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Thermodynamic data have been obtained calorimetrically for the reaction 
of a range of Group VI transition metal carbonyl derivatives with mercury(I1) 
halides in 1,2_dichloroethane solution. The results show that the enthalpies of 
adduct formation are more negative when the transition metal atom has a lower 
electronegativity, due to large size or coordination of arenes or phosphines. 
Enthalpies of adduct formation are slightly more negative than those of adducts 
of mercury(I1) halides with conventional Lewis bases, suggesting that the mer- 
cury-metal bonds formed are at least as strong as equivalent Hg-N or Hg-P 
bonds. The influence of entropy effects on adduct stabilities is shown by the 
high stabilities of chromium compounds, despite generally less negative enthal- 
pies of formation. 

Introduction 

It has long been known that some transition metal carbonyl derivatives, 
such as Vaska’s compound IrCl(CO)(PPh&, can undergo oxidative addition 
reactions, in which the metal atom increases its coordination number [1,2]. 
Strong Lewis acids, such as boron trifluoride, also react with these compounds 
forming l/l or l/2 adducts, in which the metal atom behaves as a Lewis base 
[3] _ Similar adducts have been reported between a range of arenemetal carbo- 
nyls (chromium, molybdenum, tungsten, iron) and mercury(H) or tin(IV) 
halides [4] : the crystal structure of the closely related cyclopentadienylcobalt 
dicarbonyl/mercury(II) chloride adduct confirms the presence of metal-mercury 
bonds [5], comparable in length to those observed [6] in mercury-bis(tetra- 
carbonylcobalt). 

Usually when a transition metal undergoes reactions which lead to an in- 
creased coordination number the metal behaves as a Lewis acid and the added 
species is a conventional Lewis base with, for example; nitrogen or oxygen as 
the donor atom. Thermodynamic data have been previtiusly reported for the 
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ma&ions of many such Lewis bases with mercury@) halides in benzene solution 
[7 J and these observations have now been extended to systems in which mer- 
cury(I1) halides as Lewis acids react with transition metal carbonyl derivatives as 
bases. 

This paper reports enthalpy and free ener,y data for the reactions of mer- 
cury(U) halides with a range of derivatives of chromium, molybdenum and tung- 
sten carbonyls. Data have been obtained calorimetrically, using, 1,2-dichloro- 
ethane as solvent in order to obtain adequate solubilities. In most of the systems 
studied the adducts formed were of fairly high stability and enthalpies of adduct 
formation were compzable to those for adducts of mercury(I1) halides with con- 
ventional Lewis bases. 

Experimental 

Materials 
Mesitylenetricarbonylchromium, MesCr(CO),, MesMo(CO)J, MesW(C0)3, 

methylbenzoatetricarbonylchromium, MbCr(C0)3, methyl-p-aminobenzoatetri- 
carbonylchromium, MabCr( CO), , 2,2’-bipyridinetetracarbonylmolybdenum, 
BipyMo(CO), , bis-l,2-diphenylphosphinoethanetetracarbonylchromium, 
DiphosCr(C0)4, DiphosMo(CO), , DiphosW(C0)4, DiphossMo(C0)2, triphenyl- 
phosphinetetracarbonyliron Ph3PFe(CO), , were prepared and purified according 
to methods in the literature [S-12] and their purity checked by carbon and hydra. 
gen analysis. Mercury(I1) halides were purified by crystallisation from ethanol. 
1,2-Dichloroethane for use as solvent was shaken with anhydrous potassium carb- 
onate to remove some water and traces of hydrogen chloride, then distilled and 
stored over anhydrous calcium chloride. 

Calorimetry 
Numerous simultaneous determinations of enthalpy and free energy of addi- 

tion reactions have been carried out in this laboratory by a standard calorimetric 
titration technique [13] ; in this method the maximum volume of t&rant which 
can be added to 100 ml of reactant solution is about 5 ml, so that even when the 
adduct formation constant is very large the concentration of the titrant solution 
must be at least twenty times as great as that of the reactant and if the formation 
constant is small much higher concentrations of t&ant solution must be used. In 
the present system it was not possible to obtain such concentrated solutions of 
either reactant and calorimetric titration data had to be obtained by more labor- 
ious methods. Two closely similar techniques were used: 

1. A small volume, about 0.5 ml, of a solution of the transition metal com- 
pound was enclosed in an ampoule which was broken into the mercury halide 
solution after equilibration. A calorimetric titration curve was assembled by 
repeatedly breaking ampoules into mercury halide solutions of different concen- 
trations. Fig. 1 shows data obtained in this way for the reaction of MesMo(CO), 
with mercury(I1) bromide. 

2. An alternative technique was developed in which a small volume of a pre- 
equilibrated solution of the transition metal compound was added to the mer- 
cury halide solution from a burette_ The advantage of this method was that 
larger volumes of the solution of the transition metal compound could be added 
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Fig. 1. Heat of reaction of approximately 4 X 10s4 df MesMo( with HgBr2. Ampoule technique. Ex- 
perimental points and curve calcuIated for Ii = 100 and AH = -90 kJ mol-*. 

Fig. 2. Heat of reaction of 1.54 X lo4 &f MesW(CO)j with HgC12. Burette technique. Experimental points 
and curve calculated for K = 800 and AH = -110 kJ mol+. 

and the small variation in added volume, inevitable in the ampoule technique, 
but readily allowed for in the calculations, could be avoided. Fig. 2 shows results 
obtained by this method for the reaction of MesW(CO), with mercury(I1) 
chloride. 

All calorimetric measurements were made in a LKB 8700 calorimeter at 
30.0 t 0.1” C, each experiment being calibrated internally by electrical heating. 
Control experiments were carried out to determine any correction necessary for 
heat produced by addition of solvent alone. Where reactions went to completion 
or nearly so, heats of reaction were reproducible within +2% for different ex- 
cess concentrations of mercury halides, but as adduct stability decreased the 
accuracy of enthalpy data necessarily also became less. The rather awkward 
technique used gave less accurate results than have been obtained by straight- 
forward calorimetric titrimetry, but consideration of all sources of error leads 
us to believe that the uncertainty in M is rarely greater than +lO%. Uncertain- 
ties in adduct formation constant are about 15% in the range 10 < h’ < 1000, 
but are larger for extreme values of K_ 

Results and discussion 

Thermodyanmic data obtained for addition of the transition metal carb- 
onyl derivatives to mercury(I1) halides are summarised in Table 1, in which 
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Fig. 3. Heat of reaction of 8.6 X 10s5 M diphosW(CO)a with Hz%&_ Experimental points and c-e 

calculated for k’ = 3 X 10 4 and AM = -145 kJ mol-1 _ 

TABLE i 

THERMODYNAMIC DAT_4 FOR ADDITION OF MERCURY(H) HALIDES TO METAL CARBONYL 
DERIVATIVES IN 1.2-DICHLOROETHANE SOLUTION AT 30°C 

Carbons1 Halide h’ -AH -AG -AS 

(1 mol’I ) QJ mol-I) <kJ mo1-I ) <J K-I mol-I) 

MesW<CO)g H&Cl2 
MesW<C0)3 HgBr2 
MesMo(C013 HgBq 
MesCr(CO)3 HgCIZ 

MbcrwO)3 H&12 

MabCr(CO)j HgC12 
BipyMo<CO)4 HgC12 
DiphosW<CO& HgClz 
DiphosW(CO)/r HgBr2 
DiphoSZMo<CO)Z HgCI2 
DiphosZMo(CO)Z H&!BrZ 
DiphosMo(CO14 HgC12 
DiphosCr(C01.q HgCl2 

800 + 170 

330 * 50 
100 + 15 

2x 103 

>lO 3 

>lO 3 
>lO 3 
3x 104 
c. 105 
c. 105 
C. 105 
- 

105-c 5 
110 i 10 

90 f 10 

9f 3 

5% 3 

5+ 3 

142 3 
145 r 10 
140 f 10 

802 5 
905 5 

132 2” 

24+ 3= 

16.9 -c 0.5 
14.6 + 0.4 
11.6 + 0.5 

c. 19 

>17 
>17 

>l? 
c. 27 
E. 29 

c. 29 
c. 29 
- 

290 i li 
315 f 32 
260 f 32 

-33 i 10 

c-30 

c-30 
< 0 
357 f 40 
366 * 40 

169 Z 24 
202 + 24 
- 

o Independent of [H&l21 if + 0. 
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attempts are made to estimate the uncertainties of the results. Among the 
arenemetal carbonyls the largest enthalpies of adduct formation were observed 
with MesW(C0)3 _ Precipitation of the adduct of MesMo(CO), and HgCl* 
frustrated measurement of adduct formation data in this case, but the molyb- 
denum compound gave an adduct with HgBr, of only slightly lower stability 
than that of the tungsten compound_ 

The enthalpy of addition of MesCr(CO)J and HgClz was much lower, 
making accurate determination of the formation constant very difficult; the 
stability of this adduct is however clearly higher than those of the molybdenum 
and tungsten compounds, despite the much lower enthalpy of formation. 
Replacement of mesitylene by methylbenzoate or p-aminobenzoate in the 
chromium compound led to even lower enthalpies of adduct formation, though 
adduct stability remained high. 

The greater enthalpies of formation of adducts with molybdenum or 
tungsten compounds compared with chromium may be related to greater avail- 
ability of non-bonding electrons of the larger metal atoms; the increased stabil- 
ity of the adducts of chromium compounds, in spite of lower enthalpies of 
formation, can then be seen as an entropy effect, possibly arising from displace- 
ment of larger numbers of solvent molecules due to the more compact adduct 
structure. The still lower enthalpies of formation of adducts of the benzoic acid 
derivatives appears to be an inductive effect transmitted from the aryl ring 
to the donor chromium atom. 

BipyMo(CO), reacted with mercury(I1) chloride in a rather similar manner 
to the chromium compounds: a l/l adduct was formed of high stability, but 
with a comparatively low enthalpy of reaction_ As coordination of N-donors 
could be expected to raise the electronegativity of the metal atom compared with 
the arene complexes, this is consistent with a high transition metal-mercury 
bond strength arising when the metal atom has a low electronegativity. 

Attempts were also made to determine the heats of reaction of the com- 
pounds MesM( CO), with phenylmercury chloride, aluminium chloride, cadmium 
iodide and tin(IV) chloride, but in no case were measurable amounts of heat 
produced; in the last case, however, the large heat of dilution of tin(IV) chloride, 
even from already dilute solutions, would have obscured any heat of reaction 
with the metal carbonyl compounds if the enthalpy of reaction were iess than 
about 20 kJ mol-‘. Since stable adducts of these metal compounds with tin(IV) 
have been isolated [4], it is interesting to note that this upper limit of about 
20 kCJ mol-’ for their enthalpies of formation is considerably less than those of 
the mercury(H) halide adducts. 

The adducts with 1,2_bis(diphenylphosphino)ethane were particularly in- 
teresting. Adducts of the types diphosM(CO), -HgC12 and diphosZM(C0)2 - 
2 HgX, have been isolated [4] _ In solution in 1,2-dichloroethane diphos, - 
Mo(CO)* and diphosW(CO), both formed l/l adducts of high stability. Con- 
ductivity studies showed that only slight ionisation accompanied formation of 
these adducts; for example in 10s3 molar solution a value of A, = 0.54 ohm-’ 
cm-’ was obtained for diphoszMo(C0)2, 1.29 for HgBr* and 3.8 for the l/l 
adduct, values of AM in the range 16-22 ohm-’ cm-’ have been reported for 
l/l electrolytes in 1,2dichloroethane solution [14,15]. 

DiphosMo(C0)4 and diphosCr(C0)4 both behaved in a similar curious 
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manner: a small heat of reaction with mercury(I1) chloride was observed, un- 
affected by the mercury(n) chloride concentration over a very wide range of 
concentrations from Hg < M to Hg 3- M. It seems probable in these cases that 
the heat observed is not associated with adduct formation, but with some other 
reaction, perhaps loss of carbon monoxide, which is catalysed by the mercury(E) 
chloride_ A somewhat similar phenomenon was observed when attempts were 
made to obtain data for adduct formation with Pl~,PFe(C0)4. In this case 
equilibrium was achieved only slowly and the reaction is clearly complex. Here 
too l/l adducts have been isolated and presumably immediate precipitation of 
the adducts from more concentrated solutions prevents the slow reaction from 
taking place; it was not found possible to identify the products of this slow 
reaction_ 

The results reported here show that in favourable cases, where the transi- 
tion metal atom has low electonegativity conferred by large size and/or coordi- 
nation to arenes or phosphines, adducts with mercury(I1) halides can be formed 
as stable as those formed by most conventional Lewis bases. Indeed the en- 
thalpies of formation of 80340 kJ mol-’ are amongst the largest reported for 
Lewis acid-base systems. 
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