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The manganese(V)—nitrido polyoxometalate derivative [PW,;039{Mn’N}]° has been synthesized by photoche-
mical activation of the parent manganese(lll)—azido derivative [PW,;039Mn"N,]°~. It was characterized by mass
spectrometry, 3'P NMR, UV —vis, and IR spectroscopies. An electrochemistry study indicated that only the Mn(V) state
was stable. The photoactivation of the manganese(lll)—azido derivative proceeds through two competitive routes,
yielding to the targeted product of photooxidation {Mn"N} or the undesirable product of photoreduction {Mn"L} (L =
H,0, N3), depending on the photolysis conditions. A simplified photolysis mechanism involving two different excited
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states was proposed to account for the temperature and wavelength dependence.

Introduction

Polyoxometalates (POMs) are a class of well-defined oxo
nanoclusters with a diversity of structures and properties.' >
They have found numerous applications in analytical chem-
istry, catalysis, materials science, or medicine. In particular,
many Keggin-type polyanions, incorporating one or several
transition metals, have been studied for their catalytic activity
in oxygenation reactions.*”’ Their thermal stability as well as
their robustness under oxidative conditions have been put
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forward.® ! The ability of such transition-metal-substituted
POMs to transfer an oxygen atom has been well established.
We recently turned our attention toward the synthesis of
nitrido derivatives and their ability to transfer a nitrogen
atom.

Our first approach to synthesize such complexes was based
on the insertion of a preformed metal—nitrido function on a
lacunary POM, typically [PW, 1039177. Such a methodology
allowed us to synthesize CrY, Ru¥!, ReY!, and Os¥! POM-
based nitrido complexes.'>~'® Unfortunately, it could not be
extended to manganese com?lexes. The reaction of ammonia
in the presence of an oxidant'” is an alternative synthetic path
to nitrido derivatives'® ?? but can hardly be considered here
because of the intrinsic instability of POMs in basic media.
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Figure 1. Schematic
[PW,,030Mn(L)]"".

polyhedric

representation of  anion

Another path consists of intermetallic transfer.>* > It has been
successfully applied to the synthesis of manganese—nitrido
complexes of multidentate ligands, including corroles,”*® but
has failed in our hands, up to now. Finally, a last path to
nitrido derivatives relies on photoactivation of azido com-
plexes,” which has largely been described in the case of
manganese.***" Since reported examples of N-atom transfer
to an organic substrate from isolated metal—nitrido complexes
are restricted to ruthenium™** and manganese,®** % this
drove us to investigate the synthesis of a Mn¥ POM-based
nitrido complex. We thus describe here the synthesis and
photoactivation of [PW,;035,Mn"™(N3)]>~ (Figure 1), as a
n-tetrabutylammonium (TBA) salt, and the characterization
of [PW,039{Mn"N}]>" as a photoproduct. The photoactiva-
tion of the {Mn""N5} function is known to proceed through
two competitive routes, yielding respectively the targeted
product of photooxidation {Mn"N} or the undesirable pro-
duct of photoreduction {Mn"L} (L = H,0, N3). Therefore,
influence of the experimental conditions, especially the choice
of the wavelength, will also be discussed.
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Figure 2. Room-temperature electronic spectra of TBA-2(OH,) (red)
and TBA-2(N3) (blue) in CH;CN.

Results: Formation and Characterization of [PW;;O3o-
{MnN}]>~ (3). Synthesis and Characterization of (TBA)s-
[PW;;030Mn"™(N3)]. Starting compounds Ks[PW;;Os,-
Mn'(OH,)] (K-I(OHy)) and Ky[PW;03Mn"(OH,)]
(K-2(OH,)) were obtained according to the reported
methods.>” *!' The conversion to a tetrabutyl ammonium
salt involved a metathetical exchange by the addition of a
slight excess of TBABr (4.2 equiv) to an aqueous solution
of an alkali salt of the polyoxometalate. This reaction
resulted in the immediate precipitation of (TBA)4-
[PW,,030Mn'""(OH,)] (TBA-2(OH,)) as a pink solid in a
fairly good yield, which was successively washed with
water, ethanol, and diethyl ether. Its purity was ascertained
by elemental analysis. The addition of an excess of TBANj;
to a solution of TBA-2(OH,) in acetonitrile led to an
immediate color change from pink to purple. Compound
TBA-2(N3) was then precipitated with diethyl ether and
quickly washed with ethanol. The IR absorption spectrum
of TBA-2(N3) displays an intense antisymmetric stretch,
v,s(N3) at 2046 cm ™', Its UV—vis absorption spectrum in
CH;CN is dominated by the O — W ligand-to-metal
charge transfer (LMCT) of the polyoxometalate centered
at 260 nm. The shoulder localized around 335 nm is
compatible with the charge-transfer band N3 — Mn and
the wr* transition of the coordinated azide ligand (Figure
2). Lowering the temperature transforms the shoulder into
a peak but, unfortunately, does not allow distinguishing of
the contribution of the LMCT from stsr* transition (see the
figure in the Supporting Information). Finally, the bands
at 559 and 990 nm are attributed to d—d transitions
centered on the Mn(III).*?

Cyclic voltammograms of TBA-2(OH,) and TBA-2(N3)
were recorded. Two well-defined quasi-reversible and non-
reversible waves are observed with £, = —0.10 V/SCE
(AE =260 mV) and E;, = —1.69 V/SCE (AE = 80 mV)
for TBA-2(OH,) and E;, = —0.16 V/SCE (AE =
480 mV) and E;, = —1.74 V/SCE (AE = 100 mV) for
TBA-2(N3) corresponding to the Mn"/Mn'" couple and
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Figure 3. Spectral changes observed during the photolysis of TBA-2(N3)
(1mM) ina CH3CN solution at —30 °C with Ay = 313nm (P = 14.5mW).

to a one-electron reduction of the tungstic framework,
respectively.

Photolysis of TBA-2(N3), Formation of TBA-3. Photo-
lysis (Aexe = 313 nm) of a solution of TBA-2(N3), obtained
by mixing TBA-2(OH,) with an excess of TBANj;
(4 equiv), in anhydrous acetonitrile was performed at
—30 °C with a Hg/Xe lamp source equipped with an
appropriate bandpass filter. [An excess of TBANj; is
essential to ensure the full conversion to TBA-3. Other-
wise, a mixture with the starting materials is observed,
due to the equilibrium between TBA-2(N3) and TBA-
2(OH,) in solution and competitive decomposition of
free TBAN; under the photolysis conditions.] Figure 3
shows the spectral changes observed as a function of
time. During irradiation, the intense CT band of TBA-
2(N3) at 335 nm and the d—d transition at 990 nm
decrease while new bands at 379 and 449 nm appear.
Two isosbestic points at ~375 and 845 nm are observed.
After 1 h of irradiation (P = 14.5 mW) of a solution of
TBA-2(N3) (3 mL, 1 mM), the absorbance of the solution
does not evolve any more, which attests the completion of
the photolysis.

The photoproduct slowly decomposes within a few
days, as can be optically attested to by bleaching of the
originally brownish solution. The *'P NMR spectrum of a
freshly prepared solution exhibits only one sharp signal
due to a diamagnetic species at —11.9 ppm that we
attributed to (TBA)s[PW,;030{Mn"YN}] (TBA-3). Its
integration is similar to that of an authentic sample of
(TBA);[PW,04] (0 = 14.1 ppm), at the same concen-
tration as that of the initial solution of TBA-2(N3). This
demonstrates that the reaction is quantitative and that
paramagnetic species, affording *'P NMR signals some-
times too broad to be detected (like TBA-2(N3)), are
negligible, if present at all. In the same way, a freshly
photolyzed solution of TBA-2(N3) is EPR-silent, which
attests to the absence of Mn'! species as photoreduction
products. The formation of a nitrido species is also
supported by its IR spectrum (see the figure in the
Supporting Information), recorded as a KBr pellet, which
displays a new weak band at 1023 cm ™' consistent with a
Mn=N triple bond. Photolysis of TBA-2(N3) at 313 nm
and low temperatures thus yields the corresponding
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MnY—nitrido derivative as a second example of a
Mn"-containing POM.*

The electrospray ionization (EST) mass spectrum of the
photolyzed solution displays two main isotopic clusters
centered at m/z 687 (91%) and at m/z 997 (100%) assigned
to [HPW,,030{Mn"N}]*" and {(TBA)[HPW,039{Mn"-
N}]}¥ aggregates, respectively (Figure 4). Minor isotopic
clusters centered at m/z 697 (16%), m/z 917 (7.5%), m/z
1077 (8.9%), and m/z 1616 (15%) assigned to [KPW;-
O3o{Mn"NJJ* . [H:PW,1039{Mn "N}J*™, {(TBA)[PW -
O3{Mn"N}]}*", and {(TBAz)[HPW11O39{Mn N}
aggregates, respectively, are also observed. Each isotopic
cluster presents a slight contribution (~25%) of the parent
[PW,,030Mn"™]*" (insets in Figure 4) due to the decomposi-
tion of the nitrido complex in the solution (as otherwise
observed).* The declustering conditions have a great impact
on the nitrido complex’s relative abundance, as displayed in
Figure 4b. After one week, only the decomposed species
could be evidenced from same solution (data not shown).

A cyclic voltammogram of TBA-3 is depicted in
Figure 5. Two monoelectronic irreversible processes and
a monoelectronic quasi-reversible wave are observed with
Epox = 0.44 V/SCE, Ep;eq = —1.44 V/SCE, and E;, =
—1.81 V/SCE (AE =100 mV) correspondln respectively
to Mn"'=N/Mn"=N and Mn"=N/Mn"V=N couples
and a one-electron reduction of the tungstic framework.
The small waves observed around 0 V/SCE correspond-
ing to the previously described Mn'"'/Mn"! couple are due
to decomposition of the instable MnY'=N and Mn'V=
complexes, once formed. The cyclic voltammetry thus
nicely demonstrated that no Mn''- or Mn'"-containing
compounds, neither 1 nor 2, were initially present in the
solution after photolysis.

All of these data suggest that photooxidation of TBA-
2(N3) prevails under these conditions according to eq 1.

hv

(TBA)[PW;03Mn" (N3)]
(TBA)s[PW;03{Mn" N}] + N, (1)

The above photooxidation is quantitative, as assessed
by *'P NMR, cyclic voltammetry, and IR according to the
disappearance of the ¥(Nj3) stretch.

Influence of the Experimental Photolysis Conditions
(Wavelength and Temperature). When the photolysis is
carried out at room temperature, the UV —vis spectrum of
the solution after completion of the reaction is slightly less
intense than when performed at —30 °C. In the same way,
increasing the excitation wavelength of the photolysis
(335 and 365 nm) produces less colored solutions,
suggesting an increasing presence of the colorless photo-
reduction product TBA-I(OHZ(N3) (Figure 6) due to
homolytic cleavage of the Mn'"'—Nj bond and genera-
tion of a Nj3° radical which decomposes to dinitrogen
(eq 2). The formation of the photoreduction product
was ascertained by EPR and IR spectrocopies by com-
parison with authentic samples of TBA-1(OH,) and
TBA-1(N3).

hv

(TBA)s[PW;;039Mn'""(N3)]

3
(TBA);[PW;;03yMn"] + N2 (2)
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Figure 4. (a) ESI spectra of a 10 pmol L™ CH5CN solution of TBA-3 recorded using the negative ion mode. Inset: Enlargement of the base peaks of the
[HPW,,050{Mn"N}]*" aggregate (left) and the {(TBA)[HPW,,050{Mn"N}]}>" aggregate (right). The simulated spectra of [HPW,030{Mn"N}]*" and

{(TBA)[HPW;,05,{Mn"N}]}"~ aggregates are represented in green dotted lines, while the simulated spectra of [PW;;03Mn

lIl]4f and

{(TBA)[PW,,030Mn'"]}*" are represented in red dotted lines. (b) Evolution of the n1/z 683 ([PW,,03;0Mn""*7) and m/z 687 ((HPW,,056{Mn" N}]*")
species as a function of the declustering potential is represented: soft (25 V, black bold), mild (70 V, dark gray), harsh (120 V, pale gray).

4
5
i

5.3 e e e e e e e 2 e
T | | I | | |

-2 -1.5 -1 -0.5 0 05 1
ElV

Figure 5. Cyclic voltammograms of TBA-3 (107> M) in CH;CN with
10~ M TBABF, as a supporting electrolyte. The waves noted with a star
correspond to the Mn""/Mn" couple of TBA-2(N3) or TBA-2(OH,)
formed by decomposition of MnY'=N (black solid line) and Mn'Y=N
(green dotted line) complexes. The waves starting at —0.8 and 0.6 V/SCE
correspond to the reduction of traces of O, and the oxidation of N3~ in
excess, respectively.

The set intensity of the lamp during the photolysis had no
effect on the UV —vis absorption spectrum of the solution
at the end of the reaction. This attests to the fact that the
observed difference of the photoproducts distribution
clearly comes from a dependence on the excitation wave-
length energy. The absorption at 449 nm allowed us to
quantify the formation of the photooxidation versus photo-
reduction products depending on the experimental condi-
tions of the photolysis (Table 1), since the starting TBA-
2(N3) was fully converted according to the disappearance of
its IR ¥(N3) stretch. We therefore conclude that the best
conditions of forming the targeted nitrido compound are
high energy excitation (dexe = 313 nm) and low tempera-
ture. Nevertheless, low-temperature photolysis (—30 °C)
with a low energy excitation (e = 365 nm) also produces
mainly the photooxidation product, albeit at a dramatically
slower rate.

Discussion: Photooxidation versus Photoreduction

Very few studies reporting the photolysis of azido—metal
complexes are exceedingly focused on the competition between

o
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Figure 6. UV—vis—near IR absorption spectra of solutions of TBA-
2(N3) (1 mM) in CH;CN after photolysis under different experimental
conditions. Aexe = 313 nm, 7= —30 °C (solid green line); Aeye = 313 nm,
T = —10 °C (dashed green line); Aex. = 313 nm, 7' = 25 °C (dotted green
line); dexe = 335 nm, T = 25 °C (dotted kaki line); Aexe = 365 nm, 7' =
25 °C (dotted gray line). TBA-1(N3) (I mM) in CH;CN (solid black line).
In each case, irradiation times were chosen until the end of the photolytic
reaction.

the photooxidation and the photoreduction reactions. In
one case, a simple four-state model was proposed to account
for the different reactivity of iron—azido complexes as a
function of the spin state of the metal center.** Further-
more, photolysis temperature has already been found to be a
very critical exyerimental parameter governing the product
distribution.*"*~*¢ In these examples, photooxidation was
observed when the photolysis was performed in a frozen
solution, while only photoreduction occurred in a liquid
solution. The authors proposed that the reduced mobility
of the azide radical in a frozen solution makes the photo-
reduction pathway partially reversible, thus increasing the
observable yield of the photooxidation pathway. In the same
way, encapsulation of salen metal—azido complexes into
zeolite allowed their photooxidation, while no photoreaction

(44) Song, Y. F.; Berry, J. F.; Bill, E.; Bothe, E.; Weyhermuller, T.;
Wieghardt, K. Inorg. Chem. 2007, 46, 2208-2219.
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Table 1. Photooxidation and Photoreduction under Different Photolysis Con-
ditions

photoreduction
conversion (%)

photooxidation

photolysis conditions” conversion (%)

Jexe = 313, nm T = —30°C 100 0
dexe =313, nm T = —10°C 85 15
dexe = 313,nm T = 25°C 66 34
Aewe = 335, nm T = 25°C 60 40
Aexe = 365,nm T = 25 °C 18 82

“Bandpass filter with 5 nm.

was observed when the complexes were present in solution.*’
To the best of our knowledge, the wavelength dependence of
the nature of the photoproducts during photolysis of a
metal—azido complex was only reported once.*’ In this
example, when the photolysis of a manganese—azido com-
plex was performed under UV irradiation (185 and 254 nm),
only a photoreduction product was formed (independently
of the photolysis temperature,) while photooxidation pre-
vailed when the photolysis was performed at —35 °C with
~350 nm light.

In our case, the photolysis excitation wavelength A, has a
major effect on the distribution of the photoproducts. At
room temperature, the photooxidation versus photoreduc-
tion conversion ratio is 1.94 for A, = 313 nm, while it is
0.22 for Aexe = 365 nm. The fact that the ratio drops by an
order of magnitude when changing the excitation wavelength
in a 50 nm range strongly suggests that at least two different
close energy excited states are involved in the photooxidation
and photoreduction reactions. A simple five-states model is
proposed to account for the different reactivity as a function
of the wavelength excitation and the temperature of the
photolysis. These states are shown as the energy curves in
Figure 7. When the photolysis is performed with high-energy
excitation (313—335 nm), the major photoproduct is the
Mn" —nitrido derivative (green bold curve). The excited state
implied must contain a wzzr* character (green thin curve) and
decomposes with the release of N,, possibly through adia-
batic crossing from the azide excited-state surface to the
nitrido-excited surface (not represented in Figure 7), as
proposed by Formentin et al. for the photoactivation of salen
azido—metal complexes.*” When the photolysis is performed
with a lower-energy excitation wavelength (365 nm), the
major product is the Mn'" complex (black bold curve). The
excited state implied must then contain a charge transfer
N3 — Mn character (black thin curve) and decomposes by
homolytic cleavage of the Mn—Nj3 bond. Finally, as only
photooxidation prevails when the photolysis is performed at
low temperatures (—30 °C), whatever the excitation wave-
length applied (from 313 to 365 nm), we can assume that the
reaction that has the highest activation barrier is the homo-
lytic cleavage of the Mn—Nj3 bond (represented as a bold
arrow in Figure 7).

Compound TBA-2(N3) thus displays a very unusual re-
activity during its photolysis. In fact, since in most molecules
the vibration levels of the electronic excited states lie close
together and because internal conversion (IC) between elec-
tronic state neighboring energies is very fast, molecules in
higher states quickly reach the lowest electronic excited state.

(47) Formentin, P.; Folgado, J. V.; Fornés, V.; Garcia, H.; Marquez, F.;
Sabater, M. J. J. Phys. Chem. B 2000, 104, 8361-8365.
(48) Kasha, M. Faraday Soc. Discuss. 1950, 14-19.
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Figure 7. Proposed simplified photolysis mechanism described by a five-
states model.

This observation is referred to as Vavilov-Kasha’s rule.*s*

Exceptions to this rule are found in media where other
relaxation channels successfully compete with IC. Such an
anomaly is observed in azulene molecules,” in which IC is
relatively slow. In larger systems like polymers or molecular
crystals, where the IC rate is high, deviations from Vavilov-
Kasha’s rule are due more to ultrafast decay into states other
than the lowest fluorescent state.”® The Vavilov-Kasha rule
was reformulated by Demas and Crosby for transition metal
complexes:®! in the absence of photochemistry from upper
excited states, emission will occur from the lowest electronic
excited state (general case) or from those states that can
achieve a significant Boltzmann population relative to the
lowest excited state. In the present study, a reasonable
explanation to the apparent violation to the Vavilov-Kasha
rule would be that the kinetic constant (koy) of the Mn"—
nitrido formation from the higher-energy excited state mzr*
would have the same order of magnitude as the IC (ki)
toward the near MLCT state. On the other hand, as only
photooxidation prevails at low temperatures, we can con-
clude that k,q, the rate constant of the Mn" formation, is
much smaller than k.

Summary and Conclusion

We have presented here the synthesis and full character-
ization of (TBA)s[PW{,039{MnN}]. This complex was quan-
titatively synthesized by photochemical activation of the
corresponding manganese(Ill)—azido complex. We found
that the nature of the photoproducts strongly depends on the
photolysis conditions, temperature, and wavelength. To
explain this, a simplified photolysis mechanism involving
two different excited states was proposed. We are currently
exploring the reactivity of the manganese(V) nitrido complex
which is expected to be highly active for nitrogen transfer.

Our approach provides the first application of the azide
activation route to the synthesis of nitrido derivatives of
polyoxometalates. Furthermore, it opens the route to cata-
lytical N-transfer since photoconversion of metal azido into
metal—nitrido derivatives could be involved in a catalytic
cycle.

(49) Birks, J. B. Photophysics of Aromatic Molecules; Wiley: London, 1970.
(50) Frolov, S. V.; Bao, Z. Phys. Rev. Lett. 2000, 85, 2196-2199.
(51) Demas, J. N.; Crosby, G. A. J. Am. Chem. Soc. 1970, 92, 7262-7270.
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Experimental Section

Synthesis. Reagent-grade solvents and reagents were pur-
chased and used as received, unless otherwise stated. Acetoni-
trile was distilled from calcium hydride under argon.
Tetrabutylammonium tetrafluoroborate was synthesized from
commercial (Aldrich) sodium tetrafluoroborate and tetrabuty-
lammonium hydrogen sulfate. The reagents K5[PW;;O39]-
14H,0,%% K4[PW;;03,Mn'"(OH,)] (K-2(OH,)),**~*! and tetra-
butylammonium azide®® were synthesized according to the
published procedures. [Hygroscopic solid tetrabutylammonium
azide was gently heated under a vacuum to desiccate it. The
temperature must be cautiously controlled and kept strictly
below 50 °C to avoid the formation and concentration of
explosive byproducts.] Chemical analyses were performed by
the Service de Microanalyses (Université Pierre et Marie Curie,
Paris, France) and the Laboratoire Central d’Analyses du
CNRS (Vernaison, France).

Preparation of (TBA)s[PW;;03;,Mn"(OH,)], TBA-1(OH,).
To a solution of K7PW/;039 (3.0 g, 0.937 mmol) in distilled
water (3 mL) was added MnCl,-4H,0 (0.204 g, 1.03 mmol). The
colorless solution instantly turned orange. It was stirred for
10 min. A solution of CsCl (1.7 g, 10.1 mmol) in a minimum
amount of distilled water was then added to the solution,
which immediately precipitated. It was filtrated, washed
with a EtOH/H,O (1/1) mixture, and redissolved in a 0.1 M
AcOH/AcOLi (1/1) buffer (50 mL). TBABr (1.5 g, 4.66 mmol)
was added to the solution that instantly precipitated. It was
filtrated, washed with distilled water, and redissolved in MeCN
precipitated by the addition of ether to yield TBA-1(OH,) as a
colorless solid (3.0 g, 81%). IR (KBr) vmax (cm ™ '): 377 (s) 402
(W), 515 (w), 593 (w), 725 (w), 817 (vs), 889 (s), 955 (s), 1057 (s),
1153 (w), 1381 (w), 1484 (m), 2875 (m), 2939 (m), 2962 (m).

Preparation of (TBA),[PW;;03Mn"(OH,)], TBA-2(OH,).
To a solution of K-2(OH,) (0.936 g, 0.322 mmol) in distilled
water (10 mL) was added TBABr (0.436 g, 1.35mmol). The TBA
salt of 2(OH,) precipitated immediately. It was filtrated and
washed until the supernatant became colorless. The solid was
then washed with ethanol and diethyl ether to give TBA-2(OH,)
as a pink solid (0.750 mg, 63%). Anal. Calcd for CgyH 6
MnN4O4PW;: C, 20.66; H, 3.96; Mn, 1.48; N, 1.51; O,
17.20; P, 0.83; W, 54.36. Found: C, 20.54; H, 3.87; N, 1.55; P,
0.91; W, 52.6. IR (KBr) ¥pay (cm ™ 1): 386 (m), 518 (w), 596 (w),
626 (w), 805 (vs), 882 (s), 962 (s), 1074 (s), 1086 (m), 1153 (w),
1381 (w), 1484 (m), 2874 (m), 2935 (m), 2962 (m). UV—vis
(CH5CN): 260 nm (42500 M~ ecm™"), 490 (460 M~"cm ™).

Preparation of (TBA)s[PW,03,Mn""(N3)], TBA-2(N3). To a
solution of TBA-2(OH,) (0.160 g, 0.043 mmol) in distilled
MeCN (5 mL) was added an excess of (BuyN)N;3 (0.04 g,
0.141 mmol). The pink solution turned instantaneously purple.
Compound TBA-2(N3) was precipitated by addition of diethyl
ether. It was filtrated and quickly washed with ethanol to give
TBA-2(N3) as a purple solid. Anal. Calcd for CgoH goMnNg-
030PW;: C, 24.10; H, 4.55; N, 2.81. Found: C, 23,75; H, 4.47,
N, 2.71. IR (KBr) vpay (cm™1): 385 (s), 391 (s), 502 (w), 518 (m),
596 (w), 634 (w), 687 (w), 807 (vs), 880 (s), 958 (s), 1069 (s), 1091
(m), 1153 (w), 1382 (w), 1485 (m), 2046 (s), 2875 (m), 2937 (m),

(52) Souchay, P. Polyanions et polycations; Gauthier-Villars: Paris, 1963.
(53) Pearson, A. J.; Khan, M. N. I.; Clardy, J. C.; Cun-Heng, H. J. Am.
Chem. Soc. 1985, 107, 2748-2757.
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2962 (m). UV—vis (CH;CN): 330 nm (sh, 6700 M~ cm™1), 559
350 M 'em™), 990 (55 M em ™).

Preparation of (TBA)s[PW;;039{MnN}], TBA-3. A solution
of TBA-2(N3) (3 mL, 1.0 mM, 4 equiv of TBANj; per Mn'") in
MeCN was prepared. It was cooled to —30 °C and photolyzed
with a Hg/Xe lamp equipped by a 313 nm filter (P = 14.5 mW)
for an hour. The completion of the reaction could be checked by
UV—vis spectroscopy. To record the IR spectrum, the solution
was then precipitated with ether and quickly washed with
ethanol to yield TBA-3 as a brown solid. Solutions of TBA-3
should be kept at liquid nitrogen temperature. IR (KBr) .
(em™"): 391 (s), 518 (m), 596 (w), 709 (w), 811 (vs), 881 (s),
951 (s), 1061 (s), 1023 (vw), 1093 (m), 1381 (w), 1484 (m),
2874 (m), 2937 (m), 2963 (m). UV—vis (CH3CN): 379 nm
(770 M~ em™"), 449 (800 M~ em ™), 990 (sh, 48 M~ em ™).
*'P RMN (CD;CN/CH3CN) 6 = —11.9 ppm.

Instrumentation. IR spectra were recorded from KBr pellets
on a Bio-Rad Win-IR FTS 165 FTIR spectrophotometer, and
UV—visible spectra were recorded either on a Varian Cary5E
spectrophotometer or a Shimadzu UV-2101 spectrophot-
ometer. Photolysis reactions were performed with a Hg/Xe lamp
(Hamamatsu, LC6 Lightningcure, 150 W) equipped with filters
of appropriate wavelengths. X-band EPR spectra were recorded
on a Bruker ESR 300 X-band spectrometer. *'P NMR spectra
(121.5 MHz) were obtained at room temperature in 5 mm o.d.
tubes on a Bruker AC 300 spectrometer equipped with a QNP
probehead. *'P chemical shifts are given with respect to 85%
H;PO,; (measured by the substitution method) by using
(NBuy);[PW2040] as an internal standard (6 = —14.09 ppm).
The ESI mass spectra were recorded by using an ion-trap mass
spectrometer (Bruker Esquire 3000, Bremen, Germany)
equipped with an orthogonal ESI source operated in the nega-
tive ion mode. The capillary high voltage was set to +3500 V.
The capillary exit, skimmer 1, and skimmer 2, were typically set
to —35, —10, and —6 V, respectively, in order to minimize in-
source decomposition. The declustering conditions have been
controlled by changing the capillary exit — skimmer 1 potential
difference. The ion trap was operated in the standard mode
(13000 m/z/s, 3000 m/z range). Sample solutions (10 pmol gL~
in acetonitrile) were infused into the ESI source by using a
syringe pump at a flow rate of 120 uL h™".

Cyclic voltammetry at a carbon electrode was carried out using
the EG&G model 273A system. A standard three-electrode cell
was used, which consisted of the working vitrous carbon elec-
trode, an auxiliary platinum electrode, and an aqueous saturated
calomel electrode equipped with a double junction. The scan rate
was 100 mV/s. Each studied product was dissolved in distilled
acetonitrile at a concentration of 10> M using tetrabutylammo-
nium tetrafluoroborate as an electrolyte (10~ M).
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