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The preparation and characterization of five-coordinate cobalt(1) mixed-ligand complexes of the types [CoI(CO),L,] , 
[Co(CO),L,I+, [Co(CNR),L,]+, and [Co(CNR),L,]+ (R = C,H,, pCH,C,H,, p4?H30C,H,,p-NO,C,H,, o-CH,C,H,, o- 
(CH,),C,H,, C,H,,; L =  C,H,P(OC,H,), or P(OCH,),), obtained by rmction of CO OJ CNR with [CoXL,]+ (X=Cl, Br, I) 
cations, are described. Trigonal-bipyramidal structures with carbonylior isocyanide ligands in equatorial positions have 
been deduced from infrared and pmr spectra. The [Co(CO),L,]+ complex is nonrigid at room temperature. 

Introduction 

acceptor ligands such as CO, CN-, phosphines, and iso- 
cyanides have been accomplished by several methods in- 
cluding (a) disproportionation of cobalt(II)2 or ~ o b a l t ( 0 ) ~  
compounds, (b) reduction of cobalt(I1) complexes by coordi- 
nated ligands4 or other reducing agents (hydrazine, dithionite, 
or metals)’ (in many cases the stoichiometry of the reaction 
is uncertain and the nature of the reducing agent has not been 
determined) (c) addition of the fifth ligand to tetrahedral 
cobalt(1) complexes,6 and (d) substitution of one or more 
neutral ligands on other five-coordinate cobalt(1) compounds. 
The last method has been used to prepare carbonyl-phos- 
phine7 and phosphine-isocyanide8 mixed-ligand cobalt(1) 
complexes. 

Halpern, et aZ.,2ai4a synthesized the complexes [CO(CN)~- 
(Co)2l2-, [CO(CN)~(CO)~PR~J-, [CO(CN)~(CO)(PR,)~I-, and 
[CO(CN)(CO)~(PR~)~] and considerable attention has been 
devoted to low-spin tricarbonylbis(phosphine)cobalt(I) com- 
pounds. However, the corresponding cationic dicarbonyl- 
triphosphine complexes have not been previously reported. 
Much work has also been done on the synthesis and charac- 
terization of pentakis(isocy anide)cobalt(I)  compound^,^ 
but, except for a recent paper by King and Saran8 and brief 
reports by Sacco and Freni” and Boylan, et 
published information exists on phosphine derivatives of the 

In this paper we describe the reactions of [CoXL4]+ com- 
plexes (X = C1, Br, I; L = diethyl phenylphosphonite) with n- 
acceptor ligands such as CO and isocyanides to form [Co- 
(CO)2L3]+ and [Co(CNR),L5-,]+ cations (x = 2 or 3; R = 

Syntheses of five-coordinate cobalt(1) complexes with n- 

no 

type [Co(CNR),(PR,),-X I+. 
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ortho- or para-sugstituted phenyl or cyclohexyl moiety). 
The reduction of cobalt(I1) to cobalt(1) has been investigated 
in order to ascertain the nature of the reducing species. 

Expegimqptal Section 
Materials. Coibmercial reagent grade chemicals and anhydrous 

cobalt(I1) halides were used without further purification. The sol- 
vents were purified ahd dried by standard methods and distilled under 
a current of nitrogen just prior the use. 

Diethyl phenylphosphonite, PhP(OEt),, was prepared by the 
method df Rabinowitz and Pellon.” The substituted phenyl and the 
cyclohexll isacyanides were obtained by the phosgene method of 
Ugi, et nl. ” Tht? Complexes of the type [CoX(PhP(OEt),),]Y (X= 
C1, Br, or I ;  Y- = C10,‘ or BPh,-) were prepared from diethyl phenyl- 
phosphonite and the appropriate cobalt(I1) halide was prepared by 
published methods.” 

used to determine the uptake of CO have beed described e1~ewhere.l~ 
Weighed samples of [CoX(PhP(OEt),),]Y sealed in a thin-walled glass 

CO Absorption Measurements. The apparatus and procedure 

laced in a 100-ml reaction flask equipped with an 
thermostating. The apparatus was evacuated and a 

p. The solvent was left to reach thermal equilib- 
vapor pressure was measured, and the solution was 
m with CO. Making allowance for the vapor 

pressure of the solvent, the constant partial pressure of CO was 420 
or 580 mm when the solvent was dichloromethane or acetone, 

t it was broken by the magnetic stirrer and the volume of 
CO taken Up at constant pressure was measured. 

Afsparatus. Magnetic susceptibilities in solution were measured 
by the method of Evans14 and corrected for diamagnetism of the 
ligands from tables given by Figgis and Lewis.’, Pmr measurements 
were made with Hitachi Perkin-Elmer R-20A and Bruker HFX-10 
instruments using TMS as internal reference. The Bruker instrument 
was equipped with a variable-temperature probe. Conductivities of 

Msblutions of complexes in nitrobenzene at 25“ were measured 
with an LKB bridge. Infrared spectra of KBr pellets and dichloro- 
methane solutions were recorded on a Perkin-Elmer 621 spectro- 
photometer.’ 

Syntheses of Compiexes. All the preparative work was carried 

known volume s f  solvent (20-40 ml) was injected by a syringe 

1 . The ampoule was then allowed to drop into the solu- 

otetrakis(diethy1 phenylphos- 
e kept under inert atmosphere. IIhe 
ow are stable in the normal labora- 

tory conditions and therefore they were manipulated without special 
precautions. 

Dicarbonyltris(diethy1 phenylphosphonite)cobalt(I) Tetraphenyl- 
borate and Iododicarbonylbis(diethy1 phenylphosphonite)cobalt(I). 
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Table I. Properties of Some Five-Coordinated Cobalt(1) Complexes 

% H  % N  %halide % P  
Molar 

M,p,b conduct- ' 
Compda Color C ancec Calcd Found Calcd Found Calcd Found Calcd Found Calcd Found 

[co(CO)zL,I BPh, Yellow 
[COI(CO), L21 Red 
[co(C, Hs NC),L,I BPh4 Yellow 
[Co(p-NO,C, H, NC), L,]ClO, Brown 
[Co(C, H3NC),L,IC10, Orange 
[ Co(p-CH,C, H,NC),L,]ClO, Yellow 
[Co(p-CH,0C,H4NC),L,1C10, Yellow 
[ Co(o-CH,C, H, NC), L,] C10, Yellow 
[ Co(o-(CH,),C, H,NC),L,]CIO, Orange 
[Co(c,H,i NC),L,IC10, Yellow 
[Co(p-NO,C,H,NO),L',]ClO, Brown 
[ Co(C, H, NC) , L',] C10, Yellow 
[Co(o-(CH,),C, H,NC),L',] CIO, Orange 

a L = PhP(OEt),, L' = P(OMe),. b Melting F 
M nitrobenzene solutions at 25". 

128 15.4 65.40 65.57 
122 41.40 41.49 
115 15.5 72.05 73.39 
148 23.9 50.35 50.08 
133 24.4 57.00 55.96 
107 23.8 58.30 58.32 
1 5 1  24.1 55.40 54.66 
117 24.7 58.30 59.13 
177 25.6 59.51 59.83 
103 24.7 55.85 55.24 
170 24.3 38.10 38.57 
207 24.6 45.32 44.63 
166 26.1 49.55 48.85 

ioints were determined in capillai 

6.33 6.23 9.05 8.65 
4.70 4.67 19.90 19.42 9.72 9.09 
6.06 6.25 3.87 3.41 5.73 5.98 
3.53 3.86 5.34 5.21 3.39 3.67 8.86 8.32 
5.21 5.43 4.87 4.98 4.11 4.31 7.18 6.95 
5.64 5.62 4.64 4.14 3.92 4.20 6.85 6.61 
5.35 5.23 4.40 4.25 3.67 4.05 6.50 6.21 
5.64 5.97 4.64 4.69 3.92 3.98 6.85 7.00 
6.01 6.09 4.43 4.81 3.69 4.08 6.55 6.37 
7.15 7.16 4.17 4.16 4.03 4.15 7.03 1.06 
3.53 3.86 9.88 10.1 4.12 4.71 7.29 7.12 
4.61 4.70 5.88 5.12 4.89 4.99 8.67 9.05 
5.63 5.63 5.21 5.31 4.45 4.80 7.76 7.34 

:ies and uncorrected. C Molar conductances were determined in 

These two complexes were prepared simultaneously. Freshly made 
[CoI(PhP(OEt),),]BPh, (13 g, 10 mmol) (or equivalent amounts of 
anhydrous cobalt(I1) iodide, diethyl phenylphosphonite, and sodium 
tetraphenylborate in the ratio 1:4:1) placed in 80 ml of anhydrous 
acetone or dichloromethane previously flushed out with CO was 
vigorously stirred for 4 hr at room temperature under an atmosphere 
of CO. The addition of anhydrous ethanol (100-150 ml) to the 
fiitered and concentrated (15 ml) reaction mixture gave orange-red 
[CoI(CO),(PhP(OEt),),] which was recrystallized from ethanol. The 
yellow [Co(CO),(PhP(OEt),),]BPh, was obtained by  reducing the 
mother liauor to  a small volume (20 ml) and was recrystallized from 
ethanol-efher. 

Tris(isocvanide)bis(uhosuhinehobalt(I) Complexes. The com- 
plexes of the  type [Co(kNRj,L,]Y (CNR= cyclohexyl, phenyl, p -  
methoxyphenyl, p-methylphenyl, p-nitrophenyl, o-methylphenyl, o- 
dimethylphenyl isocyanide; L = diethyl phenylphosphonite or tri- 
methyl phosphite; Ye = perchlorate or tetraphenylborate) were 
originally prepared by treating an ethanolic solution of a halogeno- 
tetrakis(diethy1 phenylphosphonite)cobalt(II) tetraphenylborate 
with the appropriate isocyanide at room temperature, but  the 
following general method is more simple. 

Anhydrous cobalt(I1) chloride (1.3 g, 10 mmol) and diethyl 
phenylphosphonite (7.0 g, 35 mmol, or an equivalent amount of tri- 
methyl phosphite) were placed in 80 ml of anhydrous ethanol. Addi- 
tion of the appropriate isocyanide (25 mmol) at room temperature 
to the magnetically stirred solution gave an exothermic reaction and 
the color changed from deep-green to yellow. The yellow precipitate 
formed immediately after the addition of lithium perchlorate (or 
sodium tetraphenylborate) (10 mmol) was recrystallized from anhy- 
drous ethanol. 

Special care must be taken to prepare the complexes with tri- 
methyl phosphite and cyclohexyl and o-dimethylphenyl isocyanide. 
To avoid hydrolysis of the phosphite ester, methanol was used in the 
preparation of tris(isocyanide)bis(trimethyl phosphite)cobalt(I) 
perchlorate complexes. The tris(cyclohexy1 isocyanide)bis(diethyl 
phenylphosphonite)cobalt(I) and the tris(o-dimethylphenyl isocyanide)- 
bis(phosphine)cobalt(I) perchlorate complexes are less stable and 
more soluble in polar and nonpolar organic solvents than the other 
complexes. For this reason they were recrystallized by adding a 
large volume (500 ml) of diethyl ether to  a concentrated (20 ml) 
ethanolic solution. 

Bis(p-nitrophenyl isocyanide)tris(diethyl pheny1phosphonite)- 
cobalt(1) perchlorate was obtained by the general method using the 
same molar ratios as for the other isocyanide derivatives, although 
the ratio between p-NO,C,H,NC and PhP(OEt), in this complex is 
different (2:3 instead of 3:2). 

Results and Discussion 

or dichloromethane solution of the halogenotetrakis(di- 
ethyl phenylphosphonite)cobalt(II) complexes [COXL~] Y 
(X = C1, Br, or I; L = PhP(OEt),; Y- = c104- or BPh4-) take 
up CO at 1 atm and room temperature with the disappearance 
of the deep green color characteristic of these five-coordinate 
cobalt(I1) compounds. Information on the stoichiometry 
of the reaction has been obtained using [CoIL4]BPh4, which 
reacts faster than the corresponding chloro or bromo deriva- 

Products. (a) Carbonyl Complexes. Anhydrous acetone 

tives, as the starting complex. The quantitative formation 
of equivalent amounts of iododicarbonylbis(diethy1 phenyl- 
phosphonite)cobalt(I) and dicarbonyltris(diethy1 phenylphos- 
phonite)cobalt(I) cation in accordance with the reaction 

co 
1 atm 

2[COIL,]+ - [COI(CO),L,I + [Co(CO),L,l' 

is confirmed by the recovery in quantitative yield @95% on 
the cobalt(I1) complex) of the diamagnetic dicarbonyl com- 
pounds. The infrared spectrum of the final reaction mixture 
in the carbonyl stretching region is identical with that of a 
1 : 1 solution of [COI(CO)~L~] and [CO(CO)~L~]+ in dichloro- 
methane. Several tricarbonylbis(phosphine)cobalt(I) com- 
plexes are reported in the l i t e r a t ~ r e , ~  but in our case the re- 
action does not go beyond the absorption of two CO mole- 
cules per cobalt atom and the [CO(CO)~L~]* complex seems 
to be the first monomeric dicarbonyltris(phosphine)cobalt- 
(I) compound to have been isolated.16 

In several experiments in which the CO uptake was meas- 
ured, the average ratio of moles of CO absorbed per moles 
of cobalt(I1) complex used was 2.48, and no paramagnetic 
products (using the Evans methodI4) were found in the final 
solution, indicating that no disproportionation of the cobalt- 
(11) substrate occurred. This seems to suggest that CO is the 
reducing agent. However, the role of phosphine, the com- 
plete stoichiometry, the nature of other carbonyl intermedi- 
ates, and the reduction mechanism will be the subject of a 
future communication. 

The dicarbonyl complexes are air stable in the solid state 
and in solution of organic solvents such as acetone, 1,2-di- 
chloroethane, dichloromethane, and tetrahydrofuran. The 
orange-red [COI(CO)~L~] is nonconducting, whereas the 
yellow [Co(C0)2L3]BPh4 is a 1: 1 electrolyte (AM = 15.4 
ohm-' cm2 mol-' in nitrobenzene at 2.5"). Their infrared 
and pmr spectra are in agreement with the formulation 
based on elemental analysis (Table I) and indicate the pres- 
ence of the phosphine ligands and two terminal carbonyl 
groups in a cis configuration. 

The values of the CO stretching frequencies reported in 
Table I1 suggest that the nature of the anionic ligand does 
not influence significantly the CO n-bonding ability (no. 
3-5). However, other data2b show that this is strictly true 
only for a-bonding anions, and differences of about 10-15 
cm-' can be observed in the v(C0) frequency of [CoX- 
(CO)2L2] complexes on changing X from a halide to thio- 

( 1 4 )  The only analogous compound previously described is the 
dimeric [ (CO),CO(P~,PCH,CH,PP~~),CO(CO)~]~+: A. Sacco, Gazz. 
Chim. Ital., 93, 698 ( 1 9 6 3 ) .  
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Table 11. Ir Spectral Data for Some Complexes of the Type 
[CoX(CO),L,] (X = Br, I, CN; L = Phosphine) 

cm" 

No. 

1 
2 
3 
4 
5 
6 
7 

._I 
V V 

(COh, (CO)sym Solvent Ref 
1972 2021 CH,Cl, 
1935 1996 CH,Cl, 
1905 1975 CH,Cl, 2b 
1905 1975 CH,C12 2b 
1905 1968 4a 
1910 1975 CH,Cl, 2b 
1908 1973 C,H,, 7 

Table 111. 'H Nmr Soectral Data for Some Five-Coordinated Cobalt(1) Complexesa 

1 :2: 1 triplet ( J =  7 Hz) at T 8.62-8.77 or 6.09-6.20 due to 
methyl protons of the diethyl phenylphosphonite or trimethyl 
phosphite ligands, respectively. The sharp singlet, between 
r 7.62 and 7.78, is due to the protons of methyl groups in 
the ortho or para positions of the phenyl ring of the iso- 
cyanide ligands (the coordinated p-methoxyphenyl isocya- 
nide has a singlet at r 6.16). The ratios between the inten- 
sities of the resonance lines of the phosphine methyl protons 
and those of the signals of the isocyanide methyl protons 
have been used to establish the relative numbers of the two 
types of ligands in these complexes. For the complexes with 

Phenyl protons (phosphine CH, CH, CH 3 

Compdb and/or isocyanide) phosphine isocyanide phosphine 

[coI(co)2L,Ic 2.18 br 2.59 br 5.97 m 8.71 t 
[ W C 0 ) z  L,IBPh, 2.56 br 3.15 br 6.14 m 8.80 t 
[ Co(p-NO,C, H,NC),L,]CIO, 1.70 t 2.35 br 5.98 br 8.64 qd 

[Co(C,H,NC),L,]BPh, 2.70 br 5.95 m 8.70 t 
[CdC, HsNC),LzIC1O, 2.80 br 5.95 m 8.73 t 
[ Co(p-CH,C, H, NC),L,]CIO, 2.50 br 2.90 br 5.80 m 7.62 s 8.62 t 
[CO(~-CH,OC,H,NC),L,]CIO, 2.50 br 2.98 br 5.86 m 6.16 s 8.64 t 
[ Co(o-CH,C, H, NC), L,]ClO, 2.30 br 2.80 br 5.93 7.88 s 8.73 t 
[Co(o-(CH, )zC,H3NC),L,IClO, 2.65 br 2.89 br 6.05 m 7.87 s 8.78 t 
[Co(C,H, 1 NC), LZ IC104 e 8.67 t 
[ C O ( ~ - N O , C , H , N C ) ~ L ' , ] C ~ O ~ ~  1.63 d 2.38 d 6.09 t 
[ Co(C, H, NC), L',] C10, 2.59 br 6.10 t 
[ CO(~-(CH,),C,H,NC),L'~] C10, 2.81 m 7.58 s 6.20 t 

2.45 d 2.99 d 6.10 br 

2.30 br 2.51 br 

a The spectra were measured in CDCI, unless otherwise stated. The following abbreviations are used: s, singlet; d, doublet; t ,  triplet; m, 
In (CD,),CO and (CD,),SO two triplets (1 :2) ( J =  7 Hz) at 7 multiplet; br, broad. b L =  PhP(OEt), and L'= P(OMe),. C In (CD,),CO. 

8.57-8.70 and 8.64-8.77 are present, respectively. e The chemical shifts of methylene and methyne protons of the cyclohexyl isocyanide are 
at T 8.34 and at 6.41, respectively. 

cyanato or cyanide. While the highest v(C0) of the di- 
carbonyltris(diethy1 phenylphosphonite)cobalt(I) compound 
(no. 1) can be explained in terms of cationic charge which, 
by decreasing the Co+CO 71 interaction, increases the CO 
bond order, the higher CO stretching frequency of the iodo- 
dicarbonylbis(diethy1 phenylphosphonite)cobalt(I) complex 
(no. 2), compared to those of the other analogous compounds 
(4 ,6 ,7) ,  must be attributed to the stronger 77 interaction of 
PhP(OEt)2 compared to those of aryl or alkyl tertiary phos- 
phines. 

(b) Isocyanide Complexes. These cationic complexes 
were first prepared by simply adding the appropriate isocya- 
nide to an anhydrous ethanol or acetone solution of [CoXL4]- 
BPh4 (X = C1, Br, or I; L = PhP(OEt), at room temperature, 
but since the halogenotetrakis(diethy1 pheny1phosphonite)- 
cobalt(I1) is immediately formed, a solution of co\jalt(II) 
halide and PhP(OEt), or P(OMe)3 in the molar ratio 1 :4 can 
equally well be used as starting material. After the addition 
of the isocyanide the product can be precipitated as per- 
chlorate or tetraphenylborate. The isocyanide derivatives 
are yellow or orange solids which can be handled under 
normal laboratory conditions. They are diamagnetic, 1 : 1 
electrolytes in nitrobenzene at 25' (Table I), readily soluble 
in polar organic solvents such as acetone, 1,2-dichloro- 
ethane, and dichloromethane and slightly soluble in diethyl 
ether, benzene, and hydrocarbons. The yields were always 
good (-90%) except for complexes containing trimethyl 
phosphite, o-dimethylphenyl isocyanide, and cyclohexyl 
isocyanide, which undergo some decomposition in solution 
and are quite soluble even in nonpolar organic solvents such 
as diethyl ether. 

Infrared and pmr spectra have been used to characterize 
and to confirm the formulas of the isocyanide-cobalt(1) com- 
plexes reported in this work. In the pmr spectra of [Co- 
(CNR)3L2]+ cations (L = PhP(OEt), or P(OMe)3) there is a 

phenyl, p-nitrophenyl, and cyclohexyl isocyanide, the ratios 
of the phosphine methyl protons and the ring or methylene 
protons were used for the same purpose. 

In addition to absorptions characteristic of the phosphine 
ligands, the infrared spectra of the mixed-ligand [CO(CNR)~- 
L2]+ cations show strong absorptions in the v(CN) frequency 
region which are assigned to terminal isocyanides coordinated 
to the cobalt atom. Unfortunately, since the compounds 
are ionic, it has not been possible to measure the frequencies 
in nonpolar solvents and the bands are usually quite broad 
and inadequately resolved. The general pattern of the spectra 
is a very weak shoulder in the region 21 15-2138 cm-', a 
strong band between 2060 and 2090 cm-l, and a shoulder at 
1998-2052 cm-'. A similar pattern has been previously 
found by Rossi" for the [CO(~-CH~C~H~NC)~(PP~~)~]~ 
complex whose infrared spectrum is very similar to the 
spectra of the [CO(CNR)~L~]' compounds reported in this 
work. If we assume D3,, symmetry for these cations, as 
verified for [CO(CH,NC)~]+ l8 and other five-coordinate 
cobalt(1) comple~es , '~  only the CN stretching mode (E') 
should be observable and this is presumably the strong band 
at 2060-2090 cm-'. More bands than required by group 
theory have been found19 in both the v(C0) the v(CN) fre- 
quency regions for [Fe(C0)3(CNR)2] complexes which 
have been assigned DJh symmetry and which are isoelectronic 
and isostructural with the [CO(CNR)~L~]+ cations. Other 
isocyanide derivatives such as [Cr(CNR)6] and [Ni(CNR)4]20 
show similar behavior. Cotton suggested two possible 
reasons for these facts. One is a combination or overtone 

(17) M. Rossi, private communication. 
(18) F. A. Cotton, T. G .  Dunne, and J. S. Wood, Inorg. Chem., 

(19) F. A. Cotton and R. V. Parish,J. Chem. SOC., 1440 (1960). 
(20) F. A. Cotton and F. Zingales, J.  Amer. Chem. SOC., 83, 35 1 

4, 318 (1965). 

(1 96 1). 
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Table IV. v(C0) and u(CN) Frequencies (cm-') of Cobalt(1) 
Complexes Discussed in this Paper 

Orio, et al. 

Compd v(C0) or v(CN)O 

[ Co(CO),L,IBPh, 2021 m 1972s  
[COI(CO),L,l 1996m 1935 s 

[CO(C, HsNC),L,I BPh, 2115 sh 2069s 1998sh 
[Co(C, H NC),L,] C10, 2125 sh 2069 s 2002sh 

[CO(~-NO,C,H,NC),L,]C~O~ 2072 sh 2050 s 2004 Sh 

[CO(~-CH,C,H,NC),L,]C~O~ 2125 sh 2073 s 2035 sh 
[CO(~-CH,OC,H,NC) ,L, ]C~O~ 2135 sh 2079 s 2040 sh 
[CO(O-CH,C,H,NC),L,]C~O, 2118 sh 2066 s 2052 sh 
[CO(O-(CH,),C,H,NC),L,IC~~, 21 16 sh 2060 s 2005 sh 

[CO(~-NO,C,H,NC),L',]CIO, 2076 sh 2057 s 

[CO(O-(CH,),C,H,NC),L',]C~~, 2120 sh 2066 s 2005 sh 

[Co(C, H ,  NC),L,lClO, 2138sh 2090s 

[cO(c, H, " 3 3  L'z] a04 2136sh 2078s 2018sh 

a Frequencies are 10.5 cm-'. CH,Cl, solution. 

band whose intensity is increased by Fermi resonance. The 
second is a deviation from the idealized geometry, due to 
the nonlinearity of the C-N-R groups, which make the 
totally symmetric mode (Al') infrared active. A third 
reason could be the steric hindrance which would also bring 
about some deviation from the idealized D3h geometry. It 
must be noted that in our case there are two bulky phosphine 
and three phenyl isocyanide (in some cases ortho substituted) 
ligands coordinated to the cobalt atom. We do not have 
sufficient information to decide between these alternatives 
and it is beyond the aims of this work. However, if we 
regard the two shoulders as nonfundamental absorptions, 
then the infrared spectra in dichloromethane are not incon- 
sistent with the structural assignment based on pmr spectra 
(vide infra). 

From Table IV one can observe that the v(CN) frequen- 
cies of the complexes in which the isocyanide ligands have 
one or two methyl groups in the ortho positions of the phenyl 
ring are lower than the corresponding frequencies of all the 
other [CO(CNR)~L~]+ cations. As far as polar and inductive 
effects are concerned p-CH3C6H4, 0-CH3C6H4, and o- 
(CH3)2C6H3 moieties are very similar and therefore the lower 
v(CN) frequency for [ C O ( O - C H ~ C ~ H ~ N C ) ~ L ~ ] +  (A) (2066 
cm-') and [ C O ( ~ . ( C H ~ ) ~ C ~ H ~ N C ) ~ L Z ] '  (B) (2060 cm-') than 
for [ C O ( ~ - C H ~ C ~ H ~ N C ) ~ L ~ ] +  (C) (2073 cm-') must be 
attributed to some other effect. The difference in the v(CN) 
between the ortho and para isomers (A and C) (7 cm-') is 
roughly half the difference between B and C (13 cm-'). A 
possible explanation of these facts is that the steric inter- 
ference of the methyl group(s) in the ortho position(s) de- 
creases the possible rotation of the isocyanide ligands around 
the Co-CNR axis, thus favoring a stronger n interaction 
C o N N R  with a resulting lower C=N bond order. 

The p-nitrophenyl isocyanide with diethyl phenylphospho- 
nite gives only the disubstituted derivative [Co(p-NOzC6H4- 
NC)z(PhP(OEt)2)3]' even when 6 equiv of p-No2C6H4NC/ 
equiv of [CoXL4]+ complex was used. The same product 
has been obtained by the reaction 
[Co(CO),L,]+ + 2CNR --f [Co(CNR),L,]+ + 2CO 

(CNR = p-NOzC6H4NC; L = PhP(OEt)2) treating the dicar- 
bonyltris(diethy1 phenylphosphonite)cobalt(I) cation with an 
excess of isocyanide ligand. The analogy between [Co(p- 
N0zC6H4NC)2(PhP(OEt)z)3]+, which is the only isocyanide 
derivative of the type [CO(CNR)~L~]+ obtained, and [Co- 
(CO)zL3]c can be understood if one considers that the pres- 
ence of strong electron-withdrawing nitro group in the para 
position of the phenyl ring makes this isocyanide a weaker u 
donor and a stronger n acceptor than all the other phenyl 
isocyanides we have used. Both of these effects should make 

h 

6 i b 9 r { p p m l  

Figure 1. Pmr spectrum of [Co(CO),(PhP(OEt),)] BPh, at different 
temperatures in 1 :1 acetone-Freon solution. The resonance line a is 
due to CHD,COCH,. 

the Co-CNR bond in the bis(p-nitrophenyl isocyanide)tris- 
(diethyl phenylphosphonite)cobalt(I) complex more 
similar to the Co-CO bond of the dicarbonyltris(diethy1 
phenylphosphonite)cobalt(I) derivative. In accord with this 
idea the v(CN) frequency of [ C O ( ~ - N O ~ C ~ H ~ N C ) ~ P ~ P -  
(OEt)2)3]+ is the lowest and therefore the n back bond is the 
strongest (Table IV). 

The v(CN) frequencies of the E'  mode of the [Co(C6HS- 
NC)3L2]C and [ C O ( ~ - C H ~ C ~ H ~ N C ) ~ L ~ ] +  cations (2069 and 
2073 cm-' , respectively) are some 40 cm-' lower than those 

complexes (2120 and 2105 cm-', respe~tively'~"~) in the 
same solvent. A decrease in the CO or CN bond order is 
expected when strong n-acceptor ligands such as CO or CNR 
are replaced by weaker n-acceptor and stronger o-donor 
phosphine ligands, because electronic charge transfer to the 
empty antibonding T* orbitals of the remaining isocyanide 
or carbonyl groups is enhanced. For this reason the suscep- 
tibility to nucleophilic attack of the carbon atom directly 
bonded to cobalt in the [Co(CNR),L2]' cations should be 
low. 

for the analogous [CO(C~HSNC)S]+ and [CO(p-CH3C&")$ 
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Figure 2. Schematic representation of the temperature dependence of the phenyl proton resonances of p-NO,C,H,NC ligands in [Co(p- 
NO,C, H, NC), (PhP(OEt),),] C10,. 

Structures. The structure of [CO(CH,NC)~]' cation has 
been shown by single-crystal X-ray analysis to be trigonal 
bipyramidal." Previously, by examination of the infrared 
spectrum, C ~ t t o n ' ~  proposed the same structure for the [Co- 
(C6H5NC)$ complex. By analogy one can assume that 
both the carbonyl-phosphine- and the isocyanide-phosphine- 
cobalt(1) complexes will also be trigonal bipyramidal. 

The average ratio between the intensities of the antisym- 
metric and the symmetric v(C0) frequencies of [CO(CO)~L,]' 
and [CoI(CO)2L2] complexes is 2.54 and 2.76, respectively 
(Figure 1). From the equation Imw,/Iwm = (1 - cos ti)/ 
(1 4- cos 6)  proposed by Reckziegel and Bigorgne2' for the iso- 
electronic and isostructural [Fe(CO),LS,x] complexes, the 
OC-Co-CO bond angle 6 is found to be 116" for the dicar- 
bonyltris(phosphine)cobalt(I) and 1 18" for the iododicar- 
bonylbis(phosphine)cobalt(I) derivatives. These results 
suggest the structures 

I I1 

Further support is given by the pmr spectra (Table 111). The 
[COI(CO)~L~] complexes exhibit, in the temperature range 
40-80°, a 1 :2: 1 triplet ( J =  7 Hz) centered at 7 8.71 due to 
the resonance of methyl protons of diethyl phenylphos- 
phonite split by methylene protons, suggesting that the two 
phosphine ligands are magnetically, and hence stereochemi- 
cally, equivalent. A 1:2: 1 triplet ( J =  7 Hz) centered at 7 
8.80 can also be observed at room temperature for the [Co- 
(CO)2L3]' cation (Figure 1). However, cooling the acetone- 
Freon (1 : 1) solution caused this signal to become broad and 
the multiplet at T 6.14 of the methylene protons splits into 
two peaks with a chemical shift difference of 0.3 ppm at 

(21) A.  Reckziegel and M.  Bigorgne, J. Organometal Chem., 3 ,  
341 (1965) .  

-80" and 0.6 ppm at -100" and with an intensity ratio of 
1 :2. These facts seem to indicate that [CO(CO)~L~]' is a 
nonrigid molecule at room temperature on the nmr time 
scale and that the equatorial and the two apical phosphine 
ligands become nonequivalent at low temperature. Non- 
rigidity has been previously observed for other iron(0)22 
and ~ o b a l t ( 1 ) ~ ~  five-coordinate complexes. 

(CNR)3L2]* complexes, assigned to the protons of methyl 
groups in the ortho or para positions of the phenyl ring of 
the isocyanides, indicates that these three ligands are mag- 
netically equivalent. Similar conclusions can be inferred, 
for the two phosphine ligands, from the triplet due to their 
methyl protons (Table 111). The molecular structure I11 can 

The sharp singlet which appears in the pmr spectra of [Co- 

therefore attributed to these compounds. Further support 
has been found by the syntheses of the corresponding tris- 
(isocyanide)bis(trimethyl phosphite)cobalt(I) derivatives. 
The resonance lines of the phosphite methyl protons appear 
as a 1:2: 1 triplet ( J =  6 Hz) at 7 6.09-6.20 because of strong 
"virtual" coupling24 between the two phosphorus nuclei. 
As found in other cases2' this indicates that the two phos- 
phine ligands are in trans positions. 

Quite different behavior is shown by the [Co(p-N02C6H4- 

(22) (a) C. A. Udovich, R. J. Clark, and H. Haas, Znorg. Chem., 8, 
1066 (1969);  (b) M. Akhtar, P. D.  Ellis, A. G. MacDiarmid, and J. D. 
Odon, ibid., 11, 2917 (1972) .  

(23)  D. D. Titus, A. A. Orio, R. E. Marsh, and H. B.  Gray, Chem. 
Commun., 322 (1971) .  

(24) J .  P. Jesson "Transition Metal Hydrides," L.  E. Muetterties, 
Ed., Marcel Dekker, New York, N.  Y . ,  1971, p 85. 

(25) (a) J. M. Jenkins and B. L. Shaw, Proc. Chem. SOC., London, 
279 (1963);  (b) W. J .  Cherwinski, H .  C. Clark, and L. E. Manzer, 
Inovg. Chem., 11, 1511 (1972). 
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NC)2(PhP(OEt),>,]' cation. Its pmr spectrum in deuterio- 
chloroform exhibits a 1:4:5:2 quartet ( J =  7 Hz) centered at 
7 8.64, assigned to the methyl protons, which become two 
(1 :2: 1,2:4:2) triplets in hexadeuterioacetone and in hexa- 
deuteriodimethyl sulfoxide with a difference in the chemical 
shift of 0.10 and 0.13 ppm, respectively. This means that 
two magnetically equivalent phosphine ligands are different 
from the third. Although the structure with two equatorial 
and one apical phosphine cannot be excluded completely for 
this complex, we prefer structure IV because of the analogy 
with structure 111. 

The pmr spectra of all the isocyanide-phosphine derivatives 
show no changes in the +30 to -80" temperature range 
except minor, but significant, changes in the spectrum of the 
[CO(~-NO~C~H~NC)~(P~P(OE~)~)~]+ complex. While two 
1: l  doublets ( J = 9  Hz) at r 1.61 and 2.18 assignable to the 
phenyl ring protons (AA'BB' spectrum which approximates 
to AB) can be observed for the free p-nitrophenyl isocyanide 
(Figure 2), a set of four 1 : 1 doublets ( J  = 9 Hz) at 7 1.48, 
1.67,2.09, and 3.17 due to the corresponding protons is 
present in the spectrum of the bis(p-nitrophenyl isocyanide)- 
tris(diethy1 phenylphosphonite)cobalt(I) cation at -9 1" in 
acetone-Freon (1 : 1) solution. The downfield doublets can 
be assigned to the protons in the ortho positions with respect 
to the nitro group (bb' and dd') and the two upfield doublets 
to the other protons (aa' and cc'). As shown in Figure 2 an 
increase in temperature causes a decrease in A f and A fi z6 

and at  +47" the two downfield doublets collapse in a 1 :2: 1 
(26)  Af, and Af, are the differences in chemical shifts of the 

two downfield and the two upfield doublets, respectively, as shown 
in Figure 2.  

David L. Aalbers and H. Eugene LeMay, Jr. 

pseudotriplet. These facts can be rationalized in terms of an in- 
crease of the internal rotation of the two isocyanide ligands. 
There are two rotational modes which will tend to make these 
pairs of protons equivalent. One is rotation about the Co- 
CN axis and the other is rotation about the CN-Ph axis. 
Presumably at sufficiently high temperatures total equivalence 
of the protons ortho to the nitro group and those ortho to 
the isocyanide function will be observed and two 1 : 1 
doublets, as for the free ligand, should be observed. Two 1 : 1 
doublets at 7 1.63 and 2.38 are in fact observed in the pmr 
spectrum of the [CO(~-NO~C,H,NC),(P(OM~)~)~]+ cation at 
25". In this case the apical trimethyl phosphite ligands, 
whose steric influence is minor relative to that of PhP(OEt),, 
allows a complete rotation of the isocyanide ligands even at 
room temperature. 
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The solid-phase radiocobalt exchange reactions berween labeled CoC1, and the complexes trans-[Co(pn) , a , ]  C1, 
Pans-[Co(pn) ,C12] (H s0,)C12, and cis-[Co(pn) ,Cl,]Cl.H ,O (pn = 1,2-diaminopropane) were studied in static air at 100, 
120, and 150". Although isomerization occurs during dehydration, cobalt exchange takes place mainly after dehydration 
and occurs with complete retention of configuration. In some cases, however, C ~ ( p n ) ~ ' +  forms. The results are com- 
pared with those obtained in transfer annealing and postradiation annealing studies of related complexes. 

Introduction 

irradiated with neutrons in the solid state, Szilard-Chalmers 
recoil occurs causing bond rupture. If the solid is subse- 
quently heated, the recoil fragments recombine. a process 
known as thermal annealing. A striking feature of this post- 
radiation annealing of cobalt(II1) and chromium(II1) com- 
plexes is that it generally occurs with retention of configura- 
tion. This has been reported in studies of d-[Co(en),] - 
(N03)32 and cis- and trans-[M(en),Cl,]X, where M = Cr3,4 

When complexes of cobalt(II1) and chromium(II1) are 

(1) Abstracted, in part, from the M.S. thesis of D. L. Aalbers, 

(2) A. V. Zuber, Ph.D. Thesis, Columbia University, New 
University of Nevada, Reno, 1972. 

York, 1954;  USAEC NYO-6142 (1954). 

or and X = C1 or NO3. The only cases where signifi- 
cant stereochemical changes have been reported are cis- and 
trans- [ C O ( N H ~ ) ~ ( N O ~ ) ~ ] N O ~ . '  

isotopic metal exchange reactions of cis- and trans- [M(en),- 
Stereochemical retention is also observed in the solid-phase 

(3) R. Jagannathan and H. B. Mathur, J. Inoug. Nucl. Ckem., 
30, 1663 (1968). 

(4) R. I. Liu, A. S. Lefohn, and C. S. Garner, J. Inoug. Nucl. 
Chem., 2 9 ,  1553 (1967) .  

(5) H. E. Rauscher, N. Sutin, and J. M. Miller, J. Inorg. Nucl. 
Ckem., 12 ,  378 (1960);  17, 31 (1961). 

(6) K. Rossler and W. Herr, Angew. Chem., Int. Ed. Engl., 
6 ,  993  (1967);  K. Rossler, Doctoral Thesis, University of Cologne, 
1967. 

Bull. Chem. SOC. Jap., 35,  7 4  (1962). 
(7) N. Saito, H. Sano, T. Tominaga, F. Ambe, and T. Fujino, 


