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It has been shown that the equilateral triangular, bi-oxo-capped type of trimolybdenum cluster compound can be obtained
by reducing Na,MoOy in acetic anhydride. Both W(CO)¢ and zinc dust have been used as reductants. A red solid was
first isolated and shown to conform closely to the formula Na[Mo;0,(0O,CCH,),]. In acid solution this is quickly hydrolyzed
to replace the three equatorial acetate ions by H,O molecules. In neutral water hydrolysis is slow, affording crystals of
the compound [Mo;0,(0,CCH,)s(H,0)(OH),]-16H,0, which was characterized by X-ray crystallography. The compound
forms monoclinic crystals in space group C2/m with the following unit cell dimensions: a = 18.825 (5) A, b = 19.017
(6) A, c =10.871 (3) A, 8 =95.5 (1)°, ¥ = 3873 (1) A%, Z = 4. The molecule is bisected by a crystallographic mirror
plane and has Mo—Mo distances of 2.796 (1) A (twice) and 2.773 (1) A. Mo~OH bonds are shorter (ca. 1.98 A) than
Mo-OH, distances (ca. 2.11 A). There is an inverse relationship between an Mo—O (equatorial) distance and the adjacent
Mo-Mo distances, which accounts for the lack of 3-fold symmetry in the Mo, cluster. 'H NMR studies show that the
hydrolytic cleavage of equatorial acetate ligands is acid catalyzed and is about 90% complete in about 1 h.

Introduction

Over the last few years it has been well established that the
reactions of Mo(CO), or W(CO), with acetic acid or mixtures
of acetic acid and acetic anhydride lead to the formation of
trinuclear bicapped metal cluster compounds.>®  Other
carboxylic acids may also be used, and the general formula
for the species produced is [M3X,(0O,CR)¢L;]™. Insucha
unit there is a central trigonal-bipyramidal M;(u;-X), unit,
with two RCO,~ groups bridging across each M—M edge and
one additional unidentate ligand, L (most often H,0), attached
to each metal atom. For tungsten’ the only capping groups
so far identified are oxygen atoms and the only formal oxi-
dation state for the metal atoms is +4. The behavior of
molybdenum has been more varied, with CCH, groups as well
as O atoms in the capping positions and mean formal oxidation
numbers of +4!/, and +4?%/, as well as +4.0. With tungsten,
however, it has also been possible to obtain a hemicapped
(13-O) species'? for which no molybdenum analogue is yet
known.
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In exploring this chemistry further, one of our goals has been
to find other ways in which the bicapped cluster compounds
might be prepared. In this paper we report that they can be
obtained from sodium molybdate by using either zinc dust or
W(CO)g as a reductant. In addition, it was found that the
initial product of these preparative reactions, Na[Mo,0,-
(O,CCH,)), hydrolyzes in aqueous solution to deposit well-
formed crystals of a compound that has been shown by X-ray
crystallography to be [Mo0,0,(0,CCH;)(H,0)(OH),]-
16H,0. The hydrolysis reaction has been studied by NMR,
and the structural consequence of the mixed ligand set, H,0
+ 2 OH, in the final product are discussed.

Experimental Section

Preparations. The preparative procedures to be described below
require the use of pure (freshly recrystallized) Na,MoO,-2H,0. If
material that has been on the shelf for long periods of time is used,
an initial blue (rather than red) product may be obtained. If this
is dissolved in water, the color changes to red. This red material can
then be quantitatively adsorbed to a cation-exchange resin and eluted
with 2 M CF,SO;H. The visible spectrum of the eluate corresponds
in all respects to the one reported® for [M0;0,(CH;COO)4(H,0),]**.
In addition, crystals of [M0;0,(CH;CO0)(H,0);](CF;S0;), were
grown by slow evaporation. Unit cell constants were identical with
the ones reported elsewhere.!® The blue compound is insoluble in dry
nonprotic solvents. In Me,SO that was dried over molecular sieves
it forms initially a blue suspension that partly turns into a red solution
over a period of ca. 3 h. This red solution shows NMR signals at
2.22 and 1.85 ppm (singlets, chemical shifts relative to Me,Si). They
can reasonably be assigned to bridging acetate ions in [Mo;0,-
(CH;CO0)¢L,]%* (2.22 ppm), where L; = (Me,SO);, (H;0);, 0r a
mixture of both, and to free acetate ion (1.85 ppm).

To purify Na,MoO,2H,0, about 7 g of commercially available
product was dissolved in 30 mL of H,O. A 30-mL portion of methanol
was added to the filtered solution, and the precipitate was collected
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Table I. Pertinent Information about Data Collection
and Structure Refinement

space group C2/m

a 18.825 (5) A
b 19.017 (6) A

¢ 10.871 3) A
8 95.5 (1)°

V 3874,1 A®
mol formula Mo,C,,0,,H,,
mol wt 1014.4

V4 4

p(caled) 1,74 gcm™?
radiation used for data collected Mo Ka (A=0.71069 A)
scanning range for 2¢ 5° <28 <50°

stds for intensity control [31T; 021; EZT]

scan mode w/26
scan speed 1.5°/min
scan width 1.2° (in w)
no. of unique reflctns used in 2576
the last cycle of least-squares
no, of variables 240
final R(F)® 0.055
final R (F)® 0.055

CR(F)= TIF I~ IF IJEIFgl O Ry, (F) = [Zw(IF,l—
IFe)?/ZwIFo 2112 with w = o(Fg) 2.

by filtration, washed with two portions of diethyl ether, and dried in
a desiccator. The yield is 6.7 g of fine white crystalline powder.

Reduction with W(CO),. A mixture of sodium molybdate dihydrate
(0.5 g), W(CO); (1 g), and acetic anhydride (50 mL) was refluxed
under N, for 4 h. When the mixture was cooled, a red precipitate
was obtained, washed with ether, and dried. A sample that had been
pumped at 25 °C for 5 h was analyzed, leading to assignment of the
formula Na[Mo;Oz(OZCCHJ)g]. Anal. Calcd for C18H27O20M03Na:
C, 24.72; H, 3.09; Na, 2.63. Found: C, 23.8; H, 3.06; Na, 2.87. The
dried red precipitate can be recrystallized from methanol.

Reduction with Zinc. A mixture of Na,MoO42H,0 (2 g), zinc
dust (2 g), and acetic anhydride (100 mL) was refluxed for 4 h. The
red precipitate obtained on cooling was separated by filtration, washed
with ether, and dried. Its behavior and spectrum indicated that it
contains a trimolybdenum cluster similar to (or identical with) that
in the red precipitate above. The two precipitates are not, however,
entirely identical.

Hydrolysis of Na[Mo0,0,(0,CCH;)s]. Hydrolysis is very slow in
neutral aqueous solution. When such a solution was slowly evaporated
in room air at ca. 25 °C, excellent crystals of what was shown by X-ray
crystallography (see below) to be [Mo0;0,(0,CCH;)s(H,0)(O-
H),]-16H,0 were obtained. In 0.1 M acid, hydrolysis is relatively
rapid, as shown by NMR measurements made at probe temperature
(26.1 °C) on a Varian spectrometer. By use of either method for
reduction of the molybdate, the isolated yield after hydrolysis is about
75%.

Crystallographic Study of [M0302(02CCH3)6(H20) (0H)2]’16H20.
The crystals were red plates that were stable in the mother liquor but
decomposed rapidly when exposed to open air. A single crystal of
dimensions 0.1 X 0.3 X 0.3 mm was placed in a Lindemann glass
capillary that already contained a few drops of the mother liguor.

The data were collected on a Phillips PW-1100 four-circle dif-
fractometer. Pertinent details are given in Table I. Accurate cell
dimensions were determined by centering 25 strong high-angle re-
flections and are given in Table I. Lorentz and polarization corrections
were made; absorption corrections were not applied. All data pro-
cessing and other calculations were carried out by using the SHELX-77
system of programs.

The structure was solved by the heavy-atom technique. A three-
dimensional Patterson map yielded the positions of the Mo atoms.
All the remaining non-hydrogen atoms were located from successive
difference Fourier maps. Anisotropic refinement of all the non-hy-
drogen atoms (except for the disordered water molecule, O(20), which
was kept isotropic) converged to a final R factor of 0.055 (R,, = 0.055).
The final statistical weights were w = 1.2676/[¢*(F,) + 0.000982F,7].
A 1.5 cutoff on F, was used throughout the refinement. No unusually
high correlations were noted between any variables in the final
least-squares cycle. The atomic positional parameters are listed in
Table II. The interatomic distances and angles are listed in Table
IIIA,B, respectively. Observed and calculated structure factors are
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Table II. Final Positional Parameters (X10° for the Mo Atoms;
and X10* for the Light Atoms)

atom X ¥y z
Mo(1) 16613 (5) 0(0) 23488 (9)
Mo(2) 19214 (3) -7291 (3) 2041 (6)
o) 2458 (4) 0 (0) 1241 (6)
0(2) 1222 (3) 00 602 (6)
0(3) 858 (3) —-772 (3) 2402 (5)
04) 2367 (3) —770 (3) 3192 (%)
0(5) 1455 4) 0 (0) 4100 (7)
0(6) 2572 (3) —1352 (3) 1480 (5)
o) 2047 (3) —1654 (3) =717 (5)
0(8) 2839 (3) -583 (3) —744 (5)
(0]¢)} 1339 (3) —584 (3) —1529(5)
0(10) 1067 (3) —1354 (3) 687 (5)
C) 716 (4) -1251 (4) 1606 (7)
C(2) 89 (4) —-1734 (4) 1787 (8)
C(3) 2673 (4) —~1245 (4) 2611 (8)
C4) 3201 (5) ~1719 (§) 3367 (9)
C(S) 3126 (5) 0 —-975 (10)
C(6) 3818 (7) 0 (0) -1535(16)
C(7) 1142 (5) 0 (0 -2012(11)
C(8) 684 (6) 0(0) -3209 (10)
o(11) 6516 (3) 2126 (2) 336 (5)
0(12) 2287 (3) 1418 (3) 6737 (6)
o(13) 7576 (5) 5000 (0) 5948 (10)
0(14) 3478 (4) 2297 4) 7006 (7)
0(1%) 3752 4) 6620 (4) 5200 (6)
0(16) 5000 (0) 2608 (7) 5000 (0)
o7 9522 (4) 3705 (4) 937 (8)
0(18) 9003 (7) 5000 (0) 1875 (16)
0@19) 4722 (5) 1521 (5) 6719 (10)
0(201) 8856 (21) 5000 (0) 4679 (40)
0(202) 0 (0) 5657 (25) 5000 (0)
0(203) 1044 (18) 5315(18) 4775 (32)
0(204) —121 (36) 5000 (0) 3789 (66)

Table III. Bond Distances and Selected Bond Angles®
(A) Bond Distances (&)

Mo(1)-Mo(2) 2.796 (1)  Mo(2)-0(9) 2.104 (5)
Mo(2)-Mo(2)  2.773(1) Mo(2)-0(10)  2.106 (5)
Mo(1)-0(1) 2.012(7) 0O(3)-C() 1.267 (9)
Mo(2)-0(1) 1.999 (5) 04)-C@3) 1.276 (10)
Mo(1)-0(2) 1.997(7)  0@6)-C(3) 1.242 (11)
Mo(2)-0(2) 1.989 ()  O(8)-C(5) 1.270 (7)
Mo(1)-0(3) 2.112(5)  OM9)-C(T) 1.269 (7)
Mo(1)-0(4) 2.125(5)  0(10)-C(1) 1.265 (9)
Mo(1)-0(5) 1.979 (7)  C(1)-C(2) 1.525 (10)
Mo(2)-0(6) 2.121(5) C(3)C#) 1.519 (11)
Mo(2)-0(7) 2.049 (5)  C(5)-C(6) 1.490 (16)
Mo(2)-0(8) 2,113 (5) C(NH-CB® 1.489 (15)

(B) Bond Angles (deg)?

Mo(1)-Mo(2)~Mo(2)' 60.27 (2) Mo(1)-0(2)-Mo(2)  89.1 (2)
Mo(2)-Mo(1)-Mo(2)' 59.46 (2) Mo(2)-O(1)-Mo(2)’ 87.9 (2)
Mo(1)-0(1)~Mo(2) 88.4 (2) Mo(2)-0(2)-Mo(2) 88.4(2)

% Atoms labeled with primes are related to the reference atoms
by mirror-plane symmetry. b A complete list of bond angles is
available as supplementary material.

available as supplementary material. The structure of the neutral
trimer and its atomic numbering scheme are shown in Figure 1.

Results and Discussion

Preparative Procedure. The generation of trinuclear mo-
lybdenum(IV) clusters of the bicapped type has now been
accomplished simply by reduction of the molybdate ion; the
reduction can be done by using such a classical and relatively
cheap reducing agent as zinc. In all likelihood, this general
approach is the simplest and cheapest that we can expect to
have.

The particular conditions under which the reduction has
been carried out lead initially to a triangulo cluster in which
the three equatorial ligands, the L entities in [Mo;0;-
(O,CR)¢L;], are carboxylate ions. A similar product con-
taining tungsten, Cs[W;0,(0,CCH,),]-3H,0, was reported’
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Figure 1. View of the [M0,0,(0,CCH;)¢(H,0)(OH),] molecule
showing the atomic numbering scheme. A plane of symmetry passes
through O(5), Mo(1), O(1), O(2), and C(5)-C(8).

Table IV. 'H NMR Data

rel intens of signals of CH,CO, group
(5 rel to DSS®)

free

time,® bridging  equatorial  anion acid
min solvent (2.28) (2.18) (1.9  (2.09)

060 D, 6.00 2.65 0.23
ca.10 0.1MDCI¢  6.00° 1.48 1.49
15 0.1MDCH¢  6.00° 0.89 2.20
30 0.1MDCH¢  6.00 0.59 2.32
45 0.1MDCHE  6.00 0.47 2.56
60 0.1MDC¢  6.00 0.30 2.71

¢ Time from preparation of solution to recording of spectrum.
b Double peak; see Figure 2. © Broad single peak.
4 Concentrated DC diluted with D,0. € DSS = 3-(trimethylsilyl)-
propanesulfonic acid, sodium salt.

several years ago. In the present work, the initial product,
Na[Mo;0,(0,CCH,;)s], has not been studied structurally,
although it probably could be, by using crystals obtained from
a methanol solution. Instead, we have examined the product
obtained when we attempted to recrystallize Na[Mo;0,(0,-
CCH,),] from aqueous solution. The results of that structural
work will be presented below. They demonstrate that in
aqueous solution slow hydrolytic cleavage of the equatorial
acetate ions takes place, allowing the slow growth of crystals
of a compound containing the neutral molecule [M0,0,(O,-
CCH,;)4(H,0)(OH),].

We have studied the process of hydrolysis by spectroscopic
means. It can be followed in the visible spectrum but 'H NMR
provides more detailed information. The spectrum of a fresh
solution of Na[Mo,0,(0,CCH;),] in D,O is shown as (a) in
Figure 2. The three signals (see Table IV for details) cor-
respond to the bridging CH;CO,™ groups, the equatorial
CH,;CO,™ groups, and uncoordinated CH;CO," ions, in order
of decreasing intensities (and higher field location). Over a
period of 1 h in neutral solution, changes in this spectrum were
almost imperceptible. The ratio of the intensity of the lowest
field peak to the sum of the intensities of the other two is very
close to 2:1.

Hydrolysis is catalyzed by acid. After the period of about
10 min required to prepare a solution and record the spectrum
in 0.1 M HCI (in D,0), the spectrum shown as (b) in Figure
2 was obtained. Here the signal due to equatorial acetate
groups has lost about half of its expected intensity based on
the [Mo0;0,(0,CCH,;),] " structure, and there is an approxi-
mately equally intense signal for CH;CO,H. The sum of the
latter two intensities is, as it should be, equal to half the
intensity of the total signal for the bridging acetate groups.
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Figure 2. 'H NMR spectra of Na[Mo;0,(0,CCH,),): (a) in D,0,
0~60 min; (b) in 0.1 M DCI, ca. 15 min after preparation of solution;
(c) in 0.1 M DCI, ca. 30 min after preparation of solution; (d) in 0.1
M DCl, ca. 60 min after preparation of solution.

The doubling of the bridging acetate signal is understandable
because the expected intermediates in the total process of
hydrolysis, [M0302(}.L'OZCCH3)6(02CCH3)2(H20)] and
[M0302(u-02CCH3)6(02CCH3)(HZO)Z] +, each have two kinds
of u-0,CCH, groups.

Figure 2 also shows spectra recorded after approximately
30 and 60 min, and the data for these and other times are listed
in Table IV. Evidently, in 0.1 M acid after about 1 h the
hydrolysis is about 90% complete.

The catalytic effect of acid on the hydrolysis and the ex-
treme slowness of hydrolysis in the absence of acid can be
understood in the following way. Bimolecular displacement
of CH,CO; from the molybdenum atom by direct attack of
OH" or H,O on the latter is not an important path since the
metal atoms in these species are nine-coordinate. Therefore,
the preferred pathway is probably similar to the well-estab-
lished one for acid-catalyzed ester hydrolysis, namely

H H
0 0
H30* + +
Mo—0-—CCH;y —*— Mo—0——=C——CHy —= Mo—0—CCH; —
H

Hp H
MoOH,*  + CHCOH

The Structure. The structure consists of {M0;0,(0,CC-
H,)s(H,0)(OH),] molecules linked into an elaborate network
of hydrogen bonds through intervening water molecules. The
64 water molecules per unit cell are accounted for as follows.
O(11), O(12), O(14), O(15), O(17), and O(19) represent
water molecules on general (8X) positions. O(13), O(16), and
O(18) reside on positions of mirror or twofold symmetry (4X).
In this way 48 + 12 = 60 water molecules are accounted for.
The sets of general positions partially occupied by O(20), viz.
0(201)-0(204), with occupancies of 0.1, 0.125, 0.175, and
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0.1, respectively, provide the remaining four water molecules
per cell. Each of the water molecules forms two to four hy-
drogen bonds, mostly among themselves but also to the
equatorial OH and H,O groups of the cluster molecule. The
0.0 distances range from 2.56 to 2.92 A. A complete ta-
bulation of hydrogen bonds is available as supplementary
material.

The metal cluster unit deviates slightly but significantly from
threefold symmetry. We believe that these deviations can be
understood in the following way. O(5) represents an equatorial
OH group. The Mo(1)-O(5) distance, 1.979 (7)eg, is ap-
preciably shorter than the Mo—OH, distances previously re-
ported,!! which run from 2.083 [10] to 2.144 [4] A. Evidently,
OH- is a significantly stronger donor in this context than H,O.
The Mo(2)~O(7) and Mo(2)’'-O(7)’ bond lengths are each
considered to represent an equal-weighted average of Mo—OH
and Mo—OH, bonds, and the observed bond distance, 2.049
(5) A compares favorably with the average of ca. 1.98 and
ca. 2.11 A, the typical Mo—OH and Mo-OH, distances.

If we then make the reasonable assumption that the stronger
the Mo—O (equatorial) bond the weaker will be the adjacent
Mo—-Mo bonds, we can account for the observed pattern of
Mo—-Mo bond lengths. The Mo(1)-Mo(2) and Mo(1)-Mo(2)’
bonds, which always have OH™ at one end and have OH™ at
the other end half the time, are longer, 2.796 (1) A, than the

(11) Cotton, F. A,; Dori, Z.; Marler, D. O.; Schwotzer, W., submitted for
publication in Inorg. Chem.

Mo(2)-Mo(2)’ bond, which is always of the HO-Mo-Mo-
OH, type (though disordered) and is shorter at 2.773 (1) A.
In cases containing only axial Mo-OH, bonds, the Mo—Mo
bond lengths are shorter than either of the above, running from
2,752 [2] A to 2.766 (2) A.10

The effect of replacing Mo—OH, by Mo—OH in lengthening
adjacent Mo—Mo bonds (by an amount that can be estimated
to be about 0.040-0.050 A on going from all Mo—~OH, to all
Mo—OH) is not surprising, since the Mo—OH bonds are evi-
dently appreciably stronger than Mo—OH, bonds. It is,
however, important to be cognizant that such a change in
Mo—Mo distances can occur even when the nominal bond order
(i.e., number of electrons formally available in the cluster for
Mo—Mo bonding) is not changed.

The Mo—(u3-O) bond lengths average 1.998 [3] A, which
is not different from values found in other bi-oxo-capped Mo,
clusfgr species, where they are in the range!! 1.984 [4]-2.004
[6] A.
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As part of a major effort to explore and establish patterns of reactivity for multisite-bound unsaturated ligands, the reactions
of the u-n’-acetylides Fe;(CO)s(C,R) [P(CsHs),] (1) (R = C¢Hs, p-MeOCgH,, p-BrCgH,, C¢H,;, C(CHS),) toward primary,
secondary, and tertiary amines have been investigated. Three types of addition products have been isolated and characterized
by microanalysis and infrared, 'H and *'P NMR, and Méssbauer spectroscopy. Solid-state structures by X-ray crystallography
are available for several of the adducts. Attack at the S-carbon of the acetylide affords zwitterionic u-vinylidene compounds
Fe,(CO)[C=CI{NHR'R}R][P(C¢H,),] (4); attack at the S-carbon atom by primary or secondary amines with hydrogen
transfer yields dipolar u-alkylidene derivatives Fe,(CO)s[CHC{NR!'R}R][P(CsHs),] (3) with a single carbon atom bridge
between iron atoms. Attack at the a-carbon atom of the u-n?-acetylide with hydrogen migration gives the u-1?-alkylidene
derivatives Fe,(CO)s[C{NR'RICR][P(C¢Hs),] (2) where a two-carbon three-electron ligand is present. 3'P NMR and
Mossbauer studies permit facile differentiation of the three structural types; in particular (*'P) shifts show a systematic
variation with M-P-M angle and M- --M bond length, with larger, downfield shifts corresponding to greater Fe—P—Fe
angles. Factors affecting the electrophilicity of the multisite-bound acetylides in 1 and the regiospecificity of nucleophilic
attack have been probed via '>°C NMR studies of the precursors and variable-temperature P studies of reactions of 1 with
a variety of nucleophiles. Multisite coordination confers enhanced reactivity toward nucleophilic attack with the site of
attachment of the nitrogen nucleophile determined principally by polarization in the u triple bond, the steric bulk of the
substituent R in 1, and the incoming nucleophile.

Introduction

There is now abundant evidence that multisite coordination
of unsaturated molecules to two or more metals in polynuclear
transition-metal clusters frequently leads to ligand activation
and novel types of chemical reactivity.! Particular attention

has recently focused on the reactivity of highly coordinated
carbon monoxide? and carbidic carbon atoms?® in carbonyl
clusters and on the chemistry of certain proposed model in-
termediates* such as u-methylidyne, u-methylene, p-vinylidene,
and formyl and hydroxymethyl complexes possibly implicated

(1) For recent reviews of metal cluster chemistry see: (a) Johnson, B. F,
G.; Lewis, J. Adv. Inorg. Chem. Radiochem. 1981, 24, 225, (b)
Johnson, B. F. G., Ed. “Transition Metal Clusters”; Wiley: New York,
1980. (c) Gladfelter, W. L.; Geoffroy, G. L. Adv. Organomet. Chem.
1980, 18, 207. (d) Humphries, A. P.; Kaesz, H. D. Prog. Inorg. Chem.
1980, 25, 145.

(2) (a) Holt, E. M.; Whitmire, K.; Shriver, D. F. J. Chem. Soc., Chem.
Commun. 1980, 778. (b) Dawson, P. A.; Johnson, B. F. G.; Lewis, J.;
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