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A Tale of Two Complexes, [PtMe,(RN=CH-CH=NR)] (n =2 and n = 4,
R = Cyclohexyl): Why do Pt" and Pt'"Y Complexes Exhibit Virtually
Identical Redox Behavior and Colors?

Steffen Hasenzahl, Hans-Dieter Hausen, and Wolfgang Kaim*

Abstract: In spite of their very similar
cyclic voltammograms, absorption spec-
tra, and solvatochromic behavior, the two
1,4-diazabutadiene title complexes exhibit
markedly different photoreactivities and
underlying electronic structures, as evi-
dent from absorption and EPR spectra of
the persistent anion radical forms. The

other hand, the structurally characterized
Pt complex [(CyN=CH-CH=NCy)-
PtMe,] (C2/c; a = 2021.6(2), b = 805.3(1),
c=12542(1) pm; B =111.05(1)°; V=
1905.7(4) x 106 pm3; Z = 4) has a low-
lying photoreactive LLCT (ligand-to-lig-
and charge-transfer, op,_c — n*) excited
state in which the axial Pt—C bonds are

activated, as already suggested by the
longer Pt—C(ax) bonds (214.0(8) pm) rel-
ative to Pt—C(eq) in the ground state
(204.5(5) pm). The anion radical of the
Pt'Y complex has lost the long-wavelength
absorption band in the visible; it shows
a well-resolved EPR spectrum at (g} =
1.9945 with n-ligand and !°°Pt hyperfine

lowest excited state of the nonphotoreac-
tive Pt" system [(CyN=CH-—CH=NCy)-
PtMe,] has MLCT (metal-to-ligand
charge-transfer, Sd — n*) character, and
the EPR spectrum of the corresponding
anion radical at {(g)> = 2.016 exhibits siz-
able metal/ligand orbital mixing. On the

Introduction

Complexes between the small, chelating and nelectron-accept-
ing 1,4-diazabutadiene (DAB) ligands!!*?! and electron-rich
(organo)metallic complex fragments are generally distinguished
by intense, solvatochromic(®! “charge-transfer” colors and by
facile one-electron reduction to complexes containing the corre-
sponding DAB radical anion.[?-#! However, it has been noted in
the past that the electrons available for charge transfer from the
DAB-coordinating metal fragment can originate from filled d
orbitals of d°, d®, or d'° centers!!* 2- 3- ¢ (metal-to-ligand charge-
transfer, MLCT), or from electron-rich metal-*‘carbanion” o
bonds of organometallics containing a metal in a “normal”
oxidation state!* (ligand-to-ligand charge-transfer, LLCT). In
this contribution we report that the distinction between the two
cases is not easy to make on the basis of conventional spectro-
scopic or electrochemical data alone, but that more detailed
insight into the different electronic structures and the resulting
different reactivity can be gained by absorption and, in particu-
lar, EPR spectra of singly reduced complexes. We have em-
ployed the 1.4-dialkylated DAB ligand CyN=CH-CH=NCy
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structure and a small g anisotropy. A
qualitative MO scheme is presented to ac-
count for the similar frontier-orbital ener-
gy differences despite dissimilar underly-
ing electronic structures.

(Cy = cyclohexyl), with its small, four-center n chromophore,
in connection with two rather simple organometallic fragments,
PtMe, (7 = 2 and 4), with different oxidation states (11 and 1v)
and coordination numbers (4 and 6) of the metal (Fig. 1).

R Me A
T O
Me SN Me/l Y
U4 ’
Fig. 1. R = CH,,. R MeR

Small platinum complexes have received increasing interest
because of their medical importance, their model character for
Pd-catalyzed transformations and reaction mechanisms in gen-
eral, and their often conspicuous luminescence.!®! Owing to the
presence of a 5d element with sizable spin-orbit coupling effects
and possibly relativistic contributions to chemical bonding, a
deeper understanding of coordination compounds of platinum
requires a thorough experimental basis, preferably for small,
theoretically accessible systems.

Results and Discussion

As a first surprise, both Pt" and Pt'Y complexes in Figure 1 show
almost identical responses in their cyclic voltammograms, that
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is, a reversible reduction at about — 1.9 V vs. ferrocene/ferroce-
nium and an irreversible oxidation around + 0.4V (Fig. 2,
Table 1). Furthermore, both complexes are intensely colored
and highly solvatochromic (negative solvatochromism!”!); the
absorption spectra show one band system in the visible and one

r T
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Fig. 2. Cyclic voltammograms of complexes [(CyN=CH—CH=NCy)PtMe,]
(n =2: top, n = 4: bottom) in acetonitrile/0.1 M Bu,NPF;.

-2‘.0 -2.5

in the near-ultraviolet region (Fig. 3). The absorptions of the
Pt! species [Eq. (a)] occur at longer wavelengths. It exhibits a

hv
MLCT (a)
[(CyN=CH-CH=NCy) 'Pt"Me,]*

[(CyN=CH - CH=NCy)Pt'Me, ]
2

weak triplet transition at low energies (*MLCT) and vibrational
structuring of the first 'MLCT band (Avx1400 cm™!) due to
the lower coordination number (diminished vibrational broad-
ening) .18 The Pt"Y complex, on the other hand, exhibits a less
intense but more solvatochromic absorption band in the visible
region (Table 1).1!

A truly important difference, however, is the very pro-
nounced photoreactivity of [(CyN=CH-CH=NCy)PtMe,] to-
wards ambient light and on irradiation into the long-wavelength
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Fig. 3. Absorption spectra of complexes [(CyN=CH—CH=NCy)PtMe,] (n = 2:
top, n = 4: bottom) in toluene (absorbance different for each spectrum).
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Table 1. Spectroscopic comparison of complexes [(CyN=CH-CH=NCy)PtMe,].

n=2 n=4
Cyclic voltammetry [a]: E,., —1.84 —-1.93
E, [b] + 0.47 +0.37
Absorption spectroscopy [c]:
Neutral complexes [d]: Amast 578 [e] (565,531)  532(505,485)
Aeman2 400(382,376) 326(320,311)
Anionic complexes [f]: Amaxt 540 [g] 354 [h]
Amax2 N 320
EPR of anionic complexes [i]:
Fluid solution (295 K): [€9) 2.016 1.9945
a n.o. 6.12(*°Pt)
0.82(**N)
0.42('H, CH(DAB))
Frozen solution [j]: £ 2.090 2.003
82 2.0163 2.003
£ 1.944 [k] 1.9776 [k]
a,(**°Pt) 6.5 7.5

[a] From measurements in CH,CN/0.1 M Bu,NPF;, scan rate 100 mVs~'. Poten-
tials E in V vs. ferrocene/ferrocenium. {b] Anodic peak potentials for irreversible
processes. [c] Absorption maxima A_,, in nm. [d] Values in toluene (THF, acetoni-
trile). [e] Shoulders at 650, 539, 498 nm. [f] From spectroelectrochemistry in THF/
0.1M Bu,NPF,. [g] Shoulders at 650, 508, 400 nm. [h] Shoulder at 415 nm.
[i] From electrolyses in THF/0.1 M Bu,NPF,. Coupling constants a in mT. [j] At
4K (n=2)orat 110K (n = 4). [k] Superhyperfine structure.

band (4> 500 nm, cut-off filters). Not unexpectedly,*! the result
is a migration of methyl groups from the metal to the DAB
ligand;!®! this implies that a photoinduced metal/alkyl bond
homolysis is involved.!!%-'!'l A similar reaction and similar
products were reported for the light-induced group transfer in
[(RN=CH-CH=NR)ZnR)], where the single electron transfer
from the asymmetric o, _. bond com-
bination to the ©* MO of the DAB lig-
and was suggested as primary process.[]
By analogy to this interpretation and Me,
the results reported for heteroaromatic
complexes of PtMe, 1% or PtMe,] [10%
we attribute the long-wavelength ab-
sorption of the Pt"Y complex to an
LLCT transition originating from an
asymmetric axial Pt-C o bond combination (Fig. 4) to the n*
orbital of CyN=CH-CH=NCy [Eq. (b)]. In contrast, the

Fig. 4.

hv
CyN=CH-CH=NCy)Pt'"VMe,] ——
((Cy y) A LLCT (b)

[(CyN=CH - CH=NCy)~ !Me,Pt" "Me]* Ms_'

long-wavelength absorption of [(CyN=CH -CH=NCy)PtMe,]
can be attributed to a more “conventional” MLCT excitation
[Eq. (a)], d,,(Pt)— n*(DAB), which has been similarly ob-
served, albeit with lower resolution, for several organometallic
and halide complexes of Pt" with heteroaromatic ligands such as
2,2'-bipyridine.16¢ 8- 12.13} We attributed this lack of resolution
to the overlap of MLCT transitions to the two a-diimine n*
orbitals, b,(¥) and a,(x)."® In the absence of potential sub-
strates for oxidative addition,!'4! the Pt" complex shows no
photoreactivity on irradiation into the long-wavelength band.

The assumption of a particular photochemical activation of
the axial Pt—C(alkyl) bonds in the Pt!Y complex rests not only on
theoretical considerations involving a oy_c/n* interaction
(Fig. 4)'*- ! and on the observed photostability of the Me,Pt"
system, but also on structural results obtained from a single-
crystal diffraction study of [(CyN=CH-CH=NCy)PtMe,(]
(Fig. 5). Crystal data and information on the data collection,
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Fig. 5. Molecular structure of [(CyN=CH—CH=NCy)PtMe,].

structure solution, and refinement are summarized in ref. [15]
and in the Experimental Section. The results of the structure
analysis are presented in Tables 2-4.

Table 2. Atomic coordinates (x10*) and equivalent isotropic displacement
parameters (pm?) for [(CyN=CH—-CH=N)PtMe,). U(eq) is defined as one third of
the trace of the orthogonalized Uij tensor.

Atom X ¥y z U(eq)

Pt 0 3206(1) 2500 178(1)
N 566(2) 1114(6) 3467(4) 243(13)
c(11) 1189(2) 1227(6) 4507(4) 237(14)
Cc(12) 955(3) 1717(6) 5502(5) 289(17)
C(13) 1606(4) 2074(7) 6585(6) 385(21)
C(14) 2106(3) 602(7) 6886(5) 368(18)
C(15) 2315(3) 47(8) 5879(5) 391(19)
C(16) 1660(3) —309%T) 4814(4) 321(17)
C) 311(3) ~296(6) 3013(4) 289(16)
C(o1) 573(3) 5071(6) 3525(5) 272(15)
C(02) 748(3) 3262(5) 1651(6) 298(19)

Table 3. Selected bond lengths (pm) for [(CyN=CH—CH=NCy)PtMe,] [a].

Pt-N 215.0(4) N—C11 145.5(5)
Pt—COt 204.5(5) N-C1 129.2(7)
Pt—C02 214.08) C1-C1(a) 144.0(9)

{a] Average C—C bond lengths (pm) for cyclohexyl: 153.1(8) (151.4-154.1).

Table 4. Bond angles (°) for [(CyN=CH—CH=NCy)PtMe,] [a].

N-P1-C01 98.9(2) C02-P1-C02(a) 177.6(2)
N-Pt-C02 88.2(2) Pt-N-C11 124.8(3)
C01-P1-C02 87.4(2) Pt-N-C1 113.1(3)
N-Pt-N(a) 76.8(2) C11-N-Ct 122.1(4)
C01-Pt-N(a) 175.5(2) N-C11-C12 108.9(4)
C 02-Pt-N(a) 91.7(2) N-C11-C16 115.9(4)
CO01-Pt-C01(a) 85.5(3) N-C1-C1(a) 118.5(3)
C02-Pt-C01(a) 90.8(2)

[a] Average C-C-C bond angles (*) for cyclohexyl: 110.8(5) (109.5-112.3).

The molecular structure of [(CyN=CH-CH=NCy)PtMe,]
reveals the expected chelating mode of the DAB ligand with
typical bond parameters for essentially nonreduced a-
diimines."'®! The 5d%-configurated metal center exhibits near-
octahedral coordination, however, there is a clear distinction
between Pt—Me bond lengths for the axial and equatorial sub-
stituents. As has been observed in similar cases,!'” the axial
bonds are significantly longer than the equatorial ones; this
illustrates a selective bond labilization even before the activation
by light and the population of a dissociative LLCT excited state.

The difference in the arrangement of frontier orbitals in Pt"
and Pt"Y complexes, which is responsible for the very dissimilar
photoreactivity, can be studied by means of the distinctly differ-
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ent absorption and EPR spectra (Fig. 6, Table 1) of the one-¢lec-
tron reduced forms of both d® and d® metal complexes [Eq. (c)].

[(CyN=CH - CH=NCy)Pt"Me,] —*—

[(CyN=CH-CH=NCy)~'PtMe,]~ ©

At room temperature, the chemically (with K) or electrolytically
generated complex [(CyN=CH—CH=NCy)PtMe,] " shows the
characteristic EPR spectrum of a transition metal radical-anion
complex,!!'® 19 that is, resolution of typical ligand hyperfine
splitting!? *! and moderate metal isotope coupling!!8: 191 (195P¢:
33.7% natural abundance, I =1/2, 4, = 370.9 mT2%) is ob-
served. The g anisotropy measured in glassy frozen solution is

215 210 208 2.00 195 1.90
g factor
Fig. 6. EPR spectra in frozen solution of complexes [(CyN=CH—CH=NCy)-

PtMe,] ™" (n = 2: top, 4 K; n = 4. bottom, 110 K) as obtained from electrolysis in
THF/0.1 M Bu,NPF,.

small, and the average g factor is lower than the free-electron
value of 2.0023; this indicates an orbital arrangement with
close-lying excited states of higher orbital angular momen-
tum.'8] Such states and the resulting low g factors of anion
radical complexes are often associated with high photoreactivity
of the nonreduced forms of other d® systems involving Mn',12!!
Rull’[22] or MOO.[23]

On the other hand, the one-electron reduced complex
[(CyN=CH-CH=NCy)PtMe,] " shows an unresolved EPR
line at a relatively high isotropic g value of 2.016 and, in the
frozen state, the g anisotropy Ag = g, —g, is 0.146, a much
larger value than the Ag = 0.0254 of the Pt"¥ complex (Table 1).
Although these spectral data are still incompatible with a true
Pt! complex,!'®! this result suggests a sizable metal contribution
to the singly occupied MO. The large spin-orbit coupling con-
stant of Pt"2%! thys permits a clear distinction between the
frontier orbital structures of both complexes discussed: the high
g factor of the reduced Pt" complex indicates a closeness of
occupied d orbitals to the singly occupied n*(DAB) MO and a
large energy gap to higher unoccupied orbitals, including o, _
MOs and the destabilized d,._ . orbital. A comparison of sche-
matic orbital diagrams for Pt and Pt"Y species illustrates the
different electronic structures that are present despite the similar
frontier orbital gaps (Fig. 7).
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Fig. 7. Orbital diagrams for [(CyN=CH—CH=NCy)PtMe,].

The different electronic structures of one electron reduced Pt!
and Pt!'Y complexes are also reflected by dissimilar absorption
spectra observed by UV/Vis spectroelectrochemistry (Table 1).
Whereas [(CyN=CH—CH=NCy)PtMe,] " shows a complete
loss of the absorption features in the visible region, the plat-
inum(11) species [(CyN=CH - CH=NCy)PtMe,] " exhibits only
a slight hypsochromic shift of the long-wavelength band.
Detailed assignments of the observed transitions will have to
await the results of calculations on these open-shell heavy-metal
complexes.

Conclusion

We have shown that standard electrochemical and absorption
spectroscopic studies can give very similar results for this partic-
ular type of Pt and Pt'V organometallic complexes, in spite of
rather different electronic structures. More sensitive techniques
such as EPR of reduced species are able to point out these
differences in greater detail and may thus help the interpretation
of the significantly different chemical behavior.

Experimental Section

All experiments were carried out under an atmosphere of dry argon with freshly
purified solvents. Starting materials CyN=CH-CH=NCy [3]. Pt,Me, (u-SMe,),
[24]. and Pt,Mey(u-SMe,), [25] were prepared following literature procedures.

[(CyN=CH—~CH=NCy)PtMe,|: A solution of [Pt,Me, (SMe,),] (0.115 g, 0.2 mmol)
and CyN=CH—CH=NCy (88 mg, 0.4 mmol) in benzene (15 mL) and diethyl ether
(10 mL) was stirred overnight at ambient temperature. After removal of the solvent,
the residue was dissolved in the minimum amount of Et,0 {(about 7mL), and the
purple product crystallized in 40 % yield (71 mg) at —30°C. '"H NMR (250 MHz.
CDCl,, 25°C, TMS): 6 =1.00-1.73 (m, 10H: CH,), 1.40 (t. 6H; CH3), 4.18 (m,
tH; CH(Cy)), 8.91 (t, 2H; CH(DAB)); 2J(***Pt-CH,) = 84.9, 3J(***Pt—CH-
(DAB)) = 35.0 Hz. '3C NMR (CDCl,): 6 = —15.05 (CH,), 25.59, 25.75, 33.79
(CH,;). 64.99 (CH(Cy)). 158.24 (CH(DAB)); ‘J('**Pt—CH,)=785.5,
2J(1**Pi—CH(Cy)) = 36.4, 2J(*°*Pt—CH(DAB)) =14.5 Hz; C,(H,(N,Pt (445.5):
caled C 43.14, H 6.79, N 6.29%; found C 43.29, H 6.60. N 6.02%.
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[(CyN=CH—CH=NCy)PtMe,|: A solution of [Pt,Me4(SMe,),] (0.127 g, 0.2 mmot)
in diethyl ether (20 mL) was treated under subdued light with CyN=CH—-CH=NCy
(88 mg, 0.4 mmol) for 16 h. Reduction of the volume to about 50% and subsequent
cooling to —30°C led to precipitation of a purple solid in 45% yield (86 mg).
'HNMR (250 MHz, CDCl,, 25°C, TMS): § =~ 0.54 (1. 6H; CH,(ax)),
0.75 (t, 6H: CHyleq)), 1.13-2.06 (m, 10H; CH,). 4.10 (m. 1H; CH(Cy)),
8.54 (1, 2H; CH(DAB)); 2/('°*SPt—CH,(ax)) = 45.9. 2J(***Pt—CH,(eq)) =71.3,
3J(195Pt—CH(DAB)) = 31.6 Hz. }3C NMR (CDCl,): § = —7.21 (CH;(eq)). 2.69
(CH,(ax)). 25.53, 25.64, 33.50 (CH,), 65.11 (CH(Cy)). 155.37 (CH(DAB));
VJ(9*P1—CH,(eq)) = 694.0, 'J('?3Pt—CH (ax)) = 442.4, 2J(***P1—CH(Cy)) =
18.4 Hz; C, H;¢N,Pt (475.6): calcd C 45.46. H 7.63, N 5.89%; found C 45.86, H
7.46, N 5.83%. Crystals for X-ray diffraction were obtained from an acetone solu-
tion by slow cooling to —5°C. For further details see ref. [15)].

Instrumentation: EPR spectra were recorded in the X band on a Bruker System
ESP300 equipped with a Bruker ER035M gaussmeter, a HP 5350 B microwave
counter, and an Oxford cryostat ESR900. 'H and '*C NMR spectra were taken on
a Bruker AC250 spectrometer. UV/Vis absorption spectra were recorded on Shi-
madzu UV 160 and Bruins Instruments Omega 10 spectrophotometers. Cyclic
voltammetry was carried out in acetonitrile/0.1 M Bu,NPF, using a three-clectrode
configuration (glassy carbon electrode, Pt counter electrode Ag/AgCl reference)
and a PAR 273 potentiostat and function generator. The ferrocene/ferrocenium
couple served as internal reference. Spectroelectrochemical measurements were per-
formed using an optically transparent thin-layer electrode (OTTLE) cell [28] for
UV/Vis spectra and a two-electrode capillary for EPR studies [22].
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