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Abstract

This paper reviews the photochemical Pt—C bond homolysis reactions of metal-carbon bonded platinum compounds. Three
types of complexes are considered: [Pt(R),(COD)], [Pt(R),(a-diimine)] and [Pt(Me)4(a-diimine)]. This photoreactivity originates in
the involvement of the o-bonded co-ligands in low-lying excited states. This involvement was proved by time-dependent density-
functional theory (TD DFT) calculations and resonance Raman (rR) spectroscopy. In the case of the platinum(II) complexes, the
contribution of the co-ligand to the high-lying filled orbitals increases with increased o-donor strength of this ligand. Concurrently,
the photoreactivity increases dramatically in the case of the [Pt(R),(COD)] complexes. The corresponding a-diimine analogues are
much less reactive due to the smaller co-ligand participation in high-lying filled orbitals. The platinum(IV) complexes [Pt(Me)4(o-
diimine)] are very photoreactive, due to the fact that the HOMO has almost exclusively o(C,x—Pt—C,y) character. © 2002 Elsevier
Science B.V. All rights reserved.
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1. Introduction

In the majority of complexes formed by low-valent
transition metal atoms and ligands with low-lying empty
orbitals, in particular a-diimines, the lowest excited state
is of the metal-to-ligand charge transfer (MLCT) type.
Indeed, a great deal of today’s research into subjects
ranging from electron and energy transfer to light
harvesting complexes and light-driven molecular ma-
chines revolves around such MLCT states [1—4]. In most
of these complexes, the co-ligands, if present, are not
involved in any low-lying electronic transitions. How-
ever, co-ligands with relatively high lying filled orbitals
may participate in the orbital from which low lying
electronic transitions originate (highest occupied mole-
cular orbital (HOMO)). This can change the photo-
physical and photochemical properties of the resulting
complexes dramatically. For example, the fact that the
HOMO of the famous N3 dye molecule (N3 = cis-
[Ru(NCS),(dcbH;),],  dcbH, =4,4’-dicarboxy-2,2’-bi-
pyridine) is partly located on the NCS™ ligands facil-
itates the reduction of its oxidized form and may thus be
a key to its success in dye-sensitized solar cells [2].

The study of photophysical and photochemical prop-
erties of complexes and clusters in which the co-ligands
perform a major role in the excited state properties have
been one of the main research interests of Professor
Stufkens, to whom this issue is dedicated. One example
of co-ligands with high lying filled orbitals are formed
by the heavier halide atoms. Octahedral d® configured
complexes of late  transition  metals  like
[Ru(Cl)(Me)(CO),(a-diimine)] and [Re(Cl)(CO)sz(a-dii-
mine)] have virtually pure lowest MLCT transitions and
excited states. The character of the lowest-energy
electronic transition was confirmed by resonance Ra-
man (rR) spectroscopy [5,6]. The merit of this technique
is based on the fact that the Raman intensities of those
vibrations are strongly enhanced, which are coupled to
the electronic transition which belongs to the absorption
band into which irradiation occurs. Conversely, by
recording the rR spectrum, information is obtained
about the electronic transition, which is excited [7].
Recent CASSCF/CASPT2 MO calculations confirmed
the prevailing MLCT character of the lowest electronic
transition of [Ru(Cl)(Me)(CO),(Me-DAB)] (Me—-DAB
is N,N’-dimethyl-1,4-diazabutadiene) [8]. However, in
the corresponding iodide complexes, the lowest transi-
tion originates almost exclusively from the halide atom,
due to its higher p-orbital energy, with respect to
chloride. Once again this assignment was supported by
rR spectra [5,6]. Hence the lowest electronic transition
has ligand-to-ligand charge transfer (L'LCT) character,
which in this case of halide atoms has also been called
halide-to-ligand charge transfer (XLCT). This change in
electronic transition type has some consequences for the
excited state properties. Time resolved IR measurements

showed that the change in v(CO) in the excited state and
thus the amount of charge that has been transferred
from the central metal atom to the o-diimine ligand
decreases going from X=Cl to I in
[Ru(X)(Me)(CO),(‘Pr-DAB]. As a result of this de-
creased charge transfer character, the iodide complex is
less distorted in the excited state, which slows down
non-radiative decay and hence increases the lifetime
from 0.3 to 1.8 ps going from X =ClI to I [9].

In some cases an L'LCT state can only be populated
indirectly. The lowest-energy excited state of several
Re(I)-based chromophore-quencher (C—Q) complexes
has L'LCT character [10—12]. Since the electronic
interaction between donor and acceptor is weak, the
optical L'LCT transition of these C—Q complexes has
an extremely low extinction coefficient (e.g. ¢ =2.4 M~
em ! in the case of [Re(py-PTZ)(CO);(bpy)]": py-
PTZ = phenothiazine-functionalised pyridine). How-
ever, the L'LCT state can be populated indirectly, by
optical d (Re) - n*(bpy) MLCT excitation followed by
py-PTZ — Re intramolecular electron transfer. The de-
cay to the ground state is mainly non-radiative and the
excited state properties must be studied by transient
absorption spectroscopy, or indirectly by the effect on
the MLCT excited state lifetime of the chromophore. If
the donor ligand is sensitive to oxidation, photochemical
ligand fragmentation may occur [13].

A very interesting situation is that in which the orbital
from which the electron density originates is the one that
binds metal and co-ligand together. The special type of
L’LCT state that results from charge transfer from this
o orbital to the m accepting ligand has been named a
sigma-bond-to-ligand charge transfer (SBLCT) [14] or
on* [15] state.

In the Amsterdam laboratory many complexes pos-
sessing such SBLCT states have been investigated. In
some cases, the SBLCT state is not optically accessible,
e.g. [Re(L)(CO);s(a-diimine)]. For L = Me, the SBLCT
state is higher in energy than the MLCT one. The fact
that the photochemical quantum yield for e.g.
[Re(Me)(CO);(dmb)] (dmb = 4,4’-dimethyl-2,2"-bipyri-
dine) is appreciable (@ =0.42 in toluene at 293 K) [16]
was indeed found to be due to prompt chemical reaction
from the Franck—Condon state, rather than reaction
from the lowest excited state [17]. On increasing the o
donor strength of the o bound axial ligand, the
corresponding o(Re—L) bond rises in energy. As a
consequence the lowest excited state obtains SBLCT
character. This leads to the efficiency of photochemical
bond homolysis approaching unity in the case of R = Et,
iso-propyl (‘Pr) in the complexes [Re(R)(CO);(dmb)]
[16]. The difference is even larger upon replacement of
the dmb ligand by ‘Pr-DAB, which results in a drastic
decrease of the photoreactivity to a few percent for R =
Me, while the efficiency remains over 0.7 for R = Et or
Bzl [18]. The enhancement of photochemical reactivity
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by increasing the o donor strength of the ligand is a
recurring theme in this review and indeed in the
photochemistry of metal-alkyl complexes. Thus,
whereas the complexes [Ru(I)(R)(CO),(‘Pr—-DAB)]
(R =Me, Et) are photostable, the corresponding ‘Pr
complex gives rise to efficient photoinduced Ru—C bond
homolysis [19]. Recently the observed photochemical
radical  formation in  the  complexes  cis-
[Rh(R),(I)(CO)(dmb)] (R =Me, ‘Pr; dmb =44'-di-
methyl-2,2’-bipyridine) was proposed to occur via such
an SBLCT state [20]. In other cases the SBLCT states
are directly optically accessible, e.g. in
[M(L)(Ly)(CO),y(a-diimine)] (M =Ru, Os, L;, L, =
alkyl group or metal fragment). In these complexes
photochemical bond homolysis reactions quantum
yields varying from a fraction of a percent [21] to very
efficient [22] were observed. Whenever the photochemi-
cal reaction is retarded, e.g. in case the bond from the
central metal atom is strong or under certain conditions,
such as low temperatures, these complexes can have
exceedingly long excited state lifetimes of up to 1 ms
[21,23-25].

Some L'LCT and SBLCT transitions and excited
states have been identified in platinum chemistry.
Recently is has been shown, that the d® platinum(IV)
complexes [PtMey(a-diimine)] have a lowest SBLCT
transition and excited states [26—28]. The photochemical
properties of these complexes will be described in detail
below. In the case of platinum(I) complexes L'LCT
transitions have been found for platinum o-diimine bis-
thiolate complexes [29-33]. Here, mainly the sulfur p
orbitals form the HOMO and the resulting lowest
transition is assigned to a L'LCT [29,32,34]. Since the
interaction is mediated by the metal or admixed with
metal orbitals it is also referred to as ‘mixed metal-
ligand-to-ligand’ charge transfer (MML'LCT) [35].

This paper aims at reviewing the electronic structure,
the spectroscopy and the photochemistry of platinum-—
carbon bonded complexes. Hence aforementioned Pt—S
complexes are outside of the scope of this paper. Three
types of complexes will be dealt with (Fig. 1). Firstly, the
[Pt(R),(COD)] complexes, where increasing electron
donating capabilities of the alkyl ligands causes their
greater involvement in low-lying excited states. Sec-
ondly, replacing the COD ligand with its rather high
lying m* orbital by the a-diimine ligand ‘Pr—-DAB (‘Pr—
DAB = N,N’-diisopropyl-1,4-diazabutadiene), shifts the
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lowest-energy absorption bands of the resulting com-
plexes [Pt(R),(‘Pr-DAB)] into the visible region. The
final example are the platinum(IV) diimine complexes
[Pt(Me)4(diimine)], which have a lowest-energy SBLCT
transition and excited state. The assignments of the low-
energy electronic transitions are based on density-
functional theory (DFT) calculations and rR measure-
ments. Furthermore the photochemical properties of the
resulting complexes will be discussed. In this review, the
emission properties of the excited states will not be
considered. Among the luminescent platinum carbon
bonded compounds are the [Pt(R),(a-diimine)] com-
plexes with R = cyanide, mesityl, or acetylide [36—43].

2. Experimental

2.1. General

Syntheses, characterizations and measurements have
been performed according to published procedures
[26,28,44—-46].

2.2. Theoretical calculations

Ground state electronic structure calculations on the
complexes have been done on the base of DFT methods
using the ADF2000.2 [47,48] and GAUSSIAN 98 [49]
program packages. The lowest excited states of the
closed shell complexes were calculated by the time-
dependent DFT (TD DFT) method (both ADF and G9s
programs). The electrostatic solvent effect was modeled
by the polarizable continuum model, incorporated into
GAUSSIAN 938 [50].

Within the ADF program, Slater type orbital (STO)
basis sets of triple-( quality with polarization functions
were employed, methyl groups on Mes ligands were
described by basis sets of double-{ quality with polar-
ization functions. The inner shells were represented by
frozen core approximation (1s for C, N, and 1s—4d for
Pt were kept frozen). The following density functionals
were used within ADF: the local density approximation
(LDA) with VWN parameterization of electron gas data
or the functional including Becke’s gradient correction
[51] to the local exchange expression in conjunction with
Perdew’s gradient correction [52] to the LDA expression
(ADF/BP). The scalar relativistic (SR) zero order

Me
y R r
" Ve Nn, ~anMe N/n o Me
Pt -Pt
~Me <N_/ \M <_ ~Me
R
(c) Me

(@)

(b)

Fig. 1. Schematic structure of the complexes.
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regular approximation (ZORA) [53] was used within
this study. Within GAUssIAN 98 Dunning’s polarized
valence double-( basis sets [54] were used for C, N and
H atoms and the quasirelativistic effective core pseudo-
potentials and corresponding optimized set of basis
functions [55] for Pt. Hybrid Becke’s three parameter
functional with Lee, Yang and Parr correlation func-
tional (B3LYP) [56] was used in GAuUssiaN 98 calcula-
tions (G98/B3LYP). gaussiaN 98 was used for the
calculations of the vibrations at G98/B3LYP optimized
geometries.

The calculations on the complexes were performed in
C,, or constrained symmetry, respectively. The z axis is
coincident with C, symmetry axis, the central atom and
the o-diimine ligand lie in the yz plane. All results
discussed correspond to optimized geometries.

3. Metal—carbon bonded platinum(II) complexes
3.1. Introduction

In Section 2, the electronic structure and photochem-
istry of two types of platinum(II) complexes are
discussed, namely the complexes [Pt(R),(COD)] and
the [Pt(R),(a-diimine)] compounds. The remainder of
this introductory section gives a brief overview of what
is known about the photochemistry of metal—carbon
bonded platinum(II) complexes [57]. Platinum(II) me-
tallacyclopentane complexes bearing phosphine ligands
have been reported by Puddephatt to show photoche-
mically induced decomposition reactions that can
mainly be classified as reductive eliminations [58].
Similar reactivity was reported for diethyl platinum(II)
complexes with phosphine ligands [59]. The correspond-
ing methyl complexes gave CHy4 as the main product in
C¢Dg solution implying a o-hydride abstraction. In
chlorinated solvents the monochloro complexes were
found. Upon irradiation of neopentyl or neosilyl
platinum complexes with phosphine ligands, Lappert
was able to detect spin-trapped alkyl radicals by EPR
[60]. Miiller and Goser reported that the platinum(0)
complex [Pt(COD),] can be synthesized by photo-
induced reductive elimination of the 'Pr groups of
[Pt(‘Pr)>,(COD)] [61]. Furthermore some aspects of the
cis —trans photoisomerization of [Pt(Ph)CI(PEt;),] were
investigated, but also here, no definite assignment could
be given [62]. One other example of photochemistry of
metal—carbon bonded platinum(II) complexes, is the
photoinitiated oxidative addition of organometallic
platinum(II) complexes. For oxidative addition reac-
tions with square planar d® platinum(II) complexes three
mechanisms are known. First of all, there is the Sn2 type
of reaction, in which the metal as a nucleophile
substitutes one part of the substrate, followed by
addition of the leaving group. Then, the oxidative

addition can occur in a concerted one-step reaction.
The last type mechanism involves a radical formed from
e.g. an alkyl halide, which reacts with the platinum(II)
species, forming a five coordinated Pt complex. This
species proceeds to abstract a halide atom from another
alkyl halide molecule, resulting in the oxidative addition
product and another organic radical. As a non-chain
reaction alternative to this last mechanism, the platinu-
m(I]) starting compound can form a charge transfer salt
with the alkyl, followed by formation of a covalent bond
with the halide and finally with the organic radical
[63,64]. The radical chain mechanism was found to
operate in the reaction of ‘Prl with [Pt(Me),(phen)] [63].
Thus, the triplet excited state of [Pt(Me),(phen)] ab-
stracts a iodide from the alkyl halide, yielding an ‘Pr*
radical, which in turn reacts with the starting compound
and consequently with another molecule of ‘PrI to yield
the oxidative addition product and another ‘Pr* radical.
Another photoinduced oxidative addition occurs in the
reaction of Mel to[Pt(CH3),(COD)] leading to the
tetramer [Pt(I)(Me);(COD)]; with a quantum yield of
@ =0.005 at J;, =313 nm [65].

This last reaction was proposed to occur from a
oCHj3; - n*(COD) L'LCT excited state. In order to
increase the photoreactivity of such complexes, more
electron donating alkyl substituents were introduced.
The results are described in the following section.

3.2. [Pt(R),(COD)] complexes

The COD ligand is well known to stabilize very
electron rich late transition metal fragments. It has a
non conjugated m system and, therefore, the lowest
empty orbitals are rather high in energy. As a result the
lowest-energy absorption bands are located in the near-
UV region of the spectrum and the complexes are off-
white in color. Following the preliminary investigation
of the photoreactions of [Pt(CH3),(COD)] by Vogler
[65], we prepared a series of [Pt(R),(COD)] complexes to
investigate the electronic structure, the electronic transi-
tions and the photochemistry of electron rich COD
platinum(II) complexes thoroughly [44]. In part of this
series the o-donor strength of the R ligand is increased,
going from R=methyl (CH;) to trimethylsilylmethyl
(neosilyl, neoSi) to benzyl (Bzl) to 2-methyl-2-phenyl-
1-propyl (neophyl =neoPh) to 2,2-dimethyl-1-propyl
(neopentyl, neop) to l-adamantylmethyl (adme), and
finally to ‘Pr. Furthermore alkynyl (C=CPh, C=C'Bu).
In the following, first the character of the various
molecular orbitals and the influence of the R group
thereon is discussed.

3.2.1. Molecular orbital structure

Whereas the lowest ©* orbital of COD is expected to
be the lowest unoccupied molecular orbital (LUMO),
the character of the HOMO is more ambiguous. In
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general the HOMO in d® square planar platinum(Il)
complexes has been thought to be one of the filled metal
d orbitals. Thus, in the complexes cis- and trans-
[Pt(L)(L,)(PEts),] (Ly, L, = Me, Et, Cl, Br) most low
lying transitions were assigned to metal-to-ligand (phos-
phine) charge transfer transitions. Only in the case of the
halide complexes additional ligand-to-metal charge
transfer (LMCT) and ligand field (LF) transitions
were observed [66]. The former type of transition occurs
from the halide to the metal in these complexes at
relatively low energy, due to the presence of high lying
filled p orbitals on the halides. The latter can occur, due
to the low LF strength of the halides. However, in the
case of [Pt(Me),(COD)] the HOMO was proposed to
have oCHj; character [65], based on the observed
photolability and some early MO calculations. These
self-consistent-field-Xa-scattered-wave  (SCF-Xa-SW)
calculations described the HOMO in [Pt(Me),(PHj3),]
as Pt—C bonding.

In order to clear up the problem of the assignment of
the frontier orbitals of the [Pt(R),(COD)] complexes,
DFT MO-calculations were performed on several com-
plexes. Apart from the MO scheme of the parent
compound, [Pt(Me),(COD)], also that of
[Pt('Pr),(COD)] was calculated. The latter compound
possesses the stronger o donating ligand ‘Pr, which can
be expected to result in a greater participation of the
alkyl orbitals in the HOMO of the complex. As an
example of a complex with unsaturated c-bound ligands
the [Pt(C=CH),(COD)] model complex was included.
The compositions of the highest filled and lowest
unfilled orbitals of [Pt(Me),(COD)] are shown in Table
1, while Figs. 2 and 3 show contour plots of the HOMO
and LUMO, respectively. From Table 1 and Fig. 2 it is
clear that the HOMO (16a;) mainly consists of the
bonding combination of a variety of metal orbitals
together with the sp® like methyl orbitals and has a small
n(COD) contribution. Indeed the first virtually pure
metal orbital (15a,) is located 0.87 eV (7000 cm ')

Fig. 3. 11b; LUMO [Pt(Me),(COD)].

below the HOMO. Below that lies an orbital, which has
mixed n(COD) and methyl character. The remaining

Table 1
DFT calculated one-electron energies and percentage composition of selected HOMO and LUMO of [Pt(Me),(COD)] expressed in terms of
composing fragments

MO E (eV) Prevailing character Pt Me COD
Unoccupied

13b, —0.21 dp+Me+COD 2 (py); 29 (d,-) 48 23
8a, —0.71 n* COD 12 (dy,) 88
11b, —-1.71 ©* COD 11 (py); 13 (dy2) 4 72 (m*)
Occupied

16a, —5.01 dpi+Me+COD 15 (s); 2 (p-); 34 (dy2—,2); 6 (d-2) 31 12 ()
15a; —5.88 dp, 1 (s); 70 (d-2); 3 (dy2y2) 13 6
12b, —6.01 Tcop+Me 5(py); 4 (d,.) 34 56
Ta, —6.19 dpy 72 (dyy) 11 16
14a,; —6.28 dpi+Me+COD 4 (p-); 38 (dya—)2); 3 (d22) 20 34

10b, 629 dpy 1 (p); 69 (d.) 9 20
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Table 2

DFT calculated one-electron energies and percentage composition of selected HOMO and LUMO of [Pt(‘Pr),(COD)] expressed in terms of

composing fragments

MO E (eV) Prevailing character Pt Pr COD
Unoccupied

14b; —1.91 n*(COD) 12 (py); 16 (dy.) 5 67 (%)
Occupied )

19a, —4.82 dp+'Pr+n(COD) 18 (s); 2 (p-); 24 (dya—y2); 5 (d22) 43 7 (m)
15b, 581 1(COD) + Pr+Me 10 (py); 4 (d,.) 41 44

18a,; —-5.92 dp, 1(s); 75 (dyy) 16 8

102, —621 dpy 78 (d,,) 13 8

orbitals in the shown energy interval have highly mixed
metal-methyl-COD character. In the region of the
unoccupied MOs, the LUMO has predominant
n*(COD) character, as does the orbital above it. The
LUMO+2 has a mixed metal-methyl-COD composi-
tion. Since the HOMO of [Pt(Me),(COD)] is the
bonding combination of metal and methyl orbitals, the
introduction of more o donating alkyl groups can be
expected to lead to even larger involvement of the alkyl
group in the HOMO, which in turn could lead to
increased photoreactivity. Indeed Table 2 shows that the
19a; HOMO of [Pt(‘Pr),(COD)] has an alkyl group
contribution of 43% compared with only 31% for the
methyl derivative. Concurrent with the higher involve-
ment of the alkyl group, the HOMO has risen in energy
from —5.01 to —4.82 eV going from the methyl to the
"Pr complex. The Pt contribution to the HOMO has
decreased by more or less the same amount as the
increase of the 'Pr contribution. The LUMO character
of [Pt('Pr)»,(COD)] is virtually unchanged with respect to
the methyl complex.

In the case that the o bonded ligand has filled =
orbitals, the MOs obtain a slightly different character.
This can be seen from Table 3, which reports the results
of the DFT calculated MOs of [Pt(C=CH),(COD)],
which can be viewed as a model complex for [Pt(C=
CPh),(COD)] and [Pt(C=C'Bu),(COD)]. From Table 3

Table 3

it is clear that the close spaced four highest filled orbitals
are mainly ©(C=CH) in character and that the max-
imum metal contribution in this set of orbitals is 20% (in
the 17a; HOMO). Only the 16a; HOMO-4, at 0.7 eV
(5600 cm ~ ") below the HOMO has predominant metal
character (79%). Similar results were obtained for
[Pt(Ph),(COD)] [44].

3.2.2. Spectroscopy and electronic transitions

As noted before, the complexes [Pt(R),(COD)] absorb
only in the ultraviolet. The maximum of the lowest
absorption band of the alkyl substituted [Pt(R),(COD)]
complexes varies between 358 nm for R = Me and 395
nm for R =Pr (a difference of 2600 cm ~') [44]. They
follow almost perfectly the order of o donating abilities
of the alkyl ligand. The extinction coefficients are all
quite low, around 150 M ~! cm ~!. Furthermore around
285 and 250 nm, there are two more absorption bands
with extinction coefficients of ~ 1000-1500 and ~
2500-3500 M ' ecm ™!, respectively. In the case of
R =neoPh, Bzl, these transitions are obscured by the
much more intense ©rt* transitions of the phenyl rings.
The alkynyl complexes have four absorption bands
above 250 nm as well. However, in view of their
different orbital character, they probably belong to
slightly different types of transitions. All absorption

DFT calculated one-electron energies and percentage composition of selected HOMO and LUMO of [Pt(C=CH),(COD)] expressed in terms of

composing fragments

MO E (eV) Prevailing character Pt CCH COD
Unoccupied

14b, —1.21 dp+CCH+COD 5(py); 33 (d,.) 40 22
8a, —1.37 n* COD 9 (dy,) 9 89
11b; —2.52 n* COD 16 (py); 8 (d,.) 8 59 (n*)
Occupied

172, —5.51 n CCH+dp, 1(s); 11 (dy2—,2); 8 (d-2) 77 3 ()
Ta, —5.64 n CCH 11 (dy,) 86 3
13b, —5.69 n CCH - 96 4
10b, —5.94 n CCH +dp, 2 (py); 10 (dy.) 78 10
16a, —6.21 dp, 10 (s); 1(p-); 38 (dy2—)2); 30 (d-2) 13 6
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Table 4

TD DFT calculated lowest singlet excitation energies (eV and nm), oscillator strengths and observed absorption maxima for [Pt(Me),(COD)] *

State Composition Transition energy in eV Oscillator Absorption maxima found  Absorption maxima found
(nm) strength () ® (e) ¢

"B, 98% (16a; - 11by) 3.61 (343) 0.002 358 (140) 352 (150)

'B,  98% (152, - 11b)) 4.36 (284) 0.001 318 (700) 318 (790)

'B,  91% (14a, - 11b,) 4.78 (260) 0.022 290 (1400) 286 (1340)

'B,  82% (7a,— 11by); 4.87 (254) 0.007 258 (110) 262 (170)
14% (16&1 nd 13b2)

'A; 74% (10b; — 11b,);10% 5.12 (242) 0.042 248 (2600) 248 (2350)
(7a; > 8ay)

‘A 92% (16a; — 17a)) 5.23 (237) 0.005 242 (120) 237 (200)

B, 82% (12b, — 8ay) 5.78 (214) 0.033 n.d.¢ 218 (13000)

'A; 99% (16a; — 18a)) 5.89 (210) 0.011 n.dd 202 (19250)

2 Maxima (in nm) and extinction coefficients (in M ~! cm ~!) were extracted from spectral deconvolution.

® In CH,Cl, solution.
¢ In MeCN solution.
9 Not detected due to absorption of the solvent.

bands show slight negative solvatochromism, pointing
to their charge transfer character.

In order to assign all absorption bands unambigu-
ously, TD DFT calculations were performed on the
[Pt(R),(COD)] (R =Me, ‘Pr, C=CH) complexes. The
results are reported in Table 4 and Fig. 5. From Table 4
it can be seen that the three lowest-energy electronic
transitions of [Pt(Me),(COD)] are all overlap forbidden,
which explains the low extinction coefficients. The
lowest-energy absorption band is assigned to the spin-
allowed HOMO — LUMO transition, which can be
characterized as a o(Pt—Me) —»nn*(COD) transition in
agreement with the previous assignment. The lowest-
energy electronic transition can thus be characterized as
SBLCT. The corresponding excitation removes electron
density from a bonding o(Pt—Me) orbital which ex-
plains the observed photoreactivity. Due to the differ-
ence in medium (all calculations suppose vacuum as the
medium) the calculated transition energies differ from
the experimental ones by about 0.1-0.2 eV. The second
absorption band (15a; — 11b;) has mostly MLCT char-
acter due to the predominant metal character of orbital
15a;. The third transition is calculated to have a
stronger oscillator strength, which is reflected in a
higher extinction coefficient. A weakly allowed transi-
tion is calculated at 254 nm, which is only extracted
from the absorption spectrum by spectral deconvolu-
tion. Interestingly, this transition contains a contribu-
tion from the 16a;(HOMO)— 13b,(LUMO+2)
transition. The first overlap allowed transition is calcu-
lated at 242 nm, and has mainly MLCT character. A
number of higher transitions is calculated and assigned
to absorption bands (Table 4). Within the calculated
range no transitions between mainly platinum centered
orbitals (LF transitions) are found. If they occur they
must be higher in energy than 200 nm. Calculations on
[Pt(‘Pr)>,(COD)] show that the electronic transitions in

this complex have the same character as in the methyl
derivative. However, the two lowest electronic transi-
tions are bathochromically shifted, namely from 3.61
and 4.46 eV (R = Me) to 3.13 and 4.03 eV (R ='Pr), in
accordance with the absorption spectrum.

Table 5 reports the calculated transition energies and
characters for [Pt(C=CH),(COD)] as well as the absorp-
tion bands to which they are attributed. In this case the
moderately strong absorption band (¢=3240 M !
cm ') has to be assigned to the spin allowed 7a,—
11b; (HOMO-LUMO) transition (L'LCT), in view of
the calculated oscillator strengths. The ADF calculations
resulted in transition energies that were much lower than
the experimental ones. Calculations using GAUSSIAN 98
gave better agreement. Calculated transition energies are
only moderately influenced by basis sets variations. The
difference is due a Becke—Perdew versus B3LYP func-
tional variation. For the same basis set quality the G98/
BP calculations give similar transition energies as ADF/
BP. This assignment of the HOMO-LUMO transition
to the band at 307 nm, means that the absorption found
at longer wavelengths (345 nm) should be the corre-
sponding spin forbidden transition. Alternatively this
absorption could be assigned to a 98% (17a;—11by)
transition. From Gaussian calculations this transition is
calculated at 3.51 eV (353 nm), with an oscillator
strength of 0.0001 (Table 5).

The other strong absorption band belongs to an
overlap allowed n(C=CH)—-n*(COD) transition
(10b; > 11b;) (L'LCT) according to the present calcula-
tions. At 286 nm a band is found, that according to the
calculations belongs to another transition with 98%
16a; —» 11b; d(Pt) > n*(COD) (MLCT) character. Un-
fortunately, no direct experimental evidence could be
obtained for the character of the lowest electronic
transitions. The technique of choice to aid the assign-
ment of visible absorption band to certain electronic
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Table 5

TD DFT calculated lowest singlet excitation energies (eV or nm), oscillator strengths and observed absorption maxima * for [Pt(C=CH),(COD)]

State  Composition GI8/B3LYP ADF/BP Absorption maxima
found (¢) *

Transition energy Oscillator Transition energy Oscillator
in eV (nm) strength in eV (nm) strength

3B,° 99% (7a; — 11by) 3.24 (383) 2.98 (416) 345 (600)

'B, 96% (7a, — 11by) 3.89 (310) 0.088 3.49 (355) 0.081 307 (3240)

A, 88% (10b; — 11by) 4.21 (294) 0.112 3.78 (328) 0.096 272 (3320)

'B, 98% (16a; — 11by) 4.29 (289) 0.005 3.98 (310) 0.005 286 (720)

4 Maxima (nm) and extinction coefficients (M ~' cm ~ ) as observed for [Pt(C=C’Bu),(COD)] in CH,Cl, solution.
® Alternative assignment 'By [98% (17a; — 11by)]; 3.51 eV (353); 0.0001 (G98/B3LYP calculated).

transitions, rR spectroscopy (see Section 1) could not be
used, due to the fact that the available equipment is only
suitable for visible light excitation

3.2.3. Photochemistry

Having established the participation of the o-bonded
ligands in the low lying excited states to a significant
extent, the photochemical properties are discussed in
this section. First of all, the photochemical product
formation was studied by 'H- and '*C-NMR spectro-
scopic investigations of photolyzed oxygen-free CD,Cl,
solutions of the various compounds. For the photolysis
in all cases a 4 > 320 nm cut-off filter was used ensuring
irradiation into the lowest-energy absorption band only.
There proved to be three different types of photoche-
mical reactions of these complexes, depending on the

| . |
| Pt\/R _hwv, P, .R
R CD,Cl, | R
C=C—R'

R= iPr, Bzl, / X R =Me
R'=tBu, Ph X
C

adme, neop,
/ H,
| l cl
P
éI:I | \R +Pt

h-v R=

neoPh, neoSi

CH
+R—R +Pt + R—R ’
+ R—CD,CI,
3 ) 2
l __cl |
h- Cl
T S
CD,Cl, ¢l +Rr-cDC
R= iPr, Bz, (R =Me) )
adme, neop,

neoPh, neoSi

Fig. 4. Proposed reaction scheme for photochemical reactions of
[Pt(R)(COD)].

nature of the R group (Fig. 4). For the alkyl substituted
complexes (except Me) photolysis under these condi-
tions leads to the formation of the monochlorinated
platinum complexes [Pt(Cl)(R)(COD)] (R =neoSi,
neop, ‘Pr, adme, Bzl), the R-R coupling products and
some chlorinated hydrocarbons. The NMR spectra of
these products were compared with those of indepen-
dently prepared samples. Prolonged irradiation of these
monochlorinated complexes leads to the formation of
[Pt(C1),(COD)] in high yields (60—80%). In the case of
the dimethyl complex, the monochlorinated species is
only formed in a minor amount. In this reaction the
main product is the uncoordinated dimethylated 1,5-
dimethylcyclooctane.

These reactions can be explained by the photochemi-
cal bond homolysis of the Pt—C bond. The organome-
tallic radical proceeds to abstract a chlorine atom from
the solvent. The organic radical can react with another
organic radical or also abstract a chlorine atom from the
solvent leading to the two observed organic photopro-
ducts. The methyl radicals formed by photolysis of
[Pt(Me),(COD)] react with the unsaturated COD ligand
within the solvent cage. Apparently they are more
reactive than the other alkyl radicals. This type of
ligand methylation is also found in photoreactions of
[Pt(Me)4(R-DAB)] (see below) or [Zn(R),(R-DAB)]
[67]. In non-chlorinated solvents, the reactions following
photochemical bond homolysis were found to lead to
several non readily identifiable products. In contrast,
irradiation of a hexane solution of [Pt("Pr),(COD)] in
the presence of COD was reported to lead to the
reductive elimination of the ‘Pr groups and the forma-
tion of [Pt(COD),] [61]. The apparent incongruity can
be explained along the following lines: the lowest
electronic transition lowers the electron density in the
o(Pt—C) bonds to the same extent. This might give rise
to both bond homolysis and reductive elimination.
Apparently in chlorinated solvents the bond homolysis
reaction is more efficient. Furthermore in the literature
case, no cut off filter was used, which can lead to prompt
reactions from higher lying excited states, the isolated
yield being only 20%.
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The alkynyl derivatives react in a slightly different
way. The only products of their very clean photoreac-
tion, that is independent of the solvent, are elemental
platinum, COD and the R—R coupling product (Fig. 5).
This reductive elimination was proposed to occur via a
three membered ring (pericyclic) transition state, which
involves the platinum atom and the two C,; atoms of the
alkynyl ligands [44]. The formation of such a transition
state is facilitated by diminution of the electron density
of the © system of the alkynyl ligands by the electronic
transition. Similar reactions were found in the photo-
elimination of biaryls from bis(aryl)platinum(II) com-
pounds [68]. The attribution of the observed
photoreaction to this @ mechanism pericyclic reaction
[68] is supported by the observation that it is only
observed for complexes with ligands that have © orbitals
that are involved in the electronic transition. For these
reactions the nature of the solvent was found not to be
of influence.

Next, the relative rates of the photoreactions of
[Pt(R),(COD)] depending on the nature of R were
studied. To this end, equimolar oxygen-free CD,Cl,
solutions of the compounds were irradiated, while the
decay of the 'H-NMR signals of the starting compound
were followed as a function of time. Again a 4 > 320 nm
cut-off filter was used to ensure irradiation into the
lowest absorption band only. This can cause an artifact
in the found relative rates, since the absorption maxima
of the complexes shift bathochromically with increasing
o donor strength of R. However, shorter wavelength
irradiation (4 > 295 nm) of [Pt(Me),(COD)] increased
the photochemical reaction rate a mere 1.7 times, which
is much less than the changes in rate as a function of R.
Indeed, it was found that the relative rates increase
along the series R=Me (=1)<neoSi (11) <neoPh
(42) <neop (51) <'Pr (86) <adme (111)<Bzl (120).
On the basis of purely inductive effects the order R =
Me < neoSi < Bzl < neoPh < neop <adme < 'Pr is ex-
pected. This means that both the Bzl and adme
derivatives are more reactive than expected, and other

absorbance

200 250 300 350 400 450
A [nm]
Fig. 5. Absorption spectra of [Pt(C=C'Bu),(COD)] in MeCN, during

photolysis at 4 >320 nm. The traces are recorded with 20 s time
intervals.

factors must play a role. The observed increase in
photoreactivity with increasing R donor strength is in
excellent agreement with the MO calculations (see
above). The alkynyl derivatives with R =C=CPh or
C=C'Bu were only slightly more reactive (relative rates
1.1 and 3.7, respectively) than the R = Me standard.
However, the different type of photochemistry makes
further comparison pointless.

From the above it is clear, that on introduction of &
donating R substituents at the platinum(II) center, the
photoreactivity of the resulting [Pt(R),(COD)] com-
plexes is enhanced dramatically. The use of alkynyl
ligands leads to very clean photochemical formation of
colloidal platinum(0) and the bis-alkynyl compound.
However, all these photoreactions occur on near-UV
irradiation due to the relatively high n* level of the COD
ligand. Substitution of this ligand by one that has a
lower lying empty orbital should shift the absorption
bands into the visible region of the spectrum. This
hypothesis is explored in the next section, by the
introduction of a-diimine ligands.

3.3. [Pt(R),(a-diimine) ] complexes

Reports on photochemical reactivity of platinum(II)-
a-diimine complexes are very sparse. The photoinitiated
oxidative addition of ‘Prl to [Pt(Me),(phen)] is one
example (see Section 1) is one example [63]. Further-
more several platinum o-diimine dithiolate complexes
were found to photooxidize in solution in the presence
of molecular oxygen [69,70]. However, the results
obtained for the [Pt(R),(COD)] complexes described
above suggested, that photochemical bond homolysis in
the [Pt(R),(a-diimine)] complexes should be possible.
Therefore, we prepared several [Pt(R),(R"—DAB)] (R"—
DAB = N,N’-dialkyl-1,4-diazabutadiene)  complexes,
namely with R =CHj3;, CD3, neop, neoSi, adme, Ph,
Mes, C=C'Bu, C=CPh (for abbreviations, see previous
section), in order to investigate their electronic structure
and low lying electronic transitions as well as their
photochemical reactivity. Their syntheses and structural
and emission properties will be published elsewhere [46].
This section is organized similarly to the previous one.

3.3.1. Molecular orbital structure

The orbital energies and compositions of three
(model) complexes were calculated using DFT methods.
The influence of the o donor capabilities of the ¢ bound
ligands were investigated by calculations on
[Pt(Me),(‘Pr—DAB)] and [Pt(‘Pr),(‘Pr—DAB)], the latter
of which bearing the more c-donating ‘Pr substituent.
Unfortunately, this latter complex could not be isolated,
but the observed trends are expected to be valid for
other substituents that are more c-donating than Me.
Furthermore, the model complex [Pt(C=CH)y(‘Pr—
DAB)] was included, since the corresponding COD



202 J. van Slageren et al. | Coordination Chemistry Reviews 230 (2002) 193-211

Table 6

DFT calculated one-electron energies and percentage composition of selected HOMO and LUMO of [Pt(Me),('Pr—DAB)] expressed in terms of

composing fragments

MO E (eV) Prevailing character Pt Me ‘Pr-DAB
Unoccupied

16b, 0.21 dp+Me+'Pr-DAB 2 (py); 35 (d,.) 48 15

9a, —0.30 n* "Pr-DAB 1(d,,) 98

11b, —3.37 m* 'Pr—-DAB+dp, 18 (dy2); 1 (px) 2 78 (m*)
Occupied

19a, —4.77 dp+Me 21 (s); 63 (dye—y2); 3 (d22) 12

8a, —4.79 dp 82 (d,,) 7 10

18a, —521 dp+Me 4(s); 72 (d=2); 5 (dyey2) 12 4

10b, —5.43 dpi+7 'Pr—-DAB 68 (dy-); 1 (py) 7 24

Ta, -7.12 n 'Pr-DAB 6 (d.,) 4 89

Fig. 6. 19a; HOMO [Pt(Me),('Pr-DAB)].

complex showed deviating photochemistry. The energies
and percentage orbital compositions calculated for
[Pt(Me),(‘Pr—-DAB)] are reported in Table 6. It is clear
from this Table that the 19a; HOMO is mainly Pt
localized, with a small contribution of the sp*(Me)
orbitals (Fig. 6). The two orbitals below the HOMO
(8a, and 18a,) are similarly composed. Further down a
mixed d(Pt)-n(‘Pr—-DAB) orbital (10b,) and a virtually
pure n(‘Pr—-DAB) orbital (7a,) can be found. The first
two unoccupied orbitals (11b; and 9a,) are mainly
composed of the ligand ©* orbitals, like in the case of

Table 7

the COD complexes. On going from R =Me to 'Pr
(Tables 6 and 7) in the [Pt(R),('Pr—DAB)] complexes, as
expected, the HOMO obtains more R group character
(24 vs. 12%) and concurrently rises in energy (—4.27 vs.
—4.77 eV, a difference of 4000 cm ~ ). The LUMO (Fig.
7) remains unaffected by the change in R substituent as
do the lower occupied orbitals. As expected the LUMO
is much lower in energy for the [Pt(R),('Pr-DAB)]
complexes (—3.37 and —3.34 eV in the case of R =Me
and 'Pr, respectively) than for the [Pt(R),(COD)] ones
(—1.71 and —1.91 eV for R = Me and Pr, respectively).
The R-group contribution to the HOMO drops going
from the COD complexes to the ‘Pr—-DAB analogues,
namely from 31 to 12% for R = Me and from 43 to 24%
for R ='Pr. The reason might be that the rise in energy
of the metal atoms decreases the overlap between metal
and alkyl orbitals, decreasing the alkyl contribution to
the high lying filled orbitals. The fact that there is no
high-lying orbital with a predominant or even large
methyl group contribution suggests that the photoche-
mical reactivity of the [Pt(R),(a-diimine)] complexes
should be diminished compared with the COD ones.
The electronic structure of [Pt(C=CH),('Pr-DAB)] is
somewhat different from that of the alkyl complexes.
This is due to the fact that the alkynyl ligands have
relatively high-lying filled m-orbitals. Thus the highest
lying four MOs of the model complex have alkynyl

DFT calculated one-electron energies and percentage composition of selected HOMO and LUMO of [Pt('Pr),(‘ Pr—DAB)] expressed in terms of

composing fragments

MO E (eV) Prevailing character Pt Pr ‘Pr-DAB
Unoccupied

14b, —3.34 n* 'Pr-DAB+dp, 16 (dy.); 1 (px) 2 81 (1*)
Occupied

22a, —4.27 dp+'Pr 24 (s); 44 (dy2—2); 8 (d2) 24

11a, —4.60 dpe 85 (dy,) 6 7

21a, —5.16 dp+'Pr 2 (s); 67 (dy2—)2); 10 (d.2) 13 6

10b, —5.43 dpi+7 "Pr-DAB 74 (d..) 5 21

Ta, —7.07 n 'Pr-DAB 3 (dy) 10 87
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Table 8

ADF/BP calculated one-electron energies and percentage composition of selected HOMO and LUMO of [Pt(C=CH),('Pr—DAB)] expressed in terms

of composing fragments

MO E (eV) Prevailing character Pt C=CH Pr-DAB
Unoccupied

17b, —0.68 dpi+CCH +'Pr-DAB 8 (py); 38 (d,-) 30 23

9a, —0.65 n* '"Pr-DAB 1 (d,) 98
11b; —391 n* 'Pr-DAB+dp, 12 (d..) 10 78 (*)
Occupied

8a, —5.08 CCH +dp, 32 (dyy) 65 3

20a, ~5.18 CCH +dp, 15 (d2); 10 (dye_2) 74

10b, —5.58 CCH+dp+'Pr-DAB 20 (dy-); 2 (px) 62 16
16b, —5.62 CCH 98

19a, —5.79 dp, 21 (s); 52 (dy2—52); 23 (d,2) 3 2

7Ta, —~7.35 dp.+ CCH+'Pr—-DAB 35 (d,,) 34 31

Fig. 7. 11b; LUMO [Pt(Me),('Pr—-DAB)].

contributions of over 60% (Table 8). The platinum atom
is involved in the 8a, HOMO, the 20a; HOMO-1, and
the 10b; HOMO-2, but the 16b, HOMO-3 is of virtually
pure alkynyl character. Recent IEH calculations (IEH,
Iterative Extended Hiickel) on [Pt(C=CR),(phen)] (R =
H, F, or Ph) show lower contributions (around 20%) of
the alkynyl groups to high lying filled orbitals [41]. The
differences might arise from the dissimilar type of
calculation as well as from the fact that the two diimine
ligand systems regarded (phen vs. ‘Pr—-DAB) are not
alike. In our calculations the first orbital with predomi-
nant metal character is 19a;, at 0.71 eV (5800 cm )
below the HOMO. The LUMO is mainly composed of
the n*('Pr-DAB) orbital, with small platinum and C=
CH contributions. All in all, the electronic structure of
[Pt(C=CH),(‘Pr—DAB)] is very similar to that of [Pt(C=
CH),(COD)].

3.3.2. Spectroscopy and electronic transitions

Due to the lower energy of the LUMO, the ‘Pr-DAB
complexes are all brightly colored in the solid state and
in solution. Absorption spectra show several maxima in
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Fig. 8. Absorption spectrum of [Pt(Me),('Pr-DAB)] in pentane at
room temperature, including spectral deconvolution of the absorption
bands.

the visible and UV region. In the UV region complexes
with substituents that do not contain 7 electrons (R =
CHj;, neop, neoSi, adme) show only one intense band
around 230 nm. All other studied compounds (R = Ph,
Mes, C=C’Bu, C=CPh, Cl) show additional intense
absorptions in the UV at lower energy. In the visible
region of the spectrum the first group of compounds
exhibits two separate broad absorption bands that show
marked structuring when investigated in non-polar
solvents (Fig. 8). In polar solvents the bands are more
or less unstructured and shift to higher energy (negative
solvatochromism). Again the second group exhibits
more complex behavior which results in occurrence or
several maxima and overlap of the two band systems.
Such structured absorption bands of platinum(II) com-
plexes in non-polar solvents have been observed and
were ascribed to vibronic structure [45]. For
[Pt(CH;)>(‘Pr—-DAB)] spectral deconvolution as shown
in Fig. 8 gave constant spacing of about 1390 cm ' for
the maxima of the lowest set of absorption bands, but
for other maxima in this complex no equal spacing was
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Table 9

Selected G98/B3LYP calculated lowest TD DFT singlet excitation energies (eV) for [Pt(Me),('Pr—DAB)] and experimental absorption maxima

J. van Slageren et al. | Coordination Chemistry Reviews 230 (2002) 193-211

State Main character G98/B3LYP G98/B3LYP solvent (CH,Cl,) Amax in nm #
(¢einM~lem™1

Transition Oscillator Transition energy Oscillator
energy (eV) strength in eV (nm) strength

'B, 98% (19a; —» 11by) 1.65 0.0009 1.99 (625) 0.0016 543 (2470)

'B, 99% (8a2 — 11by) 1.86 0.0 2.09 (595) 0.0 507 (2000)

'B, 98% (18a; —» 11by) 2.28 0.0001 2.46 (505) 0.0001 470 (1020)

A 94% (10b; — 11by) 3.02 0.118 3.12 (398) 0.113 390 (3340)

'B, 86% (Tay — 11by) 5.04 0.128 4.99 (249) 0.157

# From absorption spectra in CH,Cl,, maxima and extinction coefficients were extracted from spectral deconvolution.

found. In the rR spectrum of this complex we found
only one very strong band v(CN), therefore, we would
only expect one vibronic mode that couples to the
electronic transition.

Another reasonable assignment of such structuring
would be the presence of several different electronic
transitions. In order to assign the absorption bands and
to resolve the matter of the observed closely spaced
absorption bands as being vibrational fine structure or
due to different electronic transitions, TD DFT calcula-
tions were performed for [Pt(Me),('Pr-DAB)] and for
[Pt(C=CH),(Me—-DAB)]. Table 9 shows the TD DFT
calculated characters and energies of the lowest-lying
electronic transitions for [Pt(Me),('Pr—-DAB)] using the
GAUSSIAN 98 program package. The three lowest-energy
are all overlap forbidden MLCT transitions from the
three highest occupied orbitals to the lowest m*(‘Pr—
DAB) orbital. The calculated vacuum transition ener-
gies are much lower than those observed in solution. In
order to estimate the shift of transition energies due to
the solvent effect, the solvent was modeled in G98/
B3LYP calculations by polarized continuum model
(PCM) [50]. Even when including CH,Cl, as a solvent
in the calculations, the values are still off by 1500—3000
cm~'. This can be explained by the fact that the
absorption band are significantly solvatochromic. For
example in pentane the absorption bands occur at 518,
559, and 606 nm, which is significantly red-shifted from
the values of 470, 507, and 543 nm found in CH,Cl,.
Hence a small error in the modeling of the solvent has a
strong influence on the calculated absorption maxima.
The overlap allowed MLCT transition is much less
solvatochromic (found at 414 nm in pentane and 390 nm
in CH,Cl,), and concurrently the calculated value (398
nm in CH>Cl,) is much closer. In any case, we can
conclude from the calculated transition energies that the
lowest absorption bands cannot be ascribed to a
vibrational fine-structure superimposed on the first
overlap allowed transition (calculated at 398 nm in
CH,Cl,), which is also of MLCT character. Apart from
this MLCT transition, the ligand nn* IL transition is
calculated at 249 nm. The oscillator strengths calculated

for the lowest three electronic transitions are very low.
All these transitions are electronically allowed, hence the
low oscillator strength is only due to poor calculated
orbital overlap. However, in the absorption spectrum,
the molar extinction coefficients are between 1000 and
2500 m ' cm !, which is in the range of moderately
allowed charge transfer transitions. Hence under real
conditions (at ambient temperature, in solution), the
allowedness is clearly increased. Already the change
from vacuum to CH,Cl, changes the calculated oscilla-
tor strength of the lowest transition almost twofold.
Furthermore, because of the localization of the HOMO
on the Pt atom, the inclusion of spin-orbit effect can
influence the calculated intensity of transitions. At this
point it seems that the three low-energy absorption
bands observed in the absorption spectrum are due to
different electronic transitions rather than to a vibra-
tional progression superimposed on a single electronic
transition. Below we will see that the rR spectra
obtained by irradiation into these different absorption
bands confirm the conclusions from these calculations.
Like for the afore discussed COD-platinum(II) com-
plexes, within the calculated spectral range we cannot
find transitions between mainly platinum centered
orbitals (LF transitions). If they occur they must be
higher in energy than 200 nm. This can be already
deduced from Table 6 where only the LUMO+2 (16b,)
has appreciable contributions from platinum orbitals
but lies nearly 3.6 ¢V higher in energy than the LUMO
11b;. However, we cannot rule out the involvement of
low-lying excited states with decent LF character since
our calculations are not suited for such assignment.
Table 10 reports the low-lying electronic transitions of
[Pt(C=CH),('"Pr—-DAB)] as calculated by TD DFT. The
calculated lowest-energy transition is the 20a; — 11b;
one, which can be characterized as a mixed n(C=C)/
d(Pt) - n*(‘Pr—-DAB) transition (L'LCT). The oscillator
strength is quite low (0.0032) with respect to the found
extinction coefficient (3250 M~ ! cm ). This seems to
be a general feature of TD DFT calculations for such
complexes, since it was also found for the [Pt(R),(COD)]
and [Pt(R),('Pr-DAB)] (R =Me, 'Pr) complexes (see



J. van Slageren et al. | Coordination Chemistry Reviews 230 (2002) 193-211

Table 10

Selected calculated lowest TD DFT singlet excitation energies (€V and nm) for [Pt(C=CH),('Pr— DAB)] together with experimentally observed values

for [Pt(C=C'Bu),('Pr-DAB)]

State Main character G98/B3LYP

G98/B3LYP solvent (CH,Cl,) Jimax in M ? (¢ in M~ em ™)

Transition energy  Oscillator strength

Transition energy  Oscillator strength

(eV) in eV
'B,  98% (20a; - 11b;) 1.58 0.0020 1.95 (638) 0.0032 477 (3.25)
"B, 99% (8a,— 11b,) 1.91 0.0001 2.19 (566) 0.0002 438 (0.88)
B, 98% (19a; > 11b;) 2.63 0.0002 2.89 (428) 0.0003 410 (0.75)
'A;  94% (10b; - 11b;  3.18 0.095 3.29 (376) 0.092 393 (3.24)
'B,  86% (20a; - 17b,)  4.65 0.079 4.94 (253) 0.036
'A; 94% (82— 9a,) 5.02 0.187 4.92 (252) 0.144

% From absorption spectra in CH,Cl,, maxima and extinction coefficients were extracted from spectral deconvolution.

above). The calculated transition energy is much too
low, even when including solvent modeling by PCM
[50]. Thus, the lowest-energy absorption band is found
in CH,Cl, at 477 nm, while it is calculated at 638 nm (a
difference of 5300 cm~'). At higher energies more
transitions from high-lying filled orbitals to the
LUMO are calculated. They follow the same pattern
of low oscillator strengths compared with the extinction
coefficient and much too low transition energies. This
makes unambiguous assignment to observed absorption
bands difficult. However, it is presumed that although
the calculated transition energies are wrong, the relative
order of the transition does not change. The assignments
reported in Table 10 are based on this assumption. Also
for the other transitions the target orbital for the lowest
electronic transitions is the LUMO in each case. The
lowest transitions occur from orbitals that have mixed
Pt(d)/C=CR or nearly pure C=CR character and we
assign the long-wavelength absorptions, therefore, to
mixed MLCT/L'LCT or L'LCT transitions (L'LCT =
ligand (C=CR)-to-ligand (7t3imine) Charge transfer tran-
sitions. On first sight this contrasts to the MLCT
assignment of the lowest excited states of diimine
platinum(Il) complexes with acetylide ligands [40—43].
However, our results from calculations and rR spectro-
scopy (see below) primarily focus on the lowest electro-
nic transitions which might of course be different from
the lowest excited states.

In order to get experimental information on the
electronic transitions that belong to the low-energy
absorption bands, rR spectra were recorded of the
[Pt(R),(R'~DAB)] (R = CH3, CD3;, C=C'Bu; R’ =Pr,
cHx) complexes dispersed in KNO;. As mentioned in
the introduction the rR spectrum shows which vibra-
tions are influenced by the electronic transition that is
excited. There are several instances in which rR was used
to distinguish several electronic transitions within an
apparently single absorption band [71,72]. Fig. 9 shows
the rR spectra for [Pt(CHj3),(cHx—DAB)] for different
excitation wavelengths, corresponding to the lowest-
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Fig. 9. rR spectra of [Pt(Me),(cHx-DAB)] in KNO3, recorded with
two different excitation wavelengths.

energy two components of the first set of absorption
bands. Clearly, the spectra are different depending on
the excitation wavelength, which supports the assign-
ment of these absorption bands to different electronic
transitions. For the complex [Pt(C=C'Bu),('Pr—-DAB)]
irradiation into the long-wavelength transition leads to a
strong enhancement of a band at 2132 cm ™! that we
assign to the C=C stretching mode v(CC). This en-
hancement strongly supports the contribution of orbi-
tals from the C=C'Bu ligand to the HOMOs and the
L'LCT or mixed MLCT/L'LCT character of these
transitions. Using time-resolved FTIR spectroscopy
Schanze et al. have found that the frequency of the
v(CC) mode in complexes [Pt(C=CR),(R"-bpy)] (R =
Aryl, R’—bpy = alkyl substituted bpy) are about 25-35
cm ! higher in the excited states of the molecules than
in their ground states which served as indication for an
MLCT character of the excited state [42]. However,
their investigations focus on the thermally relaxed
excited state whereas rR provides direct information
on the electronic transition. That these can be very
different was recently shown by comparison of these two
techniques [73]. From the striking agreement of our
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calculations and rR results we conclude that the C=CR
group is directly involved in the electronic transition. A
full investigation of the rR spectra will be published
elsewhere [46].

3.3.3. Photochemistry

In the above we showed that the visible absorption
bands of the [Pt(R)>(‘"Pr-DAB)] complexes belong to
electronic transitions with some contribution from R
group orbitals. The involvement of these orbitals could
give rise to observable photochemistry, like in the case
of the [Pt(R),(COD)] compounds (see Section 2.1).
Therefore, the photochemical reactivity of the com-
plexes [Pt(R)>('"Pr-DAB)] (R = Me, neop, neoSi, adme,
Ph, Mes, C=C’'Bu, C=CPh; see Section 2.1 for abbre-
viations) was investigated by broadband irradiation of
solutions of the complexes into the set of the three
lowest-lying absorption bands using suitable cut-off
filters. Under these conditions, many of the complexes
are indeed photoreactive in several common organic
solvents such as THF, dichloromethane or acetonitrile.
For the complexes with R = Ph, Mes, C=C'Bu, C=CPh
no photoreactivity was observed upon irradiation into
their lowest set of three absorption bands. For the
remaining complexes the relative reactivities (in 10> M
oxygen free solutions in THF) were determined by
observing the decay of the absorption band of the
parent complex as a function of irradiation time. The
results show that the photochemical reactivity increases
in the order Me <neoSi < neop < adme, which is the
same order as found for the COD complexes. Irradia-
tion into the second absorption band at higher energy
(4 >400 nm) accelerates the photoreactions by a factor
of 1.5-2. Irradiation at even higher energy (320 nm <
A <350 nm) results in very efficient photodecomposi-
tion for the reactive compounds and measurable reac-
tivity even for the alkynyl complexes.

In order to study the product formation, the photo-
reactions of the complexes dissolved in CD,Cl, (~ 10?2
M) upon irradiation into their lowest absorption bands
were followed by 'H-NMR spectroscopy. Similarly to
the COD complexes (Section 2.1) the main observed
product is the monochlorinated complex
[Pt(CI)(R)("Pr-DAB)]. This suggests that the primary
photochemical step is Pt—C bond homolysis, followed
by chlorine abstraction from the solvent by the organo-
metallic radical. In non-chlorinated solvents the photo-
lysis products cannot be clearly defined. In most cases
elemental platinum drops from the solutions, which
points to a photochemically induced reductive elimina-
tion. However, the bialkyl products, which should
remain in solution for the heavier alkyls, were not the
only products observed. In addition, the free ligand was
not observed, which can be due to its alkylation by the
*R radicals. In the case of Zn(R),(R’'—DAB) complexes,
thermal and photochemical *R radical formation can

lead to clean formation N- and C-alkylated DAB
derivatives [67,74—76], but this is not the case for the
present complexes, nor for the [Pt(Me)s(‘Pr—DAB)]
complexes (see below). For the alkynyl complexes,
irradiation of solutions of these compounds at very
high energy gives rise to a clear reaction sequence
yielding exclusively elemental platinum, the free ligand
and the coupled dialkynyls R’-C=C-C=C-R’
(R”="Bu or Ph), corresponding to a reductive elimina-
tion reaction similar to the photoreaction observed for
the [Pt(C=CR"),(COD)] complexes (Section 2.1).

In order to study the wavelength dependence of the
photoreactivity of the [Pt(R),('Pr-DAB)] complexes in
more detail, the complex with R =neop was chosen as
one of the most reactive samples. Irradiation of an
oxygen free dichloromethane solution of
[Pt(neop)»('Pr—DAB)] into its lowest-energy absorption
band (at 590 nm in this solvent) by using a high pressure
Xe lamp fitted with a 4 > 600 nm cut-off filter did not
result in observable photoreactivity. Irradiation into the
second absorption band (at 556 nm), using a 552 dye
laser (Coumarin 6) line, did however, (Fig. 10). On
irradiation using intense Ar ™" laser light (4 = 514.5 nm,
power ~ 10 mW) we measured a photochemical quan-
tum yield of 0.000726 for the photochemical reaction.
For the complexes [Pt(R),(COD)] a decrease of a factor
of 42 was observed going from R = neop to Me (Section
2.1). Since a photochemical quantum yield of 0.005 was
found for the oxidative addition of Mel to
[Pt(Me),(COD)] [65], it is obvious that substitution of
the COD ligand by ‘Pr-DAB leads to a dramatic
decrease in photoreactivity. This correlates well to the
finding from the theoretical calculations where the
contribution of the R groups to the HOMO decreases
on going from COD to ‘Pr-DAB e.g. for the R = CH;
system from 31 to 12%.
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Fig. 10. Absorption spectra of [Pt(neop),('Pr-DAB)] in CH,Cl,,

during photolysis (dex =552 nm). The last spectrum represents
[Pt(Cl)(neop)(' Pr-DAB)].
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In the next section we move to platinum(IV) com-
plexes [Pt(Me),(‘Pr—DAB)]. It will be shown that these
complexes are much more photoreactive, due to the fact
that their electronic structures are different.

4. Metal—carbon bonded platinnm(IV) complexes
4.1. Introduction

This section describes the electronic structure, elec-
tronic transitions and the photochemistry of a class of
platinum(IV) complexes, [Pt(Me)4s(R-DAB)] (R-
DAB = N,N’-diorgano-1,4-diazabutadiene). A number
of photochemical studies of platinum(IV) complexes are
known [57]. Irradiation of solutions of the platinum(IV)
metallacyclobutane complexes [Pt(X),(CH,CH,CH,)-
(L,)] (X =Cl, Br; L, =phen, bpy, tetramethylethylene-
diamine, 2-MeCN, 2-py) gave rise to propene formation
in relatively non-polar solvents via reductive elimination
and to cyclopropane formation in polar ones. This latter
product is formed in a thermal way after halide
dissociation from the excited state. The nature of the
electronic transitions and excited states was not inves-
tigated. Under the same  conditions the
[Pt(I),(CH,CH,CH,CH»)(L,)] (L =PMe,Ph, PPh;)
complexes yielded ethylene and 1-butene as photolysis
products. Photochemical Pt—CH3; bond homolysis was
observed on irradiation of [Pt(Cp)(Me)s;] as demon-
strated by EPR spectroscopy. The photolysis
[Pt(D)(Me)(Ph),(bpy)] and [Pt(I)(Me)s(bpy)] gave rise to
several organic photoproducts. The formation of these
products was suggested to involve Pt—CH; and Pt—Ph
photochemical bond homolysis as the primary photo-
chemical step. The lowest-energy electronic transition
was shown to have XLCT (X =1) character in the case
of [Pt(I)(Me)s(a-diimine)] complexes by DFT calcula-
tions and rR spectroscopy [28]. Finally, it was noted that
[Pt(Me)4(bpy)]” appears to be photosensitive and a
chloroform solution decomposed to [Pt(Cl)(Me)s(bpy)]
on standing. This qualitative remark was followed by
more detailed work from the groups of Puddephatt
[77,78], and Kaim [26,79]. The results from these studies
as well as our own are discussed below. As above, first
the electronic structure and transitions are considered,
which is followed by a discussion of the photochemical
properties.

4.2. [Pt(Me) (a-diimine)] complexes

4.2.1. Electronic structure

From investigations of the thermal reactions of
[Pt(Me)4(a-diimine)] (a-diimine = bpy, phen) complexes,
it was concluded that the HOMO of these complexes has
o(Pt—CHj;) character, where the CH; is one of the
mutually trans located ones [80]. This was later con-

firmed by hybrid density functional theory/Hartree—
Fock (DFT/HF) calculations on the [Pt(Me)4(H—
DAB)] model system [26]. These calculations showed
that the HOMO consists of the antisymmetric combina-
tion of the sp® hybrid orbitals of the axial methyl
groups, with the addition of a small p(Pt) contribution.
The LUMO is mainly located on the n*(H-DAB)
ligand. These calculations were later repeated on the
real [Pt(Me)4('Pr—-DAB)] molecule [28]. The results of
these calculations are shown in Table 11. The 13b,
HOMO (Fig. 11) is indeed mainly composed of the axial
methyl groups, with a small Pt contribution. Hence it is
best described as a o(C,—Pt—C,,) orbital. The 14b,
LUMO (Fig. 12) has predominant n*(‘Pr—DAB) char-
acter. Some delocalization of the o and n* orbitals
occurs. Thus, the HOMO has 13% n*(‘Pr-DAB)
character, while the axial methyl groups contribute
14% to the LUMO. This mixing was found to an even
higher degree for other d® transition metal—diimine
model complexes with two o donating axial ligands.
For instance the model complex [Ru(SnH3),(CO),(H-
DAB)] [81] has 27% H-DAB contribution to the
HOMO and the same percentage of the axial SnHj;
groups to the LUMO. The platinum(IV) model complex
[Pt(SnH;)»(Me),('Pr—DAB)] has slightly less o—m* mix-
ing at 18% 'Pr-DAB contribution to the HOMO and
23% SnH; to the LUMO [28]. The metal-methyl
complex [Ru(Me)(SnH3)(H-DAB)] has about the
same degree of mixing of ¢ and 7m* orbitals as the
corresponding bis-SnH; compound [23]. It is clear that
the results for [Pt(Me)s(‘Pr—DAB)] agree with the
previous calculations on the H-DAB model complex
and, therefore, the simplification of the a-diimine ligand
is of minor influence on the electronic structure of the
complexes. Since the HOMO and LUMO are of the
same symmetry, the HOMO —»LUMO transition is
strongly overlap allowed, which is also clear from the
observed o—n* mixing. The following section describes
the electronic transitions of [Pt(Me),(‘Pr—-DAB)] as
studied by experimental and theoretical methods.

4.2.2. Spectroscopy and electronic transitions

All the [Pt(Me)y(a-diimine)] complexes are strongly
colored in the solid state and in solutions (Fig. 13), in
contrast to most alkyl-platinum(IV) complexes, which
are usually colorless, or pale yellow. For example the
lowest-energy absorption band of [Pt(I)(Me);(‘Pr—
DAB)] lies at 432 nm in toluene, while that of
[Pt(Me),(‘Pr-DAB] was observed at 531 nm in the
same solvent [28]. That observation together with the
assignment of the HOMO and LUMO orbitals, led to
the assignment of the visible absorption band to a o(Pt—
C) » n(a-diimine) transition [26,77—79]. Since such an
electronic transition removes electron density from the
o(Pt—C) orbital, the photolability of the complexes
agrees with the proposed assignment. In the following
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Table 11

DFT calculated one-electron energies and percentage composition of selected highest-occupied and lowest-unoccupied molecular orbitals of

[Pt(Me)4('Pr—DAB)] expressed in terms of composing fragments

MO E (eV) Prevailing character Pt (Me).x (Me)eq ‘Pr-DAB
Unoccupied )
176, —0.20 dp.+Me+Pr-DAB 2 (py); 33 (d,.) 48 16
10a, —0.39 n* R—-DAB 1 (dy,) 99
14b, —3.35 n* R—-DAB+ (Me),x 8 (dy:): 1 (px) 14 77 (n*)
Occupied
13b,  —4.79 Me,; +Pt+1* R-DAB 9 (p): 1 (dyr) 73 3 13
9a, —5.48 dp +7* R-DAB 75 (dyy) 8 4 12
21a, —5.71 dpi+Megq 53 (d-2); 20 (dyay0) 17 7
126,  —5.93 dpi+R-DAB 71 (dy.); 1 (py) 10 6 12
2000+
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Fig. 11. 13b, HOMO [Pt(Me)4('Pr—-DAB)].

Fig. 12. 14b; LUMO [Pt(Me),('Pr—DAB)].

two more pieces of evidence are discussed which support
this assignment, namely TD DFT calculations and rR
spectra.

Table 12 shows the results of the TD DFT calcula-
tions of low-lying electronic transitions. Indeed the
lowest-energy one has 93% 13b; — 14b; character which
corresponds to the HOMO —-LUMO or o(Me—Pt-

Wavelength (nm)

Fig. 13. Absorption spectrum of [Pt(Me),('Pr—-DAB)] in THF at room
temperature.

Me) - *(‘Pr-DAB) SBLCT transition. At higher en-
ergy an overlap forbidden MLCT transition is calcu-
lated which is not observed in the spectrum, in
agreement with its low calculated oscillator strength.
The next transition has MLCT character as well, but
since this transition is overlap allowed, it gives rise to a
strong absorption band in the spectrum. The calculated
transition energies of the two allowed transitions (623
and 386 nm) are much lower than the observed ones
(531 and 326 nm). This difference is probably due to
the difference in medium between calculation and
experiment. All calculations were performed in vacuum,
while the absorption maximum values are determined in
toluene. Since the absorption bands are quite solvato-
chromic (Av = v(MeCN)—v(toluene) = 2044 cm '),
such a difference in medium can lead to appreciable
differences in transition energy. This was noted before in
the case of the [Pt(Me)>('Pr-DAB)] complex (Section
3.3), where inclusion of the solvent in the calculations
led to enormously improved values for the transition
energies.

The assignment of the lowest-energy electronic transi-
tion was further supported by rR spectra recorded upon
irradiation into that absorption band. Fig. 14 shows the
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Table 12

TD DFT calculated lowest-energy singlet excitation energies and observed absorption maxima of [Pt(Me),('Pr—DAB)]

State Composition Calculated transition energy Aabs (nm) * Calculated oscillator strength
(eV) (nm)

A 93% (13b; — 14by) 1.99 623 531 0.021

'B, 94% (9a, — 14by) 2.26 549 n.o.® 0.002

A 91% (12b; — 14by) 3.21 386 326 0.072

# Observed wavelength maximum in toluene at room temperature.
® Not observed.
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Fig. 14. 1R spectra of [Pt(CH3)4('Pr-DAB)] (A) and [Pt(CD3)4('Pr—
DAB)] (B) in KNOj;, recorded on irradiation into the lowest-energy
absorption band.

R spectra of [Pt(CH;),(‘Pr—-DAB)] and its deuterated
derivative [Pt(CD;3)4('Pr-DAB)]. In order to assign all
the observed rR bands unambiguously, vibrational
calculations were performed using DFT methods. The
band observed at 1564 and 1567 cm ~ ! for the CH; and
CD;3; complexes respectively is assigned to the symme-
trical CN stretch, vs(CN), in agreement with the
calculated values of 1592 and 1585 cm !, respectively.
The values are about 2% too high, which is quite normal
for calculations of this level. As noted in the introduc-
tion (Section 1), in general in rR spectra only those
vibrations are observed which are influenced by the
electronic transition which is excited. Therefore, the
observation of v((CN) in the rR spectrum is in accor-
dance with the fact that the charge which is transferred
during the electronic transition end up in the n* orbital
of the "Pr—DAB ligand, since this orbital is antibonding
with respect to the CN bond. Much more unusual is the
observation of a band at 1175 cm~! for the CHj;
complex and at 894 cm~! CD; complex. In line with
the calculated values of 1221 and 931 cm ™' and the
observed deuteration effect, these bands are ascribed to
an umbrella-like movement of the axial methyl groups,
J05s(CH3)/(CD3) [28]. This vibration was not observed as
a strong band for [Pt(I)(Me);(‘Pr—-DAB)] or the struc-

turally and electronically similar [Ru(X)(Me)(CO),(‘Pr—
DAB)] complexes [5,27,28]. It gives a clear indication of
the involvement of the axial methyl groups in the
electronic transition and strongly supports its assign-
ment to an SBLCT transition, since removal of electron
density from the axial ligands will influence the bonds
and angles of the methyl groups. Interestingly, the first
overtone of the d,(CH3)/(CD3) is observed as well as the
combination band of this band with the one due to
v(CN). The symmetrical C,,—Pt—C,y stretching vibra-
tion is also affected by the SBLCT transition and
observed as a weak band at about 470 cm ' (calculated
574 cm ). The band at ca. 520 cm ~ ! is ascribed to the
symmetrical C.q—Pt—Cgq stretching vibration on the
basis of the calculations (calculated 497 cm ~1).

Since the lowest electronic transition of the
[Pt(Me)4(a-diimine)] complexes has SBLCT character,
the observed photolability of the complexes is not
surprising. The following section treats this subject in
some more detail.

4.2.3. Photochemistry

Excitation to the 'SBLCT state is expected to lead to
rapid intersystem crossing (ISC) to the corresponding
3SBLCT state. Indeed the excited state could be
quenched by the triplet quencher perylene. From the
quencher concentration dependence an excited state
lifetime of ~ 10~ % s was estimated for [Pt(Me)4(bpy)]
[77]. The o(C.—Pt—C,,) - n*(a-diimine) transition re-
moves electron density from the o(C,—Pt—C,,) bond.
This bond is already weak in the ground state, e.g. the
crystal structure of [Pt(Me)4(cHx—DAB)] shows that the
Pt—C,, bond length is significantly longer (2.140(8) A)
than the Pt—C.q one (2.045(5) A) [45]. Therefore, it is
not surprising that the primary photochemical step is
Pt—C,, bond homolysis. The * Me radical resulting from
irradiation of solutions of [Pt(Me)s('Pr—-DAB)] was
directly observed by time-resolved FT-EPR spectro-
scopy, and identified by the hyperfine coupling con-
stants (hfcc) of the odd electron to the 'H nuclear spins
[82]. These experiments confirmed the triplet character
of the excited state. The metal fragment radical is not
observed under these conditions. However, irradiation
of a diethyl ether solution of [Pt(Me)4(‘Bu—DAB)] at
240 K in the presence of the spin trap 2-methyl-2-
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nitrosopropane (‘Bu-NO) gave rise to an EPR spec-
trum that was identified as the spin-trapped metal
fragment by the observed g value of 2.0060 and the
4.0 mT '>Pt hfce [79]. The methyl radical was trapped in
experiments in dichloromethane or benzene in the
presence of 5,5-dimethylpyrroline-N-oxide (dmpo) and
identified by the "H hfcc [78].

Both radical species are obviously very reactive. Some
effort has been made to analyze the products obtained
from photolysis experiments. In chlorinated solvents the
17e~ [Pt(Me);(a-diimine)]® radical efficiently abstracts
a chlorine atom from the solvent resulting in
[Pt(CD)(Me);(a-diimine)] [26,78]. In non-chlorinated sol-
vents the presence of several oligomethyl platinum
species were observed in the 'H- or '*C-NMR spectra
upon irradiation into the SBLCT band of [Pt(Me)4(R -
DAB)] (R ='Bu, pTol). Irradiation at higher energies
led to formation of platinum metal and some methane
[26]. All these photochemical reactions occur with great
efficiency, with quantum yields for the photoreaction of
[Pt(Me)4(bpy)] ranging from 0.8 to unity in various
solvents.

From CIDNP experiments, more intricate informa-
tion about the mechanism of the photoreactions of
[Pt(Me)4(bpy)] in CDCl; was obtained [78], showing
that the initially formed methyl radical can react with
another methyl radical to give ethane. Furthermore, it
can react with a solvent molecule forming monodeuter-
ated methane. The °CCl; radical that is thus formed,
can react with another methyl radical resulting in
CH;CCl;. Alternatively, the platinum radical can ab-
stract a chlorine atom from the solvent, after which the
resulting *CDCIl, radical can react with a methyl
radical, yielding CH3CDCl,. Interestingly, irradiation
of [Pt(Me)4(bpy)] in the presence of all sorts of organic
molecules, e.g. carboxylic esters, terminal acetylenes,
gave rise to carboxylate and acetylide derivatives of the
photochemically formed platinum radical [77].

Due to the reactivity of the R—-DAB ligand, this
ligand can be alkylated by the methyl radical. Bulk
photolysis of [Pt(Me)4(R—DAB)] and subsequent work
up, including hydrolysis, showed the presence of several
amino aldehyde products which are derived from such
methylated R—-DAB compounds. As mentioned before,
similar thermal and photochemical alkylations of R—
DAB ligands are known in the case of the main group
[Zn(R),(R-DAB)] compounds [67,74—76]. However, in
the latter case, depending on conditions, these reactions
can lead to very cleanly C- or N-alkylated R—-DAB
derivatives.
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