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The stability of a variety of bidentate N-base adducts of
MoO,Cl, and (CH3)ReO3 (MTO) was investigated in thf and
CH,Cl, as solvents. The formation constants were deter-
mined from the spectrophotometric data based on 1:1 adduct
formation. The adduct formation constants for [MoO,Cl,L,]
(L, = bidentate nitrogen ligand) are 10%*-10° times higher
than those for [(CH3)ReO3L,] with the same ligands under the
same conditions. The adduct stability of both systems is very
sensitive to the electronic nature of the ligands and increases
with their donor ability. Hammett correlations of the forma-
tion constants against ¢ give relatively large negative values
for the reaction constants (pre = -5.9, pnmo = —6.6). The stability
is also governed by steric and strain factors. Thus, sterically
hindered 6,6'-disubstituted-2,2’-bipyridines do not form ad-

ducts with MTO, and only 6,6'-dimethyl- and 6,6'-diphenyl-
2,2'-bipyridines form adducts with MoO,Cl,. However, these
adducts are much less stable than other methyl derivatives
of 2,2'-bipridine adducts. The steric strain between the two
methyl groups in 3,3-dimethyl-2,2'-bipyridine influences the
bipyridine planarity upon complexation and reduces the ad-
duct stability. The thermodynamic parameters (enthalpy and
entropy) were determined from temperature-dependence
studies. The adduct stability is mainly due to the strongly
exothermic binding of the nitrogen-bidentate ligand. The en-
tropy change is small and has little effect on adduct stability.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

High-valent d° early transition metal oxides are well
known for their catalytic oxidation activities in the presence
of peroxides.'l Among these, methyltrioxidorhenium(VII)
(MTO) and dichloridodioxidomolybdenum(VI) complexes
have been most widely utilized as catalysts or catalyst pre-
cursors for oxygen-atom transfer reactions to a plethora of
substrates.”? MTO is very stable and has been used in aque-
ous, semi-aqueous, and organic solutions under homogen-
eous and heterogeneous conditions,®! whereas dioxidomo-
lybdenum(VI) complexes, such as MoO,X, (X = Cl, Br, or
methyl), are coordinatively unsaturated (or coordinated to
labile solvent molecules) and highly sensitive to moisture.
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The Mo0O,X, moiety can be stabilized by adduct formation
with relatively strong basic donor ligands, such as 2,2'-bi-
pyridine and derivatives. Many papers have been published
on the effect of nitrogen donor ligands on the stability and
activity of MTO and, to a lesser extent, MoO,X, com-
plexes. Adducts of the composition [MoO,X,L,] are
formed with Lewis bases such as pyridine and 2,2'-bipyr-
idine>® The first X-ray crystal structure of an
[MoO,X5L,]-type complex was reported in 1966.]
[Mo0O,X,L,] complexes are monomeric and display a dis-
torted octahedral geometry, with the oxido ligands cis to
each other in order to maximize donation into the empty
toe set orbitals.®! Such MoY'-oxido complexes have been
used as active catalysts for olefin epoxidation by organic
peroxides, particularly homogeneous phase systems.-1% A
series of papers has been published in recent years showing
that complexes of the type [MoO,X,L,] are excellent cata-
lyst precursors for olefin epoxidation in the presence of zert-
butylhydroperoxide (TBHP).I''l As regards the reaction
mechanism, it has been generally agreed that formation of
a MoV alkyl peroxide occurs followed by transfer of the
distal oxygen atom of the alkyl peroxide rather than an ox-
ido ligand.!"?! The activity of d° M-oxido catalysts in olefin
epoxidation depends on the Lewis bases, the redox stability
of the ligands, and particularly on the stability of the ad-
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duct complexes.['3!4 The activity was also found to be in-
fluenced by both the electronic and steric nature of the li-
gands.[' In addition, substituted bipyridines can enhance
the catalyst solubility in organic solvents.['®) Adduct sta-
bility and loss of the bipyridine ligand in solution (espe-
cially in donor solvents such as thf or CH;CN) is a major
concern when using these catalysts under homogeneous
conditions. The release of the Lewis base ligand affects the
activity of the catalyst (due to polymerization and precipi-
tation of M00O,X,) and leads to the oxidation of the free
bipyridine ligand.['3 Accordingly, the whole catalytic sys-
tem is destroyed.

In this work, we set out to investigate the complexation
of a new series of bidentate (mainly 2,2'-bipyridines) li-
gands with MTO and MoO,X, in two organic solvents (thf
as a coordinating solvent and CH,Cl, as a non-coordinat-
ing solvent). The formation constants were determined to
provide direct information about the adduct stability and
the results correlated with the electron-donating and -with-
drawing abilities of the bidentate ligands to reconcile their
electronic effect on the adducts’ stabilities. Additionally,
both steric and strain factors were investigated. A compari-
son between MoO,Cl, and MTO adducts is further pre-
sented. To the best of our knowledge, this is the first study
that presents experimental details on the formation con-
stants and relative stability of bidentate nitrogen adducts of
MoO,Xs.

Results and Discussion

Methyltrioxidorhenium (MTO) and dioxidomolybde-
num(VI) compounds are Lewis acidic and electrophilic cat-
alysts. In organic solution, good Lewis bases (or nucleo-
philes) replace the solvent molecules and form stable ad-
ducts. Depending on the nature of the ligand and the sol-
vent, the adduct exists in equilibrium with the M-solvent
complex and the free ligand. Adducts of dioxidomolybde-
num(VI) with the formula [MoO,X,L,] (X = halogen or
alkyl; L, = mono- or bidentate nitrogen ligands) have been
used in catalytic reactions, such as oxidations with organo-
peroxides, but their adduct-formation constants have never
been determined. In this work, the formation constants of
various bidentate nitrogen adducts of MoO,Cl, and MTO
are examined in CH,Cl, and thf. MoO-Cl, is very labile in
solution and reacts rapidly with bidentate Lewis bases to
form a 1:1 adduct (Scheme 1). The bidentate nitrogen li-
gands enhance the complex stability and lead to electronic
and steric saturation of the Mo center. In addition, the li-
gands significantly affect the catalytic activity of the re-
sulting compounds.'3 Adduct formation between mono-
and bidentate nitrogen Lewis bases and MTO has been in-
vestigated in various organic solvents.!'’l Some 2,2’-bipyr-
idine- and other bidentate nitrogen adducts of MTO have
been prepared before and their stabilities in solution have
been investigated.[*!7 They also form 1:1 adducts as shown
in Scheme 1.
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4,4'-dimethyl-2,2"-bipyridine (3)
5,5'-dimethyl-2,2"-bipyridine (4)
6,6'-dimethyl-2,2'-bipyridine (5)
4,4'-dibromo-2,2'-bipyridine (6)
5,5'-dibromo-2,2'-bipyridine (7)
5,5'-dinitro-2,2'-bipyridine (8)
5,5'-diamino-2,2'-bipyridine (9)
5,5'-dicarboxyethyl-2,2'-bipyridine (10)
6-phenyl-2,2"-bipyridine (11)
6,6'-diphenyl-2,2'bipyridine (12)
4,5-diazofluoren-9-one (13)
1,10-phenanthroline-5,6-dione (14)
2,2":6',2"-terpyridine (15)
2,2'-biquinoline-4,4-dicarboxylic acid,

diethyl ester (16)
6,6'-dimethoxy-3,3' bipyridazine (17)
3,6"-bis(2-pyridyl)pyridazine (18)

Scheme 1. Adduct formation of MoO,Cl, and MTO with bidentate
nitrogen ligands in solution.

Determination of Formation Constants

The formation constants were determined from the ab-
sorbance changes as the equilibrium depicted in Scheme 1
is established. A new absorption band in the range 300-
450 nm (Figure 1) is usually observed upon formation of
the [M0oO,Cl,L,] adduct with any of the bidentate ligands
above. The absorbance of [MoO,Cl,(solv),] above 315 nm
is negligible and can be ignored (see Figure 1). The free li-
gand has a tiny absorption in this region but cannot be
ignored because it exists in large excess. The reaction leads
to a 1:1 adduct, [M0oO,Cl,(bipy)], which exists in equilib-
rium with the original [MoO,Cl,(solv),] and the free nitro-
gen ligand (Scheme 1).

The changes in absorbance (4bs) above 315 nm due to
the formation of [MoO,Cl,(bipy)] can be expressed by
Equation (1) (assuming a 1.0-cm path-length), where ¢; and
em are the molar absorptivities for the free bipy ligand (L)
and the [MoO,Cl,(bipy)] adduct (ML), respectively.

Abs = & [L] + ey [ML] (1)

Substituting the formation constant (K) for the forma-
tion of the [MoO,Cl,(bipy)] adduct into Equation 1, and
using the molar balance [M]r = [M0oO,ClL,] + [M0O,Cl,-
(bipy)], gives Equation (2). Complete derivation of Equa-
tion (2) is shown in Appendix I (Supporting Information).
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Figure 1. UV/Vis spectra of MoO,Cl, before and after the addition
of 5,5'-dibromo-2,2'-bipyridine (7) in thf at 25 °C. The solid line
spectra are for mixtures of Mo(0),Cl, and 7 in 1:1 (O), 1:2 (V),
and 1:5 (+) ratios, respectively.

8ML'[M]T'Keq[L]

Abs = el + 7y ) 2

The molar absorptivity of the bipy ligand (&) was deter-
mined in the absence of the metal complex and used in
Equation (2). If the absorbance of the free ligand at the
chosen wavelength is negligible and can be ignored (i.e.
& =0), then Equation (3) can be used to determine the for-
mation constant.

EML'[M]T'ch[L]

Abs = 1+ Keq[L] (3)
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The absorbance vs. concentration diagram of solutions
of the [MoO,Cl,(bipy)] complex with [bipy] is not like a
titration curve (see Figure 2). Instead, as more bipy is
added, it increases monotonically until finally a plateau is
reached. Fitting of the experimental absorbance data (at
equilibrium) as a function of [L] to Equations (2) or (3)
allows values for the equilibrium constants to be calculated
(Table 1).

3.0 T T T

Absorbance at 350 nm

L 1 A P 1

1 2 3 4 5 6

0.0
0

[5,5'-dibromo-2,2'-bipyridine] / nm

Figure 2. Plot of the absorbance change at 350 nm versus the con-
centration of 5,5'-dibromo-2,2’-bipyridine (7) in thf at 25 °C. The
solid line is the calculated data based on Equation (3) with K. =
(4.7+0.2)x10% and ey = 2.6 X 10* M em ™.

This fitting can only be used for adducts with relatively
low formation constants (K < 10%) where the equilibrium
concentrations of the bipy ligand are known and the as-
sumption that [L]y=[L]eq > [M]r is valid. When X is large
(K > 10%) the saturation is reached with relatively low [L]r,
therefore [L]y must not be very much greater than [M]y (i.e.
[L]t#[L]eq)- In these cases, the program PSEQUAD was
used to determine the equilibrium constants.'® This
method has been used for the determination of relatively
large formation constants based upon spectrophotometric

Table 1. Formation constants and UV/Vis spectroscopic data for MoO,Cl, adducts with different N-bidentate ligands in thf and CH,Cl,

at 25 °C.
Ligand Keq Keq Jlal (g,)ie] JIa ()bl

in thf in CH2C12 in thf in CH2C12
1 92+1.2) X 10° - 317 (1.4 X 10%) -
2 (1.6+0.2) % 10* - 330 (1% 10%) -
3 (9 = 3) % 10° - 320 (1% 10%) -
4 (2.4+0.5) % 10° - 318 (1.5 10%) -
5 (6.9+0.7) % 10° (2.2+0.3) % 10° 330 (4.9 X 10°) 330 (5% 10%)
6 (5.7+0.6) % 10* - 325 (1.4 % 10%) -
7 (4.7 +0.2) % 10° - 350 (2.6 % 10%) -
8 15+5 (9.6 +0.2) X 102 360 (2.1 % 10%) 360 (2.3 % 10%)
9 (3.8+0.9) % 10° - 450 (3.0 X 10°) -
10 (3.7 £0.36) x 10* - 340 (5.6 X 103) -
11 (2.4+0.2) % 10° (1.4+0.2) 10° 350 (2.9 % 10%) 350 (3.5 X 10%)
12 (1.2+0.4)x 10° (7=3)x 105 330 (2.0 X 10%) 355 (9.2 % 10%)
13 (3.9 +0.4) X 10° - 340 (4.8 % 10%) 340 (5 % 10%)
14 (1.0x£0.2)x 10* - 350 (5.2 % 103) -
15 (1.9 =0.1) X 10° - 330 (8.6 X 10°) -
16 (1.9+0.2) x 10° (1.1+0.2) X 10° 360 (2.8 X 10%) 385 (1.7 X 10%)
17 (2.7 +0.4) % 10° (1.5+0.2) x 10° 350 (1.7 % 10°) 360 (1.5 % 10%)
18 (1.5+0.4)x 10* - 350 (5.3 % 10°) -

[a] nm. [b] M 'cm ™.
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data.l'’”-11 The PSEQUAD program is designed to calculate
the best values for the formation constants of the proposed
equilibrium model by employing a nonlinear least-squares
approach. The data for 5,5'-dibromo-2,2'-bipyridine (7)
were checked by both methods, and the agreement in the
values of K was found to be within the experimental errors
of 42x%10% and 4.5%x 103 for the nonlinear least-squares
and PSEQUAD approaches, respectively. Another method
(competition method, see Exp. Sect.) was used to determine
formation constants with large values. The UV/Vis ab-
sorbance data used to obtain information about the equilib-
rium concentrations were collected in the presence of two
competing bidentate ligands, both of which are in equilib-
rium with the complex. If both ligands are present in large
enough amounts, which means that the free complex does
not exist, the following equilibrium [Equation (4)] is con-
sidered.

ML+ L"=ML" + L' r = K"/K 4)

To ensure that the complex exists only in the adduct
forms, this method is used in the presence of an excess of
L’ and L'’ with respect to the Mo complex, in other words
L’ and L"" > [M]r (at least 10 times larger). The changes
in absorbance were measured at a wavelength at which nei-
ther L' nor L"’ absorb significantly. Under these conditions,
the changes in absorbance due to the formation of ML’
from ML’ can be expressed by Equation (5) (in a 1.0-cm
path length).

Abs = ep[ML'] + e [ML"] (5)

where ey and eyp - are the molar absorptivities for the
adducts (ML’) and (ML'’), respectively. Substituting the
formation constants, or their ratio (r = K''/K"), into Equa-
tion (5), and using the molar balance [M]r = [ML'] +
[ML'"], gives Equation (6). Complete derivation of Equa-
tion (6) is given in Appendix II (Supporting Information).

(emr —emp) L]

Abs = {SMLf + [L/] + I"[L”]

}[M]r (6)

The spectrophotometric data obtained at fixed [M]r and
[L'] and by varying [L''] can be fitted to Equation (6) to
determine the unknown formation constant (K'’) of an ad-
duct from the known value (K') of another one. As shown
in Equation (6), if ML’ has a higher molar absorptivity

than ML'’ at the measuring wavelength (i.e. enrpr > emrr),
the absorbance will decrease upon the addition of L' to a
solution of ML'. In the opposite case, the absorbance will
increase when L'’ is added. Equation (6) can therefore al-
ways be used under the condition that ey # epp. Under
our experimental conditions ([M]r=0.1 mm), accurate ab-
sorbance measurements were obtained with &y /en = 100.
Each value of the formation constant was evaluated by at
least one method and the results are summarized in Table 1.

Similar methods and treatments were used to calculate
the adduct-formation constants of MTO with several biden-
tate ligands in thf and CH,Cl,. The results of these are sum-
marized in Table 2.

The Solvent Effect

Adduct stability in solution is greatly influenced by the
nature of the solvent. Thf, for example, is a far stronger
coordinating solvent than CH,Cl,, therefore the adduct-for-
mation constants in CH,Cl, are much larger. The linear
correlation of the formation constants obtained for CH,Cl,
[Kq(DCM)] with those obtained for thf [K.,(THF)] for the
Mo adducts is shown in Figure 3. The slope of the line rep-
resents the relative stability of [MoO,Cl,(thf)] as compared
to [MoO,Cl,(CH,Cl,)]. The results show that the parent
complex, MoO,Cl,, is about 500 times more stable in thf
than in CH,Cl,. Similar results were found for the MTO
system.

15.0 T T T T

100 [

10 Ko (DCM)

50

0.0 . .
0.0 0.5 1.0 15 20 2.5

10 Koo (THF)

Figure 3. Correlation of the adduct-formation constants in CH,Cl,
(DCM) and thf. Data are from Table 1 at 25 °C, and the solid line
is a linear fit.

Table 2. Formation constants and UV/Vis spectroscopic data for MTO adducts with 2,2’-bipyridine ligands in thf and CH,Cl, at 25 °C.

2l (g,)lb)
in thf

7 (o
in CH2C12

Ligand Koq Koq

in thf in CH2C12
1 - (3.9+0.2) X 10?
2 - 29+0.5
3 212 (3.9+0.2)x 103
4 9.1+1.6 (1.3x0.1)x 103
5 - 1.2+0.3
6 - 12+2
9 (41+0.2)x 103 (6+2)x10°

360 (9.7 % 10%)
370 (2.0 X 10%)

376 (1.8 X 10%)

360 (8.2 % 10)
370 (2.9 X 10%)
360 (1.0 X 10%)
360 1.0 X 103

360 (1.7 % 10%)
350 (3.2 % 10%)
370 (3.1 X 10%)

[a] nm. [b] M 'em™.
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The formation constants of MTO-bipy adducts in
CH,Cl, are also larger than those in thf. However, the sol-
vent effect is less than that observed for MoO,Cl,-bipy ad-
ducts. The smaller effect of the solvent on MTO-bipy ad-
duct-formation constants can be attributed to the fact that
MTO is highly stable and its coordination to a solvent does
not greatly affect its stability.

The Electronic Effect

We have investigated the stability of adducts of MoO,Cl,
and MTO with a broad variety of bidentate nitrogen li-
gands with different groups bound at different positions.
Upon coordination, the ligand affects both the electronic
and the steric environment of the complex, therefore the
presence of electron-donating or electron-withdrawing
group(s) on the bidentate ligands influences the stability of
the adduct.l!”!

The values of the formation constants (shown in Tables 1
and 2) obtained for both Mo and Re systems are highly
sensitive to the electronic nature of the ligand, with biden-
tate ligands bearing more strongly donating groups forming
more stable adducts in solution. For example, the presence
of CH; groups at the 5,5 positions of 2,2’-bipyridine en-
hances the stability by a factor of 500 with respect to Br
groups. The steric difference between CH; and Br groups
at these positions can be ignored. The adduct stability of
MTO and MoO-Cl, with different 2,2'-bipyridines follows
the order 4,4'-dimethyl- > 5,5'-dimethyl- > H > 4,4'-di-
bromo- > 5,5'-dibromo- >> 5,5'-dinitro-2,2'-bipyridine.

The electronic effect was examined more closely using
the Hammett correlation for 4,4'- (para) and 5,5’-disubsti-
tuted 2,2'-bipyridine (meta), as shown in Figure 4. The lin-
ear correlation between log(Kx/Ky) and o shows that the
adduct-formation constant increases with the donating abil-
ity of the bidentate ligand.

1.0 [

-1.0 i R 5,5'-diCQ,Et

log(K, /Ky;)

° 5,5-diBr

4.0 [

5,5-diNO,
L 1 n 2 2 1 n L L 1 2 n n 1 n n L 1 "

-5.0

-0.4 -0.2 0 0.2 0.4 0.6 0.8
(e}

Figure 4. Hammett correlations of the adduct-formation constant
for MTO (O) and MoO,Cl, (@) with 2,2’-bipyridine ligands
against g. The reaction constants are pr. = 5.9 £0.6 and pyo =
-6.6£0.3.
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Linear correlations, with negative values for the reaction
constants (pre = —5.9, pmo = —6.6), were obtained from the
above plots using the Hammett equation [log(Kx/Ky) =
po]. This indicates that the metal centers are highly electro-
philic and that adduct stability increases with the donating
ability of the ligand. The reaction constants have relatively
large negative values (p = -2.5 for MTO-py adducts), which
confirms the strong dependence of the adduct stability on
the electronic nature of the bidentate ligand, as shown in
Tables 1 and 2. This stability trend is also related to the
ligand basicity.['7]

The Steric Effect

The coordinating affinity of the bidentate ligands to the
MoV! and ReV!" compounds is influenced by both the elec-
tronic nature of the ligand and its steric effect, with the
formation constants of 6,6'-disubstituted-2,2'-bipyridine
adducts with MoO,Cl, being much smaller than other di-
substituted 2,2'-bipyridines containing the same groups.
For example, the formation constants for 4,4’- and 5,5'-
dimethyl-2,2’-bipyridine adducts are three to four orders of
magnitude larger than that for sterically hindered 6,6'-di-
methyl-2,2'-bipyridine adducts. Only 6,6'-disubstituted
2,2'-bipyridines with electron donating groups, such as
methyl, are able to form adducts with MoO,Cl,. However,
2,2'-bipyridines with chloro or bromo (electron-with-
drawing) groups at the 6,6’-positions do not form adducts
with MoO,Cl, in either thf or CH,Cl,. In the case of MTO,
none of the 6,6'-disubstituted-2,2’-bipyridines are able to
form an adduct in both solvents, even at low temperature
(0 °C). These results show that MTO is more sensitive to
the steric bulk of the bidentate ligands, whereas both MTO
and MoO,Cl, adducts show similar sensitivity to electronic
factors, as reflected by the Hammett correlation, the values
of which (pgr. and pyp,) are very similar.

The results obtained for the adducts with ligands 2, 13,
and 14 indicate a rigidity (strain) factor. If one considers
the electronic factor only, 3,3'-dimethyl-2,2'-bipyridine (2)
should be similar to 5,5'-dimethyl-2,2’-bipyridine (4) as
they both have methyl groups at the positions meta to the
pyridine nitrogens. However, the formation constants of
their adducts with MoO,Cl, and MTO show a large differ-
ence. Ligand 4 forms adducts with MoO-Cl, and MTO that
are 10>-10° times more stable than the adducts formed with
ligand 2. As shown in Scheme 2, 3,3'-dimethyl-2,2'-bipyr-
idine (2) is planar (aromatic) with the pyridine nitrogens
trans to each other to minimize the repulsion between the
two methyl groups. Coordination to the metal places the

G solv I ¢
N

oxl/ . 2 CH, ox | N Fcn,
/MO\ H.C —_— O, wnann
07| Ssav NN 07 | NP \~CHs

cl a c

2
Scheme 2.
www.eurjic.org 1023
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two nitrogens on the same side, which causes a steric
strain between the methyl groups and leads to a less stable
adduct.

Enthalpy and Entropy of Ligand Formation

The thermodynamic stability of adducts is controlled by
both enthalpy and entropy parameters. Negative values of
both the enthalpy and entropy have been reported pre-
viously for the formation of bipyridine adducts with
MTO.I'I The adduct formation constants of MoO,Cl, with
6,6-dimethyl-2,2-bipyridine (5) were investigated in CH,Cl,
over the temperature interval 5-35°C. The values of the
enthalpy change (AH® = —-42.1 0.4 kJmol™!) and the en-
tropy change (AS® = —-18.5+11.6 JK'mol™) for the ad-
duct-formation reactions were determined from the tem-
perature dependence of the formation constant by making
use of Equation (7) (see Figure 5).

In(K.q) = AS°/R — AH*/R(1/T) (7

16.0

155

rPPY
0.0032 0.0033 0.0034 0.0035

0.0036

YT 1K1

Figure 5. A plot of In(K.q) vs. I/T for adduct formation between
MoO,Cl, and 6,6'-dimethyl-2,2’-bipyridine (5) in CH,Cl,.

A negative enthalpy is expected!'” due to the replace-
ment of relatively weak ligands (i.e. solvent) with strong
ones (i.e. bipyridine). The value obtained for the MoO,Cl,/
5 adduct (AH® = —42.1 kJmol™!) is within the range of en-
thalpy values for 2,2'-bipyridine adducts of d°-metal com-
plexes.

The entropy changes are due to the changes in the en-
tropies of the solvent and the bipyridine ligand (i.e AS® =
AS® + ASY).PY Two solvent molecules are released during
adduct formation, therefore AS® must be positive. Similarly,
the change in ligand entropy (AS') upon complexation is
responsible for the negative reaction entropy and must also
be negative. The small negative entropy change indicates
that the stability is mainly governed by enthalpic rather
than entropic considerations. In conclusion, the reaction
thermodynamic parameters are mostly dependent on the
1024
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nature of the ligand — it is the binding strength of the bi-
pyridine ligand and the associated entropy change that
make the most important contribution to the values of AH®
and AS°, respectively. However, the value of AS° is small
and has little effect on the adduct stability. The donor abil-
ity of the ligand, which is clearly demonstrated by the Ham-
mett correlation above, must therefore play a major role in
adduct formation and stability.

MTO vs. MoO,Cl, Adducts

In the absence of strongly coordinating ligands, such as
pyridines and bipyridines, MTO is much more stable than
MoO,Cl, in solution. MTO is known for its high stability
in most organic solvents and aqueous solutions, whereas
MoO,Cl, is only stable in strong (and dry) coordinating
organic solvents, such as thf and DMSO. Mono- and biden-
tate nitrogen ligands greatly enhance the stability of
MoO,Cl, by forming 1:1 or 1:2 (M:L) adducts. The results
of this study clearly show that MTO-bipy adducts are less
stable in solution (relative to the solvent adduct depicted in
Scheme 1) than the MoO,Cl,-bipy adducts. MTO adducts
with Lewis base ligands are usually prepared in weakly co-
ordinating solvents, such as CHClI; or diethyl ether, and are
not stable in strongly coordinating solvents such as thf. The
formation constants of MTO-L adducts in thf are, relatively
speaking, very small. In fact, most pyridine and bipyridine
ligands (especially those with electron-withdrawing groups)
do not form adducts with MTO in thf solution. This agrees
with our previous observation of ligand exchange results on
both systems! ¢!l — the exchange is rapid and complete
when a better donor ligand is added to a solution of MTO
adduct. In the case of MoO,Cl, adducts, the exchange is
not prominent and the adducts are of comparatively high
stability even in strongly coordinating solvents such as thf.
As repeatedly stated above, MoO,Cl, is not stable (solvent
dependent) and its applications in catalytic oxidation are
therefore limited due to decomposition. Bidentate nitrogen
ligands are therefore of significant importance for the cata-
Iytic application of the MoO,Cl, system, especially in epox-
idation reactions at elevated temperatures.

Conclusions

Bidentate nitrogen ligands form highly stable adducts
with MoO,Cl, and relatively less stable adducts with MTO
in organic solvents. The formation constant (adduct sta-
bility) is governed by both electronic and steric effects.
Thus, whereas 6,6-disubstituted 2,2-bipyridine ligands do
not form adducts with MTO, they form (less stable) adducts
with MoO,Cl,. It seems that bidentate ligands fit well with
systems of the form MoO,X, (X = halo or alkyl) whereas
monodentate ligands are more suitable for the MTO sys-
tem. The MTO adducts are not stable in solution, except
when the ligand contains good donor groups such as methyl
or amino, and a large excess of ligand is needed to force
complexation. This would lead to a basic solution
(Bronsted basicity) and enhance the decomposition of
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MTO, especially under catalytic oxidation conditions with
H,0,.211 The [M0oO,Cl,L,] (L, is a bidentate N-ligand) ad-
ducts with strong donor ligands are almost completely
formed when the metal and the ligand are present in a 1:1
ratio. The adduct formation is crucial for Mo catalytic ap-
plications. With this large variety of ligands, one can choose
a suitable adduct for a certain reaction based on stability,
solubility, activity, and other reaction conditions.

Experimental Section

Material and Methods: All experimental work and manipulations
were carried out using standard Schlenk techniques under argon.
Solvents were dried by standard procedures (thf, hexane, and di-
ethyl ether over Na/benzophenone ketyl; CH,Cl, and CH;CN over
CaH,), distilled, and kept under argon over molecular sieves. Solu-
tion NMR spectra were measured with Bruker CXP 300 ('H:
300 MHz), Bruker Avance DPX-400 ('‘H: 400 MHz; !3C:
100.28 MHz; *°Mo: 26.07 MHz), and JEOL NMR GX-400 (3C:
100.28 MHz; 170: 54.14 MHz) spectrometers. The UV spectra were
measured with a JASCO UV/Vis V-550 spectrophotometer con-
nected to a water-circulating temperature control unit.

MoO,Cl, was purchased from Aldrich and used as received. The
starting complex [MoO,Cl,(thf),] was prepared by treating
MoO-Cl, with thf according to published procedures.l’! The bipy
ligands 2,2'-bipyridine, 4,4'-dimethyl-2,2'-bipyridine, and 3,6'-
bis(2-pyridyl)pyridazine, were obtained from Aldrich and used
without further purification. The remaining nitrogen ligands!*?! and
MTOB23] were prepared according to known literature pro-
cedures.

Formation Constant Measurements: The formation constants of
MTO and MoO,Cl, adducts with a series of bidentate nitrogen
ligands were determined from spectrophotometric data obtained
from homogeneous solutions at equilibrium containing the metal
complex, the bidentate ligand(s), and the adduct, using the follow-
ing methods:

I. Direct Method: A UV/Vis spectrophotometric method was used
to determine the formation constants of the bidentate ligand ad-
ducts with MoO,Cl, and MTO (Scheme 1). In a typical experi-
ment, a 0.1-0.2 mm solution of [MoO,Cl,(thf),] (or MTO) in thf
or CH,Cl, in a quartz cuvette with a 1-cm path length (total vol-
ume: 3.0 mL) was treated with successive aliquots of a solution of
the ligand, of known concentration, in the same solvent. The UV/
Vis spectra were recorded in the range 200-500 nm for the solution
before and after each addition of the ligand aliquot. The values of
the formation constants and extinction coefficients of each adduct
at a certain wavelength were determined by fitting the equilibrium
absorbance to Equation (2) or (3) by the nonlinear least-squares
method or using the PSEQUAD computer program.!'8]

II. Competition Method: This method is based on the replacement
of a weaker bidentate ligand (L', for which K’ is known) with a
stronger one (L'’, for which K'' is unknown) and was used for the
MoO,Cl, adducts which had relatively high formation constants
(K=10%. First, the formation of the weaker adduct [MoO,Cl,L,']
(0.1-0.2 mm), with known formation constant (K'), was established
in the presence of at least a 10-fold excess of L’ with respect to Mo
in thf or CH,Cl, solution in a quartz cuvette (1-cm path length,
total volume = 3.0 mL). Then, successive aliquots of a solution of
L', of known concentration and in the same solvent, were added.
After equilibrium was reached in the solution (waiting period 10—
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30 min), UV/Vis spectra were recorded in the range 200-500 nm
for the solution before and after each addition of L’’. The ratio (r
= K'"'/K") was determined by fitting the equilibrium absorbance
to Equation (6) using the nonlinear least-squares method with the
Kaleidagraph program.

Supporting Information (see also the footnote on the first page of
this article): Full derivations of Equations (2) and (6).
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