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Thiazolium salts 2a-b derived from a dipeptide Boc-Gly-
(Thz-Ala)-OMe (1b) containing the nonproteinogenic amino
acid L-thiazolylalanine (Thz-Ala) can be used to generate the
corresponding N,S-heterocyclic carbene (NSHC) gold(I) (3a-
b) and silver(I) (4) complexes. Reaction of the NSHC-gold(I)
iodide 3b with Boc-Cys-Gly-OMe gives access to the peptide
bioconjugate 5, which contains a NSHC-Au-(S-Cys) unit.
Compounds 3-5 constitute the first coin metal NSHC-peptide
complexes. All new compounds were comprehensively char-
acterized by 'H, ¥C and 2D-NMR spectroscopy, IR spec-

troscopy, and mass spectrometry. Their cytotoxicity was
studied in vitro against three different tumor cell lines (A549,
Jurkat T and MiaPaca2) and ICs, values in the low micromo-
lar range (< 25 pMm), and as low as 0.4 uM in the best case
were observed. All new Au complexes show good stability
and promising properties and, as a result, this novel type of
gold(I) carbene complex opens possibilities for the design of
new metal-based drugs with promising antitumor character-
istics.

Introduction

Nowadays several metal-based drugs are employed for
the treatment of various diseases.[' Cisplatin,! for example,
is successfully used clinically in the treatment of many types
of cancer such as testicular or ovarian cancer, among
others. However, drawbacks, such as lack of activity and
selectivity against other types of cancer, development of re-
sistance, and undesired toxic side-effects, must be overcome,
and the preparation of new anticancer agents constitutes an
active research field.!

The biological activity of gold compounds as antimicro-
bial agents was established more than a century ago.! The
main use of gold compounds, however, has been for the
treatment of rheumatoid arthritis, mostly by the well-
known compound auranofin.®! In the last decades, new
gold complexes with promising anticancer,® antimicro-
bial,[! anti-HIV,®! fungicidal, and antiparasitic®! activities
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have been prepared. Some of these gold(I) and gold(III)
complexes seem to exhibit their excellent antiproliferative
activities by a mechanism that differs from that of Cisplatin.
Specifically, inhibition of mitochondrial enzymes, for exam-
ple, thioredoxin reductase (TrxR), has been established as
one important mode of action.'”) Such compounds are
promising anticancer agents that possess a good pharma-
ceutical profile that could overcome the limitations men-
tioned before.

Diverse approaches have been employed towards the
preparation of bioactive gold-based anticancer agents, such
as in the synthesis of (a) derivatives of the auranofin lead
structure,l''! (b) other gold(I) phosphine complexes,!'”
(c) gold(IIT)  complexes,!'3  (d) dithiocarbamate  com-
plexes,l'¥! (e) porphyrin derivatives,!'>! and (f) coordination
of gold(I) or gold(IIT) complexes to biologically active mol-
ecules.l'°]

Another novel class of compounds, namely gold com-
plexes with N-heterocyclic carbene (NHC) ligands has at-
tracted a lot of attention.['”) Carbenes are isolobal with
phosphines, but they present several advantages such as bet-
ter o-donating ability as ligands, higher water- and air-sta-
bility, and ease of modification compared with phosphines,
so that it is possible to tune their electronic and steric prop-
erties."® A large number of these NHC-gold(I) complexes
functionalized with diverse ligands have been described in
the last decades with interesting activities in fields such as
catalysis!'”! and, more recently, medicinal chemistry.?”! The
majority of work has focused on the preparation of NHC
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compounds derived from imidazolyl-2-ylidene, but strong
interest also exists in the development of other heterocyclic
systems.[!]

The replacement of a nitrogen for a sulfur atom in the
imidazole ring results in the thiazole molecule. This hetero-
cycle forms part of a range of peptides with biological ac-
tivity,?? and is also a critical motif in thiamine (vitamine
B,; Figure 1). Although thiamine is supposed to exist as
free carbene during benzoin condensation,*)! no bioorgano-
metallic thiamine-carbene metal complexes have been de-
scribed, and thiazol derivatives could be used as much sim-
plified bioorganometallic models.?* In contrast to the in-
tensely studied NHC systems based on imidazolyl-2-ylid-
ene, thiazolyl-2-ylidene analogues are scarce. In thiazoles,
only one nitrogen atom can be functionalized, in contrast
to imidazole for which two nitrogen atoms can be substi-
tuted. To the best of our knowledge, NSHC derivatives of
thiazole, benzothiazole, and methyl-thiazole have been re-
ported with only a few metals; the majority were ruth-
enium(II)!>*! and palladium(I1),1*®! and a few examples have
been obtained for gold(I) and gold(III),[>”-?81 copper(I),**1
nickel(I1),*%  manganese(0),*!! cromium(0), and tung-
sten(0).3%1 The replacement of imidazole for the thiazole
ring in histidine gives the nonproteinogenic amino acid L-
thiazolylalanine (ThzAla).*3 Recently, Lemke et al. de-
scribed the first NSHC-Rh"!" and NSHC-Ru"! peptide con-
jugates bearing this interesting bioorganic derivative of

thiazole.[34
S
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Figure 1. Important bioorganic thiazole derivatives: thiamine (vita-
mine Bj, left) and the amino acid L-thiazolylalanine (ThzAla,
right).

Following this work, we have prepared the first NSHC-
gold(I) conjugates derived from a dipeptide of this type.
Cytotoxic activity is mainly attributed to the gold(I) atom,
however, functionalization with amino acids and pept-
ides!®! could improve the pharmaceutical profile of the
complexes such as activity or selectivity, and decrease unde-
sired toxic side effects. Amino acids and peptides are useful
carriers that can deliver the metal to the target and could
enable the complex to penetrate into the cell. Furthermore,
our complexes could be more selective to abnormal cells
due to the fact that tumoral cells overexpress amino acid
receptors and also have increased requirements for nutri-
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ents.?®1 In general, the concept of using bioorganometallic
peptide bioconjugates for targeting of tumor cells has
gained considerable attention.7]

In this work, Au' peptide derivatives of thiazolylalanine-
containing peptides were prepared and their cytotoxic ac-
tivity against three human tumor cell lines has been studied.

Results and Discussion

Synthesis and Characterization

The synthesis of dipeptide 1b was readily achieved as
shown in Scheme 1. In the first step, starting from commer-
cially available Boc-L-thiazolylalanine, deprotection of the
Boc amino protective group and esterification of the free
carboxylic acid was carried out in the same step using
SOCl,. The 'H NMR spectrum shows the disappearance of
the signals corresponding to the Boc group at 6 = 5.57 and
1.47 ppm belonging to the carbamate and methyl protons,
respectively, and the appearance of a new signal for the
methyl ester at 6 = 3.80 ppm. The resulting amino ester de-
rivative 1a was obtained in quantitative yield and was cou-
pled to Boc-Gly-OH by using the mixed anhydride
method,®® in which isobutyl chloroformate (IBCF) was
employed as activating agent and N-methyl morpholine
(NMM) as base. The desired dipeptide 1b was obtained in
high yield and in pure form after chromatographic purifica-
tion. Formation of the new amide bond was confirmed by
the appearance of a resonance at § = 7.30 ppm in the 'H
NMR spectrum and at 6 = 169.4 ppm in the '3C spec-
trum.?®! The protons of the thiazol rings appear as doublets
with a small characteristic coupling constant (J = 2.0 Hz)
at 6 = 8.73 and 7.07 ppm (‘H NMR spectra) and at § =
152.2 and 115.8 ppm in the '*C NMR spectra, which is con-
sistent with previous reports and is a characteristic of this
type of compounds.

The next step involved thiazolium salt formation by alk-
ylation of the nitrogen atom of the thiazol ring. Attempts
to carried out the alkylation by using previously reported
conditions?®! with EtBr as alkylating agent in MeCN
heated to reflux over three days gave the desired bromide
thiazolium peptide salt 2a only in very poor yield (< 5%);
the remaining starting dipeptide was recovered by flash
chromatography. In contrast to imidazole, the nitrogen
atom of the thiazole is less basic and more difficult to alkyl-
ate, and therefore harsher conditions must be employed. As
this reaction is of Sy2 type, it should be favored by the
use of an alkyl halide with a better leaving group. Hence,
performing the alklylation reaction with EtI™% instead of
EtBr gave the desired thiazolium iodide peptide salt 2b in

—_—

1b \[:l\>

Scheme 1. Synthesis of the L-thiazolylalanine-containing dipeptide 1b. (i) SOCl,, MeOH, (ii) Boc-Gly-OH, IBCF, NMM, THE.
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Scheme 2. Synthesis of the thiazolium peptide salts.

good yield (66% yield; Scheme 2). An attempt to improve
further the yield by using the more reactive Mel failed, and
a complex mixture of products that could not be readily
separated was obtained, probably due to undesired side re-
actions with other functional groups in the molecule. The
thiazolium salts show new resonances corresponding to the
ethyl group in the 'H NMR spectrum at § = 4.68 and
1.70 ppm, and in the '3C NMR spectrum at § = 49.3 and
15.5 ppm, respectively. The signals arising from the thiazole
ring appear strongly downfield shifted (with Ad around 3
and 1 ppm for H-2 and H-5, respectively) in the 'H NMR
spectrum. This indicates that the heterocyclic ring possesses
less electron density, and H-2 becomes more acidic after
alkylation. Nevertheless, in the '3C NMR spectrum the
equivalent signal appears approximately 10 ppm more
shielded and the signal of C-5 shifts ca. 10 ppm downfield.

A number of methods are employed for the synthesis of
N-heterocyclic metal carbene derivatives. Among these, the
Ag,0 route,™! which results in deprotonation of the imid-
azolium salt, followed by formation of the NHC-Ag' com-
plex in a first step and subsequent transmetallation to give
other NHC-metal complexes, is extensively used. This
method presents several advantages such as high yields, tol-
erance of other functional groups in the molecule and no
need for rigorously anhydrous conditions or anhydrous sol-
vents. In our case, the attempted formation of NSHC-Ag!
species was only partially successful, probably because the
H-2 proton in the thiazole is more acidic but the resultant
carbene is less nucleophilic compared to imidazole ana-
logues. Therefore, carbene generation is more challenging
from thiazolium salts than from imidazolium salts. Never-
theless, the reaction with Ag,O, followed by transmetalla-
tion with [AuCI(DMS)] (DMS = dimethylsulfide) afforded
the desired new NHSC-gold(I) complex 3a (Scheme 3). The
conjugate 3a was obtained as an orange solid after chroma-
tographic purification. The NMR spectrum shows all the
resonances expected for a gold(I) carbene. In the 'H NMR
spectra, the H-2 proton disappears due to carbene forma-
tion. The other aromatic proton, H-5, appears as a singlet
at 0 = 7.16 ppm, around 1 ppm shielded compared with the
thiazolium salt precursor. In the '3C NMR spectrum, C-5

0}
H
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Scheme 3. Synthesis of the NSHC-gold(I) chloride (3a).
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appears at 0 = 120.8 ppm, around 5 ppm more shielded
than the starting thiazolium salt. Notably, the carbon in-
volved in the carbene bond appears at 6 = 195.2 ppm,
around 50 ppm downfield after carbene formation. The
structure was further confirmed by 2D-NMR experiments
including COSY, HSQC and HMBC, and IR and MS data
are also consistent with the proposed structure.

Surprisingly, we were not able to obtain the desired
NSHC-gold(I) iodide in satisfactory yield and purity by
using the silver oxide method detailed above, starting from
the thiazolium iodide salt 2b instead of thiazolium bromide
salt 2a. It has been reported that thiazolium iodide salts can
give rise to more complex structures because of the bridging
capacity of the iodide ligand.[*?l We did obtain the NSHC-
Ag' complex 4 after chromatographic purification
(Scheme 4), but this compound did not undergo further
transmetallation reactions. The NMR spectrum of 4 dif-
fered considerably from that of the NSHC-gold(I) analogue
3a. The H-5 proton appears as a singlet at high field (0 =
5.86 ppm) and, in this case, the C-2 carbon, which is
bonded to the silver atom, appears at 6 = 172.1 ppm and
C-5 at 6 = 97.9 ppm. Halogen exchange with the solvent
(chloride instead of iodide) is proposed based on the MS
data, which is in agreement with previous reports.[*3]

At this point, we tried to obtain the NSHC-gold(I) iod-
ide by other methods. Hanh et al.?”! reported the use of a
strong base such as potassium bis(trimethylsilyl)amide. In
this case, the species [Au{N(SiMejs),}(tht)] is generated in
situ by metathesis reaction of K[N(SiMes),] and [AuCl(tht)]
(tht = tetrahydrothiophene). The reaction with the thiazol-
ium iodide salt resulted in deprotonation (and carbene gen-
eration), followed by gold(I) coordination in one pot
(Scheme 4). By following this strategy, the desired com-
pound 3b was obtained as an orange solid in good yield and
purity after flash chromatography. The 'H and '3C NMR
spectra differ slightly from that of the chloride analogue 3a.
In this case, the most notable feature was the C-2 signal
involved in the carbene bond, which appears at ¢ =
206.8 ppm. The characteristic Au-C vibration at 940 cm™!
in the IR spectrum clearly indicates carbene complex for-
mation.

)(J\N/ﬁ]/ vCOC/)T
s \[ »—Au-Cl
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Scheme 4. Synthesis of the NSHC-Ag! chloride 4 and the NSHC-gold(I) iodide 3b.

Boc-Cys-Gly-OMe

/k J\N/\ﬂ/ \/COOMe

\[>—Aul
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Scheme 5. Synthesis of the peptide bioconjugate 5.

Finally, substitution of the iodide ligand by a previously
synthesized dipeptide, Boc-Cys-Gly-OMe, using DIPEA as
base, yielded the peptide bioconjugate 5 as a pale-yellow
solid in pure form and good yield after chromatographic
purification (Scheme 5). The 'H and '3C NMR spectra are
difficult to interpret because of overlapping resonances and,
furthermore, the complex appears as a mixture of two rota-
mers (1:0.4 ratio). Nevertheless, all signals could be as-
signed on the basis of 2D-NMR experiments. The IR and
MS spectra further confirmed the proposed structure.

Cytotoxic Activity

The cytotoxic activities of two selected compounds,
NSHC-gold(I) iodide 3b and bioconjugate 5, were assayed
by the MTT method against three different human tumor
cell lines: A549 (lung carcinoma), Jurkat (T-cell leukaemia),
and MiaPaca2 (pancreatic carcinoma). Cells were exposed
to different concentrations of each compound for a total of
24 h. In all cases, care was taken to ensure that the final
concentration of dimethyl sulfoxide (DMSO) was below
0.5%, at which level this solvent has no appreciable toxicity
by itself. ICsy values were calculated from dose-response
curves obtained by nonlinear regression analysis.

The ICs, values are collected in Table 1. The two NSHC-
gold(I) conjugates exhibited good cytotoxicity in vitro
against all three tumor cell lines. Only the ICs, value of the
bioconjugate 5 in A549 was outside the low micromolar
range (> 25 uMm), whereas it was around 25 um for the other
cell lines. The carbene complex with iodide instead of the
thiolate was more potent in all cases. The Jurkat cell line
appears to be most sensitive to these compounds, and the
AS549 cell line showed more resistance to the complexes.
Notably, complex 3b exhibits excellent cytotoxicity against
the A549 cell line, with ICsy values in the submicromolar
range. Taken together, it seems that the iodide complex is

Eur. J. Inorg. Chem. 0000, 0-0 4
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more potent than the thiolate derivative. This may be due
to the higher lability of the Au-I bond compared with the
Au-S bond, or may simply be a consequence of the higher
lipophilicity of 3b.

Table 1. ICsq values against three human tumor cell lines after 24 h
incubation. Mean value = standard error is given, experiments were
performed in quadruplicate.

A549 MiaPaca2 Jurkat
3b 0.4£0.01 16.6 £0.2 6.2+0.1
5 >25 24.8+0.1 ca. 25
Conclusions

Alkylation of dipeptide 1b, containing L-thiazolylalanine,
gave thiazolium salts 2a (bromide) and 2b (iodide). From
these compounds, the first NSHC-gold(I) chloride 3a or
iodide 3b bearing this nonproteinogenic amino acid were
obtained by employing the well-established Ag,O route or
direct carbene formation by deprotonation with a strong
base (KHMDS). Reaction of 3b with a cysteine-containing
dipeptide gave bioconjugate 5, a NSHC-gold(I) thiolate. All
new compounds were comprehensively characterized by
spectroscopic methods (NMR, IR and MS) and constitute
the first examples of this type of gold(I) bioorganometallic
complexes derived from a thiazole peptide moiety. The bio-
logical evaluation of 3b and 5 revealed that they are cyto-
toxic in vitro against human tumor cell lines, with some
differential activity. This work gives access to a novel and
scarcely explored class of NHC derivatives. Further studies
will focus on elucidating possible modes of action and
identify molecular targets of the complexes described
herein.[47)
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Experimental Section

General: All manipulations were routinely carried out under Ar
by using common Schlenk techniques. Solvents were purified by
standard procedures immediately prior to use. Boc-fB-(4-thiazolyl)-
Ala-OH, Boc-Gly-OH, NMM, IBCF and KHMDS were pur-
chased from Aldrich, Fluka or Bachem and used without further
purification. The starting gold(I) compounds [AuCI(DMS)|# and
[AuCl(tht)]“®! were prepared as previously reported. Mass spectra
were recorded with a Bruker Esquire 3000 Plus, with the electro-
spray (ESI) technique and with a Bruker Microflex (MALDI-
TOF). 'H and "*C{H} NMR spectra and 2D NMR experiments
were recorded at room temperature with a Bruker Avance 400 spec-
trometer ('H, 400 MHz, '3C, 100.6 MHz) or with a Bruker Avance
I 300 spectrometer ('H, 300 MHz, 3C, 75.5 MHz), with chemical
shifts (6, ppm) reported relative to the solvent peaks of the deuter-
ated solvent.”!l Multiplicities are abbreviated by standard no-
menclature, “app. t” means apparent triplet. The RPMI 1640 (Ro-
swell Park Memorial Institute) cell culture medium, fetal bovine
serum (FBS) were purchased from Lonza Co. MTT [3-(4,5-di-
methyl-thiazol-2-yl)-2,5-diphenyl tetrazolium bromide] was pur-
chased from Sigma Chemical. MTT was dissolved (5 mg/mL) in
phosphate buffer at pH 7.2. Fluorescence intensity measurements
were carried out with a PTI QM-4/206 SE Spectrofluoremeter
(PTI, Birmingham, NJ) with right angle detection of fluorescence
using a 1 cm path length quartz cuvette. IR spectra were measured
as neat samples on ATR accessories to Perkin-Elmer FTIR or
Bruker Tensor 27 instruments.

Synthesis of New Compounds

Synthesis of 1a: To a solution of Boc-(L)-ThzAla-OH (0.39 g,
1.42 mmol) in MeOH (20 mL) cooled in an ice bath, SOCI,
(0.206 mL, 2.84 mmol) was added. The mixture was stirred at 65 °C
for 24 h, then the solvent was evaporated under reduced pressure.
The residue was dissolved in water and lyophilized to give 1a in
quantitative yield as a white solid. '"H NMR (D,0O, 200 MHz,
25°C): 0 =9.44 (d, J = 2.0Hz, 1 H, H-2), 7.75 (d, J = 2.0 Hz, 1
H, H-5), 4.55 (app. t, J = 6.8 Hz, 1 H, C, tha1H), 3.80 (s, 3 H,
OCH,;), 3.58 and 3.54 (dd, J = 6.4, 2.4 Hz, 2 H, Cg th,a1.H>) ppm.
13C NMR (D-0, 200 MHz, 25 °C): § = 172.6 (COOMe), 159.1 (C,
c4), 152.8 (CH, (C2), 113.3 (CH, C5), 52.3 (CytnzalH), 51.9
(OCHa), 29.3 (Cp rhoaratl).

Synthesis of 1b: To a solution of Boc-Gly-OH (0.18 g, 1 mmol) in
THF (10 mL), N-methylmorpholine (0.11 mL, 1 mmol) and IBCF
(0.13 mL, 1 mmol) were added. In a second flask, 1a (0.22 g,
I mmol) was suspended in THF (10 mL) and triethylamine
(0.14 mL, 1 mmol) was added. Both suspensions were combined
and the mixture was stirred for 2 h at room temp. The mixture was
filtered and the solvent was evaporated under reduced pressure.
The residue was dissolved in CHCl; (50 mL) and washed with
water (30 mL). The organic phase was dried with Na,SO,, filtered,
and evaporated under reduced pressure. Purification by column
chromatography (EtOAc/hexane, 1:1) gave 1b (0.290 g, 0.85 mmol,
85%) as a white solid. TLC: R,= 0.4 (EtOAc/hexane, 3:7).'H NMR
(CDCl3, 200 MHz, 25°C): 6 = 8.73 (d, J = 2.0 Hz, 1 H, H-2), 7.30
(m, 1 H, CONHp,an), 7.07 (d, J = 2.0 Hz, 1 H, H-5), 5.15 (m, 1
H, CONHgyy), 4.93 (m, 1 H, Cq th,a1.H), 3.83 (dd, J = 5.4, 6.8 Hz,
2 H, C,ciyH>), 3.69 (s, 3 H, OCHj;), 3.35 and 3.34 (app. t, ABM
system, J = 5.6 Hz, 2 H, Cp rna1aHb), 1.43 (s, 9 H, CpoH;). 1°C
NMR (CDCl;, 200 MHz, 25°C): 6 = 171.4 (COOMe), 169.4
(CONHp A1), 153.0 (CONHgy,), 152.2 (CH, C-2), 115.8 (CH, C-
5), 80.2 (C, Cgoe), 52.3 (OCH3), 51.8 (Cy nzaaH), 41.0 (Cy giyHo),
32.6 (CgthzataHa), 28.4 (CpocHs) ppm. MS (ESI*): m/z caled. for
[M + H]" 344.1; found: 344.0.

Eur. J. Inorg. Chem. 0000, 0-0

Synthesis of 2a: EtBr (2 mL) was added to a suspension of 1b
(0.1 g, 0.29 mmol) in MeCN (1 mL) under an argon atmosphere
and the mixture was heated to reflux (90 °C) and stirred for 72 h.
The crude product was directly purified by column chromatography
[EtOAc/hexane, 1:1 (to recover unreacted 1b), then MeOH/CH,Cl,,
10%)] to give 2a (< 5%) as a white solid. '"H NMR (CDCl;,
200 MHz, 25°C): 6 = 10.58 (d, J = 2.2 Hz, 1 H, H-2), 8.27 (d, J =
7.8 Hz, | H, CONHryy,a10), 8.18 (d, J = 2.2 Hz, 1 H, H-5), 5.64 (m,
1 H, CONHgyy), 486 (m, 1 H, CytnanH), 467 (m, 2 H,
NCH,CHj), 3.80 (s, 3 H, OCH3), 3.72 (m, 2 H, C,, giyH>), 3.49 (m,
2 H, Cgrhranty), 1.68 (t, J = 7.2 Hz, 3 H, NCH,CHj), 1.43 (s,
9 H, CgocH3) ppm. MS (ESI*): m/z caled. for [M]* 372.1; found:
372.0.

Synthesis of 2b: The reaction of 1b (0.1 g, 0.29 mmol) with EtI
(2mL) in the same way as described for 2a gave 2b (0.0955 g,
0.19 mmol, 66%) as a white solid; TLC: R, = 0.6 (CH,Cl,/MeOH,
9:1). '"H NMR (CDCl;, 200 MHz, 25 °C): § = 10.40 (d, J = 2.2 Hz,
1 H, H-2), 8.24 (d, J/ = 1.8 Hz, 1 H, H-5), 7.99 (d, J = 8.0 Hz, 1
H, CONHrp,am), 5.70 (m, 1 H, CONHgy), 498 (m, 1 H,
CothzaH), 4.68 (q, J = 6.8 Hz, 2 H, NCH,CH3), 3.82 (m, 2 H,
Co.ciyH>), 3.79 (s, 3 H, OCHj;), 3.62 (m, 2 H, Cg pya1aH2), 1.70 (t,
J=7.2Hz, 3 H, NCH,CH3;), 1.42 (s, 9 H, Cgo.H;3) ppm. 3°C NMR
(CDCl;, 200 MHz, 25°C): ¢ = 170.8 (COOMe), 170.1
(CONHrpza1a), 156.2 (CONHgy,), 145.0 (CH, C-2), 124.8 (CH, C-
5), 80.0 (C, Cgoo), 534 (OCHj), 50.5 (CytnzalH), 49.3
(NCH,CHj3), 44.1 (CygiyHs), 29.0 (Cprhzaiaty), 28.4 (CpocHs),
15.5 (NCH,CH;) ppm. MS (ESI*): m/z caled. for [M]* 372.1;
found 372.0.

Synthesis of 3a: Ag,O (0.0095 g, 0.041 mmol) was added to a solu-
tion of 2a (0.037 g, 0.082 mmol) in CH,Cl, (20 mL) and the mix-
ture was stirred overnight at room temp. in the dark. Then,
[AuCI(DMS)] (0.024 g, 0.082 mmol) was added and the mixture
was stirred at room temp. for 24 h. The mixture was filtered
through Celite and the solvent was evaporated under reduced pres-
sure. The crude reaction product was purified by column
chromatography (MeOH/CH,Cl,, 10%) to give 3a (0.021 g,
0.035 mmol, 42.6%) as an orange powder; TLC: R, = 0.8 (CH,Cl,/
MeOH, 9:1). IR: ¥ = 3284 (s, CONH and OCONH), 1741 (s, CO-
OMe), 1706 (s, OCONH), 1674 (s, CONH), 1520 and 1434 (w,
thiazol), 1165 and 1023 (s, C-0), 950 (s, Au-C) and 334 (s, Au—
Clhem™. 'TH NMR (CDCls, 300 MHz, 25°C): 6 = 7.36 (d, J =
7.5Hz, 1 H, CONHyya1), 7.35 (s, 1 H, H-5), 531 (app. t, J =
3.6 Hz, 1 H, CONHgyy), 4.90 (m, 1 H, C, 1psa1.H), 4.52 (m, 2 H,
NCH,CHj), 3.76 (m, 2 H, C, giyH>»), 3.76 (s, 3 H, OCH3), 3.38 and
3.24 (dd, ABM system, J = 12.0, 3.9 Hz and J = 12.0, 6.0 Hz, 2 H,
CgrhzanHa), 1.54 (t, J = 5.4 Hz, 3 H, NCH,CHs3), 1.43 (s, 9 H,
CgocH3) ppm. *C NMR (CDCls, 200 MHz, 25 °C): § = 195.2 (C,
C-2), 170.4 (COOMe), 170.2 (CONHrp,a1), 154.9 (CONHgyy),
143.6 (C, C-4), 120.8 (CH, C-5), 80.6 (C, Cgoc), 53.2 (Cy.1hzalH),
50.8 (NCH,CH3), 50.7 (OCH3), 44.2 (Cy, g1yH>), 30.6 (Cp thza1.Ho),
28.3 (CgocHz), 16.3 (NCH,CHj3) ppm. HRMS (ESI-): m/z calcd.
for [M — H]~ 602.0785; found: 602.0796.

Synthesis of 4: The reaction of 2b (0.499 g, 1 mmol), Ag,O (0.116 g,
0.5 mmol) and [AuCI(DMS)] (0.295 g, 1 mmol) following the pro-
cedure described for 3a, gave 4 (0.134 g, 0.26 mmol, 36%) as a yel-
low solid; TLC: R, = 0.9 (CH,Cl,/MeOH, 9:1). IR: ¥ = 3280 (s,
CONH and OCONH), 1743 (s, COOMe), 1709 (s, CONH), 1648
(s, CONH), 1517 and 1435 (w, thiazol), 1162 and 1024 (s, C-0),
951 (s, Ag-C) and 333 (s, AgCl)cm!. '"H NMR (CDCl;,
300 MHz, 25°C): 0 = 7.44 (d, J = 8.1 Hz, 1 H, CONHy,,a14), 5.86
(s, 1 H, H-5), 5.57 (app. t, J = 5.7Hz, 1 H, CONHg;,), 4.76 (dd,
J=13.8,7.5Hz, 1 H, C, thaH), 3.76 (m, 2 H, NCH,CH};), 3.76
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(m, 2 H, C, giyH>), 3.70 (s, 3 H, OCH3), 2.95 and 2.85 (dd, ABM
system, diastereotopic protons, J = 16.2, 6.0 Hz and J = 16.8,
8.1 Hz, 2 H, Cg rnza1aHb), 1.39 (s, 9 H, CpocH3), 1.20 (t, /= 7.2 Hz,
3 H, NCH,CHj;) ppm. 3C NMR (CDCls, 200 MHz, 25°C): § =
172.1 (C, C-2), 170.9 (COOMe), 169.7 (CONHry,aw), 156.0
(CONHgyy), 131.0 (C, C-4), 97.9 (CH, C-5), 80.0 (C, Cgoc), 52.6
(OCH,;), 50.4 (Cy. hsa1H), 44.0 (Cy.c1yH>), 38.1 (NCH,CHj;), 30.9
(CprnzarnHo), 28.1 (CpocHs), 14.1 (NCH,CH;) ppm. HRMS
(EST*): m/z caled. for [M — CIJ* 478.0560; found: 478.1234.

Synthesis of 3b: To a solution of K[N(SiMes),] (0.044 g, 0.22 mmol)
in THF (2 mL), [AuCl(tht)] (0.07 g, 0.22 mmol) in THF (2 mL) was
added under an argon atmosphere. The mixture was stirred for
5 min, then a suspension of 2b (0.100 g, 0.20 mmol) in THF (2 mL)
was added. The reaction mixture was stirred at room temp. under
an argon atmosphere for 2 h, then filtered through Celite and the
solvent was evaporated under reduced pressure. Purification by col-
umn chromatography (MeOH/CH,Cl,, 10%) and recrystallization
(CH,Cly/hexanex, 1:5) gave 3b (0.082 g, 0.12 mmol, 54%) as an
orange solid; TLC: R, = 0.8 (CH,Cl,/MeOH, 9:1). IR (KBr): ¥ =
3312 (s, CONH and OCONH), 1741 (s, COOMe), 1668 (s, CONH
and OCONH), 1519 and 1433 (w, thiazol), 1162 (s, C-0O), 940 (s,
Au-C) and 334 (s, Au-I)ecm'. '"H NMR (CDCl;, 400 MHz,
25°C): 0 = 7.16 (s, 1 H, H-5), 698 (d, J = 6.4Hz, 1 H,
CONHrpzar), 5.06 (m, 1 H, CONHgyy), 4.82 (m, 1 H, C, 1na1.H),
4.46 (m, 2 H, NCH,CH3), 3.69 (m, 2 H, C, giyH>), 3.69 (s, 3 H,
OCH3), 3.31 and 3.15 (dd, J = 15.6, 4.8 Hz and J = 15.6, 7.2 Hz,
2 H, CgrhoaaHo), 1.47 (t, J = 6.8 Hz, 3 H, NCH,CH3), 1.35 (s, 9
H, CgocHs) ppm. 3C NMR (CDCl;, 300 MHz, 25 °C): § = 206.8
(C, C-2), 170.3 (COOMe), 170.0 (CONHp,a14), 156.2 (CONHgyy),
143.4 (C, C-4), 120.3 (CH, C-5), 80.9 (C, Cgoc), 53.3 (Cynzatal),
51.0 (OCH,), 50.4 (NCH,CH3), 44.6 (C, giyH>), 30.8 (Cg rnzarHb),
28.3 (CpocHs), 16.4 (NCH,CHj3) ppm. HRMS (ESI*): m/z calcd.
for [M + Na]* 718.0117; found: 718.0124.

Synthesis of 5: To a solution of 3b (0.0468 g, 0.067 mmol) in acet-
one (4 mL), DIPEA (0.012mL, 0.067 mmol) and Boc-Cys-Gly-
OMe (0.0197 g, 0.067 mmol) were added, and the mixture was
stirred for 24 h (the solution changed from orange to green, indicat-
ing thiolate coordination to gold). The solvent was evaporated un-
der reduced pressure and the crude material was purified by col-
umn chromatography (CH,Cl,/MeOH, 9.5:0.5) to give 5 (0.0349 g,
0.040 mmol, 61%); TLC R, = 0.5 (CH,Cl,/MeOH, 9.5:0.5). IR: ¥
= 3314 (s, CONH and OCONH), 1742 (s, COOMe), 1663 (s,
CONH and OCONH), 1513 and 1435 (w, thiazol), 1160 (s, C-O),
942 (s, Au-C) cm™'. 'H NMR (CDCls;, 300 MHz, 25 °C): ¢ (rota-
mers mixture, 1:0.4 ratio) = 8.13 [m, 1 H, CONHgy(dipeptide)],
7.45 (m, 1 H, CONHry,a1a), 7-38 (s, 1 H, H-5), 5.91 (B) and 5.66
(A) [m and d, J = 9.6 Hz, 1 H, CONHcy,(dipeptide)], 5.45 (m, 1
H, CONHgyy thzat), 4.95 (m, 1 H, C, n,a1.H), 4.95 (A) and 4.30
(B) [m, 1 H, C, ¢y H(dipeptide)], 4.60 (m, 2 H, NCH,CHj), 4.02
[dd and m, ABX system, diastereotopic protons, J = 17.7 and
6.3 Hz, 2 H, C,gyH>(dipeptide)], 3.87 (m, ABX system, 2 H,
Co.clyThza1aH2), 3.77 (s, 3 H, OCH,), 3.71 (s, 3 H, OCH3), 3.36 [m,
2 H, Cg cysHa(dipeptide)], 3.06 (A) and 2.91 (A), and 2.65 (B) (dd
and m, J = 144, 3.6 Hz, J = 14.4, 7.5 Hz, 2 H, Cy 1na1H>), 3.69
(m, 2 H, C, giyH»), 1.53 (t, /= 6.9 Hz, 3 H, NCH,CH;), 1.42 (s, 18
H, Cgo,cHs) ppm. '*C NMR (CDCls, 300 MHz, 25 °C): 6 (rotamers
mixture) = 207.1 (C, C-2), 171.9 (A) and 171.8 (B) (CONHp,a14),
170.8 (A) and 170.4 (B) [CONHgy(dipeptide)], 170.3 (A) and 170.0
(B) (COOMe), 169.6 (A) and 169.3 (B) (COOMe), 155.6 (CONH-
Gly,Thzala)> 155.6 [CONHc(dipeptide)], 143.9 (C, C-4), 120.5 (CH,
C-5), 80.5 (C, Cgoc), 80.3 (C, Cgye), 58.1 (B) and 50.9 (A) [C,, cysH-
(dipeptide)], 54.5 (B) and 53.8 (A) (Cy thza1aH), 53.1 (OCH3), 52.2
(OCH3), 50.4 (NCH,CH3), 46.6 (Cy Giy,ThralaH2), 44.3 (A) and 36.2
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(B) (Cprnzaiatba), 41.3 (A) and 40.9 (B) [Cy.iy(dip)Ho], 36.8 (B)
and 30.3 (A) (Cp,cysH>), 28.3 (CpocHs) and 16.4 (NCH,CH;) ppm.
HRMS (ESI*): m/z caled. for [M + H]*" 860.2268; found: 860.2292.

Cell Culture: Jurkat (leukaemia) and MiaPaca2 (pancreatic carci-
noma) cell lines were maintained in RPMI 1640, whereas A549
(lung carcinoma) cells were grown in DMEM (Dulbecco’s Modi-
fied Eagle’s Medium). Both media were supplemented with 5% fe-
tal bovine serum (FBS), 200 U/mL penicillin, 100 pg/mL strepto-
mycin, and 2 mM L-glutamine. Media for A549 cells were also sup-
plemented with 2.2 g/l Na,COs, 100 pg/mL pyruvate, and 5 mL
nonessential amino acids (Invitrogen). Cell cultures were main-
tained in a humidified atmosphere of 95% air/5% CO, at 37 °C.

Cytotoxicity Assay by MTT: The MTT assay was used to determine
the cell viability as an indicator for the sensitivity of the cells to
the complexes.[**! Exponentially growing cells were seeded at a den-
sity of approximately 1 X 103 cells/mL (A549, MiaPaca2) or 3 X 10°
cells/mL (Jurkat), in a 96-well flat-bottomed microplate and, after
24 h, they were incubated with the compounds. The complexes
were dissolved in DMSO and tested in concentrations ranging from
0.5 to 100 um and in quadriplicate. Cells were incubated with the
test compounds for 24 h at 37 °C, then, 10 uL/well of MTT (5 mg/
mL) was added and plates were incubated for 1-3 h at 37 °C. Fi-
nally, 100 pL/well iPrOH (0.05 m HCl) was added. The optical den-
sity was measured at 570 nm using a 96-well multiscanner autore-
ader (ELISA). The ICs, was calculated by nonlinear regression
analysis using Origin software (Origin Software, Electronic Arts,
Redwood City, California, USA).
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The first organometallic gold(I) bioconju-
gates of a thiazole-based peptide are re-
ported. The N,S-heterocyclic carbene
gold(I) derivatives were prepared from the
corresponding thiazolium peptide salts

either by following the Ag,O route or by
reaction with a strong base. The new com-
pounds display excellent in vitro cytotox-
icity with 1Cs, values as low as 0.4 pm.
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