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Stabilization of tautomeric forms P(OH); and HP(OH), and
their derivatives by coordination to palladium and nickel atoms in
heterometallic clusters with the M03MQ44+ core (M =Ni, Pd; Q =S, Se)
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The cluster aqua complexes [Mo3(MC1)Q4(H20)9]3+ (M = Pd or Ni) in hydrochloric acid
solutions induce isomerization of the hydrophosphoryl compounds (HO),P(O)H, (HO)P(O)H,,
PhP(O)(OH)H, and Ph,P(O)H into the hydroxo tautomers P(OH);, HP(OH),, PhP(OH),,
and Ph,P(OH), which are stabilized by coordination of the phosphorus atom to the Pd or Ni
atoms. The reactions were studied by 3'P NMR and UV-Vis spectroscopy. The kinetics of the
reactions of phosphorous acid with [Mo3(PdCl)Q4(H20)9]3+ was investigated by spectropho-
tometry. The [Mo;(Pd(PhP(OH),))S,(H,0),Cl;]>~ complex was isolated as a supramolecular
adduct with cucurbit[8]uril, and the [Mos(Ni(P(OH)3))S4(H,0)¢Cl]3* complex was isolated
as an adduct with cucurbit[6]uril. The structures of both compounds were established by X-ray

diffraction analysis.
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Earlier,]=4 we have demonstrated that readily

accessible and stable 60-clectron cluster aqua com-
plexes with the cuboidal metal chalcogenide core
[M3(M"CI)Q4(H,0)]3" (M = Mo, W; M” = Ni, Pd;
Q =S, Se) exhibit unusual reactivity with hydrophosphoryl
compounds (i.e., compounds containing the O=P—H
group). These complexes induce isomerization of phos-
phorous acid (HO),P(O)H, hypophosphorous acid
(HO)P(O)H,, and the phenyl-substituted derivatives
Ph,P(O)H and PhP(O)(OH)H to form the correspond-
ing hydroxo tautomers (>P—OH), which are stabilized by
coordination to the heterometal atom (palladium or
nickel) due to involvement of the lone electron pair of
the phosphorus atom that becomes free.!=4 The for-
mation of the [Mos(Pd(P(OH);))S4(H,0)¢Cl;]* and
[W3(Ni(HP(OH)Z)Se4(H20)9]4+ complexes was estab-
lished by 3'P NMR spectroscopy and X-ray diffraction.12
The formation of the [Mos(Pd(PhP(OH),))S4(H,0)]4*
and [Mo3(Pd(thP(OH))S4(H20)9]4+ complexes was
proved by 3P NMR spectroscopy.3 The high affinity of
the Ni and Pd atoms (their degree of oxidation can be
formally considered as M(0))? for soft donors (phospho-
rus atoms) is, evidently, the driving force for these reac-
tions. It is known® that the P—O—H group is readily
isomerized into the H—P=O group under standard con-
ditions, which leaves an imprint on the phosphorus chem-
istry. The fact that the tetrahedral tautomer of phospho-
rous acid (HO),P(O)H is energetically more favorable

was confirmed also by quantum-chemical calculations.”
For the M—P donor-acceptor bond to be formed, it is
necessary that this molecule should be isomerized to the
three-coordinate form P(OH); with a lone electron pair
on the phosphorus atom. In spite of the fact that the equi-
librium constant of this reaction is very small (~10~19-3 in
aqueous solution), the formation of P(OH); was postu-
lated® already in 1920s as the first step in studies of the
kinetics of oxidation of phosphorous acid with the Hg!!,
Agl, CrV1) or VY ions or halogens. Hydroxyphosphines
RP(OH), and R,P(OH) (R = Alk or Ar) exist as the
RP(O)(OH)H and R,P(O)H tautomeric forms, respec-
tively, except for rather bulky substituents (R is 2,2-di-
methylbicyclo-[2,2,2]-hept-3-ylmethyl in RP(OH),)8 or
strong electron-withdrawing substituents (for example,
(CF3)2P(OH)).9 In the present study, we examined
isomerization of a series of phosphorus-containing com-
pounds in the presence of heterometallic molybdenum-
palladium and molybdenum-nickel chalcogenide clusters,
investigated the kinetics of the reactions of phosphorous
acid, and obtained direct structural evidence for the exist-
ence of the coordinated PhP(OH), molecule.

Results and Discussion
The addition of the hydrophosphoryl compounds

(HO),P(O)H, (HO)P(O)H,, PhP(O)(OH)H, or
Ph,P(O)H to hydrochloric acid solutions of the
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heterometallic cluster aqua complexes
[M03(PdCl)Q4(H20)9]3Jr (Q = S or Se) changes the color
of the solution from blue to brown, which is characteristic
of coordination of phosphorus-containing ligands to the
palladium atom in these clusters. This fact suggests that
the reaction involves isomerization of the reagents to tau-
tomeric forms with the lone electron pair on the phos-
phorus atom, and this electron pair is donated to the
palladium atom. It is known!? that the palladium atom in
the Mo;PdQ,*" clusters is not virtually coordinated by
oxygen-containing donors in the presence of other donor
ligands. Meanwhile, coordination of oxygen-containing
ligands to oxophilic molybdenum atoms is not accom-
panied by such radical changes in the UV-Vis absorp-
tion spectra of the cluster. Under analogous conditions,
the [Mo3(PdCl)S4(H20)9]3+ complex produces the
[Mo;(PdPPh3)S,Cl4(H,0)s] complex even in the pres-
ence of an excess of triphenylphosphine. Coordination of
triphenylphosphine to palladium in the latter complex
was established by X-ray diffraction.3 The maxima in the
UV-Vis absorption spectra of the complexes with the PPh;,
PPh,0OH, and PhP(OH), ligands are observed at virtually
the same positions and are independent of the number of
Ph groups in the ligand, whereas the presence of the coor-
dinated P(OH); and HP(OH), molecules leads to addi-
tional shifts of these maxima to lower frequencies by
20—30 nm (Table 1). Therefore, the similarity of the
UV-Vis spectra of all the complexes under study indicates
that the phosphorus-containing ligands are coordinated
to the palladium atoms. The 3P NMR spectra provide
unambiguous evidence that coordination causes isomer-
ization of the ligands. The isomerization is accompanied
by the migration of the hydrogen atom from phosphorus
to oxygen. The P—H bond cleavage results in the disap-
pearance of the doublet in the case of H;PO; and
Ph,P(O)H (P—H bonds are absent from P(OH); and

PhP(OH),) or the transformation of the triplet into the
doublet (one P—H bond remains in HP(OH),). The P—H
bond is characterized by the large constant 'Jp_y (see
Table 1) and can easily be revealed by measuring proton-
decoupled spectra. The coordination causes a strong
(>100 ppm) downfield shift of the signal. The real spectral
pattern is complicated by the fact that several mixed chloro
aqua complexes [Mo;Pd(PR;)Q,(H,0)y_,CL]*" are
formed in hydrochloric acid solutions, resulting in
the appearance of three—four closely-spaced signals.
The reactivity decreases in the series Ph,P(O)H >
> PhHP(O)OH > H;PO, > H;PO;. The formation of
the complex with the coordinated PhP(OH), ligand was
confirmed by X-ray diffraction study of a supramolecular
adduct with the macrocyclic cavitand, viz., cucurbit|8]uril,
(H;0)3[Mo5(Pd(PhP(OH),)S4(H,0),Cl;][2PhP(O)-
(OH),cCB[8]] -nH,0. Due to disorder of the cluster com-
ponent observed in studies of three single crystals, we
failed to completely solve the structure (see the Experi-
mental section). However, the presence of the
[Mos(Pd{PhP(OH),})S,(H,0),Cl;]3~ ions (Fig. 1) and
the cucurbit[8]uril molecules containing two inclusion
molecules of phenylphosphinic acid PhP(O)(OH), (oxi-
dation product of PhHP(O)OH) as the major compo-
nents of the crystal lattice is beyond doubt. These two
structural components are linked to each other by a hy-
drogen bond network involving also water molecules of
crystallization.

Several complexes with the ligands under study,
have been described in the literature. However, all
these complexes, except for [Ru(NH;)s(P(OH)5)]>" 11
and the gold complexes [(Ph,POH)AuCl] and
[(Ph,POH)AuGeCl;][(Ph,POH),Au]*,12 were synthe-
sized by hydrolysis of the [Cr(CO)s(PCl;)] and
[PtCly(Ph,PCl),] complexes!3—16 or oxidation of coor-
dinated phosphorus hydrides (Rh'!! complexes with

Table 1. Chemical shifts in the 3'P NMR spectra (8, J/Hz) and UV-Vis absorption spectra (Ay,,/nm
(e/L mol~! cm~1)) of the [Mo3(M "L)Q4(H,0),]*" complexes (M" = Pd or Ni; Q = S or Se) in 4 M HCI

M~ Q P(OH),H P(OH), PhP(OH), Ph,P(OH) PPh;
3 Mmax 8 Amax (8) 8 Amax (8) 3 Amax (8) 8 Amax (8)
Pd S 122.7, 235, 116.4, 130.9, 255, 113.7, 255, 316, 256,
123.2, 295, 1159, 296  131.6, 323, 113.8, 323, 325, 323,
123.9 454 1153, 435 1323 475 1140 477 334 477
(\Up_y; = 405) 114.6  (3680) (1000) (1110) (1722)
Se 121.6, — 112.9, 131.7, 258, 1119 260, 313, 257,
119.0, 1122, 310 1327, 314, 317, 322, 325,
116.5 111.6, 444 1337 463 467 33.3 477
(Up_y; = 405) 110.8  (2250)
Ni S 141.6 — 1336, — 147.8 — — — 39.7, 316,
(Up_yy = 411) 134.4, 40.7, 488,
135.3 41.9 574

(940)
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Fig. 1. Structure of the [Mos(Pd(PhP(OH),))S4(H,0),Cl;]3~
cluster complex.

Ph,POH and p-PPh,07) rather than by isomerization of
the corresponding compounds containing the H—P=0
fragment in the presence of metal as a complexing agent.
Oxidation affords initially the [RhCly(Ph,PH),]" com-
plex, which is gradually oxidized in solution.1”

We found that bis(hydroxy)phosphine is also
readily oxidized in the palladium coordination sphere
to give tris(hydroxy)phosphine P(OH);. This reaction
was studied by 3P NMR spectroscopy. Isomerization
of H;PO, and coordination of HP(OH), (which pro-
ceed much faster than those for H;PO3) in hydro-
chloric acid afford the chloro aqua complexes
[Mo;Pd{HP(OH),}Q4(H,0)y_,CL |#9%  which are
readily identified based on a series of characteristic dou-
blets in the NMR spectra. However, these lines lose
intensity already after one day, and signals of the
[Mo3Pd{P(OH)3}Q4(H,0)y_,Cl,]4* complex, free
H;PO;, and H5PO, appear. After several days, only
the complex with P(OH); is present in solution. These
observations can be explained as follows. The first step
produces the complex with HP(OH),. In the second
step, HP(OH), is oxidized to P(OH); and, in the pres-
ence of an excess of H;PO,, is displaced from the coordi-
nation sphere to form phosphorous acid. The ease of
oxidation of the HP(OH), molecule coordinated to the
palladium atom did not allow us to isolate the cor-
responding complex as the solid phase; instead, the
[Mo;(Pd(P(OH)3))S4(H,0)4Cl5]" complex crystallized as
a supramolecular adduct with cucurbit[6]uril.! The ability
of palladium black to catalyze H;PO, oxidation by pro-
tons in acidic solution has long been known.® Hence, it
can be hypothesized that this heterogeneous process in-
volves chemosorption of HP(OH), on the particle surface
of palladium black followed by oxidation.

The reactions of H3PO; with [Mo3(PdCI)Q4(H,0)o]**
(Q = S or Se) appeared to be rather slow, which allowed
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Fig. 2. Absorbance change with time for the reaction of H;PO4
with [Mo3(PdCl)S4(H,0)o]>" in 4 M HCL.

us to study the kinetics by spectrophotometry. The absor-
bance change in one of experiments is shown in Fig. 2.

During the first two—three minutes, a rather rapid
change is observed in the 350—420 nm region of the
spectrum, after which the changes become slower. An
isobestic point is observed at L = 533 nm for Q = S and at
545 nm for Q = Se, which is indicative of the presence of
only two forms of the cluster. The positions of these
isobestic points and the average extinction coefficients (£)
in the spectra

g=A4/(Cy-D,

where Cy; is the concentration of the cluster, are indepen-
dent of Cy,pp,. Therefore, the reaction involves two
clearly distinguishable steps. The first rapid step is, ap-
parently, associated with the coordination of the
(HO),P(O)(H) molecules (in essence, of phosphine oxide)
to the oxophilic molybdenum atom in the cluster (reac-
tion is promoted by the statistical factor; three molybde-
num atoms in the cluster have nine coordination sites).
The second step involves the isomerization and coordina-
tion of phosphorous acid to the palladium atom in the
cluster and the replacement of the Cl~ ion. The first (fast)
step produces the [Mo3(PdC1)Q4(H3PO3)n(H20)m]3+
complex. Taking into account the large stability constants
of the complexes with such ligands, a high H;PO; con-
centration used in the experiments, and the fact that the
characteristics of the isobestic points are independent of
Ch,po;, it can be concluded that # remains constant and
is close to the limiting value upon coordination of H;PO3
to molybdenum in all experiments. Otherwise, one would
assume that a change in n (number of H;PO; molecules
coordinated to molybdenum) has no effect on the spectra
of the clusters.

The kinetic data processing for the second (slower)
step showed the absence of the second pathway of re-
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placement of Cl~ by P(OH);. It was also found that the
absorbance of the solution measured after a rather long
period of time depends substantially on Cy,pg,. Hence,
the reactions of the [Mos(PdCl)Q4(H;PO5),(H,0),,13*
clusters with H;PO; are apparently reversible.!8 Then the
kinetic equation takes the form

(e7¥%B"CxCy + C\)/(1 + By "Cx) = [M] = AD/(Ae+ 1),

k* = k2[X] + k*—l’ Bl* = kz/k*_l,

where k, is the rate constant of the forward reaction,
k"_, is the apparent rate constant of the backward reac-
tion (k*,l = k_,+[C]7] and it remains constant under the
experimental conditions at Cyy; = 4 mol L~! = const),
Cy is the initial H3PO; concentration, Cy, is the initial
concentration of the [Mo3(PdC1)Q4(H20)9]3Jr cluster
(Q=SorSe), [M] is the equilibrium concentration of the
cluster, AD = D — g\ - Cy is the difference between the
current absorbance and the expected absorbance when
the degree of conversion in the reaction is 100%, As =
em — emx is the difference between the extinction coeffi-
cients of the clusters and the corresponding complexes,
and /is the cell path length. The processing of the experi-
mental data was carried out using the weighted nonlinear
least-squares method.! The statistical weights were de-
termined based on the errors in the measurement of the
absorbance. The rate constants are given in Table 2.
Earlier,10:20 the rate constants of the reactions of the
M03PdS4aq4+ complex with phosphines (X), viz., 1,3,5-tri-
aza-7-phosphaadamantane (PTA) and tris(3-sulfonato-
phenyl)phosphine (TPPTS?-), have been determined. The
reactions were carried out in 2 M p-toluenesulfonic acid
(Hpts), in which the palladium complex exists as the
double cuboidal cluster {[M03PdS4(H20)9]2}8+. The very
fast reactions afford the cuboidal [Mo3(PdX)S,(H,0)4]**
complexes. The rate constants of the forward reactions
are 2.78+10% L mol~! s=! for X = PTA and 9.6-10°
L mol~! s~! for X = TPPTS3~. These constants are sub-
stantially larger than the rate constants for the reactions
of [Mo3(PdC1)Q4(H,0),]3* (Q = S or Se) with H;PO5 in
4 M HCI determined in the present study (see Table 2).
This is attributable to several factors. First, the reactivity
of the cluster increases in Hpts solution, in which chlo-
ride is not coordinated to the Pd atom in the cluster, and,
consequently, there is no need to replace this ion in the

Table 2. Rate constants of the forward reaction (k)
and the apparent rate constants of the backward
reaction (k*_;) [Mo3(PdCl)Q4(H,0)4]3" + H;PO; =
[Mos(PdP(OH)3)Q4(H,0)g]** + CI-

Q ky/L mol~!s~! k_y/s7!
S (1.18+0.05)- 104 (2.3£0.2)- 107>
Se (3.0£0.1)- 1073 (4.540.2)-1073

presence of a large molar excess. Second, the PTA and
TPPTS3- ligands are coordinated without additional
tautomerization.

The nickel-containing [Mo3(NiCl)S4(H,0)o]3" clus-
ter is less reactive than the palladium-containing clus-
ter and it does not react with hydrophosphoryl com-
pounds in hydrochloric acid solutions at room tem-
perature. A rise in the temperature accelerates the reac-
tion. Heating in a 1 M HCI solution over a long period of
time afforded the complexes with HP(OH),, P(OH);,
Ph,P(OH), and PhP(OH),, which was proved by
3P NMR spectroscopy. The reactions are accompanied
by a change in the color of the solutions from green to
different tints of red. The chemical shifts in the NMR
spectra are observed at lower field than those in the spec-
tra of analogous palladium clusters. The same situation
was also observed for the [Mo;(M "PPh;)S,(MeCp);]* 2!
and [Mo;(M "PPh;)S,Cl,(H,0);] complexes.?2 We failed
to prepare the complex with HP(OH), in pure form (as
well as in the case of palladium clusters). Studies by NMR
spectroscopy demonstrated that the reactions always pro-
duce mixtures of complexes containing the HP(OH), and
P(OH); ligands. In Hpts solutions, the reactivity of the
nickel cluster, like that of the palladium cluster, is higher.

The rate constants of the reactions of the nickel clus-
ter with the PTA and TPPTS3- ligands in a 2 M Hpts
solution were determined.?® The rate constants of these
reactions are 119 L mol~! s=! for X = PTA and
58 L mol~! s~! for X = TPPTS3~, which are substantially
smaller that those for the palladium clusters. Therefore,
our data on the reactions of nickel and palladium clusters
with hydrophosphoryl compounds agree well with the
data?? on the reactions of these clusters with phosphines.

The complex with P(OH); was prepared in good
yield by the reaction of a hydrochloric acid solution of
[M03S4(H,0)0]*" with Ni>* and H;PO,. Careful heat-
ing (to 40 °C) affords the green [M3(NiCl)S4(H,0)q]3"
complex.23 At higher temperature, the reaction pro-
duces a red-colored solution, which can be purified and
concentrated by ion-exchange chromatography. This
solution is stable in air for several months. The
{[Mo3(NiP(OH);)S4(H,0)¢CI]CB[6]}Cl5+ 13H,O com-
plex (1) was isolated from this solution as a supramolecu-
lar adduct with cucurbit[6]uril (CB[6]), and this complex
was structurally characterized (Fig. 3). The principal geo-
metric parameters of the cluster cation are given in Table 3.
The P(OH); molecule, in which the hydrogen atoms were
localized for the first time, is coordinated to the nickel
atom through the phosphorus atom (Ni—P, 2.165(2) A).
The geometry of this coordinated molecule deviates sub-
stantially from tetrahedral geometry toward pyramidal ge-
ometry; the O—P—O angles are in the range of 99—105°,
whereas the O—P—Ni angles vary from 113 to 120°. The
coordination polyhedron of the nickel atom (without con-
sideration of the Ni—Mo bonds) is a slightly distorted
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Fig. 3. Structure of the [Mos(Ni(P(OH)3)S4(H,0)sCI]3* clus-
ter complex.

tetrahedron, and the P(OH); molecule is oriented so that
the P—O and Ni—S bonds are in an eclipsed conforma-
tion. The coordinated P(OH); molecule, like other ligands
(H,0,24 CI~,%5 and PhSO,~ 23), has no effect on the bond
lengths and bond angles in the Mo;NiS,*" cluster core
(Table 4).

The crystal structure of compound 1 consists of alter-
nating layers containing free cucurbit[6]uril molecules and
supramolecular adducts of the composition cluster : cu-
curbit[6]uril = 2 : 1. The structure of the supramolecular
adduct of the [Mo;(Ni(P(OH);)S4(H,0)sCI]** cluster
complex with cucurbit[6]uril is shown in Fig. 4. The wa-
ter molecules in the cis positions with respect to the p;-S

Table 3. Selected bond lengths (d) in the structure of 1

Bond d/A Bond d/A
Mo(1)—Mo(2)  2.7379(8)  Mo(2)—O(23M) 2.213(4)
Mo(1)—Mo(3)  2.7446(7)  Mo(3)—Ni(1)  2.6625(9)
Mo(1)—Ni(1)  2.6818(10) Mo(3)—S(2)  2.3448(16)
Mo(1)—S(1) 2.3512(16) Mo(3)—S(3) 2.3526(15)
Mo(1)—S(2) 2.3481(16) Mo(3)—S(4) 2.3438(16)
Mo(1)—S(4) 2.3432(17)  Mo(3)—O(31M) 2.191(4)
Mo(1)—O(11M) 2.160(4)  Mo(3)—O(32M) 2.224(4)
Mo(1)—O(12M) 2.173(5)  Mo(3)—O(33M) 2.207(4)
Mo(1)—O(13M) 2.183(4)  Ni(1)—S(1) 2.2019(18)
Mo(2)—Mo(3) 2.7650(7) Ni(1)—S(3) 2.1952(17)
Mo(2)—Ni(1) 2.6853(10)  Ni(1)—S(4) 2.1940(17)
Mo(2)—S(1) 2.3449(16)  Ni(1)—P(1) 2.165(2)
Mo(2)—S(2)  2.3532(15) P(1)—O(IP)  1.589(6)
Mo(2)—S(3)  2.3366(16) P(1)—O(QP)  1.595(6)
Mo(2)—CI(21)  2.508(2)  P(1)—O@(3P)  1.571(6)
Mo(2)—0(22M) 2.186(4)

atom, which links three molybdenum atoms, form hydro-
gen bonds with the oxygen atoms of the portals of
cucurbit[6]uril. The O...O distances are in the range of
2.647(7)—2.797(6) A.

The geometry of the free P(OH); molecule was calcu-
lated by ab initio methods.” The P—O bond lengths
(1.64—1.67 A) are larger than the experimental bond
lengths in the {{Mo;(Ni(P(OH);)S,(H,0);CI]CB[6]}Cl; -
-14H,0 (1.571(6)—1.595(6) A) and
{[Mo3(Pd(P(OH)3)S4(H,0)¢Cl;],CB[6]}Cl, - 20H,0
(1.56 A) complexes. An analogous shortening of the P—O
bond was observed upon coordination of phosphites
P(OR);.27:28 The arrangement of the hydrogen atoms in
the coordinated P(OH); molecule (all atoms point to-
ward the Ni—P bond) differs from that calculated for the
free molecule, where only one hydrogen atom points to-

Table 4. Comparison of the bond lengths (A) in the Mo;NiS,*" cluster core in complexes containing the P(OH);, CO, H,0, PhSO,,

and Cl~ ligands coordinated to the nickel atom

Compound dav’ dmin/dmax
Mo—Ni Mo—S Ni—S
{[Mo(Ni(P(OH)5)S4(H,0)5Cl|CB[6]}Cl5 - 14H,0 (1) 2.67 2.34 2.20
2.663(1)/2.685(1)  2.337(2)/2.353(1)  2.194(2)/2.202(2)
[Mo3Ni(CO)S4(H,0)o](pts),+ TH,0%6 2.68 2.33 2.20
2.671(25)/2.684(24) 2.318(18)/2.343(20) 2.193(20)/2.209(28)
[Mos(Ni(H,0))S4(H,0)o](pts)y - 7TH,0% 2.64 2.33 2.20
2.630(28)/2.647(22) 2.318(51)/2.352(32) 2.203(60)/2.210(51)
{IM03(Z2))S4Cl; 17(H,0)7 331[M03(Z))S4Cl, 5,(H,0)g 751 — 2.67 2.33 2.19
(C3gH36N24012)} Cl, o1+ 15H,0%3 (Z = Ni(PhSO,)) 2.668(2)/2.680(7)  2.320(4)/2.348(3)  2.182(3)/2.198(3)
{IMo3(NiC1)S,CI(H,0)g] (PYHCC 36 H3N14012)}Cls » 14.5H,025 2.64 2.32 2.18
2.636(9)/2.651(16)  2.305(50)/2.326(50) 2.174(10)/2.195(60)
{[Mo3(NiCD)S,Cly(H,0)71(C36H36N5401,)1Cl - 13H,0%5 2.65 2.33 2.20

2.645(42)/2.651(2)

2.313(18)/2.349(14)  2.200(9)/2.194(8)
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Fig. 4. Structure of the supramolecular adduct of the [Mo;(Ni(P(OH);)S4(H,0)¢Cl]3* cluster complex with cucurbit[6]uril. The

O—H...O hydrogen bonds are indicated by dashed lines.

ward the lone electron pair.” In the structure of com-
pound 1, the arrangement of the hydrogen atoms (in spite
of the difficulties of their determination against the back-
ground of strongly scattering heavy atoms) was addition-
ally confirmed by hydrogen bonding. Two hydrogen at-
oms of the coordinated P(OH); groups are involved in
hydrogen bonds with the oxygen atoms of two water sol-
vate molecules (H...O, 1.746 and 1.756 A; the O—H...O
angles are 156.6° and 150.9°, respectively), and one hydro-
gen atom forms a hydrogen bond with the chloride anion
(H...Cl, 2.224 A; the O—H...Cl angle is 142.6°).

To summarize, we studied the influence of the hetero-
metal (Ni and Pd) and chalcogen (S and Se) atoms on
the ability of heterometallic cuboidal clusters with the
M03M'Q44Jr core to coordinate phosphine tautomeric
forms of hydrophosphoryl molecules. We found that the
palladium clusters are even more reactive in these reac-
tions than the corresponding nickel clusters, and the se-
lenide clusters are more reactive than the sulfide clusters.
The complex with the PhP(OH), ligand was isolated for
the first time, and the coordinated P(OH); molecule was
completely (including the positions of the hydrogen at-
oms) structurally characterized.

Experimental

The starting solutions of the [Mo3(PdCl)Q4(H20)9]3Jr clus-
ter in 1 M HCI and the [M0;Q4(H,0)0]** cluster in 2 M HCI
(Q = S or Se) were prepared according to standard proce-
dures29—31 and were brought to the desired concentration [H*]
by adding 12 M HCI. Cucurbit[8]uril (CB[8])3? and cucur-
bit[6]uril (CB[6])33 were synthesized according to procedures
described earlier.

The NiCl,-6H,0 (Reachim), NH4H,PO, (Reachim),
PhPH(O)(OH) (Aldrich), and Ph,P(O)H (Aldrich) compounds
were used without additional purification.

Trihydroxophosphinenickeloctaaquachlorotetrasulfido-
trimolybdenum trichloride cucurbit[6]uril tridecahydrate,

{[Mo3(Ni(P(OH);)S,(H,0)3CI]CB[6]}Cl;- 13H,0 (1). Nickel
chloride hexahydrate, NiCl,-6H,0 (790 mg, 10-fold excess)
and NH4H,PO, (270 mg, 10-fold excess) were added to a
10 mM [Mo5S4(H,0)q]*" solution (3-10~* mol, 30 mL) in
2 M HCI. The solution was magnetically stirred under argon
at 60 °C for 24 h to afford a red solution containing
[Mo3(NiP(OH)3)S4(H,0)0]**. The solution was purified and
concentrated on a DOWEX 50 WX-2 cation-exchange resin
using 1 M hydrochloric acid as the eluent. A 20 mM solu-
tion of cucurbit[6]uril (1-10~* mol, 5 mL) in 4 M HCI and
10 drops of glycerol (1—2 mL) were added to a 5 mM
[Mo;(NiP(OH)3)S,(H,0)0]3* solution (2.5+ 10~ mol, 5 mL) in
1 M HCI. The solution was kept in an open beaker at room
temperature for one week, during which single crystals precipi-
tated. These crystals were used for X-ray diffraction study. The
yield was 37.4 mg (72%). Found (%): C, 20.71; H, 3.92; Cl, 6.76;
N, 15.98. C;3¢Hg,Cl4Mo3N,uNiO34PS,. Calculated (%):
C, 20.85; H, 3.94; Cl, 6.84; N, 16.21.

Synthesis of the supramolecular adduct of
[Mo3Pd(PhP(OH),)S(H,0),]4* with cucurbit[8]uril. A 10 mM
PhP(O)(H)(OH) solution (2-10~® mol, 0.2 mL) in methanol
was added to a 12 mM [Mo3(PdC1)S4(H20)9]3+ solution
(2.5-1075 mol, 2 mL) in 4 M HCI. After one day, the color of
the solution changed from dark-blue to red-brown. Then a 5 mM
cucurbit[8]uril solution (5+10~¢ mol, 1 mL) in 6 M HCI was
added to the reaction mixture. After one day, the fine precipitate
that formed was filtered off. The solution was kept in an open
beaker for three weeks, during which red-brown crystals pre-
cipitated. These crystals were studied by X-ray diffraction
(space group C2/c, a = 36.176(2) A, b = 12.5786(7) A, ¢ =
23.6621(12) A, B = 101.1549(17)°).

Kinetics of the formation of [M03(PdP(OH)3)Q4(H20)9]4+
(Q = S, Se). Different amounts of an H;PO; solution (C =
10 mol L-') were added to a solution containing
[Mo3(PdC1)Q4(H,0)q]?" (C = (1—10)-10=* mol L~!) and
hydrochloric acid. The resulting solution was rapidly stirred
(1 < 10 s), and its absorbance was recorded as a function of time
in a temperature-controlled cell (25.0+0.2 °C, /= 0.1 and 1 cm)
on a Specord UV—Vis spectrophotometer. The HCI concentra-
tion (4.0 mol L) was kept constant, whereas the concentration
of phosphorous acid was varied from 1 to 8 mol L~!.
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Study of the formation of [Mo3(PdL)Q4(H20)9]“Jr (L =
P(OH);, HP(OH),, PhP(OH),, Ph,P(OH); Q = S, Se) by
31p NMR spectroscopy. In a standard experiment, a 75 mM
solution (1 mL) of the corresponding phosphorus-containing
compound (molar ratio cluster : P=1: 3) was added toa 25 mM
solution (1 mL) of the heterometallic cuboidal cluster
[Mo3(PdC1)Q4(H,0)q]3* in 4 M HCI; H3PO; and H;PO, were
dissolved in water; and PhP(OH)(O)(H) and Ph,P(O)(H) were
dissolved in methanol. The NMR spectra were recorded after
1—2 h (after 12 h or a longer period of time for L = H;PO3). The
NMR spectroscopic data are given in Table 1.

X-ray diffraction analysis. The structure of the supramolecu-
lar complex {[Mo;(Ni(P(OH);)S4(H,0)4CI]CB[6]}Cl;- 13HCI
(1) was established by X-ray diffraction. The X-ray diffraction
data were collected on an automated four-circle Bruker XSAPEX
diffractometer equipped with a CCD area detector using Mo-
Ko radiation (A = 0.71073 A) and a graphite monochromator.
The crystallographic data and details of X-ray diffraction study
are given in Table 5. The semiempirical absorption correction
was applied based on the intensities of equivalent reflections
using the SADABS program.34 The structure was solved by di-
rect methods and refined by the full-matrix least-squares method
with anisotropic displacement parameters for all nonhydrogen
atoms (except for some disordered water solvate molecules)
using the SHELXTL program package.3®> The hydrogen
atoms were revealed from difference electron density maps
and refined with geometric restraints. The occupancies of
the positions of the oxygen atoms of the water solvate mol-
ecules were refined from crystal-chemical considerations and
taking into account the thermal parameters. The hydrogen at-
oms of the water solvate molecules were not localized. The
main bond lengths are given in Table 3. The structure of the

Table 5. Crystallographic data and details of X-ray diffraction
study for complex 1

Parameter 1

Molecular formula C36H81C14M03N24Ni036PS4

Molecular weight 2073.79
Crystal system Triclinic
Space group Pl
a/A 12.3329(7)
b/A 12.4821(8)
c/A 24.4975(17)
o/deg 100.403(3)
B/deg 90.725(3)
v/deg 95.405(3)
V/A3 3691.0(4)
A 2
Peale/8 cM™3 1.866
p/cm—3 1.134
20,,./deg 56.6
Temperature/K 150
Number of measured/ 37968/17000/11125

independent/observed

(I > 20(1)) reflections, Ry 0.0415
Number of parameters in refinement 1056
R, (I>20(1)) 0.0604
wR, (for all reflections) 0.1841

(H;0)3[Moy(Pd(PhP(OH),)S(H,0),Cl][2PhP(O)(OH),=CBI8]]
-nH,0 complex was established by X-ray diffraction. For one
single crystal, the unit cell parameters were measured on an
automated four-circle Nonius CAD4 diffractometer at room
temperature. Three single crystals prepared in different synthe-
ses were studied at 150 K on an automated four-circle Bruker
Nonius X8APEX diffractometer. The results of all measurements
are in good agreement with each other. The crystal structure is
monoclinic, a = 36.1763(7) A, b = 12.5786(12) A, ¢ =
23.6621(12) A, p=101.1549(17)°, V' = 10564(2) A3. The struc-
ture solution (space group C2/c) revealed a complicated and
rare type of disorder: the cluster complex is disordered over two
positions relative to a twofold axis, whereas the center of the Ph
ring of the PhP(OH), ligand coordinated to the nickel atom lies
on an inversion center. Due to the first effect, the cluster cores
in two positions superimpose with each other, which substan-
tially hinders the identification of the terminal ligands. Due to
the second effect, the structure contains cluster—ligand—clus-
ter—ligand... pseudochains. Analysis of the profiles of the dif-
fraction maxima demonstrated that the crystals are non-
merohedral twins. At the same time, the metrics of the unit cell
argues against merohedral twinning. An error in the unit cell
parameters ("omission of twinning") is also excluded, because
one and the same unit cell was found in the experiments per-
formed with the use of four different crystals and on two
diffractometers. In addition, we examined rocking frames about
the {100}, (010}, and {001} directions and also did not reveal a
multiple increase in the unit cell parameters. The structure re-
finement converged to R; = 0.19. X-ray diffraction analysis al-
lowed us to determine the structure of the cluster core and reveal
the PhP(OH), molecule included in the cavity of Q[8]. How-
ever, the accuracy of the interatomic distances is low and the
complete composition of the compound was not determined.

M. N. Sokolov thanks the Foundation for Support of
Russian Science for providing a research grant.

This study was financially supported by the Russian
Foundation for Basic Research (Project No. 02-03-32604)
and the INTAS (Grant 2002-2346).

References

1. M. N. Sokolov, A. V. Virovets, D. N. Dybtsev, E. V.
Chubarova, V. P. Fedin, and D. Fenske, Inorg. Chem., 2001,
40, 4816.

2. M. N. Sokolov, R. Hernandez-Molina, W. Clegg, V. P.
Fedin, and A. Mederos, Chem. Commun., 2003, 140.

3. M. N. Sokolov, E. V. Chubarova, A. V. Virovets, R. Llusar,
and V. P. Fedin, J. Cluster Science, 2003, 14, 227.

4. R. Hernandez-Molina, M. N. Sokolov, I. V. Kalinina,
M. Clausen, E. Chubarova, R. Llusar, and C. Vicent, Proc.
36th Intern. Conf. on Coordination Chemistry, Merida,
2004, I1-287.

5.C. S. Bahn, A. Tan, and S. Harris, Inorg. Chem., 1998,
37, 2770.

6. (a) Phosphorus. An Outline of Its Chemistry, Biochemistry and
Technology, Ed. D. Corbridge, Elsevier, Amsterdam, 1980,
51 pp.; (b) Phosphorus and Its Compounds, Ed. J. R.
Van Wazer, Interscience Publishers, Inc., New York, 1958,
170 pp..



622

Russ.Chem.Bull., Int.Ed., Vol. 54, No. 3, March, 2005

Sokolov et al.

10.
1.
12.
13.
14.
15.
16.
17.

18.

19.

20.

21.

22.

23.

.S. G. Kozlova, S. P. Gabuda, and R. Blinc, Chem. Phys.
Lett., 2003, 376, 364.

. W. Henderson, M. T. Leach, B. K. Nickolson, and M. Sabat,
J. Chem. Soc., Dalton Trans., 1995, 2109.

.J. E. Griffiths and A. B. Burg, J. Am. Chem. Soc., 1962,
84, 3442.

D. M. Saysell, G.J. Lamprecht, J. Darkwa, and A. G. Sykes,
Inorg. Chem., 1996, 35, 5531.

R. L. Sernaglia and D. W. Franco, [lnorg. Chem., 1989,
28, 3485.

C. Hollatz, A. Schier, and H. Schmidbaur, Inorg. Chim.

Acta, 2000, 300—302, 191.

C. S. Kraihanzel, J. Organomet. Chem., 1974, 73, 137.

H. Vahrenkamp, Chem. Ber., 1972, 105, 3574.

C. C. Kraihanzel and C. M. Bartish, J. Am. Chem. Soc.,
1972, 94, 1972.

H. Noéth, H. Reith, and V. Thorn, Z. Anorg. Allg. Chem.,
1979, 458, 219.

S. Patel, S. J. A. Pope, and G. Reid, Polyhedron, 1998,
17, 2345.

F. Bosolo and R. G. Pearson, Mechanisms of Inorganic Reac-
tions. A Study of Metal Complexes in Solution, J. Wiley and
Sons, Inc., New York—London—Sydney, 1967.

N. R. Draper and H. Smith, Applied Regression Analysis,
J. Wiley and Sons, New York—Chichester—Brisbane—
Toronto—Singapore, 1981.

D. M. Saysell, C. D. Borman, C. H. Kwak, and A. G. Sykes,
Inorg. Chem., 1996, 35, 173.

K. Herbst, P. Zanello, M. Corsini, N. D’ Amello,
L. Dahlenburg, and M. Brorson, Inorg. Chem., 2003, 42, 974.
M. N. Sokolov, E. V. Chubarova, R. Hernandez-Molina,
M. Clausen, D. Yu. Naumov, C. Vicent, R. Llusar, and V. P.
Fedin, Eur. J. Inorg. Chem., 2005, 2139.

M. N. Sokolov, R. Hernandez-Molina, D. N. Dybtsev, E. V.
Chubarova, S. F. Solodovnikov, N. V. Pervukhina, C. Vicent,

24.

25.

26.

27.

28.

29.

30.
31

32.

33.

34.

35.

R. Llusar, and V. P. Fedin, Z. Anorg. Allg. Chem., 2002,
628, 2335.

T. Shibahara, M. Yamasaki, H. Akashi, and T. Katayama,
Inorg. Chem., 1991, 30, 2693.

V. P. Fedin, V. Gramlich, M. Worle, and T. Weber, Inorg.
Chem., 2001, 40, 1074.

T. Shibahara, S. Mochida, and G. Sakane, Chem. Lett.,
1993, 89.

D. A. Allison, J. Clardy, and J. G. Verkade, Inorg. Chem.,
1972, 11, 2804.

A. Tellenbach and M. Jansen, Eur. J. Inorg. Chem.,
2003, 3759.

T. Murata, Y. Mizobe, H. Gao, Y. Ishii, T. Wakabayashi,
F. Nakano, T. Tanase, S. Yano, M. Hidai, 1. Echizen,
H. Nanikawa, and S. Motomura, J. Am. Chem. Soc., 1994,
116, 3389.

V. P. Fedin and A. G. Sykes, Inorg. Synth., 2002, 33, 162.
V. P. Fedin, M. S. Seo, D. M. Saysell, D. N. Dybtsev,
M. R.J. Elsegood, W. Clegg, and A. G. Sykes, J. Chem. Soc.,
Dalton Trans., 2002, 138.

A. Day, A. P. Arnold, R. D. Blauch, and B. Snushall, J. Org.
Chem., 2001, 66, 8094.

W. A. Freeman, W. L. Mock, and N.-Y. Shih, J. Am. Chem.
Soc., 1981, 103, 7367.

APEX2 (Version 1.08), SAINT (Version 7.03), and SADABS
(Version 2.11), Bruker Advanced X-ray Solutions, Bruker AXS,
Inc., Madison (Wisconsin, USA), 2004.

G. M. Sheldrick, SHELXS97 and SHELXL97, Programs for
the Refinement of Crystal Structures, Gottingen University,
Gottingen (Germany), 1997.

Received November 24, 2004;
in revised form January 11, 2005




