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The synthesis, spectroscopy, structures and chemical reac-
tivity of platinum(Il) diolefin complexes cis-[(I'N)PtCl,], cis-
[(IMPLCLR)] and cis-[(I™MPL(R),] [Nl = chelate diolefin li-
gand: 1,5-cyclooctadiene (COD), 1,5-dimethylocta-1,5-diene
(Me,COD), norbornadiene (NBD), 1,5-hexadiene (HEX), 3-
allyloxypropene (All,O, diallyl ether), diallylamine (All,NH);
R = Me, Bn, CgFs5, CsF4H-4 (or -5), or C=C(4-Me)Ph]| have
been explored. The relative exchange rates of the cis-[(II"ll)-
PtCl,] complexes towards the diimine ligand diisopropyl-1,4-
diazabutadiene (iPr-DAB) increased along the series COD <
Me,COD < NBD < HEX < All,O by a factor of 4. The pre-
sumably dimeric complex [(All,NH)PtCl,], undergoes a
unique rearrangement process in dimethyl sulfoxide (DMSO)

solution to yield the dimeric piperazine complex [PtCl(dmso)-
(CsH1oN)]2, which has been characterised by single-crystal
XRD. For selected platinum complexes, cytotoxic effects in
HT-29 colon carcinoma and MCF-7 breast cancer cell lines
were evaluated. For comparison, the dicationic complexes
[(COD)Pt(Bn)(L)][PF¢], with the very labile coligands N-
methyl-4,4’-bipyridinium (MQ") and N-methyl-1,4-pyrazin-
ium (Mpz*) were added to the study. Although the hexadiene
complexes [(HEX)Pt(CgF,H-4),] and [(HEX)Pt(CgF,H-5),]
show strong cytotoxicity, the introduction of labile diolefin
ligands or the labile cationic MQ* or Mpz* coligands does
not generally lead to markedly increased cytotoxicity.

Introduction

The binding of olefins to transition metal ions reveals a
marked maximum of stability for platinum(II) and palla-
dium(II). This observation can be explained from the best
match of promotion energy (should be low) and electron
affinity (should be high).['?] Given the inert nature of Pt!!,
it is unsurprising that Zeise prepared K[PtCl3(C,H,)]
(Zeise’s salt) in 1827, which is considered to be the
first organometallic complex.>?>! The Pd" derivative
[PACI5(C,Hy,)] plays a crucial role in one of the most im-
portant industrial chemical processes, that is, the oxidation
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of ethane in the so-called Wacker—Hoechst process (also
Wacker oxidation).[!

To enhance the stability of olefin platinum complexes,
the chelate effect is crucial, and 1,5-cyclooctadiene (COD)
is best for this purpose. The relatively high stability of COD
complexes opens several routes for the derivatisation of the
frequently used starting complex [(COD)PtCl,] (Scheme 1).
Firstly, the quite stable CODPt scaffold allows the replace-
ment of one or two Cl coligands by carbanionic coligands,
such as alkyl,7131 aryl,[19141 alkynyl,[13-18] alkenyll!&:1°1 or
cyclopentadienide,?” to form various derivatives
(Scheme 1, Reaction 1) or by other anionic coligands such
as amides,?!! thiolates,?>?¥ SCN- or pseudohalides
(Scheme 1, Reaction 2).[7:10-22.241 The limit of this reaction
is set by strong nucleophiles (Nu), which attack the olefin
double bond to yield a Pt-C-C-Nu unit with a Pt-C o
bond.[”-?3-261 Neutral coligands can be introduced by ab-
straction of a CI™ ion with Ag* or TI* salts to yield cationic
complexes (Scheme 1, Reaction 3).['314261 The choice of an
appropriate ligand even allows the introduction of a
monoanionic chelate ligand for the two CI- coligands,?”)
whereas reactions with neutral chelate ligands lead to the
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Scheme 1. Derivatisation reactions of [(COD)PtX,] precursor complexes.

replacement of COD (bidentate) or COD and CI (poly-
dentate ligands).l!!-13:21.24.28] Today, a wealth of four-co-
ordinate square-planar CODPt complexes are known. Most
of them serve as precursor complexes in coordination chem-
istryl''=2% or as precursors in chemical vapour deposition
(CVD) and related processes.*%3!1 Both of these applica-
tions take advantage of the substitution or cleavage of the
COD ligand, processes which require thermal activation.
For other diolefin ligands (]|V]]) such as norbornadiene
(NBD), 1,5-hexadiene (HEX), diallyl ether (All,O) and di-
allylamine (All,NH; Scheme 2), essentially the same
derivatisation reactions (as those shown in Scheme 1) of
the corresponding [(||N|)PtCl,] complexes have been re-
ported.[1>28:32-351 However, their stability towards the ex-
change of the diolefin ligand with other neutral ligands is
markedly lower than that with COD,[212:2829.32,33.35-38] 4
their markedly higher tendency for nucleophilic attack of
anionic ligands on the coordinated olefin groups also ren-
ders the Pt'" complexes of other diolefin ligands less

stable.[7-39-40]
2 2 3 2 4 PN 2
L (T T
5 5 1 1
| | CH?HJI 6 | | |
6 6 6 7 7
AllL,O

COD Me,COD NBD HEX AlLNH

Scheme 2. Diolefin ligands used in this study. COD = 1,5-cyclo-
octadiene, Me,COD = 1,5-dimethylcycloocta-1,5-diene, NBD =
norbornadiene (bicycloheptadiene), HEX = 1,5-hexadiene, All,O
= 3-allyloxypropene (diallyl ether) and All,NH = diallylamine.

In the course of our investigations on the organometallic
derivatives [(COD)Pt(R),], [(COD)Pt(R)(R")], [(COD)-
Pt(R'),] and [(COD)PtCI(R)] (R = alkyl; R’ = alk-
ynyl),l13:14 we recently found that such organometallic de-
rivatives exhibit marked cytotoxicity towards selected can-
cer cell lines, whereas [(COD)PtCl,] is virtually nontoxic.
Within the organometallic derivatives, the alkynyl com-
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plexes [(COD)Pt(R)(R")] and [(COD)Pt(R’),] (R’ =
C=C-aryl) were the most toxic.['3] Furthermore, we very
recently found that the mixed alkyl alkynyl complexes
[(COD)Pt(R)(R")] undergo self-transmetallation {[(COD)-
Pt(R)(R")]—[(COD)Pt(R),] + [(COD)Pt(R"),]}, and the di-
alkynyl complexes readily decompose to COD, elemental Pt
and the R'-R’ coupling product. However, the tendency to
hydrolyse the Pt-R or Pt-R’ bonds is rather low.l'32 On the
basis of these results, we might assume that the alkylation
reaction or the formation of Pt (nano)particles is responsi-
ble for the observed toxicity. Another option might be the
replacement of the COD ligand and the binding of the Pt
centre to DNA, as has been well established for cisplatin
and other platinum-based anticancer drugs.*!4?! For exam-
ple, the replacement of ethene from the complexes
[PtCI(C,Hy)(chxn)]Cl (chxn = R,R- or S,S-1,2-diaminocy-
clohexane) and subsequent hydrolysis leads to the same Pt
species as that observed for oxaliplatin.*3! However, the
overall cytotoxicity of these ethene complexes is generally
markedly lower than those of cisplatin and oxaliplatin, and
they have low 1Csq values of ca. 100 um; thus, they are far
less toxic than many of the CODPt complexes mentioned

above.
As COD is not easily replaceable (usually requires

thermal activation), we used less strongly bound diolefin
ligands to prepare selected complexes of the type cis-[(||])
PtCL], cis-[(INDPtCIR)] or cis-[(INDPLR)] [(IN) = diol-
efin ligands in Scheme 2, R = Me or C=C(4-Me)Ph] and
assessed the consequences of this variation on the struc-
tures, reactivity and cytotoxicity of the complexes. The
results of this study are reported herein. A similar approach
with the COD, NBD and HEX complexes [(]|V|)Pt-
(CsF,H,),] (x + y = 5)B322] was recently reported, and the
results of that study will be compared with ours. Only very
recently, Brdse et al. reported a similar approach with
monosubstituted COD (R-COD).[*1 The toxicities of the
corresponding complexes [(R—-COD)Pt(Me)(L)] (with L =
Cl, I, nCs3F,, iC5F,, nCgF;, Me, aryl, alkynyl and R = H,
Me, Et, iPr, nBu, iBu, nHex, Ph) towards HeLa cells are in
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part higher than that of cisplatin, but the observed varia-
tions in toxicity were due to differences in solubility or lipo-
philicity rather than to structural differences. In view of our
approach, this is not unexpected, as R—-COD ligands proba-
bly do not enhance the lability of the corresponding com-
plexes compared with those of COD derivatives.

Finally, we also added the complexes [(HEX)Pt(C¢F4H-
4),], (HEX)Pt(CsF4H-5),], [(COD)Pt(Ph),] and [(COD)-
Pt(Bn)(L)][PFg], with the very labile coligands N-methyl-
4,4'-bipyridinium (MQ*) and N-methyl-1,4-pyrazinium
(Mpz™") to this study. The anticancer activity of the present
complexes is of particular interest, as they markedly deviate
from the structure—activity rules for established platinum
anticancer compounds.[*142]

Results and Discussion

Synthesis and Analytical Characterisation

The dichlorido complexes [(J|N[)PtCL] ||| = COD, Me,-
COD, NBD, HEX and All,O (Scheme 2)] were prepared by
established literature methods (see Exp. Sect.). The mono-
meric complex [(All,NH)PtCl,] could not be obtained;
instead, the previously reported dimer [(All,NH)-
PtCl,], was identified as the yellow product of the corre-
sponding reaction.*’! Interestingly, the recrystallisation of
the material from dimethyl sulfoxide (DMSO) gave colour-
less crystals of the dimeric piperazine complex
[PtCl(dmso)(CgHoN)]», which has probably been formed in
a unique rearrangement process (outlined in the next sec-
tion).

In the next step, the olefin complexes [(||N[)PtCl,] were
examined in alkylation reactions with the corresponding
Grignard reagents RMgX or stannanes RSnMe; (R = Me,
Bn, or C¢Fs; Scheme 1). The reactions of the COD, Me,-
COD and NBD complexes yielded the desired dialkyl com-
plexes [(IM)Pt(R),], which could be transformed to the
chlorido alkyl derivatives [(||\|)Pt(R)CI] by reaction with in
situ generated “HCI” from acetyl chloride and methanol.
For the dichlorido complexes carrying HEX, AllLNH or
All,O ligands, the corresponding transmetallation reactions
largely failed. Reactions with MeMgBr as the transmetallat-
ing agent led to the formation of the well-known tetrameric
PtV compound [(PtMes)su3-Bry]*® and only small
amounts of [(||N)Pt(Me)Br] (details in the Exp. Sect.). The
corresponding reactions with MeLi, BnMgBr and
BnSnMe; led to black, decomposed material. Presumably,
during the attempted alkylation of the platinum atom
(transmetallation), nucleophilic attack at the olefin sites oc-
curs, and the resulting species decompose during workup.
Test reactions were performed in NMR tubes at low tem-
peratures, and the appearance of Pt satellites ('°Pt, I =
1/2; natural abundance 33.8%) for the corresponding alkyl
moieties revealed only very small amounts of transmetalla-
tion products in these cases. Furthermore, the complex
[(HEX)Pt(Me)Br], which could be prepared in sizeable
amounts, is fragile in solution and forms [(PtMes)4113-Bry].
In contrast, the reaction of [(HEX)PtCl,] with Li(C¢F4H-5)
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(from 1-bromo-2,3,4,6-tetrafluorobenzene and nBuLi) gave
[HEX)Pt(CcF4H-5),] in good yield. The derivative [(HEX)-
Pt(CcF4H-4),] has been prepared previously.?>l Clearly,
arylation reactions with fluoroaryl groups are less endan-
gered by side-reactions, and the products are far more
stable. The chlorido complexes [(||N)PtCl,] and
[(INDPLHR)C] (N = COD, Me,COD, NBD) were treated
with HC=C(4-Me)Ph in the presence of base to afford
the alkynyl complexes [(||N)Pt(C=C(4-Me)Ph),] and
[(INDPt(R)(C=C(4-Me)Ph)] (R = Me or Bn). These reac-
tions were only successful for COD and Me,COD:; for the
NBD derivatives, no isolable products could be identified
in the blackish precipitate obtained.

Crystal and Molecular Structures

Single crystals of the compounds [(Me,COD)PtCl,],
[(Me,COD)Pt(C4Fs),], [(HEX)PtCl,] and [PtCl(dmso)-
(Cs¢HoN)]» were obtained, and X-ray diffraction data sets
were collected. The complexes [(Me,COD)Pt(C¢Fs)],
[(HEX)PtCl,] and [PtCl(dmso)(C¢H ()], crystallise in the
monoclinic space groups C2/c, P2,/n and P2,/c, respec-
tively. The structure of [(Me,COD)PtCl,] was solved in the
orthorhombic space group Cemm. Owing to the high sym-
metry, all olefinic C atoms are identical, and each contains
a CHj; group. This disorder could not be modelled satisfac-
torily, although the measurements were performed at
100(2) K for this complex. Attempts to lower the symmetry
to enable a structure solution failed (for details, see Exp.
Sect.). The important structural parameters are listed in
Table 1 (full structural information in the Supporting Infor-
mation), and Figures 1-3 show representative examples of
the crystal and molecular structures.

In the crystal structures of [(Me,COD)Pt(C¢Fs)-], [(Me,-
COD)PtCl,] and [(HEX)PtCl,], multiple intermolecular in-
teractions contribute to the crystal packing. In all three
complexes, weak hydrogen bridges were observed, and n—=n
stacking is found in [(Me,COD)Pt(C¢F5),] (data in Sup-
porting Information). The corresponding molecules show
almost ideal square-planar geometries when a central bind-
ing position (centroid) between the two olefin C atoms is
assumed for the olefin ligands.

In the crystal structure of [(dmso)PtCI(C¢H (N)], (Fig-
ure 3), there are weak intermolecular hydrogen bridging C-
H--O interactions ranging from 2.650(5) to 2.823(8) A as
well as short C—H-+Cl contacts of more than 2.8 A (see
Supporting Information). The molecular structure reveals
two perfectly square-planar-coordinated Pt'' atoms in an
eight-membered (Pt-N-C-C), metallacycle. Clearly, the
starting dinuclear complex [(AIINH)PtCl,], has undergone
a transformation that probably starts with the replacement
of one of the Cl coligands on each Pt atom by a DMSO
molecule and subsequent deprotonation of the NH function
(of the cationic complex species). This is followed by a nu-
cleophilic attack of the N atom at the f-allyl C atom and a
metallation of the C-a atom (Scheme 3). Combined with an
exchange of the N coordination sites, the latter reaction
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Table 1. Crystal structure measurement and refinement parameters for [(Me,COD)PtCl,], [(Me,COD)Pt(C4Fs),], [[HEX)PtCl,] and

[(dmso)PtCI(CgH oN)],.[41

[(Me,COD)PtCL]! [(Me,COD)PY{(CFs),]  [(HEX)PtCly] [(dmso)PtCI(CH oN)]»
Formula C,oH;6CoPt Cy,H 4F Pt CeH;oCLPt C,6H3,CI,N,O,Pt,S,
Weight [g/mol] 402.22 665.44 348.13 809.64
Crystal system orthorhombic monoclinic monoclinic monoclinic
Space group Cemm Qe P2,/n P2/c
a[A] 7.753(1) 14.238(2) 9.184(1), 8.170(1), 11.661(2) 10.9783(5)
b [A] 13.100(2) 8.512(1) 90 10.1147(4)
c[A] 11.015(3) 18.587(3) 105.95(1) 11.7519(7)
al] 90 90 90 90
B 90 112.26(1) 118.942(4)
v [° 90 90 90
VIAY)Z 1118.7(3)/4 2084.7(6)/4 841.3(2)/4 1141.9(1)/2
Pealed. [glem?] 2.388 2.120 2.748 2.355
4 [mm] 12.972 6.826 17.226 12.667
Limiting indices 9< h<9, -18< h< 17, —12< h< 12, —15< h< 15,
-16< k< 16, -10< k< 10, -10< k< 11, —13< k< 13,
-14< i< 14 “23< <23 -l6< < 16 -14< /<16
Reflections collected/unique 6225/683 15912/2336 12855/2331 14660/3091
Ry 0.0850 0.01168 0.0539 0.0717
Data/restraints/parameters 683/0/39 2336/0/151 2331/0/83 3067/0/125
Goof on F? 1.258 0.915 1.052 1.062
Final Ry, wR, [[>20(])] 0.0321, 0.0952 0.0410, 0.0737 0.0247, 0.0523 0.0325, 0.0727
R, wR, (all data) 0.0335, 0.0959 0.0906, 0.0873 0.0361, 0.0576 0.0466, 0.0789
AP minjmax [107¢ e/pm?] -1.745/1.189 -2.465/1.006 -0.941/1.413 -1.869/1.819
Distances [A]
Pt-Cl 2.327(3), 2.327(3) 2.299(2), 2.300(2) 2.414(2)
Pt-C 2.171(1), 2.171(1), 2.021(9), 2.021(9) 2.151(6), 2.153(7), 2.277(6), 2.054(5)
2.171(1), 2.171(1) 2.178(5)
Pt-X [ 2.067(4), 2.067(4) 2.176(5), 2.176(5) 2.051(3), 2.049(3) -
Pt-S - - - 2.186(2)
Pt-N - - - 2.127(5)
Angles [°]
C-Pt-X [ 72.2(8) 93.7(3), 93.7(3) 72.3(6), 70.3(5), 70.2(5), 72.3(6) —
C-Pt-C 72.2(6) 87.7(3) 72.3(5), 72.3(4) -
X-Pt-X [ 87.2(1) 85.8(2) 91.6(7) -
X-Pt-Cl [ 93.0(1), 93.0(1) 88.8(4), 90.2(4) -
Cl-Pt-Cl 86.8(1) 89.4(6) -
C-Pt-N - - - 83.5(2)
C-Pt-S - - - 91.6(2)
N-Pt-ClI - - - 92.8(1)
S-Pt-Cl - - - 91.94(6)
Sum of Pt angles 360.0(1) 360.9(3) 360.0(5) 359.9(2)

[a] Radiation wavelength A = 0.71073 A; T = 293(2) K; refinement method: full-matrix least-squares on F2. [b] Measured at 7' = 100(2) K.
[c] X = centroids of the C=C bond.

Figure 1. Left: crystal structure of [(Me,COD)Pt(C¢Fs),] showing m-m interactions. Right: molecular structure of [(Me,COD)Pt-
(CgF's),] with atoms at 50% probability level; hydrogen atoms are omitted for clarity.
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Figure 2. Molecular structure of [(HEX)PtCl,] with atoms at 50%
probability level; hydrogen atoms are omitted for clarity.

leads to two five-membered Pt-N-C-C-CH, rings, which
are both part of a central piperazine core in an unprece-
dented bridging (1,4-diallylpiperazine-2,5-diyl)dimethanide
ligand. The second allyl N function remains intact but does
not coordinate to the Pt centre. Without a N ligand re-

arrangement, the nucleophilic attack and C metallation
would lead to a species with four-membered metallacycles
(intermediate in Scheme 3). However, we do not have any
evidence for such a species. A closer look at Scheme 3 also
reveals that the assumption of Denning and Venanzi**! that
[(AIINH)PtCl,], exhibits a trans stereochemistry around the
Pt atoms (Scheme 3, bottom left) is probably not correct.
From our proposed mechanism, the nucleophilic N atom
and the coordinated olefin need to be in a cis position.

There are only two comparable structures in the Cam-
bridge Crystallographic Database (accessed Jan 20, 2014),
namely, the quite similar dinuclear platinapyrrolidine com-
plex [(PEt;)CIPt(Me,NCH,CH-),]*#"! and the bis-platinated
ferrocene [Fe(CsH;CH,NMe,PtCl(dmso)),].48)  In the
latter, the dmso ligand binds through the S atom, and the
bond parameters around the Pt atom are quite similar in
all three complexes.

Figure 3. Left: crystal structure of [(dmso)PtCl(C¢HoN,)], viewed along the b axis. Right: molecular structure with atoms at 50%

probability level; hydrogen atoms are omitted for clarity.

cl cl
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Scheme 3. Proposed reaction scheme for the formation of [(dmso)PtCI(C¢H(N)], from [(AllLNH)PtCl,], (both forms proposed by

Denning and Venanzi*?! are shown) in DMSO solution.
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NMR Spectroscopy and Bond (Ligand) Strength

All new complexes were thoroughly characterised by mul-
tinuclear NMR spectroscopy, and the results are compiled
in Table 2. From previous studies,['*!¥ the 2Jp y3=cp) cou-
pling constants reflect very well the general Pt-ligand bond
strength of a ligand trans to the corresponding olefin pro-
ton. Also, other "Jp x coupling constants have been very
successfully correlated with the strength of trans Pt-ligand
bonds.[*>4%-501 As shown in Table 2, the 2Jp, ¢y, coupling
constants for the dimethyl complexes are almost identical
for COD (83 Hz) and Me,COD (82 Hz) and markedly
higher for NBD (91 Hz); for the [Pt(Me)CI] complexes, the
same trend is found, and the values for Me,COD (74 Hz)
and COD (73 Hz) are again very similar. This indicates that
Me,COD exerts a very similar ¢rans influence to that of
COD, and both show a markedly stronger influence com-
pared with that of NBD. We conclude from this that the
methyl substituents might render Me,COD a slightly
stronger ¢ donor but at the same time a weaker 7 acceptor
compared with COD, and the two effects cancel each other.
For [(HEX)Pt(Me)Br], the ZJPt,CH3 coupling constant of

72 Hz indicates that the HEX ligand has quite a strong
trans influence.

On the other hand, the ?Jp, py=cp) values for the series
of chlorido complexes drop from ca. 68 Hz for NBD and
COD to 63 Hz for Me,COD and ca. 61 Hz for HEX and
All,O; these values indicate a slightly weaker bonding for
the last three olefin ligands. The same trend can be ob-
served for the dimethyl complexes of NBD (40 Hz), COD
(42 Hz) and Me,COD (36 Hz), whereas no clear trend can
be observed for the [Pt(Me)CI] complexes. Also, although
the dichlorido complex of the HEX ligand shows a mark-
edly smaller coupling constant than those of the COD or
NBD derivatives, the HEX ligand in the methyl bromido
complex [(HEX)Pt(Me)Br] seems to bind as strongly as the
COD and NBD ligands in the corresponding methyl
chlorido complexes. Thus, from the Jp, y(=cp1) values, we
cannot draw a conclusive series for the Pt-|||| bond
strength, probably because of the influence of the coligands
or the slightly different geometries of the Pt—-CH= moieties.
For example, for the two protons at 1-H and at 6-H (for
HEX) or at 1-H and at 7-H (for All,0), 2Jp1=cn) is gen-
erally larger for the protons in the E position to protons 2-

Table 2. Selected chemical shifts [ppm] and coupling constants [Hz] of the diolefin Pt complexes.[

Complex H 0 'H, 2Jpen H 0 'H, 2Jpen 2pech, 6 195ptlel
[(COD)PtCl,] 1,2-H 5.61, 67 5,6-H 5.61, 67 - -3332
[(Me,COD)PtCl,] 1,2-H 5.42, 63 5,6-H 5.42, 63 - -3252
[(NBD)PtCl,] 2,3-H 5.30, 68 5,6-H 5.30, 68 - -3118
[(HEX)PtCl,] 2,5-H 5.71, 61 1,6-H (E) 5.10, 65 - -3423

1.6-H (2) 451,57
[(Al1,O)PtCl,] 2,6-H 5.77, 61 1.7-H (E) 5.05, 65 -

1.7-H (2) 4.53, 50
[(COD)Pt(Me),]™ 1.2-H 477, 42 5.6-H 477, 42 83 3572
[(Me,COD)Pt(Me),] 2-H 4.58, 36 6-H 4.58, 36 82 -3479
[(NBD)Pt(Me),]®! 2,3-H 5.04, 40 5,6-H 5.04, 40 91 -3609
[(NBD)Pt(Bn),J*! 23-H 473, 41 5.6-H 473, 41 - 3635
[(Me;COD)Pt(C4Fs),]®! 2-H 5.30, 42 6-H 5.30, 42 - -3436
[(HEX)Pt(CF,H-5),]! 25-H 5.66, 50 1,6-H (2) 482, 45 -

1.6-H (E) 4.65, 42
[(HEX)Pt(C4F,H-4),] 2,5-H 5.60, ! 1,6-H (2) 4.83, 45 -

1.6-H (E) 431, 41
[(COD)Pt(Me)CI]™! 12-H 5.42, 36 5.6-H 454,75 73 3501
[(Me,COD)Pt(Me)Cl] 2H 533, 41 6-H 427, 68 74 3436
[(NBD)Pt(Me)CI]™! 23-H 5.56, 32 5,6-H 4.89, 77 77 3566
[(HEX)Pt(Me)Br]®! 2H 5.35, 34 5-H 479, 64 7 3764

1-H (E) 5.52, 33 6-H (E) 3.54, 72
1-H (2) 4.59, 46 6-H (Z) 3.73, 71

[(NBD)Pt(Bn)CI]! 2,3-H 5.49, 33 5,6-H 4.23,77 - -3566
[(COD)Pt(Me)(C=C(4-Me)Ph)J  12-H 5.64, 37 5.6-H 491, 50 79 3209
[(COD)Pt(C=C(4-Me)Ph),]ic! 1,2-H 5.64, 45 5,6-H 5.64, 45 - -3209
[(Me;COD)Pt(Me)(C=C(4-Me)Ph)]  2-H 5.35, 31 6-H 4.67, 45 76 3693
[(Me;COD)P{(C=C(4-Me)Ph),] 2H 5.48, 39 6-H 5.48, 39 - 3773
[(COD)Pt(Bn),J*! 2H 4.68, 42 6-H 4.68, 42 - 3646
[(COD)Pt(Bn)CIJ™ 2H 5.48, 38 6-H 445,75 - 3507
[(COD)Pt(Bn)(MQ)][PF]," 2H 5.52, 36 6-H 547,72 - 3670
[(COD)Pt(Me)(MQ)J[PF ! 2H 5.54, 30 6-H 535,78 69 3662
[(COD)Pt(Bn)(Mp2)][PF ], 2H 5.58, 36 6-H 5.8, 85 - 3618

[a] Measured in CDCl; unless indicated otherwise. For unsymmetrical complexes, the stronger coligand is located trans to 1,2(3)-H; E or
Z correspond to the orientation of the H atom relative to 2,5(6)-H. For the numbering of the ligands, see Scheme 2. [b] Measured in
[DgJacetone. [c] Measured in CD-Cl,. [d] No clear satellites detectable owing to overlap with the main signal. [¢] External standard for
195Pt (I = 1/2, natural abundance 33.8%) chemical shift: Na,[PtClg] in D,O.
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H and 5-H (or 2-H and 6-H; for example, see the different
values for the Z- and E-oriented protons of the HEX com-
plexes in Table 2).

As repulsions between the methyl substituents of Me,-
COD and the coligands at the Pt atom might have an
impact on the NMR spectroscopic data, we checked the
molecular structures of the two Me,COD complexes from
XRD and performed NOE measurements. However, strong
NOEs were not observed in the NMR spectra of [(Me,-
COD)Pt(Me),] or [(Me,COD)Pt(C¢Fs),]. For the latter
complex, this is in line with the shortest Me---F-C¢F, dis-
tance of 3.32(1) A.

All of the “organic” coligands Me, Bn, C=C(4-Me)Ph
and CgFs exert rather strong donor behaviour, and
2Jpin=ch Of the trans-oriented olefin group ranges from
36 to 45 Hz. The resonances for the “unsymmetric” olefin
ligands HEX and All,O have been unequivocally assigned
on the basis of 2D experiments, and the data reveals
marked differences for the three or six individual signals.

Another important NMR parameter is the Pt NMR
chemical shift (Table 2), and the values for the new com-
plexes are in the typical range for Pt" complexes.[*1¢-501 Al-
though no correlation can be drawn between the (elec-
tronic) structures of the complexes and the chemical shift
values, the exceedingly broad scale of the !°°Pt NMR chem-
ical shift usually allows the unequivocal detection of such
complexes even in complex mixtures, 4149511

Ligand Exchange Reactions of cis-[(|[|[)PtCl,] with
Diisopropyl-1,4-diazabutadiene

To assess the assumed higher reactivity of the diolefin
complexes compared with the COD derivatives, we per-
formed ligand exchange reactions of ||| with diisopropyl-
1,4-diazabutadiene (iPr-DAB). To solutions of the diolefin
complexes in CH,Cl,, we added 10 equiv. of the ligand iPr-
DAB dissolved in CH,Cl,. The reaction progress was
measured by UV/Vis spectroscopy (for an example, see Fig-
ure 4). The appearance of a band at 4 = 482 nm indicates
the formation of [({Pr-DAB)PtCl,] and was used to calcu-
late the reaction rates (Table 3).

While COD and Me,COD exhibit qualitatively similar
exchange rates, the other three diolefin complexes were far
more labile (Table 3). This correlates quite well with the
2Jpi.ch, coupling constants from the NMR spectroscopic
data and suggests that Me,COD and COD have approxi-
mately the same ligand strength, whereas NBD seems to be
markedly weaker. In contrast, the “Jp y=cn, values for
these chlorido complexes suggest that the Pt-|||] bond
strength decreases along the series NBD = COD> Me,-
COD > HEX = All,O, which does not agree with the ligand
exchange experiments at all. As diene ligands exert quite a
strong frans effect but a modest trans influence,[**4 it is per-
haps not surprising that bond strength indications from
2Jpun(=ch) values do not correlate with rates of loss of diene
ligands. Kinetic factors have an impact on the reaction rates
with COD and Me,COD, which profit from the “double
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Figure 4. Time-dependent absorption spectra of the formation of
[(iPr-DAB)PtCl,] from [(All,O)PtCl,] and iPr-DAB in CH,Cl, (the
dotted line represents the starting complex).

Table 3. Rate constants k of the ligand exchange reactions of the
olefin complexes with iPr-DAB.[

Complex Rate constant k& [molL's™]
[(COD)P(Cl,] 237%107
[(Me,COD)P(Cl,] 2.83% 107
[(HEX)PtCLy] 1.53%x 104
[(NBD)PtCl,] 621104
[(Al1,0)PtCl] 8.08 x 10 4
[(dmso),PtCl,]®! 3.40x 1073

[a] Reaction in CH,Cl,. [b] For comparison, cis-[(dmso),PtCl,] was
tested.

chelate” binding of their ring structure, compared with
those with the open chain structures of HEX and All,O.
For NBD, we assume that the well-established steric strain
of the unsaturated six-membered ring is the reason for the
rapid decoordination.

Cytotoxicity

In continuation of our previous work on the cytotoxicity
of organoplatinum(II)-COD complexes, we extended our
study to platinum complexes with various diolefin ligands
and evaluated their antiproliferative properties in HT-29
colon carcinoma and MCF-7 breast adenocarcinoma cell
lines in a comparative manner. Previous studies on plati-
num-COD species had indicated that the replacement of
one chlorido coligand of [(COD)PtCl,] with a methyl ligand
resulted in a considerable increase in cytotoxic po-
tency.['3-138] The introduction of different substituted phen-
ylalkynyl coligands in the position of the chlorido coligand
led to species with activities in the range of 0.2 to 30 uMm. By
replacing the methyl coligand with a second phenylalkynyl
coligand, symmetric bis-alkynyl platinum complexes with
an increased antiproliferative activity in the submicromolar
range were obtained. The highest activity was observed for
the m-methyl-substituted phenylalkynyl complex [(COD)-
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Table 4. Cytotoxicity of selected diolefin Pt complexes.

1Cs5o HT-29 [uM] 1C59 MCF-7 [uM] Reference
cisplatin 7.0+2.0 2.0+0.3 (321
[(COD)PtCl,] >100 >100 [13d]
[(COD)Pt(Me)Cl] 8.3+3.0 11214 [13d]
[(COD)Pt(Me),] >100 >100 this work
[(COD)Pt(Ph),] 52%0.6 7.2+0.7 this work
[(COD)Pt(Bn),] 134x2.1 154=34 this work
[(COD)Pt(Bn)Cl] 10.2£3.5 9.8%1.0 (13a]
[(COD)Pt(Bn)(C=C(4-Me)Ph)] 1.3£0.0 2.1%09 (13a]
[(COD)Pt(Bn)(MQ)][PF¢]» 122*32 9.6*0.6 this work
[(COD)Pt(Bn)(Mpz)][PF]» 11.2%29 72%x2.1 this work
[(COD)Pt(CgFs),] >100 94.1x2.0 this work
[(COD)Pt(C=C(4-Me)Ph),] 04=0.1 0.3x0.0 [13a]
[(Me,COD)PtCl,] >100 >100 this work
[(Me,COD)Pt(Me)Cl] 20.0 6.0 10.5%2.0 this work
[(Me,COD)Pt(C4Fs)] >100 15.0x1.2 this work
[(Me>COD)Pt(C=C(4-Me)Ph),] 14=x1.2 4.0x0.5 this work
[(HEX)PtCl,] 53.2+6.8 39.9+8.6 this work
[(HEX)Pt(C4F4H-4),] 1904 1.2+0.3 this work
[((HEX)Pt(C4F4H-5),] 1.3x£0.2 1.1x0.0 this work

Pt(C=C(3-Me)Ph),], which exhibits a 10-fold higher ac-
tivity than the platinum anticancer lead compound cisplatin
and is also more active than its methyl-substituted deriva-
tive [(COD)Pt(Me)(C=C(3-Me)Ph)].l'34 In this previous
study, we also observed decomposition reactions of these
alkynylplatinum complexes that are probably related to
their high toxicity. Therefore, in the present study we in-
cluded complexes containing weakly coordinated ligands,
which could potentially lead to desirable ligand exchange
reactions. These were the diolefin ligands Me,COD, NBD,
HEX, All,O and All,NH (Scheme 2), and these ligands
were compared with COD. Alternatively, the weak co-
ligands N-methyl-4,4'-bipyridinium (MQ") and N-methyl-
1,4-pyrazinium (Mpz*) were introduced instead of the
chlorido coligand (Table 4). For further comparison with
previous reports on cytotoxic organoplatinum complexes
with perfluoroaryl coligands, we included also the 1,5-hexa-
diene complexes [(HEX)PtCl,], [(HEX)Pt(C4F,H-5),] and
[HEX)Pt(CgF4H-4),]. The last complex showed remark-
able toxicity against L1210 and cisplatin-resistant 12110
cell lines.3231

[(Me,COD)PtCl,], [(HEX)PtCl,] and [(COD)PtCl,] are
essentially nontoxic; this confirms previous results, which
showed that an organometallic coligand is essential for the
activity. Interestingly, although the dimethyl complex
[(COD)Pt(Me),] and the two pentafluorophenyl complexes
[(COD)Pt(C4F5),] and [(Me,COD)Pt(CgF5),] are not toxic,
the corresponding benzyl and phenyl complexes exhibit
marked toxicity. We explain the observed nontoxicity with
the rather high stability of the Me and C¢Fs complexes
towards reductive elimination reactions (Bn much faster
than Me, C¢Hs much faster than CgFs),[>3 In contrast to
our expectations, the introduction of Me,COD does not
generally lead to enhanced toxicity, as the dialkynyl com-
plexes with C=C(4-Me)Ph coligands demonstrate. En-
hanced toxicity against MCF-7 compared with the COD
derivative is only found for [(Me,COD)Pt(C¢Fs),]. Further-
more, the introduction of the weak coligands MQ® and
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Mpz* does not lead to increased toxicity compared with
that of the chlorido derivative. Very probably, the cleavage
of these labile ligands in the cell culture medium leads to
the chlorido complex or at least to the same species that
evolves from the chloride derivative in a similar manner to
the cleavage of ethane from [PtCl(C,H,)(chxn)]Cl (chxn =
R,R- or S,S-1,2-diaminocyclohexane).[**] Remarkably high
antiproliferative effects have been found for the perfluoro-
phenyl complexes of 1,5-hexadiene, confirming previous re-
sults.?28 This is interesting as neither the corresponding
chlorido complex [(HEX)PtCl,] nor the COD or Me,COD
complexes containing the C¢F5 coligand exhibit remarkable
toxicity. Here, the higher lability of the diolefin ligand HEX
leads to increased toxicity, which confirms the abovemen-
tioned study on platinum complexes with perfluoroaryl co-
ligands. In this study, the toxicity of complexes containing
two C¢F4H-4 coligands increased within the series
dmso < ethylenediamine < HEX < NBD.[3?2l Marked differ-
ences in activity were also observed for different coligands,
for example, the increasing activity for the HEX complexes
within the series C¢Fs=C¢F4H-2<C¢F4H-4=C4F;H,-3,5
also points to a coligand-specific activity, probably a de-
composition. Interestingly, no marked activity differences
were observed in this study for individual compounds
towards L1210 and cisplatin-resistant derivatives; this indi-
cates a non-cisplatin-like mode of action, and most of the
tested complexes in this series exhibited lower antiprolifer-
ative activity than the standard cisplatin.??3 In our tests,
we found many compounds with markedly higher activity
than that of cisplatin.

In terms of structure-activity relationships (SAR), we
can draw the following conclusions from these new experi-
ments. The dialkynyl complexes [(COD)Pt(C=C(R’)Ph),]
remain the most-toxic derivatives in this class of com-
pounds, probably because of (so far not defined) favourable
ligand exchange reactions with molecular targets. When the
diolefin chelate ligands are changed towards weakly binding
derivatives, these complexes become more labile towards de-
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composition, but they probably do not reach the crucial
molecular targets in the cell. Platinum complexes contain-
ing perfluoroaryl coligands remain interesting candidates.
For the complexes [(HEX)Pt(C¢F4H-4),] and [(HEX)Pt-
(CgF4H-5),] presented here, a good match between the
rather weak olefin ligand binding and the strong binding of
the perfluoroaryl coligands seems to enhance the toxicity.
Here, favourable decomposition reactions might also be the
origin of the antiproliferative effect; however, far more de-
tailed studies are required to elucidate such mechanisms.

Conclusions

In search of new potent cytotoxic organoplatinum com-
plexes, we have synthesised and investigated a series of plati-
num(Il) diolefin complexes cis-[(|N)PtCL], cis-[(I'N)-
PtCI(R)] and cis-[(|M)Pt(R),] (R = Me, Bn or C4Fs) with
the chelate diolefin ligands (||]) 1,5-cyclooctadiene
(COD), 1,5-dimethylocta-1,5-diene (Me,COD), norborn-
adiene (NBD), 1,5-hexadiene (HEX), 3-allyloxypropene
(All,O, diallyl ether) and diallylamine (All,NH).
Although the reaction sequence [(||N)PtCly]— [(J|N])Pt-
(R)>]— [(INDPL(R)CI] worked well for COD, Me,COD and
NBD, the complex [(HEX)Pt(Me)Cl] was obtained directly
from [(HEX)PtCl,] and MeMgBr. The corresponding reac-
tions for the All,O or All,NH derivatives failed. The reac-
tions of [(||N)PtCl,] and [(||N)Pt(R)CI] with HC=C(4-Me)-
Ph in the presence of a base gave [(|||)Pt(C=C(4-Me)-
Ph)] or [(|NDPt(R)(C=C(4-Me)Ph),] only for the COD and
Me,COD derivatives; the other reactions generally failed.
For some reactions with MeMgBr, the well-known tetra-
meric Pt!Y compound [(PtMe3)4u3-Bry] was obtained, and
black unidentifiable material was also obtained in most re-
actions. The relative exchange rates of cis-[(||N||)PtCl,] com-
plexes towards the diimine ligand diisopropyl-1,4-diaza-
butadiene (iPr-DAB) increased along the series COD <
Me,COD < NBD < HEX < All,O by a factor of 4. Clearly,
the ease of the olefin ligand exchange coincides with the
difficulty of the transmetallation reactions to obtain alkyl
or alkynyl derivatives. For the latter ligands, we assume that
the nucleophilic attack of the alkyl or alkynyl carbanion to
the olefin moiety dominates over the transmetallation but
does not yield stable products. The complex [(All,NH)-
PtCl,], undergoes a unique rearrangement process in
DMSO solution to yield the dimeric piperazine complex
[PtCl(dmso)(C¢H oN)]»,, which has been characterised by
single-crystal XRD and contains the remarkable bridging
(1,4-diallylpiperazine-2,5-diyl)dimethanide(2) ligand. Se-
lected platinum complexes were submitted to cytotoxicity
experiments with HT-29 colon carcinoma and MCF-7
breast cancer cell lines. For comparison, the dicationic com-
plexes [(COD)Pt(Bn)(L)|[PF¢], with the very labile co-
ligands N-methyl-4,4’-bipyridinium (MQ%) and N-methyl-
1,4-pyrazinium (Mpz*) were added. The study clearly
shows that neither labile diolefin ligands nor the labile MQ*
or Mpz* coligands lead to markedly increased cytotoxicity
for the established alkyl/chlorido, alkyl/alkynyl or dialkynyl
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platinum complex systems. However, the introduction of the
weakly binding 1,5-hexadiene ligand yielded the rather
toxic complexes [(HEX)Pt(C¢F4H-4),] and [(HEX)Pt-
(C¢F4H-5),] with perfluoroaryl coligands. A comparison
with a previous study on such perfluoroaryl platinum com-
plexes substantiates our initial assumption that the organo-
metallic complexes under study exhibit some favourable de-
composition reactions in the cell that lead to apoptosis (by
a not yet understood mechanism). The most-toxic com-
pounds seem to combine a high occurrence of this favour-
able reaction (presumably reductive elimination) with a rel-
atively high general complex stability, which allows them to
reach crucial spots in the cell.

Experimental Section

Instrumentation: The NMR spectra were recorded with a Bruker
Avance II 300 MHz spectrometer ('H: 300.13 MHz, ' C:
75.47 MHz, '°F: 282.23 MHz), a Bruker Avance 400 spectrometer
("H: 400.13 MHz, 3C: 100.61 MHz, '®°Pt: 86.01 MHz) with a
triple resonance 'H,'’F,BB inverse probehead, a Bruker Avance 11
600 spectrometer ("H: 600.13 MHz) or a Bruker DPX 300 spec-
trometer (!°F: 282.23 MHz). The broadband coil was tuned to
either the carbon or the platinum frequency, and the detection coil
was tuned to the proton frequency, which resulted in 90° pulses of
11.9 ps for 13C, 12.5 ps for 3Pt and 12.4 us for 'H. The unambigu-
ous assignment of the 'H, '*C and '°°Pt resonances was obtained
from 'H TOCSY, 'H COSY, 'H NOESY, gradient-selected 'H, '3C
heteronuclear single quantum coherence (HSQC) and HMBC, and
gradient-selected '"H-1?"Pt HMBC experiments. All 2D NMR ex-
periments were performed with standard pulse sequences from the
Bruker pulse program library. Chemical shifts are reported relative
to tetramethylsilane (TMS) for 'H and '3C, CFCl; for '°F and
Na,[PtCl¢] in D,O for °°Pt. The spectra were analysed with the
Bruker TopSpin 2 software. ESI-MS spectra were recorded with a
Finnigan MAT 900 S instrument, and EI-MS spectra were re-
corded with a Finnigan MAT 95 instrument. Simulations were
done with ISOPRO 3.0. Elemental analyses were performed with a
Hekatech CHNS EuroEA 3000 analyser. IR spectra were recorded
with a Bruker IFS 66v/s spectrometer.

Single-Crystal X-ray Analysis: Data collection was performed with
a STOE IPDS 1 diffractometer with Mo-K, radiation (1 =
0.71073 A) by employing the w20 scan technique at T = 293(2) K
for all four compounds and additionally at 100(2) K for
[(Me>COD)PtCl,]. The structures were solved by direct methods
by using the SHELXTL package,’ and refinement was performed
with SHELXL97 by employing full-matrix least-squares methods
on F2I31 with F2= 20(F,?); the results are shown in Table 1 (and
the Supporting Information). All non-hydrogen atoms were treated
anisotropically, and hydrogen atoms were included by using
appropriate riding models. The structure of [(Me,COD)PtCl,] was
solved for the datasets at both 293 and 100 K in the orthorhombic
space group Cemm with rather good R values. However, the high
symmetry falsely leads to the identity of all four olefinic =C atoms
and all four -CH,— groups. Attempts to lower the symmetry for a
structure solution failed.

CCDC-1006480 {for [(Me,COD)PtClL,]}, -1006481 {for [(Me,-
COD)Pt(C¢Fs),]}, -1006482 {for [(dmso)PtCI(C¢H(N)],} and
-10066483 {for [(HEX)PtCl,]} contain the full crystallographic
data. These data can be obtained free of charge from The Cam-
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bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Cytotoxicity Experiments: The antiproliferative effects of the com-
pounds were determined by following an established procedure.[¢
Briefly, the cells were suspended in cell culture medium (HT-29:
2850 cells/mL, MCF-7: 10000 cells/mL), and 100 pL aliquots were
plated in 96-well plates and incubated at 37 °C with 5% CO, for
48 (HT-29) or 72 h (MCF-7). Stock solutions of the compounds in
dimethylformamide (DMF) were freshly prepared and diluted with
cell culture medium to the desired concentrations (final DMF con-
centration: 0.1% v/v). The medium in the plates was replaced with
medium containing the compounds in graded concentrations (six
replicates). After further incubation for 72 (HT-29) or 96 h (MCF-
7), the cell biomass was determined by crystal violet staining, and
the ICsy values were determined as those concentrations that
caused 50 % inhibition of cell proliferation. The results were calcu-
lated from two independent experiments.

Materials and Procedures: All preparations were performed in a dry
argon atmosphere by using Schlenk techniques. Solvents (CH,Cl,,
THE, toluene, diethyl ether and MeCN) were dried with an
MBRAUN MB SPS-800 solvent purification system. The com-
plexes [(COD)PtCl,],57! [(COD)Pt(Me),],l!1a:130:571 [(COD)Pt(Me)-
CI,I11a.135:371 [(COD)Pt(Bn),],['**! [(COD)Pt(Bn)CI],['3*1 [(COD)-
Pt(C=C(4-Me)Ph),],!13l [(COD)Pt(Me)(C=C(4-Me)Ph)],[13al
[(COD)Pt(Bn)(C=C(4-Me)Ph)],!13l [(COD)Pt(Ph),],[110:14b]
[(COD)Pt(C¢Fs),],221  [(NBD)PtCl,],*1  [(HEX)PtCL,]®® and
[(dmso),PtCl,]1* were prepared according to published procedures.
The complexes [(Me,COD)PtCL,], [(All,O)PtCl,] and [(All,NH)-
PtCl,] have been synthesised in a similar procedure to that de-
scribed by Clark and Manzer for [(COD)PtCL,];P7 alternative
methods have been described elsewhere.38:60-611 A1l other chemicals
were purchased from commercial suppliers and were used without
further purification. The complex [(HEX)Pt(C4F,H-4),] was pre-
pared as described previously.l3>]

Synthesis of [(Me,COD)PtCl,] [(NBD)PtCl,], [(HEX)PtCl,],
[(All,O)PtCl,] and [(All,NH)PtCl,]: In a prototypical reaction for
[(Me>COD)PtCl,], K5[PtCly] (500 mg, 1.2 mmol) was dissolved in
water/2-propanol (50:50 vol.-%, 60 mL). To the red solution, an ex-
cess of 1,5-dimethylcycloocta-1,5-diene (7 equiv.) was added and
stirred at 70 °C overnight. The colourless solid that formed was
collected by filtration, washed with water, ethanol and diethyl ether,
and dried under reduced pressure. The product was purified by
recrystallisation from CH,Cl,/n-heptane.

[(Me,COD)PtCl,): Yield 352 mg (0.876 mmol, 73%). CoH;cCLPt
(402.23): caled. C 29.86, H 4.01; found C 29.78, H 3.98. '"H NMR
(CDCly): 6 = 5.42 (m, 2Jp s = 63 Hz, 2 H, =CH), 2.84-2.71 (m, 2
H, CH,), 2.46-2.28 (m, 4 H, CH,), 2.14-2.03 (m, 2 H, CH,), 1.92
(s, 3Jpeu = 41 Hz, 6 H, CH3) ppm. >Pt,'H HMBC (CDCly): 6 =
—3252 ppm.

[NBD)PtCly): Yield 378 mg (1.056 mmol, 88%). C;HgCIl,Pt
(358.13): caled. C 23.48, H 2.25; found C 23.51, H 2.23. 'H NMR
(IDgJacetone): & = 5.34 (m, 2Jp.y = 69 Hz, 4 H, =CH), 4.42 (m,
oo = 18 Hz, 2 H, 1-H, 4-H), 1.76 (m, “Jp s = 3 Hz, 2 H, 7-H)
ppm. 'Pt,'"H HMBC ([DgJacetone): § = —3720 ppm.

[(HEX)PtCL]: Yield 343mg (0.985mmol, 82%). C¢H,oCl,Pt
(348.13): caled. C 20.70, H 2.90; found C 20.59, H 2.88. 'H NMR
([DgJacetone): & = 5.68 (m, 2Jp .y = 60 Hz, 2 H, =CH), 4.94 [d,
2pn = 65Hz, 3y = 8 Hz, 2 H, =CH, (E)], 4.52 [d, *Jpuy =
58 Hz, *Jyn = 13 Hz, 2 H, =CH, (2)], 2.87-2.67 (m, 2 H, CH.),
2.63-2.34 (m, 2 H, CH,) ppm. '*’Pt,'H HMBC ([Dg]acetone): § =
—3431 ppm.
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[(AlLO)PtCL]: Yield 406 mg (1.115 mmol, 93%). C¢H,oCLOPt
(364.13): caled. C 19.79, H 2.77; found C 19.69, H 2.80. '"H NMR
(CDCly): 6 = 5.77 (m, 2Jp ir = 61 Hz, 2 H, =CH), 5.05 [d, 2Jp 11 =
65Hz, 2 H, =CH, (E)], 4.53 [d, >Jp.u = 50 Hz, 2 H, =CH, (Z2)],
4.02-3.74 (m, 4 H, CH,) ppm. Pt,'H HMBC (CDCl,): § =
-3618 ppm.

When the same procedure was used to synthesise [(All,NH)PtCl,],
an insoluble yellow powder was obtained. This powder is presum-
ably the dimeric complex [(All,NH)PtCl,], (see text), yield 318 mg
(0.876 mmol, 73%). C,H»,CI4N,Pt; (726.28): caled. C 19.84, H
3.05, N 3.86; found C 19.89, H 3.03, N 3.83. No NMR or MS
spectra could be obtained owing to the virtual insolubility of the
powder. IR (ATR): v = 3193 (w), 3073 (w), 2935 (w), 2152 (w),
2043 (w), 1983 (w), 1616 (s), 1447 (s), 995 (s), 929 (s) cm™'.

[(dmso)PtCI(C¢HoN)]: K,[PtCly] (500 mg, 1.2 mmol) was dis-
solved in water/2-propanol (50:50 vol.-%, 60 mL). To the red solu-
tion, AllLNH (580 mg, 8.4 mmol, 7 equiv.) was added, and the mix-
ture was stirred at 25 °C overnight. The yellow solid [(All,NH)-
PtCl,], formed in this first reaction was collected by filtration,
washed with water, ethanol and diethyl ether, and dried under re-
duced pressure. The complete amount of [(AllLNH)PtCl,], was
heated in DMSO until it dissolved, and crystallisation by slow
evaporation over 3 d yielded colourless crystals (62 mg, 0.08 mmol,
6%). C1sH3,CLN,0,Pt,S, (809.64): caled. C 23.74, H 3.98, N 3.46;
found C 23.79, H 3.93, N 3.41. No NMR or MS spectra could be
obtained owing to the virtual insolubility of the product. The resid-
ual yellow material (610 mg, 0.84 mmol, 70%) was the dimeric
complex [(All,NH)PtCl,], (vide supra).

[(NBD)Pt(Me),]: [[NBD)PtCl,] (1.4 g, 3.91 mmol) was suspended
in diethyl ether (20 mL) and stirred at —50 °C. To this mixture was
added slowly methylmagnesium bromide (3 M solution in THE,
4.3 mL, 12.9 mmol, 2.2 equiv.) and diethyl ether (40 mL). The reac-
tion mixture was stirred for another 15 min at —50 °C and warmed
over 3 h to ambient temperature while stirring. The solution was
hydrolysed at —10 °C by the dropwise addition of water (18 mL).
After the mixture warmed to ambient temperature, conc. HCI
(1 mL) was added, and the layers were separated. The aqueous
layer was extracted three times with CH,Cl, (20 mL), the combined
organic layers were dried with MgSO,, and the solvent was re-
moved under reduced pressure. The colourless product [(NBD)-
Pt(Me),] was purified by recrystallisation from CH,Cl,/n-heptane,
yield 1015 mg (3.2 mmol, 82%). CoH 4Pt (317.29): calcd. C 34.07,
H 4.45; found C 33.98, H 4.38. '"H NMR ([DgJacetone): § = 5.04
(m, 2Jp = 40 Hz, 4 H, =CH), 4.04 (m, 2 H, CH), 1.57 (m, 2 H,
CH,), 0.60 (s, 2Jp.r = 91 Hz, 6 H, CH3) ppm. EI-MS: m/z = 317
[M]".

[(NBD)Pt(Me)Cl]: [(NBD)Pt(Me),] (1 g, 3.15 mmol) was dissolved
in acetone (50 mL) and methanol (2 mL) and cooled to —55 °C,
and an acetyl chloride (336 pL, 4.725 mmol, 1.5 equiv.) solution
was added. After the reaction mixture was stirred for 1.5 h at room
temperature, the solvent was removed under reduced pressure, and
the product was washed five times with pentane, yield 987 mg
(2.92 mmol, 93%). CgH,,CIPt (337.71): caled. C 28.45, H 3.28;
found C 28.53, H 3.30. 'H NMR ([Dglacetone): 6 = 5.56 (m, 2Jp, 1
=32 Hz, 2 H, =CH, ), 4.89 (m, 2Jp. iy = 77 Hz, 2 H, =CHs), 4.15
(m, 2 H, CH), 1.81 (m, 2 H, CH,), 0.67 (s, 2Jp.z = 86 Hz, 3 H,
CH;) ppm. EI-MS: m/z = 337 [M™].

[(NBD)Pt(Bn),]: [[NBD)PtCl,] (1.0 g, 2.793 mmol) was suspended
in diethyl ether (25 mL) and stirred at —54 °C. To this mixture, the
Grignard solution prepared from Mg turnings (650 mg, 26.7 mmol)
and benzyl chloride (3.38 g, 26.7 mmol) in diethyl ether (60 mL)
was added slowly. The reaction mixture was stirred for another
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15 min at —54 °C and warmed over 2 h to ambient temperature
while stirring. After the addition of diethyl ether (50 mL), the solu-
tion was cooled to —20 °C and hydrolysed by the dropwise addition
of water (20 mL). After warming to ambient temperature, conc.
HCI (2 mL) and water (50 mL) were added, and the layers were
separated. The aqueous layer was extracted three times with
CH,Cl, (20 mL), the combined organic layers were dried with
MgSO,, and the solvent was removed under reduced pressure. The
resulting yellow oil was purified by recrystallisation from CH,Cl,/
n-heptane to yield colourless [(NBD)Pt(Bn),] (1035 mg, 2.2 mmol,
79%). Cy1HaoPt (469.48): caled. C 53.72, H 4.72; found C 53.98,
H 4.68. '"H NMR ([DgJacetone): 6 = 7.42-6.96 (m, 10 H, ArH),
4.37 (m, 2Jp iy = 41 Hz, 4 H, =CH), 3.74 (m, 2 H, CH), 2.93 (*Jp. 1
= 118 Hz, s 4 H, CH,Ph), 1.39 (m, 2 H, NBD CH,) ppm. '°5Pt,'H
HMBC ([DgJacetone): 6 = —3635 ppm. EI-MS: m/z = 469 [M]*.

[(NBD)Pt(Bn)CI|: [(NBD)Pt(Bn),] (1 g, 2.13 mmol) was dissolved
in acetone (50 mL) and methanol (2 mL) at —55 °C, and a solution
of acetyl chloride (228 pL, 3.2 mmol, 1.5 equiv.) was added. After
the reaction mixture was stirred for 2 h at ambient temperature, the
solvent was removed under reduced pressure, and the product was
washed five times with pentane, yield 820 mg (1.98 mmol, 93%).
C4H,5CIPt (413.81): caled. C 40.63, H 3.65; found C 40.53, H
3.60. '"H NMR ([DgJacetone): 6 = 7.40-6.96 (m, 5 H, ArH), 5.49
[m, 2Jpys = 33 Hz, 2 H, =CHs3)), 4.23 [m, 2Jpyy = 77 Hz, 2 H,
=CHs 6)), 4.02 (m, 2 H, CH), 2.99 (s, 2Jp. s = 120 Hz, 2 H, CH,Ph),
1.76-1.62 (m, 2 H, NBD CH,) ppm. '**Pt,'H HMBC ([Dglacet-
one): 0 = 3432 ppm. EI-MS: m/z = 413 [M]".

[HEX)Pt(C¢FH-5),]: [(HEX)PtCl,] (1.39 g, 4.00 mmol) and
2,3.,4,6-tetrafluorophenyllithium®?  (from 1-bromo-2,3.,4,6-tetra-
fluorobenzene, 1.83 g, 8.00 mmol) and nBuLi (5.00 mL, 8.00 mmol)
were stirred together in diethyl ether (40 mL) under nitrogen at
—78 °C for 2 h. The reaction mixture was slowly warmed over 0.5 h
to =25 °C and it was then hydrolysed with aqueous NH4Cl1 (5% w/
v). Ether extraction and evaporation provided a mixture of two
compounds (TLC). Treatment with minimum diethyl ether yielded
a white solid and a yellow oil (which was discarded). The white
powder was washed with hexane and dried (not recrystallised),
yield 1.43 g, 62%; m.p. 175-180 °C (dec.). CsH,,FgPt (575.36):
caled. C 37.60, H 2.10; found C 37.53, H 2.14. ’F NMR ([Dg]-
acetone): § = -93.9 (m, 3Jpr = 332 Hz, 1 F, 6-F), -94.7 (m, 3Jp.
=325Hz, 1 F, 6-F), -113.5 (m, 3Jp.r = 373 Hz, 1 F, 2-F), -114.2
(m, 3Jpr = 363 Hz, 1 F, 2-F), -140.9 (m, 2 F, 4-F), -168.2 (m, 2
F, 3-F) ppm. 'H NMR ([DgJacetone): 6 = 6.71 (m, 2 H, 5-H, 5'-
H), 5.66 (m, 2Jp .y = 50 Hz, 2 H, HEX 2-H, 5-H), 4.82 [d, /3114 =
8 Hz, 2Jp 1 = 45 Hz, 2 H, =CH (2)], 4.65 [d, 3Jy.r = 16 Hz, 2Jp
=42 Hz, 2 H, =CH (E)], 2.77 (m, 2 H, CH,), 2.55 (m, 2 H, CH,)
ppm. IR (Nujol/hexachlorobutadiene): v = 2954 (w), 1622 (vs),
1489 (vs), 1418 (vs), 1346 (m), 1338 (m), 1310 (w), 1277 (m), 1215
(m), 1138 (s), 1046 (vs), 1020 (vs), 832 (vs) cm '. ESI-MS (-): m/z
(%) = 574 (98) [M — HJ, 494 (100) [Pt(CcF4H), + H].

Reaction of [(HEX)PtCl,] with MeMgBr {Attempted Synthesis of
[(HEX)Pt(Me),] or [HEX)Pt(Me)Cl|}: Analogously to the synthe-
sis of [(NBD)Pt(Me),] described above, [(HEX)PtCl,] (1360 mg,
3.91 mmol) was treated with MeMgBr (3 M, solution in diethyl
ether). After aqueous workup and phase separation, n-heptane
(40 mL) was added to the organic phase, and the volume was re-
duced to 40 mL (by removal of the CH,Cl, and diethyl ether),
whereupon a brownish precipitate and colourless crystals were ob-
tained. The evaporation of the heptane phase gave a small amount
of yellow microcrystalline material. The colourless crystals and
most of the brownish material was [(PtMe;),u-Br,], yield (deter-
mined by 'H NMR integration) ca. 776 mg (0.61 mmol, 62%).
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C),Hs6Br,Pt, (1280.37): caled. C 11.26, H 2.83; found C 11.29, H
2.88. '"H NMR (CDCls): 6 = 1.51 (s, 2Jp.s = 79.2 Hz) ppm (com-
pare ref.[462]) Single crystals were submitted to XRD experiments,
but the resulting crystal structure was identical to that reported
previously.[46°]

Parts of the brownish material and the small amount of yellow
material were analysed as [(HEX)Pt(Me)Br], yield (determined by
'H NMR integration) = 320 mg (0.86 mmol, 22%). C,H,;BrPt
(372.17): caled. C 22.59, H 3.52; found C 22.63, H 3.62. '"H NMR
([Dglacetone): 6 = 5.52 [m, 2Jp u = 33 Hz, 3y = 8.5Hz, 1 H, 1-
H (E)], 5.35 (m, 2Jp.y = 34 Hz, 3Jy iy = 16 Hz, 3Jy iy = 8.5Hz, 1
H, 2-H), 4.79 (m, 2Jp,; = 64 Hz, 3Jy i = 13.5 Hz, 3Jy iy = 7.7 Hz,
1 H, 5-H), 4.59 [m, 2Jp,u = 46 Hz, 3Jyu = 16 Hz, 1 H, 1-H (2)],
3.73 [m, 2Jp iy = 71 Hz, 3Jyy = 13.6 Hz, 1 H, 6-H (Z2)], 3.54 [m,
2Jpon = 72 Hz, 3Jyu = 7.7Hz, 1 H, 6-H (E)], 2.97-2.16 (m, 4 H,
CH.,), 0.95 (s, 2Jpu = 72 Hz, 3 H, CH3) ppm. '%’Pt,'H HMBC
([DgJacetone): 6 = —3764 ppm. EI-MS: m/z = 372 [M]*.

[(Me,COD)Pt(Me),]: [(Me,COD)PtCl,] (76 mg, 0.188 mmol) was
suspended in diethyl ether (10 mL) and stirred at -5 °C. To this
mixture was added slowly methylmagnesium bromide (3 M solution
in tetrahydrofuran, 140 pL, 0.414 mmol, 2.2 equiv.), and the reac-
tion mixture was stirred for 1 h at -5 °C and for 3 h at room tem-
perature. The solution was hydrolysed with water (15 mL), and the
layers were separated. The aqueous layer was extracted three times
with CH,Cl, (20 mL), the combined organic layers were dried with
magnesium sulfate, and the solvent was removed under reduced
pressure. The yellow product was purified by recrystallisation from
CH,Cly/n-heptane, yield 66 mg (0.182 mmol, 97%). C;>,H,,Pt
(361.40): caled. C 39.88, H 6.14; found C 39.98, H 6.18. '"H NMR
(CDCls): 6 = 4.58 (m, 2Jp. 1y = 36 Hz, 2 H, =CH), 2.38-2.04 (m, 8
H, CH,), 1.74 (s, 3Jpen = 26 Hz, 6 H, CCH3), 0.68 (s, 2Jp.yy =
82 Hz, 6 H, CH;) ppm. '°°Pt,'"H HMBC (CDCls): § = —3479 ppm.
EI-MS: m/z = 361 [M]*.

[(Me,COD)Pt(Me)Cl]: [(Me,COD)Pt(Me),] (57 mg, 0.158 mmol)
was dissolved in toluene (7 mL) and methanol (0.5 mL), cooled to
0°C, and a solution of acetyl chloride (19 pL, 0.237 mmol,
1.5 equiv.) was added. After the reaction mixture was stirred for
1.5 h at room temperature, the solvent was removed under reduced
pressure, and the product was washed five times with pentane, yield
48 mg (0.125 mmol, 79%). C,;H,9CIPt (381.81): calcd. C 34.60, H
5.02; found C 34.55, H 5.01. '"H NMR (CDCls): § = 5.33 (m, 2Jp
=41 Hz, 1 H, 2-H), 4.27 (m, 2Jp iz = 68 Hz, 1 H, 6-H), 2.29-2.06
(m, 8 H, CH,), 2.00 (s, 3Jp,u = 11 Hz, 3 H, C-1-CH3), 1.60 (s,
3Jpen = 67 Hz, 3 H, C-5-CH3), 0.88 (s, 2Jp.y = 74 Hz, 3 H, CH3)
ppm. '*Pt,'H HMBC (CDCls): 6 = —3436 ppm. EI-MS: m/z = 381
M.

[(Me,COD)Pt(CgFs),]: BrCyFs (155 pL, 1.24 mmol) was dissolved
in diethyl ether and stirred at —78 °C. n-Butyllithium (2.5 M solution
in hexane, 510 uL) was added, and the mixture was stirred for
30 min. The mixture was then slowly added to a suspension of
[(Me,COD)PtCl,] (250 mg, 0.67 mmol) in diethyl ether (20 mL).
After 30 min, the reaction mixture was hydrolysed by the addition
of diethyl ether/water (83/17 vol.-%). The layers were separated,
and the organic layer was washed three times with water (10 mL).
The solvent was removed under reduced pressure, and the product
was purified by column chromatography (CH,Cl,/cyclohexane, 1:1,
Ry = 0.6), yield 320 mg (72%). CyHFoPt (665.43): caled. C
39.71, H 2.42; found C 39.75, H 2.41. '"H NMR ([DgJacetone): § =
5.30 (m, 2Jp.y; = 42 Hz, 2 H, =CH), 2.77-2.53 (m, 8 H, CH.), 1.80
(m, 3Jp.y = 30 Hz, 6 H, CH3) ppm. ’F NMR ([D¢lacetone): J =
~120.0 (dd, 4 F), -162.8 (m, 2 F) -164.9 (m, 4 F) ppm. '°*Pt,'H
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HMBC (CDCL): 6 = 3436 ppm. EI-MS: m/z = 330 [M —
2CeFs]".

[(Me,COD)Pt(C=C(4-Me)Ph),]: The compound was prepared by
a variation to the method described for [(COD)Pt(C=CPh),]:1%1 A
suspension of [(Me,COD)PtCl,] (80 mg, 0.145 mmol) in ethanol
(10 mL) was maintained at -5 °C, and a freshly prepared mixture
of p-tolylacetylene (55 puL, 0.350 mmol, 2.2 equiv.) and #-BuOK
(34 mg, 0.350 mmol, 2.2 equiv.) in ethanol (5 mL) was added drop-
wise with constant stirring. The solution became orange, and the
solvent was removed under reduced pressure after 1 h. Recrystalli-
sation from CH,Cl,/n-heptane gave the pure product as a micro-
crystalline yellow material, yield 62mg (0.11 mmol, 76%).
CygH;3Pt (561.20): caled. C 59.88, H 5.38; found C 59.78, H 5.48.
'H NMR (CDCl,): 6 = 7.29 (d, 4 H, 0-Ph), 7.02 (m, 4 H, m-Ph),
5.48 (m, 2Jp, i = 39 Hz, 2 H, =CH), 2.81-2.42 (m, 8 H, CH.), 2.30
(s, 6 H, p-CH,), 2.24 (s, 3Jp. g = 32 Hz, 6 H, Me,COD CH3;) ppm.
195pg,'H HMBC (CDCls): § = 3773 ppm. IR (KBr): v = 3072,
3043, 3025, 2996 [w, v(C=C-H), 2911, 2888 [s, v(HC-H) and
v(H,C-H), 2117 [s, v(C=C)], 1604 (m), 1503 [s, v(C=C) aryl], 1432,
1416 [m, 3(HC-H), 8(H,C-H), 1005, 944, 924 (m), 843, 816, (s),
756, 712 [m, 3(C=C-H)] cm™!. EI-MS: m/z = 561 [M]".

[(Me,COD)Pt(Me)(C=C(4-Me)Ph)|: The compound was prepared
by a variation to the method described for [(COD)Pt(C=CPh),]:[63
A suspension of [(Me,COD)Pt(Me)Cl] (100 mg, 0.262 mmol) in
ethanol (10 mL) was maintained at -5 °C, and a freshly prepared
mixture of p-tolylacetylene (35 pL, 0.288 mmol, 1.1 equiv.) and po-
tassium tert-butoxide (32 mg, 0.288 mmol, 1.1 equiv.) in ethanol
(5 mL) was added dropwise with constant stirring. The solution
became darker, and the reaction mixture was evaporated to dryness
under reduced pressure after 1 h. Recrystallisation from CH,Cl,/n-
heptane of the resulting solid gave the pure yellow microcrystalline
product, yield 80 mg (0.173 mmol, 66%). CoH,sPt (461.52): caled.
C 52.05, H 5.68; found C 52.04, H 5.71. 'H NMR (CDCl;): ¢ =
7.29 (d, 2 H, 0-Ph), 7.02 (d, 2 H, m-Ph), 5.35 (m, 2Jp_ g = 31 Hz,
1 H, 2-H), 4.67 (m, 2Jp, iy = 45 Hz, 1 H, 6-H), 2.67-2.23 (m, 11 H,
CH, and p-CH3), 2.16 (s, 3Jp ;r = 25 Hz, 3 H, C-1-CH3), 1.81 (s,
3Jpen = 35Hz, 3 H, C-5-CH3), 1.02 (s, 2Jp .y = 76 Hz, 3 H, CH3)
ppm. *Pt,'H HMBC (CDCls): 6 = -3693 ppm. EI-MS: m/z = 461
(M]*.

Synthesis of [(COD)Pt(R)(L)][PF4l, (R = Bn or Me, L = MQ* or
Mpz*): [(COD)Pt(Bn)CI] (488 mg, 1.135 mmol) or [(COD)Pt(Me)-
Cl] (401 mg, 1.135 mmol) was dissolved in acetone, and Ag[PF]
(287 mg, 1.135 mmol) was added. Immediately, a colourless pre-
cipitate was observed; after 30 min, the reaction mixture was fil-
tered, and the colourless filtrate was mixed with (MQ)[PFg]
(359 mg, 1.135 mmol) or (Mpz)[PF4] (273 mg, 1.135 mmol). After
stirring for 2 h, the reaction mixture was evacuated to dryness.
Recrystallisation of the off-white residue from CH,Cl, afforded the
product.

[(COD)Pt(Bn)(MQ)][PF¢],: Colourless microcrystals (820 mg,
0.958 mmol, 84%). CysH30F1,N,P,Pt (855.57): caled. C 36.50, N
3.27, H 3.53; found C 36.64, N 3.30, H 3.59. 'H NMR ([Dg]acet-
one): 6 = 9.28 (d, 2 H, MQ 2-H, 6-H), 8.90 (d, 2 H, MQ 2’-H, 6'-
H), 8.68 (d, 2 H, MQ 3-H, 5-H), 8.24 (d, 2 H, MQ 3'-H, 5'-H),
6.98-6.94 (m, 3 H, Bn 3-H, 4-H, 5-H), 6.82 (m, 2 H, Bn 2-H, 6-
H), 5.52 (m, *Jp,u = 36 Hz, 2 H, COD 6-H), 5.47 (m, 2Jp, g =
72 Hz, 2 H, COD 2-H) 4.70 (s, 3 H, CH3), 3.03 (s, 2Jp. ;s = 90 Hz,
2 H, PhCH,) 2.86-2.50 (m, 8 H, COD CH,) ppm. '°*Pt,'"H HMBC
([Dglacetone): 6 = —3670 ppm.

[(COD)Pt(Bn)(Mpz)][PF¢l,: Colourless solid (796 mg, 1.021 mmol,
90%) C20H26F12N2P2Pt (77945) caled. C 3082, N 359, H 336,
found C 30.84, N 3.60, H 3.39. '"H NMR ([DgJacetone): § = 9.68
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(d, 2 H, Mpz 3-H, 5-H), 9.35 (d, 2 H, Mpz 2-, 6-H), 7.23-7.08 (m,
5 H, Bn ArH), 5.58 (m, 2Jp.y = 36 Hz, 2 H, COD 2-H), 5.28 (m,
2Jpen = 85 Hz, 2 H, COD 6-H), 4.78 (s, 3 H, CH3), 2.99 (s, 2Jp i1 =
85 Hz, 2 H, PhCH,), 2.90-2.48 (m, 8 H, COD CH,) ppm. '*>Pt,'H
HMBC ([Dglacetone): 6 = -3618 ppm.

[(COD)Pt(Me)(MQ)][PFg],: Colourless solid (754 mg, 0.967 mmol,
85%). CyoHaF12N,P,Pt (779.45): caled. C 30.82, N 3.59, H 3.36;
found C 30.80, N 3.57, H 3.34. '"H NMR ([DgJacetone): § = 9.28
(d, 2 H, MQ 2-H, 6-H), 9.21 (d, 2 H, MQ 2’-H, 6'-H), 8.73 (d, 2
H, MQ 3-H, 5-H), 8.40 (d, 2 H, MQ 3'-H, 5’-H), 5.54 (m, 2Jp it
=30 Hz, 2 H, COD 6-H), 5.35 (m, %Jp iy = 78 Hz, 2 H, COD 2-
H) 4.70 (s, 3 H, CH,), 2.78-2.48 (m, 8 H, CH,) 0.89 (s, 2Jp.1i1
69 Hz, 3 H, CH;) ppm. Pt,'H HMBC ([DgJacetone): § =
-3662 ppm.

Supporting Information (see footnote on the first page of this arti-
cle): Tables containing crystallographic and structural data, figures
showing the crystal and molecular structures.
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