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Abstract

Complexes of PtCl,(RNH,),, with RNH, = cyclopropylamine, cyclobutylamine, cyclopentylamine, cyclohexylamine,
cycloheptylamine and cyclooctylamine, are investigated as powder samples and in solution applying different
spectroscopic methods (absorption, excitation, emission, emission lifetime). It is concluded that the involved low
energy states are mainly of metal d character. All these complexes exhibit a similar spectroscopic behavior despite
the strongly different properties of the PtCl,(RNH,), compounds in tests against a cancer cell line. Moreover,
crystallographic unit cells of the compounds are determined from powder diffraction measurements.

Introduction

More than 20 years ago, Rosenberg et al. observed
that  cis-diamminedichloroplatinum(Il)  (cisplatin)
caused inhibition of cell division and induced anomalous
growth of Escherichia coli cells [1, 2]. Subsequently, the
potential value of this and other platinum compounds
was documented in a large number of investigations
in the field of cancer chemotherapy (e.g. see reviews
in refs. 3 and 4). In particular, dichloroplatinum(II)
complexes with two amines as ligands were used as
potential antitumor drugs [5].

We tested a series of cis-dichlorobis(cycloalkyl-
amine)platinum(Il) complexes against the human
MDA-MB-231 breast cancer cell line as a tumor model.
The following cycloalkylamines were used: cyclopro-
pylamine, cyclobutylamine, cyclopentylamine, cyclohexyl-
amine, cycloheptylamine, cyclooctylamine (Table 1).
The antitumor effect of these compounds depends on
the size of the cycloalkyl ring. This is most obvious
regarding the increase of the activity in the series of
cyclohexylamine (compound 6), cycloheptylamine (7)
and cyclooctylamine (8) derivatives [6]. These differ-
ences could result from dissimilarities in the hydrolysis
kinetics, since dichloroplatinum(II) complexes get their
antitumor activities after hydrolysis into reactive species,
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e.g. cisplatin hydrolyses to [Pt(NH,),(H,O)Cl]* and
[Pt(NH,),(H,0),)** [7]- The rate of this reaction de-
pends on the strength of the bond between platinum
and the leaving Cl~ ligand. This strength should be
displayed in the electronic structure of the complex.
Therefore, it is the subject of this investigation to study
the influence of the coordinating ligands on the elec-
tronic structure by absorption, excitation, emission spec-
tra and emission lifetime measurements.

Moreover, since the crystallographic unit cells of
compounds 5,7 and 8 are not known and since compound
6 is discussed controversially [8-10], we have redeter-
mined the unit cells of the compounds 3, 4 and 6 and
determined for the first time the ones of compounds
5, 7 and 8 in all cases from powder diffraction mea-
surements.

Experimental

Preparation and analytical data (elemental analysis
and '"H NMR spectra) of the complexes are reported
elsewhere [6].

Excitation spectra were recorded using a mono-
chromatic light source which consists mainly of an XBO
75 W/2 short arc xenon lamp as radiation source and
a monochromator (dispersion 4 nm/mm). Absorption
spectra of the complexes dissolved in acetonitrile
(Merck, uvasol) (c=5%x10"* mol 17') and dimethyl-
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TABLE 1. List of the studied compounds PtCl,(RNH,),

Compound RNH, Complex

3 C;HsNH, cis-dichlorobis(cyclopropylamine)platinum(IT)

4 CH;NH, cis-dichlorobis(cyclobutylamine)platinum(II)

5 CsHoNH, cis-dichlorobis(cyclopentylamine)platinum(II)

6 CsH;INH, cis-dichlorobis(cyclohexylamine)platinum(1I)

7 C,H;NH, cis-dichlorobis(cycloheptylamine)platinum(II)

8 CgH;sNH, cis-dichlorobis(cyclooctylamine)platinum(II)

9 C;H;;NH, trans-dichlorobis(cycloheptylamine)platinum(IT)

formamide (DMF; Merck, uvasol) (c=1072 mol 1)
were recorded using a Uvikon 960 (Kontron) and a
Shimadzu 210UV spectrophotometer, respectively.
Emission spectra were recorded using an Ar™ laser
(Coherent Innova 90) as excitation source, a liquid
helium bath cryostat (Oxford Company, GB), and a
spectrometer described in ref. 11. The emission spectra
were corrected for the spectral response of the mono-
chromator and the photomultiplier (EMI 9659 QB S-
20 extended, cooled to —30 °C by a Joule-Thomson
cooling system, Seefelder MeBtechnik, D-8031 Seefeld).
Lifetime measurements were performed with the time
resolved photocounting method (multiscaler from
CMTE Fast Daten Systeme, D-8024 Oberhaching).
Further details of the experimental technique are de-
scribed elsewhere [11].

The powder diffraction patterns were recorded with
a focusing monochromatic (Ge-monochromator, Cu Ke,
radiation, A=1.54056 A) transmission diffractometer
STOE STADIP. The detector was a linear position
sensitive detector covering a 26 range of =4°. Flat
specimens were measured in the 26/w scan mode with
a final resolution of 26=0.02°. Data handling was
performed with the STOE software package including
peak picking, search of the unit cell and subsequent
refining of the unit cell constants [12].

Results

X-ray measurements

We have indexed powder diffraction patterns for
compounds 3-8 (defined in Table 1). All diagrams
except the one for compound 3 show one dominating
peak and weak intensities combined with obviously
strong overlap of the remaining reflections. Therefore,
indexes of the reflections and evaluated unit cell pa-
rameters have to be inspected carefully. We could
reproduce the known cell constants of compounds 3
and 4 [13, 14] with fairly good agreement. For the
other compounds the best results were obtained with
monoclinic unit cells, as has been found for compounds
3 and 4. The refined lattice constants are summarized

in Table 2. The volumes of the unit cells (V), the atomic
volumes of the non-hydrogen atoms (4F), and criteria
of fit quality (quotient of numbers of observed reflections
to possible reflections (Nops/Nposs), figures of merit
(F(Nobs)) [15]) are listed in Table 3.

Spectroscopy

Excitation spectra of powder samples of compounds
4-8 were recorded in the range 250-500 nm (A4, =580
nm, 7= 1.8 K). All compounds exhibit two broad bands
lying near 27000 and 32000 cm™', respectively

TABLE 2. Lattice constants of cis-dichlorobis(cycloalkyl-
amine)platinum(II) complexes. The compounds are specified in
Table 1

Compound a (A)* b (A) ¢ (A) B (") Reference
12.883(3) 5.400(1) 15.307(3) 104.69(1) this work
12.770(5) 5.838(2) 15.113(6) 104.46(3) 13
5.975(2) 20.510(9) 11.491(5) 116.18(5) this work
5.975(2) 20.459(8) 11.512(2) 116.18(2) 14
5.775(4) 23.15(1) 10.30(1)  95.75(9) this work
24.49(3)  7.372(6) 10.99(1)  92.40(5) this work
26.12(2)  6.660(6) 8.981(8) 90 8
25.68(2)  6.701(5) 13.51(1)  92.54(5) this work

28.34(2)  6.934(5) 12.04(1) 104.35(4) this work

WA AN A AW W

*Numbers in parentheses are e.s.d.s in the last significant digits.

TABLE 3. List of the unit cell volumes (), atomic volumes
(4V), and fit criteria of cis-dichlorobis(cycloalkylamine)-
platinum(II) complexcs. The compounds are specificd in
Table 1

Compound  V (A%? AV® (A% No/Npws  F(Wops)®
3 1030.1(2) 23.4 27/137 31.8
4 1263.6(8) 243 26/188 10.6
5 1370(1) 22.8 19/85 103
6 1982(5) 29.1 25/148 13.0
7 2322(5) 30.6 22/170 11.7
8 2292(5) 27.3 23/160 14.0

*Numbers in parentheses are e.s.d.s in the last significant
digits. °Atomic volumes of the non-hydrogen atoms.
F(Nobs) = (1/0(28)) X (N gps/Nposs)s Nops: n0. of observed reflections;

Niyoss: n0. of possible reflections.



(Table 4). An excitation spectrum of compound 3 could
not be recorded because of the low emission intensity
with the XBO xenon lamp as excitation source.

The absorption spectra of the title compounds dis-
solved in dimethylformamide were recorded from 500
to 280 nm using concentrations of 10~2 mol 1=' (T'=300
K). Moreover, for measurement of absorption spectra
for A<350 nm the complexes were dissolved in ace-
tonitrile in concentrations of 5X10~* mol 17" (T=300
K). The energy positions, halfwidths and € values of
the observed bands are listed in Table 4. To give an
example, the absorption spectra of compound 7 dissolved
in dimethylformamide and in acetonitrile, respectively,
are shown in Fig. 1.

The emission spectra of compounds 3-8 in frozen
dimethylformamide (DMF, c¢=107> mol 17') were re-
corded in the temperature range 1.8-80 K. A detection
at higher temperatures was not possible because of the
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low emission intensities. The energy positions and half-
widths of the emission spectra at T=1.8 K are listed
in Table 5. All compounds exhibit broad luminescence
bands between =16 500 and =16 800 cm ! with half-
widths of about 2800 cm . As an example, the emission
spectrum of compound 7 dissolved in dimethylforma-
mide (T=1.8 K) is shown in Fig. 1. A temperature
increase up to 80 K leads to a strong decrease of the
emission intensities but no shifts of the energy positions
are observed.

The luminescence spectra of powder samples of all
the compounds could be detected in the temperature
range 1.8-250 K. A detection at still higher temperatures
was not possible, again because of the low intensities.
Complexes 4-8 exhibit emission bands between 16 550
and 16 800 cm ™' with halfwidths of about 2700 cm ™
at T=1.8 K (Table 5). A temperature increase causes
decreasing intensities and again no shifts of the energy

TABLE 4. Bands® in excitation” and absorption® spectra of cis-dichlorobis(cycloalkylamine)platinum(I1) complexes®. The compounds

are specified in Table 1

Compound Excitation Absorption
ﬁmax
(cm_l) ﬁmax € Aﬁl/Z
(em™Y) (I mol~! ecm™) (cm™Y)
3 27000° 35¢ 3500°
27450 40 4500
31150 85 3000
35800 250 3500
47100 7000 4000
-4 27000 27350 40 4000
32100 31700 120 3500
35800 170 3500
47100 7900 4000
5 27300 27500 40 4500
32600 31700 80 3000
36100 170 4000
47200 5600 4000
6 27300 27300 40 4000
32400 31700 80 3000
36100 170 4000
47300 6800 4500
7 27000 27600 35 4500
32600 31600 80 4000
36100 120 4000
47200 6900 4000
8 27000 27500 50 4500
31800 31600 100 4000
36200 130 4000
47200 7000 4000

“Energy positions, halfwidths, and € values were determined by Gaussian fits; experimental errors: +100 cm™! for energy positions
and halfwidths and +10% for e values. °Powder samples (A4, =580 nm; T=18 K). “The compounds were dissolved in
dimethylformamide for the range 500-280 nm (c = 1072 mol 1-; T=300 K) and in acetonitrile for the range 350-200 nm (¢ =5x107*
mol 171; T=300 K). “For comparison: cis-Pt{NH3),Cl, (cisplatin) shows absorption (cm™') at 27000 (e=25 1 mol~' cm™"), 32500
(=170 1 mol™! cm™), 35500 (e=110 1 mol~! em™'), 45500 (¢=2000 1 mol~' cm~') and 49500 (¢=7500 ! mol~' cm™?') [16].
°Single crystal absorption spectrum (thickness of the crystal =15 um).
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Fig. 1. Emission and absorption spectra of dissolved cis-di-
chlorobis(cycloheptylamine)platinum(II) (compound 7) as rep-
resentative example. The dissolved compounds 3-6 and 8 exhibit
largely the same spectra. A: emission spectrum dissolved in
dimethylformamide (¢=10"> mol I™'; T=1.8 K). B: absorption
spectrum dissolved in dimethylformamide (c=10"2 mol 1%
T=300 K). C: absorption spectrum dissolved in acetonitrile
(¢=5x107* mol 17; T=300 K).

positions as found for the dissolved complexes. The
emission spectrum of a powder of compound 3 differs
from those of the other compounds 4-8 and also from
that of compound 3 dissolved in DMF. The maximum
of the powder emission occurs at =15 300 cm™" with
a halfwidth of about 4600 cm™' compared to 16 700
cm ™! and a halfwidth of =2700 cm ™" for the dissolved
compound. The emission intensity of the powder sample
of compound 3 decreases also with increasing tem-
perature and no shift of the energy position is observed.

The emission lifetimes of powder samples were de-
termined for all compounds in the temperature range
1.8-120 K. For compounds 4-8 emission lifetimes are
monoexponential and lie between (2245) and (33+5)

us at T=1.8 K (Table 5). With increasing temperature
the emission lifetimes of all the compounds become
shorter (=15 us (60 K), =10 us (120 K)). Compound
3 exhibits two significantly different lifetimes of (15+5)
and (62+5) us at T=1.8 K. But at higher temperature
one observes only one component (=8 us at 60 K,
~3 us at 120 K).

We also recorded the luminescence of a powder
sample of trans-dichlorobis(cycloheptylamine)-
platinum(II} (compound 9). The spectrum shows a fine
structure (7'=1.8 K), exhibiting a constant energy dif-
ference between local maxima of (3104 10) ecm ™' (pro-
gression) (Fig. 2). With increasing temperature the
luminescence intensity decreases and the progression
is smeared out. The emission lifetime of compound 9
is (50+5) ps at 1.8 K (Table 5).

We used the 364, 457, 488 and 514 nm lines, re-
spectively, of an Ar* laser for excitation of the powder
samples. The variation of the laser wavelength has no
effect on the energies and halfwidths of the emission
peaks.

Discussion

X-ray measurements

Despite the fact that indexing of the powder patterns
was difficult, the given unit cell dimensions are sat-
isfactory (the values of figure of merit are larger than
ten, which indicates a sufficient quality of the fit [15]).
The atomic volumes of the non-hydrogen atoms are
somewhat larger for compounds 6, 7 and 8 compared
with 3,4 and 5. This behaviour could be due to steric
hindrance between the cycloalkylamine ligands in cis-
position. The unit cell dimensions determined for cis-
dichlorobis(cyclohexylamine)platinum(II) (compound
6) differ significantly from those reported by Iball and

TABLE 5. Emission bands® and emission lifetimes® of dichlorobis(cycloalkylamine)platinum(II) compounds (7=1.8 K) from powder
samples and dissolved in DMF. The compounds are specified in Table 1

Compound Powder samples DMF (c=10"2 mol/l)
Vinax Halfwidth Lifetime Vinax Halfwidth
(em™") Avyy (us) (cm™) Abyp
(em™") (em™)
3 15300 4600 15, 62 16700° 2700
4 16750 2500 33 16800 2600
5 16800 2800 25 16750 2800
6 16550 2800 23 16550 2900
7 16550 2600 22 16500 2800
8 16800 2600 24 16700 2900
9 15900 2500 50

*Experimental errors: +100 cm™' for energy positions and halfwidths and +5 us for lifetimes.
(cisplatin) dissolved in DMF (T'=78 K) shows luminescence at ¥, = 16950 cm ™! [16].

*For comparison: cis-Pt(NH,),Cl,
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Fig. 2. Emission spectrum of a powder sample of rrans-dichlo-
robis(cycloheptylamine)platinum(II) (compound 9) (7=1.8 K).

The spectrum exhibits a progression of (310+10) cm™!.

Scrimgeour [8] (see Table 2). Independently, Zanotti
et al. determined the structure of trans-dichlo-
robis(cyclohexylamine)platinum(II} [9]. The space
group and unit cell dimensions of this frans-compound
are exactly the same as those reported by Iball and
Scrimgeour for the cis-compound. Further, Lock e al.
[10] reported that the atom positions of the cis-form
of dichlorobis(cyclohexylamine)platinum(II) (com-
pound 6) can be converted into those of the trans-form
by transferring (x,y,z) into (x, —y, 1 +z) and renumbering
the C atoms. Thus, they concluded that the structure
reported by Iball and Scrimgeour [8] is probably an
incorrect solution of the structure of the frans-com-
pound. On the other hand, we found that compounds
7 and 8 are transformed into their corresponding trans-
isomers during the process of recrystallization [6]. Lock
and Zvagulis [14] reported the same behaviour for
compound 4. Consequently, the structure determination
by Iball and Scrimgeour [8] is regarded to be incorrect.
Presumably, the ‘cis-compound 6’ used by these authors
had transformed during the process of recrystallization
into the frans-isomer. Thus, it is more reasonable to
assign cis-dichlorobis(cyclohexylamine)platinum(II) to
a monoclinic structure.

Spectroscopy

The electronic spectra of a number of platinum(IT)
compounds with halides and primary amines as ligands
are reported in the literature [16-20]. Absorption bands
with »>40000 cm~! and €>2000 1l mol™! cm~! are
assigned to 5d — 6p transitions [16, 17, 21] and alter-
natively to L(sr) - 5d transitions [19, 20]. Corresponding
transitions are also found for cis-dichlorobis-
(cycloalkylamine)platinum(II) complexes; they lie near
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47200 cm~! with e values between 5600 and 7900 1
mol~! cm~! (Table 4).

Absorption bands with <40 000 cm ™~ of the com-
plexes [Pt(NH;),Cl,_,]" »* with n=0 to 4 [16-18],
[Pt(ethylenediamine)X,] with X=Cl, Br [19, 20], and
[Pt(piperidine)Cl,] [18] are assigned to d—d transitions.
Several authors try to give detailed group-theoretical
classifications and distinguish in part between absorp-
tions with €<50 1 mol~! ¢m™~! and absorptions with
€ values larger than 60 1 mol~' cm™!, by assigning the
first ones to spin-forbidden d-d transitions, and the
latter ones to spin-allowed d-d transitions. However,
for heavy metal atoms spin-orbit coupling causes a
strong mixture of singlet and triplet states. Therefore
a clear distinction between singlets and triplets appears
to be problematic, especially given the small differences
of the observed e values. The absorption spectrum of
each cis-dichlorobis(cycloalkylamine)platinum(II) com-
pound exhibits bands in this energy range at about
27500, 31 500 and 36 000 cm ™! (Table 4 and Fig. 1).
The € values lie between 30 and 250 1 mol™! cm .
Such values are typical for d-d transitions [16-20].
Therefore, we assign the absorptions with » <40 000
cm~! of compounds 3-8 to d—d transitions.

We also investigated the luminescence of compounds
3-8 in frozen DMF. The energy positions of the emission
peaks are very similar to each other and to the one
reported for cis-Pt(NH,),CL, [16] (Table 5). Thus, re-
placement of thc amine ligands by cycloalkylamines
has no significant effect on the LUMO-HOMO tran-
sitions of these platinum(II) complexes.

The luminescence of powder samples of compounds
4-8 lies close to that observed in DMF (Table 5). In
contrast, the emission of compound 3 (powder) is
appreciably broadened from a halfwidth of 2700 cm ™!
to about 4600 cm~! and the peak maximum appears
to be red-shifted from =16700 to =15300 cm™.
However, compound 3 shows a similar behaviour in
absorption and emission in frozen DMF as compounds
4-8. Thus, the different properties of the powder samples
of compound 3 indicate the existence of solid state
effects and/or the influence of impurities.

The emission lifetimes of compounds 3-8 are longer
than 10 us as is typical of spin-forbidden transitions.
The symmetry of the ligand field around Pt(II) in cis-
dichlorobis(cycloalkylamine)platinum(II) complexes is
approximately C,, [10, 13, 14]. According to refs. 16-20
the HOMO and the LUMO result mainly from d....
(a,) and d,, (b,) orbitals, respectively (x axis contains
the Pt atom and is perpendicular to the molecular
plane, z axis bisects the angle N-Pt-N). From this it
is deduced that the emitting many-electron state of
compounds 3-8 is a sublevel of *B,, but we do not
exclude admixtures of states from other configurations
(e.g. ref. 22).
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For all cis-dichlorobis(cycloalkylamine)platinum(1l)
complexes the peak position of the emission occurs by
=11 000 cm~* to the red compared to the absorption
(excitation) peak with lowest energy (Fig. 1). This value
seems to be too large for a Stokes shift. For example,
tetrachloro-, tetrabromo- and tetrathiocyanato com-
plexes of platinum(II) exhibit a Stokes shift of = 5000
cm~ ' [23]. This indicates, that a further state (the
emitting one) — leading to a strongly forbidden tran-
sition — should be present.

Moreover, using the relation between the radiative
lifetime 7., and the observed absorption at lowest
encrgy (approximation for symmctrical bands) [24]

3.5%108
Trad(s) = T 5 A=

Vi€V
where 7, is the mean energy (cm ™) of the absorption
band, €, is the maximum extinction coefficient (1 mol~'
cm™ ') and Ap,, is the halfwidth (cm™') of the band,
we can give an estimate for the radiative lifetime, which
represents the upper limit for the emission lifetime.
Using the values of compounds 3-8 (e.g. compound 4:
Pm=27350 cm™’, €,=40 1 mol™! cm™?, Ap,,=4000
cm ™ '; see Table 4) one obtains 7,,,=3 us. We roughly
checked that the quantum yield & is smaller than 0.1.
Thus, the corresponding lifetime has to be smaller than
0.3 ws. The experimental values, however, are nearly
two ordcrs of magnitude larger. Consequently, we con-
clude that the detected absorption at =27 500 cm™*
does not correspond to the emitting transition.
Nevertheless, a Stokes shift of =5000 cm™' [23]
indicates a strong distortion of the excited state. For
several other compounds it is possible to describe this
distortion more quantitatively by a Franck-Condon
analysis [25, 26]. However, the emission bands of 3-8
exhibit no fine structure. On the other hand, the related
trans-dichlorobis(cycloheptylamine)platinum(II) (9) ex-
hibits a clearly observable progression of =15 modes
in the emission band (Fig. 2). The progression occurs
with a value of =310 cm ™' which is at the lower end
of the region typical of Pt—Cl stretching vibrations [13,
27-29]. From the spectrum we can estimate the value
of the Huang Rhys factor [30] to be about 10, which
indicates a very strong distortion of the molecular
geometry of the excited state relative to the ground
state. Cis- and trans-isomers of platinum(II) compounds
exhibit similar values for Stokes shifts and halfwidths
[16-18]. Therefore, we assume that the cis-isomers are
similar to compound 9 in this respect.

Conclusions

The optical properties of the discussed cis-
PtCLL,(RNH,), are very similar to each other. The

properties of the highest occupied and lowest unoc-
cupied orbitals, which are mainly of platinum d char-
acter, are only slightly influenced by a variation of the
amine ligands. The strongly different behavior of com-
pounds 3-8 in tests against the human MDA-MB-231
breast cancer cell line [6] are not reflected in these
spectroscopic properties.
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