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Thermodynamic Study of the Binding of Methyltrioxorhenium with Pyridine
and Its Derivatives in Benzene Solution
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A spectrophotometric study of the interaction of methyl-
trioxorhenium (MTO) with pyridine and its derivatives in
benzene solution has been carried out at various tempera-
tures. The stability constants of the resulting 1:1 complexes
were determined by analysis of spectrophotometric data and
found to vary in the order 3,4-Me2Py � 4-tBuPy � 4-MePy
� 3-MePy � 4-BenzylPy � Py � 3-PhPy � 3-C(O)OMePy �

Introduction

Methyltrioxorhenium (MTO) has found numerous appli-
cations in various catalytic processes, especially the oxi-
dation of olefins,[1,2] alcohols,[3,4] arenes[5] and carbonylme-
tal compounds.[6,7] Epoxidations with MTO/H2O2 has se-
veral advantages. For instance, MTO is easily available and
is active at low concentrations of both MTO and H2O2. It
works within a broad temperature range (–40 to +90 °C)
and is stable in aqueous acidic solution as well as in basic
media in special cases. Furthermore, the MTO/H2O2 system
works in a broad variety of solvents, ranging from highly
polar solvents (e.g. nitromethane, water) to solvents with
low polarity (e.g., toluene). A major advantage of MTO,
however, is that it does not decompose hydrogen peroxide.
The most important drawback of the MTO-catalyzed pro-
cess is the concomitant formation of diols instead of the
desired epoxides, especially in the case of more sensitive
substrates.[8] It has been reported that the use of Lewis base
adducts of MTO significantly decreases the formation of
diols due to the reduced Lewis acidity of the catalyst sys-
tem. It has also been found that addition of a significant
excess of pyridine as Lewis base not only hampers the for-
mation of diols but also increases the reaction velocity in
comparison to MTO as catalyst precursor.[9,10] In addition,
it has been shown that 3-cyanopyridine, and especially pyr-
azole, as Lewis bases are even more effective and less prob-
lematic than pyridine itself, while pyridine N-oxides are less
efficient.[11–14] The Brønsted basicity of pyridines lowers the
activity of hydronium ions, thus reducing the rate of open-
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3-ClPy. The enthalpy and entropy of adduct formation were
determined from the temperature dependence of the stability
constants. All complexes formed were enthalpy stabilized
but entropy destabilized.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

ing of the epoxide ring.[15] MTO forms trigonal-bipyrami-
dal adducts with monodentate N-bases and (distorted) oc-
tahedral adducts with bidentate Lewis bases.[16–19] MTO
and its monodentate Lewis base adducts react with H2O2

to form mono- and bisperoxo complexes. The activity of
the bisperoxo complexes (with coordinated Lewis base) in
olefin epoxidation depends on the nature, concentration,
and redox stability of the Lewis bases. High selectivity (ep-
oxide vs. diol) can be attained by temperature control, trap-
ping of water, or the use of certain additives, such as aro-
matic Lewis-base ligands, which additionally accelerate the
epoxidation reactions.[20] The pKa of the Lewis base used is
important in achieving ligand-accelerated catalysis since the
extent of interaction between rhenium and the Lewis base
can be correlated to the latter’s pKa: more basic Lewis bases
tend to deactivate the MTO.[21] In this regard, we have re-
cently presented a convincing correlation between log K of
the binding constant, K, of the ligand L to MTO and the
pKa of L.[19] Considering the important applications of the
pyridine–MTO complexes in catalytic processes, and the ef-
fect of temperature on olefin epoxidation, in the present
work we have obtained the stability constants of adduct for-
mation of MTO with pyridine derivatives at different tem-
peratures and studied their thermodynamics.

Results and Discussion

Adduct Formation with Electron Donors

(η1-Organo)rhenium(vii) trioxides are Lewis acids with
two free coordination sites. Reaction with Lewis bases leads
to electronic and steric saturation of the Re center. Ligands,
especially those with oxygen or nitrogen donor atoms, form
Lewis acid–base adducts with MTO.[22–25] Although both
sites of bidentate ligands, such as 2,2�-bipyridine, can bind
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Scheme 1. Structural formulae of pyridine and its derivatives.

to the rhenium center to form a distorted octahedral com-
plex,[26] usually only a single monodentate ligand coordi-
nates to the rhenium atom when a monodentate ligand is
used. The lack of formation of MTO·L2 (L = monodentate
ligands) is probably caused by steric factors. Adducts of the
composition MTO·L2 are only known for very small Lewis
bases, for example NH3.[24,25] Special attention has been
paid to these adducts because they have proven to be highly
selective oxidation catalysts.[23] The reaction of MTO with
various pyridine derivatives in benzene affords 1:1 adducts
of the composition [CH3ReO3]·N [N = pyridine (1), 4-pico-
line (2), 3-picoline (3), 4-tert-butylpyridine (4), methyl nico-
tinate (5), 3,4-dimethylpyridine (6), 3-chloropyridine (7), 3-
phenylpyridine (8), and 4-benzylpyridine (9); see Scheme 1].

The interaction between MTO and several pyridines at
different temperatures was studied by UV/Vis spectroscopy.
The reaction between MTO and pyridines produces the
indicated adduct; the crystal structure for the 4-tert-butyl
analog has been reported previously.[16] In solution, how-
ever, these reactions do not proceed to completion. With
UV/Vis detection, an increase in N-donor concentration
caused more adduct to form. A series of experiments was
carried out with various pyridine derivatives containing
substitution in the 3- or 4-position. The values of the sta-
bility constants at different temperatures were evaluated for
the reaction represented in Scheme 2.

Scheme 2.
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The corresponding stability constant, Keq, is given by
Equation (1).

Keq. =
[MTO·N]

[MTO][N]
(1)

where [MTO·N], [MTO], and [N] represent the equilibrium
molar concentrations of adduct (CH3ReO3·N), free MTO,
and free (uncomplexed) pyridine or other ligand, respec-
tively. The absorbance changes in the UV/Vis spectra were
analyzed by a nonlinear least-squares fitting according to
Equation (2):[19]

(2)

where Abseq is the absorbance of a solution at equilibrium,
and εMTO and εMTO·N, are molar absorptivities for the MTO
and MTO·N species at the corresponding wavelength. The
data for pyridine fit well to Equation (2), affording these
values for the parameters: Keq = 677.6±9.7 Lmol–1 and
εMTO·py = 964.4±2.7 Lmol–1 cm–1 in benzene at 20 °C. Fig-
ure 1 shows the fit to Equation (2) of the absorbance values
at corresponding wavelength for pyridine at different tem-
peratures.

Derivatives of pyridine [4-Me, 3-Me, 4-C(CH3)3, 3-C(O)-
OMe, 3,4-Me2, 3-Cl, 3-Ph and 4-CH2Ph] also interact with
MTO to a greater or lesser extent. These data were also
treated by the same procedure used for pyridine. The re-
sulting parameters are indicated in Table 1.

As shown before,[19] stability constants are sensitive to
both steric and electronic effects. For N-donor ligands, a
linear relationship between log Keq and pKa at given tem-
perature is expected, as expressed by Equation (3).

log Keq = m(pKa) + b (3)
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Table 1. Stability constants[a] for the coordination of substituted pyridines to MTO at different temperatures in benzene.

Entry Ligand Keq [Lmol–1] Keq [Lmol–1] Keq [Lmol–1] Keq [Lmol–1] pKa
[b] σ[c]

at 10 °C at 20 °C at 30 °C at 40 °C

1 pyridine 1036.7±34.1 677.6±9.7 408.4±5.0 250.6±6.4 5.23 0
2 4-picoline 2056.8±76.5 1248.8±38.5 791.5±6.9 510.9±5.0 5.89 –0.17
3 3-picoline 2020.2±188.6 1082.7±53.1 696.5±38.6 408.7±13.6 5.79 –0.07
4 4-tert-butylpyridine 2542.9±68.5 1637.9±156.5 1043.5±22.0 724.7±14.2 5.99 –0.20
5 methyl nicotinate 220.8±6.7 117.3±3.3 66.5±6.7 39.7±2.8 3.13 0.32
6 3,4-dimethylpyridine 2848.6±102.2 2082.5±162.7 1698.7±90.4 888.2±89.2 6.46 –0.24[d]

7 3-chloropyridine 171.4±7.6 89.0±2.2 46.2±3.5 29.1±2.6 2.84 0.37
8 3-phenylpyridine 831.8±7.2 494.3±8.9 293.8±4.7 185.4±5.2 4.80 0.06
9 4-benzylpyridine 1649.5±39.6 980.4±42.9 537.2±37.4 312.7±19.6 5.59 [e]
10 3,5-dibromopyridine 32.9 15.2 6.7 4.3 0.82 0.78[d]

11 4-Me2NC5H4N 39219.3 33250.6 26921.6 17382.0 9.61 –0.83
12 3,5-dichloropyridine 29.1 13.3 5.8 3.8 0.67 0.74[d]

13 3-fluoropyridine 186.0 99.7 51.0 32.9 2.97 0.34
14 3-cyanopyridine 54.6 26.4 12.2 7.8 1.45 0.56
15 4-cyanopyridine 76.0 37.7 17.9 11.6 1.86 0.66
16 3-iodopyridine 233.1 127.4 66.4 42.9 3.25 0.35
17 4-phenylpyridine 1487.6 952.8 582.8 376.3 5.55 –0.01
18 3-methoxypyridine 866.9 530.1 309.6 199.9 4.88 0.12
19 4-methoxypyridine 3523.7 2429.9 1600.3 1033.2 6.62 –0.27
20 4-phenoxypyridine[f] 4653.7 3470.6 2423.3 1483.2 [g] –0.32
21 3-acetylpyridine 220.3 119.8 62.2 40.2 3.18 0.38
22 4-acetylpyridine 287.4 159.9 84.9 54.8 3.51 0.50
23 3-aminopyridine 2190.3 1450.2 916.8 591.9 6.03 –0.16
24 4-aminopyridine 26212.0 21468.4 16791.9 10841.8 9.11 –0.66
25 3-pyridinecarboxyaldehyde[f] 319.9 188.3 101.2 62.7 [g] 0.25
26 4-pyridinecarboxyaldehyde 242.6 133.0 69.6 44.9 3.30 0.45
27 3-nitropyridine 32.6 15.1 6.6 4.3 0.81 0.71
28 4-nitropyridine 62.2 30.3 14.1 9.1 1.61 0.78
29 3-bromo-5-methoxypyridine 138.1 72.1 35.9 23.2 2.60 0.51[d]

30 3-methyl-4-nitropyridine 101.6 51.7 25.1 16.2 2.22 0.71[d]

31 4-amino-3-bromopyridine 4943.1 3509.1 2379.1 1536.0 7.04 –0.27[d]

[a] Experimental values are given in bold; the others are redundant values calculated from them at a given temperature according to
Equation (3). [b] Ka applies to the reaction HL+ h H+ + L in aqueous solution. Data are from ref.[27,28]. [c] The σm parameter was used
for substitution at C(3), and the σp parameter was used for substitution at C(4). [d] These substituent parameters were obtained by adding
the individual σm or σp values for both substituents. [e] Not defined. [f] Values of Keq for these N-donor ligands were calculated with the
Hammett equation [log (K/K0) = ρσ]. [g] Not known.

Figure 1. Change in absorbance at 320 nm on addition of pyridine
(1) to MTO in benzene at T = 10, 20, 30, and 40 °C (temperature
increases reading downward); the solid lines show the fit of the
spectrophotometric data to Equation (2).
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Figure 2. Plot showing a correlation between the stability constants
(on the logarithmic scale) for adduct formation of MTO with dif-
ferent N-donors in benzene and pKa of the same ligands.
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In Figure 2, the values from Table 1 for log Keq are plot-

ted against pKa at various temperatures. It is evident that
the data for MTO·N fit on a straight line. The experimental
results listed in Table 1 were used to calculate the straight-
line equations summarized in Table 2 by least-squares pro-
cedures. These equations allow calculation of the expected
stability constant for an adduct of any monodentate N-do-
nor ligand from its pKa. In Table 1, 36 values of Keq at
different temperatures are derived from experiments and the
remaining 88 values of Keq are redundant and were calcu-
lated directly from these 36 experimental values; of course,
the calculated ones will have higher error limits owing to
the propagation of errors.

Table 2. Straight-line correlations for stability constants of MTO
with monodentate N-donors and ligand basicities[a] at different
temperatures in benzene.

Temp. [°C] m b R[b]

10 0.35±0.01 1.23±0.06 0.992
20 0.38±0.01 0.87±0.04 0.997
30 0.41±0.02 0.49±0.07 0.992
40 0.41±0.02 0.30±0.09 0.989

[a] The slopes (m) and intercepts (b) for the straight reference lines
from plots of log Keq vs. pKa were calculated by the least-squares
procedure from the data listed in Table 1. [b] Correlation coeffi-
cient.

From Table 1, it is obvious that the MTO–ligand interac-
tion is considerably weakened at higher temperatures. The
pyridine adducts of MTO are considerably less stable
towards moisture and temperature than MTO itself. This
enhanced sensitivity has also been observed for other N-
donor adducts of MTO.[29]

Linear Free-Energy Relationship (LFER)

An attempted linear free-energy relationship (LFER)
correlation according to the Hammett equation at 20 °C is
displayed in Figure 3. The slopes of the line of log (K/K0)
vs. σ (substituent constant) are –2.04±0.14 (R = 0.985),
–2.22±0.09 (R = 0.986), –2.42±0.11 (R = 0.987) and
–2.41±0.07 (R = 0.992) at T = 10, 20, 30, and 40 °C, respec-
tively, which are the reaction constants (ρ). The ρ values for
these plots have an absolute magnitude greater than 1, thus
indicating that the equilibrium is more sensitive to elec-
tronic effects than ionization of benzoic acid. The negative
reaction constant for the pyridines’ equilibrium indicates
that a positive charge develops on the pyridine nitrogen in
the adduct as compared with the free molecule. As ex-
pected, the ReVII center acts as an electron acceptor, at-
tracting electrons upon coordination. MTO is believed to
be a hard Lewis acid on the basis of its strong interactions
with N- and O-donor ligands and its weak interaction with
S-donor ligands.[15] Therefore, the affinity for the hard N-
atom in the N-donor ligands investigated here is expected
to be quite high.
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Figure 3. Hammett plot based on the stability constants (�: experi-
mental values; �: calculated values) for the binding of substituted
pyridines to MTO in benzene at 20 °C. The reaction constant (for
ligands 1–9) is –2.22±0.09.

Effect of Donor

In this work, we have nine donors with different electron-
donating capabilities due to different substitution on pyri-
dine. We chose to examine only adducts with pyridines sub-
stituted in the p- and m- positions in order to minimize the
steric influence of the Lewis base on the adducts. It is be-
lieved that the interaction between MTO and these donors
is governed by the electron density on the nitrogen atom of
the pyridine ring. On the basis of this description, the fol-
lowing sequence was confirmed from ΔG (20 °C, from
Table 3) and Keq (20 °C) values for the interaction of MTO
with monodentate N-donors.

Thermodynamic Parameters

In order to have a better understanding of the thermody-
namics of adduct-formation reactions of monodentate N-
donors with MTO, it is useful to consider the enthalpic and
entropic contributions to these reactions. The ΔH and ΔS
values for the adduct formation reactions were evaluated
from the corresponding temperature data by applying a lin-
ear ln Keq least-squares analysis according to the van’t Hoff
equation [Equation (4)].

ln Keq =
–ΔH

RT
+

ΔS

R
(4)

Plots of ln Keq vs. 1/T for different MTO·N systems were
linear for all cases studied (Figure 4). The enthalpies and
entropies of adduct formation were determined in the usual
manner from the slopes and intercepts of the plots and the
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Table 3. ΔH, ΔS, and ΔG values for adduct formation of MTO with pyridine derivatives in benzene.

Entry Ligand ΔH [kJ mol–1] ΔS [JK–1 mol–1] ΔG [kJ mol–1][a]

1 pyridine –35.1±1.6 –65.9±5.3 –15.9±0.1
2 4-picoline –34.2±0.1 –57.3±0.4 –17.4±0.1
3 3-picoline –38.6±1.4 –73.2±4.8 –17.0±0.1
4 4-tert-butylpyridine –31.1±0.6 –44.6±1.9 –18.1±0.3
5 methyl nicotinate –42.1±0.5 –104.1±1.6 –11.6±0.2
6 3,4-dimethylpyridine –27.1±5.3 –29.0±17.9 –18.6±0.2
7 3-chloropyridine –44.1±1.7 –113.1±5.7 –10.9±0.1
8 3-phenylpyridine –37.0±0.3 –74.9±1.1 –15.1±0.1
9 4-benzylpyridine –41.2±1.4 –83.6±4.5 –16.8±0.1
10 3,5-dibromopyridine –51.0 –151.4 –6.6
11 4-Me2NC5H4N –19.4 19.9 –25.4
12 3,5-dichloropyridine –51.5 –154.2 –6.31
13 3-fluoropyridine –43.3 –109.5 –11.2
14 3-cyanopyridine –48.8 –139.2 –7.9
15 4-cyanopyridine –47.3 –131.2 –8.8
16 3-iodopyridine –42.3 –104.1 –11.8
17 4-phenylpyridine –34.0 –59.2 –16.7
18 3-methoxypyridine –36.4 –72.3 –15.3
19 4-methoxypyridine –30.2 –38.4 –19.0
20 4-phenoxypyridine –27.8 –27.6 –19.8
21 3-acetylpyridine –42.5 –105.4 –11.6
22 4-acetylpyridine –41.3 –99.0 –12.4
23 3-aminopyridine –32.3 –49.9 –17.7
24 4-aminopyridine –21.2 10.2 –24.3
25 3-pyridinecarboxyaldehyde –40.6 –95.3 –12.8
26 4-pyridinecarboxyaldehyde –42.1 –103.1 –11.9
27 3-nitropyridine –51.0 –151.6 –6.6
28 4-nitropyridine –48.2 –136.0 –8.3
29 3-bromo-5-methoxypyridine –44.6 –116.7 –10.4
30 3-methyl-4-nitropyridine –46.0 –124.1 –9.6
31 4-amino-3-bromopyridine –28.6 –30.2 –19.9

[a] At 20 °C.

results are summarized in Table 3. The values of ΔH and
ΔS for ligands 1–9 were calculated directly from experimen-
tal values of Keq and for ligands 10–31 they were derived
from calculated Keq values at different temperatures. These
data allow calculation of the enthalpy and entropy changes
for an adduct of any N-donor ligand from its Keq and pKa.
From the data given in Table 3, it is readily obvious that the
MTO·N adducts formed in benzene solution are enthalpy

Figure 4. van’t Hoff plots for adduct formation of MTO with pyri-
dine derivatives [(a) 3-chloropyridine; (b) methylnicotinate; (c) 3-
phenylpyridine; (d) pyridine; (e) 4-methylpyridine; (f) 4-tert-butyl-
pyridine] in benzene.
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stabilized but entropy destabilized. It should be noted that,
to the best of our knowledge, no published values of ΔH
and ΔS for the adduct formation of MTO are available for
comparison with the results obtained here. The ΔG values,
calculated from ΔG = –RT ln Keq at 20 °C, are included in
Table 3.

Thermodynamic Analysis of the Adduct-Formation Reaction

Solvation Energy

An Onsager’s reaction field model[33–35] was introduced
to estimate the solvation energy. The reaction field model
expresses solvation energy by

(5)

where εr and n are the dielectric constant and refractive in-
dex, respectively, of the solvent and μ and r represent the
dipole moment and the diameter, respectively, of the solute.
Since the solvent (benzene) is the same for all the systems
(MTO + N h MTO·N), the parentheses term of Equa-
tion (5) becomes constant. Thus, solvation energy is as-
sumed to depend only on the μ2/r3 term. Since the radii will
change only slightly, one can approximate rMTO·N = rMTO
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+ rN, and the solvation energy can therefore be expressed
as a linear function of μ (see Table 4).

Table 4. Dipole moments of some pyridine derivatives.

Ligand μcalcd. [D][a] μexp. [D][b]

Pyridine 2.35 2.20
4-Picoline 2.78 2.68
3-Picoline 2.61 2.45
4-tert-Butylpyridine 2.89
Methyl nicotinate 0.70
3,4-Dimethylpyridine 3.05
3-Chloropyridine 2.16 2.02
3-Phenylpyridine 2.48
4-Benzylpyridine 2.64

[a] The μ values for N-donors were obtained from B3LYP/6-
311++G** calculations with the Gaussian 98 program package.[30]

[b] Available experimental data are from refs.[31,32]

For reactions of the type considered in this work ΔG =
ΔGi – ΔGs, where ΔGi is the Gibbs free energy change of
the adduct formation reaction without solvation and ΔGs is
the additional term due to the effect of solvation. We per-
formed a trial plot of ΔG against μ according to Equa-
tion (5) for nine different N-donors (1–9), shown in Fig-
ure 5, to determine if there exists any correlation between
ΔG (or ΔGs) and μ. The plot shows a good linear relation-
ship. Therefore, we concluded that ΔG, and hence ΔGs, are
controlled by μ of the N-donor after the reaction field
model.

Figure 5. Correlation between ΔH, ΔG, or TΔS and dipole mo-
ment. Data were taken from Tables 3 and 4 (for ligands 1–9) at
20 °C and fitted to a linear relation.

Enthalpy and Entropy Contributions

The stabilization model by solvation seems to explain the
μ-dependence of ΔG in the MTO·N-donor adduct forma-
tion. Since the Gibbs free energy consists of enthalpy and
entropy terms (ΔG = ΔH – TΔS), we discuss the solvation
effect by considering the two terms separately and try to
understand how these thermodynamic terms (ΔH and ΔS)
of the reaction depend on the dipole moment of the N-
donors.
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For a given reaction, the enthalpy and entropy changes
can be considered to be composed of intrinsic (ΔHi and
ΔSi) and solvation (ΔHs and ΔSs) terms:

ΔH = ΔHi + ΔHs

ΔS = ΔSi + ΔSs

In the enthalpy term, the second term is for the solvation
energy and is possibly proportional to μ. We plot the ΔH
values against μ in Figure 5 to find some correlation be-
tween ΔH and μ. Figure 5 shows a reasonable linear depen-
dence of ΔH upon μ. Therefore, we concluded that ΔH is
controlled by μ of the N-donors, and the reaction field
model seems valid in the adduct formation MTO + N-do-
nor � Adduct. Since the slope in the plot of ΔH vs. μ is
positive, the solvation energy of the reactants is larger than
that of the adduct. We discuss this result according to
Equation (5). Since the refractive index, n, and the dielectric
constant, εr, of the solvent are constant, we consider only
the μ2/r3 term. This formula means that the solvation en-
ergy depends on the dipole moment and the volume. We
discuss these factors separately. The volumes of MTO and
the N-donor are smaller than the adduct, although one can
assume that this factor, compare to the dipole moment, is
not very important, because rMTO·N � rMTO + rN. Thus,
the solvation energy for the reactants is larger than that of
the adduct. The dipole moment plays an important role in
the solvation. The dipole moment of the adduct is probably
smaller than the reactants due to the structure of the ad-
duct. The dipoles of MTO and N-donors may be antiparal-
lel and cancel each other out in the adduct. Also, the ΔH
value for the adduct MTO·3,4-dimethylpyridine is less
negative (–27.1 kJmol–1) than the others (i.e. MTO·3-ClPy:
ΔH = –44.1 kJmol–1), although the formation constant is
the highest (2082.5 Lmol–1 at 20 °C). It seems that this do-
nor is better solvated, due to its larger dipole moment, and
this reduces the overall enthalpy.

The ΔS values, which are negative in the present associa-
tion reaction, apparently depend on μ and change from
–104.1 to –29.0 (JK–1 mol–1) as μ increases from 0.7 to
3.05 D, for ligands 5 and 6 respectively. We qualitatively
discuss the relation between enthalpy change (ΔHs) and en-
tropy change (ΔSs) by solvation. The ΔH values are plotted
against ΔS in Figure 6. The absolute value of ΔH (or exo-
thermicity of the reaction) increases as the entropy change
decreases, which indicates that solvation controls not only
ΔH but also ΔS. When the N-donor has negligibly small μ,
the enthalpy changes of solvation ΔHs for the reactants and
the adduct are negligible, and the solvent molecules are
loosely bound to the reactants and the adduct. Thus, the
solvent molecules are not well aligned with the reactants or
with the adduct (negligible ΔSs). This is the case of the
“small μ limit” as shown in the energy diagrams in Figure 7.
On the other hand, for the N-donor having large μ, the
solvation energy becomes much larger, according to Onsag-
er’s reaction field model (negative and larger ΔHs), and the
solvent molecules are tightly trapped by the reactants and
the adduct. Thus, the solvent molecules are well aligned
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with the reactants and with the adduct (negative and large
ΔSs). This is the case of the “large μ limit” in Figure 7.
As a result, the absolute magnitudes of ΔH and ΔS values
decrease when μ changes from the small μ limit to the large
μ limit. It might be worthy to note that: (1) both ΔH and
TΔS contribute similarly to ΔG, and that (2) these contri-
butions cancel out each other, resulting in a rather constant
ΔG value against μ. This feature is visualized in Figure 5,
where ΔG, ΔH, or –TΔS are plotted against μ values; the
ΔH and TΔS contributions vary, but ΔG does not vary
greatly for various N-donors with different μ. All these phe-
nomena can be reasonably explained in the thermodynami-
cal terms described above.

Figure 6. Correlation between ΔH and ΔS (enthalpy–entropy com-
pensation) for adduct formation of MTO with pyridine derivatives.
The data are listed in Table 3.

Figure 7. Energy diagrams of the reactants and the adduct: (a) en-
thalpy changes upon adduct formation; (b) entropy changes upon
adduct formation. Both ΔH and TΔS are small for N-donors with
large μ.
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The enthalpy–entropy compensation plot of adduct for-
mation of MTO with pyridine derivatives, which is shown
in Figure 6, gives a good straight line. This may be taken as
evidence for the operation of a common structure–activity
relationship in this series of complexes.[36,37]

Conclusions

Lewis-base adducts of MTO are known to be more rigid
at lower temperatures and less strongly coordinated at
higher temperatures. The stability of the adducts formed by
pyridine and its derivatives with MTO is entirely due to a
negative ΔH, while ΔS counteracts the adduct formation
investigated here. ΔH and ΔS are controlled by the dipole
moments of pyridine derivatives. Both ΔH and ΔS are small
for N-donors with large μ.

Experimental Section
The compound methyltrioxorhenium (MeReO3 or MTO) was syn-
thesized according to a literature procedure.[22] The pyridine deriva-
tives were purchased from commercial sources (Merck or Fluka)
and were used as received. Benzene (Merck, quality: for spec-
troscopy) was used as solvent throughout this study and the data
were obtained at different temperatures (10, 20, 30, and 40 °C).
A Perkin–Elmer Lambda 25 spectrophotometer with temperature
control using an EYELA NCB-3100 constant temperature bath
was used to record UV/Vis spectra. Typically, a 2×10–4 m solution
of the MTO in benzene contained in a quartz cuvette with a 1-cm
path length was treated with successive aliquots of a solution of
the N-donor ligand, of known concentration, in the same solvent.
The values of stability constants and the extinction coefficient of
adducts at different wavelengths were determined by fitting the
equilibrium absorbance to Equation (2) by the method of nonlinear
least-squares.
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