548 (4) 0.5109 (3)  
Cl(2) 0.3975 (3) 0.5043 (4) 0.2816 (3)  


O( 1) 0.5225 (2)  0.2269 (6) 0.0728 (4)  


O(3) 0.3435 (3) 0.1349 (7) 0.2236 (5)  
O(4) 0.5057 (2) 0.1595 (6)  0.3203 (4)  
O(5) 0.7374 (3) 0.2238 (9)  0.3355 (6)  


N ( l )  0.6254 (3) 0.4462 (6)  0.1374 (5)  
N(2) 0.6638 (3) 0.2224 (6) 0.0282 (5)  


N(4) 0.6374 (3)  0.1208 (7) 0.5114 (5)  
C( 1) 0.4723 (4)  0.2003 (7) 0.1149 (6)  
C(2) . 0.3990 (4)  0.1891 (7) 0.0668 (6)  


O( 2) 0.3604 (3)  0.1998 (7)  -0.0269 (5)  


N(3) 0.6133 (4)  -0.0596 (7) 0.3246 (6)  


absorption in the infrared. An air sensitive white solid was ob- 
tained upon partial evaporation of the solution and cooling to -20 
"C. 


Attempted Preparation of CU~(CO)(OSCC~H~(~~~~)~+- 
OSCC$l;. A solution of (tmed)CuI was prepared by the addition 
of 1.12 g (5.88 mmol) of CUI and 0.68 g (5.85 mmol) of tmed to 
75 mL of methylene chloride under a CO atmosphere. To this 
stirred solution was added 2.Og (5.86 "01) of T~(OSCC&H,), and 
the mixture was stirred under CO for 15 min and fdtered. A 1.96-g 
sample of T1I was recovered and the orange filtrate showed a 
moderately strong infrared band at 2070 cm-'. Upon evaporation 
of the solvent 1.70 g of orange solid was obtained which no longer 
showed any infrared absorption in the CO stretching region. 


X-ray Diffraction Data. An irregularly shaped yellow crystal 
of the (tmed)zCuz(CO)C404~CHzC1z complex of approximate di- 
mensions 0.5 X 0.5 X 0.5 mm3 was selected for the x-ray exam- 
inations. An Enraf-Nonius CAD4 diffractometer was employed 
for data collection, using Mo Ka radiation (A = 0.71073 A). 
Initially, 25 reflections were automatically located and centered; 
when these reflections were indexed at  23 "C, a monoclinic unit 
cell with dimensions of a = 20.329 (8) A, b = 10.594 (1) A, c = 
12.213 (5) A, and 6 = 104.14 (33)" was obtained. 


Data were collected in the range 0" < 8 < 25" utilizing the 
diffractometer in an u-28 scan mode with a variable scan rate 
of 4"-20° min-'. The scan of each intensity was begun 0.6" below 
the Kal angle and terminated 0.6" above the Kaz  angle, with a 
total background counting time equal to half the scan time and 
evenly divided on ealh side of the reflection peak. In all, 4985 
diffracted intensities were collected -2625 of th6 total were 
considered to be observed with F, > 2a(n. There were three 
reflections monitored throughout the data collection at periodic 
intervals to ensure that the crystal was not deteriorating, and no 
significant intensity changes were observed. 


Consideration of the systematic absences OkO, k odd, and h01, 
h odd, led to the space group determination of R 1 / a  with 
equivalent positions *(x, y ,  z )  and W / 2  - x, l / 2  + y, z). A 
calculated density of 1.522 g cm-3 was obtained by using a unit 
cell volume of 2551 A3, 2 = 4, and a formula weight of 584.48 g 
mol-' for CuzC1z05N4Cl~Hw Absorption corrections were not 
made on the data since the inspection of the psi scan data revealed 
the effect to be minimal (pR = 0.44). 


The positions of the two copper atoms in the complex were 
found through interpretation of a Patterson Fourier synthesis. 
The remaining non-hydrogen atoms were identified in subequent 


0.3915 (4)  
0.4649 (3)  
0.6798 (4) 
0.6841 (5) 
0.5612 (4)  
0.6327 (4)  
0.6851 (4)  
0.7275 (4)  
0.6144 (5) 
0.6731 (5)  
0.5517 (5)  
0.6186 (6)  
0.6648 (5) 
0.5798 (4)  
0.6936 (5) 
0.4082 (6) 


0.1592 (8) 
0.1711 (7)  
0.2117 (9)  
0.5068 (9)  
0.5147 (9) 
0.4477 (8) 
0.3525 (8) 
0.1402 (9)  
0.1716 (10) 


-0.0982 (10) 
-0.1156 (10) 
-0.0972 (10) 
-0,0119 (10) 


0.1408 (13) 
0.2040 (11) 
0.3896 (11) 


0.1802 (6)  
0.2232 (6)  
0.2947 (7) 
0.2147 (8) 
0.1454 (8) 
0.0198 ( 7 )  
0.0061 (7)  
0.0538 (9 )  


0.2844 (9)  
0.2476 (10) 
0.4425 (8) 
0.5256 (8) 
0.5645 (7)  
0.5735 (8) 
0.3844 (9)  


-0.0724 (8) 


difference Fourier analym-altemated with cycles of least-squares 
refinement. Anisotropic thermal parameters were applied to all 
thirty-one atoms, and a full-matrix least-squares refinement with 
281 variables, including the scale factor, an extinction coefficient, 
and 2625 observations, converged to residuals of R1 = 0.0497 and 


The quantity minimized in the least-squares refinement was 
w(lF,I - IF$, where w = U(F,)-~ and u(F,) = u(l)/21FoJLp, where 
L and p are the Lorentz and polarization corrections. The form 
of the extinction correction that was applied is lFcl (1 + gZJ-', 
where the parameter g was refied and converged to 8.927 x lo4. 
The final residuals were R1 = 0.0497 and Rz = 0.0598, where R2 
= [xw(lr;bl- ~cF,1 )2 /~w(Fo12]1 /2 ,  based on a data-&parameter ratio 
of 9.3:l. Unit weights were used in the least-squares refinement, 
and the error in an observation of unit weight was 2.914, with al 
the parameter shifts leas than their estimated standard deviations. 
(Sin 8)A-I rejections were made on reflections where 0.07 > (sin 
0)A-I > 0.99 in order that those reflected with asymmetric 
backgrounds due to interference with the beam stop on the 
diffractometer may be eliminated. The final difference Fourier 
synthesis yielded a uniform background of -0.25 elg-9 throughout 
the unit cell. Table IV gives a list of the atomic coordinates. 
Tables of the thermal parameters and the structure factor am- 
plitudes are given as supplemental material. 


Registry No. (tmed)zCuz(CO)(0zCC6H5)+B(C6Hs)4-, 75812- 
17-8; ( t m e d ) 2 C u z ( C O ) ( O z C C 6 H s ) + ~ z ~ ~ 6 ~ ~ - ,  83376-24-3; 
(en)zCuz(CO)(0zCC6Hs)+0zCC6Hs-, 83312-00-9; (tmed)&uz- 
(C0)(0zCH)+B(C6Hs)4-,  83312-02-1; (tmed)zCuz- 
(C0)(O2CCH3)+O2CCH3-, 83312-10-1; (tmed)zCuz(CO)C404. 
CHZClz, 83312-06-5; (tmed)zCuz(CO)OzCC(CH3)3+B(C6H5)4-, 
83312-08-7; (tmed)zCuz(CO)(OzCCHzC6Hs)+OzCCHzC6H5-, 
83312-12-3; (tmed)zCuz(CO)(OzCC6H4~~3)+~z~~6~4~H3-, 


( p y ) 4 C u z ( C 0 ) ( 0 z C C 6 H ~ ) + ~ ~ ~ ~ 6 ~ s - ,  83312-16-7; (tmed)Cuz- 


(C0)(0zCC6H5)+02CC6H5-, 83312-18-9; (teed)&uz- 
(C0)(0zCC6Hs)02CC6Hs-, 83312-20-3; (sden)&uz- 
(C0)(02CC6HS)+02CC6Hs-, 83312-22-5; (uden),Cuz- 
(C0)(0zCC6H5)+02CC6Hs-, 83312-24-7; (tmpd)2Cuz(CO)C404, 
83312-25-8; (teed)2Cu2(CO)C404, 83312-26-9. 


Supplementary Material Available: Tables of the thermal 
parameters and the structure factor amplitudes (26 pages). 
Ordering information is given on any current masthead page. 


Rz = 0.0598. 


83333-38-4; (~~~~)~CU~(CO)(O~CC$I~NO~+B(C~~)~, 83312-14-5; 


(CO)(OzCCH3)+02CCH3-, 83312-04-3; ( p y ) z C ~ z -  
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The cobalt(II) halide coordination chemistry of six macrocyclic (11-, 13-, and 1Cmembered) ligands (MC) 
containing the 1,2-bis(phenylphosphino)be~ne moiety and, with one exceptioh, at least one other potential 
ligating site (oxygen or nitrogen) has been studied. Four different types of complexes have been isolated, 
depending on the reaction conditions and the MC. If the stoichiometry 1:0.5 (MC:CoHa12) is used, type 
I complexes are formed kinetically, which are trans octahedral (MC)2CoHa12 species with elongated Co-Hal 
bonds (shown by single-crystal X-ray crystallography for the bromide), as would be expected for a 19-electron 
system. The thermodynamic product (type 11) with the 1:0.5 stoichiometry is either [(MC),Co]2Hal or 
[(MC)2CoHal]Hal, with the evidence favoring the former, since the 31P NMR and electronic spectra are 
independent of the halogen. The type I and I1 materials are formed if the additional ligating site in the 
MC is ineffectual, e.g., aryl N, aryl 0, or ether 0, which forms seven-membered chela;tes. If 1:l stoichiometries 
are utilized, type III species are produced that are [(MC),Co] [CoHalJ, which feature W absorptions identical 
with those for type I1 species but which differ in the visible region. When the MC is 11-membered and 
contains either NMe (11-P2NMe) or 0 (11-P20), type IV complexes are formed, with the stoichiometry 
(MC)CoHa12 and electronic spectra similar to those for known (tridentate ligand)CoHa12 complexes. The 
type IV species may be transformed into type I complexes at rates which depend on MC (11-P20 > 
11-P2NMe), halogen (C1> Br I), and solvent (CH2C12 > THF). 


The synthesis of a number of tertiary phosphine-con- 
taining macrocycles has been described by several groups 
in recent years.2 Some reports of transition-metal com- 
plexes of these species have also a p ~ e a r e d . ~  We now 
report detailed studies of the complexation of cobalt(I1) 
halides by several members of this type of macrocyclic 
ligand in which we show the effect of ligand structure as 
well as ligand nucleophilicity on complexing ability. 


l,x = CH, (11-P,) 5 (13-P,0) 
2a, X = NPh ( l l -P,NPh) 
2b, X = NC,H,Br-p 


4, X = NMe (ll-P,NMe) 
3, x = 0 ( ll-P,O) 


6 ( 14-P,0,) 


All of the ligands described here contain the cis-1,2- 
bis(alkylphenylphosphin0) benzene moiety, which is quite 
rare in transition-metal coordination ~hemis t ry .~  The 
known chelating diphosphine-CoC12 complexes fall into 
four general classes: (a) tetrahedral 1:l complexes, (P2)- 
C O C ~ ~ ; ~  (b) &coordinate 2 1  complexes, [ (P2),CoCl]+Cl-;k6 
(c) square-planar 2 2  complexes, [(P2)2Co]2+[CoCl~J2-;7~ and 
(d) 5-coordinate 1:l complexes, when the diphosphine 
ligand contains a third coordination site, (P&)CoClPsb For 
example, the ligand 1,2-bis(diphenylphosphino)ethane 


'Dedicated to the memory of Professor Rowland (Rolly) Pettit, 
a close friend and valued colleague. 
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gives complexes of the types a-cSaS6 while 1,2-bis(di- 
pheny1phosphino)benzene forms only complexes of type 
c . ~ ~  With diphosphine ligands of the  type 
(Ph2PCH2CH2)X, type a complexes are formed when X 
= 0, while type d complexes are formed when X = NH 
or NMe.& With one exception,2c there are no known oc- 
tahedral complexes of Co(I1) which involve four phosphine 
ligands, and the unique case involves a macrocycle con- 
taining four phosphino and two ether sites highly favorably 
disposed for an octahedral complex. This paper presents 
evidence for the formation of metastable octahedral com- 
plexes of the type (P2),CoHa12 and their thermally acti- 


' 


(1) Part 12 of Phosphinomacrocycles. Part 11, see: Fox, M. A.; 
Campbell, K. A.; Kyba, E. P. Inorg. Chem. 1981,20,4163. 
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Table I. Elemental Analyses for the  Various (Macrocycle)cobalt(II) Halide Complexes 


% C  % H  % halogena 


calcd found calcd found calcd found 


(3)CoBr,.( CHCl, )' 
(3)CoI2.( CHCI,)' 
(~)COC~,*(CHCI, ) '  
(4)CoBr;( CHC1,)' 
( 4 )CoL 


63.50 
65.51 
61.22 
62.59 
6 2.00 
55.56 
54.94 
54.91 
54.14 


59.46 
54.58 


57.71 
56.79 


41.09 
36.41 
47.70 
42.00 
41.81 


Type 1 
63.48 
65.71 
61.20 
62.68 
61.98 
55.44 
54.87 
54.81 
54.05 


Type I1 
59.38 
55.10 


Type I11 
57.47 
56.84 


Type IV 
40.57 
36.98 
47.08 
42.48 
41.71 


6.50 
6.05 
5.89 
6.36 
5.81 
6.06 
4.61 
5.16 
5.24 


5.57 
4.58 


5.42 
4.76 


3.72 
3.30 
4.62 
4.07 
4.07 


6.49 
6.52 
6.41 
6.28 
5.91 
5.89 
4.77 
5.24 
5.33 


5.94 
4.80 


5.64 
5.32 


3.69 
3.40 
4.64 
4.15 
4.16 


7.53 


14.79 
24.37 
23.21 
22.00 


14 .51  


21.87 


27.08 
21.49 
35.34 


7.18 


14.62 
24.10 
23.48 
22.02 


14.45 


22.48 


27.23 
22.34 
35.22 


sence of chloroform was confirmed by 'H NMR spectroscopy 


vated conversions into several other species. 


Results 
Complexations by Macrocycles Exhibiting Only 


Bidentate Behavior. The reactions described below have 
led to the isolation of three different complexes, depending 
on the reaction conditions. Reaction of ligands 1-3,5, or 
6 with 0.5 equiv of CoC12-6H20 in tetrahydrofuran or 
tetrahydrofuran-ethanol solutions gave yellow complexes 
(type I, A,, 325 nm (t 1.7 X lo4 M-' cm-9) which pre- 
cipitated as amorphous powders. A similar reaction with 
anhydrous cobalt(I1) chloride gave microcrystalline yellow 
precipitates with the same UV spectra. Dissolution of 
either material in dichloromethane led to ita transforma- 
tion into a complex with A- 356 nm (t 1.7 X 104 M-' an-'), 
and an isosbestic point was observed a t  337 nm. Evapo- 
ration of dichloromethane from the latter complex gave 
brown glasses, which upon crystallization from hot chlo- 
roform-hexane gave green crystals (type I1 complex) with 
A, 356 (e 1.7 X 104 M-' cm-') and 600 nm (t 1.4 X 102 M-' 
cm-'). 


The rate of the 325 - 350 nm transformation was found 
to be a function of the macrocycle: 14-P202 > 13-P202 = 
11-P2NPh > 11-P2 = 11-P20. The half-lives for the re- 
actions, as crudely determined by the time required for 
the two peaks to reach equal intensity, ranged from less 
than 1 min for the 14-P202 complex to about 30 min for 
the 11-P2 species. The solvent also plays a role in this 
transformation; for example, the 11-P2 species has half- 
lives of about 15 h in methanol or acetonitrile, as compared 
to  15 min in dichloromethane. 


When anhydrous cobalt(I1) bromide (0.5 equiv) was 
reacted with the above-described macrocycles, analogous 
results were obtained, except with 3 (11-P20), which gave 
a purple complex (vide infra). The initially formed yel- 
low-green (type I) complexes exhibited absorption maxima 
a t  310 nm (6 5.4 X lo2 M-' cm-'). These complexes un- 
derwent transformation into materials with A,, 356 nm 
(t 1.7 X lo4 M-' cm-') but a t  much reduced rates relative 
to the chlorides; the (1),CoBr2 species had a half-life of 12 


Halogen analysis is for  tha t  associated with the metal. Presence of water was confirmed by IR spectroscopy. Pre- 


h in boiling dichloromethane as opposed to 30 min at room 
temperature for the corresponding chloride. As with the 
chlorides, the bromide complexes were isolated as brown 
glasses upon removal of dichloromethane and crystalliza- 
tion from hot chloroform-hexane gave green crystalline 
(type 11) materials with UV-vis spectra essentially the 
same as those described for the chloride complexes. 


The complexation with cobalt(I1) iodide hexahydrate as 
described above for the bromide gave initially orange 
microcrystalline species [A, at 312 (t 2.9 X lo3 M-' cm-') 
and 725 nm (t 1.0 X 103 M-' cm-')]. A purple complex was 
obtained with 11-P20 (vide infra). The subsequent be- 
havior of the orange complex was essentially identical with 
the corresponding bromide complexes. 


The combustion analytical data (Table I) for the type 
I complexes are in accord with the formulation 
(MC)2CoX2.(H20),, where MC = macrocycle and n is the 
range 0-4.5, and the green type I1 complexes were in 
agreement with the (MC)2CoC12.(CHC13), formulation. 


The reaction in tetrahydrofuran of the above-described 
macrocycles with 1.0 equiv of cobalt(II) chloride or bromide 
gave green crystalline materials after removal of solvent 
and recrystallization from chloroform-hexane. The UV 
absorption spectra were identical for all the halides, A,, 
356 nm (E 1.7 X lo4 M-' cm-' ) but differed in the visible 
region (Table 11). The combustion analyses were con- 
sistent with the formulation [(MC),Co] [CoHa14]4CHC13), 
(Table I). 


Complexations by Macrocycles Exhibiting Triden- 
tate Behavior. The reactions of 3 and 4 with the co- 
balt(I1) halides in THF led to the isolation of burgundy 
to purple powders or microcrystalline materials (type IV) 
which after recrystallization from chloroform-hexane had 
elemental compositions (Table I) consistent with the 
formulation (MC)CoHa12.(CHC1&. The electronic spectra 
of these complexes were quite different from those of type 
1-111 complexes, with a major absorption in the 510-535- 
nm region ( E  -lo3 M-' cm-'). 


The type IV materials may be transformed into type I 
species in the presence of excess ligands, and the process 
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Table 11. Ultraviolet-Visible Absorptions and Effective 
Magnetic Moments for Various (Macrocycle)cobalt(II) 


Halide Complexes 
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UV-vish nm 
( e ,  M-I geff 1 NE 


Type 1 
(MC),CoCl, 320 (1.7 X lo4)  2.1 (MC= 7 )  
(MC),CoBr, 


(5 .4  x 10') 
(MC),CoI, 312 (1.9 x lo4),  456 2.3 (MC = 1) 


(1.0 x 103) 


Type II 


310 (1.8 X lo4) ,  410 
(1.8 X lo3),  710 


(2.9 X lo'), 725 


(MC),CoX, b p c  356 (1 .7  X lo4), 2.9,d 3.3e 
600 (1.4 X 10') 


Type I11 
[(MC),Co][CoCl4lb 356 (1.7 X lo4) ,  575 4.0 (MC = l),  


[(MC),Co][CoBrJb 


[(MC),Co][Co141b 


(2.4 x lo'), 675 


356 (1 .7  X lo4), 605 
(2.8 X lo'), 690 
(4.6 X 10') 


356 (1.7 X lo4), 645 
(3 .0  X lo'), 725 
(5.1 X 10') 


Type IV 


3.4 (MC = 
(4 .0 X 10') 7 I f  


(3)coc l ,  510 (8.9 X lo'), 3.5 
280 sh (3.7 X l o3 )  


(3  )CoBr, 520 (6.5 X 10'). 2.9 
330 sh (1.4 X.103) 


465 sh (7.6 X 10'). 
535 (1.0 x 1031, 2.7 


350 sh (3.0 X lo') 


340 sh (8.7 X 10') 


330 sh (2 .0  X lo3)  
460 sh (7 .0  X lo'), 
340 sh (3.7 X l o 3 )  


(4)CoCI, 520 (5.5 X lo'), 2.3 


(4)CoBr' 525 (9.0 X lo'), 3.0 


( 4  IC01 * 530 (1.1 x 1 0 3 1 ,  2.8 


a Carried out in CH,Cl, solutions. Spectra are 
Spectra are inde- independent of macrocycle (MC). 


pendent of halogen. (2b),CoCl,. e (l),CoBr,. Value 
given is per cobalt atom. 


is quite facile with (3)CoC12. With 1:l ligand to metal salt 
stoichiometry, yellow type I complex was formed along 
with purple type IV; the corresponding type IV bromides 
and iodides were formed exclusively with 1:l stoichiometry. 
Similarly, only type IV species were formed with 4 utilizing 
any of the three cobalt(1I) halides. Although all of the type 
IV complexes could be converted into type I, widely var- 
ying rates were observed, depending on the ligand, halogen, 
and solvent. Crude rate comparisons showed that under 
identical conditions (5.0 X lo4 M complex, 1.5 X M 
MC in CHC13 a t  25 "C), (3)CoBr2 was about thirty times 
more labile than (4)CoBrl. The reactions are much slower 
in THF, but lack of solubility of the complexes precluded 
any meaningful rate comparisons. 


Discussion 
The reaction of ligands 1, 2, 5, 6, and under proper 


conditions 3 with the cobalt(I1) halides (2:l molar ratio) 
in THF gives type I complexes, which given sufficient time 
and activation energy are transformed cleanly (isosbestic 
point in the UV spectrum) to species of type 11. The 
nature of the type I complexes remained problematic until 
we were able to isolate X-ray quality crystals of the com- 
plex (l)2CoBrz, the structure of which is depicted in an 
ORTEP plot (Figure l).9 This centrosymmetric structure 


d' 27 


Figure 1. ORTEP representation of (1)2CoBrz.e 


has normal cobalt-phosphorus bond lengths (2.25 and 2.29 
A), but the cobalt-bromide bond lengths are very long (2.84 
A). A search of the Cambridge Crystallographic Data 
Center Structural Databaselo revealed only four structures 
of cobalt@)-phosphine complexes which contain bromine 
with Co-Br bond lengths in the range of 2.03-2.54 A). The 
long Co-Br bonds in (l)zCoBrz are a consequence of a d,z 
ground state for the unpaired spin,ll in which a tetragonal 
distortion lowers the energy of the dzP orbital. The ob- 
served effective magnetic momenta for two of the type I 
complexes are consistent with a spin-paired ground stateKlz 
(see Table 11, entries for (1)2Co12 and (6)zC0C12).13 


The ORTEP plot shown in Figure 1 also shows that the 
halogen atoms are relatively shielded by the organic su- 
perstructure attached to the phosphine ligand sites. If 
solvation of the halide ions is important in the type I - 
type I1 transformation, then the inhibition of this process 
by the "loop" between phosphino sites may account for the 
observation of type I complexes with the macrocyclic lig- 
ands but  not with many other chelating di- 
 phosphine^.^^^^^'^^^^^^ Consistent with this notion also is 
the reactivity order as a function of MC, where the type 
I - type I1 transformation is fastest with the largest loop 
(6) and slowest with the smallest (1 and 3). 


The structure of the type I1 complexes may be either 
planar tetracoordinate (7) or pentacoordinate square py- 


7 8 9 


ramidal (8) or trigonal bipyramidal (9), the latter two 
having been shown in a t  least one case to be quite similar 
in energy.16 We favor structure 7 for the type I1 species 
since their electronic spectra match those of the tetra- 
halocobaltate type 111 complexes, which have the dicationic 
8 moiety?@b Considerable effort was expended on attempts 


(9) We thank Professor R. E. Davis for the structure determination, 
which waa refined to R = 0.066. The detaile of this structure will be 
published-elsewhere. 


(10) The Structural Database is maintained by the Cambridge Crys- 
tallographic Data Center, Department of Chemistry, Cambrid e CB2lE 


copy of the October 1980 h u e  of the Database, using programs origi- 
W, England. Our searchen were carried out by Profeaaor Davis f on a local 


nating at the Data Center. 
(11) Sethulakshmi, C. N.; Manoharan, P. T. Inorg. Chem. 1981,20, 


2533. 
(12) Chiswell, B.; Livingatone, S. E. J. Chem. SOC. 1960, 97. 
(13) We are indqbted to Profeseor H. Steinfink and Dr. J. S. Swinnea 


aa well aa Profeasor J. P. Ferraris for carrying out magnetic susceptibility 
measurements. 


(14) McAuliffe, C. A.; Levason, W. 'Phosphine, Arsine and Stibine 
Complexes of the Transition Elements"; Elsevier: New York, 1979, pp 
264-269. 


(15) Stalick, J. K.; Comfield, P. W. R.; Meek, D. W. Inorg. Chem. 1973, 
12, 1668. 
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to prepare X-ray quality crystals of type I1 materials, to 
no avail. The effective magnetic moments of two of the 
type I1 materials are consistent with either the 7 or 819 
structure in a spin-paired ~tate .~4 '~ The 31P NMR spectra 
of (1)2C0C12 and (l)2CoBr2 are also consistent with type 
I1 species having structure 7; both exhibit a broadened 
singlet at 6 43.9 (coordination chemical shift = 69.3 ppm)16 
in CDC13. Presumably, if the structures were 8 or 9, the 
nature of the halogen attached to cobalt would affect the 
observed 31P NMR chemical shift, as well as the UV 
spectrum, neither of which happens. We noted also that 
addition of 1 to a solution of ( 1)2C0C12 did not change the 
31P NMR absorption of the metal complex and the chem- 
ical shift of 1 was sharp and where it was expected for the 
free ligand (-25.4 ppm29. 


In contrast to the above reactions, when ligands 3 and 
4 are reacted in THF with the cobalt(I1) halides in a 1:l 
molar ratio, burgundy to purple powders or microcrystals 
precipitated (type IV). The elemental analysis of these 
species indicated a 1:l stoichiometry and the spectral 
properties were similar to complexes formed from co- 
balt(I1) halides and open-chain PNP tridentate ligand~.~J' 
The trend from high to low effective magnetic moments 
of the species (3)CoC12 - (3)co12 is similar to that for 
2,6-bi~((diphenylphosphino)ethyl)pyridine,'~~ but the 
complexes from 4 appear not to follow the same trend. 
The magnetic momenta are indicative of a ground % state 
with a thermally accessible 4A state." The structure of 
the type IV materials (P2X)CoHal may be either trigonal 
bipyramidal or square pyramidal in the extreme, and the 
similarity in the energies of the two had been noted in at 
least one case, albeit with cationic species.15 We tend to 
favor the latter structure based on the study of Dreiding 
molecular models, with the square-pyramidal case being 
modeled after a structure that we have recently determined 
for (11-P2NH)NiC12.'8 


In the presence of excess MC, type IV materials are 
transformed into type I species a t  rates which are de- 
pendent on the nature of MC, the halogens attached to the 
metal, and the solvent. Presumably, this transformation 
is initiated by deligation of either the oxygen or nitrogen 
site, which opens up a coordination site for the phosphine 
of another MC. The rate difference between (3)CoBr2 and 
(4)CoBr2 is thus a reflection of the superior ligating ability 
of R2NMe over R20  toward the Co(I1) center. The fact 
that the reactions are slower in THF than CH2C12 is a 
measure of the competition of MC for the open coordi- 
nation site with solvent, where THF is a much better donor 
than CH2C12. 


All of the observations concerning the coordination 
chemistry of the macrocycles (MC) in this study of the 
cobalt halides are summarized in Scheme I. The nu- 
cleophilicity of the ligating sites in addition to the phos- 
phines, as well as the size of the chelate ring formed, de- 
termine whether or not the MC will behave in a bidentate 
or tridentate fashion. Ligand 1, of course, must behave 
only as a bidentate, and we have noted earlier that 2a did 
not utilize the anilino nitrogen center as a ligand in the 
coordination of group 6 metal carbonyls, whereas the 
trialkyl nitrogen atom was so used.3b It  might be argued 
that the oxygen atoms in 6 are inappropriately situated 
to ligate the metal center, but we have determined the 
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(16) The magnitude of this shift is reasonable; see: (a) Garrou, P. E. 
Chem. Reu. 1981,81,229. (b) DuBois, D. L.; Meek, D. W. Znorg. Chem. 
1976. 16. A N I f i .  - -. -, - - , - - . -. 


(17) (a) Kelly, W. S. J.; Ford, G .  H.; Nelson, S. M. J .  Chem. SOC. A 
1971, 338. (b) Dalhoff, W. V.; Nelson, S. M. Zbid. 1971, 2184. 


(18) Kyba, E. P.; Davis, R. E.; Liu, S.-T.; Hassett, K. L., unpublished 


Scheme I 


(L2L'KoHal2 (L2)CoHalZ 


IV 10 


structure of a species which exhibits fac coordination of 
the Mo(CO)~ moiety by the sulfur analogue of 6 (14-P2s2) 
and the ligand appears to be relatively strain-free in the 
c0mp1ex.l~ Thus, conjugation of the oxygen atoms with 
the aryl ring which reduces nucleophilicity is a more likely 
explanation for the lack of involvement in coordination by 
the oxygen atoms in 6. The comparison of 3 and 5 is 
interesting; the former behaves as a tridentate ligand but 
the latter does not. Examination of Dreiding molecular 
models of a hypothetical octahedral complex with 5 reveals 
it to be angle strain-free but with torsional strain problems. 
With 3 in an octahedral complex, the ligand appears to be 
relatively torsion strain-free, but angle strain is present. 
Apparently, the formation of two seven-membered chelates 
is sufficiently disfavored relative to coordination by the 
phosphino site of another MC, that it is simply not com- 
petitive. 


It is useful to recognize the number of valence electrons 
a t  cobalt in the four species identified with Roman nu- 
merals in Scheme I: I, 19; 11, 17 or 15; 111, 15; IV, 17. 
Presumably, the reaction of MC with CoHa12 is initiated 
when one of the phosphino sites in MC replaces a weaker 
ligand (solvent or water) a t  cobalt, followed by rapid 
chelation to give 10 (a 15-electron system), a species we 
have not been able to observe. If the coordinated MC 
possesses a third, viable ligand, then 10 would give IV. If 
not, then 10 would be attacked by another MC to give I 
after chelation. Depending on how proficient is the third 
ligating site of MC in IV, species I is formed from IV, at 
widely varying rates (vide supra). Complex I is a 19- 
electron system and thus is labile; apparently, there is a 
steric kinetic stabilization as discussed above. With suf- 
ficient time and activation energy, either one or both 
halogens are lost to give 11. Treatment of I with CoHal, 
rapidly transforms I into 111, presumably with the cobalt 
halide acting as a Lewis acid to prompte heterolysis. 
Complex I11 can also be formed rapidly from I1 and cobalt 
halide, and the reaction can be reversed, possibly via I, by 
addition of MC to 111. 


In summary, we have shown the interconnection of four 
macrocyclic phosphine-ligated cobalt(I1) dihalide species. 
A number of 19-electron complexes have been isolated and 
characterized; the structure of these species is firmly based 
on a single-crystal X-ray structure determination. The 
stability of the octahedral 19-electron species is attributed 
to a steric shielding of the halogens to solvation. Penta- 
coordinate (tridentate MC)CoHa12 are formed if the third 
ligand is sufficiently nucleophilic and sterically well-dis- 
posed to coordinate the metal center. Dialkyl ether oxygen 
will form such bonds if six-membered chelates are formed, 
but not seven-membered ones. Trialkylamino ligands im- 
part much greater stability to the pentacoordinate species 


results. 11-P2NH is the demethylated species corresponding to 4. (19) Davis, R. E.; Kyba, E. P., unpublished results. 
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than does the ether oxygen with the same chelate size. 


Experimental Section 
General Data. Proton magnetic resonance spectra were ob- 


tained on a Varian A-60, EM-390, Ft-80, or HA-100 instrument. 
Proton-decoupled phosphorus-31 nuclear magnetic spectra were 
determined on Varian FT-8OZ0 or Bruker WH-90 instruments. 
Chemical shifts are given as parts per million relative to 85% 
H3PO4 and are defined as negative for upfield shifts. 


Infrared spectra were recorded on Perkin-Elmer 273B or 
Beckman IR7 grating spectrophotometers. Ultraviolet-visible 
spectra were obtained on a Cary-14 or -17 instrument. 


Melting points were obtained with the use of a Thomas-Hoover 
capillary melting point apparatus and are uncorrected. 


Elemental analyses were performed by Galbraith Laboratories, 
Inc., Knoxville, TN. 


The synthesis and characterization of the macrocycles used in 
this study have been described.2ea 


Synthesis of Type I Complexes. The following preparation 
of ( 1)2CoC12 is typical of those for all the chlorides and bromides. 
A solution of cobalt(I1) chloride hexahydrate (46 mg, 0.18 mmol) 
in THF (5  mL) was added to 1 (160 mg, 0.41 mmol) in THF (20 
mL) at -10 "C in about 1 min. After 10 min, hexane (20 mL) was 
added, and after 30 min the complex (l)2CoClz~(HzO)z.s (120 mg, 
66%) was isolated as a yellow powder: mp 250-2613 "C dec (yellow 
to green color change at ca. 170-180 "C).'l Other pertinent data 
are given in Tables I and 11. 


The corresponding iodides were prepared similarly except that 
a solution of cobalt(I1) iodide was prepared as follows. Cobalt(I1) 
nitrate hexahydrate (50 mg, 0.31 mmol) in THF (5 mL) was added 
to sodium iodide (90 mg, 0.60 mmol) in THF (20 mL). The 
mixture was filtered, and the filtrate was purged with a gentle 
stream of nitrogen for 30 min prior to reaction. 


Synthesis of Type I1 Complexes. The following procedure 
for (1)&oC12 (type 11) is typical for all the chlorides. Type I 
(1)CoClz.(H20)~ (16 mg, 1.7 X 10-2 mmol) was diasolved in CHzClz 
(5  mL) and allowed to stand at ambient temperature for 3 h, at 
which time the UV absorption at 320 nm had been replaced by 
one at 356 nm. The solvent was removed on a rotary evaporator, 
leaving a brown glass (16 mg, loo%), which was crystalliied from 
hot chloroform-hexane (1:1, v/v, 6 mL) to give the type 11 complex 
as green crystals (8 mg, 50%): mp 270-280 "C dec; 31P NMR 
(CDCld d 43.9 (br s). Other pertinent data are given in Tables 
I and 11. 


The corresponding bromides and iodides were obtained sim- 
ilarly except that the type I precursors were reacted in boiling 
chloroform for 24-36 h. The course of the reaction was followed 
by monitoring the disappearance of the UV absorption in the 
300-315-nm region and the appearance of one in the 350-360-nm 
region. 


Crude rate studies of the formation of type I1 complexes in- 
volved the preparation of 5.0 X lo4 M solutions of the type I 


(20) We are grateful for an NSF matching grant to E.P.K.-and A. H. 
Cowley of this department, which enabled the purchase of this instru- 
ment. 


(21) The melting points of the type I-IV complexes were all in the 
range of 250-280 O C  and were accompanied by extensive color changes 
and decomposition. The onset of decomposition appeared to depend on, 
inter alia, the heating rate, and thus this physical property is not a useful 
identifying characteristic of these types of complexes. 
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species and following the course of the reaction in the 300-320- 
and 350-360-nm region as described above. In CHPClz at 25 "C 
the complexes (MC)2CoC12 had 71/2 as follows: 7, <15 e; 2a, 6, 
e60  s; 1,3,30 min. The half-life at 25 "C of (l)2CoC12 in THF, 
MeOH, and MeCN was ca. 15 h. The complexes (1)&oBr2 and 
(1)&012 had 71/2 = 12 h in boiling CH2C12. 


mmol, see 
below) in CH2C12 (10 mL) at room temperature was added 1 (2.0 
mg, 5.0 X l@ m o l ) ,  and the W spectrum was determined within 
5 min; it was identical with that of (1)2CoC12 (type 11). 


Synthesis of Type I11 Complexes. The following is typical 
of all of the procedures for the tetrahalocobaltates. A solution 
of 1 (39 mg, 0.10 mmol) in THF (10 mL) was added to cobalt(I1) 
chloride hexahydrate (24 mg, 0.10 mmol) in THF (1 mL). The 
solution was concentrated to 3 mL and cooled to 0 "C. The 
complex [ (1)2Col [CoC14] was isolated as green microcrystals (32 
mg, 62%): mp 250-260 "C; 31P NMR (CDCld 8 43.8 (br 8).  Other 
pertinent data are given in Tables I and 11. 


The same complexes could be prepared by the reaction of 1 
equiv of cobalt(I1) halide in THF with either type I or I1 com- 
plexes. The reactions were over in seconds after the reagents were 
mixed. 


Synthesis of Type IV Complexes. The following procedure 
for (3)CoBr2 is typical of all of the type IV species except (3)c&12, 
a procedure for which follows that of the bromide. 


(3)CoBr2. The macrocycle 3 (62 mg, 0.16 mmol) in THF (10 
mL) was added to anhydrous cobalt bromide (35 mg, 0.16 "01) 
in THF (2 mL). The purple solution was concentrated to 5 mL, 
cooled to -20 "C and fitered to give a purple powder (50 mg, 51%). 
This was recrystallized from chloroform-hexane (41, v/v) to give 
(3) CoBr2CHC13 as purple needles (40 mg, 40%). No 31P NMR 
signal was observed for any of the type IV species. Pertinent data 
are given in Tables I and 11. 


(3)cocl2. A solution of cobalt(I1) chloride hexahydrate (40 
mg, 0.17 mmol) in ethanol (0.5 mL) was added to macrocycle 3 
(67 mg, 0.17 mmol) in CHzClz (5 mL) at room temperature. The 
burgundy solution was concentrated at room temperature in a 
vacuum line to 1 mL, which led to the deposition of (3)Cocl2 as 
a reddish purple powder (5  mg, 20%). Pertinent data are given 
in Tables I and 11. 


The melting decomposition ranges of the type IV complexes 
are as follows: (3)COc12, 236-242 "C; (3)CoBr2, 256-266 "C; 
(3)coIz, 255-265 "C; (4)cocl2, 228-232 "C; (4)CoBr2, 200-204 "C; 
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Recent studies on Lewis acid promoted CO migratory insertion to produce metal acyls prompted a 
comprehensive study of the interaction of metal carbonyl hydrides with molecular Lewis acids. Stable 
metal formyl formation was not achieved in this study, but insight was obtained into reactions that may 
compete with migratory insertion in metal carbonyl hydrides. The reactivity of metal carbonyl hydrides 
with strong Lewis acids is dominated by the basic character of the hydride ligand. Variable-temperature 
multinuclear NMR characterization of the low-temperature complex Mn(CO)5-H-BC1S is presented. The 
susceptibility to electrophilic metal hydrogen bond cleavage increases with decreasing acidity of the hydride. 
Steric factors are also important as evidenced by the observation that H&.(C0)12 is much more resistant 
to electrophilic attack than is HRe(C0)6. Also discussed are reactions of Lewis acids with HCo(CO),, 
[PPN] [HFe(CO)4], [Ir(C0)2(PPh3)zHz] [BPh4], HMn(CO)'PPh3, C~MO(CO)~H, and CpMo(CO),(PPhS)H. 


Introduction 
Although the alkyl migration reaction to coordinated 


carbon monoxide in transition-metal complexes is well- 
known,' the analogous hydride migration reaction is ap- 
parently much less favorable thermodynamically and 
perhaps kinetically. Indeed, direct synthesis of a metal 
formyl complex from a metal hydride has only been re- 
ported on a synthetic scale in two instances: addition of 
CO to Rh(0EP)HW and low-temperature reaction of CO 
with (Me5Cs)2Th(OR)H.4 Only in the latter case is a 
hydride migration mechanism believed to be operative. 
The great interest in elucidating and controlling the for- 
mation of metal formyl species from metal carbonyl hy- 
drides stems from the frequent invocation of formyl for- 
mation in the mechanisms for CO reduction by homoge- 
neous catalysts.s 


Our recent discovery of the molecular Lewis acid pro- 
motion6 of CO insertion showed that both kinetic and 
thermodynamic barriers to alkyl migration are reduced in 
the presence of molecular Lewis acids. The rate of CO 
insertion is increased' by more than 10s through interaction 
of A1Br3 with the carbonyl oxygen, and the inserted 
product is stabilized by formation of a metal acetyl-Lewis 
acid complex, eq 


CH3Mn(CO)5 t AIBr3 - 
Br-AIBr, 


We have examined the reactions of Lewis acids with a 
variety of transition-metal carbonyl hydrides to explore 
the possibility of promoting hydride migration to produce 
stable metal formyl complexes. The compound 
(CsMes)2Th( 0R)CHO is stabilized by q2 coordination of 
the formyl oxygen to the oxophilic thorium metal center.' 
Electrophiles may also induce further reaction in a metal 
formyl complex. Disproportionation has been observed 
by Gladysz and co-workersg when CpFte(NO)(PPh3)(CHO) 
is treated with electrophiles such as CH3+ or H+ (eq 2). 


7 0 :  /"" NO 0 ' + CH3+ 4 CpRe-CO + CpRe-CH, + (CH3),0 ( 2 )  


cpT- PPh3 \ H b P h 3  LPh,  


Dedicated to the memory of Professor Rowland Pettit. 


Similarly, protonation of the unstable formyl Os3(CO)ll- 
CHO- leads to the methylidenebridged cluster Os&- 
O)11CH2 and O S ~ ( C O ) ~ ~ ' ~  The diborane reduction of metal 
formyls to methyl complexes" may involve electrophilic 
attack on the formyl oxygen prior to hydride transfer, as 
proposed for the analogous reduction of metal acetyl 
complexes.12 


Previous work on the interaction of metal hydrides with 
molecular Lewis acids has concentrated on the early 
transition-metal hydrides. A metal-centered adduct is 
obtained in the reaction of Cp2WH2 with AlMe313 or BF3 
( l),14J5 whereas hydride-bridged adducts have been syn- 
thesized from highly hydridic early transition-metal hy- 
drides and aluminum auryLs (2). The protonic CpW(CO),H 
complex reacts with AlMe3, to evolve methane and form 
A1-0 bonds with the carbonyl ligands, eq 3." 


Results and Discussion 
HMn(C0)6. Addition of excess BCls to a hexane solu- 


tion of HMn(CO)S at room temperature does not affect the 
IR spectra of the hydride nor of BC13. Similarly, the so- 
lution is unchanged when exposed to 2 atm of CO. How- 


(1) Calderazzo, F. Angew. Chem., Int. Ed. Engl. 1977, 1 6  299-311. 
Wojcicki, A. Adv. Organomet. Chem. 1973,11,87-145. 


(2) Wayland, B. B.; Woods, B. A. J. Chem. SOC., Chem. Commun. 
1981,70&701. Wayland, B. B.; Woods, B. A.; Pierce, R. J. Am. Chem. 


(3) Abbreviations: OEP, octaethylporphyrin; PPN+, [(Ph&N]+; Ph, 
phenyl; Tf, CF&308-. 


(4) Fagan, P. J.; Moloy, K. G.; Marks, T. J. J. Am. Chem. SOC. 1981, 
f03, 6959-6962. 


(5) (a) Mastars, C. Adu. Organomet. Chem. 1979, 17, 61-103. (b) 
Muetterties, E. L.; Stain, J. Chem. Rev. 1979,79,479-490. (c) Henrici- 
Olive, G.; Olive, S. Angew. Chem., Znt. Ed. Engl. 1976,15,136-141. (d) 
Rethke, J. W.; Feder, H. M. J. Am. Chem. SOC. 1978, 100, 3623-3625. 


(6) Butte, S. B.; Straw, S. H.; Holt, E. M.; Stimeon, R. E.; Alcock, N. 
W.; Shriver, D. F. J. Am. Chen. SOC. 1980,102, 5093-5100. 


(7) Richmond, T. G.; Baeolo, F.; Shriver, D. F. Znorg. Chem. 1982,21, 


(8)  Stimson, R. E.; Shriver, D. F. Znorg. Chem. 1980,19, 1141-1145. 
(9) Tam, W.; Lin, G. Y.; Wong, W. K.; Wiel, W.; Wong, V. K.; Gladysz, 


(10) Steinmetz, G. D.; Geoffroy, G. L. J.  Am. Chem. SOC. 1981,103, 


(11) Thorn, D. L. Organometallics 198l,l, 197-204. 
(12) Van Doorn, J. A.; Mastam, C.; Volger, H. C. J. Organomet. Chem. 


(13) B m e r ,  H.; Wailes, P. C.; Kaesz, H. D. Znorg. Nucl. Chem. Lett. 


(14) Shriver, D. F.; Johnson, M. P. J. Am. Chem. SOC. 1966, 88, 


(15) Shriver, D. F. Acc. Chem. Res. 1970, 3, 231-238. 
(16) Tebbe, F. J. Am. Chem. SOC. 1973,95, 5412-5414. 
(17) Conway, A. J.; Gainaford, G. J.; Schrieke, R. R.; Smith, J. D. J. 


SOC. 1982,104,302-303. 


1272-1273. 


J. A. J. Am. Chem. SOC. 1982,104, 141-152. 


1278-1279. 


1976, 105, 245-254. 


1966,1, 125-129. 


301-304. 


Chem. SOC., Dalton Trans. 1976, 2499-2507. 
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ever, upon cooling to -80 "C, a yellow color develops and 
a bright yellow precipitate is formed. The solid redissolves, 
and the color change is reversible when the solution is 
warmed to room temperature, suggesting a reversible 
HMn(CO),-BC13 interaction, eq 4. The nature of this 
reaction was further characterized by variable-temperature 
multinuclear NMR spectroscopy. 


HMII(CO)~ + BC13 + Cl,B-H-Mn(CO), (4) 
The chemical shift of the hydride proton in 0.058 M 


HMn(CO), in CD2C12/CF2C12 linearly shifts slightly to 
higher field as the temperature is reduced from +12 to -96 
"C. The shift relative to the solvent peak in CD2C12 is -0.20 
ppm (18.2 Hz). When the 'H NMR spectra of 0.054 M 
HMn(CO), and 0.31 M BCl, in CD2C12/CF2C12 is recorded, 
a much more dramatic shift is observed. At  25 "C the 
chemical shift corresponds to that observed for free 
HMn(CO), (6 -7.75). However, on cooling to -100 "C, the 
resonance shifts by 2.12 ppm to higher field. The change 
in chemical shift for this sample as a function of tem- 
perature, corrected for small shifts observed in free 
HMn(CO), is depicted in Figure 1. The resonance remains 
a sharp singlet until -100 "C at  which point it broadens, 
probably owing to the formation of the yellow solid. No 
new peaks are detected in the formyl region of the spec- 
trum, even under 8.2 atm of CO. Similar changes are 
observed in the "B NMR spectroscopy of a sample of 0.030 
M in both HMn(CO), and BC13 in CD2C12 solution. The 
BC13 resonance shifts upfield by 4.97 ppm over the tem- 
perature range +20 to -85 "C (Figure 1). Although only 
a single peak is resolved, the resonance is broadened at  low 
temperatures (v1/2 = 23 Hz at  20 "C; v1 = 68 Hz a t  -80 
"C). These results suggest that a hydride-bridged adduct 
is formed at  low temperatures. The hydride resonances 
in alkyl aluminum bridged hydride adducts of niobium, 
such as 2, are shifted to higher field by 5-8 ppm.', Since 
only one resonance is observed in the 'H NMR, the adduct 
must be exchanging rapidly with free BC13 on the NMR 
time scale. 


Variable-temperature 13C NMR of 13CO-enriched 
HMn(CO), and BCl, provides further support for this 
formulation. At  -50 OC, peaks at 210.2 and 203.3 ppm of 
relative intensity 3:l are observed. The former is the 
resonance for HMn(CO),; the axial and equatorial CO 
ligands have nearly the same chemical shift and are not 
resolved except a t  very low temperatures because of 
quadrupole pole broadening by manganese.I8 Upon 
warming to -30 "C, the relative intensity is 1O:l. The 
intensity of the new peak a t  203.3 ppm increases relative 
to the HMn(CO), peak when the temperature is lowered 
until a t  -80 "C they are approximately equal. In 13C(H) 
spectra, the intensity of the 203.3 ppm peak is reduced by 


(18) Vancea, L.; Graham, W. A. G. J. Organomet. Chem. 1977, 134, 
219-227. 
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Figure 1. Change in chemical shift as a function of temperature 
for the HMn(CO)sBC13 system: 'H chemical shift for 0.054 M 
HMn(C06 and 0.31 M BC13 in CDzClz/CFzC12 solution (0); llB 
chemical shift for 0.030 M HMII(CO)~ and 0.030 M BC13 in CDzClz 
(A). 


a factor of 2 relative to that of HMn(CO),, suggesting that 
the nuclear Overhauser enhancement of the I3C signal is 
stronger in HMn(CO), than in the adduct. No new low- 
field resonances (200-400 ppm), characteristic of the 
electrophile 0 bonded to a carbonyl ligand, are observed. 
The new peak at  203.3 ppm is similar to that seen for the 
equatorial carbonyls in Mn(CO),Tf (Tf = CF,SO,-) a t  
202.4 ppm.lS The 13C signal for axial CO in Mn(CO),Tf 
appears a t  209.6 ppm, and a similar peak for HMn(C- 
O)5.BC13 would be obscured by the HMII(CO)~ resonance. 
Alternatively, the two expected 13C signals for the adduct 
could be accidently degenerate as seen for Mn(CO),I.'* 
Thus, the NMR evidence is consistent with the reversible 
formation of a hydride-bridged adduct. A metal-centered 
adduct is unlikely on steric grounds in this octahedral 
complex. 


In contrast to BCl,, AlBr, reacts irreversibly with 
HMn(CO), to afford M I I ( C O ) @ L ~ , ~  as the metal carbonyl 
product when excess A1Br3 is employed. The low-tem- 
perature 'H NMR spectrum of an equimolar mixture of 
A1Br3 and HMn(CO), in toluene-& shows a broad reso- 
nance at  -11.1 ppm (v1(2 = 40 Hz) at  -84 "C. The reso- 
nance sharpens and shifts downfield on warming (-9.79 
ppm at  -54 "C; -8.11 ppm at  -35 "C). These changes are 
irreversible, and a yellow-orange solid forms in the sample 
tube. Parallel IR studies show this to be a mixture of 
Mn(CO),Br, Mn(CO),A1Br4, and a small amount of 
Mn2(CO)lo. A transient peak at  2113 cm-' is observed 
when the reaction is monitored by IR spectroscopy. This 
may be the Al mode of the presumed intermediate Br3- 
Al-H-Mn(CO),. This latter species must be very labile 
since both Mn(C0),AIBr4 and Mn(CO),Br are also de- 
tected by IR immediately after mixing. Hydrogen gas 
evolution (0.4 mol/HMn(CO),) also is observed in this 
reaction, and no transient infrared bands characteristic of 
Al-H species (1800-1950 cm-') are observed. In summary, 
aluminum bromide also appears to react initially a t  the 
hydride ligand to form a transient hydride-bridged com- 
plex, which rearranges to the products shown in eq 5. 
HMn(CO), + A1Br3 - [Br,Al-H-Mn(CO),] - 


Mn(CO),Br + [Mn(CO),][AlBr,] + 0.5H2 (5) 


~~~ ~~ 


(19) "rogler, W. C. J. Am. Chem. SOC. 1 9 7 9 , 1 0 1 , 6 4 5 ~ .  Nitachke, 


(20) Pankowski, M.; Demerseman, B.; Borquet, G.; Bigorgne, M. J. 
J.; Trogler, W. C., personal communication. 


Organomet. Chem. 1972, 35, 155-159. 
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These results suggest that the hydride ligand is the most 
basic site in HMn(CO)& Hydride basicity in HMn(CO), 
has previously been observed only in neat CF3SO,Hlg (eq 
6). 
HMn(CO), + CF3S03H - Mn(C0),(03SCF3) + H2 (6) 


HMII(CO)~PP~, .  Phosphine substitution would be 
expected to increase the basicity of the terminal carbonyl 
oxygen,15 as well as reduce the acidity21 of HMII(CO)~PP~~ 
compared to HMn(CO),. Thus, the reactions of Lewis 
acids with this phosphine-substituted manganese carbonyl 
hydride were investigated. The reaction of HMn- 
(C0),PPh3 with BCl, or A1Br3 leads to hydride cleavage 
and the formation of the chloro and bromo derivatives,22 
respectively, as the major metal carbonyl products. Nei- 
ther adduct formation (as determined by low-temperature 
'H NMR spectroscopy) nor hydride cleavage takes place 
with the weaker electrophiles BF3 or A1Me3. 


The trend in reactivity between HMII(CO)~ and HMn- 
(CO),PPh, demonstrates that phosphine substitution en- 
hancea the basicity and reactivity of the hydride more than 
that of the carbonyl ligands. As described in the next 
section similar trends are observed in the reactivity of 


CpMo(CO),H. Low-temperature NMR studies do not 
show any interaction between BC13 and CpMo(CO),H. 
With an organometallic Lewis acid [C~MO(CO)~]+,  Beck 
and SchloteP have synthesized a hydride-bridged dimer 
from CpMo(CO),H, eq 7. Phosphine substitution pro- 


CpMo(C0)3H and CpMo(CO)2(PPh,)H. 


[CpMo(CO)3]+ + CpMo(CO),H - 
[CP(CO)~MO-H-MOCP(CO)~]+ (7) 


motes metal hydride bond cleavage as illustrated by the 
reaction of C ~ M O ( C O ) ~ ( P P ~ , ) H  with BCl, to afford the 
corresponding chloride complex.24 No low-temperature 
interactions are detected between BF3 or A1Me3 and 
C ~ M O ( C O ) ~ ( P P ~ ~ ) H  although the reported cis-trans 
isomerization takes place.24 


HRe(CO)& Metal hydride bakicity increases on moving 
down a column in the periodic table,15925 so the reactions 
of HRe(C0)5 were investigated to compare with the re- 
activity of HMn(CO),. Interaction of HRe(CO), with 
Lewis acids also results in metal hydride bond cleavage and 
formation of pentacarbonyl halide species. Even at  -80 
OC, reaction of BCl, and HRe(CO), lead to formation of 
Re(C0)5C126 and HBC12' as identified by comparison of 
IR spectra with published data. Similarly, excess A1Br3 
reacts with HRe(CO)5 to give Re(CO)&lBrk20 The milder 
Lewis acids BF3 and AlMe, do not perturb the IR spectra 
of HRe(CO), a t  room temperature. However, after several 
hours the intensity of the hydride absorbance decreases, 
but no metal carbonyl products were evident in solution. 
Dimethylaluminum hydride has been reported to react 
with HRe(C0)5 affording HRe3(CO)11 in 25% yield." 


H3Re3(CO)12. The reactions of this trinuclear carbonyl 
hydride with Lewis acids were investigated because the 


Richmond, Basolo, and Shriver 


reported steric inhibition of proton exchange28 indicates 
that electrophilic attack at  the carbonyl oxygen sites might 
be favored. In contrast to HRe(CO),, the triangular cluster 
H3Re,(C0)12, in which the hydrides bridge the metal-metal 
bonds, does not react readily with electrophiles. No 
changes in the lH or llB NMR are observed at  low tem- 
perature in the presence of BCl,. Likewise, A1Br3 reacts 
only very slowly with this complex; the cluster remains 
intact after 5 h of stirring with excess AlBr, a t  room tem- 
perature. After 3 days, Re2(CO)lo and Re(C0)5AlBr420 are 
observed by IR in the solution along with unreacted 
starting material. Thus, no stable carbonyl oxygen adducts 
nor stabilized formyl compounds were formed. 


HCO(CO)~. Since Lewis acids appear to react readily 
with "basic" metal hydrides, we chose to examine inter- 
actions between electrophiles and the strong acid HCo(C- 
O)k21 Addition of excess BC13 to a hexane solution of 
HCo(CO), results in scavenging of trace quantities of 
CO~(CO)~  presumably to form C O ~ ( C O ) ~ . B C ~ ~ , ~  but no in- 
teraction is observed with the hydride. Solutions of 
HCo(CO), and BC13 are much more stable to thermal 
decomposition than similar solutions in the absence of 
BCl,, owing to the scavenging of COZ(CO)~ which is thought 
to promote a free radical decomposition pathway.30 
Low-temperature 'H and l'B NMR studies did not reveal 
any interaction between the hydride and BC1* In addition, 
no new resonances (6 -20 to +25) were observed in 'H 
NMR spectra recorded under 5.8 atm of CO in the pres- 
ence of BCl,. In contrast, AlBr, reacts rapidly with gas 
evolution at  -80 "C to yield C O ~ ( C O ) ~ . A ~ B ~ ~  identified by 
IR spectroscopy.B Unfortunately, no intermediates could 
be detected in this transformation. The A1Br3 adduct of 
CO~(CO)~ is much more stableB than is the BCl, analogue, 
and this may be the driving force for this reaction. The 
mechanism of dimer formation may be a radical process 
or possibly involve an insertion to produce a formyl in- 
termediate, which would be expected to exhibit hydride 
donor abilit~.~' This could react with the acidic HCO(CO)~ 
to form the observed product, eq 8. 


(21) Schunn, R. A. In 'Transition Metal Hydrides"; Muetterites, E. 
L., Ed.; Marcel Dekker: New York, 1971; p 259. 


(22) Angelici, R. J.; Basolo, F. J. Am. Chem. SOC. 1962,84,2495-2499. 
(23) Beck, W.; Schloter, K. 2. Naturforsch., B: Anorg. Chem., Org. 


Chem. 1978,33B, 1214-1222. 
(24) Faller, J. W.; Anderson, A. S. J. Am. Chem. SOC. 1970, 92, 


5852-5860. 


1255-1263. 
(25) Jordan, R. F.; Norton, J. R. J .  Am. Chem. SOC. 1982, 104, 


(26) Kaesz. H. D.: Bau. R.: Hendrickson. D.: Smith. J. M. J. Am. . .  
Chkm: SOC. 1967,89,.284412851. 
(27) Baas, C. D.; Lynds, L.; Wolfram, T.; DeWames, R. E. J. Chem. 


Phys. 1964,40, 3611-3618. 
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Subsitution of HCo(CO), by PPh332 was carried out in 
the presence of BF3 in an attempt to trap a formyl in- 
termediate which may be formed in the substitution pro- 
cess.33 Although substitution is much slower32 than in the 
absence of BF3 (BF3.PPh3 is only slightly soluble in tolu- 


(28) Huggine, D. K.; Fellman, W.; Smith, J. M.; Kaesz, H. D. J. Am. 
Chem. SOC. 1964,86,4841-4846. Andrew, M. A.; Kirtley, S. W.; Kasez, 
H. D. Znorg. Chem. 1977,16, 1556-1561. 


(29) Kristoff, J. S.; Shriver, D. F. Inorg. Chem. 1974, 13, 499-506. 
(30) Wegman, R. W.; Brown, T. L. J.  Am. Chem. SOC. 1980, 102, 


(31) Casey, C. P.; Neumann, S. M. J. Am. Chem. SOC. 1978, 100, 


(32) Heck, R. F. J.  Am. Chem. SOC. 1967,85, 657-661. 
(33) (a) Baaolo, F.; Pearson, R. G.  'Mechanisms of Inorganic 


Reactions"; Wiley: New York, 1967; Chapter 7. (b) Pearson, R. G.; 
Walker, H. W.; Mauermann, H.; Ford, P. C. Znorg. Chem. 1981, 20, 
2741-2743. (c) Beyers, B. H.; Brown, T. L. J. Organomet. Chem. 1977, 
127, 181-192. 


2494-2495. 


2544-2545. Gladysz, J. A.; Tam, W. Ibid. 1978,100, 2545-2547. 
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ene), the expected reaction product HCo(CO),PPh, formed 
cleanly and no intermediates were detected by 'H NMR 
spectroscopy. Similar results were obtained for carbon 
monoxide substitution by AsPh3.BF3. 


[PPN][HFe(CO),]. In order to investigate the effect 
of charge on the reactivity of metal hydrides with Lewis 
acids, [HFe(CO),]-, which is isoelectric with HCo(CO),, was 
studied. Infrared studies by Darensbourg et al.% of [PP- 
N][HFe(CO),] in the presence of NaBPh, show that the 
Na+ cation interacts specifically with a terminal carbonyl 
oxygen. For this reason it is of interest to examine the 
interaction of a molecular Lewis acid with this hydride. 


Addition of excess BF3 to a THF' solution of [HFe(CO),]- 
does not perturb the IR spectrum of the hydride. However 
reaction at  room temperature with 2 equiv of BF3 over 
several hours proceeds according to eq 9. Infrared and 


3[HFe(CO),]- + BF3 - [HFe,(CO),,]- + CO + H2 
(9) 


NMR spectra show that [HFe3(CO)11]-35 is the only metal 
carbonyl product formed. One equivalent of [PPN] [BF,] 
per [PPN][HFe(CO),] can be isolated from the reaction 
mixture; the remainder of the boron-containing products 
is unknown. A transient intermediate characterized by a 
B-H stretch of 2337 cm-' is observed by IR spectroscopy.36 


If the reaction is conducted under 2 atm of CO, Fe(C0)5 
is the only metal carbonyl product obtained, eq 10. The 


THF 


[HFe(CO),]- + BF3 - [Fe(CO),] + [BF3H]- (11) 


[Fe(CO),] + CO - Fe(C0)5 (12) 


product of eq 9, [HFe,(CO),,]-, is stable under the reaction 
conditions and does not form Fe(CO)S under 2 atm of CO 
for 12 h. Further reaction of [HFe,(CO),,]- with electro- 
philes in less basic solvents such as methylene chloride 
occurs a t  the bridging carbonyl oxygen.,' The formation 
of [BF3H]- suggests that hydride abstraction by BF3 from 
[HFe(CO),]- takes place to form the coordinatively un- 
saturated Fe(CO), intermediate, eq 11. This highly re- 
active species could be trapped by CO (eq 12) or react 
further to form the cluster product. Reactions of [HCr- 
(CO),]- with transition-metal and main-group Lewis acids 
also appear to involve initial interaction a t  the hydride 
ligand.,* 


Although hydride attack appears likely, it is difficult to 
rule out a formyl mechanism (eq 13). The formyl inter- 


r 1- 


(34) Darensbourg, M. Y.; Darensbourg, D. J.; Barros, H. L. C. Znorg. 
Chem. 1978,17, 297-301. 


(35) Hodali, H. A.; Arcus, C. Shriver, D. F. Znorg. Synth. 1980,20, 
219-221. 


(36) (a) Nakamoto, K. 'Infrared and Raman Spectra of Inorganic and 
Coordination Compounds"; Wiley New York, 1978. (b) Bemhied, J. F.; 
Purcell, K. F. Znorg. Chem. 1972,11,930-935. 


(37) (a) Wilkinson, J. R.; Todd, L. J. J. Orgummet. Chem. 1976,118, 
119-204. (b) Shriver, D. F.; Lehman, D.; Strope, D. J.  Am. Chem. SOC. 
1975,97, 1594-1595. (c) Hodali, H. A.; Shriver, D. F.; Ammlung C. A. 
Ibid. 1978,100,523+5240. (d) Hodali, H. A.; Shriver, D. F. Znorg. Chem. 
1979,18, 1236-1241. 


(38) Darensbourg, M. Y.; Slater, S. J. Am. Chem. SOC. 1981, 103, 
5914-5915. Darensbourg, M. Y.; Denton, J. C. Znorg. Chem. 1981,20, 
1661-1646. 
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mediate could act as a hydride donor to BF3 to afford 
[BF3H]- and [Fe(CO),]. Note that [Fe(CO)4(CHO)]-39 is 
known to be a strong hydride donor3' and that it reacts 
rapidly with BF3 according to eq 14.,O 


[Fe(CO),CHO]- + BF3 - Fe(C0)5 + [BF3H]- (14) 


[Ir(CO)2(PPh3)2H2][BPh4]. Since both neutral and 
anionic hydrides react readily with molecular Lewis acids, 
the reactions of this cationic hydride were briefly inves- 
tigated. No interaction was observed with BCl,, even a t  
-90 OC by low-temperature 'H NMR spectrqscopy. Sim- 
ilarly, the hydride does not react with 1 equiv of AlBr, at 
room temperature; additional AlBr, leads to decomposition 
to uncharacterized products. The positive charge on this 
complex results in rather acidic hydrides that do not in- 
teract with BC13. Also, attack at  the carbonyl oxygen is 
not observed, presumably due to the low basicity (e.g., high 
CO stretching frequency) of the carbonyl oxygen.I5 


Summary 
The reaction chemistry of metal carbonyl hydrides with 


strong Lewis acids is dominated by the behavior of the 
hydride ligand as a Lewis base. The hydride ligand ap- 
pears to be the more basic site relative to the carbonyl 
oxygen in the simple transition-metal carbonyl hydrides 
studied. Although hydride basicity is well documented for 
the early transition-metal hydrides, it is a surprising result 
for relatively acidic hydrides such as HMn(C0I5 (pK, - 
7).21 The basicity of the hydride ligand increases with the 
decreasing pK, of the hydridel5l2' in the series HCo(CO), 
< HMII(CO)~ < HMn(CO),PPh, < HRe(CO)5, which is the 
order of increasing M-H cleavage by Lewis acids. Simi- 
larly, the negatively charged hydride [HFe(CO),]- is more 
basic than the neutral isoelectronic HCo(CO), and more 
reactive toward Lewis acids. Steric considerations are also 
important as illustrated by the stability of H3Re3(C0)12 
and [HFe,(CO),,]- in the presence of electrophiles that 
readily react with the mononuclear analogues HRe(C0)5 
and [HFe(CO),]-. Stable metal formyl complexes were not 
observed as a reaction product with any of the carbonyl 
hydrides studied. Promotion of hydride migration of CO 
would require electrophilic attack at  a carbonyl oxygen. 
However, electrophilic attack at the hydride ligand is 
prevalent, often resulting in metal-hydride bond cleavage. 
The propensity of metal formyls to act a t  hydride donors 
could result in the destruction of any transient metal 
formyl intermediates by reaction with the Lewis acid or 
with the parent hydride. 


Experimental Section 
All manipulations were carried out under an atmosphere of 


prepurified nitrogen by using standard Schlenk techniques, a 
N2-filled glovebox, or a high vacuum line. Greaseless Teflon in 
glass valves and O-ring sealed glassware were used in reactions 
involving Lewis acids. Toluene, hexane, and THF were distilled 
from sodium benzophenone ketyl under Nz. Methylene chloride 
was dried with P20b Solvents were degassed by free-pump-thaw 
cycles prior to use. Following an initial sublimation from A1 
powder, AlBr3 was resublimed prior to use. BF3 was trap-to-trap 
distilled until its vapor pressure agreed with the literature value." 
BC13 was distilled under high vacuum, and HC1 was removed by 
pumping at -78 OC. AlMe3 was vacuum distilled. Volatile Lewis 
acids were measured and transferred on the high vacuum line. 


(39) Collman, J. P.; Winter, S. R. J.  Am. Chem. SOC. 1973, 95, 


(40) Richmond, T. G., unpublished results. 
(41) Shriver, D. F. "Manipulation of Air-Sensitive Compounds"; 


4089-4090. 


McGraw-Hik New York, 1969. 
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Metal carbonyl hydrides HMn(C0)5,42 HMn(CO)4PPh3r43. 
HCO(CO),,~ [PPN] [HFe(C0)4],34 C~MO(CO) ,H ,~~  CpMo(CO),- 
(PPh3)H,& and [Ir(CO)2(PPh3)2Hz] [BPh4]& were prepared by 
literature methods and judged pure by IR and NMR spectroscopy. 
HRe(C0)547 was prepared by a modification of the literature 
procedure by using 100% H3P04 as the proton source, and the 
hydride was dried with 4A molecular sieves. H3Re3(C0)124s was 
a gift from M. A. Drezdzon. The solid hydrides were stored in 
the glovebox, while the volatile hydrides were stored at  -78 "C 
under vacuum. 


NMR samples were prepared by loading solids in the glovebox, 
followed by addition of volatile components and solvent on the 
high vacuum line. NMR tubes were sealed off under vacuum at 
-196 "C. Samples were warmed to ca. -80 "C and mixed im- 
mediately prior to inserting the sample into the precooled probe. 
A specially deaigned thick-walled NMR tube that could be sealed 
off with a 2-mm Teflon valve was used to record spectra under 
5-10 atm of CO. Satisfactory 'H spectra were obtained without 
spinning the sample tube. Reactions of metal carbonyl hydrides 
with Lewis acids were studied by IR spectroscopy at  room tem- 
perature in 0.1-mm path length CaFz-windowed cells by using a 
Nicolet 7199 FT-IR or Perkin-Elmer 399 spectrometer. Varia- 
ble-temperature 'H (89.55 MHz), 'lB (28.69 MHz), and (22.49 
MHz) NMR were recorded on a JEOL FX-9OQ spectrometer. 
Temperatures are believed to be accurate to fl "C. The details 
of the investigations on HMXI(CO)~ are given below; reactions of 
the other hydrides were studied in a similar manner. 


HMn(CO)5 + BCl,. Low-temperature spectra were recorded 
in 50% by weight CF2Clz in CD2C12. Chemical shifts were ref- 
erenced to the solvent peak of CH2ClZ (6 5.32). The chemical shift 
of the hydride in a solution 0.054 M HM~I(CO)~ and 0.31 M BCl, 
as a function of temperature relative to a 0.058 M HM~I(CO)~  
sample in the same solvent is given in Figure 1. A yellow solid 
formed in the NMR tube below ca. -95 "C. 


The I'B chemical shift referenced to external BC13 for a CD2Clz 
solution 0.030 M in both BCl, and HMII(CO)~ is also recorded 
in Figure 1. 


Richmond, Basolo, and Shriuer 


HMXI('~CO)~ + BClP A sample of HMn(CO)5 was enriched 
by approximately 15% by stirring overnight with 13C0 gas. 
Spectra were recorded on a sample 0.092 M in HMII(',CO)~ and 
0.25 M BCl, in CDZCl2. Chemical shifts were referenced to the 
solvent peak of CDpCl2 and converted to Me4Si reference by the 
formula 6 = 6(CD2C12) + 53.8. Signal-to-noise was enhanced when 
broad-band proton decoupling was employed. A yellow precipitate 
formed in this sample below -80 "C. 


HMII(CO)~ + AlBr,. A toluene-d8 solution of 0.068 M 
HMII(CO)~ at 0.065 M A1Br3 was warmed to -84 "C, and 'H 
spectra were recorded as a function of temperature. At -84 "C, 
a broad peak at -11.1 ppm (vllz = 40 Hz) is observed. On warming 
the sample, the resonance narrow and irreversibly shifts downfield 
to -8.11 ppm at  -35 "C. The yellow-orange solid in the tube is 
identified by IR as a mixture of AlBr4Mn(C0)520 and BrMn(CO)S. 


HMII(CO)~ + AlBr,. AlBr3 (0.12 mmol) at HMII(CO)~ (0.08 
mmol) were mixed in 10 mL of toluene. An IR spectrum taken 
immediately after mixing shows peaks assigned to unreacted 
H I V ~ ( C O ) ~  (2117 (vw), 2012 (w) cm-I), A ~ B ~ , ~ ~ I ( C O ) ~ ~  (2153 (w), 
2104 (vw), 2071 (vs), 2031 ( 8 )  cm-'), and BrMn(CO), (2136 (vw), 
2050 (s), 2002 (m) cm-') and a new band at 2124 cm-'. Other new 
vco bands at lower frequency are obscured by the above metal 
carbonyls. After 1 h of stirring at room temperature, the remaining 
hydride reacts and the BrMn(CO)5 concentration increases at the 
expense of A1Br4Mn(CO)S. The band at  2124 cm-' decreases in 
intensity over the course of 2 h. On standing overnight, some 
Mnz(CO)lo is found in the solution. 


Note Added in Proof. Recent work has shown that 
H2Fe(CO), is an intermediate in the reaction of [HFe(C- 
0)J and BF, (eq 9). In addition, the rate of thermal 
decomposition of H2Fe(C0)4 is reduced by at least an order 
of magnitude in the presence of BC13. 
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The thermal decomposition of (q5-C5Me )2Ti(CH3)2 in toluene solution follows clean first-order kinetics 
and produces a single titanium product (q2-C5Me5)(C5Me4CHz)Ti(CH3), concurrent with the evolution of 
1 equiv of methane. Labeling studies using (q5-C5Me5)2Ti(CD3)2 and (q5-C5Me5-d15)2Ti(CH3)2 show the 
decomposition to be intramolecular and the methane to be produced by coupling of a methyl group with 
a hydrogen from the other TiCH3 group Activation parameters, pH* = 27.6(3) kcal-mol-' and AS* = -2.9 
(7) eu, for the decomposition of (q -C5Me5)2Ti(CH3)2 were measured. The decomposition of (q5- 
C5Me5),Ti(CH& proceeds 2.9 times faster than (q5-C&4e5)2Ti(CD3)2, at 98 "C, whereas no significant kinetic 
deuterium isotope effect is noted for (q5-C5Me5-d15)2Ti(CH3)2. The alternative decomposition pathways 
of a abstraction and a elimination, both leading to the titanium-methylidene intermediate [ (q5- 
C5Me5)2Ti=CH2], are discussed. 


Introduction 
The organometallic chemistry of titanium(1V) provides 


many examples of isolable, yet thermally and photolytically 
unstable compounds containing Ti-C IJ Mod- 
erately stable compounds of the types TiR, (R = CH2C6H5, 
C6H5, CH2C(CH3),, CH2SiR3), TiRX3, TiRX3.L, and 
TiRX3.L2 (R = alkyl, alkenyl, alkynyl, aryl; X = halide, 
alkoxide, amide; L = oxygen, sulfur, nitrogen, or phos- 
phorus base) have been isolated. Evolution of RH usually 
accompanies decomposition, although in no case has the 
mechanism been fully investigated. Alkyl and aryl de- 
rivatives of dicyclopentadienyltitanium(1V) are generally 
more stable species, and their decomposition pathways 
have been more extensively studied.6 Dvorak and co- 
workers have shown that the thermal decomposition of 
(q5-C5H5)2Ti(C6H,)2 probably proceeds via an o-phenylene 
intermediate [ (q5-C5Hs)zTi(C6H4)] generated from ortho- 
hydrogen abstraction by the other phenyl group.' 


The related compound, (v5-C6H5),Ti(CH3), (I), decom- 
poses even at  room temperature, rapidly in light and more 
slowly in the dark.8pg The mechanismb) of the decom- 
position of 1 have proven difficult to establish, however. 
Van Leeuwen et  al. have shown by chemically induced 
dynamic nuclear polarization (CIDNP) studies of photo- 
chemically initiated reactions of (q5-CJ-14Me),Ti(CHJ2 that 
homolysis of the Ti-CH, bond does occur.l0 Similar 
studies of the pathway for the thermal decomposition of 
1 are not as conclusive. The favored mechanisms involve 
loss of the methane via a-H abstraction by the other 
methyl group or via a-H elimination and subsequent re- 
ductive elimination of CH4.11-13 The thermal decompo- 
sition of 1 is complicated by the apparent two-stage nature 
of the reaction in solution: a-H abstraction yielding CHI 
and a dark solution, followed by solid-catalyzed a-H ab- 
straction coupled with ring-hydrogen abstraction. Fur- 
thermore, there is evidence for yet another minor pathway 
which results in ethane production in both solution- and 
solid-state decompositions.llb Due to these complicating 
features, a kinetic study of the decomposition of 1 has not 
been feasible. In view of the increasing interest in the 
nature of these proposed a-H abstraction and a-H elim- 
ination processes, for example as regards their possible 
participation in Ziegler-Natttvpolymerization of olefins14 
and in the synthesis of "Tebbe's reagent" (q5 -  


f Dedicated to Rowland Pettit, respected scientist and friend. 
*Contribution No. 6691. 
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Table I. Summary of Rate Constants for the 
Decomposition Reaction of Cp*,Ti(CH,), (2) and Its 


Deuterated Analormes - 
temp, Cp*,Ti(CH,), Cp*,Ti(CD,), (Cp*-d, $1,- 


"C ( 2 )  ( 4 )  Ti(CH,), (5) 
98.3 0.378 (18)" 0.128 ( 6 )  0.382 (18) 


115.5 2.05 (101 0.683 (32)  1.93 (9) 
127.2 6.07 (29j  2.17 ( i 2 ) '  5.78 (27) 


k H / k D 6  = 2.92 (10); k ~ / k ~ "  = 1.03 (4) 


" Units of s-' for  all values of k o b d .  The entry in 
parentheses the error limit estimated to be one standard 
deviation based on  repetition of the experiments. The 
standard deviation calculated from an analysis of residuals 
for  any single experiment was always smaller. 


CsH5)2TiCH2-ClAl(CH,)2 from (q5-C6H5)2TiC12 and Al(C- 
H3)?15 a system more amenable to kinetic studies is clearly 
deslrable. The bis(pentamethylcyclopentadieny1) analogue 
of 1, C P * , T ~ ( C H ~ ) ~  (2) (Cp* v5-C5(CH3),) has been re- 
ported to be much more stable.lB Upon heating to 110 
"C in toluene solution 2 decomposes to form quantitatively 
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(3) Camille and Henry Dreyfus Teacher-Scholar, 1977-1982. 
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(5) Wailes, P. C.; Coutts, R. S. P.; Weigold, H. 'Organometallic 
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York, 1974. 
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Scheme 1. Statistical Product Distribution for Pyrolysis of 4 
(97.0% Deuteration of Ti-CH, Groups; (Cp* q5C5(CH3)S; 


Fv* E C5(CH3)4CH,) 0.60p\ 
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Figure 1. Representative plot of data from a kinetic run: the 
thermolysis of Cp*2Ti(CH3)2 (2) at 127.2 O C .  


a turquoise compound of known composition (05- 
C5Me5)(C5Me4CH2)TiCH3 (3), concurrent with the evolu- 
tion of 1 equiv of methane (eq 1). 


Cp*,Ti(CH3), A Cp*(C5Me4CH2)Ti(CH3) + CHI (1) 


Preliminary experiments indicated that cleanly first- 
order kinetic results could be expected from this thermal 
decomposition. A kinetic and mechanistic study of the 
thermal decomposition of 2 involving rate measurements 
taken over a range of temperatures and isotopic ,H sub- 
stitutions are reported herein. 


Results 
The thermal decompositions of Cp*,Ti(CH3), (2) and 


its deuterated analogs Cp*,Ti(CD3), (4) and (Cp*- 
d,&,Ti(CH,), (5) in toluene solution were followed by 'H 
and 2H NMR at  98.3, 115.5, and 127.2 OC. The reaction 
kinetics, as measured by loss of starting dimethyl com- 
pound relative to an internal ferrocene reference with time, 
consistently proved to be cleanly first order for greater than 
3 half-lives. A representative plot is presented in Figure 
1. The observed rate constants are summarized in Table 
I. Attempts to determine the rate by measuring the in- 
crease in integrated intensity of the product Ti-CY3 (Y 
= H or D) resonance, even when not complicated by the 
presence of more than one isotopic substitution pattern 
(vide infra), gave non-first-order plots, Rather, the plots 
are indicative of a subsequent, slower first-order reaction" 
in which the turquoise product 3 apparently decomposes 
slowly a t  the elevated temperatures used (eq 2), although 
no new signals were observed in the NMR. 


Cp*,Ti(CH,), - Cp*(C5Me4CH2)TiCH3 - ? (2) 


Verification of the intramolecular nature of the decom- 
position of 2 is provided by crossover experiments. A 
toluene solution of Cp*(C5Me4CH2)TiCH3 (3) and 
Cp*,Ti(CD,), (4) (1:l) was heated in a sealed NMR tube 
a t  110 "C for 2 h, the time scale of most of the kinetics 
experiments. No evidence for Ti-CH, exchange was found. 
In fact, the ZH NMR spectrum (observed at  76.8 IvIHz) for 


2 3 


A A 


C H I  


(17) Frost, A. A.; Pearson, R. G. 'Kinetics and Mechanism A Study 
of Homogeneom Chemical Reactiona", 3rd ed.; Wiley New York, 1981; 
pp 166-172. 
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Scheme 11. Statistical Product Distribution for Pyrolysis of 5 
(96.9% Deuteration of q5-C5(CH,), Groups; Cp* 
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10 
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this experiment was essentially identical with that found 
for the thermolysis of 4 alone (vide infra). A 1:l toluene 
solution of Cp*,Ti(CH3), (2) and Cp*,Ti(CD3), (4) was also 
heated at  110 OC, but for 24 h, at which time most of 4 had 
decomposed. Again this sample showed no significant 
evidence of isotope or methyl group exchange during the 
course of the decomposition. 


The isotopic labeling of the thermolysis products from 
the decomposition of Cp*,Ti(CD3), (4) and (Cp*-d15),Ti- 
(CH3)2 (5) were examined by 'H (90- and 500.1-MHz) and 
,H (76.8-MHz) NMR, in which the upfield shifts caused 
by increasing deuterium substitution in CY4 and Ti-CY 
are clearly, although not base line, resolved. Cp*- 
(C5Me4CH&Ti(CD2H) (6) and CD4 are the major products 
from the decomposition of 4. Cp*(C5Me4CH2)Ti(CDH2) 
(7) and CD3H are also observed. The product ratios were 
quantified by peak area determinations. As can be seen 
from Scheme I and Table 11, the o b ~ e ~ e d  values agree very 
well with those expected for an a-abstraction or a-elimi- 
nation mechanism in which the leaving methyl group 
couples with a hydrogen from the other Ti-CH3 group 
only. Note that  a small amount (2%) of Cp*- 
(C5Me4CH2)Ti(CD3) (8) is also observed. This product is 
most consistent with abstraction of a ring hydrogen by a 
CD3 moiety to yield CD3H and 8. Thus, a ring abstraction 
mechanism appears accessible in this system but represents 
only a very minor decomposition pathway. This will be 
considered further in the Discussion. 


The 'H and 2H NMR spectra of the products of the 
thermolysis of (Cp*-d15),Ti(CH3), (5) show only CH4 and 
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the Ti-containing products, (Cp*Fv*-d,JTi(CH2D) (9) (Fv* 
= C&CY3)4CY2) and (Cp*Fv*-d,)Ti(CH3) (lo), in the ex- 
pected ratio (Scheme I1 and Table 11). To the limits of 
detection inherent in NMR spectroscopy, an a-abstraction 
or a-elimination mechanism appears to be the only one 
operative; there is no evidence for a ring-abstraction 
mechanism for 5. 


Returning to the kinetic data in Table I, there is a 
definite deuterium isotope effect on the thermolysis of 
CP*~T~(CD& (4) (kH/kD6 = 2.92 (lo)), indicating that a 
methyl C-H bond is being broken in the transition state 
of the rate-determining step. In contrast, there is no sig- 
nificant isotope effect observed on the thermolysis of 
( C P * - ~ ~ ~ ) ~ T ~ ( C H ~ ) ~  (5) ( k H / k ~ 3 0  = 1.03 (4)). Thus, while 
the isotopic labeling indicates a ring methyl carbon-hy- 
drogen bond is broken in the formation of the titanium 
product, this must occur after the rate-determining step. 


An Arrhenius plot produced from the data of the ther- 
molysis of C P * ~ T ~ ( C H ~ ) ~  (2) correlates very well with the 
expected straight line (1.2 = 1.OOO) and yields values at  98.3 
"C of 27.62 (28) kcalsmol-' and -2.85 (71) eu for AH* and 
A S ,  respectively. 


The structure of the turquoise product 3 is also of in- 
terest. Mass spectral and proton NMR data had suggested 
structures A and B, which may be thought of as related 


Ti' Ti 
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0, 


0 71 
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0 
Y 


.I 
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A B 
by resonance or, in MO theory, by assuming overlap of Ti 
atomic orbitals with those of the methyl-substituted 
fulvene ligand.16 An attempt to determine an X-ray 
structure was unsuccessful; the crystal was disordered.18 
However, infrared and 13C and 'H NMR data seem to 
support A as the preferred structure. An olefinic C-H 
stretch a t  3040 cm-' is observed in the IR spectrum of 3.16 
The 'H spectrum a t  500.1 MHz shows two doublets with 
coupling constant 2JHH = 4 Hz assigned to the diasterio- 
topic hydrogens of the CH2 group. This coupling constant 
is more consistent with the geminal sp2 hydrogens of 
structure A, normally 0-3 Hz, than with the geminal sp3 
hydrogens of structure B, normally 12-15 Hz. The gated 
carbon spectrum at 126.8 MHz is the most telling, however. 
The carbon of the CH2 group resonates a t  6 73.9 with a 
' JCH = 150 Hz, values most consistent with sp2 hybrid- 
ization at  carbon. The NMR data for 3 are similar to those 
observed for the terminal carbon atoms of the butadiene 
ligand in (~4-butadiene)Ti(COT),19~20 and (q4-butadiene)- 
ZrCpF21 Note, also, that the a-bound CH3 carbon is 


(18) A communication of the structure of a related species has ap- 
peared in the literature. Bis(p-ox0)($,~~-1,2,3,4-tetramethy1-5- 
methylene-1,3-cyclopntadiene)bis[ (methylcyclopentadienyl)titanium] is 
proposed to have a truly methylenic bridge to the second titanium. 
However, the authors present insufficient NMR and no ir data for the 
compound that would allow us to compare our results. Bottomley, F.; 
Lin, I. J. B.; White, P. S. J. Am. Chem. SOC. 1981,103, 703-704. 


(19) Jolly, P. W.; Mynot, R. Adu. Organomet. Chem. 1981,19,257-304. 
(20) Fulvene has the following chemical shifts in CDCl,: 


I 8 I234  


8 152.6 


Hollemtein, R.; Philipsborn, W. V.; Vogeli, R.; Neuenschwander, M. Helv. 
Chim. Acta 1973,56, 847-860. 
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Scheme 111. Alternate Mechanisms for the Thermal Decomposi t ion  of Cp*,Ti(CH,), 


McDade, Green, and Bercaw 


present as a further check. I t  resonates further upfield (6 
41.4) with a one-bond coupling of 119 Hz, consistent with 
other observations of sp3-carbon atoms u bound to a 


Discussion 
The labeling and crossover experiments detailed above 


clearly show the thermal decomposition of CP*,T~(CH,)~ 
(2) occurs primarily via a pathway in which one of the 
titanium-methyl groups obtains a hydrogen from its 
neighboring Ti-CH3 group to form methane and the re- 
active [Cp*,Ti=CH2] species, which rearranges to 3 via 
hydrogen migration from a ring methyl group to the me- 
thylidene ligand (Scheme 111). Evidence for direct ab- 
straction of a hydrogen from a ringmethyl group by the 
departing Ti-CH3 group is seen only in the thermolysis 
of Cp*,Ti(CD,), (4), where this process is a very minor 
pathway that produces only 2% of the final product. Since 
a moderate, positive kinetic isotope effect slowing the rate 
of the principal process by a factor of three is operative 
in the thermolysis of 4, it  is expected that the direct ring 
hydrogen abstraction mechanism can become competitive 
with the a-hydrogen abstraction/elimination mechanism 
only when the rate of the latter process is significantly 
slowed. Indeed, no ring-hydrogen abstraction is observed 
for 5, which decomposed a t  the same rate as 2. 


It must be pointed out that our data do not allow us to 
choose between a formal a-abstraction mechanism and a 
formal a-elimination mechanism mediated by the titanium 
methylidene hydride species (12; Scheme 111). The latter 
possibility would require generation of an unusual do 
methylidene species, for which the Ti=CH2 a-bonding 
might resemble the Zr==C=O ?r-bonding described for a 
related complex, Cp*,ZrHz(C0).24 Note that both 
mechanisms postulate the intermediacy of a titanium- 
methylidene species 11, consistent with previous sugges- 
tions in the l i t e ra t~e . l ' - '~J~  Any mechanism not mediated 
by this species can be excluded by the results of our la- 
beling studies. Although a titanium-methylidene species 
analogous to 11 has never been directly observed, "Tebbe's 
Reagent", Cp,TiCH,AlClMe, is one example in which such 
a titanium-methylidene complex has apparently been 
sufficiently stabilized by coordination for isolation as an 


(21) Ekker, G.; Wicher, J.; Engel, K.; Rcmenfeld, F.; Dietrich, W. J. Am. 
Chem. SOC. 1980,102, 6346-6348. 


(22) (a) Cohen, S. A. Ph.D. Thesis, California Institute of Technology, 
1982. (b) McLain, S. J.; Wood, C. D.; Schrock, R. R. J .  Am. Chem. SOC. 
1977. 99. 3519-3620. , - ~- - - ~ -  
(23) Manriquez, J. M.; McAllister, D. R.; Sanner, R. D.; Bercaw, J. E. 


(24) Marsella, J. A.; Curtis, C. J.; Bercaw, J. E.; Caulton, K. G. J.  Am. 
J. Am. Chem. SOC. 1978, 100, 2716-2724. 


Chem. SOC. 1980, 102,7244-7246. 
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adduct.'hb Grubbs and co-workers have further postulated 
that formation of titanacycles from Tebbe's Reagent and 
olefin results from the olefin trapping the reactive 
[Cp,TiCH2] fragment which has been freed from 
A1MezC1.15d*e 


Attempts to trap our proposed methylidene intermediate 
11 with AlMe2Cl were unsuccessful. Adding AIMezCl to 
a toluene solution of Cp*(C,Me4CH,)Ti(CH3) (3) in an 
attempt to revert it to 11 led only to decomposition of 3. 
When AlMe2Cl is added to a toluene solution of Cp*,Ti- 
(CH& (2), a loose complex is formed as proposed by Tebbe 
et al. for the reaction of Cp,Ti(CH3), (1) with A1Me3,15, 
so that the usual thermolysis pathways are apparently 
prevented from operating. A reaction did occur, and 
methane was produced during the thermolysis; however, 
NMR spectra of the resultant mixtures were not readily 
interpretable. 


Returning to the mechanism of formation of the me- 
thylidene intermediate 11, it  is striking to note the simi- 
larity of the activation energy of this process (E, = 28 
kcal-mol-l) to those found by other researchers investi- 
gating the thermolysis of Cp,T&. Waters and co-worker@ 
found activation energies of 20-29 kcal-mol-l for the 
thermal decomposition of various Cp,Ti(R)Cl species. 
Boekel and c o - ~ o r k e r s ~ ~  found similar values for the 
thermolysis of CpZTi(aryl),. Waters and co-workers6 em- 
phasize that these values are consistent with a published 
Ti-C u-bond strength of 31 kcalemol-' 26a and propose a 
bound-radical mechanism. However, they neglect an 
earlier report of the dissociation energy of the Ti-CH3 
bond as 60 kcal.mol-'.2sb This value seems more reasonable 
and would discount near complete homolysis of the Ti-C 
bond in the transition state for these systems. 


The observed activation energy thus indicates that no 
Ti-C or C-H bond is completely broken in the transition 
state of the rate-determining step. The rate-determining 
step, according to Scheme 111, must either be methane 
formation (for the a-abstraction mechanism) or a 1,2-H 
shift to the titanium center (for the a-elimination mech- 
anism). The observed isotopic effects yield little additional 
information which could allow for a differentiation between 
these two plausible alternatives. The lack of a significant 
kH/kD30 indicate that ring methyl C-H moieties are not 
an integral feature of the transition state. A similar con- 
clusion was also reached by Boekel and co-workers in their 
thermolysis of C~,Ti (ary l ) , .~~  The value of kH/kD6 = 2.9 
is not particularly helpful, either. The observed value 


(25) Boekel, C. P.; Teuben, J.  H.; de Liefde Meijer, H. J. J .  Organo- 
met. Chem. 1975,102, 161-165. 


(26) (a) Chirkov, N. M. Kinet. Catol. 1970,II, 269-278. (b) Tel'noi, 
V. I.; Rabinovich, I. B.; Tikhonov, V. D.; Latyaeva, V. N.; Vyshinskaya, 
L. I.; Razuvaev, G. A. Dokl. Akad. Nauk. SSSR 1967, 174, 1374-1376. 
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IR data (KBr, cm-') 2238 (m), 2192 (m), 2060 (m), 1487 (m), 1473 
(m), 1099 (s), 1069 (m), 1039 (s), 829 (m), 752 (w), 680 (w), 396 
(e.), 358 (a), 331 (8). 


(Cp*-d15)2TiC12 (1.01 g, 2.4 "01) was then reacted with LiCH3 
as described previously for Cp*zTi(CH3)z.16 Yield of (Cp*- 
dl&Ti(CH& (5) was 0.61 g (66.8%) of orange-yellow needles. The 
compound was refrigerated under Nz until use. 


(4) Kinetic Measurements of Thermal Decomposition. 
The rates of decomposition were followed by monitoring the 
decrease in integrated intensity of the TiCH3 or TiCD, peak of 
the starting dimethyltitanocene relative to an internal, nonreacting 
standard of FeCpz (recrystallized from benzene) or C6D6, re- 
spectively. FT NMR spectra were recorded automatically at 
preset time intervals by using the JEOL FX9OQ STACK*WAIT 
routine. Standard 'H and 2H N M R  accumulation parameten were 
used, and ,H NMR spectra were 'H deco~pled .~~ Reaction 
temperatures were maintained by the JEOL probe temperature 
controller and were observed to be constant to within 0.4 O C  by 
measuring the peak separation of ethylene glycol both before and 
after the decomposition experiments. 


A typical 'H NMR experiment involved 40 mg of Cp*,Ti(CH3)z 
or (Cp*-d16)zTi(CH3)2 and 15 mg of FeCp, dissolved in 0.3 mL 
of toluene-ds. A typical ,H NMR experiment involved a similar 
amount of Cp*zTi(CD3)z and -1 equiv of C6D6 dissolved in 0.3 
mL of toluenedo. In both cases, 2-3 atm of Nz was sealed into 
the NMR tube to prevent the toluene from refluxing at the 
elevated temperatures used in this study. 


As the decomposition progressed, the Ti-C(H or D)3 resonance 
of the starting material lost intensity, and plots of the decay of 
the ratio of the methyl integrationlreference compound inte- 
gration as a function of time showed fiit-order behavior for more 
than 3 half-lives. In experiments that were followed further, no 
deviation from first-order behavior was found even beyond 5 
half-lives. As expected, the rate of decomposition was independent 
of the concentration of the dimethyl species over a fivefold range. 


The values given in Table I are derived from the slopes of the 
semilog plots. The error represents one standard deviation es- 
timated by repeating the experiments. An analysis of residuals 
for a single determination always gave a smaller estimate of the 
error. 


Arrhenius plots of In k vs. 1/T were constructed. For the 
thermal decomposition of Cp*,Ti(CH3)z (2), a least-squares fit 
of the data to the Arrhenius equation in k,bd = In A - E,/RT 
gave values of In A = 28.24 and E,/R = -1.427 X lo4 or A = 1.833 
X lo', s-' and E, = 28.36 kcalsmol-'. AH* and AS* were calculated 
from the usual equations (AH* = E, - RT and AS* = R In 
(hA/kT))  and are presented in the body of this paper. The error 
for these last two values represents one standard deviation es- 
timated from changes in the values of -E,IR and In A when the 
k o u  are varied within their error limit. Analysis of residuals for 
the line gave much smaller estimates. 


(5) Crossover Experiments. NMR tubes containing ap- 
proximately equal amounts of Cp*,Ti(CH3), (2) and Cp*,Ti(CD,), 
(4) or Cp*(C@e4CHJTi(CH3) (3) and Cp*,Ti(CD,), (4) in toluene 
solution were sealed under vacuum and heated to check for any 
evidence of methyl exchange or any other result which might 
indicate intermolecular reaction. Results were negative, as dis- 
cussed in the body of the paper. 


(6) Analysis of Isotopic Labeling in Thermolysis Products 
from CP*,T~(CD,)~ (4) and ( C P * - ~ ~ ~ ) ~ T ~ ( C H ~ ) ~  (5). Proton- 
decoupled ,H (76.8-MHz) and 'H (90-MHz) NMR spectra of 
thermolyzed samples of 4 and 5, respectively, were taken and the 
region of interest-from 6 -0.2 for the methanes to 6 --1.1 for 
the titanium methyl peaks-was expanded so that couplings and 
peak overlap could be clearly seen. Each spectrum was copied 
and peak areas determined by a cut-and-weigh procedure. Values 
given in Table 11 are the average from several determinations and 
the errors given are one standard deviation (n - 1 weighting). 


(7) Attempted Trapping of Titanium-Carbene Species 
(1 1). In the first of two experiments conducted a roughly stoi- 
chiometric amount of AIMezCl was added to a yellow-orange 


results from a compound that is isotopically labeled in all 
titanium-methyl positions, so secondary effects are in- 
cluded. Further, the transition state is undoubtedly bent, 
which precludes extracting much information from the 
value, even if it represented only a primary kinetic isotope 


It is interesting to note, however, that the value 
of kH/kD6,  to the limits of our experimental error, does not 
vary with temperature, suggesting that the isotope effect 
is not due to zero-point energy differences but rather is 
found in the pre-exponential, or entropy, term. This 
feature may, in turn, indicate a loosely bound hydrogen 
in the transition state of the rate-determining step,28*29 
more in accord with the a-abstraction mechanism. 


Experimental Section 
General Considerations. All manipulations were performed 


using glovebox or high vacuum line techniques. Solvents were 
purified by vacuum transfer first from LiAlH4 and then from 
'titanocene".16 NMR solvents were purified by vacuum transfer 
from activated molecular sieves (4A, Linde) and then from 
'titanocene". Hydrogen, deuterium, and nitrogen gases were 
passed over MnO on vermiculite and activated molecular sieves.30 


'H, ,H, and 13C NMR spectra were obtained by using JEOL 
FX9OQ and Bruker WM500 spectrometers. Kinetic data were 
obtained by using the JEOL STACK*WAIT program and a 
thermostated probe. An example of a typical experiment is given 
below. Infrared spectra were recorded on a Beckman 4240 
spectrophotometer. 


Procedures. (1) CP*,T~(CH~)~ (2) and Cp*(C6Me4CHz)- 
Ti(CH3) (3). Compounds 2 and 3 were prepared as previously 
reported.l6 They were refrigerated under Nz until use. 'H 
(500.1-MHz) and 13C (125.8-MHz) spectra were obtained for 3: 
'H data (C6D6, ppm relative to Me4Si at 6 0.00) 1.77 (8, 15, cp*), 
2.03, 1.67, 1.43, 1.26 (all s, all 3, C&fe4CH2), 1.14, 1.92 (d,d, 1,1, 
'Jm = 4 Hz, C@e4CH2), -1.10 (s,3, TiCH,); l3C data (c&, ppm 
relative to C6D6 at 6 128.0) 118.3 (8, C6Me6), 12.1 (q, 'JcH = 125 
Hz, C,Me5), 119.6, 123.9, 125.0, 126.0, 130.1 (all s, C6Me4CH2), 
10.6, 11.1, 11.2, 14.7 (all q, ' J C H  126 Hz, CJ4e4CHz), 73.9 (t, 
'JcH = 150 Hz, C5Me4CH2), 41.4 (9, 'JCH = 119 Hz, TiCH,). 


(2) CP*,T~(CD,)~ (4). Compound 4 was prepared in the same 
manner as Cp*zTi(CH3)2, above, except that LiCD3 (97% iso- 
topically pure, Stohler) was added to Cp*zTiClz in place of LiC- 
H*16 The orange crystals were refrigerated under Nz until use. 


(3) (Cp*-d16)2Ti(CH3)2 (5). Compound 5 was prepared from 
the titanium-ethylene species Cp*,Ti(CzH4)31 as follows. DzO 
was heated throughout a large glass bomb and a portion of the 
vacuum line in order to replace H+ by D+ at glass sites. 
Cp*,Ti(C2H4) (1.20 g, 3.5 "01) and toluene (20 mL) were placed 
in the bomb, which was then evacuated. Deuterium gas (-1.5 
atm, 97% isotopically pure) was admitted to the bomb and the 
orange-red solution was allowed to stir at room temperature for - 10 h. The bomb was evacuated, refilled with Dz, and allowed 
to stir five more times. After the last evacuation, DC1 was ad- 
mitted and the purple-red solution stirred at room temperature 
for 24 h. The toluene was pumped away and purple-red solid 
(Cp*-d15),TiClz was washed out of the bomb with CHCl* The 
solution was evaporated to dryness and the brown solid was 
purified by Soxhlet extraction as described previously for 
Cp*,TiC12.16 The yield of (Cp*-dlS)2TiC12 was 1.35 g (91%; total 
isotopic purity = 96.9%). The infrared spectrum (KBr pellet) 
of Cp*-dlS)2TiC1z, when contrasted with that of Cp,*TiCl,, showed 
the expected shift to lower frequencies of the C-H(D) stretch 


(27) It is interesting to note that our measured ka/k$ = 3.0 from the 
thermolysis of 2 and 4 is equivalent to that found for the formation of 
Tebbe Reagent (12) through competition studies involving CpzTiClz and 
equal amounta of Al(CH,), and AI(CD&+ Ott, K.; Grubbs, R. H., personal 
communication. 


(28) O'Ferrall, R. A. M. J. Chem. SOC. E,  1970,785-790. 
(29) Lewis, G. S.; Grinstein, R. H. J. Am. Chem. SOC. 1962, 84, 


1158-1161 and references contained therein. 
(30) Brown, T. L.; Dickerhoff, D. W.; Bafue., D. A.; Morgan, G. L. Rev. 


Sci. Imtrum. 1962,33,491-492. 
(31) Cohen, S. A.; Aubum, P. A.; Bercaw, J. E. J. Am. Chem. SOC., in 


press. 


(32) The integration is not affected since the quadrupolar *H nuclei 
are not subject to nuclear Overhauser enhancement. Elvidge, J. A. 
'Isotopes: Essential Chemistry and Applications"; Elvidge, J. A., Jones, 
J. R., Eds.; The Chemical Society: London, 1979; pp 123-194. 
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toluene-d8 solution of CP*~T~(CH~),  (2) (32 mg, 87 "01) and 
FeCp, (140 "01). The color changed immediately to an opaque 
red-orange. The tube was sealed under N2 Red-orange crystals 
were noted after 1 h at room temperature. The 'H NMR spectnun 
showed only resonances that could be assigned to the Cp*, Cp, 
and methyl hydrogens. The latter appeared at 6 0.22, midway 
between the methyl resonances of CP*,T~(CH~)~ (2) (6 0.69) and 
AlMe&l(6 0.38). Subsequent thermolysis of this tube in the JEOL 
FXSOQ at 127.2 "C resulted in uninterpretable 'H NMR spectra. 
Methane (6 0.18) was produced, but other resonances were not 
clearly resolved. 


The second experiment involved adding an excess of AlMe2Cl 
to a turquoise toluene-d8 solution of Cp*(C5Me4CH2)Ti(CH3) (3) 
and FeCp, (-1:l). The color changed immediately to a green- 
brown solution which contained dark solid material. The tube 
was sealed under N2. No 'H NMR spectrum could be observed 


for this reaction mixture, however, suggesting the presence of 
paramagnetic products. 
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The reaction of [Fe6C(C0),,l2- with tropylium bromide in methanol, which yields [Fe4(C0)12CC02CH3 , 


[Fe4C(CO),,], and [Fe4C(C0)&CO2CH31-. The structure of the hitherto unreported (Et4N)2[Fe&(CO)12Br2] 
has been determined by X-ray diffraction. The cluster crystallizes in the monoclinic space group P2,/n 
with a = 11.361 (2) A, b = 14.958 (3) A, c = 23.472 (6) A, (3 = 95.08 (2)O, V = 3973 A3, and 2 = 4. The 
geometry of the dianion may be regarded as based on the square-pyramidal [Fe5C(CO),,] with two bromide 
ions replacing three carbonyls from one of the basal Fe(COI3 groups. Each of the proposed intermediates 
in the conversion of [Fe6C(CO)16]2- to [Fe4C(CO)12CC02CH3]- has been isolated and their interconversion 


has been shown to comprise the sequential formation of [Fe5C(C0)15], [Fe6C(CO)12Br2]2-, [Fe4C(C0),,] 1: , 


demonstrated. 


Introduction 
We recently reported' the synthesis of a novel iron 


carbidocarbonyl cluster Fe4C(CO)13 by a sequence of re- 
actions involving the oxidative fragmentation of the hex- 
anuclear octahedral cluster [Fe6C(C0),,J2- in methanol, 
followed by protonation (eq 1). [Fe4C(C0)13] is of con- 


Fe,C (CO),; Fe,(CO),,C(CO,CH~j' Fe&(CO),, 


siderable interest as it is the neutral parent molecule of 
the Fe4C series, a class of carbidocarbonyl clusters so far 
unique in that its members contain a carbon atom exposed 


+This paper is dedicated to the memory of the late Professor 
Rowland Pettit whose advice and encouragement as a consultant and 
friend were invaluable. 
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to a degree sufficient to undergo chemical  reaction^.^^^ All 
higher nuclearity carbidocarbonyl clusters have carbon 
atoms partially or totally shielded from potential chemical 
reactivity by encapsulating metal atoms. As a class of 
compounds, first discovered two decades ago, carbido- 
carbonyl clusters remained until recently principally of 
structural i n t e r e ~ t . ~  


Our observation of the formation of an organic func- 
tionality incorporating the exposed carbon atom-the 
CC02CH3 group in 11-has demonstrated the potential for 
CO-based chemistry at the CO-derived carbon atom in 
molecular clusters.2 This focus of interest has a counter- 
part in heterogeneously catalyzed CO chemistry, where the 
intermediacy of surface-bound carbon atoms has recently 


(1) Bradley, J. S.; Ansell, G. B.; Leonowicz, M. E.; Hill, E. W. J. Am. 


(2) Bradley, J. S.; Ansell, G. B.; Hill, E. W. J. Am. Chem. SOC. 1979, 


(3) Bradley, J. S. Philos. Tram. R .  SOC. London 1982, in press. 
(4) Tachikawa, M.; Muetterties, E. L. B o g .  Znorg. Chem. 1981,28,203. 


Chem. SOC. 1981,103,4968. 


101, 7417. 
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toluene-d8 solution of CP*~T~(CH~),  (2) (32 mg, 87 "01) and 
FeCp, (140 "01). The color changed immediately to an opaque 
red-orange. The tube was sealed under N2 Red-orange crystals 
were noted after 1 h at room temperature. The 'H NMR spectnun 
showed only resonances that could be assigned to the Cp*, Cp, 
and methyl hydrogens. The latter appeared at 6 0.22, midway 
between the methyl resonances of CP*,T~(CH~)~ (2) (6 0.69) and 
AlMe&l(6 0.38). Subsequent thermolysis of this tube in the JEOL 
FXSOQ at 127.2 "C resulted in uninterpretable 'H NMR spectra. 
Methane (6 0.18) was produced, but other resonances were not 
clearly resolved. 


The second experiment involved adding an excess of AlMe2Cl 
to a turquoise toluene-d8 solution of Cp*(C5Me4CH2)Ti(CH3) (3) 
and FeCp, (-1:l). The color changed immediately to a green- 
brown solution which contained dark solid material. The tube 
was sealed under N2. No 'H NMR spectrum could be observed 


for this reaction mixture, however, suggesting the presence of 
paramagnetic products. 
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The reaction of [Fe6C(C0),,l2- with tropylium bromide in methanol, which yields [Fe4(C0)12CC02CH3 , 


[Fe4C(CO),,], and [Fe4C(C0)&CO2CH31-. The structure of the hitherto unreported (Et4N)2[Fe&(CO)12Br2] 
has been determined by X-ray diffraction. The cluster crystallizes in the monoclinic space group P2,/n 
with a = 11.361 (2) A, b = 14.958 (3) A, c = 23.472 (6) A, (3 = 95.08 (2)O, V = 3973 A3, and 2 = 4. The 
geometry of the dianion may be regarded as based on the square-pyramidal [Fe5C(CO),,] with two bromide 
ions replacing three carbonyls from one of the basal Fe(COI3 groups. Each of the proposed intermediates 
in the conversion of [Fe6C(CO)16]2- to [Fe4C(CO)12CC02CH3]- has been isolated and their interconversion 


has been shown to comprise the sequential formation of [Fe5C(C0)15], [Fe6C(CO)12Br2]2-, [Fe4C(C0),,] 1: , 


demonstrated. 


Introduction 
We recently reported' the synthesis of a novel iron 


carbidocarbonyl cluster Fe4C(CO)13 by a sequence of re- 
actions involving the oxidative fragmentation of the hex- 
anuclear octahedral cluster [Fe6C(C0),,J2- in methanol, 
followed by protonation (eq 1). [Fe4C(C0)13] is of con- 


Fe,C (CO),; Fe,(CO),,C(CO,CH~j' Fe&(CO),, 


siderable interest as it is the neutral parent molecule of 
the Fe4C series, a class of carbidocarbonyl clusters so far 
unique in that its members contain a carbon atom exposed 


+This paper is dedicated to the memory of the late Professor 
Rowland Pettit whose advice and encouragement as a consultant and 
friend were invaluable. 
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to a degree sufficient to undergo chemical  reaction^.^^^ All 
higher nuclearity carbidocarbonyl clusters have carbon 
atoms partially or totally shielded from potential chemical 
reactivity by encapsulating metal atoms. As a class of 
compounds, first discovered two decades ago, carbido- 
carbonyl clusters remained until recently principally of 
structural i n t e r e ~ t . ~  


Our observation of the formation of an organic func- 
tionality incorporating the exposed carbon atom-the 
CC02CH3 group in 11-has demonstrated the potential for 
CO-based chemistry at the CO-derived carbon atom in 
molecular clusters.2 This focus of interest has a counter- 
part in heterogeneously catalyzed CO chemistry, where the 
intermediacy of surface-bound carbon atoms has recently 


(1) Bradley, J. S.; Ansell, G. B.; Leonowicz, M. E.; Hill, E. W. J. Am. 


(2) Bradley, J. S.; Ansell, G. B.; Hill, E. W. J. Am. Chem. SOC. 1979, 


(3) Bradley, J. S. Philos. Tram. R .  SOC. London 1982, in press. 
(4) Tachikawa, M.; Muetterties, E. L. B o g .  Znorg. Chem. 1981,28,203. 


Chem. SOC. 1981,103,4968. 


101, 7417. 
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Reaction of [Fe6C(CO), J" with Tropylium Bromide 


been established in the metal-catalyzed Fischer-Tropsch 
reaction, converting carbon monoxide and hydrogen into 
a range of hydrocarbons and  oxygenate^.^ The discovery 
of synthetic routes to Fe4C clusters has provided a pro- 
totype molecular analogue to the surface-bound carbon 
atom and an example of a useful bridge between surface 
chemistry and cluster chemistry. Because of this we have 
continued our effort aimed a t  expanding the chemistry of 
the carbon atom in the Fe4C unit and in other carbido- 
carbonyl clusters. This report describes more detailed 
studies of the mechanism of the oxidative fragmentation 
reaction of [Fe6C(CO)16]2-, which have been carried out 
with the aim of gaining the knowledge necessary to extend 
cluster-bound carbon chemistry to other metal cluster 
units. 


The very nature of this reaction has been difficult to 
understand. Why should mild oxidation cause cluster 
fragmentation? Our observations in this area have led us 
to a rational and well-founded mechanism for the trans- 
formation of [Fe6C(Co)16]2- to Fe4C products. Interme- 
diates in the reaction have been isolated and characterized 
spectroscopically and crystallographically and their in- 
terconvenion demonstrated. The insights gained from our 
study of this reaction may facilitate the extension of this 
chemistry to other metal carbide clusters. 


Experimental Section 
All manipulations were carried out either in a nitrogen drybox 


or on a double manifold Schlenk vacuum line, using solvents dried 
and distilled in the usual fashion. (Et4N)z[Fe6C(CO)16] was 
prepared from Fe(C0)5 by the method of Churchill et 
Tropylium tetrafluoroborate was used as purchased from Aldrich. 


Infrared spectra were recorded on a Beckmann 4250 spectro- 
photometer. X-ray fluorescence analysis of the single crystal of 
(Et4N)z[FesC(CO)lzBr2J was performed by E. Prestridge. Ele- 
mental analyses were obtained from Galbraith Laboratories, 
Knoxville, TN. 


Oxidation of (Et4N)z[Fe&(CO)16] with Tropylium Tet- 
rafluoroborate. (Et4N)2[Fe6C(CO)16] (1.0 g, 0.95 mmol) was 
dissolved in methanol (100 mL) at 25 "C. Excess tropylium 
tetrafluoroborate (0.84 g, 4.7 "01) was added and the suspension 
stirred for 30 min. During this time a black crystalline solid 
separated from the reaction mixture. This was isolated by fil- 
tration, recrystallized from hexane, and identified as Fe5C(C0)15 
by infrared spectroscopy (UCO (hexane) 2073 (vw), 2055 (s), 2035 
(s), 2015 (w), 1992 (m) cm-'1. The yield of Fe5C(C0)16 was es- 
sentially quantitative (0.68 g, 0.96 mmol). 


Reaction of Et4N+Br- with Fe&(CO)lp Fe5C(CO)15 (pre- 
pared as in ref 9; 200 mg) was dissolved in acetone and an excess 
of tetraethylammonium bromide added. The resulting solution 
was stirred at room temperature for 2 days, after which time all 
starting material had been consumed (as shown by infrared 
spectroscopy) and a deep red solution was obtained. The solvent 
was evaporated, and the residual solid was washed with water to 
remove excess Et4N+Br-. Extraction into methylene chloride and 
mling to -40 "C yielded a black crystalline material: IR (CH2Cld 
2005 (w), 1970 (s), 1945 (s), 1917 (m) cm-'. Anal. Calcd for 
(Et4N)2Fe4C(CO)lz: Fe, 26.85; N, 3.36 (Fe:N = 1.95). Found Fe, 
24.99; N, 3.22. 


Oxidation of Fe4C(C0)122- with Tropylium Tetrafluoro- 
borate. [(PPh3)zN]zFe4C(CO)lz (1.0 g, 0.61 mmol) was dissolved 
in CH2C12 (100 mL). Tropylium tetrafluoroborate (0.31 g, 1.2 
mmol) was added, and the initially deep red solution turned 
brown. Evaporation of the solvent and recrystallization of the 
residue from hexane yielded Fe4C(C0)13 (0.28 g, 0.48 mmol), 
identified by comparison of ita infrared spectrum with that of 
an authentic sample. 


(5) See, for example: Ponec, V. Catal. Rev.-Sci. Eng. 1978, 18, 151. 
Biloen, p.; Helle, J. N.; Sachtler, W. M. H. J. Catal. 1981,58,95. Nijs, 
H. H.: Jacobs. P. A. Ibid. 1980.66. 401. 


(G).Churchill, M. R.; Wormkld,'J.; Knight, J.; Mays, M. J. J. Am. 
Chem. SOC. 1971,93,3073. 
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Table I 
A. Crystal Data 


formula 
fw 


Fe C H N O,,Br, 
10:71? 4 o  


space group P2,ln 
lattice constants 


a, A 11.361 (2)  
b, A 14.958 (3)  
c, a 23.472 (6) 
P ,  deg 95.08 (2)  
v, w3 3973 


2 4 
Pcalcd, g cm-3 1.751 


B. Data Collection 
diffractometer 
radiation MO Kor, 0.7107 A 
monochromator graphite 
scan range 
scan speed 4-20' min-' 
reflections examined 8070 
reflections observed 3O0la 


absorption correctn 


Enraf-Nonius CAD 4 


0" < 2e < 45" 


criterion I >  2 0 ( I )  


IJ, cm-' 38.31 cm-' 
type psi scans 
max/min, deg 0.74-1.00 


stability no intensity decay in 
3 check reflections 


a The low number of observed reflections is a conse- 
quence of fluorescence by the bromine-containing crystal 
in Mo Ka radiation. 


Reaction of Fe4(C0)13C in MeOH and E t a  with Methanol. 
A 300-mg (0.5-mmol) sample of Fe4(C0)13C was dissolved in 
methanol (50 mL). An infrared spectrum of this solution was 
identical with that of [Fe4(CO)lzCCOzCH3]- in methanol. The 
methanol was removed under reduced pressure and the residue 
extracted with CHZClp The infrared spectrum was identical with 
that of Fe4(C0)& in CHZC12. The solvent was removed and the 
product again extracted into MeOH. Triethylamine was added 
to the solution, which was then evaporated under reduced 
pressure. The residue was crystallized from CH2Clz-hexane, 
yielding a black crystalline solid with the characteristic infrared 
spectrum of [Fe4(CO)lzCCOzCHS]- (vco (CHClZ) 2024 (s), 1998 
(s), 1980 (sh), 1970 (sh), 1925 (m), 1650 (w) cm-'). 


X-ray Diffraction Study on (Et4N)z[Fe5C(CO)15Br2], IV. 
Crystals of IV were isolated as black cubes from a methylene 
chloride solution at -40 "C. Diffraction data were collected on 
a crystal 0.25 X 0.25 X 0.25 111111, sealed in a Lindemann capillary. 
A summary of crystallographic data and the experimental con- 
ditions used is given in Table I. All calculations were performed 
by using the SDP package provided by Enraf-Nonius. The five 
iron atoms and two bromine atoms were located by a combination 
of Patterson and direct methods (MULTAN) and the remaining 
non-hydrogen atoms by difference Fourier techniques. After all 
non-hydrogen atoms had been located, the positions of the hy- 
drogen atoms in the tetraethylammonium cations were calculated 
by using program HYDRO from the SDP package. The hydrogen 
positions were not refined. All non-hydrogen atoms were refined 
with anisotropic thermal parameters, least-squares refinement 
converging with residuals of R1 = 0.087 and R2 = 0.075 and an 
esd of an observation of unit weight of 1.94. 


Results and Discussion 
The reaction of [Fe&(Co),,#- with tropylium bromide 


has been analyzed as a series of four steps, each of which 
will be described separately. 


1. Oxidation of [Fe&(Co)16]2- to Fe5C(C0)15. It had 
been reported in 1970 by Graham that treatment of 
[Fe6C(CO)16]2- with sulfuric acid resulted in the formation 
of Fe5C(C0)15 in ca. 20% yield.' This was the synthetic 
method of choice for the synthesis of Fe5C(CO)15 for a 


(7) Stewart, R. P.; Anders, U.; Graham, W. A. G. J. Organomet. Chem. 
1971, 32, C49. 
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Table 11. Atomic Coordinates for (Et,N),[ Fe,C(CO),,Br,] 
atom X Y z atom X Y z 


Br (1) 0.6676 12) 0.1639 (1) 0.02334 (8) C(2B) 0.822 (1) 0.2366 (10) 0.2408 (6) 
0.9648 (2j  
0.8783 (2) 
0.7075 (2) 
0.6559 (2) 
0.8186 (2) 
0.7966 (2) 
1.1227 (9) 
0.8747 (12) 
0.9057 (9) 
0.5797 (12) 
0.8897 (9) 
0.5499 (9) 
0.6245 (10) 
0.4260 (9) 
0.5621 (10) 
0.8964 (10) 
0.6558 (11) 
1.0284 (10) 
0.7685 (9) 
0.7493 (11) 
0.797 (1) 
1.025 (1) 
0.875 (1) 
0.890 (1) 
0.633 ( 2 )  


0.1360 ( i j  
0.4000 (1) 
0.2876 (1) 
0.4109 (1) 
0.4451 (1) 
0.2327 (1) 
0.3 760 (8) 
0.5735 (8) 
0.3045 (7)  
0.1232 (7) 
0.2068 (8) 
0.3 258 (8) 
0.6035 (7) 
0.3812 (8) 
0.3804 (9) 
0.6254 (7) 
0.5121 (8) 
0.4064 (8)  
0.8588 (8) 
0.3634 (8) 
0.3413 (9) 
0.3883 (10) 
0.5053 (11) 
0.3372 (9) 
0.1883 (10) 


0.11517 (s j  
0.08879 (9) 
0.19389 (9) 
0.11442 (9) 
0.19207 (9) 
0.09689 (9) 
0.1318 (5) 
0.0320 (5) 


0.1639 (6) 
0.2728 (5) 
0.2830 (5)  
0.1077 (5) 
0.1570 (5) 


0.1667 (5) 
0.2712 (5) 
0.2698 (5) 
0.6983 (5) 
0.4815 (5) 
0.1419 (6) 
0.1131 (6) 
0.0548 (6) 
0.0262 (7) 
0.1721 (7)  


-0.0174 (4) 


-0.0049 (5) 


decade and as such attracted our attention when we began 
our work in the iron carbide cluster area. Indeed our initial 
attempts to oxidize [Fe6C(CO)16]2- (I) were in part an 
attempt to determine whether Graham's synthesis was 
primarily an oxidation reaction or a protonation or both. 
The oxidation of I by tropylium bromide in methanol was 
an attempt to answer this question, and, as we reported 
previously,2 this reaction yielded [Fe4(C0)12CC02CH3]-, 
11, an intriguing but unexpected result. 


Evidence that the first stage in the formation of I1 from 
I was the loss a single iron atom was provided by an at- 
tempt to use the commercially available tropylium tetra- 
fluoroborate in place of tropylium bromide. The addition 
of C7H7+BF4- to a solution of I in methanol caused the 
precipitation of a black crystalline solid, which after re- 
crystallization from hexane a t  -40 OC was identified as 
Fe5C(C0)15, 111, by infrared spectroscopy, elemental 
analysis, and mass spectrometry. 


Based on these observations, it is reasonable to conclude 
that in the tropylium bromide oxidation of I, the first step 
in the conversion of the Fe6C cluster to the Fe4C cluster 
is an oxidative loss of one iron vertex from the octahedral 
I giving the square-pyramidal 111, the displaced iron being 
oxidized to Fez+ (eq 2). The same result has been reported 


I 'I1 


by Tachikawa, who used ferric ion in aqueous solution to 
oxidize several MFe5C(CO),Y- clusters to give the corre- 
sponding MFe4C (M = Cr, Mo, Rh, Fe) products with loss 
of 


2. Reaction of Fe5C(C0)15 with Bromide. The se- 
lection of tropylium bromide as the oxidizing agent in our 
initial experiments2 was made only on grounds of its ready 
availability to us that time. It now transpires that the 


(8) Tachikawa, M.; Sievert, A. C.; Muettertiee, E. L.; Thompson, M. 
R.; Day, C. S.; Day, V. W. J .  Am. Chem. SOC. 1980,102, 1726. 


0.610 ( i j  
0.642 (1) 
0.520 (1) 
0.599 (1) 
0.863 (1) 
0.721 (1) 
0.950 (1) 
0.702 (1) 
0.771 (2) 
0.680 (1) 
0.729 (2) 
0.831 (2) 
0.753 (2) 
0.865 (1) 
0.823 (1) 
0.807 (2) 
0.842 (3) 
0.718 (2) 
0.810 (2) 
0.641 (2) 
0.543 (2) 
0.839 (2) 
0.808 (2) 


0.3108 (9) ' 
0.5272 (10) 
0.3894 (10) 
0.3894 (11) 
0.5531 (10) 
0.4830 (9) 
0.4189 (9) 
0.9081 (11) 
0.9413 (13) 
0.8316 (12) 
0.7769 (14) 
0.7793 (11) 
0.7105 (12) 
0.9158 (10) 
0.9973 (11) 
0.3382 (19) 
0.4005 (23) 
0.2823 (13) 
0.2232 (13) 
0.4199 (14) 
0.3831 (14) 
0.4214 (14) 
0.4519 (16) 


0.2486 (6j  
0.1109 (6) 
0.1432 (6) 
0.0397 (7) 
0.1750 (6) 
0.2425 (6) 
0.2404 (7) 
0.6509 (7) 
0.6040 (8) 
0.7393 (7) 
0.7892 (9) 
0.6766 (8) 
0.6451 (9) 
0.7269 (7) 
0.7560 (7) 
0.4314 (9) 
0.3905 (10) 
0.5139 (9) 
0.5384 (10) 
0.4671 (10) 
0.4281 (9) 
0.5190 (10) 
0.5738 (10) 


Figure 1. ORTEP drawing of [Fe5C(CO)12Brz]2- with the num- 
bering scheme used. 


presence of bromide in the oxidation reaction between I 
and tropylium cation may be crucial to the isolation of the 
final product 11, since it is by a reaction between the 
primary oxidation product Fe5C(C0)15 (111) and Br- that 
access is gained to the Fe4C cluster series. 


The evidence for the necessity of bromide ion in the 
overall reaction was found (quite serendipitously) in the 
isolation of minute amounts of the anionic cluster [Fe5C- 
(C0)12Br2]2-, IV, which was obtained its tetraethyl- 
ammonium salt during a series of recrystallizations of an 
unrelated material derived from 11. The dibromide IV had 
apparently been present as an impurity in 11, formed 
during the synthesis of I1 from I. A consideration of the 
reaction history of the sample made it clear that the source 
of the halogen in the molecule must have been the tro- 
pylium bromide used in the synthesis of 11. 


The crucial position of [Fe5C(CO)12Br2]2- in the overall 
fragmentation reaction sequence became clear when the 
structure of IV was elucidated by X-ray diffraction. At- 
omic cordinates for the anion are listed in Table I1 and 
interatomic distances and selected bond angles in Table 
111. The anion (Figure 1) comprises five iron atoms in an 
array most instructively seen as a distorted square pyra- 
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Fe( 1)-Fe( 3) 
Fe( 1 )-Fe( 4) 
Fe( 1)-Fe( 5) 


Fe( 1)-C( 0) 
Fe( 2)-C( 0) 


Fe( 5)-Br( 1) 


Fe( 1)-C( 1A) 
Fe( 1)-C( 1B) 
Fe( 1 )-C( 1 C) 
Fe( 2)-C( 2A) 


C( lA)-O( 1A) 
C( lB)-O( 1B) 
C( 1C)-O( 1C) 
C( 2A)-0( 2A) 


Fe( 3)-Fe( 1)-Fe( 4) 
Fe( 3)-Fe( 1)-Fe( 5) 
Fe( 4)-Fe( 1)-Fe( 5) 
Fe( 3)-Fe( 2)-Fe( 4) 
Fe( 3)-Fe( 2)-Fe( 5) 


Fe( 1)-C( 0)-Fe( 2) 
Fe( 1)-C( 0)-Fe( 3) 


Br( 1)-Fe( 5)-Br( 2) 


Fe( 1)-C( lA)-O( 1A) 
Fe( 1)-C( lB)-O( 1B) 
Fe( 1)-C( 1C)-O( 1C) 
Fe( 2)-C( 2A)-0( 2A) 


2.654 (2) 
2.661 (2) 
2.681 (2) 


1.839 (10) 
1.841 (10) 


2.396 (2) 


1.724 (13) 
1.764 (15) 
1.760 (14) 
1.765 (17) 


1.170 (13) 
1.153 (14) 
1.161 (13) 
1.152 (15) 


56.88 (6) 
72.47 (6) 
93.13 (7) 
56.76 (6) 
72.21 (6) 


176.1 2 (59) 
88.17 (42) 


107.18 (8) 


175.7 (12) 
178.9 (11) 
171.7 (11) 
172.4 (13) 


Table I11 
a. Interatomic Distances: A 


Iron-Iron 
Fe( 2)-Fe( 3) 2.651 (2) 
Fe( 2)-Fe( 4) 2.674 (2) 
Fe( 2)-Fe( 5) 2.700 (2) 


Iron-Carbide Carbon 
Fe( 3)-C( 0) 1.974 (9) 
Fe( 4)-C( 0) 1.951 (11) 


Iron-Br om i de 
Fe( 5)-Br( 2) 2.405 (2) 


Iron -Carbon 
Fe( 2)-C( 2B) 1.797 (16) 
Fe( 2)-C( 2C) 1.799 (13) 
Fe( 3)-C( 3A) 1.749 (14) 
Fe( 3)-C( 3B) 1.764 (13) 


C( 2B)-0( 2B) 1.120 (15) 
C( 2C)-O( 2C) 1.129 (12) 
C( 3A)-0( 3A) 1.159 (13) 
C( 3B)-0( 3B) 1.155 (12) 


b. Selected Bond Angles: Deg 
Fe Core 


Fe(4)-Fe( 2)-Fe( 5) 92.40 (7) 
Fe(1)-Fe(3)-Fe( 2) 87.76 (7) 
Fe(l)-Fe(B)-Fe(4) 61.71 (6) 
Fe( 2)-Fe( 3)-Fe(4) 62.09 (6) 


Carbon-Oxy gen 


Angles at Carbide 
Fe( 2)-C( 0)-Fe( 3) 
Fe( 3)-C( 0)-Fe( 4) 


87.99 (37) 
80.32 (40) 


Br-Fe-Br 


Fe-C-0 
Fe( 2)-C( 2B)-0( 2B) 
Fe( 2)-C( 2C)-O( 2C) 
Fe( 3)-C( 3A)-0( 3A) 
Fe( 3)-C( 3B)-0( 3B) 


a Estimated standard deviations are in parentheses. 


mid, with a carbon atom C(0) near the center of the base 
a t  the intersection of the Fe(2)-Fe(4) and Fe(3)-Fe(5) 
vectors. Four of the iron atoms Fe(1-41, each bear three 
terminal carbonyls, and the two bromine atoms are bound 
to Fe(~5) .~ 


A pronounced distortion of the Fe5C core from the Clv 
symmetry found for Fe5C(CO)1510 is observed. The base 
of the pyramid is elongated along the Fe(4)-Fe(5) direc- 
tion, resulting in Fe-Fe-Fe angles a t  Fe(1) and Fe(2) of 
93.1 and 92.4' and a t  Fe(4) and Fe(5) of 87.1 and 86.2O. 
Fe(3) no longer is situated immediately over the carbide 
carbon C(O), as shown by the reduction of the Fe(3)-C- 
(0)-Fe(4) angle to 80.3O. The Fe(3)-Fe(4) bond of 2.531 
(2) A is correspondingly shorter than the Fe(S)-Fe(l) and 
Fe(3)-Fe(2) separations of 2.655 and 2.652 A, respectively. 


The most interesting and significant aspect of the 
structure is the long Fe(3)-Fe(5) distance, 3.153 A, which 
is ca. 0.5 A longer than the other Fe-Fe bonds, and, as 


(9) The identity of the two bromine atoms waa not obvious initially. 
Until the final stages of the structure refinement they remained aa un- 
identified heavy atoms and were first revealed aa bromine atoms by 
consideration of the reaction hietory of the sample and subsequent suc- 
cessful refinement using scattering factors for bromine. Conf i i t ion  waa 
obtained from an X-ray fluoreacence analysis of the actual crystal which 
had bean used for diffraction data collection, which showed the presence 
of bromine in the crystal. 


(10) Braye, E. H.; Dahl, L. F.; Hubel, W.; Wampler, D. L. J.  Am. 
Chem. SOC. 1962,84,4663. 


175.8 (13) 
179.6 (6) 
175.5 (11) 
172.3 (10) 


A l 


Fe(3)-Fe( 4) 
Fe( 3).-Fe( 5) 


Fe( 5)-C( 0) 


Fe( 3)-C( 3C) 
Fe( 4)-C( 4A) 
Fe( 4)-C( 4B) 
Fe( 4)-C( 4C) 


C( 3c)-O( 3C) 
C( 4A)-0( 4A) 
C( 4B)-0( 4B) 
C( 4c)-O( 4C) 


Fe( l)-Fe(4)-Fe( 2) 
Fe( 1)-Fe( 4)-Fe( 3) 
Fe( 2)-Fe(4)-Fe( 3) 
Fe( 1)-Fe( 5)-Fe( 2) 


Fe( 3)-C( 0)-Fe( 5) 
Fe( 4)-C( 0)-Fe( 5) 


Fe( 3)-C( 3C)-O( 3C) 
Fe( 4)-C( 4A)-0( 4A) 
Fe( 4)-C( 4B)-0( 4B) 
Fe( 4)-C( 4C)-O( 4C) 


Scheme I 


2.531 (2) 
3.153 (2) 


1.938 (11) 


1.842 (14) 
1.748 (15) 
1.787 (14) 
1.832 (14) 


1.103 (13) 
1.170 (14) 
1.129 (13) 
1.097 (13) 


87.12 (7) 
61.41 (6) 
61.15 (6) 
86.20 (7) 


107.46 (49) 
172.19 (54) 


176.5 (13) 
175.8 (12) 
174.2 (12) 
177.5 (12) 


such, is not to be considered a bonding contact. 
The features of predominant interest to an under- 


standing of the cluster fragmentation process in which IV 
is a probable intermediate are all contained in the [Br,- 
Fe&] unit, when compared to the Fe5C(C0)15 structure. 
Fe6C(C0)15, 111, is a five-vertex cluster containing 74 va- 
lence electrons. Application of Wades electron-counting 
rules" results in seven electron pairs being considered as 
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Scheme I1 


Figure 2. The Fe5Br2C core of IV in comparison with the Fe,C 
core in [Fe4C(C0)12]2-. 


available for skeletal bonding in the cluster. For a five- 
vertex cluster these 14 electrons are accommodated in a 
nido structure based on the octahedron, i.e., a square 
pyramid, and this is indeed the structure of Fe5C(C0),, 
as determined by Dah1 and co-workers.1° In [Fe5C- 
(C0),,Br2l2- there are only 72 valence electrons, since three 
two-electron CO ligands have been replaced by two two- 
electron Br- ligands. Thus there are only six skeletal 
bonding pairs available, and these can be accommodated 
in a closo five-vertex cluster, i.e., a trigonal bipyramid. The 
transformation from square pyramid to trigonal bipyramid 
could be accomplished by the distortion shown in Scheme 
I, but this motion is interrupted by the steric requirement 
of the central carbon atom. This arrangement precludes 
the formation of a closed trigonal bipyramid around it, 
since the equatorial plane would be a carbon centered 
equilateral triangle of iron atoms, requiring impossibly 
short iron-carbon distances of 1.50 A. (Conversely, a more 
usual Fe-C distance of 1.90 A is accommodated by an Fe3 
triangle with sides of 3.3 A, much longer than a typical 
Fe-Fe bond.) Thus the structure of I11 may be seen as 
resulting from the incomplete transformation of a square 
pyramidal nido structure to a closo trigonal bipyramid. 
Whatever the cause of the distortion in the molecule, it 
is clear that  Fe(5) is no longer bound as closely to the 
remaining Fe4C unit as it had been in the precursor 111. 


The distortion of a cluster core when the number of 
valence electrons in the cluster is altered by the addition 
of halide ions has been noted in the case of a related os- 
mium carbidocarbonyl cluster. [ O S ~ C ( C O ) ~ ~ ]  reacts with 
iodide to yield [Os,C(CO),,I]-, and in this case the halide 
adds to the cluster and no carbonyls are lost. The resulting 
anion has gained two electrons and accordingly adopts an 
open structure based on a pentagonal bipyramid.', 


The geometry of the Fe4C fragment formed by Fe(1-4) 
and C(0) is remarkably similar to the core geometry in 
[Fe4C(C0)12]2-14 as shown in Figure 2. The Fe(3)-Fe(4) 
distance is 2.531 (1) A, compared to 2.534 (1) A for the 
corresponding distance in [Fe4C(C0),l2-; the remaining 
metal-metal bonds average 2.66 A (2.65 8, for [Fe4C- 
(CO)12]2-). The dihedral at  Fe(3)-Fe(4) between triangular 
faces Fe(1,3,4) and Fe(2,3,4) is 103.6' (cf. 101') and the 
Fe(l)-C(O)-Fe(2) angle is 177.4' (cf. 178.3 A). This com- 
parison leads to a view of IV as a probable precursor to 
[Fe4C(C0),,l2- and suggests that the latter, formed by loss 


(11) Wade, K. Inorg. Nucl. Chem. Lett. 1972, 8, 559. 
(12) Farrar, D. H.; Jackson, P. G.; Johnson, B. F. G.; Lewis, J.; Nelson, 


W. J. H.; Vargas, M. D.; McPartlin, M. J. Chem. Soc., Chem. Commun. 
1981,1009. 


(13) Davis, J. H.; Beno, M. A.; Williams, J. M.; Zimmie, J.; Tachikawa, 
M.; Muetterties, E. L. Proc. Natl. Acad. Sci. U.S.A. 1981, 78, 668. 


(14) Sievert, A. C.; Strickland, D. S.; Shapley, J. R.; Steinmetz, G. R.; 
Geoffroy, G. L. Organometallics, 1982, I ,  214. 


1 IV 
6r  


of FeBr, from IV, is the next intermediate in the frag- 
mentation of I. I t  was established earlier that the iron 
vertices lost from I in the synthesis of I1 (eq 1) were in the 
form of Fe2+ ions. In order to determine whether Fe5C- 
(CO)15 could be induced to fragment by the displacement 
of carbonyl ligands by bromide, we reacted the neutral 
cluster with tetraethylammonium bromide. 


Addition of excess Et4N+Br- to a solution of Fe5C(C0)15 
in methanol under nitrogen caused the replacement of the 
infrared absorbances of the starting material by new bands 
at  2005 (w), 1970 (s), 1945 (s), 1917 (m) cm-'. The product, 
V, was isolated after the solution was stirred several hours 
at  room temperature as a black crystalline solid. The most 
available means of comparison between this material and 
the fortuitously isolated IV was by crystallographic mea- 
surement, since IV had been isolated only in miniscule 
yield and no infrared data had been recorded. Crystals 
of IV were grown from methylene chloride solution and 
data collected on an approximately cubic crystal with 
0.2-mm sides. Measurement of the lattice parameters of 
V revealed, however, that I11 and IV were not identical, 
and elemental analysis confirmed that IV contained no 
bromine and suggested that the new compound was not 
an Fe5C dianion a t  all but (Et4N),[Fe4C(CO),,], V. The 
collection of a complete X-ray diffraction data set and 
solution of the structure confirmed the identity of IV as 
the Fe4 dianion. (The structure of the Et4N+ salt is not 
significantly different from that reported by Davis et  al.13 
for the Zn(NHJ4,+ salt and will be described separately.) 


The direct formation of [Fe4C(C0),,l2- by reaction of 
Fe,C(CO),, cluster with bromide ion was unexpected but 
nonetheless revealing, since it confirmed the necessity of 
the halide ion in the fragmentation (Scheme 11), as had 
been suggested by the structure of IV. Although we had 
expected to be able to isolate IV from the reaction of I11 
with bromide, the ready loss of FeBr, from IV to yield V 
is not totally surprising given the structure of IV. I t  is as 
yet unclear why we were able to isolate IV originally intact 
as a byproduct from the reaction of I with tropylium 
bromide whereas it spontaneously fragmented to V in our 
directed synthesis. All attempts to repeat the isolation of 
IV have been unsuccessful. 


3. Oxidation of [Fe4C(C0),J2- to [Fe4C(CO)13]. The 
route from the FeeC cluster (I) to the Fe4C cluster (V) via 
tropylium bromide oxidation thus having been established, 
it remained to demonstrate the means by which V was 
converted to the final product 11. Since V was originally 
generated in a system containing an excess of oxidizing 
agent (tropylium ion), it was reasonable to assume the 
further electron-transfer reaction between V and tropylium 







Reaction of [Fe6C(CO)I J2- with Tropylium Bromide 


ion would occur to generate a reactive, coordinatively un- 
saturated cluster [Fe4C(CO),,] as had been observed pre- 
viously by using silver ion as the ~xidant.'~ In the overall 
reaction (eq 1) free carbon monoxide is present due to the 
fragmentation of [Fe6C(C0),,l2-, and so to model this step 
in the reaction, [Fe4C(C0)12]2- was treated with 2 equiv 
of tropylium tetrafluoroborate in methylene chloride under 
an atmosphere of carbon monoxide. The infrared spec- 
trum of the reaction mixture revealed a smooth conversion 
of the dianion V to [Fe4C(CO),,], VI (eq 3). This cluster 


V VI 


had been isolated previously by the protonation of I1 and 
its structure determined by X-ray diffraction.' The 
molecule is similar in geometry to the dianion V, with the 
familiar butterfly Fe4C core, but the two electrons removed 
in the oxidation of V are replaced by a thirteenth carbonyl 
which bridges the central iron-iron bond of the cluster. 


4. Reaction of [Fe4C(CO),,], VI, with Methanol. 
The most interesting feature of VI is, as we noted previ- 
ously, the exposed carbon atom, and the transformation 
of VI to [Fe4(C0)12CC02CH3]-, 11, by reaction with 
methanol is an example of the novel reactivity of cluster 
bound carbon atoms.' On dissolving VI in methanol under 
nitrogen, a dark green solution is obtained (VI in non- 
reactive solvents gives dark brown solutions, consistent 
with the color of the crystalline solid). The infrared 
spectrum of this solution shows absorbances a t  2035 (s), 
1992 (s), 1980 (sh), 1932 (mbr), 1640 (w) cm-l. This pattern 
is recognizable as diagnostic of a cluster of the type 
[Fe4(CO),,C(=O)X]- (by comparison with [Fe4- 
(CO) ,,CCO,R]-, [Fe4(CO) 12CC (=O)NR2]-, and [ Fe4- 
(CO),,CC(=O)R]-) as is the dark green color. However, 
on evacuation of the methanolic solution, a brown residue 
resulted, and the infrared spectrum of a methylene chloride 
solution of this material revealed it to be [Fe4C(C0),3], VI. 
Thus the reaction with methanol is seen to be reversible, 
and indeed this cycle can be repeated a t  will. 


Assuming the product from the reaction of VI with 
methanol was closely related to 11, we assigned it a ten- 
tative formula H+[Fe4(CO)12CC02CHJ. The synthesis 
of I1 was completed by addition of one equivalent of base 
(eq 4). Either methanolic KOH or triethylamine were 
used, and the resulting salt of I1 was identified by infrared 
spectroscopy. 


oc 4 *-*k f+:-] OCH, bast f&- OCH, 


VI II 


(4) 


We have suggested previously that the formation of I1 
may proceed via migration of carbon monoxide to the 
exposed carbon atom to give a ketenylidene cluster [Fe4- 
(CO),,(CCO)], which then reacts with methanol to give 11. 
Although there is no direct evidence for the existence of 
the proposed intermediate, the recently reported isolation 
of [H20s3(CO)lo(CCO)] and its reaction with alcohols to 
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Scheme 111 


oc &j 


give [H30s3(CO)lo(CC02R)]'4 lends some support to our 
suggestion. The most likely alternative to this route would 
be the attack of methoxide at  a carbonyl ligand on one of 
the iron atoms, followed by migration of the resulting 
carboalkoxy group to the carbide carbon. In order to 
differentiate between these alternatives, we dissolved VI 
in dry dimethoxyethane and the mixture was treated with 
either methanol or sodium methoxide. In the former case 
the initially brown solution rapidly became dark green, 
with infrared absorptions characteristic of the formation 
of 11, whereas in the latter, a deep red solution resulted 
after several hours, in which the principal species was 
[Fe4C(C0),,l2-. By elimination of methoxide attack at an 
iron bound carbonyl as a possible route to I1 from VI 
further support is added to the ketenylidene alternative. 


On the basis of these observations we propose the re- 
action sequence shown in Scheme I11 for the oxidative 
fragmentation of [Fe6C(CO)16]2- (I) in methanol with tro- 
pylium bromide to give [Fe4(CO)12CC02CH3]-, 11. Both 
I and I1 and the intermediates 111, IV, V, and VI have all 
been isolated and their structures determined by X-ray 
crystallography, and the stepwise conversion I - I11 -, IV 
-, V - VI - 11 demonstrated individually. 


The overall reaction of [Fe6C(Co)16]2-, I, with tropylium 
bromide to yield [Fe4(CO)12CC02CH3]-, 11, is dependent 
on the presence of bromide ion in the reaction mixture. 
This was readily demonstrated by the use of tropylium 
tetrafluoroborate as oxidant in the reaction, where no trace 
of [Fe4(CO)12CC02CH3]- was observed by infrared spec- 
troscopy, and the reaction yielded [Fe5C(CO)15] and small 
amounts of as yet uncharacterized products. However, if 
tetraethylammonium bromide was added to  the reaction 
mixture prior to addition of the tropylium salt, I1 is formed 
smoothly and is formed in high yield, and this is now our 
preferred synthesis for 11. 


Registry No. I(Et4N salt), 11087-55-1; II(Et4N salt), 72872- 
04-9; 111, 11087-47-1; IV(Et4N salt), 83270-10-4; V(Et4N salt), 
83270-11-5; V((PPh3)2N salt), 74792-05-5; VI, 79061-73-7; 
Et4N+Br-, 71-91-0; MeOH, 67-56-1; C7H7+BF4-, 27081-10-3; Br-, 


Supplementary Material Available: Tables of positional 
and thermal parameters, structure factor amplitudes, and 
least-squares planes (18 pages). Ordering information is given 
on any current masthead page. 


24959-67-9. 








1640 Organometallics 1982, 1, 1640-1644 


Two Reactions of Bis(d1phenylphosphino)acetylene with 
Ta,CI,( SMe,),. Dlnuclear Products with Coupled Acetylenes 


and or Ringst 
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The tantalum compound Ta2C&(SMeZ), reacts with Ph2PC=CPPh2 to give either of two producb, 1 
or 2, depending on the mole ratio of reactants used. If a 1:l ratio is used, 1, with a molecular formula 
Cl4Ta-CH(PPh2)C(PPh2)-C(PPh2)CH(PPh2)-TaC1,.2CH2Cl2, is obtained. When a mole ratio of 1:2 
is used, the related compound 2, having two fewer hydrogen atoms and two Ta=C double bonds, 
(M@)Cl,Ta=C (PPh2)C (PPh2)=C (PPh2) C (PPh2)=TaC13(SMed, is obtained. Both compounds have been 
identified and structurally characterized by X-ray crystallography. 1 forms monoclinic crystals in space 
group P2,/n with unit-cell dimensions a = 11.884 (2) A, b = 14.143 (4) A, c = 17.681 (5) A, 0 = 94.26 (1)O, 
V = 2963 (2) A,, and 2 = 2. Compound 2 also forms monoclinic crystals in space group ??&In with a = 
14.851 (4) A, b = 12.245 (6) A, c = 15.848 (4) A, /3 = 97.32', V = 2858 (3) A3, and Z = 2. In each compound 
the starting acetylene has dimerized to form a four-carbon chain and the tantalum has increased ita oxidation 
state from I11 to V. In each case the molecule resides on a crystallographic inversion center. In 1 each 
Ta atom has distorted octahedral coordination supplied by four C1 atoms, one P atom, and a Ph2P-CH- 
group that forms a three-membered Ta-C-P ring with Ta-P = 2.555 (5) A and Ta-C = 2.326 (13) A. In 
2 the coordination is similar except that there is a Ph2P-C- group coordinated and trans to it a Me2S ligand 
in place of C1. The three-membered Ta-C-P ring has Ta-P = 2.471 (3) A and Ta=C = 2.018 (10) A. 
The reactions leading to these compounds are not understood mechanistically. Systematic names for 1 
and 2 are octachloro[~-[1,2,3,4tetrakie(diphenylphosphino)-2-butne-1,4diyl-C1Q1QB:CU~~]]ditantalum 
and hexachloro[r-[ 1 , 2 , 3 , 4 t e t r a k i s ( d i p h e n y l p h o s p h i n o ) - 2 - b ~ ~ n ~ l , 4 ~ y ~ d e n ~ C ~ ~ ~ ~ ~ ~ ~ ] ] b ~ ( d ~ e ~ y l  
sulfide)ditantalum, respectively. The structure of 1 was refined with 2480 data to fiial least-squares residuals 
R = 0.061 and R, = 0.068. The refinement of 2 involved 2971 reflections and gave final residuals R = 0.061 
and R,  = 0.074. 


- - . r i 


I . 


. 
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Introduction 
Previous studies in this laboratory have examined the 


reactions of acetylenes with the tantalum and niobium 
compounds of the type M2C&(THT),, where T H T  repre- 
sents tetrahydrothiophene.14 In several caseslJ the iso- 
lated products were mono- or dinuclear complexes con- 
taining the acetylene molecules coordinated to one or two 
metal atoms. With certain acetylenes, however, polym- 
erization occurred' to form either cyclic trimers (substi- 
tuted benzenes) or high molecular weight linear polymers. 
In addition to these studies we have been exploring the 
chemistry of tantalum(II1) more gene ra l l~ ,~  and in the 
course of this work we have found that the compound 
Ta2Cl@Me2), is a convenient and useful reagent6 for 
preparing a variety of tantalum(II1) compounds. 


In this paper we report the results of an investigation 
of the reaction of Ta2C&(SMd3 with the unusual acetylene 
Ph2PC=CPPh2. The results are quite different from any 
previously obtained. Neither polymers nor simple (alk- 
ynelmetal complexes have been isolated. Instead, complex 
reactions occur in which the acetylene is dimerized to give 
a 1,2,3,4-tetraphosphinobut-2-enediyl chain, which then 
complexes tantalum with the formation of P-C-Ta or 
P-C=Ta rings. The compounds to be described in this 
paper are 1, octachloro[p-[1,2,3,4-tetrakis(diphenyl- 
phosphino)-2-butene-1,4-diyl-C1Q1QB:C4gP,P]]ditantalum 
and 2, hexachloro[p-[1,2,3,4-tetrakis(diphenyl- 
phosphino)-2-butene-l,4-diylidene-C1,P1~C4,P~]] bis- 
(dimethyl su1fide)ditantalum. 


- 


'Dedicated to the memory of Rowland G. Pettit. 


0276-7333/82/2301-l640$01,25/0 


Experimental Section 
Bis(diphenylphoephino)acetylene, dppa, was prepared according 


to the literature method.' TazC&(SMez)3 was prepared as pre- 
viously described! Dichloromethane and hexane were distilled 
over PzO6 and potassium benzophenone ketyl, respectively. All 
manipulations of materials were carried out under anaerobic and 
anhydrous conditions by using vacuum line, syringe, and Schlenk 
methods. The infrared spedra were recorded on a Unicam SPllOO 
spectrometer. 


Preparation of Cl,Ta+H(PPh2)C(PPh2)=C(PPh2)CH- 
. , 


L I 


(PPhz)-TaC1,.2(CH2C12), 1. TazCl&3Me2)3, 100 mg (0.13 
mmol), WBB dissolved in 5 mL of dichloromethane and the solution 
transferred to a Schlenk tube via syringe. Dichloromethane (15 
mL) was carefully layered over the Ta2C&(SMe2)3 solution. One 
equivalent of dppa, 50 mg (0.13 mmol), was dissolved in 5 mL 
of dichloromethane and the solution layered on top of the di- 
chloromethane stratum in the Schlenk tube. The diffusion of the 
reactants proceeded over a period of approximately 1 week, which 
yielded a maroon solution and a small amount of light brown 
precipitate. The solution was filtered through a Celite pad, and 
about 8 mL of the filtrate was transferred to another Schlenk tube. 
The maroon filtrate was covered with a layer of 20 mL of hexane. 
As diffusion proceeded, the maroon solution turned brown within 


- 


~~~ 
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(2) Cotton, F. A.; Hall, W. T. Inorg. Chem. 1980, 19, 2354. 
(3) Cotton, F. A.; Hall, W. T. Znorg. Chem. 1981,20, 1285. 
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Table I. Crystallographic Parameters for 1 and 2 
parameter 1 2 


~~ ~ 


space group P2,ln P2, ln 
a, A 11.884 ( 2 )  14.851 (4)  


14.143 (4) 12.245 (6)  
15.848 ( 4 )  


b, A 
c, A 17.681 (5) 
0, deg 94.26 (1) 97.32 ( 2 )  v. A3 2963 (2)  2858 (3)  . .  
d A ,  " glcm3 1.81 m 1.73 


n 
L Y 1 


fw 1605.99 1463.44 
crystsize,mm. 0 . 2 0 X 0 . 3 1 X 0 . 2 5  0 . 2 8 X 0 . 3 2 X 0 . 4 0  
~ ( M o  Ka), cm-' 43.358 42.81 
range 2e, deg 0-50 0-48 
no. of unique 3143 3463 


no. of data, 24 80 2971 


no. of variables 326 315 


data 


Fo2 > 3p(FO2) 


0.061 0.061 
0.068 0.074 


esd 1.622 2.062 
largest shiftb 0.05 0.26 


~ w l F , (  
ment cycle. 
(Nobsd - Nparameters)11'2* 


Rl a 


a R ,  = X I P O I -  IFcIIXIFoI;R2= [XW(lFgI.- IFCI)'I 
Largest parameter shiftlesd in final refine- 


Quality of fit = [CW( IFo\ - IFcI )'/ 


24 h, and a fine brown precipitate was formed. Lustrous brown 
crystals appropriate for X-ray analysis were obtained after 3 days 
in ca. 5% yield. Crystals of 1 were moderately air sensitive (<15 
min in air): Ir (mull) 1590 (w), 1441 (s), 1438 (sh), 1318 (m), 1268 
(s), 1390 (m), 1099 (br), 1030 (br), 981 (sh), 805 (s), 765 (sh), 707 
(sh), 649 (sh) cm-'. 


Preparation of (MezS)Cl3Ta=C(PPhZ)C(PPh2)=C- 
. 7 


, 
~~~ 


(PPh2)C(PPhz)&aC13(SMez), 2. TazCl&3Mez)3, 0.5 g (0.66 
mmol), was dissolved in 20 mL of dichloromethane. Two 
equivalents8 of dppa, 0.52 g (1.32 mmol), were added to the 
solution, and the reaction mixture was stirred 1 h at 20 OC. The 
solvent was removed from this maroon solution by vacuum dis- 
tillation. The resulting purple solid was washed twice with hexane 
to remove any excess dppa. Dichloromethane (20 mL) was added 
to the solid and the resulting solution filtered through Celite. A 
layer of hexane was placed over a portion of the solution as 
described above. Purple rectangular crystals suitable for X-ray 
crystallography were obtained in this manner. Crystals of 2 were 
moderately air sensitive ( 4 5  min in air): Ir (mull) 1440 (s), 1328 
(br), 1266 (s), 1097 (br), 1030 (s), 804 (s), 741 (s), 705 (sh), 691 
(s), 547 (m) cm-'. The overall yield of 2 was ca. 80%. 


X-ray Crystallography. Collection of Data. Crystals of 
1 and 2 were mounted in capillary tubes with degassed epoxy resin 
and sealed under nitrogen. Crystals of 1 were examined by the 
automatic search routine on an Enraf-Nonius CAD-4 diffrac- 
tometer using Mo Ka radiation (An = 0.71073 A) with a graphite 
monochromator in the incident beam. Crystals of 2 were inspected 
by using rotation photographs taken on the CAD-4, followed by 
the automatic search routine. The w-scan peak profies of various 
strong reflections in each case indicated that the crystals were 
of good quality. The standard CAD-4 centering, indexing, and 
data collection programs were used. The temperature during data 
collection was 25 & 1 "C. A summary of data collection and 
refinement parameters is presented in Table I. Lorentz and 
polarization corrections were applied to the data as were empirical 
absorption correctionse based on $ scans of several reflections at 
values of x near 90". General procedures for data collection have 
been previously reported.1° 


During data collection, three standard reflections were mea- 


A I 


(8) Reactions containing excess dppa up to 4 equiv yielded no other 


(9) North A. C. T.; Phillips, D. C.; Mathews, F. S. Acta Crystallogr., 


(IO) Bino, A.; Cotton, F. A.; Fanwick, P. E. Znorg. Chem. 1979, 18, 


products. 


Sect. A 1968, A24, 351. 


3558. 
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Figure 1. The molecular structure of 1. There is a crystallo- 
graphic inversion center a t  the midpoint of the C(l)=C(l)' bond. 
Atoms are represented by 40% thermal ellipsoids. Phenyl rings 
have been omitted for clarity. 


sured after every hour of X-ray exposure for each compound. 
Total losses in intensity for compounds 1 and 2 were 15.4% and 
17.6%, respectively. Corrections for anisotropic decay were ap- 
plied to the data in each case. 


Solution and  Refinement of Structures." Crystals of 1 
and 2 were found to be monoclinic. The cell volume was consistent 
in each Case with 2 = 2. In each set of data there were systematic 
absences for h01, h + 1 = 2n + 1, and OkO, k = 2n + 1 that uniquely 
determined the space group as P2,/n. 


Metal atom positions for 1 were obtained by direct methods 
using the MULTAN program; for 2 they were determined from a 
three-dimensional Patterson synthesis. Subsequent difference 
Fourier maps followed by least-squares refinement in each case 
located all non-hydrogen atoms. Both structures were refined 
by the full matrix least-squares method. Anisotropic thermal 
parameters were assigned to all non-hydrogen atoms in each 
structure, and hydrogen atoms were omitted. The final difference 
Fourier maps of 1 and 2 showed no peaks of structural significance. 


Final positional parameters are listed in Tables I1 and 111, 
respectively. Listing of structure factors and tables of anisotropic 
thermal parameters for 1 and 2 are available as supplementary 
material. 


Results 
C 1 4 T a - C H ( P P h 2 ) C  ( P P  h 2 ) 4  ( P P  h , )CH(PP h2)- 


TaC14-2(CH2C12), 1. The dichloromethane molecules re- 
side on general positions and, though not disordered, have 
rather large amplitudes of thermal vibration. Molecules 
of 1, illustrated in Figure 1, are located on positions of 
crystallographic inversion symmetry. The center of sym- 
metry is a t  the midpoint of the ethylene unit, i.e., between 
C(1) and C(1)'. The ethylene unit has arisen by dimeri- 
zation of Ph2PC=CPPh2 to generate a four-carbon chain 
with a Ph2P group on each carbon atom: (Ph,P)CHC- 
(Ph2P)=C(Ph2P)CH(Ph2P). This then serves as a bridging 
ligand. Each Ta atom is seven-coordinate, with PO), C(2), 
P(11), C1(6), and Cl(2) approximately coplanar and Cl(4) 
and Cl(5) above and below this plane. Each Ta atom is 
part of a three-membered-metallacycle, Ta-C-P, and 


I , 
I 1 I 


-I 


.-1 


I 


(11) All corrections and refinement were done with the use of a PDP 
11/60 computer at Bert Frenz and Associates, College Station, TX, 
equipped with the Enraf-Nonius structure determination package. 


(12) Bresciani, N.; Calligaris, M.; Delise, P.; Nardin, G.; Randaccio, L. 
J. Am. Chem. SOC. 1974, a, 5642. 


(13) Bresciani-Pahor, N. Acta Crystallogr., Sect. B 1977, B33, 3214. 
(14) Bresandola, S.; Bresciani-Pahor, N.; Longato, B. J.  Organomet. 


Chem. 1979,179, 73. 


Soc., Dalton Trans. 1981, 1572. 


Nixon, J. F. J.  Chem. SOC., Chem. Commun. 1981, 1141. 


(15) Al-Jibori, S.; Crocker, C.; McDonald, W. S.; Shaw, B. L. J. Chem. 


(16) Burckett-St. Laurent, J. C. T. R.; Hitchcock, P. B.; Kroto, H. W.; 
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Table 11. Table of Positional Parameters and Their Estimated Standard Deviations for Structure 1 ’ 
atom X Y z atom X Y z 


Ta(1) 0.68816 (6)  0.18305 (7 )  0.51465 (5) C(21) 0.718 (2) -0.085 (1) 0.6471 (9)  
C1( 2) 0.8833 (3) 0.1485 (4) 0.5499 (3 )  C(22) 0.776 (2)  -0.140 (2 )  0.7061 (12) 
Cl(4) 0.6285 (4) 0.1504 (4) 0.6343 (3)  C(23) 0.882 (2)  -0.181 (2)  0.6897 (12) 
Cl(5) 0.7239 (4) 0.2060 (4) 0.3902 (3) C(24) 0.928 (2) -0.162 (1) 0.6209 (13) 
Cl(6) 0.7390 (5)  0.3420 (4)  0.5545 (4 )  C(25) 0.870 (1) -0.110 (2 )  0.5616 (12) 


Cl(61) 0.5451 (10) -0.0240 (11) 0.8069 (6) C(31) 0.406 (2) 0.403 (2) 0.4048 (14) 
P(1) 0.6842 (4)  -0.0026 (4) 0.5044 (3) C(32) 0.370 (2) 0.452 (2 )  0.3360 (12) 


Cl(60) 0.4577 (9) 0.0914 (8) 0.9215 (6 )  C(30) 0.449 (1) 0.307 (1) 0.3944 (10) 


P(11) 0.4902 (4) 0.2483 (4)  0.4814 (3) C(33) 0.373 (2) 0.411 (2)  0.2658 (14) 
0.535 (1) -0.038 (1) 0.5085 (10) C(34) 0.418 (2)  0.319 (2 )  0.2578 (12) 
0.514 (1) 0.127 (1) 0.4647 (10) C(35) 0.457 (2)  0.267 (2)  0.3252 (13) 


-0.039 (1) 0.4124 (11) C(40) 0.400 (1) 0.289 (1) 0.5527 (11) C(10) 0.728 (1) 
C(11) 0.653 (2)  -0.081 (2 )  0.3597 (10) C(41) 0.280 (1) 0.281 (1) 0.5349 (12) 
C(12) 0.690 (2)  -0.107 (2 )  0.2893 (11) C(42) 0.207 (2) 0.315 (2 )  0.5871 (13) 
C(13) 0.801 (2)  -0.090 (2 )  0.2707 (12) C(43) 0.249 (2) 0.351 (2 )  0.6602 (18) 
C(14) 0.873 (2)  -0.042 (2)  0.3239 (13) C(44) 0.369 (2)  0.363 (2)  0.6709 (14) 
C(15) 0.839 (1) -0.014 (1) 0.3957 (11) C(45) 0.444 (2) 0.330 (2) 0.6186 (11) 
C(20) 0.764 (1) -0.074 (1) 0.5757 (9 )  C(60) 0.574 (3)  0.048 (4)  0.8915 (18) 


C(1) 
C(2) 


‘ Estimated standard deviations in the least significant digits are shown in parentheses. 


Table 111. Table of Positional Parameters and Their Estimated Standard Deviations for Structure 2’ 
atom X Y 2 atom X Y z 


Ta(1) 0.01856 (4)  0.2194 (0) 0.12460 (4)  C(21) 0.0187 (11) 0.145 (1) -0.1820 (10) 
C1( 1) -0.0389 (3) 0.3705 (3 )  0.0421 (3) C(22) -0.0037 (14) 0.199 (2)  -0.2574 (12) 
C1( 2) 0.0096 (3) 0.3154 (3 )  0.2575 (3)  C(23) 0.0077 (13) 0.311 (2)  -0.2639 (12) 
Cl(3) 0.1246 (3)  0.0957 (3)  0.1997 (2)  C(24) 0.0480 (12) 0.370 (2) -0.1934 (12) 


0.0903 (2 )  0.1370 (3 )  -0.0090 (2) C(25) 0.0724 (11) 0.318 (1) -0.1178 (10) 
0.1726 (3) 0.3466 (4)  0.1205 (3)  C(30) -0.2368(9) 0.203 (1) 0.0579 (9) 


P(1) 
S(1) 


0.1500 (3 )  0.1255 (2 )  C(31) -0.2270 (12) 0.233 (1) -0.0246 (9) P(2) -0.1376 (3)  
C( 1) -0.0566 (9) 0.092 (1) 0.0752 (8) C(32) -0.3022 (13) 0.283 (2 )  -0.0760 (12) 
C( 2) -0.0378 (9)  -0.001 (1) 0.0217 (8) C(33) -0.3839 (12) 0.299 (2)  -0.0410 (13) 


0.1521 (13) 0.483 (2)  0.1574 (13) C(34) -0.3921 (11) 0.270 (2)  0.0404 (13) 
0.2626 (15) 0.309 (2)  0.1964 (19) C(35) -0.3168 (11) 0.222 (2) 0.0940 (12) 


0.119 (1) -0.0017 (9) C(40) -0.1766 (10) 0.078 (1) 0.2139 (10) 
C(11) 0.2541 (11) 0.036 (1) 0.0483 (10) C(41) -0.2498 (12) 0.003 (1) 0.1997 (12) 
C(12) 0.3514 (11) 0.022 (1) 0.0661 (11) C(42) -0.2791 (14) -0.047 (2) 0.2711 (15) 
C(13) 0.4008 (11) 0.094 (1) 0.0181 (11) C(43) -0.2380 (15) -0.027 (1) 0.3529 (12) 
C(14) 0.3634 (11) 0.177 (2)  -0.0320 (12) C(44) -0.1628 (15) 0.041 (2)  0.3643 (12) 
C(15) 0.2667 (12) 0.188 (1) -0.0417 (12) C(45) -0.1338 (14) 0.097 (2 )  0.2977 (10) 
C( 20) 0.0577 (9 )  0.205 (1) -0.1117 (9)  


C(5) 
C(6) 
C(10) 0.2136 (9 )  


Estimated standard deviations in the least significant digits are given in parentheses. 


Table IV. Selected Bond Lengths ( A )  in Compound 1’ 


Ta( 1)-C1( 2) 2.406 (4)  P( 1)-C( 1) 1.846 (13) 
C -C1(4) 2.327 (4)  P(ll)-C(2) 1.76 (2)  


-C1(5) 2.294 (5 )  C(1)-C(1)’ 1.37 (3)  


-P(1) 2.632 (4)  P(l)-C(lO) 1 .82(2)  
-P(11) 2.555 (5 )  P(l)-C(20) 1.821 (14)  
-C(2) 2.326 (13) P(l1)-C(30) 1.78 (2 )  


P(l1)-C(40) 1.81 (2 )  


-C1(6) 2.419 (5) C(l)-C(2) 1.49 (2)  


’ Esds in parentheses. 
I I 


also a five-membered metallacycle, Ta-C-C=C-P. 


‘(l) and ‘(l)’~ which are ‘Oxmead by a bond (1*37 
(3) A), and the atoms p(1)~ p(1)’~ c(2), and c(2)’ are eS- 
sentially coplanar, as shown in Table VI. The important 
bond distances and angles are listed in Tables IV and V, 
respectively. Results for the phenyl rings and the CHzC12 
molecule are given in supplementary tables, Tables IVS 
and VS. 
~ M e ~ s ~ C 1 ~ T ~ ~ ~ P P h ~ ~ c ~ p p h ~ ~ ~ ~ p p h ~ ~ c ~ p p h ~ ~  + - - 
=TaC1,(SMe2), 2. Each molecule of 2 resides on a tary tables, Tables and vIIIs. 
crystallographic inversion center located between C(2) and 
C(2)’. The molecule is shown in Figure 2. The overall 
structure is quite similar to that of 1 except for the absence 
of hydrogen atoms on atoms C(1) and C(1)’ and the closer 


The six atoms constituting the tetrmubstituted Olefin, viz*, Figure 2. The molecular structure of 2, There is a rigorous 
inversion center between C(2) and C(2)’. Atoms are represented 
by 40% thermal ellipsoids. Phenyl rings have been omitted for 
clarity. 


approach of these a~OmS to their respective tantalum at- 
oms. Quite obviously it also differs qualitatively in having 
one (CH3)2S molecule instead of a terminal C1 atom on 


bond angles are given in Tables VI1 and VIII, respectively, 
while those in the phenyl groups are given in supplemen- 


Discussion 
The most remarkable features of these compounds are, 


first, the dimerization of the Ph2PC=CPPh2 molecules 


- , each tantalum atom. The important bond lengths and 


L 
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Table V. Bond Angles (Deg) in Compound 1 (I 


C1(2)-Ta(l)-C1(4) 94.4 (2) C(2)-P(ll)-C(30) 
-C1(5) 91.9 (2) -C(40) 
-Cl(6) 84.2 (2 )  C(30)-P(ll)-C(40) 
-P(1) 80.0 (2)  P(1)-C(l0)-C(l1) 
-P(11) 170.5 (2)  -C(15) 
-C(2) 147.3 (4) 


-Cl( 6) 90.3 (2)  
-P( 1) 81.9 (2)  
-P(11) 86.7 (2) 
-C(2) 87.5 (4)  


-P(1) 94.5 (2)  -C( 25) 
-P(11) 87.8 (2) 
-C(2) 84.6 (4)  


-P(11) 86.4 (2)  
-C( 2) 128.5 (4)  


Cl( 4)-Ta( l)-Cl( 5) 172.1 (1) 


C1( 5)-Ta( 1)-C1(6) 95.0 (2)  P( 1)-C( 20)-C(21) 


Cl(6)-Ta(l)-P(l) 161.8 (2) 


110.2 (9) P(1)-Ta(1)-P(l1) 109.4 (2) 
122.7 (8) 4 7 2 )  67.9 (4) P(ll)-C(3O)-C(31) 114 (1) 
108.3 (8) P(l1)-Ta(1)-C(2) 42.1 (4) 4 7 3 5 )  123 (2) 
121  (1) P(1)-C(1)-C(2) 130 (1) 
116 (1) P(1)'-C(1)-C(1)' 111 (2 )  


C(11)'-C(1)-C(2) 119 (2)  
Ta(l)-C(2)-P(ll) 75.9 (5) 
Ta( 1)-C( 2)-C( 1) 
P(ll)-C(2)-C(l) 134 (1) 
Ta(1)-P(1)-C(1) 106.1 (5) P(ll)-C(4O)-C(41) 117 (1) 


122 (1) 


C(1)-P(1)-C(l0) 107.3 (7) -C(45) 122 (1) 
118 (1) -C( 20) 106.0 (7 )  
120 (1) C(lO)-P(l)-C(20) 107.1 (7)  


Ta(1)-P(l1)-C(2) 62.0 (5)  


(I Numbers in parentheses are estimated standard deviations in the least significant digits. 


Table VI. Planes of Atoms Adjacent to the Ethylene Unit 
for Structures 1 and 2 


atom dist from plane, A 


-0.007 


-0.014 


-0.005 
-0.030 
-0.008 


0.029 
-0.023 


0.029 
-0.021 
-0.006 


0.026 


0.031 


A. structure 1 P(1) 
C(1) 
C( 2) 
C( 1)' 
P( 1)' 
C(2)' 


B. structure 2 P(1) 
C( 2) 
C(1) 


P(1) 
C(1Y 


c q  


Table VII. 


Ta( 1)-C1( I) 
-Cl( 2) 


-P(1) 
-S( 1) 
-P(2) 
-C( 1 ) 


-C(lO) 
-C( 20) 


-C1( 3) 


P( 1 )-C( 2) 


Bond Distances (A) for Compound 2a 


2.362 ( 6 )  S(l)-C(5) 1.806 (15) 
2.430 (3) -C(6) 1.742 (15) 
2.391 (3) P(2)-C(1) 1.683 (11) 
2.685 (3) -C(30) 1.828 (9) 
2.775 (3) P(2)-C(40) 1.809 (12) 
2.471 (3) C(l)-C(2), 1.464 (15) 
2.018 (10) C( 2)-C( 2) 1.39 (2 )  
1.842 (11) 
1.835 (10) 
1.836 (10) 


(I Numbers in parentheses are estimated standard devia- 
tions in the least significant digits. 


and, second, the formation of three-membered Ta-C-P 
and Ta-C-P rings, fused to five-membered Ta-C- 
C=C-P and Ta=C-C=C-P rings. 


The dimerization, which may be represented formally 
as 


. 
I I - I d 


/pphp 'c=c 
PhpP-C 


/ \  
2 Ph 2PC -C PP h p  - 


PPhp C--PPh2 


is alone sufficient to generate the bridging ligand found 
in compound 2, but for 1 it  is also necessary to add a 
hydrogen atom to each of the terminal carbon atoms. At 
this time we have no clues as to how this dimerization 
proceeds nor is the source of the hydrogen atoms known. 


Let us turn, then, to the unusual three-membered me- 
tallocyclic rings. These ace shown in Figure 3. In the case 
of compound 1 it  is reasonable to regard the Ta-C bond 
as a single bond. By so doing, the tantalum atom is given 
an oxidation number of V. While we did not see any 


Table VIII. Bond Angles 


Cl(1)-Ta( 1)-C1(2) 92.6 (1) 
-C1(3) 160.2 (1) 
-P(1) 90.5 (1) 
-S(l) 77.8 (1) 


-C(1) 104.3 (3)  


-P(1) 159.4 (1) 
-S(1) 83.4 (1)  
-P( 2) 90.3 (1) 
-C(l)  128.4 (3)  


-P(2) 90.0 (1) 


Cl(2)-Ta(l)-Cl(3) 88.9 (1) 


Cl( 3 )-Ta( 1 )-P( 1 ) 81.52 ,-. 


(Deg) for Compound 2 


Ta(l)-P(2)-C(40) 124.4 (4)  
C(l)-P(2)-C(30) 116.3 (5 )  


-C(40) 118.8 (5 )  
c ( ~ o ) - P ( ~ ) - C ( ~ O )  108.1 ( 5 j  
Ta( 1)-C(1)-P( 2) 83.3 (5)  


-C(2) 133.4 (7 )  
P(2)-C(l)-C(2). 143.3 (8) 
P(l)-C(2)-C(l) 131.0 (7)  


-C( 2)' 108 (1) 
C(l)-C(2)-C(2)' 120 (1) 
P(1)-C(l0)-C(l1) 119.0 (8) 


-C(15) 121.6 (9)  
(31 


-S(1) 82.8 (1) P(l)-C(20)-C(21) 120.2 (9) 
-P(2) 109.8 (1) -C(25) 118.7 (8) 
-C(1) 90.0 (3)  


P(1)-Ta(1)-S(1) 77.37 P(2)-C(3O)-C(31) 118.3 (8) 
(9) -C(35) 118.8 (9)  


-P(2) 110.01 P(2)4(40)-C(41) 120.4 (9)  


-C(1) 70.0 (3) 


-C(l)  147.3 (3) 


( 8 )  -C(45) 120.0 (9)  


S(l)-Ta(l)-P(2) 165.9 (1) 


P(2)-Ta(l)-C(l) 42.5 (3)  
Ta( 1)-P( 1 )-C( 2)' 10  2.8 (3 )  


-C(lO) 119.3 (3)  
-C(20) 116.3 (4)  


C(B)-P(l)-C(lO) 107.5 (5 )  
-C(20) 104.7 (5) 


C( 10)-P( 1)-C( 20) 105.0 (5) 


-C(6) 113.4 (7 )  
C(5)-S(l)-C(6) 99.6 (9)  


-C(30) 124.2 (4)  


Ta(l)-S(l)-C(5) 109.7 (5) 


Ta(l)-P(2)-C(l) 54.2 (3)  


Estimated standard deviations in the least significant 
digits are given in parentheses. 


Figure 3. Drawings of the two kinds of three-membered me- 
tallocycles found in 1 and 2 with the bond lengths. 


certain indication of electron density corresponding to a 
hydrogen atom on the carbon atom C(2), the sum of the 
three bond angles that are seen is only 329', which is 
within experimental error the value expected for three of 
a tetrahedral set of four bonds. Moreover, the Ta-C bond 
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I - 
Table IX. Comparison of Dimensions in M-CR,-PR,' Rings and the Ta=CR-PR,' Rings 


bond length, A 


compd M-P M-C or M=C P-c ref 


2.202 ( 5 )  2.17 (2) 1 .76 ( 2 )  12 


2.189 ( 7 )  2.19 (2)  1.73 ( 3 )  13 


(3)  (X)[P( CH,Ph),]Pt-(CH2Ph), a 2.235 (4 )  2.15 (1) 1.76 ( 2 )  14 
T I  


(4)  Cl,(PMe,Ph),I;-CH,PMePh 
(5)  compound 1 
(6)  compound 2 


I 1  
(7)  (PPh,),Pt=C(CH,),P 


" X = a 2-substituted 1-o-BloC,Hlo unit. 


length, 2.326 (13) A, is comparable to the lengths of other 
Ta-C single bonds. The Ta-P bond in the small ring is 
slightly shorter than the other Ta-P bond. 


While the type of three-membered M-C-P ring found 
in I is rare, there have been a few previously documented 
examples, viz., (1)-(4) listed in Table IX. All of these 
involve the late transition metals, specifically Pt and Ir, 
and our compound 1 appears to be the first to exhibit this 
feature for an early transition metal. There are consistent 
differences in the dimensions of the two types. The P-C 
distances are comparable (although that in (4) seems 
strangely out of line), but for Pt and Ir the M-P distances 
run 0.18-0.27 A shorter and the M-C distances 0.13-0.18 
A shorter than for the corresponding bonds to tantalum. 


It may be noted also that several amino analogues of this 
type of three-membered ring, viz., M-C-N, have been 
structurally 


The three-membered ring in 2 is entirely unprecedented, 
as far as we know. Here, we are evidently dealing with a 
Ta=C double bond. To compensate for this and maintain 
charge balance, one of the C1- ligands of I is replaced by 
the neutral ligand (CH3)2S, which was introduced into the 
reaction as part of the starting material, Ta2C16(Me2S)3. 
The oxidation state of the tantalum is again V. The sum 


. 


- 


(17) Abel, E. W.; Rowley, R. J.; Mason, R.; Thomas, K. M. J. Chem. 


(18) Mataunoto, M.; Nakatsu, K.; Tani, K.; Nakamura, A,; Otauka, S. 


(19) Sepelak, D. J.; Pierpont, C. G.; Barefield, E. K.; Budz, J. T.; 


(20) Crawford, S. S.; Knobler, C. B.; Kaesz, H. D. Inorg. Chem. 1977, 


SOC., Chem. Commun. 1974,72. 


J .  Am. Chem. SOC. 1974,96,6777. 


Poffenberger, G. A. J. Am. Chem. SOC. 1976, 98,6178. 


16, 3201. 


2.276 (6)  2.19 ( 2 )  1.90 ( 3 )  15  
2.555 ( 5 )  2.33 (1) 1.76 ( 2 )  
2.471 (3)  2.02 (1) 1.68 (1)  


2.320 ( 6 )  1.97 ( 2 )  1.67 (2)  16 


of the three bond angles about the carbon atom bound to 
the tantalum atom is now equal to 360'. The Ta=C 
distance, 2.02 A, is similar to previously observed Ta=C 
distances.21 I t  is 0.31 A shorter than the Ta-C distance 
in 1. The P-C distance is also shorter, by 0.08 (2) A, in 
2 than in 1; some shortening, perhaps 0.04 A, could be 
expected because of the change of hybridization from sp3 
to sp2. There is also a significant decrease, 0.08 (1) A, in 
the ring Ta-P bond length. 


Since a ring of the type found in 2 is without any exact 
precedent, the closest comparison we could find was with 
compound (7) in Table IX. However, since there is a 
considerable difference between Ta and Pt as well as in 
the nature of the C-P portion of the ring, this comparison 
is of uncertain value. 
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Tungsten hexachloride reacts with 6 equiv of neopentyllithium in ether to give volatile, yellow, crystalline 
W(CCMe3)Np3 (Np = CH2CMe3) in poor yield. W(CCMe3)Np3 can be prepared in 50-70% yield by adding 
W(OMe)3C13 to 6 equiv of NpMgCl in ether. W(CCMe3)Np3 reacts with 3 equiv of HCl in the presence 
of NEt,Cl to give blue [NEt4][W(CCMe3)C14] and in the presence of dme to give W(CCMe3)(dme)C13 (dme 
= 1,2-dimethoxyethane). The several phosphine adducts of “W(CCMe3)C13” which have been prepared 
include W(CCMe3)(L)C13 (L = PEt3 or PMe3), W(CCMe3)(PMe3)&13, and W(CCMe3)(PMe3)3C13. 
Straightforward reactions between [NEt,] or W(CCMe3)(dme)C13 and LiX (X = OCMe3, NMe2, N-i-Prz, 
or SCMe3) give the volatile, pale yellow to white, monomeric complexes, W(CCMes)X3. 


Introduction 
Several years ago we discovered that the reaction be- 


tween WCle and 6 equiv of neopentyllithium in diethyl 
ether produces the volatile yellow neopentylidyne complex, 
W(CCMe3)(CH2CMe3)3, in low yielda2 We were able to 
study some of its reactions, such as that with phosphine 
ligands to give complexes of the type W(CCMe3)- 
(CHCMe3)(CH2CMe3)L2 (L = PMe3 or 0.5 d m ~ e ) , ~ ”  but 
the chemistry of what we suspected might be an important 
type of tungsten(V1) organometallic species (viewing the 
neopentylidyne ligand as a trianion analogous to the nitride 
ligand4) unfortunately was limited by the low-yield route 
to W(CCMe3)(CH2CMe3)3 and our failure to find a route 
to versatile derivatives. The picture changed in 1981 when 
we discovered [W(CCMe3)C14]- via an unexpected route,6 
a route to W(CCMe3)(CH2CMe3)3 in good yield on a rel- 
atively large scale? and the reaction between W- 
(CCMe3)(CH2CMe3)3 and 3 equiv of HC1 in the presence 
of NEt4C1 to give [NEt4] [W(CCMe3)C14] essentially 
quantitatively.6 From [NEt4] [W(CCMe3)C&] we could not 
only prepare a variety of adducts of the type W- 
(CCMe3)C13L, ( x  = 1,2, or 3) where L = (e.g.) PR, but also, 
more interestingly, a variety of simple thermally stable 
molecules of the type W(CCMe3)X3 (X = OCMe3, SCMe3, 
NR2). The details of this chemistry are reported in this 
paper. Reactions of tungsten(V1) neopentylidyne com- 
plexes, including their use as catalysts to catalytically 
metathesize acetylenes,’ will be reported in detail in sub- 
sequent papers. 


Results 
Preparation of W(CCMe3)(CH2CMe3)p Yellow, 


crystalline W(CCMe3)Np3 (Np = CH2CMe3) was first 
prepared in low yield by adding 6 equiv of LiNp to WCl, 
in ether at -78 “C, followed by warming the yellow solution 
to room temperature, removing the solvent in vacuo, and 
subliming the pentane-soluble residues (70 “C (1 pm)). 
Ether apparently is necessary since if >50% of the solvent 
is pentane, little or no W(CCMe3)Np3 can be isolated. 
W(CCMe3)Np3 can also be prepared by adding 5 equiv of 
LiNp to WC15 in ether a t  -78 “C (followed by a similar 
isolation procedure) or 6 equiv of LiNp to WBr,+ The yield 
of W(CCMe3)Np3 from WCl, and LiNp was unchanged by 
employing inverse addition (W to Li) or by doing the re- 
action at  room temperature. Using NpMgCl in place of 


‘This paper is dedicated to the memory of Rowland Pettit, a 
brilliant chemist and a friend. Pettit was one of the first to attempt 
to prepare a complex containing a terminal methylene ligand, and 
he took a special interest in the emerging area of high oxidation state 
complexes containing a metal-carbon double or triple bond. 
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Table I. Some NMR Data for Tungsten(V1) 
Neopentylidyne Complexes 


compd solvent S(C,) JCW J c p  


W(CCMe,)NP, C6D, 316 232 
WICCMe,MOCMe,l, CDCl. 271 
W(CCMe;j(NMe,)~d 
W(CCMe,)(SCMe,), 


[PEt,H] [ W( CCMe,)Cl,] 


W(CCMe,)( dme)Cl, 
W(CCMe,)( Et ,PO)Cl, 
W(CCMe,)(Et ,PO)( PEt,)Cl, 
W ( CCMe, )( PMe, ),Cl, 
W(CCMe,)(PMe,),Cl, 
W(CCMe,)(PMe,)Cl, 
W(CCMe,)(PEt,)Cl, 


[W(CCMe3 )(OMe),(NMe$)I, 


WEt.31 [W(CCMe,)C1,1 
[NEt,l [W(CCMe,)(PEt,)Cl,I 


C6D6 288 
CDCl, 335 
C6D6 286 
CD,Cl, 339 205 
CDiCl; 337 
CDCl. 335 13  
C,D,= 335 224 
C,D6 329 208 
C6D6 340 15 
CDC1, 401 40  
CDC1, 357 26 


C6D6 346 209 13  
CDCl, 345 1 2  


LiNp gave only traces of W(CCMe3)Np3, if any at  all. 
The mass spectrum of W(CCMe3)Np3 shows a correct 


isotope pattern for the W(CCMe3)Np3+ ion. No higher 
mass peaks were found. Since W(CCMe3)Np3 is extremely 
soluble in pentane, toluene, and ether, one might suspect 
that it is monomeric. Although a cryoscopic molecular 
weight measurement in cyclohexane suggested that it 
might be a dimer: more reliable differential vapor-pressure 
studies in dichloromethane (at 0 “C) confirm that it is a 
monomer. 


The ‘H and 13C NMR spectra of W(CCMe3)Np3 are 
consistent with its formulation. The signal for the neo- 
pentylidyne a-carbon atom is found at  316 ppm with JcW 
= 232 Hz, data which suggest there is a triple bond be- 
tween tungsten and c a r b ~ n . ~ ~ ~  13C NMR data for this and 
other neopentylidyne complexes we will be discussing are 
collected in Table I. 


The IR spectrum of W(CCMe3)Np3 is very similar to 
that of Ta(CHCMe3)Np3,8 the major differences being in 
the fingerprint region. Some of these could be due to a 


(I) Multiple Metal-Carbon Bonds. 31. For part 30 see: Edwards, D. 


(2) Clark, D. N.; Schrock, R. R. J.  Am. Chem. SOC. 1978,100,6774. 
(3) Churchill, M. R.; Youngs, W. J. Inorg. Chem. 1979, 18, 2454. 
(4) (a) Griffith, W. P. Coord. Chem. Reu. 1972,8,369. (b) Dehnicke, 


K.; StrHhle, J. Angew. Chem., Int .  Ed.  Engl. 1981,20, 413-426. 
(5) Wengrovius, J. H. Ph.D. Thesis, Massachusetts Institute of Tech- 


nology, 1981. 
(6) Sancho, J. Ph.D. Thesis, Massachusetts Institute of Technology, 


1982. 
(7) (a) Wengrovius, J. H.; Sancho, J.; Schrock, R. R. J. Am. Chem. SOC. 


1981,103,3932. (b) Sancho, J.; Schrock, R. R. J. Mol. Catal. 1982, 15, 
75. 


(8) Schrock, R. R.; Fellmann, J. D. J. Am. Chem. Soc. 1978,100,3359. 


S.; Schrock, R. R. J. Am. Chem. Soc., in press. 


0 1982 American Chemical Society 
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“M=C” stretching mode (e.g., a t  1350 or 1280 cm-l for 
W(CCMe,)Np,) analogous to those assigned by Fischer in 
a series of X(CO),W=CR complexes,B but careful studies 
are clearly necessary before reaching any conclusions. 


Although WMe6 is known,l0 it seemed unlikely to us that 
W(CH2CMe3)6 was an intermediate in the reaction to give 
W(CCMe3)Np3 by a double intramolecular a-hydrogen 
atom abstraction reaction,” Le., W(CH2CMe3)6 - W- 
(CHCMe3)(CH2CMe3), - W(CCMe3)(CH2CMe3),. The 
reason is that WCl, is extremely easy to reduce and only 
use of the mildest alkylating agents (for example, mercury 
alkyls12) can prevent red~cti0n.l~ Indeed, analysis of the 
volatile components from a typical reaction showed that 
from 3.2 to 3.5 equiv of added neopentyl groups are found 
as neopentane ( - 1.3 equiv) and 2,2,4,4tetramethylhexane 
(-1.0 equiv). Therefore it appeared likely that much of 
the neopentyllithium was consumed as a reducing agent. 


Closer examination confiimed that only 4 equiv of LiNp 
are required to produce a yellow solution at -78 “C. When 
the volatile components were removed at  -78 “C from a 
yellow solution prepared in this manner, they were found 
to include -2.7 equiv of C5 products (-0.9 equiv of neo- 
pentane and -0.9 equiv of dineopentyl); Le., the first three 
equivalents of neopentyllithium simply reduce W (VI) to 
W(II1) (eq 1). The fourth equivalent of neopentyllithium 
WC16 + 4LiNp - 


CMe4 + Me3CCH2CH2CMe3 + “WNpCl,” (1) 


probably alkylates “WCl,” to give “WNpCl,”, the yellow 
powder that is left behind in this experiment. When fresh 
ether is added to “WNpCl,” at -78 “C and the solution is 
allowed to warm to 25 “C, an ugly brown mixture is formed 
from which neopentane (0.12 equiv) and dineopentyl(O.33 
equiv) can be removed in vacuo at  25 “C. 


In another set of experiments 6 equiv of neopentyl- 
lithium were added to WCg, and all volatile components 
were removed at  -30 “C, leaving a yellow residue. We 
could not extract any unreacted neopentyllithium from this 
residue with hexane at -30 “C. Therefore we suggest that 
“WNpCl,” is further alkylated to ’WNp,Cl” and finally 
“WNp,” and that “WNp,” decomposes between -0 and 
20 OC to give (inter alia) W(CCMe3)Np,. We believe that 
some neopentane is formed when “WNp,” decomposes, 
since we know that -1.3 equiv of neopentane and -1.0 
equiv of dineopentyl are found at  the end of a typical 
preparation of W(CCMe3)Np3 from WCl, and LiNp, but 
only - 1.0 equiv of neopentane and -1.0 equiv of dineo- 
pentyl are formed in the first three reduction steps (see 
above). If we could be certain that no dineopentyl forms 
when “WNp,” decomposes (even though dineopentyl forms 
when “WNpC12” decomposes), then we could be fairly 
certain that the final series of steps to give W(CCMe3)Np3 
results in formation only of neopentane, probably via 
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complex a-hydrogen abstraction reactions. We feel this 
is probably true but cannot prove it due to the experi- 
mental errors involved. 


It should be clear by now that the preparation of W- 
(CCMe3)Np3 from WCl, and LiNp is complex, probably 
involving electron transfers, intermolecular a-hydrogen 
abstractions, alkyl transfers, disproportionations, etc. The 
low yield might be tolerable were it not for the fact that 
the yield is even lower when the reaction is scaled up by 
a factor of 5. Therefore we had to develop an alternative 
synthesis of W(CCMe3)Np3. We hypothesized that it 
would be preferable to keep the tungsten from reducing 
in order that a relatively well-behaved double a-hydrogen 
abstracting reaction to yield a W(V1) neopentylidyne 
complex would be possible. Initial attempts a t  preparing 
W(CCMe,)Np, from WOC14, W02C12, or WO(OCMe,), 
plus 6 equiv of LiNp, NpMgCl, or MgNp, in ether or 
pentane by using both regular and inverse addition (W to 
alkylating agent) a t  -78 “C or 25 OC gave no better yields 
of W(CCMe3)Np3 (if any at all) than from WCl, and LiNp. 
We then turned to methoxy chloride complexes since 
methoxide ligands should make the metal less susceptible 
to reduction and since methoxide ligands should be sub- 
stituted readily by alkylating agents. 


W (OMe)&13 and W(OMe)& are readily prepared in 
high yield from WCl, and Me3SiOMe.14 When up to 6 
equiv of LiNp or NpMgCl or 3 equiv of ZnNp, are added 
to W(OMe),Cl, or W(OMe)4C12 in ether or pentane, only 
unidentifiable, essentially insoluble precipitates and/or 
pentane-soluble red oils were obtained. Little or no W- 
(CCMe3)Np3 could be sublimed from the red oils. How- 
ever, when W(OMe3),C13 is added to 6 equiv of NpMgCl 
in ether at -78 “C, followed by warming the reaction to 
room temperature and working it up as before, a large 
amount of pentane-soluble red oil is obtained in which the 
only significant diamagnetic product is W(CCMe3)Np3. 
W(CCMe3)Np3 can be distilled in 50-70% yield from this 
red oil a t  80-90 “C and 0.1-1 pm of pressure by using a 
short-path, air-cooled distillation head. Since W(OMe)&13 
can be prepared in high yield on a large scale and since 
the alkylation reaction can be run conveniently by using 
20-40 g of W (OMe),Cl,, this procedure immediately su- 
perceded the preparation of W(CCMe3)Np3 from WC16 
using LiNp. We believe that methoxide ligands prevent 
reduction of the metal before an a-hydrogen atom ab- 
straction reaction”J5 can produce a neopentylidene ligand. 
Once the initial neopentylidene ligand forms, the re- 
maining a-hydrogen atom is probably relatively easily 
removed by an alkyl group or even a methoxide or a 
chloride ligand. We hope to be able to investigate the 
mechanism of this reaction in the future. 


The Preparation of [ W(CCMe3)C14]- and Related 
Species. The first evidence that neopentylidyne com- 
plexes probably are common and readily formed was un- 
covered in the study of tungsten(V1) oxo neopentylidene 
complexes.16 The reaction shown in eq 2 was an attempt 


W ( O ) ( C H C M ~ ~ ) ( P E ~ B ) ~ C ~ ~  -czcL, 
Et3P0 + [PEt3][W(CCMe3)C14] (2) 


to prepare the known16 five-coordinate species, W(0)- 
(CHCMe,)(PEt3)Cl2, by oxidizing one relatively labile 
phosphine ligand to PEt,Cl2.” In tetrahydrofuran the 


C&, chlorobenzene 


(9) Fischer, E. 0.; Dao, N. Q.; Wagner, W. R. Angew. Chem., Int. Ed. 
Engl. 1978, 17, 50. 


(10) Chiu, K. W.; Jones, R. A.; Wilkinson, G.; Galas, A. M. R.; 
Hursthouse, M. B.; Malik, K. M. A. J. Chem. SOC., Dalton Trans. 1981, 
1204-1211 and references therein. 


(11) (a) Schrock, R. R. Acc. Chem. Res. 1979,12,98. (b) Schrock, R. 
R. “Alkylidene Complexes of the Earlier Transition Metal& in ‘Reactions 
of Coordinated Ligands”; Braterman, P. S., Ed.; Plenum Press: New 
York, in press. 


(12).Riess has reported preparing WMeCI, from WCl, and HgMe2: 
Santini-Scampucci, C.; Riess, J. G. J. Chem. SOC., Dalton Trans. 1976, 
195. We attempted to prepare ‘WNpCI,” by reacting HgNp, with WCl, 
at  low temperatures in CH2Cl2. A reaction does occur but we have been 
unable to determine what the tungsten product(s) is (are) or to convert 
them into any recognizable derivative. 


(13) However, the latest and most successful preparation of WMesIo 
employs AlMe3, apparently without any complications which could be 
ascribed to significant reduction of the tungsten. 


(14) Handy, L. B.; Sharp, K. G.; Brinckman, F. F. Inorg. Chem. 1972, 
11, 523. 


(15) (a) Wood, C. D.; McLain, S. J.; Schrock, R. R. J. Am. Chem. SOC. 
1979, 101, 3210. (b) Messerle, L. W.; Jennische, P.; Schrock, R. R.; 
Stucky, G. D. Ibid. 1980,102,6744. 


(16) Wengrovius, J. H.; Schrock, R. R. Organometallics 1982,1,148. 
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reaction proceeds differently (eq 3). [PEt3H] [W- 


t ZnClp 
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Scheme I. Preparation of Some Phosphine Adducts 
I NEt, ICW (CCMe3)C l41 W ( C C  Me3 ) (  E t 3 P O  )CI  3 


blue blue 


W(CCMe3)(Et 3 P O ) ( P E t 3 )  CI 3 


turquoise 
/ 


-CzCI+  


-PMe3C12 
t C Z C 1 6  -CNEI41[ZnCl31 


PEt3HC1 + W-(CCMe3)(Et3PO)C13 (3) 


(CCMe3)C14] is easily isolated as blue crystals. Unfortu- 
nately, W(CCMe3)(Et3PO)C13 could be obtained only as 
a blue oil. In each case the first step is probably oxidation 
of one dissociated PEt, ligand in W(0)(CHCMe3)- 
(PEQ2C12 to PEt,C12. We propose that the phosphorus(V) 
in PEt3C12 attacks the oxo ligand in W(0)(CHCMe3)- 
(PEtJC1, to give an intermediate which is perhaps that 
shown in eq 4. Apparently this renders the neo- 


+ P E t 3  


E t3P 
CI, I O b E t  a ,“&HCie3 - PEt3HCI + W(CCMeJ(Et,PO)CI, (4) 


CI A 


-PEt3 pentylidene a-proton relatively acidic (see later), and it 
is then removed by PEt, to give PEt3HC1. This proposal 
is supported by the fact that authentic W(0)- 
(CHCMe3)(PEt3)C12 reacts with PPr3C12 in THF more 
rapidly than the rate of reaction 3 to give the result shown 
in eq 5 (Pr = n-propyl). One final piece of (negative) 
evidence consistent with the proposed mechanism is the 
fact that W(0)(CHCMe3)(PEt3)C12 does not react readily 
with C2C16. 
W(0)(CHCMe3)(PEt3)C12 + PPr3C12 - 


PEt3HC1 + W(CCMe3)(Pr3PO)C13 (5) 


We soon realized that [W(CCMe3)C14]- might be pre- 
pared independently by adding HC1 to W(CCMe3)Np3 in 
the presence of NEt4Cl. This reaction (eq 6) works well 


3HC1 
W(CCMe3)(CH2CMe3)3 NE~,c~- [NEt41 [W(CCMe3)Cl4I 


(6) 
in a mixture of ether and dichloromethane. Yields of 
[NEt4] [W(CCMe3)C14] are consistently >go%. A small 
amount of an unidentified red impurity occasionally forms, 
but it can be separated from the product easily. Sur- 
prisingly, excess HC1 does not react readily with 
[NEt4] [W(CCMe3)C14]. Therefore, we can propose that 
W(CHCMe3)C14, if it were formed via some other route, 
almost certainly would immediately lose H+ to give [W- 
(CCMe3)C14]- or HC1 to give “W(CCMe3)C13” (see below). 


If NEt4C1 is left out of the reaction of W(CCMe3)Np3 
with 3 equiv of HC1 in ether (for example), a poorly be- 
haved and as yet uncharacterized green powder is obtained. 
The green powder dissolves in THF, but no well-behaved 
compound could be isolated. lH and 13C NMR spectra of 
solutions of “W(CCMe3)C13” in THF were broad and 
variable, as if paramagnetic impurities were present. 
However, a well-behaved 1,Qdimethoxyethane adduct can 
be obtained by reacting W(CCMe3)Np3 in pentane with 
HCl in the presence of dimethoxyethane (eq 7). W- 
(CCMe3) (dme)C13 is a purple, crystalline complex whose 
lH and 13C NMR spectra suggest that it is octahedral with 
three chloride ligands cis to the neopentylidyne ligand. 


W(CCMe3)Np3 pentane,dma* W(CCMe3)(dme)C13 (7) 


It should be possible to form a large variety of adducts 
of “W(CCMe3)C13”. We have already mentioned W- 
(CCMe3)(dme)C13 and W(CCMe3)(Et3PO)C13. It was in- 
itially for the purpose of confirming that Et3P0 was 


3HC1 


(17) Apel, R.; Scho le r ,  H. Chem. Ber. 1977, 110, 2382. 


I t P E t 3  


/ n l C 1 3  1 
W(CCMe3)( PEt3)CI3 


violet 


” W(CC M e  3H P Et 3) pC I ” 


violet 


present in the latter that we reacted W(CCMe3)(Et,PO)C13 
with excess PEt3 and PMe* As shown in Scheme I, these 
reactions yield W(CCMe3)(Et3PO)(PEt,)Cl3 and W- 
(CCMe3)(PMe3)3C13, respectively. Two isomers of W- 
(CCMe3)(Et3PO)(PEt3)C13 are observed, and in each the 
signal for the alkylidyne a-carbon atom is a doublet with 
JcP = 14.5 Hz. Therefore, PEt3 must be cis to the neo- 
pentylidyne ligand in each. W(CCMe3)(PMe3)3C13 is a 
peculiar species which is moderately soluble in toluene but 
also conducts slightly in dichloromethane. All PMe3 lig- 
ands are equivalent and remain bound to tungsten (Jpw 
= 247 Hz and JCaw = 40 Hz) in either chloroform or tol- 
uene. We suspect that neutral, seven-coordinate W- 
(CCMe3)(PMe3)3C13 is in rapid equilibrium with [W- 
(CCMe3)(PMe3)3C12]C1, even in toluene, and that the PMe, 
ligands equilibrate when chloride ligands exchange. One 
possible mechanism is shown in eq 8. We have not been 
able to slow down the chloride-exchange process on the 
NMR time scale by cooling samples to low temperatures. 


R R R 


One PMe3 ligand in W(CCMe3)(PMe3)3C13 can be oxi- 
dized with C2C& to give W(CCMe3)(PMe3)2C13. The ‘H 
NMR spectrum of W(CCMe3)(PMe3)2C13 shows only one 
doublet for the PMe3 ligands, not the “virtual triplet” 
characteristic of trans PMe3 ligands. Therefore, we believe 
the two PMe3 ligands are cis to one another and cis to the 
neopentylidyne ligand. 


A second PMe3 ligand can be oxidized with C2C& to give 
violet W(CCMe3)(PMe3)C13. An analogous violet PEt, 
complex was first made by treating W(CCMe3)(Et3PO)- 
(PE5)Cl3 with AlCl% In contrast to W(CCMe3)(PMeJ2C13, 
W(CCMe3) (PEt3)&13 is not a stable species, although it 
is the likely intermediate which serves to exchange coor- 
dinated PEt3 in W(CCMe3)(PEt3)C13 with free PEt3. 


The majority of these results can be explained largely 
on the basis of the somewhat smaller size of PMe3 relative 
to PEt3. All of the phosphine complexes have been pre- 
pared more straightforwardly from [Et4N] [W(CCMe3)C14] 
in the presence of ZnC12 (to remove Cl- as NEt4ZnC13), and 
we have shown in qualitative reactions that several of the 
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phosphine complexes can be prepared from the most re- 
cently discovered complex, W(CCMe3) (dme)Cl,. Presum- 
ably all (and potentially a large variety of other types of 
adducts) could be prepared simply and quantitatively from 
W( CCMe,) (dme)Cl,. 


Preparation of Complexes of the Type W(CCMe3)X, 
(X = OCMe,, NR2, SCMe,). [NEt4][W(CCMe3)C14] re- 
acts with LiX (X = OCMe,, NMe2, N-i-Pr2, or SCMe,) to 
give pale yellow to white, volatile, monomeric species whose 
physical properties resemble those of W(CCMe,)Np,. 
Presumably these molecules cannot dimerize through 
OCMe,, NR2, or SCMe3 bridges largely for steric reasons. 
Since the dimethylamido group is almost certainly planar 
and by analogy with the structure of Wz(NMez)6,18 one 
might expect to find the planes in which the dimethyl- 
amido ligands lie in W(CCMe3)(NMe2), to contain the 
W=C bond. But a t  room temperature only one type of 
methyl group is observed, probably due to rotation of the 
dimethylamido ligand about the tungsten-nitrogen bond. 
In W(CCMe3) (N-i-Pr2),, however, a sterically more con- 
gested molecule in which rotation of the N-i-Pr2 ligand 
about the tungsten-nitrogen bond should be slower, two 
types of methyl groups are observed in the NMR spectra. 
We assume one type is in an isopropyl group that points 
toward the neopentyl ligand and the other is in an iso- 
propyl group that points away from the neopentylidyne 
ligand. 


The importance of steric hindrance in keeping these 
molecules monomeric becomes obvious if one attempts to 
prepare analogous species in which X is a smaller ligand. 
For example, W(CCMe3)(NMe2)3 reacts instantly with 
methanol to give [W(CCMe,)(OMe),(NMe,H)],. Its NMR 
spectra show three different types of methoxide ligands 
in a 1:l:l  ratio and a normal neopentylidyne ligand. A 
logical and consistent structure is that shown in eq 9. The 


Me 0 NMeZH 
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Me 


metal is obviously still electrophilic enough to accept as 
many donor ligands as is sterically possible, even though 
the terminal alkoxide ligands are reasonably good T-elec- 
tron donors.lg The consequences of this behavior will 
become important in any reaction in which the substrate 
(e.g., an acetylene') must coordinate to the metal. It is 
interesting to note in this context that W2(NMe2)6 reacts 
with tert-butyl alcohol to give W2(OCMe3)6, but the 
product of the reaction between W2(NMe& and Me,SiOH 
is W2(OSiMe&(HNMe&, and the products of the reaction 
between W2(NMe2)6 and 2-propanol are polynuclear ( W 


Discussion 
Reactions between WCl, and several alk;lating agents 


have been studied in the past.21 All are complex. For 
example, the original preparation of WMe610 was successful 
only when molecular oxygen was judiciously added. 
Possibly oxygen was required in order to oxidize some 
intermediate reduced tungsten complex. The reactions 
between WC16 and ((trimethylsily1)methyl)lithium or 


> 2).20 


(18) Chisholm, M. H.; Cotton, F. A.; Extine, M. W.; Stulta, B. R. J. 


(19) Griffith, W. P. Coord. Chem. Reu. 1970,5, 459. 
(20) Akiyama, M.; Chisholm, M.; Cotton, F. A,; Extine, M. W.; Haitko, 


(21) Schrock, R. R.; Parshall, G. W. Chem. Reu. 1976, 76, 243. 


Am. Chem. SOC. 1976, 98,4477. 


D. A.; Little, D.; Fanwick, P. E. Inorg. Chem. 1979, 18, 2266. 


Grignard reagents have yielded W2(CH2SiMe3)6,22 [W2- 
(CSiMe3)(CH2SiMe3)2]2,23 and W(CSiMe3)(CH2SiMe3)3," 
the (trimethylsily1)methyl analogue of W(CCMe3)- 
(CH2CMe3),, all in low and variable yield (<20%). 
Therefore it is not surprising that the reaction between 
WCl, and neopentyllithium gives W(CCMe3) (CH2CMe3), 
in poor yield or that other, as yet unidentified neo- 
pentyl-derived products are also formed in this complex 
reaction. On the basis of the results described here, it is 
also not surprising to find that W(CSiMe3)(CH2SiMe3), 
can be prepared in 70% yield by adding W(OMe),Cl, to 
6 equiv of Me3SiCH2MgC1.26 W(CSiMe3) (CH2SiMe3), is 
yellow, crystalline,% sublimable, and distillable. It and its 
reactions will be described fully in due course. 


We recently reported some relatively well-behaved a- 
hydrogen abstraction reactions in tungsten imido neo- 
pentyl complexes which give imido neopentylidene com- 
ple~es.~ '  There are indications that tungsten oxo neo- 
pentyl complexes also undergo a-hydrogen abstraction 
reactions to give oxo neopentylidene complexes.28 In each 
case a strong *-bonding ligand (imido or oxo) apparently 
stabilizes the metal toward reduction. Without the T- 


donor ligand reduction is a significant problem and com- 
plex, unpredictable, intermolecular a-hydrogen abstraction 
reactions therefore predominate. The fact that W- 
(CCMe3)Np3 forms at all when "WNp," decomposes is 
remarkable. 


Tungsten(VI) neopentylidyne complexes, and, as we now 
know, other types of alkylidyne complexes (e.g., benzyli- 
dyne,' b ~ t y l i d y n e , ~ ~  etc.), are obviously closely related to 
nitrido ~omplexes.~ However, an important difference 
between the nitride and the alkylidyne ligand is that the 
nitrido ligand can form adducts of the type M=N+M' 
with few steric problems, while the alkylidyne ligand is 
restricted to forming sterically more crowded "adducts" 
with approximately a square MC2M arrangement.23p30 


Experimental Section 
All operations were performed under prepurified nitrogen or 


argon by using standard Schlenk techniques or a Vacuum At- 
mospheres HE 43-2 drybox system. 


Commerical pentane and hexane (washed with 5% HN03/ 
HzSOl and dried over CaClZ), reagent grade THF (dried over 
KOH), reagent grade toluene and anhydrous ether were distilled 
from dark purple sodium benzophenone ketyl under nitrogen. 
Reagent grade benzene, dichloromethane, chloroform, and ace- 
tonitrile were dried by passage through an activated alumina 
column and then thoroughly deaerated with a nitrogen stream. 
Other solvents used in small amounts were usually dried by storage 
over Linde 4A molecular sieves and deaerated with nitrogen. 


WCl, (Sylvania) was used as received. MeOSiMea was prepared 
from methanol and hexamethyldisilazane, and purified by dis- 


(22) (a) Mowat, W.; Shortland, A.; Yagupky, G.; Hill, N. J.; Yagupky, 
M.; Wilkinson, G. J. Chem. Soc., Dalton Tram. 1972,533. (b) Chisholm, 
M. H.; Cotton, F. A.; Extine, M. W.; Stults, B. R. Inorg. Chem. 1976,15, 
2252. 


(23) (a) Chisholm, M. H.; Cotton, F. A.; Extine, M. W.; Murillo, C. A. 
Inorg. Chem. 1978,17,696. (b) Andersen, R. A; Galyer, A. L.; Wilkinson, 
G. Angew. Chem., Znt. Ed.  Engl. 1976,15,609. 


(24) Andersen, R. A,; Chisholm, M. H.; Gibson, J. F.; Reichert, W. W.; 
Rothwell, I. P.; Wilkinson, G. Inorg. Chem. 1981, 20, 3934. 


(25) Rocklage, S. M. Ph.D. thesis, Massachusetts Institute of Tech- 
nology, 1981. 


(26) W(CSiMe3)(CH2SiMe3)3 was first reported2' aa a yellow oil. 
(27) Pedersen, S. F.; Schrock, R. R. J. Am. Chem. SOC., in press. 
(28) (a) Kress, J. R.; Russell, M. J. M.; Wesolek, M. G.; Osborn, J. A. 


J. Chem. SOC. Chem. Commun. 1980, 431-432; (b) Kress, J.; Wesolek, 
M.; Osborn, J. A. Ibid. 1982, 514. 


(29) Schrock, R. R.; Listemann, M. L.; Sturgeoff, L. G. J. Am. Chem. 
SOC. 1982,104, 4291. 


(30) Mowat, W.; Wilkinson, G. J. Chem. SOC., Dalton Trans. 1973, 
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Tungsten( VI)  Neopentylidyne Complexes 


tillation (57 "C). NEt,Cl was dehydrated in vacuo at  105 "C for 
24 h. LiOCMe, was prepared in pentane from butyllithium and 
tert-butyl alcohol and recrystallized from pentane. LiN-i-Pr2 was 
prepared from butyllithium and diisopropylamine (previously 
distilled from BaO) in hexane and was not further purified. 
W(OMe)3C13,14 W(OMe)4C12,U PEt&12,17 PPr3C12,17 and EkPO3' 
were prepared as reported in the literature. 


Molecular weights were determined in dichloromethane at  0 
"C by differential vapor pressure measurement. Elemental 
analysis (C, H, P, N) on samples oxidized with Vz05 were per- 
formed by Schwartzkopf Microanalytical Laboratories. 


13C NMR spectra were run in the gated 'H-decoupled mode 
in order to obtain CH coupling constants and in the broad-band 
'H-decoupled mode in order to obtain the CW and/or CP coupling 
constants. 


Preparations. W(CCMe3)(CH2CMe3)3. (i) From WCb. To 
2.00 g of WCl, stirred at room temperature in 40 mL of ether was 
added dropwise a solution of 2.36 g (6 equiv) of LiCH2CMe3 in 
40 mL of ether. The solution changed from red black to clear 
yellow to black and LiCl precipitated. The solution was stirred 
for 15 min and filtered to remove LiCl (ca. 1.2 9). Ether was 
removed in vacuo, and the oily residue was extracted with hexane, 
filtered to remove insolubles (ca. 0.6 g), and stripped to a thick 
tar. The product was isolated by vacuum sublimation (50-70 "C 
(1 pm)) to yield 0.6 g (29%) of yellow crystals. Remaining non- 
volatiles (at temperatures up to 200 "C) weighed ca. 0.8 g. 


(ii) From W(OMe),CI3. A solution of W(OMe3)3C13 (19.1 g, 
50 "01) in a mixture of THF and ether was added very slowly 
to a 1 M solution of MgNpCl (0.3 mol) in ether a t  -78 "C with 
vigorous stirring. The color of the solution gradually turned 
yellow-green. After the addition was complete, no significant 
amount of precipitate was apparent. The reaction mixture was 
allowed to warm slowly from -78 to 25 "C over a period of 10 h 
to give a red-brown solution and abundant precipitate. The 
reaction mixture was filtered through Celite, and the insolubles 
were extracted with ether. The solvent was removed from the 
filtrate in vacuo to give a thick red-brown oily liquid. After 2 h 
in vacuo 200 mL of pentane was added to the oily residue, and 
the mixture was fdtered and the volatiles again were removed from 
the filtrate in vacuo. The resulting oily red liquid was distilled 
at -80 "C and 1 pm through a short-path distillation apparatus 
using a heating tape to drive the compound up the vertical portion 
(-10 cm) of the apparatus; yield 5540%. An additional 5-10% 
yield can usually be had by extracting the tarlike residue with 
pentane, filtering off the insolubles, removing the pentane in 
vacuo, and again distilling the residue as before. The total yield 
is 60-70% of yellow W(CCMe3)(CH2CMe3),: 'H NMR 6 
1.66 (s,9, CCMe,), 1.23 (s, 27, CH2CMe3), 1.05 (s,6, CH2CMe3); 


= 115 Hz, Jm = 89 Hz, CH2CMeJ, 52.78 (s, Jm = 47 Hz, CCMeJ, 
37.20 (8, CH2CMe3), 34.56 (9, JCH = 126 Hz, CH2CMe3), 32.41 (4, 
J C H  = 123 Hz, CCMe,); M, (CH2C12, differential vapor pressure, 
0 "C) Calcd 466, found 453 at 0.083 M. Anal. Calcd for WC&42: 
C, 51.51; H, 9.07. Found: C, 51.32; H, 8.90. 


[Et4N][W(CCMe3)Cl4]. A 1 M solution of HCl in ether (30 
m o l )  was added to an equimolar mixture of W(CCMe3)Np3 (4.67 
g, 10 mmol) and NEt,Cl (1.65 g, 10 mmol) in 20 mL of di- 
chloromethane at 0 "C. The color changed from yellow to green 
to red as a blue precipitate of the product was formed. After 20 
min, the ice bath was removed and the reaction mixture stirred 
at  room temperature for another 30 min. Filtration gave 4.5 g 
(-90%) of essentially pure product, an analytical sample of which 
was obtained by recrystallization from dichloromethane: 'H NMR 
(CD2C12) 6 3.24 (br q, NCH2CH,), 1.34 (br t, NCH2CH3), 1.23 (s, 
CCMeJ; 13C NMR (CD2Cl,) 6 337 (CCMe,), 52.4 (NCH2CHJ, 45.7 
(CCMe,), 33.5 (CCMe,), 7.19 (NCH2CH3). Anal. Calcd for 
WC13HBC14N: C, 29.84; H, 5.57. Found: C, 30.28; H, 5.69. 


[PEt3H][W(CCMe3)CI,]. A solution of W(O)(CHCMe3)CI2- 
(PEt3)2 (0.60 g, 1.04 mmol) and hexachloroethane (0.49 g, 2.08 
mmol) in 10 mL of chlorobenzene was stirred for 3 h. The color 
of the homogeneous solution changed from yellow to blue. 
Pentane (2 mL) was added, and the cloudy solution was cooled 
to -30 "C to induce crystallization of 0.41 g (77%) of blue prisms 


13C NMR (C&) 6 316.2 (8, JCW = 232 Hz, CCMe,), 103.4 (t, JCH 
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in two crops. This product can be recrystallized from dichloro- 
methane by adding pentane: 'H NMR (CD2C12) 6 6.81 (br d, 1, 
JHP = 497 Hz, PH), 2.31 (br m, 6, PCH&H3), 1.35 (dt, 9, 'JHH 
= 7.2 Hz,,Jm = 20 Hz,PCH2CH3), 1.21(s, 9, CCMe,); 1% NMR 
(CD2C12) 6 339 (s ,Jcw = 205 Hz, CCMe,), 47.5 (s, CCMe,), 34.2 
(q, J C H  = 127 Hz, CCMe,), 10.6 (dt, J C H  = 130 Hz, JcP = 46 Hz, 


6 18.8 (d, JpH 
[Et,N][W(CCMe3)(PEt3)C14]. PEt3 (0.47 g, 4.0 mmol) was 


added to [Et4N][W(CCMe3)Cl,] (2.1 g, 4.0 mmol) in 10 mL of 
tetrahydrofuran. The solution immediately became homogeneous 
blue-green. After 3 h the THF solution was cooled to -30 "C. 
Ether- or pentane-insoluble light blue crystals (1.1 g) were isolated 
by filtration. The filtrate was concentrated in vacuo and cooled 
to -30 "C for a second crop (0.5 9): 'H NMR (CDCl,) 6 3.36 (q, 
8, JHH = 6.1 Hz, NCH2CH3), 2.15 (m, 6, PCH2CH3), 1.29 (br t, 
12, NCH,CH,), 1.23 (s,9, CCMe,), 1.14 (m, 9, PCH2CH3); 13C('H) 
NMR (CDCl,) 6 335.0 (d, 2Jcp = 13.2 Hz, CCMe,), 52.0 (NCH2- 
CH,), 45.4 (CCMe,), 34.3 (CCMe3), 18.4 (d, Jcp = 26 Hz, 
PCH2CH3), 7.28 (br s, NCH2CH3 and PCH2CH3); 31P(1H) NMR 
(CDC1,) 6 34.3 (Jpw = 259 Hz). Anal. Calcd for WClSH4NPC14: 
C, 35.48; H, 6.90. Found: C, 34.86; H, 6.66. 


W(CCMe3)(dme)Cla. A pentane solution (60 mL) containing 
W(CCMe3)Np, (10.0 g, 21.4 mmol) and dimethoxyethane (5.8 g, 
64.4 mmol) was cooled in an ice bath, and a 3.3 M solution of HCl 
in ether (25 mL, 83 mmol) was added dropwise (5 min). A 
blue-purple precipitate formed near the end of the addition. The 
reaction was stirred for 0.5 h, and the solid was filtered off, washed 
with pentane, and dried in vacuo (7.92 g). Cooling the filtrate 
(containing the pentane washings) to -30 "C gave a second crop 
of purple crystals (0.86 g) for a total yield of 8.78 g (91 %): 'H 
NMR (toluene-d8) 6 3.66 and 3.27 (s,6,  MeOCH2CH20Me), 3.02 
and 2.92 (m, 4, MeOCH2CH20Me), 1.26 (s, 9, CCMe,); 13C(1HJ 
NMR (C,DJ 6 335.1 (9, Jcw = 224 Hz, CCMe3), 78.4 (t, JcH = 
151 Hz, MeOCH2CH20Me), 76.3 (4, J C H  = 149 Hz, 
MeOCH2CH20Me), 69.6 (t, JcH = 146 Hz, MeOCH2CH20Me), 
59.3 (q, JcH = 146 Hz, MeOCH2CH20Me), 47.7 (s, CCMe,), 33.7 
(q, JCH = 128 Hz, CCMe,). Anal. Calcd for WCSHlSC1302: C, 
24.05; H, 4.26. Found: C, 24.26; H, 4.25. 


W(CCMe3) ( Et3p0)Cl3. (i) From W( O)(CHCMe,)(PEt,)&l,. 
The color of a solution of W(0)(CHCMe3)(PEt3)2C12 (1.0 g, 1.73 
mmol) and CzC& (0.41 g, 1.73 mmol) in 5 mL of THF changed 
from yellow to blue over a period of 10 h. White, crystalline 
[PEt,H][Cl] (0.21 g, 78%) was collected by filtration. Pentane 
(2 mL) was added, and additional [PEt,H][Cl] was filtered off. 
The solvent was removed in vacuo from the filtrate to yield a royal 
blue oil (0.83 g, 98%): 'H NMR (CDCl,) 6 2.16 (br m, 6, 
PCH2CH3), 1.31 (br m, 9, PCH2CHJ, 1.22 (s,9, CCMe,); 13C NMR 
(C6D6) 6 329 (s,JcW = 208 Hz, CCMe,), 46.1 (s, CCMe,), 34.9 (q, 
J c H  = 127 Hz, CCMe,), 17.9 (dt, JcH = 124 Hz, Jcp = 63 Hz, 
PCHZCH,), 5.64 (q, JCH = 124 Hz, PCHZCH,); 31P(1HJ NMR 
(CDCl3) 6 82.4. 


PCHZCH,), 7.10 (9, JCH = 127 Hz, PCY2CH3); ,'P NMR (CD2C12) 
498 Hz); IR (Nyjol) 2420 m cm-l (YPH). 


(ii) From W(O)(CHCMe,)(PEt3)Cl2. W(0)(CHCMe3)- 
(PEh)C12 (0.2 g, 0.44 mmol) and PEt&12 (0.08 g, 0.44 mmol) were 
stirred in 3 mL of CH2Clz for 2 h. The color of the yellow reaction 
mixture turned blue and white crystals of [PEt3H][C1] formed 
in the solution. The reaction mixture was filtered and the solvent 
removed in vacuo to yield a blue oil which was identical with that 
above by 'H and I3C NMR spectroscopy. 


W(CCMe3) ( Et3PO) (PEt3)C13. W(O)( CHCMe,) (PEt.&C12 (1.0 
g, 1.73 mmol) and C2C& (0.41 g, 1.73 mmol) were dissolved in a 
mixture of 5 mL of THF and 3 mL of ether. After 12 h the 
reaction mixture was blue, and 0.25 g (93%) of [PEt,H]Cl had 
precipitated. The reaction mixture was filtered, and PEt3 (0.20 
g, 1.73 mmol) was added to the filtrate. The resulting green 
solution was filtered, and the solvent was removed in vacuo to 
give a green oil. The oil was dissolved in a minimum amount of 
ether, and pentane was added until crystallization began. A total 
of 0.95 g of turquoise blue W(CCMe3)(Et3PO)(PEt3)C13 (90%) 


2JHp = 6.3 Hz, PCH2CH3), 1.37 (s, 9, CCMe,), 1.00 (dt, 9, ,JHH 


was obtained in two crops: 'H NMR 6 1.82 (dq, 6, 3 J ~ ~  
= 7.7 Hz, 'Jm = 8.3 Hz, OPCH2CH,), 1.61 (dq, 6, ,JHH = 7.4 Hi?, 


= 7.4 Hz, 3 J ~ p  = 15 HZ, PCHZCH,), 0.88 (dt, 9, 3 J ~ ~  = 7.7 HZ, 
,JH~ = 17 Hz, OPCHZCH,); 13C NMR (C6D6) 6 340 (d, ' J c p  = 14.5 


(dt, JCH = 128 Hz, Jcp = 58 Hz, OPCHZCH,), 18.5 (dt, JCH = 131 
Hz, CCMe,), 46.9 (s, CCMe,), 35.1 (q, JCH = 128 Hz, CCMe3), 19.1 (31) Kosolapoff, G. M.; Maier, L. "Organic Phosphorus Compounde"; 


Wiley: New York, 1972; Vol. 3, 341-500. 
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Hz, Jcp = 23 Hz, PCHZCH,), 7.2 (9, JCH = 128 Hz, PCH2CH3), 
5.9 (q, Jm = 125 Hz, OPCH,CH3); the minor isomer shows a signal 
for C, at  338 ppm (%JCp = 14.5 Hz), major isomer/minor isomer 


PEt,); IR (Nujol) 1117 cm-' (vP=O). Anal. Calcd for 
WC1,H3&13P20: C, 33.38; H, 6.43. Found: C, 33.70; H, 6.46. 


W(CCMe3)(PMe3)&13. W(0)(CHCMe3)(PEt3)2C12 (2.0 g, 3.46 
"01) and CzC& (0.82 g, 3.46 mmol) were dissolved in a mixture 
of 5 mL of THF and 3 mL of ether. After 12 h 0.51 g (94%) of 
[PEt3H] [Cl] was removed from the blue solution by filtration. 
PMe3 (1.1 mL, 11.6 mmol) was added by syringe to the blue 
filtrate. After 10 min yellow, crystalline W(CCMe3)(PMe3),C13 
(2.0 g, 98%) was collected by filtration: 'H NMR (CDC13) 6 1.66 
(t, 27, 2Jm = 9.8 Hz, PMeJ, 1.42 (e, 9, CCMeJ; '3c NMR (CDClg) 
6 401 (q, Vcp = 40 Hz, CCMe3), 56.7 (s, CCMe3), 34.4 (q, JCH = 
125 Hz, CCMe,), 18.7 (qq, JCH = 137 Hz, Jcp = 11.6 Hz, PMe,); 
,lP(lH) NMR (CDC13) 6 19.4 (Jpw = 247 Hz); conductivity 7.4 cm-' 
R-l M-' in CH2C11. Anal. Calcd for WC14H&13P: C, 28.62; H, 
6.18. Found: C, 29.08; H, 6.25. 


After W(CCMe3)(PMe3),C13 was filtered off, the volatiles were 
removed from the filtrate in vacuo to give a quantitative yield 
of EGPO which was identical by NMR and IR with an authentic 
sample. 


Preparation of W(CCMe3)(PMe3),C13 from W(0)-  
(CHCMe3)(PEt3)C12 Using PPr3C12. W(0) (CHCMe3)(PEG)Cl2 
(0.35 g, 0.76 "01) and PPr,Cl, (0.18 g, 0.76 "01) were diesolved 
in 2 mL of THF. The solution turned blue almost immediately. 
After 1 day 0.10 g of [PE@I][Cl] (93%) was removed by filtration 
and PMe3 (0.25 mL, 2.63 mmol) added by syringe to the blue 
filtrate. After 10 min, 0.40 g (89%) of W(CCMe3)(PMe,),C13 was 
collected by filtration. The solvent was removed in vacuo from 
the filtrate, giving 0.11 g (85%) Pr3P0 which was identical with 
an authentic sample. 


W(CCMe3)(PMe3)zC13. Hexachloroethane (0.28 g, 1.19 "01) 
was added to a stirred solution of W(CCMe3)(PMe3)3C13 (0.70 g, 
1.19 mmol) in 5 mL of CH2C12. [PMe3C1][C1] precipitated im- 
mediately. After 1 h the mixture was filtered and the solvent 
removed from the filtrate in vacuo to yield a yellow oil. The oil 
was extracted with 10 mL of ether, and the resulting solution was 
filtered to remove additional [PMe3C1][C1]. Addition of pentane 
and cooling produced 0.52 g (85%) of yellow crystals: 'H NMR 
(CDC13) 6 1.79 (d, 18, 2 J ~ p  = 9.8 Hz, PMe3), 1.25 (8,  9, CCMe,); 
'3c NMR (CDC13) 6 357 (t, 2J~p = 2 Hz, CCMe,), 54.1 (8, CCMe,), 
32.8 (9, J C H  = 125 Hz, CCMe3), 16.4 (dq, JCH = 131 Hz, Jcp 
37 Hz, PMe,); 31P(1H) N M R  (CDCl,) 6 26.1 (Jpw = 173 Hz). Anal. 
Calcd for WCl1H2,Cl3P2: C, 25.83; H, 5.32. Found: C, 26.21; H, 
5.39. 


W(CCMe3)(PMe3)CI3. Hexachloroethane (0.66 g, 2.79 mmol) 
was added to a stirred solution of W(CCMe3)(PMe3)3C13 (0.82 g, 
1.40 mmol) dissolved in 5 mL of CH2Cl2. The reaction mixture 
turned violet as [PMe3CI] [Cl] precipitated from solution. After 
2 h the mixture was filtered and the solvent was removed from 
the filtrate in vacuo. The violet solid was washed with ether and 
recrystallized from toluene by addition of pentane (0.51 g, 84%): 
'H NMR (CDCl,) 6 1.71 (d, 9, zJHp = 10.4 Hz, PMe,), 1.64 (e, 9, 
CCMe3); 13C NMR (CDCl,) 6 345 (d, 2Jcp = 12 Hz, CCMe,), 50.0 
(s, CCMe,), 33.1 (4, JCH = 125 Hz, CCMe,), 17.7 (dq, JCH = 131 
Hz, Jcp = 34 Hz, PMe,); 31P(1H) NMR (CDCl,) 6 16.0 (Jpw = 259 
Hz). Anal. Calcd for WC8H18C13P: C, 22.07; H, 4.17. Found: 
C, 22.29; H, 4.30. 


W( CCMe3) (PEt3)C13. (i) From W(CCMe,) ( Et3PO) (PEt3)- 
C13 W(CCMe3)(Et3PO)(PEt3)C13 (1.08 g, 1.77 mmol) was dis- 
solved in 5 mL of dichloromethane and freshly sublimed AlC13 
(0.24 g, 1.77 mmol) was added. After 10 min all of the AlCl, had 
dissolved and the solution was violet. The solvent was removed 
in vacuo, and the residue was dissolved in a minimal amount of 
toluene (-5 mL). Pentane was slowly added until a yellow oil 
formed on the walls of the reaction vessel. The purple solution 
was decanted away, and more pentane was added to it to give 0.79 
g (94%) of crystalline W(CCMe,)(PEh)Cl, after the solution was 
let stand for severd hours at -30 "c: 'H NMR (C6D6) 6 1.56 (dq, 
6, ,JHH = 7.3 Hz, 'JHP = 7.9 Hz, PCHZCH,), 1.20 (9, 9, CCMe,), 
0.76 (dt, 9, 3 J ~ ~  = 7.3 Hz, , J H ~  = 16.5 Hz, PCHzCH3); 13C NMR 
(C6D6) 6 346 (d, 'Jcp = 13 Hz, Jcw = 209 Hz, CCMe3), 50.9 (8, 
CCMe,), 32.9 (9, JCH = 125 Hz, CCMe,), 18.8 (dt, JCH 129 Hz, 


u 10; "P('H) NMR (CsDs) 6 63.9 (EtSPO), 33.2 (Jpw = 256 Hz, 


Jcp = 29 Hz, PCHZCH,), 8.2 (9, J C H  = 129 Hz, PCHzCHJ; 31P(1H) 


Schrock et al. 


NMR 6 43.5 (Jpw = 237 Hz). Anal. Calcd for WCl1HuCl3P,: C, 
27.67; H, 5.07. Found C, 27.98; H, 5.07. 


(ii) From [NEt4][W(CCMe3)C14]. ZnC12(PEt3) (1.02 g, 4.0 
mmol; prepared from ZnClz(dioxane) and PEk) was added with 
stirring to [NEt4][W(CCMe3)C14] (2.08 g, 4.0 mmol) in di- 
chloromethane (10 mL). The blue solution immediately turned 
violet. The mixture was filtered through Celite, and the filtrate 
was evaporated in vacuo to yield violet microcrystals (1.72 g, 90%). 


W(CCMe3)(0CMe3)3. A solution of LiOCMe, (0.96 g, 12 
mmol) in 20 mL of ether was rapidly added to a solution of 
[NEt4][W(CCMe3)Cl,] (2.1 g, 4 mmol) in 40 mL of THF which 
had been cooled to -30 "C. After 3 h the mixture was filtered 
through Celite, and the solvent was removed from the filtrate in 
vacuo. The resulting brown solid was extracted with pentane and 
the mixture was filtered. The pentane was removed from the 
filtrate in vacuo, and the residue was sublimed at  50 "C and 1 
pm to give light yellow crystalline W(CCMe3)(OCMe3), (85%). 
The yellow coloration is due to trace impurities since colorless 
crystals can be obtained by adding acetonitrile to a concentrated 
solution of W(CCMe3)(0CMe3), in ether and cooling it to -30 "C: 
'H NMR (CDC1,) 6 1.23 (s,9, CCMeJ, 1.43 (s, 27, OCMe,); 13C('H) 
NMR (CDCl,) 6 271 (CCMe3),78.6 (OCMe,), 49.5 (CCMe3), 33.9 
(CCMe,), 32.3 (OCMeJ; M, (CH2C12, differential vapor pressure, 
0 "C) calcd 472, found 437 at 0.082 M. Anal. Calcd for WC17H3603: 
C, 43.23; H, 7.68. Found: C, 43.06; H, 7.69. 


W(CCMe3)(NMe2),. A solution of LiNMe2 (0.31 g, 6.0 mmol) 
in THF (10 mL) was added to a solution of [NEt4][W(CCMe3)C14] 
(1.05 g, 2 mmol) in THF (25 mL) which had been cooled to -30 
"C. The reaction was allowed to warm to room temperature. The 
yellow-red reaction mixture was filtered, and the solvent was 
removed from the filtrate in vacuo. The residue was extracted 
with pentane, the mixture was filtered, and the pentane was 
removed from the filtrate in vacuo. The resulting red solid was 
sublimed at  70 "C and 1 pm to give 0.35 g of pale yellow W- 
(CCMe3)(NMe2)3: 'H NMR (C6D6) 6 1.36 (CMe3), 3.34 (NMe2); 
'% NMR (C6D6) 6 288.3 (CCMe3), 51.85 (CCMe3), 50.58 (NMe,), 
32.74 (CCMe,). Anal. Calcd for WCllHZ7N3: C, 34.30; H, 7.07. 
Found: C, 34.08; H, 6.88. 


W(CCMe3)(N-i-Prz)3. A reaction similar to the one above 
employing 2.1 g (4 mmol) of [NEt4][W(CCMe3)Cl4] in 40 mL of 
THF and 1.28 g (12 mmol) of LiN-i-Pr2 in 15 mL of THF gave 
a 50% yield of yellow W(CCMe3)(N-i-Prz)3 by sublimation at  70 
"C and 1 pm: 'H NMR (CDC13) 6 1.09 (d, 18, J H H  = 6 Hz, 
NCHMeMe'), 1.27 (d, 18, J H H  = 6 Hz, NCHMeMe?, 1.41 (s, 9, 
CCMe,), 3.7 (m, 6, NCHMe2). 


W(CCMe3)(SCMe3),. A procedure similar to that used to 
prepare W(CCMe3)(NMez)3 employing 1.05 g (2 mmol) of 
[NEt4][W(CCMe3)C14] in 30 mL of THF and 0.57 g (6 mmol) of 
LiSCMe, in THF gave 0.5 g of orange W(CCMe3)(SCMe3)3 by 
sublimation: 'H NMR (CDC13) 6 1.59 (s, 27, SCMe,), 1.41 (s, 9, 
CCMe,); 13C(lH) NMR (CDC13) 6 334.5 (CCMe3), 55.7 (CCMe3), 
49.51 (%Me3), 36.25 (SCMe,), 31.76 (CCMe3). Anal. Calcd for 
WC17H3S3: C, 39.23; H, 6.97. Found: C, 39.12; H, 7.05. 
[W(CCMe3)(OMe),(HNMeZ)],. A toluene solution (8 mL) 


of methanol (116 pL, 2.9 mmol) was cooled to -30 "C, and a 
solution of W(CCMe3)(NMe2)3 (0.37 g, 0.96 mmol) in toluene (2 
mL) was added dropwise. After 2 h at  room temperature the 
volatiles were removed in vacuo, leaving yellow crystals which 
were recrystallized from ether at  -30 "C (0.34 g, 90%): 'H NMR 


9, CCMe3);13C(1H) NMR (c,$) 6 286.0 (8, CCMe3), 72.1 (q,JcH 
= 139 Hz, OMe), 71.1 (q, JcH = 139 Hz, OMe), 67.0 (q, JCH = 140 
Hz, OMe), 48.7 (qd, JCH = 139 Hz, 'Jc,H = 6 Hz, HNMeAMeB), 
48.5 (8, CCMe3), 42.7 (qd, JCH = 137 Hz, 2Jc H = 6 Hz, 
HNMeAMeB), 35.7 (q, JCH = 130 Hz, ccMe3); M, (CH2C12, dif- 
ferential vapor pressure, 0 "C) calcd 782, found 837 at  4.4 X 
M. Anal. Calcd for WC10H25N03: C, 30.71; H, 6.44. Found: C, 
30.99; H, 6.32. 


(C&) 6 5.26, 5.04, 4.68 (8, 9, OMe), 2.94 (d, 3, 3 J ~ A ~  = 5.9 Hz, 
HNMeAMeB), 2.45 (d, 3, 3 J ~  H = 5.9 Hz, HNMeAMeB), 1.15 (S, 
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(El- or (Z)-2,4-pentadienyltrimethylsilane reacts with aldehydes and ketones in dichloromethane solution 
in the presence of TiC14 to give, after hydrolysis, alcohols of type RCH(OH)CH2CH=CHCH=CH2 and 
RR’C(OH)CH2CH=CHCH=CH2, respectively (E isomer only), in generally good yield. Experiments with 
(Z,E)-2,4-hexadienyltrimethylsilane showed that an SE2’ process is operative, since with aldehydes the 
products were of the type RCH(OH)CH(CH3)CH=C!HCH=CH2 Me3SiCH2CH=CHCH=CH2 also reacted 
with acetals and ketals to replace an alkoxy group with CH2CH=CHCH=CH2. 


Introduction 
In principle, pentadienyllithium, 1, whose preparation 


and structure in solution was reported by Bates and his 
co-workers in 1967 (eq 1),2 should be a useful reagent for 


CH2=CHCH2CH=CH2 
THF, -60 O C  H2? CH ‘HZ t I ?&A/ -t C~HI ,  (1) 


CH CH 
Ll+ 


n-C4H& 


1 


the introduction of the CH2==CHCH==CHCH2 group into 
diverse organic structures by standard organolithium 
methodology. In practise, this is not the case since pen- 
tadienyllithium rea& with aldehydes3 and ketones4 to give, 
after hydrolysis, a mixture of isomeric alcohols, as shown 
in eq 2 and 3, in which the new C-C bonds have been 


THF, 20 O C  


Li(CH2CHCHCHCH2) + C2H&H=O - 
H20 


__* (CH2=CH),CHCH(OH)C2H5 + 
31 parts 


CH2=CHCH=CHCH&H(OH)CzH5 (2) 
69 parts 


THF, 20 O C  


Li(CH2CHCHCHCH2) + (C2H5)2C=0 - 
H2O 


__+ (CH2=CH)2CHC(OH)(CzH5)2 + 
44 parts 


CH2=CHCH=CHCH&(OH)(C2H5)2 (3) 
56 parts 


formed at  the central as well as at  the terminal carbon 
atoms of the reagent. The addition of 1 to the C = O  bond 
of aliphatic aldehydes was found to be irreversible, but 
reversibility could be demonstrated in the case of the re- 
action of 1 with ketones. Thus, when the THF solution 
of the lithium alkoxide mixture formed in some (but not 
all) of the l/ketone reactions was heated a t  60 “C for 5 
h, the isomer mixture was converted to a single isomer, the 
dienylmethyl alkoxide CH2=CHCH=CHCH2CR20Li.4 


‘Dedicated to the memory of Rolly Pettit, a friend and a brilliant 
and imaginative chemist. 
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For instance, such was found to be the case in the 3-pen- 
tanone reaction. 


It seemed to us that a reagent which could add the 
pentadienyl group to the C=O bond of aldehydes and 
ketones under mild conditions to give exclusively products 
of type RR’C(OH)CH2CH=CHCH=CH2 would be a 
useful addition to the arsenal of the synthetic organic 
chemist. We have found such a reagent in 2,4-pentadie- 
nyltrimethylsilane, (CH3)3SiCH2CH=CHCH=CH2. 


Results and Discussion 
In contrast to the C=O additions of pentadienyllithium, 


the reaction of this reagent with trimethylchlorosilane was 
regiospecific, giving only (E)-2,4-pentadienyltrimethyl- 
silane, 2, in high yield. This compound is, in a sense, an 


2 


allylic silane, and as such it possibly could react with al- 
dehydes and ketones in the presence of a Lewis acid (as 
do allylsilanes: eq 45). In the case of 2, we are dealing 


Lewis acid hydrolysis * 
R3SiCH2CH=CH2 + >C=O - - 


* 
>C(OH)CH,CH=CH, (4) 


with a conjugated system, 80 that it might be expected that 
its reaction with an organic carbonyl compound would take 
the course shown in eq 5. 


Lewis acid * 
(CH3)3SiCH2CH=CHCH=CH2 + >CEO - 


hydrolysis * - >C(OH)CH,CH=CHCH=CH, (5) 


(1) NATO Postdoctoral Fellow at the Massachusetts Institute of 
Technology, 1979-1980; on leave from the Laboratoire de Synthese Or- 
ganique, Universit-4 de Poitiers. 


(2) Bates, R. W.; Goaselink, D. W.; Kaczynaki, J. A. Tetrahedron Lett. 
1967,199, 205. 


(3) Gerard, F.; Miginiac, P. Bull. SOC. Chim. Fr. 1974, 1924. 
(4) Gerard, F.; Miginiac, P. Bull. SOC. Chim. Fr. 1974, 2527. 
(5) (a) Mangravite, J. A. J. Organomet. Chem. Libr. 1979, 7, 45. (b) 


Rubottom, G. Ibid. 1979, 8, 322 (and earlier Annual Surveys of 
‘Si1icon:Applications to Organic Synthesis”). 
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Table I. TiC1,-Induced Reactions of 2,4-Pentadienyltrimethylsilane with Aldehydes, Ketones, Acetals, and Ketals 
substrate product (% yield) 


C,H,CH=O 
n-C.H.CH=O 
(cH,),CHCH=O 
n-C,H,CH=O 
(CHJ,CCH=O 


C,I-!,CH=O 
(CH,),C=O 
(C,HJ,C=O 
( n-C,H,),C=O 


n-C,H,,CH=O 
C-C H,,CH=O 


CH3C(0)CH(CH3)Z 
CH,C(O)CH,CH(CH,), 


. -  I 


(E)-CHz=CHCH==CHCH,CH(OH)CzHs ( 7 9 )  
(E)-CH,=CHCH=CHCH,CH(OH)C,H,-n ( 7 0 )  
(E)-CH,=CHCH=CHCH,CH(OH)CH(CH,), ( 8 0 )  
(E)-CH,=CHCH=CHCH,CH( OH)C,H,-n ( 8 0 )  
(E)-CH,=CHCH=CHCH,CH( OH)C(CH,), ( 6 0 )  
(E)-CH,=CHCH=CHCH,CH( 0 H ) C  5H,,-n ( 5 6 )  
(E)-CH,=CHCH=CHCH,CH( OH)C,H,,-c ( 5 8 )  
( E)-CH,=CHCH=CHCH,CH( OH)C6H , ( 51 ) 
(E)-CH,=CHCH=CHCH,C( OH)C(CH,), (48 )  
( E)-CH,=CHCH=CHCH,C( OH)( C,HJ, ( 55)  
( E)-CHpCHCH=CHCH,C(OH)( n-C,H,), (80) 
(E)-CH,=CHCH=CHCH,C( OH)( CH,)CH( CH,), ( 5 1 )  
(E)-CH,=CHCH=CHCH,C(OH)(CH,)CH,CH,), (60 )  


(CH3) zCHCH,CH( OC ZH 5)  2 (E)-CH~=CHCH=CHCH,CH(OC,H,)CH,CH(CH(CH3)z ( 6 5 )  
C6H 5CH(0CH3) 2 (E)-CH,=CHCH=CHCH,CH(OCH,)C,H, (79 )  
( CH3) Zc( OCH3) 2 (E)-CH,=CHCH=CHCH,C( OCH,)( CH,), ( 4 6 )  


Subsequent experiments confirmed these ideas. The 
best results were obtained when titanium tetrachloride was 


Table I). In these reactions also, only a single isomer was 
obtained. 


the Lewis acid used and when the reactions were carried 
out in dichloromethane a t  -40 "C. In practice, the al- 
dehyde was dissolved in dichloromethane; the resulting 
solution (under argon) was cooled to -40 "C and the T i c 4  
was added. Subsequently, the pentadienylsilane was 
added, and the reaction mixture was stirred while i t  was 
allowed to  warm to 5 "C. When that temperature was 
reached, the mixture was poured into saturated aqueous 
sodium bicarbonate solution. In the case of the %/ketone 
reactions, i t  was found best to  mix the ketone and TiC14 
in dichloromethane solution at  -40 "C and then to add the 
pentadienylsilane when the solution was warmed to room 
temperature. The results shown in Table I were obtained 
by using these procedures. The 250-MHz proton NMR 
spectra obtained for some but not all of these products 
showed the E isomer to  be present. The yields have not 
been optimized, but a t  this point they are satisfactory. 


The pentadienylsilane procedure does not appear to be 
applicable to the pentadienylation of a,P-unsaturated al- 
dehydes and ketones, according to the two examples ex- 
amined. Crotonaldehyde reacted to form a cyclic product 
(eq 6), while mesityl oxide reacted with (E)-2,Cpentadie- 
nyltrimethylsilane to give the Michael-type adduct as well 
as a cyclic product (eq 7). The possible mechanism of 
formation of the cyclic products will be discussed later. 


Me,SiCHZCH=CHCH=CHz 


Me3SiCHzCH=CHCH =CHz 


MeCH=CHCH=O 
Tic14 


CH=O 
I 


3,10% 


C H g i M e  


-F C(O)Me + 
4, 24% 


Me2C=CHC(0)Me 


Tic14 


CHzS iM e 


MeCCHzC(Me)2CHzCH=CHCH=CH2 ( 7 )  
I /  
0 


3 5% 


2,4-Pentadienyltrimethylsilane also reacts with acetals 
and ketals to give the expected ethers (eq 8 and 9; also 


(CH3)3SiCH2CH=CHCH=CH2 + 
TiCb -78 "C hydrolysis 


PhCH(OCH3)z - 
PhC(OCH,)HCH&H=CHCH=CHz (8) 


(CH3)3SiCH2CH=CHCH=CH, + 
TiC14, -78 OC hydrolysis 


___, (CH3)2C(0CH3)2 CHzClz 


(CH3)zC(OCH,)CH&H=CHCH=CHz (9) 


With the preparative utility of 2,4-pentadienyltri- 
methylsilane demonstrated by the experiments summa- 
rized in Table I, we turned our attention to the mechanism 
of the pentadienylation reaction. As indicated in eq 5, our 
working hypothesis was that the pentadienyl group 
transfer from silicon to carbon should proceed with pen- 
tadienyl transposition: 


TiCI, 


An intermediate carbonium ion of type 5 might be dis- 
R 


5 


cussed as being involved in the pentadienyl-transfer re- 
action. This species is an allylic carbonium ion which is 
more properly written as 6 to show the allylic delocalization 


R 
I 


\ '  CH, '6H \dHzA 
6 







2,4-Pentadienyltrimethylsilane 


Scheme I 
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n Hq 
lhreo 


of charge. The formation of 6 should be especially fa- 
vorable: not only will allylic stabilization be gained, but 
also, since there will be significant positive charge on the 
carbon atom 6 to the trimethylsilyl group, additional 
stabilization due to  u-T conjugations may be expected. 
Thus the positive charge will be delocalized onto the silicon 
atom as well. A further consequence of such u-T conju- 
gation will be a facile heterolysis of the Si-C bond. 


We have examined the question of mechanism by ex- 
periment. In order to do this, we prepared several other 
pentadienyltrimethylsilanes: (Z)-2,4-pentadienyltri- 
methylsilane, 7, (Z,E)-2,4hexadienyltrimethylsilane, 8, and 
(E)-(4-methyl-2,4-pentadienyl)trimethylsilane, 9. 


8 ' I  


9 


(Z)-2,4-Pentadienyltrimethylsilane was prepared by the 
procedure of Yasuda, Yamauchi, and Nakamura,' who had 
found that pentadienylpotassium in T H F  solution reacts 
with trimethylchlorosilane to  give the Z rather than the 
E isomer as the exclusive product. The reaction of (1- 
methylpentadieny1)potassium [(1-5-~phexadienyl)potas- 
sium] in T H F  a t  -78 "C with trimethylchlorosilane, we 
found, gives two isomeric products (eq lo), of which the 


K +  


SCH,), 
I 


+ p[:2 (10) 
p c H  I 


cH3/c\H CH2S1(CHd3 CH3' 'H 


9 parts 1 part 


(6) Traylor, T. G.; Berwin, H. J.; Jerkunica, J.; Hall, M. L. Acre Appl. 


(7) Yasuda, H.; Yamauchi, M.; Nakamura, A. J .  Organomet. Chem. 
Chem. 1972, 30, 599. 


1980, 202, C1. 


f 


d 
ery lhro  


!' 


major one is the desired (Z,E)-2,4-hexadienyltrimethyl- 
silane. Finally, (E)-(4-methyl-2,4-pentadienyl)trimethyl- 
silane was prepared (as the sole product) by the reaction 
of (2-methylpentadieny1)lithium with trimethylchloro- 
silane. 


The reactions of (Z)-2,4-pentadienyltrimethylsihe with 
two aliphatic aldehydes in the presence of titanium tet- 
rachloride provided immediate evidence in favor of in- 
termediate 6 in which the original geometric configuration 
of the l,&diene system is not preserved: the products in 
both cases were the E isomers of the expected alcohols 
(Table I). In similar reactions of (Z,E)-2,4-hexadienyl- 
trimethylsilane with three aliphatic aldehydes, the alcohols 
formed were the E isomers of the products of complete 
pentadienyl transposition, and thus the reaction is of the 
S E ~ '  type (eq 11). The alcohols 10 were isolated as a 


OH 
I 


CH, CH CH 
I 
I 


CH3 


10 


mixture of diastereomers, 11/12, in which the erythro 
isomer, 11, predominates. 


OH OH 


11 12 


The approach of (Z,J3)-2,4-hexadienyltrimethylsilane 
and the aldehyde may be pictured as shown in Scheme I. 
Of the four transition states, A, A*, B, and B*, A* and B* 
would involve fewer nonbonded interactions of the (C- 
H3)&3i substituent and so should be favored. Methyl/R 
group repulsions should favor formation of the erythro 
isomer over the threo isomer, with the erythro/threo ratio 
decreasing with decreasing size of the R group of the al- 
dehyde. This is what was observed. In the TiC1,-induced 
reaction of (Z,E)-2,4-hexadienyltrimethylsilane with ac- 
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etaldehyde the erythrofthreo product ratio (11/12, R = 
CH,, eq 11) was 66:34; with propionaldehyde (R = CzH5) 
i t  was 7426; with isobutyraldehyde (R = Me2CH) it  was 
84:16. 


The Lewis acid induced reaction of pentadienylsilanes 
with carbonyl compounds thus appears to provide yet 
another example of the operation of u-T conjugation in 
organosilicon chemistry. I t  also is of interest since it is an 
example of an SE2'-type process involving a homodienyl 
system. Finally, it provides a one-step, good yield synthesis 
of homodylic dienols, RR'C(OH)CHzCH=CHCH=CHz, 
which the synthetic chemist will find suitable for Diels- 
Alder reactions. 


After our preliminary communication of this work,8 
Oppolzer, Burford, and Marazzag reported the synthesis 
of 2,4-pentadienyltrimethylsilane by the organolithium 
route and described its conversion to  (a-(trimethylsily1)- 
pentadieny1)lithium by deprotonation with lithium di- 
alkylamides. Later in 1980, Hosomi, Saito, and Sakurai'O 
reported the preparation of 2,4-pentadienyl- and 2,4-hex- 
adienyltrimethylsilane by the organopotassium in T H F  
route, but they did not specify the stereochemistry of the 
products. Both reagents were shown to react with benz- 
aldehyde in the presence of boron trifluoride diethyl eth- 
erate, with pentadienyl transposition in the case of the 
hexadienylsilane. Product stereochemistry was not de- 
termined. Examples of Lewis acid induced reaction of 
these silanes with acetals (as shown in eq 8) also were 
reported. (Our results on such reactions also had been 
communicated earlier.'l) 


Finally, we return to the formation of cyclized products 
in the case of a,p-unsaturated carbonyl compounds (as in 
eq 6 and 7). The nature of the regio- and stereochemistry 
of the cyclic products, 3 and 4, is important to the overall 
mechanism presented here. Each product was obtained 
as a mixture of diastereomers (by 270-MHz proton NMR), 
and, in the case of 4, solely the regioisomer shown was 
obtained. The assignment of regiochemistry is based on 
literature precedent as well as on the 'H NMR spectra. It 
is known that trans-piperylene reacts with methyl acrylate 
in the absence of a Lewis acid to produce a 9O:lO mixture 
of "1,2 vs. 1,3" regioisomers. In the presence of aluminum 
chloride this ratio is increased to 97:3.12 The high-field 
proton NMR spectra of 3 and 4 are complicated by the 
presence of diastereomers. This is readily apparent by the 
presence of two distinct aldehyde resonances in the 
spectrum of 3 and by the presence of two pairs of methyl 
singlets for the ring methyls in the spectrum of 4. The 'H 
NMR spectra of both compounds show at  least two distinct 
Me3Si resonances, separated by 5.4 and 3.0 Hz, respec- 
tively, for 3 and 4. (The presence of smaller amounts 
(((5%) of other regioisomers cannot be excluded, howev- 
er.) In the case of 3, the diastereomer ratio could be de- 
termined to be 3:l by integration of the aldehyde proton 
resonances. This is unusual in that the ratio obtained with 
trans-piperylene was 95:5.12 I t  may be that in our case it 
is not a concerted, Lewis acid induced Diels-Alder reaction 
which is taking place but rather a polar, stepwise process 
as shown in Scheme 11. Here the Me,Si group stabilizes 
the @-allylic carbonium ion and C-Si bond heterolysis 
competes with cyclization. With this type of a process, a 
thermodynamic mixture of products is obtained, not the 


Seyferth, Pornet, and Weinstein 


(8) Seyferth, D.; Pornet, J. J. Org. Chem. 1980, 45, 1722. 
(9) Oppolzer, W.; Burford, S. C.; Marazza, F. Helu. Chim. Acta 1980, 


63. 555. , .. 


(10) Hosomi, A.; Saito, M.; Sakurai, H. Tetrahedron Let t .  1980, 21, 


(11) Pornet, J. Tetrahedron Lett. 1980, 21, 2049. 
(12) Inukai, T.; Kojima, T. J. Org. Chem. 1967, 32, 869. 
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kinetic mixture expected from a concerted pathway. 


Experimental Section 
General Comments. All reactions were performed under an 


atmosphere of dry nitrogen or argon in flame-dried glassware. All 
solventa were rigorously dried before use. Infrared spectra were 
obtained by using a Perkin-Elmer 457A grating infrared spec- 
trophotometer and proton NMR spectra by using a Bruker 
WM-250 or WM-270 or a JEOL FX-9OQ spectrometer operating 
at 250, 270, and 90 MHz, respectively. Proton chemical shifts 
are reported in 6 unita, parts per million downfield from internal 
tetramethylsilane; CDC& was used as a solvent and an internal 
lock and CHC1, as an internal standard (6 7.24). Gas-liquid 
chromatography (GLC) was used extensively in this work in the 
analysis of reaction mixtures, determination of yields (by the 
internal standard method) and isolation of pure products for 
analysis and spectroscopy. Commercial F&M 700,720, and 5754 
gas chromatographs were used. GLC columns were either a 6-ft 
SE-30 silicone rubber gum on Chromosorb P or a 6-ft Carbowax 
20M on Chromosorb W. 


Dienes were purchased from Chemical Samples Co., tri- 
methylchlorosilane from Petrarch Systems Inc. 1,4-Pentadiene 
was prepared by the reaction of vinylmagnesium bromide with 
allyl bromide.13 Aldehydes were distilled and stored at 0 "C under 
nitrogen. Titanium tetrachloride was distilled at atmospheric 
pressure and stored at -35 OC. Potassium tert-butoxide (Callery 
Chemical Co.) was sublimed (150 "C (0.1 mmHg)) and stored in 
a dessicator. 


Preparation of Pentadienylsilanes. All reactions were 
carried out in three-necked, round-bottomed flasks of appropriate 
size that were equipped with a magnetic stir-bar, a nitrogen inlet 
tube, and a pressure-equalizing addition funnel. 


(1 )  2,4-Pentadienyltrimethylsilane ( E  Isomer). To a so- 
lution of 21 mL of 2.45 M n-butyllithium in hexane (51 mmol) 
diluted with 50 mL of THF at -78 "C was added 5.3 mL (51 "01) 
of 1,4pentadiene over a 5-min period. The low-temperature bath 
was removed, and the mixture was stirred for 30 min. The re- 
sulting red solution was cooled to 0 "C and 6.5 mL, (51 mmol) 
of trimethylchlorosilane was added over a 5-min period. The 
reaction mixture was stirred at room temperature for 2 h and 
subsequently was hydrolyzed with 25 mL of saturated aqueous 
ammonium chloride. The aqueous phase was extracted with 50 
mL of diethyl ether, and the combined organic phases were washed 
with 25 mL of saturated aqueous NaCl and dried over anhydrous 
MgS04. The organic layer was concentrated at reduced pressure. 
Distillation of the liquid residue gave 5.95 g (0.043 mol, 85%) of 
(E)-2,4-pentadienyltrimethylsilane, 2: bp 41 "C (36 mmHg); nmD 
1.4590; IR (neat liquid) 3100 (m), 3010 (m), 2980 (s), 2900 (s), 1645 
(s), 1600 (w), 1250 (vs), 870-840 (br, vs) cm-'; 'H NMR (250 MHz) 
d 0.00 (s, SiMe3), 1.51 (d, Hf, Jef = 8.8 Hz), 4.84 (dd, Ha, J a b  = 
1.84, Jac = 10.3 Hz), 4.98 (dd, Hb, J a b  1.84, J h  = 16.9 Hz), 5.69 
(dt, He, J d e  = 15.1, Jef = 8.8 HZ), 5.91 (dd, Hd, Jcd  = 10.3, J d e  = 
15.1 Hz), 6.28 (ddd, H,, Jd = 10.3, J ,  = 10.3, J b  = 16.9 Hz). Anal. 


(13) Normant, H. C. R. Hebd. Seances Acad. Sci. 1954, 239, 1510. 
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Calcd for C&1&: C, 68.48; H, 11.49. Found C, 68.38; H, 11.43. 


Hd 


2 


A similar reaction in which the pentadienyllithium reagent was 
treated with dimethylchlorosilane, (CH3)2SiHCl, gave 2,4-pen- 
tadienyldimethylsilane, (CH3)2HSiCH2CH=CHCH=CH2 
(probably the E isomer): bp 39 "C (39 mmHg); nmD 1.4603; 62% 
yield; IR (film) v(Si-H) 2130 cm-'; 'H NMR (60 MHz) 6 0.10 (d, 
J = 3 Hz, 6 H, Me2Si), 1.50-1.70 (m, 2 H, CH2), 3.70-4.10 (m, 1 
H, Si-H), 4.70-6.50 (m, 5 H, diene H). Anal. Calcd for C7H14Si: 
C, 66.58; H, 11.17. Found: C, 66.96; H, 11.36. 
(2) 2,4-Pentadienyltrimethylsilane (2 Isomer). This com- 


pound was prepared by the reaction of pentadienylpotassium, 
prepared by the method of Bahl, Bates, and Gordon,14 with 
trimethylchlorosilane. 


To a suspension of 11.1 g (0.10 mol) of potassium tert-butoxide 
in 125 mL of pentane was added 42 mL of 2.44 M n-butyllithium 
in hexane (0.10 mol) over a 5-min period. The resulting solution 
was stirred at room temperature for 30 min, at which time a 
solution of 10 mL (0.10 mol) of 1,3-pentadiene (mixed isomers) 
(alternatively, 1,4-pentadiene may also be used) in 100 mL of 
pentane was added over a 30-min period. The reaction mixture 
was stirred for another hour. The orange solid which had formed 
was allowed to settle, and the supernatant liquid was removed 
by cannula. Dry argon was passed over the solid for 45 min and 
then it was dried at 25 "C (0.1 mmHg) for 3 h. (This procedure 
ensures that the potassium reagent is practically pentane free.) 
The pentadienylpotassium thus prepared was dissolved in 375 
mL of dry THF and the solution added, at -78 "C, to a solution 
of 13.3 mL (0.105 mol) of trimethylchlorosilane in 50 mL of THF 
with vigorous stirring (a mechanical stirrer was used in this case). 
After the addition had been completed, the reaction mixture was 
warmed to room temperature and stirred for 3 h. Subsequently, 
it was treated with 100 mL of saturated aqueous NH4Cl. The 
subsequent workup followed the procedure given in (I). Distil- 
lation afforded 4.62 g (33 %) of (2)-2,4-pentadienyltrimethylsilane, 
7: bp 44-45 "C (40 mmHg); n20D 1.4549; mass spectrum, m/e 
(relative intensity) M+ 140 (9.02), (M - 15)' 125 (2.31), Me3Si+ 
73 (100%), as well as others; 'H NMR (250 MHz) 6 0.00 (s, SiMe3), 
1.64 (d, Hf, Jar = 9.9 Hz), 5.00 (dd, Ha, J a b  = 1.84, Jac = 10.3 Hz), 
5.11 (dd, Hb, J a b  = 1.84, Jh = 16.9 Hz), 5.49 (dt, He, J d e  = 10.3, 
Jar = 9.9 Hz), 5.92 (dd, Hd, Jd = 10.2, J d a  = 10.3 Hz), 6.57 (ddd, 
H, J, = 10.3, Jh = 16.9, Jd = 10.2 Hz). Anal. Calcd for C&$k 
C, 68.48; H, 11.49. Found: C, 68.40; H, 11.39. 


I 


Hc\ C/C,\C/H, )\ / C \ S C H 3 ) 3  I 


Ha HbHf Hf 
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(3) (Z,E)-2,4-€Iexadienyltrimethylsilane. (1-Methyl- 
pentadieny1)potassium was prepared by the reaction between 10.3 
mL (90 mmol) of 2,4-hexadiene (mixed isomers) (1,4-hexadiene 
also may be used) and the potassium tert-butoxideln-butyllithium 
reagent (from 90 mmol of n-BuLi in hexane) by using the pro- 
cedure described for the preparation of pentadienylpotassium. 
The solid (1-methylpentadieny1)potassium that was formed was 
dissolved in 375 mL of THF, and this solution was added, at -78 
"C, to a solution of trimethylchlorosilane (13 mL, 100 mmol) in 
50 mL of THF. The reaction mixture was stirred for 3 h at room 
temperature and then was treated with saturated aqueous NH,Cl. 
Workup as in the experiment above gave 10.1 g (73%) of (2,- 
E)-2,4-hexadienyltrimethylsilane, 8: bp 66-67 "C (20 mmHg); 
nmD 1.4689; mass spectrum (inter alia), m / e  (relative intensity) 
M+ 154, Me&+ 73 (100); 'H NMR (250 MHz) 6 0.00 (s, SiMe3), 


1.59 (d, 2 H, Hf, J d f  = 8.8 Hz), 1.75 (dd, 3 H, He, Jae = 6.6, Jb 
= 1.1 Hz), 5.34 (dt, Hd, J c d  = 11.0, Ja = 8.8 Hz), 5.60 (dq, Ha, 
J a b  = 14.7, Jae = 6.6 Hz), 5.89 (dd, H,, Jh = 11.1, Jd = 11.0 Hz), 
6.24 (ddq, Hb, & = 11.1, J a b  = 14.7, Jb = 1.1 Hz). Anal. Calcd 
for C9H18Si: C, 70.04; H, 11.75. Found: C, 70.03; H, 11.76. 


8 


A small amount of another isomer was isolated from the dis- 
tillate by preparative GLC (44% SE 30 on Chromosorb P, 110 "C) 
and identified on the basis of its IR and 250-MHz proton NMR 
spectra as (E)-3-(2,5-hexadienyl)trimethylsilane, 13: 6 -0.04 (8,  
%Me3), 1.65 (d, 3 H, Ha, J d a  = 7.0 HZ), 2.36 (t, Hb, Jbs = Jbf = 
8.5 Hz), 4.8-4.9 (m, 2 €3, €Ic), 5.31 (dq, 1 H, Hd, Jad = 7.0, Jds = 
15.1 Hz), 5.81 (ddd, 1 H, Hf, J = 8.5, 11.0, 16.9 Hz), 5.45 (dd, 1 
H, He, Jb = 8.5, J d e  = 15.1 Hz). The isomer ratio, 8/13, was 9. 


13 
(4) (4-Methyl-2,4-pentadienyl)trimethylsilane. To a 50-mL. 


three-necked, round-bottomed flask containing 11.8 mL of 2.45 
M n-BuLi in hexane (29 mmol) diluted with 5 mL of THF was 
added at -78 O C  2.51 g (31 "01) of 2-methyl-1,4-pentadiene over 
a 1-h period. The low-temperature bath was removed, and the 
reaction mixture was stirred at room temperature for 3 h. The 
resulting red solution was cooled to 0 "C, and 3.9 mL (31 mmol) 
of trimethylchlorosilane was added over a 5-min period. The 
reaction mixture was stirred at room temperature for 30 min and 
then was hydrolyzed with 15 mL of saturated aqueous NH4Cl. 
Further workup (as in the experiments above) gave (E)-(4- 
methyl-2,4-pentadienyl)trimethylsilane: bp 52-54 "C (16 " H g ) ;  
nmD 1.4620; 3.12 g (70%), as the sole product; 'H NMR (90 MHz, 
in CDC13) 6 0.00 (8, Si(CH&), 1.57 (d, H,, Jh = 7.8 Hz), 1.81 (s, 


6.00 (d, Ha, J a b  = 15.6 Hz). Anal. Calcd for C9H18Si: C, 70.04; 
H, 11.75. Found: C, 70.15; H, 11.84. 


CH3), 4.76 (8,  2 H, H2C=), 5.63 (dt, Hb, = 7.8, J a b  = 15.6 Hz), 


YH3 Hb 
I 


H, 


9 
Structure Assignment. High-field proton NMR spectroscopy 


was the sole means used to assign the stereochemistry of the 
pentadienylsilanes. The vinylic region in the NMR spectra is very 
complex, but it is analyzable in terms of one stereoisomer in each 
w. Vicinal trans coupling is greater than cis coupling's and thus 
knowing J d e  was of importance. In the E isomer of 
Me3SiCH2CH=CHCH=CH2 Hd appears as a doublet of doublets 
centered at 6 5.91. Thus Jd and Jd ,  were readily identified at 
10.3 and 15.1 Hz, respectively. In the case of the 2 isomer, Hd 
appears in the proton NMR spectrum as a triplet, indicating that 
Jh - J d v  Decoupling of the allylic protons caused He to collapse 
to a doublet with J d e  = 10.3 Hz. These values are close to those 
observedlB for the ( E ) -  and (2)-crotylsilanes, CH3CH= 
CHCH2SiMe3, and this serves to assign unambiguously the 


(15) Gtinther, H. 'NMR Spectroscopy"; Wiley: New York, 1980, 
Chapter IV. 


(16) sJkm = 15.5 Hz for (E)-crotyltrimethylsilane and = 12.0 Hz 
for the Z isomer: Sakurai, H.; Kudo, Y.; Miyoshi, H. Bull. Chem. SOC. 
Jpn. 1976,49, 1433. (14) Bahl, J. J.; Bates, R. B.; Gordon, B. J. Org. Chem. 1979,44,2290. 
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stereochemistry of the (E)- and (Z)-2,4-pentadienyltrimethyl- 
silanes. For (Z,E)-2,4-hexadienyltrimethylsilane the stereo- 
chemistry about the C=C bonds was assignable only by decou- 
pling the appropriate allyl group and observing the vinylic portion 
of the spectrum. 


Reactions of (E)-  and (2)-2,4-Pentadienyltrimethylsilane 
with Aldehydes. The following general procedure was used. The 
reactions were carried out in a 50-mL three-necked flask equipped 
with a magnetic stir-bar, a no-air stopper, and a low-temperature 
thermometer. A solution of the aldehyde (6 mmol) in dry di- 
chloromethane (6 mL) was prepared (under nitrogen or argon) 
and cooled to -40 to -60 OC, and 2 mmol of distilled titanium 
tetrachloride was added by syringe. This mixture then was stirred 
while it was allowed to warm to -20 to -10 OC and then was mled  
to -55 "C. The pentadienyltrimethylsilane (4 "01) was added, 
and the low-temperature bath was removed. The reaction mixture 
was stirred for about 10 min while it warmed to 0-5 OC. It was 
subsequently hydrolyzed by the addition of 10 mL of saturated 
aqueous NaHC03 (or by pouring into 25 mL of saturated NaH- 
C03). The resulting mixture was extracted with three 30-mL 
portions of diethyl ether. The organic phase was dried over 
anhydrous K&O3 and evaporated at reduced pressure. Trap- 
to-trap distillation into a receiver cooled with liquid nitrogen gave 
crude product. Pure samples were isolated by gas chromatog- 
raphy, usually by using a column containing 10% Carbowax 20M 
on Chromosorb W. 


The following alcohols were prepared previously by the or- 
ganolithium route by Gerard and Miginiac? C2H5CH(OH)R, 
n-C3H7CH(OH)R, (CH,),CHCH(OH)R, n-C6H13CH(OH)R, and 
C6HsCH(OH)R (R = (E)-CHdHCH=CHCHJ. The measured 
spectra agreed with the spectra reported by these authors. The 
following alcohols are new compounds: n-C4HsCH(OH)- 
CH2CH=CHCH=CH2,n.28~ 1.4752 (Anal. Calcd for Cl$IlaO: 
C, 77.87; H, 11.76. Found: C, 76.72; H, 11.78.) (See below); 


for Cl&I180: C, 77.87; H, 11.76. Found C, 77.51; H, 11.66.); 
c-C$I11CH(OH)CH2CH=CHCH=CH2, n"D 1.5060 (Anal. Calcd. 
for C12Hm0: C, 79.95; H, 11.18. Found C, 79.55; H, 11.10.). 


The 250-MHz proton NMR spectra were obtained for some, 
but not all, of the alcohols prepared in this manner. All showed 
that the E isomers had been formed. The NMR spectrum of 
(CH&CCH(OH)CHzCH=CHCH=CH2 (in CDC13) is typical: 6 
0.92 (s, (CH,),C), 1.60 (s, OH), 1.9-2.3 (m, 2 H, &), 3.26 (m, H ), 
5.0 (dd, Hb, J a b  = 1.5, Jh = 10.3 Hz), 5.2 (dd, Ha, Jab  = 1.5, j,, 


(CH&CCH(OH)CHZCH=CHCH=CH2, nasD 1.4750 (Anal. Calcd 


= 18.1 Hz), 5.75 (m, He), 6.2 (dd, Hd, J d e  = 14.7, Jd = 10.3 Hz), 
6.4 (ddd, H,, Jh 10.3, Ja, = 18.1 Hz). 
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methylsilane. Thus, to a solution of propionaldehyde (6 mmol) 
in 6 mL of dry CH2C12 was added, at -40 "C, 2.0 mmol of Tic&. 
The solution was stirred under nitrogen for 5 min at -40 "C and 
then was allowed to warm to room temperature during 10 min. 
It was cooled again to -45 OC, and the pentadienylsilane (4.0 "01) 
was added in one portion. The reaction mixture was allowed to 
warm slowly to room temperature, stirred for 5 min, and treated 
with 10 mL of saturated aqueous sodium bicarbonate. Workup 
as in the experiment above gave a trap-to-trap distillate that 
contained (by GLC) the expected CH&HCH=CHCH2CH(O- 
H)C2Hs in 80% yield. The 250-MHz 'H NMR spectrum of a 
sample isolated by GLC showed it to be the E isomer. 


Reactions of (E)-2,4-Pentadienyltrimethylsilane with 
Ketones. The following general procedure was used. The ap- 
paratus was the same as in the aldehyde experiments described 
above. A solution of the ketone (6 "01) in dry dichloromethane 
(6 mL) was cooled to -40 OC. Titanium tetrachloride (0.22 mL, 
2 "01) was added by syringe. The resulting solution was allowed 
to w m  to room temperature, and the pentadienylsilane (4 "01) 
then was added. The color of the mixture turned dark red; with 
time it became lighter. The mixture was stirred at room tem- 
perature for 2 h. Subsequent workup followed the procedure 
described above for the aldehyde reactions. The trap-to-trap 
distillation afforded almost pure product. Pure samples were 
obtained by GLC. 


The producta obtained when Me2C0, Et&O, n-Pr2C0, MeC- 
(0)CHMe2, and cyclohexanone were the ketones used have been 
prepared previously.' The spectra (IR and/or 'H NMR) were 
identical with those reported. The 250-MHz 'H NMR spectra 
of the products derived from acetone, diethyl ketone, and cy- 
clohexanone were measured (in CC14/CDC13). Jde was measured 
as 15.0,15.6, and 15.6 Hz, respectively (see proton designations 
for the pentadienyl group of the pivaldehyde product above and 
associated discussion). Thus all three ketone-derived products 
contained the (E)-a,Cpentadienyl group. 


Reactions of (E)-2,4-Pentadienyltrimethylsilane with 
Crotonaldehyde and Mesityl Oxide. The procedure used in 
the case of the saturated aldehydes was applied in the case of 
crotonaldehyde. A single product, 3, was obtained in 40% yield. 
A GLC sample had nHD 1.4777. Its IR spectrum (liquid film) 
showed v(C==C) at 1650, v(C=O) at 1720, and the characteristic 
MgSi absorption at 1250 cm-'. Two inseparable diastereoisomers 
were present, according to the 270-MHz proton NMR spectrum 
(in CDC13): 6 0.008 and 0.038 (2 s, 9 H, Me3Si of the two dia- 
stereoisomers), 0.5 (m, 2 H, H ), 1.02 (d, J = 7.15 Hz, 3 H, Hf), 
1.8 (m, 1 H, He), 2.2 (br m, 3 4, Hd; never simplifies upon irra- 
diation of any other signals), 2.5 (br m, 1 H, H,; collapses to a 
d oft, J = 1.7, 8.3 Hz, upon irradiation of the m at 2.2), 5.6 (br 
s,2 H, Hd, 9.69 (d, J = 3.2 Hz, H&, 9.75 (d, J = 2.4 Hz, Ha. Anal. 
Calcd for C12HzOSi: C, 68.50; H, 10.54. Found C, 68.79; H, 10.32. 


H o  Hd 


Here also, the key feature is J d e  = 15 Hz, indicative of trans 
substitution about the C = C  bond in question. (Note J d e  is 15.1 
Hz in the case of (E)-Me3SiCH2CH=CHCH=CHz and 10.3 Hz 
in the case of the Z isomer.) For n-C4H&H(OH)CH2CH= 
CHCH=CH2 J d e  = 15 Hz; for C2HSCH(OH)CH2CH=CHCH= 


A satisfactory analysis could not be obtained for n-C4H&H- 
(OH)CH2CH=CHCH=CH2 and so it was converted to the tri- 
methylsilyl derivative, n-C4H&H(OSiMe3)CH2CH=CHCH= 
CH2, by reaction with hexamethyldisilazane in the presence of 
a catalytic amount of Me3SiC1: 'H NMR (270 MHz, CDC13) 6 
0.08 (s,9 H, SiMe3), 0.87 (t, J = 7.3 Hz, CH3 of Bu, 3 H), 1.22-1.53 
(br m, 6 H, CH2CHzCH2 of Bu), 2.20 (t, Jef = Jfg = 7.7 Hz, 2 H, 
CH,CH=), 3.63 (approximate quintet, 1 H, H , with J = 7.7,5.5 
Hz), 4.95 (d, Jh = 10.03 Hz, 1 H, Hb), 5.08 (a, J, = 17.14 Hz, 


1 H, HJ, 6.30 (ddd, Jd = 10.35 Hz, 1 H, HJ (proton designations 
as in the tert-butyl analogue above). Anal. Calcd for Cl3H%0Si: 
C, 68.96; H, 11.57. Found: C, 68.96; H, 11.40. 


The reactions with (Z)-2,4-pentadienyltrimethylsilane with 
propionaldehyde and pivaldehyde were carried out similarly. The 
IR and proton NMR spectra of the producta were identical with 
those of the products obtained by using (E)-2,4-pentadienyltri- 


CH2, J d e  = 14.8 Hz. 


1 H, HA, 5.66 (dt, Jef = 7.65 Hz, 1 , He), 6.03 (dd, Jde = 14.71 Hz, 


Hd Hd 


The two CHO resonanws had an integrated ratio of 31, indicative 
of the presence of two diastereoisomers. The addition of DABCO 
did not change the ratio of the aldehyde resonances, which suggests 
that a thermodynamic mixture of isomers is present. Two much 
less intense signals at 6 9.47 and 9.49 may possibly be indicative 
of the presence of a minor amount of the other regioisomer. 


The reaction of (~-2,4-pentadienyltriethyls~e with mesityl 
oxide, Me2C=CHC(0)Me, was carried out by using the general 
ketone reaction procedure. Two products were obtained. 


(1) The Michael-type addition product: nUD 1.4729; IR (liquid 
film) 3100 (m), 3040 (sh), 3020 (sh), 2970 (s), 2880 (s), 1719 (s), 
1650 (m), 1600 (m), 1470 (m), 1450 (w), 1435 (w), 1420 (w), 1400 
(w), 1385 (m), 1360 (s), 1210 (m), 1155 (m), 1010 (s), 955 (m), 900 
(s), 840 (w) cm-'; 'H NMR (270 MHz, CDC13) 6 0.98 (8,  6 H, HJ, 
2.09 (s, Hi), 2.1 (obscured by Hi, Hf, Hi + Hf = 5 HI, 2.29 (s, 2 


1 H, Hd), 6.30 (ddd, Jdc = 10.7 Hz, 1 H, H,). Anal. Calcd for 


H, Hh), 4.97 (d, J, = 10.26 Hz, 1 H, Ha), 5.09 (d, Jh = 17.10 Hz, 
Hb), 5.67 (dt, Jet 7.82 Hz, 1 H, He), 6.02 (dd, Jde = 15.15 Hz, 
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CllH180: C, 79.47; H, 10.91. Found: C, 79.03; H, 10.85. 
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ration of the diastereomers was effected by GLC (6-ft Carbowax 
20M, repeated injections on the analytical column); a 2:l eryth- 
ro/threo mixture was present. 


'H NMR (250 MHz, CDC13) (erythro isomer): 6 1.03 (d, J = 
6.6 Hz, 3 H, Hg), 1.13 (d, J = 6.6 Hz, 3 H, Hj), 1.36 (d, J = 5.2 
Hz, 1 H, OH), 2.26 (ddq, J,f = 7.7, Jfg = 6.6, Jfi = 5.5 Hz, 1 H, 
Hf), 3.69 (ddq, JU = 6.6, Jv = 5.5, Jil, = 5.2 Hz, 1 H, Hi), 4.99 (dd, 
J a b  = 1.84, J, = 10.3 Hz, 1 H, Ha, 5.12 (dd, Jab = 1.84, Jh = 17.0, 
1 H, Hb), 5.63 (dd, J d e  = 15.1, Jet  = 7.7 Hz, 1 H, He), 6.08 (dd, 
Jd = 10.3, J d e  = 15.1 Hz, 1 H, Hd), 6.30 (ddd, Jac = 10.3, Jh = 
17.0, Jd = 10.3 Hz, 1 H, HJ. 


(2) The cyclized product: nUD 1.4697; IR (liquid f i b )  v ( C 4 )  
1720, v(C=C) 1640, 1250 (Me3Si) cm-'; two inseparable dia- 
stereoisomers are present as evidenced by our GLC and NMR 
studies; 'H NMR (270 MHz, CDCl3) 6 0.010 and 0.021 (2s,9 H, 
one for each diastereomer), 0.41 (m, 2 H, Hh), 0.90/0.96 (minor), 
0.92/0.98 (major) (4s, 6 H, H ; two pairs of singlets, one for each 
diastereomer), 1.70 (AB q, $= 18.9 Hz, 1 H, Hf), 1.96 (AB q, J 


H, Hc), 2.53 (br m, 1 H, Hb), 5.52 (br 8, 2 H, Ha). Anal. Calcd 
for C14H,0Si: C, 70.51; H, 10.99. Found C, 70.63; H, 10.83. 


= 18.9 Hz, 1 H, He), 2.18 (8, 3 H, Hd), 2.40 (d, J = 10.76 Hz, 1 


ie k, 


Reactions of (E)-2,4-Pentadienyltrimethylsilane with 
Acetals and Ketals. In a typical reaction, the acetal (6 mmol) 
was dissolved in 8 mL of dry dichloromethane, and the solution 
was cooled to -60 "C. Titanium tetrachloride (2 "01) was added, 
and the mixture was stirred for 5 min and then cooled further 
to -78 OC. The pentadienylsilane (4 mmol) then was added, and 
the reaction mixture was stirred for 10 min at -78 OC. Subse- 
quently, it was poured into 30 mL of saturated aqueous NaHC03. 
Extraction with diethyl ether (3 X 20 mL) followed. The dried 
(KzCO3) organic layer was concentrated at reduced pressure. The 
products were isolated by GLC (15% SE-30 on Chromosorb P). 


The pentadienylation of k e d s  was carried out by the same 
procedure except that longer reaction times at -78 OC were 
neceasary (15 min in the case of Me2C(OMe),; 30 min in the case 
of C - C ~ H ~ ~ ( O E ~ ) ~ ) .  Also, the product yields were lower, and some 
nonvolatile, apparently polymeric by-products were formed. 


The following ethers were prepared. (1) Me2CHCHzCH- 
(OEt)CHzCH=CHCH=CHz, in 65% yield from 
Me2CHCH2CH(OEt),; nmD 1.4610. Anal. Calcd for ClZHnO C, 
79.06; H, 12.16. Found: C, 78.92, H, 12.12. (2) PhCH(0Me)- 
CH2CH=CHCH=CHz, in 79% yield from PhCH(OMe),; nmD 
1.5306. Anal. Calcd for C13H160 C, 82.93; H, 8.57. Found: C, 
82.80; H, 8.55. (3) Me2C(OMe)CH2CH=CHCH=CHz, in 46% 
yield from Me&(OMe),; nmD 1.4615. Anal. Calcd for C9H160: 
C, 77.09; H, 11.50. Found: C, 76.89; H, 11.46. (4) c-C(0Et)- 
(CH2CH=CHCHCH2)CHzCH2CH2CHzCH2, in 40% yield from 
c-C(OEt)zCHzCHzCHzCHzCHz; nmD 1.4897. Anal. Calcd for 
C13H22O C, 80.35; H, 11.41. Found C, 80.13; H, 11.38. The 
proton NMR spectra of all four ethers showed the presence of 
the (E)-a,b-pentadienyl group. 


Reactions of (Z,E)-2,4-Hexadienyltrimethylsilane with 
Aldehydes. The reaction with acetaldehyde is typical. 


In the usual apparatus a solution of 3.0 mmol of acetaldehyde 
was prepared in 25 mL of dry dichloromethane and cooled to -78 
OC, and 2.0 mmol of TiC14 was added by syringe. The reaction 
mixture was stirred at -78 OC for 15 min; subsequently, 0.365 g, 
2.4 mmol, of the hexadienylsilane in 10 mL of dichloromethane 
was added dropwise over a period of 10 min. The reaction mixture 
was stirred for 1 h at -78 O C  and then, while at that temperature, 
treated with 10 mL of saturated aqueous NaHC03. The aqueous 
phase was separated and extracted with three portions of diethyl 
ether. The dried (K2CO3) organic layers were concentrated at 
reduced pressure, and the residue was trap-to-trap distilled into 
a liquid-nitrogen-cooled receiver. The distillate (0.219 g) was 
analyzed by GLC (6-ft Carbowax 20M on Chromosorb W, 70-150 
OC program, 8 OC/min) showed it to contain (E)-3-methyl-4,6- 
heptadien-2-01, CH2=CHCH=CHCHMeCH(OH)Me (0,181 g, 
61% yield), as a mixture of diastereomers; n20*sD 1.4820. Sepa- 


'H NMR (250 MHz, CDC13) (threo isomer): 6 1.01 (d, J = 6.8 
Hz, 3 H, HJ, 1.16 (d, J = 6.2 Hz, 3 H, Hj), 2.13-2.16 (m, J,f = 
8.3, Jt = 6.8, J f i  = 8.3 Hz, 1 H, Hf: determined by decoupling 
the Ch3 region and observing a "triplet (doublet of doublets)" 
for Hf, which gives Jip = Jd), 3.54-3.60 (m, J i j  = 6.2, Jip = 8.3 Hz, 
1 H, Hi), 5.01 (d, Jac = 10.1 Hz, 1 H, Ha), 5.14 (d, Jh = 17.6 Hz, 
1 H, Hb), 5.49 (dd, J d S  = 15.9, Jef = 8.3 HZ, 1 H, He), 6.02 (dd, 
Jd = 10.6, J d e  = 15.9 Hz, 1 H, Hd), 6.13 (ddd, Jac = 10.1, Jh = 
17.6, J c d  = 10.6 HZ, 1 H, Hc). 


The observation that 3Jtb,  (8.3 Hz) is greater than (5.5 
Hz) is in line with literature reports on other threo/erythro 
systems." 


A satisfactory analysis of the alcohol could not be obtained, 
and, therefore, the trimethylsilyl ether was prepared on a 2.5-mmol 
scale by the hexamethyldisilazane procedure using a catalytic 
amount of trimethylchlorosilane. The product, CH.+HCH= 
CHCH(CH3)CH(OSiMe3)CH3, was isolated by GLC. The proton 
NMR spectrum (250 MHz) showed two very close Me3Si reso- 
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overlapping peaks due to the diastereomeric methyl groups. Anal. 
Calcd for Cl1HBOSi: C, 66.60, H, 11.18. Found C, 66.35; H, 11.16. 
In the 'H NMR spectrum of the diastereomeric mixture 3J(er- 
ythro) and 3J(threo) were observed to be 6.3 and 9.4 Hz. 


A similar reaction of (Z,E)-2,4hexadienyltrimethylsilane with 
propionaldehyde gave a 7426 mixture of the diastereomers of 
(E)-4-methyl-5,7-octadien-3-01, CHz==CHCH=CHCH(Me)CH- 
(OH)CH2CH3, in 51% yield; nm.B (isomer mixture) 1.4829. The 
'H NMR spectrum of this mixture of diastereomers was very 
similar to that of the acetaldehyde product in the pentadienyl 
region; 3J(erythro) = 4.8 Hz. The trimethylsilyl ether was pre- 
pared as above, CHyCHCH=CHCH(Me)CH(OSiMe3)CH2CH3. 
Anal. Calcd for ClZHUOSi: C, 67.86, H, 11.39. Found C, 68.13; 
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A reaction between (Z,E)-CH3CH=CHCH=CHCH$3iMe3 and 
isobutyraldehyde at -78 OC in the presence of TiCll in di- 
chloromethane using the procedure above gave (E)-2,4-di- 
methyl-5,7-octadien-3-01 (8416 erythro/threo ratio by GLC) in 
37% yield. The 'H NMR spectrum of the major isomer showed 
3J(erythro) = 5.3 Hz; it was in accord with the structure 


Reactions of (E)-(4-Methyl-2,4-pentadienyl)trimethyl- 
silane with Aldehydes. Reactions with propionaldehyde and 
pivaldehyde in dichloromethane in the presence of TiCl, at 


(17) E.g.: Mukaiyama, T.; Banno, K.; Narusaka, K. J. Am. Chem. Soc. 
1974,96,7503 (@-keto alcohola). Yamamoto, Y.; Yatagai,H.; Mamyama, 
K. Ibid. 1981,103,3229 (RCH(OH)CH(CHJCH-;CHSiMe&. 
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temperatures ranging from -50 OC to room temperature using the 
general procedure which was successful in the case of (E)-2,4- 
pentadienyltrimethylsilane failed to give the desired products. 
After the usual workup and evaporation of the organic layer to 
remove solvent a viscous liquid residue invariably remained. No 
volatile products could be isolated from this material. 
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74-0; 1,4-pentadiene, 591-93-5; cyclohexanone, 108-94-1; cyclo- 
hexanone diethyl ketal, 1670-47-9; crotonaldehyde, 4170-30-3; 
acetaldehyde, 75-07-0; cis-3-(trimethylsilylmethy1)-4-acetyl-5,5- 
dimethylcyclohexene, 82932-91-0; trans-3-(trimethylsilyl- 
methyl)-4-acetyl-5,5-dimethylcyclohexene, 82933-02-6. 
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The relative stabilities of six alkyl-substituted titanacyclobutanes have been measured. For mono- 
substituted metallacycles, the substituent prefers the @-position. Addition of a second @ substituent, such 
as CH3, results in significant destabilization of the metallacycles. The relationship of ground-state stability 
to reactivity and the structural features influencing the stability are considered. 


Introduction 
Metallacyclobutanes have been implicated or demon- 


strated as intermediates in a number of catalytic and 
synthetic  transformation^.'-^ Of major import in these 
reactions is the effect of substituents on the relative sta- 
bilities of the possible metallacyclic intermediates. For 
example, the selectivity observed in the olefin metathesis 
reaction has been attributed to  differences in stability of 
the  possible metallacyclic intermediates. We recently 
reported the synthesis of a series of metallacyclobutanes 
which undergo metathesis reactions. In this report we 
describe the effect of substituents on the relative stability 
of a series of titanacyclobutanes and examine the rela- 
tionship between their relative stability and reactivity. 


Experimental Section 
Titanocene dichloride was purchased from Boulder Scientific 


and purified by Soxhlet extraction with dichloromethane. M e 3  
was purchased from Alfa, or as a 2 M solution in toluene from 
Aldrich.' AIMezCl was purchased from Texas Alkyls. 44Di- 
methylamin0)pyridine (DMAP) was purchased from Aldrich and 
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recrystallized from hot toluene. 2,3-dimethyl-l-butene and 3,3- 
dimethyl-l-butene were purchased from Aldrich and stored over 
Linde 4-A molecular seives. 2-Methyl-l-butene was purchased 
from ICN Pharmaceuticals and stored over molecular seives. 
3-Methyl-l-butene was purchased from Phillips and stored over 
molecular seives. Isobutylene was purchased from Matheson and 
freeze-degassed twice prior to use. Tebbe reagent (2) prepared 
by an established procedure6 was used for preparative purposes. 
For equilibrium measurements, 2 was prepared from CpzTiMeC1 
andrecrystallized from hexane! CpzTiCHzCH(t-Bu)CHz (la), 
CpzTiCHzCH(i-Pr)CH2 (lb), and Cp,TiCH2CHCH(CH2)3 . (4) 
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temperatures ranging from -50 OC to room temperature using the 
general procedure which was successful in the case of (E)-2,4- 
pentadienyltrimethylsilane failed to give the desired products. 
After the usual workup and evaporation of the organic layer to 
remove solvent a viscous liquid residue invariably remained. No 
volatile products could be isolated from this material. 
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Titanacyclobutanes 


were prepared by established methods5 (see the preparation of 
5 for the general method). 


Toluene, diethyl ether, and THF were stirred over CaHz and 
vacuum transferred onto sodium benzophenone ketyl. Pentane 
and hexane were stirred over concentrated HzS04, washed with 
water, dried over CaC12, and vacuum transferred onto sodium 
benzophenone ketyl in tetraglyme. Dichloromethane was stirred 
over P205 and degassed by intermittent pumping on a high 
vacuum line. The above solvents were vacuum transferred into 
storage flasks sealed with Teflon screw valves. Benzened6 (Merck, 
Sharp and Dohme) and toluene& (Aldrich) were dried and de- 
oxygenated by stirring over sodium benzophenone ketyl. 


All manipulations of air- and/or 
moisture-sensitive compounds were carried out by using standard 
high-vacuum line Schlenk techniques or in a Vacuum Atmospheres 
drybox. Argon used in Schlenk work was purified by passage 
through columns of BASF RS-11 (Chemalog) and Linde 4-A 
molecular sieves. NMR spectra were recorded on a Varian EM-390 
(90-MHz lH), a JEOL FX-9OQ (89.60-MHz 'H, 22.53-MHz 13C), 
or a Bruker WM-500 (500.13-MHz 'H) instrument. Kinetic and 
equilibrium measurements were run in the automated mode on 
the JEOL FX-9OQ. Temperatures were measured by using 
AvWeoH1 and were constant to within *O.l "C. 


Preparation of CpzTiCHz.AIMezC1 (2) from CpZTiCH3CL 
Titanocenemethyl chlorides (8.15 g, 28.0 mmol) was suspended 
in 15 mL of toluene in a Schlenk tube. A solution of AlMe3 in 
toluene (14.6 mL, 28.0 mmol, 1.92 M) was added via syringe, and 
the mixture was stirred at room temperature in the dark. The 
reaction was periodically monitored by NMR. After 3 days, a 
second portion of A1Me3 in toluene (5.84 mL, 11.2 mmol) was 
added, and the solution was stirred for an additional 3 days. The 
solvent was removed in vacuo. The crude product was washed 
with 30 mL of hexane and dried in vacuo overnight. The solid 
was dissolved in 60 mL of toluene and filtered through a coarse 
Schlenk frit. Solvent was removed in vacuo until solids began 
to form. Crystallization was achieved by addition of 10 mL of 
toluene and careful layering of 45 mL of hexane above the toluene 
solution, followed by cooling at -20 OC overnight. The supematant 
was removed via cannula. The crystalline CpzTiCHz.AIMezC1 was 
washed twice with 40 mL of -20 "C pentane and dried in vacuo 
overnight (4.2 g, 66%). Analysis of the dark red product by NMR, 
using l,2-dibromoethane as an internal standard, indicated 94% 
purity and revealed no CpzTiCHz.Al(CH3)Clz. A portion of the 
product (1.85 g) was dissolved in 250 mL of hexane, filtered 
through a medium Schlenk frit, and concentrated to 150 mL in 
vacuo. Slow cooling to -50 "C produced large red-brown crystals 
which were isolated on a coarse Schlenk frit. The product (1.20 
g, 65% recovery) is 98% pure by NMR analysis. 


Preparation of Cp2TiCHzCMezCHl (5). Tebbe reagent (2) 
(2.46 g, 8.63 mmol) was dissolved in 17 mL of CH2C12 in a Schlenk 
tube. Isobutylene (100 "01) was freezedegassed and condensed 
into the reaction vessel at  -196 "C. DMAP (1.23 g, 10.0 mmol) 
was added to the stirred solution at -20 "C. The mixture was 
stirred for 3 min and transfered via cannula into 120 mL of 
vigorously stirred pentane at 0 "C. The byproducts were removed 
on a coarse Schlenk frit, and the filtrate was concentrated to 40 
mL by removal of solvent in vacuo at 0 "C. The red solution was 
transferred from a flocculent white precipitate via cannula and 
concentrated to 20 mL. After the solution was cooled at  -78 "C 
overnight, the supernatant was decanted. The remaining dark 
red solid was dissolved in 6 mL of toluene at 0 "C and gradually 
cooled to -50 "C. The resulting solid was washed twice with 5 
mL of cold pentane. Residual pentane was removed in vacuo at 
room temperature over a period of 3 h to give red needles of 
Cp2TiCH2CMe2CHz (660 mg, 31%): 'H NMR (toluene-d,, -10 
"C) 6 1.10 (s, 6 H), 2.50 (s, 4 H), 5.51 (s, 10 H); 13C NMR (C6D6, 
6 "C) 6 5.4 (s), 38.1 (q, J = 123 Hz), 83.5 (t, J = 137 Hz), 110.7 
(d, J = 171 Hz). 


Equilibrium and Kinetic Measurements. Metallacycles 
were recrystallized from EhO or toluene. Tebbe's reagent (2) was 
prepared from Cp2TiMeC1 and recrystallized from hexane. Re- 
actions were run in sealed NMR tubes at 40 "C in C6D6. For 


General Procedures. 


. 


. 
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reactions of titanacycles with base-aluminum adducts, samples 
were prepared by covering a weighed sample of titanacycle with 
c6D6 and layering on a measured amount of standardized (NMR 
vs. internal l,2-dibromoethane) base-aluminum adduct in CsDe 
The samples were immediately removed from the drybox, frozen, 
and sealed. For reactions with olefin and THF or EtzO, 2 was 
weighed into an NMR tube fitted with a gas-measuring bulb, into 
which the solvent, olefin, and base were introduced by vacuum 
transfer. After the reaction was complete, the volume of the 
solution was measured by replacement of the sample with a 
measured volume of liquid. Integration vs. C6D5H indicated no 
more than 5% decomposition in most cases. Initial concentrations 
were derived from the weight of titanacycle or 2 and the measured 
volume. Subsequent values were calculated from NMR integration 
in a straightforward manner. Analysis of the data is discussed 
in the text. 


Results and Discussion 
The relative stability of metallacycles vs. the conjugate 


olefins can be determined by measuring the equilibrium 
constant KBQ in eq 1. Since relative olefin stabilities are 
readily available, the substituent effect on metallacycle 
stability can be determined. 


(7! Gordon, A. J.; Ford, R. A. "A Chemist's Companion..."; Wiley-In- 
terscience: New York, 1972; p 103. 


Direct measurement of Kq would be difficult due to the 
overlapping of NMR signals. Consequently, an accurate, 
indirect method was used which allows a variety of sta- 
bilities to be measured under similar conditions. This 
method is based on the following observations. 


Base adducts of MezAICl react with the metallacycles 
to release olefin and generate the titanium methylene 
adduct, 2.8 The position of equilibrium is controlled by 
the base strength and the structure of the metallacycle. 
For example, if the base is (dimethylamino)pyridine, the 
equilibrium lies almost completely to the left for most 
olefins? whereas ethers result in equilibrium mixtures 
which contain significant amounts of 2. The equilibrium 
shown in eq 2 may be approached from either direction. 


cp2~,>R + Eose AIMeZCI 


- l a .  R = -C(CH, I ,  


b ,  R = C H ( C n ) l .  
C ~ ~ T I ~ A I '  + C H z Z C H R  ( 2 )  


'CI' ' 
2 - 


B a r e  


Measurement of the rate of reaction of la with 1.0 and 3.0 
equiv of AlMe2C1.E~0 at  low conversion revealed that the 
reaction is first order in la with k = 9.5 (& 0.6) X s-l 
(40 "C, C6D6) and zeroth order in A1Me2C1.base. This is 
the same as the rate of direct exchange of la with other 
olefins and diphenylacetylene.'O The rate is consistent 
with rate-determining formation of titanium methylidene 
3 (eq 3) or the  corresponding olefin complex.1° Involve- 
ment of free AIMezC1 was excluded by the observation that 


(8)  (a) Tebbe, F. N.; Parshall, G. W.; Reddy, G. S. J. Am. Chem. SOC. 
1978,100,3611. (b) Tebbe, F. N.; Parshall, G. W.; Ovenall, D. W. Ibid. 
1979,101,6074. (c) Klabunde, U., Tebbe, F. N.; Parshall, G. W.; Harlow, 
R. L. J. Mol. Catal. 1980,8, 37. 


(9) Ott, K. C.; Lee, J. B.; Grubbs, R. H. J. Am. Chem. SOC. 1982,104, 
2942. 


(10) Lee, J. B.; Ott, K. C.; Grubbs, R. H. J. Am. Chem. SOC. in press. 
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I 2 t E t 2 0  (31 


the rate of reaction of la with 1.0 equiv of A1Me2C1.Et,0 
is unchanged by addition of 0.1 equiv of Et20 (k = 9.3 X 


s-', 40 "c, C6D6). The rate of reaction of la with 
A1Me2C1-THF was somewhat more difficult to measure. 
In this case, equilibrium favors the reactants, which causes 
the reaction to be first order over a shorter interval, even 
under fairly dilute conditions. The measured rate (with 
4 equiv of A1Me2Cl.THF) is 8.4 (i 1) X s-l (40 "C, 
C&&, the same (within experimental error) as the rate of 
reaction of la with A1Me,C1.Et20 and with diphenyl- 
acetylene. 


Observation of fmt-order kinetics for reaction of la with 
AlMe2C1-Eh0 and with A1Me2C1.THF contrasts with the 
reaction of la with AlMe2C1, which is second order (first 
order in each r e a ~ t a n t ) . ~  This suggests that an open co- 
ordination site on aluminum is required for direct reaction 
with la. 


The reactions described above provide the basis for 
measuring the desired equilibrium constants. The required 
equations are given in Scheme I. The use of bases of 
different strengths can be used to examine a wide variety 
of olefins. 


Initial experiments performed using the metallacycles 
derived from 3,3-dimethyl- 1-butene (la), 3-methyl- 1- 
butene (lb), and cyclopentene (4) demonstrated that di- 
ethyl ether was a suitable base for measurement of Kq by 
the method of Scheme I. These and all other equilibrium 
measurements were carried out a t  40 "c in C6D6. Resulb 
of a typical experiment using lb are shown in Figure 1. 
Plots of In Q asymptotically approach the equilibrium 
value In Keq, which is deduced graphically. Similar plots 
derived for la and 4 indicate that the order of stability is 
4 = la < lb. Values of KEho for these metallacycles are 


U 
lb 4 - - 


0.33 M (la), 0.091 M (lb), and 0.43 M (4). Thus the 
difference in free energy between these titanacyclobutanes 
is less than 1 kcal mol-'. None of the other possible isomers 
of la,b, the &-substituted metallacycles, were observed. 
Consequently, for these bulky alkyls the 4 isomer is at least 
2 kcal mol-' more stable than the CY isomer. 


Several j3,P-disubstituted metallacycles including Cp, 
TiCH2CMe2CH2 (51, Cp2TiCH2CEtMeCH2 (6), and Cp, 
TiCHzC(i-Pr)MeCH2 (7) have been ~repared .~J l  These 
complexes have been found to be far more labile than their 
monosubstituted counterparts and 4. Attempts a t  using 
Et,O to measure the stability of these metallacycles failed, 
because the equilibria (Scheme I) lay almost completely 
to the right. However, THF waa found to serve as con- 
venient base for these measurements. Equilibrium mix- 
tures of the metallacycles and AlMe2C1.THF were found 
to be remarkably stable a t  40 "C in C& solutions. The 
equilibrium between metallacycle and 2 was achieved 


, I , 
, . 


i i d  \ E t i O  
K e 4  


L -12 
I I I 
50 I O 0  150 


Time ( m i d  


Figure 1. Asymptotic approach to equilibrium of 2 and lb: 0, 
represents data from reaction of 2 with 3-methyl-1-butene and 
EhO; 0, indicates reaction of lb  with AlMe2Cl.Eh0. Both ex- 
periments were monitored by 'H NMR at 40 "C in CsDs. 


without decomposition to (Cp2TiCH2),, the normal product 
of metallacycle decomposition.12 Mixtures of 2, THF, and 
isobutylene, 2-methyl-l-butene, or 2,3-dimethyl-l-butene 
reached equilibrium within several minutes. Values of 
PHF = 0.21 and 2.1 M were obtained for 5 and 6, re- 
spectively. Measurement waa less accurate in the case of 
7 because the amount of metallacycle formed was small. 
When 2 equiv of THF and 4 equiv of 2,3-dimethyl-1- 
butene were used the value PHF N 8 M was obtained. 
The order of stability is thus 7 < 6 < 5. Replacement of 
the hydrogens of one of the methyl substituents in 5 with 
methyl groups results in an increase in steric crowding 
which destabilizes the complex by ca. 1 kcallmethyl for 
the first two substitutions (Figure 2). Replacement of a 
third hydrogen is not possible; addition of pyridine to a 
solution of 1 and 2,3,3-trimethyl-l-butene resulted in im- 
mediate destruction of 1 and formation of an unidentified 
dark brown solid. 


In order to relate these values of KEbo and PHF, we 
determined the extent of reaction of la with AlMe2CI-THF 
under relatively dilute conditions. From the value ob- 


~~ ~~ 


(11) Straus, D. A. Ph.D. thesis, California Institute of Technology, 
1983. (12) Ott, K. C.; Grubbs, R. H. J.  Am. Chem. SOC. 1981, 203, 5922. 
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Relative Stabi l i ty  of Meta l locyc le Pairs 


(kca l  mol- ' )  


0 8 ( 0  2) 


I 5 (0 I )  


2 7 (0 2 )  


0 2 ( 0  I )  


0 8 (0 I )  


Figure 2. Differences in AG between pairs of titanacyclobutanes 
(40 O C ,  CsDe), calculated from equilibrium constants obtained 
by the method of Scheme I. 


tained, P = 2 X M, we estimate KE@'jP = 160. 
The differences in stability of the six titanacyclobutanes, 
relative to the conjugate olefins and 3, are shown in Figure 
2. Part of the difference between mono and disubstituted 
metallacycles is certainly due to the difference in relative 
olefin heals of formation. 


Stabilities of the titanacyclobutanes derived according 
to Scheme I are relative to the conjugate olefins. The 
difference in free energy of formation between these olefins 
and the corresponding saturated hydrocarbons provides 
an estimate of the contribution of this difference to Keg. 
These are AGfo (3,3-dimethyl-l-butene) (19.53) - AGfo 
(3,3-dimethylbutane) (-2.37) = 21.90 kcal mol-' and AGfO 
(3-methyl-1-butene) (17.87) - AGfo (2-methylbutane) 
(-3.50) = 21.37 kcal m01-l.'~ Thus the more stable me- 
tallacycle, lb, forms from the more stable olefin. The 
opposite ordering would be expected if olefin stability was 
the only determining factor. The greater stability of lb 
relative to la, as measured according to Scheme I, may 
therefore be attributed to structural features of these 
metallacycles. Corresponding differences for some other 
olefin-alkane pairs are as f01lows:'~ isobutylene, 18.88; 
2-methyl-l-butene, 19.01; 2,3-dimethyl-l-butene, 18.41 kcal 
mol-'. These disubstituted olefins are ca. 2.5-3 kcal mol-l 
more stable, relative to the corresponding alkanes, than 
are the monosubstituted olefins. The apparent instability 
of 5,6, and 7 relative to la and lb may be due in part to 
this effect. 


(13) AGP(gas, 25 "C) values from 'Selected Values of Physical and 
"hemodynamic Properties of Hydrocarbons and Related Compounds"; 
American Petroleum Institute, Project 44; Carnegie Institute of Tech- 
nology: Pittsburgh, PA, 1953. 


, i 


The titanacyclobutanes la, 5, and Cp2TiCH2CHPhCH2 
(8) have been structurally characterized by X-ray dif- 
f ra~t i0n . l~  These structures provide the basis for un- 
derstanding the relative stability of the titanacyclobutanes. 
The conformation of the metallacycle ring is nearly planar, 
and 5 does not show significant distortion from Cpy sym- 
metry.14 In la and 8, interaction of the CMe3 or Ph sub- 
stituent with the Cp rings is relieved by a rocking of the 
substituted P-carbon in the plane of the ring, instead of 
puckering. The observation that lb and la differ in sta- 
bility by less than 1 kcal mol-' suggests that this motion, 
which relieves much of the expected difference ( 2 2  kcal 
mol-'), is a relatively low energy distortion. Interaction 
of the two methyl substituents with the Cp rings cannot 
be avoided in 5, and this metallacycle is significantly less 
stable than la and lb. The instability of 6 and 7 and the 
fact that it has not been possible to observe the 0-meth- 
yl-/3-tert-butyl titanacyclobutane suggest that the strain 
relieved in la by rocking of the central carbon unit is 
considerable. The rate of the reactions of la and 7 with 
diphenylacetylene have been m e a s ~ r e d . ~  Activation en- 
ergies are AG* = 24 and 22 kcal mol-l for la and 7, re- 
spectively, at 27 "C. For these metallacycles AAG' = 2 
kcal mol-l, compared with AAG = 5 kcal mol-' from Figure 
2. 


It has been observed that the reactivity of a monosub- 
stituted metallacycle decreases as the bulk of the sub- 
stituent increases." This and the above observations are 
most consistent with a mechanism, such as rate-deter- 
mining cleavage to a carbene olefin complex, in which the 
relief of steric interaction gained by the rocking of the 
0-methylene is lost in the transition state. 


The data presented above provide a precise guide to the 
factors controlling the stability of these metallaycles that 
will be useful in predicting the reactions of such species 
in catalytic and synthetic reactions.'8 The dominate in- 
teractions determining the stability of these metallaycles 
are between the substituents on the metallacycle and the 
cyclopentadienyl rings. One substituent prefers to occupy 
the 0-position when steric effects are most important. 
However, when a second substituent is added to the me- 
tallacycle ring, the a-position appears to be the preferred 
substitution site. 


Not only will these quantitative measurements of sub- 
stituent effects provide a guide to metallacycle reactions, 
both catalytic and stoichiometric, but also they will also 
be useful in understanding substituent effects in other 
metallocene systems. 
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The synthesis of PPN+HW(CO),PR3- (R = Me, OMe, Ph) was accomplished via careful protonation 
of W(C0)4PR32-. The cis orientation of the hydride and P-donor ligands was affirmed by v(C0) infrared 
and carbon-13 nuclear magnetic resonance studies. Chemical characterizations included reactions with 
C02, yielding the insertion product HCOOW(CO),P-, and with protic, main-group, and transition-metal 
Lewis acids, With trimethylaluminum the hydride was abstracted and the presumably 5-coordinate 
[W(CO)4P]o resulting therefrom aggregated with unreacted HW(CO)4P- to produce p-H[W(CO),P],- (P 
= P(OMe)8, PMe& The latter disubstituted binuclear bridging hydrides were also the products obtained 
from deliberate thermal or aerobic decomposition of these phosphine hydrides. Aggregation of HW- 
(CO),P(OMe),- with photochemically produced [W(C0),lo or [Cr(CO)5]o readily occurred, yielding the 
monosubstituted binuclear bridging hydride anions. Tungsten-183 to proton coupling was interpreted in 
terms of the electronic and/or steric asymmetry of the hydride in these latter anions. 


Introduction 
Ligand modifications of homo- and heterogeneous cat- 


alysts that serve in processes of activation of carbon 
monoxide and of dihydrogen frequently affect the outcome 
of both product distribution and rates of product forma- 
tion. Whereas studies of the physical and chemical effects 
of substituent phosphorus-donor ligands on metal carbo- 
nyls are legend, relatively few systematic studies of sub- 
stituent effects on hydride activity exist in the literature. 


Convenient syntheses of the mononuclear anionic hy- 
drides HM(CO)5- (M = Cr, Mo, W) have recently been 
developed.'I2 Although the CO groups of HM(C0)f were 
found to only slowly thermally exchange with carbon-13 
labeled CO, the presumably 16-electron, coordinatively 
unsaturated intermediate [HM(CO),-] could not be con- 
veniently trapped by normal excesses of phosphines or 
phosphites in solution (eq A similar disinclination 


(1) 


toward thermal P-ligand substitution has been observed 
for other carbonyl anions: V(CO)6-,4 C ~ M o ( c 0 ) ~ - , 6  and 
HFe(C0)4-.6 Hence reaction 1 did not provide a viable 
route to the phosphine hydrides. 


By analogy to known methods of generation of 6B metal 
carbonyl hydrides, several direct routes to the HM(CO),P 
anions are ostensibly possible (eq 2-4) using as starting 
materials neutral complexes containing the P-donor ligand. 


M(CO),(P)(amine) + PPN+BH4- - 
amine-BH3 + HM(CO),P- (2) 


HM(CO)5- + P - HM(C0)IP- + CO 


+H+ 
M(CO),P(amine) + Nao/naph - M(C0),P2- - 


HM( CO)4P- (4) 


The use of borohydride as a hydride source in a manner 
similar to reaction 2 is a successful synthetic route to 


t With sincerest respect and admiration, this work is dedicated to 
Rowland Pettit. 


*To  whom correspondence should be addressed at the Depart- 
ment of Chemistry, Texas A&M University, College Station, T X  
77843. 
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HCr(C0)5- and HW(C0)5- using M(C0),(NC5Hlo) as a 
labile ligand complex precursor.' For W(CO),P(OMe),- 
(pip) however the mononuclear hydride HW(CO),P- 
(OMe)3- was formed only very slowly at 50 OC, and an 
alternate route was sought. 


The third route again is a viable route to the all carbo- 
nylhydridometalates when the OH- is highly activated via 
solubilization te~hniques '~*~ and is of import to the 
mechanism of the water-gas shift reaction.8 Isotopic 
labeling studies have clearly shown that the CO groups of 
Ph3PW(C0)5 undergo attack by OH- and subsequent CO 
oxygen exchange in the (presumed but as yet not detected) 
carboxylic acid ir~termediate.~ Subsequent loss of OH- 
in the P-substituted intermediate is evidently a more facile 
process than is C02 loss under the reaction conditions 
investigated (ambient pressure, concentrations of ca. 0.1 
M). Under other experimental conditions (reduced pres- 
sures, increased concentrations), the solubilized hydroxide 
method has been reported to work nicely in the synthesis 
of HFe(C0)3PR3- from R3PFe(CO),.l0 


The fourth possibility (eq 4) takes advantage of the ideas 
of Ellis" and Cooper12 with regards to the replacement of 
a labile ligand with two electrons derived from a good 
electron transfer source. Reaction 4 has been found to be 
a useful preparation of cis-HW(CO),PR< and is described 
in detail below for R = Me, OMe, and Ph. The spectro- 
scopic as well as some chemical characteristics of these 
activated hydrides are described. 


(1) Darensbourg, M. Y.; Slatar, $. J. Am. Chem. SOC. 1981,103,5914. 
(2) Darensbourg, M. Y.; Deaton, J. C. Znorg. Chem. 1981, 20, 1644. 
(3) Schumann, B.; Darensbourg, M. Y., unpublished results. 
(4) Davidson, A.; Ellis, J. E. J. Organomet. Chem. 1971,31, 239. 
(6) Darensbourg, M. Y.; Jimenez, P.; Sackett, J. R.; Hanckel, J. M.; 


Kump, R. L. J. Am. Chem. SOC. 1982,104, 1521. 
(6) Darensbourg, M. Y.; Barros, H. L. C., unpublished results. 
(7) (a) Gibson, D. H.; Ahmed, F. U.; Phillips, K. R. Organometallics 


1982.1.679. (b) Darensbouru, D. J.; Rokicki, A.; Darensbourg, M. Y. J. 
Am. Chem. SOC. 1981,103, 3223. 


( 8 )  Pettit, R.; Cann, K.; Cole, T.; Mauldin, C. H.; Slegeir, W. Adu. 
Chem. Ser. 1979, No. 173.94. Darensbourn, D. J.; Rokicki, A. ACS Symp. . .  
Ser. 1981, No. i52, 107. 


(9) Darenebourg, D. J.; Baldwin, B. J.; Froelich, J. A. J. Am. Chem. 
SOC. 1980.102.4688. Darensbourn. D. J.: Froelich. J. A. Zbid. 1978,100, . .  -. 
338. 


(10) Chen, Y.-S.; Ellis, J. E. J. Am. Chem. SOC. 1982, 104, 1141. 
(11) Ellis, J. E.; Parnell, C. P.; Hagen, G. P. J. Am. Chem. SOC. 1978, 


(12) Maher, J. M.; Beatty, R. P.; Cooper, N. J. Organometallics 1982, 
100, 3605. 


1, 215. 
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Table I. Spectroscopic Properties of PPN+HW(CO),PR,- 
u( CO) infrared" proton NMR datab 


R A' A + A' A" S(W-H) JP-H 9 Hz J w a  9 Hz 
OCH, 1986 1856 1822 -4.5 36 54 


CH, 1969 1847 (sh) 1805 -3.6 30 54 
C,H, 1974 1851 1815 -3.0 27 


1842 
a Measured in THF solution in cm-I. Assignments based on C, symmetry. Spectral pattern is medium, strong, medium. 
Measured in CD,CN solution at  ambient temperature. Hydride resonances in parts per million upfield from Me,Si 


standard. 


Table 11. Spectroscopic Properties of PPN+HMW(CO), o%- 


M x  u ( C 0 )  IR" 'H N M R ~  (M-H) 
Cr 
w 1 


1 
2047 (w), 2002 (w), 1931 (s), 1882 (m), 1850 (m) 
2054 (w), 2002 (w), 1931 (SI, 1879 (m), 1851 (m) 


-14.4 ppm (d, JP-H = 27 Hz, Jw, = 38.4 Hz) 
-12.2 ppm (d, Jpw = 25.8 Hz, Jw a = 42 Hz. 
J~ -H = 45.6 R i j  I -- 


w 2 2019 (w), 1997 (w), 1912 (S), 1882 (sh), 1838 (w) -11.8ppm (t, Jp-H = 21 k) 
a THF solution. CD,CN solution, Me,Si reference. 


Experimental Section 
General Data. An inert-atmospheres glovebox (argon) and 


Schlenk techniques (hi-dry N,) were used to render all operations 
air- and moisture-free. The solvents, tetrahydrofuran and hexane, 
were distilled from the Nao/benzophenone scavenger, collected, 
and transferred under N,. Acetonitrile (including the NMR 
solvent CD3CN) was stirred over CaHz and vacuum transferred 
prior to use. Methanol was dried and distilled from Mg(OCH3), 
under N,. 


Trimethyl phosphite was distilled from sodium wire under 
vacuum. Triphenylphosphine and trimethylphosphine were used 
as received from standard vendors. Phenol was dried by stirring 
over grade 4A molecular sieves that had been activated by heating 
under vacuum. Bis(tripheny1phosphin)imminium chloride was 
purchased from Roc/Ric Chemical Corp. and used without further 
purification. [It is our experience that impurities in this ion- 
exchange reagent can be detrimental to the isolation of the hy- 
drides in good yields.] Carbon-13 labeled CO (93.3% 13CO) and 
COz (90.6% WO,) were obtained from Prochem., B.O.C. Ltd., 
London. 


Infrared spectra were measured of THF solutions in matched, 
sealed 0.1-mm NaCl cells by using the Perkin-Elmer 283B infrared 
spectrophotometer that was calibrated below 2000 cm-' on water 
vapor. The error on the u(C0) band positions may be assumed 
to be f2 cm-l. Proton nuclear magnetic resonance spectra were 
measured on CD&N solutions by using a Varion EM390 spec- 
trometer. Carbon-13 NMR measurements were taken in CD&N 
on a JEOL FX60 instrument. 


Preparation of PPN+HW(CO),P&- (R = OCH3, C & ,  and 
CH3). A typical preparation is a8 follows. Aliquota of a 0.2 M 
solution of sodium naphthalenide were added to a solution of 1.0 
g of W(CO)4P(OMe)3(NC5Hlo)13 in 50 mL of THF at -78 "C until 
the color of the reaction solution went from yellow to dark brown. 
With the solution still at  -78 OC, a solution of 1.2 g of PPN+Cl- 
in 4 mL of MeOH was added. The reaction mixture was wanned 
to room temperature with subsequent removal of the solvents in 
vacuo. The solid was extracted with 20 mL of THF and the 
resulting solution filtered through celite. Upon addition of 50 
mL of hexane a yellow oil separated that on further stirring 
solidified to a yellow solid. The solid was isolated by removing 
the supernatant and drying in vacuo. The salt could be recrys- 
tallized from THF/hexane. 


A similar procedure was used for the synthesis of PPN+HW- 
(CO)pPh3-; however, the PMe3 product was protonated by MeOH 
at room temperature. Hence removal of THF and MeOH was 
carried out at -20 "C to minimize this problem. Isolated yields 
were on the order of 70%. 


Spectroscopic properties for the three new hydrides may be 
found in Table I. Elemental analyses (Chemical Analytical 
Services, Berkeley, CA) are as follows. For the PMe3 derivative, 
calcd for CeH&104P3W C, 56.64; H, 4.39; N, 1.54. Found: C, 


(13) Darenebourg, D. J.; Kump, R. L. Znorg. Chem. 1978, 17, 2680. 


56.40; H, 4.42; N, 1.52. For the P(OMe)3 derivative, calcd for 


4.19; N, 1.49. 
Preparation of PPN+HW('%O),P(OMe)f. A THF solution 


of PPN+W(CO)&l- (synthesized by refluxing W(CO)8 together 
with PPN+Cl- in ethylene glycol/dimethyl ether) was stirred mder 
13C0 for 4 h." The enriched chloride was then precipitated by 
addition of hexane, isolated, and redissolved in MeOH. Under 
an atmosphere of I3CO over the course of 5 days the chloride was 
displaced and W(13CO)6 precipitated from solution. It was col- 
lected by filtration and purified by sublimation. The enriched 
W('3CO)4(pip)z,'3 W(l3CO),(pip)(P)oMe),), and PPN+HW- 
('3CO),P(OMe)3- were prepared by the standard methods men- 
tioned above. 


Reactions of HW(CO),PR,-. (a) Thermal Stability. The 
thermal stability studies were carried out in THF solution (ca. 
0.01 M) and monitored by u(C0) IR spectroscopy. The resulting 
products were dried in vacuo, and 'H NMR spectra were measured 
on the solids, which were redissolved in CH3CN. The binuclear 
bridging hydride products thus obtained were identified by 
comparison of spectral properties of anions prepared by various 
routes and of the similar well-characterized derivatives of mo- 
lybdenum (vide infra). 


(b) Trimethylaluminum. Aliquots of neat [A1Me3], were 
added by microsyringe to 0.10 g of PPN+HW(CO)4Ps- (R = Me, 
OMe) dissolved in 10 mL of THF. Progress of the reactions was 
monitored by u(C0) infrared spectroscopy, and the disappearance 
of starting materials corresponded to an (apparently quantitative) 
appearance of product bands assigned to the dimeric anions: 
M-H[W(CO)~PR&- (see Table 11). 


(c) Phenol. A solution of 0.15 g of phenol in 5 mL of THF 
was added to 0.30 g of PPN+HW(CO)4P(OMe)3- dissolved in 30 
mL of THF. This reaction was monitored by IR spectroscopy, 
and over the course of a week the starting hydride was converted 
to the disubstituted bridging hydride p-H[W(CO),P(OMe),]<. 
To this product solution was added 60 mL of hexane, yielding 
an oil. Removal of the supernatant followed by trituration with 
hexane produced a waxy solid. The 'H NMR and u(C0) IR 
spectra (Table 11) are as expected for the formulation given (vide 
infra). 


(d) Transition-Metal Lewis Acids. [ W(C0)Jo and [Cr- 
(CO)5]o. A solution of 0.070 g of Cr(CO)e in 25 mL of THF was 
placed in a Schlenk tube of approximately 50-mL total capacity. 
With a purge of NZ through the solution, it was photolyzed (450-W 
Hanovia lamp) until all the Cr(CO)e was converted to Cr(CO)5- 
(THF) (approximately 30 min). This solution was then transferred 
to a flask containing 0.35 g of PPN+HW(CO)4P(OMe),- in 5 mL 
of THF. The solution was stirred overnight. After filtration 
through celite filter aid the product was isolated by the addition 
of 50 mL of hexane. The oil initially obtained solidified upon 
stirring. On basis of the u(C0) IR (Table 11) and proton NMR 


CeH~NO7P3W: C, 53.80; H, 4.17; N, 1.46. Found: C, 53.85; H, 


(14) Allen, A. D.; Barrett, P. F. Can. J. Chem. 1968.46, 1655. 







1664 Organometallics, Vol. 1, No. 12, 1982 


spectra the product was formulated as PPN+P-H[W(CO)~P- 
(OMe)3] [Cr(C06)]-. The homonuclear ditungsten analogue was 
prepared in similar fashion. 


(e) Carbon Dioxide. (i) A solution of 0.050 g of PPN'HW- 
(C0)4PR3- in 5 mL of THF was syringed into a reaction vessel 
filled with C02 at atmospheric pressure. The yellow solution 
changed to deep yellow immediately upon mixing, and the u(C0) 
infrared spectra that were taken as soon as possible showed no 
starting materials present, but the bands (cm-') are as follows: 
for R = OMe, 2006 (w), 1889 (sh), 1874 (s), 1821 (m); for R = Me, 
1998 (w), 1875 (sh), 1858 (s), 1805 (m). 


(ii) The above (i) waa repeated in a 1 0 "  NMR tube by wing 
carbon-13 enriched PPN+HW(13CO)4P(OMe)3- and 13C02. The 
following CO carbon resonance positions were observed: for the 
phosphite formate, d(downfie1d from Me4Si) 204.24 (d, J p c  = 11 
Hz), 209.0 (d, Jpc = 7 Hz), 209.55 (d, Jpc = 60 Hz); for the 
formate carbon, d 168.0 ( J p x  = 3.4 Hz). 


(iii) The above (part i) was repeated in a 5-mm NMR tube 
and a 'H NMR spectrum taken. The resonance of the formate 
proton was observed at 8.2 ppm. 


Results and Discussion 
The reduction of W(C0)4(PR3)(NC5Hlo) by sodium 


naphthalenide at -78 "C was a straightforward reaction.12 
Subsequent protonation by MeOH, in the presence of the 
ion-exchange agent PPN+Cl-, yielded the yellow PPN+ 
HW(CO),(PR,)- salts, soluble in THF and separable from 
the byproduct NaOMe or excess PPN+Cl- by the low 
solubility of the latter in THF. That the hydridic activity 
of the phosphorus ligand substituted hydride anions varied 
with the nature of the P ligand was most clearly shown by 
the fact that a t  room temperature MeOH served to further 
protonate the product containing the most basic P ligand, 
HW(CO)$Me;, yielding P-H[W(CO)~PM~,]; (vide infra). 
This problem was circumvented by isolating the anion a t  
low (-20 "C) temperature. In contrast the trimethyl 
phosphite and triphenylphosphine derivatives were stable 
to small excesses of MeOH a t  room temperature for time 
periods on the order of hours, and the all carbonyl anion, 
HW(CO)5-, was stable to MeOH for extended periods of 
time (days) a t  room temperature. 


The v(C0) IR spectra of HW(CO),P- (Table I) showed 
only three major bands; however, the relative intensity 
ratios suggested a pseudo CZv structure, Le., cis-HW- 
(CO),P-, with two of the expected four IR active bands 
essentially degenerate. For the HW(C0),PMe3- derivative 
the asymmetry of the central intense band is marked (see 
Figure 1). In view of the very different nature of the two 
substituent ligands, C, rather than "pseudo C%" symmetry 
is the preferred symmetry designation, and the assign- 
ments in Table I are listed accordingly. These phosphine 
hydride anions are directly analogous to the phosphine 
halide derivatives, c~s-(R,P)W(CO)~X- synthesized by 
Schenk.15 The average CO stretching frequency is higher 
in the latter, suggesting a greater localization of electron 
density on the X- ligand as compared to H-. 


The proton chemical shifta of HW(CO),L- vary with the 
nature of L: L = PPh3, 6 -3.0; PMe3, -3.6; CO, -4.2; P- 
(OMe),, -4.5. The significantly lower resonance position 
of the PPh, derivative could be due to some deshielding 
from the close proximity of the hydride to the ring current 
of the phenyl rings; however, there is no apparent corre- 
lation with electronic properties of the ligands and the 
hydride chemical shift. On the other hand, the P-H 
coupling constants = 27,30, and 36 Hz for L = PPh,, 
PMe,, and P(OMe),, respectively) increase as the W-P 
bond distances would be expected to decrease as based on 
the steric requirements of these ligands.le [By playing off 


(15) Schenk, W. A. J. Organomet. Chem. 1979,179, 253. 


Slater et al. 


2000 1900 1800 cm-' 


Figure 1. The THF solution infrared spectrum of PPN+HW- 
(CO)4PMe3- in the u(C0) stretching region. 


a-acceptor and u-donor ability of the P-donor ligands, 
electronic arguments can be used equally well to account 
for variations in the M-P bond distances.] 


The expected carbon-13 NMR spectrum of cis-HW- 
(CO)4P(OMe)3- should show three different electronic 
environments for the carbonyl carbon nuclei as shown 
below (eq 5), with a major 31P-13C splitting of that carbon 


C 
Ob 


C 
Ob' 


which is trans to the P(OMe), ligand and smaller P-C 
splittings of those cis to the phosphorus ligand."J* The 
proton-decoupled carbon-13 NMR spectrum in Figure 2a 
is thus interpreted as follows. The doublet ascribed to 
carbonyl carbon a, centered a t  215.6 ppm downfield from 
Me4Si, has a J p e  of 41.6 Hz, and the higher field portion 
of that doublet is degenerate with part of the doublet due 
to Cb (JP+ = 7 Hz), centered a t  214.0 ppm. The two 
carbons of identical electronic environments, C,, are split 
by phosphorus-31 to the extent of 11 Hz and centered at 
207.2 ppm. This spectrum was further clarified upon 
derivatization with 13C02 (eq 5). As shown in Figure 2b, 


(16) Tolman, C. J. Am. Chem. SOC. 1970,92, 2956. 
(17) It should be noted that these expectations for relative couplings 


hold for the great majority of subetituted Mo and W derivatives; however, 
for Cr a reversal in magnitude of the P C  coupling is generally obser~ed.'~ 


(18) Todd, L. J.; Wilkinson, J. R. J. Organomet. Chem. 1974, 77, 1. 
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Figure 2. The carbon-13 NMR spectrum of the PPN+HW(CO)4P(OMe)3- in CD3CN is shown on the left (a). After reaction of 13C02 
the formate, HCOOW(CO)4P(OMe)3-, is obtained, spectrum on the right (b). The asterisk denotes the decomposition product, assigned 
to W(CO)60CHO- as reported in ref 7b. 


and analogous to acetate complexes of the type cis- 
(CH3COO)W(CO)4PR3-,19 the low-field doublet is consid- 
erably spread out, removing the degeneracy seen in the 
previous spectrum. [The additional peaks are assumed to 
be due to decomposition of the formate, yielding W(C- 
O),(OCHO)- and W(CO),P(OMe),.] The formate carbon 
resonance is not shown in Figure 2b but is further upfield 
a t  168 ppm with Jp4 = 3.4 Hz. 
All of the phosphine hydrides were highly reactive with 


C02. Reaction was apparently instantaneous and quan- 
titative on basis of spectral analysis. The v(C0) IR spectral 
band positions matched very well those of cis-W(CO),- 
(PR,) (OCH0)- prepared by the halide/formate exchange 
method: cis-W(C0),(PR3)C1- + T1+OCHO-.20 


Acetic acid and anhydrous HC1 reacted with the phos- 
phine hydrides to yield H2 gas with concurrent replacement 
of the hydride coordination site with acetate or chloride 
ligands. 


Reactions of the phosphine hydrides with protic acids 
whose anions were not capable of strong coordination, 
main-group Lewis acids, and transition-metal Lewis acids 
led to the production of binuclear anions; i.e., the aggre- 
gative nature of hydride-containing anions, well-known for 
the all CO-containing 6B hydrides (eq 6),2*21 was not im- 


+HM(CO); 


P-H[M(CO),I~- (6) 
peded by the presence of the P-donor ligands. Tri- 
methylaluminum was used to abstract a hydride from 
HW(CO)4P(OMe)3-, and the v(C0) IR indicated the for- 
mation of the binuclear p-H[W(C0)4P(OMe)3]2- via a 
process analogous to that of eq 6. In the presence of the 
aluminum-containing reagent and products however the 
binuclear salt was difficult to isolate and purify. 


In the presence of a 5-fold excess of phenol (pK, = 9.99 
in H20, in contrast to that of MeOH, pKa = 16) the HW- 
(CO),P(OMe),- disappeared completely over the course of 
24 h and over the course of a week converted quantitatively 
into the species formulated as p-H[W(C0)4P(OMe)3]2-. 


HM(C0)5- + A - AH + [M(C0)Jo - 


~~ 


(19) Cotton, F. A:; Darensbourg, D. J.; Kolthammer, B. W. S.; Kuda- 
roski, R. Inorg. Chem. 1982,21, 1656. 


(20) Schenk, W. A,, personal communication. 
(21) Darenebourg, M. Y.; Bau, R.; Marks, M.; Burch, R. R., Jr.; Dea- 


ton, J. C.; Slater, S. G. J. Am. Chem. SOC., in press. 


[An assumed intermediate was (PhO)W(CO),P- 
(OMe)3-.]22*23 The formulation of the disubstituted 
bridging hydride was based on the similarity of the v(C0) 
IR spectrum (Table 11) to that of the well-characterized 
~ - H [ M O ( C O ) ~ P M ~ P ~ ~ ] ~ - , ~  prepared by the thermal sub- 
stitution of CO groups by phosphine ligands in p-H[Mo- 
(C0)J2-. Earlier work had suggested that similar thermal 
P-ligand substitution on the analogous p-H[W(CO),]< 
anion could not cleanly occur.25 X-ray crystallographic 
analysis of the molybdenum dimer mentioned above 
showed the P ligands to be cis to the hydride bridge, and 
the molecular framework was of the bent, staggered con- 
figuration (with a P1-Mol-Mo2-P2 torsion angle averaging 
40' for the two crystallographically independent molecular 
anions in the unit cell).24 


The chemical shift of the hydride of PPN+p-H[W- 
(CO),P(OMe),],- was found as a triplet centered a t  -11.8 
ppm upfield from Me4Si with = 21 Hz. Thus the 
presence of the phosphite ligands as compared to the 
all-carbonyl dimer, p-H[W(C0),l2-, 6 -12.6,26 makes only 
a small difference to the resonance position of the hydride. 


Table I1 also shows the results of the deliberate aggre- 
gation of HW(CO),P(OMe),- with the transition-metal 
Lewis acids [W(C0),lo and [Cr(C0),lo, in the form of their 
THF adducts. Again the v(C0) IR pattern and band 
positions were highly reminiscent of the well-characterized 
Et4N+p-H[Mo(C0),] [Mo(CO),PPh,]- salt prepared by the 
direct substitution of PPh, onto ~-H[Mo(CO),]~-.~' The 
crystal structure of that compound showed a marked 
asymmetry of the Mo-H-Mo bridge with the hydride being 
closer to the more electron-deficient [Mo(C0),lo moiety 
by about 0.5 A, statistically significant for the structure 
determination. Due to the presence of the NMR-active 
tungsten-183 nuclei (natural abundance ca. 16%) in the 
current compounds under investigation, 'H NMR data 


(22) The phenoxide intermediate waa expected on basis of the suc- 
cessful isolation of PPN+W(CO),(OPh)- via reaction of W(CO)5(pip) with 
PPN+OPh-.= "JPWal of 0-donor  ligand^,'^ the phenoxide waa found to 
be quite labile. 


(23) Slater, S .  G.; Darensbourg, M. Y., unpublished results. 
(24) Darensbourg, M. Y.; Atwood, J. L.; Hunter, W. E.; Burch, R. R., 


Jr. J. Am. Chem. SOC. 1980,102, 3290. 
(26) Darensbourg, D. J.; Incorvia, M. J. Inorg. Chem. 1979, 18, 18. 
(26) Haytar, R. G. J.  Am. Chem. SOC. 1966,88, 4376. 
(27) Darensbourg, M. Y.; Atwood, J. L.; Burch, R. R., Jr.; Hunter, W. 


E.; Walker, N. J.  Am. Chem. SOC. 1979, 101,2631. 
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mixed-metal hydrido carbonylates, an average chemical 
shift is observed (for example, for p-[Cr(CO),] [W(CO),]-, 
6 -15.4). The higher field chemical shifts do not denote 
greater hydridic character of the bridging hydride in terms 
of chemical reactivity. For example, the mononuclear 
species, HM(CO),- (6(H) -7.0, -4.0, and -4.2 ppm for M 
= Cr, Mo, and W, respectively) and our newly synthesized 
HW(CO),P- anions react with acids much more readily. 
In addition, the latter have been noted to react with alkyl 
halides, yielding alkanes, whereas the bridging hydrides 
do not.28 


The thermal stability of these hydrides presents one of 
their more interesting properties. When protected from 
O2 and moisture, the yellow solids appear to be stable 
indefinitely a t  room temperature. When allowed to stand 
in the air, the HW(CO),P(OMe),- a t  least very cleanly 
converts into the p-H[W(CO)4P(OMe)3]~ anion. At 30 "C 
in THF solution there is very little decomposition of 
PPN+HW(CO),P(OMe)< over the course of 1 day; how- 
ever, at 60 "C under Ar decomposition to p-H[W(CO),P- 
(OMe),I2- (spectral properties given in Table 11) occurred 
within 36 h. Under an atmosphere of CO at 60 OC com- 
plete conversion of HW(CO),P(OMe),- to the asymmetric 
dimer p-H[W(CO),P(OMe),] [W(CO),]- required approx- 
imately the same time period. The same binuclear anion 
was obtained either upon heating HW(CO),P(OMe)< and 
HW(CO),- together in THF to 60 OC, on reacting HW- 
(CO),P(OMe),- and W(CO)6 under the same conditions, 
or upon addition of CO to the disubstituted pH[W- 
(CO),P(OMe),],-. The monosubstituted dimeric bridging 
hydride appeared to be very stable thermally and stable 
to further substitution by CO. 


The point to be made about most of the above reactions 
is that there is a "lost" hydride. Such a phenomenon is 
not u n p r e ~ e d e n t e d ; ~ ~ ? ~ ~  however, it is curious in that the 
solvent is aprotic and very dry, the counterion is presum- 
ably unreactive with H-, and the reactions appear to be 
quantitative. We have thus far been unable to account for 
the disappearance of the missing hydride, but work is 
continuing in this area. 
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Registry No. [HW(CO),P(OMe),](PPN), 82963-28-8; [HW- 
(C0),PPh3](PPN), 82963-30-2; [HW(CO),(PMe,)](PPN), 
82963-32-4; W(CO)4P(OMe)3(NC5H11), 82963-33-5; W(CO),- 
(PPh3)(NCSHIl), 67010-37-1; W(C0)4(PMe3)(NC5H11), 82963-34-6; 
[HW(13CO)4(POMe)3](PPN), 82963-36-8; [W(CO),Cl](PPN), 
82963-38-0; P-H[W(CO)~PM~&-, 82963-39-1; [Cr(CO),], 26319- 
33-5; W(COI5, 3039519-8; p-H-[W(CO),P(OMe),] [Cr(CO),] (PPN), 


P-H-[W(CO)~P(OM~)~]~(PPN), 82963-45-9; [HC02W(CO)4P- 
(OMe)J, 82963-46-0; [HC02W(CO),PMe3]-, 82963-47-1; W- 
(13C0)4(PIP)P(OMe)3, 82963-48-2; Carbon dioxide, 124-38-9. 


82963-41-5; pH[W(CO)4P(OMe),] [W(CO),] (PPN), 82963-43-7; 


~ 


I 


i 
I . / I  / I  


/I 
- 12 2 ppm 


- 14.4ppm 


Figure 3. The nuclear magnetic resonance of the hydride in (a) 
PPN+p-H[W(CO),] [W(CO),P(OMe),]-, measured in CD,CN, and 
(b) PPN+P-H[C~(CO)~] [W(C0)4P(OMe)3]-. 


may be used to indicate the asymmetry in the p-H[W- 
(CO)5][W(C0)4P(OMe)3]- anions. As shown in Figure 3a 
(and stated in Table 11), two different lBW-lH couplings, 
imposed upon the doublet due to ,lP-lH coupling, are 
readily discernible. For the analogous pH[Cr(CO),] [W- 
(CO),P(OMe)J anion however the larger W-H coupling 
(45.6 Hz) is lost (Figure 3b), and the smaller coupling 
decreases from 42 Hz in the homonuclear dimeric anion 
to 38.4 Hz in the heteronuclear anion. I t  is tempting to 
interpret these observations in terms of the expected W-H 
distances when the tungsten is surrounded by five CO 
groups as opposed to four CO and one P-donor ligand, 
analogous to the substituted binuclear molybdenum anion 
mentioned above. When the short W-H interaction is lost 
(on substitution by [Cr(C0),lo), the larger W-H coupling 
is lost. Alternatively one might propose an inherent larger 
difference in coupling of W-H for W in different electronic 
environments, i.e., [W(CO),]* vs. [W(CO),P(OMe),]O. In 
the nonsubstituted dimer, p-H[W(C0),I2- in which the 
hydride is equally affected by its pendant groups, the JW-H 
= 41.9 H z . ~ ~  Again attempts to explain such differences 
most likely involve inseparable steric and electronic ar- 
guments. 


Note the hydride's chemical shift dependence on metal 
in parts a and b of Figure 3. The presence of the Cr atom 
has a shielding effect on the hydride. This has been noted 
for the p-H[M(CO),],- anions (for M = Cr, Mo, and W, 6 
-19.2, -12.2, -12.6, respectively); and on formation of the 


(28) El Mehdawi, R. Master's Thesis, Tulane University, 1982. 
(29) Bricker, J. C.; Nagel, C. C.; Shore, S. G. J .  Am. Chem. SOC. 1982, 


(30) Darensbourg, M. Y.;  Walker, N.; Burch, R. R., Jr. Inorg. Chem. 
104, 1444. 


1978, 17, 52. 
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Reactions between Mn2(CO)lo, (C2H5)2PCH2PPh2(depm), and ( C - C ~ H ~ ~ ) ~ P C H ~ P P ~ ~ ( ~ C ~ ~ )  (depm = 
Et2PCH2PPh2 and dcpm = ( C - C & ~ ~ ) ~ P C H ~ P P ~ ~ )  in refluxing decane gave binuclear complexes Mn2- 
(CO)6(depm)2 and hh~~(CO)&dcpm)~, respectively. A solution of the depm complex could be decarbonylated 
to give Mn2(CO)5(depm)2 whose attempted isolation resulted in disproportionation to the starting hexa- 
carbonyl and unidentified decomposition products. Carbonylation of Mn2(CO)5(dcpm)2 afforded Mn,- 
(CO)6(dcpm)2 which slowly reverts to the starting pentacarbonyl in the absence of a CO partial pressure. 
Solutions of both pentacarbonyl complexes show a low frequency ( N 1640 cm-') CO stretch assigned to 
a four-electron bridging carbonyl (4EBC) ligand. Comparing diphosphine ligand electronic and steric 
characteristics, the steric demand of the ligand appears to dominate as the fador responsible for stabilization 
of the four-electron bridging carbonyl in dimanganese pentacarbonyl systems. 


Introduction 
Recent investigations have shown that carbon monoxide 


can bridge two adjacent metal atoms and act as a four- 
electron donor ligand. This novel mode of bonding has 
been referred to as a four-electron p-bridging carbonyl or 
4EBC.1-3 The first example of this bonding mode was 
observed in Mn2(C0)5(dppm)2 (I), where dppm is 
Ph2PCH2PPh2.' This complex contains four terminal 
carbonyls and the unique CO which binds to one manga- 
nese atom through a two-electron u bond and to the other 
manganese atom in a "sideways", two-electron x bond. The 
4EBC ligand in I is of interest for two reasons. First, the 
unusual ligand-metal coordination may resemble an in- 
termediate state in the much sought after catalytic hy- 
drogenation of small molecules such as CO or dinitrogen. 
Second, the 4EBC ligand may also be a model for an im- 
portant mechanistic intermediate in the ligand substitution 
reactions of polynuclear organometallic compounds.4 Both 
carbon monoxide and isocyanide ligands have been ob- 
served to add to I to give Mn2(CO),(dppm), (11)1*395 and 
Mn2(CO)5(RCN)(dppm)2 (111),4 respectively. Both I1 and 
111, which contain terminal CO groups, lose CO on heating 
in hydrocarbon solvent. Complex I1 reverts to the pen- 
tacarbonyl I, while 111 affords I or Mn2(CO),(RNC)(dppm), 
(IV) depending on the nature of R. Structural investiga- 
tion of IV has shown that the isocyanide group coordinates 
as a four-electron-donor bridging ligands4 


HZ H2 


I I1 
The Mn2(dppm), core appeared to be an ideal site a t  


which to  study the coordination of small molecules. 
Possibly the Mn-Mn distance is too long to allow forma- 
tion of conventional, symmetrical CO bridges. Since six 
CO ligands represent an increase in steric demand about 
the Mn-Mn core, the steric bulk of the phenyl substituents 
on the diphosphine ligand could represent the driving force 
which favors the expulsion of one CO molecule from the 


'This contribution is dedicated to the memory of the late Pro- 
fessor Rowland Pettit, whose much valued consultation is deeply 
missed. 


equatorial plane of the hexacarbonyl complex. 
In order to investigate the effects of ligand electronic 


and steric properties on CO bonding at  this binuclear 
Mn-Mn site, we reacted Mn2(CO)lo with a series of sab- 
stituted diphosphine ligands and report our findings here. 


Results 
Colton and Commons reported the preparations of 


complexes I and I1 from the reaction between Mn2(CO)lo 
and bis(diphenylphosphino)methane, dppm, in refluxing 
n-decane or p-xylene.' 


In a similar manner we prepared dimanganese com- 
plexes of E&PCH2PPh2, and ( C - C ~ H ~ ~ ) ~ P C H ~ P P ~ ~ ,  depm 
and dcpm, respectively. Complexes I and I1 were also 
prepared for comparison. The new compounds were 
characterized by their IR spectra (see Table I), by ele- 
mental analysis, and where possible by mass spectrometry. 


We found that the solubility and apparent stability of 
the dimanganese complexes were dependent on the par- 
ticular diphosphine ligands incorporated. The reaction 
between Mn2(CO)lo and depm in refluxing decane pro- 
duced, after 6 h, a yellow precipitate characterized as 
Mn2(CO)&depm)2 (V). Further heating of this mixture for 
9.5 h resulted in the formation of a solid which was a 
mixture of two compounds. These were separated by 
preparative thin layer chromatography: the higher R, 
component was identified as V while the lower R com- 
ponent was assigned the composition Mn2(CO)5(depm)2 
(VI) on the basis of its IR spectrum which showed a car- 
bonyl stretch a t  1640 cm-' in CH2C12. Pentacarbonyl VI 
was the minor component of the reaction mixture and all 
attempts to isolate and purify VI resulted in its decom- 
position to hexacarbonyl V and other unidentified prod- 
ucts. 


The reaction between dcpm and Mnz(CO)lo in decane 
a t  reflux afforded Mn2(CO)5(dcpm)2 (VII) as the major 
product along with small amounts of M ~ ~ , ( c O ) ~ ( d c p m ) ~  


(1) R. Colton and C. J. Commons, A u t .  J. Chem., 28,1673-80 (1975). 
(2) C. J. Commons and B. F. Hoskins, Aust. J. Chem., 28, 1663-72, 


(1975). 
(3) K. G. Caulton and P. Adair, J. Organomet. Chem., 114, Cll414, 


(1976). 
(4) A. L. Balch and L. S. Banner, J. Organomet. Chem., 135,339-343 


(1977); L. S. Benner, M. M. Olmstead, and A. L. Balch, Ibid. 159,289-298 
(1978). 


(5) R. H. Reimann and E. Singleton, J. Organomet. Chem. 38,113-119 
(1972). 
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Table I. Infrared Spectra in the Carbonyl Region 
carbonyl stretches, cm-' compd solvent" 


Mn, (C 0 1 s( de Pm 1 2  1934 m 1897 vs 1856 s 1830m 1640111 CH,Cl, 
1943 m 1908 vs 1870 s 1844m 1646m mchx 


Mn, (CO ) Adcpm), 1933 w 1897 vs 1855 s 1826 m 1646 m (br) CH2C1, 
1944 m 1906 vs 1869 s 1843m 1644x11 chx 


Mn,(CO),(dPPm)z 1940 m 1905 vs 1863 s 1834m 1649111 CH,Cl, 
1940 m 1902 s 1862 s 1832m 1648m CH,Cl, 
1950 m 1919 1879 s 1850m 1654m mchx 


Mn2(C0)6(depm)2 1917 s 1900 vs 1855 m CH,Cl, 
1925 s 1908 vs 1871 m mchx 


Mn2(C0)6(dcpm)2 1912 s 1899 vs 1852 s CH2C1, 
1918 s 1902 vs 1864 s mchx 


M%(CO),(dPPm)z 1987 vw 1925 sh 1912 s 1866 m CH,C12 
HMn( C0)3( dcpm) 1981 vs 1905 s (br) CH,Cl, 


HMn(CO),(dppm) 2000 s 1917 s CH,Cl, 
1982 s 1912 s 1906 s mchx 


2000 s 1930 s 1920 s n-hexane 
a chx = cyclohexane, mchx = methylcyclohexane. Reference 1. 


(VIII) and HM11(C0)~(dcpm) (E). The pentacarbonyl VI1 
was obtained as bright red crystals from the original re- 
action mixture after concentration and fractional crys- 
tallization from CH2Clz-hexane solution. Further con- 
centration of the CHzClz-hexane filtrate afforded a mix- 
ture of red and yellow crystals which were separated me- 
chanically. The yellow crystals were characterized as a 
CH2C1, solvate of H M ~ ~ ( C o ) ~ ( d c p m )  (IX) by elemental 
analysis and by comparison of its IR spectrum with that 
of HMn(CO)3(dppm).1 While hexacarbonyl VI11 appeared 
to be the major byproduct from the reaction between 
Mnz(CO)lo and dcpm (based on thin-layer chromato- 
graphic experiments), isolation of VI11 from the reaction 
mixture could not be achieved. An authentic sample of 
VI11 was prepared independently, as will be discussed 
below. 


Pentacarbonyl complex VII, substituted with the dcpm 
ligand, could be dissolved in benzene, methylcyclohexane, 
and ether solvents. This finding, together with its rela- 
tively straightforward synthesis, made VI1 a logical choice 
for carbonylation studies. 


Nearly quantitative conversion of VI1 to VI11 was pos- 
sible in a stirred diglyme or T H F  solution at  room tem- 
perature and 1 atm of CO. An analytical sample of VI11 
was prepared by carbonylation of VI1 in methylcyclo- 
hexane a t  165 OC and 3.2 MPa of CO. The recrystallized 
product, Mnz(CO)6(dcpm)2, retained 1 equiv of CH2C12 and 
appeared as orange crystals. The decarbonylation of VI11 - VI1 was found to occur over a period of several weeks 
on exposure of a methylcyclohexane solution of Mn2- 
(CO) , (d~pm)~ to air. 


Discussion 
The net ligand replacement reaction between Mn2(CO)lo 


and substituted diphosphinomethane compounds is sum- 
marized in eq 1. We have not investigated the mechanism 


Mnz(CO)lo + 2(L-L) - -4CO 


4 0  
MndCO)&-L)z e Mn&O),(L-L)2 (1) 


of this process but we suspect that several discrete inter- 
mediates5 may be involved enroute to the dimanganese 
hexacarbonyl complex which is substituted with two di- 
phosphine ligands. Once formed, this hexacarbonyl species 
can decarbonylate to give a dimanganese pentacarbonyl 
complex with the 4EBC carbonyl ligand.3 Given suitable 
conditions an equilibrium (hexacarbonyl F= pentacarbonyl 
+ CO) should be established. We found that under our 
synthesis conditions, the relative solubilities of the re- 


spective dimanganese complexes appeared to be partly 
responsible for determining which complex was isolated 
preferentially. Thus in the depm reaction for shorter re- 
action times, the hexacarbonyl complex precipitated before 
significant decarbonylation could occur. In the case of the 
dppm reaction investigated by Colton and Commons' the 
relatively insoluble pentacarbonyl species predominated. 
Finally, our investigation of the reaction between dcpm 
and Mnz(CO)lo showed that the pentacarbonyl complex, 
which was only slightly less soluble than the hexacarbonyl 
system, precipitated preferentially from decane solution 
to become the major reaction product. 


If fundamental information which can relate ligand 
structure to the equilibrium between the dimanganese 
hexacarbonyl and pentacarbonyl complexes is to be gained, 
then the potential problem introduced by the relative 
solubilities of these complexes is nontrivial. Nonetheless, 
based on the results obtained in CH2C12 solutions (where 
both complexes appear to have adequate solubility), we 
believe that the effect of ligand structure on the hexa- 
carbonyl pentacarbonyl equilibrium (eq 2) can be as- 
sessed. 


MII~(CO)~(L-L)Z Mn2(CO)5(L-L)z + co (2) 
For longer reaction times, the reaction between depm 


and Mn2(CO)lo afforded a solid which consisted of both 
M11~(CO)6(depm)~ and MnZ(CO)&depm), in roughly equal 
amounts as determined qualitatively by thin-layer chro- 
matography (TLC). Preparative scale TLC offered a 
CH2C12 solution of the pentacarbonyl which showed the 
1640-cm-' stretching frequency of the 4EBC carbonyl 
ligand. Attempts to isolate MnZ(CO),(depm), from CH2C12 
resulted in a decomposition reaction(s) which gave the 
hexacarbonyl complex together with an intractable solid 
residue. Since the hexacarbonyl species remains soluble 
in CH2C12, we conclude that Mn2(CO)B(depm)2 is ther- 
modynamically preferred over Mn2(CO)5(depm)z. 


On the other hand, the equilibrium shown in eq 2 lies 
more toward the pentacarbonyl species in the cases of 
dppm and dcpm complexes. Both pentacarbonyl com- 
plexes of these ligands are relatively stable in CH2Cl2 so- 
lution, and both complexes can be carbonylated in a CO 
atmosphere. For the dppm and dcpm complexes carbo- 
nylation can be effected over several hours a t  room tem- 
perature and 1 atm of CO. However, differences were seen 
in the apparent stabilities of the two hexacarbonyl com- 
plexes in CH2C12. While solutions of Mnz(CO),(dppm)z 
appeared relatively stable, the dcpm coordinated analogue, 
Mnz( CO)~(dcpm), slowly decarbonylated over several 
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weeks at  room temperature in solution. So comparing the 
three substituted diphosphine ligands, the equilibrium 
toward the pentacarbonyl complex is increasingly favored 
in the order Kdepm << Kdppm S Kdcpm. This order is con- 
sistent with and can be rationalized by the increasing steric 
bulk of the substituted diphosphine ligands. The larger 
the substituents on the diphosphine ligand the greater 
should be the destabilization of the sterically congested 
hexacarbonyl complex (with six CO ligands in a plane 
orthogonal to the P-Mn-P bonds) relative to its penta- 
carbonyl analogue. 


I t  should be noted that the three ligands would also be 
expected to differ electronically. Tolman's ranking of the 
relative electron-accepting character of phosphines suggests 
that for the substituted diphosphinomethane ligands, 
electron-accepting character should decrease in the order 
dppm > depm 2 dcpm. Likewise, the ligands which bear 
dialkylphosphino groups (dcpm and depm) would be better 
u-electron donors than the completely phenyl-substituted 
ligand, dppm. Considering the metal atoms, more d- 
electron density should be removed from bimetallic core 
by two terminally bonded, a-electron-accepting CO ligands 
than by one four-electron bridging carbonyl group. 
Therefore, if synergistic donor-acceptor interactions be- 
tween CO and diphosphine ligands play a significant role 
in complex stabilization, then the more u donating, par- 
tially alkyl-substituted diphosphine ligands depm and 
dcpm should stabilize the relatively electron-deficient 
hexacarbonyl structure, while the more a-accepting ligand, 
dppm, should stabilize the relatively electron-rich penta- 
carbonyl complex. 


Both the steric and the electronic arguments presented 
above rationalize the observed preference of the hexa- 
carbonyl in the case of depm and the pentacarbonyl in the 
case of dppm. That the ligand electronic and steric effects 
have unequal importance is clearly seen, however, in the 
case of the dcpm ligand. Electronic effects predict dcpm 
stabilization of the hexacarbonyl complex while steric 
effects favor pentacarbonyl stabilization, and the latter is 
what was observed. In simpler, mononuclear transition- 
metal complexes, a similar dominance of monodentate 
phosphine ligand steric effects over electronic effects has 
been reported.'j 


The Question of Geometric Isomers in M I I ~ ( C O ) ~ -  
(L-L')2. Several geometric isomers are possible for di- 
manganese hexacarbonyl and pentacarbonyl complexes 
coordinated with two unsymmetrically substituted di- 
phosphinomethane ligands. Assuming that the di- 
phosphine ligands bridge the Mn-Mn site in the hexa- 
carbonyl complexe~ ,~?~  these ligands may coordinate in 
either a trans or a cis geometry. The manganese atoms 
in the trans isomer are equivalent, each being bound to 
one alkyl-substituted phosphine and one phenyl-substi- 
tuted phosphine. This isomer, with C% symmetry, should 
possess three IR-active carbonyl stretching modes. 


In the cis hexacarbonyl isomer the manganese atoms are 
nonequivalent: one is coordinated by two phenyl-substi- 
tuted phosphines while the other is coordinated by two 
alkyl-substituted phosphines. The cis isomer, with C2" 
symmetry, has six IR-active carbonyl stretching modes, 
although all six may not be experimentally resolvable. The 
data summarized in Table I shows that the hexacarbonyl 
complexes of depm and dcpm both have three resolvable 
IR stretching frequencies in the carbonyl region. We 
conclude that the complexes Mn,(CO)6(depm)2 and 
Mn2(CO)6(dcpm)2 probably possess trans geometries. 


(6) C. A. Tolman, J. Am. Chem. SOC., 92, 2953-6, 2956-65 (1970). 
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The pentacarbonyl complexes can form one trans and 
two cis isomers, and in the cis isomers, the 4-EBC ligand 
can coordinate in two different ways to the nonequivalent 
manganese atoms (although a u + 7r bonding "flip" in the 
4EBC could scramble the metal atoms). For each of these 
three isomers, the lack of symmetry predicts five IR-active 
carbonyl stretching frequencies. Five distinct CO 
stretching frequencies were seen, and their sharpness is 
consistent with the presence of a single isomer. That 
isomer is probably trans based on its derivation from the 
presumed trans hexacarbonyl precursor. 31P NMR studies 
have provided additional insight into the question of di- 
phosphine ligand binding in these binuclear manganese 
c~mplexes .~  


Experimental Section 
All reactions and manipulations involving phosphines and 


organolithium reagents were performed under nitrogen by using 
stainless-steel cannulae and Schlenk techniques. Preparations 
of manganese compounds were also carried out under nitrogen; 
however, once formed, these compounds were generally air stable 
and were handled in air. Dimanganese decacarbonyl (Strem 
Chemicals) was used without prior purification. The ligands depm 
and dcpm were prepared from Ph2PCH2Li and the appropriate 
dialkylchlorophosphine employing synthetic conditions analogous 
to those reported for a similar compound.' Intermediate (c- 
C ~ H ~ I ) ~ P C ~  was prepared as described in the literaturee8 


Infrared spectra recorded on a Beckman IR 4250 spectro- 
photometer are given in Table I. NMR spectra were obtained 
on a Varian A-60 spectrometer. The NMR data is presented in 
parts per million downfield from internal tetramethyhilane, and 
apparent resonance multiplicity, relative intensity, and assignment 
are included in parentheses. Elemental analyses were performed 
by Galbraith Laboratories, Knoxville, Tenn., and by the Exxon 
Analytical and Information Division (AID). 


Mass spectra were obtained on a Du Pont 21-491 mass spec- 
trometer, using an ionizing energy of 70 eV and an ionizing current 
of 150 PA. Samples were introduced by a direct insertion probe; 
perfluorokerosene was employed as a mass marker comp~und.~ 


Ph2PCHzPEt2. A THF-hexane solution containing 44 mmol 
of Ph2PCHZLi'O was added dropwise under nitrogen to a THF 
solution containing 5 g (40 mmol) of EtPCl. After the solution 
was stirred at reflux for 2 h, solvent was evaporated, leaving a 
yellow slurry. Vacuum distillation of this residue through a 
short-path still afforded 3.2 g (28%) of the diphosphine ligand 
as a clear, colorleas liquid: bp 121 OC (0.01 torr); 'H Nh4R (CDC13) 
6 0.8-1.6 (m, 10, CHzCHd, 2.13 (8, 2, CHd, 7.2-7.6 (m, 10, NC6H&. 
Anal. Calcd for Cl7HZ2P2: C 70.82; H, 7.69; P, 21.48. Found C, 
70.78; H, 7.73; P, 21.31. 


Ph2PCH2P(c-C6H11)2. To a 75-mL solution of 11.7 g (50.3 
"01) of ( c - C & ~ ~ ) ~ C ~  in predried THF was added dropwise over 
a l-h period 75 mL of a THF-hexane solution containing 55 mmol 
of Ph2PCH2Li. The reaction mixture was heated at reflux for 
3 h and then excess lithium reagent was quenched with solid 
NH4Cl. Solvent was removed on a rotary evaporator, and vacuum 
distillation yielded a pale yellow oil: yield 15.0 g (75.2%); bp 
210-230 OC (0.07-0.08 torr); 'H NMR (CDC13) 6 1.0-2.0 (br m, 
22, c-C6Hll), 2.1 (d, 2, CH2, &CH = 2 Hz), 7.2-7.7 (m, 10, C6H5); 
mass spectrum, mle 396. Anal. Calcd for CZ5HaP2: C, 75.73; 
H, 8.64, P, 15.62; mol wt 396.49. Found C, 75.98, H, 8.78; P, 14.92. 


Mnz(CO)6(depm)z. Mnz(CO)lo (0.25 g, 0.64 mmol) and depm 
(0.5 g, 1.73 mmol) were stirred in refluxing decane (60 mL) for 
6 h. The resulting yellow precipitate was filtered, washed with 
pentane, and vacuum dried; yield 0.38 g (69%). Recrystallization 
from CHICll and hexane in air resulted in orange yellow crystals: 
mass spectrum, mle (relative intensity) 770 (62, Mnz(C0)3L2+), 


(7) S. 0. Grim and J. D. Mitchell, Znorg. Chem., 16, 1770-6 (1977). 
(8) W. Voskuil and J. F. hens,  Reel. Trav. Chim. Pays-Bas, 82,302-4 


(1963). 
(9) G. E. Coates, M. L. H. Green, and K. Wade, "Organometallic 


Compounds: the Main Group Elements", Vol. I, 2nd ed., Methuen and 
Co., London, 1967, pp 10-11. 


(10) D. J. Peterson, J. Organomet. Chem., 8, 199-208 (1967). 
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686 (9, MnzLz+), 398 (23, MnzL+), 343 (34, MnL+), 55 (100, Mn+), 
minor peaks at m / e  ca. 826 (Mnz(C0)5Lz+), 742 (MII~(CO)~L~+), 
714 (Mnz(CO)L2+); peaks due to ligand dissociation were also 
present. Anal. Calcd for CMH4O84Mn2: C, 56.22; H, 5.19; Mn, 
12.86; P, 14.50. Found: C, 56.51; H, 5.56; Mn, 11.31; P, 13.83. 


Mnz(CO)5(depm)z. Mn2(CO)lo (0.43 g, 1.11 mmol) and depm 
(0.64 g, 2.22 mmol) were stirred in vigorously refluxing decane 
(65 mL) for 9.5 h. A mustard colored precipitate formed upon 
cooling; this solid was filtered, washed three times with pentane, 
and vacuum dried. TLC on silica gel with 1:l cyclohexanetoluene 
as eluent indicated two spots of nearly equal intensity: one orange, 
Rf = 0.40, and one yellow, Rf  = 0.55. The colored bands were 
extracted from several plates with CH2ClZ, and the IR spectra 
of the resulting solutions indicated the yellow band was Mnz- 
(CO)&depm), and the orange band, Mnz(CO)5(depm)P. Attempts 
to recrystallize the pentacarbonyl resulted in decomposition to 
the hexacarbonyl and intractable brown material. 


Mnz(C0)5(dcpm)z. Mnz(CO)lo (1.45 g, 3.72 mmol) and dcpm 
(2.95 g, 7.44 mmol) were combined in 120 mL of degassed decane, 
and this mixtue was heated at reflux with stirring. After 1.25-1.75 
h the solvent was removed on a rotary evaporator and the residue 
was dissolved in a minimum amount of benzene. This solution 
was passed through a 42.5 mm X 15 mm diameter Florisil chro- 
matography column, eluting with a solution of 5:2 cyclohexane 
benzene. Evaporation of the eluate and washing the resulting 
residue with pentane afforded 2.13 g of orange solid. 


TLC on silica gel with 5:2 cyclohexane-benzene indicated at 
least three components. Compounds were extracted with CH2ClZ 
from plastic backed plates by cutting up plates into segments each 
containing only one spot or band. IR spectra of extracted solutions 
indicated the presence of Mnz(CO)5(dcpm)z, Mnz(CO)6(dcpm)2 
(the major impurity), and HMn(CO)3(dcpm). Recrystallization 
of the original impure product from CHzC12 and hexane by con- 
trolled evaporation in air produced bright red crystals of the 
pentacarbonyl. Further treatment of the recrystallization filtrate 


is discussed below. Anal. Calcd for C55Hes05P4Mnz: C, 63.34; 
H, 6.57; Mn, 10.54; P, 10.88. Found: C, 63.24; H, 6.65; Mn, 9.81; 
P, 11.30. 


HMn(CO),(dcpm). The recrystallization solution of Mnz- 
(CO)6(dcpm)z was decanted from the red crystals of this com- 
pound, and controlled evaporation of the CH2Clz-hexane solvent 
system produced yellow crystals. Also deposited were a few large 
red crystals of the pentacarbonyl; these were physically separated 
from the yellow crystals. The IR spectrum of the yellow crystals 
in solution indicated no trace of pentacarbonyl VII. Anal. Calcd 
for HMn(C0)3(dcpm)CHzC1z (C29H37C1203P2Mn): C, 56.05; H, 
6.00. Found: C, 56.22; H, 6.38. 


Mnz(CO),(dcpm),. Carbonylation of an unpurified sample 
of Mnz(CO)5(dcpm)2 was performed in both cyclohexane solution 
(0.6 g in 60 mL) and methylcyclohexane solution (1.5 g in 60 mL). 
In the latter case, the mixture was stirred in a 200-cm3 Roth bomb 
under 3.2 MPa of CO and at 165 OC for 4 h. The solvent was 
removed by rotary evaporation; the residue was washed with 
hexane to yield an orange solid which had no impurities by IR 
analysis; yield 0.69 g (46%). Recrystallization in air from CHzClz 
and hexane resulted in orange crystals. Anal. Calcd for Mnz- 
(CO)6(dcpm)z.CHzClz, C57H,006P4C12Mn2: c ,  59.23; H, 6.10; Mn, 
9.51; P, 10.72. Found C, 58.83; H, 6.05; Mn, 9.36; P, 10.53. 


Acknowledgment. We thank Dr. Hugh Huffman of 
the Analytical and Information Division of Exxon Research 
and Engineering Co. for the mass spectra. We remember 
and gratefully acknowledge the many stimulating and 
fruitful discussions with the late Dr. Rowland Pettit during 
the course of this work; his scientific counsel and en- 
couragement are missed. 


Registry No. V, 83291-35-4; VI, 83291-36-5; VII, 83311-75-5; 
VIII, 83291-37-6; IX, 83291-38-7; Mnz(CO)lo, 10170-69-1; Mn, 
7439-96-5; depm, 68861-75-6; dcpm, 83291-39-8. 


Uncatalyzed and Low-Valent Nickel-Assisted Reactions of 
a$-Unsaturated Aldehyde Dimethyl Acetals with Grignard 


Reagentst 


Ernest Wenkert"' and Tamis W. Ferreira 


Department of Chemisfry, Rice Universiv, Houston, Texas 7700 1 


Received August 72, 1982 


The reactions between the dimethyl acetals of acrolein, crotonaldehyde, dimethylacrolein, l-cyclo- 
hexenecarboxaldehyde, cinnamaldehyde, and benzaldehyde with phenylmagnesium bromide and, on occasion, 
methylmagnesium bromide under the influence of and in the absence of bis(tripheny1phophine)nickel 
dichloride are described. The methoxy groups are shown to be replaced by phenyl (or methyl) functions 
at the original carbon-oxygen bond site or a position allylic thereto, and the catalyst is shown not only 
to enhance the reaction rate of sterically unencumbered acetals but also to affect the regiochemistry. 


In continuation of a general study of Grignard reagents 
with allyl alcohols under the influence of low-valent nickel 
~ a t a l y s t , ~ ~ ~  the effect of two allylic oxy substituents in the 
same propene framework on the allylic carbon-oxygen 
bond-breaking, carbon-carbon bond-forming process be- 
came of interest. As a consequence an investigation of the 
behavior of a,Sunsaturated acetals in the substitution 
reaction was undertaken. 


In view of the known displacement of at least one alkoxy 
function of such acetals by Grignard reagents the 
study had to be paralleled by an investigation of the un- 


'Dedicated to the memory of Professor R. Pettit. 


catalyzed substitution process. Initially the dimethyl 
acetals of acrolein ( l a p  crotonaldehyde (lb),6 and di- 
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686 (9, MnzLz+), 398 (23, MnzL+), 343 (34, MnL+), 55 (100, Mn+), 
minor peaks at m / e  ca. 826 (Mnz(C0)5Lz+), 742 (MII~(CO)~L~+),  
714 (Mnz(CO)L2+); peaks due to ligand dissociation were also 
present. Anal. Calcd for CMH4O84Mn2: C, 56.22; H, 5.19; Mn, 
12.86; P, 14.50. Found: C, 56.51; H, 5.56; Mn, 11.31; P, 13.83. 


Mnz(CO)5(depm)z. Mn2(CO)lo (0.43 g, 1.11 mmol) and depm 
(0.64 g, 2.22 mmol) were stirred in vigorously refluxing decane 
(65 mL) for 9.5 h. A mustard colored precipitate formed upon 
cooling; this solid was filtered, washed three times with pentane, 
and vacuum dried. TLC on silica gel with 1:l cyclohexanetoluene 
as eluent indicated two spots of nearly equal intensity: one orange, 
Rf = 0.40, and one yellow, Rf  = 0.55. The colored bands were 
extracted from several plates with CH2ClZ, and the IR spectra 
of the resulting solutions indicated the yellow band was Mnz- 
(CO)&depm), and the orange band, Mnz(CO)5(depm)P. Attempts 
to recrystallize the pentacarbonyl resulted in decomposition to 
the hexacarbonyl and intractable brown material. 


Mnz(C0)5(dcpm)z. Mnz(CO)lo (1.45 g, 3.72 mmol) and dcpm 
(2.95 g, 7.44 mmol) were combined in 120 mL of degassed decane, 
and this mixtue was heated at reflux with stirring. After 1.25-1.75 
h the solvent was removed on a rotary evaporator and the residue 
was dissolved in a minimum amount of benzene. This solution 
was passed through a 42.5 mm X 15 mm diameter Florisil chro- 
matography column, eluting with a solution of 5:2 cyclohexane 
benzene. Evaporation of the eluate and washing the resulting 
residue with pentane afforded 2.13 g of orange solid. 


TLC on silica gel with 5:2 cyclohexane-benzene indicated at 
least three components. Compounds were extracted with CH2ClZ 
from plastic backed plates by cutting up plates into segments each 
containing only one spot or band. IR spectra of extracted solutions 
indicated the presence of Mnz(CO)5(dcpm)z, Mnz(CO)6(dcpm)2 
(the major impurity), and HMn(CO)3(dcpm). Recrystallization 
of the original impure product from CHzC12 and hexane by con- 
trolled evaporation in air produced bright red crystals of the 
pentacarbonyl. Further treatment of the recrystallization filtrate 


is discussed below. Anal. Calcd for C55Hes05P4Mnz: C, 63.34; 
H, 6.57; Mn, 10.54; P, 10.88. Found: C, 63.24; H, 6.65; Mn, 9.81; 
P, 11.30. 


HMn(CO),(dcpm). The recrystallization solution of Mnz- 
(CO)6(dcpm)z was decanted from the red crystals of this com- 
pound, and controlled evaporation of the CH2Clz-hexane solvent 
system produced yellow crystals. Also deposited were a few large 
red crystals of the pentacarbonyl; these were physically separated 
from the yellow crystals. The IR spectrum of the yellow crystals 
in solution indicated no trace of pentacarbonyl VII. Anal. Calcd 
for HMn(C0)3(dcpm)CHzC1z (C29H37C1203P2Mn): C, 56.05; H, 
6.00. Found: C, 56.22; H, 6.38. 


Mnz(CO),(dcpm),. Carbonylation of an unpurified sample 
of Mnz(CO)5(dcpm)2 was performed in both cyclohexane solution 
(0.6 g in 60 mL) and methylcyclohexane solution (1.5 g in 60 mL). 
In the latter case, the mixture was stirred in a 200-cm3 Roth bomb 
under 3.2 MPa of CO and at 165 OC for 4 h. The solvent was 
removed by rotary evaporation; the residue was washed with 
hexane to yield an orange solid which had no impurities by IR 
analysis; yield 0.69 g (46%). Recrystallization in air from CHzClz 
and hexane resulted in orange crystals. Anal. Calcd for Mnz- 
(CO)6(dcpm)z.CHzClz, C57H,006P4C12Mn2: c ,  59.23; H, 6.10; Mn, 
9.51; P, 10.72. Found C, 58.83; H, 6.05; Mn, 9.36; P, 10.53. 
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The reactions between the dimethyl acetals of acrolein, crotonaldehyde, dimethylacrolein, l-cyclo- 
hexenecarboxaldehyde, cinnamaldehyde, and benzaldehyde with phenylmagnesium bromide and, on occasion, 
methylmagnesium bromide under the influence of and in the absence of bis(tripheny1phophine)nickel 
dichloride are described. The methoxy groups are shown to be replaced by phenyl (or methyl) functions 
at the original carbon-oxygen bond site or a position allylic thereto, and the catalyst is shown not only 
to  enhance the reaction rate of sterically unencumbered acetals but also to affect the regiochemistry. 


In continuation of a general study of Grignard reagents 
with allyl alcohols under the influence of low-valent nickel 
~ a t a l y s t , ~ ~ ~  the  effect of two allylic oxy substituents in the 
same propene framework on the  allylic carbon-oxygen 
bond-breaking, carbon-carbon bond-forming process be- 
came of interest. As a consequence an investigation of the 
behavior of a,Sunsaturated acetals in  the  substitution 
reaction was undertaken. 


In view of the known displacement of at least one alkoxy 
function of such acetals by Grignard reagents the  
study had to be paralleled by an investigation of the  un- 


'Dedicated to the memory of Professor R. Pettit. 


catalyzed substitution process. Initially the  dimethyl 
acetals of acrolein ( l a p  crotonaldehyde (lb),6 and di- 


(1) To whom correspondence should be addressed at the Department 
of Chemistry (D-006), University of California-San Diego, La Jolla, CA 
92093. 


(2) Swindell, C. S., Ph.D. dissertation, Rice University, 1980. Wenkert, 
E. Chimia 1981, 35, 257. 


(3) Felkin, H.; Swierczewski, G. Tetrahedron 1975, 31, 2735. Chuit, 
C.; Felkin, H.; Frajennan, C.; Roussi, G.; Swierczewski, G. J.  Organomet. 
Chem. 1977, 127, 371. Buckwalter, B. L.; Burfitt, I. R.; Felkin, H.; 
Joly-Goudet, M.; Naemura, K.; Salomon, M. F.; Wenkert, E.; Wovkulich, 
P. M. J. Am. Chem. SOC. 1978,100,6445. 


(4) Quelet, R.; Bercot, P.; DAngelo, J. Bull. SOC. Chim. Fr. 1966,3258. 
Quelet, R.; DAngelo, J. Ibid. 1967, 1504. 


( 5 )  Fischer, H. 0. L.; Baer, E. Helu. Chim. Acta 1935, 18, 514. 
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Reactions of Aldehyde Dimethyl Acetals 


methylacrolein ( 1 ~ ) ~  were exposed to phenylmagnesium 
bromide in refluxing benzene solution in ca. 1:4 ratio. 
Acrolein dimethyl acetal ( la)  yielded (ca. 43%) after an 
ca. 24-h period a mixture of 3,3-diphenyl-l-propene (la): 
1,3-diphenyl-l-propene (le): and l-methoxy-3-phenyl-l- 
propene (lf).l0 The production of these substances can 
be rationalized on the basis of the assumption of both 
magnesium ion-catalyzed methoxy group losses being ac- 
companied by C(1) as well as C(3) phenylations. Thus the 
fmt reaction at the two sites leads to the intermediate allyl 
ether lg and enol ether product If, respectively, and the 
subsequent replacement process, operating on intermediate 
lg, affords olefins Id  and le, respectively.ll Croton- 
aldehyde dimethyl acetal (lb) produced (50% yield) in an 
ea. 24h time period a 1:l mixture of l,l-diphenyl-2-butene 
(1h)12 and 1,3-diphenyl-l-butene ( lW3 Hence the pres- 
ence of a 3-methyl substituent on the acrolein unit creates 
enough steric interference to cause the first phenylation 
to occur only at  C(1), although the subsequent reaction on 
the resultant intermediate allyl ether 1 j follows both a C( 1) 
and C(3) phenylation pathway. Finally, dimethylacrolein 
dimethyl acetal (IC) yielded (53%) 1,l-diphenyl-3- 
methyl-2-butene ( lk)  as sole product, indicating that the 
presence of two methyl groups in the starting compound 
precludes C(3) phenylation in either substitution step. 
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methyl acetals of acrolein (la) and crotonaldehyde ( lb)  
were complete in 6 or less hours and yielded single prod- 
ucts, olefins le (60%) and li (55%), respectively. Whereas 
the reaction of dimethylacrolein dimethyl acetal (IC) was 
slow (24 h), in contrast to the uncatalyzed reaction it 
yielded (60%) two products, lk  and 1,3-diphenyl-3- 
methyl-1-butene (2)16 in ca. 3:l ratio. These results are 
explicable most readily on grounds of the first reaction 
being uncatalyzed and the subsequent reaction of the in- 
termediate 1-phenylallyl methyl ethers involving (1- 
phenyl-a-a1lyl)nickel complexes whose intramolecular 
phenylation takes place in such manner as to afford con- 
jugated products excl~sively.~ Since the first methoxy 
group displacement of acrolein acetal (la) leads not only 
to an allyl ether but also to enol ether If (vide supra), the 
latter must undergo nickel-assisted phenylation by an 
alternate pathway.16 The low rate of reaction of di- 
methylacrolein dimethyl acetal (IC) and the preponderant 
formation of unconjugated olefin 1 k suggest that in this 
case even the second reaction, i.e., the methoxy group 
displacement of l-methoxy-3-methyl-l-phenyl-2-butene 
(11) by a phenyl unit, may be mostly uncatalyzed in view 
of the difficulty associated with the formation of the ste- 
rically encumbered (1 ,l-dimethyl-3-phenyl-a-allyl)nickel 
complex. 


Steric effects also play a role in the reaction between 
1-cyclohexenecarboxaldehyde dimethyl acetal (3a)17 and 
phenylmagnesium bromide. Both uncatalyzed and nick- 
el-assisted reactions were slow and led to the same mixture 
(5560% yield) of olefins 3b and 4 (1.41 ratio), indicative 
of no or little (a-ally1)nickel species being formed in the 
latter reaction. 


- R” 
R 


I I  
R ’  R ” ’  


l a -q  
a, R = R’ = H, R” = R,”’ = OMe 
b, R = Me, R’ = H, R” = R”’ = OMe 
c, R = R = Me, R” = R”‘ = OMe 
d, R = R‘ = H, R” = R”’ = C6H5 


e, R = R” = C,H,, R’ = R”’ = H; 
f, R = OMe, R’ = R”‘ = H, R” = C,H, 
g, R = R‘ = H, R” = OMe, R“’ = C,H, 
h, R = Me, R‘ = H, R” = R”’ = C,H, 
i, R = R” = C,H,, R‘ = H, R”‘ = Me 
j, R = Me, R’ = H, R” = OMe, R”’ = C,H, 


1, R = R’ = Me, R” = OMe, R”’ = C,H, 
m, R = C,H,, R‘ = H, R” = R”‘ = OMe 


0,  R = C,H,, R’ = H, R” = R“‘ = Me 
p, R = R” = Me, R‘ = H, R”’= C,H 
q,  R = C,H,, R‘ = H, R” = Me, R”’= OMe 


k, R R’ = Me, R” = R”’ = C6H5 


n, R a R” R”’ = C,H,, R’ = H 


Me Me 


2 


When the reactions were executed in the presence of 
bis(tripheny1phosphine)nickel dichloride, the reaction rate 
and regiochemistry changed.14 The reactions of the di- 


(6) Kubler, D. G. J. Org. Chem. 1962, 27, 791. 
(7) Bandaranayake, W. M.; Crombie, L.; Whiting, D. A. J. Chem. SOC. 


C 1971,811. 
(8) Bumgardner, C. J. J. Am. Chem. SOC. 1961,83,4423. Wallung, C.; 


Bollyky, L. J. Org. Chem. 1963,28, 256. 
(9) Raunio, E. K.; Bonner, W. A. J. Org. Chem. 1966, 31, 396. 
(10) Klein, H.; Eijsinga, H.; Westmijze, H.; Meijer, J.; Vermeer, P. 


Tetrahedron Lett. 1976, 947. 
(11) Early quenching of the reaction revealed the presence of inter- 


mediate 3-methoxy-3-phenylpropene (le) [‘H NMFt (CDClJ d 3.31 (s,3, 
OMe), 4.60 (d, 1, J = 7 Hz, H-3), 5.1-6.1 (12-line ABX pattern, 3, Hz-l, 
H-2), 7.25 (8, 5, aromatic Hs)]. 


(12) Eisch, J. J.; Husk, G. R. J. Organomet. Chem. 1965,4,415. 
(13) Calder, J. C.; Lee, W. Y.; Treloar, F. E. A u t .  J. Chem. 1969,22, 


2689. 
(14) For titanium- and copper-catalyzed reactions of a,b-unsaturated 


acetals with Grignard reagenta see: Mukaiyama, T.; Ishikawa, H. Chem. 
Lett. 1974, 1077 and Normant, J. F.; CommerGon, A.; Bourgain, M.; 
Villieras, J. Tetrahedron Lett. 1975, 3833, respectively. 


3a, R = OMe 
b, R = C,H, 4 


Interaction of cinnamaldehyde dimethyl acetal ( 1m)l8 
with phenylmagnesium bromide in an unassisted reaction 
yielded (53%) a single product (ln)lg in a 27-h period. 
Nickel catalysis produced the same styrene (77%) in 
shorter time (8 h). The catalysis was noticeable by both 
the rate and regiochemistry of the reaction of the acetal 
l m  with methylmagnesium bromide. Whereas the unca- 
talyzed reaction led to a mixture (80% yield, 1:l ratio) of 
olefins lozo and lpZ1 in 27 h, the catalyzed process yielded 
(78%) only styrene lo  in 4 h. Once again the nickel-aided 
reaction had followed a path leading to a conjugated 
product? The rates of the first and second methoxy group 
replacements are dramatically different, permitting the 
introduction of two dissimilar substituents into the cin- 
namyl structure unit. Thus reaction of the acetal l m  with 
methylmagnesium bromide for 2 h yielded (92 % ) cinnamyl 
ether lq,18 whose exposure to phenylmagnesium bromide 


(15) Bagnell, L.; Jeffery, E. A.; Meisters, A,; Mole, T. Auet. J. Chem. 


(16) Wenkert, E.; Michelotti, E. L.; Swindell, C. S. J. Am. Chem. SOC. 


(17) Wenkert, E.; Goodwin, T. E.; Ranu, B. C. J. Org. Chem. 1977,42, 


(18) Baldry, P. J. J. Chem. SOC., Perkin Trans. 1 1975, 1913. 
(19) (a) Ziegler, K.; Richter, K.; Schnell, B. Justus Liebigs Ann. Chem. 


1925,443, 161. (b) Burckhalter, J. H.; Johnson, S. H. J. Am. Chem. SOC. 
1951,73,4830. (c) Campbell, N.; Delahunt, K. W. J. Chem. SOC. C 1966, 
1810. 


(20) Coudert, G.; CaubBre, P. Tetrahedron 1972,28, 5635. 
(21) Kawakamai, K.; Kawata, N.; Maruya, K.; Mizoroki, T.; Ozaki, A. 


1975, 28, 801. 


1979, 101, 2246. 


2137. 
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in the presence of the nickel complex produced (58%) 
styrene EZ2 


Wenkert and Ferreira 


solution refluxed under argon.26 Workup as above yielded the 
product. 


Reactions with Acrolein Dimethyl Acetal (la). An un- 
catalyzed reaction for 24 h, chromatography of the crude product 
on basic alumina (activity I), and elution with hexane gave some 
biphenyl, a 13% yield of liquid 3,3-diphenyl-l-propene [IR 
C=C 1600 (m) cm-'; 'H NMR 6 4.70 (d, 1, J = 6 Hz, CH), 4.8-5.3, 
6.1-6.5 (12-line m, 3, vinyl H's), 7.1-7.7 (m, 10, aromatic H's)], 
a nd a 20% yield of liquid 1,3-diphenyl-l-propene (le)g [IR C=C 
1605 (m) cm-'; 'H NMR 6 3.50 (d, 2, J = 6 Hz, CH2), 6.2-6.4 (m, 
2, olefinic H's), 7.0-7.4 (m, 10, aromatic H's). Elution with 1O: l  
hexane-benzene led to a 10% yield of liquid trans-l-methoxy- 
3-phenyl-1-propene (1f):'O IR C = C  1655 (s) cm-'; 'H NMR 6 3.25 
(d, 2, J = 6 Hz, CH2), 3.49 (s, 1, Me), 4.7-5.1 (dt, 1, J = 12, 6 Hz, 
olefinic H), 6.35 (d, 1, J = 12 Hz, OCH), 7.20 (br s, 5, aromatic 
Hs); spectrally identical with an authentic sample prepared by 
the procedure in ref 4. 


A catalyzed reaction for 5 h, chromatography on silica gel 
impregnated with 15% silver nitrate, and elution with hexane gave 
a 60% yield of liquid le: spectrally identical with the above 
sample. 


Reactions with Crotonaldehyde Dimethyl Acetal (lb). An 
uncatalyzed reaction for 24 h, chromatography on silica gel im- 
pregnated with 15% silver nitrate, and elution with hexane gave 
a 25% yield of liquid l,l-diphenyl-2(E)-butene (4h)12 ['H NMR 
6 1.70 (d, 3, J = 6 Hz, Me), 4.62 (d, 1, J = 6 Hz, CH), 5.39 (dq, 
1, J = 10, 6 Hz, H-3), 5.90 (dd, 1, J = 10, 6 Hz, H-2), 7.1-7.4 (m, 
10, aromatic H's); mass spectrum, m / e  208 (M', 67%), 193 (941, 
130 (49), 115 (base), 91 (73)] and a 25% yield of liquid 1,3-di- 
phenyl-l(E)-butene (li)13 [IR C=C 1605 (w) cm-'; 'H NMR 8 1.43 
(d, 3, J = 6 Hz, Me), 3.4-3.8 (m, 1, CH), 6.3 (m, 2, olefinic H's), 
7.0-7.4 (m, 10, aromatic H's)]. 


A catalyzed reaction was over in 6 h. The same chromatography 
and elution gave a 55% yield of liquid li,13 spectrally identical 
with the above sample. 


Reactions with Dimethylacrolein Dimethyl Acetal (IC). 
An uncatalyzed reaction for 24 h, chromatography on basic alu- 
mina (activity I), and elution with hexane afforded a 53% yield 
of liquid l,l-diphenyl-3-methyl-2-butene (lk): IR C=C 1600 (m) 
cm-'; 'H NMR 6 1.69, 1.78 (s, 3 each, Me), 4.85 (d, 1, J = 9 Hz, 
CH), 5.61 (d, 1, J = 9 Hz, olefinic H), 7.11 (s, 10, aromatic H's); 
mass spectrum, m / e  222 (M', 32%), 207 (41), 129 (base), 91 (68); 
exact mass m / e  222.1412 (calcd for C17H18 m / e  222.1409). 


A catalyzed reaction for 24 h and the same chromatographic 
workup led to l k  (spectrally identical with the above sample) in 
42% yield and liquid 1,3-diphenyl-3-methyl-l-butene (2)15 (18% 
yield): 'H NMR 6 1.43 (s,6, Me2), 6.32 (s, 2, olefinic H's), 7.1-7.5 
(m, 10, aromatic H's); mass spectrum, m / e  222 (M', 87%), 207 
(77), 178 (70), 144 (89), 130 (98), 128 (99), 92 (base). 


Reactions with 1-Cyclohexenecarboxaldehyde Dimethyl 
Acetal (3a). An uncatalyzed reaction for 24 h, chromatography 
on basic alumina (activity I), and elution with hexane gave a 32% 
yield of liquid (1-cyclohexeny1)diphenylmethane (3b): IR C=C 
1660 (m), 1650 (w) cm-'; 'H NMR 6 1.4-2.2 (m, 8, methylenes), 
4.58 (s, 1, CH), 5.19 (br s, 1, olefinic H), 7.0-7.3 (m, 10, aromatic 
H's); mass spectrum, m / e  248 (M', base), 205 (30%), 167 (78), 
91 (35); exact mass m / e  248.1563 (calcd for C19Hm m / e  248.1565). 


Further elution with hexane yielded liquid l-benzylidene-2- 
phenylcyclohexane (4; 23%) (in the form of a single isomer of 
unknown stereochemistry): IR C=C 1660 (m), 1640 (w) cm-'; 
'H NMR 6 1.5-2.9 (m, 8 methylenes), 3.41 (t, 1, J = 6 Hz, CH), 
5.75 (s, 1, olefinic H), 7.0-7.3 (m, 10, aromatic Hs); mass spectrum, 
m / e  248 (M', 48%), 157 (43), 129 (76), 115 (80),91 (base); exact 
mass: m / e  248.1563 (calcd for C19Hzo m / e  248.1565). 


The catalyzed reaction led in 24 h to compounds 3b and 4 in 
35 and 25% yields, respectively. 


Reactions with Cinnamaldehyde Dimethyl Acetal (lm). 
An uncatalyzed reaction for 27 h and workup only with water led 
to a 53% yield of liquid 1,3,3-triphenyl-l(E)-propene (ln):19 IR 
C=C 1655 (w), 1600 (w) cm-'; 'H NMR 8 4.85 (d, 1, J = 6 Hz, 
CH), 6.30 (d, 1, J = 12 Hz, olefinic H), 6.70 (dd, 1, J = 12, 6 Hz, 
olefinic H), 7.1-7.4 (m, 15, aromatic Hs). Workup with saturated 
ammonium chloride solution and/or chromatography over basic 
alumina (activity I) converted the product into its isomer 1,1,3- 
triphenyl-1-propene (1, R = R' = R = CsH5, R"' = H);24 IR C = C  
1660 (w), 1597 (m) cm-'; 'H NMR 8 3.42 (d, 2, J = 7 Hz, CHJ, 


lm 1q 


l i  
The low-valent nickel species had no effect on the rapid 


(2 h) conversion of benzaldehyde dimethyl acetal (5a)23 
into a-phenylethyl methyl ether (5b)% (8(t89% yield) on 
interaction with methylmagnesium bromide nor on the 
inertness of the product toward further methylation. The 
inability of nickel to form complexes of the a-allyl type 
with benzyl groups explains the absence of catalysis. 
Furthermore, the cessation of the uncatalyzed reaction 
after the substitution of only one methoxy group is un- 
derstandable on the basis of the difference of ease of the 
magnesium ion-catalyzed dissociation of carbon-oxygen 
bonds leading to transition states approximating meth- 
oxybenzyl vs. a-phenylethyl cation  structure^.^^ 


mR R '  


5a, R = R' = OMe 
b, R = Me, R' = OMe 


Experimental Section 
Melting pointa were determined on a Fischer-Johns apparatus 


and are uncorrected. Infrared spectra of thin, neat films (unless 
noted otherwise) were recorded on a Beckman IR 4230 spectro- 
photometer and 'H NMR spectra of deuteriochlorofonn solutions 
with Me& as internal standard (6 = 0 ppm) were obtained on 
a Varian EM-390 spectrometer. Analytical GC was performed 
on a flame ionization Varian 1200 chromatograph with columns 
of 80-100 mesh 5% OV 101 on Chromosorb W. Low-resolution 
mass spectra were recorded on a Finnigan 3300 GC-MS spec- 
trometer (with a 6100 data system) and high-resolution mass 
spectra on a CEC/Du Pont 21-llOB HR-MS instrument (with 
employment of the peak matching method). 


General Procedure for the Reactions of Phenylmagnesium 
Bromide. An ethereal solution of phenylmagnesium bromide, 
8.0 mL (20.0 mmol) of 2.5 M, was poured into 10 mL of dry 
benzene and most of the ether removed by distillation. Upon the 
addition of 5.0 mmol of acetal the solution was refluxed under 
argon.26 Thereafter the cooled mixture was poured into an 
aqueous, saturated ammonium chloride solution and extracted 
with ether. Drying the extract over Na2SOl and evaporation 
yielded the product. 


An ethereal solution of methylmagnesium bromide, 0.4 mL (1.0 
"01) of 2.5 M, was poured into a solution of 320 mg (0.5 "01) 
of bis(tripheny1phosphine)nickel dichloride in 10 mL of dry 
benzene and the mixture stirred at room temperature for 15 min. 
Thereupon an ethereal solution of phenylmagnesium bromide, 
8.0 mL (20 mmol) of 2.5 M, was added and most of the ether 
removed by distillation. Acetal, 5.0 mmol, was added and the 


(22) PCrez Ossorio, R.; Angoso, M. An. R.  SOC. Esp. Fis. Quim. Ser. B 
1958,54,499,505. Corson, B. B.; Dorsky, J.; Nickels, J. E.; Kutz, W. M.; 
Thayer, H. I. J. Org. Chem. 1954,19,17, and references therein. Birkofer, 
L.; Storch, I. Chem. Ber. 1953,86, 529, and references therein. 


(23) Huang, R. L.; Lee, K. H. J. Chem. SOC. 1964,5957. 
(24) Picard, J. P.; Calas, R.; Dunogu€s, J.; Duffaut, N. J. Organomet. 


Chem. 1971,26, 183. 
(25) All Grignard reactions led to stereochemically unique olefins, 


whose confiiation, unknown for olefins le,o,p and 2, is described in the 
Experimental Section. 


(26) The Grignard reagent/acetal ratio could be dropped to nearly 1:l 
without undue effect on the product yield. 
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6.22 (t, 1, J = 7 Hz, olefinic H), 7.1-7.4 (m, 15, aromatic Hs); m a s  
spectrum, m/e 270 (M', 8%), 192 (65), 179 (401,178 (421,165 (431, 
115 (931, 91 (base). 


The catalyzed reaction afforded a 77% yield of I n  in 8 h 
reaction time. 
1,3-Diphenyl-l(E)-butene (li).  A catalyzed reaction with 


3-methoxy-1-phenyl-1-butene (lq) (vide infra) for 5 h, chroma- 
tography on silica gel impregnated with 15% silver nitrate, and 
elution with hexane led to a 58% yield of oily styrene li? 'H 
NMR 6 1.40 (d, 3, J = 6 Hz, Me), 3.60 (m, 1, CH), 6.2-6.4 (m, 
2, olefinic H's), 7.0-7.3 (m, 10, aromatic H's). 


General Procedure for the Reactions of Methyl- 
magnesium Bromide. An ethereal solution of methylmagnesium 
bromide, 7 mL (17.5 mmol) of 2.5 M, was poured into 10 mL of 
dry benzene and most of the ether removed by distillation. The 
acetal, 5.0 m o l ,  was added and the mixture refluxed under argon. 
Upon conclusion of the reaction the mixture was worked up as 
in the above Grignard reactions. 


An ethereal solution of methylmagnesium bromide, 7 mL (17.5 
"01) of 2.5 M, was poured into a solution of 320 mg (0.5 "01) 
of bis(tripheny1phosphine)nickel dichloride in 10 mL of dry 
benzene, the mixture stirred at room temperature for 15 min, and 
most of the ether removed by distillation. The acetal, 5.0 mmol, 
was added and the mixture refluxed under argon.% Workup as 
before yielded the product. 


Reactions with Cinnamaldehyde Dimethyl Acetal (lm). 
An uncatalyzed reaction for 27 h, chromatography on silica gel 
impregnated with 15% silver nitrate, and elution with hexane led 
to liquid 3-methyl-1-phenyl-1-butene (lo)" (40% yield): IR C=C 
1610 (w) cm-I; 'H NMR 6 1.03 (d, 6, J = 6 Hz, Mez), 2.40 (5-line 
m, 1, J = 6 Hz, CH), 6.1-6.3 (m, 2, olefinic H's), 7.1-7.4 (m, 5, 
aromatic H's). Further elution gave liquid 4-phenyl-2-pentene 
(lp)*l (40% yield): IR C=C 1600 (w) cm-'; 'H NMR 6 1.32 (d, 
3, J = 6 Hz, Me), 1.59 (d, 3, J = 6 Hz, olefinic Me), 3.3-3.6 (m, 


1, CH), 5.4-5.7 (m, 2, olefinic H's), 7.20 ( e ,  5, aromatic H's). 
The catalyzed reaction for 4 h, chromatography on basic alu- 


mina (activity I), and elution with hexane gave lo" in 78% yield. 
An ethereal solution of methylmagnesium bromide, 4 mL (6 


mmol) of 1.5 M, was added to 10 mL of dry benzene and most 
of the ether removed by distillation. Acetal, 5 mmol, was added 
and the mixture refluxed for 2 h. The usual workup, chroma- 
tography on basic alumina (activity I), and elution with hexane 
led to a 92% yield of liquid 3-methoxy-l-phenyl-l(E)-butene 
(1q):ls IR C=C 1600 (w) cm-'; *H NMR 6 1.31 (d, 3, J = 6 Hz, 
Me), 3.28 (8 ,  3, OMe), 3.85 (5-line m, 1, J = 6 Hz, CH), 6.02 (dd, 
1, J = 13,6 Hz, H-2), 6.48 (d, 1, J = 13 Hz, H-l), 7.1-7.4 (m, 5, 
aromatic H's). 


Reactions with Benzaldehyde Dimethyl Acetal (5a). The 
uncatalyzed reaction for 2 h, chromatography on basic alumina 
(activity I), and elution with hexane afforded an 89% yield of 
liquid a-phenylethyl methyl ether (5b):*' 'H NMR 6 1.39 (d, 3, 
J = 6 Hz, Me), 3.18 (8,  3, OMe), 4.25 (9, 1, J = 6 Hz, CH), 7.30 
(8 ,  5, aromatic Hs). 


The catalyzed reaction also lasted 2 h. Its workup as above 
led to an 80% yield of 5b.24 
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Cleavage of the metal-metal triple bond of bis[dicarbonyl(~5-pentamethylcyclopentadienyl)molybde- 
num](MmMo) (la) is effected by the a-ketodiazoalkanes 2a-d resulting in the formation of the chelate-type 
dinuclear insertion products 3a-d. An X-ray crystallographic study of the key compound 3a revealed the 
central structural frame Mo=NNC(R)=C(CH3)0Mo [R = C(=O)CHJ to be composed of an essentially 
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group (Mo(2)-N(2) = 183.6 (17) pm; N(l)-N(2) = 124.4 (24) pm). No molybdenum-molybdenum bond 
is present after a-diazo ketone addition to the unsaturated organometallic precursor la, with the nonbonding 
MoMo distance being longer than 380 pm. Metal-metal bond cleavage appears to  be prevalent in the 
reactions of metal-metal triple bonds with carbonyl-flanked diazoalkanes capable of chelating mononuclear 
organometallic fragments. 


, i 


Introduction 
organometallic compounds having m e t & m e ~  double 


bonds offer a straightforward route to  p-alkylidene cam- 


even under very mild conditions, and not one case is known 
in which intermediates containing the  intact diazo pre- 


(1) Communication 35: Xiang, S. F.; Chen, H. W.; Eyermann, C. F.; 
Jolly, W. L.; Smit, S. P.; Theopold, K. H.; Bergman, R. G.; Herrmann, 
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236, C18. 
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Of type LxMCRR'MLx when treated with various 


diazoaanes*bs These reactions norm&' proceed rapidly 
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cursor have been detected unambiguously. High reactivity 
toward diazoalkanes is also observed for the dinuclear 
organometallic compounds having metal-to-metal bond 
orders greater than 2. Apart from clean addition of di- 
phenyldiazomethane to the M-Mo triple bond of 
Chisholm's hexaalkoxydimolybdenum compounds Mo2- 


the reactions of the prototypal metal-metal tri- 
ple-bonded compounds [ (o5-C5H5)Mo(CO),], (lb) with the 
same and closely related diazo derivatives has been studied 
in greater detail by Curtis and co-workers,*l0 who observed 
the remarkable stability of 1/ 1 diazoalkane addition 
products to the metal-metal triple bond. Since it appeared 
that this particular metal-metal bond does not obey a 
uniform reactivity pattern in the sense that the nature of 
the diazoalkanes bears a decisive influence upon the final 
 product^,^'^ we have entered a systematic investigation 
by using a broad variety of diazo precursors as we had done 
before with the related rhodium compound [ (q5-C5Me5)- 
Rh(pC0)]2.4*5 Continuing this work, we have now found 
that the unusual insertion reaction of a-diazo ketones into 
the metal-metal triple bond of lb  as reported recently13 
appears to be of general applicability. 


Bell et  al. 


Experimental Section 


All operations were performed under air-free conditions by 
using absolutely dry solvents; for further details regarding the 
general working technique, the reader is referred to previous 
papers of this series.'"" The molybdenum complex la  was 
prepared according to the procedure published by King and 
Bisnette'* from hexacarb~nylmolybdenum~~ and distilled pen- 


(3) (a) Royal Society Fellowship, 1982/1983. (b) Karl Winnacker 
Fellow, 1979-1984; to whom all correspondence should be addressed. 


(4) For reviews, see: (a) Herrmann, W. A. Ado. Organomet. Chem. 
1982,20,159. (b) Herrmann, W. A. Angew. Chem., Int. Ed. Engl. 1982, 
21, 117. (c) Herrmann, W. A. Pure Appl. Chem. 1982,54, 65. 


(5) Recent contributions: (a) Herrmann, W. A.; Bauer, Ch.; Kriech- 
baum, G.; Kunkely, H.; Ziegler, M. L.; Speth, D.; Guggolz, E. Chem. Ber. 
1982,115,878. (b) Herrmann, W. A.; Huggins, J. M.; Bauer, Ch.; Smi- 
schek, M.; Pfisterer, H.; Ziegler, M. L. J. Organomet. Chem. 1982,226, 
C59. (c) Herrmann, W. A.; Bauer, Ch. Organometallics 1982,1,1101. (d) 
Herrmann, W. A,; Bauer, Ch. J. Organomet. Chem., in press. (e) 
Herrmann, W. A.; Plank, J.; Bauer, Ch.; Ziegler, M. L.; Guggolz, E.; Alt, 
R. 2. Anorg. Allg. Chem. 1982, 487, 85. (f) Bauer, Ch.; Guggolz, E.; 
Herrmann, W. A.; Kriechbaum, G.; Ziegler, M. L. Angew. Chem., Int. Ed. 
Engl. 1982,21, 212; Angew. Chem. Suppl. 1982,434. 


(6) (a) Dimas, P. A.; Shapley, J. R. J. Organomet. Chem. 1982,228, 
C12. (b) Azam, K. A.; Frew, A. A.; Lloyd, B. R.; Manojlovic-Muir, L.; 
Muir, K. W.; Puddephatt, R. J. J. Chem. Soc., Chem. Commun. 1982,614. 


(7) Chisholm, M. H.; Folting, K.; Huffman, J. C.; Ratermann, A. L. J. 
Chem. SOC., Chem. Commun. 1981, 1229. 


(8) Messerle, L.; Curtis, M. D. J.  Am. Chem. SOC. 1980, 102, 7789. 
(9) Messerle, L.; Curtis, M. D. J. Am. Chem. SOC. 1982, 104, 889. 
(10) Review: Curtis, M. D.; Messerle, L.; Fotinos, N. A.; Gerlach, R. 


F. Adu. Chem. Ser. 1981, No. 155, 221. 
(11) An interesting trinuclear pcs-nitrido complex was formed, albeit 


in low yields, when l b  was treated with ethyl diazoacetate in boiling 
toluene: cf. Feasey, N. D.; Knox, S. A. R.; Orpen, A. G. J .  Chem. Soc., 
Chem. Commun. 1982, 75. 


(12) Herrmann, W. A.; Kriechbaum, G. W.; Bauer, Ch.; Guggolz, E.; 
Ziegler, M. L. Angew. Chem., Int. Ed. Engl. 1981,20, 815. 


(13) Herrmann, W. A.; Kriechbaum, G. W.; Ziegler, M. L.; Pfisterer, 
H. Angew. Chem., Int. Ed. Engl. 1982, 21, 707; Angew. Chem. Suppl. 
1982, 1575. 


(14) Herrmann, W. A.; Bell, L. K.; Kriechbaum, G. W.; Pfisterer, H.; 
Ziegler, M. L. J. Organomet. Chem., in press. 


(15) Herrmann, W. A.; Plank, J.; Riedel, D.; Ziegler, M. L.; Weiden- 
hammer, K.; Guggolz, E.; Balbach, B. J.  Am. Chem. SOC. 1981,103,63. 


(16) Herrmann, W. A.; Krtiger, C.; Goddard, R.; Bernal, I. J. Orga- 
nomet. Chem. 1977, 140, 73. 


(17) Fehlhammer, W. P.; Herrmann, W. A.; Ofele, K. 
'Metallorganische Komplexverbindungen", in 'Handbuch der 
Prlparativen Anorganischen Chemie", 3rd ed.; Brauer, G., Ed.; Enke 
Verlag: Stuttgart 1981; Vol. 3, p 1799 ff. 


(18) King, R. B.; Bisnette, M. B. J. Organomet. Chem. 1967, 8, 287. 


tamethylcycl~pentadiene~~ in boiling n-decane and was purified 
by means of column chromatography and subsequent recrys- 
tallization from CHzClz/diethyl ether. Elemental analyses were 
performed in the Mikroanalytische Laboratorien (vorm. A. 
Bernhardt), Gummersbach, West Germany, and in the micro- 
analytical laboratory of the Universitat Frankfurt am Main. 
Field-desorption mass spectra were recorded by Dr. K. K. Mayer 
and E. Fischer at the Universitat Regensburg. 


1. Reactions of la  with 3-Diazo-2,4-dioxopentane (Di- 
acetyldiazomethane, 2a). A solution of 574 mg (1 mmol) of la 
in 25 mL of tetrahydrofuran (THF) was cooled to -30 "C and 
stirred while 140 mg of (1.1 mmol) of the a-ketodiazoalkane 2a 
was added as a solid. The solution was then allowed to warm up 
to room temperature with continued stirring, and after approx- 
imately 1 h the solution was deep pink. The solvent was removed 
under reduced pressure and the solid residue washed three times 
with cold n-hexane. The product was extracted from this residue 
with diethyl ether. Low-temperature crystallization of this ether 
extract from dichlormethane/diethyl ether mixtures gave 3a as 
a crystalline, dark pink solid in 78% yield (550 mg). The com- 
pound is somewhat air sensitive both in the solid state and in 
solution. Anal. Calcd for C&asMozN20s (700.50): C, 49.72; H, 
5.18; Mo, 27.39; N, 4.00. Found C, 49.83; H, 5.16; Mo, 27.45; 
N, 3.84; molecular weight 692 (field-desorption mass spectrum 
from toluene solution; 9 2 ~ ~ ) .  


2. Reaction of l a  with 1-Diazo-1-phenyl-2-oxopropane 
(Acetylphenyldiazomethane, 2b). A solution of 574 mg (1 
mmol) of la  in 25 mL of THF was cooled to -20 OC and stirred 
while 160 mg (1 mmol) of the a-diazo ketone 2b was added. The 
solution was allowed to warm to room temperature and then 
stirred for another 2 h after which time the color had changed 
from red to pinkish brown. The solvent was then removed under 
reduced pressure. The product was found to be soluble in n- 
hexane and was therefore extracted from the solid residue with 
the same solvent and then crystallized from n-hexaneldiethy1 
ether mixtures giving the desired compound 3b as a microcrys- 
talline, dark pink-brown solid, yield 500 mg (68%). Like the 
diacetyldiazomethane derivative 3a, compound 3b is also air 
sensitive both in the solid state and in solution. Anal. Calcd for 
C33H38M02N205 (734.26): C, 53.98; H, 5.18; Mo, 26.13; N, 3.82. 
Found: C, 53.68; H, 5.29; Mo, 25.85; N, 3.68; molecular weight 
726 (field-desorption mass spectrum from toluene solution; =Mo). 


3. Reaction of la with (4-Methoxybenzoyl)(4-methoxy- 
pheny1)diazomethane (2c). Compound 3c was prepared by 
adding 300 mg (1.1 mmol) of the a-diazo ketone 2c to a cooled 
solution (0 "C) of 574 mg (1 mmol) of la  in 25 mL of THF. The 
solution was allowed to warm to room temperature and then 
stirred for another 2 h. During this time, the solution changed 
from red to dark brown. The solvent was removed under reduced 
pressure and the product subsequently extracted from the solid 
residue with diethyl ether. Low-temperature crystallization of 
this extract from dichloromethane/diethyl ether mixtures gave 
a microcrystalline, dark pink solid in 82% yield (700 mg). This 
compound is again air sensitive in both the solid state and in 
solution and, at room temperature, is slowly converted to a brown 
compound of hitherto unknown structure. Anal. Calcd for 


Found: C, 56.23; H, 4.99; Mo, 22.55; N, 3.01; molecular weight 
848 (field-desorption mass spectrum from toluene solution; =Mo). 


4. Reaction of la with 3-Oxo-2-diazobutane (Acethyl- 
methyldiazomethane, 2d). A solution of 574 mg (1 mmol) of 
la in 25 mL of THF was cooled to -20 "C and stirred while 98 
mg (1 mmol) of a-ketodiazoalkane 2d was added as a solid. The 
solution was allowed to warm to room temperature, and stirring 
was continued for approximately 30 min before the solvent was 
removed under reduced pressure. This residue was washed twice 
with cold n-hexane (ca. -10 "C) and the product recrystallized 
from dichloromethane/diethyl ether mixtures, giving 3d as a dark 
pink crystalline solid in 74% yield (500 mg). The compound is 
also air sensitive both in the solid state and in solution. Anal. 
Calcd for C28H36M02N206 (672.49): C, 50.01; H, 5.40; N, 4.17. 
Found: C, 50.00; H, 5.20; N, 4.08; molecular weight 664 (field- 
desorption mass spectrum from toluene solution; 9 2 M ~ ) .  


C ~ ~ H ~ M O ~ N ~ O ,  (856.69): c, 56.11; H, 5.14; MO, 22.41; N, 3.27. 


(19) (a) Threlkel, R. S.; Bercaw, J. E. J. Organomet. Chem. 1977,136, 
1. (b) Manriquez, J. M.; Fagan, P. J., Marks, T. Inorg. Synth., in press. 
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Table I. Spectroscopic Characterization of the (WDiazo ketone)molybdenum Complexes 3a-d 
~~~~ ~ ~ ~ 


IR v(CO)," cm-' 
3aa 1969 (st), 1928 (st), 1884 (st), 1839 (st) [KBr] 


1974 (m), 1933 (st), 1893 (w), 1842 (m) [CH,Cl,] 
1970 (w), 1940 (st), 1898 (m), 1854 (m) [diethyl ether] 
1951 (st), 1924 (st), 1871 (st), 1836 (st) [KBr] 
1956 (m-st), 1930 (st), 1874 (m-st), 1840 (st) [CH,CI,] 
1954 (w), 1933 (st), 1878 (m), 1852 (m) [diethyl ether] 
1955 (st), 1928 (st), 1863 (st),  1848 (st) [KBr] 


3b 


3c 


3d 1956 (st), 1923 (st), 1872 (st), 1832 (st) [KBr] 
1951 (m),  1925 (st), 1868 (m), 1838 (m) [CH,Cl,] 
1954 (m), 1933 (st), 1875 (m), 1850 (m) [diethyl ether] 


I H  NMR 
s(C,(CH,),) 1.99 (s, 1 5  H), 1.79 (s, 1 5  H) 
S(C(=O)CH,) 2.27 (s, 3 H), 2.24 (s, 3 H) 


G(C,(CH,),) 1.71 (s, 1 5  H), 1.84 (s, 1 5  H) 
S(C(=O)CH,) 1.96 (s, 3 H), S(C,H,) 7.3 (m, 5 H) 


s(C,(CH,),) 1.77 (s, 1 5  H), 1.80 (s, 1 5  H) 
6(CH,) 3.80 (s, 3 H), 3.73 (s, 3 H) 
s(C,H,) 7.0 (m, 8 H) 
G(C,(CH,),) 2.00 (s, 1 5  H), 1.77 (s, 1 5  H) 
6(C(=O)CH,) 2.01 (s, 3 H) 
6(CH,) 1.76 (s, 3 H) 


(I Perkin-Elmer infrared grating spectrophotometer 283 B. 270 MHz, 25 "C, CDCl,, internal Si(CH,),. (1II)NMR 
spectrum (67.88 MHz, Bruker; 25 "C, CDCl,, internal Si(CH,),): 6(C,(CH,),) 109.88 and 109.01, 6(C,(CH,),) 11.06 and 
10.36, 6(C(=O)CH,) 25.01 and 32.18, 6(C(=O)CH,) 178.02 and 189.94; S(C(COCH,),) 104.92; 6(MoCO) 264.99, 244.65, 
240.68, -258. 


Table 11. Atomic Positional Parameters of the (p-Diazo ketone)molybdenum Complex 3a" 


atom x la y lb  I C  atom x la Ylb  IC 


0.1285 H( 15A) 0.0359 -0.0503 -0.1392 Mo(1) 0.1557 
0.1163 
0.1058 
0.1080 
0.1895 
0.2113 
0.1896 
0.2109 
0,1622 
0.1900 
0.0856 
0.0657 
0.0687 
0.0283 
0.0008 
0.0234 
0.03 70 


-0.001 1 
0.0180 
0.0743 
0.1094 
0.0421 
0.0196 
0.0446 
0.0385 
0.1282 
0.1449 
0.1253 
0.1680 
0.1520 
0.0864 
0.0542 
0.0339 
0.0559 
0.0477 
0.0846 
0.0446 


0.4040 
0.0841 
0.2929 
0.21 73 
0.2792 
0.2086 
0.3672 
0.3392 
0.1290 
0.1510 
0.1309 
0.1546 
0.3198 
0.2896 
0.2885 
0.2812 
0.3239 
0.3197 
0.2034 
0.3798 
0.4171 
0.4104 
0.3909 
0.4939 
0.3788 


-0.0403 
-0.0012 


0.0369 
0.0473 


-0.0745 
-0.0470 
-0.01 95  
-0.0086 


-0.0858 
-0.0947 
-0.1264 


0.0490 


-0.0627 
0.04 53 


-0.0081 
0.1169 
0.1101 
0.2466 
0.3175 


-0.0979 
-0.1143 
-0.1820 
-0.2583 


0.0606 
-0.0101 


0.0182 
-0.1030 
-0.1348 
-0.1092 
-0.1263 


0.13 52 
0.1835 
0.1717 
0.1203 
0.1770 
0.2235 
0.0594 
0.14 88 
0.1674 
0.1625 
0.1791 
0.0053 
0.0410 


0.0765 
-0.01 58 


-0.0697 
-0.0742 
-0.1497 


H( 15B) 
H( 15C) 
C(16) 
C(17) 
H( 17A) 
H( 17B) 
H( 17C) 
C(18) 
C(19) 
H( 19A) 
H( 19B) 
H( 19C) 
C(20) 
C( 21 1 
H( 21A) 
H( 21B) 
H( 21C) 
C(22) 
C(23) 
H( 23A) 
H( 23B) 
H( 23C) 
C( 24 1 
~ ( 2 5 )  
H( 25A) 
H( 25B) 
H( 25C) 
C(26) 
C(27) 
H( 27A) 
H( 27B) 
H( 27C) 
C( 28) 
~ ( 2 9 )  
H( 29A) 
H( 29B) 
H( 29C) 


0.0258 
0.0465 
0.1224 
0.1310 
0.1100 
0.1407 
0.1522 
0.1487 
0.1941 
0.1947 
0.2006 
0.2131 
0.1339 
0.0966 
0.1045 
0.0719 
0.0934 
0.1363 
0.1090 
0.0905 
0.1069 
0.1030 
0.1738 
0.1953 
0.1729 
0.2009 
0.21 80 
0.1999 
0.2432 
0.2394 
0.2595 
0.2561 
0.1734 
0.1877 
0.1701 
0.2099 
0.1972 


-0.1840 
-0.1285 
-0.1162 
-0.1749 
-0.1890 
-0.2481 
-0.1333 
-0.0873 
-0.103 0 
-0.1391 
-0.1600 
-0.0405 


0.5978 
0.6485 
0.6885 
0.6087 
0.7040 
0.5459 
0.5210 
0.4791 
0.603 1 
0.5068 
0.5054 
0.4411 
0.4605 
0.3592 
0.4854 
0.5419 
0.5452 
0.4826 
0.5185 
0.6093 
0.5959 
0.6575 
0.7208 
0.6869 
0.6219 


-0.1460 
-0.2075 
-0.0783 
-0.1482 
-0.2037 
-0.1199 
-0.1582 


0.003 7 
0.0423 


0.0889 
0.0590 
0.0840 
0.0870 
0.1428 
0.0771 
0.0404 
0.0135 


-0.0742 
-0.1 229 
-0.0871 
-0.0216 


0.0233 
-0.0299 
-0.0816 
-0.0306 
-0.0297 


0.1133 
0.1632 
0.1214 
0.2209 
0.1459 
0.1482 
0.2364 
0.2362 
0.2225 
0.2940 


-0.0108 


Standard deviations: for x / a ,  Mo iO.0001, C, 0, N kO.004-0.006, H tO.006-0.008; for y l b ,  Mo i0.002; C, 0, N 
r0.0013-0.0024; H +0.0020-0.0026; for z / c ,  Mo r O . O O 1 l ;  C, N, 0, H iO.0010-0.0018. 


5. X-ray Structure  Determination of Compound 3a. 
Rotation and Weissenberg photographs (Cu Ka radiation) showed 
the crystal to be monoclinic and provided rough lattice constants. 
Exact lattice parameters were derived from the setting angles of 
25 machine-centered reflections (Syntex R3, monochromatic Mo 
Ka radiation, graphite monochromator). Data collection (8-28 
scans, 2.5O I 28 5 55O) yielded 1603 independent reflections with 
Z > 3.00(0. Lorentz and polarization corrections as well as em- 
pirical (J. scans) absorption correction were applied. The crystal 
data are given in Table V. The positions of the atoms were taken 
from Patterson and Fourier maps; the position of the H atoms 
were fixed with the program H F I X . ~ ~  Final refinement by a cas- 
cade-matrix procedure with anisotropic temperature factors for 


the heavy atoms Mo(1) and Mo(2) and with isotropic temperature 
factors for the other non-hydrogen atoms converged with a 
weighted R = 0.061, the weighting scheme being W = l /u2 (F). 
Calculations were carried out on a NOVA 3 computer, the plots 
being drawn on a Tektronic plotter. The program package was 
SHELXTL;25 the scattering factors were those of Hanson, Her- 
man, Lea and Skillman.26 The atom numbering corresponds to 
the one used in Figure 1. Atomic coordinates are listed in Table 
11, bond distances and bond angles are listed in Table 111, and 
data of some least-squares planes are given in Table IV. 


Synthetic and Crystallographic Results. The molybdenum 
complex la reacts in tetrahydrofuran solution with the a-diazo 
ketones 2a-d under mild conditions (-30 to +25 "C) to give the 
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Table 111. Structural Parameters of the (pDiazo ket0ne)molybdenum Complex 3a 


N( l)-Mo( 1)-C( 1) 
N( l)-Mo( 1)-C( 2) 
N( 2)-Mo( 2)-C( 3 )  
Mo( 2)-N( 2)-N( 1) 
Mo( 1)-N( 1)-N( 2) 
N( 1)-C( 5)-C( 8) 
N( 1)-C( 5)-C( 6) 
C( 6)-C( 5)-C( 8) 
C( 5)-C( 6)-C( 7) 
Mo( 1)-C( 20)-C( 22) 
Mo( 1)-C( 20)-C( 28) 
C( 22)-C( 20)-C( 28) 
Mo( 1)-C( 22)-C( 20) 
Mo(1)-C( 22)-C( 24) 
C( 20)-C( 22)-C( 24) 
Mo( 1)-C( 24)-C( 22) 
Mo( 1)-C( 24)-C( 26) 
C( 22)-C( 24)-C( 26) 
Mo( 1)-C( 26)-C( 24) 
C( 20)-M0( 1)-C( 22) 
C( 22)-M0( 1)-C( 24) 
C( 24)-Mo( 1)-C( 26) 
C( 26)-Mo( 1)-C( 28) 
Mo( 1)-C( 1)-O( 1) 
Mo( 1)-C( 2)-O( 2) 


224.4 (14)  
192.4 (22) 
191.2 (20) 
183.6 (17) 
199.1 (24) 
192.8 (22) 
124.4 (24) 
133.7 (28) 
151.0 (32) 
130.1 (20) 
153.7 (26) 
144.8 (31) 
122.8 (35) 
155.9 (28) 
117.6 (25)  
114.7 (31) 
121.9 (28) 


85.3 (0.7) 
124.9 (0.8) 
102.3 (0.9) 
166.1 (1.4) 
125.6 (1.3) 
113.7 (1.5) 
120.0 (1.8) 
126.1 (2.0) 
121.7 (2.2) 


74.0 (1.7) 
68.3 (1.4) 


105.6 (2.2) 
73.9 (1.6) 
71.0 (1.5) 


114.4 (2.1) 
75.0 (1.7) 
70.6 (1.5) 


105.8 (2.4) 
72.0 (1.4) 
32.1 (0.9) 
34.0 (0.9) 
37.4 (0.8) 
35.6 (0.8) 


176.2 (1.9) 
176.5 (2.0) 


( A )  Bond Distances (pm) 
Mo( 1)-C( 20) 237.8 (28) 
Mo( 1)-C( 22) 237.9 (26) 
Mo( 1)-C( 24) 232.9 (29) 
Mo( 2)-C( 10)  234.6 (20) 
Mo( 2)-C( 12 )  233.2 (21) 
Mo( 2)-C( 14 )  231.7 (25) 
N(1)-C(5) 146.9 (28) 
C( 10)-C( 12 )  144.9 (25) 
C( 12)-C( 14 )  137.7 (30) 
C( 14)-C( 16) 140.1 (31) 
C( 16)-C( 18) 137.1 (25) 
C(18)-C(10) 145.2 (33) 
C( 20)-C( 22) 131.3 (39)  
C( 22)-C( 24) 137.7 (38) 
C( 24)-C( 26) 148.6 (30) 
C( 26)-C( 28) 140.5(35) 
C( 28)-C( 20) 143.5 (25) 


(B) Bond Angles (deg) 
N( l)-Mo( 1)-O( 8) 
C( l)-Mo( 1)-C( 2) 
N( ~ ) -Mo(  2)-C( 4) 
Mo( 1)-N( 1)-C( 5) 


C( 5)-C( 6)-O( 6 )  
C( 7)-C( 6)-O( 6) 
C( 5)-C( 8)-O( 8) 


Mo( 1)-C( 26)-C( 28) 
C( 24)-C( 26)-C( 28) 
Mo( 1)-C( 28)-C( 20) 
Mo( 1)-C( 28)-C( 26) 
C( 20)-C( 28)-C( 26) 
Mo( 2)-C( 10)-C( 12 )  
Mo( 2)-C( 10)-C( 18) 
C( 12)-C( 10)-C( 18) 
Mo( 2)-C( 12)-C( 10 )  
Mo( 2)-C( 12)-C( 14 )  
C( 28)-Mo( 1)-C( 20) 
C( 1 O)-Mo( 2)-C( 1 2) 
C( 1 ~ ) - M o (  2)-C( 14)  


Mo( 2)-C( 3)-0( 3) 


dinuclear products 3a-d in 6582% yield after recrystallization 
of the crude mixtures (eq 1). These compounds are soluble in 


- 0  


1 - = CH, 


2 
0 d. ‘R 


R C(-O)CH, CeH, C,H,-P-OCH, CH, 
R’/ CH, ~ CH, C,H,-p- OCH, ~ CH, 


most organic solvents except for unpolar ones such as n-pentane. 
Both elemental analyses and field-desorption mass spectra es- 
tablish compounds 3a-d to represent 1/1 addition products of 
the a-diazoketones 2a-d to the metal-metal triple bond of the 
organometallic precursor la. I t  can be concluded from the IR 
and ‘H and NMR spectra (Table I) that two chemically 
different (q5-CSMe,)Mo(C0)2 fragments are present but no 
clear-cut information about the coordination mode of the diazo 
ligands and the arrangement of the respective structural units 


73.3 (0.6) 
74.4 (0.9) 
96.7 (0.9) 


111.3 (1.1) 


113.4 (2.0) 
124.2 (1.9) 
121.0 (2.0) 


70.9 (1.4) 
103.5 (1.9) 


75.9 (1.5) 
73.4 (1.4) 


110.7 (1.9) 
71.4 (1.1) 
71.8 (1.2) 


104.6 (1.6) 
72.5 (1.2) 
72.2 (1.4) 
35.8 (0.7) 
36.1 (0.6) 
34.4 (0.7) 


176.1 (1.6) 


Mo( 1)-C( 26) 
Mo( 1)-C( 28) 
Mo( 1)-O( 8) 
Mo( 2)-C( 16) 
Mo( 2)-C( 18) 


C( 10)-C( 11) 
C( 12)-C( 13 )  
C( 14)-C( 15)  
C( 16)-C( 17)  
C( 18)-C( 19) 
C( 20)-C( 21) 
C( 22)-C( 23) 
C( 24)-C( 25) 
C( 26)-C( 27) 
C( 28)-C( 29) 


Bell et al. 


C( l)-Mo( 1)-0( 8) 
C( ~ ) - M o (  1)-O( 8) 
C(3)-Mo( 2)-C(4) 
N( 2)-N( 1)-C( 5) 


C( 5)-C( 8)-C( 9) 
C(9)-C( 8)-O( 8) 
C( 8)-0(  8)-Mo( 1) 


C( 10)-C( 12)-C( 14)  
Mo( 2)-C(14)-C( 12 )  
Mo( 2)-C( 14)-C( 16)  
C( 12)-C( 14)-C( 16) 
Mo( 2)-C( 16)-C( 14)  
Mo( 2)-C( 16)-C(18) 
C(14)-C(16)-C(18) 
Mo( 2)-C( 18)-C( 10)  
Mo( 2)-C( l8)-C( 16 )  
C( 10)-C( 18)-C( 16)  
C( 14)-Mo( 2)-C( 16) 
C( 16)-Mo( 2)-C(18) 
C( 18)-Mo( 2)-C( 10)  


Mo( 2)-C(4)-0(4) 


231.1 (25) 
227.8 (24) 
214.5 (15) 
232.6 (22) 
234.1 (23) 


142.5 (28) 
149.5 (35) 
156.4 (27) 
143.6 (41) 
153.7 (27) 
147.5 (49) 
143.9 (41) 
153.0 (49) 
148.1 (31) 
150.8 (31) 


134.2 (0.8) 
85.3 (0.8) 
83.2 (1.0) 


123.1 (1.5) 


125.2 (1.7) 
113.8 (1.7) 
117.3 (1.2) 


106.3 (1.8) 
73.4 (1.3) 
72.8 (1.3) 


112.7 (1.6) 
72.1 (1.4) 
73.5 (1.4) 


105.3 (2.0) 
72.1 (1.2) 
72.3 (1.2) 


111.0 (1.8) 
35.1 (0.8) 
34.2 (0.6) 
36.1 (0.8) 


176.7 (2.0) 


c1271 


Figure 1. 


can be deduced from these data. Since two previous papers13J4 
have shown that great care must be taken with the assignment 
of structure solely based upon the spectroscopic similarity with 
apparently analogous derivatives, an X-ray diffraction study of 
the key compound 3a was undertaken in order to achieve unam- 
biguous proof of structure (Figure 1). 


Compound 3a crystallizes from dichloromethane/diethyl ether 
in the monoclinic space group C$-C2/c (Table V). The frac- 
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Table IV. Best Planes of the (WDiazo ketone)molybdenum Complex 3aa 


Plane A (std dev 0.0) 


42.8 
Mo(2) N(2)* 


0.0 
Mo( I ) *  
0.0 0.0 


Mo( 2)* 
0.02 -0.02 


Plane B (0.01) 
Mo( 1) 
187.69 


N( a *  
0.00 


Plane C (6.96) 
N( 2)* 
-11.22 


Mo( 1)* Mo( 2)* N( 1 )* 
-0.15 4.43 6.93 


Plane D (6.88) 
Mo( 1) 
66.6 


C( 5)* 
-0.33 


N(2)* 
-11.01 


Mo( 2)* N( 1 )* 
4.32 7.02 


Plane E (0.0) 
m0(2) 
114.14 


N(2) 
29.88 


0(8)* 
0.0 


Mo( 1)* N( 1 )* 
0.0 0.0 


Mo( 1)* N( 1 )* 
-8.95 10.89 


N( 1 )* 
0.0 


N(1)* 


Plane F (8.9) 
0(8)* 
10.63 


C( 8)* 
-4.61 


C( 5)* 
-7.96 


Plane G (0.0) 
m0(2) 
42.76 


M 4 1 )  
11.12 


N( 2)* C(5)* 
0.0 0.0 


Plane H (9.86) 
N(2) 
-40.85 


C(8)* 
4.81 


0(6)* 
-12.15 


C(6)* 
16.39 


C( 5)* 
-2.78 -6.27 


Plane I(15.21) 
C(8)* C(9)* 
14.38 2.58 


C(7)* 
20.55 


C( 5)* C(6)* 
-1.05 -11.66 -24.81 


Plane K ( 1.2) 
C(10* C( 12)* C( 14)* C( 16)* C(18)* Mo( 2) 
1.25 -0.33 -0.66 1.46 -1.72 199.4 


Plane L (1.86) 
C( 20)* C( 22)* C( 24)* C( 26)* C( 28)* Mo( 1) 
0.28 1.49 -2.37 2.46 -1.86 -201.12 


Dihedral Angles (deg) 
B C D E F G H 1 K 1 


A 90.7 11.4 15.4 16.7 13.7 3.4 162.5 151.9 152.4 149.7 
B 98.4 77.9 81.7 88.1 87.3 82.7 72.0 73.0 64.2 
C 20.5 28.0 24.2 13.9 155.4 148.3 148.5 149.6 
D 22.5 24.0 12.7 148.6 137.0 137.6 134.3 
E 6.4 15.1 164.2 152.3 153.3 145.7 
F 13.4 170.3 158.1 159.0 151.9 
G 160.9 149.6 150.3 146.8 
H 12.3 11.5 18.5 
I 1.1 9.0 
K 10.0 


Atoms defining a plane are symbolized by an asterisk. The distances of the atoms from the corresponding plane are 
given in pm. 


tional atomic coordinates are listed in Table I1 while the bonding multiple bond character [d(Mo-N(2)) = 183.6 (7) pm]. In spite 
parameters and best planes including dihedral angles are sum- of the fact that the resulting diazometal core Mo(2)-N(2)-N(l) 
marized in Tables I11 and IV, respectively. deviates somewhat from linearity [~Mo(2)-N(2)-N(l) = 166.1 


Figure 1 illustrates the salient structural features and shows ( 1 4 ) O ] ,  a close analogy between this group and the previously 
that the a-diazo ketones used in the above-mentioned reactions characterized methane diazonium complexes of types (q5- 
have effected cleavage of the molybdenum-molybdenum triple C5Hs) W(CO)z(N=NCH3)20p21 and (q6-CsH5) W(CO)2 - 


justified by considering the very similar nitrogen-nitrogen bond 
lengths recorded in the range of 121-126 pm for all these deriv- 
atives [d(N(l)-N(2)) = 124.4 (24) pm], indicating considerable 


(20) Herrmann, W. A. Angew. Chem., Int. Ed. Engl. 1975, 14, 355. 


(21) Hillhouse, G. L.; Haymore, B. L.; Herrmann, W. A. Inorg. Chem. 


(22) Herrmann, W. A.; Bistram, S. A. Chem. Ber. 1980, 113, 2648. 
(23) Hillhouse, G. L.; Haymore, B. L.; Bistram, S. A.; Herrmann, W. 


. bond of la, yielding two independent (?6-C5MetJMo(C0)2 frag- (N=NCH3)Cr(C0)p,23 can be dram. This comparison is also The metals are now together by means Of the di- 
nitrogen goup Of the stmdurally intact diazoalkane ligands* with 
each metal center being coordinated to a different nitrogen atom 
[Mo(l)-N(l) and Mo(2)-N(2)]. Because a metal-metal bond is 
no longer present [~(Mc-Mo) > 380 pm], both (qs-C@es)Mo(CO)2 
units require three-electron ligands in order to meet the EAN rule 
and to maintain their diamagnetic character. Here, the a-diazo 
ketones 2a-d once more prove ideal systems for acting aa bridging 
six-electron ligands: 


(1) The terminal nitrogen atom N(2) exclusively binds to Mo(2) 
producing a metal-nitrogen bond which exhibits significant 


Herrmann, W. A., Biereack, H. Chem. Ber. 1977,110, 896. 


1979, 18, 2423. 


A. Inorg. Chem., in press. 
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formula C,H36MoP,O, 
Table V. Crystallographic Data 


cryst size 
space group 
mol wt 700.496 amu 
color dark red 
cell constants 


0.3 x 0.5 x 0.2 mm 
monoclinic; C6,h-C2/c; Z = 8 


a ,  pm 
b ,  ~m 1144.4 (4) 
c , p m  1613.4 (6) 
0, deg 110.56 (3) 


3 590.0 (1 2) 


density (X-ray) 
V, pm3 6206.23 X lo6 
~optr cm 0.487 
linear abs coeff ~.r = 4.11 cm'' 
systematic absences hOk ( 1 =  2n + l), 


hhl ( h  + k = 2," + 1) 
scan range 2.5" G 28 G 55 
irradiation Mo Ka ( h  = 71.069 pm) 
no. of nonzero reflctns 1683 


p = 1.499 Mg m-3  


Bell et al. 


R values Ri, = 0.079, Rani, = 0.077,' 
R ,  = 0.061 


Only the heavy atoms were refined anisotropically. 


double-bond character. The metal center Mo(2) is in a distorted 
tetrahedral environment provided that the *-bonded penta- 
methylcyclopentadienyl ligand is considered as occupying only 
a single position. 


(2) A completely different geometry is encountered for Mo(1): 
this metal is part of an essentially planar five-membered ring 
(Table IV; plane F) which results from the chelating capabilities 
of carbonyl-flanked diazoalkane~.~~ This behavior is under- 
standable in view of the fact that the enol type form A contributes 
more to the ground state than the alternative ketonic resonance 
form B. Accordingly, the carbon-carbon distance in the diazo 


A B 


skeleton is quite small (d(C(5)-C(8)) = 133.7 (28) pm) and very 
much resembles that of a typical double bond. In addition, a 
significant lengthening of the adjacent carbonyl group compared 
with a standard keto functionality is found [d(C(8)-0(8)) = 130.1 
(20) pm] as should be expected from the structure A. 


Note in this context that the uncomplexed keto group C(6)-0(6) 
exhibits a much smaller bond length (122.8 (35) pm). The Mo- 
(l)-N(l) bond is considerably longer (224.4 (14) pm) than the 


(24) Similar five-membered metallacycles (M = Co) were obtained 
from (+CqH&Co(CO)2 and d i m  eater precursors: cf. Hemann, W. A.; 
Steffl, I.; Ziegler, M. L.; Weidenhammer, K. Chem. Ber. 1979,112,1731. 


(25) Sheldrick, G. M. SHELXTL Version 1980, Anorganisch Chem- 
isches Institut der Universitiit Gbttingen. 
(26) Hanson, H.; Herman, F.; Lea, J. D.; Skillman, S. Acta Crystallogr. 


1964,17,1040-1044. 


Mo(2)-N(2) bond (183.6 (17) pm) and approaches a metal-to- 
nitrogen single bond. Compounds 3a-d thus turn out to belong 
to the previously discovered chelate-type bridging a-diazo ke- 
tone~. '~  It is interesting to note that the structural details of the 
cyclopentadienyl derivative 413 hardly deviate from those of the 


\ I  c =c 
/ \  


R '  R 


C 
0 


a 
3a, R = C , R' = CH, 


\ 


CH, 
4, R = C,H,, R' = C,H,13 


pentamethylcyclopentadienyl compound 3a discussed in this 
paper. However, it is not trivial that in the present case the 
structural type C is again verified since the diazo precursor 2a 
(diacetyldiammethane) displays a second a-keto substituent which 
could equally well coordinate to the metal centers. In light of 
earlier reports documenting the pronounced tendency of the 
molybdenum compounds [(q6-C&,)Mo(CO)2]2 (R = CH3, la; H, 
lb)  to strongly bind diazoalkanes via the terminal nitrogen at- 
O ~ S , * ~ O J ~ J ~  it is highly probable that the initial reaction step of 
eq 1 involves formation of an intermediate having structure D14 
or E! Subsequent rearrangement with concomitant metal-oxygen 


D 


E 


bond making and metal-metal bond cleavage produces the final 
compounds of type C. The overall reactions are thus best de- 
scribed as insertions of the chelating a-diazo ketones 28-d into 
the metal-metal triple bond of the precursors la and lb. 
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The allyl ligand in the organoiron complex 1, (+allyl)Fp [Fp = (q5-C5H,)Fe(C0),], serves as a C3 dipolar 
synthon in aluminum bromide catalyzed reactions with cyclohexenone and by itself with 2-carbethoxy- 
cycloalkenones, affording cyclopentane annulation products. The structural limitations of these reactions 
with respect to substitution of the enone and the organometallic reagent have been examined. The acetylenic 
ligand in (q1-2-butynyl)Fp similarly underdoes aluminum bromide catalyzed [3 + 21 cycloaddition reaction 
with cyclohexenone, but (+-l-propynyl)Fp yields instead the product of [2 + 21 cycloaddition. 


While [4 + 21 cycloadditions serve widely for the con- 
struction of carbocyclic and heterocyclic1 &membered ring 
systems and a number of related hetero dipolar reagents 
are available for the synthesis of 5-membered heterocycles 
by [4 + 111 or [3 + 2]* cycloaddition reactions, analogous 
synthons for the construction of cyclopentane rings are less 
ac~essible.~ Among the latter reagents, dicarbonyl[q5- 
cyclopentadienyl) (o'-allyl)iron complexes, such as 1 and 
its congeners, have been shown to behave as 1,3 dipoles 


1 


L J 


1 
in nonconcerted [3 + 21 cycloadditions with a number of 
electrophiles, affording both carbocyclic and heterocyclic 
5-membered rings (Fp = C,H,Fe(CO),). Such cyclo- 
additions are by no means confined to these allyliron 
complexes but have been shown to occur as well with the 
related iron complexes 2-5, all of which yield cycloadducts 
derived from electrophile-initiated attack on the metal- 
activated unsaturated or cyclic ligand 


viously shown that the Fp cation forms relatively stable 
complexes with a variety of carbonyl groups, including 
aldehydes, ketones, esters and  amide^.^ An X-ray crys- 
tallographic structure determination of the cation derived 
by complexation of Fp+ to 3-methylcyclohexenone shows 
the iron to be cr bonded to the oxygen atom? When 1 was 
allowed to react with Fp(cyclohexenone)+BF4 (6) in re- 
fluxing methylene chloride, the hydrindanone 7 was 
formed in 10% yield. 


Fpx+() - - ~ F P  


6 7 
1 


A number of other Lewis acid reagents were subse- 
quently examined, among them LiBF4, TiC14, SbCl,, and 
AlC13. Of these, only AlC13 afforded cycloadduct 7 but 
again in low yield (8%). The stronger Lewis acid A1Br3 
was more effective, for when 1 was added at  -78 "C to a 
methylene chloride solution of cyclohexenone containing 
5 molar percent of freshly sublimed aluminum bromide, 
the cycloadduct 7 could be isolated in modest yield (45%). 


That the product is a mixture of two stereoisomers is 
evident from an examination of its proton NMR spectrum, 


(1) Hamer, Jan "1-4-Cycloaddition Reactions"; Academic Press: New 


(2) Schmidt, R. R. Angew. Chem., Int. Ed. Engl. 1973, 12, 212. 
York, 1967. 


58 
Although these complexes enter into cycloaddition re- 


actions with a number of heteroatomic and carbon-cen- 
tered electrophilic dipolarophiles, such reactions are con- 
fined for the most part to the more reactive members of 
this class of electrophile. Of the carbon electrophiles, only 
te t racyan~ethylene ,~-~  1,2-dicyano-1,2-bis(trifluoro- 
meth~l)ethylene,,~ ben~ylidenemalononitrile,~ diethyl 
methylenemaloiate,4 and 1,2-dicyano-4,5-dichloroquinone4 
prove to be sufficiently reactive cycloaddition partners. 
The research summarized here was undertaken with a view 
to extending these reactions to the synthetically more 
useful a,@-unsaturated carbonyl systems. 


Cyclohexenone itself fails to react with 1 even at elevated 
temperatures. However, activation of the enone may be 
achieved through Lewis acid complexation. We had pre- 


t Dedicated to the memory of Professor Rowland Pettit. 


Gompper, Ibid. 1969, 8, 312. 
(3) Danheiser. R. L.: Carini, D. J.: Basak, A. J. Am. Chem. SOC. 1981, 


103,1604. Marino, J. P.; Kattermh, L. C.'J. Chem. SOC., Chem. Com- 
mun. 1979, 946. Trost, B. M.; Chan, D. M. T. J.  Am. Chem. SOC. 1979, 
101, 6429. Turro, N. J. Acc. Chem. Res. 1969, 25, 2. Dolfini, J. E.; 
Menick, K.; Corliss, P. Tetrahedron Lett. 1966, 4421. Cooke, F.; 
Schwindeman, J.; Magnus, P. Ibid. 1979,1995. Wender, P. A.; Dreyer, 
G. B. Tetrohedron 1981,37,4445. Paquette, L. A. In "Topics in Current 
Chemistrv": Verlae Chemie: Berlin. 1979. Novori. R. Acc. Chem. Res. 
1979,12, bl. Takhashi, S.; Suzukd, Y.; Sonogashira, K.; Hagihara, N. 
J. Chem. SOC., Chem. Commun. 1976, 839. 


(4) Cutler, A.; Ehntholt, D.; Giering, W. P.; Lennon, P.; Raghu, S.; 
Rosan, A.: Rosenblum, M.; Tancrede, J.; Wells, D. J.  Am. Chem. SOC. 
1976,98, 3495 and references therein. 


(5) (a) Thomasson, J. E.; Robinson, P. W.; Ross, D. A.; Wojcicki, A. 
Inorg. Chem. 1971,10, 2130. (b) Lichtenberg, D. W.; Wojcicki, A. Znorg. 
Chim. Acta 1973, 7, 311. (c) Williams, J. P.; Wojcicki, A. Inorg. Chem. 
1977, 16, 2506. (d) Chen, L. S.; Lichtenberg, D. W.; Robinson, P. W.; 
Yamamoto, Y.; Wojcicki, A. Inorg. Chim. Acta 1977,25, 165. 


(6) Raghu, S.; Rosenblum, M. J. Am. Chem. SOC. 1973, 95, 3060. 
(7) Cutler, A,; Fish, R. W.; Giering, W. P.; Rosenblum, J. J. Am. Chem. 


SOC. 1972, 94, 4354. 
(8) Giering, W. P.; Rosenblum, M. J. Am. Chem. SOC. 1971,93, 5299. 
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for while this shows only a single resonance, two such 
resonances of equal intensity are apparent in the presence 
of E ~ ( f o d ) ~ .  A 13C NMR spectrum of the product con- 
firmed this conclusion and furthermore served to exclude 
the presence of isomeric bicyclo[4.2.0]octanone adducts, 
which could in principle derive from closure of the inter- 
mediate dipolar intermediate to give a cyclobutane ring. 
The 13C NMR spectrum of the product mixture failed to 
show any resonance between 0 and 10 ppm, characteristic 
of the FpCH2 methylene group.1° 


L -1 


Of the four possible hydrindanone structures 7a-d, the 
trans-hydrindanone structures 7c,d may be excluded on 
the basis of the following observations. The hexa- 
deuterated cyclization product 7 - 4  specifically deuterated 
at  (2-1, (2-3, and C-5 was prepared from [6,6-2H2]cyclo- 
hexenone" and [ 1,1,3,3-2H4](q1-allyl)Fp as shown in the 
sequence 


FP 


D D D  


7-d 


a, NaBH,, diglyme; b, TsCl, pyridine, c, NaFp, THF; d, 
Ph,CBF,; e, Et,N, CH,Cl,; f ,  [6,6-2H,]cyclohexenone, 
CH,Cl,, AlBr, 


b F p  b - - F p  


H 


7a 
H 


7b 
U u 


H 


7c 
H 


7d 


Examination of the proton NMR spectrum of the hex- 
adeuterio complex in the presence of E ~ ( f o d ) ~  shows the 
low-field signal at 6 3.35, assignable to H-3a, as a doublet 
with J3e,7a = 8 Hz, consistent with the assignment of a 
cis-hydrindane structure 7a,b.12 A 13C NMR spectrum 
of 7, shows carbonyl resonance 6 214 further supporting 
this assignment.12 


We have previously provided evidence that [3 + 21 cy- 
cloaddition reaction of (q'ally1)Fp complexes with elec- 
trophiles takes place by suprafacial addition of the elec- 


~ ~~~~~ 


(10) Lennon, P.; Roeenblum, M. J. Am. Chem. SOC., in press. 
(11) Following the procefure employed for selective deuteration of 


cyclopentenone. Chao, T. H.; Laane, J. J. Mol. Spectrosc. 1973,48,266. 
(12) Cicero, G. L.; Weisbuck, F.; Dan4 C. J. Org. Chem. 1981,46,914. 


cis-4Hydrindanones: Jh7. = 9 Hz, a(C0) 214. trans-4Hydrindanonee: 
Ja.7. 11 Hz, a(C0) 211. 
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Scheme I 


FP /2CH 


I 


FP 


- 7b 


trophile to the C3-allyl f r a m e ~ o r k . ~  The present results 
show that closure of the dipolar intermediate, derived from 
the reaction of 1 and cyclohexenone, also occurs in a su- 
prafacial manner with respect to the enone, affording the 
thermodynamically preferred cis-hydrindanone product. 
The formation of two diastereomers derives from the 
orientation of reacting components, which fixes the ste- 
reochemical outcome at  C-2 in the product, as shown in 
Scheme I. 


It should be possible to promote cycloaddition of (q l -  
ally1)Fp complexes with enones, in the absence of Lewis 
acid catalysts, by further substitution of the acceptor olefin 
with electron-withdrawing groups. We had previously 
reported that electron-deficient olefins such as dimethyl 
methylenemalonate and benzylidenemalononitrile readily 
react with (q'-allyl)Fp to give the cycloadducts 8a and 9.4 
Even the more sterically demanding (q1-2-butenyl)Fp, as 
a mixture of cis and trans isomers, reacts with the me- 
thylenemalonate to give 8b (64%), although 1 fails to react 
with the fl,fl-disubstituted cyanoacrylic ester 10. 


C O O M e  


R 9 C O O . e  F p e :  mcN C O O M e  


Ph  
FP 9 10 
8a, R = H 
b, R = Me 


The 2-carbethoxycycloakenones 1 la-c, readily available 
from the saturated ketoesters by the method of Reich,13 
were found to serve as useful models in these cycloaddition 
reactions. The 5- and 6-membered keto esters gave mod- 
erate yields of cycloadducts 12a,b on reaction with 1 for 
24 h in refluxing methylene chloride, but 2-carbethoxy- 
cycloheptenone 1 IC gave only a low yield of cycloadduct 
12c under these conditions, and 60% of 1 was recovered 
unchanged. A proton NMR spectrum of 12b, even in the 
presence of E ~ ( f o d ) ~ ,  failed to give evidence for the pres- 
ence of more than one isomer, but a 13C spectrum of this 


(13) Reich, H. J.; Renga, J. M.; Reich, I. L. J .  Am. Chem. SOC. 1975, 
97, 5434. 
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substance clearly shows that it is a mixture of two dia- 
stereomers. These show 13C carbonyl resonance a t  S 208 
and are assigned trans-hydrindanone structures. By 
contrast, the proton and 13C spectra of 12a show that it 
is a single cis diasteromer. 
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tenyl)Fp, and (7l-2-methoxyallyl)Fp. As noted earlier the 
first two give cycloadducts 8a,b, but the latter affords only 
the acylic keto ester 17. This substance is most plausibly 
derived from the zwitterion intermediate by proton 
transfer and subsequently hydrolysis of the highly sensitive 
enol ether during workup of the reaction. Very similar 
observations have recently been reported by Abram, Baker, 
and Exon.16 


COOEt /& FP COOEt - 
OMe COOEt 


COOEt 


Fp-k + - 
COOEt 


FP +COOEt Fp+COOE+ 


OMe 0 


17 


A clear demonstration of the reversibility of the cyclo- 
addition reaction or more particularly of the ability of the 
Fp  group to promote carbon-carbon bond cleavage is 
provided by the reaction of 7 with hydrogen chloride in 
methylene chloride, which gave the ring opened complex 
18 rather than the anticipated demetalated product." 
Demetalation can however be accomplished without ring 
opening by oxidative degradation. Treatment of 12b with 
ceric ammonium nitrate in methanol solution gave the 
keto-diesters 19a,b in 62% yield. 


n +o H n 


11 F. 


12 
a, n = 2; b, n = 3; c ,n  = 4 


These reactions are very sensitive to steric effects. Thus 
1 failed to give any cycloadduct with the keto ester 13 
under conditions which led to product with 1 la-c. Both 
reactants were recovered in high yield from this reaction. 
When the reaction was carried out a t  higher temperatures 
in refluxing l,2-dichloroethane for 19 h, considerable de- 
composition of l occurred, the keto ester was recovered 
in moderate yield and no adduct could be isolated. Sim- 
ilarly, starting material was recovered unchanged from the 
attempted reaction of 1 la with the 3-substituted (7'-al- 
1yl)Fp complexes 14 and 15. 
&OOEt 0 FP> 


OMe 


13 OMe 


15 14 


Although these results illustrate the sensitivity of the 
reaction to steric retardation at  the initial site of carbon- 
carbon bond formation, the moderate yields of cyclized 
product 12a,b suggest that closure of the intermediate 
zwitterion intermediate (Scheme I) may not be as sensitive 
to these effects. Furthermore, the formation of cyclo- 
adduct 16 from the reaction of (~~-2-methallyl)Fp and l la 


16 


in moderate yield under standard reaction conditions 
suggests that alkyl substituents may also be tolerated in 
the donor complex at  C-2. However ($-2-methoxyallyl)- 
Fp,14 which would be expected to be a considerably better 
nucleophile than either (+allyl)Fp or (v1-2-methallyl)Fp, 
failed to give any cycloadduct with cyclohexenone either 
by itself or in the presence of aluminum bromide or with 
12b. It seems likely that, for these reactions, closure of 
the zwitterion intermediate may be impeded by the 
methoxy group, which would be expected to direct cycli- 
zation to a thermodynamically disfavored cyclobutane ring, 
while a t  the same time stabilizing the cationic center in 
the zwitterion.16 


The effect of the methoxy group in retarding the ring 
closure step is evident from a comparison of the reaction 
of diethyl methylenemalonate with (+allyl)Fp, (7'-2-bu- 


7 18 


bFp cp & 
COOMe t 


MeOH 


H H 


12b 19a 


- -C  OOMe 


H 


19b 


In order to complete this survey of cycloaddition reac- 
tions, the reaction of cyclohexenone with the organoiron 
complexes 2 (R = Me) and with 3 were examined. In the 
presence of catalytic amounts of aluminum bromide, cy- 
clohexenone and 2 (R = Me) yield the anticipated cyclo- 
adduct 21 (20%). Both proton and 13C NMR spectra show 
the product to be a single stereoisomer, and this is assigned 
a cis-hydrindenone structure (6co 215).12 This reaction 
may be depicted as proceeding stepwise by way of the 
cationic allene complex 20.6f' The alternative closure of 
20 at  C-2 of the cationic allene center, to give the isomeric 
cycloadduct 22, is without precedent and can in the present 
circumstance be excluded, since the product faih to exhibit 
high-field 13C resonance characteristic of the FpCHz 
methylene group.1° 


(14) Preiater, W.; Rosenblum, M.; Samuela, S. B. Synth. React. Zmrg. 
Met.-Org. Chem. 1981,11,525. Abram, T. S.; Baker, R. Ibid. 1979,9,471. 


(15) Chang, T. C. T.; Rosenblum, M.; Samuels, S. B. J. Am. Chem. 
SOC. 1980,102,5930. Chang, T. C. T.; Rosenblum, M. J. Org. Chem. 1981, 
46, 4103. 


(16) Abram, T. S.: Baker, R.; Exon, C. M. Tetrahedron Lett. 1979, 
4103. 


man, P. J. Am. Chem. SOC. 1980, 102, 7033. 
(17) Lennon, P. J.; Rosan, A,; Rosenblum, M.; Tancrede, J.; Water- 
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are not unknown.22 The reaction of 1 with ketenes 26a-q 
at  room temperature, gave condensation products 28a-c 
in low yields. These substances are evidently derived by 
proton transfer within the dipolar intermediate 27, which 
competes with ring closure. Such proton transfer has been 
observed in the reactions of (q'-allyl)Fp complexes with 
some isocyanates,4 and as noted earlier, in the reaction of 
(ql-2-methoxyallyl)Fp with methylene malonate and other 
highly electrophilic olefins.16 


R Z  


a 
I I  


20 


J 1 


t i '  


21 
22 


The reaction of the allenyl complex 3 with cyclo- 
hexenone, in the presence of aluminum bromide, takes an 
entirely unanticipated course and gives the cycloadduct 
25. The same product is obtained in considerably better 
yield when ($-l-propynyl)Fp (23) is used instead of 3. 
Consequently it seems likely that 3 is initially isomerized 
by traces of acid to 23,'* and this latter complex is the 
effective reactant in both reactions. The formation of 25 
may be accounted for in terms of the intermediacy of a 
metal stabilized vinylidene carbeneIB 24, and the structure 
of the product is supported by the following spectral data. 
A proton NMR spectrum of the adduct exhibits vinyl 
methyl resonance at 6 1.72 (d, J = 1 Hz), while broad-band 
and off-resonance 13C NMR spectra clearly show the 
presence of two M y  substituted vinyl carbons, two tertiary 
carbon centers, three methylene groups, and a single 
methyl carbon center. The IR spectrum of 25 shows 
carbonyl absorption at  unusually low frequency (1673 
cm-1),20 but its UV is very similar to that of 7 from 230 to 
300 nm and is virtually indistinguishable from that of 21 
in this region. 


n u 


pJ-& / FD -hFP 
I 


24 
25 


Finally, it was of interest to examine the question of [2 
+ 21 vs. [3 + 21 cycloaddition in the reactions of 1 with 
ketenes. There is ample evidence for concertedness in the 
reactions of ketenes and olefins,21 although two-step pro- 
cesses involving dipolar intermediates for these reactions 


(18) Jolly, P. W.; Pettit, R. J. Organomet. Chem. 1968,12,491. The 
structure assigned to the product of metallation of propynyl bromide 
[(q1-3-propynyl)Fp] is incorrect and should be (qWleny1)Fp. Johnson, 
H. D.; Hayle, C. J. Chem. SOC., Chem. Commun. 1969, 192. Rouston, 
J.-L.; Cadiot, P. C. R.  Hebd. Seances. Acad. Sci., Ser. C 1969,268, 734. 


(19) Davison, A.; Solar, J. P. J. Organomet. Chem. 1978, 155, C8. 
Davison, A.; Seleque, J. P. J. Am. Chem. Soc. 1978,100,7763. Boland- 
Lussier, B. E.; Churchill, H. R.; Hughes, R. P.; Rheigold, A. L Organo- 
metallics 1982, 1, 628. 


(20) NJV-Diethylamino-7-bicyclo[4.2.0]octen.2-one ita 3-methyl de- 
rivative have also been reported t6 exhibit IR absorption at 1690 and 1670 
cm-'. Ficini, J.; Touzin, A. M. Tetrahedron Lett. 1972, 2093. 


(21) Woodward, R. B.; Hoffmann, R. "The Conservation of Orbital 
Symmetry"; Academic Press: New York, 1900; p 163. Hiuagen, R.; Map, 
H. Tetrahedron Lett. 1975, 2969. DoMinh, T.; Strausz, 0. P. J. Am. 
Chem. SOC. 1970,92, 1766. 


26 
I I  
0 


L 


27 


28 
a, R, - Me, R, = Ph; b, R, = Et, R, = Ph; c, R, = R, = Ph 


In summary, (q'-ally1)Fp complexes function as mod- 
erately reactive 1,3-dipoles in [3 + 21 cycloaddition reac- 
tions with Lewis acid activated cyclohexenone or with 
2-carbethoxycycloalkenones. The related propargyl com- 
plex 2 behaves similarly with cyclohexenone, although its 
chemistry has been less extensively examined, while com- 
plex 23 engages in [2 + 21 cycloaddition with cyclo- 
hexenone. The cycloaddition reactions of (+allyl)Fp 
complexes are sensitive to steric retardation, particularly 
at the primary site of C-C bond formation, but the second 
step, involving ring closure, is less so. Finally alkyl sub- 
stitution at  C-2 of the allyl ligand appears to be tolerated, 
but groups with strong resonance donor properties, such 
as methoxy, which promote initial condensation, tend to 
retard ring closure. Some further applications of this 
chemistry especially in related intramolecular processes 
may provide a unique entry to the i s ~ c o m e n e ~ ~  type 
terpenes and to analogous fused tricyclic systems. 


Experimental Section 
Solvents were routinely dried by standard procedures and 


stored under nitrogen. 
All organometallic reactions and subsequent manipulations 


including reagent additions, filtrations, extractions, recrystalli- 
zations, and chromatographic purification as well as the prepa- 
ration of NMR samples and solution IR samples were conducted 
under a nitrogen atmosphere. 


Infrared spectra were recorded on Perkin-Elmer spectropho- 
tometers, Models 137 and 457. 'H nuclear magnetic resonance 
spectra were recorded on the following spectrometers: Varian 
A-60 (NIH GM-13183), Perkin-Elmer R-32 (NSF GU 3852), 
Bruker WH-90 (NSF GU 3852, GP 37156). 13C nuclear magnetic 
resonance spectra were determined at 22.62 MHz on the latter 
instrument. Both 'H and 13C chemical shifts are reported relative 
to internal tetramethyleilane (Me&) a t  6 0. 


Melting points were determined under a nitrogen atmosphere 
on a Kofler hot stage and are uncorrected. 


Elemental analysea were determined by Galbraith Laboratories, 
Inc., Knoxville, Tenn. 


Reaction of (q'-allyl)Fp with Cyclohexenone. Preparation 
of 74b. Freshly sublimed aluminum tribromide (0.20 g, 0.8 "01) 
was dissolved in 40 mL of methylene chloride and cooled to -78 
"C. Cyclohexenone (0.67 g, 12 mmol) was added. The reaction 


(22) Brady, W. T.; Saidi, K. J. Org. Chem. 1979,44, 733. Brady, W. 


(23) Pirrung, M. C. J. Am. Chem. SOC. 1981, 103, 82. 
T.; Dorsey, E. D. J. Chem. Soc., Chem. Commun. 1968, 1638. 
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turned cloudy, and after 10 min (#-allyl)Fp (0.87 g, 4.0 mmol) 
was added by syringe. The reaction was stirred for another 10 
min at -78 "C. The dry iceacetone bath was then replaced with 
an ice bath, and the reaction was stirred for an additional hour 
and was then quenched with 10 mL of ice cold water. Methylene 
chloride was separated, the mixture was dried over MgSO,, and 
solvent was removed under reduced pressure. The residue was 
taken up in a minimum of ether and chromatographed on 50 g 
of neutral activity I11 alumina. The product eluted with 4MO% 
ether-petroleum ether and was isolated as an orange oil (0.57 g, 
45%): IR (CHZClz) 1995,1935,1700 cm-'; NMR (CDC13) 6 4.78 
(s,5, Cp), 1.3-3.0 (m, 13, CHzCH). The addition of E ~ ( f o d ) ~  (0.5 
equiv) revealed two cyclopentadienyl proton resonances, one at 
6 5.15 and the other at 6 5.10, of equal intensity '% NMR (CDCld 
6 217.23 (MCO) 214.37,214.11 (CO) 85.29 (Cp) 53.46,47.36,46.38, 
43.00, 42.87, 42.61, 41.77, 39.63, 39.24, 29.17, 27.41, 23.52, 23.00, 
20.53, 17.86. 
Anal. Calcd for CI&l&O3: C, 61.17; H, 5.77. Found C, 61.24; 


H, 5.86. 
4,4-Dideuteriocyclohexen-3-one. This was prepared following 


the procedure of Chao and Laanel' employed for the deuteration 
of cyclopentenone. Cyclohexenone (3.0 g, 31 mmol) and DsO 
(99.8% D, 10 g, 500 mmol) was stirred at  55 "C for 24 h. The 
product was extracted with methylene chloride and dried over 
MgS04. Solvent was removed in vacuo, and the product was 
distilled at  54-55 "C (8 mm) to give 1.93 g (64%) of recovered 
deuterated material. Proton NMR analysis in the presence of 
E ~ ( f o d ) ~  showed the material to be 90% deuterated at  C-4 and 
50% deuterated at C-2. 
Fp(~j'-1,1,3,3-tetradeuterioallyl). Hexadeuterioacetone 


(99.5% D) was reduced with NaBHl in diglyme, and the alcohol 
was converted to the tosylate by treatment with tosyl chloride 
in pyridine (0 OC, 4.5 h). The tosylate (13.0 g, 57.5 "01) in THF 
solution was metalated with NaFpZ4 (-78 "C, 15 min; 25 "C, 0.5 
h) to give (hexadeuterioisopropy1)Fp (11.5 g, 88%): NMR (CSz) 
6 4.63 (s, Cp), 2.58 (b s, 1, CH). This material (49 "01) was taken 
up in methylene chloride (150 mL), cooled to 0 "C, and treated 
with trityl tetrafluoroborate. After 1 h, ether was added and the 
yellow precipitate was collected. Reprecipitation of the product 
from acetone-ether gave 13.4 g (88%) of Fp(v2-1,1,3,3,3-penta- 
deuteriopropene)BF4 as yellow crystals: IR (acetone) 2082,2042 
cm-'; NMR (CD3N02) 6 5.68 (s,5), 5.19 (b s, 1, CH=). A portion 
of this material (4.0 g, 12.8 mmol) was suspended in methylene 
chloride and cooled to 0 "C. Triethylamine (1.3 g, 12.9 mmol) 
was added, and the solution was stirred at 0 "C for 0.5 h and then 
at 25 "C for 0.5 h. Solvent was removed in vacuo, and the residue 
was taken up in ether-petroleum ether and filtered through a bed 
of a celite-alumina (activity 111) mixture. Removal of solvent left 
2.4 g (83%) of product: IR (CHzClz) 2000, 1947 (cm-'; NMR 


Diethyl Methylenemalonate.2s A solution of phenylselenium 
bromide was prepared by dissolving diphenyl diselenide (4.8 g, 
15 "01) in 30 mL of THF under Nz and adding 2.4 g (15 mmol) 
of bromine with vigorous stirring. 


A suspension of sodium hydride (1.44 g 50% oil dispersion, 30 
mmol) was prepared by washing it three times with skelly B and 
then charging the flask with 125 mL of THF. The suspension 
was then cooled in an ice bath. Methyl malonic acid diethyl ester 
(5.1 g, 29 mmol) was added dropwise to the sodium hydride 
suspension. When hydrogen evolution had ceased, the phenyl- 
selenium bromide solution was added as rapidly as possible by 
syringe. This mixture was added to 125 mL of ether and 125 mL 
of saturated NaHC03 solution. The aqueous layer was removed. 
The organic layer was washed twice with 100 mL of 10% NaHS03 
solution and three times with 100 mL of water. The organic layer 
was dried (MgS04) and the solvent removed under reduced 
pressure. The product was a yellow oil: NMR (CDC13) d 7.5 (m, 


(CDClJ 6 4.71 (8, 5), 6.07 (b S, 1). 
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5, Ph), 4.13 (q, 4, J = 7 Hz, OCHZ), 1.68 (e, 3, CH3), 1.22 (t, 6, 
J = 7 Hz, CH3). 


The oil was dissolved in 20 mL of methylene chloride and cooled 
to -78 "C. Ozone was bubbled into the solution until it turned 
blue (ca. 1 h). The reaction mixture was degassed with Nz to 
remove excess ozone and then allowed to warm to room tem- 
perature. Phenylseleninic acid precipitated and was filtered off. 
Solvent was removed under reduced pressure, and the product 
was distilled first under vacuum (bp 5 5 4 0  "C (0.3 mm)) and then 
at atmospheric pressure (bp 200-205 "C) to yield 3.5 g (77%) of 
product: IR (CHzCl& 1728 cm-'; NMR (CClJ 6 6.35 (s, 2, =CH2), 


4-Fp-l,l-dicarbethoxy-3-methylcyclopentanone (8b). 
(7'-2-buteny1)Fp (cis, trans mixture, 0.5 g, 2.2 mmol) and diethyl 
methylenemalonate (0.37 g, 2.2 mmol) were dissolved in 10 mL 
of ether. The solution was stirred overnight, worked up, and 
purified by chromatography oh activity I11 alumina (pentane 
eluant). The product, a yellow oil, was isolated in 64% yield: 
IR(CHzCl2) 2000,1950,1720 cm-'; NMR (CDC13) 6 4.80 and 4.76 
(2s, 5, Cp) 4.20 (9, 4 , J  = 7 Hz, OCHz), 1.5-2.8 (m, 6, CH,,CH), 


Anal. Calcd for Cl&IaO$e: C, M45; H, 5.99. Found C, 56.48; 
H, 6.16. 


Reaction of (Tj'-allyl)Fp wi th  2-Carbethoxycyclo- 
pentenone. Preparation of 12a. .(&allyl)Fp (1.0 g, 46 mmol) 
and 2-carbethoxycyclopentenone (0.71 g, 46 "01) were dissolved 
in 20 mL of methylene chloride, and the solution was refluxed 
for 24 h. Solvent was removed under reduced pressure, and the 
residue was taken up in a minimum of ether and was chroma- 
tographed on 75 g of activity I11 neutral. Elution with Skelly-B 
gave 1 (40% recovered) and a small amount of Fpz. The product 
was eluted with 30-40% ether-petroleum ether, 0.85 g (50%). 
This was recrystallized for analysis from ether-petroleum ether, 
to give yellow crystals: mp 96-98 "C; IR (CHClJ 2000,1950,1740, 
1715 cm-'; NMR (CDC13) 6 4.75 (a, 5, Cp), 4.13 (9, 2, J = 7 Hz, 
OCH2), 1.40-3.10 (m, 10, CHz, CH), 1.12 (t, 3, J = 7 Hz, CH,); 
13C NMR (CDCl,) 6 216.65, 216.78, 216.91 (3s, MCO, CO), 171.76 
(e, COOR), 85.36 (d, Cp), 67.36 (s, C-3a), 61.13 (t, OCHz), 48.79, 
48.66 (2t, (2-1, C-3), 47.49 (d, C-6a), 39.82 (t, C-5), 26.63 (t, C-6), 
18.64 (d, C-2), 14.10 (q, Me). 


Anal. Calcd for CIJ-I~eOs:  C, 58.09, €I, 5.42. Found: C, 58.04, 
H, 5.50. 


Reaction of (q'-allyl)Fp with 2-~arbethoxycyclohexenone. 
Preparation of 12b. (V'-Allyl)Fp (1.0 g, 46 mmol) and 2-carb- 
ethotycyclohexenone (0.78 g, 46 mmol) were dissolved in 20 mL 
of methylene chloride. The solution was heated to reflux, was 
stirred overnight, and was worked up as in the previous procedure. 
Chromatographic purification gave 28% of recovered 1, a small 
amount of Fpz, and 1.10 g (63%) of product 12b as yellow crystals: 
mp 87-89 "C; IR (CHC13) 2000, 1950, 1720, 1700 cm-'; NMR 
(CDC13) 6 4.76 (9, 5, Cp), 4.16 (q, 2, J = 7 Hz, OCHZ), 1.50-3.00 
(m, 12, CHz, CH), 1.20 (t, 3, J = 7 Hz, CH,); 13C NMR (CDC13) 
6 216,97 (MCO), 208.85, 208.46 (CO); 173.25,172.21 (COOR), 85.36 
(d, Cp), 66.85,66.13 (29, C-3a), 61.13 (t, OCHz), 48.72 (d, C-7a), 


4.23 (q, 4, J = 7 Hz, OCHZ), 1.30 (t, 6, J = 7 Hz, CH3). 


1.23 (t, 6, J = 7 Hz, CH3), 1.05 (d, 3, J = 6 Hz, CH3). 


47.62, 46.97, 46.45, 44.37, (C-1, C-3), 40.28, 39.28 (2t, C-5) 27.09, 
26.83 (2t, C-7), 22.22 (t, C-6), 18.71,18.25 (2d, C-2), 14.10 (4, CH3). 


Anal. Calcd for C1&2eO5: C, 59.08; H, 5.74. Found C, 58.94; 
H, 5.65. 


Reaction of (q'-al1yl)Fp with 2-Carbethoxycyclo- 
heptenone. Preparation of 12c. (q'-allyl)Fp (1.0 g, 46 mmol) 
and 2-carbethoxycycloheptenone (0.84 g, 46 "01) were dissolved 
in 20 mL of methylene chloride. The solution was heated to reflux, 
stirred overnight, and worked up as in the previous procedure. 
Chromatography on alumina gave 60% of recovered (T1-allyl)Fp, 
30% of Fp, and 0.16 g (9%) of cycloadduct 12c as yellow crystals: 
mp 117-120 "C; IR (KBr) 1995, 1935, 1725, 1700 cm-'; NMR 
(CDC13) 6 4.67 (a, 5, Cp), 4.12 (4, 2, J = 7 Hz, OCHz), 1.00-3.00 
(m, 14, CHz, CH), 1.20 (t, 3, J = 7 Hz, CH,). 


Anal. Calcd for CJtu0$e: C, 60.02; H, 6.04. Found: C, 59.91; 
H, 6.07. 


(r)'-2-methoxyallyl)Fp. A solution of Fp(s2-2-methoxy- 
propene)BF414 (1.0 g, 3 mmol) in 10 mL of methylene chloride 
was cooled to -78 "C. Triethylamine (0.3 g, 3 mmol) was added 
by syringe, and after 10 min, 50 mL of ether was added to pre- 
cipitate the ammonium salt. The mixture was transferred cold 
through a 2-mm cannula into a Schlenk tube, for filtration, under 


(24) Fischer, E. 0.; Fichtel, K. Chem. Ber. 1961,94, 1200; 1962,95, 
2063. Eisch, J. J.; King, R. B. "Organometallic Syntheses"; Academic 
Press: New York, 1965; Vol. 1, p 114. 


(25) This compound has previously been prepared by pyrolysis of 
2-ethoxyethyl malonate. The present procedure gives a product which 
is much more stable to polymerization, on standing, than that prepared 
by the earlier procedure. Feely, W.; Boekelheide, V. "Organic Syntheses"; 
Wiley: New York, 1963; Coll. Vol. IV, p 298. 
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nitrogen. Removal of solvent from the filtrate left the product 
as an orange oil: 0.71 g (95%); IR (CHzCIJ 2030,1955 cm-'; NMR 


1, CH=), 3.52 (8,  3, OCH3), 2.0 (8, 2, FpCHz). 
Reaction of (q'-methallyl)Fp with 2-Carbethoxycyclo- 


pentenone. Preparation of 16. (7-methally1)Fp (1.10 g, 47 
mmol) and 2-carbethoxycyclopentenone (0.68 g, 43 mmol) were 
dinsolved in 20 mL of methylene chloride. The solution was heated 
to reflux, stirred overnight, and worked up as in the previous 
procedure to give 0.75 g (45%) of yellow crystals: mp 84-87 OC; 
IR (KBr) 1995, 1935, 1745, 1720 cm-'; NMR (CDC13) 6 4.76 (8,  
5, Cp), 4.15 (q, 2, J = 7 Hz, OCHz), 1.50-3.50 (m, 9, CHz, CH), 


Anal. Calcd for C1&IPFeOb: C, 59.08; H, 5.74. Found C, 59.44; 
H, 5.96. 


Reaction of (q1-2-methoxyallyl)Fp with Diethyl Methy- 
lenemalonate. Preparation of 17. (2-methoxyally1)Fp (0.315 
g, 1.3 mmol) and diethyl methylenemalonate (0.218 g, 1.3 mmol) 
were dissolved in 5 mL of ether. After the solution was stirred 
for 4 h, the solvent was removed under reduced pressure. The 
residue was taken up in a minimum of ether and was chroma- 
tographed on 50 g of activity I11 alumina. Five bands were ob- 
served. The first, which eluted with 100% petroleum ether 
contained (+methallyl)Fp and ferrocene. The second, which 
eluted with 10% ether-petroleum ether was ($-cycle- 
pentadieny1)Fp. The third, which eluted with 30-40% ether- 
petroleum ether, was Fpz and organic ester. The fourth, which 
eluted with 50% etheppetroleum ether, was FpCHzCOOMe. The 
fifth, which eluted with 70-100% ether-petroleum ethers, was the 
product contaminated with some FpCH2COCH3. 


Careful rechromatography of the f i i  fraction gave the desired 
product eluting with 7040% ether-petroleum ether: yield 0.081 
g (16%); IR (CH2C12) 2010,1940,1700,1645 cm-'; NMR (CDC13) 


CH), 2.0-2.6 (m, 4, CH2CH2), 1.76 (8, 2, FpCH2), 1.28 (t, 6, J = 


Anal. Calcd for C1&IPFe07: C, 53.22; H, 5.46. Found C, 52.61; 
H, 5.57. 


Oxidation of 3a-Carbethosy-2-Fp-hydrindan-4-onee 
Preparation of 19. The keto ester 17b (0.885 g, 2.29 mmol) was 
dissolved in 50 mL of methanol, and 5.0 g (9.2 mmol) of Ce(N- 
H&(NO3)6, dissolved in 50 mL of methanol, was added to this. 
The solution was stirred a t  room temperature for 0.5 h, solvent 
was then removed ifi vacuo, and the residue was taken up in 
ether-water. The combined ether extracts were dried over MgS04, 
solvent was removed in vacuo, and the residue was chromato- 
graphed on silica gel. The product 19 (0.38 g, 62%) was eluted 
with ether as an oil: IR (CHZClz) 1730,1715 cm-'; NMR (CDC13) 
6 4.17 (4, 2, J = 7 Hz, OCHz), 3.68, 3.67 (28, 3, OCH3), 1.5-3.3 
(m, 12, CH, CHz), 1.23 (t, 3, J = 7 Hz, CH,); 13C NMR (CDC13) 
6 206.8, 175.8, 175.1, 171.9, 171.2, 66.2,65.6,61.5, 51.8,46.6,46.1, 
41.3, 40.3, 40.1, 39.6, 35.2, 34.9, 33.5, 31.7, 26.0, 24.7, 23.1, 22.8, 
14.1. 


Anal. Calcd for Cl4HB0G C, 62.68; H, 7.46. Found: C, 61.95; 
H, 7.39. 


Reaction of (q'-%-butynyl)Fp with Cyclohexenone. 
Preparation of 21. Freshly sublimed aluminum bromide (0.046 
g, 0.17 mmol) was dissolved in methylene chloride and cooled to 
-78 OC. Cyclohexenone (0.167 g, 1.74 mmol) was added to this. 
After 15 min, 1-Fp-2-butyne (0.40 g, 1.74 mmol) was added, and 
the reaction was allowed to warm to 0 OC over a period of 2.5 h. 
The reaction was quenched with water, the organic layer was 
separated and dried over MgSO,, and solvent was removed in 
vacuo. The crude product, after being pumped on overnight (1 
mm), was taken up in a small volume of methylene chloride and 
chromatographed on silica gel. The product was eluted with 60% 
either-petroleum ether and was isolated as a yellow oil (0.115 g, 
20%): IR (CHZClz) 2005,1950,1690 cm-'; NMR (CDClJ 6 4.80 
(s, 5, Cp), 2.87 (m, 2, CH2), 2.65 (m, 2, CHz), 2.31 (m, 2, CH2), 
1.77 (d + m, 7, J = 2 Hz, CH, CHz, CH,); 13C NMR (CDCI,) 6 
215.74, 215.61, 215.02 (38, MCO, CO), 144.60, 132.52 (29, >c=), 


(CDC13) 6 4.72 (8,  5, Cp), 3.84 (d, 1, J = 2 Hz, CH=), 3.70 (b, 8, 


1.25 (8, 3, CH3), 1.22 (t, 3, J = 7 Hz, CH3). 


6 4.88 ( ~ , 5 ,  Cp), 4.25 (q,4, J = 7 Hz, OCHZ), 3.46 (t, 1, J 


7 Hz, CH3). 


7 Hz, 


Bucheister, Klemarczyk, and Rosenblum 


85.66 (d, Cp) 52.68, 51.84 (2d, CH), 51.32 (t, CHZ), 40.02 (t, 
CHtCO), 27.61, 22.35, (2t, CHZ), 17.21 (q, CH3). 
Anal. Calcd for Cl7H1&i'e03: C, 61.60; H, 5.52. Found C, 62.26; 


H, 5.67. 
Reaction of (q'-alleny1)Fp and Cyclohexenone. Prepa- 


ration of 26. Freshly sublimed aluminum bromide (0.076 g, 0.28 
mmol) was dissolved in 6 mL of methylene chloride and cooled 
to -78 "C. Cyclohexanone (0.27 g, 2.8 "01) was added, and after 
15 min (+allenyl)Fp (0.60 g, 2.8 mmol) was added to this. The 
reaction was allowed to warm to 0 OC over a 2-h period, was then 
quenched with water, and was worked up as before. A portion 
of the residue (20%, 0.172 g) was chromatographed by TLC 
(1000-rm silica gel) by using 60% ether-petroleum ether. The 
third band yielded 0.04 g (24%) of product as an amber oil: IR 
(CHZClz) 2010, 1955, 1673 cm-'; NMR (CDC13) 6 4.92 (8, 5, Cp), 
3.42 (m, 1, CH), 3.17 (m, 1, CH), 1.3-3.6 (d + m, 9, J = 1.5 Hz, 


165.72 (8 ,  >C=) 140.12 (s, >C=), 84.84 (d, Cp), 63.92 (d, CH), 


(9, CH3). 
Reaction of (q'-propyny1)Fp and Cyclohexene. The re- 


action of (propyny1)Fp (0.4 g, 1.85 mmol) with cyclohexene (0.18 
g, 1.9 mmol) in the presence of 10 molar % of freshly sublimed 
ABr3 was carried out as with (q'-allenyl)Fp and gave 0.31 g (54%) 
of product identical with that obtained in the above experiment. 


Anal. Calcd for C&$eO3: C, 61.57; H, 5.13. Found C, 61.84; 
H, 5.36. 


Reaction of (ql-allyl)Fp with Diphenylketene. Prepara- 
tion of 28c. (q'-ally1)Fp (0.5 g, 2.5 mmol) and diphenylketene 
(0.6 g, 3.0 mmol) were dissolved in 20 mL of methylene chloride 
and the mixture stirred overnight at room temperature. Solvent 
was removed, and the residue was taken up in ether and chro- 
matographed on 50 g of neutral, activity I1 alumina. The product 
was eluted with 30% ether-petroleum ether and was obtained 
as an orange oil (0.25 g, 30%): IR (neat) 2010,1960, 1650 cm-'; 


CH2, CH3); 13C NMR (CDC13) 6 214.57, 213.85 (2 8, MCO, CO), 


46.25 (d, CH), 40.08 (t, CHZCO, 24.88 (t, CHJ, 17.60 (t, CHJ, 14.55 


NMR (CSZ) 6 7.15 (5, 11, H, CH), 5.80 (d, 1, J = 15 Hz, CH=), 
5.10 (8, 1, CH-), 4.45 (8, 5, Cp), 1.92 (d, 2, J = 10 Hz, CH2). 


Reaction of (#-allyl)Fp with Ethylphenylketene. Prep- 
aration of 28b. (q'-allyl)Fp (0.5 g, 2.5 mmol) and 0.44 g of 
ethylphenylketene (3.0 mmol) were dissolved in 20 mL of 
methylene chloride and stirred overnight at room temperature. 
Workup as above gave the product, an orange oil, in 10% yield 
IR (neat) 2010, 1960, 1640 cm-'; NMr (CSJ 6 7.17 (s, 5, Ph), 5.62 
(d, 1, J = 15 Hz, CH=), 4.40 (8 ,  6, Cp, CH=), 3.50 (t, 1, J = 7 
Hz, CH), 1.90 (d, 2, J = 9 Hz, FpCH2), 0.5-1.3 (m, 5, CHzCH3). 


Reaction of (q'-allyl)Fp with Methylphenylketene. 
Preparation of 28a. Reaction of these components and workup 
as above gave the product as an orange oil in 11% yield: IR 
(CH2C12) 2010, 1960, 1640 cm-'; NMR (CSz) 6 7.17 (5, 5, Ph), 5.63 
(d, 1, J = 15 Hz, CH=), 4.60 (s, 1, CH=), 4.42 (s, 5, Cp), 3.75 
(9, 1, J = 7 Hz, CH), 1.97 (d, 2, J = 10 Hz, FpCHZ), 1.30 (d, 3, 
J = 7 Hz, CH3). 
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The reaction of cryptand (kryptofix-222) solubilized KOH with the group 6B metal hexacarbonyls in 
aprotic solvents to afford the M(C0)6H- anions is described. Subsequent facile insertion reactions of these 
hydridic metal complexes with COz, COS, and CSz have provided routes to the corresponding metalloformate, 
-thioformate, and -dithioformate derivatives. Alternatively, the M(C0)50zCH- derivatives were synthesized 
from the M(C0)5Y- (Y = C1, I) anions and T1OZCH. These salts were all fully characterized by 13C and 
'H NMR and infrared spectroscopy. The bonding mode in the thioformate species was shown to be through 
the sulfur atom as revealed by X-ray crystallography on the chromism analogue. Crystals of [PPNI- 
[Cr(CO),SC(O)H] were found to belong to the triclinic space group P1 with a = 12.671.(5) A, b = 12.880 
(5 )  A, c = 15.356 (6) A, a = 108.01 (3)O, p = 119.61 (3)O, y = 97.48 (3)O, 2 = 2. R = 4.0% for 5811 reflections 
with I > 340.  Decarboxylation of the M(C0)60zCH- derivatives to provide M(C0)d-I- and COz was observed, 
with the Cr(CO)SOzCH- species undergoing C02 extrusion much more readily than its tungsten counterpart. 
This decarboxylation process was shown to proceed via CO dissociation; Le., it was inhibited in the presence 
of carbon monoxide. Unlike their formato analogues, the thioformate derivatives displayed no tendency 
to extrude COS or CSz with concomitant HM(CO),- formation. 13C-labeling experiments demonstrated 
that the intermediate afforded from OH- addition to M(CO)s, M(CO)&OOH-, and its structural isomer, 
M(C0)60zCH-, do not interconvert by an intramolecular process. A discussion of the roles of M(CO),COOH- 
and M(C0)50zCH- intermediates in the foremost mechanistic step in the catalysis of the water gas shift 
reaction by group 6B metal hexacarbonyls in alkaline media is included. 


Introduction 
Reactions of the group 6B metal hexacarbonyls with 


potassium hydroxide were studied initially by Hieber and 
co-workers in the late fifties.' These studies were carried 
out in protic solvents a t  elevated temperatures (>65 "C). 
In general the base reactions of the M(CO), (M = Cr, Mo, 
W) complexes in KOH-methanol gave binuclear anions 
whose structures are .still somewhat unclear but were 
suggested to contain hydroxo or methoxo bridges as well 
as OH- and CH30H ligands in addition to C0.2 The 
structures of the potassium salts of one of the products 
of alkaline hydrolysis of M(COIs (M = Mo, W), tris(p- 
hydroxo)hexacarbonyldimetalate(O) trianion, have been 
rep~rted.l*~ On the other hand ita protonated counterpart 
is believed to be the tetramer [M(OH)(CO)3]4(H30)4, which 
is formulated as a (pa-hydroxo)metal compounda4 For the 
reaction of Cr(CO)s with hydroxide ion the intermediacy 
of the HCr(CO)5- anion was suspected.6 Since all of the 
investigations lacked definitive spectroscopic identification, 
we have elected to reexamine the reaction processes in both 
protic and aprotic solvents. It was anticipated that these 
base reactions could be studied in the absence of many of 
the secondary complicating features noted in earlier efforts 
by utilizing aprotic conditions. Modifications of the re- 
action process to take adequately into account the effects 
of protic solvents were subsequently incorporated into the 
scheme. Our studies were aided by the recent spectral data 
reported by our colleaguess for the analytically pure metal 
pentacarbonyl hydride anions obtained by protonation of 
M(CO)52-. 


The impetus for the intense interest in these investi- 
gations stems from efforts designed to understand more 
fully the individual steps in the homogeneous catalysis of 
the watel-gas shift reaction (WGSR), eq 1, in the presence 


'Dedicated to the memory of Professor Rowland Pettit. 
* To whom correspondence should be addressed Department of 


Chemistry, Texas A&M University, College Station, TX 77843. 
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catalyst . 
HzO + CO Hz + COZ 


of group 6B metal hexacarbonyls in alkaline 
Indeed, the reaction of hydroxide ion with mononuclear 
and cluster metal carbonyl catalysts is in general a pivotal 
step in the eventual production of hydrogen via eq 1.l0 


An additional aim of this present contribution is to el- 
aborate mechanistically on the reaction between one of the 
products of the WGSR, COz, and the anionic metal hydride 
intermediates present during the catalytic cycle (eq 2);" 


(1) (a) Hieber, W.; Abeck, W.; Platzer, H. K. 2. Anorg. Allg. Chem. 
1965,280,241. (b) Hieber, W.; Rieger, K. Ibid. 1959,300,288. (c) Hieber, 
W.; Englert, K.; Rieger, K. Ibid. 1969,300, 295. (d) Hieber, W.; Englert, 
K. Ibid. 1959,300, 304. 


(2) See, e.g., the review by F. Calderazzo in: Wender, I.; Pino, P. 
"Metal Carbonyls in Organic Synthesis"; Interscience, New York, 1968. 


(3) Albana, V. G.; Ciani, G.; Manassero, M. J. Organomet. Chem. 1970, 
25, C56. 


(4) Albano, V.; Bellon, P.; Ciani, G.; Manassero, M. Chem. Commun. 
1969,1242. 


(5) Hieber, W.; Beck, W.; Braun, G. Angew. Chem. 1960,72,795 and 
references cited therein. 


(6) (a) Darensbourg, M. Y.; Deaton, J. C. Znorg. Chem. 1981,20,1644. 
(b) Darensbourg, M. Y.; Slater, S. J. Am. Chem. SOC. 1981, 103, 5914. 


(7) Darensbourg, D. J.; Darensbourg, M. Y.; Burch, R. R., Jr.; Froelich, 
J. A.; Incorvia, M. J. Adu. Chem. Ser. 1979, No. 173, 106. 


(8) Darensbourg, D. J.; Baldwin, B. J.; Froelich, J. A. J. Am. Chem. 
SOC. 1980,102,4688. 


(9) Darensbourg, D. J.; Rokicki, A. ACS Symp. Ser. 1981, No. 152,107. 
(10) (a) Laine. R. M.: Rinker. R. G.: Ford. P. C. J. Am. Chem. SOC. 


1977,99,252. (b) Cheng, C. H.;'Hendriksen,'D. E.; Eisenberg, R. Ibid. 
1977,99,2791. (c) Kang, H.; Mauldin, C. H.; Cole, T.; Slegeir, W.; Cann, 
K.; Pettit, R. Ibid. 1977,99,8323. (d) King, R. B.; Frazier, C. C.; Hanes, 
R. M.; King, A. D. Ibid. 1978, 100, 2925. (e) Frazier, C. C.; Hanes, R.; 
King, A. D.; King, R. B. Adu. Chem. Ser. 1979, No. 173, 94. (0 Pettit, 
R.; Cann, K.; Cole, T.; Mauldin, C. H.; Slegeir, W. Ibid. 1979, No. 173, 
121. (9) Singleton, T. C.; Park, L. J.; Price, J. C.; Forster, D. Prepr. Diu. 
Pet. Chem., Am. Chem. SOC. 1979,24,329. (h) Laine, R. M. J. Am. Chem. 
SOC. 1978,100,6451. (i) Baker, E. C.; Hendriksen, D. E.; Eisenberg, R. 
Ibid. 1980,102,1020. (j) King, A. D.; King, R. B.; Yang, D. B. Ibid. 1980, 
102, 1028. (k) Ungermann, C.; Landis, V.; Moya, S. A.; Cohen, H.; 
Walker, H.; Pearson, R. G.; Rinker, R. G.; Ford, P. C. Ibid. 1979, 101, 
5922. 
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manner, Le., allowing the [M(C0)60CHO]-PPNt or -Et4N+ salt 
to react with excess COS or CS2 In a representative experiment 
[Cr(CO),OCHO][PPN] (0.50 g, 0.65 mmol) was dissolved in 2.5 
mL of CD3CN. The solution was syringed through a septum into 
a 25-mL Schlenk flask fitted with COS and was pressurized with 
COS (-20 kPa). The solution was left stirring a t  room tem- 
perature for - 16 h and decompressed and its 13C NMR spectrum 
recorded. The solution was next filtered under nitrogen through 
Celite and cooled to --20 OC to afford 0.32 g (-0.40 mmol or 
63%) of brown-yellow crystals. 


The molybdenum and tungsten derivatives were prepared in 
a completely analogous manner with the only difference being 
longer reaction times, Mo, -3 days, and W, -1 week. 


13C0 Exchange Reactions in [M(CO),XCHY][PPN] (M 
= Cr, Mo, W; X = Y = 0; X = Y = S; X = S, Y = 0). These 
reactions were carried out in Schlenk storage tubes (10-mL ca- 
pacity) under an atmosphere of 20 kPa of 13C0 (91.6% of 13C) 
in THF solvent. The tubes were fitted with septum caps secured 
by copper wire and were equipped with stirring bars. The re- 
actions were performed a t  room temperature by using 2.2 mL of 
0.01 M solutions of the formate salts. Samples were withdrawn 
at regular time intervals with a hypodermic syringe for infrared 
analysis. 


The same technique was used to prepare samples for 13C NMR 
analyais employing 0.10 M solutions of the formate salts in CD3CN. 


13C02 Exchange Reactions in [M(CO)6OCHO][PPN] (M 
= Cr, Mo, W). These reactions were carried out by using the 
same technique which was used in the 13C0 exchange reactions 
described above. A 2.2-mL sample of a 0.10 M solution of the 
formate salt in CD3CN was allowed to react with 13C02 (91.6% 
of 13C) a t  20 kPa for 1 h a t  room temperature. The 13C NMR 
spectrum of this solution was then recorded. 


Infrared Spectra. The infrared spectra were recorded in 
0.1-mm matched sealed NaCl cells on a Perkin-Elmer 283B 
spectrophotometer equipped with an Infrared Data Station and 
employing the PECDS software package provided by Perkin- 
Elmer. The spectra were calibrated against a water vapor 
spectrum below 2000 cm-' and against a CO spectrum above 2000 
cm-'. 


13C NMR Spectra. The 13C NMR spectra were recorded on 
a JEOL FX60 spectrometer operated a t  15.03 MHz with an in- 
ternal deuterium lock. Samples were run in CD3CN solvent in 
10-mm tubes. Spectra were determined employing a sweep width 
of 4 KHz (16K data block) with an aquisition time of 2 s, a pulse 
repetition rate of 5 s, and a flip angle of 30". 


The methyl carbon of deuterioacetonitrile was used as an in- 
ternal standard. The chemical shift B Q ~ ~  0.36 has been assigned 
to it on the basis of the 13C NMR spectrum of a CD3CN-MeOH 
mixture. This value was used, instead of bm3CN 1.3 reported in 
the literature, since the chemical shifts of other reactants (CO, 
COz, CSz) obtained by using it as a reference were in agreement 
with literature data. 


'H NMR Spectra. The 'H NMR spectra were measured on 
a Varian EM-390 spectrometer in CD3CN solutions with Me& 
as reference. 


Crystallographic Studies. Crystallographic analyses were 
carried out by Dr. Cynthia S. Day a t  Crystalytics Co. (Lincoln, 
NE!). An irregular-shaped yellow crystal, minimum and maximum 
dimensions of 0.68 and 0.93 mm, respectively, was sealed under 
nitrogen in a thin-glass capillary with its longest dimension nearly 
parallel to the phi axis of the instrument. The crystal was then 
accurately centered optically on a computer-controlled four-circle 
Nicolet autodiffractometer, and a total of 15 high-angle ( 2 8 ~ ~ ~ -  
> 30°) reflections were used to  align the crystal and calculate 
angular settings for each reflection. A least-squares refinement 
of the diffraction geometry for these 15 reflections recorded a t  
ambient laboratory temperature of 20 f 1 "C with graphite- 
monochromated Mo Ka radiation (A = 0.71073 A) showed the 
crystal to  belong to the triclinic system with lattice constants a 
= 12.671 (5) A, b = 12.880 (5) A, c = 15.356 (6) A, a = 108.01 (3)O, 


= 119.61 (3)O, and y = 97.48 (3)O. Systematic absences indicated 
the space group to be P1-C; (No. 2).12 A unit cell of two 
[Cr(CO),SC(O)H] [NP2(C,H5),] molecules per 1947 (1) A3 afforded 


HM(CO)< + C02 HCO,M(CO), 
and to characterize fully the anionic (formato)metal de- 
rivatives hence derived. The reduction of COz by means 
of reaction 2 represents an important preliminary process 
in the production of reduced carbon-containing molecules 
such as alcohols and hydrocarbons from carbon dioxide 
feedstocks. Insertion reactions involving the analogous 
sulfur-containing triatomic molecules, COS and CS2, are 
also reported herein. 


Experimental Section 
Materials. Thallium(1) formate, bis(tripheny1phosphine)- 


iminium chloride, and M(CO)6 (M = Cr, Mo, W) were purchased 
from Alfa Products and Strem Chemicals, respectively. Mal- 
linckrodt analytical reagent grade KOH was used. CO, COS, and 
COz were obtained from Matheson and were used without further 
purification. Carbon monoxide enriched to 91.6% in 13C, carbon 
dioxide enriched to  91.6% in 13C, and carbon disulfide enriched 
to 91% in 13C isotope were supplied by Prochem, B.O.C. Ltd., 
London. 4,7,13,16,21,24-Hexaoxa-l,l0-diazabicyclo[8.8.8]hexa- 
cosane (crypt-222, kryptofix-222) was supplied by Parish Chem- 
icals, Provo, UT. Dichloromethane and acetonitrile were dried 
by refluxing with phosphorus pentoxide followed by distillation. 
Hexane, 1,2-dimethoxyethane, and tetrahydrofuran were dried 
by refluxing over Na benzophenone and followed by distillation. 
All reactions were carried out under an atmosphere of dry nitrogen 
in standard Schlenk ware. 


Preparation of [K-kryptofix-222IfOH- Solution. In a 
typical experiment a mixture of 2.0 g (37.7 mmol) of KOH and 
0.92 g of kryptofix-222 was vigorously stirred in 70 mL of freshly 
distilled CH3CN a t  room temperature for 24 h. The colorless 
solution was filtered under nitrogen, and the remaining white 
dusty solid was washed three times with 10 mL of CH3CN. 
Combined solutions were used in further experiments by assuming 
[OH-] = 0.0244 M as equal to  the concentration of cryptand. 


Preparation of [K-kryptofi~-222]'[HM(CO)~]- (M = Cr, 
Mo, W). All syntheses of these species were performed in a similar 
manner. In a typical preparation 0.088 g of Cr(CO)6 (0.40 mmol) 
was dissolved in 33 mL of the [K-kryptofix-222][OH]-MeCN 
solution, and a homogeneous yellow solution was obtained. The 
reaction was complete within minutes a t  room temperature as 
indicated by the infrared spectrum in the carbonyl region. Within 
the next 2-3 h precipitation of a white solid was observed. The 
solid was centrifuged from the solution, and its 13C N M R  spectrum 
in D20-2-ethoxyethanol mixture was recorded. The IR spectrum 
of the yellow solution remained unchanged after precipitation of 
the solid. The solution was used in further experiments directly, 
or the solvent was stripped off under reduced pressure and the 
resulting yellow solid was redissolved in dry CD3CN for 'H and 
13C NMR spectral analysis. 


Preparation of [K-kryptofix-222]+[ (CO)6MXCHY]- (M = 
Cr,Mo, W;Y = X = 0; X = Y = S; X = S,Y = 0). Allsyntheses 
of these compounds were carried out in a completely analogous 
manner. In a typical experiment 2 mL of the [K-kryptofix- 
222][HM(C0)5] solution (obtained as described above) reacted 
a t  ambient temperature with an excess of C02, COS (purging or 
pressurizing the solution), or CS2 (syringed into solution) while 
being stirred. IR and/or NMR analyses were performed on the 
solution -5 min after the reaction began. 


Preparation of [M(CO),OCHO]-PPN' or -Et4N+. In a 
typical synthesis [PPN][W(CO),Cl] (1.8 g, 2 mmol) was allowed 
to react with TlOCHO (0.75 g, 3 mmol) in 50 mL of DME. The 
mixture was stirred for 1 h a t  room temperature and filtered 
through Celite under nitrogen. To the filtrate was added 60 mL 
of hexane, resulting in formation of a yellow-brown oil. When 
the oil was washed repeatedly with hexane, 1.1 g (-61%) of a 
yellow solid product was obtained. The chromium and molyb- 
denum derivatives were prepared similarly by using CHzClz as 
a solvent. 


Preparation of [M(CO),SCHY]-PPN+ or -Et4N+ (M = Cr, 
Mo, W; Y = 0, S). All the syntheses were carried out in a similar 


(11) Darensbourg, D. J.; Rokicki, A.; Darensbourg, M. Y. J.  Am. Chem. 
SOC. 1981, 103, 3223. 


(12) "International Tables for X-Ray Crystallography"; Kynwh Press: 
Birmingham, England, 1969; Vol. I. 
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Table I. I R  and NMR Data of the Metal Pentacarbonyl Hydride Anions Produced in the Reaction 


2[K-crypt]+ 
M(CO), + 20H---  *M(CO),H- + HC0,- 


v(CO), cm-' 13C NMR, ppm 


M A, (2) 4 1 E 'H NMR, 7 6(Ce,) 6(CaX) 
Cr 2023 vw 1857 m 1888 s 17.0 227.7 231.4 
Mo 2036 vw 1864 m 1898 s 14.8 215.4 219.5 
W 2036 vw 1858 m 1892 s 14.0 205.3 209.6 


a Frequencies were measured in CH,CN solution and are accurate to  * 2  cm-I. In  CD,CN. 
'Jw-c = 124.02 Hz. 


At temperature <-6 'C, 
at room temperature one signal a t  - 228.7 ppm; 213~-.-~~-=~~~ = 5.86 Hz. 


a calculated density of 1.35 g ~ m - ~ .  The linear absorption coef- 
ficient of the crystal for Mo K a  radiation is 0.49 mm-1.13e 


Intensity measurementa utilized graphite-monochromated Mo 
Ka radiation and the w scanning technique with a 4' takeoff angle 
and a normal-focus X-ray tube. A total of 8945 independent 
reflections having 28 5 55' were measured in two shells. A 
scanning rate of 6.0°/min was employed for the scan between 
settings 0.50' respectively above and below the calculated K a  
doublet value for those reflections having 3.0' < 28MoKa 5 43.0°, 
and a scanning rate of 4.0" /min was used for reflections having 
43' < 2 8 ~ ~ ~ ~  5 55.0°. Each of these 0.90' scans was divided into 
19 equal time intervals, and those 13 contiguous intervals which 
had the highest single accumulated count at their midpoint were 
used to calculate the net intensity from scanning. Background 
counta, each lasting for one-fourth the total time used for the net 
scan, were measured at w settings 0.90' above and below the 
calculated value for each reflection. The six standard reflections, 
measured every 400 reflections as a monitor for possible disa- 
lignment and/or deterioration of the crystal, gave no indication 
of either. The intensity data were corrected empirically for ab- 
sorption effects using psi scans for six reflections having 28 between 
8 and 30° and were then reduced to relative squared amplitudes, 
IFo12, by means of standard Lorentz and polarization corrections. 


Of the 8945 reflections examined, 3134 were eventually rejected 
as unobserved by applying the rejection criterion, I < 3.0u(I), 
where u(n is the standard deviation in the intensity computed 
from u2(I) = (C, + k2B) where C,  is the total scan count, k is the 
ratio of scan time to background time, and B is the total back- 
ground count. 


The position for the Cr atom was derived by using the 
SHELXTL direct methods software from Nicolet; the 52 re- 
maining non-hydrogen atoms appeared in a single difference 
Fourier synthesis based on refined parameters for the chromium 
atom [Rl = 0.542 for 3571 independent reflections having 2 8 ~ ~ ~ ~  
< 43' and I > 3u(n]. Isotropic unit-weighted full-matrix least- 
squares refinement for the 53 non-hydrogen atoms gave Rl(un- 
weighted, based on F) = 0.90 and R2(weighted) = 0.088 where 
anisotropic refinement R1 = xl~ol  - ~ F c ~ ~ / ~ ~ a [  and R2 = ( ~ w ( ~ , , F , I  
- lFc1)2/xlFo12)1/2 converged to R1 = 0.056 and R2 = 0.060 for 3571 
reflections having 2 8 ~ , ~ ,  < 43' and I > 3u(I).14 These and all 
subsequent structure factor calculations employed the atomic form 
factors compiled by Cromer and Mann" and an anomalous dis- 
persion correction to the scattering factors of the chromium, sulfur, 
and phosphorus atoms.13b 


The position for the hydrogen atom of the SC(0)H ligand was 
derived from a difference Fourier. The hydrogen positions for 
the (NP2(C6H5),) cation were calculated by using idealized 
sp2-hybridized geometry. AU cation hydrogen atoms were assigned 
isotropic thermal parameters of 5.0 A2; positional parameters and 
temperature factors for the cation hydrogen atoms were not varied 
during the remaining cycles of least-squares refinement. Further 
unit-weighted least-squares refinement with those reflections 
having BeMoKn < 55.0', which employed an isotropic thermal 
parameter for the hydrogen atom of the SC(0)H ligand but was 


(13) 'International Tables for X-Ray Crystallography"; Kynoch Press: 
Birmingham, England, 1974; Vol I V  (a) pp 55-66; (b) pp 149-150. 


(14) The anisotropic thermal parameter is of the form exp[-O.25- 
(Bllh2a*Z + B22k2b*2 + B3312~*2 + 2B12hka*b* + 2B13hla*c* + 


(15) Cromer, D. T.; Mann, J. L. Acta Crystallogr., Sect. A 1968, A24, 
2B&lb*c*)]. 


321. 


Scheme I 


M(CO), + OH- e 


A -OHI / 


MICO),H- + HC0,- 


B 


otherwise anisotropic, gave R1 = 0.041 and R2 = 0.039 for 5811 
reflections having I > 3u(I). 


The final cycle of empirically weighted16J7 least-squares re- 
finement which employed isotropic thermal parameters for hy- 
drogen atoms and anisotropic thermal parameters for all others 
converged to  R1 = 0.040, R2 = 0.048, and GOF = 1.318 for 5811 
reflections. During the final cycle of refinement, no parameter 
(including those of the hydrogen atom) shifted by more than 0 . 3 1 ~ ~  
with the average shift being less than 0 . 0 4 ~ ~  where up is the 
estimated standard deviation of the parameter. There were no 
peaks present in the final difference Fourier above the noise level 
(0.31 e/A3). 
AU calculations were performed on a Data General Eclipse S-200 


computer with 64K of 16-bit words, a parallel floating-point 
processor for 32- and 64-bit arithmetic, and a Data General disk 
with 10-million 16-bit words using versions of the Nicolet (Syntex) 
E-XTL or SHELXTL interactive crystallographic software 
package as modified a t  Crystalytics Co. 


Results and Discussion 
We have previously shown that the principal metal 


carbonyl components in an alkaline 2-ethoxyethanol so- 
lution of a WGSR catalyst prepared from Cr(CO)6 were 
Cr(CO)6 and Cr(C0)5H-.9 However, the reactivity of hy- 
droxide ion toward the metal hexacarbonyls depends 
strongly on the reaction conditions. The reaction of hy- 
droxide ions with Cr(CO)6 in aqueous 2-ethoxyethanol to 
afford Cr(C0)5H- occurs very slowly (- 1 week) at 40 "C, 
even in the presence of a 30-fold excess of hydroxide, with 
concomitant formation of H[Cr(C0)5]2-.19 Raising the 
temperature to 100 OC brings about fast consumption (20 
min) of chromium hexacarbonyl, but along with the pre- 
dominant products, Cr(CO),H- and H[Cr(C0)5]2-, some 


(16) The weighting scheme used in the least-squares minimization of 
the function xw(lF,,I - lFc1)2 is defined as w = l / u ~ ~ .  


(17) For empirical weights UF = ~$za,lFol" = a. + allFol +.a21F,I2 + 
~,lF,1~,with the Q, being coefficients from the least-squares fitting of the 
curve IlFol- IFc! = ~ : 8 u n l F o ~ .  In this case uo = 0.589, al = -7.47 X lF3,  
a2 = 3.64 X lo', and a8 = -1.65 X IP. 


(18) GOF = [xw(lFoI lFc1)2/(N0 - NV))1/2, where NO is the number 
of observations and NV is the number of variables. 


(19) See ref 6 for the explanation for the formation of the H[Cr(CO)&- 
species. 
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Table 11. Spectroscopic Data for Metal Pentacarbonyl Formato Derivatives of Group 6B Metals 
IR of I H  N M R ~  "C NMR 


carbonyl region, cm-' 
substi- IJCH, 'JCH, 
tuent cation M A,(2) A,(') E B, k ,  k ,  6 Hz 6ax 6 e q  &sub HZ 
OCHO K-crypte Cr 2056 1858 1925 14.09 15.63 8.28 190.5 222.65 216.15 167.9 190.4 


Mo 2066 1850 1927 1979 13.98 15.70 8.23 216.4 205.9 
W aD64 1851 1915 1966 14.02 15.56 7.95 205.0 200.2g 167.3 


PPN Cr 2056 1850 1918 1968 13.98 15.55 222.8 216.1 167.3 189.9 
Mo 2062 1849 1919 1970 13.97 15.59 216.1 205.8 167.1 190.9 
W 2061 1848 1909 1958 13.98 15.48 205.0 200.2g 167.4 193.gh 


Mo 2063 1965 1928 14.21 15.69 10.50 
W 2063 1862 1919 1969 14.18 15.59 10.47 204.1 199.6 198.4 


PPN Cr 2053 1866 1920 1969 14.22 15.55 10.52 225.8 219.1 198.8 185.6 
W 2056 1856 1913 14.09 15.49 204.2 199.8' 198.3 187.5 


SCHS K-crypt Cr 2054 1881 1925 1972 14.45 15.61 11.74 172.5 225.55 218.15 239.3 172.4 
Mo 2061 1875 1930 1980 14.36 15.70 
W 2062 1871 1921 1971 14.31 15.61 204.3 199.3 237.4 173.8 


PPN Cr 2053 1874 1922 1969 14.35 15.57 11.80 172.5 225.3 218.0 239.2 171.9 
Mo 2058 1861 1923 1967 14.15 15.61 11.85 
W 2057 1864 1915 1963 14.21 15.52 11.70 172.5 204.2 199.51' 237.9 173.8 


SCHO K-crypt Cr 2051 1865 1921 1977 14.20 15.55 10.54 225.7 219.1 ... 


K-crypt salts in CH,CN and PPN salts in THF. Run in CD3CN. Carboxylic group specifically 13C enriched. Ap- 
plying gated 1 pulse sequence. e K' encapsuled in kryptofix-222. f These two sets of numbers were mistakenly inter- 
changed in our communication" concerning this subiect. A subsequent correction was submitted to the editor of J. Am. 


' J C D  = 29.5 Hz. 'Jw-c = 128.4 Hz. j 'Jw-c = 127.0 
I I 


Chem. SOC. 
Hz . 1J1~Cax-Cr-13C,q = 5 .86 .H~ .  g lJw-c = 130.4 Hz. 


unidentified carbonyl metalates are observed.20 Under 
the conditions where OH- is not hydrated, KOH in THF 
or CHBCN with cryptand (crypt-222), the reaction is much 
faster and cleaner affording Cr(C0)6H- within minutes a t  
ambient temperature. These observations are indicative 
of the importance of ion pairing in nucleophilic addition 
reactions involving metal carbonyls.21i22 


The reaction of cryptate-solubilized KOH in aprotic 
solvents with the hexacarbonyls of the group 6B metals 
was found to be dependent on the molar ratio of the 
reactants. When a twofold or larger excess KOH to hex- 
acarbonyl was used, the reaction produced within minutes 
the corresponding HM(C0)5- anion. The spectral data 
presented in Table I for the HM(CO)5- salts obtained by 
this method are identical with that published for these 
species synthesized by protonation of M(COIS2-.' For 
molar ratios of reactants (KOH-M(CO),) less than 2, un- 
reacted M(CO)' is present in the reaction mixture along 
with the HM(C0)f anion. Scheme I represents processes 
that are all consistent with the observed stoichiometry of 
the reaction. 


The oxygen-18 labeling experiments showed that the 
metallocarboxylic acid derivatives have a long enough 
lifetime to effect oxygen exchange prior to anionic metal 
hydride formation. Indeed in the reactions of W(CO)6 and 
Mo(C0)' with KOH-crypt-222 in THF we have some 
spectral evidence for the existence of transient metallo- 
carboxylic acid species. For example, monitoring the re- 
action of W(CO)6 with OH- in THF at  -25 "C by means 
of 13C NMR spectroscopy reveals the presence of an in- 
termediate with resonances of the appropriate intensity 
ratio at 205.3 ppm (6(C,)) and 201.1 ppm (6(C,))23 which 


(20) These species may be related to those previously reported by 
Hieber and co-workers.'J Presently we have a program, in collaboration 
with Professor T. J. McNeese of Loyola College (Baltimore, MD), de- 
signed to fully characterize these reaction producta. 


(21) Darensbourg, M. Y.; Jimenez, P.; Sackett, J. R. J. Organomet. 
Chem. 1980,202, C68. 


(22) Darensbourg, M. Y.; Jimenez, P.; Sackett, J. R.; Hanckel, J. M.; 
Kump, R. L. J. Am. Chem. SOC. 1982, 104, 1521. 


(23) Analogous CMR spectral data for the more stable alkoxide anion, 
W(CO)&OOMe-, reveal carbon resonances at 206.7 ppm (&(C,)) and 
201.5 ppm (&(C,)) in CDsCN. The most intense u(C0) infrared band in 
the abovementioned alkoride adduct of tungsten occure at 1905 cm-' in 
CHaCN. Unpublished data of A. Rokicki and M. Y. Darensbourg. 


in time collapse into those assignable to HW(CO)6-. In 
addition, a transitory infrared band in the u(C0) region 
at 1912 cm-' (other anticipated weaker bands were masked 
by those of HW(CO)<) was observed.23 


Addition of a second hydroxide base to the carboxyl 
carbon atom of the metallocarboxylic acid (route A) or to 
another carbonyl ligand to afford a dicarboxylic acid an- 
ionu seems more likely than process BS since no evidence 
of contamination of the metal pentacarbonyl hydride an- 
ions with the corresponding formato derivatives was noted. 
That is, the HM(C0)f anions are very reactive toward C02 
with production of HC02M(CO)< derivatives (vide infra).'l 
Pathway C for decarboxylation of the metallocarboxylic 
acid appears less likely as well under these aprotic con- 
ditions but is an occurrence which should be of importance 
in aqueous-alcoholic systems.2B-28 Nevertheless, the ql- 
C02 complex, W(CO)sC025, has been identified in solution 
from the reaction of W(CO)62- and carbon dioxide, a pro- 
cess analogous to other reported reactions involving C02 
and metal carbonyl anions.29 


As we have previously communicated, metal penta- 
carbonyl hydride anions of the group 6B metals react easily 
with carbon dioxide and carbon disulfide," as well as with 
carbonyl sulfide.30 All of the reactions are practically 
instantaneous at  room temperature, affording quantita- 
tively the corresponding pentacarbonylmetal formate, 
dithi~formate,~~ or mon~thioformate~l anions, respectively. 
Identical pentacarbonylmetal formate anions were ob- 
tained from the reaction of the corresponding metal pen- 
tacarbonyl halogen anions with thallium f ~ r m a t e . ~ ~ ? ~ ~  


(24) We acknowledge this suggestion as being that of one of our re- 


(25) Grim, N.; Kao, S. C.; Pettit, R. J. Am. Chem. SOC. 1979,101,1627. 
(26) Bercaw, 3. E.; Goh, L.-Y.; Halpern, J. J. Am. Chem. SOC. 1972,94, 


(27) Pearson, R. G.; Mauermann, H. J. Am. Chem. SOC. 1982,104,500. 
(28) Darensbourg, D. J.; Froelich, J. A. Inorg. Chem. 1978, 17, 3300. 
(29) (a) Maher, J. M.; Cooper, N. J. J. Am. Chem. SOC. 1982,104, oo00. 


(b) Evans, G. 0.; Walter, W. F.; Milla, D. R.; Streit, C. A. J. Organomet. 
Chem. 1978,144, C34. 


(30) Darensbourg, D. J.; Rokicki, A. J. Am. Chem. SOC. 1982,104,349. 
(31) Anal. Calcd for [PPN][Cr(C0)5SCHS]: C, 62.46; H, 3.87; S, 7.94. 


Found C, 61.30; H, 4.38; S, 7.35. Anal. Calcd for [PPN][Cr(C0)6SCHO]: 
C, 63.72; H, 3.96; S, 4.05. Found: C, 63.66; H, 4.11; S, 4.13. 


(32) Anal. Calcd for [PPN][W(CO),OCHO]: C, 55.59 H, 3.44. 
Found: C, 55.77; H, 3.51. 


vi ewer s. 


6534. 
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Table 111. Refined Atomic Coordinates in Crystalline (Cr(CO),(OSCH))(NP,( C,H,),) a 


atom b X Y z atom b X Y z 


Cr 
S 
O(1) 
O( 2) 
O( 3) 
O( 4) 
O( 5) 
0 


P(1) 
P( 2) 
N 
C( 1 A l )  
C( 1A2) 
C( 1A3) 
C( 1A4)  
C( 1A5) 
C( 1A6) 
C( 1B1) 
C( 1B2) 
C( 1B3) 
C( 1 B4) 
C( 1B5) 
C( 1 B6) 
C( 1C1) 
C( 1C2) 
C( 1C3) 
C( 1C4) 
C( 1C5) 
C( 1C6) 


0.01654 (5 )  
0.00979 (8) 


-0.27460 (22) 
-0.01022 (33) 


0.30961 (26) 
0.00477 (30)  
0.03710 (23) 
0.17626 (28) 


0.47953 (6 )  
0.61085 (6) 
0.58441 (22) 
0.56060 (25) 
0.48879 (30) 
0.55171 (38)  
0.68383 (36 )  
0.75508 (30) 
0.69373 (27)  
0.35187 (25) 
0.37047 (30)  
0.27230 (37) 
0.15887 (35) 
0.14025 (31) 
0.23592 (28)  
0.40524 (26)  
0.29758 (31)  
0.25056 (35) 
0.30872 (41) 
0.41527 (44) 
0.46364 (35)  


-0.16708 (4)  
-0.35772 (7 )  
-0.23791 (20) 
-0.25008 (26) 
-0.10134 (30) 
-0.08689 (28) 


-0.25018 (23) 
0.06778 (19) 


0.11141 (6) 
0.35145 (6 )  
0.21895 (19) 
0.01317 (23) 


-0.09944 (27) 
-0.17395 (29) 
-0.13712 (31) 
-0.02582 (31) 


0.04995 (26) 
0.03495 (22) 
0.05234 (24)  


-0.00881 (28) 
-0.08546 (29)  
-0.10345 (31) 
-0.04388 (28)  


0.14690 (24)  
0.18000 (32) 
0.21629 (35) 
0.21755 (35) 
0.18513 (37) 
0.14932 (31) 


Anion 


0.25270 (4 )  C(1) 
0.14808 (7 )  C(2) 
0.11381 (21)  C(3) 
0.40702 (24) C(4) 
0.38995 (27) C( 5) 
0.08289 (26) C 
0.38857 (19)  HC 
0.12046 (27)  


Cation 


0.22969 (5 )  C( 2A1) 
0.28012 (5)  C( 2A2) 
0.25524 (19)  C( 2A3) 
0.27132 (20)  C(2A4) 
0.23777 (26) C( 2A5) 
0.27063 (30) C( 2A6) 
0.33628 (28) C( 2B1) 
0.37074 (26)  C(2B2) 
0.33808 (23) C( 2B3) 
0.08388 (20)  C( 2B4) 
0.00743 (23) C( 2B5) 


-0.10551 (24)  C( 2B6) 
-0.13999 (25)  C(2C1) 
-0.06512 (27) C( 2C2 


0.04752 (24)  C( 2C3) 
0.30377 (22)  C( 2C4) 
0.26289 (28) C( 2C5) 
0.32751 (35)  C(2C6) 
0.42996 (34)  
0.47090 (31)  
0.40785 (27)  


-0.16422 (30)  -0.21337 (24)  0.16547 (25) 
0.00305 (35) -0.22106 (28)  0.34860 (27) 
0.20092 (33) -0.12623 (30) 0.33837 (29)  
0.01472 (32)  -0.11707 (29)  0.14774 (29) 
0.02859 (29 )  -0.02269 (26) 0.33567 (24)  
0.10962 (34)  -0.33933 (29) 0.10413 (31) 
0.1071 (35)  -0.4181 (32)  0.0527 (30)  


0.64201 (25)  
0.62468 (35)  
0.65341 (40)  
0.69928 (39)  
0.71524 (35) 
0.68700 (28) 
0.48037 (26 )  
0.36845 (31) 
0.26512 (36) 
0.27213 (38) 
0.38085 (40)  
0.48645 (31)  
0.75138 (25) 
0.82919 (31) 
0.93320 (34)  
0.96139 (32)  
0.88691 (34) 
0.78100 (30) 


0.37855 (22)  
0.47414 (28) 
0.49441 (34)  
0.42190 (39)  
0.32870 (34) 
0.30620 (25)  
0.40293 (25)  
0.36231 (32) 
0.39769 (40)  
0.47251 (41) 
0.51236 (38)  
0.47806 (30)  
0.44029 (24)  
0.54736 (28)  
0.61558 (33)  
0.57767 (35)  
0.47099 (34)  
0.40142 (28) 


0.18570 (21) 
0.16 289 (30) 
0.09227 (36) 
0.04572 (33)  
0.06628 (29)  
0.13627 (24)  
0.26546 (23) 
0.15891 (26) 
0.14375 (32) 
0.23403 (37) 
0.33898 (34) 
0.35600 (26)  
0.41946 (21) 
0.44761 (26)  
0.55562 (30)  
0.63550 (28) 
0.60915 (26) 
0.50050 (25 )  


a The numbers in parentheses are the estimated standard deviations in the last significant digit. Atoms are labeled in 
The final value of the least-squares refined isotropic thermal parameter, B, for this hydrogen agreement with Figure 1. 


atom is 8.3 (10) A'. 


The metal pentacarbonyl formate anions were found to 
undergo exchange reactions with carbonyl sulfide and 
carbon disulfide to yield the corresponding metal penta- 
carbonyl monothioformate and dithioformate anions ac- 
cording to eq 3. This exchange reaction is much slower 


M(CO)5OCHO- + CXS - M(CO),SCHX- + COZ (3) 


than insertion of CXS into the metal hydride species. In 
the case of the chromium derivative, the exchange reaction 
goes to completion in several hours a t  room temperature, 
while the Mo and W analogues require a few days under 
similar reaction conditions. The spectral data (v(C0) and 
13C NMR) for the formato derivatives of metal penta- 
carbonyl anions of group 6B obtained in this study are 
summarized in Table 11. All the compounds prepared 
exhibit the same characteristic pattern in the carbonyl 
stretching region of the infrared spectrum, namely, weak, 
weak, strong, and medium absorption bands.34 This 
pattern is consistent with the anticipated Clu symmetry 
of the pentacarbonylmetal formato molecules that predicta 
three allowed bands in the carbonyl region of the IR 
spectra of these species (2A1 + E), along with some activity 
of the forbidden B1 band. Furthermore, the infrared 
spectra in the v(COz-) region are congruous with those of 
other monodentate formate species,% consisting of a strong 


(33) Doyle, G. J.  Organomet. Chem. 1976,84, 323. 
(34) A similar pattern in the carbonyl region of the infrared spectra 


of products resulting from insertion of PhNCX (X = 0, S) into M(C0)d-I- 
is noted, e.g.: W(CO),SCHNF'h-, 2060 (w), 1965 (w), 1917 (a), 1863 (m); 
W(CO),OCHNPh-, 2060 (w), 1963 (w), 1912 (a), 1846 (m) 88 [K-krypto- 
fix-222]+ salts in CH,CN. 


(35) Darensbourg, D. J.; Fischer, M. B.; Schmidt, R. E., Jr.; Baldwin, 
B. J. J.  Am. Chem. SOC. 1981,103, 1297. 


antisymmetric v(COz) vibration at  -1610 cm-' and a 
somewhat weaker symmetrical v(C0.J at -1315 cm-'. In 
unidentate complexes the separation between the two 
v(COz) vibrations is larger than that in the free formate 
ion, where Av(COz) = 200 cm-1.36 Cotton-Kraihanze13' 
force constants (Table 11) for the axial CO ligand (kl) were 
found to increase in order of substituents as follows: 
formate C monothioformate C thioformate. On the other 
hand, the force constants for the equatorial CO ligands (k2) 
remained rather constant regardless of substituent changes. 


Because of the deficiency of detailed structural infor- 
mation on low-valent metal centers containing the formato 
ligand, we have subjected one of these species, namely, 
[PPN][Cr(CO),SC(O)H], to a X-ray structure analysis.% 
This specific derivative was singled out for more complete 
scrutiny since it offered the option of either the S or 0 
atom of the thioformate ligand being bound to the metal 
center. The final atomic coordinates for all non-hydrogen 
atoms of both the cation and anion are provided in Table 
111. The calculated atomic coordinates for the cation's 
hydrogen atoms in crystalline [PPN] [Cr(CO),SC(O)H] are 
available as supplementary material. Figure 1 presents a 
perspective view of the anion structure and defines the 
atomic numbering scheme employed. In Table IV is given 
bond distances and angles for all atoms in the anion Cr- 
(CO),SC(O)H-. The [PPN]+ counterion was found as a 
well-behaved group and contained dimensions which are 


(36) See, e.g.: Nakamoto, K. 'Infrared and Raman Spectra of Inor- 
ganic and Coordination Compounds", 3rd ed.; Wiley-Interscience: New 
York, 1977. 


(37) Cotton, F. A.; Kraihanzel, C. S. J.  Am. Chem. SOC. 1962,84,4432. 
(38) A preliminary account of this structural investigation can be 


found in ref 30. 
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Table IV. Anionic Bond Lengths, Polyhedral Edge 
Lengths (A) ,  and Bond Angles (Deg in b (Cr(Co),(osCH))(NP,(c,H, )6 )  


Bond Lengths 


& D O 2  


0 5  


Figure 1. Perspective ORTEP drawing of the Cr(C0)5SCHO- 
anion. All non-hydrogen atoms are represented by thermal vi- 
bration ellipsoids drawn to encompass 50% of the eledron density. 
The lone hydrogen atom i s  represented by an arbitrarily small 
sphere which is in no way representative of its true thermal 
motion. 


expected for it.39@ The average P-N bond length is 1.582 
(3) A and the P-N-P angle is 140.1 ( 2 ) O ;  a complete listing 
of bond distances and angles may be found in the sup- 
plementary material. 


As is depicted in Figure 1, the mode of binding of the 
thioformate ligand to the soft Cr(CO)5 moiety is in a 
monodentate fashion through the sulfur atom. The dis- 
position of the ligands about the chromium atom is that 
of a regular octahedron, where the average C(ax)-Cr-C(eq) 
angle is 90.7'. The Cr-C(eq) distances average 1.894 (4) 
A, while the axial Cr-C(5) bond length is considerably 
shorter at 1.837 (4) A Hence, the monothioformate ligand, 
situated 2.447 (1) A from the chromium metal center, 
exerts a significant trans effect. This difference in axial 
vs. equatorial metal-carbon bond lengths (0.057 A) is re- 
flected in the C-K force constants and is akin to that 
exhibited in complexes containing other a-donor ligands, 
e.g., Cr(CO)502CCF3-41 and Cr(C0)5SPide3,42 and is seen 
as well in the solution reactivity of these species (vide 
infra). The thioformate ligand resides with ita oxygen atom 
directly above the C(3)-Cr-C(4) quadrant and defines a 
plane that is almost perpendicular to and bisects the C- 
(3)-Cr-C(4) angular arrangement. A similar orientation 
of the acetato ligand in the group 6B (acetato)penta- 
carbonylmetalates has been r e p ~ r t e d . ~ ~ ? ~ ~  


The proton NMR spectra of the pentacarbonylmetal 
formato derivatives show a progressive downfield shift of 
the formato proton absorption in order to substituents: 


-11.8. This downfield shift of the formate's proton ab- 
sorption upon replacing oxygen with sulfur atoms closely 
resembles the situation among N-alkyl- and N-arylthio- 
formamide anions, where the resonance positions for the 
thioformamide ligands are approximately midway between 
those of the dithioformate and formamidinate ligands.44 
As is further noted in Table 11, the proton resonance of 


CHOZ, 6(CH) -8.0 < SCHO, 6(CH) -10.5 < CHSZ, 6(CH) 


(39) Kirtley, S. W.; Chanton, J. P.; Love, R. A.; Tipton, D. L.; Sorrel, 


(40) Wilson, R. D.; Bau, R. J. Am. Chem. SOC. 1974,96, 7601. 
(41) Cotton, F. A.; Darensbourg, D. J.; Kolthammer, B. W. S. J. Am. 


(42) Baker, E. N.; Reay, B. R. J. Chem. SOC., Dalton Tram. 1973,2205. 
(43) Cotton, F. A.; Darensbourg, D. J.; Kolthammer, B. W. S.; Kuda- 


(44) Robinson, S. D.; Sahajpal, A. Inorg. Chem. 1977, 16, 2722. 


T. N.; Bau, R. J. Am. Chem. SOC. 1980,102, 3451. 


Chem. SOC. 1981, 103, 398. 


roski, R. Inorg. Chem. 1982, 21, 1656. 


Cr-S 


Cr-C( 1) 
Cr-C( 2) 
Cr-C( 3) 
Cr-C( 4) 
Cr-C( 5) 


s-c 
0-c 
0(1)-C( 1) 
0(2)-C(2) 
0(3)-C(3) 
0(4)-C( 4) 
O( 5)-C( 5) 


SCrC( 1) 
SCrC( 2) 
SCrC( 3) 
SCrC( 4) 
SCrC( 5) 
C(l)CrC(2) 
C( l)CrC( 3) 
C( l)CrC( 4) 
C( l)CrC( 5) 
C( 2)CrC( 3) 
C(2)CrC(4) 
C( 2)CrC( 5) 
C(3)CrC(4) 
C( 3)CrC( 5) 
C( 4)CrC( 5) 


2.447 (1) 


1.875 (4)  
1.879 (4)  


1.903 (4)  
1.837 (4)  


1.725 (5)  


1.206 (6) 


1.148 (5)  
1.146 (5) 
1.130 (6) 
1.134 (5 )  
1.151 (4 )  


1.919 (4)  


S-C( 1) 
s-C( 2)  
s-C( 3) 
S*-C(4) 


C( 1 ).*e( 2) 
C( l).**C( 4)  
C( l).*.C( 5) 
C(2)...C(3) 
C(2)...C( 5) 
C( 3)-. C( 4)  
C(3)-.C( 5) 


C-H 


Bond Angles 
91.4 (1) CrSC 


86.1 (1) SCO 
89.8 (1) SCH 


177.6(1)  OCH 
87.6 ( 2 )  CrC( 1)0( 1) 


177.6 (2) CrC( 2 ) 0 (  2) 
87.6 ( 2 )  CrC( 3)0( 3) 
90.9 (2)  CrC( 4)0(  4) 
92.4 (2)  CrC( 5)0( 5) 


175.2 (2)  
89.4 ( 2 )  
92.4 (2)  
91.6 (2)  


90.1 (1) 


90.9 ( 2 )  


3.119 (4)  
3.088 (4)  
3.006 (4) 
3.094 (4)  


2.598 (5) 
2.615 (6)  
2.644 (5) 
2.741 ( 7 )  
2.614 (5) 
2.759 (5)  
2.693 (6) 


1.06 (4) 


109.1 ( 2 )  


128.7 (4) 
114 (2)  
117 (2)  
177.7 (3) 
175.7 (4)  
179.2 (4)  
174.9 (4) 
179.4 (3) 


The numbers in parentheses are the estimated standard 
deviations in the last significant digit. 
beled in agreement with Figure 1. 


the formate ligands do not vary significantly with the 
nature of the metal center. 


The carbon-13 NMR spectra of the anions show two 
signals due to the CO ligands and one due to the carboxylic 
group. In all instances the signal due to the axial carbonyl 
carbon was shifted downfield from the equatorial one. 
Both signals exhibit upfield shifts of approximately the 
same magnitude upon proceeding down the periodic table. 
The position of the carboxylic carbon signal strongly de- 
pends on the substituent itself and shifts downfield while 
going from formate to thioformate. This downfield 
chemical shift of the carboxylic carbon upon substitution 
of oxygen by sulfur agrees well with the values calculated 
from eq 4.45 For example, 6c-o observed at  167.3 ppm 


(4) 


in Cr(CO),OC(O)H- affords a calculated S(C=S) value of 
196.1 ppm in Cr(CO),SC(O)H- which compares favorably 
with its observed value of 198.8 ppm. This in turn suggests 
a partial double bond between carbon and sulfur in the 
thioformate substituent even though the ligand binds to 
the metal through sulfur. In fact, the C-S bond length 
noted in the Cr(CO),SC(O)H- anion of 1.725 (5) 8, is quite 
close to that established for partial C-S double-bond 
character, e.g., a in heterocyclic species of the type C4H4S 
where the C-S bond distance is 1.73 A.46 The C-S single 


Atoms are la- 


6(C=S) = 1.456(C=O) - 46.5 ppm 


(45) Kalinowski, H. 0.; Kessler, H. Angew. Chem., Int. Ed. Engl. 1974, 


(46) "Handbook of Chemistry and Physics", 53rd ed.; CRC Press: 
13, 90. 


Cleveland, OH, 1972; p F-180. 
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ands in CO dissociation, i.e., intramolecular nucleophilic 
addition of the distal oxygen atom of the formate to a 
carbonyl carbon atom. Indeed this result is consistent with 
the solid-state structure of these type species, where the 
formate's distal oxygen is in position to interact a t  an 
adjacent carbonyl site.35*41143 


In support of the above contention, the CO exchange 
reaction in W(CO),OCHO- has been found to proceed 
stereoselectively at  cis  position^.^^^^^ During the early 
stages of 'TO incorporation into the W(CO),OCHO- anion 
at  ambient temperature in CDC13, the 13C resonance for 
the cis CO ligands at 200.2 ppm accounted for all the 13C0 
uptake.53 The 13C NMR spectrum was measured at  low 
temperature (-50 "C) to avoid subsequent processes 
leading to CO rearrangement in the 13C-enriched W(C- 
O),OCHO- sample during the acquisition of the NMR 
data. 


The pentacarbonyl formate anions of the group 6B 
metals undergo decarboxylation processes, i.e., reaction 2 
run in the reverse direction or as is more intimately de- 
scribed in eq 5. This process is relatively rapid for the 


A 


B 


I 


, I I I I ,  


240 m m 180 160 llccml 


SC 
Figure 2. '% NMR spectra of W(CO),O,CH- in CD&N A, after 
reaction with 13C02; B, after reaction with I3CO. 


bond distance is -1.81 A. Hence, this observation is 
analogous to that seen in monodentate acetate ligands 
bound to group 6B metals where the two carboxyl carbon 
to oxygen bond lengths are similar, both being shorter than 
a single carbon-oxygen bond.41p43*47 


The proton-carbon coupling constants decrease in size 
in going from formate to thioformate, which is in agree- 
ment with the general observation that substitution on 
carbon by electronegative atoms increases lJCH signifi- 
cantly.& It should be noted that this coupling constant 
is in the range of the coupling constant in the free formate 
ion in aqueous solution (194.8 H Z ) , ~ ~  indicating that the 
negative charge of the metal anion resides mainly on the 
formate substituent. The chemical shift of the carboxylic 
carbon and the carbon-proton coupling constants show 
little dependence on the nature of the metal center. 


The reaction of either the metal pentacarbonyl hydride 
or formate anion with carbon-13 enriched carbon dioxide 
give rise to metal pentacarbonyl formate anions, specifi- 
cally carbon-13 enriched in the formate ligand only (Figure 
2a). This labeling experiment demonstrates that no 
further reduction of COz to CO occurs during the C02 
insertion process since none of the label appears in the CO 
ligands. Analogous results were obtained when 13CS2 was 
used in place of 'TO2 in the insertion reaction. Conversely, 
no 13C label from 13C0 was observed in the formate ligand 
during carbon monoxide exchange reactions of the pen- 
tacarbonyl formate anions (Figure 2b). The CO exchange 
reaction was found to decrease while going down the pe- 
riodic table.49 For derivatives of chromium, the CO ex- 
change rate was found to depend on the formato ligand 
and decreased in the order OCHO = SCHO >> SCHS." 
This latter observation is suggestive of assistance by the 
uncoordinated oxygen atom of the OCHO and SCHO lig- 


(47) Cotton, F. A.; Darensboura, D. J.; Kolthammer, B. W. S. Znora. 
Chem. 1981,20, 1281. 


(48) Levy, G. C.; Lichter, R. L.; Nelson, G. L. "Carbon-13 Nuclear 
Magnetic Resonance Spectroscopy", 2nd ed.: Wiley-Interscience: New 


- 


_ _  
YoFk, 1980: (a) p 34; ib) p 30. 


(49) The carbon monoxide hganda are quite labile in both Cr(CO)50- 
CHO- and MO(CO)~OCHO-, where 92 and 82% CO exchange with '$CO 
in solution (20 @a) is observed after only 30 min at ambient temperature. 
On the other hand, only 10% enrichment of W(C0)sOCHO- was observed 
under the same conditions. 


(50) The corresponding levels of enrichment after 30 min at ambient 
temperature are as follows: 92,90, and 3%, respectively. 


(COISMH- + CO, (5)  


chromium derivative at  ambient temperature, while the 
Mo and W formato analogues are rather inert toward C02 
extrusion under these circumstances. Comparative de- 
carboxylation experiments cmied out in both nitrogen and 
carbon monoxide readily reveal that this process is in- 
hibited in a carbon monoxide environment. The most 
intense v(C0) band of the Cr(CO),H- anion grows in with 
time for the reaction carried out in a N2 atmosphere with 
a concomitant decrease in v(C0) bands assignable to the 
parent Cr(C0),02CH- species. In contrast for the same 
process carried out in a carbon monoxide atmosphere, the 
intensity of the v(C0) absorptions of Cr(C0),02CH- are 
unaffected. Similar CO inhibition was noted in decar- 
boxylation experiments involving W(C0),02CH- run at  a 
higher temperature of 60 "C. Under these circumstances 
the primary product of decarboxylation, W(CO),H-, was 
not observed. Instead the hydride containing complex seen 
was H[W(C0),I2-. 


Hence these results indicate that me ta l40  bond lability 
appears to be a requisite step in the intimate mechanism 
of C-H bond rupture or formation involving the formate 
ligand in the systems studied herein comprising coordi- 
natively saturated metal centers (eq 5). Compatible with 
this important mechanistic aspect of C02 insertion and 
deinsertion, the rates of CO dissociation as evidenced by 
13C0 exchange studies in both Cr(CO),H- and Cr(CO),- 
02CH- are rapid enough to account for the corresponding 
rates of carboxylation and decarb~xylat ion.~~ In the 
tungsten analogues although CO dissociation in W(CO),- 
02CH- is clearly faster than C02 extrusion, C02 insertion 
into W(CO),H- is more facile than CO exchange in this 
anionic hydrido species.% This latter observation requires 


(51) In addition to the assistance of CO dissociation by the free car- 
boxylic oxygen atom, the formate ligand bound to ds metal penta- 
carbonyls probably represents another example of a cis-labilizing ligand 
based on the arguments of Atwood and Brown.s2 


(52) Atwood, J. D.; Brown, T. L. J .  Am. Chem. SOC. 1976, 98, 3160. 
(53) A similar observation was reported for the W(CO)s02CCH,- an- 


ionic species." 
(54) Since all  of these carboxylation reactions occur rapidly as seen by 


means of conventional rate studies, it is not possible to discern any 
discrepancy in these key mechanistic step. More refined rate studies are 
planned employing FT infrared spectroscopy. 
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Scheme I1 
M(COIG + OH- M(CO)5COOH- OH' 


12, 1982 Darensbourg and Rokicki 


M(CO15H- f HCO; 


-# cof 
M(CO)5Y- t TI0,CH dL M(CO),O,CH- 


Y = CI. I 


\F;x ( X =  s.01 


M(CO),SCHX- 


an enhanced CO lability in W(CO),H- in the presence of 
C02, most likely as the consequence of preassociation of 
the hydrido complex with C02 (eq 6). An acid-base in- 
teraction of this type has previously been demonstrated 
for Cr(CO),H- and BH3.6b956 


0 


(C0)sWH- t CO, e (CO15W-H C 


0 


(6) 
8- 8- II 


11 


The fact that the metal pentacarbonyl formate anions 
undergo decarboxylation accounts for their tendency to 
exchange C02 with W 0 2 ,  COS, and CS2. That is, the 
exchange mechanism involves decarboxylation of the 
M(CO),02CH- species to the corresponding metal hydrides 
with subsequent rapid insertion of the incoming electro- 
phile as is illustrated in Scheme II. As is predictable from 
the proposed mechanistic scheme, this process should 
strongly depend on the tendency of the formato derivative 
to undergo decarboxylation. I t  thus explains the obser- 
vation that the. (format0)chromium derivative undergoes 
exchange processes more readily than its molybdenum and 
tungsten analogues. Nevertheless it is possible to convert 
quantitatively all of the metal formato derivatives to the 
corresponding monothio or dithioformato derivatives by 
using only stoiohiometric quantities of reactants. This 
possibility is due to the greater thermodynamic stability 
of these species toward COS or CS2 expulsion, i.e., to the 
fact that CSX insertion is irreversible. These findings 
reflect the higher stability of the metal-sulfur bond 
(soft-soft interaction) as compared with the metal-oxygen 
bond (soft-hard interaction) in metal pentacarbonyl anions 
of group 6B. 


Concluding Remarks. The array of reactions per- 
formed in aprotic medium which were reported upon in 
this communication are summarized in Scheme 11. The 
key metal-containing species relevant to catalysis of the 
WGSR are distinguished by inclosures. Since 13C-labeling 
experiments indicated no leaking of the isotopic label from 
the formato ligand to the CO ligand or vice versa, it is clear 
that the metalloformate (M(CO),02CH-) and the metal- 
locarboxylic acid (M(CO),COOH-) species do not struc- 
turally interconvert intramolecularly, but only through the 
intermediacy of the metal pentacarbonyl hydride anion. 
A qualitative diagram describing the energetics for their 
interconversion which is consistent with the observations 
noted herein is provided in Figure 3. With regards to 
Figure 3 two points should be emphasized. First, since 
unlike the M(CO),02CH- anions, the M(CO),COOH- an- 
ionic species have not been isolated, and thus the molec- 
ularity of the rate-determining step (rds) for the decar- 
boxylation of these derivatives has not been established. 


(55) The CO exchange rate of the M(CO)6H- species with W O  is 
highly dependent on the nature of the reaction solution; e.g., in ref 11 we 
reported this rate to vary W 2 Mo > Cr for the [K(crypb222)] [HM(CO),] 
samples prepared in situ from M(CO)B and 2 mol of K(crypt-222)OH. On 
the other hand, the pure [PPN][M(CO)$] salts show the anticipated 
relative rete of CO exchange as a function of metal, Mo > Cr >> W. 


(56) Darensbourg, M. Y.; Bau, R.; Marka, M.; Burch, R. R., Jr.; Dea- 
ton, J. C.; Slater, S. J. Am. Chem. Soc., in press. 
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Figure 3. A qualitative energy diagram for the interconversion 
of M(CO),COOH- and M(CO)502CH- derivatives. 


That is, the stoichiometry of this process strongly suggests 
it to be more complicated than simply a unimolecular 
expulsion of C02 from the M(CO0H) moiety. Hence, the 
placement of the metallocarboxylic acid on the qualitative 
energy profile is on more tenuous grounds. Nevertheless, 
it is clear that these species are more unstable than their 
metalloformate analogues and further than the reaction 
of the M(CO),H- species with C02 affords only the M- 
(CO)502CH- derivative (Le., E2 < E-,). Secondly, the 
relative stabilities of M(CO0H) and M(02CH) complexes 
are highly dependent on the nature of the metal center. 
For example, Pt02CH complexes undergo decarboxylation 
to provide Pt-H + COP much more readily than their 
PtCOOH  analogue^.^'^^^ 


We wish to conclude this contribution with comments 
germane to homogeneous catalysis of the water-gas shift 
reaction by group 6B metal carbonyls in alkaline media. 
It is now apparent that the lower energy pathway for 
formation of HM(CO),-, the precursor to hydrogen pro- 
duction, from the reaction of M(COI6 and OH- involves 
the intermediacy of the metallocarboxylic acid species as 
opposed to its structural isomer, the metalloformate de- 
r i ~ a t i v e . ~ ~ ,  This is true even in the presence of excess 
CO, since reaction 7 occurs much slower (k, = 2.7 X 


(7) 
atm-' s-l a t  62 "C in water)62 than the addition of hy- 
droxide ion to metal-bound carbon monoxide. For exam- 
ple, reaction 8 in methanol-water has a bimolecular rate 


Fe(CO), + OH- A Fe(CO),COOH- (8) 
constant (k, = 70 M-' s-l) a t  25 0C.27 The corresponding 
process involving group 6B hexacarbonyls is expected to 
occur a t  a somewhat slower rate (perhaps reduced by an 
order of magnitude) as suggested by our qualitative data? 


CO + OH- 2 HC02- 


(57) Arnold, D. P.; Bennett, M. A. J. Organomet. Chem. 1980, 199, 


(58) Catellani, M.; Halpern, J. Inorg. Chem. 1980, 19, 566. 
(59) King, A. D., Jr.; King, R. B.; Yang, D. B. J. Am. Chem. SOC. 1981, 


(60) King, R. B.; King, A. D., Jr.; Yang, D. B. ACS Symp. Ser. 1981, 


(61) Slegeir, W. A. R.; Sapienza, R. S.; Easterling, B. ACS Symp. Ser. 


(62) Iwata, M. Chem. Abstr. 1969, 70, 76989. 
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Scheme I11 
CO t OH- Fs HC02- 


M(CO)6 - CM(CO),I t CO - 


as well as comparative rates of R- addition to the CO 
ligands in iron and group 6B carbonyls.63 


These results do not however preclude the presence of 
M(CO)50zCH- species during catalysis of the WGSR, for 
there are several facile routes for their formation once 
catalysis has ensued which do not require dissociation of 
CO from M(CO)&'l For example, the [M(CO),] interme- 
diate afforded upon reductive elimination of hydrogen 
from M(C0)5Hz is probably scavenged as effectively by 
HCO2- as by CO, since these pentacoordinate transients 
are rather indiscriminate in their reactivity toward in- 
coming ligands.- Of course reaction 2 (i.e., M-H- + 
COz + MOzCH-) provides an easy pathway to metallo- 
formate derivatives. In addition, we have some preliminary 
results in aprotic solvents which suggest that crypt-222 
solubilized KHCOz assists CO loss in M(CO)6 with con- 
comitant formation of M(C0)50zCH-.s7 However, this 
process is extremely slow relative to hydroxide addition 
to M(CO)6 and possibly involves an intermediate of the 
type proposed for the addition of the isoelectronic nu- 
cleophile NOf to the carbon center in metal carbonyls.B8 


In summary it is our contention that the premier 
mechanistic step in the therm1 catalysis of the WGSR by 


(63) Darensbourg, M. Y.; Conder, H. L.; Darensbourg, D. J.; Haeday, 


(64) Hyde, C. L.; Darensbourg, D. J. Inorg. Chem. 1973, 12, 1286. 
(65) Covey, W. D.; Brown, T. L. Inorg. Chem. 1973,12, 2820. 
(66) Dobson, G. R. Inorg. Chem. 1980,19, 1415. 
(67). For example, M(CO)s (M = Cr, W) in the presence of crypt-222 


solubdmd KHCOl m CH&N at 47 "C exhibita infrared bands assignable 
to the corresponding M(C0)502CH- species (-5% conversion) after 24 
h. 


(68) Stevens, R. E.; Yanta, T. J.; Gladfelter, W. L. J.  Am. Chem. SOC. 
1981,103,4981. 


C. J. Am. Chem. SOC. 1973,95,5919. 


group 6B metal carbonyls entails activation of carbon 
monoxide by the transition metal toward nucleophilic 
attack by hydroxide ions and not by Scheme I11 as has 
been suggested by others.6(w' Indeed activation parame- 
ters determined as a function of the metal59 are inconsis- 
tent with such a proposal. On the other hand, photolysis 
of M(C0)6 in the presence of HCO, can bias the process 
in favor of a simple formate ion decomposition mechanism 
as described in Scheme III.5(w1 
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A very efficient and simple process for "isomerizing" methyl formate to acetic acid utilized a soluble 
iridium catalyst, promoted by methyl iodide, and was conducted in a carboxylic acid solvent. The acid 
solvent was found to be necessary and in the simplest case was the product acetic acid. The reaction 
proceeded in the carboxylic acid by transesterification as a first step, followed by reaction of the formic 
acid formed in this manner. The rate of formation of acetic acid was a direct function of formic acid, was 
f i t  order in iridium, and was a positive function of the iodide concentration at lower levels. Water retarded 
or completely inhibited acetic acid formation and allowed an alternate pathway by which methane and 
carbon dioxide were the principal products. A mechanism is proposed which involves a unique iridium(II1) 
complex containing hydride, iodide, carbon dioxide, and a methyl group as ligands. Migration of the methyl 
group to the carbon of the ligated carbon dioxide is the source of acetate. Formaldehyde reacted in this 
system by f i t  condensing to methyl formate in an iridium-catalyzed Tischenko reaction. This was followed 
by 'isomerization" to acetic acid. 


Introduction 
Formic acid and methyl formate are simple, versatile 


products of CO/Hz chemistry. They are unique in that 
they contain a C-H bond that is aldehyde-like, yet dif- 


ferent due to the influence of the C-OH(R) bond. Formic 
acid is a byproduct of butane oxidation to acetic acid or 
can be made by the hydrolysis of methyl formate.' Methyl 


(1) (a) Czaikowski, M. P.; Bayne, A. R. Hydrocarbon Process. 1980, 
Dedicated to the memory of the late Rowland Pettit. 59, 103. (b) Leonard, J. D. US. Patent 4299981, 1981. 
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ferent due to the influence of the C-OH(R) bond. Formic 
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Table I. Thermodynamics of Reactions of Formic Acid 
and Methyl Formate 


HCOOCH, -+ CH, + CO, aGnon = -37.79 


Pruett and Kacmarcik 


AG;,, = -40.17 
HCOOCH, -+ CH,COOH A G , ~ ,  =-18.53 


AG.,, = -18.09 
HCOOCH, + CH,OH + co 
HCOOH -+ CO, + H, 


HCOOH --t CO + H,O 


AG;,, = -3.94 


AG,,, = -12.77 


AG,,, = -6.97 


A G ~ , ,  = -7.23 


a G s o 0  =-15.22  


a G s o o  = -10.38 


formate is synthesized by base-catalyzed carbonylation of 
methanol2 or by dehydrogenation of methan01.~ 


Formic acid and methyl formate may undergo a variety 
of reactions. Some of these are listed in Table I, together 
with the thermodynamic force for each. It can be seen that 
the most favored reaction is the formation of methane and 
carbon dioxide from methyl formate. Catalysts which 
promote this reaction must be avoided if other products 
are desired. 


Strong acids decompose formic acid to carbon monoxide 
and water5 (eq 1). Heterogeneous catalysts have been 


(1) 


described which cause decomposition to hydrogen and 
carbon dioxide6 (eq 2). Similar systems also catalyze the 


(2) 
PI 


hydrogenation of aldehydes to alcohols' and olefins to 
alkanes8 (eq 3). 


(3) 


H+ 
HCOOH - CO + HzO 


HCOOH 7 H:, + CO:, 


HCOOH + [SI - SH2 + CO:, 


S = aldehyde, olefin 


A unique reaction which has been mentioned frequently 
in the patent literature is the "isomerization" of methyl 
formate to acetic acid. The very early example in the 
patent literature gave little experimental details but in- 
dicated that the active catalysts were metal acetates which 
decompose with the formation of acetic acid at  a tem- 
perature between about 200 and 300 OCe9 A later patentlo 
described the use of activated carbon and halogen pro- 
moter a t  200-400 "C. In one example, a temperature of 
350 "C was used with excess carbon monoxide pressure. 
The yield of acetic acid was about 30%. Since many 
products are possible from a purely thermodynamic view- 
point (see Table I; also at  elevated temperatures, methanol 
is unstable relative to carbon monoxide and hydrogen4), 


(2) Aguilo, A.; Horlenko, T.  Hydrocarbon Process. 1980, 59, 120. 
(3) Yoneoka, M. U.S. Patent 4319037, 1982. 
(4) Stull, D. R.; Westrum, E. F., Jr.; Sinke, G. C. "The Chemical 


Thermodynamica of Organic Compounds"; Wiley: New York, 1969. 
(5) (a) Haaf, W. Brennst.-Chem. 1964,45, 209. (b) Haaf, W. Chem. 


Ber. 1966,99, 1149. 
(6) (a) Coffey, R. S. Chem. Commun. 1967, 923. (b) Yurtchenko, E. 


N.; Anikeenko, N. P. React. Kinet. Catal. Lett. 1975, 2, 65. (c)  Yur- 
chenko. E. N. Kinet. Katal 1973,14. 515. (d) Forster. D.: Beck, G. R. J. 
Chem. SOC. D 1971, 1072. 


(7) Coffey, R. S. Chem. Commun. 1967, 923. 
(8) (a) Vol'pin, M. E.; Kukolov, V. P.; Chemyshev, V. 0.; Kolomnikov, 


I. S. Tetrahedron Lett. 1971,46,4435. (b) Kolomnikov, I. S.; Kukolov, 
V. P.; Chernyshev, V. 0.; Vol'pin, M. E. Izu. Akad. Nauk SSSR, Ser. 
Khim. 1972, 693. 


(9) Dreyfus, H. US. Patent 1697 109, 1929. 
(10) Wakamatsu, H.; Sato, J.; Hamaoka, T.  US. Patent 3798267, 


1974. 


it is not clear how much, if any, influence of catalyst se- 
lectivity has been achieved. 


Other systems which have been examined include rhe- 
nium halides and methyl iodide," mercury (11) iodide, and 
excess iodide in amide solvents under 300 atm of carbon 
monoxidelZ and certain group 8 metals. A comprehensive 
survey of a cobalt iodide system waa that made by Isogai.12 
With a solution of methyl formate in N-methylpyrolidone 
or in acetophenone, at temperature of 220-230 OC and 
pressures of 300-400 atm (carbon monoxide and reactants), 
90-95% yields of acetic acid were obtained. Antoniade~'~ 
showed that with rhodium, milder temperatures (170-200 
OC) and lower pressures (200-500 psi preferred) gave good 
results. 


A mechanistic study of the rhodium-iodide-carbon 
monoxide catalyzed reaction has been reported by Bryant 
and co-workers.14 From the results obtained with I4C- 
labeled methyl iodide, 14C-labeled carbon monoxide and 
H14COOCH3-labeled methyl formate, each in separate and 
successive experiments, these workers concluded that the 
transformation proceeded through decarbonylation to 
methanol and carbon monoxide, followed by carbonylation 
of the methanol to acetic acid (eq 4). In particular, the 


[Rhl 
HCOOCHB - [CHBOH + CO] CH3COOH (4) 


14C0-labeled experiment produced maximum CH,l4COOH 
incorporation at  the early stages, which indicated subse- 
quent dilution with extruded carbon monoxide. 


In our studies of homogeneous catalyzed reactions of 
methyl formate, it was found that soluble iridium com- 
pounds, in conjunction with an organic iodide and without 
carbon monoxide, efficiently catalyze the transformation 
of methyl formate to acetic acid, but only in the presence 
of a carboxylic acid. The acid may be, but is not neces- 
sarily, the product acetic acid. The reaction occurs in the 
temperature range 160-210 "C and is highly selective under 
anhydrous conditions, only autogeneous pressures are 
necessary. Evidence indicates that the reaction pathway 
involves formate ligand and probably a coordinated carbon 
dioxide. 


Experimental Section 
The reactions were conducted in an Autoclave Engineers 1-L 


Hastelloy-C autoclave which was fitted with an internal, mag- 
netically driven agitator. Provisions were made by tubing through 
the head of the autoclave, with appropriate valving, for addition 
of other reactants if needed, and for removal of samples during 
the course of the reaction. When samples were taken, usually 
after 0.5,1, and 2 h, an equal volume of material (10-15 g) was 
first removed to flush out liquid trapped in the lines. The reactor 
was also fitted with an exit line at the bottom to facilitate removal 
of liquid contents without disassembly of the reactor. However, 
the reactor was opened periodically to inspect the walls for ad- 
ventitious solids deposition. A glass liner was used occasionally, 
but no difference could be detected, and it made the operation 
more difficult since the reactor needed to be opened following 
each reaction. Also, solvent and reactant distilled out of the liner 
in an uncontrolled manner. 


The simplest solvent system employed acetic acid. The analyses 
were simplified from the standpoint of fewest number of peaks, 
but the product was the difference between two large numbers 
and thus not accurate. Most experiments utilized propionic acid 
as solvent. This simplified product analysis but resulted in a large 
number of intermediate peaks due to transesterification reactions. 


(11) Japan Kokai 76/65,703, 1976. 
(12) Isogai, N. U S .  Patent 3 839 428, 1974. Reissue 29 981, 1979. 
(13) Antoniades, E. P. U.S. Patent 4 194 056, 1980. 
(14) Bryant, F. J.; Johnson, W. R.; Singleton, T. C. Am. Chem. Soc., 


Prepr., Diu. Petroleum Chem. 1973, 181, 193. 
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Table 11. Isomerization of Methyl Formate Solvent Effect 
a p t  temp, 
no. reactants (9) catalyst (g)  "C solvent (g) t ,  h CH,COOH produced, g 
11-la HCOOCH, (350)  [Ir(COD)CI], (0 .5)  190 none 2 no reactiona 


11-lb acetic acid (250)  2 41 .8 ,148  g of CH,COOCH, 
11-2 HCOOCH, (100) [Ir(COD)Cl], (0 .5)  190 acetophenone (200)  4 0, 2.0 g of CH,COOCH, 


11-3 HCOOCH, (100) [Ir(COD)Cl], (0 .5)  210 propionic acid (222)  4 71.2, 6 .1  g of CH,COOCH, 


11-4 HCOOCH, (100) [Ir(COD)Cl], (0 .5)  210 propionic acid (148) 4 44.1, 8.3 g of CH,COOCH, 


11-5 HCOOCH, (100)  [Ir(COD)Cl], (0 .5)  210 propionic acid (74)  4 11.9,' 5.5 g of CH,COOCH, 


11-6 HCOOCH, (300)  [Ir(COD)Cl], (0 .5)  180 propionic acid (25)  5 0, 3.7 g of CH,COOCH, 


CHJ (11.4)  


CH,I ( 1 8 . 2 )  


CH,I (18 .2)  toluene (170)  


CH,I (18 .2)  toluene (250)  


CHJ (1 8.2) toluene ( 3  20) 


CH,I (22.7)  
11-7 HCOOCH, (100) 


11-8 HCOOCH, (100) 


11-9 CH,CH,COOCH, (88) 


11-10 CH,CH,COOCH, (74)  


11-11 CH,CH,COOCH, (88) 


11-12 CH,CH,COOCH, (88) 


11-13 CH,CH,COOCH, (88) 


HCOOH ( 5 0 )  


HCOOH (60)  


HCOOH (96)  


HCOOH (96)  


HCOOH (96)  


[Ir<COD)Cl], (0 .5)  190 
CH,I (34.1)  
[Ir(COD)Cll, (0 .5)  180 
CH,I (22.7)  
[Ir~cOD)Cil, (0.5) 200 
CH,I (22.7)  
[Ir(COD)Cl], (0 .5)  200 
CH,I (15.9)  
[ Ir(C0D)Cl I (0 .5)  1 80 
CH,I (22.7)  
[Ir(COD)Cl,] (0.5) 180 
CH,I (22 .7)  
[ Ir(COD)Cl,] (0.5) 180 
CH,I (22.7) 


propionic acid (250)  5 69.8 


propionic acid (300) 4 75.8 
formic acid (72)  
propionic acid (250) 5 58.4 


acetophenone (250)  4 50.5 


propionic acid (400)  4 45.8 


propionic acid (300) 4 52.7 


propionic acid (200)  4 51.9 


7.1 g of CH,COOCH, 


97% of theory) 


100% of theory) 


a In art b, 250 g of acetic acid was added to the cooled product from part a, then the heating was continued for another 
2 h. 'The product contained unreacted methyl formate. methyl propionate, and a purple solid. The purple solid analyzed 
IrI, * 


The products were analyzed by VPC with the use of a Hew- 
lett-Packard 5840A instrument and the thermal conductivity 
detector. In a few early experiments the column used was a 6 
ft X in. Chromosorb 101 but most were conducted with a 6 
or 10 ft Poropak T, dimethyl formamide as internal standard, 
programmed from 170 to 190 "C after 15 min at 170 "C. The 
retention times varied with the age of the column. Typical times 
(min) on the 104% column were as follows: HzO, 2.79; HCOOCH3, 
3.70; CH31, 5.04; CH3COOH, 6.65; CH3CHzCOOCH3, 10.60; 


For codmation of compound identification during early stages 
of reaction, 'H NMR spectra were obtained on a Varian EM360L 
spectrometer. The protons in HCOOCH3 were distinctly separate 
from those in CH3COOCH3 or CH3CHzCOOCH3 (confirmed by 
spiking experiments). 


All materials were used as purchased. Formic acid was 95-97% 
grade. The cyclooctadiene iridium(1) chloride was purchased from 
Strem Chemicals or synthesized according to literature proce- 
dure.15 


HCOOH, 16.24; CH&OOH, 19.76; CH,CHZCOOH, 24.82; HCO- 
N(CHJ2, 30.69. 


Results and Discussion 
The most unusual feature of the catalyst system is the 


requirement for a carboxylic acid solvent. In neat methyl 
formate essentially no reaction occurs even at 190 OC and 
in the presence of the most generally effective catalyst 
combination, (cyclooctadiene)iridium(I) chloride and 
methyl iodide (experiment 11-la). Upon addition of 
substantial quantities of acetic acid (experiment 11-lb), 
reaction began immediately and proceeded smoothly. 
Addition of small amounts of carboxylic acid was insuf- 
ficient for appreciable conversions even after 5 h of reaction 
time (experiment 11-6). Mixtures of toluene and acetic acid 
as solvent gave conversions that were proportional to the 
amount of contained acetic acid (experiments 11-3-5). In 
the experiments with high amounts of toluene, a purple 


(15) Herde, J. L.; Lambert, J. C.; Senoff, C. V. Inorg. Synth. 1975,15, 
18. 


solid formed during the reaction which was Id3 according 
to elemental analysis. Otherwise, the solutions were orange 
to red in color and clear. Other carboxylic acids were 
acceptable as solvents, propionic or propionic and formic 
functioned quite well (experiments 11-7 and 11-8). Aceto- 
phenone was also unsatisfactory as a solvent (experiment 
11-2). Both types of solvents, polar and nonpolar, were 
found satisfactory in previous studies of "isomerizations" 
with other group 8 metals under carbon monoxide pres- 
sure, as well as neat so l~ t ions . '~J~  


Analysis of the reacting solutions during the early stages 
by VPC and 'H NMR provided valuable information 
relative to the function of the carboxylic acid. It was 
evident that the first reaction to occur was trans- 
esterification of the methyl formate with the solvent car- 
boxylic acid (eq 5). In solutions which were about 5 M 
methyl formate in propionic acid, the ratio of formic 
acid/methyl formate was approximately 2:l. 
HCOOCH, + RCOOH * HCOOH + RCOOCH, (5) 


This finding raised the possibility that the active sub- 
strate was actually formic acid. This hypothesis was tested 
by employing a mixture of formic acid and methyl pro- 
pionate instead of methyl formate (experiment 11-9). This 
produced acetic acid and additional propionic acid. With 
the combination of formic acid and methyl alkanoate, 
acetophenone was quite satisfactory as a solvent (experi- 
ment 11-10). 


Most of the experiments utilized the combination of 
95-97% formic acid and methyl ester in propionic acid, 
which made the analyses for product acetic acid more 
accurate. However, analyses for reactants and interme- 
diates were complicated due to the large number of ester 
equilibria (eq 6, 10, and 11) and product-forming reactions 
(eq 7-9) involved. The reaction parameters and especially 
HCOOCH3 + CH3CHzCOOH + 


HCOOH + CH3CHZCOOCH3 (6) 
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HCOOH + CH3CH2COOCH3 - 
CH3COOH + CH&HZCOOH (7) 


(8) 
(9) 


HCOOCH3 + CH3COOH F? CH3COOCH3 + HCOOH 
(10) 


CH3COOH + CH3CH2COOCH3 (11) 


HCOOH + CH3COOCH3 - 2CH3COOH 
HCOOH + HCOOCH3 - CH3COOH + HCOOH 


CH3COOCH3 + CH3CH2COOH F? 


kinetic responses to reactant concentrations were com- 
plicated. The pertinent experiments are listed in Table 
111. Of special interest is the relationship of the reaction 
rates to formic acid concentration (experiments 111-11-17; 
Figure 1). With the amount of methyl ester in large molar 
excess and held relatively constant, the initial rate was 
highly dependent on the formic acid concentration, ap- 
proximately first order. These experiments were con- 
ducted with high levels of methyl iodide. The rate was 
independent of methyl ester concentration, except as it 
contributes to formic acid concentration by the ester in- 
terchange process (experiments 111-1-10, Figure 2). 


The rate of acetic acid formation is dependent on methyl 
iodide concentration at  low and medium levels (0.01-0.15 
M or 3-50 I/Ir) but shows small response at  high levels 
(Figure 3). The initial form of the iodide is not critical, 
except that iodide salts are unsuitable. Initial aqueous HI 
is converted to methyl iodide, even before reaction tem- 
perature is reached. This observation is also important 
when considering the mechanism (vide infra). Other alkyl 
iodides are converted to methyl iodide after cycling 
through the synthesis steps. Branched iodides were con- 
verted to a greater extent than linear iodides. Iodide is 
necessary for the reaction to proceed (experiment IV-12). 


The reaction will not proceed without a methoxy source; 
i.e., a stoichiometric reaction with generation of HI will 
not proceed to any significant extent (eq 12, experiment 
111-20). 


CH3I + HCOOH CH3COOH + HI (12) 


A reaction pathway which accommodates these facts in 
a manner consistent with demgnstrated chemical phe- 
nomena is outlined in Scheme 1. The species [LIrI] is‘a 
solvated iridium(1) complex. The oxidative addition of 
methyl iodide to iridium(1) is well documented, both for 
neutral and ionic species.I6 The slow step is probably the 
methyl migration (4 - 5) but could be the 0-hydride 
elimination of step (3 - 4). This latter has been proposed 
as the rate-determining step in the decomposition of 
rhodium-formate” and iridium-formatesb species. The 
rate dependence of formic acid concentration would arise 
as a consequence of ita competition with HI between 
species 2 and 3. This determines the concentration of the 
necessary intermediate 3 at any instance. The equilibrium 
M-X + OOCH- - MOOCH + X- has been proposed for 
M = Ir and X = Cl.4b9c The HI formed in the 2 - 3 
conversion reacts immediately with the methyl ester of the 
solvent acid to produce methyl iodide and regenerate the 
solvent acid. This conversion is very fast as noted before 
and as confirmed by W C  evidence for free methyl iodide 
in all experiments except those with very low ratios of I/Ir. 
In the experiment with no methoxy acceptor (111-20), the 
initial buildup of HI either rapidly decreases the concen- 


Pruett and Kacmarcik 
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Figure 1. Rate of acetic acid formation as a function of formic 
acid concentration (Table 111, experiments 11-11-111-13): 0, 24 
g of HCOOH; ., 48 g of HCOOH; A 72 g of HCOOH. 


G ACETIC 
ACID 


HRS 


Figure 2. Rate of acetic acid formation as a function of methyl 
propionate Concentration (Table 111, experiments IIId, 111-7-111-9): 
A, 22 g, 4 4 4  g, 0, 55 g, +, 66 g and V, 88 g of methyl propionate. 


Scheme I 


(16) As an example, see: Forster, D. J. Chem. SOC., Dalton Tram. 


(17) Strauss, S .  H.; Whitmire, K. H.; Shiver, D. F. J. Organomet. 
1979, 1639 and references therein. 


Chem. 1979, 174, C59. 


4 
3 


tration of 3 due to unfavorable equilibrium with 2 or the 
HI competes with CHJ in oxidative addition of 1; the 
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Table 111. Effect of Formic Acid and Methyl Ester Concentrations on Acetic Acid Formation 
acetic acid produced, g 


expt no. reactants (g) 0.5 h 1.0 h 2.0 h 4.0 h 


111-1 a CH,CH,COOCH, (44)  23.6 29.6 (99%) 
HCOOH (72)  


111-pa 


III-3a 


111-4 


111-5 


111-6 


111-7 


111-8 


111-9 b 


111-1 0 


111-1 1 


111-1 2a 


111-1 3 


111-1 4 


111-1 5 


111-1 6 


111-17 


111-18 


111-19b 


III-20C 


CH,CH,COOCH, (88) 
HCOOH (72)  
CH,CH,COOCH, (132) 
HCOOH (72)  
CH,CH,COOCH, (22) 
HCOOH (96) 
CH,CH,COOCH, (22) 
HCOOH (96)  
CH,CH,COOCH, (33)  
HCOOH (96) 
CH,CH,COOCH, (44) 
HCOOH (96)  
CH,CH,COOCH, (55)  
HCCOH (96)  
CH,CH,COOCH, (66 )  
HCOOH (96)  
CH,CH,COOCH, (88) 
HCOOH (96)  
CH,CH,COOCH, (132) 
HCOOH (24)  
CH,CH,COOCH, (132) 
HCOOH (48)  
CH,CH,COOCH, (132) 
HCOOH (72) 
CH,CH,COOCH, (110) 
HCOOH (1 2) 
CH,CH,COOCH, (110) 
HCOOH (21)  
CH,CH,COOCH, (110) 
HCOOH (36)  
CH,CH,COOCH, (110) - .  . 
HCOOH (48) 
CH,CH,COOCH, (88) 
HCOOH (96)  
CH,CH,dOOCH, (88) 
HCOOH (96)  
HCOOH (96)  


7.6 


8.1 


10.2 


11.8 


12.4 


11.7 


11.7 


... 


11.8 


14.8 


15.4 


16.9 


21.2 


22.3 


21.6 


5.7 


6.8 


7.6 


12.4 


28.3 


21.6 


... 


38.3 


33.1 


14.8 


19.4 


25.3 


29.8 


36.7 


42.7 


9.0 


19.1 


33.1 


4.5 


8.1 


10.9 


17.9 


49.1 


42.7 


... 


54.6 (91%) 


65.4 (73%) 


15.9 ( l o o % + )  


13.6 (91%) 


19.7 (88%) 


28.1 (84%) 


37.0 (99%) 


43.8 (97%) 


52.7 (88%) 


16.4 (55%) 


41.1 (69%) 


65.4 (73%) 


6.0 (40%) 


12.6 (48%) 


23.7 (53%) 


31.7 (53%) 


53.2(89%) 


52.7 (88%) 


0 


a Reaction conditions were as follows: 0.5 g of [Ir(COD)Cl],, 18.2 g of CH,I, 250 g of propionic acid as solvent; 1 8 5  "C 
Reaction conditions as follows: 0.5 g of [Ir(COD)Cl], , 22.7 g of CH,I, 300 g of propionic acid as 


Reaction conditions were as follows: 0.5 g of [Ir(COD)Cl],, 68.1 g of CH,I, 300 
reaction temperature. 
solvent; 180 "C reaction temperature. 
g of propionic acid as solvent; 180  "C reaction temperature. No  methyl ester present, hence no reaction. 


oxidative addition of HI is nonproductive. It is known that 
HI undergoes oxidative addition much more rapidly than 
methyl iodide.16 


The proposed coordinated carbon dioxide is similar to 
that demonstrated by Geoffroy and co-workers.'* They 
showed that a rhenium complex with an 0-bonded formate 
ligand reversibly expelled carbon dioxide through 8-hy- 
dride elimination (eq 13). The reverse formate formation 
[Re (OOCH) (diphos) 2] + [ ReH GO,) (diphos) 21 + 


[ReH(diph~s)~]  + C02 (13) 


from complexed carbon dioxide and rhenium hydride must 
involve the migration of hydride to the carbon in the 
carbon dioxide. Since a methyl group migrates a t  least as 
readily as hydride in group 8 organometallic chemistry, the 
chemistry of the proposed 3 - 4 - 5 conversion is rea- 
sonable. Very recently it has been shown that the methyl 
group in [CH,W(CO)J in the presence of carbon dioxide 
forms [CH3COOW(C0)5]-.19 It  is interesting to note that 
the reaction occurred under conditions in which carbon 
monoxide dissociation is not expected. Thus each step in 


(18) Roberts, D. R.; Geoffroy, G. L.; Bradley, M. C. J. Organomet. 


(19) Darensbourg, D. J.; Rokicki, A. J.  Am. Chem. SOC. 1982,104,349. 
Chem. 1980,198, C75. 


the catalytic cycle of Scheme I has established chemical 
precedent. 


Addition of water to the reacting system gave unex- 
pected results. The reaction of formic acid with methyl 
propionate was strongly inhibited by solutions of 1-4 mol 
of water in propionic acid. At 4 M H20  concentration, no 
acetic acid was produced and the pressure in the autoclave 
rose to 1400 psi after 4 h at 180 "C. The gas was analyzed 
by mass spectrograph and analyzed 59% methane, 32% 
carbon dioxide and 5 %  hydrogen. At a 1 M concentration, 
the formation of acetic acid was slow (14 g after 2 h) and 
the pressure rose, but only to 400 psi (59% methane, 30% 
carbon dioxide). Smaller amounts of water had corre- 
spondingly less effect. No difference was detected between 
a reaction made completely anhydrous by addition of 
propionic anhydride and those utilizing the standard 
95-97% formic acid. Solutions of the latter were 0.3 M. 
The reason for the dramatic effect of water is not known.2o 


(20) A reviewer has noted that the effect of added water bears a stron 
resemblance to the work on iridium catalyzed methanol carbonylationZq 
where high ionic iodide levels prevented methyl migration and instead 
diverted the catalysis along the pathway CHaOH + CO - CH, + COP 
It was ab0 suggested that another potential route for acetic acid forma- 
tion in the (essentially) anhydrous system could involve formic acid 
decomposition to carbon monoxide and water. 
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Table IV. Effect of Iodide Promoter: Amount and Type 


expt no. reactants (g) catalyst (g) 
CH,COOH 


final iodide (g) produced, g 


IV-1 


IV-2 


IV-3 


IV-4 


IV- 5 


IV-Gf 


IV-7 


IV-8 


IV-9 f 


IV-lOh 


I V - l l h  


IV-1 2'2 


CH,CH,COOCH, (67) 
HCOOH (96) 
CH,CH,COOCH, (66)  
HCOOH (96)  
CH,CH,COOCH, (66 )  
HCOOH (96) 
CH,CH,COOCH, (66) 
HCOOH (96) 
CH,CH,COOCH, (66) 
HCOOH (96) 
CH,CH,COOCH, (88) 
HCOOH (96) 
CH,CH,COOCH, (88) 
HCOOH (96)  


CH,COOCH, (72 )  
HCOOH (46)  
CH,COOCH, ( 7  2) 
HCOOH (72) 
CH,COOCH, (72) 
HCOOH (72) 
CH,COOCH, (72 )  
HCOOH (72)  
HCOOCH, (90) 


[Ir(COD)Cl], (0.5) 
CH,I (34.1) 
[Ir(COD)Cl], (0.5) 
CH,I (11.4) 
[Ir(COD)Cl], (0.5) 
CH,I (4.5) 
[ Ir(COD)Cl], (0.5) 
CH,I (2.3) 
[Ir(COD)Cl], (0.5) 
CH,I (1.0) 
[Ir(COD)Cl], (0.5) 
55% aqueous HI (35) 
[Ir(COD)Cl], (0.5) 
CH,I (11.4) 
LiI (10.0) 
[ Ir( COD)Cl], (0.5) 


[Ir(COD)Cl], (0.5) 
CH,CH,CH,I (50 )  
[Ir(COD)Cl], (0.5) 
CH,CH,CH(I)CH, (45)  
[Ir(COD)Cl], (0.5) 


[ Ir( COD)Cl], (0.5) 


(CH3)2CH1 (50) 


(CH3)3CI (50) 


CH,I (31.1) 


CH,I (9.1) 


CH,I (2.9) 


CH,I (2.3) 


CH,I (1.1) 


CH,I (18.7) 


CH,I (11.7) 


CHJ (56.3) 
(CH,),CHI (13.5) 
CH,I (19.0) 
CH,CH,CH,I (23.7) 
CH,I (30.1) 
CH,CH,CH(I)CH, (8.2) 
CH,I (35.1) 


... 


41.0' 


41.4 ' 
30.9 b 7 c  


21.7 b , d  


12.9 'pe 


13.6 


11.og 


90.7 


97.1 


91.5 


78.7 


a Experimental conditions: 4 h reaction time; 300 g of propionic acid as solvent; 180 "C reaction temperature. ' The 
amount of acetic acid was measured after 0.5, 1, and 2 h. That found at  the respective times was (IV-5) 5.3, 5.4, 7.5, 
(IV-4) 5.1, 7.4, 11.8, (IV-3) 6.6, 9.6, 17.4, (IV-2) 11.6, 17.4, 32.4, (IV-1) 12.5, 23.1, 35.3. CProduct contained 11.6 g o f  
unreacted methyl propionate. Product contained 12.9 g of unreacted methyl propionate. e Product contained 32.7 g of 
unreacted methyl propionate and 8.4 g of methyl formate. The HI was transformed to CHJ before the reaction temper- 
ature was reached. The low yield of acetic acid was caused by the water inhibition. The pressure rose to  6.1 MPa during 
the reaction. 
methyl iodide until 1 h a t  180  "C. The sec-butyl iodide was converted upon reaching 180  "C but not a t  160  "C. The fert- 
butyl iodide was 50% converted at  160  "C. Black precipi- 


Samples were taken a t  1 6 0  "C and again upon reaching 180  "C. The n-propyl iodide did not convert to 


Reaction temperature 200 "C; solvent propionic acid, 250 g. 
tate formed during the reaction. 


50 I I 
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Figure 3. Rate of acetic acid formation as a function of methyl 
iodide concentration (Table IV, experiments IV-1-5): A, 1 g of 
CH,I; ., 2.3 g of CH31; O,4.5 g of CH,I; +, 11.4 g of CH,I; V, 34.1 
g of CH,I. 


The "isomerization" was also applicable to other formate 
esters. Ethyl formate (100 g) was transformed to propionic 
acid (41.2 g) when heated to 200 "C for 4 h in acetic acid 
(250 g) in the presence of [Ir(COD)C1I2 (0.5 g) and CHJ 
(45.4 g). In a similar manner, isopropyl acetate (153 g) and 
formic acid (75 g) in acetic acid (200 g) and in the presence 
of [Ir(COD)Cl], (0.5 g) and isopropyl iodide (36 g) formed 
mixture of butyric acids (35.6 g). The carboxylic acid 
formation from the higher homologues was less facile than 
the acetic acid synthesis from either methyl formate or 


I t 
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Figure 4. Rate of acetic acid formation as a function of iridium 
concentration: 0 ,250  ppm of Ir; W, 640 ppm of Ir; A, 1000 ppm 
of Ir. 


methyl propionate and formic acid. Other group 8 metals 
were not effective catalysts under these conditions. Ru- 
thenium(II1) acetylacetonate and methyl iodide did not 
catalyze the reaction of formic acid and methyl propionate 
in propionic acid. After 4 h a t  180 "C the yield of acetic 
acid was <4%. Rhodium as the (cyc1ooctadiene)rhodi- 
um(1) chloride dimer plated out during a similar reaction. 
With the iridium catalyst, the reaction was approximately 
first order in Ir. 


Formaldehyde as Reactant. Formaldehyde is an in- 
teresting substrate for the formic acid reaction. Several 
possibilities could occur. It could exist as a pseudo ester 
(eq 14) which could possibly form a hydroxymethyl iodide 


CHzO + HCOOH - HCOOCHzOH (14) 







Ir-Catalyzed Synthesis of CH,COOH from HCOOCH, 


CHzO (or HCOOCH,OH) + HI - 
HOCHJ (or HCOOCHzI) (15) 


(eq 15) or diiodomethane (eq 16). Either of these would 
HOCHZI + HI -+ CHzI2 + H2O (16) 


produce interesting products under the reaction conditions. 
Reacting as hydroxymethyl iodide, glycolic acid would be 
produced (eq 17). Reacting as diiodomethane, the product 
could be either iodoacetic acid (eq 18) or malonic acid (eq 
19). 


HOCHZI + HCOOH + HOCHZCOOH + HI 


ICHJ + HCOOH -+ ICH2COOH + HI 


ICHZCOOH + HCOOH - HOOCCHZCOOH + HI 


(17) 


(18) 


(19) 
When trioxane was treated with formic acid under 


typical reaction conditions, none of the products according 
to the above reactions were detected. At  180 OC, almost 
no reaction occurred. In the VPC analysis of the product, 
a very large peak was observed at  very short retention 
times (Poropak T column, thermal conductivity detector, 
column temperature 170 "C), even shorter than that for 
water or methyl formate. This was presumed to be mo- 
nomeric formaldehyde. This point was not proved by 
further analyses. At a reaction temperature of 205 OC, this 
peak disappeared during the first 2 h, and reaction prod- 
ucts appeared. Typical results are shown in Figure 5. 
Methyl formate is seen in the first hour of reaction, in 
increasing amounts, and then drops to negligible quantities 
after 3 h. Methyl propionate increased more rapidly in 
the same time frame and also decreased to small quantities 
a t  the end of the 4-h period. On the other hand, acetic 
acid was present in relatively small amounts until the later 
stages of the reactions and was present in high yields a t  
the end of the reaction. Methyl iodide was seen in all 
stages. 


It was concluded that the reaction followed a new 
pathway. The first reaction is a Tischenko-like conden- 
sation of formaldehyde to form methyl formate (eq 20). 


2CHz0 -+ HCOOCH, (20) 


This type of reaction has been noted to proceed with 
rhodiumz1 or copperz2 catalysts. This is substantiated by 
the observation of substantial quantities of methyl formate 
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Figure 5. Intermediates in the formation of acetic acid from 
formaldehyde: A, methyl formate; ., methyl propionate; 0, acetic 
acid. 


early in the reaction, followed by acetic acid late in the 
reaction. The amount of methyl formate is much larger 
than would be seen if methyl propionate was formed in- 
itially by another route, and then trans-esterification oc- 
curred to form methyl formate. In fact, the opposite oc- 
curs. The acetic acid could be formed by decarboxylation 
of malonic acid as formed in eq 19, but that would not 
account for the methyl esters. Also the intermediate 
promoter would not be methyl iodide, which was seen 
throughout the reaction. Thus the Tischenko route is the 
most likely. 


Registry No. HCOOCH3, 107-31-3; CH,COOH, 64-19-7; 


(CH3)2, 108-21-4; CH3CH2COOCH3, 554-12-1; [Ir(COD)C1I2, 
12112-67-3; CH31, 74-88-4; CH,CH(I)CH,, 75-30-9; CH20, 50-00-0; 


HCOOCH&H,, 109-94-4; CH&H2COOH, 79-09-4; CH3COOCH- 


CH&H&H(I)CH3,513-48-4; (CHJSCI, 558-17-8; CH3COOCH3, 
79-20-9. 


(21) (a) Horino, H.; Ito, T.; Yamamoto, A. Chem. Lett. 1978, 17. (b) 
Cook, J.; Hamlin, J. E.; Nutton, A.; Maitlis, P. M. J. Chem. Soc., Dalton 
Trans. 1981, 2342. 


(22) Goeden, G. V.; Caulton, K. G. J. Am. Chem. SOC. 1981,103,7354. 
(23) Forster, D. J. Chem. Soc., Dalton Trans. 1979, 1639. 
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Activation of the sp carbon-hydrogen bond in a series of terminal alkynes is promoted by prior a 
coordination of silver(1) trifluoromethanesulfonate to the triple bond. The activation, monitored by exchange 
of protium for deuterium by using proton NMR spectroscopy, is catalytic in silver salt. For the exchange 
the rate expression is rate = kl [RCECH-AgOTfl + k2[RC=CH.AgOTfl [CD,COOD]. The deuterated 
alkyne reacts faster than the protiated alkyne ((rate/ [RC=CH] + rate/ [ R W D ] )  = 0.46 f 0.07), consistent 
with increase in p character of the alkyne terminal carbon in the ratedetermining step. The rate of deuterium 
exchange is linearly correlated with the decrease in terminal sp carbon-hydrogen bond stretching frequency 
upon silver(1) a coordination but nonlinearly with the change in proton Nh4R chemical shift of the hydrogen 
bound to the terminal sp carbon upon silver(1) a coordination. 


Introduction 
With declining petroleum feedstocks, the last decade has 


seen growing interest in the selective activation of hy- 
drocarbon C-H bonds in order to make better use of 
available supplies.’ The majority of papers have reported 
sp3 C-H bond activation (intramolecular2 and intermole- 
cular3), sp2 C-H bond activation: the alkyl-alkylidene 
equilibrium: and the alkylidene-alkylidyne equilibrium,6 
but little work has been done on the mechanism of sp C-H 
bond activation. Most interest has centered upon synthetic 
use of the already activated sp C-H bond in metal ace- 
tylides.’ 


In earlier work we observed that upon silver(1) r coor- 
dination to terminal alkynes the terminal sp C-H bond 
is weakened and polarized.8 The silver r coordination 
makes the terminal hydrogen only active toward exchange 
with deuterium (eq l).9 In one example, 1,7-octadiyne a 


CD3N02 
RC-CH + CD3COOD - RC-CD + CDXCOOH (1) T 


A9+ 
T 
Ag+ 


coordinated to silver(1) trifluoromethanesulfonate (triflate, 
OTf) undergoes deuterium exchange a minimum of lo5 
times faster than without silver. 


A logical mechanism for the exchange in eq 1 involves 
formation of an intermediate silver acetylide, followed by 
deuterium incorporation. However, our studies showed 
that while silver acetylide formation does occur to a sig- 
nificant extent in the absence of deuterium source, its 
formation is kinetically slow (days) compared to the rate 
of deuterium exchange (minutes). Thus, silver acetylide 
formation cannot occur prior to or during the rate-deter- 
mining step. 


Because (a) the site of initial silver ion coordination to 
a terminal alkyne is well-defied, (b) alkyne terminal C-H 
bond activation occurs in homogeneous solution a t  rates 
that are convenient to monitor, (c) the activation is se- 
lective toward one type of hydrogen, and (d) the activation 
is catalytic in silver ion, the terminal (alkyne)silver(I) a 
complexes are promising model compounds for study of 
some basic principles of C-H bond activation. In this 
paper we report the effect of deuterium donor concen- 
tration upon rate of exchange and the presence of an in- 
verse kinetic deuterium isotope effect. The mechanistic 
implications of these observations will be discussed. 


Dedicated to  the  memory of the late Rowland Pettit. 


0276-7333/82/2301-1700$01.25/0 


Experimental Section 


Materials and Equipment. Silver triflate (Aldrich) was re- 
crystallized from pentane/ethyl ether mixtures and dried under 
vacuum. It was stored in the dark, and all transfers of the hy- 
groscopic salt were performed in a glovebag under a flow of dry 
nitrogen. The alkynes (Farchan) were stirred over calcium hydride 
prior to distillation and were stored over activated molecular 
sieves. All liquids were stored in vials fitted with Mininert valves, 
and sampling was done with gas-tight, predried microsyringes. 
Before use, solvents and solutions were degaased with dry nitrogen. 


Proton NMR spectra and IR spectra were obtained as described 
previo~sly.~ 


Syntheses of Terminal Alkynes-l -dl. The alkynes l-hex- 
yne-Id,, 3-methyl-l-pentynel-dl, and 3,3-dimethyl-l-butyne-l-d, 
were prepared by the following procedure: In a flame-dried, 
nitrogen-flushed flask a small amount of sodium hydroxide (53 
mg, 1.33 mmol) was added with stirring to 99% D20 (77 g, 3.85 
mol). The alkyne (0.041 mol) was added, and the two-phase 
mixture was stirred for a minimum of 7 h. The layers were 
separated under nitrogen atmosphere. The organic layer ww dried 
with molecular sieves, filtered, and distilled. The percent deu- 
terium incorporation at the terminal carbon of the alkyne was 
estimated by repeated integration of the proton NMR spectrum.1° 
No incorporation of deuterium at other than the terminal carbon 
could be detected. The percent deuterium incorporation ( i3%)  


(1) (a) Masters, C. “Homogeneous Transition-metal Catalysis”; Chap- 
man and Hall: (b) Parshall, G. W. 
“Homogeneous Catalysis”; Wiley: New York, 1980; Chapters 7 and 12. 


(2) Examples: (a) Tulip, T. H.; Thorn, D. L. J. Am. Chem. SOC. 1981, 
103, 2448. (b) Foley, P.; DiCosimo, R.; Whitesides, G. M. Ibid. 1980,102, 
6713. 


(3) Examples: (a) Janowicz, A. H.; Berg” ,  R. G. J. Am. Chem. SOC. 
1982,104, 352. (b) Crabtree, R. H.; Millea, M. F.; Mihelcic, J. M.; Quirk, 
J. M. Ibid. 1982, 104, 107. (c) Webster, D. E. Adu. Organomet. Chem. 
1977, 15, 147. 


(4) Examples: (a) Grebenik, P. D.; Green, M. L. H.; Izquierdo, A. J. 
Chem. SOC., Chem. Common. 1981,186. (b) Parshall, G.; Klabunde, U. 
J. Am. Chem. SOC. 1972, 94, 9081. 


(5) Cooper, N. J.; Green, M. L. H. J. Chem. SOC., Dalton Trans. 1979, 
1121. 


(6) (a) Goddard, R. J.; Hoffmann, R.; Jemmis, E. D. J. Am. Chem. SOC. 
1981,103,7667. (b) Holmes, S. J.; Schrock, R. R. Ibid. 1981,103,4599. 


(7) (a) Hurdlik, P. F.; Hurdlik, A. M. In “The Chemistry of the Car- 
bon-carbon Triple Bond”, Part I; Patai, s., Ed.; Wiley: Chichester, 1978; 
p 256 and references therein. (b) Sladkov, A. M.; Ukhin, L. Y. Ross. 
Chem. Reo. (Engl. Trans.) 1968,37, 748. 
(8) Lewandos, G. S. Tetrahedron Lett. 1978, 2279. 
(9) Ginnebaugh, J. P.; Maki, J. W.; Lewandos, G. S. J. Organomet. 


Chem. 1980, 190,403. 
(10) In the presence of silver(1) the terminal proton resonance appears 


downfield and distinct from the resonances of protons on the a- and 
@-carbons.0 Thus, even small amounte of residual terminal protium can 
be detected in the presence of terminal deuterium. 


London, 1981; Chapter 3. 
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Initial rates of reaction (to 15% conversion) were calculated. 
Rates reported are averages of three independent determinations 
unless noted otherwise. 


The kinetics measurements to measure H/D isotope effects 
were made in the same way except (a) deuterated alkynes and 
CH3COOH were used and (b) the increase in peak area of the 
proton bound to sp carbon was monitored as a function of time. 
Rates for alkynes with less than 100% deuterium at the terminal 
carbon are corrected to 100% deuterium content for data to be 
comparable to that of protiated alkynes. Exchange was quan- 
titative with no alkyne loss. 


Role of Solvent in H/D Exchange. Silver triflate (40 mg, 
0.156 mmol) was transferred to an NMR tube under an atmo- 
sphere of dry nitrogen. Acetic acid-d4 (200 kL, 3.48 mmol) with 
MeSi was added to give a suspension. No nitromethane-d3 was 
present. The terminal alkyne (0.156 mmol) was added to yield 
a homogeneous solution, and the resulting proton NMR spectrum 
was integrated periodically over 9 h. 


Results and Discussion 
To elucidate the mechanism of the reaction in eq 1, we 


determined the dependence of reaction upon [RCECH. 
AgOTfl, [CD,COOD], and solvent. 


Effect of Solvent. While the D exchange reaction can 
be carried out in other solvents (acetone, acetic acid)," this 
kinetic work was done in nitromethane-d,. This is because 
there exists a dynamic equilibrium between free and 
complexed alkyne in solution (eq 2). Earlier work has 


( 2 )  RCTcH RC=CH + Ag' 


Ag+ 


shown that more stable a complexes to silver are formed 
in this s ~ l v e n t . ~ J ~  With nitromethane-d3 the reactions of 
a-coordinated alkynes can be facilitated rather than there 
existing a significant amount of uncoordinated and un- 
reactive alkyne in solution. 


An initial reaction was carried out on the alkynes (1- 
hexyne, 3-methyl-l-pentyne, 3,3-dimethyl-l-butyne, 1,5- 
hexadiyne) with equimolar amount of AgOTf and excess 
CD3COOD. Without solvent the reactions were so rapid 
(equilibrium reached in <5 min) that accurate rate mea- 
surements could not be made. Qualitatively, complete D 
exchange was observed at a rate equal to or faster than that 
observed in 0.4 M nitromethane-d,. Without AgOTf no 
exchange occurred under these conditions. Thus, the 
deuterium exchange (eq 1) does not require solvent, and 
specific solvation need not be invoked in any general 
mechanistic scheme. 


Effect of CD3COOD Concentration, Terminal alk- 
ynes a coordinated to silver(1) undergo D exchange a 
minimum of lo5 times faster than uncoordinated a lkyne~.~  
If the rate-determining step of D exchange (eq 1) involves 
the deuterium donor acid, CD,COOD, the rate of exchange 
should show a dependence upon changing acid concen- 
tration. 


In Table I, data for the D exchange of alkynes with 
varying concentration of CD,COOD are shown. The rates 
of exchange were measured at varying initial concentration 
of (a1kyne)silver triflate a complex. This is because the 
alkynes differ in the stability of a complexes formed. The 
actual concentration of a complex ready for D exchange 
at any time is a function of the  equilibrium constant for 
the equilibrium in eq 2. Since these complexes are of 1:l 
stoichiometry between alkyne and AgOTP and the degree 
of a complexation is a linear function of observed proton 
NMR chemical shift vs. maximum possible chemical 


A 


l l . . . l , . . . l , . . , ~  
3.0 2.0 1.0 0 


Figure 1. The proton NMR spectra of (1-hexyne)silver triflate 
(0.4 M) in CD3NOz a t  35 "C: A, prior to addition of CD3COOD; 
B, after addition of CD3COOD. 


was as follows: 1-hexyne, 79%; 3-methyl-l-pentyne, 75%; 3,3- 
dimethyl-1-butyne, 80%. 


Kinetics. Kinetic measurements were made with a Varian T-60 
NMR spectrometer with a constant probe temperature of 35 OC. 
All samples contained Me4Si as intemal standard. The resolution 
was maintained between 0.8 and 1.0 Hz. Phase adjustment of 
the signal and integral drift control were optimized for each sample 
so that a flat base line was observed before and after each integral 
trace. 


In each kinetic run, silver triflate was added to an NMR tube. 
Nitromethane-d3 with Me4Si and alkyne were added. The area 
of terminal proton resonance was determined relative to the 
resonance due to hydrogen on sp3 carbon($. During this period 
no change in relative area was observed. Enough acetic acid-d, 
was added to bring the concentrations of alkyne and AgOTf to  
-0.4 M and to provide the desired ratio of alkyne to acetic acid-d,. 
The spectrum was continually integrated to determine decrease 
in concentration of sp-carbon-bound proton as a function of time. 
Commonly, 25-40 separate integrals were taken during a run. 
Figure 1 illustrates the proton NMR spectra of a representative 
alkyne (1-hexyne) prior to acetic acid-d, addition and after ad- 
dition. The clearly separated terminal proton resonance is seen 
to decrease in area after the addition. When the system reached 
equilibrium, a fiial spectrum was obtained to measure accurately 
chemical shift. Finally, the solution volume, and hence molar 
concentration, was determined by measurement of solution height 
in the volume precalibrated NMR tube. 


The exchange was quantitative, with no loss of alkyne due to 
competing side reactions. The loss of terminal proton resonance 
was accompanied by appearance of a resonance at  approximately 
S 10.1 (varies with concentration) from CD3COOH. The sum of 
these two areas was always equal to that of the initial terminal 
proton. Also, the sum of the two areas was always constant with 
respect to resonances of proton on sp3 carbon. No absorbances 
were seen in the olefinic region from alkyne polymerization. 


(11) Gregston, D. K.; Lewandos, G. S., unpublished observations. 
(12) Solodar, J.; Petrovich, J. P. Inorg. Chem. 1971, 10, 395. 
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Table I. Rate Constants for Deuterium Exchange with Protium on the sp Carbon of Terminal Alkynes (Eq l)= 
103(rate/ lo3(  rate/ 


alkyne M M (exptl),c s T 1  s-1 s-,  (calcd), s-I 
[ complex ], [ D+],b [ complex])- 1 0 3 k , ,  103kh, ,  [complex])- 


1-hexyne 0.40 0.40 3.7 (2 )  3.5 0.5 3.7 
0.36 2.0 4.5 (2 )  4.5 
0.40 4.0 5.7 (1) 5.5 


3-methyl-1-pentyne 0.39 0.40 1.6 (3)  1.3 0.7 1.6 
0.39 2.0 2.7 (0.8) 2.7 
0.39 4.0 4.3 (0.2) 4.1 


3,3-dimethyl-l-butyne 0.38 0.40 2.2 (5 )  1.4 2.0 2.2 
0.38 2.0 4.7 (4 )  5.4 
0.38 4.0 9.6 (0.3) 9.4 


1,5-hexadiyne 0.40 0.40 1.0 (0.9) 0.8 0.5 1.0 
0.39 0.80 1.1 ( 2 )  1.2  
0.38 4.0 2.7 (2)  2.8 
0.39 8.0 4.8 (2)  4.8 


All measurements were with [alkyne] = [AgOTf] = 0.4 M in CD,NO,, and [complex] is the actual concentration of 
(a1kyne)AgOTf as measured by proton NMR spectroscopy. 
ses indicates standard deviation; e.g., 3.7 ( 2 )  is 3.7 i. 0.2; 2.7 (0.8) is 2.7 i 0.08. 


[D’] = concentration of CD,COOD. Number in parenthe- 


shift,9J2 the actual concentration of (alkyne)silver triflate 
a complex in solution can be estimated. This is done by 
measuring the chemical shift of the proton bound to sp 
carbon in the D exchange solution and the maximum 
possible chemical shift with a large excess of silver triflate. 
With [alkyne] = [AgOTfl = 0.4 M, percent of alkyne a 
coordinated is as follows: 1-hexyne = 96-10090, 3- 
methyl-1-pentyne = 90-96%, 3,3-dimethyl-l-butyne = 
90-94%, 1,5-hexadiyne = 95-9770. The percent depends 
upon [CD,COOD], with decreasing percent complexation 
associated with greater [CD,COOD]. Thus, the [complex] 
value in Table I was experimentally determined for each 
kinetic run. 


Experimental rates were measured during the first 15% 
conversion. Initial rates were used in order to (a) minimize 
effect of the reverse of reaction 1 upon the observed rate 
and (b) minimize importance of slow side reactions that 
may assume kinetic importance at  higher conversion. 


If the reaction were first order in a complex and zero 
order in CD,COOD, the quotient of rate/ [complex] should 
be a constant, kl.  The data in Table I show that this 
quotient is not a constant, and the rate exhibits a partial 
dependence upon [CD,COOD]. The kinetics data are 
consistent with a rate expression for D exchange occurring 
by two competing mechanisms. If both mechanisms have 
first-order dependence upon [complex] and if one has 
first-order dependence upon [CD,COOD], the rate ex- 
pression in eq 3 is valid. This rate expression can be 


rate = k,[complex] + k2[complex] [CD,COOD] (3) 
With the measured rates and 


(4) 


known values of[complex] and [CD,COOD], unique values 
of rate constants kl and k z  should exist if eq 3 and 4 are 
valid. Best fit experimental values for k ,  and k2 are found 
in Table I. 


For an illustration of how experimental values of kl and 
k2 fit eq 4, substitution of kl,  k,, and [CD,COOD] values 
into it should yield calculated values of rate/ [complex] 
similar to experimental values. There is reasonably close 
agreement (considering the limitations of rate measure- 
ments by NMR spectroscopy) between measured and 
calculated values. 


For the monoynes, k ,  values decrease in the order R = 
n-butyl > sec-butyl tert-butyl. The kz values decrease 
in the approximate inverse order R = tert-butyl > sec- 
butyl > n-butyl. I t  appears that steric, electronic, and/or 


rearranged to give eq 4. 
rate/[complex] = kl  + k2[CD,COOD] 


field effects that facilitate one of the competing mecha- 
nisms either are not operative or have the opposite effect 
in the other mechanism. 


For the diyne, 1,5-hexadiyne, the kl and k, rate constants 
are small compared to those of the monoynes. This may 
be due to the chelating ability of 1,5-hexadiyne (1) or the 


1 


ability to form extended chains (2) in which the activating 


2 


effect of each Ag ion is divided between two simultaneously 
coordinated triple bonds. Earlier studies showed that, in 
solution, stoichiometries of the predominant (alkyne)silver 
x complexes are 1:l (for both monoynes and diynes) and 
that diynes have both triple bonds coordinated to ~ i l v e r . ~  
Thus, there is experimental support for Ag(1) increasing 
its coordination number in the presence of diynes.13J4 


Equilibrium in Deuterium Exchange. When the 
deuterium exchange (eq 1) is done with equimolar C=CH 
and CD,COOD, the reaction should go to statistical 
equilibrium (50% C*H and 50% C e D )  in the absence 
of thermodynamic isotope effects. However, since the 
zero-point energy term will account for almost all of an 
equilibrium isotope effect, the equilibrium will move such 
that the heavier isotope will preferentially be in the bond 
with the highest frequency.15 For the reaction in eq 1, 
equilibrium should be reached with less than 50% for- 
mation of C=CD because deuterium favors the high-fre- 
quency 0-D bond in the reactants. 


Table I1 lists the percent C r C H  and C r C D  at  equi- 
librium in the silver-promoted exchange. Values are for 


(13) The solid-state structure of (1,7-octadiyne)AgOTf as determined 
by X-ray diffraction is analogous to that of 2. Davis, R. E.; Lewandos, 
G. S. unpublished observation. 


(14) For a report of the variable coordination ability of AgOTf with 
alkenes see: Lewandos, G. S.; Gregston, D. K.; Nelson, F. R. J. Orga- 
nomet. Chem. 1976,118,363. For a report of the variable coordination 
ability of CuOTf with alkenes, see: Salmon, R. G.; Kochi, J. K. J. Am. 
Chem. SOC. 1973, 95, 1889 and references therein. 


(15) Ritchie, C. D. “Physical Organic Chemistry”; Marcel Dekker: 
New York, 1975; p 221. 
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Table 11. Position of Equilibrium in Reaction of Alkyne 
with CD,COOD (Eq 1)" 


ratio of 
alkyne: % % 


alkyne CD,COOD C=CH C=CD 
1-hexyne 1:l 63  31  
3-methyl-l- 1:l 59 41 


pentyne 


1-butyne 
3,3-dimethyl- 1:l 61  39 


1,5-hexadiyne 1:2 62 38  


a Initial concentrations were [alkyne] = [AgOTf] = 0.4 
M in CD,NO,. All percentages were determined by com- 
parison of proton NMR integration areas of resonances 
for proton bound to sp carbon with proton on carbon cy 
to the carbon-carbon triple bond. The results for each 
alkyne are an average from a minimum of three separate 
reactions. 


1:l starting ratios of C=CH and CD,COOD. Position of 
equilibrium shows no clear dependence upon alkyne, for 
values are the same within experimental error. 


Catalysis of Deuterium Exchange. The deuterium 
exchange reaction is catalytic in silver triflate. Equimolar 
3,3-dimethyl-l-butyne and CD,COOD (each 0.4 M in 
CD,NO,) react to give the usual thermodynamic mixture 
(61% t-C4HgC=CH, 39% t-C4HgC=CD) when AgOTf 
concentration is 0.1 M. Each silver ion must activate an 
average of 1.56 sp C-H bonds for exchange with deuterium. 
This is a minimum number of turnovers.16 While reaction 
1 is reaching equilibrium, silver ion is initiating also the 
reverse of reaction 1 and the unproductive reactions shown 
in eq 5 and 6. 


RC-CH + H+ - RC-CH + H+ (5 )  


RC-CD t Dt - RC-CD + D' (6 )  


T 


T 
z+ A9+ 


AQ' 
T 
Ag+ 


Reaction rates with greater than 1:l alkyne to AgOTf 
ratio have not been measured because these reaction 
mixtures may contain a variety of complex stoichiometries. 
A t  higher ratios, complexes with 2:l or greater stoichiom- 
etries are probable. Contributions of these species to re- 
action rates of 1:l complexes would make mechanistic 
analysis more difficult. 


Kinetic Deuterium Isotope Effect. Should cleavage 
of the sp carbon-hydrogen bond occur before or during the 
rate-determining step in deuterium exchange, a kinetic 
primary isotope effect would be expected. To test this 
hypothesis, we synthesized 1-hexyne-1-d,, 3-methyl-l- 
pentyne-1-d,, and 3,3-dimethyl-1-butyne-1-d, by using a 
variation of the method of Dewy et al. for selective in- 
corporation of deuterium at  sp carbon." 


With monodeuterated alkynes, rates of protium ex- 
change for deuterium at  the sp carbon can be measured. 
The reaction is the reverse of that shown in eq 1. The 
protium source was CH,COOH. The appearance of an 
NMR resonance for protium bound to sp carbon was 
monitored as a function of time by repeated integration. 
T h e  reactions had equimolar amounts of alkyne, silver 
triflate, and CH,COOH, in order for rates to be comparable 
to those of the forward reaction. The results are in Table 
111. 


(16) Work is underway to determine the maximum number of catalytic 


(17) Dessey, R. E.; Okuzumi, Y.; Chen, A. J. Am. Chem. SOC. 1962,84, 
turnovers and to optimize catalyst efficiency. 


2899. 
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Table 111. Rates of Protium Exchange with the 
Deuterium of Terminal Alkynes (RCzCD) 


(Reverse of Eq 1)" 
103(rate/ 


[complex]), s - 1  re1 reac- tivity of 
RC=CHb RC=CDC C=CH/ 


a1 ky ne reactn reactn C S D  
1 -hexyne 3.1 8. I 0.42 
3-methyl-l- 1.6 3.0 0.53 


3,3-dimethyl- 2.2 5.6 0.40 


a All measurements were with [RCrCD] = [AgOTf] = 


Rates are corrected for the actual amount of 


pentyne 


1-butyne 


[CH,COOH] = 0.4 M in CD,NO,. 
Table I. 
deuterated alkyne present in the mixture of deuterated 
and undeuterated alkynes. 


Data taken from 


Because of the complexity of the kinetics of the forward 
reaction, we have not evaluated kl and k2 for the reverse 
reaction. Instead the data in Table I11 are presented in 
terms of rate/[complex] for direct comparison of forward 
and reverse reactions. 


The deuterium isotope effect seen in silver-catalyzed 
activation of the alkyne C-H bond is inverse and is sizeable 
((rate/[~omplex])~/(rate/[complex])~ = 0.46 f 0.07). 
Inverse isotope effects have been associated with a sec- 
ondary effect in which the bond to hydrogen is not broken 
in the rate-determining step, but vibrational patterns 
change in going from reactant to activated c o m p l e ~ . ~ ~ J ~  
The aero-point energy differences between C-H and C-D 
bonds in their lowest vibrational levels are reflected in the 
force constants and vibrational frequencies of the bonds. 
Larger force constants and greater zero-point energy dif- 
ferences in the activated complexes than in the reactants 
lead to an inverse isotope effect. 


If the terminal sp carbon of the alkyne were undergoing 
a change in hybridization to sp2 along the reaction coor- 
dinate, the magnitude of the secondary isotope effect could 
be estimated from the relationship 


k H / k D  = exp(0.187/T) { C ~ H  - v ~ * )  


where sums are taken over fundamental stretching and 
bending vibrations for ground state and activated complex 
terminal C-H bonds.lg With use of the approximate fre- 
quencies of 3025 (C=CH stretch),m 1255 (C=CH in-plane 
bend), 998 (C=CH out-of-plane bend), 3215 (CECH 
~ t r e t c h ) , ~  and 630 (C=CH bend) cm-1,20 kH/kD is calcu- 
lated to be 0.61. Thus, our isotope effects are in the di- 
rection expected for increased p character at the terminal 
carbon in going from reactants to activated complex. The 
magnitude of our effects are greater than expected on the 
basis of simple integer hybridization change. Of course, 
in the actual silver complexes stretching and bending 
frequencies may be different from those used in the model 
calculations. A further source of disagreement could be 
that energy differences between deuterated and undeu- 
terated complexes may not be adequately described by 
vibrational energy differences alone. In addition, in or- 
ganometallic systems hybridization of carbon bound to 


(18) Saunders, W. H., Jr. In "Survey of Progress in Chemistry", Scott, 
A. F., Ed.; Academic Press: New York, 1966; Vol. 3, p 117. 


(19) (a) Drenth, W.; Kwart, H. 'Kinetics Applied to Organic 
Reactions"; Marcel Dekker: New York, 1980; pp 128-130. (b) Streit- 
wieser. A., Jr.: Jaaow, R. H.; Fahev, R. C.; Suzuki, S. J. Am. Chem. SOC. 
1958, 80, 2326. 


(20) Socrates, G. "Infrared Characteristic Group Frequencies"; Wiley: 
Chichester. 1980: D 35. wherein H,C=CHM (M = metal) is used as a 
model for a vinyliaenemetal compiex. 
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metals may be other than the integer values sp and sp2. 
In any case, the one or more mechanisms operative in 
deuterium exchange appear to involve change in hybrid- 
ization of the terminal sp carbon to sppc2. 


Some transition metals can convert alkynes to the cor- 
responding vinylidenemetal (vinyl cation-metal) complexes 
(eq 7).21 The reaction is known for M = Pt,22 Rh,23 Fe,24 


2 . 5  - 


2 , o  - 


1 , 5  - 


1.0 - 


0,s - 
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.. 1,5 - 
W 


0 


4 = 0.5 - 


step 1 step 2 
RCECH + M+ - RC=C(H)M - + 


R(H)C=C=M - R(H)C=CM (7) 


R u , ~ ~  Mn,26 and Re.27 There is no experimental evidence 
of similar chemistry for the group 1B metals, although 
Heasley et a1.28 have suggested without proof the step in 
eq 8 as the mechanism for conversion of RC=CH/ 


RC=CH + Ag+ -, RC=C(H)Ag (8) 


MeOH/12/AgN03 to RCOCH12. If the reaction in eq 8 
occurred before or during the rate-determining step in the 
mechanism of deuterium exchange, the hybridization 
change would be consistent with observed inverse isotope 
effectaZ9 


Halevi has posited that there are differences in inductive 
effect between C-H and C-D bonds, with deuterium being 
more electropositive than protium.30 Thus, interaction 
between a positive charge and the carbon end of a C-D 
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with a C-H bond.3l Silver ion a coordinated to the triple 
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Figure 2. Dependence of kl and rate/[complex] on the change 
in IR stretching frequency of the alkyne terminal sp C-H bond 
caused by Ag(1) A coordination ([alkyne]) = [AgOTfl = 0.4 M; 
0, k,; 0, rate/[complex]). 
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Figure 3. Dependence of kl and rate/ [complex] on the change 
in proton NMR chemical shift of the hydrogen on sp carbon of 
a terminal alkyne caused by Ag(1) A coordination ([alkyne] = 
[AgOTfl = 0.4 M; 0, k , ;  0, rate/[complex]). 


cyclopropenyl cation32 and the trityl cation.33 Again, the 
hybridization change would be in the direction supported 
by our results. 


Correlation of Deuterium Exchange Rate with 
Spectroscopic Properties. The proton NMR chemical 
shifts and IR stretching frequencies for the free alkynes 
and 1:l a complexes have been r e p ~ r t e d . ~  When the 
deuterium exchange kinetic data for the four alkynes 
(rate/[complex], k l ,  and k,) are plotted against changes 
in spectroscopic parameters upon silver ion a coordination 
(change in IR stretching frequency for the sp C-H bond 
and change in NMR chemical shift of the proton on the 
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sp carbon), a positive correlation is seen in four cases. 
Figure 2 shows a linear relationship between change in IR 
stretching frequency and both kl and rate/ [complex]. 
There is no linear relationship between change in proton 
NMR chemical shift and both kl and rate/[complex] 
(Figure 3). However, as kl and rate/ [complex] increase, 
there is an increase (nonlinear) in change in chemical shift. 
The nonlinearity is caused by the diyne, 1,Bhexadiyne. 
Monoynes exhibit a nearly linear dependence. 


The dependence of deuterium exchange upon change in 
terminal sp C-H stretching frequency caused by a coor- 
dination implies that initial a coordination can dispose the 
resulting complex to C-H bond activation. Chrisment and 
Delpuech have found that acidity of noncoordinated ter- 
minal alkynes correlates well with =CH stretching vi- 
bration changes.34 In our case, cause of the linear rela- 
tionship may be as simple as electron withdrawal by the 
a-coordinated electronegative silver ion weakening the 
C-H bond and raising the ground-state energy of the 
reactant complex. At the other extreme is direct inter- 
action between silver ion and the terminal C-H bond. 
Formation of a nonlinear 2-electron, 3-center bond between 
silver ion and terminal C-H bond (3) would remove elec- 


c-c 
'+XH Ag 


3 


tron density from the C-H bond and weaken it. The 
formation of nonlinear 2-electron, 3-center bonds has been 
observed in the ground state by neutron diffraction 
analysiss and supported by solution studies.36 Consistent 


(34) Chrisment, J.; Delpuech, J.-J. J.  Chem. Soc., Perkin Trans. 1977, 
407. 


with our observation of alkyne C-H bond activation, the 
3-center interaction in cyclohexenylmanganese tricarbonyl 
renders the bridging hydrogen acidic, thereby permitting 
deprotonation and electrophilic sub~titution.~' 


The increasing downfield chemical shift upon silver ion 
a coordination that correlated with increasing kl and 
rate/ [complex] can be explained by the same principles 
as for the IR changes. a coordination of silver ion could 
deshield the terminal proton by inductive electron with- 
drawal and thereby activate the terminal C-H bond. A 
2-electron, 3-center interaction with silver ion would de- 
form the CsC-H bond angle to <180°; the resulting 
anisotropic effect would deshield the terminal proton. 
Greater deshielding due to greater strength of 2-electron, 
3-center interaction would be reflected in more facile 
terminal C-H bond activation. 
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The chemical inertness of tetracoordinated carbon, on which life depends, is commonly attributed to 
the fact that carbon has no d AOs, or empty or doubly occupied AOs, in its valence shell. Silicon is much 
more reactive than carbon because it can use 3d AOs to form additional bonds. The same argument is 
used to explain the inability of the second period elements to form hypervalent compounds. This in- 
terpretation is now shown to be probably incorrect. The special features of second period elements are 
probably due solely to the smaller size of their atoms. 


Life is made possible by the stability of carbon com- 
pounds of very varied types, even when they are thermo- 
dynamically unstable, as a result of the slowness of reac- 
tions involving them, and this in turn is due primarily to 
the unreactivity of quadrivalent carbon. This inertness 
is commonly attributed to the fact that carbon has only 
four AOs in its valence shell so it can form at  most four 
electron-pair bonds. Quadrivalent carbon can therefore 
form a bond to some other atom or group only if one of 
the preexisting bonds is broken, either before or in concert 


'Dedicated to Rowland Pettit, a founding member of our research 
group. 


with formation of the new bond. The energy required to 
weaken or break the preexisting bond represents a barrier 
to the reaction in question, even if the net effect is exo- 
thermic. While the other typical group 4 elements re- 
semble carbon in being quadrivalent, their valence shells 
include d AOs as well as s and p AOs. Consequently they 
can form electron-pair bonds to more than four other at- 
oms, so they can react by direct addition, to form penta- 
coordinated adduds, without the need to break preexisting 
bonds. The consequent lack of an activation barrier 
naturally makes such reactions much faster than in the 
case of carbon. For example, whereas carbon tetrachloride 
reacts only very slowly with cold water, silicon tetrachloride 
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Figure 1. Orbitals in (a) xenon difluoride, (b) allyl anion, and 
(c) the transition state for a SN2 reaction. 


reacts violently. Furthermore, the barriers to reaction on 
carbon can be controlled by varying the strengths of the 
bonds broken during them. For example, addition to 
unsaturated carbon takes place more easily than substi- 
tution on saturated carbon because addition involves 
breaking a s bond and .rr bonds are in general weaker than 
u bonds. Carbon compounds therefore not only are rela- 
tively inert, even when they are thermodynamically 
unstable, but also can be made to react in a controlled 
manner. These are the features that make life, as we know 
it, possible. 


The existence of life undoubtedly depends on the re- 
luctance of carbon to expand its coordination shell and a 
similar reluctance undoubtedly accounta for the analogous 
differences in behavior between the second period elements 
and elements from the later periods, in particular the in- 
ability of the former to form hypervalent compounds in 
which they exert valencies greater than the group norm, 
of phosphorus pentafluoride or sulfur hexafluoride. The 
attribution of this difference to the lack of d AOs in the 
valence shells of the second period elements is not, how- 
ever, well founded. Our purpose here is to show that the 
differences between the second and later periods can in 
fact be explained convincingly in another way. 


In 1951 Hach and Rundle' suggested the possibility of 
three atoms being linked together by a three-center 
four-electron bond by using a p A 0  of one atom to bind 
two others, and in 1963 Rundle2 pointed out that the 
bonding in the xenon fluorides (which had just been dis- 
covered) was probably of this type. Thus in xenon di- 
fluoride (l), as Figure l a  shows, a p A 0  of xenon can 
interact with AOs of two fluorine atoms to form a three 
A 0  system entirely analogous to the three A 0  ?r system 
(Figure lb) in allyl anion 2. In both cases exactly four 
electrons have to be accommodated, and can be accom- 
modated, in the resulting three-center MOs, since one of 
them is bonding and another nonbonding. In the allyl 
anion, to a first approximation, the average *-electron 
densities on the terminal and central carbon atoms are 1.5 
and 1, respectively, the formal negative charge being half 
on one terminal atom and half on the other. Since the 
distribution of the delocalized R electrons in 1 should be 
similar and since the xenon p A0  is initially full, the 
three-center FXeF bond will involve loss of one electron 
from xenon to the fluorine atoms. Since the ionization 
energy of xenon is large and since those of the other inert 


(1) Hach, R. J.; Rundle, R. E. J. Am. Chem. SOC. 1951, 73, 4325. 
(2) Rundle, R. E. J .  Am. Chem. SOC. 1963,85, 112. 


Figure 2. Minimum energy reaction paths for (a) a degenerate 
SN2 reaction, (b) an exothermic SN2 reaction, and (c) addition 
of X- to CH,SiCl. 


gases increase in the order Xe < Kr < Ar < Ne < He, this 
interpretation explains nicely why xenon forms covalent 
compounds only with very electronegative elements, why 
krypton combines only with fluorine, and why no com- 
pounds of argon, neon, or helium are known. In recent 
years similar three-center four-electron bonds have been 
proposed for a wide variety of other inorganic compounds, 
and it now seems to be generally accepted3 that bonding 
of this kind can lead to the formation of stable products. 


The transition state for an s N 2  reaction on carbon, for 
example that between chloride ion and methyl chloride 


C1- + R-Cl -+ [Cl.**R*-Cl]- -+ Cl-R + C1- 
3 


has a similar structure, the entering and leaving groups 
and carbon being held together by a three-center four- 
electron bond (Figure IC). Furthermore, no problems arise 
here from electron transfer between atoms of different 
electronegativity because the formal negative charge re- 
mains on the chlorine atoms, the carbon atom remaining 
neutral. The relationship between the reactants (e.g., 
CH3C1 + C1-) and the corresponding adduct (e.g., 3) is 
moreover the same as that between orthogonal allyl anion 
4, where there are only two-center bonds, and allyl anion 
2 itself, where there is a three-center R bond. Since there 
is no doubt that 2 is much lower in energy than 4 , 3  should 
likewise be much lower in energy than (3 + C1-). Yet there 
seems no doubt4 that the intermediate (e.g., 3) in an SN2 
reaction is a transition state, not a stable intermediate, i.e., 
a saddlepoint on the potential surface and not a minimum. 
The high energy of this species is indeed responsible for 
the activation barrier that makes compounds of tetraco- 
ordinated carbon so unreactive. Thus we have turned 
around the traditional problem of explaining why tetra- 
coordinated compounds of silicon are more reactive than 
those of carbon into explaining why the former are unex- 
pectedly unreactive. 


(1) 


H 
I 


4 


Detailed MNDO calculations5 for a wide range of s N 2  
reactions have confirmed the conclusion, from experiment4 
and ab initio studies6 of a few simple examples, that the 


(3) Musher, J. I. Angew. Chem., Int. Ed. Engl. 1969, 8, 54. 
(4) Olmstead, W. N.; Brauman, J. I. J. Am. Chem. SOC. 1977,99,4219. 
(5) Carrion, F.; Dewar, M. J. S., to be submitted for publication. 
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Table I. Energies and Lengths of Forming/Breaking Bonds in Relevant Species in S N ~  Reactions of Methyl Halides 
reactants heats of  formation, kcal/mol bond lengths,a A 


Y- RX (Y- + RX) (Y-  RX)b (Ye. * R *  - .X)- ( Y R X - )  cx CY 
F-  CH,F -78.1 


Br- CH,Br -48 
CN- CH,F -6.4 


F- CH,Br -28.1 
cl- CH,Br -65.2 
CH,O- CH,Br -50.7 


cl- CH,Cl -11 


H- CH,F 12.2 


-83.9 
-83.6 
-53.9 
-10.6 


4.8 
-35.6 
-10.8 
-55.9 


-38.9 
-75.0 
-45.9 


29.2 
11.6 


-29.1 
-60.4 
-39.2 


-83.9 
-83.6 
-53.9 


-5.1 
-29.5 


-103.3 
-69.4 
-91.4 


1.64 (1.35)  
2.14 (1.80)  


1.75 (1.35)  1.66 (1.45)  
1.67 (1 .35 )  1.27 (1.10)  
2.05 (1 .88 )  2.16 (1 .35 )  
2.22 (1.88) 2.13 (1.80)  
2.12 (1.88)  2.00 (1 .40 )  


2.21 (1.88)  


First value, bond length of the transition state; value in parentheses bond length of reactant (RX) or product (RY). 
Initial charge-dipole adduct. 


Table 11. Energies and Lengths of Forming/Breaking Bonds in Relevant Species in s N 2  Reactions of  Silicon Halides 
bond length of 


reactants heats of formation, kcal/mol transitn state,a A 


Y-  R,SiX Y-  + R,SiX ( Y . .  .SiR,. ax)- S ixa  Si Y 
H- H,SiH 84.4 24.7 1.52 (1.43)  1.52 
F- HiSiF 
cl- H,SiCl 
Br ' H,SiBr 
cl- C1 , Sic1 
cl- CH , Si H C1 
cl- (CH,),SiCl 
Me,N- H,SiCl 
MeO- H,SiOCH, 
MeO- H,SiCl 


-103.7 
-90.0 
-49.9 


-182.3 
-117.4 
-168.7 


-24.6 
-105.6 


-75.8 


a Bond length in R,CX in parentheses. 


potential surface for a degenerate SN2 reaction of an anion 
X- with RX 


X- + R-X - X-R + X- (2) 
has the form indicated in Figure 2a. RX and X- first 
combine to form a charge-dipole complex which rearranges 
via a symmetrical transition state (cf. 3) to a mirror-image 
complex that can then dissociate. In exothermic s N 2  re- 
actions, the calculated potential surfaces have the same 
general form but are skewed (Figure 2b). Here there is 
no barrier to the reaction at low pressures in the gas phase 
but a barrier remains in solution. 


Table I shows the heats of formation calculated by 
MNDO for the reactants and transition states for several 
reactions of this kind, together with the lengths of the 
forming/ breaking bonds in the transition state and of the 
bond to the leaving group in the reactant. The calculations 
were carried out by using the standard MNDO procedure7 
and  parameter^,^-^ the geometries of the various species 
being found by minimizing their energies with respect to 
all geometrical variables by the gradient procedure in- 
cluded in our standardlo MNDO computer program. The 
stationary points were characterized by the McIver-Ko- 
mornicki procedure," i.e., calculating and diagonalizing the 
Hessian (force constant) matrix. Calculations for the re- 
actions studied previously5 gave results agreeing with the 
earlier ones. 


If the traditional explanation of the reactivity of silicon 
is correct, the potential surface for the s N 2  reaction of a 
silyl derivative should have the same form as that of its 


(6) Bader, R. F. W.; Gangi, R. A. Theor. Chem. 1976,2, 1. 
(7) Dewar, M. J. S.; Thiel, W. J. Am. Chem. SOC. 1977,99,4899,4907. 
(8) Dewar, M. J. S.; Rzepa, H. S. J .  Am. Chem. SOC. 1978, 100, 58. 
(9) (a) Dewar, M. J. S.; Rzepa, H. S. J.  Comput. Chem., in press. (b) 


(10) Available from the Quantum Chemistry Program Exchange 


(11) McIver, J. M., Jr.; Komornicki, A. J.  Am. Chem. SOC. 1972, 94, 


Dewar, M. J. S.; Healy, Ibid., submitted for publication. 


(QCPE). 


2625. 


-176.2 1.75 ( i . 6 5 j  
-130.3 2.26 (2.11)  


-87.7 2.37 (2 .22 )  
-272.7 2.21 (2.09)  
-152.5 2.28 (2.12)  
-191.7 2.34 (2 .14 )  


-88.8 2.34 (2 .11 )  
-146.4 1.84 (1.72)  
-142.7 2.34 (2 .11 )  


1.75 
2.26 
2.37 
2.21 
2.28 
2.34 
1.87 
1.84 
1.80 


methyl analogue, if contributions by 3d AOs are not taken 
into account. To check this, we carried out analogous 
MNDO calculations for the reactions of halosilanes 5 with 
various anions by using published12 parameters for silicon. 
These of course refer to the current version of MNDO 
where d AOs are not taken into account. 


R3SiX (X-.SiR,.-X)- 
5 6 


The results obtained in this way were quite different 
from those for the reactions of the corresponding halo- 
methanes. In each case the anion combined exothermically 
and without activation with the halosilane to form a sym- 
metrical adduct (6). There is of course no question of 3d 
AOs being involved in 6 since d AOs are not included in 
the current version of MNDO. Table I1 shows the heats 
of formation calculated for the reactants and adducts for 
the reactions of various nucleophiles with various halo- 
silanes together with the lengths of the relevant bonds to 
silicon. 


This conclusion is not at all surprising, given that other 
hypervalent compounds of the main group elements of 
groups 4B, 5B, 6B, and 7B can be interpreted very satis- 
factorily in similar termse3 For example, the difference in 
length and strength between the axial and equatorial PF 
bonds in PF, can be easily understood if the two axial 
fluorine atoms are in fact linked to phosphorus by a single 
three-center four-electron bond. The conclusion that d 
AOs play only a minor role in such cases is also very rea- 
sonable. Since the energies of the relevant (nd) AOs of 
such atoms are much greater than those of the other (ns, 
np) valence shell AOs and since the nd AOs are empty, 
interactions between the latter and the orbitals used in 
bonding would be expected to be small. The only cases 
where participation by d AOs would be expected to be 


(12) Dewar, M. J. S.; Rzepa, H. S.; Mckee, M. L. J. Am. Chem. SOC. 
1978,100, 3607. 
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important are those involving atoms whose relevant d AOs 
have a principal quantum number less than that of the 
valence shell s and p AOs and where the d shell is partly 
empty or only just filled. This condition is met only by 
the transition metals, and there d AOs undoubtedly play 
a major role in bonding. 


Why then does carbon differ from the other group 4 
elements in forming unreactive quadrivalent species? In 
particular, why are the three-center four-electron bonds 
in transition states for nucleophilic substitution on carbon 
so weak? For that matter, in the same vein, why do ni- 
trogen and oxygen fail to form hypervalent compounds? 
The ionization potentials of the lone-pair electrons in 
amines and ethers are far less than that of xenon, which 
reacts easily with fluorine. Why then do amines and ethers 
not react likewise with fluorine to form compounds of the 
type R3NF2 or R20F2? 


There can be only one reason for this, i.e., the smaller 
size of the second period elements. In 3, the ClCH bond 
angles are 90°. Because carbon is so small, this brings the 
chlorine and hydrogen atoms too close together for com- 
fort. The resulting steric repulsions destabilize 3. Since 
the steric requirements of lone pairs are considerable, steric 
repulsions could also destabilize hypervalent compounds 
of nitrogen or oxygen. In this way one can explain the 
peculiarities of the second period elements without having 
to invoke participation by d AOs in the case of the later 
periods. 


This conclusion is strongly supported by the bond 
lengths listed in the tables. 


In the substitutions on silicon, the bond on the “leaving 
group” X in the intermediate is only 6-7 % longer than it 
is in the reactant. This would be expected, because the 
bond energy of the three-center bond in a compound of 
this type should not be much less than that of the analo- 
gous two-center bond.12 Indeed, the calculated heats of 
reaction for formation of these intermediates are large 
(Table 11). Similar arguments apply to the analogous 
three-center bonds in hypervalent compounds of the third 
period elements, where the lengths of the corresponding 
bonds are also only a little greater than those of the cor- 
responding two-center ones. 


In the transition states for the degenerate S*2 reactions 
of halide ions with methyl halides, however, the carbon- 
halogen bond is longer by ca. 25% than in the reactant. 
This difference cannot be attributed to absence of d AOs 
on carbon because the calculations for the chlorosilanes 
were carried out without inclusion of d AOs. Since there 


Dewar and Healy 


is no other reason why the three-center bonds should be 
any weaker for carbon than silicon, the only possible ex- 
planation seems to lie in increased steric repulsions due 
to the smaller size of the carbon atom. 


It is interesting to note that many years ago Evans13 
suggested that steric repulsions might be the major con- 
trolling factor in SN2 reactions of alkyl compounds. This 
view was, however, immediately challenged by Ingold et 
aI.,l4 and their interpretation prevailed. It now appears 
that steric effects in such reactions are even more im- 
portant than Evans thought. 


The problem in the second period is that there simply 
is not enough room to pack additional groups round the 
central atom, in the geometry required for the formation 
of one or more linear three-center four electron bonds. 
This problem does not arise if the coordination number 
of the central atom is reduced. Consider for example 
nucleophilic attack on carbonyl, as in hydrolysis of an ester. 


( 3 )  


Here the adduct contains tetrahedral tetracoordinated 
carbon, which of course is its normal state. Repulsions 
between the anion and substrate no longer impede addition 
because the groups attached to carbon bend away from the 
anion as it approaches. MNDO calculations indicate that 
these reactions, if exothermic, do indeed take place without 
activation, like the additions of anions to 5 (Figure 2c). 
The heats of reaction are of course less than in the case 
of 5 because the addition involves breaking of a bond to 
carbon, albeit a a bond. Our discussion therefore accounts 
for the special features of carbon chemistry on which life 
depends. 
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CH30 \ p H 3  


/C=O - Ho-c-o- / 
HO- + 


R R 


Registry No. Carbon, 7440-44-0. 


(13) Evans, A. G. Mem. Roc.-Manchester Lit. Philos. SOC. 1946, 7. 
(14) Dostrovsky, I.; Hughes, E. D.; Ingold, C. K. J. Chem. SOC. 1946, 
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The title compound has been prepared by reaction of [Pd(q1,q3-C8H12)(PMe3)] with carbon monoxide 
and has been shown by X-ray crystallography to have a structure in which a face-capped octahedron of 
palladium atoms interacts with phosphine molecules and both face- and edge-bridging carbonyl groups. 
A model in which the capping palladium atom of the metal skeleton is disordered in three positions above 
a triangular face of the octahedron, reducing the overall symmetry of the molecule from Csu to C,, shows 
a satisfactory agreement with the 1509 observed (1 > 2.0a(I)) X-ray intensity data (R = 0.06). The compound 
crystallizes in the trigonal space group R3m (2 = 1) with cell constants a = 11.098 (2) A and CY = 103.94 
(3P. 


Introduction 
In the course of our investigations into the mechanism 


of the transition-metal-catalyzed transformation of 1,3- 
dienes, we have recently prepared [Pd(s1,s3-C~,~(PMe3)] 
(1) and shown that compounds of this type are probably 
involved as intermediates in the palladium-catalyzed oli- 
gomerization, cooligomerization, and telomerization of 
b ~ t a d i e n e . ~ ? ~  As part of its chemical characterization, 1 
was treated with carbon monoxide. Whereas in methanol 
reaction with CO occurs a t  -80 "C to give 1-methoxy-2,7- 
octadiene and traces of 1,3,7-octatriene (eq l ) ,  in toluene 
a slow reaction is observed first a t  -30 "C with elimination 
of butadiene (80%) (similar behavior has been observed 
on reacting the analogous nickel complexes with tri- 
phenylph~sphine~) and formation of a dark red crystalline 
material (2) whose structure is the subject of this publi- 
cation. 


CO/MeOH 


/ + 


Me3P 


1 k 2@ + [PdCO(PMe3)l 
-30 'C 


2 


Results and Discussion 
The infrared spectrum of 2 as a KBr disk (vco 1685 (s), 


1750 (s), 1770 (s), 1785 (sh), 1800 (vs), 1825 (8 )  cm-') 
suggests that the molecule contains bridging but not ter- 
minal carbonyl groups. The low solubility prevented a 
cryoscopic determination of the molecular weight and the 
heptameric nature was deduced from a X-ray structural 
determination. 


The seven palladium atoms adopt a monocapped octa- 
hedral geometry with one trimethylphosphine group at- 
tached to each metal atom. Four of the carbonyl groups 
face bridge the octahedral part of the cluster while the 


(1) Dedicated to the memory of Rolly Pettit with whom P. W. J. had 
the enjoyable experience of working aa a post-doc during 1966-1967. 


(2) Part of the doctoral thesis of K.-P. S. submitted to the Ruhr- 
Univeraiut, Bochum, in 1982. 


(3) D6hring, A.; Jolly, P. W.; Mynott, R.; Schick, K.-P.; Wilke, G. Z. 
Naturforsch.,-Anorg. Chem., Og. Chem. 1981, 368, 1198. 


demic Press: New York, 1975; Vol 11, Chapter 111. 
(4) Jolly, P. W.; Wilke, G. 'The Organic Chemistry of Nickel"; Aca- 


Table I. Selected Bond Lengths ( A )  with 
Estimated Standard Deviations in Parentheses 


Pdl  -Pdl 2.756 ( 3 )  Pdl-C1 2.19 (2)  
P d l  -Pd 2 2.798 ( 2 )  Pdl-CP 2.08 ( 2 )  
Pd2-Pd2 2.809 (1) Pd2-C2 2.16 ( 2 )  
Pd2-Pd3 2.729 ( 5 )  (31-01 1.09 ( 3 )  
Pd2. * *Pd3 3.180 (5)  C2-02 1.28 ( 3 )  
Pdl-P1 2*275 (5)  1 8 8  1189 (2)  (4)  


Pd2-P2 2'39 P3-C31 1.86 ( 5 )  Pd2-P21 2.10 (2)  
Pd3-P3 2.314 ( 7 )  


Table 11. Selected Bond Angles (deg) with 
Estimated Standard Deviations in Parentheses 


Pdl-Pdl-Pdl 
Pdl-Pdl -Pd2 
Pd 1-Pd 1 -Pd 2 
Pd2-Pdl-Pd2 
Pdl-Pdl-P1 
Pd2-Pdl-P1 
Pdl-Pdl-C1 
Pd2-Pdl-C1 
P1-Pd 1 -C1 
Pd 1 -Pd 1 -C 2 
Pd2-Pd 1 -C2 
P1 -Pdl -C2 
C1 -Pdl -C2 
Pd2-Pd2-Pd2 
Pd 2-Pdl-Pd2 
Pd 2-Pd 2-Pd 1 
Pd2-Pd2-Pdl 
Pd 1 -Pd 2-Pd 3 
Pd2-Pd 2-Pd 3 
Pd2-Pd2. *Pd3 
Pdl-Pd2. * *Pd3 


60.0 
60.5 (1) 
90.5 (1) 
60.3 (1) 


130.1 ( 2 )  
139.0 ( 2 )  


51.0 ( 6 )  
111.1 (6) 


94.7 ( 6 )  
109.8 ( 6 )  


49.9 ( 6 )  
108.9 ( 6 )  
156.4 ( 8 )  


60.0 
59.0 (1) 


89.5 (1) 
117.8 (1) 


70.1 (1) 
53.8 (1) 


113.4 (1) 


59.9 (1) 


Pd 1 -Pd 2-P 2 
Pdl-Pd2-P21 
Pd3-Pd2-P2 
Pd 3-Pd 2-P2 1 
Pd3. * *Pd2-P2 
Pd3. * *Pd2-P21 
Pd2-Pd2-Pd2 
Pd2-Pd2-P21 
Pd 1 -Pd 2-C2 
Pd2-Pd2-C2 
Pd 3 -Pd 2-C2 
Pd3. * .Pd2-C2 
Pd2-Pd3-Pd2 
Pd2-Pd 3-P3 
Pdl-C1-Pdl 
Pdl-C1-01 
Pd 1-C2-Pd2 
Pd 2-C2-Pd2 
Pdl-C2-02 
Pd2-C2-02 


95.4 ( 3 )  
109.5 (6)  
132.8 (3)  
117.0 ( 7 )  
130.3 ( 7 )  
146.6 (3)  
147.3 ( 2 )  
149.9 (5)  
105.9 (6)  


49.4 (6)  
83.4 (6)  


102.8 ( 6 )  
62.0 (1) 


148.3 ( 2 )  
78.0 (8) 


133 ( 2 )  
82.7 (8) 
81.3 ( 7 )  


127 (2)  
132 (2)  


other three are edge bridging. The structure is shown in 
Figure 1, and selected bond lengths and bond angles are 
brought together in Tables I and 11. 


The octahedral part of the cluster has an almost ideal 
geometry with Pd-Pd bond distances that, within exper- 
imental error, are all equal, and the average value of 2.79 
(2) A is only slightly longer than that found in palladium 
metal (2.745 A).5 


The position of the molecule in the crystal requires that 
ita symmetry be 3m ((&I. However, as a result of disorder 
of the seventh palladium atom on one of the triangular 


(5) Hartley, F. R. "The Chemistry of Platinum and Palladium"; Ap- 
plied Science Publishers: London, 1973. 


0276-733318212301-1709$01.25/0 0 1982 American Chemical Society 
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Pme3 


Pme, 


Figure 1. Structure of [Pd,(CO),(PMe&] (2): (a) determined 
in the X-ray experiment; (b) idealized structure. 


faces of the octahedron, the symmetry of the individual 
molecules is reduced to C, ( m )  (see Experimental Section). 
The remainder of the discussion will be limited to a de- 
scription of the idealized molecule represented in Figure 
lb. 


Two different Pd-Pd distances involving the palladium 
atom Pd3 can be clearly differentiated. One Pd-Pd bond 
length at  3.180 (5) A is appreciably longer than the others 
(2.729 (5) A), and the angle between the planes defined 
by the three Pd2 atoms and the triangle Pd2-Pd2-Pd3 is 


The three trimethylphosphine phosphorous atoms P1 
are located 1.52 A below the basal plane defined by Pdl ,  
so that the Pd-P bond is bent 41.9' out of the plane. The 
phosphorous atoms attached to the three palladium atoms 
Pd2 are disordered in the crystal in two positions, a t  P2 
and P21. A difference Fourier synthesis without these 
atoms revealed that the occupancy of P2 is twice that of 
P21, which suggests that P2 is bonded to the palladium 
atom nearest to Pd3. P21 thus appears to be bonded to 
the single Pd2 atom that makes the long Pd-Pd bond with 
Pd3. The phosphorous atom P2 lies 0.56 A below the plane 
defined by Pd2, whereas P21 lies 0.1 8, above it in the 
direction of Pd3. The unique carbonyl group C1-01 ap- 
pears to be symmetrically bonded to the palladium triad 
defined by Pdl ,  and the carbonyl groups C2-02 are sim- 
ilarly bonded to the Pd2-Pd2-Pdl faces. The average 
Pd-C distance is 2.14 (6) A. 


As a consequence of the 3-fold disorder of the molecule 
in the crystal, the edge-bridging carbonyl groups C3-03 
appear disordered in three positions. The fact that only 
an average position of C3 could be obtained from a dif- 
ference Fourier synthesis precludes a detailed discussion 
of these groups. 


The cluster described here not only represents an ex- 
ample of a ligand-stabilized palladium carbonyl clusters 


I . 
83.60. 


, 1 


(6) See: Johnson, B. F. G., Ed. "Transition Metal Clusters"; Wiley: 
New York, 1980. 


14 
1 0 5 ,  I C 0  I ) ,  1 


C," 
9 8 C V E  


i 


[ Rh,(COI, .  I I' l7 


CS 
l O O C V E  


Figure 2. The structures of some seven-atom clusters. 


(other examples that have been investigated crystallo- 
graphically include [ Pd4(CO)5(PPh2Me),] ,' [Pd4( OAc),( C- 
O ) ~ ( A C O H ) ~ I , ~  [Pd4(OAc)4(CO),(~hen)41,9 and [Pdlo- 
(CO)12(PBu3)6]'o) but also belongs to the relatively rare 
class of seven-atom clusters. 


In all but one case, viz., [Pt7(C9H9N)12],11 the metal 
atoms in seven-atom clusters appear to adopt a mono- 
capped octahedral arrangement. Examples of structures 
containing this geometry are given in Figure 2. 


Empirical molecular orbital calculations by LauheP 
indicate that such a system should have 49 cluster valence 
molecular orbitals (CVMO's) requiring 98 cluster valence 
electrons (CVE's) to reach saturation. Only for [Rh7- 
(co)161]2- has a monocapped octahedral cluster been re- 
ported in which the number of CVE's is loo." As can be 
seen from Figure 2, among the clusters having 98 CVE's 
only the osmium complex and the nickel-rhodium complex 
have CBu sy"etry.13 In the remainder an increase in the 


(7) Dubrawski, J.; Kriege-Simondson, J. C.; Feltham, R. D. J .  Am. 
Chem. SOC. 1980,102,2089. 


(8) Moiseev, L. I.; Stromnova, T. A.; Vargaftig, M. N.; Mayer, G. J.; 
Kuzmina, L. G.; Struchkov, Y. T. J.  Chem. Soc., Chem. Commun. 1978, 
On 
L l .  


(9) Vargaftic, M. N.; Stromnova, T. A.; Khodashova, T. S.; Poray- 
Koshits, M. A.; Moiseev, I. Izo. Akad. Nauk. SSSR. ,  Ser. Khim. 1980, 
1960. 


(10) Mednikov, E. G.; Eremenko, N. K.; Mikhailov, V. A.; Gubin, S. 
P.; Slovokhotov, Y. L.; Struchkov, Y. T. J. Chem. Soc., Chem. Commun. 
1981,989. 


(11) Yamamoto, Y.; Aoki, K.; Yamazaki, H. Chem. Lett. 1979, 391. 
(12) Lauher, J. W. J.  Am. Chem. SOC. 1478,100,5305; 1979,101,2604; 


J. Catal. 1980, 66, 237; J. Organomet. Chem. 1981,213, 25. 
(13) The discussion on page 333 of ref 15 is rather misleading since 


according to the table of bond distances and the atomic positional co- 
ordinates of this compound the three Ni-Rh bond lengths appear almost 
equal. 


(14) Eady, C. R.; Johnson, B. F. G.; Lewis, J .  J.  Chem. SOC., Chem. 
Commun. 1977, 385. 


(15) Fumagalli, A.; Longoni, G.; Chini, P.; Albinati, A.; Briickner, S. 
J. Organomet. Chem. 1980, 202, 329. 


(16) Albano, V. G.; Bellon. P. L.: Chiani. G. F. J .  Chem. Soc., Chem. 
Commun. 1969, 1024. 
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Table 111. Crystallographic Data for [Pd,(CO),(PMe,),] 


Crystal Data 
formula C,,H,,O,P,Pd, 
M* 1470.9 g mo1-l 


0.55 X 0.22 X 0.4 crystal size, mm 
cryst system trigonal 
space group R3m 
a ,  A 11.098 (2)  
01, deg 103.94 (3 )  


z 1 
v, A3 1221.1 


Dcalcdr g cm-’ 2.0 
Measurement of Data 


Figure 3. Partial structures of [Pd4(C0)&PPhzMe).,] (3)’O and 


length of one bond in the tetrahedral part of the cluster 
results in a reduction of symmetry to approximately C,. 


This is presumably associated with the occupation of a 
low-lying antibonding molecular orbital and can be visu- 
alized by comparing [Rh7(CO)16]3- (98 CVE’s) with [Rh,- 
(CO)161]2- (100 CVE’s): whereas the number of CVMO’s 
remains constant, the presence of iodide introduces two 
extra electrons which must be accommodated in an anti- 
bonding molecular orbital. As a result the bond length in 
the tetrahedral part of the molecule increases by 0.2 A. 


Lauher has suggested12 that since the energies of the 
valence p (and to a lesser extent the e )  orbitals become 
increasingly higher in energy with respect to the valence 
d orbitals on moving to the right of the transition series, 
the p orbitals of the d10 metals are less available for 
bonding. A deficiency of CVMO’s results, and the struc- 
ture undergoes a distortion. In other words a symmetrical 
seven-atom palladium cluster having 98 CVE’s is probably 
supersaturated. 


Such an explanation would also account for the fre- 
quently observed tendency of palladium to form clusters 
having fewer CVE’s than predicted for the structure 
adopted. For example, the four-atom cluster 3 had 58 
CVE’s instead of the expected 62 while the ten-atom 
cluster 4 has 136 CVE’s instead of 140 (Figure 3). 


Interestingly, 3 and 4 also contain a tetrahedral element 
in which one edge is elongated, while a further similarity 
with the title compound is the identical arrangement of 
bonding carbonyl groups. 


Experimental Section 
Preparation of [Pd7(CO)7(PMe3)7] (2). [Pd(q1,q3-C8Hl2)- 


(PMe3)] (0.77 g, 2.66 mmol) was suspended in toluene (3 mL) at 
-78 “C and attached to a gas burette filled with CO. A 62-mL 
sample of CO (0.96 mol/Pd) was absorbed over a period of 12 
h. A gas sample was taken and the volatile fraction of the reaction 
mixture condensed into a cold trap. GC analysis indicated the 
formation of a total of 231 mg (4.26 mmol, 80%) of butadiene 
with traces of C8-hydrocarbons. The dark red powder left after 
removal of the volatile components was recsystallized. Anal. Calcd 
for [PdPC4H90],: Pd, 50.55; P,  14.71; C, 22.82; H, 4.32; 0, 7.60. 
Found: Pd, 50.62; P ,  14.78; C, 22.89; H, 4.25; 0, 7.46 (difference). 


Crystal  S t ruc tu re  Determination. A suitable crystal was 
obtained by recrystallization from benzene and sealed in a Lin- 
demann glass capillary under an atmosphere of argon. Intensity 
data were collected on a Nonius CAD-4 diffractometer using 
graphite-monochromated Mo K, X radiation. A total of 5100 
reflections were collected in a range (2.0 < 0 < 26.6, [*th,ik,l]) 
by using a 0-20 scan technique with the scan speeds varying from 
1.3 to 10.0” min-’, depending on the standard deviation to intensity 
ratio of a preliminary 10” mi& scan. The intensity of a reflection 
and its standard deviation were calculated from INT - 2(BGL 
+ BGR) and (INT + 4(BGL + BGR))ll2 respectively, where INT, 
BGL, and BGR are the peak intensity and the left and the right 
backgrounds. The time spent measuring the backgrounds was 
half that taken to measure the peak. A Zr filter was inserted in 
front of the detector if the peak count was greater than 50 000 


[Pdio(CO)iz(PB~3)~1 


(17) Albano, V. G.; Ciani, G.; Martinengo; Chini, P.; Giordano, G. J. 


(18) Pierpont, C. G.; Stunty, G. F.; Shapley, J. R. J. Am.  Chem. Soc. 
Organomet. Chem. 1975,188, 381. 


1978, 100, 616. Pierpont, C. G. Inorg. Chem. 1979, 18, 2972. 


monochromated (graphite) 


reflectns measd 
p(Mo KO) 
takeoff angle, deg 
e limits, deg 
8-28 scan technique (48 steps) 
horizontal detector aperture, mm 
vertical aperture, mm 
Cl scan range 
4F)  


no. of variables 
obsd reflctns 
R 
R’ (w = I/02(Fo)) 


Mo Ko! X radiation 
h = 0.710 69 A 


5102 [ ih ,+k , I]  
27.42 cm-’ 
8 = 6.15 
2.0 < e < 26.6 


(5.0 + 1.25 tan e )  
4.0 
0.8 + 0.35 tan e 


78  
1509, I > 2.0o(I) 
0.064 
0.065 


counts s-l. The intensity of the three monitor reflections re- 
measured after every 90 min of X-ray exposure showed no sig- 
nificant variation during the course of data collection. Intensities 
were corrected for Lorentz and polarization effects,lg but no 
absorption correction was applied ( p  = 27.4 cm-’). The Laue 
symmetry of the diffracted intensities was 3m, and as there was 
no systematic absence, the possible space groups are R32 (No. 
155), R3m (No. 160), and R3m (No. 166). Equivalent reflections 
were averaged, R = (C(F- (F))2/C(F)2(m - l))ll2 = 0.028, where 
m is the number of equivalent reflections averaged, and yielded 
a total of 1509 observed intensities (I > 2.040) that were used 
in the solution and refinement of the structure. Pertinent crystal 
data are given in Table 111; the cell parameters were obtained by 
least-squares fit to the 0 values of 75 automatically centered 
reflections (11 < 0 < 23”). 


The structure was solved by Patterson and Fourier methods. 
First, the positions of the palladium atoms in the octahedral part 
of the cluster were determined from a Patterson synthesis. From 
the distribution of maxima it was possible to exclude R32 as a 
possible space group. A subsequent Fourier synthesis using the 
phases calculated from the two independent palladium atom 
positions P d l  and Pd2 in the noncentrosymmetric space group 
(R = 0.32, R, = 0.31)20 revealed Pd3 to be positionally disordered 
about the exact %fold axis passing through the octahedron. Each 
palladium atom sits on a crystallographic mirror plane and was 
constrained to do so during the remaining refinement cycles. 
Consistent with this, P d l  and Pd2 were given occupancy factors 
of a half and Pd3 was given an occupancy factor of one-sixth. In 
addition, the z positional parameters of Pd2 was fixed at 0.0. 
Refinement allowing the metal atoms isotropic thermal motion 
gave R = 0.24 and R, = 0.28, and a Fourier synthesis calculated 
a t  this stage enabled the phosphorus atoms to be located. The 
phosphorus atoms attached to Pd2 appeared in the Fourier 
synthesis as two peaks with relative heights of 2:l. The positions 
of these peaks were included in the model as P2 and P21 and given 
the relative weights of 2:l. An attempt to refine the population 
parameters was unsuccessful, and in successive refinement cycles 
the population of P2 grew at the expense of P21 and the two atoms 
moved closer together. (The P2-P21 distance a t  the end of 
refinement is 0.7 A.) Refinement of the palladium and phosphorus 


(19) Computer programs used in the data reduction include DATAP 
written by Coppens, Eeiserovitz, and Rabinovich. 


(20) Agreement indices are defined aa R = ~ l l F o l  - ~ F c ~ ~ / ~ ~ F o ~  and R ,  
= (~.w(llFoI - IFcl l)~/mF,12)”~. 
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Figure 4. The contents of the unit cell of 2. The disordered Pd3 
atoms are shown as black spheres. The edge-bridging carbonyl 
groups C3-03 have been omitted for clarity. 


atoms allowing anisotropic thermal motion converged at R = 0.101 
and R, = 0.105. Positional and thermal parameters were con- 
strained to be equal in accord with the respective symmetry of 
the special position of each atom. C1, 01,  C2,02,  C11, and C22 
were then located on a Fourier synthesis map, and further re- 
finement of the structure including these atoms with anisotropic 
thermal parameters gave R = 0.065 and R, = 0.068. A difference 
Fourier synthesis failed to reveal more than an average position 
for C3. Disorder of the phosphorus atom bonded to Pd2 also made 
the unambiguous assignment of the methyl carbon atoms attached 
to this atom difficult, and these were included in the refinement 
at  calculated positions (C-P = 1.85 A, Pd-P-C = 110O). 


Elemental analysis of the compound had clearly shown the 
molecular formula to be [PdPC4H90ln, and the model at  this stage 
of refinement supported the heptameric nature of the compound, 
80 a model containing seven carbonyl groups was sought. ks there 
was no evidence of either face-capping or terminally bonded 
carbonyl groups attached to the metal tetrahedron containing Pd3 
in the difference Fourier synthesis, a model was adopted, whereby 
the three carbonyl groups C3-03 were in bridging positions be- 
tween Pd2 and Pd3. An average position for C3 was taken from 
the difference Fourier synthesis, and its attended oxygen atom 
0 3  was incorporated a t  a calculated position, C-0 = 1.15 A. 
Inclusion of these atoms at  positions agreement indices, which 


Table IV. Atomic Positional Parameters (X104 ) with 
Estimated Standard Deviations in Parentheses 


atom X Y 2 


Pdl -1109 ( 1 )  -1109 (1) 
Pd 2 
Pd 3 
P1 
P2 
P21 
P3 
01 
0 2  
c 1  
c 2  
c11 
c 1 2  
C31 
c 2 1  
c 2 2  
C23 
C24 
c 3  
0 3  


1606 (1 j 
2569 ( 3 )  


1968 ( 9 )  
2371 ( 1 7 )  


-2766 ( 4 )  


4374 ( 5 )  
-2457 ( 1 7 )  


-179 ( 1 7 )  
-1672 (20)  


-4438 (16)  
-2793 ( 2 8 )  


4 ( 1 9 )  


4627 ( 4 1 )  
1852 


67 2 
241 3 
1482 
3206 
3965 


1606 (1 j 
2569 ( 3 )  


1968 ( 9 )  
2371 ( 1 7 )  


-2766 ( 4 )  


4374 ( 5 )  
-2457 ( 1 7 )  


-179 (17)  
-1672 ( 2 0 )  


-2754 (19)  
-2793 ( 2 8 )  


4 (19)  


4627 ( 4 1 )  
3579 


67 2 
4141 
1482 
3206 
3965 


466 (1)  
0 


3112 ( 4 )  
486 ( 6 )  


-1942 (10) 
-1314 (25)  


-2457 ( 1 7 )  


-1672 (20)  


-387 (20)  


4374 ( 5 )  


3433 (14)  


2385 ( 2 0 )  


2183 (32)  
6142 (64)  


-2002 
-3417 


-899 
-2953 


1094 
883 


converged at  R = 0.064 and R, = 0.065. 
The function minimized was Cw(F,  - F J 2  with w = 1/$(F,).21 


In the final refinement cycle the mean shift to error ratio 0.05, 
and the final Fourier synthesis was essentially featureless except 
for several peaks (51.8 e A-3) in the vicinity of the palladium and 
phosphorus atoms, with much smaller values elsewhere. Neutral 
atom scattering factors for all non-hydrogen atoms were those 
of Cromer and Waber,2* and anomalous scattering factors for Pd 
and P were taken from ref 23. Refinement of the enantiomorphic 
structure gave no significant improvement in the weighted R 
factor. Final positional parameters appear in Table IV. These 
together with a table of the thermal parameters and a list of 
observed and calculated structure amplitudes can be obtained 
as supplementary material. 


2 crystallizes as independent molecules separated by distances 
greater than the sum of van der Waals radii of the relevant atoms. 
Figure 4 gives the contents of the unit cell. 


Registry No. 1, 80181-65-3; 2, 83632-51-3. 


Supplementary Material Available: Tables of positional 
and thermal parameters and a list of observed and calculated 
structure factor amplitudes (23 pages). Ordering information is 
given on any current masthead page. 


(21) Refinement of the structure was carried out by using the program 


(22) Cromer, D. T.; Waber, J. T. Acta Crystallogr. 1965, 18, 104. 
(23) "International Tables for X-ray Crystallography"; Kynoch Press: 


SHELX 76, G. M. Sheldrick, unpublished. 


Birmingham, England, 1974; Vol. 4. 
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Summary: Evidence, including thermochemical data, 
modified extended Huckel calculations, and reactivity and 
kinetic data, is presented which suggests that hydroxy- 
carbyne complexes may be important intermediates in 
homogeneous transition-metal-catalyzed carbon mon- 
oxide reduction. 


Resurgent interest in the catalytic activation of carbon 
monoxide' has resulted in several reports of apparently 
homogeneous, transition-metal-catalyzed reductions of this 


Despite this progress, considerable uncertainty 
persists with respect to the mechanism of such reactions. 
Virtually all the suggested schemes thus far begin with 
conversion of a metal hydride (1) to a metal formyl com- 
plex (2), a step which, in general, appears to be thermo- 
dynamically disfavored6 and therefore, not surprisingly, 
is lacking in direct experimental support for the catalyt- 
ically important metals.' Several lines of evidence, both 
theoretical and experimental, lead this author to propose 
the tautomeric hydroxycarbyne species 3 as an energeti- 


1 3 


cally and mechanistically reasonable alternative to 2. 
The energetic feasibility of 3 was at first suggested by 


electron-counting considerations and "back-of-the- 
envelope" bond energy calculations. With HCo(CO), as 
the archetypal complex 1, the formyl species (CO)&oCHO 


Dedicated t o  the  memory of Rowland G. Pettit. 
(1) "Catalytic Activation of Carbon Monoxide"; Ford, P. C., Ed.; Am- 


erican Chemical Society: Washington, D.C. 1980; ACS Symp. Ser No. 
152. 


(2) For Co: (a) Gresham, W. F. U.S. Patent 2636046, 1953. (b) 
Rathke, J. W.; Feder, H. M. Ann. N.Y. Acad. Sci. 1980,333,45. (c) Keim, 
W.; Berger, M.; Schlupp, J. J. Catal. 1980,61, 359. (d) Fahey, D. R. J. 
Am. Chem. SOC. 1981,103,136. (e) King, R. B.; King, A. D., Jr.; Tanaka, 
K. J. Mol. Catal. 1981, 10, 75. (f) Daroda, R. J.; Blackborrow, J. R.; 
Wilkinson, G. J. Chem. SOC., Chem. Commun. 1980, 1098. 


(3) For Ru: (a) Bradley, J. S. J.  Am. Chem. SOC. 1979,101,7419. (b) 
Dombek, B. D. Ibid. 1980, 102, 6857. (c) Knifton, J. R. J. Chem. SOC., 
Chem. Commun. 1981,188. (d) Daroda, R. J.; Blackborrow, J. R.; Wil- 
kinson, G. Ibid. 1980, 101. 


(4) For Rh: Pruett, R. L. Ann. N.Y.  Acad. Sci. 1977, 295, 239 and 
patents referenced therein. 


(5) Other metals: Thomas, M. G.; Beier, B. F.; Muetterties, E. L. J. 
Am. Chem. SOC. 1976,98,1296. Demitras, G .  C.; Muetterties, E. L. Ibid. 
1977, 99, 2796. 


(6) See ref 2a and Casey, C. P.; Andrews, M. A.; McAlister, D. R.; Rim, 
J. E. J. Am. Chem. SOC. 1980, 102, 1927 for discussions and leading 
references. 


(7) The "insertion" of CO into (0EP)RhH to give (OEP) RhCHO by 
an undetermined mechanism has recently been reported: Wayland, B. 
R.; Woods, B. A. J. Chem. SOC., Chem. Commun. 1981, 700. 


0276-733318212301-1713$01.25/0 0 


(2a) possesses a 16-electron count compared to the 
closed-shell 18-electron total for (C0)3CoCOH (3a). The 
enthalpy difference between 2a and 3a is roughly speaking 
a C-0 ?r bond plus a C-H (sp2) bond for 2a vs. two Co-C 
7r bonds and an 0-H bond for 3a. With use of typical bond 
energy values from main element compounds* and an es- 
timate of 35-40 kcallmol for ~ ( C O - C ) , ~  AHf for the hy- 
droxycarbyne (C0)3CoCOH is found to be about 0-10 
kcal/mol more negative than for the formyl derivative, 
(CO),CoCHO; that is, 2a and 3a are anticipated to be of 
comparable stability. 


This qualitative conclusion has now been supported by 
calculations using the modified extended Huckel Theory 
(MEHT) of AndersonI3 parameterized to give good bond 
energies. Feder et have utilized this type of calculation 
to compare the molecular electronic energy values and 
preferred geometries for several prospective intermediates 
in the cobalt carbonyl catalyzed reduction of carbon 
monoxide including HCo(CO), (la) and (CO)&oCHO (2a). 
Using a similar methodology at  this author's request, 
Curtiss15 has calculated relative energies and geometries 
for pyramidal (C3J and planar (C2J forms of the carbyne 
complex 3a. With the following bond distances fixed 0'-H 


A, and C-0 = 1.14 A, the angles 6 optimized to 124" in the 
12% structure and 98.6" in the C, structure. The pyramidal 
(C3J geometry was found to be 21 kcallmol more stable 
than the planar (C2J form. Most importantly, relative 


= 1.09 A, C'-0' = 1.43 A, CO-C' = 1.82 A, CO-C = 1.82 


H 
0' 
I 
I 


C' 


-(!o, /\". 
0 /c eo 


H 
0' 
I - 1  


Til 
0-c-co-c-0 


I 


U 


C2U 


to the other complexes in the reaction path, the CSu car- 
byne complex 3a was found to be 7 kcallmol more stable 
than the formyl species 2a (in its preferred planar geom- 


(8) Johnson, D. A. "Some Thermodynamic Aspects of Inorganic 
Chemistry"; Cambridge University Press: London, 1968. 


(9) Although no thermochemical data on carbene or carbyne com- 
plexes are available, this value seems reasonable in light of the extremely 
short M=CR bond lengths reported,'O the high v(M=CR) and force 
constants,lOJ1 and an estimate of ca. 150 kcal/mol for M=CR based on 
1/2[M=M12 + C=C]. 


(10) Clark, G. R.; Marsden, K.; Roper, W. R.; Wright, C. K. J. Am. 
Chem. SOC. 1980,102,1206. McLain, S. J.; Wood, C. D.; Messerle, L. W.; 
Schrock, R. R.; Hollander, F. J.; Yongs, W. J.; Churchill, M. R. Ibid. 1978, 
100,5962. Sharp, P. R.; Holmes, S. J.; Schrock, R. R.; Churchill, M. R.; 
Wasserman, H. J. Ibid. 1981, 103, 965. 


(11) Fischer, E. 0.; Dao, N. Q.; Wagner, W. R. Angew. Chem. 1978,90, 
51. 


(12) Trogler, W. C.; Cowman, C. D.; Gray, H. B.; Cotton, F. A. J. Am. 
Chem. SOC. 1977,99, 2993. 


(13) Anderson, A. B. J. Chem. Phys. 1975, 62, 1187. 
(14) Feder, H. M.; Rathke, J. W.; Chen, M. J.; Curtiss, L. 2. In 


"Catalytic Activation of Carbon Monoxide"; American Chemical Society: 
Washington, D.C., 1981; ACS Symp. Ser. No. 152, pp 18-34. 


(15) Curtiss, L. A,, private communication of unpublished results, 
1981. 
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etry) and 15 kcal/mol-’ less stable than HCo(CO),. Al- 
though the uncertainty in these calculations could be as 
high as 10-15 kcal/mol-’, the hydroxycarbyne complex 
should nevertheless be considered an energetically viable 
species. 


The increasing number of known carbyne complexes 
including simple methylidyne and alkyl-, amino- and alk- 
oxy-substituted derivatives1°,16 certainly attests to the 
feasibility of such compounds as reaction intermediates. 
Although no mononuclear hydroxycarbyne complexes have 
been reported, interestingly, the cluster hydroxycarbyne 
(methylidyne) 4 is formed in the reaction of HCo(CO), and 
C O ~ ( C O ) ~ , ~ ~  a process which may involve capture of the 
triply bonded carbyne by C O ~ ( C O ) ~  (eq 2).lS Recent re- 


’i 
‘ c d o , ,  


cop(colg /I\ 
HColCO), iCO),CorC -OH -2~0-  (CO)3Co- -C.O(CO)~ (2 )  


4 


[ 1 
ports of low-temperature 0-protonation and -alkylation 
of polynuclear metal carbonyl anions are also notewor- 
thy.lgn4 In addition, the association of alkali-metal ions 
with the oxygens of carbonyl ligands for several transi- 
tion-metal carbonylates208-e adds further credibility to the 
energetic accessibility of the corresponding 0-protonated 
carbyne derivatives 3. 


In view of the significant acidity of many metal carbonyl 
hydrides, formation of a hydroxycarbyne complex from the 
corresponding metal hydride could proceed analogously 
to classical keto-enol tautomerism via the metal carbonyl 
anion (eq 3). Further, just as the enol content of organic 


fHi CO) M’H _H? (CO),fi=C=O C_ (CO),MGC-OH (3) 
3 I ‘ c ,  


N O  


lCO),,MEC-O- 
1 


carbonyl derivatives increases with increasing substrate 
acidity,21 the equilibrium concentration of 3 may parallel 
the acidity of 1. Indeed, the observation that the most 
active homogeneous syn gas catalysts (Co, Rh, Ir, Ru) form 
the most acidic metal hydridesze (i.e., H C O ( C O ) ~ , ~ ~  HRh- 
(Co)4,23 HIr(C0),,z3 H2R~(C0),24) may reflect the im- 


Communications 


(16) Review: Fischer, E. 0.; Schubert, U.; Fischer, H. Pure App l .  
Chem. 1978,50, 857. 


(17) Adams, H.-N.; Fachinetti, G.; Strahle, J. Angew. Chem., Int. Ed. 
Engl. 1981,20, 125. 


(18) Coordination to the metal-carbon triple bond of carbyne com- 
plexes by CO~(CO)~ and dl0 metal complexes has been reported Fischer, 
E. 0.; Daweritz, A. Chem. Ber. 1978,111,3525. Ashworth, T. V.; Howard, 
J. A. K.; Store, F. G. A. J. Chem. SOC., Chem. Commun. 1979, 42. 


(19) (a) Fachinetti, G. J .  Chem. SOC., Chem. Commun. 1979,397. (b) 
Hodali, H. A.; Schriver, D. F.; Ammlung, C. A. J. Am. Chem. SOC. 1978, 
100,5239. (c) Whitmire, K. H.; Shriver, D. F. Ibid. 19&1,103,6754. (d) 
Keister, J. B. J. Organomet. Chem. 1980, 190, C36. 


(20) (a) For M+CO(CO)~-: Edgell, W.; Chanjamsri, S. J. Am. Chem. 
SOC. 1980,102,147 and references therein. (b) M+CpFe(C0)2-: Pannell, 
K. H.; Jackson, D. Ibid. 1976, 98, 4443. Nitay, M.; Rosenblum, M. J. 
Organomet. Chem. 1977,136, C23. (c) M+Mn(CO)6-: Darensbourg, M. 
Y.; Darensbourg, D. J.; Burns, D.; Drew, D. A. J. Am. Chem. SOC. 1976, 
98,3127. Pribula, C. D.; Brown, T. L. J.  Organomet. Chem. 1974,71,415. 
(d) M+CpM’(CO), (M’ = Cr, Mo, W): Darensbourg, M. Y.; Jiminez, P.; 
Sackett, J. R.; Hanckel, J. M.; Kump, R. L. J. Am. Chem. SOC. 1982,104, 
1521; (e) M+LV(CO),-: Darensbourg, M. Y.; Hanckel, J. M. Organo- 
metallics 1982, 1, 82. 


(21) Dubois, J.-E.; El-Alaoui, M.; Toullec, J. J.  Am. Chem. SOC. 1981, 
103, 5393. House, H. 0. “Modern Synthetic Reactions”, 2nd ed.; W. A. 
Benjamin: New York, 1972; Chapter 9. 


(22) Sternberg, H. W.; Wender, I.; Friedel, R. A.; Orchin, M. J.  Am. 
Chem. SOC. 1953,75,2718. Reppe, W. Liebigs Ann. Chem. 1952,582, 116. 


Scheme I 
n 


1 


I 
H 5 I /  


3 


J 
H3Cti2CH20b 


portance of the 1 2 3 preequilibrium in the reduction 
process. 


Much of the available kinetic data for the cobalt-2 and 
ruthenium-catalyzed3 CO reduction is equally well accom- 
modated by either formyl or carbyne intermediates. The 
mechanism shown in Scheme I involving the latter would 
account for the formation of methanol, methyl formate, 
and ethylene glycol as primary products, the observed 
first-order rate dependence on hydrogen pressure, the 
modest rate acceleration with increasing solvent polarity 
(for C O ~ ~ - ~ ~ ) ,  and the inverse deuterium isotope effect (for 
Co”pZ6). The known hydrogenolysis of carbene complexesn 
and reductive carbonylation of RCCo3(CO)g to homolo- 
gated aldehydes2* provides precedent for the transforma- 
tion 3 - 5 - 7. Suggested conversion of hydroxymethyl 
species 5 to products follows the pathway proposed by 
previous  worker^.^^^^^^^ Homologated products could also 
arise from carbonylation of 3 via metallo ketene 6, a pro- 
cess which has been observed for isolable carbyne com- 
p l e x e ~ . ~ ~  Methyl formate may result from attack of the 
hydroxymethyl species 5 on 1 followed by hydrogenolysis. 


In view of the calculations and experimental data 
presented above, hydroxycarbyne complexes should be 
considered as possible intermediates in the reactions of 
metal carbonyl hydrides, particularly carbon monoxide 
reduction. Experiments designed to detect, trap, and/or 
isolate these species are underway. 


(23) Vidal, J. L.; Walker, W. E. Inorg. Chem. 1981, 20, 249. 
(24) Walker, H. W.; Kresge, C. T.; Pearson, R. G.; Ford, P. C. Con- 


tribution No. 16, Pacific Conference of Chemistry and Spectroscopy, 
Pasadena, Calif., Oct 1979. 


(25) Increasing solvent polarity should favor polar species 3 in the 
important 1 3 preequilibrium. 


(26) The observed isotope effect suggests that the hydrogen atom 
originally attached to cobalt becomes bound to carbon (to give the formyl) 
or oxygen (to give the carbyne) in the transition state. See ref 14 for a 
more complete discussion of the inverse isotope effect. 


(27) Casey, C. P.; Neuman, S. M. J. Am. Chem. SOC. 1977,99, 1651. 
(28) Tominaga, K.; Yamagami, N.; Wakamatsu, H. Tetrahedron Lett. 


1980, 2217. 
(29) Kreisal, F. R.; Uedelhoven, W.; Eber, K. Angew. Chem., Int. Ed. 


Engl. 1978,17,859. Martin-Gil, J.; Howard, J. A. K.; Navarro, R.; Stone, 
F. G. A. J .  Chem. SOC., Chem. Commun. 1979, 1168. 
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Summary: Ru(CO), is the photoproduct when Ru3(CO),, 
is photolyzed in octane solution containing 1 M CCI, and 
under a CO atmosphere. Although chlorocarbonyl- 
ruthenium products are formed eventually, these arise 
from the facile thermal reaction of Ru(CO), with the CCI,. 
Quantum yields for RU~(CO),~ fragmentation are markedly 
sensitive to the presence of CO but insensitive to that of 
CCI,, arguing against proposals of diradical intermediates 
in this photoreaction. 


Photolysis of the trinuclear cluster R u ~ ( C O ) ~ ~  in hy- 
drocarbon solutions and in the presence of soft ligands such 
as CO, ethylene or phosphines has long been known' to 
lead to the fragmentation of the cluster to monomeric 
species (e.g., eq 1). While this reaction is sufficiently facile 


(1) 


to provide a synthesis pathway for moderate concentra- 
tions of mononuclear ruthenium carbonyls in hydrocarbon 
solutions,14 the photosynthesis procedure is not effective 
in more polar solvents such as tetrahydrofuran (THF) 
owing in part to much smaller quantum efficiences (vide 
infra). Furthermore, although we have found Ru(C015 to 
be the photoproduct under CO at low R U ~ ( C O ) ~ ~  concen- 
trations in THF, photolysis at larger R u ~ ( C O ) ~ ~  concen- 
trations in this solvent leads to the formation of an un- 
characterized, insoluble red material, presumably a poly- 
meric ruthenium carbonyl. These marked effects of the 
medium on the R U ~ ( C O ) ~ ~  photoreactions has stimulated 
our interest in the quantitative elucidation of the cluster 
photofragmentation mechanism. 


The electronic spectrum of R u ~ ( C O ) ~ ~  is dominated by 
a strong absorption band (Amm 392 nm in octane (emar 7.7 
x lo3 L mol-l cm-l)) attributed to a transition from an 


R u ~ ( C O ) ~ ~  + 3CO -!% ~ R U ( C O ) ~  


Dedicated in memory of Professor Rowland Pettit.  
(1) Johnson, B. F. G.; Lewis, J.; Twigg, M. V.  J. Organomet. Chem. 


(2) Yarrow, P.; Ford, P. C. J. Orgunomet. Chem. 1981,214,115-118. 
(3) (a) Austin, R. G.; Paonessa, R. S.; Giordano, P. J.; Wrighton, M. 


S. Adu. Chem. Ser. 1978, No. 168, 189-214. (b) Graff, J. L.; Sanner, R. 
D.; Wrighton, M. S. J. Am. Chem. SOC. 1979,101, 273-275. 


(4) Grevels, F. W.; Reuvers, J. G. A.; Takats, J. J. Am. Chem. SOC. 


1974, 67, C75-C76. 


1981,103, 4069. 


Table I. Disappearance Quan tum Yields for t h e  
Photolysis of Ru,(CO),,  


solvent condi t ions 1 0 3 0 ~  


oc tanec  1 a t m  of C o b  28 i 4 
oc taned  1 a t m  of C,H, 51 t 5 


CCl, f 1 a t m  of C O  1 3 k  3 
cc1, f 1 a t m  of Ar 0.7 t 0.1 
oc tane f  1 M CC1,/1 a t m  of CO 24 * 4 


T H F C  1 a t m  of CO 3.5 i 0.7 
0.7 2 0.1 diglymeC 1 a t m  of CO 
1.7 i 0.1 o c t a n e C  


oc taneC 0.3 M dig lyme/ l  a t m  of CO 3.2 * 0.1 


a @d based o n  t h e  decrease in intensi ty  of t h e  392-nm 
absorpt ion band of Ru,(CO),,  given t h a t  t h e  p roduc t s  d o  
not  absorb light a t  this wavelength. 
-5 X M. T = 25 "C A (irradiation) = 405 nm. The  
photolysis apparatus  and general procedures  have been 
described previously (Hintze, R. E.; Ford ,  P. C. J. Am. 
Chem. SOC. 1975, 97,. 2664). Solut ion prepared by  
flushing with respective gas, P = 1 atm.  
fo rmed  is Ru(  CO), . 
(C,H,). e Produc t  unknown.  f Products  fo rmed  are  
chlorocarbonyls  of ruthenium. 


oc t anee  1 a t m  of A r b  <0.1 


oc tane f  1 M CCl, / l  a t m  of Ar  -0.2 


0.5 M THF/1 a t m  of CO 


[Ru , (CO) , , ]  initial 


P roduc t  
Product  fo rmed  is Ru( CO),- 


orbital which is bonding with regard to the metal-metal 
bond framework to one which is antibonding in this re- 
gard.5*6 It has been that the photofragmen- 
tation resulting from irradiation in this wavelength region 
may proceed via the cleavage of a single Ru-Ru bond to 
produce the open chain diradical A (eq 2) in the primary 


M 
/"\ - / / (2) 


M-M M* *M 


A 
M = Ru(CO),  


photoreaction step. A similar mechanistic proposal has 
been made for the photofragmentations of O S ~ ( C O ) ~ ~ ~  and 
of H M C O ~ ( C O ) ~ ~ . ~  Reaction with CCl, to give chloro- 
carbonyl products has been argued as evidence for for- 
mation of metal radicals in photoreactions of O S ~ ( C O ) ~ ~ ~  
and of numerous dinuclear metal-metal bonded com- 
plexes.'JO We have shown that 405-nm photolysis of 
R u ~ ( C O ) ~ ~  in CCl, solution indeed does lead to formation 
of chlorocarbonyl ruthenium products; however, the 
quantum yield for the photofragmentation (I#Jd) is a factor 
of 20 larger under CO (1 atm) than under argon (Table I). 
Even greater differences are seen with the I#Jd values 
measured in octane solution with CCl, (1 M) added. When 
this solution is equilibrated with co (1 atm), I#Jd is indis- 
tinguishable from that value measured in the absence of 
CC14 Under an argon atmosphere, & in the octane/l M 
CCll solution is 2 orders of magnitude smaller, although 
apparently somewhat larger than seen in octane solution 
alone. 


Examination of product solution infrared spectra leads 
to particularly important observations. Photolysis of 
R u ~ ( C O ) ~ ~  in octane/l M CCll solution under CO (1 atm) 
for a time period sufficient to cause an 80% decrease of 


(5) Tyler, D. R.; Levenson, R. A.; Gray, H. B. J. Am. Chem. SOC. 1976, 


(6) Delley, B.; Manning, M. C.; Ellis, D. E.; Berkowitz, J.; Trogler, W. 


(7) Wrighton, M. S.; Geoffrey, G. L. "Organometallic Photochemistry"; 


(8) Tyler, D. R.; Altobelli, M.; Gray, H. B. J .  Am. Chem. SOC. 1980, 


(9) Geoffrey, G. L.; Epstein, R. A. Inorg. Chem. 1977,16,2795-2799. 
(10) (a) Laine, R. M.; Ford, P. C. Inorg. Chem. 1977,16,388-391. (b) 
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Summary: Ru(CO), is the photoproduct when Ru3(CO),, 
is photolyzed in octane solution containing 1 M CCI, and 
under a CO atmosphere. Although chlorocarbonyl- 
ruthenium products are formed eventually, these arise 
from the facile thermal reaction of Ru(CO), with the CCI,. 
Quantum yields for RU~(CO),~ fragmentation are markedly 
sensitive to the presence of CO but insensitive to that of 
CCI,, arguing against proposals of diradical intermediates 
in this photoreaction. 


Photolysis of the trinuclear cluster R u ~ ( C O ) ~ ~  in hy- 
drocarbon solutions and in the presence of soft ligands such 
as CO, ethylene or phosphines has long been known' to 
lead to the fragmentation of the cluster to monomeric 
species (e.g., eq 1). While this reaction is sufficiently facile 


(1) 


to provide a synthesis pathway for moderate concentra- 
tions of mononuclear ruthenium carbonyls in hydrocarbon 
solutions,14 the photosynthesis procedure is not effective 
in more polar solvents such as tetrahydrofuran (THF) 
owing in part to much smaller quantum efficiences (vide 
infra). Furthermore, although we have found Ru(C015 to 
be the photoproduct under CO at low R U ~ ( C O ) ~ ~  concen- 
trations in THF, photolysis at larger R u ~ ( C O ) ~ ~  concen- 
trations in this solvent leads to the formation of an un- 
characterized, insoluble red material, presumably a poly- 
meric ruthenium carbonyl. These marked effects of the 
medium on the R U ~ ( C O ) ~ ~  photoreactions has stimulated 
our interest in the quantitative elucidation of the cluster 
photofragmentation mechanism. 


The electronic spectrum of R u ~ ( C O ) ~ ~  is dominated by 
a strong absorption band (Amm 392 nm in octane (emar 7.7 
x lo3 L mol-l cm-l)) attributed to a transition from an 


R u ~ ( C O ) ~ ~  + 3CO -!% ~ R U ( C O ) ~  
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S. Adu. Chem. Ser. 1978, No. 168, 189-214. (b) Graff, J. L.; Sanner, R. 
D.; Wrighton, M. S. J. Am. Chem. SOC. 1979,101, 273-275. 
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Table I. Disappearance Quantum Yields for the  
Photolysis of Ru,(CO),, 


solvent conditions 1 0 3 0 ~  


octanec 1 atm of C o b  28 i 4 
octaned 1 atm of C,H, 51 t 5 


CCl, f 1 atm of CO 1 3 k  3 
cc1, f 1 atm of Ar 0.7 t 0.1 
octanef 1 M CC1,/1 atm of CO 24 * 4 


THFC 1 atm of CO 3.5 i 0.7 
0.7 2 0.1 diglymeC 1 atm of CO 
1.7 i 0.1 octaneC 


octaneC 0.3 M diglyme/l a tm of CO 3.2 * 0.1 


a @d based on  the decrease in intensity of the 392-nm 
absorption band of Ru,(CO),, given that the products do 
not absorb light a t  this wavelength. 
-5 X M. T = 25 "C A (irradiation) = 405 nm. The 
photolysis apparatus and general procedures have been 
described previously (Hintze, R. E.; Ford, P. C. J. Am. 
Chem. SOC. 1975, 97,. 2664). Solution prepared by 
flushing with respective gas, P = 1 atm. 
formed is Ru( CO), . 
(C,H,). e Product unknown. f Products formed are 
chlorocarbonyls of ruthenium. 


octanee 1 atm of A r b  <0.1 


octanef 1 M CCl,/l a tm of Ar -0.2 


0.5 M THF/1 atm of CO 


[Ru,(CO),,] initial 


Product 
Product formed is Ru( CO),- 


orbital which is bonding with regard to the metal-metal 
bond framework to one which is antibonding in this re- 
gard.5*6 It has been that the photofragmen- 
tation resulting from irradiation in this wavelength region 
may proceed via the cleavage of a single Ru-Ru bond to 
produce the open chain diradical A (eq 2) in the primary 


M 
/"\ - / / (2) 


M-M M* *M 


A 
M = Ru(CO), 


photoreaction step. A similar mechanistic proposal has 
been made for the photofragmentations of O S ~ ( C O ) ~ ~ ~  and 
of H M C O ~ ( C O ) ~ ~ . ~  Reaction with CCl, to give chloro- 
carbonyl products has been argued as evidence for for- 
mation of metal radicals in photoreactions of O S ~ ( C O ) ~ ~ ~  
and of numerous dinuclear metal-metal bonded com- 
plexes.'JO We have shown that 405-nm photolysis of 
R u ~ ( C O ) ~ ~  in CCl, solution indeed does lead to formation 
of chlorocarbonyl ruthenium products; however, the 
quantum yield for the photofragmentation (I#Jd) is a factor 
of 20 larger under CO (1 atm) than under argon (Table I). 
Even greater differences are seen with the I#Jd values 
measured in octane solution with CCl, (1 M) added. When 
this solution is equilibrated with co (1 atm), I#Jd is indis- 
tinguishable from that value measured in the absence of 
CC14 Under an argon atmosphere, & in the octane/l M 
CCll solution is 2 orders of magnitude smaller, although 
apparently somewhat larger than seen in octane solution 
alone. 


Examination of product solution infrared spectra leads 
to particularly important observations. Photolysis of 
R u ~ ( C O ) ~ ~  in octane/l M CCll solution under CO (1 atm) 
for a time period sufficient to cause an 80% decrease of 
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the vco bands of the starting material (2062 (vs), 2032 (s), 
and 2012 (m) cm-') is accompanied by the appearance of 
very prominent new absorbances at 2040 (s) and 1999 (vs) 
cm-' characteristic of RU(CO)~!~' Only minor other ab- 
sorbances at  2074, 2082, 2108 (w), 2130, and 2140 cm-', 
suggesting the presence of some chlorocarbonyl ruthenium 
species,12 were found in this initial spectrum. Continued 
photolysis leads to complete conversion to the latter 
produ~ts . '~  However, the identical products are formed 
if Ru3(CO)1z in octane solution is photolyzed under CO to 
completion giving only RU(CO)~, then CCl, is subsequently 
added, and the system is allowed to react in the dark. This 
thermal chlorination of RU(CO)~ in octane/l M CCl, oc- 
curred with a first-order rate constant of about 1 X 10" 
s-' at  room temperature (-20 "C). The products of 
RU,(CO)~~ photolysis in octane/l M CCl,/Ar (1 atm) led 
to the slow formation of a product solution exhibiting a 
number of vco bands in the IR, the more prominent of 
which were noted above as products under CO (1 atm). 


The above results in CCl, solution demonstrate clearly 
that the principal photofragmentation pathway in octane 
does not occur via the intermediacy of a reactive diradical 
species. The role of CO in determining the quantum 
yields, the observation of Ru(CO), as the primary photo- 
reaction product under CO and in the presence of CCl,, 
and the failure of CCl, to affect 4 d  under CO (1 atm) 
indicate that the excited states and intermediates along 
the primary photoreaction potential surface are not in- 
tercepted by CCl, and that the eventual chlorocarbonyl 
products are the result of secondary thermal reactions of 
the RU(CO)~ product. A minor fragmentation pathway via 
radical intermediates may be reflected by the small 6 d  
values seen under argon. However, reaction of CC4 with 
the unsaturated intermediate proposed below might also 
account for this minor pathway. 


Table I also summarizes @d values in tetrahydrofuran 
and diglyme solutions under CO (1 atm).', In each case, 
& is markedly smaller than in octane under otherwise 
comparable conditions. That such changes are not simply 
due to solvent effects is demonstrated by decreased '#Jd 
values in octane when small concentrations of THF or 
diglyme are added (Table I). Under such conditions low 
concentrations of these donor cosolvents added to octane 
act as quenchers of the photofragmentation, the quanti- 
tative behavior following Stern-Volmer type kinetics (&,/& 
vs. [Q] plots linear).', However, the identical product 
(Ru(CO),) is formed by photolysis in octane, THF, or 
diglyme solutions. 


That the reaction quantum yields are little affected by 
CCl,, a radical trap, but are significantly affected by the 
presence of weak Lewis bases indicates that the key in- 
termediateb) in the photofragmentation is not radical in 
nature but is coordinatively unsaturated. We propose the 
species B shown in eq 3. Once formed by photolysis, B 
could be trapped by a weak donor such as THF or (com- 
petitively) by CO or other r-acid ligand (e.g., CzH4, Table 
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that further reactions of ihis species under these coiditio& represents 
thermal not photochemical processes. 


(14) CO solubilities at 25 "C are relatively insensitive to the nature of 
these solvents ranging only from 0.006 mol/(L atm) in diglyme [M.S. 
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I). Fragmentation of the resulting Ru3(C0)12L adduct may 
prove facile; however, fragmentation of the analogous ad- 
duct of a hard base, for example, THF, may be much less 
so owing to the probable need to stabilize intermediates 
of low coordination number. Thus, the latter species would 
be expected to collapse back to the more stable Ru,(CO),, 
starting material with loss of THF. 


Studies are in progress to identify key intermediates of 
the proposed photofragmentation mechanism and to 
characterize better the thermal reactions of RU(CO)~ with 
CC,. It is notable that Fe(CO), is essentially unreactive 
with CCl, under comparable c~ndi t ions. '~J~ 
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Summary: Deprotonation of [RU(~,M~,),] ,+ generates 
the new o -xylylene complex Ru(C,Me,) [C,Me,(CH,),]. 
The X-ray crystallographic study confirms that the metal 
is coordinated to the endocyclic diene system. The exo- 
cyclic methylenes are nucleophilic and can be reacted 
with electrophiles in a stepwise manner. This has allowed 
the isolation of a new ex0 -(methylene)cyclohexadienyl 
complex. 


Transition metals are often valuable in stabilizing or- 
ganic molecules which cannot survive in common labora- 
tory conditions. For instance, many examples of cyclo- 
butadiene complexes have been reported, and their use in 
organic synthetic applications has been explored.' o- 
Xylylene, 1, is another example of this type of reactive 


1 2 M L n  


3 


species. Here again, coordination of the molecule to a 
transition metal yields a stable complex. With this ligand, 
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Scheme I 
2 +  I t  


Figure 1. View of the structure of 
showing the atom labels and some distances of the coordinated 
a-xylylene ligand. The Ru-C1/2/3/4 distances are 2.204 (6), 2.119 
(6), 2.137 (5),  and 2.208 (5 )  A, respectively. The Ru-arene carbon 
distances average 2.23 (1) k The arene ring C-C distances average 
1.42 (3) A, and the C-Me distances are 1.53 (2) A. 


two distinct bonding modes have been observed.2-10 In 
2 it coordinates as a chelating u2 ligand (a metallobenzo- 
cyclopentene),w while in 3 the metal is bound to the ?r 


system. In one case, W[C6H4(CH2)2]3, the structure in- 
dicates an intermediate bonding mode of the o-xylylene 
ligand.1° In each of the known monometal ?r complexes, 
the metal is believed to coordinate to the exocyclic diene." 
We report here the high yield synthesis of a new o-xylylene 
complex, its crystal and molecular structure which proves 
that the metal binds to the endocyclic diene, and some 
preliminary studies on its reactivity toward electrophiles. 


The use of potassium tert-butoxide to deprotonate alkyl 
groups of coordinated arenes has been obse r~ed .~J~  Most 
recently Bennett and co-workers reported6 the double 
deprotonation of [Ru(ON~~)(PR~)~(~~~-C~M~~)]NO, in the 
presence of excess PR3 to generate the related o-xylylene 
complex R U [ C ~ M ~ ~ ( C H ~ ) ~ ]  (PR3I3. Once again, however, 
the metal is coordinated to the exocyclic diene. Bis(hex- 
amethy1benzene)ruthenium dication [RU(C6Me&]2+ is a 
stable 18-electron complex containing two planar v6 aro- 
matic rings. When 1.00 g (1.4 mmol) of [RU(C~MQ)~](PF,), 
is stirred with potassium tert-butoxide (0.63 g, 5.6 mmol) 
in 25 mL of tetrahydrofuran for 1.0 h, the solution turns 
bright yellow. After evaporation of the solvent, extraction 
of the residue with toluene, filtration, and evaporation of 
the toluene, Ru(C6Me6) [C6Me4(CH2)2] is obtained as a 
yellow solid in 87% yield. The product can be recrys- 
tallized from toluene and has been analyzed by 'H and 13C 
NMR spectroscopy, mass spectrometry, elemental analy- 
sis,12 and single-crystal X-ray crystallography. The 
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methylene hydrogens appear as doublets (J = 1.07 Hz) at 
5.04 and 4.46 ppm, which is very close to the normal region 
for vinylogous protons. However, in all of the known o- 
xylylene ?r complexes the corresponding hydrogens appear 
near Me4Si.2-5 The 13C resonance of the methylene carbons 
appear at 89.04 ppm, which is far downfield from the shift 
of 26.1 ppm of the analogous carbon in Co[C6H4- 
(CH2),](~5-C5H5).4 These spectral features are consistent 
with blnding the ruthenium to the endocyclic diene moiety 


For confirmation of the proposed structure, a single- 
crystal X-ray crystallographic study was ~0nducted. l~ 
Figure I shows the structure of the complex with the atom 
labels and selected bond distances. The Ru is indeed 
bound to the endocyclic diene (Cl-C2-C3-C4) while the 
exocyclic diene (Cll-C5-C6-C12) is directed away from 
the Ru, making a 33.8O dihedral angle with the coordinated 
portion of the molecule. The distances between C11/5/ 
6-C5/6/12 show that it is a relatively unperturbed con- 
jugated diene. Conversely, the bonds between C1/2/3- 
C2/3/4 are almost identical which is typical of coordinated 
dienes. The C4/1-C5/6 distances of 1.471 (8) and 1.498 
(8) A indicate that there is still some electronic interaction 
between the two diene systems despite the bending of the 
ring. The two coordinated ring systems are oriented in 
such a way that the methyls are staggered, and the overall 
symmetry is C,. The planes of the coordinated carbons 
of the two ligands are close to parallel making an angle of 
5.8" with each other. The ruthenium to benzene ring 
center distance is 1.724 A, and the analogous distance to 
the diene is 1.730 A. 


The reactivity of Ru(C6Me6) [C6Me4(CH2)2] centers 
around the methylene carbons. In view of the fact that 
its synthesis is the result of deprotonation from these 
positions, it is not surprising that there exists a partial 
negative charge on these carbons. Addition of excess acid 
to Ru(C6Me6) [C6Me4(CHz)2] results in instantaneous for- 
mation of R u ( C ~ M ~ ~ ) ~ " .  This dication is in fact formed 
if any water or alcohol is present in the solvents. 


Both the deprotonation of R u ( C ~ M ~ ~ ) ~ ~ +  and the pro- 
tonation of Ru(C6Me6) [C6Me4(CH,),J must proceed 


in R U ( C ~ M ~ ~ ) [ C ~ M ~ ~ ( C H Z ) ~ ]  


(12) Data for R U ( C ~ M ~ ~ ) [ C ~ M ~ ~ ( C H ~ ) ~ ] :  MS, m / e  424 (M+); 'H NMR 


1.65 (8 ,  6 H), 1.43 ( 8 ,  6 H); 13C NMR (CGD6, undecoupled) 6 150.50 (s), 
92.04 (s), 89.04 (t), 84.93 (s), 60.31 (a), 20.01 (q), 14.87 (q). Anal. Calcd 
for C2,H34Ru: C, 68.05; H, 8.09. Found: C, 68.12; H, 8.29. 


(13) X-ray diffraction data for R U ( C ~ M ~ ~ ) [ C ~ M ~ ~ ( C H ~ ) ~ ] :  crystal 
s stem, monoclinic; space group P2,ln; a = 13.007 (3) A, b = 9.966 (2) < c = 17.002 (5) A; p = 111.95 (2)"; volume = 2044 (2) A3; 2 = 4; 
absorbance coefficient = 7.6 cm-'; diffractometer, Enraf-Nonius CAD4; 
radiation, graphite-monochromatized Mo Ka; scan range, 0' 5 2 0 5 50°; 
reflections collected, 3590 unique, with 2138 with F, > 2.0(F0); R = 0.038; 
R, = 0.057. 


(CeD,) 6 5.04 (d, J = 1 Hz, 2 H), 4.46 (d, J 1 Hz, 2 H), 1.66 (E, 18 H), 
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through the cyclohexadienyl complex shown in Scheme I. 
We were able to isolate and characterize this species by 
the reaction of exactly 1.0 equiv of CF3S03H with a sus- 
pension of RU(C&k!,) [C6Me4(CH2),] in acetonitrile. The 
solvent was removed from the resulting clear yellow solu- 
tion, leaving a yellow residue which was triturated with 
diethyl ether. The triflate salt was redissolved in aceto- 
nitrile and mixed with NaBPh,. Addition of ether resulted 
in the formation of orange microcrystals of [Ru- 
(C6Me6)(C6Me5CH2)]BPh4.14 The NMR spectral features, 
particularly of the exocyclic methylene group, allow pos- 
itive identification of this species. The lH NMR resonance 
at  3.57 ppm is nearly identical with that in Fe(v5- 
C5H5)(C6Me5CH2) which appears at 3.60 ppm,ll and the 
‘3c NMR spectrum exhibits a methylene carbon resonance 
at 86.3 ppm. [Ru(C6Me6)(C6Me5CH2)]+ can also be pre- 
pared and isolated by the deprotonation of [RU(c&k~)2]~+ 
with exactly 1.0 equiv of tert-butoxide. 


Both of the methylene groups in Ru(C6Me6)[C6Me4- 
(CH,),] can also be methylated by using CF3S03CH3, 
giving [Ru(C6Me6)(C6Me4E~)] (CF3S03)>15 The ‘H NMR 
spectrum readily confirms that the two ethyl groups are 
adjacent to each other. That this is not required by the 
structure of the initial o-xylylene complex is a consequence 
of the intermediate in this reaction which is analogous to 
that in the protonation reaction. The complex [Ru- 
(C&%?G)(C&!~&H~)]’+ is amphoteric. Therefore, it may 
be capable of undergoing degenerate intramolecular proton 
shifts. The search for this exchange as well as the further 
characterization of the reactions of this new o-xylylene 
complex are currently underway. 
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(tricarbonylferracyc1opentadiene)cyclopentadienylrh~ium 
have been synthesized by two different pathways. X-ray 
crystallographic data obtained for the rhodium complex 
and a benzo derivative of the cobalt complex establish a 
sandwichlike or metallocene structure for these com- 
pounds. 


The concept of isolobal species introduced by Hoffman2 
suggests that electronicly similar species could be obtained 
by the exchange of a Fe(C0)3 moiety for +CH, by virtue 
of the similarity of the symmetry and nodal characteristics 
of their frontier orbitals. Application of this isolobal in- 
terchange to the “aromatic” metallocenium species 1 leads 
to the formulation of the metallametallocene species 2 
which might be similarly stabilized or exhibit 
“ar~maticity”.~ We now report the syntheses of 2a,b by 
two different routes and evidence pointing to the aro- 
matic-like character of these species. 


M i  M M 


l a ,  h l  = Co 2a, M = Co 2’ 
b, M = R!i b, M = R,h 


Reaction of (cyc1obutadiene)tricarbonyliron with excess 
C5H5M(C0)2, M = Co, Rh, in hydrocarbon solvents at 
110-130 “C led to metal insertion affording the air-stable 
complexes (C5H5M)C4H4Fe(C0)3 (2a, M = Co; 2b, M = 
Rh) in 15-30% yield (eq l ) . 1 3  Solutions of the brick-red 


Fe(C0)3 


M = Co, R h  


cobalt or yellow-orange rhodium complex in nondegassed 
solvents were quite stable, showing little evidence of ox- 
idative decomposition even over extended time p e r i ~ d s . ~  
These complexes were characterized by IR, NMR, and 
high-resolution mass spectro~copy.~ 


(14) Data for [Ru(C6MeB)(C6Me~CHz)JBP~: ‘H NMR (CDSCN) 6 7.28 
(m, 8 H), 6.97 (t, 8 H), 6.84 (t, 4 H), 3.57 (8 ,  2 H), 2.08 (8 ,  3 H), 2.00 (8 ,  
18 H), 1.83 (s,6 H), 1.47 (s,6 H); 18C NMR (CD,CN, undecoupled) 6 164.7 
(q, BPh,), 136.7 (d, BPh,), 126.5 (d, BPh4-), 122.7 (d, BPhl-), 144.8 (s), 
102.2 (s), 99.1 (s), 93.1 (s), 86.3 (t), 71.5 b), 16.0 (s), 15.4 (s), 15.2 (s), 14.8 
(9). Anal. Calcd for CaH&Ru: C, 77.51; H, 7.45. Found: C, 76.50; H, 
7.74 (a small amount of the t r ih te  salt from the metathesis contaminated 
this sample). 


(15) Data for [RU(CBM~G)(CBM~~E~~)](CF~SO~)Z: ‘H NMR (CD3CN) 
6 2.49 (q, J = 8 Hz, 4 H), 2.16 ( ~ , 6  H), 2.13 ( 8 ,  18 H), 2.12 (s, 6 H), 1.14 
(t, J = 8 Hz, 6 H). Anal. Calcd for C28H&B06RUS2: c, 44.73; H, 5.36. 
Found: C, 43.88; H, 5.37. 
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through the cyclohexadienyl complex shown in Scheme I. 
We were able to isolate and characterize this species by 
the reaction of exactly 1.0 equiv of CF3S03H with a sus- 
pension of RU(C&k!,) [C6Me4(CH2),] in acetonitrile. The 
solvent was removed from the resulting clear yellow solu- 
tion, leaving a yellow residue which was triturated with 
diethyl ether. The triflate salt was redissolved in aceto- 
nitrile and mixed with NaBPh,. Addition of ether resulted 
in the formation of orange microcrystals of [Ru- 
(C6Me6)(C6Me5CH2)]BPh4.14 The NMR spectral features, 
particularly of the exocyclic methylene group, allow pos- 
itive identification of this species. The lH NMR resonance 
at  3.57 ppm is nearly identical with that in Fe(v5- 
C5H5)(C6Me5CH2) which appears at 3.60 ppm,ll and the 
‘3c NMR spectrum exhibits a methylene carbon resonance 
at 86.3 ppm. [Ru(C6Me6)(C6Me5CH2)]+ can also be pre- 
pared and isolated by the deprotonation of [RU(c&k~)2]~+ 
with exactly 1.0 equiv of tert-butoxide. 


Both of the methylene groups in Ru(C6Me6)[C6Me4- 
(CH,),] can also be methylated by using CF3S03CH3, 
giving [Ru(C6Me6)(C6Me4E~)] (CF3S03)>15 The ‘H NMR 
spectrum readily confirms that the two ethyl groups are 
adjacent to each other. That this is not required by the 
structure of the initial o-xylylene complex is a consequence 
of the intermediate in this reaction which is analogous to 
that in the protonation reaction. The complex [Ru- 
(C&%?G)(C&!~&H~)]’+ is amphoteric. Therefore, it may 
be capable of undergoing degenerate intramolecular proton 
shifts. The search for this exchange as well as the further 
characterization of the reactions of this new o-xylylene 
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solvents were quite stable, showing little evidence of ox- 
idative decomposition even over extended time p e r i ~ d s . ~  
These complexes were characterized by IR, NMR, and 
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Figure 1. ORTEP plot of complex 2b. Selected interatomic 
distances (A): Fe-C6 = 1.922 (10); Fe-CS = 1.930 (10); Fe-Rh = 


average Cf,,,l,-Rh 2.141 (10); average CC,-Rh = 2.176 (10) A. 
The lH and 13C NMR spectral data for the insertion 


products, which closely resemble that observed for the 
(ferro1e)tricarbonyliron complex 5: unfortunately did not 
permit convenient structural assignment. Although mo- 
lecular orbital arguments can be advanced in favor of 
structure 2: confirmation of the “sandwich” or metallocene 
structure 2 was achieved by X-ray crystalographic analysis 
of the cyclopentadienylrhodium insertion product 2b (see 
Figure 1) as well as of a derivative of 2a.8 In 2b the ferrole 
ring is approximately planar with the iron atom only 
slightly displaced (0.188 A or 7O) outward from the plane 
described by the four carbon atoms of the ring. The 
rhodium atom is sandwiched between two approximately 
parallel and eclipsed five-membered rings. The C-C bond 
distances in the ferrole ring are remarkably similar (1.40 
A, within experimental error) with the inner C-C bond 
perhaps being somewhat shorter. Most importantly with 
regard to the possible “aromaticity” of the metalla- 
metallocene, the relatively short Fe-C bond distances 
(average 1.926 A) are consistent with some multiple-bond 
character in these bonds: as represented by structures 2a 
and 2b. A formal valence-bond representation involving 
a coordinate covalent M-Fe bond can be drawn as 2’.1° 


Even deactivated (cyc1obutadiene)tricarbonyliron com- 
plexes exhibit the C5H5M insertion reaction.ll Reactions 


2.557 (2); c&7 = 1.41 (2); c7-c8 = 1.38 (2); c8-c9 = 1.42 (2); 


(6) (a) Our ‘H and 13C NMR data for 5 agree well with the published 
values, although we believe that the published proton assignments should 
be reversed ‘H NMR Dettlaf, G.; Weiss, E. J. Organomet. Chem. 1976, 
108, 213. 13C NMR: Grevels, F. W.; Schulz, D.; von Gustorf, E. K.; 
Bunberg, D. St. P. Ibid. 1975,91,341. Todd, L. J.; Hickey, J. P.; Wil- 
kinson, J. R.; Huffman, J. C.; Folting, K. Ibid. 1976,112, 167. (b) The 
‘H NMR data for 2a are also similar to that reported for the related 
dicobalt derivative4 if the reported assignments are reversed. 


(7) Arguments involve PMO extrapolation from the approach used in 
Hoffmann’s MO structural study of ferrole 5. Thorn, D. L.; Hoffmann, 
R. Inorg. Chem. 1977,17,126. Yamazaki has reached a similar conclu- 
sion.I3 Simple inductive arguments based upon a valence bond repre- 
sentation (viz. 2’) would appear to also favor structure 2 over one in which 
the two metal moities have exchanged positions. 
(8) (a) Single-crystal X-ray data for 2b were collected at  room tem- 


perature (Syntex P3 automated diffractometer and molybdenum radia- 
tion): a = 14.453 (111, b = 12.060 (6), c = 14.016 (6) A; a = B = y = 90°, 
orthorhombic Ph, Z = 8, ddd = 1.956 g ~ m - ~ ;  R = 0.057 (2491 observed 
reflections). (b) X-ray crystallographic analysis has confirmed the me- 
tallocene structure of 2,5diphenyl-3,4-dicbomethoxyferracobalt~cene.’~ 


(9) (a) Although it is difficult to find a reference value for a Fe-C(sp2) 
single bond length, a value of 2.03 A appears to be reasonable on the basis 
of the model compounds: e.g., Mills, 0. S.; Redhouse, A. D. J. Chem. SOC. 
A 1968, 1282 and references therein. (b) Hoffmann has used the near 
equality of the C-C bond lengths in metallocycles as a criterion for 
electronic delocalization or “aromati~ity”.~~ 


(10) The variable-temperature ‘H NMR spectra of the ferrametalloc- 
enes from 80 to 160 “C remained invariant (no evidence for line broad- 
ening), strongly suggesting the absence of any appreciable metal-metal 
interchange or libration about the C4H4 moiety, in contrast to that ob- 
served in related binuclear metallocycles in which both metals were 
identical: cf. ref 4. Lee, W.-S.; Brintzinger, H. H. J. Organomet. Chem. 
1977, 127,93 and references therein. 


\I ’ 
CPl cp5 


Figure 2. ORTEP plot of complex 3a. Selected interatomic dis- 
tances (A): Fe-R1 = 1.945 (3); Fe-R8 = 1.941 (3); Fe-co = 2.482 


(5 ) ;  R6-R7 = 1.443 (4) A; bond between Fe and Co missing. 


(1); R1-k = 1.429 (3); F+& = 1.416 (4); FL-R, = 1.438 (4); R,-R, 
= 1.435 (4); RS-Rd = 1.352 (4); R4-R5 = 1.415 (6); R5-F$ 7 1.352 


of (benzoyl- and acetylcyclobutadiene) tricarbonyliron with 
( C5H5)Co( CO)z yielded the 2- and 3-acylferracobaltocene 
derivatives in ratios of 1:2.8 and 1:3, respectively. 


Insertion into the tricarbonyliron complex of benzo- 
cyclobutadiene was also facile, giving the sym- and un- 
sym-benzoferrametallocenes 3 and 4. The ‘H and 13C 


3a, M = Co 
b, M = Rh 


4a, M = C o  
b, M = Rh 


NMR spectra and their compariam with those for the 
analogous (benzoferrole) tricarbonyliron complexw are 
consistent with the assigned structure. X-ray crystallo- 
graphic analysis of crystals of 3a has confirmed the me- 
tallocenyl or sandwichlike structure (Figure 2).12 


A more convenient and less expensive route13 to the 
ferrametallocenes involves the two-step sequence in eq 2. 


5 


The desulfurization of thiophene was realized by using the 
procedure of Weissl4 in yields of only 1520%. The ligand 
exchange step, on the other hand, proceeded quite well. 
For example, in the cobalt case, the yield of the ferrame- 
tallocene was 88%, on the basis of recovered starting 


(11) Metal insertion into other cyclobutadiene complexes by thermal 
or photochemical means is not without precedent. Thermal: (a) Davis, 
R. E.; Barnett, B. L.; Amiet, R. G.; Merk, W.; McKennis, J. S.; Pettit, R. 
J. Am. Chem. SOC. 1974,96,7108. (b) Bruce R.; Moseley, K.; Maitlis, P. 
M. Can. J. Chem. 1967,45,2011. Photochemical: (c) Ref 4. (d) Victor, 
R.; Ben-Shoshan, R. J. Chem. SOC., Chem. Commun. 1974,93. In contrast 
to its benzo derivative, the parent (cyc1obutadiene)tricarbonyliron resists 
insertion by “Fe(C0)3”. 


(12) Single-crystal X-ray data for 3a were collected at  room temper- 
ature: a = 13.772 (4), b = 6.449 (3), c = 17.004 (6) A; = 110.52(2)O, 
monoclinic R 1 / m ,  Z = 4, ddd = 1.718 g cm-’; R = 0.048 (4652 observed 
reflections). 


(13) Another route to ferracobaltocenes discovered independently by 
Yamazaki’s group involves the reaction of Fe2(CO)9 with cobaltacyclo- 
pentadiene complexes prepared from acetylenes. Although the parent 
complex 2a can be made in this manner (albeit in very low yield), this 
method clearly is most suitable for the preparation of tetra- and disub- 
stituted derivatives: Yamazaki, H.; Yasufuku, K.; Wakatsuki, Y. 27th 
Symposium on Organometallic Chemistry in Japan, Abstract A118, To- 
kyo, October 1980. We thank Dr. Yamazaki for bringing his interesting 
work to our attention. 


(14) Dettlaf, G.; Weiss, E. J. Organomet. Chem. 1976, 108, 213. 
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material, and 65%, with no recovery. Application of this 
ligand exchange to the sym- and unsym-(benzoferro1e)- 
tricarbonyliron complexes yielded the analogous benzo- 
ferrametallocenes 3 and 4. 


The isolobal analogy of the ferrametallocenes to the 
metallocenium ions 1, as well as to Hogeveen's pyramidal 
dication,15 suggested that they might possess interesting 
electrochemistry and exhibit relatively low reduction po- 
tentials. Indeed, both 2a and 2b readily add one-electron 
reversibly (Ell; = -1.39 and -1.76 eV, respectively),16 
although not as readily as for the isolobal complex (fer- 
ro1e)tricarbonyliron 5 (Ell2* = -1.30 eV).17 . 


At the same time, the complexes 2a and 2b, similar to 
other metallocenes, are sufficiently electronically rich to 
be conveniently acylated under conventional Friedel- 
Crafts conditions at room temperature. Acetylation and 
benzoylation using the corresponding acid chloride-alu- 
minum chloride complex in either carbon disulfide or 
dichloromethane occurred in 30-55 % yield.ls Consider- 
ation of lH and 13C NMR chemical shift data, which often 
correlates with relative rates of Friedel-Crafts acylation,lg 
suggested preferential electrophilic attack at the C5- 
cyclopentadienyl ring. Contrary to this expectation, 
however, acylation occurred exclusively at the carbon ad- 
jacent to the iron in the ferracyclopentadienyl ring, Le., 
presumbaly at  the least electronically rich carbon atom, 
yielding the 2-acetyl and 2-benzoyl derivatives. In the 
acetylation reactions, where diacylation as well as mono- 
acylation was observed, even the attack by the second acyl 
group occurred exclusively at  the unsubstituted carbon 
adjacent to the iron, to yield the 2,5-diacetyl derivative20 
(-15% yield). Interestingly, preliminary data also suggest 
that the second acylation step is competitive with the first. 
This and additional chemistry, as well as our efforts to 
prepare additional mixed metallametallocenes, will be the 
subject of forthcoming reports. 
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7.67 (5, m, CBH6), 7.45 (1, dd, H4); high-resolution MS, m/e 419.9481 (P') 
(calcd 419.9495). 
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5.18 (5, s, Cp), 5.68 (2, s, H,H,); high-resolution MS, m / e  399.9507 (P') 
(calcd 399.9444). 


NMR (CSZ) 6 5.14 (5, 8, Cp), 5.75 (1, 't", Ha), 5.95 (1, dd, HJ, 7.24 and 
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Summary: The reaction of [(Me3Si),CH],PCI with Na in 
n-hexane at 65 OC results in the formation of 
[(Me,Si),CH] ,PH (3) and (Me3Si),C=PC(H)(SiMe3), (4), in 
addition to the phosphinyl radical [ ((Me,Si),CH],P] (1) and 
the corresponding dimer [(bk,Si),CH] 4P2 (2). Compounds 
3 and 4 have been synthesized by independent routes. 
The reaction of a mixture of 1 and 2 with Na in n-hexane 
produces 3 and the phosphide anion [((Me,Si),CH],P]- (5). 


Lappert, Goldwhite, and co-workers2 have established 
that stabilized phosphinyl radicals are produced when 
chlorophosphines bearing bulky groups are photolyzed in 
the presence of an electron-rich olefin. The 
[{(Me3Si),CHj2P]. radical, 1, which serves as a novel ligand: 
can also be prepared by the action of Na on 
[(Me3Si)2CH]2PC1 in n - h e ~ a n e . ~ * ~  In the course of mon- 
itoring this reaction by 31P(1H) NMR spectroscopy, it is 
apparent that two further products arise in addition to the 
phosphinyl radical, 1, and the corresponding dimer 
[ ( M ~ ~ S ~ ) Z C H I ~ P Z  (2). 


A singlet a t  -72.2 ppm6 in the 36.43 MHz 31P(1HJ spec- 
trum which becomes a doublet in a coupled spectrum (JPH 
= 195.3 Hz) is due to the secondary phosphine, 
[(Me3Si)2CH]2PH (3). The identity of 3 was established 
via two independent routes: (i) the LiA1H4 reduction of 
[ (Me3Si)2CH]2PCl and (ii) reaction of the phosphinyl 
radical, 1, with C6H5SH. The yields of 3 (bp 65-75 "C at 
0.04 torr) were 82% and -100% for routes i and ii, re- 
spectively. High-resolution mass spectrum (HRMS), for 
3: calcd 350.1865; found 350.1874. 


The second product exhibits a 36.43-MHz 31P(1H} 
chemical shift of +404 ppm,6 thus suggesting that it is a 
two-coordinate phosphorus ~ompound.~ Identification of 
this material as the new phosphaalkene (Me3Si)2C=PC- 
(H)(SiMe3)2 (4) is based on its independent synthesis by 
the following two-step procedure: (i) dehydrochlorination 
of (Me3Si)2CHPC12 with 1,4-diazabicyclo[2.2.2]octane 
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material, and 65%, with no recovery. Application of this 
ligand exchange to the sym- and unsym-(benzoferro1e)- 
tricarbonyliron complexes yielded the analogous benzo- 
ferrametallocenes 3 and 4. 


The isolobal analogy of the ferrametallocenes to the 
metallocenium ions 1, as well as to Hogeveen's pyramidal 
dication,15 suggested that they might possess interesting 
electrochemistry and exhibit relatively low reduction po- 
tentials. Indeed, both 2a and 2b readily add one-electron 
reversibly (Ell; = -1.39 and -1.76 eV, respectively),16 
although not as readily as for the isolobal complex (fer- 
ro1e)tricarbonyliron 5 (Ell2* = -1.30 eV).17 . 


At the same time, the complexes 2a and 2b, similar to 
other metallocenes, are sufficiently electronically rich to 
be conveniently acylated under conventional Friedel- 
Crafts conditions at room temperature. Acetylation and 
benzoylation using the corresponding acid chloride-alu- 
minum chloride complex in either carbon disulfide or 
dichloromethane occurred in 30-55 % yield.ls Consider- 
ation of lH and 13C NMR chemical shift data, which often 
correlates with relative rates of Friedel-Crafts acylation,lg 
suggested preferential electrophilic attack at the C5- 
cyclopentadienyl ring. Contrary to this expectation, 
however, acylation occurred exclusively at the carbon ad- 
jacent to the iron in the ferracyclopentadienyl ring, Le., 
presumbaly at  the least electronically rich carbon atom, 
yielding the 2-acetyl and 2-benzoyl derivatives. In the 
acetylation reactions, where diacylation as well as mono- 
acylation was observed, even the attack by the second acyl 
group occurred exclusively at  the unsubstituted carbon 
adjacent to the iron, to yield the 2,5-diacetyl derivative20 
(-15% yield). Interestingly, preliminary data also suggest 
that the second acylation step is competitive with the first. 
This and additional chemistry, as well as our efforts to 
prepare additional mixed metallametallocenes, will be the 
subject of forthcoming reports. 
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Summary: The reaction of [(Me3Si),CH],PCI with Na in 
n-hexane at 65 OC results in the formation of 
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addition to the phosphinyl radical [ ((Me,Si),CH],P] (1) and 
the corresponding dimer [(bk,Si),CH] 4P2 (2). Compounds 
3 and 4 have been synthesized by independent routes. 
The reaction of a mixture of 1 and 2 with Na in n-hexane 
produces 3 and the phosphide anion [((Me,Si),CH],P]- (5). 
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that stabilized phosphinyl radicals are produced when 
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[{(Me3Si),CHj2P]. radical, 1, which serves as a novel ligand: 
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apparent that two further products arise in addition to the 
phosphinyl radical, 1, and the corresponding dimer 
[ ( M ~ ~ S ~ ) Z C H I ~ P Z  (2). 


A singlet a t  -72.2 ppm6 in the 36.43 MHz 31P(1HJ spec- 
trum which becomes a doublet in a coupled spectrum (JPH 
= 195.3 Hz) is due to the secondary phosphine, 
[(Me3Si)2CH]2PH (3). The identity of 3 was established 
via two independent routes: (i) the LiA1H4 reduction of 
[ (Me3Si)2CH]2PCl and (ii) reaction of the phosphinyl 
radical, 1, with C6H5SH. The yields of 3 (bp 65-75 "C at 
0.04 torr) were 82% and -100% for routes i and ii, re- 
spectively. High-resolution mass spectrum (HRMS), for 
3: calcd 350.1865; found 350.1874. 


The second product exhibits a 36.43-MHz 31P(1H} 
chemical shift of +404 ppm,6 thus suggesting that it is a 
two-coordinate phosphorus ~ompound.~ Identification of 
this material as the new phosphaalkene (Me3Si)2C=PC- 
(H)(SiMe3)2 (4) is based on its independent synthesis by 
the following two-step procedure: (i) dehydrochlorination 
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(DABCO) to form (Me3Si)&=PCl8 and (ii) treatment of 
(Me3Si)2C=PCl with (Me3Si)2CHLig in hexane solution. 
The overall yield of 4 (bp 79 "C at 0.005 torr) starting with 
(Me,Si),C=PCl was 75%. HRMS for 4: calcd 348.1710, 
found 348.1717; NMR data for 2: 13C NMR (20 MHz) 
(Me,Si) Measi (a) 6 2.0 (d, Jpcsic = 5.4 Hz), Me3% (b) 6 
4.3 (d, &sic = 3.1 Hz), Me3% (c) 6 3.82 (s), PC (d) 6 40.6 
(d, Jpc = 87.3 Hz), PC (e) 6 191 (Jpc = 89.7 Hz). 


SiMe3 ( c )  


We next address the question of the mechanisms of 
formation of 3 and 4. Purification of the 
[(Me3Si)2CH]2PC1/Na reaction mixture by fractional 
vacuum distillation (bp 70-78 "C at  0.03 torr), followed 
by two recrystallizations from n-hexane at -20 "C, affords 
single crystals of the pure diphosphine [ (Me3Si),CHI4P2.'O 
Dissolution of these crystals in n-hexane or toluene results 
in orange-red solutions which exhibit only one 31P(1H1 
NMR peak (+19 ppm (9)). Heating a toluene solution from 
+28 "C to +80 "C resulted in the gradual disappearance 
of the +19-ppm peak as the diphosphine 2 dissociated into 
the phosphinyl radical, 1. These changes were reversible, 
and no new peaks appeared. Furthermore, no new 31P 
NMR peaks were detectable upon prolonged storage of 
n-hexane solutions of 112 mixtures a t  25 "C. Clearly, 3 
and 4 are not produced via the phosphinyl radical, 1, or 
the diphosphine, 2. To shed more light on this question, 
an n-hexane solution of the 112 radical/diphosphine 
mixture was treated with an equimolar quantity of Na at 
65 "C for 14 h. This resulted in the complete consumption 
of 1 and 2 and the formation of a 60140 mixture of 3 and 
the new phosphide anion [((Me3Si)2CH12P]- (5) PIP 
chemical shift, -106 ppm). This experiment suggests that 
in the [(Me3Si),CHl2PC1/Na coupling reaction, 3 arises via 
the phosphide anion, 5. Interestingly, the phosphide anion, 
5, is not produced by treatment of the secondary phos- 
phine, 3, with n-BuLi, n-BuLilTMEDA, MeLi, or KH, 
presumably because of the steric bulk of the (Me35W2CH 
ligand. 


Considering that the phosphaalkene 4 might be pro- 
duced by dehydrochlorination of [ (Me3Si)2CH]2PC1, we 
treated this compound with DABCO in ether solution for 
4 h at 40 "C. However, the chlorophosphine failed to react 
and was recovered quantitatively. Further experimenta- 
tion will therefore be necessary to reveal the mechanism 
of phosphaalkene formation. 


The coordination chemistry of the phosphide anion, 5, 
is under active investigation. 
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Summary: Reaction of t-Bu,PLi with MCI,(PMe,), (M = 
Fe, Co, Ni) in THF at -78 OC yields [Fe(p-t-Bu,P)CI- 
(PMe,)] , (l), Co2(p-f -Bu,P),CI(PMe,), (2), and [ Ni(p-t - 
Bu,P)(PMe,)] , (3) whose structures have been determined 
by X-ray diffraction studies. 


It is well-known that variation in the size of the R groups 
of trialkyl- or triarylphosphines (PR,) can dramatically 
alter the chemical and physical properties of their tran- 
sition-metal complexes.' However, similar studies of 
transition-metal phosphido complexes are not available as 
most of them are derivatives of diphenyl (Ph2P-) or di- 
methyl (Me2P-) phosphide which are not particularly 
bulky., 


As part of a program aimed at the study of steric effects 
in transition-metal phosphido complexes we have initially 
studied the chemistry of the di-tert-butylphosphido (t- 
Bu2P-) unit. At present there are only three other d-block 
transition-metal complexes containing this unit, and none 
has been structurally characterized., Apart from a few 
phosphine-stabilized phosphido complexes of the nickel 
triad2 most phosphido complexes of the transition metals 
have either v5-C5H5, CO, or NO as ancillary ligands.2 


We have, therefore, initially examined the reaction of 
the late first-row metal phosphine halides MC12(PR3)2 (M 
= Fe, Co, Ni; R = Me) with Li-t-Bu2P in order to prepare 
a range of phosphido complexes with trialkylphosphines 
as stabilizing ligands. 


The reaction of MC12(PMe3)2 (M = Fe,4 C O , ~  Ni6) with 
2 molar equiv of Li-t-Bu2P7 in tetrahydrofuran at -78 "C 
yields [Fe(p-t-Bu2P)Cl(PMe,)l, ( I ) ,  Co, (p-t-Bu,P),Cl- 
(PMe3)2 (2) and [Ni(p-t-BuzP)(PMe,)l2 (3P (Scheme I). 
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(Me3Si)2C=PCl with (Me3Si)2CHLig in hexane solution. 
The overall yield of 4 (bp 79 "C at 0.005 torr) starting with 
(Me,Si),C=PCl was 75%. HRMS for 4: calcd 348.1710, 
found 348.1717; NMR data for 2: 13C NMR (20 MHz) 
(Me,Si) Measi (a) 6 2.0 (d, Jpcsic = 5.4 Hz), Me3% (b) 6 
4.3 (d, &sic = 3.1 Hz), Me3% (c) 6 3.82 (s), PC (d) 6 40.6 
(d, Jpc = 87.3 Hz), PC (e) 6 191 (Jpc = 89.7 Hz). 


SiMe3 ( c )  


We next address the question of the mechanisms of 
formation of 3 and 4. Purification of the 
[(Me3Si)2CH]2PC1/Na reaction mixture by fractional 
vacuum distillation (bp 70-78 "C at  0.03 torr), followed 
by two recrystallizations from n-hexane at -20 "C, affords 
single crystals of the pure diphosphine [ (Me3Si),CHI4P2.'O 
Dissolution of these crystals in n-hexane or toluene results 
in orange-red solutions which exhibit only one 31P(1H1 
NMR peak (+19 ppm (9)). Heating a toluene solution from 
+28 "C to +80 "C resulted in the gradual disappearance 
of the +19-ppm peak as the diphosphine 2 dissociated into 
the phosphinyl radical, 1. These changes were reversible, 
and no new peaks appeared. Furthermore, no new 31P 
NMR peaks were detectable upon prolonged storage of 
n-hexane solutions of 112 mixtures a t  25 "C. Clearly, 3 
and 4 are not produced via the phosphinyl radical, 1, or 
the diphosphine, 2. To shed more light on this question, 
an n-hexane solution of the 112 radical/diphosphine 
mixture was treated with an equimolar quantity of Na at 
65 "C for 14 h. This resulted in the complete consumption 
of 1 and 2 and the formation of a 60140 mixture of 3 and 
the new phosphide anion [((Me3Si)2CH12P]- (5) PIP 
chemical shift, -106 ppm). This experiment suggests that 
in the [(Me3Si),CHl2PC1/Na coupling reaction, 3 arises via 
the phosphide anion, 5. Interestingly, the phosphide anion, 
5, is not produced by treatment of the secondary phos- 
phine, 3, with n-BuLi, n-BuLilTMEDA, MeLi, or KH, 
presumably because of the steric bulk of the (Me35W2CH 
ligand. 


Considering that the phosphaalkene 4 might be pro- 
duced by dehydrochlorination of [ (Me3Si)2CH]2PC1, we 
treated this compound with DABCO in ether solution for 
4 h at 40 "C. However, the chlorophosphine failed to react 
and was recovered quantitatively. Further experimenta- 
tion will therefore be necessary to reveal the mechanism 
of phosphaalkene formation. 


The coordination chemistry of the phosphide anion, 5, 
is under active investigation. 
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(8) This compound was described first by Appel, R.; Westerhaus, A. 
Tetrahedron Lett. 1981,22, 2159-2160. 


(9) Preparation of (Me3Si)&HLi and thus other (Me3Si)&H-substi- 
tuted compounds is greatly facilitated by our 'one-pot" synthesis of 
(Me3Si)&HCI: Cowley, A. H.; Kemp, R. A. Synth. React. Inorg. Met.- 
Org. Chem. 1981,11,591-595. 


(10) The structures of [(Me3Si)zCH]4Pz and [((Me3Si)zCH]zP]* have 
been determined recently by X-ray crystallography and gas-phase elec- 
tron diffraction, respectively. This work will be published in a separate 
manuscript. 
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Summary: Reaction of t-Bu,PLi with MCI,(PMe,), (M = 
Fe, Co, Ni) in THF at -78 OC yields [Fe(p-t-Bu,P)CI- 
(PMe,)] , (l), Co2(p-f -Bu,P),CI(PMe,), (2), and [ Ni(p-t - 
Bu,P)(PMe,)] , (3) whose structures have been determined 
by X-ray diffraction studies. 


It is well-known that variation in the size of the R groups 
of trialkyl- or triarylphosphines (PR,) can dramatically 
alter the chemical and physical properties of their tran- 
sition-metal complexes.' However, similar studies of 
transition-metal phosphido complexes are not available as 
most of them are derivatives of diphenyl (Ph2P-) or di- 
methyl (Me2P-) phosphide which are not particularly 
bulky., 


As part of a program aimed at the study of steric effects 
in transition-metal phosphido complexes we have initially 
studied the chemistry of the di-tert-butylphosphido (t- 
Bu2P-) unit. At present there are only three other d-block 
transition-metal complexes containing this unit, and none 
has been structurally characterized., Apart from a few 
phosphine-stabilized phosphido complexes of the nickel 
triad2 most phosphido complexes of the transition metals 
have either v5-C5H5, CO, or NO as ancillary ligands.2 


We have, therefore, initially examined the reaction of 
the late first-row metal phosphine halides MC12(PR3)2 (M 
= Fe, Co, Ni; R = Me) with Li-t-Bu2P in order to prepare 
a range of phosphido complexes with trialkylphosphines 
as stabilizing ligands. 


The reaction of MC12(PMe3)2 (M = Fe,4 C O , ~  Ni6) with 
2 molar equiv of Li-t-Bu2P7 in tetrahydrofuran at -78 "C 
yields [Fe(p-t-Bu2P)Cl(PMe,)l, ( I ) ,  Co, (p-t-Bu,P),Cl- 
(PMe3)2 (2) and [Ni(p-t-BuzP)(PMe,)l2 (3P (Scheme I). 


'Dedicated to the memory of Rowland G. Pettit. 
(1) Tolman, C. A. Chem. Reu. 1977, 77, 313. 
(2) See, for reviews: Hayter, R. G. Prep. Inorg. React. 1965, 2, 211. 


Robinson, S. D. MTPInt. Rev. Sci. Part 2 1976,6,133. See also: Cowley, 
A. H.; Kemp, R. A.; Wilburn, J. C. J. Am. Chem. SOC. 1982,104,331 for 
the use of the bridging ([(Me3Si),CHJZPj. radical. 


(3) Schumann, H.; Neumann, H. 2. Noturforsch., B: Anorg. Chem., 
Org. Chem. 1981, 36B, 708; [M(CO)4(r-t-BuzP)]2, M = Mn, Re. Schu- 
mann, H.; Heisler, M. Chem. Ber. 1979, 112, 541; RhZ(C0)LXP-t- 
BuJz(~-t-BuzP). 


(4) Karsch, H. H. Chem. Ber. 1977,110, 2222. 
(5) Jensen, K. A.; Nielsen, P. H; Petersen, C. T. Acta Chem. Scand. 


(6) Dahl, 0. Acta Chem. Scand. 1969,23, 2342. 
(7) Hoffman, H.; Schellenbeck, P. Chem. Ber. 1966,99, 1134. Issleib, 


K.; Krech, F. J. Organomet. Chem. 1968, 13, 283. 


1963, 17, 1115. 
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Scheme I a 
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a See ref 8 for conditions. 
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Figure 1. View of [Fe(p-t-Bu2P)C1(PMe3)1, (l), molecule 1. 
Important bond lengths (A): Fe-Fe = 2.840 (3), Fe(1)-P(l) = 
2.363 (5), Fe(1)-P(2) = 2.478 (5), Fe(l)-Cl( l )  = 2.281 (5). Bond 
angles (deg): Fe(1)-P(1)-Fe(1') = 73.7 (2), P(1)-Fe(1)-P(1') = 
106.3 (2), P(2)-Fe(l)-Cl(l) = 88.8 (2), P(1)-Fe(1)-Cl(1) = 113.0 
(2), P(l)-Fe(l)-P(2) = 118.5 (2), Fe(1)-P(1)-C(1) = 118.3 (6), 
C(1)-P(1)-C(5) = 111.7 (8). 


f?- 


Figure 2. View of c ~ ~ ( p - t - B u ~ P ) ~ C l ( P M e ~ ) ~  (2). Important bond 
lengths (A): Co-Co = 2.508 (2), Co(1)-P(l) = 2.180 (4), C0(2)-P(1) 


(2)-Cl(1) = 2.276 (4). Bond angles (deg): CO(~)-P(1)-CO(~) = 
= 2.324 (4), Co(I)-P(3) = 2.174 (4), C0(2)-P(4) = 2.320 (4), CO- 


67.6 ( l ) ,  P(l)-Co(l)-P(2) = 117.4 (2), C0(2)-Co(l)-P(3) = 168.3 
( l ) ,  P(4)-C0(2)-Cl(l) = 90.5 (2). 


Complexes 1,2, and 3 are red-brown, crystalline, petrole- 
um-soluble, and moderately air sensitive. Their structures 


Figure 3. View of [Ni(p-t-Bu2P)(PMe3)I2 (3). Important bond 
lengths (A): Ni-Ni = 2.375 (3), Ni-P(l) = 2.174 (3), Ni(l)-P(2) 
= 2.136 (5). Bond angles (deg): Ni-P(1)-Ni' = 66.2 ( l ) ,  Ni- 
Ni-P(2) = 180.000 (0), P(1)-Ni-P(2) = 123.12 (6). 


have been determined by X-ray diffraction s t ~ d i e s . ~  
Views of 1, 2, and 3 are shown in Figures 1, 2, and 3, 
respectively. There are several noteworthy features of the 
new complexes isolated, and our initial studies suggest that 
the chemistry of phosphido ligands with bulky substituents 
will have a rich and interesting chemistry which is sig- 
nificantly different from those of either Ph2P- or Me2P-. 


Notable features are the following. (i) Stabilization of 
a d6 iron(I1) dimer in which the structure can be considered 
to consist of two distorted Fe(I1) tetrahedra held together 
by p-t-Bu2P bridges: Tetrahedral Fe(I1) d6 is quite rare,1° 


(8) In a typical reaction a solution of Li-t-Bu2P (10.64. mmol, 11.93 mL 
of a 0.892 M THF solution) is added to a suspension of MC12(PMe3)2 (5.32 
mmol) in THF (100 mL) a t  -78 "C. The mixture is allowed to warm 
slowly to room temperature (1.5 h), and volatile materials are removed 
under vacuum. The residue is extracted with hexane (2 X 25 mL) and 
the solution filtered and evaporated to ca. 15 mL under vacuum. Cooling 
(-20 "C) yields red-brown crystals of the complexes that are collected and 
dried under vacuum. Yields: 1,5%; 2,25%; 3,60%. The compounds 
all gave satisfactory elemental analyses (C, H, P). Melting points: 1, 
101-105 "C dec; 2,33&335 "C dec; 3,183-185 "C dec. 'H NMR data (3) 
in C&: 6 1.50 (mult overlapping PMe, and t-Bu-P) resonances), relative 
to Me4Si a t  6 0.0, a t  ambient temperature and 90 MHz. 31P(1H} NMR: 
6 171.03 (t, t-BuP), 23.11 (t, PMe,, 2Jp-p = 30.0 Hz), relative to external 
85% H3P04 a t  6 0.0, at  32.384 MHz and ambient temperature. 


(9) Crystal Data for Fe2P4C12C22H5L (1): monoclinic, space grou 
R1/c ,  M, = 625.2, a = 15.753 (8) A, b = 15.875 (8) A, c = 13.544 (6) 
/3 = 94.69 (2)", U = 3375.7 A3, Ddd = 1.23 g cm-,, 2 = 4 (dimers), F(000) 
= 1328, X(Mo Ka) = 0.71069 A, ~ ( M o  Ka) = 12.3 cm-'. The final R factor 
based on 1487 observed reflections was 0.072. There were two inde- 
pendent molecules in the asymmetric unit, each residing on a crystallo- 
graphic center of inversion. A view of molecule 1 is seen in Figure 1. The 
bonding parameters for the two molecules were very similar. For mole- 
cule 2 bond lengths (A): F e F e  = 2.805 (3), Fe(2)-P(3) = 2.347(5), Fe- 
(2)-P(4) = 2.449 (5), Fe(2)-C1(2) = 2.276 (5). Bond angles (deg): Fe- 
(2)-P(3)-Fe(2') = 73.2(2), P(3)-Fe(2)-P(3') = 106.8(2), P(4)-Fe(2)-C1(2) 
= 89.0 (2), P(3)-Fe(2)-C1(2) = 113.1 (2), P(3)-Fe(2)-P(4) = 115.8 (2), 
Fe(2)-P(3)-C(9) = 121.7 (61, C(9)-P(3)-C(13) = 110.5 (8). Crystal Data 
for C O ~ P ~ C ~ C ~ ~ H ~  (2): monoclinic, space group R1/n ,  M ,  = 596.0, a = 
10.776 (5) A, b = 18.909 (8) A, c = 16.217 (7) A, /3 = 104.30 (3)", U = 
3202.0 A3, Ddd = 1.24 g cm9, 2 = 4 (dimers), F(000) = 1268, X(Mo Ka) 
= 0.71069 A, p(Mo Ka) = 13.6 cm-'. The final R factor based on 1815 
observed reflections was 0.065. A view of the molecule is presented in 
Figure 2. Crystal Data for Ni2P4CnHM (3): tetragonal, space group PG2,  
M, = 560.0, a = 9.300 (4) A, c = 18.402 (8) A, U = 1591.6 A3, Ddd = 1.17 
g cm-,, 2 = 2 (dimers), F(000) = 604, r(Mo Ka) = 0.71069 A3, p(Mo Ka) 
= 13.9 cm-'. The final R factor based on 463 observed reflections was 
0.037. A view of the molecule is presented in Figure 3. All three data 
crystals were sealed under vacuum in 0.5-mm 0.d. Lindemann glass 
capillaries. Data were collected on an Enraf-Nonius CAD-4 diffractom- 
eter using graphite-monochromated Mo Ka radiation. The diffracted 
intensities were collected by the (w-28) scan technique as described in: 
Holton, J.; Lappert, M. F.; Ballard, D. G. H.; Pearce, R.; Atwood, J. L.; 
Hunter, W. E. J.  Chem. SOC., Dalton Trans. 1979,45. 


(10). Cotton, F. A.; Wilkinson, G. "Advanced Inorganic Chemistry", 4th 
ed.; Wiley: New York, 1980; p 756. 
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and the complex Fe2(p-t-BupP)2Clz(PMe3)2 (1) appears to 
our knowledge to be only the second d6 “tetrahedral dimer” 
of the iron triad to have been structurally characterized. 
(ii) The stabilization of a mixed-valence complex: here the 
cobalt compound C O ~ ( ~ - ~ - B U ~ P ) ~ C ~ ( P M ~ ~ ) ~  (2) has a rela- 
tively rare Co(I1)-Co(1) formal oxidation state due to the 
presence of one terminal chloride ligand on one cobalt. (iii) 
Coordinative unsaturation: all three complexes are coor- 
dmatively unsaturated and none obeys the 18-electron rule. 
The Ni(1) dimer [Ni(p-t-Bu2P)(PMe3)], (3) is a key mem- 
ber of a class of unsaturated dinuclear phosphido-bridged 
complexes of Ni(1). Stable complexes of Ni(1) are rare, and 
so far only one other member of this class has been 
structurally characterized. (iv) Last, a key structural 
feature in each case is the presence of the dinuclear M2- 
(p-t-BuzP), core in which the M2P2 unit is planar and the 
internuclear distances suggest the presence of metal-metal 
bonding. Since a number of bis(phosphid0)-bridged dimers 
have a ”butterfly” arrangement of the p-PR2- units and a 
”bent” metal-metal bond,” we have investigated the 
possibility that the planarity might be due mainly to 
electronic factors. However, preliminary results appear 
to discount this.’, Instead studies using space-filling CPK 
models suggest that the planarity is due to steric reasons. 
The two t-Bu groups on each phosphido phosphorus atom 
occupy considerable space and permit relatively small 
non-bonded H-H contacts between neighboring t-Bu 
methyl groups. Similar modeling studies of M2(p-Ph,P)2 
and M2(p-Me2P), cores clearly show that steric effects are 
relatively unimportant in determining their framework 
geometries. 


The use of excess Li-t-Bu,P in the synthesis of the iron 
complex F ~ , ( ~ - ~ - B u ~ P ) ~ C ~ ~ ( P M ~ ~ ) ,  (1) results in consid- 
erable decomposition, and we have been unable to isolate 
any pure products under these conditions. Also, 1 is 
unstable in hydrocarbon solutions, rapidly producing 
paramagnetic decomposition products, and it can be iso- 
lated in only very low yield. This has so far precluded its 
full spectroscopic characterization. 


The solid-state structure, however, is of considerable 
interest (Figure 1). The terminal PMe3 and C1 ligands give 
each d6 iron(I1) atom a roughly tetrahedral geometry 
(excluding the Fe-Fe bond, ca. 2.8 A, in the geometry of 
each Fe atom). Very few mononuclear Fe(I1) complexes 
such as FeC1,2- and FeL42+ (L = Ph3P0, (Me,N),PO) are 
known.1° Although the “tetrahedral” d6 dimer Ru2Cg2+ l3 
has been structurally characterized, this geometry is more 
common for d8 complexes such as [Ru(NO)(p-PPh,)- 
(PPh3)I2l4 and [Ir(CO)(p-PPh2)(PPh3)]2.15 The Fe-Fe 
distance (ca. 2.8 A) represents a weak interaction since it 
is significantly longer than the single bond lengths required 
by the Fez(C0)6(PR2)2 dimers to satisfy the 18-electron 
rule.16 


By virtue of its asymmetric structure in which there is 
one terminal chloride ligand, the cobalt(I1,I) complex 
C O ~ ( ~ - ~ - B U ~ P ) ~ C ~ ( P M ~ ~ ) ~  is a particularly interesting ex- 
ample of a dinuclear formally mixed-valence species con- 


(11) See, for example: Ginsburg, R. E.; Berg, J. M.; Rothrock, R. K.; 
Collman, J. P.; Hodgson, K. 0.; Dahl, L. F. J. Am. Chem. SOC. 1979,101, 
7218 and references therein. 


(12) Albright, T. A., private communication. 
(13) Raston, C. L.; White, A. H. J. Chem. SOC., Dalton Trans. 1975, 


2410. 
(14) Reed, J.; Schultz, A. J.; Pierpont, C. G.; Eisenberg, R. Inorg. 


Chem. 1973,12, 2949. 
(15) Mason, R.; Sotofte, I.; Robinson, S. D.; Uttley, M. F. J. Organo- 


met. Chem. 1972, 46, C61. 
(16) See: Burdett, J. K. J. Chem. SOC., Dalton Trans. 1977, 423 for 


references to other F e F e  bonds. See also: S u m m e d e ,  R. H.; Hoffman, 
R. J. Am. Chem. SOC. 1976, 98, 7240 for theoretical calculations. 
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taining a metal-metal interaction.” The geometry of the 
tetrahedral, formally Co(II), end is very similar to one end 
of the Fe(I1) dimer (1). The PMe3 group on the other 
cobalt(1) atom lies in the C O ~ ( ~ - ~ - B U , P ) ~  plane so that it 
is nearly colinear (co(2)-co(l)-P(3) = 168.3 ( 1 ) O )  with the 
metal-metal bond. As expected (2) is paramagnetic (peff 
= 1.70 p B  per dimer, by Evans’ method in solution), in- 
dicating one unpaired electron per molecule. However, we 
have not observed an EPR signal in benzene solution at  
room temperature or a t  -196 OC. 


As noted above [Ni(p-t-Bu2P)PMe312 (3) is a member 
of a relatively rare class of nickel(1) phosphido bridged 
compounds for which structural data is available on only 
one.18 For 3 31P{1H) NMR datal8 are in accord with the 
X-ray crystal structure in which all the phosphorus and 
nickel atoms are coplanar and the Me3P-Ni-Ni-PMe3 unit 
is linear, giving the molecule D2h symmetry. The Ni-Ni 
separation of 2.375 (3) A is in accord with a single met- 
al-metal bond, giving each nickel atom an unsaturated 
16-electron configuration. 


Further studies on the chemistry of these complexes and 
of bulky phosphido complexes in general are in progress. 
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Summary: The carbonylation of Th[(CH,),C,] ,(OR)H (R 
= CH[C(CH,),],) to yield an enediolate, {Th- 
[(CH,),C,] ,OR),[ cis-OC(H)=C(H)O-] , or, in the presence 
of H,, the methoxide Th[(CH3),C,]2(OR)(OCH3) is argued 
on the basis of chemical and kinetic evidence to involve 
rate-limiting attack of a carbene-like v2-formyl (Th(v2- 
OCH)) on a Th-H functionality to produce a ThOCH,Th 


+This contribution is dedicated to Professor Rowland Pettit, 
whose work continues to inspire us all. 
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and the complex Fe2(p-t-BupP)2Clz(PMe3)2 (1) appears to 
our knowledge to be only the second d6 “tetrahedral dimer” 
of the iron triad to have been structurally characterized. 
(ii) The stabilization of a mixed-valence complex: here the 
cobalt compound C O ~ ( ~ - ~ - B U ~ P ) ~ C ~ ( P M ~ ~ ) ~  (2) has a rela- 
tively rare Co(I1)-Co(1) formal oxidation state due to the 
presence of one terminal chloride ligand on one cobalt. (iii) 
Coordinative unsaturation: all three complexes are coor- 
dmatively unsaturated and none obeys the 18-electron rule. 
The Ni(1) dimer [Ni(p-t-Bu2P)(PMe3)], (3) is a key mem- 
ber of a class of unsaturated dinuclear phosphido-bridged 
complexes of Ni(1). Stable complexes of Ni(1) are rare, and 
so far only one other member of this class has been 
structurally characterized. (iv) Last, a key structural 
feature in each case is the presence of the dinuclear M2- 
(p-t-BuzP), core in which the M2P2 unit is planar and the 
internuclear distances suggest the presence of metal-metal 
bonding. Since a number of bis(phosphid0)-bridged dimers 
have a ”butterfly” arrangement of the p-PR2- units and a 
”bent” metal-metal bond,” we have investigated the 
possibility that the planarity might be due mainly to 
electronic factors. However, preliminary results appear 
to discount this.’, Instead studies using space-filling CPK 
models suggest that the planarity is due to steric reasons. 
The two t-Bu groups on each phosphido phosphorus atom 
occupy considerable space and permit relatively small 
non-bonded H-H contacts between neighboring t-Bu 
methyl groups. Similar modeling studies of M2(p-Ph,P)2 
and M2(p-Me2P), cores clearly show that steric effects are 
relatively unimportant in determining their framework 
geometries. 


The use of excess Li-t-Bu,P in the synthesis of the iron 
complex F ~ , ( ~ - ~ - B u ~ P ) ~ C ~ ~ ( P M ~ ~ ) ,  (1) results in consid- 
erable decomposition, and we have been unable to isolate 
any pure products under these conditions. Also, 1 is 
unstable in hydrocarbon solutions, rapidly producing 
paramagnetic decomposition products, and it can be iso- 
lated in only very low yield. This has so far precluded its 
full spectroscopic characterization. 


The solid-state structure, however, is of considerable 
interest (Figure 1). The terminal PMe3 and C1 ligands give 
each d6 iron(I1) atom a roughly tetrahedral geometry 
(excluding the Fe-Fe bond, ca. 2.8 A, in the geometry of 
each Fe atom). Very few mononuclear Fe(I1) complexes 
such as FeC1,2- and FeL42+ (L = Ph3P0, (Me,N),PO) are 
known.1° Although the “tetrahedral” d6 dimer Ru2Cg2+ l3 
has been structurally characterized, this geometry is more 
common for d8 complexes such as [Ru(NO)(p-PPh,)- 
(PPh3)I2l4 and [Ir(CO)(p-PPh2)(PPh3)]2.15 The Fe-Fe 
distance (ca. 2.8 A) represents a weak interaction since it 
is significantly longer than the single bond lengths required 
by the Fez(C0)6(PR2)2 dimers to satisfy the 18-electron 
rule.16 


By virtue of its asymmetric structure in which there is 
one terminal chloride ligand, the cobalt(I1,I) complex 
C O ~ ( ~ - ~ - B U ~ P ) ~ C ~ ( P M ~ ~ ) ~  is a particularly interesting ex- 
ample of a dinuclear formally mixed-valence species con- 


(11) See, for example: Ginsburg, R. E.; Berg, J. M.; Rothrock, R. K.; 
Collman, J. P.; Hodgson, K. 0.; Dahl, L. F. J. Am. Chem. SOC. 1979,101, 
7218 and references therein. 


(12) Albright, T. A., private communication. 
(13) Raston, C. L.; White, A. H. J. Chem. SOC., Dalton Trans. 1975, 


2410. 
(14) Reed, J.; Schultz, A. J.; Pierpont, C. G.; Eisenberg, R. Inorg. 


Chem. 1973,12, 2949. 
(15) Mason, R.; Sotofte, I.; Robinson, S. D.; Uttley, M. F. J. Organo- 


met. Chem. 1972, 46, C61. 
(16) See: Burdett, J. K. J. Chem. SOC., Dalton Trans. 1977, 423 for 


references to other F e F e  bonds. See also: S u m m e d e ,  R. H.; Hoffman, 
R. J. Am. Chem. SOC. 1976, 98, 7240 for theoretical calculations. 
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taining a metal-metal interaction.” The geometry of the 
tetrahedral, formally Co(II), end is very similar to one end 
of the Fe(I1) dimer (1). The PMe3 group on the other 
cobalt(1) atom lies in the C O ~ ( ~ - ~ - B U , P ) ~  plane so that it 
is nearly colinear (co(2)-co(l)-P(3) = 168.3 ( 1 ) O )  with the 
metal-metal bond. As expected (2) is paramagnetic (peff 
= 1.70 p B  per dimer, by Evans’ method in solution), in- 
dicating one unpaired electron per molecule. However, we 
have not observed an EPR signal in benzene solution at  
room temperature or a t  -196 OC. 


As noted above [Ni(p-t-Bu2P)PMe312 (3) is a member 
of a relatively rare class of nickel(1) phosphido bridged 
compounds for which structural data is available on only 
one.18 For 3 31P{1H) NMR datal8 are in accord with the 
X-ray crystal structure in which all the phosphorus and 
nickel atoms are coplanar and the Me3P-Ni-Ni-PMe3 unit 
is linear, giving the molecule D2h symmetry. The Ni-Ni 
separation of 2.375 (3) A is in accord with a single met- 
al-metal bond, giving each nickel atom an unsaturated 
16-electron configuration. 


Further studies on the chemistry of these complexes and 
of bulky phosphido complexes in general are in progress. 


Acknowledgment. We thank the Dow Chemical 
Company, Midland, MI, and the Robert A. Welch Foun- 
dation (R.A.J.) and the National Science Foundation 
(J.L.A.) for financial support. 


Registry No. (Fe(fi-t-BuzP)C1(PMe3)Jz, 82808-28-4; Coz(~-t-  
B U ~ P ) ~ C ~ ( P M ~ ~ ) ~ ,  82918-17-0; (Ni(W-t-BuzP)(PMe3)),, 82808-29-5; 
FeC1z(PMe3)z, 55853-16-2; CoC1z(PMe3)z, 53432-22-7; NiClZ- 
(PMe3)z, 19232-05-4; Li-t-BuzP, 19966-86-0; Fe, 7439-89-6; Co, 
7440-48-4; Ni, 7440-02-0. 


Supplementary Material Available: Tables of final frac- 
tional coordinates, bond distances and angles, anisotropic thermal 
parameters, and structure factor amplitudes (32 pages). Ordering 
information is given on any current masthead page. 


(17) See, for example: Brown, D. B., “Mixed Valence Compounds”; 
D. Reidel Publishing Co: Boston, MA, 1980. 


(18) Schafer, H. 2. Naturforsch., B: Anorg. Chem., Org. Chem. 1979, 
34B, 1358. See ref 4 for [Ni(PR3)(P(SiMe3)2]2. See also: Nobile, C. F.; 
Vasapollo, G.; Giannoccaro, P.; Sacco, A. Inorg. Chim. Acta 1981,48,261 
for [Ni(r-P-c-Hx2)(P-c-Hx,Ph)],. 
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Summary: The carbonylation of Th[(CH,),C,] ,(OR)H (R 
= CH[C(CH,),],) to yield an enediolate, {Th- 
[(CH,),C,] ,OR),[ cis-OC(H)=C(H)O-] , or, in the presence 
of H,, the methoxide Th[(CH3),C,]2(OR)(OCH3) is argued 
on the basis of chemical and kinetic evidence to involve 
rate-limiting attack of a carbene-like v2-formyl (Th(v2- 
OCH)) on a Th-H functionality to produce a ThOCH,Th 


+This contribution is dedicated to  Professor Rowland Pettit, 
whose work continues to  inspire us all. 
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intermediate. The intermediate suffers subsequent car- 
bonylation and rearrangement to yield the enediolate or 
hydrogenolysis to yield the methoxide. 


We recently reported the rapid, reversible migratory 
insertion of CO into thorium-hydrogen bonds (A) to yield 


C 


mononuclear q2-formyls (B, eq l), followed by a slower (the 
rate a sensitive function of R) coupling reaction to yield 
cis-enediolates (C).l The unusual character of this effi- 
cient, regiospecific carbon-carbon double bond-forming 
process, apparent analogues of which also exist for other 
actinide2 as well as early transiti~n-metal~ and main-group* 
compounds, has prompted a mechanistic investigation. We 
communicate here evidence that for R = CH[C(CH,),], the 
rate-limiting step in this transformation involves metal 
hydride attack on the q2-formyl and that the course of the 
reaction can be easily diverted to effect clean CO hydro- 
genation to a methoxide. 


A priori, three mechanistic sequences seem most rea- 
sonable for enediolate formation (Scheme I) and can be 
tested against kineticlchemical information. A hydride 
insertion reaction (scenario 1) finds precedent in d- and 
f-element q2-acyl ~ h e m i s t r y ~ ~ i ~ ~ ~  and, with use of the pre- 
viously obtained kinetic and thermodynamic data for step 
a,lJ the sequence can be analyzed by standard, steady-state 
approximation  method^.^>^^ Thus, as written, scenario 1 


(1) (a) Fagan, P. J.; Moloy, K. G.; Marks, T. J. J. Am. Chem. SOC. 1981, 
103,6959-6962. (b) Katahira, D. A,; Moloy, K. G.; Marks, T. J. "Advances 
in Catalytic Chemistry 11", in press. 


(2) (a) Fagan, P. J.; Maatta, E. A.; Marks, T. J. ACS Symp. Ser. 1981, 
No. 152, 53-78. (b) Manriquez, J. M.; Fagan, P. J.; Marks, T. J.; Day, 
C. S.; Day, V. W. J. Am. Chem. SOC. 1978,101, 7112-7114. 


(3) Wolczanski, P. J.; Bercaw, J. E. Acc. Chem. Res. 1980,13,121-127 
and reference therein. 


(4) (a) Jiitzi, P.; Schroder, F.-W. J. Organomet. Chem. 1970,24, C43- 
C44 and references therein. (b) Fischer. F. G.; Stoffers. 0. Justus Liebias - 
Chem. 1933,500, 253-270. 


(5) (a) Gell, K. I.; Posin, B.: Schwartz, J.; Williams, G. M. J. Am. 
Chem. SOC. 1982, 104, 1846-1855. (b) Marsella, J. A.; Folting, K.; 
Huffman, J. C.; Caulton, K. G. Zbid. 1981,103,55965598. (c) Therlkel, 
R. S.; Bercaw, J. E. Ibid. 1981, 103, 2650-2659. (d) Marsella, J. A,; 
Caulton, K. G. Ibid. 1980, 102, 1747-1748. (e) Fachinetti, G.; Floriani, 
C.; Roselli, A.; Pucci, S. J. Chem. SOC., Chem. Commun. 1978,269-270. 
(0 Floriani, C., private communication. (g) Erker, G.; Kropp, K.; Kriiger, 
C.; Chiang, A.-P. Chem. Ber. 1982, 115, 2447-2460. 


(6) (a) Maatta, E. A.; Marks, T. J. J. Am. Chem. SOC. 1981, 103, 
35763578. (b) Maatta, E. A.; Moloy, K. G.; Marks, T. J., manuscript in 
preparation. 


(7) We estimate that k-' 2 lo's-' from NMR line shapes' and from 
thermodynamic measurements' that K = kl/k_, = 3.2 (5) M-l at  30 "C. 
It will be seen that k2 = 0.3 M-I s-'. 


(8) (a) Moore, J. W.; Pearson, R. G. 'Kinetics and Mechanism", 3rd 
ed.; Wiley: New York, 1981; pp 313-317 and references therein. (b) Frei, 
K.; Ghthard ,  H. H. Helu. Chim. Acta 1967,50, 1294-1304. 
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predicts rate [Th]2[CO]. There is ample precedent in 
organoactinide chemistry for the postulated rapidity of 
step c relative to k2 (especially for bulky hydrocarbyl 
g r o ~ p s ) ~ ~ ~ J ~ J ~  and for the carbene-like hydrogen atom 


(9) The steady-state and equilibrium assumptions reduce t o  the same 
expressions. 


d[ThH] k,k2[ThHl2[COI k'kz 
== -- [ThHI2[CO] - = -  


dt k-1 + kZ[ThH] k-1 
(a) 


where kz[ThH]/k-' < 10" under the present conditions ([ThH] = 0.05 
M, Pco 5 760 torr).7 


d[ThH] klkz[ThH][C0]2 klkz 
dt k-1 + k2[CO] k-l -- [ThH] [C0l2 - = -  (b) 


where k2[CO] << k-' under the present c~nd i t ions .~J~  


IZ (c) 7 d[ThH] - k'rThH1[Col 1' e -k2[ L[ThH][CO] - -k2[ k-, + kz[ThCHO] k-1 


where k,[ThCHO] << k-' under the present  condition^.^ 







Communications 


migration in step d (e.g., eq 2 and 32aJ0a9cJ2). This mi- 
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gration process is expected to be significantly accelerated 
by the y-oxygen atom of E (Scheme I).13 Furthermore, 
careful monitoring of 270-MHz 'H spectra over the course 
of the coupling reaction gives no evidence for intermediates 
such as D or E. Carbene-CO coupling to form a ketene 
(schematically depicted as F, scenario 2) finds apparent 
precedent in reactions of actinide q2-acyls with CO to yield 
dionediolates*12 (G) and with isocyanides to yield keten- 


G H 


imines12h14 (H). Similar reactions are also known for 
transition-metal carbene complexes.ls Judging from 
known thorium hydridele and organic ketene" chemistry, 
step g is likely to be fast compared to f; there is no spectral 
evidence for the presence of such a ketene intermediate 
during the course of the reaction. The kinetic treatment 
for scenario 2 predicts rate a [ThH] [C0]2.7p9bJ8 Direct, 
bimolecular formyl dimerization (scenario 3) finds pre- 
cedent in experimental and theoretical discussions of en- 
ediolate formation (e.g., I, J) during the carbonylation of 


(10) (a) Marks, T. J.; Manriquez, J. M.; Fagan, P. J.; Day, V. W.; Day, 
C. S.; Vollmer, S. H. ACS Symp. Ser. 1980, No. 131,l-29. (b) Fagan, P. 
J. Manriquez, J.M.; Moloy, K. G.; Marks, T. J.; Day, V. W.; Day, C. S. 
manuscript in preparation. (c) Sonnenberger, D. C.; Marks, T. J., man- 
uscript in preparation (studies of Th(CSH&R CO insertion rates as a 
function of R). 


(11) (a) Calderazzo, F. Angew. Chem., Int. Ed. Engl. 1977,168 294-311 
and references therein. (b) Lappert, M. F.; Juong-Thi, N. T.; Milne, C. 
R. C. J. Organomet. Chem. 1979, 74, C35437. 


(12) (a) Fagan, P. J.; Manriquez, J. M Marks, T. J.; Day, V. W.; 
Vollmer, S. H.; Day, C. S. J. Am. Chem. SOC. 1980,102,5393-5396. (b) 
Moloy, K. G.; Day, V. W.; Marks, T. J., submitted for publication. (c) 
Although the ligands attached to thorium are rather bulky, it is con- 
ceivable that both metal ions interact with the oxygen atom of Dsfa and 
that the non-acyl thorium interacts with both oxygen atoms of E. This 
could also have a significant effect on the rates of steps c and d. 


(13) (a) Jones, W. M. In "Rearrangementa in Ground and Excited 
States; de Mayo, P., Ed.; Academic Press: New York, 1980; Vol. 1, pp 
95-160. (b) Press, L. S.; Schechter, H. J. Am. Chem. Soe. 1979, 101, 
509-510. (c) Kirsme, W.; Buschoff, M. Chem. Ber. 1967,100,1491-1506. 


(14) Moloy, K. G.; Marks, T. J. presented at  'Inorganic chemistry: 
Toward the 21st Century"; Bloomington, IN, May 16-19, 1982. 


(15) (a) Brown, T. J. h o g .  Inorg. Chem. 1980,27,1-122 and references 
therein. (b) Kliies, J.; Weiss, E. Angew. Chem., Int. Ed. Engl. 1982,21, 
205. (c) Miyaehita, A.; Grubbs, R. H. Tetrahedron Lett. 1981,1255-1256. 
(d) Hemnann, W. A.; Plank, J.; Ziegler, M. L.; Weidenhammer, K. J. Am. 
Chem. SOC. 1979,101,3133-3135. (c) Herrmann, W. A,; Plank, J. Angew. 
Chem., Int. Ed. Engl. 1978, 17, 525-526. 


(16) (a) Fagan, P. J.; Manriquez, J. M.; Maatta, E. A.; Seyam, A. M.; 
Marks, T. J. J. Am. Chem. SOC. 1981,103,6650-6667. (b) Fagan, P. J.; 
Manriquez, J. M.; Marks, T. J. In 'Organometallics of the f-Elements"; 
Marks, T. J., Fischer, R. D., Eds.; D. Reidel Publishing Co.: Dordrecht, 
Holland, 1979; Chapter 4. 


(17) (a) Reichen, W. Chem. Rev. 1978, 78, 569-521. (b) Laird, T. In 
'Comprehensive Organic Chemistry"; Stoddart, J., Ed.; Pergamon Press: 
Oxford, 1979; Vol. 1, pp 1206-1208. (c) Lacey, R. N. In "The Chemistry 
of Alkenes"; Patai, S., Ed.; Interscience: New York, 1964; Vol. 1, pp 


(18) A t  PCO = 760 torr, [CO] = 0.0075 M (30 "C). For CO solubilities, 
see: Gjaldbaek, J. C.; Andersen, E. K. Acta Chem. Scand. 1966, 8, 
1398-1413 and references therein. 
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The rate of A - C conversion was measured via 'H 
NMR for 0.06 M toluene-d8 solutions of A (R = CH[C- 
(CHJ3I2) in the dark at  30 f 0.4 "C. A specially designed 
reaction vessel (Figure 1) incorporating a 10-mm NMR 
tube, high vacuum connections, a 600-mL gas reservoir, 
and efficient stirring was employed to monitor the reaction 
rate as a function of [ThH] and CO pressure. Under these 
conditions, only A and C are detected and Pco changes 
negligibly during the course of a kinetic run.2o As can be 
seen in Figure 2A, the reaction at  constant CO pressures 
is second order in thorium hydride over 3-4 half-lives and 
a ca. 5-fold CO pressure (which, in turn, is proportional 
to [CO] making the reasonable assumption that Henry's 
law is obeyed18) range. Furthermore, Figure 2B shows that 
the observed second-order rate constants are linearly 
proportional to the CO pressure; i.e., the reaction is first 
order in CO. These resulta are incompatible with scenarios 
2 and 3 but are compatible with scenario 1. Linear re- 
gression analysis of these data yields k2 = 0.31 (2) M-' s-l. 


Additional support for scenario 1 and the intermediacy 
of a thoroxymethyl insertion intermediate (D) is provided 
by experiments designed to intercept such a species. When 
eq 1 is carried out under 6 atm of H2 and 0.1 atm of CO, 
the major product (90%) is methoxide K (eq 4))23 while 


K 


the yield of C is reduced to 10%. Under these conditions, 
neither hydrogenation of enediolate C nor uncatalyzed 


(19) (a) Fagan, P. J.; Manriquez, J. M.; Marks, T. J.; Vollmer, S. H.; 
Day, C. S.; Day, V. W. J. Am. Chem. SOC. 1981, 103, 2206-2220. (b) 
Hoffmann, R.; Wilker, C. N.; Eisenstein, 0. Ibid. 1982,104,632-634. (c) 
Hoffmann, R.; Tatsumi, K., private communication. 
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Figure 2. A. Kinetic plots for the reaction of Th[(CH3)&&- 
{OCH[C(CH3)3]zJH with CO at various constant CO preasures. B. 
Dependence of the observed rate constant on CO pressure. 


(20) In a Vacuum Atmoepheres glovebox equipped with a recirculating 
Dri-Train, 2.5-mL portions of a 0.060 M solution of recrystallized Th- 
[(CH,)5Cq]z(OCH[C(CHs)a]zJH*a in toluene-de (dried over Na/K) were 
syringed into the NMR tube portion of the reaction vessel (Figure 1) 
which had previously been flamed under high vacuum (lo4 torr). The 
apparatus was then removed to a vacuum line and the thorium hydride 
solution freeze-thaw degassed. Next, the system was charged with the 
desired ressure of CO (passed through MnO and 4A molecule sieve 
columnsR) by using a mercury U-tube manometer.= The vessel was next 
sealed and the solution-containing portion of the NMR tube placed in 
a 30 f 0.4 OC thermostated bath, shielded from light. Rapid stirring wm 
then initiated with a magnetic stirrer placed under the bath (control 
experiments established that under the present reaction conditions, 
variations in the stirring rate did not detectably affect the measured 
reaction rates). 


Kinetic measurements were performed by quickly removing the re- 
action vessel from the constant temperature bath, transferring the stirring 
bar to the holding cup with a magnet, and inserting the NMR tube into 
the probe (30 "C) of a JEOL FX-9OQ NMR spectrometer. The instru- 
ment had been previously tuned to maximize field homogeneity under 
nonspinning conditions. Proton spectra were recorded on disk under 
previously optimized conditions (nonspinning), the NMR tube removed 
from the probe, the stirring bar returned to the reaction solution, and the 
reaction veasel returned to the thermostated bath. Typically this oper- 
ation required 2.0-2.5 min, and the kinetic results were found to be 
insensitive to whether this time was or was not included in the total 
reaction time. The kinetic measurements were typically carried out for 
4 or more half-lives. Even for the lowest pressure CO run (155 torr), it 
was calculated that the CO pressure decreased by no more than 4% 
during the course of the run, ensuring that essentially constant concen- 
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hydrogenation6 of thorium v2-acyls occurs. Thus, eq 4 is 
readily understandable in terms of hydrogenolytic inter- 
ception of D (Th-C bond hydrogenolysis is generally fa- 
cile6J6) and is analogous to the final step in the thorium 
hydride catalyzed hydrogenation of actinide $-acyls (eq 
5 ) . 6  


P\ lo\ T h - H  


HZ 
M-:CR M CH2R (5) 


In summary, the present kinetic and chemical evidence 
strongly implicate organoactinide formyls as key branch 
points in carbonylation processes which lead either to 
enediolates (CO-CO coupling) or to the production of 
methoxide functionalities (CO hydrogenation). Further 
efforts to quantify and manipulate these processes are in 
progress. 
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trations of CO were maintained. The quantitative analysis consisted of 
integrating the Th-H resonance vs. the toluene-d, aromatic resonance as 
a function of time. Plots were fit by standard linear regression tech- 
niques, using a Hewlett-Packard HP1000-F data system and associated 
graphic peripherals. 


(21) Fagan, P. J.; Manriquez, J. M.; Maatta, E. A.; Seyam, A. M.; 
Marks, T. J. J. Am. Chem. SOC. 1981,103,6650-6667. 


(22) (a) The vapor pressure of toluene under these conditions, ca. 20 
torraZzb is relativelv small and constant. (b) "CRC Handbook of Chem- 
i s t j  and Physics";GOth ed.; CRC Press: Boca Raton, FL, 1979; p D-209. 


(23) An authentic sample was prepared by reaction of Th- 
[(CH3),C5]z(OCH[c(CH,)3]zJH with methanol: 'H NMR (C6D6) 6 1.00 (8,  
9H), 1.91 (s, 30 H), 3.68 (8 ,  1 H), 3.75 (8.  3 H); IR (Nuiol mull, cm-' 1390 
(m). 1364 (m). 1113 (8 ) .  1057 ( 8 ) .  1009 (SI. 960 (w). Si9 (w). 765 (w). 722 
(w),'656 (8). Anal. Calcd for CjbH,,ThO;: C, 53.'24; H,7.74. Found: C, 
53.28; H,7.66. 
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Summary: The isolable intermediates from the Reppe- 
modified hydroformylation reaction, H-Fe(CO), and R-Fe- 
(CO),, are shown to react together to provide aldehyde 
product. This result suggests that a binuclear interme- 
diate may be responsible for aldehyde formation. 


Elucidation of the primary mechanistic cycles involved 
in homogeneous reactions catalyzed by organotransition- 
metal complexes has required that attention be focused 
on the chemical reactivity of the supposed intermediates 
in these processes. In the course of such investigations, 
a number of binuclear reactions have been identified which 
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in this case when compared with the analogous reaction 
of 1 with 5; only a 35% yield of aldehyde was realized after 
a 2-h period even though a substantially higher concen- 
tration of the acyl species was initially present. This ex- 
periment attests to the importance of an unsaturated acyl 
intermediate in the production of aldehyde. Acidification 
of the mixture from the reaction of 1 with 7 after 2 h with 
excess acetic acid resulted in a 95% yield of aldehyde, 
indicating that species 7 was not consumed by other pro- 
cesses and was intact after a 2-h period. 


Attempted hydrogenation of 5 in THF with 1 atm of H2 
at 0 OC yielded a small amount (15%) of aldehyde after 
a 2-h period. Formation of aldehyde by oxidative addition 


CH3CHz-Fe(C0)4 + CH3CH2C(=O)-Fe(C0)3 
Hz 


2 h  
CH3CH2CHO 


15% 
of H2 to an unsaturated metal acyl species is the prod- 
uct-forming step in the hydroformylation reaction.1° In 
this case, the rate of oxidative addition of 1 to 6 must be 
much faster than to H2 because the reductive elimination 
step would be expected to be rapid in either case. 


In an attempt to understand how the hydride 1 interacts 
with 5 (or 6), the reaction of 5 with more traditional hy- 
dride sources was performed. Addition of either NaBH411 
or LiAlH4 in excess to THF solutions of 5 failed to produce 
evidence of any reaction having taken place. Infrared 
analysis showed that 5 remained intact over a 2-h period 
during which no ethane, propionaldehyde, or propanol 
formation could be detected by gas chromatographic 
analysis. Although both of these reducing agents are 
considerably stronger hydride sources than 1, neither 
would be expected to coordinate (or oxidatively add) to 
species 6. 


When the rates of reactivity of 1 with both 5 and 7 are 
contrasted, another potential mechanism by which al- 
dehyde could be produced can be eliminated. The hydride 
1 could act as an acid5 which transfers a proton to 6 or 7 
with subsequent elimination of aldehyde. However, were 
this to occur, the more basic of the two species, anion 7, 
would yield aldehyde at  a faster rate, and this was not 
observed. 


Protonation of the alkyliron anion 5 would yield the 
neutral alkyliron hydride 3, an intermediate proposed in 
the Reppe process. This species has been shown to elim- 
inate alkane in the absence of C0.l2 We found that even 
under 100 psi of CO pressure this unstable intermediate, 
prepared in situ from 1 and ethyl iodide at ambient tem- 
perature generates ethane and not aldehyde. Therefore, 
at least under the conditions employed in these studies 


Et4N+H-Fe(C0)4 + Et1 THF, 25 oc C2H6 + Fe(CO), 


aldehyde production is not due to a mononuclear elimi- 
nation process. Whether the mechanism of aldehyde 
formation from the binuclear species shown in Scheme I1 
is an elimination process from only one of the two iron 
atoms or the result of reductive elimination from adjacent 
metal centers cannot be distinguished on the basis of the 
present work. 


Finally, the reactivity of the acyl species 8 was contrasted 
with that of the alkyl intermediates 5 .  The mixture of 


CO (100 psi) 


(10) Heck, R. F.; Breslow, D. S. J.  Am. Chem. Soc. 1961, 83, 4023. 
(11) Treatment of a neutral alkylmanganese carbonyl species with 


NaBHl has been shown to yield the homologous alcohol, see: Fischer, E. 
0.; Aumann, R. J.  Organomet. Chem. 1967,8, 1. 


(12) Alper, H. Tetrahedron Lett .  1975, 2257. 


CH,CH,C(=O)-Fe(CO), + H-Fe(C0)4 - 
8 1 


essentially no reaction 


8 with H-Fe(CO), (1) produced only traces of aldehyde 
after 2 h. Quenching of the reaction mixture with HOAc 
produced 57 % propionaldehyde, indicating that a sub- 
stantial amount of 8 was present at the end of this period. 


The principal catalytic cycle of the Reppe-modified 
hydroformylation reaction is very similar to the oxo pro- 
cess, differing only in the manner in which the initial metal 
hydride is formed. Further parallels can be developed in 
reactions of intermediate species in both systems, which 
demonstrates that binuclear mechanisms are alternate 
potential pathways in a number of catalytic systems. 


Registry No. 1, 18716-80-8; 5, 44966-61-2; 7, 83476-35-1; 8, 
45048-27-9; CH&H&HO, 123-38-6. 
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Summary: The mechanism of the homogeneous water 
gas shift reaction catalyzed by the group 6 metal carbo- 
nyls involves the intermediacy of a formate complex. 
Catalytic pressure reactions as well as stoichiometric 
photolysis and pyrolysis experiments provide support for 
this mechanism. 


Metal formates have not been generally regarded as key 
intermediates in catalytic reactions of carbon oxides. 
However, their intermediacy has been observed in a num- 
ber of catalysis-related reactions. Metal formates have 
been isolated in many carbon dioxide reductions.' Zinc 
formate may be pyrolyzed to methanol and formaldehyde.2 
Formates have been suggested in connection with the 
function of promoters with iron and cobalt catalysts for 
the Fischer-Tropsch ~ynthesis .~ Formate intermediates 
have also been observed on magnesia, alumina, and iron- 
chromia catalysts for the water gas shift reaction (WGSR): 
The role of formates in zinc oxide catalyzed WGSR, carbon 
dioxide reduction, and methanol decomposition has been 
studied at varying surface coverages and temperatures by 
means of infrared spectro~copy.~ 


Our interest in formate intermediates is related to the 
oxide theory6 which emphasizes the importance of oxy- 
gen-bound species in catalytic reactions. Within this 


Dedicated to the  memory of the late Professor Rolly Pett i t ,  a 


(1) Haynes, P.; Slaugh, L. H.; Kohnle, J. F. Tetrahedron Lett .  1970, 


(2) Hofman, K.; Schibsted, H. Chem. Ber. 1918, 51, 1389, 1398. 
(3) Storch, H.; Golumbic, N.; Anderson, R. B. "The Fischer-Tropsch 


and Related Syntheses"; Wiley: New York, 1951. 
(4) Rubene, N. A.; Davydon, A. A.; Kravstov, A. V.; Ursheva, N. V.; 


Smolyaninov, S. I. Kinet. Katal. 1976, 17, 465. 
(5) Tamaru, K. 'Dynamic Heterogeneous Catalysis"; Academic Press: 


New York, 1978, pp 115-29. 
(6) Sapienza, R. S.; Sansone, M. J.; Spaulding, L. D.; Lynch, J. F. 


"Fundamental Research in Homogeneous Catalysis"; Tsutsui, M., Ed.; 
Plenum Press: New York, 1979; Vol. 3, pp 179-97. 


friend and a teacher. 
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Table I. W(CO), as WGSR Catalyst in MeOH/H,Oa 
mmol mmol 


P C O ,  of of 
entry base (mmol)  psi H, CO, t ~ *  


1 none 130 0 0  0 
2 K,CO, ( 2 4 )  130 4 4  16 2 5 0  
3 K,CO, ( 2 4 )  2 0 0  31 27 170 


5 K O H ( 2 4 )  2 0 0  30 14 165 
6 NaO,CH(48)  200  4 0  13 220  
7 NaO,CH(48)  0 43 3 2 4 0  


a Conditions: 0.18 mmol of W(CO),, 2 .5  m L  of H,O 
diluted to 100 m L  with methanol, 1 5 5  'C, 2 0  h ,  0.31-L 
reactor; 0 psi of CO implies 250 psi of N,  ; t ~ ,  = mol of 
H,/mol of W( CO), . 


context, intermediates with metal to oxygen to carbon 
bonding, rather than metal to carbon, are of particular 
interest. Although formyl (1) intermediates have captured 
much interest within the catalytic community, the analo- 
gous formate (2) species have received little attention. 
Basically 2 is a formyl group chemisorbed on a metal oxide. 


4 K,CO, ( 2 4 )  800 18 17 9 5  


0 
I I  


C-H 0-C-H 


I 
M 


I 
M 


1 2 
We have previously reported some evidence implicating 


the formate complexes (C0)5M02CH- in the homogeneous 
WGSR 


(1) 
catalyzed by the group 6 metal  carbonyl^.^ Table I sum- 
marizes some results employing W(CO)6 as the catalyst for 
eq 1 at  155 OC. Clearly base promotes the reaction. En- 
tries 2, 3, and 4 demonstrate the pronounced effect of 
carbon monoxide pressure on activity: as the pressure is 
reduced, activity increases markedly. Entries 3, 5, and 6 
suggest that the nature of the base has little bearing on 
activity. This is reasonable, since CO readily reacts with 
hydroxide to form the formate ion in solution 


(2) 


In fact very basic solutions (>pH 14) are leveled to pH 
9-10, usually during the reactor warm-up period. Entry 
7 demonstrates that the formate ion, in the absence of CO, 
may be decomposed to H2 and C 0 2  (eq 3). In fact, the 
yield of hydrogen corresponds to about 85 '3% of the formate 
added. 


(3) 


Generally the yields of C02 are lower than those of HP. 
Although significant amounts of C02 may dissolve in the 
H,O/CH,OH solvent system, solution basicity may be an 
important factor. Entries 6 and 7 show less COz observed 
in the absence of CO pressure, suggesting a competition 
between the two gases for Bransted basicity. The exper- 
iments with KzC03 show that as CO pressure is increased, 
larger fractions of carbon dioxide are expelled from the 
solution. Molybdenum and chromium carbonyls display 
very similar activities for eq 1 and a similar activity de- 
pendence on pressure. 


The activity dependence on CO pressure could be at- 
tributed to a dissociative mechanism, i.e., one that ne- 


CO + H:,O * H2 + C02 


CO + HO- --+ HC02- 


HC02- + H:,O - H:, + CO:, + HO- 


(7) Slegeir, w. A. R.; Sapienza, R. S.; Easterling, B. ACS Symp. Ser. 
1981, No. 152, 325. 


Scheme I 
- co 02CH- 


co -0zCH- 
iCOisM Z (CO15M (C@l&I-@~CH 


3 4 


- H  
iC0)5MH, H* (C@)SRH 


6 5 


cessitates loss of a carbonyl ligand as a kinetically limiting 
step: 


(4) 
Once formed, the coordinately unsaturated M(CO)5 species 
might be expected to react with formate (from eq 2) in 
solution to form a formate complex: 


(5) 
For a test of the validity of this hypothesis, chromium 


carbonyl (1.0 g) was photolyzed at ambient temperature 
in a solution (285 mL) of methanol and hexamethyl- 
phosphoramide. A 450-W Hg lamp with Vycor filter was 
employed in a quartz well, cooled with water. Argon was 
bubbled through the solution to promote gas evolution. 
Because of the low solubility of Cr(CO)6, several photo- 
lyzing cycles were necessary to effect nearly complete 
conversion to the coordinately unsaturated species (eq 4). 
At  this point, only CO and Ar were present in the gas 
phase. Most of the CO was swept from the system by 
purging with argon. After the system was allowed to cool 
to 30 OC in the absence of light, a solution of tetraethyl- 
ammonium formate in methanol-water was added. After 
about 2 min, small streams of bubbles were vigorously 
evolved from the solution. The gases were collected and 
were found to contain principally Ar and Hz with a small 
quantity of COz. 


Similar experiments a t  ambient temperature were car- 
ried out with MO(CO)~ and W(CO)6, but no appreciable 
H2 was observed. In the case of the latter, the IR spectrum 
indicated unreacted W(CO)6 along with a broad absor- 
bance at 1910 cm-'. 


For minimization of side reactions, direct photolysis of 
W(COI6 (1 g) with tetrabutylammonium formate (0.85 g 
containing about 0.1 g of H20) in methanol was attempted. 
The solution quickly assumed a yellow color, and the IR 
displayed a decrease in the 1975-cm-l peak of W(CO)6 with 
concomitant growth of the peak at  1910 cm-l. Although 
the photolysis proceeded quickly, the sluggish dissolution 
properties of the carbonyl necessitated a 6.5-h reaction 
time for nearly complete loss of W(CO)6. The clear, deep 
yellow solution afforded an IR spectrum (2060 (w), 1910 
(s), 1840 (mw), 1605 (mbr) cm-') in accord with that re- 
ported for (CO)5W02CH-.&'o 


Removal of the solvent from the photolysis solution 
yielded a viscous, yellow oil displaying the same IR, al- 
though somewhat broadened. Heating a solution of the 
formate complex in a sealed tube at 100 "C resulted in the 
liberation of Hz, CO, and C02 with the fate of the metal 
dependent on the solvent. In air, a methanol solution of 
the formate complex is cleanly converted to a mixture of 
HW2(CO)lo- and W(CO)@ 


We believe the above results are in accord with the 
mechanism presented in Scheme I. Thermally or pho- 
tolytically promoted loss of CO from the metal carbonyl 


M(CO)6 - M(CO)5 + CO 


(CO)BM + 02CH- - (C0)5MO:,CH- 


(8) Schlientz, W. J.; Lavender, Y.; Welcman, N.; King, R. B.; Ruff, K. 


(9) Doyle, G. J. Organomet. Chem. 1975, 84, 323. 
(10) Darensbourg, D. J.; Rokicki, A.; Darensbourg, M. Y. J. Am. Chem. 


J .  Organomet. Chem. 1971,33, 357. 


SOC. 1981, 103, 3223. 
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results in the formation of the coordinately unsaturated 
3. The photolysis experiments indicate that 3 reacts 
readily with formate, which in turn is rapidly formed from 
the reaction of CO with hydroxide, to yield the formate 
complex 4. The chromium formate complex readily loses 
C02 to form 5 at ambient temperature, while the tungsten 
formate may be readily isolated and decarboxylates slowly 
and may be isolated, in accord with the results recently 
reported by the Darensbourg group.l0 Protonation of 5 
has been reported to yield H2.'0 


Studies of other homogeneous WGSR systems have 
pointed toward associative me~hanisms.~Jl The similar- 
ities between the heterogeneous WGSR and the homoge- 
neous WGSR catalyzed by the group 6 metal carbonyls are 
worthy of note. 


Registry No. Formate,  71-47-6. 


substituted cation, 1, results exclusively in products which 
are apparently derived from attack at  CO and not from 
exo methyl addition to the ring. Treatment of 1 at  -78 
"C in ether with 2.5 equiv of MezCuLi followed by rapid 
workup gives the acyl complex C6H6(C0)2Mn-COCH,, 2, 
in 45% yield.4 The same reaction carried out at 0 "C gives 


I I1 
,Mn -C-CH, 


O C , ' ~  
oc 


2 


(11) Ford, P. C. Acc. Chem. Res. 1981, 14, 31. 
oc -'i 
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Summary: C6H6(CO),Mn-CH,, prepared by the reaction 
of lithium dimethylcuprate with C~H,M~(CO),+, yields 6- 
endo -C6H6(CH,)Mn(CO),(PPh3) via intramolecular methyl 
migration to the arene ring in the presence of triphenyl- 
phosphine. 


The reaction of (arene)manganese tricarbonyl cations 
with nucleophiles normally results in exo attack at the ring 
and formation of the corresponding 6-exo-substituted cy- 
clohexadienylmanganese tricarbonyl c~mplexes.l-~ In the 
reaction of the unsubstituted cation C6H6Mn(C0)3+, 1, 
with lithium aluminum hydride, a minor side product, 
C61-&(C0)2Mn-CH3, 3 (0.6%), can be observed, apparently 
formed from hydride reduction of coordinated CO.' Yields 
of the dicarbonyl methyl complexes rise as the ring is 
progressively alkylated. Thus, hydride reduction of the 


CH,.l A similar trend is noted for addition of methyl- 
lithium. Reaction of C6H6Mn(C0)3+ with CH3Li yields 
solely (6-exo-methylcyclohexadieny1)manganese tri- 


however, for C6Me6Mn(C0)3+ the acyl complex 
C6Me6(C0)2Mn-COCH3 is formed in ca. 33% yield as the 
only isolated product.' 


We wish to report that, in contrast to methyllithium, 
reaction of lithium dimethylcuprate with the parent, un- 


'Dedicated to the memory of Rowland Pettit. His enthusiasm for 
chemistry and elegant, incisive work established standards of dedi- 
cation and excellence for all of us who knew him. 


(1) Munro, G. A. M.; Pauson, P. L. Isr. J. Chem. 1976-1977,15, 258. 
(2) (a) Jones, D.; Wilkinson, G. J. Chem. SOC. 1964, 2479. (b) Wink- 


haus, G.; Pratt, L.; Wilkinson, G. J. Chem. SOC. 1961, 3807. (c) Green, 
M. L. H.; Davies, S. G.; Mingos, D. M. P. Tetrahedron 1978,34,3047. (d) 
Semmelhack, M. F.; Hall, H. T.; Farina, R.; Yoshituji, G.; Clark, G.; 
Bargar, T.; Hirotsu, K.; Clardy, J. J. Am. Chem. SOC. 1979,101,3535. (e) 
Lamanna, W.; Brookhart, M. Ibid. 1981, 103, 989. 


(3) Attack of amines and alcohols have been noted to occur at  car- 
bonyl; see for example: (a) Angelici, R. J.; Blacik, L. J. Inorg. Chem. 1972, 
11, 1754. (b) Walker, P. J. C.; Mawby, R. J. Inorg. Chim. Acta 1973, 7, 
621. 
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the methyl complex C6H6(C0)2Mn-CH3, 3, in 42% yield.5 
The latter complex, 3, presumably results from initial 
formation of the acyl species 2 followed by decarbonyla- 
tion; however, the manner in which decarbonylation occurs 
is not known.6 


The dimethylcuprate reaction thus provides an easy and 
viable synthetic entry into the alkyl and acyl complexes 
2 and 3, which are analogues of the exhaustively studied 
alkyl and acyl derivatives Fp-CH, and Fp-COCH, (Fp = 
Cp(CO),Fe). Initial results indicate that interesting dif- 
ferences in the chemistry of these manganese and iron 
analogues can be observed. Treatment of Fp-CH, with 
phosphines invariably results in CO insertion and forma- 
tion of acyls Cp(CO)(L)Fe-COCH, (L = ph~sphine) .~ In 
contrast, treatment of 3 (0.04 M) with 1 equiv of (C6H,),P 
in refluxing benzene (80 "C) for 5 days (t,,, ca. 30 h) results 
in intramolecular migration of the methyl group to the 
arene and formation of (endo-methylcyclohexadieny1)- 
manganese dicarbonyl triphenylphosphine, 4 (68% yield). 
The spectral properties are completely in accord with 
structure 4, and the endo stereochemistry is confirmed by 
the observed J 6 x , l  = J6x,5 = 0 vicinal coupling constant.' 


I 


\ ,.Mn 
O C l d  CH3 


UL VL 


4 


(4) Spectral properties of this species are similar to those of other acyl 
complexes previously reported:' 'H NMR (C6D6) 6 2.60 (3 H, br s), 4.52 
(6 H, s); IR (vc0, diethyl ether) 1965 (s), 1915 (s), 1630 (m) cm-'. 


(5) Spectral properties: 'H NMR (C6D6) 6 0.17 (3 H, s), 4.40 (6 H, s); 
IR (VCO, isopentane) 1975 (E), 1930 (s) cm-'; high-resolution mass spec- 
trum, calculated 203.9983, found 203.9988. Anal. Calcd for C,HgMnO2: 
C, 52.96; H, 4.44; Mn, 26.92. Found: C, 52.99; H, 4.51; Mn, 26.84. 


(6) In some reactions carried out at  0 OC contamination of 3 by 2 was 
observed. If a sample of pure 2 is stirred in ether at  25 OC, it does not 
yield 3; thus, decarbonylation is not strictly a thermal process. If 2 is 
irradiated for 0.5 h, a 3:l ratio of 2 to 3 is observed by 'H NMR spec- 
troscopy. However, prolonged irradiation results in total decomposition. 


(7) See, for example: (a) Bock, P. L.; Boschetto, D. J.; Rasmussen, J. 
R.; Demers, J. P.; Whitesides, G. M. J. Am. Chem. SOC. 1974, 96, 2814. 
(b) Brunner, H.; Schmidt, E. Angew. Chem., Int. Ed. Engl. 1969,8,616. 
(c) Bibler, J. P.; Wojcicki, A. Inorg. Chem. 1966, 5,  889. 
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results in the formation of the coordinately unsaturated 
3. The photolysis experiments indicate that 3 reacts 
readily with formate, which in turn is rapidly formed from 
the reaction of CO with hydroxide, to yield the formate 
complex 4. The chromium formate complex readily loses 
C02 to form 5 at  ambient temperature, while the tungsten 
formate may be readily isolated and decarboxylates slowly 
and may be isolated, in accord with the results recently 
reported by the Darensbourg group.l0 Protonation of 5 
has been reported to yield H2.'0 


Studies of other homogeneous WGSR systems have 
pointed toward associative me~hanisms.~Jl The similar- 
ities between the heterogeneous WGSR and the homoge- 
neous WGSR catalyzed by the group 6 metal carbonyls are 
worthy of note. 
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substituted cation, 1, results exclusively in products which 
are apparently derived from attack at  CO and not from 
exo methyl addition to the ring. Treatment of 1 at  -78 
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Summary: C6H6(CO),Mn-CH,, prepared by the reaction 
of lithium dimethylcuprate with C~H,M~(CO),+, yields 6- 
endo -C6H6(CH,)Mn(CO),(PPh3) via intramolecular methyl 
migration to the arene ring in the presence of triphenyl- 
phosphine. 


The reaction of (arene)manganese tricarbonyl cations 
with nucleophiles normally results in exo attack at the ring 
and formation of the corresponding 6-exo-substituted cy- 
clohexadienylmanganese tricarbonyl c~mplexes.l-~ In the 
reaction of the unsubstituted cation C6H6Mn(C0)3+, 1, 
with lithium aluminum hydride, a minor side product, 
C61-&(C0)2Mn-CH3, 3 (0.6%), can be observed, apparently 
formed from hydride reduction of coordinated CO.' Yields 
of the dicarbonyl methyl complexes rise as the ring is 
progressively alkylated. Thus, hydride reduction of the 


CH,.l A similar trend is noted for addition of methyl- 
lithium. Reaction of C6H6Mn(C0)3+ with CH3Li yields 
solely (6-exo-methylcyclohexadieny1)manganese tri- 


however, for C6Me6Mn(C0)3+ the acyl complex 
C6Me6(C0)2Mn-COCH3 is formed in ca. 33% yield as the 
only isolated product.' 


We wish to report that, in contrast to methyllithium, 
reaction of lithium dimethylcuprate with the parent, un- 
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the methyl complex C6H6(C0)2Mn-CH3, 3, in 42% yield.5 
The latter complex, 3, presumably results from initial 
formation of the acyl species 2 followed by decarbonyla- 
tion; however, the manner in which decarbonylation occurs 
is not known.6 


The dimethylcuprate reaction thus provides an easy and 
viable synthetic entry into the alkyl and acyl complexes 
2 and 3, which are analogues of the exhaustively studied 
alkyl and acyl derivatives Fp-CH, and Fp-COCH, (Fp = 
Cp(CO),Fe). Initial results indicate that interesting dif- 
ferences in the chemistry of these manganese and iron 
analogues can be observed. Treatment of Fp-CH, with 
phosphines invariably results in CO insertion and forma- 
tion of acyls Cp(CO)(L)Fe-COCH, (L = ph~sphine) .~  In 
contrast, treatment of 3 (0.04 M) with 1 equiv of (C6H,),P 
in refluxing benzene (80 "C) for 5 days (t,,, ca. 30 h) results 
in intramolecular migration of the methyl group to the 
arene and formation of (endo-methylcyclohexadieny1)- 
manganese dicarbonyl triphenylphosphine, 4 (68% yield). 
The spectral properties are completely in accord with 
structure 4, and the endo stereochemistry is confirmed by 
the observed J 6 x , l  = J6x,5 = 0 vicinal coupling constant.' 
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(4) Spectral properties of this species are similar to those of other acyl 
complexes previously reported:' 'H NMR (C6D6) 6 2.60 (3 H, br s), 4.52 
(6 H, s); IR (vc0, diethyl ether) 1965 (s), 1915 (s), 1630 (m) cm-'. 
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The acyl complex from co insertion C6H6(CO)(PPh3)- 
Mn-COCH,, 5 (Ph = phenyl), can be observed by treating 
3 in more concentrated solutions (0.12 M) with a fivefold 
excess of PPh, in benzene at  55 "C. The approximate 
half-life for this reaction is 5 h. When the reaction is 
monitored by 'H NMR (C6D6) the acyl 5 is observed to 
form by appearance of new proton signals a t  6 2.58 (3 H, 
COCH,) and 4.48 (6 H, d, JPH = 2 Hz, C6He).9 However, 
simultaneous with insertion the acyl species 5 decomposes, 
apparently by loss of the arene ring; thus, 5 cannot be 
formed quantitatively from 3. Substantial decomposition 
is evident in this reaction and the secondary products have 
not been identified.'O The details of this insertion reaction 
are more clearly evident when (Me0)3P is employed. 
Treatment of 3 (0.13 M) with (MeO),P (2.5 M) in benzene 
a t  55 "C results in initial formation of the acyl complex 
C6H6(CO)(P(OMe)3)Mn-COCH3, 6 ( t l l z  ca. 5 h)." How- 
ever, competitive with formation of 6 is its clean conversion 
to mer-(P(OMe)3)3(CO)zMn-CH3 which is isolated as the 
sole product (76% yield) after 24 h.12 


The reactions observed here suggest the general mech- 
anism shown in Scheme I. 


The formation of the 16-electron endo methyl inter- 
mediate 7 is likely to be essentially irre~ersible,'~ and thus 


(8) Spectral properties of 4: 'H NMR (C&) S 1.46 (d, CH3, J M ~  81 
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high resolution mass spectrum, calculated 498.0383, found 498.0388. 
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(13) The methyl migration is probably not completely irreversible; 
however, the conversion of 7 to 3 via insertion of manganese into an 
unstrained, saturated carbon-carbon bond is likely to be slow. All that 
is required for the applicability of Scheme I is that this reverse reaction 
(7 - 3) be slower than trapping by PPh,. We are currently investigating 
the possible 7 - 3 conversion by attempting to generate 7 in the absence 
of ligand traps. 
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formation of 8 is a first-order process. On the other hand, 
if formation of the 16-electron acyl 9 is rapid and rever- 
sible, then formation of saturated acyl complex 10 is second 
order. Thus, at  low concentrations of external L the sec- 
ond-order formation of 10 is slow and the first-order 
process predominates, yielding 8. At high concentrations 
of external L the second-order reaction is rapid (relative 
to Itl) and can be driven to yield acyl complex 10. 


There are two general points of interest in regard to 
these results. First, the observation of a methyl group 
migration from a metal to a coordinated arene ring is 
without precedent. The closest analogy is the report by 
Greed4 of the migration of the molybdenum-bound ethyl 
group to the C5H5 ring in Cp2Mo(C1)(C2H5) in which the 
migration product is trapped as a phosphine adduct. In 
a general way, this migration models an olefin insertion 
into a metal-carbon bond, a reaction which has seldom 
been directly observed with isolated alkyl-olefm complexes 
but which has been frequently inferred in stoichiometric 
transformations, olefin polymerization, and other catalytic 
proce~ses. '~J~ 


Secondly, the sharp contrast in the mode of reaction 
between dimethylcuprate and methyllithium with (ar- 
ene)manganese tricarbonyl cations suggests that alkyl- 
cuprates may prove to be useful complementary reagents 
in reactions with other (polyene)- and polyenylmetal 
carbonyl complexes. We are currently exploring these 
reactions and the chemistry of the now easily accessible 
(arene)(CO)2Mn-COR and (arene)(C0)2Mn-R complexes. 
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single-crystal X-ray diffraction data. The compound was 
found to crystallize in the monoclinic space group P2,la 
with unit cell dimensions of a = 14.333 (2) A, b = 10.783 
(3) A, c = 14.051 (3) A, p = 109.19 (2)O, Z = 4, d(calcd) 
= 1.601 g ~ m - ~ ,  and V = 2050.9 (1.4) A3. 


As part of a program in the study of complexes of the 
earlier transition metals directed toward the understanding 
of syn gas reduction chemistry, we were interested in 
synthesizilig organotitanium complexes with titanium 
bound to other transition-metal complexes with metal- 
metal bonds. Although such metal-metal bonded com- 
plexes have been reported for the heavier elements Zr and 
Hf,1-3 to our knowledge there are no reports of the corre- 
sponding titanium compounds. We believed that such 
metal-metal bonded complexes could be obtained by the 
reaction between a low-valent titanium complex and a 
metal dimer possessing a metal-metal multiple bond. In 
essence, we envisioned the metal-metal multiple bond to 
react with the titanium as an "inorganic acetylene" to yield 
a polymetallic complex incorporating Ti-M bonds. In our 
attempt at using Cp,Ti(CO)$ as the titanium complex and 
CpMo(CO)pMo(CO),Cp5 as the metal multiply bonded 
dimer, the reaction did not proceed as originally envi- 
sioned. Nonetheless, an interesting bimetallic complex was 
obtained on whose structure we now report. 


A smooth reaction takes place between CP,T~(CO)~ and 
C~MO(CO),=MO(CO)~C~ in tetrahydrofuran (THF) so- 
lution at room temperature? From this reaction mixture 
a bright green complex, 1, may be isolated. In addition 
to 1, [C~MO(CO)~] ,  is formed in the above reaction. 
Complex 1 is highly air and moisture sensitive, yielding 
[ C ~ M O ( C O ) ~ ] ~  as the only carbonyl-containing species on 
exposure to air. Compound 1 is very soluble in THF, 
slightly soluble in toluene, and insoluble in aliphatic hy- 
drocarbons and reacts with halogenated hydrocarbons. 
The infrared spectrum of 1 in THF displays v(C0) = 1920 
(s), 1830 (s), and 1650 (s) cm-l. Complex 1 is paramagnetic, 
so no structural information could be obtained from lH 
or 13C NMR, spectroscopy. We were particularly interested 
in discovering what carbonyl bonding mode is responsible 
for the very low carbonyl stretching frequency at 1650 cm-l, 
so we undertook a single-crystal X-ray diffraction study 
of 1. 


Crystals suitable for X-ray diffraction were grown by 
slow diffusion of hexane into a solution of 1 in THF. A 
crystal of dimensions 0.56 mm X 0.44 mm X 0.50 mm was 
selected for analysis and then sealed in a Lindemann ca- 
pillary in contact with the mother liquor from which it was 


Initially, 25 intensities were located and centered 
on an Enraf-Nonius CAD4 diffractometer using Mo Ka 


(1) Barger, P. T.; Bercaw, J. E. J. Organomet. Chem. 1980, 201 (2), 
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and the resulting solution was stirred at  room temperature for 18 h. The 
T H F  was removed under reduced pressure to yield a brown solid. The 
brown solid was washed with several portions of toluene to  remove 
[CpMo(CO)&. This left behind 2.1 g of 1 as a bright green solid. When 
this reaction is carried out in toluene, a toluene-insoluble microcrystalline 
powder analyzing for (Cp,TiCpMo(CO),), is isolated. Work is continuing 
on the characterization of this material. 
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Figure 1. ORTEP diagram showing the labelling scheme of 
Cp,Ti(THF)OCMo(CO)&p, 1. 


Table I. Selected Bond Lengths ( A )  and Angles (deg)  in 
Cp,Ti( THF)OCMo( CO),Cp (1) 


Bond  Leng ths  
Mo-C(l) 1.874 (7 )  C(1)-0(1) 1.201 (8) 
Mo-C(2) 1.920 (8) C(2)-0(2) 1.154 (8) 
Mo-C(3) 1.930 (8) C(3)-0(3) 1.162 (9)  
Ti-O(1) 2.143 (5) 
Ti-O(4) 2.197 (5 )  


Bond  Angles 
Mo-C(l)-O(l) 177.95 (63) Ti-O(1)-C(1) 135.35 (46) 
Mo-C(2)-O(2) 177.04 (72) 0(1)-Ti-0(4) 79.89 (18) 
Mo-C(3)-0(3) 177.15 (70)  


radiation (A = 0.710 73 A). A least-squares analysis of the 
positions of these intensities revealed that the complex is 
monoclinic, with unit cell dimensions of a = 14.333 (2) A, 
b = 10.783 (2) A, c = 14.051 (3) A, and /3 = 109.19 (2)O. A 
unit cell volume of 2050.9 (1.44) A3, coupled with a cal- 
culated formula weight of 495.29 g mol-' (based on a model 
of one Mo, one Ti, four 0,22 C, and 23 H), and 2 = 4, gives 
a d(ca1cd) of 1.601 g ~ m - ~ .  There were 3597 unique in- 
tensities collected in the range of Oo < 6 < 25O, with 1847 
observations meeting the criterion (Po), > 2a (Fo),. These 
included rejections for (sin 6)X-I C 0.07, which were made 
because the background measurements showed interfer- 
ence from the beam stop on the diffractometer. Exami- 
nation of the systematic absences h01, h odd; OkO, k odd, 
led to the space group determination of P ~ , / U . ~  


The positions of the metal atoms were located through 
a combination of Patterson and direct methods techniques. 
The remaining non-hydrogen atoms were identified by 
subsequent difference Fourier syntheses, which were al- 
ternated with cycles of least-squares refinement. A total 
of twenty-eight non-hydrogen atoms were refined with 
anisotropic thermal parameters in a full-matrix least- 
squares calculation which converged to residuals of R1 = 
0.051 and R2 = 0.050. These residuals were based on 1847 
observations and 254 variables, including a scale factor and 
an extinction correction of the form lFcl (1 + glc)-', where 
the parameter g converged to 2.894 X lo-'. The final 
difference Fourier synthesis yielded maximum peaks of 
0.33 e A-3 in positions near the metal atoms. 


The ORTEP diagram of 1 is shown in Figure 1 and shows 
the complex to be [dicyclopentadienyl(tetrahydrofuran)- 
titanium]~-~2-carbonylcyclopentadienyldicarbonyl- 
molybdenum, Cp,Ti(THF)OCMo(CO)&p. The structure 
consists of a Cp,Ti unit coordinated by a molecule of THF 
and by the oxygen atom of one of the carbonyl ligands of 
a c ~ M o ( C 0 ) ~  fragment. Thus, the Ti and Mo atoms are 
held together, not by a metal-metal bond, but by a p-7, 
bridging carbonyl. The two terminal carbonyl ligands on 
the molybdenum have Mo-C and C-0 distances averaging 


(8) Absorption corrections were not made on the data since psi scan 
measurements showed that corrections to the intensities would average 
0.96 (f2), with j~ = 10.295 cm-'. 
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1.925 f 0.005 and 1.150 f 0.004 A, respectively, while the 
bridging carbonyl has a shortened Mo-C distance of 1.874 
A and a longer C-0 bond of 1.201 A. It  is also interesting 
to note that the Ti-O(carbony1) distance is significantly 
shorter than the Ti-O(THF) distance (2.143 (5) A vs. 2.197 
(5) A). Table I lists some selected bond lengths and bond 
angles for complex 1. 


Various examples of such bridging carbonyl structures 
have been reported over the years and have been described 
in terms of Lewis acid adducts of metal ~arbonyls.~ Most 
have involved main-group Lewis acids coordinating to 
metal carbonyl oxygens, but recently examples of transition 
metals'O and lanthanide metal" complex adducts have 
been reported. In the present case, 1 may be considered 
formally to consist of the Lewis acid Cp2Ti+ forming Lewis 
acid-base adducts both with THF and with CpMo(CO),-. 
The short Mo-C1 distance is an indication that the metal 
carbyne structure M&-0-Ti contributes a significant 
degree to the overall bonding picture in this complex.12 
The presence of the Cp2Ti"'+ center in the molecule ac- 
counts for its paramagnetism.', The formation of the 
gq2-carbonyl bridge rather than a metal-metal bond may 
be explained as a consequence of the high chargellow ionic 
radius of the titanium making it a relatively "hard" center. 
Thus, instead of binding to the "softer" molybdenum 
center, it forms an acid-base pair with the "harder" oxygen 
site of a carbonyl ligand.15 


The mechanism of the formation of 1 from Cp,Ti(CO), 
and C~MO(CO)~=MO(CO),C~ is an intriguing area for 
speculation since, at first glance, it would appear to require 
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the cleavage of a Mo-Mo triple bond. No reaction takes 
place between Cp,Ti(CO), and CpMo(CO),-Mo(CO),Cp 
at  room temperature in THF which shows the necessity 
for having the multiple bond. At present, we favor the 
hypothesis depicted in Scheme I. Initially, carbon mon- 
oxide is lost from the Cp,Ti(CO),, saturating the Mo-Mo 
multiple bond, yielding [CpMo(CO),12 and a 
"titanocene"-like species. This titanocene-like species may 
then reduce the metal dimer to the mononuclear anions 
forming complex 1. There is precedent for the reduction 
of the dimer [CpCr(CO),I2 to the anion using cobaltocene 
and other electron-rich metallocenes." 


Scheme I 
Cp2Ti(CO), + C~MO(CO)~=MO(CO),C~ - 


"Cp,Ti" + CpMo(CO),-Mo(CO),Cp 
THF 


2"Cp2Ti" + CpMo(CO),-Mo(CO),Cp - 
~ C ~ , T ~ ( T H F ) O C M O ( C O ) ~ C ~  


In keeping with the view that 1 is an adduct of CpMo- 
(CO),-, 1 reacts with CH31 to yield CpMo(C0),CH3 and 
(Cp,TiI), while the reaction with acetic acid yields 
CpMo(CO),H and (Cp2TiOAC)2. There appears to be no 
reaction at  room temperature between 1 and carbon 
monoxide or hydrogen. 


I t  would appear that the reaction between an unsatu- 
rated metal dimer and a low-valent metal carbonyl pro- 
vides a unique method for the preparation of novel bi- 
metallic complexes. We are currently investigating how 
far the scope of such reactions may be extended and the 
factors which determine whether metal-metal or metal- 
oxygen bonding occurs. 
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