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cobalt(II1) complexes at  the dropping-Hg electrode and 
by outer-sphere reducing agents has already been 
pointed 0 ~ t . ~ ~ 9 ~ ~  The results in Table I suggest that 
the similarity extends, a t  least for ( N H ~ ) & O O H ~ ~ +  
as oxidant, to the metals Pt, Cu, Ag, and possibly 
Cr acting as cathode. For Cu f is independent of 
the current density, and in this case a t  least it is 
fairly certain that f is characteristic of the electrode 
process rather than of the diffusion step. When 
diffusion to the electrode is rate limiting, a value off  
very close to 1.000 is expected. The data for Cr in 
fact show a variation off with current density and sug- 
gest that a t  the higher current densities, diffusion to the 
electrode becomes rate limiting. It is difficult to under- 
stand why the limiting diffusion current a t  the Cr 
electrode is less than a t  Pt, Cu (and apparently Ag), 
and we can only suppose that there was a difference in 
experimental arrangement, perhaps having to do with 
the rate of stirring. This value is fairly close to that 
observed for the reductants R U ( N H ~ ) ~ ~ + ,  V2+, and 
Eu2+ which we take to react by outer-sphere activated 
complexes. The Ni cathode appears to behave dif- 
ferently from the others. We have no reason to set 
aside this result but, since only a single experiment with 

(16) J. P. Candlin, J. Halpern, and D. L. Trimm, J .  Am.  Chem. Soc., 86, 

(17) J. F. Endicott and H. Taube, Inorg.  Chem., 4, 427 (1965). 
101s (1964). 

Ni was done, are not prepared to assert that this elec- 
trode is really different. 

Metallic iron reduces the aquopentaamminecobalt- 
(111) complex directly and a t  a rate so great that the 
reaction must be diffusion controlled. The value off  
is observed to be close to 1.00, as would be expected 
for a diffusion-controlled process. 

The most significant of the results reported by us 
may well be those contained in Table 11. As has 
already been mentioned, they suggest that the electron- 
transfer reactions induce exchange between 
C O O H ~ ~ +  and solvent. This implies that the cobalt- 
(11) complex which is formed on electron transfer lasts 
long enough to undergo water exchange with the sol- 
vent and electron transfer with Co(II1). 

(NH&COOHZ~+ + e- -+ ( N H ~ ) ~ C O O H ~ ~ +  
(NH3)5CoOHz2+ + HzO* + (XHI)BCOO*HZ~+ + H20 

(NH3)6CoOHz2+ + (NH3)6CoOHz3+ --+ 
(NH3)6CoOH*Hz3+ + (NH3)5CoOHz2 + 

The effect merits further investigation and we plan to 
work on this aspect of the subject. 
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Compounds of the type CoNO(CO)zL, where L = CO, Cru'C6H11, As(C6H6)3, P (OCHZ)~CCH~,  P(OC6H&, P(OCH3)3, and 
P(CeHs)a, undergo L group substitution in the presence of phosphines to  give CoNO(C0)2L'. The reactions a t  40.4" pro- 
ceed a t  slow to  moderate rates and are dependent upon the nature and concentration of L'. For the same substrate CoNO- 
(CO)2L, the rates of reaction increase with changes in reagent L'  in the order: P( OCeH3)3 < P( C6H6)3 < P( C ~ H ~ ) Z C ~ H ~  < 
P(n-C4H9)3. For the same reagent but different substrates the rates of reaction increase with changes in L in the order: 
P(CeH5)3 < P(OCHB)~ < P(OC&)a < As(CeH6)a - P(OCHz)aCCH3 < CNCOH,, << CO. The reaction of CONO(CO)~L 
with L to  give CoNO(C0)Lz and CO a t  40.4" proceeds more slowly than L group exchange and is also dependent upon the 
nature and concentration of L. The results are compared and contrasted to the Ni(C0)2L2 system,2 and the nature of the 
bonding between metal and L group in both systems is discussed. 

Introduction pounds of the type Ni(CO)sLs in the presence of a 
The monosubstituted derivatives of CONO(CO)~ phosphine undergo ligand exchange more rapidly than 

additional co substitution. Furthermore, all reactions 
involving derivatives of Ni(C0)4 were found to  be 
first order in complex and independent of the added 
phosphine. Work has also been reported on the reaction 
of Ni(C0)4 with L to give Ni(CO)3L3 and thence 

might be expected to exhibit kinetic behavior similar 
to that of the disubstituted derivatives of Ni(C0)4, 
since the two systems are structurally and electronically 
similar. Meriwether and Fiene2 have found that corn- 

(1) Taken in part from the Ph.D. Thesis of E. M. T. ,  Northwestern Uni- (3) (a) F. Basolo and A. Wojcicki, ibid. ,  83, 520 (1961): (bj R. F. Heck, 
ib id . ,  86, 657 (1963); (c) L. R. Kangas, R. F. Heck, P. M. Henry, S. Breit- 

(2) L. S. Meriwether and M. L. Fiene, J .  A m .  Chem. Soc., 81, 3200 (1959). schaft, E. M. Thorsteinson, and F. Basolo, ibid. ,  88, 2334 (1966). 
versity, 1966. 
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Ni(CO)zL2.2 These reactions are also first order in 
complex and independent of L. 

By contrast i t  has been show11~~8~ that CONO(CO)~, 
which is isoelectronic and isostructural with Ni(C0)4, 
undergoes CO substitution to give CONO(CO)~L by 
a process which is both first order in substrate and 
nucleophile concentrations. This paper reports the 
kinetic behavior of various monosubstituted deriva- 
tives of CoNO(C0)3 in lignand-exchange reactions of 
type 1 and CO substitution of type 2. 

CoNO( C0)2L + L' + CoSO(  C0)ZL' + L (1) 

Experimental Section 

COKO( C0)zL + L ---+ CoNO( CO)L2 f CO (2) 

Materials.-The solvent and reagents were prepared and/or 
purified as previously de~c r ibed .~  

Preparation of Complexes.-The preparation and character- 
ization of the complexes used in this study have also been previ- 
ously de~c r ibed .~  The monosubstituted derivatives of CoNO- 
(CO)a which were used in the kinetic studies leading to the disub- 
stituted derivatives were prepared in situ under the kinetic con- 
ditions listed in Table 111. The initial concentration of CoKO- 
(co)3 in these solutions was ca. 5 X A l  or less. Owing to 
the  large disparity in rates between the reactions leading to  the 
mono- and disubstituted derivatives, no kinetic complications 
arose, except in the case of C X C ~ H I I  where both rates appear to 
be of the same order of magnitude. 

Kinetic Data.-The rates of both the ligand exchange and CO 
substitution reactions were followed by observing the disappear- 
ance of the highest energy carbonyl band of the starting material. 
Measuring the rate of the carbonyl substitution reactions by 
observing the rate of evolution of CO is not a convenient method 
in these cases because the reactions are quite slow. All of the 
kinetic studies reported herein were performed in a manner com- 
pletely analogous to that previously described.4 The concentra- 
tion of the substrate was always ca. 5 X X or less while that  
of the reagent was a t  least in tenfold excess. The infrared spectra 
of the monosubstitute derivatives of CoISO(CO)3 discussed in 
this work have been presented p rev i~us ly .~  

Figure 1 shows the infrared spectral changes vhich take place 
in the metal carbonyl and nitrosyl regions during the ligand- 
exchange reaction of CoXO(C0 jZP(OCHs)sCCH3 and P(n-C4HSj3. 
In  going from the phosphite to the phosphine derivative, the 
shift of the three bands is to lower frequencies. In a few instances 
(see Table 11) the overlap of the reactant and product bands was 
large and this resulted in a pronounced curvature of the pseudo- 
first-order kinetic plot. In such cases the rate constant was 
determined from the initial slope of the curve and should be con- 
sidered only approximate. 

Most of the exchange reactions reported here are of the phos- 
phite derivative leading to the phosphine. It is difficult t o  study 
the reactions proceeding in the opposite direction, since the 
equilibrium is on the phosphine derivative side. Furthermore, 
phosphites a t  0.1 ill concentration or larger absorb noticeably in 
the carbonyl region of the infrared spectrum and thus interfere 
with the kinetics. Nevertheless, we report here two reactions of 
the P(CsH5)s derivative with phosphites. These rate constants 
also should be considered approximate. The same is true for the 
CO substitution reactions with trimethyl phosphite as the re- 
agent. For the reactions where more than one run was carried 
out, the average deviation of the calculated rate constant was 
10%. 

Results 
Tables I and I1 present evidence for the second-order 

nature of the ligand-exchange reactions. The leaving 
group is displaced from the CONO(CO)~ moiety at a 

(4) E. M. Thorsteinson and I?. Basolo, J .  A m .  Chenz. Soc., 88, 2334 (15166). 

4 %T 

2300 2000 1500 cm'l 

Figure 1.-Infrared spectra of the reaction of CONO(CO)~P- 
(OCH2)3CCH3 with P(n-C4Hs)s in toluene at 40.4'. 

TABLE I 
KATE CONSTAKTS FOR THE REACTIONS 

CONO(CO)~L + P ( I z - C ~ H Q ) ~  - CoIYO(CO)pP(n-C,Hg)s +L 
I?; TOLUENE AT 40.4" 

[P(n-C~Hg)al, .M kobsd, k ,  M - 1  sec-1 

L = P(0CHz)aCCHs 
0.024 1 . 1  x 10-4 4 .6  x 10-3 
0.029 1.3 x 10-4 4 . 5  x 10-3 
0.213 8.9 x 10-4 4 . 2  x 10-3 
0.388 1 .6  x 10-3 4.1 x 10-3 
0.683 2 . 5  x 10-3 3.7 x 10-3 
1.12 4 . 0  x 10-3 3 . 6  X 10-3 
0.371" 5 . 2  x 10-4 1 . 4  x 10-3 

0.026 1 .5  x 10-6 5 .8  x 1 0 - 4  
0.111 5 . 4  x 10-6 4 . 9  x 10-4 

0.762 4.0 x 10-4 5 .3  x 10-4 
1 .14  5 . 4  x 10-4 4 . 7  x 10-4 
0. 381b 6 . 7  X 10-6 1.8 x 10-4 

L P(OCH3)s 

0.378 2 . 1  x 10-4 5 .6  X lo-" 

a This reaction was performed a t  25.0' and allows an estimate of 
AH* = l:! kcal/mole; 4.Y = -30 eu. This reaction was 
performed at 25.0' and allows an estimate of AH* = 12 kcal/mole; 
AS* = - 34 eu. 

rate which is dependent upon the concentration and 
nature of the entering nucleophile. The data at 40.4" 
for CO as the leaving group, i.e., CoNO(C0)a as the 
substrate, have been previously pre~ented .~  

Table I11 presents the kinetic data concerning the 
second step of CO substitution. As in the case of 
the ligand-exchange reactions these are also second 
order, first order in substrate and first order in nucleo- 
phile concentrations. However, except for the reaction 
with CNCGHII, these reactions are much slower than 
the ligand-exchange reactions. The carbonyl and 
nitrosyl vibrational frequencies for the disubstituted 
derivatives of CONO(CO)~ are given in Table IV. 
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TABLE I1 
KATE CONSTANTS FOR THE REACTIONS 

IN TOLUENE AT 40.4' 

L L' M sec -1 sec -1 

CoNO(C0)2L + L' - CoNO(CO)*L' + L 

[L'], kobsd, k ,  M-1 

CNCeHii P(n-OHu)a 0.117 7.3 X 10-4 6.2 X 10-8 
CNCsHii P(CeH6)zCaHs 0.473 2.8 X 5.9 x 10- 
CNCsHii P(C6Hd8 0.456 4.1 X 10-5 9.0 X 10-5 
P(0CHdsCCHa P(CeHll)s 0.144 3.5 X 10-6 2.4 X 10-4 
P(0CHa)aCCHs P(C6Hs)aCaHs 0.383 6.7 X 1.7 X lo-' 
P(0CHdsCCHa P(CsH6)s 0.488 8.2 X 10-0 1.7 X 10-6 
As(C6Hs)a P(~-CPHU)S~ 0.114 4 X 10-4 4 X 10-8 
P(OCaH6)a P(n-C4Hu)a 0.115 1.6 X 10-4 1.4 X 
P(OCeH6)a P(C6Ha)zCzHs 0.456 3.1 X lom6 6.8 X 
P(0CsHs)s P (CaH3 s 0.131 6.5 X 10-7 5.0 X 10-8 
P(0CHa)s P(C6Hs)sCzHs 0.680 1.1 X 1.6 X 
P(0CHs)a P(COH6)3" 0.898 1 X 10-6 1 X 10-8 

P (C6Hs)a P(0CHa)P 0.833 7 X 10-6 8 X 10-6 
P(CsH6)s P(0CsHs)s" 0.661 4 X lo-' 6 X l o '  

P (C6Ha)a P(n-C4Hds . . .  . . .  3 x 10-46 

a Owing to partial overlap of the reactant and product car- 
bonyl bands, the kinetic plot showed pronounced curvature. The 
rate constant was obtained from the initial slope of the curve. 
b This value was obtained by extrapolation from the other data 
for this substrate assuming a linear free energy relationship be- 
tween log k and AHNP. The kinetic plot showed pronounced 
curvature. The rate constant was determined from the initial 
slope of the line. 

TABLE I11 
RATE COXSTANTS FOR THE REACTIONS 

IN TOLUENE AT 40.4" 
CoNO(C0)zL + L + CoNO(CO)LZ f CO 

L [L], M kobsd, SeC-' k ,  M-1 sec-1 

CNCsHii 0.635 Reaction complete in 1 day 
P(OCHa)3' 0.343 2 X 6 X 
P(OCH3)3Q 0.672 4 X 6 X lom6 
P(OCH3)aa 1.24 8 X 6 X 
P(OCH2)3CCHa 0.569 2 . 3  X 4.0 X 
~(TL-C~HQ)~  0.452 2 . 1  x 10-7 4.9 x 10-7 
P(n-CrHs)s 0.583 2.7 X 4 . 6  X 
P(OCsH6)3 0.555 Very slow 
P (C6H6)8 0.535 Very slow 
a Trimethyl phosphite absorbs in the metal carbonyl region of 

the infrared spectrum and the kinetic plots showed a pronounced 
curvature. The rates of these reactions were determined from the 
initial slopes of the curves. 

TABLE IV 
INFRARED CARBONYL AND NITROSYL FREQUENCIES FOR SOME 

COMPOUNDS OF THE TYPE CoNO(CO)L2 IN SOLUTION 

Solventa 

C 
T 
T 
T 
C 
D 
T 

vco, 
cm-1 

2008 
2001 
1983 
1978 
1958 
1943 
1957 

VNO, 
cm -1 

1764 
1750 
1727 
1721 
1714 
1687 
1693 

Q C refers t o  a carbon tetrachloride solution of the compound 
(W. Hieber and J. Ellermann, Chern. Ber., 96, 1643 (1963)); 
T refers to toluene solutions containing an excess of ligand, from 
the kinetic studies of this work; D refers to a dichloromethane 
solution of the compound. 

Discussion 
The compounds CONO(CO)~L and Ni(C0)2L2 are 

analogous in that they have two carbonyl groups and 
two other groups tetrahedrally arranged about the 

metal atom and are derived from parent compounds 
which are isoelectronic. They behave similarly in 
solution in the presence of a nucleophile in that they 
undergo ligand exchange more readily than CO sub- 
stitution.2 However, they apparently undergo reactions 
by processes which are fundamentally different, since 
the rate of reaction of Ni(C0)*L2 is first-order, whereas 
that of CONO(CO)~L is second-order. Therefore, 
unimolecular dissociative and bimolecular displacement 
types of processes are postulated for the nickel2 and 
cobalt systems, respectively. However, recent studies 
indicate that reactions of the parent compound Ni(C0)4 
may not proceed by a simple dissociative process.3c 

That the two systems react by different mechanistic 
processes has been attributed to the presence of NO in 
the cobalt ~ u b s t r a t e . ~  Since NO is a free radical, it 
forms complexes in which i t  is present in essen- 
tially one of the three forms:5 NO+, NO, or NO-. 
In  order to satisfy the effective atomic number rule, 
so often obeyed in metal carbonyls, i t  is believed that 
NO contributes three electrons to the metal in these 
systems. The metal then back donates electron density 
through T bonding, thereby creating a strong double 
bond with the nitric oxide group. This gives the metal 
a formal negative charge, whereas NO takes on a 
formal positive charge. In  the transition state there 
can be a transfer of a bonding pair of electrons to the 
electronegative NO+ group, thus resulting in the net 

change of Co=N=O into Co-N=O. For the cobalt 

compound under discussion this means the metal in the 
transition state has a low-spin d8 electronic structure 
which makes available a vacant orbital of low energy 
and permits the attack by a pair of electrons of the 
entering nucleophile. Assuming this low-spin dS 
system has a square-planar structure, it is well known 
that such systems undergo bimolecular displacement 
reactions6 A compound containing only CO ligands 
such as Ni(C0)4 does not appear to behave in this 
manner, perhaps because carbon is less electronegative 
than nitrogen and delocalization of electron density to 
carbon takes place less readily than i t  does to nitrogen. 

The rates of ligand replacement of Ni(CO)zLz depend 
on the nature of the ligand and decrease with changes 
in L in the order:' Pc13 (>300) > CO (-240)' >> 

- e e -  

- - -  

P(CHzCHzCN)3 (19) > ~ ( C G H S ) ~  (17) > P(n-C*H9)3 
(1.0) >> P(OC2Hj)3 (<0.003) - P(OC&)3 (<0.003), 
where the numbers in parentheses are the rates relative 
to that of the P(n-C4Hs)3 derivative. It was pointed 
out that the rates closely parallel the order of increasing 
basicity of the phosphines with the exception of the 
two phosphite compounds. No explanation was given 
for the anomolous behavior of the phosphite ligands, 
but it was concluded that in these systems the Ni-P 
bond strengths are largely governed by a-bonding 
properties. Thus, for phosphine ligands the most 
(5) J. Lewis, K. J. Irving, and G. Wilkinson, J. Iizovg. Nucl. Chem., 7, 32, 

(6) F. Basolo, Advances in Chemistry Series, No. 49, American Chemical 

(7) The value for L = CO was obtained from L. R. Kangas and P. M. 

38 (1958) 

Society, Washington, D. C., 1965, p 81. 

Henry, private communication. 
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basic is the most firmly bound and the most difficult 
to replace. It is seen that both PC13 and CO are very 
easily replaced. Since these compounds are very 
similar in that they are weakly basic but strong a 
bonders8 these results are reasonable. 

The above order of reactivity of Ni(CO)*LZ can now 
be compared to that for CONO(CO)~L with similar 
changes in L. I t  should be kept in mind that the re- 
actions of the nickel substrates are first order, whereas 
those of the cobalt substrates are second order. There- 
fore, the ordering of the rates of reaction of the cobalt 
compounds are necessarily for their reactions with the 
same nucleophile. The data in Tables I and I1 show 
that the rates of reaction of CO~YO(CO)~L with P- 
(n-C4H9)3 decrease in the order: CO (68)9 >> CNCGHI~ 
(1.5) > P(OCH2)aCCHa (1.0) - h(C&)a (1) > 
P(OC6Hj)3 (0.34) > P(OCH3)3 (0.13) > P(C6&)3 
(0.07), where the values in parentheses are the rates 
relative to that of the P(OCH2)3CCH3 derivative. The 
spread in rates for the nickel substrates is greater than 
105, whereas that of the cobalt substrates is about lo3. 

Clearly the rates of displacement of L in CoNO(C0)zL 
must depend on a number of factors. With regard 
to the nature of L, it is of interest to consider the 
following factors: (1) steric, (2) 7r bonding, and (3) 
u bonding. The results obtained show that the ligands 
of carbon ligand atoms, L = CO or CNC6H11, are more 
readily displaced than are the ligands of phosphorus or 
arsenic ligand atoms. This may be due to a more 
favorable combination of steric and a-bonding factors 
in the systems L = CO or CNC6H11. Since these re- 
actions proceed with an expansion in coordination num- 
ber from four to five, it follows that there should be a 
steric retardation for the rates of reaction. Thus, 
substrates containing bulky ligands such as P(C6Hj)3 
will react more slowly than those containing smaller 
ligands. 

A second factor contributing to the greater reactivity 
of the systems where L = CO or CNC6Hll is that these 
ligands are better T bonders than are the other groups 
being considered.8 The stability of five-coordinated 
transition metal complexes is known to increase with 
an increase in the a-bonding capacity of the ligands.1° 
For example, there are stable species such as Fe(CO)j, 
Ni(CN)b3-,11 and Pt(SnC13)53-.12 A bimolecular dis- 
placement mechanism for substitution reactions of 
CONO(CO)~L requires the formation of five-coordinated 
CONO(CO)~LL', and because a-bonding ligands sta- 
bilize this species they will tend to accelerate the re- 
activity of the substrate. Put another way, a lower 
activation energy is expected for a compound containing 
strong a-bonding ligands rather than weak, since strong a 
bonders will have a greater stabilizing influence on the 

(8 )  W. D. Horrocks, Jr., and R. C. Taylor, J?zo).g. C h e m . ,  2, 723 (1963), 

(9) This value was obtained by exLrayolation uf the linear fsee energy 

(10) J. Chatt ,  L. a. Duncanson, and L. ;VI. Venanzi, J .  Chem. Soc., 4456 

(11) J, S. Coleman, H. Peterson. J r . ,  arid K .  A.  Pennrman, i i 4 0 i . g .  ( ' h e n , ,  

(12) I<. n. Cramer, I<. V. Lindsey, Jr.,  C. T. Prewitt, and U. G. Stolbei-g, 

and references therein. 

relationship found in Figure 2 for this substrate. 

(1965); L. E. Orgel, J .  Inorg.  A-ucl. Chem., 2, 137 (1956) 

4 ,  135 (1965); K .  S. Raymond and 12. Basolo, i b i d . ,  6, Y 4 Y  (1966). 

J .  Aiii. Ckuiz .  Soc., 87, 638 (1965). 

-I , 
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Figure 2.-Plot of log k zrs. AHAP for the reaction CoNO- 
(CO)zL + L'  -+ CoNO(CO)2L' + L in toluene a t  40.4". The 
circles represent the different entering groups, L', listed a t  the 
top of the columns, while the lines represent the various leaving 
groups, L. Values of AHNP are the difference in half-neutral- 
ization potentials of the reagents from that  of N,N'-diphenyl- 
guanidine taken as a standard, all measured toward a protonic 
acid in nitromethane solution.13 The values of AHNP decrease 
with increasing basicity (or polarizability) of L'. 

trigonal-bipyramidal transition state relative to the 
tetrahedral ground state than will the weak ones. 
This is due to the geometries of the a-bonding orbitals 
which permit four a bonds in the transition state but 
only two in the ground state. 

That the phosphites are more readily displaced than 
is P(C&)3 from the moiety CONO(CO)~ may also 
be explained on the basis that the phosphites are better 
a-bonding ligands than are phosphines.8 The phos- 
phite, P(OCH2)3CCH3, that is easiest to displace is the 
one that offers the least steric retardation to the rate 
of reaction. The order of reactivity P(OC&)3 > 
P(OCH3)3 suggests that the greater steric hindrance of 
the former is more than compensated for by its better 
a-bonding and poorer a-bonding (weaker base) 13 
tendency than for P(OCH3)3. 

The steric factors and a-bonding properties of 
P(C6Hj)3 and As(C6HJ3 are about the same, yet the 
arsine is more readily replaced from CoNO(C0)zL 
than is the phosphine. This is in accord with the 
greater basicity or a-bonding properties of the phos- 
phine relative to the a r~ ine .1~  Since the Co-L bond 
strengths for these ligands in this system are largely 
due to u bonding, i t  follows that the energy required 
to break the Co-P bond will exceed that for Co-As. 
Such a result is also in agreement with the ligand 
atom stability order N << P > As > Sb for metal 
complexes of class b metals.15 

Since the rates of ligand exchange for CoNO(C0)zL 
are second order, it is also of interest to compare the 
nucleophilic strengths of various reagents toward a 
given substrate, as well as their relative strengths 
toward different substrates. Tables I and I1 give data 
of this type arid Figure 2 shows a plot of the log of the 
rate constants ZJS. the basicity13 (or polarizability) of 

( 18) C. A. Streuli, A d .  ( , h e m . ,  32, Y85 ( lY6o). 
(14) W. C. Davies and H. W. Addis, J .  Chem. SOC., 1629 ( l U 3 i ) .  
(15) S .  Arhland, J. Chatt ,  and X. R. Davies, Q x ( ~ r 1 .  R e a .  (London). 12. 

205 (1938). 
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the reagent. For each of the five substrates the results 
show that the rates of reaction increase with an in- 
crease in the polarizability of the nucleophile. This is 
in accord with the affinity of a soft base for a soft acid16 
(or class b metal). That the plots of the linear free 
energy relationships shown in Figure 2 are all approxi- 
mately parallel indicates that although the various 
compounds differ in reactivity, they have about the 
same discriminating ability for the various nucleophiles. 

The rate data on the second step of CO substitution 
presented in Table IV are arranged in order of decreas- 
ing reactivity. It is seen that the good n-bonding 
ligands, e.g. ,  CNCOHII and P(OCH3)3, react more 
rapidly than the poorer ?r bonders, e.g., the phos- 
phines. This is reasonable since the good ?r bonders are 

(16) R. G. Pearson, J .  Am. Chem. Soc., 85, 3533 (1963). 

in better competition for the electron density on the 
metal atom with the two remaining CO’s than are the 
poor n bonders. Thus, the phosphite complexes have 
weaker M-CO bonds than do the phosphine complexes, 
and this conclusion is borne out by the infrared spectra 
of the complexes. Furthermore, in analogy to the 
ligand-exchange reactions the phosphite derivatives 
should be more susceptible to CO substitution than the 
phosphine derivatives, since the phosphites can better 
stabilize the five-coordinated transition state through 
stronger ?r bonding. However, the size of the ligand 
also seems to be important, since the derivative of 
P(OC6H5)3 which is a good n-bonding ligand but very 
bulky is very slow to react. 
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A series of complex compounds of molybdenum(1V) of the type MoBrr.2L and MoBr4-B have been prepared, whereLisa 
monodentate ligand and B is 2,2’-dipyridyl. Some of the corresponding molybdenum tetrachloride complexes were also 
prepared and characterized. Under comparable reaction conditions, reduction of MoBn but not MoC14 was observed with 
pyridine a t  room temperature and with 2,2’-dipyridyl a t  elevated temperature. The benzonitrile complexes of MoCl4 and 
MoBr4 appear to be isomorphous as do the complexes obtained with 2,2’-dipyridyl. The visible and ultraviolet spectra of the 
complexes were examined, in the interest of both characterizing and understanding the nature of chemical bonding between 
metal and ligand. 

Introduction 
In recent years many compounds containing molyb- 

denum halides and pseudohalides have been de- 
scribed, Except for the octacoordinate cyanides, 
M4Mo(CN)8,3 complexes of molybdenum(1V) were 
relatively unknown until only recently. Other eight- 
coordinate species which have been described are the 
triphenylarsine oxide,4 the oxalate,6 and the carbonate5 
complexes. Several investigators have recently re- 
ported hexahalo molybdate(1V) salts, MzMoX6, as 
formed under a variety of conditions.6-10 The range of 
M included Na, K, Rb, and Cs, as well as pyridinium 
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and tertiary ammonium cations, and X may be C1, 
Br, or in some cases F. 

Starting with molybdenum(V), Fowles and co- 
workersll prepared an extensive number of hexaco- 
ordinate molybdenum(1V) complexes. The first of 
these, MoC&(RCN)2, where R is methyl, ethyl, and 
n-propyl, were prepared by the reaction of MoC15 
with the alkyl cyanide. In  later work other complexes 
such as the tetrahydrofuran, pentamethylene oxide, 
a-picoline, pyridine, triphenylphosphine oxide, and 2,6- 
dimethylpyrazine diadducts and the 2,2‘-dipyridyl 
and 1,lO-phenanthroline monoadducts were produced 
by replacement of n-propyl cyanide in the complex, 
M O C I ~ ( C ~ H ~ C N ) ~ .  Interpretation of the infrared 
spectra of the monodentate ligand complexes indicated 
the organic ligands to  be in the cis configuration. These 
complexes of MoC14 were characterized by spectral 
and magnetic measurements. 

Owing to the instability of the tetrahalides of molyb- 
denum, few complexes with organic ligands have 
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