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Molybdocenes form monomeric and dimeric complexes upon dissolution in water. The
solution structures of the molybdocenes at neutral pH are inferred as the monomeric
[(CpR)2Mo(OH_)(OH)]* and the dimeric [(CpR).Mo(u-OH),Mo(CpR),]>". The equilibrium
constants for the monomer—dimer equilibria were obtained from *H NMR dilution studies
as K'egg= (7.9 x 1072 &+ (1.0 x 1073) M for R = CH3z at pD 7 and as K¢ = (3.5 x 1072) + (1.3
x 107%) M for R = H at pD 3.5. Qualitatively, the monomer of the CpMe molybdocene is
more favored than the Cp analogue, compared to their respective dimers.

Introduction

The metallocene dihalide bis(;%-cyclopentadienyl)-
molybdenum(1V) dichloride (Cp.MoCly, 1; Cp = °-CsHs)
has received recent attention with regard to its rich
variety of water-based chemistry. The coordination of
aquated Cp,MoCl, to DNA constituents—3 serves to
model the fundamental bioinorganic chemistry of met-
allocene antitumor drugs*® with its putative biomolecu-
lar target. The studies in this area subsequently led to
the finding that Cp,MoCl, effectively promotes the
hydrolysis of activated® and unactivated phosphate
esters’” with rate accelerations similar to those of
coordination compounds that effect the same chemis-
try.82 Cp,MoCl, has also been studied for its potential
as a catalyst in systems for photochemical water split-
ting.1® More recently, aqueous solutions containing
hydrolyzed [Cp'2Mo0]>" complexes (Cp' = #5-CsH4CH3)
were shown to catalyze C—H bond activation.!!

Crucial to the understanding of this metallocene’s rich
chemistry in water is the fundamental knowledge of its
speciation in aqueous solution. To date, the most
complete report of Cp,MoCl, aqueous chemistry* shows
that the metallocene rapidly loses both of its chloride
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ligands (r12 ~ 20 min in unbuffered water) while the
Cp ligands remain bound even at neutral pH. Poten-
tiometric measurements yielded two titratable protons
with pKy's of 5.5 and 8.5. In a later potentiometric study,
a third reproducible equivalence point (pK, = 2.8) was
found.’2 No evidence was presented, however, from
which the existence of a monomeric, dimeric, or higher
oligomeric species could be deduced.

Recent work on molybdocene-promoted phosphate
hydrolysis’ raised the question of a possible monomer—
dimer equilibrium for this group VI metallocene. The
rate of phosphate hydrolysis was found to be half-order
in Cp2MoCl,,” which was interpreted in terms of an
active molybdocene monomer that is in equilibrium with
a dimeric species. The possibility for dimer formation
is reasonable in light of the reports by Ito0,13-15 who
described a molybdocene complex in which two molyb-
docene fragments are bridged by two hydroxide ligands
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The first investigation of a dimeric molybdocene
complex in water was reported in the context of C—H
bond activation chemistry promoted by water-soluble
molybdocenes.!* The reaction solution, prepared from
[Cp'2Mo(u-OH),MoCp'2](OTs), (2'), was found to contain
two molybdocene species. These two complexes were
proposed to be the dication [Cp'2Mo(u-OH),MoCp',]2+
and its hydrolysis product, the catalytically active
[Cp’Mo(OH)(OH3)]" monomer.
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Figure 1. *H NMR spectra of (a) [Cp'>2Mo(u-OH)MoCp',]-
(OTs), (2'; 15 mM, D,0) and (b) Cp'>,MoCl, after adjusting
the pD to 6.9 (1'; 10 mM, D;0).

Previous hydrolysis studies of metallocenes include
the investigation of titanocenes!®—18 as well as Co®® and
Rh20.21 pentamethylcyclopentadienyl complexes in wa-
ter. These complexes were reported to form dimeric or
oligomeric compounds in solution. Examples of crystal-
lographically characterized hydroxy-bridged metal-
locenes with two Cp rings on each metal center include
[Cp2ZrL(u-OH)]2 (with L = OCOCF3,22 NCPr,% imida-
zole?*) and [Cp.Y (u-OH)]2-PhCCPh.2> Their water-based
chemistry, however, has not been explored further.

In this report we present evidence for the existence
of monomer—dimer equilibria in aqueous solutions of
themolybdocene complexes[(CpR)2Mo(u-OH)>Mo(CpR)2]-
(OTs), (CpR = 5°-CsH4R; R = H, CH3). The chemistry
of these molybdocenes in water is shown to be indepen-
dent of the precursor, whether it is the dihalide or the
u-OH dimer, and the speciation depends solely on the
pH of the solution. These results contribute to a better
understanding of aqueous molybdocene chemistry.

Results and Discussion

Monomer—Dimer Equilibria at Neutral pH. In
our studies on water-soluble molybdocenes,! we found
that solutions of [Cp'2Mo(u-OH)2MoCp'2](OTs), (2') in
D0 contain two metallocene species, on the basis of 1H
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Table 1. Summary of 'H NMR Data?

complex pD *H NMR (ppm)°
Cp'2Mo(OH)(OHy) (M") 6.9 5.46 (m), 5.42 (m), Cp
1.95 (s), Me
[Cp’'2Mo(u-OH),MoCp'2]*" (D') 6.9 5.89 (m), 5.61 (m), Cp
1.80 (s), Me
[Cp2Mo(u-OH),MoCp2]* (D) 7.0 5.97 (s), Cp
Cp2MoClx(aq), monomer 3.5 6.05 (s), Cp
Cp2MoClx(aq), dimer 3.5 5.85 (s), Cp

an D,0. b Relative to residual HOD.
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Figure 2. Evaluation of the equilibrium constants. Plots
of [monomer]? vs [dimer]: (O) 2' in D,O at pD 7, K'¢q =
(7.9 x 1072) £ (1.0 x 1073) M; (a) 1 in DO at pD 3.5, K¢q
= (3.5 x 1073) £ (1.3 x 1073) M.

NMR spectra (Figure 1a). After 2' was dissolved in D,O
at 23 °C, the initial resonances in the Cp' region of the
spectrum at 4 5.9 and 5.65 ppm (D')?¢ decreased over a
period of 3 h, while new resonances appeared at 6 5.4
ppm (M’) (Table 1).26 No free methylcyclopentadiene
could be detected, indicating that the Cp' ligands
remained metal-bound. The pH of a 10.6 mM solution
of 2" in H,O changed only slightly from pH 6.2, mea-
sured immediately after preparation, to pH 6.9, once the
monomer—dimer equilibrium was established. No change
in the chemical shifts of M’ and D’ were observed during
the hydrolysis process. The molybdocene solutions then
remained stable for weeks with regard to pH, monomer—
dimer equilibrium, and Cp ligand hydrolysis.

To investigate the formation of the second species
further, the concentrations of D' and M' were deter-
mined for a series of solutions, prepared from varying
amounts of 2" in D,O. The concentrations of D' and M’
were obtained by integrating the CpCHj; resonances in
the 'H NMR spectrum at 6 1.81 and 1.93 ppm, respec-
tively, versus the integral of the O3SCsH4CHj3 resonance
at 0 2.40 ppm. The concentration of [D'] relative to [M']
decreased with decreasing total molybdocene concentra-
tion, and the plot of [M']2 against [D’] is linear (Figure
2, 0). These data are consistent with the existence of a
monomer—dimer equilibrium, with D' being the dimeric
complex and M' being the monomer. From a linear

(26) The solution species are labeled using capital letters, while the
compounds isolated as solids are labeled using numerals.
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Figure 3. Dilution of Cp,MoCl, (pD 7) with D,0 adjusted
to pD 7.0. Concentrations for Cp,MoCl; are (a) 40 mM, (b)
0.65 mM, and (c) 0.15 mM. The pD remained at 7.0 over
the course of the dilution experiment.

regression, the equilibrium constant K'eq = [M']?/[D'] =
(7.9 x 1072) £ (1.0 x 1073) M was obtained.

The structure of the monomer is inferred as contain-
ing one hydroxo and one aquo ligand. This assumption
is based on the observation that, upon dissolution of 2
in H,O, the pH does not change significantly.?” This is
consistent with a hydrolysis process in which no H* or
OH~ is generated; i.e., an aquo ligand simply joins the
coordination sphere of the metallocene.?®¢ The monomer—
dimer equilibrium is therefore described by eq 1.

/@ /B\ %jy 2 H,0 /@ /OH—|+
Mo\ /Mo _ 2 MO\OHZ (1)
Y 7 =y

D'

M

Agqueous solutions containing D' and M’ can also be
prepared from the dihalide complex Cp',MoCl, (1'; 16
mM) through pD adjustment by addition of NaOH in
D,0 to pD 6.9. As shown in Figure 1b, this results in a
solution containing D' and M'. This result shows that
the speciation of molybdocenes in water does not depend
on the precursor, but only on the pH of the aqueous
solution.

(27) At a concentration of [1'] = 10.6 mM, the concentration of OH~
changes by less than 1073 mM (pH 6.2 — pH 6.7), less than 0.01% of
the concentration of solute.

(28) A complex precipitated from an aqueous solution of Cp,MoCl,
by addition of NaBPh, gave an elemental analysis consistent with the
formulation [Cp,Mo(OH)(OH,)][BPh4]-0.5H,0.1

(29) Similar experiments were carried out in the absence of MOPS
by adjusting the pD using NaOD in D0, resulting in identical *H NMR
spectra. This indicates that the buffer does not coordinate to the metal
center.
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Figure 4. Molecular structure of 1'. Only the dication is
shown.

Table 2. Comparison of Selected Bond Lengths (A)
and Angles (deg) of 2 and 2'

[(CpR)2Mo(u-OH),Mo(CpR)2](OTs),

2(R=H) 2' (R = Me)

Mo—0(1) 2.092(2) 2.106(3)
Mo—0(1) 2.100(2) 2.095(3)
Mo—Cp(1)2 2.001(5) 2.001(3)
Mo—Cp(2)2 1.996(5) 1.997(3)
0(1)—Mo—0(1) 66.21(10) 67.0(1)

Mo—0(1)—Mo! 113.79(10) 113.0(1)
Cp(1)-Mo—Cp(2) 128.3 130.0(1)

a2 Cp(1) and Cp(2) are the centroids of rings C(1—5) and C(7—
11), respectively.

The solution chemistry of the nonmethylated ana-
logues of 1' and 2' under neutral conditions is more
complex in that three species are formed. The 1H NMR
spectrum of Cp,MoCl;, (1; 40 mM) in D,0O, buffered at
pD 7 using MOPS,2° shows the predominant species at
0 5.97 ppm (Figure 3a). Dilution of this solution to 0.65
and 0.15 mM in molybdocene results in the appearance
of two new species at 5.85 and 5.75 ppm. Upon addition
of [Cp2Mo(u-OH),MoCp](OTs), (2) to a solution of 1,
adjusted to pD 7, only the resonance at 5.97 ppm
increased in the 'H NMR spectrum taken immediately
after mixing, identifying this species as [Cp,Mo(u-
OH);MoCp,]?* (D) (see Supporting Information). This
assignment can be made because hydrolysis of 2 is slow,
as shown by a control experiment in which 'H NMR
spectra of 2 in D,O were recorded over a period of 1 h,
with collection of spectra started immediately after
mixing. The spectra do not change during this time
period, showing that hydrolysis of 2 is slow. The
remaining two species at 5.85 and 5.75 ppm could not
be identified. The spectrum shown in Figure 3a shows
that the dimer D is favored over any other hydrolysis
product of 2. Using K'¢q the ratio of the resonances of
M' and D' at [2'] = 20 mM is calculated as 3:2; i.e., the
monomer is favored in this case. One possible factor
influencing this difference in the hydrolysis behavior is
the different steric sizes of the Cp and the Cp' ligands,
respectively.

The molecular structure of [Cp'2Mo(u-OH)>MoCp',]-
(OTs), (Figure 4) shows only slight differences in the
geometric parameters from that of the unsubstituted Cp
analog!® (Table 2). In fact, the two dimers 2 and 2' are
isostructural. The central Mo—O(1)—Moi—O(1}) tet-
ragons have very similar geometric parameters, and no
significant expansion of the metallocene core results
from the methyl substituent.
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In solution, however, rotation of the cyclopentadienyl
rings in D' can bring the methyl substituent into a
position above the bridging OH groups, where it can
interfere with a Cp methyl group on the second molyb-
denum center (eq 2). These solution effects may arise
despite the fact that in the solid state the two dimers 2
and 2' show little or no differences in structure.

In addition to steric factors, electronic effects may
influence the monomer—dimer equilibria. 1to and Yoden
have shown that the methyl substituent on the Cp ring
increases the electron density on the metal center in
the molybdocene dihydride complex Cp’;MoH;.3°

d CHIHSC\% (2H0 d OH @

Mo—0 ———
c@[-;ac

Monomer—Dimer Equilibrium at Low pH. A 37
mM aqueous solution of Cp,MoCl; (1) has a pD of 3.5,
with two singlets of equal intensity at 5.85 and 6.05 ppm
in its 'TH NMR spectrum. Upon dilution of this acidic
solution with D20 (pD 3.5, adjusted by addition of HCI),
the relative intensities of the two Cp singlets changed
(the pD remained at 3.5; Figure 5).3!

Similar to the cases described above, the concentra-
tions of the two species were obtained from integration
of the resonances at 6.05 and 5.85 ppm, assigning the
downfield resonance, which decreases upon dilution
relative to the upfield resonance, to a dimeric complex.
A monomer—dimer equilibrium at low pH is consistent
with the half-order rate dependency for phosphate
hydrolysis promoted by Cp,MoCl,.” From the plot of
[monomer]? vs [dimer] (Figure 2, a), the equilibrium
constant Keg = (35 x 1072 £+ (1.3 x 1073 M is
obtained.32 Attempts to isolate these two forms of Cp,-
Mo(aq) under acidic conditions for more thorough
analysis were unsuccessful.

Conclusion. Molybdocenes exist in monomer—dimer
equilibria in aqueous solution. The speciation of the
molybdocene complexes depends only on the pH. The
Cp' ligand renders formation of the monomer more facile
than in complexes containing the Cp ligand. Both steric
and electronic factors may influence the monomer—
dimer equilibria. The results of this study are of
fundamental importance for further investigations in
the area of aqueous molybdocene chemistry and its
application in C—H bond activation catalysis!! and
phosphate hydrolysis.6”

Experimental Section

All manipulations were carried out using standard Schlenk
techniques under a nitrogen atmosphere, and all aqueous
solutions were thoroughly purged with prepurified nitrogen
prior to use. Anhydrous manipulations were done in a Vacuum
Atmosphere glovebox with less than 1 ppm of O,. The pH/pD

(30) Ito, T.; Yoden, T. Bull. Chem. Soc. Jpn. 1993, 66, 2365—2370.

(31) Difficulty in shimming the sample occasionally resulted in
apparent “splitting” of the resonances. The important information,
however, i.e. the change in the relative ratios of the two molybdocene
species upon dilution at pH 3.5, could be obtained from these spectra.

(32) This equilibrium constant is in agreement with Keg = 5.1 x
102 M obtained from kinetic analysis of dimethyl phosphate hydrolysis
promoted by 1:6 Kuo, L. Y. Unpublished results.

Balzarek et al.

.
I '
U L
]

llllillllIllll‘lllllllli]llll]llll’llll'

6.05 5.95 5.85 ppm

Figure 5. Dilution of Cp,MoCl, (pD 3.5) with D,O
(adjusted to pD 3.5).3! Concentrations for Cp,MoCl, are (a)
37 mM, (b) 9.3 mM, (c) 2.3 mM, and (d) 0.58 mM. The pD
remained at 3.5 over the course of the dilution experiment.

measurements were carried out using a Shindengen pH BOY-
P2 pH meter or a Beckman ®10 pH meter with a 4 mm
diameter probe (Beckman) inserted directly into the NMR
tube, and the reported pD values are the uncorrected pH meter
readings. The pD of Cp,MoCl,(aq) was adjusted with concen-
trated deareated HCI or NaOH. Solutions at pH 7 were
buffered using 4-morpholinepropanesulfonic acid, hemisodium
salt (MOPS). 'H NMR (299.95 MHz) spectra were recorded
on a Varian Inova 300 spectrometer. Proton chemical shifts
were referenced to residual solvent resonances. Molybdocene
dichloride was purchased from Strem Chemical Co. (Newbury-
port, MA) and used as received. Deuterium oxide (99.9% D)
was purchased from Cambridge Isotope Laboratories (Andover
MA), and all other necessary reagents were purchased from
Aldrich Chemcal Co. (Milwaukee, WI) and used as received.
Molybdocene dihydride3® and [(CpR2)Mo(u-OH)]»(OTs), (R =
H, Me)*>1! were prepared according to literature procedures.

Molecular Structure of [(CpMe),Mo(u-OH)].(OTs). (2').
The dimeric complex was prepared as described previously.
Crystals were grown from methanol. A dark red tabular
fragment of approximate dimensions 0.04 x 0.24 x 0.26 mm
was attached to a fiber with silicon glue. The orientation
parameters and cell dimensions were obtained from the setting
angles of an Enraf-Nonius CAD-4 diffractometer for 25 cen-
tered reflections in the range 13° < 6 < 14°, Table 3 contains

(33) Luo, L.; Lanza, G.; Fragala, I. L.; Stern, C. L.; Marks, T. J. J.
Am. Chem. Soc. 1998, 120, 3111—-3122.
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Table 3. Crystallographic Data for 2'

composition C3sH44M0,05S;,
fw 884.76

cryst syst monoclinic
space group C2lc

a 17.751(7) A

b 8.739(2) A

c 23.618(5) A

B 99.32(3)°

\Y 3616(3) A3

y4 4

dealcd 1.625gcm—3

T 23°C
radiation, 1 Mo Ka, 0.710 73 A
u 8.38cm™1

rel transmissn coeff
no. of obsd rflns

no. of indep rflns
R(F),2 Rw(F) 0.047, 0.052
R(F?), Rw(F2)° 0.083, 0.103

AR(F) = YIIFol — IFcl/ZIFol. P RW(F?) = [Iw(IFol?> — |Fc[2)
SW|Fo[4Y2,

0.834—1.000 ()
2370 (1 = o(l))
3166

a summary of crystal data and the final residuals. A more
extensive table including particulars of data collection and
structure refinement can be found in the Supporting Informa-
tion. The systematic absences together with the centric
distribution of intensities indicated space-group C2/c. Small

Organometallics, Vol. 19, No. 15, 2000 2931

absorption corrections based on azimuthal (y) scans were
applied. A SIR92 E-map3* showed the non-hydrogen atoms of
the asymmetric unit. A difference synthesis showed minor
alternative sites for the sulfonate oxygen atoms, resulting from
a rotation about the S—C bond; these were refined isotropically
(refined occupancy factor 0.154(10)). Other hydrogen atoms
were refined anisotropically. Hydrogen atoms were included
at the calculated positions and updated after each cycle of
refinement, except for the H atom of the bridging OH group,
which was included at the position indicated by a difference
synthesis. The final difference synthesis was featureless. The
teXsan program suite,®® incorporating complex atomic scat-
tering factors, was used in all calculations.
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