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Complexes of the type M'(ML,)< were prepared from the reaction of bis(transition-metal carbonyl)-group 2B metal acceptors, 
M'(ML,),, where M' is Zn, Cd, or Hg, with metal carbonyl anions, ML; = FeCp(CO),, WCP(CO)~,  CrCp(CO),, and 
C O ( C O ) ~  (Cp = $-C5H5), in dichloromethane or tetrahydrofuran. Among the crystalline complexes isolated was (n- 
Bu),N+Zn[FeCp(CO),] <, which was characterized by singlecrystal X-ray structure analysis. This compound crystallizes 
in space group P2Jc with Z = 4 and monoclinic unit cell dimensions a = 9.8192 (3) A, b = 21.813 (7) A, c = 18.650 
( 5 )  A, and @ = 106.93 (2)O. This is the first tetrametal trigonal-planar zinc complex and has an average Zn-Fe distance 
of 2.541 A. A partially refined X-ray structure of Me4N+Hg[Co(CO)4]< revealed trigonal-planar wordination about mercury. 
By analysis of infrared spectroscopic data, approximate formation constants were determined for the complexes. For all 
complexes studied, the magnitudes of these constants were in the order Cd > Zn > Hg. The relative magnitudes of the 
formation constants were found to depend on M', ML,, and solvent in a systematic way. Increasing the basicity of ML, 
in M'(ML,), decreases the magnitude of the complex formation for a given anion. Complex formation is decreased in 
solvents with high donor numbers. Evidence was also obtained for the equilibrium nature of complex formation. 

Introduction 
Although there has been a great deal of study of the Lewis 

acidity of the group 2B metals, very little is known about the 
structure of the acid-base complexes they form. The best 
studied complex, H ~ [ C O ( C O ) ~ ]  3-, was first postulated to be 
a radical anion, H~[CO(CO)~]~;' and later correctly identified 
as a tetrametallic cluster by several By analysis 
of infrared (IR) spectra and by derivative formation, the 
compound was identified as an adduct between the Lewis acid 
H~[CO(CO)~] ,  and the base Co(CO),-, but the structure re- 
mained unknown. 

Prior to this work there were no definitive structural studies 
of three-coordinate zinc or cadmium. Recently Boersma and 
co-workers described the structure of an internally coordinated 
organozinc-transition metal compound, (CH3)*N- 
(CH2)sZnW(q5-C5H5)(C0)3, which contains a nearly planar 
sphere including carbon, nitrogen, and tung~ten.~ Only one 
structure of a complex containing a transition metal coordi- 
nated to three-coordinate mercury has been described, viz. 
[Ru(C~),H~C~,]RUC~~(H~C~,)~,~ which contains one trigonal, 
one tetrahedral, and one octahedral mercury. The five-co- 
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(4) Cleland, A. J.; Fieldhouse, S. A.; Freeland, B. H.; Mann, C. D. M.; 
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van der Kerk, G. J. M.; Spek, A. L.; Duisenberg, A. J. M. J.  Organomer. 
Chem. 1983, 243, 137. 
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ordinate complex [ C O C ~ ( C O ) ~ ] H ~ C ~ ,  is trigonal bipyramidal, 
with very long intermolecular axial Hg-Cl interactions, so it 
is assigned a primary coordination number of 3.' 

Although structural studies of complexes formed from group 
2B Lewis acids and transition-metal Lewis bases are scarce, 
there have been several studies of these complexes. In addition 
to those already mentioned, the following complexes have been 
described: [Mo(me~)(CO)~]HgC1,,8 Fe(C0)3L2HgC12,' Fe- 
(CO)5HgC12,9 and Hg[FeCp(C0)2]2Bu-.10 The complex 
Hg[ FeCp(CO)2]3- has been formed from the electrochemical 
reduction of Hg[FeCp(CO),12 at a dropping-mercury electrode 
and by the reaction of Hg[FeCp(CO),], with FeCp(CO),-." 
The formation of a complex from Hg[Co(CO),], and X- (X 
= C1, Br)3J2 has also been observed. The only reported adducts 
containing cadmium are Cd[MoCp(CO)J,I-, Cd[MoCp- 
(CO)3]12-,13 and CdCo(CO),Br2-.14 No adducts with metal 
bases have been reported for zinc besides those in our pre- 
liminary report of this work.llb 

(7) (a) Nowell, I. N.; Russell. D. R. Chem. Commun. 1967, 817. (b) 
Adams, D. M.; Cook, D. J.; Kemmit, R. D. W. J .  Chem. SOC. A 1968, 
1067. 

(8) Edgar, K.; Johnson, B. F. G.; Lewis, J.; Wild, S .  B. J .  Chem. SOC. A 
1968, 2851. 

(9) Hock, H.; Stuhlmann, H. Chem. Ber. 1928, 61, 2097. 
(10) Cohen, S .  C.; Sage, S. H.; Baker, W. A.; Burlitch, J. M.; Petersen, R. 

B. J. Organomet. Chem. 1971 27, C44. 
(11) (a) Miholova, D.; Vlcek, A. A. Inorg. Chim. Acra 1980, 41, 119. (b) 

Burlitch, J. M.; Petersen, R. B. Absrr. Pap., Jr. Conj-Chem. Iwt. Can. 
Am. Chem. SOC., 1970, No. INOR 25. 

(12) Burlitch, J. M. J. Am. Chem. SOC. 1969, 91, 4563. 
(13) Mays, M. J.; Robb, J. D. J .  Chem. SOC. A 1969, 561. 
(14) Ruff, J. K. Inorg. Chem. 1968, 7 ,  1499. 

0020-1669/83/1322-3407$01.50/0 0 1983 American Chemical Society 



3408 Inorganic Chemistry, Vol. 22, No. 23, 1983 

Table I. Experimental Conditions for Formation of M'(ML,), - Complexes 

Petersen et al. 

accept or anion salt 

Co(CO),-Na' 
Co(CO), -K+ 
Co(CO),-Me,N+ 

Co(CO),-Ph,As+ 
Co(CO), -(Ph ,P) , N +  
Co(CO), -Me,N+ 
Co(CO), -Me," 

Co(CO), -(Ph, PI, N +  

Co(CO), -(Pz-Bu),N+ 

WCp(CO), -(n-Bu),N+ 

WCp(CO), -(n-Bu),N+ 
WCp(CO), -(n-Bu),N+ 
Co(CO), -(Ph,P) + 

Co (CO), -(Ph,P),N + 

Co(CO), -(Ph 3P)1 N' 
Co(CO), -(Ph 3P) ,N+ 
Co(CO),-(Ph,P),N+ 
Co(CO), -(Ph,P),N+ 

Co(CO),-Me,N' 
Co (CO), -(Ph ,P) , N + 

Co(CO), -(n-Bu),N + 

Co(CO), -(n-Bu),N+ 
WCp(CO),-(n-Bu),N' 
WCp (CO) - (~-Bu) ,  N + 

WCp(CO), -(n-Bu),N+ 
WCp(CO), -(n-Bu),N+ 
WCp(CO), - (~-Bu),N+ 
WCp(C0) -(n-Bu),N' 
FeCp(CO),-(n-Bu),N+ 
FeCp(CO), -(n-Bu),N+ 
FeCp(CO), -(n-Bu),N' 

reacn solvent solvent for recrystn % yield 
THF a 
THF CH ,C1 , /methanol 30 
THF/methanol CH , C1 , /hexane 76, e 
THF a 
THF/methanol a 
CHlcL a 
THF/methanol CH ,C1 , /hexane 70 
THF CH,Cl, 5 3  
CH,C1, a 
CH,Cl, a 
CH,Cl, a 
CH,Cl, a 
CHIC1, c 
CHZCl, c 
CH,Cl, a 
CH,(J, a 
CH,Cl, c 
CH,Cl, a 
THF d 
CH,Cl, CH,Cl,/methanol 15 
CH,(J, a 
THF c 
THF C 
CH,Cl, CH,Cl,/hexane 40 
THF CH ,Cl,/toluene 67 
CH,Cl, c 
CHaCIz a 
CH,Cl, c 
THF THF/hexane 44 
THF THF/toluene 83 
THF THF/hexane 92, e 

a This system showed evidence of complex formation by infrared spectroscopy only; see Table 111. Requires careful adjustment of 
temperature and concentration; see text. 
in THF. When solvent is removed bv TTVD and the resultinn solid is dissolved in CH,Cl,, complex formation is observed. e Characterized 

Showed no complex formation in CH,Cl, by IR spectroscopy. Showed no complex formation 
I 

by X-ray single-crystal analysis. 

In this paper we report the preparation of several complexes 
of the type M'(ML,J3-, including several containing zinc. The 
formation of the complexes was  followed by IR spectroscopy, 
and formation constants were determined. This allowed the 
factors which affect complex formation to be assessed.15 

Experimental Section 
All operations involving air-sensitive materials were carried out 

under a purified argon atmosphere. The apparatus and techniques 
for handling air-sensitive compounds have been described in detail 
elsewhere." Infrared spectra were recorded either on a Perkin-Elmer 
Model 337 spectrophotometer, calibrated with polystyrene, or, in 
expanded form, on a Perkin-Elmer Model 521 spectrometer calibrated 
with Dcl  using elis described previously.17 Melting points were taken 
in sealed, argon-filled capillaries with use of a Buchi apparatus and 
are corrected. Elemental analyses were carried out by F. Pascher, 
Bonn, Germany, and A. Bernhardt, Miillheim, Germany. Nuclear 
magnetic resonance spectra were obtained on a Varian A-60A in- 
strument. 

Reagents. All solvents were reagent grade and were degassed and 
distilled from appropriate drying agents directly into the reaction 
vessels." 

The following compounds were prepared by literature methods: 

B U ) , N + F ~ C ~ ( C O ) ~ - , I ~  Et4N+FeCp(C0)2-,19 H ~ [ C O ( C O ) ~ J ~ , ~ ~  Cd- 
[ C O ( C O ) ~ ] ~ , ~ ~  Z~[CO(CO),] , ,~ ' ,  Hg[CrCp(CO)3]2,z2 Cd[CrCp- 
(Co)312,21 Zn[Cfl~(CO)312,2~ H g [ w C ~ ( W 3 1 2 , ~  C ~ [ W C P ( C O ) ~ I ~ , ~ ~  

(Ph3P)2NC1,I8 ( P ~ ~ P ) ~ N + C O ( C O ) ~ - , "  ( ~ - B u ) ~ N + W C ~ ( C O ) ~ - , ' ~  (n- 

(15) Portions of this work were taken from the Ph.D. thesis of R.B.P.I6 
(16) Petersen, R. B. Ph.D. Thesis, Cornell University, 1973. 
(17) Burlitch, J. M.; Theyson, T. W. J.  Chem. Soc., Dalton Trans. 1974, 828. 
(18) Ruff, J. K.; Schlientz, J. W. Inorg. Synrh. 1974, 15, 85. 
(19) Burlitch, J. M.; Leonowicz, M. E.; Petersen, R. B.; Hughes, R. E. Inorg. 

Chem. 1979, 18, 1097. 
(20) King, R.,B. "Organometallic Syntheses"; Ewh, J. J., King, R. B., Us.; 

Academic Press: New York, 1965; Vol. 1, p 101. 
(21) Burlitch, J. M.; Ferrari, A. Inorg. Chem. 1970, 9, 563. 
(22) King, R. B.; Stone, F. G.  A. Inorg. Synth. 1963, 7 ,  99. 

Zn[WCp(CO)3]2,21 H ~ [ F ~ C P ( C O ) ~ ] ~ , ~ ~  C ~ [ F ~ C P ( C O ) ~ ] ~ , ~ ~  Zn- 
[ F d ~ ( C O ) z l 2 ? ~  H ~ F ~ P ( ~ ) ~ W C O ) ~ , ~  H ~ W C P ( C O ) ~ C O ( C O ) ~ , ~  
Hg [ C O ( C O ) ~ ( P P ~ , ) ]  2?7 and [Ni(phen),] [ Co( CO),] z.2* 

Due to the large number of compounds synthesized, only two 
synthesis reactions will be described in detail. The other clusters were 
prepared by similar procedures using the conditions listed in Table 
I. Physical properties of the complexes and analytical data are given 
in Table 11. 

Preparation of Me4N'HS[Co(CO),]3-. A solution of 0.543 g (1 .OO 
mmol) of H ~ [ C O ( C O ) ~ ] ~  in 15 mL of T H F  was stirred for 30 min 
with 70 g of sodium amalgam. Filtration through a "fine" frit 
into a Schlenk reaction vessel (SRV) gave a clear, colorless solution, 
which was added to a solution of 0.219 g (2.00 mmol) of tetra- 
methylammonium chloride in 10 mL of methanol. The mixture was 
stirred at  room temperature for 12 h, was digested at  50 OC without 
stirring for 30 min, and was filtered through a "fine" frit containing 
Celite into a SRV to afford a clear, colorless solution. Addition of 
1.086 g (2.00 mmol) of H~[CO(CO)~] ,  gave a dark red-brown solution. 
Removal of the solvent by trap-to-trap vacuum distillation (TTVD) 
left a crystalline red-brown solid. Methylene dichloride (25 mL) was 
added to give a dark red-brown solution with a small amount of 
undissolved off-white solid, presumably C O ( C O ) ~ - M ~ ~ N + .  Cooling 
to -10 OC dissolved the off-white solid. At -5 OC, 3 mL of hexane 
was added to the solution, which was then filtered through a "fine" 
frit into a SRV and cooled slowly from -5 to -50 OC. The brown- 
orange supernatant liquid was decanted, and the dark red-brown 
crystals were dried under vacuum to afford 1.203 g (76.5 %) of 
Me4N+Hg[Co(C0)4]3-, mp 118-120 O C .  

Preparation of (~-BU)~N+Z~[F~C~(CO)~]). A solution of 0.089 
g (0.25 mmol) of [FeCp(CO),], in 20 mL of T H F  was stirred for 
1'/2 h a t  room temperature with 70 g of sodium amalgam (15 
mmol of Na)  in a SRV. The resulting cherry red solution of Na+- 

(23) Piper, T. S.; Wilkinson, G. J .  Inorg. Nucl. Chem. 1956, 3, 104. 
(24) Reference 20, p 151. 
(25) Dighe, S. V.; Orchin, M. J .  Am. Chem. SOC. 1964, 86, 3895. 
(26) Mays, M. J.; Robb, J. D. J.  Chem. SOC. A 1968, 329. 
(27) Hieber, W.; Breu, R. Chem. Ber. 1957, 90, 1259. 
(28) Hieber, W.; Schulten, H. 2. Anorg. Allg. Chem. 1937, 232 17. 
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Table 11. Analyses and Physical Properties of M‘(ML,),(M”L,),-,- Complexes 

% calcd % found 

complex color mpy “C C H C H 
Co (CO) ., 1 , Hg ‘K + dk red-brown 

[Co(CO),] ,Hg-Me,N+ dk red-brown 

,Cd-Me,N+ yellow 

,Zn-Me,N+ yellow 

[WCp(CO),] ,Cd-Me,N+ yellow 
,],Cd-(n-Bu),N+ yellow 

[WCp(CO),] ,Zn-(n-Bu),N+ yellow 

[ FeCp(CO), ] ,Hg-(n-Bu),N+ 

[ FeCp(CO), ] ,Cd-(n-Bu),N+ maroon 

[FeCp(CO),] ,Zn-(n-Bu),N+ red 

v dk purple 

a Melting points taken in argon-filled capillaries. 

FeCp(C0); was added to 0.210 g (0.50 mmol) of Zn[FeCp(CO)z]z 
in a SRV. Although the solution showed no color change, an infrared 
spectrum showed extensive complex formation: v(C0) in T H F  a t  
1972 (m, sh), ca. 1950 (w, sh), 1941 (s), 1924 (vs), 1869 (s), 1852 
(m), and 1835 (m) cm-’. This solution was added to 0.161 g (0.50 
“01) of tetra-n-butylammonium bromide in a SRV, and the mixture 
was stirred for 10 h at  room temperature and then was filtered through 
a “fine” frit containing Celite into a SRV to give a clear, cherry red 
solution. Addition of 15 mL of hexane a t  50 OC followed by slow 
cooling to -25 O C  gave red, octahedral, slightly air-sensitive crystals. 
The supernatant liquid was decanted, and the crystals were dried under 
vacuum to afford 0.385 g (92%) of (~-BU),N+Z~[F~C~(CO)~],-, mp 
140-143 OC. 

Separation of Me4N+Hp[Co(C0),],- into Its Components by Pre- 
cipitation as Hg[Co(CO),(PPb,)], and [Ni(pben),]2+[Co(C0)4]z-. 
Triphenylphosphine (0.786 g, 3.00 mmol) was dissolved in 30 mL of 
warm methanol in a previously weighed “fine” frit containing a stirring 
bar. Upon addition of 0.798 g (1.00 mmol) of Me4N+Hg[Co(C0)4]3-, 
vigorous evolution of CO gas occurred through an oil bubbler attached 
to the frit. Evolution of gas appeared complete after a few minutes, 
but stirring was continued for 4 h. Filtration gave a clear, pale yellow 
solution for which the IR spectrum showed only absorptions due to 
Me4N+Co(C0)4-: v(C0) in THF at  1905 cm-l. The bright orange 
residue was dried in the frit under vacuum for 4 h and weighed 0.991 
g (98%). The product was identified as Hg[Co(CO),(PPh,)], by 
comparison of its I R  spectrum with that of an authentic sample. 

From the filtered THF solution of Me4N+Co(C0),-, the solvent 
was removed by TTVD and the cream-colored residue was extracted 
by stirring with 40 mL of warm, degassed water for 2 h. Following 
filtration through a ”medium” frit into a SRV, 25 mL of aqueous 
Ni(phen),Cl, solution, made from 1.25 mmol of NiC12.6H,0 (0.30 
g) and 0.775 g (3.75 mmol) of 1,lO-phenanthroline in 25 mL of 
distilled, degassed water, was added, resulting in immediate formation 
of an  orange s u ~ p e n s i o n . ~ ~  Digestion a t  50 OC for 30 min gave a 
flocculent orange precipitate which, when collected on a “fine” frit 

(29) Stemberg, H. W.; Wender, I.; Orchin, M. Anal. Chem. 1952, 24, 174. 
(30) Lonsdale, K., Henry, N. F. M., Eds. “International Tables for X-ray 

Crystallography”; Kynoch Press: Birmingham, England, 1969; Vol. I. 
(31) All crystallographic computations were done on a Prime 850 computer 

operated by the Department of Chemistry, Cornell University. Principal 
programs used: REDUCE and UNIQUE, data reduction programs, M. E. 
Leonowicz, Cornell University, 1978; BDLS, block-diagonal least squares, 
K. Hirotsu and E. Arnold, Cornell University; MULTAN-76, direct 
methods and fast Fourier transform, G. Germain, P. Main, and M. 
Woolfson, University of York; BOND, structural parameters and errors, 
K. Hirotsu, Cornell University; ORTEP-11, crystallographic illustration 
program, C. Johnson, Oak Ridge National Laboratory, 1976. 

dec pt >110 

118-120 

160-163 dec 

199-202 dec 

276-277 dec 
212-21 5 

165-166 

123-124.5 

13 1-1 34 

140-143 

19.2 
(Co 23.5) 
24.4 
(N 1.78) 
(Co 22.4) 
(Hg 25.5) 
27.5 
(Co 25.2) 
(Cd 16.1) 
29.5 
(N 2.15) 
(Co 27.0) 
(Zn 10.0) 
28.2 
35.5 
(W 40.7) 
36.8 
(W 42.3) 
45.6 
(Fe 17.2) 
50.2 
(Fe 18.9) 
52.9 
(Fe 19.9) 

1.54 

1.73 

1.86 

2.17 
3.80 

3.93 

5.28 

5.81 

6.13 

18.54 
(Co 22.8) 
24.01 
(N 1.80) 
(Co 22.80) 
(Hg 27.21) 
27.85 
(Co 24.93) 
(Cd 16.20) 
29.48 
(N 2.27) 
(Co 26.57) 
(Zn 9.65) 
28.70 
35.68 
(W 40.65) 
36.84 
(W41.72) 
45.18 
(Fe 19.18) 
49.93 
(Fe 19.01) 
52.90 
(Fe 20.55) 

1.64 

1.56 

2.02 

2.3 2 
3.84 

3.88 

5.21 

5.77 

6.17 

and dried under vacuum for 20 h, afforded 0.423 g (90%) of [Ni- 
(phen),]*+[C~(CO)~];, the IR spectrum of which was identical with 
that of an authentic sample. 

Calculation of Formation Constants for M’(ML,,),- from IR Spectra, 
Formation constant determinations, defined as Kf = [M’(ML,,),-]/ 
[M’(ML,),] [MLJ were made at  ambient temperature by means of 
Beer’s law. Changes in concentrations of components on complex 
formation were made by recording the spectrum of the simple anion, 
followed by superimposing the spectrum of the solution of simple anion 
with acceptor added and noting the decrease in height of the anion 
peaks, or by the reverse process, whereby the spectrum of the acceptor 
with simple anion added was superimposed upon that of the acceptor 
alone. In two cases where extensive overlap of peaks occurred, it was 
necessary to estimate component concentration by means of molar 
absorptivities calculated from related species. 

Collection of X-ray Diffraction Data. In a nitrogen-filled drybox, 
a red crystal of (~-BU)~N+Z~[F~C~(CO),],-, prepared as described 
above, was mounted on the tip of a 0.3-mm Lindemann glass capillary 
that was sealed into a 0.5-mm capillary under argon. The crystal 
was mounted on a Syntex P21 automated four-circle diffractometer 
equipped-with a graphite monochromator and was centered with 15 
reflections having 28 > 21 O .  Details of the crystal data, data collection, 
data reduction, and the structure solution and refinement are presented 
in Table IV. All non-hydrogen atoms were given anisotropic thermal 
parameters. Hydrogen atoms were included at  calculated positions 
for each of the last four cycles but were not refined. Selected bond 
distances and angles are given in Tables VI1 and VIII, respectively. 
Results and Discussion 

Preparation of Complexes. Addit ion of a metal carbonyl 
anion, ML, to a disubstituted transition-metal derivative of 
a group 2B metal, M’(ML,), where M’ is zinc, cadmium,  or 
mercury, generally gives an equilibrium described by eq 1. In 

favorable cases, if the formation constant of the complex, Kf, 
is large a n d  if the appropriate  cation is used, the tetrametal 
cluster anion can be isolated in  crystalline form.  The com- 
positions of the isolated products were established by elemental 
analyses (cf. T a b l e  11) and in one  case by derivatization (eq 
2). T h e  yields of these two derivatives were essentially 
quant i ta t ive.  

M’(ML,)z + ML, M’(ML,)3- (1) 

H ~ [ C O ( C O ) ~ P P ~ ~ ] ~  + Ni(phen),[Co(CO),12 (2) 
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Table 111. Infrared Spectra of M'(ML,),(M"L,),-, Complexesa 

Petersen et al. 

complex solvent v(CO), cm-' 

,Cd-(Ph,P),N+ 

,Cd-(n-Bu),N+ 

,Zn-(Ph,P),Nt 

lHg-(n-Bu),Nt 

,Cd-(n-Bu),N+ 

[wcp(CO),] [Co(CO),] ,Zn-(n-Bu),N' 

[WCp(CO),] ,Cd-(n-Bu),N+ 

[WCp(CO), ] ,Zn-(n-Bu),N' 

[WCp(CO),] [FeCp(CO),],Cd-(n-Bu),N+ 

[ FeCp(CO),] ,Hg-(n-Bu),N+ 

[ FeCp(CO),] ,Cd-(n-Bu),N+ 

[ FeCp(CO),] ,Zn-(n-Bu),N+ 

THF 

THF 
KBr 
CH,Cl, 
CH,Cl, 
CH,C1, 
CH,Cl, 
CH,Cl, 

CH,Cl, 

CH,Cl, 

CH2CI2 

CH,C1, 

CHIC1, 

CH,Cl, 

CH,Cl, 

CH,Cl, 

CH,Cl, 

THF 

CH2CI2 

Nujol 

TH F 

CH,Cl, 

Nujol 
CH,Cl, 

THF 

Nujol 

THF 
Nujol 

THI: 

Nujol 

2069 ( O S ) ,  2039 (7.5), 1996 (1, sh), 1963 (lo),  1893 ( l ) ,  

2069 ( O S ) ,  2039 (7.5), 1996 (1.5, sh), 1963 (lo),  1887 (1) 
2071 (2.51, 2039 (8.51, 2000 ( 5 ,  sh), 1960 (101, ca. 1890 (2) 
2071 (5.0), 2036 (8.5), 2000 ( 5 . 5 ) ,  1966 (lo),  1889 (3.0) 
2071 ( O S ) ,  2035 (7), 2002 (1, sh), 1965 ( lo) ,  1888 (1) 
2043 (6.5), 1976 (6.5, sh), 1961 (10) 
2046 ( 5 . 9 ,  1980 (6.5, sh), 1962 (10) 
2071 (2), 2034 (3.5), 2007 (2.5, sh), 1989 (6), 1964 (8 .3 ,  

1890 (10) 
2067 (4.5), 2035 ( l S ) ,  2002 (4.5), 1988 (6), 1970 (7.51, 

1947 (3.5), 1887 (10) 
2052 ( l S ) ,  2040 (3), 1968 ( 5 ,  sh), 1947 (8.5),1924 (lo),  

1890 (2.5), 1850 (6.5), 1835 (7),ca. 1770 (1) 
2055 (0.51, 2042 (0.51, 2010 (0.51, 1982 (2.5, sh), 1965 (6.51, 

1945 (2.5, sh), 1924 (21,1887 (101, 1863 (6.51, 1770 (1) 
2049 ( l ) ,  2037 (3), 1965 (6.5, sh), 1940 (8.5, sh), 1925 (101, 

1890 (4), 1846 (8.51, 1828 (8.5) 
2053 (0.5), 2041 (2), 1962 (8), 1940 (9.5, sh), 1929 ( lo) ,  

1890 (4), 1850 (8.5, sh), 1837 (9) 
2037 (0.21, 1987 (2.51, 1967 (6.51, 1945 (21,1925 (21, 

1900 (7, sh), 1884 (lo), 1860 (6.51, ca. 1830 (1) 
2070 (2.51, 2034 (2.51, 2007 (2.51, 1987 (61, 1962 (6.51, 

1889 (lo),  ca. 1845 (7, sh) 
2050 (1.5), 2038 (3.5), 1962 (101, ca. 1940 ( 5 ,  sh), 1885 (21, 

1850 (2), 1838 (2) 
2055 (l),  2044 ( 3 . 9 ,  1982 ( 5 ,  sh), 1965 (lo),  1887 (5.51, 

ca. 1850 (3, sh) 
1960 (1, sh), 1942 (41, 1925 (91, 1886 (21, 1866 (3, sh), 

1853 (91, 1835 (101, 1777 (21, 1757 (2) 
1959 (l), 1922 (9.5), 1884 ( l ) ,  1844 (101, 1831 (91, 

ca. 1765 (1) 
ca. 1941 (4.5, sh), 1928 (71, 1913 (71, ca. 1855 (7.5, sh), 

1840 (lo),  1828 (8.5), 1816 (8), ca. 1805 ( 5 ,  sh) 
1972 ( 5 ) ,  1954 ( 5 . 5 ) ,  1930 ( 9 , 1 8 9 0  (451,1867 (lo), 

1850 (6.5, sh), 1839 ( 5 . 5 ,  sh), 1782 (3.51, 1764 (3.5) 
1990 (1.5, sh), 1969 (4), 1928 (6), 1890 (3.5), 1860 (lo),  

1850 (6, sh), 1832 ( 5 ) ,  1771 (1.5) 
1929 (8.5), 1865 (6), 1847 (8), 1830 (101, 1790 ( 5 . 5 )  
1970 ( 5 ) ,  1947 (8.5), ca. 1919 (4, sh), 1907 (lo), 1887 (9), 

1993 ( l ) ,  ca. 1955 (2, sh), 1944 (3), 1916 ( lo) ,  1873 (6), 

1960 (2, sh), 1938 (7), 1917 (9.9,  1911 (8.5, sh), 

1935 (4), 1919 ( lo) ,  1867 (8), ca. 1854 (3.5, sh) 

1855 (0.5) 

ca. 1867 (1.5, sh), ca. 1850 (1, sh), 1767 (9) 

ca. 1860 (3.5, sh), 1780 (2) 

ca. 1900 (4, sh), 1863 (7.5), 1854 (10) 

1933 (8), 1914 (lo),  ca. 1900 (2.5, sh), 1856 (9), 1845 (9.9,  
1820 (2.5) 

2016 (0.51, 1994 (0.51, ca. 1960 (1.5, sh), 1938 (4.51, 
1922 (lo),  1867 (9), ca. 1855 (4, sh), 1783 (0.5) 

1946 (6), 1937 (6.5), 1919 (9), ca. 1900 (3, sh), 1861 (81, 
1849 ( lo) ,  1820 (3.5) 

a Concentrations of solutions 0.01-0.10 M. Largest nonsolvent peak absorbance is designated as 10. Complex was not isolated. In these 
cases, the IR frequencies are for the mixture of components in solution. 

The crystallizability of the complexes depends strongly on 
the cation. In many cases crystals could be obtained readily 
with one cation, but not at all with other cations. Most of the 
complexes showed air stability equal to or greater than that 
of the respective components, reflecting the elimination of an 
empty orbital on the main group metal as a site for attack by 
oxygen or moisture and a reduction of electron density on the 
metal carbonyl anion. 

One compound, K+Hg[Co(CO),],-, demonstrated a sig- 
nificant temperature dependence of K p  Cooling a mixture of 
Hg[Co(CO),12 and a small amount of insoluble K+CO(CO)~- 
in CH2C12/hexane from room temperature to 0 OC caused the 
white K+Co(CO),- to dissolve. IR spectra showed only Hg- 
[ C O ( C O ) ~ ] ~  in solution at 30 OC, while at -5 OC, small 
amounts of Hg[Co(CO),],- and Co(CO),- were present, as 
well. Solid K+Hg[Co(CO),],- was isolated by a procedure 
that involved careful adjustment of the temperature at which 
saturation occurred in order to take advantage of the increased 

association at lower temperature. 
Equilibrium Nature of Complex Formation. Four lines of 

evidence pointed to the existence of an equilibrium in solutions 
of these complexes. First, a solution of M~,N+H~[CO(CO)~],- 
was treated with triphenylphosphine and the Hg[Co(C0)3- 
(PPh,)], was collected and characterized. From the super- 
natant liquid Co(CO),- was precipitated as [Ni(phen),I2+- 
[Co(CO),],-. This demonstrated the ready dissociation of the 
complex. Further evidence for an equilibrium was found in 
the formation of H ~ [ C O ( C O ) , ] ~ W C ~ ( C O ) ~ -  in two ways. 
Treatment of H~[CO(CO),]~ with (n-Bu),N+WCp(CO)< and 
treatment of HgCo(CO),WCp(CO), with (Ph3P)2N+(Co- 
(CO), gave very similar products, as seen by their IR spectra 
in Table 111. In particular, both showed complexed and free 
Co(CO),- (1890 cm-'), but neither showed free WCp(CO),- 
(1890 s, and 1767 br, vs cm-'). The observed formation 
constants were comparable. The 'H NMR evidence is also 
consistent with a rapid equilibrium. The NMR spectrum of 
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Table IV. Experimental Conditions and Data from the X-ray Structure Analysis of (n-Bu),N+Zn[ FeCp(CO), ] 3 -  
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Crystal Data 
cryst shape irregular fragment cell vol, A 3  3821.5 (21) space group P ~ , / c ,  &,NO. 1430 
cryst dimens, mm 0.4 X 0.4 X 0.4 Z 4 systematic absences OkO, k = 2n t 1 
a, A 9.819 (3) Pcalcdi g/cm3 1.457 h01,1= 2n t 1 
b, A 21.813 (7) pobsd? g/cm3 1.45 formula C,,H,,Fe,NO,Zn 
c, 2% 18.650 (5) Laue symmetry monoclinic mol wt 838.73 
P ,  deg 106.93 (2) 

Data Collection and Reduction 

b, cm-’ 18.3 b kg (to t al) : scan ratio 0.5:l total reflcns measd 5514 
takeoff angle, deg 6.2 std reflcns/freq 3/50 reflcns in unique set 4214 
scan type W variation of Istd,  % <15 obsd reflcns 3916 
scan speed, deg min-’ 2.0-29.3 213 limits, deg 0.0-44.0 

radiation Mo Ko! scan width, deg 1 .o criterion for observn 3 UQ 

Structure Solution and 
solution direct methods max shifts in parameters positional 0.03 ; 

isotropic convergence6 R ,  =0.101;R2 =0.151 data/parameter 9.0 
anisotropic convergence6 

and difference Fourier in final cycle (A/o)  thermal 0.2 
refinement blockdiagonal least squares error of fitC 2.2 

R ,  = 0.052;R2 = 0.087 
‘Measured byflotationinCCl,/hexane. l’R, = X ( l F o l -  lFcl)/~lFol;R,= [ ~ w ( l F o I - I F , 1 ) 2 / ~ w ( l F o 1 ) 2 ] ” 2 .  CError of f i t= [ ~ w ( l F o l -  

IFc I)*/(NREF - NVAR)]”’. 
crystal decomposition (-5% decay in I of standard reflections over the period of data collection). 

Corrections were made for Lorentz effects, polarization, and secondary extinction, but not for absorption or 

Table V. M’(ML,),- Formation Constants in THF and in CH,CIZa 

compd THF CH,Cl, 

K+Hg[Co(CO),I 3 -  5 x 1 O 3  h 
Me,N+Hg[Co(CO),] 3 -  3 x 1 0 ’  h 
(Ph,P),N+Hg[WCO), 1 3 -  b 4 x 103 
Me,N+Cd[Co(CO),] 3 -  <1 > i o 4  

(n-Bu),N+Zn[WCp(CO),] 3 -  6 X 10 2 x  10, 
(n-Bu),N+Cd[WCp(CO),],- 3 X l o 3  1 X l o 4  

Kf = [M’(MLn),-]/[M’(ML,J2] [ML,-1. Not done. 

the complex [WC~(CO),],Z~-(~-BU)~N+ showed a singlet due 
to Cp protons at 6 5.65 in THF at room temperature and also 
at -45’ C. For comparison, the spectra of WCp(CO),-(n- 
Bu)~N+ and [WCp(C0),I2Zn showed singlets at 6 5.25 and 
5.88, respectively, consistent with an increase in electron 
density on the WCp(CO), group in the order [WCp(CO)JzZn 
< [WCp(CO),],Zn- < WCP(CO)~-. Finally, the reversible 
nature of the equilibrium shown in eq 1 was demonstrated in 
one case by IR spectroscopic analysis of the complex formed. 
The IR spectrum of H ~ [ C O ( C O ) ~ ] , - M ~ ~ N +  in THF showed 
v(C0) at 2039 and 1963 cm-’ for the complex anion in ad- 
dition to weak bands at 2069 and 1996 cm-’ assigned to 
H ~ [ C O ( C O ) ~ ] ~  and at 1887 cm-’ attributed to CO(CO)~- 
Me4N+. Addition of solid C O ( C O ) ~ - M ~ ~ N +  to this solution 
caused the intensities of bands assigned to the complex and 
that assigned to CO(CO)~- to increase, while those due to 
Hg [ Co(CO),] decreased. 

Equilibrium concentrations of the metal carbonyl anions 
were estimated from changes in absorbances in IR spectra.16 
These yielded formation constants, Kf, with estimated un- 
certainties of *30%. These values, listed in Tables V and VI, 
provide an approximate measure of relative tendencies for 
complex formation and are discussed below. 

Factors That Affect the Extent of Complex Formation. 
There appear to be three factors that affect the extent of 
M’(ML,J3- complex formation. These are the main-group 
metal used, the choice of solvent, and the basicity of the 
transition metals attached to the main-group metal. 

Effect of the Main-Group Metal, M’, on the Extent of 
Complex Formation. The first factor that influences complex 
formation is the particular main-group metal. It can be seen 
in Table VI that, for every complex observed, the extent of 
complex formation decreases in the order Cd > Zn > Hg. This 
is the opposite order to that observed for the average C-O 
stretching frequencies in M’(ML,)2, where u(C0) is in the 

Table VI. M’(ML,),- Formation Constants in CH,Cl,‘ 

ligands Hg Cd Zn 
4 x 103 
9 x 1 0  
6 
<1 
<1 
b 
<1 
<1 
> i o 4  c 

>lo4  

b 
4 x 102 
5 x 1 0  
<1 

3 
> lo4  

> i o 4  

1 x 104 

> i o 4  

> i o 4  

h 
1 x 10 
3 
b 
2 x  102 
<1 
> i o 4  c 

a Kf = [M’(ML,),-]/[M’(ML,),] [ML,-1. 
THF was used due to  reactivity of FeCp(CO),- with CH,Cl, 

Not done. 

Table MI. Selected Bond Distances (A) of 
(n-Bu),N+Zn[FeCp(CO),] 3 -  a,b 

Zn-Fel 2.536 (2) Fel-Cpl 
Zn-Fe2 2.563 (2) Fe2Cp2  
Zn-Fe3 2.524 (2) Fe3Cp3  
av Zn-Fe 2.541 av F e C p  
Fel-C11 1.733 (11) 
Fe l -C l2  1.725 (11) Cl l -011  
Fe2-C21 1.708 (12) C12-012 
Fe2C22  1.749 (12) C21-021 
Fe3-C31 1.722 (11) C22-022 
Fe3C32  1.711 (12) C31-031 
avFe-C 1.725 C32-032 

av FeC(Cp) 

av C-0 

1.730 (13) 
1.733 (12) 
1.734 (13) 
1.732 
2.105 
1.152 (14) 
1.171 (14) 
1.165 (15) 
1.155 (15) 
1.176 (14) 
1.157 (15) 
1.163 

‘ The standard deviation of the least significant figure of each 
Cp refers to the center of the distance is given in parentheses. 

C,H, ring. 

order [ML,IzHg > [ML,12Zn > [ML,]zCd.16 Both of these 
effects are indicative of lower electron density on Cd than on 
Zn or Hg. Lower electron density makes Cd a better Lewis 
acid and also lowers the average u(C0)’s because more of the 
charge is found on the transition metals. 

Solvent. The second factor that influences complex for- 
mation is the choice of solvent. It can be seen in Table V that 
Zn and Cd complexes are more dissociated in THF than in 
CH2C12. On the other hand, the Hg complex has about the 
same formation constant in both solvents. This can be at- 
tributed to both Zn and Cd being considered harder acids than 
Hg32 and therefore having a higher affinity for the hard oxygen 
donor, THF. 

(32) Pearson, R. G.;  Chem. Br. 1967, 3, 103. 
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c34 032w 

Figure 1. ORTEP drawing of the Zn[FeCp(CO)2]3- anion. Hydrogen 
atoms have been omitted for clarity. 

Effect of Transition-Metal Basicity on Complex Formation. 
The third factor observed to affect complex formation is the 
basicity of the transition metal attached to the main-group 
acceptor. The basicity of the transition-metal anions can be 
measured as the ease of protonation of the metal, as shown 
in Table VII. Since complex formation is an equilibrium, the 
least basic anion will be in equilibrium with the complex. For 
example, when (~-BU)~N'WC~(CO)< was added to Hg[Co- 
(CO)4]2, the equilibrium that obtains is shown in eq 3. 

Hg[Co(CO)41 [WCP(CO)~I + Co(C0)4- (3) 
Therefore, the complexes in Table VI1 have been divided into 
three groups, based on the least basic transition-metal anion 
in each complex. In each of these groups, it is clear that the 
more basic the metals attached to the central metal atom are, 
the smaller is the formation constant. This is exactly the effect 
expected since an acceptor attached to basic groups is much 
more electron rich, and thus less acidic, than one with less basic 
transition metals. Conversely, increasing the basicity of the 
least basic transition metal involved in complex formation 
increases K p  Thus, for complex formation involving Cd- 
[FeCp(CO),], with Co(CO);, WCp(CO)f, and FeCp(CO)y, 
the formation constants are -0, 3, and >lo4, respectively. The 
same effect was observed in an earlier work with halide ions 
and N donors as basese3 In some cases, the solvent and the 
transition-metal anion may compete for the acid site on the 
main-group metal. Thus, while Cd[WCp(CO),]< and Cd- 
[Co(CO),],- are both formed extensively in CH2C12, only the 
tungsten compound shows complex formation in THF. This 
effect is due to WCp(CO), being a stronger base than Co- 
(CO),- and thus being better able to compete with THF ox- 
ygen.33,34 

The net effect of all these factors is that the most complex 
formation occurs for complexes where the group 2B metal has 
either three weakly basic transition-metal ligands or three very 
basic ones, but not for mixed complexes. In the former case, 
the transition metals do not put enough electron density onto 
the acceptor metal to alter its acidity very much. In the latter 
case, even though the central metal is not very acidic due to 
the strong donors attached to it, the anion is still basic enough 
to form a strong complex. The same explanation has been 
offered for the inability to form Hg[ML,,],X- complexes from 
Hg[ML,12 and halide ion when ML, is more basic than Co- 
(co)4-.3 

Crystal Structure of (n-B~)~N+zn[FeCp(Co)~]~-. The 
molecular structure of the anion Zn[FeCp(CO),],- is shown 
in Figure 1. The cation is not unusual in any respect and so 

Hg[Co(CO),l,WCp(CO),- = 

(33) Dessy, R. E.; Pohl, R. L.; King, R. B. J.  Am. Chem. Soc. 1966,88,5121. 
(34) Shriver, D. F. Acc. Chem. Res. 1970, 3, 231. 

is omitted. The geometry around zinc is trigonal planar with 
the zinc atom 0.024 A from the plane of the three iron atoms 
and with all angles 120 f 3O. The structure of Hg[Co- 
(CO),] ,-Me4N+ also shows trigonal-planar geometry around 
mercury.,' 

The recently reported structure of a three-coordinate zinc 
complex, (CH3)2N(CH2)3ZnW($-C5H5)(CO)3, showed some 
deviation from planarity, which was attributed to weak in- 
tramolecular coordination to a carbonyl ~ x y g e n . ~  Complexes 
containing mercury bonded to three main-group elements fall 
into two categories: the T-shaped complexes and the trigo- 
nal-planar complexes. The T-shaped mercury complexes in- 
volve linear coordination of mercury with a third, weak in- 
teraction approximately at right angles to the other t ~ o . ~ ~ - ~ ~  
Because the third interaction is so weak, these complexes are 
probably best considered to have primary coordination num- 
bers of 2. The second class of three-coordinate mercury 
complexes are those with approximately equal bond lengths 
to three ligands. These are invariably trigonal planar. Those 
that have been structurally characterized at this time are 
{Hg[Si(CH3)2Ph]3-)2Mg4(OMe)6(DME)22+,40 Hg(TePh),- 
PPh4+,"l Hg(SCN)2(AsPh3)$2 H~I , - (~ -Bu)~N+,"~  HgBr3- 
Me4N+,44 and HgC13-Et4N+.45 

The Zn-Fe distances in Zn[FeCp(CO)2]3- are unusual in 
two respects. First, there is a large range of distances, 2.524 
(1)-2.563 (1) A, which is surprising because the FeCp(CO), 
units should be equivalent. This effect has been observed in 
the trichloromercurate(I1) anion, HgC13-, where the Hg-CI 
distances range from 2.426 (3) to 2.444 (3) A.45 The crystal 
structures of the corresponding t r ibrom~mercurate~~ and 
tri iod~mercurate~~ anions show some differences in distances, 
but these differences are not statistically significant (>3u). 
Structures of the type MX4,- are related to the MX3- struc- 
tures by the addition of another anion and frequently show 
a similar variation in M-X distances. In HgIz-, the distances 
vary from 2.68 (2) to 2.80 (2) AM and Hg(SCN)z- has Hg-S 
distances from 2.491 (3) to 2.575 (3) A.47 No explanation 
has been offered for this phenomenon. 

The average Zn-Fe distance of 2.541 A is quite long when 
compared with those of other complexes. In the tetramer 

(35) H~[CO(CO)~],-M~ N+ crystallizes in spce group R , / a  (a nonstandard 
setting of R , / c ,  4 , No. 14%) with a = 14.268 (3) A, b = 14.460 (3) 
A, c = 19.213 (4) A, @ = 96.80 ( 1 ) O ,  and Z = 8. The structure was 
solved by direct methods and Fourier syntheses and refined by block- 
diagonal least squares to a fmal residual of R = 0.100 for 4383 observed 
reflections. The experimental and computational procedures used were 
similar to those employed in the Zn[FeCp(CO),]<(n-Bu),N+ deter- 
mination. For the two unique molecules in the unit cell, the mercury 
atom is displaced by 0.017 and 0.024 A from the plane of the three 
cobalt atoms. The Co-Hg-Co angles are all within the range 
117.0-124.8°. The average H g C o  distance is 2.687 A, which can be 
compared with 2.499 A for both H~[CO(CO)!]~~~ and Hg[Co(CO),- 
(PEt3)]2~9~72 consistent with the explanation given in the text for long 
Zn-Fe distances in Z~[F~C~(CO),],-(~-BU)~N+. In the case of Hg- 
[Co(CO),],-, there are no significant differences between the H g C o  
distances. All other parameters are similar to those of H ~ [ C O ( C O ) ~ ] ~  

(36) Canty, A. J.; Gatehouse, B. M. J.  Chem. Soc., Dalton Tram. 1972, SI 1. 
(37) Canty, A. J.; Gatehouse, B. M .  J.  Chem. SOC., Dalton Trans. 1976, 

2018. 
(38) Kuz'mina, L. G.; Bokii, N. G.; Struchkov, Yu. T.; Kravtsov, D. N.; 

Golovchenko, L. S. J. Struct. Chem. (Engl. Traml.) 1973, 14, 463. 
(39) Hutton, A. T.; Irving, H. M. N. H.; Nassimbeni, L. R.; Gafner, G. Acta 

Crvstallow.. Sect. E 1980. 836. 2064. 
(40) Sadurski,-E.'A.; Ilsley, W. H.; Thomas, R. D.; Glick, M. D.; Oliver, J. 

P. J .  Am. Chem. SOC. 1978, 100, 7761. 
(41) Behrens, U.; Hoffman, K.; Klar, G. Chem. Eer. 1977, 110, 3672. 
(42) Hubert, J.; Beauchamp, A. L.; Rivest, R. Can. J .  Chem. 1975,53,3383. 
(43) Goggin, P. L.; King, P.; McEwan, D. M.; Taylor, G. E.; Woodward, P.; 

Sandstrom, M. J.  Chem. SOC., Dalton Trans. 1982, 875. 
(44) White, J. G. Acta Crystallogr. 1963, 16, 397. 
(45) Sandstrom, M.; Liem, D. H. Acta Chem. Scad. ,  Ser. A 1978, A32,509. 
(46) Fenn, R. H. Acta Crysfallogr. 1966, 20, 24. 
(47) Sakhari, A.; Beauchamp, A. L. Acta Crystallogr., Secf. E 1975, 831,  

409. 
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Table VIII. Selected Bond An les (deg) of 
(n-Bu),N+Zn[FeCp(CO), j 3 -  a,i 

Fel-Zn-Fe2 120.7 (1) C11-Fel-Cl2 91.7 (5) 
Fel-Zn-Fe3 122.1 (1) C21-Fe2422 91.0 (6) 
Fe2-Zn-Fe3 117.1 (1) C31-Fe3432 91.0 (6) 
av Fe-Zn-Fe 120.0 av C-Fe-C 91.2 

Zn-FelC11 81.7 (4) C11-Fel-Cpl 133.1 ( 6 )  
Zn-FelC12 94.5 (4) C12-FelCpl  128.0 (5) 
Zn-Fe2-C21 76.8 (4) C21-Fe2-Cp2 132.7 (5) 
Zn-Fe2-C22 92.4 (4) C22-Fe2-Cp2 129.9 (6) 
Zn-Fe3-C31 80.2 (3) C31-Fe3-Cp3 135.4 (6) 
Zn-Fe3-C32 89.1 (3) C32-Fe3-Cp3 128.6 (6) 
av Zn-Fe-C 85.8 av C-Fe-Cp 13 1.3 

Zn-Fel-Cpl 113.9 (5) Fe lC11-011 177.0 (10) 
Zn-Fe2-Cp2 117.2 (4) Fel-Cl2-012 175.1 (11) 
Zn-Fe3-Cp3 115.3 (4) Fe2C21-021 176.4 (12) 
av Zn-Fe-Cp 115.5 Fe2422-022 174.4 (10) 

Fe34231-031 177.3 (10) 
Fe3432-032 177.2 (9) 
av Fe-C-0 176.2 

The standard deviation of the least significant figure is given 
in parentheses. Cp refers to the center of the C,H, ring. 

[CH30ZnFeCp(CO)2]4, the average Zn-Fe distance is 2.350 
A.48 A distance of 2.317 A has been found for Zn[Fe- 
(CO), 22-.49 The Zn-Fe distance in [(bpy)ZnFe(CO),], is 

bonds in Zn[FeCp(CO),],- are at the longer end of this range. 
First, it has been observed that there is a correlation between 
the number of FeCp(CO), moieties attached to a central atom, 
Y, and the average Fe-Y distance. For example, the Fe-Y 
distances are 2.539 and 2.440 A for [FeCp(CO),],SbCl+ and 
[FeCp(CO)2]2SbC12+,51,52 2.280, 2.201, and 2.109 A for 
[ FeCp(CO),] 2S02, FeCp(C0) S02C6F5, and FeCp- 
(C0)2S02+,53*54 2.492 and 2.466 8: for [FeCp(C0)2]2SnC12 
and FeCp(CO)2SnC13,55~56 and 2.280 and 2.264 A for 
[FeCp(CO)2]2SiC14Si2C3H6 and FeCp(CO)2SiC15Si,C3H6, 
re~pectively.~~ An increase in Hg-Co bond distances is seen 
when F ~ C ~ ( C O ) , H ~ C O ( C O ) ~  is compared to H ~ [ C O ( C O ) ~ ] ~ .  
The Hg-Co distances are 2.573 and 2.499 A, r e s p e ~ t i v e l y . ~ ~ ~ ~ ~  
At least part of the increase in bond length is probably due 
to the increase in electron density on Y by the very basic 
FeCp(CO), group. This effect has ample precedent as seen 
in the following bond lengths: 2.520 and 2.484 A for Fe-Fe 
distances in [FeCp(CO)], and [FeCp(C0)]4+,60,61 2.693 and 
2.651 A for FeS distances in [Fe(NO)S],-and [Fe(NO)S]4,62 

2.558 A There are several possible reasons that the Zn-Fe 

(48) Burlitch, J.  M.; Hayes, S. E.; Whitwell, G. E. Organomerallics 1982, 
1, 1074. 

(49) Pierpoint, C. G.; Sosinskyu, B. A.; Shong, R. G. Inorg. Chem. 1982,21, 
3247. 

(50) Neustadt, R. J.; Cymbaluk, T. H.; Ernst, R. D.; Cagle, F. W. Inorg. 
Chem. 1980, 19, 2375. 

(51) Trinh-Toan; Dahl, L. F. J .  Am. Chem. SOC. 1971, 93, 2654. 
(52) Einstein, F. W. B.; Jones, R. D. G. Inorg. Chem. 1973, 12, 1690. 
(53) Churchill, M. R.; DeBoer, B. G.; Kalra, K. L. Inorg. Chem. 1973, 12, 

1646. 
(54) (a) Redhouse, A. D. J .  Chem. SOC., Dalton Trans. 1974, 1106. (b) 
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and 2.313 and 2.179 A for Fe-Cl distances in FeCl,,- and 
FeC14-, respectively." 

Another factor that contributes to the observed bond 
lengthening in Zn[FeCp(CO)2]< is the increase in bond dis- 
tance with increased coordination number for group 2B com- 
plexes. In related systems, the average Hg-Co distances are 
2.58 and 2.504 A for Hg[CoCp(CO),]C12 and H [CoCp- 
(CO),]Cl+; the Hg-C1 distances are 2.46 and 2.348 In 
the case of halides and isothiocyanate ligands, it is observed 
in every case that the average Hg-X distances decrease in the 
order HgX2- > HgXC > HgX24f47,61-67 From the preceding 
discussion, it seems reasonable that the Zn-Fe bond length 
would increase from 2.350 A in [CH,OZnFeCp(CO),], with 
a neutral Zn and only one FeCp(CO), unit to 2.541 A in 
Zn[FeCp(CO),],- with anionic zinc and three FeCp(CO), 
moieties. 

A second interesting feature of the Zn[FeCp(CO)2]3- 
structure involves the Zn-Fe-C(C0) angles. From Table 
VIII, it can be seen that each iron is bonded to one carbonyl 
with a Zn-Fe-C(C0) angle of -80' and one of -90' (av- 
erage 85.8'). Since it had been reported that this angle for 
most F e C ~ ( c 0 ) ~  complexes is very close to 90°, as expected 
for pseudooctahedral coordination, and since 
[CH,OZnFeCp(CO),], also has a small average Zn-Fe-C- 
(CO) angle (81.7'), an extensive literature search was done 
for compounds containing the FeCp(CO), group bonded to 
a main-group element, Y. The results are presented in Table 
IX. It can be seen that, in general, the angle increases going 
from left to right in the periodic table and from bottom to top, 
parallelling the electronegativity of Y. Thus, the fairly small 
angle observed for Zn[FeCp(CO)2]3- is in accord with past 
structures. The large range of angles (76.8-94.5') in Zn- 
[FeCp(CO)2]3- is unusual, but not unprecedented. In 
[ FeCp(CO)2] ,Sn(~l-Cp)~,  the range is 83.3-92.3' and in 
(F~C~(CO),ASOAS)~OF~C~(CO)+, the range is 87.2-94.5' .69 

In many of the structures listed in Table IX, the range of 
angles is >4'. The range in Zn[FeCp(CO)2]3- (17.7') is the 
largest found for any compound listed in Table IX, and the 
angle of 76.8' is the smallest found. In spite of this, there is 
no evidence for any bridging character in these carbonyls. The 
average Fe-C-0 angle of 176.3O agrees well with those of 
most of the other complexes reported, and none of the Fe-C-0 
angles in this complex deviate by more than 2a from the 
average. In addition, the Zn-C distance is 2.80 f 0.06 A for 
the three carbonyls with the smallest Zn-Fe-C(C0) angle. 
This can be compared with 2.502 A in Zn[Fe(C0)4]?-, where 
the authors stated that there is little or no CO-Zn interaction 
and supported this with theoretical calculations.49 There is 
no clear explanation for either the general trend in Zn-Fe- 
C(C0) angles or the large range of angle observed in this and 
other complexes. 

The Fe-C(C0) distance also displays a slight trend for the 
Y-FeCp(CO), complexes reported with the bond length in- 
creasing toward the right of the periodic table, consistent with 
the 1.725 A for Zn[FeCp(CO),],- compared to 1.758 A 
(average) for all complexes. The Fe-C(Cp) distances showed 
no apparent trend and the 2.105 A for Zn[FeCp(CO),],- 
agrees very well with the 2.098 A average for the compounds 
that were included in Table IX. The C(C0)-FeC(C0) angle 
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L. E. Trans. Faraday SOC. 1937, 33, 852. 
(68) Biryukov, B. P.; Struchkov, Yu. T.; Ansimov, K. N.; Kolobova, N.  E.; 

Skripkin, V. V. Zh. Strukt. Khim. 1969, 10, 95. 
(69) Campana, C. F.; Sinclair, J. D.; Dahl, L. F. J .  Organomet. Chem. 1977, 

127, 223. 
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Table IX Structural Parameters for Crystal Structures Containing the FeCp(CO), Moiety Bonded to a Main-Group Elementa 

Petersen et al. 

m: 
Element, P C N 0 - F 
(No. of Structures) (22)d ( 3 )  e ( 3 )  
Avg. Y-Fe-C(C0) Angle ( O )  90.4 93.6 94.4 
Avg. Fe-Y Distance (2) 1.996 1.923 1.975 
Apparent Fe radius 1.23 1.22 1.31 b 

Zn 
(2 
83.5 
2.445 
1.07 

- Cd 

A1 
t i i g  

S 
(6)J 

83.1 86.4 92 .3 92.5 
2.510 2.32 2.245 2 2 4 0  
1.08 1.14 1.15 1.20 

- Gs 

- In 

Ge 
(2," 

As 

87.4 90.3 
2.364 2.384 
1.14 1 . 1 7  

88.9 92.3 
2.522 2.485 
1.12 1.13 

se 

T4 

92.6 
2.301 
1.31 

- Br 

92.3 
2.588 
1.31 

- Bi - Po At TI Pb 
(1) k r  (iiS - 83.8 
2.49 2.708 
1.05 1.17 

Structures containing bridging carbonyls or substituted Cp rings were not included. There is also one transition-metal cluster, 
(CO),Mn-FeCp(CO),,C which has an average Mn-Fe-C(C0) angle of 85.7" and an Fe-Mn distance of 2.843 A.  
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Transition-Metal Carbonyl-Group 2B Metal Complexes 

Table X. Fractional Coordinates for 
(n-Bu),N+Zn[ FeCp(CO), ] 3 -  a 

atom X Y Z 

Zn 
Fel 
c11 
01 1 
c12 
0 1  2 
C13 
C14 
c15  
C16 
C17 
Fe2 
c 2 1  
0 2 1  
c 2 2  
0 2 2  
C23 
C24 
C25 
C26 
C27 
Fe3 
C3 1 
0 3 1  
C32 
0 3 2  
c 3 3  
c34  
c35  
C36 
c37  
N 
C4 1 
C4 2 
c43  
c44  
C46 
c47 
C4 8 
c 4 9  
c 5  1 
C5 2 
c 5  3 
c54  
C56 
c57 
C5 8 
c 5  9 

0.9339 (1) 
1.1585 (2) 
1.0760 (12) 
1.0260 (9) 
1.2532 (11) 
1.3219 (9) 
1.1263 (14) 
1.0890 (12) 
1.2160 (13) 
1.3225 (13) 
1.2697 (13) 
0.9460 (2) 
0.9803 (13) 
1.0010 (10) 
0.7637 (12) 
0.6471 (8) 
1.0611 (13) 
0.9494 (14) 
0.9740 (14) 
1.1015 (13) 
1.1533 (12) 
0.6901 (2) 
0.6747 (11) 
0.6656 (9) 
0.7561 (11) 
0.7954 (9) 
0.6840 (14) 
0.5502 (13) 
0.4978 (12) 
0.5930 (14) 
0.7121 (13) 
0.3276 (9) 
0.3730 (12) 
0.4876 (14) 
0.5154 (15) 
0.6188 (19) 
0.2031 (11) 
0.1398 (13) 

-0.0011 (15) 
-0.1273 (15) 

0.4488 (11) 
0.5077 (12) 
0.6190 (15) 
0.6805 (16) 
0.2883 (12) 
0.1649 (13) 
0.1482 (16) 
0.2709 (17) 

0.4683 (1) 
0.4837 (1) 
0.4304 (5) 
0.3932 (4) 
0.4272 (5) 
0.3879 (4) 
0.5624 (5) 
0.5740 (5) 
0.5659 (6) 
0.5491 (6) 
0.5477 (5) 
0.4581 (1) 
0.5341 (5) 
0.5865 (4) 
0.4732 (6) 
0.4858 (5) 
0.3777 (5) 
0.3645 (5) 
0.3980 (6) 
0.4329 (5) 
0.4206 (5) 
0.4654 (1) 
0.5316 (5) 
0.5781 (3) 
0.5058 (6) 
0.5335 (4) 
0.3785 (6) 
0.4045 (6) 
0.4166 (5) 
0.3985 (5) 
0.3733 (5) 
0.2204 (4) 
0.1595 (5) 
0.1623 (6) 
0.0984 (7) 
0.0959 (9) 
0.2046 (5) 
0.2573 (5) 
0.2366 (6) 
0.2268 (7) 
0.2489 (5) 
0.21 19 (5) 
0.2494 (7) 
0.2190 (7) 
0.2671 (5) 
0.2493 (5) 
0.2965 (6) 
0.2958 (8) 

0.2262 (1) 
0.1874 (1) 
0.1202 (7) 
0.0760 (4) 
0.2457 (6) 
0.2812 (5) 
0.1208 (7) 
0.1869 (8) 
0.2489 (7) 
0.2175 (8) 
0.1396 (7) 
0.3649 (1) 
0.3560 (6) 
0.3533 (5) 
0.3467 (6) 
0.3400 (5) 
0.3568 (6) 
0.3891 (7) 
0.4565 (7) 
0.4665 (6) 
0.4051 (6) 
0.1320 (1) 
0.1793 (6) 
0.2095 (5) 
0.0709 (6) 
0.0277 (5) 
0.0839 (8) 
0.0556 (7) 
0.1141 (8) 
0.1802 (7) 
0.1632 (8) 
0.1410 (5) 
0.1134 (6) 
0.0760 (8) 
0.0508 (8) 
0.0067 (10) 
0.1690 (6) 
0.2020 (7) 
0.2165 (9) 
0.1459 (11) 
0.2017 (6) 
0.2721 (7) 
0.3299 (8) 
0.4034 (8) 
0.0773 (6) 
0.0104 (7) 

-0.0525 (7) 
-0.0877 (8) 

The standard deviation of the least significant figure is given 

also showed no apparent trend and the 91.2O observed is 
somewhat less than the 94.3' average. The structure contains 
no nonbonded contacts shorter than 3.2 A. 

In spite of the large amount of work done with complexes 
of the type M'[ML,]mX3-m-,2-14,43-45*60*70 this is the first ex- 

(70) St. Denis. J.; Butler, W.; Glick, M. D.; Oliver, J. P. J.  Am. Chem. Soc. 

in parentheses. 

1974, 96, 5421. 
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ample of a trigonal zinc or cadmium complex and also the first 
definitive structure of the type M'(ML,)<. Taken together 
with the spectroscopic evidence presented here and else- 
where,24 this structure strongly supports trigonal-planar 
structures for all the members of the M'(ML,)3- family. 

Summary and Conclusions. Tetrametallic clusters of the 
type M'(ML,J3- where M' is a group 2B metal and ML, is 
a transition-metal anion can be formed by the addition of ML; 
to M'(ML,J2. The formation of this cluster is an equilibrium 
process with the choice of M', ML,, and solvent all affecting 
complex formation in a systematic way. The X-ray crystal 
structure of one member of this class of compounds, (n- 
BU)~N+[ FeCp(C0)2]3Zn-, shows them to have trigonal-planar 
geometry around the central metal. 
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(C0)4-(Ph3P)*N+, 53433-12-8; WC~(CO)~-(~-BU)~N+, 68914-56-7; 
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