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Abstract

The thermal substitution kinetics of 1,5-cyclooctadiene (COD) by bis(diphenylphosphino)alkanes (PP), (C¢Hs),P(CH,),P(C¢Hs), (n = 1,
2,3)in M(CO)4(112:2—COD) complexes (M = Cr, Mo, W), were studied by quantitative FT-IR spectroscopy. The reaction rate exhibits first-
order dependence on the concentration of the starting complex, and the observed rate constant depends on the concentration of the leaving
COD ligand and on the concentration and the nature of the entering PP ligand. In the proposed mechanism, the rate determining step is the
cleavage of one metal—olefin bond of the COD ligand. A rate-law is derived from the proposed mechanism. The evaluation of the kinetic
data gives the activation parameters which support an associative mechanism in the transition states. Both the observed rate constant and the
activation parameters show little variation with the chain length of the diphosphine ligand. © 1999 Elsevier Science S.A. All rights

reserved.
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1. Introduction

In a recent paper [1] we reported on the kinetics of
the thermal substitution of 1,5-cyclooctadiene from
[Mo(CO)4(n*?-COD] (by bis(diphenylphosphino)methane
(DPPM) as a model reaction for the displacement of a
formally bidentate diene ligand in the octahedral coordina-
tion sphere of a low valent metal by a bidentate donor ligand.
It was found that the weakly bound COD ligand is replaced
by DPPM at an observable rate in the temperature range of
35-50°C to form the known complex [Mo(CO)4(DPPM] as
the final product [2,3]. The kinetics of this thermal substitu-
tion reaction were studied by quantitative FT-IR spectro-
scopy. The reaction rate exhibits first-order dependence on
the concentration of [MO(CO)4(T]2:2-COD)], and the
observed rate constant depends on the concentrations of
both leaving COD and entering DPPM ligands. A rate law
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was derived from the proposed mechanism in which the rate
determining step is the cleavage of one of two Mo—olefin
bonds. Here, we report about our extended study on the
displacement kinetics of COD from M(CO),(n*?-COD)
(M =Cr (1A), Mo (2A), W (3A)) by bis(diphenylphosphi-
no)alkanes (PP), (C¢Hs),P(CH,),P(C¢Hs), (n=1 (B), 2
(C), 3 (D)) with the aim to investigate the dependence of
the reaction kinetics on the nature of the metal and on the
chain-lengths of the PP ligands.

M(CO),(n?2-COD) + PP = M(CO), (PP) +COD
1A-3A B-D 1B-3D

where M = Cr, Mo, W; PP = (C¢H;),P(CH,),P(C¢Hs),;
n=1,2,3

The quantitative FT-IR spectroscopy was used to study
the kinetics of these ligand displacement reactions. Mon-
itoring the intensities of the absorption bands of the CO
stretching vibrations for both the reactant and the product
enables one to determine the changes in their concentrations,
thus to follow the reaction precisely, and to check the
material balance and the yield throughout the reaction.
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2. Experimental

All reactions and manipulations were carried out either in
vacuo or under a dry and oxygen-free nitrogen atmosphere.
Solvents were distilled after refluxing over metallic sodium
or phosphorous pentoxide for 3—4 days and stored under
nitrogen until used. Hexacarbonylchromium(0), hexacarbo-
nylmolybdenum(0), hexacarbonyltungsten(0), 1,5-cyclo-
octadiene (A), bis(diphenylphosphino)methane (B), 1,2-
bis(diphenylphosphino)ethane (C), and 1,3-bis(diphenyl-
phosphino)propane (D) were purchased from Aldrich Che-
mical, England. The thermal reactions and other treatments
of organometallic compounds such as purification and
crystallisation were followed by taking IR spectra at appro-
priate time intervals. NMR spectra were recorded on a
Bruker AC-200 spectrometer (200.131 MHz for lH,
81.011 MHz for 3'P, and 50.28 MHz for '3C). TMS was
used as internal reference for 'H and '*C NMR chemical
shifts. Phosphoric acid (85%) in a capillary tube was used as
external reference for 3'P NMR chemical shifts. Infrared
spectra were recorded from solutions on a Perkin-Elmer 16
PC FT-IR spectrometer. Photochemical reactions were car-
ried out in an immersion-well apparatus [4] (solidex glass,
>280 nm) using a Hanau TQ 150 high pressure mercury
lamp, which was cooled by circulating water or cold
methanol. A circulating thermostat bath (Heto CB 1le)
was used to provide a constant temperature during the
kinetic measurements. Ethylene glycol was circulated from
the thermostat through the heating jacket of the reaction
vessel.

2.1. Tetracarbonyl( 772 2.1,5-cyclooctadiene)metal(0)

Tetracarbonyl(n®2-1,5-cyclooctadiene)-chromium(0),
Cr(CO)4(n*?-COD) (1A), and tetracarbonyl(n?2-1,5-
cyclooctadiene)tungsten(0), W(CO)4(n**-COD) (3A),
were prepared by irradiation of hexacarbonylmetal(0) and
COD in n-hexane at room temperature using a procedure
described in literature [5]. When all hexacarbonylmetal(0)
was consumed, due to IR monitoring, the mixture was

filtered to remove colloidal decomposition products. The
excess solvent and COD were removed under reduced
pressure. The residue was dissolved in n-hexane and the
solution was allowed to stand for 1 day at —35°C for
crystallisation. The solvent was decanted and crystals were
dried in vacuo. Tetracarbonyl(n*2-1,5-cyclooctadiene)-
molybdenum(0), Mo(CO)4(n2:2—COD) (1B), was prepared
by refluxing a solution of Mo(CO)g and COD in n-heptane
for 24 h as described in the literature [1,6]. The solution
was worked up in the same way as for the homologous
chromium and tungsten complexes.

2.2. Tetracarbonyl-bis(diphenylphosphino)alkane-
metal(0)

Equimolar amounts (ca. 1 mol) of M(CO)4(T’|2:2—COD)
(1A-3A) and PP = Ph,P(CH,),PPh, (n =1, 2, 3) (B-D)
were dissolved in toluene (50 ml) and refluxed for several
minutes. Cooling the solution to —35°C yields pale yellow
crystals of M(CO)4(PP) (1B-3D) which are separated from
the supernatant liquid by decantation and dried under
vacuum and identified by '*C and *'P NMR spectroscopy
[7].

2.3. Kinetic measurements

All kinetic measurements were conducted on toluene
solutions in a Specac variable temperature IR cell with a
0.129 mm path length and calcium fluoride windows.
Extinction coefficients of M(CO)4(n**-COD) (1A-3A)
and M(CO)4(PP) (1B-3D) were determined from toluene
solutions of the pure complexes by plotting the absorbance
of the »(CO) IR band with the highest frequency versus
the concentration of the respective complex in the range
of 5x107* to 1 x 1072 mol1™" (Table 1). Using these
values, the concentrations of the complexes during the
reactions of 1A-3A with PP could be determined from
the measured IR absorbances at any stage of the reactions.
Thus the material balance could also be checked at any
point of conversion.

Table 1

The CO stretching frequencies (cm™") for the complexes and molar extinction coefficient (mol 1=' em™") for the highest frequency band in toluene
Complex e for AI(Z) Al(Z) Al(l) B] B2
Cr(CO),(m*?-COD) (1A) 2515 2023 1927 1942 1893
Mo(C0),(n**-COD) (2A) 2514 2035 1940 1890
W(CO)4(n*?-COD) (3A) 2602 2035 1941 1888
Cr(CO)4(DPPM) (1B) 3301 2012 1922 1903 1891
Mo(CO),(DPPM) (2B) 3520 2012 1930 1901 1890
W(CO)4(DPPM) (3B) 4526 2012 1923 1902 1889
Cr(CO)4(DPPE) (1C) 2983 2020 1929 1917 1897
Mo(CO)4(DPPE) (2C) 3119 2017 1928 1908 1897
W(CO)4(DPPE) (3C) 1316 2023 1936 1908

Cr(CO)4(DPPP) (1D) 4534 2015 1935 1907 1890
Mo(CO)4(DPPP) (2D) 4215 2015 1930 1883
W(CO)4(DPPP) (3D) 1910 2016 1933 1901 1888
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The M(CO)4(n2:2-COD) complexes were added into the
solutions of the diphosphane in toluene at low temperature
to avoid any reaction. The initial concentration (C,) of the
complexes was around = 0.01 mol1™'. A sample of this
solution was put into the IR cell preheated to the reaction
temperature. The IR spectra were recorded periodically as
the reaction proceeded at constant temperature. The rates of
the reaction were determined by following the disappear-
ance of the highest frequency (CO) band of the educt since
it was the only distinct band which does not overlap with the
bands of the products. By this way, quantitative data on the
rates of reactions were collected easily and accurately. The
graphical evaluation of the data provides the observed rate
constants. In order to study the dependence of the rate on the
leaving COD and entering PP, the kinetic experiments were
performed by varying the concentrations of PP (0.01-
0.50 mol 1" ") or COD (0.0-0.1 mol1™") in the solutions
of 1A-3A (C,=0.01moll™!) at 40 (M=Cr), 45
(M = Mo), and 90°C (M = W). The activation parameters
were determined from the temperature dependence of the
observed rate constant in the range of 40-90°C.

3. Results and discussion

The IR absorption spectra of both M(CO)4(T]2:2-COD)
and M(CO)4(PP) complexes taken in toluene show four
absorption bands in the CO stretching region indicating a cis
arrangement of four CO groups in the pseudo-octahedral
coordination sphere of the metal (Table 1). Thus the
M(CO), unit in the complexes has a local C;, symmetry
with two A;+B+B; CO stretching modes [8]. Complexes
2A, 3A, 3B, and 2D give only three IR-CO stretching bands
indicating that two of the four expected bands are acciden-
tally degenerated.
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The kinetics of the thermal substitution of COD from
1A-3A by bis(diphenylphosphino)alkanes were followed
using the quantitative FT-IR spectroscopy. In the v(CO)
region of the IR spectrum, the absorption bands of 1A-3A
are gradually replaced by the new bands of the corres-
ponding product M(CO)4(PP) in the course of the
displacement reaction. The gradual change in the IR
spectrum during the reaction of W(CO)4(n2:2-COD) 3A)
with DPPM (B) at 90°C, as an example, is depicted in
Fig. 1. The observation of nice isosbestic points indi-
cates a straightforward conversion of the reactant into
the product without side or subsequent reactions [9]. In
other words there are only two absorbing species through-
out the reaction. Another point emerging from the inspec-
tion of the IR spectra at first glance is that the highest
frequency bands of the reactant and the product do not
overlap and remain well resolved during the whole reaction.
Therefore, these two IR bands are selected to follow the
consumption of the educt and the growth of the product,
respectively.

Fig. 2(a) shows the time-dependent behaviour of con-
centrations of the reactant and the product in the course of
the thermal substitution reaction of 3A with B in toluene at
90°C, for which the time-resolved IR spectra are given in
Fig. 1. This graph shows an exponential decay for the
starting complex 3A and an exponential growth for the
product 3B. The logarithmic plot of the concentration of
the reactant against time gives a straight line (Fig. 2(b)) for
the aforementioned reaction even at low concentrations of
bis(diphenylphosphino)methane. This indicates that the dis-
placement of COD from 1A-3A by PP obeys the pseudo-
first-order kinetics with a correlation constant greater than
0.99. The slope of the straight line gives the observed rate
constant, kops (s 1), for the pseudo-first-order thermal sub-
stitution reaction.
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Fig. 1. The gradual change in the IR spectrum during the thermal substitution reaction of COD from W(CO)4n**-COD) (3A), by DPPM to yield

W(CO)4(DPPM) (3B), at 90°C in toluene.
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Fig. 2. Time dependent behaviour of concentrations of the reactant and
product during the thermal substitution reaction of COD from
W(CO)4(1*|2:2—COD) (3A) by DPPM at 90°C. (a) Concentration versus
time plot for W(CO)4(n*2-COD) (3A) and W(CO),m>*-DPPM) (3B), (b)
plot of the first-order reaction kinetics for the consumption of
W(CO),(n*2-COD) (3A).

The kinetic data for the COD substitution in
M(CO)4(n**-COD) by the diphosphinoalkanes are consis-

tent with the mechanism (Scheme 1) proposed for the same
substitution in the homologous molybdenum complex by
DPPM [1]. The reaction involves a stepwise displacement of
COD from M(CO),m*?-COD) by PP. The initial rate
determining step is the cleavage of one of the metal-diene
bonds [10].

A series of experiments were performed to check whether
a CO detachment would occur as an initial step. First of all,
none of the three starting complexes 1A-3A gives any
reaction in the absence of entering ligand upon heating to
the temperature at which the ligand substitution takes place
at appreciable rate. In a similar reaction under 1 atm CO at
the same temperature the starting complex is completely
converted into the corresponding hexacarbonylmetal(0)
within 2 to 4 h. Heating solutions of the starting complexes
1A-3A in the presence of equimolar amounts of PP under a
CO atmosphere at the same temperature give rise to the
formation of M(CO)4(PP) predominantly, and M(CO)s(PP)
and M(CO)g in low concentrations (less than 15 or 5%,
respectively). Working in the presence of a 10-fold excess of
PP, M(CO)4(PP) is solely obtained as product.

All these results, in particular the formation of
M(CO)s(PP), indicate that the initial step is the cleavage
of one metal-olefin bond forming the M(CO)4(n2-COD)
intermediate I, and not the CO detachment (Scheme 1). The
intermediate I can either return to the starting complexes
1A-3A by a recomplexation step of the free CC double bond
or go on to the next steps. Competition between the asso-
ciative and dissociative processes involving the leaving and
entering ligands will determine the subsequent steps. Inter-
mediate I can undergo an associative reaction with COD or
PP leading to the formation of intermediates III and IV,
respectively, whereby COD and PP are coordinated to the
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Scheme 1. Mechanism proposed for the substitution of COD from M(CO)4(n**-COD) by bis(diphenylphosphino)alkane (PP).
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transition metal in a monodentate fashion. A complete
cleavage of COD from the intermediate I has also to be
considered, leading to the unstable 14-electron intermediate
M(CO),4 (II), which will react immediately with PP to form
the final products 1B-3D. On the other hand, when COD is
cleaved from intermediate IV the rapid chelation of PP also
yields 1B-3D. This mechanism differs from the one pro-
posed for the same type of reaction with the two-term rate
law [11,12], which does not consider the recoordination of
COD to the unstable 14-electron intermediate M(CO), (II)
and, therefore, can not explain the dependence of the
observed rate constant on the COD concentration. The
mechanism proposed here also considers this point.

The rate law of the thermal ligand substitution reaction
can be obtained from the proposed mechanism (Scheme 1)
by applying the well-known steady state approximation for
the intermediates I, II, and III.

rate = kobs[M(CO), (n*2-COD)] )

s = ki — fikoy
oS k| + ko + ka[PP] — k2 /(1 + ks[PP] /k_,[COD])
(3

The rate of the reaction shows first-order dependence on the
concentration of M(CO)4(n2:2-COD) and the observed rate
constant, ks, depends on the concentration of COD and PP.
Of course, Eq. (3) could be simplified by using some
assumptions. However, such assumptions would be valid
only under specific conditions. Below we will show that the
proposed mechanism is in agreement with the experimental
results in general (Table 2).

First of all, the observed rate constant is found to increase
with the increasing concentration of PP. For the thermal
substitution of COD from 1A by B, the observed rate
constant is plotted versus the concentration of B as an
illustrative example (Fig. 3). No noticeable change is
observed for the concentration of M(CO)4(n2:2—COD) when
the reaction is carried out in the absence of PP at tempera-
tures at which ligand substitution takes place normally at an
appreciable rate. This clearly indicates that the observed rate
constant is zero in the absence of PP, as predicted by the
proposed mechanism. The limit of k., approaches zero,
when the concentration of B goes to zero.

liIn[PP]—»O kobs =0 (4)

As the concentration of the entering ligand increases gra-
dually, the observed rate constant increases and reaches a

Table 2
The relationships between the individual rate constants in the COD
substitution reactions of 1A-3A by DPPM

1A at 313K 2A at 318K 3A at 363K
k_y =5.9 ky[PP] k_y = 11.4 ky[PP] k_y = 11.8 ky[PP]
k. =97k k., =233k ko, =148k,
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Fig. 3. Variation of the observed rate constant with the concentration of
the entering ligand for the thermal substitution reaction of COD from
Cr(CO))4(m*>-COD) (1A) by DPPM at 40°C.

saturation limit at a high concentration of PP.
1im[PP]—>oo kobs = kl (5)

The first limiting value of the observed rate constant is zero
for all three M(CO)4(n212—COD) complexes while the sec-
ond limiting value, k;, depends on the central metal in the
starting complexes. The values of k; are 1.09 x 107> s~ for
M=Crat313K,2.0 x 107°s™' forM =Moat 318 K, and
24 x107*s7! for M=W at 363 K. The k; value for
Mo(CO)4(n2:2-COD) is consistent with the value of
0.2 x 10*" s~ ! reported for the same complex at 303 K
[11,12]. Although it is not possible to make a meaningful
comparison of the k; values for the three complexes at
different temperatures, the COD ligand in 3A seems to be
much less labile than that in the complexes 1A and 2A.

Increasing concentrations of COD cause a decrease in the
observed rate constant as illustrated in Fig. 4. The plot of the
observed rate constant versus the concentration of COD for
the COD substitution in 1A-3A by B is curved downward,
starting with a positive intercept.

kik_y

~ k_y + ko + ky[PP] ©

lim(cop)—0 Kobs = ki

As the concentration of COD goes to zero, the limiting value

2.4

0 0.02 0.04 0.06 0.08
[cOD] (M)

Fig. 4. Variation of the observed rate constant with the concentration of
COD for the thermal substitution reaction of COD from Cr(CO)4(n2:2—
COD) (1A) by DPPM in one-fold concentration at 40°C.
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of ku,s for the COD substitution in 1A-3A is found to be
23x107% 23 x 1074 and 4.6 x 107> s~ " at 313, 318,
and 363 K, respectively. The observed rate constant
decreases with increasing concentration of COD, reaching
another saturation limit at high concentrations.

kik_y

 k_y + ky[PP] ™

limjcop)— oo kobs = k1
The saturation limits of k., for the COD substitution in
1A-3A are found to be 1.6 x 107* 1.6 x 107*, and
1.9 x 107> 5" at temperatures given above. The decrease
in kups caused by the increasing concentration of COD
clearly suggests that the substitution rate of COD in the
starting complex is slowed down in the presence of excess
COD in the solution. In other words, the starting complex is
stabilised by the presence of excess COD. All these findings
are consistent with the proposed mechanism (Scheme 1).
From the four limiting values of the observed rate constant,
one can obtain some useful relationships between the
individual rate constants in the substitution reactions for
the three metals (Table 2). Two important points emerge
from the comparison of the relationships in Table 2. The
first one is that k_; is much greater than both k, and k4[PP]
for all the three COD complexes, being attributed to the
chelate effect [13]. The second point is that the values of
k4[PP] and k, are almost comparable. The change in the
k4[PP]/k, ratio on going from chromium through tungsten
cannot be interpreted in a simple manner because the
reaction temperatures for the respective complexes are
different. An increase in this ratio on going from chromium
through tungsten would be expected from the competition
between the associative and dissociative reactions of I to
form the intermediates II and IV, respectively. On passing
from chromium to the larger molybdenum or tungsten, the
associative pathway would be becoming dominant. How-
ever, the increased temperatures may favour the dissociative
term k.

The ligand substitution reaction of 2A was performed
using three different diphosphines (B-D), in order to inves-
tigate the dependence of the observed rate constant on the
chain length. A plot of ks versus PP gives curves for the
three diphosphine ligands, which are barely different from
each other. For a better appreciation of this dependence, the
values of 1/(k;—kqps) instead of ko, (Eq. (8)) are plotted
against the concentration of PP (Fig. 5).

I
kl - kobs klk—l
ka
(1 + ks[PP]/k_,[COD])

X k1 + ky + k4[PP] — ®)
All of the three PPs show the same effect up to a concen-
tration of 0.1 mol 1~ which corresponds to a 10-fold excess
of PP relative to the starting complexes; the value of
1/(ky—kops), thus kqps, increases slightly with the increasing
concentration of PP. At higher concentrations of PP, how-
ever, the observed rate constant shows strong dependence on

6000 1 o [DPPM] A
o [DPPE]
A [DPPP] o
o
~ m .
2
2
e
— A
2000 - a
°
nod B e
0 T T T
0.00 0.10 0.20 0.30 0.40
[PP] (M)

Fig. 5. Dependence of the observed rate constant on the nature and
concentration of the diphosphine ligand for the thermal ligand substitution
of Mo(CO),(n*?-COD) (2A) at 45°C.

the concentration and the nature of the entering ligand. This
observation indicates that the last term in the expression for
1/(k1—obs) (Eq. (8)) is negligible at high concentrations of
PP. The order observed for the 1/(kj—kys) Vvalue
(DPPM<DPPE<DPPP) at high concentrations is consistent
with the basicity of the chelating PPs [14].

The substitution kinetics of COD in 2A were studied for
all of the three PPs at different temperatures in the presence
of a 10-fold excess of PP to ensure the pseudo-first-order
condition. The Eyring plots for the thermal ligand substitu-
tion are given in Fig. 6 for the three PPs which give straight
lines. The activation parameters obtained from the evalua-
tion of the Eyring plots in Fig. 6 are AH” =80 + 1,85 + 1,
69+1kImol™ !, and —AS* =55+2, 38+2, 86+2]
K ' mol ™!, respectively. Although the mechanism pro-
posed for the COD substitution in 2A is expected to be
valid for all of the three PPs, some variations are noticeable
in both the enthalpy and entropy of activation. A plot of
AH” versus AS” allows a better interpretation of the
enthalpy and entropy values [15,16]. The observation of
a straight line for the AH”—AS” plot indicates that the
COD substitution in 2A follows a common mechanism for
all of the three entering ligands. The isokinetic temperature
[17,18] of 326 K is obtained from the slope of the
AH”—AS” line. Although the observed rate constants
depend upon the nature and concentration of the entering
ligand, the activation enthalpy and entropy of the ligand
substitution reaction is found to follow the same mechanism
independent of the entering PP. This may be attributed to the
fact that the PP ligands form metal-phosphorus bonds of
similar strengths independent of the chain length.

The material balance does not show a significant deple-
tion up to 80-90% conversion for all of the thermal ligand
substitution reactions studied. This could be due to the fact
that the diphosphines form stable M(CO)4(PP) complexes.
Therefore, the presence of excess PP or COD in the reaction
solution does not affect the material balance and the yield of
M(CO)4(PP) formed in each set of experiments.

The substitution kinetics of COD in M(CO)4(n*2-COD)
by DPPM were studied for all of the three complexes at
different temperatures in the presence of a 50-fold excess of
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Fig. 6. Eyring plot for the substitution of COD in Mo(CO)4(n**COD) (2A) by diphosphine (DPPM, DPPE, and DPPP) in a 10-fold excess.

PP to ensure the pseudo-first-order condition. The values
obtained for the observed rate constants at four different
temperatures practically correspond to k; for the respective
complexes. However, the values of the observed rate con-
stants can be used to estimate the activation enthalpy and
entropy values for the overall reaction by drawing the
Eyring plots as the contribution of all the other steps
may be still significant under the experimental conditions.
The values found are AH” =82+1, 7942,
89+3kimol ', and AS*=-41+3, -53%5,
—794+6 JK! mol_l, for M =Cr, Mo, W, respectively.
The large negative value of the activation entropy for all
the complexes is indicative of an associative mechanism in
the transition states [19,20]. If some associated species were
a reactive form of the complexes, an equilibrium between
the complex and this species would result in a ligand
dependence of the rate constants at low ligand concentra-
tions [21]. In other words, the dependence of the reaction
rate on the ligand concentrations can easily be explained by
a displacement mechanism which proceeds via the forma-
tion of seven-coordinated complexes in the transition states
[22,23]. Although this is unusual for octahedral complexes,
they may undergo substitution reactions by an associative
mechanism [24]. Support for this assignment of an asso-
ciated mechanism in the transition states for the COD
displacement reactions of chromium, molybdenum and
tungsten complexes comes from the comparison of the
activation enthalpies with the metal-olefin bond energies.
The rate-determining step involves only a metal—olefin bond
breaking in the dissociative Sy1 mechanism and a total
metal-COD cleavage and bond making (M-PP) in the
associative Sn2 mechanism [24]. The activation enthalpy
is therefore expected to approach the metal-olefin bond

energy for a predominantly dissociative mechanism,
whereas for an associative process AH” is expected to
be rather smaller than the metal-olefin bond energy [25].
The activation enthalpies for the displacement of COD from
the M(CO)4(1]2:2-COD) complexes are smaller than the
corresponding  metal-olefin  bond  energies (e.g.
108 kJ mol ! for molybdenum—COD) [26].
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