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been used as unchanged: 14.03 (eq l), -8.00 (eq 2), 9.56 (eq 
3), -3.55 (eq 4), 6.21 (eq 4 and 5 ) ,  and 7.20 (eq 10). Other 
values have been iterated; the best recalculated values for eq 
6-9 have been found for I = 3.0 mol dm-3 presented in Table 

the pH region from 1.5 to 2.5, those of Hietanen and HogfeldtS 
cover the region 2.5 < pH < 7.5, and our data are at  1.5 < 
pH < 4 and 7.9 < pH < 9.9, presenting together a comple- 
mentary picture of the mercury-carbonate system. 
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The pressure-dependent racemization of Co(pyrdtc), (pyrdtc = pyrrolidinecarbodithioate) determined over the pressure 
range 1-1380 bar yielded activation volumes (AV) of +9.8 (*OS) cm3 mol-' (in ethanol), +5.2 (h0.7) cm3 mol-' 
(dimethylformamide), +5.4 (f0.5) cm3 mol-' (acetonitrile), and +7.8 (f0.6) cm3 mol-' (toluene). The activation volume 
in each solvent is pressure dependent; hence nonzero compressibility coefficients of activation (Apt) are observed in each 
solvent. The compressibility of activation (AK*) is independent of solvent at 0.43 (h0.03) kbar-I.. A twist mechanism involving 
a low-spin high-spin prquilibrium is proposed on the basis of the experimental data. The C~(Ph~-dtc)~ complex (Ph,-dtc 
= diphenyldithiocarbamate), by contrast, exhibits negative AV values of between -2 and -9.3 cm3 mol-' in five different 
nonaqueous solvents. The alternative one-ended dissociative mechanism is favored for this complex. 

Introduction 
Rearrangement reactions of six-coordinate chelate com- 

plexes, involving racemization and isomerization, have been 
extensively studied. However, most of the early work in this 
area was confined to the inert metal complexes of cobalt(II1) 
and chromium(II1) and of iron(I1) and nickel(I1) complexes 
containing oxalate (ox), 1,lO-phenanthroline (phen), and 
2,2'-bipyridyl (bpy) ligands.2 During the past decade much 
effort has been devoted to the study of the intramolecular 
metal-centered rearrangement reactions of complexes involving 
various other types of ligands, using variable-temperature 
nuclear magnetic resonance techniques in par t ic~lar .~-~ These 
complexes are the &diketonates (I), a-substituted tropolonates 
(11) and N,N-disubstituted dithiocarbamates (111). 

(1) Address for correspondence: Research School of Chemistry, The 
Australian National University, Canberra, ACT 2600, Australia. 

(2) (a) Basolo, F.; Pearson, R. G. "Mechanisms of Inorganic Reactions", 
2nd ed.; Wiley: New York, 1967; pp 247-350. (b) Serpone, N.; 
Bickley, D. G. Prog. Inorg. Chem. 1972, 17, 391. 

(3) Fortman, J. J.; Severs, R. E. Coord. Chem. Rev. 1971, 6, 331. 
(4) Holm, R. H. In "Dynamic Nuclear Magnetic Resonance Spectroscopy"; 

Jackman L. M., Cotton, F. A,, Eds.; Academic Press: New York, 1975; 
Chapter 9. 

(5) Pignolet, L. H. Top. Curr. Chem. 1975, 56, 91-137. 

Generally, racemization and isomerization of unsymmetrical 
(&diketonato)cobalt(III) complexes have been found to occur 
via a bond-rupture mechanism, involving a trigonal-bipyram- 
idal transition ~tate.6.~ On the other hand, a twist mechanism 
has been assigned to rearrangement of a-substituted tropo- 
lonates of cobalt(II1) as well as of aluminum(II1) and galli- 
um(III).*v9 For the symmetrical tris(trifluoroacety1- 
acetonato)cobalt(III), -aluminum(III), and -gallium(III) 
complexes a bond-rupture mechanism has been suggested, 
although not definitely proved.1° Recently, the A l ( a ~ a c ) ~  
complex was optically resolved and the racemization followed 
by circular dichroism." The large positive value of AS* (+220 
J K-' mol-') for this reaction is not consistent with a twist 
mechanism; consequently an intramolecular bond-rupture 
mechanism was proposed. 

The rearrangement reactions of disubstituted dithio- 
carbamates M ( R , , R * - ~ ~ c ) ~ ,  where M = Ru(III), Fe(III), and 
Co(III), and [Fe1V(Rl,R,-dtc)3](BF4) complexes, have been 
subjected to N M R  investigation by Pignolet and coworkers. 
Unique rearrangement modes have been assigned for Ru- 
(CH3,PhCH2-dt~)312J3 and [Fe*V(CH3,PhCH2-dtc)3] (BF4),14 
and the most probable mechanism is a trigonal twist in each 

(6) Gordon, J. G.; Holm, R. H. J .  Am. Chem. SOC. 1970, 92, 5319. 
(7) Girgas, A. Y.; Fay, R. C. J.  Am. Chem. SOC. 1970, 92, 7061. 
(8) Eaton, S. S.; Hutchinson, J. R.; Holm, R. H.; Muetterties, E. L. J .  Am. 

Chem. SOC. 1972, 94, 641 1. 
(9) Eaton, S. S.; Eaton, G. R.; Holm, R. H.; Muetterties, E. L. J .  Am. 

Chem. SOC. 1973, 95, 11 16. 
(10) Fay, R. C.; Piper, T. S. Inorg. Chem. 1964, 3, 348. 
(11) Norden, B.; Jonas, I. Inorg. Nucl. Chem. Lett. 1976, 12, 33. 
(12) Pignolet, L. H.; Duffy, D. J.; Que, L. J.  Am. Chem. SOC. 1973, 95, 295. 
(13) Duffy, D. J.; Pignolet, L. H. Inorg. Chem. 1974, 13, 2045. 
(14) Duffy, D. J.; Pignolet, L. J. Inorg. Chem. 1972, 11, 2843. 
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Table I. Pressure-Dependent Racemization Rates of 
(-),,,-Co(pyrdtc), in Various Solvents 

solvent pressure, bar 104k,,,,a s-' 

Lawrance et al. 

ethanolb 1 
345 
690 
1035 
1380 

345 
690 
1035 
1380 

acetonitrileC 1 
345 
690 
1035 
1380 

345 
690 
1035 
1380 

dimethylformamideb 1 

toluened 1 

5.58 f 0.04 (4) 
4.91 f 0.02 (4) 
4.50 f 0.04 (3) 
4.09 t 0.06 (3) 
3.85 f 0.03 (3) 
3.47 t 0.05 (5) 
3.24 t 0.03 (4) 
3.10 t 0.06 (3) 
2.95 f 0.04 (3) 
2.86 t 0.04 (2) 
3.68 t 0.01 (3) 
3.42 k 0.02 (4) 
3.28 t 0.02 (2) 
3.12 t 0.01 (3) 
3.03 * 0.03 (3) 
4.46 t 0.04 (6) 
4.09 k 0.05 (4) 
3.76 t 0.02 (4) 
3.53 t 0.02 (3) 
3.36 k 0.05 (3) 

a Standard error and number of independent runs (in parenthe- 
ses) included. At 43.0 "C.  At 41.0 "C. At 55.4 "C. 

case (Ph = phenyl). This mechanism is also favored for the 
Fe(CH,,Ph-dtc), c ~ m p l e x . ' ~  Furthermore, the AG* values 
of a series of complexes Fe"'(R1,R2-dtc), and FeIV(R1,R2- 
dtc),+ are similar, providing further support for the same 
mechanistic as~ignment. '~ One cobalt(II1) complex, Co- 
(PhCH2,PhCH2-dtc),, has been studied by similar NMR 
techniques and the near-zero AS* value is in accord with a twist 
mechanism for inversion.12J5 

A twist mechanism has also been proposed for the rear- 
rangements of the mixed-ligand complexes bis(dithi0- 
carbamato)(dithiolene)iron(II).16J7 The observation that the 
structure of Fe(Et2-dtc)2(tfd) (tfd = perfluoromethyldithiolene 
= S2C2(CF,),) is considerably distorted from an octahedral 
geometry of sulfur atoms toward a trigonal-prismatic geom- 
etry18 has been used to support this mechanistic propo~al.'~~'' 

The rearrangement studies on the dithiocarbamate com- 
plexes mentioned above have involved NMR line-shape 
analysis on racemic species. Recently, optically active di- 
thiocarbamate complexes of cobalt(III), Co(pyrdtc), and 
Co(pedtc),, have been prepared (pe = a-phenylethyl) and their 
kinetics of racemization followed by polarimetric  method^.'^,^^ 
Activation parameters obtained for both these complexes are 
similar to those of C O ( P ~ C H ~ , P ~ C H ~ - ~ ~ C ) ~  determined by 
NMR  technique^;'^ hence by analogies with the latter system, 
a trigonal-twist mechanism was proposed in each case. l9n2O 

Subsequently, a range of resolved Co(R1,R2-dtc), complexes 
was prepared.21 It was found that AS* for any one complex 
varies significantly upon changing the solvent.2'*22 Thus the 
interpretation of mechanism based on comparison of AS* alone 
should be approached with some caution. 

The success of activation volumes (AV') in differentiating 
between a trigonal-twist and a bond-rupture mechanism has 
been demonstrated for the racemization reactions of a series 

(15) Palazzotto, M. C.; Duffy, D. J.; Edgar, B. L.; Que, L.; Pignolet, L. H. 
J .  Am. Chem. SOC. 1973, 95, 4537. 
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1971, 10, 1474. 
(19) Gahan, L. R.; Hughes, J. G.; OConnor, M. J. J.  Am. Chem. SOC. 1974, 

96, 2271. 
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Table 11. Pressure-Dependent Racemization Rates of 
(-),,,-Co(Ph,-dtc), in Various Solvents 

104k,,,, s-l 

solvent temp,'C 1 bar 610bar 2600bar 
dhethylformamide 50.0 0.20, 0.23, 0.25, 

70.0 2.9 3.5 
chloroform 55.4 0.65 1.22 
chlorobenzene 62.6 5.2 12.3 
carbon tetrachloride 69.5 3.3 5.3 
acetone 50.0 0.24 0.46 

0 690 1380 0 690 1380 

P(bar1 
Figure 1. Pressure dependence of the isomerization of (-)J46-Co- 
(pyrdtc)3 in (A) ethanol, (B) dimethylformamide, (C) acetonitrile, 
and (D) toluene. 

of chromium(II1) complexes.23 Subsequently it was decided 
to apply this approach to mechanistic elucidation in racemi- 
zation of Co(pyrdtc), in a variety of nonaqueous solvents. 
Some results for a similar study of Co(Ph2-dtc)3 are also 
presented in this paper. These systems also offered an op- 
portunity for the first of AV' for racemization of a 
metal complex in nonaqueous solvents by a polarimetric me- 
thod. 
Results 

In all cases, first-order racemization kinetics were observed, 
with In (rotation) vs. time plots linear for at least 3 half-lives. 
All rate constants for racemization (krac) were evaluated by 
a standard least-squares method. Average rate constants and 
standard errors for racemization of Co(pyrdtc), at various 
pressures are presented in Table I. Data were collected at 
five different pressures in each solvent over a pressure range 
of 1380 bar. Data collected for the (Ph2-dtc) complex were 
obtained at only one elevated pressure for each solvent, except 
in the case of dimethylformamide as solvent; these limited data 
are presented in Table 11. 

The rate of racemization of Co(pyrdtc), in each solvent 
showed a significant retardation upon the application of 
pressure. However, a linear relationship of In (krac) and 
pressure (P) was not observed over the pressure range studied. 
This nonlinear behavior (Figure 1) indicates that A P  is 
pressure dependent. Activation volumes and compressibility 

(23) Lawrance, G. A.; Stranks, D. R. Inorg. Chem. 1977, 16, 929. 
(24) Preliminary communication: Lawrance, G. A.; Suvachittanont, S.; 

Stranks, D. R.; Tregloan, P. A.; Gahan, L. R.; OConnor, M. J. J .  
Chem. SOC., Chem. Commun. 1979,157. 
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coefficients of activation (A@) were subsequently calculated 
by least-squares analysis of the In (krac) vs. P data using the 
expression 

(1) In k, = In ko + bP + cP2 

where AV = -bRT and Ahp' = 2cRT. The calculated values 
of AV, of AB', and also of the compressibility of activation, 
AK' (=Ao'/AV), are collected in Table 111; previously de- 
termined activation entropies and enthalpies2' are also included 
for comparative purposes. 

Limited data collected for the C ~ ( P h ~ - d t c ) ~  complex clearly 
indicated that the reaction in each solvent is accelerated upon 
the application of pressure. The one solvent in which data were 
collected a t  more than one elevated pressure indicates that 
appreciable curvature of the In (krac) vs. P graph occurs for 
this complex as well. Activation volumes estimated for this 
system are included in Table 111; they do not necessarily 
represent the AV values a t  zero pressure, however. Never- 
theless, the marked change from positive AV values for Co- 
( p y r d t ~ ) ~  to negative AV for the C ~ ( P h ~ - d t c ) ~  complex has 
been established unequivocally, and it is this effect which plays 
an important role in the Discussion. 
Discussion 

Possible Mechanism for Racemization. The mechanism for 
racemization of Co(R1 ,R2-dt~)3 complexes is intramolecular 
in nature since no exchange between free and coordinated 
ligands has been found.15 Two intramolecular mechanisms 
have been considered as reasonable: a one-ended dissociative 
(eq 2) and a trigonal-twist (eq 3) mechanism. These two 
mechanisms are distinguished by whether or not there is bond 
breaking in the transition state. 

S l  
A 

The former mechanism involves extension of a dithio- 
carbamate chelate arm into the solvent in the transition state. 
Arguments relating to AV prediction in this mechanism are 
essentially those developed previou~ly .~~ Since the periphery 
of the molecule is presumably solvated, the only change in the 
instrinsic volume of the molecule in the transition state will 
arise from extension of the S donor atom into the solvent. For 
a dissociative mechanism where a negative charge resides at 
least partially on the dissociated arm, this small positive 
contribution (of the order of 2 cm3 mol-') will be offset by a 
significantly negative contribution to AV due to solvent 
electrostriction about the new charge center generated by the 
dissociation. Therefore a negative AV' is predicted for race- 
mization of c ~ ( R ~ , R ~ - d t c ) ~  by this mechanism. 
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On the other hand, should the dissociative process occur with 
the charge residing entirely on the remaining coordinated 
sulfur, it could be argued that the dissociated arm is effectively 
neutral, leading to minimal electrostrictive effects. Therefore, 
a small positive AVI would presumably be observed. In sub- 
sequent discussion, this latter prospect will be seen to be in- 
consistent with the experimental data; possibly the short 
lifetime of any ring-opened intermediate favors some retention 
of charge on the dangling arm. 

It is most likely that for a one-ended dissociative racemi- 
zation mechanism with dominant electrostrictive contribution 
AV would be markedly solvent dependent since each solvent 
will exhibit different solvating properties. This argument is 
well supported by the study of solvent effects on the rate of 
the addition reaction of methyl iodide to chlorocarbonylbis- 
(triphenylphosphine)iridium(I) under pres~ure.2~ In that study 
a solvent parameter, q,, described by the pressure derivative 
of the Kirkwood formula was used as a measure of the con- 
tribution to the experimental AVI due to solvent electro- 
striction, and a trend where AV decreased in the same sense 
as q, was observed. For example, the measured AV values 
in toluene and dimethylformamide were -28.2 and -15.2 cm3 
mol-', respectively. The corresponding q, values were esti- 
mated as 14.7 X 10" and 1.7 X 10" atm-', respectively. 
Therefore, it has been suggested that this reaction proceeds 
via a polar transition state. On the other hand, the oxygen 
addition reaction of this complex showed small solvent effects 
and a reaction proceeding without bond rupture of the 0-0 
bond has been proposed.25 

The arguments relating to racemization by the alternative 
trigonal-twist mechanism have been presented previously in 
detail.23 This mechanism can be considered to a first ap- 
proximation to occur without bond lengthening, in the absence 
of any spin-state preequilibrium, and only with bond angle 
deformation. For example, the trigonal-prismatic intermediate 
can be generated simply by twisting about the C3 axis (eq 3). 
Subsequently, a near-zero AVI is predicted. While solvent 
molecules in the V-shaped cavities between the chelates may 
be squeezed out during twisting, the neutral complex is unlikely 
to be strongly solvated, and this contribution should be small. 

Structural and Electronic Considerations. A relationship 
between the easily visualized twist angle (4) of the ground-state 
structure (defined in IV) and the activation enthalpy or energy 

I 

Iv 
has been used previously in mechanistic argumentsaZ6 For 
a tris-chelate complex, idealized trigonal-prismatic and octa- 
hedral geometries have 4 = 0 and 60°, respectively. Thus the 
twist angle reflects the extent of twist from an octahedral 
toward trigonal-prismatic geometry. The mechanistic argu- 
ment is simply that if 4 is much less than 60°, then a trigo- 
nal-twist mechanism is energetically favored. For example, 
C ~ ( a c a c ) ~  apparently racemized via a bond-rupture mechanism 
and has an associated twist angle to approximately 60°, while 
the corresponding value for Co(Et,-dtc), is 43.0° .27928 These 
observations suggest that a trigonal-twist mechanism for in- 
version of the latter complex may be favored. 

Structural arguments based on the 4 concept alone, however, 
can lead to erroneous mechanistic predictions, and it has been 

~ ~~~~ 

(25) Steiger, H.; Kelm, H. J .  Phys. Chem. 1973, 77, 290. 
(26) Kepert, D. L. Inorg. Chem. 1972, 11, 1561. 
(27) Lingafelter, E. C.; Braun, R. L. J .  Am. Chem. SOC. 1966, 88, 2951. 
(28) Brennan, T.; Bernal, I. J .  Phys. Chem. 1969, 73, 443. 
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Table 111. Activation Parameters for Racemization of Co(pyrdtc), and Co(Ph,-dtc), in Various Solventsa 

Lawrance et al. 

solvent A V* Mi AK * A H * b  A P  

Co(p~rdtc) ,  
ethanol +9.8 t4 .0  (kO.9) 0.41 105 (t4) +18 (214) 

acetonitrile +5.4 ( 2 0 . S ) C  +2.5 (t0.8) 0.46 103 (*4) +11 (t13) 
toluene t 7 . 8  (k0.6)' +3.1 (t0.9) 0.40 121 (Its) +51 (+-29) 

dimethylformamide +5.2 (k0.7)' t 2 . 2  (t1.0) 0.42 112 ( t4)  +35 (k11) 

Co(Ph,-dtc), 

-5.1e --3 
dimethylformamide -2.0d 116 (23) +19 (%lo)  

chloroform --6.6d 99 ( t4)  -31 (212) 
chlorobenzene -9.3d 86 (k12) -66 (*35) 
carbon tetrachloride -5.2d 129 (+_lo) 1-60 (t30) 
acetone -6.8d 

ref 21. =Activation volume at  room pressure. 
a Units of A @ ,  AD*, AK*, AH*, and AS* are cm3 mol-', cm3 kba- '  mol-', kbar-' , kJ mol-', and J K-' mol", respectively. Data from 

Activation volume at 2600 bar. e Activation volume at 610 bar; A@* estimated from com- 
bined rate data. 

shown5 that the propeller pitch angle (#) is a more successful 
indicator of distortion toward trigonal-prismatic geometry. 
Idealized o h  geometry has 4 = 60' and # = 35.3' and a bite 
angle ( a )  of the chelate of 90' and also requires mutual or- 
thogonality of the three chelate rings. This latter requirement 
can be maintained by decreasing a, which in turn generates 
a lower value of 4 but retains # at the idealized o h  value. Thus 
a small value of 4 does not necessarily indicate a twist toward 
D3 (since a may be small), whereas a small value of # always 
does5 For the Co(Et,-dtc), complex # = 30.7', which is also 
less than the idealized o h  value; subsequently, structural ar- 
guments favoring a trigonal-twist mechanism are retained. 

Nevertheless, structural arguments alone cannot explain the 
significant difference between the energy barrier to inversion 
of Fe(CH,,Ph-dtc), ( A P  = 36 kJ mol-') and that of Co- 
(Et2-dtc)3 ( A P  = 107 kJ mol-'), in which both twist and pitch 
angles are quite ~imi1ar . l~ The difference between these 
barriers has been interpreted in terms of the difference between 
the ligand field stabilization energy of the octahedral and 
trigonal-prismatic geometries (A(LFSE)).15 A trend has also 
been observed in which the high-spin complexes have lower 
values of AP (and also of A(LFSE)) than the low-spin com- 
plexes. The low-spin iron(I1) and cobalt(II1) complexes have 
the largest values, while significantly smaller AI? values 
have been found for the iron(II1) and several high-spin iron(I1) 
complexes. 

Mechanism for Racemization of Co(pyrdtc),. Activation 
volumes for racemization of C ~ ( p y r d t c ) ~  in four solvents are 
all positive and reasonably consistent in magnitude, indicating 
that a common mechanism is operating for all the solvents, 
as previously suggested from isokinetic relationship consid- 
eratiom21 The magnitude of the corresponding activation 
entropy, however, varies considerably. A rotational contri- 
bution associated with solvent rearrangement may account for 
the variation in AS* and need not be reflected in A P .  How- 
ever, the significantly positive AV in each solvent is not 
consistent with predictions for either a one-ended dissociation 
(negative AV for a charge-carrying chelate arm) or a simple 
twist mechanism (near-zero A P ) .  The possibility of a low-spin 
S= high-spin preequilibrium for dithiocarbamate complexes 
of cobalt(II1) has not been assessed, however. 

The concept of a spin preequilibrium has been proposed 
previously for racemization and aquation of F e ( ~ h e n ) ~ ~ +  and 
aquation of F e ( b ~ y ) , ~ + . ~ ~ - ~ l  In the case of F e ( ~ h e n ) ~ ~ +  
racemization, a low-spin + high-spin preequilibrium with 
general metal-ligand bond lengthening has been considered 
to precede twisting in the expanded high-spin state.30 A 

(29) Davies, N. R Reu. Pure Appl. Chem 1954, 4 ,  66. 
(30) Lawrance, G A., Stranks, D. R. Inorg. Chem. 1978, 17, 1804. 
(31) Twigg, M. V Inorg. Chrm. Acta 1974, 10, 17. 

positive molar volume change of the order of 10 cm3 mol-' has 
been assigned to this process. Such a spin preequilbrium would 
make a substantial positive contribution to AS* as well as AV. 

For certain iron(II1) complexes containing dithiocarbamate 
ligands, pressure as well as temperature variations can cause 
substantial changes in their magnetic moments.32 Such an 
observation is known to arise as a consequence of a spin 
crossover between the two possible electronic states, low spin 
(2T2) and high spin (6A1), which are separated by an energy 
of approximately kBT. Mossbauer spectra33 and redox prop- 
e r t i e ~ ~ ~  of these complexes seem to support this view. The 
pressure dependence of the low-spin + high-spin equilibrium 
of a series of tris(N,N-disubstituted-dithiocarbamato)iron(III) 
complexes in solution has been reported.32 The results indicate 
that a positive AVO value of 5-6 cm3 mol-' can be assigned 
to the low-spin to high-spin state conversion. This value, 
somewhat less than that proposed for the Fe(phen)32+ (d6) 
system, represents a general expansion of the Fe-S bonds by 
a distance of about 10 pm. 

It is important to note that the pyrrolidinecarbodithioate 
ligand chosen for this study forms a high-spin iron(II1) com- 
plex at room t e m p e r a t ~ r e . ~ ~  There is evidence indicating that 
the ligand-field characteristics of the dithiocarbamate ligands 
in the F ~ ( R , , R , - ~ ~ c ) ~  complexes may be reflected in the low- 
spin c ~ ( R ~ , R ~ - d t c ) ~  analogues;32 hence a spin preequilibrium 
twist mechanism could be considered. The implication is that 
the low-spin C ~ ( p y r d t c ) ~  complex could be most susceptible 
to a spin preequilibrium in the transition state, by analogy with 
the iron(II1) complex. Recently, the first report of a high-spin 
F= low-spin equilibrium in a six-coordinate cobalt(II1) complex 
with an octahedral Coo6 chromophore, determined from 
temperature-dependent magnetic moment studies, has ap- 
~ e a r e d . ~ ~  A quintet-singlet spin equilibrium has been pro- 
posed in that case. 

A proposed mechanism for racemization of C ~ ( p y r d t c ) ~  is 
thus a twist mechanism preceded by a spin preequilibrium, 
as represented in eq 4. This mechanism is similar to the one 
previously proposed for the d6 Fe(~hen) ,~+ racemization re- 
action.30 

A contribution from the spin preequilibrium of the order 
of +6 cm3 mol-' can perhaps be estimated by analogy to A V  
determined for the spin equilibrium of Fe(Rl,R2-dt~)3,32 al- 
though it is obvious that the value for the cobalt(II1) system 

(32) Ewald, A. H.; Martin, R. L.; Sinn, E.; White, A. H. Inorg. Chem. 1969, 
8, 1837. 

(33) Merrithew, P. B.; Rasmussen, P. G. Inorg. Chem. 1972, 1 1 ,  325. 
(34) Golding, R. M.; Lehtonen, K.; Ralph, B. J. J.  Inorg. Nucl. Chem. 1974, 

36, 2047. 
(35) Klavi, W. .I. Chem. Soc., Chem. Commun. 1979, 700. 
(36)  Weast, R. C., Ed. "CRC Handbook of Chemistry and Physics", 59th 

ed.; CRC Press: Boca Raton, FL, 1978. 



Racemization Reactions of C ~ ( d t c ) ~  Complexes 

A-C~(pyrd tc)~  + [A-C~-.(pyrdtc)~]* - twist 

low spin high spin 
[A-C~-.(pyrdtc)~]* - A-Co(~yrdtc)~ (4) 

need not be the same. Nevertheless, such a positive contri- 
bution would leave a near-zero or small positive component 
of the experimental AV ascribable to the racemization process 
in each solvent, consistent with a twist mechanism. 

The proposed mechanism is also supported by comparison 
of the observed pressure dependence of the activation volume 
(A@* # 0) in each solvent. The compressibility of activation 
(AI?), defined as A@*/AP, is essentially independent of solvent 
(AK' = 0.43 f 0.03 kbar-l). This need not be the case for a 
one-ended dissociation since the compressibilities of the solvents 
are different (e.g., at 40 OC, the isothermal compressibilities 
of ethanol and toluene are 127.4 X 10" and 103.3 X 10" bar-', 
respectively), and solvent electrostriction is an important and 
perhaps dominant component of the experimental AV for that 
mechanism. Since we are dealing with a formally neutral 
complex, arguments relating to the essential incompressibility 
of ionic complexes3' need not be invoked. In particular, a 
spin-preequilibrium mechanism should be associated in the 
case of a neutral complex with an appreciable change in 
compressibility from precursor to activated state, which should 
nevertheless be essentially solvent independent. This is borne 
out by the experimental results. 

Racemization of Co(Ph2-dtc),. Generally, the so-called 
isokimetic plot of AP vs. AS' of a chemical reaction in various 
solvents can be used to infer a uniform solvation or a common 
reaction mechanism.38 For a particular solvent, resulting in 
activation parameters which do not fall in the line of such a 
plot, it is expected that the solvent-solute interaction differs 
or alternatively another mechanism could be considered. 
Linear correlations of AZP/AS* in the isokinetic plots for 
racemization of a series of Co(R,,R,-dtc), complexes in various 
solvents indicate that, for any one complex, the mechanism 
does not change on changing the solvent.22 However, when 
all the complexes and solvents are taken into consideration, 
the correlation line of the diphenyl- and diisopropyl-substituted 
complexes differs significantly from the line exhibited by, 
among others, the pyrdtc complex. An explanation of these 
observations in terms of differences in solvent-solute inter- 
action effects was proposed.22 An alternative explanation in 
tefms of a mechanistic difference was also possible, but there 
were insufficient grounds to suggest that this may be the case. 
Subsequently, in view of this possibility of a mechanistic 
difference, a brief study of the pressure-dependent racemi- 
zation of the C ~ ( P h ~ - d t c ) ~  complex was undertaken to sup- 
plement the detailed study of the C ~ ( p y r d t c ) ~  system. 

The activation volumes for racemization of the diphenyl 
complex in a range of solvents (Table 111) differ markedly from 
those determined for the pyrrolidyl complex. Values of AV 
(at 2600 bar) of between -2 and -9.3 cm3 mol-' were observed. 
Apart from the appreciable solvent dependence of AV (which 
nevertheless is always negative), the one study in dimethyl- 
formamide at various pressures indicated that AV is appre- 
ciably pressure dependent (i.e., AO* # O).' These observations 
are most consistent with the predicted behavior for a one-ended 
dissociative mechanism with the dangling arm charged. 

It is noted that the corresponding iron(II1) complexes of 
Ph2-dtc and pyrdtc exhibit low-spin and high-spin character, 
respectively. A spin preequilibrium for the low-spin Co- 
(Ph2-d t~ )~  complex may subsequently be less facile, and the 
alternative ring-opening mechanism may become favored. 
Should a spin preequilibrium occur also for the Ph2-dtc com- 

high spin low spin 

(37) Stranks, D. R. Pure Appl. Chem. 1974,38, 303. 
(38) Leffler, J. E.; Graham, W. H. J .  Phys. Chem. 1959, 63,687. 
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plex, the positive AVO contribution (of perhaps +6 cm3 mol-l) 
would require an even more negative component to be assigned 
to the racemization process; this can be accommodated for a 
one-ended dissociative mechanism but makes a twist mecha- 
nism less likely. Other minor effects do not alter the above 
arguments. For example, although AV values were deter- 
mined at different temperatures, the temperature dependence 
of AV has generally been observed to be small. In the case 
of the diphenyl complex, the values determined at 50 and 70 
O C  are essentially identical. Further, although the AV values 
reported for the diphenyl complex are those at 2600 bar and 
not at zero (or room) pressure, the effect is to make the values 
appear less rather than more negative, since the slope of the 
curve of In (kmJ vs. pressure decreases with increased pressure. 
This is exemplified by a AV of -2 cm3 mo1-I in dimethyl- 
formamide at 2600 bar and a value of -5.7 cm3 mol-' at 610 
bar. 

Consequently, on the basis of activation volume data, a 
differentiation between a one-ended dissociative mechanism 
for racemization of C ~ ( P h ~ - d t c ) ~  and a spin-preequilibrium 
twist mechanism for C ~ ( p y r d t c ) ~  racemization is indicated. 
Such information cannot be obtained from the analysis of 
AP/AS' correlations or AS' data alone. 

Previously, a correlation between AS* and AV for isom- 
erization and racemization reactions was e~tab l i shed~~ and the 
possibility of using such a relationship to differentiate between 
twist and one-ended dissociative mechanisms raised. While 
a close correlation was not observed nor should be expected, 
deviation in the case of reactions asserted to proceed by simple 
twist mechanisms was quite large and was suggested as a 
mechanistic guide. The twist mechanism proposed for race- 
mization of F e ( ~ h e n ) ~ ~ +  and Co(pyrdtc), has been predicted 
to involve a low-spin + high-spin preequilibrium, however. 
This process will contribute positively to both AV and AS'. 
Thus it should be noted that a lack of correlation between AV 
and AS* supporting a twist mechanism would be marked only 
for a simple twist mechanism where there is no spin pree- 
quilibrium involved. 
Experimental Section 

Preparation of hrnpounds. The sodium salts of the dithiocarbamate 
ligands pyrrolidinecarbodithioate (pyrdtc) and diphenyldithio- 
carbamate (Ph2-dtc) were prepared as previously described and an- 
alyzed successfully." Optically active tris(dithiocarbamato)cobalt(III) 
complexes were prepared by reaction of (+)S46-Na[Co(EDDS)].H2041 
with the ligands as previpusly described?* Solvents selected for kinetic 
experiments were of analytical reagent grade quality and were used 
without further purification. 

Kinetic Measurements. Racemization kinetics at various pressures 
were carried out in a high-pressure sampling vessel immersed in an 
oil bath thermostated to the required temperature (kO.1 0C)?3 Each 
reaction was performed with complex concentration of approximately 
5 X lo4 M. From 10 to 15 min was allowed for temperature and 
pressure equilibration of the reaction solution before the first sample 
was collected. Aliquots of solution ("2 cm3) were collected from 
the steel container via a bleed valve a t  regular time intervals (5-10 
min). The optical rotation of each sample was measured immediately 
on an adjacent Perkin-Elmer 241MC polarimeter in a 1-dm path 
length microcell at 546 nm. All reactions were followed over at least 
3 half-lives. Rate constants were determined by paphical and standard 
linear least-squares methods. Activation volumes and compressibility 
coefficients were determined as described earlier.* Data were 
collected in the case of the Ph,-dtc complex at only one high pressure 
generally; hence the determined AT" is the value over that pressure 
range (2600 bar) and not a t  zero or room pressure, and an accurate 

(39) Lawrance, G. A,; Suvachittanont, S. Inorg. Chim. Acta 1979,32, L13. 
(40) Gleu, K.; Schwab, R. Angew. Chem. 1950,62, 320. 
(41) Neal, J. A,; Rose, N. J. Inorg. Chem. 1968, 7, 2405. 
(42) Gahan, L. R.; Hughes, J. G.; O'Connor, M. J.; Oliver, P. J. Inorg. 

Chem. 1979, 18, 933. 
(43) Suvachittanont, S. Thesis, University of Melbourne, 1980. 
(44) Lawrance, G. A.; Stranks, D. R. Acc. Chem. Res. 1979, 12, 403. 
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error estimate cannot be provided. Activation volumes reported for 
the pyrdtc complex are those calculated a t  room (or effectively zero) 
pressure; Since data were collected at  five pressures Up to 1380 bar 
in each solvent, accurate error estimates were obtained. 
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UV Photoelectron Spectroscopic Studies of the Metal-Olefin Bond. 2. Bonding in 
(P-Diketonato)rhodium(I) and -iridium(I) Carbonyl and Olefin Complexes1 
H E N K  VAN DAM, ANDRIES TERPSTRA, DERK J. STUFKENS, and AD OSKAM* 

Received November 9, 1979 
The He  I and He  I1 photoelectron spectra of series of (P-diketonate)ML* complexes (P-diketonate = enolate anion of 
2,4-pentanedione, 2,2,6,6-tetramethyl-3,5-heptanedione, I,l,l-trifluoro-2,4-pentanedione, or 1,1,1,5,5,5-hexafluoro-2,4- 
pentanedione, M = Rh or Ir, L = CO, ethylene, or propylene) are reported. Assignments are proposed, on the basis of 
He  I/He I1 intensity differences, on MO calculations, on related complexes, and on empirical comparisons. The electronic 
structure of the complexes is discussed, and conclusions can be drawn about the trends in donation and T back-donation 
in the metal-olefin bond in the various complexes. 

‘ 

Introduction 
As an extension of previous investigations in our laboratory 

of metal-olefin complexe~,~-~ we studied a series of Rh and 
Ir olefin complexes with UV photoelectron spectroscopy 
(UPS). These complexes have already been the subject of 
thermochemical, IR/Raman, and NMR  investigation^.^ 

Thorough studies of the He I spectra of a large number of 
P-diketonate transition-metal complexes have been reported,@ 
but information about the monovalent rhodium and iridium 
P-diketonate dicarbonyl and diolefin complexes is lacking. In 
fact, to our knowledge, no gas-phase UPS data of square- 
planar Ir(1) and Rh(1) complexes have been published. 

We now report the He I and He I1 photoelectron spectra 
of a series of LMXz complexes, where L is the enolate anion 
of a P-diketone [2,4-pentanedione, commonly known as ace- 
tylacetone (acac), l , l ,  l-trifluoro-2,4-pentanedione (tfa), 
1,1,1,5,5,5-hexafluoro-2,4-pentanedione (hfa), or 2,2,6,6- 
tetramethyl-3,5-heptanedione (tmh)], M = Rh or Ir, and X 
= CO, ethylene, or propylene. The structures of the complexes 
are shown in Figure 1. All complexes under study here are 
assumed to have C, symmetry, except of course the complexes 
with the asymmetric tfa ligand and the propylene complexes 
which can exist as many  isomer^.^ All the complexes are 
square planar coordinated while the olefins are perpendicular 
to the molecular plane. 

The aim of this investigation is to extend our knowledge of 
the nature of the metal-olefin bond and in particular to in- 

(1) For part 1 see ref 2b. 
(2) (a) Baerends, E. J.; Oudshoorn, C.: Oskam, A. J .  Electron Spectrosc. 

Relat. Phenom. 1975,6,259. (b) van Dam, H.; Oskam, A. Ibid. 1979, 
16, 307. 

(3) van Dam, H.; Oskam, A. J .  Electron Spectrosc. Relat. Phenom. 1979, 
17, 357. 

(4) Meester, M. A. M.; Stufkens, D. J.; Vrieze, K. Znorg. Chim. Acta 1977, 
21, 25 1 and references therein. 

(5) Jesse, A. C.; Baks, A,; Stukens, D. J.; Vrieze, K. Inorg. Chim. Acta 
1978, 29, 177 and references therein. 

(6) Evans, S.; Hamnett, A,; Orchard, A. F.; Lloyd, D. R. Faraday Discuss. 
Chem. Soc. 1972, 54, 227. 

(7) Brittain, H. G.; Disch, R. L. J .  Electron Spectrosc. Relat. Phenom. 
1976, 7, 475. 

(8) Cauletti, C.; Furlani, C. J .  Electron Spectrosc. Relat. Phenom. 1975, 
6, 465. 

(9) Furlani, C.; Cauletti, C. Struct. Bonding (Berlin) 1978, 35, 119. 

vestigate the influence exerted on this bond by variation of 
the 6-diketonate ligand and substitution of the olefin. The 
assignments are made by using He I/He I1 cross-section 
variations and by using some results of extended CNDO 
calculations on model cobalt complexes. 
Experimental Section 

Synthesis. The complexes were prepared according to the litera- 
ture.s*lO,ll They were purified by recrystallization and vacuum 
sublimation, and their purity was checked by elementary analysis, 
‘H NMR,  and IR. Jesse5 studied the behavior of these complexes 
upon heating in vacuo in a Mettler Type 1 thermoanalyzer and found 
no decomposition. 

We failed to record PE  spectra of a series of complexes in which 
the P-diketone is 1,3-diphenyl- 1,3-propanedione. These complexes 
have almost no vapor pressure, and decomposition occurred upon 
heating. Decomposition also occurred in complexes in which the olefin 
was varied to methyl acrylate, vinyl chloride, styrene, and vinyl acetate. 

Photoelectron Spectra. The spectra were recorded on a Perkin- 
Elmer PS 18 photoelectron spectrometer modified with a Helectros 
He I /He  I1 source. The spectra were calibrated with respect to Ar 
and Xe lines as internal calibrants. Due to strongly overlapping bands 
in the spectra, so that no accurate deconvolution of the peaks could 
be achieved, the intensity arguments used as an assignment criterion 
are based on spectra uncorrected for analyzer dependence. 
Results 

In order to assign the spectra we require a molecular orbital 
scheme for these molecules. Extended CNDO calculationsl2 
have been performed on two model systems [ acacC~(CO)~]  
and [acacCo(C,H,),] . 1 3  These calculations gave some in- 
dication of the character and the relative ordering of the 
molecular orbitals, and these results were used in t h e  assign- 

(10) Cramer, R. J .  Am. Chem. SOC. 1964, 86, 217; 1967,89,4621. 
(11) van Gaal, H. L. M.; van der Ent, A. Inorg. Chim. Acta 1973, 7,653. 
(12) van Dam, H., unpublished results, available upon request. 
(13) Since no experimental geometries are known for these complexes, es- 

timates of bond lengths and angles were made on the basis of bond 
lengths and angles of related molecules; see for instance: Hargittai, M.; 
Hargittai, I. “The Molecular Geometries of Coordination Compounds 
in the Vapour Phase”; Elsevier: Amsterdam, 1977. The crystal 
structures of acacRh(CO), and acacIr(CO)2 have been published (see 
ref 14). Selected values were d(C=C) = 1.46 A, d(Co-C(olefin) = 
2.10 A, d(M-CO) = 1.86 A, d(C-0) = 1.15 A, and d(Co-0)  = 1.95 
A. Details of the CNDO program used can be found in ref 2b. 

(14) Bailey, N. A,; Coates, E.; Robertson, G. B:; Bonati, F.; Ugo, R. Chem. 
Commun. 1967, 1041 and references therein. 
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