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Mono- and dinuclear complexes of oxomolybdenum(V) with 2,20-bipyrimidine (bpym),
MoOCl3(bpym) (1) as two geometric isomers (violet and brown), Mo2O3Cl4(bpym)2 (2),
Mo2O4Cl2(bpym)2 (3), and Mo2O2Cl6(�-bpym) (4), have been prepared and characterized by
EPR, electronic, infrared and Raman spectroscopy, thermal analysis and theoretical
calculations. Magnetic susceptibilities in the 4.6–290K range show different magnetic behavior
for the MoO3þ, Mo2O

4þ
3 and Mo2O2 (�-bpym)6þ units. The EPR spectra have also been

registered. Theoretical calculations converged to two stable isomers named cis and trans for
MoOCl3(bpym), Mo2O3Cl4(bpym)2 and for Mo2O4Cl2(bpym)2 but four isomers for
Mo2O2Cl6(�-bpym). Based on the theoretical and experimental results for the violet and
brown 1, we assume that both cis and trans isomers are present in the solid state. This could
also explain the existence of two isomers in Mo2O2Cl6(�-bpym).

Keywords: 2,20-Bipyrimidine; Oxomolybdenum(V); Antiferromagnetic dimer; Diamagnetic
dimer; Theoretical analysis

1. Introduction

Molybdenum(V) complexes have been studied for their capability of forming
monomeric and dimeric compounds with different ligands. In dinuclear complexes,
bridges are usually one or two oxygens, two sulfurs or two chlorides. Molybdenum in
the þ5 oxidation state forms a variety of complexes having either the monomeric MoO
or the oxo-bridged Mo2O3, Mo2O4 structural units, which invariably contain one
multiple bonded terminal atom per molybdenum [1–5].

Studies on molybdenum(V) chemistry frequently face difficulty in discerning among
the several types of oxygen-bridged dimers that occur. Infrared spectral measurements
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of metal-to-oxygen multiple bonded systems have been only attained for the

compounds in which the oxo ligand is in a terminal position.
In complexes of the general type [{Mo(O)(X)}2-(O)x(S)2�x] [X¼ dithiocarbamate,

S2CNR�2 , or phosphorodithionate S2PðORÞ�2 ; x¼ 0–2], the molybdenums are five

coordinate and displaced towards the terminal oxide [6]. The possibility of changing

coordination number in molybdenum chemistry is of interest in catalysis, as it allows

the binding of substrates to molybdoenzymes [7]. Isomerism of Mo complexes has been

extensively studied. In 1971, Saha et al. [8] reported the isolation of MoOBr3Phen in

two colored forms (red and deep chocolate), associated with cis and trans stereoisomers;

their hydrolysis gave oxo and dioxo bridged dimeric species. Chatt et al. [9] reported the

synthesis of a series of octahedral molybdenum oxo complexes bearing phosphine

ligands; cis-mer Mo–OCl2(PMe2Ph)3 has been isolated in both blue and green isomeric

forms with slightly different �(Mo¼O) stretching frequencies (blue 954 cm�1 and green

943 cm�1) [10]. However, after extensive investigations the existence of several different

bond lengths was explained as a crystallographical disorder caused by co-crystallization

of the isostructural yellow trichloride complex mer MoCl3(PMe2Ph)3 as an impurity

[11]. Gibson et al. [12] have found the conditions required to crystallize each form; the

blue form (954 cm�1) is obtained by crystallization from ethanol in the presence of

water, whereas the green form (943 cm�1) is obtained in dry solvent.
These different findings prompted us to investigate Mo(V) complexes with different

ligands and different kinds of solvents to better understand the influence of ligand and

solvent on the chemistry of Mo(V). In this article we describe the synthesis and

characterization of a new molybdenum(V) dioxo complex of 2,20-bipyrimidine,

Mo2O4Cl2(bpym)2 and an improved method for the preparations and characterization

of MoOCl3(bpym) (violet and brown), Mo2O3Cl4(bpym)2 and Mo2O2Cl6(�-bpym),

having respectively the [MoO]3þ, [Mo2O3]
4þ and [Mo2O2(�-bpym)]6þ units [13]. The

complexes contain 2,20-bipyrimidine as a bidentate ligand or as a bis-bidentate bridge

between two Mo atoms (see scheme 1). In the latter, the bpym facilitates weak

antiferromagnetic intradimer exchange [14, 15].
Spectroscopic FTIR, Raman and EPR spectra, thermal and magnetic characteriza-

tion of the complexes are reported. No reliable crystal structure could so far be

determined for all the complexes, but the results of theoretical calculations provide

better understanding of the solid properties.

Scheme 1. 2,20-Bipyrimidine ligand coordinated in a bidentate mode (left) and coordinated in a
bis(bidentate) bridging mode (right).
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2. Experimental

2.1. Preparation of complexes

The Saha and Halder method [3] was followed for the preparation of
(NH4)2[MoOCl5].

2.1.1. MoOCl3(bpym) (violet) and MoOCl3(bpym) (brown) (1). The reaction of a
solution of bpym (1.92mmol, 0.30 g) in 20mL of absolute ethanol with MoCl5
(1.28mmol, 0.35 g) in 20mL at room temperature gave a violet precipitate
after stirring the mixture at room temperature for 30min. The precipitate was
filtered off, washed with ethanol and dried in air. Yield 99.5%. Anal. Calcd
for C8Cl3H6MoN4O (violet) (%): C, 25.52; H, 1.61; N, 14.88. Found: C, 25.57;
H, 1.75; N, 14.54.

When 96% ethanol was used instead of absolute ethanol and the stirring maintained
at room temperature for 5 h, a brown precipitate formed. Yield 99%. Anal. found (%):
C, 25.59; H, 1.75; N, 14.84.

2.1.2. Mo2O3Cl4(bpym)2 (violet) (2). The reaction of a solution of bpym (1.92mmol,
0.30 g) in 20mL of absolute ethanol with MoCl5 (1.92mmol, 0.525 g) in 20mL at room
temperature gave a violet precipitate after stirring the mixture at room temperature for
30min. The precipitate was filtered off, washed with ethanol and dried in air. The same
violet powder was obtained from reaction between 1.92mmol (1.63 g) of
(NH4)2[MoOCl5] in 20mL of absolute ethanol and 1.92mmol (0.30 g) of bpym in
20mL absolute ethanol. Yield 98%. Anal. Calcd for C16Cl4H12Mo2N8O3 (%): C, 27.51;
H, 1.72; N, 16.05. Found: C, 27.80; H, 2.08; N, 15.5.

2.1.3. Mo2O4Cl2(bpym)2 (orange) (3). The reaction between 1.92mmol (0.525 g) of
MoCl5 or 1.92mmol (1.63 g) of (NH4)2[MoOCl5] in 20mL of 96% ethanol and
1.92mmol (0.30 g) of bpym in 20mL of 96% ethanol gives an orange powder. Yield
99%. The same result is obtained when the crude �-oxo complex was washed with 96%
ethanol instead of absolute ethanol. Anal. Calcd for C16Cl2H12Mo2N8O4 (%): C, 29.80;
H, 1.88; N, 17.40. Found: C, 29.50; H, 2.06; N, 16.12.

2.1.4. Mo2O2Cl6(k-bpym) (brown) (4). Reaction of 1.53mmol (0.42 g) of MoCl5 in
20mL of chloroform and 0.76mmol (0.12 g) of bpym in 20mL chloroform gave 4 as a
brown powder after stirring the mixture at room temperature for 24 h. The precipitate
was filtered off, washed with chloroform and dried in air. Yield 97%. Anal. Calcd
for C8Cl6H6Mo2N4O2 (%): C, 16.14; H, 1.01; N, 9.41. Found: C, 16.43; H, 1.08;
N, 9.08.

2.2. Physical measurements

C, H and N were analyzed using a Perkin–Elmer 240C elemental analyzer.
Visible spectra were recorded on a UV/vis spectrophotometer (Shimadzu UV-300,
Hewlett-Packard 8453 diode-array). IR spectra were recorded in the 4000–400 cm–1
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range using KBr pellets on a Nicolet FT-IR spectrometer. The Raman spectra
were recorded with a Bruker IFS 66 spectrophotometer. Thermal analyses were
made with Shimadzu TGA 50 and DTA 50H under oxygen flowing at 50mLmin�1.
The heating rates were 5�Cmin�1. Magnetic measurements were carried out in
the 290–4.6K range with a Manics DSM8 magnetometer equipped with a He
continuous-flow cryostat and Drusch EAF 16UE electromagnet. The EPR spectra
were recorded with a Bruker ESP 300 spectrometer with a Bruker ER 035M
Gaussmeter, Oxford ITC4 cryostat and HP 5325B frequency counter.

2.3. Theoretical calculations

Computational study of the Mo transition metal complexes has been carried out
using the density functional theory (DFT) methods implemented in Gaussian 03 [16].
The systems studied herein were subjected to unrestrained energy minimizations
using the B3LYP functional [17] with the 6–31þG* basis set [18] for nonmetal
atoms and the Los Alamos effective core potentials (LANL2DZ) [19] for Mo. DFT
methods have been shown to reproduce the structural properties of several biologically
interesting transition metal centers, and their validity to model ground-state
properties is widely accepted [20]. The calculated geometries are contrasted with
experimental data and the nature of the singular points addressed through the
calculation of the Hessian matrix components. IR frequencies have been calculated
by means of the same procedure and have been corrected using 0.9614 as scaling
factor [21].

3. Results and discussion

3.1. Structural characteristics

The structures of the compounds from the geometry optimization procedure are shown
in figure 1. Relevant calculated bond distances are reported in Supplemental Material;
all calculated distances and angles are within the range found in other Mo(V) structures
containing Mo¼O groups, including those with bpym (see below) [22–27] and
references therein].

3.2. Visible spectra

The visible spectra of the complexes have been determined using nitromethane as
solvent. The main electronic transitions are reported in table 1. The values are in good
agreement with those reported for related complexes [28].

Both the monomeric and dimeric complexes exhibit two bands close to 500 and
750 nm, which were attributed to 2B2!

2B1 and 2B2!
2E(I) according to the

Balhausen-Gray scheme for an octahedral structure [29]. The high intensity of the
band at 524 nm in the monomeric violet complex relative to the one in the brown
one gives the intense color to the monomeric complex. A third transition around
420–480 nm must be assigned to a L!Mo charge transfer.

3818 D. B. Soria et al.
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Figure 1. Structures derived from the theoretical calculations. Relevant bond distances are shown. In all
cases the geometry optimization converged to two stable isomers (named cis and trans) but four stable isomers
for Mo2O2Cl6(�-bpym). More details are given in the text.
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3.3. Vibrational spectra and structural characterization

The main features of the infrared spectra of 1–4 are summarized in table 2. The most

relevant bands for determination of the structures are those in the 900–1000 cm�1

region, associated with Mo¼O stretching modes [30].
The two crystalline forms of MoOCl3(bpym) exhibited slightly different IR

spectroscopic properties in the solid. The infrared spectra of both compounds have

�(Mo¼O) stretching bands at 977 cm–1 in the FTIR spectra and 976 cm–1 in Raman

spectra, and an additional band at 943 cm�1 which is very weak in the violet complex,

and with higher intensity in the brown one.
Calculations found two stable isomers, 1a and 1b (figure 1). In 1a the oxygen lies in

the same plane as the bpym ligand, with a Mo¼O bond length of 1.69 Å and a

calculated Mo¼O stretching frequency of 980 cm–1. In 1b, the oxygen lies out of the

bpym plane, with Mo¼O distance of 1.70 Å and a calculated stretching �(Mo¼O)

of 950 cm–1. In both cases the Mo¼O bond lengths (1.69 and 1.70 Å) are within the

range found in other Mo(V) structures containing Mo¼O groups [28–30 and references

therein]. Both structures are almost isoenergetic at the calculation level, with 1a only

2Kcalmol�1 more stable than 1b. The optimized geometry is in very good agreement

with the X-ray structure of MoO2Cl2(bpym) [31].
The violet and brown species are mixtures of 1a and 1b in different proportions,

based on the small energy difference between the two isomers (2Kcalmol�1), and that

the bands observed in FTIR spectra (977 and 943 cm–1) perfectly match those calculated

for each complex, at 980 and 950 cm–1. The weak absorption of the band at 943 cm�1 in

the FTIR spectrum of the violet species lead us to associate it with a mixture with higher

proportion of isomer 1a, as the color is mainly dictated by the intensity of the band at

977 cm�1, originated in the stretching of the Mo¼O bond (length¼ 1.69 Å). Higher

proportion of 1b in the brown species is responsible for the increased intensity of the

943 cm�1 band. The �(Mo¼O) values are in good agreement with those reported for

related complexes.
Relatively little is known of the spectroscopic properties of dinuclear [Mo2O3]

4þ

(�-oxo) complexes and [Mo2O4]
2þ (�-dioxo). The vibrational spectra of Mo(V)

Table 1. Electronic spectra of the MoOCl3(bpym) violet and brown,
Mo2O3Cl4(bpym)2 Mo2O4Cl2(bpym)2 and Mo2O2Cl6(�-bpym) complexes.

Compound �max (nm) " Assignments

MoOCl3(bpym) (violet) 420 539 L!Mo (CT)
524 9901 2B2!

2B1

740 170 2B2!
2E(I)

MoOCl3(bpym) (brown) 420 375 L!Mo
524 277 2B2!

2B1

740 123 2B2!
2E(I)

Mo2O3Cl4(bpym)2 431 3376 L!Mo
525 7341 2B2!

2B1

722 983 2B2!
2E(I)

Mo2O4Cl2(bpym)2 420 2137 L!Mo
– –
– –

Mo2O2Cl6(�-bpym) 478 2018 L!Mo
623 1776 2B2!

2B1

721 1658 2B2!
2E(I)

3820 D. B. Soria et al.
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dinuclear complexes containing the [Mo2O3]
4þ (�-oxo) moiety show IR bands at

�970 cm–1 for �(Mo¼O) and �750–800 cm–1 for �as(Mo–O–Mo). A third band at
�430� 25 cm–1 has been attributed to either a �s(Mo–O–Mo) mode or to a deformation
of the bridge [25].

The infrared spectrum of Mo2O3Cl4(bpym)2 shows only a strong band at 966 cm–1

assigned to Mo¼O. In the Raman spectrum this band is observed at 963 cm–1. The
FTIR spectrum also has a medium band at 801 cm–1, probably due to �as(Mo–O–Mo).
A split band at 463–458 is assigned to bridge deformation, �(Mo–O–Mo), whereas a
band at 416 cm–1 is probably due to �s(Mo–O–Mo). The reported assignments are
based on those previously made by Lincoln et al. [25].

The �-oxo dimer consists of two distorted octahedral MoOCl2(bpym) units bridged
by an oxo. Calculations found two isomers of similar energy for the Mo2O

4þ
3 (�-oxo)

dinuclear complexes, differentiated by the relative orientations of the Mo¼O groups.
In both cases the Mo¼O bond lengths (1.69 and 1.71 Å) are similar to those found for
other Mo(V) structures. The structure of 2a is characterized by a linear Mo–Ob–Mo
symmetric bridge with a 179.94� bond angle and a 1.87 Å Mo–Ob bond length (figure 1).

Table 2. Selected calculated and observed infrared and Raman spectral data (cm�1).

Calculated

Compounds trans cis FTIR Raman Assignments

MoOCl3 (violet) 980 977 s 976m �Mo¼O
943 sh 950 w �Mo¼O

381m �Mo–Cl
368 �Mo–Cl
317 w �Mo–N

MoOCl3 (brown) 950 977 s 976 w �Mo¼O
943m 950 w �Mo–Cl

381m �Mo–Cl
368 �Mo–N
317 w

Mo2O3Cl4(bpym)2 (violet) 969 976/973 966 s 963m �Mo¼O
701 690/667 801m a �asymMo–O–Mo

a
466 457 463–457m a �Mo–O–Mo
414 409 414m �symMo–O–Mo

366 w �Mo–Cl

Mo2O4Cl2(bpym)2 (orange) 317 vw �Mo–N

950 963/940 955 s 954m �Mo¼O
934 sh 934 w �asymMo–O2–Mo

720 735/608 735m –
499 – 486 �Mo–O2–Mo
432 �symMo–O2–Mo

381m �Mo–Cl
368 �Mo–Cl
317 w �Mo–N

Mo2O2Cl6(�-bpym) (brown) 991b 973c 983 s 974 w �Mo¼O
973d 959e 951m 950 w �Mo¼O
336b 387m �Mo–Cl
336b 317 w �Mo–N

aThe baseline Raman spectrum for Mo2O3Cl4(bpym)2 was not good.
b,cThe oxo ligands are in the same bpym plane.
d,eThe oxo ligands are out of the bpym plane.
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Bpym and oxo are located in the same plane. In 2b, the oxo groups are cis with Mo¼O
distances of 1.69 Å. The optimized geometry shows a non-symmetric and nonlinear
Mo–Ob–Mo bridge (bond angle 168.21�), with bpym defining a dihedral angle of
37.65�. The trans isomer is 2.77 kcal more stable than the cis.

The calculated vibrational spectra for the trans isomer shows Mo¼O stretching at
969 cm�1, the �as(Mo–O–Mo) at 701 cm�1, and �(Mo–O–Mo) at 466 and 414 cm�1.
The cis isomer has split bands, �(Mo¼O) stretching is calculated as a split band at 976 and
973 cm–1, whereas �as(Mo–O–Mo) appears as two bands at 690 and 667 cm–1, and the
�Mo–O–Mo as two bands at 457 and 409 cm–1. According to the calculation, we associate
Mo2O3Cl4(bpym)2 complex with 2a having Mo¼O groups trans. Isomer 2a is
centrosymmetric with only the symmetric mode (�s) Raman active and the antisymmetric
mode (�as) is infrared active. Accordingly, the FTIR spectrum shows a strong band at
966 cm–1 (theoretical at 969 cm–1) and at 963 cm–1 in the Raman spectrum, due to the
symmetric vibration. The FTIR band at 966 cm–1 is in agreement with those reported for
Mo2O3Cl4(dpy)2 (966 cm

–1) [32] and transMo2O3Cl4(HB(pz)3)2 [25]. An additional band
at 801, which is absent in the IR spectra of the mononuclear complexes, may be assigned
to the �as(Mo–O–Mo) mode. This band is calculated at 701 cm–1. We associate the
mismatch between theoretical and experimental data, only found for �as(Mo–O–Mo), to
a packing effect present in the trans isomer from interactions between bpym moieties.
This effect shifts the �as(Mo–O–Mo) frequency in response to the increase of electron
density of the aromatic ligands. The non-bonded interactions are not taken into account
in the calculations ‘‘in vacuo.’’ Nevertheless, it is well known that, in the solid, the
environment affects the electron-donating and accepting properties of the ligand. In
agreement with our results, a recent structural characterization of molybdenum(V)
species [33] reports a band at 803 cm�1 for �as(Mo–O–Mo) bridge of the dimeric species
mono-oxo [Mo2O3Cl6(H2O)2]

2�. Other observed bands in the FTIR spectra, at 457 and
414 cm–1, are assigned to �(Mo–O–Mo) vibrations (calculated 466 and 414). These bands
are characteristic of the dinuclear species with the linear or nearly linear Mo–O–Mo
bridge [26–34], showing good agreement with theoretical results. Bands at 457, 414 and
801 cm–1 are absent in the monomeric species.

In the di � oxo dimeric complexes, Mo2O4Cl2(bpym)2, the infrared spectrum shows a
strong band at 955 cm�1 with a shoulder at 934 cm�1 that can be assigned to terminal
Mo¼O vibrations. The Raman spectrum also shows these at 954 and 934 cm–1.
The band in the Mo2O2 bridge at 735 cm

�1 is due to the antisymmetric Mo–Ob stretch.
A broad medium split band appears as peaks at 499 and 486 cm�1, associated with �
and �s(Mo–O–Mo) modes, respectively. These features are not observed in the Raman
spectrum. The assignments are consistent with those made for dioxo bridged species in
complexes of Mo(V), Mo2O4Br2(Phen)2 [26] and Na2[Mo2O2(�-O)2(cys)2] � 5H2O [35].

The geometry optimization converged to two stable isomers for the dioxo complex
in figure 1 (3a and 3b). The trans form is centrosymmetric with a symmetric dioxo
bridge and equal Mo¼O bond lengths (1.71 Å). In the cis form, the two bpym ligands
are almost perpendicular to each other, showing different Mo¼O distances and an
asymmetric dioxo bridge.

The calculated IR bands for the trans isomer have Mo¼O stretching at 950 cm�1

and asymmetric Mo–O2–Mo bridge at 720 cm�1. The cis isomer displays split bands
at 963/940 cm�1 for Mo¼O and 735/608 cm�1 for the Mo2O2 bridge.

Both the calculated IR bands and relative energies point to the trans isomer as the
dioxo complex experimentally observed. The shoulder observed at 934 cm�1 is probably

3822 D. B. Soria et al.
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due to dipole- dipole coupling between the �asym Mo¼O modes of the Mo¼O groups,
which are close to each other in the trans dimer (Mo–Mo distance of 2.57 Å versus
3.11 Å in the cis isomer). The relative energy calculated for the two isomers favors the
trans isomer by 9 kcalmol�1 over the cis.

For bpym complexes, infrared spectra differentiate terminal or bridged bpym
coordination. Two bands exist for terminal coordination, a sharp and characteristic
band at 1656 cm�1 associated with another at 1580 cm�1 [36], and only one for a
bridged bpym with the band at lower frequency not existing in bridge coordination. In
the complexes analyzed herein, the IR spectra of 1, violet and brown, 2, and 3 show two
bands associated with terminal bpym. The IR spectrum of 4 displays a unique band at
1580 cm�1, indicative of bridged bpym.

The FTIR spectrum of Mo2O2Cl6(�-bpym) shows two bands for Mo¼O stretching,
the most intense band located at 983 cm�1 and a medium band at 951. In the Raman
spectrum these bands appear at 974 and 950 cm�1 with low intensity, very similar to
those of the monomeric complexes.

The geometry optimization converged to four stable isomers for the bpym-bridged
complexes (4a, 4b, 4c and 4d in figure 1), two with oxo ligands in the same bpym plane
(4a trans and 4b cis) are 21 kcalmol�1 more stable than 4c trans and 4d cis. In the last
two isomers, the Mo¼O groups are axial relative to the bpym plane. The calculations
indicate that trans 4a and cis 4b have slightly shorter Mo¼O distance (1.682 Å) than
4c and 4d (1.696 Å). In the four isomers the bpym is in the same plane as the equatorial
chlorides.

The calculated vibrational spectra for the four isomers show Mo¼O stretching
at 991, 973, 973 and 959 cm�1 for 4a, 4b, 4c and 4d, respectively.

Attending the experimental bands observed for Mo2O2Cl6(�-bpym), we associate the
983 cm�1 band to 4a (calculated at 991 cm�1), and at 951 cm�1 to the 4d isomer
(calculated at 959 cm�1) where the oxo groups are axial relative to the bpym plane.

In all the cases, the Mo–Cl and Mo–N stretching modes are only observed in the
Raman spectrum due to the range in the FTIR (500 cm�1).

The FTIR and Raman results for all complexes are shown in table 2, together with
theoretical results.

Infrared results are in good agreement with theoretical calculations indicating the
presence of trans and cis isomers (violet and brown) for the monomeric species. In the
dimeric � oxo the only band assigned to the Mo¼O stretching indicates trans
Mo2O3Cl4(bpym)2. For Mo2O4Cl2(bpym)2 the spectroscopic and theoretical results
confirm trans isomer with Mo¼O groups coupled due to the short distance between
them (2.57 Å). The results found for the bpym-bridged complex support the presence
of two isomers, 4a and 4d.

3.4. Thermal analysis

The complexes were studied in oxygen to 900�C. The characteristic peaks of the DTA
curves are indicated in table 3. At 300–500�C the decomposition of complexes occurs
with formation of MoO3, characterized by infrared spectroscopy. This decomposition
process has weak and poorly defined endothermic peaks in the DTA curves at
300–400�C and a remarkable exothermic peak in the 400–490�C range, due to total
decomposition of the ligand.

Elimination of MoO3 takes place at 750–800�C, through an endothermic peak.
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3.5. Magnetic and EPR results

The magnetic results from 4.6–290K are summarized in table 4.
The violet and brown monomers have room temperature magnetic moments

(1.60 and 1.61MB) corresponding to Mo(V), lower than the spin only moment because

of spin-orbit coupling. Plots of the corrected molar magnetic susceptibility per Mo(V),

�M versus temperature for the brown complex are shown in figure 2. The violet

compound is similar. The �M is approximately constant from 290–25K. Below this

temperature �M decreases, indicating an antiferromagnetic effect. Curie–Weiss fitting of

the experimental data, according to the expression �¼C/(T� �) with plots of �� 1

versus T, have been used to estimate the � values (figure 2). Fitting in the high

temperature range (T430K) gives a good linear correlation with � values of �4.43 and

�3.60K for the violet and brown compounds, respectively. Higher temperatures

have been used for 4 (T470K) to ensure a proper extrapolation of the Curie-Weiss

temperature, leading to a value of �¼�14.78K (figure 3).
The data were further fitted to a Curie law modified by inclusion of intermolecular

interaction [37],

� ¼
½Ng2�2SðSþ 1Þ�

½3kT� zJSðSþ 1Þ�

where N, g, �, k and T have the usual meanings, J is the interaction parameter between

two nearest neighbor paramagnetic species, z is the number of nearest neighbors

around a given paramagnetic species in the crystal lattice and S¼ 1/2. The resulting zJ

values, �3.2 cm�1 (violet) and �3.0 cm�1 (brown), correspond to an antiferromagnetic

interaction.
For 2, with a Mo–O–Mo bridge, the room temperature magnetic moment is 0.6MB

and decreases with decreasing temperature, common in compounds containing

[Mo2O3]
4þ with a linear Mo–O–Mo bond, due to the interaction between the two

Mo(V) atoms through the bridging oxygen, which leads to spin-pairing of the two

unpaired electrons. As indicated by Garner et al. [38], the terminal oxygens are usually

cis to the oxo bridge and cis or trans to each other. The dxy orbital of Mo(V), with the

unpaired electron, are in proper alignment with a p orbital on the bridging oxygen to

form three-center molecular orbitals. The bonding and nonbonding orbitals are filled

and the paired electrons give a diamagnetic structure. The magnetic behavior confirms

the linear Mo–O–Mo bridge in 2. Bending of the Mo–O–Mo bridge would lead

to paramagnetism.

Table 3. Significant peaks in the DTA curves of all the complexes.

Compounds Exothermic peak (�C) Endothermic peak (�C)

MoOCl3 (violet) 485 791
MoOCl3 (brown) 457 788
Mo2O3Cl4(bpym)2 437 771
Mo2O4Cl2(bpym)2 420 780
Mo2O2Cl6(�-bpym) 441 789
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For 4, the magnetic moment decreases with decreasing temperature. The plot

of magnetic susceptibility per dimer versus temperature (figure 3) indicates a

significant antiferromagnetic intradimer interaction. The data were fitted using the

Bleaney-Bowers equation for dimers with S1¼S2¼ 1/2 modified by inclusion for

monomeric impurity [39]:

� ¼ C 2 expð2xÞð1� 	Þ=½1þ 3 expð2xÞ� þ C	=2

where C¼Ng2�2/kT, x¼ J (kT)�1 and 	¼ fraction of monomeric impurity. The J value,

�10.1 cm�1, corresponds to antiferromagnetic coupling. In general, bipyrimidine

generates a weak antiferromagnetic exchange between paramagnetic cations.

Table 4. Magnetic results for MoOCl3(bpym) (1) violet and brown, Mo2O3Cl4(bpym)2 (2) and
Mo2O2Cl6(�-bpym) (4) complexes.

Compound �a (K) �(MB)b(290K) �(MB)b (4.6K) g zJc (cm�1) Jd (cm�1) 	d R(�104)

1 (violet) �4.43 1.60 1.29 1.94c �3.2 6.89
1 (brown) �3.60 1.61 1.33 1.95c �3.0 3.08
2 0.6
4 �14.78 1.20 0.63 1.95d �10.1 0.03 8.62

aFrom the Curie–Weiss law, �¼C/(T� �), more details in the text.
bMagnetic moment per Mo(V) atom.
cFrom intermolecular interaction equation.
dFrom intramolecular interaction equation.
R¼�i[(�M)obs(i)� (�M)calc(i)]

2/�i[(�M)obs(i)]
2.

Figure 2. Plots of �M(cm3 mol�1) vs. T and 1/�M vs. T for MoOCl3(bpym) (1b). Solid line shows the best fit
indicated in the text.
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The antiferromagnetic interaction observed in bpym-bridged dimers of divalent
first-row transition metal ions has been explained by 
 overlap in the plane between
the dx2�y2 orbital of each metal ion and the HOMO of bpym. In the case of Cu(II)
this is the only operative exchange pathway because only the dx2�y2 orbital may be
occupied by the unpaired electron [40, 41]. In other metal ions the �-exchange
pathway is operative but makes negligible contribution. For Mo(V), with a 4d1

electron configuration, the antiferromagnetic interaction must be attributed to the �-
exchange pathway because the unpaired electron cannot be located in the dx2�y2

orbital. Expansion of the 4d orbitals in comparison with that of the 3d orbitals may
be significant given the absence of magnetic interaction in [(VO)2Cl4 (�-bpym)], with
a 3d1 electron configuration.

The powder spectra (Q band) at 290 and 100K for violet and brown are similar with a
symmetric signal (g¼ 1.95). For 4 an orthorhombic signal is recorded at different
temperatures, with g1¼ 1.97, g2¼ 1.94 and g3¼ 1.93.

4. Conclusions

MoOCl3(bpym) (violet and brown), Mo2O3Cl4(bpym)2, Mo2O4Cl2(bpym)2 and
Mo2O2Cl6(�-bpym) were synthesized and characterized by elemental analyses,

Figure 3. Plots of �M (cm3 mol�1) vs. T and 1/�M vs. T for Mo2O2Cl6(�-bpym) (4). Solid line shows the best
fit indicated in the text.
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thermogravimetry and FTIR, Raman and EPR spectroscopy. The chemistry is further
demonstration of the propensity for molybdenum(V) to hydrolyze with formation of
different isomers and dimers. Theoretical calculations for 1–4 provide a comparison
spectroscopic and structural data for the monomeric and dimeric species.
The calculated geometries are in good agreement with experimental determinations
reported for related compounds and can be nicely correlated with the spectroscopic
data. The agreement between observed and calculated vibrational data allows further
assignment of the synthesized complexes.
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