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SUMMARY
Trans-[0s {1.)(0)2]{CIOs)2 [where L = [4TMC, ISTMC, 16TMC, CRMea) and
trans—[0s "(CN)a{0)2}(PheAs])z complexes display vibronic structured

gpin—alllowgdl and spin-forbidden transitions at 300-320 and 345-370nm. The
Hibwey)'tde '] excited states of trans-dioxeosmium(¥I) are emissive and
lorg-lived [lifetimes D4 to 1.6ps]  both in  solid state anad J'.n1 I'l;li{l
solutions. For trans—[Ds [14TMC)Q)z]"", the 0s=0 bond in the “[(dxy)(dm }']
state is ca. 0.063% longer than in the ground state. Trans—dioxoosn'{rilqm{\"p
complexes function =5 a powerful one-electron oxidant with E(0s ™ /0s')
ranging from 1.1 te 2.3V vs, N.H.E. Phcto-induced oxygen atom transfer
reactions have been observed with trialkylphospnines, dialkylsulphides, and
alkencs.

INTRODUCTION

The design of luminescent metal complexes with long-lived excited states
capable of perforining ghoto-induced atom transfer reactions iz an important
but relatively new area o7 research. Previous spectroscopic studies indiecated
that excitation of metal-oxo complexes at the dey » dn transition [drr‘ = dxz,
dyz] would produce high energy species with relatively weak metal-oxo bond
strength (1-4]. It ie anticipated that the excited stale metal-oxo complexes
belong 1o a new class of compounds from which novel oxygen atom transler
chemistry can be developed. The works of Winkler and Gray on the photophysical
properties of trans-dioxorhenium(¥) complexes (1,2) have aroused our interest
in studying the Isoelectronic trans-d°-dioxoosmium{ VI} species, with the hope
of developing powerful metal-oxo photo-oxidants. In view of the presencc of
rapid internal reductive quenching pathways, inevitably associated with
m-unsaturated ligands, which renders the generation of Jeng-lived powerful
photo-oxidants  {> L6V wvs. NHE.} difficult, a series of o—saturated
macrecyelic tertiary amines are employed as ligands for the synthesis of
osmium-oxo complexes. Herein are described the photophysical and photochemical
properties of a series of trans-dz—dicxo complexes of osmium(VI} with ligands

L = 14TMC, ISTMC, 16TMC, CRMes. (CN]4 where 4TMC = [, 4,8 li-tetra-
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moethyl=1,4,8,11-tetraazacyclotetradecane, 19THC = 14,8, 12-tetramethyl-
1.4,8,1Z-tetraazacyclepentadecans, 16TMC = 1,5,9,13-tetramethyl-1,5,9,i3~
Letraacacyclohexadecane, CR}-JL‘:i - mesn=1,2,0,10,11-pentamethyl-2,6,10

—triazalilli2,6)pyricinophanc (Figure i),
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Fig.l. Structure of marcrocyclic tertiary amine ligands,

EXPERIMENTAL SECTION

Reagrnts and Malerials

Sodium chicrcosmate(ly) lNaZOsClGI was purchased from Johason Matthey
Chemicals, Ltd. Osmium tetroxide [(YY.B%} was cbtained frem Aldrich Chemicail
Company. The mego-1,2,6,10,1-peatamethyl-2,6,10-trlazal11(2, 6 lpyridinephane
ligand lCRMes) was prepared as  previcusly described(5)  Acetonitrile
(Mallinckrodt, ChromAR, HPLC grade) was distilled over calcium hydride and
potassium permanganate befora use. All chemicals and sojvents used were of
analytical grade.

The osmium complexes were prepared according to the methad reported
previously (6-E). Organic guenchers were purilied according to  literature
procedures(9).



Physical Measyrements and logbrumenlation

U¥-visiole speclra were ohiained on a Shimadsu UY-240 spectrophotometer.
Steady state emission spectra were recorded with or without Cerning filters on
a Hitachi 650-60  [luorescernse  speclrophotomister,  Luminescence  quenching
experiments wore monitored by time-resolved (lifetime) emission messurements,
and data were ftreated by a Stern-Volmer fit as described by To/t = 1 +
kqto[(). Emission liletime measurements were pesformed using a time-resolved
laser system. The excitatien source was the 355-nm output (third harmonic) of
a Quanta-Ray (Q-swiitched DCHR-3 pulsed Nd=-YAG laser (LDOHz, G-rescnator].
Luminescence decay signals were rescorded either on a Tetronix model 2430
digital oscillcscepe or a Tetronix model 1912410 transient recorder with a
TBYOP programmable time base, a TAlD vertical amplifier and a type €02 display
unit. Acquisitien of waveforms from selected Tetromix digitizers was performed
on u Epson PCe 1BM-XT compatible personal computer via a GPIB-PCZA interface
card, using Tekware GURU 1[I soltware packapge [or compaler conkrul. The
waveforms were acquired and analyzed using a program for exponential fits. All
soluticns  for  quenching studies were prepared wunder vacuum in a  10-ml
roundbollom flask with a sidear: I-cm Tluorescence cuvelle and sealed from the
atmosphere by a Kontes quick release teflon stopper. Sclutiens were rigorously
degassed with ne fewer than four frecze-pump-thaw cycles,

Steady state irradiaticn was performed with a high pressure mercury
short-arc lamp (350W, [llumination Industries Ilnc.) equipped with water filter
ard Corning fiiters to remave the IE and A ¢ 330nm radiations, respectively.
Organic praducts were analyzed by gas chromategraph-mass spectral analyses.
All sclutiorns for photochemical experiments were rigorcusly degassed as in

quenching studics,

RESULTS AND DISCUSSION

The electronic ahserption spectra of Irans-dz-dioxo complexes af asmium(¥V1)]
with ligands L = 4TMC, 15TMC, 16TMC, CRMe3, [CN}4 in acetonitrile exhlbit
vibronically structured absorplion bLawds in the regipns  300-3200m  and
345-370nm [Figure 2], The U¥-visibie speciral data are summarized in Table 1.
The bands at 300-320nm and 345-370nm are assigned as idny.‘3 + (dxy}lld“ﬂ'.]l
Ilmg 3 lEx] and (dxylz + [dxy)!(dn-)l [lAlg —)BEg] transitions, respectively,
which are vibronically coupled 1o the h21.|[0510)21 stretching mode dn =

dxz,dyz).  Similar assighments have been reported for the iscelectronic

Bh]
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TABLE i
v . .
U¥-visible spactiral data of trans-10s I{[,](O}Z}n in acetonitrile at 25°C
A Anm (e /M‘In:mui)
1 ITIaXi Max { 3
Complex Alg E EE Alg - Eg
trans~{0s" LTMCHOL " 2 312 (1260) 355 (342)
trans-[0e” {USTMC)O) 27 & 307 (i814) 347 (a75)
trans-[OSVLIIGTMC}(O]2]2+ a 306 (1914) 346 (343)
trans-IOS‘”[(CRhie31(o)%}2+ & 307 (1934) 365 (367
trans- IOsV}(CN)4E0}21 i ;7 (i002) 370 (296)
a r b
references (6,10]
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Fig.2. UV-visible spectrum of trans-(0s’ (14TMCHO), KEIO o), in acetonitrile.

tranz-dioxerheniumi¥) complexes assuming a D, symmelry (Figure 3) (1,2]. The

4h
relative  insensitivity aof the (dxy)z = (dxyllidn‘)l transition of the
trans-dioxcosmiumiVI) system to the nature of the equaterial llgand is in
accordance with the furmulation that the transition eccours within the drm

arbitats.
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Fig.3. MO  diagrsm showing the d  orbital splitting diagram  for

trans—diexoosmium(VII.

The symmetric osmium-oxe stretching freguencies in the [dxy)l[drr-]l excited
states of trans-dicxoosmium(¥1) can be estimated from the vibrational spacing
of lhe lAlg -+ 1Eg and 1mg > 3Eg transition bands. The wvalues are eca. 740-750
cm_l, which are substantially lower than the ground state vs[OG{OIZ] vajue of
gl'kzm-l [determined by resonance  raman  spectroscopyl.  implicating  the
weakening of the Q5=0 bond upon light excitation. Far
trans—[()swlldTMC](0)2]2+.. the magnitude ol the Ds=0 bond distortion has been
estimated from Franck~Condon fits o Lhe luw-temperature absorplion spectrum
te be 0.063% L11).

Excitation of trans-[0s' (LXO)LI(CIO ), (L = 14TMC, ISTMC. 16TMC, CRMe;)
and tr'ans—[OSVIKCN)4(0)Z]{Ph4ﬁs}2 in the solid state and ip fluid solutions at
IMg—)I‘E; ar 14\1;—) Er transition results in red emission (Figure 41, The

photophysical data are summarized in Table 2.
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TABLE 2

r
Photophysical data Tor trans-[OS\ I{l_](D]Z]n st roam temperature

Complex Emissjon A AR Liletime ps
max

trans~[05w{14TMC)IO)zlh solid, 620 MeCN.? Lo

MeGM, 620 H,0. L4

0.1M CF.COOH, L.5
VI 2+ 3

trans-[0s (15TMC)O),} MeGN, 625 MeCN, 1.0
tr’ans—[GsVI[16‘1’MC]l0]2]2+ MeGN. 600 MeCN, L6
trans—[GsVI[CR&ieSJ(OJ%]2+ MeCN, 710 MeCN, 0.8
trans— [o;VI{crc)4tolzi ” MeCN, 710 MeCN, 0.4

a[trans-[Osw[14'I'MC){O}212+| = 0.275mM, 0.1M TEAP as supporting clectrolyte,

19,2 w Mﬁm ‘%9 .

W,

Intensity

b
My,
Mmoo

Fig.4. Emission spectrum of a polycrystailine sample of trang-
VI -
[0z (14TMCHOIZKCIQ4)z at 18K with excitation at 355nm.
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The large Stokes shift belween the excitation and emissicn energies
suggests that the emissive state (s not By [SE:Ig}. hut rather it could possibiy
be  derived f[rom  the ow-iying spin-orbit R or B2 sulilevel  of aEg
state(1-3). Unlike the trans-dicwotetrakisipyridinejrhenium(¥]  complexes(l,2],
there  is  anly  a  small  veriation Jn the cxcited  state  lifetime of
Imns—[OSW{MTMC}IUJz][Cqu}z in  both proic and aprotic  soivents, and
neither the lifetiine nor the intensity of the emission (3 quenched by proton,
This difference in treactivity toward protons could possibly be derived from
the fact that the trans-diodorhenivmlV) complex would e expected to show a
higher affinity for protons than trans—.'OSVI[14TMCH0)2]2+ which possesses a

higher positive charge.

s L
The phosphorescence of trans—[()s\']{14TMCJ[0}2‘]2’+ is Tound to display large
excited  state jifetime  dependence on the  concentration ol irans—
IOSV[{MTMCJ(O)?]Z‘F in acetonitrile, with kq = 2.6 x 1()9 M_ls_l‘ wver 4

coprenlrativn range of 0.5 Ww Z.8 M in O.IM TEAP (MeCN), suggesting the
existence of a sell-quenching meclhanisin. A inherent excited state Llifetime of
3.3us 15 wstimazed from & plot of L/t versus the concentration of
trans—lOSVI[14']‘MCJ".OJ,,I[CIO4]'2 (Figure S Cn the contrary,
tr‘an.s‘-lOs“[CNJ(’{OIZJZJ shows no  coservabie  lifetime  dependence over a
concentration range of 3.7 to 3.6 mM of trans~[Osw(CNJ4{0}2]2- in 0.1 TEAP
{MeCN]), suggesting an estimated kq of ¢ 107 J'..I_ls‘._I for seif -guenching.

g9
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Fig.5. Plot o 1/T versus the concentration of rrans—[OsVI(14l‘MC}(U]zI(LJIDa]z
in acetonitrile (0.1M TEAP).
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The excited state redox poter.tial EO{OSV -./Osv] for trans-

s\|"l

[{s] (1<1T}~-‘Ii2'.]l20)222+ has been determined usihg spectroscopic and

electrochemical data,

E*os' /08") = E%l0s ' /0s") + Eostiis'i0s ) i

where Eo-ol0s''/0s' ) is the zero-zero spectroscapic energy. Values of the
standard reduction potentiac of  the os o’ couple (0.01¥ s, M.HE, in
water? [6) from cyclle veltammetric studiss and the estimated emission Eo-o [
2.2e¥)  for Irans—iDSVI[I4'1'MC][O‘.-2]?'+ cbtained from the low temperature
emission specirum of a souid crystatline sample of
trans—[()sw(HTMC}(Olzl(Cqu}z at 1HK suggest that  the nL‘,; state is  an
extremely powerful cne-electron oxidant with E:[Os“./li)sv] = 2.2V vs. N.ILE.
in water. The excited state redox potentials I'_'ol[Dsw‘/Usv} of other
trans—dioxcosmium(¥I) complexes are similarly estimated and are summarized in
Tahle 3.

TABLE 3

Excited state redox potentials  of trans—[Os“(L)[Oizln in  acetonitrile

estimated from spectroscopic data

EOEDS\'IK\')E ED[OSVI’/\'}
Complex Eo-o/eV¥ Yolt vs. W.H.E.
trens—lOsVI[IS'l'MC][(112]2+ 2.2 -0.05 215
trans—'[Osw(léTMC)(O]Z]Z+ 2.2 -0.05 2.1s
trans-'lOsw[CRMe:j](O) IZ"+ 2.0 -0.03 1.97
trans- |UsV1[CN]q[O]2%_ 2.0 -0.88 L1Z

Preferences 13,6,10).

Thus a serles of trans-dioxcosmium(VI] photo-oxidants with tunable potentials

can be obtained by ligand varrlations



Given the high excited stale redox potentials and the weakening of the
metal-cxo bond strength upon light escitatlon, It is not surprising te find
that trans-dioxcesmiumiVi) functicns either as a powerful one-clectron oxidant
or an oxygen atom transfer reagent In the excited state. FPhoto-oxidation of
aromatic  hydrocarbens (RH] 1o the zorresponding catlon  pradicais by
trans—lOsVli14TMC][012]2+‘ has been observed [Scheme L.

SCHEME 1
P -
trans-10s" GTMCNO), 17" L2y trans-jos' tiaTMONOL, 1P (2)
trans-i05“(14TMC]{012]2+' + @ — trans—[OsV(14TMC](012]+ + (a)
X

The catien radical from l,4-dimethoxybenzene was detected by laser flash

hotolysis [Amax = 431, 456nm)(12) {Figure &}.

)
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<]
~ = = =
2 8 & =8
A nm

Fig.6. Tr\"z-lmsicnt difference spectrum obtained 50ps after flash photolysis of
trans-[Os  (I4TMCH{O}2)(Cl04)2 and 1,4-dimethoxybenzene in degassed
acetonitrile.

Steady state photolysis of trans—dicxoosmiwun(¥i} complexes at 330-400nm in
the presence of triaikylphosphines, dlalkylsulphides, and alkeacs jed te the

formation of the corresponding oxygenated products in reasopabie ylelds. The
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following are representative examples {Scheme 2.

SCHEME 2
:rans-IOS""I(;frTMCJLOJEIZ’ + PPh 5% trans—{Ds“l14TMC):MeCN}212* + PhP=0
(4}
MeCM

NI 2= NI 2- _
trans—{Ds (CN,4(O)2; + PPh, — == trans-10s [CMq{PPhsJEI + Phsf" [C

trans—[()s“ (CN]4(0]212_

I3 Y s

{PLCH,),3 o Ve {PhCH,},8=0 (30%) &3
VI 2+
. trans—|0s “{14TMCHOz] _ . .
(PhCHz)ZS TP MeCN T —_— [PhL,H2]28=0 (3LA) i
Eraﬂs‘[st}(CN]ﬂ[O}Z]z- d}b (407} (8]
hv MeCN :
0
TN RPN - e

CHCHZ trans—[0s” {CN)4[0])z2] 6 + PhCHO (9)

e MeCN
[627) (127%)

The primary steps In these photo-induced oxygen atom transfer reactions
have beesn found %0 be charge-transfer in nature,

!rans—lOsw[O}zj‘ P L trans-iOsV(0)2,8+] o)
where S represents an crganic substrate. Evidences to suppuort this argument
come from the following Clindings. Firstly, triphenylphosphine quenches the
phosphorescence of trans—[OsVI{HTMC}(OJ 12+- with a rate constant kq of about
16% times faster than that of trans~[0s r](CN)‘;(OlZ]'Z“.. This is In accordance
with the much higher excited state redox potential of the former system than
the latter. Secondly, iinear correlation  of  loglkel with  the  vertical
ionization potential cf alkenes has been found for the
tr‘ans—[Ova{l4TMC](O]2|2+‘ system (Figure 7], suggesting an electron transfer

mechanism occurring in the initial steps of the guenching reaclions (Scheme
31

SCHEME 3

VI * ../ k v M
to=0s" =01 + Jc=c{ L% [o=0s'=0, o) ¢

Vo L k vl 4
10=0s =0, C-C_ ) "5 10=0s' =0] + C=C (12)
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Fig.7. & pla; of laglkq)  vyersus the vertical ionization potential of alkenes
for trams—(0s (TMCHORI® in degussed acelonitriie.

CONCLUSION

The trans-dz-dioxoosmlumwn systom, with its high sexcited state redox
potentiai, shows a strong tendenvy toward oxidizing organic substrates via an
initiai clectron transfer mechanism. Mereover, with the O0s=0 bond  being
weakened In the excited state, they function as potential phota-oxo-transler
reagents. Jt  is  envisaged that with the suitable design of  metal-oxo
complexes, a series of photo-oxidunts  with tumable reactivities could be
generated,

ACKNOWLEDCEMENTS

We acknowledge finahcial support from the University of Hong Kung, the
University and Polylechinic OGrants Committee (HPGC) and  the Croucher
Foundation. V.W.W. Yam acknowiledges finarcial support from  the City
Polytechnic of Hong Kong. Helpful discussions with Professor H.B. Gray at the



104

early stage ol this work are also acknowledged. V.M. Miskowskl and M.D.
Hopkins are thanked Tor their assistance in lew temperature spectroscopic and

TESONAance Taman exper iments.

REFERENCES

1 LR. Winkler and H.B. Gray, J. Am. Chem, Sec., 1983, 105, 1373,

2 LR, Winkler and HB. Gray, Inorg, Chen, 1985, 24, 346,

3 C.M. Che, ¥VWW Yam, K.C. Cho and H.D. Gray, J. Chem. Soc.. Chem.

Comntun., 1987, Yad.

YV.OW. Yam, C.M. Che and W.T. Tang, J. Chem. Soc., Chem. Commun., 1988,
1Q0.

5 C.M, Che, §T. Mak and T.C.W. Mak, Inerg. Chew., 1986, 25, 4705,

5 C.M. Che and W.K. Cheng, J. 4m. Chem. Soc., 1986, 108, 4644,

7 WP Griffith, J. Chem. Soc., 1964, 245.
8
9

s

V.W.W, Yam and C.M. Che. New J. Chem., 1989, in press.
D.D. Perrin, W.L.F. Armarego and D.E. Perrin, "Purification of Laboratery
Chemicals”, Znd ed., Pergamon Press, 1980,

10 W.K. Cheng, Ph.l. Thesis, University of Hong Kong, 1989.

1 GCM. Che, KT. Wan, V.W.W. Yam, V.M. Miskowski oand H.B. Gray, in
prepatation.

12 K. Kawai, N. Yamamoto and H, Tsubamura, Bull, Chem, Soc. Japan, 1969, 42,
359,



