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mmol) in acetone (20 mL) at 0 "C. The solution was stirred for 
70 min at 0 "C, followed by rotary evaporation to ca. 10 mL at 
0 "C and addition of cold hexane. When the solution was cooled 
to ca. -20 "C for 1 h, the product formed as a cream crystalline 
solid (49%). 'H NMR (CDCI,, 6): 12.07 (s, 1, CH), 8.90 (d, 2, 
545 = 2.4 Hz, H5, pz trans to PdMe), 8.82 (d, 1, JG = 2.3 Hz, H5, 
pz trans to PdCH,Ph), 7.63 (d, 1, J34 = 2.1 Hz, H3, pz trans to  
PdCH,Ph), 7.15 (m, 1, H4, Ph), 7.04 (t, 2, 3J = 7.5 Hz, H3,5, Ph), 
6.96 (m, 4, H3, pz trans to PdMe, and H2,6, Ph), 6.40 ("t", 1, H4, 
pz trans to PdCH,Ph), 6.28 ("t", 2, H4, pz trans to PdMe), 3.62 
(s, CH,), 1.71 (s, PdMe). 
[~~C-P~(CH,P~)M~~((~Z)~CH]]BF,. Addition of silver tet- 

rafluoroborate (0.4 mmol) in acetone to a stirred solution of 
[Pd(CH,Ph)Me,l(pz),CH)]Br (0.2 g, 0.38 mmol) in acetone at 0 
"C resulted in the immediate precipitation of AgBr. Filtration, 
followed by addition of hexane at 0 "C, gave the product as a white 
crystalline solid, which was isolated by filtration and washed with 
hexane (89%). 'H NMR (CDCl,, 6): 9.48 (s, 1, CH), 8.43 (m, 3, 
H5, pz), 7.66 (d, 1, 534 = 2.1 Hz, H3, pz trans to PdCH,Ph), 7.17 
(m, 1, H4, Ph), 7.05 (m, 2, H3,5, Ph), 6.96 (m, 3, H3, pz trans to 
PdMe, and H2,6, Ph), 6.43 ("t", 1, H4, pz trans to PdCH,Ph), 6.31 
(m, 2, H4, pz trans to PdMe), 3.62 (s, CH,), 1.72 (s, PdMe). 

[Pd(q3-C3H5)(( PZ)~CH)][P~(~~-C,H,)B~, ] .  2-Propenyl bromide 
(0.06 mL, 0.69 mmol) was added to a solution of PdMe,((pz),CH) 
(0.20 g, 0.57 mmol) in acetone, and the solution was stirred for 
60 min. Addition of hexane and slow evaporation of acetone under 
reduced pressure at 0 "C gave the product as a dark yellow 
crystalline solid, which was isolated by filtration and washed with 
hexane (39%). 'H NMR ((CD3),C0, 6): at 25 "C, 9.26 (s(b), 1, 
CH), 8.07 (d(b), 3, H5), 7.75 (d(b), 3, H3, pz), 6.47 ("t"(b), 4, H4), 
5.56 (m(b), 2, H3), 4.11 (d(b), 4, H2), 3.17 (d(b), 4, Hl) ;  at -60 
"C, cation, 10.04 (s(b), 1, CH), 8.79 (d(b), 3, H5, pz), 8.13 (d(b), 
3, H3, pz), 6.66 (s(b), 3, H4, pz), 6.04 (m, 1, H3), 4.46 (d, JZ3 = 
6.5 Hz, 2, H2), 3.37 (d, J13 = 12.0 Hz, 2, Hl) ,  anion, 5.33 (m, 1, 

Anal. Calcd for C16H2,,N6Br2Pd: C, 28.7; H, 3.0; N, 12.6. Found: 
C, 29.1; H, 3.0; N, 12.5. 

An identical procedure employing 2-propenyl iodide gave 

H3'), 3.85 (d, 5 2 3  = 6.8 Hz, 2, H2'), 2.81 (d, 513 = 12.1 Hz, 2, Hl'). 

[Pd(q3-C3H5)II2 in 90% yield. The 'H NMR spectrum (CDCl,) 
is identical with that reported.,, 
[Pd(q3-C3H5)((pz),CMe2)][Pd(q3-C3H5)Br2]. A similar pro- 

cedure gave this complex in 63% yield. 'H NMR ((CD,),CO; see 
Figure 2; 6): at 25 "C all resonances are broad and definite 
assignments have not been attempted, 7.89,7.70,6.38, 5.58,4.14, 
3.10, 2.40; at -60 "C, 3.69-3.63 (m, H1, cation, and H2', anion), 
cation, conformers C and D, 8.59 (d, 545 = 2.8 Hz, H5, pz), 6.16 
(m, H3), 2.80 (s) and 2.76 (s) and 2.42 (s, Me), conformer A, 8.26 

H2), conformer B, 8.20 (s, H3, pz), 6.70 ("t", H4, pz), 4.68 (d, 5 2 3  
= 6.7 Hz, H2), anion, 5.06 (m, H3'), -3.81 (m, H2'), 2.62 (d, 5 1 3  
= 12.0 Hz, Hl'). Anal. Calcd for C15H22N4Br,Pd: C, 28.6; H, 
3.5; N, 8.9. Found: C, 28.8; H, 3.5; N, 8.9. 
[P~(TJ~-C,H,)~(~Z)~CM~,}]BF~. A procedure similar to that 

for the synthesis of [ P ~ ( C H , P ~ ) M ~ , { ( ~ Z ) ~ C H ] ] B F ,  gave the 
complex as a white crystalline solid (22%). 'H NMR ((CD3),C0, 
6): at 25 "C, 8.43 (d, J4, = 2.8 Hz, 2, H5, pz), 8.10 (d, J4, = 1.8 
Hz, 2, H3, pz), 6.63 (dd, 534 = 1.7, J4, = 2.8 Hz, 2, H4, pz), 6.12 
(m, 1, H3), 4.56 (d, J23 = 7.0 Hz, 2, H2), 3.63 (d, JI3 = 12.4 Hz, 
2, Hl),  2.74,2.56 (s, 6, Me); At -70 "C, conformers C and D, 8.56 
(d, 545 = 2.4 Hz, H5, pz), 6.14 (m, H3), conformer C, 8.26 (d, JU 

3.60 (d, 513 = 12.5 Hz, Hl) ,  2.73 (s) and 2.42 (s, Me), conformer 

= 6.9 Hz, H2), 3.66 (d, 5 1 3  = 12.5 Hz, Hl) ,  2.77 (9) and 2.75 (s, 
Me). Anal. Calcd for CI2Hl7N4BF4Pd: C, 35.1; H, 4.2; N, 13.6. 
Found: C, 35.0; H, 4.1; N, 13.4. 
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(d, 534 = 1.9 Hz, H3, PZ), 6.73 ("t", H4, PZ), 4.49 (d, 5 2 3  = 6.7 Hz, 

= 2.0 Hz, H3, PZ), 6.75 ("t", H4, PZ), 4.50 (d, 5 2 3  = 6.8 Hz, H2), 

D, 8.17 (d, 534 = 2.0 Hz, H3, PZ), 6.71 ("t", H4, PZ), 4.67 (d, 5 2 3  

(22) Mann, B. E.; Pietropaolo, R.; Shaw, B. L. J. Chem. SOC., Dalton 
Trans. 1973, 2390. 
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The kinetics of the substitution reaction M(phen)(CO), + P F? fac-M(phen)(CO)3P + CO (phen = 
1,lO-phenanthroline, P = P(OMe)3) has been studied in six different solvents for M = Mo at  50 "C. The 
pressure dependence of the forward reaction was studied in 1,2-dichloroethane (M = Mo, Cr) and in toluene 
(M = Mo). In addition, the reverse reaction of Cr(phen)(CO),P with CO in dichloroethane was studied 
as a function of pressure, and the partial molar volumes of all species were determined. For molybdenum, 
a two-term rate law, rate = (ki + k L  [P])[complex], was observed in each case, while for chromium a complex 
rate law gave limiting rate constants a t  zero and high phosphite concentrations. The rate constants of 
the ki pathway in the six solvents are correlated with the MLCT band energies and discussed in terms 
of transition-state stabilization. The volumes of activation (M = Mo: AVlk, = +8.4 f 0.7 and +2 f 2 
cm3.mol-' and AVlk,  = -21 f 2 and -13 f 1 cm3.mol-' for CO-saturated dichloroethane and toluene, 
respectively; M = Cr: AV* = +13.8 f 0.5 and +19.2 f 0.5 cm3.mol-' for the forward and reverse reactions, 
respectively) are in full agreement with the proposed scheme of parallel associative and dissociative reversible 
reactions. The reaction volume obtained from the volume profile for the substitution of Cr(phen)(CO), 
by P(OMe)3 (-4 f 1 cm3.mol-') is in good agreement with that calculated from the kinetic data (-5.4 f 
0.5 cm3.mol-'). 

Introduction 
Both square-planar and octahedral complexes undergo 

under certain circumstances substitution according to  a 
two-term rate 

rate = (ki -k k~[nucleophileI)  [ComPlex] (1) 

The controversy over the dissociative or associative nature 
of the intimate mechanism (here represented by the ki 

(1) Basolo, F.; Pearson, R. G. Mechanisms of Inorganic Reactions, 2nd 
Ed.; Wiley/Interscience: New York, 1967. 

0276-7333/90/2309-1235$02.50/0 1990 American Chemical Society 



1236 Organometallics, Vol. 9, No. 4 ,  1990 

pathway) in the case of square-planar complexes was 
settled by a study of the  effect of high pressure on the  
observed  kinetic^.^ Both pathways were shown to be 
associative, the  k i  route being solvent-assisted, Further- 
more, AV* was shown to be far more sensitive in revealing 
solvent contributions to the  mechanism than AS*. 

Initially it was proposed that the octahedral complexes 
exhibiting two-term rate laws react via competitive asso- 
ciative (kL) and dissociative (ki) pathsa5 Such a mechanism 
is treated with scepticism6,' for two major reasons: first, 
the  steric constraints on an  octahedral geometry are  far 
more stringent than those on a coordinatively unsaturated 
square-planar geometry, so that an associative attack, 
especially on a small metal center in a low oxidation state 
(such as in chromium carbonyl complexes), is considered 
exceptional; second, the octahedral complexes of d6 metal 
centers are 18-electron species, and a dissociative route via 
a 16-electron species is expected t o  be the  preferred 
mechanism.8 Howell and Burkinshawg interpreted the kL 
term as a n  Id pathway, in  spite of negative reaction en- 
tropies (in one case, for example, -71 J.K-l-mo1-l). 
Sometimes the apparent 18-electron count can be ration- 
alized by a formal oxidation of the  metal center or a de- 
crease in the number of electrons donated by a cyclic ligand 
(ring slippage).'O 

Recently a systematic changeover in mechanism from 
dissociative to associative activation was reported in going 
from smaller to larger metal centers during solvent ex- 
change and complex formation reactions of first-row 
transition metals"J2 and during chelate substitution of 
group VIb metal ~omp1exes.l~ To throw more light on this 
subject, we have investigated the substitution behavior of 
strongly solvatochromic complexes of molybdenum and 
chromium14 and now report the  solvent and pressure de- 
pendence of the substitution reactions in (2) (M = Cr or 
Mo). 

M(phen)(CO), + P(OMeI3 z 
M(phen)(CO),(P(OMe),) + CO (2) 

Schneider and van  Eldik 

Experimental Section 
General Procedures and Instrumentation. All solutions 

were prepared by using dried and distilled solvents, saturated with 
nitrogen or carbon monoxide by bubbling the required gas through 
the solvent for at least 15 min. Infrared spectra were recorded 
on a Nicolet 5SX FTIR spectrophotometer using a 0.1-mm 
path-length solution cell with KBr windows. UV-visible spectra 

(2) Tobe, M. L. Inorganic Reaction Mechanisms; Nelson: London, 
1972. 

(3) Wilkins, R. G. The Study of Kinetics and Mechanisms of Reac- 
tions of Transition Metal Complexes; Allyn and Bacon: Boston, 1974. 

(4) Kotowski, M.; van Eldik, R. In Inorganic High Pressure Chemis- 
try: Kinetics and Mechanisms; van Eldik, R., Ed.; Elsevier: Amsterdam, 
1986; Chapter 4. 

( 5 )  (a) Angelici, R. J.; Graham, J. R. Inorg. Chem. 1967, 6,  988. (b) 
Graham, J. R.; Angelici, R. J. Inorg. Chem. 1967, 6 ,  992. 

(6) Darensbourg, D. J. Adu. Organomet. Chem. 1982, 21, 113. 
( 7 )  M'ilkinson, G., Stone, F. G. A., Abel, E. W., Eds.; Comprehensive 

Organometallic Chemistry; Pergamon Press: New York, 1982; Vol. 3, 
Chapter 26. 

(8) Tolman, C. A. Chem. SOC. Reu. 1972, I ,  337. 
(9) Howell, J. A. S.; Burkinshaw, P. Chem. Reu. 1983, 83, 571. 
(10) (a) Basolo, F. Inorg. Chem. 1985, 100, 33. (b) Basolo, F. Pure 

Appl .  Chem. 1988,60, 1193. 
(11) Ducommun, Y.; Merbach, A. E. In Inorganic High Pressure 

Chemistry: Kinetics and Mechanisms; van Eldik, R., Ed.; Elsevier: 
Amsterdam, 1986; Chapter 2. 

(12) van Eldik, R. In Inorganic High Pressure Chemistry: Kinetics 
and Mechaninms; van Eldik. R., E.; Elsevier: Amsterdam, 1986; Chapter 
3 .  

(13) Awad, H. H.; Dobson, C. B.; Dobson, G. R.; Leipoldt, J. G.; 
Schneider, K. J.; van Eldik, R.; Wood, H. E. Inorg. Chem. 1989, 28, 1654. 

(14) Schneider. K. J.; van Eldik, R. Organometallics 1990, 9, 92. 

Scheme I 
k l  

M-CO + L = M + CO + L 

M-L + CO 
M = Cr(phen)(CO), or Mo(phen)(CO), 

and kinetics were measured on a Shimadzu UV-250 or an Hitachi 
U-3200 spectrophotometer, each fitted with an electronically 
thermostated cell changer (hO.1 "C). High-pressure kinetics were 
performed on a Zeiss PMQ I1 spectrophotometer operating in a 
double-beam mode and modified to hold a high-pressure cell.15 
The sample cell was of the quartz pillbox type.16 The pillbox 
was filled under nitrogen or carbon monoxide atmosphere by using 
an apparatus designed to transfer the solution via a double-tip- 
ped-needle technique." 

Trimethyl phosphite (Merck) was distilled under vacuum (40 
mmHg) and stored for up to 10 days in the dark at -4 "C under 
the required gas. The chromium and molybdenum tetracarbonyl 
complexes and the monophosphite products, M(phen) (CO)&P- 
(OMe),), were prepared by photochemical and thermal means, 
respectively, as described in a previous paper.14 

Partial Molar Volume Measurements. Partial molar volume 
measurements were performed on an Anton Paar (Vienna) 
DMAOB precision densitometer that was fitted with a tightly 
sealing stopper on the outlet port. The temperature was controlled 
at 25.000 f 0.003 "C. The partial molar volumes were measured 
in solution according to eq 3, where = partial molar volume 

$I=--  (3) 
Pa CPS 

of solute, ps = density of solvent, p = density of solution, M = 
molar mass of solute, and c = Concentration. The concentrations 
were varied from 2 X mol~dm-~, but within these 
limits no concentration effect on the partial molar volume was 
observed. To increase the thermal stability of Cr(phen)(CO), and 
Cr(~hen)(CO)~P(oMe),, carbon monoxide saturated 1,2-di- 
chloroethane (DCE) and 0.1 M P(OMe)3 in DCE, respectively, 
were used as solvents. The density of these solvents was measured 
immediately prior to the complex molar volume determination. 

No concentration dependence study was undertaken in the case 
of CO. DCE was degassed by means of five freeze-pump-thaw 
cycles, and a small volume of CO was introduced into the Schlenk 
tube to allow sample removal under reduced pressure, whereafter 
the remainder was allowed to equilibrate under an atmosphere 
of 0.1 MPa of CO at 25 "C (the saturation concentration is 6.0 
X m~l.dm-~).l* The quoted molar volume is the average of 
five determinations. 

Kinetics. All solutions were prepared and transferred to a 
cuvette or a pillbox cell under nitrogen or carbon monoxide at- 
mosphere. For high-pressure experiments at 50 "C and phosphite 
concentrations >0.2 M, a stock solution of the complex (con- 
centration (1.4-1.6) X lo-* M) and the required ligand concen- 
tration was prepared and stored in the dark at  4 "C for up to 5 
days during use. All other solutions were freshly prepared. 

The disappearance (or appearance in the case of phosphite 
complexes reacting with CO, henceforth referred to as "the reverse 
reaction") of the d-d band at 400 nm for molybdenum and 430 
nm for chromium was monitored continuously. Reactions were 
followed for at least 2 half-lives, and the values of kobs were 
obtained by using the method of Swinb~urne. '~ In general the 
rate constants are an average of three or more repetitions which 
are reproducible to within 7%.  Second-order rate constants were 
obtained from the slope of a plot of kob. vs phosphite concentration 
at all pressures. The activation volume was obtained in the usual 

M 100O(P - P,) 

to 8 X 

(15) Fleischmann, F. K.; Conze, E. G.; Stranks, D. K.; Kelm, H. Rev. 
Sci. Instrum. 1974, 45, 1427. 

(16) le Noble, W. J.; Schlott, R. Rev. Sci. Instrum. 1976, 47, 770. 
(17) Wieland, S.; van Eldik, R. Reu. Sci. Instrum. 1989, 60, 955. 
(18) Stephen, H., Stephen, T., Eds.; Solubilities of Inorganic and 

(19) Swinbourne, E. S. J .  Chem. Soc 1960, 2371 
Organic Compounds; Pergamon Press: London, 1964: Vol. 11. 
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Table I .  Solvent Data for the Reaction 
Mo(phen)(CO), + P(OMe), e Mo(phen)(CO),(P(OMe),) + CO 

i~ of CO stretch. cm-' 
solventb ij of CT band, cm-' u1 UP U P  u4 ki X lo4," s-l k, X l O ' , O  M-' s-l 

0.31 f 0.01 1.72 f 0.05 toluene 20 202 201 1 1902 1887 1847 
toluene (N,) 0.33 f 0.06 1.2 f 0.2 
benzene 20 366 2011 1901 1886 1844 0.32 f 0.09 1.6 f 0.1 
chlorobenzene 20 790 2011 1902 1882 1839 0.70 f 0.02 1.6 f 0.1 
chloroformc 20 660 2014 1909 1880 1832 0.96 f 0.03 1.2 f 0.6 
dichcloromethane 21 368 2014 1904 1878 1832 1.96 f 0.02 0.88 f 0.03 
dichloroethane 21 505 2013 1904 1877 1833 1.79 f 0.02 1.48 f 0.05 
dichloroethane (Nz) 1.86 f 0.02 1.41 f 0.04 

" A t  50 "C. *Under CO atmosphere unless otherwise stated. 'Ordered in the table according to u(CO), ki,  and k,.  

way from a plot of In k vs P, the slope of which represents 
-AV*/RT. In all cases the relationship was linear up to 100 MPa. 

Mechanisms and Rate Constant Expressions. We have 
proposed that the mechanism for substitution of M(phen)(CO), 
by phosphite can be described by Scheme I with the applicable 
rate constant expression (4).14 Several observations simplify this 

expression. First, k..l[CO] << k,[L] for all concentrations of 
phosphite employed (except for the reverse reactions where [L] 
= O!). Second, the k 3 / k - ,  pathway is not available for chromium, 
while the k-,k-,[CO]/k,[L] term is negligibly small for molyb- 
denum. Thus the relevant rate constant expressions for chromium 
and molybdenum are given in ( 5 )  and (6), respectively. Although 

( 5 )  

the ligand-independent term in (6) is a composite one, we shall 
henceforth refer to it as ki,  the constant obtained from the in- 
tercept of a kobs vs [L] plot. 

A t  sufficiently high phosphite concentrations, hobs in ( 5 )  will 
give the limiting rate constant k , ,  while a study of the reverse 
reaction of (2)  with no added ligand will yield the limiting rate 
constant k-2 ,  since k-,[CO] >> k,[L] in (4).14 

Results and Discussion 
Solvent Data. Table I lists the energy of the solvato- 

chromic metal-to-ligand charge-transfer (MLCT) band 
together with the  CO stretching frequency in the IR 
spectrum and values found for ki and k, in various solvents 
for the substitution reaction of Mo(phen)(C0)4. I t  can be 
seen tha t  k, increases significantly as the MLCT energy 
increases, while k, shows a slight decreasing trend. As 
observed by tom Dieck e t  al., the infrared carbonyl bands 
u3 and u4 also display solvatochromism20 and show a cor- 
responding decrease in energy. 

The  choice of solvent was limited to those in which the 
tetracarbonyl complexes were stable. Donor solvents were 
unsuitable. Those solvents used also have low acceptor 
numbers. On account of the  marked solvatochromism, 
"solvent polarity"21122 seemed an  appropriate parameter. 
Instead of the  conventional spectral shifts of solvato- 
chromic dyes21*23 however, we have used the MCLT band 

(20) tom Dieck, H.; Renk, I. Chem. Ber. 1971, 104, 110. 
(21) Reichardt, C. Soluents and Soluent Effects in Organic Chemistry, 

2nd ed.; VCH Publishers: Weinheim, 1988. 
(22) (a) Ernst, S.; Kurth, Y.; Kaim, W. J .  Organomet. Chem. 1986, 302, 

211. (b) Kaim, W.; Kohlmann, S.; Ernst, S.; Olbrich-Deussner, B.; Bes- 
senbacher, C.; Schulz, A. J .  Organomet. Chem. 1987, 321, 215. 

(23) Manuta, D. M.; Lees, A. J. Inorg. Chem. 1986, 25, 3212. 
(24) Cotton, F. A.; Wilkinson, G. Aduanced Inorganic Chemistry, 3rd 

ed.; Interscience: New York, 1972; Chapter 22. 

5.5 , / 
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Energu o f  HLCT Band, l/cn 

Figure 1. Graph of the ligand-independent rate constant in 
various solvents vs the energy of the MLCT band in that solvent 
at 50 "C for the reaction Mo(phen)(CO), + P(OMe), F? Mo- 
(phen)(CO),(P(OMe),) + CO. T = toluene, B = benzene, C = 
chloroform, CB = chlorobenzene, DCM = dichloromethane, DCE 
= dichloroethane. 

energy of Mo(CO),(phen) itself as an  internal measure of 
polarity. In this way we were able to include halogen- 
containing solvents in a correlation with aromatic solvents, 
which is not normally possible.23 In Figure 1 the  rate of 
the largely dissociatively activated route, hi, is plotted 
against the MLCT energy. Because the differences in CO 
concentrations are minimal (between 6 X and 8.4 x 
lo-, M) and the (unknown) contributions from k-, are 
expected to be small, the observed linear correlation rep- 
resents, as a good approximation, the relationship between 
the dissociatively activated route k1 and UMMLCT. 

In an attempt to explain this effect, one must consider 
the influence of the solvent on bonding: the a-bond con- 
tributions to the N - M bond were assumed to  be rela- 
tively independent of solvent effects; the a-contributions 
are, however, strongly affected by the  behavior of the  
trans-C0 ligands competing for the  electrons in the same 
d-orbital. The  more polar solvents also tend to have the 
higher acceptor numbers (e.g., polar DCE, 16.7; nonpolar 
benzene, 8.2) and can interact with the  lone pair on an  
oxygen atom, promoting stronger back-bonding to  the  
trans-C0 and hence withdrawing electron density from the 
chelate-metal r-bond. Spectral evidence corroborates this 
fact (Table I). There is a decrease in the  CO stretching 
frequencies involving the CO ligands trans to  phen,22 in- 
dicating increased back-bonding between the  metal and 
CO. Furthermore, the more polar solvents stabilize a polar 
ground state, viz., M - L, with little back-bonding, so 
1 E M L C T  increases with the  decrease in IR stretching fre- 
quency. The  buildup of charge on the  metal is only par- 
tially compensated for by back-bonding, and the electron 
density on the metal is higher than in the case of a non- 
polar solvent. The  effect can be seen in the observed 
trends in LE,,,, and IR stretching frequencies in Table 
I. Resonance Raman studies show that the electrons in 
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Table 11. Pressure Dependence of kobs for the Reaction 
Mo(phen)(CO), + P(OMe), t' Mo(phen)(CO),(P(OMe),) + CO 

at 50 "C in DCE (A) and Toluene (B) and of k i  and k3 (See Scheme I)  in Both Solvents (C) 

Al: (DCE)N, 
knh. X IO4, SKI, at ligand concn 

pressure, MPa 0.1 M 0.2 M 0.3 M 0.4 M 0.5 M 
5 1.76 f 0.04 1.99 f 0.04 2.04 f 0.08 2.17 f 0.04 2.4 f 0.2 

25 1.69 f 0.05 1.90 f 0.04 2.0 f 0.1 2.16 f 0.03 2.28 f 0.05 
50 1.60 f 0.02 1.83 f 0.03 1.96 f 0.09 2.14 f 0.02 2.29 f 0.04 
75 1.53 f 0.04 1.75 f 0.02 1.89 f 0.03 2.1 f 0.1 2.28 f 0.01 

100 1.47 f 0.02 1.73 f 0.03 1.89 f 0.07 2.11 f 0.01 2.32 f 0.04 

A2: (DCE)m 
kobs X lo4, s-l, at ligand concn 

Dressure. MPa 0.1 M 0.3 M 0.5 M 
5 1.85 f 0.09 2.14 f 0.06 2.36 f 0.02 

25 1.81 f 0.04 2.09 f 0.06 2.39 f 0.03 
50 1.66 f 0.04 2.05 f 0.09 2.44 f 0.06 
75 1.61 f 0.02 2.05 f 0.05 2.48 f 0.08 

100 1.56 f 0.05 2.09 f 0.01 2.62 f 0.04 

B: (Toluene)co 
knhs X lo4, s-l, at ligand concn 

pressure, MPa 0.1 M 0.2 M 0.3 M 0.4 M 0.5 M 
5 0.46 f 0.01 0.66 f 0.07 0.78 f 0.01 0.95 f 0.01 1.14 f 0.06 

25 0.46 f 0.02 0.68 f 0.03 0.82 f 0.02 1.04 f 0.02 1.22 f 0.02 
50 0.47 f 0.02 0.72 f 0.03 0.96 f 0.05 1.13 f 0.02 1.32 f 0.04 
75 0.50 f 0.06 0.79 f 0.03 0.97 f 0.02 1.21 f 0.03 1.42 f 0.09 

100 0.51 f 0.02 0.85 f 0.02 1.06 f 0.04 1.31 f 0.04 1.62 f 0.02 

C: Pressure Dependence of ki  and k7 (from Plots of In k, ,  vs IP(OMe)nl a t  Each Pressure) 
(DCE)N, (DCEIco toluene 

Dressure. MPa k ;  X lo4, s-l k ,  X lo4, M-l s-l k ;  X lo4, s-l k, X lo4, M-'s-l k ,  X lo5, s-l k7 X lo4, M-I s'] 

5 1.63 1.46 1.73 1.26 3.0 1.65 
25 1.58 1.42 1.66 1.43 2.8 1.88 
50 1.46 1.69 1.47 1.92 2.9 2.12 
7 5  1.36 1.85 1.39 2.14 3.0 2.26 

100 1.28 2.08 1.30 2.61 2.7 2.66 

other diimine complexes are also shifted toward the metal 
in polar solvents.25a I t  is clear that  a nucleophilic attack 
at  the more negative center would be suppressed, which 
is indeed observed since h ,  decreases with increasing 
lEmcT. Simultaneously, a dissociative reaction (k,) would 
also be promoted, as is discussed below. 

A higher electron density on the metal could also 
strengthen the back-bonding to the cis-CO ligands in the 
MLCT excited state. No distinct tendency is observed. 
In fact, a trend in the opposite direction might be inferred. 
This is perhaps because the cis-CO ligands compete with 
each other in the same orbital, and the only possible shift 
of electron density must therefore be via a decrease in o 
bonding. A n g e l i ~ i ~ ~  suggested this possibility, but it was 
not generally accepted. Furthermore, resonance Raman 
studies have shown recently tha t  there is a delocalization 
of electron density over the cis-CO ligands in the MLCT 
excited state,26 and it was concluded that this delocaliza- 
tion facilitated the photochemical dissociation of a cis-CO 
ligand when the complex was irradiated in the MLCT 
band. The  trend in k ,  in this work does not agree with 
this conclusion. We believe that,  as the through-space 
delocalization would increase the C - M o-bond a t  the 
same time that the back bond is weakened, little change 
will result in the cis-M-CO bond strength. The decrease 

Table 111. Pressure Dependence for the Reaction 
Cr(phen)(CO), + P(OMe), s Cr(phen)(CO),(P(OMe),) + CO 

in DCE at 50 "C at Two Limiting Nucleophile 
Concentrations 

k,, X lo4, at  ligand concn 
pressure, MPa 0.6 M 0 M (reverse reaction) 

5 3.91 f 0.09 2.7 f 0.1 
25 3.48 f 0.03 2.3 f 0.1 
50 3.15 f 0.05 1.9 f 0.1 
7 5  2.74 f 0.09 1.6 f 0.1 

100 2.36 f 0.06 1.3 f 0.1 

in the rate of dissociation seen here is probably kinetic in 
nature and reflects the higher energy requirement of the 
transition state when a CO ligand departs, with its bonding 
electrons, from a more positive metal center in a nonpolar 
solvent. This argument is fully in accord with the elec- 
troneutrality principle of P a ~ l i n g . ~ '  

We attribute the greater solvent effect on the dissocia- 
tive reaction to the smaller size of the CO molecule relative 
to the phosphite molecule. Thus its passage through the 
first solvation sheath during the formation of a five-co- 
ordinate intermediate is not as sensitive to the type of 
solvent molecule as the approach of a bulky phosphite 
molecule. Furthermore, the electronic changes on the 

(25) Angelici, R. J. Organomet. Chem. Reu. 1968, 3, 173. 
(26) (a) Staal, L. H.; Stufkens, D. A,; Oskam, A. Inorg. Chim. Acta 

1978, 26, 255. (b) Balk, R. W.: Snoeck, T.: Stufkens. D. J.; Oskam, A. 
Inorg. Chem. 1980, 19, 3015. 

(27) Pauling, L. The Nature of The Chemical Bond, 3rd ed.; Cornell 
University Press: Ithaca, NY, 1960. 
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Table IV. Activation Parameters for the Reaction 
M(phen)(CO), + P(OMeI3 2 M(phen)(C0)3(P(OMe)3) + CO 

1V*,' ~ m - ~ .  AH*,b kJ. J. 
solvent rate constant mol-' mol-' K-'-mol-' 

(a) M = Mo 
DCE k ,  (Nz) +7.1 f 0.4 111 f 2 +27 f 6 

k ,  (CO) +8.4 f 0.7 
DCE k3 (NZ) -11 f 2 82 f 3 -67 f 12 

k3 (CO) -21 f 2 
toluene k ,  +2 f 2 135 f 9 +85 f 30 

(b) M = Cr 
k3 -13 f 1 69 f 2 -106 f 7 

DCE k l  +13.8 f 0.5" 122.9 f 0.9 +71 f 3 
k-2 +19.2 f 0.5c 117 f 2 +65 f 6 

"At 50 "C. *Data from ref 8. c A t  35 OC. 

metal center directly affect the bonding with CO but are 
partially shielded from an incoming nucleophile by the 
ligands. 

P r e s s u r e  Data. Table I1 presents the dependence of 
the observed rate constant on ligand concentration and 
pressure in dichloroethane (DCE) and toluene at  50 OC for 
molybdenum as central atom. The pressure dependence 
of the constants ki and k3 is also included. The analogous 
data  for chromium in DCE at  50 "C a t  the limiting con- 
ditions of 0.6 M phosphite (k,) and no added phosphite 
(reverse reaction, kZ) is given in Table 111. The activation 
parameters extracted from the pressure and temperature 
data  are summarized in Table IV. 

Molybdenum. In complete agreement with the sug- 
gested mechanism, both the activation entropies and 
volumes are negative in DCE and toluene for the k3  path. 
The activation enthalpy is moderate, as expected for an 
associative reaction. The smaller enthalpy term and larger 
negative terms for both the activation entropy and acti- 
vation volume in toluene speak for a transition state with 
more bond making in that  solvent than in DCE, as is 
expected for a metal center with increased electron density. 

The values of 4V*(k3) are in close agreement with those 
reported recently for the substitution reactions of Mo(C- 
O),(S-S) with P(OR),, viz., -11.3 * 0.5 (S-S = 2,5-dithi- 
ahexane (DTH), R = Me), -10.2 * 0.8 (S-S = DTH, R = 
i-Pr),  -9.3 f 0.4 (S-S = DTH, R = Ph),  and -9.4 f 0.2 
cm3.mol-' (S-S = 3,6-dithiaoctane, R = i-Pr).13 It follows 
that  a AV* value of between -9 and -20 ~m~emo1-l is 
characteristic for an associative substitution process on a 
Mo(CO),(L-L) complex. 

In discussing h,, it must be kept in mind that this con- 
s tant  contains a dissociative contribution ( h J ,  as well as 
an associative contribution (k3[CO]),  which are respec- 
tively suppressed and favored in toluene. Furthermore, 
the saturation concentration of CO is marginally higher 
in toluene (7.4 x lo-, m ~ l - d m - ~ )  than in DCE (6.0 x IO-, 
m ~ l . d m - ~ ) . ' ~  Both these effects should cause a relative 
decrease in AV* in toluene. The activation volume is 
dramatically decreased from +7 to +2 cm3.mol-l, which 
might reflect a gain in importance of k-, or point to a shift 
in mechanism from D to Id. The energy parameters are 
not as easy to interpret. The large positive enthalpies and 
entropies are consistent with a dissociative mechanism, but 
the increase in entropy is difficult to explain. The large 
standard deviations are probably significant. The hi,  ob- 
tained from the intercepts of linear plots, involve large 
errors. Furthermore, the temperature dependence of a 
composite rate constant would be expected to be curved. 
Because of the slow reactions, only higher temperatures 
were employed. Over this range the expected curvature 
was not evident, and the energy parameters are expected 
to reflect predominantly the dissociative reaction. Again, 

CCr(phen)(CO), + CO f Ll' 

1 Av:= i i . 2 t o . 5  cm3.mo1-l 
6V:= 13.810.5 

Cr(phen)(CO), + P(OMe),  L r(phen)(CO)3L + CO 

- 
V AV V (cm'.mo~") 

310 t1  4 4 f 4  

2 
121 .5 t0 .3  - 4 f l  236i3 

Figure 2. Volume profile for the reaction Cr(phen)(CO), + 
P(OMe), s Cr(phen)(CO),(P(OMe),) + CO. 

the activation volume seems to  be more discriminating. 
Unfortunately the pressure d e p e n d a c e  of the reverse 
reaction could not be studied due to the formation of a 
precipitate a t  elevated pressure during the reaction. 

The data for CO-saturated solvents are expected to  be 
more reliable than those under Nz-saturated conditions. 
In general under ambient conditions the intercepts (hi) are 
larger and the slopes (hL) are smaller. If the buildup of 
CO in the solution were negligible, one would expect a 
smaller intercept and the same slope. However, pseudo- 
first-order conditions are not maintained, and during the 
reaction [CO] = [product], which cannot be neglected if 
h-, or h-, play a significant role. 

Chromium. The activation parameters are summarized 
in Table IV. Partial molar volumes and the volume profile 
are shown in Figure 2. All activation parameters, for both 
forward and reverse reactions, agree with the proposed 
mechanism. The entropies are very similar and positive; 
the enthalpies are large and positive, as are the activation 
volumes. The value of AV*(h,)  is very typical for the 
dissociation of CO. Other values reported in the literature 
for such reactions vary between +16 and +21 cm3-mol-' 
and are considered to be characteristic for the operation 
of a D m e c h a n i ~ m . ~ ~ ~ ~ ~  The smaller enthalpy and larger 
activation volume of the reverse reaction reflect the weaker 
Cr-P bond and the larger molar volume of P(OMe),. The 
overall reaction volume calculated from the volumes of 
activation for the forward and reverse reaction is -5.4 f 
0.5 ~m~qmo1-l. The reaction volume obtained from partial 
molar volumes of all species is -4 f 1 ~m~emo1-l. This good 
agreement further supports the proposed double-equilib- 
rium mechanism. 

Conclusions 
High-pressure kinetic results are in full agreement with 

a two-term rate law arising from the parallel associative 
and dissociative reversible reactions outlined in Scheme 
I. Solvent studies indicate that  the energy of the metal- 
to-ligand charge-transfer band is a measure of the relative 
contributions of the associative and dissociative pathways. 
When this energy barrier is high, the dissociative route is 
more important. The evidence obtained from the solvent 
study adds weight to the argument tha t  the associative 
reaction with octahedral Mo(diimine)(CO), complexes is 
in accordance with the 18-electron rule by virtue of a shift 
of electron density on to  the diimine ligand in the tran- 
sition state. 

I t  appears quite general that the larger molybdenum as 
metal center has available to it an associative type pathway 
that the smaller chromium ion does not. This is in line 
with the observed changeover in mechanism from I d  to I, 
in going to  larger metal centers in the first transition se- 
ries.11J2 Furthermore, this study adds to the growing body 

(28) Taube, D. J., van Eldik, R.; Ford, P. C. Organometall ics 1987,6, 

(29) Schmidt, G.; Paulus, H.; van Eldik, R.; Elias, H. Inorg. C h e m .  
125. 

1988, 27,  3211. 
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of i n f ~ r m a t i o n ' ~ ~ ~ ~  tha t  shows tha t  molybdenum is a bor- 
derline case in group VIb between chromium, which fol- 
lows a D mechanism, and tungsten, which reacts associa- 
tively. Stiftung. 
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Ru,(CO)~(~~-M~C,NM~,)(~~-S), 1, undergoes a sequence of decarbonylations that leads to the coupling 
and fusing of two triruthenium groups. The hexaruthenium compounds R~G(CO)~~(~~-M~C~NM~~)(~,-S)~, 
2, and Ru~(CO),~(~-M~C,NM~~)(~~-M~C~NM~~)(~~-S)~, 3, were obtained by decarbonylation at 97 "C. 
Compound 2 was converted to 3 independently by decarbonylation at 97 "C. 2 and 3 were both characterized 
crystallographically. Compound 2 consists of a doubly spiked electron-rich butterfly tetrahedral cluster 
of metal atoms held together by sulfido ligands with inverted tetrahedral geometries, two bridging ynamine 
ligands, and one normal and two weak ruthenium-ruthenium bonds. Compound 3 consists of a monocapped 
pentagonal bipyramidal cluster for six ruthenium atoms and two sulfido ligands. It contains one-edge bridging 
and one triply bridging ynamine ligand. Crystal data for 2: space group P2,/c, a = 14.912 (5) A, b = 11.207 
(3) A, c = 24.046 (4) A, p = 103.75 (2)", V = 3903 (2) A3, 2 = 4, R = 0.040, and R = 0.046 for 3060 reflections. 
For 3: space group P2,/n, a = 9.564 (2) A, b = 31.383 ( 5 )  A, c = 11.527 (2) X, p = 103.80 (I)",  V = 3360 
(2)  A3, Z = 4, R = 0.027, and R, = 0.028 for 2280 reflections. 

Introduction 
The ability of sulfido ligands to promote the synthesis 

of metal carbonyl cluster complexes by facilitating the 
agglomerization of metal-containing groups has been amply 
demonstrated.l+ In recent studies, we have shown tha t  
sulfido ligands can assist in the agglomerization of clusters 
through formation of donorjacceptor bonds, S - M, from 
the sulfido ligand on one cluster to a metal atom of another 
cluster, eqs l3 and 24. Vacant sites on the metal are 

(1) (a) Adams, R. D. Polyhedron 1985,4, 2003. (b) Whitmire, K. H. 
J. Coord. Chem. 1988,17,95. (c) Vahrenkamp, H. Angew. Chem., Int. 
Ed. Engl. 1975, 14,  322. (d) Adams, R. D.; Babin, J. E.; Mathur, P.; 
Natarajan, K.; Wang, J. G. Inorg. Chem. 1989,28, 1440. (e) Adams, R. 
D.; Babin, J. E.; Wang, J. G.; Wu, W. Inorg. Chem. 1989, 28, 703. 

(2) Adams, R. D.; Hor, T. S. A. Organometallics 1984, 3, 1915. 
(3) Adams, R. D.; Mannig, D.; Segmuller, B. E. Organometallics 1983, 

2, 149. 
(4) Adams, R. D.; Babin, J. E.; Wolfe, T. A. Polyhedron 1989,8, 1123. 
(5) Adams, R. D.; Dawoodi, Z.; Foust, D. F.; Segmuller, B. E. J. Am. 

(6 )  Adams, R. D.; Wang, J. G. Polyhedron 1989, 2 2 ,  1437. 
Chem. SOC. 1983, 105, 831. 
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usually formed by thermal decarbonylation processes. In 
this first step, the agglomerization may occur without the 
formation of metal-metal bonds between the clusters. In 
certain cases, we have observed cluster growth by the 
transfer of a metal atom from one cluster to the other, e.g., 
eq 3.5~6 

In our recent studies of the chemistry of ynamine ligands 
in metal carbonyl cluster complexes, we have prepared the 
complex Ru3(CO),(p3-MeC,NMe2)(p3-S), 1.' 

1 

We have now observed that 1 undergoes a facile thermal 
elimination of CO accompanied by the condensation of two 
triruthenium cluster groupings. A sequence of two hexa- 
r u t h e n i u m  c lus te r  complexes,  RU6(CO)1,(pu,- 
MeCzNMe,),(~4-S)z, 2, and RuG(C~)~~(~~-M~CZNM~Z)(~~- 
MeC,NMe,)(p4-S)2, 3, are formed in which the fusing of 
the clusters by metal-metal bond formation is a central 

(7) Adams, R. D.; Chen, G.; Tanner, J. T.; Yin, J. Organometallics, in 
press. 
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