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Solution Photophysics, One-Electron Photooxidation, and Photoinitiated Two-Electron
Oxidation of Molybdenum(lll) Complexes
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Several six-coordinate Mo(lll) complexes phosphoresce and undergo photooxidation in room-temperature solution.
The phosphorescence of (M@laneNs)MoX3 (Meg[9]aneNs = 1,4,7-trimethyl-1,4,7-triazacyclononane) in €H

CN at room temperature occurs with the following maxima, lifetimes, and quantum yields:CK 1120 nm,
1.0us, and 6.1x 1075 X = Br, 1130 nm, 0.8Qs, and 9.6x 1075 and X =1, 1160 nm, 0.4Qs, and 1.2x

1074, respectively. The phosphorescences are assigned t§%Hye?T1g — “Azq transition. Solutions of
HB(Meypz)sMo'"' Cl3~ MeypzH = 3,5-dimethylpyrazole) in CECN, and solid MoGi(py)s and (Mg[9]aneN)-
WCl3, also phosphoresce. (MB]JaneNs)MoX3 (X = ClI, Br, 1) complexes undergo reversible one-electron
photooxidation upon irradiation in the presence of acceptors such as TCNE and chloranj9]dhteNs)MoX 3

(X = Br, | only) are photooxidized irreversibly to [(M@]aneNs)Mo'VX3]™ by C(NQy)4 in CH3CN. In CHs-
CN—H,0O (1:1 v/v), photoinitiated two-electron oxidation occurs: the primary photoproduct is Mo(lV), which
disproportionates spontaneously to form [@i@aneN;)MoYOX,] ™.

Introduction and co-workers have recently compared these complexes with
those of tris(3,5-dimethylpyrazolyl)methat®. We find that
sone-electron photooxidation, followed by disproportionation, is
a facile route for photoinitiated two-electron oxidation in several

as in several adjacent oxidation states. We have applied thisSystems. We expect that these net two-electron transformations

stability in multiple oxidation states to the photoinitiated two- will prove to bg a common feature in the photochemistry of
electron oxidations of V(pheg) b to VO?* 4 and of Mo-  Second- and third-row metal complexes.

(NCS)3™ to Mo04(NCS)*.5 Also, we showed that RegI
undergoes photoinitiatethree-electronoxidation, producing
ReC*.6 Among other Mo(lll) complexes, MoGi~ appeared Materials. Chloranil (MCB) was purified by recrystallization from
well suited for photoredox reactions: its lowest-energy excited 1.2-dichloroethane. Tetracyanoethylene (TCNE; Aldrich) was purified
state (energy ca. 1.1 eV) has a lifetime of 500 ndowever, by recry_stalllzatlo_n frqm chlc_)robenzene_ and subsequent sublimation.
MoCle¢~ is stable only in the presence of extremely high Benzylviologen dichloride (Sigma Chemical Co.) was converted to the

. . tetrafluoroborate salt by the general method of Hunig and co-wotkers,
concentrations of Cl (e.g. in concentrated HCl(aq)). In the and this was purified by recrystallization from aqueous ethanol.

present work, we have examined the solution photophysics andy;c,py), was prepared from #0Cls (Sharpe Chemical Co.,
photoredox reactions of several molybdenum(lil) complexes that gurbank CA) by the method of Jonassen and BafliThe method of
are stable in more conventional solvents. The most promising Trofimenkd?was used for preparing KHB(Mez)s. (Et:N)[HB(Mex-
species, because of their well-defined absorption and emissionpz)sMo" Cls] was prepared using the procedure of Millar and co-
spectra and their facile photoredox reactions, contain the 1,4,7-workers!* modified by adding small amounts of water to facilitate the
trimethyl-1,4,7-triazacyclononane, or hi@laneN;, ligand; they precipitation of the product following ethanol reduction of HB(Me

were first reported by Wieghardt and co-work&Ps(Enemark pzxMoVCl;. Other materials and solvents were of the highest grade
commercially available and were used as received. Samples for

t Present address: Department of Chemistry, North Carolina A&T State Photochemical measurements were prepared by using drybox, Schlenk

We are studying the photochemistry 6fcbmplexes of the
early transition metals because they are stable in oxidation state
with the photophysically attractive’@onfiguratiod®2-3as well

Experimental Section

University, Greensboro, NC 27411. or high-vacuum techniques.
* Present address: Division of Science and Mathematics, University of  Me;[9]aneNs and Its Mo and W Complexes. This ligand has been
the Virgin Islands, St. Thomas, VI 00802. prepared by a variety of methodfswe outline here the procedure that

(1) (a) Furlani, C.Coord. Chem. Re 1966 1, 51-57. (b) Abbrevia-
tions: bpy, 2,2bipyridine; bpyz, 2,2bipyrazine; BV**, benzyl-
viologen (1,1-bis(phenylmethyl)-4,4bipyridinium); chloranil, 2,3,5,6-

we found to be most convenient. Diethylenetriamine was tosyfdted,

tetrachloro-1,4-benzoquinone; HB(Me);~, hydrotris(3,5-dimethyl- (8) Backes-Dahmann, G.; Herrmann, W.; Wieghardt, K.; Weids\aig.
1-pyrazolyl)borate; Mg9laneN;, 1,4,7-trimethyl-1,4,7-triazacyclononane; Chem.1985 24, 485-491.
phen, 1,10-phenanthroline; py, pyridine; TCNE, tetracyanoethylene (9) Backes-Dahmann, G.; Wieghardt, Korg. Chem.1985 24, 4049-
(ethenetetracarbonitrile). 4054.
(2) Fleischauer, P. D.; Fleischauer, Ghem. Re. 197Q 70, 199-230. (10) Dhawan, 1. K.; Bruck, M. A.; Schilling, B.; Grittini, C.; Enemark, J.
(3) Hoffman, M. Z.; Serpone, N.; Jamieson, M. Boord. Chem. Re H. Inorg. Chem.1995 34, 3801-3808.
1981 39, 121-179. (11) Hinig, S.; Gross, J.; Lier, E. F.; Quast, Bustus Liebigs Ann. Chem.
(4) Shah, S. S.; Maverick, A. Wnorg. Chem.1987, 26, 1559-1562. 1973 339-358.
(5) Yao, Q.; Maverick, A. WJ. Am. Chem. S04986 108 5364-5365. (12) Jonassen, H. B.; Bailin, L. Ihorg. Synth.1963 7, 140-142.
(6) Maverick, A. W.; Lord, M. D.; Yao, Q.; Henderson, L. J., lorg. (13) Trofimenko, SJ. Am. Chem. S0d.967, 89, 6288-6294.
Chem.1991, 30, 553-558. (14) Millar, M.; Lincoln, S.; Koch, S. AJ. Am. Chem. Sod 982 104,
(7) Yao, Q.; Maverick, A. WInorg. Chem.1988 27, 1669-1670. 288-289.
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and the conjugate base of the resulting tritosyl compound treated with 20T T T T T T T
ethylene glycol ditosylate to produce 1,4,7-tritosyl-1,4,7-triazacy-
clononane (Tg9]aneN;), which was converted to [9]angf8HBr by LA
treatment with concentrated HBr(ad).A suspension of [9]aneN ro.
3HBr in benzene was treated with excess NaOH(s), with stirring, over 150"
a period of 48 h. Solid NaBr and NaOH were filtered off, and the
filtrate was evaporated to produce crude 1,4,7-triazacyclononane, [9]-
aneN, as a nearly colorless oil. Pure [9]angl a low-melting solid;
however, the oil was pure enough, as judged By NMR, for
methylation'® Methylation with HCHO(aq) and 98% HGHE°® was
followed by treatment with excess NaOH(aq) and extraction with
benzene. The benzene layer was dried oveiS@aand evaporated, 50
giving Mes[9]aneN; as a pale yellow oil which was essentially pure

by H NMR.

(Meg[9]aneN;)MoXs (X = Cl, Br, 1)® and (Me[9]aneN;)WCl3® were 0
prepared by literature methods. These were characterized by electronic 200
and IR spectroscopy and by cyclic voltammetry where appropriate. All
of these measurements, except for a few of the bands observed in our A/nm
electronic spectra, agreed with those reported by Wieghardt and co-Figure 1. Electronic absorption-) and corrected emissiolj spectra
workers. Where there were discrepancies in the electronic spectra, wefor (Mez[9]aneN;)MoClz in CH;CN at room temperature. The emission
repeated the preparations and found that our data were reproduciblespectrum was recorded using a degassed %02 M solution, with
the purity of all such samples was also checked by microanalysis (Desert355-nm excitation. Assignments: A, LMCT; BAzg — “Tzg “Tyg C,
Analytics, Tucson, AZ). Azg — 2Tag D, *Azg — {*T1g *Eg}; E, phosphorescencéTig, *Eg}

Instruments and Procedures. Cyclic voltammograms were re- *Azg.
corded by using either a PAR model 174A Polarographic Analyzer or
a Wenking TS70/1 potentiostat with a home-built microcomputer
interface. The cell contained Pt working and counter electrodes and
an aqueous Ag/AgCI (3 M NacCl) reference electrode. The half-wave
potential for the Fc/Ft (Fc = ferrocene) reference redox couple in
CH3CN under these conditions was 0.47 V.

Electronic absorption spectra were recorded on an Aviv 14DS T jsq
spectrophotometer. Luminescence measurements were performed in
the front-face mode using a Hamamatsu R406 PMT or a Ge photodiode, 7
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with a modified Spex fluorometer, and the spectra were corrected for Z 100 C ]
variations in detection efficiency with wavelength, as previously w L %5 1
described. The phosphorescence spectra in Figures3 ere all [ I‘
recorded with a bandpass of ca. 15 nm. 50 N !“

Emission quantum yields were measured in deoxygenated solutions L ¥ oo
(CESFN'H%EOC)’Z (4;;)36 n)r]721+e(>;citation, 15 min Nbubbling) by compa:ison o C | £: i £
with [Ru"(bpy)(bpyz maxem= 710 NM;®¢r, 0.019 in propylene S ' VY
carbonate at room temperatéle Absorbances for the Rustandard 200 400 600 800 1000 1200

and the Md' sample were between 0.06 and 0.14; they were matched A/nm
within 5% in any one experiment. The spectra were corrected for
detector response, differences in refractive indices, and reabsorptiong - (Mes[9]aneN)MoBrs in CH,CN at room temperature. The emission

of emitted light due to vibrational overtones in the neaiR? They spectrum was recorded using a degassed 10-3 M solution, with
are plotted (in Figures-13) in units proportional to quanta per nm  370.nm excitation. Assignments: A, LMCT; BAzg — Tz, 4—,—’19; C,

bandwidth. . N . “Azg = ZTag D, *Azg — {?T1g ?Eg}; E, phosphorescencéq1q, 2Eg}
Experiments on the nanosecond timescale utilized excimer (XeCl, — 4A,y).

308 nm) or Nd:YAG lasers (532 and 355 nm). Kinetic data from these

experiments were recorded and analyzed by using Hewlett-Packard onyminescence lifetimes were measured with the same apparatus, but
Biomation/Tektronix digitizer/microcomputer systems. Near-infrared using a Ge photodiode (Judson 2 mm diameter) operated at room

temperature (3 V reverse bias; response time ca. 50 ns). The

Figure 2. Electronic absorption=) and corrected emissiol) spectra

(15) £3h6audhuri, P.; Wieghardt, Krog. Inorg. Chem1987, 35, 329~ experimental detector response function was used to estimate actual
: ) ) emission lifetimes by deconvolutidA. These lifetimes, and the
8% \lf\?igghm;rar KYOSSgAdeBVle ﬁﬂgg} SB?C\'A}ES“SQ&:[T?‘_ ‘gilr 13% emission quantum yields and electron-transfer quenching rate constants,
112 2920-2230. T T ' were reproducible withint:10%.
(18) White, D. W.; Karcher, R. A.; Verkade, J. G.Am. Chem. Sod979 Continuous photolyses with irreversible electron acceptors were
101, 4921-4925. performed by using appropriate cutoff filters to ensure that only the

(19) (a) Wieghardt, K.; Chaudhuri, P.; Nuber, B.; Weissndrg. Chem. Mo complexes were irradiated. The quantum yield for the photooxi-
1982 21, 3086-3090. (b) This procedure is similar to those used for

' - . dation of (Meg[9]aneN)Mo"Br; to [(Mes[9]aneNs)Mo'VBr3]t by
methylation of cyclam and related macrocycles (Barefield, E. K.; . ; .
Wagner, FInorg. Chem1973 12, 2435-2439; Buxt((nrf, R.: Kaden, C(NO,)s was determined by using a single 532 nm pulse (360 mJ)
T. A. Helv. Chim. Actal974 57, 1035-1042). We found that adding from a Nd:YAG laser as the excitation source. The single pulse was
a small amount of kD to the HCGH/HCHO(aq) methylation mixture, required because the products, C@¥Oand [(Me[9]aneN;)Mo'VBr3] ™,

as suggested by some authors, made little difference. It was not absorb more strongly than the reactants at nearly all wavelengths.

necessary to isolate M@]aneN;-3HCI from the methylation mixture;

instead, it was converted directly to M@laneNs. Results
(20) Rillema, D. P.; Allen, G.; Meyer, T. J.; Conrad, Dorg. Chem1983
1) |232é égiY_JmNz-zbrosby 6. A, Phys. Chem1671, 75, 881-1024 Electronic Absorption Spectra. The absorption spectra of

) Je . ll . - . ) - . — - . . 4-26

(22) Demas, J. NExcited-State Lifetime Measurememsademic: New MoCls>" and MO(NCS&S have been discussed prewodisT :

York, 1983; pp 149-153.
(23) Parker, C. A.; Rees, W. Rnalyst196Q 85, 587—600. (24) Jgrgensen, C. KAdv. Chem. Phys1963 5, 33—146.




Photoredox Reactions of Mo(lll) Complexes

Table 1. Electronic Absorption Spectra of Moand W' Complexe3

Inorganic Chemistry, Vol. 37, No. 11, 1998781

complex solvent LMCT 4Pog— “T1g Tog “Pog— 2Tog “Pog— {%E4,°T1g
MoClg* b concd HCI <300 420 (40), 520 (30) 670 (1.4) 1050 (0.5)
(Mes[9]aneN)MoCls CH:CN 208, 238 360 (170), 425 (110) 672 (2.8), 684 (3.2) 1050 (1.3)
(Mes[9]aneNs)MoBrs CH:CN 215 sh, 244, 282 376 (230), 442 (140) 685 (13), 695 (14) 1055 (3.3)
(Mes[9]aneNs)Mol 5 CH:CN 260 sh, 305, 334, 374 470%h 722 (80) 1083 (10)
MoCls(py)sd pyridine <500 e 690 1140
HB(Mezpz):MoCl;~ CH:CN <500 e 690 1250
(Mes[9]aneN)WCl5f CH:CN 310 480 br 656720 1056-1300

2 lmadnm; e/M~1 cm~t in parentheses; sk shoulder; br= broad.? Data from ref 7.64A,q — 4Toq; “A2g — *T1g is buried under charge-transfer
transitions @ Data from refs 25, 28, and 29The spin-allowed dd transitions are buried under charge-transfer transitiofise low solubility of

this complex made detailed study of its absorption spectrum difficult.
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Figure 3. Electronic absorption<) and corrected emissioM) spectra
for (Meg[9]aneNs)Mol; in CH3;CN at room temperature. The emission
spectrum was recorded using a degassed 20~ M solution, with
436-nm excitation. Assignments: A, LMCT; BAyg — 4T2¢ (470 nm;
4Aog — “Tog obscured by LMCT) andAyg — 2Tog (722 nm); C,*Ayg

— {%T1q %Eg}; D, phosphorescenc§ g, 2Eg} — *Azg).

Among the other complexes we have studied, {SlaneN;)-
MoX3 (X = Cl, Br, I) show the best-defined spectra; see Figures
1-3 and data in Table 1. These are very similar to those
reported for MoC§3~.727 We assign the weak bands in the
660—750 and 10061150 nm regions in the complexes to the
spin-forbidden transition$A,g — 2Tog and*Azq — {2Eg, ?T1g}
respectively. The absorption bands in the 3500 nm range
are due to the spin-allowed-dl transitions*Azq — 4T, and

008 T T I T T 7T T T T T —’ T T T T I T I_
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Figure 4. Transient difference spectra for (M@JaneN)MoXs (X =
Cl, Br, 1) in CHsCN at room temperature. The spectra were recorded
at the indicated delay times following 10-ns flashes at 355 nm.

1300 nm regions. These features are similar to those previously
reported for ReGF.67:30 Thus, in analogy with Re@~, we

A, — “T1g, the latter appearing at higher energy. Intense bands assign these bands to thzq — ?T2g and*Azg — {?E, ?T1g}
at higher energy are attributable to ligand-to-metal charge transitions respectively; the tw&T terms are expected to be

transfer (LMCT), at increasing energy in the ordex IBr <
Cl, as expected. In (MfO]aneNs)Mols, the first LMCT band,
at 374 nm, obscures the second spin-allowedl dransition
(4Azg - 4Tlg).

The spectra of HB(Mgoz)Mo' Cl;~ 1 and MoCh(py)s2>28:2°
show spin-forbidden absorption band8,y — 2Tog and4A,g
— {?Eg, 2T1g}, with peaks near those found for the other'Mo
complexes; see Table 1. In both cases, the spin-allowet! d

split substantially by spirorbit coupling.

Transient Absorption Spectra. Pulsed-laser irradiation (10
ns, 355 nm) of the three (M@]aneNs)MoX 3 complexes in Cht
CN solution produces transient absorption signals (as well as
bleaching for X=1); these are illustrated in Figure 4. All of
these signals decay exponentially, with lifetimes similar to those
observed in emission (see Table 2). The transient absorption
signals are most intense at relatively high energy. Also, like

bands are obscured by intense charge-transfer transitions beginthe intense bands in the ground-state absorption spectra, the

ning near 500 nm.
Solutions of (Mg[9]aneN;)WCl;z in CH3CN show a number
of weak, narrow absorption bands in the 65®0 and 1056

(25) Konig, E.; Schider, H. J.Z. Phys. Chem. N. FL96Q 26, 371—403.

(26) (a) Pruchnik, F.; Wajda, Rocz. Chem1969 43, 1379-1386. (b)
Schmidtke, H.-H.Ber. Bunsen-Ges. Phys. Chet®67 71, 1138-
1145.

(27) Flint, C. D.; Paulusz, A. GMol. Phys.1981, 44, 925-938.

(28) Komorita, T.; Miki, S.; Yamada, Bull. Chem. Soc. JprL965 38,
123-129.

(29) Furlani, C.; Piovesana, Mol. Phys.1965 9, 341-347.

major excited-state features occur at increasing energy in the
order | < Br < Cl. Therefore, they are probably associated
with excited-state LMCT transitions. With (\M@]aneNs)Mol s,
bleaching of the intense ground-state LMCT absorption band
at 370 nm is also observed; this decays with a lifetime similar
to those observed in emission and transient absorption. The
bleaching and absorption signals for ({8aneNs)Mol; are

(30) (a) Eisenstein, J. Q. Chem. Physl961, 34, 1628-1648. (b) Black,
A. M.; Flint, C. D. J. Chem. Soc., Faraday Trans1877, 73, 877—
885. (c) Flint, C. D.; Paulusz, A. Gviol. Phys.1981, 43, 321—-334.
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Table 2. Room-Temperature Phosphorescence and Redox Properties'ofibW'" Complexes

complex medium Ama{nm? Tanduse TemUsP® @ed E(“?Eg")/cmte EydV | E*1V f
MoClg*~ concd HCI 1095 0.59 0.48 9239 —0.76 —1.92
(Meg[9]aneN;)MoCl; CHsCN 1120 1.05 0.96 6.%x 10°° 9200 0.39 —0.75
(Mes[9]aneN)MoBrs  CHsCN 1130 0.75 0.80 9.6 10°5 9200 0.56 -0.64
(Meg[9]aneN;)Mol 3 CHsCN 1160 0.35 0.45 1210 8900 0.58 —0.58
MoCls(py)s solid 1400 ca. 8000
HB(MezPzxMoCls~ CH3CN >1250" <8000 0.02 >—0.98
(Me;[9]laneN))WClg solid 1400 ca. 7400 —0.39 -1.3

a Corrected, unless otherwise notédLifetimes measured in transient absorptieg,d and in emissiontgy). ¢ £10%. Y Quantum yield in dilute
solution; 436-nm excitatiorf. Estimated by averaging absorption and emission maximalf-wave potentials (Mo(l11)/Mo(IV)) vs Fc/Ftin CHCN:
Eur, ground-stateE* 1, excited-state (estimated Bg, — E(“?Ey") (in eV)). 9 Reference 7" Uncorrected! Spectroscopic80 energy, from ref 27.
IIn CH.Cl,: Heath, G. A.; Moock, K. A.; Sharp, D. W. A,; Yellowlees, L. J. Chem. Soc., Chem. Commad®985 1503-1505.% Reference 8.
! Phosphorescence too weak for reliable estimaté.ef

approximately equal in magnitude; thus, we estimate that the ;ﬁg'se ﬁ.oszléir;]céI;irgusr?(t:er:ﬁgonstantsTMs*l from
excited-state absorption band hasx ca. 7000 M1 cm™1, P 9

Emission Spectra. Like MoClg®~ and Mo(NCS33~,” many electron acceptor
of the & complexes studied herein luminesce in solution at room complex TCNE chloranil BY"
temperature. The corrected phosphorescence maxima of the 1o 191aneN)MoCl;  5.2x 1° 4.0x 10° 8.4 x 1P
(Mes[9]aneNs)MoX 3 complexes in acetonitrile are in the 1120 (Mes[9]aneN)MoBr 4.6 x 10° 3.8 x 10° 2 4% 108
1160 nm range. The excited-state lifetimes for dilutesCN (Mes[9]laneN;)Mol 5 53x10° 3.8x 1@ <1lx 10'b

solutions Of_(MQ[Q]aneN‘)_MOX?” es“mated by avgrgglng the a|n CHsCN, at room temperature; values were reproducible within
values obtained in transient absorption and emission, are 1.04109%. > Quenching not observed. Value given is estimated upper limit;
(X = Cl), 0.80 (X=Br), and 0.4Qus (X=1). The measured  see text for discussion.
lifetime of a saturated solution of (M@]aneNs)MoCls, ca. 4
mM, was approximately 20% shorter. Phosphorescence quan-transfer complexes with (Mf]aneNs)MoXs. Also, the phos-
tum yields (see Table 2) are largest for the iodide complex. phorescence of (Mf9]aneN;)Mo'"'I; was not quenched mea-
HB(Me,pz)MoCl;~ shows weak phosphorescence, with a surably by benzylviologen. Thus, the value given in Table 3
peak near 1300 nm in GEN solution at room temperature. is an upper limit, based on the measured lifetime of {¥le
merMoCls(py)s phosphoresces only in the solid state, at ca. aneN)Mo"'l; and the maximum available concentration of
1400 nm. The tungsten(lll) complex (MB]aneN;)WCl; also benzylviologen (ca. 0.05 M).
phosphoresces: emission occurs near 1400 nm in the solid state Irreversible Photooxidation. We also studied the permanent
at room temperature. As far as we are aware, this is the first photooxidation of (Mg9]aneNs)MoX3 by tetranitromethane
example of luminescence from any tungsten(lll) complex. (C(NQy)4) and carbon tetrachloride (C{l These are known
We found that solutions of these last three complexes, to function as irreversible electron accept®g*
HB(Mezpz):Mo''Clz~, MoCls(py)s, and (Meg[9]aneNs)W"' Cl;,

were not sufficiently stable for photochemical study. The C(NO,), +e — C(NO,),” + NO, (1)
tungsten(lll) complex has also been reported to be more difficult
to purify and less stable than the analogous Mo(lll) spetiés. CCl,+e —CClL+CI )

Therefore, in our photochemical experiments, we concentrated

on the three (Mg9]aneN;)MoX; complexes. Irradiation ¢ > 420 nm) of (Mg[9]aneN;)Mo"'Brs in the

Coffsvﬁ(rsr'ble ho r\:\?e'??ﬁtrf ?M%]otr?oa?ﬁtlcliln).(W|e?]hi:1d(§ arnd presence of C(Ng), in CH3;CN causes a color change from
Orkers sho a ane 0" As ca ergo yellow to red within a few minutes. Figure 5 shows increases

c_hemlcal and eIectrochen:\llcaI (J)ruter-sphere one-(_elecf[ron OX|da-in the absorbances due to C(N@ (350 nm) and
tion to [(Mes[9]aneNs)Mo!VX3]t and further oxidation to [(Mes[9]aneN)MoVBr]* (490 nm) during photolysis.
[(Mes[9]aneN)Mo"OX;] * and [(Me[9]aneN)Mo™O,X] *.5 We We could not measure the quantum vyield for this reaction

wished to determine whether these reactions could be Carnedby a simple continuous photolysis experiment, because the Mo-

out photochemically. .
" i (IV) product absorbs more strongly than the Mo(lll) starting
The phosphorescences of the gi#aneN;)Mo™X3 com aterial at all reasonable irradiation wavelengths. Instead, we

plexes are quenched by strong electron acceptors such as TCN stimated the quantum yield by using a single 532-nm pulse

chloranil, and benzylviologen. We attribute this quenching to . L
reversible photochgmicalgelectron transfer from?'MtD theg .(360 r_n._]) from a frequency-doubled Nd:YAG laser: thls. pul_se
electron acceptors. Relatively strong acceptBis: TCNEY- is sufficiently short (ca. 10 ns) that the amount of photooxidation
~0.16 V5 chloraniP- —0.36 V6 BVZH+ —0.76 VB2 vs Fo/ during the pulse is expected to be negligible. On the basis of
Fc*I in Ci—i CN) are ré uir.ed fo,r efficien't uénchin because the results of this experiment (2 mM Mo 3 mM C(NO)a in

s eq T q g becaust CH3CN), the quantum yield for formation of [MEP]aneNs-
the complexes are difficult to oxidize: see redox potentials in MoVBrs]* is ca. 0.06
Table 2. Rate constants derived from Ste¥folmer analysis oy - .
of the quenching data are collected in Table 3 g (Mes[9]aneN;)Mo!!Brs is also photooxidized by C(Ngx in

q 9 y a 1:1 (v/iv) CHCN—H,0 solution. In this case the oxidized

2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), another . v N .
powerful acceptor, could not be used in these experimentsprOdUCt obtained was [(ME]JaneN;)Mo*OBr;]", as judged by

because it formed strongly absorbing donacceptor charge- (33) See, for example: (a) Masnovi, J. M.; Kochi, J.JKXAm. Chem. Soc.
1985 107, 7880-7893. (b) Masnovi, J. M.; Kochi, J. K.; Hilinski, E.
(31) Wieghardt, K.; Backes, G. Personal communication. F.; Rentzepis, P. MJ. Am. Chem. S0d.986 108 1126-1135.

(32) Mohammed, A. K.; Fronczek, F. R.; Maverick, A. \Worg. Chim. (34) Engel, P. S.; Keys, D. E.; Kitamura, A. Am. Chem. S0d985 107,
Acta 1994 226, 25-31. 49644975 and references therein.
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' L Table 4. Peak Current Ratiokdipa for (Mes[9]aneN;)MoX 0+
| from Cyclic Voltammetry
180s | <=1
T 1 V/mL ipdipa V/mL ipdipa
3 7 0 0.93 0 0.80
g 1 1.0 0.88 0.1 0.79
—g | 2.0 0.81 0.2 0.76
2 3.0 0.75 0.3 0.53
< ] 4.0 0.69 0.4 0.52
. 5.0 0.62 0.5 0.47
1 aThe indicated volume of 0.1 M $¥$Os was added to 7.0 mL of
i 1 CHsCN (0.1 M BwNO3SCR) containing 1.0 mM Mo(lll) complex.
- T Scan rate 100 mV-3; Pt electrode.

0

300 400 500 600 of H,SOy(aq) caused the ratio of return (cathodic) current to
A/nm oxidation current iGdipg for the Mo(lll)/Mo(lV) wave to

decrease (see data in Table 4). This effect was more pronounced

photolysis 4 > 420 nm) at room temperature of cax110-3 M (Mes- at slower scan rates. These results are as expected if oxidation

[9]aneN;)MoBr; and ca. 1.5x 103 M C(NOy), in CHsCN. Spectra  Of (Mez[9]aneNs)Mo'! X3 in an aqueous medium is followed

were recorded before photolysis (“0 s”) and then at 30-s intervals, by reaction of electrogenerated (M@laneNs)Mo'Y Xz with
showing gradually increasing absorbance at all wavelengths corre-H,0.,
sponding to generation of (M@]aneN;)Mo"V Brs*.

Figure 5. Electronic absorption spectral changes accompanying the

Discussion
its IR (vmoo) and electronic absorption spectraNo reaction
was observed in the dark for either of these mixtures.

(Meg[9]aneNs)Mol; undergoes similar irreversible photo-
oxidation with C(NQ)4. Irradiation of a solution of
(Mez[9]aneNs)Mols and C(NQ)4 in dry CHsCN leads to a
change in color from orange to green. The band at 720 nm
(Mo, 4A,q — 2T,g) disappears, while a more intense band
grows in near 600 nm. We assign the new 600-nm band in the
green irradiated solutions to a LMCT transition in [(A8-
aneN)Mo"VI3]*, because of its intensity @t least 5000 M*
cm~1, on the basis of the ratio of absorbance changes at 600
and 720 nm) and its lower energy relative to the first LMCT
band in [(Mg[9]aneNs)Mo'VBr3]*. When the photooxidation
is carried out in a CECN—H,O mixture, [(Meg[9]aneNs)-
MoVOl,]" is formed. Compared to the experiments with
(Me3[9]aneNs)Mo'"' Brs described above, photooxidations of the
iodide complex are less clean. Substantial amounts of other

absorbing products are formed, which we were unable to the Mej9]aneNs complexes (see Table 2) were originally

identiy. ) , reported by Wieghardt and co-workérs.Most of the new data
We also attempted to use C(M@as an irreversible electron ;' raple 2 deal with the lowest-energEy, 2T1g levels. The

acceptor for photooxidation of (M@]aneNs)MoCls. However, spectra of the (Mg9]aneN;)Mo"' X3 complexes are similar to

permanent reaction occurs in this case even in the dark, IeadingthOse of octahedral Mog¥,727 even though the (Mg9]aneNy)
to new ba_lnds (a_shoulder near 400 nm and a second band omplexes have lower symmetry (approximatéely). Thus,
850 nm, in addition to the expected peak at 350 nm due 10 e have based the assignments on the previous work with

C(NOp)s7). ~ Similar changes occur in mixtures of  nocis- The two spin-forbidden-dd bands Az — 2T2gand
(Me3z[9]aneNs)MoCl3; and CCJ in CH3CN solution (although 47— {2Ey, 2T1g}) remain almost the same in energy, whereas

this oxidation by CQis accelerated by irradiation). No changes ihatwo spin-allowed €d bands#Az, — “Tzg and*Azg— 4Ty,
occurred when solutions of (M@]aneN;) Mo X3 (X = Br, ) increase in energy in the order M€l < (Me3[9]aneN;)Mols
were irradiated in the presence of GCl ) . < (Meg[9]aneN;)MoBr3 < (Mez[9]aneN;)MoCls. This trend
We also performed cyclic voltammetry experiments ins€H s consistent with the higla-donor strength of the triazacy-
CN with and without added #D. Solutions in dry CHCN clononane ligand® Fitting the energies of th#,;— 4T,g and
showed quasireversible one-electron oxidation, as previously 4a, — 4T, transitions to a #Tanabe-Sugano diagradfyields

reported by Wieghardt et &l.Addition of varying amounts of  he following crystal-field parameters: (M6]aneN)MoCls,
water to these solutions appeared to make the oxidation wavepq = 2350 cnrl'andB = 386 cniL; and (Me[9]aneNs)MoBrs,

less reversible, but we could not measure the changes easinDq = 2260 cnt! andB = 361 cntl. Brorson et al. recently
because of a larger new irreversible oxidation wave attributable performed a similar analysis on molybdenum(lll) ammine
to water oxidation at slightly more positive potentials (ca. 1 V
vs Fc/F¢). Addition of aqueous acid (0.1 M430y) instead  (35) Tanabe, Y.; Sugano, 8. Phys. Soc. Jpri954 9, 766-779.

of pure water was more successful: the water oxidation wave (36) See, for example: (a) Yang, R.; Zompa, Linbrg. Chem1976 15,
was shifted in the positive direction, so that the Mo(lll)/ ﬁ4%9r|1502.cvr\]/|egrllggit, 2K2-? 2%%*‘3’1“2‘3%%’\’-? Herrmann, W.;gers,
Mo(IV) wave was better resolved. For both ({8 aneN;)Mo'" - ~J. Inorg. Chem 1983 22 '

o - _ (37) Figgis, B. N.Introduction to Ligand Fieldsinterscience: New York,
Brs and (Me[9]aneNs)Mo'"'I3, addition of increasing amounts 1966; p 169.

Electronic Spectra of Second-Row & Complexes. The
species studied here differ in two ways from those of first-row
3 ions. First, the ligand-field strengths (represented Hyd)0O
for these complexes are much larger, causing the spin-allowed
d—d transitions to be at higher energies for the same ligand
environment. Second, interelectronic repulsion (represented by
the Racah parametd) is considerably weaker than in first-
row species. The energies of the lowest-lying doublet terms,
2Eg, 2T1g, and?Tyg, all of which arise from the same strong-
field electronic configuration £%) as the groundAzq term,
depend primarily orB.3®> Thus, they are lower in energy than
with first-row d® metals. The major difference between second-
and third-row complexes (as seen, for example, in BeGind
(Meg[9]aneNs)W'' Cly) is the significant increase in spirorbit
coupling, which leads to larger splittings of the excit&dg
and?T,q terms.

Photophysics. Many of the absorption spectral features of
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complexes, obtainin@q = 2465 cnt! andB = 408 cnt1? for
fac-MoCl3(NHs)3, as compared witbg = 1915 cnt! andB =
433 cnt! for MoClg3~.38

Enemark and co-workers recently reported electronic absorp-

tion spectra for LM8' X3 (L = tris(3,5-dimethylpyrazolyl)-
methane; X= Cl, Br, 1).19 They observed weak bands in the
710-770 nm region { = 7—-80 M1 cm™) in all three
complexes. Because of their similarity to those outlined above
for the Mg[9]aneNs complexes, these weak bands are likely
attributable to the?A,q — 2Toq transition.

Flint and Paulusz’s spectroscopic study of MgClshowed
that thel'; andT's spin—orbit levels of?T,q are separated by
255 cnt1.27:3% Our spectra of (Mg9]aneN;))MoCls and (Me-
[9]aneNs)MoBr3; (Figures 1 and 2) also show splitting of the
4Aog — 2T band, with separations of ca. 260 and 210°&m
respectively. This separation may reflect sporbit splitting
of %A, — 2T,g in the Me[9]aneN; complexes, because of the
close similarity of their spectra to that of Ma€t. Splitting
of the 4Azq — 2T,4 band is less obvious for (MpP]aneNs)-
Mol; (Figure 3)%0

We assign the luminescences of the {@¢aneN;)MoXs
complexes (see Table 2 and Figures3) to phosphorescence
from the lowest energy excited statf’fy, 2Tig — “Azg),

Mohammed et al.

HB(Mepz)sMoCls;~ andmerMoCls(py)s phosphoresce more
weakly and at longer wavelengths than the ;[dEneN;
complexes. In the case ofie-MoCl3(py)s the red shift may
be due in part to the lower-symmeti§@4) meridional coordina-
tion environment.

We could not undertake a detailed photophysical and
photochemical study of (M§S]laneN)W'"'Cl3 because of the
difficulty in purifying the complex. However, as indicated by
both the electronic absorption and emission spectra discussed
above, there are close similarities between {ollaneN;)W"' -

Cl3 and other third-row #ions.

Reversible Photooxidation. The phosphorescence quench-
ing that we observe in the presence of electron acceptors (A) is
consistent with reversible one-electron transfer:

(Mey[9]laneN)Mo" X * + A —
[(Meg[9]aneN)Mo"V X" + A~ (3)
Since the lowest triplet states of the electron accefitane

higher in energy than the phosphorescgitty, °T1g excited
states of the metal complexes, energy transfer quenching is very

because they show very small Stokes shifts compared to theunlikely. TCNE, the most powerfully oxidizing quencher we

lowest energy absorption maxim&gy — {%Eg, ?T1gt), and
because their lifetimes are relatively long. The presence of
increasingly heavy atoms in a molecule ordinarily increases

studied, shows the largest quenching rate constant3! Bkle
weakest oxidant, reacts much more slowly.

A more detailed study of reversible photooxidation of these

phosphorescence decay rates and makes spin-forbidden transigynjexes might help to determine whether their excited states,

tions more intense. Both of these trends are observed in the

(Mes[9]aneNs)MoX3 series. The emission quantum yields are
all well below 1073 similar values have been observed in
isoelectronic Cr(lll) complexe¥. Radiative rate constants also
increase in the order Cf Br < |, as expected (estimates from
lifetime and guantum vyield data: ca. 60, 120, and 30§ s
respectively).

Pulsed-laser irradiation of the (M8]aneN;)MoX3 complexes
produces transient absorption signals, illustrated in Figure 4,
which we assign to excited-state LMCT transitions. The lowest-
energy transient absorptions are red-shifted relative to the LMCT

which are ligand-field in character, differ in their properties (e.qg.
reorganizational energy) from those of MLCT states (e.g. Ru-
(bpy)x?") or other types of metal-complex excited states.
However, this has not been possible: mainly because of the
low energy of the (Mg9]aneNs)Mo'"' X3 excited states, they

are poorer reducing agents (see data in Table 2) than species
such as Ru(bpy¥**. As a result, suitable oxidative quenchers
for Mo(lll)* must be relatively powerful oxidizing agents. Only

a very small number of compounds are available that have
sufficiently positive electrode potentials for reductiband do

bands in the ground-state absorption spectra. The amount offot interfere spectroscopically with excitation of the Mo(lll)

the red shift, ca. 9000 cm in each case, is approximately equal

complexes.

to the energy of the phosphorescent excited state. (This energy Irreversible Photooxidation. We observe permanent one-

relationship is expected to hold only when the upper levels for

the ground- and excited-state LMCT transitions are the same.

That is not strictly true here, since the upper levels have different
spin multiplicities. Thus, the lowest-lying LMCT excited states
reached by absorption frof\,q and transient absorption from
{?Eg, 2T1g} appear to be close in energy.)

Especially for (Mg[9]aneNs)MoCls, we found that the

electron photooxidation of (M§9]aneN))Mo'"'Br; and (Me-
[O9]laneNs)Mo!'I3 by C(NG,),, leading to the formation of
[(Me3[9]aneNs) MoV X 5] T

(Me,[9]laneN)Mo" X;* + C(NO,), —
[(Meg[9]aneN)Mo"' X,] " + C(NO,),~ + NO, (4)

emission lifetime decreases somewhat as the complex concen-
tration is increased beyond ca. 1 mM. We observed no deviation v« aiso performed this photooxidation in the presence of

from exponential decay, even at high concentrations; therefore,

we attribute the quenching to reaction with the ground state of
the complex'?

(38) Brorson, M.; Jacobsen, C. J. H.; Jensen, C. M.; Schmidt, |.; Villadsen,
J. Inorg. Chim. Actal996 247, 189-194.

(39) The room-temperature absorption spectrum of MoGh concd HCI-
(aqg) shows a less well-defined splitting of thie,g — 2Tog transition,
with a separation of ca. 200 cth

(40) More detailed examination of th&,; — 2T2gband in (Me[9]aneN)-
Mo'"'l3 suggests that it may be composite, being made up of bands at
ca. 710 and 722 nm (i.e. separated by ca. 230%mAlso, this band
is slightly wider in (Me[9]aneNs)Ma"'I3 (fwhm 41 nm) than in the
chloride (29 nm) and bromide (33 nm) complexes.

(41) See, for example: Kirk, A. D.; Porter, G. B. Phys. Chem198Q
84, 887-891.

water, to determine whether reaction 4 could be followed by
further oxidation to Md, either by disproportionation (eq 5) or
by reaction with additional C(N&, (eq 6):

(42) Other authors have also studied ground-state quenching?®in d
complexes. See, for example: Serpone, N.; Jamieson, M. A.; Sriram,
R.; Hoffman, M. Z.Inorg. Chem.1981, 20, 3983-3988.

(43) The energy for the lowest triplet state for chloranil, for example, is
2.13 eV: Guerry-Butty, E.; Haselbach, E.; Pasquier, C.; Suppan, P.;
Phillips, D. Helv. Chim. Actal1985 68, 912-918. Since the other
acceptors are colorless, they are also expected to have higher-lying
triplet excited states.

(44) The quenchers studied here include most of the strongest oxidants
listed in the following: Mann, C. K.; Barnes, K. Klectrochemical
Reactions in Nonaqueous 3ehts Dekker: New York, 1970.
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2[LMo"V X" + H,0—
[LMoYOX,]" + LMo" X5 + 2H" + X~ (5)

[LMo"VX,]" + C(NO,), + H,0—
LMoYOX,]" + C(NO,),” + NO, + 2H" + X~ (6
3 2

Reaction 5 is similar to our previous work with MENCS)3-,
in which one-electron photooxidation to MONCS)?~ was
followed by disproportionation to generate the molybdenum-
(V) dimer Mo¥,04(NCS)*.5 An analog of reaction 6 is the
photoinitiated two-electron oxidation of V(phef) to VO*:
this proceeds via a vanadium(lll) intermediate, which is oxidized
spontaneously by a second molecule of electron accéptor.

Samples of [(Mg9]aneNs)Mo'VBr3]*, prepared separately,
are stable in pure CICN but disproportionate in G}€N—H,O
mixtures, forming (Mg[9]aneN;)Mo"' Brz and [(Me[9]aneN)-
MoVYOBr,] ™. These disproportionation products were identified
by visible (sharp maximum near 690 nm for Mo(lll), and broad
band centered at 670 nm for Mo(V)) and IR spectroscopyd
for Mo(V)®). Also, our cyclic voltammetry data for the
oxidation of (Mg[9]aneN;)Mo"'Br; and (Me[9]aneNs)Mo'"' 13
in aqueous mixtures (see Table 4) show that the Mo(lll)/Mo-
(IV) wave becomes less reversible as mog®tt added. This
is also consistent with disproportionation of [(A&laneNs)-
Mo'VX3] T in the presence of water. In contrast, [({{8aneN)-
Mo'VBr3]* in CH3CN does not react with C(N£.

Photooxidation of (Mg9]aneNs)Mo'"' Brs by C(NQy)4 in 1:1
CH3CN—H,0 yields [(Meg[9]aneN))MoVYOBr;] * as the only Mo-
containing product. Thus, (ME]aneNs)Mo'"'Brs undergoes
photoinitiated two-electron oxidation. Our experiments de-
scribed above using Mo(IV) indicate that this occurs via initial
one-electron photooxidation of Mo(lll) (reaction 4), followed
by disproportionation of [(Mg9]aneN;)Mo'VBr3] ™, as in reac-
tion 5.

Reactions 5 and 6 differ only in the nature of the oxidizing
agent. [(Mg[9]aneNs)Mo'VBr3]™ in eq 5, and C(N@)4 in eq
6. (Me[9laneN)Mo"'Brz is already known not to react
spontaneously with C(Ngy; this suggests that the Mo
complex is the stronger of the two oxidants Therefore, the
disproportionation route is consistent with our other chemical
observations.

(Mes[9]aneNs)Mols is also photooxidized to the Macomplex
[(Me3[9]aneNs)MoOl,] ™ by C(NQ,)4 in the presence of water.

(45) This conclusion must be reached cautiously, since the reduction of

C(NO,)4 (which we observe at ca-0.5 V vs Fc/F¢ in CH3CN) is
irreversible.
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This system was more difficult to study for two reasons. First,
we were unable to prepare the proposed™Viatermediate,
[(Meg[9]aneNs)MoVI3] ™, in stable form so that its reactivity
with H,O and C(NQ), could be compared. Second, the
photooxidation of M#' to MoV is not as complete as with the
bromide complex. However, the discussion of g#éaneN)-
Mo'"'Brs above is equally applicable here: [(M&]aneN)-
Mo'Vl13] ™" is a slightly stronger oxidant than the corresponding
bromomolybdenum(1V) complex, making it also unlikely that
(Me3[9]aneNs)Mol 3 could be oxidized spontaneously by C(HO
Thus, the photoinitiated two-electron oxidation in the ¢i8¢
aneN)Molz and (Mg[9]aneNs)MoBr; systems are likely to
occur by the same mechanism.

Summary

The three (Mg[9]aneNs)Mo"' X3 complexes (X= Cl, Br, 1)
phosphoresce in solution at room temperature, and their excited
states are oxidized reversibly by several one-electron acceptors.
Permanent one-electron photooxidation of §@ganeN;)Mo"' -

Brz and (Me[9]aneN;)Mo" I3 occurs in the presence of C(NQ
Overall two-electron oxidation of the same two complexes
occurs via disproportionation of photogenerated‘Moterme-
diates in the presence of water. [HB(Me&)xMo" Cl3]™,
MoCls(py)s, and (Me[9]aneNs)W!"' Cl; also phosphoresce at
room temperature. The properties of the M¢aneN; species

in particular suggest that a variety of stabfecdmplexes are
accessible for multielectron photoredox experiments and that
many of them are likely to undergo facile photoinitiated two-
electron oxidation. We are now studying the chemistry and
photochemistry of the higher oxidation states in these and related
Mo systemg®including their reactivity with oxidizable substrate
molecules!”
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