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Summary 

The kinetics of reactions of C~,MO~(CO)~ (Cp = $-C5H5) with I*, ICI, Br2, 
CHBr,, and C2H2C14 to form mononuclear halogen0 complexes have been 
studied. Reactions with halogens proceed rapidly at 25°C and the kinetics sug- 
gest the involvement of intermediate adducts containing one or two molecules 
of halogen. Reactions with I, and ICI show paths involving transition states that 
contain two molecules of complex and at least one molecule of halogen. A sub- 
stantial proportion of the complex appears to form such aggregates in the reac- 
tion with ICI. It is suggested that the halogen molecules in the adducts are 
attached to the 0 atoms around the periphery of the complex. The results are 
discussed in the light of mechanisms proposed previously by others. Reactions 
with CHBr, and C2H1C14 proceed cleanly to form CpMo(CO)sX at 72°C in 
decalin and a reaction path involving direct attack by two molecules of halo- 
carbon competes with homolytic fission as the rate-determining step. 

Introduction 

The complex CP~MO~(CO)~ (Cp = $-C&i,) contains a well defined, single 
MO-MO bond unsupported by bridging carbonyl groups [l] . It undergoes a 
wide variety of reactions that proceed at greatly different rates. Thus, reaction 
with iodine proceeds very rapidly in various solvents at room temperature [2,3] 
to form C~MO(CO)~I while the complex can be recovered without change after 
refluxing in toluene for several hours 141. Decomposition in decalin under 
atmospheres of oxygen and reactions with C!r6H3sI to form CpMo(CO)sI pro- 
ceed measurably slowly even at 135°C [ 53. Homolytic fission of the Mo-MO 
bond has been assigned as the rate-determinin g step of these reactions and the 
activation enthalpy was found to be 135.9 + 2.2 kJ mol-‘. The rapid and very 
clean reaction with Iz must therefore be going via some mechanism other than 
rate-determining homolytic fission. We report here a study of the kinetics of 
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that reaction and of reactions with iodine monochloride, bromine, bromoform, 
and,l,l,2,2-tetrachloroethane. 

Experimental 

The complex C~,MO,(CO)~ (Strem Chemicals, Inc.) was used as received as 
were CHBr3 (BDH Chemi&ls) and syn-CzH,C14 (Fischer; Scientific Grade). All 
other reagents were obtained and treated as described elsewhere and the general 
procedures for following the reactions and analysing the data have also been 
fully described [6,7]. Dilute solutions of CP~MO~(CO)~ are very sensitive to 
exposure to laboratory light and solutions were made up in red light freshly for 
each run or closely related sets of runs. No attempt was made to exclude 
oxygen since the complex is quite insensitive to O2 in the dark [5]. 

Results 

Reactions of Cp, ModCO), with 12, Br2 and ICI 
Reactions were followed by monitoring the decreasing absorbance of the 

complex at 390 nm (E 2.0 X lo4 dm3 mol-’ cm-’ in cyclohexane) by means of a 
“Canterbury” stopped-flow spectrophotometer [S] or Gary 16K spectrophoto- 
meter operating on the continuous drive mode. Decreases of a factor of 5-10 
in the absorbance were typical. 

Reaction with Iz in cyclohexane led to CpMo(CO),I as the only observable 
product as evidenced by the IR spectrum [3] after complete loss of CpZMol- 
(CO), (Y(CO) 2045s, 1975s, and 1960s cm-‘). Half times of reaction varied 
from ca. 1 min to 20 11. Slower reactions showed no dependence on whether 
the sample was kept in the spectrophotometer light beam during the whole 
period of reaction or removed between measurements. Reproducibility of runs 
within closely related sets was excellent while reproducibility between sets of 
runs was not so good, possibly because of partial and variable decomposition 
on making up solutions. The form of the dependence on concentrations was, 
however, quite consistent from one set of runs to another, e-g. eq. 1 below. 
Initial gradients of the rate plots were used to estimate initial rates, Ro. These 
were found to depend on Co, the initial concentration of C~,MO~(CO)~, 
according to eq. 1. Both k, and kb were dependent on [It]- 

R. = kaCo + k&i (1) 

The dependence of k,,,/&] = R,/C,[I,] on fIz] at Co = 1 X lo+ mol dme3 
is shown in Fig. 1. The line drawn through the points was calculated according 
to eq. 2 and the parameter va.lues.given-in Table 1 *. k3 can be 

k ohs =&/Co = k,CI,l*II1 + &&l + b21121*1 (2) 

obtained from values of k, at low concentrations of I*. The need to include 
the term containing & is clearly apparent from the significant gradient of a plot 
of (kJM* - k,} /k,, [I*] against [12], the value of the former increasing by a 
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10’ [I,] , mol dm-” 

Fig. 1. Dependence of k,bs on [I21 for reaction of Cp2 Mo2<C0)6 with 12 at 25OC and with CCpzMo2- 
(CO)6] = 1 X lo-5 mol dm -3_ The continuous lime through the data is drawn according to eq. 2 with kg = 
llo d& 1~01-2 s-1. PI = 40 dm3 moi-‘. and p2 = 6 X lo3 dm6 m01-~. The standard deviation. a<kobs). 
of the data from the line is 5.5%. 

factor of ca. 3 over the range of [I21 used instead of remaining constant as 
would have been the case if p2 were negligible. Under these conditions most of 
the reaction is going via the path first order in C,. The dependence of kot, on 
[I23 at high values of C,, was pronounced but the data were not so reproducible 
as those at lower C, and no quantitative analysis was possible. 

Reaction with ICl in cyclohexane occurred in two quite distinct steps. The 
first involved loss of IR bands due to C~,MO~(CO)~ and formation of a number 
of other bands including ones at 1903 and 1913 cm-’ in addition to ones 
assignable to C~MO(CO)~I. These were all replaced during the second stage by 
bands at 2090 and 2058 cm-’ and formation of a yellow precipitate. The first 
stage was followed by monitoring the very substantial loss of absorbance at 390 
nm. Half lives varied from ca. 20 ms to 7 s. Initial gradients of pseudo first 
order rate plots were used to obtain values of R,, which gave an excellent fit to 
eq. 3 as shown by a good linear plot of 

R,, = kbG/{ 1+ KC,,) (3) 

C,/R,, against l/C, and by the plot shown in Fig. 2. 
The dependence of kohs on [ICl] gave an excellent fit to eq. 4 as shown 

k obs = R,,/C,, = kz,[ICl] + k3[IC1]2 (4) 

in Fig. 3. k2 is relatively quite small and not well defined. 
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1 2 

lo5 C, , mol dmm3 

Fig. 2. Dependence of bobs on CO at 25OC and with [[Cl] = 5.19 X 10d4 mol dm-3. The continuous line is 
calculated according to eq. 3 with kobs = RoICO. kb = 1.91 X lo5 dm3 rn01-~ s-1. and K = 2.14 X lo5 

dm3 mol-* _ U<hobs) = 2.8% 

103 CICPI , mol dm-” 

Fig. 3. Dependence of ko& on [ICI] at 25OC and with Co = 1.53-X lo* mol dme3. The line is drawn 
according to eq. 4 with ha = 113 dm3 mol-1 s-1 and 123 = 2.1 X 106 dm6 mol-* s-1 and a(kobs) = 6.6%. 
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Reaction with Bra in cyclohexane led to complete loss of spectral bands due 
to Cp,Mo,(CO), but was complicated by formation of a pale orange precipitate. 
Reaction in ditertiarybutyl ether was not accompanied by precipitation and the 
kinetics were followed in this solvent. No clear bands due to formation of any 
carbonyl-containing product could be observed, however_ Excellent pseudo 
first-order rate plots were obtained- by following the decreasing absorbance at 
390 nm and the rate constants were independent of C, over the range 
(4.2-17) X 10e6 mol dme3 when [Brz] = 1.39 X 10d3 mol dmm3. The dependence 

of Jt,b+ on [Br2] was closely second order over the range (3.74-20.3) X 10m4 
mol dmF3. Half times of reaction were in the range 0.8-25 s. The kinetic 
parameters for ah these reactions are summarized in Table 1. 

Ret&ions with C2H2C14 and CHBr, 
Reaction with C,H,CI, in decalin at 725°C led cleanly to CpMo(CO),CI 

(v(C0) 207Os, 1975(br) cm-‘) [3,8,9] _ Quite good pseudo first-order rate plots 
were obtained from the decreasing absorbance at 390 nm but a detailed study 
of the dependence on C, was not undertaken. The dependence of kobs on 
[C2H2C14] is shown in Fig. 4. A small intercept at [C,H&I,] = 0 is not deter- 
mined by the data but is assumed because it corresponds to the rate obtained 

Fig_ 4. Dependence of kobs on [C2H2Cl4] at 72.5OC with Co = 2.2 X lo* mol dm-3_ The line is drawn 

according t0 lo4 h,& = 0.2 + %5[C2H2Ckt12 and U(kobs) - 20%. 



81 

for homolytic fission of Cp,Mo,(CO), [4]. CZHZC14 would be expected to 
scavenge CpMo(C0); radicals very effectively 191. The increase in kobs with 
increasing [C,H,Cl,] is very approximately second order in [C2H2C14] with a 
third order rate constant of (9.5 f 1.0) X low4 dm6 mol-* s-l. 

Reaction with CHBr3 in decalin at 72.2”C led cleanly to CpMo(C0)3Br 
(v(C0) 2050m, 1977s, and 1958s cm-‘) [3,8]. The dependence of kobs on 
[CHBr,] was also consistent with a second order dependence on the concentra- 
tion of halogen compound in addition to a path controlled by rate-determining 
homolytic fission_ The third order rate constant is not well defined because the 
contribution of the homolytic fission path to the rate is relatively much greater 
than in the reaction with C2H2Cl4 but its value is ca. 1 X 10e4 dm6 molt S-‘. 

Discussion 

Thorough and very careful preparative studies have been made [3,10] of the 
reactions of halogens with Cp,Mo,(CO),. A variety of products was observed 
depending on the particular halogen, the solvent, and other conditions. Reac- 
tion with I2 in ethanol or dichloromethane first forms the iodide-bridged species 
{C~MO(CO)~)~ (p-1)‘. This subsequently reacts quite rapidly to form CpMo- 
(CO)sI which then reacts much more slowly with a sufficient excess of Iz to form 
C~MO(CO)~I,. Reaction with Br, in dichloromethane leads rapidly to CpMo- 
(C0)3Br and then to the rather insoluble orange CpMo(CO),Br,. No intermedi- 
ate Br--bridged complex was detectable. Reaction with Cl, is even faster and 
only the quite insoluble C~MO(CO)~CI~ is formed, even CpMo(CO)JX not being 
observed as an intermediate. CpMo(CO)2BrS and CpMo(CO)&IS both decom- 
pose readily with evolution of CO. 

Our reactions are fully consistent with this preparative work. Reaction with 
a large excess of I, in cyclohexane at 25°C formed C~MO(CO)~I in essentially 
quantitative yield. Reaction with Br* in cyclohexane led to an insoluble orange 
precipitate, presumably of CpMo(CO)2Brs, but reaction in t-Bu,O led to com- 
plete reaction without formation of any carbonyl-containing product. CpMo- 
(CO)ZBrS is quite unstable towards acetone [lo] and, evidently, also towards 
t-Bu,O. Reaction with ICI in cyclohexane led initially to a species that has not 
been characterized but the final yellow product is quite insoluble and has bands 
close to those for CpMo(CO),Cl, [3,10] _ The difference is accountable for by 
solvent effects [ll] or even perhaps by formation of a mixed product such as 
C~MO(CO)~IC&. In all the reactions the absorbance at 390 nm, characteristic of 
the MO-MO bond, completely disappeared. There is no doubt, in the light of 
the preparative work [3,10] and our own results, that all the reactions with 
halogens that we have been following involve breaking of the MO-MO bond and 
eventual formation of mononuclear carbonyl halides of molybdenum. Uihether 
halide-bridged complexes are formed initially as very reactive intermediates is 
not evident from our work but seems likely in view of the preparative studies 
[ 3 J - Although the formation of such intermediates is indicative of the intimate 
mechanism of the reactions [ 31 it is not relevant to the stoichiometric mechan- 
ism (i-e_ the composition of the various transition states) which will be the 
major subject of the following discussion. 

The kinetics all show a more-or-less complex dependence of the rates on the 
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concentration of halogen, terms in [halogen, l2 being observed in all cases. Reac- 
tion with I2 is complicated by the existence of separate terms showing first and 
second order dependence of the rate on [Cp2M02(CO)6] _ The I,-dependence 
was determined at low values of [Cp2M02(CO),] such that most of the reaction 
(ca. 85%) was occurring via the path that showed a first order dependence on 
[Cp,Mo,(CO),] _ Although the existence of some reaction via the path that was 
second order in [Cp2M02(CO)J means that the [I&dependence is not strictly 
apphcable only to the first-order path, the good fit of the data to eq. 2 as 
shown in Fig. 1 suggests that any complications arising from the second order 
path were quite small and did not by themselves lead to the complexity shown 
by eq. 2. In general, therefore, the kinetics follow the pattern observed for reac- 
tions of Brt and I2 with complexes such as M2(CO)iO_,L, (M = Mn, Re; L z P- 
donor ligand; n = 1 or 2) [6,7] and of Br,, I,, and ICI with Rus(CO)s(PPhs)s 
[12]_ These reactions were all concluded to proceed by way of rapid pre-asso- 
ciation of the complexes with one or more molecules of halogen, followed by 
slow unimolecular oxidation and metal-metal bond fission within the adduct, 
as shown in reactions 5 and 6. Spectroscopic evidence for the formation of 

Complex + nXn 
Pn 
f Complex(X,), 

Complex(X,), “1 products 

(5) 

(6) 

adducts was observed in some cases [6,12]_ 
It seems entirely reasonable to conclude that the same type of reaction 

sequence is being followed in the reactions described here. There is, however, a 
distinctive feature shown by the reactions of CpzMo-L(CO)B with Iz and ICl, 
namely the occurrence of a more complex dependence of the rates on [Cp2- 
MOBS]_ In the case of reaction with I2 there is the term second order in 
[complex] in addition to the usual first order one. Since the second order term 
also shows a dependence on [12] we conclude that there is a path contributing 
to the reaction of the form shown in reactions 7-9. The value 

Complex + nI, =+ Complex(I,), (7) 

Complex(I,), + Complex + Complex&), (8) 

Complex,&), + product (9) 

of n is not defined by the kinetics but it must be at least 1 because of the quali- 
tative dependence of k, in eq. 1 on [IJ. 

The rate of reaction with ICl depends directly on C,* but also inversely on 
(1 + KC,) so that the rate changes smoothly from being second order in [com- 
plex] at low C,,, to first order at high Co. This suggests that an equilibrium 
equivalent to reaction 8 must be involved and that it lies substantially to the 
right at higher values of Co_ Reaction appears to occur only when the transition 
state contains two molecules of complex. The rates also showed first and sec- 
ond order dependence on [ ICl] , which suggests that the adducts containing 2 
molecules of Cp,Mo,(CO), must contain either 1 or 2 molecules of ICl as well. 
The equilibrium constant for formation of the adducts containing two mole- 
cules of C~,MO,(CO)~ is such that the rates would simply have been first order 
in [complex] if the kinetics had been studied with Co Z 5 X 10m5 mol dmm3. 
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This implies that all the complex would have been present iu the form of aggre- 
gates containing two molecules of C~,MO,(CO)~ and one or two molecules of 
ICl under these conditions. The existence of transition states containing two 
molecules of metal carbonyl in similar reactions has been indicated before, but 
not so clearly [ 6,121. 

The reaction of C~,MO~(CO)~ with I2 is several orders of magnitude faster 
than those of Mnz(CO)lo and Re2(CO)10, but considerably slower than the reac- 
tions of P-donor-substituted derivatives of those carbonyls [6,7] _ The effect of 
the substituents was concluded to be due to the enhanced transfer of electron 
density to the metal atoms and thence to the carbonyl ligands. This facilitated 
the formation of adducts with halogen molecules, as in reaction 7, and facili- 
tated the oxidation of the metal centres. The absence of steric effects with 
other than the very largest substituent P(C&Hii)s led to the conclusion that the 
adducts involved attachment of the halogens at the 0 atoms on the periphery 
of the complexes so that electron transfer took place through the CO ligands. 
Direct attack at the metal atom was believed to. be virtually impossible for 
steric reasons and electrophilic attack at the carbon atoms was thought to be 
unlikely, also for steric reasons. 

We believe that a similar situation obtains in the reactions of Cp,Moa(CO)H - 
The increased rates compared with those of Mn,(CO)10 and Rez(CO)lo cannot 
simply be associated with the lower values of v(C0) in Cp,Moz(CO),+ Although 
this implies a greater electron density on the 0 atoms and a more ready forma- 
tion of adducts (as is, in fact, clearly observed with I*), the subsequent reaction 
of the adduct will depend on the ease of oxidation of the particular metal 
atoms in the adduct. 

There is, of course, a major difference between the complex studied here and 
those studied previously [6,7] and that is the presence of the cyclopentadienide 
ligands. Kobayashi et al. [ 131 have concluded that tetracyanoethylene forms 
charge transfer complexes with AreneCr(C0)3 complexes by attachment at the 
metal. More extensive studies by Sennikov et al. [ 141 were claimed to show that 
attachment occurred at the arene ring. The proposition that the halogen mole- 
cules form adducts with Cp,Mo,(CO), by attachment at the far side of the Cp- 
ligands from the MO atoms has, therefore, to be considered. The halogens in 
such adducts could conceivably withdraw electron density from the MO-MO 
bonding region of the complex and facilitate the breaking of that bond. A pro- 
cess of this sort would be most unlikely to be influenced by steric effects when 
large substituents replace one or more CO ligauds. There is, however, some evi- 
dence that steric effects do occur. Thus Cp2Mo,(C0)4(P(OPh)3) 2 reacts with I2 
to form CpMo(CO), {P(OPh),J I in benzene only at refluxing temperature and 
then only over a period of hours [15]. Electronically the introduction of P- 
donor substituents would be expected greatly to facilitate the reaction [6,7] 
since such substitution reduces the C-O stretching frequencies substantially 
[15]. Reaction of Iz with Cp2M02(C0)4(P(OMe)3} z in ethanol is quite rapid [ 31 
but it is not known ‘whether the greater rate expected (compared with reaction 
of Cp,Mo,(CO),) b ecause of the electronic effect of P-donor ligands is offset by 
their size. These P(OMe), substituents are larger than CO but substantially 
smaller than P(OPh)3 [ 161. We believe that it is likely, therefore, that the 
halogen molecules in their reactions with C~,MO~(CO)~ are attached at or near 
the 0 atoms of the CO ligands. 
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It is interesting to note parenthetically that the electronic effect of substitu- 
ents is not limited simply to P-donor ligands. Thus, the Me,Si ligands in [Me,- 
S~R,U(CQ)~]~ are more electron-donating than the Cl,Si ligands in [Cl$iRu- 
(CO)4]2 as evidenced by the respective C-O stretching frequencies, 2014 and 
2056 cm-l [ 1’71. Reaction of the former complex with I2 in hexane is rapid at 
0°C whereas the latter reacts slowly even in refluxing hexane. 

As with the corresponding reactions of the complexes Mn2(COh,L, and 
Re2(C0)8L2, the reaction of Br, with C~,MO~(CO)~ is much faster than that of 
I,; as would be expected from its greater electrophilic character. (The effect of 
the different solvent is likely to be very small [7] _) Two molecules of halogen 
are required in this reaction as in the reaction with Iz. The reaction with ICI is 
not really comparable since it proceeds through a transition state containing 
two molecules of complex whereas most of the data for reactions with Iz and 
Br, were obtained under conditions such that only one molecule of complex 
was involved in the transition state. 

The intimate mechanism of the reactions within the various adducts is not 
evident from the kinetic data. Haines et al. made the important discovery that 
the reaction with I2 proceeds with formation of an intermediate bridged 
dinuclear cation Cp(OC)3Mo-I-Mo(C0)J!pf [ 3]_ It was proposed that this 
was preceded either by attack at the MO-MO bond by one end of an I2 molecule 
or by electron transfer within a C~,MO~(CO)~ - I2 adduct to form C~,MO~(CO)~‘. 
I*-_ Since the formation of the bridged cation does not seem to be dependent on 
the nature of the different solvents used, we believe that these proposals unduly 
simplify the situation. Our kinetic data show that, under the conditions used in 
the preparative studies, the transition states involve two molecules of complex 
and one or more molecules of I*_ Under conditions where reactions proceed 
through transition states containing only one molecule of complex the tmnsi- 
tion states also have to contain at least two molecules of halogen_ This need for 
more than just one molecule of halogen is widespread in the reactions of halo- 
gens (mainly Iz and Brz) with other complexes [6,7,12]. It was suggested [7] 
that the role of the additional halogen molecules might simply be the additional 
inductive weakening of the metal-metal bonds by extra withdrawal, through 
the CO ligands, of electron density from the metal-metal bond region. 

The reason why some reactions are greatly facilitated by having two mole- 
cules of complex in the transition state is not at all clear. All these transition 
states contain at least one molecule of halogen and it seems likely that these are 
sandwiched between the two &bony1 molecules. Otherwise it is difficult to see 
what would attract two molecules of complex to each other. 

Although the kinetic data are not extensive, the reactions with CHBr3 and 
C&H&l4 to form CpMo(C0)3Br and CpMo(CO),Cl are of interest. No compar- 
able data for thermal reactions of halocarbons with dinuclear metal carbonyls 
appear to exist but reactions with mononuclear carbonyls have recently been 
reviewed [18]. Mo(CO), does not react directly with CCi4 but the much more 
easily oxidized cis-Mo(CO)z(dmpe), reacts with a second order rate constant of 
2 X 10m2 dm3 mol-’ s-’ at 20°C and with.formation of Mo(CO)l(dmpe),’ [19]. 
In our reactions two molecules of halocarbon appear to be involved in direct 
attack tid this path competes quite successfully with initial homolytic fission 
[5] as a rate-determining step. 
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