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Abstract

A rather simple procedure to estimate entropy changes of organometallic reactions is described. It merely consists in finding organic or
inorganic reactions, for which the gas phase standard entropies are well known, that can mimic a given organometallic reaction. The
merits and limitations of the method are discussed, and it is concluded that a careful use of model reactions can at least provide a reliable
guideline to estimate or even to assess entropy data for many organometallic reactions.
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1. Introduction

The thermodynamic driving force of a chemical reac-
tion is measured by the Gibbs energy change AG
associated with the conversion of reactants to products,
spontaneous reactions having A,G < 0. Under equilib-
rium conditions A,G = 0 and the standard Gibbs energy
A,G° of the reaction is related to the equilibrium con-
stant K of the reaction by

AG°= —RT In K (1)

were R is the gas constant and T the absolute tempera-
ture. As K reflects the relative amounts of reactants and
products present in the reaction mixture (and therefore
the reaction yield), the prediction of the feasibility of a
given reaction or of a postulated elementary step in a
composite reaction, on thermodynamic grounds, implies
that one is able to calculate A, G° for the process under
study.

The standard Gibbs energy of a reaction is related to
the corresponding enthalpy A, H° and entropy A S° by

AG®=AH®—TA,S° (2)

In the case of reactions involving organometallic com-
pounds much more is known about the enthalpy term
than about the entropy term in Eq. (2). Most experimen-
tal studies in organometallic thermochemistry available
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in the literature report the determination of enthalpies of
reaction, from which other enthalpies of reaction, en-
thalpies A; H® of formation and bond dissociation en-
thalpies DH°(M-L) (M =metal centre; L = ligand)
were (or can be) derived [1-7]. Some methods of
estimating A H°, A.H° and DH°(M-L) data have
also been discussed [8]. Although these estimating pro-
cedures are not as accurate and general as several
existing schemes for predicting thermochemical data of
organic compounds [9-12], they are often used to assess
experimental data and to discuss the energetics of bond
cleavage and formation in organometallic reactions.
Thus, in the absence of direct experimental measure-
ments, it is now possible, for many organometallic
reactions, to make reliable predictions of the enthalpy
term in Eq. (2).

Much less attention has been given to the measure-
ment and estimation of entropy changes in organometal-
lic reactions, despite the fact that, in some cases, the
value of TA S° makes an important contribution to
A,G°, or even determines if the reaction is spontaneous.
For example, in the reaction (see Table 1)

Cr(CO);(PCy4),(sln) + H,(s In)

_’Cr(CO)B(PCY3)2(n2‘H2)(Sln) (3)

A H®= —305 kI mol™' and TA S°= —319
kJ mol™', leading to A,G°= 1.4 kJ mol™"'. Therefore,
although the reaction is exothermic, the entropy change
leads to a positive value for ArGO. Note that, in this
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case, K=10.57, and ignoring the entropic contribution
to A,G° (i.e. making A,G° = A H°) results in an enor-
mous error in the value of the equilibrium constant
(K =1.8 X 10° instead of K = 0.57).

The importance of evaluating A S° for the thermo-
dynamic analysis of organometallic reactions led us to
search for a simple and reliable method for estimating
(and assessing) A,S° data. We have found that for
many of those reactions reasonable estimates of A, S°
can be obtained by using entropy data for model reac-
tions for which the standard entropy changes are well
known.

2. Selected entropy data for organometallic reactions

The values in Table 1 [13-61] were selected to
illustrate the merits as well as the limitations of the
estimation method discussed below. These data seldom
refer to the reactants and products in their standard
states [9], since concentrations and not activities were
used to derive the equilibrium constants, but it will be
assumed that the overall corrections are smaller than the
experimental uncertainties. In any case, the organome-
tallic reaction entropies presented in Table 1 and in the
text below will be represented by 4,S and not by A, S°.

In general, A S° values are obtained from van’t Hoff
plots [9,62,63]:

AH® AS°

+ (4)

RT R

The calculation of A, S° from the plot of In K vs. 1 /T
assumes that both A S° and A H° do not vary with
temperature. An alternative and (in principle) more
accurate method consists in combining a calorimetri-
cally derived A, H® value with the corresponding equi-
librium constant at a single temperature 7, to obtain
A, S° at that temperature from Eq. (4) [9,62,63]. To our
knowledge this method has not been applied to
organometallic reactions. Note also that the errors of the
A, S values in Table 1, which reflect the precision of the
measurements, are frequently of the order of 10% or
more and do not include Student’s ¢ factors [64]. In
general, not more than 10 experimental points were
used to fit Eq. (4) by a linear regression. Therefore, if
Student’s ¢ factors for 95% confidence level were taken
into account, the errors in Table 1 would at least double,
in most cases.

In K= —

3. The estimation method

The method used to estimate the entropy changes of
organometallic reactions is rather simple and can be
illustrated by considering several reactions in Table 1.

Take, for example, reaction 16, an intermolecular car-
bonyl insertion into a hafnium-methyl bond. As far as
entropy is concerned, this reaction can be modelled by
reaction M14 or by reaction M15 (“*M”’ for model; see
Table 2 [62,65]. It is seen that A S(16) = —138.1 +
234 JK™' mol ' is close to A S°(M14)= —1323
JK™' mol 'and A S°M15)= —137.8 J K~ mol™".
Consider now the o-bond metathesis reaction 1, for
which A4 §5(1)= —42+42JK~! mol™'. In this case,
the model reactions M28, M29, and M30 yield an
average A, S°= —7.8JK~! mol™', in good agreement
with the experimental value. Finally, note that the en-
tropy of reaction 3 in Table 1, A S(3)=432+1.3
J K~ mol™!, which involves a cyclization process, can
be modelled by reaction M3, where A, S°(M3) = 49.5
JK™ ' mol ™"

The above three examples indicate that the entropy
changes of the organometallic reactions in Table 1 can
be approximated to the entropy changes of organic and
inorganic reactions of the same type, in the gas phase, at
298 K. A collection of these simple model reactions, for
which the entropies are known, is presented in Table 2,
together with an indication of the corresponding reac-
tions in Table 1. The deviations & found between the
experimental and predicted TA S data are summarized
in Table 3. Before proceeding into a more detailed
discussion of these results it is stressed that &=
T| A, S(exp) — A, 5% model) |, at T=298 K, is usually
less than 10 kJ mol ™.

4. Discussion

The agreement between the experimental and pre-
dicted entropy values can be understood within the
framework of statistical thermodynamics of ideal gas
phase reactions [10a,11,66]. Only a very brief analysis
is given below.

The entropy of a substance in the gas phase can be
considered as a sum of several contributions, namely
translation (S?), rotation (S8°), vibration (§°), internal
rotation (S7), and electronic (S8?):

SO=80+ 8%+ 8%+ 82+ 5° (5)
Other contributions may have to be accounted for
[10a,11], but those in Eq. (5) are enough for the present
discussion. The equations used in the computation of
SP, S°, 82, and S? (in J K™' mol™"), assuming a rigid
rotator—harmonic oscillator model for the molecule, are

S0 = —9.57577 +20.78628 In T+ 12.47177 In M
(6)
8% =877.39503 + 8.31451 In T
+8.31451 In I — 831451 In o (7)

(linear molecules)
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No. of reaction in Table 1

Table 2

Standard molar entropies of model reactions in the ideal gas state at 298 K ?
No. Reaction A.5%)/TK™! mol™!
1 particle = 1 particle

Ml C,H,,='C4H,, —15.5
M2 CsHy, ='CsH; —53
I particle = 2 particles

M3 CH,(CH,)sPh=cy-C¢H,, + C,H{ 49.5
M4 C,Hy = 2CH, 158.8
M5 H,0, =20H 134.8
M6 N,H,=2NH, 151.5
M7 C,H,+ H,0, = HOCH,CH,0H —128.7
Mg CH, + CO = CH;CO —122.0
MY CH,,=cy-C,Hg+CH, 102.7
MI10 C¢H,,=cy-CsH,; +CH, 90.7
M1l CH, + CO = CH,C(O)H —119.7
MI12 H, + CO = HC(OH —109.6
M13 C,Hy + CO =C,H;C(O)H —-122.6
M14 C,H¢ + CO = CH,C(O)CH, —1323
M15 C4H,;, +CO = C,H,(0)C,H; —137.8
M16 PhCH, + CO = CH,C(O)Ph — 1455
M17 C¢H ,=cy-C4H, + H, 40.5
Mi8 CH,(CH,);Ph = +H, 64.4
M19 CH, + N, = CH;N, —143.7
M20 CH,+H,=CH, —1393
M21 C,Hy=H,+C,H, 220.5
M22 C;Hg=CH,+C,H, 135.8
M23 CH,Ci=CH; + Q1 124.8
M24 CH,;F=CH,;+F 130.2
M25 Si(CH,), = CH, + (CH;),SiH 166.9
M26 C,Hg + C3H4 = CH;,CH,CH(CH,)CH, —152.8
M27 H, + C;H,=C;H; —127.7
2 particles = 2 particles

M28 H,0+C¢H,=PhOH +H, ~11.7
M29 CH, + C¢H;=PhCH, + H, —4.1
M30 H,S+ C4H,=PhSH + H, =15
M31 C,H;+H,=2CH, 12.2
M32 H,0, + H, =2H,0 14.2
M33 N,H, + H, = 2NH, 15.7
M34 N,H,+ CH,=CH;NH, + NH, 10.3
M35 H,0, + CH,=CH;0H + H,0 9.5
M36 C,Hg + OH = CH,OH + CH, 20.6
M37 CH,0H + (CH;),NH = (CH,);N + H,0 ~36.8
M38 CH,0H + (CH,)NH, = (CH;),NH + H,0 -21.2
2 particles = 3 particles

M39 C,;H¢ + 2CO = 2CH,CO —85.2
M40 20H + CH, = H,0 + CH,0H —125.2
M41 C,H¢ + CgH=PhCH; + CH, + H, 147.4
2 particles = 4 particles

M42 CH(C,H;); + H, = CH, + 3C,H; 340.8
M43 CH(C,Hs); + H,0 = CH;0 + 3C, H; 318.6
M44 CH(C,Hj), + PhH = PhCH, + 3C, H; 3315
4 particles = 3 particles

M45 cy-C;H¢ + 3CO = 3CH,CO -875
M46 cy-C;Hy + 3HCO = 3CH;CO —101.9
M47 cy-C;Hg+ 3H, = 3CH, -70.7

69
69

—15, 24-33, 44, 45, 58, 63, 70
-15, 24-33, 44, 45, 58, 63, 70
~15, 24-33, 44, 45, 58, 63, 70
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6
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16, 49-51, 76, 78
17, 49-51, 76, 78
52
19

20

22
23
99
99
36
36
91-94
75
75

1, 18
1, 18

1,18

48, 65-67, 73
48, 65-67, 73
48, 65-67, 73
74

74

64

59

59

34,35
34, 35
34, 35

60, 61
60, 61
60, 61

* Standard entropies of gaseous reactants and products were taken from Refs. [62] and [65].
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Table 3
Deviations &= | T4, S(exp) — T4, S%model) | of the estimated values of 74,S%model) from the corresponding experimental values T4, S(exp)
for the reactions in Table 1 (7= 298 K)

No. of reaction T4, S(exp)/KJ mol ™! No. of model reaction 74, $%mode!) /kJ mol ™' 8/kJ mol ™!
in Table 1 in Table 2
1 -13+1.3 M28, M29, M30 -23 1.0
2 299 + 2.5 M4l 43.9 14.0
3 129404 M3 148 1.9
4 207 + 6.2 M9, M10 28.8 8.1
5 ~146+ 54 MI11, M12, M13 —345 20.3
6 ~298492 MI1, MI2, M13 —345 5.1
7 81.1 + 18.3 M4, M5, M6 442 36.9
8 ~253+60 M39 —-25.4 0.1
9 43.4+3.0 M4, M5, M6 442 0.8
10 389+ 3.1 M4, M5, M6 442 5.3
1 425+ 3.0 M4, M5, M6 442 1.7
12 40.1 + 0.4 M4, M5, M6 442 4.1
13 415+ 2.4 M4, M5, M6 442 2.7
14 37.1+ 40 M4, M5, M6 442 7.1
15 342426 M4, M5, M6 442 10.0
16 -4154 7.0 M14 —-39.4 2.1
17 —-3584+0.7 MI5 —41.1 5.3
18 —44+08 M28, M29, M30 -23 2.1
19 4154 6.1 M17 ' 12.1 29.4
20 235429 MI8 19.2 43
21 —432+42 MS —36.4 6.8
22 —441+29 Mi9 -428 1.3
23 -319+ 21 M20 —415 9.6
24 3594 7.1 M4, M5, M6 442 8.3
25 462 + 1.8 M4, M5, M6 442 2.0
26 632+ 2.7 M4, M5, M6 442 19.0
27 438 £ 1.1 M4, M5, M6 442 0.4
28 428+16 M4, M5, M6 442 1.4
29 68.3+ 2.7 M4, M5, M6 442 24.1
30 534436 M4, M5, M6 442 9.2
31 504+ 1.6 M4, M5, M6 44.2 6.2
32 860+ 1.9 M4, M5, M6 442 41.8
33 52.4+ 3.4 M4, M5, M6 44.2 8.2
34 64.0+ 2.5 M42, M43, Mdd 58.4 34.4
35 517+ 15 M42, M43, Md4 98.4 46.7
36 19.9 + 6.2 M23, M24 38.0 18.1
37 45.0+98 be 0 45.0
38 107.3 £ 6.3 b< 0 107.3
39 662+ 7.5 b 0 66.2
40 110.9 + 2.4 be 0 110.9
41 83.4+ 75 be 0 83.4
¥y) —20.6+ 2.5 b 0 20.6
43 —235+25 be 0 23.5
44 38.7+ 3.1 M4, M5, M6 44.2 55
45 424425 M4, M5, M6 4472 1.8
46 30+18 cd 0 3.0
47 1.5+26 o 0 1.5
48 106+ 1.0 M31, M32, M33 42 6.4
49 -374 M14, M15 —40.3 2.4
50 ~19.3 M14, M1S —40.3 21.0
51 —11.1 MI14, M15 ~40.3 29.2
52 —342 M16 - 434 9.2
53 23.9+0.7 b 0 23.9
54 09+1.0 b.e 0 0.9
55 ~349+5.0 M7 —384 35
56 -19+06 o 0 1.9
57 -1.5+02 ed 0 1.5
58 38.7+ 1.8 M4, M5, M6 44.2 5.5

-76+02 M37, M38 -87 i.1

%2
O




M.E. Minas da Piedade, J.A. Martinho Simdes / Journal of Organometallic Chemistry 518 (1996) 167180 175

Table 3 (continued)

No. of reaction TA, S(exp) /) mol ! No. of model reaction TA, S%(model) /kJ mol ™! 2 8/kI mol ™!
in Table 1 in Table 2

60 ~340+ 1.5 M45, M46, M47 —258 8.2
61 —18.1+08 M45, Md6, M47 —~258 7.7
62 289+1.2 ee 42 13.1
63 353+ 1.8 M4, M5, M6 442 8.9
64 11.5+ 8.3 M36 6.1 5.4
65 ~52+06 M31, M32, M33 42 9.4
66 55 M31, M32, M33 42 1.3
67 55+ 06 M31, M32, M33 42 1.3
68 36.1 M8 36.4 0.3
69 27407 M1, M2 -3.1 5.8
70 —41.2 M4, M5, M6 —442 3.0
7 ~23.7+62 M40 -373 13.6
72 —36.7 + 45 M11, M12 —34.2 2.5
73 1.0+25 M31, M32, M33 42 32
74 -874+38 M34, M35 3.8 12.5
75 —250+ 63 M26, M27 -41.8 16.8
76 —38.7+6.3 M14, M15 —40.2 1.5
77 —-772+89 ¢ —80.5 33
78 —387+86 M14, MI15 —40.2 15
79 —45.04+ 3.6 M8 -36.3 8.7
80 ~1.0+36 b 0 1.0
81 —9.4+47 be 0 9.4
82 -0.6+0.6 b 0 0.6
83 —21462 be 0 2.1
84 —6.1138 be 0 6.1
85 -76+32 b 0 7.6
86 -32+3.1 b 0 3.2
87 239+ 09 o 42 18.1
88 246+ 4.0 e 42 17.4
89 283+ 1.0 o 42 13.7
90 258+ 2.2 42 16.2
91 238+ 19 M25 49.7 259
92 309+ 1.8 M25 49.7 18.8
93 31.2 + 3.1 M25 497 185
94 298 + 1.8 M25 497 199
95 —175+ 125 b 0 175
96 —52.4+ 100 ¢ -42 10.4
97 13+38 b 0 1.3
98 25+38 b 0 2.5
99 337+ 16 M21, M22 38.2 45

? Average of the results obtained with different models, when applicable.

2 particles = 2 particles.
¢ See discussion in text.
4 particle = 1 particle.
€ 1 particle = 2 particles.

S%=1320.85148 + 12.47177In T

+4.157255 In( I, I 1.) —831451In & (8)

(non-linear molecules)
1.4385,/T
S°=RY {
~ | exp(1.4387,/T)

—In[1 —exp(—1.4385,/T)]

S2=RIn w,

(9)
(10)

were T is the temperature (in K), M is the molar mass
(in gmol™"), I is the moment of inertia of a linear
molecule, I, [l is the product of the principal mo-
ments of inertia of a non-linear molecule, ¢ is the
symmetry number, V; is the wavenumber of the ith
normal mode of vibration of the molecule (in cm™'),
w, is the electronic ground state degeneracy, and R is
the gas constant.

The translational entropy given by Eq. (6) refers to a
standard pressure of 1 bar. According to this equation,
SY is proportional to In M, and therefore it is not
strongly dependent on changes of molar mass. This
implies, for example, that in reactions where one parti-
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cle yields two particles, if the molar masses of the
reactant and one of the products are of the same magni-
tude, the translational contribution to the reaction en-
tropy will be close to the translational entropy of the
second product. This is seen, for instance, in the case of
intermolecular carbonyl insertion reactions and in H,
oxidative additions, where the translational entropy
changes are nearly identical to S’(CO) and S/(H,)
respectively.

The previous discussion can be easily extended to
other types of reaction involving several numbers of
particles, displayed in Tables 1 and 2. It also applies to
the case of the rotational contribution: Egs. (7) and (8)
show that S° is rather insensitive to changes in the
moment of inertia.

Although the vibrational contribution to entropy can
be negligible compared with S? and S, particularly in
molecules with a small number of light atoms, such as
hydrogen and carbon, in the case of most organometal-
lic species it has to be considered. While this is true for
entropies of individual species, it becomes less relevant
when the vibrational entropy change A S° of a reaction
is calculated. In many reactions shown in Table 1, the
overall change in vibration degrees of freedom is smail
and leads to a small A S? (see, however, discussion
below).

Another important contribution to the entropy of a
large molecule comes from internal rotations {10a,11].
However, as in the case of vibration, in many reactions
the net change of the internal rotation degrees of free-
dom is small, leading to a small contribution to the
reaction entropy.

When the information about the electronic configura-
tion of the ground state is known, it is possible to
calculate the electronic contribution to the entropy by
using Eq. (10) (it is assumed that the energy difference
between the first electronic excited state and the ground
state is much higher than kz7). In a chemical reaction
where reactants and products have different ground state
degeneracies, the electronic contribution to the entropy
change must be considered if a very accurate value is to
be derived. Take, for example, the reaction of dissocia-
tion of I,, yielding two iodine atoms. The ground state
electronic degeneracies w,(I,) =1 and wy(I) = 4 lead
to TA S° = 3.4 kJ mol~'. In many organometallic reac-
tions involving coordinatively saturated complexes,
however, the variation of the ground state degeneracies
is not as large and therefore neglecting the electronic
contribution to the entropy leads to errors which are
often comparable with the experimental uncertainties.

In conclusion, A S? and A.S? are frequently the
most important contributions to the entropy of a reac-
tion. Owing to their insensitivity to changes in molar
mass and moments of inertia, these contributions have
roughly constant values for organic, inorganic or
organometallic reactions of the same type (CO inser-

tions, o-bond metathesis, etc.). Even though the entropy
of a gas phase reaction can be accurately calculated
from statistical thermodynamics, the method is labori-
ous and often the necessary structural and vibrational
data for reactants and products are not available or are
difficult to predict. The use of model reactions which
mimic the changes in the external and internal degrees
of freedom provides an alternative and easy way of
estimating TA, S for organometallic reactions within ca.
10 kJ mol™'. Other methods for predicting entropy
changes avoiding detailed statistical thermodynamic cal-
culations have been reported and applied to biochemical
systems [67-72].

Let us now analyse in more detail some of the
reactions in Tables 1 and 2, paying particular attention
to those for which & > 10 kJ mol ' (Table 3). Just for a
matter of convenience, the discussion below follows the
classification of reactions given in Table 2, according to
the number of particles as reactants and products.

4.1. 1 particle =1 particle

Small entropy changes for reactions where the num-
ber of particles is conserved can be predicted, particu-
larly when only structural rearrangements are involved.
This is indeed the case for reactions 46, 47, 56, 57, and
69. Although no models could be found for reactions
46, 47, 56, and 57, the reported experimental entropies
are close to zero, as expected for 1 particle = 1 particle
reactions. The negative value obtained for reaction 56 is
probably due to the formation of the three-membered
ring in the product. Note, however, that although a
negative entropy value is predicted for reaction 69
based on models M1 and M2, and a positive value is
experimentally found, the obtained & value in Table 3
is reasonably small, ca. 6 kJ mol~'. Note also, for
example, that Benson’s additivity scheme [10] also gives
a negative value (TA, S°= —0.9 kJ mol™ ") for the en-
tropy of the reactions

CH,CH(CH,)CH,(CO)H = CH,(CH,),(CO)H
(11)
CH,CH(CH,)CH,(CO)CH, = CH,(CH,),(CO)CH,
(12)

which may be better models for reaction 69.
4.2. 1 particle = 2 particles

Reaction 3 corresponds to a o-bond metathesis and
ring closure reaction. In this case the model M3 esti-
mates TA_S° within 2 kJ mol™'. A good agreement is
also observed for reaction 20, where model M18 was
used. However, it is surprising that the estimated TA, S°
value for reaction 19 (model M17) leads to a large
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deviation (29.4 kJ mol ') from the experimental value.
A similar comment applies to reactions 5 and 6, which
are CO insertions into M—H bonds. Although the model
reactions M11-M13 predict T4, S° for reaction 6 within
the experimental error, the corresponding estimate for
reaction 5 leads to a discrepancy of 20 kJ mol ™'

Reaction 7 is a ligand dissociation reaction. Based on
the model reactions M4—M6 it is expected that 74, S°
for reaction 7 is about 44 kJ mol ~'. The large discrep-
ancy found between the estimated and the experimental
value (37 kJ mol '), as well as the large uncertainty of
the experimental value, strongly suggest that the en-
tropy of reaction 7 in Table 1 is in error.

Models M4-M6 were also used for estimating the
entropies of reactions 24-33. As seen in Table I,
reactions 25-28 describe the cleavage of the Cr—Cr
bond in the complex [C{CpXCO),], and were studied
by different groups. The same happened with reactions
29-31 for the analogue Cp~ complex, and reactions 32,
33 for {Cr(CpXCO),[P(OMe),]},. It is noted that the
experimental values of TA S for reactions 26, 29, and
32, all measured by the same group, are considerably
higher than predicted by the model and are also in
disagreement with the other experimental values.

The experimental value of the entropy of reaction 36
is considerably smaller than the value predicted for the
model reactions M23 and M24. Both reaction 36 and
the models involve the formation of a monoatomic
species and a polyatomic fragment, implying identical
changes in translational, rotational and vibrational de-
grees of freedom. From the above discussion after Eqs.
(6)—(8) it is expected that the translational and rota-
tional contributions to A_S® are similar in reactions 36,
M23 and M24. However, the frequencies of the three
vibration modes lost upon dissociation of the model
compounds (CH,F and CH,Cl) are certainly much
higher than the corresponding frequencies in the case of
the dissociation of W(CO),Xe. Therefore, according to
Eq. (9), the negative vibrational contribution to 4, S°
will be much larger for reaction 36 than for the models
M23 and M24, leading to a considerably lower 4, S°
value in the former case [73].

The experimental values of the entropies for the CO
insertion reactions 49—52 show unexpected differences.
Indeed, while the models used for estimating 74§ for
R = Me and Ph lead to errors smaller than 10 kJ mol ™!,
the discrepancies found for R = Et and Pr are consider-
ably higher.

The reported entropies of reactions 62 and 87-90
seem too low when compared with typical data for 1
particle = 2 particles reactions, ca. TA S° = 42
kJ mol ~'. These discrepancies must be related to the
internal rotation of the n>-H, moiety in the reactant
complex and to the loss of internal rotation degrees of
freedom of the phosphine group upon formation of a
C-H —» M agostic interaction in the organometallic

product [74]. Both effects act in the same direction, i.e.
the former increases the entropy of the reactant and the
latter reduces the entropy of the product. While the
explanation seems reasonable, it could also be used to
predict that reactions 46 and 47 should have negative
(albeit small) entropies, which conflicts with the experi-
mental data in Table 1. Note, however, that the error
bars for the entropies of these reactions do not seem to
invalidate the prediction T4, S < 0.

A large deviation is found between TA S for reaction
75 and for the model reactions M26 and M27 (16.8
kJ mol™!'; Table 3). This discrepancy and the large
experimental error quoted for TA, S(75) suggest that the
reported entropy of reaction 75 is too high.

The reductive elimination reactions 91-94 have en-
tropies (79.9 + 6.3, 103.8 +£5.9, 104.6 £ 10.5, and
100.0+5.9 JK™' mol™' respectively), considerably
smaller than expected on the basis of the data for the
model reaction M25 in Table 2 (166.9 T K~ mol™"),
leading to an average & value of ca. 21 kJ mol™'. We
are unable to explain this discrepancy. Steric effects in
the reactant complex, hindering the internal rotations of
the SiMe, group, would imply an upward correction of
TA, S° predicted by the model.

4.3. 1 particle = 3 particles

No model is presented for reaction 77. Note, how-
ever, that this reaction corresponds to a double CO
insertion. Therefore it is expected that A S(77) is ap-
proximately twice the value given in Table 2 for models
M14 and M15, which yields TA_S° = —80.5 kJ mol ™"
This is in good agreement with the experimental value.

4.4. 2 particles = 2 particles

Reactions 37-41 should have entropies close to zero.
As stated by Angelici and Ingemanson [31], the abnor-
mally large experimental values are not understood.

Kubas et al. [32] have explained the negative en-
tropies of reactions 42 and 43 by the interaction of
solvent (thf) molecules with the coordinated water. As
one would expect that, in the absence of such specific
interactions, 74, S = 0 and, as also one cannot rule out
the solvation of free water reactant molecules, the ex-
perimental values imply that the coordination of thf to
the organometallic product produces a larger entropy
decrease than in the case of the free water molecule (see
below for more comments on solvation).

Although no specific model was used for reactions
53 and 54, the comparison between the corresponding
A_S values suggests that the value reported for reaction
53 is in error. While A § for reaction 54 is in the range
found for 2 particles = 2 particles reactions (i.e. A S=
0), the value for reaction 53 is much higher than
expected.
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The entropies of reactions 65—67 are close to zero as
predicted for this type of 2 particles = 2 particles reac-
tion. The negative value of A.S for reaction 65 is,
however, unexpected, judging from the positive en-
tropies of reactions 66, 67 and of the model reactions
M31-M33.

The model reactions M34 and M35 predict a small
positive value for the entropy of reaction 74. In contrast,
the experimental value found is small but negative. This
discrepancy suggests that the experimental value should
be redetermined, since it is based on measurements at
two temperatures only and has a large experimental
error.

We could not find appropriate organic analogues for
reactions 80-86, where an n?-ethylene is replaced by
another n’-olefin, and for reactions 95, 97, and 98. The
values of A_S reported for reactions 80-86 are, how-
ever, nearly within the expected range for 2 particles = 2
particles reactions, i.e. TA S=0, particularly if the
experimental uncertainties are considered. The same is
observed for reactions 95, 97, and 98, although in the
case of reaction 95 the recommended TA.S value is
about 18 kJ mol ™' higher than predicted.

4.5. 2 particles = 3 particles

Reaction 2 can be decomposed in a o-bond metathe-
sis and a ligand dissociation reaction. It is expected that
A S=0 for the former process (reactions M28-M30)
and A,S°=130-150 J mol~' K™' for the latter (see
reactions M4—M6). The model reaction M41 has A _S°
=147.4 I mol™! K~', which corresponds to T4, S° =
43.9 kJ mol™'. The estimate exceeds the experimental
TA.S value by 14.1 kJ mol~'. This significant differ-
ence may reflect a loosely bound thf molecule in the
organometallic reactant: the internal rotation and the
low frequency vibrational modes involving the coordi-
nated thf moiety, which will increase the entropy of the
organometallic adduct, are lost upon dissociation.

The value of TA §° = ~37.3 kJ mol™! for the model
reaction M40 is about 14 kJ mol™' lower than the
corresponding value for reaction 71 (—23.7 +6.2
kJ mol™'). We note, however, that the experimental
value relies on a van’t Hoff plot involving only three
temperatures.

4.6. 2 particles = 4 particles

Reactions 34 and 35 involve changes of ligand hap-
ticity and provide an example for which it is not
possible to find suitable organic models. Therefore,
large discrepancies between the entropies of models,
such as M42-M44, and the entropies of those
organometallic reactions could be expected.

4.7. 4 particles = 3 particles

The reactions M45-M47 predict, as observed experi-
mentally, that the absolute values of the entropies of
reactions 60 and 61 are smaller than the typical range
for 2 particles =1 particle reactions. The agreement
between the estimated and the experimental data is fair:
the prediction A, 5%= —86.7 Jmol™' K™! leads to
errors of 8.1 and 7.7 kJ mol ™' for reactions 60 and 61,
respectively (Table 3). These discrepancies are within
our accepted limits for the estimates. However, it is
somewhat surprising that the entropies of reactions 60
and 61 differ by 53 J mol™' K~'. This difference is
hardly justifiable by invoking solvent effects (see be-
low). Unfortunately, the entropies of the model reac-
tions M45-M47 vary over a wide range, making it
difficult to assess which is the most reliable experimen-
tal value.

5. Final comments

It is understood that the use of gas phase models at
298 K to estimate entropies of organometallic reactions
in solution 1s somewhat crude, since a more detailed
analysis of the internal and external degrees of freedom
of reactants and products (whenever possible), together
with temperature and solvent effects, might allow more
accurate predictions. However, the method discussed
above is extremely simple to apply and in most cases it
is sufficiently accurate to assess or to predict entropy
changes of organometallic reactions. It is of course
recognized that an error of 10 kJ mol™' in TA S leads
to a very large error in the equilibrium constant (see
Introduction) and, in this regard, the method is not
satisfactory. Yet, as mentioned before, a fair amount of
the experimental data is probably less reliable than the
values obtained through the model reactions.

Let us finally address the temperature and solvent
effects on the reaction entropies. The fact that the large
majority of organometallic reactions is studied in solu-
tion limits the temperature range of the experiments.
For example, all reactions in Table 1, except three
(7, 58, 63), were studied in solution at temperatures
ranging from ca. 170—450 K. As can be concluded from

298
A,5(298) = A S(T) + A,Cy In— (13)

the temperature corrections to derive 4,5 at 298 K are
well within the uncertainty accepted for the present
estimation method. A,C,, which represents the average
reaction heat capacity change in the temperature range
298-T, is small for most reactions in Table 1 (| AGCl

less than ca. 30 J mol™' K~' [75]) and is multiplied by



M.E. Minas da Piedade, J.A. Martinho Simdes / Journal of Organometallic Chemistry 518 (1996) 167180 179

a factor smaller than one. We therefore decided not to
apply any temperature corrections to our model.

With regard to solvation effects, the difference be-
tween the entropy of a reaction in the gas phase and in
solution has been discussed, and it does not seem to be
well understood [69,72,76]. 1t is generally agreed that
the transfer from the gas phase to solution of a reaction
where there is no net change in the number of particles
does not lead to a significant entropy difference. How-
ever, for reactions involving a different number of
particles as reactants and products there is conflicting
evidence about the expected entropy differences in the
gas phase and in solution [69,72,76]. According to
Hammett [76], in the case of 2 particles = 1 particle
reactions, it should be expected that entropies in solu-
tion are considerably less negative than in the gas
phase. However, as discussed by Page [69], similar
entropies should be expected for many association reac-
tions in the gas phase and in solution. Most data in
Table 1 refer to reactions involving neutral species, in
solvents where solvation effects are expected to be
small. The fact that the method of estimation discussed
in this paper leads to a satisfactory agreement with
experimental data, suggests that gas phase and solution
values of TA S for most reactions in Table 1 are similar
within the maximum accepted error for the estimations
(10 kJ mol™ "), even for reactions were the number of
particles is not conserved.
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