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New water-soluble phosphanes derived from 1,3,5-triaza-7-
phosphaadamantane, namely, [PTA–R]Br (R = –CH2C�CH,
–CH2CONH2, –CH2COOH), are described. Coordination of
these phosphanes and their previously reported counterparts
(R = –CH2CN, –CH2Ph and –CH2COOMe) to gold(I) salts
gives water-soluble derivatives with chlorido, bromido or
pentafluorophenyl coligands. The luminescence properties of
all new compounds have been studied in the solid state and
compared with the respective free PTA ligands. [PTA–

Introduction

Water is the ideal solvent for synthetic processes from an
economical and ecological industrial point of view. Further-
more, as water is abundant and environmentally benign, it
can be considered to be an important solvent for industrial
biphasic processes.[1–3] However, the use of water as a sol-
vent requires the synthesis of reagents that are both stable
and soluble in this medium. One of the most common stra-
tegies for solubilising metallic derivatives in water involves
the use of ligands with hydrophilic properties. Amongst the
many water-soluble phosphanes currently available, the ad-
amantane-like phosphane 1,3,5-triaza-7-phosphaadaman-
tane (PTA) has received special attention owing to its sim-
ilar reactivity to other alkylphosphanes and its higher air
stability and higher resistance to oxidation than other
water-soluble phosphanes.[4,5] As a result, many examples
of complexes with PTA and its derivatives are known and
have been reviewed recently.[6,7]

Similar or even higher water solubilities can be achieved
by N-alkylating PTA to form [PTA–R]X derivatives [R =
Me,[8–10] Et,[11] nPr,[12] nBu,[12] (CH2)4I,[13] CH2Ph[14,15] and
CH2Py[16] (Py = pyridine)]. In addition to these alkyl salts,
which are normally obtained in acetone or methanol under

[a] Departamento de Química Inorgánica, Instituto de Síntesis
Química y Catálisis Homogénea, Universidad de Zaragoza –
C.S.I.C.
50009 Zaragoza, Spain
Fax: +34-976-761187
E-mail: mlaguna@unizar.es
Homepage: http://www.unizar.es/icma/depart/qoa/web/

index.php

Eur. J. Inorg. Chem. 2013, 2020–2030 © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2020

CH2Ph]Br, [PTA–CH2COOMe]Br and [AuBr(PTA–CH2Ph)]Br
have also been characterised by X-ray diffraction analysis.
Some of the new gold(I) compounds exhibit strong antiprolif-
erative effects in the human ovarian carcinoma cell line
A2780 and its cisplatin-resistant variant (A2780cisR). A bal-
anced relationship between lipophilicity and hydrophilicity
is found in these derivatives, with distribution coefficients
(logD7.4) that range from 0.14 to –0.40.

reflux conditions, new alkylated PTA phosphanes, for ex-
ample, [PTA–CH2CN]Br, [PTA–CH2Ph]Br and [PTA–
CH2COOMe]X (X = Br, OTf, PF6) have been obtained by
some of us[17] under milder conditions. Indeed in the par-
ticular case of the ester derivative with bromine, such phos-
phanes have considerably higher water solubility (up to 6
times higher than PTA itself). Double N-alkylation of the
PTA molecule, which has only been obtained with methyl
groups to date, gives N,N�-dimethyl-1,3,5-triaza-7-phos-
phaadamantane[18] {[dmPTA](CF3SO3)2}, which, in the
presence of KOH, leads to the new water-soluble phos-
phane dmoPTA upon elimination of the CH2 group be-
tween the two N–Me units.[19] Removal of two methylene
groups after the triple alkylation of tetrakis(hydroxy-
methyl)phosphonium chloride (THPC) leads to
[P(CH2NH2R){CH2N(R)CH2N(R)CH2}]+ (R = C6H5CH2,
4-FC6H5CH2), in which the presence of intramolecular hy-
drogen bonding preserves the adamantane core.[20]

Phosphanes are some of the most frequently employed
ligands in organometallic and coordination chemistry, and
many of the properties that make phosphane complexes at-
tractive for use in catalysis are also relevant for medicinal
applications. In the synthesis of metal-based drugs, for ex-
ample, the reactivity of the complex must be taken into ac-
count to prevent undesirable side reactions whilst allowing
binding to cellular targets by ligand substitution. Further-
more, a balance between hydrophilicity and lipophilicity is
required for the drug to be water soluble and at the same
time be able to pass through the phospholipid cell mem-
brane.[21–24]
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The earliest example of a metal–phosphane derivative
with medical applications is the gold(I) complex known as
auranofin [(1-thio-β-d-glucopyranose-2,3,4,6-tetraacetato-
S)(triethylphosphane)gold], which exhibits antiarthritic
properties[25] and has also been found to be cytotoxic
towards leukaemia cells.[26,27] Recent examples of water-sol-
uble metal–phosphane derivatives with anticancer proper-
ties towards different cell lines have also been published.
Indeed, in the particular case of gold(I)[28–32] and rutheni-
um(II)[22,33–39] complexes, the presence of the hydrophilic
phosphane PTA provides water solubility to these com-
pounds.

In light of this, herein we report the synthesis of several
new hydrophilic phosphanes derived from the PTA mole-
cule, which in some cases display higher water solubility
than PTA itself, and their corresponding phosphane–
gold(I) derivatives. The cytotoxic properties of some of
them against human ovarian carcinoma cell lines (A2780
and A2780cisR) are also reported and compared with those
of cisplatin.

Results and Discussion

The new N-alkylated PTA phosphanes were prepared
as described previously[17] by treating PTA with the ap-

Scheme 1. (i) RX, (ii, iii) [AuCl(tht)], (iv) NaBr, (v) [Au(C6F5)(tht)] and (vi) [PTA–R]X.
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propriate RBr salt (R = –CH2C�CH, –CH2CONH2,
–CH2COOH), at room temperature (Scheme 1, i), to give
white, water-soluble and air-stable solids. As was the case
for the previously reported N-substituted PTA derivatives,
the 1H NMR spectra of the water-soluble phosphanes are
rather more complicated than that for PTA since alkylation
of one of the N atoms reduces the symmetry in the mole-
cule. Consequently, the methylene protons are inequivalent
and, in some cases, diastereotopic. The methylene NCH2N
protons in all these phosphanes are diastereotopic, al-
though the methylene protons of the NCH2N+ group with
one alkylated N atom appear as an AB system. The
31P{1H} NMR spectra display a singlet in the range be-
tween δ = –81 and –84 ppm, downfield from that for free
PTA. These new phosphanes are water soluble and, in the
particular case of [PTA–CH2CONH2] (1e) and [PTA–
CH2COOH] (1f), the solubility is two and even three times
higher than that of PTA.

Treatment of these phosphanes with [AuCl(tht)] (tht =
tetrahydrothiophene) leads to the formation of [AuCl(PTA–
R)]Br derivatives as a result of replacement of the tht ligand
by PTA–R (Scheme 1, ii).

Coordination of the Au–L fragment markedly affects the
1H NMR spectra, with only the AB system corresponding
to the methylene NCH2N+ protons remaining at a similar
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chemical shift. The remaining protons appear as multiplets
resulting from overlapping doublets and, in general, are dis-
placed to high field with respect to those of the free phos-
phanes. All complexes show singlet resonances at about δ =
–30 ppm in their 31P{1H} NMR spectra, with the exception
of 3c that appears at δ = –75 ppm, with these signals being
displaced to lower field with respect to those for the corre-
sponding free phosphanes.

Molecular peaks are observed in the MALDI+ mass
spectra of all compounds, with additional peaks assigned
to species in which the chlorine anion has been replaced by
a bromine counterion also being detected for some of the
gold(I) derivatives. This latter observation suggests a fast
interchange between both anions in solution and probably
means that a mixture of both salts is present in the com-
plexes. A similar behaviour is also observed in penta-
fluorophenyl gold(I) complexes of related PTA ligands
[Au(C6F5)(PTA–R)]Br (6a–d), which are prepared in a sim-
ilar way but starting from [Au(C6F5)(tht)] (Scheme 1, v).

This anion exchange can be avoided by starting from the
corresponding PTA chloride salt. Thus, we have prepared
the PTA salts [PTA–R]Cl (see the Exp. Sect.), which require
longer reaction times and higher reaction temperatures. No
significant differences were found in either the 1H or
31P{1H} NMR spectra of these latter compounds with re-
spect to their bromine-containing counterparts. However,
the corresponding gold(I) derivatives of the type
[AuCl(PTA–R)]Cl (4a,b; Scheme 1, iii) show some differ-
ences in their 1H NMR spectra: for example, a displacement
of the AB system that corresponds to the NCH2N group
or a greater separation between the signals of the NCH2P,
NCH2N and CH2X groups, thus allowing them to be more
easily assigned. Surprisingly, the solubility of [PTA–
CH2CO2Me]Cl (2586 gL–1) is twice that of the correspond-
ing bromine salt [PTA–CH2CO2Me]Br (1450 g L–1)[17] and
11 times higher than that of PTA, although the gold(I)
complex [AuCl(PTA–CH2CO2Me)]Cl is less soluble than
the related complex [AuCl(PTA–CH2CO2Me)]Br (see the
Exp. Sect.).

Substitution of the chlorine linked to gold(I) by bromine
also affords pure derivatives with the formula [AuBr(PTA–

Table 1. Excitation and emission data in the solid state.[a]

298 K 77 K
λexc [nm] λemis [nm] λexc [nm] λemis [nm]

[PTA–CH2CO2Me]Br (1a) – – 380 440
[PTA–CH2Ph]Br (1b) – – 280 400 (sh), 440
[PTA–CH2CN]Br (1c) – – – –
[AuCl(PTA–CH2CO2Me)]Br (3a) 370 415 (sh), 440 340 400 (sh), 450
[AuCl(PTA–CH2Ph)]Br (3b) 360 400 (sh), 450 355 460
[AuCl(PTA–CH2CN)]Br (3c) 315 400 340 460 (st)
[AuCl(PTA–CH2CO2Me)]Cl(4a) 380 430, 450 340(st) 440 (st)
[AuCl(PTA–CH2Ph)]Cl (4b) – – 340 445 (st)
[AuBr(PTA–CH2CO2Me)]Br (5a) 290 520 287, 350 455 (sh), 495
[AuBr(PTA–CH2Ph)]Br (5b) 320 550 346 450, 550
[Au(C6F5)(PTA–CH2CO2Me)]Br (6a) – – 300 530
[Au(C6F5)(PTA–CH2Ph)]Br (6b) 380 480 360 470
[Au(C6F5)(PTA–CH2C�CH)]Br (6d) 320 370 330, 340 (sh) 460, 550

[a] sh: shoulder, st: structured band.

Eur. J. Inorg. Chem. 2013, 2020–2030 © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2022

R)]Br (5a,b), which can be isolated in essentially quantita-
tive yield upon treatment of [AuCl(PTA–R)]Br (3a,b) with
an excess amount of NaBr. In this case, the main differences
are found in the displacement of the resonances in the
31P{1H} NMR spectra to low field by about δ = 10 ppm.

Addition of a second molecule of [PTA–R]X (X = Cl,
Br) to the gold(I) chloride derivatives [AuCl(PTA–R)]X
gives rise to [AuCl(PTA–R2)]X2, which contains two phos-
phanes coordinated to the Au–Cl unit, most probably in a
trigonal disposition.

All gold complexes except 3b and 4b are water soluble,
although, as expected, less so than the free phosphanes,
with values that range from 4 to around 240 gL–1 at room
temperature. The most water-soluble derivatives are those
that contain the PTA phosphane with an ester or amide
group, which are also the most soluble phosphanes. A slight
increase in water solubility is observed in derivatives 7b–d,
which contain two phosphanes per molecule with respect to
their precursors 3b–d.

Some of these derivatives are luminescent at room tem-
perature and at 77 K in the solid state (Table 1). As an ex-
ample, the emission of [AuCl(PTA–CH2CN)]Br (3c) is plot-
ted in Figure 1.

Figure 1. Emission spectra of [AuCl(PTA–CH2CO2Me)]Br (3a) at
room temperature (green) and (blue) at 77 K.
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The N-alkylated phosphanes are not luminescent at room
temperature and exhibit a weak luminescence at 77 K, but
after coordination to gold(I), most of the obtained com-
plexes are luminescent even at room temperature. Com-
plexes 3a–c, 4a,b and 6a–c show an emission band between
400 and 460 nm, however, complexes 5a,b show lower-en-
ergy bands, around 500 nm, which could be in accordance
with the assignment of ligand-to-metal charge transfer
(LMCT) nature of this emission. This assignment is sup-
ported by the crystal structure of [AuBr(PTA–CH2Ph)]Br
(5b), described here (see below). This structure contains di-
mers with shorter Au···Au distances than the previously re-
ported PTA derivative.

At 77 K the behaviour is similar for all the complexes
that show maxima between 400 and 460 nm. Complexes
4a,b show structured bands with intensity maxima about
440 nm and complex 6a shows an emission maximum about
530 nm. Emissions observed at room temperature and at
77 K for all complexes are similar to those observed for the
free phosphanes 1a–c at 77 K, which could suggest an ori-
gin for the emission: intraligand perturbed by the metal or
a band mixture of intraligand and ligand-to-metal-centred.
The related derivatives [AuCl(PTA)] and [AuBr(PTA)], and
the corresponding protonated complexes [AuCl(PTA–H)]Cl
and [AuBr(PTA–H)]Br, also show photoluminescent behav-
iour, with strong temperature-dependent emissions assigned
to LMCTs.[40,41]

Structural Results

The X-ray structure of [PTA–CH2CO2Me]+ with triflate
(CF3SO3) as counteranion has been described previously.[17]

The molecule presents disorder in the phosphorus and one
of the nitrogen atoms, with the respective positions being
interchanged in the cation. This leads to atypical P–C and
N–C distances, some 0.25 Å shorter or longer, respectively,
than conventional values. Herein we describe the crystal
structure of the water solvate of [PTA–CH2CO2Me]Br (1a),
which does not have the symmetry problems found in
[PTA–CH2CO2Me](CF3SO3). The methanol solvate of
[PTA–CH2Ph]Br (1b) has also been characterised by X-ray
diffraction. These molecules are depicted in Figures 2 and
3, with selected bond lengths and angles in Tables 2 and 3,
respectively. The bond angle around the phosphorus atom
(C–P1–C = 96.23° in 1b and 96.21° in 1a, on average) dis-
plays a distorted-pyramidal geometry similar to that ob-
served in free PTA[42] or in the related PTA derivatives
[pymePTA]Br (pyme = N-methylpyridinium),[16] [PTA–
(CH2)4I]I,[13] [PTA-1-allyl]I[43] and [dmPTA](CF3SO3)2.[18]

Larger C–P–C angles (97.78–99.42°) are found in
[P(CH2NH2R){CH2N(R)CH2N(R)CH2}]X (R = C6H5CH2,
4-FC6H5CH2; X = Cl and SbF6),[20] in which the ada-
mantane core is maintained by means of intramolecular hy-
drogen bonds. The geometry around N2 and N3 is also dis-
torted pyramidal, with average C–N–C angles of 111.13(2)
and 111.33(2)° for 1b and 111.18 and 111.53° for 3, respec-
tively. However, the quaternary N1 atom shows a nearly
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ideal tetrahedral geometry, with average C–N–C angles of
109.0(2)° in 1b and 109.42° in 3 (see Table 4). As is the case
for the previously reported PTA derivatives [pymePTA]Br,
[PTA–(CH2)4I]I and [dmPTA](TfO)2, the average N–C
bond lengths [1.526(3) (1b) and 1.527(3) Å (1a)] for this
quaternary N atom are slightly longer than that observed
around N2 [1.456(4) (1b) and 1.454(3) Å (1a)] and N3
[1.460(4) (1b) and 1.456(3) Å (1a)]. In the case of [PTA–
CH2CO2Me]Br (1a), the oxygen atom of the ketone group
(O1) displays short intramolecular O1···N1 contacts of
2.899(3) Å and additional intramolecular C–H···O interac-
tions [C9–H9C···O1 2.35 Å, C9···O3 2.708(3) Å and angle
at H9C of 101°; C3–H3B···O1 2.46 Å, C3···O1 3.088(3) Å
and angle at H3B of 120°]. The molecules pack in groups
of three molecules interconnected through short P···N dis-
tances of 3.394(2) Å. Additionally, the unit cell of 1b shows
that the packing of individual cations is influenced by very

Figure 2. ORTEP plot showing the X-ray structure of the cation in
[PTA–CH2CO2Me]Br (1a). Thermal ellipsoids are drawn at 50%
probability. Hydrogen atoms are omitted for clarity.

Figure 3. Molecular structure of [PTA–CH2Ph]Br (1b) showing the
cation. Thermal ellipsoids are drawn at the 50% probability level.
Hydrogen atoms are omitted for clarity.

Table 2. Selected bond lengths [Å] and angles [°] for compound 1a.

P1–C3 1.857(2) N3–C2 1.462(3)
P1–C1 1.857(2) N3–C4 1.476(3)
P1–C4 1.857(3) C3–P1–C1 96.98(11)
O1–C8 1.201(3) C3–P1–C4 96.04(11)
N1–C7 1.494(3) C1–P1–C4 95.63(12)
N1–C3 1.518(3) C7–N1–C3 112.52(18)
N1–C6 1.544(3) C7–N1–C6 112.00(18)
N1–C5 1.554(3) C3–N1–C6 110.60(17)
N2–C5 1.424(3) C7–N1–C5 104.95(16)
N2–C2 1.471(3) C3–N1–C5 109.26(17)
N2–C1 1.469(3) C6–N1–C5 107.20(17)
N3–C6 1.431(3)
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long phenyl-ring interactions [closest centroid···centroid
distances of 4.934(2) Å, interplanar angle of 0° and perpen-
dicular distances of 3.095 Å with slippage of 3.845 Å].

Table 3. Selected bond lengths [Å] and angles [°] for compound 1b.

N1–C9 1.512(3) C9–N1–C10 109.4(2)
N1–C7 1.515(3) C7–N1–C10 111.4(2)
N1–C10 1.538(3) C9–N1–C8 110.2(2)
N1–C8 1.542(3) C7–N1–C8 106.6(2)
N2–C8 1.432(4) C10–N1–C8 107.5(2)
N2–C13 1.461(4) C8–N2–C13 109.5(2)
N2–C11 1.475(4) C8–N2–C11 112.0(2)
N3–C10 1.440(4) C13–N2–C11 111.9(2)
N3–C13 1.467(4) C10–N(3–C13 110.2(2)
N3–C12 1.474(4) C10–N3–C12 112.7(2)
P1–C11 1.836(3) C13–N3–C12 111.1(2)
P1–C9 1.841(3) C11–P(1–C9 96.69(14)
P1–C12 1.841(3) C11–P1–C12 95.75(14)
C9–N1–C7 111.6(2) C9–P1–C12 96.25(13)

Table 4. Selected bond lengths [Å] and angles [°] for compound 3.[a]

Au1–P1 2.405(3) C1–P1–C2 90.5(6)
Au1–Br1 2.5980(14) C3–P1–C2 102.4(5)
Au1–Au1#1 2.8439(11) C1–P1–Au1 129.2(4)
P1–C1 1.780(11) C1–P1–C3 96.2(5)
P1–C3 1.787(11) C3–P1–Au1 111.7(4)
P1–C2 1.875(12) C2–P1–Au1 121.5(4)
N1–C7 1.486(13) C4–N3–C6 116.5(8)
N1–C4 1.465(13) C4–N3–C1 108.0(9)
N1–C5 1.551(13) C6–N3–C1 115.0(8)
N1–C3 1.603(14) C6–N2–C5 106.8(9)
N2–C2 1.600(15) C6–N2–C2 118.2(9)
N2–C6 1.407(14) C5–N2–C2 107.4(9)
N2–C5 1.424(14) C4–N1–C7 105.6(8)
N3–C4 1.403(13) C4–N1–C5 101.2(8)
N3–C6 1.470(14) C7–N1–C5 112.5(8)
N3–C1 1.563(14) C4–N1–C3 116.4(8)
P1–Au1–Br1 174.37(7) C7–N1–C3 107.2(8)
P1–Au1–Au1#1 91.66(7) C5–N1–C3 113.8(8)
Br1–Au1–Au1#1 91.52(4)

[a] #1 –x + 2, y, –z + 3/2.

Complex 5b crystallises in the space group C2/c and con-
tains an asymmetric unit that consists of two symmetry-
related gold molecules with a crossed structure (torsion an-
gle of 119°) and short Au···Au interactions of 2.8439(11) Å
(Figure 4). Similar structures have been found in the PTA–
gold(I) derivatives: [AuCl(PTA)], [AuCl(PTA–HCl)] and
[AuBr(PTA)],[41] in which the dimers are connected by
longer Au···Au contacts of 3.092(1), 3.322(1) and
3.107(2) Å, respectively. The presence of short intermo-
lecular gold–gold contacts is typical for gold(I) complexes.
These interactions normally display values over 3 Å, except
for ligands that exhibit additional hydrogen bonding,[44–47]

in which shorter distances are found. Complex 5b is a spe-
cial case as there is no hydrogen bonding between the PTA
molecules. As such, relative to previously reported gold
PTA derivatives, the most spatially demanding phosphane
[PTA–CH2Ph]Br gives the shortest metallic interactions.
This is due to the fact that the dimers associate (Figure 5)
by means of N3···C4 intermolecular contacts of 3.037(17) Å
between the PTA molecules [C4–H4b···N3i 2.49 Å, C4···N3i

3.037(17) Å and angle at H4b of 115° for i: 1/2 – x, 1/2 – y,
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1 – z]. The geometry around the N atoms in the PTA mole-
cule is similar to that in the free phosphane 1b, with a dis-
torted-pyramidal geometry around N2 and N3 [average C–
N–C angles of 110.8(9) and 113.16°] and an almost ideal
tetrahedral geometry for the quaternary N1 atom [average
C–N–C angles of 109.45(8)°]. Although the N–C bond
lengths for the quaternary nitrogen N1 are longer than
those observed for N2 and N3, as is also the case for 1b,
this difference is less pronounced than in free PTA [N1–
C 1.5262(13) Å, N2–C 1.477(14) Å, N3–C 1.4786(14) Å on
average]. As expected, the coordination geometry at the Au
centre is essentially linear with a P1–Au1–Br1 bond angle
of 174.37(7)°. The Au–P bond length of 2.5980(14) Å com-
pares well with previously reported gold–PTA deriva-
tives.[28,29,31,41,48–51] However, the Au–Br bond length of
2.5980(14) Å is 0.22 Å longer than that described in
[AuBr(PTA)].[41]

Figure 4. Molecular structure of [AuBr(PTA–CH2Ph)]Br (5b)
showing the cation.Thermal ellipsoids are drawn at the 50% prob-
ability level. Hydrogen atoms are omitted for clarity.

Figure 5. View of the packing in the unit cell of complex 5b.
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Cytotoxic Assays

We have evaluated the cytotoxic properties of some of
these phosphane derivatives (Table 5) against the cisplatin-
sensitive human ovarian carcinoma A2780 cell lines and its
cisplatin-resistant counterpart A2780cisR. For comparison
purposes, the cytotoxicity of cisplatin was also evaluated
under the same experimental conditions. To avoid any pos-
sible interchange between the anion coordinated to gold
and the counterion, we only studied samples with the same
anion and counterion, namely, [AuX(PTA–CH2CO2Me)]X
[X = Cl (4a), Br (4b)] and [AuX(PTA–CH2Ph)]X [X = Cl
(5a), Br (5b)]. The four complexes display very high cytoto-
xicities, with IC50 values that range from 0.05 to 0.08 μm

for the sensitive A2780 cell lines, thus making them much
more potent than cisplatin. In the best case (5a), the IC50

value is almost 18-fold lower than that found for cisplatin.
Higher IC50 values (in the range 0.3 to 0.6 μm) are observed
in all cases for the resistant A2780 cell lines, although they
remain lower than that found for cisplatin (11-fold lower in
the best cases of 4a and 4b). The four complexes exhibit
greater cytotoxicities in both cell lines than previously re-
ported gold(I) derivatives that contain PTA and thiolate or
alkyne ligands.[28,29]

Table 5. IC50 values in A2780 cell lines and distribution coefficients
of [AuX(PTA–R)]X complexes and cisplatin.

IC50 [μm][a] logD7.4

A2780 A2780cisR

[AuCl(PTA–CH2CO2Me)]Cl (4a) 0.088�0.001 0.318�0.012 –0.40
[AuBr(PTA–CH2CO2Me)]Br (4b) 0.082�0.001 0.318�0.018 –0.34
[AuCl(PTA–CH2Ph)]Cl (5a) 0.050�0.001 0.408�0.012 –0.39
[AuBr(PTA–CH2Ph)]Br (5b) 0.057�0.001 0.617�0.021 –0.14
cisplatin 0.943�0.013 3.676�0.21

[a] Mean�SE of at least three determinations.

Berners-Price et al.[52] have previously shown that an op-
timal balance between the lipophilic and hydrophilic nature
of metal-based drugs is one of the most important factors
for antitumor activity. In our case, the lipophilicity/hydro-
philicity covers a narrow range, with distribution coeffi-
cients (logD7.4) of between –0.14 and –0.40 (Table 5), thus
indicating a balanced relationship between their lipophilic
and hydrophilic character. It has been found that gold de-
rivatives with a high lipophilic character, such as
[Au(dppe)2]Cl [logP = +1.41; dppe = 1,2-bis(diphenylphos-
phino)ethane] lead to high host toxicity as a consequence
of nonspecific binding to biomolecules, whereas other, more
hydrophilic gold complexes might be more easily excreted
as a result of low protein binding.[52]

Conclusion

Phosphanes derived from PTA can easily be synthesised
by alkylation of one of the N atoms of the PTA molecule
upon treatment of PTA with the appropriate alkyl bromide
salts. Coordination of these phosphanes to gold(I) deriv-
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atives gives water-soluble compounds of the type
[AuX(PTA–R)]Br (X = Cl, C6F5), in which a fast inter-
change between the bromide counterion and the anion co-
ordinated to the metallic centre is observed in solution, thus
giving rise to a mixture of complexes.

The substitution of chlorine by bromine in the chlorido–
gold derivative, or use of the corresponding chlorine-con-
taining PTA, namely, [(PTA–R)]Cl, as starting material
leads to the preparation of pure [AuX(PTA–R)]X (X = Cl,
Br; R = –CH2Ph, –CH2CO2Me) derivatives. These pure
compounds were tested for their antiproliferative activity
against the human ovarian cancer cell lines A2780/S and
A2780/R. In all cases they showed a better cytotoxicity than
cisplatin. A balanced relationship between lipophilicity and
hydrophilicity is found in these derivatives, which is one of
the requisites during the synthesis of an anticancer drug to
facilitate its administration and transport in the body and
avoid host toxicity.

Experimental Section

General: 1H, 31P{1H} (161.97 MHz), 13C{1H} (100.62 or
75.4 MHz) and 19F{1H} (376 MHz) NMR spectra were recorded
with 400 or 300 MHz Bruker Avance spectrometers. Chemical
shifts are quoted relative to external TMS (1H, 13C) or 85% H3PO4

(31P) or to CFCl3 (19F); coupling constants are reported in Hz.
MALDI mass spectra were measured with a Micromass Autospec
spectrometer in positive-ion mode using trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenylidene]malonitrile (DCTB) as ma-
trix. IR spectra were recorded with a Perkin–Elmer Spectrum 100
FTIR (far-IR) spectrometer. Steady-state photoluminescence spec-
tra were recorded with a Jobin–Yvon-Horiba fluorolog FL-3-11
spectrometer using band pathways of 3 nm for both excitation and
emission. Elemental analyses were obtained in-house with a LECO
CHNS-932 microanalyser. The phosphane PTA[9] and the related
molecules [PTA–R]X [R = –CH2COOMe (1a), –CH2Ph (1b),
–CH2CN (1c); X = Br],[17] (R = –CH2Ph, X = Cl)[14,15,53,54] were
prepared according to published methods. The compounds of
[AuCl(PTA–R)]Br [R = –CH2COOMe (3a), –CH2Ph (3b)] were
prepared as published elsewhere.[17]

Preparation of [PTA–R]Br [R = –CH2C�CH (1d), –CH2CONH2

(1e), –CH2COOH (1f)]: A solution of RBr (2 mmol) in acetone (ca.
10 mL) was added dropwise to a solution of PTA (2 mmol, 0.314 g)
in acetone (ca. 10 mL) at room temperature. After stirring the mix-
ture for approximately 25 min, the white solids were isolated by
filtration, washed with acetone and diethyl ether and dried in air.

[PTA–CH2C�CH]Br (1d): Yield 83%, white solid. 1H NMR ([D6]-
DMSO, 25 °C): δ = 5.02 and 4.94 (AB system, JA,B = 11.2 Hz, 4
H, NCH2N), 4.55 (d, JH,H = 13.4 Hz, 1 H, NCH2N), 4.44 (d, JH,H

= 6.2 Hz, 2 H, NCH2P), 4.33 (d, JH,H = 13.4 Hz, 1 H, NCH2N),
4.08 (t, JH,H = 2.6 Hz, 1 H, CH2C�CH), 3.96 (d, JH,H = 2.6 Hz,
2 H, CH2C�CH), 3.93–3.86 (m, 4 H, NCH2P) ppm. 31P{1H}
NMR ([D6]DMSO): δ = –81.7 ppm. 13C{1H} NMR (100.62 MHz,
[D6]DMSO): δ = 84.2 (s, C�CH), 79.3 (s, 2 C, NCH2N), 70.9 (s,
C�CH), 69.7 (s, NCH2N), 53.6 (d, JP,C = 45.2 Hz, PCH2N), 51.3
(s, CH2C�CH), 45.7 (d, JP,C = 27.1 Hz, PCH2N) ppm. MALDI
MS: m/z (%) = 196.1 (100) [M]+. IR: ν̃ = 2114 cm–1 [ν(C�C)].
C9H15BrN3P (276.11): calcd. C 39.15, H 5.47, N 15.22; found C
38.66, H 5.59, N 15.16. S25°C(H2O): 13 g L–1.
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[PTA–CH2CONH2]Br (1e): Yield 84%, white solid. 1H NMR
([D6]DMSO, 25 °C): δ = 8.01 (s, 1 H, NH2), 7.73 (s, 1 H, NH2),
5.28 and 5.06 (AB system, JA,B = 10.8 Hz, 4 H, NCH2N), 4.62 (s,
2 H, NCH2P), 4.55 (d, JH,H = 14 Hz, 1 H, NCH2N), 4.36 (d, JH,H

= 13.6 Hz, 1 H, NCH2N), 3.98–3.84 (m, 4 H, NCH2P), 3.66 (s, 2
H, CH2CO) ppm. 31P{1H} NMR ([D6]DMSO): δ = –84.4 ppm.
13C{1H} NMR (100.62 MHz, [D6]DMSO): δ = 165.15 (s, CO),
80.20 (s, 2 C, NCH2N), 69.82 (s, NCH2N), 60.62 (s, CH2CO), 53.4
(d, JP,C = 32.7 Hz, PCH2N), 46.1 (d, JP,C = 20.2 Hz, PCH2N) ppm.
MALDI MS: m/z (%) = 215.3 (61) [M]+. IR: ν̃ = 1696 cm–1

[ν(C=O)]. C8H16BrN4OP (295.12): calcd. C 32.56, H 5.46, N 18.98;
found C 32.64, H 5.89, N 19.38. S25°C(H2O): 733 gL–1.

[PTA–CH2COOH]Br (1f): Yield 78%, white solid. 1H NMR ([D6]-
DMSO, 25 °C): δ = 5.09 (AB system, JA,B = 11.3 Hz, 4 H,
NCH2N), 4.7 (d, JH,H = 10.9 Hz, 1 H, NCH2N), 4.6 (d, JH,H =
8 Hz, 2 H, NCH2P), 4.33 (d, JH,H = 13.4 Hz, 1 H, NCH2N), 3.88–
3.78 (m, 4 H, NCH2P), 3.5 (s, 1 H, CH2OOH) ppm. 31P{1H} NMR
([D6]DMSO): δ = –85.28 ppm. 13C{1H} NMR (100.62 MHz, [D6]-
DMSO): δ = 165.2 (s, CO), 79.5 (s, NCH2N), 71.2 (s, NCH2N),
61.7 (s, CH2COOH), 52.9 (d, JP,C = 31.2 Hz, PCH2N), 46.2 (d, JP,C

= 20.1 Hz, PCH2N) ppm. MALDI MS (%): m/z (%) = 216 (14.21)
[M]+. IR: ν̃ = 1684 cm–1 [ν(C=O)]. C8H16BrN4OP (296.1): calcd. C
32.45, H 5.11, N 14.19; found C 32.72, H 5.4, N 14.47. S25°C(H2O):
582 gL–1.

Preparation of [PTA–R]Cl [R = –CH2CO2Me (2a)]: A solution of
RCl in acetone (2 mmol) was added to a solution of PTA (2 mmol,
0.314 g) in acetone (ca. 10 mL) heated at reflux. After stirring the
mixture for approximately 24 h, the white solids were isolated by
filtration, washed with acetone and diethyl ether and dried in air.
Yield 80%, white solid. 1H NMR ([D6]DMSO, 25 °C): δ = 5.26
and 5.13 (AB system, JA,B = 11.2 Hz, 4 H, NCH2N), 4.63 (d, JH,H

= 5.6 Hz, 2 H, NCH2P), 4.57–4.41 (m, 2 H, NCH2N), 4.04 (s, 2 H,
CH2COOMe), 3.98–3.87 (m, 4 H, NCH2P), 3.77 (s, 3 H, Me) ppm.
31P{1H} NMR ([D6]DMSO): δ = –84.4 ppm. 13C{1H} NMR
(75.4 MHz, [D6]DMSO): δ = 165 (s, CO), 79.8 (s, NCH2N), 70.2
(s, NCH2N), 59.9 (s, CH2CO), 53.8 (d, PCH2N), 53.5 (s, Me), 45.9
(d, PCH2N) ppm. MALDI MS: m/z (%) = 229.8 (100) [M]+. IR: ν̃
= 1745 cm–1 [ν(C=O)]. C9H17ClN3O2P (265.68): calcd. C 40.69, H
6.45, N 15.82; found C 40.18, H 6.99, N 15.47. S25°C(H2O):
2586 gL–1.

Preparation of [AuCl(PTA–R)]Br Complexes [R = –CH2CN (3c),
–CH2C�CH (3d), –CH2CONH2 (3e), –CH2COOH (3f)]: [PTA–R]-
Br (0.2 mmol) was added to a solution of [AuCl(tht)] (0.2 mmol;
0.0641 g) in acetone (ca. 10 mL). After stirring the mixture for ap-
proximately 4 h, the solutions were concentrated and the addition
of Et2O precipitated the products, which were isolated by filtration
and dried in air as white solids.

[AuCl(PTA–CH2CN)]Br (3c): Yield 76%, white solid. 1H NMR
([D6]DMSO, 25 °C): δ = 5.28 and 5.19 (AB system, JH,H = 12 Hz,
4 H, NCH2N), 4.73 (s, 2 H, NCH2P), 4.65 (d, JH,H = 13.4 Hz, 1
H, NCH2N), 4.58 (s, 2 H, CH2CN), 4.38–4.46 (m, 1 H, NCH2N),
4.01–4.13 (m, 4 H, NCH2P) ppm. 31P{1H} NMR ([D6]DMSO): δ
= –75.5 ppm. 13C{1H} NMR (100.62 MHz, [D6]DMSO): δ = 111.3
(s, CN), 80.6 (s, NCH2N), 69.2 (s, NCH2N), 55.1 (d, JP,C = 26.1 Hz,
PCH2N), 48.3 (s, CH2CN), 46.5 (d, JP,C = 14 Hz, PCH2N) ppm.
IR: ν̃ = 1682 cm–1 [ν(C�N)]. C8H14AuBrClN4P (509.52): calcd. C
18.86, H 2.77, N 11.00; found C 19.35, H 2.73, N 11.38.
S25°C(H2O): 65.21 gL–1.

[AuCl(PTA–CH2C�CH)]Br (3d): Yield 85%, white solid. 1H NMR
([D6]DMSO, 25 °C): δ = 5.03 and 5.12 (AB system, JH,H = 11.2 Hz,
4 H, NCH2N), 4.89 (d, JH,H = 5.3 Hz, 2 H, NCH2P), 4.66 (d, JH,H

= 13.4 Hz, 1 H, NCH2N), 4.28–4.43 (m, 5 H, NCH2N + NCH2P),
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4.17 (br. s, 1 H, CH2C�CH), 4.11 (br. s, 2 H, CH2C�CH) ppm.
31P{1H} NMR ([D6]DMSO): δ = –29.7 ppm. 13C{1H} NMR
(75.4 MHz, [D6]DMSO): δ = 84.9 (s, C�CH), 78.5 (s, NCH2N),
70.3 (s, NCH2N), 55.9 (d, JP,C = 23.4 Hz, PCH2N), 51.3 (s,
CH2C�CH), 47.9 (d, JP,C = 22 Hz, PCH2N) ppm. MALDI MS:
m/z (%) = 507 (18) [M + Br]+. IR: ν̃ = 2118 cm–1 [ν(C�C)].
C9H15AuBrClN3P (508.53): calcd. C 21.26, H 2.97, N 8.26; found
C 21.8, H 2.51, N 8.66. S25°C(H2O): 7.4 gL–1.

[AuCl(PTA–CH2CONH2)]Br (3e): Yield 76%, white solid. 1H
NMR ([D6]DMSO 25 °C): δ = 8.09 (s, 1 H, NH2), 7.83 (s, 1 H,
NH2), 5.38 and 5.12 (AB system, JA,B = 11.2 Hz, 4 H, NCH2N),
4.99 (d, JH,H = 4 Hz, 2 H, NCH2P), 4.62–4.58 (m, 1 H, NCH2N),
4.4–4.32 (m, 4 H, NCH2N and NCH2P), 3.79 (s, 2 H, CH2CO)
ppm. 31P{1H} NMR ([D6]DMSO): δ = –34.1 ppm. 13C{1H} NMR
(75.4 MHz, [D6]DMSO): δ = 165.1 (s, CO), 80.1 (s, NCH2N), 69.7
(s, NCH2N), 60.5 (s, CH2CO), 53.7 (d, JP,C = 28 Hz, PCH2N), 46.5
(d, JP,C = 16.6 Hz, PCH2N) ppm. MALDI MS: m/z (%) = 449 (22)
[M]+. C8H16AuBrClN4OP (527.74): calcd. C 18.21, H 3.06, N
10.62; found C 18.83, H 3.12, N 10.41. S25°C(H2O): 243 gL–1.

[AuCl(PTA–CH2COOH)]Br (3f): Yield 78 %, white solid. 1H NMR
([D6]DMSO, 25 °C): δ = 5.09–5.29 (AB system, JA,B = 11.3 Hz, 4
H, NCH2N), 4.78 (d, JH,H = 4 Hz, 2 H, NCH2P), 4.65 (d, JH,H =
10.7 Hz, 1 H, NCH2N), 4.31 (d, JH,H = 13.4 Hz, 1 H, NCH2N),
3.95 (d, JH,H = 8.7 Hz, 2 H, CH2CO), 3.75 (m, 4 H, NCH2P), 3.65
(s, 1 H, COOH) ppm. 31P{1H} NMR ([D6]DMSO): δ = –31.7 ppm.
13C{1H} NMR (75.4 MHz, [D6]DMSO): δ = 165.4 (s, CO), 79.6 (s,
NCH2N), 71.7 (s, NCH2N), 61.0 (s, CH2COOH), 53.7 (d, JP,C =
41 Hz, PCH2N), 46.5 (d, JP,C = 19 Hz, PCH2N) ppm. MALDI MS:
m/z (%) = 216 (14) [M]+, 447 (2) [M – H]+. IR: ν̃ = 1684 cm–1

[ν(C=O)]. C8H15AuBrClN3O2P (528.52): calcd. C 18.18, H 2.86, N
7.95; found C 18.3, H 2.7, N 7.14. S25°C(H2O): 180 gL–1.

Preparation of [AuCl(PTA–R)]Cl Complexes [R = –CH2CO2-
Me(4a), –CH2Ph(4b)]: [PTA–R]Cl (0.2 mmol) was added to a solu-
tion of [AuCl(tht)] (0.2 mmol; 0.0641 g) in acetone (ca. 10 mL). Af-
ter stirring the mixture for approximately 4 h, the solutions were
concentrated and the addition of Et2O precipitated the products,
which were isolated by filtration, dried in air as white solids and
recrystallised from MeOH/OEt2.

[AuCl(PTA–CH2CO2Me)]Cl (4a): Yield 86%, white solid. 1H
NMR ([D6]DMSO, 25 °C): δ = 5.27 and 5.39 (AB system, JA,B =
11.2 Hz, 4 H, NCH2N), 5.06 (d, JH,H = 5.6 Hz, 2 H, PCH2N),
4.59–4.52 (m, 2 H, NCH2N), 4.36–4.47 (m, 4 H, PCH2N +
CH2COOMe), 4.2 (s, 2 H, CH2Ph), 3.79 (s, 3 H) ppm. 31P{1H}
NMR ([D6]DMSO): δ = –31.7 ppm. 13C{1H} NMR (100.62 MHz,
[D6]DMSO): δ = 164.5 (s, CO), 80.75 (s, NCH2N), 69.08 (s,
NCH2N), 59.7 (s, CH2COOMe), 54.05 (d, JP,C = 27.6 Hz, PCH2N),
53.57 (s, COOMe), 48.22 (d, JP,C = 20.8 Hz, PCH2N) ppm.
MALDI MS: m/z (%) = 462 (11) [M]+. IR: ν̃ = 1746 cm–1 [ν(CO)].
C9H17AuCl2N3O2P (498.1): calcd. C 21.70, H 3.44, N 8.44; found
C 22.02, H 3.8, N 8.13. S25°C(H2O): 30 gL–1.

[AuCl(PTA–CH2Ph)]Cl (4b): Yield 97%, white solid. 1H NMR
([D6]DMSO 25 °C): δ = 7.55–7.61 (m, 5 H, Ph), 4.97 and 5.22 (AB
system, JA,B = 11.6 Hz, 4 H, NCH2N), 4.65 (d, JH,H = 5.6 Hz, 2
H, NCH2P), 4.57 (d, JH,H = 13.1 Hz, 1 H, NCH2N), 4.38–4.22 (m,
7 H, NCH2P + NCH2N + CH2Ph) ppm. 31P{1H} NMR ([D6]-
DMSO): δ = –30.4 ppm. 13C{1H} NMR (100.62 MHz, [D6]-
DMSO): δ = 135.5, 130.9, 129.6 (s, Ph), 78.9 (s, NCH2N), 69.1 (s,
NCH2N), 64.7 (s, CH2Ph), 52.3 (d, JP,C = 23 Hz, PCH2N), 47.9 (d,
JP,C = 23 Hz, PCH2N) ppm. MALDI MS: m/z (%) = 480.2 (100)
[M]+. C13H19AuCl2N3P (516.16): calcd. C 30.25, H 3.71, N 8.14;
found C 30.04, H 3.75, N 8.19.
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Preparation of [AuBr(PTA–R)]Br Complexes [R = –CH2CO2Me
(5a), –CH2Ph (5b)]: NaBr was added in an excess amount to a
solution of [AuCl(PTA–R)]Br (0.2 mmol) in acetone (ca. 10 mL).
After stirring the mixture for approximately 24 h, the solutions
were concentrated and the addition of Et2O precipitated the prod-
ucts, which were isolated by filtration, dried in air as white solids
and recrystallised from MeOH/OEt2.

[AuBr(PTA–CH2CO2Me)]Br (5a): Yield 96%, white solid. 1H
NMR ([D6]DMSO, 25 °C): δ = 5.20 and 5.36 (AB system, JA,B =
11.2 Hz, 4 H, NCH2N), 4.96 (br. s, 2 H, PCH2N), 4.58 (d, JH,H =
13.2 Hz, 1 H, NCH2N), 4.27–4.38 (m, 5 H, PCH2N + NCH2N),
4.12 (s, 2 H, CH2COOMe), 3.78 (s, 3 H) ppm. 31P{1H} NMR
([D6]DMSO): δ = –41.6 ppm. 13C{1H} NMR (75.4 MHz, [D6]-
DMSO): δ = 164.4 (s, CO), 80.6 (s, NCH2N), 68.9 (s, NCH2N),
59.6 (s, CH2CO), 54.2 (d, JP,C = 18.1 Hz, PCH2N), 53.6 (s, Me),
48.2 (d, JP,C = 19.6 Hz, PCH2N) ppm. MALDI MS: m/z (%) = 508
(100) [M]+. IR: ν̃ = 1752 cm–1 [ν(CO)]. C9H17AuBr2N3O2P
(584.91): calcd. C 18.42, H 2.92, N 7.16; found C 18.09, H 2.61, N
6.84. S25°C(H2O): 20 gL–1.

[AuBr(PTA–CH2Ph)]Br (5b): Yield 78%, white solid. 1H NMR
([D6]DMSO, 25 °C): δ = 7.53–7.60 (m, 5 H, Ph), 4.35 and 5.03 (AB
system, JA,B = 8 Hz, 4 H, NCH2N), 4.75 (d, J = 8 Hz, 2 H,
NCH2P), 4.58–4.62 (m, 1 H, NCH2N), 4.37–4.44 (m, 3 H, NCH2N
+ NCH2P), 4.37 (s, 2 H, CH2Ph), 4.26–4.30 (m, 2 H, NCH2P)
ppm. 31P{1H} NMR ([D6]DMSO): δ = –39.1 ppm. 13C{1H} NMR
(100.62 MHz, [D6]DMSO): δ = 133.7, 129.3 (s, Ph), 78.5 (s,
NCH2N), 69.1 (s, NCH2N), 64.1 (s, CH2Ph), 52.1 (d, JP,C = 30 Hz,
PCH2N), 47.6 (d, JP,C = 20.1 Hz, PCH2N) ppm. C13H19AuBr2N3P
(602.93): calcd. C 25.81, H 3.17, N 6.94; found C 25.78, H 2.68, N
6.54.

Preparation of [Au(C6F5)(PTA–R)]Br Complexes [R = –CH2CO2Me
(6a), –CH2Ph (6b), –CH2CN (6c), –CH2C�CH (6d), –CH2CONH2

(6e)]: [PTA–R]Br (0.2 mmol) was added to a solution of
[Au(C6F5)(tht)] (0.2 mmol; 0.0904 g) in acetone (ca. 10 mL). After
stirring the mixture for approximately 4 h, the solutions were con-
centrated and the addition of Et2O precipitated the products, which
were isolated by filtration, dried in air as white solids and recrystal-
lised from MeOH/OEt2.

[Au(C6F5)(PTA–CH2CO2Me)]Br (6a): Yield 81%, white solid. 1H
NMR ([D6]DMSO, 25 °C): δ = 3.79 (s, 3 H, COOMe), 4.08 (s, 2
H, CH2COOMe), 4.22–4.39 (m, 5 H, NCH2N + NCH2P), 4.62 (d,
JH,H = 13.2 Hz, 1 H, NCH2N), 4.91 (s, 2 H, NCH2P), 5.13 and
5.35 (AB system, JA,B = 11.2 Hz, 4 H, NCH2N) ppm. 31P{1H}
NMR ([D6]DMSO): δ = –31.1 ppm. 19F{1H} NMR ([D6]DMSO):
δ = –114.8 (m, Fortho), –161.5 (t, Fpara), –162.7 (m, Fmeta) ppm.
MALDI MS: m/z (%) = 594 (100) [M]+. IR: ν̃ = 1748 cm–1 [ν(CO)].
C15H17AuBrF5N3O2P (674.15): calcd. C 26.72, H 2.54, N 6.23;
found C 26.45, H 2.94, N 6.02. S25°C(H2O): 42 gL–1.

[Au(C6F5)(PTA–CH2Ph)]Br (6b): Yield 84%, white solid. 1H NMR
([D6]DMSO, 25 °C): δ = 7.55–7.6 (m, 5 H, Ph), 4.97 and 5.18 (AB
system, JA,B = 11.6 Hz, 4 H, NCH2N), 4.56–4.63 (m, 3 H, NCH2N
+ NCH2P), 4.26 (s, 2 H, CH2Ph), 4.20–4.45 (m, 5 H, NCH2P) ppm.
31P{1H} NMR ([D6]DMSO): δ = –29.9 ppm. 19F{1H} NMR ([D6]-
DMSO): δ = –114.5 (m, Fortho), –161.4 (t, Fpara), –162.7 (m, Fmeta)
ppm. 13C{1H} NMR (75.4 MHz, [D6]DMSO): δ = 133.4, 130.6,
129.4 (s, Ph), 126.3 (s, C6F5), 78.9 (s, NCH2N), 69.6 (s, NCH2N),
64.9 (s, CH2Ph), 52.4 (d, JP,C = 28.6 Hz, PCH2N), 46.4 (d, JP,C =
18.9 Hz, PCH2N) ppm. MALDI MS: m/z (%) = 612 (100) [M]+,
524 (40) [M – C6F5 + Br]+. C19H19AuBrF5N3P (692.21): calcd. C
32.97, H 2.77, N 6.07; found C 32.59, H 3.73, N 6.42. S25°C(H2O):
3.6 gL–1.
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[Au(C6F5)(PTA–CH2C�CH)]Br (6d): Yield 84 %, white solid. 1H
NMR ([D6]DMSO, 25 °C): δ = 4.99 and 5.11 (AB system, JA,B =
11.2 Hz, 4 H, NCH2N), 4.83 (br. s, 2 H, NCH2P), 4.57 (d, JH,H =
13.6 Hz, 1 H, NCH2N), 4.27–4.44 (m, 5 H, NCH2N + NCH2P),
4.19 (br. s, 1 H, CH2C�CH), 4.09 (br. s, 2 H, CH2C�CH) ppm.
31P{1H} NMR ([D6]DMSO): δ = –28.5 ppm. 19F{1H} NMR ([D6]-
DMSO): δ = –114.3 (m, Fortho), –161.7 (t, Fpara), –163.1 (m, Fmeta)
ppm. 13C{1H} NMR (75.4 MHz, [D6]DMSO): δ = 126.5 (s, C6F5),
84.3 (s, C�CH), 79.3 (s, NCH2N), 69.7 (s, NCH2N), 69.4 (s,
C�CH), 53.4 (d, JP,C = 15 Hz, PCH2N), 49.5 (s, CH2C�CH), 46.0
(d, JP,C = 18.8 Hz, PCH2N) ppm. MALDI MS: m/z (%) = 521 (22)
[M – CH2CCH]+. IR: ν̃ = 2166 cm–1 [ν(C�C)]. C15H15AuBrF5N3P
(640.14): calcd. C 28.14, H 2.36, N 6.56; found C 28.05, H 2.78, N
6.83. S25°C(H2O): 5.5 gL–1.

[Au(C6F5)(PTA–CH2CONH2)]Br (6e): Yield 76%, white solid. 1H
NMR ([D6]DMSO 25 °C): δ = 8.02 (s, 1 H, NH2), 7.80 (s, 1 H,
NH2), 5.33 and 5.05 (AB system, JA,B = 11.2 Hz, 4 H, NCH2N),
4.83 (s, 2 H, NCH2P), 4.56–4.34 (m, 2 H, NCH2N), 4.22–4.14 (m,
4 H, NCH2P), 3.70 (s, 2 H, CH2CO) ppm. 31P{1H} NMR ([D6]-
DMSO): δ = –53.7 ppm. 19F{1H} NMR ([D6]DMSO): δ = –114.5
(m, Fortho), –161.3 (t, Fpara), –162.5 (m, Fmeta) ppm. MALDI MS:
m/z (%) = 449 (22) [M]+. IR: ν̃ = 1685 cm–1 [ν(C=O)].
C14H16AuBrF5N4OP (659.14): calcd. C 26.03, H 2.12, N 8.41;
found C 25.51, H 2.45, N 8.50. S25°C(H2O): 40 gL–1.

Preparation of [AuCl(PTA–R)2](Br)2 Complexes [R = –CH2CO2Me
(7a), –CH2Ph (7b), –CH2C�CH (7d)]: [PTA–R]Br (0.2 mmol) was
added to a solution of [AuCl(PTA–R)]Br (0.2 mmol) in acetone
(ca. 10 mL) at 0 °C. After stirring the mixture for approximately
4 h, the solutions were concentrated and the addition of Et2O pre-
cipitated the products, which were isolated by filtration, dried in
air as white solids and recrystallised from MeOH/OEt2.

[AuCl(PTA–CH2CO2Me)2](Br)2 (7a): Yield 70%, white solid. 1H
NMR ([D6]DMSO, 25 °C): δ = 5.16 and 5.33 (AB system, JA,B =
11.2 Hz, 4 H, NCH2N), 4.97 (d, JH,H = 4.4 Hz, 2 H, PCH2N), 4.57
(d, JH,H = 13.2 Hz, 2 H, NCH2N), 4.34–4.42 (m, 5 H, PCH2N +
NCH2N), 4.1 (s, 2 H, CH2COOMe), 3.79 (s, Me) ppm. 31P{1H}
NMR ([D6]DMSO): δ = –34.3 ppm. MALDI MS: m/z (%) = 462
(6) [M – PTACH2COOMe]+. IR: ν̃ = 1743 cm–1 [ν(C=O)].
C18H34AuBr2ClN6O4P2 (852.68): calcd. C 25.35, H 4.02, N 9.86;
found C 25.01, H 3.9, N 9.61. S25°C(H2O): 32.8 gL–1.

[AuCl(PTA–CH2Ph)2](Br)2 (7b): Yield 73%, white solid. 1H NMR
([D6]DMSO, 25 °C): δ = 7.54 (m, 5 H, Ph), 4.56 (d, JH,H = 13.2 Hz,
1 H, NCH2N), 4.91 and 5.11 (AB system, JA,B = 11.2 Hz, 4 H,
NCH2N), 4.33 (d, JH,H = 13.2 Hz, 1 H, NCH2N), 4.12 (s, 2 H,
NCH2P), 4.18 (s, 2 H, CH2Ph), 3.96–4.12 (m, 4 H, NCH2P) ppm.
31P{1H} NMR ([D6]DMSO): δ = –59.9 ppm. C26H38AuBr2ClN6P
(888.8): calcd. C 35.14, H 4.31, N 9.46; found C 35.42, H 4.62, N
9.81. S25°C(H2O): 7.5 gL–1.

[AuCl(PTA–CH2C�CH)2](Br)2 (7d): Yield 70%, white solid. 1H
NMR ([D6]DMSO, 25 °C): δ = 5.03 and 5.21 (AB system, JA,B =
11.2 Hz, 4 H, NCH2N), 4.77 (br. s, 2 H, NCH2P), 4.63 (d, JH,H =
13.2 Hz, 1 H, NCH2N), 4.25–4.34 (m, 3 H, NCH2N + NCH2P),
4.19 (br. s, 1 H, CH2C�CH), 4.14–4.12 (m, 2 H, NCH2P), 4.11
(br. s, 2 H, CH2C�CH) ppm. 31P{1H} NMR ([D6]DMSO): δ =
–51.1 ppm. IR: ν̃ = 2115 cm–1 [ν(C�C)]. C18H30AuBr2ClN6P
(784.65): calcd. C 27.55, H 3.85, N 10.71; found C 27.1, H 3.9, N
10.53. S25°C(H2O): 10.5 gL–1.

Preparation of [AuCl(PTA–R)2](Cl)2 Complexes [R = –CH2CO2Me
(8a), –CH2Ph (8b)]: [PTA–R]Cl (0.2 mmol) was added to a solution
of [AuCl(PTA–R)]Cl (0.2 mmol) in acetone (ca. 10 mL) at 0 °C.
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After stirring the mixture for approximately 4 h, the solutions were
concentrated and the addition of Et2O precipitated the products,
which were isolated by filtration and dried in air as white solids.

[AuCl(PTA–CH2CO2Me)2](Cl)2 (8a): Yield 70%, white solid. 1H
NMR ([D6]DMSO, 25 °C): δ = 5.23 and 5.42 (AB system, JA,B =
11.2 Hz, 4 H, NCH2N), 5.03 (d, JH,H = 4.3 Hz, 2 H, PCH2N), 4.57
(d, JH,H = 13.1 Hz, 2 H, NCH2N), 4.42–4.53 (m, 5 H, PCH2N +
NCH2N), 4.32 (s, 2 H, CH2COOMe), 3.75 (s, 3 H, Me) ppm.
31P{1H} NMR ([D6]DMSO): δ = –24.3 ppm. MALDI MS:
m/z (%) = : 693 (20) [M]+. IR: ν̃ = 1763 cm–1 [ν(C=O)].
C18H34AuCl3N6O4P2 (763.77): calcd. C 28.31, H 4.92, N 11.00;
found C 28.33, H 4.74, N 11.27.

[AuCl(PTA–CH2Ph)2](Cl)2 (8b): Yield 72%, white solid. 1H NMR
([D6]DMSO, 25 °C): δ = 7.54 (m, 5 H, Ph), 4.92 and 5.13 (AB
system, JA,B = 11.2 Hz, 4 H, NCH2N), 4.52 (d, JH,H = 13.2 Hz, 1
H, NCH2N), 4.49 (s, 2 H, NCH2P), 4.32 (d, JH,H = 13.1 Hz, 1 H,
NCH2N), 4.23 (s, 2 H, CH2Ph), 4.10–4.22 (m, 4 H, NCH2P) ppm.
31P{1H} NMR ([D6]DMSO): δ = –49.9 ppm. C26H38AuCl3N6P2

(799.89): calcd. C 39.04, H 4.79, N 10.51; found C 38.75, H 4.56,
N 10.27.

Crystallographic Studies: Crystals suitable for X-ray diffraction
were obtained by slow diffusion of diethyl ether into methanolic
solutions. A summary of the fundamental crystal and refinement
data of [PTA–CH2COOMe]Br (1a), [PTA–CH2Ph]Br (1b) and
[AuBr(PTA–CH2Ph)]Br (5b) is given in Table 6. The crystals were
mounted on a glass fibre with inert oil and centred in a Bruker
Smart CCD diffractometer with graphite-monochromated Mo-Kα

(λ = 0.7107 Å) radiation for data collection. Absorption correc-
tions based on multiple scans were applied by using the SADABS
program.[55] The structures were solved by direct methods[56] and
refined on F2 by using the SHELXL-97 program.[57] Hydrogen
atoms were included in idealised positions. Weighted R factors (Rw)
and all goodness-of-fit S values are based on F2; conventional R

factors (R) are based on F. The PLATON SQUEEZE[58,59] algo-
rithm was applied to 5b to model the diffuse contribution from a

Table 6. Crystal data and data collection and refinement for complexes [PTA–CH2CO2Me]Br (1a), [PTA–CH2Ph]Br (1b) and [AuBr(PTA–
CH2Ph)]Br (5b).

1a 1b 5b

Empirical formula C9H17BrN3O3P C14H23BrN3OP C26H38Au2Br4N6P2

Mr 326.14 360.23 1210.14
Colour, habit colourless, plate colourless, irregular block colourless, plate
Space group monoclinic, P21/c monoclinic, P21/n monoclinic, C2/c
a [Å] 6.6033(6) 8.3401(13) 23.719(5)
b [Å] 21.9356(18) 11.5736(18) 23.719(5)
c [Å] 9.6615(8) 16.846(3) 16.481(5)
α [°] 90 90 90
β [°] 109.744(2) 96.515(3) 129.963(5)
γ [°] 90 90 90
V [Å3] 1317.17(19) 1615.6(4) 3358.4(19)
Z 4 4 4
Dcalcd. [g cm–3] 1.645 1.481 2.393
μ [mm–1] 3.243 2.643 13.609
θ range [°] 2.42 to 27.06 2.14 to 27.01 2.13 to 25.00
Data collected 8369 10044 9011
Unique data 2890 [R(int) = 0.0275] 3520 [R(int) = 0.0342] 2961 [R(int) = 0.0399]
R1

[a] [F2 � 2σ(F2)] 0.0287 0.0373 0.0442
R2

[b] (all data) 0.0796 0.0818 0.1300
Largest diff. peak/hole [e Å–3] 0.656/–0.278 0.577/–0.421 2.719/–2.890
S[c] (all data) 1.044 0.906 1.016

[a] R1(F) = Σ||Fo| – |Fc||/Σ |Fo|. [b] wR2(F2) = {Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}1/2̧ w–1 = [σ2(Fo

2) + (aP)2 + bP], for which P = [max(Fo
2,0) + 2Fc

2]/3.
[c] S = {Σ[w(Fo

2 – Fc
2)2]/(n – p)}1/2, for which n is the number of reflections and p the number of refined parameters.

Eur. J. Inorg. Chem. 2013, 2020–2030 © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2028

highly disordered solvent of crystallisation to the electron density.

CCDC-888587 (for 1a), -888588 (for 1b) and -888589 (for 5b) con-
tain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Antiproliferative Assays: Human A2780 cells were grown in RPMI
1640 medium that contained 10% fetal calf serum (FCS) and l-
glutamine (2 mm) under an atmosphere of 5% CO2 at 37 °C. For
the cytotoxicity evaluation, 4000 cells per well were seeded in
100 μL of complete medium in 96-multiwell flat-bottom microtiter
plates (Corning Costar). The plates were incubated at 37 °C in 5%
CO2 for 96 h prior to drug testing to allow cell adhesion. There-
after, a solution (10 μL) of 3-(4,5-dimethyl-2-thiazoyl)-2,5-di-
phenyltetrazolium bromide [MTT; 5 mgmL–1 in phosphate buffer
solution (PBS), 0.136 m in NaCl, 1.47 mm in KH2PO4, 8 mm in
NaH2PO4 and 2.68 mm in KCl) were added and incubation was
continued for 4 h. Afterwards sodium dodecyl sulfate (SDS)
(100 μL; 10% in HCl 0.01 m) was added and incubated for 12–14 h.
Then the cell-culture supernatants were removed, the cell layer was
dissolved in DMSO, and absorbance at 595 nm was measured in a
96-well multiwell plate reader (Tecan Ultra Evolution) and com-
pared to the values of control cells incubated in the absence of
complexes. Experiments were conducted in quadruplicate wells and
repeated at least three times. The inhibition of cellular growth was
calculated on the basis of the formula: Inhibition [%] = 100 –
{(T�100)/C} (T: observed absorption of the treated cells and C:
observed absorption in control wells). The inhibitory potency was
evaluated by using the concentration versus inhibition [%] of cellu-
lar growth curves. These curves were adjusted to the equation E =
Emax/{1 + (IC50/C)n}, for which E is the percentage inhibition ob-
served, n is the slope of the semilogarithmic dose–response sigmoid
curves, Emax is the maximal effect and C is the concentration of
tested compounds. The nonlinear fitting was performed using
GrapPad Prism 2.01, 1996 software. The cytotoxicity of cisplatin
was also evaluated under the same experimental conditions for
comparison purposes.
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Distribution Coefficients (logD7.4): The n-octanol/water coefficients
of the complexes were determined as previously reported[60] by
using a shake-flask method. PBS-buffered distilled water (100 mL,
phosphate buffer [PO4

3–] = 10 μm, [NaCl] = 0.15 m, pH 7.4) and n-
octanol (100 mL) were shaken together for 72 h to allow saturation
of both phases. The complexes (1 mg) were mixed in aqueous and
organic phase (1 mL), respectively, for 10 min. The resultant emul-
sion was centrifuged to separate the phases. The concentrations of
the compound in each phase were determined by using UV ab-
sorbance spectroscopy. The value of logD7.4 was defined as [com-
pound(organic)]/[compound(aqueous)].
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