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A series of remote hydroxyl functionalized organoimido derivatives of hexamolybdate, (Bu4N)2[Mo6O18(Cres)] (1)
(Cres = 4-amino-m-cresol), (Bu4N)2[Mo6O17(Cres)2] 3H2O (2), (Bu4N)2[Mo6O18(Phen)] 3 i-PrOH (Phen = p-amino-
phenol)(3), (Bu4N)2[Mo6O18(Phen)] 3 EtOH (4), (Bu4N)2[Mo6O17(Phen)2] (5), (Bu4N)2[Mo6O18(Naph)] (Naph =
5-amino-1-napheynyl) (6), and (Bu4N)2[Mo6O18(Chex)] 3 1.5H2O (Chex = trans-4-aminocyclohexanol) (7) were
synthesized and characterized by single crystal X-ray diffraction, FT-IR spectra, UV-vis spectra, elemental analysis,
1H NMR, and cyclic voltammetry. X-ray structural study reveals that intermolecular and intramolecular hydrogen
bonding plays an important role in their supramolecular assembly; it is found that (i) bridged oxo ligands of
hexamolybdate cluster are more inclined to form hydrogen bonds as acceptors than terminal oxo ligands in this system;
(ii) small solvent molecules with hydrogen bonding donor and acceptor, such as water, i-PrOH, and EtOH, usually act
as hydrogen bonding bridge in their supramolecular assembly; (iii) hydrogen bonding has an important influence on
their anion conformation besides cell packing; (iv) the hydrogen bonding supramolecular assembly of compounds 1-7
demonstrate an interesting change from dimer (3), to 1D infinite single chain (4), to 1D infinite double chain (2), and to
2D network (1, 5, 6, and 7) owing to the alteration of the grafting organic ligand, the substituted number, and the
crystallized solvent molecule. To explore their potential application in conductivity, the optical band gap of compounds
1-7 were determined upon their solid state reflectance spectra. Our current study not only surveys systematically
hydrogen bonding interaction and supramolecular assembly of remote hydroxyl functionalized organoimido-derivatized
hexamolybdates but also provides some available precursors for further modification including esterification.

Introduction

In the past century, the research on supramolecular chem-
istry had an explosive breakthrough along with increasing
knowledge on intermolecular noncovalent interactions, such
as hydrogen bonding, π 3 3 3π interaction, dipole 3 3 3dipole
interaction, and van der Waals interactions.1 The hydrogen
bond, as one type of ubiquitous noncovalent interaction,
plays a significant role in molecular recognition and crystal
engineering owing to its unique bond intensity and direction-
ality.Todate, great advances have beenmade inorganic solid
science by using hydrogen bonding as a bridge and proper
hydrogen synthons as a nexus, and a number of hydrogen-
bonded rosettes, capsules, spheres, dendrimers, polymers,

and other architectures have been designed and achieved
through selection of the proper hydrogen bond donor and
acceptor.2 Currently, crystal engineering utilizing hydrogen
bonding synthons containing a functional inorganic cluster is
drawing more and more researchers’ attentions because it
affords a rational and reproducible route to design and
construct functional supramolecular materials containing
luminescent, electronic, or magnetic units.3
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Polyoxometalates (POMs) are a vast class of discrete anion
clusters consisting of early transition metal ions (such as
molybdenum, tungsten, vanadium, niobium, and tantalum)
in their higher oxidation state and oxo ligand. POMs chem-
istry has drawn growing research interest fromdifferent fields
since the discovery of [PMo12O40]

3- by Berzelius in 1826.
That is not only owing to their diverse structures with low to
high nuclearity ranging from 5 to 368 metal atoms in a single
molecule but also because of their potential applications in
diverse fields including electrochemistry, catalysis, magnet-
ism, medicine, photochemistry, and semiconductor mole-
cular materials.4 In the tide of supramolecular chemistry,
supramolecular POMs also have drawn increasing attention.
The strategy using POM clusters as building blocks to
construct supramolecular architectures has made consider-
able advances up to now. M

::
uller reported that the pores of a

nanoscale giant POM capsule could be gated by cations of
Pr3+ depending on the change of concentrations of Pr3+,5

Hill et al. demonstrated a catalytic 2D coordination network
composed of [V6O13{(OCH2)3C(NHCH2C6H4-4-CO2)}2]

4-

and Tb(III),6 Wang et al. recently reported a chiral 3D archi-
tecturewith helical channels constructedby [BW12O40]

5- and
a copper/amino acid building block,7 Yang et al. reported a
series of robust POM-organic frameworks (POMOFs)
using lacunary Keggins as secondary building unit (SBU),8

and a class of supramolecular molecular materials with
semiconductivity has been built up using POM clusters and
organic π-electron donor ligands by Coronado group.9 One
exciting discovery by Liu is that nanoscale giant POM
clusters were assembled into hollow vesicle structures, which
could be observed by static laser scattering (SLS) and
dynamic laser scattering (DLS) techniques.10

However, few efforts were devoted to the research of
intermolecular noncovalent interactions in POM systems,
even of hydrogen bonding, which has been found to play an
important role in the pseudo liquid structure of POMs.11 We
are still short of enough knowledge to realize the crystal
engineering of POMs. For instance, it is difficult to estimate
whether a bridged oxo ligand or a terminal oxo ligand ismore
inclined to form hydrogen bonds in the presence of an

appropriate hydrogen bonding donor owing to the high
symmetry of POM anion clusters.12 Additionally, there are
many crystallized water molecules in the cell unit of those
common or giant POMs; it is still a great challenge to analyze
anddescribe their hydrogenbonding interactions because there
are so many hydrogen bonds and some possible position
disorder of the crystal water molecules in those compounds.13

The functionalization of POMs by an organic ligand to reduce
the symmetry of POMs clusters and using organic anions to
lessen the influence of crystal watermay be an effective strategy
to study the noncovalent interaction of POMs and provides a
more rational approach toward supramolecular POMs.
As one important branch of POM chemistry, functionali-

zation of POMs using organic ligands or organometallic
units has been expanding rapidly over the past three decades
because the modification of POMs provides one rational and
designable approach toward POMs with tunable structures
and properties.14 Up to now, the POMs clusters, such as
Lindqvist, Keggin, Dawson, and lacunary Keggin or Daw-
son polyanion, had been extensively modified by various
organic ligands or organometallic units, including organosi-
lica, organotin, alkyloxo, orgaoimido, and nitrosyl.14 Espe-
cially, arylimido derivatives of POMs have drawn many
research interests recently owing to the so-called “synergistic
interaction” between the inorganic POM cluster and the
organic ligand.15a On the other hand, the adaptability of
imido derivatives renders them able to bear many kinds of
remote functional groups, such as halogen,-CN, -CtCH,
-CHdCH2.

15-19,22-26 Those derivativeswith proper remote
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functional groups can be used not only as a monomer to
construct organic-inorganic hybrid polymers through con-
trolled organic reactions17 but also as a metalloligand to
construct supramolecular compounds by coordination reac-
tions.18 It has been found that weak noncovalent interactions
(i.e., the C-H 3 3 3O hydrogen bonding) play important roles
in the cell packing of organic derivatized POMs.19a Cronin et
al. recently reported one example of noncovalently connected
frameworks with nanoscale channels assembled from a
tethered Anderson-type POM-pyrene hybrid of [TBA]3-
[MnMo6O18{(OCH2)3CNHCH2C16H9}2] 3 2DMF 3 3H2O
using intermolecular C-H 3 3 3O hydrogen bonding.20 How-
ever, it is still a great challenge to construct supramolecular
POMs utilizing the C-H 3 3 3O hydrogen bonding because of
the weak bond intensity and the directional nature of the
C-H 3 3 3O hydrogen bonding. Therefore, another strategy
was adopted to introduce some strong hydrogen bonding
donor functional groups such as NH2 or OH onto the POM
skeleton to accomplish rational supramolecular assembly.
Indeed, Errington et al. had reported one linear bifunctiona-
lized derivative of hexamolybdates with a remote amine
group.21 Cronin recently reported one example of amino
group functionalized Dawson POMs, [(C16H36N)19{H2NC-
(CH2O)3P2V3W15O59}4]

5-, which form macromolecular
hydrogen bonded nanoassemblies of POM clusters via inter-
molecular hydrogen bonding of N-H 3 3 3O.22

To investigate the hydrogen bonding interaction and
supramolecular assembly of POMs, [Mo6O19]

2-, the smallest
POM cluster with high symmetry of Oh, was chosen as the
parent cluster to be modified. Not only the six terminal oxo
ligands but also the bridged oxo ligands of the hexamolyb-
date cluster could be substituted by an organoimido ligand to
form monosubstituted to hexasubstituted imido derivatives
containing different remote functional groups;23,24 the orga-
noimido derivatives of hexamolybdate have different mole-
cular topology according to their different substituted extent
and substituted mode (as shown in Scheme 1).24 They will be
excellent building blocks with well-defined topology if these
attached organic ligands have a proper remote functional
group. In this paper, four ligands of 4-amino-m-cresol (Cres),
p-aminophenol (Phen), 5-amino-1-napheynyl (Naph), and
trans-4-aminocyclohexanol (Chex) containing a remote hy-
droxyl functional group (as shown in Scheme 2) were selected
for imidization, and five monofunctionalized and two bifun-
ctionalized organoimido derivatives of hexamolybdate were
obtained and structurally characterized.We herein report the
synthesis, structures, characterizations, hydrogen bonding
assemblies, and electrochemical studies of (Bu4N)2[Mo-
6O18(Cres)] (1), (Bu4N)2[Mo6O17(Cres)2] 3H2O (2), (Bu4N)2-
[Mo6O18(Phen)] 3 i-PrOH (3), (Bu4N)2[Mo6O18(Phen)] 3EtOH
(4), (Bu4N)2[Mo6O17(Phen)2] (5), (Bu4N)2[Mo6O18(Naph)]
(6), and (Bu4N)2[Mo6O18(Chex)] 3 1.5H2O (7).

Experimental Details

All synthesis and manipulations were performed using
ordinary organic synthetic apparatuses and techniques.
[Bu4N]4[R-Mo8O26] was synthesized according to literature
procedure37 and confirmed by IR. All amine hydrochlorides
were prepared by the addition of concentrated HCl to an
aqueous solution of alkyl amines, from which the products
were obtained by evaporating the solvent under vacuum.
Other chemical reagents purchased were of analytical grade
and usedwithout further purification, except for acetonitrile,

which was dried by refluxing in the presence of CaH2 and
distilled prior to use. Elemental analysis were performed on a
(Elementar An alysensysteme GmbH) Vario EL. FT-IR
spectra were measured using KBr pellets and recorded on a
Perkin Elmer FT-IR spectrophotometer. UV-vis spectra
were measured in acetonitrile solutions with an UV2100s
Spectrophotometer (Shimadzu). 1H NMR spectra for com-
pounds 2-6 were taken on a JEOL JNM-ECA300 NMR
spectrometer at 300 K using DMSO-d6 as solvent (1 using
CD3CN and 7 using acetone-d6). Optical diffuse reflectance
spectra were performed on a Shimadzu UV-3100 recording
spectrophotometer with Φ 60 mm integrating sphere from
240 to 2600 nm at room temperature. Initially, the 100% line
flatness of the spectrophotometer was set using barium
sulfate (BaSO4). A powder sample of the measured com-
pound was mounted on the sample holder. The thickness of
the sample was approximately 2.00 mm, which was much
greater than the size of the individual crystal particles.36

Electrochemical Experiments.N,N-dimethylformamide (DMF)
for cyclic voltammetry (CV) measurements was HPLC grade and
used as received without purification. The sample concentration is
about1mM.The solutionsweredeaerated thoroughlybybubbling
high pure N2 through the solution for 15-20 min and kept under
high pure N2 atmosphere during the whole experiment. The
diameter of working Pt electrodes is 2 mm. The electrochemical
apparatus CHI750A was driven by a personal computer. Poten-
tials are quoted versus a saturated calomel electrode (SCE). The
counter electrode was a platinum plate with a large surface area.
All experiments were carried out at room temperature. [Bu4N]PF6

was used as the supporting electrolyte, and a scan rate was
50 mV s-1. Epa and Epc values (vs SCE) were determined using a
sygmoidalmethodprovidedby theprogrampackage ofCHI750A,
ΔEp = Epa - Epc, E1/2 = (Epa + Epc)/2.

Scheme 1. Schematic Diagrams for Different Substituted Extents and
Substituted Modes of Lindqvista

a (a) Lollipop model for monofunctionalized; (b,c) linear and angle
type for bifunctionalized; (d,e) “T” and triangle type for trifunctiona-
lized; (f,g) “+” and “K” type for tetrafunctionalized; (h) pentafunctio-
nalized; and (i) superoctahedron type for hexafunctionalized.

Scheme 2. Selected Four Kinds of Ligands Containing a Remote
Hydroxyl for the Functionalization of POMs
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X-ray Crystallography. Suitable crystals were mounted on
glass fibers and transferred onto the diffractometer rapidly.
X-ray diffraction data of 5 were collected on a Bruker Smart
Apex CCD diffractometer using graphite-monochromatized
Mo KR radiation (λ = 0.71073 Å) at room tempera-
ture (293 ( 2 K). The X-ray diffraction data of 2, 3, 4, 6, and
7 were collected on a Rigaku RAXIS-SPIDER IP diffract-
ometer using graphite-monochromatized Mo KR radiation
(λ = 0.71073 Å) at room temperature (293 ( 2 K). Data
collections for compound 5 were using the SMART software.
Data reduction, cell refinement, and experiential absorption
correction for 5 were carried out using SAINT. Data collection
and data reduction, cell refinement, and experiential absorption
correction for compounds 2, 3, 4, 6, and 7 were performed with
the software package of Rigaku RAPID AUTO (Rigaku, 1998,
Ver2.30). Structures of all compounds were solved by direct
methods and refined against F2 by full matrix least-squares. All
non-hydrogen atoms, except disordered atoms, were refined
anisotropically. Hydrogen atoms of all carbon atoms were
generated geometrically. All calculations were performed using
the program package of SHELXS-97.38

Synthesis of Monofunctionalized Compounds. Method A. A
mixture of 1.0 mmol (Bu4N)4[R-Mo8O26] (2.15 g), 2.1 mmol N,
N0-dicyclohexylcarbodiimide (DCC; 0.43 g) and 1.34 mmol
hydrochloride salt of amine (0.21 g hydrochloride salt of
4-amino-m-cresol for 1, 0.19 g hydrochloride salt of 4-amino-
m-cresol for 3 and 4, 0.27 g hydrochloride salt of 5-amino-
1-naphenol for 6, and 0.20 g hydrochloride salt of trans-
4-aminocyclohexanol for 7) was refluxed at 100-110 �C in
20 mL of anhydrous acetonitrile. After 6-12 h, the resulting
black-red solution (yellow for 7) was cooled down to room
temperature naturally and then filtrated to remove resulting
precipitates. The crude product was obtained after the volatili-
zation of solvent.

Method B. A mixture of (Bu4N)4[R-Mo8O26] (2.15 g,
1.0 mmol), DCC (0.43 g, 2.1 mmol), the hydrochloride salt of
pyridine (0.15 g, 1.34 mmol) and amine (1.34 mmol, 0.17 g of
4-amino-m-cresol for 1, 0.15 g of p-aminophenol for 3 and 4,
0.21 g of 5-amino-1-naphenol for 6) was refluxed at 110 �C in
20mLof anhydrous acetonitrile. After about 12 h, the black-red
solution was cooled down to room temperature naturally and
then filtrated to remove resulting yellow precipitates. The black
filtrate was allowed to crystallize in air, and the crude product
was obtained after the volatilization of acetonitrile.

Synthesis of Bifunctionalized Compounds. A mixture of
(Bu4N)4[R-Mo8O26] (2.15 g, 1.0mmol), DCC (0.44 g, 2.2mmol),
and amine (0.25 g, 2.0 mmol, 0.25 g of 4-amino-m-cresol for 2,
0.22 g of p-aminophenol for 5) was refluxed at 110 �C in 15 mL
of anhydrous acetonitrile under nitrogen. After 10-12 h, the
black-red solution was cooled down to room temperature
naturally and then filtrated to remove the resulting black
precipitates. The black filtrate was allowed to vaporize in air.
The black product was recrystallized twice from the mixture of
acetone and EtOH(1:1).

(Bu4N)2[Mo6O18(Cres)] (1). Compound 1 was obtained as
black block crystals by recrystallization twice from the mixed
solvent of acetone and EtOH(1:1), X-ray quality crystals were
obtained in good yield of about 60 to 70% (based on Mo).
1H NMR (300 MHz, CD3CN, 300 K, TMS): δ = 0.98(t,
24H, CH3-, [Bu4N]+), 1.60(m, 16H, -CH2-), 1.34(m, 16H,
-CH2-, [Bu4N]+), 2.56(s, 3H, CH3-, CH3Ar), 3.4(t, 16H,
NCH2-, [Bu4N]+), 7.06(m, 1H, ArH), 6.46(m, 1H, ArH),
6.7(m, 1H, ArH), 10.04(s, 1H, Ar-OH). IR (KBr, cm-1): 3421-
(brod, m), 2962(m), 2933(w, shoulder), 2874(m), 1595(m),
1481(m), 1380(w), 1297(w), 975(m, shoulder), 953(vs), 877(w),
795(vs), 599(w). UV/vis (MeCN): λmax = 365 nm. Elemen-
tal Anal. for C39H79Mo6N3O19: Calcd (%) C, 31.87; N,
2.86; H, 5.42. Found: C, 31.91; N, 2.90; H, 5.38. E1/2 (DMF):
-0.762 V.

(Bu4N)2[Mo6O17(Cres)2] 3H2O (2).X-ray quality crystals were
obtained in moderate yield of about 30 to 40% (based onMo). 1H
NMR (300 MHz, DMSO-d6, 300 K, TMS): δ = 0.952(t, 12H,
CH3-, [Bu4N]+), 1.562(m, 8H,-CH2-), 1.345(m, 8H,-CH2-,
[Bu4N]+), 2.469(s, 3H, CH3-, CH3-Ar), 3.436(t, 8H, NCH2-,
[Bu4N]+), 6.998(m, 1H) 6.589(m, 2H,ArH), 9.854(s,Ar-OH). IR
(KBr, cm-1): 3135(m, br), 2961(m), 2873(m), 1594(s), 1567(m),
1481(s), 1380(w), 1296(s), 1156 (w), 969(m, shoulder), 948(vs),
877(w), 775(vs), 596(w). UV/vis (MeCN): λmax = 365 nm. Ele-
mental Anal. for C46H88Mo6N4O20: Calcd (%) C, 34.69; N, 3.52;
H, 5.57. Found: C, 35.26; N, 3.50; H, 5.80.E1/2 (DMF):-1.011 V.

(Bu4N)2[Mo6O18(Phen)] 3 i-PrOH (3). Compound 3 was ob-
tained as black block crystals by recrystallization twice from the
mixture of acetone and i-PrOH(1:1), X-ray quality crystals were
obtained in good yield of about 65 to 75% (based on Mo). 1H
NMR (300 MHz, DMSO-d6, 300 K, TMS): δ = 0.959(t, 24H,
CH3-, [Bu4N]+), 1.047(d, 6H, CH3-i-PrOH), 1.573 (m, 16H,
-CH2-), 1.351(m, 16H, -CH2-, [Bu4N]+), 2.0854(s, 1H,
-CH-i-PrOH), 3.195(t, 16H, NCH2-, [Bu4N]+), 4.344(d, 1H,
OH-i-PrOH), 7.06(m, 1H), 6.7838(d, 2H, ArH), 7.110(d, 2H,
ArH), 10.160(s, Ar-OH). IR (KBr, cm-1): 3271(m, br), 2961(s),
2874(s), 1594(s), 1481(s), 1379(m), 1275(s), 1159(m), 975(s,
shoulder), 953(vs), 880(m), 791(vs), 596(m). UV/vis (MeCN):
λmax= 359.5 nm. Elemental Anal. for C41H85Mo6N3O20: Calcd
(%)C, 32.49; N, 2.77;H, 5.65. Found: C, 32.22;N, 2.69; H, 5.62.
E1/2 (DMF): -0.753 V.

(Bu4N)2[Mo6O18(Phen)] 3EtOH (4). Compound 4was recrys-
tallized twice from a mixture of acetone and EtOH(1:1). X-ray
quality crystals were obtained as black block crystals in good
yield of about 60 to 70% (based on Mo). 1H NMR (300 MHz,
DMSO-d6, 300 K, TMS): δ = 0.965(quintuple, 24H, CH3-,
[Bu4N]+), 1.108(r, 3H, CH3-, EtOH), 1.575(m, 16H,-CH2-),
1.33(m, 16H, -CH2-, [Bu4N]+), 3.172(s, 16H, NCH2-,
[Bu4N]+), 3.4371(t, 2H, -CH2-, EtOH), 4.353(s, 1H, OH-,
EtOH), 7.110(t, 2H, ArH), 6.783(t, 2H, ArH), 10.185(t, 1H,
Ar-OH). IR (KBr, cm-1): 3271(m, br), 2962(s), 2933(m,
shoulder), 2874(m), 1594(s), 1574(m), 1496(m, shoulder),
1482(s), 1471(s), 1379(m), 1275 (s), 1218(m), 976(m, shoulder),
952(vs), 880(w), 791(vs), 596(m). UV/vis (MeCN): λmax =
359.5 nm. Elemental Anal. for C40H83Mo6N3O20: Calcd (%)
C, 31.99; N, 2.80;H, 5.57. Found: C, 31.55;N, 2.57;H, 5.59.E1/2

(DMF): -0.771 V.

(Bu4N)2[Mo6O17(Phen)2] (5). X-ray quality crystals were
obtained in low yield of about 20 to 30% (based on Mo). 1H
NMR (300 MHz, DMSO-d6, 300 K, TMS): δ = 0.956(t, 12H,
CH3-, [Bu4N]+), 1.372(sextuple, 8H, -CH2-), 1.566(m, 8H,
-CH2-, [Bu4N]+), 3.189(t, 8H, NCH2-, [Bu4N]+), 7.049(d,
2H), 6.7560(d, 2H, ArH), 9.993(s, 1H, Ar-OH). IR (KBr,
cm-1): 3036(m, br), 2961(s), 2931(m, shoulder), 2873(s),
1593(s), 1570(m), 1495(m), 1479(s), 1377(m), 1279(s), 1223(m),
1159(m), 970(m, shoulder), 955(vs), 840(m, shoulder), 778(vs),
585(w). UV/vis (MeCN): λmax= 359.6 nm. Elemental Anal. for
C44H82Mo6N4O19: Calcd (%)C, 34.17; N, 3.62; H, 5.34. Found:
C, 34.53; N, 3.63; H, 5.40. E1/2 (DMF): -0.910 V.

(Bu4N)2[Mo6O18(Naph)] (6). X-ray quality crystals were ob-
tained in good yield of about 60 to 70% (based on Mo). 1H
NMR (300 MHz, DMSO-d6, 300 K, TMS): δ = 0.949(t, 24H,
CH3-, [Bu4N]+), 1.560(m, 16H, -CH2-), 1.340(m, 16H,
-CH2-, [Bu4N]+), 2.56(s, 3H, CH3-, CH3-Ar), 3.183(t,
16H, NCH2-, [Bu4N]+), 8.082(d, 1H, Ar-H), 7.943(d, 1H,
Ar-H), 7.500(sextuple, 2H, Ar-H), 7.383(d, 2H, Ar-H),
6.999(d, 1H, Ar-H), 10.429(s, 1H, Ar-OH). IR (KBr, cm-1):
3267(m, br), 2961(s), 2931(m, shoulder), 2873(m), 1708(w),
1620(w), 1580(m), 1481(s), 1458(s), 1399(m), 1376(m),
1275(m), 1170(w), 1147(w), 1022(m), 975(s, shoulder), 954(vs),
879(m), 797(vs), 594(m). UV/vis (MeCN): λmax = 406.5 nm.
Elemental Anal. for C42H79Mo6N3O19: Calcd (%) C, 33.50; N,
2.79; H, 5.29. Found: C, 33.45; N, 2.80; H, 5.27. E1/2 (DMF):
-0.752 V.
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(Bu4N)2[Mo6O18(Chex)] 3 1.5H2O (7). The yellow product
was obtained through recrystallization twice from the mixture
of acetone and toluene (1:1) usually in excellent yield of about
70 to80%(basedonMo). 1HNMR(300MHz,Acetone-d6, 300K,
TMS): δ = 0.98(t, 24H, CH3-, [Bu4N]+), 1.60(m, 16H,
-CH2-), 1.34(m, 16H, -CH2-, [Bu4N]+), 2.56(s, 3H, CH3-,
CH3-Ar), 3.4(t, 16H, NCH2-, [Bu4N]+), 7.06(m, 1H), 6.46(m,
1H, ArH), 6.7(m, 1H, ArH), 10.04(t, Ar-OH). IR (KBr, cm-1):
3533(m), 2961(s), 2935(m, shoulder), 2874(s), 1713(w), 1612(w),
1482(s), 1380(m), 1240(m), 1152(w), 1093(w), 1030(w), 977(m,
shoulder), 954(vs), 795(vs), 662(m), 595(w). UV/vis (MeCN):
λmax = 326 nm. Elemental Anal. for C38H86Mo6N3O20.5: Calcd
(%)C, 30.66;N, 2.82;H, 5.82. Found: C, 30.76; N, 2.65;H, 5.80.
E1/2 (DMF): -0.754 V.

Discussion

Synthesis. In light of Errington’s work, Peng et al. had
developed a DCC-assisted dehydration protocol to yield
organoimido derivatives of POMs.19a Subsequently, we
have put forward an improved proton-promoted DCC
protocol to prepare monofunctionalized derivatives in
high yields and good purity by using hydrochloride salt of
amine to replace free amine as imido-releasing source.25

However, some hydrochloride salts of organic amine are
difficult to be prepared and dried sometimes. We found
that the mixture of hydrochloride salt of pyridine and
amine could also play the same role as the hydrochloride
salt of amine in the preparation of monofunctionalized
imido derivatives of hexamolybdate. Herein, monofunc-
tionalized products of compounds 1, 3, 4, and 6 could be
obtained by the protocol of hydrochloride salt of pyr-
idine, as well as that of hydrochloride salt of amine. As far
as we know, the yield of common bifunctionalized deri-
vatives could be increased if the reaction time is prolonged
from 12 h to 24 h.26 However, it is not the same case in the
preparation of bifunctionalized derivatives containing a
remote hydroxyl group. In our early attempts to prepare
compounds 2 and 5 using the conditions of refluxing for
24 h, none of the desired products were obtained. The

Br
::
onsted acidity of hydroxyl is enhanced after being

attached onto POMs through a multiply covalent bond,
which perhaps results in some unwanted side reaction.
We shortened the reaction time to 10-12 h, and then
obtained the desired compounds 2 and 5 satisfactorily.

Structure. A summary of X-ray crystal data of com-
pounds 2-7 is presented in Table 1. Oak Ridge thermal-
ellipsoid plot (ORTEP) diagrams of the cluster anion
of these seven compounds are shown in Figure 1
(Compound 1 had beenmentioned simply in our previous
communication,39 which has been presented herein for
better comparison and studied in detail). The selected
bond lengths and angles are listed in Table 2, and the
hydrogen bond data of compounds 1-7 are summarized
in Table 4.
Compound 1 crystallizes in monoclinic system, C2/c

space group; there is one crystallographically indepen-
dent anion of [Mo6O18(NCres)]2- (Ar = o-CH3C6H3-
p-OH) and two cations of (Bu4N)+ in the asymmetric
unit. As shown in Figure 1, the six molybdenum atoms in
the anion cluster of [Mo6O18(NCres)]2- are bonded to the
central oxygen atom O(1) to form a slightly distorted
octahedral metal cage, with Mo 3 3 3Mo separation ran-
ging from 3.231(1) to 3.295(1)Å. All molybdenum atoms
except Mo(1) are six-coordinated with one terminal oxy-
gen atom (Ot), four bridged oxygen atoms (Ob), and one
centered μ6-O(1) (Oc) to form a distorted octahedron. For
Mo(1), one terminal oxygen atom was substituted by
the nitrogen atom from 4-hydroxy-2-methylaniline.
As observed in other imidohexamolybdates complexes
(Table 3), the Mo-N bond in this compound also de-
monstrates substantial triple bond character, evidenced
by the short bond length (1.726(3) Å) and nearly linear
Mo-N-C angle (173.13�). Thus, an organic-inorga-
nic hybrid conjugated system is constructed between
the organic segments and the hexamolybdates cluster
through the MotN triple bond. As one consequence
of the electronegativity of nitrogen atom being less than

Table 1. Crystallographic Data of Compounds 2-7

2 3 4 5 6 7

formula C46H88Mo6N4O20 C41H85Mo6N3O20 C40H83Mo6N3O20 C44H82Mo6N4O19 C42H79Mo6N3O19 C38H86Mo6N3O20.5

F. W. 1592.84 1515.76 1501.73 1546.78 1505.72 1488.74
crys. Sys. triclinic monoclinic triclinic orthorhombic monoclinic monoclinic
space group P1 P2(1)/c P1 Pbcn P2(1)/n P2(1)/n
a [Å] 12.846(3) 18.198(4) 12.604(3) 12.576(3) 19.288(4) 17.097(3)
B [Å] 12.969(3 15.675(3) 13.104(3) 38.573(8) 14.917(3) 17.558(4)
C [Å] 21.060(4) 22.144(4) 19.371(4) 12.578(3) 20.143(4) 19.923(4)
R [deg] 85.65(3) 90 73.63(3) 90 90 90
β [deg] 75.21(3) 113.61(3) 72.36(3) 90 106.37(3) 103.24(3)
γ [deg] 72.69(3) 90 79.75(3) 90 90 90
V [Å3] 3238.5(11) 5788(2) 2910.3(10) 6102(2) 5560.8(19) 5822(2)
Z 2 4 2 4 4 4
Dcalcd [g/cm

3] 1.633 1.74 1.714 1.684 1.799 1.698
μ [mm-1] 1.193 1.329 1.321 1.262 1.382 1.32
F(000) 1608 3056 1512 3112 3024 3004
θ range [deg] 3.00 to 26.00 3.03 to 26.00 3.10 to 26.00 1.70 to 26.00 3.02 to 26.00 3.07 to 26.00
refl. collec. 21567 46993 25111 24903 46531 44864
Rint 0.0443 0.0291 0.0351 0.0945 0.0257 0.0441
indep. refl. 11768 11366 11380 5762 10888 11157
GOF on F2 1.033 1.102 1.101 1.004 1.034 1.068
final Ra 0.0563 0.0349 0.0427 0.0513 0.0283 0.0667
final Rwa 0.1687 0.0917 0.1276 0.1109 0.0776 0.1716

aR=
P

||Fo|- |Fc||/
P

|Fo| andRw= [
P

[w(Fo
2- Fc

2)2]/
P

w(Fo
2)2]1/2 withw=1/[σ2(Fo

2)+ (aP)2+ bP], where P= (Fo
2+ 2Fc

2)/3. 2: a=0.0978,
b = 2.4572; 3: a = 0.0375, b = 8.0298; 4: a = 0620, b = 1.6474; 5: a = 0.0260, b = 0; 6: a = 0.03995, b = 3.6302; 7: a = 0.0024, b = 92.4516.
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Figure 1. ORTEP drawing of anion clusters of compounds 1-7.

Table 2. Selected Bond Lengths and Bond Angles of Compounds 1-7

1 2 3 4 5 6 7

C-N (Å) 1.395(5) 1.381(8), 1.386(8) 1.396(5) 1.397(5) 1.391(10) 1.398(4) 1.445(12)

MotN (Å) 1.726(3) 1.739(6), 1.741(5) 1.726(3) 1.732(3) 1.715(7) 1.736(2) 1.728(8)

Mo-Ot (Å) 1.677(3)-1.685(3) 1.688(4)-1.702(5) 1.673(3)-1.693(3) 1.678(3)-1.693(3) 1.687(4)-1.691(5) 1.681(2)-1.683(2) 1.662(8)-1.701(7)

Mo-Ob (Å) 1.882(2)-1.988(2) 1.879(5)-2.013(5) 1.893(3)-1.956(3) 1.869(3)-1.981(4) 1.836(5)-2.018(4) 1.905(2)-1.952(2) 1.863(7)-1.981(6)

Mo-Oc (Å) 2.210(2)-2.364(2) 2.232(4)-2.380(4) 2.234(2)-2.351(2) 2.213(2)-2.363(2) 2.220(5)-2.382(5) 2.2331(17)-2.3654(17) 2.234(6)-2.350(6)

MotN-C (deg) 173.3(3) 171.7(6), 171.4(6) 172.4(3) 168.8(4) 162.3(6) 170.0(2) 177.0(8)
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that of oxygen atom, the bond length of Mo(1)tN(1)
(1.726(3)Å) is longer than that of MotOt (1.677(3)-
1.685(3)Å), and the Mo(1)-O(1) (2.210(2) Å) bond
length of imido-bearing molybdenum atom is obviously
shorter than that of other Mo-O(1) bonds (2.315(2)-
2.364(2) Å) owing to the so-called “trans influence”; on
the other hand, the average separation of Mo(1) 3 3 3
Mo (3.239 Å) is slightly shorter than that of other
Mo 3 3 3Mo (3.291 Å). As in other POMs clusters, alter-
nating short and long bond length distortion (ABL) for
Mo-Ob resulting from a pseudo Jahn-Teller (PJT)
vibronic instability was also observed in this anion
cluster.27

Besides its interesting anion cluster structure, another
interesting feature of compound 1 is the intermolecular
hydrogen bonding interaction among neighboring cluster
anions in the solid state. It was seen easily from Figure 2
that one cluster anion and two flanked neighbors along
the b axis are first connected into 1D zigzag chain via
O-H 3 3 3O hydrogen bonds (O(19)-H(19) 3 3 3O(7)#1

2.776(4)Å). Those chains are further connected into a
2D network with grid dimensions of 6� 11 Å through in-
terchain C-H 3 3 3O hydrogen bonds (C(7)-H(7A) 3 3 3
O(11)#2 3.547(5)Å, C(7)-H(7A) 3 3 3O(8)#2 3.645(2) Å,
C(3)-H(3A) 3 3 3O(4)#2 3.638(1) Å). One eight-membered
ring with graph set symbol28 of R2

2 (8) is formed via
C(7)-H(7A) 3 3 3O(11)#2 and C(3)-H(3A) 3 3 3O(4)#2,

and one four-membered ring with graph set symbol of
R2

1 (4) is constructed by C(7)-H(7A) 3 3 3O(11)#2 and
C(3)-H(3A) 3 3 3O(4)#2 among those adjacent chains.
Compound 2 crystallizes in triclinic crystal system, P1

space group. There are two cations of [Bu4N]+, one anion
of [Mo6O17(NCres)2]

2-, and one crystal water in the
asymmetric unit. An ORTEP drawing of the anion is
seen in Figure 1; two cis terminal oxo ligands of the
hexamolybdate cluster were substituted by two imido
ligands of 4-hydroxy-2-methylaniline. The short bond
length of Mo-N (1.741(5) and 1.739(6) Å) and the linear
angle Mo-N-C (176.8(2) and 177.8(2)�) are consistent
with the multiple bond nature of MotN and the sp
hybrid mode of the N atom from the imido ligand. As
one consequence of that the electron-donating ability
of the imido ligand is superior to that of the oxo ligand,
the bond lengths of Moimido-bearing-Ocenteal (2.233(4) and
2.232(4)Å) are obviously shorter than those of other
Mo-Ocenteal(2.359(4), 2.358(4), 2.380(4), and 2.376(4)Å)
owing to the so-called “trans influence”, suggesting that
the central oxo atom shifted slightly toward the imido-
bearing molybdenum atoms. The longMo-Ob and short
Mo-Ob bonds also come forth alternately in the equa-
torial (Mob)4(Ob)4 belt as observed as well in other POM
clusters and 1.
As seen in Figure 3, two hydrogen bonds of O(2)-H-

(2A) 3 3 3O(8)#1 and C(25)-H(25A) 3 3 3O(11)#1 form one
eight-membered ring with the graph set symbol of R2

2 (8).
The adjacent two [Mo6O17(NCres)2]

2- are connected
into a dimer through two pairs of hydrogen bond rings.

Table 3. Bond Length of C-N and MotN and Bond Angle of MotN-C in Some Reported Arylimido Derivatives

MotN(Å) C-N(Å) MotN-C (deg) ref.

[TBA]2[Mo6O18(NAr)]

2,6-dimethylbenzenamine 1.724 1.402 178.33 19
4-ethynyl-2,6-dimethylbenzenamine 1.727 1.381 174.49 19

1.729 1.357 172.61
4-iodo-2,6-dimethylbenzenamine 1.733 1.398 165.92 19

1.738 1.398 172.81
4-fluoro-2-methylbenzenamine 1.727 1.384 174.68 16b

1.734 1.399 174.46
4-fluoro-benzenamine 1.724 1.388 174.09 16b
4-aminobenzonitrile 1.721 1.398 164.02 15b
o-toluidine 1.772 1.348 173.92 25
2,6-dimethyl-4-(2-(2,6-di(pyridin-2-yl)-pyridin-4-yl)ethynyl)benzenamine 1.747 1.375 175.80 18
4-chlorobenzenamine 1.686 1.433 163.62 25
4-bromobenzenamine 1.698 1.401 163.62 44c

[TBA]2[Mo6O17(NAr)2]

2-methoxybenzenamine 1.734, 1.738 1.384, 1.379 178.10 16a
165.77

2,6-diisopropyl-4-(2-(2,6-di(pyridin-2-yl)-pyridin-4-yl)ethynyl)benzenamine 1.738, 1.742 1.396, 1.386 176.58 18
170.53

1.740 1.393 167.17
1.717 1.406 178.35

2,6-dimethylbenzenamine 1.732, 1.724 1.382, 1.404 167.62 44a
172.24

o-toluidine 1.739, 1.722 1.384, 1.393 171.99 44b
166.33

4-ethynyl-2,6-dimethylbenzenamine 1.742, 1.750 1.378, 1.375 173.63 17b
175.02

4-iodo-2,6-dimethylbenzenamine 1.747, 1.749 1.380, 1.390 171.17 26
174.37

1.745 1.382 172.24
1.744 1.378 172.84

2,6-dimethylbenzenamine 1.739, 1.736 1.384, 1.397 178.39 26
172.46

(28) Bernstein, J.; Davis, R. E.; Shimoni, L.; Chang, N.-L.Angew. Chem.,
Int. Ed. 1995, 33, 143.
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Those dimers are further linked into a 1D wavelike
infinite double chain along the a axis using the water
of crystallization as a bridge through the two hydro-
gen bonds of O(1)-H(1A) 3 3 3O(20) and O(20)-H-
(20B) 3 3 3O(15)#2.
Compound 3, a monofunctionalized derivative of p-

aminophenol (Phen), crystallizes in the monoclinic sys-
temP21/c space group. There are two cations of [Bu4N]+,
one anion of [Mo6O18(NPhen)]2-, and one molecule of
i-PrOH in the asymmetric unit. The anion cluster struc-
ture (Figure 1) is similar to that of compound 1 except
that the ligand of Cres is replaced by Phen. Compound 4

crystallizes in triclinic system, P1 space group. The anion
cluster of 4 is the same as that of 3 except that the solvent
molecule of i-PrOH is replaced by EtOH.
Different solvent molecules in 3 and 4 resulted in their

different hydrogen bonding interactions. Those anion
clusters in compound 3 are connected into a 1D infinite
wavelike chain using the solvent molecule of i-PrOH
as bridge through the O(19)-H(19A) 3 3 3O(20) and
O(20)-H(20A) 3 3 3O(18)#1 hydrogen bonds (Figure 4,

Supporting Information, Figure S1). While in compound
4 the neighboring two cluster anions are connected into
one dimer through two C-H 3 3 3O hydrogen bonds
C(3)-H(3A) 3 3 3O(13)#1, and the outward two hydroxyls
from the two anions are occluded by two flanked EtOH
molecules to form a dimer through the hydrogen bonds of
O(19)-H(19A) 3 3 3O(20) and O(20)-H(20A) 3 3 3O(18)#1.
The C-H 3 3 3O interaction of C(8)-H(8B) 3 3 3O(16)#1

combines with other two hydrogen bonds of O(19)-
H(19A) 3 3 3O(20) and O(20)-H(20A) 3 3 3O(18)#1 to form
one 12-membered hydrogen bonding ring (R3

3 (12))
(Figure 5).
Compound 5, a cis bifunctionalized derivative of

4-hydroxyaniline, crystallizes in orthorhombic system,
Pbcn space group. There are one-half of the anion
of [Mo6O17(NC6H4OH)2]

2- and two half cations of
[Bu4N]+ in the asymmetric unit. As shown in Figure 1.
Two terminal oxo ligands of hexamolybdate in the cis
position are substituted by two imido ligands of tNC6-
H4OH, and the whole anion cluster has a symmetry plane
across theO1, O7, andO5 atoms. The neighboring cluster
anions are first connected with one another into one 1D
wavelike infinite chain through one pair of C-H 3 3 3O
hydrogen bonds of C(5)-H(5) 3 3 3O(11)#2, which forms
one eight-membered hydrogen bonding ring (R2

2 (8)). And
those chains are further connected into 2D hydrogen
networks by interchain O-H 3 3 3O hydrogen bonds of
O(11)-H(11) 3 3 3O(4)#4 (Figure 6).

Table 4. Summary of Hydrogen Bonding in Compounds 1-7

D-H 3 3 3A d(H 3 3 3A) d(H 3 3 3A) d(D 3 3 3A) <(DHA)

Compound 1
a

O(19)-H(19) 3 3 3O(7)#1 0.82 1.97 2.776(4) 168.7
C(7)-H(7A) 3 3 3O(11)#2 0.96 2.65 3.547(5) 156.0
C(7)-H(7A) 3 3 3O(8)#2 0.96 2.83 3.645(2) 143.68
C(3)-H(3A) 3 3 3O(4)#2 0.93 2.90 3.638(1) 137.4

Compound 2b

O(1)-H(1a) 3 3 3O(20) 0.82 1.96 2.776(13) 175.8
O(2)-H(2a) 3 3 3O(8)#1 0.82 1.84 2.648(7) 169.8
O(20)-H(20B) 3 3 3O(15)#2 0.78(5) 2.03(7) 2.778(10) 161(15)
C(25)-H(25A) 3 3 3O(11)#1 0.93 2.53 3.386(9) 153

Compound 3
c

O(19)-H(19A) 3 3 3O(20) 0.82 1.90 2.705(7) 168.4
O(20)-H(20A) 3 3 3O(18)#1 0.82 2.18 2.868(5) 142.0

Compound 4
d

O(19)-H(19A) 3 3 3O(20) 0.82 1.94 2.735(6) 163.5
C(3)-H(3A) 3 3 3O(13)#1 0.93 2.57 3.451(6) 159.4
C(8)-H(8B) 3 3 3O(16)#1 0.96 2.69 3.402(69) 131.2

Compound 5e

O(11)-H(11) 3 3 3O(4)#4 0.82 1.86 2.610(6) 152.0
C(5)-H(5) 3 3 3O(11)#2 0.93 2.60 3.434(11) 150.3

Compound 6f

O(19)-H(19A) 3 3 3O(14)#1 0.82 2.04 2.849(3) 167.5
C(5)-H(5A) 3 3 3O(10)#1 0.93 2.53 3.447(30) 166.3
C(3)-H(3A) 3 3 3O(9) 0.93 2.74 3.644(18) 163.7
C(9)-H(9A) 3 3 3O(3)#2 0.93 2.52 3.267(35) 137.8

Compound 7
g

C(1)-H(1A) 3 3 3O(7)#1 0.98 2.52 3.371(11) 144.4
O(1W)-H(1WC) 3 3 3O(7) 0.82 2.30 3.006(11) 144.3
O(1W)-H(1WA) 3 3 3O(8)#1 0.85 2.26 3.094(11) 168.1
O(19)-H(19A) 3 3 3O(16)#2 0.82 2.26 2.994(11) 149.7

a Symmetry code: #1-x+1/2, y+1/2,-z+1/2 #2-x+1/2,-y-
1/2,-z+1. b Symmetry code: #1-x+1,-y+1,-z+2 #2x+1, y-1, z.
cSymmetry code: #1 x, y-1, z. d Symmetry code: #1-x,-y+1,-z+2.
eSymmetry code: #2 -x, y,-z + 1/2; #4 -x + 1/2, -y + 1/2, z - 1/2.
fSymmetry code: #1 -x+1,-y,-z+1 #2 -x + 3/2, y -1/2, -z + 1/2.
g Symmetry code: #1 -x+2,-y+1,-z#2x-1/2,-y + 1/2, z-1/2.

Figure 2. Basic hydrogen bonding building block of compound 1 (top)
and the polyhedral viewing of the 2D hydrogen bonding network of
compound 1 (bottom).
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Compound 6, a monofunctionalized derivative of
Naph, crystallizes in monoclinic system, P21/n space
group. There are one anion of [Mo6O18(Naph)]2- and
two cations of [Bu4N]+ in the asymmetric unit. The
cluster anion (Figure 1) is similar to that of other mono-
functionalized derivatives except that the ligand was
replaced byNaph. One intramolecular C-H 3 3 3Ohydro-
gen bonding of C(3)-H(3A) 3 3 3O(9) forms one seven-
membered ring (R1

1 (7)) (Figure 7). The neighboring two
cluster anions form one dimer through one pair of inter-
molecular hydrogen bonding ring (R2

2 (8)) which are
formed by O(19)-H(19A) 3 3 3O(14)#1 and C(5)-H-
(5A) 3 3 3O(10)#1. The distance of the center of ring from
two Naph is 4.308 Å, and the plane distance between
adjacent naph rings in the dimer is 3.290 Å, indicating the
presence of strong π-π interaction between the adjacent
two Naph rings. The dimer provides two outward C-H
bonds as hydrogen bond donor and two bridged oxo

Figure 3. Basic hydrogen bonding building block of compound 2 (top) and the polyhedral viewing of the 1D infinite double chain of compound 2

(bottom).

Figure 4. Basic hydrogen bonding building block of compound 3.

Figure 5. Hydrogen bonding dimer of compound 4.
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ligands as hydrogen bond acceptor to form a 4-connected
2D hydrogen bonding network with 7 � 20 Å “Z” type
grid (Figure 7, Supporting Information, Figure S2).
Compound 7, a monofunctionalized derivative of

Chex, crystallizes in monoclinic system P21/n space
group. There are one anion of [Mo6O18N(Chex)]2-, two
cations of [Bu4N]+, and one and a half molecules of
crystalline water in the asymmetric units. An ORTEP
drawing of the anion is shown in Figure 1. The cluster
anion is generally similar to that of other monofunctio-
nalized derivatives except that the organic ligand is
replaced by one imido ligand of Chex. The neighbor-
ing two anionic clusters first form one dimer through
two nine-membered hydrogen bonding rings (R3

3 (9))
which are formed by one C-H 3 3 3O hydrogen bond
(C(1)-H(1A) 3 3 3O(7)#1) and two O-H 3 3 3O hydrogen
bonds (O(1W)-H(1WC) 3 3 3O(7), O(1W)-H(1WA) 3 3 3
O(8)#1) (Figure 8). These dimers are further connected
into one four-connected 2D network through two out-
ward hydroxyls as hydrogen bonding donors and two
bridged oxo atoms of O16 and O16B as hydrogen bond-
ing acceptors. There are interlaced “8” type pores with di-
mension of 17.5 � 9.6 Å (5.7 Å for narrow) in the frame-
work (Figure 8, Supporting Information, Figure S3).
Besides its influences on cell packing, hydrogen bond-

ing also has a distinct influence on the conformation of

the cluster anions. The cluster anions of arylimido deri-
vatives of hexamolybdate have various conformations if
the rotatable C-N bond in those anion clusters stand at
different positions. The conformation of the anion cluster
could be defined by the dihedral angle between the aryl
plane and the attached longitudinal Mo4O4 plane for
monofunctionalized derivatives; as for bifunctionalized
derivatives, it is defined as the dihedral angle between the
aryl plane and the attached common longitudinal Mo4O4

plane (as shown in Supporting Information, Figure S4).
The dihedral angles of these compounds 1-6 are sum-
marized in Supporting Information, Table S1. It is easy to
see that the dihedral angles in those compounds are all
deviated from the ideal zero degrees more or less to
accommodate their different intramolecular hydrogen
bonding interactions. The most typical examples are the
cluster anions of compounds 2 and 5 which are bifunc-
tionalized organoimido derivatives of hexamolybdate;
two bound aryl ring (the ring of C11 to C16 and the ring
of C21 to C26) in compound 2 are nearly coplanar with a
shared Mo4O4 plane (Mo1, Mo2, Mo5, Mo6, O7, O10,
O15 and O18) with the dihedral angles of 13.4 and 14.5�,
while for compound 5 the dihedral angles between the
Mo4O4 ring and the two Phen rings are 62.3 and 62.3�,
seriously deviated from the ideal coplanar conformation
owing to the formation of intermolecular C-H 3 3 3O
hydrogen bonding (C(5)-H(5) 3 3 3O(11)#2).
Several conclusions could be drawn upon the analysis

of the hydrogen bondingmode in those compounds: first,
bridged oxo ligands in these remote hydroxyl functiona-
lized organoimido hexamolybdates are more inclined to
form hydrogen bonding as acceptors than terminal oxo
ligands because the bridged oxo ligands as acceptors in
those compounds could result in a more compact cell
packing, in accordance with the lowest energy principle;
second, small solvent molecules with hydrogen bonding
donors and acceptors play an important role in their

Figure 6. Basic hydrogen bonding building block of compound 5 (top)
and the polyhedral view of the 2D hydrogen bonding network of
compound 5 (bottom).

Figure 7. Basic hydrogen bonding building block of compound 6 (top)
and the polyhedral view of the 2D hydrogen bonding network of
compound 6 (bottom).
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hydrogen bonding assembly, and different solvent mole-
cules may result in their different cell packing; third,
cooperative hydrogen bonds forming the hydrogen bond-
ing ring are found in many cases; fourth, intermolecular
and intramolecular hydrogen bonds not only influence
their cell packing but also have an important impact on
the cluster’s conformation.
Owing to the differences of the electron-donating abil-

ity of substituted ligands and substituted extent, different
organoimido ligands can produce a different influence on
the electron density on the hexamolybdate cluster, which
can be slightly reflected to some extent on the size change
of the cluster skeleton: it is obvious that the skeleton size
will be enlarged to disperse redundant electron density if it
is attached with an electron-donating ligand, whereas it
will shrink if it is attached by the electron-withdrawing
ligand in theory.30 We herein define the cluster skeleton
size using three parameters: averaged neighboring
Mo 3 3 3Mo distance, averaged M-Ob distance, and aver-
agedMo-Oc distance. The cluster skeleton parameters of
compounds 1-7 are summarized in Table 5. It is obvious
that the cluster skeleton size parameter of compound 1, 3,
4, and 6 are similar to that of their parent cluster, that is,
because there are two kind of electronic interaction in
those cluster. One is the arylimido as electron-donating
ligand to give partly π electrons to the bound hexamo-

lybdate, and another one is that the vacant π orbital of
aryl ligand could accommodate feedback negative charge
from the hexamolybdate cluster; the two kinds of inter-
action are possibly equivalent in those compounds. How-
ever, in compound 2, the electron-donating interaction of
the ligands cluster is larger than the feedback interaction
of the POMs owing to the increase of the substituted
extent, and thereby the cluster skeleton size parameters
are larger than those of corresponding monofunctiona-
lized derivatives. Compound 7 demonstrates a larger
cluster skeleton size parameter than other monofunctio-
nalized derivatives owing to the lack of electron feedback
interaction. Compound 5 unexpectedly demonstrates a
similar cluster skeleton size compared to the correspond-
ing monofunctionalized derivatives; one possible reason
is the balanced results of the two kinds of interaction, and
another reason is that this compound crystallizes in a
space group with a higher symmetry, which results in a
more compact cell packing of compound 5.
Pyykk

::
o et al. had predicted theoretically that the maxi-

mal bond length of a full MotNbond is 1.67 Å,29 but the
observed bond length of arylimido hexamolybdate is
usually beyond 1.70 Å (as shown in Tables 2 and 3), for
example, in our case, the bond lengths of MotN are
1.726(3) Å for 1, 1.739(6), 1.741(5) Å for 2, 1.726(3) Å
for 3, 1.732(3) Å for 4, 1.715(7) Å for 5, 1.736(2) Å for 6,
and 1.728(8)7 Å, respectively. This is because the nega-
tive charges of hexamolybdates decrease the intensity of
MotN bond length; on the other hand, conjugation of
the hexamolybdates cluster with arylimido ligands also
elongate the length of the MotN bonds. To take no
account of the electronic influence of remote functional
groups and the crystal data quality, the bond lengths of
MotN (1.70-173 Å) for monofunctionalized derivatives
are slightly shorter than that of bifunctionalized deriva-
tives (1.73-1.74 Å) in the mass, it is because the hexam-
olybdates cluster in bifunctionalized derivatives bears
more electronic density than that of monofunctionalized
derivatives owing to the accumulation effect of electron
density with the increase of substituent number, which
reduces the electron withdrawing ability of the hexamo-
lybdates cluster in bifunctionalized derivatives and result
in their longer MotN bond in comparison with that
of monofunctionalized derivatives, especially for those
monofunctionalized and bifunctionalized derivatives
containing the same ligands. The bond lengths of C-N
in arylimido derivatives are in the range of 1.348-
1.433 Å, slightly shorter than that of C-N single
bond, confirming the delocalized feature in those anions

Figure 8. Basic hydrogen bonding building block of compound 7 (top)
and the polyhedral view of the 2D hydrogen bonding network of
compound 7 (bottom).

Table 5. Summary of the Cluster Skeleton Parameters of Compounds 1-7 and
Hexamolybdates

compound Mo 3 3 3Mo (Å) Mo-Ob (Å) Mo-Oc (Å)

(TBA)2[Mo6O19]
a 3.274 1.922 2.315

1 3.274 1.923 2.315
2 3.285 1.929 2.323
3 3.276 1.921 2.316
4 3.274 1.923 2.315
5 3.273 1.931 2.315
6 3.275 1.924 2.316
7 3.283 1.927 2.321

aThe cluster skeleton parameters of (TBA)2[Mo6O19] are obtained
and averaged according to our unpublished results.

(29) Pyykk
::
o, P.; Riedel, S.; Patzschke, M. Chem.;Eur. J. 2005, 11, 3511.

(30) Bridgeman, A. J.; Cavigliasso, G. Inorg. Chem. 2002, 41, 1761.
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resulting from the d-π interaction between the organic
segments and hexmolybdates cluster.

UV/visAbsorption Spectra.The electronic properties of
the seven compounds were studied by UV/vis absorption
spectra. The lowest energy LfM electronic transition
in the [Mo6O19]

2- parent is found around 325 nm, while
for compound 1, 2, 3, 4, 5, 6, and 7, the lowest energy
electronic transition appeared around 365, 365, 359.5,
359.5, 359.6, 406.4, and 326 nm, respectively (Table 6).
The large bathochromic shift of the lowest energy elec-
tronic transition in compounds 1-6 indicates the pre-
sence of a strong d-π electronic interaction between the
hexamolybdate cluster and the arylimido ligands. Espe-
cially, the lowest energy electronic transition of com-
pound 6 is found to shift bathchromically to 406.5 nm
owing to the extension of the conjugated system. As for
compounds 7, it shows only negligible bathchromic shift
of the lowest energy electronic transition because of short
of π orbital in the grafting alkylimido ligand. Owing to
the introduction of a strong electron-donating hydroxyl
group, a kind of good auxochrome, the lowest energy
electronic transition of those remote hydroxyl functiona-
lized conjugated arylimido derivatives (1-6) have a bath-
chromic shift about 15-23.5 nm in comparison with
that of the corresponding arylimido derivatives without
hydroxyl group.

FT-IR Spectra. FT-IR spectra of compounds 1, 3, 4, 6,
and 7 demonstrate some similar features as well as that of
other monofunctionalized imido derivatives. In the IR
spectra of hexamolybdate, two strong peaks of Mo-Ot

and Mo-Ob-Mo appear at 957 and 798 cm-1, respec-
tively. In compounds 1, 3, 4, 6, and 7, the peaks ofMotOt

are found to split into two peaks with about 20 cm-1

intervals. A shoulder peak around 975 cm-1 (975 for 1,
975 for 3, 976 for 4, 975 for 6, and 977 for 7) is tentatively
ascribed as the MotN stretching vibration,31 and the
strong peak around 953 cm-1 (953 cm-1 for 1, 953 cm-1

for 3, 953 cm-1 for 4, 954 cm-1 for 6, 954 cm-1 for 7)
is attributed to the MotOt stretching vibration. The
Mo-Ob-Mo stretching vibration is found at 795 cm-1

in 1, 791 cm-1 in 3, 791 cm-1 in 4, 797 cm-1 in 6, and 797
cm-1 in 7, respectively, demonstrating a slight red-shift
compared to that in [Mo6O19] owing to the modification
by one organoimido ligand. As for bifunctionalized deri-
vatives of compound 2 and 5, the MotN, MotOt, and
Mo-Ob-Mo stretching vibration are found to appear
at 969 cm-1, 948 cm-1, and 775 cm-1 in 2, at 970 cm-1,
955 cm-1, and 777 cm-1 in 5, respectively, in which the
Mo-Ob-Mo stretching vibration shows a large red shift

in comparisonwith that of [Mo6O19]
2- and quite different

from those monofunctionalized derivatives. It is obvious
that the stretching vibration of MotN, MotOt, and
Mo-Ob-Mo have an increasing red shift with the in-
crease of substitutent extent. Owing to the formation of
hydrogen bonding in those compounds, the OH stretch-
ing vibration is found as a broad medium peak around
3400 cm-1 in 1, 3100 cm-1 in 2, 3250 cm-1 in 3, 3250 cm-1

in 4, 3100 cm-1 in 5, 3270 cm-1 in 6, and 3500 cm-1 in 7,
respectively.

1HNMRSpectra.The 1HNMR spectra of compounds
2-6 in d6-DMSO (CD3CN for 1) solution shows clearly
resolved signals, all of which can be unambiguously
assigned. The integration matches well with their struc-
tures. The 1H NMR chemical shifts of aryl hydrogen
atoms in compounds 1-7, corresponding free amines,
and nitro compounds are summarized in Table 7. Owing
to the electron-withdrawing effect of attached POMs
cluster, the aryl hydrogen atoms and the hydroxyl hydro-
gen atoms in monosubstituted derivatives, such as com-
pounds 1, 3, 4, and 6, demonstrate obvious downfield
shifts compared to that of corresponding free amines, but
their downfield shifts are slightly smaller than that of
corresponding nitro compounds. Because of the exten-
sion of the delocalized system, the -OH of compound 6
demonstrates larger downfield chemical shifts than those
of compounds 1, 3, and 4, showing that the -OH
Br

::
onsted acidity of compound 5 is stronger than that of

compounds 1, 3, and 4. Owing to the accumulation effect
of electron density, the electron-drawing ability of func-
tionalized hexamolybdates cluster shows a step-down
trend with the increase of the number of substitutents.
Therefore, the aryl hydrogen atoms and hydroxyl hydro-
gen atoms of double substituted derivatives (compounds
2, 5) demonstrate a slight upfield shift compared with that
of corresponding monosubstituted derivatives (1, 3, 4).
The 1HNMR spectrum of 7was performed in d6-acetone
solution for clearer signals. 1H NMR resonance signal of
the β hydrogen in Chex is found to stand downfield (4.44
ppm) compared to that of the hydroxyl group in Chex
(3.77 ppm) owing to the electron-drawing influence of
hexamolybdates, indicating the enhanced Br

::
onsted acid-

ity of the β hydrogen in the Chex ligand of compound 7,
which is even stronger than that of ROH, that possibly
answers for the origin of the β C-H bond activation in
alkylimido derivatives of POMs.42

Cyclic Voltammetry. Electrochemical data of com-
pounds 1-7 were obtained in about 1 mmol/L DMF
solutions using [n-Bu4N]PF6 (0.1 mol/L) as the support-
ing electrolyte. The CV data of compounds 1-7 are
summarized in Table 8. As shown in Supporting Infor-
mation, Figure S6 in the range -1.5 to þ0.6 V (vs SCE),
E1/2 of the redox possess associatedwithA

2-\A3- (A2-=
anion cluster of compounds 1-7; A3- = reduced anion
cluster) are found at -0.762 V for 1, -1.011 V for 2,
-0.753 V for 3,-0.771 V for 4,-0.910 V for 5,-0.752 V
for 6, and -0.754 V for 7, respectively. Under the
same conditions, the [Bu4N]2[Mo6O19] parent shows
one redox possesses about -0.494 V (E1/2), and the large
cathodic shift of those compounds suggests that these
organoimido derivatives of hexamolybdate are more
difficult to be reduced than the [Mo6O19]

2- parent,
namely, the hexamolybdate cluster in organoimido

Table 6. Summary of the Lowest Energy Absorption of UV Spectra of
Compounds 1-7 and Corresponding Imido-Hexamolybdates without Hydroxyl
Group

compound λ, nm ref. compound λ, nm

[TBA]2[Mo6O19] 320 19a
[TBA]2[Mo6O18(NC6H5-Me-o)] 350 25,41 1 365
[TBA]2[Mo6O12(NC6H5-Me-o)2] 354 41,44b 2 365
[TBA]2[Mo6O18(NC6H5)] 342 44d 3, 4 359.5
[TBA]2[Mo6O17(NC6H5)2] 5 359.6
[TBA]2[Mo6O18(NC10H9)] 383 16c 6 406.4
[TBA]2[Mo6O18(NC6H11)] 325 24,42b 7 326

(31) Nugent, W.; Mayer, J. E. Metal-Ligand Multiple Bonds; Wiley:
New York, 1988.
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derivatives of hexamolybdate bear more high electron
density than the [Mo6O19]

2- parent because organoimido
ligands possess superior electron-donating ability com-
pared to oxo ligands. The cathodic shift of E1/2 between
compounds 1-7 and hexamolybdate parent is 0.268 V for
1, 0.517 V for 2, 0.259 V for 3, 0.277 V for 4, 0.416 V for 5,
0.258 V for 6, and 0.260 V for 7, respectively. It is obvious
that bifunctionalized derivatives have more large catho-
dic shifts than corresponding monofunctionalized deri-
vatives, indicating that bifunctionalized derivatives are
in possession of more electron density, as evidenced in
structure and NMR study, and are more difficult to be
reduced than monofunctionalized derivatives, in accor-
dance with the study of Maatta.21

BVS and DFTCalculations.Bond valence sum (BVS)32

for compounds 1-7 are listed in Supporting Information,
Table S2, and confirm that all molybdenum atoms in
compounds 1-7 are in the þ6 oxidation state (values
5.817-6.354). The BVS of the terminal oxo ligands are
generally smaller than that of the bridged oxo ligands,
suggesting that the former have more remaining valence
than the latter.

To explore the origin of the first excitation and the
interaction between the hexamolybdate cluster and ary-
limido ligand in compounds 1-6, we had done simulated
UV absorption calculations. In this text, all electronic
excitation energies were calculated within Gaussian03
program package33 by employing time dependent density
functional theory (TD-DFT) at the gradient-corrected
B3LYP level with Becke’s three parameter functional34

and Lee-Yang-Parr functional35 using the LanL2DZ
basis set in which the effective core potential (ECP)36

was used for the Mo atoms and 6-31G* for other non
metal atoms. The geometries were established accor-
ding to crystallographic data without geometrical opti-
mization.
Mulliken atom charge analysis for compounds 1-6 (as

shown in Supporting Information, Table S3) shows
clearly that the Mulliken atom charges of nitrogen atoms
of the imido ligand are larger than that of the terminal oxo
ligands, in accordance with the fact that the electron-
donating ability of the imido ligand are superior than that
of the terminal oxo ligands. Correspondingly, the Mulli-
ken atom charges of the imido-bearing molybdenum
atoms are smaller than those of other molybdenum
atoms; theMulliken atom charges of terminal oxo ligands
are smaller than those of bridged oxo ligands, implying
that the electronegativity and basicity of terminal oxo
ligands are less than that of bridged oxo ligands, in
agreement with the BVS results and calculations on
[donor]þ2[Mo6O19] (donor = Me3TTF-CH2OH, EDT-
TTF(CH2OH)2 and TTF(CH2OH)4),

43 which answers
for in part the case that bridged oxo ligands are more
inclined to form hydrogen bonding as hydrogen bonding
acceptors than terminal oxo ligands.
According to the TD-DFT calculations, the first ex-

citation has no contribution to the calculated oscillator
strength for all of the compounds, and so the actual
contribution of the first electronic excitation to the UV
absorption can be negligible. For all these compounds,
the excited states with big oscillator strengths differ from
the origins of electron transfers, that is, from POMs to
ligand, ligand to POM, or intraligand.
The simulatedUV spectra are similar with the observed

first UV absorption band (Supporting Information,
Table S4). The peak of the simulated UV absorption
band appears at 334 nm for 1, 353 nm for 2, 328 nm for 3
and 4, 346.88 nm for 5, and 372 nm for 6, respectively,
which are in close to the corresponding experimental
values.

Table 7. 1H-NMR Chemical Shift of Organic Ligand in Compounds
1-7, Corresponding Organic Amine Compounds, and Corresponding Nitro
Compounds

* Spectral Database for Organic compounds (SDBS).

Table 8. Summary of Cyclic Voltammetry Data of Compounds 1-7

compound Epc, V Epa, V Epa-Epc, V E1/2, V
cathodic
shift, V

[Mo6O19]
2- -0.564 -0.404 0.160 -0.494 0

1 -0.842 -0.681 0.161 -0.762 0.268
2 -1.066 -0.957 0.109 -1.011 0.517
3 -0.817 -0.688 0.129 -0.753 0.259
4 -0.836 -0.707 0.129 -0.771 0.277
5 -0.971 -0.849 0.122 -0.910 0.416
6 -0.823 -0.681 0.142 -0.752 0.258
7 -0.837 -0.670 0.167 -0.754 0.260

(32) Brese, N. E.; O’Keeffe, M. Acta Crystallogr. 1991, B47, 192.
(33) Frisch,M. J.; Trucks, G.W.; Schlegel, H. B.; Scuseria, SG. E.; Robb,

M. A.; Cheeseman, Jr. J. R.; Montgomery, J. A.; Vreven, T.; Kudin, K. N.;
Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa,
J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klee, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.;
Salvador, P.; Dannenberg, J. J.; Zakrzewski, V.G.; Dapprich, S.; Daniels, A.
D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari,
K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.;
Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al- Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A. GAUSSIAN 03,
Revision A.1; Gaussian, Inc.: Pittsburgh, PA, 2003.

(34) Becke, A. D. J. Chem. Phys. 1993, 98, 5648.
(35) Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785.
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Study ofOptical BandGap.To investigate the potential
conductivity of these compounds, the measurement of
diffuse reflectivity for powder samples of compounds 1-7
was used to obtain their band gap (Eg). The Eg was
determined as the intersection point between the energy
axis and the line extrapolated from the linear portion
of the absorption edge in a plot of the Kubelka-
Munk function F against energy E. The Kubelka-Munk
function, F = (1 - R)2/2R, was converted from the
recorded diffuse reflectance data, where R is the reflec-
tance of an infinitely thick layer at a given wavelength.40

On the F versus E plot (Supporting Information, Figure
S5) a steep absorption edge is displayed from which the
Eg for compounds 1, 2, 3, 4, 5, 6, and 7 can be assessed
at 2.59 eV, 2.59 eV, 2.66 eV, 2.62 eV, 2.61 eV, 2.23 eV,
and 2.79 eV. The Eg of 1-7 are smaller than that of the
parent (Bu4N)2[Mo6O19] (Eg = 2.90 eV), which also
indicates the formation of the Mo-N multiple bond.
The delocalization of π electrons from the conjugated
organoimido ligand to the metal oxygen cluster in
compounds 1-6 reduce remarkably the energy level
difference between the oxygen π-type highest occupied
molecular orbital (HOMO) and the molybdenum
π-type lowest unoccupied molecular orbital (LUMO)
compared to that of [Mo6O19]

2-. Compound 6 has the
smallest band gap owing to the extended delocaliza-
tion, while compound 7 has the largest band gap owing
to the shortness of π electrons in the corresponding
organoimido ligand.

Conclusion

In summary, a series of remote hydroxyl functionalized
organoimido derivatives, including (Bu4N)2[Mo6O18(Cres)]
(1), (Bu4N)2[Mo6O17(Cres)2] 3H2O (2), (Bu4N)2[Mo6O18-
(Phen)] 3 i-PrOH (3), (Bu4N)2[Mo6O18(Phen)] 3EtOH (4),
(Bu4N)2[Mo6O17(Phen)2] (5), (Bu4N)2[Mo6O18(Naph)] (6),
and (Bu4N)2[Mo6O18(Chex)] 3 2H2O (7) were prepared and
characterized to explore their intermolecular hydrogen bond-
ing interactions and supramolecular assembly. Single crystal
X-ray diffraction structural study reveals that their hydrogen
bonding supramolecular assembly vary from 0D dimer (4), to
1D infinite wavelike single chain (3), to 1D infinite double
chain (2), to 2Dnetwork (1, 5, 6, 7) because of the alteration of
grafting organic ligands, the substituent extent, and solvent
molecules. Intermolecular and intramolecular hydrogenbond-
ing not only play an important role in their cell packing and
supramolecular assembly but also have an important influence
on their anion cluster conformation; the rotatable C-N single
bond allows them to stand in different positions with different
dihedral angles between the aryl ring plane and the Mo4O4

plane to accommodate their different hydrogen bonding
interactions. DFT calculations show that the bridged oxo
ligands have higher electronegativity and charge density
compared to the terminal oxo ligand, resulting in bridged
oxo ligands that are more inclined to form hydrogen bonding
as acceptor than the terminal oxo ligand. After the attachment
of the organoimido ligandonto the hexamolybdate cluster, the
lowest energy electronic transition in their UV absorption
spectra for compound 1-6 shows a large bathochromic shift
due to strong d-π interaction; 1H NMR of aryl hydrogen in
compounds 1-6 shows obvious downfield shifts owing to the
electron-withdrawing effect of the POMs compared to that of
free amine; compounds 1-7 are more difficult to be reduced
than the parent (TBA)2[Mo6O19]; solid state diffuse reflec-
tance shows that the grafting of conjugated organic ligand can
reduce theoptical bandgapof hexamolybdates efficiently.Our
current researches not only study systematically the hydrogen
bonding interaction in remote hydroxyl functionalized orga-
noimido derivatives of POMs and their supramolecular as-
sembly but also provide some available precursors of remote
hydroxyl functionalized POMs for further esterification reac-
tion. The relevant study is underway in our laboratory.
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