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Molybdenum(V) on an Oxide String. Formation and Solution Stability of the Linear
Complex (u-trans-Dioxo(tetraphenylporphyrinato)molybdenato(V))-
bis(oxo(tetraphenylporphyrinato)molybdenum(V)) Perchlorate
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The unusual linear trinuclear complex [My(TPP)] ™ is formed in solution upon the reaction of [MoO(TPP)-
(OCIOZ)] with {[MoO(TPP)}LO}, and an equilibrium between [MO4(TPP)Y]™ and its constituent species is rapidly
established. Spectrophotometric experiments suggest thaONIPP}]* is the predominant species found in
solutions resulting from the mixture of [MoO(TPP)(OG)Pand{[MoO(TPP)LO}, and its formation is strongly
favored (logK = 5.5+ 0.5 M™1). No evidence of higher oligomers has been observed. A mechanism for the
formation of [Mo;O4(TPP)]™ by the controlled hydrolysis of [MoO(TPP)(OCHD is proposed.

Introduction

We recently reported the synthesis and crystallographic
characterization of the novel trinuclear complex [®q-
(TPPY]*,%2which contains three molybdoporphyrin units linked
by two single lineam-oxo bridges. [Mg@O4(TPP)]CIO4 may
be obtained by the controlled hydrolysis of [MoO(TPP)(0¢]O
or by the reaction of equimolar quantities of [MoO(TPP)-
(OCIOs)] and {[MoO(TPP)LO}. In this paper, we report
spectrophotometric studies of the formation of j{@a(TPP)]-
ClO4 from [MoO(TPP)(OCIQ)] and{[MoO(TPP)}LO}, present
data that address the formation and stability of the {®lg
(TPPX]* ion in solution, and discuss potential pathways for the
formation of [Ma;O4(TPP)Y]* by direct synthesis and by the
hydrolysis of [MoO(TPP)(OCIg)].

Experimental Section
General Information. Hexanes, CHG| CH.Cl,, potassium hydrox-

stoppered quartz mixing cell, which is illustrated in Figure S1
(Supporting Information). CkCl, solutions of [MoO(TPP)(OCIg)] and
{[MoO(TPP)LO} were each placed in one of the two 1 mm path length
compartments of the cell, and the spectra (8800 nm) of the contents
of each half of the cell were individually recorded and summed. The
cell was then inverted and shaken to mix the two solutions thoroughly,
and the spectra of the two halves of the cell were individually recorded
and summed.

To determine the stoichiometry of the predominant species formed
upon mixing [MoO(TPP)(OCIg)] and{[MoO(TPP)}LO}, the method
of continuous variation (Job’s method) was emplo§&djuimolar CH-
Cl, solutions of [MoO(TPP)(OCI€)] and {[MoO(TPP)}O} were
freshly prepared immediately prior to each series of experiments. From
these stock solutions was prepared a series of mixed solutions such
that the ratio of the initial concentrations of the two species varied,
while the sum of the initial concentrations of the two species remained
constant. Initial concentrations employed ranged from 134 tq@00
UV —visible spectra of the resulting solutions were recorded from 800
to 300 nm.

ide, decahydronaphthalene, and benzaldehyde were purchased from Absorbance data at selected wavelengths were then used to generate

Fisher. Pyrrole and Mo(C@)vere purchased from Aldrich. Perchloric

acid was purchased from GFS Chemical. Solvents used for synthesisAgys —

plots of A* vs the mole fraction of [MoO(TPP)(OCIg), whereA* =
emb[M]i — epb[D]i, Asss is the experimentally determined

and chromatography were used as received. For spectrophotometricabsorbancesy andep are the extinction coefficients for [MoO(TPP)-

measurements, GBI, was distilled from Cakl H,TPP and{[MoO-
(TPP)}O} were prepared by standard methéd$MoO(TPP)(OCH-
CHs)], [MoO(TPP)(OCIQ)], and [Mo;04TPP}]CIO4 were prepared
as previously describédCaution! Although we have experienced no
problems with the following procedures in dealing with systems

(OCIOs)] and {[MoO(TPP)LO} at the selected wavelength,is the
path length of the cell, and [Mand [D} are the initial concentrations
of [MoO(TPP)(OCIQ)] and {[MoO(TPP)LO}, respectively.
In the case where the stoichiometry of the predominant species is
1:1, the following equations appfy:

containing perchlorate ions, they can detonate spontaneously. Such

systems should be handled only in milligram quantities and should never

be heated above 30C. Additional safety precautions are also
warranted. UV —visible spectra were measured on a Perkin-Elmer
Lambda 19 spectrophotometer.

Solution Studies.The reaction of [MoO(TPP)(OCIK)} with {[MoO-
(TPP)EO} was investigated utilizip a 1 mm path length Teflon-
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a= A" A" oy = [TUIT] max )
whereA* maxis the value ofA* when [M]; and [D] are equal, [T] is the
concentration of [MgO4(TPP}] " present at any given ratio of [Mio
[D]i, and [Thaxis the concentration of [M@®4(TPP}]* present when
[M]i and [D} are equal,

[T] el K = (0.5(IM]; + [D])) = [T] )’ )

whereK is the formation constant for the formation of [My(TPP)]*
from [MoO(TPP)(OCIQ)] and {[MoO(TPP)}LO}, and
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[TVK= (1 —X(M]; + [DI)) — [TD(X(IMI; + [O]) — [T) (3) 3
4 :'\
wherex is the mole fraction of [MoO(TPP)(OCHK). 2.5 /i = = - {IMoO(TPR)),0}
By dividing eq 3 by eq 2, setting this expression equah {@q 1), A \ ,\\-. """ [M°(_)(TPP)(OCIO3)]
substituting [T]& for [T]max and solving the resulting expression for . 21 N ' —=--+-solution sum
[T], the following equation is obtained: g 77\ solution mixture
157 s\ 7 \.
.S / - [\ 3
[T] = y/((0-28 — (1 = ))(IM]; + [D]))/(1 — La) ~ (4) < 417 N\
. AR\Y

From this result, [T}ax and K may then be calculated for each 0_55-' ’ ‘\'\:
wavelength and ratio of [M}to [D]; studied. Some calculated values 1 N\ st L
of [T]max were found to be chemically unreasonable under the 0 ] NemSfnne=N S
experimental conditions ([F}x > 0.5([M]; + [D]))); these values were 300 400 500 600 700 800
obtained under conditions where very low concentrations of [MoO- wavelength (nm)
(TPP)(OCIQ)] and/or{[MoO(TPP)LO} would be present after mixing  Figyre 1. Spectra of 100M CH,Cl, solutions of{ [MoO(TPP)LO}
and were not used in the final determinationkaf The logK value (- — —) and [MoO(TPP)(OCI@)] (-++), their spectral sum--++), and
reported is the average of individually determined values at different the spectrum obtained upon mixing the two solution. (Concentra-
wavelengths and concentrations. tions used: 20QM {[MoO(TPP)}O} (0.1 cm path length); 200M

[MoO(TPP)(OCIQ)] (0.1 cm path length); 10@M {[MoO(TPP)LO}
Results and 100uM [MoO(TPP)(OCIQ)] (0.2 cm path length) in mixed

. . ) solution (spectrum shown is the sum of the spectra of the two halves
Figure 1 shows the U¥visible spectra of [MoO(TPP) of the mixing cell after mixing; initial concentrations of the two species

(OCIGy)] and {[MoO(TPP)LCO}, their spectral sum, and the 2004M).
spectrum of the solution that results upon mixing of the two
solutions. This resulting spectrum is observed immediately upon a 25
mixing the solutions and persists without change for days. The v
spectrum obtained after mixing [MoO(TPP)(OG){and{[Mo-
O(TPP)}O} differs significantly from that which would be
expected if the two species did not interact. The absorbance is
increased in the UV region as compared to the sum of the spectra
of the individual complexes, and decreased in the visible region,
particularly in the 456-480 nm region where the Soret bands
of [MoO(TPP)(OCIQ)] and {[MoO(TPP)LO} are observed.
The observed spectrum for this mixed solution is identical within
experimental error to that obtained upon dissolution of {®lp
(TPP}]CIO,, suggesting that [MoO(TPP)(OCi{) and{[MoO-
(TPP)LO} react to form [M@O4(TPP)]CIO,, as previously 300 400 500 600 700 800
observed. wavelength (nm)

At lower concentrations, the spectrum of a solution containing
equimolar amounts of [MoO(TPP)(OCH) and {[MoO- b 1
(TPP)LO} deviates from expected Beer’'s law behavior. The ]
shoulder observed at450 nm becomes a distinct peak, and its 0.8
relative intensity is increased in comparison to the intense peaks
at 352 and 420 nm as the concentrations of [MoO(TPP)(QFIO
and{[MoO(TPP)LO} decrease. These changes are consistent
with decreased formation of the [MO4(TPP)]* ion from
[MoO(TPP)(OCIQ)] and{[MoO(TPP)LC}, as the spectrum of
a solution of [MoO(TPP)(OCIg)] and{[MoO(TPP)LO} mol- :
ecules that do not interact should exhibit greater absorbance in 0.2]
the visible region (as shown in Figure 1). ]

The spectra of solutions prepared with varying ratios of 0]
[MoO(TPP)(OCIQ)] and{[MoO(TPP)LO} provide additional 450 500 550 600 650
information about the formation of [M@®4(TPP)]*. Figure 2 wavelength (nm)
s_hows a series of spectra obtained from solutions containing Figure 2. (a) Spectra of CkCl, solutions containing varying concen-
different ratios off [MoO(TPP)EO} and [MoO(TPP)(OCIG)] trations of{[MoO(TPP)LO} and [MoO(TPP)(OCI@)] ranging from
(with the sum of the concentrations of the two complexes 200uM {[MoO(TPP)}O} to 100uM each of [MoO(TPP)(OCIg)]
remaining the same), ranging from a 204 solution of{[Mo- and {[MoO(TPP)LO} (path length 0.1 cm). For all spectra, total
O(TPP)}O} to a solution containing 10@M each of [MoO- concentration of [MoO(TPP)(OCKJ] + {[MoO(TPP)}O} = 200uM.
(TPP)(OCIQ)] and {[MoO(TPP)}O} . Isosbestic behavior is Arrows indicate che}nge in absorbance upon increasing [MoO(TPP)-

o : . (OCIOs)] concentration. (b) Spectra shown in panel a displayed from

obsgrved, with |sospest|c pomps at 492, 550, and 693 nm. Spectra;1'i "800 nm emphasizing isosbestic behavior.
obtained from solutions ranging from 1@®/1 each of [MoO-
(TPP)(OCIQ)] and{[MoO(TPP)LO} to 200uM [MoO(TPP)- This plot (and plots for experiments conducted at all other
(OCIQOg)] are not cleanly isosbestic. concentrations) exhibits maximal (or minimal) valuesAtfat

Figure 3 gives a typical plot ofA* vs the mole fraction of a mole fraction of 0.5, indicating that the predominant species
[MoO(TPP)(OCIQ)] for a series of spectra of solutions with  formed upon mixture of the two species in gk, solution
different ratios of [MoO(TPP)(OCIg)] and{[MoO(TPP)LC}. contains a 1:1 ratio of [MoO(TPP)(OCH) to {[MoO-

2
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Figure 3. Plot of A* vs the mole fraction of [MoO(TPP)(OCH)) for H

the reaction of varying ratios of [MoO(TPP)(OG)p and {[MoO-
(TPP)EO}. Total concentration of [MoO(TPP)(OCH) + {[MoO-
(TPP)EO} = 200uM. Key: @, 355 nm datay, 375 nm data®, 450
nm data;a, 480 nm data.

(TPP)RO}. Given this result, eqs-14 were then employed to
derive an equilibrium constant for the reaction

[MoO(TPP)(OCIQ)] + {[MoO(TPP),0} =
[Mo,0,(TPP)JCIO, (5)

r [MoO(TPP)OCIO5]

—‘+

JE—

1

log K was determined to be 5.% 0.5 M™! from the data
obtained at various wavelengths and concentrations.

Discussion

Spectrophotometric and crystallographic evidence suggests
that{[MoO(TPP)}LO} and [MoO(TPP)(OCIQ)] react in CH-

Cl, to form [MosO4(TPP)]™ as the major product. Although

this reaction has been previously shown to producesDjo

(TPPY] "t it was not clear if the isolated, characterized solid L

product was the predominant species in solution. The dataFigure 4. Proposed mechanism for the formation of [\a(TPPY]*

presented above, obtained over a range of ratios of [MoO(TPP)-py hydrolysis of [MoO(TPP)(OCIg)].

(OCIG3)] to {[MoO(TPP)LO}, indicate that the predominant . - .

species in solution contains a 1:1 ratio of [MoO(TPP)(Og]JO This value indicates that, even at the lowest concentrations used

to {[MoO(TPP)LO}. These data do not distinguish between a in the experiments from which this value is derived, there is at

compound containing 1 molecule each of the two complexes I(_ar?as; agSO_/o con&erscl)orjrgL[MfOT(;PP)(O_QN)andf{[Il\\/l/IoO—

and compounds containing 2 (or more) of the two components;( )]2+} |nto'[ 03 4 M IS eSt'mate o [ §O‘."..

however, the isolation of only the 1:1 complex ([M@(TPPY]- (TPPY] fo_rmatlon is based on experiments in which the initial

CI0) agues againi e omaten of gher nulearty com- (SN O e escons A Bl et vt
lexes with the same [MoO(TPP)(O MoO(TPP)RO L AN :

Fati)é w [ ( )OI ( RO} the limiting reagent) is higher. Since the formation of [{®g-

If the formation of [M@O4(TPP)]™ can be conceptually (and (TPP)‘]_J_F is_, extensiv_e_ under these conditions, (_)nly a limited set
perhaps mechanistically, see below) described as the bondingOf equilibrium condlthns can be exam!ned, th's.may affect the
of an additional [MoO(TPP)] unit to a terminal oxo ligand of accuracy of the experimentally determined stability condtant
a {[MoO(TPP)LO} molecule, then what prevents a second While studying this reaction under more dilute conditions would
[MoO(TPP)J* unit from bindi’ng to a terminal oxo ligand in allow us to examine a larger set of conditions and increase the
[MosO4(TPPY]*, forming a tetranuclear 2:1 [MoO(TPP)- accuracy ofK, we were unable to do this with confidence, as
(OCIGy))/{ [MoO(TPP)LO} complex? No evidence suggests that we noted that solutions Q[MOO(TPP)]ZQ} .d'd not obey Beer's
such a complex is formed; however, the method of continuous Ia_w _at lower concentratl(_)r?s.'l'he (_1eV|at|ons ot_)served upon
variation indicates only the stoichiometry of the predominant d_;_l;tFl)onOappear(_aéj cor:jsEtent W'thl ij(_]llro_lyss {)EIMOO' .
complex in solution. Therefore the existence of larger complexes( | )¥O}, as de\]f' er;}ce y slpec]Era S|r|n| aémes EOM a(tDan;t;w-
in small amounts cannot be definitively ruled out under the ousygreporte for the complex formulated as [ 10 ( L )-
present experimental conditions. The formation of such speciesOH] > We prewously_ noted the potgntlal for_ par_tlal d|ssQC|at|on
is, at the least, much less favorable than the formation of of {IMoO(TPP)LO} into monomeric species in solution as
[MosO4(TPPY]* under the present conditions. suggested by EPR spectroscdpys stated above, spectra of

The logK of 5.5+ 0.5 determined for [MgO(TPP}ICIO, (8) Hamstra, B. J.; Scheidt, W. R. Unpublished observations.

suggests that [M@4(TPP)]" is re'_atively stable in solution. (9) Ledon, H. J.; Bonnet, M. C.; Brigandat, Y.; Varesconirferg. Chem.
However, several caveats regarding this value must be noted. ~ 198Q 19, 3488.
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solutions which initially contain excess [MoO(TPP)(OG)PD (TPP)LO}. In this mechanism{[MoO(TPP)LO} formation
and low concentrations of[MoO(TPP)LO} do not exhibit should be base-promoted; this is consistent with the previous
isosbestic behavio{[MoO(TPP)LO} hydrolysis at these low  observation thaf[MoO(TPP)LO} is formed upon reaction of
{[MoO(TPP)LO} concentrations may be responsible for this mononuclear molybdoporphyrin complexes with K&Hor Mn
observation. Therefore, given thgtMoO(TPP)LO} may hy- complexes the second deprotonation is not observed and
drolyze and that small amounts of higher nuclearity species mayu-hydroxo complexes are observed under neutral conditions.
form as well, equilibria other than that described by eq 5 may The greater Lewis acidity and-acceptor ability of Mo(V) as
be significant under these conditions. These additional equilibria compared to Mn(lll) likely decreases the basicity of the bridging
may also affect the determination §f Nonetheless, we believe  oxo ligand in{ [MoO(TPP)LO} as compared to its Mn analogue,
that these effects are small, and that the value reported hereand therefore different kinds of complexes are isolated under
reasonably estimates the extent of j@a(TPP)Y]* formation the same conditions. A molecule dMoO(TPP)}LO} may then
and its stability in solution. replace a perchlorato ligand in an additional molecule of [MoO-
Although none of these experiments directly address the (TPP)(OCIQ)], resulting in [MasO4(TPP)] ™ as independently
mechanism of the formation of [M@,(TPP)}]* by the con- observed in the direct nonhydrolytic reaction of [MoO(TPP)-
trolled hydrolysis of [MoO(TPP)(OCIg)],* a simple mechanism  (OCIOs)] with {[MoO(TPP)LO}. Figure 4 summarizes this
can be proposed that is consistent with these results and theproposed mechanism.
analogous manganese hydrolysis chemiSt#f.In this mech-
anism, the initial step is replacement of the weakly bound
perchlorato ligand of [MoO(TPP)(OCHK) by water, followed
by deprotonation of the resulting aquo ligand. This complex
then displaces a perchlorato ligand from a second molecule of Supporting Information Available: A diagram of the spectro-
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[MoO(TPP)(OCIQ)] and is deprotonated again to foffMoO- photometric mixing cell, a series of spectra of equimolar mixtures of
[MoO(TPP)(OCIQ)] and{[MoO(TPP)}O} at different concentrations,
(10) Hayes, R. G.; Scheidt, W. Riorg. Chem.1978 17, 1082. and a series of spectra of mixtures of [MoO(TPP)(Ogj@nd{[MoO-
(11) Cheng, B.; Cukiernik, F.; Fries, P. H.; Marchon, J.-C.; Scheidt, W. R. (TPP)RO} in which [MoO(TPP)(OCIQ)] is present in excess. This
Inorg. Chem.1995 34, 4627. material is available free of charge via the Internet at http://pubs.acs.org.

(12) Cheng, B.; Fries, P. H.; Marchon, J.-C.; Scheidt, Wirgrg. Chem.
1996 35, 1024. 1C9906003





