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Treatment of (1-chloroethy1)trimethylsilane (3) with sec-butyllithium in THF at -78 O C  gave (1- 
chloro-1-(trimethylsily1)ethyl)lithium (4). The reagent 4 rea& with aldehydes and ketones to give epoxy 
trimethylsilanes, which on acid hydrolysis yield methyl ketones. 


Introduction 
While there are many methods available for the con- 


version of aldehydes and ketones into the homologous 
aldehyde, few of these procedures are applicable to pro- 
viding the homologous methyl ketones1 As part of a 
general study of the uses of organosilicon reagents in 
synthesis, a convenient, and generally high yielding pro- 
cedure for conducting this transformation is described that 
utilizes a,@-epoxy trimethylsilanes. 


Since we had been able to selectively deprotonate 
(chloromethy1)trimethylsilane (1) to give the lithio species 
22 its extension to (1-chloroethy1)trimethylsilane (3) ap- 


Me,SiCH,CI s-BuLi . Me3SiCHCI 
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Li 
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S-BuLi 
Me3 Si CH Me MejSiCMeCl 


I I 
CI Li 
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peared to be a plausible objective. It should be noted that 
the lithio species 4 is completely substituted and might 
be difficult to prepare because of steric hindrance. Fur- 
thermore 4, being completely substituted by -Me, %1, and 


*To whom correspondence should be addressed at Indiana 
University, Bloomington, IN 47406. 


-SiMe3, might be too sterically encumbered to undergo 
nucleophilic addition to aldehydes or ketones and merely 
act as a base toward enolizable systems. 


Results 
Initially (1-chloroethy1)trimethylsilane (3) was prepared 


from 2 by treatment with methyl iodide, albeit in very low 
yield (ca. 10% 1. Treatment of (1-chloroethy1)trichloro- 
silane with methylmagnesium bromide (3 equiv) also 
provided a route to 3, but while this work was in progress, 
the reagent 3 became commercially a~ai lable .~ 


Since our experiences with the deprotonation of (chlo- 
romethy1)trimethylsilane (1) demonstrated with sec-bu- 
tyllithium selectively gave 2, we treated (1-chloroethy1)- 
trimethylsilane with sec-butyllithium (1.5 mol in n-hexane 
or cyclohexane), at -78 "C, followed by warming to -55 OC 
to give solutions of (1-chloro-1-(trimethylsily1)ethyl)lithium 
(4) (MCTC).4 


Treatment of solutions of 4 in THF with a wide range 
of aldehydes and ketones gave in all cases a,&epoxy tri- 
methylsilanes (Table I). Suprisingly even very sterically 
hindered ketones, entries 11, 17 and 18 gave moderate 


(1) For a comprehensive review of nucleophilic acylation see: Lever, 
0. W., Jr. Tetrahedron 1976,32,1943. GrBbei, B.-T.; Seebach, D. Syn- 
thesis 1977,357. Earnshaw, c.; Wallis, c. J.; Warren, S. J. Chem. SOC., 
Perkin Trone. 1 1979,3099 and references therein that described various 
Wittig and Homer-Wittig approaches. Martin, S. F. Synthesis 1979,633. 


( 2 )  Buford, C.; Cooke, F.; Roy, G.; Magnus, P. Tetrahedron, in preae. 
Cooke, F.; Magnus, P. J. Chem. SOC., Chem. Commun. 1977,513. Bur- 
ford, C.; Cooke, F.; Ehlinger, E.; Magnus, P. J. Am. Chem. SOC. 1977,99, 
4536. 


(3) Sommer, L. H.; Whitmore, F. C. J. Am. Chem. SOC. 1946,68,485. 
MesSiCHMeCl is commercially available from Petrarch Systems. 


(4) The abbreviation MCTC is used for 1-chloro-1-(trimethyldy1)ethyl 
carbanion. 
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Table I 


substrate (yield) (yield) substrate (yield) (yield) 
epoxy silane methyl ketone epoxy silane methyl ketone 
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(78%) 


CHO TMS 


- 8 (89%) 


/vCHO +S 


Me 


(53%) 


ycHo ]+MS 


Me 
lo (82%) 


n -QHIg+S 
n- Cg H1gCHO 


Me 


- 1 1  (85%) 


0" &TMs 


PhCOPh Ph& S 


- 12 (96%) 


Ph 


13 (95%) 


yields of epoxy trimethylsilanes. Also readily enolizable 
aldehydes and ketones gave reasonable (40430%) yields 
of epoxy trimethylsilanes. 


In the case of benzophenone, when it was added to 
MCTC at -78 OC, a deep blue solution was formed. This 
is indicative of a single electron transfer process: although 
it may only constitute a small percentage of the reaction 
pathway. The nucleophilicity of MCTC is surprisingly, 
especially if we consider these reactions to be those of a 
carbanion. It is a bulky species that would be expected 
to function as a base rather than a nucleophile. Conse- 
quently it is attractive to speculate that MCTC adds, at  
least to hindered ketones, by an SET mechanism. (Scheme 
I). 


(5) Ashby, E. C.; Neumann, H. M.; Laemmir, J. T. Acc. Chem. Res. 
1974, 7, 272. 
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/ H  H 18 
Me0 HMeO 0 
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Entry 18 converta the androstane derivative into pro- 
gesterone (36). Although the epoxy trimethylsilane adduct 
22 is only formed in moderate yield, its hydrolysis to the 
20-ketone takes place in high yield. In general the hy- 
drolysis of the adducts 5-7 and 8-18 proceeded in good 
yield to give the homologous methyl ketones 23-36. 


Synthesis of (R)-(+)-Frontalin. The reagent 4 ap- 
peared to be particularly suitable for a key step in the 
conversion of (3R)-(-)-linalool(37) into (R)-(+)-frontalin 
(42), the aggregation pheromone of the southern pine 
beetle Dendroctonus frontalis! 


Conversion of 37 into its trimethylsilyl e&er 38 was 
achieved by conventional procedures (hexamethyl- 
disilazane/ pyridine/ trimethylchlorosilane) (98% ). Se- 


(6) Kiazer, G. w.; Fentiman, A. F., Jr.; Page, T. F.; Foltz, R. LFVit& 
J. P. Nature (London) 19139,221,447. 
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'H NMR spectra were recorded on a Varian A-60, a Varian EM- 
360, or a Varian EM-390 spectrometer for solutions in CC14, with 
tetramethylsilane (2%) as internal standard, unless stated oth- 
erwise. Mass spectral data were obtained using a double focussing 
consolidated electronic MS-9 mass spectrometer. AU boiling points 
are uncorrected. Melting points were taken on a Thomas-Hoover 
melting point apparatus and are uncorrected. Solvents were dried 
and purified by standard techniques prior to use. Experiments 
involving alkyllithiums were conducted under argon or nitrogen. 
Transfer of liquids was carried out under a positive pressure of 
argon or nitrogen by using syringes oven dried to 160 OC. 


sec-BuLi (1.1 or 1.3 M, in cyclohexane) was purchased from 
Foote Mineral Co. and found to be the most reliable source of 
this material. (1-Chloroethy1)trimethylsilane was purchased from 
Petrarch Systems Inc., distilled (bp 97 OC (760 mm) before use 
and stored over molecular sieves (4 A). 
General Procedure for the Preparation of (l-Chloro-1- 


(trimethylsily1)ethyl)lithium. To a solution of sec-butyllithium 
(4.0 mL, 6.0 mmol, 1.5 M, in n-hexane or cyclohexane) in dry THF 
(8 mL) at  -78 OC under dry argon was added (1-chloroethy1)- 
trimethylsilane (0.816 g, 6.0 mmol) in THF (2 mL). Tetra- 
methylethylenediamine (1.0 equiv) can be added at this stage. 
It increases the rate of formation of (1-chloro-1-(trimethyl- 
sily1)ethyl)lithium but has no other advantages. After the above 
mixture was stirred at ca. -55 to -60 "C for 0.5 h to ensure 
complete formation of 4 (MCTC), the solution was cooled to -78 
OC and the carbonyl compound added. The mixture was kept 
for 0.5 h at  -78 OC and then allowed to warm to 20 OC. In most 
cases, unless otherwise stated, the formation of epoxy tri- 
methylsilane adduct was complete and the reaction was worked 
up by pouring the mixture into either saturated aqueous am- 
monium chloride solution or 1 N HC1 and the mixture extracted 
with ether or dichloromethane. The extract was dried (MgS04) 
and evaporated and residue purified by either distillation under 
reduced preasure, plate layer chromatography, or recrystallization. 
In many the ar,@-epoxy trimethylsilane adducta were isolated 
in 195% purity (GLC, NMR) and could be hydrolyzed directly 
to the corresponding methyl ketone. 


[ 3- (kMethylphenyl)-2-met hyloxiranyl]trimet hy lsilane (5). 
To a solution of MCTC (6.0 mmol), prepared in the described 
manner, was added p-tolualdehyde (0.48 g, 4.0 mmol). The pale 
yellow solution immediately became a more intense yellow color. 
After being warmed to 20 OC, the mixture was worked up to give 
the epoxy trimethylsiie 5 (0.849 g, 96%), purified by distillation: 
bp 88-92 OC (0.75 mmHg); IR 3020,2950,1610,1510,1250,860, 
840 cm-'; NMR 6 6.9 (4 H, b), 4.5 and 3.6 (1 H, 2 s, ratio 3:4 for 
the diastereomers), 2.2 (3 H, s), 1.2 and 0.80 (3 H, 2 a, ratio 3:4 
for the diastereomers), 0.0 (9 H, 2 s separated by 2 Hz, used as 
an internal standard); MS, C1,HmOSi, calcd 220.129, obsd 220.128. 
Anal. Calcd for C13H200Si: C, 70.90; H, 9.1. Found: C, 70.69; 
H, 9.0. 


1-p-Tolylpropan-2-one (23). To a solution of the epoxy 
trimethylsilane 5 (0.3 g, 1.36 m o l )  in methanol (3 mL) was added 
3 N H2H2SOl (1.0 mL), and the mixture was stirred at 20 OC for 
1 h. The mixture was diluted with water (10 mL) and extracted 
with dichloromethane (3 X 5 mL). The combined extracts were 
dried (MgSO,) and evaporated to give after bulb-to-bulb distil- 
lation a colorless oil (0.181 g, 90%): IR 3020, 2960, 1710, 1610 
cm-'; NMR 6.8 (4 H, s), 3.3 (2 H, s), 2.1 (3 H, s), 1.8 (3 H, s); 
2,4-dinitrophenylhydrazone, mp 135-136 "C (from benzene/pe- 
troleum ether) (lit.* 134-136 "C). 
(3-Cyclohexyl-2-methyloxirany1)trimethylsilane (6). To 


a stirred solution of MCTC (1.3 equiv) at -78 OC was added 
cyclohexanecarboxaldehyde (0.19 mL, 1.59 mmo1,l.O equiv). The 
mixture was warmed to 20 OC and worked up in the usual way 
to give 6 (0.25 g, 70%): bp 65 "C (0.275 mmHg); IR 2920, 2850, 
1450,1410,1250,870,850 cm-'; NMR 6 0.0 (9 H, 2 s in the ratio 
2:1, separated by 2.5 Hz, for the diastereomers), 0.8-1.7 (11 H, 
b), 1.0 (3 H, d, diastereomers), 2.15 (1 H, d, J = 7 Hz); MS, 
C12HuOSi, calcd 212,160, obsd 212.160. 
1-Cyclohexylpropan-2-one (24). The epoxy trimethylsilane 


6 (0.25 g) was treated with 20% aqueous methanolic HgS04 for 
1 h and the mixture heated at reflux to give the ketone 24 (0.141 
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lective ozonolysis of 38 (-78 "C, CH2C12, pyridine), followed 
by rapid isolation, gave after distillation the aldehyde 39 
(65%). The aldehyde 39 was treated with 4, a t  -78 "C, 


42 
OR, 5 S ) - ( + )  


and the reaction mixture warmed to 20 "C to give the 
epoxy trimethylsilane 40 (crude yield 95%; no attempt was 
made to purify this product). Crude 40 was ozonized in 
methanol and the intermediate ozonide reduced with so- 
dium borohydride to give the diol 41 (6590, based on 39). 
The diol was treated with boron trifluoride/diethyl ether 
in methanol at  0 "C and then warmed t o  20 "C to give 
(R)-(+)-frontalin (42, 74%), bp 92-93 "C (100 mmHg).' 


The overall yield from (3R)-(-)-linalool to (I&(+)- 
frontalin is 23-29% as an average of several runs. 


In summary, the reagent (1-chloro-1-(trimethylsily1)- 
ethy1)lithium provides a convenient way of converting 
aldehydes and ketones into the homologous methyl ketones 
via epoxy trimethysilanes. The reagent 4 is suprisingly 
nucleophilic and even adds to 17-keto steroids, although 
in these cases in moderate yields. 


Experimental Section 
Gas chromatographic analyses were performed with a Per- 


&-Elmer 3920B instrument using 10% OVlOl on chrom WHP 
(80-100) or 10% SE-30 on chrom DAW (100-120). Preparative 
layer chromatography waa carried out by eluting with petroleum 
ether (bp 60-90 OC)/ethyl acetate (41) unless otherwise specified. 
Infrared spectra were recorded on a Perkin-Elmer 267 grating 
spectrometer and are for neat liquids unless otherwise specified. 


(7) Hicks, D. A.; Framr-Raid, B. J.  Chem. Soc., Chem. Commun. 1976, 
869. Mori, K. Tetrahedron 1976, 31, 1381. DSilva, T. D. J.; Peck, D. 
W. J. Org. Chem. 1972, 37, 1828. Mundy, B. P.; Otzenberger, R. D.; 
Dehrnardie, A. R. Ibid. 1971,36, 2390. (8)  Ruzicka, L.; Ehmann, L. Helu. Chim. Acta 1932,15, 140. 
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mL) at 20 "C for 20 min. Workup gave 26 (0.083 g, 86%): IR 
1710 cm-'; NMR 6 2.5-0.7 (11 H, m), 2.0 (3 H, s). 


(3,3-Diphenyl-2-met hyloxirany1)trimet hylsilane ( 13). To 
a solution of MCTC (2.4 mmol) a t  -78 "C was added benzo- 
phenone (0.237 g, 1.30 mmol). After being warmed to 0 "C over 
1 h, the mixture was worked up in the usual way to give 13 (0.36 
mg, 95%) after purification by PLC: IR 2960,1495,1450,1250, 
860, 840, 760 cm-'; NMR 6 7.5-7.0 (10 H, m), 1.0 (3 H, s), 0.0 (9 
H, s); MS, C18Hzz0Si, calcd 282.144, obsd 282.145. 


Dibenzyl Ketone (27). The epoxy trimethylsilane 13 (0.185 
g) in methanol (3 mL) was treated with 6 N H2S04 at 50 "C for 
2 h. Workup gave 27 (0.105 g, 76%)12 after purification by PLC. 
(3'-Methylspiro[adamantane-2,2'-oxiran]-2'-yl)tri- 


methylsilane (14). To a solution of MCTC (1.95 mmol) at -78 
"C was added 2-adamantanone (0.225 g, 1.50 mmol). After 35 
min at -78 "C the above mixture was worked up to give 14 (0.355 
g, 95%) after purification by PLC: IR 2910, 2850, 1450, 1250, 
860, 840, 755 cm-'; NMR 6 2.2-0.8 (14 H, m), 1.2 (3 H, s), 0.1 (9 
H, s). Anal. Calcd for C15H2,0Si: C, 72.00; H, 10.40. Found: 
C, 71.74; H, 10.29. 


Methyl Adamantyl Ketone (28). The epoxy trimethylsilane 
14 (0.32 g, 1.28 mmol) in methanol (8 mL) was treated with 6 N 
HzSO4 (1 mL) a t  20 "C for 1.5 h. Workup gave 28 (0.210 g, 92%) 
after purification by PLC; 2,4-dinitrophenylhydrazone, mp 
150-153 "C (from benzene/petroleum ether; lit.13 mp 153.4-153.9 
"C). 
Trimethyl(2-methyl-I-oxaspiro[l.l l]undec-2-yl)silane (15). 


To a solution of MCTC (4.5 mmol) a t  -78 "C was added cyclo- 
dodecanone (0.547 g, 3.0 "01). After 10 min the above mixture 
was warmed to 0 "C over 1 h and worked up in the usual way to 
give 15 (0.450 g, 53%) purified by bulb-to-bulb distillation to 
remove the starting ketone: IR 2920,2850,1470,1250,840,755 
cm-'; NMR 6 1.4 (22 H, b), 1.2 (3 H, s), 0.1 (9 H, s); MS, C17H,0Si, 
calcd 282.238, obsd 282.238. 


Methyl Cyclododecyl Ketone (29). The epoxy trimethylsilane 
15 (0.325 g, 1.25 mmol) in methanol (3 mL) was treated with 3 
N H2S04 (1.0 mL) at 20 "C for 15 min. Workup gave 29 (0.223 
g, 85%) purified by bulb-to-bulb distillation: IR 2920, 2850, 1705 
cm-'; NMR 6 2.6-2.1 (1 H, m), 2.0 (3 H, s), 1.3 (22 H, b s); 
2,4-dinitrophenylhydrazone, mp 145-146 "C (from benzene/pe- 
troleum ether; lit." 144.5 "C). 


Trimet hyl( 2-met hyl- 1 -oxaspiro[ 2.61non-2-yl)silane ( 16). 
To a solution of MCTC (1.5 equiv) at -78 "C was added cyclo- 
heptanone (1.05 9). After being warmed to 20 "C over 1.5 h, the 
mixture was worked up to give 16 (1.4 g, 75%): bp 93 "C (1.5 
mmHg): IR 2920, 1250, 860, 840 cm-'; NMR 6 0.15 (9 H, s), 1.3 
(3 H, s), 1.5-1.9 (12 H, b); MS, CI2H2,0Si, calcd 212.160, obsd 
212.160. 


Methyl Cycloheptyl Ketone (30). The epoxy trimethylsilane 
16 (0.60 g, 2.8 mmol) in 90% formic acid (8 mL) was stirred at 
20 "C for 0.5 h. Evaporation and distillation (bp 40 "C (0.15 
mmHg) gave 30 (0.385 g, 98%).15 


Trimethyl(2,2'-dimethyl-l-oxaspiro[2d]octe (17). 
To a solution of MCTC (1.5 equiv) a t  -78 "C was added 2- 
methylcyclohexanone (2.0 g, 1 equiv). After the mixture was 
warmed to 20 "C of 1.5 h, workup gave the epoxy trimethylsilane 
17 (3.13 g, 82%): bp 48-51 OC (10.1 mmHg); IR 2960,1250,860, 
840 cm-'; NMR 6 0.1 (9 H, s), 1.0 (3 H, s), 1.15 (3 H, s), 1.2 (3 
H, s), 1.4-2.0 (9 H, b); MS, ClzH,OSi, calcd 212.160, obsd 212.160. 
Anal. Calcd for Cl2HU0Si: C, 67.92; H, 11.32. Found C, 67.72; 
H, 11.20. 


trans -1-Acetyl-2-methylcyclohexane (31). The epoxy tri- 
methylsilane 17 (0.90 g, 4.24 mmol) in 90% formic acid (3 mL) 
was stirred a t  20 "C for 0.5 h. Evaporation and distillation gave 
31 (0.33 g, 52%): bp 38 "C (0.4 mmHg); NMR 6 0.8 (3 H, d, J 
= 6 Hz), 1.3-1.8 (9 H, b m), 2.1 (3 H, s), 2.3-2.6 (1 H, b).le 


(3'-Methylspiro[ bicyclo[ 2.2.11 heptane- 1,2'-oxiran]-Z'-yl)- 
trimethylsilane (18). To a solution of MCTC (2.0 equiv) at -78 
"C was added norcamphor (1.0 g, 1.0 equiv). After being warmed 


g, 95%): IR 1710 cm-'; NMR 6 0.80-1.75 (11 H, b), 2.05 (3 H, 
s), 2.15 (2 H, d, J = 6 Hz); 2,4-dinitrophenylhydrazone, mp 96-97 
"C (lit? 97-98 "C). 


[3-( l-Pyrenyl)-2-methyloxiranyl]trimethylsilane (7). To 
a solution of MCTC at -78 "C, prepared from (1-chloroethy1)- 
trimethylsilane (2.7 mL, 0.017 mol, 5 equiv) sec-BuLi (1.4 M), 
and TMEDA (2.6 mL) in THF (8 mL), was added pyrene- 
carboxaldehyde (1.0 g, 1 equiv) in THF (2 mL). After the mixture 
was warmed to 20 "C, the orange solution was poured into sat- 
urated aqueous NH4C1 solution (50 mL) and extracted with ethyl 
acetate (2 x 30 mL). The extract was washed with water (2 X 
30 mL), dried (MgSO,), and evaporated under reduced pressure 
to give 1.3 g of crude 7. Purification by PLC on silica gel, eluting 
with 4:l petroleum ether/EtOAc, gave pure 7 (1.1 g, 78%): mp 
100-102 "C; IR (Nujol mull) 2920,2850,1250,850,840,830,710 
cm-'; NMR 6 0.1 (9 H, s), 0.7 (3 H, s), 4.3 (1 H, s), 7.6-7.9 (9 H, 
m). Anal. Calcd for CnHBOSi: C, 80.03; H, 6.71. Found 79.88; 
H, 6.79. 


1-( l-Pyrenyl)propan-2-one (25). The epoxy trimethylsilane 
7 (0.30 g) was dissolved in 90% formic acid (3 mL) and stirred 
at 20 "C for 1 h. Evaporation under reduced pressure and pu- 
rification of the residue by PLC gave 25 (0.20 g, 82%): mp 83-84 
"C (lit.lo mp 85-86 "C); IR (Nujol mull) 1705 cm-'; NMR 6 2.1 
(3 H, s), 4.3 (2 H, s), 7.6-8.0 (9 H, m). 


[ 3 4  24 6,6-Dimethylbicyclo[ 3.l.l]hept-fl-enyl))-2-methyl- 
oxiranyl]trimethylsilane (8). To a solution of MCTC a t  -78 
"C, prepared from (1-chloroethy1)trimethylsilane (1.55 mL, 9.98 
mmol,1.5 equiv), sec-BuLi (1.1 M, 9 mL), and TMEDA (1.5 mL) 
in THF (20 mL), was added freshly distilled myrtenal(l.0 g, 6.65 
mmol) in THF (2 mL). After the mixture was warmed to 20 "C 
over 1.5 h, workup gave a liquid that was distilled to give 8 (1.5 
g, 89%): bp 95 "C (10.5 mmHg); IR (2920,2900,1245, 840 cm-'; 
NMR 6 0.35 (9 H, s), 1.0 (3 H, s), 1.3 (1 H, s), 1.4 (1 H, s), 1.5 (3 


s); MS, CISHmSiO, calcd 250.175, obsd 250.175. 
(3-Propyl-2-methyloxirany1)trimethylsilane (9). To a so- 


lution of MCTC a t  -78 "C, prepared from (1-chloroethy1)tri- 
methylsilane (0.50 g, 2.76 mmol) and sec-BuLi (1.5 M, 1.84 mL 
(2.76 mmol) in THF (3 mL), was added n-butyraldehyde (0.176 
mL, 2.0 "01). After being warmed to 10 "C over 1 h, the mixture 
was worked up in the usual way to give the epoxy trimethyl- 
silane 9 (0.183 mg, 53%): IR 2960,1460,1250,840 cm-'; NMR 
6 0.1 (9 H, s), 1.1 (3 H, e), 0.7-2.1 (8 H, m); MS, C9Hz&3i0, calcd 
172.129, obsd 172.128. 
(3-Isopropyl-2-methyloxirany1)trimethylsilane (10). To 


a solution of MCTC (1.3 equiv) at -78 "C was added isobutyr- 
aldehyde (0.144 mL, 1.59 mmol, 1.0 equiv). After being warmed 
to 10 "C over 1 h, the mixture was worked up in the usual way 
to give 10 (0.20 g, 82%, 195% pure by VPC): bp 60 "C (0.25 
mmHg); NMR 6 0.0 (9 H, 2 s, ratio 4:l for diastereoisomers), 
0.85-1.15 (6 H, m), 1.15 (3 H, s), 2.15 (1 H, m), 3.6 (1 H, m); MS, 
C9HmSi0, calcd 172.129, obsd 172.128. 
(3-Nonyl-2-methyloxirany1)trimethylsilane (1  1). To a 


solution of MCTC (1.3 equiv) at -78 "C was added n-decanal(O.3 
mL, 159 mol, 1.0 equiv). After being warmed to 10 "C over 1 h, 
the mixture was worked up in the usual way to give 11 (0.35 g, 
85%): bp 90 "C (0.100 mmHg); IR 2950, 2920, 1250,850 cm-'; 
NMR 6 0.10 (9 H, s), 0.7-1.0 (3 H, m), 1.15 (3 H, s), 1.20-1.25 (15 
H, b), 3.6 (1 H, m). No satisfactory MS or microanalytical data 
could be obtained. Hydrolysis of 11 gave n-decyl methyl ketone 
in low yield (a 20%); 2,4-dinitrophenylhydrmne, mp 81 "C (lit." 
81 "C). 


Trimet hyl( 2-met hyl- l-oxaspiro[ 2.5]oct-2-yl)silane ( 12). To 
a solution of MCTC (2.4 mmol) at -78 "C was added cyclo- 
hexanone (0.21 mL, 2.0 "01). After being warmed to 10 "C over 
1.5 h, the mixture was worked up in the usual way to give the 
epoxy trimethylsilane 12 (0.38 g, 96%) after purification by PLC: 
IR 2920,2850,1450,1250,860,840,755 cm-'; NMR 6 2.4-1.2 (10 
H, m), 1.1 (3 H, s), 0.1 (9 H, s); MS, Cl1HZ20Si, calcd 198.144, 
obsd 198.144. 


Cyclohexyl Methyl Ketone (26). The epoxy trimethylsilane 
12 (0.134 g) in methanol (3 mL) was treated with 6 N HzSOl (0.5 


H, s), 1.6 (2 H, s), 2.1-2.6 (5 H, b s), 3.1 (1 H, b s), 5.4 (1 H, b 


(9) Hell, C.; Schaal, 0. Ber. Dtsch. Chem. Ges. 1909,42, 2230. 
(10) Lyga, J. W.; Secrist, J. J. Org. Chem. 1979, 44, 2941. 
(11) Asinger, F. Ber. Dtsch. Chem. Ces. 1944, 77, 73. 


(12) Rabjohn, N.; Barnstorff, H. D. J. Am. Chem. SOC. 1953,75,2259. 
(13) Burkhard, J.; Vais, J.; Landa, S. Z. Chem. 1969, 9 (l), 29. 
(14) Graeft, J.; Muehlstadt, M.; Mueller, D. M. Tetrahedron 1970,%, 


(15) Friess, S. L.; Pinson, R., Jr. J. Am. Chem. SOC. 1951, 73, 3512. 
(16) Wenkert, E.; Kariv, E. Chem. Commun. 1965, 570. 
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Silicon in  Synthesis 


to 20 "C over 1.5 h, workup gave the epoxy trimethylsilane 18 
(1.3 g, 68%): bp 75-78 "C (1.5 mmHg); IR 2950, 1250,860,840 
cm-'; NMR 6 0.1 and 0.15 (9 H, 2 8, l:l), 0.5 (1 H, d, J = 3 Hz), 
0.8 (1 H, b s), 1.1 and 1.2 (3 H, 2 8, l:l), 1.4-2.0 (6 H, b m), 2.3 
(2 H, b 8); MS, Cl2HZ20Si, calcd 210.144, obsd 210.145. 
2-Acetylbicyclo[2.2.l]heptane (32). The epoxy trimethyl- 


silane 18 (0.15 g) in 20% aqueous THF (3 mL) was treated with 
3 N HCl(O.5 mL) at 20 OC for 1 h. Workup gave 32 (0.085 g, 87%): 
bp 80 "C (bulb-to-bulb at 1.5 mmHg; IR 1710 cm"." 


(5-Isopropyl-2-met hyl-3-methylspiro[ cyclohex-2-ene- 
1,2'-oxiran]-2'-yl)trimethylsilane (19). To e: solution of MCTC 
(1.3 equiv) at -78 "C was added m o n e  (2.1 mL, 1.0 equiv). After 
the mixture was warmed to 20 "C over 1.5 h, workup gave 19 (2.88 
g, 86%). Distillation at 0.03 mmHg gave two fractions: bp 61-63 
"C (1.65 g, 50%) and bp 68-73 "C (0.18 g, 16%; (epimers); IR 
2960, 1645, 1450, 1375, 1250, 900,850 cm-'; NMR (on mixture 
of epimers) 6 0.1 (9 H, 2 s), 1.1-1.2 (3 H, d), 1.6 (6 H, d), 2.2-2.2 
(5 H, b m), 4.6 (2 H, s), 5.6-6.0 (1 H, m); MS, C15HzsOSi, calcd 
250.175, obsd 250.176. 


l-Acetyl-2-methyl-5-isopropenylcyclohexene (33). The 
epoxy trimethylsilane 19 (0.20 g) in 90% formic acid (1.0 mL) 
was stirred at 20 "C for 2 h. Evaporation and distillation at 0.05 
mm gave the enone 33 (70%): IR 2920,1680,1645 cm-'; NMR 
6 1.5-1.8 (10 H, m), 1.9 (3 H, s), 2.2 (3 H, s), 4.7 (2 H, s); MS, 
C12H180, calcd 178.136, obsd 178.136. Anal. Calcd for C12H180: 
C, 80.90; H, 10.11. Found C, 80.96; H, 10.4. 
(1,2,3,4,5,6,7,8-Octahydro-3'-methylspiro[anthracene- 


1,2'-oxiran]-2'-yl)trimethylsilane (20). To a solution of MCTC 
(1.3 equiv) a t  -78 "C was added 1,2,3,4,5,6,7,8-octahydro-l-ox- 
aanthracene (2.0 g, 1.0 equiv). After the mixture was warmed 
to 20 "C over 1.5 h, workup gave 20 (1.2 g, 40%) purified by PLC: 
IR 2920,1250,860 cm-'; NMR 6 0.1 (9 H, s), 1.3 (3 H, 2 s, epimers), 
1.7-2.0 (6 H, b m), 5.6-5.8 (1 H, b s), 6.8-7.0 (1 H, b s); MS, 
C19HzsOSi, calcd 300.191, obsd 300.191. 


1 -Acetyl- 1,2,3,4,5,6,7,8-0ctahydthracene (34). The epoxy 
trimethylsilane 20 (0.135 g, 0.45 m o l )  in 90% formic acid (1 mL) 
was stirred at 20 "C for 2 h. Evaporation and purification (PLC) 
gave 34 (0.070 g, 65%): IR 1700, 1430, 1350, 790 cm-'; NMR 6 


H, b), 5.6 (1 H, m), 6.6 (1 H, s), 6.8 (1 H, s); MS, ClBH200, calcd 
228.151, obsd 228.152. 
(3-Methoxy-3'-methylspiro[ 1,3,5-estratriene-l7,2'-0xi- 


ran]-2'-yl)trimethylsilane (21). To a solution of MCTC (3.2 
equiv) at -78 "C was added estrone methyl ether (0.5 g, 1.0 equiv). 
After the mixture was warmed to 20 "C over 2 h, workup gave 
the crude mixture (0.58 g) which was purified by PLC to give 21 
(0.3 g, 40%): mp 128 "C (from benzene/hexane); IR (Nujol mull) 
2920,1250 cm-'; NMR (CC1$ 6 0.1 (9 H, s), 0.2 (9 H, s) for epimers 
at C-20, 3:1, 0.8 (3 H, s), 0.9 (3 H, s), 1.0 (3 H, s), 1.2 (3 H, s), 1.3 
(3 H, s), 1.5-2.3 (14 H, m), 2.7-2.9 (3 H, m), 3.6 (3 H, s), 6.3-7.1 
(3 H, m). Anal. Calcd for CuH3sOzSi: C, 75.00; H, 9.37. Found 
74.90; H, 9.44. 
3-Methoxy-l7-acetyl-l,3,5-estratriene (35). The epoxy 


trimethylsilane 21 (0.05 g) in 90% formic acid (3 mL) was stirred 
at 20 "C for 1 h. Evaporation and purification (PLC) of the residue 
gave 35 (0.038 g, 93%); mp 132-134 "C (from EtOAc/petroleum 
ether; lit.18 mp 134-136 "C). Anal. Calcd by C21Hm02: C, 80.79; 
H, 9.04. Found: C, 80.83; H, 9.05. 
(3-Met hoxy-3'-methylspiro[androst-3,5-diene- 17,2'-oxi- 


ran]-2'-yl)trimethylsilane (22). To a solution of MCTC (3.0 
equiv) at -78 "C was added 3-methoxyandrost-3,5-dien-17-one 
(1.0 g, 1 equiv). After the mixture was warmed to 20 "C, workup 
gave 22 (0.5 g, 38% after purification by PLC). Hydrolysis of 
22 (0.5 g) in ether (5 mL)/6 N HCl(3 mL) gave progesterone (36) 
(0.32 g, 81%), mp 122-123 "C (from ethanol; lit.lg mp 121 "C). 


0.8-1.0 (2 H, b), 1.2 (2 H, b), 1.6-1.9 (6 H, b), 2.0 (3 H, s), 2.7 (4 
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Trimethylsilyl Ether of (-)-Linalool (38). (3R)-(-)-Linalool 
(37 (10.0 g, 0.078 mol) in pyridine (10 mL) was treated with 
hexamethyldisilazane (12.6 g, 0.078 mol), followed by chlorotri- 
methylsilane (3.68 g, 0.034 mol). After 24 h at 20 "C, the mixture 
was filtered through celite, and the filtrate was washed with 
aqueous NaHC03, extracted with ether (150 mL), dried (MgS04), 
evaporated. The residue was distilled under vacuum to give 38 
(14.4 g, 98%): bp 45 "C (0.17 mm Hg); IR 2950,1450,1370,1250, 
1175, 920 cm-'; NMR 6 0.0 (9 H, s), 1.2 (3 H, s), 1.5 (6 H, d, J 
= 4 Hz), 1.3-2.0 (4 H, m), 4.65-4.85 (1 H, m), 4.85-5.15 (2 H, m), 
5.55-6.0 (1 H, m); [(r]%D -3.47'" (neat liquid). Anal. Calcd 
C13HB0Si: C, 68.95; H, 11.57. Found 69.08; H, 11.69. 
4-Methyl-4-( (trimethylsily1)oxy) hex-kn-l-al(39). Linalool 


trimethylsilyl ether 38 (3.0 g) in CH2C12 (100 mL) and pyridine 
(1.05 g) at -78 "C was treated with ozone until the disappearance 
of starting material (ca. 15 min). The mixture was filtered through 
celite into water (100 mL) containing dimethyl sulfide (2 mL). 
The organic layer was separated, washed with water (100 mL), 
dried (MgS04), and evaporated under reduced pressure to give 
an oil. The oil was dissolved in ether, filtered through celite, dried 
(MgSOJ, and distilled to give 39 (1.6 g, 65%): bp 34-35 "C (10.37 
mmHg); IR 2950,2820,2720,1725,1250,1050,845 cm-'; NMR 
6 0.0 (9 H, s), 1.2 (3 H, s), 1.6-2.3 (4 H, m), 4.6-5.2 (2 H, m), 5.3-6.0 
(1 H, m), 9.6 (1 H, t, J = 2 Hz); [(rIz4D +1.54l " (neat). 
Reaction of MCTC with 39. To a solution of MCTC (1.3 


equiv) at -78 "C was added freshly distilled 39 (1.0 g, 1 equiv). 
After the mixture was warmed to 20 "C and worked up, 40 (1.35 
g, 95%) was obtained. This material was used directly in the next 
step. Crude 40 (1.0 g) was ozonized in methanol (10 mL) at -78 
"C until a faint blue color persisted. To this mixture NaBH, (0.30 
g) was added at 0 "C, and the mixture was worked up to give the 
diol 41 (0.5 g, 65%): IR 3400, 2960, 1250, 845, 790 cm-'; NMR 
6 0.1 (9 H, s), 1.0 (4 H, b), 1.2 (3 H, b s), 1.5 (3 H, b s), 3.1 (2 H, 
b 8) .  This product (0.5 g) was dissolved in methanol (2 mL) at 
0 "C and BF,.EtO (1 mL) added. After 2 h at 20 "C the mixture 
was quenched with saturated aqueous NaHC03, extracted with 
light petroleum ether, dried (NaS04), and carefully evaporated 
to give frontalin 42 (0.21 g, 74%): [(rIz4D +52.6" (neat liquid); 
bp 92-93 "C (100 mmHg); IR 2920,1120,1020,840 em-'; NMR 
6 1.48 (3 H, s), 1.57 (3 H, s), 1.8 (6 H, b s), 3.58, 4.04, (2 H, AB 
quartet), JAB = 7 Hz).% 


Acknowledgment. T h e  NSF are thanked for their 
support of this work. Professor B. Fraser-Reid is thanked 
for copies of NMR and IR spectra of frontalin. Dr. Brian 
Willis of Fritzsche Dodge and Olcott is thanked for gen- 
erous supplies of (-)-linalool. 


Registry No. 3, 7787-87-3; 4,81897-57-6; 5 isomer 1,81874-73-9; 
5 isomer 2,81874-74-0; 6 isomer 1,81874-751; 6 isomer 2,81897-62-3; 
7,81874-76-2; 8,81874-77-3; 9,65164-99-0; 10 isomer 1,81874-78-4; 
10 isomer 2, 81874-79-5; 11, 81874-80-8; 12, 65206-59-9; 13, 65164- 


18,81874-83-1; 19,81874-84-2; 20 epimer 1,81874-87-5; 20 epimer 2, 
81897-58-7; 21 epimer 1, 81897-59-8; 21 epimer 2, 81897-60-1; 22, 
81897-61-2; 23,2096-86-8; 23 DNP, 81874-85-3; 24,103-78-6; 24 dnp, 


95-6; 14, 65164-96-7; 15, 65164-97-8; 16, 81874-81-9; 17, 81874-82-0; 


81874-89-7; 25,70644-22-3; 26,823-76-7; 27, 102-04-5; 28, 22635-58-1; 
28 DNP, 22635-57-0; 29,28925-00-0; 29 DNP, 28924-98-3; 30,6713- 
48-0; 31,5222-61-7; 32,58654-66-3; 33,81874-86-4; 34,81874-88-6; 35, 
1624-73-3; 36,57-83-0; 37, 126-91-0; 38,67604-71-1; 39,67604-72-2; 
40,67604-73-3; 41,67604-74-4; 42, 57919-96-1; p-tolualdehyde, 104- 
87-0; cyclohexanecarboxaldehyde, 2043-61-0; pyrenecarboxaldehyde, 
3029-19-4; myrtenal, 564-94-3; n-butyraldehyde, 123-72-8; isobutyr- 
aldehyde, 78-84-2; n-decanal, 112-31-2; n-decyl methyl ketone, 
6175-49-1; n-decyl methyl ketone DNP, 81874-90-0; cyclohexanone, 
108-94-1; benzophenone, 119-61-9; 2-adamantanone, 700-58-3; cy- 
clododecanone, 830-13-7; cycloheptanone, 502-42-1; 2-methylcyclo- 
hexanone, 583-60-8; norcamphor, 497-38-1; carvone, 2244-16-8; 1- 
oxa-1,2,3,4,5,6,7,8-octahydroanthracene, 5440-71-1; estrone methyl 
ether, 1624-62-0; 3-methoxyandrost-3,5-dien-17-one, 57144-06-6. 


(17) Kasper, F.; Zscheyge, J. Wiss. 2. Tech. Hochsch. "Carl 
Schorlemmer" Leuna-Merseburg 1965, 7 (4), 338; Chem. Abstr. 1966, 
14105. Berson, J. A.; Walia, J. S.; Remanick, A,; Suzuki, S.; Reynolds- 
Warnhoff, P.; Willner, D. J. Am. Chem. SOC. 1961,83, 3986. 
(18) Djerassi, C.; Iriarte, J.; Romo, J.; Berlins, J. J. Am. Chem. SOC. 


1951, 73, 1523. 
(19) Butenandt, A.; Westphal, U.; Hohlweg, W. Hoppe-Seyleis 2. 


Physiol. Chem. 1934, 227, 84. 
(20) Professor Fraser-Reid is gratefully thanked for comparison 


spectra of frontalin. 








898 Organometallics 1982, 1, 898-903 


Highly Reduced Organometallics. 7.' The Synthesis of Alkyl 
and Phenyl Isocyanide and Related Monosubstituted Vanadium 


Carbonyl Anions, V(CO)5L-, by the Thermal Substitution of 
(Amine) pentacarbonylvanadate( 1-), V( CO)5NH3- 


John E. Ellis' and Kristi Lenz Fjare 


Department of Chemistry, UniversHy of Minnesota, Minneapolis, Minnesota 55455 


Received March 29. 7982 


(Amine)pentacarbonylvanadate(l-) reacts with various isocyanides, RNC (R = Me, c-Hx, t-Bu, Ph) to 
form [V(CO),CNR]- in high yields (60-85%). These anions have been characterized by elemental analysis 
and infrared and lH NMR spectra and are the first examples of (isocyanide)pentacarbonylvanadate ions. 
Treatment of Na[V(CO),NH,] with NaCN in liquid ammonia provides, after cation exchange, up to 56% 
yields of [Et,N],[V(CO),CN]. The reactions of [V(CO)5NH3]- with n-BuNC and acetonitrile also provide 
V(CO),L- species. On the basis of infrared spectra, these materials are formulated as [V(CO),CN-n-Bu]- 
and V(CO),(CH,CN)-, respectively. The latter product was isolated in 30% yield as a thermally unstable 
Ph4As+ salt. 


Introduction 
For many years an important method for the synthesis 


of a wide variety of substituted neutral and cationic car- 
bonyls and related organometallics has involved ligand 
substitution reactions of Complexes bearing easily displaced 
ligands. These labile ligands are generally non or weak ?r 


acceptors such as ethers, amines, halides, nitriles, olefins, 
etc. Five representative examples of such reactions are 
shown in eq 1-5. 


Mn(CO),(arene)+ + dien - Mn(CO),(dien)+ 
-a" 


-3CH&N 
W(CO)3(CH3CN)3 + cycloheptatriene - 


W(CO)ds-C&J W3 


(3), 


(4), 


diglyme 
W(CO),(diglyme) + COT - W(CO),(C8H8) 


W(CO),Br- + CH3Li - LiW(C0),CH3 
THF 
-BI- 


toluene 
C5H5Re(C0),THF + Nz C5H5Re(C0)2Nz 


Only recently has this "labile ligand" procedure been 
extended to metal complexes containing transition metals 
in formally negative oxidation states. Undoubtedly the 
most spectacular results in this area have been obtained 
by K. Jonas and c o - ~ o r k e r s . ~  They have shown that 
Fe(C2H4)42- readily sheds all coordinated ethylene in the 
presence of CO or COD as shown in eq 6. We have ob- 


(1) Part 6 Chen, Y .4 . ;  Ellis, J. E. J. Am. Chem. SOC. 1982,104,1141. 
(2) A M ,  E. W.; Bennett, M. A.; Wilkinson, G. J. Chem. Soc. 1959, 


(3) King, R. B.; Fronzaglia, A. Znorg. Chem. 1966, 5, 1837. 
(4) Kaesz, H. D.; Winstein, S.; Kreiter, C. G. J. Am. Chem. SOC. 1966, 


2323. 


88. 1319. - - , - - - - . 
(5) Caaey, C. P.; Polichnowski, S. W.; Anderson, R. L. J. Am. Chem. 


(6) Sellman, D. Z .  Naturforsch., B: Anorg. Chem., Org. Chem. 1978, 
SOC. 1975,97, 7375. 


334 795. 
(7) Jonas, K.; Schieferstein, L.; Kriiger, C.; Teay, Y. H. Angew. Chem., 


Znt. Ed. Engl. 1979,18, 550. Jonas, K.; Krker,  C. Zbid. 1980, 19, 520. 


served more recently that phosphines in Fe(CO),Ph2- are 
quite labileS7 It appears that  the coordinated phosphine 
is strongly repelled by the negative charge on the Fe(CO)," 
unit. By contrast, the ligands in Fe(C0)4z- are inert to 
thermal displacement at normal temperatures, as they are 
in CO(CO)~-, Mn(CO),-, and V(CO)6-.8 


Recently, we discovered that the reaction of V(C0):- 
with ammonium chloride in liquid ammonia provided 
nearly quantitative yields of V(CO),NH3-. The observed 
thermal instability of this amine complex suggested that 
the coordinated ammonia might be quite labile. In the 
presence of a variety of potential a-acceptor ligands, L, it 
was possible to obtain high yields of V(CO),L- which were 
not readily accessible by photosubstitution methods. In 
this paper the Synthesis and characterization of several new 
V(CO),L- complexes are discussed in detail, including the 
first examples of isocyanide-substituted carbonyl anions 
of vanadium, V(CO),CNR-. A preliminary account of 
portions of this work has appeared previo~s ly .~  


Experimental Section 
General Procedures and Starting Materials. All operations 


were performed under an atmosphere of nitrogen further purified 
by passage through columns of activated BASF catalyst, an- 
hydrous magnesium perchlorate, and molecular sieves. Solutions 
were transferred via stainless-steel cannulae and syringes; oth- 
erwise reactions were generally performed by using standard 
Schlenck apparatus with a double manifold vacuum line. Am- 
monia was dried with Na metal and distilled in vacuo directly 
into the reaction vessel. Reagent grade acetonitrile was dried with 
CaHz, freed of oxygen by a nitrogen purge, and distilled imme- 
diately before use. Reagent grade tetrahydrofuran and diethyl 
ether were distilled from alkali-metal benzophenone ketyls before 
use. Reagent grade acetone, heptane, absolute ethanol, and 
isopentane were freed of oxygen by bubbling nitrogen through 
the solvents for 1-2 h before use. 


The following reagents were purchased from commercial sources 
and freed of oxygen before use: ammonium chloride, benzyl- 
triphenylphosphonium chloride, bis(dig1yme)sodium hexa- 
carbonylvanadate, bis(tripheny1phosphin)iminium chloride, cy- 
clohexyl isocyanide, sodium cyanide, tert-butyl isocyanide, n-butyl 
isocyanide, tetraethylammonium bromide, and tetraphenyl- 
phosphonium bromide. Phenyl isocyanide,"d methyl i~cqanide,l'~ 


(8) (a) King, R. B. Ada Organomet. Chem. 1964,2, 157. (b) Basolo, 
F.; Pearson, R. G. 'Mechanisms of Inorganic Reactions"; Wiley: 1967; 
pp 540-544. (c) Ellis, J. E.; Faltynek, R. A.; Rochfort, G. L.; Stevens, R. 
E.; Zank, G. A. Znorg. Chem. 1980,19, 1082. 


(9) Ellis, J. E., Fjare, K. L. J.  Organomet. Chem. 1981, 214, C33. 
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Synthesis of V(CO)&- (L = RNC, NH,, CN-, CH,CN) 


and tetraethylammonium hexacarbonylvanadate& were prepared 
by known procedures. 


Infrared spectra were recorded on a Perkin-Elmer 283 grating 
spectrometer in 0.1-mm sealed NaCl cells, equipped with Bec- 
ton-Dickinson steel stopcocks to permit filling outside of the 
drybox. Nujol mulls of air-sensitive compounds were prepared 
in a Vacuum Atmospheres Corporation drybox under continuously 
recirculating nitrogen. NMR samples sealed into 5-mm Pyrex 
tubes were run on a Varian FT-80 or XL-100 spectrometer. 
Melting points are uncorrected and were obtained in sealed 
capillaries on a Thomas-Hoover Unimelt apparatus. Micro- 
analyses were carried out by Galbraith Laboratories or H. Malissa 
and G. Reuter Analytische Labortorien. 


Sodium (Amine)pentacarbonylvanadate(l-), Na[V- 
(CO)aH3] (1). Liquid ammonia (75 mL) was distilled into a 
cold flask (-78 "C) containing [Na(diglyme)2][V(CO)s] (2.0 g, 3.9 
mmol), Na metal (0.27 g, 11.7 mmol), and a glass-covered stir bar. 
The mixture was refluxed at -33 "C for approximately 1 h, until 
the color of the solution turned from dark blue to red. After the 
solution was cooled to -78 "C, solid NH,Cl (0.63 g, 11.7 mmol) 
was added all at once. Immediately the solution turned orange 
and bubbled vigorously. As the gas evolution ceased, the solution 
turned red-purple, the color of Na[V(CO)&H3] in solution. To 
ensure complete conversion to 1 the reaction mixture was refluxed 
at -33 "C for 45 min. The solution of 1 was always cooled to -78 
"C for the substitution and cation metathesis reactions. Unless 
otherwise noted, all of the following syntheses were conducted 
with the following quantities of reactants and solvent: 2.0 g of 
[Na(diglyme)2][V(CO)6], 0.27 g of Na, and 0.63 g of NH4Cl in 75 
mL of liquid ammonia. 


Tetraphenylarsonium (Amine)pentacarbonylvanadate- 
(1-), [Ph,As][V(CO),NH,] (2). The preparation of 2 from 1 
has already been described in an earlier paper.l9 


Tetraphenylphosphonium (Amine)pentacarbonyl- 
vanadate(1-), [Ph,P][V(CO)&H,] (3). A cold (-78 "C) solution 
of Ph4PBr in EtOH (1.97 g of Ph4PBr, 4.7 mmol in 40 mL of 
EtOH) was added by cannula to a stirred solution of 1, also at 
-78 "C. A dark purple solid formed. The mixture was refluxed 
at -33 "C for 30 min to ensure a complete metathesis. Next it 
was cooled to -78 "C and then transferred by cannula into a 
jacketed low-temperature frit19 (-78 "C) and fdtered. The fdtrate 
was pinkish yellow. Dark purple 3 remained on the frit. It was 
washed with three 20-mL portions of 6 M NH40H at 0 "C to 
remove NaBr, three 20-mL portions EtOH to remove unme- 
tathesized Ph4PBr, 10-mL of acetone to remove [Ph4P][V(CO)6] 
and dried in vacuo for 12 h Dark purple crystalline 3 was obtained 
(1.68 g, 78% yield). Compound 3 is moderately air sensitive, 
gradually turning black after several hours. It is indefdtely stable 
at room temperature under nitrogen but decomposes rapidly above 
130 "C. It is insoluble in diethyl ether, alkanes, EtOH, and 
aqueous ammonia. It is slightly soluble in liquid ammonia and 
acetone and is very soluble with complete decomposition in 
CH3CN and THF. Compound 3 reacts more quickly than 2 in 
substitution reactions in these solvents. This substance was 
previously synthesized in substantially lower yields by the pho- 
tolysis of V(CO), in liquid ammonia.1° 
Bis(tripheny1phosphin)iminium (Amine)penta- 


carbonylvanadate(1-), [PNP][V(CO)SNH3] (4). Bis(tri- 
pheny1phosphin)iminium chloride (2.8 g of [PNPICI, 4.9 mmol) 
in a cold (-78 "C) ethanol solution (20 mL) was added by cannula 
to a stirred solution of 1 at -78 OC. Immediately the solution 
became bright red and a bright red solid formed. After 15 min 
the solid had darkened considerably as the crystal size increased. 
The mixture was stirred for 30 min to ensure complete metathesis 
and then was transferred onto a low-temperature frit (see Figure 
1 of ref 19). A light orange filtrate was elluted, and the solid 
product 4 was very dark purple. Compound 4 was washed with 
three 20-mL portions of 6 M NH40H, at 0 "C, three 20-mL 
portions of EtOH at 4 0  "C, three 20-mL portions of diethyl ether 
at -40 "C and dried in vacuo for 30 min. Dark purple crystalline 
4 was obtained as 2.75 g (91% yield). Unfortunately 4 is unstable 
at room temperature temperature and decomposes completely 
within a few hours to a black solid which contains [PNP][v(co)6]. 


(10) Rehder, D. J .  Organomet. Chem. 1972,37,303. 
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Compound 4 appears to be stable below 0 "C but is very air 
sensitive, and it immediately oxidizes in air with liberation of heat 
to form greenish products, including [PNP] [v(Co),]. 
Benzyltriphenylphosphonium (Amine)pentacarbonyl- 


vanadate(1-1, [PhCH$'h$][V(CO)aH3] (5). A cold solution 
(-78 "C) of benzyltriphenylphosphonium chloride (1.84 g, 4.9 
mmol) in 40 mL of ethanol was transferred to a stirred, cold 
solution (-78 "C) of 1. The solution changed from dark purple 
to salmon pink and NaCl precipitated. Unfortunately, 5 was 
soluble in the liquid ammonia-ethanol mixture and colud not be 
isolated in the same manner as 2-4. After much of the ammonia 
had evaporated at temperatures above -33 "C, beautiful large red 
but thermally unstable crystals formed. However, attempts to 
isolate the product by rapid addition of cold (0 "C) 6 M NH40H 
(80 mL) gave [PhCH2Ph3P][V(C0)6] (1.31 g, 56%) as the only 
characterized product. 


Tetraethylammonium (Cyclohexyl isocyanide)penta- 
carbonylvanadate(1-1, [Et4N][V(CO)SCNC6H11] (6). A cold 
(-40 "C) acetonitrile solution of cyclohexyl isocyanide (40 mL of 
CHsCN, 1.5 mL (approximately 12 mmol) of cyclohexyl iso- 
cyanide) was transferred to a cold solution of 1 at -78 "C. Solid 
Et4NBr (1.64 g, 7.8 mmol) was added all at once. The mixture 
was then slowly warmed to room temperature overnight. The 
remaining solvent was removed. The residue was dissolved in 
THF to give a turbid solution which was fdtered (medium porosity 
frit). Evaporation of solvent from the filtrate eventually caused 
the formation of feathery bright yellow crystals. The solid was 
triturated with 70 mL of diethyl ether. Another 40 mL of Et,O 
was added, and the slurry was transferred onto a frit. This process 
was repeated with an additional 40 mL of diethyl ether. The light 
yellow 6 was recrystallized from an acetone-ether mixture and 
washed with ethanol 3 X 20 mL) and Et20 (2 X 20 mL) before 
drying in vacuo. Bright shiny yellow plates of [Et4N][V- 
(CO)&NC6H11] were obtained in 70% yield (1.2 9). Anal. Calcd 
for C20H31N20SV: C, 55.81; H, 7.26; N, 6.51. Found: C, 55.84; 
H, 7.24; N, 6.50. 


Crystalline 6 is moderately air sensitive and decomposes to a 
white material after 15-20 min. Solutions or wet crystals de- 
compose rapidly. Compound 6 is insoluble in diethyl ether, 
ethanol, and alkanes. It is quite soluble in tetrahydrofuran, 
acetone, and acetonitrile. The solid is indefinitely stable at room 
temperature and melts at 109-110 "C. 


Tetraethylammonium (Methyl is0cyanide)penta- 
carbonylvanadate( 1-), [Et,N][V(CO),CNCH,] (7). A solution 
of 1 was prepared as described previously with the following 
quantities of materials: [Na(digl~me)~] [v(co)6] (5.0 g, 9.8 mmol), 
Na (0.68 g, 30 mmol), NHICl (1.59 g, 30 mmol), and liquid am- 
monia (200 mL). Subsequently, cold acetonitrile (60 mL at -40 
"C), Et4NBr (12.6 g, 60 mmol, and then methyl isocyanide (1.5 
mL, ca. 29 mmol) were added. 


After the solution was slowly warmed to room temperature, 
the solvent was removed in vacuo. The residue was triturated 
with 40 mL of isopentane, dried, and subsequently dissolved in 
140 mL of THF. The resulting orange solution was then filtered. 
The insoluble material was washed with THF until the washings 
were colorless. Evaporation of the solvent left a bright yellow 
solid 7. The solid was scraped off the walls of the flask and washed 
with 40 mL of diethyl ether. Recrystallization from acetone- 
diethyl ether formed light yellow plates of 7. The crystals were 
washed with ethanol (20 mL) and ether (2 X 10 mL) and then 
were dried. Compound 7 was obtained in 68% yield (2.35 9). Anal. 
Calcd for C1SH23N206V C, 49.73; H, 6.40; N, 7.73. Found: C, 
50.03; H, 6.01; N, 7.63. 


Crystalline 7 is moderately air sensitive and oxidizes rapidly 
in solution to non-carbonyl-containing materials. Compound 7 
is insoluble in alkanes and ether. It is moderately soluble in 
ethanol and is soluble in acetone, acetonitrile, and tetrahydrofuran. 
Although 7 is indefinitely stable at room temperature, it begins 
decomposing slowly above 120 "C and is totally decomposed 
without melting at 190 "C. 


Tetraphenylarsonium (Methyl is0cyanide)penta- 
carbonylvanadate( 1-), [Ph,As][V(CO),CNCH,] (8). Solid 
[Ph4As][V(CO),NH3] (1.00 g, 1.70 mmol) was added to a cold (0 
"C) stirred solution of methyl isocyanide (0.6 mL, ca. 12 mmol) 
in 50 mL of THF. After 45 min all of the purple crystals of 2 
had dissolved. Evaporation of the THF left a free-flowing red 
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solid. The solid was dissolved in 40 mL of acetone and filtered. 
Concentration of the acetone and slow dropwise addition of diethyl 
ether produced golden red needles of 8. The crystals were washed 
with 20 mL of diethyl ether and 5 mL of absolute ethanol and 
dried in vacuo for 12 h. Analytically pure 8 was isolated in good 
yield (0.86 g, 83%). Anal. Calcd for C3,HBAsN05V C, 60.50; 
H, 3.77; N, 2.28. Found: C, 60.05; H, 3.87; N, 2.35. 


Crystalline [P~&J][V(CO)~CNCH~] is stable in air for several 
hours. Solutions of 8 are more air sensitive and show decom- 
position within a few minutes. Compound 8 is soluble in acetone, 
acetonitrile, and THF and slightly soluble in ethanol. It is in- 
soluble in alkanes and diethyl ether. Compound 8 is stable at 
room temperature under nitrogen and melts with decomposition 
(it bubbles and turns black) at 128 "C. 


Tetraethylammonium ( tert -Butyl is0cyanide)penta- 
carbonylvanadate( 1-), [Et4N][V(C0)5CN-t-Bu] (9). To a 
stirred solution of 1 at -78 "C was added 1.0 mL of t-BuNC (ca. 
2.3 mmol), followed by 2.5 g of Et4N+Br- (11.9 mmol). The 
solution was allowed to warm gradually to room temperature over 
a period of 12 h. All solvent was removed from the resulting 
orange slurry. The residue was dissolved in 60 mL of THF. After 
being filtered (medium porosity fritted disk), the volume of the 
deep orange solution was reduced to about 10 mL and excesa ether 
(- 150 mL) was added slowly with stirring. By this procedure 
crystalline product readily formed. This was washed with ether 
(2 X 50 mL). The brown-yellow supernatant was rejected. An 
additional crystallization from THF-ether gave the analytical 
sample in 76% yield (1.20 g). Due to the slight solubility of the 
product in this mixed solvent system, each crystallization results 
in a diminished yield. Anal. Calcd for C18H29N208V C, 53.46; 
H, 7.23; N, 6.93. Found: C, 53.65; H, 7.40; N, 7.10. 


The product forms slightly oxygen-sensitive crystals which 
decompose after several minutes exposure at room temperature. 
Solutions of 9 are much more air sensitive and rapidly decolorized 
to give a pale flocculent solid which contains no bands in the v(C0) 
region. The solubility properties of this material are very similar 
to those of compound 7. Compound 9 darkens above 100 "C and 
melts with decomposition at 102-105 "C. 


Tetraethylammonium (n -Butyl is0cyanide)penta- 
carbonylvanadate( 1-), [Et4N][V(C0),CN-n -Bu] (10). All 
reaction conditions are identical with those described for com- 
pound 9, except 0.85 mL of n-BuNC was added. After all solvent 
was removed, a yellow gum was obtained. This was triturated 
with heptane (4 X 20 mL) to remove free n-BuNC. Dissolution 
of the product in THF gave a yellow-orange solution. A yellow 
oil formed on addition of excess ether to the concentrated THF 
solution. It did not solidify on addition of pentane. On standing 
at -20 O C  the compound did crystallize but remelted above 0 "C. 
The species may be a low melting solid. No attempts to obtain 
elemental analyses for the oil were made, so the purity of com- 
pound 10 is unknown. Infrared solution spectra of 10, however, 
show [V(CO),CN-n-Bu]-to be the only carbonyl-containii species 
present after several attempts at crystallizations. The substance 
is moderately soluble in ether and is thereby easily separated from 
any [Et4N] [v(co)6] formed in this reaction, since the latter species 
is almost completely insoluble in diethyl ether. 


Tetraethylammonium Cyanopentacarbonylvanadate( 2-), 
[Et4N]2[V(CO)5CN] (11). A solution of 1 was prepared and 
cooled to -78 "C. Solid NaCN (2.00 g, 39.2 mmol) and tetra- 
ethylammonium bromide (4.19 g, 19.6 mmol) were added with 
a bent Schlenck tube, along with cold acetonitrile (40 mL, -40 
"C). The reaction mixture was allowed to warm to room tem- 
perature, and the ammonia was evaporated. 


Removal of the solvent in vacuo left a dry yellow gold solid. 
THF was added to the slurry which was triturated and then 
filtered. The insoluble solid was washed with THF until the 
filtrate was colorless to remove [Et4N] [v(co)6]. (Approximately 
120 mL of THF was required.) The solid was dried in vacuo and 
subsequently extracted with acetonitrile (5 X 20 mL). The orange 
filtrate was concentrated, and then diethyl ether was added to 
precipitate a yellow solid. The slurry was poured onto a frit and 
filtered. The solid was washed with 3 X 20 mL of EtOH to remove 
Et4NBr and 20 mL of EhO and then dried in vacuo. Bright yellow 
microcrystalline 11 was obtained in 56% yield. Compound 11 
is soluble in acetonitrile. It is insoluble in THF, diethyl ether, 
alkanes, and absolute ethanol. [Et,N],[V(CO),CN] is quite air 
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sensitive but is stable when stored under nitrogen at room tem- 
perature. At temperatures above 95 OC, compound 11 decomposes 
gradually to form a black solid. Anal. Calcd for Cz2H,N305V 
C, 55.34; H, 8.44; N, 8.80. Found: C, 54.84; H, 8.57; N, 9.23. 


The infrared solution spectrum of 11 is identical with that 
previously reportedlo for [Ph,P]2[V(C0)5CN]. Interestingly, this 
material was described as a black solid which dissolved in CH3CN 
to give a deep red solution. 


Tetraphenylareonium (Acetonitri1e)pentacarbonyl- 
vanadate( 1-), [P,As][V(CO),CH,CN] (12). Compound 2 (0.50 
g, 0.85 mmol) was cooled in a vessel to -40 "C, and cold CH3CN 
was added (8 X 5 mL) until all of 2 had dissolved. The solution 
was slowly concentrated in vacuo at -40 "C. Cold (-40 "C) toluene 
(150 mL) and hexane (300 mL) were added, and a red-brown solid 
precipitated out. The solid was filtered at low temperature (-40 
"C) and washed with isopentane (1 X 10 mL and 1 X 20 mL) and 
pumped on until dry and free flowing (ca. 15 min). Within several 
minutes at room temperature, the compound began to decompose, 
changing from a brick-red to a dark brown solid. Among the 
decomposition products is [Ph4As][V(C0)6]. The isolated yield 
of 12 was 0.16 g (30% yield). Unfortunately, 12 is only stable for 
a short time at room temperature. However, it appears to suffer 
no change below 15 "C under an inert atmosphere. 


Tetraethylammonium (Phenyl is0cyanide)penta- 
carbonylvanadate( 1-), [Et4N][V(CO),CNC6H5] (13). Phenyl 
isocyanide (1.5 mL, approximately 12 mmol) in cold CH3CN (40 
mL, -40 "C) was transferred into a stirred solution of 1 at -78 
OC. Solid Et4NBr (1.64 g, 7.8 mmol) was added all at once. The 
reaction mixture slowly warmed to room temperature overnight. 


After the solvent was removed in vacuo, the residue was trit- 
urated with isopentane (40 mL). Then the product was dissolved 
in 60 mL of THF to form a cherry red solution and filtered. 
Concentration of the solution and slow addition of diethyl ether 
produced orange crystals of 13. The crystals were filtered, washed 
with diethyl ether, and dried in vacuo. Analytically pure 13 was 
obtained in 70% yield (1.17 9). Anal. Calcd for C2,H2,NzO5V: 
C, 56.51; H, 5.94; N, 6.60. Found: C, 56.64; H, 5.87; N, 6.75. 


[Et4N][V(CO)5CNPh] is quite air sensitive in solution and as 
a crystalline solid. It is indefinitely stable at room temperature 
but decomposes slowly above 65 "C. It is insoluble in diethyl ether, 
alkanes, and alcohol. It is very soluble in acetone, THF, and 
CHSCN. 


Results and Discussion 
Photosubstitution of phosphines and related ligands into 


V(CO)6- has been the standard method for the synthesis 
of [V(CO)GxL,]- ( x  = 1-3; L = PR,, AsR,, etc.).'OJ 


V(C0)e- + XL JL [V(CO),,L,]- + xco (7) 
Other less important methods include the reduction of 
either an appropriate neutral V(CO),,L, or Ph,SnV- 
(CO)G_xL,. Specific examples are 


W H g  
V(CO),PPh, V(CO)SPPh3- (SI8' 


Ph,SnV(CO),dppe - V(CO),dppe- + 0.5(P$Sn2) 
(9)12 


The use of neutral V(CO)GxL, in the preparation of cor- 
responding monoanions is severely limited since the neutral 
complexes must often be prepared from the desired mo- 
noanion. Because V(CO)6 is very susceptible to base in- 
duced disproportionation reactions, neutral V(CO),&, are 
often unknown and not available from the reaction of 
V(CO)6 and L, particularly if L is very basic. For example, 
o-phenylenebis(dimethy1arsine) (diars) and ammonia 


W H g  


(11) (a) Davison, A.; Ellis, J. E. J. Organomet. Chem. 1971, 31, 239. 
(b) Wrighton, M. S.; Handeli, D. I.; Morse, D. L. Inorg. Chem. 1976,15, 
434. (c )  Ellis, J. E.; Faltynek, R. A. J. Organomet. Chem. 1975,93, 205. 
(d) Rudie, A. W.; Lichtenberg, S. W.; Katcher, K. L.; Davison, A. Inorg. 
Chem. 1978,17, 2859. (e) Muhlbach, G.; Rausch, B.; Rehder, D. J Or- 
ganomet. Chem. 1981,205, 343, and references cited therein. 


(12) Ellis, J. E.; Faltynek, R. A. Znorg. Chem. 1976, 15, 3168. 
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Table I. Infrared and ' H KMR Spectra for V( CO),L- 


compd medium v(CN), cm-I v (CO) ,~  cm-I chem shift: ppm 
[Ph ,~ l tV(CO) ,NH,  l ( 2 )  Nujol 1965 w, 1780 s (b), 1750 s (b)  b 
[Ph,PI[V(CO)sNH, l ( 3 )  Nujol 1956 w, 1780 s (b), 1750 s (b)  b 
[PNPI[V(CO),NH,l (4) Nujol 1960 w, 1780 s (b), 1740 s (b)  b, d 
[Et,N][V(CO),CNC,H,,] (6)  CH,CN 2080 w 1955 m, 1825 s 1.35-1.82 (m, 1 1  H)h 


[Ph,As][V(CO),CNCH,] (8) CH,CN 2120 w 1970 m, 1830 s 3.18 (b s, 3 H) 
[Et,N][V(CO),CN-t-Bu] (9) CH,CN 2090 w, 2060 sh 1965 m, 1862 sh, 1830 s 1.39 (s, 9 H) 
[Et,N][V(CO),CN-n-Bu] (10)  CH,CN 2090 w 1968 m, 1861 sh, 1828 s d 
[Et,NI* [V( CO),CNI (1  1)  CH,CN 2060w 1960 m, 1795 s, 1750 m e 
[Ph,h][V(CO),CH,CN] (12)  CH,CN g 1970 w, 1820 s, 1770 sh b, d 


[Et,N][V(CO),CNCH,] ( 7 )  CH,CN 2120 w 1965 m, 1860 sh, 1830 s C 


[Et,N][V(CO),CNPh] (13)  CH,CN 2050 w 1940 m, 1842 s, 1595 m 7.05-7.46 ( 5  H) 
THF 2040w 1930 m, 1845 8,1595 m 


=Solvent = CD,CN; Me,Si reference; resonance positions of cation signals are not shown. Multiplicity in parentheses. 
'H NMR spectra of  V(CO),NH,- and V(CO),CH,CN- were not obtained since they decompose rapidly in solvents under 


ambient conditions. CMethyl resonance position of  CH,NC in 7 is obscured by overlap of the methylene resonance signal of 
Et,N+. dThis compound was not isolated as an analytically pure substance. eTetraethylammonium cations in the various 
compounds have very similar 'H NMR spectra: 6 1.34 ( t  o f t ,  12 H, CH,), 3.46 (9, 8 H, CH,). f A  weak shoulder at ca. 
1860 cm'' was observed in some spectra. This may arise from trace amounts of V(CO),- in the products.20 gThe v(CN) of 
coordinated CH,CN was not observed in CH,CN solution spectra of 12. hPart of this broad multiplet overlaps the methyl 
peak of Et,". 


readily disproportionate V(CO)6 according to eq 10 and 
ll.13 Similarly, compounds of the type Ph3SnV(CO),,L, 


2V(CO)6 + 2diars - hexane 


[V(CO),(diars),+] [V(CO),-] + 3CO 


3v(c0)6  + 6NH3 - [V(NH3)6][V(CO)6]2 + 6CO (11)14 


are generally prepared by the reaction of Ph3SnC1 and 
V(CO)hL;.15 In some cases these tin derivatives can also 
be prepared in moderate yields by the thermal substitution 
of Ph3SnV(C0)6 by L,15 but if L is a good base, heterolytic 
cleavage of the Sn-V bond occurs preferentially. For ex- 
ample 


Ph3SnV(CO)6 + nTHF - Ph3Sn(THF),+ + V(CO)6- 


Ph3SnV(CO)6 + dmpe - Ph3Sn(dmpe)+ + V(CO)6- 
(13)12 


Attempts to extend the photosubstitution method rep- 
resented by eq 1 to the synthesis of V(C0)5CNR- have 
been unsuccessful.16 However, recently we discovered that 
V(C0)5NH3- readily undergoes thermal substitution by 
various isocyanides in acetonitrile-ammonia, THF-am- 
monia, or neat T H F  from -20 to 0 OC to give high isolated 
yields of V(CO),CNR1-; i.e. 


( 1 2 p  


V(C0)5NH3- + CNR - V(C0)SCNR- + NH3 (14) 


The only previously reported isecyanide-substituted car- 
bonyl monoanions are Mn(C0)&,(CNCH3),-, x = 1-3,1'8 
and various C5H5M(CO)3-x(CNR),- (M = Mo, R = Me, x 


l).17b9c These were all prepared by sodium amalgam re- 
duction of the corresponding substituted neutral halometal 
carbonyls. Recently, various CO(CO)~CNR- (R = C6H11, 
tert-butyl, etc.) have been prepared in this laboratory.18 


= 1,2;  M = Mo, R = Ph, x = 1; M = W, R = CH3, x = 


(13) A survey of the reactions of V(CO)6 appears in: Ellis, J. E. J. 


(14) Hieber, W.; Peterham, J.; Winter, E. Chem. Ber. 1961,94,2572. 
(15) Davison, A.; Ellis, J. E. J. Organomet. Chem. 1972, 36, 113. 
(16) Another group also has had no success in the synthesis of V- 


(CO)&NR- by the direct photosubstitution method: Rehder, D., private 


Organomet. Chem. 1975,86,1. 


communication. 
(17) (a) Adams, R. D. Znorg. Chem. 1976,15, 174. (b) Adams, R. D. 


Ibid. 1976,15,169. (c) Adams, R. D.; Chodosh, D. F. J. Am. Chem. SOC. 
1977,99,6544. (d) Casanova, J.; Schuster, R. E.; Werner, N. D. J. Chem. 
SOC. 1963, 4280. 


This paper also includes discussions on the syntheses and 
properties of V(CO),NH3-, V(C0)5(CH3CN)-, and V- 
(C0)5CNe, the only substituted carbonyl dianion prepared 
by this procedure, presently. 
(Amine)pentacarbonylvanadate( 1-) Ion. Treatment 


of a liquid ammonia solution of Na3V(C0)29 with 2 or 
more equiv of NH&l gives high yields of magenta Na[V- 
(C0),NH3] (I); i.e. 


v(co)53- + 2NH4+ - V(C0)5NH< + NH3 + H2t 
(15) 


In this reaction, the V(co)53- is undoubtedly protonated 
twice to give the very unstable putative intermediate 
H2V(C0)6 which reductively eliminates hydrogen to  
provide 1. Although 1 appears to be indefinitely stable in 
liquid ammonia from -78 to -33 "C, it rapidly decomposes 
upon removal of the ammonia to give a yellowish brown 
solid in which V(C0)c is the only metal carbonyl product. 
Other alkali metals including Li+, K+, Rb+, and Cs+ also 
form thermally unstable and ammonia-soluble salts of 
V(CO)5NH<. The complex cations Me4N+ and Et4N+ give 
thermally unstable and ammonia-soluble salts of V- 
(CO)5NH3-, while the larger cations PNP+, Ph4P+, and 
Ph4As+ provide insoluble salts. Of the latter salts only 
[Ph4Asl [V(CO)SNH~I (2) and [PhJ'I [V(CO)5NH3I (3) are 
indefinitely stable a t  room temperature under a nitrogen 
atmosphere. The PNP salt 4 is stable for periods of up 
to 30 min a t  room temperature but decomposes almost 
completely within 24 h to a black solid in which [PNPI- 
[v(co)6] is the only carbonyl-containing product. Un- 
doubtedly, the relative stability of the crystalline lattice 
of 2 and 3 plays an important role in stabilizing the V- 
(CO),NH< anion. It is rather surprising that PhCH,Ph3P+ 
and Ph4P+ behave so differently in this regard since these 
two cations often considered to be interchangable in the 
preparation of inorganic and organometallic anions. For 
example, compound 5 containing PhCH2Ph3P+, is quite 
soluble in ammonia and very thermally unstable (above 
0 "C) as a solid, while compound 3, containing Ph4P+, is 
only slightly soluble in ammonia and is thermally stable 


(18) These have been made in up to 70% yield by the phedure  


NH&1) 


z N H f  RNC 
Na3Co(CO)3 - - Hs + 2NaC + Na[Co(CO),CNR] 


NHs - 7 8 %  


Ellis, J. E.; Warnock, G., unpublished results. 


6100. 
(19) Ellis, J. E.; Fjare, K. L.; Hayes, T. G. J. Am. Chem. SOC. 1981 103, 
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a t  room temperature as a solid. The relative solubilities 
of the Ph4As+ (2). Ph4P+ (3) and PNP+ (4) salts in T H F  
and other solvents are 4 > 3 >> 2 and parallel their 
relative susceptibility toward aerial oxidation as crystalline 
solids. Crystalline 2 is practically insoluble in THF a t  room 
temperature and may be handled for several minutes in 
air without observable change. By contrast, 3 and 4 oxidize 
rapidly in air. As was mentioned in the Experimental 
Section, compound 3 was first prepared in 54% yield by 
the photolysis of V(CO)6- in liquid ammonia for 24 h.'O 
Our synthesis of 3 and other salts by the protonation of 
V(CO)53- in the liquid ammonia represents a significantly 
easier and higher yield route to this useful anion. 


Infrared spectra of crystalline 2-4 in the v(C0) region 
(see Table I) are very similar and characteristically show 
a sharp band of medium intensity (at ca. 1960 cm-l) and 
a broad band of strong intensity at  much lower energy (ca. 
1755 cm-') which is often bifurcated in pure crystalline 
samples. The relative intensities and positions of these 
bands are reasonable in terms of previously reported 
spectra of V(CO)5L- complexes.20 Also, weak bands are 
observed at  ca. 1580 cm-' which are attributable to v(C=C) 
of the phenyl groups of the cations. Concentrated Nujol 
mull spectra of 2 show very weak bands a t  3475 (sh), 3390 
(b), and 3320 (sh) cm-l which are probably due to v(N-H) 
of coordinated NH,. The only other significant absorptions 
present in the 4000-3000-~m-~ region in mull spectra of 
2 occur a t  3085 (sh) and 3060 (w) cm-' and are due to 


Substitution Reactions of V(C0)5NH3-. The easiest 
way to synthesize V(C0l5L- species from V(CO)5NH3-, 
where L is a a-acceptor group, is to add the appropriate 
ligand in a T H F  or acetonitrile solution to a liquid am- 
monia solution of 1 prepared in situ a t  -33 "C to -78 "C. 
The resulting mixture is then allowed to slowly warm to 
room temperature while most of the ammonia escapes. At 
-20 to 0 "C the substitution process is rapid. Interestingly, 
V(C0)5NH3- does not appear to undergo any facile ther- 
mally promoted substitution reactions in liquid ammonia 
from -78 to -33 0C.21 This is presumably because the 
concentration of the 16-electron species [V(CO),]- in this 
medium is extremely small unless its formation is photo- 
promoted.21 Although we do not have any evidence to 
indicate that the substitution reactions of V(CO)5NH3- are 
actually unimolecular, such a pathway seems credible in 
view of the recent report that the related V(CO)5PR3- do 
undergo phosphine exchange reactions by a dissociative 
mechanism, presumably involving the intermediate [V- 


V(CO)5L- 2 V(CO)5- - V(CO)5L'- (16) 


Another important method for preparing V(CO)5L-, 
especially when L or V(CO)5L- is somewhat ammonia 
sensitive, is to add the ligand to preisolated 2 or 3 in an 
ether solvent a t  -20 to 0 "C. In this fashion exposure of 
L to ammonia is minimized. This second method will be 
discussed in more detail in the following paper in this 
series.22 


(Alkyl isocyanide)- and (Phenyl is0cyanide)penta- 
carbonylvanadate( I-) Ions, V(CO)5CNR'-. Treatment 
of [Et4N] [V(CO)5NH3], prepared by adding [Et4N]Br to 
an ammoniacal solution of 1 with 3-5 equiv of RNC leads 
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v(C--H) of Ph4As+. 


(C0),]-.2Ob 
+L' 
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to the formation of 60435% isolated yields of V(CO)5- 
(CNR)-. 


(20) (a) Darensbourg, M. Y.; Hanckel, J. M.J. Organomet. Chem. 1981, 
217, C9. (b) Organometallm 1982,1, 82. 


(21) However, V(CO)&NH3- appears to undergo photopromoted sub- 
stitution by CN- in liquid ammonia to provide ca. 35% yields of V- 


(22) Fjare, K. L.; Ellis, J. E. Organometallics, in press. 
(CO)&N2-." 


-20 to 0 oc 
V(C0)5CNR- + NH3 (17) 


This reaction has been done with R = phenyl, methyl, 
n-butyl, tert-butyl, and cyclohexyl and thus appears to be 
a general procedure for the synthesis of any V(CO)5CNR-. 
The chemical properties of these materials have not been 
explored, but they are oxygen sensitive like the related 
V(CO)5PR3-. Only in the case of R = n-butyl (compound 
10) was a crystalline product not isolated a t  room tem- 
perature. The spectroscopic properties of 10 are so similar 
to those of other V(CO)5CNR- (R = alkyl), however, that 
we have no doubt about the correctness of its formulation. 


Infrared solution spectra (Table I) of 6 through 11 show 
the characteristic pattern in the v(C0) region of a V(CO)&- 
species. An excellent analysis of the infrared spectra of 
V(CO)5CNMe- as the Na+, Et4N+, and Ph,As+ salts in 
various media has been presented recently by Darensbourg 
and Hanckel.?-O Except for the presence of a weak v(CN) 
absorption a t  ca. 2100 cm-l, the infrared spectra of V- 
(CO)$Phf and V(CO)5CNMe- are nearly superimposable, 
which indicates that in this environment PPh, and CNMe 
have very similar electronic effects.% The 'H NMR spectra 
of the V(CO)5CNR- salts which were isolated as analyti- 
cally pure substances appear in Table I. These spectra are 
entirely consistent with the proposed formulations. Since 
the methyl proton signals of the coordinated CNMe group 
in compound 7 are obscured by the methylene proton 
signals in Et4N+, V(CO)&CNMe)- was also isolated as the 
Ph4As+ salt 8 to avoid this problem. The methyl resonance 
in 8 is fairly broad (10 Hz a t  half-height), probably due 
to coupling to I4N and 51V, both quadrupolar nuclei. The 
methyl resonance in C5H5V(CO),CH3- is similarly broad- 
ened (4 Hz a t  half-height).23 


Although there is nothing exceptional about the 'H 
NMR spectrum of the phenyl isocyanide complex 13 
(Table I), the infrared spectrum of this substance appears 
to be unusual. Phenyl isocyanide is generally considered 
to be a better *-acceptor ligand than alkyl isocyanide 
groups.24 Accordingly, the v(NC) stretch of 13 is ap- 
proximately 90 cm-I lower than that of free PhNC,24 while 
the corresponding v(NC) stretches of the alkyl isocyanide 
complexes are only 30-50 cm-' lower than those of the 
corresponding free alkyl i s ~ c y a n i d e s . ~ ~  Surprisingly, 
however, the A12 v(C0) vibrational mode for 13 is signif- 
icantly lower in energy (1940 cm-') than the corresponding 
bands in the alkyl isocyanide complexes, which occur from 
1955 to 1970 cm-'. Finally, there is a band of medium 
intensity a t  1595 cm-' which is more intense than one 
usually observes for v(C=€) modes associated with phenyl 
rings. Bands in this region are also observed for v(CN) 
modes in 7'- or v2-iminoacyl complexes. The latter have 
been prepared from isocyanide-substituted metal carbonyl 
 anion^."^ For these reasons, we believe that it would be 
premature to state that 13 definitely contains an anion 
entirely analogous to the alkyl isocyanide complexes dis- 
cussed previously-despite that fact that the 'H NMR and 
elemental analyses are entirely consistent with the for- 
mulation [Et4N] [V(C0)5CNC6H5]. Hopefully, a single- 


(23) Kinney, R. J.; Jones, W. D.; Bergman, R. G. J. M. Chem. SOC. 


(24) Cotton, F. A.; Zingales, F. J. Am. Chem. SOC. 1961,83, 351. 
(25) Malatesta, L.; Bonati, F. 'Isocyanide Complexes of Metals"; 


1978,100, 7902. 
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crystal X-ray study will resolve this issue. 
Cyanopentacarbonylvanadate(2-) Ion, V(CO),CN2-. 


Addition of excess solid sodium cyanide (10 equiv) and 
tetraethylammonium bromide to ammoniacal solutions of 
1 provides, after an unexceptional workup, 5040% yields 
of [Et,N],[V(CO),CN]. This is the only carbonyl dianion 
prepared thus far from V(CO),NH;. If 20 equiv of NaCN 
are used, the yield of the product remains essentially un- 
changed, but when 5 equiv of NaCN are used, the yield 
of 12 goes down to approximately 35%, so large excesses 
of CN- are required to ensure the formation of reasonable 
yields of product. In principle, other V(C0),X2- species 
could be prepared by this general route, provided that X- 
is not so basic that it deprotonates the coordinated or free 
ammonia. 


V(CO)sNH3- + X- - V(CO)6X2- + NH3 (18) 


Attempts to prepare the unknown [(OC),MnV(CO),]2- 
by this procedure were unsuccessful. It appeared that 
MII(CO)~- has no tendency to combine with the V(C0); 
fragment in THF.= We have also noted that other weakly 
basic, poor, or non s-acceptor ligands such as PhzS and 
arenes do not combine with V(CO),NH3- to give isolable 
compounds a t  room temperature. The only other known 
substituted pentacarbonylvanadate dianions are Ph3SnV- 
(CO),,-, Ph3PbV(C0)52-,27 and an incompletely charac- 
terized species thought to be HV(C0):-.l9 


Infrared solution spectra of V(C0I5CN2- in acetonitrile 
(Table I) are consistent with those expected for a penta- 
carbonylmetal fragment of ClV symmetry. Even though 
compound 12 is a dianion the CO stretching frequencies 
occur in approximately the same positions as corre- 
sponding bands for V(CO),NH<, indicating the cyanide 
group in V(C0)&2N2- is an effective s acceptor. Consistent 
with this view is the low u(CN) value (2060 cm-') for 12 
compared to the u(CN) value for uncoordinated CN- (2086 
cm-1),28 An essentially identical infrared spectrum was 
reported for the previously reported [Ph4P]z[V(CO)5CN], 
prepared in 35% yield by the photolysis of V(CO&- in 
liquid ammonia in the presence of excess (ca. 8 equiv) of 
NaCN. Interestingly, the tetraphenylphosphonium salt 


(26) Several attempts to prepare VM(CO),,,*- from the reaction of 
V(CO)6" and M(CO)5Br (M = Mn, Re) also failed (Stevens, R. E., un- 
published observations). 
(27) Ellii, J. E.; Hayes, T. G.; Stevens, R. E. J. Organomet. Chem. 


1981,216,191. 
(28) Value from a Nujol mull infrared spectrum of NaCN. 


was reported to be a black crystalline solid,'O while 
[Et,N],[V(CO)5CN] is bright yellow. Both dissolve in 
CH3CN to give red solutions. 


(Acetonitrile) pentacarbonyIvanadate( 1-), V- 
(CO),(CH3CN)-. When purple [Ph4As] [V(CO),NH,] is 
dissolved in acetonitrile a t  room temperature, an imme- 
diate reaction occurs. An orange-yellow solution is formed 
containing a thermally unstable substance which is for- 
mulated as V(CO),(CH,CN)- on the basis of its infrared 
spectrum. Over a period of several minutes a t  room tem- 
perature the u(C0) bands due to V(CO),(CH,CN)- (Table 
I) decay as a band a t  ca. 1855 cm-' due to V(CO)6- grows. 
The infrared solution spectrum of this substance is entirely 
consistent with that expected for a V(CO)&- species of Cb 
symmetry. Wrighton and co-workers have previously re- 
ported the preparation of V(CO),(CH,CN)- by photolyzing 
V(CO), in neat acetonitrile.'lb The infrared spectrum of 
V(CO),(CH,CN)- they observe (v(C0) in CH3CN 1956 (m), 
1851 (s), 1811 (m) cm-') is similar to ours except for the 
strong absorption a t  1851 cm-' which is very likely due to 
V(CO)6-.11b The latter forms when V(CO),(CH,CN)- de- 
composes. 


As indicated in the Experimental Section, brick-red 
[Ph4ks][V(CO)5(CH3CN)] was isolated in low yield (30%) 
a t  -40 "C from the reaction of 2 with neat acetonitrile, but 
the solid rapidly decomposed above 15 "C to give a 
chocolate substance which contained [Ph4As] [v(Co),] as 
the only metal carbonyl product. 


Concluding Remarks. In general, it seems likely that 
any anionic complex containing a metal in a formally 
negative oxidation state and poor or non s-acceptor ligands 
will be sufficiently labile to permit thermal-promoted 
ligand-exchange reactions. This process has obvious ad- 
vantages over direct photopromoted substitutions when 
the ligand or the product is photosensitive. Also, in con- 
trast to the photolysis reactions there is generally no need 
to monitor the course of these thermal reactions to min- 
imize the presence of undesired products, e.g., in the 
present study, species such as V(C0)c  or V(C0),L2-. 
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crystal X-ray study will resolve this issue. 
Cyanopentacarbonylvanadate(2-) Ion, V(CO),CN2-. 


Addition of excess solid sodium cyanide (10 equiv) and 
tetraethylammonium bromide to ammoniacal solutions of 
1 provides, after an unexceptional workup, 5040% yields 
of [Et,N],[V(CO),CN]. This is the only carbonyl dianion 
prepared thus far from V(CO),NH;. If 20 equiv of NaCN 
are used, the yield of the product remains essentially un- 
changed, but when 5 equiv of NaCN are used, the yield 
of 12 goes down to approximately 35%, so large excesses 
of CN- are required to ensure the formation of reasonable 
yields of product. In principle, other V(C0),X2- species 
could be prepared by this general route, provided that X- 
is not so basic that it deprotonates the coordinated or free 
ammonia. 


V(CO)sNH3- + X- - V(CO)6X2- + NH3 (18) 


Attempts to prepare the unknown [(OC),MnV(CO),]2- 
by this procedure were unsuccessful. It appeared that 
MII(CO)~- has no tendency to combine with the V(C0); 
fragment in THF.= We have also noted that other weakly 
basic, poor, or non s-acceptor ligands such as PhzS and 
arenes do not combine with V(CO),NH3- to give isolable 
compounds at  room temperature. The only other known 
substituted pentacarbonylvanadate dianions are Ph3SnV- 
(CO),,-, Ph3PbV(C0)52-,27 and an incompletely charac- 
terized species thought to be HV(C0):-.l9 


Infrared solution spectra of V(C0I5CN2- in acetonitrile 
(Table I) are consistent with those expected for a penta- 
carbonylmetal fragment of ClV symmetry. Even though 
compound 12 is a dianion the CO stretching frequencies 
occur in approximately the same positions as corre- 
sponding bands for V(CO),NH<, indicating the cyanide 
group in V(C0)&2N2- is an effective s acceptor. Consistent 
with this view is the low u(CN) value (2060 cm-') for 12 
compared to the u(CN) value for uncoordinated CN- (2086 
cm-1),28 An essentially identical infrared spectrum was 
reported for the previously reported [Ph4P]z[V(CO)5CN], 
prepared in 35% yield by the photolysis of V(CO&- in 
liquid ammonia in the presence of excess (ca. 8 equiv) of 
NaCN. Interestingly, the tetraphenylphosphonium salt 
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published observations). 
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was reported to be a black crystalline solid,'O while 
[Et,N],[V(CO)5CN] is bright yellow. Both dissolve in 
CH3CN to give red solutions. 


(Acetonitrile) pentacarbonyIvanadate( 1-), V- 
(CO),(CH3CN)-. When purple [Ph4As] [V(CO),NH,] is 
dissolved in acetonitrile a t  room temperature, an imme- 
diate reaction occurs. An orange-yellow solution is formed 
containing a thermally unstable substance which is for- 
mulated as V(CO),(CH,CN)- on the basis of its infrared 
spectrum. Over a period of several minutes a t  room tem- 
perature the u(C0) bands due to V(CO),(CH,CN)- (Table 
I) decay as a band at  ca. 1855 cm-' due to V(CO)6- grows. 
The infrared solution spectrum of this substance is entirely 
consistent with that expected for a V(CO)&- species of Cb 
symmetry. Wrighton and co-workers have previously re- 
ported the preparation of V(CO),(CH,CN)- by photolyzing 
V(CO), in neat acetonitrile.'lb The infrared spectrum of 
V(CO),(CH,CN)- they observe (v(C0) in CH3CN 1956 (m), 
1851 (s), 1811 (m) cm-') is similar to ours except for the 
strong absorption at  1851 cm-' which is very likely due to 
V(CO)6-.11b The latter forms when V(CO),(CH,CN)- de- 
composes. 


As indicated in the Experimental Section, brick-red 
[Ph4ks][V(CO)5(CH3CN)] was isolated in low yield (30%) 
at  -40 "C from the reaction of 2 with neat acetonitrile, but 
the solid rapidly decomposed above 15 "C to give a 
chocolate substance which contained [Ph4As] [v(Co),] as 
the only metal carbonyl product. 


Concluding Remarks. In general, it seems likely that 
any anionic complex containing a metal in a formally 
negative oxidation state and poor or non s-acceptor ligands 
will be sufficiently labile to permit thermal-promoted 
ligand-exchange reactions. This process has obvious ad- 
vantages over direct photopromoted substitutions when 
the ligand or the product is photosensitive. Also, in con- 
trast to the photolysis reactions there is generally no need 
to monitor the course of these thermal reactions to min- 
imize the presence of undesired products, e.g., in the 
present study, species such as V(C0)c or V(C0),L2-. 
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Reaction of q2-carbon disulfide complexes with activated 
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dition of acetylenes with electron-withdrawing substituents 
to Cr(q6-arene)(q2-CS2)(C0)2 complexes 1 generates 1,3- 
dithiol-Zylidene derivatives 2-4. Solutions of these com- 
plexes do not react with oxygen to generate dithiolene 
complexes as is the case with (1,3-dithiol-2-ylidene)iron 
compounds.2 


Continued interest in the reactivity of CS2-transition 
metal complexes and their derivatives has prompted us to 
extend our studies of the photochemistry of carbon di- 
sulfide complexes to the newly synthesized (1,3-dithiol-2- 
y1idene)chromium Irradiation of 2 in the 
presence of phosphite/phosphonite ligand leads to sub- 
stitution of CO, resulting in the formation of chiral com- 
plexes of potential interest as hydrogenation catalysts. 


Experimental Section 
Cr($-arene)(CO), complexes were prepared essentially in ac- 


cordance with the procedure outlined in ref 5. Phosphite/ 
phosphonite ligands and Cr(CO)6 were obtained from Strem 
Chemicals, Inc., and were used without additional purification. 
Solvents were purchased from commercial sources and were 
bubbled with nitrogen before use. Reactions were performed 
under a nitrogen atmosphere. 


Cyclooctene complex intermediates for carbon disulfide com- 
plexes 1 were synthesized in a photochemical reador with a quartz 
immersion well and a 450-W Hanovia mercury lamp! Irradiation 
of solutions of 2 was performed in borosilicate Schlenk tubea using 
unfiltered light from a 450-W Hanovia lamp. 


Infrared spectra were obtained with a Beckman IR12 spec- 
trophotometer. Reported peak positions have been corrected with 
the assistance of polystyrene calibration peaks. UV-VIS solution 
spectra were recorded with a Beckman ACTA I1 spectropho- 
tometer. Varian EM 360 and Nicolet NT-300 spectrometers were 
employed for recording 'H and NMR spectra, respectively. 
Mass spectra were obtained at  70 eV with an AEI MS-30 dou- 
ble-beam mass spectrometer. Melting points were obtained with 
a Fisher-Johns apparatus and are uncorrected values. Quantitative 
microanalyses of complexes were performed by Galbraith Labo- 
ratories, Inc. 


Synthesis of Complexes 1-4. A solution of 1 g of Cr($-ar- 
ene)(COJ(4 "01) in 400-500 mL of pentane and 6 mL (5 "01) 
of cyclooctene was irradiated for 4.5-5 h or until CO evolution 
stopped. Six milliliters (0.1 mol) of CSz was added to the solution 
of Cr(q6-arene)(&pA"e)(CO)2, which rapidly changed from 
red to brown. After 0.5 h of stirring at ambient temperature, the 
pentane solution had an appreciable amount of brown precipitate 
which was allowed to settle at -20 OC. The solution was carefully 
filtered to isolate the brown Cr(~6-arene)(+12-CS2)(C0)2 precipitate 
to which 0.5 g (4-5 mmol) of activated acetylene in 30-40 mL of 
tetrahydrofuran was added.' After 1-2 h of stirring, the reaction 
mixture was maintained for several hours at  -20 "C to facilitate 
precipitation of product. Filtration of the mixture gave crystals, 
which were sometimes washed with pentane/hexanes before 


(1) (a) Le Bozec, H.; Gorgues, A.; Dixneuf, P. H. J. Am. Chem. SOC. 
1978, 100, 3946. (b) Le Bozac, H.; Gorgues, A.; Dixneuf, P. H. Znorg. 
Chem. 1981, 20, 2486. (c) LeMarouille, J. Y.; Lelay, C.; Benoit, A.; 
Grandjean, D.; Touchard, D.; Le Bozec, H.; Dixneuf, P. J. Organomet. 
Chem. 1980,191, 133. (d) Wakatsuki, Y.; Yamazaki, H.; Iwasaki, H. J.  
Am. Chem. SOC. 1973, 95, 5781. 


(2) Carty, A. J.; Dixneuf, P. H.; Gorgues, A.; Hartetock, F.; Le Bozec, 
H.; Taylor, N. J. Inorg. Chem. 1981, 20, 3929. 


(3) (a) Touchard, D.; Le Bozec, H.; Dixneuf, P. H. J. Organomet. 
Chem. 1979,170, C34. (b) Adams, R. D.; Golembski, N. M.; Selegue, J. 
P. J. Am. Chem. SOC. 1979,101,5862. (c) Bianchini, C.; Me&, C.; Meli, 
A.; Orlandini, A.; Sacconi, L. Angew Chem., Int. Ed. Engl. 1979,18,673. 
(d) Southern, T. G.; Oehmichen, U.; Le Marouille, J. Y.; Le Bozec, H.; 
Grandjean, D.; Dixneuf, P. H. Inorg. Chem. 1980,19,2976. Herberhold, 
M . ;  Smith, P. D. Angew Chem. Int. Ed. Engl. 1979, 18,631. 


(4) Frazier, C. C.; Kline, R. F.; Barck, D. D. Inorg. Chem. 1981,20, 
4009. 


(5) Mahaffy, C. A. L.; Pauson, P. L. Inorg. Synth. 1979,19, 154-158. 
(6) (a) Herberhold, M.; Suss-Fink, M. Angew. Chem., Int. Ed. Engl. 


1977,16,194. (b) Herberhold, M.; Suss-Fink, M. Chem. Ber. 1978,111, 
2273. 


(7) The carbon disulfide complexes were not dried since this acceler- 
ated their decomposition and in some instances produced pyrophoric 
solids. 


drying. The tetrahydrofuran filtrate was evaporated and the 
residue dried under vacuum. Recrystallization of the residue from 
ether-hexanes gave additional crystals. 


Crystals of 2b and 2c were obtained by evaporation of solvent 
from the acetylene-tetzahydrofuran reaction mixture and washing 
of the resulting residue with ethyl ether. Yields for 4a are low 
due to a tendency for this compound to decompose in the acet- 
ylene-tetrahydrofuran reaction mixture. The yields for all com- 
pounds 2-4 are less than 50% because of incomplete conversion 
of Cr(q6-arene) (CO), into Cr (tf-arene) (v2-cyclooctene) ( C0)2 due 
to internal fiitering by the cyclooctene complex in the latter stages 
of the irradiation. Infrared spectra of the reaction mixtures 
confirm that there is efficient conversion of the cyclooctene 
complexes to CS2 complexes. On addition of acetylene, the CS2 
complexes convert cleanly to the 1,3-dithiol-2-ylidene compounds. 


2a (Ar = mesitylene; R, R' = COOMe, COOMe): 700 mg (40%); 
black crystale, mp 208 OC dec; IR (toluene) v(C0) 1917,1874 cm-l; 
'H NMR (CDC13): 6 2.02 (CH,), 3.87 (COOCH,), 4.57 (aromatic 
protons); NMR (CDClJ 6 20.176 (CHJ, 53.191 (OCHJ, 89.623 
(mesitylene, CH), 110.478 (mesitylene, CMe), 147.733 (SC=), 
159.098 (M), 234.060 (metal carbonyls), 279.438 ( C d ) ;  mass 
spectrum (calcd M+,446.45),m/e 446.0 (M+),389.9 (M+- 2CO), 
269.9 (M+ - 2CO - arene). Anal. C a l d  C, 48.43; H, 4.06; S, 14.36. 
Found C, 48.39; H, 4.26; S, 14.21. 


2b (Ar = o-xylene; R, R' = COOMe, COOMe): 550 mg (30%); 
black crystals; IR (toluene) u(C0) 1920,1875 cm-'. Anal. Calcd: 
C, 41.22; H, 3.73; S, 14.83. Found: C, 47.17; H, 3.84; S, 14.64. 


2c (Ar = m-xylene; R, R' = COOMe, COOMe): 500 mg (28%); 
black crystals; mp 120 'C; IR (toluene) u(C0) 1919, 1875 cm-'; 
'H NMR (CDClJ 6 1.99 (CH,), 3.87 (COOCH,), 3.8 (m, aromatic 
protons). Anal. Calcd C, 47.22; H, 3.73; S, 14.83. Found: C, 
46.95; H, 3.85; S, 14.70. 


2d (Ar = anisole; R, R' = COOMe, COOMe): 600 mg (34%); 
black crystals, mp 98 OC; IR (toluene) v(C0) 1921,1875 cm-'; mass 
spectrum (calcd M+, 434.40), m/e 434.0 (M+), 378.0 (M+ - 2CO), 
270.0 (M+ - 2CO - arene). Anal. C a l d  C, 44.24; H, 3.25; S, 14.76. 
Found: C, 44.41; H, 3.16; S, 15.00. 


3a (Ar = mesitylene; R, R' = COH, P h  625 mg (37%); black 
crystals; 157-160 OC dec; IR (THF) v(C0) 1911,1867 cm-'; 13C 
NMR (CDCl,) 6 20.210 (CH,), 90.003 (mesitylene, CH), 110.621 
(mesitylene, CMe), 126.870, 129.100, 137.678 (phenyl carbons), 
148,961,168.272 (SC=CS), 179.691 (COH), 234.633 (metal car- 
bonyls), 281.141 (Cr=C); mass spectrum (calcd M+, 434.49), m/e 
433.9 (M'), 378.0 (M+ - 2CO), 257.9 (M+ - 2CO - arene). 


4a (Ar = mesitylene; R, R' = COOEt, H): 30 mg (2%); black 
crystals; IR (THF) v(C0) 1908,1861 cm-'; mass spectrum (calcd 
M+, 402.44), m/e 401.8 (M+), 345.9 (M+ - 2CO), 225.9 (M+ - 2CO 
- arene). Anal. Calcd: C, 50.74; H, 4.51; S, 15.93. Found: C, 
50.93; H, 4.62; S, 15.72. 


Synthesis of Complexes 5 and 6. Typically 200 mg (4.5 
mmol) of 2a and 0.2-0.5 mL (2-4 mmol) of P(OMe)3 or 0.2-0.5 
mL (1-3 "01) of P(OMe)zPh in 15 mL of tetrahydrofuran were 
irradiated until the carbonyl peaks of 2a disappeared from the 
infrared spectrum of the solution. Exhaustive photolysis was used 
because of the difficulty in separating 5 or 6 from 2a. Tetra- 
hydrofuran was removed from the irradiated sample under vac- 
uum, and hexanes or ethyl ether was added to the dried residue. 
A soluble fraction was removed, and one or more recrystallizations 
from tetrahydrofuran or ether-hexane of the residue from this 
fraction gave 5 and 6, respectively. 


5 (Ar = mesitylene; R, R' = COOMe, COOMe; L = P(OMe)3): 
15 mg (6.2%); black crystals, 146-149 OC; IR (THF) v ( C 0 )  1835 
cm-I; mass spectrum (calcd M', 542.52) 542.5 (M'), 514 (M+ - 
CO), 394 (M' - arene), 390 (M+ - CO - P(OMe)3), 270 (M+ - arene 
- CO - P(0Me)J. Anal. C a l d  C, 44.28; H, 5.02; P, 5.71. Found: 
C, 43.34; H, 5.17; P, 5.60. 


6 (Ar = mesitylene; R, R' = COOMe, COOMe; L = P- 
(OMe)2Ph): 25 mg (9.4%); black crystals, IR (toluene) u(C0) 1827 
cm-'; Anal. Calcd: C, 51.02; H, 4.97; P, 5.26. Found: C, 51.34; 
H, 5.03; P, 5.51. 


Results and Discussion 
Attempted reaction of various substituted acetylenes 


with 1 has demonstrated that strong electron-withdrawing 
substituents on the acetylene are required for the forma- 
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Table I. Spectral Dataa for 


.s 4 R  


complex arene R, R' L solvent bands, cm-' ( E )  


2a mesitylene COOMe, COOMe co isooctane 20 500 
30 500 


toluene 20 600 (8800) 
30 300 (6700) 


acetonitrile 20 700 (8500) 
30 400 (63ooj 


2d anisole COOMe, COOMe co isooctane 20 400 
31 000 


toluene 20 400 (8200) 
31 000 (6000) 


acetonitrile 20 400 
31 100 


3a mesitylene COH, Ph co toluene 20 600 (7700) 
30 900 (6500) 


4a mesitylene H, COOEt co isooctane 20 500 
31 100 


5 mesitylene COOMe, COOMe P( OMe 1 3  isooctane 21 400 
30 100 


toluene 21 300 (9700) 
29 900 (7 200) 


Bands above 34 000 cm-' are not listed. All spectra were measured at room temperature. 


tion of (1,3-dithio1-2-ylidene)chromium compounds. For 
example, 2-butyne-l,4-diol, phenylacetylene, and di- 
phenylacetylene either do not react with la or only pro- 
duce small amounts of uncharacterized materials. In 
contrast, dimethyl acetylenedicarboxylate and phenyl- 
propargylaldehyde react readily and cleanly with la to 
generate 2a and 3a, respectively. Ethyl propiolate forms 
4a under similar reaction conditions, but longer reaction 
times are required and slow decomposition of 4a in the 
reaction mixture is observed. 


Several different arenes were used to synthesize the 
(@-arene) Cr (CO) 2( fW3,) intermediates 1 from which 
complexes 2-4 were prepared. l a d  reacted equally well 
with dimethyl acetylenedicarboxylate to give 2a-d. Yields 
for 2b-d were slightly smaller than the yield for 2a, but 
this is primarily due to the fact that compounds 2b-d do 
not crystallize as readily from the reaction mixture as 
compound 2a. 


I uL c 
0 R 0 


1 2-4 
R, R ,  2 (COOMe, COOMe), 3 (COH, Ph), 4 (H, COOEt); 


Ar (arene), a (mesitylene), b (0-xylene), c (m-xylene), 
d (anisole) 


The infrared spectra of complexes 2-4 have two metal 
carbonyl bands, which are a t  lower frequencies than the 
carbonyl peaks of the q2-CS2 precursors 1, e.g., for 2a 420) 
= 1917 and 1874 and for la v(C0) = 1965 and 1910 in 
toluene. A similar relationship has been noted for Fe- 
(12-CS2)(C0)2[P(OMe)3]2 complexes and (1,3-dithiol-2- 
y1idene)iron derivatives.la Variation of the arene or 
acetylene moiety in complexes 2-4 has little effect on the 
metal carbonyl frequencies. 


13C NMR spectra corroborate that the acetylene adduds 
are (1,3-dithiol-2-ylidene)chromium complexes. For com- 
plex 2a only three peaks are associated with the symme- 
trical alkyne unit: 6 53.191 (OCH3), 147.733 (SC=), 
159.098 (M). The observation of only one line for each 


pair of 13C nuclei supports the proposed symmetrical 
structure. The metal carbene 13C nuclei are observed at  
279.438 ppm for 2a and at  281.141 ppm for 3a. These 
low-field singlets are within the range expected for chro- 
mium carbonyl carbene complexes? Proton NMR spectra 
provide additional verification that the acetylene adducts 
are (1,3-di thiol- 2-ylidene) chromium complexes. The 
C02Me groups of 2a and 2c are observed as sharp singlets 
at 6 3.87, indicating a symmetrical arrangement as expeded 
for the proposed structure and in contrast to the splitting 
which would be observed for a five-membered metallo- 
cycle.ld 


Solutions of 2-4 are not appreciably air sensitive. A 
tetrahydrofuran solution of 2a exposed to the atmosphere 
at  ambient temperature for 3 days suffered minimal de- 
composition (less than 5%) with no new metal carbonyl 
products observed. In contrast, solutions of (l,&dithiol- 
2-y1idene)iron complexes exposed to air a t  room temper- 
ature oxidize to dithiolene iron complexes.latb (1,3-Di- 
thiol-2-ylidene)manganese complexes are also stable to air 
and do not rearrange to heterometallocyclic compounds. 
It has been suggested that the stability of the (1,3-di- 
thiol-2-y1idene)metal complexes is enhanced by a weak 
metal CS2 electron transfer.lc Since Cr(arene)(C0)2CS2 
complexes are claimed to have a substantial back-bonding 
component between chromium and the CS2 group, the 
above correlation does not appear to be a satisfactory ex- 
planation of the stability of (1,3-dithiol-2-ylidene)chro- 
mium complexes.6a 


Irradiation of tetrahydrofuran or toluene solutions of 2 
and excess tertiary phosphite/phosphonite results in the 
replacement of a CO ligand by phosphite/phosphonite. 
While only traces of product are observed with some 
phosphines, e.g., PPh3, the formation of a substitution 
product is readily seen with either P(OMe)3 or P(OMe)2Ph, 
leading to 5 and 6, respectively. Replacement of the 
1,3-dithiolium carbene unit by phosphine to yield the 
known (arene)dicarbonyl(phosphine)chromium(O) complex 
and a substituted tetrathiafulvalene was not observed in 
these photolysis experiments. Indeed, the photochemical 


(8) (a) Mann, B. E. Ado. Organomet. Chem. 1974,12,143. (b) Cardin, 
D. J.; Cetinkaya, B.; Lappert, M. F. Chem. Reu. 1972, 72, 545. 
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L 
O 


2a 


5 , 6  


stability of complexes 2-4 with respect to loss of the 
carbene moiety is high? For example, irradiation of a 
CO-saturated solution of 2a failed to generate Cr(@- 
mesitylene)(CO)3 and tetramethyl [A2*2'-bi-1,3-dithiole]- 
4,41,5,51-tetracarboxylate.10 


The phosphite/phosphonite substituted complexes 5 
and 6 are of interest principally for the following reasons. 
Compounds of the general type Cr(#-arene)(CO)LL' are 
relatively rare due to the fact that loss of more than one 
CO from Cr(q6-arene)(CO)3 complexes on photolysis is 
uncommon." Cr(a6-arene)(CO)LL' complexes are chiral 
and have been utilized as catalysts for the 1,4 hydrogen- 
ation of methyl sorbate. It is reasonable to assume that 
centrochiral (arene)chromium carbonyl complexes will be 
of value as hydrogenation catalysts in asymmetric syn- 
thesis.12 We are currently working to improve the product 


(9) The carbene moiety is ale0 reasonably stable in the electron beam 
of the maw epectrometar. The fragmentation patterns of all of the 
(1,3-dithiol-2-ylidene)chromium complexes examined to date have shown 
io- that correapond to species where all ligands except the 1,3-dithiol- 
2-ylidene unit have been loet from chromium. 


(10) Hartzler, H. D. J. Am. Chem. SOC. 1973,95,4379. 
(11) Geoffroy, G. L.; Wrighton, M. S. "Organometallic 


Photochemistry*; Academic Presa: New York, 1979; Chapter 2. 


yields and the diversity of chiral derivatives of 2-4 with 
the intention of exploring the catalytic potential of these 
complexes. 


Table I lists the low-energy electronic transitions of some 
of the complexes 2-5. Several complexes of the type Cr- 
(arene)(CO)2L (L = pyridine, cis-4-styrylpyridine, trans- 
4-styrylpyridine) have been shown to have a Cr - LCT 
transition as their lowest absorption."J3 In these com- 
plexes, the low-energy band is significantly red-shifted 
compared to the parent tricarbonyls and has a relatively 
large t 4-10 000. Complexes 2-5 are similarly red-shifted 
and have reasonably large molar absorptivities. For ex- 
ample, (me~itylene)Cr(CO)~(pyridine) in isooctane has a 
M - LCT at  19 230 cm-I with an t of 4900 while the re- 
lated band of 2a is at 20 500 cm-' and has an t greater than 
8000. A M - LCT assignment for the low-energy band 
of complexes 2-5 is suggested by the above correlation and 
is supported by noting that the lowest absorption of some 
carbene complexes has been assigned as a probable MLCT 
transition."J4 The carbene nature of the 1,2-dithiol-2- 
ylidene unit would be expected to exhibit electronic fea- 
tures similar to those associated with simpler metal carb- 
ene groups. We are continuing the examination of the 
spectroscopy of the (1,3-dithiol-2-ylidene)chromium com- 
plexes and related compounds in order to establish defi- 
nitive assignments of the low-energy transitions. 
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A new series of trans bidcarbon-palladium) complexes has been prepared. The initial ligands, prepared 
from 2-(chloromethy1)pyridines or -pyrazines, were treated with dimethyl malonate in anhydrous NJV- 
dimethylformamide in presence of potassium carbonate. Except for the 6-methyl-substituted ligands, the 
bis C-palladated complexes have isolated and characterized. A single-crystal X-ray structure analysis was 
conducted on bis{2- [ 2,2-bis(carbomethoxy)ethyl]pyridine)palladium(II), PdC2zH24Nz03, which revealed it 
to possess nearly C2 symmetry. The two heteroaromatic rings are exactly trans but are not coplanar; the 
dihedral angle is 63.0°, and the palladium coordination is distorted somewhat from ideal s uare-planar 
geometry. It crystallizes in the triclinic space group P1 with cell constants of a = 11.308 (2) 1, b = 13.765 
(2) A, c = 8.412 (2) A, a = 107.78 (l)", p = 111.81 (l)', y = 91.65 (1)O, and 2 = 2. Bond lengths involving 
palladium average 2.041 (3) A for Pd-N and 2.149 ( 2 )  A for Pd-C bonds. 


Introduction 
Even though palladium(I1) complexes with N ligands 


such as pyridine are well-known,3 there are very few stable 
organometallic complexes which possess one or more 
palladium(I1)-aliphatic (sp3) carbon cr bond(s). Earlier, 
we reported the preparation of a new class of palladium(I1) 
complexes containing two Pd(I1)-C cr bonds and  two 
pyridine ligands4. The potential catalytic properties5 of 
these CzNrtype organometallic compounds have prompted 
our interest in evaluating structural changes in this series. 
We herein report the synthesis and single crystal X-ray 
analysis of the square-planar palladium(I1) complex of 
2-[2,2-bis(carbomethoxy)ethyl]pyridine, la (R, = % = R3 
= H; X = CH) and then  the extension to  substituted 
pyridines and pyrazines (X = N). T h e  "obstacle effect" 
exhibited by a 6-methyl group6 during complex generation 
will be considered. 


Experimental Section 
General Comments. All melting points were taken in capillmy 


tubes with a Thomas-Hoover Uni-Melt apparatus and are un- 
corrected. 'H NMR spectra were determined on a Bruker WP-200 
NMR spectrometer using CDC13 as solvent with tetramethylsilane 
as the internal standard. IR spectra were recorded on a Per- 
kin-Elmer 621 grating infrared spectrophotometer. Mass spectral 
(MS) data (70 eV) were determined by Mr. D. Patterson on a 
Hewlett-Packard HP 5985 GC mass spectrometer (assignment, 
relative intensity). X-ray diffraction data were collected with 
graphite-monochromatized CuKa radiation on an Enraf-Nonius 
CAD-4 diffractometer. Reported Ri values were ascertained by 
a standardized thin-layer chromatographic (TLC) procedure: 
Baker-flex silica gel IR2-F plates eluting with the stipulated 
solvent system. For preparative thick-layer chromatography 
(ThLC), 2-mm silica gel PF-254-366 plates were used. Elemental 
analyses were performed by Mr. R. Seab in these laboratories. 


Ligand Synthesis. General Procedure. A. Halogenation 
of the methyl group(s) of electron-deficient heterocycles was 
accomplished via free-radical substitution using N-chloro- 


(1) Chemistry of Heterocyclic Compounds. Part 81. Previous related 
paper in this series (Part 78): Newkome, G. R.; Fronczek, F. R.; Gupta, 
V. K.; Puckett, W. E.; Pantaleo, D. C.; Kiefer, G. E. J. Am. Chem. SOC. 
1982,104, 1782. 


(2) On leave from University of Delhi, Delhi, India, 1980-1982. 
(3) Hartley, F. R. Coord. Chem. Rev. 1981, 35, 143. 
(4) Newkome, G. R.; Kawato, T.; Kohli, D. K.; Puckett, W. E.; Olivier, 


B. D.; Chiari, G.; Fronczak, F. R.; Deutsch, W. A. J. Am. Chem. Soc. 1981, 
103,3423. Newkome, G. R.; Onishi, M.; Puckett, W. E.; Deutsch, W. A. 
J. Am. Chem. SOC. 1980,102,4551. 


(6) (a) Newkome, G. R.; Kohli, D. K.; Fronczek, F. R. J. Am. Chem. 
SOC. 1982, 104, 994. (b) Kohli, D. K., unpublished results. 


(6) Goodwin, H. A.; Lions, F. J. Am. Chem. SOC. 1960, 82, 5013. 


succinimide with benzoyl peroxide initiator. A detailed com- 
parative study of this reaction will be published elsewhere.' The 
major product was generally the mono-a-chloromethyl product 
under the reaction conditions; the yield data cited for the bis esters 
were based on the unpurified halogenation product. 


B. Bis Ester Formation. A mixture of 2-(chloromethy1)- 
pyridine hydrochloride (1.64 g, 10 mmol), dimethyl malonate (3.3 
g, 25 mmol), anhydrous potassium carbonate (5.5 g, 40 mmol) in 
anhydrous Nfl-dimethylformamide (DMF, 30 mL)* was stirred 
at  25 OC for 20 h. The solid was filtered and washed with 
methylene chloride; the organic mixture was concentrated in vacuo 
and chromatographed (ThLC) on silica, eluting with ethyl ace- 
tate/cyclohexane (1:3) to afford 2-[ 2,2-bis( carbomethoxy)- 
ethyllpyridine (la), as an oil: 2 g (90%); R, 0.14; 'H NMR 6 
3.39 (d, CH2, J = 7.3 Hz, 2 H), 3.67 (8, OCH3, 6 H), 4.18 (t, CH, 


= 7.9 Hz, 1 H), 8.46 (d, 6-pyH, J = 4.3 Hz, 1 H); IR (neat) 1765 
(C=O), 1590,1565,1475,1435 cm-'; MS, mle 223 (M', 3), 192 
(M' - OMe, 15), 164 (M' - C2H302,94), 132 (M+ - C3H703, 100). 
Anal. Calcd for CllH13N04: C, 59.19; H, 5.87; N, 6.27. Found: 
C, 58.97; H, 6.02; N, 6.14. 
4-Methyl-2-[2,2-bis(carbomethoxy)ethyl ]pyridine (lb) was 


prepared from 2-(chloromethy1)-4methylpyridine:' oil; 2 g (84%); 


dz ,  2 H), 3.70 (8, OCH3, 6H), 4.15 (t, CH, J = 7.3 Hz, 1 H), 6.93 


J = 5.5 Hz, 1 H); IR (neat) 1740 (C=O), 1605,1560,1435, 1030 
cm-'; MS, m/e 237 (M', 6), 206 (M+ - OMe, 18), 178 (M+ - 
C2H3O2, E@), 146 (M+ - C3H703, 100). Anal. Calcd for C12H15N04: 
C, 60.75; H, 6.37; N, 5.90. Found: C, 60.39; H, 6.28; N, 5.67. 
5-Methyl-2-[2,2-bis(carbomethoxy)ethyl]pyridine (IC) was 


prepared from 2-(chloromethy1)-5-methylpyridine:' oil; 1.9 g 


J = 7.3 Hz, 2 H), 3.70 (s, OCH3, 6H), 4.11 (t, CH, J = 7.3 Hz, 1 


(neat) 1730 (C=O), 1600, 1485, 1430, 1025 cm-'; MS, mle 237 
(M', 3), 206 (M' - OMe, 16), 178 (M' - C2H302,100). Anal. Calcd 
for C1&1504: C, 60.75; H, 6.37; N, 5.90. Found: C, 60.42; H, 6.58; 
N, 5.73. 
6-Methyl-2-[2,2-bis(carbomethoxy)ethyl]pyridine (la) was 


prepared from 2-(~hloromethyl)-6-methylpyridine:~ oil; 2.2 g 


J = 7.3 Hz, 2H), 3.70 (8 ,  OCH3, 6 H), 4.09 (t, CH, J = 7.3 Hz, 1 


J = 7.3 Hz, 1 H), 7.09 (dd, B-pyH, J4 ,5  = 7.9 Hz, J6.s = 4.3 Hz, 
1 H), 7.19 (d, 3-pyH, J = 7.9 Hz, 1 H), 7.57 (dd, 4-pyH, J4,3 = J4,5 


R 0.13; 'H NMR 6 2.29 (~,4-pyCH3, 3H), 3.34 (d, CH2, J = 7.3 


(d, B-pyH, J =  5.5 Hz, 1 H), 7.01 (~,3-pyH, 1 H), 8.33 (d, 6-pyH, 


(80%); Ri0.15; 'H NMR 6 2.27 (8,  5-pyCH3, 3H), 3.35 (d, CH2, 


H), 7.08 (d, 3-pyH, J = 7.9 Hz, 1 H), 7.38 (dd, 4-pyH, J3 ,4  = 7.9 
Hz, 5 4 3  = 1.8 Hz, 1 H), 8.32 (d, 6-PyH, J4,6 = 1.8 Hz, 1 H); IR 


(93%); Ri  0.18; 'H NMR 6 2.46 (8,  6-pyCH3, 3H), 3.35 (d, CH2, 


(7) See: Newkome, G. R.; Puckett, W. E.; Kiefer, G. E.; Gupta, V. K.; 
Xia, Y.; Coreil, M.; Hackney, M. A. J. Org. Chem., in press. 


(8) DMF in light slowly releases HCN therefore care must be taken 
to prevent decomposition. [Newkome, G. R.; Robinson, J. M. Tetrahe- 
dron Lett. 1974,691; Trisler, J. C.; Freasier, B. F.; Wu, S.-M. Zbid. 1974, 
687.1 
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H), 6.96 (d, 3,5-pyH, J = 7.9 Hz, 2 H), 7.45 (dd, I-pyH, J = 7.9 
Hz, 1 H); IR (neat) 1740 (M), 1590,1575,1455 cm-'; MS, m/e 
237 (M+, 61,206 (M+ - OMe, 16), 178 (M+ - C2H3O2,87), 146 (M+ 
- C9H703, 100). Anal. Calcd for C12H15N04: C, 60.75; H, 6.37; 
N, 5.90. Found: C, 60.68; H, 6.41; N, 5.89. 
2-[2,2-Bis(carbomethoxy)ethyl]pyrazine (le) was prepared 


from 2-(~hloromethyl)pyrazine:~ microcrystals; mp 51-52 "C; 2 
g (89%); Rf0.12; 'H NMR 6 3.43 (d, CH2, J = 7.3 Hz, 2 H), 3.74 
(9, OCH3, 6 H), 4.11 (t, CH, J = 7.3 Hz, 1 H), 8.44 (2 d, Wpyra-H, 
J = 7.3 Hz, 2 H), 8.52 (bs, 3-pyra-H, 1 H); IR (CsI) 1715 (C=O), 
1575,1520,1470,1430 cm-'; MS, m/e 224 (M+, 2), 193 (M+ - OMe, 
12), 165 (M+ - CZH302,77), 133 (M+ - C3H703,IOO). Anal. Calcd 
for C1&I12N204: C, 53.57; H, 5.39; N, 12.49. Found: C, 53.39; 


3-Met hyl-24 2f -bis( carbomet hoxy )et hyl] pyrazine ( 1 f )  was 
prepared from 2-(chloromethyl)-3-methylpyrazine:' oil; 1.67 g 
(70%); R, 0.1; 'H NMR 6 2.59 ( 8 ,  pyra-CH3, 3H), 3.42 (d, CH2, 
J = 7.3 Hz, 2H), 3.75 (s, OCH3, 6 H), 4.26 (t, CH, J = 7.3 Hz, 1 
H), 8.26,8.28 (2 d, 5,6-pyra-H, J = 5.5 Hz, 2 H); IR (neat) 1730 
(C=O), 1525,1430 cm-'; MS, m/e 238 (M+, 6), 207 (M+ - OMe, 
ll), 179 (M+ - CZH302,43), 147 (M+ - C3H703,lOO). Anal. Calcd 
for CllH14N204: C, 55.46; H, 5.92; N, 11.76. Found: C, 55.21; 


5-Methyl-2-[2,2-bis(crbomethoxy)ethyl]pyrazine (lg) was 
prepared from 2-(chloromethyl)-5-methylpyra~ine:~ needles; 1.74 
g (73%); mp 128-129 "C; R, 0.08; 'H NMR 6 2.53 (8 ,  pya-CH,, 
3H), 3.39 (d, CHz, J = 7.3 Hz, 2 H), 3.77 (s, OCH3, 6 H), 4.08 (t, 
CH, J = 7.3 Hz, 1 H), 8.36, 8.39 (2 8, 3- and 6-pyra-H, 2 H); IR 
(CsI) 1730 (C=O), 1485, 1435 cm-'; MS, m/e 238 (M', 4), 207 
(M+ - OMe, 81, 179 (M+ - C2H302, 481,147 (M+ - C3H703,100). 
Anal. Calcd for CllH14N204: C, 55.46; H, 5.92; N, 11.76. Found: 
c, 55.31; H, 5.89; N, 11.67. 


6-Met hyl-2-[ 2,2-bis( carbomet hoxy)et hyllpyrazine was 
prepared from 2-(chloromethyl)-6-methylpyrazine:' oil; 1.81 g 
(76%); R, 0.1; 'H NMR 6 2.48 (9, 6-pyra-CH3, 3H), 3.38 (d, CH2, 
J = 7.3 Hz, 2 H), 3.72 (s, OCH,, 6 H), 4.09 (t, CH, J = 7.3 Hz, 
1 H), 8.30, 8.32 (2 s, 3- and Spyra-H, 2 H); IR (neat) 1725 (M), 
1525,1430 cm-'; MS m/e 238 (M', 6), 207 (M+ - OMe, 9) 179 (M+ 
- C2H302, 59), 147 (M' - C3H703, 100). Anal. Calcd for 


N, 11.71. 
General Preparation of the Complexes. A mixture of the 


2-[2,2-bis(carbomethoxy)ethyl]pyridine or -pyrazine (1 "01) and 
anhydrous potassium carbonate (500 mg) in acetonitrile (20 mL) 
was stirred at 25 "C for 30 min. Then palladium(I1) chloride (0.5 
mmol) in warm acetonitrile (30 mL) was added, followed by 
stirring at 25 "C under a nitrogen atmosphere for 20 h. The 
heterogeneous mixture was filtered and then concentrated in vacuo 
to give the crude complex, which was recrystallized from chlo- 
roform/methanol to afford the yellow crystalline product. Ligands 
Id and lh did not form complexes under these conditions. 


trans -Bis(2-[ 2,2-bis( carbomet hoxy)et hyl1pyridine)palla- 
dium(I1) (4a) was prepared from pyridine la: yellow rhom- 
boid-shaped crystals, 250 mg (91%); mp 189-191 "C dec; 'H NMR 


H, 5.31; N, 12.38. 


H, 6.14; N, 11.58. 


CllH14N20~ C, 55.46; H, 5.92 N, 11.76. Found: C, 55.40; H, 5.86; 


6 3.40 (9, CH3, 12 H), 3.75 (9, CH2, 4 H), 7.17 (dd, 5-pyH, J 4 , 5  = 
7.9 Hz, J5,e = 5.7 Hz, 2 H), 7.33 (d, 3-pyH, J = 7.9 Hz, 2 H), 7.70 
(dd, 4-pyH, J3,4 = J4,5 = 7.9 Hz, 2 H), 9.06 (d, 6-pyH, J = 5.7 Hz, 


(M+ - C11H,2N04,25), 190 (M+ - C12Hi6NO,Pd, 84), 132 (M+ - 
2 H); IR (CsI) 1670 (C=O), 1560,1480,1430 cm-'; MS, m/e 328 


Cl4Hl8NO7Pd, 100). Anal. Calcd for C22H24N20sPd: C, 47.97; 
H, 4.39; N, 5.09. Found: C, 47.87; H, 4.42; N, 5.06. 


trans -Bis(4-methyl-2-[2,2-bis(carbomethoxy)ethyl]- 
pyridine)palladium(II) (4b) was prepared from pyridine lb: 
yellow crystals; 173 mg (60%); mp 158-161 "C dec; 'H NMR 6 
2.36 (s,4-pyCH3,6 H), 3.42 (s,0CH3, 12 H), 3.67 (s, CH2,4 H), 
6.96 (dd, 5-pyH, 55,6 = 6.1 Hz, J3,5 = 1.8 Hz, 2 H), 7.15 (d, 3-pyH, 
J3,5 = 1.8 Hz, 2 H), 8.84 (d, GpyH, J = 6.1 Hz, 2 H); IR (CsI) 1680 
(b, c=o), 1428,1062 cm-'. Anal. Calcd for C24HzsNz08Pd: C, 
49.80; H, 4.88; N, 4.84. Found: C, 49.71; H, 5.08; N, 4.63. 


trans -Bis( 5-methyl-2-[ 2,2-bis(carbomethoxy)et hyll- 
pyridine)palladium(II) (4c) was prepared from pyridine IC: 
yellow microcrystals; 179 mg (62%); mp 89-91 OC dec; 'H NMR 
6 2.35 (s,5-pyC!H3,6H),3.40 (s,0CH3, 12 H),3.77 (s,CH2,4 HI, 


54,6 = 1.8 Hz, 2 H), 8.88 (d, 6-pyH, 54,6 = 1.8 Hz, 2 H); IR (GI )  
1730-1670 (b, C=O), 1495, 1430, 1065 cm-'. Anal. Calcd for 


7.20 (d, 3-pyH, J = 7.9 Hz, 2 H), 7.49 (dd, 4-pyH, J3,4 = 7.9 Hz, 
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Cz4HzaNz08Pd: C, 49.80; H, 4.88; N, 4.84. Found: C, 49.52; H, 


trans -Bis(2-[2,2-bi~(carbomethoxy)ethyl]pyrazine~palla- 
dium(I1) (4e) was prepared from pyrazine le: yellow crystals; 
220 mg (80%); 89-91 "C dec; 'H NMR 6 3.46 (s, OCH3, 12 H), 
3.74 ( 8 ,  CH2, 4 H), 8.55 (d, 5-pyra-H, J = 3.1 Hz, 2 H), 8.74 (s, 
3-pyra-H, 2 H), 9.16 (d, 6-pyra-H, J5,a = 3.1 Hz, 2 H); IR (CsI) 
1700-1645 (C=O), 1520, 1425, 1050 cm-'. Anal. Calcd for 
CzoHz2N4o8Pd: C, 43.45; H, 4.01; N, 10.13. Found: C, 43.36; H, 


trans -Bis(3-methyl-2-[2,2-bis(carbomethoxy)ethyl]- 
pyrazinelpalladium(I1) (4f) was prepared from pyrazine I f  
yellow crystals; 203 mg (70%); mp 51-52 "C; 'H NMR 6 2.68 (s, 
3-pyra-CH3, 6 H), 3.46 (8,  OCH3, 12 H), 3.70 (s, CH2, 4 H), 8.41 
(d, 5-pyra-H, J = 3.0 Hz, 2 H), 8.96 (d, 6-pyra-H, J = 3.0 Hz, 2 
H); IR (CsI) 1710-1680 (C=O), 1425,1060 cm-'. Anal. Calcd 
for Cz2HzsN40$d C, 45.49; H, 4.51; N, 9.65. Found: C, 45.22, 
H, 4.79, N, 9.56. 


trans -Bis(S-methyl-2-[2,2-bis( carbomethoxy)et hyll- 
pyrazine)palladium(II) (4g) was prepared from pyrazine lg: 
yellow microcrystals; 255 mg (88%); mp 85-86 "C; 'H NMR 6 2.64 
(s,5-pyra-CH3,6 H), 3.45 (s,0CH3,12 H), 3.77 (s, CH2,4H),8.60 
(s, 3-pyra-H, 2 H), 9.02 (8 ,  6-pyra-H, 2 H); IR (CsI) 1710-1670 
(C=O), 1485,1430,1060 cm-'. Anal. Calcd. for C22H26N408Pd: 
C, 45.49; H, 4.51; N, 9.65. Found: C, 45.26; H, 4.64; N, 9.58. 


X-ray Experimental Data. Intensity data were collected from 
a yellow crystal of dimensions 0.12 X 0.32 X 0.44 mm at T = 24 
i 2 "C. Cell dimensions and crystal orientation were determined 
from diffractometer coordinates of 25 accurately centered re- 
flections having 33" 5 B 5 44". 


Crystal Data: PdCz2H24N20s mol wt 550.9; triclinic space 
group P1; a = 11.308 (2) A, b = 13.765 (2) A, c = 8.412 (2) A, a 


g ~ m - ~ ,  X = 1.541 84 A, ~ ( C U  KJ = 72.2 cm-'. Intensity data were 
collected by the 8-28 scan technique at variable rates designed 
to yield I N 50u(I) for all significant data. The scan rate was 
determined during a 20" min-' prescan, reflections failing to have 
I > u(I) during the prescan were flagged as unobserved, and the 
maximum time spent on a single scan was 120 s. All data in one 
hemisphere having 2" 5 B 5 75" were thus measured. Three 
periodically remeasured standard reflections were used to correct 
for crystal decay, which amounted to 18% of the original inten- 
sities. Background, Lorentz, and polarization corrections were 
applied to the data. Absorption corrections were applied by using 
an empirical method based upon 1c/ scans of reflections near x = 
90". The minimum relative transmission coefficient was 75.7%. 
Of the 4709 unique data measured, 3642 had F > 30(F) and were 
used in the refinement. 


4.98; N, 4.76. 


4.18; N, 10.02. 


= 107.78 (l)", 0 = 111.81 (l)", = 91.65 (l)", Z = 2, d d  = 1.601 


Results and Discussion 
A. Ligand Synthesis. Lutidines, methylpyrazine, or 


dimethylpyrazines (2) on chlorination with N-chloro- 
succinimide (NCS) in carbon tetrachloride gave a mixture 
of diverse halomethyl products. The  reaction conditions 
were varied in order to obtain the desired 2-(chloro- 
methy1)pyridine or -pyrazine derivatives (3), as the major 
product. Numerous polyhalogenated compounds were also 
obtained and characterized and will be reported in detail 
elsewhere.' The product distribution can, in most cases, 
be analyzed by NMR spectrometry through the appear- 
ance of a singlet (ca. 6 4.7) for the  CH2Cl group and  the  
diminished spike (ca. 6 2.55) for the methyl substituent. 


Treatment of these halomethyl reagents with dimethyl 
malonate and anhydrous potassium carbonate in dry N,- 
N-dimethylformamides gave the  desired ligands 1 in ex- 
cellent yields. In  view of the  precautions necessary in 
handling these halomethyl compounds and their instability 
as the  free base, i t  was advantageous to analyze (NMR) 
the crude mixtures, calculate the conversion yield, and use 
the mixture directly in the  ligand synthesis. This tech- 
nique circumvented the  isolation of the  obnoxious a- 
chloromethyl intermediates; care must be exercised in 
handling all  of these halomethyl derivatives since they 
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are extremely irritating t o  the skin and mucous mem- 
branes. [Other detrimental properties of these compounds 
have been recently demonstrated (NCI): 3-chloro- 
methylpyridine is a carcinogen, in rats, whereas the 2 
isomer is not (personal communication of Dr. T. D. Bailey, 
Reily Tar and Chemical Corp.). Thus EXTREME CARE 
must be taken in view of the potential alkylating 
properties-common with all of these a-halomethyl 
starting materials.] Other byproduch from the halogen- 
ation procedure (e.g., starting materials and dihalo- and 
trihalomethyl compounds) do not react under these al- 
kylating conditions. 


2 B I 
a, X = CH, R, = R, = R, = H; b, X = CMe, R, = R, = 
R, = H; c, X = CH, R, = R, = H, R, = Me; d, X = CH, 
R, = R, = H, R, = Me; e, X = N, R, = R, = R, = H; f ,  
X = N , R , = M e , R , = R , = H ; g , X = N , R , = R , = H ,  
R, = Me; h, X = N,  R, = R, = H, R, = Me 


The NMR spectral data for 1 showed a characteristic 
doublet (J = 7.3 Hz) at  6 3.34-3.43 for the heteroaryl 
methylene and a triplet a t  6 4.08-4.26 for the adjacent 
methine proton. The carbomethoxy moiety showed a spike 
a t  6 3.67-3.77, and interestingly none of these malonate 
ligands exhibited any detectable enolization at  30 "C in 
deuteriochloroform. The carbonyl absorption of the free 
ligands was observed a t  1765-1715 cm-'. 


B. Complex Formation. An acetonitrile solution of 
1 was treated with 0.5 equiv of PdC12 and anhydrous po- 
tassium carbonate. After 20 h of stirring at  ambient tem- 
perature, the desired complexes were isolated as yellow 
crystals. The initial trans bis N-bonded complex 5 was 
slowly transformed into 4 via stepwise, intramolecular 
Pd-C bond formation. The intermediate complex 5 can 
be isolated as a stable crystalline compound. 


P 4 


a, X = CH, R, = R, = R, = H; b, X = CMe, R, = R, = 
R, = H; c, X = CH, R, = R, = H, R, = Me; d, X = CH, 
R 1 2  = R = H, R, = Me; e, X = N, R, = R, = R, = H ;  f ,  
X = N , R ,  = M e , R , = R , = H ; g , X = N , R , = R , = H ,  
R, =Me 


The 200-MHz 'H NMR spectra of 4 show a spike at  6 
3.74-3.77 for the pyridine (or pyrazine) a-methylenic hy- 
drogens indicative of a symmetry plane through the N- 
Pd-N axis. The singlet at 6 3.40-3.46 for the methyl ester 
suggests that all methyl groups are in a magnetically 
equivalent environment. As a result of complexation, the 
H3, H4, and/or H6 pyridine hydrogens or the H, and/or 
H6 pyrazine hydrogens are shifted downfield by 0.1-0.2 
ppm, whereas H6 experiences a much more dramatic 
downfield shift (0.5-0.7ppm). The IR spectra of 4 exhibit 
a very strong carbonyl absorption at  1730-1645 cm-'; the 
50-70-cm-' shift upon complexation is further supportive 
of the palladium-carbon u bonds. From CPK models, it 
was anticipated that the complex should have a trans ge- 
ometry with the H6 hydrogen being forced into the im- 
mediate vicinity of the ester groups. The cis structure has 
been disregarded on the basis of steric effects caused by 
the interaction of the heteroaromatic 6-positions and the 
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Bond Distances ( A  ) in Complex 4a 


2.040 (3) 
2.156 (2) 
1.344 (4)  
1.338 (4) 
1.377 (4)  
1.371 (6) 
1.354 (5)  
1.385 (4) 
1.498 (4) 
1.522 (4) 
1.481 (3) 
1.490 (3)  
1.209 (3) 
1.348 (3) 
1.435 (3) 
1.204 (3) 
1.341 (3) 
1.424 (3) 


Pd-N( 2) 
Pd-C( 18 )  
N( 2)-C( 12 )  
N(2)-C(16) 
C( 12)-C( 13)  
C(13)-C(14) 
C(14)-C( 1 5 )  
C(15)-C(16) 
C(16)-C( 1 7 )  
C(17)-C(18) 
C( 18)-C( 19)  
C(18)-C(20) 
O( 5)-C( 19) 
0(6)-C(19) 
0(6)-C(21) 
0(7)-C(20) 
O( 8)-C( 20) 
O( 8)-C( 22) 


2.042 (3) 
2.142 (2) 
1.341 (3) 
1.346 (4)  
1.382 (4) 
1.425 (6) 
1.376 (5) 
1.379 (4) 
1.494 (4) 
1.545 (3) 
1.500 (3) 
1.460 (3) 


1.341 (3) 
1.439 (3) 


1.348 (3) 
1.435 (3) 


1.200 (3) 


1.211 (3) 


juxtaposition of the two malonate moieties. 
The substitution of H6 with methyl groups sterically 


retards complex formation (for example, with Id and lh). 
For establishment of a better picture of the juxtaposed 
substituent interactions and conformation of the regio- 
chemistry of these complexes, a single-crystal X-ray 
analysis of 4a was undertaken. 


C. Structure Solution and Refinement. The 
structure of 4a was solved by routine heavy-atom methods. 
Refinement was carried out by weighted full-matrix 
least-squares methods based upon F, where the weights 
were IJ-~(F,). The variances were based on counting sta- 
tistics and included a term (0.051)2. Calculations were 
performed on a PDP 11/34 computer using the Enraf- 
Nonius SDP system of programs. Non-hydrogen atoms 
were treated anisotropically. Hydrogen atoms were located 
from difference maps and included as fixed contributions. 
Secondary extinction was a problem and an extinction 
coefficient refined to a value of 4.39 (2) X Conver- 
gence was achieved with R = 0.043, R, = 0.068, and GOF 
= 2.502 based on observed data. The maximum residual 
in a final AF map was 0.55 e k3 associated with palladium. 


The central Pd atom in 4a is u bonded with two carbon 
atoms and coordinated by two pyridine nitrogen atoms 
corroborating the net overall square-planar trans config- 
uration having nearly C2 symmetry (Figure 1). The 
pyridine rings are not coplanar with each other; the di- 
hedral angle is 63.0'. Palladium and the coordinating 
atoms N(l), C(7), N(2), and C(18) approximate a plane, 
but the carbon atoms C(7) and C(l8) are bent away from 
the molecular C, axis, forming a C-Pd-C angle of 168.63 
(9)O (Table 11). Displacements from the mean coordination 
plane are 0.129 (3) 8, for C(7) and 0.130 (3) 8, for C(18). 
The Pd-N bond lengths (average 2.041 8,) are experi- 
mentally equal and are comparable to those in similar 
palladium(I1)-pyridine complexesg whereas, the Pd(I1)- 
C(sp3) bonds differ but are t y p i ~ a l . ~ ~ J ~  The hetero- 
aromatic rings exhibit normal geometries; the C-C dis- 
tances average 1.381 8, and C-N distances average 1.342 
A. Distances and angles within the four carbomethoxy 
groups show excellent internal agreement as well as 
agreement with accepted values. No unusual intermole- 


(9) (a) Okeya, S.; Kawaguchi, S.; Yasuoka, N.; Kai, Y.; W, N. Chem. 
Lett. 1976,53. (b) Horike, M.; Kai, Y.; Yasuoka, N.; Kasai, N. J. Orga- 
nomet. Chem. 1975,86,269. (c) Goddard, R.; Green, M.; Hughes, R. P.; 
Woodward, P. J. Chem. SOC., Dalton Tram. 1976,186,1890. (d) Koba- 
yashi, Y.; Ohaawa, A. Tetrahedron Lett. 1973,2643. 


(10) Roe, D. M.; Calvo, C.; Krishnamachari, N.; Moseley, K.; Maitlis, 
P. M. J. Chem. SOC., Chem. Commun. 1973,436. Alyea, E. C.; Dim, S. 
A.; Ferguson, G.; McAlees, A. J.; McCrindle, R.; Roberta, P. J. J. Am. 
Chem. SOC. 1977,99, 4985. 
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Table 11. Selected Bond Angles (Deg) in Complex 4a 


N( 1)-Pd-N( 2) 
N( l)-Pd-C( 7)  
N( 1)-Pd-C( 18) 
N( 2 )-Pd-C( 7 ) 
N( 2)-Pd-C( 18) 
C(7)-Pd-C( 18)  
C( 8)-O( 2)-C( 10)  
C(9)-0(4)-C(ll) 
C(19)-0(6)-C(21) 
C(20)-0(8)-C( 22) 
C(1)-N(1)-C(5) 
C(12)-N(2)-C(16) 
N( 1 )-C( 1 )-C( 2) 
C( 1)-C( 2)-C( 3) 
C( 2)-C( 3)-C( 4)  
C( 3)-C( 4)-C( 5) 


179.70 (6)  
79.6 (1) 
99.9 (1) 


100.2 (1) 
80.3 (1) 


168.63 (9)  
116.3 (3) 
116.4 (3)  
116.4 (3) 
117.3 (3) 
119.2 (3) 
120.2 (3)  
121.8 (3)  
118.8 (3) 
119.3 (3)  
120.2 (3)  


N( 1 )-C( 5)-C( 4)  
N( 1)-C( 5)-C( 6) 
C( 4)-C( 5)-C( 6) 
C(5)-C(6)-C(7) 
C( 6)-C( 7)-C( 8) 
C( 6)-C( 7)-C( 9)  
C( 8)-C( 7)-C9) 
O( 1 )-C( 8)-O( 2) 
O( 1)-C( 8)-C( 7 )  
O( 2)-C( 8)-C( 7)  
O(3 )-C(9 kO(4 1 
O( 3)-C( 9)-C( 7)  
O(4)-C( 9)-C( 7 )  
N( 2)-C( 12)-C( 13) 
C(12)-C(13)-C( 14)  


120.5 (3) 
114.2 (2)  
125.4 (3) 
110.7 (2) 
111.5 (2) 


118.3 (2)  


123.8 (2) 
114.9 (2) 
121.6 (3) 
124.1 (3) 
114.3 (2) 
121.5 (3) 
117.8 (3) 


111.1 (2)  


121.1 (2) 


Table 111. Table of Coordinates for 4a 


C( 13)-C( 14)-C( 15) 
C(14)-C(15)-C(16) 
N( 2)-C( 16)-C( 15)  
N(2)-C(16)-C(17) 
C(15)-C(16)-C(17) 
C( 16)-C( 17)-C( 18) 
C( 17 )-C( 18)-C( 19)  
C( 17)-C( 18)-C( 20) 
C( 19)-C( 18)-C( 20) 
O( 5)-C(19)-0(6) 
0(5)-C(19)-C( 18) 
O( 6)-C( 19)-C( 18) 
O( 7)-C( 20)-O( 8) 
O( 7)-C( 20)-C( 18) 
O( 8)-C( 20)-C( 18) 


119.0 (3) 


121.2 (3) 


110.1 (2) 
110.0 (2) 
110.2 (2) 


119.6 (3) 


114.9 (2) 
123.9 (3) 


118.5 (2)  
121.8 (2)  
124.5 (3) 
113.4 (2)  
120.8 (3) 
124.5 (3) 
114.7 (2) 


atom X Y z atom X Y 2 


0.24998 (2)  0.25001 (1) 


0.4505 (3) 0.1630 (2) 
0.4999 (3) 0.2058 (2) 
0.6012 (2) 0.1944 (2) 
0.1649 (3) 0.4903 (2)  
0.0500 (2)  0.3377 (2) 
0.0018 (3) 0.2945 (2) 


-0.1007 (2)  0.3067 (2) 
0.1168 (3) 0.1182 (2)  
0.3837 (2) 0.3817 (2) 
0.0003 (3) 0.1064 (3) 


-0.0829 (4) 0.0138 (3) 


0.3346 (3) 0.0102 (2) 


-0.0471 (5)  -0.0671 (3) 
0.0721 (4)  -0.0563 (3) 
0.1550 (3) 0.0369 (2) 
0.2911 (3) 0.0571 (3) 


C11 


-0.00283 (2) 
0.1002 (3) 
0.2947 (3) 


0.1269 (3) 
0.2554 (3) 


-0.1478 (3) 


0.1818 (3) 
-0.3521 (3) 
-0.1682 (3) 
-0.1350 (3) 


-0.1291 (4)  
-0.2213 (5) 
-0.3266 (6) 
-0.3271 (5) 
-0.2275 (4)  
-0.2093 (4)  


0.1306 (3) 


Figure 1. ORTEP drawing of trans bis(2-[2,2-bis(carbometh- 
oxy)ethyl]pyridine)palladium(II). Hydrogen atoms have been 
omitted for clarity. 


cular contacts are noted. Bond distances and angles are 
listed in Tables I and II; coordinates of nonhydrogen atoms 
are given in Table 111. 


D. Obstacle Effects. The nature of substituents on 
C(1) or C(12) (Figure 1; e.g., & in 4) is critical with respect 


0.3746 (3) 
0.3857 (3) 
0.4950 (3)  
0.4571 (5) 
0.7190 (4)  
0.5000 (3)  
0.5851 (4) 
0.5465 (4) 
0.4255 (4) 
0.3444 (3) 
0.2089 (3) 
0.1249 (3) 
0.1137 (3) 
0.0067 (3) 
0.0420 (4) 


-0.2198 (4)  


0.1354 (2) 
0.0950 (2)  
0.1822 (2)  
0.1281 (4) 
0.2380 (3) 
0.3922 (3)  
0.4843 (3) 
0.5688 (3) 
0.5566 (3) 
0.4632 (3) 
0.4437 (2)  
0.3630 (2) 
0.4061 (2) 
0.3195 (2) 
0.3720 (4) 
0.2636 (4)  


-0.0232 (4)  


-0.0235 (4) 
0.1251 (4)  


0.4416 (5) 
0.1323 (6) 
0.2635 (4)  
0.3480 (5)  
0.2873 (6)  
0.1536 (5) 
0.0805 (4) 


-0.0575 (4) 
-0.0340 (4)  


-0.1985 (4) 


-0.3245 (6)  


0.1456 (4) 


0.3566 (5)  


to complex formation. The enhanced downfield shift 
shown for J& is indicative of a strong proximal interaction 
between He and the adjacent carbomethoxy group(& 
When & = Me (e.g., Id and lh), no C-metalated products 
were detected, this is suggestive of a strong steric repulsion 
caused by C(1) and/or C(12) substituents and is supportive 
of the so-called "obstacle effectne6 Such an interaction 
between the methyl group(s) and carbomethoxy func- 
tionality inhibits the approach of the anion sites a t  C(7) 
or C(l8) to the palladium core. Methyl substituents 
present elsewhere on the heteroaromatic rings &e., 4b, 4c, 
4f, and 4g) had little or no effect on the formation of the 
Pd-C bonds. 
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The reaction of CpFe(CO)(PPh3)(CHOCH3)+BF4- with K+CPF~(CO)~- leads to the formation of a 3:l 
mixture of the cis- and trans-r-methoxymethylene complex Cp2Fe2(CO),(p-CO)(p-CHOCH3) (1). This 
complex reads with acid or Ph3C+ to produce the bridging methylidyne complex Cp2Fe2(C0)2(p-CO)(p-CH)+ 
(7). Treatment of the cationic methylidyne complex 7 with NaBH4 gives a 3.2:l mixture of the cis and 
trans parent bridging methylene complex Cp2Fe2(CO),(p-CO)(p-CH2) (9). The bridging methylene complex 
reacts with hydrogen to produce the dihydro form of the methylene ligand. Reaction of Cp2Fe2(CO),(p- 
CO)(p-CCH3)+BFa (6) with base generates the p-vinylidene complex Cp2Fe2(CO),(p-CO)(r-C=CH2). The 
treatment of 6 with NEX4HFe(CO)4 leads to the formation of a 5 1  mixture of the cis and trans-p-ethylidene 
complex Cp2Fez(CO),(r-CO)(p-CHCH3) (11). The ethylidene complex 11 reacts with Ph3C+ to give a 
r-u,n-vinyl complex Cp,Fez(CO)z(p-CO)(~-u,n-CHCH2)+ (15). Treatment of 15 with various RLi reagents 
results in the formation of the corresponding bridging alkylidene complex Cp,Fez(CO)2(p-CO)(p-CHCH2R). 


Introduct ion 
In the previous paper1 we discussed the preparation and 


chemical properties of the p-methylenediiron &carbonyl 
and several of ita derivatives. In this paper we discuss the 
preparation and properties of related systems in which 
each iron atom carries a cyclopentadienyl ligand, viz., 
bis(qs-cyclopentadieny1)-p-methylene-diiron tricarbonyl. 
The three compounds of principal interest are the bridging 
parent methylene system, bridging methoxymethylene 
complex, and bridging ethylidene complex. The point has 
been made previously that such bridging methylene sys- 
tems may serve as useful models for interpretation of the 
chemistry of several important catalytic processes. 


Results and Discussion 
Bis(qs-cyclopentadieny1)-p-(methoxymethylene)-diiron 


tricarbonyl (I) is formed as a mixture of cis (a) and trans 
(b) isomers following reaction of the CpFe(CO)(PPh3)- 
(CHOCH3)+ (Cp = qS-CsH5) ion2 with CpFe(CO),- in 
acetonitrile a t  0 OC (eq 1). A mixture of la and lb was 


CO 1 
U 


l a  


I1 
0 


lb 
isolated as a stable red solid. The IR spectrum of the 
methoxy derivative 1 in CHzClz displays bands at  1986 (w), 
1941 (m), 1776 (s), and 1080 (m) cm-l, the latter two being 
indicative of bridging CO and OCH3 g~oups, respectively. 
Separation of la and lb by chromotography at room 


'Department of Chemistry, University of California, Loa Angeles, 


*Deceased, December 10, 1981. 
CA 90026. 


0276-733318212301-0911$01.25/0 


temperature was not successful. However, both isomers 
can be distinguished by the lH NMR spectroscopy a t  am- 
bient temperature. In the 'H NMR spectrum of 1 in 
CDC13, the equivalent protons of the two Cp rings of the 
cis isomer appear as a singlet a t  6 4.67 and the non- 
equivalent protons of the two Cp rings of the trans isomer 
appear as two very close singlets of equal intensity a t  6 4.70 
and 4.71, respectively. The chemical shift for the meth- 
ylene proton which is syn to the Cp rings of the cis form 
is 6 12-48? and that of the trans form is 6 11.62. The ratio 
between these two singlets is 3:l in favor of the cis form. 
In the 13C NMR spectrum of 1, the methylene carbon 
resonances appearing a t  6 216.7 and 214.0 are assigned to 
la and lb,  respectively. 


The course for the formation of methoxy derivative 1 
may involve a nucleophilic addition of CpFe(CO),- on 
CpFe(CO)(PPh3)(CHOCH3)+ to  give Cp2Fe2(CO),- 
(PPh,) (11-CHOCH,) followed by dissociation of phosphine 
ligand and formation of a metal-metal bond. A similar 
reaction, between the terminal methoxymethylene complex 
CpFe(C0)z(CHOCH3)+ and CpFe(CO),, however, did not 
produce methoxy derivative 1. The products isolated from 
this reaction were [CpFe(C0),J2 (2) as well as CpFe- 
(CO)2CH3.4 This synthetic approach, by combining mo- 
nonuclear metal carbene complexes with nucleophilic metal 
species, has been employed by Stone and co-workerss in 
the synthesis of mixed-metal systems of bridging meth- 
oxymethylene derivatives. 


(1) Sumner, C. E., Jr.; Collier, J. A.; Pettit, R., manuscript in prepa- 
ration. 


(2) Cutler, A. R. J. Am. Chem. SOC. 1979,101,604-606. 
(3) A third isomer in which the methylene proton is anti to both Cp 


rings was ruled out on the basis of the 'H NMR data of 1 as compared 
to other system of similar structure (e.g., complexes 9 and 11). Failure 
to observe this isomer might be due to the increased steric hindrance 
caused by placing three bulky groups (two Cp rings and one OCHJ on 
the same side of the molecule. 


(4) Yeh, J., unpublished work. 
(5) (a) Ashworth, T. V.; Berry, B.; Howard, J. A. K.; Laguna, M.; 


Stone, F. G. A. J. Chem. SOC., Chem. Commun. 1979,43-45. (b) Ash- 
worth, T. V.; Howard, J. A. K.; Laguna, M.; Stone, F. G. A. J. Chem. SOC., 
Dalton Tram. 1980,1953-1960. (c) Berry, M.; Howard, J. A. K., Stone, 
F. G. A. Ibid. 1980,1601-1608. (d) Ashworth, T. V.; Berry, M.; Howard, 
J. A. K.; Laguna, M.; Stone, F. G. A. Ibid. 1980,1615-1624. (e) Howard, 
J. A. K.; Mead, K. A.; Moss, J. R.; Navarro, R.; Stone, F. G. A.; Wood- 
ward, P. Ibid. 1981, 743-750. 
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When methoxy derivative 1 is treated with hydrogen 
(270 psi) a t  150 "C in tetrahydrofuran (THF), dimethyl 
ether and methane are produced, as well as [CpFe(CO)212 
(2). The dimethyl ether formation may involve prior loss 
of a CO ligand from 1 to form 3, which then undergoes 
oxidative addition of H2 to give 4, followed by reductive 
elimination to the methoxymethyl complex 5 (eq 2). The 


Kao, Lu, and Pettit 


I /  
0 


3 


II 
0 


4 


OC H? 
/ 


H CH2 


I I 
CpFe- Fe(C0)Cp (2)  


'c' 
il 
0 


5 


reductive elimination of 5 would lead to dimethyl ether 
formation. Such a reaction scheme has been suggested 
earlier in the hydrogenation reaction of the bridging 
methylene complex Fe(C0)8CHz.6 Formation of dimethyl 
ether from the hydrogenation reaction of methoxy deriv- 
ative 1 is interesting since compounds of this type may 
represent a possible building block for small oxygen-con- 
taining molecules such as methanol and ethylene glycol. 


Treatment of methoxy derivative 1 in CH2C12 with 
HBF,*OEt, a t  0 "C gives an intense red solution which 
readily decomposes with formation of a red-brown pre- 
cipitate. The IR spectrum of the red solution displays 
bands a t  2050 (vs), 2020 (m), and 1860 (e) cm-'. The 
resemblence between this IR spectrum and that of 
Cp2Fe2(C0)2(p-CO)(~-CCH3)+BF4- (6)' is indicative of the 
presence of a methylidyne complex Cp2Fe2(CO)2(r-CO)- 
(b-CH)+BFc (7) in the solution. The proposed structure 
of 7 is supported by the 'H NMR study of the solution at  
low temperature, as well as by trapping the compound with 
triphenylphosphine. The 'H NMR spectrum of 7 in 
CD2C12 a t  -60 "C features a very low-field singlet at  6 22.56 
(1 H) for the methine proton and a singlet a t  6 5.28 (10 
H) for the two cyclopentadienyl ring protons. When the 
CH2C12 solution of 7 was quenched with triphenyl- 
phosphine, followed by addition of diethyl ether, an a- 
phosphonium adduct 8 was isolated (eq 3). Complex 8, 
obtained as a red-brown solid, was found to exist in the 
cis form only, as indicated by the spectroscopic studies. 
The IR spectrum of 8 displays bands at 1993 (vs), 1958 (w), 
and 1810 (s) cm-'. The 'H NMR spectrum of 8 features 
a doublet (1 H, J = 1.5 Hz) a t  6 9.96 assigned to the 
methine proton, a multiplet (15 H) at 6 7.50-8.00 to the 
aryl protons, and a singlet (10 H) a t  6 5.25 attributed to 
the equivalent protons of the two Cp rings. 


Treatment of methoxy derivative 1 dissolved in CH2C12 
(0 "C) with an equal molar amount of Ph3+BF4- produces 
the similar red solution which, upon treating with tri- 
phenylphosphine and diethyl ether, gives the same a- 
phosphonium complex 8. It is evident from these obser- 
vations that both acid and Ph3C+ selectively abstract the 


(6) Sumner, C. E., Jr.; Riley, P. E.; Davis, R. E.; Pettit, R. J. Am. 


(7) Nitay, M.; Priester, W.; Roeenblum, M. J. Am. Chem. SOC. 1978, 
Chem. SOC. 1980,102, 1752-1754. 


100,3620-3622. 


H 


1 7 


0 


8 


a-methoxide from methoxy derivative 1 and generate the 
methylidyne complex 7. Similar a-alkoxide abstractions 
have been observed in mononuclear and dinuclear systems 
for synthesizing terminal methylidene6 and bridging al- 
kylidyne complexes, respecti~ely. '~~ 


When an acetonitrile solution of compound 7 is treated 
with sodium borohydride, a red slurry was produced which 
leaves an orange-red residue upon removal of solvent. 
Column chromatography of this orange-red residue on 
alumina results in the isolation of two components. An 
orange-red solid 9a, which is the major component, dis- 
plays IR bands a t  1985 (vs), 1940 (m), and 1780 (s) cm-'. 
The mass spectrum of this compound indicates a parent 
peak m l e  a t  340 with sequential loss of 3 CO and a mass 
unit of 14. 'H NMR of 9a features three diagnostic 
downfield singlets a t  6 10.33,9.63, and 8.43. The relative 
intensity of these peaks, however, varies with time. A 
steady-state is finally reached, a t  which point the relative 
ratio of these three singlets is 1.6:1:1.6. The second com- 
ponent, 9b, which is isolated as a pink-red solid, also 
possesses a parent peak at  m l e  340 in the mass spectrum. 
In IR, the spectrum of 9b displays bands at  1985 (vs), 1940 
(vs), and 1780 (8 )  cm-'. 'H NMR of 9b also features three 
diagnostic downfield singlets with the same chemical shifta 
as that of complex 9a, but different in relative intensity. 
The relative intensity of the three singleh again varies with 
time, and later reach a steady-state with the same ratio 
as in the case of complex 9a. On the basis of these spec- 
troscopic studies, compounds 9a and 9b were assigned as 
the cis and trans isomers of the bridging methylene com- 
plex Cp2Fe2(C0)2(p-CO)(p-CH2).'o It is also concluded 
that 9a and 9b interconvert in solution with the final 
equilibrium cisftrans ratio of 3.2:l. The singlet at  6 10.33 
is assignable to the proton of the methylene moiety which 
is syn to the cyclopentadienyl ring in the cis form and the 
singlet a t  6 8.43 to the other proton of the CH2 moiety. 


(8) (a) Jolly, P. W.; Pettit, R. J. Am. Chem. SOC. 1966,88,5044-5045. 
(b) Green, M. L. H.; Ishuq, M.; Whiteley, R. N. J. Chem. SOC. 1967, 
1508-1515. (c )  Davison, A.; Krusell, W.; Michaelson, R. J.  Organomet. 
Chem. 1974, 72, C7410. (d) Riley, P. E.; Capshew, C. E.; Pettit, R.; 
Davis, R. E. Inorg. Chem. 1978, 17,408-414. (e) Flood, T. C.; Disanti, 
F. J.; Miles, D. L. Ibid. 1976,15,1910-1918. (f) Brookhart, M.; Tucker, 
J. R.; Flood, T. C.; Jensen, J. J. Am. Chem. SOC. 1980,102,1203-1205. 
(9) Wong, W. K.; Tam, W.; Gladysz, J. A. Ibid. 1979,101,5440-5442. (h) 
Constable, A. G.; Gladysz, J. A. J. Orgammet. Chem. 1980,202, C21424. 


(9) Howard, J. A. K.; Jeffery, J. C.; Laguna, M.; Navarro, R.; Stone, 
F. G. A. J.  Chem. SOC., Dalton Trans. 1981, 751-762. 


(10) CpzFe&O)z(p-CO)(p-CH~ has been prepared by the reaction of 
CpFe(CO)L(CHzCl) (L = CO, PPhd and CpFe(CO)2K. Thiel, C. H.; Kao, 
S. C., unpublished work. Thia compound has also been recently prepared 
by the reaction of [CpFe(CO)& and CHePPh,: Korswagen, R.; Alt, R.; 
Ziegler, M. L. Angeru. Chem., in press, as well as by the reaction of 
CpFe(C0)2CHz0zCCH3 and CpFe(CO)zK: Casey, C. P.; Fagan, P. J.; 
Miles, W. H. J. Am. Chem. SOC., submitted for publication and private 
communication. 
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Table I. 'H NMR Data of Complex 
Cp,Fe,(CO),(r-CO)(r-CHCH,) (11) in 


Benzene-d, at 30 "C 


p-Methylene-diiron Tricarbonyl Complexes 


Scheme I 


m - 
\ c /  'C' \=/ 


H 


-co C p(C0) Fe ' - \Fe(CO)Cp - Cp(C0)Fe-FeCp -- 
II 
0 


11 
a 


The two methylene protons of the trans form experience 
identical magnetic environment that is assignable to the 
singlet a t  6 9.63. 


il 
0 
9a 


II 
0 


9b 


A ruthenium analogue of 9 has been prepared by Knox 
and co-workers." Other complexes which possess a CH2 
group bridging two bonded transition-metal atoms have 
recently been reported.12 


Treatment of the bridging methylene complex 9 with 
hydrogen (270 psi) a t  150 "C in T H F  produced methane 
as well as [CpFe(CO)2]l. Methane formation may involve 
the same reaction sequence outlined earlier for the for- 
mation of dimethyl ether (eq 2). 


We also wish to  report a different approach in the 
transformation of the coordinated carbonyl ligand into the 
p-alkylidenes and related novel compounds based on the 
iron dimer complex 2. 


2 


Treatment of 2 with MeLi, followed by acidification, 
afforded the p-ethylidyne complex 6.7 The reaction of 6 


(11) Davies, D. L.; Dyke, A. F.; Knox, S. A. R.; Morris, M. J. J.  Or- 
gonomet. Chem. 1981,215, C30432.  


(12) (a) Review: Herrmann, W. A. Adu. Orgonomet. Chem., in prese. 
(b) See k h b e ,  K.; Andrew, D. G.; Mann, B. E.; Maitlis, P. M. J.  
Chem. SOC., Chem. Commun. 1981,804-810. Green, M.; Hankey, D. R.; 
Murray, U, Orpen, A. G.; Stone, F. G. A. Zbid. 1981,688-691. Steinmetz, 
G. R; G e o h y ,  G. L. J. Am. Chem. SOC. 1981,103,1278-1279. Shapley, 
J. R.; Sievert, A. C.; Chruchill, M. R.; Wasserman, H. J. J. Am. Chem. 
SOC. 1981,103, 69764977. 


ratio 6(CH,) 6(C,H,) 6(H) J ,  Hz 
l l a  5 3.30 4.16 11.60 8.0 


l l b  1 3.24 4.28 10.80 8.0 


4.36 


(4 3 HI (s, 10 H) (9, 1 HI 


(4 3 H) (s, 5 H) ( q , 1  HI 


(s, 5 H) 


with NEt4HFe(C0)4 (10) produced the desired p-ethylid- 
ene complex 11 (eq 4). The IR absorptions of the car- 


CH3 I 
C+ 


THF 
CpiC0)Fe ' - 'Fe(C0)Cp t 15 HFe(C0); - 


\*/ 


tl 
6 


H CH3 


>c< 
Cp(C0)Fe- Fe(C0)Cp t 0 5HFe3(C0),,- t 0 5 CO (4)  


\-/ 


ii 
0 


11 


bonyls of 11 are analogous to those of the parent dimer 
2 but exhibit a bathochromatic shift presumably due to 
the weaker ?r acceptability of the ethylidene group than 
the carbonyl ligand. 


The lH NMR spectrum of 11 shows that i t  is mixture 
of two isomers designated as l la and l lb  (Table I). The 


l l a  1 l b  


three-dimensional X-ray structure of l la was performed 
by Davis and co-worker~.'~ Their results indicated that 
the alkylidene carbon is sp3 hybridized. The reaction 
described in eq 4 represents a convenient preparation of 
a binuclear alkylidene complex from the corresponding 
alkylidyne c0mp1ex.l~ A photochemical entry for 11 and 
ita ruthenium analogue was recently reported.15 One 
related dirhodium complex 1216 and one diiron complex 
13l' were known. 


H xCO*-' H ;c<cH3 


Cp(C0)Rh - R t  (COICp 


12 


CpC0)Fe- Fe(C0)Cp 


\C' 
II 
0 


13 


(13) Meyer, B. B.; Riley, P. E.; Davis, R. E. Znorg. Chem. 1981,20, 


(14) 'Abstracta of Papere", 179th National Meeting of the American 
Chemical Society Houston, TX, Mar 23,1980; American Chemical So- 
ciety, Washington, DC, 1980. 


(16) Dyke, A. F.; Knox, S. A. R.; Naieh, P. J.; Guy-Orpen, A. J. Chem. 
SOC., Chem. Commun. 1980,441-442. 


(16) Herrmann, W. A.; Kruger, C.; Goddard, R.; Bemal, I. Angew. 
Chem., Znt. Ed. Engl. 1977,16, 334. 


3024-3029. 
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Complex 11 displays cyclopropanation activity. In the 
presence of acid, styrene is converted into l-methyl-2- 
phenylcyclopropane (ca. 5 % ). This cyclopropanation ac- 
tivity is not observed in the absence of acids, under either 
thermal or photolytic conditions. I t  is not yet clear 
whether this cyclopropanation activity of 11 bears any 
resemblence to the mononuclear cases.I8 


Photolysis of 11 with P(FZ-BU)~ afforded complex 14 
based on the spectroscopic data [IR (THF) 1920 (s), 1730 
(m) cm-l; lH NMR (benzene-d6) 6 0.70-1.70 (m, 48 H, extra 
hydrogens are due to residual phosphine), 3.56 (d, 3 H, J 
= 8.0 Hz), 4.26 (m, 5 H), 4.52 (e, 5 H), 8.59 (d of q, 1 H, 
Jp-H = 17.0 Hz, JHeH = 8.0 Hz)]. However, complex 11 
did not react with PPh3 either photochemically or upon 
prolonged heating. 


Kao, Lu, and Pettit 


\ *  l H 3  
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Atwood e t  al. recently reported that hydride reagents 
(i.e., LiA1H4) could reduce iron dimer complex 2 into C1 
to C, hydrocarbons, with ethylene as the major product 
in the primary process.1g The formation of ethylene from 
2, but not from mononuclear model compounds, suggests 
the process of methylidene coupling as in the hydride 
reduction of metal carbonyls.20 We anticipated that 
complex 11 and LiAlH4 would produce mainly C3 primary 
product(& provided that the coupling mechanism of al- 
kylidenes is operative (eq 5a). Indeed, 11 and LiAlH4 did 


/- \  E /L\ - 
\C' 


Fe - 
\ /Fe 
/ c \  


Fe - 
/ \  


Fe - 


/ \  
\C ' 


H' 


CH3CH=CH2 (5a) 
HE-AI] E LiAlH, 


other ligands on complex 11 omitted for clarity 


afford C1 to C4 hydrocarbons (40% yield). The relative 
distribution was methane (7.3%), ethylene (1.4%), ethane 
(3.5%), propene (64.7%), propane (7.9%), 1-butene 
(lO.l%), and n-butane (5.2%). However, an alternative 
mechanism involving CO insertion into iron-alkylidene 
bond is also reasonable (eq 5b), as in the mononuclear cases 
of Mn and Ni.21 


H CH3 
\-/ - 


CH3CH = CH2 (5b) 
H[-AI] LiAIH, 


other ligands on complex 11 omitted for clarity 


(17) Herrmann, W. A.; Plank, J.; Bernal, 1.; Creswick, M. Z. Natur- 


(18) Bmokhart, U, Tucker, J. P.; Husk, G. R. J. Am. Chem. SOC. 1981, 


(19) Wong, A; Atwood, J. D. J. Orgummet. Chem. 1980,199, C4C12. 
(20) Masters, C.; vanderwonde, C.; vanDoom. J. A. J. Am. Chem. SOC. 


jorsch. 1980,356,680-688. 


103,979-981 and references therein. 


1979,101, 1633-1634. 


Compound 11 was allowed to react with CO and H2 a t  
600 psi and 165 OC. The gas phase presented trace 
amounts of methane, ethylene, propene, and propane. In 
the solution phase, the dimer complex 2 and cyclo- 
pentadiene were observed. Most significantly, propanal 
(ca. 10%) was also detected. One possible mechanism for 
the formation of propanal is analogous to the one proposed 
for the formation of acetaldehyde from the diiron octa- 
carbonyl p-methylene complex with H2.6 With H2 alone, 
the reaction of 11 produced ethane, and no propanal could 
be detected. 


When the p-ethylidene complex 11 was treated with 
ethylene, methane (trace), propene (3.6%), and C4 hy- 
drocarbons (2.2%) were obtained. Of the Cis, 1-butene, 
2-butene, and even isobutylene were observed. The 
presence of propene and isobutylene is explicable by a 
binuclear olefin methathesis (Scheme I). 


Olefin metathesis involving bimetallocycloalkanes was 
recently proposed to occur over ditungsten complexes.22 
Pettit et al. reported that the reaction between ethylene 
and p-CH, iron complex afforded propene, and the in- 
termediacy of a binuclear metallocycle was suggested? The 
recent isolation of a dicobalt cyclopentane complex sub- 
stantiates the plausibility of binuclear metallocycles in the 
p-alkylidene-olefin i n t e r a ~ t i o n . ~ ~  


@-Hydride abstraction of metal alkyls and its reverse 
reaction are well-known processes in mononuclear or- 
ganometallic complexes.24 When the p-ethylidene com- 
pound 11 is treated with trityl cation (Ph3C+BFJ, a purple 
solid 15 is obtained (eq 6). The structure of p-u,?r-vinyl 


H >c<cH3 HC HZ 


,CH \ + 


C p(C0) Fe - Fe(C0IC D 


11 15 


complex 15 was deduced from spectroscopic and elemental 
analyses. The infrared spectum of 15 is analogous to the 
p-ethylidyne cation 6, whereas the 'H NMR spectrum 
reveals the characteristic ABX pattern for the vinylic 
protons and two Cp signals (vide infra). I3C NMR studies 
verified the presence of a-vinylic carbon (6 184.94 (d)) and 
@-vinylic carbon (6 64.77 (t)). One related neutral com- 
pound 16 was reported, which is prepared from the thermal 
reaction between mononuclear vinyl complex 17 and 
Fe2(C0)9 (eq 7).26 The reverse reaction of Equation 6, 


0 


16 


complex 15 with NaBH,, gives back the p-ethylidene 
complex 11. The reaction of complex 15 with organo- 
lithium RLi (R = CH3, n-Bu) produced the corresponding 
p-CHCH,R complexes 18. Even more surprising is that  


~ ~~~~ ~ 


(21) (a) H e m " ,  W. A.; Plank, J. Angew. Chem. 1978,90,555-&. 
(b) Miyaahita, A.; Grubbs, R. H. Tetrahedron Lett. 1981, 1255-1256. 


(22) Rudler, H. J. Mol. Catal. 1980,8, 53-72. 
(23) TheaDold. K. H.; Beraman, R. G. J. Am. Chem. SOC. 1980,102, - 


5694-5695. 
(241 Green, M. L. H.: N w .  P. L. I. J.  Orpanomet. Chem. 1963, I, . .  . 


58-69; 
(25) Neameyanov, A. N.; Ribinskaya, M. I.; Rybm, L. V.; Kaganovich, 


V. S.; Petrovskii, P. V. J .  Organomet. Chem. 1971,31, 257-267. 







p-Methylene-diiron Tricarbonyl Complexes Organometallics, Vol. 1, No. 7, 1982 915 


Table 11. Characterization of CP,Fe,(CO),(r-CO)(r-CHCH,R) (18) 
high-resoln mass spectrosc 


mp, "C calcd found IR, cm-I 'H NMR, 6 (benzene-d,) 
18a, R = CH, 170-171 dec 367.9797 367.9808 1975 (s)~ 1.41 (t, 3 H, J = 7.6 Hz) 


11.40 (t, 1 H, J = 7.9 Hz) 


1935 (w) 
1778 (m) 


1934 (w) 
1775 (m) 


1938 (m) 
1788 (m) 


3.27 (d of q, 2 H, J = 7.6, 7.9 Hz) 
4.19 (8 ,  10 H) 


3.39 (d o f t ,  2 H, J = 7.9, 8.4 Hz) 
4.25 (8 ,  10 H) 


11.67 (t, 1 H, J = 8.4 Hz) 


4.55 (d, 2 H, J = 7.8 Hz) 
4.79 (s, 10 H) 


11.40 (t, 1 H, J = 7.8 Hz) 


18b, R = n-Bu 120-122 dec 410.0267 410.0278 1976 (s)~ 0.75-2.14 (m, 9 H) 


18c, R = OCH, 115-116 dec 383.9746 383.9755 1978 ( s ) ~  3.51 (s ,3  H) 


O I n  CH,Cl,. THF. - 
Table 111. 'H NMR Data of [Cp,Fe,(CO),(fi-CO)(~-CH=CH,)]'BF; (15) and Related Complex& 


HX Hb 


Fe / \ H o  


\c=c/ 


6(Ha) S(Hb) ~ ( H x )  6(CP) Jab J, Jbx 
15A (CD,),CO; CD,CN (-20 "C) 2.98 5.15 12.75 5.58 2.3 16.2 9.0 


5.76 
15B CD,CN 


17 CDCI, 
16 CDC1, 


5.53 5.80 7.13 4.83 2.0 12.0 7.0 


5.42 5.90 7.14 4.81 1.4 17.4 9.0 
1.70 2.20 10.91 5.00 1.4 11.8 7.3 


4.88 


a J (coupling constant) in Hz. 15 is not soluble in CDCl,. 
complex 15 reacts with methanol to give novel p- 
CHCHzOCH3 complex, which in turn can be converted 
back to 15 upon treatment with acid. The characteriza- 
tions of compounds 18 are listed in Table 11. 


\ /CHZR 
H 


CP\ / \ / c p  
_Fe-Fe 


18% R = CH, 
b, R = n-Bu 
c, R = OCH, 


An intriguing phenomenon was observed during the 'H 
NMR studies on the p-vinyl complex 15. Two types of 'H 
NMR ABX-pattern spectra can be observed from the vi- 
nylic protons in 15. A freshly prepared sample of 15 in 
acetonitrile-d3 at  <-lo "C shows the first type (15A-type) 
spectrum; upon warming to ambient temperature in the 
probe (ca. 30 "C), a second type (15B-type) spectrum is 
observed (see Table 111). This transformation was found 
to be irreversible. In acetone-d6, 16 displays A-type 
spectrum (-30 to +30 "C). Addition of an equal volume 
of a~et0nitrile-d~ to the acetonecis solution of 15 can cause 
the B-type spectrum to develop. Both A- and B-type 
spectra, along with the spectra of the two model com- 
pounds 16 and 17, are listed in Table 111. The similarity 
of 15A with 16 and 15B with 17, in terms of 6 and/or J 
values suggest the following transformation (eq 8). 


/ CHZ /CD3 / 
CH & 


15A 
When triphenylphosphine (1.1 equiv) was added to an 


acetone solution of 16, a binuclear complex 19 was ob- 


tained. lH NMR and IR data suggest structure 19 [IR 
(acetone) 1985 (vs), 1940 (w), 1793 (m) cm-l; IH NMR 


Hz), 7.63-8.28 (m, 15 H), 10.88 (d o f t ,  1 H, J = 17.7,7.5 
(CDaCN) 6 4.65 (8 ,  10 H), 4.99 (d Of d, 2 H, J 14.1,7.5 
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19 
p-Hydroxycarbene complexes and their possible role(s) 


in the hydrogenation of carbon monoxide have received 
much attention recently.m We have attempted to prepare 
bridging hydroxycarbene complexes. p-Ethylidyne com- 
plex 6 was reacted with NH4+OH- and afforded a red, 
neutral complex. Spectroscopic evidence suggests that it 
is not the expected p-hydroxycarbene complex but rather 
the new p-vinylidene complex 20. Complex 20 was found 


H \ C / H  


! 


i 
0 


6 20 
to be best prepared from the reaction of 6 with methyl- 
lithium (eq 9). Very recently, Stone and co-workers also 
observed complex 20 by using basically the same ap- 
proach.n A preparation of the ruthenium analogue of 20 
has also been reported.28 


csc12. 


Soc., Chem. Commun. 1980, 1120-1132. 


(26) Sweet, J. R.; Graham, W. A. G. J. Orgonomet. Chem. 1979,173, 


(27) Dawkine, G. M.; Green, M.; Jeffery, J. C.; Stone, F. G. A. J. Chem. 
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When HBF4 was added to 20, the p-ethylidyne complex 
6 was obtained. Complex 6 could be transformed into the 
p-ethylidene complex 11 as described in eq 4. This rep- 
resents an example of the transformation of a gem-di- 
m e t a l l d e n e  into the corresponding gem-dimetalloalkane. 
Reduction of the p-vinylidene complex 20 by molecular 
hydrogen afforded ethane, parent dimer 2, and a tetramer, 
C P ~ F ~ ~ ( ~ ~ - C O ) ~ ;  no pethylidene complex 11 was observed, 
which is stable under the reaction conditions. 


Finally, the reaction of complex 6 with P(n-B& affords 
the new phosphonium complex 21 as evidenced by the 
spectroscopic data [IR (CH,CN) 1990 (s), 1950 (w), 1798 
(m) cm-'; 'H NMR (CD3CN) 6 1.00-2.00 (m, 27 H), 2.94 
(d, 3 H, Jp-H = 21.3 Hz), 5.15 (8, 10 H)]. 


Kao, Lu, and Pettit 


50% hexane/benzene), (2) [C&.Hge(CO)z]z (0.884 g, 47.6%, eluted 
with benzene), (3) (C&&zFe2(CO)3(PPhJs (0.293 g, 9.94%, eluted 
with 10% diethyl ether/benzene), and (4) a cis/trans isomeric 
mixture of 1 (0.460 g, 24.8%, eluted with 50% diethyl ether/ 
benzene). Recrystallization of 1 from CHzClz/hexane gave air- 
stable red crystals: mp 170-173 "C dec; IR (CHzC12) 1986 (vs), 
1941 (m), 1776 (s), 1080 (m) cm-'; 'H NMR (CDC13) la, 6 3.90 
(s,3 H), 4.67 (s, 10 H), 12.48 (s, 1 H); lb, 6 4.00 (s, 3 H), 4.70 (9, 
5 H), 4.71 (a, 5 H), 11.62 (a, 1 H); 13C NMR (CDZC1,): la, 6 63.9 


lb, 6 64.6 (OCH3), 88.3 (C5H5), 90.1 (C5H6), 214.0 (r-CHOCH,), 
212.0 (CO), 275.9 h-CO); mass spectrum, m / e  370 (M'), 342,314, 
286. Anal. Calcd for Cl6Hl4Fe20& C, 48.70; H, 3.81; Fe, 30.18. 
Found: C, 48.66; H, 3.82; Fe, 29.91. 


Hydrogenation of (C5H5)zFez(CO)2(p-CO)(p-CHOCH3) (1). 
A solution of 1 (0.050 g, 0.13 mmol) in THF (15 mL) was placed 
in a 58-mL stainless-steel autoclave and charged with hydrogen 
(270 psi). The reactor was heated at 150 "C for 3 h. W C  analysis 
of the gas phase over the reaction mixture revealed the presence 
of dimethyl ether (15%) and methane (5%). The IR spectrum 
of the liquid phase indicated [C&Hge(C0),lz (50%) and unreacted 
1 (20%) as the products. 


Reaction of (C5H6)zFe2(CO)z(c-CO)(p-CHOCH3) (1)  with 
HBF4-OEt,. To a solution of 1 (0.050 g, 0.13 mmol) in CHzClz 
(15 mL) at 0 "C was added HBF4.0Eh (slight excess). An intense 
red solution was developed immediately which decompwd readily 
with the formation of a brown precipitate. The IR spectrum of 
the red solution displayed bands at 2050 (vs), 2020 (m), and 1860 
(e) cm-'. 


In another experiment, 1 (0.020 g, 0.052 mmol) was dissolved 
in CDzC12 (approximately 1 mL) and treated with a threefold 
excess of HBF4-OEt2 at -60 OC. The 'H NMR spectrum of the 
resulting red solution at -60 "C featured a singlet at 6 22.56 (1 
H) and a singlet at 6 5.24 (10 H). 


Preparation of (CsH6)zFez(CO)z(c-CO)(r(-CHPPh3)+BF4- 
(8). To a solution of 1 (0.100 g, 0.270 mmol) and triphenyl- 
phosphine (0.080 g, 0.30 mmol) in CHzClz (25 mL) at -20 "C was 
added HBF,.OEh (slight excess). The red-brown solution which 
resulted was stirred for 15 min, and the solvent was removed. The 
resulting red-brown solid, when recrystallized from CHzClz/EhO, 
afforded 0.15 g (85%) of a dark red crystalline solid: mp 200 OC 
dec; IR (CHzCl2) 1993 (vs), 1958 (w), 1810 (8) cm-*; 'H NMR 
(acetone-d& 6 5.25 (8, 10 H), 7.50-8.00 (m, 15 H), 9.96 (d, 1 H, 
JP-H = 1.5 Hz). Anal. Calcd for C3zH2BBF4Fez03P: C, 55.86; H, 
3.81; P, 4.50. Found: C, 56.12; H, 4.04; P, 4.51. 


Reaction of (C6H6)zFez(CO)2(cc-CO)(p-cHocH3) (1 )  with 
Ph3C+BF4-. To a solution of 1 (0.050 g, 0.13 mmol) in CHzCl2 
(15 mL) at 0 "C was added Ph3C+BF; (0.045 g, 0.13 mmol) in 
CHZCl2 (5 mL). An intense red solution was developed imme- 
diately which decomposed readily with the formation of a brown 
precipitate. The IR spectrum of the red solution displayed bands 
at 2050 (w), 2020 (m), and 1860 (s) cm-'. When this solution was 
treated with triphenylphosphine (0.040 g, 0.15 mmol) in CHzClz 
(5 mL) and followed by adding diethyl ether, a red-brown solid 
was isolated which was identified to be 8 (0.065 g, 70%). 


Preparation of (CSH~)~F~Z(CO)~(~-CO)(~(-CH~) (9). To a 
solution of 1 (0.100 g, 0.270 mmol) in CHzClz (15 mL) at -20 "C 
was added HBFcOEk (slight excess). The resulting red solution 
was stirred for 1 min and the aolvent removed. A solution of 
NaBH4 in CH3CN was added, and the reaction mixture was stirred 
for 30 min at room temperature. Removal of the solvent gave 
an orange-red residue which was then extracted with benzene and 
subjected to separation on alumina. Two components were iso- 
lated from the column: (1) a pink-red solid (0.015 g, 16%, eluted 
with 50% hexane/benzene) which was found to be predominant 
of the trans isomer 9b of the title compound and (2) an orange-red 
solid (0.038 g, 41%, eluted with benzene) which was identified 
aa predominant of the cis form 9a of the title compound. Although 
9a and 9b are separable by column, they interconvert each other 
in solution with the final equilibrium cis/trans ratio of 3.2:l.O. 
Recrystallization of 9 from hexane at -78 "C gave orange-red 
solids: mp 160-164 "C dec; IR (CH2C12) 1985 (vs), 1940 (s), 1780 


(34) Reger, D. L.; Culbertaon, E. C. J. Am. Chem. SOC. 1976, 98, 


(35) White, A. J. J. Organomet. Chem. 1979,168, 197-202. 


(OCHJ,86.9 (C&5),216.7 (JI-CHOCH3),212.0 (CO),275.9 (JI-CO); 


2789-2794. 


4. 


21 
We have demonstrated the feasibility of transforming 


the carbonyl ligand into a series of bridging organic 
species-namely, the alkylidene and related ligands. Their 
chemical behaviors might serve as models for the coordi- 
nation of hydrocarbon moieties on metal surfaces. 


Experimental Section 
General Procedure. Melting points were obtained on a 


Fischer-Johns melting point apparatus and were uncorrected. 
Infrared spectra were recorded on a Perkin-Elmer Model 257 or 
298 grating infrared spectrophotometer. 


Nuclear magnetic resonance spectra were recorded on a Per- 
kin-Elmer R-12 (60 MHz), or a Varian EM-390 (90 MHz), or 
Nicolet NT-200 (200 MHz) spectrophotometer. Mass spectra were 
recorded on a Du Pont Model 491 low-resolution mass spec- 
trometer and a Model llOB high-resolution mass spectrometer. 
Microanalyses were performed by Chemalytics, Inc., Tempe, AZ, 
and by Galbraith Laboratories, Knoxville, TN. Gas chroma- 
tography-mass spectroscopy analyses were performed on a Fin- 
nigan Model 4023 Automated GC-MS with Incos data system. 
Columns used in the GC and GC-MS studies are (1) 5 f t  x 
in. Porapak Q on sO/l00 Chromosorb W, (2) 7 f t  X l/g in. 0.18% 
picric acid on Carbopak C, and (3) 50-m sp-2100 on fused silica 
capillary column. Preasure reactions were run in a WmL stainleas 
steel (T-304) autoclave equipped with star-head magnetic stirring 
bar. Standard Schlenk techniques for handling air-sensitive 
compounds as described by BrownB and SchriveP were routinely 
followed. Reactions were run under argon, unless otherwise 
specified. C&~e(CO)(PPh&(CHOCH&+BF~,2 C&I.Hge(C0)2K,S1 
NEtJIFe(CO), and Ph3C+BF4-% were prepared according 
to literature procedures. 


Preparation of (C~5)2Fe2(CO)z(c-CO)(p-CHOCH3) (1). To 
a solution of C6H5Fe(CO)(PPh3)(CHOCH3)+BF4- (2.72 g, 5.01 
"01) in CH3CN (30 mL) at 0 "C waa added C,&Hge(C0)2K (1.10 
g, 5.00 mmol) in CH&N (20 mL). The mixture was stirred for 
3 h, and a brown residue was obtained after the solvent was 
removed; the residue was extracted with benzene and chroma- 
tographed on alumina. Four components were isolated from the 
column: (1) C6H6Fe(CO)(PPh3)H" (0.103 g, 5.00%, eluted with 


(28) Daviw, D. L.; Dyke, A. F.; Gdesfelder, A.; Knox, S. A. R; Naieh, 
P. J.; Orpen, A. G.; P h ,  D.; Taylor, G. E. J. Organomet. Chem. 1980, 
19.9, c43449. 


(29) Brown, H. C. "Laboratory Operations with Air-Sensitive 
Compounds" in "Organic Synthesis Via Boranes"; Wiley: New York, 
1975. 


(30) Schriver, D. F. "The Manipulation of Air-Sensitive Compounds"; 
McGraw-Hill: New York, 1969. 


(31) Plotkin, J. S.; Shore, S. G. Znorg. Chem. 1981,20, 284-285. 
(32) Cole, T. E.; Pettit, R. Tetrahedron Lett. 1979, 781-783. 
(33) Dauber, H. J., Jr.; Homen, L. R.; Harmon, K. M. J. Org. Chem. 


1960,25, 1442-1445. 
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(8 )  cm-'; 'H NMR (CDCld 9a, 6 4.73 (s, 10 H), 8.43 (8, 1 H), 10.33 
(8 ,  1 H); Sb, 6 4.76 (8 ,  10 H), 9.63 (8, 2 H); 13C NMR (CDClJ 9a, 


(C5H5), 142.0 (CH2), 213.8 (CO), 274.0 (p-CO); mass spectrum, 
mle 340 (M+), 326, 312,298,284, 270, 256, 242; high-resolution 
mass spectrum (HRMS) calcd for C14HlzFez03, 339.9484, found, 
339.9495. 


Hydrogenation of (C5H5)zFez(CO)2(p-CO)(r-CHz) (9). A 
solution of 9 (0.050 g, 0.13 mmol) in THF (15 mL) was placed 
in a 58-mL stainless-steel autoclave and charged with hydrogen 
(270 psi). The reactor was heated at 150 "C for 3 h. VPC analysis 
of the gas phase over the reaction mixture revealed the presence 
of methane (50%). The IR spectrum of the liquid phase indicated 
[C5H5Fe(C0)2]2 as the only product (60%). 


Preparation of (C5H5)2Fe2(C0)z(p-CO)(p-CCH3)+BF4- (6): 
To a solution of 2 (7.24 g, 20.4 mmol) in THF (250 mL) at -20 
"C was added methyllithium (25 mL, 1.5 M in diahyl ether) with 
stirring. The reaction solution was stirred for 10 min and was 
allowed to warm to room temperature. An aqueous HBF4 (12 g, 
48%) was added slowly at 0 "C. Gas formation was evident. The 
reaction solution was stirred for 15 min more and warmed to room 
temperature for an additional 30 min while solids precipitated 
out. The solid was filtered and washed several times with benzene 
and pentane. The deep brick-red crystals were subjected to high 
vacuum overnight (1 mm, room temperature). The resulting 
crystals were analytically pure, and the yield was 3.68 g (40.8%): 
IR (CH3CN) 2040 (w), 2020 (m), 1855 (s) cm-'; 'H NMR (CD3CN) 
6 5.06 (s, 3 H), 5.36 (s, 10 H). Anal. Calcd for Cl5Hi3BF4Fe2O3: 
C, 40.97; H, 2.98; Fe, 25.40. Found: C, 40.74; H, 3.03; Fe, 27.15. 


Preparation of (C6H5)zFez(CO)z(p-CO)(p-CHCH3) (1 1). In 
a flask (A) was placed 6 (2.27 g, 5.16 mmol) and THF (80 mL). 
In another flask (B) was placed NJ3t4HFe(CO), (2.46 g, 9.25 "01) 
and THF (70 mL). Both flasks were cooled at -78 "C. The 
solution in flask B was added to flask A via a cannula under argon. 
The reaction solution was allowed to stir for 10 min, and the 
solvent waa removed on a rotary evaporator. The resulting dark 
red residue was extracted several times with benzene (120 mL). 
Benzene was removed, and the residue was vacuum dried. The 
residue was subjected to column chromatography (silica gel, 2.5 
cm X 30 cm). Benzene eluted first a purplish red band llb and 
then an orange-red band l l a  (the former converted to the latter 
color even at 0 "C under argon). Removing the solvent from the 
orange-red band afforded an analytically pure title compound (1.65 
g, 90.3%): mp 166 "C dec; a molecular ion peak (m/e 354) was 
observed; IR (THF) 1974 (vs), 1937 (m), 1784 (8 )  cm-'; 13C NMR 
(acetone-ds) lla, 6 43.0 (CH3), 88.0 (C5H5), 172.1 (CHCH3), 214.8 
(CO), 274.7 (p-CO). Anal. Calcd for C15H14Fe203: C, 50.89; H, 
3.98; Fe, 31.55. Found. C, 50.80; H, 3.87; Fe, 31.27. 


Preparation of ( C5H5)zFez( CO) [ P (n -Bu)J( p-CO) ( p -  
CHCH3) (14). In a 6 in. X 0.5 in. quartz tube were placed 11 (0.142 
g, 0.400 mmol), P ( ~ - B U ) ~  (1.00 mL, 4.02 mmol), and benzene (10 
mL). The tube was placed in a Rayonet RS-preparation pho- 
tochemical reactor-and photolyzed for 10 h (no 11 was observed 
in the IR spectrum then). Solvent was removed via a rotary 
evaporator and then a high vacuum pump overnight. The title 
complex is green. 


Reaction of (C5H5)zFez(C0)z(p-CO)(p-CHCH3) (11) with 
Styrene in the Presence of Acid. In a 10 X 1.5 cm test tube 
were placed 11 (0.lF g, 0.282 mmol) and p-dioxane (6.0 mL). To 
this solution was added styrene (40 pL, 0.35 mmol), and the 
reaction solution was stirred for 1 h at room temperature. The 
solution was then checked by GC (SP-2100) for l-methyl-2- 
phenylcyclopropane, and no trace was observed. The reaction 
solution was then cooled to -78 "C, and aqueous HBF4 (0.50 mL, 
48%) was added. Upon warming to room temperature, the so- 
lution was checked by GC as above, and l-methyl-2-phenyl- 
cyclopropane (5%) was observed. Authentic l-methyl-2- 
phenylcyclopropane was prepared by the literature method.36 


Reaction of (C5H5)zFez(CO)z(p-C0)(p-CHCH3) (11) with 
LiAlH4. In a 50-mL flask with one septum-covered side m were 
placed 11 (0.177 g, 0.500 mmol) and LiAlH4 (0.501 g, 13.2 "01). 
The readion flask waa evacuated and cooled at -78 "C. Through 
the side arm was introduced THF (10 mL), and the reaction 


6 86.8 (C5H5), 138.8 (CHZ), 212.8 (CO), 272.0 (p-CO); Sb, 6 88.8 
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(36) Dilling, W. F. J.  Org. Chem. 1966, 29, 260-264. 


Table IV 
T C, C,H, C,H, a-C,H, C,H, W M  


- - - - - - 0:OO" - 
1:50b 53.5 3.1 8.7 32.7 - - - 
2:15 8.4 1.6 3.7 65.2 7.3 9.1 4.7 
2:42c 7.3 1.4 3.5 64.7 7.0 10.1 5.2 
5:25 9.0 1.2 4.2 61.4 9.2 9.7 5.4 
10:30 8.7 0.9 4.8 85.7 + + 
20:4ijd 9.4 0.4 5.1 56.9 12.8 9.3 6.1 


from red to green. c40% absolute yield. dThe IR spec- 
trum of the reaction solution indicated the presence of 
C,H,(CO),Fe-Li'. 


solution was allowed to warm slowly to room temperature (time, 
T = 000). The gaseous products as analyzed by GC were listed 
in Table IV. Complex 2 was also tested under the same conditions 
and was found to produce C1 to C4 hydrocarbons, with C2H4 as 
the major product of the primary process. 


Reaction of (C5H5)zFez(C0)z(p-CO)(p-CHCH3) (11) with 
CO/Hz. Compound 11 (0.043 g, 0.12 mmol) in p-dioxane (6 mL) 
was charged with CO and Hz (l:l, 600 psi) and heated at 165 "C 
for 16 h. The IR spectrum of the solution indicated mainly 
[C5H6Fe(C0)z]z and Fe(CO)S. Products in the gas phase were 
methane, ethane, propene, and propane. The solution phase 
showed ethane (trace) and propanal (9.0-10.0%), as verified by 
GC and GC-MS analysis on Porapak Q and SP-2100 columns. 
The same reaction without CO afforded ethane as the only 
product. 


Reaction of (C5H5)2Fez(C0)z(p-CO)(p-CHCH3) (11) with 
CzH4. Complex 11 (0.219 g, 0.618 mmol) in p-dioxane (18 mL) 
was charged with C2H4 (450 psi) and heated at 160 "C for 10 h. 
Methane (trace), propene (2.6%), and C, hydrocarbons (2.2%) 
were obtained, along with cyclopentadiene, Fe(CO)5 as analyzed 
by GC. The C4 hydrocarbons were further analyzed on Carbopak 
C and SP-2100 to identify 1-butene, 2-butene, and isobutylene. 


Preparation of (C5H5)2Fez(C0)z(p-CO)(p-CH=CH2)+BF4- 
(15). Complex 11 (0.395 g, 1.12 mmol) in CHzClz (25 mL) was 
added to Ph3C+BF4- (0.405 g, 1.23 mmol) in CHzClz (25 mL) at 
0 "C. The reaction solution was stirred for 30 min, and the IR 
spectrum indicated that a cationic species was present. The 
solution was allowed to warm to room temperature, and the 
volumn of the solution was reduced to ca. half on a rotary 
evaporator. Diethyl ether (30 mL) was added to precipitate a deep 
purple solid. The solid was collected, washed with ether, and dried 
under high vacuum to afford an analytically pure 15 (0.440 g, 
89.8%): IR (CH3CN) 2050 (s), 2025 (sh), 1969 (m) cm-'; '% NMR 
(a~et0ne-d~) 6 64.2 (CH=CHz), 89.6 (C5H5), 92.7 (C5H5), 185.8 
(CH=CH,), 213.9 (CO), 243.6 (p-CO). Anal. Calcd for 
C15H13BF4Fe203: C, 40.97; H, 2.98; F, 17.28; Fe, 25.40; B, 2.45. 
Found C, 40.76; H, 3.06; F, 17.09; Fe, 25.19; B, 2.67. 


Reaction of (C~5)zFez(CO)z(p-CO)(p-CH~Hz)+BF4- (15) 
with CH3Li and n-BuLi. (a) CH3Li. CH3Li (0.30 mL, 1.6 M 
in diethyl ether) was introduced to a solution of 15 (0.177 g, 0.403 
mmol) in CH2Clz (50 mL) at -78 "C. The reaction solution was 
stirred for 40 min and then warmed to room temperature for 0.5 
h. The solvent was removed, and the residue was extracted with 
benzene (60 mL). After removal of benzene the residue was 
subjected to column chromatography [Florisil, hexane/benzene 
(2:1)]. A bright orange-red solid of (C5H5)2Fez(CO)2(p-CO)(p- 
CHCHzCH3) was obtained (0.12 g, 82%) after workup. 


(b) n -BuLi. The bright orange-red (C5H5)zFe2(CO)2(p- 
CO)[p-CH(CHz),CH3] (yield 80%) was prepared similarly as in 


"Only THF was observed. bSolution color changed 


a, mp 120-122-"C dec. 
Reaction of (C~5)2Fez(CO)2(p-CO)(p-CH=CHz)+BF~ (15) 


with CH30H. On top of a Florisil column (1.8 X 10 cm) was 
placed complex 15 (0.184 g, 0.418 mmol). Methanol waa applied 
to eluted the column and a red band developed. This methanol 
band was collected and concentrated to afford orange-red crystals 
of (C5H5)zFez(C0)z(p-C0)(p-CHCH20CH3) (0.158 g, 98%). 


Reaction of (C5H5)2Fe2(C0)2(p-CO)(p-CH=CH2)+BF; (15) 
with PPhP Complex 15 (0.431 g, 0.979 mmol) in acetone (25 mL) 
was added to PPh3 (0.257 g, 0.981 mmol) at room temperature. 
The purple reaction solution turned red within 3 min, and the 
IR spectrum of the solution indicated that a new binuclear species 
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had formed. The solvent was removed to yielded a red-orange 
solid. Further dried under high vacuum for 20 h to afford 0.550 
g (79.9%) of (C6H5)2Fe2(CO)2(p-CO)(p-CHCH2PPh3)+BF4- (19). 


Preparation of (C5H5)2Fe2(CO)2(p-CO)(p-C=CH2) (20). 
CH3Li (2.2 mL, 1.6 M in diethyl ether) was slowly added to a 
solution of 6 (1.52 g, 3.45 "01) in CH2Clz (50 mL) at -78 "C and 
stirred for 30 min. CHzClz was removed, and the resulting residue 
was dried under high vacuum. The solid residue was taken up 
in benzene (70 mL) and filtered. Removal of benzene from the 
filtrate afforded 1.13 g (93%) of an orange-red solid of the title 
compound, mp 153-155 "C dec. A molecular ion (352) was ob- 
served in the mass spectrum: IR (benzene) 1995 (s), 1958 (w), 
1795 (m) cm-l; 'H NMR (benzene-d6) 6 4.25 ( 8 ,  10 H), 6.97 (s, 2 
H). Anal. Calcd for Cl5HI3Fe2O3: C, 51.19; H, 3.44; Fe, 31.74. 
Found: C. 50.97: H. 3.53: Fe. 30.98. 


solvent afforded 0.051 g (40.8%) of complex 6. 
Reaction of (C5H5)2Fe2(CO)2(p-CO)(p-CCH3)+BF4- (6) with 


P(n-Bu)* P ( ~ - B U ) ~  (0.13 mL, 0.519 mmol) was added to a 
solution of 6 (0.22 g, 0.50 mmol) in acetonitrile (20 mL) at room 
temperature. IR spectrum of the solution indicated the formation 
of a new carbonyl species within 5 min. Removal of the solvent 
afforded a red complex of (C5Hs)2Fez(C0)2(~-CO) [p-CCH,P(n- 
B u ) ~ ] + B F ~  (21) (0.26 g, 81%). Anal. Calcd for CnH&F4F%03P: 
C, 50.50; H, 6.27; Fe, 17.39; P, 4.82. Found C, 50.37; H, 6.05; 
Fe, 17.10; P, 4.64. 
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Reaction of (CsH5)2Fe2(CO)2(p-CO)(r-C~H2) (20) with 
HBF,. A solution of aqueous HBF4 (0.1 mL, 48%) in acetic 
anhydride (1.0 mL) was added to a solution of 20 (0.100 g, 0.285 
"01) in l'Hl? (40 d) at 0 'c. The solution W a s  Warmed to room 
temperature and stirred for 20 min while a shining brick-red 
precipitate started falling out. The solid w&9 collected and washed 
with THF. Application of high vacuum to remove the residual 
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Deprotonation of HN(SiMezCH2PPh2)2 (4) with n-butyllithium generates LiN(SiMe2CH2PPh2)2 (5), a 
tridentate, uninegative ligand which contains both the hard amido donor and soft phosphine donors. The 
reaction of 5 with each of NiC12.DME (DME = dimethoxyethane), PdC12(PhCN)2, and K[PtC13(C2H4)], 
generates the corresponding diamagnetic chloro amide derivatives [MC1N(SiMezCH2PPhJ2\ (M = Ni, 6; 
M = Pd, 7; M = Pt, 8). The X-ray structure of the nickel derivative 6 (space group Pi (Ci, No. 2) a = 
10.091 (3), b = 10.224 (3), c = 17.234 (4) A; a = 81.06 (2), /3 = 78.51 (2), y = 65.93 (3)'; Z = 2; R = 0.029 
(R, = 0.040)) indicates a slightly distorted square-planar geometry with trans phosphine donors. The 
backbone of the ring is puckered generating near C2 symmetry in the solid state; however, the 'H NMR 
is consistent with CZu symmetry in solution which can be explained by a rapid conformational flipping 
of the ligand backbone. The X-ray structure of the corresponding palladium derivative 7 (space group 


R = 0.022 (R, = 0.031)) also indicates trans phosphines in a square-planar array but with no puckering 
of the backbone of the ligand. The neutral amine 4 acts as a bidentate ligand via donation through the 
phosphines to produce the dichloro derivatives [MC12NH(SiMezCH2PPht)2] (M = Ni, 9; M = Pd, 10; M 
= Pt, 11). The X-ray structure of the nickel derivative 9 (space group P1; a = 10.2224 ( l ) ,  b = 10.5719 
(S), c = 17.770 (2) A; a = 72.978 (6), p = 78.424 (6), y = 61.864 (8)'; Z = 2; R = 0.031 (R, = 0.039)) displays 
a distorted tetrahedral geometry with no evidence of interaction between the amine portion of the backbone 
and the metal. Both the palladium, 10, and platinum, 11, derivatives are assumed to be square-planar 
with cis disposed phosphine donors on the basis of 'H FT NMR studies. All three dichloro derivatives, 
9,10, and 11, are cleanly converted to the corresponding chloro amide complexes, 6,7,  and 8, by treatment 
with NEt, in toluene; this reaction requires prior coordination of the phosphine donors in order to activate 
the distal N-H bond. Metathesis with a number of simple Grignard reagents occurs only for the nickel 
and palladium chloro amide derivatives, 6 and 7, to generate the metal-carbon bonded complexes [M- 
(R)N(SiMe,CHPPh& (M = Ni or Pd; R = CH3, CH==CH2, CH2CH=CH2, or C6H5). The platinum chloride 
bond of 8 does not undergo metathesis with Grignards and, in addition, is not abstraded with Ag+; consistent 
with this is the Pt-Cl stretching frequency of 317 cm-' which is indicative of a weak trans influence for 
the -N(SiR3I2 ligand. 


Pi; u = 11.539 (I ) ,  b = 15.368 (2), c = 10.949 (2) A; (Y = 92.92 (I), p = 104.09 (I), y = 84.74 (1)"; z = 2; 


Introduction 
The stability and reactivity of transition-metal com- 


plexes are a function of both the position of the metal in 
the transition series and the nature of the complexing 
ligands. While the former provides for a gratifying div- 
ersity of chemical behavior across the transition series, it 
is the latter feature which allows the reactivity patterns 
of a given transition metal to be fine tuned. Indeed, an 


0276-7333/82/2301-0918$01.25/0 


enormous amount of effort has gone into the design and 
synthesis of new ligands' and new combinations of ligands2 


(1) (a) Lukehart, C. M. Acc. Chem. Res. 1981,14, 109. (b) King, R. 
B. Ibid. 1980,13, 243. (c) Cromie, E. R.; Hunter, G.; Rankin, D. W. H. 
Angew. Chem., Int. Ed.  Engl. 1980,19,316. (d) Murray, S. G.; Hartley, 
F. R. Chem. Rev. 1981, 81, 365. (e) Schmidbauer, H.; Deschler, U.; 
Milewski-Mahrla, B. Angew. Chem., Int. Ed. Engl. 1981, 20, 586. 
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had formed. The solvent was removed to yielded a red-orange 
solid. Further dried under high vacuum for 20 h to afford 0.550 
g (79.9%) of (C6H5)2Fe2(CO)2(p-CO)(p-CHCH2PPh3)+BF4- (19). 


Preparation of (C5H5)2Fe2(CO)2(p-CO)(p-C=CH2) (20). 
CH3Li (2.2 mL, 1.6 M in diethyl ether) was slowly added to a 
solution of 6 (1.52 g, 3.45 "01) in CH2Clz (50 mL) at -78 "C and 
stirred for 30 min. CHzClz was removed, and the resulting residue 
was dried under high vacuum. The solid residue was taken up 
in benzene (70 mL) and filtered. Removal of benzene from the 
filtrate afforded 1.13 g (93%) of an orange-red solid of the title 
compound, mp 153-155 "C dec. A molecular ion (352) was ob- 
served in the mass spectrum: IR (benzene) 1995 (s), 1958 (w), 
1795 (m) cm-l; 'H NMR (benzene-d6) 6 4.25 ( 8 ,  10 H), 6.97 (s, 2 
H). Anal. Calcd for Cl5HI3Fe2O3: C, 51.19; H, 3.44; Fe, 31.74. 
Found: C. 50.97: H. 3.53: Fe. 30.98. 


solvent afforded 0.051 g (40.8%) of complex 6. 
Reaction of (C5H5)2Fe2(CO)2(p-CO)(p-CCH3)+BF4- (6) with 


P(n-Bu)* P ( ~ - B U ) ~  (0.13 mL, 0.519 mmol) was added to a 
solution of 6 (0.22 g, 0.50 mmol) in acetonitrile (20 mL) at room 
temperature. IR spectrum of the solution indicated the formation 
of a new carbonyl species within 5 min. Removal of the solvent 
afforded a red complex of (C5Hs)2Fez(C0)2(~-CO) [p-CCH,P(n- 
B u ) ~ ] + B F ~  (21) (0.26 g, 81%). Anal. Calcd for CnH&F4F%03P: 
C, 50.50; H, 6.27; Fe, 17.39; P, 4.82. Found C, 50.37; H, 6.05; 
Fe, 17.10; P,  4.64. 


Acknowledgment. We wish to  thank the Robert A. 
Welch Foundation, the National Science Foundation, and 
the Department of Energy for financial support. 


Reaction of (CsH5)2Fe2(CO)2(p-CO)(r-C~H2) (20) with 
HBF,. A solution of aqueous HBF4 (0.1 mL, 48%) in acetic 
anhydride (1.0 mL) was added to a solution of 20 (0.100 g, 0.285 
"01) in l'Hl? (40 d) at 0 'c. The solution W a s  Warmed to 
temperature and stirred for 20 min while a shining brick-red 
precipitate started falling out. The solid WEU collected and washed 
with THF. Application of high vacuum to remove the residual 
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Figure 1. Hybrid tridentate (1) and bidentate (2) ligands (L = 
soft donor ligand and M = central metal atom). 


which, when complexed to a transition metal, generate new 
and unusual chemistry. 


It is useful to attempt a general classification of ligands? 
One well-known but somewhat dated approach is according 
to  the HSAB (hard-soft-acid-base) theory: that is, clas- 
sification of donor ligands as either hard ligands or soft 
ligands. While the boundary between these two main 
ligand types is sometimes indistinct, it does focus on a very 
important feature crucial to the HSAB theory, that of 
matching the ligand and the transition metal. For in- 
stance, the soft tertiary phosphine ligands, PR3, are con- 
sidered ubiquitous6 in transition-metal complexes, yet their 
coordination chemistry with the "early" metals (Ti, Zr, Hf, 
V, Nb, Ta) is still in ita On the other hand, 
the hard amido ligand, -NR2 (R = alkyl, aryl, or silyl), 
forms numerous complexes with the "early" metals+" but 
surprisingly few with low-valent group 8 metals.12 It is 
this dichotomy in the coordination chemistry of these two 
particular ligands and related hard-soft pairs that has 
provided the impetus to design a new type of multidentate 
ligand, the "hybrid" ligand.13 Our strategy involves the 
use of the chelate effect16 to ensure multidenticity in 
"hybrid" ligands of the types shown in Figure 1, especially 
in cases where mismatching of hard-soft pairs is involved. 


In this paper we describe the synthesis of a new, po- 
tentially tridentate ligand of the type l where L is the soft 
diphenylphosphino donor, -PPh2, and ita coordination 
chemistry with nickel(II), palladium(II), and platinum- 
(11).17 


(2) (a) Kyba, E. P.; John, A. M.; Brown, S. B.; Hudson, C. W.; 
McPhaul, M. J.; Harding, A.; h e n ,  K.; Niedzwiecki, S.; Davis, R. E. J. 
Am. Chem. SOC. 1980,102,139. (b) Kyba, E. P.; Chou, S . 4 .  P. Zbid. 1980, 
102,7012. (c) Kaufmann, T.; Ennen, J.; Lhotak, H.; Rensing, A.; Stein- 
d e r ,  F.; Woltermann, A. Angew. Chem., Znt. Ed. Engl. 1980,19, 328. 
(d) Schore, N. E. J.  Am. Chem. SOC. 1979, 101, 7410 and references 
therein. (e) Rauchfw, T. B. Zbid. 1979, 101, 1045. (f) Jeffery, J. C.; 
Rauchfw, T. B.; Tucker, P. A. Znorg. Chem. 1980,19,3306. (g) Brau- 
stein, P.; Matt, D.; Dueausoy, Y.; Fischer, J.; Mitachler, A.; Ricard, L. J. 
Am. Chem. SOC. 1981,103, 5115. 


(3) For a classification of ligands according to donor atom, see: Cotton, 
F. A.; Wilkinson, G. "Advanced Inorganic Chemistry", 4th ed., Wiley: 
New York, 1980; p 107. 


(4) Pearson, R. G. J. Chem. Educ. 1968,45,581,643. 
(5 )  Stelzer, 0. Top. Phosphonur Chem. 1977,9,1. 
(6) (a) Datta, 5.; Wreford, S. S. Znorg. Chem. 1977,16,1134. (b) Datta, 


S.; Fischer, M. B.; Wreford, S. S. J. Organomet. Chem. 1980, 188, 363. 
(c) Fischer, M. B.; James, E. J.; NcNeeae, T. J.; Nyburg, S. C.: Posin, B.; 
Wong-Ng, W.; Wreford, S. S. J. Am. Chem. SOC. 1981,102,4941. 


(7) (a) Wengroviue, J. H.; Schrock, R. R. J. Organomet. Chem. 1981, 
205,319. (b) Fell", J. D.; Schrock, R. R.; Rupprecht, G. A. J. Am. 
Chem. SOC. 1981,103, 5752 and references therein. 


(8) Schrock, R. R.; Parehall, G. W. Chem. Reo. 1976, 76, 243. 
(9) Lappert, M. F.; Power, P. P.; Sanger, A. R.; Srivastava, R. C. 


"Metal and Metalloid Amides"; Wiley: New York, 1979. 
(10) Andereen, R. A. Znorg. Chem. 1979,18, 2928, 3622. 
(11) Eller, P. G.; Bradley, D. C.; Hursthouse, M. B.; Meek, D. W. 


Coord. Chem. Reo. 1977,24,1. 
(12) Cetinkaya, B.; Lappert, M. F.; Torroni, S. J. Chem. SOC., Chem. 


Commun. 1979,843. 
(13) The term hybrid has been used by Sacconi" and others16 to 


describe neutral, mixed-ligand systems. 
(14) Bertini, I.; Dapporta, P.; F W ,  G.; Sacconi, L. Znorg. Chem. 


1977,10, 1703, and references therein. 
(15) (a) e o ,  P. Znorg. Chim. Acta 1980,44, L223. (b) MacAuliffe, C. 


A.; Levason, W. "Phosphme, Arsine, and Stibene Complexes of the 
Transition Elemente"; Elsevier: Amsterdam, 1979; p 18. 


(16) Reference 3, p 71. 
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Experimental Section 


General Information. All manipulations were performed 
under prepurified nitrogen in a Vacuum Atmospheres HE-553-2 
glovebox equipped with a MO-40-2H purifier or in standard 
Schlenk-type glassware. Palladium dichloride was obtained from 
Ventron and used as received to prepare PdC12(C6H5CN)2 by a 
literature method.18 Potassium tetrachloroplatinate was also 
obtained from Ventron and recrystallized from hot ethanol prior 
to use in the preparation of K[PtC13(C2H4)],1g Pt(COD)C12,20 
PtC1,(C6H5CN)2,21 t r a n ~ - P t C l ~ ( P R ~ ) ~  (R = PhZ2 or Etz3), and 
tran.~-Pt(H)Cl(PEt~),.~~ 


LiPPhZu was prepared by the dropwise addition of n-butyl- 
lithium in hexane (1.6 M, Aldrich) to a hexane solution of HPPh,. 
After several washings with hexane, the resultant lemon yellow 
powder was used directly in the preparation of 
(Ph2PCHzSiMe2)2NH. 


Methylene chloride (CH2C1,) and cyclohexane were purified 
by distillation from CaH, under argon. Toluene, hexanes, and 
diethyl ether were dried and deoxygenated from sodium benzo- 
phenone ketyl under argon. Acetone was dried by refluxing over 
KzC03 for several days followed by distillation under argon. 
Tetrahydrofuran (THF) was predried by refluxing over CaH, and 
then distilled from sodium benzophenone ketyl under argon. 


Melting points were determined on a Mel-Temp apparatus in 
sealed capillaries under nitrogen and are uncorrected. Carbon, 
hydrogen, and nitrogen analyses were performed by Mr. P. Borda 
of this department. 'H NMR were recorded on one of the fol- 
lowing instruments, depending upon the complexity of the par- 
ticular spectrum: Varian EM-360L, Bruker WP-80, Varian XL- 
100, and Bruker WH-400. 31P(1HJ spectra were run at 32.442 MHz 
on the Bruker WP-80 in 10-mm tubes fitted with inserts for the 
internal standard P(OMe)3. C6D6, (CD,),CO, C7Da, and CDC1, 
were purchased from Aldrich; the c&, (CDJ2C0, and C,DB were 
dried over activated 4-A molecular sieves and vacuum transferred, 
while the CDC1, was dried by refluxing over CaHz followed by 
vacuum transfer. Infrared spectra were recorded either on a 
Pye-Unicam SP-1100 or a Perkin-Elmer 598 as KBr disks or in 
solution. 


The Grignard reagents methylmagnesium chloride (in THF) 
and vinyl magnesium chloride (in THF) were purchased from 
Ventron; phenylmagnesium bromide (in Eh0)  was obtained from 
Aldrich. Allylmagnesium chloride was prepared from freshly 
distilled allyl chloride and excess magnesium turnings in THF, 
filtered through cotton wool, and standardized against 0.1 M HC1. 


(PhWH#iMe,),NH. To a cooled solution (-4 "C) of LiPPh2 
(9.6 g, 0.05 mol) in THF (50 mL) was added 1,3-bis(chloro- 
methyl)tetramethyldiilazane, (C1CH2SiMe2)2NH25 (5.35 g, 0.025 
mol), dropwise with stirring. The initially clear red solution 
gradually decolorized to a very pale yellow when all of the silyl 
chloride had been added. The solution was stirred at room 
temperature for 0.5 h; the THF was then removed in vacuo. The 
residue was extracted with pentane (50 mL) and filtered through 
a medium porosity frit. Removal of the pentane in vacuo yielded 
a pale yellow oil which was immediately taken up in hexane (10 
mL), filtered, and cooled to -4 "C. Fine white needles of the 
product formed; these were filtered and washed with cold hexane: 
yield 10.2 g (77%); mp 45-46 "C; IR (KBr disk) vNH = 3365 cm-'; 
31P(1HJ NMR (C6D6) -22.45 ppm (9). Anal. Calcd for 
CwH37NP2Si2: C, 68.05; H, 6.99; N, 2.65. Found: C, 68.33; H, 
7.25; N, 2.55. 


LiN(SiMezCHzPPhz)z. To a vigorously stirred solution of 
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freshly recrystallized (Ph2PCHzSiMe2),NH (5.3 g, 0.01 mol) in 
pentane (50 mL) at room temperature was slowly added n-BuLi 
in hexane (1.6 M, 8 mL, 0.016 mol). A fine white precipitate 
immediately formed. After the mixture was stirred at room 
temperature for 0.5 h, the white solid was filtered and washed 
with pentane; yield 3.8 g (71%). Although the product is suf- 
ficiently pure at this stage to be used in metathetical reactions 
with transition-metal salts, it may be recrystallized from tolu- 
ene/hexane to give colorless plates: mp 120 "C dec; 31P(1H) NMR 
(C,$,) -23.20 ppm (9). Anal. Calcd for C&&iNP&: c, 67.29 
H, 6.73; N, 2.61. Found: C, 67.00; H, 6.78; N, 2.48. 


[NiC1N(SiMezCHzPPhz)2]. Method 1. A solution of LiN- 
(SiMezCHzPPh2), (1.34 g, 2.5 mmol) in EhO (25 mL) was added 
dropwise with stirring to a cooled (0 "C) solution of [Ni- 
(PMe3)2C12]26 (0.7 g, 2.5 mmol) in THF (30 mL). The initially 
clear deep red solution immediately became dark brown in color. 
After being stirred at 0 "C for 0.5 h, the solution was stirred at 
room temperature for 1 h. The solvent was removed in vacuo 
and the resultant brown oil extracted with cyclohexane. Upon 
filtration through a medium porosity frit, a clear deep brown 
solution was obtained, the cyclohexane was then removed in vacuo. 
Recrystallization from toluene/ hexane yielded diamond-shaped 
brown prisms: mp 153-155 "C; yield 1.01 g (65%); 31P(1H) NMR 
(C6D6) +14.76 ppm (8 ) .  Anal. Calcd for C30H36C1NNiP2Si2: C, 
57.83; H, 5.78; N, 2.25. Found: C, 57.71; H, 5.87; N, 2.23. 


Method 2. To a suspension of NiC1,.DMEn (0.22 g, 1.0 mmol) 
in toluene (30 mL) was added a solution of (PhzPCH2SiMe2),NH 
(0.53 g, 1.0 mmol) in toluene (10 mL). Immediately, a clear deep 
red solution formed, and, upon stirring at room temperature for 
0.5 h, green shiny needles began to precipitate. An excess of 
triethylamine (0.15 g, 1.5 mmol) was added dropwise, producing 
a deep brown solution. After being stirred at room temperature 
for 1 h, the solution was filtered through Celite. Removal of the 
solvent in vacuo yielded large brown prisms of analytically pure 
[NiC1N(SiMezCHzPPhz)2]; yield 0.55 g (88% ). 


[PdC1N(SiMezCHzPPhz)2]. A solution of LiN- 
(SiMe2CHzPPh2), (0.54 g, 1.0 mmol) in EhO (10 mL) was slowly 
added to a cooled (-78 "C) solution of freshly prepared (C,H,C- 
N)2PdC12 (0.39 g, 1.0 mmol) in THF (30 mL); the mixture was 
stirred at -78 "C for 0.5 h. The clear orange-gold solution was 
then stirred at 0 "C for 1 h and finally at room temperature for 
an additional hour. The solvent was removed in vacuo and the 
product extracted with cyclohexane. Recrystallization from 
toluene/hexane gave orange blocks of the palladium amide, which 
contain 1 mol of toluene as solvent of crystallization: mp 136-137 
"C; yield 0.40 g (60%). Anal. Calcd for C37HMC1NP2PdSi2: C, 
58.26; H, 5.77; N, 1.83. Found: C, 58.27; H, 5.96; N, 1.81. The 
complex may also be recrystallized from acetone/hexane, yielding 
orange rod-like crystals: mp 140 "C; 31P(1HJ NMR ((CD3),CO) 
+18.71 ppm (9). Anal. Calcd for C&36ClNP2PdSi2: C, 53.72; 
H, 5.37; N, 2.07. Found: C, 53.73; H, 5.54; N, 2.04. 


[PtCIN(SiMezCHzPPhz)z]. To a cooled (0 "C) solution of 
freshly prepared Zeise's salt, K[PtC13(C,H4)] (0.37 g, 1.0 mmol), 
in THF (25 mL) was slowly added a solution of LiN- 
(SiMezCHzPPhz)z (0.54 g, 1.0 mmol) in EbO (10 mL). The or- 
iginally clear lemon yellow solution did not undergo any noticeable 
color changes during the addition. The solution was stirred at 
0 "C for 0.5 h and then at room temperature for 3 h. The solvent 
was removed in vacuo; the product was then extracted with cy- 
clohexane, filtered, and pumped down to a fine yellow glass. Upon 
recrystallization from toluene/hexane, shiny yellow plates of the 
platinum amide were obtained: yield 0.48 g (63%); mp 147-149 


Calcd for C37H&1NP2PtSi2: C, 52.23; H, 5.18; N, 1.65. Found: 
C, 52.10; H, 5.27; N, 1.61. 


[NiClzNH(SiMezCH,PPh2)z]. A solution of freshly recrys- 
tallized (PhzPCH2SiMez)zNH (0.53 g, 1.0 mmol) in THF (10 mL) 
was added to a suspension of NiCl2.DME (0.22 g, 1.0 mmol) in 
THF (25 mL). The solution immediately became clear deep red 
in color, and, upon stirring at room temperature for 0.5 h, green 
crystals began to form. After an additional 0.5 h, the solvent was 
removed in vacuo. Recrystalliqation of the green solid from 
CH,Cl,/hexane produced fluffly green crystals which, upon 


"c; 31P(1H) NMR (c&,3) +34.27 ppm (t, 'Jpt-p = 2690.0 Hz). Anal. 


(17) A preliminary account of a portion of this work has appeared; 


(18) Kharasch, M. S.; Seyler. R. C.: Mavo, F. R. J. Am. Chem. SOC. 
Fryzuk, M. D.; MacNeil, P. A. J. Am. Chem. SOC. 1981, 103, 3592. 


1938, 60, 882. 
(19) Chock, P. B.; Halpem, J.; Paulik, F. E. Inorg. Synth. 1973,14,90. 
(20) McDermott, J. X.; White. J. F.: Whitesides. G. M. J. Am. Chem. , .  


SOC. 1976,98,6521. 
(21) Hartley, F. R. Orgonomet. Chem. Reu., Sect. A 1970, 6,  119. 
(22) Hsu, C. Y.; Leahner, B. T.; Orchin, M. Inorg. Synth. 1979,19,114. 
(23) Parehall, G. W. Inorg. Synth. 1970,12, 26. 
(24) Strecker, R. A.; Snead, J. L.; Sollott, G. P. J. Am. Chem. SOC. 


(25) Osthoff, R. C.; Kantor, S. W. Inorg. Synth. 1957 5,  55. 
1973, 95, 210. (26) Dahl, 0. Acta. Chem. Scand. 1969, 23, 2342. 


(27) Ward, L. G. L. Inorg. Synth. 1972, 13, 154. 







Amido Phosphine Derivatives of the Nickel Triad 


standing, gradually reformed as shiny blue-black prisms: yield 
0.58 g (88%); mp 185-187 "C; IR (KBr disk) YNH = 3365 cm-'. 
Anal. Calcd for Cd&12NNiP2Si2: C, 54.65; H, 5.66; N, 2.12. 
Found: C, 54.43; H, 5.67; N, 2.00. 
[PdC1zNH(SiMezCHQPhz)z]. A solution of PdC1z(CsH6CN)z 


(0.38 g, 1.0 mmol) and (PhzPCHzSiMez)zNH (0.53 g, 1.0 mmol) 
in THF (35 mL) was stirred at room temperature for 2 days. 
Removal of the solvent in vacuo yielded a gold-colored oil which 
was then recrystallized from CHzClz/cyclohexane to give yellow 
prisms of the produd. This complex contains 1 mol of cyclohexane 
as solvent of cryBtallization: mp 140 "C; 31P(1HJ NMR ((CD3)&O) 
+21.86 ppm (8); IR (KBr disk) YNH = 3305 cm-'. Anal. Calcd 
for C3sH49ClzNPzPdSiz: C, 54.68; H, 6.20; N, 1.77. Found C, 
55.06; H, 6.39; N, 1.75. 


[PtC1zNH(SiMe&HQPhz)z]. Pt(COD)C12 (0.19 g, 0.5 "01) 
and (PhzPCHzSiMez)zNH (0.27 g, 0.5 mmol) were dissolved in 
THF (20 mL). Upon refluxing, the milky solution gradually 
became clear lemon yellow in color; the solution was refluxed 
overnight. The solution was then cooled to room temperature, 
and, upon addition of hexane (30 mL), a fine white solid pre- 
cipitated. The solid was fitered under nitrogen and recrystallized 
from CHzClz/cyclohexane to give a colorless gel which, upon 
standing at  room temperature overnight, formed large colorless 
blocks: yield 0.31 g (78%); mp 220-222 "C; 31P(1H) NMR ((C- 
D3)ZCO) +41.44 ppm (t, 'JR+ = 3599.6 Hz); IR (KBr disk) Y~ 
= 3280 cm-'. Anal. Calcd for Cd3,ClzNPzPtSiz: C, 45.28; H, 
4.65; N, 1.76. Found: C, 45.31; H, 4.65; N, 1.69. 


Conversion of Nickel(II), Palladium(II), and Platinum(I1) 
Dichloro Amino Diphosphines to the Corresponding Chloro 
Amido Diphosphines. This reaction is exemplified with the 
palladium complex. [PdC1zNH(SiMezCHzPPhz)zC&lz] (0.15 g, 
0.2 "01) was dissolved in toluene (15 mL) at room temperature, 
forming a clear gold solution. An e x m  of triethylamine (30 mL) 
was added and the solution stirred for 24 h. The resultant deep 
orange solution was filtered through Celite in order to remove 
the colorless granular NEkHC1. Removal of the solvent in vacuo 
yielded the product as well-formed crystals (no further recrys- 
tallization required). In contrast with the palladium and platinum 
complexes, the analogous reaction to form the nickel derivative 
is complete within 1 h. 


[Ni(CH3)N(SiMezCHQPhz)z]. To a cooled solution (-30 "C) 
of [NiC1N(SiMezCHzPPh2)2] (62 mg, 0.1 mmol) in toluene (15 
mL) was added CH3MgC1 in THF (2.9 M, 35 L, 0.1 mmol). The 
initially deep brown solution rapidly became deep orange in color. 
After being left standing at -30 "C for 0.5 h, the solvent was 
removed in vacuo. The product was extracted with hexane, 
filtered through Celite, and pumped down to yield fine yellow- 
orange crystals. Recrystallization from minimum hexane at  -30 
"C gave analytically pure product: mp 134-136 "C; yield 44 mg 
(74%); 31P(1H) NMR (C&) +26.73 ppm (8). Anal. Calcd for 
C31H39NNiP2Si2: C, 61.80; H, 6.53; N, 2.33. Found C, 61.60; H, 
6.43; N, 2.20. 
[Ni(CHzCH=CHz)N(SiMezCHzPPhz)z]. Allylmagnesium 


chloride in THF (0.55 M, 91 fiL, 0.05 "01) was added to a cooled 
(-30 "C) solution of [NiClN(SiMe&H,PPh&] (31 mg, 0.05 "01) 
in toluene (15 mL). The resultant deep red-brown solution was 
kept at -30 "C for 0.5 h. After being warmed to room temperature, 
the solvent was removed in vacuo. Extraction and recrystallization 
was carried out in the same manner as described for the methyl 
derivative, yielding deep red-brown crystals: mp 130 "C dec; yield 
24 mg (78%); 31P(1H) NMR ( C a d  +17.81 ppm (br 8). Anal. Calcd 
for CSHllNNiP&3i2: C, 63.06; H, 6.53; N, 2.23. Found: C, 62.82; 
H, 6.80; N, 2.13. 


[ Ni(CH=CHz)N( SiMezCHzPPhz)z]. Addition of vinyl- 
magnesium bromide in THF (1.4 M, 72 fiL, 0.1 "01) to a cooled 
(-30 "C) solution of [NiClN(SiMezCHzPPhz)2] (62 mg, 0.1 "01) 
in toluene (60 mL) produced a gold-brown solution. After 20 min 
at -30 "C, the solvent was removed in vacuo. Extraction with 
hexane, followed by filtration through Celite and solvent removal, 
yielded gold crystals of the vinyl derivative: mp 215-220 "C dec; 
yield 40 mg (65%). Anal. Calcd for C32H39NNiP2Si2: C, 62.54; 
H, 6.35; N, 2.28. Found: C, 62.48; H, 6.44; N, 2.11. 


[Ni(C6H,)N(SiMe&HQPhz)z]. To a cooled solution (-30 "C) 
of [NiCIN(SiMezCHzPPhz)z] (62 mg, 0.1 "01) in THF (60 mL) 
was added phenylmagnesium bromide in EhO (3.0 M, 34 fiL, 0.1 
"01). After 15 min at -30 "C, the solvent was removed in vacuo. 
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Extraction with hexane gave gold-brown crystals of the phenyl 
derivative: mp 160-162 "C dec; yield 40 mg (60%). Anal. Calcd 
for C38HllNNiP+3i2: C, 65.06; H, 6.35; N, 2.28. Found: C, 65.58; 
H, 6.35, N, 2.06. 


[Ni(CN)N(SiMezCHQPhz)z]. Freshly distilled Me3SiCN (44 
mg, 0.45 "01) was added at  room temperature to a solution of 
NiClN(SiMezCHzPPh2)z (0.25 g, 0.4 mmol) in toluene (25 mL). 
After stirring at room temperature for 45 min, the reaction mixture 
rapidly changed from its initial deep brown color to a clear orange. 
The solution was stirred at  room temperature for an additional 
2 h, after which time the solvent was removed in vacuo. Re- 
crystallization of the resultant orange oil from toluene/hexane 
yielded small orange blocks of the cyanide complex: mp 142-143 
"C; yield 20 mg (83%); IR (KBr disk) YCN = 2122 cm-'. Anal. 
Calcd for C31H3sNzNiPzSiz: C, 60.68; H, 5.87; N, 4.56. Found: 
C, 61.00; H, 6.00, N, 4.40. 


[Pd(CH3)N(SiMe&H$Ph2)21. The synthesis of this complex 
was performed in a fashion identical with that as outlined for the 
nickel analogue. Upon addition of the Grignard, the starting 
gold-colored solution became completely colorless. Recrystalli- 
zation of the product from minimum hexane at -30 "C yielded 
colorless plates: mp 134-136 "C; yield 48 mg (74%); 31P(1H) NMR 
( C a d  +24.92 ppm (9). Anal. Calcd for C31H&P2PdSi2: C, 57.28; 
H, 6.05; N, 2.15. Found: C, 57.17; H, 6.10; N, 1.82. 
[Pd(CH&H~Hz)N(SiMezCH~Phz)2]. Preparation of this 


complex followed that of the corresponding nickel derivative. The 
product was obtained as pale yellow crystals from hexane: mp 
90 "C dec; yield 29 mg (86%). Anal. Calcd for C33H41NP2PdSi2: 
C, 58.67; H, 6.07; N, 2.07. Found: C, 59.23; H, 6.42; N, 2.13. 


X-ray Crys ta l lographic  Analyses  of [NiClN- 
(SiMe&H$Ph,),], 6, [PdC1N(SiMezCHzPPhZ),I.CH3C6Hb 7, 
and [NiC1zNH(SiMezCHQPhz)2], 9. Crystallographic data for 
6,7, and 9 are given in Table 11. Crystals were mounted on an 
Enraf-Nonius CAD4-F diffractometer in nonspecific orientations. 
Final unit-cell parameters were obtained by least-squares on (2 
sin O)/A values for 25 reflections (with 20 5 20 5 50" for 6 and 
7 and 36 I 219 I 45" for 9) measured with Mo K a1 radiation (A 
= 0.70930 A). 


The intensities of three check reflections were measured every 
hour throughout the data collections and in each case showed only 
random fluctuations. Totals of 1236,8509, and 7370 independent 
data with 28 5 55" were measured and processedD for 6,7, and 
9, respectively. Of these, 5124,6081, and 4629 had I 1 3 4 4  and 
were used in the solution and refinement of the structures. 
Absorption corrections were applied by using the Gaussian in- 
tegration method;29" transmission fador ranges are given in Table 
11. 


The centrosymmetric space group PI was chosen in each case 
on the basis of the E statistics and the Patterson functions. All 
three structures were solved by conventional heavy-atom tech- 
niques; all atoms (including hydrogen) not located from the 
Patterson function were positioned from successive difference 
Fourier maps. In the final cycles of full-matrix least-squares 
refinement all nonhydrogen atoms were refined with anisotropic 
thermal parameters and hydrogen atoms with isotropic thermal 
parameters. Neutral atom scattering factors from ref 31 were used 
for the nonhydrogen atoms and those of ref 32 for hydrogen atoms. 
Anomalous scattering factors from ref 33 were used for Pd, Ni, 
C1, P, and Si atoms. 


Mean and maximum parameter shifts on the final cycles of 
refinement corresponded to 0.03 and 0.190 for 6,0.03 and 0.380 
for 7, and 0.08 and 1.00 for 9. Final difference maps €or all three 


(28) The computer programs used include locally written progmms for 
data processing and locally modified versions of the following: AGNOST, 
absorption correction from Northwestern University; OW, full-matrix 
least squares, and ORFFE, function and errors, by W. R. Busing, K. 0. 
Martin, and H. A. Levy; FORDAP, Patterson and Fourier synthesis, by A. 
Zalkin; ORTEP n, illustrations, by C. K. Johnson. 


(29) Coppens, P.; Leiserowitz, L.; Rabinovich, D. Acta Crystallogr. 
1965,18, 1035. 


(30) Busing, W. R., Levy, H. A. Acta. Crystallogr. 1967,22, 457. 
(31) Cromer, D. T.; Mann, J. B. Acta Crystallogr., Sect. A 1968, A24, 


321. 


1965,42, 3175. 
(32) Stewart, R. F.; Davidson, E. R.; Simpson, W. T. J. Chem. Phys. 


(33) Cromer, D. T.; Liberman, D. J. Chem. Phys. 1970.53, 1891. 
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Figure 2. Labeling scheme for the atoms of [NiClN- 
(SiMezCHzPPhz)2] (6). Ellipsoids are shown for the 50% prob- 
ability level. 


? 


W 


n 


Y 


6 
Figure 3. Proposed rotation of the NSiz part of the backbone 
for the exchange of the backbone substituents. 


structures showed no unusual features; the largest fluctuations 
(all near heavy atoms) were 0.30,0.31, and 0.60 e A-3 for 6,7, and 
9, respectively. Final positional and isotropic [or equivalent 
isotropic, U, = 1/3 trace ( U w ) ]  thermal parameters for 6, 7, 
and 9 are given in Tables 111, ZV, and V, respectively. Anisotropic 
thermal parameters (Tables VI-VIII) and measured and calculated 
structure factors (Tables IX-XI) for the three structures are 
included as supplementary material. 


The thermal motion in all three structures has been analyzed 
in terms of the rigid-body modes of translation, libration, and 
screw motion.% The root-mean-square errors in the temperature 
factors, uVij (derived from the leastsquares analyses), are 0.0015, 
0.0019, and 0.0016 A2 for 6,7, and 9, respectively. Those groups 
for which AUij is less than three times uUij have been regarded 
as rigid bodies. In each case analysis of all nonhydrogen atoms 
indicated significant independent motion of the PPh groups and 
in the case of 9 indicated the SiMez moieties. Smaller segments 
of the molecules were then analyzed and appropriate distances 
have been corrected for libration% by using shape parameters q2 
of 0.08 for all atoms involved. Corrected bond lengths for the 
three compounds appear along with the uncorrected values in 
Tables XII-XIV and corrected bond angles are essentially equal 
to the u n c o r r d  values listed in Tables XV-XW. Intmannular 
torsion angles defining the conformations of nonplanar rings 
appear in Table XVIII. Bond lengths and angles involving 
hydrogen atoms and complete listings of torsion anglea for all three 
compounds (Tables XIX-XXVII) are included as supplementary 
material. Atom labeling for 6,7, and 9 is shown in Figures 2,4,  
and 5, respectively. 


(34) Schomaker, V.; Trueblood, K. N. Acta Crystallogr., Sect. B 1968, 


(35) Cruickahank, D. W. J. Acta Crystallogr. 1966,9,747; 1956,9,754; 
A!& 63. 


1961,14,896. 


Figure 4. Labeling scheme for the atoms of [PdClN- 
(SiMe2CHzPPh2)z] (7). Ellipsoids are shown for the 50% prob- 
ability level. 


Figure 5. Labeling scheme for the atoms of [NiC12NH- 
(SiMezCHzPPh2)z] (9). Ellipsoids are shown for the 50% prob- 
ability level. 


Results 
Ligand Synthesis. The reaction of 2 equiv of LiPPh2 


with 1,3-bis(chloromethyl)tetramethyldisilazane,25 
(C1CH,SiMed2NH (3), in tetrahydrofuran (THF) produces 
the new hybrid tridentate ligand 1,3-bis((diphenyl- 
phosphino)methyl)tetramethyldisilazane, (Ph2PCH2Si- 
Me2)2NH (4), in good yields. We normally synthesize 4 
in 10-g batches; however, three- or fourfold scaleups do not 
affect the yield. The ligand is easily obtained as colorless, 
moisture-sensitive crystals by recrystallization from cold 
(-30 "C) hexane. Although 4 can be used directly as a 


Me, Ye, Me, Mez 
n-3uLi i l  51 


/ \.a/ 


h 'Ci-, 


Ph,P PPh, Ph,P 


4 5 


chelating ligand (vide infra), it can also be deprotonated 
with n-butyllithium (n-BuLi) to  generate the  crystalline 
lithio derivative 5; this is a convenient reagent for me- 
tathetical reactions with a variety of suitable transition- 
metal halides, in analogy to other work with monodentate 
amido precursors.9JoJ2*38 


Coordination Chemistry. The reaction of 5 with 
soluble nickel(I1) complexes of the type NiC1,(PR3)2 (R = 
Ph3' or Me%) in THF at  0 OC produces the deep orange- 
brown crystalline, diamagnetic nickel(I1) derivative, 


(36) Simpson, S. J.; Turner, H. W.; Andersen, R. A. J.  Am. Chem. SOC. 


(37) Venanzi, L. M. J.  Chem. SOC. 1958, 719. 
1979, 101, 7728, and references therein. 
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Table 11. Crystallographic Dataa 


[NiClN(SiMe,CH,PPh,),l, [PdClN( SiMe,CH,PPh,),]~ [ NiC1, NH - 
C H , ~ , H , ,  7 (SiMe,CH,PPh,),], 9 6 


formula 
fw 
cryst system 
a ,  A 
b ,  .A 
c ,  8. 
0,  deg 
P ,  deg 
7 ,  deg 
cell vol, A3 
z 


space group 
F ( 0 0 0 )  
cryst dimens, mm 
p (Mo K a ) ,  cm- '  
transmission factors 
scan type 
w scan speed, deg min-' 
scan range, deg in w 
data collected 
20(max), deg 
unique reflctns 
obsd reflctns 
no. of variables 
R (obsd reflctns) 
R, (obsd reflctns) 
R (all data) 
error in observn of 


Dcalcd, g C"3 


unit weight 


C,H,ClNNiP,Si, C,,H,ClNP,PdSi, 
622.9 762.75 
triclinic triclinic 
10 .091  ( 3 )  
10.224 ( 3 )  
17.237 ( 4 )  
81.06 ( 2 )  
78.51 (2 )  
65.93 ( 3 )  
1585.7 ( 9 )  
2 


11.539 (1)  
15.368 ( 2 )  
10.949 ( 2 )  
92.92 (1) 
104.09 (1) 
84.74 (1)  
1874.5 ( 5 )  
2 


1 .304 1.351 


652 788 
0 .23  X 0.33  X 0.60 
8.92 7.32 


Pi (C!, No. 2)  Pi 


0.21  X 0.21 X 0.25 


0.766-0.837 
w-Sl30 
1.18-10.06 
0.60 t 0.35 tan 0 
+h,+h,+Z 
55 
7236 
51 24 
478 
0 .029  
0.040 
0.054 
1.499 


0.8 03-0.893 
w - a i 3  0 
1.26-10.06 
0 .60  t 0.35 tan e 
+- h,? k , t  I 
55 
8509 
6081 
573 
0.022 
0.031 
0.051 
1.091 


C,H,,Cl,NNiP,Si, 
659.37 
triclinic 
10.2224 ( 7 )  
10.5719 ( 8 )  
17.770 ( 2 )  
72.978 ( 6 )  
78.424 (6 )  
61.864 (8) 
1615.6 ( 2 )  
2 
1 .356 


674 
Pi 


0.24 X 0.25 X 0.28 
9.59 
0.797-0.829 
w -20 
1.34-10.06 
0.90 t 0.35 tan e 
+ h,+ k , + l  
55 
7370 
4629 
491 
0.031 
0.039 
0.071 
1.564 


a The following data apply t o  all three structure analyses: temperature 21 + 1 "C; Mo KLY radiation, graphite mono- 
chometer, h = 0.710 73  A ;  take off angle 2 .7";  lattice constants refer to reduced cell; aperature (2 .0  t tan e )  x 4.0  mm at a 
distance of 1 7 3  mm from crystal; scan range extended by 25% on both sides for background measurement; oz(Z) = S t 2B + 
[O.O4(S- B ) ] ,  ( S  = scan count, B = background count); function minimized CW( IF,I - IFcI)Z, where w = l /oZ(F) ,  R = 
C II FoI - IFJ /Z lFol, and R ,  = (CW( IF,I - l F c l ) 2 / C ~ l F o l ~ ) 1 ' ~  


[NiClN(SiMe2CH2PPhJ2] (6). The use of anhydrous NiC1, 
or NiBr, has produced impure mixtures of compounds 
presumably due to the starting material's relative insolu- 
bility. Indeed, the best source of nickel(I1) that we have 
found is NiC1,.DME2' (DME = 1,2-dimethoxyethane); it 
has sufficient solubility to give high yields of pure 6 and 
also avoids the sometimes tedious separation from non- 
volatile phosphine side products as is the case when the 
starting nickel complex is NiC12(PPh3)2. That a diamag- 
netic nickel(I1) derivative is formed in all these reactions 
contrasts earlier work38 in which the paramagnetic nickel(1) 
complex [NiN(SiMe,),(PPh,),] was obtained from the 
analogous reaction of LiN(SiMe3), and NiC12(PPh3),. 


Diagnostic of a trans orientation of the chelated phos- 
phine donors in 6 is the presence of a virtual triplet3g for 
the methylene resonance (PCH,Si) of the ligand in the 'H 
NMR (Table I). The same trans configuration also exists 
in the solid state as determined by single crystal X-ray 
analysis (Figure 2). 6 adopts a distorted square-planar 
geometry as indicated by the bond angles around the nickel 
center (Table XV); both P-Ni-Cl angles of 93.74 ( 2 ) O  and 
95.40 ( 2 ) O  are greater than the expected 90° angles. the 
Ni-N bond distance (Table XII) of 1.924 (2) A in 6 is 
longer than that found in the nickel(1) derivative [NiN- 
(SiMe,),(PPhJ,] (Ni-N = 1.870 (8) A; however, the Ni-P 
bond lengths in 6, 2.1975 (5) and 2.2086 (6) A, are nearly 
identical with those found in the same Ni(1) derivative.% 


Of particular interest is the observed puckering of the 
backbone of the chelate ring in the solid state. The planar 


(38) Bradley, D. C.; Hursthouse, M. B. Smallwood, R. J.; Welch, A. J. 


(39) Brookes, P. R.; Shaw, B. L. J. Chem. SOC. A 1967, 1079. 
J. Chem. SOC., Chem. Commun. 1972,872. 


ClNiNSi, portion of the molecule is tilted by approxi- 
mately 40° with respect to the coordination plane of the 
nickel complex, resulting in a Si(1) deviation of +0.89 A 
and a Si(2) deviation of -1.25 A away from the least- 
squares plane through the complex. This puckering is 
further reflected in the geometry about the nitrogen: the 
Si-N-Si bond angle of 128.13 (l0)O is larger than the ex- 
pected" value of 120O. In addition, the methyl groups on 
one silicon atom are staggered with respect to those on the 
other silicon atom, thereby minimizing their interaction 
energy. The closest intramolecular approach between 
methyls on different silicon atoms is 3.629 (7) A which is 
only slightly greater than the calculatedm van der Waals 
distance, 2i',(CH3) = 3.56 A. 


The two phenyl groups on each phosphorus atom are 
arranged such that the ring planes are roughly perpen- 
dicular to each other. The Ni-P(1)-C(7) and Ni-P(2)-C- 
(19) angles show noticeable increases over tetrahedral 
values owing in part to the bulkiness of the phenyl sub- 
stituents. Contacts of 3.400 (2) and 3.366 (2) A occur 
between C1 and atoms C(7) and C(19), respectively. 


Deviations of less than 5 O  are observed in the Si-C-P 
angles, indicating minimal angular strain a t  these vertices. 
Other bond lengths and angles generally agree with ac- 
cepted va1ues.l' 


In principle, the near Cz symmetry displayed in the solid 
state should lead to nonequivalent substituents along the 
ligand backbone; for example, the silyl methyls adopt axial 
and equatorial dispositions which, if the chelate rings are 
fixed, should be diastereotopic in solution. However, a t  
ambient temperatures, these silyl methyls are equivalent 


(40) Edward, J. J. J. Chem. Educ. 1970, 47, 261. 
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Table 111. Final Positional (Fractional, XlO'; H, X103) 
and Isotropic Thermal Parameters ( V  X lo3  A') with 


Estimated Standard Deviations in 
Parentheses for [NiClN( SiMe, CH,PPh,),], 6 


Fryzuk et al. 


Ni 18682 (3)  


28839 (6)  
10107 (6)  
42497 (6)  
42152 ( 7 )  
35788 (19) 
34598 (29) 
25126 (27) 
62850 (34) 
3 5940 (48)  
53717 (61) 
52436 (64) 
17629 (23) 
21417 (30)  
12535 (36) 


-567 (6)  


-202 (36) 
-4283 (31)  


4571 (26) 
44541 (22)  
44787 (32)  
56425 (38)  
67691 (31) 
67609 (30) 
56172 (29) 
-5920 (23)  
-4894 (31) 


-17006 (34) 
-30303 (33) 
-31461 (30) 
-19341 (25) 


-2081 (31) 
-6506 (33) 
-3820 (32)  


4864 (21) 


2996 (42) 
7318 (35)  


414 (3)  
263 (3)  
256 (3)  
251 (3) 
665 (4)  
661 ( 4 )  
664 (5)  
259 (6)  
388 (4)  
404 (4)  
449 (5)  
548 (4)  
586 (5)  
555 (5)  
625 (5) 
521 (6)  
292 (3)  
155 (3)  
-55 (3)  


-132 ( 3  j 
22 (3)  


370 ( 3 )  
564 (4)  
760 ( 3 j  


48 (3)  
-161 ( 4 )  
-386 ( 4 )  
-406 ( 4 )  
-206 ( 3 )  


-41 ( 4 )  


-63 (4)  


762 (3)  
551 (3)  


-110 (3) 


40 ( 4 )  
114 (4)  


31224 (2)  27070 (1) 34 
50909 (6)  29100 (3)  49 
40112 (6)  16176 ( 3 )  36 
18336 (6)  36472 (3)  37 


8497 (6)  16203(4)  43 
4948(7 )  34296(4)  47 


13681 (18) 25628 (11) 40 
25728 (25)  9639 (14)  48 


6831 (29) 41757 (15) 52 
826 (55) 13881 (27)  81 


-4517 (40) 13391 (25)  75 
-14484 (43) 33621 (30)  110 


13450 (66) 38158 (30) 98 
56159 (22) 10559 (12) 41 
67792 (25)  7841 (15) 51 
79255 (28) 3309 (18) 68 
79269 (30)  1667 (17)  70 
68045 (31) 4496 (17) 63 
56407 (27)  8965 (14) 51 
43697 (23) 17320 (12) 40 
48068 (34) 24397 (15) 64 
51139 (41) 25418 (19) 78 
50119 (33) 19446 (19) 67 
45928 (37)  12365 (20) 73 
42532 (34) 11304 (17) 64 
26814 (22)  43716 (12) 40 
34755 (29) 49252 (15) 56 
42037 (30)  54523 (16) 63 
41468 (31) 54322 (16) 65 
33544 (32) 48970 (17) 63 
26288 (27) 43609 (14) 50 


7171 (21)  31515 (12) 38 
13219 (31)  24984 (16) 56 


5395 (35) 20960 (17)  67 
-8668 (33)  23463 (19)  67 


-14800 (32) 29876 (24) 83 
-7020 (28)  34035 (19) 66 


268 ( 3 )  51 (2)  72 (9) 


1 1 4 ( 3 )  4 6 4 ( 2 )  7 8 ( 9 )  
262 (3)  7 7 ( 1 )  5 7 ( 7 )  


-22 (3)  440 ( 2 )  84 (10) 
-74 (4)  157 (2)  98 (14) 


2 (4) 88 (2)  104 (13) 
44 (5)  169 ( 3 )  125 (17)  


-15 (5)  146 (3)  147 (19)  
-130 (5)  170 (3)  120 (15) 


-62 (4)  87 (2)  96 (12)  
203 (5)  400 (3)  143 (24) 
100 (4)  431 ( 2 )  97 (11) 
154 (5)  346 ( 3 )  117 (16) 


-196 (5)  386 ( 3 )  136 (16) 
-152 (5) 307 (3)  129 (18) 
-214 (6) 300 (3)  178 (22)  


674 (3)  9 0 ( 2 )  53 (7)  
877 (3)  21 ( 2 )  77 (9)  


683 (3) 3 3 ( 2 )  74 (9)  
869 (3) -16 ( 2 )  76 ( 9 )  


4 7 5 ( 3 )  1 0 8 ( 2 )  60 (7)  
487 (3)  287(2 )  8 0 ( 9 )  
531 ( 4 )  300 ( 2 )  100 (12)  
517 (3)  201 ( 2 )  77 (9)  
450 (3)  S l ( 2 )  9 3 ( 1 0 )  
403 (3) 6 2 ( 2 )  91 (10) 
347(3 )  4 9 5 ( 2 )  SO(9) 
465 (4)  586 ( 2 )  99 (11) 
479 (4)  578 ( 2 )  97 (11) 
336 (4)  490 ( 2 )  96 (11) 
206(3 )  3 9 6 ( 1 )  5 6 ( 7 )  
217 (4)  233 (2)  90 (11) 


9 9 ( 3 )  1 6 5 ( 2 )  74 (9 )  
-140 ( 4 )  208 ( 2 )  100 (11) 
-238 (4)  318 ( 2 )  112 (13) 
-108 (4)  385 ( 2 )  93 (11) 


and appear as a sharp singlet in the lH NMR (Table I) 
indicative of C, rather than C2 symmetry; furthermore the 
methylene resonances do not exhibit the complexity ex- 
pected for a locked, puckered conformation; rather, a 
virtual triplet is observed, indicating either rapid confor- 
mational flipping of the puckered backbone or accidental 
equivalence. At -80 "C, the lH NMR spectrum shows 
broadened resonances and, interestingly, a decrease in 
peak intensity (by 50 f 5%) as measured by integration 
vs. the residual protons solvent peak ((CD3)2C0 or 
CGDSCD3). In addition, at -80 "C, the originally deep 
brown solution turns bright green and remains clear of 
solids. We originally suggested that the paramagnetic 
tetrahedral isomer of [NiC1N(SiMe2CHzPPhZ),1 was being 
stabilized at low temperature; however, we have been un- 
able to provide further support for this hypothesis. Low- 
temperature visible and near-infrared spectroscopy proved 
insensitive to this color change, and no absorptions nor- 
mally characteristic of d8 tetrahedral complexes were ob- 
served. Attempts to detect paramagnetism at low tem- 
perature by Evan's method41 indicated only diamagnetic 
species within the detectability of the experiment. If an 
energetically accessible tetrahedral isomer is necessary to 
effect conformational flipping of the backbone, then on 
the basis of simple ligand field theory, a strong field ligand 
such as cyanide should stabilize the square-planar isomer 
and lock a puckered conformation of the ligand. The 
reaction of Me3SiCN42 with 6 easily generates the cyanide 
derivative [Ni(CN)N(SiMe2CH2PPh&], which exhibits 'H 
NMR (Table I) consistent with rapid conformational 
flipping of the backbone at  all temperatures exactly 
analogous to 6. Based on this result, it is unnecessary to 
invoke any isomerization to the tetrahedral isomer; fur- 
thermore the conformational flipping of the backbone can 
be rationalized as a simple rotation of the planar NSiz 
fragment through the square plane of the complex as 
shown in Figure 3. 


The reaction of the lithium salt 5 with PdC12(PhCN)z 
in THF at  -80 "C produces the analogous palladium(I1) 
derivative [PdC1N(SiMezCHzPPhz)2], 7, as an orange 
crystalline solid; to our knowledge, this is the first stable 
palladium amide complex. The metathesis reaction to  
form 7 is surprisingly temperature dependent; if the re- 
action of 5 with PdC1z(PhCN)2 is carried out a t  ambient 
temperatures, much insoluble residue forms and the yield 
of 7 is drastically reduced. Once again the presence of a 
"virtual" triplet in the 'H NMR (Table I) indicates a trans 
structure in solution. This has been verified for the solid 
state as well as by X-ray analysis; the structure is shown 
in Figure 4. Notable in this structure is the absence of 
gross puckering in the backbone of the chelate rings. 
Whereas in both the nickel(I1) derivative 6 and in the 
nickel(1) complex [NiN(SiMe3)2(PPh3)z], the planar NSi2 
framework is tilted with respect to the coordination plane, 
the palladium derivative 7 has the NSi2 fragment virtually 
coplanar with the least-squares plane of the complex. This 
is due to the longer Pd-P (2.3078 ( 5 ) ,  2.3112 (5) A) and 
Pd-N (2.063 (2) A) bonds compared to Ni-P (2.2086 (61, 
2.1975 (5) A) and Ni-N (1.924 (2) A) bonds, all of which 
allow the backbone of the ligand to expand and generate 
nearly eclipsed silyl methyl groups; the closest approach 
between methyls on different silicon atoms of 7 is 3.738 
(6) A. The overall result of the expanded chelate rings is 
a flattened ligand system and a complex with near Czu 
symmetry. It is further noted that the angles around 
nitrogen are closer to 120° in 7 than in 6, suggesting less 


(41) Evans, D. F. J.  Chem. SOC. 1958, 2003. 
(42) Andersen, R. A. Znorg. Nucl. Chem. Lett. 1980, 16, 31. 
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Table IV. Final Positional (Fractional, X I O s ;  H, XlO’) and Isotropic Thermal Parameters (V X 10’ A’) with 
Estimated Standard Deviations in Parentheses for [PdClN( SiMe,CH,PPh,),]~CH,C,H,, 7 


atom X Y Y 
~~ 


Pd 22723 (1) 20955 (1) 18865 (1) 32 
P ( l )  14246 ( 5 )  32902 (3 )  6940 (5)  37 
P( 2)  32064 (5 )  9366(3)  31200(5)  38 
cl 18053 (6 )  11778 (4)  1248 (5 )  52 
Si(1) 23817 (6 )  40334 (4 )  32561 (6) 48 
Si(2) 33571 (6 )  24885 (4)  48687 (6) 45 
N 26937 (17)  29295 (11) 34386 (17)  43 
C(1) 11400 (23)  41598 (15) 17813 (24) 48 
C(2) 41517 (23) 14150 (17) 45074 (23) 48 
C(3) 36901 (36)  46090 (24)  30765 (43)  74 
C(4) 17807 (47)  46016 (26) 45526 (40)  84 
C(5) 45479 (40)  31544 (28) 58422 (36) 77 
C(6) 22741 (36) 23012 (27) 58138 (35) 73 
C(7 1 681 (20)  32063 (14) -5565 (22)  44 
C(8) -10479 (24) 33745 (20) -3186 (31)  61 
C(9) -20671 (30) 32954 (26) -12863 (42) 84 
C(10) -19828 (36)  30454 (25) -24588 (42) 90 
C(11) -8871 (38) 28661 (26)  -27124 (34)  89 
C(12) 1363 (30)  29433 (22) -17535 (29) 70 
C(13) 24671 (21)  37043 (14)  -976 (21)  44 
C(14) 21378 (31) 44425 (20) -8219 (32) 72 
C(15) 29579 (42)  47840 (25) -13620 (37) 87 
C(16) 40850 (38)  43948 (24)  -12045 (35) 82 
C(17) 44103 (32) 36654 (22)  -5091 (36) 75 
C(18) 36077 (24) 33143 (17)  393 (27) 56 
C(19) 22075 (21) 2645 (14) 36299 (22) 45 
C(20) 24990 (29) -774 (19)  48302 (27) 61  
C(21) 17356 (38)  -6258 (22)  51550 (36) 79 
C(22) 7236 (38) -8376 (23) 43130 (41) 84 
C( 23) 4448 (34) -5164 (23)  31199 (41) 82 
C(24) 11797 (25) 418 (18) 27806 (28) 60 
C(25) 41626 (20) 1512 (14)  24301 (20) 43 
C(26) 39660 (28) -7227 (17)  22328 (27) 58 
C(27) 47323 (33) -12842 (20) 17058 (31) 73 
C(28) 56942 (31) -9920 (23) 13862 (29) 72 
C(29) 58908 (33) -1296 (26) 15631 (34)  79 


C(31) 18244 (31)  -19472 (22)  -17085 (34) 77 
C(32) 9341 (43)  -23130 (35) -26397 (47) 99 
C(33) 12379 (62)  -28886 (39) -35165 (50) 117 
C(34) 24253 (72)  -31218 (33)  -35101 (51) 117 
C(35) 32914 (52) -27699 (30)  -26101 (45)  100 
C(36) 29892 (33)  -21923 (23) -17271 (38) 77 
C(37) 15022 (52) -13286 (35) -7252 (66) 107 


C(30) 51287 (29) 4417 (21) 20825 (32) 67 


angular strain a t  nitrogen in the former structure. The 
geometry around palladium is very close to square planar 
with Cl-Pd-N and P-Pd-P bond angles of almost 180”. 


Carbons C(1) and C(2) do not lie on the mean plane 
through atoms C1, Pd, P(1), P(2), N, Si(l), and Si(2) but 
are above and below the plane, respectively; however, an- 
gles close to tetrahedral values are maintained about both 
carbon atoms. Deviations, similar to those found in 6, are 
observed for the Pd-P(1)-C(25) and Pd-P(2)-C(7) angles. 
Cl-C(7) and C1.4(25) intramolecular distances are 3.540 
(2) and 3.552 (2) A, respectively. 


We have extended this metathesis reaction utilizing the 
lithium salt 5 to generate the platinum(I1) complex 
[PtC1N(SiMe2CH2PPh2)2] (8) and complete the incorpo- 
ration of this ligand into the metals of the nickel triad. 
Thus 8 is produced from the reaction of 5 with Zeise’s salt 
K[Pt(C2H4)C1,] in THF at  0 “C. Other platinum(I1) 
precursors such as PtC12(COD) (COD = 1,5-cyclo- 
octadiene), t r a n ~ - P t C l ~ ( P R ~ ) ~  (R = Ph or Et), PtC12- 
(PhCN)2, and trans-Pt(H)C1(PEt3), only gave intractable 
mixtures with 8 as a minor component. Presumably 8 is 
isostructural with the palladium derivative 7 as evidenced 
by the “virtual” triplet for the methylene resonances in the 
‘H NMR (Table I); coupling to platinum-195 (IgSPt, 33.7% 
natural abundance, spin 1/2) further splits this resonance 
into a 1:4:1 triplet. 


1) 3 5 ( 3 )  4 0 4 ( 2 )  201(3)  6 5 ( 8 )  
H2(1) 1 0 5 ( 2 )  4 7 2 ( 2 )  1 4 1 ( 2 )  4 0 ( 6 )  
Hl(2)  4 8 9 ( 3 )  1 5 3 ( 2 )  4 2 9 ( 3 )  5 8 ( 8 )  
H2(2) 440(2)  105 (2)  513 (3)  5 8 ( 8 )  
Hl(3)  423 (4)  461 (3) 374 (4 )  114 (16) 
H2(3) 344(3)  5 1 4 ( 3 )  289(3)  9 4 ( 1 2 )  
H3(3) 414 (4)  434 ( 3 )  251 ( 4 )  111 (15)  
HU4) 99 (5) 425 (3)  471 (5 )  149 (19) 
H2(4) 237 (4) 464 (3) 531 (5) 132 (17) 
H3(4) 1 5 0 ( 4 )  504 (3) 430 ( 4 )  9 3 ( 1 4 )  
Hl(5)  4 3 3 ( 4 )  3 6 3 ( 3 )  6 0 4 ( 4 )  97 (14) 
H2(5) 512 (4)  321 (3 )  536 (4 )  118 (16)  
H3(5) 487 ( 4 )  294 (3 )  660 (4 )  125 (16) 
Hl(6)  156 (4 )  201 ( 3 )  531 (4)  110 (14) 
H2(6) 254 (4 )  196 (3 )  642 ( 4 )  112 (14) 
H3(6) 188 (4)  285 (3 )  600 (4 )  110 (14) 
H(8) -111 (2)  3 5 6 ( 2 )  4 3 ( 3 )  5 1 ( 8 )  
H(9) -281 ( 4 )  339 ( 3 )  -108 ( 4 )  126 (16) 
H(10) -273 (4 )  300 (3)  -304 (4 )  134 (16)  
H(11) -86 ( 3 )  267 ( 2 )  -358 ( 4 )  95  (11) 
4 1 2 )  7 8 ( 3 )  284(2)  -189(3)  6 1 ( 9 )  
H(14) 1 3 3 ( 3 )  4 6 9 ( 2 )  - 9 5 ( 3 )  9 7 ( 1 2 )  
H(15) 271 ( 3 )  522 (2 )  -176 (4 )  95  (12) 
H(16) 460 ( 3 )  461 (2) -157 (3 )  98 (12) 
H(17) 5 1 9 ( 3 )  3 4 7 ( 2 )  - 3 7 ( 3 )  9 4 ( 1 2 )  
H(18) 390(3)  280 (2) 5 9 ( 3 )  6 3 ( 8 )  
H(20) 3 2 1 ( 3 )  7 ( 2 )  5 4 1 ( 3 )  6 0 ( 8 )  
H(21) 196 (3)  -84 (2)  594 (4 )  101  (12) 
H(22) 18 (3 )  -118 ( 2 )  452 (3 )  84 (10) 
H(23) -14 ( 4 )  -61 (3 )  249 ( 4 )  117 (16)  


H(26) 326(3)  - 8 8 ( 2 )  2 4 1 ( 3 )  6 8 ( 9 )  
H(27) 456 (3 )  -185 (2)  163 (3 )  78 (10) 
H(28) 618 (3 )  -141 ( 2 )  99 (3)  103 (12) 


H( 24 1 9 8 ( 2 )  2 9 ( 2 )  193 (3)  59 (8) 


H(29) 651 (4)  9 ( 2 )  1 3 3 ( 4 )  103(13)  
H(30) 5 2 4 ( 3 )  9 9 ( 2 )  2 1 5 ( 3 )  81(10) 


1 5  (4)  -216 (3 )  -266 ( 4 )  113 (16)  
77 (4)  -315 (3)  -417 ( 4 )  118 (15)  


H(34) 276 (4)  -351 (3 )  -400 (4)  124 (18) 
H(35) 400 (4 )  -303 (3) -271 ( 4 )  119 (17)  
H(36) 345 ( 3 )  -198 ( 2 )  -106 ( 4 )  93 (13) 
Hl(37)  72 (6)  -141 (4)  -56 (6) 178 (24) 
H2(37) 141 (6)  -75 ( 5 )  -98 ( 6 )  195 (29)  
H3(37) 205 ( 8 )  -127 (5)  16 (8) 279 (45) 


H(32) 
W33) 


The complexes 6,7, and 8 are moisture-sensitive solids 
which can be handled in dry air for short periods. They 
are very soluble in cyclohexane and other more polar or- 
ganic solvents but only slightly soluble in pentane or 
hexane. 


We have also investigated the coordination chemistry 
of the free ligand 4. Stirring a THF solution of NiCl,.DME 
and 4 produces green needles of the formula [NiC12NH- 
(SiMe2CH2PPh2)2] (9); recrystallization from CH2C12/ 
hexane producs dark blue blocks of the same formula. The 
‘H NMR of 9 consists of many broadened and shifted 
peaks indicative of a tetrahedral to square-planar type 
equilibrium, well-known for a number of nickel(I1) bis- 
(phosphine) complexes.43 


The crystal structure of 9 consists of discrete molecules 
of [NiC12NH(SiMe2CH2PPh2)2]. With the exception of two 
possible weak C-H-Cl interactions [C(6)-H(6b)-C1 (1) 


1 - 2); H 4 1  = 2.85 (5) and 2.88 (3) A, C-C1 = 3.747 (4) 
and 3.622 (3) A, C-H-Cl = 157 (2) and 144 (2)”], all in- 
termolecular distances correspond to normal van der Waals 
contacts. 


(1 - X ,  1 - y, 1 - Z )  and C(lO)-H(lO)...C1(2) (1 - X ,  1 - y, 


(43) For leading references, see: Holm, R. H. In “Dynamic Nuclear 
Magnetic bsonance Spectroscopy”; Jackman, L. M.; Cotton, F. A., Eda.; 
Academic Press: New York, 1975; Chapter 9, p 328. 
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Estimated Standard Deviations in Parentheses for [NiC1,NH(SiMe,CH,PPh,),1, 9 
Table V. Final Positional (Fractional, XIOs; H, X104) and Isotropic Thermal Parameters (V X l o 3  A,) with 


Ueql 
atom X Y z Uh atom X Y z UeqlUiso 


Ni 52063 (4)  37706 (3) 24406 (2)  34 H(N) 2869 (36) 8311 (36)  1891 (19)  46 (10) 
46633 (16) 
66435 (9)  
28619 ( 7 )  
61336 (7)  


8830 (8) 
33459 (8) 
24498 (25)  
12773 (30)  
53972 (31) 


2679 (43)  
32034 (44) 
25499 (44)  
25625 (28) 
12423 (35) 


9727 (39) 


33225 (38) 
36040 (33) 
25586 (31) 
31939 (38)  
29537 (49) 
21145 (59)  
14994 (59)  
17326 (46) 
61275 (28) 
54746 (34)  
54906 (41) 
61637 (44)  
68267 (43) 
68113 (35) 
81133 (27) 
89781 (34) 


104513 (36)  
111146 (35)  
102800 (39)  
87849 (34) 


-6639 (43) 


20010 (39)  


32237 (9 j 
23264 ( 9 )  
46637 (7)  
54891 ( 7 )  
79287 (8) 
78738 (8) 
80793 (25)  
59276 (29)  
66237 (32) 
87890 (52) 
88700 (35) 
96630 (38)  
70848 (49) 
54449 (26) 
57669 (33) 
64513 (35)  
68286 (33) 
64981 (34) 
58107 (31) 
30241 (27)  
21025 (32) 
8532 (38)  
5328 (42) 


14246 (47)  
26666 (38) 
67227 (27) 
82492 (31)  
91254 (38) 
84823 (44)  
69940 (43)  
60976 (34) 
45100 (27) 
52645 (34)  
45442 (42)  
30560 (39)  
22967 (38) 
30074 (32) 


14635 ( 5 j  56 
34186 (5)  56 
30937 (4)  32 
17811 (4)  31 
21673(4) 35 


7614(4 )  37 
16764 (14) 38 
25142 (17) 37 


8361 (16) 39 
15096 (26)  59 
29898(21) 52 


1125(22)  56 
2850(22) 57 


39311 (14) 34 
44084 (16) 44 
50090 (18) 53 
51488 (18) 50 
46885 (20) 52 
40773 (18) 44 
35377 (16) 42 
42395 (22) 59 
45809 (29) 80 
42306(32) 91 
35418 (28)  83 
31898(21) 61 
23183 (15) 35 
20581 (19)  46 
25023 (25)  64 
32033(24) 65 
34556 (21)  61 
30240 (18)  47 
15080(14)  34 
12007 (20) 50 


9713 (22)  57 
10364(20)  58 
13291 (23)  66 
15609 (20) 52 


1483 (31 j 


5949 (39)  


452 (38) 
5710 (36)  


-1424 (53) 
-429 (55) 
-824 (55) 


-98 (43)  
-614 (46) 


1058 (42) 


3685 (38)  
3675 (40) 
2224 (47) 
1490 (53)  
3004 (41)  
2703 (46) 


559 (38) 
105 (37) 


1855 (37) 
4004 (38) 
4489 (35)  
3848 (37)  
3342 (39)  
1955 (48)  


940 (50) 
1409 (45) 
4982 (33)  
5085 (41)  
6228 (47) 
7288 (39) 
7228 (39) 
8558 (39)  


10959 (38) 
12178 (39) 
10693 (50) 


8141 (40) 


5550 (30 j 
5932 (35) 
5963 (37) 
7096 (38) 
8760 (47) 
8279 (55) 
9628 (57) 
8569 (40) 
9860 (44) 
8661 (43) 
9517 (36) 


10121 (39)  
10312 (44)  


7622 (48)  
7053 (39) 
6194 (48) 
5567 (36) 
6656 (35) 
7225 (37) 
6716 (36)  
5648 (33) 
2365 (35)  


323 (41) 


1162 (49)  
3188 (45) 
8707 (32)  


10138 (42)  
9084 (47)  
6582 (39)  
5073 (40)  
6236 (39) 
5043 (36) 
2571 (36)  
1334 (50)  
2541 (38)  


-252 (48) 


2024 (17 j 
2772 (19) 


538 (19) 
607 (20) 


1829 (25) 
1197 (29) 
1293 (30) 
3284 (21) 
2758 (22) 
3272 (23) 


340 (20) 
76 (23) 


175 (25)  


585 (25)  
4268 (19)  
5311 (19) 


4789 (20)  
3752 (18) 
4466 (19) 
5065 (22)  
4517 (24) 
3256 (26) 
2684 (25) 
1545 (19) 
2258 (22) 
3419 (25)  
3917 (22) 
3190 (20) 
1163 (20)  


830 (19) 
846 (19) 


1344 (26)  
1737 (20) 


-379 (21) 


-239 (23) 


5545 (20) 


42 ( 7 )  
53 ( 9 )  
53 (10) 
65 (10) 
93 (15) 


102 (20) 
105 (18) 


55 (11) 
84 (12) 
93 (13) 
61 (10)  
73 (11) 
82 (13) 
97 (15) 
73 (11) 
96 (14) 
57 (10)  
56 (9)  
57 (10) 
59 (10) 
47 ( 8 )  
58 (9)  
67 (11) 
94 (14) 


102 (15) 
87 (13) 
48 80 ( 8 )  (12) 


97 (15) 
67 (11) 
71 (11) 
69 (11) 
57 (10) 
61  ( 9 )  


59 (10)  
108 (15)  


Table XII. Bond Lengths (A)  with Estimated Standard Deviations in Parentheses for [NiClN(SiMe,CH,PPh,),], 6 
bond uncorr corr bond uncorr corr 


Ni-Cl 
Ni-P( 1) 
Ni-P( 2) 
Ni-N 
P( 1 )-C( 1 1 
P( 1 W ( 7  ) 


P(2)-C(2) 
P( 1)-C( 13)  


P( 2)-C( 19) 
P( 2)-C( 25) 
Si( 1)-N 
Si( 1)-C( 1) 
Si( 1)-C( 3 )  
Si( 1)-C( 4)  
Si( 2)-N 
Si( 2)-C( 2) 
Si( 2)-C( 5) 
Si( 2)-C( 6) 
C(7 )-C(8) 


C(8)-C(9) 
C( 7)-C( 12 )  


2.1703 (6)  
2.2086 (6)  
2.1975 (5)  
1.924 (2)  
1.816 (2)  
1.825 (2)  
1.817 (2)  
1.807 ( 2 )  
1.824 (2)  
1.813 (2)  
1.710 ( 2 )  
1.887 (2)  
1.859 (3)  
1.867 (3)  
1.713 (2)  
1.893 (3)  
1.857 (4)  
1.860 (4) 
1.381 (3)  
1.387 (3)  
1.386 ( 4 )  


2.172 
2.212 
2.201 
1.929 
1.819 
1.830 
1.822 
1.810 
1.828 
1.818 
1.716 
1.895 
1.868 
1.876 
1.721 
1.904 
1.867 
1.872 
1.389 
1.394 
1.390 


Unlike molecules of 6 and 7 which both have approxi- 
mate twofold symmetry, molecules of 9 (Figure 5 )  display 
no elements of symmetry in the solid state. The coordi- 
nation geometry about the nickel atom is distorted tetra- 
hedral with bond angles a t  Ni ranging from 98.89 (3)' for 
Cl(1)-Ni-P(1) to 130.36 (3)O for C1-Ni-C1 (Table XVII). 
The irregularity of the Ni coordination sphere is reflected 
by the small but significant differences between chemically 
equivalent Ni-C1 (2.2216 (8) and 2.2058 (8) A) and Ni-P 


C( 9)-C( 10)  
C(lO)-C(ll)  
C(ll)-C(12) 
C( 13)C( 14)  
C( 13)-C( 18) 
C(14)-C(15) 
C( 15)-C(16) 
C( 16)-C(17) 
C(17)-C(18) 
C( 19)-C( 20) 
C(19)C(24)  
C(2O)C(21) 
C( 21)-C( 22) 
C( 22)-C(23) 
C(23)-C(24) 
C(25)-C(26) 
C( 25)-C(30) 
C(26)-C(27) 
C(27)-C(28) 
C(28)-C( 29) 
C( 29)-C( 30) 


1.368 
1.363 
1.387 
1.371 
1.384 
1.381 
1.357 
1.357 
1.384 
1.389 
1.381 
1.381 
1.374 
1.368 
1.390 
1.371 
1.381 
1.381 
1.364 
1.349 
1.385 


1.374 
1.371 
1.391 
1.384 
1.395 
1.384 
1.367 
1.371 
1.387 
1.394 
1.390 
1.383 
1.383 
1.373 
1.392 
1.381 
1.395 
1.384 
1.379 
1.356 
1.389 


(2.3180 (7) and 2.3469 (7) A) bonds. This structure is very 
similar to that of the closely related molecule [NiC120- 
(CH CH2PPh2)2]44 which has N i x 1  = 2.229 (5) and 2.210 
(4) 1 and Ni-P = 2.309 (4) and 2.321 (3) A. Except for 
the P-Ni-P angle (107.1 ( 1 ) O  vs. 116.99 ( 2 ) O  in 9), bond 
angles about the nickel atom in 9 deviate in the same sense, 


(44) Greene, P. T.; Sacconi, L. J. Chem. SOC. A .  1970, 866. 
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Table XIII. Bond Lengths (A)  with Estimated Standard Deviations in Parentheses for [PdClN(SiMe,CH,PPh,),I.CH,C,H,, 7 
bond uncorr corr bond uncorr corr 
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Pd-P( 1 ) 
Pd-P( 2) 
Pd-Cl 
Pd-N 
P( 1 )-C( 1 ) 
P( 1 )-C(7 1 


P( 2)-C( 2 1 
P(l)-C(13) 


P( 2)-C( 19)  
P( 2)-C( 25) 
Si( 1)-N 
Si( 1)-C( 1) 
Si( 1)-C( 3 )  
Si( 1)-C( 4) 
Si( 2)-N 
Si( 2)-C( 2) 
Si( 2)-C( 5) 
Si( 2)-C( 6) 
C( 7 )-C(8) 
C( 7 )-C( 12 )  
C(8)-C(9) 
C( 9)-C( 10)  
C( lO)-C(l l )  
C( 11 )-C( 12)  
C( 13)-C(14) 


2.3078 (5 )  
2.3112 ( 5 )  
2.3143 (6)  
2.063 (2 )  
1.805 (2)  
1.821 (2)  
1.819 (2 )  
1.807 (2 )  
1.816 ( 2 )  
1.820 ( 2 )  
1.713 ( 2 )  
1.885 (3)  
1.873 ( 3 )  
1.871 (4 )  
1.711 ( 2 )  
1.885 (3)  
1.872 (3 )  
1.855 (3 )  
1.374 (4 )  
1.370 ( 4 )  
1.388 (4 )  
1.345 ( 6 )  
1.360 (6 )  
1.386 ( 4 )  
1.388 (4 )  


2.311 
2.314 
2.317 
2.069 
1.809 
1.827 
1.823 
1.811 
1.821 
1.825 
1.719 
1.891 
1.881 
1.879 
1.717 
1.892 
1.881 
1.863 
1.390 
1.383 
1.394 
1.357 
1.376 
1.391 
1.399 


C( 13 )-C( 18) 
C(14)-C(15) 
C(15)-C(16) 
C(16)-C(17) 
C(17)-C(18) 
C( 19)-C( 20) 
C( 19)-C( 24) 
C( 20)-C( 21) 
C(21)-C(22) 
C( 22)-C( 23) 
C(23)-C( 24) 
C( 25)-C( 26) 
C(25)-C(30) 
C(26)-C( 27) 
C(27)-C(28) 
C(28)-C(29) 
C( 29)-C(30) 
C(31)-C(32) 
C( 31)-C( 36) 
C( 31 )-C( 3 7)  
C( 32)-C( 33) 
C( 33)-C(34) 
C( 34 )-C( 35)  
C(35)-C(36) 


1.372 (3 )  
1.384 (4)  
1.355 (6)  
1.359 (5) 
1.380 (4 )  
1.392 (3 )  
1.376 (4) 
1.390 (4)  
1.354 (5 )  
1.373 (5 )  
1.383 (4)  
1.380 (3 )  
1.379 (4)  
1.385 (4 )  
1.361 (5)  
1.361 (5)  
1.385 (4 )  
1.396 (6)  
1.367 ( 5 )  
1.492 (7)  
1.359 (8) 
1.383 (8) 
1.352 ( 7 )  
1.365 (6 )  


1.388 
1.389 
1.372 
1.370 
1.384 
1.402 
1.388 
1.395 
1.366 
1.382 
1.388 
1.394 
1.391 
1.388 
1.372 
1.376 
1.389 
1.413 
1.386 
1.503 
1.374 
1.400 
1.367 
1.379 


Table XIV. Bond Lengths ( A )  with Estimated Standard Deviations in Parentheses for [NiCI,NH(SiMe,CH,PPh2),], 9 
uncorr corr bond uncorr coir - bond 


Ni-Cl( 1 ) 
Ni -C112 I 
Ni-P( 1)' 
Ni-P( 2) 
P(1 )-C(1) 
P( 1 )-C(7 1 


P( 2)-C(2) 
P( 1)-C( 13)  


P( 2)-C( 19 )  
P(2)-C(25) 
Si( 1 )-N 
Si( 1)-C( 1) 
Si( 1 )-C( 3 ) 
Si( 1)-C( 4 )  
Si( 2)-N 
Si( 2)-C( 2) 
Si( 2)-C( 5) 
Si( 2)-C(6) 
C(7)-C(8) 


C(8 )-C(9 1 
C( 7)-C( 1 2 )  


2.2216 (8) 
2.2058 (8) 
2.3180 ( 7 )  
2.3469 (7 )  
1.815 ( 3 )  
1.814 (3 )  
1.826 (3 )  
1.817 (3)  
1.826 (3 )  
1.824 (3 )  
1.718 (2)  
1.885 (3)  
1.859 (4)  
1.848 (3)  
1.718 (2)  
1.886 ( 3 )  
1.861 ( 3 )  
1.845 ( 3 )  
1.390 (4)  
1.382 ( 4 )  
1.373 ( 4 )  


2.2251 
2.2081 
2.3202 
2.3502 
1.817 
1.817 
1.832 
1.820 
1.831 
1.829 
1.724 
1.891 
1.866 
1.854 
1.723 
1.892 
1.868 
1.851 
1.397 
1.388 
1.376 


C( 9)-C( 10) 
C(10 kC(11) 
c(i 1 j-c( 12 j 
C(13)-C(14) 
C( 13)-C( 18) 
C( 14)-C( 15)  
C( 15)-C( 1 6 )  
C(16)-C( 17)  
C(17)-C(18) 
C( 19)-C( 20) 
C( 19)-C( 24) 
C(2O)-C(21) 
C( 21)-C( 22) 
C( 22 )-C( 23) 
C( 23)-C(24) 
C( 25)-C( 26) 
C( 25)-C(30) 
C( 26)-C(27) 
C(27)-C(28) 
C( 28)-C( 29) 
C( 29 )-C( 30) 


1.373 (5 )  1.379 
1.377 (5 )  1.383 
1.390 (4 j 
1.394 (5 )  
1.373 (5 )  
1.397 (5 )  
1.360 (7 )  
1.363 (7 )  
1.389 (4 )  
1.392 (4)  
1.389 (4)  
1.389 ( 5 )  
1.376 (6 )  
1.357 ( 5 )  
1.390 (4)  
1.390 (4 )  
1.384 (4 )  
1.367 (4)  
1.367 (5 )  
1.366 (5 )  
1.384 (4)  


1.392 
1.403 
1.382 
1.402 
1.370 
1.371 
1.393 
1.400 
1.396 
1.393 
1.382 
1.365 
1.394 
1.398 
1.395 
1.370 
1.379 
1.373 
1.387 


Table XV. Bond Angles (Deg) with Estimated Standard Deviations in Parentheses for [NiClN( SiMe,CH,PPh,),], 6 
C1-Ni-P( 1) 
CI-Ni-P( 2) 
Cl-Ni-N 
P( 1)-Ni-P( 2) 
P( 1)-Ni-N 
P( 2)-Ni-N 
Ni-P( 1 )-C( 1 ) 
Ni-P( 1 )-C( 7 ) 
Ni-P( 1)-C( 13 )  
C( 1 )-P( 1)-C( 7)  
C( 1)-P( 1)-C( 13)  
C(7)-P(l)-C(13) 
Ni-P( 2)-C( 2) 
Ni-P( 2)-C( 1 9 )  
Ni-P( 2)-C( 25) 
C( 2)-P( 2 )-C( 19)  
C(2)-P( 2)-c(25) 
C( 19)-P( 2)-C( 25) 
N-Si( 1)-C( 1 ) 
N-Si( 1 )-C(3 1 
N-Si(1 j-c(4 j 
C(l)-Si(l)-C(3) 
C( 1)-Si( 1)-C(4) 


95.40 ( 2 )  


178.16 (6 )  
167.72 (2)  


85.96 (6)  
85.10 ( 5 )  


102.96 ( 9 )  


115.14 (7 )  
105.73 (10) 
107.27 (11) 
104.67 (10) 
106.98 ( 8 )  
121.29 (7)  
106.46 ( 7 )  
108.49 (11) 
108.56 (11) 
104.54 (9 )  
104.15 ( 9 )  
114.6 ( 2 )  
114.87 (15)  
107.4 ( 2 )  
108.3 ( 2 )  


93.74 (2 )  


120.11 ( 7 )  


C(3)-Si( 1)-C(4) 
N-Si( 2)-C( 2 )  
N-Si( 2)-C( 5 )  
N-Si( 2)-C( 6 )  
C( 2)-Si(Z)-C( 5 )  
C( 2)-Si( 2)-C(6) 
C( 5)-Si( 2)-C(6) 
Ni-N-Si( 1) 
Ni-N-Si( 2) 
Si( 1)-N-Si( 2) 
P(1)-C(1)-Si(1) 
P( 2)-C( 2)-Si( 2) 


P( 1)-C( 7)-C( 12 )  
P( 1)-C( 7)-C( 8) 


C( 8)-C( 7)-C( 12 )  
C( 7)-C(8)-C(9) 
C(S)-C(S)-C( 10)  
C( 9)-C( 10 )-C( 11) 
C( 10 )-C( 11 )-C( 12)  
C(7)-C(12)-C(ll) 
P(1)-C( 13)-c(14) 
P( 1 )-C( 13)-C( 18) 


107.2 (2 )  
105.15 ( 9 )  
113.8 (2 )  
112.7 ( 2 )  
108.6 (2 )  
107.4 (2 )  
108.8 (3 )  
118.02 (9 )  
113.83 (10) 
128.13 (10) 
105.70 (12)  
104.36 (12) 
124.1 (2)  
116.8 (2 )  
119.1 (2 )  
120.1 (3)  
120.2 (3 )  
120.3 (3 )  
120.2 ( 3 )  
120.1 ( 2 )  
118.8 ( 2 )  
123.0 (2 )  


C( 14)-C( 13)-C( 18) 


C(14)-C(15)-C(16) 
C(15)-C(16)-C( 17 )  
C(16)-C(17)-C( 18) 
C(13)-C(18)-C( 17 )  


C(13)-C(14)-C(15) 


P( 2)-C( 19)-C( 20) 
P( 2)-c(19)-c(24) 
C( 20)-c(19)-c( 24) 
C( 19)-C( 20)-C( 21) 
C(20)-C( 21)-C( 22) 
C( 2 1 )-C( 2 2)-C( 23 ) 
C( 22)-c(23)-c(24) 
C(19)-C( 24)-c(23) 
P( 2)-C( 25)-C( 26) 
P(2)-C( 25)-c(30) 
C( 26)-C( 25)-C( 30) 
C( 25)-C( 26)-C( 27) 
C(26)-C( 27)-C(28) 
C(27)-C( 28)-C( 29) 
C(28)-C(29)-C(30) 
C( 25)-c(30)-c( 29) 


~ 11872 (2 )  
120.3 ( 2 )  


119.7 (3)  


120.9 ( 3 )  
119.3 ( 2 )  


118.5 (2 )  


121.0 (3)  


120.0 ( 3 )  


122.1 (2)  


121.0 (2 )  
119.9 (2 )  
119.9 (3 )  


120.2 (2 )  
120.5 (3 )  


118.1 (2)  
123.5 (2)  
118.4 ( 2 )  
121.2 (3 )  
119.6 (3)  
120.0 (3 )  
121.0 ( 3 )  
119.7 ( 3 )  
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Table XVI. Bond Angles (Deg) with Estimated Standard Deviations in Parentheses for [PdCIN(SiMe,CH,PPh,)z]~CH,C,H,, 7 


P( 1)-Pd-P( 2) 177.11 (2 )  N-Si( 2)-C( 5 )  112.90 (15)  C(13)-C(18)-C(17) 120.3 (3)  
P( l)-Pd-CI 90.56 (2 )  N-Si( 2)-C(6) 113.36 (14) P( 2)-C( 19)-C( 20) 121.5 (2)  


P( 2)-Pd-C1 91.29 (2 )  C( 2)-Si( 2)-C( 6 )  109.8 (2)  C( 20)-C( 19)-C( 24) 119.4 (2 )  
P( 2)-Pd-N 89.47 (5 )  C( 5)-Si( 2)-C( 6 )  108.9 (2 )  C(19)-C(2O)-C(21) 119.4 (3 )  
CI-Pd-N 179.04 ( 5 )  Pd-N-Si( 1) 119.34 (10) C(2O)-C(21)-C(22) 120.7 (3)  


P( l)-Pd-N 88.66 (5)  C( 2)-Si( 2)-C( 5 )  105.9 (2 )  P(2)-C(19)-C(24) 119.0 (2)  


Pd-P( 1)-C( 1) 106.77 ( 8 )  Pd-N-Si( 2 )  118.39 (9 )  C(21)-C(22)-C(23) 120.1 (3 )  
Pd-P( 1)-C( 7)  120.39 (7)  Si( 1)-N-Si( 2) 122.27 (11) C(22)-C( 23)-C( 24) 120.2 (4 )  
Pd-P(1)-C( 13)  111.94 (7 )  P( l)-C(l)-Si(l) 106.90 (12)  C(19)-C( 24)-C( 23) 120.1 ( 3 )  
C( l)-P( 1 )-C( 7 )  108.28 (11) P( 2)-C( 2)-Si( 2) 107.22 (12) P(2)-C(25)-C(26) 123.2 (2)  
C(l)-P(l)-C(l3) 104.93 (11) P( 1 )-C( 7)-C( 8 )  121.1 ( 2 )  P(2)-C(25)-C(30) 118.6 (2 )  
C( 7)-P( 1 )-C( 13 )  103.52 (1 1) P(l)-C(7)-C(l2) 120.6 (2 )  C(26)-C(25)-C(30) 118.2 (2 )  
Pd-P( 2)-C( 2) 105.88 ( 8 )  C( 8)-C( 7)-C( 1 2 )  118.2 ( 3 )  C(25)-C(26)-C(27) 120.1 (3 )  
Pd-P( 2)-C( 19)  115.27 ( 8 )  C(7)-C(8)-C(9) 119.9 (3)  C(26)-C(27)-C(28) 121.1 (3 )  
Pd-P( 2)-C( 25) 116.38 (7 )  C( 8)-C( 9 )-C( 10) 121.0 (4)  C(27)C(28)-C(29) 119.4 (3 )  
C(2)-P(2)-C(19) 107.97 (12)  c (9 ) -c ( lo ) - c ( l l )  120.1 (3)  C(28)-C(29)-C(30) 120.2 (3 )  
C(2)-P(2)-C(25) 107.03 (11) C(lO)-C(ll)-C(l2) 119.4 (4 )  C(25)-C(30)-C(29) 121.0 (3 )  
C(19)-P(2)-C(25) 103.85 (10) C(7)-C(l2)-C(ll)  121.3 (3 )  C(32)-C(31)-C(36) 117.3 (4)  
N-Si( 1)-C( 1) 105.61 (10) P( 1)-C( 13)-C( 1 4 )  120.6 ( 2 )  C(32)-C(31)-C(37) 120.7 (4) 
N-Si( 1)-C( 3) 113.59 (15)  P( 1 )-C( 13)-C( 18) 12  1 .O ( 2) C(36)-C( 31)-C(37) 122.0 ( 4 )  


C(l)-Si(l)-C(3) 109.2 ( 2 )  C(13)-C(14)-C(15) 120.3 (3 )  C(32)-C( 33)-C(34) 121.1 (5) 
C( 1)-Si( 1)-C(4) 106.1 (2)  C( 14)-C( 15)-C( 1 6 )  120.4 (3 )  C(33)-C(34)-C(35) 119.0 (6 )  
C( 3)-Si( 1)-C( 4) 108.3 ( 2 )  C(15)-C(16)C(17) 119.7 (3)  C(34)-C(35)-C(36) 120.1 (6) 
N-Si( 2)-C( 2) 105.66 (10) C(16)-C(17)-C(18) 120.9 (3 )  C(31)-C(36)-C(35) 122.4 ( 4 )  


N-Si( 1)-C( 4) 113.7 ( 2 )  C(14)-C(13)-C(18) 118.4 (2 )  C(31)-C(32)-C(33) 120.2 (5)  


Table XVII. Bond Angles (Deg) with Estimated Standard Deviations in Parentheses for [NiC1,NH(SiMe,CH,PPhz)2], 9 


Cl( l)-Ni-Cl( 2) 130.36 (3 )  C( 1)-Si( 1)-C(4) 112.42 (14) C(13)-C(14)-C(15) 119.4 ( 4 )  
CI( 1)-Ni-P( 1) 98.89 (3)  C( 3)-Si( 1)-C( 4 )  108.5 (2 )  C(14)-C(15)C(16) 120.4 (4 )  
CI( 1)-Ni-P( 2) 103.33 (3 )  N-Si( 2)-C( 2) 111.12 (12) C(15)-C(16)-C(17) 120.4 (4 )  
CI( 2)-Ni-P( I) 102.40 (3)  N-Si( 2)-C( 5 )  111.5 (2) C(16)-C(17)-C(18) 120.1 (4 )  
C1( 2)-Ni-P( 2) 105.81 (3)  N-Si( 2)-C( 6) 110.24 (15)  C(13)-C(18)-C(17) 120.5 ( 4 )  
P( 1)-Ni-P( 2) 116.99 ( 2 )  C( 2)-Si( 2)-C( 5 )  106.01 (15)  P(2)-C(19)-C( 20) 123.5 ( 2 )  
Ni-P( 1)-C( 1) 118.46 (10) C( 2)-Si( 2)-C( 6 )  108.7 (2 )  p(2)-C(19)-C(24) 118.0 ( 2 )  
Ni-P( 1)-C( 7)  119.59 (9)  C( 5)-Si( 2)-C( 6 )  109.2 (2 )  C(2O)-C(19)-C(24) 118.6 (3 )  
Ni-P( 1)-C( 13)  103.94 ( 8 )  Si( 1)-N-Si( 2) 134.1 ( 2 )  C(19)-C(2O)-C(21) 120.5 (3 )  


104.85 (12) P( 1)-C( 1)-Si( 1 ) 118.85 (14) C(2O)-C(21)-C(22) 119.9 (3 )  
C(l)-P(l)-C(l3) 105.05 (13) P( 2)-C( 2)-Si( 2 )  120.94 (15)  
C( 7 )-P( 1 )-C( 13 )  102.92 (1 2) P( 1 )-C( 7)-C( 8 )  120.5 ( 2 )  C(22)-C(23)-C(24) 120.9 (4 )  


Ni-P( 2)-C( 19)  118.86 ( 8 )  C( 8)-C( 7 )-C( 12 )  118.9 (3 )  P(2)-C(25)-C(26) 120.9 ( 2 )  


C(2)-P(2)-C(19) 106.59 (13) C(8)-C(9)-C(lO) 120.6 (3)  C(26)-C(25)-C(30) 117.9 (2 )  
C( 2)-P( 2)-C( 25) 102.34 (12)  C( 9)-C( 10)-C( 11 ) 119.6 (3)  C(25)-C(26)-C(27) 121.2 (3 )  
C(19)-P(2)-C( 25) 101.53 (11) C(lO)-C(ll)-C(l2) 120.3 (3 )  C(26)-C(27)-C(28) 120.7 (3 )  
N-Si( 1)-C( 1) 109.87 (12)  C(7)-C(12)-C( 11) 120.2 (3 )  C(27)-C(28)-C(29) 119.0 (3 )  
N-Si( 1 )-C( 3)  111.8 (2 )  P(l)-C(l3)-C(l4) 119.4 (2 )  C(28)-C(29)-C(30) 121.2 (3 )  


C( 1)-Si( 1)-C( 3 )  105.5 (2 )  C(14)-C(13)-C(18) 119.1 ( 3 )  


C(21)-C(22)-C(23) 120.1 (3)  
C(1 )-P( 1 )-C(7 1 


Ni-P( 2)-C( 2) 116.15 (10)  P( 1 )-C( 7)-C( 1 2 )  120.5 ( 2 )  C(19)-C(24)-C(23) 120.0 (3)  


Ni-P( 2)-C( 25) 109.17 ( 8 )  C( 7 )-C( 8)-C( 9 ) 120.5 (3 )  P( 2)-C( 25)-C( 30) 121.2 (2)  


N-Si( 1)-C( 4 )  108.8 (2)  P( 1 )-C( 13)-C( 18) 121.4 (2 )  C( 25)-C( 30)-c(29) 120.1 (3 )  


Table XVIII. Intraannular Torsion Angles for the difference between the P-Ni-P angles in the two com- 
pounds probably results from the steric requirements of 
the respective ligands, in particular the replacement of two 


atoms 6, M = Ni 7 , M = P d  CH2 groups by SiMez moieties. The Ni-C1 and Ni-P 
distances lie within the ranges normally observed for 


M-P(1)-C(1)-Si(1) -37.84 (13)  34.17 (14)  tetrahedral Ni(I1) but are considerably longer than the 
P(1)-C(1)-Si(1)-N 13.30 (15) -36.41 (15)  corresponding bonds in the square-planar complex 6. 
C( 1 )-Si( 1 )-N-M 23.14 (14) 23.61 (15) The N-H portion of the ligand backbone of 9 does not 
Si( 1)-N-M-P( 1) -40.79 (10) -3.47 (11) interact with the metal center (Nb-H = 4.13 (4), Ni-N = 


40.96 (11) -17.91 (11) 4.044 (2) A) nor is the N-H group involved in any hydrogen 
bonding, being sterically blocked as is evident in Figure M-P(2)-C(2)-Si(2) -24.92 (14)  34.13 (14)  


P(2)-C(2)-Si(2)-N -4.95 (15) -38.0 ( 2 )  
C( 2)-Si( 2)-N-M 39.83 (14) 25.63 (15) 5. These data are consistent with the observed N-H 
Si( 2)-N-M-P( 2) -47.86 ( 9 )  -5.20 (11) stretching frequency of 3365 cm-' (KBr) which is identical 


with that found for the free ligand. This is in sharp con- atoms 9 
trast with that found for the closely related molecule, 
[NiBrzNH(CH2CHzPPh2)2,1 ,& wherein the nitrogen atom 
is coordinated to the metal m the solid state. The resulting 
five-coordinate structure is square pyramidal with a bro- 
mine in the apical position (mirror symmetry, Ni-N = 2.01 
(3), Ni-P = 2.172 (5), N-Br(basa1) = 2.333 (7), and Ni- 
Br(apical) = 2.698 (7) A). Although steric arguments can 
be invoked, the lack of coordination of the N-H group in 


Chelate Rings in 6, 7, and 9 with 
Estimated Standard Deviations in Parentheses 


N-M-P( 1)-C( 1) 43.77 (10) -18.87 (11) 


N-M-P( 2)-C( 2) 


P( 2)-Ni-P( 1)-C( 1) 64.99 (10) 


P(1)-C( 1)-Si(1)-N 53.0 ( 2 )  
C( 1)-Si(1 )-N-Si( 2 )  74.4 ( 2 )  
Si( 1 )-N-Si( 2 )-C( 2) -130.1 (2 )  
N-Si(2)-C( 2)-P(2) 13.7 (2 )  
Si( 2)-C(2)-P( 2)-Ni 60.2 (2 )  
C(2)-P( 2)-Ni-P( 1) -77.74 (11) 


Ni-P(1)-C( 1)-Si( 1) -80.2 (2 )  


but to a greater degree, from the idealized tetrahedral value 
than do those in [NiC1zO(CHzCHzPPhz)z]. The large (45) Orioli, P. L.; Sacconi, L. Chem. Commun. 1968, 1310. 







Amido Phosphine Derivatives of the Nickel Triad 


9 is best accounted for by delocalization4 of the nitrogen 
lone pair into low-lying silicon d orbitals, thus making it 
unavailable for donation to a metal. The unusual eight- 
membered chelate ring of 9 which results has a confor- 
mation which is best characterized (on the basis of the 
intraannular torsion angles) as a distorted twist-boat- 
chair." There are several intramolecular steric interac- 
tions of importance which include van der Waals contacta 
of the types: methyl-methyl (C(3)4(6)  = 3.553 (6) A), 
methyl-phenyl (C(4)-C(7) = 3.382 (4) A), phenyl-phenyl 


and NH-phenyl (H(N).-H(OO) = 2.32 (4) A). 
The phenyl rings in 6,7, and 9 are, in general, slightly 


but significantly nonplanar (maximum deviation from c6 
plane 0.01 A) with the phosphorus atoms significantly 
displaced from the phenyl mean planes (by up to 0.13 A). 
The averaged corrected bond lengths and bond angles for 
the PC6HS groups are in excellent agreement with tabu- 
lated values.48 It is interesting to note that in spite of the 
considerable differences between corresponding bond an- 
gles (a result of both ring-size and steric effects), the bond 
lengths in the chelating ligands in 6 and 7 differ very little 
fromthose in 9. The Si-N, Si-CH3, and P-C(pheny1) 
distances (averaged for all three compounds) of 1.714 (3), 
1.861 (9), 1.821 (4) A, respectively, are as expected. An 
interesting feature common to all three structures is the 
geometry a t  the methylene carbon atoms C(1) and C(2) 
where the bonds to silicon (mean Si-CH2 = 1.887 (3) A) 
are longer than the Si-CH3 bonds by an average of 0.026 
A (all individual differences being statistically signifkant), 
and the bonds to phosphorus (mean P-CH2 = 1.811 (5) A) 
are shorter than the P-C (phenyl) bonds by an average of 
0.010 A. In the case of the P-C bonds this is the opposite 
of what would be expected on the basis of cr-hybridization 
effects and mildly suggests an alternation of bond strengths 
in the N-Si-C-P-M fragments. 


The analogous reaction of the free ligand 4 with both 
PdC12(PhCN)2 and K[Pt(C2H4)C13] produces, respectively, 
[PdCl2NH(SiMezCH2PPh,),1, 10, and [PtC12NH- 
(SiMe2CH2PPh2)2], 11, as diamagnetic, poorly soluble 
solids. We formulate 10 and 11 as square-planar com- 


(C(12)***C(24) = 3.534 (4) and H(12).4(24) = 2.65 (3) A), 


Phr 
CI, jP-,SiMe, 


Phz 


plexes with cis disposed phosphines on the basis of their 
'H NMR spectra wherein the methylene protons appear 
as broadened resonances indicative of weakly coupled 
phosphorus nuclei due to their cis orientation on the metal. 
Interestingly the N-H stretching frequency decreases to 
3305 cm-l for the palladium complex 10 and further to 
3280 cm-' for the platinum derivative 11 as compared to 
the free ligand ( u N H  = 3365 cm-'). The low solubility of 
10 and 11 has precluded extensive solution studies to trace 
this decrease in uNH. 


Probably the most useful reaction of the bidentate amine 
dichlorides 9,10, and 11 is their facile conversion into the 
corresponding tridentate amido derivatives 6,7, and 8 with 
base. Optimum results have been obtained with NEt,; 
pyridine and 2,4,8trimethylpyridine are not effective in 
this conversion as only starting materials are isolated with 
10 and 11. With pyridine, displacement of the phosphines 
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Ph2 
Ph. . 9 7  


9,10,11 


of 9 occurs to produce NiClz(py), (py = pyridine). Coor- 
dination via the phosphine donors is a crucial factor in this 
reaction with NEb, as is the relative insolubility of 
NEt3.HC1 in toluene. However, since the reaction of free 
HN(SiMe3)2 with NiC12(PR& (R = Me or Ph) and NEh 
produces no nickel amide species (only starting materials 
are isolated), it would seem that coordination followed by 
activation of the distal N-H bond is the determining 
feature. Although it is tempting to suggest a transient 
oxidative addition step for this formation, no such inter- 
mediate has been detected even for the platinum deriva- 
tive. 


Formation of Metal-Carbon Bonds. The incorpora- 
tion of simple alkyl groups into transition-metal complexes 
continues to be the object of much research, notably be- 
cause the subsequent stability and reactivity of the so 
formed transition metal-carbon bond can sometimes be 
related to its potential for use in organic synthesis and 
homogeneous catal~sis.4~ We have investigated the re- 
action of Grignard reagents with the tridentate amido 
phosphine complexes and have found that the nickel and 
palladium chloro derivatives, 6 and 7, respectively, readily 
undergo metathesis with simple Grignards, RMgX (R = 
CH3, CH2CH=CH2, CH=CH2, and C6H6), in toluene/ 
ether mixtures to generate the corresponding carbon- 
bonded ligands. The use of alkyllithium reagents (i.e., 


Ph2 .?T 


I 
P / S i M e r  I / S ' h  


R'gX ~ R-M-N: 
\ -30 *C 


CI-M-N: 


jaJ\SIMe P ..JSlMe2 


Ph, Phz 


677 
MeLi or PhLi) does produce the corresponding carbon- 
bonded Complexes, but the yields are invariably lower than 
via the Grignard route. The only constraints in the choice 
of R in RMgX is that there be no @-hydrogen atoms, thus 
avoiding 6-elimination sequences. Table I lists these de- 
rivatives and their 'H NMR patterns. When R is allyl 
(C&), two limiting bonding modes are observed, de- 
pending on the metal; thus the 'H NMR of the complex 
[Ni(C3HdN(SiMe2CHZPh&] shows a classic AX4 pattern 
for the allyl protons (with phosphorus decoupled) which 
indicates equivalent syn and anti protons via rapid q3-q' 
interconversions on the NMR time scale. Even at  -80 "C, 
the AX4 pattern persists. For the analogous palladium 
complex [Pd(C3HdN(SiMe2CH2PPh2),] on the other hand, 
we observe only the q' mode of bonding in the 'H NMR 
at ambient temperatures. As the temperature is raised, 
the resonances of the allyl ligand broaden and above 50 
"C, rapid q3-4 interconversions occur as evidenced by the 
appearance of the AX4 pattern (31P decoupled). All of 
these complexes can be recrystallized from hexane at  low 


(46) Reference 3, p 378. Noodleman, L.; Paddock, N. L. Znog. Chem. 


(47) Hendrickaon, J. B. J. Am. Chem. SOC. 1967,89,7036. 
(48) Domenicano, A.; Vaciago, A.; Coulson, C. A. Acta Crystallogr., 


1979,18, 354. 


Sect. B 1975, B31, 221. 


(49) Collman, J. P.; Hegedus, L, S. 'Principles and Applications of 
Organotransition Metal Chemistry"; University Science Books: Mill 
Valley, CA, 1980; p 72. 


(50) Reference 49, p 213. 
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temperatures (-30 "C) in the absence of air; a t  ambient 
temperatures or higher in solution, some decomposition 
is observed (darkening of solutions) over a period of hours, 
but this can be suppressed to some extent by dilution. The 
isolated crystalline solids are stable a t  room temperature 
under NO. 


Unfortunately, we have been unable to form any of the 
corresponding platinum-carbon bonded species using 
similar techniques. The action of MeMgCl on 8 in a 
number of solvent mixtures and at  a variety of tempera- 
tures was invesigated, but only starting material or in- 
tractable mixtures were produced. The use of alkyllithium 
reagents merely resulted in decomposition products. The 
anomalous behavior of the platinum chloride bond of 8 is 
exemplified by the fact that the reaction with standard 
halide abstraction reagents such as AgBF4 and AgC104 in 
CH2C12 or CH&N results in the formation of a silver 
mirror and no AgCl; no identifiable products have been 
isolated from these reactions. 


Discussion 
The results of this study demonstrate that a ligand 


which contains both the hard donor amido ligand and soft 
phosphine donors in a chelating array can readily bind to 
the metals of the nickel triad. While phosphine complexes 
of nickel, palladium, and platinum are legion, corre- 
sponding amide derivatives are extremely rare; indeed, 
palladium amide complexes were unknown until our efforts 
in this area. It would appear that our strategy to use the 
chelate effect is crucial for the synthesis of these deriva- 
tives, since prototype reactions in which monodentate 
amide precursors are utilized generate completely different, 
if any, products. Thus in the reaction of the lithium salt 
5 with soluble nickel(I1) precursors, it is reasonable to 
suggest that coordination by one or both of the phosphine 
arms occurs first followed by metathesis of the chloride 
to generate the nickel(I1)-amide bond. This ensures that, 
if an electron-transfer process occurs before metathesis, 
the coordinated end or ends of the ligand serve to cage the 
incipient radicals to produce no net reduction of the metal. 
Electron transfer must be important to some extent in the 
formation of metal amide bonds in order to explain the 
isolation of nickel(1) amides38 from nickel(I1) starting 
materials and the complete lack of palladium amides.12 


Another feature of this work which can be rationalized 
by prior coordination of the phosphine arms is the facile 
conversion of the amine dichlorides 9, 10, and 11 (where 
the amine portion is considered to be uncoordinated) to 
the amide derivatives 6,7, and 8, in the presence of NEt3 
The reaction can be considered as a modification of the 
well-known cyclometalation reactionz6 except that in our 
system a distal N-H bond rather than a C-H bond is 
activated. The mild conditions and overall high yields of 
this process suggest that it will be a useful method for the 


Fryzuk e t  al. 


incorporation of these hybrid ligands into other transition 
metals. 


The hard-soft, hybrid nature of this ligand system de- 
serves some comment. The overall reactivity of these 
complexes mimics that of straightforward phosphine 
complexes of the nickel triad; for instance, metathesis by 
Grignard reagents to generate nickel(I1) and palladium(I1) 
carbon bonds proceeds smoothly with no real effect at- 
tributable to the metal amide bond other than to anchor 
the tridentate mode of ligation. However, in the platinum 
amide complex metathesis of the chloride ligand does not 
proceed under any conditions that we have investigated; 
that the chloride bond is trans to the platinum amide bond 
may be the determining feature, suggesting a strengthening 
effect of a ligand trans to an amide. As gauged by the 
Pt-Cl stretching frequency (317 cm-'), the amide ligand 
exerts a weak trans i n f l ~ e n c e , ~ ~  consistent with observed 
lack of reactivity of the trans Pt-C1 bond. 


With the ready availability of nickel(I1) and palladium- 
(11) complexes containing both formally uninegative metal 
nitrogen and metal carbon bonds, we are now in a position 
to investigate their relative migratory aptitudes with small 
molecules such as CO and COO. This work and related 
chemistry with other group 8 metals will be reported in 
due course. 
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The molecular structure of MII(CO)~(&C~~H~) has been determined. (The ligand C13H9- is the fluorenyl 
anion, coordinated through one six-membered ring.) The complex crystallizes in the space group P21/c. 
The unit cell parameters are a = 9.610 (3) A, b = 22.778 (5) A, c = 13.396 (2) A, 0 = 91.54 (2)", V = 2931 
A3, d d d  = 1.36 g/cm3, doM = 1.38 g/cm, and Z = 8. A total of 4357 unique reflections were collected 
at -65 "C. The structure was solved by direct methods and was refiied by a blocked full-matrix refiiement 
technique to a value of R1 = 0.041. The molecular structure is described as intermediate between a 
s6-zwitterionic complex (similar to Fe(s-C6H5)(t16-C13H9)) and a q5-cyclohexadienyl complex. Five carbons 
in the complexed six-membered ring are coplanar; the sixth carbon, C(lO), is bent out of this plane by 
approximately 15O. The Mn-C(10) bond distance is 2.511 A, in comparison to remaining metal-carbon 
bonding distances which fall in the range 2.11-2.29 A. Variations in bond lengths in the fluorenyl fragment 
of the complex, though small, are in the direction expected for the cyclohexadienyl representation. The 
structural data indicate that this complex has more cyclohexadienyl character than does Fe(q-C$I6)(s6-Cl3H.J, 
a compound whose structure had been reported earlier. 


Introduction 
A green crystalline compound, Fe(r]-C&)(+&HI)) (I), 


was prepared in our laboratory several years ago.' Ac- 
cording to a crystallographic study, the fluorenyl (C13H9-) 
group in this compound coordinates to iron via one of the 
six-membered rings. Bond distance and bond angle data 
are generally in accord with the representation of I as a 
zwitterion (Figure 1A) with the positive charge localized 
at  the metal and the negative charge residing largely at  
the C(9) carbon of the ligand. The basicities of the un- 
complexed anionic ligand, C13H9-, and the complex with 
respect to protonation are comparable, in agreement with 
this representation. 


Preparation of a manganese tricarbonyl complex of the 
fluorenyl ligand, analogous to I, was accomplished con- 
current to the above study.2 Qualitative evidence indi- 
cated that this compound, Mn(C0)3($-C13H9) (II), had a 
basicity which was much diminished from the basicities 
of I and of the anion CI3H9-. This can best be explained 
by assuming that in I1 the negative charge is not localized 
at  C(9) but is instead substantially delocalized to the metal 
and associated carbonyl ligands. This explanation seems 
sensible since the acceptor ability of carbonyl groups 
relative to other ligands in organometallic complexes is 
exceptional. The implication of such charge delocalization 
is, however, that the complex might be represented in 
valence bond terms as an (~5-cyclohexadienyl)metal com- 
plex; see Figure 1B. 


The structural differences between complexes, assuming 
the limiting forms illustrated in Figure 1A,B, ought to be 
substantial. However, it  seems probable that real com- 
pounds will assume structures somewhere between these 
two extremes, although such structures may resemble one 
form more than the other. Also, the fused rings of the 
fluorenyl ligand system wi l l  resist distortion, and this could 
limit the use of structural data in assessing the bonding 
in these systems. Nevertheless, significant differences in 
structural parameters should be evident in well chosen 
examples. The acid-base data on I and I1 suggested that 
the structural differences in these complexes might be 


significant. This study, the determination of the structure 
of 11, was undertaken to allow comparison of these com- 
pounds. 
As an aside to this discussion, we note that there is one 


other significant chemical difference between I and 11. 
Whereas I appears to be a stable species, I1 is found to 
undergo a slow unidirectional isomerization in which the 
metal tricarbonyl unit migrates to the five-membered ring 
of the ligand. A reversible migration of the chromium 
tricarbonyl group between sites on the five- and six-mem- 
bered rings of the ligand in the anion [Cr(C0)3(C13H9)]- 
has also been reported r e ~ e n t l y . ~  


Experimental Section 
Crystals of Mn(C0)3(qs-C13H9) suitable for X-ray diffraction 


studies were obtained by chilling of a hexane solution of this 
compound (11) to dry ice temperature. A single crystal of ap- 
proximate dimensions 0.25 X 0.45 X 0.55 mm was mounted in 
a thin-walled glass capillary for X-ray study. Preliminary ex- 
amination of the crystal on a Syntex P i  diffractometer showed 
the crystal to be monoclinic. The observed systematic absences 
for hOl(l= 2n + 1) and OkO (k = 2n + 1) uniquely defiie the space 
group as P2,lc. The unit cell parameters (at -65 "C X(Mo Ka) 
= 0.71073 A) are a = 9.610 (3) A, b = 22.778 (5) A, c = 13.396 
(2) A, and 6 = 91.54 ( 2 ) O .  These parameters were determined 
from a least-squares refinement utilizing the setting angles of 30 
accurately centered reflections (25" < 28 < 3 4 O )  each collected 
at *28. The unit cell volume of 2931 A3 led to a calculated density 
of 1.36 g/cm3 for eight formula units of ~~II(CO)~(C~~~)-O.~C~H~~ 
per unit cell. Thus there are two independent molecules in the 
asymmetric unit. The experimental density of 1.38 g/cm3 was 
measured by flotation in H20/ZnBr2 solutions. 


X-ray intensity data were collected at -65 f 5 "C by using a 
Syntex PI diffractometer equipped with a graphite-mono- 
chromated Mo Ka X-radiation source. A total of 4357 unique 
reflections with (sin @ / A  5 0.649 A1 were collected by using a 6-28 
step scan technique with a scan range of O B 0  below 28(Mo Kal) 
to 0.8" above 28(MoKaz) and a variable scan rate (2.O-24.O0/min). 
During the data collection four standard reflections from diverse 
regions of reciprocal space were monitored every 50 reflections. 
The intensities of the standard reflections showed no systematic 
variations during the time required to collect the data. The 
intensity data were reduced and standard deviations calculated 


~~~~~ 


(1) Johnson, J. W.; Treichel, P. M. J. Am. Chem. SOC. 1977, 99, 


(2) Treichel, P. M.; Johnson, J. W. Znorg. Chem. 1977, 16, 749-753. 
1427-1436. 


(3) Ustynyuk, N. A.; Lokshin, B. V.; Oprunenko, Yu. F.; Roznyatovsky, 
V. A.; Luzikov, Yu. N.; Ustynyuk, Yu. A. J. Organomet. Chem. 1980,202, 
279-289. 
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Table 11. Bond Distances for Mn(CO),(q6-C,,H,) ( A )  


molecule 1 A +  M 


4 5 - 


Figure 1. $-Zwitterionic (A) and $-cyclohexadienyl (B) rep- 
resentations for a metal complex of the fluorenyl ligand. 


Table I. Atomic Positional Parameters for 
Mn(CO),($-C, ,H9) (Non-Hydrogen A t o m )  


atom X Y z 


0.10302 (7) -0.10990 (4) 0.80414 (5) 
0.0779 (5) -0.01173 (25) 0.7839 (3) 


-0.0455 (5) -0.04174 (24) 0.7658 (3) 
-0,1009 (4) -0.08050 (25) 0.8375 (4) 
-0.0282 (4)  -0.08816 (22) 0.9302 (3) 


0.1839 (4)  -0.08453 (22) 1.1267 (3) 
0.2821 (5) -0.06909 (26) 1.2002 (3) 
0.3775 (4) -0.02455 (25) 1.1850 (3) 
0.3794 (4) 0.00632 (23) 1.0963 (3) 
0.2535 (4) 0.01823 (23) 0.9239 (3) 
0.1412 (4) -0.01057 (23) 0.8814 (3) 
0.0937 (4) -0.05654 (21) 0.9489 (3) 
0.1857 (4) -0.05355 (22) 1.0365 (3) 
0.2813 (4) -0.00793 (22) 1.0208 (3) 
0.1244 (5) -0.1796 (3) 0.8635 (4)  
0.1391 (4) -0.22383 (22) 0.9058 (3) 
0.0676 (5)  -0.14454 (25) 0.6850 (4) 
0.0463 (4) -0.16572 (19) 0.60901 (25) 
0.2860 (5 j 
0.4018 (3) 
0.46913 (8) 
0.2882 (8) 
0.4125 (10) 
0.5020 (7)  
0.4663 (5) 
0.3246 (6) 
0.2327 (11) 
0.0975 (13) 
0.0463 (7) 
0.1138 (6) 
0.2352 (5)  
0.3401 (5) 
0.2749 (5) 
0.1352 (6) 
0.5703 (6) 
0.6378 (5) 
0.3719 (6) 
0.3071 (4) 
0.6020 (6) 
0.6855 (5)  


-0.4317 (9) 
-0.3221 (11) 
-0.1792 (10) 


-0.10395 (23j 
-0.10002 (17) 


0.25145 (4)  
0.2257 (3) 
0.2069 (4)  
0.1725 (3) 
0.15710 (24) 
0.13348 (28) 
0.1258 (4) 
0.1448 (5) 
0.1723 (4) 
0.2076 (3) 
0.20299 (26) 
0.17490 (23) 
0.16199 (24) 
0.1816 (3) 
0.3013 (3) 
0.33314 (21) 
0.3098 (3) 
0.34575 (22) 
0.25253 (26) 
0.25216 (20) 
0.0053 (5)  
0.0269 (4)  
0.0295 (4 )  


0.7775 (3) 
0.76089 (24) 
0.94898 (5) 
1.0438 (5) 
1.0833 (4) 
1.0293 (5)  
0.9324 (4) 
0.7095 (4) 
0.6304 (5 )  
0.6311 (7) 
0.7149 (7)  
0.8950 (6) 
0.9499 (4)  
0.8896 (3)  
0.7926 (4)  
0.7976 (5) 
1.0245 (4) 
1.0725 (3) 
0.8881 (4) 
0.8493 (3) 
0.8574 (4) 
0.7979 (3) 
0.5215 (6) 
0.4576 (6) 
0.5045 (5) 


by using methods similar to those described previously.‘ The 
linear absorption coefficient was 8.4 cm-’, and absorption cor- 
rections were applied by using an empirical psi scan method. 


The structure was solved by direct methods using the M I J L T ~  
package and the 410 reflections with the highest values of IEl. 
An E map based upon these reflections revealed both manganese 
atoms, three oxygen atoms, and 11 carbon atoms. Difference 
electron density maps revealed the rest of the 43 nonhydrogen 
atoms. The model was refined by a blocked full-matrix refinement 
technique using the 2377 reflections with F: > 2a(F:). Atomic 
form factors were taken from Cromer and Wabers and that for 
hydrogen from Stewart, Davidson, and Simpson.‘ Isotropic 


(4) Whiteeides, T. H.; Slaven, R. W.; Calabrese, J. C. Znog. Chem. 
1974,13, 1895-1899. 


(5) Germain, G.; Main, P. Wolfson, M. M., Acta Crystallogr., Sect. A. 
1971, A27, 368-376. 
(6) Cromer, D. T.; Waber, J. T. “International Tables for X-Ray 


Crystallography”, Kynoch Press: Birmingham, England, 1974; Vol. 4, pp 
99-101, Table 2.2B. 


1 2 


C(1 
C(2)-C( 3) 
C(3)-C(4) 
C( 1 )-C( 10)  
C(10)-C( 11) 


C(9)-C( 10) 
C( 11)-C(12) 


c(5 )-C(6) 
C( 6)-C(7 ) 
C( 7)-C( 8) 


C(4)-C(ll) 


C( 9)-C( 13) 


C(5)-C(12) 
C( 12)-C( 13)  
C( 8)-C( 13) 
Mn-C( 1 )  
Mn-C( 2) 
Mn-C( 3) 
Mn-C(4) 
Mn-C( 10 )  
Mn-C(11) 
C( 14)-0(1) 
C( 15)-0(2) 
C( 16)-O( 3) 
Mn-C( 14)  


Mn-C( 16) 
Mn-C( 15 )  


1.385 (6)  
1.420 (7) 
1.419 (6) 
1.427 (6) 
1.465 (6) 
1.392 (6) 
1.373 (6) 
1.451 (5) 
1.446 (6) 
1.390 (6) 
1.386 (7) 
1.380 (6) 
1.399 (6) 
1.407 (6) 
1.403 (6) 
2.264 (6) 
2.1 61 (5) 
2.130 (4) 
2.191 (4) 
2.511 (5) 
2.293 (4) 
1.161 (6) 
1.140 (5) 
1.145 (5) 
1.786 (7) 
1.804 (5) 
1.808 (5) 


1.362 (9) 
1.382 (9)  
1.380 (7) 
1.441 (8) 
1.457 (6) 
1.388 (6) 
1.366 (8) 
1.457 (6) 
1.452 (9) 
1.372 (9) 
1.370 (14) 
1.387 (14) 
1.385 (7) 
1.418 (7)  
1.397 (10) 
2.258 (6) 
2.148 (6) 
2.114 (6) 
2.161 (6) 
2.505 (5) 
2.271 (5)  
1.157 (6) 
1.145 (6) 
1.146 (6) 
1.790 ( 7 )  
1.806 ( 7 )  
1.794 (6)  


Table 111. Selected Bond Angles for 
Mn(CO),(r76-C, (Deg) 


molecule 
1 2 


C( 1)-C( 2)-C( 3) 
CjZ)-C( 3)-C(4) 
C( 3)-C( 4)-C( 11 ) 
c(4) -c( l l ) -c ( lo)  
C(11 )-C( lO)-C(l) 
C(lO)-C(l)-C(2) 
c(9)-C( 10)-C( 11) 
C( 10)-c(11)-c(12) 
C(ll)-C(12)-C(l3) 
C( 12)-C( 13)-C( 9 )  
C(13)-C(9)-C(lO) 
C( 5)-C( 6)-C( 7)  
C( 6)-C( 7)-C( 8) 
C( 7)-C( 8)-C( 13 )  
C(8)-C(13)-C(12) 
C( 13)-C( 12)-C( 5 )  
C( 12)-C( 5)-C( 6) 
Mn-C( 14)-O(1) 
Mn-C(l5 bO(2)  


121.6 (4)  
119.0 (4) 
119.1 (4)  
122.2 (4) 


109.9 (4)  


114.8 (4) 
120.8 (4 )  


105.8 (4) 
107.4 (4)  
109.5 (4)  
107.4 (4)  
121.3 (4)  
121.6 (4)  
118.6 (3) 
119.5 (4) 
121.6 (4) 
117.4 (4) 
177.3 (5)  
178.9 (5 )  


121.8 (6)  
119.6 (6) 
120.5 (5 )  
120.6 (4 )  
114.1 (5) 
120.8 (6)  
109.2 (5) 
107.2 (4) 
106.2 (5) 
109.2 (5) 
108.3 (5)  
123.1 (8) 
120.3 ( 7 )  
119.2 (8) 
118.3 (7)  


116.9 (7) 
178.8 (6) 
178.1 (6) 


122.2 (5 )  


fi-cii 6 j-o( 3 j 179.8 (4 j  178.5 ( 5 j  
C(14)-Mn-C(15) 91.2 (2 )  93.2 (3)  
C( 15)-Mn-C( 16)  91.1 (2)  92.9 (2) 
C( 16)-Mn-C( 14 )  93.1 (2) 89.5 (3) 


refinement on the non-hydrogen atoms converged with R, = ~ i ~ o l  


A difference electron density map revealed positions for most of 
the hydrogen atoms. The hydrogen atoms were included in the 
model in fixed idealized positions (d(C-H) = 0.95 A), each with 
an isotropic thermal parameter one unit larger than the equivalent 
isotropic thermal parameter of the atom to which it is attached. 
All nonhydrogen atoms were assumed to vibrate anisotropically. 
This f i i  model converged with R1 = 0.041 and R2 = 0.049. This 
final difference electron density map was featureless. The es- 
timated error in an observation of unit weight was 1.39, and the 


- Fcll/CFol= 0.098 and & = [C,(FOl- FcF,1)2/&w!Fo)211’2 = 0.127. 


(7) Stewart, R. F.; Davidson, E. R.; Simpson, W. T. J.  Chem. Phys. 
1965,42, 3175-3187. 
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Table IV. Least-Squares Planes for Mn(C0),(q6-C,BH9)a 
dist from dist from dist from dist from 


plane, A atom plane, A atom plane, A atom plane, A atom 
Plane A1 


0.609 47X - 0.693 68Y -0.383 862 + 3.700 54 = O b  
0.053 
0.055 
0.030 


-0.141 C(8)* 
0.011 C(9)* 
0.108 C(lO)* 


c(a* 
c(3)* 
C(4)* 
C(5)* 
c(6)* 


0.057 C(11)* -0.057 
-0.075 C(12)* -0.078 


0.052 Mn -1.730 
-0.012 C(13)* -0.002 


Plane A2 
0.0341 20X + 0.869 20Y -0.357 872 - 0.132 27 = 0 


0.082 
0.049 
0.011 


0.076 C(11)* -0.073 
-0.088 C(12)* -0.080 


0.048 Mn -1.720 


-0.151 C(8)* 
0.008 C(9)* 
0.129 C(10)* 


W)* 
ci2)* 
C(3)* 
C(4)* 
C(5)* 
C(6)* 
C(7)* 


-0.023 C(13)* 0.013 


Plane B1 
0.531 39X - 0.756 9OY -0.380 432 + 3.55 223 = 0 


-0.009 C(11)* 0.010 


-0.011 (79) 


0.008 Mn -1.723 
W)* 
C(2)* 
c(3)* 
c(4)* 


0.203 
0.351 


0.002 C(10) 


Plane B2 
0.450 46X + 0.825 87Y -0.339 1 4 2  - 0.582 1 6  = 0 


-0.002 C(11)* 0.004 


0.005 W O )  0.214 
-0.006 C(9) 0.395 


-0.001 Mn -1.715 
W)* 
C(2)* 
C(3)* 
C(4)* 


Plane C1 
0.733 92X - 0.604 52Y -0.309 722 + 2.74 702 = 0 


0.0 C(11)* 0.0 
0.0 Mn -1.439 


W)* 
c(10)* 


Plane C2 
0.201 69X + 0.876 57Y -0.436 962 + 1.11 847 = 0 


0.0 Mn -1.427 
0.0 C(11)* 0.0 C(1)* 


C(lO)* 


Plane D1 
0.650 87X - 0.664 15Y -0.367 792 + 3.381 66 = 0 


0.002 C( 12)* -0.005 


-0.000 Mn -1.540 
0.001 C(13)* 0.006 


-0.003 C(9) 0.075 


C(5)* 
C(6)* 
C(7)* 
C(8)* 


Plane D2 
0.282 23X + 0.882 89Y -0.375 292 + 0.067 92 = 0 


0.005 C( 12)* -0.007 


-0.008 Mn -1.532 
0.003 C(13)* 0.002 


C(5)* 
C(6)* 
C(7)* 
C@)* 0.006 c(9) 0.038 


Plane E l  
0.631 51X - 0.652 78Y -0.418 412 + 4.122 83 = 0 


-0.003 C(12)* -0.003 


C(11)* 0.000 Mn -1.694 
0.002 C(13)* 0.004 


C(9)* 
C(lO)* 


Plane E2 
0.290 60X + 0.894 30Y -0.340 262 - 


-0.007 c(12)* 
0.003 C(13)* 


Plane F1 


C(9)* 
C(10)* 
C(11)* 0.001 Mn 


0.572 01X - 0.731 71Y -0.370 692 + 
C(1)* -0.077 C( lo )*  


0.008 C(11)* C(V* 
C(3)* 
C(4)* 


0.038 Mn 
-0.011 


Plane F2 


0.367 54 = 0 


0.007 
-0.005 


-1.641 


3.505 37 = 0 
0.099 


-0.057 
-1.746 


0.404 86X + 0.840 65Y -0.359 732 t 0.190 36 = 0 


-0.000 C(11)* -0.067 
0.042 Mn -1.740 


-0.005 


-0.072 C(lO)* 0.103 C(1)* 
C(2)* 
C(3)* 
C(4)* 


Angles (Des) between Normals of Planes 
planes angle planes angle planes angle planes angle 
B1,Cl 15.1 B2,C2 15.6 B1,Dl 8.7 B2,D2 10.4 
C1,El 9.0 C2,E2 7.6 B1,El 8.6 B2,E2 10.0 
D1,El 3.2 D2,E2 2.2 


a The designations 1 and 2 associated with these planes refer to molecules 1 and 2, respectively. The planes are defined in 
an orthonormal system with axis 2 the unit vector in the b direction, axis 3 the unit vector in the c* direction, and axis 1 
the unit vector (axis 2 X axis 3). Atoms used in calculating the least-squares plane are marked with an asterisk. 


final data/parameter ratio was 6.1. A listing of the final observed 
and calculated structure amplitudes ( X l O )  is available as sup- 
plementary material, as are the anisotropic thermal parameters 
and hydrogen atomic positional parameters. Non-hydrogen atomic 
coordinates are listed in Table I. Bond distances for Mn- 
(C0)3!q6-C13H9) are listed in Table 11, selected bond angles are 
given in Table 111, and several least-squares planes are described 
in Table IV. 


Results and Discussion 
Single crystals of I1 were grown at low temperatures, and 


X-ray diffraction data were obtained at  -65 "C. The space 
group was determined to be P2Jc, and there are eight 
formula units per unit cell. Four molecules of hexane were 
retained in the crystal. Solution of the structure conf i ied  
the presence of two independent molecules of I1 in the 


asymmetric unit. The structure was refined by standard 
techniques, the results converging to a final structure with 
discrepancy factors R1 = 4.1% and R2 = 4.9%. An ORTEP 
drawing of molecule 1 is presented in Figure 2. Bond 
distances and angles for molecdles 1 and 2 are listed in 
Tables I1 and 111. 


It may be noted that there are no substantial differences 
in the structural data between molecules 1 and 2. The four 
hexane molecules in the unit cell were located; there is no 
evidence for bonding interactions between these solvent 
molecules and the molecules of 11. 


The structural parameters associated with the manga- 
nese tricarbonyl fragment of I1 are unexceptional. Man- 
ganese-carbon distances vary from 1.78 to 1.81 A; these. 
are characteristic values for this type of bond. The car- 
bon-oxygen bond distances are between 1.14 and 1.16 A. 
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Figure 2. ORTEP drawing of Mn(C0)3(#-C13H9) (molecule 1) 
showing the atom numbering scheme. The atom labels in Tables 
I, V, and VI are prefixed with 1 or 2 to denote molecule 1 or 
molecule 2, respectively. The thermal ellipsoids are 50% prob- 
ability envelopes. 


Although the portion of this ligand encompassing the 
noncomplexed arene ring in the fluorenyl ligand is planar, 
the complexed arene ring is distinctly not planar. Atoms 
C(l), C(2), C(3), C(4), and C(l1) of the complexed ring lie 
in one plane, but C(l0) is bent out of that plane, away from 
the manganeae atom (see planes B1 and B2). The dihedral 
angle formed between plane B (carbon atoms C(l), C(2), 
C(3), C(4), and C(11)) and plane C (C(l), C(lO), and C(l1)) 
is slightly greater than 15' in the two independent mole- 
cules. This value is larger than the dihedral angle of about 
10' determined for the iron-fluorenyl complex (I). Dis- 
tortion from planarity is typical in all cyclohexadienylmetal 
complexes; for example, in cyclohexadienylmanganese 
tricarbonyl, the related dihedral angle is 430a8 Similar 
diihedral angles have been measured for dicarbonyL(3- 
[ T-( 2-cyclohexadienyl)] - a-propenoy1)iron (39') ,!' Re- 
( C0)3(.r16-C6Me6H) ( 5Oo),l0 tricarbonyl[bis(ethoxy- 
carbonyl)methyl]cyclohexadienylmanganese (41'1," and 
the related complex bis(6-tert-butyl-1,3,5-trimethylcyclo- 
hexadienyl)iron(II) (43').12 The out-of-plane bending in 
cyclohexadienylmetal complexes has been attributed, in 
part, to electronic factors; the methylene group bends away 
from the metal to avoid a secondary antibonding inter- 
action between the metal and the endo hydrogen atom of 
the methylene g~0up. l~ It seems obvious that this dihedral 
angle for I and I1 would not approach the values seen for 
these monocyclic cyclohexadienyl complexes; the fused 
rings in the fluorenyl ligand system would prohibit such 
large distortions from planarity. 


In compound 11, the average manganeseC(10) distance 
(in the two molecules) is 2.51 A, substantially greater that 
the bond lengths between manganese and the other carbon 
atoms in this ring which range from about 2.11-2.29 A. In 
I the iron-C(l0) distance if 2.316 A, and the other iron- 
carbon distances range from 2.04 to 2.15 A. 


Carbon-carbon bond distances in the fluorenyl ligand 
also reflect the inclination toward an ~6-cyclohexadienyl- 


(81 Churchill. M. R.: Scholer. F. R. Znorz. Chem. 1969.8.1960-1966. 
(9) Van VuGen, P. J.; Flettehck, R. .; Meinwald, J.; H'whes, R. E. J .  


(IO) Bird, P. H.; Churchill, M. R. Chem. Commun. 1967, 777. 
(11) Mawby, A.; Walker, P. J. C.; Mawby, R. J. J. Organomet. Chem. 


(12) Mathew, M.; Palenik, G. J. Znorg. Chem. 1972, 11, 2809-2812. 
(13) Hoffmann, R; Hoffmann, P. J. Am. Chem. Soc. 1976,98,598-604. 
(14) Zelger, R.; Rhine, W.; Stucky, G. D. J.  Am. Chem. Soe. 1974.96, 


Am. Chem. SOC. 1971,93,4394-4399. 


1974,55 C39441.  


6441-5448.- 


Figure 3. Comparison of averaged bond lengths in Mn(C0)3- 
(t)'-C&g) with symmetry-averaged bond lengths of alkali met- 
al-fluorenyl salts (values in parentheses). 


type structure. The C(l)-C(lO) and C(l1)-C(l0) bond 
lengths are both larger than other carbon-carbon bond 
lengths in this ring and in the noncomplexed ring. The 
C(lO)-C(9) bond length is short while the C(9)4(13) bond 
length is long, reflecting the tendency expressed in valence 
bond structure B (Figure 1) to achieve, respectively, dou- 
ble- and single-bond character for these bonds. The dif- 
ferences in the analogoue carbon-carbon bond lengths in 
I are somewhat smaller. An interesting comparison can 
also be made between the carbon-carbon distances in I1 
and the analogous (symmetry-averaged) distances in K- 
(TMED)+C13Hg-, a primarily ionic complex of the fluor- 
enide ion in which the anion geometry is presumed to be 
little perturbed by the metal. This comparison is made 
in Figure 3. 


As indicated in the introduction, the structural param- 
eters for I and I1 were expected to be in accord with a 
representation of metal-ligand bonding intermediate be- 
tween zwitterionic (A) and cyclohexadienyl (B). Clearly, 
this is seen to be so from the structural data. Chemical 
evidence suggested that I1 should have more cyclo- 
hexadienyl character than I, and, overall, this prediction 
appears to be verified. The most definitive evidence of 
an inclination toward a cyclohexadienylmetal structure in 
11 is the distortion of C( 10) away from the metal. This type 
of distortion had been identified in I, but it is magnified 
in 11. In I, small bond length variations in the fluorenyl 
ligand supported the suggestion of some cyclohexadienyl 
character in the ligand; in 11 these variations are magnified. 
The variation of structure parameters in I1 is presumably 
the result of the greater extent of donation of charge from 
the ligand system to the metal, resulting from the higher 
acceptor ability of the carbonyl groups on the metal. 
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Bis[ 1,2-bis(dimethylphosphino)ethane]tricarbonyltitanium crystallizes in the monoclinic space group 
P2,ln with unit cell dimensions of a = 16.068 (2) A, b = 15.957 (3) A, c = 8.627 (2) A, and /3 = 96.10 (1)O 
at -100 "C. Full-matrix least-squares refinement of all coordinates and thermal parameters, using 2634 
reflections, yielded R = 0.049 and R, = 0.042. The compound is a seven-coordinate, monomeric, phos- 
phine-substituted derivative of Ti(CO),. It 31P stereochemically nonrigid. Variable-temperature 31P and 
l3C NMR measurements show two separable processes. The low-temperature process, AGI = 7.77 kcal/mol, 
is consistent with rotation of a P-P-P triangular face; the high-temperature process, AG * = 11.57 kcal/mol, 
equilibrates all phosphorus and carbonyl sites. 


In our earlier studies of the chemistry of group 4B bu- 
tadiene complexes, we found that high-pressure carbony- 
lation of T i ( ~ - C ~ H ~ ) ~ ( d m p e ) '  (dmpe = 1,2-bis(dimethyl- 
phosphin0)ethane) or reductive carbonylation of Tic&- 
( d m ~ e ) ~  afforded a red, crystalline titanium carbonyl 
phosphine complex (1). This species had been reported 
as [Ti(CO)3(dmpe)3/2], on the basis of analytical data The 
compound was shown to react with PF3 in the presence 
of excess dmpe to form Ti(CO)2(PF3)(dmpe)2 (2), which 
was structurally characterized and shown to be a monom- 
eric, phosphine-substituted derivative of the nonexistent 
Ti(CO),.2 The well-known similarities of transition metal 
trifluorophosphine complexes and transition metal car- 
bonyl complexes3 suggested that 1 should have a similar 
stoichiometry to 2. This led us to  reexamine the formu- 
lation of 1. 


We have now succeeded in obtaining X-ray quality, 
single crystals of 1 and have structurally characterized the 
compound. The complex was, indeed, incorrectly formu- 
lated and is, in fact, Ti(CO)3(dmpe)2, the analogue of 2. 
Seven-coordinate structures are commonly found for low- 
valent, early transition-metal derivatives, but very few are 
stereochemically rigid or exhibit dynamic behavior which 
is amenable to  detailed a n a l y ~ i s . ~  The complex 1 is ste- 
reochemically nonrigid, exchanging 31P and 13C sites, but 
can be quenched. The availability of structural details now 
allows us to interpret this phenomenon and propose a 
mechanism for exchange in this Ti(CO), derivative. 


Experimental Section 
All operations were performed under an atmosphere of pre- 


purified nitrogen or in vacuo. THF was distilled from sodium 
benzophenone ketyl. Ti(CO)&lmpe)2 was prepared as described 
earlier.2 NMR measurements were obtained with a Bruker 
HFX-90 spectrometer equipped with a Digilab FTS NMR-3 Data 
System. Low-temperature 31P and 13C data were obtained se- 
quentially with the same probe/thermocouple assembly to min- 
imize systematic temperature differences. 


Ti(1sC0)3(dmpe)2. Approximately 50 mL of THF was con- 
densed into a flask containing 0.619 g of Ti(CO)3(dmpe)2 (1.43 
mmol) cooled to -196 "C. With the aid of a Toppler pump, 13.5 
mmol of 90% enriched '9CO was admitted to the flask After being 
warmed to room temperature, the mixture was stirred for 4 h. 
The solution was then frozen, evacuated, treated with an addi- 
tional 13.5 mmol of 90% 13C0, and warmed. After a total of three 


'Contribution No. 3019. 
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exchanges, the solution was evaporated to dryness and the re- 
maining red solid Ti(1sC0)3(dmpe)2 washed with hexane. Mass 
spectral analysis of the CO recovered after each exchange indicated 
statistical exchange had occurred in each case, implying a final 
enrichment of 89 % . 


Crystallographic Analysis of 1. The X-ray study was carried 
out by using a Syntex P3 diffradometer (graphite monochromator; 
Mo Ka radiation, X = 0.71069 A) with the crystal cooled to -100 
"C. A preliminary examination showed the crystal to be mono- 
clinic with space group R1/n .  The unit cell dimensions were 
refined from the Bragg angles of 50 reflections: a = 16.068 (2) 
A, b = 15.957 (3) A, c = 8.627 (2) A, 6 = 96.10 ( 1 ) O .  The cell 
volume, 2199 A3, yields a calculated density of 1.305 g cm-3 for 
z = 4. 


Intensity data for 5055 reflections were collected by using the 
w scan technique (4O > 20 < 55"; scan width of 1.0"; background 
measurements at both ends of the scan; total background time 
equal to the 8 c ~ n  time). The intensities of four standard reflections 
were monitored after every 200 reflections; only statistical fluc- 
tuations were noted. The intensity of one reflection was measured 
in 10" increments about the diffraction vector (crystal dimensions 
0.29 X 0.08 mm perpendicular to the capillary axis X 0.40 mm 
parallel to the axis), and, as a result, empirical corrections for 
adsorption were applied; transmission factors varied from 0.896 
to 1.000. 


The solution and refinement of the structure were carried out 
on a PDP-11 computer using local modifications of the programs 
supplied by the Enraf-Nonius C ~ r p . ~  The atomic scattering 
factors were taken from the tabulations of Cromer and Waber;& 
anomalous dispersion corrections were by Cromer.6b In the 
least-squares refinement, the function minimized was Cw(lF0l 
- lFc1)2 with the weights, UI, assigned as l/2(F0). The standard 
deviations of the observed structure factors, c(Fo), were based 
on counting statistics and an "ignorance factor", p ,  of 0.02.' 


(1) (a) Datta, S.; Fischer, M. B.; Wreford, S. S.: J. Organomet. Chem. 
1980,188,353. (b) Wreford, S. S.; Whitney, J. F. Znorg. Chem. 1981,20, 
3918. 


(2) Wreford, S. S.; Fischer, M. B.; Lee, J. S.; James, E. J.; Nyburg, S. 
C. J. Chem. SOC., Chem. Commun. 1981,458. 


(3) Cotton, F. A,; Wilkmson, G. "Advanced Inorganic Chemistry", 3rd 
ed.; Interscience: New York, 1972; p 720. 


(4) (a) Drew, M. G. B. h o g .  Inorg. Chem. 1977,23,67. (b) Hoffman, 
R.; Beier, B. F.; Muetterties, E. L.; Rossi, A. R. Inorg, Chem. 1977, 16, 
511. (c) Wreford, S. S.; Kouba, J. K.; Kirner, J. F.; Muetterties, E. L.; 
Tavanaiepour, I.; Day, V. W. J. Am. Chem. SOC. 1980,102, 1558. 


(5) Frenz, B. A. In 'Computing in Crystallography"; Schenk, H., 01- 
thof-Hazehamp, R., vanKoningsveld, H., Bassi, G. C., Eds.: Delft Univ- 
ersity Press: Delft, Holland, 1978 pp 64-71. 


(6) "International Tables for X-ray Crystallography"; Kynoch Press: 
Birmingham, England, 1974; Vol. I V  (a) Table 2.2B; (b) Table 2.3.1. 


(7) Corfield, P. W. R.; Doedens, R. J.; Ibers, J. A. Inorg. Chem. 1967, 
6, 197. 
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Figure 1. Stereodrawing of the molecule perpendicular to the 


The structure was refined by the full-matrix least-squares 
method. All of the non-hydrogen atoms in the structure were 
refined with anisotropic thermal parameters and the hydrogen 
atoms with isotropic parameters. A total of 336 pameters yielded 
R = 0.049 and R, = 0.042 with GOF = 1.47 for 2634 reflections 
for which F," > 3u(F?). The largest peak in the final difference 
Fourier map had a magnitude of 1.0 e A-3 and was located 2.6 
A from Ti, 1.0 A from P(2), and half-way between C(22) and C(23). 
It looked suspiciously like a phosphorus atom from a contaminant 
compound. The second and third largest peaks were 0.64 and 
0.45 e A-3 in magnitude, and these appeared to be unrelated to 
the first peak. 


Results and Discussion 
Although crystallizing readily from common organic 


solvents, single crystals of 1 were obtained only with dif- 
ficulty and after repeated trials. Low-temperature crys- 
tallization from hexamethyldisiloxane afforded material 
adequate for X-ray analysis. The indicated composition 
of 1, Ti(CO)&dmpe), (vide infra), is not in close agreement 
with analytical data nor is the analogous Ti(C0)3(depe)2 
(depe = 1,2-bis(diethylphosphino)ethane); in both cases 
T i /P  ratios of approximately 1/3 are found.2 However, 
the structure and composition of 1 reported below is rep- 
resentative of the bulk material as no impurities are ob- 
served in the 31P and 13C NMR spectra or IR spectra. 
Indeed, the NMR data are less consistent with the earlier 
formulation. The inaccurate analytical results are likely 
a reflection of the thermal instability of 1 and presumably 
reflect decomposition occurring during transmittal to the 
analyst. 


The compound is labile, rapidly exchanging carbonyls 
with PF3, as previously described,2 or with 13C0 a t  room 
temperature. Indeed, 1 slowly decomposes a t  room tem- 
perature unless kept under a CO atmosphere. These 
properties suggest that 1 is capable of undergoing a re- 
versible dissociation of CO, forming the 16-electron, oc- 
tahedral complex Ti(CO)2(dmpe)z (eq 1). No direct evi- 
dence is presently available to support this hypothesis, 
however. 


Ti(CO)3(dmpe)z C Ti (CO)?(dmpe ) 2  - decomposition (1) 
1 


T i ( C O ) ~ ( P F 3 ) l d m p e ) 2  T1~'C0)2('~CG)(dmpe)2 


2 
Structural Results. The structure of 1 in Figure 1 may 


be regarded as a monocapped octahedron-P(1) and P(4) 
defining the apices, P(2), P(3), C(3), and C(2) representing 
equatorial sites, and the C(1) carbonyl group capping the 
C(3)-C(2)-P(l) octahedral face. At best, this is an ap- 
proximate description as substantial deviations from the 


l3 


P(1) - P(4) and P(2) - P(3) vectors. 


Table I. 


Ti-P(l) 
Ti-P( 2) 
Ti-P( 3) 
Ti-P( 4) 
Ti-C(l) 
Ti-C( 2) 
Ti-C( 3) 
P( 1 )-C( 11 ) 
P(l)-C(12) 


P( 2)-C( 21 ) 
P( 2)-C( 22) 


P(l)-C(13) 


P( 1)-Ti-P( 2) 
P( 1)-Ti-P( 3) 


P( 1)-Ti-C(1) 
P( 1 )-Ti-C( 2) 


P( 1)-Ti-P(4) 


P(l)-Ti-C(3) 
P( 2)-Ti-P( 3) 
P( 2)-Ti-P( 4) 
P(2)-Ti-C(1) 
P( 2)-Ti-C( 2) 


P( 3)-Ti-P(4) 
P( 2)-Ti-C( 3) 


Selected Bond Distances ( A  ) and 
Bond Angles (Deg) 
A. BondDistances 


2.567 (1) P(2)-C(23) 1.826 (5) 
2.637 (1) P(3)-C(31) 1.874 (6) 
2.630 (1) P(3)-C(32) 1.817 (5) 
2.523 (1) P(3)-C(33) 1.808 (6) 
1.970 (4) P(4)-C(41) 1.830 (5) 
1.997 (4) P(4)-C(42) 1.826 (6) 
1.990 (4) P(4)-C(43) 1.815 (5) 
1.841 (5) c(1)-0(1) 1.187 (4)  
1.827 (6) c(2)-0(2) 1*174 (5) 
1.819 (6) C(3)-0(3) 1.181 (4) 
1.853 (5) c(l l)-c(21) 1.525 (7) 
1.833 (5) c(31)-c(41) 1.517 (7) 


B. Bond Angles 
75.34 (4) P(3)-Ti-C(1) 130.5 (1) 
85.08 (4) P(3)-Ti-C(2) 155.7 (1) 


159.51 (4) P(3)-Ti-C(3) 79.4 (1) 


115.5 (1) P(4)-Ti-C(2) 77.7 (1) 
114.1 (1) P(4)-Ti-C(3) 75.9 (1) 
92.51 (4) C(l)-Ti-C(2) 69.7 (2) 
92.22 (4) C(l)-Ti-C(3) 67.1 (2) 


125.7 (1) C(2)-Ti-C(3) 101.7 (2) 


77.3 (1) P(4)-Ti-C(1) 123.0 (1) 


81*3 Ti-C(1)-O(1) 176.3 (3) 
166*6 (l) Ti-C(2)-0(2) 176.7 (4) 


79*19 (4) Ti-C(3)-0(3) 177.2 (3) 


idealized geometry are present. For example, the P(4)- 
Ti-P(l) angle is ca. 160° rather than the expected 180°, 
and the C(2)-Ti-C(3) angle is 102O rather than the ex- 
pected 90'. Moreover, the equatorial plane is poorly de- 
fined with each of the four atoms deviating from the 
least-squares plane by more than 0.1 A; the Ti is displaced 
0.35 A from this plane toward P(4). Removal of the cap- 
ping carbonyl group, defined by C(1), gives an approxi- 
mately octahedral C2 structure. The structure of Ti- 
(CO),(PF,)(dmpe), is not closely related; it better ap- 
proximates a monocapped trigonal prism but can be de- 
scribed in terms of a monocapped octahedron. Formally, 
the Ti(CO)z(PF3)(dmpe)2 structure can be derived from 
that of 1 by replacing the C(2) carbonyl group with a PF3 
ligand and repositioning the capping carbonyl group C(1) 
on the P(2)-C(2)-P(4) octahedral face. 


The Ti-P distances in 1 are, as expected, shorter for the 
trans phosphorus atoms (2.567 and 2.523 A) than for cis 
pair (2.637 and 2.630 A),8 These distances are within the 
range found in Ti(C0)2(PF3)(dmpe)2, 2.509-2.671 A.2 


Dynamics of 1. The 31P{1HJ spectrum of 1 obtained in 
THF/toluene-d8 solvent is unaffected by viscosity down 


(8) Compare cis-Cr(CO),(PH& Huttner, G.; Schelle, S. J. Cyst. Mol. 
Struct. 1971, 1, 69. 
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Table 11. Atomic Coordinates for Ti/CO), (dmse), 
atom X Y z atom X Y z 


0.50453 (5) 
0.42744 (8) 
0.43486 (8) 
0.63547 (8) 
0.60219 (8) 
0.4113 (2) 
0.3885 (2) 
0.6224 (2) 
0.4442 (3) 
0.4315 (3) 
0.5801 (3) 


0.23721 (5) 
0.10901 (8) 
0.29102 (9) 
0.17730 (9) 
0.36133 (8) 
0.1700 (2) 
0.3768 (2) 
0.1978 (2) 
0.1941 (3) 
0.3265 (3) 
0.2116 (3) 


0.12883 (9) 
0.2226 (1) 
0.3737 (1) 
0.3026 (1) 
0.1367 (1) 
-0.1871 (3) 
-0.0433 (4) 
-0.1343 (3) 
-0.0656 (5) 


-0.0334 (5) 
0.0247 (5) 


0.3974 (3) 
0.4764 (4) 
0.3266 (4) 
0.3615 (3) 
0.4945 (3) 
0.3661 (3) 
0.7059 (3) 
0.6472 (4) 
0.7018 (3) 
0.7078 (3) 
0.5861 (3) 
0.6214 (4) 


0.1234 (3) 
0.0055 (4) 
0.0816 (4) 
0.2112 (4) 
0.3135 (4) 
0.3824 (4) 
0.2693 (4) 
0.1305 (4) 
0.1073 (4) 
0.3302 (4) 
0.4524 (3) 
0.4095 (4) 


0.4209 (5) 
0.2322 (7) 
0.1188 (6) 
0.4358 (6) 
0.5622 (6) 
0.3530 (6) 
0.3511 (7) 
0.4957 (6) 
0.2061 (6) 
0.2165 (7) 
0.2582 (6) 
-0.0468 (6) 


H(1l)B 
H( 12)A 
H( 12)B 
H( 12)C 
H( 13)A 
H( 13)B 
H( 13)C 
H( 21)A 
H(21)B 
H( 22)A 
H(22)B 
H( 22)C 
H( 23)A 
H( 23)B 
H( 23)C 


0.446 (3j 
0.524 (3) 
0.439 (3) 
0.487 (3) 
0.288 (3) 
0.335 (3) 
0.302 (3) 
0.354 (3) 
0.307 (3) 
0.530 (3) 
0.459 (3) 
0.518 (3) 
0.396 (3) 
0.318 (3) 
0.337 (3) 


0.109 (3j 
0.014 (3) 
-0.045 (3) 
-0.016 (3) 
0.125 (3) 
0.064 (3) 
0.034 (3) 
0.228 (3) 
0.217 (3) 
0.356 (4) 
0.329 (3) 
0.256 (3) 
0.432 (3) 
0.373 (3) 
0.396 (3) 


0.483 (5j 4.1 (12j 
0.309 (6) 6.5 (16) 
0.268 (5) 4.0 (12) 
0.123 (5) 4.8 (13) 
0.122 (5) 4.3 (13) 
0.017 (5) 4.4 (12) 
0.173 (5) 4.1 (12) 
0.550 (5) 2.6 (10) 
0.359 (6) 6.2 (15) 
0.549 (6) 6.7 (16) 
0.640(5) 3.2 (11) 
0.605 (5) 4.4 (12) 
0.326 (5) 4.2 (12) 
0.270 (6) 5.5 (14) 
0.447 (6) 5.3 (14) 


atom X Y 2 B, A Z  atom X Y z B, A' 


H(11)A 0.355 (3) 0.084 (31 0.440 (51 3.1 (11) H(31)A 0.680 (4) 0.305 (5) 0.448 (8) 12.4 (25) 
H(31)B 0.771 (3) 0.243 (4) 0.380 (6) 5.8 (14) 
H(32)A 
H( 32)B 
H( 32)C 
H(33)A 
H(33)B 
H(33)C 
H(41)A 
H(41)B 
H(42)A 
H(42)B 
H(42)C 
H(43)A 
H(43)B 
H(43)C 


0.609 (4j 
0.702 (3) 
0.629 (3) 
0.708 (4) 
0.754 (3) 
0.668 (2) 
0.732 (4) 
0.740 (3) 
0.537 (3) 
0.566 (3) 
0.619 (3) 
0.568 (3) 
0.663 (3) 
0.640 (3) 


0.082 (5 j 
0.125 (3) 
0.171 (4) 
0.127 (4) 
0.098 (3) 
0.057 (3) 
0.283 (4) 
0.382 (3) 
0.469 (3) 
0.432 (3) 
0.491 (3) 
0.428 (3) 
0.448 (3) 
0.372 (3) 


0.467 (8 j  11.1 (23j 
0.534 (5) 4.2 (12) 
0.571 (6) 6.0 (15) 
0.119 (7) 8.2 (19) 
0.272 (5) 2.3 (10) 
0.195 (4) 1.9 (9) 
0.147 (7) 9 (2) 
0.232 (5) 2 (1) 
0.224 (5) 3 (1) 
0.375 (5) 4 (1) 
0.244 (5) 4 (1) 
-0.098 (5) 5 (1) 
-0.037 (6) 5 (1) 
-0.106 (5) 3 (1) 


to -115 "C where four distinct, equally intense resonances 
are observed at 50.8,32.6,17.0, and 8.1 ppm d o d i e l d  of 
H3P04. Limiting slow exchange is not achieved because 
of solvent viscosity a t  lower temperatures, so detailed 
coupling information is not obtained. Four inequivalent 
slP sites are consistent with the Cl ground-state structure. 


At intermediate temperatures the inner pair of lines 
(32.6, 17.0 ppm) exchange while the outer lines remain 
sharp until a t  -60 "C and the spectrum has collapsed to 
three linea of relative intensity, 1:21. A simple noncoupled, 
two-site model was used to obtain the activation param- 
eters (Table 111). 


At  -40 "C additional exchange of all three sites begins, 
and a t  +40 "C the spectrum has reduced to one broad line, 
implying equivalence of both dmpe ligands. This process 
was fit by a model which allowed exchange between the 
two dmpe ligands as well as exchange of the ends of the 
formally static dmpe; that  is, a concerted intramolecular 
process with total randomization. The latter motion was 
necessary to account for the reduced intensity of the outer 
lines. 


The quenched 13C(31P, lH] spectrum (-113 "C) shows 
three inequivalent carbonyl sites a t  300.7,282.1, and 268.3 
ppm downfield of Me& 13C-13C coupling is evident but 
is not sufficiently resolved to provide structural informa- 
tion. 


Increasing temperature causes exchange of the two 
higher field lines while the d o d i e l d  peak remains sharp. 
A t  -60 "C the spectrum has collapsed to two lines of in- 
tensity 1:2. A simple two-site model gives activation pa- 
rameters (Table 11) which are similar to those of the lower 
energy 31P exchange, implying the same process is re- 
sponsible. The AG* values are almost identical, but the 
component AH* and AS* differ appreciably. We interpret 
this deviation as an inherent limitation to the line-shape 
fitting rather than being to two independent processes. We 
favor the data from the 31P process, on the basis of sen- 
sitivity advantages and more accurate temperature control 
with the lower power decoupling used. Arrhenius plota for 


4.6 5.0 5.2 5.4 5.6 5.8 6.0 
1000/T 


Figure 2. Arrhenius plots of I3C and 31P NMR derived rate data 
for the low-temperature process. 


Table 111. Activation Parametersa*b for 13P and "C 
Exchange in Ti(CO),(dmpe), 


'IP NMR Data I3C NMR Data 


A. Low-Temperature Process 
AG* (183 K) 7.77 (2) 7.71 (5) 
AH* 8.6 (2) 10.4 (8) 
AS* 4 (2) 14 (4) 


B. High-Temperature Process 
AG* (263 K )  11.57 (8) 11.34 (31) 
A H +  11.3 (8) 9.5 (30) 
A Sf -1 (2) -7 (12) 


aAG* and A P  in kcal/mol; AS* in cal/(K mol). 
Uncertainty limits refer to 95% confidence limits in the 


fit to the Eyring equation, assuming unit transmission 
coefficients. 


both 31P and 13C data are linear (Figure 2). 
Above -40 "C another exchange process equilibrates the 


unique carbonyl with the other two. Kinetic information 
is less satisfactory because of low sensitivity and because 
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Figure 3. Proposed low-temperature process. 


spectra were obtained at different times; however, the 
exchange parameters are again similar to those of the 31P 
process (Table 111). 


We propose a mechanism for the low-temperature pro- 
cess involving a trigonal twist of either the P(4)-P(2)-P(3) 
or the P(l)-P(2)-P(3) face of 1. This concerted process 
simultaneously equilibrates two carbonyls and the ends 
of one dmpe ligand. Cyclic interchange P(4) - P(2) - 
P(3) produces the enantiomer of 1, where P(3)-P(4) and 
C(2)-C(3) have simultaneously equilibrated (Figure 3). 


Additionally, permutting P(2) - P(3) - P(1) exchanges 
P(l)-P(2) and C(2)-C(3). There is no physical basis for 
distinguishing between rotation of the upper or lower 
P-P-P face. Trigonal twists of the other six faces do not 
effect the required exchange. Other mechanisms may be 
possible, but the one described above represents the sim- 
plest conceivable intramolecular process. Dissociative arm 
on-arm off processes are unlikely as there is no uniquely 
long Ti-P bond. 


We cannot distinguish between a large number of pos- 
sible mechanisms for the high-temperature process. 
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Complexes of the type (CH3)2Sn[ArCr(C0)3]2 were studied by cyclic voltammetry. The compounds can 
be made to undergo chemically reversible oxidation upon judicious choice of conditions and modification 
of Ar. The persistence of the cations seems to be a function of the steric bulk around the phenyl rings. 
Oxidation involves one electron per tricarbonylchromium group. The tricarbonylchromium moieties are 
essentially noninteracting and therefore adhere to the Bard-Anson-Saveant model. The same results are 
found for the bis and tris complexes of methyltriphenyltin where a dication and trication are formed, 
respectively. The structure of (CH3)2Sn[2,4,6-(CH3)3C,H2Cr(CO)3]2 was determined from 5287 observed 
diffractometer data and refined to an R value of 4.4%. The compound crystallizes in space group P21/c 
with 2 = 4 and lattice constants of a = 15.514 (2) A, b = 13.026 (2) A, c = 15.709 (2) A, and 0 = 119.51 
(1)”. The structure consists of a tin atom that is bonded to two methyl and two mesityl groups in a distorted 
tetrahedral geometry. Each mesityl group is also bonded to a Cr(C0I3 moiety in a q6 fashion. The average 
Sn-C(methy1) and Sn-C(mesity1) distances are 2.149 (4) and 2.182 (3) A, respectively. When the Cr-CO 
bonds are projected onto the mesityl plane, they eclipse the methyl-substituted ring carbon atoms. 


Introduction 
A number of electrochemical studies have been carried 


out on various (arene)tricarbonylchromium complexes. 
Gubin has reported a one-electron reversible reduction of 
(acetophenone)tricarb~nylchromium.~~~ The EPR work 
of Ceccon4i5 on radical anions of complexes such as (tert- 
butyl phenyl ketone)tricarbonylchromium has confirmed 
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the speculation of Gubin that the lowest vacant orbital is 
primarily on the carbonyl portion of the organic ligand. 
In addition, work, by Dessey and co-workers,6“ had dem- 
onstrated a two-electron reduction of (benzene)tri- 
carbonylchromium which was characterized as “ill- 
behaved”. Reductive electrolysis resulted in a stable yellow 
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Figure 3. Proposed low-temperature process. 


spectra were obtained at different times; however, the 
exchange parameters are again similar to those of the 31P 
process (Table 111). 


We propose a mechanism for the low-temperature pro- 
cess involving a trigonal twist of either the P(4)-P(2)-P(3) 
or the P(l)-P(2)-P(3) face of 1. This concerted process 
simultaneously equilibrates two carbonyls and the ends 
of one dmpe ligand. Cyclic interchange P(4) - P(2) - 
P(3) produces the enantiomer of 1, where P(3)-P(4) and 
C(2)-C(3) have simultaneously equilibrated (Figure 3). 


Additionally, permutting P(2) - P(3) - P(1) exchanges 
P(l)-P(2) and C(2)-C(3). There is no physical basis for 
distinguishing between rotation of the upper or lower 
P-P-P face. Trigonal twists of the other six faces do not 
effect the required exchange. Other mechanisms may be 
possible, but the one described above represents the sim- 
plest conceivable intramolecular process. Dissociative arm 
on-arm off processes are unlikely as there is no uniquely 
long Ti-P bond. 


We cannot distinguish between a large number of pos- 
sible mechanisms for the high-temperature process. 
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the speculation of Gubin that the lowest vacant orbital is 
primarily on the carbonyl portion of the organic ligand. 
In addition, work, by Dessey and co-workers,6“ had dem- 
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carbonylchromium which was characterized as “ill- 
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Cations of (Arene)tricarbonylchromium Complexes 


solution which could be reoxidized with 100% recovery of 
starting complex. The potential of the reoxidation and 
number of electrons involved were not stated. Work in 
our labs on various substituted benzenes complexed with 
a tricarbonylchromium group indicates that the initial 
reduction product, that is the dianion, is not stable as 
judged by the reversibility of the cyclic voltammograms.* 
Instead, these dianions react with something in the bulk 
solution, presumably electrophiles, to give the stable 
product and/or products observed by Dessey. Further- 
more, the potential required to oxidize such products is 
quite anodic of the reduction potential and apparently 
involves only one e l e~ t ron .~  This same behavior is also 
observed in (naphthalene)tricarbonylchromium and some 
of its ring-substituted derivatives.* However, the naph- 
thalene series exhibits a chemically reversible reduction 
showing all the characteristics of a two-electron, diffu- 
sion-controlled wave. Our present impression is that both 
the benzene series and the naphthalene series of dianion 
complexes undergo the same subsequent reactions but that 
the reactivity of the dianions is quite different in the two 
cases and manifests itself as a difference in the kinetics 
of the follow-up reaction and hence as a difference in cyclic 
voltammograms. 


On the other hand, the oxidative electrochemistry of 
(arene)tricarbonylchromium complexes has been shown 
to proceed via a one-electron process.lOJ1 Ordinarily, 
(arene) tricarbonylchromium complexes are very suscep- 
tible to oxidizing conditions. The complexes typically 
decompose with time in solutions exposed to air. Such 
oxidations are typically complicated by rapid subsequent 
reactions which result in overall multielectron processes 
along with destruction of the complex. 


While seeking to produce a new class of mixed-valence 
complexes by reducing the bis(tricarbony1chromium) 
complex of dimethyldiphenyltin, VIa, we had occasion to 
study the oxidative electrochemistry also.12 VIa exhibits 
cathodic electrochemistry which is very similar to other 
substituted benzene complexes. That is, VIa reduces at  
approximately -2.1 V vs. the AglAgCl reference electrode 
and is totally irreversible as seen by the cyclic voltam- 
mograms even at scan rates up to 10 V/s. However, with 
cyclic voltammetric experiments, the oxidation peak ob- 
served at  +0.8 V on Pt showed a cathodic peak coupled 
to it a t  scan rates of 200 mV/s. Since it was conceivable 
that this unexpected stability of the cation was due to a 
mixed-valence interaction, we thoroughly studied the 
electrochemical behavior of VIa and related compounds 
and combined this with an X-ray cyrstal study. We now 
conclude that such a mixed-valence interaction does not 
exist. Furthermore, the oxidation products of bis(tri- 
carbonylchromium) complexes of this type are actually 
dications, and there is essentially no interaction between 
the complexed arene portions. As compounds which 
contain equivalent but noninteracting moieties within the 
same molecule, they adhere to the Bard-Anson-Saveant 
m0de1.l~ 


(8) Rieke, R. D.; h e y ,  J. S.; Rich, W. E.; Willeford, B. R.; Poliner, 
B. S. J. Am. Chem. Soc. 1975,97, 5951. 


(9) Arney, J. S. Ph.D. Thesis, University of North Carolina, Chapel 
Hill, NC 1975. 


(10) Gubin, S. P.; Kandkarova, V. S. J. Organomet. Chem. 1970,22, 
449. 


(11) Lloyd, M. K.; McCleverty, J. A.; Connor, J. A.; Jones, E. M. J.  
Chem. Soc., Dalton Tram. 1973, 1768. 


(12) Rieke, R. D.; Miligan, S. N.; Tucker, I.; Dowler, K. A.; Willeford, 
B. R. J. Organomet. Chem. 1981,218, C25. 


(13) Flanagan, J. B.; Margel, S.; Bard, A. J.; Aneon, F. C. J .  Am. Chem. 
SOC. 1978,100,4248. Ammar, F.; Saveant, J. M. J.  Electroanal. Znter- 
facial Electrochem. 1973, 47, 215. 


Ar  = 4 4  A r  = A r  = *CICH. 


6 5  


VIa, n -f 0 VIIa, n - 0 H36 


VIIIa, n = 0 b ,n - .  1 c , n -  2 
c , n - 2  c , n - 2  


H36 H 3 6  


IXa, n 0 X a , n =  0 
b , n -  1 b , n -  1 


c , n =  2 c , n - . 2  


XIa, n - 0 
c , n -  2 


XIIb, n -. 1 
c , n - .  2 


XIVa 


XVa 


I 
C r i C 0 ) s  
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I 
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Results and Discussion 
The compounds comprising this study were $ tri- 


carbonylchromium complexes of various arene systems in 
which more than one such a-bound aryl group can be 
placed on the same molecule. Among the various arene 
ligands used were those of the type (CH3)2E(C6H5)2 where 
E = C, Si, Ge, Sn, and Pb. Particular attention was paid 
to compounds having the formulation (CH3)2SnAr2 in 
which Ar is phenyl or substituted phenyl derivatives. A 
ligand somewhat related to the above is methyltri- 
phenyltin, CH3Sn(C6H&. The bis- and tris(tricarbony1- 
chromium) complexes were the focus of this study although 
whenever the mono complexes were available, they too 
were studied. Finally, the mono- and bis(tricarbony1- 
chromium) complexes of biphenyl and 9,lO-dihydro- 
phenanthrene were also examined. These molecules re- 
move any interposing feature such as (CH3)2E from be- 
tween the rings bearing the tricarbonylchromium groups. 
See Chart I. 
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Table I. Electrochemical Results 


k F P , b  E*&, (Epa +c b,E 
scan 
rate, 


compda C V m e '  i,./ia mV/s 
I 


I1 
I11 
V 


VIa 


VIIa 


VIIIa 


IXa 


IXb 


Xa 


Xb 


XIa 


XIIb 
XIIIa 


XIIIb 


XIIIC 


XIVa 
XIVb 
XVa 
XVb 


0 
0 
0 
0 
amb 
0 
amb 
0 
amb 
0 
amb 
0 
amb 
0 
amb 
0 
amb 
0 
amb 
0 
0 
amb 
0 
amb 
0 
amb 
0 
0 
0 
0 
0 


+ 0.806 
+ 0.835 
+0.827 
+0.786 
+ 0.8 16 
+ 0.810 
+ 0.7 28 
+ 0.731 
+ 0.740 
+ 0.745 
+ 0.782 
+ 0.795 
+ 0.750 
+ 0.753 
+0.775 
+ 0.785 
+ 0.758 
+ 0.747 
+ 0.565 
+0.570 
+ 0.795 
+ 0.850 
+ 0.825 
+ 0.810 
+ 0.843 
+0.810 
+ 0.833 
+ 0.786 
+ 0.816 
+ 0.787 
+ 0.827 


126 
134 
93 


108 
129 
116 
177 
130 
100 
90 


105 
90 
70 
65  


150 
110 


85 
70 


120 
110 


57 


150 


135 


85 
89  


14 2 
97 


14 7 


. . .  


. . .  


. . .  


0.21 
0.43 
0.56 
0.55 
0.48 
0.63 
0.34 
0.53 
0.91 
1.00 
1.00 
1.00 
1.00 
1.00 
0.53 
0.9 1 
0.53 
0.80 
0.40 
0.45 
0.63 


0.43 


0.61 


0.63 
0.57 
0.41 
0.50 
0.56 


. . .  


. . .  


. . .  


500 
200 
200 
200 
200 


50 
200 


50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 


200 
50 
50 
50 
50 
50 


500 
500 
500 
500 


All compounds were at approximately 1 mM concen- 
tration in PC with 0.25 M TEAP. 
temperature of 23 f 2 "C. 
AgIAgCl, saturated NaCl(aq). 


amb is the ambient 
Reference electrode" is 


As far as oxidative electrochemistry is concerned, the 
compounds discussed here exhibit many similar charac- 
teristics to each other and to other benzenoid tri- 
carbonylchromium complexes" as well. In general, these 
compounds oxidize at about +0.8 V vs. the Ago)AgC1, 
saturated NaCl(aq) reference e1e~trode.l~ In the solvent 
system generally used for this study, propylene carbonate, 
PC, no further oxidation processes are observed before 
coming to solvent breakdown which is a t  approximately 
+1.4 V. In other solvents, such as methylene chloride in 
which one is able to observe more anodic regions, a second 
irreversible oxidation wave is detected. This wave is 
usually in the neighborhood of 500-600 mV anodic of the 
first wave and generally exists about where solvent 
breakdown for PC occurs. Table I lists the results of the 
cyclic voltammetric experiments. The main differences 
in the oxidative electrochemistry of these complexes is in 
the relative stability of the cations formed. 


One major concern was that the oxidation process arises 
from a ligand-based orbital rather than one which included 
metal character. Hence the electrochemistry of the free 
ligands was investigated. With all of the free ligands ex- 
cept one, no oxidation processes were observed out to the 
limits imposed by PC. The single exception was di- 
methylbis(4-(N&-dimethylamino)phenyl)tin, XIc. This 
ligand gives a single irreversible oxidation wave at ap- 
proximately +0.76 V and furthermore exhibits two much 
less prominent cathodic processes on the reverse scan. 
This would seem to parallel other electrochemical oxida- 


(14) The AglAgC1, saturated NaCl(aq) reference is about 40 mV anodic 
of SCE. 


Table 11. Atomic Coordinatesa 
atom 104x 1 0 4 ~  1 0 4 2  


2445.8 ( 2 )  1064.6 (2)  2392.3 (2)  
4630.7 ( 5 j  


5335 (5) 


215.2 (6)  
3206 (3)  


6066 (3)  
-38 (6)  


-336 (4)  
1690 (4)  
3636 (3)  
4636 ( 3 )  
5376 ( 4 )  
5153 (4)  
4180 (4)  
3425 ( 3 )  
4954 (4)  
5945 (5)  
2391 (4)  
3758 (4)  
5068 (4)  
5519 (3)  
1162 (3)  
185 (3) 


-650 (4)  
-551 (4)  


399 (3) 


1 5  (4)  


57 (5)  
-739 (5)  


2221 (5)  


1247 (3)  


-1461 (4)  
2241 (4)  


1126 (5)  
2718 (4)  


6071 (53) 
3925 (55)  


480 (55) 
-1330 (52)  


7.6 ( 5 j  
3149.4 (7) 


-1669 (3)  
-1158 (4) 
-1086 ( 4 )  


2461 (7)  


4670 (4)  
1198 ( 3 )  
1379 (3)  
1494 (4)  
1430 (4)  
1229 (4)  
1092 (3)  
1460 (5)  
1581 (6)  


846 (4)  
-1021 ( 4 )  


1887 (3)  
1515 (4)  
2010 ( 5 )  
2890 (4)  
3290 (4)  
2809 ( 3 )  


545 (6)  
3411 (6)  
3318 ( 4 )  
2703 (7)  
4125 (5)  
4076 (5)  
1735 ( 5 )  


1535 (55) 
1005 (52) 
1692 (55) 
3971 (53)  


4739 (5)  


-716 ( 4 )  
-666 (4)  


-571 (4) 


1926.1 (5 j  
1381.7 (5)  


817 (4)  
3785 (3)  
1499 (3)  
3049 (5)  
932 (4) 


2770 (3)  
2038 (3)  
2767 ( 3 )  
2501 ( 4 )  
1510 (4)  


803 (3)  
1056 (3)  
3843 (4)  
1214 (6)  


228 (3)  
1257 (4)  
3074 (4)  
1678 (4)  
1271 (3)  


965 (4)  
207 ( 4 )  


-238 (3) 
78 (3)  


835 ( 3 )  
1409 (5)  


1129 ( 4 )  
2399 ( 5 )  


2236 (4)  


2376 (5)  
3211 (52)  


-1059 ( 4 )  


1111 (4)  


3747 ( 3 )  


-66 (55)  
-258 (51)  
-121 (55) 


Estimated standard deviations are given in parentheses 
for the least significant digits. 


tion studies'"18 of different anilines including N,N-di- 
methylaniline which indicate a one-electron process to give 
what are generally unstable radical cations. These radical 
cations then proceed to give a variety of products. In fact, 
a published cyclic volta"ogram18 of N,N-dimethylaniline 
resembles quite closely the cyclic voltammogram of XIc. 


However, upon complexation of the ligands with T-  


bound tricarbonylchromium groups, all of the compounds 
exhibit electrochemical oxidations as described above. 
Thus the metal carbonyl fragment is implicated as the 
chief reason that electrochemistry, and especially in the 
case at hand, oxidation occurs. Complexes containing one 
or more electron donating groups on the phenyl ring, such 
as VIIa possessing a 4-methoxy group, are slightly easier 
to oxidize than the parent complex VIa. The shifts are 
generally small, the largest shift occurring in XIa in which 
the oxidation potential is shifted 250 mV cathodic of the 
parent complex due to the presence of the N,N-di- 
methylamino group on the 4-position of the rings. The 
oxidation potential of XIa can be viewed as primarily 
determined by the metal carbonyl portion but modified 
by the inclusion of ligand character bearing the very good 


(15) Zweig, A.; Lancaster, J. E.; Neglia, M. T.; Jura, W. H. J .  Am. 


(16) Seo, E. T.; Nelson, R. F.; Fritsch, J. M.; Marcoux, L. S.; Leedy, 


(17) Wawzonek, S.; McIntyre, T. W. J. Electrochem. SOC. 1967,114, 


(18) Hand, R.; Nelson, R. F. J. Electrochem. SOC. 1970, 117, 1353. 


Chem. Soc. 1964,86,4130. 


D. W.; Adams, R. N. J. Am. Chem. SOC. 1966,88, 3498. 


1025. 







Cations of (Arene)tricarbonylchromium Complexes 


electron donor, NJV-dimethylamino, in the highest filled 
orbital. All of the shifts in the oxidation potential upon 
various group substitution about the ring can be taken to 
lend support to this interpretation. Shifts similar to those 
presented here have been previously reported." The issue 
of whether the observed changes in oxidation potentials 
among the compounds studied here are a matter of direct 
conjugation or inductive effeds or both remains unsolved. 
Either may operate in the highest occupied molecular 
orbital of (arene)tricarbonylchromium complexes giving 
rise to the shifts in oxidation potential observed. While 
these results may indicate a ligand a-orbital mixing with 
metal orbitals, they are not definitive. Indicative of a 
HOMO predominantly of metal 3d character but also in- 
cluding a significant *-ligand component is the photo- 
electron spectroscopy work and ab initio SCF MO calcu- 
lation of Guest and co-w~rkers.'~ 


The alternative of viewing the highest occupied orbital 
as primarily r ligand is discounted for several reasons. 
First, the fact that all of these complexes oxidize at  nearly 
the same potential is inconsistent with the large spread 
of oxidation potentials of the free ligands. Also, the relative 
amount of shift in the potentials from the parent complex 
VIa seem to be intuitively correct for the various electron 
donors in both type and additivity. For example, one 
would expect the 2,4,6-trimethyl-substituted complex IXa 
to be slightly more easily oxidized than the 2,6-dimethyl 
case Xa. The changes in potentials are rather small, but 
in each case they are as expected. Finally, the direction 
of shift would be the opposite of the observed shift if 
indeed a ligand-based orbital were primarily involved. The 
well-recognized character of the tricarbonylchromium 
moiety as an electron-withdrawing group m-23 would make 
the complex more difficult to oxidize compared to the free 
ligand. In all cases presented here, the complex is always 
more easily oxidized than the free ligand. 


Non-Nerstian behavior is also a general feature of the 
(arene)tricarbonylchromium complexes studied here. AE, 
values which are greater than the theoretical value have 
been reported for other organometallic  system^^^^*"^^^ and 
are generally interpreted as indicating that electron 
transfer is slow. Such systems are ordinarily, therefore, 
chemically reversible but electrochemically irreversible. 
The underlying cause of the greater peak separation may 
well be due to bond reorganization. Such changes could 
alter the geometry of the transition-metal complex cation 
away from that of the neutral molecule. If so, Marcus 
theory26" indicates a larger free energy of activation. This 
manifests itself as a slow rate of electron transfer. The 
result is a cathodic peak to anodic peak separation which 
is somewhat greater than predicted for a couple which is 
both strictly electrochemically and chemically reversible. 
Small interaction of the (arene)tricarbonylchromium 
moieties may also account for this separation. This is dealt 
with later in the Results and Discussion. 


Care was taken to ensure that this peak separation was 
not due to iR drop effects. Cyclic voltammetry using either 


(19) Guest, M. F.; Hillier, I. H.; Higginson, B. R.; Lloyd, D. R. Mol. 


(20) Nicholls, B.; Whiting, M. C. J. Chem. SOC. 1959, 551. 
(21) Carroll, D. G.; McGlynn, S. P. Inorg. Chem. 1968, 7, 1285. 
(22) Brown, D. A,; Rawlinson, R. M. J. Chem. SOC. A 1969, 1534. 
(23) Bunnett, J. F.; Hermann, H. J. Org. Chem. 1971, 36, 4081. 
(24) Lloyd, M. K.; McCleverty, J. A.; Orchard, D. G.; Connor, J. A.; 


Hall, M. B.; Hillier, I. M.: Jones, E. M.; McEwen, G. K. J. Chem. SOC., 


Phys. 1975, 29, 113. 


Dalton Trans. 1973, 1743. 
(25) Treichel, P. M.; Essenmacher, G. J. Inorg. Chem. 1976, 15, 146. 
(26) Marcus, R. A. Can. J.  Chem. 1969, 37, 155. 
(27) Marcus, R. A. J. Chem. Phys. 1965,43,679 and previous papers 
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+1.1 + 0.0 +o.r +o.s 


Figure 1. Cyclic voltammogram of VIa (1 mM in PC; 0 "C; 0.25 
M TEAP; 50 mV/s; Pt disk). 


a Luggin probe or iR feedback compensation in separate 
experiments were performed to determine that the peak 
separation is not an artifact of iR drop. Very little change 
occurred in the peak separation upon using either of the 
two aforementioned techniques as compared to not ac- 
counting for iR drop. While this strongly implicates slow 
electron transfer, no further attempts were made to isolate 
the precise cause of this peak separation. 


I t  was the somewhat astonishing relative stability and 
persistence of the cations which led to the present study. 
It is well established that (arene)tricarbonylchromium 
complexes are sensitive to oxidants and oxidizing condi- 
tions. For example, a common means of accomplishing 
unusual chemistry on arene rings is to complex the ring 
with a tricarbonylchromium group, to perform the reac- 
tions of interest, and to remove the tricarbonylchromium 
portion with an oxidizing agent such as Iz, Cew, or even 
air.28 The result is an oxidized form of chromium and a 
modified arene ring which is no longer complexed. 


In contrast, electrochemical experiments performed in 
PC show that the parent complex VIa is oxidized at  a 
platinum disk electrode, giving a small cathodic peak upon 
reversing the scan in a cyclic voltammogram at moderate 
scan rates. This chemical reversibility suggested that 
perhaps under the proper conditions cations of extended 
lifetimes could be produced. Using cyclic voltammetry as 
the guide to indicate how stable the cations produced were, 
we made numerous modifications of both experimental 
conditions and the compounds themselves. 


Perhaps the most obvious variable to change in order 
to stabilize the cations is to lower the temperature. This 
slows the rate of any chemical reaction following the ox- 
idation process, presumably nucleophilic attack, which 
increases the lifetime of the cations. This is indeed exactly 
what is observed. While the cation of VIa shows evidence 
of being chemically reversible on the cyclic voltammetric 
time scale only at  moderate scan rates (200 mV/s) at am- 
bient temperature, the cyclics performed at  0 "C show a 
much more chemically reversible couple even at  low scan 
rates (50 mV/s). The cation has considerably enhanced 
persistence at lower temperatures. See Figure 1. 


(28) For example: (a) Jackson, W. R.; Jennings, W. B. J. Chem. SOC. 
B 1969,1221. (b) Trahanovski, W. S.; Card, R. J. J. Am. Chem. SOC. 1972, 
94, 2897. (c )  Card, R. J.; Trahanovski, W. S. Tetrahedron Lett. 1973, 
3823. (d) Jaouen, G.; Meyer, A.; Simonneaux, G. J. Chem. SOC., Chem. 
Commun. 1975, 813. (e) Semmelhack, M. F.; Hall, H. T.; Yoshifuji, M.; 
Clark, G. J. Am. Chem. SOC. 1975,97, 1247. (0 Jaouen, G.; Meyer, A. 
Tetrahedron Lett. 1976, 3547. (9) Semmelhack, M. F.; Thebtaranonth, 
Y.; Keller, L. J. Am. Chem. SOC. 1977,99,959. (h) Semmelhack, M. F.; 
Clark, G. Ibid. 1977, 99, 1675. 
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Even though it would be possible to continue to produce 
and study the cations using lower temperatures, this is less 
desirable in the solvent employed due to viscosity problems 
and other difficulties. A much more powerful way to 
stabilize these cations is to modify the molecules chemi- 
cally. In this study, modification of the compounds was 
accomplished in two different ways. 


The first alteration made was to change the central atom 
of the complex. This atom was changed to span the entire 
group 4A series, that is, sarbon through lead. See Chart 
I. In addition the central atom with the attached methyl 
groups were removed altogether to give (bipheny1)bis- 
(tricarbonylchromium) complex. The bis complex of 
9,lO-dihydrophenanthrene also removes the interposing 
group and was also tested. 


In examining the group 4A series, stability of the cation 
as judged by the cyclic voltammogram appeared to increase 
somewhat in going down the series. While tin and lead 
showed rather equal stabilizing tendencies, the electro- 
chemical oxidation wave of the dimethyldiphenyllead bis 
complex, V, was not as well-defined as the corresponding 
tin complex, IV. Using germanium as the central atom, 
111, also afforded a somewhat stable cation at  moderate 
scan rates while the silicon, 11, and carbon, I, analogues 
yielded cations possessing lifetimes long enough to be 
observed only at higher scan rates. Another feature of the 
oxidation of these group 4A analogues is the general trend 
toward easier oxidation as the central atom proceeds down 
the group. This is as expected with the decrease in elec- 
tronegativity of each atom as one proceeds down the group 
as a substituent on the phenyl ring. The lone exception 
is the carbon-based compound I, which is out of sequence 
since it oxidizes nearly as easily as the tin analogue. Due 
to the various features of the tin-based complex such as 
good relative persistence of the cation and ready availa- 
bility of synthetic precursors, complexes having a central 
tin atom were chosen for further study. 


This further study involved the modification of the 
phenyl rings to increase the lifetimes of the cations. This 
approach to stabilizing the cations is actually much more 
flexible due to the great variety of substituents which can 
be placed on a phenyl ring as well as the great variety in 
positioning possible around the ring. Such variety allows 
for a multitude of factors to  be included as compared to 
just changing the electronegativity of the central atom. 


One well-known way to stabilize radical cations in po- 
lycyclic aromatic systems is to introduce a methoxy group 
as a substituent. This same concept was applied to the 
dimethyldiphenyltin complex first of all by placing a 
methoxy group in the 4-position of each phenyl ring giving 
VIIa. It came as something of a surprise that very little 
effect on the stability of this cation was observed as com- 
pared to the parent complex VIa. Consequently, other 
good electron donors were substituted in the 4- and 4l- 
positions. The presence of an N,N-dimethylamino group 
again did little to increase stability in the cation produced. 
The same is true of a trimethylsilyl group when placed at 
the 4- and 4’-positions. Apparent small degrees of extra 
persistence were noted in the sequence as OCH3 < N(CHJ2 
< Si(CH3)3 although no really astonishing stabilization 
occurred. The degree of persistence was judged according 
to the magnitude of the catodic current coupled to the 
oxidation process of the cyclic voltammograms. Such 
comparisons are of a more or less qualitative nature since 
non-Nernstian behavior complicates exact comparisons of 
current heights. Nevertheless, cyclic voltammetry reveals 
very clearly which systems are highly persistent and which 
systems are less so. 


Rieke et al. 


- 
+1.1 + 0.7 +0.3 


Figure 2. (a) Cyclic voltammogram of Ma (1 mM in PC; ambient 
temperature; 0.25 M TEAP; 50 mV/s; Pt disk). (b) Cyclic 
voltammogram of VIIIa (1 mM in PC; ambient temperature; 0.25 
M TEAP; 50 mV/s; Pt disk). 


While a single donating group seemed unpromising as 
a method of stabilizing the cations, the existence of more 
than one electron donor substituted on the ring did indeed 
enhance the lifetimes of the cations. This is most dra- 
matically seen in those systems having the 2,4- and 6- 
positions simultaneously replaced with donor groups on 
each ring. Those complexes incorporating this feature, 
notably VIIIa and IXa, give cyclic voltammograms which 
are highly chemically reversible even at ambient temper- 
atures. Haif-lives of the cations of these two compounds 
are in the vicinity of 1 h. See Figure 2. Nevertheless, a 
compound such as Xa, having methyl groups only in the 
2- and 6-positions, indicated a somewhat diminished 
persistence of the cation as compared to the trisubstituted 
cases VIIIa and IXa. As judged by the cyclic voltammo- 
grams, the cation Xa seems to be intermediate in stability 
between the single donor cases and the trisubstituted cases. 


The most likely explanation involves the shielding of the 
cation by steric bulk. Steric considerations in the per- 
sistence of radicals have been previously discussed.29 Such 
factors should presumably be important in warding off 
nucleophiles from the cation. Furthermore, this might well 
explain why there is an increase in the current height of 
the cathodic wave of the couple on the cyclic voltammo- 
grams with increasing steric bulk in the 4,4’-positions. The 
small but noticeable growth of the cathodic peak for the 
series 4,4’-ocH3 < 4,4’-N(CH3)2 < 4,4’-Si(CH3)3 parallels 
the increase in steric hindrance at  the para positions and 
indicates a relatively more persistent cation. Similar ar- 
guments could be made for the increase in the lifetime of 


(29) Griller, D.; Ingold, K. U. Acc. Chem. Res. 1976, 9, 13. 
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the cations as more positions around the phenyl rings are 
substituted. In like fashion, even the cations produced 
from the tricarbonylchromium complexes of benzene, 
toluene, and mesitylene show enhanced persistence. The 
cation of (mesity1ene)tricarbonylchromium has a much 
greater half-life than the corresponding benzene complex 
as revealed by the cyclic voltammograms.30 


From the beginning, the bis(tricarbony1chromium) 
complexes which were tested showed many of the char- 
acteristics of a one-electron oxidation. Although the peak 
separation of the cyclic voltammograms was nearly always 
greater than the theoretically expected value for a one- 
electron process, careful control of the iR drop loss indi- 
cated that this spreading of peaks was due to slow electron 
transfer. 


It was never possible to get good coulometric data for 
compounds with two or fewer electron-donating groups 
substituted on the phenyl ring such as Xa or VIa. In the 
time frame of such an experiment, the cations were too 
unstable and gave three-electron oxidation per chromium 
atom and subsequent destruction of the complex. Nev- 
ertheless, once the much more stable cations of the 2,4,6- 
trisubstituted systems could be produced, coulometry ex- 
periments showed very convincingly that the oxidation 
process of these bis complexes involved two electrons, 
giving a dication. The mono(tricarbony1chromium) com- 
plexes, on the other hand, exhibited a one-electron oxi- 
dation to give a stable mono cation. It would appear that 
there is a one-electron oxidation for each tricarbonyl- 
chromium group present. 


Furthermore, it can be inferred from the cyclic voltam- 
metric data that the two (arene)tricarbonylchromium 
groups are essentially noninteractng. These compounds 
appear to follow the patterns described in the Bard-An- 
son-Saveant m0de1.l~ Cyclic voltammograms of the bis 
complexes are rather like the cyclic voltammograms of the 
mono complexes especially in terms of peak separation. 
The major difference lies in the fact the current height of 
the bis complexes are approximately twice that of the 
mono complexes. This is in agreement with the Bard- 
Anson-Saveant model in which molecules with a number, 
x ,  of equivalent yet noninteracting moieties exhibit current 
heights which are x times that of the isolated moiety while 
still manifesting other characteristics of a one-electron 
process. 


In addition, this model allows for a determination of the 
n value from the cyclic voltammograms for the electro- 
chemical process in question when the moieties are non- 
interacting. Such a calculation is made by using eq 1. For 


(ibis/Cbis) [ Mbis 
(imono/cmono) Mmono 


nbie = (1) 


eq 1 as applied to the oxidation wave studied here, i is the 
anodic peak current of the cyclic, c is the bulk concen- 
tration, M is the molecular weight, and n is the number 
of electrons involved in the oxidation of the complex. The 
subscripts “mono” and “bis” refer to the mono(tri- 
carbonylchromium) complexes and the corresponding 
bis(tricarbony1chromium) complexes, respectively. 


The result of such a calculation from the cyclic voltam- 
metric data of mono and bis complexes of the 2,4,6-tri- 
substituted type yields a value of 2.0 for nbk Similarly, 
the calculation of an ntrie value for complex XIIIa is ac- 
complished by using the appropriate values for the tris 
complex and referencing i t  against (tricarbonyl- 
chromium)methyltriphenyltin XIIIc, data. Such a calcu- 
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0 ,  


Figure 3. An O R T J W ~  drawing of one molecule of (Ch&Sn- 
[2,4,6-(Ch3)3C6H2Cr(CO)~]2 at 50% probability. The aromatic 
hydrogen atom have been reduced in size for clarity. The atomic 
numbering scheme is given except for aromatic hydrogen atoms 
which are numbered according to the attached carbon atom. 


lation gives an ntrk value of 3.0 while an nbis value of 2.0 
for XIIIb, bis(tricarbony1chromium)methyltriphenyltin is 
calculated. Just as for the derivatives of dimethyldi- 
phenyltin, the mono, bis, and tris complexes of methyl- 
triphenyltin exhibit rather similar cyclic voltammograms 
except that the current heights are in a ratio of 1:2:3, 
respectively. Again these molecules follow the Bard-An- 
son-Saveant model. They also exhibit a one-electron ox- 
idation per tricarbonylchromium group and each of these 
groups is essentially noninteracting with any other such 
group within the molecule. 


The greater than theoretical peak separation of the cyclic 
voltammograms could be attributed to small degrees of 
interaction between the tricarbonylchromium portions.31 
But because the electrochemical step is irreversible, as can 
be readily seen for mono complexes where interaction is 
impossible, little can really be said concerning bis com- 
plexes except that even if the peak separation is due to 
interaction, that interaction must be small. Since two 
“simultaneous” charge transfers must occur, each of which 
is irreversible, the actual separation due to interaction is 
difficult to judge but is almost certainly quite small and 
the system follows the Bard-Anson-Saveant model. 


The existence of noninteraction among the (arene)tri- 
carbonylchromium portions in the bis and tris complexes 
prompted an X-ray crystallographic study. The aims were 
in part to examine if any features of the trisubstituted 
complex enhanced stability of the cation and in part to 
look features preventing interaction. Since IXa gives a 
relatively stable dication upon oxidation, yet still exhibits 
noninteraction of the (arene)tricarbonylchomium groups, 
it was chosen for the X-ray study. 


A drawing of one molecule of (CH3),Sn[(2,4,6- 
(CH3)3C6H2Cr(C0)3]2 is shown in Figure 3 with the thermal 
ellipsoids in Table 111 represented at  50% pr~bab i l i t y .~~  
The structure consists of a tin atom that is bonded to two 
methyl and two mesityl groups. Each mesityl group is also 
bonded to a Cr(C0)3 moiety in a q6 fashion. Individual 
bond distances are listed in Table IV, and angles are listed 
in Table V. 


The geometry around the tin atom is distorted tetra- 
hedral as indicated by the bond angles at the tin atom in 
Table V. The dihedral angle between the plane defined 
by Sn, Cze, C, and the plane defied by Sn, C13, C1 is 82.4’, 
within -8’ of the tetrahedral value. The f311-c~~ and 
Sn-C25 distances are not unusual for Sn-C(methy1) dis- 
tances. The Sn-C(mesity1) distances of 2.182 (3) 8, appear 


(31) Richardson, D. E.; Taube, H. Znorg. Chem. 1981,20, 1278. 
(32) Johnson, C. K. Report ORNL-3794; Oak Ridge National Labo- 


(30) Rieke, R. D.; Milligan, S. N., unpublished resulta. ratory: Oak Ridge, TN, i965. 
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Table 111. Anisotropic Thennal Parametersasb (A2) 


atom Bll Bl2 B 33 B 12 13 B 2 3  


3.06 (1) 3.11 (1) 2.44 (1) 0.133 (9 )  1.317 ( 8 )  0.145 ( 8 )  
2.62 (2 j 
3.59 (3 )  
4.3 (2)  


10.9 (4)  
5.1 (2)  


13.6 (5)  
8.3 (3 )  


3.1 (2) 


3.2 (2 )  
4.2 (2 )  
4.1 (2 )  


7.4 (3) 


3.5 (2)  


3.3 (3)  
3.9 (2) 
4.5 (3) 
3.3 (2)  
3.5 (2)  
5.3 (3)  
3.3 (2)  


3.3 (2 )  
3.4 (2 )  
3.9 (2 )  


4.4 (3)  


3.5 (2 )  


2.6 (1) 
3.1 (2 )  


3.2 (2) 


4.0 (2)  


6.7 (3)  
5.2 (3)  
5.6 (3)  
5.1 (3 )  
6.7 (3)  


2.95 (2 j  


4.3 (2)  
5.01 (4)  


5.2 (2 )  
6.7 (2 )  


16.6 ( 6 )  


8.2 (3 )  
2.9 (2 )  
2.9 ( 2 )  


9.4 (4)  


3.5 (2 )  
3.3 (2 )  
3.7 (2 )  


5.3 (3 )  


5.5 (3 )  


3.5 ( 2 )  


3.7 (2 )  
4.5 (2 )  
5.7 ( 3 )  


3.1 (2)  


6.9 (4)  


3.6 (2) 


4.2 ( 2 )  


5.6 (3)  
4.1 (2 )  
3.6 (2 )  
6.9 (4 )  
8.0 (4)  
3.9 (2 )  
9.3 (5 )  
6.6 (3 )  
6.5 (3)  
6.5 (3 )  
3.2 ( 2 )  


2.84 (2 j  


4.3 (2)  


7.5 (3)  


4.9 (2 )  


3.3 (2)  


3.7 (2) 


7.9 (4)  


4.7 (2) 
3.7 (2) 


3.7 (2)  


2.76 (3)  
7.6 (3 )  


6.0 (2 )  


7.2 (3) 


2.8 (1) 


4.8 (2)  
5.1 (2)  


2.7 (1) 
2.9 (2)  


2.5 (2 )  


3.6 (2)  
2.6 (1) 


3.8 (2)  
2.7 (2)  
2.7 (2 )  
2.6 (1) 
6.1 (3 )  
3.8 (2)  
4.6 (1) 
4.8 (3 )  
4.4 (2 )  
3.3 (2)  
2.6 (2 )  
8.1 (4)  


0.30 ( 2 ) '  
0.90 ( 3 )  


-0.6 (1) 
1.3 (2) 
1.7 (2 )  
3.5 (5) 
4.5 (3)  


0.0 (1) 
-0.2 (2) 


0.1 (2)  


-0.2 (2)  
-0.0 (2) 


-0.5 (2)  
0.5 (1) 


0.7 (2) 
0.6 (1) 


0.7 (2)  
0.5 (2)  
0.5 (2)  
0.5 (2 )  
0.0 (1) 


-0.3 (2 )  
-0.3 (2)  


1.0 (2 )  
0.7 (2)  
0.1 (1) 


-1.2 (2)  
2.1 (2 )  


-0.0 (2)  
2.0 (3)  
1.9 (2)  
1.2 (2) 
0.0 (2) 


-0.3 (2)  


1.08 (2)  ' 
2.02 (2) 
1.2 (2)  
3.0 (2)  
3.2 (2) 
8.3 (4)  
5.1 (3 )  
2.6 (2) 
1.3 (1) 
1.3 (1) 
1.7 (2) 
2.7 (2)  
2.2 (2 )  
1.2 (1) 
0.8 (2 )  
4.3 (3 )  
0.8 (1) 
1.5 (2 )  
1.8 (2 )  
1.3 (2)  
1.4 (1) 
1.5 (2 )  
1.5 (2)  
1.2 (1) 
2.1 (1) 


2.2 (2) 
1.2 (2)  


1.8 (1)  


2.3 (2) 
4.0 (3 )  
3.1 (2) 
2.4 (2)  
1.9 (2) 
4.7 (3 )  


0.02 (2)  ' 
0.44 (2 )  


1.5 (2 )  


5.0 (4) 
1.4 (2) 


-1.3 (2)  


-0.3 (2)  


-2.5 (2 )  
0.1 (1) 


-0.2 (1) 


0.4 (2) 
0.7 (1) 
0.3 (1) 


-0.9 (2)  
0.6 (3) 


-0.3 (2)  
0.1 (2) 
0.3 (2) 


-0.2 (2) 
0.0 (1) 


0.2 (2)  


-0.2 (1) 


0.2 (2) 
2.0 (3 )  


-0.5 (2)  


0.4 (2) 
0.3 (2) 


0.4 (1) 


2.3 (3)  
1.8 (2 )  


0.7 (2)  
-0.4 (2 )  
-0.7 (2) 


0.4 (2)  


Estimated standard deviations are given in parentheses. Bij = 4Pij/ai*aj*, where Pu are the unitless parameters used in 
refinement in the form exp[-(Pllh2 + P,,k2 + P , , P  + 2P,,hk + 2PI3h2 + 2P,,kl)]. 
aromatic H atoms were fixed a t  7 AZ. 


Isotropic thermal parameters of the 


Table IV. Bond Distances ( A )  Table V. Bond Angles (Deg) 


Within the Coordination Spheres C,SnC,, 107.8 (1) C,C.C, 120.1 (4) 
Sn-Cr, 
Sn-C,, 
Sn-C,, 
Sn-C,, 
Cr,-C, 
Cr,-C, 
Crl-C3 
Cr,-C, 
Cr,-C, 
Cr,-C6 
Cr1 -Cm 


c1-c, 
G-C, 
c,-c, 
C,-C, 
c2-c, 
c,-c, 


C,-H3 
CS-H, 


'lmC3 


'5-'6 


'6-'9 


c13-c14 


c14-c1S 


c1S-c16 


2.182 (3)  Cr,-C,, 
2.182 ( 3 )  Cr,-C,, 
2.141 (3 )  Cr,-C13 
2.157 (4)  Cr,-C14 
2.255 (3)  Cr,-C,, 
2.220 (3 )  Cr,-C16 
2.208 (4 )  Cr,-C,, 
2.245 (4)  Cr,-C,, 
2.217 (3 )  CrZ-C2, 
2.201 (3 )  Cr2-Cz3 
1.825 (4 )  Cr,-C2, 


Within the Ligands 
1.423 (4)  C,,-C,, 
1.410 (5 )  C17-C,, 
1.421 (5)  C1,-Cl3 
1.388 (5 )  C,,-C,, 
1.422 (5 )  C,,-C,,, 
1.418 (4)  C,,-C,, 
1.513 (5)  C,,-H,, 
1.527 (5 )  C,,-H17 
1.520 (4) C,,-0, 


1.25 (5 )  C,,-0, 
1.430 (4)  C2,-04 
1.41 2 (5 )  C,,-O, 
1.390 (6)  CZ4-O6 


1.11 (5 )  C1,-O2 


1.842 (4 )  
1.830 (3)  
2.268 (3) 


2.229 (4)  
2.242 (3 )  
2.209 (3)  


1.827 (4 )  
1.835 (4) 
1.841 (5 )  


2.221 (4 )  


2.202 (3 )  


1.402 (5)  
1.413 (4)  
1.421 ( 4 )  
1.527 ( 5 )  
1.525 ( 5 )  
1.527 (4 )  
1.03 (5)  
0.97 (5 )  
1.158 (5)  
1.138 (5) 
1.155 (4 )  
1.145 (5 )  
1.148 (5 )  
1.159 (6)  


C,SnC, 
C13SnC2S 


C13SnC26 


c,, Sn C,, 
C10Cr1C11 
CloCrlC,, 
c 11 Cr 1 c 12 


c 22 Cr 2 c, 3 


C22Cr1C24 
C23Cr2C?.4 


c6c1c2 


c 1 c 2 c 3  


c2c3c4 


C,C,CS 
c4c5c6 


c5c6c1 
SnC,C, 
SnC,C, 
c1c2c7 


c3c2c7  


C,C4C, 


116.3 (ij 
103.1 (1) 
104.9 (1) 
113.4 (2)  
111.5 (2)  


87.0 (2) 
90.6 (2) 
89.0 (2) 
87.5 (2)  
87.5 (2) 


117.9 (3)  


121.6 (3)  
118.0 (3) 
121.4 (3) 
120.8 (3) 


90.0 (2)  


120.2 (3) 


122.1 (2) 
119.9 (2) 
122.5 (3 )  
117.3 (3) 
121.9 (3)  


c;c,c; 
c1c6c9 


14c13Clb 


c13c14.c IS 


c13c15c16 


c1Sc16c17 


c16c17c1& 


c17c18c13 


SnC 13'14 
SnC13C18 


c13c14c1, 


c1Sc14c19 


c1Sc16c10 


c17c16c10 


17'18 '2 1 


13' 18'21 


C r 1 c 1 0 0  1 


Cr,C 1 1 0 ,  


Cr lC12O3 
Cr2C2204 


Cr ZC23O5 
Cr2C2406 


117.1 (3 j  
122.1 (3) 


121.2 (3)  
119.0 (3) 


120.0 (2) 


117.3 (3)  
120.6 (3) 


120.9 (3) 
120.7 (3) 


122.6 (2)  
121.3 (3) 
118.0 (3) 
120.4 (3) 
120.5 (4) 
116.4 (3) 
122.8 (3) 
178.7 (4)  
179.5 (4) 
178.5 ( 7 )  
177.4 (7) 
179.2 (5) 
179.0 (4 )  


as the Sn-C(pheny1) bond of VIa is the same length as the 
Sn-C(mesity1) bond of IXa.% The orientation of the two 
mesityl planes can be described in terms of a rotation 
about the Sn-C, and Sn-Cln bonds by defining the plane 


slightly longer than the Sn-C(ary1) distances of 2.147 (6) 
8, reported in tetrakis(4-meth~lphenyl)tin.~~ This does 
not apparently result from the crowding of the two ad- 
ditional methyl groups adjacent to the u-bonded carbon 


(33) Kariipides, A.; Wolfe, K. Acta Crystallogr. Sec. E 1975, B31,605. 


containing Sn, C1, and C1i-as the reference plane.. Ac- 
cordingly, the mean plane of the mesityl ring A in Table 
VI is rotated 41.4O from the reference plane while the mean 


(34) Schubert, U.; Willeford, B. R.; Zuckerman, J. J. J. Organomet. 
Chem. 1981, 215, 367. 







Cations of (Arene)tricarbonylchromium Complexes 


Table VI. Mean-Plane Calculations and Deviations ( A )  of 
Individual Atomsapb 


- 
atom dev atom dev 


Plane A 
-0.020 (4) Sn -0.093 


1.717 
0.029 


-0.003 (5) c9 0.063 


0.006 (5) Cr, 
0.009 (5) c, 


*Cl 
*c* 
*c, 
*c, 
*c, 


-0.010 (5) C8 -0.044 


*c, 0.018 (4) 
Plane B 


*C14 0.017 (5) Cr, 1.725 
*c 13 -0.026 (4) Sn -0.102 


*CIS 0.001 (6) c L9 0.012 
*Cl, -0.010 (5) c2 0 -0.034 
*Cl, 0.001 (5) c21 0.046 
*Cl8 0.017 (4) 


'Ihe equations are derived from the equally weighted 
refinement of those atoms indicated by an asterisk and 
are based upon an orthonormal coordinate system where 
X, Y, and 2 are in A and their directions defined as b' = b, 
c' = a X b, and a' = b X (a X b) .  Equations for the 
planes: A, -0.141 96X + 0.982 79Y - 0.118 222: 
0.607 50; B, 0.469 08X t -0.558 36Y - 0.684 242 -z 
2.202 99. 


plane of ring B is rotated 35.6' from the reference plane 
in the opposite direction of plane A. 


A slight deviation of the ring carbon atoms from pla- 
narity is observed for the two mesityl rings (Table VI). It 
appears that the u-bonded ring carbons (C, and C13) move 
out of the plane by -0.02 A toward the tin while one 
adjacent carbon in ring A (c6) and two adjacent carbons 
in ring B (C14 and CIS) move out of the plane away from 
the tin atom. These deviations are quite small, however, 
and do not lend themselves to a detailed analysis. 


Bond parameters within the chromium coordination 
spheres are not unusual. The average C-C distances within 
the mesityl rings of 1.414 (5) A (ring A) and 1.411 (5) A 
(ring B) as well as the average Cr-C distances of 2.224 (4) 
A (ring A) and 2.229 (4) A (ring B) are in agreement with 
those reported in other (~-arene)Cr(CO)~ c ~ m p l e x e s . ~ ~ ? ~  
Similarly, the average bond parameters within the Cr(C0)3 
moieties are also in good 


The orientation of the Cr-CO bonds with respect to the 
mesityl plane is shown below. These Cr-CO bonds ap- 
proximately eclipse the ring carbons bearing a CH3 sub- 
stituent. The average deviation from a perfectly eclipsed 
orientation is -2' for ring A and -1' for ring B. It was 
initially observed by Sim37*38 that in the solid state the 
orientation of the C r 4 0  vectors with respect to the arene 
plane in (~-arene)Cr(CO)~ complexes is controlled by the 
nature of the ring substituents. 


S" 


0 


By considering an octahedral set of orbitals on chromium 
he concluded that the remaining three bonds from the 
Cr(C0)3 moiety would point to the most electron-rich ring 


(35) Bailey, M. F.; Dahl, L. F. Znorg. Chem. 1965,4, 1298. 
(36) Reee, B.; Coppens, P. Acta Crystallop., Sect. E 1973,29,2515. 
(37) Sim, G. A. Annu. Rev. Phys. Chem. 1967,18,57-80. 
(38) Carter, D. L.; McPhail, A. T.; Sim, G. A. J. Chem. SOC. A, 1966, 


822. 
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carbon atoms. These arguments are also consistent with 
the staggered orientation observed in unsubstituted (r- 
arene)Cr(C0)3.36 For a substituted r-arene, the electron- 
releasing or -donating properties of the substituent should 
determine which of the ring carbons are eclipsed by the 
Cr-CO vectors. A single CH3 substituent would be ex- 
pected to increase the negative charge of the carbon atoms 
ortho and para to the substituted carbon. The inclusion 
of two more CH3 groups in the 3- and 5-positions would 
cause a cumulative buildup of negative charge of the three 
nonmethyl substituted carbons which then become the 
preferred sites of bonding to the chromium. With the 
assumption of an octahedral arrangement of orbitals on 
chromium, then the Cr-CO vectors should eclipse the 
CH3-substituted ring carbons. Thus, the observed orien- 
tation fits nicely with this view. 


Intermolecular interactions are within the range of 
normal van der Waals contact distances except for the 
03-.HJ interaction of 2.26 A, where I = 1 - 3t, -y, -2. It 
is possible that a weak hydrogen bond occurs. No inter- 
molecular interactions between aromatic rings occurs. The 
closest intermolecular contact between ring centers is 6.4 
A. 


The crystal structure seems to lend support for a pos- 
tulated sterically enhanced stability of the dication in that 
no locking of the molecule into a favorable orbital overlap 
situation appears to occur. In fact, the orientation of the 
molecule seems to be such that there are no favorable 
orbital interactions between the rings. Two possible 
models could have led to interaction between the r-bound 
organometallic portions. The first would involve inter- 
action of the 5d tin orbitals and either phenyl or chromium 
3d orbitals. It is extremely difficult to imagine how the 
tin orbitals could be interacting with both moieties due 
to rotation of the ring planes. It would appear that a single 
good overlap between tin and one arene ring would result 
in poor interaction with the second arene ring. Further- 
more, a Miissbauer study of VIa indicates little or no in- 
teraction between tin and chromium.39 Another con- 
ceivable means of (arene) tricarbonylchromium interaction 
is through the arene a orbitals mixing with the u orbitals 
on the dimethyltin fragment as if those u orbitals were a 
pseudo r orbital. However, the same rotation of the 
mesityl rings is such that this type of mixing is a remote 
possibility. So although there is greater stability of this 
dication with respect to other complexes in this series, the 
crystal structure does not suggest that the origin of this 
enhanced persistence is electronic in nature. In fact, steric 
factors seem to preclude orbital overlap of the two arene 
moieties. At this point, steric factors would appear to be 
the preferred explanationB for the longevity of this dica- 
tion rather than any deocalization of charge. 


Probably equally important in the noninteraction of 
these moieties is the distance between them. SaveantM 
has found that for compounds of the formula ( p -  
C6H4N02)(CH2)n03-C6H4N02) noninteraction of the re- 
ducible nitrophenyl groups occurs when n = 2 or greater, 
depending of course on solvent. When separated this far, 
these groups act independently as far as both internal 
factors and environmental factors are concerned. Dis- 
tances between the phenyl ring atoms 1 and 1' are about 
4.0 and 5.3 A for n = 2 and n = 3, respectively, in Saveant's 
compounds as judged from models. The 1 and 1' distance 
in the tin complexes is about 3.6 A. The Cr-Cr distance 
is much greater since they point away from each other. 


Sarrison, P. G.; Long, T. V.; Willeford, B. R.; 
522. 
:troanal. Chem. 1973,47,115. 
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Direct electronic interactions should be small at these 
distances and environmental factors apparently are in- 
volved only to a minimal extent. 


In systems which have the capability of direct electronic 
interactions between the phenyl rings, such as XIVb and 
XVb, the Bard-Anson-Saveant model does not seem to 
hold. Calculations for n b  are quite poor. The phenyl rings 
of XVb should be constrained to be coplanar by the sat- 
urated two-carbon bridge and a crystal structure of XIVb 


the two rings to be coplanar and the tri- 
carbonylchromium moieties to be trans to each other. 
Thus the two phenyl rings should have at least some op- 
portunity to engage in orbital overlap if the solution state 
matches the crystal state even slightly. Nevertheless, 
despite the possibility of orbital overlap and interaction, 
the cations are much less persistent than those of the 
dimethyldiaryltin complexes as judged by cyclic voltam- 
metry. So while such a situation is much more favorable 
for electronic interactions to delocalize charge, apparently 
the dication is more subject to nucleophilic attack, having 
no other bulky shielding groups around the rings. 


Conclusion 
The electrochemical oxidation of the mono- and bis- 


(tricarbonylchromium) complexes yield stable cations on 
the cyclic voltammetric time scale. The stability of the 
cations can be substantially increased by substitution of 
electron-donating groups simultaneously in the 2-, 4-, and 
6-positions of the phenyl rings. The persistence of the 
cations in such cases are enhanced to a point that rea- 
sonable coulometric experiments could be carried out. 
These experiments showed that the mono complexes ox- 
idize in a one-electron process to give a mono cation while 
oxidation of the bis complexes is a two-electron process, 
yielding a dication. Similarly, the electrochemical oxida- 
tion of methyltris(phenyltricarbony1chromium)tin is a 
three-electron process, giving a trication. All of the elec- 
trochemical data indicate that the (arene)tricarbonyl- 
chromium portions within each molecule are essentially 
noninteracting. It would thus appear that attempts to 
prepare mixed-valence compounds employing (areneltri- 
carbonylchromium groups separated by one (CHB)2E (E 
= C, Si, Ge, Sn, Pb) unit will fail. Furthermore, the 
electrochemical studies strongly suggest that the HOMO 
involved in the oxidation of these compounds are mainly 
metallic in character and have, at best, only a small con- 
tribution from the phenyl ?r orbitals. 


The enhanced persistence of the cations by substitution 
of the phenyl rings appears to be most satisfactorily ex- 
plained in terms of steric effects. The X-ray structure 
seems to indicate that there is no reasonable possibility 
of delocalization of charge onto both rings. Instead, the 
cations seem to be stabilized by steric bulk about the rings, 
presumably by retarding nucleophilic attack. 


Experimental Section 
All starting materials were commercially available, were of 


reagent grade, and were used without further purification. The 
complexes for this study were prepared from either Cr(CO)6 or 
Cr(CO)3(NHd3 using great care to exclude air and moisture. All 
work with solutions of the complexes was carried out under an 
atmosphere of prepurified nitrogen or argon. Dioxane and THF 
required as solvents in syntheses were freshly distilled from so- 
dium-potassium alloy under argon or N2 All other solvents were 
saturated with argon or N2 prior to use. No attempts were made 
to optimize yields. 
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(41) &coli, R.; Calderazzo, F.; Alberola, A. Qzud. Ing. Chim. Ital. 1959, 


(42) Corradini, P.; Allegra, G. J. Am. Chem. SOC. 1960,82, 2075. 
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Figure 4. A schematic of cell A used for electrochemical ex- 
periments: (a) reference electrode bridge assembly; (b) auxiliary 
electrode (Pt guaze) bridge assembly; (c) DME; (d) working 
electrode (Pt disk); (e) bubbler with three-way stopcock; (0 argon 
inlet to bubbler; (g) argon outlet from cell. 


Infrared spectra were obtained as Nujol mulls, cyclohexane 
solutions, or a neat liquid between KBr plates on a Perkin-Elmer 
337 or 283 spectrophotometer. Proton NMR were recorded with 
a Varian A-60A or EM-360 or a Perkin-Elmer 390 90-MHz 
spedrometer. Such spectra were taken in CDCl, or CCl, solutions 
by using Me4Si or, when more appropriate, residual CHC13, p- 
dioxane, or acetone as internal standards. Ultraviolet-visible 
spectra were acquired on a Hewlett-Packard 845OA spectropho- 
tometer. Unless stated otherwise, melting points were taken on 
a Thomas Hoover capillary melting point apparatus and are 
corrected. All new compounds gave either satisfactory elemental 
analysis (performed by either MHW Laboratories, Phoenix, AZ, 
or Galbraith Laboratories, Knoxville, TN) or high-resolution mass 
spectra (performed by The Midwest Regional Center for Mass 
Spectrometry, University of Nebraska, Lincoln, NE). 


Electrochemistry. All electrochemical experiments were 
performed using a PAR Model 173 potentiostat/galvanostat 
equipped with iR compensation in conjunction with a PAR Model 
175 universal programmer and Model 179 digital coulometer. This 
system uses a conventional three-electrode configuration. The 
reference electrode" is AglAgC1, saturated NaCl(aq) buffered from 
the bulk solution by a bridge assembly while the working electrode 
is either a platinum disk for cell A or a platinum sphere for cell 
B. A schematic of cell A is shown in Figure 4. Cell B has been 
previously deacribed." Coulometry was performed in a cell having 
four chambers, one for each electrode with a buffer chamber 
between the auxiliary and working chembers. The chambers are 
each separated from one another by glass frits. Due to decom- 
position of the cations during the length of time of a coulometry 
experiment, n values were determined by plotting current vs. 
coulombs passed at  the early stages of the oxidation and ex- 
trapolating to zero current. 


Propylene carbonate, PC, was generally vaccum distilled once, 
discarding the first fraction as described by Adams,44 and then 
stored over 4A molecular sieves. No particular advantage or 
changes were noted when using doubly distilled PC. Polarographic 
grade tetraethylammonium perchlorate, TEAP, was purchased 
from Eastman and used without any further purification except 
for drying in a vacuum at 70 "C for 1 h prior to use. The inert 
atmosphere was argon and prepurified grade (99.998%). 


Syntheses. The preparation of compounds I, 11,111, and V 
has already been described.& Likewise, compounds VIa (=IV), 
b, and c have also been previously rep0rted.3~ 


(43) Rieke, R. D.; Rich, W. E.; Ridgway, T. H. J. Am. Chem. Soc. 1971, 
93, 1962. 


(44) Nelson, R. F.; Adams, R. N. J. Electroaml. Chem. 1967,13,184. 
(45) Nagelberg, S. B.; Reinhold, C. E.; Willeford, B. R.; Bigwood, M. 


P.; Molloy, D. C.; Zuckerman, J. J. Organometallics, submitted for pub- 
lication. 







Cations of (Arene)tricarbonylchromium Complexes 


Triamminetricarbonylchromium. This compound was used 
to synthesize the ?r tricarbonylchromium complexes and was 
prepared by the method of Hieber,a KOH (7.75 g) was dissolved 
in 95% ethanol (120 mL) by heating. After being cooled to 
ambient temperature, the solution was filtered into a pressure 
bottle reinforced with electrical tape. Hexacarbonylchromium 
(4.5 g, 20.5 "01) was added, and the bottle and its contents were 
flushed with argon for 15 min. The bottle was then capped, 
covered with a cloth, and heated on a steam bath for 6 h. At the 
end of this time, the bottle was allowed to cool and finally placed 
in an ice/water bath to reduce internal pressure. The bottle was 
carefully opened, and the contents were poured into a 1-L 
round-bottom flask which had previously been evacuated and 
filled with argon three times. The bottle was washed with con- 
centrated NH40H (150 mL), and this was added to the 1-L flask. 
The resulting orange solution was stirred under argon for two more 
hours by which time a bright yellow solid had formed. The 
mixture, being very air-sensitive, was filtered very quickly, col- 
lecting the solid on a glass frit. The solid was washed with ethyl 
alcohol to facilitate drying. The solid triamminetricarbonyl- 
chromium was then transferred to another flask and stored under 
an argon atmosphere. Since the compound decomposes slowly, 
it was freshly prepared for the syntheses of the complexes. 
Dimethylbis(4-methoxypheny1)tin (VIIc). Many of the free 


ligands were synthesized according to this basic procedure which 
parallels the method of Se~ferth.'~ The reaction was carried out 
under an argon atmosphere in a three-neck WmL round-bottom 
flask equipped with a water condenser which is fitted with an 
argon inlet tube, a 25-mL addition funnel, and a rubber septum. 
Mg turnings (0.58 g, 0.024 mol) and a magnetic stirring bar were 
placed in the flask which was then evacuated and filled with argon 
three times. THF (5 mL) was introduced by syringe to cover the 
Mg turnings. This was followed by 4-bromoanisole (0.5 mL), also 
added by syringe, to start the reaction (no external heating was 
required). An additional amount of THF (7 mL) was added as 
the reaction began. The remainder of the 4-bromoanisole (2.5 
mL, total 0.024 mol) was dissolved in THF (3 mL) in the addition 
funnel, and this solution added to the reaction solution at  such 
a rate that gentle reflux was maintained. After the completion 
of the addition of this solution, the reaction mixture was refluxed 
for 0.5 h by external heating to ensure completion of the reaction. 
At the end of this time, the reaction mixture was cooled to ambient 
temperature while dimethyldichlorotin (1.99 g, 0.009 mol) was 
weighed and dissolved in THF (5 mL) under an argon atmosphere. 
This was added to the Grignard solution at such a rate that gentle 
reflux was maintained followed by heating to reflux for 2 h. Once 
again the reaction mixture was cooled to ambient temperature, 
filtered, and hydrolyzed by a saturated aqueous ammonium 
chloride solution (3 mL). The resulting clear organic layer was 
decanted from the solids formed. These solids were washed with 
ether, the washings were added to the organic layer, and the 
mixture was dried over MgSOI. The oil obtained after stripping 
off the THF and ether was vacuum distilled (about 0.15 mmHg). 
The fraction distilling at about 155-160 "C solidified upon cooling, 
giving about 1.9 g, 60% yield: 'H NMR (CDCl,) 6 6.90 (m, 8 H, 
aromatic protons), 3.62 (8,  6 H, ArOCH,), 0.44 (s, 6 H, SnCH,), 
J(117J1aSn4H3) = 52.8 Hz; IR (Nujol) 1590 (s), 1496 (s), 1180 (s), 
1078 (s), 1034 (m), 526 (ms), 512 (s), 465 (w) cm", maas spectrum 
calcd for CleHzoOzSn 364.0492, found 364.0490. 
Dimethylbis( 4-methoxypheny1)tricarbonylchromium)tin 


(VIIa). In a 50-mL two-neck round-bottom flask equipped with 
a water condenser, and argon inlet, magnetic stirring bar, and a 
rubber septum were placed dimethylbis(4methoxyphenyl)tin (3.36 
g, 9.27 mmol) and triamminetricarbonylchormium (3.62 g, 20.0 
"01). The assembly was evacuated and fiied with argon three 
times before dioxane (25 mL) was added. Reflux was maintained 
for 3 h until the yellow slurry became brown-green. The reaction 
mixture was then cooled to ambient temperature and fiitered by 
using standard Schlenk techniques. The flask and residue was 


(46) Hieber, V. W.; Abeck, W.; Platzer, H. K. 2. Anorg. Allg. Chem. 
1955,280,252. Rausch, M. D.; Moaer, G. A.; Zaiko, E. J.; Lipman, A. L. 
J. Organomet. Chem. 1970,23,185. Moses, G. A.; Rausch, M. D. Synth. 
Inorg. Met-Org. Chem. 1974, 4 ,  37. 


(47) Seyferth, D. "Organic Syntheses"; Rabjohn, D, Ed.; Wiley: New 
York, 1963; Coll. Vol. 4, p258. 
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washed with benzene. The benzene and dioxane were removed 
under vacuum, leaving a yellow oil which solidified upon addition 
of cold hexane and stirring. The crude product was dissolved in 
hot chloroform (25 mL) and filtered and hexane added (35 mL) 
following by cooling at ice/water temperatures. The precipitated 
crystals were collected on a frit, yielding 1.77 g, (30%) of bis 
complex (no mono complex was obtained with this ligand): mp 
128 "C d e ,  'H NMR (CDCld 6 5.5-5.13 (q,8 H, aromatic protons), 
3.58 (8,  6 H,ArOCH3),0.64 (s,6 H, Sn-CH3),J(117,11gSn-CH3) = 
55.5 Hz; IR (Nujol) 1975 (m), 1938 (s), 1892 (m), 1865 (s), 1848 
(m), 675 (m), 625 (m), 532 (m), 526 (sh), 510 (mw); maas spectrum 
for CzzHmCrzOsSn calcd 635.8995, found 635.9005. 
4-Chloro-3,s-dimethylanisole. Methanol (210 mL), dimethyl 


sulfate (140 mL, 1.48 mol), and 4-chloro-3,5dimethylphenol(l82.3 
g, 1.16 mol) were placed in a large three-neck round-bottom flask 
equipped with a mechanical stirrer. The flask was fitted with 
an ice/water condenser and an addition funnel. The reaction 
solution was stirred rapidly and heated to reflux. A solution of 
KOH (138.5 g, 2.47 mol) in methanol (950 mL) was added via the 
addition funnel. The reaction solution was refluxed and stirred 
for 1 h. At  the end of this time, the K2S04 which formed was 
fiitered off, washed with methanol, and fiially dissolved in water. 
This aqueous solution was extracted with benzene, and both the 
benzene and methanol washings were combined with the reaction 
mixture and refluxed for one more hour. After being cooled, the 
reaction mixture was poured into a 10% aqueous NaOH solution. 
Attempts to extract with benzene were successful when the re- 
sulting emulsion problem was countered with saturating the 
aqueous layer with KCl. The benzene layer was separated and 
washed with a fresh portion of 10% NaOH solution. The benzene 
was removed, and what remained was vacuum distilled at 20-25 
torr by using a Vigreux column, giving a clear, colorless liquid 
with a boiling point of 123-125 OC (lit.@ bp 114-117 "C (20 torr); 
mp 21 "C). The melting point was very near ambient temperature, 
and the IR was quite free of any 0-H stretch; yield 143 g, 72%. 
Dimethylbis(2,6-dimethyl-4-methoxyphenyl)tin (VIIIc). 


This compound was prepared as VIIc above except that the 
Grignard reagent of 4-chloro-3,5-dimethylanisole was prepared 
by the Rieke method4a of activation. The product was obtained 
by fractional distillation: bp 165-170 "C (0.2 torr); 'H NMR 
(CDC1,) 6 6.55 (s,4H, aromatic protons), 3.73 (s,6 H, ArOCH,), 
2.30 (8,  12 H, ArCH,), 0.58 (s,6 H, SnCH,), J(117J19Sn-ArH ) = 
13.8 Hz, J(117W3n-CH3) = 49.5 Hz; IR (Nujol) 1590 (s), 1378m(s), 
1160 (s), 1080 (s), 828 (ms), 600 (m), 532 (m), 520 (s), 510 (s) cm-'. 
Anal. Calcd for C&I,O&h: C, 57.32; H, 6.69; Sn, 28.35. Found 
C, 57.43; H, 6.75; Sn, 28.27. 
Dimethylbis( (2,6-dimethyl-d-methoxyphenyl)tri- 


carbony1chromium)tin (VIIIa). Triamminetricarabonyl- 
chromium (3.74 g, 20.0 mmol), dimethylbis(2,6-dimethyl-4- 
methoxypheny1)tin (3.88 g, 9.27 mmol), and dioxane (25 mL) were 
gently refluxed under argon for 2.5 h, cooled, filtered, and 
chromatographed on an inert atmmphere silica gel column, eluting 
with a 90% hexane/lO% CHCl, mixture. After removal of the 
solvents under vacuum, the solid obtained was recrystallized from 
a chloroform/hexane mixture. No mono complex was obtained. 
The yield of purified bis complex was 25%: mp 192 OC dec; 'H 
NMR (CDCl,) 6 4.9 (8,  4 H, aromatic protons), 3.72 (8,  6 H, 
ArOCH,), 2.25 (8,  12 H, ArCH,), 0.85 (s, 6 H, SnCHJ, J- 
(117J1%n-ArHd = 9.0 Hz, J(""J1%n-CH3) = 54.6 Hz; IR (Nujol) 
1948 (m), 1945 (s), 1880 (sh), 1862 (m, br), 1846 (m), 1376 (s), 675 
( e ) ,  665 (m), 628 (s), 540 (w), 523 (sh), 514 (ms), 504 (m), 475 (m) 
cm-'; mass spectrum calcd for C~~H~&OBSII 691.9672; found 
691.9649. 
Dimethylbis(2,4,6-trimethylphenyl)tin (IXc). This com- 


pound has been previously preparedm by reacting mesityllithium 
with dichlorodimethyltin. The compound used for our work was 
prepared in 60% yield by reacting the Grignard product of mesityl 
bromide with dichlorodimethyltin in THF as for VIIc above: mp 
101 "C (litw mp 101 "C); 'H NMR (CDClJ 6 6.77 (s,4 H, aromatic 
protons), 2.22 (8,  6 H, Ar-p-Ch,), 2.28 (8, 12 H, Ar-o-CH3), 0.58 
(e,  6 H, SnCH,), (lit.w 6 6.73, 2.22, 2.29, 0.59, respectively), J- 
(117J1%n-CHs) = 51.0 Hz, J(117J1%n-ArH,,,) = 17.0 Hz (lit.% 51.25, 


(48) Hoffmann, F. Neth. Patent 6 514 743, May 13,1966, CA65:10597e. 
(49) Rieke, R. D.; Bales, S. E. J. Am. Chem. SOC. 1974, 96, 1775. 
(50) Kula, M. R; Amberger, E.; Mayer, K. K. Chem. Ber. 1965,93,634. 
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16.0 Hz, respectively); IR (Nujol) 1597 (m), 1377 (s), 1180 (m), 
844 (s), 750 (s), 574 (m), 550 (m), 536 (m), 512 (e), 504 (s) cm-'. 


Dimethyl( 2,4,6-trimet hylphenyl) (( 2,4,6-trimet hyl-  
pheny1)tricarbonylchum)tin (IXb). Athis compound was 
prepared by the same method as given for VIIIa. Chromatography 
of the crude product on an inert atmosphere silica gel column 
using 100% hexane as eluent resulted in the unreacted free ligand 
being removed followed by the mono complex. The mono complex 
was then reaystdlized twice from hexane: yield 61%; mp 131-132 
"C; 'H NMR (CDClJ 6 6.83 (8 ,  2 H, aromatic protons, uncom- 
plexed ring), 4.82 (8,  2 H, aromatic protons, complexed ring), 
2.35-2.12 (m, 18 H, ArCHJ, 0.73 (s, 6 H, SnCH3), J(117911eSn- 
ArHJuncomplexed)) = 18.0 Hz, J(117J1eSn-ArH,(complexed)) 
= 9.9 Hz, J(117J1gSn-CH3) = 59.5 Hz, 55.5 Hz; IR (Nujol) 1955 
(s), 1897 (s),1378 (s),672 (sh),667 (ms),658 (m),629 (s), 547 (mw), 
535 (m), 522 (m), 507 (sh), 500 (m) cm-'; mass spectrum calcd 
for Cz3HzaCr03Sn 524.0465; found 524.0465. 


Dimethylbis( (2,4,6-trimethylphenyl)tricarbonyl- 
chromium)tin (IXa). The bis complex was obtained by con- 
tinuing to elute the same chromatography column of IXb with 
a 40% chloroform/60% hexane mixture. Beautiful yellow crystals 
were obtained after recrystallization from a chloroform/hexane 
mixture: yield 10%; mp 218 "C dec; 'H NMR (CDC13) 6 4.80 (s, 
4 H, aromatic protons), 2.16 (8, 18 H, ASH,), 0.9 (s,6 H, SnCH3), 
J(117111%n-hH,J = 10.5 Hz, J(117J1%n-CH3) = 55.5 Hz, IR (Nujol) 
1959 (sh), 1943 (s), 1853 (s), 1378 (s), 671 (e), 626 (4, 535 (ms), 
525 (ms), 503 (m) cm-'; mass spectrum calcd for CzsHzsCr20sSn 
657.9706; found 657.9709. 


Dimet hy lbis (2,Cdimet hylpheny 1) tin (Xc). This compound 
was prepared in 65% yield by the same method as VIIc. The 
crude product was recrystallized three times from alcohol: mp 
54 OC; 'H NMR (CDCI,) 6 7.18-6.84 (m, 6 H, aromatic protons), 
2.32 (e, 12 H, ArCH,), 0.62 (s, 6 H, SnCH3), J(117~11gSn-CH3) = 
52.5 Hz; IR (Nujol) 1563 (m), 1376 (s), 1024 (m), 713 (s), 546 (mw), 
528 (ms, sh), 509 (s) 440 (m) cm-'. Anal. Calcd for C18Hz4Sn: 
C, 60.22; H, 6.69; Sn, 33.09. Found C, 60.39; H, 6.58; Sn, 32.94. 
Dimethyl(2,6-dimethylphenyl)( (2,6-dimethylphenyl)tri- 


carbony1chromium)tin (Xb). This complex was prepared by 
the general method described for VIIIa, eluting the column with 
100% hexane: yield 48%; mp 123 "C; 'H NMR (CDCl,) 6 7.03 
(m, 3 H, aromatic protons, uncomplexed ring), 5.49 (t, 1:2:1,1 H, 
aromatic proton, complexed ring), 4.86 (d, 2 H, aromatic protons, 
complexed ring), 2.36 (s, 6 H, ArCH3), 2.12 (8,  6 H, ArCH3), 0.80 
(s,6 H, SnCH,), J(117J1gSn-CH3) = 55.5 Hz. IR (Nujol) 1950 (s), 
1875 (8, br), 1860 (s, br), 1460 (s), 668 (s), 661 (s), 625 (s), 530 (s), 
522 (s), 508 ( 8 )  cm-'; mass spectrum calcd for CZ1Hz4O3CrSn 
496.0173, found 496.0166. 


Dimet  h y l b i s  ( (  2,6-dimet h y l p  h e n y l )  t r i carbony l -  
chromium)tin (Xa). The bis complex was isolated by continuing 
the chromatography column of Xb by eluting with a 30% chlo- 
roform/70% hexane mixture: yield 23%; mp 193 "C; 'H NMR 
(CDC1,) 6 5.56 (t, 1:2:1, 2 H, aromatic proton), 4.92 (d, 1:1,4 H, 
aromatic protons), 2.2 (e, 12 H, ArCH3), 0.92 (8 ,  6 H, SnCH3), 
J(117J1gSn-CH3) = 54.90 Hz; IR (Nujol) 1968 (s), 1950 (s), 1895 
(s, br), 1860 (8, br), 1378 (s), 1032 (s), 665 (sh), 660 (s), 620 (s), 
526 (s), 518 (ms, sh), 473 (m) cm-'; mass spectrum calcd for 
Cz4Hu06CrzSn 631.9414, found 631.9409. 
Dimethylbis(4-(N,N-dimethylamino)phenyl)tin (XIc). 


The same procedure as described for VIIc was followed and the 
product recrystallized three times from ethyl alcohol: yield 55%; 
mp 72 "C; 'H NMR (CDC13) 6 7.34-6.60 (q,8 H, aromatic protons), 
3.8 (a, 12 H, ArNCH3), 0.40 (a, 6 H, SnCH3),J(1'7~'1BSn-CH3) = 
54.0 Hz; IR (Nujol) 1609 (s), 1359 (s), 1086 (s), 1021 (sh), 802 (s), 
537 (m), 521 (s), 511 (a) cm-'; mass spectrum calcd for C1&IH,Nfin 
388.1 118, found 388.11 16. 


Dimethy lbis(  (4-( N ,N -dimet hylamino) phenyl)  t ri- 
carbony1chromium)tin (XIa). This complex was prepared in 
the manner of VTIIa and isolated by chromatographing on an inert 
atmosphere silica gel column using a 40% chloroform/60% hexane 
mixture. No mono complex was obtained: yield 15%; decomposes 
a t  203-205 "C with only partial melting; 'H NMR (CDClJ 6 
5.53-4.73 (q, 8 H, aromatic protons), 2.85 (s, 12 H, ArNCH,), 0.44 
(s, 6 H, SnCH3), J(117J1gSn-CH3) = 57.0 Hz; IR (Nujol) 1956 (8,  
br), 1892 (8,  br), 1837 (s), 1372 (s), 677 (s), 671 (ms, sh), 632 (s), 
622 (ms), 598 (s), 524 (m, sh), 517 (ms), 505 (ms) cm-'; mass 
spectrum calcd for C24HzsCr2N206Sn 659.9622, found 659.9619. 
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Dimet hylbis( 4 4  t rimet hylsilyl) pheny1)tin (XIIc). The 
starting material, 4-(trimethylsilyl)bromobemne, was synthesized 
according to the method of B~rkhard.~'  This was then reacted 
to form the corresponding Grignard reagent and the following 
reaction carried out as described above for VIIc. The solid ob- 
tained after removing THF at reduced pressure was recrystallized 
four times from ethyl alcohol: mp 77 "C; 'H NMR (CDCl,) 6 7.42 
(8 ,  8 H, aromatic protons), 0.43 (s, 6 H, SnCH3), 0.19 (s, 18 H, 
SiCH,); IR (Nujol) 1405 (m), 1272 (s), 1030 (ms), 506 (s), 498 (m) 
cm-'. 


Dimethyl( 4 4  trimet hylsily1)phenyl) (( 4-(trimet hylsily1)- 
pheny1)tricarbonylchromium)tin (XIIb). This complex was 
prepared by the same procedure as given for VIIIa. Chroma- 
tography was performed under an inert atmosphere on silica gel 
using 25% CHC13/75% hexane as eluent. This gave the mono 
complex which was recrystallized from hexane to give a yellow 
crystalline solid. No bis complex was isolated: mp 103 "C; 'H 
NMR (CDCl,) 6 7.42 (s,4 H, aromatic protons, uncomplexed ring), 
5.13 (4, 4 H, aromatic protons, complexed ring), 0.52 (s, 6 H, 
SnCH,), 0.17 (d, 18 H, SiCH,); mass spectrum calcd for C23- 
H32Cr03SiSn 584.0314, found 584.0316. 


Met hy ldiphenyl( phenyltricarbon y lchromium) tin (XIIIc ). 
Methyltriphenyltin (3.09 g, 8.47 mmol) and CI(CO)~(NH,), (1.58 
g, 8.46 mmol) were reacted to give a crude product which was 
extracted with hot hexane. The extract was fiitered and the fiitrate 
cooled in ice. The yellow precipitate which formed was filtered, 
washed with cold hexane, and dried under N2; yield 1.72 g, 41%. 
Recrystallization from hexane gave the analytical sample: mp- 
(uncorr) 89-90 "C dec; 'H NMR (CdCl,) 6 7.47 (m, 10 H, aromatic 
protons, uncomplexed rings), 5.37 (m, 5 H, aromatic protons, 
complexed ring), 0.90 (s,3 H, SnCH,); IR (Nujol) 1980,1970,1905, 
1880,1865 cm-'; mass spectrum calcd for C22H18Cr03Sn 501.9695, 
found 501.9658. 


Methylphenylbis( phenyltricarbony1chromium)tin 
(XIIIb). Use of a larger excess of Cr(C0),(NH3), (3.547 g, 19.0 
"01) with methyltriphenyltin (2.307 g, 6.32 mmol) gave a crude 
product which, when treated as above, gave 1.08 g (34%) of the 
mono metal complex. The residue from the hexane extraction 
was extracted with CHCl, and filtered and the filtrate reduced 
in volume under vacuum. Addition of 1.5 vol of hexane, cooling 
in ice, and scratching the vessel with a glass stirring rod caused 
precipitation of the bissubstituted metal complex (1.54 g, 38%) 
which was filtered, washed with cold hexane, dried under N2, and 
recrystallized from chloroform/hexane: mp(uncorr) 142-144 "C; 
'H NMR (CDCl,) 6 7.53 (m, 5 H, aromatic protons, uncomplexed 
ring), 5.33 (m, 10 H, aromatic protons, complexed rings), 0.94 (s, 
3 H, SnCH,); IR (Nujol) 1975,1965,1920,1890,1870 cm-'; mass 
spectrum calcd for C2&ilsCr206Sn 637.8936, found 637.8935. 
Methyltris(phenyltricarbony1chromium)tin (XIIIa). 


Reaction of Cr(CO),(NH3), (6.87 g, 36.78 mmol) with methyl- 
triphenyltin (2.23 g, 6.11 mmol) gave a product from which only 
a negligible amount was extractable with hexane. Treatment with 
CHC13 as above produced 1.76 g (45%) of the bis metal complex. 
The residue from the CHC1, extraction weighed 2.19 g (46%); this 
was extracted a second time with CHCl,, and the residue dried 
under Nz: mp (uncorr) 224 "C dec; 'H NMR (CDC13) 6 5.45 (m, 
15 H, aromatic protons, complexed rings), 1.03 (E, 3 H, SnCH,); 
IR (Nujol) 1980,1970,1925,1905,1880,1870 cm-'; mass spectrum 
calcd for C28H18Cr309Sn 773.8188, found 773.8140. 
(Bipheny1)tricarbonylchromium (XIVa). This complex has 


been described previo~sly."~~~ The synthetic method used here 
parallels the method of Nicholls and Biphenyl (1.60 
g, 10 mmol) and hexacarbonylchromium (8.81 g, 40 mmol) were 
refluxed under inert atmosphere conditions in n-butyl ether (50 
mL) and THF (6 mL) for 18 h. The resulting bright yellow 
solution was cooled rapidly to ambient temperature and the 
reaction mixture filtered by using standard Schlenk techniques. 
The unreacted hexacarbonylchromium was washed on the filter 
with two portions of methylene chloride. After the solvents were 
removed, the crude product was chromatographed on an inert 


(51) Burkhard, C. A. J. Am. Chem. SOC. 1946,68, 2103. 
(52) Fischer, E. 0.; Kriebitzsch, N.; Fischer, R. D. Chem. Ber. 1959, 


(53) Fischer, E. 0.; Ofele, K.; Baler, H.; Frolich, W.; Mortensen, J. P.; 
92, 3214. 


Semmlinger, W. Chem. Be?. 1968, 91, 2763. 
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atmosphere silica gel column eluting first with 100% hexane to 
remove unreacted biphenyl. Once the free ligand was removed, 
the solvent was switched to a 20% CHC13/80% hexane mixture 
until all the mono complex was eluted. The crude mono complex, 
934 mg, was recrystallized from pentane. The total yield of pure 
product was 19%: mp 85.5-87 OC (lit." 87-88); IR (cyclohexane) 
1982 (s), 1916 ( 8 )  cm-' (lit." (cyclohexane) 1982, 1917 cm-'); UV 
(cyclohexane) 241 nm (e 3.6 X lo4), 326 (9.6 X lo3); 'H NMR 
(CDC13) 6 7.42 (m, 5 H, uncomplexed ring), 5.48 (m, 5 H, com- 
plexed ring) (lit.M 6 7.42 (m, 5 H), 5.48 (m, 5 H)). 
(Biphenyl)bis(tricarbonylchromium) (XIVb). The syn- 


thesis follows the procedure of Ercoli and co-workers." Biphenyl 
(0.68 g, 4.4 "01) and (benzene)tricarbonylchromium (3.79 g, 17.7 
"01) were placed in a 100-mL Schlenk tube and ground together 
with a glass rod. The tube was evacuated and filled with argon 
five times. At this point the tube was quickly immersed in an 
oil bath preheated to 165 5 "C. Within minutes, an orange melt 
formed which became progressively more orange as the reaction 
proceeded. The reaction was carried out for 7 h under a slight 
positive argon pressure. Occasional gentle tapping of the sides 
of the Schlenk tube was performed to return sublimed (benz- 
ene)tricarbonylchromium to the melt. At the end of this time, 
the melt was allowed to cool slowly. When at ambient temper- 
ature, the sublimed material along the sides was scraped down 
and the solid which had formed at  the bottom was cautiously 
broken up with a glass rod. A cold finger was inserted into the 
Schlenk tube, and sublimation at 0.06 torr and 40 "C for 2 h 
removed the unreacted biphenyl. Increasing the temperature to 
70 * 5 "C for 24 h removed the unreacted (benzene)tri- 
carbonylchromium. The temperature was raised a final time to 
95 f 5 "C to remove any mono complex which had formed. The 
remaining solid was recrystallized under inert atmosphere con- 
ditions from a 1:l heptane/acetone mixture (20 mL). Two crops 
were obtained, giving overall 25% yield: mp 212-213 "C (lit.4 
215-216 "C); IR (THF) 1963 (s), 1899 (s) cm-'; UV (THF) 232 
nm (e 2.8 X 1@), 323 (1.6 X 1@), 418 (4.9 X 103); 'H NMR (CDCla) 
6 5.48 (m, 10 H, complexed rings). 
(9,lO-Dihydrophenanthrene)tncarbonylchromium (XVa). 


This compound has been previously known, and an X-ray crystal 
study has been performed.& However no preparation or other 
properties are given. It was synthesized here by the same method 
as for W a  above in 13% yield after recrystallization from hexane: 
mp 109.5-111.5 OC; 'H NMR (CDCIJ 6 7.W7.07 (m, 4 H, aromatic 
protons, uncomplexed ring), 5.87-5.20 (m, 4 H, aromatic protons, 
complexed ring), 3.00-2.57 (m, 4 H, methylene protons); IR 
(cyclohexane) 1976 (s), 1914 (s), 1905 (s) an-'; m a s  spectrum calcd 
for Cl7HlzCrO3 316.0182, found 316.0187. 
(9,lO-Dihydrophenanthrene) bis(tricarbony1chromium) 


(XVb). The same ligand exchange procedure as described for 
XIVb above was used. The residue remaining after sublimation 
to remove free ligand and mono complex was recrystallized under 
an inert atmosphere from a 1:l mixture of acetone and hexane: 
yield 68%; mp 184 "C dec; ' H NMR (CDC13) 6 5.60-5.23 (m, 8 
H, aromatic protons, complexed rings), 3.08-2.50 (m, 4 H, 
methylene protons); IR (cyclohexane) 1975 (s), 1913 (s), 1904 (s) 
cm-'; mass spectrum calcd for Cz,$&rz06 451.9444, found 
451.9468. 
X-ray Crystallography. Large yellow crystals of the com- 


pound were formed by recrystallization from a hexane solution 
that was initially 20% in chloroform. After 24 h more hexane 
was added, yielding an approximately 10% chloroform solution. 
The well-formed crystals were only moderately air-sensitive, 
decomposing to a green solid after several days exposure to air. 
The crystal selected for data collection was mounted in a 0.5" 
capillary under Nz gas in a glovebag. This crystal had dimensions 
of 0.27 X 0.33 X 0.53 mm, and the largest dimensions was parallel 
to the capillary walls. A preliminary photographic examination 
led to the assignment of space group PZl/c (No. 14).ss Final lattice 


(54) Brown, D. A.; Raju, J. R. J. Chem. SOC. A 1966, 1617. 
(55) Muir, K. W.; Ferguson, G.; Sim, G. A. J.  Chem. SOC., Chem. 


Commun. 1966,465. Muir, K. W.; Ferguson, G. J. Chem. SOC. B 1968, 
476. 


(56) Henry, N. F. M Lonsdale, K., Eds. 'International Tables for 
X-ray Crystallography"; Kynoch Press: Birmingham, England, 1952; VoL 
I. 


constants of a = 15.514 (2) A, b = 13.026 (2) A, c = 15.709 (2) 
A, and /3 = 119.51 (1)" along with 2 = 4 provide a calculated 
density of 1.585 g/mL. Experimentally crystals of the compound 
would suspend nicely in spectroscopic grade carbon tetrachloride 
(d = 1.585 g/mL). 


Intensity data were collected with the Picker FACS-1 dif- 
fractometer using Zr-filtered Mo K a  radiation to a limiting 20 
of 58.66' (1.2 Cu spheres). Each peak was scanned at the rate 
of 1.0 deg/min, and backgrounds were of 20-s duration. A set 
of three standard reflections was inserted every 100 data to check 
for instrument and crystal stability. These standards remained 
statistically constant through the collection of 7094 independent 
reflections. The data were corrected for absorption effects. 
Transmission factors ranged from 0.754 to 0.814. The intensity 
data were reduced to a set of IFol's by application of Lorentz and 
polarization corrections (Lp). Standard deviations were calculated 
according to 


af = [((C + k2B) + (0.02Z)2)/41F01zLp2]'/2 
where C and B are the counts of the scan and sum of the back- 
grounds, respectively, k is the ratio of the scan time to total 
background counting time, and Z is the net intensity of the re- 
flection. A total of 5287 reflections having Z > 30, were taken 
as observed and utilized in the structure determination. 


Direct methodss7 were used to locate the three heavy atoms 
while the remaining atoms were found by using Fourier tech- 
niques.% Full-matrix least-squares refinements9 treating each 
of the nonhydrogen atoms isotropically produced R = 8.9% and 
WR = 9.4%.60 Each nonhydrogen atom was then treated an- 
isotropically in further block-diagonal The addition 
of anomalous dispersion corrections62 for the tin and two chro- 
mium atoms and the inclusion of aromatic hydrogen atoms with 
fixed thermal parameters converged with R = 4.5% and wR = 
5.8%. All of these refinements were done by using unit weights. 
Empirical weights (w = l/a2) were then calculated as described 
previouslg2 and utilized in final cycles of block diagonal re- 
finement which converged with R = 4.4% and WR = 6.2%. All 
shift-over errors were 3% or less, and the data to parameter ratio 
was 16:l. The resulting fractional coordinates from this final 
refinement are listed in Table 11, and the associated thermal 
parameters are listed in Table 111. 


A final difference synthesis confirmed the correctness of the 
structure. The largest residual electron density of 1.07 e/A3 was 
in the region expected for methyl hydrogen atoms which were 
not included in refinement. 
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Propenoic acid, ita tetramethylammonium salt, and N-vinylacetamide have been reduced with D2 in 
methanol in the presence of a range of chiral rhodium bis(phosphine) ligands including (RR)-trans-4,5- 
bis((diphenylphosphino)methyl)-2,2-dimethyldioxolan ((RR)-diop), (RR)-1,2-bis((o-methoxyphenyl)- 
pheny1phosphino)ethane ((RR)-dipamp), and (SS)-2,3-bis(diphenylphosphino)butane ((SS)-chiraphos). 
The optical purity of [2,3-2Hz]propanoic acid was determined by 2H NMR analysis of ita (8-methyl maldelate 
ester and that of N-[1,2-2H2]ethylacetamide by 2H NMR analysis of N-ethylcamphanamide. In the former 
case, values of up to 60% were observed. Reduction of styrene with deuterium in the presence of 
((RR)-diop)Rh complexes led to racemic product. Addition of HD to (2)-acetamidocinnamic acid catalyzed 
by (diphos)-, (RR)-(dipamp)-, or (RR)-(diop)Rh complexes gave rise to a mixture of acetamid0[2-~H]- and 
acetamid0[3-~H]phenylalanine in which the former typically predominated by 1.35:1, whereas additions 
to octene, styrene, and N-vinylacetamide were not regioselective. The kinetic isotope effect (H2.vs. .Dz) 
for (diphos)Rh+ catalyzed hydrogenation of (2)-a-acetamidocinnamic acid is 1.22. Mechanistic imphcations 
are discussed. 


Introduction 
Recent research on asymmetric hydrogenation has been 


concerned with the preparation of new ligands,l reaction 
kinetics and X-ray identification of intermediates,2 and 
the characterization of stable and transient species in so- 
lution by NMR.3-6 The absolute configuration of inter- 
mediates may be inferred since the overall stereochemistry 
of hydrogenation is known? and the mechanism shown in 
Scheme I is thus favored. 


Speculations on the origin of stereoselectivity rely 
heavily on the numerous crystal structure determinations 


(1) Inter alia, (a) MacNeil, P. R.; Roberta, N. K.; Boenich, B. J.  Am. 
Chem. SOC. 1981,103,2273-80. (b) Meyer, D.; Poulin, J.-C.; Kagan, H. 
B.; Levine-Pinto, H.; Morgat, J. L.; Fromageot, P. J. Org. Chem. 1980, 
45,4880. (c) Miyashita, A.; Yaeuda, A.; T h y 4  H.; Toriumi, K.; Ito, T.; 
Souchi, T.; Noyori, R. J. Am. Chem. Soc. 1980,102,7932-4. (d) Samuel, 
0.; Couffingnal, R; Laver, M.; Zhang, S. Y.; Kagan, H. B. Nouu. J. Chim. 
1981,6,15-21. (e) Ojima, I.; Kogure, T.; Yoda, N. J. Org. Chem. 1981, 
45,4728-41. (f) Kashiwabara, K.; Hanoli, K.; Fujita, J. Bull. Chem. SOC. 
Jpn. 1980,63,2275-80. (g) Valentine, D., Jr.; Sun, R. C.; Toth, K. J. Org. 
Chem. 1980,45,3703-7; cf. preceding papers. (h) Koenig, K. E.; Bach- 
man, G. L.; Vineyard, B. D. Zbid. 1980,45, 2362-5. 
(2) (a) Chan, A. 5. C.; Halpem, J. J. Am. Chem. Soc. 1980,102,83940. 


(b) Chan, A. S. C.; Pluth, J. J.; Halpem, J. Zbid. 1980, 102, 5952-4. 
(3) (a) Brown, J. M.; Chaloner, P. A. J. Am. Chem. SOC. 1980, 102, 


3040-8. (b) J.  Chem. SOC., Chem. Commun. 1980, 344-6. (c) Brown, J. 
M.; Chaloner, P. A; Parker, D.; Deecotas, G.; Lafont, D.; Sinou, D. Nouu. 
J. Chim. 1981,6, 167-75. 
(4) (a) Halpem, J.; Riley, D. P.; Chan, A. S. C.; Pluth, J. J. J. Am. 


Chem. SOC. 1977,99,8056. (b) Brown, J. M.; Murrer, B. A. Tetrahedron 
Lett. 1979,4859. (c) Brown, J. M.; Chaloner, P. A,; Kent, A. G.; Murrer, 
B. A.; Nicholson, P. N.; Parker, D.; Sidebottom, P. J. J. Organomet. 
Chem. 1981,216,263. (d) Slack, D. A.; Grevelii, I.; Baird, M. C. Znorg. 
Chem. 1979,18, 3125. 
(5) Brown, J. M.; Chaloner, P. A.; Morris, G. E., in preparation. 
(6) (a) Detellier, C..; Gelbard, G.; Kagan, H. B. J. Am. Chem. Soc. 1978, 


100,7556. (b) Koemg, K. E.; Knowles, W. S. Zbid. 1978,100, 7561. (c) 
Kirby, G. W.; Michael, J. J. Chem. SOC., Perkin Trans. 1 1973,115-20. 
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Scheme I. Mechanism of Hydrogenation of 
Dehydroamino Acids by Chiral Rhodium 
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Scheme 11. "Dissection" of an Enamide into 
Component Monosubstituted Olefins 
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of chiral rhodium bis(phosphine) c o m p l e ~ e s ~ ~ * ~ ~ ~ ~ J  and the 
consistent conformational pattern first established by 
Knowles.8 Opposed, C2 related pairs of P-aryl rings are 


(7) (a) Knowles, W. S.; Vineyard, B. D.; Sabacky, M. J.; Stulta, B. R. 
'Fundamental Research in Homogeneous Catalysis"; Tsutaui, M., Ed.; 
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269-71. (d) Cullen, W. R.; Emtein, F. W. B.; Huang, C. H.; Willis, A. 
C.; Yeh, E. S. J. Am. Chem. Soc. 1980,102,988-93. (e) Ogha, Y.; Litaka, 
Y.; Achiwa, K. Chem. Lett. 1980, 861-4. 


0 1982 American Chemical Society 








950 Organometallics 1982, 1, 950-956 


Xb, 80031-93-2; Xb cation, 80031-98-7; Xc, 81769-37-1; XIa, 80031- 
86-3; XIa cation, 81770-46-9; XIc, 81769-382; XIIb, 80031-94-3; XIIb 
cation, 80031-99-8; XIIc, 81769-39-3; XIIIa, 80031-87-4; XIIIa cation, 
80043-73-8; XIIIb, 80043-66-9; XIIIb cation, 80032-05-9; XIIIc, 
80031-89-6; Xmc cation, 80032-06-0; XIVa, 12111-60-3; XNa cation, 
81770-41-4; XIVb, 33010-84-3; XIVb cation, 81770-42-5; XVa, 
12094-63-2; XVa cation, 81770-43-6; XVb, 81770-44-7; XVb cation, 


81770-45-8; Cr(CO)B, 13007-92-6; Cr(C0)3(NH3),, 14974-11-9; 4- 
bromoanisole, 104-92-7; 4-chloro-3,5-dimethylanisole, 6267-34-1; 4- 
chloro-3,5-dimethylphenol, 88-04-0. 


Supplementary Material Available: A listing of the 
structure factor amplitudes (25 pages). Ordering information is 
given on any current masthead page. 


Mechanism of Asymmetric Homogeneous Hydrogenation. 
Rhodlum-Catalyzed Reductions with Deuterium and Hydrogen 


John M. Brown" and David Parker 


Dyson Perrlns Lahratoty, South Parks Road, Oxford, OX7 3QY, Englend 


R8C8hfed &nU8fy 20, 1982 


Propenoic acid, ita tetramethylammonium salt, and N-vinylacetamide have been reduced with D2 in 
methanol in the presence of a range of chiral rhodium bis(phosphine) ligands including (RR)-trans-4,5- 
bis((diphenylphosphino)methyl)-2,2-dimethyldioxolan ((RR)-diop), (RR)-1,2-bis((o-methoxyphenyl)- 
pheny1phosphino)ethane ((RR)-dipamp), and (SS)-2,3-bis(diphenylphosphino)butane ((SS)-chiraphos). 
The optical purity of [2,3-2Hz]propanoic acid was determined by 2H NMR analysis of ita (8-methyl maldelate 
ester and that of N-[1,2-2H2]ethylacetamide by 2H NMR analysis of N-ethylcamphanamide. In the former 
case, values of up to 60% were observed. Reduction of styrene with deuterium in the presence of 
((RR)-diop)Rh complexes led to racemic product. Addition of HD to (2)-acetamidocinnamic acid catalyzed 
by (diphos)-, (RR)-(dipamp)-, or (RR)-(diop)Rh complexes gave rise to a mixture of acetamid0[2-~H]- and 
acetamid0[3-~H]phenylalanine in which the former typically predominated by 1.35:1, whereas additions 
to octene, styrene, and N-vinylacetamide were not regioselective. The kinetic isotope effect (H2.vs. .Dz) 
for (diphos)Rh+ catalyzed hydrogenation of (2)-a-acetamidocinnamic acid is 1.22. Mechanistic imphcations 
are discussed. 


Introduction 
Recent research on asymmetric hydrogenation has been 


concerned with the preparation of new ligands,l reaction 
kinetics and X-ray identification of intermediates,2 and 
the characterization of stable and transient species in so- 
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Mechanism of Rhodium-Catalyzed Reductions 


oriented so as to align the ring plane and the P-Rh bond 
parallel as in 5, giving an alternating "face-edge" ar- 
rangement when viewed in the coordination plane. Steric 
interactions then control the energetics of complexation 
at different stages in the reaction cycle. 


n 
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Table I. Deuterium Addition to N-Vinylacetamide 


5 6 - 


Since other factors, particularly the degree of rigidity 
of the chiral chelate ring, seem critical in determining the 
reactivity and stereoselectivity in asymmetric hydrogena- 
tion, we felt it worthwhile to carry out further experiments 
to elicit the detailed mechanism. This paper described 
addition of deuterium to monosubstituted prochiral olefins, 
"dissecting" the substituent effects obtained in an enamide 
(Scheme 11). It was felt that steric effects would be un- 
important in determining the optical yield, and other 
factors given prominence as a result. The reduction of 
(2)-acetamidocinnamic acid with HD gives further insight 
into the reaction mechanism since the distribution of 
deuterium in the product shows considerable isotopic bias. 


Discussion 
Reduction of Styrene with Deuterium. Simple ole- 


fins lacking polar substituents are usually poor substrates 
in asymmetric hydrogenation, giving low optical yields? 
The most favorable example is 2-phenylbut-l-ene, where 
optical yields of up to 60% in the reduced product 2- 
phenylbutane have been claimed.1° The reaction of sty- 
rene with deuterium was carried out in methanol solution 
on a sufficient scale to measure the optical rotation of 
product, using complex 7 derived from (RR)-diop as pro- 
catalyst. 


D h  


d-2 


R = C I  


12 rl=NHCHDCH 0 Hxk 2 


ii 0 
H ? _ O  


No optical activity was observed under conditions where 
2% could readily have been detected since [a-2H]ethyl- 
benzene has an appreciable specific rotation ([a] = O.73OhD 
The phenyl group has no appreciable stereodirecting effect. 
In those cases where high selectivity is observed, it is 
known that the substrate binds to rhodium as a chelatea2J 
Styrene forms 2:l complexes with neutral rhodium(1) 
precursors such as bis(ethylene)rhodium(I) acetyl- 


(8)  Vineyard, B. D.; Knowlea, W. s.; Sabacky, M. J.; Bachman, G. L.; 
Weinkauff, D. J. J. Am. Chem. SOC. 1977,99,5946-52. 


(9) Brown, J. M.; Chaloner, P. A.; Murrer, B. A.; Parker, D. ACS 
Symp. Ser. 1980, No. 119,169-94. 


(10) Hayeshi, T.; Tauaka, M.; Ogata, I. Tetrahedron Lett. 1977,295-9. 
(11) Dang, T. P.; Poulin, J. C.; Kngan, H. B. J.  Organomet. Chem. 


1975,91, 105. 
(12) Streitwiener, A., Jr.; Wolfe, J. R.; Schaeffer, W. D. Tetrahedron 


1959, 6, 338-344. But we: Elsenbaumer, R. L.; Mosher, H. S. J. Org. 
Chem. 1979,44,800 for accurate determination of the optical purity of 
di-, tri-, and tetradeuterated ethylbenzenes. 


conversn,c enantiomer 
% excess (*3%)d  entry phosphine 


A (RR)-diop 100 25R 
B (SS )-chiraphos 100 315 


D (R R)-diop 85 24 R 
a In methanol solution using a cationic norbornadiene 


bis(phosphine) procatalyst @(D,) = 1 atm; 20 "C; catalyst: 
substrate = 1:lOO). Runs have been reproduced. Et,N 
was added-3 equiv per Rh. 
analysis on the crude product (300 MHz, CDCI,). No 
exchange at the a position was observed. Configuration 
by comparison with a standard sample prepared by 
Schmidt reaction of authentic [a-'Hlpropanoic acid. l6 


acetonate,13 and with cationic rhodium(1) complexes the 
arene may be bound ~referentia1ly.l~ Whatever the 
structure of complexes that are formed in hydrogenation, 
they are not conducive to stereoselectivity. 


Reduction of N-Vinylacetamide with Deuterium. 
N-vinylacetamide (10) was prepared according to the 
published procedure requiring thermolysis of 1,l-diacet- 
amidoethane at 200 "C and 15 mmlS and purified by 
chromatography on Florosil. Its reduction was effected 
in methanol solution using 7, 8, or 9 as procatalyst and 
deuterium at 760 " H g .  The absolute configuration was 
established by comparison with the camphanamide of a 
standard sample prepared by Schmidt reaction of au- 
thentic [a-%]propanoic acid16 (Table I). Optical purities 
were determined in each case by reaction with camphanoyl 
chloride (1 l),l' giving N-[ 1,2-%2]ethylcamphanamide (12). 
The N-a-methylene group in the parent amide exhibits a 
16-line multiplet in ita lH NMR spectrum at 300 MHz with 
Hs and HR just separated. In the case of 12, the optical 
purity may be determined by estimating the HR/Hs ratio, 
most conveniently when the -CH2D group is concurrently 
irradiated. At the decoupling power levels necessary for 
accurate intensity measurement some residual coupling 
remained, and a more convenient and effective method was 
to measure the %I NMR spectrum, with proton decoupling. 
Two separate singlets at 2.90 and 3.05 ppm were then 
observed, corresponding respectively to Ds and DR (by 
comparison with the proton NMR result). In all three 
cases product was completely deuterated, proton exchange 
with solvents being absent. The optical yields obtained 
(Table I) are appreciable but do not approach values ob- 
served for conventional enamide substrates. 


By concurrent investigation of reaction intermediates 
by 31P NMR in the manner previously de~cribed,~ it was 
shown that the methanol solvates derived from 8 and 9 did 
not complex strongly with N-vinylacetamide, although 
appreciable line broadening of the original signal was ob- 
served. The methanol solvate derived from 7 reacted with 
N-vinylacetamide to give a single species, 13 (or a rapidly 
equilibrating diastereomeric mixture)6 although the 
spectrum is exchange broadened down to 225 K (Table 11). 


Reduction of Tetramethylammonium 2-Propenoate 
with Deuterium. Addition of deuterium to the tetra- 
methylammonium salt of propenoic acid in methanol 


C (RR)-dipamp 100 1 1 s  


Estimated by 'H NMR 


(13) Cramer, R. D. J. Am. Chem. SOC. 1967,89,4621-6. 
(14) Halpem, J.; Chan, A. C. S.; Riley, D. P.; Pluth, J. J. Adu. Chem. 


Ser. 1979, No. 173, 1€-25. 
(15) D a m n ,  D. J.; Glese, R. D.; Wingard, R. E., Jr. J. Am. Chem. Soc. 


1976,98,5996-61. 
(16) La Roche, H. J.; Simon, H.; Kellner, M.; Gunther, H. 2. Natur- 


forsch., B Anorg. Chem., Org. Chem., Biochem., Biophys., Biol. 1971, 
26B, 389-396. 


(17) Gerlach, H.; Tagalak, B. J. Chem. SOC., Chem. Commun. 1973, 
272-3. 
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'Ph 


11 ?4 


catalyzed by 7 proceeded rapidly at room temperature. 
The product was examined by 'H NMR in CD30D and 
irradiation at the CH2D site showed two signals arising 
from the site adjacent to the carboxylate due to CHD and 
CH2, respectively. The latter was shifted 0.05 ppm 
downfieldls and demonstrated that 6% of isotopic ex- 
change accompanied reduction. The crude product was 
converted into free acid by ion-exchange which was pu- 
rified by distillation, and shown to have (+)-(SI configu- 
ration (Table 111). 


Determination of the optical purity of a-deuterated 
carboxylic acids is not readily effected, and chiroptical 
methods have generally been emp10yed.l~ We converted 
deuterated carboxylic acid into its @)-methyl mandelate 
ester using dicyclohexylcarbodiimide and 4-(dimethyl- 
amino)pyridine in dichloromethane at  -10 "C. The 
product was purified by distillation or preparative TLC. 
A sample of undeuterated ester 14 was prepared similarly 
and its proton NMR spedrum recorded in C,& The CH2 
group CY to the carboxylic acid appeared as a 16-line 
multiplet at 2.47 ppm with HR and Hs almost completely 
separated. The spectrum of material from reduction with 
deuterium showed two broadened multiplets around 2.5 
ppm, the clarity being considerably improved by concur- 
rent irradiation of the CH2D site (Figure la). Solvent- 
exchanged material was apparent as a part obscured AB 
quartet. The deuterium NMR spectrum of the same 
sample showed clear separation of DS and DR (Figure lb), 
and since the complication of isotopic exchange was 
avoided, it was utilized to estimate the optical purity of 
product. In this manner the enantiomeric excess, and 
extent of isotope exchange, was determined for a series of 
deuterium reductions employing 7,8, and 9 as procatalysts. 


The mechanism of this isotopic exchange process was 
further investigated by reducing tetramethylammonium 
propenoate with H2 in CD30D, employing complex 7. 
Under these conditions the extent of exchange was much 
lower, presumably because a primary kinetic isotope effect 
disfavors deuteron transfer from solvent. It was never- 
theless possible to record the 2H NMR spectrum of the 
reduction product (Figure IC) and to demonstrate that the 
chirality of the portion which is exchanged at C2 is op- 
posite to that of the product formed on reducing the 
substrate with D2 in CH30H with the same catalyst. 
Reversal of the chirality of the product was also observed 
for reduction of tetramethylammonium propenoate cata- 
lyzed by complex 8 and employing H2 in CD30D. No 
isotopic exchange was observed when reductions were 
carried out with D2 in CD30D nor was any deuterium 
detected in the starting material after partial reduction 
by D2 in CH30H and analysis of the recovered material 
by both 'H and 2H NMR. Furthermore, tetramethyl- 
ammonium propenoate did not undergo any detectable 
deuterium incorporation after 2 days at room temperature 
in CD30D under a deuterium atmosphere in the presence 
of the solvate complex derived by in situ reduction of 


1 1 1 2  


2 7  2.5 2 3  p p m  


Figure 1. Proton and deuterium NMR spectra of the (@-methyl 
mandelate ester derived by addition of Dz to tetramethyl- 
ammonium propenoate catalyzed by complex 7 (a) *H NMR in 
CsDe with concurrent irradiation of the methyl group; (b) 
NMR of the same chemical shift region in C6H6, (c) 2H NMR 
of the reduction product from H2 in CD,OD; see text. 


Scheme 111. Suggested Mechanism for Isotope Exchange 
with Solvent during Addition of Hydrogen to 


Propenoate Catalyzed by 7 


H 


/ \  u t !  


(18) Halliday, J. D.; Bindner, P. E. Can. J.  Chem. 1976,64,377682. 
(IS) EM, E. L.; Arigoni, D. Top. Stereochem. 1969,4,127-245. Reby, 


J.; Unoni-Ronchi, k; Arigoni, D. Experientia 1966,22,72. R.ingdahl, B.; 
Cymerman-Craig, J.; Keck, R; Retey, J. Tetrahedron Lett. 1980,39664. 
For a preliminary report of the 9I NMR method we: Brown, J. M.; 
Parker, D. Tetrahedron Lett. 1981, 2815-8,4994. 
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Table 11. 31P NMR Spectra of Intermediates in (RR)-(diop)Rh Catalyzed Reductionsa 


substrate 
temp, diastereomer 


K ratio s ( p ~ )  s (p , )  JRhP, JRhP, JP,P, . .  


135 50 N-vinylacetamide 225 b 43.3 2.0 150 
propenoic acid 228 6 : l C  31.5 18.3 140 134 41 


triethylammonium propenoate 228 a d  44.5 9.6 170 168 53 
2-methylpropenoic acid 252 5 : l C  30.7 29.7 14 1 137 39 


31.4 17.6 140 134 41 
tetramethylammonium 2-methylpropenoate 252 1 :1 39.3 13.2 171 172 52 


34.7 14.2 170 172 53 


30.5 30.5 141 141 


Chemical shifts are quoted in ppm downfield from H,PO,; [Rh] = 0.03 M; substrate:Rh = 6 : l ;  solutions were orange for 
1:l complexes and pale yellow for 2 : l  complexes. 
version at 225 K5 or high stereoselectivity in complexation; chemical shifts and coupling constants (Hz) are consistent with 
enamide complex A. 
stoichiometry, structure C (cf. ref 20 for these structures). 


Only one species observed; this implies a rapid diastereomer inter- 


Complexes of 2 : l  stoichiometry for which a putative structure is B.zo Complexes of 1 : l  


Table 111. Deuterium Addition t o  Propenoic Acida 
tetramethylammonium salt free acid 


enantiomer enantiomer 
procatalyst exchange excessC procatalyst exchange excess 


(RR )-diop 6 51s (RR)diop 16 14 R 
(RR )-dipamp 2.5 1 5 s  (RR )-dipamp 7 35R 
(SS)-chiraphos 5 16 R (SS kchiraphos 13 58R 
diphos 5 0 (SS)-chiraphos 4d 49 R 


(I Duplicate or triplicate determinations, values of enantiomer excess are quoted *2% and values of isotopic exchange 
quoted *l%. Reductions were effected in methanol with the appropriate rhodium bis( phosphine) norbornadiene complex, 
p(D,) = 1 atm, 20 "C; catalyst:substrate = 1:lOO. 
NMR and zH NMR analysis of derived mandelate ester. 


Exchange refers to  the Q position of product. Determined by 'H 
Reduction effected in CD,OD. 


complex 7. Taken together, these experiments show that 
isotopic exchange occurs during the catalytic cycle. Either 
a small proportion of reduction occurs by external pro- 
tonation of the rhodium alkyl intermediate or there is an 
isotopic exchange (Rh-H - Rh-D) which occurs more 
readily for the disfavored diastereomer. These possibilities 
are represented in Scheme 111. 


The complexation of a,&unsaturated carboxylic acids 
and carboxylates to bis(ph0sphine)rhodium cations has 
been discussed elsewhere,% and seven-ring chelates bind 
the substrate more strongly than five-ring chelates. Pre- 
sumably coordination is favored by a bis(phosphine) which 
exhibits a large bite angle (typically 8 6 O  for seven-ring 
chelates and 8 2 O  for five-ring chelates). Propenoic acid 
forms a pair of diastereomeric 1:l complexes in ratio 5:l 
on complexation to (diop)Rh+ in the presence of NEt3 
(Table 11), but stable adducts were not observed from 
dipamp or chiraphos precursors. 


Reduction of Propenoic Acid with Deuterium. It 
is usually the case that carboxylic acids reduce with lower 
optical efficiency in the absence of base.21 Reductions of 
propenoic acid with deuterium were slower than those of 
its tetramethylammoium salt but proceeded to completion. 
The optical purity and extent of isotopic exchange are 
recorded in Table IIIb. Surprisingly, five-ring chelate 
complexes 8 and 9 effect much higher optical yields of 
product than the seven-ring chelate 7. In all cases the 
extent of a exchange was much greater than for carbox- 
ylates. The exchanged product was shown to have opposite 
stereochemistry, by carrying out reduction with H2 in 
CDBOD as described earlier with 7 as procatalyst. The 
derived mandelate ester had an optical purity of 12% by 
2H NMR and was of S configuration. Complex 9, which 
gives the highest optical yield, shows a marked reduction 
in product optical purity measured by 2H NMR when 


addition of deuterium is carried out in CD30D. This is 
again consistent with an reductive exchange mechanism 
proceeding in the opposite stereochemical sense to the 
major reaction. The small amount of exchange observed 
here (entry 4) may arise from the carboxylic acid entity. 
There is no participation of ortho hydrogen from the aryl 
rings of the phosphine ligand, despite good precedent.22 
Deuteration of propenoic acid was carried out with 9 in 
an experiment with catalyst:reactant ratio of 1:lO. On 
completion of reduction 9 was reformed by addition of 
norbornadiene and isolated. Examination by 'H and 2H 
NMR showed that no deuterium had been incorporated. 


The stable complexes formed by carboxylic acids with 
rhodium bis(phosphine) chelates possess 2:l stoichiome- 
try.20 Both propenoic acid and 2-methylpropenoic acid 
(vide infra) complex in this way, two diastereomeric species 
being formed on reaction with 7 in methanol following 
hydrogenation (Table 11). No characterizable complexes 
were formed from either dipamp or chiraphos. 


Reduction of Tetramethylammonium %-Methyl- 
propenoate with Deuterium. Reduction of enamides 
by homogeneous rhodium catalysts proceeds through a 
transient alkylrhodium hydride.23 Its formation follows 
the rate-determining step so that the stereochemistry is 
already fixed. It is not known whether the reduction of 
a,p-unsaturated carboxyates proceeds by a similar mech- 
anism or whether breakdown of the alkylrhodium hydride 
is rate determining in this case. The reduction of 2- 
methylpropenoate by D2 is informative. A t  the bound 
olefin state 15 two distinct diastereomeric complexes are 
formed if the bis(phosphine) counterligand is optically 
active. If the rate-determining step involves deuterium 
addition to 15, this distinction should lead to enantiose- 
lectivity in product formation. If breakdown of the al- 
kylrhodium hydride 16 is rate determining, then the 
product is likely to be optically inactive since the two 


(20) Brown, J. M.; Parker, D. J. Org. Chem., in press. 
(21) See: Dang, T. P.; Kagan, H. B. J. Chem. Soc., Chem. Commun. 


1971,481-2. Achiwa, K. Chem. Lett. 1978,561-5. 
(22) Parshall, G. W .  Acc. Chem. Res. 1975,4, 113-9. 
(23) Kagan, H. B.; Sinou, D. J.  Organomet. Chem. 1976, 114, 325. 
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Table IV. Rhodium Complex Catalyzed Additions of Hydrogen Deuteride a 


phosphine substrate analytical methodd 


diphos oct-1-ene 'H NMR (0.71 vs. 1.12 ppm) 
diop oct-1-ene 'H NMR 
diop styrene ZH NMR (1.20 vs. 2.35 ppm) 
diop vinylace tamide 'H NMR (1.11 vs. 3.21 ppm) 
diphos (2)-PhCH=C(CO,H) NHAc 'H NMR 
diop (2)-PhCH=C( C0,H) NHAc 'H NMR 
dipamp (Z)-PhCH=C(CO,H) NHAc 'H NMR 


selectivity 
1.03:l 
1 . O O : l  
1.01:l 
1.02: l  
1 .37: l  
1.36:l 
1.33:l 


a Duplicate or triplicate determinations; p(HD) = 600 mm, 292 r 2 K; catalyst:substrate = 1 :50. The isomer with 
deuterium at the more heavily substituted site is given first. 
petitive with catalyzed reduction. 
MezSO-d,. 


Corrected for the consequences of olefin isomerization com- 
,H NMR spectra were recorded in C,H,, and 'H NMR spectra were recorded in 


Scheme IV. Summary of Optical Yields in Deuterium 
Addition to  Monosubstituted Olefins 


- 3 0 l O P  7 3 %  R 01 P A M P  9 4 %  
- _S C H I R A P I I O S  91% ---,. 


8 D I O P  5 1 %  


R 3i P A M P  1 5 %  . 
8 C H I R A P H O S  1 6 % \ .  


. 02C P 


8 D I O P  25%, 8 C H I R A P H O S  3 1  % 


x ,  . - - h x y /  R D I P A M P  1 1 %  


H N H C O M e  


diastereomers are only differentiated by the configuration 
at  the CH3CCH2D center. 


PP 
P I  


In practice, only 7 is an efficient catalyst for reduction 
of tetramethylammonium 2-methylpropenoate. The op- 
tical purity of the product was determined by its conver- 
sion into (S)-methyl mandelate ester (17). This exhibited 
signals in its 2H NMR spectrum at 1.21 and 1.33 ppm 
(CHJI in SS and RS diastereomers) and at  2.55 ppm 
(DCC=O). On this basis the enantiomeric excess was 
determined to be 1490, of unknown absolute configuration. 
This is substantial enough to suggest that the stereo- 
chemistry is fixed prior to formation of the metal alkyl. 


Summary. Data are summarized in Scheme IV, which 
compares literature values for optical pields obtained in 
the reduction of a-acetamidoacrylic acid with those ac- 
quired here for monosubstituted olefins. The lack of de- 
tailed correlation suggests a possible divergence of mech- 
anism between the two cases, and it is significant that the 
five-ring chelates derived from 8 and 9 do not form 
characterizable complexes with any of the monosubstituted 
olefins, implying that their metal-binding constants are 
much lower than those of dehydroamino acids. Reductions 
catalyzed by diop complexes do show stereochemical 
correlation with those of dehydroamino acids, but there 
is less similarity to a-phenyl olefins.23 


Reductions with Deuterium Hydride. Addition of 
HD to olefins has been used previously in homogeneous 
systems as a mechanistic probe. Neither (PPh3)RhCP nor 


(24) Jardine, F. H.; Osbom, J. A.; WiUrinson, G. J. Cfiem. SOC. A 1967, 
1574-8. 


4.45 p p m 3 0 7  p p m  2 6 4  ?Dn 


N H C O M e  N H C O M e  
HD2CINp:COMe HOC 


H R HD D!OPRh* MeOr ;J;; + h;bflg 'h 0 


3 ba 


Figure 2. Proton NMR of the reduction product from (z)-a- 
acetamidocinnamic acid and HD in CHBOH catalyzed by complex 
7, in Me2SO-d6. 


Table V. Kinetic Isotope Effect in Reduction of 
(2)-Acetamidocinnamic Acid 


run correlatn run correlatn 
(H,) coeff k 2 b  (D,) coeff k 2 b  
H1 0.9999 15.11 D1 0.9996 11.61 
H2 0.9989 14.71 D2 0.9992 11.99 
H3 0.9996 14.12 D3 0.9999 11.94 
H4 0.9998 14.37 D4 0.9994 11.70 


a Reactions were carried out in methanol solution 
(4 mL) containing bicyclo[2.2.l]heptadiene)( l,2-bis- 
(dipheny1phosphino)ethane phodium( I) te trafluoroborate 


b7 X 
M) and substrate (0.33 M) at 292 t 1 K. 


Rate constants are calculated from the expressionZa dp/ 
dt = k,[Rh][H,] in mol L-' s-l, corrected to  NTP and 
using the solubility values of H, and D, quoted in the 
text. 


76 was reported to show any directional specificity. With 
the availability of high-field NMR and methods for direct 
analysis of both proton and deuteron content, a more 
detailed analysis was instigated. 


The course of addition of HD to a series of olefins is 
recorded in Table IV. The reaction product from (Z)-a- 
acetamidocinnamic acid was analyzed by 'H NMR, the 
appropriate region of the spectrum from one such reduc- 
tion being shown in Figure 2. Since the addition is 
stereospecifically cis the two possible products (shown in 
a single enantiomeric form) are 18 and 19. Careful analysis 
of the product suggests that the deuterium is unequally 
distributed, 18 predominanting over 19 by 1.36 f 0.03:l 
in all cases. This bias is not seen in other reductions 
examined by 2H NMR. Styrene, 1-octene, and N-vinyl- 
acetamide all give equal proportions of the two possible 
reduction products, within experimental error. 
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Further information on asymmetric hydrogenation of 
enamides was obtained by measuring the kinetic isotope 
effect in (diphos)Rh+ reduction of (2)-a-acetamido- 
cinnamic acid (Table V). Runs were carried out alter- 
nately with H2 and D2 to minimize systematic error, and 
in all cases the reaction showed zero-order dependence on 
substrate concentration up to 95% reaction. At 292 K (750 
mm) the solubility of hydrogen in methanol is 3.71 X 
mol L-'.26 The solubility of deuterium in methanol is 
unknown, but it is always more soluble in organic solvents 
than is hydrogen and in water, the only hydroxylic solvent 
for which accurate data is recorded, its solubility at 292 
K is 1.07 times greater,26 the highest differentiation re- 
ported. With this value, an estimate for the solubility of 
deuterium in methanol of 3.97 X mol L-' may be 
derived. On this basis the corrected kinetic isotope effect 
is 1.23 f 0.05, to be compared with a value of kH,,kD of 
1.22 for the cis addition of hydrogen to Vaska's complex 
20 which is essentially irreversible a t  298 K (700 mm).27 


It is intriguing that the regioselectivity in HD addition 
[a:@ = 1.36:1] is greater than the overall kinetic isotope 
effect [H2:D2 = 1.23:1]. I t  may reflect a degree of flux- 
ionality at  the rhodium dihydride stage, similar to  cis- 
R u H ~ ( P E ~ ~ ) ~ , ~ ~  but the difference is to small to warrant 
detailed speculation. The results support on irreversible 
hydride step, in accord with the lack of para + ortho 
hydrogen equilibration during the course of asymmetric 
hydrogenation of e n a m i d e ~ . ~ ~  
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chromatography (TLC) was performed on 0.2-mm thick E. Mgck 
silica plates 6OF-254; preparative thin-layer chromatography was 
performed on plates (20 cm X 20 cm X 1 mm) coated with E. 
Mgrck silica gel (60 PFm+%). 


All reactions were conducted under an argon atmosphere using 
standard vacuum-line techniques and Schlenk glassware. All 
transfers of liquids and solutions of air-sensitive materials were 
carried out with dried, inert-gas purged syringes fitted with 
stainless-steel needles or with thin steel tubing. Argon was 
prepurified by passage through liquid paraffin, concentrated 
sulfuric acid, potassium hydroxide pellets, and glass wool. 
Commerical solvents were distilled prior to use from an appro- 
priate drying agent and otherwise purified according to standard 
procedures. 


Catalytic additions of H2, D2, or HD were performed on a simple 
hydrogenation apparatus attached to the vacuum line. Hydrogen 
deuteride was generated in situ by addition of cold methanol by 
syringe to an evacuated, cold (-70 "C) Schlenk tube containing 
lithium aluminum deuteride (>99%) (Caution!). Kinetic studies 
were carried out in a Schlenk tube (100 cm3) with a rubber septum 
cap, connected to a gas burette (50 cm3). Methanol (4.00 cm3) 
was placed in the flask and this was stirred by a 1-cm "Teflon" 
coated magnet driven by an external motor so that it operated 
at the gas-liquid interface. The rhodium bis(phosphine) proca- 
talyst (2.80 X lod mol) and reactant (1.33 X lW3 mol) were added, 
and the solution was degassed by three freeze-thaw cycles. 
Hydrogen or deuterium (>99%, Matheson) was admitted and the 
system equilibrated at 292 K (fl) for 5 min. The volume of 
hydrogen in the burette was measured at 30-9 intervals by leveling 
the water level in the burette with that in an external reservoir. 


Catalytic Deuteration of Tetramethylammonium Prope- 
noate. To a solution of tetramethylammonium propenoate (290 
mg, 2.0 mmol) in dry methanol (5 mL) was (bicyclo[2.2.l]hep- 
tadiene) (trans-4,5-bis( (diphenylphosphino)methyl)-2,2-di- 
methyldioxolan)rhodium(I) tetrafluoroborate (15.6 mg, 20 pmol) 
in a Schlenk tube. The solution was degassed by three freeze-thaw 
cycles, and deuterium was admitted at -75 "C. The system was 
allowed to equilibrate at room temperature @(D2) = 1 atm), and 
the solution was stirred at room temperature until the yellow color 
of the olefin-carboxylate complex was discharged (3 h). Solvent 
was removed in vacuo and the crude product analyzed for con- 
version and H/D exchange ('H NMR, 300 MHz, CHzD irradia- 
tion). The residue was taken up in water (10 mL) and filtered 
and cationic ion-exchange resin added (1.75 equiv, Dowex 50W, 
purified by Soxhlet extraction with methanol). When the pH of 
the solution was 5 (pH paper, Merck), the acid was extracted with 
ether (3 X 5 A), separated, dried over sodium sulfate, and filtered 
and solvent removed under reduced pressure (15 "C (15 mm)). 
The [2,3-2H2]propanoic acid (100 mg, 70%) was analyzed by 'H 
NMR (300 MHz, CDC13, CH2D irradiated) to check that no further 
exchange had occurred during isolation. 


Methyl O-[2,3-2Hz]Propanoylmandelate. To a solution of 
[2,3-2H2]propanoic acid (74 mg, 1 mmol) in dry dichloromethane 
(5 mL) at -10 "C was added methyl mandelate (166 mg, 1.0 "01) 
and 44dimethylamino)pyridine (5 mg), followed by dicyclo- 
hexylcarbodiimide (206 mg, 1.0 "01). The solution was stirred 
for 1 h at -10 "C and then allowed to come to room temperature 
over 2 h. The precipitated urea was removed by filtration and 
solvent removed under reduced pressure. The residue was taken 
up in dichloromethane (5 mL) and filtered again, before solvent 
was removed in vacuo to give the crude ester, 190 mg (80%). The 
ester was purified by preparative thin-layer chromatography (silica, 
20 cm X 20 cm X 1 mm, ethyl acetate-hexane (1:2)). The ester 
band (R, 0.05) was removed and extracted with dichloro- 
methane-methanol (101, Soxhlet); solvent was removed under 
reduced pressure to give the pure ester: NMR ('H, C6D6) 6 1.22 
(2 H, br d, CH2D), 2.41 (Hs, br t, 24% of CHD), 2.53 (HR, br t, 
76% of CHD), 6.09 (1 H, 8, CHD), 7.2-7.5 (5 H, m, Ar); (%I, C& 
6 1.22 (1 '%, s), 2.41 (s, 76% of 2H CH2D), 2.53 (s, 24% of CH2D). 
The [2,3-2H2]propanoic acid is then 52s (&2%). 


Catalytic Deuteration of Tetramethylammonium 2- 
Methylpropenoate. To a solution of tetramethylammonium 
2-methylpropenoate (304 mg, 2.0 "01) in dry methanol (5 mL) 
was added (bicycle[ 2.2. llheptadiene) (2S,3S)-2,3-bis(diphenyl- 
phosphino)butane)rhodium(I) tetrafluoroborate (13.9 mg, 0.02 
"01) in a Schlenk tube. The procedure followed was as described 


Experimental Section 


'H nuclear magnetic resonance spectra were obtained on a 
Bruker WH 300 (300.13-MHz) instrument. Chemical shifts are 
expressed in parts per million (ppm) from tetramethyhilane. 31P 
NMR spectra were recorded on a Bruker WH 90 (36.43 MHz), 
and chemical shifts are quoted relative to external phosphoric 
acid (85%). 2H NMR spectra were recorded on the Bruker WH 
300 (46.07 MHz); spectra were recorded unlocked, and chemical 
shifts are quoted relative to benzene-d6 (7.27 ppm). Typical 
accumulations were taken with 50 transients, with quadrature 
detection, collected in 8K data points, with a pulse angle of 75", 
a sweep width of 500 Hz, and an offset of 22500 Hz. 


Infrared spectra were recorded either as thin films, on potassium 
bromide disks, or in the stated solvent, by using a Perkin-Elmer 
257-spectrometer or a Unicam SP 1000. The following abbre- 
viations are used: vs = very sharp, s = strong, m = medium, and 
w = weak. Ultraviolet spectra were recorded on a Unicam SP 
800A spectrophotometer in l-cm cells as solutions in the solvents 
indicated. Extinction coefficients (dm3 mol-' cm-') are given in 
parentheses after the absorption. Mass spectra were either de- 
termined on a V. G. Micromass 16F spectrometer by the direct 
insertion technique or on a Varian CH7. All mass peaks are 
normalized to the largest peak. Melting points were determined 
on a Reichert-Kofler block and are uncorrected. Microanalyses 
were performed by Dr. F. B. Strauss and his staff, Oxford. 
Analytical samples were obtained by either evaporative short-bath 
distillation in vacuo or by recrystallization from the indicated 
solvent and drying in vacuo at 0.05 mmHg for several hours. 
Optical rotations were recorded on a Perkin-Elmer 141 polarimeter 
and were recorded three times (mean value given). Silica gel for 
column chromatography was BDH 60-120 mesh. Thin-layer 


(25) Landolt Bernstein 'Zahlenwert und Funktioner", 6th ed., 
Springer-Verlag: Berlin, 1962; Vol. VII, Part 2b. 


(26) Muccitelli, J.; Yen, W.-Y. J .  S o h .  Chem. 1978, 7, 257. 
(27) Chock, P. B.; Halpem, J. J. Am. Chem. Soc. 1966,88,3511. Hyde, 


E. M.; Shaw, B. L. J.  Chem. SOC., Dalton Trans. 1975, 765. 
(28) Meakin, P.; Muetterties, E. L.; Tebbe, F. N.; Jesson, J. P. J .  Am. 


Chem. SOC. 1971,93,4701-10. Meakin, P.; Muetterties, E. L.; Jewon, J. 
P. Ibid. 1973, 95, 75-86. 


(29) Brown, J. M.; Canning. L. R.: Downs, A. J.: Forster. A.. to be 
submitted for publication. 
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above for the propenoate; analysis of the product acid ('H NMR, 
CDCl,, 300 MHz) indicated 50% conversion to 2-methy1[2,3- 
2H2]propanoic acid with 0% ( f O . l )  H/D exchange. 


Methyl O-(2-Methyl[2,3-2Hz]propanoyl)mandelate. To a 
solution of 2-methy1[2,3-%2]propanoic acid (50%, 87 mg, 1 "01) 
in dry dichloromethane (5 mL) at -10 "C was added methyl 
mandelate (166 mg, 1.0 mmol), 4-(dimethylamino)pyridine (5.0 
mg), and dicyclohexylcarbodiimide (232 mg, 1.1 mmol). After 
3 h at 0 "C, the precipitated urea was filtered, the solvent removed 
in vacuo, and the residue redissolved in dichloromethane (5 mL) 
and filtered again before solvent was removed in vacuo to give 
a colorless oil (165 mg, 70%). The ester was purified by prepa- 
rative thin-layer chromatography (silica, ethyl acetate3040 
petroleum ether (1:2)), and the ester band (RfO.34) was extracted 
with dichloromethanemethanol(l01, Soxhlet). Solvent was then 
removed under reduced pressure to give the ester: NMR (lH, 
C6D6) 6 1.21, 1.33 (br, 8, CHzD, CH,), 3.21 (3 H, 8,  OMe), 6.05 (1 


1.33 (8, 43% of CD) 2.55 (1 2H, DC(Me)(CH2D)). The 2- 
methyl[2,3-%z]propanoic acid is then 14% optically pure (*2%). 


Catalytic Deuteration of N-Vinylacetamide. To a solution 
of N-vinylacetamide (170 mg, 2.0 mmol) in dry methanol (5 mL) 
was added (bicycle[ 2.2.11 heptadieneb (( 2S,3S)-2,3-bis(diphenyl- 
phosphino)butane)rhodium(I) tetrafluoroborate (13.9 mg, 0.02 
mmol) in a Schlenck tube. The deuterium was admitted at -70 
"C; the system was equilibrated to room temperature (p(Dz) = 
1 atm) and then stirred until the pale color of the complex had 
been discharged, and the the solution was orange-yellow (solvent 
complex, 3 h). Solvent was removed in vacuo and the crude 
product analyzed by 'H NMR (300 MHz, CDC1,; 100% conversion, 
0% isotope exchange). The crude product was distilled (bath 
temperature 60 "C (0.07 mm) I1 and suspended in water (10 mL). 
Hydrobromic acid was added (40%, 1.5 mL) and the solution 
refluxed (18 h). Removal of solvent, in vacuo, afforded [1,2- 
2Hz]ethylamine hydrobromide as a white solid (177 mg, 70%) 
which was converted directly into the camphanamide as described 
below. 


[ 1,2-2Hz]Ethylcamphanamide. To a suspension of [1,2- 
2Hz]ethylamine hydrobromide (126 mg, 1.0 mmol) in dry di- 
chloromethane (7.5 mL) was added triethylamine (150 mg, 1.5 
mmol) and (-)-camphanoyl chloride (238 mg, 1.1 mmol). The 
solution was stirred for 3 h at -10 "C and then poured into dilute 
aqueous sodium hydroxide solution (0.5 M, 25 mL), the mixture 
extracted with dichloromethane (2 X 10 mL), washed with sat- 
urated aqueous sodium chloride solution (2 X 5 mL) and water 
(2 X 10 mL), and dried (anhydrous potassium carbonate), and 
solvent removed under reduced pressure to give a colorless solid 
(170 mg, 75%), which was sublimed (70-75 "C (0.07 mm)) to give 
colorless needles: mp 92-94 "C; NMR (lH, C6D6) 6 0.71 (3 H, 8, 
CCCH.3), 0.84, 0.85 (3 H + 3 H, s + s, C(CH,),), 0.70 (3 H, br 


= 6 Hz), 3.04 (dq, HR), 6.15 (1 H, br s, NH); integration of H~:HR 
indicated 31s ( f2)  enantiomer excess; ('H, C6H6) 6 0.70 (1 'H, 
s, CHzD), 2.89 (s, CHD), 3.04 (s, CHD); integration of signals at 
6 2.89 and 3.04 indicated 31s (f2) enantiomer excess; this result 
was repeated three times. 


Catalytic Hydrodeuterations (All Runs Were Carried Out 
in Duplicate). 1. (2)-a-Acetamidocinnamic Acid. To a 
solution of (2)-a-acetamidocinnamic acid (241 mg, 1.0 mmol) in 
methanol (5 mL) was added (bicyclo[2.2.l]heptadiene)-(trans- 
4,5-bis(diphenylphosphino)methyl)-2,2-dimethyldioxolan)rho- 
dium(1) tetrafluoroborate (15.6 mg, 20 pmol) in a Schlenk tube, 
and the solution was degassed by three freeze-thaw cycles. 
Hydrogen deuteride (generated by addition of cold methanol (0.8 
mL) to 2.0 mmol of lithium aluminum deuteride at -78 "C) was 
then admitted and the system allowed to equilibrate (p(HD) = 
1 atm, 20 "C). The solution was stirred until the colour of the 
methanol complex was regenerated (30 min), when solvent was 
removed in vacuo: NMR (lH, 300 MHz, (CD,),SO) 6 1.83 (3 H, 
s, NHCOCH,), 2.82 (d + d, Hs, 1 H), 3.07 (d, Jgem = 17.5 Hz, HR, 
0.58 H) 4.51 (0.42 H, CH(COzH)), 7.25 (5 H, m, Ar) 8.20 (1 H, 
br d, NH), 12.80 (1 H, br s, C02H). The sole products were 
therefore (2R,3R)-N-a~ety1[3-~H]phenylalanine (42%) and 


H, 8, CHO), 7.1-7.4 (5 H, m, A); (%, c&) 6 1.21 (~,57% of CD), 


d, CHDCHZD, Jm = 7.15 Hz), 2.89 (dq, HS, Jm = 2.8 Hz, JMCH 


Brown and Parker 


(2R)-N-acetyl[ 2-3lphenylalanine (58 % ); 89 % plus 11 % (2S,3S) 
+ (2s). The same ratio of products (5842) was obtained by using 
(bicycle[ 2.2.l]heptadiene)-l,2-bis(diphenylphosphino)ethane)- 
rhodium(1) tetrafluoroborate as catalyst and with (bicyclo 
[2.2.1] heptadiene) ((R,R)-1,2-bis((o-methoxyphenyl)phenyl- 
phosphino)ethane)rhodium(I) tetrafluoroborate. 


2. N-Ethenylethanamide. The procedure described above 
was reported by using N-ethenylethanamide (127 mg, 1.5 mmol) 
and (bicyclo[2.2.l]heptadiene)(trans-4,5-bis((diphenyl- 
phosphino)methyl)-2,2-dimethyldioxolan)rhodium tetrafluoro- 
borate (10.5 mg, 12.7 pmol). After being stirred for 2 h at room 
temperature, solvent was removed under reduced pressure and 
the product was distilled (bath temperature 40 "C (0.1 mmHg)), 
to give N-[2H]Ethylethanamide (119 mg, 90%): NMR (lH, 300 
MHz, CDCl,) 6 1.11 (2.50 H, br d, CH, and CH2D), 1.92 (3 H, s, 
COMe), 3.21 (1.50 H, br q and br dt, CHzN and CHDN), 5.95 (1 
H, br s, NH); (2H, 46.1 MHz, CHCl,) 6 1.11 (0.50 2H, CHP),  3.21 
(0.50 'H, CHD). 


3. 1-Octene. The procedure described above was repeated 
by using 1-octene (215 mg, 2.0 mmol) and (bicyclo[2.2.l]hepta- 
diene)(l,2-bis(diphenylphosphino)ethane)rhodium(I) tetrafluro- 
borate (13.6 mg, 40 "01). After the solution was stirred for 1 
h at room temperature, distilled water (1.5 mL) was added and 
the solution transferred to a Craig tube and centrifuged. The 
product, [2H]octane, was removed as the upper layer by pipette: 
NMR (2H, 46.1 MHz, C6H6) 6 0.71 (0.5 2H, CHzD) 1.12 (0.5 2H, 
CHD). An identical result was obtained by using (bicyclo- 
[ 2.2.11 heptadiene)(trans-4,5-bis((diphenylphosphino)methyl)- 
2,2-dimethyldioxolan)rhodium(I) tetrafluoroborate as catalyst. 


4. Styrene. The procedure described above was repeated by 
using styrene (184 mg, 2.0 mmol) and (bicyclo[2.2.l]heptadi- 
ene)(trans-4,5-bis( (diphenylphosphino)methyl)-2,2-dimethyldi- 
oxolan)rhodium(I) tetrafluoroborate (31.2 mg, 40 pmol). After 
the solution was stirred at room temperature for 6 h, distilled water 
(2.5 mL) was added and the product which separated as the upper 
layer was removed by pipette NMR (%I, 46.1 MHz, c&) 6 1.20 
(0.50 'H, C H a ) ,  2.35 (0.50 'H, CHD). 


(+)@)-Methyl Mandelate. (+)-(8)-Mandelic acid (15 g, 106 
mmol) and concentrated sulfuric acid (0.5 mL) in dry methanol 
(50 mL) were refluxed for 3 h. Potassium carbonate (1.0 g) was 
added and the solvent removed in vacuo. The resulting oil was 
dissolved in ether (100 mL), washed with saturated aqueous 
sodium bicarbonate (50 mL), water (50 mL), and saturated 
aqueous sodium chloride (50 mL), and then dried (anhydrous 
magnesium sulfate), and the solvent was removed in vacuo. 
Recrystallization from ether/ hexane gave methyl mandelate as 
colorless needles: 13.3 g (76%); mp 54-55 "C (lit.18 mp 53.5-56 
"C), [aI2OD + 143" (c 1.66, MeOH) (lit.ls [aI2OD +143.5" (c 1, 
MeOH). 
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The heterogeneous reaction of selected primary, secondary, and tertiary alkyllithium reagents with various 
transition metal dichalocogenides (MX2, M = Ti, Zr, Hf, V, Nb, Ta; X = S, Se, Te) has been examined. 
The resulting redox reaction (eq 1) occurs readily to yield hydrocarbons derived from the alkyl group. A 
comparison of product distributions with those obtained from well-defied processes in which the immediate 
precursor is a kinetically free alkyl radical indicates that similarly behaved intermediates are involved in 
the reaction of alkyllithium reagents with MX2. Moreover, the influence of solvent and additives on reaction 
rate reveal that the rate-determining step is not mas  transfer limited and, therefore, is probably not occurring 
within the interior cavity of the dichalcogenide. 


Introduction 
Intercalation of alkali metals had been known since 


1926.2 In 1959, Rudorff and Sick reported the observation 
that an equivalent behavior obtains with certain layered 
transition metal dichal~ogenides.~ Later still, Gamble et 
aL4 showed that some of these intercalates act as low- 
temperature superconductors. Recently, it was further 
noted that these same layered transition metal chalco- 
genides react spontaneously and reversibly with a variety 
of electropositive elements, e.g., lithium, suggesting their 
possible application as electrode material in electrical 
storage devices."' 


Prompted by their unusual properties, a growing interest 
has developed in the preparation, characterization, and 
study of the intercalates of layered transition metal 
chalcogenides. Because of their potential application in 
electrical storage devices, the lithium intercalates, Li,MX2, 
have received the most extensive study to date and several 
synthetic procedures for their preparation have been de- 
~ c r i b e d . ~  Perhaps the readiest of these is that reported 
by Dines" and later by Murphy et al.,& which involves the 
reaction of n-butyllithium with an appropriate transition 
metal chalcogenide. 


n-C,H&Li 
MX2(solid) - LiMX2(solid) (1) 


M = Ti, Zr, Hf, V, Nb, Ta; X = S, Se, Te 


Two points of interest are to be noted about this reac- 
tion. First, whereas intercalation by other procedures is 
generally nonstoichiometric? the reaction described in eq 
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(4) Gamble, F. R.; Osiecki, J. H.; Cais, M.; Pisharody, R.; Di Salvo, F. 


(5) Murphy, D. W.; Trumbore, F. A. J. Cryst. Growth 1977, 39, 185. 
(6) Whittingham, M. S. Prog. Solid State Chem. 1978, 12, 41. 
(7) Proceedings of the International Conference on Layered Materials 
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Bruggen, C. F.; Haas, C.; Myron, H. W. Physica B+C (Amsterdam) 1980, 
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1 generally produces the stoichiometric substance LiMXF8 
Second, since the interlayer bonding in the lamellar 
transition metal dichalcogenide is of the van der Waals 
type, it appears that the intercalating lithium centers 
penetrate between the layers and finally rest in the van 
der Waals gaps.1°-13 


Our interest in these reactions derives from the fact that 
a reaction such as eq 1 presents a system that is potentially 
capable of delineating the nature of an electron-transfer 
process between a homogeneous reagent and a relatively 
well-defined heterogeneous system, provided it can be 
established that a one-electron redox is,in fact, occurring. 
The work reported here was carried out for the purpose 
of establishing this last point. 


Results and Discussion 
The initial reports of the reaction of organolithium 


reagents with transition metal chalcogenides did not at- 
tempt to explore the nature of this unusual process. Thus, 
our investigation commenced with a careful evaluation of 
reaction products and relevant parameters. 


The product distribution resulting from the reaction of 
a solution of n-butyllithium with a suspension of various 
transition metal dichalcogenides in dry, oxygen-free, ole- 
fin-free hexane is summarized in Table I. These data 
reveal several points. First, they show that the principal 
hydrocarbon product from the reaction with MS2 (M = Ti, 
Zr, Hf, Nb, Ta) is the dimer n-octane. Second, the sec- 
ondary products, viz., n-butane and 1- and 2-butene, 
constitute the remainder of the product balance with, in 
general, the production of n-butane equaling about 2-3 
times that of the butenes. Third, the reactivity of NbS2 
with n-butyllithium appears anomalous in that n-butane 
and not n-octane is the principal product. 


Table I also illustrates the product distribution observed 
for the corresponding reaction of n-butyllithium with 
several transition metal diselenides and ditellurides, MSe2 
and MTe2. Again, dimerization appears to be a major 
product, although apparently less so with the tellurides 
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Table I. Product Distributions from the Reaction of Various Early Transition 
Metal Dichalcogenides with n-Butyllithium in Hesane at 40 ‘Ca 


% of unreacted % yieldC 
MX, / 


MX, n-BuLi n-butane 1-butene 2-butene n-octane n -BuL i 
98 0.8 1.2 100 


Tis, 1.6 22 7 .1  72 101 
Tis, 1.7 19 9 1 74 103 4.9 


TaS, 1.7 1 2  4.6 80 97 
HfS, 1.8 18 5.8 74 98 0.8 
TiSe, 1.8 20 9.5 66 96 5.3 
VSe, 1.7 34 5.7 61 101 
ZrSe, 1.7 25 8.1 68 101  
NbSe, 1.7 24.8 5.4 1.2 65 96.4 1.2 
TaSe, 1.7 20.9 3.7 0.4 73.2 98.2 1.2 


TiTe, 1.7 40.5 9.5 45.7 95.7 


TaTe, 1 .7  31 15.4 49 95.4 1.2 


ZrS, 1.7 16 6.8 80 103 
NbS, 1.7 39 6.5 54 100 0.6 


HfSe, 1.6 23.5 6.4 67.3 97.2 


ZrTe, 1.7 46.7 13.5 1 41.8 103 
NbTe, 1.7 53.7 10.8 3.1 33.8 101.4 


Unless otherwise indicated a reaction time of 48 h was employed; [n-C,H,Li], = 0.26 M ;  all analyses were preceded by 
an aqueous quench unless otherwise stated. 
methanol quench and are corrected for residual hydrocarbons. 
following 1,2-dibromoethane quench. 


Commercial material. Yields were determined by GLPC following a 
Determined by GLPC assay of n-butyl bromide formed 


Table 11. Product Distributions from the Reactions of 
Metal Dichalcogenides (MX,) with n-Butyllithium in 


Diethyl Ether at 40 ‘Calb 


Table 111. Product Distributions from the Reactions of 
Metal Dichalcogenides (MX,) with n-Butyllithium and 


TMEDA in Hexane at 40 “C“ 


7% yield 
MX,/ n-  1- 2- n-  


MX, n-BuLi butane butene butene octane C 


85 1.9 0.7 2.2 90 
Tis, 1.6 23 6.5 68 98 
ZrS, 1.8 20 9.6 7 1  101 
NbS, 1.7 38 10 53 101 
TaS, 1.8 25 8 66 99 
HfS, 1.7 19 7.2 74 100 
TiSe, 1.7 22 8.4 68 98 
VSe, 1.7 32 8.8 59 100 
ZrSe, 1.7 20 10 1.3 67 98 
NbSe, 1.7 23 10 64 97 
TaSe, 1.7 22 7 68 97 
HfSe, 1.8 24 7.5 68 100 
TiTe, 1.7 49 10 43 102 
ZrTe, 1.8 39 11 47 97 


TaTe, 1.8 46 7.8 48 10 2 
NbTe, 1.8 31 18 47 96 


a All reactions were carried out for a period of 1 2  h; 
[n-C,H,Lil, = 0.26 M. Mixed solvent system: n -  
hexane-ether (5 : l ) .  


than with the sulfides or selenides. Here, too, the lower 
yields of n-octane (and correspondingly higher yields of 
n-butane) produced by VSe2 and NbTez are noted. Fi- 
nally, increasing the temperature of these reactions from 
40 to 70 “C, although substantially increasing the overall 
rate of reaction, produced no noticeable effect on product 
distributions. 


Because solvent and certain additives can greatly affect 
the solution structure and reactivity of organolithium 
reagents,” we examined the reaction of n-butyllithium with 
a representative selection of transition metal chalcogenides 
in (a) diethyl ether and (b) diethyl ether containing 1.6 


(14) (a) Ruesell, G. A.; Janzen, E. G.; Strom, E. T. J. Am. Chem. SOC. 
1964,86, 1807. (b) Ruesell, G. A.; Lamson, D. W. Zbid. 1969, 91, 3967. 
(c) Langer, A. W., Jr. Adu. Chem. Ser. 1974, No. 130, 1. Eberhardt, G. 
g.; Butte, W. A. J. Org. Chem. 1964,29,2928. (d) Mallnn, J. M.; Bebb, 
R. L. Chem. Reo. 1969,69,693. (e) Crettaa, C. G.; Eastham, J. F. J. Am. 
Chem. Soc. 196S, 87,3276; 1966,88,5668. See also: Wakefield, B. J. “ h e  
Chemistry of Organolithium Compounds”; Pergamon Press New York, 
1974. 


% yield MX,/ TMEDA/ 
n-  n- n-bu- 1-bu- n-oc- 


MX, BuLi BuLi tane tene tane 2 


ZrS, 1 .7  1.3 23 8.6 67 99 
NbS, 1.7 1.3 49 9.3 38 97 
TaS , 1.7 1.3 27 8.6 66 102 
HfS, 1.7 1.3 25 6.5 65 97 
TiSe, 1.7 1.3 35 11 55 101 
VSe, 1.7 1.3 29 17  52 98 


NbSe, 1.7 1.3 28 16 55 99 


1.3 96 0.8 1.3 98 
Tis, 1.7 1.3 31 6.7 65 103 


ZrSe, 1.7 1.3 33 18 54 105 


TaSe, 1.7 1.3 31 17 56 104 
HfSe, 1.7 1.3 36 11 57 104 
TiTe, 1.7 1.3 44 20 40 103 
ZrTe, 1.7 1.3 46 22 34 102 
NbTe, 1.7 1.3 49 22 29 100 
TaTe, 1 .7  1.3 47 17  39 103 


Unless otherwise indicated, a reaction time of 24 h 
was employed; [n-BuLi], = 0.25 M. All assays were 
preceded by an aqueous quench. 


equiv of N,NJV’,”-tetramethylethylenediamine (TME- 
DA). The resulting product distributions (Tables I1 and 
111) reveal a reactivity profile which closely parallels those 
of the equivalent reaction carried out in n-hexane. 
Nontheless, it is qualitatively apparent that the presence 
of 1 equiv of TMEDA during reaction of n-butyllithium 
with MX2 increases the rate of this reaction. 


We turned next to an examination of the reaction of 
sec-butyl- and tert-butyllithium with these same substrates 
(Tables IV and V). These reactions parallel the reaction 
of n-butyllithium. Thus, for sec-butyllithium, oxidative 
coupling is still the generally dominant process, especially 
with the sulfides and selenides, with n-butane being pro- 
duced in only slightly lesser amounts. Again, however, 
reaction with the tellurides yields predominantly n-butane. 
The behavior of NbS2, VSe2, and NbTe2 is again anoma- 
lous. By comparison, the corresponding reactions of 
tert-butyllithium in n-pentane reveal that dimerization in 
this system is a relatively minor process, averaging 15-25% 
of the total product balance, with isobutane and iso- 
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Table IV. Product Distributions from the Reactions of Metal Dichalcogenides (MX,) with 
sec-Butyllithium in Hexane at 40 "Ca 


% yield 
3,4-dimethyl- 


Mx, MX,/sec-BuLi n-butane 1-bu tene 2-butene hexane z 
96 4.8 2.1 0.7 104 


TIS, 
Ti S 
Tis, 


ZrS, 


NbS, 


TaS, 


HfS, 


TiSe, 


VSe, 


Z rSe , 
NbSe, 


TaSe, 


HfSe, 


TiTe, 


ZrTe, 


NbTe, 


TaTe, 


1 .7  


1.7 


1.7 


1.7 


1.7 


1.7 


1.7 


1.7 


1.7 


1.7 


1.7 


1.7 


1.7 


1.7 


1.7 


1.7 


36 
(36) 
35 


(37) 
34 


(36) 
41 


(39) 
33 


(35) 
34 


(37) 
38 


(40) 
38 


(37) 
36 


(35) 
38 


(38) 
38 


(39) 
38 


(36) 
36 


. .  
22 


24 
(23) 


3.8 


3.4 
(3.8) 


(4.2) 
4.3 


(3.4) 
3.8 


(3.5) 
3.9 


(4 1 
4.3 


(4.9) 


(4.4) 


(4.7) 
4.7 


6.3 


38 


4 1  


38 


35 


43 


41 


34 


33 


38 


35 


34 


35 


33 


32 


35 


33 


101 


102 


99 


95 


102 


101 


97 


96 


101 


103 


101 


103 


95 


100 


99 


98 


Unless otherwise indicated, a reaction time of 48 h was employed; [sec-C,H,Li], = 0.27 M. * Yields were determined 
by GLPC following methanol quench; yields in parentheses were determined following quench of reaction mixture with 
1,2-dibromoethane. 


Table V. Product Distributions from the Reactions of Various Metal Dichalcogenides with 
tert-Butyllithium in Pentane at 40 'Ca 


% yield 
2,2,3,3-tetra- 


MX, MXJt-BuLi isobu tane isobutylene methylbutane 
88 8.8 2.6 99 


Tis, 1.5 49 33 16 98 
ZrS, 1.7 46 2 8  23 98 
NbS, 1.6 53 26 15 94 
TaS, 1.6 42 33 22 97 
HfS, 1.6 44 31 24 99 
TiSe, 1.6 50 28 19 97 


VSe, 
ZrSe, 1.6 55 30 18 103 


1.7 51 29 16 96 
1.6 55 28 17 100 NbSe, 


TaSe , 1.7 51 26 19 96 
HfSe, 1.7 50 29 17 96 
TiTe, 1.7 52 32 13  97 
ZrTe, 1.7 56 25 14 95 
NbTe, 1.7 59 23 12 94 
TaTe, 1.7 53 26 14 93 


a All reactions were allowed to proceed for 24 h before quenching with methanol; [t-C,H,Li], = 0.26 M.  


butylene, in an approximately 2:l proportion, constituting 
the principal products. 


In an effort to establish the origin of the hydrocarbon 
(n-butane and isobutane) component produced in these 
reactions, we undertook two independent experiments. In 
one, we examined the reaction of n-butyllithium with Tis2 
in both cyclohexane-d,, and toluene-d8 solvents. In either 
instance the deuterium content of the resulting n-butane 


was found to be insignificant (<6%). Thus, H-atom ab- 
straction from solvent is an unimportant source of n-bu- 
tane. 


Adventitious protonolysis is an alternative source of 
hydrocarbon. To examine this possibility, we investigated 
the reaction of Tis2, NbS2, VSe2, and NbTe, with (n-bu- 
tyl-2,2-d2)lithium. A summary of these results appears in 
Table VI from which it is clear that the ratio of [n-bu- 
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Table VIII. Ratios of [R(-H)]/[R-R] Produced by the 
Reaction of Various Metal Dichalcogenides with 


n-Butyllithium under Differing Conditions 


Table VI. Isotopic Analysis of n-Butane Obtained by the 
Reaction of n-Butyllithium-2,2-d, with MX, 


~~ ~~ ~ _ _ _  


[n-butane-d,]/ 
reagent d o  d ,  d, d, d, [butenes] 


~~ 


MeOH 1.2 2.8 ~ 95 1.1 
Tis, 1.1 4.3 48 46 1.1 1.1 
NbS, 4 12 58 25 1.7 1.1 
VSe, 5.1 8.5 53 33 0.6 0.9 
NbTe, 3.5 7.7 52 37 0.3 0.82 


ground. 
a Corrected for the contributions of and back- 


Table VII. Cross-Combination Ratios (q5) Observed for the 
Reaction of 1 : 1 n-Propyllithium-n-Butyllithium with 


Various Metal Dichalcogenides 


MX, @' MX, @a 


Tis, 2.03 ZrSe, 1.99 
ZrS, 2.05 VSe, 2.01 


TaS, 1.96 TaSe, 2.01 
HfS, 1.96 HfSe, 1.91 
TiSe, 2.01 


NbS, 2.03 NbSe, 2.03 


a The cross-combination ratio @ was determined from 
the product yields of n-hexane, n-heptane, and n-octane 
according to equation @ = [n-C,H,,]/[n-C,H,,1[n-C,H,,l"2. 


tane-d3]/[butene] = 1.0. Thus, in these instances and 
presumably in the others listed in Tables I-V, we conclude 
that ca. half of total yield of n-butane produced in these 
reactions results not from the oxidation of n-butyllithium 
but rather from its protonolysis by adventious proton 
sources within the transition metal dichalcogenide. 


In an attempt to gain additional insight into the mech- 
anism of the oxidative coupling that occurs during the 
reaction of alkyllithium reagents with MX2, we examined 
the reaction of an equilibrated, equimolar mixture n- 
propyl- and n-butyllithium in pentane with various metal 
dichalcogenides. The salient features of these data are (1) 
the close parallel observed between the reactivity of this 
mixture and that noted for the individual components, 
n-propyl- and n-butyllithium and (2) the essentially sta- 
tistical distribution of coupling products n-hexane, n- 
heptane, and n-octane (Table VII). 


The data and observations presented above suggest that 
the oxidation o€ akyllithium reagents by various transition 
metal dichalcogenides is proceeding by a pathway that 
involves the formation of alkyl radicals. Thus, consider, 
for example, the olefin/dimer ratio observed in these 
studies (Table VIII). This ratio is largely independent 
of solvent but does exhibit a dependence on the nature of 
the alkyl group R such that [R(-H)]/[R-R] increases ac- 
cording to the order primary < secondary < tertiary. 
Moreover, for most of the disulfides and diselenides, the 
value of [R(-H)]/ [R-R] for n-propyllithium falls within 
or close to the range of 0.1-0.15 observed for the dispro- 
portionation/combination ratios exhibited by n-propyl 
radicals generated from a variety of different radical 
precursors under varying conditions.16 Likewise, the [R- 
(-H)]/[R-R] ratios observed for the reaction of most of 
the metal disulfides and diselenides with n-butyllithium 
lie close to those observed for free n-butyl radicals 
(0.14-0.25) in vapor phase or in solution.ls~ls 


(15) (a) Grotewold, J.; Kerr, J. A. J.  Chem. SOC. 1963, 4337. (b) 
Whiteway, S. G.; Meeeon, C. R. J.  Chem. Phys. 1956,25,233. (c) Sheldon, 
R. A.; Kochi, J. K. J.  Am. Chem. SOC. 1970, 92,4395. 


(16) (a) Morganroth, W. E.; Calvert, J. G. J.  Am. Chem. SOC. 1966,88, 
5387. Stefani, A. P. Ibid. 1968,90,1694. (c) Dixon, P. S.; Stefani, A. P.; 
Szwarc, M. Zbid. 1963,85,2551. (d) Whitesides, G. M.; Bergbreiter, D. 
E.; Kendall, P. E. Ibid. 1974, 96, 2806. 


Tis, 0.15 0.15 0.14 0.20 
ZrS, 0.15 0.16 0.22 0.24 
HfS, 0.14 0.15 0.17 0.22 
NbS, 0.21 0.25 0.30 0.45 
TaS, 0.10 0.13 0.19 0.24 
TiSe, 0.20 0.16 0.21 0.38 
ZrSe, 0.22 0.23 0.27 0.63 
HfSe, 0.17 0.22 0.17 0.36 
vse2 0.16 0.27 0.24 0.63 
NbSe, 0.18 0.32 0.26 0.56 
TaSe, 0.10 0.22 0.15 0.59 
TiTe, 0.40 0.47 0.39 0.93 
ZrTe, 0.68 0.78 0.40 1.3 
NbTe, 0.86 1.0 0.72 1.5 
TaTe, 0.59 0.29 0.26 0.85 


a - d  Solvent, temperature ("C), and time (h) for each 
ratio are respectively as follows: ( a )  hexane, 40, 48; 
( b )  hexane, 70, 48; ( c )  diethyl ether, 40, 12; (d) hexane/ 
TMEDA, 40, 24. 


Table IX. Comparison of the Product Distributions 
Produced by the Reaction of Neophyllithium, RLi, with 


Tis, at 7 0  "C and the Thermal Decomposition of 
Neophyl( tri-n-butylphosphine )copper( I) and 


-silver( I )  at 65 "C 
distrbutn of 


decompn products 
RCu'- RAg'- 


product yieldaVb P B u , ~  PBub 


5 7.0 
C,H,CH,C( CH,)=CH, 4 6.9 
C,H,CH,=C( CH,), <1 1.4 
R-R 20 21.2 
R-R' 2 2.3 
R'-R' <1 2.1 


56 
17 
12 


1.6 
7.5 
4.3 
1.6 


a These yields are corrected for the rearrangement and/ 
or dimerization that occurred during the preparation of 
the neophyllithium reagent. Taken from ref 27. 


The literature values for kd/kc  for secondary and tertiary 
radicals exhibit a different behavior than is observed for 
primary radicals. Thus, for example, a value of k d / k ,  = 
2.27 was reported for sec-butyl radicals generated by the 
vapor-phase photolysis of di-sec-butyl ketone.17a By 
comparison, corresponding values of 0.77 and 0.63 have 
been reported for the autodisproportionation/combination 
ratios of sec-butyl radicals in the gas phase.lnPc Likewise, 
k d / k ,  for tert-butyl radicals has been found to vary from 
2.3, as observed in the photolysis of azo-tert-butane,ls to 
3.2, as determined from the photolysis of di-tert-butyl 
ketone and pi~aldehyde. '~ .~ The values observed for the 
reaction of sec-C4HnLi and t-C4HgLi with representative 
transition metal dichalcogenides (Table 11) exhibit a range 
of 0.90-1.4 and 2-4, respectively, and as such are reason- 
ably consistent with ratios established for sec-butyl and 


(17) (a) Kraus, J. W.; Calvert, J. G. J. Am. Chem. SOC. 1957, 79,5921. 
(b) Falconer, W. E.; Sunder, W. A. Znt. J .  Chem. Kinet. 1971,3,523. (c) 
Kubin, R. F.; Rabinovitch. B. S.; Harrin&on, R. E. J. Chem. Phys. 1962, 
37, 937. 


(18) (a) James, D. G .  L.; Stuart, R. D. Trans. Faraday SOC. 1969,65, 
175. (b) Terry, J. 0.; Futrell, J. H. Can. J. Chem. 1968, 46, 664. (c )  
Georgakakos, J. H.; Rabinovitch, B. S.; Larson, C. W. Znt. J. Chem. Kinet. 
1971, 3, 535. 


(19) Dominguez, J. A. G.; Kerr, J. A.; Trotman-Dickenson, A. F. J. 
Chem. SOC. 1962,3357. At 100 "C, the corresponding value of k d / k ,  was 
found to be 4.59.18 


(20) Pryor, W. A. "Free Radicals"; McGraw-Hill: New York 1966. 
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tert-butyl radicals generated by other experimental pro- 
cedures. 


In a similar vein, the cross-coupling ratios established 
for the reaction of n-propyllithium-n-butyllithium (1: 1) 
with representative dichalcogenides are completely con- 
sistent with the cross-combination ratios observed for 
processes recognized as involving kinetically free n-alkyl 
radicals.20 


Reaction of Neophyllithium. Earlier studies estab- 
lished the utility of the neophyl system as a useful diag- 
nostic probe of radical intermediacy in organometallic 
reactions.21 In an effort to gain evidence for the inter- 
mediacy of free alkyl radicals in the reaction of alkyl- 
lithium reagents reactions.21 metal dichalcogenides, we 
examined the products from the reaction of neophyllithium 
PhCMe2CH2Li, with Tis2. These results are shown in 
Table IX. For comparison, the corresponding product 
distributions produced by the thermal decomposition of 
neophyl(tri-n-butylphosphine)copper(I) and -silver(I) are 
also given. The similar product distributions observed for 
these different organometallic precursors suggesta that they 
probably share a common mechanism originating with the 
neophyl radical. 


Conclusions. The central mechanistic distinction to 
be made concerning the oxidation of alkyllithium reagents 
by transition metal dichalcogenides revolves on the 
question of the intermediacy of free alkyl radicals, viz., does 
the conversion outlined in eq 1 involve kinetically free alkyl 
radicals or does it occur by an alternative process such as 
(1) the competition between a concerted carbon-carbon 
bond formation involving alkyl groups bonded to a com- 
mon organometallic cluster (yielding dimers) and an elim- 
ination process producing olefin, R(-H), and a metal hy- 
dride which in a subsequent reaction might possibly yield 
hydrocarbon, RH, or (2) a process involving homolytic 
scission of a carbon-metal bond resulting in the formation 
of an alkyl radical, followed by very rapid reaction of this 
radical with an organometallic compound to yield com- 
bination and disproportionation products. 


The evidence outlines in this paper is most readily ex- 
plained by a single process involving an initial one-electron 
oxidation of (RLi),, resulting in the generation of kineti- 
cally free alkyl radicals. The principal arguments leading 
to this conclusion are the following. First, the ratio of 
disproportionation to combination, [R(-H)] / [R-R], is in 
good agreement with values reported for free alkyl radicals 
in a variety of unrelated systems. Second, the cross-cou- 
pliig ratios show close agreement to values determined for 
various radical-radical couplings between small n-alkyl 
radicals. Third, the generally increased yield of n-butane 
observed when oxidation of n-butyllithium is carried out 
in ether is also consistent with the acknowledged rapid rate 
of hydrogen atom abstraction from diethylether by n-butyl 
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radicalsz2 and the influence which polar solvents and ad- 
ditives have in promoting the rate of electron-transfer from 
organolithium reagents.14 Fourth, the conclusion that free 
alkyl radicals are the immediate precursors to the products 
observed in eq 1 is strongly supported by the close parallel 
between the product distribution produced by the reaction 
of neophyllithium with Tis, and the product distributions 
produced by other organometallic processes known to 
proceed through the intermediacy of neophyl radicals. 


Finally, the results reported here provide one additional 
aspect of mechanistic insight into the unique redox process 
described by eq 1. Specifically, they reveal that the rate 
of this reaction is not mass transport limited. This con- 
clusion follows from the fact that the reaction is faster in 
polar solvents and in the presence of TMEDA. Thus, it 
can be further concluded that the rate-determining step 
must not be occurring within the dichalcogenide interior 
structure since transport of virtually any reagent into the 
cavity of the dichalcogenide is almost certain to be a mass 
transport limited process. 


(21) Whitesides, G. M.; Panek, E. J.; Stedronsky, E. R. J. Am. Chem. 


(22) Whitesides, G. M.; Berabreiter, D. E.; Kendall. P. E. J. Am. 
SOC. 1971, 94, 232. 


Chem. SOC. 1974, 96, 2806. 
(23) Bryce-Smith, D.; Turner, E. E. J. Chem. SOC. 1953, 861. Lin- 


strumelle, G.; Krieger, J. K.; Whitesides, G .  M. Org. Synth. 1975,55,103. 
(24) Gilman, H.; Cartledge, F. K.; Sim, S. Y .  J. Organomet. Chem. 


1963, 1, 8. 
(25) (a) Grenaway, D. L.; Nitache, R. J. Phys. Chem. Solids 1965,26, 


1445. (b) Brixner, L. H. J. Inorg. Nucl. Chem. 1962,24,257. (c) Hahn, 
H.; Ness, P. Z .  Anorg. Allg. Chem. 1959, 302, 136. (d) Clement, R. P.; 
Davies, W. B.; Ford, K. A.; Green, M. L. H.; Jacobson, A. J. Inorg. Chem. 
1978,17, 2754. 


(26) Brown, T.  L. Ladd, J. A. J. Organomet. Chem. 1964, 2, 373. 
Hartwell, G. E.; Brown, T. L. J. Am. Chem. SOC. 1966,88, 4625. 


(27) Whitesides, G. M.; Gaasch, J. F.; Stedronsky, E. R. J. Am. Chem. 
SOC. 1972, 94, 5258. 


Experimental Section 


General Materials. High purity sulfur (99.999+%), selenium 
(99.999+%) and tellurium (99.99+%) were obtained from Am- 
erican Smelting and Refiiing Co.; titanium granules (99.9%) was 
purchased from United Minerals and Chemical Corp.; zirconium 
powder (325 mesh, 99.5%) tantalum powder (325 mesh, 99.9%) 
were obtained from A.D. Mackay Inc. Hafnium powder (325 mesh, 
99.5%), and biobium powder (325 mesh, 99.5%) were purchased 
from Alfa Inorganics, Inc., along with commercial samples of Tis2, 
TiSez, HfSz, and NbTez. 


All transfers and manipulations of air-sensitive materials as 
well as all metal dichalcogenides were carried out in a nitrogen- 
filled Vacuum Atmosphere glove box. Each dichalcogenide was 
pulverized (using a mortar and pestle) inside the glovebox. 


Solutions of n-butyllithium in hexane, sec-butyllithium in 
cyclohexane, and tert-butyllithium in pentane were obtained from 
Aldrich Chemical Co. Pentane (Aldrich, spectrograde), cyclo- 
hexane (MCB, spectrograde), and hexane (Mallinckrodt, reagent 
grade) were purified by stirring over concentrated sulfuric acid 
for 2 weeks and washing with water, aqueous 10% sodium car- 
bonate solution, and finally water before drying with anhydrous 
magnesium sulfate prior to distillation from sodium-potassium 
alloy under nitrogen. Diethyl ether (Fischer) was purified by 
preliminary distillation from calcium hydride followed by a final 
distillation from lithium aluminum hydride under nitrogen. 
N,N,”,”-Tetramethylethylenediamine (TMEDA), obtained 
from Eastman Chemical Co., was distilled from sodium metal 
under nitrogen. The central fraction boiling at 122 “C was used 
immediately or stored under nitrogen over 5A molecular sieves 
for a period of not more than a month. Methanol-0-d (99% 
deuterium), cyclohexane-dlz (99.5% dlz), and toluene-d, (99% 
de) were obtained from Stohler Isotope Chemicals. The latter 
two materials were dried by distillation from sodium metal under 
nitrogen immediately prior to use. 


Solutions of n-propyllithium in pentane and n-butyllithium 
in pentane were prepared by reaction of freshly distilled n-propyl 
chloride (Aldrich) and n-butyl chloride (Aldrich), respectively, 
with lithium dispersion (Lithium Corp. of America). The prep- 
aration of all organolithium reagents were carried out in pentane 
under a helium atmosphere according to published procedures.= 


Analyses of organolithium reagents were performed periodically 
by the Gilman double titration method% using 1,2-dibromoethane 
which was purified by passage through a short plug of Woelm 
neutral alumina immediately prior to use. 


Analytical gas-liquid partition chromatographic (GLPC) 
analyses of reaction products were routinely performed on a 
Hewlett-Packard Model 5750 flame ionization instrument 
equipped with a Hewlett-Packard Model 3380A electronic inte- 
grator. Absolute yields of products were calculated from peak 
areas using internal standard techniques with response factors 
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obtained from authentic samples. Hydrocarbons of a four-carbon 
chain or less were analyzed by GLPC using a 4-ft x 1/4-in. column 
of 3% Apiezon L on Alumina F-20 (column A). Hydrocarbons 
of five or more carbon atoms were analyzed by GLPC using a 6-ft 
X 1/4-in. column of 10% SE-30 silicone oil on Chromosorb W 
(column B) or a 244% X '/&. Hi-Pak (Hewlett-Packard) column 
of 10% SE-30 on Chromosorb W (column C). n-Propyl bromide 
and n-butyl bromide were determined similarly by using either 
a 12-ft X l/,-in. column of 20% Carbowax 20M on Chromosorb 
W (column D) or a 24-ft X l/s-in. Hi-Pak (Hewlett-Packard) 
column of 20% Carbowax 20M on Chromosorb W (column E). 


GC-mass spectra were obtained by using a Hewlett-Packard 
5985 GC-mass spectrometer employing a 12-ft X l/s-in. column 
of n-octane on Porasil C (100/120 mesh); an ionizing voltage of 
12 eV was used for deuterium isotope determinations. In all cases, 
an average of two spectra was used in calculating the isotopic 
distributions. 


For the preparation of metal dichalcogenides, a high-temper- 
ature electrical furnace was fabricated from a 24411. X 23/8-in. 
(i.d.) alumina tube wrapped with nichrome wire, enclosed in a 
stainless steel jacket packed with insulating materials. Heating 
was controlled by a Eurotherm temperature control unit, and the 
temperature was measured by a Pt vs. Pt + 13% Rh thermocouple 
via a Rubicon potentiometer. A 24-in. X ll/z in. (0.d.) thick-walled, 
appropriately charged and sealed quartz tube, was placed inside 
the stainlaas-steel jacket. The two open ends of the furnace were 
plugged with Fiberflex insulating materials. Temperatures at  
different positions inside the quartz tube were monitored by means 
of appropriate thermocouples. 


General Procedure for the Preparation of Metal Di- 
chalcogenides.25 An 18-in. X 1-in. 0.d. thick-walled quartz tube 
with a 35/25 ground-glass male joint at one end and sealed at 
the other and a 3-in. quartz boat which fitted snuggly inside the 
quartz tube were soaked for 30 min in a 1:2 (by volume) hydro- 
fluoric acid and concentrated nitric acid, then rinsed for 30 min 
with running water, three times with deionized water, and then 
acetone, and finally oven dried at  140 "C overnight. A mixture 
of 0.05 mol of the metal and 0.1 mol of the chalcogen was mixed 
well and loaded carefully on the quartz boat which was inserted 
into the closed end of the tube. When iodine was used as the 
transporting agent, 4 mg/mL of resublimed iodine was added. 
The tube was evacuated to torr and sealed with the aid of 
a torch. That end of the tube bearing quartz boat was placed 
near the center of the furnace, and both ends of the fumace were 
plugged with Fiberflex insulating materials prior to operation. 
All the metal dichalcogenides were prepared by published pro- 
cedures. 


Reactions of MXz with Alkyllithium Reagents. All reac- 
tions of metal dichalcogenides with organolithium reagents were 
carried out in prescored Kimax glass ampules of 10-mL capacity. 
The glass ampules were prepared by soaking in hot concentrated 
nitric acid for 2 h and then rinsed thoroughly with distilled water 
before soaking them in concentrated ammonium hydroxide so- 
lution for 2 h. After several rinses with distilled water followed 
by ethanol, the ampules were dried overnight in an oven at 140 
"C. 


A Schlenk apparatus was fabricated for accessing reaction 
mixtures from these ampules at low temperatures. 


Reaction of n -Propyllithium with Metal Dichalcogenide 
in Pentane (Typical Procedure). An oven-dried, 10-mL am- 
pule equipped with a Teflon-coated magnetic stirrer bar was 
charged with 3.3 m o l  of the metal dichalcogenide and stoppered 
with a rubber septum. The ampule was removed from the 
glovebox and placed in a Dry-Ice/acetone bath. Olefin-free 
pentane (5.4 mL) and n-heptane (160 pL, internal standard) were 
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added by syringe, followed by a solution of n-propyllithium (2.0 
mL, 1.0 M) in pentane. The ampule was cooled in a liquid nitrogen 
bath under an atmosphere of nitrogen and sealed with a torch. 
After it had warmed to ambient temperature, the ampule was 
placed in a test tube and immersed in a stirred oil bath at 40 f 
1 "C. At the end of 4, h, the ampule was centrifuged and placed 
in the specially fabricated, flame-dried Schlenk apparatus. After 
a series of evacuation and fill cycles, the lower portion of the 
Schlenk apparatus was immersed in a Dry-Ice/acetone bath for 
45 min. The ampule was cracked open under a nitrogen atmo- 
sphere. The supematant liquid was transferred by cannula into 
two, 40-mL centrifuge tubes, each containing 20 mL of pentane 
which had been cooled in a Dry-Ice/acetone bath. To one tube 
was added 1 mL of dry methanol and to the other 0.5 mL of 
1,2-dibromoethane in 2 mL of ether. The methanol quench and 
1,2-dibromoethane quench were stirred at  -78 "C for about 30 
min and then allowed to warm to ambient temperature and an- 
alyzed by GLPC. 


A blank experiment was performed in the absence of metal 
dichalcogenide under the same conditions. 


Reaction of n -Propyllithium-n -Butyllithium (1:l) with 
Metal Dichalcogenide. A flame-dried, 10-mL ampule equipped 
with a Teflon-coated magnetic stirrer bat was charged with 3.3 
mmol of metal dichalcogenide in the glovebox, stoppered with 
a rubber septum, removed, and placed in a Dry-Ice/acetone bath. 
Deolefinated pentane (4.3 mL) and 130 pL of cyclohexane as the 
internal standard were added by syringe followed by 3.0 mL of 
an equilibratez6 1:l mixture of n-propyllithium-n-butyllithium 
in pentane. The ampule was cooled under nitrogen to a liquid- 
nitrogen temperature and sealed with a torch. It was then placed 
inside a long-stemmed test tube and immersed in a stirred oil bath 
at 40 f 1 "C. After 48 h, the ampule was centrifuted and the 
contents were worked-up as described above. 


Two blank experiments were performed in the absence of metal 
dichalcogenide. 


Neophyllithium was prepared from dineophylmercury ac- 
cording to published procedure.z1 


Preparation of (n -Butyl-2,2-dz)lithium in Hexane.n In 
a flame-dried, helium-flushed, 250-mL three-necked flask 
equipped with a Teflon-coated magnetic stirring bar and a 60-mL 
pressure equalizing dropping funnel and rubber septa was placed 
in 1.0 g (140 "01) of lithium dispersion. Freshly distilled hexane 
(80 mL) was added by syringe. The reaction flask was then cooled 
in an ice bath and a solution of 8.2 g (59 mmol) of l-bromo- 
butane-2,2-dz (isotopic purity 95% dz)  in 12 mL of hexane was 
added dropwide over 10 min. The resulting mixture was stirred 
under a static atmosphere of helium for 2 h at 0 "C and then for 
an additional 12 h at room temperature. The entire reaction 
mixture was filtered through a plug of glass wool and a 2-cm layer 
of filter aid into a 150-mL, oven-dried and helium-flushed amber 
bottle suitably equipped for storage. Assay indicated 0.40 M 
concentration of n-C4H9D2Li (95% d2) .  
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With use of an ion beam apparatus, the gas-phase reactions of singly charged atomic iron and nickel 
ions with several alkanes are studied as a function of relative kinetic energy. Only endothermic processes 
are observed in the interactions of Fe+ and Ni+ with methane and ethane. Analysis of the thresholds for 
formation of the metal methyl ions from the reactions with ethane yields the bond dissociation energies 
DO(Fe+-CH3) = 69 f 5 kcal/mol and DO(Ni+-CH3) = 48 f 5 kcal/mol to be compared with the previously 
determined value D0(Co+-CH3) = 61 f 4 kcal/mol. Exothermic carbon-carbon bond cleavage reactions 
are observed with all alkanes containing three or more carbon atoms. A mechanism involving oxidative 
addition of C-C and C-H bonds to the metal ions as a first step accounts for all products observed at all 
energies in this study. Differences in reactivity appear to be related to differences in metal-hydrogen and 
metal-carbon bond dissociation energies for the three group 8 metal ions. 


Introduction 
Transition metal alkyls appear as intermediates in many 


catalytic reactions.' Despite the importance of such in- 
formation, the thermodynamics of the metal-organic 
fragment bonds is poorly known. Techniques which have 
been used to obtain this information include calorimetric? 
and kinetic studies in solution: mass spectrometric in- 
vestigations? and ion cyclotron resonance mass spectrom- 
etry." In addition, calculations have also yielded energies 
for several metal-alkyl fragment bonds.8 More recently 
we have developed ion beam techniques for examining 
organometallic reactions in the gas phase.*12 In the 
present study, the ion beam apparatus is used to analyze 
the reactions of iron and nickel ions over a range of en- 
ergies with various hydrocarbons. Bond energies are de- 
rived from an examination of the thresholds for the en- 
dothermic reactions using theoretical techniques which 
have been described in a previous paper.Q A detailed 
analysis of the reactions of the metal ions with ethane 
determines the metal ion-methyl bond energy. These 
data, combined with the bond strengths of metal ion-hy- 
drogen bonds,lobJ1 are used to  interpret reactions with 
larger alkanes, with particular emphasis on the mechanism 
by which the metal ion cleaves carbon-carbon bonds. 
Resulta of the present study are compared and contrasted 
with earlier studies of the reactions of Co+ with alkanes,12 
hereafter referred to as I. 


Experimental Section 
The ion beam apparatus has been described in detail previ- 


ously? Ions from a surface ionization source are accelerated and 
focused into a 60° sector magnet for mass separation. The mass 
selected beam is decelerated to the desired energy and focused 
into a collision chamber containii the reactant gas. Product ions 
scattered in the forward direction are focused into a quadrupole 
maea filter and deteded by using a channeltron electron multiplier 
operated in a pulse-counting mode. Ion signal intensities are 
c o d  for the mass disQimination of the quadrupole mass flter. 


is comprised of a tubular 
stainless-steel oven attached to the side of a U-shaped repeller 
plate which surrounds a rhenium ionization filament. The oven 
is loaded with F&13 or NiC1fiHzO. A rhenium filament generates 
sufficient heat to dehydrate and vaporize either complex. The 
metal chloride vapor is directed at the filament where it dissociates 


The ion source, previously 


Contribution No. 6564. 
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and the resulting metal atom is ionized. At  the filament tem- 
perature used, -2400 K, it is estimated that over 98% of the 
nickel ions produced are in the (3d)g ground-state configuration (a), while lees than 2% have the first excited-state configuration, 


("F) which lies 1.04 eV above the ground 13tate.l~ At 
this same temperature, 77% of the iron ions are in their eD 
ground-state manifold, with 22% in the first excited state ('F) 
which lies 0.232 eV above the ground state.13 Attenuation ex- 
periments" indicate a single component in both beams, suggeating 
excited states are absent. However, this assumes that different 
states have substantially different cross sections for interaction 
with the attenuating gases (Ar, CHI, NzO). 


The nominal collision energy of the ion beam is taken as the 
difference in potential between the collision chamber and the 
center of the filament, the latter being determined by a resistive 
divider. This energy is verified by use of a retarding field energy 
analyzer. Agreement was always within 0.3 eV. The energy 
distribution of the metal ion beams was also obtained by using 


(1) (a) Davideon, P. J.; Lappert, M. F.; Pearce, R. Chem. Reu. 1976, 
76, 219. (b) Schrock, R. R.; Parshall, G. W. Zbid. 1976, 76, 243. (c) 
Halpem, J. Tram. Am. Crystallogr. Assoc. 1978, 14, 59. 


(2) (a) Adedeji, F. A.; Connor, J. A.; Skinner, H. A.; Galyer, L.; Wil- 
kinson, G. J. Chem. SOC., Chem. Commun. 1976, 159. (b) Lappert, M. 
F.; Patil, D. S.; Pedley, J. B. Zbid. 1975, 830. (c) Calado, J. C. G.; Dias, 
A. R.; Martinho Simks ,  J. A. Zbid. 1978, 737. 


(3) Halpern, J.; Ng, F. T. T.; Rempel, G. L. J. Am. Chem. SOC. 1979, 
101, 7124. 
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3966. (b) Sollenberger, M. J. M. S. Thesis, California Institute of Tech- 
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the retarding grid and was determined to be 0.7 eV (fwhm). In 
the center of mass frame, this introduces an uncertainty of less 
than f0.12 eV for the reactions with ethane. No specific account 
of the energy distribution of the ion beam is taken in the treatment 
below. 


A more severe problem concerning the actual energy of in- 
teraction is the effect of the thermal motion of the reactant gas. 
Chantry16 has shown that the distribution of the relative kinetic 
energy at an energy E due to this effect has a full width at 
half-maximum of 


Wl12 = (ll.lykTE)1/2 (1) 


where Tis the temperature of the target gas, 300 K, and y = m/(m + M), m and M b e i i  the m888e8 of the incident particle and target 
gas. This energy distribution effectively broadens any sharp 
features in the excitation function, including the threshold. To 
account for this effect, the assumed excitation function is con- 
voluted with this distribution before comparison with the data 
using the method outlined by Chantry.16 


Reaction cross sections for a specific product, ui, are calculated 
from 
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Scheme I 
A H (kcol/mol) 


M =  Fe CO N i  


H, 14 25 24 ,M'= CH2 - MCH;+ H2 
H t '  


M'+  CH, + H - M ' - C H 3  -C M H * + C H 3  4 1  53 62  


3 6  4 4  5 1  


where the sum is over all products and Ii refers to a particular 
measured product ion intensity. The total reaction cross section, 
u, is evaluated by using 


(3) 


where Io is the transmitted reactant ion beam intensity, n is the 
number density of the target gas, and 1 is the length of the in- 
teraction region. The preaeure of the target gas, measured by using 
an MKS Baratron Model 90H1 capacitance manometer, is kept 
sufficiently low, (1-5) X 109 torr, that attenuation of the ion beam 
is minimal. The length of the interaction region is 5 mm. The 
experimental procedure employed involves taking a complete scan 
of kinetic energy at a single pressure to obtain the excitation 
function. At several energies, the product yield is measured as 
a function of pressure to ensure eq 2 and 3 are obeyed. This 
procedure also readily identifies products formed by more than 
one collision event.16 


The greatest uncertainty in measurements of reaction cross 
sections is the ion detection efficiency. In experiments which 
involve heavy projectile and light target species, efficient detection 
is assisted by the appreciable center of mass velocity which tends 
to scatter all products in the forward direction in the laboratory 
frame. At laboratory energies below about 10 eV, a small field 
of 0.5 V is placed across the specially designed collision chamber" 
to extract low energy ions. This field introduces an additional 
uncertainty in the energy of interaction. Relative cross sections 
are well reproduced, and we estimated that the absolute cross 
sections reported are accurate to within a factor of 2. 


In the reaction of the metal ions with ethane the functional 
form for the energy dependent croas section, given by eq 4 is used 


Io = (Io + CIi) exp(-nul) 


u = O  E < E o  


E - E o  
u = u o ( ~ )  Eo < E < Eo + D / a  (4) 


u = ~ ~ ( g ) ~  E 2 Eo + D / a  


to fit the observed data and extract a bond dissociation energy? 
In eq 4 E is the total energy of the reactants and Eo is the en- 
dothermicity of the reaction, taken to be the difference between 
the bond energy of the ionic product, D,  and the bond energy of 
the neutral reactant. The average fraction of the total energy 
available to the products which is retained as internal excitation 
in the ionic fragment is given by a, and n is a variable exponent. 


(16) Chantry, P. J. J. Chem. Phys. 1971,55, 2746. 
(16) Szabo, I. Znt. J. Mass Spectrom. Zon Phys. 1969, 3, 169. 
(17) Armentrout, P. B.; Hodges, R. V.; Beauchamp, J. L. J. Chem. 


Phys. 1977,66, 4683. 


Table I. Thermochemical Dataa 
Fe+ co+ Ni' 


(3d)6(4s) (3d)* (3d)9 
bond energies ('DY ('FY ('DY 


Do(M+ -H) 5 8 ?  52 + 4c 43 + 2d 
Do(M+-CH3) 69 i 5e 61 f 4c 48 + 5e 
Do(M+-CH,) 96 + 5b 85 + 7f  86 + 6b 


2Do(M+ -H) 116 104 86 
2Do(M+-CH3) 138 122 96 


a All values in kcal/mol. Reference 11. Reference 
12. d Reference lob. e This work. f Reference 9. 
8 Ground state. 


Do(M+-H) + Do(M'-CH3) 127 113 91 


For the line of centers model,'* n is unity. If the reaction involves 
a polyatomic intermediate, n may be a sizable fraction of the total 
number of vibrational degrees of freedom. The cross section 
described by eq 4 is convoluted by using the method of Chantry" 
to account for the thermal motion of the reactant gas as discussed 
above. Often, within experimental error, several sets of parameters 
fit the data equally well and thus give a range of possible threshold 
energies. It is in fact this analysis which gives the major un- 
certainty in Eo. 


It is important to point out that in these experiments neutral 
products are not detected. However, except at higher energies, 
the identity of these producta can usually be inferred without 
ambiguity. In addition, these experiments provide no direct 
structural information about the ionic products. However, 
straightforward thermochemical arguments can often distinguish 
possibilities for isomeric structures. 


Results and Discussion 
Reaction of Fe+ and Ni+ with Methane. Only en- 


dothermic processes are observed in the interactions of iron 
and nickel ions with methane. The major product ion is 
MH+, while much smaller amounts of MCH2+ and MCH3+ 
are also formed. The latter two products account for 
<12% of the total product distribution in the Ni+ system 
and <7% in the Fe+ system. A possible mechanism for 
these reactions is shown in Scheme I. Oxidative addition 
of a C-H bond of methane to the metal forms 1 which may 
either rearrange via an a-hydrogen migration forming 2 
or decompose directly by simple bond cleavage to give the 
ionic products MH+ and MCH3+. The enthalpies of re- 
action listed in Scheme I use bond energies to the metal 
listed in Table L19 Because the M+-CH3 bond is stronger 
than the M+-H bond for both metal ions (see Table I), the 
former product is thermodynamically preferred. However, 
MH+ is the predominant product at all energies examined, 
suggesting MH+ is formed by a direct hydrogen abstraction 
process rather than via formation of an intermediate such 
as 1 which can fragment competitively. While reductive 


(18) Levine, R. D.; Bernstein, R. B. "Molecular Reaction Dynamics"; 
Oxford: New York, 1974; p 42. 


(19) Table I also uses Mf(CH4) = -17.89 kcal/mol and MAH) = 
52.09 kcal/mol from: Stull, D. R.; Prophet, H. Nutl. Stand. Ref. Datu 
Ser. (U.S., Natl. Bur. Stand.) 1971,37. MACH,) = 92.4 kcal/mol from: 
Chase, M. W.; Curnutt, J. L.; Prophet, H.; McDonald, R. A.; Syverud, A. 
N. J. Phys. Chem. Ref. Datu, Suppl. 1975, 4, No. 1. AZff(CH,) = 34.9 
kcal/mol from: Baghal-Vayjooee, M. H.; Colussi, A. J.; Benson, S. W. J. 
Am. Chem. SOC. 1978, 100, 3214. 
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Figure 1. Variation in reaction cross section with kinetic energy 
in the center of mass frame for the formation of MCH3+ from 
reaction of M+ with ethane, where M = Fe, Co, and Ni. For each 
system, the experimental cross section, u, has been divided by 
the maximum cross section, u-. Arrows indicate the threshold 
energies at 0.91 eV (Fe), 1.25 eV (Co), and 1.8 eV (Ni) and the 
carbon-carbon bond energy of ethane, 3.9 eV. 
elimination of a hydrogen molecule from 2 yielding MCH2+ 
is the least endothermic of the reactions observed, it in- 
volves the most extensive rearrangement. 


Reaction of Fe+ and Ni+ with Ethane. Both iron and 
nickel ions react with ethane in endothermic processes to 
give MCH3+ and MH+, reactions 5 and 6. Small amounts 


(5) 


M+ + C2H6 - MH+ + CzH5 (6) 
of NiCH2+, NC2H4+, and C2H5+ are also detected a t  higher 
energies. Similar products were not observed in the 
Fe+-ethane system, indicating that cross sections for these 
reactions are less than 0.03 A2 a t  all energies. 


Detailed results for formation of the NiCH3+ and 
FeCH,+ ions are shown in Figure 1. The data are fit by 
using eq 4 and the parameters n = 5, u0 = 44 A2, Eo = 1.8 
eV, and a = 0.87 for Ni+ and n = 3, uo = 1.52 A2, Eo = 0.91 
eV, and a = 0.85 for Fe+.20 Combining the threshold 
energies, Eo, with the bond energy of ethane, 3.9 eV, we 
determine Do(Ni+-CH3) = 2.1 f 0.2 eV (48 f 5 kcal/mol) 
and DO(Fe+-CH3) = 3.0 f 0.2 eV (69 f 5 kcal/mol). These 
results are consistent with limits obtained by Ridge and 
Allison in an ion cyclotron resonance study of the reactions 
of atomic metal ions with methyl Their data give 
56 kcal/mol < Do(Fe+-CH3) < 69 kcal/mol and Do(Ni+- 
CH,) < 56 kcal/mol. 


It is possible that the species having the formula 
(MCH&+ has one or more hydrogens attached to the metal 
rather than corresponding to a metal methyl ion. However, 
calculations as in I indicate that AH- for process 7 is in 


(7) 


M+ + C2H6 - MCH3+ + CH3 


(MCH3)+ - (MCH2)+ + H 


(20) The data for the reactions of both Co+ and Ni+ with ethane to 
produce MCH8+ are fit with n = 5. It is unclear why a value of n = 3 gives 
a much better fit to the FeCH3+ data than n = 5. If n = 5 is used, a value 
of Eo = 0.6 eV is obtained which results in Do(Fe+-CHa) = 3.3 eV (76 
kcal/mol). In this case, uo = 1.8 AZ. The procedure for fitting the model 
c r m  sections to the experimental data is such that the value of y scales 
in a highly nonlinear fashion with E,,. For example, even though u- for 
the FeCHa+ system is only one-third that of the Co+ or Ni+ systems, the 
value for y is 25-30 times smaller for FeCHa+ (n = 3-5) than for NiCHa+. 
Because of this, one should not attach a great deal of physical significance 
to the geometrical parameter u,,. We also examined a more flexible 
threshold function, using a third-order polynomial to fit the experimental 
data. The threshold values obtained from this procedure are all within 
0.33 eV of the quoted values (from the polynomial fits Eo = 0.6 eV, 
FeCH3+; 1.4 eV, CoCH3+; 2.1 eV NiCH,+). 
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Figure 2. Variation in experimental cross section for the in- 
teraction of Ni+ with 2-methylpropane as a function of kinetic 
energy in the center of mass frame (lower scale) and laboratory 
frame (upper scale). 


the range of 70-85 kcal/mol.21 Since it seems more likely 
that a bond energy of this value represents a C-H bond 
weakened by resonance stabilization of the MCH2+ product 
rather than a metal-hydrogen bond,22 we conclude the 
structure involved is indeed a metal-methyl ion. 


Figure 1 also includes the data for cobalt ions reacting 
with ethane to form CoCH,'. In this figure, the experi- 
mental cross sections for each system have been normalized 
to 1.0 a t  their peaks. Maximum cross sections are of sim- 
ilar magnitudes: Q (Fe+) = 0.7 A2, u,,(Ni+) = 2.1 A2, 
and u-(Co+) = 2.1p. Several features of these reactions 
are worth noting. For example, data for all three systems 
peak approximately a t  the carbon-carbon bond dissocia- 
tion energy of ethane, 3.9 eV. A cursory inspection of 
Figure 1 reveals the relative metal ion-methyl bond 
strengths. Iron ions have the lowest threshold, and 
therefore the largest bond energy, followed by Co+ and 
then Ni+. The larger bond energy is also consistent with 
a slower decrease in cross section with increasing energy 
for the FeCH3+ product at high energy, which suggests that 
a higher internal energy is required for this species to 
fragment. 


Table I lists the bond dissociation energies Do(M+-X) 
where M = Fe, Co, and Ni and X = H, CH3, and CH2. In 
a recent communication,'l we noted that the metal ion 
hydride and methyl bond energies for Cr, Mn, Fe, Co, Ni, 
and Zn correlate with the energy required to promote the 
metal ion from its ground state to the lowest state derived 
from the (3d)"-'(4s)  onf figuration.^^ The implication of 
this result is that u bonding to the first-row transition 
metals involves substantial participation of the metal 4s 
orbital, as is predicted by several theoretical calculations.S.24 
This explains why iron ions, whose ground state is a fa- 
vored bonding configuration, (3d)"(4s), make strong bonds 


(21) AHH,, of process 7 can be caluclated by using only the endother- 
micities of the reactions forming (MCHJ' and (MCH2)+, with no prior 
assumptions about the structure of the ions. For Fe+, AHH, = 83 
kcal/mol, while for Ni+, LUI- = 72 kcal/mol. 


(22) From other studies we have determined Do(Fe+-H) = 58 f 5 
kcal/mol" and Do(Ni+-H) = 43 f 2 kcal/mol.lOb 


(23) No such correlation is found for Do(M+-CHz), presumably the 
result of variable amounts of T bonding in this system. 


(24) Scott, P. R.; Richards, W. G. "The Electronic Structure of Dia- 
tomic Transition Metal Molecules", Chem SOC. Spec. Period. Rep. 1976, 
4, 70. 
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Table 11. Product Distributions of Exothermic Reactions of Fe+, Co+, and Ni' with Alkanes Measured at - 1-eV 
Relative Kinetic Energy 


neutral products 
corresponding to 


M(a1kadiene)' products 


H2 + 
H2 + C3H8 


neutral products ( CmH2m+2) corresponding to  
ionic product M( Cn-mH2+m))+ H, + C,H, CH4 + 


alkane structure M' H, CH4 C2H, C3H, C,H,, C,H,,  2H, CH, 2CH, C,H, 
reactant 


propane Fe 0.44 0.56 
Co 0.59 0.41 
Ni 0.20 0.80 


butane Fe 0.27 0.36 
Co 0.29 0.12 
Ni 0.24 0.17 


2-methylpropane Fe 0.54 0.46 
Co 0.23 0.77 
M 0.11 0.89 


pentane Fe 0.16 0.18 
Co 0.30 0.02 
Ni 0.29 0.04 


2-met hylbutane Fe 0.24 0.27 
Co 0.20 0.37 
Ni 0.13 0.27 


2,2-dimethylpropane Fe 1.0 
co 1.0 
Ni 1.0 


hexane Fe 0.20 0.10 
Co 0.39 0.02 
Ni 0.48 


2,2-dimethylbutane Fe 0.03 0.08 
Co 0.12 0.30 
Ni 0.05 0.17 


2,3-dimethylbutane Fe 0.05 0.06 
Co 0.22 0.35 
Ni 0.10 0.16 


heptane Fe 0.18 0.04 
Co 0.28 0.01 
Ni 0.33 


2,2,3,3-tetramethylbutane Fe 0.02 0.08 
Co 0.07 0.16 
Ni 0.04 0.18 


to H and CH3 radicals. These same bonds to nickel ions, 
which require 24 kcal/mol to be promoted from their 
ground state into the (3d)8(4s) configuration,13 are much 
weaker. Cobalt ions require 9.6 kcal/mol to be promoted 
into the (3d)'(4s) ~ o n f i i a t i o n . ' ~  Accordingly, DO(Co+-H) 
and DO(Co+-CH3) have values intermediate to those of Fe+ 
and Ni+. 


Reactions of Fe+ and Ni+ with Larger Alkanes. 
Table I1 lists the results for exothermic reactions of Fe+ 
and Ni+ with several alkanes. Ionic products seen a t  low 
energies all have the molecular formula M(C,H%)+. From 
the stoichiometry and thermochemistry of the reactions, 
neutral producta are inferred to be the corresponding al- 
kanes or a hydrogen molecule. At the lowest energies 
examined, the metal-alkane adduct is also seen. Pressure 
dependence studies indicate that this product is formed 
in a termolecular process. 


Figure 2 shows data for reaction of Ni+ with 2- 
methylpropane as an example. At low energies the reaction 
cross sections for formation of Ni(C3H6)+ and Ni( C4Hs)+ 
are large and decrease with increasing energy, indicating 
that processes 8 and 9 are exothermic. At  higher energies, 


Ni+ + (CH3),CH - NiC4H8+ + H2 (8) 


Ni+ + (CH3),CH - NiC3H6+ + CHI (9) 


producb of endothermic reactions appear. In the reaction 
of Ni+ with 2-methylpropane these include, most promi- 
nently, NiH+, NiCH3+, C3H7+, and C4H9+. (Figure 2). For 
the other alkanes examined, the metal hydride and metal 
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0.27 0.17 0.05 0.03 
0.62 0.06 0.04 0.06 0.10 
0.40 0.03 0.02 0.05 0.07 
0.54 0.03 0.06 0.06 0.09 
0.07 0.13 0.01 0.08 0.38 0.22 


0.23 0.09 0.11 
0.02 0.61 0.02 0.03 0.06 
0.11 0.26 0.20 0.18 0.02 
0.15 0.22 0.28 0.04 0.02 
0.14 0.22 0.21 0.09 0.01 


0.05 0.08 0.71 0.06 
0.05 0.13 0.03 0.55 
0.04 0.26 0.02 0.42 


Scheme I1 
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alkyl as well as the corresponding alkyl ions are also ob- 
served a t  the higher energies with both metal ions. The 
product distributions given in Table I1 agree fairly well 
with ICR studies of Allison and Ridgesasc for reactions of 
Fe+, Co+, and Ni+ with butanes and of Byrd, Burnier, and 
FreiseP for reactions of Fe+ with several alkanes, though 
the latter study does not report any Fe(alkadiene)+ prod- 
ucts. 


The reactions of Fe+ and Ni+ with larger alkanes yield 
products analogous to those observed from the corre- 
sponding reactions of Co+.12 Similar reactivities and 
product distributions listed in Table I1 suggest that the 
three metal ions react via the same mechanism. Scheme 
I1 depicts the proposed reaction mechanism in the case of 


(25) Byrd, G. D.; Burnier, R. C.; Freiser, B. S. J. Am. Chem. Soc., 
submitted for publication. 
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Scheme IV 


2-methylpropane. Oxidative addition of the three types 
of bonds available to the metal center is followed by 8- 
hydrogen or 8-methyl transfer to the metal and reductive 
elimination of an alkane or H2 yielding a metal ion-alkene 
complex. Evidence for this mechanism is the same as that 
derived from reactions of Co+ with these and other al- 
kanes.12 Dehydrogenation of alkanes can also occur via 
insertion into internal C-C bonds followed by two 8-hy- 
drogen transfers (Scheme 111). Nickel ions appear to 
dehydrogenate linear alkanes larger than propane exclu- 
sively via this latter mechanism.26 Results with Fe+ and 
Co+ suggest a more complex process in which reversible 
8-hydrogen transfers may obscure the actual mechanism.12 


The products shown in Schemes I1 and I11 are alkenes 
bound to the metal ion. Binding energies of group 8 metal 
ions to ethene are in the range of 30-60 kcal/mol.n Hence 
it is the stability of the products which renders the overall 
process substantially exothermic when effected by a 
transition-metal ion. If sufficient energy is retained by the 
metal-alkene complex, further reaction may occur to yield 
a metal ion-alkadiene complex (Scheme IV). This proceas 
begins by insertion of the metal ion into an allylic C-C or 
C-H bond followed by either a simple j3-H transfer or by 
more complicated isomerization and cleavage reactions.B 
The metal then reductively eliminates H2, an alkane, or 
an alkene. These reactions explain the occurrence of some 
products which are not accounted for by the general 
mechanism outlined in the previous study with Co+.12 For 
example, in the case of M+ reacting with 2,3-dimethyl- 
butane, the further reaction of M(2,3-dmethyl-2-butene)+ 
can account for the loss of 2H2, H2 + CHI, and H2 + CzH6 
as well as C ~ H G  (H2 + C2H4) and C4H10 (H2 + C4H8).29 
Note that two of these products, those corresponding to 
loas of 2H2 and C2&, could not arise from further reaction 
of M(3-methyl-l-butene)+. However, the latter ion is 
probably formed as well and may account for the large 
amount of M(C4H8)+ product in the reaction of Fe+ with 
2,3-dimethylbutane. 


(26) Halle, L. F.; Houriet, R.; Kappes, M. M.; Staley, R. H.; Beau- 
champ, J. L., submitted for publication in J. Am. Chem. SOC. 


(27) If the failure of M+ to dehydrogenate ethane at low ion energies 
is a result of the overall process being endothermic, then D0(M+-CzH4) 
< 33 kcal/mol." However, reactiona of Co+ with alkenes= indicate that 
the binding energies of both ethene and propene e x 4  36 kcal/mol. The 
lower limit of 36 kcal/mol is the more reliable value, but it seems likely 
that the binding energy of C2H, to Co+ cannot exceed thia limit greatly. 
ICR experimenta have shown that CzD4 can displace CO from FeCO+: 
Foster, M. S.; Beauchamp, J. L. J.  Am. Chem. SOC. 1975,97,4808, while 
photoionization studies have determined DO(Fe+-CO) = 2.62 f 0.1 eV 
(60.5 f 2 kd/mol): Dmtefano, G. J. Res. Natl. Bur. Stand., Sect. A 1970, 
74A, 233. Thia latter value may be too high, however. The threshold for 
FeCO+ formation appeara closer to 12.40 eV rather than 11.53 eV 88 
suggeated by Distefano. This lowers DO(Fe+-CO) to 1.63 eV (37.6 
kcal/mol). 


(28) Supplementary heata of formation of hydrocarbons are taken 
from: Cox, J. D.; Pilcher, G. 'Thermochemistry of Organic and Or- 
ganometallic Compounds"; Academic Press: New York, 1970. 


(29) Armentrout, P. B.; Halle, L. F.; Beauchamp, J. L. J. Am. Chem. 
SOC. 1981,103,6624. 


- C 2 H 6  1 
- M' MC~H; M C ~ H ;  


Fe 5 5  % 45 x 
CO 8 8 %  12% 
Ni 7 5  % 25 % 


Scheme I1 also accounts for products observed at  higher 
energies. In the example of 2-methylpropane, decompo- 
sition of intermediates 3,4, and 5 can occur by simple bond 
cleavage not accessible a t  thermal energies. Since these 
processes often have favorable frequency factors, they 
become the dominant decomposition route a t  the higher 
energies. Here intermediates 3 and 4 yield MH+ and 
C4%+, while 5 gives MCHS+ and C3H7+. In the case of Ni+, 
where insertion into C-H bonds is less important,26 the 
NiHt may be mainly the result of a high-energy stripping 
process. 


The only products which cannot be accounted for by the 
pathways described above occur in the reactions of all three 
ions with 2,2,3,3-tetxamethylbutme. As suggested in I, the 
dehydrogenation of this compound could be due to the 
formation of the metallacycle 6, or via a process analogous 


H \ M * X  H' 


6 - 
to Scheme 111. Further reaction of the ion formed by loss 
of methane, M(C7H14)+, probably accounts for the small 
amounts of M(C7H12)+, M(C5Hl0)+, and M(C,Hs)+ ob- 
served. 


As examination of Table I1 does reveal some differences 
of reactivity between the metal ions which can be quali- 
tatively explained in terms of energetics. The enthalpy 
change for the general process 10 is given in terms of the 


(10) 


(11) 


M+ + RlRz 4 Rl-M+-RZ 


AH = D(RlR2) - D(MRi+-RZ) - D(M+-R1) 


various bond dissociation energies by eq 11. Bond energy 
data for the species MRIb+ are not available. Hence we 
will assume bond additivity and approximate D(MRl+-RJ 
by D(M+-b). Using D(C-H) = 95 kcal/mol and D(C-C) 
= 85 kcal/mol as typical values for carbon-hydrogen and 
carbon-carbon bond dissociation energies permits several 
conclusions to be drawn from the data presented in Table 
I. Bond energies to iron are the strongest and the ener- 
getics suggest that insertion into both C-H and C-C bonds 
should be significantly exothermic and indiscriminate. 
These processes should be highly selective for nickel ions, 
while cobalt ions represent an intermediate case. 


Consistent with the above considerations, iron ions are 
less selective in inserting into C-C bonds of alkanes. In 
I, it was noted that initial oxidative addition occurs 
preferentially with the weakest bonds of the alkane. This 
is true for both Co+ and Ni+, as can be seen from the less 
frequent production of methane, resulting from M+ in- 
serting into terminal C-C bonds, than products from re- 
actions involving insertion into internal C-C bonds. 
However, insertion into the stronger terminal C-C bond 
is much more prevalent for Fe+ reactions, as indicated by 
the higher proportions of loss of CH4, H2 + CHI, and 2CH4. 
The M(alkadiene)+ products probably arise from M(al- 
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kene)+ complexes which are formed by both initial loss of 
H2 and initial loss of CHI (Scheme IV). 


Another feature of the reaction of Co+ with alkanes 
noted in I is that transfer of secondary @-hydrogens in 
reaction intermediates is more likely than primary @-hy- 
drogen transfers.12 For example, in the reaction with n- 
pentane, intermediate 7 which results from initial insertion 
into an internal C-C bond can either transfer a secondary 
@-hydrogen and eliminate ethane or transfer a primary 
@-hydrogen and lose propane (Scheme V). The product 
distributions listed in Scheme V show that in reactions 
with Ni+ as well as Co+ a secondary @-hydrogen transfer 
is greatly favored. However, reactions of Fe+ with n- 
pentane and other alkanes deviate somewhat from this 
pattern. This may be due to the higher internal energy 
of 7 caused by the greater exothermicity of the initial 
insertion of Fe+ into the C-C bond. 


The M(alkene)+ products may retain part of the exo- 
thermicity of the initial insertion reaction as internal ex- 
citation. Because the insertion process is most exothermic 
for Fe+, one expects the Fe(alkene)+ product to have more 
energy to further react than the corresponding products 
of Co+ and Ni+. Consistent with this observation are the 
higher proportions of M(alkadiene)+ products of reactions 
of Fe+ with alkanes relative to reaction of Co+ and Ni+. 


Periodic Trends in Metal Ion Reactivity. The group 
8 metal ions Fe+, Co+, and Ni+ exhibit very similar re- 
activity with alkanes. Subtle differences are rationalized 
as being mainly due to differences in reaction thermo- 
chemistry. We have also examined the reactions of Mn+ 
and Cr+ with alkanes.30 In comparison to the group 8 


(30) Halle, L. F.; Armentrout, P. B.; Beauchamp, J. L., unpublished 
data. 


metals, these species are quite unreactive, and processes 
such as dehydrogenation and carbon-carbon bond cleavage 
are not observed. In part, this is due to weaker metal- 
hydrogen and metal-carbon bond dissociation energies for 
these elements. The possible relationship of these results 
to the electronic structures of the organometallic fragments 
is discussed elsewhere." To compare with Co+, we have 
also briefly examined the reaction of Rh+31 (which in 
analogy with Co+ has a SF ground state derived from the 
d8 conf i a t ion ) .  Unlike Co+, Rh+ does not readily cleave 
carbon-carbon bonds and instead is observed mainly to 
dehydrogenate hydrocarbons. With these limited results, 
it is obviously difficult to offer many generalizations con- 
cerning periodic trends in reactivity and thermochemical 
properties. Studies of a wider range of atomic metal ions 
and clusters are currently in progress. In addition, we are 
developing sources of metal atoms which will permit re- 
lated chemistry of the neutral species to be explored. 
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Evidence is adduced from variable-temperature 13C NMR studies for the presence of two conformers 
in CD2C12 solutions of the title compound. Line-shape analyses are consistent with the assignment of C, 
symmetry to both conformers. In one of these, two terminal methyl groups on N-Et are proximal to the 
metal atom, while in the other only one such group is proximal. Interconversion of the conformers requires 
a barrier of AG* = 10.4 kcal mol-'. The conformational variability in this system parallels similar findings 
for hexaethylbenzene transition metal T complexes. 


Recent structural studies of hexaethylbenzene (HEB) 
transition metal 7r complexes of the type (HEB)-ML, (1)2 
have provided evidence of a marked preference for the four 
conformational types shown in Figure 1 (top and bottom 
rows). Examples of three types are known:2 la ((HEB)- 


(1) (a) University of Dundee. (b) On leave from South Dakota State 
University, 1980. (c) Princeton University. 


(2) Iverson, D. J.; Hunter, C.; Blount, J. F.; Damewood, J. R., Jr.; 
Mislow, K. J. Am. Chem. SOC. 1981,103,6073. Hunter, G.; Blount, J. F.; 
Damewood, J. R., Jr.; Iverson, D. J.; Mislow, K. Organometallics 1982, 
1, 448. 
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Cr(C0)3, (HEB)Mo(CO),), le ((HEB)Cr(C0)2PEt3), and 
1 h ((HEB)Cr(CO),PEk, (HEB)Cr(CO),PPh,)). Although 
no representative of the missing type IC has yet been 
reported, a formal analogy may be drawn between IC and 
2c (Figure 1, middle row), the conformation found in the 
crystal of tricarbonyl(hexaethylborazine)chromium(O) 
In this compound, which also has the distinction of being 
the only borazine transition metal complex with a known 


(3) Huttner, C.; Krieg, B. Angew. Chem., Znt. Ed. Engl. 1971,10,512; 
Chem. Ber. 1972, 105, 3437. 
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kene)+ complexes which are formed by both initial loss of 
H2 and initial loss of CHI (Scheme IV). 


Another feature of the reaction of Co+ with alkanes 
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of 7 caused by the greater exothermicity of the initial 
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properties. Studies of a wider range of atomic metal ions 
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developing sources of metal atoms which will permit re- 
lated chemistry of the neutral species to be explored. 
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Evidence is adduced from variable-temperature 13C NMR studies for the presence of two conformers 
in CD2C12 solutions of the title compound. Line-shape analyses are consistent with the assignment of C, 
symmetry to both conformers. In one of these, two terminal methyl groups on N-Et are proximal to the 
metal atom, while in the other only one such group is proximal. Interconversion of the conformers requires 
a barrier of AG* = 10.4 kcal mol-'. The conformational variability in this system parallels similar findings 
for hexaethylbenzene transition metal T complexes. 
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conformational types shown in Figure 1 (top and bottom 
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Table I. I3C NMR Data for Tricarbonyl(hexaethylborazine)chromium(O) (2)" 
measd chem shifts' chem shiftsb sub- 


spectrum assignt at +25 "C at -80 "C major conformer minor conformer 
co 227.81 226.76, 227.72 226.76, 227.72 (2X) 226.76 (2X), 227.72 


A NCH, 43.89 40.55,41.14,46.15, 47.20 40.55 (2X),46.15 41.14, 47.20 (2X) 
B NCCH, 20.29 17.76, 20.65, 21.17 17.76, 21.17 (2X) 17.76 (2X), 20.65 
C BCCH, 9.85 8.24, 9.93 8.24, 9.93 (2X) 8.24 (2X), 9.93 


BCH, 5.53 4.76 


a See text and Figure 2. Chemical shifts (ppm) used in the simulation of the coalescing subspectra. Chemical shifts 
marked ( 2 ~ )  refer to symmetry equivalent carbons in C, structures 2c and 2e (Figure 1, middle row, carbonyls eclipse boron 
atoms). In ppm in CD,Cl,, downfield from Me,% 


Y 


6 b b d 


? P ? 


b b 


? 0 ? 


Figure 1. Selected conformations for transition-metal complexes 
of the type (hexaethylbenzene).ML3 (1, top row) and (hexa- 
ethylborazine)-ML3 (2, middle row). The metal atom (M) is the 
point of reference and should be viewed as residing over the ring 
and above the plane of the paper. The filled circles represent 
terminal methyl groups projecting toward the complexed (prox- 
imal) side of the ring, Le., toward the observer. The open circles 
represent methyl groups projecting toward the uncomplexed 
(distal) side, i.e., away from the observer. The descriptors follow 
a previously used notation? Bottom row: torsional arrangement 
of ligands (L, wedges) for la-e (eclipsed) and lh  (staggered). 


X-ray structure, the molecule adopts a conformation in 
which the terminal methyl groups of the three ethyls at- 
tached to boron atoms are distal to the metal atom, while 
of the three ethyls attached to the nitrogen atoms, only 
two have terminal methyl groups which are proximal; the 
third is distal to the metal. The carbonyl groups eclipse 
the boron atoms. The contrast between this conformation 
(2c) and that of hexaethylborazine, in which the terminal 
methyl groups alternately project above and below the ring 
plane4 (as they do in the isosteric HEB9, has been ascribed 
to the slight puckering of the borazine ring in the ~omplex.~ 


It occurred to us that, liberated from the constraint of 
lattice forces, 2 might exhibit some of the conformational 
variability previously demonstrated for HEB. The present 
variable-temperature NMR study of 2 was undertaken in 
search of evidence for conformers other than 2c. 


Results 
At ambient temperature the 90.56-MHz 13C(lH) NMR 


spectrum of 2 in CD2C12 consisted of five resonances at 6 
5.53 (m), 9.85 (s), 20.29 (8)  43.89 (s), and 227.81 (s). Single 
frequency off-resonance decoupling experiments indicated 
that the absorptions at  5.53 and 43.89 ppm can be assigned 
to methylene carbon resonances, those a t  9.85 and 20.29 
ppm can be assigned to methyl carbon resonances, and that 
at 227.81 ppm to carbonyl carbon resonances. Cooling the 


(4) Viawamitra, M. A.; Vaidya, S. N. 2. Kristallogr., Kristallgeom., 
Kristallphys., Kristallchem. 1965, 121, 472. 
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Figure 2. 90.56-MHz lsC('HI NMR spectrum of 2 in CD2C12. 
Arrows indicate peaks which are not involved in the coalescence 
process and which are attributed to impurities. 


solution to -30 "C caused an increase in intensity of the 
resonance at 5.53 ppm which also lost its multiplicity and 
became a sharp singlet. Such behavior is consistent with 
that of a carbon bonded to boron.6 At lower temperatures 
quadrupolar relaxation due to the llB nuclei is very effi- 
cient and effectively causes 11B-13C decoupling. At  higher 
temperatures such relaxation becomes inefficient and in- 
dications of 11B-13C couplings appear in the spectrum. We 
accordingly assign the absorption at  5.53 ppm to the 
methylene carbons of the ethyl groups attached to the 
boron atoms, and the absorption at 43.89 ppm to those 
attached to the nitrogen atoms. At no temperature was 
any indication of 14N-13C coupling observed. 


As the temperature was lowered a coalescence phenom- 
enon was observed which involved all the resonances, al- 
though that assigned to the boron methylene carbons 
merely grew a downfield shoulder. The decoalescence was 
essentially complete a t  -80 "C, at which temperature the 
carbonyl resonance had become two signals of unequal 
intensity (approximately in the ratio 1.5:1), the nitrogen 
methylene carbon resonance had become four signals 
(subspectrum A in Figure 2), the methyl carbon resonance 
at 20.29 ppm had become three signals (subspectrum B), 
and the methyl carbon resonance at 9.85 ppm had become 


(5) Wrackmeyer, B. h o g .  N u l .  Magn. Reson. Spectrosc. 1978,12,229. 
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two signals (subspectrum C). Our results are summarized 
in Table I. 


At ambient temperature the 115.55-MHz llB(lH] spec- 
trum of the compound dissolved in CD2C12 consisted of a 
single broad absorption (half-height line width 2.61 ppm) 
with a maximum intensity at 28 ppm downfield from boron 
trifluoride diethyl etherate. At  -80 "C the "B('H) spec- 
trum consisted of an even broader but now asymmetric 
absorption with a maximum at  29 ppm. 


Discussion 
It is reasonable to assume that steric constraints which 


limit the conformational types in 1 (eclipsing cannot take 
place over carbons bearing proximal methyl groupd2 im- 
pose a similar limit on 2. Furthermore, because the three 
nitrogen atoms in the borazine ring and the three carbonyl 
carbons f= an octahedral coordination set, an arrangement 
in which the boron atoms are eclipsed is expected to be 
far more stable than one in which the carbonyls eclipse the 
nitrogen atoms; for the parent compound (tricarbonyl- 
(borazine)chromium(O)), this stabilization energy is esti- 
mated6 to be 118.3 kcal mol-'. In contrast to 1, where the 
(arene)chromium rotation barrier is unlikely to exceed ca. 
5 kcal mol-'? in 2 such rotation is likely to be frozen on 
the NMR time scale a t  ambient temperature. 


Accordingly, an analysis of the variable-temperature 
behavior of 2 requires consideration of only four confor- 
mations, shown in the middle row of Figure 1, in which 
the carbonyls eclipse the boron atoms and in which there 
is a high barrier to tripodal rotation about the borazine- 
chromium bond. In the absence of accidental isochrony, 
the two structures with CBV symmetry (2a and 2h) are 
expected to display one signal, and the two structures with 
C, symmetry (2c and 2e) are expected to display two sig- 
nals, for each of the five nonequivalent carbon atoms (CO, 
NCH,, NCCH,, BCCH3, and BCH2). The appearance at 
the slow-exchange limit (-80 OC) of four signals in sub- 
spectrum A and three in subspectrum B therefore provides 
conclusive evidence of conformational heterogeneity. By 
the same token, the data in Table I require accidental 
isochrony among the 13C signals in subspectra B and C, 
as well as among those in the carbonyl and BCH2 region. 


We consider it likely that one of the conformations 
present in solution is that observed in the crystal (2c). The 
observance of four 13C resonances in the NCH2 region is 
therefore compatible with a mixture of 2c and 2e or of 2c, 
2a, and 2h. If we admit to the possibility of additional 
accidental isochrony, mixtures containing 2c, 2e, and one 
or both of the other two conformers need also be consid- 
ered. In the absence of compelling reasons to the contrary, 
however, and on the grounds of parsimony (Ockham's 
razor), we opt for the first of these possibilities, a mixture 
of 2c and 2e. This assumption is in harmony with the 
line-shape analysis (see below). 


Since the four signals in subspectrum A collapse to a 
singlet at ambient temperature, any acceptable exchange 
scheme must satisfactorily account not only for the to- 
pomerization of the NEt groups in 2c and 2e but also for 
exchange between the two conformations. For steric rea- 
sons, rotation of the BEt groups is prevented by the 
presence of the eclipsing carbonyl groups, which remain 
locked into position over the boron atoms on the time scale 
of NEt rotation. An appropriate six-site exchange scheme 
involving 2c and 2e and leading to NEt group topomeri- 
zation as well as to conformational interconversion is 
shown in Figure 3. Rotation of a single ethyl group or 


Hunter, Wadsworth, and Mislow 


(6) Albright, T. A.; Hofmann, P.; Hoffmann, R. J. Am. Chem. SOC. 
1977,99,7546. 
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Figure 3. Pictorial representation of the exchange scheme used 
to simulate the Coalescencea involving the NCHz, NCCH3, BCCH3, 
and CO I3C resonances. There are three topomers each for the 
two conformations, 2c and 2e, which are indexed 1 , 3 , 5  and 2, 
4, 6, respectively, and 15 rate constants which fall into three 
classes: kI (e.g., k d ,  kII (e&, k13)1 kIII (e.g., k d .  


Table 11. Calculated Rate Constants for Site Exchange in 
2 from Line-Shape Analysis of VT I,,(,,} NMR Spectra 


first-order rate constants, s - '  


-48 360 180 10 
- 57 100 80 5 
-63 80 60 5 
-71 35  28 1 


simultaneous rotation of three ethyl groups leads to con- 
formational interconversion, while simultaneous rotation 
of two ethyl groups leads to ethyl topomerization within 
a single conformation. The set of 15 rate constants can 
therefore be separated into three subsets: a subset of six 
associated with a single ethyl rotation (kI); a subset of six 
associated with simultaneous rotation of two ethyl groups 
(kII); a subset of three associated with simultaneous rota- 
tion of three ethyl groups (kIII). 


The CO, NCH2, NCCH,, and BCCH, regions of the 
l3C(lH] NMR spectrum under conditions of slow exchange 
(Le., at temperatures below -30 OC) were simulated using 
the chemical shifts in Table I, assuming frozen tripodal 
rotation, and employing a version of the DNMFU program7 
modified to handle single-spin, n-site exchange. Satis- 
factory fits of simulated on observed spectra a t  four tem- 
peratures were obtained by using the rate constants in 
Table 11 and allowing only small changes with temperature 
in the relative intensities of lines. From these data, AGtZX, 
was calculated to be 10.4 f 0.2 kcal mol-' for single (un- 
correlated) ethyl group rotation and 10.6 f 0.3 kcal mol-' 
for simultaneous (correlated) rotation of two ethyl  group^.^ 


The conclusion that correlated and uncorrelated rota- 
tions have similar energy requirements is unprecedented 
for this type of compound. Empirical force field calcula- 
tions2 have shown that ethyl group rotation in HEB is 
completely un~orrelated,~ and even bearing in mind the 


(7) Kleier, D. A.; Binsch, G. QCPE 1970, 11, 165. 
(8) The contribution by km to the overall lineshape waa small and the 


value of AG* calculated from kIU waa considered too imprecise to be 
meaningful. 
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substantial differences between benzene and borazine a 
complexes, a mechanistic rationale for correlated motion 
of two ethyl groups in 2 is far from obvious. A variety of 
other schemes were therefore tried in an attempt to find 
alternatives to the above conclusions. A site-exchange 
process involving borazine-metal bond dissociation was 
ruled out by the observations of separate resonances in an 
equimolar mixture of hexaethylborazine and 2 in CD2Clz 
at the fast exchange limit of 2.1° Random exchange, which 
requires that all rate constants should be equal for a given 
temperature, did not give satisfactory fit of simulated on 
experimental spectra over the observed temperature range 
even when large changes with temperature were allowed 
in the relative intensities of lines within a subspectrum. 
However, by allowing large changes in relative intensities, 
it was possible to obtain reasonably satisfactory fits of 
simulated on observed spectra (though noticeably poorer 
than those obtained by using the k's in Table 11) by fixing 
the seta of rate constants kII and kIII equal to zero. In 
consequence, we cannot rigorously exclude the possibility 
that both topomerization and conformational intercon- 
version can be achieved by successive single (uncorrelated) 
ethyl group rotations. For this mechanism, the calculated 
AGSzzo is 10.1 f 0.2 kcal mol-'. 


Attempts a t  line-shape fitting by including conformers 
2a and 2h in an exchange scheme, along with 2c and 2e, 


(9) Similarly, the rotation of the neopentyl groups in 1,a-dineo- 
pentyl-3,4,5,6-tetraethylbenzene is a stepwise process (Iverson, D. J.; 
Mislow, K. Organometallics 1982,1, 3). 


(10) In the 15.08-MHz 13C NMR spectrum, the methyl absorptions of 
hexaethylborazine and 2 are almost isochronous, but the NCHp absorp- 
tions are well separated at  40.3 ppm (hexaethylborazine) and 44.1 ppm 
(2). 


1982,1, 971-973 971 


proved unsuccessful. This evidence, though of a negative 
kind, tends to support our initial assumption that 2c and 
2e are the only significant components in the conforma- 
tional mixture. 


Experimental Section 
A sample of tricarbonyl(hexaethylborazine)chromium(O) (2)," 


prepared by Dr. M. Scotti, was supplied to u8 through the courtesy 
of Professor H. Werner. The sample contained about 10% of 
tricarbonyl(hexamethylborazine)chromium(O). The 90.56-MHz 
l3C(IH) and 115.55-MHz ''B(lH) NMR spectra were obtained by 
using a Bruker WH360 spectrometer operating in the Fourier 
transform mode. The temperature of the probe was measured 
by a thermocouple inserted in an NMR tube filled with toluene 
to the same depth as the solution in the sample tube. Tem- 
peratures were considered accurate to A 2 O C .  The single fre- 
quency off-resonance decoupling experimenb were performed at 
15.08 MHz and ambient temperature by using a Bruker WP60 
NMR spectrometer. 


The sample solution, approximately 70 mM in CD2C1,, was 
filtered under N2 through a Grade 3 glass sinter, degassed by 
several freeze-pump-thaw cycles and sealed under vacuum. 
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The standard enthalpies of formation of the title crystalline complexes at 298.15 K were determined 
by reaction-solution calorimetry. The results gave AI&' [Ti(q5-C5H5)2Ph2(~)] = 294.4 f 8.8 and AI&' 
[Ti(q5-C5H,)2F~2(~)j = 520.4 f 12.OJJ mol-' (Ph = phenyl and Fc = feryocenyl). The titanium-carbon 
mean bond disruption enthalpies (D) and mean bond enthalpy terms (E)  were also derived. 


Introduction 
Metal-ligand bond distances are commonly considered 


as measurements of metal-ligand bond strengths, which 
in turn are used to explain patterns of reactivity and 
stability of organometallic complexes. For example, Ra- 
zuvaev et al.' explained some reactivity features of Ti- 
(q5-C5H5)2Ph2 and T ~ ( V ~ - C ~ H ~ ) ~ F C ~  (Ph = C6H5 and Fc = 
(q5-C5H5)Fe(q5-C5H4)) by assuming that the Ti-Fc bond 
strength is greater than the Ti-Ph bond strength (Ti-C 
bond distances are 219 and 227 pm, respe~t ive ly) .~~~ As 


(1) Razuvaev, G. A.; Sharutin, V. V.; Domrachev, G. A.; Suvorova, 0. 
N. ZX ZCOM, Dijon 1979. 
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this hypothesis can be analyzed if reliable thermochemical 
data are available, we decided to study the thermochem- 
istry of both complexes, by use of a reaction-solution 
calorimeter. 


Experimental Section 
The reaction and solution enthalpies were measured in the 


reaction-olution calorimeter previously de~cribed.~ The ther- 


(2) Zakharov, L. N.; Struchkov, Yu. T.; Sharutin, V. V.; Suvorova, 0. 
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Table I. Thermochemical Results (kJ mol-') 
for Reactions 1 and 2 


complex AH,  A Hdl AHd2 
~ ( v ~ - C , H , ) , P ~ ,  -210.7 i 4.2 17.2 i 1.3 3.27 * 0.17 
~ ( v ~ - C , H , ) , F C ,  -189.4 i 3.8 17.2 f 1.3 21.09 t 0.48 __ 


Table 11. Standard Enthalpies of Formation 
aHfo(c) and AHf"(g) (kJ mol-') 


Ti(q5-C5H,),Ph, 294.4 k 8.8 (88 * 8) 382.4 * 11.9 
Ti(qS-C5H,),Fc, 520.4 t 12.0 (150 i 15) 670.4 * 19.2 


a Estimated values (see ref 17). 


mochemical measurements were not made under a nitrogen at- 
mosphere, as both complexes are fairly air stable for short periods. 


The complexes T ~ ( V ~ - C ~ H , ) ~ P ~ ~  and T ~ ( T ~ - C ~ H ~ ) ~ F C ~  were 
prepared, purified, and characterized as described in the litera- 
t ~ r e . ~ , ~  The reaction solutions were prepared from Merk p.a. 
hydrochloric acid and acetone which were used without further 
purification. Resublimed ferrocene and spectroscopically pure 
BDH benzene were also used. 


The solution used in the thermochemical studies of reactions 
1 and 2 was a 1:4 mixture of 10.0 mol dm-3 aqueous hydrochloric 


T ~ ( T ~ - C ~ H ~ ) ~ P ~ ~ ( C )  + 2HCl(soln) - 
Ti(~5-C5H5)2C12(soln) + 2C6H8(soln) (1) 


Ti($-C5H5)zFc2(c) + 2HCl(soln) - 
Ti(s5-C5H5)2C12(so1n) + 2Fe(s5-C5H5)2(soln) (2) 


acid and acetone. The thermochemical disadvantages of this 
mixture were discussed in a previous paper.7 


Both reactions were found to be fast and quantitative, in 
agreement with the observations by Siegert and Liefde Meijer8 
and Razuvaev et a1.6 


All the reaction and solution enthalpies presented are mean 
values from at least five independent experiments and refer to 
298.15 K. The associated uncertainties are twice the standard 
deviations of those means. 


The following standard enthalpies of formation and enthalpies 
of vaporization at 298 K were used in evaluating the thermo- 
chemical results (values in kJ mol-'): AHfo(HCl(soln) = -172.59 
f 0.51;' AHt(C,H,(C) = 49.0 f 0.3;9 AH~[Ti(~5-C5H5)2C12(c)] = 
-383.2 f 7.5;'O AHvo(C&) = 33.85 f 0.0$9 AHso[Ti(s5-C5H5)zC12] 
= 118.8 f 2.1;'O AHfo(Cl(g)) = 121.302 f 0.008;1' AHfo(H(g)) = 
217.997 f 0.006;" AHSo[Fe(o5-C5H5),] = 72.77 * 0.42. The value 
for the enthalpy of sublimation of ferrocene is the average of four 
results obtained by different authors.12-14 


Results 
The thermochemical results are summarized in Table 


I. AH, stands for the enthalpy of reactions 1 or 2, AHdl 


(5 )  Summers, L.; Uloth, R. H.: Holmes, A. J .  Am. Chem. SOC. 1955, 


(6) Razuvaev, G. A.; Domrachev, G. A.; Sharutin, V. V.; Suvorova, 0. 


(7) Calado, J. C. G.; Dim, A. R.; Salema, M. S.; Martinho Simks ,  J .  


(8) Siegert, F. W.; Liefde Meijer, H. J. De J.  Organomet. Chem. 1970, 


(9) Pedley, J. B.; Rylance, J. "Sussex - N.P.L. Computer Analysed 
Organic and Organometallic Compounds"; 


(10) Tel'noi, V. I.; Rabinovich, I. B. Usp. Khim. 1977, 46, 1337. 
(11) CODATA Recommended Key Values for Thermodynamics, 1977: 


(12) Edwards, J. W.; Kington, G. L. Trans. Faraday SOC. 1962, 58, 


(13) Andrews, J. T. S.; Westrum, E. F., Jr. J.  Organomet. Chem. 1969, 


(14) Calado, J. C. G.; Dim, A. R.; Minas da Piedade, M. E.; Martinho 


77, 3604. 


N. J.  Organomet. Chem. 1977,141, 313. 


A. J.  Chem. Sac., Dalton Tram. 1981, 1174. 


23, 177. 


Thermochemical Data: 
University of Sussex: Brighton, 1977. 


J .  Chem. Thermodyn. 1978,10,903. 


1323. 


17, 349. 


Simhs ,  J. A. Rev. Port. Quim. 1980, 22, 53. 


Table 111. Mean Bond Disruption Enthalpies and 
Mean Bond Enthalpy Terms (kJ mol-') 
complex D(Ti-C) B(Ti-C)Q 


Ti(q 5-C,H,),Ph, 311 i 10 (271 r 9)* 
Ti( q 5-C,Hs)2F~2 (311) 262 i 11 


a The uncertainties associated with the Laidler para- 
meter or with the value obtained through the correlation 
curve was + 8  kJ mol-'. 


refers to the enthalpy of solution of T i ( ~ ~ - c ~ H ~ ) ~ C l ~ ( c )  in 
the solution of aqueous HC1 and acetone, and AHd2 rep- 
resents the enthalpy of solution of the ligand (benzene or 
ferrocene) in the solution containing stoichiometric 
amounts of T ~ ( v ~ - C ~ H ~ ) ~ C ~ ~ .  


The standard enthalpies of formation of the crystalline 
complexes (Table 11) were evaluated from the above results 
and the relevant auxiliary data. The enthalpy of formation 
of ferrocene was taken as AHH,O[F~(T~-C,H,),(C)] = 154.8 
f 4.2 kJ mol-l. This value, recommended by Tel'noi and 
Rabinovich in 1977,1° differs from another value obtained 
by Tel'noi e t  al. in 1975,15 ca. 168.2 kJ mol-'. It agrees, 
however, with a more recent result by Chipperfield, Sneyd, 
and Webster,lG ca. 158 f 4 kJ mol-', also obtained by static 
bomb combustion calorimetry. 


Estimated values of the enthalpies of sublimation and 
results for AHfo(g) are also collected in Table 11. 


Uncorrected value (see text). 


Discussion 
From the experimental results of Table I, from E(Ti41) 


= 430.5 f 1.3 kJ mol-' in T ~ ( V ~ - C ~ H ~ ) ~ C ~ ~ , ' ~  and from other 
auxiliary data it was possible to obtain Ti-C mean bond 
disruption enthalpies, D(Ti-Ph) and D(Ti-Fc), and Ti-C 
mean bond enthalpy terms, ,!?(Ti-Ph) and E(Ti-Fc), for 
the complexes studied (Table 111). These calculations 
were based on several assumptions discussed in an early 
paper.l' 


The dissociation energyls D(Ph-H) = 460.2 f 8.4 kJ 
mol-' and the Laidler termlg E(Ph-H) = 420.6 kJ mol-' 
were used to evaluate D(Ti-Ph) and E(Ti-Ph), respec- 
tively. 


In the case of T ~ ( T ~ - C ~ H ~ ) ~ F C ~  it was not possible to 
derive a reliable value for D(Ti-Fc), as the dissociation 
energy D(Fc-H) has not been measured. However, if it 
is assumed that this value is similar to D(C5H4-H) which 
in turn equals D(Ph-H), we are led to D(Ti-Fc) = 311 kJ 
mol-l, matching D(Ti-Ph). 


The Laidler scheme does not provide a parameter E- 
(Fc-H), necessary for the evaluation of E(Ti-Fc). 
Therefore we had to use other methods to obtain E(Fc-H). 
As Sanderson's calculations20s21 did not seem reliable for 
the present case, we decided to use a correlation between 
bond enthalpy terms and bond lengths." The curve E- 
(C-H)/r(C-H), which can be regarded as a straight line, 
has a very small slope and so the E values obtained by 
interpolation are affected by small errors. On the other 
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Enthalpies of Formation of Ti(Cdi,)$'h, and - F c ~  


hand it can be noticed that the method yields E(C-H) 
values that are very similar to those given by the Laidler 
scheme.17 


A value of E(Fc-H) = 411 kJ mol-' was then obtained 
by a small extrapolation of the curve (r(Fc-H) = 110.4 
pm)2 and led to the final result of E(Ti-Fc) (Table 111). 


The main conclusion that can be drawn from the values 
of Table I11 is that the titanium-carbon bond strengths 
are similar in both complexes. The fact that E(Ti-Ph) = 
E(Ti-Fc) when the uncertainties are considered apparently 
conflicts with r(Ti-Ph) = r(Ti-Fc) + 8 pm. However it 
is possible that some of the assumptions made in the 
calculation of E(Ti-C) may not be entirely satisfactory." 
One of those assumptions was that the structure of the 
fragment L should be similar in the molecule LH and in 
the complex Ti(q5-C5H5)2L2. From the crystal structures 
of C6H6,22 Ti(q5-C5H5)2Ph2,3 Fe(q5-C5H5)2,23 and Ti(q5- 
C5H5)2F~22 it can be noticed that the average molecular 
parameters of L remain fairly constant, supporting the 
above assumption. Another hypothesis considered in the 
calculation procedure17 was that the reorganization en- 
thalpy of the fragments from the complexes 
T ~ ( T ~ - C & ) ~ P ~ Z ,  'Ns5-CsH5)2Fcz, and Ti(05-C&)~C12 have 
identical values. These reorganization enthalpies seem to 
depend strongly upon the ring centroid angles (a5- 
C5H5)-M-(q5-C5H5). For example in the case of (q5- 
C5H5),Mo and (q5-C5H5)2W fragments, a change of the 
centroid angle from 130 to 145' corresponds to -42 kJ 
mol-'." This angle is similar in Ti(q5-C5H5)2F~2 (131.2°)2 
and in Ti(q5-C5H5),C12 (130.97°),25 but is slightly higher 
in T ~ ( Q ~ - C ~ H , ) ~ P ~ ,  ( 135.9°).26 Therefore the reorganiza- 
tion enthalpy of Ti(q5-C5H5)2 from the latter complex, ER1, 
must be less negative than the reorganization enthalpy of 
the corresponding fragment from T ~ ( T ~ - C & ~ ) ~ C ~ ~ ,  ER3, and 
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so the obtained value for &Ti-Ph) (Table 111) must be 
higher than the real value. The correction to be applied 
to the value of E(Ti-Ph) in Table 111, (ER,- ER1)/2, 
should not be far from -7 kJ  mol-', making E(Ti-Ph) = 
264 kJ mol-'. 


The previous discussion confirms the main conclusion 
given above; i.e., the titanium-carbon bond strengths are 
similar in both complexes. We believe that a reevaluation 
of all those hypotheses and estimations (e.g., the enthalpies 
of sublimation) would not change dramatically the ob- 
served trend. Hence it is likely that the differences in 
reactivity between the complexes Ti(q5-C5H5),Ph2 and 
Ti(q5-C5H5),Fc2 are only a question of different labilitiesn 
of the titanium-carbon bonds. 


A final comment to refer an early result of AHf"[Ti- 
(q5-C5H5),Ph2(c)] = 71.1 f 12.6 kJ mol-',28 obtained with 
a static bomb combustion calorimeter. This result would 
lead to E(Ti-Ph) = 383 kJ mol-', a value which is too high 
to be accepted. 


On the other hand, our results for E(Ti-Ph) and E- 
(Ti-Fc) are in good agreement with previous E(Ti-R) 
values29 for TiR4 complexes, ca. 268 kJ mol-' (R = 
CH2SiMe3) and 264 kJ mol-' (R = CH2Ph). This is con- 
sistent with the hypothesis of considering identical E- 
(Ti-C1) values for the compounds T~(T~-C,H,),C~, and 
TiC1,.10J7 
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We carried out nonparametrized molecular orbital calculations on the following complexes: FpCCH, 
Fp’CCH, Fp’NCH’, MpCCH,, FpCCH2+, Fp’CCH2+, Fp’CHCH2, and Fp’CH2+, where symbols Fp, Fp’, 
and Mp stand for CpFe(CO),+, CpFe(PH&+, and CpMn(CO),, respectively. Acetylide (CCH), nitrile (NCH), 
and vinyl (CHCHJ ligands form weak ‘K bonds with the metal atoms, whereas vinylidene (CCH,) and carbene 
(CHJ ligands form strong a bonds. The metal-vinylidene bond is between double and triple, which permits 
facile rotation of the ligand. In the vinyl complex Fp’CHCH2, the repulsive, four-electron a interaction 
between Fp’ and CHCH2 is stronger than the attractive, two-electron ‘K interaction. The optimal position 
of the vinyl ligand is one that minimizes the repulsive overlap although the attractive overlap is also 
minimized. The energy criterion c o n f i i  this unusual conformational preference. The preferred position 
of the a-accepting carbene ligand in Fp’CH2+ is one that maximiis the attractive .rr overlap; the calculated 
barrier is close to the value obtained by NMR spectroscopy. Additions to these complexes conform to 
a rather general rule: terminal, unsaturated organic ligands bonded to late transition metals undergo a 
attack by nucleophiles and 8 attack by electrophiles. The calculations indicate that nucleophilic additions 
are directed by the character and localization of the LUMO’s in the substrates, whereas the electrophilic 
additions are directed chiefly by the charge distribution in the substrate molecules. We cautiously predict 
that, if electrophiles add to vinylidene ligands in these complexes, the attack will be at ligand &carbon 
atoms. We do not expect nucleophilic additions to a-carbon atoms in acetylide and vinyl ligands. 


Introduction 
Electronic structures and reactivities of organic com- 


pounds change, often drastically, when they coordinate to 
transition metals to form organometallic complexes. These 
complexes are versatile synthetic reagents, intermediates 
in many catalyzed industrial processes, and a challenge to 
theorists.’ Kinetically controlled addition reactions are 
particularly suited for molecular orbital investigations 
because they are single-step processes, accompanied by 
relatively small strucural changes in the reactants. The 
most important aspect of these additions is their 
regioselectivity-the choice of the site of attack in the 
substrate. When organometallic substrate contains several 
unsaturated ligands, the problem of regioselectivity be- 
comes rather complicated. Empirical and semitheoretical 
rules for explaining and predicting selectivity abound in 
organic chemistry and are emerging in organometallic 
chemistry as this discipline matures. 


One such generalization was made by Davison and 
Selegue, who succeeded in reducing an dkynyliron complex 
to an alkyliron complex in a sequence of four addition 
reactions.2 They concluded that #-carbon ligands bonded 
to late transition metals tend to undergo (Y attack by nu- 
cleophiles and @ attack by ele~trophiles.~J The same 
tendency is evident in the reactions reported by Bruce and 
his co-workers4 and by several other groups. To explain 
these interesting observations, we examined bonding in the 
starting compound and in three intermediates of this 


~~ ~ 


(1) (a) Collman, J. P.; Hegedue, L. S. ‘Principles and Applicatione of 
Organotransition Metal Chemistry”; University Science Books: Mill 
Valley, CA, 1980. (b) Kochi, J. K. “Organometallic Mechanisms and 
Catalysis”; Academic Press: New York, 1978. (c) Alper, H., Ed. 
*Transition Metal Organometallics in Organic Synthesis”; Academic 
Prees: New York 1976, Vol. 1; 1978, Vol. 2. (d) Heck, R. F. ‘Organo- 
transition Metal Chemistry. A Mechanistic Approach”; Academic Press: 
New York, 1974. 


(2) Davison, A,; Selegue, J. P. J .  Am. Chem. SOC. 1980,102,2455-2456. 
(3) Davison, A.; Selegue, J. P. J. Am. Chem. SOC. 1978, loo, 7763-7765. 
(4) Bruce, M. I.; Swincer, A. G. A u t .  J. Chem. 1980,33, 1471-1483. 
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stepwise synthesis, which had all been isolated and char- 
acterized by Davison and Selegue. Symbols Fp, Fp’, and 
Mp stand for the metal-containing fragments CPF~(CO)~+, 
CpFe(PH3),+, and CpMn(CO),, respectively. We carried 
out calculations on the following compounds: FpCCH, 


Fp’CHCH2, and Fp’CH2+. These complexes contain a 
variety of terminal (v’) organic ligands: acetylide (CCH), 
nitrile (NCH), vinylidene (CCH2), vinyl (CHCH2), and 
carbene (CH,). Besides reactivity, we discuss conforma- 
tional preferences of the planar ligands (vinylidene, vinyl, 
and carbene) in terms of overlap and energy criteria. 


This paper is the fourth part of our study of bonding, 
structure, and reactivity of transition-metal complexes 
containing maturated organic ligands.“ In the first two 
parts,” we examined carbyne complexes of manganese and 
chromium and concluded that nucleophilic additions to 
their carbyne ligands rue frontier controlled and apparently 
not charge controlled. In the third part,’ we suggested that 
optimal conformations of carbene and carbyne ligands (and 
possibly some others) are those that minimize orbital en- 
ergies and not necessarily maximize overlaps in the dom- 
inant metal-carbon 7 interactions. 


Fp’CCH, Fp’NCH’, MpCCH2, FpCCH2+, Fp’CCHZ+, 


Details of the Calculations 
An approximation to the Hartree-Fock-Roothaan tech- 


nique, the FenskeHall self-consistent field (SCF) method, 
has been described elsewhere8 and some of its applications 
have been r e v i e ~ e d . ~ J ~  The method is devoid of adjust- 
able or empirical parameters so that results of a calculation 
(eigenvalues and eigenvectors) are completely determined 


(5) KostiE, N. M.; Fenske, R. F. J. Am. Chem. SOC. 1981, 103, 


(6) KostiE, N. M.; Fenske, R. F. Organometallics, 1982, 1, 48s496. 
(7) KoatiE, N. M.; Fenske, R. F., J. Am. Chem. SOC., in press. 
(8) Hall, M. B.; Fenske, R. F. Znorg. Chem. 1972,11,768-775. 
(9) Fenske, R. F. h o g .  Znorg. Chem. 1976, 21, 179-208. 
(IO) Fenske, R. F. f i r e  Appl. Chem. 1971, 27, 61-71. 


4677-4685. 


0 1982 American Chemical Society 







MO Study of Transition-Metal Complexes 


by molecular geometry and the basis functions. 
We partitioned every complex molecule into two 


closed-shell moieties: the metal-containing fragment and 
the ligand that undergoes addition. Such cleavage allows 
inspection of crucial interactions that affect the reactivity 
and spatial orientation of the ligand. After the SCF 
portion of the calculation would converge in the atomic 
basis set, the molecular orbitals of the complex were 
transformed into a basis set of the fragment orbitals. This 
transformation and redistribution of charge between the 
fragmens to make them closed shells have no effect upon 
the results of calculations but make them easier to inter- 
pret. The energies of the fragment orbitals in the mo- 
lecular orbital diagrams are diagonal elements of the Fock 
matrices from the calculations on the complete molecules. 
These energies differ slightly from one compound to an- 
other because they reflect the influences of the molecular 
environment upon the moieties "ready for bonding". To 
expedite calculations on the large molecules, we used 
(PH& CCH, CCH,, CHCH,, CH2, and NCH as models 
for ligands dppe [bis(diphenylphosphino)ethane], CCMe 
or CCPh, CCMe, or CCHPh, CHCMe,, CH(t-Bu), and 
NCMe, respectively. Comparative calculations on the real 
ligands and their models did not reveal any significant 
differences in the electronic structures and bonding 
abilities that would be due to substitution of hydrogen 
atoms for the larger groups. In fact, several compounds 
with ligands CCH, CCH,, and CH2 are known, and their 
reactions are analogous to those of the complexes with 
bulkier ligands. Therefore we believe that these simpli- 
fications, routinely made in nonrigorous as well as in ab 
initio calculations, are justified. We determined relative 
stabilities of conformations from the differences in sum- 
med eigenvalues of the sets of occupied molecular orbitals 
that include the orbitals affected by internal rotation. 


The basis functions were the same as in our previous 
studies.6*6 


Structures. We took the geometry of the vinylidene 
complex MpCCH, from the crystal structure of 
MpCCMe,." Bond distances and angles in our model 
fragment Fp' were the same as in CpFe(dppe)NCMe+.12 
The geometry of the fragment Fp was taken from the 
structure of FpCCPh.13 The distances between the 
fragments in the alkynyl, vinylidene, and nitrile complexes 
were taken from the actual structures, mentioned above; 
this distance was made 1.85 A in the vinyl complex and 
1.80 A in the carbene complex. To see whether the met- 
al-carbon bond lengths affect the electronic structures, we 
carried out calculations on the vinylidene complex 
Fp'CCH,+ using Fe-C distances of 1.65 and 1.85 A. This 
change in the bond length did not affect the ordering of 
the molecular orbitals; the eigenvectors and net atomic 
charges changed only slightly and the characteristics of 
bonding in the two cases were the same. The reported 
results were obtained with 1.65 A. The angles in the lig- 
ands were idealized: 109.5, 120, and 180" at the tetra-, tri-, 
and dicoordinate atoms, respectively. The common in- 
teratomic distances were used in the ligands: 1.45, 1.34, 
and 1.09 A for P-H, double C-C, and C-H bonds, re- 
spectively. The metal atom was always at  the origin of the 
coordinate system whose z axis pointed toward the carbon 
atom in the terminal organic ligand. The metal-containing 
fragments had C, symmetry: the mirror plane (yz )  of the 
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VERTICAL 


Figure 1. Two reference planes in the CpML2 fragment. 


P 
(C) 


e 0-- 


e @ 
P 


(e ) 
Figure 2. Crucial a-type molecular orbitals in (a) CpML2 frag- 
menta, (b) acetylide or nitrile, (c) vinylidene, (d) vinyl, and (e) 
carbene ligands. Orbitals 3a', 2a", and those designated a are 
filled, whereas others are vacant. 


fragment is called vertical and the x z  plane is called hor- 
izontal. They are shown in Figure 1. 


Bonding Abilities of the Fragments 
In our discussion of the fragments we shall emphasize 


those molecular orbitals that are essential for bonding in 
the complete molecules. They are shown in Figure 2. The 
crucial set of orbitals in a fragment is usually isolated in 
energy from the lower lying occupied and the higher lying 
vacant orbitals. A fragment orbital is classified as u or ?r 


in character according to its bonding ability with respect 
to another fragment. The same designations, e.g., u or ?r*, 


are often used for orbitals in different ligands, but it should 
be clear from the context which ligand is meant. 


Metal-Containing Fragments. The electronic struc- 
tures of isoelectronic fragments Mp and Fp are very sim- 
ilar. They are presented in detail elsewhere,5114 so only the 
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Table I. Energies and Percent Compositions of Important Orbitals in CpFe(PH,),+ 


cP (pH,), Fe 
orbital E,  eV 4 2  dxZ-v2 dxv dxz dvz S P e ,  “ lone pairs 


4a‘ (LUMO) -12.26 33 7 
3a‘ (HOMO) -15.00 35 
2a“ -15.25 8 
2a’ -15.67 26 39 
la”  - 18.86 6 
la’  -19.00 16 6 


salient features will be summarized here. The six im- 
portant fragment orbitals, ordered by the increasing en- 
ergies, are la’, la”, 2a’, 3a’, 2a” (the HOMO), and 4a’ (the 
LUMO). The a-type orbitals la’ and la” are very close 
in energy and consist primarily of the HOMO level, e,”, 
of the Cp ligand which is doubly degenerate in that free 
ligand. (In our first papeP we designated these two orbitals 
together as “Cp” and began symmetry labeling from the 
next higher orbital). The other four fragment orbitals are 
chiefly localized on the metal (iron or manganese) atom 
and are composed largely of its 3d orbitals; 2a’ and 4a’ have 
u character, whereas 3a’ and 2a” have a character. Orbital 
2a’ provides metal-C0 bonding within the fragment and 
practically does not contribute to the bonding between the 
metal fragment and the organic ligand. Orbitals 3a’ and 
2a”, split by about 0.3 eV, are particularly important for 
interfragment bonding. Orbital 3a’ can a donate in the 
vertical plane of the metal fragment, whereas the HOMO 
2a” can a donate in the horizontal plane. 


The electronic structure of Fp’ is similar to the electronic 
structures of Fp and Mp. The most important conse- 
quence of substituting phosphines for carbonyl ligands is 
the inversion of the two highest occupied orbitals-3a’ is 
now the HOMO and 2a” is below it, as Table I shows. 
Orbital 3a’ in Fp is somewhat stabilized by its mixing with 
2a orbitals of the CO ligands; when carbonyls are replaced 
by phosphines, this bonding interaction disappears and 
the energy of 3a’ increases. In every complex, orbital 28’’ 
overlaps better than 3a’ with the a-type orbitals in the 
ligands because 2a” has somewhat greater contribution 
from the metal 4p orbitals than 3a’. 


Ligands. The crucial orbital of acetylide, HC=C:-, are 
its two a bonds (a level designated a), a lone pair (a), and 
two a-antibonding orbitals (level a*) of high energy. 
Nitrile, HC=N:, has analogous orbitals-which therefore 
have the same designations-except the a-bonding level 
is more stable because nitrogen is more electronegative 
than carbon. Vinylidene, H,C=C:, may be viewed as 
containing sp- and sp2-hybridized carbon atoms with a r 
bond between them. Its important orbitals are a a bond 
(a), a lone pair (a), an empty a-type p orbital of the ligating 
carbon atom (p), and a a-antibonding orbital (a*) of high 
energy. Vinylidenes resemble ,aminocarbynes“’ in their 
bonding abilities. Vinyl, H2C=CH-, is derived from ethene 
and its crucial orbitals are a a bond (a), a lone pair (a), 
and a high-lying a-antibonding orbital (a*). Carbene, 
H&:, has a lone pair (a) and a vacant a-type p orbital 
(designated p). 


The lone pair, a, is the HOMO in every one of these 
ligands. The linear ligands (acetylide and nitrile) each have 
degenerate a-type orbitals, a bonding and an antibonding 
level in each ligand. Vinylidene has two nonequivalent 
a-accepting orbitals: p lies in the ligand plane, whereas 
a* is perpendicular to that plane. The vinyl and carbene 
ligands each contain only one r-accepting orbital, which 


(14) Schilling, B. E. R.; Hoffmann, R.; Lichtenberger, D. L. J. Am. 
Chem. SOC. 1979, 101, 585-591. 
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Table 11. Energies and Percent Compositions of 
Important MO’s in CpFe(CO),CCH 


C P W  CO), CCH 
E,  eV la‘  la” 2a’ 3a’ 2a“ n n* 


-11.87 (HOMO) 43 54 2 
- 12.09 3 35 59 1 
-13.78 76 5 
-14.98 1 4  53 28 1 
-14.98 9 52 37 1 
- 16.20 70 7 5  1 2  1 
-16.23 89 8 


Table 111. Energies and Percent Compositions of 
Important MO’s in CpFe(PH, ),CCH 


CPWPH,),  CCH 
E. eV la’  l a “  2a‘ 2a” 3a’ n TI* 


- 8.42 (HOMO) 9 65 18  4 
- 8.50 71 22 5 
- 9.18 73 16  


-12.09 19 11 63 
-12.52 4 20 72 


is perpendicular to the ligand plane. Clearly, vinylidene 
has different abilities for a bonding with the metal in the 
two planes, whereas vinyl and carbene can a-bond only in 
the plane perpendicular to the ligand. Because of such 
bonding abilities, these three nonlinear ligands exhibit 
conformational preferences when bonded to low-symmetry 
metal fragments such as CpML2. 


Bonding in the Complexes and Their 
Conformations 


From the preceding discussion of the fragments it is clear 
how the bonds between them are formed. The HOMO, 
a, of the ligand donates electron density to the LUMO, 4a’, 
of the metal fragment to form a a bond. The metal-ligand 
a bonds are formed largely by back-donation from 2a” or 
3a’ or both orbitals of the metal fragments into the r-ac- 
cepting orbitals of the ligands. The interactions of the 
filled ligand orbitals, designated a, with the metal-based 
orbitals can also be significant, as will be shown later. The 
metal-ligand a interactions are crucial for bonding and 
conformations; the a interactions are rather simple and are 
not sensitive to rotation about the metal-ligand axis. The 
frontier orbitals, particularly the LUMO’s, of the com- 
plexes are most likely to affect chemical reactivity, and we 
shall examine them in some detail. The electronic struc- 
tures of these molecules are rather complicated because 
their low symmetry permits extensive mixing of many 
orbitals. Only the crucial interactions will be identified 
in the molecular orbital diagrams and the accompanying 
tables will provide the details. 


The 
electronic structures of these two complexes are similar, 
as Figures 3 and 4 and Tables I1 and I11 show. The im- 
portant finding is that the acetylide ligand is essentially 
pure a donor; since its a* level lies high above the filled 
metal-based orbitals, back-donation is weak. The total 


Alkynyl Complexes FpCCH and Fp’CCH. 
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Figure 3. The most important orbital interactions in CpFe- 
(C0)ZCCH. 
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Figure 4. The most important orbital interactions in CpFe- 


population of the T* level (two orbitals) is 0.22 e in the 
complex containing strong donors, phosphines, and 0.14 
e in the complex with strong acceptors, carbonyls. This 
finding is consistent with infrared spectra of the two kinds 
of alkynyl complexes.16 The important metal orbitals are 
energetically matched with the acetylide filled ?r level, and 
therefore the main interactions between the fragments are 
four-electron, destabilizing ones. The HOMO is 10% 
localized on the acetylide @-carbon atom in the Fp' complex 
and 30% in the Fp  complex. Similarly, the next highest 
occupied molecular orbital is 12 and 33% localized on the 
@-carbon atom in the Fp' and Fp complex, respectively. 
The reason for the greater polarization of molecular or- 
bitals in Fp'CCH than in FpCCH is evident in Figures 3 
and 2. The metal-based orbitals in the former complex 
lack the stabilization provided by the *-accepting CO 
ligands in the latter complex; because of that, the energy 
matching between the fragment orbitals in Fp'CCH is 
poorer than in FpCCH. The LUMO's in both complexes 
are entirely confined to the respective metal fragments, 
the LUMO in FpCCH being somewhat localized on the CO 
ligands. In each complex, the LUMO lies close to other 
vacant molecular orbitals. 


Nitrile Complex Fp'NCH+. The main features of 
bonding in this molecule are presented in Figure 5 and 
Table IV. The *-accepting ability of nitrile is comparable 
to that of acetylide-the total population of its ?r* level 
is 0.26 e-which means that nitrile is also a weak A ac- 
ceptor. Its .rr level has low energy and does not interact 
appreciably with the metal-based orbitals. Consequently, 


(PH3)ZCCH. 


(15) Green, M. L. H.; Mole, T. J. Orgummet. Chem. 1968,12,404-406. 
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Figure 5. The most important orbital interactions in CpFe- 
(PHJZNCH'. 


Table IV. Eneraies and Percent Comvositions of 
Important MO's in CpFe(PH,),hCH+ 


CPWPH,), NCH 
E, eV la '  la" 2a' 2a" 3a' n n* 


-14.71 (HOMO) 93  2 4 
-14.89 88 3 6  
-14.96 85  
-18.20 6 3  35 
-18.22 34 65 


Table V. Energies and Percent Compositions of 
Important MO's in CpMn( CO),CCH, Containing 


Horizontal Vinylidene Ligand 
CPMNCO), CCH, 


- 3.53 (LUMO) 42 54 
E, eV l a '  l a"  2a' 3a' 2a" r p n* 


- 9.36 (HOMO) 72 19  8 
-10.37 92 
- 12.28 1 2  50 37 
-13.10 77 3 10 
-13.70 88 6 5 
-15.30 1 3  1 4  69 2 


Table VI. Energies and Percent Compositions of 
Important MO's in CpMn( CO),CCH, Containing Vertical 


Vinylidene Ligand 
CPMn(CO), CCH, - . ,. 


la '  la" 2a' 3a' 2a" n p n* E ,  eV 
-4.17 (LUMO) 37 56 
- 9.02 (HOMO) 71  18 


-10.38 91  
-12.08 22 3 49 22 
-13.34 95  5 
-13.85 67 11 16 
-15.28 5 16 74 2 


the high-lying filled molecular orbitals are essentially 
localized in the Fp' fragment. The LUMO is somewhat 
delocalized on the ligand, but it is not ?r antibonding be- 
tween the fragments; the importance of this will become 
clear later. As in the alkynyl complexes, the LUMO be- 
longs to a manifold of several rather closely spaced vacant 
orbitals. 


Vinylidene Complexes MpCCH2, FpCCH2+, and 
Fp'CCH2+. The main results of the calculations are shown 
in Figure 6 and Tables V and VI. 


In the conformer containing the horizontal ligand, its 
orbitals x and u* interact with metal-based orbitals of a' 
symmetry and orbital p interacts with orbitals of a" sym- 


10 
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Figure 6. The most important orbital interactions in the two 
conformations of CpMn(C0)&CH2. 


metry. In the conformer with the vertical ligand, the in- 
teractions are reversed: T and T* with a" and p with a'. 
The metal-vinylidene back-donation is nearly the same 
in the two conformations of MpCCH,: about 0.85 e in 
orbital p and about 0.24 e in orbital T*. Clearly, metal- 
ligand T bonding is stronger in the ligand plane than in 
the plane perpendicular to the ligand; this is also evident 
by inspection of the overlaps and overlap populations 
corresponding to these two interactions. Although back- 
bonding involving T* is appreciable, the manganese- 
vinylidene cannot be considered triple and the reported 
length of 1.68 A in MpCCHPh may not be quite accurate; 
the error may have been caused by rapid decomposition 
of the crystals, reported by the authors.lhVb Our finding 
that the multiplicity of this bond is between 2 and 3 is 
borne out by the comparison of the Mn-carbene formal 
double bond in MpCMe, (1.87 A),'& Mn-vinylidene bond 
in MpCCMe, (1.79 A)," and Cr-carbyne triple bonds in 
many carbyne complexes (average about 1.70 A).17 The 
vinylidene ligand is similar to aminocarbyne ligand, C m ,  
whose bonds with metals are also between double and 
triple.6J'-19 This analogy may be worth exploring ex- 
perimentally. The notion of extensive back-bonding to the 
vinylidene ligand is further supported by infrared data for 
a series of MpL complexes with various ligands L, which 
show that vinylidene is stronger T acceptor than CO, CPh,, 
and several other ligands.20 Mossbauer parameters of an 
iron-vinylidene complex also indicate that this ligand is 
a strong T acceptor.21 


Most r-type molecular orbitals in the complex have 
contributions from both sets of metal-based orbitals (la', 
la" and 3a', 28") and from more than one ligand orbital 


(16) (a) Alekeandrov, G. G.; Antonova, A. B.; Kolobova, N. E.; 
Struchkov, Yu. T. Sou. J.  Coord. Chem. (Engl. Transl.) 1977,2,1300- 
1305; Koord. Khim. 1976,2, 1684-1689. (b) Nerrmeyanov, A. N.; Alek- 
eandrov, G. G.; Antonova, A. B.; Anisimov, K. N.; Kolobova, N. E. 
Struchkov, Yu. T. J. Organomet. Chem. 1976,110, C36438. (c) Fried- 
rich, P.; Bed, G.; Fiecher, E. 0.; Huttner, G. Zbid. 1977,139, C-72. 


(17) Huttner, G.; Frank, A.; Fischer, E. 0. Zsr. J. Chem. 1976/1977, 
15, 133-142. 


1978,111,3542-3561. 
(18) Fiecher, E. 0.; Kleine, W.; Kreis, G.; Kreissl, F. R. Chem. Ber. 


(19) Schubert, U.: Fiecher, E. 0.: Wittman, D. Arwew. Chem., Int. Ed. 
Engl. 1980,643444. 


V.; Obezyuk, N. S. J. Organomet. Chem. 1977,137,5547. 


c21422.  


(20) Anonova, A. B.; Kolobova, N. E.; Petrovsky, P. V.; Lokshin, B. 


(21) Bellerby, J. M.; Mays, M. J. J.  Organomet. Chem. 1976. 117. 


Table VII. Energies and Percent Compositions of 
Important MO's in CpFe( CO),CCH,+ Containing 


Horizontal Vinylidene Ligand 
C P W  co 1 2  CCH, 


E ,  eV la '  la" 2a' 3a' 2a" TI p n* 


- 7.85 (LUMO) 20 66 
-17.41 (HOMO) 26 65 5 
-20.16 8 71 
-21.35 43 47 8 
-21.67 51 7 35 4 
-22.71 54 26 10 
- 23.56 28 5 30 26 3 


Important MO's in CpFe(CO),CCH,+ Containing 
Vertical Vinylidene Ligand 


Table VIII. Energies and Percent Compositions of 


E ,  eV la'  la" 2a' 3a' 2a" TI p R* 


-8 .55  (LUMO) 15 68 
- 17.1 2 (HOMO) 32 60 7 
-20.18 8 72 
- 21.52 31 4 57 4 
- 21.59 69 22 8 
- 22.84 48 8 22 1 2  
- 23.46 28 34 25 3 


Table IX. Energies and Percent Compositions of 
Important MO's in CpFe( PH,),CCH,+ Containing 


Horizontal Vinvlidene Lieand 
CpFe(PH3h CCH, 


E ,  eV la'  la" 2a' 2a" 3a' n p n* 


-14.84 (HOMO) 7 35 47 8 
- 16.67 67 17 
-18.63 53 24 15 
-18.84 29 50 19  
- 19.62 70 19  6 
- 20.68 37 7 14 34 


- 5.64 (LUMO) 25 61 


Table X. Energies and Percent Compositions of 
Important MO's in CpFe( PH,),CCH,' Containing 


Vertical Vinylidene Ligand 
CpFe(PH3)z CCH, 


E, eV l a '  la" 2a' 2a" 3a' TI p TI *  


- 14.70 (HOMO) 42 47 10 
-16.76 68 15  
-18 .13  23 3 56 10 
-19.30 88 4 6 
- 20.08 66 9 9 1 2  
- 20.46 10  38 36 


- 6.27 (LUMO) 5 18 65  


(T, p, and T*). For example, the molecular orbital at -12.08 
eV in the conformer containing vertical ligand consists of 
an in-phase (bonding) combination of p with 3a' and an 
out-of-phase (antibonding) combination of p with la'. This 
complexity makes it difficult to predict optimal confor- 
mation solely by considering orbital overlaps. The energy 
criterion indicates that the horizontal position of the vi- 
nylidene is preferred over the vertical by about 4 kcal 
mol-'; the preference is small because the Mn-C bond is 
partly triple. Indeed, NMR studies of several complexes 
in solutions showed that the vinylidene ligand rotates easily 
about its bond with the metal atom.3921-23 In the solid 
state, the vinylidene plane is indeed horizontal,11J6".b in 


(22) Boland, B. E.; Fam, S. A.; Hughes, R. P. J.  Organomet. Chem. 
1979,172, C 2 M 3 2 .  


(23) (a) Bruce, M. I.; Wallis, R. C. A u t .  J .  Chem. 1979,32,1471-1485. 
(b) Boland-Lwier. B. E.; Chwchill. M. R.; Hughes, R. P.; Rheinaold, A. 
L. Organometallics 1982, 1, 628-634. 
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Table XI. Energies and Percent Compositions of 
Important MO's in CpFe(PH,),CHCH, Containing 


Horizontal Vinyl Ligand 


- 5 -  


- 0 -  


-9- 
-14-* 


- -16- 
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-22 -  


H*  
I- 
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LUMO / 
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;>C=C HORIZ. CpFe(CO)2 VERT. C=C 


Figure 7. The most important orbital interactions in the two 
conformations of CpFe(C0)2CCH2+. 
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Figure 8. The moat important orbital interactions in the two 
conformations of CPF~(PH~)~CCH~+. 


accord with our result. Schilling et al., who briefly exam- 
ined such a complex before us, calculated the horizontal 
position to be more stable than the vertical one by 3.6 kcal 
mol-'." The LUMO in MpCCH, is u-antibonding between 
the Mn and vinylidene a-C atoms, 50% localized on this 
a carbon atom, and well isolated in energy (more than 3 
eV) from other vacant molecular orbitals. 


Complex FpCCH2+ resembles the corresponding man- 
ganese compound, as Figure 7 and Table VI1 and VI11 
show, and has the same slight conformational preference. 
The populations of p and u* are about 0.46 and 0.23 e, 
respectively. The HOMO is about 30% localized on the 
@-carbon atom in the vinylidene ligand. The u-antibonding 
LUMO is about 60% localized on the a-carbon atom and 
is separated from the other virtual orbitals by about 3 eV. 


"he electronic structure of Fp'CCH2+ is summarized in 
Figure 8 and Tables IX and X. The back-donation in it 
is slightly stronger than in FpCCH2+-populations of the 
vinylidene p and u* orbitals are about 0.57 and 0.28 e, 


e,  eV l a '  l a"  2a' 2a" 3a' n n* 


-8.10 (HOMO) 6 66 17  5 
- 8.29 92 - 8.74 72 1 3  


-11.84 24 10  56 
-13.01 98 
-13.27 59 4 25 


Table XII. Energies and Percent Compositions of 
Important MO's in CpFe(PH,),CHCH, Containing 


Vertical Vinyl Ligand 


- 7.92 (HOMO) 70 25 5 
-8.16 6 90 
- 8.76 79 7 


-12.21 3 22 70 
-12.27 71 3 
-13.00 96 3 


respectively-because phosphine is a better donor than 
carbonyl. The two conformations have nearly the same 
total orbital energies-the calculated values differ by less 
than 2 kcal mol-'. The frontier orbitals have the charac- 
teristics found in other vinylidene complexes: the HOMO 
is about 25% localized on the &carbon atom, whereas the 
u-antibonding, energetically isolated (by about 4 eV) 
LUMO is about 60% localized on the a-carbon atom in 
the ligand. 


Vinyl Complex Fp'CHCH,. The nature of the met- 
al-vinyl interactions in this complex makes the investi- 
gation of ita conformational preference somewhat unusual 
and interesting. 


The most popular method for molecular orbital analysis 
of organometallic conformations involves examination of 
dominant overlaps along the axis of intramolecular rota- 
tion. Since most complexes studied by such methods 
contain rather strongly u-accepting ligands-so that the 
occupied molecular orbitals are stabilized by contributions 
from the ligand orbitals-it became customary to find the 
dominant overlaps maximized in the optimal conforma- 
tions; thus the term "maximum-overlap criterion". 


Assuming that vinyl ligand is a ?r acceptor, as many 
unsaturated organic molecules are, one would expect the 
principal u interaction in the complex to be back-donation 
from 2a" or 3a' of the metal fragment into vacant A* of 
the ligand. Since this two-electron interaction is attractive, 
the optimal position of the ligand should be one that 
maximizes it. The pertinent overlaps, shown in Figure 9, 
are 0.145 and 0.109; thus, the vinyl ligand may be expected 
to lie in the vertical plane. If, however, vinyl is not a u 
acceptor, the principal u interaction in the complex should 
occur between 2a" or 3a' of the metal fragment and filled 
u of the ligand. This repulsive four-electron interaction 
should be minimized in the optimal conformation. The 
overlaps (0.152 and 0.096) indicate this time that the ligand 
should lie in the horizontal plane! Clearly, overlaps alone 
do not permit a conclusive prediction of the stable con- 
formation. 


This dilemma can be resolved in two ways. If one wishes 
to remain in the framework of overlap analysis, one has 
to decide which 'lr interaction-attractive or repulsive- 
dominates the metal-vinyl bonding. Figure 9 and Tables 
XI and XI1 show that u mixes more than u* with the 
metal-based orbitals, so that the repulsive interactions 
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Figure 9. The most important orbital interactions and overlaps 
in the two conformations of CPF~(PH,)~CHCH~. The high-lying 
u* orbital of the vinyl ligand is not shown. 


Table XIII. Energies and Percent Compositions of 
Important MO's in CpFe(PH, ),CH,+ Containing 


Vertical Carbene Ligand 


CH2 CpFe(PH3 
E, eV l a '  la" 2a' 2a" 3a' p 


- 9.56 (LUMO) 35 61 
-15.77 (HOMO) 1 0  82 
-16.22 69 1 4  
- 18.41 1 6  54 29 
-18.89 88 4 
-19.26 82 10 5 


seem to prevail. Indeed, populations of orbital a*, a 
measure of back-bonding, is relatively small: 0.14 e when 
the vinyl is horizontal and 0.15 e when it is vertical. All 
this indicates that the optimal position of the ligand should 
be horizontal. Another approach, and less ambiguous one, 
is to compare total orbital energies in the two conforma- 
tions. Again, the horizontal position of the vinyl ligand 
is predicted to be more stable than the vertical one by 
about 5 kcal mol-'. Evidently, the attractive a interactions 
are weak despite the sizable overlaps of n* with the 
metal-based orbitals because n* lies high in energy above 
those metal-based orbitals. This prediction of the con- 
formational preference agrees with the known structure 
of a similar vinyl complex.24 


The HOMO in Fp'CHCH2 belongs chiefly to the metal 
fragment. The LUMO is not n-antibonding between the 
fragments. It is somewhat localized on the vinyl ligand 
but is close in energy to other vacant orbitals, particularly 
so in the more stable conformation. 


Carbene Complex Fp'CH2+. The electronic structure 
of this compound resembles that of Fp'CCH2+ by rather 
strong metal-ligand a bonding with concomitant back- 
donation into the ligand orbital p; its average population 
in the two rotamers (horizontal and vertical carbene) is 
about 0.72 e. Figure 10 and Tables XI11 and XIV contain 
other data about bonding. Orbital p of the carbene ligand 
mixes with the low-lying as well as the high-lying orbitals 
of the metal fragment and its overlaps with the former ones 
are not negligible (see Figure 10). For example, the mo- 
lecular orbital at -17.76 eV in the rotamer containing 
horizontal carbene is bonding with respect to 3a' and p but 
antibonding with respect to la' and p. When a molecule 
has such a low symmetry (C,) and complicated electronic 
structure, we do not discuss its conformational preference 


(24) Kolobova, N. Ye.; Skripkin, V. V.; Alexandrov, G. G.; Struchkov, 
Yu. T. J. Organomet. Chem. 1979, 169, 293-300. 


>. a -  
W 
z -16- 
W 


a 


-18- 


-20-  


Figure 10. The most important orbital interactions and overlaps 
in the two conformations of C P F ~ ( P H ~ ) ~ C H ~ + .  


Table XIV. Energies and Percent Compositions of 
Important MO's in CpFe(PH,),CH,+ Containing 


Horizontal Carbene Ligand 


E ,  eV 
- 10.26 (LUMO) 
-15.81 
- 16.33 
- 17.76 
-19.13 
- 19.72 


CH, CpFe(PH3)2 
l a '  l a"  2a' 2a" 3a' p 


6 25 64 
94 


67 1 6  
22 52 16  


66 9 7 1 5  
98  


solely in terms of orbital overlaps but prefer to use the 
energy criterion. The vertical orientation of the carbene 
(in which the dominant overlap is indeed maximized) 
turned out to be more stable than the horizontal one by 
about 11 kcal mol-l; this is our prediction of the barrier 
for interconversion between the two equivalent rotamers 
containing vertical carbene ligand. The actual value, ob- 
tained in a variable-temperature NMR study of that 
compound, is close: 10.4 kcal 


The HOMO in the carbene complex is contained chiefly 
in the metal fragment. The a-antibonding LUMO is about 
60% localized on the carbene carbon atom and its sepa- 
ration in energy from the next virtual orbital is very 
large-about 8 eV. 


Electrophilic and Nucleophilic Additions 
Having examined the electronic structures of the com- 


plexes, we turn to investigation of regioselectivity of 
electrophilic and nucleophilic additions that they undergo. 
These reactions are known for a multitude of complexes 
containing CpFe(C0)2+,3~24~26-29a CpFe(dppe)+,2*3*29b 
C ~ R U L ~ + , ~ . ~ ~ ~ . ~ ~ * ~ ~  and CpMn(C0)211*32,33 fragments and 


(25) Brookhart, M.; Tucker, J. R.; Flood, T. C.; Jensen, J. J. Am. 


(26) Jolly, P. W.; Pettit, R. J. Organomet. Chem. 1968,12,491-495. 
(27) Davison, A,; Solar, J. P. J. Organomet. Chem. 1978,155, C M 1 2 .  
(28) Abu Salah, 0. M.; B N ~ ,  M. I. J. Chem. SOC., Dalton Tram. 1974, 


2302-2304. 
(29) (a) Bodnar, T.; LaCroce, S. J.; Cutler, A. R. J. Am. Chem. SOC. 


1980,102,3292-3294. (b) Felkin, H.; Meunier, B.; Pascard, C.; Prange, 
T. J. Organomet. Chem. 1977,135,361-372. 


(30) Bruce, M. I.; Wallis, R. C. J. Organomet. Chem. 1978,161, C144.  
(31) Bruce, M. I.; Swincer, A. G.; Wallis, R. C. J. Organomet. Chem. 


1979, 171, C W 8 .  
(32) Berke, H. Z. Naturforsch., B Anorg. Chem., Org. Chem. 1980, 


35B, 96-90. 


Chem. SOC. 1980,102,1203-1205. 
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Scheme I 
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Let us examine Table XV with this in mind. The 
numbers themselves may not be true in the absolute sense, 
but they reveal an interesting pattern: the &carbon atom 
is the most negative ligand atom in every iron-containing 
complex. Its charge is rather high-on the average about 
-0.30. Whereas few molecular orbitals are important in 
bonding, many of them contribute to the charge distri- 
bution; this often obscures the origin of atomic charges. 
In the previous discussion of the compounds, we men- 
tioned the molecules whose HOMO'S and the next highest 
occupied molecular orbitals contributed noticeably to the 
accumulation of electron density a t  the @-carbon atoms. 
This accumulation may be due to polarization of the IT and 
A* orbitals in the ligand by the 2a" or 3a' or both (in the 
alkynyl complex) orbitals in the metal fragment. Sec- 
ond-order perturbation theory shows that the ligand A 


system is polarized away from the metal fragment, a IT- 


donating substituent.39b The electrophilic attacks at  po- 
larized ligands are directed by charge and orbital factors 
in concert. The cationic iron vinylidene complexes, for 
which electrophilic additions have not been reported, also 
carry substantial negative charges on their &carbon atoms. 
This finding perhaps adds some credence to a recent 
proposal by Caulton and his co-workers that vinylidene 
complexes may be turned into carbyne complexes by 
electrophilic addition.& To effect such a transformation, 
the overall charges of the reactants should be matched 
judiciously. A similar net reaction has very recently been 
ac~omplished:~'~ HCl adds to the unsaturated C-C bond 
in CpFe(CO)(PPh3)CCH2+ to yield a chloro(methy1)carb- 
ene complex, CpFe(CO)(PPh3)C(C1)Me, which means that 
the H atom (or ion) of HCl becomes attached to the P- 
carbon atom in the vinylidene ligand. 


Deprotonation of dppe ligand in CpFe(dppe)CCMe2+ by 
bases was attributed to enhanced acidity of the H atoms 
in a positions with respect to the coordinated P atom and 
related to the known fact that phosphonium salts are more 
acidic than their parent phosphines.40b Our calculations 
show that the P atoms in Fp'CCH,+ are indeed akin to 
phosphonium centers-their charges are +0.92 because 
phosphine ligands are poor 7 acceptors-and thus support 
the above explanation. 


In the preceding discussion of bonding, we emphasized 
that the LUMO's in the vinylidene and carbene complexes, 
which are electrophilic, have three characteristics in com- 
mon: they are A antibonding between the metal and the 
ligand, substantially localized at  the ligand a-carbon atom 
(possibly another consequence of polarization), and sepa- 
rated in energy from other virtual orbitals. The LUMO's 
of the alkynyl and vinyl complexes, which have not been 
repoted to add nucleophiles, lack some or all of these at- 
tributes (see above). Thus, the nucleophilic additions seem 
to be frontier controlled. An incoming nucleophile donates 
electron density from its HOMO (the lone pair) to the 
LUMO in the organometallic substrate, thus destroying 
a metal-carbon IT bond and reducing the bond order be- 
tween these atoms; this overall change is evident in Scheme 
I. Substantial localization of the LUMO at  the a-carbon 
atom causes the attack to be regioselective. Isolation in 
energy is needed to ensure that the HOMO of the nu- 
cleophile will interact preferentially with the LUMO of the 
substrate. It seems that charge distribution is not im- 
portant for regioselectivity of nucleophilic attack (see Table 
XV). There is no experimental indication that the car- 
bonyl carbon atoms in FpCCH and FpCCH2+, which carry 


alkynyl 't 
vinylidene 


N N F !  
E'  I /  


[MI-C-C-E 
/. 


[MI-C 
\C- R 


E alkyl 
I 


vinyl carbene 


[MI represents a metal-containing fragment, E and E' 
represent electrophiles, and N and N' represent 


nucleophiles 


Table XV. Charges of Coordinatively Unsaturated Atoms 
organic ligand Cob 


molecule CY-C p-C C 0 C a b  N 
FpCCH -0.05 -0.27 0.34 -0.14 0.02 
Fp'CCH -0.09 -0.37 -0.01 
Fp' NCH+ - 0.02 0.01 0.20 
MpCCH," -0.39 -0.09 -0.09 0.03 -0.12 
FpCCH,'" 0.29 -0.35 0.40 0.07 0.06 
Fp'CCH2+' 0.19 -0.38 0.04 


FP'CH,~ 0.02 0.03 
uAverage value for two conformations. 


Fp'CHCH,' -0.10 -0.26 -0.02 


Average value 
for all similar atoms. 


various addends (Scheme I). Several analogous types of 
reactions, involving more or less different kinds of com- 
plexes, are also k n ~ ~ n . ~ , ~ ~ , ~ ~ , ~ ~ ~ , ~ ~ ~ ~  


All the various reactions in Scheme I conform to a simple 
rule: nucleophiles add to the a-carbon atoms in the ter- 
minal unsaturated organic ligands, whereas electrophiles 
add to the P-carbon atoms. Attacks at  the other unsatu- 
rated ligands in these complexes (Cp and CO) and at  the 
metal atoms have not been reported. The electrophilic 
complexes (those attacked by nucleophiles) are usually 
cationic, and the nucleophilic ones (those attacked by 
electrophiles) are electroneutral, but charges are not in- 
cluded in Scheme I. We believe that overall positive charge 
of a molecule enhances its reactivity toward nucleophiles 
and that it would greatly retard its reactivity toward 
electrophiles, but overall charges probably are not critically 
important for the regioselectiuity in the reactions. Even 
in charge-controlled reactions, it is the distribution of 
electron density that determines the site of attack. The 
gross atomic charges in the unsaturated ligands, calculated 
by Mulliken population analysis?38 presented in Table 
XV. Before discussing these numbers, we want to repeat 
the words of Schaefer, which express a consensus among 
theorists: "Any scheme (such as a population analysis) for 
assigning charges to atoms in a molecule is arbitrary. 
However, comparison of population analyses for a series 
of molecules does allow one to make qualitative conclusions 
concerning changes in electron dis t r ib~t ion".~~" 


(33) Caulton, K. G. J. Mol. Catal. 1981,13,71-82. 
(34) Clark, H. C.; Chisholm, M. H. Ace. Chem. Res. 1973,6,202-209. 
(35) Bell, R. A.; Chisholm, M. H.; Couch, D. A.; Rankel, L. A. Znorg. 


Chem. 1977,16, 677-686. 
(36) Bell, R. A.; Chisholm, M. H. Znorg. Chem. 1977, 16, 687497. 
(37) (a) Kolobova, N. E.; Skripkin, V. V.; Rozantaeva, T. V.; Struch- 


kov, Yu. T.; Alekeandrov, G. G.; Andrianov, V. G. J. Organomet. Chem. 
1981, 218, 351-359. (b) Boland-Luasier, B. E.; Hughes, R. P. Organo- 
metallics 1982, 1, 635-639. (c) Berke, H. Chem. Ber. 1980, 113, 
1370-1376. 


(38) Mulliken, R. S. J. Chem. Phys. 1955,23,1833-1840. 
(39) (a) Schaefer, H. F. "The Electronic Structure of Atoms and 


Molecules"; Addison-Wesley: Reading, MA, 1972; p 384. (b) Libit, L.; 
Hoffman, R. J. Am. Chem. SOC. 1974,96, 1370-1383. 


(40) (a) Lewis, L. N.; Huffman, J. C.; Caulton, K. G. J. Am. Chem. Soc. 
1980, 102, 403-404. (b) Adams, R. D.; Davison, A.; Selegue, J. P. Zbid. 
1979,101, 7232-7238. 
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positive charges, are electrophilic; also the electrophilic 
a-carbon atom in MpCCH, bears considerable negative 
charge. The same situation was found in carbyne com- 
plexes, to which many various nucleophiles add.5p6 


In the last years, nucleophilic additions to several kinds 
of organometallic complexes have been recognized as 
frontier ~on t ro l l ed , " '~~~-~  but no electrophilic additions 
have been attributed solely to frontier orbitals.46 This 
deserves further study. 


In view of the preceding discussion, we would be sur- 
prised to learn about nucleophilic attack at the a-carbon 
atoms in the acetylide and vinyl ligands bonded to CpML, 
fragments. The LUMO in FpCCH is such that, if a nu- 
cleophile adds to that molecule, we would expect it to 
attack the carbonyl atom. These beliefs of ours perhaps 
have some support in the behavior of complexes CpFe- 
(dppe)NCMe+ 47 because nitrile is similar to acetylide. 
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Various anions, some of them potent nucleophiles, replace 
the nitrile ligand without any apparent side reactions such 
as additions. This is not a proof of the hypothesis, but it 
is consistent with our finding that the LUMO in Fp'NCH+ 
does not have the properties that would make this complex 
electrophilic. 


Several other ligands in transition-metal complexes 
undergo a attack by nucleophiles and /3 attack by elec- 
trophiles. Among them are N2,48 CS,49 CSe,3 CN,-3 and 
NC-.3 These regioselective additions are fairly common, 
and the causes to which we attribute them in this study 
may be rather general. 
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Reaction of [(q-C5H5)Re(NO)(CO)z][BF4] (2) with EhN-H20 in acetone at 50 "C affords thermally robust 
(q-C5H5)Re(NO)(CO)H (I) in excellent yield as low-melting orange crystals. The stable yellow metallo- 
carboxylic acid (q-CJ35)Re(NO)(CO)COOH (3) precipitates when base (EhN or NaOH) is added to a solution 
of 2 in water. Although 3 is stable in anhydrous THF, catalytic amounts of strong bases produce 1 rapidly 
and quantitatively at room temperature, establishing the instability of the carboxylate anion 5 presumed 
to be formed by deprotonation of 3 under these conditions. The latter anion is more stable in water and 
is a probable intermediate in the above synthesis of 1. The high thermal stability of 1 and the more facile 
loss of C02 from the carboxylate 5 than from 3 itself are discussed in terms of the strength of the ReCO 
bond. The bromide (q-C5H5)Re(NO)(CO)Br is formed in good to excellent yield from 1 and CBr,, Brz, 
or N-bromosuccinimide. Hydride abstraction from 1 by [Ph&][PF,] in the presence of donor ligands yields 
salts [(q-C5H5)Re(NO)(CO)L] [PF,] (L = acetonitrile, tetrahydrofuran, acetone). 


Introduction 
A 1972 communication from this laboratory described 


the synthesis of the new rhenium hydride (7-C5H5)Re- 
(NO)(CO)H, 1 . l ~ ~  Its rather high thermal and oxidative 
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stability were noted, but no reactions were reported. It 
was only the second example of a nitrosyl hydride, the first 
having been prepared in 1962 by Hieber and Tengler.3 
Hydride 1 was obtained by reaction of the carbonyl cation 
2 with triethylamine and water in acetone (eq l).l The 
intermediacy of 3 was proposed, but no attempt was made 
to isolate such a species. We report here details of the 
preparation of 1 and several of its reactions, which suggest 
that it will become a useful starting point in synthesis. The 
results demonstrate a lack of acidity for 1; its reactions are 
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positive charges, are electrophilic; also the electrophilic 
a-carbon atom in MpCCH, bears considerable negative 
charge. The same situation was found in carbyne com- 
plexes, to which many various nucleophiles add.5p6 


In the last years, nucleophilic additions to several kinds 
of organometallic complexes have been recognized as 
frontier ~on t ro l l ed , " '~~~-~  but no electrophilic additions 
have been attributed solely to frontier orbitals.46 This 
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The Carbonylcyclopentadienylnitrosylrhenium Group 


2 3 1 


instead dominated by ita ability to act as a hydride donor. 
A second matter addressed in this paper is the proposed 


metallocarboxylic acid of eq 1. Recent work has drawn 
attention to the ability of the (a-C,H,)Re(NO)(CO) moiety 
to form complexes of uncommonly high stability with 
organic functional groups. Thus, hydride ion attacks the 
carbonyl carbon of cation 2 leading to the formyl derivative 
(T~C,H,)R~(NO)(CO)CHO.~ It therefore seemed likely 
that 3, the product of hydroxide ion attack on 2, would be 
isolable. We have found this to be the case as have Casey 
et al.? who briefly described the compound during the 
course of this work. 


Metallocarboxylic acids (or hydroxycarbonyls) are usu- 
ally regarded as key intermediates in water gas shift ca- 
talysis,' although only a few have been isolated and fully 
characterized.g" Little detailed information is available 
on their properties, and in the present context the most 
interesting of these is the decarboxylation process. Al- 
though loss of carbon dioxide from these compounds has 
been known or assumed to proceed morel2 or lessa readily, 
it is only recently that experimental evidence pertinent to 
the decarboxylation mechanism has become available. 


For these reasons, 3 assumes an importance that extends 
well beyond the question of its intermediacy in eq 1. We 
report in this paper a number of interesting and perhaps 
unexpected observations on 3 and its reaction with bases. 


Results and Discussion 


Preparation of (q-C,H,)Re(NO)(CO)H (1).  In the 
original report,l (q-C5H5)Re(NO)(CO)H (1) was synthesized 
in 60% yield as an orange oil. Optimization of reaction 
conditions and careful product recovery have now in- 
creased the yield to 93%, and the compound has been 
obtained as orange crystals (mp 30.5-31.0 "C) which are 
stable in air. The 'H NMR signal of the hydride proton 
at  6 -8.50 is rather broad but sharpens at  -70 "C; we at- 
tribute the broadening to rapid relaxation by the rhenium 
quadrupole, and the sharpening to a slowing of this process 
with increased solvent viscosity at  low temperatures. 
Raman spectra of 1 and its deuterium analogue, (7- 
C,H,)Re(NO)(CO)D (4), as neat liquids show vReH and 
UD at 2013 and 1445 cm-', respectively (ratio 1.39); h H  
is discernible in the IR of a hexane solution as a broad, 
weak absorption at  2011 cm-'. 


Despite these unexceptional spectroscopic properties for 
the R e H  bond of 1, the thermal stability of the compound 


(4) Casey, C. P.; Andrews, M. A.; Rinz, J. E. J. Am. Chem. SOC. 1979, 
101, 741. 


(5) Tam, W.; Wong, W. K.; Gladysz, J. A. J. Am. Chem. SOC. 1979,101, 
1689. 


(6) (a) Sweet, J. R.; Graham, W. A. G. J. Am. Chem. SOC. 1982,104, 
2811. (b) Sweet, J. R.; Graham, W. A. G. J. Organomet. Chem. 1979,173, 
c9.  


(7) (a) Ford, P. C. Acc. Chem. Res. 1981,14,31. (b) A detailed kinetic 
study which appeared after submiseion of this paper ie especially relevant 
Pearson, R. G.; Mauermann, H. J. Am. Chem. SOC. 1982,104, 500. 


(8) Deeming, A. J.; Shaw, B. L. J. Chem. SOC. A, 1969,443. 
(9) Appleton, T. G.; Bennett, M. A. J. Organomet. Chem. 1973, 55, 


C88. 
(10) Grice, N.; Kao, S. C.; Pettit, R. J. Am. Chem. SOC. 1979,101,1627. 
(11) Catellani, M.; Halpem, J. Znorg. Chem. 1980,19,566. 
(12) (a) Clark, H. C.; Dixon, K. R.; Jacobs, W. J. J. Am. Chem. SOC. 


1969,91,1346. (b) Clark, H. C.; Jacobs, W. J. Znorg. Chem. 1970,9,1229. 
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is remarkable.' We now find that 1 undergoes no notice- 
able decomposition during heating in decane (bath tem- 
perature 180 "C) for 1 week provided heterogeneous con- 
ditions are avoided (see Experimental Section). The 
question arises why the compound is so much more stable 
than other carbonyl hydrides with comparable vM-H, which 
ought to be a rough indicator of bond strength. A plausible 
answer is that the thermal decomposition of a great many 
metal carbonyl hydrides may proceed by a bimolecular 
process involving carbon monoxide dissociation, not M-H 
homolysis, as the pathway. A bimolecular process of this 
sort was proposed by Norton for osmium alkyls and hy- 
d r i d e ~ ~ ~  and clearly has general implications. The thermal 
stability of 1 would result, according to this argument, not 
from an exceptionally strong Re-H bond but from its 
nonlabile carbonyl group.14 


Preparation of (q-C,H,)Re(NO)(CO)COOH (3). 
During preparation of 1, we noted that although addition 
of Et3N to yellow water-acetone solutions of [ (7-C5H5)- 
Re(NO)(CO),]+ produced an immediate orange coloration, 
1 was generated only slowly at  room temperature. We 
suspected that the initial orange color might be due to 
(7-C5H5)Re(NO)(CO)COOH (3), which in analogy to (7- 
C5H6)Fe(CO)(PPhJCOOHlo (6) would be expected to exist 
in excess base at least partly as the carboxylate anion. In 
fact, 3 precipitated as analytically pure yellow micro- 
crystals when the reaction of 2 with base (EbN or NaOH) 
was carried out in water; when excess base is added in this 
reaction, 3 dissolves to form an orange solution, presum- 
ably of the carboxylate anion 5 (see below). The pure 
carboxylic acid 3 is stable in air and is thermally fairly 
stable (slow decomposition beginning at  ca. 90 "C). 


Reaction of 3 with HBF4 etherate in dichloromethane 
converts it back to the carbonyl cation.', Reversible in- 
terconversion of 2 and 3 thus proceeds as shown in eq 2, 


OH- 
[(7-C5H5)R4NO) (CO)21+ = 


2 
( o-C,H,)Re( NO) (CO) COOH (2) 


and the behavior of the rhenium system in this reaction 
resembles that of ( T ~ C ~ H , ) F ~ ( C O ) ( P P ~ ~ ) C O O H , ~ ~  
(E~P)2Pt(C1)COOH,11J2 and (PhMe2P)21rC12(CO)COOH.a 


As noted in the Introduction, the reaction of OH- with 
2 involves nucleophilic attack on an activated CO ligand. 
This activation is no doubt provided by the positive charge 
on carbon that results from coordination, as was the case 
in borohydride reactions of 2.4* We note in passing that 
the phosphine-substituted cations [(o-C,H,)Re(NO)- 
(CO)L]+ (L = PPh3, PMezPh)l6 undergo no reaction with 
triethylaminewater under similar conditions. This would 
follow from increased back-donation to the remaining CO 
and the consequent decrease in the partial positive charge 
on carbon. A similar rationale would account for the in- 
ertness of [(q-C5H5)Fe(diphos)CO]+ to attack by OH- or 
BH4-.10 


Decarboxylation of (q-C,H,)Re(NO)(CO)COOH (3). 
Once the hydroxycarbonyl 3 had been isolated, its postu- 
lated intermediacy' in the preparation of 1 could be tested. 


3 


(13) Norton, J. R. Acc. Chem. Res. 1979,12, 139 and references cited. 
(14) We thank Professor H. D. Kaesz for discussions of this point. 
(15) Conversion of 3 to [(pCd-I&e(NO)(CO),]+ by trifluoroacetic acid 


was mentioned by Casey et al.' We have confirmed this, but note in the 
room temperature reaction the appearance, with time, of infrared bands 
indicative of (pC,HdRe(NO)(CO)(OOCCFd, a compound which we have 
prepared by another route and fully characterized. 


(16) Sweet, J. R.; Graham, W. A. G. In preparation. In the series of 
cations [(~-C6HdRe(NO)(CO)L]+, vco (CHzClz) is as follows: 2092,2036 
cm-I, L = CO 2023 cm-', L = PPh,; 2022 cm-', L = PMezPh. 
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When 3 was subjected to the conditions of the hydride 
preparation (EhN-H20, acetone, 50 "C, 1.0 h), it gave 1 
as the sole product in >90% yield. However, when 3 was 
heated for 1.0 h at  50 "C in anhydrous acetone (no EbN, 
no H20), hydride 1 was not formed. We conclude that 
under these conditions, COz loss occurs less readily from 
the carboxylic acid 3 than from a species formed by re- 
action of 3 with hydroxide Based on the results of 
Pettit et al. with 6,1O we suggest that this species may be 
the carboxylate anion 5 formed by simple deprotonation 
of 3. This process is shown somewhat schematically in eq 
3 in such a way as to suggest that the unknown anion 


Sweet and Graham 


3 5 1 


[(T~C,H,)R~(NO)(CO)]- need not actually exist as a dis- 
crete intermediate. This is a moot point because, if 
formed, the anion would be strongly basic and rapidly 
acquire a proton (see later remarks on the lack of acidity 
of 1). 


An alternative mechanism for decarboxylation of me- 
tallocarboxylic acids under basic conditions invokes nu- 
cleophilic attack by hydroxide on the carboxyl carbon, 
forming an intermediate MC(OHI20- species.ls Product 
would then arise by &hydrogen transfer to the metal and 
elimination (presumably) of bicarbonate ion.% While such 
a route may not be readily distinguishable from the one 
shown in eq 3, we note that formation of 1 occurs with 
vigorous evoultion of C02 (see Experimental Section); this 
observation is not consistent with the elimination of bi- 
carbonate under the basic conditions of the synthesis (eq 
1). 


To better understand the mechanism of decarboxylation 
and in an attempt to isolate the carboxylate 5,  we have 
studied the reaction of 3 with a variety of bases in an- 
hydrous tetrahydrofuran. Acid 3 readily dissolved in THF 
forming yellow solutions from which it could be recovered 
unchanged. Heating 3 in dry THF for 1 h at 50 "C resulted 
in some decomposition, but no detectable 1 was formed. 
When 3 was treated with 1 mol of Na[N(SiMe,),] in THF 
at room temperature, very rapid and complete conversion 
to (T~C,H,)R~(NO)(CO)H (1) occurred. Identical results 
were obtained by using 0.6,0.35, or 0.05 mol of base/mol 
of 3. Thus, only catalytic amounts of this strong base are 


(17) This observation has precedent. Exchange of '80 between Hzl% 
and [Mn(CO),(diphos)]+ via n presumed neutral hydroxycarbonyl in- 
termediate was catalyzed by EbN,'8 which also increased the rate of a 
competitive reaction in which HMn(CO)a(diphos) WBB formed; for the 
latter reaction, a mechaniim involving COz lose from the deprotonated 
hydroxycarbonyl was favoreCtm Titration of (PhM~P)$rClz(CO)COOH 
in acetone-water with NaOH liberates C02 and HC1. 


(18) (a) Darensboug, D. J.; Foelich, J. A. J.  Am. Chem. SOC. 1977,99, 
5940. (b) Darensboug, D. J.; Froelich, J. A. Inorg. Chem. 1978,17,3300. 


(19) Intarmediates of this sort, resembling those established in the 
addition mechanism of eater were apparently fmt suggested 
in the context of metal carbonyl base reactions by Kruck et al.tl although 
without supporting evidence. They are often mentioned as alternatives 
to the 'simple deprotonation" proceee (for example, in ref 18a and ref- 
erencea cited therein). On the evidence of a kinetic study of the reaction 
of [ClPt(CO)(PEt&]+ with HzO in neutral or acidic aqueous solutions, 
attack by HzO on the carboxyl carbon of the intermediate ClPt- 
(COOH)(PEt& was considered the most likely mechanism, although 
dvect decarboxylation of the neutral hydroxycarbonyl was not ruled 
OUt.'Zb 


(20) Lowry, T. H.; Richardmn, K. 5. "Mechanism and Theory in Or- 
ganic Chemistry"; Harper and Row: New York, 1976; p 440. 


(21) (a) Kruck, T.; Noack, M. Chem. Ber. 1964,97,1693. (b) Kruck, 
T.; HBfler, M.; Noack, M. Zbid. 1966,99, 1153. 


(22) We acknowledge the suggestion of a reviewer that this pathway 
deserves consideration. 


required for the decarboxylation. 
The results were the same when 3 in dry THF was 


treated with lithium 2,2,6,6-tetramethylpiperidide.231ZI 
Nucleophilic attack on the carboxyl carbon by either of 
these highly hindered bases seems unlikely; it is probable 
in OUT view that deprotonation forming 5 is the initial step 
here, followed by rapid C02 loss. The catalytic cycle would 
then be represented by eq 4. The final step (eq 4c) sug- 


Re-COOH + NR2- - Re-COO- + HNR2 (4a) 


Re-COO- - Re- + C02 (4b) 


Re- + HNR2 - ReH + N&- (44 
gests that the unobserved [ (q-CSHs)Re(NO)(CO)]- anion 
is a very strong base and is consistent with the failure of 
Na[N(SiMe3)2] to deprotonate 1 as discussed below. 


Initially, it appeared that the rapid decarboxylation of 
5 observed above would preclude its isolation or direct 
observation. However, the anion h& some stability in 
water. The acid 3 is slightly soluble in water forming 
bright yellow solutions from which it is readily extracted 
with CH2ClP Addition of hydroxides (LiOH, NaOH, KOH, 
aqueous Et4NOH) or Et3N to suspensions of 3 in water 
results in rapid dissolution to give orange-yellow solutions 
from which CH2C12 extractx neither 3 nor 1 nor any other 
species. These solutions, believed to contain [ (?&&)- 
Re(NO)(CO)COO]- (5), are stable at  room temperature 
and when heated produce 1 only slowly. 'H NMR mon- 
itoring during reaction of 3 with NaOH in D20 showed the 
77-C6H5 signal at  6 5.77 due to 3 was replaced with a new 
signal at  6 5.65 which we assign to 5. As the solution is 
acidified by using aqueous HBF4, the peak due to 3 re- 
appears followed by that of the carbonyl cation 2 6 6.21 
as shown in eq 2. The enhanced stability of the carbox- 
ylate anion in water is attributed to hydrogen bonding. 


The stabilizing effect of H20 on the carboxylate anion 
also influences the acidity of 3. In water, 3 is a weak acid 
but is substantially deprotonated by Et3N26 (see above). 
However, 3 is not deprotonated by equimolar Et3N in 
anhydrous acetone or THF to an extent that can be de- 
tected by a change in the IR; a still more sensitive indi- 
cation of the lack of deprotonation is that no 1 is formed 
when the anhydrous acetone solution of equimolar 3 and 
Et3N is heated at  50 "C for 1 h. 


The foregoing observations on 3 are not without rele- 
vance as far as catalysis mechanisms for the water gas shift 
reaction are concerned.' They further invite comparison 
with what has been reported for (v-C5H5)Fe(C0)(PPh,)- 
COOH (6).1° The latter is considerably less stable ther- 
mally than 3, since it loses C02 rapidly on warming in 
benzene. On the other hand, the iron carboxylate was 
isolated as a stable microcrystalline potassium salt, which 
did not decompose when its solution in dry fonnamide was 
heated to 100 "C.l0 


We think that the different thermal stabilities of the 
carboxylic acids 3 and 6 can be explained in terms of the 
differing lability of the other ligands in the two cases. We 
would expect loss of COP from the neutral iron complex 
6 to proceed by a &elimination pathway resembling the 
one proposed for analogous alkyls:26 phosphine dissocia- 


(23) Olofeon, R. A.; Dougherty, C. M. J. Am. Chem. Soc. 1973,95,581, 
KQ9 


(24) Several other bases also react with 3 in anhydrous THF to form 
1: KOCMea, LiOH.HzO, NaOH, KOH, and aqueous Et,NOH. 


(25) The basicity of EbN would also be enhanced in an aqueous me- 
dium by hydrogen bonding: Huheey, J. E. "Inorganic Chemistry: Prin- 
ciples of Structure and Reactivity", 2nd ed.; Harper and Row: New York, 
1978. 


(26) Reger, D. L.; Culbertson, E. C. J. Am. Chem. SOC. 1976,98,2789. 
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tion would be the first step in the process. We have al- 
ready remarked on the high barrier to dissociation of CO 
in connection with the stability of 1. This high barrier 
would block the conventional 8-elimination pathway for 
3, and the sequence shown in eq 3 (which does not require 
ligand dissociation) would have the lower activation energy. 


It is more difficult to compare the iron and rhenium 
carboxylate anions, but the iron anion appears more 
tractable and stable.27 Its high stability in dry form- 
amidel0 may be due in part to hydrogen bonding with this 
solvent. Further work will be required to define the in- 
teresting differences between these metallocarboxylate 
anions. 


Reactions of (TJ-C,H,)R~(NO)(CO)H (1). We began 
our investigation of 1 by attempting some reactions con- 
sidered characteristic of metal carbonyl hydrides. Al- 
though many neutral carbonyl hydrides exhibit significant 
Lowry-Brransted acidity, all attempts to deprotonate 1 by 
using a variety of bases% have been unsuccessful. Com- 
pound 1 did not react with N-methyl-N-nitroso-p- 
toluenesulfonamide (Diazald) to form a dinitrosyl nor with 
diazomethane to form the stable1i6 methyl derivative. In 
an attempt to abstract hydrogen (He), 1 was refluxed in 
benzene for 24 h with dibenzoyl peroxidem but was re- 
covered unchanged. 


The first reactions found for 1 involved halogenation.30 
Thus, reaction with CBrl or Br2 afforded (q-C6HS)Re- 
(NO)(CO)Br (7) as red, air-stable crystals. The bromine 
reaction gave the bromide in 83% yield, but use of N- 
bromosuccinimide increased the yield to 96%. 


These reactions suggested that the behavior of 1 toward 
other electrophilic reagents should be explored. Our in- 
terest in cycloheptatrienyl chemistry32 suggested tropylium 
cation (C7H7+) as a candidate, and the reaction took place 
in high yield as shown in eq 5.33 Evidently 1 serves as a 


1 8 


hydride donor to form cycloheptatriene, which coordinates 
to the 16-electron [(T~C,H&~(NO)(CO)]+ cation formally 
produced. A number of metal carbonyl hydrides fairly 
readily donate hydride to organic substrates, to coordi- 
nated organic ligands, or to other transition metals; these 
processes have been extensively investigated.M With a 
somewhat different emphasis, Beck and Schloter= have 
shown that the strong hydride abstractor trityl cation 
(Ph3C+) affords a useful and perhaps quite general route 


(27) We have not yet found Conditions under which salts of 5 can be 
ieolated and characterized. 


(28) Hydride 1 waa resistant to Em, NaN(SiMe&, KOCMeS, KOH- 
EtOH, and l,abis(dimethylamino)naphthalene ?proton sponge"). 
(29) At 80 OC, the half-life of dibenzoyl peroude is ca. 7 h Walling, 


C. 'Free Radicale in Solution"; Wiles New York, 1957; p 469. 
(30) We gratefully acknowledge unpubliehed work of Dr. R. P. Staw- 


art, Jr., in thin department during 1971 and 1972, in which (tpCsHs)Re- 
(NO)(CO)X (X = C1, Br, I) were prepared by reaction of 1 with CCl,, 
CBr, and SI&, reapctmly. More recently, the iodide has been reported 
by Legzdins et al. 


(31) Hames, B. W.; Kolthammer, B. W. S.; Legzdii, P. Znorg. Chem. 


(32) Heinekev. D. M.: Graham, W. A. G. J. Am. Chem. Soc. 1979,101, 
1981,20,860. 


. .  
6iib isez, i04,-916. . 


(33) Sweet, J. R.; Graham, W. A. G. J. Organomet. Chem. 1981,217, 
nn" bal. 


(34) Leading references to thie work may be found in two recent pa- 
pera (a) Bodnar, T.; IaCroce, s. J.; Cutler, k R J. Am. Chem. SOC. 1980, 
102,3292. (b) Jones, W. D.; Huggins, J. M.; Bergman, R. G. Zbid. 1981, 
103. 4416. , ~~~~ 
~~ 


(36) Beck, W.; Schlotar, K. 2. Naturforsch., B: Anorg. Chem., Org. 
Chem. 1978,33B, 1214. 
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for transforming L,MH to L,MX or [L,ML']+ (where X- 
is a lightly stabilizing ligand such as BF4- and L' is a 
neutral electron-pair donor). For example, the trityl re- 
action has recently been applied by Legzdins and Martin 
to (q-CsH5)W(N0)2H in acetonitrile solution to obtain 
[(II-CSHS)W(N~)~(NCCH~)I+.~~ 


The rhenium hydride 1 also reacts with Ph3C+PF6- in 
acetonitrile to give the complex [ (+2,Hs)Re(NO)(CO)- 
(NCCH3)][PF6] (9) in high yield. Similar reactions in the 
presence of acetone or THF afford cations 10 and 11, re- * 


oc"' ' 2 %  oc*" I '.I3 
Re + 


* 
Re * 


:b /C'CH, 
H3C 


10 11 


spectively, with triphenylmethane as the only other 
product. Cations 9-11 as their PF6- salts are yellow, air- 
stable solids. Carbonyl and nitrosyl stretching bands are 
shifted as expected to higher frequencies, and the NMR 
resonance of the q-CsH6 protons is shifted to lower field 
as compared with that for 1. These characteristic shifts 
in IR and NMR parameters have proven extremely useful 
in the preliminary identification of new compounds. 


Cations 9-11 exhibit lH NMR signals for coordinated 
CH3CN, acetone, and THF which are shifted downfield 
from the free ligand. In CD2C12, 9 and 11 show good sta- 
bility, but the acetone cation slowly decomposes forming 
free acetone and other unknown products. The 'H NMR 
spectrum recorded with minimum delay after 10 was 
dissolved in aCebne-d6 showed (in addition to the q-C,H, 
resonance) only a signal for free protioacetone; thus there 
is rapid and reversible ligand dissociation under these 
conditions. Moreover, when 10 was dissolved in THF and 
ether added to precipitate the salt, 11 was recovered; sim- 
ilarly a solution of 11 in acetone yielded 10 as the pre- 
cipitate when ether was added. Both acetone and THF 
are fairly labile in these cations, but similar experiments 
with the acetonitrile cation 9 provided no evidence for 
ligand dissociation or exchange. We point out here that 
if cations 10 and 11 had static structures corresponding 
to the sketches, the two sides of the acetone and of the 
THF would be nonequivalent owing to the chirality a t  
rhenium. In fact, diastereotopic shifts were not observed, 
most probably due to rapid and reversible ligand disso- 
ciation. 


The reaction of 1 with trityl cation is an intriguing and 
synthetically useful process. We have utilized this pro- 
cedure to prepare a number of other [(q-C,H,)Re(NO)- 
(CO)L]+ derivatives which will be described elsewhere. 
These results, in conjunction with our studies of other 
metals including the analogous (q-CsH5)0s(C0)2 system,37 
suggest that hydride donation may be a general property 
of carbonyl hydrides. The abstraction reaction raises in- 
teresting questions as to the nature of the intermediates 
which form in the absence of strong donor ligands. We 
shall address this question in a subsequent paper.38 


Experimental Section 
General Data. All reactions were carried out under a nitrogen 


atmosphere by using solventa dried by standard procedures and 
distilled just prior to use. Acetone was dried aa follows: reagent 
acetone was distilled and added to hot (ca. 100 "C) molecular 


(36) Legzdins, P.; Martin, D. T. Znorg. Chem. 1979,18, 1250. 
(37) Hoyano, J. K.; May, C. J.; Graham, W. A. G. Znorg. Chem. 1982, 


(38) Sweet, J. R.; Graham, W. A. G., manuscript in preparation. 
21, in press. 







986 Organometallics, VoE. 1, No. 7, 1982 


sieves (Type 3A); after being cooled it was transferred onto Drierite 
from which it was distilled immediately before it was required. 
All glassware was cooled under a nitrogen stream after it was 
removed from the oven. Rhenium carbonyl (Strem Chemicals), 
triphenylcarbenium hexafluorophosphate (Aldrich), and tetra- 
fluoroboric acid-diethyl ether complex (Aldrich) were used as 
received. [ (q-C5H5)Re(NO)(CO)z] [BF,] was prepared as earlier 
described.& Analyses were performed in the Microanalytical 
Laboratory of this department. 


Infrared spectra were measured by using a Nicolet MX-1 in- 
strument. Raman spectra of 1 and 4 were recorded with a 
Beckman Model 700 Raman spectrometer having a krypton laser 
operating at  6471 A; these compounds melt slightly above room 
temperature, and the liquified samples were contained in sealed 
capillaries. Mass spectra were obtained by using an A.E.I. MS-12 
spectrometer with Kratos DS50 data acquisition system; an 
ionizing voltage of the customary 70 eV produced spectra that 
were too complex for easy identification of the fragmentation 
pattern, and spectra were run at  14-16 eV. NMR spectra were 
recorded by using a Bruker WH-200 or WH-400 FT spectrometer. 


Preparation of (q-C5H5)Re(NO)(CO)H (1). Triethylamine 
(2.0 mL, 14 mmol), HzO (2.0 mL, 111 mol), and [(q-C5H5)Re- 
(NO)(CO),][BF,] (2.00 g, 4.71 mmol) were heated in 25 mL of 
acetone at  50 "C for 1.0 h during which there was vigorous gas 
evolution. The resulting red solution was extracted with 5 X 20 
mL of pentane; the organic layers were combined and the solvents 
removed under reduced pressure, affording a red oil. After dis- 
solution of the oil in the minimum volume of pentane, drying over 
MgS04, and filtering, cooling the solution very slowly to -78 "C 
gave 1 as orange crystals (1.36 g, 93%): mp 30.5-31.0 "C; IR 
(hexane, cm-') 1980 (s, V C O ) ,  1723 (s, U N O ) ;  'H NMR (CDZCl2) 6 
5.60 (5 H), -8.50 (1 H, br, see text); mass spectrum (40 "C, 14 eV) 


Anal. Calcd for CBH$J02Re: C, 23.22; H, 1.95; N, 4.51. Found 
C, 23.21; H, 1.96; N, 4.53. 


The deuterated analogue, (q-C5H5)Re(NO)(CO)D (4), was 
prepared by a similar procedure in acetone-d-DzO solvent. 


Thermal Stability of (8-C,H,)Re(NO)(CO)H (1) .  An 
analytically pure sample of (q-C5H5)Re(CO)(NO)H (ca. 0.025 g, 
0.08 mmol) was placed in a 50-mL, 3-necked flask equipped with 
nitrogen outlet, a reflux condenser, and a magnetic stir bar. The 
vessel was evaculated and f i e d  with nitrogen three times. Dried, 
freshly distilled decane (10 mL) was added and the apparatus 
immersed in an oil bath (180 "C) until the oil level was slightly 
below that of the solution.3e The solution was heated in this 
manner for 1 week. Periodically, the vessel was removed from 
the oil bath and cooled briefly, and an infrared sample was re- 
moved by syringe against a stream of nitrogen. 


Preparation of (q-C5H5)Re(NO)(CO)COOH (3). Tri- 
ethylamine was added dropwise to a solution of [(7-C5H6)Re- 
(NO(CO)z][BF4] (0.50 g, 1.18 mmol) in 10 mL of water to give 
an orange solution with a yellow precipitate. Addition of (C2H5)3N 
was continued until precipitation was complete. After the su- 
pernatant solution was syringed off, the yellow solid was washed 
with 3 X 5 mL of HzO and dried under vacuum, affording 3 (0.30 
g, 71%) as yellow microcrystals which darkened and decomposed 
without melting at  about 90 "C: IR (THF, cm-') 2960 (s, br, YoH), 
1986 (9, U C O ) ,  1729 (9, U N O ) ,  1631 (m, YCOOH); 'H NMR (CD2Clz) 
6 5.83 (5 H), 9.47 (br, 1 H); mass spectrum (75 "C, 16 eV) M+, 
(M - OH)', (M - OH - CO)+. 


Anal. Calcd for C,I&NOdRe: C, 23.73; H, 1.71; N, 3.95. Found: 


M+, (M - CO)', (M - CO - NO)'. 


Sweet and  Graham 


solid precipitated. After addition of ether (20 mL) to complete 
precipitation, the solid was collected, washed with 3 X 10 mL of 
ether, and dried under vacuum. IR and 'H NMR showed only 
peaks expected for 2 (0.110 g, 92%). 


Preparation of (q-C5H5)Re(NO)(CO)Br (7). N-bromo- 
succinimide (0.290 g, 1.63 mmol) was added to a stirred solution 
of 1 (0.500 g, 1.61 mmol) in CHZCl2 (50 mL) at  room temperature. 
The initially light orange solution turned dark red, and starting 
material had been consumed by the time and IR spectrum was 
run. Solvent was removed at  reduced pressure, leaving a dark 
red solid which was extracted with benzene. The combined 
extracts were concentrated, placed on a Florisil (100-200 mesh) 
column, and eluted with benzene. A red band moved quickly down 
the column and was collected, and the solvent was removed to 
give 7 as red microcrystals (0.601 g, 96%): mp 133-134 "C; IR 
(hexane, cm-') 2003 (s, U C O ) ,  1742 (s, U N O ) ;  'H NMR (CD2C12) 6 
5.86; mass spectrum (90 "C, 16 eV) M', (M - CO)+, (M - CO - 
NO)+. 


Anal. Calcd for C6H5BrN02Re: C, 18.51; H, 1.29; N, 3.60. 
Found: C, 18.51; H, 1.29; N, 3.57. 


Reaction of 1 with Bromine and CBr,. (a) Bromine (0.098 
mL, 1.90 mmol) was added dropwise to a solution of 1 (0.500 g, 
1.61 mmol) in acetone (25 mL) at 0 "C. After the solution was 
refluxed in a 60 "C bath for 2 h, solvent removal and workup as 
described above afforded 7 (0.520 g, 83%), characterized spec- 
troscopically. 


(b) CBr4 (0.22 g, 0.64 mmol) and 1 (0.20 g, 0.64 mmol) were 
heated at  60 OC in 10 mL benzene for 2 h. Solvent removal and 
chromatography as above afforded 7 (0.13 g, 52%). 


Preparation of [(q-C5H5)Re(NO)(CO)(CH3CN)][PF6] (9). 
A solution of [Ph3C][PF6] (0.625 g, 1.61 mmol) in CH3CN (10 mL) 
was added dropwise to a solution of 1 (0.500 g, 1.61 mmol) in 20 
mL of CH3CN at 0 "C, forming a bright yellow solution. Addition 
of ether precipitated the product which was collected and washed 
with 3 X 20 mL of ether, affording 9 as yellow microcrystals (0.750 
g, 94%): IR (CHzClZ, cm-') 2030 (5, vco), 1769 (5, U N O ) ;  'H NMR 
(CD2ClZ) 6 6.08 (5 H), 2.82 (3 H). 


Anal. Calcd for C8H8F6NzOzPRe: C, 19.40; H, 1.63; N, 5.65. 
Found: C, 19.47; H, 1.63; N, 5.56. 


Preparation of [ (7pC5H5)Re( NO) (CO) (acetone)] [ PF6] ( 10). 
A solution of [Ph3C][PF6] (0.125 g, 0.32 "01) in 5 mL of acetone 
was added dropwise to a 0 "C solution of 1 (0.100 g, 0.32 mmol) 
in acetone (5 mL), producing a reddish yellow solution. Addition 
of ether resulted in a precipitate which was washed with 3 X 30 
mL of ether to afford vellow microcrvstals of 10 (0.055 e. 33% ): 


C, 23.70; H, 1.74; N, 396. 
Protonation of (q-C5H5)Re(NO)(CO)COOH (3). Addition 


of HBF4-EtzO to an orange solution of 3 (0.100 g, 2.82 mmol) in 
CH2C12 (10 mL) at 0 "C gave a yellow solution from which a yellow 


(39) Immersion of the vessel beyond this level results in slow depos- 
ition of solid material on the sides of the flask. Direct contact with the 
heat from the oil bath causes slow decomposition of this material to traces 
of (v-C6H6)Re(C0)3 and a non-carbonyl-containing black solid. 


IR (CHzC12, cm-') 2019 (9, vco), 1757"(s, ~ 0 ) ;  'H NMR ICD2C1,) 
6 6.16 (5 HI. 2.66 (6 H). 


A n i .  Calcd for'C9Hl1F6NO3PRe: C, 21.10; H, 2.16; N, 2.73. 
Found: C, 21.29; H, 2.09; N, 2.89. 


Preparation of [(q-C5H5)Re(NO)(CO)(THF)][PF6] (11). 
Dropwise addition of [Ph3C][PF6] (0.250 g, 0.64 mmol) in CH2C12 
(12 mL) to a solution of 1 (0.200 g, 0.64 mmol) in THF (8 mL) 
which was maintained at -15 "C produced a yellow solution and 
some precipitate. Slow warming to room temperature and addition 
of ether gave more precipitate which was collected and washed 
with 3 X 10 mL of ether, affording yellow, microcrystalline 11 
(0.250 g, 74%): IR (CH2C12, cm-') 2017 (5, vco), 1755 (5, UNO);  'H 
NMR (CD2C12) 6 6.12 (s, 5 H), 4.24 (m, 4 H), 2.12 (m, 4 H). 


Anal. Calcd for CloH13F6N03PRe: C, 22.82; H, 2.49; N, 2.66. 
Found: C, 22.56; H, 2.29; N, 2.78. 


Acknowledgment. We thank the Natural Sciences and 
Engineering Research Council of Canada for financial 
support and for a scholarship to J.R.S. Useful discussions 
with Dr. P. Legzdins and early investigations by Dr. R. P. 
Stewart, Jra30 are gratefully acknowledged. 


Registry No. 1, 38814-46-9; 2, 31960-40-4; 3, 69621-07-4; 4, 
81831-24-5; 7, 59568-03-5; 9, 81831-26-7; 10, 81831-28-9; 11, 81831- 
30-3. 








Organometallics 1982, 1 ,  987-994 


Attempted Stabilization of Silaethyienes with Aryl or 
Trlfluoromethyl Groups 


987 


A. G. Brook,' R. K. M. R. Kallury, and Y. C. Poon 


Department of Chemistry, Universily of Toronto, Toronto, Onbrio, a n a d e  M5S 1A 1 


Received March 24, 1982 


Photolysis of substituted benzoylsilanes (Me3Si)3SiCOC6H4Y (Y = p-MeO, o-MeO, p-t-Bu, 3,5-Me2) *and 
of the related (trifluoroacety1)silane yields silaethylenes, as demonstrated by their trapping with various 
reagents or by their head-to-head dimerization to yield 1,2-disilacyclobutanes. No evidence was found 
that the substituents significantly stabilize the silaethylenes through conjugative, electronic, or steric effects, 
relative to the protio analogues, and all the silaethylenes are less stable than the silaethylenes derived from 
alkoylsilanes containing a bulky1 alkyl group. The (o-methoxybenzoy1)silane shows some anomalous behavior 
attributable to the ortho substituent. Attempts to make highly hindered ortho-disubstituted acylsilanes 
by coupling of (tris(trimethylsily1)silyl)lithium with various acid chlorides gave bends instead. 


Previous studies in our laboratory have shown that the 
photolysis of several alkoyltris(trimethylsily1)silanes la (R 
= Me3C, Et3C, l-adamantyl, etc.) causes their rearrange- 
ment to isomeric silaethylenas 2a, which were sufficiently 
stable and long-lived to be observable spectroscopically 
(IR, UV, N M R P 3  and in two cases (R = Et&, 1- 
adamantyl) to be isolable as crystalline solids a t  25 0C.3p4 
When R = Me3C, the silaethylene, in the absence of 
trapping agents, underwent head-to-head dimerization to 
give the 1,2-disilacyclobutane 3a, having trans geometry 
of the groups attached to the asymmetric carbon atoms 
as shown from the crystal structure. In contrast, the 
photolysis of benzoyltris(trimethylsilyl)silane, lb, yielded 
a short-lived silaethylene, detectable by trapping experi- 
ments but not detectable spectroscopically, because it 
rapidly dimerized to the 1,2-disilacyclobutane 3b in high 
yield. Apparently the arylsilaethylene 2b was less stable 
than ita alkyl analogues 2a, despite the possible resonance 
stabilization through conjugation of the silicon-carbon 
double bond with the aromatic ring. We now report the 
extension of this study to a number of substituted aroyl- 
silanes to see whether the electronic and/or steric effects 
provided by the substituents would increase the stability 
of the resulting arylsilaethylenea. In addition the behaviors 
of a pentafluorobenzoyl and a trifluoroacetylsilane were 
investigated to compare with those of the protio analogues 
described earlier.' 


The (4methoxybenzoyl)silane IC closely resembled the 
benzoyl compound lb  in its behavior on irradiation. 
Photolysis in benzene gave a high yield of dimer 3c, and 
immediate examination of the photolysis solution after the 
lamp was turned off gave no spectroscopic evidence for the 
presence of the intermediary silaethylene, indicating that 
the electronic effects of the p-methoxy group had done 
little to stabilize the silaethylene. Photolysis in methanol 
gave the methanol adduct 4c of the expected silaethylene, 
as confirmed by its isolation, spectroscopic properties 
(Table 111) and its synthesis from dimer 3c by refluxing 
in T H F  containing methanol. 


The structure of the dimer 3c was confirmed by 'H, 13C, 
and 28si NMR spectroscopy, as well as mass spectrometry. 


~ l ~ ~ r o o k .  A. G.: Harris. J. W.: Lennon. J.: El Sheikh. M. J. Am. Chem. . ~ I  ~~ . ,  
SOC. 1979,101,83.' 


(2) Brook, A. G.; Nyburg, 5. C.; Reynolds, W. F.; Poon, Y. C.; Chang, 
Y. M.; Lee, J. S.; Picard, J.-P. J. Am. Chem. Soc. 1979,101,6750. 


(3) Brook, A. G.; Abdeeaken, F.; Gutekunst, B.; Gutekunet, G.; Kal- 
lury, R. K. M. R. J. Chem. Sac. Chem. Commun. 1981,191. 


(4) Brook, A. G.; Nyburg, S. C.; Abdeeaken, F.; Gutekunst, B.; Gute- 
ht, G.; Kallury, R. K. M. R.; Poon, Y. C.; Chang, Y. M.; Wong-Ng, W. 
J. Am. Chem. SOC., in press. 
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Scheme I 
h l  ,0SiMe3 


(Me3S i )3S iCOR - (Me3Si)2Si=C 
'R 


OSiMe3 I I I  
I I  
I I  


I (Me3Si  )zSi--C-R Me3SI-SI-C-R 


Me3Si-Si-C- R 


SiMe, OSiMe, 
i-I (Me3Si)zSi -CHR 


I 
O R '  


4, R' = CH, or H 5 
3 


a, R = alkyl (Me,C, &,C, l-adamantyl, etc.); b, R = 
C,H,; c, R = 4-MeOC6H,; d, R = 2-MeOC6H,; e ,  R = CF,; 
f, R = C,F,; g, R = 4-t-BuC6H,; h, R = 3,5-Me,C6H,. 


In particular, the 
showed absorptions a t  -40.9 (ring Si), -11.9 and -13.2 
(Me&-Si), and 8.28 (Me3Si-O) ppm, positions very similar 
to those observed previously for 3b,2 and the proton 
spectrum showed three 18 H signals a t  6 -0.28, -0.08 and 
0.23 for the trimethylsilyl groups and a 6 H singlet a t  6 3.67 
for the methoxy groups. 


spectrum shows three Me3& signals a t  6 3.4,3.5, 
and 4.1, one methoxy signal at  54.8 ppm, and a ring carbon 
a t  98.9 ppm. The mass spectrum is also specific to ita 
structure. No [MI+ is observed, but the ring cleaves 
leading to ions derived from the monomeric silaethylene, 
i.e., [M/2]+ a t  m/z 382 (30%), [M/2 - Me]+ a t  m/z 367 
(loo%), and [(M/2) - Me - CH20]+ a t  m/z 337 (20%). 
Alternatively, the ring apparently also cleaves in the op- 
posite sense yielding [M+ - Me12Si6]+ E [Arc(- 
OSiMe3)=C(-OSiMe3)Ar]+ a t  m/z 416 (25%) and [M+ 
- C22H3204Si2]+ [(Me3Si)2Si=Si(SiMe3)2]+ a t  m/z  348 
(26%), and small ions. Further support for the proposed 
structure of the dimer comes from the methane-chemical 
ionization mass spectrum which exhibits [ M I *  (m/z 765 
(14%)) and [MH-Me.]+ (m/z  750 (10%)) ions. Exactly 
comparable behavior has been observed with the parent 
dimer 3b (R = Ph)S and for other dimers (see below). 


Thus the photochemistry of the p-methoxyphenyl com- 
pound closely parallels that  of the unsubstituted phenyl 


spectrum of this compound in 


The 


(5) Brook, A. G.: Harrison, A. G.; Kallury, R. K. M. R. Org. hf0s.s 
Spectrom., in press. 


(6) (a) Fishman, E.; Chen, T. L. Spectrochim. Acta, Part A 1969, %A, 
1231. (b) Wood, G.; Srivaatava, R. M.; Adlam, B. Can. J.  Chem. 1973, 
51, 1200. 


Spectrom., in press. 
(6) (a) Fishman, E.; Chen, T. L. Spectrochim. Acta, Part A 1969, %A, 


1231. (b) Wood, G.; Srivaatava, R. M.; Adlam, B. Can. J.  Chem. 1973, 
51, 1200. 
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compound, and the lack of evidence for the presence of 
silaethylene in the photolysis solution indicates that the 
more electron-releasing p-methoxyphenyl group is not 
significantly more effective in stabilizing the intermediate 
silaethylene than the phenyl group had been found to be. 
I t  also seems clear, because of their similarities in behavior 
and spectroscopic properties, that dimers 3b and 3c (and 
others described below) are members of a family having 
closely related behavior. I t  is not known with certainty 
whether the aryl groups in 3b and 3c have the same trans 
disposition as was shown for 3a. However, it is clear as 
a result of their recovery unchanged, after being heated 
in inert solvents to temperatures (60-80 "C) where they 
clearly react as if they formed the monomeric silaethylenes 
2 (as shown by trapping with various added reagents), that 
the single isomer obtained in each case (but see one ex- 
ception below) is strongly favored thermodynamically. 
Further discussion about the mechanism of formation of 
the dimers and their thermal stability will be deferred to 
a later paper. 


Initially it appeared that the photochemistry of the (o- 
methoxybenozy1)silane ld  was significantly different from 
that of IC since under some conditions no dimer corre- 
sponding to 3c was obtained. However, on closer exami- 
nation, it was found that ld  as isolated after recrystalli- 
zation existed as a hemihydrate and the photochemistry 
of the hemihydrate was indeed different. However, the 
water could be removed by azeotropic distillation or pro- 
longed pumping a t  steam bath temperature and semi- 
quantitative measurements established there were two 
molecules of acylsilane per molecule of water. When the 
anhydrous acylsilane was photolyzed in methanol or excess 
water, products corresponding to 4d (R' = Me or H) were 
obtained in high yield and identified spectroscopically (see 
Table 111), confirming the intermediacy of the silaethylene. 
Photolysis in 2,3-dimethylbutadiene led to the trapping 
of the silaethylene 2d by the Diels-Alder reaction as a 
silacyclohexene (5d), as the phenyl analogue had been 
earlier observed to do,l and photolysis in inert solvents 
gave the expected 1,2-disilacyclobutane 3d with spectro- 
scopic properties closely related to those observed for the 
phenyl and p-methoxyphenyl compounds. 


No spectroscopic evidence for the presence of the sila- 
ethylene in the photolysis solution was found when it was 
examined immediately after completion of the photolysis. 
Evidently the o-methoxyphenyl group, which could have 
affected the stability of the silaethylene through both 
electronic and steric interactions, plays no major role in 
altering the stability of 2d relative to 2b or 2c: thus, like 
the latter silaethylenes, 2d rapidly dimerizes. 


However, unlike any other aroylsilaethylene dimer ob- 
served to date, 3d is remarkably unstable toward various 
reagents. Thus mere dissolution of 3d in methanol at  room 
temperature over 48 h gave a near quantitative yield of the 
silaethylene-methanol adduct 4d (R = Me) whereas the 
phenyl (3b) or pmethoxyphenyl(3c) dimers failed to react 
a t  room temperature and required a t  least 12-h reflux a t  
70-80 O C  to yield the adduct. Thus it appears that the 
o-methoxy substituent destabilizes the silaethylene dimer 
3d, logically because of increased steric interactions, evi- 
dences of which are also found in the spectroscopic data 
(see below) and in the dimer's behavior in air. 
Thus a solution of dimer 3d exposed to air turned yellow 


and workup with sodium bicarbonate after 24 h yielded 
o-methoxybenzoic acid in good yield. A CI mass spectrum 
of the residue from the oxygenated solution after removal 
of the solvent revealed [MH]+ ions corresponding to the 
trimethylsilyl ester 11 of o-methoxybenzoic acid (13) and 


Brook et  al. 


Scheme I1 


2d 10 


ti I 
PSIMe3 


dimer 3d 


11 
l H * O  


p,S1($Me3)Z 


(Me+ )$I, ,Si(SiMe312 
a C O O H  9 0 


I 14 
CH3 


13 


the trimer 14 from bis(trimethylsily1)silanone 12, the 
formation of both of which could be explained through the 
intermediate 10 (Scheme 11). 


The lH NMR spectrum of the oxygenated solution also 
confirms the formation of 11 and 14. Further, the chemical 
ionization spectrum of 14, unambiguously synthesized from 
bis(trimethylsilyl)dichlorosilane,' was found to be identical 
with that of the product obtained from the air-exposed 
solution of dimer 3d. 


Dimer 3d was characterized spectroscopically. Thus, the 
'H NMR spectrum consists of a complex aromatic region 
(6 7.2-6.5 (8 H)), a broad singlet (6 3.57 (6 H)) for the 
methoxy protons, and three 18 H signals (for 2 X MeaSi 
and Me,SiO) a t  6 0.067,0.38, and 0.68, the first two being 
broad. These bands are broad in contrast to those of 3c 
and suggest that each o-methoxy group may be interacting 
sterically with one trimethylsilyl and a trimethylsiloxy 
group in the dimer. This fact is supported by the down- 
field shift of the methoxy carbon signal in the 13C NMR 
of 3d to 67.7 ppm. The ring carbon also undergoes a 
downfield shift (compared to 3c) to 110.6 ppm because of 
the o-methoxy effect, and two signals are observed a t  4.1 
and 4.4 ppm (intensity ratio 1:2) in the silyl carbon region, 
indicating the overlapping of a trimethylsilyl carbon peak 
with the siloxy carbon signal. The E1 mass spectrum of 
3d shows the same fragmentation pattern as the p-methoxy 
compound, with major high mass peaks at  m/z 382 (lo%), 
367 (25%), 279 (45%), and 337 (3%) corresponding to the 
monomer and its cleavage products while ions a t  m/z 416 
(5%) and 348 (5%) represent the alternate cleavage of the 
ring. The methane chemical ionization spectrum is more 
informative, giving [MH]+ (m/z  765 (15%)) and [MH - 
Me.]+ (m/z 750 (8%)) ions in addition to the monomer and 
[M/2 - Me]+ ions, the latter forming the base peak. 


As indicated above, when the acylsilane Id as ita hem- 
ihydrate was photolyzed in inert solvents, different results 
were obtained since dimer 3d, a mixture of diols, or mix- 
tures of all three were obtained depending on the tem- 
perature of the photolysis solution (from -10 to +25 O C )  


and the duration or intensity of the irradiation (see Table 
V). In general, lower temperatures (-loo to + 5 "C) fa- 
vored formation of the dimer 3d and slow photolysis a t  


(7) Brook, A. G.; Abdesaken, F., unpublished observations. 
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Scheme IV 


Me3Si0  Si(StMe3)3 


6 


room temperature led to formation of the diols 6, although 
exact relationships were not established. The spectral 
details of the diols are consistent with their formulation 
as 6 (Scheme 111), only one isomer of which survived 
workup and isolation, although the 'H spectra of fresh 
photolysis solutions showed two very similar overlapping 
spectra in about 1:l proportions. 


Neither column chromatography nor HPLC effectively 
separated the mixture, but on standing one isomer crys- 
tallised out as a very pale yellow solid which had spectral 
properties totally unlike those of dimer 3d. 


The 'H spectrum of 6 showed four Me3Si signals in the 
ratio 1:1:3:1 a t  6 0.03, 0.13, 0.50, and 0.63 and two non- 
equivalent methoxy signals a t  3.47 and 3.53 ppm. In the 
13C spectrum there was an intense MesSi signal a t  6 -3.6 
((Me3Si),Si) with others of lesser but equivalent intensities 
at  0.9,3.1, and 3.4 ppm. There were two methoxyl signals 
a t  55.4 and 56.1 ppm, a signal a t  95.7 ppm (C-OH), and 
a signal a t  110.1 ppm assigned to the quaternary carbon 
Ar-C(-OSiMe3)-Si by analogy with the positions ob- 
served for related carbons in 3d and 4d (R' = Me or H). 
The 29si spectrum showed six nonequivalent silicon signals 
with the approximate intensity ratio of 1:1:3:1:1:1 a t  6 16.9 
(Me,Si-O), 10.3 (Si-OH), -10.8 (Me3Si)&3i, -16.2, and -16.5 
(Me&W2Si, and -66.7 (Me3Si)3Si). This data is in good 
agreement with values observed in model compounds such 
as 4d and 7. 


The E1 mass spectrum showed the ions [MI+, [M - 
H20]+, [M - H 2 0  - Me.]+, [M - H 2 0  - Me3Si.]+, and [M 
- H 2 0  - (Me3Si)3Si.]+ as is consistent with the proposed 
structure as is the CI mass spectrum with ions [MH]+, 
[MH - H20]+, and smaller fragments, confirming the as- 
signed molecular weight. The IR spectrum showed broad 
hydroxyl absorption centered a t  3300 cm-', although 
surprisingly the NMR bands a t  6 5.12 and 4.37, each 1 H, 
believed to be due to the hydroxyl groups did not exchange 
readily with D20. 1,3- and 1,4-diols capable of intramo- 
lecular hydrogen bonding have been reported to undergo 
H-D exchange extremely slowly.6 Moreover, the same 
behavior has been observed with the water adduct 4d (R' 
= OH) as well as the 1,2-diol7. Thus, in summary, all the 
data are consistent with the formulation 6. 


As noted above, there was evidence for two isomers of 
6 in the photolysis solution, only one of which survived 
workup. The identity of the second isomer has not been 
established, but there was some evidence that in decom- 
posing it yielded some of the isomer isolated. As formu- 
lated, 6 has two asymmetric centers and thus it could exist 
as two diastereoisomers, one of which may be significantly 
less stable. However, the duplicated NMR spectra could 
also have arisen from two different conformations, stabi- 
lized by hydrogen bonding, or from two different structural 
isomers, arising as a result of different sites of hydrogen 
bonding. Data to resolve this uncertainty are not available. 


Id 2d 
Me3SiO 


I 


L CH3 4d, R' = H or Me 
O R '  
I 


CH3 


7, R' = H 
8, R' = Me 


2Me3SiOH - Me3SiOSiMe3 + H 2 0  


9 


While a detailed mechanism for the formation of 6 has 
not been established (note that photolysis of Id in excess 
water in THF' does not give any 6), it is evident that 6 must 
be derived from reaction of a molecule of silaethylene with 
a molecule of unphotolyzed acylsilane, with which water 
is known to be associated. A generalized mechanism is 
given in Scheme 111. 


The 1,2-diol7 is an unusual byproduct formed during 
the photolysis of Id in water, and the related 1,2-dimeth- 
oxy compound 8 is obtained from photolysis in methanol. 
A reasonable explanation for the formation of these com- 
pounds is that they are derived from the precursors 4d (R' 
= H or Me) which with assistance from the spacially ad- 
jacent methoxyl group, lose the trimethylsiloxy group 
which is replaced by HO or Me0 through attack of solvent 
on the benzylic carbon atom (see Scheme IV). This 
postulation is supported by the isolation of hexamethyl- 
disiloxane, 9, from these photolyses, which would arise 
from the trimethylsilanol formed on solvolysis. 


In an effort to explore further the influence of electronic 
factors, in particular electron withdrawal, on the stability 
of silaethylenes, the (trifluoroacety1)silane l e  and the 
(pentafluorobenzoy1)silane If were synthesized. Some 
difficulty was initially encountered in the synthesis of these 
species, but ultimately they were made by the coupling of 
the carefully purified acid chlorides with (tris(trimethy1- 
sily1)silyl)lithium-tris(tetrahydrofuran)* in dry pentane a t  
low temperatures. The properties of the acylsilanes are 
given in Table I, and other than the fact that  the IR 
carbonyl stretching vibrations are shifted to higher fre- 
quencies (1650 cm-') than usual (1600-1620 cm-l) because 
of the inductive effects of the fluorine atoms, the com- 
pounds had properties typical of acylsilanes. On photolysis 
in methanol, the expected methanol adducts 4e and 4f, 
respectively, were formed. 


The trifluoroacetyl compound le on photolysis in inert 
solvents gave rise to both possible diastereomeric 1,2-di- 
silacyclobutane dimers 3e and 3e', the predominant one 
probably being the trans isomer by analogy with the known 
trans structure of 3a (R = Me3Qa2 This is the only known 


(8) Brook, A. C.; Gutekunst, G. J.  Organomet. Chem. 1982, 225, 1. 
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Table I. Physical and Spectroscopic Data of Acylsilanes (Me,Si),SiCOR (lc-f) 
yield, 


R mp, "C % spectroscopic dataf 
o-MeOC,H, 114 80 a 


p-MeOC,H, b 7 1  


89-90°C 90d 


C6F5  b p 1 1 2 " C  e 
(0.1 mm) 


4-t-BuC,H4 59-60 60 


3,5-Me,C6H, 52.5-53.5 50 


UV h,, (log E )  223 (4.35), 247-252 (4.07), 275 (infl), 366 (236), 380 (258), 


IR u 1610 (>C=O) cm-' 
'H NMR (CCl,) 6 0.17 (s, 27 H), 3.72 (s, 3 H), 6.67-7.33 (m, 4 H) 


29Si NMR (C,D,) -11.15, -70.57 ppm 
E1 MS, m/z  (%I) 382 (M+, 2%), 367 (53.5), 279 (49), 73 (100) 
CH, CI MS, m/z (%I) 383 (MH') (loo), 368 (10) 
UV h (log E )  222-226 (4.25), 272-274 (4.41), 286 (infl), 290 (infl), 348 (161), 


374 (190), 390 (118), 410 (110), 430 nm (72) 
IR u 1605 (>C=O) cm-I 


',C NMR (C,D,) 1.90, 55.13, 230.34 ppm 
29Si NMR (C,D,) -11.45, -72.90 ppm 
E1 MS, m/z  (%I) 382 (M+, 5%), 367 ( loo) ,  279 (25), 73 (48) 
CH, CI MS, m/z (%I) 383 (MH', loo), 368 (15) 
UV h (log E )  217 (4.5), 273 (4.05), 359 (70), 372 (116), 386 (112), 


IR u 1658 (C=O) cm-' 
'H NMR (CC1,) 6 0.28 (s, 27 H) 
')C NMR (C,D6) 1.09, 125.98 (q, J =  296 Hz), 225.45 ppm (q, J =  36 Hz) 
"Si NMR (C,D,) -9.89, -70.17 ppm 
E1 MS, mlz (%I) 344 (M+, 0.1) 329 ( l ) ,  275 (20), 247 (38), 73 (100) 
CH, CI MS, m / z  (%I) 345 (MH+, lo%), 330 ( lo) ,  275 (loo),  247 (40) 
UV h (log E )  230 (4.33), 272 (4.13), 352 (152), 368 (203), 382 (209), 


IR u 1650 (C=O) cm-' 
'H NMR (C,D,) 6 0.20 (s, 27 H) 
29Si NMR (C,D,) -10.25, -62.85 ppm 
E1 MS, m/z (%I) 442 (M+, l), 427 (14), 339 ( lo ) ,  73 (100) 
IR (CCl,) u 1613 (C=O) cm-' 
'H NMR (CC1,) 6 0.35 (s, 27 H), 1.45 (s, 9 H) 7.3-7.8 (m, A,B,, 4 H) 
E1 MS, m/z 408 (M+), 393 (M - Me+) 319, 305 
IR (CCl,) u 1607 (C=O) cm-' 
'H NMR (CCI,) 0.32 (s, 27 H), 2.38 ( 8 ,  6 H), 7.10 (b s, 1 H), 7.28 (b s, 2 H) 
E1 MS, m/z 380 (M)+, 365 (M - Me)+, 349, 307 


396 (250), 410 nm (202) 


NMR (C,D,) 1.36, 54.89, 240.05 ppm 


'H NMR (CC1,) 6 0.23 (s, 27 H), 3.86 (s, 3 H), 7.00-6.80, 7.78-7.62 (d, 4 H) 


404 nm (54) 


400 nm (170) 


a Anal. Calcd for C,,H,O,Si,: C, 53.36; H, 8.99. Found: C, 53.64; H, 9.28. Liquid decomposes above 100 "C 


Anal. Calcd for C,,H,,F,OSi,: C, 38.37; H, 7.85. Found: C, 38.47; H, 8.14. e Anal. Calcd for C,,H,,F,OSi,: C, 
under vacuum without distilling. Anal. Calcd for C,,H,O,Si,: C, 53.36; H, 8.99. Found: C, 53.01; H, 8.94. 


43.44; H, 6.11. Found: C, 43.60; H, 6.28. f The NMR spectral data are reported in 6 (ppm) relative to Me,Si. 
Absorption intensities for h greater than 300 nm are reported as E. 


Scheme V 
I M ~ ~ S I ) ~ S I C O C ~ F ~  ( M e 3 S ~ ) 3 S ~ .  + C6F5C0. - 


(Me3Si  ) , S I S I ( S I M ~ ~ ) ,  + C6F5COCOC6F5 


15 16 


case to date where both possible 1,2-disilacyclobutanes 
have been observed. Both compounds were shown unam- 
biguously to be 1,2-disilacyclobutanes since the mass 
spectra of each showed abundant ions a t  mlz 348 corre- 
sponding to the fragment ion (Me3Si)2Si=Si(SiMe3)2, not 
possible from a 1,3-disilacyclobutane. 


Unlike any other polysilylacylsilane prepared to date, 
photolysis of the (pentafluorobenzoy1)silane l f  in inert 
solvent failed to give any dimeric species. Norrish type 
I cleavage evidently occurred instead and substantial 
quantities of hexakis(trimethylsily1)disilane (15) were 
isolated together with material having infrared and mass 
spectra similar to that of decafluorobenzil (16).g No 
spectroscopic evidence for silaethylenes could be observed 
from the photolysis solutions from either le or If.  


Attempts were made to study several other acylsilanes. 
The (4-tert-butylbenzoy1)silane lg and the (3,5-di- 
methylbenzoy1)silane l h  were readily synthesized, and on 


(9) Dua, S. S.; Jukes, A. E.; Gilman, H. Organomet. Chem. Synth. 
1970, 1, 87. 


photolysis gave the usual 1,2-disilacyclobutane dimers 3g 
and 3h, with no spectroscopic evidence found for a stable 
intermediary silaethylene. Attempts to prepare the more 
sterically crowded (2,6-dimethylbenzoyl)-, (2,6-dimeth- 
oxybenzoyl)- or (2,4,6-tri-tert-butylbenzoyl)silanes by 
coupling of the respective acid chlorides with (tris(tri- 
methylsily1)silyl)lithium a t  -70 OC failed to yield any of 
the expected products. 


h 


ri 
(Me,Si ),SiCR 


R =  +. +,+-.. 
Me OMe t - B u  


Instead, what is presumed to be radical coupling fol- 
lowing a one-electron transfer occurred, since bemils were 
formed in good yield, accompanied by much tetrakis(tri- 
methylsily1)silane. This alternative pathway presumably 
occurs because severe steric interactions prevent formation 
of the acylsilanes. 
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Table 11. Physical and Spectroscopic Data of the Disilacyclobutanes (3c-f) 
yield, 


R mp, "C % spectroscopic dataa 
4-MeOC6H, 


2-MeOC6H, 


CF3 


CF3 


178-180 


94-95 


212-213 


205-206 


4-t-Bu-C6H, 43-44 


3, &Me, C, H, 142-143 


60 


62 


60 


22e 


IR (Nujol) 2840 (OCH,), 1520 (C-Ar), 1250 (Si-C), 1020 (Si-0), 
850 (Si-C-HI 


\ ~~ - ~~ 


'HNMR (CC1,j -0.28, -0.08, 0.23 (s, 18 H each), 3.67 ( 8 ,  6 H), 
6.53-6.67. 7.13-7.42 (d. 8 H) 


I3C NMR 3.40, 3.48, 4.06,'54.85, 98.92 (plus aromatic carbons) .- 
2gSi NMR 8.29, -11:95, -i3.17,140.91 
E1 MS 416 (25), 382 (30), 367 (loo), 348 (26), 337 (20) 
CI MS 765 (MH+. 14). 750 (10). 382 (35). 367 (100) 
IR (Nujol) 2850 '(cH~o), ii85'(c-~rj, 1555 (si-c),' 
1060-1010 (Si-0), 840 (Si-C-H) 


'H NMR 0.067, 0.38, 0.68 (s, 18 H each), 3.57 (b, 6 H), 6.51-7.23 (m, 8 H) 
"C NMR 4.09, 4.44, 67.73, 110.58 (plus aromatic carbons) 
E1 MS, 416 (5), 382 (lo), 367 (25), 348 (5), 279 (45), 73 (100) 
CI MS, 765 (MH', 15), 750 (8), 382 (35), 367 (100) 
IR (Nujol) 1250 (Si-C), 1155, 1120 (Si-0), 840 (Si-C-H) 
'H NMR 0.28, 0.35, 0.37 (s, 18 H each) 
'3CNMR2.34,2.47,3.21,79.75(q,J=30Hz),134.23(q,J=284Hz) 
29Si NMR 13.7, -8.97, -9.95, -48.58 
E1 MS 367 (5), 348 (24), 294 ( lo ) ,  275 (8), 73 (100) 
CI MS 689 (MH', 5), 619 (lo), 275 (28), 73 (100) 
IR (Nujol) 1245 (Si-C), 1135,1125 (Si-0), 835 (Si-C-H) 
'H NMR 0.357 (s, 36 H), 0.433 (s, 18 H) 
"C NMR 2.60, 3.10, 3.56, 76.76 (q, J =  28 Hz), 129.82 (q,J= 283 Hz) 
29Si NMR 16.27,-11.12, -11.84,-40.22 
E1 and CI MS very similar to above isomer 
IR (CCl,) 1237, 833 
'H NMR (CC1,) 0.0 (s, 18 H), 0.52 (s, 18 H), 0.79 (s, 18 H) 
IR (CC1,) 1592,1234,1080,833 


6.86 (b s, 2 H), 7.28 (b s, 4 H) 
'H NMR (CC1,) -0.25 (5, 18 H), 0.16 (s, 18 H), 0.48 (s, 18 H), 2.35 ( 8 ,  12 H), 


E1 MS 380 (M/2)+,  365 (M/2  - Me)', 307 (M/2 - Me,Sij' 
a Unless otherwise noted, all NMR spectral data were obtained in C,D, and chemical shifts are in 6 (ppm) relative to 


Me,Si; IR in cm-'; MS as mlz (%I). Anal. Calcd for C,H,,O,Si,: C, 53.36; H, 8.90. Found: C, 53.17; H, 8.81. No 
C and H analysis obtained because compound decomposes at room temperature. Anal. Calcd for C,,H,,F,O,Si,: C, 
38.37; H, 7.85. Found: C, 38.33; H, 8.00. e Anal. Calcd for C,,H,,F,O,Si,: C, 38.37; H, 7.85. Found: C, 38.39; 
H, 8.11. 


Conclusions 
Of the silaethylenes in the family 


,OSiMe, \ 
Me$ I 


,sI=c 
Me3SI \ R  


synthesized to date, those where R is a large bulky alkyl 
group are by far the most stable, two silaethylenes (where 
R = CEt, or 1-adamantyl) having been isolated as solids 
and several others having survived in solution a t  room 
temperature for a week or longer as observed spectro- 
s~opical ly .~ 


It has not been possible to observe the phenyl- 
silaethylene (R = Ph) spectroscopically since it evidently 
is not nearly as stable as the alkyl species above, despite 
the potential for conjugative interaction of the silicon- 
carbon double bond with the aromatic a system. The 
present attempts to increase the stability by putting 
electron-releasing substituents, or bulky substituents on 
the aromatic ring, or by withdrawing electron density using 
a trifluoromethyl group as R failed to significantly stabilize 
the silaethylenes relative to their protio analogues, since 
all rapidly dimerized to the head-to-head 1,2-disilacyclo- 
butane dimers. Within the general framework of this 
family of silaethylenes, it appears that conjugation and 
additional electronic effects are much less important than 
steric bulk in stabilizing these reactive species. 


Experimental Section 
General Data. A 100-W PAR 38 clear mercury spot lamp 


(Blak-Ray, ANSI code H44GS) was used for all photolysis ex- 
periments. Irradiations were carried out under dry argon in Pyrex 


Schlenk tubes, cooled in baths of running water (temperature 5-8 
OC) and positioned in the intense central beam about 6 in. from 
the lamp. 


Benzene, pentane, and tetrahydrofuran were distilled from 
metallic sodium immediately prior to use, while methanol was 
distilled from potassium hydroxide. 


The IR spectra were recorded on a Pye Unicam SP3-200 in- 
frared spectrophotometer in carbon tetrachloride or Nujol. The 
'H, 13C, and %Si NMR spectra were measured on Varian T60, 
Varian CFT 20, and Bruker WP-80 NMR spectrometers, re- 
spectively, in deuteriobenzene unless otherwise stated. The E1 
mass spectra were recorded on an AEI MS-9 mass spectrometer 
with source temperatures ranging from 50 to 80 OC, while the 
methane chemical ionization spectra were obtained on a Du Pont 
21-490 mass spectrometer (gas pressure -0.3 torr) at approxi- 
mately the same source temperature. 


Satisfactory (0.3%) analyses (C, H) were obtained for all stable 
new compounds and were performed by Galbraith Labs. Inc., 
Knoxville, TN. 


Preparation of (0-Methoxybenzoyl)tris(trimethylsilyl)- 
silane (la) and Its p-Methoxy Analogue IC. (Tris(tri- 
methylsily1)silyl)lithium (0.033 mol), prepared from tetrakis- 
(trimethylsily1)silane according to the method of Gilman,lo was 
added dropwise into a solution of the appropriate benzoyl chloride 
(0.04 mol) in 100 mL of THF at -70 "C over a period of 2 h. The 
mixture was stirred at this temperature for a further period of 
3 h. Most of the solvent was removed on a rotary evaporator, 
and the residue was stirred with water (200 mL) at room tem- 
perature for 1 h. The mixture was extracted with ether (3 X 100 
mL), and the combined ether layers were dried over anhydrous 
sodium sulfate and then were evaporated on a rotary evaporator. 
The residue was chromatographed on silica gel with pentane to 
give the pure acylsilane. 


(10) G h a n ,  H.; Lichtenwalter, G. D. J. Am. Chem. SOC. 1958, BO, 608. 
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Table 111. Spectroscopic Data for RC(-OSiMe,)H-Si(-OR' MSiMe,), (4c-f) 
R R' yield spectral data a 


p-MeOC, H, 


o-MeOC,H, 


o -Me OC, H, 


CF3 


'6 F5 


80 


85 


78  


85 


35 


IR (neat) 2830 (CH,O), 1510 (C-Ar), 1060-1040 (Si-0-C) 
'H NMR (CCl,) -0.02, 0.05, 0 .25 (s, 9 H each), 3.35, 3.72 (s, 3 H each), 


E1 MS 414 (M+, 16) ,  399 (22), 341 (24), 310 (28), 309 (36), 


IR (neat) 2840 (CH,O), 1 4 9 0 , 1 4 6 5 , 1 4 4 0  (C-Ar), 1055, 


'H NMR (CC1,) -0.13, 0.03, 0 .23 (s, 9 H each), 3.50 (s, 3 H), 3.85 (6, 3 H), 


29Si NMR 18.87, 10.16,-18.48,-18.63 
E1 MS 414 (M+, lo ) ,  399 (20) ,  341 (loo),  310 (29) ,  


IR (neat) 3550-3400 (b, OH), 2840 (OCH,), 1490, 


4.81 (6, 1 H), 6.7-7.0 ( q , 4  H) 


209 (13) ,  73 (100) 


1030 (Si-0-C) 


5.82 (s, 1 H) 6.80-7.15 (m, 4 H) 
NMR 2.43, 2.79, 54.70, 65.15, 109.90 (plus aromatic carbons) 


209 (17) ,  7 3  (37)  


1465 ( C - A ~ ) ,  i05o- io30  (Si-0-c) 


6.53-6.73 (m. 1 HL 6.93-7.20 (m. 2 HL 7.56-7.78 (m. 1 H) 
'H NMR 0.267 (s, 9 H), 0.37 (s, 18 H), 3.23 (b, 1 H), 3.50 (s, 3 H), 5.40 (s, 1 H), 


I3C NMR -1.'33; 1.85; 54.81, 110.06 (plus aromatic carbons) ' 
E1 MS 400 (M+, l o ) ,  385 (ZO) ,  327 (40), 209 (25) ,  


'H NMR 0.20 (b  s, 18 H), 0.10 (s ,  9 H), 3.37 (s, 3 H), 4.20 (9,  1 H) 


'H NMR (CCl,) 0.40 (s, 9 H), 0.50 (d, 18 H), 3.85 (s, 3 H), 5.33 (s, 1 H) 


191 (20) ,  73 (100)  


''C NMR -0.66, -0.43, 0.06, 54.33, 67.03 ( q , J =  33 Hz), 
127.5 (9, J = 279 Hz) 


a Unless otherwise stated, all NMR spectra are measured in C,D, and chemical shifts are in ppm with respect to Me,%; 
IR in cm-' ; MS in m/z (%I), 


The o-methoxy compound Id was recrystallized from pentane 
to yield light yellow needles of the hemihydrate, mp 80-81 "C 
(with methanol, a different species, mp 114-115 "C, was obtained). 
The p-methoxy analogue IC is a yellow oily anhydrous liquid which 
decomposed on heating and could not be distilled even under 
vacuum. 


Preparation of (Trifluoroacetyl)tris(trimethylsilyl)silane 
(le) and the Pentafluoro Analogue (If). A solution of the solid 
salt (Me3Si)3SiLi.3THF (0.03 mol) in pentane (300 mL) was 
dropped into a solution of the appropriate thrice-degassed acid 
chloride (0.031 mol) in pentane (200 mL) maintained at -30 to 
-40 "C over a period of 5 h with constant stirring which was 
continued for a further 2 h after the completion of the addition. 
The lithium chloride precipitate was filtered off and the solution 
concentrated. In the case of le, the residue was sublimed under 
vacuum to yield colorless crystals, mp 89-90 "C, while with If, 
the residue was distilled under vacuum to give a pale yellow oily 
liquid, bp 112 "C (0.1 mm). 


An almost quantitative yield of the acylsilanes IC and Id were 
also obtained by this method. 


For the physical, analytical and spectral data of the acylsilanes 
lc-f, see Table I. 


Preparation of the Anhydrous Acylsilane Id. The hydrated 
compound was refluxed with benzene for 24 h, and then the 
solvent was removed by azetropic distillation to leave a thick oily 
residue. Alternatively, the hydrated species was heated under 
vacuum at 100 "C for 6 h, and quantitative measurements in- 
dicated a weight loss of 2.31% on the basis of the initial weight 
of the acylsilane (a hemihydrate requires 2.35% of water content). 
The anhydrous acylsilane displays a single peak at 1610 cm-I in 
the IR while the hemihydrate shows a doublet at 1600 and 1590 
cm-I. 


Photolysis of Id in Benzene To Yield the Dimer 3d. The 
(o-methoxyacy1)silane Id (1 g, 2.62 mmol) in 3 mL of benzene 
was irradiated at 0-5 "C for 5 h with four lamps. Dimer 3d 
crystallized out of the solution and was recrystallized from 
benzene-THF to give colorless crystals, mp 94-95 "C, in nearly 
quantitative yield. 


Photolysis of ld  in  Benzene to the Diol 6. The hydrated 
acylsilane Id (1 g, 2.62 "01) in 2 mL of benzene was irradiated 
at 20-25 "C for 10 h with one lamp. Longer photolysis did not 
produce any change in the 'H NMR of the solution which in- 
dicated the presence of about 35% of the starting material. The 
mixture was chromatographed on silica gel with pentane to yield 
a mixture of isomeric diols (combined yield -50%) in the first 
fraction. The pentane solution of the mixture was allowed to stand 


for 24 h when a yellow crystalline solid slowly formed. This 
material on recrystallization from ether containing a trace of 
methanol gave a light yellow solid, mp 137-138 "C (yield 40%). 
The 'H NMR spectrum of a solution of the diol mixture which 
had been allowed to stand for several days suggested that one 
of the forms of 6 was converted in part to the other isomer (mp 


For a summary of the variation in products with time and light 
intensity, see Table V. 


Photolysis of the p-Methoxy Silane IC in Benzene. The 
acylsilane IC (2 g, 5.2 mmol) in 5 mL of benzene was photolyzed 
at room temperature (20 "C) with one lamp for 3 h at which time 
no >C=O absorption was observed in the IR. The mixture was 
concentrated in vacuo, and the residue was recrystallized from 
pentane-acetone to afford colorless crystals of 312, mp 177-178 
"C dec. 


Photolysis of the Trifluoro Silane le  in Benzene. Acyl- 
silane le was irradiated under the same conditions as above. The 
residue upon recrystallization from acetone deposited colorless 
crystals of 3e, mp 212 "C. The mother liquor, treated with a few 
drops of methanol and left overnight, deposited a second isomeric 
dimer of 3e, mp 205-206 "C. 


Photolysis of the Pentafluoro Compound If in Benzene. 
The acylsilane If (1 g) was irradiated in benzene (3 mL) at 5 "C 
with one lamp for 3 h. The solution was concentrated in vacuo, 
and the residue was sublimed in vacuo at 100 "C to yield white 
crystals, mp 370-371 "C, whose spectral data ['H NMR (C6D6) 
6 0.32 (s), %i NMR (CsDe) -9.42 and -129.36 ppm, and E1 MS, 
m/z 494 (M+, 20%)] and elemental analysis are consistent with 
those for hexakis(trimethylsily1)disilane (E), reported" by an 
alternate route (mp 372-374 "C). (Anal. Calcd for C18HMSi8: C, 
43.72; H, 10.93. Found: C, 43.91; H, 10.90.) 


The sublimation residue showed peaks in the IR at v- 1723 
and 1708 cm-' with a base peak in the E1 MS at m / z  195, values 
corresponding to decafluorobenzil.9J2 


Photolysis of the Acylsilanes lc-f in Methanol. The 
acylsilanes (0.5 g) were irradiated for 1 h in a mixture of benzene 
(3 mL) and methanol (1 mL) with one lamp. The solvents were 
removed in vacuo, and the residue was chromatographed on silica 
gel with pentane to yield the corresponding methanol adducts 
4c-f in the first fraction. The adducts 4c and 4d were also 
obtained by refluxig the dimers 3c and 3d with THF-methanol 


137-138 "C). 


(11) Gilman, H.; Harrell, R. L., Jr. J. Organonet. Chem. 1967,9,67. 
(12) Chambers. R. D.: Clark. M. J. Chem. Soc.. Perkin Trans. I 1972, 


2469. 







Attempted Stabilization of Silaethylenes 


Table IV. Physical and Spectroscopic Data of the Diols 6 
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OS I Me, 


l 
I OH 


I 


o - MeOCGH4-C -?I (SI Me312 


o-MeOC6H4-  C-OH 


SI ( S  I Me,), 
~~~ ~ _ _ _ _ _ _ _ _ ~ ~ ~  


yield, 
mp, "C % spectroscopic data 


A. Stable Isomer 
137- 38" IR u 3350,1550,1240,1090,1040, 835,685 cm-' 
138 dec 'H NMR (C,D,) 6 0.03, 0.13, 0.65 (6, 9 H each), 0.50 (6, 27 H), 3.47 (6, 3 H), 3.50 (8 ,  3 H), 


13C NMR (C,D,) -3.57, 0.88, 3.08, 3.36, 55.43, 56.07, 95.73,110.12 ppm 


29Si NMR (C,D,) 16.89, 10.34, -10.84, -16.18, -16.49, -66.73 ppm 
E1 MS, m/z (%I) 782 (M+, O.l), 764 (3), 749 (3), 691 (20), 517 (33), 382 (lo), 367 (20), 


CH, CI MS m/z  (%I) 783 (MH', 5), 765 (15) 


'H NMR (C,D,) 6 0.097, 0.24, 0.58 ( 8 ,  9 H each), 0.55 (s, 27 H), 3.50 (6, 3 H), 3.53 (6, 3 H), 


13C NMR (C,D,) 1.81, 2.27, 2.99, 3.46, 54.46, 55.74, 88.15, 111.42 ppm 


*'Si NMR (C,D,) 14.03, 9.67, -11.00, -16.65, -18.46, -66.15 ppm 


4.37 (s, 1 H), 5.13 ( 8 ,  1 H), 6.23-7.73 (m, 8 H) 


(plus 12 aromatic carbon peaks) 


232 (15), 191 (13), 73 (100) 


B. Unstable Isomer 


5.19 (s, 1 H), 5.33 (s, 1 H), 6.50-7.73 (my 8 H) 


(plus aromatic protons) 


Anal. Calcd for C,H,,O,Si,: C, 51.95; H, 8.95. Found: C, 51.63; H, 8.74. 


Table V. Irradiation of Id  under Various Conditions a 


exptl conditns products 
(1 ) one lamp, acylsilane ( Id)  + 
-10 OC, 8 h 


(2) two lamps, Id  + 3d (1:l) 


(3) one lamp, 3d + isomers 6 (1 :1) plus 
5 " C , 8 h  small amounts of I d  


(4) one lamp, isomers 6 + Id  (2:l) 


(5) four lamps, mostly 3d with traces 
5"C, 5 h  of 6 isomers 


(6) four lamps, several decomposition 
20-25 OC, 3 h products 


(7) one lamp, 20-25 'C, 8 h isomers 6 + 3d (2:l) 
photolysis in a sealed tube 
Product estimated on the basis of integration of 


dimer (3d) (2:l) 


-10 "C, 6 h 


20-25 OC, 10 h 


plus some Id  


relevant peaks in 'H NMR spectrum under each condition. 


for 24 and 1 h, respectively. The spectral data of these products 
4c-f are presented in Table 111. 


From the chromatograph of the residue from the photolysis 
of Id in methanol, besides 4d, a second fraction was isolated as 
a colorless oil with pentane as eluent. The following spectral 
characteristics are consistent with structure 8 for this product: 
'H NMR (CCl,) 6 0.18 ( 8 ,  9 H), 0.33 (8 ,  9 H), 2.63 ( 8 ,  1 H), 3.87 
(8,  3 H), 3.90 (8,  3 H), 4.11 (8, 3 H), 6.90-7.50 (m, 4 H), E1 MS, 
m/z (%I) 356 (M+, 8%), 341 (43), 325 (9), 310 (7), 283 (loo), 252 
(19), 236 (19), 221 (9), 163 (14), 73 (10). 


Photolysis of Id in  Water. The acylsilane (0.5 g) was dis- 
solved in THF (5% water content, 1 mL) and irradiated with one 
lamp for 30 min. The residue was chromatographed over silica 
gel with pentane, and the first fraction was found to be the water 
adduct (4d, R' = H) (for spectral details, see Table 111). The 
second fraction with pentane-benzene (3:l) was found to be the 
diol 7 (yield -40%) on the basis of the following spectral data: 
IR (neat) VOH 3650 an-'; 'H NMR (C&Q 6 0.57,0.62 (s,9 H each), 
2.62 (8,  1 H), 3.34 (8, 3 H), 3.41 (8, 1 H), 5.30 (8,  1 H), 6.47-7.64 
(m, 4 H); NMR (C6D6) 6 6.8 ((Me3Si)2SiOH), -18.45 (2 X 
Me3Si); E1 MS, m/z 328 (M+, 6%), 313 (8), 295 (ll), 255 (loo%), 
240 (E), 237 (29), 191 (52), 175 (57), 137 (22), 135 (48), 73 (63). 


Photolysis of Id with 2,3-Dimethylbutadiene: 5d. A 
mixture of Id (1 g) and 2,3-dimethyl-1,3-butadiene (1 mL) in THF 
(5 mL) was irradiated for 3 h at 20-25 "C with one lamp. The 


mixture was concentrated under vacuum and the residue chro- 
matographed on silica gel with pentane to afford a white crystalline 
solid 5d which was recrystallized from pentane: mp 136137 OC; 
yield 40%; 'H NMR (CsD6) 6 4.07, 0.07, 0.43 (a, 9 H each), 


H), 6.43-7.40 (m, 4 H); E1 MS, 464 (M+, 5%), 449 (81, 391 (loo), 
382 (201,367 (13),73 (50). (Anal. Calcd for CBH40a&: C, 59.28; 
H, 9.54. Found C, 58.93; H, 9.72. 


Decomposition of the Dimer 3d in Benzene in Air. A 
solution of the dimer 3d (0.1 g) in deuteriobenzene (1 mL) was 
allowed to stand at room temperature for 24 h in the air. The 
dimer signals in the silyl proton region g r a d d y  diminiied, and 
two new signals gradually increasing in intensity appeared. The 
mixture was extracted with ether and shaken with 5% NaHC03 
solution. The aqueous layer on acidification deposited a solid 
(0.025 g, 68% yield), mp 100-101 "C. Mixed melting point and 
an IR spectrum established its identity as o-methoxybenzoic acid. 
The ether layer on evaporation yielded an oil whose C1 mass 
spectrum indicated it to be a cyclotrisiloxane by comparison with 
an authentic sample: 'H NMR (C&, the air-exposed mixture) 
due to 11 6 0.26 (e, 9 H, Me3SiO), 3.46 (s,3 H, MeO), 6.5-7.6 (m, 
4 H); due to 14, 6 0.43 (8,  18 H, (Me3Si),Si); CHI CI MS of the 
mixture, corresponding to 2-MeO-CsH4C(=O)-OSiMe3, m/z 
225 (MH', loo%), 135 (lo), 107 (18), 90 (lo), 73 (10); corre- 
sponding to [(Me3Si)zSi--O-]3, m/z 571 (MH+, 3%), 498 (7), 483 
(lo), 425 (70), 410 (loo), 394 (35). 


Preparation of (4-tert -Butylbenzoyl)- (lg) and (3,5-Di- 
methylbenzoyl)tris(trimethylsilyl)silane (lh). Acylsilanes 
lg and l h  were prepared following the general procedure used 
for IC and Id by slow addition of the appropriate acid chloride 
to a solution of (Me3Si)3SiLi in THF at about -70 "C. Normal 
workup gave the products with properties listed in Table I. 


Attempted Preparation of (2,4,6-Tri-tert-butyl)benzoyl)- 
and (2,6-Dimethylbenzoyl)tris(trimethylsilyl)silanes. The 
acid chloride of 2,4,6-tri-tert-butyl)benzoic acid, prepared by the 
method of Bar~lay,'~ was prepared by treatment with thionyl 
chloride in ether, to which was added 1 equiv of pyridine. The 
purified acid chloride was added in one portion to 1 equiv of 
(Me3Si)3SiLi in THF at -70 "C, and the deep brown solution was 
stirred for 16 h at -10 "C, yielding a yellow solution. Workup 
gave a mixture of compounds (TLC) including tetrakis(tri- 
methylsilyl)silane, and the yellow fraction in the mixture was 
isolated to give 88% of 2,2',4,4',6,6'-hexa-tert-butylbenzil, re- 
crystallized from ethanol: mp 208-208.5 OC; IR (Nujol) 1700 cm-' 


1.57-1.67 (b, 2 H), 1.97 (8, 6 H), 2.85-2.90 (b 8, 2 H), 3.50 (8,  3 


(C=O); NMR (CC14-CH2C12) 6 1.22 (8,  9 H), 1.30 (8,  9 H), 1.35 
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(s,9 H), 7.30 (br s, 2 H); MS, m/z  273 (M+/2, loo%), 57 (t-Bu+, 
30%). Anal. Calcd for CSHBO2: C, 83.46; H, 10.69. Found: C, 
83.51; H, 10.79. 


A similar coupling of 2,6-dimethylbenzoyl chloride with 
(Me3Si),SiLi at -78 “C gave no acylsilane but 25% of a yellow 
mfid aas&d the shdure 2,2‘,6,6‘-tetramethy1~~~, mp 150-151 
oC, from hexane, wa8 (CCW 16% cm-l (CO); 1H NMR 
(CC&eH,C1& 6 2.24 (s, 12 H), 6.9-7.3 (b m, 6 H); m / z  133 (M+/2, 


Registry No. IC, 81671-44-5; Id, 81671-45-6; le, 81671-46-7; If, 
81671-47-8; lg, 81740-72-9; lh, 72189-49-2; 3c, 81740-73-0; 3d, 
81740-74-1; 3e, 81740-75-2; 3e’, 81753-06-2; 3g, 81753-07-3; 3h, 
72231-87-9; 4c (R’ = Me), 81753-08-4; 4d (R’ = Me), 81740-76-3; 4d 
(R’ = H), 81740-77-4; 4e (R’ = Me), 81740-78-5; 4f (R’ = Me), 
81753-09-5; 5d, 81740-79-6; (R*,S*)-6, 81740-80-9; (R*,R*)-6, 81740- 
81-0; 7,81740-82-1; 8,81740-83-2; 11,25436-32-2; 14,81740-84-3; 15, 
5181-43-1; 16, 19555-07-8; (tris(trimethyhilyl)silyl)lithium, 4110-02-5; 


105 (M - co)+. Anal. calcd for ~ ~ ~ ~ ~ ~ 0 ~ :  C, 81.17; H, 6.81. 
Found: 80.59; H, 6.81. 


benzoyl chloride, 98-88-4; trifluoroacetyl chloride, 354-32-5; per- 
fluorobenzoyl chloride, 2251-50-5; 2,3-dimethylbutadiene, 513-81-5; 
4-(l,l-dimethylethyl)benzoyl chloride, 1710-98-1; 3,5-dimethyl- 
benzoyl chloride, 6613-44-1; 2,4,6-tris(l,l-dimethylethyl)benzoyl 


This research wa8 by the chloride, 20208-55-3; 2,2’,4,4’,6,6’-hexaks(l,l-dimethylethyl)benzil, 
19873-22-4; 2,6-dimethylbenzoyl chloride, 21900-37-8; 2,2’,6,6’-tetra- National Science and Engineering Research Council of 


Canada. 


l3C 


methylbenzil, 1225-22-5. 
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Tris(trimethylsilyl)silyl Systems 


Adrian G. Brook, * Fereydon Abdesaken, Gerhard Gutekunst, and Nicholas Plavac 


Lash Miller Chemical Laboratories, University of Toronto, Toronto, Ontario, Canada M5S 1A 1 


Received April 5, 1982 


13C and 29Si NMR data have been compiled for a variety of tris(trimethylsily1)acylsilanes and related 
compounds and are compared with data for simple acylsilanes. In addition, data for the isomeric silaethylenes, 
obtained from the tris(trimethylsily1)acylsilanes by photolysis, have been obtained. The chemical shifts 
for sp2-hybridized silicon in these compounds lies in the range of 41-54 ppm. Several one-bond coupling 
constants and one two-bond coupling constant involving sp2- and sp3-hybridized silicon and carbon have 
been observed. As expected, the size of coupling constants involving sp2-hybridized silicon are significantly 
larger than those involving sp3-hybridized silicon. 


In the course of investigations leading to our recently 
reported synthesis and isolation of a stable solid sila- 
ethylene’ by photolysis of an isomeric acylsilane, we have 
synthesized a wide variety of organosilicon compounds 
containing the tris(trimethylsily1)silyl [(Me3Si),Si-] 


During the characterization of these species by 
both 13C and 29Si NMR spectroscopy, not only was the 
chemical shift of sp2-hybridized silicon observed for the 
first time, but also it was found possible to measure the 
magnitudes of several coupling constants involving both 
sp2- and sp3-hybridized silicon and carbon atoms not 
hitherto observed. 


Table I provides data for a series of tris(trimethy1- 
silyl)acylsilanes, [(Me3Si),SiCOR], and a few related com- 
pounds, all of which have sp3-hybridized silicon adjacent 
to  a carbonyl group. There are two chemical shifts of 
particular interest, that of the carbonyl carbon and that 
of the silicon attached thereto. 


I t  is evident from Table I that silicon adjacent to a 
carbonyl group has a strong deshielding effect on the I3C 


(1) (a) Brook, A. G.; Abdesaken, F.; Gutekunst, B.; Gutekunst, G.; 
Kallury, R. K. M. R. J. Chem. SOC., Chem. Commun. 1981, 191. (b) 
Brook, A. G.; Nyburg, S. C.; Abdesaken, F.; Gutekunst, B.; Gutekunat, 
G.; Kallury, R. K. M. R.; Poon, Y. C.; Chang, Y.-M.; WongNg, W. J. Am. 
Chem. SOC., in press. 


(2) Brook, A. G.: Harris, J. W.: Lennon, J.: El Sheikh, M. J. Am. Chem. 
SOC. 1979, 101, 83. 


Y.-M.: Lee. J. S.: Picard. J. P. J. Am. Chem. SOC. 1979. 101. 6750. 
(3) Brook, A. G.; Nyburg, S. C.; Reynolds, W. F.; Poon, Y. C.; Chang, 


(4)’Sharp. K. G.; Sutor, P. A.; Williams, E. A.; Cargioli, J.’A.; Farrar, 
T. C.; Ishibitsu, K. J. Am. Chem. SOC. 1976, 98, 1977. 


(5) Dexheimer, E. M.; Buell, G. R.; Le Croix, C. Spectrosc. Lett. 1978, 
11, 751. 


(6) Levy, G. C.; Nelson, G. L. ‘Carbon-13 Nuclear Magnetic Resonance 
for Organic Chemists”; Wiley-Interscience: New York, 1972: (a) p 110; 
(b) p 113: (c) p 59; (d) p 63. 


carbonyl-carbon chemical shift, since all the acylsilanes 
described absorb in the range of 230-247 ppm whereas 
ketones closely related in structures to the simpler acyl- 
silanes have the carbonyl-carbon resonance in the range 
of 198-209 ppm. The deshielding by silicon of 30-40 ppm 
relative to carbon analogues (e.g., Me3CCOPh) is virtually 
the same for a given carbonyl system whether the group 
is Me3Si, Ph3Si, or (Me3Si),Si: e.g., 8(13C) Me3SiCOPh, 
233.7, Ph3SiCOPh, 230.6, (Me3Si)3SiCOPh, 233.8. In ad- 
dition to the large effect caused by silicon, a smaller effect 
on the carbonyl-carbon chemical shift is observed which 
depends on whether the other group attached to the car- 
bonyl group is alkyl or aryl. Thus alkylacylsilanes 
(R3SiCOR’, R’ = alkyl) are more deshielded (244-247 ppm) 
than their aryl counterparts R$iCOR’ (R’ = aryl) (230-240 
ppm). This latter effect is one normally also observed with 
simple ketones (MeCOMe, 205, MeCOPh, 197 ppm). 


The observed strong deshielding of the carbonyl carbon 
atoms in acylsilanes, also observed previously in acyl- 
phosphines,’ undoubtedly involves electronegativity effects, 
a t  least in part, but also may be another manifestation of 
the strong interaction of silicon (or the Si-C u bond) with 
an attached carbonyl group (either the 7~ system or the lone 
pair on oxygen), also previously observed in the abnormally 
low-frequency carbonyl stretching vibrations of acylsilanes 
(1607-1645 ~ m - ’ ) ~  compared to structurally related ketones 
(1675-1712 cm-’) and the long wavelength carbonyl ul- 
traviolet absorptions of acylsilanes (380-424 nm) compared 
to ketones (280-329 nm). The IR and UV results have 


(7) (a) For a survey of acylsilanes see: Brook, A. G. Adu. Organomet. 
Chem. 1968, 7,96. (b) For a summary of interpretations of interactions 
in acylsilanes see: Chvalovsky, V. In ‘Handbook of Organosilicon Com- 
pounds-Advances Since 1961”; Marcel Dekker: New York, 1974; p 103. 
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(s,9 H), 7.30 (br s, 2 H); MS, m/z  273 (M+/2, loo%), 57 (t-Bu+, 
30%). Anal. Calcd for CSHBO2: C, 83.46; H, 10.69. Found: C, 
83.51; H, 10.79. 


A similar coupling of 2,6-dimethylbenzoyl chloride with 
(Me3Si),SiLi at -78 “C gave no acylsilane but 25% of a yellow 
mfid aas&d the shdure 2,2‘,6,6‘-tetramethy1~~~, mp 150-151 
oC, from hexane, wa8 (CCW 16% cm-l (CO); 1H NMR 
(CC&eH,C1& 6 2.24 (s, 12 H), 6.9-7.3 (b m, 6 H); m / z  133 (M+/2, 


Registry No. IC, 81671-44-5; Id, 81671-45-6; le, 81671-46-7; If, 
81671-47-8; lg, 81740-72-9; lh, 72189-49-2; 3c, 81740-73-0; 3d, 
81740-74-1; 3e, 81740-75-2; 3e’, 81753-06-2; 3g, 81753-07-3; 3h, 
72231-87-9; 4c (R’ = Me), 81753-08-4; 4d (R’ = Me), 81740-76-3; 4d 
(R’ = H), 81740-77-4; 4e (R’ = Me), 81740-78-5; 4f (R’ = Me), 
81753-09-5; 5d, 81740-79-6; (R*,S*)-6, 81740-80-9; (R*,R*)-6, 81740- 
81-0; 7,81740-82-1; 8,81740-83-2; 11,25436-32-2; 14,81740-84-3; 15, 
5181-43-1; 16, 19555-07-8; (tris(trimethyhilyl)silyl)lithium, 4110-02-5; 


105 (M - co)+. Anal. calcd for ~ ~ ~ ~ ~ ~ 0 ~ :  C, 81.17; H, 6.81. 
Found: 80.59; H, 6.81. 
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13C and 29Si NMR data have been compiled for a variety of tris(trimethylsily1)acylsilanes and related 
compounds and are compared with data for simple acylsilanes. In addition, data for the isomeric silaethylenes, 
obtained from the tris(trimethylsily1)acylsilanes by photolysis, have been obtained. The chemical shifts 
for sp2-hybridized silicon in these compounds lies in the range of 41-54 ppm. Several one-bond coupling 
constants and one two-bond coupling constant involving sp2- and sp3-hybridized silicon and carbon have 
been observed. As expected, the size of coupling constants involving sp2-hybridized silicon are significantly 
larger than those involving sp3-hybridized silicon. 


In the course of investigations leading to our recently 
reported synthesis and isolation of a stable solid sila- 
ethylene’ by photolysis of an isomeric acylsilane, we have 
synthesized a wide variety of organosilicon compounds 
containing the tris(trimethylsily1)silyl [(Me3Si),Si-] 


During the characterization of these species by 
both 13C and 29Si NMR spectroscopy, not only was the 
chemical shift of sp2-hybridized silicon observed for the 
first time, but also it was found possible to measure the 
magnitudes of several coupling constants involving both 
sp2- and sp3-hybridized silicon and carbon atoms not 
hitherto observed. 


Table I provides data for a series of tris(trimethy1- 
silyl)acylsilanes, [(Me3Si),SiCOR], and a few related com- 
pounds, all of which have sp3-hybridized silicon adjacent 
to a carbonyl group. There are two chemical shifts of 
particular interest, that of the carbonyl carbon and that 
of the silicon attached thereto. 


I t  is evident from Table I that silicon adjacent to a 
carbonyl group has a strong deshielding effect on the I3C 


(1) (a) Brook, A. G.; Abdesaken, F.; Gutekunst, B.; Gutekunst, G.; 
Kallury, R. K. M. R. J. Chem. SOC., Chem. Commun. 1981, 191. (b) 
Brook, A. G.; Nyburg, S. C.; Abdesaken, F.; Gutekunst, B.; Gutekunat, 
G.; Kallury, R. K. M. R.; Poon, Y. C.; Chang, Y.-M.; WongNg, W. J. Am. 
Chem. SOC., in press. 


(2) Brook, A. G.: Harris, J. W.: Lennon, J.: El Sheikh, M. J. Am. Chem. 
SOC. 1979, 101, 83. 


Y.-M.: Lee. J. S.: Picard. J. P. J. Am. Chem. SOC. 1979. 101. 6750. 
(3) Brook, A. G.; Nyburg, S. C.; Reynolds, W. F.; Poon, Y. C.; Chang, 


(4)’Sharp. K. G.; Sutor, P. A.; Williams, E. A.; Cargioli, J.’A.; Farrar, 
T. C.; Ishibitsu, K. J. Am. Chem. SOC. 1976, 98, 1977. 


(5) Dexheimer, E. M.; Buell, G. R.; Le Croix, C. Spectrosc. Lett. 1978, 
11, 751. 


(6) Levy, G. C.; Nelson, G. L. ‘Carbon-13 Nuclear Magnetic Resonance 
for Organic Chemists”; Wiley-Interscience: New York, 1972: (a) p 110; 
(b) p 113: (c) p 59; (d) p 63. 


carbonyl-carbon chemical shift, since all the acylsilanes 
described absorb in the range of 230-247 ppm whereas 
ketones closely related in structures to the simpler acyl- 
silanes have the carbonyl-carbon resonance in the range 
of 198-209 ppm. The deshielding by silicon of 30-40 ppm 
relative to carbon analogues (e.g., Me3CCOPh) is virtually 
the same for a given carbonyl system whether the group 
is Me3Si, Ph3Si, or (Me3Si),Si: e.g., 8(13C) Me3SiCOPh, 
233.7, Ph3SiCOPh, 230.6, (Me3Si)3SiCOPh, 233.8. In ad- 
dition to the large effect caused by silicon, a smaller effect 
on the carbonyl-carbon chemical shift is observed which 
depends on whether the other group attached to the car- 
bonyl group is alkyl or aryl. Thus alkylacylsilanes 
(R3SiCOR’, R’ = alkyl) are more deshielded (244-247 ppm) 
than their aryl counterparts R$iCOR’ (R’ = aryl) (230-240 
ppm). This latter effect is one normally also observed with 
simple ketones (MeCOMe, 205, MeCOPh, 197 ppm). 


The observed strong deshielding of the carbonyl carbon 
atoms in acylsilanes, also observed previously in acyl- 
phosphines,’ undoubtedly involves electronegativity effects, 
a t  least in part, but also may be another manifestation of 
the strong interaction of silicon (or the Si-C u bond) with 
an attached carbonyl group (either the 7~ system or the lone 
pair on oxygen), also previously observed in the abnormally 
low-frequency carbonyl stretching vibrations of acylsilanes 
(1607-1645 ~ m - ’ ) ~  compared to structurally related ketones 
(1675-1712 cm-’) and the long wavelength carbonyl ul- 
traviolet absorptions of acylsilanes (380-424 nm) compared 
to ketones (280-329 nm). The IR and UV results have 


(7) (a) For a survey of acylsilanes see: Brook, A. G. Adu. Organomet. 
Chem. 1968, 7,96. (b) For a summary of interpretations of interactions 
in acylsilanes see: Chvalovsky, V. In ‘Handbook of Organosilicon Com- 
pounds-Advances Since 1961”; Marcel Dekker: New York, 1974; p 103. 
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received diverse  interpretation^,'^ and the NMR results 
warrant further study and interpretation. 


The second chemical shift of interest is that of SiB, the 
silicon atom attached directly to the carbonyl group. The 
29Si spectra of a number of (Me3SiA)3SiB-X compounds 
have been reported previ~usly,~ and it was found that 
whereas &(SiA) varied over the narrow range of -9.7 to -15.9 
ppm as X varied from Me3Si to MeO, G(SiB) varied widely 
from +33.4 to -135.5 ppm as 2( changed from F to Me3&? 
In our compounds, b(SiA) lies in the range of -10.2 to -12.0 
ppm for a variety of acylsilanes, an acid, and an ester. 
However, G(SiB) was somewhat more sensitive to structural 
changes, alkoylsilanes lying in the range of -78.1 to -79.4 
ppm while aroylsilanes absorbed between -70.7 and -72.9 
ppm. Thus G(SiB) reflects the trends of G(CB). Relative 
to (Me3Si)4Si, where G(SiB) -135.5+* it is clear that an acyl 
group has a moderately large deshielding effect on SiB but 
almost no effect on SiA. Since simple benzoylsilanes 
(R3SiCOPh) have S(Si) in the range of -7.4 to -28.8 ppm5 
as R varies from methyl to  phenyl whereas 
(Me3Si),SiCOPh has G(SiB) -71.2, it is clear that the groups 
attached to the silicon next to the carbonyl group also play 
an important role in determining G(SiB) and that tri- 
methylsilyl groups are moderately shielding, as is generally 
observed. 


Using high field Fourier transform spectrometers, it was 
possible to observe a number of coupling constants, listed 
in Table I, between adjacent silicon atoms or between 
adjacent silicon and carbon atoms in (Me3Si),SiCOR. In 
the I3C spectrum of polysilylacylsilanes, a coupling con- 
stant to the carbonyl carbon of about 34-38 Hz was readily 
observed for every compound studied. I t  was shown that 
this was not the anticipated one-bond coupling constant 
to SiB but was due to two-bond coupling to the three 8- 
silicon atoms SiA. One-bond couplings of sp2-hybridized 
carbon to adjacent silicon atoms have been previously 
observed to lie in the range 64-67 Hz as in Me3SiCH=CH2 
('J = 64 Hz) and Me3SiPh (V = 66.5 H z ) . ~  There is no 
reason to believe that the magnitude of this coupling 
constant should vary markedly if the sp2-hybridized carbon 
is attached to oxygen in a carbonyl group, instead of carbon 
in an alkene or aromatic group, and indeed, study of the 
13C spectra of the simple acylsilanes Me3SiCOPh, 
Ph3SiCOMe, and Ph3SiCOPh showed in each case coupling 
constants of 63-64 Hz to the carbonyl carbon, assigned as 
the one-bond coupling to silicon Le., 'JSia = 63-64 Hz 
(in no case was a 34 Hz coupling observed). These 64-Hz 
couplings are very difficult to observe in the 13C spectra 
of the polysilylacylsilanes, the 34-Hz two-bond coupling 
(to three p-silicon atoms) being much stronger, and neither 
34- nor 64-Hz couplings are readily observed from the 93 
spectrum. This is because the intensity of the coupling 
of SiB with three SiA atoms (3 X 4.7% isotopic abundance) 
is much stronger than the intensity of couplings of either 
SiA or SiB with carbonyl carbon (1 X 1.1% isotopic abun- 
dance). However, with use of the compound 
(Me3Si),SiCOR' (R' = adamantyl) with Cr(Acac), as a 
relaxation agent, a coupling constant of 63.6 Hz was ob- 
served in both the 13C spectrum (carbonyl-carbon) and the 
%i spectrum (SiB), while a 34.2-Hz coupling was observed 
in the 13C spectrum (carbonyl carbon) and the 29Si spec- 
trum (SiA). This unambiguously identifies the source of 
these two couplings as 'J(Si*-C=O) = 63.6 Hz and 2J- 
(SiLC=O) = 34.2 Hz. Thus the magnitude of the lJ- 
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(Si-C) (sp3-sp2) coupling in acylsilanes is in accord with 
previously observed values and with a predictive equation 
(see below). 


spectra of all the tris(trimethylsily1)silyl com- 
pounds showed two strong couplings, one of about 56 Hz 
(55.8-56.6 Hz) seen with the signals of both SiA and SiB, 
thus assigned as 'J(SiLSiB) = 56 Hz (reported for 
(MeaSi)4Si, 52.5 H z ) , ~  and one observed for SiA of about 
45 Hz (44.9-45.9 Hz), assigned as lJ(SiLCH3) = 45 Hz 
(reported for (Me3Si)4Si, 44.7 H z ) . ~  Thus these couplings 
are perfectly normal in magnitude. 


Photolysis of tris(trimethylsily1)acylsilanes 1 yields the 
isomeric silaethylenes 2 by rearrangement of a tri- 
methylsilyl group from silicon to oxygen.2 In many cases 


The 


0 
Me3Sia OSiCMe3 - \ b- b /  


/SI  -c II 
( M ~ ~ S I ) ~ S I C - R  


'R 


Brook et al. 


observed positions (41-54 ppm) for Sib are about 120 ppm 
below SiB in the tris(trimethylsily1)acylsilanes (--78 ppm) 
and about 90 ppm below Si' in (Me3Si)2Si'Me2 (?3i NMR 
6 -48.74) and hence appear consistent with the result ex- 
pected for a change in hybridization from sp3 to sp2. 


West has recently reported'l the chemical shift for 
sp2-hybridized silicon in (Me~)~Si=Si(Mes)~ (Mes = 
mesityl) as 6 63.6, a position somewhat deshielded relative 
to the range 41-54 ppm observed with the silaethylenes. 
West's compound has two aryl groups attached to each 
silicon, whereas the silaethylenes have two trimethylsilyl 
groups, known to be strongly shielding in character. Thus, 
whereas Ph2SiMe2 has 29Si NMR 6 -4.5,12 (Me3Si)2SiMe2 
has 6 -48.7,4 an upfield shift of 44 ppm on replacement of 
two phenyls by two trimethylsilyl groups. Hence, although 
mesityl and phenyl will not have identical effects on the 
chemical shift, it is clear that the positions of the sp2-hy- 
bridized silicon atoms in the disilene and the silaethylene 
are in accord with expectations. 


In the silaethylenes, the chemical shifts of the sp2-hy- 
bridized carbon Cb at about 212 ppm are a t  considerably 
lower field than sp2-hybridized carbons in alkenes, which 
normally lie in the range 6 80-150.6c Hence, just as 
(Me3Si)3Si and R3Si adjacent to >C=O cause deshielding 
(see above), so (Me3Si),Si=, adjacent to =C<, apparently 
also causes deshielding, although it is recognized that other 
factors may be important, particularly the siloxy group on 
the carbon which, if resonance contributions of the types 
shown below are important, can be expected to contribute 
to deshielding of Cb and shielding of Sib, consistent with 
the observations. 


1 2 


rMe 
Me3Sl-S~-C-R' 


Me3Si-Si-C-R' 


Me3Si OSiMe, 


I 1  
I 1  
3 


these silaethylenes undergo head-to-head dimerization, 
yielding crystalline 1,2-disilacyclobutanes 3. This paper 
will not be concerned with this latter reaction nor with the 
NMFt data for the dimers. In a few cases when R' is a large 
bulky alkyl group such as CMe3, CEt,, or 


(-JYorQ Me 


the silaethylenes have unprecedented stability and can be 
observed in solution at  room temperature over a period 
of a week or more by NMR, IR, or UV spectroscopy, and 
in two cases, where R' = 1-adamantyl or CEt3, the silae- 
thylenes have been isolated as stable but highly reactive 
solids. The crystal structure of the adamantyl compound, 
determined by X-ray techniques, unambiguously reveals 
the identity of the compound, indicates that Sib is planar 
and hence is sp2 hybridized and that the Sib=Cb bond 
length is 1.764 A, much shorter than the normal carbon- 
silicon single bond of about 1.87-1.91 A, and thus is con- 
sistent with a silaethylene.lb Table I1 reports the impor- 
tant 13C and 29Si NMR data of these silaethylenes. 


The data for the silaethylenes has several interesting 
features. Si" and Si"' are not magnetically equivalent, even 
up to 60 OC, indicating that there is no free rotation about 
the silicon-carbon double bond (hereafter Si=C) and 
hence that the bond behaves like a real double bond. The 
chemical shifts of Sia and Sia' lie in fairly normal positions 
(see &(SiA), Table I) as does that for Sic of the trimethyl- 
siloxy group at about 13 ppm (reported for Me,SiOEt, 13.5 
ppm).1° However, the chemical shifts of Sib, in the range 
of 41-54 ppm, are a t  an extraordinarily low field for si- 
lyl-substituted silicon (e.g., see Table I) although this range 
is consistent with what would be expected for a change of 
hybridization from sp3 to sp2, the latter state not having 
been observed previously for silicon. Thus for carbon a 
change in hybridization from sp3 to sp2 causes a change 
in chemical shift of about 80-120 ppm to low field.& The 


(IO) Hunter, B. K.; Reeves, L. W. Can. J. Chem. 1968, 46, 1399. 


The coupling constants given in Table I1 are also of 
interest since each is somewhat different in magnitude 
from the related value found for the acylsilanes and other 
organosilicon compounds. Of greatest interest are the 
'J(Si=C) (sp2-sp2) coupling constants easily observable 
in the '3c spectra but difficult to observe in the '?3i spectra 
because of the presence of other more intense couplings 
between silicon atoms. As expected, the magnitude of 
these couplings, which involve sp2-hybridized silicon in- 
teracting with sp2-hybridized carbon, are significantly 
larger than the 64 Hz observed when silicon is sp3 hy- 
bridized, and the magnitude observed is in close accord 
with predictions on the basis of the formula of KovaEeviE 
and MaksiE13 'J(f3i-C) = (5.554 X 10-2)a2sia2C + 18.2 where 
a2si and a2c are the percentage s character of the orbitals 
involved in the bonding. Calculations predict ' J (  Si=C) 
= 79.8 Hz for a2 = 33.3, in reasonable agreement with the 
observed value of 83.5-85 Hz. 


The magnitude of the coupling between Si" (or Si"') and 
Sib (i.e., sp3-sp2) of about 72 Hz also reflects the change 
of hybridization at  silicon, since the SiLSiB (sp3-sp3) 
coupling constants were about 56 Hz. Even the SikMe 
coupling constants (48 Hz) are slightly larger than the 45 
Hz observed for 'J(SiLMe) couplings (where SiB was sp3 
hybridized). This could be a long-range effect caused by 
the adjacent sp2-hybridized silicon, but it is recognized that 
other effects possibly including environment and electro- 
negativity may be involved as suggested by the unusually 


(11) West, R.; Fink, M. J.; Michl, J. 'Abstracts of Papers", The 6th 
International Symposium on Organosilicon Chemistry, Budapest, Aug 
1981, p 122; Science (Washington, DC) 1981,214, 1343. 


(12) Emst, C. R.; Spialter, L.; Buell, G. R.; Wilhite, 0. L. J. Am. Chem. 
SOC. 1974, 96, 5375. 
(13) KovaEeviE, K.; MaksiE, S. B. J. Mol. Struct. 1973, 17, 203. 
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Table 11. Chemical Shifts4 and Coupling Constantsb for Silaethylenes 


41.5 13.4 CMe, 


CEt, -12.4 54.3 12.7 


-12.3 43.5 13.6 


-12.8 41.4 12.9 


-12.1 
-12.6 


-12.9 


-12.6 e -13.4 


i', 


(I 6 in ppm relative to external Me,Si, in C,D,. J in Hz. 


Table 111. Magnitudes of One-Bond Coupling Constants 
Involving Silicon and Carbon4 


bond 
hybridizatn C-C Me,Si-C Me,Si-Si 


sp3-sp3 34-35 44-50 52-64 
sp3-spl 38-44 64-70 71-73 
spa-spz 67-74 83-85 unknown 
sp3-sp 55-69 84 unknown 


a Ranges given for structurally related compounds. 
This work. 


large Sic-Me coupling constants in the siloxy groups, ob- 
served to lie in the range of 59-61 Hz. 


Both the chemical shifts and coupling constants char- 
acterize the sp2-hybridization state of silicon as found in 
the silaethylenes, the data being markedly different from 


212.7 83.5 70.8 48.0 


207.3 83.9 73.2 48.0 


212.9 85.0 72.1 47.7 


214.2 84.4 72.0 47.6 


that found in the acylsilanes or other model compounds 
reported here or in the literature. Known coupling con- 
stant data involving C-C, C-Si, and Si-Si bonds are sum- 
marized in Table 111, and the new data described here show 
trends consistent with previous observations of the way 
in which chemical shifts and coupling constants change 
as hybridization changes from sp3 to sp2. However, until 
more data on other compounds containing sp2-hybridized 
silicon become available, it appears prudent not to attempt 
further interpretations of the causes of the observed 
changes. 


For completeness, Table IV reports full 13C chemical 
shift data available for acylsilanes and silaethylenes. 


Experimental Section 
The syntheses of most of the compounds employed have been 


reported2 or are about to be p~blished.'~J' 


Table IV. 13C Chemical Shifts of Tris(trimethylsily1)acylsilanes and Related Compounds-Data for R Groups4 


(a) (( CAH,),Si),SiCOR 
R 6(CA) 6(Cc) 6(CD) 6(CE) 6(CF) 6(CG) 6 (Cother) 


CC-(CDH,), 
cC-( C ~ H ,  c ~ H , ) ,  


Me 


C J J F  


QF 


Ph 
C,H,-p-OMe 
C,H,-o-OMe 
CF, 


2.1 49.3 25.1 
2.1 59.4 24.4 8.5 
2.0 53.0 33.7 23.0 22.7 26.2 


2.3 50.4 26.8 26.0 25.5 


2.1 51.7 37.2 37.0 38.4 


1.6 
1.9 
1.6 
1.1 115.6b 


144.5, 132.5, 128.4, 128.0 
55.1 (MeO), 163.5, 138.1, 130.3, 113.7 
54.9 (MeO), 155.5, 140.7, 130.3, 124.8, 120.8, 111.3 


C"-( CdH,), 
CC-(C~H,C~H,), 


Me 


1.8, 2.7, 3.5 
1.9, 2.8, 3.5 


43.1 
52.6 


31.2 
27 .O 8.5 


1.8, 2.7, 3.1 46.2 38.6 23.1 22.4 26.6 


2.0, 2.7, 3.6 45.2 42.7 37.3 29.4 


6 in ppm, relative to C,D, used as solvent. 'J(CF) = 296 Hz; 'J(CF) = 36 Hz. 
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The spectra were usually acquired from concentrated solutions 
in pure C&,. Where photolyses to silaethylenes were involved, 
NMR tubes were sealed under an argon atmosphere. '9 spectra 
were acquired on a Varian CFT 20, a Bruker WM-250 instrument, 
or more usually on the Bruker WH-400 spectrometer operating 
in the FT mode at a frequency of 100.62 MHz, operated by the 
Southwestern Ontario NMR Centre located at the University of 
Guelph, Guelph, Ontario. The spectra were run with level de- 
coupling with the decoupler set at low power between acquisitions 
in order to obtain proton-'% NOE. Moderately long delays (-30 
s) were allowed between pulses, especially when the carbonyl- 
carbon was being studied. C6D6 was used as internal lock and 
internal chemical shift callibration for 13C. 


%Si spectra were obtained on the same Bruker WH-400 
spectrometer operating at a frequency of 79.495 MHz in the FT 
mode. The chemical shifts are reported relative to the silicon 
resonance of Me4Si, used as an external reference. All of the 
spectra were obtained by using a gated decoupling sequence in 
which the protons were broad-band decoupled only during ac- 
quisition of the silicon free induction decay. This results in the 
complete suppression of the nuclear Overhauser enhancement. 
In the cases where no relaxation agent was added, spectra were 
accumulated by using approximately a 30° pulse width and ap- 


(14) Brook, A. G.; Kallury, R. K. M. R.; Poon, Y. C., Organometallics, 
preceding paper in this issue. 


proximately a 1-min relaxation delay between pulses. In some 
of the spectra Gaussian multiplication was employed to provide 
resolution enhancement. 
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The nature of the (C5H5)LnC1,(THF), compounds has been investigated by an X-ray structural de- 
termination of the Ln = Er complex. The compound crystallizes in the monoclinic space group ml/n 
with four molecules in a unit cell of dimensions a = 7.822 (2) A, b = 17.096 (4) A, c = 15.162 (3) A, and 
/3 = 95.80 (2)". Least-squares refinement of the 208 variables led to a value for the conventional R index 
(on F) of 0.029 for 4207 independent reflections having 2 8 ~ ~ -  < 58.7" and I > 3aQ. Although this complex 
is formally eight coordinate, octahedral is a simple and accurate description of the erbium(II1) coordination 
sphere with the C5H5-Er interaction formally considered to occupy a single polyhedral vertex; the THF 
ligands have a meridional disposition and the chloride ligands occupy trans sites on this octahedron. The 
Er-C and Er-Cl bond distances average 2.667 (3) and 2.617 (2) A, respectively. Two different Er-0 bond 
distances were observed, averaging 2.358 (3) 8, cis to the cyclopentadienyl ligand and 2.452 (4) A trans 
to the cyclopentadienyl ligand. The major distortion observed in the structure involves a 0.54 A displacement 
of the erbium atom out of the equatorial plane toward the cyclopentadienyl ligand. A number of comparisons 
are made to (q5-CH3C5H4)UC13(THF)2 and other related structures. 


While organolanthanide complexes containing cyclo- 
octatetraene, cyclopentadienyl, 7r-allylic and a-allyl ligands, 
among others, have been well established stoichiometri- 
 call^,^ structural progress has naturally lagged somewhat 
behind.4 For the specific class of trivalent organo- 


lanthanides containing the cyclopentadienyl ligand as the 
only anionic carbon-bound ligand, structures have been 
reported for (C5H5)3Sm,5 (C9H7)3Sm6 (C9H, = indenyl), 
[ (CH3C5H4)3Nd]4,7 (C5H5)3Pr(CNC6H11),8 (C5H5)3Gd- 
(THF): [ (C5H5)3Yb]2(C4H4N2)10 (C4H4N2 = pyrazine), and 


(1) (a) Cryatalytica Co. (b) The University of Nebraska. (c) University 


(2) Camille and Henry Dreyfus Teacher-Scholar. 
(3) (a) Marks, T. J. hog. Inorg. Chem. 1978,24,51. (b) Cotton, S. A. 


J. Organomet. Chem. Libr. 1977,3, 189. 
(4). (a) Baker, E. C.; Halstead, G. W.; Raymond, K. N. Struct. Bonding 


(Berlin) 1976,25, 23. (b) Raymond, K. N. In "Organometallics of the 
f-Elements". D. Reidel Publishing Co.: Dordrecht. Holland. 1979. 


of Utah. 


Chapter 8. tc) Raymond, K. N.; ETgenbrot, C. W., Jr.'Acc. Cheh. Res: 
1980, 13, 276. 


(5) (a) Wong, C. H.; Lee, T.; Lee, Y. Acta Crystallogr. Sect. B 1969, 
B25, 2580. The structure of S C ( C ~ H ~ ) ~  has also been reported.5b (b) 
Atwood, J. L; Smith, K. D. J. Am. Chem. SOC. 1973, 95, 1488. 
(6) Atwood, J. L.; Burns, J. H.; Laubereau, P. G. J. Am. Chem. SOC. 


1973, 95, 1830. 
(7) Burns, J. H.; Baldwin, W. H.; Fink, F. H. Inorg. Chem. 1974, 13, 


1916. 
(8) Burns, J. H.; Baldwin, W. H. J. Organomet. Chem. 1976,120,361. 
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The spectra were usually acquired from concentrated solutions 
in pure C&,. Where photolyses to silaethylenes were involved, 
NMR tubes were sealed under an argon atmosphere. '9 spectra 
were acquired on a Varian CFT 20, a Bruker WM-250 instrument, 
or more usually on the Bruker WH-400 spectrometer operating 
in the FT mode at a frequency of 100.62 MHz, operated by the 
Southwestern Ontario NMR Centre located at the University of 
Guelph, Guelph, Ontario. The spectra were run with level de- 
coupling with the decoupler set at low power between acquisitions 
in order to obtain proton-'% NOE. Moderately long delays (-30 
s) were allowed between pulses, especially when the carbonyl- 
carbon was being studied. C6D6 was used as internal lock and 
internal chemical shift callibration for 13C. 


%Si spectra were obtained on the same Bruker WH-400 
spectrometer operating at a frequency of 79.495 MHz in the FT 
mode. The chemical shifts are reported relative to the silicon 
resonance of Me4Si, used as an external reference. All of the 
spectra were obtained by using a gated decoupling sequence in 
which the protons were broad-band decoupled only during ac- 
quisition of the silicon free induction decay. This results in the 
complete suppression of the nuclear Overhauser enhancement. 
In the cases where no relaxation agent was added, spectra were 
accumulated by using approximately a 30° pulse width and ap- 


(14) Brook, A. G.; Kallury, R. K. M. R.; Poon, Y. C., Organometallics, 
preceding paper in this issue. 


proximately a 1-min relaxation delay between pulses. In some 
of the spectra Gaussian multiplication was employed to provide 
resolution enhancement. 
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The nature of the (C5H5)LnC1,(THF), compounds has been investigated by an X-ray structural de- 
termination of the Ln = Er complex. The compound crystallizes in the monoclinic space group ml/n 
with four molecules in a unit cell of dimensions a = 7.822 (2) A, b = 17.096 (4) A, c = 15.162 (3) A, and 
/3 = 95.80 (2)". Least-squares refinement of the 208 variables led to a value for the conventional R index 
(on F) of 0.029 for 4207 independent reflections having 2 8 ~ ~ -  < 58.7" and I > 3aQ. Although this complex 
is formally eight coordinate, octahedral is a simple and accurate description of the erbium(II1) coordination 
sphere with the C5H5-Er interaction formally considered to occupy a single polyhedral vertex; the THF 
ligands have a meridional disposition and the chloride ligands occupy trans sites on this octahedron. The 
Er-C and Er-Cl bond distances average 2.667 (3) and 2.617 (2) A, respectively. Two different Er-0 bond 
distances were observed, averaging 2.358 (3) 8, cis to the cyclopentadienyl ligand and 2.452 (4) A trans 
to the cyclopentadienyl ligand. The major distortion observed in the structure involves a 0.54 A displacement 
of the erbium atom out of the equatorial plane toward the cyclopentadienyl ligand. A number of comparisons 
are made to (q5-CH3C5H4)UC13(THF)2 and other related structures. 


While organolanthanide complexes containing cyclo- 
octatetraene, cyclopentadienyl, 7r-allylic and a-allyl ligands, 
among others, have been well established stoichiometri- 
 call^,^ structural progress has naturally lagged somewhat 
behind.4 For the specific class of trivalent organo- 


lanthanides containing the cyclopentadienyl ligand as the 
only anionic carbon-bound ligand, structures have been 
reported for (C5H5)3Sm,5 (C9H7)3Sm6 (C9H, = indenyl), 
[ (CH3C5H4)3Nd]4,7 (C5H5)3Pr(CNC6H11),8 (C5H5)3Gd- 
(THF): [ (C5H5)3Yb]2(C4H4N2)10 (C4H4N2 = pyrazine), and 
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Structure of (C&15)ErCZ2(THf13 


[(CH3CSH4)2YbC1]2,11 with the first compound forming an 
unusually associated polymeric structure in the solid state. 
Not surprisingly, the size of the lanthanide metal has a 
pronounced influence on the structural makeup of these 
compounds. Thus the larger lanthanides ( C e N d )  only 
form tricyclopentadienyl complexes, while smaller lan- 
thanides (Sm-Lu) form both tri-, di-, and monocyclo- 
pentadienyl comp~unds. '~J~ To date, no structural in- 
formation has been provided for the monocyclopentadienyl 
complexes, which until recently were only known in the 
form (CSH5)LnC12(THF)3 (Ln = Sm-Lu; THF = tetra- 
hydrofuran).13J4 


We were therefore interested in establishing the struc- 
tures of this fiial class. In addition, the stoichiometry is 
formally quite similar to that observed in (qS-CH3C5H4)- 
UC13(THF)2,15 I, suggesting that the two structural types 
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SCH3 
CI-u-CI 


L',I 
i 


I 


might be related. Indeed, a direct application of the factors 
judged responsible for the observed mer,cis-(qs- 
CH3CSH4)UC13(THF)2 structure leads to the prediction 
that a complex of stoichiometry (C5HS)MCl2(THF), should 
adopt a mer,trans structure as in 11, rather than a mer,- 
cis-111 or fuc-IV geometry. The structural investigation 
reported herein for ( V ~ - C ~ H ~ ) E ~ C ~ ~ ( T H F ) ~  (1) has con- 
firmed this expectation. 


CI-M-CI 9 
L') 


L 


L-M- 9 
CI' I 


CI 


C I - M L L  


L'I 
L 


mer,  trans-11 mer,cis-III fac-IV 


Experimental Section 
The preparation and handling of all organometallics was 


necessarily carried out in an atmosphere of prepurified nitrogen, 
with rigorous exclusion of air and moisture. Sample manipulations 
were by Schlenk methods or in a glovebox. All solvents were 
thoroughly dried in a manner appropriate to each and were 
distilled under nitrogen immediately prior to use. Commercial 
anhydrous ErC13 was freed of final traces of water by overnight 
reflux with thionyl chloride. 


Synthesis and Crystallization of (q5-C5H5)ErC12(THF),. 
This compound was prepared in a manner similar to that pre- 
viously re~0rted.l~ A 1.70-g (19.3-"01) sample of NaC5Ht6 was 
added with stirring to a slurry of 5.48 g (20.0 mmol) of ErC1, in 
130 mL of THF. After 3 days, a pink solution was obtained with 
a great deal of product present in precipitated form. An extra 


(10) Baker, E. C.; Raymond, K. N. Znorg. Chem. 1977,16, 2710. 
(11) (a) Baker, E. C.; Brown, L. D.; Raymond, K. N. Znorg. Chem. 


1975,14,1376. See also the structure of [(C6H6)2S~Cl],.11b (b) Atwood, 
J. L.; Smith, K. D. J.  Chem. SOC., Dalton Trans. 1973, 2487. 


(12) Maginn, R. E.; Manastyrskyj, S.; Dubeck, M. J.  Am. Chem. SOC. 
1963,85,672. 


(13) Manastyrskyj, S.; Maginn, R. E.; Dubeck, M. Inorg. Chem. 1963, 
2, 904. 


(14) (a) Bielang, G.; Fischer, R. D. Znorg. Chim. Acta 1979,36, L389. 
See ale0 ref 14b and 14c. (b) Jamerson, J. D.; Masino, A. P.; Takats, J. 
J.  Organomet. Chem. 1974,65, C33. (c) Westerhoff, A.; DeLiefde Meijer, 
H. J. Zbid. 1976, 116, 319. 


(15) Emst, R. D.; Kennelly, W. J.; Day, C. S.; Day, V. W.; Marks, T. 
J. J.  Am. Chem. SOC. 1979, 101, 2656. 


(16) King, R. B.; Stone, F. G. A. Znorg. Synth. 1963, 7,  99. 


Figure 1. Perspective ORTEP drawing of the solid-state structure 
for ( T ~ - C ~ H ~ ) E ~ C ~ ~ ( O C , H ~ ) ~  (1). All nonhydrogen atoms are 
represented by thermal vibration ellipsoids drawn to encompass 
50% of their electron density. Hydrogen atoms are depicted at 
their idealized positions by arbitrarily small spheres which are 
in no way representative of their true thermal motion. The 
labeling scheme is described in ref 23. 


100 mL of THF was added, and the solution was heated to ca. 
60 "C. After all of the product had dissolved, the solution was 
filtered through a coarse frit and cooled to -20 "C, producing a 
large mass of crystalliie compound. X-ray quality crystals were 
obtained by preparing a concentrated solution of the compound 
in THF at ca. 70-80 "C and allowing it to cool slowly to room 
temperature by gradually decreasing the heat applied by an oil 
bath. A number of the crystals obtained were mounted in glass 
capillaries under a nitrogen atmosphere partially saturated with 
THF. 


X-ray Crystallographic Study of (q5-C5H5)ErC12(THF)3. 
Single crystals of ($-C5H5)ErC12(THF)3, obtained as described 
above, are monoclinic, space group ml /n  (a special setting of 
R1/c--C5 , no. 14)" with a = 7.822 (2) A, b = 17.096 (4) A, c = 
15.162 (3)1, f l =  95.80 (2)", V = 2017 A,, and 2 = 4 ( p d  = 1.711 
g ~ m - ~ ;  pa(Mo Ka)'" = 4.49"-I) at 20 "C. A crystal having the 
shape of a rectangular parallelepiped with dimensions of 0.16 X 
0.31 X 1.00 mm was sealed under nitrogen in a thin-walled glass 
capillary and aligned on a computer-controlled Nicolet Pi au- 
todiffractometer with ita long dimension nearly parallel to the 
phi axis of the instrument. Intensity measurements utilized 
graphite-monochromated Mo Kn radiation (A = 0.71073 A) and 
1" wide w scans with a 4" takeoff angle and a normal-focus X-ray 
tube. With use of a 1.2-mm diameter collimator, data were 
collected as previously described16 in three concentric shells of 
20 out to 58.7" (1.2 Cu Kn sphere equivalents) with fixed scan 
rates of 2.0 or 3.0°/min. 


A total of 5536 reflections were collected, of which 4207 in- 
dependent reflections were judged above background [1>3o(Z)], 
and utilized in subsequent calculations. An empirical absorption 
correction was applied by using psi scan data for eight reflections 
having 20 values between 8 and 39"; the relative transmission 
factors ranged from 0.55 to 1.00. The function minimized in 
full-matrix least-squares refinements was Cw(lF,I - IFJ),' with 
the final empirical weightsls (w = 1/2) assigned by the method 
of Cruikshank.20 The atomic scattering factors and anomalous 
dispersion terms for erbium and chlorine were taken from recent 
tabulations.18b*c 


(17) "International Tables for X-ray Crystallography"; Kynoch Press: 
Birmingham, England, 1969; Vol. I, p 99. 


(18) (a) 'International Tables for X-ray Crystallography"; Kynoch 
Press: Birmingham, England, 1974; Vol. IV, pp 55-66. (b) Ibid. pp 
99-101. (c) Ibid. pp 149-150. 


(19) Empirical weights were calculated from the equation (r = 
&3a,lF 1" = 1.33 - (1.88 X 10-2)(F,I + (3.11 X 10-r)(Fo12 - (7.82 X 
10-7)1Fop,the a, being coefficients derived from the least-squares fitting 
of the curve llFol - lF,ll = &3anp?Fpln where F, valuea were calculated from 
the fully-refined model using unit weighting with 4207 independent re- 
flections having 20MoKn < 58.7O and 1>3u(I). 


(20) Cruikshank, D. W. J. In 'Crystallographic Computing"; Ahmed, 
F. R., Ed.; Munksgaard Copenhagen, 1970; pp 187-196. 
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Table I. Positional and Thermal Parameters for Nonhydrogen Atoms in Crystalline (Q~-C,H,)E~CI,(OC,H,)~~ 
fractional coordinates anisotropic parameters,C A3 atom 


typeb io4% 1 0 4 ~  104% Bll Bzz B13 BIZ B13 B23 


Er 558.2 (2) 503.0 (1) 2657.3 (1) 2.75 (1) 3.45 (1) 2.92 (1) -0.17 (1) 0.15 (1) 0.07 (1) 
c1, -2002(11 178 (1) 3577 (1) 3.69 (4) 


2517 i2j  
2057 (4) 
-785 (4) 


-1518 (4) 
1498 (9) 
2929 (12) 
4405 (10) 
3812 (8) 


70 (10) 
-1181 (12) 
-2712 (14) 
-2540 (10) 
-1268 (10) 
-2835 (12) 
-3746 (10) 
-3129 (7) 


2537 (9) 
3185 (8) 
1955 (9) 
569 (8) 


939 (9) 


297 ( i j  
-542 (2) 
-632 (2) 
1080 (2) 
-987 (4)  


-1506 (5) 
-1250 (6) 
-769 (5) 


-1335 (4) 
-1874 (4) 
-1441 (6) 


-735 (6) 
1234 (6) 
1598 (7) 
1889 (5) 
1429 (4) 
2033 (3) 
1773 (4) 
1292 (4) 
1247 (4) 
1705 (3) 


1373 (1 j 
3386 (2) 
1878 (3) 
1614 (2) 
4115 (4) 
4421 (5) 
3986 (6) 
3263 (6) 
1684 (5) 
1237 (5) 
1094 (9) 
1585 (8) 


703 (4) 
302 (5) 


1019 (6)  
1805 (4) 
2987 (5)  
2795 (5) 
3487 (5) 
4097 (4) 
3780 (4) 


4-61 (5j  
3.4 (1) 
3.7 (1) 
3.8 (1) 
6.8 (3) 
9.8 (5) 
6.0 (4) 


7.6 (4) 
9.6 (5) 


10.5 (6) 
5.0 (3) 
7.6 (4) 


10.7 (6) 
7.4 (4) 
4.7 (2) 
6.9 (3) 
6.7 (3) 
4.5 (2) 
7.2 (3) 
6.0 (3) 


3.5 (2) 


7.11 (7 j 


4.7 (1) 


5.7 (2) 


6.42 (7) 


5.0 (2) 


6.2 (3) 
8.8 (5) 


11.3 (6) 
8.0 (4) 
6.2 (3) 
5.7 (3) 
6.8 (5) 
9.8 (5) 


13.3 (7) 
16.6 (8) 
10.2 (5) 
7.3 (3) 
3.4 (2) 
4.9 (3) 
5.9 (3) 


4.9 (3) 
5.0 (3) 


4.16 (5 j 
4.28 (5) 
4.1 (1) 
5.6 (2 )  
3.6 (1) 
4.8 (3) 
7.4 (4) 


10.0 (5) 
11.2 (5) 
8.0 (4) 
7.5 (4) 


17.4 (9) 
14.9 (8) 
4.1 (3) 
4.8 (3) 
8.0 (4) 


6.7 (3) 
6.9 (3) 
8.2 (4) 
4.6 (2) 
5.8 (3) 


5.5 (3) 


-0.71 (5j  
-0.06 (5) 


0.0 (1) 
-0.6 (1) 


1.0 (1) 
1.3 (3) 
3.2 (4) 
2.7 (4) 
1.3 (2) 
0.1 (3) 


-1.4 (3) 
-3.0 (4) 
-1.3 (3) 


4.7 (4) 
7.2 (6) 
4.7 (4) 
2.4 (2) 


-0.7 (2) 
-2.3 (2) 
-1.0 (2) 
-1.0 (2) 
-0.5 (2) 


0.97 (4j  


-0.0 (1) 
0.2 (1) 


-0.0 (1) 


-0.2 (4) 


-0.1 (3) 


1.47 (4) 


1.3 (2) 
1.6 (4) 


0.7 (3) 


-0.4 (4) 
-6.7 (6) 
-1.8 (4) 
1.1 (2) 
0.1 (3) 
1.1 (3) 
0.4 (2) 


-0.1 (3) 
1.6 (3) 


-0.9 (3) 
-0.9 (2) 


0.7 (2) 


0.02 (5 j 


1.1 (1) 


1.9 ( 2 )  


3.9 (4) 


-1.0 (5) 
-5.4 (5) 


0.29 (5) 


0.5 (1) 


4.1 (4) 
4.1 (5) 


-3.2 (3) 
-1.3 (3) 


-1.6 (1) 


2.4 (3) 
2.6 (4) 
2.7 (4) 
0.5 (3) 


-0.3 (2) 
-0.6 (2) 
-1.8 (3) 
-0.9 (2) 
-1.6 ( 2 )  


Numbers in parentheses are the estimated standard deviation for the last significant digit. Atoms are labeled in agree- 
ment with Figure 1. 
2Blzhka*b* + 2B13hZa*c* + 2B,,klb*c*)]. 


The form of the anisotropic temperature factor is exp[-0.25(B,lhza*z + B,,k2b*z + B,312c*2 + 


The location of the erbium atom was determined from a 
Patterson synthesis. Following refinement of the erbium atom 
(R?l= 0.238), all remaining nonhydrogen atoms were located on 
a difference Fourier map. Unit-weighted (w = 1) isotropic 
least-squares refinement for the nonhydrogen atoms converged 
to RlZ1 = 0.051 and R?' = 0.054 for 2036 independent reflections 
having 20MoKn <43' and I > 3 4 0 ;  anisotropic refinement gave 
R1 = 0.027 and R2 = 0.032. Hydrogen atoms were then placed 
in fixed idealized positions (C-H = 0.95 A), and anisotropic 
refinement of all nonhydrogen atoms with the more complete 
(awR < 58.70) data set led to R1 = 0.029 and R2 = 0.035 for 4207 
reflections having I > 3 0 ( 0 .  A final difference Fourier map 
revealed no significant (>0.49 e-/A3) peaks away from the erbium 
atom location. Since a careful examination of the final F,, and 
F, valuesa indicated the absence of extinction effects, extinction 
corrections were not made. 


All calculations were performed on a Data General Eclipse 5-200 
computer 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 
The solid-state structural resultz3 depicted in Figure 1 


has confirmed the discrete monomeric nature of (v5- 
C5H5)ErC12(THF)3 (1). The Er(1II) ion is coordinated by 
two chloride ions, three T H F  oxygen atoms, and a v5- 
bonded cyclopentadienyl ligand. The final positional and 
thermal parameters for nonhydrogen atoms of 1, obtained 
from the last cycle of empirically weighted full-matrix 
least-squares refinement, are given with estimated stand- 


(21) The R values are defined as R1 = xllFol - lFcll/xlFol and Rz = 
{xw(poI - ~ c ~ ) 2 / ~ ~ ~ F o ~ z ~ ~ z ,  where w is the weight given each reflection. 
The function minmized is xw(lFol - KIFc1)* where K is the scale fador. 


(22) See paragraph at end of paper regarding supplementary material. 
(23) The numbering scheme used to designate atoms of (q5-C6H,)- 


ErC1z(THF)3, 1, is as follows. Atoms of different THF ligands are dif- 
ferentiated by a fmt numerical subscript (1, 2, or 3) and those of the 
cyclopentadienyl ligand are designated by a subscripted p. Nonhydrogen 
atoms of the same element within the same ligand are differentiated by 
a (second) numerical subscript. Hydrogen atoms have the same two 
subscripts as the carbon atom to which they are covalently bonded; 
whenever neceawy, a third (numerical) subscript is used to distinguish 
between hydrogens bonded to the same carbon. 


ard deviations in Table I. Calculated positions for hy- 
drogen atoms of 1 are given in Table II.22 Structural pa- 
rameters which characterize the coordination group of l 
are presented in Table 111, and bond lengths and angles 
for nonhydrogen ligand atoms are given in Table IV.22 
Least-squares mean planes and atomic displacements 
therefrom are given for structurally significant groupings 
of atomsB along with selected dihedral angles in Table V. 


While the formal coordination number of the erbium(III) 
ion in 1 is eight,24 the parameters listed in Table I11 in- 
dicate a pseudooctahedral coordination geometry if the 
v5-bonded C5H5 ligand is regarded as occupying a single 
polyhedral vertex. To simplify discussion of the bonding 
parameters, it is convenient to define a coordinate system 
with the erbium atom formally located a t  the origin. A 
similar scheme was helpful in describing the geometry of 
the related ( V ~ - C H ~ C ~ H ~ ) U C ~ ~ ( T H F ) ~  c0mp1ex.l~ The co- 
ordinate systems for both compounds are indicated in V 
and VI, respectively (Cp = v5-C5H5, MeCp = v5-CHSC5H4). 


V VI 


The ligand complement in structure V can be derived from 
VI by replacement of the Cl, atom by the O3 atom. With 
(v5-CH3C,H4)UC13(THF)2, 2, being a sterically crowded 
species15 even though it is formally only eight-coordinate," 
the replacement of C13 in 2 by a THF oxygen to give 1 
should not only produce a more symmetrical molecule but 
also one which is sterically less crowded since the van der 
Waals diameter25 of chlorine is 0.8 A larger than that of 


(24) Assuming the q5-C&IH, ligand occupies three coordination sites. 
(25) Pauling, L. 'The Nature of the Chemical Bond", 3rd ed.; Comell 


University Press: Ithaca, NY, 1960; p 260. 
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Table 111. Bond Lengths, Polyhedral Edge Lengths, and Bond Angles Subtended at the Er(1II) Atom in the Coordination 
Group of (~5.C.H.)ErCI,(OC,H,I, - .  - -.< - . .  _ _ .  


parameter b value av parameter b value av 


Er-C, I 


Er- 
Er-Cl, 
Er-Cl, 


Er-0, 
Er-0, 
Er-Cgd 


Er-0, 


CgErOZd 
cgs1,; 
cgs12 


c g a ,  
Cl,ErCl, 


CgErO , 


O,ErO, 


2.674 (5) 
2.663 (7) 
2.665 (7) 
2.664 (6) 
2.668 (6) 


2*613 2.620 (l) (1) t 
2.350 (3) 
2.365 (3) 1 
2.4 52 (3) 
2.389 (3) 


179.3 (1) 
102.4 (1) 
102.8 (1) 


102.8 (1) 
154.85 (4) 
155.18 (11) 


1 102.0 (1) 


Distances. A 
cg- 421, d 
c,.. a, d 


Cg.-O,d 
c,. * * 0, d 


2.667 (6, 3, 7, 5) 


Cl,-.O, 
Cl,.-O, 
Cl,.**O, 
c1, "'0, 
Cl,.**O, 
Cl,.*.O, 
O,-O, 
o,-*o, 


2.617 (1, 4, 4, 2) 


2.358 (3, 8, 8, 2) 


Angles, Deg 
C1 , ErO , 
Cl.Er0. 
C1;ErO; 
Cl,ErO, 102.5 (1, 3, 5, 14) 
Cl,ErO, 
Cl,ErO, 
0 ,;ErO , 
O,ErO, 


3.900 (3) 
3.918 (3) 1 
3.684 (3) 
3.714 (3) 1 
3.190 3.156 (4) (4) t 


3.028 3.002 (5) (5) t 
1 
1 


3.444 (4) 
3.407 (4) 
3.424 (4) 
3.481 (4) 


87.7 (1) 
86.2 (1) 
86.9 (1) 
88.4 (1) 
77.0 (1) 


78.1 (1) 
77.1 (1) 


77.9 (1) 


3.909 (3, 9, 9, 2) 


3.699 (3, 15, 15, 2) 


3.173 (4, 17, 17, 2) 


3.439 (4, 23,42,4) 


3.015 (5, 13, 13, 2) 


87.3 (1, 7, 11, 4) 


77.5 (1, 5, 6,4) 


a The number in parentheses following an individual entry is the estimated standard deviation in the last significant digit. 
Atoms are labeled in agreement with Figure 1 and Tables 1-11. 


five carbon ring of the cyclopentadienyl fgand. 


Table V. Atomic Displacements from Various Mean 
Planes of (q5-C,H,)ErCI,(OC,H,), 


Equations of Mean Planesa 
I cyclopentadienyl ligand 2.923~ + 13.475~ t 
11 xy coordination plane 2.885~ t 13.624~ t 


111 xz coordination plane -5.866% - 0.801~ t 


IV yz coordination plane -4.184~ + 10.415~ - 


6.803~ = 5.040 


6.6512 = 2.076 


11.1022 = 2.593 


8.0122 = -1.839 
displacement,b A from atom 


type plane I plane I1 plane I11 plane IV 
Er -2.391 0.538 -0.011* O.OOO* 
Cl, -2.952 -0.032* 2.538 -0.004* 
Cl, -2.970 -0.031* -2.569 -0.004* 
0, -2.865 0.032* 0.003* -2.299 
0, -4.843 -1.914 0.002* 0.005* 
0, -2.930 0.032* 0.003* 2.306 
c,c -0.002 2.927 0.003* 0.003* 
C,, 0.007* 2.952 0.010 1.171 


-0.007" 2.931 -1.120 0.385 2; 0.005* 2.923 -0.694 -0.941 


<: -0.004* 2.926 1.133 0.348 
Monoclinic coordinates. Angles between planes are as 


C O.OOO* 2.912 0.708 -0.963 


follows: 1-11, 0.83"; 1-111, 89.69"; I-IV, 89.66'; 11-111, 
89.90'; II-IV, 89.54"; III-IV, 89.21'. 
calculate the planes have their displacements designated 
by an asterisk. 


Atoms used to 


C, is defined in Table 111. 


oxygen. The data in Tables III and V are totally consistent 
with these expectations. First it  should be noted that the 
trans Cg-M-026 angle is much closer to 180' in 1 than in 
2 (179.3O vs. 175.0') and the "equatorial" C,-M-L and 


~ ~~~~~~ 


(26) C, refers to the center-of-gravity for the five-membered ring of 


(27) Ceaari, M.; Pedretti, U.; Zezzeta, A.; Lugli, G.; Marconi, W. Znorg. 
the cyclopentadienyl ligand. 


Chim. Acta 1971,5,439. 


See ref 29. C, refers to the center-of-gravity for &e 


L-M-L angles are much more regular in 1 than in 2. As 
the data in Table V indicate, each set of four coordinated 
atoms which determine the idealized xy, xz ,  and yz planes 
in 1 are quite coplanar (to within 0.032 A)-considerably 
more so than similar groupings in 2. These three coor- 
dination planes are also very close to being mutually 
perpendicular, with interplanar angles ranging from 89.2 
to 89.9O. Thus if the local symmetry of the cyclo- 
pentadienyl ligand is ignored, the coordination polyhedron 
of 1 is seen to approximate rather closely ita maximum 
possible symmetry of CZu. 


While the erbium(II1) ion virtual1 residues in the x z  


As in 2, this clearly results from steric repulsions between 
the large cyclopentadienyl ligand and the four 
"equatorial"1igands in the xy coordination plane. Similar 
respective displacements of the metal atom by 0.47 and 
0.5 8, have been observed in the structures of 2 and (c6- 
H6)U(A1C1&.15'27 That the cyclopentadienyl ligand occu- 
pies the largest area on the coordination sphere can readily 
be seen by a comparison of polyhedral edge lengths in 
Table 111, as well as from the rather large cis C,-U-O and 
C,-U-C1 angles which range from 102.0 (1) to 102.8 (1)O 
or the cis 0,-U-0 and O,-U-Cl angles which fall in the 
range 77.0 (1)-78.1 (1)O. Even with this distortion, how- 
ever, two C,.-C1 contacts are less than the sum of the 
respective van der Waals radii (1.7 and 1.8 A, respective- 
1 ~ ~ ~ ) :  Cl1-CP5 = 3.291 (4) A and Cl2-CP2 = 3.319 (7) A. 


Simple steric considerations such as these appear to be 
instrumental in determining the stereochemistry of the 
coordination sphere. With the four ligands in the xy plane 
being forced down toward the ligand on the negative z axis, 
the most stable configuration should result when the co- 
ordination site trans to the bulky cyclopentadienyl ligand 
is occupied by the smallest coordinated atom-in this case, 
a THF oxygen atom. As previously di~cussed,'~ having a 
chloride ligand opposite to the cyclopentadienyl ligand 
would bring about extreme C1-Cl nonbonded contacb (ca. 
3.3 A), in the absence of a great deal of change in bonding 


and yz planes, it is displaced by 0.54 1 from the xy plane. 
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parameters (particularly lengthening of the metal-ligand 
bonds). Thus, a mer,& isomer (III) would not seem likely. 
The facial isomer (IV) would involve two adjacent THF 
ligands in the xy plane. Because of the disk shape of the 
cyclopentadienyl ligand, these two THF ligands would 
necessarily be required to be nearly parallel to the cyclo- 
pentadienyl ligand. Such an orientation would bring about 
severe H-.H contacts between the two adjacent THF lig- 
ands. Thus, the most likely disposition of ligands on the 
coordination sphere would involve the observed mer,trans 
configuration (11). 


Having demonstrated that the molecular configuration 
observed for 1 is the one which would be predicted from 
steric considerations, attention can now be focused on the 
more subtle aspects of the coordination geometry. A 
structural comparison of metal-ligand bond lengths for 1 
and 2 has been greatly facilitated by the choice of erbium 
as the lanthanide metal, since the eight-coordinate Er(II1) 
ion possesses an ionic radius (1.004 A) virtually identical 
with that of the eight-coordinate U(1V) ion (1.00 A).2s 


While the average metal-ligand bond lengths for C1 in 
1 and 2 are quite comparable (2.617 (1,4,4,2)  Am in 1 and 
2.623 (3 ,6 ,9 ,3 )  Am in 2), those for the remaining ligands 
are not. This would seem to indicate that the metal- 
chloride linkages contribute most to the bonding of the two 
complexes and is consistent with a high degree of ionic 
character. The Er-C bonds in 1 form an equivalent set 
with an average length of 2.667 (6,3, 7 ,5)  A which is 0.053 
A shorter than the 2.730 (14, 11, 28, 5) A average length 
observed for the U-C bonds in 2. While the U-0 bonds 
in 2 are equivalent with an average length of 2.450 (8, 1, 
1,2) A, the E d  bonds are of two distinct types: one long 
“axial” ( z  axis) bond with a length of 2.452 (4) A and two 
shorter “equatorial” (xy plane) bonds with the average 
length being 2.358 (3,8,8,2)  A. The observation of shorter 
average metal-carbon and metal-oxygen bonds in 1 than 
2 is consistent with 1 having the less congested coordina- 
tion sphere (vide supra). Therefore the present compar- 
isons serve to demonstrate the necessity of taking into 
account ligand-ligand repulsive i n t e r a c t i o n ~ ~ ~ , ~ ~  in any 
scheme which is to accurately predict bond distances in 
ionic organometallic systems with sterically demanding 
ligands. Similar dependencies of coordination parameters 
on steric crowding have also been observed in the bis- 
(pentamethylcyclopentadienyl) actinide series.32 


Besides a general correlation of average metal-ligand 
bond lengths in 1 and 2 with the amount of steric crowding 
on their coordination spheres, it  can be shown that each 
difference in metal-ligand bond lengths is associated with 
specific structural alterations. The metrical parameters 
for 215 indicated considerable steric crowding in the xy and 
y z  planes and somewhat less crowding in the x z  plane. 
Since the Cl, ligand in 2 occupies a site in the xy plane and 
is replaced by a less bulky THF oxygen atom (0,) in 1, it 
is particularly noteworthy that the axial Er-0 bond in 1 


Day et al. 


is in length nearly identical with the two U-0 bonds in 
2 and even 0.094 8, longer than the two equatorial Er-0 
bonds. Presumably the axial Er-0 bond in 1 is stretched 
relative to the equatorial ones. The presence of short O-Cl 
contacts for O2 but not O1 and O3 is consistent with this 
hypothesis; the 3.156 (4)-A 02--Cll and 3.190 (4)-A 02.-C12 
contacts are both less than the minimum van der Waals 
separation25 of 3.20 A. Replacement of Cl, in 2 by a THF 
oxygen would not only reduce “tension” in the xy plane 
but would also allow the metal to move closer to the yz  
plane. These factors would combine to permit shorter (and 
more normal) equatorial metal-oxygen bonds in 1 than 2. 
Indeed, examination of the Ln-0 bond distances in the 
eight-coordinate (C5H5),Lu(t-C4Hg) (THF)33 and ten-co- 
ordinate (C5H5)3Gd(THF) structuresg (2.31 (2) and 2.494 
(7) A, respectively) leads to predicted, eight-coordinate 
Er-0 bond distances of 2.34 and 2.33 A, respectively, 
suggesting that the shorter Er-0 bond distances here are 
more normal. A similar situation can be found in the 
structure of mer-s~Cl,(THF)~, where two Sc-0 distances 
averaged 2.156 (7,9,  9, 2) A and the third Sc-0 distance 
was 2.236 (8) A.34 


Both U-0 bonds in 2 appear to be stretched; the axial 
oxygen engages in close contacts of 3.212 (9) 8, with Cll 
and 3.204 (8) A with C1, while the equatorial oxygen is only 
3.05 (2) A away from a ring carbon of the methylcyclo- 
pentadienyl ligand. This latter contact likely is due to the 
orientation of the methylcyclopentadienyl ligand which 
results from the methyl group locking itself between Clz 
and C1,. Such an orientation is not imposed for the un- 
substituted cyclopentadienyl ligand in 1 and there are no 
close contacts involving oxygen atoms in the xy plane. 


Steric factors also appear to be responsible for the 
elongation of the metal-carbon bonds in 2 relative to 1. 
While both molecules contain short cyclopentadienyl ring 
C-Cl contacts (3.319 (7) 8, for C 2.-C12 and 3.291 (6) A for 
c,--Cll in 1; 3.43 (2) A for ~ , ~ - - - 6 l ~ ,  3.35 (1) A for c,,-c~,, 
and 3.32 (2) A for CP5-Cl2 in 2), the cyclopentadienyl 
ligand in 2 also has two short contacts averaging 3.64 (2, 
2 ,2 ,  2) A between the carbon atom of its methyl substit- 
uent and C12 and Cl, (a contact distance of a t  least 3.80 
A would be expected on the basis of a 2.00-A van der Waals 
radius for a methyl In addition, the orientation 
thus imposed on the cyclopentadienyl ligand with respect 
to the ligands in the uranium xy coordination plane also 
resulted in a short C4.-02 distance of 3.05 (2) A. The 
presence of longer metal-carbon distances in 2 relative to 
1 can be reasonably attributed to the combination of these 
contacts. Indeed, the presence of the methyl group in 2 
also served to preferentially expand the Cl,-U-Cl, angle 
as well as increase the tilt between the cyclopentadienyl 
ring and the xy coordination plane (3.75O compared to 
0.83’ in 1). 


The average Er-C bond distance of 2.667 (6, 3, 7, 5) A 
in 1 compares reasonably well with that of 2.63 (1) A for 
(C5H&Lu(t-C4Hg)(THF) if the differences in metal ionic 
radii are taken into account. Comparisons with most other 
organolanthanides suggest, however, that the average E A !  
bond length is slightly long (e.g., the ten-coordinate com- 
plexes: (C5H5),Pr(CNC6Hll), Pr-C = 2.78 (1) A; (C5- 


Yb-C = 2.68 (1) A). Although reasonably good agreement 
is observed by using the 1.64-A ionic radius for the cy- 
clopentadienyl ligand4c (predicting an Er-C distance of 
2.644 A), the average Er-C bond distance of 2.667 8, in 1 


H&Gd(THF), Gd-C = 2.74 (1) A; [(CSH5)3Yb]2(C4H4N2), 


(28) Shannon, R. D. Acta Crystallogr., Sect. A 1976, A32, 751. 
(29) The first number in parentheses 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 
meaeurements which are included in the average value. 


(30) Reference 25, pp 505-562. 
(31) (a) Favas, M. C.; Kepert, D. L. Prog. Inorg. Chem. 1981,28,309, 


and references therein. (b) Muller, E. G.; Day, V. W.; Fay, R. C. J.  Am. 
Chem. SOC. 1976,98,2165. (c) Sinha, S. P. Struct. Bonding (Berlin) 1976, 
25.70, and references therein. (d) Day, V. W.; Fay, R. C. J. Am. Chem. 
SOC. 1976,97,5136. (e) Day, V. W.; Hoard, J. L. Ibid. 1970,92,3626. (f) 
Silverton, J. V.; Hoard, J. L. Inorg. Chem. 1963, 2, 235. 


(32) Fagan, P. J.; Manriquez, J. M.; Marks, T. J.; Day, C. S.; Vollmer, 
S. H.; Day, V. W. Organometallics 1982, 1 ,  170. 


(33) Evans, W. J.; Wayda, Andrea L.; Hunter, W. E.; Atwood, J. L. J. 


(34) Atwood, J. L; Smith, K. D. J. Chem. SOC. Dalton Trans. 1974,921. 
Chem. SOC., Chem. Commun. 1981, 292. 
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differs greatly from what would be predicted (2.724 and 
2.604 A, respectively) based on the U-C and Yb-C bond 
distances observed in the also eight-coordinate (CH3C5- 
H4)UC13(THF)2 and [ (CH3C5H4) YbC1I2 complexes (U-C 
= 2.720 A and Yb-C = 2.585 81). I t  is thus clear that 
metal-ligand bond distances in these compounds are highly 
dependent on the nature and severity of interligand con- 
tacts on the coordination sphere. The metal-carbon and 
metal-oxygen distances in 1 and 2 seem to be much more 
sensitive to the presence of nonbonded contacts than do 
the metal-chlorine distances. The average Er-C1 bond 
length of 2.617 (1, 4, 4, 2) A in 1 is quite comparable to 
the average U-C1 bond length of 2.623 ( 3 , 6 , 9 , 3 )  A in 215 
as well as the U-Cl bond lengths of 2.599 ( 9 , 2 , 2 , 2 )  A in 


2.593 (3) 1 in (C9H7)3UC1.3"37 
In summary, the results of this study indicate that the 


stereochemistry of the metal coordination sphere in mo- 
nocyclopentadienyl lanthanide or actinide complexes can 


[(C&H11) UC12I2-, 2.627 (2) A in (CGH5CH2C&)3UCl and 


(35) Fronnek, F. R.; Halstead, G. W.; Raymond, K. N. J.  Am. Chem. 


(36) Leong, J.; Hodgson, K. 0.; Raymond, K. N. Znorg. Chem. 1973, 


(37) Burns, J. H.; Laubereau, P. G. Znorg. Chem. 1971, 10, 2789. 
(38) Wells, N. J.; Huffman, J. C.; Caulton, K. G. J.  Organomet. Chem. 


SOC. 1977,99,1769. 


12, 1329. 


1981,213, C17. 


often be readily predicted in a strenghtforward fashion and 
that steric factors can have a pronounced effect on met- 
al-ligand bond lengths in organometallic complexes of the 
f elements. Although little use has been made to date of 
the monocyclopentadienyl lanthanide or actinide com- 
plexes for more involved chemistry, there is little doubt 
that their easily modified coordination spheres will even- 
tually provide a rich source of new chemistry. Finally, the 
possibility should be considered that related structures 
may well be found for large early transition-metal com- 
pounds which have the electronic capabilities to absorb 
the large numbers of electrons donated by such a ligand 
c ~ m p l e m e n t . ~ ~  
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Nitrobenzene reacts with ethanol and higher alcohols to form 2-methyl- or 2,3-dialkylquinolines, re- 
spectively. The reaction is catalyzed by rhodium or molybdenum complexes. The best yields and conversions 
are obtained in the presence of about equimolar mixtures of rhodium and molybdenum at - 180 "C. This 
latter system represents a convenient and practical synthesis of alkylquinolines. The probable reaction 
mechanism is discussed. 


The well-known transition metal catalyzed reduction of 
nitrobenzene by carbon monoxide has been suggested to 
involve nitrene-type intermediates.' In order to allow the 
chemistry of the intermediate to be observed and prevent 
its trapping by carbon monoxide, we were interested in 
nitrobenzene deoxygenation by carbon monoxide present 
a t  low partial pressure. In this context we were intrigued 
by the reports2 that a combination of group 8 metal car- 
bonyls, such as chlorocarbonylrhodium(1) dimer (1) or 
tetrabutylammonium trichlorocarbonylpalladate (2), with 
Lewis acids, represented by molybdenum pentachloride, 
vanadium tri- and tetrachlorides, or titanium tetrachloride, 


(1) (a) L'Eplattenier, F.; Matthys, P.; Calderazzo, F. Inorg. Chem. 
1970,9,342. (b) Hardy, W. B.; Bennett, R. P. Tetrahedron Lett. 1967, 
961. (c) Kmiecik, J. E. J.  Org. Chem. 1965,30, 2014. (d) Kajimoto, T.; 
Tsuji, J. Bull. Chem. SOC. Jpn. 1969,42,827. (e )  Iqbal, A. F. M. J. Org. 
Chem. 1972,37, 2791. 


(2) (a) Unverferth, K.; Hontsch, R.; Schwetlick, K. J.  Prakt. Chem. 
1979,321,s. (b) Tietz, H.; Unverferth, K.; Schwetlick, K. 2. Chem. 1980, 
20,295. (c) Gorbunova, L. V.; Knyazeeva, I. L.; Davydova, E. A.; Aba- 
kumov, G. A. Izv. Akad. Nauk SSSR, Ser. Khim. 1980, 1054. 


allows reduction of nitro atomatics a t  - 100 kPa (1 atm) 
of CO and 100 "C. Interestingly, application of a similar 
catalyst system to reduction of nitrobenzene in alcoholic 
media resulted in formation of alkylquinolines instead of 
the expected carbamates. After our study was finished 
Watanabe and co-workers3 published their account of a 
low-yield alkylquinoline formation from nitrobenzene and 
alcohols in the presence of tris(tripheny1phosphine)di- 
chlororuthenium(I1). This prompted us to reveal our in- 
dependent work which represents the first practical and 
moderate to high-yield synthesis of alkyl quinolines from 
nitrobenzene and extends the list of potential catalysts to 
rhodium and molybdenum. 


Results and Discussion 
Initially we examined the reduction of nitrobenzene 


under conditions similar to those employed by Schwetlick 


(3) Watanabe, Y.; Tsuji, Y.; Suzuki, N. Chem. Lett. 1981, 1067. 
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differs greatly from what would be predicted (2.724 and 
2.604 A, respectively) based on the U-C and Yb-C bond 
distances observed in the also eight-coordinate (CH3C5- 
H4)UC13(THF)2 and [ (CH3C5H4) YbC1I2 complexes (U-C 
= 2.720 A and Yb-C = 2.585 81). I t  is thus clear that 
metal-ligand bond distances in these compounds are highly 
dependent on the nature and severity of interligand con- 
tacts on the coordination sphere. The metal-carbon and 
metal-oxygen distances in 1 and 2 seem to be much more 
sensitive to the presence of nonbonded contacts than do 
the metal-chlorine distances. The average Er-C1 bond 
length of 2.617 (1, 4, 4, 2) A in 1 is quite comparable to 
the average U-C1 bond length of 2.623 (3 ,6 ,9 ,3)  A in 215 
as well as the U-Cl bond lengths of 2.599 (9 ,2 ,2 ,2 )  A in 


2.593 (3) 1 in (C9H7)3UC1.3"37 
In summary, the results of this study indicate that the 


stereochemistry of the metal coordination sphere in mo- 
nocyclopentadienyl lanthanide or actinide complexes can 


[(C&H11) UC12I2-, 2.627 (2) A in (CGH5CH2C&)3UCl and 


(35) Fronnek, F. R.; Halstead, G. W.; Raymond, K. N. J.  Am. Chem. 


(36) Leong, J.; Hodgson, K. 0.; Raymond, K. N. Znorg. Chem. 1973, 


(37) Burns, J. H.; Laubereau, P. G. Znorg. Chem. 1971, 10, 2789. 
(38) Wells, N. J.; Huffman, J. C.; Caulton, K. G. J.  Organomet. Chem. 
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12, 1329. 
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often be readily predicted in a strenghtforward fashion and 
that steric factors can have a pronounced effect on met- 
al-ligand bond lengths in organometallic complexes of the 
f elements. Although little use has been made to date of 
the monocyclopentadienyl lanthanide or actinide com- 
plexes for more involved chemistry, there is little doubt 
that their easily modified coordination spheres will even- 
tually provide a rich source of new chemistry. Finally, the 
possibility should be considered that related structures 
may well be found for large early transition-metal com- 
pounds which have the electronic capabilities to absorb 
the large numbers of electrons donated by such a ligand 
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Nitrobenzene reacts with ethanol and higher alcohols to form 2-methyl- or 2,3-dialkylquinolines, re- 
spectively. The reaction is catalyzed by rhodium or molybdenum complexes. The best yields and conversions 
are obtained in the presence of about equimolar mixtures of rhodium and molybdenum at - 180 "C. This 
latter system represents a convenient and practical synthesis of alkylquinolines. The probable reaction 
mechanism is discussed. 


The well-known transition metal catalyzed reduction of 
nitrobenzene by carbon monoxide has been suggested to 
involve nitrene-type intermediates.' In order to allow the 
chemistry of the intermediate to be observed and prevent 
its trapping by carbon monoxide, we were interested in 
nitrobenzene deoxygenation by carbon monoxide present 
a t  low partial pressure. In this context we were intrigued 
by the reports2 that a combination of group 8 metal car- 
bonyls, such as chlorocarbonylrhodium(1) dimer (1) or 
tetrabutylammonium trichlorocarbonylpalladate (2), with 
Lewis acids, represented by molybdenum pentachloride, 
vanadium tri- and tetrachlorides, or titanium tetrachloride, 


(1) (a) L'Eplattenier, F.; Matthys, P.; Calderazzo, F. Inorg. Chem. 
1970,9,342. (b) Hardy, W. B.; Bennett, R. P. Tetrahedron Lett. 1967, 
961. (c) Kmiecik, J. E. J.  Org. Chem. 1965,30, 2014. (d) Kajimoto, T.; 
Tsuji, J. Bull. Chem. SOC. Jpn. 1969,42,827. (e )  Iqbal, A. F. M. J. Org. 
Chem. 1972,37, 2791. 


(2) (a) Unverferth, K.; Hontsch, R.; Schwetlick, K. J.  Prakt. Chem. 
1979,321,s. (b) Tietz, H.; Unverferth, K.; Schwetlick, K. 2. Chem. 1980, 
20,295. (c) Gorbunova, L. V.; Knyazeeva, I. L.; Davydova, E. A.; Aba- 
kumov, G. A. Izv. Akad. Nauk SSSR, Ser. Khim. 1980, 1054. 


allows reduction of nitro atomatics a t  - 100 kPa (1 atm) 
of CO and 100 "C. Interestingly, application of a similar 
catalyst system to reduction of nitrobenzene in alcoholic 
media resulted in formation of alkylquinolines instead of 
the expected carbamates. After our study was finished 
Watanabe and co-workers3 published their account of a 
low-yield alkylquinoline formation from nitrobenzene and 
alcohols in the presence of tris(tripheny1phosphine)di- 
chlororuthenium(I1). This prompted us to reveal our in- 
dependent work which represents the first practical and 
moderate to high-yield synthesis of alkyl quinolines from 
nitrobenzene and extends the list of potential catalysts to 
rhodium and molybdenum. 


Results and Discussion 
Initially we examined the reduction of nitrobenzene 


under conditions similar to those employed by Schwetlick 


(3) Watanabe, Y.; Tsuji, Y.; Suzuki, N. Chem. Lett. 1981, 1067. 
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Table I. Reduction of Nitrobenzene under Carbon Monoxide at 180 "Ca 


% selectivity to 
solvent P(CO), psi time, h convn, % quinoline anilines 
1-BuOH 100 22b 97 + - 80 -15 


100 2 >85 -75 
100 2.5 > 90 56 


1-PrOH 150 4 > 9 5  61 
150 4 50 -35d -35d 
150 4 68 -85e 


f MeOH 450 2 > 90 ... 
350 2.5 94 ... traceg 


Molar ratio of [Rh(CO),Cl],:MoCl, = 0 . 5 : l  unless otherwise stated. Reaction temperature was 104 "C. Isolated 
yield. 
f Methyl carbanilate is the only volatile product. g <5% of methyl carbanilate was formed. 


Only [Rh(CO),Cl],, no MoCl, was employed as the catalyst. e Only MoCl,, no [Rh(CO),Cl], was present. 


Table 11. Reduction of Nitrobenzene with 
Alcohols under Argon at 180 O c a  


% selec- 
P ( A r ) ,  time, convn, tivity to 


solvent psi h % quinoline 
1-BuOH 
1-PrOH 
1-PrOH 
1-PrOH 
1-PrOH 
1-PrOH 
EtOH 
MeOH 


100 4.5 
150 4 
150 4 
150 4 
150 4 
150 4 
300 4 
450 4 


- 100 
-100 


100 
60 
43c 
5gd - 95 


100 


68 
-85 


78 - 70 
61 
54 - 70 


O e  


a Molar ratio of [ Rh( CO),Cl], :MoCl, = 0.5 :1 unless 
otherwise stated. Only MoCl,, no [Rh(CO ,Cl], was 
present. Only MoO,(acac), was present. dOnly 
Mo(CO), was present. e Only polymeric materials 
were found. 


et a1.2a except that 1-butanol was substituted for o-di- 
chlorobenzene and a provision was made for removal of 
the formed carbon dioxide. At  - 100 kPa (1 atm) of CO 
and 100 "C, employing -10 mol % of an equimolar mix- 
ture of chlorodicarbonylrhodium(1) dimer and molybde- 
num pentachloride as the catalyst, a long induction period 
was observed. Nonetheless, overnight about one-third of 
the theoretical amount of CO was consumed. Chromato- 
graphic analysis showed 48% conversion of nitrobenzene 
and two major products in a ratio of 1:2. These were 
identified as aniline and 3-ethyl-2-propylquinoline, re- 
spectively. This result suggests that reduction of nitro- 
benzene by both CO and butanol takes place simultane- 
ously. The same mixture of reagents sealed in an auto- 
clave, pressurized to 689 W a  (100 psi) with CO and heated 
to 180 "C yielded ca. 75% of the dialkylquinoline (by GC) 
at  85% conversion of nitrobenzene. Repetition of this run, 
followed by workup after 2.5 h of reaction, afforded 56% 
isolated yield of the dialkylquinoline. 


Other normal alcohols, except methanol, also reacted 
under these conditions to give quinoline derivatives, with 
up to 85% (GC) selectivity in the case of 1-propanol (61% 
isolated yield). Methanol, on the other hand, gave only 
methyl phenylcarbamate as a volatile product at  3102 kPa 
(450 psi) of carbon monoxide pressure. At low pressures 
only a brown polymeric powder was obtained. The runs 
in the presence of CO are summarized in Table I. 


In order to determine the function of carbon monoxide 
and alcohol in our system, nitrobenzene, [RhCl(CO),],, 
MoCl,, and propanol were combined and heated at 180 "C 
under argon pressure for 4 h (Table 11). Surprisingly, 
reduction of nitrobenzene was complete and 2-ethyl-3- 
methylquinoline was again the major product at  ca. 85% 
selectivity. Ethanol and 1-butanol likewise afforded the 
corresponding quinolines in ca. 70% yield, but in methanol 


only the previously noted brown polymeric powder was 
isolated. Analysis (mass spectra) of the gas mixture from 
one of the runs in 1-butanol and 689 kPa (100 psi) of 
carbon monoxide showed only about 5% of the carbon 
monoxide converted to carbon dioxide as compared to 40% 
expected if carbon monoxide were the only reductant. 
These results indicate that a t  the reaction temperature of 
180 "C and a partial pressure of carbon monoxide only 
slightly higher than the partial pressure of the alcohol 
vapors, alcohol rather than carbon monoxide becomes the 
predominant reducing agent. 


The reaction is catalyzed by both molybdenum and 
rhodium complexes. With only molybdenum penta- 
chloride as the catalyst, the reduction of nitrobenzene is 
much slower, although the selectivity to dialkylquinoline 
is still high. When only chlorodicarbonylrhodium(1) dimer 
is used, however, both the rate and the selectivity are much 
lower. The combination of the two catalysts affords the 
best results in terms of both rate and selectivity. The 
yields of quinoline products are remarkably high in these 
reactions, considering the numerous steps involved 
(Scheme I). 


For catalysis by low-valent group 8 metals close analogies 
can be found for every step suggested in Scheme I. Pal- 
l a d i ~ m , ~ ~  rhodium: and ruthenium5 complexes catalyze 
dehydrogenation of alcohols to aldehydes or ketones and 
hydrogen transfer to different acceptors. Due to consec- 
utive reactions, the second step, reduction of nitrobenzene 
to aniline by alcohols in the presence of transition-metal 
complexes, can be documented only indirectly. These 
consecutive reactions involve formation of Schiff bases 
from aniline and aldehydes generated in situ and their 
hydrogenation to N-alkyl- or N,N-dialkylanilines. This 
sequence, so far demonstrated only for ruthenium(I1)- 
catalyzed reactions! is probably valid also for rhodium(1) 
species. This suggestion is strongly supported by rhodi- 
um-catalyzed reduction of nitrobenzene to aniline by water 
and carbon monoxide' or by the conversion of nitrobenzene 
to N&-dibutylaniline in a mixture of water, carbon mon- 
oxide, and butanol.8 The sequence of steps 3-5 (Scheme 
I) is in agreement with the proposed mechanism of the 
acid-catalyzed Skraup's synthesis of quinolines from al- 
dehydes and an i l ine~ .~  In our system the function of acid 


(4) (a) Nishiguchi, T.; Tachi, K.; Fukuzumi, K. J .  Org. Chem. 1975, 
40, 237. (b) Imai, H.; Nishiguchi, T.; Tanaka, M.; Fukuzumi, K. Ibid. 
1977,42,2309. (c) Beaupere, D.; Bauer, P.; Uzan, R. Can. J. Chem. 1979, 
57, 218. (d) Uson, R.; Oro, L. A.; Sariego, R.; Esteruelas, M. A. J .  Or- 
ganomet.  Chem. 1981,214, 399. (e) Molnar, A.; Felfoldi, K.; Bartok, M. 
J .  Mol. Catal. 1981, 11, 224. 


(5) (a) Sasson, Y.; Blum, J .  J. Org. Chem. 1975,40,1887. (b) Ohkubo, 
K.; Aoji, T.; Hirata, K.; Yoshinaga, K. Inorg. Nucl. Chem. Let t .  1976,12, 
837. (c) Dobson, A.; Robinson, S. D. Inorg. Chem. 1977, 16, 137. (d) 
Pri-Bar, I.; Buchman, 0.; Schumann, H.; Kroth, H. J.; Blum, J .  J. Org. 
Chem. 1980,45, 4418. 







Conversion of C&J?O, and Alcohols to  Quinolines 


Scheme I. The Most Likely Steps in the Conversion of a 
Mixture of Nitrobenzene and Aliphatic 


Alcohols to 2,3-Dialkylquinolines 


2RCHzCHzOH - 2RCHzCHO t 2H2 
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of saturated heterocycles with the exception that in our 
system the hydrogen acceptor is nitrobenzene rather than 
olefins. 


There is no precedent for the molybdenum-catalyzed 
conversion of nitrobenzene and alcohols to quinolines. 
Also, the support for the steps in Scheme I is not as com- 
plete as for the group 8 metal complexes. Nevertheless 
a few comments about the role of molybdenum in this 
reaction are appropriate. In contrast to group 8 metal 
complexes only one account has been published on hy- 
drogen transfer catalyzed by soluble molybdenum com- 
plexes.12 It involves hydrogen transfer to ketones from 
alcohols or saturated heterocycles facilitated by molyb- 
denum(0) complexes stabilized by 1,2-bis(diphenyl- 
phosphin0)ethane. Saturated heterocycles were found to 
be very ineffective hydrogen donors. It is very unlikely 
that in our system containing no stabilizing ligands, mo- 
lybdenum pentachloride would be reduced to molybde- 
num(0). 


Low-valent molybdenum species are powerful deoxy- 
genating agents for sulfoxides and N-0~ides . l~  Only re- 
cently, nitrobenzene was reduced to aniline by molybde- 
num(II1) in aqueous te t rahydr0f~ran. l~ We have dem- 
onstrated t h a t  even bis(dithiocarbamato)oxo- 
molybdenum(1V) deoxygenates nitr0ben~ene.l~ Molyb- 
denum(V1) oxides or soluble complexes are reduced16 in 
refluxing alcohol (e.g., 1-octanol) to soluble molybdenum 
blue species with oxidation state between 5 and 6.17 Fi- 
nally, molybdenum(V) complexes can disproportionate into 
tetravalent and hexavalent species.18 Thus, it  is quite 
feasible to visualize deoxygenation of nitrobenzene by 
molybdenum(1V) instead of hydrogen transfer. The gen- 
erated molybdenum(V1) would be reduced by alcohol, 
which in turn would be oxidized to aldehydes. 


High-valent molybdenum species possess strong Lewis 
acid propertieslg and should be good catalysts for the steps 
3-5 in Scheme I. It is this quality of the higher valent 
molybdenum complexes, compared to their low tendency 
to catalyze hydrogen transfer, which assures high selec- 
tivity to dialkylquinolines and decreases the chance for 
hydrogenation of Schiff bases to N-alkyl- or N,N-di- 
alkylanilines. 


Hydrochloric acid, formed by alcoholysis of molybdenum 
pentachloride, does not appear to play a major role since 
it is neutralized by the amines as they are formed and may 
also react with the alcohols to form alkyl chlorides. This 
is further corroborated by the observation that quinolines 
are formed in the presence of bis(acety1acetonato)dioxo- 
molybdenum(V1) and molybdenum hexacarbonyl (Table 
11). The last step, molybdenum-catalyzed dehydrogenation 
of a dihydroquinoline, although without a direct precedent, 
is reminiscent of the oxidation of alcohols by molybde- 
num(V1) species. 


RCCHO -I- H 2 0  


(3) 
It 


ZRCHzCHO - R C H z C H  


is played by transition-metal complexes (rhodium(II1)). 
Rhodium complexes are not as efficient catalysts for the 
condenation steps as they are for hydrogen transfer. Ac- 
cordingly, N-alkyl- and NJV-dialkylanilines are the major 
products if the reaction of nitrobenzene and alcohol is 
catalyzed only by rhodium (Table I) or ruthenium com- 
p lexe~.~d  The formation of alkyl- and dialylanilines can 
be minimized in two ways. Introduction of oxidantslo or 
other hydrogen acceptors6 will prevent hydrogenation of 
the intermediate Schiff bases formed from aniline and 
aldehydes. Employment of Lewis acids better than rho- 
dium(II1) will increase the rate of dihydroquinoline ring 
formation (steps 3-5 in Scheme I). In our bimetallic 
system, the role of the Lewis acid is played by higher valent 
molybdenum complexes (see below). The last step is 
analogous to the previously reportedkJ1 dehydrogenation 


(6) Watanabe, Y.; Tsuji, Y.; Ohsugi, Y. Tetradhedron Lett. 1981,2667. 
(7) Iqbal, A. F. M. Tetrahedron Lett. 1971, 3385. 
(8 )  Watanabe, Y.; Suzuki, N.; Shim, S. C.; Yamamoto, M.; Mitaudo, 


T.; Takegami, Y. Chem. Lett. 1980,429. 
(9) See, for example: Kharash, M. S.; Richlin, I.; Mayo, F. R. J. Am. 


Chem. SOC. 1940,62, 694. 
(10) Watanabe, Y.; Yamamoto, M.; Shim, S. C.; Mitaudo, T.; Take- 


gami, Y. Chem. Lett. 1979, 1025. 
(11) Diamond, S. E.; Mares, F.; Szalkiewicz, A. J. Am. Chem. SOC. 


1979, 101, 490; Fundamental Research in Homogeneous Catalysis; 
Tsutsui, M. Ed.; Plenum Press: New York, 1979; Vol. 3, p 345. 


(12) Tataumi, T.; Kizawa, K.; Tominaga, H. Chem. Lett. 1977, 191. 
(13) (a) Olah, G. A.; Prakash, G .  K. S.; Ho, T.-L. Synthesis 1976,810. 


(b) Nuzzo, R. G.; Simon, H. J.; Filippo, J. S., Jr. J. Org. Chem. 1977,42, 
568. 


(14) Polanc, S.; Stanovnik, B.; Tisler, M. Synthesis 1980, 129. 


(15) Boyle, W. J.; Mares, F.; unpublished results. The reaction re- 
sulted in bis(dithiocarbamato)dioxomolybdenum(VI) and biddithio- 
carbamato)oxo(N-phenylhydroxylamido)molybdenum(VI) (molybdeno- 
oxaziridine: Liebeskind, L. S.; Sharpless, K. B.; Wilson, R. D.; Ibers, J. 
A. J. Am. Chem. SOC. 1978,100,7061). The N-phenyl metallooxaziridines 
when heated in alcohols form aniline besides azobenzene and azoxy- 
benzene. 


(16) See, for example: Bonetti, G .  A.; Rosenthal, R. US Patent 
3 480 563; Chem. Abstr. 1970, 72,66789. 


(17) Cotton, F. A.; Wilkinson, G. “Advanced Inorganic Chemistry”; 
Interscience: New York, 1972; p 947-8. 


(18) (a) Chen, G. J-J.; McDonald, J. W.; Newton, W. E. Inorg. Nucl. 
Chem. Lett. 1976,12,697. (b) Tam, T. M.; Swinehart, J. H. Inorg. Chem. 
1979, 18, 975. 


(19) The Lewis acid propeties of high-valent molybdenum are effi- 
ciently exploited in the oxidation of organic substrates by hydrogen 
peroxide and by alkyl hydroperoxides: Sheldon, R. A.; Kochi, J. K. 
‘Metal Catalyzed Oxidations of Organic Compounds”; Academic Press: 
New York, 1981; Chapter 3 and the references therein. 
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Conclusion 


Our work demonstrates that  the ability to catalyze 
synthesis of quinolines from nitrobenzene and aliphatic 
alcohols is not limited to group 8 metals such as rhodium 
or ruthenium. On the contrary, high-valent molybdenum 
species proved to be even more specific catalysts than 
group 8 metal complexes. The best yields and reaction 
rates are achieved with the Mo/Rh bimetallic catalysts. 
In this system rhodium predominantly facilities hydrogen 
transfer (steps 1, 2, and 7 in the Scheme I) while molyb- 
denum species due to their Lewis acidity catalyze mainly 
the condensation reaction (steps 3-6 in Scheme I). 


Boyle and Mares 


Reduction of Nitrobenzene in 1-Propanol under Argon 
Pressure. The 40-mL autoclave was charged as before with 
chlorodicarbonylrhodium(1) dimer (193 mg, 0.5 mmol), molyb- 
denum pentachloride (273 mg, 1 mmol), biphenyl (0.651 g, 5 
mmol), nitrobenzene (1.25 g, 10 mmol), and 1-propanol (15 mL), 
then sealed, evacuated, and pressurized with argon to 1034 kPa 
(150 psi). After being heated at 180 "C for 4 h, the autoclave was 
cooled, vented, and opened, and the liquid phase was decanted 
from a black solid. GC analysis of the solution showed complete 
conversion of the nitrobenzene and three major product peaks 
on either an SE-30 column or the 3% Silar 10-C column. The 
dominant peak was identified as 2-ethyl-3-methylquinoline by 
GC/MS and by coinjection with an authentic sample isolated from 
another run. The other two peaks were identified as aniline 
(GC/MS, coinjection) and NJV-dipropylaniline (GC/MS); there 
were small amounts of other products. By comparison of peak 
areas relative to biphenyl with those in a reference soluton pre- 
pared from aniline, 2-ethyl-3-methylquinoline, biphenyl, and 
1-propanol, the yields of each product were found: ethyl- 
methylquinoline (78%), aniline (12%), dipropylaniline ( - 5 % ) .  


Isolation of 2-Ethyl-3-methylquinoline. The stainless-steel 
autoclave was charged under argon with chlorocarbonylrhodium(1) 
dimer (194 mg, 0.5 mmol), molybdenum pentachloride (273 mg, 
1 mmol), nitrobenzene (1.23 g, 10 mmol), and 1-propanol (15 mL). 
After being sealed, the autoclave was chilled in dry ice and 
evacuated. Upon warming to room temperature, it was pressurized 
with carbon monoxide to 1034 kPa (150 psi) and then heated in 
an oil bath at 180 OC for 4 h. After the autoclave was cooled and 
vented, the liquid was decanted, filtered, and concentrated on 
the rotary evaporator. The residue was dissolved in water (15 
mL), made alkaline with KOH, and extracted with ether (4 X 15 
mL); considerable difficulty with emulsions was encountered. The 
ether extracts were washed with water and saturated with NaCl, 
dried, and evaporated to give 1.29 g of orange oil. Distillation 
(Kugelrohr) at 65-75 "C (0.1 mm) yielded 1.13 g (61%) of yellow 
oil, -90% pure by GC. This was identified by its IR, 'H NMR, 
and chemical ionization mass spectrum as 2-ethyl-3-methyl- 
quinoline: IR (neat film) 2980, 1620, 1500, 1420, 750 cm-'; 'H 
NMR (CDCl,) 6 8.2-7.0 (m, 5 H), 2.9 (q, J = 7 Hz, 2 H), 2.3 (s, 
3 H), 1.32 (t, J = 7 Hz, 3 H); CI-MS, m / e  171. 


Reduction of Nitrobenzene in Methanol under Pressure 
of Carbon Monoxide. In the bottom part of a 40-mL stain- 
less-steel autoclave were placed biphenyl (512 mg, 3.32 mmol) 
and chlorodicarbonylrhodium(1) dimer (194 mg, 0.5 mmol). The 
vessel was transferred to a drybox, where after addition of mo- 
lybdenum pentachloride (273 mg, l mmol), it was stoppered with 
a serum cap. Degassed, dry methanol (15 mL) was added via 
syringe followed by degassed nitrobenzene (1.21 g, 9.8 mmol). The 
top of the autoclave was attached under a stream of argon. After 
being sealed, the autoclave was chilled in dry ice and evacuated. 
Upon warming to room temperature, it was pressurized to 3102 
kPa (450 psi) with carbon monoxide, heated in an oil bath at 180 
OC for 2 h, cooled, and vented. GC analysis of the liquid portion 
showed nearly complete conversion of the nitrobenzene and only 
one product peak. This was identified by GC/MS and by coin- 
jection on the Silar 10-C and 10% SE-30 columns as methyl 
carbanilate. Approximately 0.8 g of a brown solid was isolated 
by filtration and appeared to be polymeric; it was insoluble in 
all solvents. 


Reduction of Nitrobenzene in Methanol under Argon 
Pressure. This reaction was run exactly as the preceding one 
except that argon was used to pressurize the vessel to 3102 kPa 
(450 psi) and reaction time was 4 h. On opening the bomb a 
black-brown solid was obtained which is insoluble in all solvents. 
GC analysis of the liquid phase showed complete conversion of 
the nitrobenzene but no volatile products. 


Registry No. Chlorodicarbonylrhodium(1) dimer, 14404-25-2; 
molybdenum pentachloride, 10241-05-1; 1-butanol, 71-36-3; nitro- 
benzene, 98-95-3; aniline, 62-53-3; N-propylaniline, 622-80-0; 3- 
ethyl-2-propylquinoline, 3290-24-2; 1-propanol, 71-23-8; 2-ethyl-3- 
methylquinoline, 27356-52-1; N,N-dipropylaniline, 2217-07-4; meth- 
anol, 67-56-1; methyl carbanilate, 2603-10-3; ethanol, 64-17-5; 2- 
methylquinoline, 91-63-4. 


Experimental Section 
General Data. Infrared spectra, of either neat films or KBr 


pellets, were recorded on a Perkin-Elmer 283 spectrophotometer. 
'H and 13C NMR spectra were recorded on Varian T-60 and 
CFT-20 instruments, respectively. Gas chromatographic analyses 
were performed on a Hewlett-Packard 5750 and retention times 
and peak areas monitored by a Hewlett-Packard 3352B computer. 
Columns employed were 1.83 m X 2 mm 3% Silar-1OC on Gas- 
Chrom Q and 1.83 m X 2 mm 10% SE-30 on Chromsorb W-HP. 
GC/MS analyses were run on either a Finnegan 3300 instrument 
using chemical ionization or on an AEI MS902 instrument using 
electron impact. 


Materials. Nitrobenzene was distilled from PzOt stored over 
4A molecular sieves, and degassed prior to use. Alcohols used 
were reagent grade and were dried over 4A molecular sieves and 
degassed before use. Chlorodicarbonylrhodium(1) dimer was 
obtained from Strem Chemicals, and molybdenum pentachloride, 
resublimed, 99+ %, was purchased from Ventron and stored in 
a drybox. Carbon monoxide was Matheson research grade. 


Nitrobenzene Reduction. All reductions were carried out 
in a similar manner as exemplified below. 


Reduction of Nitrobenzene in Butanol under Pressure 
of Carbon Monoxide. In a 40-mL Parr autoclave were placed 
chlorodicarbonylrhodium(1) dimer (196 mg, 0.5 mmol) and bi- 
phenyl (0.606 g). The bomb was transferred to a drybox where 
molybdenum pentachloride (275 mg, 1 mmol) was added. The 
bomb was capped with a serum cap. Butanol (15 mL) was added 
via syringe, followed by nitrobenzene (1.17 g, 9.5 mmol). Then 
the bomb was sealed, under a flow of argon, cooled in dry ice, and 
evacuated. The bomb was warmed to room temperature and then 
pressurized to 690 kPa (100 psi) with carbon monoxide. It was 
placed in an oil bath heated to 180 "C for 2 h, then cooled, and 
vented. GC analysis of the reaction mixture showed >85% 
conversion of the nitrobenzene and three major product peaks. 
They were identified by GC/MS as aniline, N-propylaniline, and 
3-ethyl-2-propylquinoline. From the relative areas of these peaks 
the yields of the producb were estimated to be -2O%, 5%, and 
75%, respectively. 


Isolation of 2-Propyl-3-ethylquinoline. The autoclave was 
charged as before with chlorodicarbonylrhodium(1) dimer (193 
mg, 0.50 mmol), molybdenum pentachloride (273 mg, 1 mmol), 
nitrobenzene (1.21 g, 9.8 mmol), and 1-butanol (15 mL). After 
being sealed, the autoclave was chilled in dry ice and evacuated. 
I t  was warmed to room temperature, pressurized with carbon 
monoxide (690 kPa, 100 psi), and heated in an oil bath at 180 "C 
for 2.5 h. The bomb was cooled and vented, and the contents 
were poured into 20 mL of water. The mixture was made alkaline 
(pH >lo) to pH paper by addition of concentrated KOH solution 
and then extracted with ether (3 X 20 mL) with some difficulty 
due to emulsion formation. The combined organic layers were 
washed with water and saturated sodium chloride solution, then 
dried (MgSO,), filtered, and concentrated. The residue was 
distilled (Kugelrohr) at 80-90 "C (0.1 mmHg) to give an oil (1.22 
g). Analysis by GC and 'H NMR showed the oil to be ca. 90% 
pure 3-ethyl-2-propylquinoline (56% yield): IR (neat film) 2980, 
1620,1500,1430,920,750, cm-'; 'H NMR (CDCl,) 6 8.2-7.1 (m, 
5 H), 3.1-2.6 (m, 4 H), 1.85 (m, 2 H), 1.28 (t, J = 7 Hz, 3 H), 1.05 
(t, J = 7 Hz, 3 H); CI-MS, m / e  199. 
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Summary: The moderate electrophilicity of Mo(CO),- 
(S,CNR,), (l), a 16-electron complex, has been estab- 
lished by measuring equilibrium constants for a series of 
ligand addition reactions. Initial ligand addition opposite 
to the carbonyl ligands in 1 is predicted by molecular 
orbital theory, and the structure of a tetrahydrothiophene 
adduct of 1 is in accord with this frontier orbital hypothe- 
sis. 


Only rarely have the implications of frontier orbital 
theory' for organometallic reactions2 been confirmed by 
structurally characterizing a series of compounds repre- 
sentative of a reaction ~oord ina te .~  Reaction 1 is facile 
M(C0)3(SzCNRz)z + L + M(CO)zL(SzCNRZ)2 + CO(g) 


(1) 
for numerous ligands L (M = Mo, W).4 Unsaturated 
M(CO)2(S2CNR2)z complexes (1) have been isolated (eq 
2): and an unusual trigonal-prismatic structure has been 
reported for lb  (M = Mo; R = i-Pr)! A molecular orbital 


2 3 


M(CO)~(S~CNRZ)Z + M(C0)2(SzCNRz)z + CO(g) (2) 
2 1 


rationale for the properties of 1 has been p~b l i shed .~  
Ligand attack at  the LUMO of 1, localized in the open 
cavity defined by the 135' dihedral angle between the two 
chelating ligands, would be predicted by frontier orbital 
theory. 


The coordination geometries of 2a (M = W; R = 
and 3a (M = W; R = Et; L = PPh3)4C are related by a 
simple L for CO substitution. The structural feature most 


(1) Fukui, K. "Theory of Orientation and Stereoselection"; Springer- 
Verlag: Berlin, 1975. 


(2) (a) KostiE, N. M.; Fenske, R. F. J. Am. Chem. SOC. 1981,103,4677. 
(b) Eisenstein, 0.; Hoffmann, R. Ibid. 1981,103,4308. (c) Block, T. F.; 
Fenske, R. F.; Casey, C. P. Ibid. 1976, 98, 441. (d) Eisenstein, 0.; 
Hoffmann, R. Ibid. 1981,103, 5582. 


(3) (a) h n f i e l d ,  R. E.; Parthaaarathy, R.; Dunitz, J .  D. J. Am. Chem. 
SOC. 1977,99,4860. (b) Biirgi, H.-B.; Dunitz, J. D.; Shefter, E. Ibid. 1973, 
95, 5065. 


(4) (a) Colton, R.; Scollary, G. R. Aust. J. Chem. 1968,21, 1427. (b) 
Newton, W. E.; Corbin, J. L.; McDonald, J. W. Inorg. Synth. 1978, 18, 
53. (c) Templeton, J. L.; Ward, B. C. J. Am. Chem. SOC. 1981,103,3743. 


(5) (a) Colton, R.; Scollary, G. R.; T o m b s ,  I. B. A u t .  J. Chem. 1968, 
21, 15. (b) Templeton, J. L. Adu. Chem. Ser. 1979, No. 173, 263. 


(6) Templeton, J. L.; Ward, B. C. J. Am. Chem. SOC. 1980,102,6568. 
(7) Templeton, J. L.; Winston, P. B.; Ward, B. C. J. Am. Chem. SOC. 


(8) Ward, B. C.; Templeton, J. L. Inorg. Chem. 1980, 19, 1753. 
1981,103, 7713. 
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germane to the reaction coordinate for eq 1 is the mutually 
C~S-ML(CO)~ fragment for both L = CO and PPh3. This 


$Oz 


=2 


Figure 1. An ORTEP view of M O ( C O ) ~ ( ~ ~ ~ ) ( S , C N E ~ ~ ) ~  showing 
the atomic labeling scheme. 


Scheme I 


ground-state geometry does not preclude frontier orbital 
control during the initial stages of addition reactions of 
l a  since intramolecular rearrangements, common for 
seven-coordinate complexes, could convert any initially 
formed isomer to the thermodynamic product. Note that 
in 1 the methylene chloride of solvation caps the trigonal 
prism with one chloride trans to both carbonyls, 4.3 A from 
the metal atom, and that a dimeric hydrazine adduct has 
been characterized with unusually long Mo-N bonds (2.40 
A)g directed into the LUMO of the parent M(CO)z- 
(S2CNR2)2 fragments. 


The properties of 1 presented a unique opportunity to 
measure equilibrium constants (K3)  for eq 3 directly for 
Mo(CO)z(S2CNEtZ)2 + L M o ( C O ) ~ L ( S ~ C N E ~ ~ ) ~  (3) 


lb  3 
cases where substantial amounts of the 16-electron com- 
plex remain in the presence of L (K3 I 1000 M-') and 
indirectly from K1 (eq 1) for larger values of K3 once Kz 
(eq 2) had been determined (K3 = K1/K2 ,  see Table I). 
Although the relative errors in K3 are large, the change in 
free energy for reaction 3 as a function of L is clearly 
indicated and the surprisingly moderate electrophilicity 
of 1 is placed on a quantitative basis by these studies. 


The modest value of K ,  for L = SC4H, (tht) (3b) cou- 
pled with retention of the carbonyl infrared frequencies 
and intensities of 1 in spectra of 3b and rapid loss of tht 
from 3b in vacuo suggested that this weakly associated 
adduct of 1 might reflect the site of incipient M-L bond 
formation for ligand addition to 1. The molecular structure 


(9) Broomhead, J. A.; Budge, J.; Enemark, J. H.; Feltham, R. D.; 
Gelder, J. I.; Johnson, P. L. Adu. Chem. Ser. 1977, No. 162, 421. 


1982 American Chemical Society 
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Table I. Equilibrium Constants ( K , )  for Addition of L to Mo(CO),(S,CNEt,), ( l b )  


ligand (L) Br-* trans-stilbenea CI-" thta pya P( OPh), PPh, CO(g)b 
K,, M-I 0.5 ( 1 ) ' ~ ~  0.7 (l)e 3.0 (6)d  45 (5)e  440 (40)e 49 (3)  x l o 3  f 49 (3)  x lo3  f 350 (20)g 


a Measurements conducted in CH,Cl, at  22 "C. 
in the last figure is indicated in parentheses. 
by quantitative electronic absorption spectroscopy. 
from K, and K, (see text). g The units for L = CO are atm-'  ; K,(CO) = K,. 


Measurements conducted in o-C,H,Cl, at  22 "C. The estimated error 
Determined by quantitative infrared absorption spectroscopy. e Determined 


K,  was determined by infrared techniques and K, was calculated 


Table 11. Selected Bond Distances and Angles for 
Mo(CO),(SC,H,HSzCNEt,), (3b) 


Bond Distances, A 
Mo-S1 2.524 (3 )  Mo-C1 1.901 (11) 
Mo-S~  2.517 (3)  Mo-C~ 1.901 (11) 
Mo-s3 2.538 (3)  (31-01 1.197 (11) 
Mo-s4 2.537 (3)  C2-02 1.160 (10) 
MO-S5 2.701 (3)  


Bond Angles, Deg 
Sl-Mo-Sa 68.2 (1) C2-Mo-S5 173.2 (3)  
S3-Mo-S4 68.2 (1) Cl-Mo-CZ 73.5 (5 )  
Cl-Mo-S5 113.2 (3) 


of 3b is depicted in Figure 1, and selected bond distances 
and angles are listed in Table II.l0 The two structural 
features of 3b most relevant to the frontier orbital reaction 
hypothesis are (1) the gross coordination geometry with 
L capping the quadrilateral S4 face opposite both carbonyl 
ligands and (2) the Mo-S(tht) length (2.70 A) which ex- 
ceeds nominal single-bond expectations." The location 
of L in the seven-coordinate adducts may reflect the A- 


acceptor ability of the ligand (CO and PPh3 cis to both 
carbonyls and th t  opposite the carbonyls), but the present 
data base is insufficient to confirm this hypothesis. 


The stepwise substitution mechanism shown in Scheme 
I incorporates the structural features of "intermediates" 
3b and la. To the extent that t h t  and NzH4 are repre- 
sentative of other donor ligands, these results suggest that 
nucleophiles attack opposite the carbonyls in 1 prior to 
adopting the final isomeric form, e.g., C~S-ML(CO)~ for L 
= CO or PPh3 It follows from the principle of microscopic 
reversibility that M(C0)2L(S2CNR2)2 adopts a geometry 
with L over the S4 face prior to dissociation of L. 


This system illustrates several important mechanistic 
points. (1) The structure of 16-electron intermediates need 
not bear a close relationship to saturated reagents or 
products. (2) Electron-deficient species may adopt geom- 
etries which are unprecedented for related 18-electron 
complexes. (3) Even when ligand substitution occurs with 
retention of the original coordination geometry, the reac- 
tion pathway may be mapped more accurately by a series 
of reversible structural rearrangements accompanying 
ligand dissociation and addition than by a principle of least 
motion reaction scheme. (4) Access to unsaturated in- 
termediates may involve prior rearrangement of the 
reagent rather than ligand dissociation followed by re- 
organization of the electron-deficient intermediate. This 
final point is in accord with Hammond's postulate12 since 


(10) The crystal selected was monoclinic, space group F'2,/n, with unit 
cell dimensions of a = 8.289 (7) A, b = 17.956 (5) A, c = 15.913 (6) A, B 
= 102.77 (5)O, and 2 = 4. Of the 5291 reflections monitored, 1647 inde- 
pendent reflections with I > 3u (Z) were used in the structure solution 
and refinement which converged to 0.061 and 0.044 for R and R,, re- 
spectively. The final difference Fourier map was featureless with the 
highest residual electron equal to 0.40 e/A3. 


(11) Compare with the following M-S distances (M = Mo or W). (a) 
W-S(tht) = 2.57 A in [WC12(tht)]2(~-S)(fi-SEt)2: Boorman, P. M.; Kerr, 
K. A.; Patel, V. D. J. Chem. SOC. Dalton Trans. 1981, 506. (b) W-S- 
(dithiohexane = dth) = 2.54,2.58 A in (OC)3W(dth)C1(SnC1,Me): Elder, 
M.; Hall, D. Znorg. Chem. 1969, 8, 1273. (c) Mo-S(S-PPh3) 2.46 A in 
MoOC13(SPPh3): Boorman, P. M.; Garner, C. D.; Mabbs, F. E.; King, T. 
J. J. Chem. SOC., Chem. Commun. 1974,663. 


(12) Hammond, G. S. J. Am. Chem. SOC. 1955, 77, 334. 
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the transition state for ligand dissociation would resemble 
the unsaturated intermediate rather than the reagent. 
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Summary: A series of new phosphido-bridged hetero- 
metallic dinuclear complexes FeM(p-PPh,)(CO), (L), (M = 
Rh, L = PEt,, x = 4, 5; M = Ir, L = PPh,, x = 4-6) have 
been synthesized by the reaction of Li [Fe(CO),(PPh,)] 
with the appropriate trans -MCI(CO)L, complex. Each of 
the new compounds undergoes a series of reversible 
addition/elimination reactions with CO, and the Fe-Ir 
compounds react with H, to give new H, adducts. 


Although a very large number of heterobimetallic com- 
plexes have been prepared and characterized, nearly all 
are coordinatively saturated with a high percentage of 
carbonyls and other ligands that are reluctant to undergo 
di~sociation.'-~ Thus, most of these complexes have shown 
relatively low reactivity toward reversible addition and 
exchange of ligands. The latter are particularly desirable 
properties if such complexes are to be used as bimetallic 
catalysts. Ideal complexes would appear to be those which 
link traditional monomeric homogeneous catalysts of the 
group 8 metals to another metal center, preferably with 
a bridging ligand to assist in holding the metals together. 
Reported herein are the syntheses and preliminary re- 


(1) Roberta, D. A.; Geoffroy, G. L., 'Comprehensive Organometallic 
Chemistry"; Wilkinson, G., Stone, F. G. A., Abel, E. W., Eds.; Pergamon 
Press: Oxford, 1982; Chapter 40. 


(2) Gladfelter, W. L.; Geoffroy, G. L. Adu. Organomet. Chem. 1980, 
18, 207. 


Chem. Reo., Sect. A 1968, 3, 823. 
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1008 Organometallics 1982, 1, 1008-1010 


Table I. Equilibrium Constants ( K , )  for Addition of L to Mo(CO),(S,CNEt,), ( l b )  


ligand (L) Br-* trans-stilbenea CI-" thta pya P( OPh), PPh, CO(g)b 
K,, M-I 0.5 ( 1 ) ' ~ ~  0.7 (l)e 3.0 (6)d 45 (5)e  440 (40)e 49 (3)  x l o 3  f 49 (3)  x lo3  f 350 (20)g 


a Measurements conducted in CH,Cl, at  22 "C. 
in the last figure is indicated in parentheses. 
by quantitative electronic absorption spectroscopy. 
from K, and K, (see text). g The units for L = CO are atm-'  ; K,(CO) = K,. 


Measurements conducted in o-C,H,Cl, at  22 "C. The estimated error 
Determined by quantitative infrared absorption spectroscopy. e Determined 


K,  was determined by infrared techniques and K, was calculated 


Table 11. Selected Bond Distances and Angles for 
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Cl-Mo-S5 113.2 (3) 


of 3b is depicted in Figure 1, and selected bond distances 
and angles are listed in Table II.l0 The two structural 
features of 3b most relevant to the frontier orbital reaction 
hypothesis are (1) the gross coordination geometry with 
L capping the quadrilateral S4 face opposite both carbonyl 
ligands and (2) the Mo-S(tht) length (2.70 A) which ex- 
ceeds nominal single-bond expectations." The location 
of L in the seven-coordinate adducts may reflect the A- 


acceptor ability of the ligand (CO and PPh3 cis to both 
carbonyls and th t  opposite the carbonyls), but the present 
data base is insufficient to confirm this hypothesis. 


The stepwise substitution mechanism shown in Scheme 
I incorporates the structural features of "intermediates" 
3b and la. To the extent that t h t  and NzH4 are repre- 
sentative of other donor ligands, these results suggest that 
nucleophiles attack opposite the carbonyls in 1 prior to 
adopting the final isomeric form, e.g., C~S-ML(CO)~ for L 
= CO or PPh3 It follows from the principle of microscopic 
reversibility that M(C0)2L(S2CNR2)2 adopts a geometry 
with L over the S4 face prior to dissociation of L. 


This system illustrates several important mechanistic 
points. (1) The structure of 16-electron intermediates need 
not bear a close relationship to saturated reagents or 
products. (2) Electron-deficient species may adopt geom- 
etries which are unprecedented for related 18-electron 
complexes. (3) Even when ligand substitution occurs with 
retention of the original coordination geometry, the reac- 
tion pathway may be mapped more accurately by a series 
of reversible structural rearrangements accompanying 
ligand dissociation and addition than by a principle of least 
motion reaction scheme. (4) Access to unsaturated in- 
termediates may involve prior rearrangement of the 
reagent rather than ligand dissociation followed by re- 
organization of the electron-deficient intermediate. This 
final point is in accord with Hammond's postulate12 since 


(10) The crystal selected was monoclinic, space group F'2,/n, with unit 
cell dimensions of a = 8.289 (7) A, b = 17.956 (5) A, c = 15.913 (6) A, B 
= 102.77 (5)O, and 2 = 4. Of the 5291 reflections monitored, 1647 inde- 
pendent reflections with I > 3u (Z) were used in the structure solution 
and refinement which converged to 0.061 and 0.044 for R and R,, re- 
spectively. The final difference Fourier map was featureless with the 
highest residual electron equal to 0.40 e/A3. 


(11) Compare with the following M-S distances (M = Mo or W). (a) 
W-S(tht) = 2.57 A in [WC12(tht)]2(~-S)(fi-SEt)2: Boorman, P. M.; Kerr, 
K. A.; Patel, V. D. J. Chem. SOC. Dalton Trans. 1981, 506. (b) W-S- 
(dithiohexane = dth) = 2.54,2.58 A in (OC)3W(dth)C1(SnC1,Me): Elder, 
M.; Hall, D. Znorg. Chem. 1969, 8, 1273. (c) Mo-S(S-PPh3) 2.46 A in 
MoOC13(SPPh3): Boorman, P. M.; Garner, C. D.; Mabbs, F. E.; King, T. 
J. J. Chem. SOC., Chem. Commun. 1974,663. 


(12) Hammond, G. S. J. Am. Chem. SOC. 1955, 77, 334. 
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the transition state for ligand dissociation would resemble 
the unsaturated intermediate rather than the reagent. 
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Summary: A series of new phosphido-bridged hetero- 
metallic dinuclear complexes FeM(p-PPh,)(CO), (L), (M = 
Rh, L = PEt,, x = 4, 5; M = Ir, L = PPh,, x = 4-6) have 
been synthesized by the reaction of Li [Fe(CO),(PPh,)] 
with the appropriate trans -MCI(CO)L, complex. Each of 
the new compounds undergoes a series of reversible 
addition/elimination reactions with CO, and the Fe-Ir 
compounds react with H, to give new H, adducts. 


Although a very large number of heterobimetallic com- 
plexes have been prepared and characterized, nearly all 
are coordinatively saturated with a high percentage of 
carbonyls and other ligands that are reluctant to undergo 
di~sociation.'-~ Thus, most of these complexes have shown 
relatively low reactivity toward reversible addition and 
exchange of ligands. The latter are particularly desirable 
properties if such complexes are to be used as bimetallic 
catalysts. Ideal complexes would appear to be those which 
link traditional monomeric homogeneous catalysts of the 
group 8 metals to another metal center, preferably with 
a bridging ligand to assist in holding the metals together. 
Reported herein are the syntheses and preliminary re- 
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Scheme I 


C21 


Figure 1. An OR= plot of FeIr(p-PPh&CO),(PPh& Thermal 
ellipsoids are drawn at the 25% probability level. Relevant bond 
distances and angles are as follows: Fe-Ir = 2.960 (1) A, Ir-PI 
= 2.349 (2) A, Ir-P2 = 2.292 (2) A, FeP2 = 2.239 (2) A, F e P 3  
= 2.248 (2) A, P2-Ir-Fe = 48.45 (5)O, Ir-FeP2 = 49.99 (5)O, 


(8)O, Fe-Ir-P1 = 109.93 (5)", Ir-Fe-P3 = 129.58 (6)O.  


activity studies of a series of such complexes which link 
Fe to Rh(1) and Ir(1) centers and which undergo rapid and 
reversible ligand addition and oxidative-addition reactions. 


The new complexes were prepared by stirring Li[Fe- 
(C0),(PPh&l4 with the appropriate trans-MC1(CO)Lz (M 
= Rh, Ir; L = PPh3, P E Q  complex in deoxygenated THF 
for 2-5 h at 25 "C (eq l).s Complexes 1 and 2 were 
Li[Fe(C0),(PPh2)] + trans-MCl(CO)L, - 


FeP2-Ir = 81.62 ( 7 ) O ,  Pl-Ir-PB = 158.07 (S)', P2-FeP3 179.52 


LiCl + FeM(pPPh2)Lz(CO), (1) 
1, M = Ir, L = PPh,, x = 5 (37%) 
2, M = Rh, L = PEt3, x = 4 (64%) 


characterized by spectroscopy and by satisfactory C and 
H analyses.' The 31P(1H) NMR spectrum of 2 implies the 
structure given below. It shows resonances at G(Rh-PES) 


\ / P h  
Ph  


/ r' 


/ \  
(C0)3Fe-R h - P E  t 3 


co PEt3 


2 


31.9 (dd, Jpu-m = 182.1 Hz, J p  -p = 23.6 Hz), G(FePEt3) 
69.8 (d, Jp -p = 22.6 Hz), and &-%'PhJ 119.7 (ddd, Jp,-Rh 
= 107.3 &).? The absence of ,lP-lo3Rh coupling on the 
6 69.8 resonance implies this PEt3 is not attached to Rh, 
and the downfield position of the p-PPhz resonance argues 


_ _ _ _ _ ~ ~ ~  ~~~ 


(4) (a) Treichel, P. M.; Douglas, W. M.; Dean, W. K. Znorg. Chem. 
1972,11,1615. (b) Treichel, P. M.; Dean, W. K.; Douglas, W. M. Zbid. 
1972,11,1609. 
(5) (a) E v a ,  D.; Oabom, J. A; Wilkinaon, G. Znorg. Synth. 1968,11, 


99. (b) Vriem, K.; Collman, J. P.; Sears, C. T., Jr.; Kubota, M. Zbid. 1968, 
11. 101. 
(6) Preparation of 1: 1 equiv. of n-BuLi was added to a dried and 


deoxygenated tetrahydrofuran (THF) solution of Fe(CO)4(PPhzH)4b 
(0.4607 g, 1.30 "01) to generate Li[Fe(CO)4(PPhJ] in situ. The re- 
sultant red solution was slowly added to a THF solution of trans-IrC1- 
(CO)(F'Ph&6b (1.0003 g, 1.28 m o l ) .  After the solution WBB stirred for 
3 h at  25 OC, THF was removed from the resultant green solution and 
the neutral producta were extracted from the residue with toluene. 
Chromatography on alumina with 20% CH2Clz-80% h e m e  under N2 
gave 1 as a yellow, air-stable microcrystalline solid in 37% yield (0.520 
g, 0.47 "01). 


(7) Characterization data for the new complexea are given in Table A 
of the eupplementary material: elemental analyses for 1 and 2; IR and 
slP(lHJ NMR data for 1 - 7; 'H NMR data for 5 and 6; 13C NMR data 
for 2 and 7. slP(lH) NMR spectra for 1 - 4 are ale0 shown in Figure A 
of the supplementary material. 


Ph 
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for the presence of a metal-metal bond.6 FeIr(p- 
PPh2)(C0)6(PPh3)2, 1, shows a similar 31P(1HJ NMR 
spectrum except for the absence of la3Rh c~upl ing .~  The 
13C NMR spectrum of 2 shows resonances a t  G(FeC0) 
217.3 (dd), G(Fe-CO) 213.5 (dd), and G(Rh-CO) 204.1 (ddd, 
JcRh = 84.8 Hz) in relative intensities 1:2:1, implying one 
CO on Rh and two equivalent and one inequivalent CO 
groups on Fe, consistent with the structure drawn ab0ve.I 


Complex 1 was further characterized by a single-crystal 
X-ray diffraction study, and an ORTEP plot is shown in 
Figure l.9 The structure is similar to that deduced for 
2 except that Ir is coordinated by two CO groups in 1. The 
Fe-Ir bond length of 2.960 (1) A is significantly longer than 
expected for a direct single metal-metal bond and may 
imply a weak donor-acceptor interaction between the two 
metals as given below.1° Considering the Fe as a two- 


\/p 


electron donor to Ir, both centers are coordinatively-sat- 
urated with 18 valence electrons, although a coordination 


(8) The p-P& ligands in compounds with metal bonds generally ahow 
downfield (6  50-300) 31P NMFt resonances whereas upfield (8  50 - 8 
-200) reaonances are obaerved for compounde in which the p-PR, ligand 
bridges two metals not joined by a metal-metal bond. Petereen, J. L.; 
Stewart, R. P., Jr. Znorg. Chem. 1980,19,186. Carty, A. J.; Maclaughlin, 
S. A.; Taylor, N. J. J. Organomet. Chem. 1981,204, C27. Carty, A. J. Adv. 
Chem. Ser., 1982,196, 163. Garrou, P. Chem. Rev. 1981,81,299. Jo- 
hannsen, G.; Stelzer, 0. Chem. Ber. 1977,110, 3438. 
(9) Crystals of 1 form in the triclinic space group Pi. Cell constants 


of a = 11.681 (3) A, b, = 20.869 (4) A, c = 10.649 (9) A, a = 96.74 (a)", 
f l =  108.86 (3)O, y = 76.51 (2)O, and V = 2386 (3) As were obtained from 
the refmed settings of 24 reflections with 28 settings greater than 20" (Mo 
Ka radiation). The intensities of 6972 independent reflections were 
measured using an automated diffradometer. Of these, 6257 had F: > 
347:) and were included in the refinement of the structure. The l a -  
tions of the Fe and Ir atoms were obtained from a Patterson map. The 
remaining atoms of the structure were located with phasea from these 
atoms. Least-squarea refinement of the complete structure converged 
with R = 0.053 and R, = 0.077. 


(10) Similar bonding descriptions have been given for other p-ER, (E 
= As, P) bridged dinuclear complexes: Vahrenkamp, H. Angew. Chem., 
Znt. Ed. Engl. 1978,17,379. Keller, E.; Vahrenkamp, H. Chem. Ber. 1978, 
109, 229. 
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site on Ir can readily open via cleavage of the Fe-Ir bond 
(vida infra). 


The chemistry observed with 1 and its derivatives is 
summarized in Scheme I. When 1 is heated (110 "C, 0.5 
h) or irradiated (A = 366 nm) under an N2 purge, CO loss 
occurs to generate FeIr(p-PPh2) (C0)4(PPh3)2, 3, in near 
quantitative yield.' This complex is isoelectronic and 
presumably isostructural with 2. Its 31P{1H) NMR spec- 
trum shows resonances at 6(Ir-PPh3) 24.7 (d, JpL-p, = 22.6 


104.6 (dd) consistent with such a structure. Even with 
metal-metal bonds, 2 and 3 are coordinatively unsaturated. 
The 1 - 3 conversion is readily reversed by exposure to 
1 atm of CO a t  25 "C, but under these conditions addi- 
tional CO is added to give FeIr(p-PPh2)(C0)6(PPh3)2, 4.7 
The 1 - 4 conversion occurs rapidly, and 31P NMR spectra 
indicate that 4 is quantitatively formed under 1 atm of CO 
at  25 "C. 1 is easily regenerated simply by removing the 
CO atmosphere. The 31P(1HJ NMR spectrum of 4 shows 
resonances at  6(Ir-PPh3) -1.8 (d, Jp,pp = 143.7 Hz), 6- 
(Fe-PPh,) 84.7 (d, Jpp,-p = 29.5 Hz), and 6(p-PPh2) 12.8 
(dd). The marked upfieid shift in the resonance due to 
the p-PPh, group in 4 implies the absence of an Fe-Ir 
bond? as expected since each metal has 18 valence elec- 
trons without the necessity of a metal-metal bond. 


Both 1 and 3 add H2 (Scheme I). Addition of H2 (1 atm, 
25 "C) to 1 rapidly gives FeIrHz(p-PPh2)(C0)5(PPh3)2, 5, 
in near quantitative yield.' Addition to the Ir center is 
indicated by the ,'P NMR resonance attributable to PPh, 
on Ir which appears as a doublet of triplets at 6 1.9 (Js1pL21p+ 


= 187.0 Hz, JsIPL-lH = 17.6 Hz).' The 1 - 5 conversion 
necessarily leads to the cleavage of the Fe-Ir bond, as 
evidenced by the upfield ,'P(lH) resonance of the p-PPh, 
group (6 21.5 (dd, Jp,-pJ8 = 24.6 Hz)). The tetracarbonyl 
complex 3 also reacts w t h  H2. Preliminary spectroscopic 
evidence indicates that loss of CO occurs and the tetra- 
hydride complex FeIr(p-PPh,)H,(CO),(PPh,),, 6, form~.~J l  
The -40 "C 'H NMR spectrum of 6 shows four distinct 
hydride resonances a t  6 -9.3 (m), -10.5 (dd), -11.8 (dd), 
and -16.8 (dd) each of relative intensity 1. Selective de- 
coupling experiments showed that each of the terminal 
PPh, ligands couples to two inequivalent hydrides and thus 
structure 6 in Scheme I is suggested.12 


The 3 - 4 and 3 - 5 conversions of Scheme I are 
particularly interesting in that they illustrate a reactivity 
feature which is unique to di- and polynuclear complexes. 
These conversions represent a total of four electron ad- 
ditions without requiring net dissociation of any ligand 
from the complex. The first CO addition, 3 - 1, occurs 
a t  a coordinatively unsaturated Ir center, but the product 
1 has the maximum 18-valence-electron configuration at 
each metal. The second ligand addition, 1 - 4 or 1 - 5,  
occurs at the expense of the Fe-Ir bond. In essence, the 
Feb-PPh,) unit behaves as a bidentate ligand in which 
the Fe end is loosely coordinated and can readily, but 
reversibly, dissociate when necessary to open a coordina- 
tion site for further reactivity. 


The FeRh complex 2 has proven less reactive than 3. It 
does not add H2 at  ambient to moderate (6 atm) pressures 
but does reversibly bind CO (25 "C, 1 atm), eq 2. Complex 


Hz), G(FePPh3) 78.0 (d, Jppe-p, = 28.5 Hz), and 6 (p-PPh2) 
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~~ ~~ 


(11) 31P[1H) for 6: &(II-PPhs) 10.0 (d, Jp = 225 Hz), BtFe-PPh,) 
67.4 (d, J ,-pL = 61 Hz), 6tp-PPhz) 117.8 (&))T 
(12) Algough the structure drawn for 6 in Scheme I with the hydride 


ligands terminal rather than bridging may seem unusual, other p-PPh, 
and p-SR bridged compounds have been prepared and shown to possess 
terminal rather than bridging hydrides. See: Bonnet, J. J.; Thorez, A.; 
Maisomat, A.; Galy, J.; Poilblanc, J. J. Am. Chem. SOC. 1979,101,6940. 
Braunetein, P.; Matt, D.; Bars, 0.; Louer, M.; Grandjean, D.; Fischer, J.; 
Mitachler, A. J.  Organomet. Chem. 1981, 213, 79. 


Ph \D/p 


/ I \  


IC0)3(PEt3)Fe-Rh-PEt3  t CO 3f 


'co 
2 


Ph, ,Ph 


;P( ,co 
(C0)3(PEt3 )Fe-Rh-CO ( 2 )  


\ 
\ 


P E t J  


7 


7 has been spectroscopically characterized and appears to 
be structurally analogous to 1.7 Its 31P(1H) NMR spectrum 
shows resonances at d(Rh-PEh) 37.5 (dd, Jp -a = 105.9 
Hz, JPRh-Pr = 189.7 Hz), 6(Fe-PEt3) 69.4 (d, f"p -p = 19.1 
Hz), and 6(p-PPh2) 157.6 (ddd, J p  -Rh = 82.7 hzj. Both 
,'P and 13C NMR data indicate that the CO addition/ 
elimination reactions of eq 2 are fast at room temperature. 
At  -37 "C, the ,'P(lH) NMR spectrum of a solution con- 
taining approximately equimolar amounts of 2 and 7 show 
distinct resonances at  6 157.6 (2) and 119.7 (7) due to the 
p-PPh2 ligands of the two separate compounds. At 27 "C, 
these have coalesced into a single broad resonance at 6 132, 
indicating a rapid 2 * 7 interconversion. The 13C NMR 
spectrum of 13CO-enriched 7 at  -40 "C shows a resonance 
at  6 196.3 (ddd, JI~C-IMR~ = 78.8 Hz, Jlsc-31~~ = 18.7 Hz, 
Jlsc-slp = 7.9 Hz) due to two exchange-averaged Rh-CO 
group; At  25 "C, this resonance has broadened and lost 
l0eRh-W coupling, implying rapid exchange of coordinated 
CO with free CO. 


In summary, this work has shown that dinuclear com- 
plexes which contain coordinatively unsaturated group 8 
metals exhibit the type of ligand addition/elimination 
reactions that are required in many catalytic transforma- 
tions, and furthermore, as shown for the 2 7 equilibrium, 
such reactions can be quite rapid. These complexes pro- 
vide the opportunity to explore the chemistry that can 
occur at a metal center that is ligated by a second tran- 
sition metal and to take advantage of the ease of cleavage 
of single metal-metal bonds to reversibly open coordina- 
tion sites.13 The coordinative unsaturated nature of the 
Rh and Ir centers in these particular complexes should also 
allow the preparation and study of derivatives with organic 
ligands which should result from addition and oxidative- 
addition reactions. 
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Summary: The first examples of osmium(I1) alkene and 
alkyne complexes have been isolated using the precur- 
sors cis -Os(bpy),CI, and Os(bpy),C03 (bpy is 2,2'-bi- 
pyridine) and the appropriate unsaturated hydrocarbon. 
Preliminary description of I3C and IH NMR spectral prop- 
erties is included and cycllc voltammetric results for 
several complexes are described. Of particular impor- 
tance is the Observation of solution stable osmium( I I I )  
alkene dications formed by bulk electrolysis. 


The synthesis and chemistry of osmium complexes with 
unsaturated hydrocarbon ligands such as simple alkenes 
and alkynes has been confined to precursors based on 
Os(0). Examples include the reaction of ethylene with 
O S ( P P ~ ~ ) ~ ( C O ) ~ ~  or the reactions of a series of unsaturated 
hydrocarbons with clusters such as O S ~ ( C O ) ~ ~  or ita de- 
rivatives.2 By contrast, there is an extensive chemistry 
based on Fe(II)&lb and to a lesser degree Ru(II).*' We 
have a continuing interest in the reactions of ruthenium(II) 
and osmium(I1) alkene and alkyne complexes, including 
the recent unique observation of a hydration/dispropor- 
tionation of terminal alkynes promoted by monomeric 
Os(I1) and Ru(I1) complexes.' 


We report here the first examples of osmium-alkene 
complexes derived from Os(I1) precursors, in this case 
cis-0sn(bpy),C12 or Osn(bpy),C03 (bpy is 2,2'-bipyridine). 
We also report that the alkene and alkyne complexes have 
reversible Osm/Osn redox couples. Electrochemical oxi- 
dation of Os(I1) to Os(II1) gives a series of solution stable 
Os(III) complexes which are rare examples of odd-electron 
metal complexes.s 


In a typical preparation 250 mg (0.49 mM) of cis-Osn- 
(bpy),C12 was allowed to react with 2 mL (0.018 mM) of 
3-hexyne in a 1:l mixture of deoxygenated EtOH/H20 by 
heating at reflux for 8 h After the reflux period the solvent 
was half removed, and an aqueous solution of NH4PF6 was 
added. The flocculent dark green precipitate was collected, 
washed with water and ether, and then air-dried. Column 
chromatography on alumina using toluene-acetonitrile 
mixtures as previously described6 gave a dark green band 
which after removal of the solvent yielded 375 mg (69%) 


(1) Brown, K. L.; Clark, G. R.; Headford, C. E. L.; Marsden, K.; Roper, 
W. R. J. Am. Chem. SOC. 1979,10I,503, and referencea therein. 


(2) See, for example, Hanson, B. E.; Johnson, B. F. G.; Lewis, J.; 
Raithby, P. R. J. Chem. SOC., Dalton Trans. 1980,1862. Gambino, 0.; 
Voglio, G. A; Ferrari, R. P.; Cetini, G. J. Orgummet. Chem. 1971, So, 381. 


(3) (a) King, R. B. In " h e  Organic Chemistry of Iron"; Koerner Von 
Guetorf, E. A., Grevele, F., Fiechler, I., Academic Prees: New York, 1978. 
(b) Roeenblum, M. Acc. Chem. Res. 1974, 7, 122. (c) Sullivan, B. P.; 
Baumann, J. A.; Meyer, T. J.; Salmon, D. J.; Lehmann, H.; Ludi, A. J. 
Am. Chem. Soc. 1977,99,7368. (d) Treichel, P. M.; Komar, D. A. Znorg. 
Chim. Acta 1980.42. 277. le) BNW. M. I.: Wow. F. S .  J .  Ormnomet. 
Chem. 1981,21O,'C6.' (0 L e k ,  H,; Schenk, K:J.; Chapuis,-G.; Ludi, 
A. J. Am. Chem. SOC. 1979,101,6197. 
(4) Sullivan, B. P.; Smythe, R. A.; Kober, E. M.; Meyer, T. J., sub- 


mittad for publication. 
(6) See, for example: McKinuey, R. J. Zmrg. Chem. 1982,21,2061 and 


references therein. 


3334. 
(6) Sullivan, B. P.; Salmon, D. J.; Meyer, T. J. Znorg. Chem. 1978,17, 


Table I. Oe(III)/Os(II) Reduction Potentials for 
the Alkene, Alkyne, and Related Complexes of 0411) 


E,/,? M complex 
[cis-Os( bpy),(CH,CN)Cl](PF,) 0.41 
[c[s-OS( bpy),(qZ-CH,CH,CkCCH,CH,)Cl](PF,) 0.47 
~ c r s ~ o s ~ b ~ ~ ~ ~ ~ P P h 3 ) C 1 ~ ~ p F ~ ~  0.56 
[&-OS( bpy),(q z-CH,=CHPh)Cl](PF,) 0.84 
[cis-Os( bpy ),( r) zCH,=CHCH,Ph)Cl]( PF,) 0.84 
[cb-Os( bpy),(q Z-CH,=CH,)C1](PF,) 0.86 


[cis-Os(bpy),(o'-C=NMe),](PF,) 1.44 
[cis-0s( bpy) Z(c ?H8)1(PF6)2 1.64 


a Measured in CH,CN solution with 0.1 M (NEt,)ClO, 


[CWOS( bpy),( 9' DMAC)Cl]PF, 1.06 
[c~s-OS( bpy),(CO)Cl](PF,) 1.18 


[ c i s - O s ( b ~ ~  ),(NO)ClI(PF,), >2.2 


as supporting electrolyte using a Pt bead working 
electrode. All potentials are referenced to the sodium 
chloride saturated calomel electrode. Anodic and 
cathodic peak currents are equal at a scan rate of 200 
mV/s unless otherwise noted. Oxidative peak poten- 
tial at a scan rate of 200 mV/s. 


I60 140 12G 100 80 €0 40 


Figure 1. laC(lH} NMR spectrum of [cis-Os'T(bpy)2(?2-CHz= 
CHCH2Ph)C1] (PFB) taken in CH3CN/CDBCN ( 2 1  by volume) 
recorded at 30 OC. Inset shows 'BC proton-coupled region of the 
olefinic and methylene carbon resonances. 


of pure [ c ~ ~ - O ~ ( ~ ~ ~ ) ~ ( ~ ~ - C H ~ C H ~ C ~ C H & H ~ ) C ~ ]  (PFJ. 
The reaction appears to proceed through the monoaquo 


complex (eq 1) followed by displacement of the aquo ligand 


c i s - O ~ ~ ( b p y ) ~ C l ~  + H20 * 
[~is-Os~(bpy)~(H~O)Cl]+ + Cl- (1) 


[~is-Os~(bpy)~(H~O)Cl]+ + alkene - 
[~is-Os~(bpy)~(alkene)Cl]+ + H20 (2) 


by the hydrocarbon (eq 1 and 2). The synthetic procedure 
has led to the preparation of products which contain sty- 
rene, ethylene, allylbenzene, 3-hexyne, and dimethyl 
acetylenedicarboxylate (DMAC) (see Table I). The di- 
cationic, diolefin complex, [Os(bpy)2C,H81~ is 2,5- 
norbornadiene) was prepared by using smilar conditions 
but on the basis of the carbonato complex Os(bpy)&03, 
as shown in eq 3 and 4. 


Osn(bpy)2C03 + 2H+ + HzO - 
~i s -Os~(bpy) , (H~O)~~+  + COP (3) 


ch-0sn(bpy)2(H20)~+ + CTH8 - 
OS"(~PY)~(C,H~)~+ + 2H20 (4) 


Characterization of all of the products was achieved by 
'H and 'X! NMR spectrmpy,  elemental analyses,' cyclic 
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voltammetry, and in some cases, field desorption mass 
spectrometry or infrared spectroscopy. 


Both 'H and 13C NMR spectroscopy clearly show the 
presence of a dynamic behavior associated with the os- 
mium(I1)-alkene or -alkyne bond. For example, Figure 
1 shows the 13C NMR spectrum of [~is-Os"(bpy)~(q~- 
CH2=CHCH2Ph)C1](PF6) taken in CD3CN. In this case 
the carbon atoms of the allyl of group (CH2CH=CH2) 
show six resonances of equal intensity in the 13C(lH) NMR 
spectrum. The proton-coupled spectrum c o n f i i  that the 
six resonances are due to isomeric forms of the allylbenzene 
complex. The 13C(lH) and lH NMR spectra show evidence 
for only a cis bpy geometry, ruling out cis-trans isomers 
of the complex. One possible form of isomerism is through 
alkene- or alkyne-based rotamers which are magnetically 
distinct due to the asymmetry of the ring currents from 
the bpy ligands. For the allylbenzene complex (Figure 1) 
the rotamers interconvert very slowly at room temperature. 
However, the 13C(lH) NMR spectrum of the 3-hexyne 
complex in the region of the alkyne carbon atoms dem- 
onstrates that interconversion occurs at  room temperature, 
as evidenced by the appearance of only one carbon reso- 
nance, a t  -70 "C. The single resonance is split into two 
magnetically inequivalent lines a t  25 "C. The dynamics 
of the interconversion process are currently under inves- 
tigation. 


Both the osmium(I1) alkene and alkyne complexes un- 
dergo ligand displacement reactions, as shown, for example, 
for the substitution of styrene by acetonitrile in eq 5. 


A [ci~-Os"(bpy)2(~~-CH2=CHPh)Cl]+ + CHBCN 
[c~s-OS"(~P~)~(CH~CN)C~]+ + CH,=CHPh (5) 


Even more important is the exchange reaction between the 
3-hexyne complex and other unsaturated ligands (eq 6) 
[cis-Os"(bpy)2(t12-CH3CH2C~CCH2CH3)C1]+ + 
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1,2-C,JH.C1* 
CH,=CHPh ____+ 


20 min _ _  
[ c ~ s - O S " ( ~ ~ ~ ) ~ ( ? ~ - C H ~ = C H P ~ ) C ~ ] +  + 


CH3CH2C=CCH2CH3 (6) 


since it can serve as a preparative route to complexes which 
are inaccessible by the reaction shown in eq 1. For the 
example shown in eq 5, complete substitution by styrene 
in 50-fold excess occurs in 30 min in refluxing o-di- 
chlorobenzene. 


Cyclic voltammetry and controlled potential electrolysis 
experiments provide evidence for solution stable Os(II1) 
complexes derived from both [cis-O~"(bpy)~(r l~-  


CH2Ph)C1]+. A cyclic voltammogram of [cis-Os"(bpy),- 
(?2-CH2=CHPh)C1](PF6) in CH3CN with 0.1 M tetra- 
ethylammonium perchlorate (TEAP) as supporting elec- 
trolyte is shown in Figure 2a. In the voltammogram a 
reversible one-electron oxidation appears a t  El = 0.84 
V vs. the saturated calomel electrode (SCE). drom the 
voltammogram in Figure 2b recorded 1.5 h after electro- 
lytic oxidation of Os(I1) to Os(III), ca. 40% of the original 
osmium(II1) styrene complex was converted into [cis- 
0 ~ ~ ( b p y ) ~ ( C H ~ C N ) C l l ~ +  = 0.41 V). By contrast, 
solutions of [cis-O~~(bpy)~(q~-CH~=CHPh)Cl]~+ prepared 
by electrolytic oxidation in CH2C12 are stable for 1.5 h as 
shown by the voltammetric traces in Figure 2c and by 
electronic spectral measurements on the Os(I1) form after 


CH~CHFCCH~CH~)C~]+ and [cis-0s"(bpy)z(t2-CH2= 


(7) For example, Anal. Calcd for [0~(bpy)~(t~~-CH&HPh)Cl] (PFs): 
C, 42.73; N, 7.14; H, 3.07. Found C, 42.53; N, 7.04; H, 2.75. Anal. Calcd 
for [Os(bpy)*(C,Ha)](PF,),: C, 36.65; N, 6.33; H, 2.71. Found C, 37.19; 
N, 6.41; H, 2.67. 


' 5  10 c 5  0 
VOLTS (sscc)  


Figure 2. (A) Cyclic voltammogram of [cis-Osn(bpy),(l12-CHz= 
CHPh)Cl](PF,) in CH&N with 0.1 M TEAP as supporting 
electrolyte using a Pt bead as working electrode. (B) Cyclic 
voltammogram of the same complex 1.5 h after controlled potential 
electrolysis at +1.10 V (vs. SCE). (C) Cyclic voltammogram of 
the same complex taken in 0.1 M tetrabutylammonium hexa- 
fluorophosphate in CH2C12 taken before electrolysis (solid line) 
and 1.5 h after electrolysis at +1.10 V (dashed line). 


electrolytic reduction at  +0.2 V. 
Of considerable interest are the electronic effects of the 


hydrocarbon ligand on the metal and, ultimately, the effect 
of the metal on the chemical properties of the ligand. Two 
experimental probes into the nature of the metal-ligand 
interaction are the shifts in v(C==C) for the alkynes, Av, 
where Av = u(hydrocarbon) - u(comp1exed hydrocarbon), 
and Os(III)/Os(II) reduction potentials for both the alkene 
and alkyne complexes. For [ O S " ( ~ ~ ~ ) ~ ( ~ ~ - C H ~ C H ~ C =  
CCH2CHJC1]+ U(W)~ is 1980 cm-' (Au = 127 cm-l) while 
for [Osn(bpy),(.r12-DMAC)C1]+ v(C=C) is 1884 cm-' (Au = 
373 cm-'). The values of Au are more typical of values 
found for "weakly" bound cases as in complexes of Pt" and 
Run than of "strongly" bound cases as in Pt(0) complexesg 
where Au can be as large as 500 cm-'. In the latter cases, 
13C NMR studies have been interpreted as indicating a 
large contribution from a metallocyclopropene ring 
structure.1° Unfortunately, there appear to be no IR data 
on alkyne complexes derived from formal Os(0) precursors 
with which we can compare our data. 


The Os(III)/Os(II) redox potential is a sensitive probe 
of the relative stabilization of the two oxidation states by 
the a-donating and a-accepting properties of the ligands. 
Taube has presented evidence for osmium(I1) ammine 
complexes which suggests that dr(Os(I1))-r*(ligand) 
back-bonding interactions are the predominant determi- 
nant of relative redox potentials for Os(III)/Os(II) cou- 
p1es.l' Based on his argument and assuming that varia- 
tions in solvation energies between complexes are small, 
it is possible to use the Os(III)/Os(II) potentials (see Table 
I) to construct a relative ordering of r-acceptor properties 
of the hydrocarbon ligands compared to other a-accepting 
ligands which is as follows: NO+ > CO > DMAC > alkenes 


(8) This complex, although pure by elemenetal analysis, field desorp- 
tion mass spectrometry, and 'H NMR spectroscopy, shows another IR 
stretch at 1960 cm-I the nature of which is under investigation. 


(9) Hartly, F. P. Angew. Chem., Int. Ed .  Engl. 1972,II, 596. 
(10) Cook, C. D.; Won, K. Y. J.  Am. Chem. SOC. 1970,92, 2695. 
(11) Taube, H. h o c .  R. A u t .  Chem. Inst. 1975, 42, 139. See also: 


Taube, H. S u m  Prog. Chem. 1973,6, 1. 
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> C=NCH3 > PPh3 > 3-hexyne > CH3CN. 
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Summary: The synthesis and structural characterization 
of two new 64-electron butterfly clusters of ruthenium 
R u , ( C O ) , ~ ( ~ - P P ~ , ) ( ~ - ~ ~ - C ~ C - ~ - B U )  and Ru,(CO),(p- 


Bu).'/~C~H,, are described. The former crystallizes in 
space groups P2,/n with a = 8.941 (1) A, b = 10.209 (2) 
A, c = 39.753 (6) A, p = 95.62' and Z = 4. The latter 
crystallizes in space group P7 with a = 11.954 (1) A, b 
= 15.459 (2) A, c = 19.830 (4) A, a = 97.19 (1)' = 
74.35 (l)', and y = 71.26 (l)', and Z = 2. These 
electrowich clusters have almost planar Ru, frameworks 
with two or three elongated Ru-Ru bonds. The influence 
of electron count and ligand donation to the Ru, core on 
stereochemistry are discussed. 


PPh2)2(p-q2-CEC-t -Bu)(p3-q2-C=C-t -Bu)(Ph,PC=-t - 


Although the most common skeletal stereochemistry for 
homotetranuclear metal clusters is tetrahedral, a sub- 
stantial number of M4 species have now been characterised 
in which the metal framework has a "butterfly" configu- 
ration derived from the tetrahedron by cleavage of one 
metal-metal bond.'P2 Moreover, interest in the butterfly 
geometry has been greatly stimulated by the observation 
of enhanced reactivity for exposed carbidic carbon atoms 
bound in multisite fashion within the open nest-like 
frameworks of the butterfly clusters [HFe4(p4-C)(C0)1;], 
Fe4(p4-C)(CO)122-],3 and [Fe4(C0)13C]4 and of highly co- 
ordinated carbon monoxide in Fe4(C0)1$-.5i6 It is possible 
that the butterfly configuration of tetrametal fragments 
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Wiley: New York, 1980. 


(3) (a) Tachikawa, M.; Muetterties, E. L. J. Am. Chem. SOC. 1980,102, 
4541. (b) Beno, M. A., Williams, J. M., Tachikawa, M.; Muetterties, E. 
L. J. Am. Chem. SOC. 1980,102,4542. 


(4) Bradley, J. S., Ansell, G. B., Hill, M. E. J.  Am. Chem. SOC. 1979, 
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Figure 1. Definition of c, the nonbonding RwRu distance and 
4, the dihedral angle for an Ru4 butterfly. 


may play a subtle role in facilitating reactions of ligands 
bound between the *wingsn of the butterfly since in prin- 
ciple an exceedingly wide range of dihedral angles 29 and 
M-M nonbonding distances c (Figure 1) can be tolerated 
for any particular M4 fragment. For the known Fe4 clus- 
t e r ~ ~ - ~  there are some indications that the dihedral angle 
may be sensitive to electronic structure but unfortunately 
the range of compounds, dihedral angles, and electron 
counts is relatively small. We have recently characterised 
by X-ray diffraction several tetranuclear ruthenium 
clusters including two new compounds R U , ( C O ) ~ ~ ( ~ -  
PPh2)(p-v2-C=C-t-Bu) and RU~(CO),(~-PP~,)~(~-~~-C~ 
C-t-Bu)(p3-v2-C=C-t-Bu)(Ph2PC=C-t-Bu) with highly 
unusual, almost planar, Ru4 frameworks which are de- 
scribed herein. These tetraruthenium clusters show un- 
precedented variations in butterfly geometry. Our results, 
together with other scattered data in the literature, suggest 
that electron donation from the ligands can play a major 
role in influencing butterfly geometry, with higher electron 
comb favoring larger dihedral angles, flattening of the Ru, 
butterfly, and Ru-Ru bond lengthening. These steps may 
be part of a logical sequence of stereochemical changes 
leading from a tetrahedral (60 electrons, six M-M bonds) 
geometry through a butterfly (62 electrons, five M-M 
bonds) core to a metal skeleton with only four M-M bonds. 
The results, which indicate the versatility of the butterfly 
structural unit, may have important ramifications for the 
modification and reactivity of clusters. 


Structural data for the new butterfly s t r u c t ~ r e s , ~ J ~  to- 
gether with a selection of other data for Ru, and mixed 


(7) Manassero, M.; Sansoni, M.; Longoni, G. J. Chem. SOC., Chem. 
Commun. 1976,919. 


(8) Whitmire, K.; Shriver, D. F.; Holt, E. M. J. Chem. SOC., Chem. 
Commun. 1980, 780. 


(9) Ru4(CO),3 (p-PPhz)(p-s2-CIC-t-Bu) was synthesized in -10% 
yield as one product of the controlled decomposition of RU~(CO)~,  
(PhzPC4-t-Bu).'0 A dark blue band separated on Florisil (eluant 
benzene-heptane) afforded red-brown crystals when evaporated to dry- 
ness and recrystallized under a CO atmosphere [u(CO) CBH12, 2076 (m), 
2060 (m), 2041 (a), 2034 (vs), 2023 (vs), 2010 (m), 1998 (a), 1985 (m), 1972 
(m), cm-'1. Rul(CO)s(r-PPh2)z(p-C~-t-Bu)(r,-C~-t-Bu)(Ph,PC~- 
t-Bu) was obtained as a minor product (-10%) from the pyrolysis of 
Rus(C0)8(PhzPC~-t-Bu)~11 in toluene. The last red band eluted (31 
benzene-heptane) from a Florisil column gave red crystals (v(C0) 2034 
(vs), 2014 (a), 1984 (m), 1973 (m), 1967 (a), 1950 (a), 1938 (w) cm-'1. The 
phosphinidene derivative RU, (CO)~~(PP~)  (red crystals from heptane- 
benzene) is the major product (-50%) of thermolysis of the coordinately 
unsaturated cluster R U ~ ( C O ) , ( ~ - P P ~ ~ ) ( H ) . ~ ~  Full details of the synthesis 
and spectroscopic properties of these clusters will be presented elsewhere. 


(10) Carty, A. J.; MacLaughlin, S. A.; Taylor, N. J. J. Organomet. 
Chem. 1981,204, C27. 


(11) Carty, A. J.; Taylor, N. J.; Smith, W. F. J. Chem. SOC., Chem. 
Commun. 1979,750. 


(12) Carty, A. J.; MacLaughlin, S. A.; Taylor, N. J. Can. J. Chem. 1982, 
60, 87. 


(13) X-ray crystal data: Rul(CO),,(p-PPh2)Gc,-s2-C~-t-Bu); mol w t  
1034.7, a = 8.941 (l), b = 10.209 (Z), c = 39.753 (6) A; ,3 = 95.62 (1)'; space 
group P2,/n; V = 3611 (1) A; pm = 1.90, pc = 1.903 g ~ m - ~ ,  Z = 4; p(Mo 
Ka) = 17.08 cm-'; R = 0.036, R, = 0.042 based on 3210 observed reflec- 
tions (S tex P2, diffractometer). Ru4(CO),(p-PPh2)2(p-s2-C4-t- 
B u ) ( p 3 - ~ ~ 4 - t - B u ) ( P h z P C ~ - t - B u ) ~ l / 2 C , H 1 4 :  mol wt 1470.4, a = 
11.954 (l), b = 15.459 (2), c = 19.830 (4) A; a = 97.19 (l)', B = 74.35 (lo), 
y = 71.26 (1)O; space group Pi; V = 3250.0 (7) A3; pm = 1.50, pc = 1.502 
g cm", 2 = 2; p(Mo Ka) = 10.16 cm-'; R = 0.037, R, = 0.046 based on 
5298 observed diffractometer measurements. Listings of atomic coor- 
dinates and bond lengths and angles for both structures are available as 
supplementary data. 
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> C=NCH3 > PPh3 > 3-hexyne > CH3CN. 
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Summary: The synthesis and structural characterization 
of two new 64-electron butterfly clusters of ruthenium 
R u , ( C O ) , ~ ( ~ - P P ~ , ) ( ~ - ~ ~ - C ~ C - ~ - B U )  and Ru,(CO),(p- 


Bu).'/~C~H,, are described. The former crystallizes in 
space groups P2,/n with a = 8.941 (1) A, b = 10.209 (2) 
A, c = 39.753 (6) A, p = 95.62' and Z = 4. The latter 
crystallizes in space group P7 with a = 11.954 (1) A, b 
= 15.459 (2) A, c = 19.830 (4) A, a = 97.19 (1)' = 
74.35 (l)', and y = 71.26 (l)', and Z = 2. These 
electrowich clusters have almost planar Ru, frameworks 
with two or three elongated Ru-Ru bonds. The influence 
of electron count and ligand donation to the Ru, core on 
stereochemistry are discussed. 


PPh2)2(p-q2-CEC-t -Bu)(p3-q2-C=C-t -Bu)(Ph,PC=-t - 


Although the most common skeletal stereochemistry for 
homotetranuclear metal clusters is tetrahedral, a sub- 
stantial number of M4 species have now been characterised 
in which the metal framework has a "butterfly" configu- 
ration derived from the tetrahedron by cleavage of one 
metal-metal bond.'P2 Moreover, interest in the butterfly 
geometry has been greatly stimulated by the observation 
of enhanced reactivity for exposed carbidic carbon atoms 
bound in multisite fashion within the open nest-like 
frameworks of the butterfly clusters [HFe4(p4-C)(C0)1;], 
Fe4(p4-C)(CO)122-],3 and [Fe4(C0)13C]4 and of highly co- 
ordinated carbon monoxide in Fe4(C0)1$-.5i6 It is possible 
that the butterfly configuration of tetrametal fragments 
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Figure 1. Definition of c, the nonbonding RwRu distance and 
4, the dihedral angle for an Ru4 butterfly. 


may play a subtle role in facilitating reactions of ligands 
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ciple an exceedingly wide range of dihedral angles 29 and 
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precedented variations in butterfly geometry. Our results, 
together with other scattered data in the literature, suggest 
that electron donation from the ligands can play a major 
role in influencing butterfly geometry, with higher electron 
comb favoring larger dihedral angles, flattening of the Ru, 
butterfly, and Ru-Ru bond lengthening. These steps may 
be part of a logical sequence of stereochemical changes 
leading from a tetrahedral (60 electrons, six M-M bonds) 
geometry through a butterfly (62 electrons, five M-M 
bonds) core to a metal skeleton with only four M-M bonds. 
The results, which indicate the versatility of the butterfly 
structural unit, may have important ramifications for the 
modification and reactivity of clusters. 
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Table I. Structural Parameters for Selected Ruthenium "Butterfly" Clusters 


compd a @, deg c, a count ref 
av Ru-Ru, e l e ~ t r o n ' ~  


2.819 91.0 3.452 62 14 
2.892 111.24 4.012 62 12 


(PPN)(Ru,(CO),,~) 
Ru,(CO),(PPh,),(C~C-t-Bu),(PPh,C~C-t-Bu) 2.976 167.04 5.001 64 this work 


64 this work Ru4(C0), ,(PPh, XCrC-t-Bu) 3.032 176.93 5.259 
3.128 177.85 5.163 64 1 7  
2.818 116.6 3.892 62 20 


Ru,( CO) o( OH)( PPh, )( CzCH-i-Pr ) 2.766 141.49 4.124 64 18 
Ru,(CO), ,(OEX)(PPh,)(C=CH-i-Pr) 2.758 143.69 4.150 64 18 


Ru4(C0)1 


Ru3Fe(C0)1,(PPh, ) Z  
Ru3Ni( CO),(C,H,)(C=CH-t-Bu) 


Figure 2. Molecular structure of R U ~ ( C O ) ~ ~ ( ~ - P P ~ ~ ) ( ~ - ~ ~ - C ~  
C-t-Bu) with Ru4 skeleton inset. 


Ru/Fe or Ru/Ni clusters, are gathered in Table I. Figure 
1 defines the various parameters. ORTEP plots of Ru4- 


(p-q2-C=C-t-Bu)(p3-q2-C=C-t-Bu)(Ph2PC4-t-Bu) are 
shown in Figures 2 and 3, which also illustrate the skeletal 
geometry of each cluster. In R U ~ ( C O ) ~ ~ ( ~ - P P ~ ~ ) ( ~ - ~ ~ - C =  
C-t-Bu) the phosphido group and the acetylide ligand 
bridge adjacent edges of one Ru3 triangle. In the octa- 
carbonyl cluster one acetylide is edge bridging and the 
other face bonded as a five-electron ligand. 


It is immediately obvious from Table I and Figure 1 that 
there are dramatic differences in butterfly geometry for 
these Ru4 species, with dihedral angles varying from 91.0' 
for PPN[Ru~(CO) ,~C~] '~  to 176.93' for R U ~ ( C O ) ~ ~ ( ~ -  
PPh2)(p-q2-Cd-t-Bu) and nonbonding R w R u  distances 
ranging from 3.452 to 5.259 A. The latter distances can 
be compared with the longest bonding Ru-Ru contact of 
2.947 (6) 8, in closed, tetrahedral HzR~4(C0)13.'5 Re- 
markably, a flattening of the M4 butterfly as & and c in- 
crease is accompanied by a gradual but emphatic length- 
ening of the average ruthenium-ruthenium distance. In 
the limit of an almost planar M4 skeleton, exemplified by 


the Ru-Ru bond lengths (Ru(2)-Ru(3) = 3.157 (1) and 
Ru(3)-Ru(4) = 3.197 (1) A), in one deltahedral fragment 
are exceptionally long when compared to the average 
Ru-Ru distance in R U ~ ( C O ) ~ ~  (2.8555 A).16 Similar fea- 
tures are evident in the mixed-metal cluster" RusFe- 
(C0)13GL2-PPh2)2, where the skeleton approaches planarity 


(CO)l3(p-PPh2)(~.tl2-C4-t-Bu) and R u ~ ( C O ) & L - P P ~ ~ ) ~ -  


R~4(C0)13(p-PPh2)(p- .r l~-C~-t -B~~)(~  = 176.93'), two of 


(14) Steinmetz, G. R.; Harley, A. D.; Geoffroy, G. L. Inorg. Chem. 


(16) Yawney, D. B. W.; Doedens, R. J. Inorg. Chem. 1972, 11, 838. 
(16) Churchill, M. R.; Hollander, F. J.; Hutchineon, J. P. Irwrg. Chem. 


1980,19,2986. 


1977,16,2666. 


1981, 213, 179. 
(17) Churchill, M. R.; Bueno, C.; Young, D. A. J.  Organomet. Chem. 


Figure 3. A perspective view of the molecule RU~(CO)~(I- 
PPhz),(jt-v2-C=C-t-Bu) &-&hC-t-Bu) (Ph,PW-t-Bu). The 
almost flat Ru, skeleton is inset. 


(Table I). In sharp contrast only four short Ru-Ru bonds 
(average 2.766 and 2.758 A, respectively) are present in the 
vinylidene-based clusters'* R u ~ ( C O ) ~ & ~ - O H ) ( ~ -  
PPh2)(p4-C=CH-i-Pr) and R u ~ ( C O ) ~ ~ ( ~ ~ - O E ~ )  (p- 
PPh2)(p4-C=C-i-Pr), the "hinge" ruthenium-ruthenium 
distances of 3.455 (1) and 3.367 (1) 8, being arguably 
nonbonding. It is interesting that while these compounds 
have four M-M bonds, the skeletal geometry does not 
correspond to the square or metal coordinated triangular 
array usually predicted for M4 species with four M-M 
bonds.' Presumably the shallow butterfly configuration 
adopted represents a compromise between an idealized 
square framework and the stereochemical demands of the 
bridging ligands. 


Closer inspection of the molecules in Table I reveals an 
unmistakable correlation of skeletal geometry with elec- 
tronic  structure^.^^ The 62-electron Ru4 clusters Ru4- 
(C0)13(PPh)12 and PPN[RU,(CO)~~C~] '~  as well as the 
mixed 62-electron species RU~N~(CO)~(~~-C~H~)(P~-C= 
CH-t-Bu),20 as predicted have butterfly structures derived 
from a 60-electron tetrahedron by rupture of one metal- 
metal bond. Here the butterfly is "steep" with dihedral 
angles between the wings of 91-116.6'. In the more 


(18) Carty, A. J.; MacLaughlin, S. A.; Taylor, N. J. J. Chem. Soc., 
Chem. Commun. 1981,476. 


(19) The donor characteriatics of the ligands in these clusters are those 
normally associated with the particular bonding mods shown by X-ray 
crystallogra hy. Thus: CO-2 e; p-PPhz-3 e; p3-PPh-4 e; p - T 2 - C 4 - t -  
Bu-3 e, p3-$C+-t-Bu-5 e; ps-OH, OEt-5 e; p-C1-3 e; p,C=CH-i-Pr-4 
e. 


(20) Sappa, E.; Tiripicchio, A.; Tiripicchio-Camellini, M. Inorg. Chim. 
Acta 1980,41, 11. See also ref 26. 
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in electron density resulting from ligand donation.23 In 
principle therefore modification of a butterfly geometry 
should be possible via a change in ligand donor charac- 
teristics. Modification of cluster geometry in this way 
could have important ramifications for cluster reactivity. 
In addition, it seems apparent that within the regime of 
62-64 electrons, for four atom clusters there is considerable 
scope for structural change prior to M-M bond rupture. 
“Opening” of the butterfly and M-M bond lengthening 
may precede M-M cleavage. The implications of this for 
the detailed electronic structure of M4 butterflies are under 
active investigation. 
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electron-rich, formally 64-electron compounds Ru4(C0)8- 


t-Bu) and Ru,(CO),~(~-PP~,)(~-~~-C~C-~-BU) as well as 
R ~ ~ F e ( c o ) ~ ~ ( p - P P h ~ ) ~  the metal polyhedra are almost 
planar with values of 4 close to 180’. However the ex- 
pected cleavage of a second M-M bond on progressing 
from a 62-electron to 64-electron count is not evident. 
Instead a marked lengthening of specific M-M bonds, 
compared to the 62-electron species, is apparent. We see 
the interesting feature that for these M4 butterflies the 
“shallowness” of the butterfly and the degree of distortion 
from a 60-electron tetrahedron increases with increasng 
ligand donation to the core.21 Moreover, opening of the 
butterfly is accompanied by Ru-Ru bond weakening in one 
specific fragment of the polyhedron. A similar preference 
for two weaker M-M bonds rather than one strong in- 
teraction has been noted by Adams in the osmium cluster 
O S ~ ( C O ) , ~ ( ~ - S ~ ) . ~ ~  It is significant, however, that in the 
electron precise 64 electron vinylidene clusters Ru4- 
(CO),,(pu,-OR)(p-PPh2)(p4-C=CH-i-Pr) (R = H, Et) where 
rupture of a second metal-metal bond has indeed occurred, 
the four remaining Ru-Ru distances are short. 


The above results prompt several observations. Clearly 
Ru, butterfly stereochemistry is quite sensitive to changes 


(p-PPh2)2(p-q2-CeC-t-B~) (p3-q2-C=C-t-But) (PPh,C=C- 


(21) The smaller dihedral angle in R U ~ ( C O ) ~ ( ~ - P P ~ ~ ) ~ ( ~ - ~ ~ - C ~ - ~ -  
B ~ ) ~ ( ~ ~ - ~ ~ - C ~ - t - B u ) ( P h ~ P C ~ - t - B u ) ( 1 6 7 . 0 4 ~ )  than in RU~(CO)~& 
PPhz)(p-qz-Cd-t-Bu) is consistent with somewhat reduced ligand do- 
nation to the Ru4 core. Examination of the structure (Figure 3) shows 
that the Ru(4)4(22) bond (2.620 (8) A) in the former is extremely long 
when compared to Ru(4)4(21) (2.292 (7) A), indicating that while the 
stereochemistry of the acetylide is appropriate for a 2-electron 11 inter- 
action with Ru(4), this bond is weak. Accordingly donation of the full 
formal complement of three electrons for this acetylide seems unlikely. 
For the latter the Ru(3bacetylide interaction (Ru(3)4(14) = 2.285 (8) 
A, Ru(3)4(15) = 2.509 (8) A) is stronger although still asymmetric. 


(22) Adams, R. D.; Yang, L. W., personal communication. 


(23) A reviewer has suggested that the large dihedral angles for the 
electron-rich 64-electron Ru, clusters described herein may be a conse- 
quence of the lack of ligand bridging between the wing tips of the but- 
terfies. However, the absence of wing tip bridging ligands does not 
preclude much smaller dihedral angles. Thus in Ru4(CO)8[glyoxal bis- 
(i~opropylimine)]~, formally a 64-electron cluster, there are four strong 
and one weaker Ru-Ru bonds, with no ligand bridging the wing tip atoms. 
The dihedral angle is 142.2’.% 


(24) Staal, L. H.; Polm, L. H.; Vrieze, K.; Ploeger, F.; Stam, C. H. 
Znorg. Chem. 1981,20, 3590. 


(25) Note added in proof. We have recently shown that this molecule 
is actually a hydride, (a-H)Ru3Ni(CO)&C=CH-t-Bu): Carty, A. J.; 
Taylor, N. J.; Sappa, E.; Tiripicchio, A., submitted for publication. 
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Additions and Corrections 
R. R. Burch, E. L. Muetterties, and V. W. Day: Dehy- 
drogenation of 1,3-Cyclohexadiene by (HRh[P(O-i- 
C3H7)3]2}2. Preparation, Dynamic NMR, and X-ray Crystal 
Structure of [q3-CH2C6(CH3)5]Rh[P(0-i-C3H,)3]2 1982,1, 
188. 


The simulations of the AB portion of NMR spectra for 
the ABX spin system reported in Table I contain an in- 


Table I. Temperature Dependence of the ABX Pattern 


[q 3-CH,C,(CH, )< lRh[P(O-iG,H, 
Observed in the 31P{1H} NMR Spectra for 


chem shifts, ppm coupling constants,c Hz 


temp,"C P A  PB JAB JAX JBX 


-110 154.57 156.93 82.04 260.98 383.45 
-100 154.27 156.52 82.61 260.25 386.37 


-90 153.99 156.14 82.78 260.98 387.83 
-75 154.19 155.91 83.52 260.98 389.29 
-65 154.07 155.44 82.96 247.86 377.62 
-45 153.67 154.90 82.48 259.52 395.12 
-25 153.31 154.05 82.20 260.87 397.65 
-10 153.21 153.72 83.25 261.38 399.79 


-5 152.57 153.35 83.00 266.18 395.36 
0 152.28 152.56 83.29 261.30 401.61 


t 1 0  152.53 152.84 82.85 260.91 403.51 
+15  152.51 152.69 82.89 260.72 404.28 
t 2 0  152.99 152.75 83.15 260.25 405.32 
t 3 5  152.97 152.33 82.95 266.09 401.68 
+50 152.90 151.79 82.56 261.23 404.40 
t 6 5  152.82 151.52 82.90 261.20 411.94 
t 8 0  152.76 150.94 82.12 261.93 412.93 


Spectra below -75 "C were recorded in toluene-d,/ 
C,H,, (1:3). Other spectra were recorded in toluene-d,. 


These temperature-dependent spectral changes were 
fully reversible. 
were determined by simulation of  the observed spectra. 


correct set of data for several of the entries. This mistake 
was a consequence of the fact that ABX spin systems are 
not uniquely determined by the AB portion. The correct 
set of data is in this new version of Table I. We emphasize 
that these corrected data are fully consistent with the 
equilibrium proposed (eq 6, pp 193-4). The reader should 
accordingly reinterpret footnote 42b as follows. The 
DNMR 31P spectra show that the smaller Jpm coupling 
constant is temperature invariant and the other increases 
with temperature but remains the larger of the two JPRh 
coupling constants. It therefore follows that the shorter 
rhodium-phosphorus bond distance in the q3 form of the 
molecule is also the shorter in the q5 excited-state form. 
(We thank Dr. Gregory S. Girolami for pointing out the 
mistake in Table I.) 


Chemical shifts and coupling constants 





