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Abstract

Mechanistic detajils of the photolysis of mixed-ligand
azido metal{iIIl) complexes 1 (M = Pd{II), PL{(II), Ni(II}; X-X
= 2 PRa, Rz2P(CH2 }nPR2, R-N=CH-CH=N-R ) are discussed
with respect to formation of intermediate igomerization

products, metal{I}) complexes and azidyl radicals,
respectively.
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I>M(N3 32 _—> products (1)
X

1

Coordinatively unsaturated metal{0) complexes formed as
the ultimate products in the course of photoreaction (1)
exhibit catalytic activity. Thus, oxidative addition has
been observed with photochemically generatad platinum{0)
and palladium(0) species whereas photoinduced cyclo-
trimerization of alkynes has basn detected in the
presence mixed-iigand azido nickel{Il) complexes.
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1. INTRODUCTION

Photolysis of mixed-ligand azido complexes [1-3] provides a
route for generation of electron-rich metallo fragments which
are known to be catalytically active species in homogeneous
compiex catalysis.

One of the possible reaction pathways to generate them
photochemically 1is based on designing a coordination sphere
around a transition metal ion consisting of reducing ligands
such as azide, oxalate, dithicoxalate, malonate and others
(here we will concentrate on Na- exclusively) and metal(0)
and/or metal{l} stabilizing ligands such as Jr —acceptor
ligands like of{-diimine and phosphine ligands, see eqn (1.

Therefore, we have prepared [1,4,5] a number of mixed-
1igand azido complexes of nickel(Il), copper(II}, platinum{II}
and palladium{Ii) with both phosphine and diphosphine Tigands
and aliphatic and aromatic o -diimine 1ligands, respectively.
A1l these mixed-ligand complexes are very 1light sensitive.
Uniike most simple transition metal azides, these compiexas
are not explosive due to their mixed-ligand coordination
gspheres., Hence, they can be handled without particuiar
precautions.

Haere wa will concentrate on some mechanistic details of the
photochemistry of mixed-iigand azido complexes, particularly
of palladium(II) and platinum{II), and we want to discuss some
preliminary results of photochemical reactions of the
corresponding nhickel{Il) complexes. Furtheron, some
photocatalytic reactions induced by these complexes will also
be considered. Preferably cligomerization reactions of
acetylene and some of its derivatives are discussed. At the
beginning, however, we will summarize some general aspects of
photochemical reactions of mixed-ligand azido complexes as
known from the literature.

2. GENERAL ASPECTS OF PHOTOCHEMICAL REACTIONS OF MIXED-LIGAND
AZIDO METAL(II) COMPLEXES

It is rather surprising that the photodacomposition of
mixed-1igand azido complexes of nickel(II), paliadium{II) and
platinum{Il) has attracted only little attention in the recent
years. Some of these results will be discussed briefly.

Reed [6] has demonstrated tha formation of singlet nitrene
upcn UV jrradiation of [Ni{tet-a)(Na)z] (tet-a means a
tetradentate N-macrocyclic l1igand) which is in accordance with
previously reported mechanistic studies carried out by Basolo
and Reed [71].

Beck and Fehlhammer [8] reported gqualitative results
showing that [Pd{Nz)}z(PPhs)z] gives the dimeric species
[Pd2(N3)2{PPh3)2] upon irradiation due to photodissociation
of the phosphine ligand.
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Nelson [9] demonstrated the photochemically induced
rgversible cis-trans isomerization of palladium{Ii) mixed-
ligand azido compiexes with benzyl phosphinaes as additional
Tigands.

Again, Beck [10,11] has pointed out that platinum{Il) azido
compiexes are photosensitive and undergo photoredox processes
which, however, were not further charactereized.

Bartocci and Scandoia {12] des<ribed for the first time the
photochemical formation of platinum{I) complexes and azidyl
radicals upon 1irradiation into the Nz:-Pt charge transfer
region of azido(diethylenetriamine)platinum(Ii} nitrate.

Detailed investigations carried out by VvVogler [13-16]
revealed the formation of platinum(0) species and azidy)
radicals upon irradiation of various mixed-ligand azido
platinum complexes.

Finally, it has recentiy be shown by Srivastava [17]1 that
mixed-ligand palladium(II) and platinum{II) complexes with
azide and X -diimines as tigands behave as very sefficient
photosensitizers for the singlet oxygen generation.

Summarizing the results published so far on the
photochemistry of mixed-ligand azido complexes of nickel(Ii),
pelladium{(Ii}, and platinum{II} it may be concluded that apart
from Vogler’s work cohly few mechanistic investigations have
been performed in order to elucidate systematicaliy the highily
interesting photochemistry of these compiexes.

Thus, in dealing with the photochemistry of these mixed-
1igand complexes the following reaction pathways have %to be
considered:

- photosubstitution as well as photodissociation processes,

- photoredox reactions leading to either intermediate
nitrense derivatives or azidyl! radicals together with
the generation of reduced metal centers,

- photochemicaily induced cis-trans isomerization,

- photosensitization reactions generating singlet oxygen,

The following part will summarize some of our resuits
concerning mechanistic details of photochemicail reactions of
the mixed-iigand compiexes,.

3. PHOTOCHEMICAL INVESTIGATIONS OF PALLADIUM{IE), PLATEINUM(II)
AND NICKEL(II) MIXED-LIGAND AZIDO COMPLEXES [1,2]

Stationary photolysis of [PL{Na)2(PPhs)2] at 280 nm under
an argon atmosphere was accompanied with the appearance of a
shoulder at 430 nm in the UV/Vis spectrum {(Figure 1) and the
disappearance of the platinum{(II)} compiex. The quantum yield
was measured to be = ©.8 in CHC1:, [Ptz(PPhz)s4] and
nitrogen were analyzed as the final products of the stationary
photolysis under these experimental conditions. The quantum
yield indicates the high efficiency of this photoredox



134

reaction [1]3.

Irradiation under the same conditions but in the presence
of oxygen leads to the very efficient formation of the
bis{triphenyl phosphine)peroxoplatinum(II} complex (Figure 1)
and concemitant generation of nitrogen.

By using CHCla as a solvent no difference in the stationary
photolysis of [Pd(MNa)z(PPha)z] in both oxygen and argon
atmosphere was found {(Figure 2). In both cases a very
efficient formation of (@ sr1s = 0.6 ) of [PdCI2(PPhs)2] was
chserved as the result of oxidative addition reactions of
CHC1a to metal{0) species produced by charge-transfer
excitation of the mixed-iligand complex. Using more
concentrated soiutions, the photochemical formation of
[Pdz{N3 )2 {PPha }2] has been confirmed as proposed by Beck and
Fehlhammerf{B8].

Flash photolysis in the s time-scale performed with the
same mixed-ligand complexes of palladium(II) and platinum(Il)
under an argon atmosphere revealed the intermediate formation
of a soclvent-stabilized [Pt(CH3CN}{PPhs }z] fragment. Using an
oxygen atmosphere it could be shown that a short-lived
intermediate had already reacted within the time-scale of
microseconds to give a peroxo complex as discussed above.
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Figure 1. Stationary photolysis Figure 2. Statiochary photo~

of [PL(Ns)z{(PPhsz)z! in CHCls lysis of [Pd(Na)z{PPh3)z] in
{argon and oxygen atmosphere, CHC1a
raspectiveiy)

Since fiash photolysis 1in the microsecond time-scale has
shown that primary reaction steps escape detection, ns-laser
flash photelysis experiments have been performed in order to
detect the corresponding short-lived intermediates. The
difference spectra in Figure 3 exhibit two maxima at 2380 - 390
nm and 460 nm, respectively.
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Figure 3. Laser flash photolysis of [Pt{N3:)2(PPha}z] at rocom
temparature

The 460 nm band disappears within a lifetime of 35 to 210
us depending on the solvent used (CHsCM < CH2C}z < 2-MeTHF)
following & ist order decay. The band at 460 nm belongs to a
thermally unstable intermediate assignad to [Pt(Na)(PPha)z].
In attempt to stabilize this platinum{I) intermediate at low
temperature, UV/Vis as well as IR spectroscopic investigatiocns
have been performed at 133 K and 183 K in solution and in a
PVYC matrix at 10 K. However, the mixed-ligand platinum{I)
complex could not be stabilized under these conditions,
Instead, the solvent-stabilized intermediate [Pt{PPhs)z(2-
MeTHF )21 has been observed by low-temperature UV/Vis
spectroscopy (Figure 4).

Both low-temperature and PYC matrix IR spectroscopy show a
distinct change of the asymmetric stretching band of
coordinated azide (Figure 5) which can be interpreted as a
result of photochemical cis-trans igsomsrization as a minor
side way of the general photoredox reaction.
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Finailly, metal(l} mixed-ligand complexes like
[PS{Na Y{PPha)z2] and [Pt(Nz)(PPhz}z] as well as azidyl radicals
have been detected by EPR spin trapping [18].

Absorbance ———— — - -

400 500

Wavelength /fnm — .

Figure 4. Stationary photolysis of [Pt(Ns)2(PPhs)2z] at 133 K
(Asrr: 351, 364 nm; 5-10-* M in 2-MeTHF) shows the appearance

of a new band at 424 nm.

summarizing these results of photochemical reactions of
mixed-ligand azido compiexes of palladium{II} and platinum{(II)
with phosphines as additional ligands it can be concluded:

Charge-transfer excitation of these complexes leads to a
short-lived primary intermediate, which has been identified as
[M{Na J{PPh3 }2], together with the formation of azidy]l
radicals, egns. {2} - (4).

hv
[M(N3 )z (PR3 )z] ——m [M({N3 )2 (PR3 }21* (2}
[M(Nz )2 (PRa)21* «— 3= [M{N3}{PR3)}2z] + -Na (3)

- N3 —i 1.5 Nz (45
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The palladium{I) and platinum{I} complexes decay accoerding
to 2 first-order rate law to the desired coordinatively
unsaturated electron-rich metailoc fragments, egn. (5), which
are interesting species with respect to their catalytic
activity.

[M{Ns ){PRa)2] —_—-

[M{PRa)z] {5)
Thée coordinatively unsaturated species are temporarily
stabilized by solvent molecules (5), edgn. (6), but, finally,
they dimerize in a dark reaction to the weill known metal-metal
bonded compiexes, eqn. (7).
[M(PRs }2] + 2 § —3

[M{PR3 )2521 {6)

A e (7)

2 [M(PRs3 )28z} [M2(PR3)s]1 + 4 8
However, photochemically dinduced cis-trans isomerization,
egn. {(8), has to be considered as a minor side reaction
leading to the corresponding trans mixed-ligand azido complex
which photodecomposes to the same final products as outlined
abovea.
cis~[M{N)2(PR3s)z2] = trans-[M(N)z{(PR3)z)] ——=3= ... (8)
Both synproportionation reactions of metal(IIl) species with
metal{0) intermediates to metal{I) compliexes and
disproportionation of metal(I) species to metal{II) and
metal(0) complexes could be ruled out by careful kinetic
investigations.
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Figure 5.

IR spectroscopic evidence for intermediate cis-trans
isomerization of [Pt(Ns)z(PPha)z] at 1ow temparature.
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Moreover, scme uhusual photoreactions have been observed in
addition to photoredox decomposition and light-induced cis-
trans isomerization [191. Thus, photosubstitution of phosphine
tigands has been observed upon irradiation of {Pd{N3 )z (PPhs }21]
in the presence of p-nitroscdimethylaniline (p-NDMA} and other
weak donor ligands, egn. (9).

hwv
[Pd{N3 }2{PPh3a}z] — = [Pd(N3)}z{PPhz ){p-NDMA)] + PPhz (9}
p-HOMA

No photoredex reactions have been observed under these
ceonditions confirming earljer quajitative results published by
Beck and Fehihammer [8].

Some of our preliminary results suggest that the
photochamical behavior of mixed-1igand azido compiexes of
nickel{II) is quite different and appears to be much more
complicated as compared to the platinum and palladium
analogues.

Irradiation of solutions of INi(Naz)z(PRz)2z] in hexane under
an argon atmosphere ieads to photodissociation of the
phosphine ligand (@ sse = 0.1) whereas in halocarbon soivents
the formation of [NiCt'2{(PRa)2z} was observed. Proionged
irradiation in CCl« gives the corresponding nickal{III)
complex [19]. Figure 6 shows the UY/Vis spectra of the
staionary photolysis of nickel(II) mixed-ligand azido
compiexes performed under reaction conditions described above.

300 400 600

AN oam

Figure 6. UV/Yis spectra of the final products of the
photolysis of [Ni(Nz}z2(PPBuzlz]. (1: formation of Ni{Ns)z 1in
n—hexane; 2: production of [NiCl2(PnBua)2] in CCla under Ar;
3: prolonged irradiation in CCls, formation of
[NiC1a{(PPBua)z]).



139

No azidyl radicals have been detactad upon irradiation by
EPR spin trapping technique. A light-induced decrease of the
asymmetric stretching band of azide ligands with concomitant
appearance of a new band around 2050 cm' which belongs to a
labile intermediate {(Figure 7)) has been detected IR
spectroscopically [20).

The EPR detection of a C-centered radical using
nitrosodurene as a spin trap (as = 1.416+0.010 mT; au (or as)
= 0.83330.010 mT) suggests a light-induced electron transfer
between the metal center and the phospine ligand, egn. (10)
{21]. However, no EPR evidence for lower-vatent nickel
complexes have been found so far.

+»
hy PR2
[Ni(Ns )2 (ReP~PRz )} =———3m [| _Ni(N:)z] (10)
PRz

Further mechanistic studies to elucidate the rather
complicated mechanistic details are in progress.

Absorbance

2127 210k goel 2058 2035 2012 1983 1466

- ‘Wavenumbers / cm™’

Figure 7. IR spectroscopic evidence for the formation of an
intermediate during the stationary photolysis of
[Ni{Nz )2 {DPPE)] in CHz2Clz at room temperature.
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In summary, the results of photochemical reactions induced
by charge-transfer excitation of palladium{II) and
platinum(II) mixed-ligand azido complexes show that electron-
rich metallo fragments of the corresponding metal(0) species
can be obtained very convenientiy from thermally stable
precursors.

irradiation of mixed-iigand nickel(II) complexes also leads
to the generation of catalytically active intermediates,
although their exact constitution is not yet known.

A1l these reactive and coordinatively unsaturated species
have been investigated with respect to their catalytic
behavior.

4. CATALYTIC REACTIONS INDUCED BY PHOTOCHEMICALLY GENERATED
ELECTRON-RICH METALLO FRAGMENTS AND OTHER REACTIVE SPECIES

Recentiy Trogler [23] has summarized his results on the
photogeneration of electron-rich metallc fragments from light-
sensitive mixed-ligand oxalato complexes of platinum(il} alsc
stabilized by additional phosphine ligands. He was able to
show that photogenerated platinum(0) compitex fragments are
catalytically active with respect to various oxidative
addition reactions of olefins, e.g. hydrostiation and
deuterium exchange reactions.

Starting with mixed-ligand azido complexes of nickel{II),
paltadium(II), and platinum(ii}, we have been abie to
demconstrate the efficiency of photogenerated electron-rich
metallo fragments for various kKinds of oxidative addition
reactions. Thus, hydrosilation and hydrogenation reactions of
oiefins as well as oxidative addition of various halocarbons
have been observed. In the latter case mixed-Tigand metai(Il)
halo complexes were formed together with the corresponding
halocarbon radicals as detected by EPR spin trapping [23,24].

However, oligomerization reactions of acetyiene and alkyne
derivatives in the presence of photochemically generated
ejectron-rich metaile fragments seem to be of much more
interest, particularly with respect to cyclotrimerization
reactions leading to benzene and benzene derivatives. In
analjogy, pyridine derivatives can be obtained from organic
nitriles. It is expected that organic cyanates lead to pyrid-
2-one derivatives.

Cyclooligomerization reactions of acetylene and alkyne
derivatives are of considerable interest, although the
required increased temperature and high pressure are strict
Timitation of the thermal homogeneous catalysis because of the
explosivity of acetylene [251.

Photocatalysis should be of advantage to overcome these
restrictions since generation of the catalyst is possible at
ambient temperature and normal pressure, thus avoiding the
danger of expleosion of acetylene.

These advantages of photocatalyis have already been used
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in cyciization reactions of acetylene derivatives in the
presence of Tight-sensitive [Co(pyr)s](BPhs)z as published by
Biagini and Juris very recently [28].

Cyclotrimerization reactions of acetylens in the presence
of organic nitriles, which should lead to 2-substituted
pyridine derivatives, are alsc of particular interest. As it
has been demonstrated very recently by Schuiz [28] pyridine
derivatives may be obtained photocataiytically wusing
cyciopentadienyl bis{alkenelcobalt{I) complexes as precursors.

Nickel{II} mixed-1igand azido complexes have also been
proven to be useful precursor compounds for the photocatalytic
trimerization of acetylene to benzene using DMSO a5 a solvent
and slightly increased tempsrature ( 50 C ). Photocateliytic
turncvers > 100 have been observed under these mild
conditions. .

Changing the soivent by weaker coordinating doncors such as
THF and 2-MeTHF also leads to an increased catalytic activity
at ambient temperature of these complexes. Thus, we have been
able to demonstrate [251 the photocatalytic trimerization of
acetyleng to benzene at 20 € at normal pressure in the
praesence of mixed-ligand azido complexes of palladium{II) and
platinum{II) which are catalytically inactive even at elevated
temperatures.

Depending on the donor strength of the soclvent, an
alteration of the photocatalytic activity has been observed
{DMSC < DMF < THF < 2-MeTHF). Thus, at ambient temperature and
using DMSO as a solvent the production of traces of benzene
has been cobsarved photecatalyiically only in the presence of
[Ni{Ns )2 {DPPP)}]1 (DPPFP = diphenyl phosphinopropane) whereas all
other mixed-ligand complexes appeared to be inactive under
these conditions. Howaver, when 2-MaTHF and THF, respectively,
were used as solvent, catalytic turnovers of about 100 have
been ohserved for nickel(II}), palliadium(ii}, and platinum(II)
mixed-Jigand azido compiexes.

However, detailed GC/MS analysis reveaied that side
reactions occur when Jow temperature and THF or 2-MaTHF were
used. Thus, in addition the formation of benzene as the major
product, iso~ and cycloalkanes of chain length between 8 and
12 are produced. These results can be explained by assuming
that THF and 2-MeTHF, respectiveiy provide the source of
hydregen in photocataiytic reactions as it has also been
pointed by Kisch [30). However, the exact mechanism of the
photocatalytic cycioctrimerization of acetylene and alkyne
derivatives as well as the dependence of the formation of by-
products on the solivent has still to be elucidated.

Finaily, preliminary results seem %to confirm the
possibility of photocatalytic synthesis of benzene derivatives
by using appropriate alkyne derivatives. This reaction aiso
provides a route to 2-substituted pyridine derivatives
starting from a mixture of organic nitrilies and acetylene
[13). Therefore, photocataiytic generation of pyrid-2-one
derivatives from cyanates and alkynes in the presence of
mixed-ligand azido complexes appears to be also promising.
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5. CONCLUDING REMARKS

The photogeneration of electron-rich metallo fragments from
thermally stable nickel{Il), palladium(Ii), and platinum(Il)
mixed-ligand azido (but alsc oxalato, dithiooxalato, and
malonato) complexes with additional Jr-acceptor ligand was
studied within the general framework of our investigations of
photocataiysis induced by both 1light-sensitive Werner-type
transition metal complexes and organometaiiic compounds [3,32-
341.

Despite scme critical remarks concerning the dafinition of
photocatalytic reaction pathways [351, it seems to be of
advantage to distinguish betwesn photo-induced catalytic and
photocassisted reactions as shown in Figure 8. Thus, depending
on the purpose of application it is possible toc design
photocatalytic systems based on photochemicalily generated
short-lived intermediates (photoassisted reactions) which may
be used for example for the storage and conversion of sclar
energy, in modeling light-sensitive metallio enzymes as well as
in orgahic synthesis. Photocatalytic systems based on long-
tived pheotochemically generated catalysts (photoinduced
catalysis}) may be applied to unconventional photographic
processes, photolithography and also to organic synthesis,
particularly when photoinduced chain reactions are involved.

EMLXT "

.

EMLnXT

h.v X+ ML I

dy

CMLRX3

Figure B, Simpltifiad Jablonski diagram of photoinduced
catalytic (I) and photoassisted (I1I) reactions. (1I:
photogeneration of a long~lived catalyst: I11: photogeneration
of a short-tived catalyst).

This paper is dealing with photocatalytic reactions in
organic synthesis, and it was the intention to show some of
the advantages {low temperature, hormal pressure) when using
photogenerated electron-rich metallo fragments in the
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cyciotrimerization of alkynes, Under similar aspects we have
been able to prove the advantages of photocataiysis in
oxygenation reactions of olefins in the presence of various
metalio porphyrins [3,36-38] and metal acetyiacetonates [39],
respectively. A more comprehensive review on homogenecus
photocatalysis in organic synthesis is going to be published
elisewhere [40].
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