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New cluster compounds [HzO(Ph3PO)3],[MogCly4] (I) and
[H(Ph3PO),]2[ResSeBrg] (II) have been prepared by the reac-
tion of a acetonitrile solution of triphenylphosphane oxide
Ph;PO with octahedral cluster complexes of molybdenum
(H30),Mo06Cly4-6H,0 and rhenium K,RegS¢Brg, respectively,
(with addition of several drops of HBr). The structures and
properties of the products were studied by single-crystal

X-ray diffraction and NMR and luminescence spectroscopic
methods. The compounds studied are characterized by
strong hydrogen bonds with O-O distances of 2.45-2.51 A
(I) and 2.34-2.41 A (II); unusual H-bonded cationic trimers,
[H30(Ph3PO);]*, were found in compound I.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

The reactions of triphenylphosphane oxide (Ph;PO) with
various acids give molecular compounds of different types.
Compounds with the stoichiometry Ph;PO/acid = 1:1 are
formed for the reactions with HNO-,['l HF,?1 HC1,! HBr,¥!
CCI;COOH.B!I Compounds with a Ph;PO/acid ratio of 2:1
are also found — (Ph;PO),-H,O-HBr,[® (Ph;PO),(CHs;),-
C(COOH), (Ph3PO),*HAuCI,,B! (Ph3;P0O),sHCIO,.! The
compounds that form from triphenylphosphane oxide and
acids can be separated into three main groups depending
on the nature of the interaction between the acidic protons
and the Ph;PO molecules.” The first group includes com-
pounds in which the hydrogen atoms belong more to the
acid than to the Ph;PO molecule, as, for example, in the
case of Ph;PO-CCI;,COOH. In such compounds, the
lengths of the P=0 bonds are close to those observed in the
free PhyPO molecule (1.487 A).[' In the second group, on
the contrary, the proton lies more towards Ph;PO, which
results in a remarkable lengthening of the P=0 bond. Such
compounds can be considered as ionic pairs (e.g. [Phs-
POH]*CI"), and their formation is typical of non-oxygen
acids. The third group combines the compounds in which
the Ph3PO molecules are bound together by strong symmet-
rical or non-symmetrical hydrogen bonds, but the anions
do not participate in the hydrogen bonding. A typical ex-
ample of such compounds is (Ph;PO),HCIO,, where the
two triphenylphosphane oxide fragments are bound to-
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gether by very short (2.41 A) hydrogen bonds to form a
dimer cation [Ph3;PO-+H:*OPPh;]*.!

The interaction of chloromolybdenic(Il) acid (H3O),-
MogCl4 with triphenylphosphane oxide was first studied
by Sheldon,!'!) but the reaction products were not described
thoroughly enough and their structure was not studied.

In this paper we present the synthesis of two novel cluster
compounds containing Ph;PO molecules: [H;O(Ph;PO);],-
[MogCly4] (I) and [H(Ph3PO),]5[ResS¢Brg] (II). In the frame
of the above classification, these compounds can be as-
signed to the third group, since their triphenylphosphane
oxide molecules are connected by strong hydrogen bonds to
form large cationic complexes: dimers [H(Ph;PO),]* (in II)
and unusual trimers [H;O(Ph3;PO);]" (in I). Inspection
of the Cambridge crystallographic database showed that
the trimeric cation, namely tris(oxotriphenylphosphane)-
oxonium, has not been mentioned in the literature so far.
Therefore, it is interesting to consider its structure in detail.
The structures of the H-bonded complexes I and IT were
solved by single-crystal X-ray diffraction and examined by
solid-state NMR spectroscopy.

Results and Discussion

The interaction of the cluster acid (H30),Mo4Cl;4 and
triphenylphosphane oxide gives a complex compound
[H30(Ph3PO);],[MogCly4] (I). The unit cell of compound I
contains one centrosymmetrical and two noncentrosym-
metrical [MogCl;4> anions formed by slightly distorted
Mo octahedrons with Mo—Mo distances of 2.594-2.608 A
(Table 1, Figure 1, Figure 2). The lengths of the Mo-Cl
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Table 1. Crystallographic data for compounds I and II.

1 I
Chemical formula C108H96C114M0608P6 C72H62Br304P4R6636
Formula weight 2779.61 3063.94
Crystal size [mm] 0.40 < 0.40 X< 0.40 0.12Xx0.10 < 0.08
Crystal system triclinic triclinic
Space group Pl Pl
a[A] 13.5625(10) 13.2357(4)
b [A] 22.6936(17) 18.1285(6)
¢ [A] 29.316(2) 18.7516(6)
al°] 103.240(2) 94.5280(10)
A1 99.354(2) 104.9130(10)
y[° 91.857(2) 105.6660(10)
V [A3] 8643.4(11) 4132.6(2)
VA 3 2
Deaicd. [Mg/m?3) 1.602 2.462
Diffractometer Bruker Nonius X8Apex Bruker Nonius X8Apex
Temperature [K] 293(2) 298(2)
#(Mo-K,) [mm1] 1.094 12.894
0 range for data collection [°] 1.30 to 25.68 1.50 to 28.26
Absorption correction multiscan (SADABS; Bruker 2004) multiscan (SADABS; Bruker 2004)
Goodness-of-fit on F? 0.965 0.953

Reflections collected/unique
Final R indices [/>20(])]
R indices (all data)

Ap(max; min) [e A3] 0.476; -0.710

46022/32128 [R;, = 0.0200]
R, = 0.0440, wR, = 0.0871
R, = 0.0939, wR, = 0.1018

34098/20065 [R;, = 0.0431]
Ry =0.0480, wR, = 0.0992
R, =0.1054, wR, = 0.1132
1.941; —1.558

bonds, 2.421(8) A and 2.472(5) A for terminal and bridged
ligands, respectively, are typical of those observed in related
clusters.['>14] The formation of the unusual cationic com-
plex ion [H3O(Ph3;PO);]" (Figure 3) is a distinctive feature
of the structure. Such structures consist of three tri-
phenylphosphane oxide molecules that are H-bonded to a
central oxygen atom (Ow) to form a trigonal pyramid
{O30w} (see the inset in Figure 3). The O-Oyw lengths
(Table 2) range between 2.449 A and 2.504 A, which indi-
cates relatively strong hydrogen bonding. The angles O-
Ow—O are within the range 99.1-110.4°. However, as is evi-
dent from Table 2, the H-bonding does not lead to con-
siderable deformation of the P=O bonds. Relative to un-
bound Ph;PO,!'*!5] the bonds are approximately 0.01 A
longer. This fact might be indicative of a shift in the posi-
tions of the protons towards the central oxygen atom to
form the H;O™ ion as a cation—complex core.

We studied the H-bond geometry by 'H NMR wide-line
spectroscopy. The NMR spectrum of the compound I (Fig-
ure 4) is determined mainly by magnetic dipole—dipole in-
teractions of the C¢Hs ring protons, whereas the protons
involved in the hydrogen bonds, which are closer together
and therefore coupled more strongly, are represented as
very feeble tails at the absorption edges. In this regard, we
considered the spectral domains at frequencies [Af] = (25 —
60) kHz where the influence of the aromatic protons is not
overwhelming. The spectra recorded below 200 K were cho-
sen for analysis since higher temperatures result in signifi-
cant narrowing of the NMR spectra because of increased
proton mobility. The simulation of the spectrum was per-
formed by an approach outlined in the Experimental Sec-
tion. The best fits to the experimental spectra were obtained
for a three-spin configuration close to equilateral (the dis-
tortion of the triangle sides does not exceed 2%), with an
2056

www.eurjic.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 1. Packing in the crystal structure of [H3O(OPPh;)s],-
[M06C1|4].

Figure 2. The structure of the cluster anion [MogCl,4]*> in com-
pound I. Displacement ellipsoids are drawn at the 50% probability
level.

average proton—proton distance of 1.76(1) A. On the basis
of these assessments and by supposing the linearity of the
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Cluster Complexes [H;O(Ph3;PO);],[Mo¢Cly4] and [H(Ph3PO),]5[ResSeBrs]

FULL PAPER

Figure 3. The structure of the cation [H;O(OPPh;0);5]" in com-
pound I. Displacement ellipsoids are drawn at the 50% probability
level.

Table 2. Interatomic distances [A] for the hydrogen bonds in com-
pound L.

Oy+-Olal O-HI®! H---Olbl «.Q=Plal
Cation 1
OIW-H--05 2.489(4) 1.09 1.40 1.497(3)
OIW-H--07 2.461(4) 1.11 1.35 1.494(3)
OIW-H--08  2.518(5) 1.11 1.40 1.491(3)
Cation 2
O2W-H--0O1  2.470(6) 1.17 1.30 1.495(4)
O2W-H--02  2.486(5) 1.12 1.37 1.495(3)
O2W-H--03  2.478(5) 1.11 1.37 1.504(3)
Cation 3
O3W-H--04 2.481(5) 1.11 1.38 1.491(3)
O3W-H--06  2.487(5) 1.09 1.40 1.502(3)
O3W-H--09  2.492(5) 1.12 1.37 1.489(3)

[a] Values obtained from crystal structure determination. [b] Values
estimated from NMR spectroscopic data (no corrections for the
H;O librations were made).

O-H--O bonds, we estimated the proton positions in the
hydrogen bonds. On the whole, the obtained proton ar-
rangement (Table 2) corresponds to asymmetrical H-bond-
ing with the mean distances of 1.11(2) and 1.37(3) A for
Ow—H and H:--O, respectively, which are in satisfactory
agreement with the experimental correlation of O-H vs.
H-+O found for the oxonium ions in inorganic crystals.['®]
Therefore, the discussed complex ion can be named tris-
(oxotriphenylphosphane ) oxonium.

The complex [H30(Ph3;PO)3],[MogCly4] is brightly lumi-
nescent in the red and near infrared regions of the emission
spectrum (Figure 5). It is interesting to note that the inten-
sity of its emission is almost twice as high as that for the
initial compound (H;0),MosCl;4:6H-0O. Recently we ob-
served similar luminescence behaviour in some related
complexes [Ca(DMF)s][MogClyy] and [Ca(PhsPO),l-
[MogCl ;I the emission intensities for these two com-
plexes are four and six times higher than that for (H;0),-
MO6C114'6H20.

We tried to find a similar cationic complex ion (as in I)
in the related rhenium system containing the isoelectronic
cluster complex [RegSeBrg]?~ with similar geometric charac-
teristics. The interaction of the rhenium complex
K,RegS¢Brg with triphenylphosphane oxide was carried out
in acetonitrile solution with the addition of several drops of
HBr. Indeed, we succeeded in obtaining a similar complex
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Figure 4. Fragment of the 'H NMR absorption derivative for
[H30(Ph3PO)s],[MogCly4] at 180 K (O) (the complete spectrum is
illustrated in the inset). The best fit to the experimental spectrum
is shown as a solid line. The dashed curves correspond to the con-
tributions of the H;O" and the Ph;PO protons.
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Figure 5. Luminescence spectrum of [H;O(OPPh;);],[MogCl 4] (1)
and (H3O)2M05C114'6H20 (2)

[H30(Ph3PO);]5[ReSeBrg] (III) with unit-cell parameters
[a = 13.6993) A, b = 22731 A, ¢ = 29.596(5) A, a =
102.889(8)°, = 99.129(5)°, y = 92.202(5)°] similar to those
observed for I (Table 1). Unfortunately, compound III crys-
tallized with a very small yield, and several crystals that
were isolated had poor quality and were therefore unsuit-
able for single-crystal X-ray analysis.

In the K,ResS¢Brg—Ph;PO-HBr system, another new
complex with the composition [H(Ph;PO),],[ResS¢Brg] (II)
was obtained in a high yield (Table 1, Figure 6). In II, there
are two types of cluster anions, [ResS,(S,/3Br/3)¢Bre]* and
[ReeS4(S1/2Br;2)4Brg]?, with different distributions of the
w3 ligands (Figure 7). In [RegS(S»/3Bry3)6Bre]>, four sulfur
and two bromine atoms alternatively occupy six corners of
a cube; in [RegS4(S,/2Bry/2)4Brg]*>, two sulfur and two bro-
mine atoms are distributed over four positions. The in-
teratomic distances for both isomers are summarized in
Table 3. The observation of similar cluster isomers among
octahedral cluster complexes is not unexpected. In particu-
lar, it was shown'”l that in the related complex
[{Re¢SecBr,} Brg]>, the cluster core [ResSesBr,]** is repre-
2057
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sented by three isomers that can be identified in solution
by 7’Se NMR spectroscopy.

Figure 6. Packing in the crystal structure of [H(Ph3PO),],-
[RC(,S6BI'8].

In compound II, the triphenylphosphane oxide mole-
cules are integrated into H-bonded dimers [H(OPPh;),]*
(Figure 8) with very short O-O distances of 2.34(1) A and
2.41(1) A for the two structurally nonequivalent dimers in
the unit cell. Note that one of these distances is even less
than the known limit (2.39 A) usually associated with the
formation of the symmetric O-H-O bond.l'®! The P=0O
bond lengths are essentially different in each of the dimers:
1.483(8) and 1.549(7) A, 1.488(10) and 1.523(8) A. This dif-
ference might possibly be explained by the asymmetric pro-
ton positions in the hydrogen bonds, i.e. the protons are
shifted from the bond centres towards the oxygen atoms
with longer P=0 contacts.’] In this regard, of interest is the
MAS 'H NMR spectrum (Figure 9): the protons involved
in H-bond formation give rise to a diffuse peak with a
chemical shift ¢ of 17.5(5) ppm. The observed ¢ value differs
noticeably from the shift of 21.6 ppm expected for a sym-
metrical bond."® On the basis of the various experimental
correlations between the chemical shift and hydrogen-bond
geometry,[!%19 the proton displacements from the bond

Table 3. Bond lengths [A] in the cluster anions [RegS¢Brs]* of com-
pound IL[™

[Re6S2(S2/3Bry/3)6Brel*
Re-Re

[ReS4(S1/2Bri/2)4Brg]*
Re-Re

Re(1)-Re(2) 2.5978(5) Re(4)-Re(6)#2 2.5959(6)
Re(1)-Re(2)#1 2.6101(6) Re(4)-Re(6) 2.5964(6)
Re(1)-Re(3)#1 2.6112(6) Re(4)-Re(5) 2.6005(6)
Re(1)-Re(3) 2.5929(6) Re(4)-Re(5)#2 2.6055(5)
Re(2)-Re(3)#1 2.6114(6) Re(6)-Re(5)#2 2.5886(6)
Re(2)-Re(3) 2.5996(6) Re(6)-Re(5) 2.6071(5)
Re-S Re-S

Re(1)-S(1) 2.408(3) Re(4)-S(6) 2.454(2)
Re(2)-S(1) 2.416(3) Re(4)-S(7) 2.455(2)
Re(3)-S(1) 2.407(3) Re(5)-S(6)#2 2.44002)
Re-Qi (S, Br) Re(5)-S(7) 2.434(3)
Re(1)-Q(2) 2.498(2) Re(6)-S(6) 2.447(3)
Re(1)-Q(3) 2.5226(19) Re(6)-S(7)#2 2.447(2)
Re(1)-Q(4) 2.522(2) Re-Q' (S, Br)

Re(2)-Q(2)#1 2.493(2) Re(4)-Q(5) 2.493(2)
Re(2)-Q(3) 2.536(2) Re(4)-Q(8) 2.514(2)
Re(2)-Q(4)#1 2.510(2) Re(5)-Q(5) 2.507(2)
Re(3)-Q(2) 2.478(2) Re(5)-Q(8)#2 2.511(2)
Re(3)-Q(3)#1 2.5297(19) Re(6)-Q(5) 2.521(2)
Re(3)-Q(4)#1 2.5006(19) Re(6)-Q(8)#2 2.522(2)
Re-Br Re-Br

Re(1)-Br(1) 2.5234(11) Re(4)-Br(9) 2.5358(13)
Re(2)-Br(5) 2.5368(12) Re(5)-Br(10) 2.5336(11)
Re(3)-Br(6) 2.5401(13) Re(6)-Br(11) 2.5180(13)

[a] Symmetry transformations used to generate equivalent atoms:
#l —x+1, -y, —z+1; #2 x+1,-y-1, =z

Figure 8. The structure of cation [(Ph3sPO),H]*" in compound II.
Displacement ellipsoids are drawn at the 50% probability level.

Figure 7. The structures of the cluster anions [RegS¢Brg]>” in compound II. Q — mixed S/Br positions. Displacement ellipsoids are drawn

at the 50% probability level.
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Figure 9. MAS 'H NMR spectrum of [H(Ph;PO),],[ResS¢Brg].

centre were estimated to fall in the range from 0.13 to
0.17 A.

The obtained experimental results together with those
cited in the literature allow us to predict that triphenylphos-
phane oxide in acid solutions is able to form several proton-
ated complex ions, namely [HOPPhs]*, [H(OPPh;),]*,
[(H30)(OPPh;3),]* and [(H30)(OPPh;);]*", which can exist
simultaneously in chemical equilibrium with each other.
The question “What forms can be isolated in proper com-
plexes?” can be answered differently depending on the spe-
cific chemical system to be studied. The oxonium ion H;O™"
plays a key role in the formation of cationic trimeric com-
plex ion [H3;O(OPPhj3);]* (a single proton involved in the
formation of [HOPPh;]* or [H(OPPh;),]" is obviously not
able to interact with a third oxygen atom). In solids con-
taining OPPh; and large cluster anions, we have discovered
the cationic complex ion [H(OPPh;),]* (observed earlierl®)
and a novel complex ion [H;O(OPPhs);]*. These complex
ions resemble well-known protonated complexes inherent
to hydrated systems (Zundel complex [HsO,]*?Y and Eigen
complex [HoO4]* ! in which the H>O molecules are re-
placed by OPPh;) owing to the type of solvation observed
in these complexes.

Experimental Section

Materials and Methods: Starting compounds were prepared by
known methods described in the literature. MogCl;, was synthe-
sized by the method described previously.?? (H;0),-
Mo,Cly4:6H,0 was prepared by dissolution of MogCl;, in hot con-
centrated HCIL. The solution was filtered and (H30),-
MogCl 4:6H,O was crystallized by cooling of the solution. The
precipitate was washed with cold water and dried in air.
K,[ReeS¢Brg] was synthesized as described previously.>?! Other rea-
gents were purchased from Aldrich and used as received without
additional treatment. Elemental analyses (Carlo Erba Instrument
EA1106) were performed by the laboratory of microanalysis at the
Vorozhtsov Institute of Organic Chemistry, Siberian Branch of
Russian Academy of Sciences.

Synthesis of [H;O(Ph3P0O);],[MosCly4] (I): (H30),Mo4Cli46H,O
(100 mg, 0.08 mmol) was dissolved in acetonitrile (10 mL), and
Ph;PO (300 mg, 1.1 mmol) was dissolved in acetonitrile (10 mL).
The solutions obtained were mixed, boiled for 5 min and evapo-
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rated until a crystalline precipitate began to form. Then the solu-
tion was cooled. The crystals were filtered and washed with diethyl
ether (S5mL). Yield: 170 mg (61%). Single crystals for X-ray dif-
fraction analysis were separated from the precipitate. The XPD
pattern of solid I agreed well with the pattern calculated from the
single-crystal parameters. C;osHosCl;4M0sOgPg (2779.61): caled. C
46.67, H 3.48; found C 46.61, H 3.60%.

Synthesis of [H(Ph3;PO),];|ResSeBrg] (II): K,ResS¢Brg (100 mg,
0.04 mmol) was dissolved in acetonitrile (10 mL), and Ph;PO
(100 mg, 0.36 mmol) was dissolved in acetonitrile (10 mL). The
solutions obtained were mixed, a drop of HBr was added and the
solution boiled for 2-3 min. The solution was filtered, and the fil-
trate was evaporated to a volume of 10 mL, after which diffusion
was carried out using ether. Bright red vinous crystals precipitated,
which were collected. Single crystals for X-ray diffraction analysis
were separated from the precipitate manually. Yield 95 mg (63 %).
A further amount of the compound could be obtained from the
mother liquor by evaporation. The XPD pattern of solid II agreed
with the pattern calculated from the single-crystal parameters.
C;,Hg:BrgO4P4ResSs (3063.94): caled. C 28.22, H 2.04; found C
28.39, H 2.18%.

Crystallography: The structures of complexes I and II were solved
by X-ray diffraction analysis of single crystals. The diffraction data
were collected on a Bruker-Nonius X8APEX CCD diffractometer
by using Mo-K,, (0.71073 A) radiation and a graphite monochro-
mator. The absorption corrections were semiempirical using the in-
tensities of equivalent reflections and the SADABS software.[*¥]
The structures were solved by direct methods and refined by full-
matrix least-squares on F?; anisotropic approximation for non-hy-
drogen atoms using the program package SHELXL.[>’ The crystal-
lographic and experimental details are given in Table 1. CCDC
614149 (I) and 614150 (II) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

NMR Spectroscopy: MAS "H NMR measurements for II were per-
formed at room temperature with a Bruker Advance 400 spectrom-
eter at 400.13 MHz. The n/2 rf-pulse width and the recycle delay
were 10 ps and 60 s, respectively. The spectra were recorded at rota-
tion frequencies in the range 10-20 kHz using a 4-mm ZrO, rotor.
The powder sample was prepared by several synthesis cycles de-
scribed above. The 'H chemical shift was measured relative to the
resonance of TMS. The wide-line '"H NMR spectrum of I was re-
corded in the form of the first derivative of the NMR absorption
line by sweeping the frequency in the neighbourhood of 25 MHz
in the temperature range 180-350 K with a home-made NMR spec-
trometer with signal accumulation. For the analyzed spectra, the
signal/noise ratio reached about 3 X 103. The H30" spectra, as a
function of the proton—proton distances ry, r» and r3, were simu-
lated with a known three-spin approximation.?®2”1 The contri-
bution of the aromatic protons in the analyzed frequency region
was approximated by a rectangle-Gaussian convolution function(?®!
determined by two parameters: @ and b for the rectangle and
Gaussian, respectively. This gives the NMR absorption derivative
for a powder in the form:

F(f) ~ — cl(4nf) [ZI{f — 6)exp[~(f — 9,)*12]d2

+ (1 = )/(2ab){exp[(f+ a)*2b?] — exp[(f — a)*/2b?]}

where J; and o; are corresponding intensities and line positions of
the H;0*" NMR septet,l*”] which depend on r; and the orientation

(Q) of the proton triangle with respect to the external magnetic
field; g is the parameter of the spectral broadening due to the di-
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polar interactions of the H;O" group with surrounding protons; ¢
is the concentration of the H;O* protons. In the frequency ranges
|Afl = (25 — 60) kHz, the discrepancy between the experimental
spectra and the best fits obtained with this equation is about 2.5%.

Luminescence Spectroscopy: Luminescence spectra were recorded
at room temperature by using the spectrometer SDL-1 with the
photoelectron multiplier PEM-62. The excitation source was a mer-
cury lamp of type DRSH-250 with a 365-nm filter. The measured
samples had the shape of square pellets of equal size.
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