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The direct interaction of MoCl5 with a series of carboxylic acids has been elucidated for the first time. The reactions proceed with release of 
hydrogen chloride and Cl/O interchange between the metal centre and one equivalent of organic substrate: this feature is unique in the context of 
the chemistry generally shown by transition metal halides with carboxylic acids. The dinuclear complexes [MoOCl2(κ

1-CX3CO2H)(µ-Cl)]2 (X = H, 
1a; X = Cl, 1b) and Mo2O2Cl6(µ-CH3CO2H), 2a, were isolated as the prevalent metal products of the 1:2 molar reactions of MoCl5 with 
CH3COOH and CCl3COOH. Evidence for the formation of Mo2O2Cl6(µ-CCl3CO2H), 2b, was achieved by allowing MoCl5 to react with 
CCl3COOH in 2:3 ratio. Instead the reactions of MoCl5 with a three-fold molar excess of RCOOH afforded the mononuclear complexes 
MoOCl3(κ

1-RCO2H)2 (R = CH3, 3a; CCl3, 3b; CHCl2, 3c; CMe3, 3d) in 50-60% yields. The new compounds were characterized by analytical and 
spectroscopic techniques, moreover the X-ray molecular structures were ascertained for 1a, 1b and 2a; 1a and 1b display single Mo−Mo bond. 
DFT calculations were carried out in order to shed light into structural aspects. 

 

Introduction 

The reactions of transition metal chlorides with acetic acid and 
related halo-α-substituted compounds usually take place via the release 
of hydrogen chloride and may represent an entry into the rich 
chemistry of carboxylato complexes.1 This reactivity has been clearly 
ascertained, inter alia, for oxophilic chlorides of metals belonging to 
the groups 4 2 and 5.3 The coordination of the intact carboxylic acid to 
the metal centre should be considered as the preliminary step of the 
subsequent activation, however this may not occur in some cases.3c 

On the other hand, high-valent main group compounds, i.e. 
SOCl2,

4 SiCl4,
2d,5 CCl4,

6 PCl3,
7 POCl3 

8 and PCl5,
9 have been typically 

employed as effective chlorinating agents towards the carboxylic acid 
function, to afford acyl chloride derivatives.  

In the framework of our interest in the reactivity of high valent 
transition metal halides,10 we have been involved with some 
unexplored areas of the coordination chemistry of molybdenum 
pentachloride.11,12 As a matter of fact, MoCl5 is a versatile, oxophilic, 
cheap and environmentally acceptable chemical,13 that has been 
effectively employed as catalytic precursor for a large variety of 
organic reactions.13,14,15 Oxidative transformations of aryls deserve a 
particular citation: such reactions, which are experiencing a 
renaissance in synthetic organic chemistry, successfully exploit the 
unique redox properties of Mo(V) chloride.14 

Despite this preamble, in general the knowledge of the interaction 
of MoCl5 with single organic compounds, in the absence of further 
reactants, has been limitedly elucidated. A possible discouraging 
drawback may reside in the high moisture sensitivity exhibited by 
MoCl5, demanding accurately anhydrous reaction systems, and the 
variety of reaction pathways that may take place when such metal 
species is allowed to contact with potential ligands.16,10a,d,e,f In this 
context, the only report on the reactivity of MoCl5 with molecules 
containing the [COOH] functionality referred to the reactions with 
benzoic acids and stearic acid, which were carried out in variable 
experimental conditions. The formation of mixed chloro-carboxylate 
complexes was claimed, in agreement with the general trend observed 
in the literature (see above). Notwithstanding this hypothesis relied on 
limited analytical data and unambiguous structural characterization 
was not supplied.17 Otherwise carboxylic acids, in combination with 

MoCl5, may play a crucial role in catalytic reactions: for instance, 
CCl3COOH was used as effective co-catalyst in the phenylacetylene 
polymerization by MoCl5, however no explanation was given in terms 
of possible MoCl5-CCl3COOH interaction.15e 

In the present paper, we deal with the chemistry of MoCl5 with a 
selection of carboxylic acids, including acetic acid and halo-α-
substituted related compounds. The reactions have been carried out in 
a weakly coordinating medium (dichloromethane). Analytical, 
spectroscopic and DFT studies have been carried out in order to 
elucidate the structures of the metal products. Moreover, NMR 
experiments have allowed to outline the destiny of the organic 
substrate. 

Results and Discussion 

The 1:2 molar reactions of MoCl5 with carboxylic acids afforded 
mixtures of highly-moisture sensitive metal compounds and the 
respective acyl chlorides (Scheme 1). According to NMR experiments, 
nearly one equivalent of RC(O)Cl was produced per mole of Mo. The 
reactions were accompanied by HCl release, as evidenced by silver 
chloride precipitation tests (see Experimental).  
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Scheme 1. The 1:2 reactions of MoCl5 with carboxylic acids. 
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The production of RC(O)Cl appears to be the result of Cl/O 

interchange between the metal centre and the organic substrate; 
coherently, the IR spectra (in the solid state) of the residues obtained 
by solvent elimination from the reaction mixtures displayed intense 
absorptions around 1000 cm−1, accounting for the presence of the 
mono metal-oxido moiety (vide infra).12b-i,18 

The chlorinating behaviour exhibited by molybdenum Mo(V) 
chloride towards carboxylic acids resembles that of P(V) chloride, 
rather than reminding the typical chemistry of high-valent transition 
metal chlorides (see Introduction). In particular, a significant 
comparison may be traced with NbCl5, that is isostructural with 
MoCl5: the former selectively reacts with RCOOH (R = CH3, CCl3, 
CHCl2), respectively in 1:1 and 1:2 ratios, to give mixed chloro-
carboxylato species, i.e. MoClx(O2CR)5−x (x = 3, 4), via HCl release.3 

The unambiguous characterization of metal derivatives from 1:2 
MoCl5/RCOOH reactions was possible in a limited number of cases 
(Scheme 1). Thus the dinuclear complexes [MoOCl2(κ

1-CH3CO2H)(µ-
Cl)]2, 1a, and Mo2O2Cl6(µ-CH3CO2H), 2a, were identified as the 
prevalent products of the reaction of MoCl5 with CH3COOH; 
analogously, [MoOCl2(κ

1-CCl3CO2H)(µ-Cl)]2, 1b, was obtained from 
MoCl5/CCl3COOH in 60% yield. Crystals of 1a, 1b and 2a suitable for 
X-ray analysis were collected from CH2Cl2/hexane mixtures (see 
Experimental). Actually, compounds 1a and 2a co-crystallized as a 1:1 
mixture of formula [MoOCl2(κ

1-CH3CO2H)(µ-Cl)]2·[Mo2O2Cl6(µ-κ1-
CH3CO2H)], 1a·2a. Since 2a formally results from the interaction of 
MoCl5 with 1.5 equivalents of CH3COOH, we attempted to increase 
the yield of 2a by using such stoichiometry; however, the composition 
of the 1a/2a mixture did not change significantly. The crystals 1a·2a 
display intra-molecular hydrogen bonds involving 1a [O(6)-H(6) 
0.86(2) Å; H(6)···Cl(4) 2.82(5) Å; O(6)···Cl(4) 3.439(4) Å; 
<O(6)H(6)Cl(4) 130(5)°] and 2a [O(3)-H(3) 0.84 Å; H(3)···Cl(1)#1 
2.48 Å; O(3)···Cl(1)#1 3.25(4) Å; <O(3)H(3)Cl(1)#1 152.2°; 
symmetry transformation #1: -x, y, z], as well as intermolecular H-
bonds between 1a and 2a [O(6)-H(6) 0.86(2) Å; H(6)···O(1)#6 2.32(6) 
Å; O(6)···O(1)#6 3.018(6) Å; <O(6)H(6)O(1)#6 138(7)°; symmetry 
transformation #6: -x+1/2, -y+5/2, -z+1]. The X-ray data of 1a and 2a 
will be separately discussed in the following. 

The molecular structure of 1a is represented in Figure 1 and its 
relevant bonding parameters are reported in Table 1. 1a is a dimeric 
molecule located on 2/m, and only half of molecule is within the 
asymmetric unit of the unit cell. Its structure is related to those of other 
[MoOCl3L]2 (L = thf, Et2CO, HC(O)OMe, HC(O)OCH2CH2Cl) 
dimers previously described in the literature,11a,d,e,h except for the 
unusual occurrence of Mo−Mo bond. In fact, in the previously 
reported  analogous compounds, the Mo−Mo distance falls in the 
range 3.69-4.06 Å and, thus, is essentially non-bonding. Conversely, 
the Mo(2)−Mo(2_1) [3.1246(10) Å] distance in 1a is indicative of a 
bonding interaction.11f,i,19,20  
On the other hand, 1a, likewise [MoOCl3L]2 (L = thf, Et2CO, 
HC(O)OMe, HC(O)OCH2CH2Cl), contains a perfectly planar Mo2(µ-
Cl)2 core with the two Mo(V) centres displaying a distorted octahedral 
geometry. In the cases of L = thf, Et2CO, HC(O)OMe, the oxido and 
one terminal Cl ligand occupy the remaining two equatorial positions 
on each Mo centre, whereas L and the second Cl ligand are located on 
the two axial positions. Moreover the terminal equatorial ligands are 
on the same plane of Mo2(µ-Cl)2 and the µ-Cl bridges are asymmetric 
in view of their different trans ligands. Conversely, in 1a as well as 
[MoOCl3(HC(O)OCH2CH2Cl)]2, the oxido and L ligand are in axial 
positions. The two terminal chlorides occupy the equatorial sites and 
are considerably out of the Mo2(µ-Cl)2 plane [0.563 Å for 1a]; the 
chloride bridges are symmetric, since they are both trans to terminal 
Cl ligands. 

Compound 1b (Figure 2 and Table 2) is very similar to 1a and will 
not be discussed any further. Also in this case, the Mo(1)−Mo(1_1) 
[3.1845(9) Å] distance is indicative of single bond. 

 

 
 

Figure 1. Molecular structure of [MoOCl2(κ1-CH3CO2H)(µ-Cl)]2, 1a, with key 
atoms labelled. Thermal ellipsoids are at the 50% probability level. Symmetry 
operations used to generate equivalent atoms: -x+1, -y+2, -z+1 for Mo(2_1) 
and the like; x, -y+2, -z+1 for Cl(3_2) and the like; -x+1, y, z for Cl(4_3). 
 
Table 1. Selected bond distances (Å) and angles (°) for 1a. 
 Mo(2)–Mo(2_1) 3.1246(10) 
 Mo(2)–Cl(3) 2.4321(11) 
 Mo(2)–Cl(4) 2.3475(10) 
 Mo(2)–O(4) 1.657(4) 
 Mo(2)–O(5) 2.205(4) 
 C(3)–C(4) 1.479(8) 
 C(3)–O(5) 1.217(7) 
 C(3)–O(6) 1.332(7) 
 
 O(4)–Mo(2)–O(5) 171.83(17) 
 Cl(4)–Mo(2)-Cl(3_2) 164.92(3) 
 Cl(3)–Mo(2)-Cl(4_3) 164.92(3) 
 Cl(3)–Mo(2)-Cl(3_2) 100.06(4) 
 O(5)–C(3)–O(6) 122.3(5) 
 O(5)–C(3)–C(4) 122.6(5) 
 C(4)–C(3)–O(6) 115.0(5) 
 

 
 

Figure 2. Molecular structure of [MoOCl2(κ1-CCl3CO2H)(µ-Cl)]2, 1b, with key 
atoms labeled. Thermal ellipsoids are at the 50% probability level. Symmetry 
operations used to generate equivalent atoms: -x+1, -y+1, -z+1 for Mo(1_1) 
and the like.  
 
Table 2. Selected bond distances (Å) and angles (°) for 1b. 
 Mo(1)–Mo(1_1) 3.1845(9) 
 Mo(1)–Cl(1) 2.4173(13) 
 Mo(1)–Cl(2) 2.3366(12) 
 Mo(1)–Cl(3) 2.3662(12) 
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 Mo(1)–O(1) 1.643(3) 
 Mo(1)–O(2) 2.306(3) 
 C(1)–C(2) 1.540(6) 
 C(1)–O(2) 1.224(5) 
 C(1)–O(3) 1.291(5) 
 O(1)–Mo(1)–O(2) 175.57(14) 
 Cl(3)–Mo(1)-Cl(1) 164.90(4) 
 Cl(2)–Mo(1)-Cl(1_1) 162.76(4) 
 Cl(1)–Mo(1)-Cl(1_1) 97.64(4) 
 O(2)–C(1)–O(3) 126.7(4) 
 O(2)–C(1)–C(2) 118.8(4) 
 C(2)–C(1)–O(3) 114.4(4) 

 
The X-ray structure of 2a is shown in Figure 3, whereas relevant 

bond lengths and angles are reported in Table 3. It consists of two 
face-sharing octahedra with each Mo-centre bonded to one oxido, two 
terminal and two bridging chloride ligands as well as one bridging 
CH3CO2H. The latter bridging ligand with this coordination mode is 
rather rare.21 The Mo(1)−O(1) contact [1.644(4)Å] is considerably 
shorter than Mo(1)−O(2) [2.442(4) Å], in view of the double bond 
character of the former and bridging interaction of the latter. The 
structure of 2a is related to that of the [Mo2O2Cl7]

– anion previously 
reported for different salts,22 being the replacement of a bridging Cl 
with µ-κ1-CH3CO2H the major difference.  

 

 
 

Figure 3. Molecular structure of Mo2O2Cl6(µ-κ1-CH3CO2H), 2a, with key 
atoms labeled. Thermal ellipsoids are at the 50% probability level. H-bonds are 
drawn with dashed lines. Symmetry operations used to generate equivalent 
atoms: -x, y, z for Mo(1_1) and the like; -x, y, -z+3/2 for Cl(1_2). 

 
Table 3. Selected bond distances (Å) and angles (°) for 2a. 
 Mo(1)–O(1) 1.644(4) 
 Mo(1)–O(2) 2.442(4) 
 Mo(1)–Cl(1) 2.2939(10) 
 Mo(1)–Cl(2) 2.4776(10) 
 C(1)–O(2) 1.241(10) 
 C(1)–O(3) 1.356(8) 
 C(1)–C(2) 1.488(9) 
 O(1)–Mo(1)–O(2) 167.69(17) 
 Cl(1)–Mo(1)-Cl(2_1) 57.62(4) 
 Cl(2)–Mo(1)–Cl(1_1) 157.62(4) 
 Cl(2)–Mo(1)–Cl(2_1) 80.00(5) 
 Mo(1)–O(2)–Mo(1_1) 91.52(18) 
 O(2)–C(1)–O(3) 119.1(7) 
 O(2)–C(1)–C(2) 128.1(8) 
 O(3)–C(1)–C(2)  112.4(9) 

 
The IR spectra (solid state) of 1a-b and 2a show diagnostic 

absorptions due to the OH groups in the range 3100-3330 cm−1, 
whereas the Mo=O unit manifests itself as a strong band around 1000 
cm−1.12b-i,18 The carbonyl stretching vibration has been found at 1655 
and 1694 cm−1, respectively in 1a and 1b. The carbonyl absorption is 
significantly shifted to lower wavenumbers in 2a (1582 cm−1) 

compared to 1a, as consequence of the bridging coordination. 
Magnetic analysis carried out on 2a indicated the diamagnetism of this 
compound, coherently with the X-ray evidence of Mo−Mo single bond 
(see above). 

In order to shed light into structural aspects, we carried out DFT 
studies. First the structures of 1a,b were calculated, by considering 
both singlet and triplet states: the calculated structures are shown in the 
Supporting Information together with relevant bond lengths and angles 
(Figures S1, S3 and Tables S1, S2). Substantial agreement exists 
between the singlet state electronic configurations and the 
corresponding bonding parameters provided by X-Ray (see above), in 
particular for what concerns the Mo−Mo distances. In other words, 
DFT calculations strongly support the presence of a single Mo−Mo 
bond in both 1a and 1b, in accordance with the experimental data. 
Such bond is mainly attributable to the overlapping of d-type orbitals 
of the metal centres (see Figures S1, S3). Since several isomeric forms 
are basically predictable for compounds of formula 
[MoOCl2(CX3CO2H)(µ-Cl)]2 (X = H, Cl), we calculated structures 
differing from 1a,b in the relative orientation of the oxygen ligands 
(Figures S2, S4). The geometries corresponding to 1a and 1b, i.e. 
those detected by X-ray, resulted the most stable ones in the respective 
cases (see Graphs within Figures S2, S4). 

Also the structure of 2a was optimized by DFT calculations. The 
calculated structure of 2a in triplet state (Figure S5 and Table S3) 
resulted coherent with the one determined by X-ray diffractometry.23  

In order to evaluate the possibility that a compound analogous to 
2a could be obtained from MoCl5/CCl3COOH, we optimized the 
structure of the hypothetical complex Mo2O2Cl6(µ-CCl3CO2H), 2b. 
All the geometry optimizations carried out from starting structures 
comparable to that of 2a led to a drastic change of the coordination 
mode of the CCl3COOH ligand, due to both electronic and steric 
factors. In fact the donor ability of the C=O moiety belonging to 
CCl3COOH is lower than that related to CH3COOH, as suggested by 
the Mulliken charges on the sp2 oxygen atoms in the non coordinated 
molecules (−0.450 and −0.394 a.u. according to EDF2 calculations; 
−0.512 and −0.441 a.u. according to M06 functional, respectively for 
CH3COOH and CCl3COOH). Moreover, even steric interactions 
between the [CCl3] fragment and the Cl-ligands contribute to disfavour 
for 2b the arrangement found in 2a. The CCl3COOH coordination to 
one single metal centre appeared possible, on considering both singlet 
and triplet state electronic configurations (Figure S6, structure 2bA). 
Nevertheless, the most stable structure calculated for 2b resulted to 
comprise a CCl3COOH ligand µ-κ2-coordinated to a dinuclear frame 
not exhibiting Mo−Mo bond (Figures 4-S6, Table S4).24 

 

 
 
Figure 4. Lowest energy structure calculated for 2b. 

 
Evidence for the formation of 2b was collected by allowing MoCl5 

to react with CCl3COOH in the appropriate stoichiometry (2:3 molar 
ratio). In these conditions, a mixture of 1b and a second metal 
compound was isolated after work-up. The IR band (solid state 
spectrum) occurring at 1751 cm−1 agreed with the presence of 2b, 
since significant increase of the carbonyl stretching vibration wave 
number has been predicted on going from 1b to 2b. 
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Compounds of the type 1 consist of dinuclear structures bearing 
Cl-bridges which are expected to be broken by the addition of further 
amounts of oxygen donor.11g,h In this light, we tried the reaction of 1a 
with acetic acid in dichloromethane. The reaction led to the good-yield 
isolation of a complex of formula MoOCl3(CH3CO2H)2, 3a (according 
to elemental analysis). 3a was directly obtained by the treatment of 
MoCl5 with a three-fold excess of acetic acid in dichloromethane 
(Scheme 2). By similar procedures, the products MoOCl3(L)2 (L = 
CCl3CO2H, 3b; CHCl2CO2H, 3c; CMe3CO2H, 3d) were isolated in 52-
57% yields (Scheme 2). Instead the 1:3 reaction of MoCl5 with 
CBr3COOH led to a mixture of products whose identity could not be 
defined. The formation of 3a-d was accompanied by production of the 
relevant acyl-chloride and release of HCl (see Experimental). 

 

MoCl5
RCOOH

RCOOH/Mo = 3
−RCOCl
− HCl

MoOCl3(RCOOH)2

R = CH3, 3a; CCl3, 3b, CHCl2,
3c, CMe3, 3d  

 
Scheme 2. Synthesis of molybdenum(V) oxido-complexes from the 1:3 
molar reactions of MoCl5 with carboxylic acids. 

 
The IR spectra of 3a and 3b (in the solid state) displayed two 

absorptions attributed to the carbonyl groups (e.g. at 1675 and 1620 
cm−1, in the case of 3a), in agreement with the respective simulated 
spectra. The band due to the Mo=O moiety was seen at ca. 990 cm−1. 
The IR spectra of 3c,d exhibited analogous features. Magnetic 
analyses carried out on 3a-d provided µeff  values (calculated per Mo 
atom) around 1.60 BM, in strict accordance with what previously 
reported for similar mononuclear Mo(V) oxido-chloride complexes.12b-

h 

Possible structures were considered and thus calculated for 3a and 
3b; they are shown in the SI (Figures S7-S8 and Tables S5-S6). In 
both cases, the most stable form comprises a mutual cis arrangement 
of the two organic ligands and the oxido moiety trans-located to one of 
them (Figure 5); this configuration is that presumably adopted by 
complexes of type 3. 
 

 
(A) 

 

 
(B) 

 
Figure 5. Lowest energy structures calculated for MoOCl3(κ1-CH3COOH)2, 
3a (A), and MoOCl3(κ1-CCl3COOH)2, 3b (B), respectively. 
 

Conclusions 

Although a large amount of information have appeared in the 
literature on the reactivity of halides of high-valent elements with 

carboxylic acids, this piece of chemistry was almost unexplored for 
what concerns molybdenum pentachloride. Our results demonstrate 
that the behaviour of MoCl5, when allowed to contact with (halo)acetic 
acids, well parallels the chlorinating power of high-valent main group 
chlorides, rather than what observed with high-valent transition metal 
chlorides in general. This point is presumably related to the relatively 
weak Mo−Cl bond,25,26 thus allowing the occurrence of the Cl/O 
interchange process in mild conditions. 

The reactions lead to mixtures of highly-moisture sensitive Mo(V) 
complexes, whose structural characterization has been possible on the 
basis of combined experimental and DFT data. The outcomes of this 
research contribute to expand the knowledge on the coordination 
chemistry of MoCl5, and hopefully to the development of the MoCl5-
relevant inorganic and organic synthesis. 

Experimental 

General 

Warning: all the metal products reported in this paper are highly 
moisture-sensitive, thus rigorously anhydrous conditions were required 
for the reaction and crystallization procedures. The reaction vessels 
were oven dried at 140°C prior to use, evacuated (10–2 mmHg) and 
then filled with argon. MoCl5 was purchased from Strem (99.6% 
purity) and stored in sealed tubes under argon atmosphere. Once 
isolated, the metal products were conserved in sealed glass tubes under 
argon. The organic reactants were commercial products (Sigma-
Aldrich) stored under argon atmosphere as received. Solvents (Sigma-
Aldrich) were distilled before use from appropriate drying agents. 
Infrared spectra were recorded at 298 K on a FT IR-Perkin Elmer 
Spectrometer, equipped with a UATR sampling accessory. Magnetic 
susceptibilities (reported per Mo atom) were measured at 298 K on 
solid samples with a Magway MSB Mk1 magnetic susceptibility 
balance (Sherwood Scientific Ltd.). Diamagnetic corrections were 
introduced according to König.27 NMR spectra were recorded at 293 K 
on a Bruker Avance DRX400 instrument equipped with a BBFO 
broadband probe. The chemical shifts were referenced to the non-
deuterated aliquot of the solvent. Carbon and hydrogen analyses were 
performed on a Carlo Erba mod. 1106 instrument. The halide content 
was determined by the Mohr method 28 on solutions prepared by 
dissolution of the solids in aqueous KOH and heated at boiling 
temperature for 72 hours, followed by cooling to room temperature 
and addition of HNO3 up to neutralization. 
 

Reactions of MoCl5 with carboxylic acids: identification of acyl 

chlorides and HCl. 

General procedure: MoCl5 (0.137 g, 0.500 mmol), CD2Cl2 (0.60 
mL) and the appropriate organic reactant (0.500 mmol) were 
introduced into a NMR tube in the order given. The tube was 
sealed, briefly shaken in order to homogenize the content, and 
maintained at room temperature for 5 d. Hence the resulting 
solution was analyzed by NMR. When the tube was opened, gas 
(HCl) release was observed: bubbling the gas into an aqueous 
solution of AgNO3 determined precipitation of a white solid 
(AgCl).  
a) From MoCl5/CH3CO2H. 1H NMR (CD2Cl2): δ = 2.70 (s, 
CH3COCl) ppm.29 
b) From MoCl5/CCl3CO2H. 13C{1H} NMR (CD2Cl2): δ = 163.9 
(CCl3COCl), 94.5 (CCl3COCl) ppm.30 
c) From MoCl5/CBr3CO2H. 13C{1H} NMR (CD2Cl2): δ = 164.7 
(CBr3COCl), 36.8 (CBr3COCl) ppm. 
d) From MoCl5/CHCl2CO2H. 1H NMR (CD2Cl2): δ = 6.23 (s, 
CHCl2COCl) ppm.29 13C{1H} NMR (CD2Cl2): δ = 167.4 
(CHCl2COCl), 71.4 (CHCl2COCl) ppm. 
e) From MoCl5/Me3CCO2H. 1H NMR (CD2Cl2): δ = 1.33 (s, 
CMe3COCl) ppm. 13C{1H} NMR (CD2Cl2): δ = 187.1 
(CMe3COCl), 39.1 (CMe3COCl), 26.9 (CMe3COCl) ppm.  
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The same results were substantially obtained from the analogous 
reactions of MoCl5 (ca. 0.50 mmol) with, respectively, two and 
three equivalents of carboxylic acids. 
 

Synthesis and isolation of molybdenum complexes. General 
procedure: a suspension of MoCl5 in CH2Cl2 (ca. 20 mL) was 
treated with the appropriate organic reactant. The mixture was 
allowed to stir at room temperature for 24 h. The final solution was 
concentrated to ca. 5 mL, layered with hexane and settled down at 
−30 °C. A solid was collected after one-two weeks. 
1) Reactions of MoCl5 with CH3CO2H: synthesis of 

[MoOCl3(κκκκ
1-CH3CO2H)]2, 1a, Mo2O2Cl6(µ-κκκκ

1-CH3CO2H), 2a, 

and MoOCl3(κκκκ
1-CH3CO2H)2, 3a. Compounds 1a and 2a were 

afforded as a mixture of dark-green crystals, from MoCl5 (0.320 g, 
1.17 mmol) and CH3CO2H (0.135 mL, 2.36 mmol). Anal. Calcd 
for C6H12Cl12Mo4O10,(1a·2a): C, 6.84; H, 1.15; Cl, 40.39. Found: 
C, 6.74; H, 1.03; Cl, 40.11. Yield 0.178 g. IR (solid state): ν = 
3329br (νO−H), 3140br (νO−H), 1655vs (νC=O, 1a), 1582vs (νC=O, 
2a), 1395m, 1357m, 1325w-m, 1231s, 1205w-m, 1046w, 1005vs 
(νMo=O, 1a), 993vs (νMo=O, 2a), 904m, 726w, 669m cm−1. 
The reaction of MoCl5 (0.270 g, 0.988 mmol) with CH3CO2H 
(0.283 mL, 4.95 mmol) led to the isolation of a dark-green solid 
corresponding to 3a. Yield 0.197 g, 59%. Anal. Calcd for 
C4H8Cl3MoO5: C, 14.20; H, 2.38; Cl, 31.43. Found: C, 14.30; H, 
2.34; Cl, 31.29. IR (solid state): ν = 3156m-br, 2354w, 1675s 
(νC=O), 1620s (νC=O), 1522m, 1441vs, 1400vs, 1350s, 1256w, 
1221m, 1210m, 1083w, 1046w, 985vs (νMo=O), 948s-sh, 915w, 
809m, 729vs, 699vs, 683vs cm−1. Magnetic measurement: χM

corr = 
9.94×10−4 cgsu, µeff  = 1.55 BM. 
2) Reactions of MoCl5 with CCl3CO2H: synthesis of 

[MoOCl3(κκκκ
1-CCl3CO2H)]2, 1b, and MoOCl3(κκκκ

1-CCl3CO2H)2, 

3b, and possible isolation of Mo2O2Cl6(µ-CCl3CO2H), 2b. 
Compound 1b was isolated as dark-brown solid from MoCl5 (0.305 
g, 1.12 mmol) and CCl3CO2H (0.227 mL, 2.25 mmol). Yield 0.256 
g, 60%. Anal. Calcd for C2HCl6MoO3: C, 6.29; H, 0.26; Cl, 55.73. 
Found: C, 6.36; H, 0.40; Cl, 55.49. IR (solid state): ν = 3138br 
(νO−H), 1694vs (νC=O), 1426w, 1392w-m, 1192w-m, 1011vs 
(νMo=O), 956m, 853vs, 819s, 710m-s, 678vs  cm−1. Magnetic 
measurement: diamagnetic. 
The reaction of MoCl5 (0.480 g, 1.76 mmol) with CCl3CO2H 
(0.266 mL, 2.64 mmol) yielded, after work-up, 1b in admixture 
with a minor product identified as 2b. Yield 0.508 g. IR (solid 
state): ν = 1751 (νC=O, 2b), 995 (νMo=O, 2b) cm−1. 
3b was obtained as a brown solid from MoCl5 (0.305 g, 1.12 
mmol) and CCl3CO2H (0.555 mL, 5.50 mmol). Yield 0.348 g, 
57%. Anal. Calcd for C4H2Cl9MoO5: C, 8.81; H, 0.37; Cl, 58.54. 
Found: C, 8.95; H, 0.46; Cl, 58.29. IR (solid state): ν = 2963w, 
2904w, 1639m (νC=O), 1610s (νC=O), 1385vs, 1367vs, 1260w-m, 
1088w-m, 1042w, 988vs (νMo=O), 848vs, 829vs, 737s, 683vs  cm−1. 
Magnetic measurement: χM

corr = 1.04×10−3 cgsu, µeff  = 1.58 BM. 
3) Reaction of MoCl5 with CHCl2CO2H: synthesis of 

MoOCl3(κκκκ
1-CHCl2CO2H)2, 3c. Compound 3c was obtained as 

light-green solid from MoCl5 (0.350 g, 1.28 mmol) and 
CHCl2CO2H (0.634 mL, 7.69 mmol). Yield 0.317 g, 52%. Anal. 
Calcd for C4H4Cl7MoO5: C, 10.09; H, 0.85; Cl, 52.12. Found: C, 
10.14; H, 1.01; Cl, 51.97. IR (solid state): ν = 3012w, 2982w, 
1615vs (νC=O), 1567s (νC=O), 1415s, 1398vs, 1223m-s, 1207w, 
995vs (νMo=O), 985m-sh, 967s, 819s, 789m.s, 757s, 716s, 700s, 
657m cm−1. Magnetic measurement: χM

corr = 1.12×10−3 cgsu, µeff  = 
1.64 BM. 
4) Reaction of MoCl5 with CMe3CO2H: synthesis of 

MoOCl3(κκκκ
1-CMe3CO2H)2, 3d. Compound 3d was obtained as 

brown solid from MoCl5 (0.290 g, 1.06 mmol) and CMe3CO2H 
(0.511 mL, 4.45 mmol). Yield 0.255 g, 57%. Anal. Calcd for 
C10H20Cl3MoO5: C, 28.42; H, 4.77; Cl, 25.17. Found: C, 28.29; H, 
4.65; Cl, 25.31. IR (solid state): ν = 2972w, 2931w, 2870w, 1651m 

(νC=O), 1610m (νC=O), 1573w, 1537m-s, 1480s, 1424m, 1404w, 
1359m, 1260w-m, 1220m, 1193m, 1153m, 1079s, 1017s, 989vs 
(νMo=O), 974s, 904m, 796vs, 781s, 745vs cm−1. Magnetic 
measurement: χM

corr = 1.15×10−3 cgsu, µeff  = 1.67 BM. 
 
X-ray crystallographic studies. Crystal data and collection details 
for [MoOCl2(κ

1-CH3CO2H)(µ-Cl)]2·[Mo2O2Cl6(µ-κ1-CH3CO2H)], 
1a·2a, and [MoOCl2(κ

1-CCl3CO2H)(µ-Cl)]2, 1b, are reported in 
Table 1. The diffraction experiments were carried out on a Bruker 
APEX II diffractometer equipped with a CCD detector and using 
Mo-Kα radiation (λ = 0.71073 Å). Data were corrected for Lorentz 
polarization and absorption effects (empirical absorption correction 
SADABS).31 Structures were solved by direct methods and refined 
by full-matrix least-squares based on all data using F2.32 All non-
hydrogen atoms were refined with anisotropic displacement 
parameters. H-atoms were placed in calculated positions and 
treated isotropically using the 1.2 fold Uiso value of the parent atom 
except methyl protons, which were assigned the 1.5 fold Uiso value 
of the parent C-atom. The O-bonded hydrogen atoms were initially 
located in the Fourier map but, then, they were refined with a 
riding model, apart from H(6) in 1a which was refined 
isotropically, using the 1.5 fold Uiso value of the parent O(6).  
A 1:1 mixture of 1a and 2a is present within the unit cell of 
[MoOCl2(κ

1-CH3CO2H)(µ-Cl)]2·[Mo2O2Cl6(µ-κ1-CH3CO2H)], 
1a·2a. In addition, considering the asymmetric unit of the unit cell, 
this contains half of a molecule of 1a (located on 2/m) and half of a 
molecule of 2a (located on m2m). The O(3)H(3) and C(2)H3 
groups of 2a are disordered over four equally populated symmetry 
related (by m2m) positions and, thus, the independent part was 
refined with 0.25 occupancy factor. Similar U restraints (s.u. 0.01) 
were applied to the C and O atoms of 1a·2a. Restraints to bond 
distances were applied as follows (s.u. 0.02): 1.51 Å for C(1)−C(2) 
and 1.35 Å for C(1)−O(3) in 2a; 0.87 Å for O(6)−H(6) in 1a. The 
asymmetric unit of the unit cell of 1b contains half of a molecule 
located on an inversion centre. 
 

Insert Table 4 about here 

 
Computational studies. Preliminary computational geometry 
optimization of the complexes was carried out without symmetry 
constrains, using the hybrid DFT EDF2 functional 33 in 
combination with the LACVP** basis set. The latter is a 
combination of the 6-31G(d,p) basis set with the LANL2DZ 
effective core basis set.34 Further geometry optimization was 
performed using the hyper-GGA functional M06 35 in combination 
with the 6-31G(d,p) basis sets on H, C, O and Cl atoms and the 
ECP-based polarized LANL2TZ(f) basis set on Mo.36 C-PCM 
implicit solvation model for dichloromethane was added to M06 
calculations.37 In all of the cases the stationary points were 
characterized by IR simulations, from which zero-point vibrational 
energies and thermal corrections were obtained. The “unrestricted” 
formalism was applied for calculations on paramagnetic systems.38 
DFT-simulated IR data, obtained with harmonic approximation, 
assisted the interpretation of experimental IR spectra. The software 
used for EDF2 calculations was Spartan 08,39 while M06/C-PCM 
optimizations were carried out with Gaussian 09.40 
 

Supporting Information. Figures S1-S8 show the DFT-calculated 
structures discussed in this paper. Tables S1-S6 contain the 
relevant computed bonding parameters. CCDC reference numbers 
1015025 (1a•1b) and 1015026 (2a) contain the supplementary 
crystallographic data for the X-ray studies reported in this paper. 
These data can be obtained free of charge at 
www.ccdc.cam.ac.uk/conts/retrieving.html [or from the Cambridge 
Crystallographic Data Centre, 12, Union Road, Cambridge CB2 
1EZ, UK;  fax: (internat.) +44-1223/336-033; e-mail: 
deposit@ccdc.cam.ac.uk]. 

Page 6 of 9Dalton Transactions



6 

References and Notes 

 
1  (a) R. C. Merhotra and R. Bohra, Metal Carboxylates, Academic Press, 

New York, 1983; (b) C. Oldham, Progr. Inorg. Chem., 1968, 10, 223-
258. 

2  (a) J. Amaudrut, B. Viard and R. Mercier, J. Chem. Res., Synopses, 
1979, 138-139; (b) D. Schwartz and P. Reski, J. Inorg. Nucl. Chem., 
1970, 32, 1045-1046; (c) K. H. Gayer, S. F. Pavkovic and G. J. 
Tennenhouse, Z. Anorg. Allg. Chem., 1967, 354, 74-77; (d) R. N. 
Kapoor, K. C. Pande and R. C. Mehrotra, J. Ind. Chem. Soc., 1958, 35, 
157-160. 

3  (a) F. Marchetti, G. Pampaloni and S. Zacchini, Polyhedron, 2008, 27, 
1969-1976; (b) D. A. Brown, W. Errington and M. G. H. Wallbridge, J. 
Chem. Soc. Dalton Trans., 1993, 1163-1164; (c) D. M. Halepoto, L. F. 
Larkworthy, D. C. Povey, G. W. Smith and V. Ramdas, Polyhedron, 
1995, 14, 1453-1460; (d) R. Kapoor, R. Sharma and P. Kapoor, Ind. J. 
Chem., 1985, 24A, 761-764; (e) B. Viard, A. Laarif, F. Theobald and J. 
Amadrut, J. Chem. Res., Synopses, 1983, 252-253; (f) H. J. Seifert, J. 
Inorg. Nucl. Chem., 1965, 27, 1269-1270. 

4  M. Singh, S. Kumar, A. Kumar, P. Kumar and B. Narasimhan, Med. 
Chem. Res., 2012, 21, 511-522; (b) R. Mathew, A. K. Kruthiventi, J. V. 
Prasad, S. P. Kumar, G. Srinu and D. Chatterji, Chem. Biol. & Drug 
Des., 2010, 76, 34-42; (c) L. Zhao, L. Fang, Y. Xu, S. Liu, Z. He and 
Y. Zhao, Eur. J. Pharm. Biopharm., 2008, 69, 199-213; (d) H.-L. Yip, 
J. Zou, H. Ma, Y. Tian, N. M. Tucker and A. K.-Y. Jen, J. Am. Chem. 
Soc., 2006, 128, 13042-13043; (e) J. March, Advanced Organic 
Chemistry, Wiley, New York, 1992, p. 437-438; (f) C. H. Arrowsmith 
and J. A. Kresge, J. Am. Chem. Soc., 1986, 108, 7918-20; (g) F. 
Effenberger, G. Epple, J. K. Eberhard, U. Bühler and E. Sohn, Chem. 
Ber., 1983, 116, 1183-94.  

5  M. G. Voronkov, A. V. Vlasov, L. I. Belousova, O. Yu. Grigor’eva and 
N. N. Vlasova, Russ. J. Org. Chem., 2010, 46, 318-321. 

6  J. B. Lee, J. Am. Chem. Soc., 1966, 88, 3440-3441.  
7  M. Shibuya, H.-M. Chou, M. Fountoulakis, S. Hassam, S.-U. Kim, K. 

Kobayashi, H. Otsuka, E. Rogalska, J. M. Cassady and H. G. Floss, J. 
Am. Chem. Soc., 1990, 112, 297-304. 

8  P. Lewer, and J. MacMillan, J. Chem. Soc., Perkin Trans. 1, 1983, 7, 
1417-20; 

9  D. J. McAdoo, C. E. Hudson, M. Skyiepal, E. Broido and L. L. Griffin, 
J. Am. Chem. Soc., 1987, 109, 7648-53.  

10  See for instance: (a) M. Bortoluzzi, F. Marchetti, G. Pampaloni and S. 
Zacchini, Inorg. Chem., 2014, 53, 3832-3838; (b) F. Marchetti, G. 
Pampaloni and C. Pinzino, Chem. Eur. J., 2013, 19, 13962-13969; (c) 
T. Funaioli, F. Marchetti, G. Pampaloni and S. Zacchini, Dalton 
Trans., 2013, 42, 14168-14177; (d) M. Hayatifar, F. Marchetti, G. 
Pampaloni and S. Zacchini, Inorg. Chem., 2013, 52, 4017-4025; (e) F. 
Marchetti, G. Pampaloni and S. Zacchini, Dalton Trans., 2008, 48, 
7026-7035. 

11 Molybdenum pentachloride is dinuclear in the solid state (J. Beck and 
F. Wolf, Acta Crystallogr., Sect. B: Struct. Sci., 1997, 53, 895-903). It 
will be mentioned by the empirical formula MoCl5 throughout this 
paper. 

12  (a) S. Dolci, F. Marchetti, G. Pampaloni and S. Zacchini, Dalton 
Trans., 2010, 39, 5367-5376; (b) S. Dolci, F. Marchetti, G. Pampaloni 
and S. Zacchini, Inorg. Chem., 2011, 50, 3846-3848; (c) F. Marchetti, 
G. Pampaloni and S. Zacchini, RSC Advances, 2013, 3, 10007-10013. 
(d) F. Marchetti, G. Pampaloni and S. Zacchini, Dalton Trans., 2013, 
42, 2477-2487; (e) S. Dolci, F. Marchetti, G. Pampaloni and S. 
Zacchini, Eur. J. Inorg. Chem., 2013, 42, 1371-1380; (f) F. Marchetti, 
G. Pampaloni and S. Zacchini, Dalton Trans., 2013, 42, 15226-15234; 
(g) M. Hayatifar, F. Marchetti, G. Pampaloni, C. Pinzino and S. 
Zacchini, Polyhedron, 2013, 61, 188-194; (h) L. Favero, F. Marchetti, 
G. Pampaloni and S. Zacchini, Dalton Trans., 2014, 43, 495-504; (i) 
M. Bortoluzzi, M. Hayatifar, F. Marchetti, G. Pampaloni and S. 
Zacchini, Dalton Trans., 2014, 43, 10157-10163. 

13  M Grzybowski, K Skonieczny, H. Butenschön, and D. T. Gryko, 
Angew. Chem. Int. Ed., 2013, 52, 9900-9930. 

14  (a) M. Schubert, J. Leppin, K. Wehming, D. Schollmeyer, K. Heinze, 
and S. R. Waldvogel, Angew. Chem. Int. Ed., 2014, 53, 2494-2497; (b) 
S. Trosien, P. Böttger, and S. R. Waldvogel, Org. Lett., 2014, 16, 402-
405; (c) S. R. Waldvogel and S. Trosien, Chem. Commun., 2012, 48, 
9109-9119; (d) S. Kumar and M. Manickam, Chem. Commun., 1997, 
1615-1616. 

15   (a) M. Litvic, M. Regovic, K. Šmic, M. Lovric, M. Filipan-Litvic, 
Bioorg. & Med. Chem. Lett., 2012, 22, 3676-3681; (b) Q. Guo, L. Li, 

 
L. Chen, Y. Wang, S. Ren and B. Shen, Energy & Fuels, 2009, 23, 51-
54; (c) A. Kanazawa, S. Kanaoka, S. Aoshima, Macromolecules, 2009, 
42, 3965-3972; (d) C. R. Reddy, B. Mahipal and S. R. Yaragorla, 
Tetrahedron Lett., 2007, 48, 7528-7532; (e) T. Masuda, K. Hasegawa 
and T. Higashimura, Macromolecules, 1974, 7, 728-731. 

16 (a) C. Limberg, R. Boese and B. Schiemenz, J. Chem. Soc. Dalton 
Trans., 1997, 1633-1637; (b) D. L. Kepert, R. Mandyczewsky and J. 
Chem. Soc. (A), 1968, 530-533.  

17  M. L. Larson, J. Am. Chem. Soc., 1960, 82, 1223-1226. 
18  (a) B. Modec, M. Šala and R. Clérac, Eur. J. Inorg. Chem., 2010, 542-

553; (b) D. B. Soria, M. Barquín, M. J. Gonzalez Garmendia and G. 
Estiu, J. Coord. Chem., 2008, 61, 3815-3828; (c) B. Modec and J. V. 
Brenčič, Eur. J. Inorg. Chem., 2005, 1698-1709. 

19  (a) M. G. B. Drew and K. J. Shanton, Acta Crystallogr., Sect. B, 1978, 
34, 276-278; (b) C. Limbeg, S. Parsons, A. J. Downs and D. J. Watkin, 
J. Chem Soc., Dalton Trans., 1994, 1169-1174; (c) M. Hunger, C. 
Limberg and L. Zsolnai, Polyhedron, 1998, 17, 3935-3945; (d) F. A. 
Cotton, J. Less-Common Met. 1977, 54, 3-12. 

20  (a) B. Cordero, V. Gomez, A. E. Platero-Prats, M. Revés, J. 
Echevarriia, E. Cremades, F. Barragan and S. Alvarez, Dalton Trans., 
2008, 2832-2838; (b) A. Bondi, J. Phys. Chem. 1964, 68, 441-451. 

21  (a) Y.-Z. Zheng, M. Evangelisti and R. E. P. Winpenny, Angew. Chem. 
Int Ed., 2011, 50, 3692;  (b) Y.-Z Zheng, M. Evangelisti, F. Tuna and 
R. E. P. Winpenny, J. Am. Chem. Soc., 2012, 134, 1057-1065; (c) P. E. 
Kruger and V. McKee, Chem. Commun., 1997, 1341; (d) M. Wang, C. 
Ma and C. Chen, Dalton Trans., 2008, 4612 

22  (a) F. Marchetti, G. Pampaloni and S. Zacchini, unpublished; (b) W. 
Qiu, L. Li, J. Liu, X. Zheng, Y. Fan, C. Sun, Q. Huang and J. Zhang, 
Eur. J. Solid State Inorg. Chem., 1993, 30, 1039-1048; (c) J. Beck and 
M. Koch, Z. Anorg. Allg. Chem., 2004, 630, 394-398; (d) Y.-D. Chang 
and J. Zubieta, Inorg. Chim. Acta, 1996, 245, 177-198; (e) S. Rabe and 
U. Müller, Z. Anorg. Allg. Chem., 2000, 626, 12-13; (f) J. Beck and M. 
Hengstmann, Z. Anorg. Allg. Chem., 1998, 624, 1943-1950. 

23  The corresponding singlet-state structure resulted less stable by about 
18 kcal mol−1 (M06/C-PCM calculations). 

24  The corresponding singlet-state structure resulted less stable by about 
19 kcal mol−1 (M06/C-PCM calculations). 

25  Reported Mo-Cl bond energy value referred to MoCl5 is 82 Kcal mol−1; 
for sake of comparison, metal−Cl bond energies in NbCl5 and TiCl4 
measure 98 and 102 Kcal mol−1, respectively [26]. 

26  D. V. Drobot and P. A. Pisarev, Russ. J. Inorg. Chem., 1981, 26, 3-16. 
27  E. König, Magnetische Eigenschaften der Koordinations- und 

Metallorganischen Verbindungen der Übergangselemente in Landolt-
Börnstein, Zahlenwerte und Funktionen aus Naturwissenschaften und 
Technik, 6th Ed., Springer-Verlag, Berlin, Göttingen, Heidelberg, 
1966, 2, 16. 

28 D. A. Skoog and D. M. West, F. J. Holler and S. R. Crouch, 
Fundamentals of Analytical Chemistry, 8th Edition, Thomson Learning 
Inc, Belmont, CA, 2004. 

29  Spectral Database for Organic Compounds SDBS, 
http://sdbs.db.aist.go.jp/sdbs/cgi-bin/direct_frame_top.cgi 

30  H. M. R. Hoffmann and K. Haase, Synthesis, 1981, 715-719. 
31  G. M. Sheldrick, SADABS, Program for empirical absorption 

correction, University of Göttingen, Göttingen, Germany, 1996. 
32 G. M. Sheldrick, SHELX97, University of Göttingen, Göttingen, 

Germany, 1997. 
33  C. Y. Lin, M. W. George and P. M. W. Gill, Aust. J. Chem., 2004, 57, 

365-370. 
34  (a) W. J. Henre, R. Ditchfield and J. A. Pople, J. Chem. Phys., 1972, 

56, 2257-2261; (b) P. J. Hay and W. R. Wadt, J. Chem. Phys., 1985, 
82, 270-283; (c) P. J. Hay and W. R. Wadt, J. Chem. Phys., 1985, 82, 
299-310; (d) M. Dolg, Modern Methods and Algorithms of Quantum 
Chemistry, J. Grotendorst Ed., John Neumann Institute for Computing, 
NIC series, Jülich, 2000, 1, 479-508. 

35  Y. Zhao and D. G. Truhlar, Theor. Chem. Acc., 2008, 120, 215-241. 
36  L. E. Roy, P. J. Hay and R. L. Martin, J. Chem. Theory Comput., 2008, 

4, 1029-1031. 
37  (a) V. Barone and M. Cossi, J. Phys. Chem. A, 1998, 102, 1995-2001; 

(b) M. Cossi, N. Rega, G. Scalmani and V. Barone, J. Comput. Chem., 
2003, 24, 669-681. 

38  (a) C. J. Cramer, Essentials of Computational Chemistry, 2nd Ed., 
Wiley, Chichester, 2004; (b) F. Jensen, Introduction to Computational 
Chemistry, 2nd Ed., Wiley, Chichester, 2007. 

39  Spartan ’08, version 1.1.1, Wavefunction, Inc., Irvine CA, 2009. 
Except for molecular mechanics and semi-empirical models, the 

Page 7 of 9 Dalton Transactions



7 

 
calculation methods used in Spartan have been documented in: Y. Shao 
et al., Phys. Chem. Chem. Phys., 2006, 8, 3172-3191. 

 
40  Gaussian 09, Revision C.01, M. J. Frisch et al.; Gaussian, Inc., 

Wallingford CT, 2010. 

Page 8 of 9Dalton Transactions



8 

Table 4. Crystal data and details of the structure refinement for [MoOCl2(κ1-CH3CO2H)(µ-Cl)]2·[Mo2O2Cl6(µ-κ1-CH3CO2H)], 1a·2a, and 
[MoOCl2(κ

1-CCl3CO2H)(µ-Cl)]2, 1b. 
Complex 1a·2a 1b 

Formula C6H12Cl12Mo4O10 C4H2Cl12Mo2O6 
Fw 1053.32 763.34 
T, K 100(2) 100(2) 
λ, Å 0.71073 0.71073 
Crystal system Orthorhombic Triclinic 

Space group Cmcm P  
a, Å 9.8719(15) 5.9376(17) 
b, Å 7.9597(12) 7.406(2) 
c, Å 34.729(5) 12.038(4) 
α, ° 90 83.082(3) 
β, ° 90 88.495(3) 
γ, ° 90 75.691(3) 
Cell Volume, Å3 2728.9(7) 509.2(3) 
Z 4 1 
Dc, g cm-3 2.564 2.489 
µ, mm-1 3.010 2.824 
F(000) 2000 362 
Crystal size, mm 0.24×0.18×0.14 0.22×0.19×0.12 
θ limits, ° 2.35–25.03 1.70–27.00 
Reflections collected 12125 5458 
Independent reflections 1281 [Rint = 0.0400] 2208 [Rint = 0.0413] 
Data / restraints /parameters 1281 / 39 / 96 2208 / 0 / 109 
Goodness on fit on F2 1.337 1.060 
R1 (I > 2σ(I)) 0.0275 0.0434 
wR2 (all data) 0.0635 0.1183 
Largest diff. peak and hole, e Å-3 0.625 / –0.747 2.306 / –1.474 
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