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The results of an investigation on a series of molyb-
denum and tungsten hydroxocarbonyl complexes relat-
ed to the « acidic species » formulated by Hieber as
H:MACO)s(OH); (M=Mo, W) are reported. By al-
lowing these compounds to react with tertiary phosphi-
ne oxides, complexes are obtained which have been
characterized as tertiary phosphine oxide adducts of
tetrakis (us-hydroxotricarbonylhydrido metal): {{(HO)-
M(CO):H]s.4 OPR3l. The nitrosyl derivatives are
also described and contain a similar tetrameric unit
with four NO groups in place of the four hydrogen
atoms and four CO groups: {[(HOYM(CO)NO)]s .4-
OPR3}. NMR and IR investigation led us to propose,
for Hieber’s « acidic species » and for the derived ni-
trosyl species, the formulae: {[(HOYM(CO);H],. 4-
H;O} and {[(HOYM(CO)ANO)], . 4H0} respectively.

Introduction

Hieber and coworkers described the reaction of mo-
lybdenum and tungsten hexacarbonyls with ethanolic
potassium hydroxide solutions to give the salts Ks-
[MACO)(OH);] (M=Mo, W)'? and the products ob-
tained by treating these salts with hydrochloric acid,
formulated as HiMCQO)s(OH);. These species, which
behave like moderately strong acids in aqueous solut-
ion, react with various ligands to give trisubstituted
compounds M(CO);L; (with L= tertiary phosphine
and arsine, dimethylsulphoxide etc.). From H;Mo,-
(CO)(OH); with triphenylphosphine oxide Hieber ob-
tained a compound formulated as the monomeric spe-
cies Mo(CO):(OPPh;).! More recently in these labora-
tories some derivatise of the same class have been stu-
died, and the derived nitrosyl species, which were
formulated as dimeric: [Mo(CO)L(OH)]; or [M-
(CO):L(H0)]; and [M(CO)NO)L(OH)], (M=Mo,
W; L=H;0, OPR,).

Since the tricarbonyl compound of molybdenum in
a crystal structure determination’ was found to be
tetrameric and isomorphous with their dicarbonylni-
trosyl derivative, j[(HO)Mo(CO)ANO)]:.4 OPPhi,
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we have reinvestigated typical members of these com-
plexes with the following aims: to ascertain their mo-
lecular complexities, to clarify the linkage of the acidic
hydrogen atoms in the molecular framework, and to
study the bonding properties of the hydroxo groups.

Results and Discussion

The present investigation has led to the characteri-
zation of the five types of compounds reported in Ta-
ble I. All the compounds are diamagnetic both in the
solid state and in solution.

Characterization of the potassium salts of tri(u-hy-
droxo) hexacarbonyldimetallate, (M = Mo, W) Com-
pounds (1) of Table I. These compounds, recrystalliz-
ed from a water/ethanol (1/1) mixture, exist as di-
mers as found by X-ray analysis® and are formulated as
the hydrated - potassium salts of the anion tri(p-hydr-
oxo)hexacarbonyldimetallate: K;[MxCO)s(OH):].2-
H;O. This anion, whose structure is schematically il-
lustrated in Figure 1a, contains two M(CO); units con-
nected by three p-hydroxo groups. The intermetallic
distance of 3.23 A found in the tungsten compound

Figure 1. Schematical drawing of the structure
a) [M;(CO)W(OH)]™ b) [(HOYW(CO)]s determined by
X-ray analysis. )

(6)V. Albano, G. Ciani, and M. Manassero, results to be published.
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Table I
K,[ Mi(CO)(OH); . 2H,0] (I)
M(CO)J(OPP]’\:)) * HCl aq' M(CO);(OPthEt), -
OPPh, §[(HO)M(COXH]. . 4 H,0} (I) OPPh,Et a
OPPh, | 60°C / <
NO J[(HO)W(CO).H]. . 4 OPPh;Et} (IIN)

J{(HO)M(CO);H]. . 4 OPPhy} (I11)

{[(HO)M(CO),(NO)], . 4 H;0} (IV)

NO

OPPh,

;[(HO)M(CO):(NO)]‘ -4 OPPhy} (V)

M=Mo,W.; * M=Mo, Ref. 4.

Table Il. Infrared data for compounds(I)¢ in the range 4000-600 cm™'

vH,O vOH vCO SH, O SMOH pH:O
(D) Ks;[MoCO)(OH):] . 2H,0 3660(m) 2950(w) 1855(vs) 1580(s) 1150(w,br) 760(m)
3540(s) 2920(m) 1680(vs) 660(m)

3300(br) 2850(w)
Ki;[ WACO)(OH);] . 2H,O 3570(s) 2950(w) 1840(vs) 1600(vs,br) 1150(w,br) 780(m)
3300(br) 2930(m) 1700(vs,br) 670(m)

2855(w)

2 In fluorolube mull supported between sodium chloride plates vs=very strong; m=medium; w=weak; sh=shoulder; br=broad

is considered to be non-bonding, the diamagnetism of
the compound and the inert-gas rule are obeyed with-
out requiring a metal-metal bond. Nuclear magnetic
resonance spectra in D,O, in agreement with this
structure, show signals of H;O protons and signals at
3.38 ppm (M =Mo) and 4.10 ppm (M =W), lower than
the H.O protons signal, which are attributed to the
protons of the OH bridging groups. Moreover the
infrared spectra exhibit two strong and rather broad
bands in the region 1860-1680 cm~' due to the stretch-
ing of the CO groups in agreement with the two IR
active stretching modes expected for the six carbonyls
from the idealized D, symmetry of the anion (A;”+
E"). Other band assignments are reported in Table II.

Characterization of the triphenylphosphine oxide ad-
ducts of tetrakis(us-hydroxotricarbonylhydridometal)
and tetrakis(u;-hydroxodicarbonylnitrosylmetal), (M =
Mo, W) Compounds (I1I) and (V) of Table I. X-ray
analysis of typical members of the title compounds®’
have shown the presence of tetranuclear species [(HO)-
M(CO):]+ and [(HO)M(CO)(NQO)]s with the metal
atoms at the corners of a tetrahedron, linked by four
p-hydroxo groups (see Figure 1b). The phosphine
oxide molecules are found to be bonded to the bridging
OH groups by hydrogen bonds. In both cases, the in-
termetallic distance are 3.43-3.49 A which excludes
the presence of metal-metal bonds. However the dia-
magnetism of compounds (I11) does not agree with
the formulation, {[(HO)M(CO):]s.4 OPRY, in which
the metal atoms have an oxidation state of +1. This
formulation is not consistent with the fact that the
potassium salts, Ks;[ My(CO)(OH):], in which the me-
tal atoms exibit an oxidation state of zero, can give

(7) V. Albano, G. Ciani, M Manassero, and M. Sansoni, results to
be published.
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with hydrochloric acid and OPPh; the compound (I11)
without evolving hydrogen (see Table 1). The nuclear
magnetic resonance spectra of compounds (I11) (Figu-
re 2) in addition to the signals of alkyl and aryl groups
of the tertiary phosphine oxides and signals at © 1-4
ppm, which we assign to the (1;-OH protons show other
signals at © 12-14 ppm which must be attributed to
hydrogen bonded to the metal (Table 111). Therefore
the compounds (III) are considered as hydrides and
since the ratio between the integrated areas of OH
and MH protons signals is 1: 1, they are formulated as
tertiary phosphine oxide adducts of tetrakis(us-hvdroxo-
tricarbonylhydridometal) {[(HO)M(CO);H}s.4 OPPh;}

C}
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Figure 2. Proton magnetic resonance spectra of:
@) {[(HO)Mo(CO)H]..4 OPPhy;

b) {[(HO)W(CO).H]. .4 OPPhEY}.



Table Iil.

Nuclear magnetic resonance data for compounds(II) and (l11)
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t—other protons signals -

Compounds solvents t-0OH —H;0 t—MH H—phenyl  CH;—ethyl CH;—ethyl
) {[(HO)MO(CO);H].AH;O{ (a) 3.73 6.30 13.70
§[(HO)W(CO)H]. . 4H;0} (a) 2.31 6.68 12.28
(111) {[(HO)MO(CO),H]. .4 OPPh;s (b) 3.52 — 13.95 1.8-2.8
{[(HO)W(CO);H]. . 4 OPPh;Et} (b) 1.20 —_ 12.34 1.8-2.8 75 8.7
The spectra have been recorded at 35°C using TMS as internal reference; (a) in (CD)CO; (b) in CDCl,.
Table IV.  Infrared data for compounds (II) and (1II) in the range 4000-600 cm™!
Compounds vH,0 vOH (*) vCO 8H.0 SMOH vPO pH:O
(1D ;[(HO)MO(CO);_H].AH;O} 3600(m) 2950(w) 2030(sh) 1620(m) 1050(w,br) 775(m)
3400(sh) 2920(m) 2008(vs) 715(m)
2850(w) 1920(vs)
1880(sh)
1855(s)
’[(HO)W(CO);H]. . 4H;0% 3600(m) 2950(w) 2150(vw) 1620(m) 1110(w,br) 810(s)
3350(m) 2920(m) 2000(vs) 715(m)
2845(w) 1920(vs)
1880(s)
1845(s)
(11 {[(HOMo(CO)H]. . 4 OPPhy} 2960(m) 1995(vs) 1185(s)
2930(m) 1910(vs)
2860(sh) 1895(sh)
;[(HO)W(CO),H], .4 OPPh,} 2920(w) 2110(m) 1180(s)
. 2850(w) 1995(vs)
2730(m) 1905(vs)
1865(s)
’[(HO)W(CO);H ] -4 OPthEt% 2920(w) 2120(m) 1165(s)
2850(w) 1990(vs)
2730(m) 1890(vs)
1855(s)

OPPh; vpe 1190 cm~* (vs); OPPhEt veo 1170 cm™' (vs).

All spectra were obtained

in nujol mull, (*) in fluorolube mull.

Table V. Infrared data for compounds (IV) and (V) in the range 4000-600 cm '
Compounds vH,0 vOH (*) vCO JNO 8H,0 VPO  3MOH  H,O
(IV) g[(HO)MO(CO)z(NO)]..4H105 3500(s) 2960(v,br) 2050(sh) 1670(vs) 1600(br) 1100(w,br) 795(m)
3320(vw)  2920(m) 2030(vs) 720(s)
2860(w) 1930(vs)
{[(HO)W(CO)(NO)]. . 4H:0} 3460(s)  2950(v,br) 2010(vs) 1680(vs) 1600(br) 1050(w.br) B10(w)
3310(vw) 1910(vs) 720(s)
(V) {[(HO)MO(CO);(NO)L.4OPPh;E 2950(sh) 2015(vs) 1655(vs) 1185(s)
2920(m) 1915(vs)
2850(m)
{[(HO)W(CO):(NO)L .4 OPPh,} 2950(sh)  2070(m)  1645(vs) 1175(s)
2925(m)  1996(vs)
2850(m)  1896(vs)
All spectra were obtained in nujol mull, (*)in fluorolube mull.

(M=Mo, W), {[(HO)W(CO);H]s.4 OPPh;Et}. Mo-
reover the NMR spectra of their nitrosyl derivatives,
compounds (V), do not exhibit signals at + >10 ppm
and therefore they are triphenylphosphine oxide ad-
ducts of tetrakis(us-hydroxodicarbonylnitrosylmetal)
{[(HO)M(CO)(NO)]s.4 OPPhy. This is in agree-
ment with the fact that in carbonyl hydrides the NO
group usually displaces a CO and a hydridic hydrogen.

The infrared spectra of compounds (111) show bands
in the regions 3000-2700 cm™', 2120-1855 cm™' and
1185-1165 cm™! attributed respectively to the OH,
CO, and OP stretching modes (Table IV). The in-
‘frared spectra of the nitrosyl derivatives, compounds
(V), apart from the features common to the compounds
(I11), show a strong band at about 1650 cm~! assign-
able to the NO stretching mode (Table V). On this
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basis, the reactions of compounds (III) shown in
Table I can be represented by the following equations:

;[(HO)MO(CO),H];. 4 OPPh;g-}—S OPPh—
—4Mo(CO):(OPPh;),+4H,0

;[(HO)M(CO)SH]“ 4 OPPh;$+4NO—>
—{[(HOIM(CO){(NO)]. . 4 OPPh;$+4CO+2Hz

Characterization of the water adducts of tetrakis(js
hydroxotricarbonylhydridometal) and of tetrakis(us-hy-
droxodicarbonylnitrosylmetal) (M = Mo, W) Compo-
unds (I1) and (IV) of Table I. For these compounds,
at present, there is no direct X-ray evidence. The nu-
clear magnetic resonance spectra of compounds (II)
(Fgiure 3) show signals due to OH and MH protons
whose chemical shifts are similar to those found in the

(@ ! )M |l| FJ\~
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Figure 3. Proton magnetic resonance spectra of:
a} J[(HO)Mo(CO)H .. 4H:0};
b) {[(HOYW(CO);H]. . 4H,0}.

spectra of their corresponding adducts with tertiary
phosphine oxides, compounds (I11) {[(HOYM(CO); -
HJs.4 OPRj} (Figure 2), and other signals at t 6-7
ppm due to the H,O protons (Table 1II). Moreover,
their IR spectra show bands in the region 3600-3300
cm~!, at 1620 cm', and in the region 810-715 cm™’
due to the stretching, bending and rocking modes of
water molecules.’ Such bands are absent in the spec-
tra of the corresponding phosphine oxide adducts,
compounds (II1). By comparison of the IR spectra of
compounds (II) and (IlI) (Table 1V) it can be seen
that the average values of their carbonyl stretching
bands are practically the same. The relative intensity
of the NMR signals due to the MH and OH groups,
and the similarities between their infrared spectra,
strongly support the fact that the ratio between the
number of metal atoms and the hydride hydrogen atoms
in compounds (I1) and (ITI) are the same. Therefore,
it is reasonable to formulate the compounds (II) as
water adducts of tetrakis(us-hydroxotricarbonylhydri-

(8) K. Nakamoto: Infrared spectra of inorganic and coordination com-
pounds - Wiley New York, London (1963) pag. 155.
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dometal): ;[(HO)M(CO)JH]4 .4 HZO} The NMR
spectra of their nitrosyl derivatives, compounds (IV),
do not exhibit high field signals due to MH protons
and their IR spectra show bands due to the stretching
and bending modes of water molecules, which disap-
pear in their triphenylphosphine oxide adducts, com-
pounds (V) (Table V). Compounds (IV) can there-
fore be formulated as water adducts of tetrakis(its-
hydroxodicarbonylnitrosylmetal): {[(HOYM(CO), -
(NO)]s . 4 H;O} (M=Mo, W).

The metal-hydrogen bond. Compounds (I1), {[(HO)-
M(CO):H]. . 4 H:0}, are acidic in aqueous solution, a
property which is common to various carbonyl hydri-
des. Hieber determined the first dissociation constant
of the molybdenum compound, giving a value of 1.4 X
107.!' These hydrides are extremely unstable, air
sensitive, solid compounds; however a greater stability
is achieved in their phosphine oxide adducts, {[(HO)-
M(CO):H]s.4 OPRy.

The compounds (IT) are obtained by protonation of
the anions, [ MACO),(OH);]*~, with hydrochloric acid,
and compounds (I11) by allowing an ethanolic solution
of compound (II) to react with tertiary phosphine oxi-
des. These reactions are represented by the following
equations:

2K [ M{COL(OH),] +6HCl + 2H,0—>
—{[(HO)M(CO),H1. . 4H;0}+6KCI

J[(HO)M(CO).H]. . 4H:0} +4 OPR—
—{[(HO)M(CO)H],. 4 OPRJ}+4H,0

The metal-hydrogen bond formation implies the
attack by a proton on an electron pair of the metal
atom, which acts as a base. As a consequence less
back-donation from the metal atom to the three CO
groups attached to it must be expected in the com-
pounds (II) and (III) than in M(CO);(g—Ls;) com-
plexes. The average vco values of the molybdenum hy-
drides and other molybdenum carbonyl derivatives re-
ported in Table VI are in agreement with these con-
siderations. Unfortunately, it was impossible to see
the IR bands due to the MH stretching and bending
modes, even by investigation of the deuterated com-
pounds. In these hydrides each metal atom is seven-
coordinate. From the crystallographic study of the
compound {[(HOYW(CO)]s.4 OPPh;Et}" seven-coor-
dination appears to be a triangle-square system with
the three oxygen atoms of the bridging OH groups on
one side and the three CO groups including the hydro-
gen atom on the other side.

Table VI.
Average Veo

Compound values in cm™' Ref.
Mo(CO)s 1985
;[(HO)MO(CO);H]. .4 L} 1940
cis-Mo(CO);(OPPh,), 1860 14
cis-Mo(CO).dien 1828 15
Kn[MOz(CO)b(OH)a] . 2H10 1767

L = H,O, OPPh,; dien = diethylentriamine
All spectra were obtained in najol mull.



Table VII. Elemental analyses and colours of compounds (III), (IV) and (V)
Analyses
Compounds Colour C% H%
found reqd. found reqd. found reaqd.
(11I) [(HO)MO(CO),H].AOPPh;s yellow 52.85 52.94 3.56 3.57 — —
[(HO)W(CO)H]. .4 OPPhy green-yellow  45.06 44.83 2.98 3.02 — —
[(HO)W(CO),H] . 4 OPPh.Et} green-yellow  39.20 39.53 3.35 3.29 — _
(Iv) [(HO)MO(CO):(NO)]¢.4H20$ orange-red 11.40 11.05 1.58 1.38 6.82 6.45
[(HOYW(CO),(NO) 1. . 4H10$ orange-red 8.06 7.86 1.14 0.98 4.73 4.59
(V) {[(HOMo(CO)(NO)],.4 OPths red 50.18 50.31 3.50 3.35 3.02 293
[(HO)YW(CO),(NO)]«. 4 OPPh;s red 43.00 42.47 2.98 2.83 2.36 247

In Figure 1b, the hydrogen atoms bonded to the me-
tals are not drawn but their position can be inferred
because one of the OC—M—CO angles is considerably
larger than the other two.

The bridging hydroxo groups and the hydrogen
bonds. In the dimeric and tetrameric compounds, we
have seen that the metal atoms are linked by double
or triple bridging hydroxo groups respectively. Triple
bridging OH groups are rather uncommon and have
been previously characterized only in the compounds
[CU3(C6H5N20)3OH]SO4 . XH:O ,9 Nl(,(CF_;COCHCO-
CH;)lo(OH)z(Hzo)z,m Pb‘z(()l'l)‘;‘pr,ll and Ni4(OH)44+,12
(the last two only in solution). Both in double and
triple bridging, the structural data indicate an approxi-
mate sp® hybridization of the atomic orbitals of the
oxygen atoms. The hydrogens of the OH groups must
be acidic, due to the relevant electron donation from
the oxygen atoms to the metals. This condition fa-
vours the formation of strong hydrogen bonds with the
H;O and OPR; molecules. In fact the O - - - O hydro-
bond distance in the phosphine oxide adducts (com-
pounds (III) and (V)) is in the range 2.45-2.50 A7
remarkably lower than the value of Van der Waals
contact (2.80 A).

The stretching frequencies of the OH ligands have
been found in the region 3000-2700 cm™'. The vo_n
values for the hydroxo groups bonded to transition
metals are usually found in the range 3500-3300 cm™'.
The low values observed here may be considered as
due both to the double or triple bridging of the hydroxo
groups and to the presence of hydrogen bonds. The
latter effect is certainly more important, as indicated
by the very short O ---O distances. Analogous consi-
dration explain the low < values of the 1;—OH protons
1 1.2-3.8) (Table III).

In the IR spectra of compound (II) and (IV), bands
have been assigned to the M—O—H bending modes at
1150-1050 cm™!, close to the value of 1100 ¢m~! assign-
ed by Nakamoto® to the same vibrations in the com-
pound Ki[ (0x):Co(p—OH).Co(ox):]. For compounds
(II1) and (V), due to the presence of the phosphine
oxides, it has been impossible to see these bands. Fi-
nally, the vp_o values in the phosphine oxide adducts

(9) R. Beckett, R. Colton, B.F. Hoskin, R.L. Martin, and D.G. Vince,
Aust. ]J. Chem., 22, 2527 (1969).

(10) F.A Cotton and B.H. Winquist, Inorg. Chem., 8, 1304 (1969).

(11) V.A. Maroni and T.G. Spiro, Inorg. Chem., 7, 188 (1968).

(12) G.B. Kolski, N.K. Kildhal, and D.W. Margerum, Inorg. Chem.,
8, 1211 (1969).

(13) K. Nakamoto: Infrared spectra of inorganic and coordination
compounds - Wiley New York, London (1963) pag. 159

(I11) and (V) are only slightly lower with respect to the
free oxides due to the presence of the hydrogen bonds.

Experimental Section

All reactions have been carried out under nitrogen,
solvents being saturated with nitrogen before use.

Starting materials: molybdenum and tungsten hexa-
carbonyls were Climax Molybdenum Co. products.
Tertiary phosphine oxides have been prepared follow-
ing the methods previously reported."

The infrared spectra have been recorded with a
Perkin-Elmer model 457 grating spectrophotometer and
the nuclear magnetic resonance spectra with a Perkin-
Elmer R-10 instrument operating at 35°C and 60 Mc.

Magnetic susceptibilities of the solids have been me-
asured by the Gouy method.

Elemental analyses of the complexes are given in
Table VII. Compounds (1) and (1I) have been prepar-
ed foll!?wing methods described by Hieber and co-wor-
kers."*

Preparation of compounds (111} {{(HOYM(CO)H ], .
4 OPPh} (M=Mo, W). To a solution prepared by
dissolving triphenylphosphine oxide (1.7 g, 6 mmoles)
in ethanol (15 ml) was added, at room temperature,
a solution of {[(HO)M(CO)H]J. . 4H;0O} (1.5 mmoles)
in ethanol (15 ml). Crystalline products, which sepa-
rate immediately from the solution, were collected by
filtration, washed with few milliliters of ethanol, and
dried under vacuum. The compounds are soluble in
chloroform, methylene chloride and acetone are par-
tially soluble in ethanol and benzene and insoluble in
n-pentane. They decompose readily in the air.

S{(HOYW(CO);H]s. 4 OPPhEt}. To a warm solu-
tion prepared by dissolving diphenylethylphosphine
oxide (1.61 g, 7 mmoles) in ethanol (15 ml) was added
a solution of J[(HO)W(CO)H],.4H;O} (1.82 g, 1.5
mmoles) in ethanol (15 ml). The mixture was heated
at 70-80°C for several minutes and then allowed to
cool to room temperature. On evaporating of the sol-
vent, green-yellow crystals were formed. These were
collected by filtration, washed with n-pentane, and
dried under vacuum. The compound is soluble in ace-
tone, ethanol, chloroform and benzene but insoluble
in n-pentane.

(14) F. Canziani, F. Zingales, and U. Sartorelli, Gazz. Chim. It., 94,
841 (1964).
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Preparation of compouns (IV) {[(HOM(CO);-
(NOY]¢. 4H:0} (M =Mo, W). Nitric oxide was bub-
bled through a solution of {[(HO)M(CO);H]. . 4H:O}
(3 mmoles) in ethanol (30 ml), over a period of 10-12
hours at room temperature. The resulting red solu-
tions were filtered and after removal of the solvent
orange-red solids were obtained. The compounds are
soluble in acetone, ethanol, chloroform and methylene
chloride, slightly soluble in benzene, insoluble in n-
pentane.

Preparation of compounds (V) {[(HOYM(CO),-
(NO)]s. 4 OPPhs} (M=Mo, W). To a solution pre-
pared by dissolving {[(HO)M(CO)(NO)]. . 4H;0} (1.5
mmoles) in ethanol (30 ml) was added at room tem-
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perature a solution of triphenylphosphine oxide (1.7
g, 6 mmoles) in ethanol (15 ml). After a few minutes
red crystalline compounds separated off. These were
collected by filtration, washed with ethanol, and dried
under vacuum. These compounds can be also obtain-
ed if nitric oxide is bubbled through a solution of
SL(HOM(CO)s]s . 4 OPPhjy} in ethanol over a period
of 10-12 hours at room temperature. The complexes
are soluble in acetone, chloroform and methylene chlo-
ride, slightly soluble in ethanol, insoluble in n-pentane.
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