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continue to seem most reasonable for the sesqui- 
carbonyls in the vapor phase. smaller molecules are 
not allowed by the empirical formulas; larger mole- 
cules would mean lower volatility, and less compact 
structures should be less stable. The mass spectra (by 
the Varian MG6 instrument) of the compounds seemed 
confirmatory : although the parent molecule ions 
were absent, there were mass numbers corresponding to 
loss of CO therefrom, with greater intensities for inore 
CO removed. 

However, the curious solubility behavior of the sulfur 
compound suggests that  the solid may be a higher poly- 
mer, subject to  depolymerization during vaporization 
or solution, and then lacking stability because the rela- 
tively wide PSP bond angle would lead to strain in the 
six-atomic rings. 

.Also for the nitrogen compounds it is not certain that 
the suggested pattern represents the crystals, for good 
efforts a t  X-ray structure determination so far have 
failed, and change could occur on solution or vaporiza- 
tion. Indeed, the I9F nmr spectra of their ether or ace- 
tone solutions (Figure I) clearly show two environments 
for fluorine, as though the basic solvent were influencing 
one nickel or two phosphorus atoms differently from the 
others-still without destroying the Ni-(CO)-Ni bridge 
which the infrared spectra show for the solutions. 

In  summary, then, the suggested bicyclononane pat- 
tern seems supportable only for these complexes in the 
vapor phase and remains uncertain for other conditions. 
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Figure 1.-Fluorine nmr spectra (a t  94.1 Mc) of Ln (lower 
left), Lhn (lower right), and ether solutions of LnzNis(C0)s 
(upper left) and LhnzNi2(C0)3 (upper right). At  far lower 
resolution, the Ln and Lhn bands have the appearance of 1 : 2 : 1 
triplets. The upper figures represent the same "triplets," 
blurred by a larger number of nearby magnetic nuclei and doubled 
by a differential effect of the solvent. The different shapes and 
widths of these bands are quite real and repeatable, The 
chemical shifts are measured upfield from CLCF. 
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In  two previous ~ t u d i e s ~ ' ~  of the exchange kinetics of 
pseudo-tetrahedral complexes of Co(I1) the reactions 
were found to proceed by a mechanism giving purely 
second-order kinetics. I n  order to further explore the 
exchange reactions of the CoLzXz complexes, we have 
studied Co(HMPS)zXz complexes (where HMPA is 
hexamethylphosphoramide and X- is Br- or C1-) 
in deuteriochloroform with various concentrations of 
excess HMPA. The CO(HMPX)~X~ complexes en- 
able us to study a very bulky ligand which is a poorer 
coordinating ligand than those previously investigated. 
These complexes have been previously prepared and 
characterized. 

Experimental Section 
Complexes .--The Co(HMPA)&z complexes were prepared as 

previously described.' Anal. Calcd for Co(HMPA)2C12: C, 
29.52; H ,  7.46; h-, 17.22. Found: C, 29.31; H, 7.64; N, 
16.74. Calcd for Co(HMPA)zBr,: C, 24.97; H ,  6.30; N, 14.56. 
Found: C,25.18; H, 6.53; 9, 14.58. 

Nmr Spectra.-The proton spectra were obtained in deuterio- 
chloroform which was distilled from potassium carbonate just 
prior to use. A Yarian ,Model A4-60 nuclear magnetic resonance 
spectrometer equipped with a Model 7'-6040 temperature con- 
troller was used to  record the spectra. The temperature was 
monitored by means of a YSI Model 42SL thermistor thermome. 
ter. 

Results 
The present experiments were carried out on deu- 

teriochloroform solutions of the CO(HMPA)~X~ com- 
plexes containing various concentrations of free HMPA. 
Preliminary studies on this system; have shown that 
below -25" separate pmr signals are observed for the 
free and complexed HMPA. At -61' the paramag- 
netic isotropic shift (Avsf) between the signals due to 
protons in the coordinated and free ligand sites is - 203 
cps for Co(HI\/IPA)2C12 and -621 cps for Co(HL1PA)z- 
Brz. 

In  order to study the ligand-exchange kinetics of the 
Co(HMPA) 2X2 complexes, the slow-exchange line- 
width technique, which is applicable in the tempera- 
ture region where 1/nl << A V M ,  was used. In  the 
slow-exchange temperature region the line width of the 
signal due to protons in the coordinated ligand site is 
given by the e x p r e ~ s i o n ~ , ~  
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where Tz is the effective transverse relaxation time, T ~ M  
is the transverse relaxation time characteristic of pro- 
tons in the coordinated ligand site in the absence of 
exchange, T M  is the mean lifetime of a ligand in the 
primary coordination sphere of the metal ion, and 
(Avl/Jb* is the observed line width a t  half-height (cps) 
of the signal due to complexed ligand protons. 

In  order to study the role of the free ligand in the 
exchange process, several solutions of the Co(HMPA)z- 
Xe complexes were prepared in which the concentra- 
tion of excess HMPA was systematically varied. For 
Co(HMPA)zClz all solutions were 0.100 M in complex 
and the concentration of excess HMPA was varied 
from 0.08 to 0.39 M .  For Co(HMPA)zBrz all solu- 
tions were 0.100 M in complex and the concentration of 
excess HMPA was varied from 0.10 to 0.61 M.  The 
results for representative solutions are shown in Figures 
1 and2. 
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Figure 1.-Log of the observed line width of the signal due to 
the coordinated ligand protons u ~ .  reciprocal absolute tempera- 
ture for Co(HMPA)2C12 plus excess ligand. All solutions con- 
tain 0.10 M Co(HMPA)&12 plus the following concentrations of 
excess HMPA: f ,  0.0909 M; a, 0.1748 M; X, 0.2848 M; *, 
0.3895 M. The points designated by are average values. 
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Figure 2.-Log of the observed line width of the signal due to 
the coordinated ligand protons us. reciprocal absolute temperature 
for Co(HMPA)2BrS plus excess ligand. All solutions contain 
0.10 iM Co(HMPA)2Br2 plus the following concentrations of 
excess HMPA: 0 ,  0.0995 M; 0, 0.1915 M; A, 0.2265 M; +, 
0.2974 M; X, 0.4450 M; *, 0.6140 M. The points designated by 

are average values. 

Figures 1 and 2 show plots of log ( A V ~ ~ J M  vs. l/T(OK) 
for solutions of Co(HMPA)&lz and Co(HMPA)2Br2, 
respectively. These plots can be divided into two 
main temperature regions. At low temperatures the 
observed line width decreases with increasing tempera- 

ture. This is characteristic of the case where the 
natural transverse relaxation rate ( l / T z ~ )  controls the 
observed line width. Thus, in the low-temperature 
region exchange is essentially stopped and TZ = T ~ M .  

Note that in the low-temperature region of Figure 1 
only a single set of points is shown for (Avl/,)nf. Measure- 
ments of the observed line widths for all of the solu- 
tions containing Co(HMPA) zClz plus various concen- 
trations of excess HMPA showed that, in the low- 
ture region, ( A v 1 , J ~  is independent of the HMPA con- 
centration. Since a t  low temperatures ( A v l l z ) ~  = 
l / r T z ~ ,  this means that l / T z b ~  is independent of the vis- 
cosity of the solution. This result, which has been 
noted in the previous studies of pseudo-tetrahedral 
complexes of Co(I1) and Ni(II),2 is not unexpected 
since l / T z ~  for Co(I1) and Ni(I1) complexes is con- 
trolled by the rate of electron-spin relaxation and not 
the tumbling rate of the complex (see below). This 
lack of dependence of 1 / T 2 ~  for complexes of Co(I1) 
and Ni(I1) upon viscosity has been recently demon- 
strated quite convincingly by FrankeL8 Thus, since 
1 / T z ~  for Co(HMPA)2Cl2 is independent of viscosity, 
the values of ( A v l , , ) ~  in the low-temperature portion of 
Figure 1 were obtained by averaging the observed line 
widths from all of the solutions not showing any ex- 
change broadening a t  a given temperature. For ex- 
ample, the value of (Avj,Jnf shown a t  103/T = 4.22 was 
obtained by averaging the line widths from solutions 
containing 0.09 M H M P A  and 0.08 M HMPA, since 
solutions with higher concentrations of HMPA show 
exchange broadening a t  this temperature. 

The same procedure was followed for the Co- 
(HMPA)zBrz complex and the values of (Av1j2)nr given 
in the low-temperature region of Figure 2 are average 
values. 

The second major temperature region found in Fig- 
ures 1 and 2 is the region where (Av1,Jnr increases with 
increasing temperature. This behavior indicates that 
ligand exchange is significant, and, therefore, in this 
temperature region the observed line width contains 
contributions from 1 / T 2 ~  and 1 / r ~ .  By assuming that 
the mechanism controlling ~ / T M  remains the same 
throughout the temperature region studied, one can 
obtain values of l/Tzbt in the exchange-controlled 
region by extrapolation of the low-temperature por- 
tion of the log ( A v l , J ~  vs. l/TM("K) plot. Values of 
1/rni can then be obtained from eq 1. 

Examination of Figures 1 and 2 shows that l / r h I  

increases with increasing free-ligand concentration. 
Typical values for 1 / m ~  at  several temperatures for 
solutions of Co(HMPA)zC12 containing various con- 
centrations of free ligand are given in Table I. Similar 
results were obtained for the Co(HMPA)ZBr2 complex. 

Experiments were also carried out in which the free- 
ligand concentration was held constant and the con- 
centration of the Co(HMPA)zXz complex was varied 
over the range from 0.05 to 0.10 M .  These experi- 
ments showed that ~ / T , M  is not dependent upon the 

(8) L. S. Frankel, J. Phys. Chem., 72, 736 (1968). 
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TABLE I 

CONTAINIXG Co(HMPA)2C12 ASD VARIOUS 
VALUES OF ~ / T T A I  AT SEVERAL TEMPERATURES FOR SOLUTIONS 

CONCENTRATIONS OF FREE LIG.4SD 

l / m a r  for solutions containing Co(HR6PA)Ch and various 
concentrations of free liganda 

lOa/T('K) 1 2 3 4 5 6 

3.99 13 .5  13 .0  16.0 17.0 19 .5  22.5 
4.00 12 .3  11.8 14 .3  15 .3  18 .8  21.3 
4.02 10 .0  9 . 0  13 .0  14 .0  18 .0  18 .5  
4 .04  8 . 7  8 . 7  11.0 11.7 15 .5  17 .7  
4 .05  7 . 7  8 . 2  9 . 7  11 .2  12 .7  15.7 
4.08 5 . 5  7 .0  9 . 0  8 . 5  11 .0  13.3 
a A11 solutions contain 0.100 Af Co(H?r/IPA4)2Clz and the follow- 

(1) 0.0844 M ,  (2) 0.0909 M ,  ing excess HMPA concentrations: 
( 3 )  0.1748 M, (4) 0.1975 M ,  (5) 0.2848 M, and (6) 0.3895 M. 

concentration of the complex for C O ( H M P A ) ~ C ~ ~  or 
Co(HMPA) 2Br2. 

Plots of l l r h ~  zls. [L],  the free-ligand concentration, 
for both the Co(HMPA)2Cl2 and Co(HMPA)zBrz com- 
plexes yielded straight lines which were found not to 
pass through the origin within experimental error. 
Typical plots of l l ~ r a r  vsS. [HMPA] forthe CO(HMPA)~- 
Cls complex a t  several temperatures are shown in Fig- 
ure 3.  Similar plots were obtained for the Co(HMPA)z- 
Br2 complex. Thus, 1 /~11 for the C O ( H M P A ) ~ X ~  com- 
plexes can be described by 

(2) 
T i l  

and the exchange rate law can be written 
rate = 2k1 [CofHMPX)iX*] 2k*[Co(HMPAk)2Xz] [HMPA] (3) 

nhere kl and k? are first- and second-order rate con- 
stants, respectively 

Arrhenius activation energies were obtained for kl  
and kz  for the Co(HhlPA)zXs complexes from studies 
a t  several temperatures in the exchange-controlled 
temperature region. Plots of 1 /7 rn  vs [HhlPA] were 
constructed a t  each temperature and 81 and kz were ob- 
tained from the intercept and slope, respectively (see 
Figure 3 ) .  The activation energy plots for Co- 
(HMPAj2Clz are shom n in Figure 4. Similar plots were 
obtained for the Co(HMPX)2Br2 complex The results 
of these studies are summarized in Table 11. 

Discussion 
The rather large error limits given in Table I1 for 

the E,  values are mainly a result of the very small tem- 
perature range available for the study of the exchange 
kinetics of the Co(HMPA)zXz complexes. This is due 
to the fact that  the free and complexed ligand signals 
begin to overlap only 6-10' above the temperature 
where exchange becomes significant. Thus, eq 1 is 
applicable only in this narrow temperature region and 
the resulting activation energies are not expected to be 
of high quality. The obvious way to eliminate this 
difficulty would be to employ the complete line-shape 
technique3 to study the exchange kinetics of these com- 
plexes. This proved to be infeasible for reasons given 
below. Another possible source of error which should 
be considered is that at  the higheit temperatures a t  

2L Lp.-kp L- -1" - 1 - -  ~ L 
co4 3"8 311 c,13 O.LC 32: c.ls 3;i :i5 s,o 

[ i I4  PA] 

Figure 3.-Plots of 1 , l n r ~  its. the free HMPA concentration for 
CO(HMPA)~CI~ a t  several temperatures in the exchange-con- 
trolled region, Plots are give for the following values of lo3/ 
T('K): +, 3.99; 0, 4.00; X ,  4.05; *, 4.08. 

- 1  
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Figure 4.-Plots of log k l  and log kz 2s. IO3/T("K) for the Co- 
(HMPX)iCl, complex. 

TABLE I1 
SLJMIvlIaRY OF THE KIKETIC DATA 

FOR THE Co(H?\IPX)r);m COMPLEXES 

ki (--26'), & ( / < I ) ,  k >  ( -26 " ) ,  Et,(/?,), 
Complex sec-1 kcal mol-1 .If-' sec-1 kcal mol-' 

Co(HMPAk)2C12 25.1 20 k 3 87 .2  7 f 2 
Co(HMP=I)2Br9 57 .4  15 zk 2 260.0 5 f 1 

which the exchange reactions of the C O ( H M P A ) ~ X ~  
complexes were studied there was a slight overlapping 
of the two signals leading t o  possible error in the use of 
eq 1 in this region. This could cause the E ,  values 
obtained for the first-order path to be a little on the high 
side. 

Several previous ~ t u d i e s ~ - ~ l  of paramagnetic coni- 
plexes with ligands containing a phosphorus atom (in- 
cluding HMPA) have shown that, a t  least in these 
cases, the 31P-1H spin-spin coupling is apparently 
decoupled by the paramagnetic ion. At the concentra- 
tions of free ligand employed in this study i t  was found 
that the signal due to the free HMPA protons appears to 
be a singlet. Initially, i t  was felt that this was due to  
decoupling of the 31P-1H interaction in the "free" 
ligand by outer-sphere contact with the complex, thus 
giving a simple, noncoupled two-site system. However, 

(9) I). Shaw and E. W. Randall, Mol. P h y s . ,  10, 41 (1966). 
(10) 11. Shaw and E. W. Randall, Chcm. Comimiz. ,  5 ,  82 (1065). 
(11) B. B. U'ayland and I<. S. Urago, J .  Am. Chem. Soc., 87, 2372 (lOG3). 
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experiments were run on solutions of Co(HMPA)zXz 
containing excess HMPA a t  -50” in which the 31P 
nuclei in the HMPA in the bulk solvent site were elec- 
tronically decoupled. These experiments showed the 
free HMPA signal to collapse to about half its original 
width upon decoupling of the 31P nuclei. Thus, the 
apparent free HMPA singlet is actually a doublet 
which is unresolved owing to the small 31P-1H coupling 
constant (9.86 cps) and the broadness of the component 
peaks. Therefore, the HMPA molecules appear to be 
exchanging between a site where 31P-1H coupling exists 
(bulk solvent) and one where this interaction is de- 
coupled (primary coordination sphere). In  view of this 
fact that the Co(HMPA)2X2 system is not a simple 
two-site exchange problem, no line-shape calculations 
were carried out. The fact that 31P-1H coupling 
is present in the free HMPA site in no way affects the  
results obtained from the line-width measurements 
on the coordinated ligand signal (which behaves nor- 
mally in all respects2J) since in the slow-exchange tem- 
perature region the shape of the signal due to magnetic 
nuclei in each site is dependent only upon the proper- 
ties characteristic to that site. 

One interesting result of our study is the mixed first- 
and second-order kinetics observed for the CO(HMPA)~- 
Xz  complexes. This is in contrast to the purely second- 
order kinetics observed for the C o ( 2 - p i ~ ) ~ C l ~ ~  and Co- 
(TTP)zXz2 (TPP = triphenylphosphine) complexes. 
A possible explanation for this can be advanced by 
postulating that the first-order process observed for the 
Co(HMPA)zXz complexes occurs via a dissociative- 
type (SN1) mechanism and, therefore, that the loss of 
an HMPA molecule is the rate-determining step. 
Courtauld atomic models of the three types of CoL2X2 
complexes (L = HMPA, TPP, and 2-picoline) showed 
that, although all three ligands are quite bulky, there is 
decidedly more steric interference in the case of HMPA 
than for TPP or 2-picoline. Thus, the Co-0 bond in 
the HMPA complex (which might normally be ex- 
pected to be weaker than the Co-N or Co-P bonds in 
the other two types of complexes) would be made 
weaker by steric interference increasing the tendency 
for an HMPA molecule to dissociate from the complex. 
Therefore, the appearance of the first-order process in 
the HMPA complex and not in the others can be ratio- 
nalized. This type of interpretation is also supported 
by the activation energies found for the first-order 
process for Co(HMPA)zClz and Co(HMPA)zBrz. The 
Ea value for kl a pears to be smaller when X- = Br- 
than when X- = C1 as would be expected for a dis- 
sociative mechanism where steric effects are important. 
Thus, the evidence supports the postulate that the dis- 
sociation of an HMPA molecule is the rate-determining 
step for the first-order process and this constitutes the 
first evidence for a three-coordinate Co(I1) species. 

Among other interesting aspects of these results 
are the values obtained for the activation energies of 
the process which governs the transverse relaxation 
rates for both CO(HMPA)ZXZ complexes. E a ( l / T 2 ~ )  
was found to be -0.3 kcal/mol for the Co(HMPA)pC12 

se 

P -  

complex and -0.7 kcal/mol for the C O ( H M P A ) ~ B ~ ~  
complex. These small activation energies, which 
are similar to those found by previous  worker^^^^^^ 
for Co(I1) and Ni(I1) complexes, suggest that Tz&r is 
determined by the rate of electron-spin relaxation. 
The fact, noted in this study and in previous studies, 
that l / T z ~  for Co(I1) and Ni(I1) complexes is inde- 
pendent of the viscosity of the solution also supports 
this conclusion.8 
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In  1947 Rundle and Stirdit.ant2 published the struc- 
ture of “tetramethylplatinum.” They found that  the 
platinum occurs in tetrahedra, 3.44 A to an edge. The 
methyl carbons could not be located with their limited 
set of film data, but on chemical and symmetry grounds 
three of them were attached to each platinum, pointing 
away from the tetrahedron. The fourth was allowed to 
bridge three platinums, four such bridging carbons 
forming another, interpenetrating tetrahedron. 

Cowan, Krieghoff, and Donnays have now shown 
that the crystals used by Rundle and Sturdivant were, 
in fact, trimethylplatinum hydroxide. Presumably 
the bridging methyl groups postulated by Rundle and 
Studivant  are in fact hydroxides. This structure has 
been inferred4 from nmr data on a benzene solution of 
(CH&PtOH and is also entirely analogous to the struc- 
ture of (CH3)3PtCl, also determined by Rundle and 
SturdivanL2 The present study confirms this struc- 
ture in the crystals and provides molecular parameters 
for the oxygens and carbons as well as the platinums. 

Experimental Section and Crystal Data 
Trimethylplatinum(1V) hydroxide was prepared by the method 

Slow recrystallization from chloroform of Pope and Peachey.5 
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