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A comparison of the kinetics of substitution by pho- 
sphite ligands of cyclopentadienyl iron and ruthenium 
carbonyl halides is reported and in all cases a dis- 
sociative mechanism indicated. The ruthenium com- 
pounds are much less reactive than their iron ana- 
logues. Detailed solvent studies of the reactions of 
these compounds and of the manganese pentacar- 
bony1 halides indicate that substitution proceeds via 
a transition state which is less polar than the ground 
state. The special role of coordinating solvents is 
discussed. 

introduction 

This paper is a continuation of our previous stu- 
dies’ of the kinetics of substitution reactions of va- 
rious metal carbonyl halides. In particular, we have 
compared the nature and ease of carbonyl-substitution 
reactions of compounds containing a first and b se- 
cond-row transition metals. Detailed studies of the 
effect of solvent on the rates of substitution of both 
cyclopentadienyl metal carbonyl halides and metal 
carbonyl halides by triphenylphosphite and triphenyl- 
phosphine have also been made. 

The substitution of the manganese pentacarbonyl 
halides by a variety of nucleophiles has been shown* 
to proceed by a simple dissociative mechanism: 

Mn(CO)iX+ L -+ Mn(CO)rLX+CO 

and a similar dissociative mechansm holds for the 
x-cyclopentadienyl iron carbonyl halides: ’ 

x-CpFe(CO)lX + L -+ n-CpFe(CO)LX + CO 

although in this latter case, substitution by PPh3 in 
arene solvents gives a mixture of ionic and covalent 
products: 3 

Experimental Section 

The solvents, n-octane, di-n-butyl ether, were pu- 

(1) D. A. Brown, H. J. Lyons, A. R. Manning, and 1. M. Rowley, 
Inor8. Chim. Acta, 3, 346 (1969) 

(2) R. 1. Angelici and F. Basolo, I. Amer. Chem. Sot., 84, 2945 
(1962). 

(3) P. M. Treichel, R. L. Shubkin, K. W. Barnett. and D. Reichard, 
Inorg. Chem., 5. 1177 (1966). 

rified as described previously.’ Xylene was dried 
over scdium and distilled under nitrogen from cal- 
cium hydride. Nitrobenzene was distilled under ni- 
trogen at 209°C. 

Ligand purification was as described previously. 

Preparative Reactions 

Hydrated RuCb (Johnson, Matthey Ltd) was con- 
verted to [Ru(CO)3Cl& by the method of Cleare and 
Griffith.4 

[ x--CsH.~Ru(CO)& was prepared by treatment of 
[Ru(CO)sCl& with an eight-fold molar excess of 
NaCsHj in T.H.F. at room temperature. Evaporation 
of the solvent followed by extraction of the solid 
residue with benzene gave the dimer in 4050% yield. 

TC-CJ&RU(CO)~X (X = I, Br, Cl). These com- 
pounds were obtained from [z-CJHSRU(CO)& as 
described in the literature.5T6*’ 

x-C.JfsRu(CO)(L)X. The complexes listed in Ta- 
ble I were prepared by refluxing ~-C!SHSRU(CO)ZX 
and a slight molar excess of the phosphine or pho- 
sphite ligand in xylene. The time required for com- 
plete reaction was two hours for the chloride, four 
hours for the bromide and eight hours for the iodide 
compounds. In each case the cooled reaction mix- 
ture was filtered, and on removal of the solvent by 
evaporation a yellow to orange solid was obtained. 
Products were purified by recrystallization from hex- 
ane for the P(OCH& and P(ChH9)3 derivatives and 
methylene chloride-hexane mixture for the P(OPh)J 
and PPhI compounds until good analytical results 
were obtained. 

85-95% Yields were recorded. 
The pure products were reasonably stable in air 

over a period of two to three weeks. 
There was no evidence for the formation of ionic 

products, [ x-CSHSRU(CO)ZPR~] +X-. 

Kinetic Studies 

An I.R. sampling method was used as described 

(4) M. 1. Cleare and W. P. GriBith, I. Chem. Sm. (A), 372 (1969). 
(5) A. Davison, I. A. McCleverty, and G. Wilkinson, I. Chem. Sot. 

(A). 1133 (1963). 
(6) E. 0 Fischer and A Volger, 2. Nafurjorsch, 176, 421 (1962). 
(7) T. Blackmore, I. D. Cotton, M. I. Bruce, and F. G. A. tSone, 

/. Chem. Sot. (A), 2931 (1968). 
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Table I. Analytical data for the ruthenium complexes 

Compound M.Pt.(“C) (1 
Found % 

C 
Required % 

H X C H X 

x-CjH5Ru(CO) 
~--C~H~RU(CO) 
x-CsHsRu(C0) 
i+GHsRu(CO) 
YT-C~H~RU(CO) 
x-CsHrRu(C0) 
TC-C,HrRu(CO) 
x-CsHsRu(C0) 
R-C~H~RU(CO) 
x-GH5Ru(CO) 
TV-CsHsRu(C0) 
x-CrH,Ru(CO) 

170-172’ 46.0 3.5 20.5 
77-7s 24.7 3.4 28.2 

190-194”(d) 
78-80” . ’ 

49.0 29.9 
41.2 z.; 24.4 

125-127”(d) 49.1 3:6 13.4 
65-67” 27.3 3.7 20.1 

236-238” 53.5 3.9 - 
77-79” 45.3 6.7 16.6 

147-149” 53.1 4.2 6.5 
91-98” 30.4 4.0 10.3 

249-252”(d) 58.5 4.0 7.7 
82-84”(d) 50.3 7.7 8.0 

45.6 3.2 20.1 
24.3 3.2 28.5 
49.4 3.4 21.7 
41.3 6.1 24.3 
49.3 3.4 13.7 
27.1 3.5 20.1 
53.7 3.7 - 
45.4 6.7 16.8 
53.3 3.7 6.6 
30.5 4.0 10.0 
58.6 4.0 7.8 
50.1 7.4 8.2 

0 (d) = melts with decomposition. 

Table II. CO Stretching Frequencies (cm-‘) of C,H,RU(CO)~X and its derivatives 

Compound Absorption Bands 

~F-C~H~RU(CO)J 2051(7.8) 
x-CsHSRu(C0)2Br 2054(7.8) 
x-C5H5Ru(CO)>Cl 2058(7.4) 
x-CsHsRu(C0) [ P(OCsHs),] I 1989 
+CsHzRu(CO)[ P(OCH,),]I 1985(7.3) 
n-CsH,Ru(CO) P(CsHs),]I 
x-C,HFRu(CO) P(n-C,H&]I 

i 

1962 
1959 

x-GH,Ru(CO) P(OGH&]Br 1990 
x-CsHrRu(CO) P(OCH&]Br 1986(7.5) 
r;-CsHsRu(CO)[P(CsHs)JIBr 1962 
x-C5H5Ru(CO) P(n-C,H,),]Br 1959 
TC-CsHsRu(C0) P(OGHs),]Cl 

f 
1989 

x-CsHsRu(C0) P(OCH,),]Cl 1986(7.5) 
n-CsHsRu(CO)rP(CsH&]Cl 1960 
x--CsHrRu(CO)[ P(n-C,H9)1]Cl 1957 

2005( 10) 
2009( 10) 
2010(10) 

1974( 10) 

1975(10) 

1976( 10) 

b 

b 

b 

n 
b 

n 
b 

(1 
b 

n 
h 
n 
b 
n 
b 

a Solvent carbon disulphide. b Solvent n-heptane. 

in the previous paper.’ The results reported in Ta- 
ble III are the mean of at least three kinetic runs and 
in all cases the variation of rate with [ligand]/[sub- 
strate] ratios of 2 to 50 were made in order to check 
whether there was any second-order contribution to 
the overall rate; in no case was this observed. In 
the case of reactions with P(OPhh in nitrobenzene 
at elevated temperatures (>7O’C) direct reaction bet- 
ween the ligand and solvent was observed, presu- 
mably analogous to that reported by Cadogan and 
co-workers8 for the reaction between P(OEt)J and ni- 
trobenzene. However, this side reaction had only 
a small effect on the rate of substitution so we regard 
these rates as valid although the experimental error 
in rate constant is about 10% in these cases whereas 
in all other cases rate constants are reproducible to 
5%. Errors in activation parameters are estimated 
as + 1 K.cal/mole-l for E, and *2 e.u. for AS*. Ki- 
netic studies of the ruthenium compounds were limi- 
ted to the chloride and bromide because the iodide 
was so unreactive that reaction temperatures above 
the boiling points of usual solvents are required. 

Results and Discussion 

The values of the observed first-order rate con- 

(8) J. 1. G. Cadogan, S. 
736 (1968). 

Kulik, and M. J Todd, Chem. Comm., 
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stants, kobs lo4 set-‘, are given in Table III for a 
range of substrates and ligands in a number of sol- 
vents. The corresponding activation parameters are 
given in Table IV. In all cases rigorous first-order 
kinetics were observed and concentration-dependence 
studies gave no evidence for any second-order contri- 
bution. It is concludd that all the metal carbonyl 
halides studied in this work react by a first-order 
dissociative mechanism. 

Effective of replacing the central metal by a con- 
gener. In this work we have prepared a series of 
monosubstituted n-cyclopentadienyl ruthenium carbo- 
nyl halides by direct substitution of the halide with 
either a phosphine or phosphite. The compounds so 
prepared are listed in Table I and their infra-red CO 
stretching frequencies given in Table II. In general, 
the parent halides, x-CpRu(CO):X (X = Cl, Br, 1). 
are much more stable than the analogous iron com- 
pounds as evidenced by the higher temperatures re- 
quired for reaction with phosphine and phosphite 
ligands. Similarly, the monosubstituted complexes, 
x-CpRu(CO)LX, are also more stable than their iron 
analogues and less soluble in organic solvents. The 
CO frequencies generally lie about 3-4 wavenumebrs 
higher than the corresponding iron compounds which 
suggests a slightly weaker M-CO bond for the ru- 
thenium series although in the absence of a full 
vibrational analysis such comparisons remain specu- 
lative. It is interesting that in all the preparative 
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Table Ill. Substrate + L d Product + CO 

Substrate Solvent El0 Temp. (“C) Ligand (L) 10%bs (set-I) 

Mn(CO)IBr 
Mn(CO)IBr 
hW~s; 

Mn(CO):I 
Mn(CO)J 
x-CsH,Ru(COWI 
~F-C~H,RU(CO)$ZI 
x-CrH,Ru(COhCl 
Mn(COhBr 
Mn(CO)rBr 
Mn(CO),Br 
Mn(CO)J 
Mn(CO)iI 
Mn(CO)J 
x-CIH,Fe(CO)IBr 
n-CIHsFe(CO)ZBr 
rr-CNqFe(CO)IBr 
x-C,HJFe(COjiI 
x-C,H,Fe(CO)J 
x-CsH,Fe(CO)ZI 
i+CsHsRu(CO)~Cl 
x-CsHsRu(C0)2Cl 
+CsH,Ru(CO),C! 
x-CsHsRu(CO),Br 
x-CIHjRu(CO),Br 
x-CJHjRu(COhBr 
Mn(CO)JBr 
Mn(COJsBr 
Mn(COJsBr 
x-CTHsRu(CO)ZBr 
x-CsHsRu(CO),Br 
x-CsHIRu(CO),Br 
lF--CsHsFe(CO),Br 
x-CsHSFe(CO)ZBr 
x-CsH,Fe(CO),Br 
x-C,H,Fe(CO),I 
x-CsHrFe(CO)J 
x-C5H5Fe(CO)J 

n-Octane 
n-Octane 
n-Octane 
n-Octane 
n-Octane 
n-Octane 
n-Octane 
n-Octane 
n-Octane 

1.96” 30 
36 
41.5 
50 
53 

296.7 

P(CJU 2.49 
P(C~HI)I 5.19 
P(CbHs)> 12.01 
P(C~HI)J 2.89 
P(CsH& 4.12 
P(CbH,), 6.36 
P(OCbH,h 0.48 
P(OCbHs), 0.75 
P(OC,Hs), 1.46 
P(CsH& 2.39 
P(C&), 4.90 
P(CsHs), 10.94 
P(CaHsh 1.68 
P(CaHr), 3.42 
P(CJ-Lh 6.72 
P(OC,H& 1.43 

104.7 
110.0 
35 
40.3 

Xylene 
Xylene 
Xylene 
Xvlene 

2.3 a 

45.0 
50.1 
55.2 Xylene 

Yylene 
Xylene 
Xylene 
Xylene 
Xylene 
Xylene 
Xylene 
Xylene 
Xylene 
Xylene 
Xylene 
Xylene 
Xylene 
di-n-butyl ether 
di-n-butyl ether 
di-n-butyl ether 
di-n-butyl ether 
di-n-butyl ether 
di-n-butyl ether 
nitrobenzene 
nitrobenzene 
nitrobenzene 
nitrobenzene 
nitrohenzene 
nitrobenzene 

60.2 
72 
76.7 
82.4 
91.8 
97.2 

102.2 

PiOC6Hljl 2.86 
P(OCMA 5.50 
P(OCsH& 0.81 
P(OC,H,), 1.59 
P(OC,H-)I 2.91 
P(OCSHl), 1.05 
PKX,H;), 1.75 

110.0 
115.4 
120.4 
125.4 
130.4 
135.4 

3.08 b 30.3 
35.0 
40.2 

120.4 
125.4 
130.4 

34.8 (1 80.2 
84.2 
88.8 

106.9 
112.2 
116.7 

P(OCaH,)s 2.87 
P(OCsHI,, 1.01 
P(OCW, 1.47 
P(OGH,), 2.33 
P(GH!), 2.17 
P(GHA 4.07 
P(CeH:h 8.67 
P(OCaH4, 1.30 
P(OGH,), 2.01 

;;W@$; 6 13 3.59 1.87 
l’(OC,H,), 3.37 
WOCdHs), 5.79 
P(OCbHs), 2.11 
p(OC,H,), 3.92 
P(OC,Hs), 6.43 

,J CRC Handbook of Chemistry and Physics, 48th. Edition. 
239 (1962). 

b R. Mecke, R. Joeckle, and G. Klingenberg, 2. Electrochem., 66, 

Table IV. Activation Parameters 

Complex Solvent EZO 10Skr (1 
E, 

Kcal/mole AS*, e.u. Reference 

n-Octane 
Xvlene 
Di-n-butyl ether 
Chloroform 
Nitrobenzene 
n-Octane 
Xylene 
Chloroform 
n-Octane 
Xylene 
Di-n-butyl ether 
Nitrobenzene 
n-Octane 
Xylene 
Di-n-butvl ether 

1.96 99 26.4 10.1 
2.3 49 29.3 17.9 
3.08 87 
4.8 33 

34.8 10.7 
8.3 
I.1 
1.7 

27.6 
10.8 
23.4 

4.4 
1.04 
0.44 
0.9 

25.3 
29.8 
30.9 

7.5 
18.9 2 
22.1 2 
10.8 
14.3 

28.6 
29.8 
32.2 
31.2 
34.6 

20.7 2 
14.1 1 
21.5 

-0.5 1 
17.5 

26.4 
33.7 
26.8 -4.2 1 
33.2 11.6 
23.8 -12.5 1 

NitrobeGzene 0.17 33.5 10.5 
x-C5H,Ru(CO),Cl Xvlene 0.15 29.9 -1.0 
x-CIHIRu(COjZBr Xylene 0.015 

Di-n-butyl ether 0.04 

aThe rate constants for Mn(CO)IX refer to 4O’C and for x-Cp M(CO),X to 70°C. 

31.1 -1.4 
30.1 -2.1 

reactions carried out in xylene no evidence was ob- ruthenium compounds to react by any SN~ associa- 
tained for the formation of ionic derivatives such as tive process than for the corresponding iron series 
[TC-CpRu(C0)2L]+X- even in the case when X=Cl; where reaction in arene solvents leads to appreciable 
this result suggests a much lower tendency for the yields of the ionic compound especially for n-CpFe- 
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(CO)G although in this case it is possible that the 
reaction may proceed, at least partially, via an SN1 
halide dissociative mechanism.3 

It will be noted from Table II that the I.R. spectra 
of n-CpRu(CO)P(OMehX, X = Cl, Br and I, show 
CO bands, measured in n-heptane solution, with a 
separation of about 10 wavenumbers. A similar ef- 
fect was reported for the corresponding iron com- 
pounds in the previous paper.’ In a separate commu- 
nication,’ we have suggested that the doubling of 
the number of CO frequencies in these compounds 
arises from rotational isomerism due either to re- 
stricted rotation about the M-P bond or, more pro- 
bably, to conformational isomerism within the P(OR)J 
ligand. In the case of the ruthenium compounds the 
ratio of the intensities of the two peaks is closer to 
unity than for the iron compounds suggesting a more 
equal participation of the two isomers in the former 
case. 

Relative reactivity of iron and ruthenium com- 
pounds. The results in Tables III and IV show 
clearly that in all cases the Tc-cyclopentadienyl ruthe- 
nium carbonyl halides are much less reactive than 
the corresponding iron compounds, the rate of sub- 
stitution generally being about 700 times slower. The 
rate sequence with variation in halogen is the same as 
for the iron compounds (and the manganese penta- 
carbonyl halides), namely: 

Cl>Br>I 

The lower reactivity of the ruthenium series is in 
contrast to the enhanced reactivity of some complexes 
of second-row elements; for example, the more rapid 
substitution of x-CpRh(CO)l by phosphines and pho- 
sphites compared to the corresponding Co and Ir com- 
pounds.lob It has been suggested that the occurrence 
of such bimolecular reactions may be due to presence 
of 7~’ orbitals which can accommodate excess elec- 
tron-density of an approaching nucleophile thereby 
promoting an SN2 reaction;‘Oa however, in the present 
work no such tendency is found and the contrary 
effect on reactivity occurs. The activation parame- 
ters for n-cyclopentadienyl ruthenium carbonyl bro- 
mide may be compared with those for its iron ana- 
logue for a given solvent from Table IV. In xylene 
the activation energy of the ruthenium compound is 
actually 3.5 K.cals/mole less than that of the iron 
compound so that the decrease in rate is due to the 
much lower AS* value. However, in di-n-butyl ether, 
the activation energy is higher but AS* lower for the 
ruthenium compound. These results suggest that xy- 
lene has a much greater solvating effect on the ru- 
thenium compound than on the iron compound but 
we can offer no obvious explanation for this dif- 
ference. 

Solvents effects. There have been few detailed 
studies of solvent effects on substitution reactions of 
metal carbonyl complexes possibly because since these 
reactions generally involve the displacement of one 

(9) D. A. Brown, H. J. Lyons, and A. R. Manning, Inorz. Chim. 
Acto, 4, 428 (1970) 

(lOa) A. Wojcicki and F. Basolo, J. fnorg. Nucl. Chem.. 17, 77 (1961). 
(lob) H. G. Schuster-Woldan and F. Basolo, 1. Amer. Chem. Sot., 88, 

1657 (1966). 

neutral molecule (CO) by another (e.g. Pit) any ef- 
fect is likely to be small.“~‘* Previous studies include 
CO insertion reactions of CH3Mn(C0)5,” CO sub- 
stitution reactions of Mo(C0)6,14 Ni(CO)4,1S Co(CO)3- 
NOI and CO exchange reactions of Fej(CO)sTe2.” 
As expected above, the effect of varying solvent po- 
larity is generally small except in the case of the CO 
insertion reaction but the recent studies of Foffani 
and coworkers” confirm that solvents of reasonable 
coordinating ability exert a proportionately greater 
effect than that expected on purely electrostatic sol- 
vation by stabilizing the transition state by weak cobr- 
dination thereby giving rise to the so-called <( solvent- 
assisted )> dissociative mechanism. In the case of the 
substitution of Ni(CO)., by PPh; which proceeds by a 
first-order dissociative mechanism,15 arcne solvents 
were shown to accelerate the reaction even more than 
simple coordinating solvnts such as tetrahydrofuran 
or acetonitrile; it was suggested that for such sol- 
vents the transition state was stabilized by some form 
of interaction with the n-electrons of the arene. The 
much lower AH* value for toluene of 20.4 K.cal/mole 
compared to AH* for cyclohexane of 26.6 K.cal/mole 
supports this suggestion.” In the case of the manga- 
nese pentacarbonyl halides, Basolo and coworkers2 
found that the reaction rate in a polar solvent such 
as nitrobenzene was lower than that in chloroform 
and concluded that the transition state was less po- 
lar than the ground state. 

For the compounds studied in this paper and from 
previous work, it can be seen from Tables III and IV 
that for Mn(CO)jX, x-CpFe(CO)zX and x-CpRu- 
(CO):X the following rate sequence is observed, in- 
dependent of solvent: 

kci > ks, > k, 

In all cases this rate sequence parallels the observed 
CO stretching frequencies (Table II of this paper and 
references l-2). Where available, the variation of 
rate constants for Mn(CO)sBr, x-CpFe(CO)zBr with 
solvent polarity follow the sequence: 

Lt...> kms > k,,,m > km,m>kmw 
[E = 1.96, 3.08, 2.3, 4.8 34.81 

with dielectric constants given in brackets below. 
With the exception of di-n-butyl ether (DNB), a ge- 
neral decrease in rate with increasing solvent polarity 
occurs. Again, with the exception of DNB, the abo- 
ve rate sequence is generally paralleled by the se- 
quences in E, and AS*: 

(E.)octane < (E,)xylene < (Ehitrqbenzene 

(AS*)octnne < (AS+)xylene < (AS’Jnitrobenzene 

although there are a few exceptions to this sequence. 

(11) D. A. Brown. Inorg. Chim. Acta Rev., I. 35 (1967). 
(12) R. I Angelici. Organometd. Chem. Rev., 3. 173 (1968). 
(13) R. I. Mawby. F. Basolo, and R. G. Pearson, \. Amer. Chem. 

SOC., 85, 3994 (1964). 
(14) H. Werner and R. Prinz. Chem. Eer., 99, 3582 (1966). 
(15) R. I. Angelici and B E. Leach. I. Orgunometd. Chem.. II, 

203 (1966). 
(lb) G’. Cardaci. S. M. Murgia. and A. Foffani. I. Orgunometol. 

Chem., 23, 265 (1970). 
(17) P. L. Stanghellini. G. Cetini. 0. Gambino. and R. Rosettl, 

inorg. Chim. Acta, 3, 651 (1969) 
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It follows that for the three metal carbonyl bromides 
described above the transition state is less polar than 
the ground state; we are presently carrying out some 
SCCC molecular orbital calculations for these systems 
to find an explanation for this difference in polarity. 
However, it is interesting to note that the difference 
in polarity between transition state and ground state 
is larger i-‘or the manganese compound, as evidenced 
by the quantity 

(E1)PhN~z-(EILnc = 4.5 K.cal/mole 

whereas for x-CpFe(CO)IBr it is only 2.5 K.cal/ 
mole which is close to experimental error. This low- 
er difference in polarity is probably related to the 
presence of the x-orbitals of the cyclopentadienyl ring 
whose electrons can be involved in some form of 
conjugation in the transition state as postulated in 
our previous paper’ although in that case we had in- 
terpreted the increased solvation by d&n-butyl ether 
as a polarity effect and that the transition state was 
therefore more polar than the ground state. It is now 
obvious from the present extensive solvent studies 
that DNB acts as a coordinating solvent since for the 
three bromides, its position is anomalous in the sol- 
vent-rate sequence; for example, it causes an increase 
in rate relative to xylene despite its higher dielectric 
constant and, moreover, it always gives the lowest E, 

value for a given bromide for any of the above sol- 
vents. This effect is similar co that found by Fof- 
fani and coworkersI for the substitution of COG- 
NO by AsPb~ where in strongly coordinating solvents 
such as acetonitrile the E, values for the first-order 
dissociative mechanism are nearly 12 K.cal/mole low- 
cr than the corresponding value in cyclohexane. 

Finally, in contrast to the accelerating effect of are- 
ne solvents on the substitution of Ni(C0)4 by PPhj,lS 
the results in Tables III and IV show clearlv that 
xylene exerts a normal effect on the substitution of 
the metal carbonyl bromides consistent. with its die- 
lectric constant; for example, it retards the rate of 
the bromides with respect to octane and the corre- 
sponding activation energies are about 2-3 K.cals/mole 
higher. Clearly the effect of arene solvents such as xyl- 
ene upon two simple dissociative processes as the sub- 
stitution of Ni(CO)1 and of Mn(CO)sBr (and CpFe- 
(CO)zBr) is completely different. Moreover, substi- 
tution reactions of the isoelectronic CO(CO)~NO show 
a solvent effect due to to1uene16 which is similar to 
that observed for the bromides in this work. It is 
difficu-h to offer any simple explanation of the ano- 
malous effect for Ni(C0)4 but it is possible that the 
Ni(CO)) intermediate may interact more strongly with 
the x-electrons of an arene molecule than the more 
bulky CpFe(CO)X group. 
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