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Abstract

Oxidative additions take place by a reductive cleuvage of 2 o bond
M™ +X,-»M" (X 7),. At intermediate stages. X, is assumed to be coordinated as a ligand:
M"*-X,. Complexes of this type are characterized by M"* - o*( X,) MLCT transitions which
represent the spectroscopic counterpart of the most important step of an oxidative addition.
This new type of MLCT transition was detected in the electronic spectra of complexes such
as RebBr{CO)(Se,Ph,}) and Cri¥(0,),(NH,),. In contrast to d—n* MLCT states, d—o*
MLCT states are not luminescent but reactive. Cr'V-o™03 ) MLCT excitation of
Cr'¥{0,),(NH;); induces an intramolecular oxidative addition [Cr'™Y{03 "} Cr¥0° " },] which
finally leads to the formation of CrO3 ™ as stable photoproduct. © 1998 Elsevier Science 5.A.
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1. Introduction

Oxidative additions and reductive elimunations are imporiant reactions of trans-
ition metal complexes. They take place not only as thermal but also as photochemical
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reactions [1-5]. Light-induced reductive eliminations are initiated by ligand-to-metal
charge transfer (LMCT) excitation. They may proceed by a concerted mechanism
or two consecutive one-clectron transfer steps:

S/ X
M™ —~LMCT—sM" 2+ ¥X.X
Nx

X=e.g. halogen ——M® '—R+ ‘X

L-1> M™%+ X

Generally, oxidative additions occur as intermolecular processes as the reversal
of reductive eliminations:

X P
M™ + | —— M"

~.
X X

However, at an intermediate stage X, shouid be coordinated as a ligand:

X
Mnmz____i
X

From this peint product formation takes place by a shift of electron density from
the metal to X,. Electrons are accepted by the o* orbital of X, which is subsequently
transformed to two X 7 ligands. In terms of electronic spectroscopy and photochem-
istry, this precess should be induced by a d—oc* metal-to-ligand charge transfer
(MLCT) transition:

X
M"i—| MLCT,
x d—ofX! "X

We explored -
reducing metal and « hygend X-X. If X-X can be easily reduced to 2X ™ it should
possess a low-energy ¢ orbital. Accordingly, the complex M(X,) is expected to
display a low-energy d—o* MLCT transition. The prototype of such a compound
is represented by dihydrogen complexes such as M%CO)sH, with M=Cr, Mo, W
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is situation. MLCT excitation may finally lead to the oxidative addition:

4;%/ H\\‘
’{i'jl._ /H\ ,ﬁ // ({g' /

|
f,’
H
o
\(\

6-8]. The bonding interaction [9] and a simplified MO scheme [10](Fig. 1) ilustrate
his si

401

Unfortunately, dihydrogen complexes may not be the best choice for an initial

study for various reasons. The o* orbital of H, occurs at rather high energies.

o

Fig. 1. Qualitative MQ diagram for the interaction of a square-pyramidal M{CO);s fragment and H,,
adopted from ref. {10].
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Moreover, the dihydrogen and the corresponding dihydride complexes are easily
interconverted. Both facts would hamper the identification of MLCT states and
elucidation of photochemical oxidative additions. Other ligands such as iodine,
peroxide, hydrazine, disulfides, and diselenides are better candidates for this purpose.
Complexes with these ligands are well-known but often not easily accessible (e.g.
I, complexes [11]}.

For the study of d—o* MLCT excitation, we have finally chosen three complexes:

Re}Bry(CO)(Se,Phy) [12]
Cr'(037)(NHy), [13]
RE'CI(CO )4 PANH-NH,), [14]

These compounds are well-characterized and reasonably stable. They contain
reducing metals and oxidizing ligands (Se,Ph,. O3~ , PAN-NH,) which provide low-
energy o* orbitals. Unfortunately, the latter complex does not show a low-energy
d—o* MLCT absorption and does not undergo an oxidative addition.

2. Discussion
2.1. Re.Br,(CO).Se,Ph,

Dipheny! diselenide is characterized by an empty low-energy o* {Se-Se} orbital
[15-17]. Moreover, Re' of the ReBr(CO); moiety is an excellent donor as indicated
by the appearance of long-wavelength MLCT absorptions in the spectra of complexes
of the type ReX(CO);(1.2-diimine) [3,18]. Accordingly. we expected to identify a
low-energy do* MLCT transition from Re' to Se,Ph, in the absorption spectrum
of Re,X,(C0),Se,Ph, with X = Br and diphenyl diselenide as bridging ligands [12]:

OC CO

\ X
OC"’RQ“" ~—Re ~CO
o€ ) / ¢
) Se —Se, . O

"Ph
Ph

The binuclear complex is composed of two nearly octahedral moieties which contain
Re' as d® metal centers.

The absorption spectrum of Se,Ph, shows a longest-wavelength band at
/max =331 nm which is assigned to the m—c* transition from the lone pairs at
selentum to the o* (Se-Se) orbital [15-17]. In the electronic spectrum of
Re,Br,(CO)¢Se,Ph, in CH,Cl,, this no* transition appears as intraligand (IL)
absorption at A,,, =324 nm [19].
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The longest-wavelength band of the complex in CH,Cl, (1,,.,=434 nm) which
causes the striking orange-red color of the substance is assigned to MLCT transition
from filied d-orbitals of Re' to the o* (Se-Se) orbitals of the ligand. This assignment
is supported by the solvatochromism of the binuclear complex [19].

In contrast to ReX{CO);(diimine) complexes, Re,Br,(CO)Se,Ph, is not lumines-
cent but photoreactive [19]. These observations are consistent with the MLCT
assignment of the lowest-energy transition. The no* excitation of free Se,Ph, leads
te the homolytic splitting of the Se—Se bond and the concomitant generation of
SePh radicals. Since the MLCT transition of the complex terminates also at the o*
(Se-Se) orbital, an analogous behavior is expected. Owing to the oxidation of the
metal anst reduction of the ligand in the MLCT excited state, an oxidative addition
could taki 2lace: Rel(Se,Ph,)—2Re'(SePh). As a thermal reaction, such an oxidative
addition of Se,Ph, to [MoCsH{CO),]; was observad [20]. Unfortunately, such an
intramoiecular oxidative addition in Re,Br,(CO}Se,Ph, could not yet be verified
since its photolysis is associated with a decomposition to unidentified products.

2.2, Cr(0;)(NH; ),

The complex Cr(Q,),(NH,); contains Cr(IV) and two peroxide ligands which
are coordinated side-on [13]. The longest-wavelength absorption at A,,,=390 nm
is assigned to a LF transition while a more intense band at shorter-wavelength
(Amax =257 nm) is of the CT type [21]. [t may be either a LMCT or MLCT transition.
Both alternatives are feasible since Cr{IV) and peroxide are reducing as well as
oxidizing. In fact, LMCT transitions involving peroxide as electron donor have been
detected for a variety of peroxo complexes [22,23]. However, LMCT excitation of
these complexes leads to a reduction of the metal and oxidation of the peroxo ligand
[23]. In the case of Cr{0,),(NHj;); there is no indication that the photolysis yields
Cr{lII) as stable product [21]. On the contrary, the photochemical generation of
CrO3~ (see below) is consistent with MLCT excitation involving the promotion of
a d-electron to the o* orbital of peroxide. This LUMO of O3~ (30,) [24] should
be accessible at relatively low energies in agreement with the oxidizing character of
peroxide.

The photelysis of Cr{O,),(NH;), induced by MLCT excitation {¢=0.35 at
Aie =254 nm) proceeds according to the equation {21}

Cr™¥(0,),( NH,); + 2H,0—(NH,),{CrV'0,] + H,0, + NH,

In this ~ontext it should be noted that photochemical oxidative additions of transition
metal complexes have been observed before. e.g. [thpy™ =2-(2-thienyl)pyridine
anion]:

Pt"( bipy)Cl, + CHCl; - Pt™(bipy)Cl, + CHCI [ 25]

Pt%(thpy), + CHClL, - Pt"™(thpy),CHCHCl,) [26,27]

However, these reactions are apparently induced by intermolecular excited-state
electron transfer processes. In contrast to these reactions the do* MLCT excitation
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represents the initial step of an intramulecular oxidative addition which proceeds as
a two-electron redox reaction: Cr'¥(Q37)—-Cr¥(0?7),.

2.3. ReCl{CO),(PENH-NH,),

Hydrazine and its derivatives play an important role as ligands in ccordination
chemistry [28]. Hydrazine complexes may occur as intermediates in nitrogen fixation
and related processes [29]. Although a variety of hydrazine complexes are known,
the electronic spectra and photoreactivity of such compounds have not yet been
studied. Owing to its peculiar electronic structure and redox behavior, hydrazine
may participate in diverse electronic transitions. In agreement with its ability to
disproportionate (3N,H,—»4NH;+N,; AH=-—336.5kJ) [30], it is reducing and
oxidizing [31]. It follows that low-energy LMCT and MLCT transitions involving
coordinated hydrazines are feasible.

The complex ReCl{CO),(PhNH-NH,), is pseudo-octahedral and contains a
reducing d° metal center. The longest-wavelength absorption at A,,,=332nm is
assigned to a LF transition while shorter-wavelength bands at /., =272 and 235 nm
belong to {L transitions of phenylhydrazine [32]. In analogy to complexes of the
type Re'X(CO),(1,2-diimine) which are characterized by long-wavelength dn*
MLCT absorptions, the complex ReCl{CO),(PhINH-NH,), may also have available
low-energy MLCT transitions which terminate at the o* orbital of phenyl hydrazine.
However, oaly IL bands were detected.

The complex ReCl{CQ);(PhNH-NH,), is light sensitive [32]. The photoreactive
excited state is apparently of the IL type. The photoreaction of the complex corres-
ponds to that of the free ligand:

2PhNH-NH,—C H¢+ N, +PhNH, + NH,

The identification of d-—o* (hydrazine) MLCT transitions of ReCI(CO),
{PhNH-NH,), was obviously hampered by the interference of Il absorptions of
coordinated phenylhydrazine. Unsubstituted hydrazine which is transparent above
220 nm may be a better candidate for the detection of a do* MLCT band.

3. Conclusion

MLCT states play an importan: role in the photophysics and photochemistry of
transition metal complexes [1-5,33-36]. Generally, MLCT transitions terminate at
7* orbitals of suitable acceptor ligands such as polypyridyls, cyanide, carbon monox-
ide, alkenes, carbenes and carbynes. Usually, saturated ligands with ¢ bonds do not
provide low-energy acceptor orbitals for MLCT transitions. However, in some cases
o* orbitals might be low enough to serve as acceptor orbitals in optical CT trans-
itions. Appropriate candidates are reducible ligands which possess weak ¢ bonds.
Accordingly, the complexes Re,Br,(CO)q(Se,Ph,) [19] and Cr(O,),(NH,), [21] are
characterized by low-energy MLCT transitions from Re(I) and Cr(IV) to the o*
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orbitals of Se,Ph, and 0%, respectively. MLCT excitation of this type should
represent a well-defined first step of an oxidative addition. Both complexes are
indeed photoreactive upon do* MLCT excitation. Cr'V(0,),(NH;), undergoes a
clean intramolecular oxidative photoaddition yielding Cr¥'03~ as final product [21].

Of course, saturated hydrocarbons would be the most interesting ligands in order
to study optical MLCT and subsequent photochemical oxidative additions.
Unfortunately, there is not much known about such complexes. However, complexes
with alky! halide ligands such as CpMn(CQO),(n-BuX) with X=Cl, Br have been
described [37]. Since alkyl halides are characterized by low-energy o* orbitals, these
complexes may show long-wavelength do* MLCT absorptions. There is an indica-
tion for the presence of such MLCT trassitions. The complexes
CpMn(CO),(R-X) display band maxima near 500 and 400 nm [37] which are
probably of the LF type. However, with X =Br the 400 nm absorption is much
more intense compared to that with X=ClL It seems that the 400 nm band of
CpMn(CO),(R-Br) is superimposed on a more intense band at shorter-wavelength.
This absorption may indeed be of the Mn'-»R-X MLCT type. MLCT absorpticns
with alky!l bromides are expected to appear at shorter-wavelength since alkyl bro-
mides are stronger oxidants than alkyl chlorides. In this context it is of considerable
interest that alkyl halides function as acceptors of outer-sphere CT transitions. They
are well-known as charge-transfer-to-solvent (CTTS) when reducing complexes such
as ferrocene are dissolved in alkyl halides as solvents [1~5,33-36]. Moreover, CTTS
excitation leads to the photo-oxidation of the complex and reduction of the alkyl
halide. There is little doub* that these photo-oxidations are initiated by the popula-
tion of the o* orbital of the R-X bond which is subsequently irreversibly split
{(R-X+e">"R+X").

A further intriguing acceptor ligand for do* MLCT is molecular iodine. Although
I, as a ligand is known {11], coordinated iodine has »ot yet been characterized by
electronic spectroscopy. This is in contrast to countluss studies of CT spectra involv-
ing I, as an acceptor and organic compounds such as aromatic molecules, »mines,
alcohols, and ethers as donors [38,39]. While the CT bands appear in the UV, the
brown color of these solutions originates from the internal n*o* (I,) transition
which is modified by the CT interaction. In non-donating solvents the violet coior
of I, is caused by the absorption at 4i,,, =560 nm which is assigned to the unper-
turbed n*o* transition of I,. It should be quite interesting to characterize the CT
spectra of M(I,) complexes in comparison to those of organic donor-iodine accep-
tor systems.
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