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Abstract: Complete synthetic, structural, and biomedical studies of two Pd complexes as well as Au and
Ag complexes of 1-benzyl-3-tert-butylimidazol-2-ylidene are reported. Specifically, trans-[1-benzyl-3-tert-
butylimidazol-2-ylidene]Pd(pyridine)Cl, (1a) was synthesized from the reaction of 1-benzyl-3-tert-butylimi-
dazolium chloride (1) with PdCl; in the presence of K,COj3 as a base. The other palladium complex, [1-benzyl-
3-tert-butylimidazol-2-ylidene],PdCl; (1b), and a gold complex, [1-benzyl-3-tert-butylimidazol-2-ylidene]AuCl
(1c), were synthesized by following a transmetallation route from the silver complex, [1-benzyl-3-tert-
butylimidazol-2-ylidene]AgCI (1d), by treatment with (COD)PdCI, and (SMez)AuCl, respectively. The silver
complex 1d in turn was synthesized by the reaction of 1 with Ag,O. The molecular structures of 1la—d
have been determined by X-ray diffraction studies. Biomedical studies revealed that, while the palladium
complexes 1a and 1b displayed potent anticancer activity, the gold (1c) and silver (1d) complexes exhibited
significant antimicrobial properties. Specifically, 1b showed strong antiproliferative activity against three
types of human tumor cells, namely, cervical cancer (HelLa), breast cancer (MCF-7), and colon
adenocarcinoma (HCT 116), in culture. The antiproliferative activity of 1b was found to be considerably
stronger than that of cisplatin. The 1b complex inhibited tumor cell proliferation by arresting the cell cycle
progression at the G2 phase, preventing the mitotic entry of the cell. We present evidence suggesting that
the treated cells underwent programmed cell death through a p53-dependent pathway. Though both the
gold (1c) and silver (1d) complexes showed antimicrobial activity toward Bacillus subtilis, 1¢ was found to
be ca. 2 times more potent than 1d.

Introduction Moreover, the various toxicity issues like nephrotoxicity,
neurotoxicity, emetogenesis, etc., associated with cisplatin,
further complicate its usagd.ast, the resistance of tumor cells
toward cisplatin, both natural and gradually acquired during the
treatment, seriously undermines its utilfy# Thus, with the
emergence of many exciting biomedical applications of various
other transition metals spanning anticafder antimicrobia®

to antifungal activitieg,the focus is gradually shifting beyond
Pt lately®

With metallopharmaceuticals playing a significant role in
therapeutic and diagnostic medicine, the discovery and develop-
ment of new metallodrugs remain an ever-growing area of
research in medicinal inorganic chemistryhe much-familiar
cisplatin, cis-(NH3),PtCh, along with its second-generation
analogue, carboplatin, are still among the most widely used
chemotherapeutic agents worldwide todayowever, cisplatin
displays several limitations that restrict its utility to a great
extent. For example, cisplatin is effective only for a narrow (3) (a) Gianomenico, C.; Christen, M. U.S. Patent 6413953, 2000. (b) Lippert,
spectrum of tumor cells and additionally, because of its poor \E,‘v”‘é';ﬁ’/'gw %Z?mz}gyafgggfo(‘é?eﬁgzg d?fg '}?r%‘gpeﬁls Q?ﬁﬁg‘;g;ﬂé“g
aqueous solubility (1 mg/mL), is administered intravenodsly. Chemistry: Bioinorganic Chemistryiley: Sydney, 1995; Vol. 48.

(4) (a) Marzano, C.; Sbovata, S. M.; Bettio, F.; Michelin, R. A.; Seraglia, R.;
Kiss, T.; Venzo, A.; Bertani, RJ. Biol. Inorg. Chem2007, 12, 477—493.

! Department of Chemistry. (b) Siddik, Z. H.Oncogene2003 22, 7265-7279.
School of Biosciences and Bioengineering. (5) (a) Henderson, W.; Nicholson, B. K.; Tiekink, E. R.[fiorg. Chim. Acta
§ National Single Crystal X-ray Diffraction Facility. 2006 359, 204-214. (b) Quiroga, A. G.; Ranninger, C. Boord. Chem.
(1) (a) Mascini, M.; Bagni, G.; Pietro, M. L. D.; Ravera, M.; Baracco, S.; Rev. 2004 248 119-133. (c) Goss, C. H. A.; Henderson, W.; Wilkins, A.
Osella, D.BioMetals2006 19, 409-418. (b) Kostova, IRecent Pat. Anti- L.; Evans, C.J. Organomet. Chen2003 679 194-201.
Cancer Drug Disceery 2006 1, 1-22. (c) Farver, OTextbook of Drug (6) (a) Gottschaldt, M.; Pfeifer, A.; Koth, D.; @, H.; Dahse, H.-M;
Design and Disceery, 3rd ed.; Taylor & Francis Ltd.: London, UK, 2002; Mdllmann, U.; Obatad, M.; Yano, Setrahedror2006 62, 11073-11080.
pp 364-409. (d) Guo, Z.; Sadler, P. Advances in Inorganic Chemistry (b) Noguchi, R.; Hara, A.; Sugie, A.; Nomiya, Khorg. Chem. Commun.
Academic Press: San Diego, 2000; Vol. 49, pp 1886. 2006 9, 355-359. (c) Nomiya, K.; Yamamoto, S.; Noguchi, R.; Yokoyama,
(2) (a) Fuertes, M. A.; Alonso, C.; IRez, J. M.Chem. Re. 2003 103 645— H.; Kasuga, N. C.; Ohyama, K.; Kato, @. Inorg. Biochem2003 95,
662. (b) Giese, B.; Deacon, G. B.; Kuduk-Jaworska, J.; McNaughton, D. 208-220. (d) Nomiya, K.; Noguchi, R.; Ohsawa, K.; Tsuda, K.; Oda, M.
Biopolymers (BiospectroscopgP02 67, 294-297. (c) Jamieson, E. R.; J. Inorg. Biochem200Q 78, 363—370. (e) Nomiya, K.; Noguchi, R.; Oda,
Lippard, S. JChem. Re. 1999 99, 2467-2498. M. Inorg. Chim. Acta200Q 298 24—32.
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Displaying structural preferences similar to those of Pt and
also exhibiting promising cytotoxicity, Pd naturally qualifies
for metallodrugs, a notion progressively gaining credence in
the light of new information emerging latetyQuite interest-
ingly, the transL,PdCb-type complexes have been found to
exhibit higher cytotoxicity than theicis-platinum analogues,
cis-L,PtCh, for the same ligand system (& dimethyl 5-(2-
hydroxyphenyl)-1,3-dimethylH-pyrazol-4-ylphosphonate and
methyl  5-(2-hydroxyphenyl)-1,3-dimethylHtpyrazole-4-
carboxylateP210 In this context, it is also worth noting that
several Pd complexes, namely, [(ROY38d (R = Et, i-Pr,
Cy), have been reported to display favorable cytotoxicity at pH
6.8, a condition common in tumor cells, whereas the pH of
normal cells is 7.4¢ Moreover, hydrolytic and DNA-binding
studies on the Pd(Il) and Pt(ll) complexes with anticancer

design and utility of NHG-metal complexed! we became
interested in exploring the potentials of PdAu—, and Ag-
NHC complexes as metallopharmaceuticals. Our inspiration for
the anticancer study came from a potent anticancer prodrug,
trans-(pyridinepPtCh,'® modeled on which we set out to design
a series of Pd-based complexegans(NHC),Pd(pyridine)Cl,
(n=1, 2 andm = 1, 0 respectively), in which the pyridine
moiety is sequentially replaced by a more electron-donating
NHC ligandi7t919 Such a study assumes relevance in the
absence of any prior report available on-¢HC complexes

in anticancer studies, though Pgdyridine?® and Pd-amine?
complexes are known to show considerable antiproliferative
properties against tumor cells.

Our impetus for the antimicrobial study came from the
knowledge that elemental silver and its salts are long known

activities showed that the palladium complexes are kinetically for their antimicrobial properties, particularly against chronic
labile, produce new charged species to interact with DNA, and jcers, extensive burns, and difficult-to-heal wouk#sThe

also bind to DNA at a faster rate than the platinum complékes.
Subscribing to a similar point of view, we decided to explore
the potential of palladium complexes as anticancer agents.

activity of silver is predominantly due to its interference with
the electron transport system of the cell, its interaction with the
cell membrane, and its interaction with thiol groups of the vital

The success of metallodrugs is, however, closely interlinked enzymes of bacterf The primary challenge in designing silver-

with the proper choice of the ancillary ligands, as they play a
crucial role in modifying reactivity and lipophilicity, in stabiliz-
ing specific oxidation states, in imparting substitution inertness,

based antimicrobial agents lies in the slow and sustained release
of Ag ions over a period of time in the affected area. In this
regard, it is worth mentioning that Youngs and co-work&rs

and in suppressing the adverse effect of the metal ion in orderyacently reported AgNHC complexes, namely, Bagz] 2(X7)

to facilitate positive impacts in the areas of diagnosis and
therapy!2 The biomedical applications of metal complexes based
on N-heterocyclic carbene (NHE)YS are just beginning to

[L = C1gN50, (imidazol-2-ylidene cyclophangemdiol-type
ligand), X= OH~, COs?"], embedded in a polymer matrix that
showed significant antimicrobial activity. In contrast to silver,

unfold, despite such complexes being phenomenally successfuhowever, gold displays a varied range of biomedical applica-

in homogeneous catalysi%.As our research objective is in

(7) (a) Coyle, B.; McCann, M.; Kavanagh, K.; Devereux, M.; McKee, V.;
Kayal, N.; Egan, D.; Deegan, C.; Finn, G.1J.Inorg. Biochem2004 98,
1361-1366. (b) Abuskhuna, S.; Briody, J.; McCann, M.; Devereux, M.;
Kavanagh, K.; Fontecha, J. B.; McKee, Folyhedron2004 23, 1249-
1255. (c) Tsyba, I.; Mui, B. B.; Bau, R.; Noguchi, R.; Nomiya, IKorg.
Chem.2003 42, 8028-8032. (d) Coyle, B.; Kavanagh, K.; McCann, M.;
Devereux, M.; Geraghty, MBioMetals2003 16, 321-329. (e) Dinger,
M. B.; Henderson, WJ. Organomet. Cheni998 560, 233-243.

(8) Clarke, M. J.; Zhu, F.; Frasca, D. Rhem. Re. 1999 99, 2511-2533.

(9) (a) Navarro, M.; Peém, N. P.; Colmenares, |.; Goflea, T.; Arsenak, M.;
Taylor, P.J. Inorg. Biochem2006 100, 152-157. (b) Friaza, G. G;
Fernaadez-Botello, A.; Peez, J. M.; Prieto, M. J.; Moreno, \. Inorg.
Biochem.2006 100, 1368-1377. (c) Friebolin, W.; Schilling, G.; Zler,
M.; Amtmann, EJ. Med. Chem2005 48, 7925-7931. (d) Guo, Z.; Sadler,
P. J.Angew. Chem., Int. EA999 38, 1512-1531. (e) Puthraya, K. H.;
Srivastava, T. S.; Amonkar, A. J.; Adwankar, M. K.; Chitnis, M. P.
Inorg. Biochem1985 25, 207—215.

(10) Budzisz, E.; Krajewska, U.; Rozalski, M.; Szulawska, A.; Czyz, M.; Nawrot,
B. Eur J. Pharm.2004 502 59-65.

(11) GonZiez, M. L.; Tercero, J. M.; Matilla, A.; Nicls-Gutierez, J.; Ferhadez,
M. T.; Lépez, M. C.; Alonso, C.; Goritez, S.Inorg. Chem 1997, 36,
1806-1812.

(12) storr, T.; Thompson, K. H.; Orvig, CChem. Soc. Re 2006 35, 534—
544

(13) (a) Kascatan-Nebioglu, A.; Melaiye, A.; Hindi, K.; Durmus, S.; Panzner,
M. J.; Hogue, L. A.; Mallett, R. J.; Hovis, C. E.; Coughenour, M.; Crosby,
S. D.; Milsted, A.; Ely, D. L.; Tessier, C. A.; Cannon, C. L.; Youngs, W.
J.J. Med. Chem2006 49, 6811-6818. (b) Melaiye, A.; Sun, Z.; Hindi,
K.; Milsted, A.; Ely, D.; Reneker, D. H.; Tessier, C. A.; Youngs, WJJ.
Am. Chem. So2005 127, 2285-2291. (c) Garrison, J. C.; Tessier, C.
A.; Youngs, W. J.J. Organomet. Chem2005 690, 6008-6020. (d)
Melaiye, A.; Simons, R. S.; Milstead, A.; Pingitore, F.; Wesdemiotis, C.;
Tessier, C. A.; Youngs, W. J. Med. Chem2004 47, 973-977.

(14) (a) Barnard, P. J.; Wedlock, L. E.; Baker, M. V.; Berners-Price, S. J.; Joyce,
D. A; Skelton, B. W.; Steer, J. FAngew. Chem., Int. EQ006 45, 5966
—5970. (b) Baker, M. V.; Barnard, P. J.; Berners-Price, S. J.; Brayshaw,
S. K.; Hickey, J. L.; Skelton, B. W.; White, A. HDalton Trans.2006
3708-3715. (c) Barnard, P. J.; Baker, M. V.; Berners-Price, S. horg.
Biochem.2004 98, 1642-1647.

(15) Ozdemir, I.; Denizci, A.; @tirk, H. T.; Cetinkaya, B.Appl. Organomet.
Chem.2004 18, 318-322.

(16) (a) Lin, 1. J. B.; Vasam, C. £oord. Chem. Re 2007, 251, 642-670. (b)
Garrison, J. C.; Youngs, W. £hem. Re. 2005 105 3978-4008. (c)
Peris, E.; Crabtree, R. Boord. Chem. Re 2004 248 2239-2246. (d)
Arnold, P. L.Heteroat. Chem2002 13, 534-539. (e) Herrmann, W. A.
Angew. Chem., Int. EQ002 41, 1290-1309.

tions, spanning antiarthrifi¢ to antitumo#* to antimicrobial
activities® N-Heterocyclic carbenes, being extremely good
o-donor ligands, form strong AuCcap bonds, thereby making
stable Au-NHC complexes that are not susceptible to biologi-

(17) (a) Ray, L.; Shaikh, M. M.; Ghosh, Palton Trans.2007, 4546-4555. (b)
Ray, L.; Katiyar, V.; Barman, S.; Raihan, M. J.; Nanavati, H.; Shaikh, M.
M.; Ghosh, PJ. Organomet. Chen2007, 692, 4259-4269. (c) Samantaray,
M. K.; Katiyar, V.; Pang, K.; Nanavati, H.; Ghosh, P.Organomet. Chem.
2007, 692 1672-1682. (d) Ray, L.; Shaikh, M. M.; Ghosh, Prgano-
metallics2007, 26, 958-964. (e) Ray, L.; Katiyar, V.; Raihan, M.; Nanavati,
H.; Shaikh, M. M.; Ghosh, PEur. J. Inorg. Chem2006 3724—3730.(f)
Samantaray, M. K.; Roy, D.; Patra, A.; Stephen, R.; Saikh, M.; Sunoj, R.
B.; Ghosh, PJ. Organomet. Chen2006 691, 3797-3805. (g) Samantaray,
M. K.; Katiyar, V.; Roy, D.; Pang, K.; Nanavati, H.; Stephen, R.; Sunoj,
R. B.; Ghosh, PEur. J. Inorg. Chem2006 2975-2984.

(18) (a) Ghezzi, A. R.; Aceto, M.; Cassino, C.; Gabano, E.; Oselld, Dhorg.
Biochem.2004 98, 73—78. (b) Colangelo, D.; Ghiglia, A. L.; Viano, |.;
Mahboobi, H.; Ghezzi, A. R.; Cassino, C.; Osella,DInorg. Biochem.
2004 98, 61-67. (c) Beusichem, M. V.; Farrell, Nnorg. Chem.1992
31, 634-639.

(19) (a) Nemcsok, D.; Wichmann, K.; Frenking, Grganometallic2004 23,
3640-3646. (b) Boehme, C.; Frenking, @rganometallics1998 17,
5801-5809.

(20) (a) Kovala-Demertzi, D.; Boccarelli, A.; Demertzis, M. A.; Coluccia, M.
Chemotherapy007, 53, 148-152. (b) Kovala-Demertzi, D.; Demertzis,
M. A,; Filiou, E.; Pantazaki, A. A.; Yadav, P. N.; Miller, J. R.; Zheng, Y ;
Kyriakidis, D. A. BioMetals2003 16, 411-418. (c) Kuduk-Jaworska, J.;
Puszko, A.; Kubiak, M.; PelcZigka, M.J. Inorg. Biochem2004 98, 1447
1456. (d) Zhao, G.; Lin, H.; Yu, P.; Sun, H.; Zhu, S.; Su, X.; ChenJY.
Inorg. Biochem1999 73, 145-149. (e) Kovala-Demertzi, D.; Millerb, J.
R.; Kourkoumelisa, N.; Hadjikakoua, S. K.; Demertzis, M.Polyhedron
1999 18, 1005-1013.

(21) (a) Ruiz, J.; Cutillas, N.; Vicente, C.; Villa, M. D.; lpez, G.Inorg. Chem.
2005 44, 7365-7376. (b) Abu-Surrah, A. S.; Al-Allaf, T. A. K.; Rashan,
L. J.; Klinga, M.; LeskelaM. Eur. J. Med. Chenm2002 37, 919-922. (c)
Faraglia, G.; Fregona, D.; Sitranb, S.; Giovagninia, |.; Marzanoc, C.;
Baccichetti, F.; Casellato, U.; Graziani, R. Inorg. Biochem2001, 83,
31-40. (d) Suvachittanont, S.; Hohmann, H.; van Eldik, R.; Reedijk, J.
Inorg. Chem.1993 32, 4544-4548.

(22) Kasuga, N. C.; Sugie, A.; Nomiya, Ralton Trans.2004 3732-3740.

(23) (a) Gunatilleke, S. S.; Barrios, A. M. Med. Chem2006 49, 3933-
3937. (b) Talib, J.; Beck, J. L.; Ralph, S. F. Biol. Inorg. Chem2006
11, 559-570. (c) Chicorian, A.; Barrios, A. MBioorg. Med. Chem. Lett.
2004 14, 5113-5116.
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Figure 1. Structures of compoundka—d.

cally important thiol group$® Thus, keeping with our objective
of exploring the biomedical applications of transition metal
complexes of NHCs, we decided to synthesize-Aand Ag—
NHC complexes and study their antimicrobial properties.

In this contribution, we report the synthesis, structure, and
biomedical applications of a series of transition metdHC
complexes. In particular, we report two Pd complexes, (NHC)-
Pd(pyridine)C} (1a) and (NHCYPdC} (1b), that display strong
cytotoxicity against three different types of human tumor cell
lines in culture and Au and Ag complexes, (NHC)MCI [

Au (1¢), Ag (1d)], that exhibit significant antimicrobial activities
(Figure 1).

Results and Discussion

Two palladium complexes of the typgans(NHC),Pd-
(pyridinel,Cl, (n=m=1,1a, n=2,m= 0, 1b) and gold and
silver complexes of the type (NHC)MCI (M Au, 1c; Ag, 1d],
stabilized over a N-heterocyclic ligand, namely, 1-benzyl-3-
tert-butylimidazol-2-ylidene, were synthesized for the purpose
of biomedical application studies. It is worth mentioning that
the two trans-(NHC),Pd(pyridine)Cl, complexesla and 1b
were, however, synthesized using different pathwalawas
synthesized by a direct reaction of 1-benzyteB-butylimida-
zolium chloride () with PdCL in pyridine, while 1b was
obtained from the silver complebd by treatment with (COD)-
PdCb, employing a frequently used carbene-transfer fdute
(Scheme 1). Formations dfa and 1b was confirmed by the
appearance of the diagnostic metal-bound carbe@NMNPd)
resonances at 151.4 ppriaj and 166.9 ppm1b) in their
respectivel®C{1H} NMR spectrum, and these values are well
within the range (175145 ppm) observed in other PNHC
complexeg?® The tert-butyl moiety —C(CHz); appeared as a
singlet at 2.12 ppml@) and 1.98 ppmXb) in the respective
IH NMR spectrum, as expected.

The molecular structures @aand1b have been determined
by X-ray diffraction studies, which showed that both metal

centers were in square-planar geometries (see Supporting

Information, Figures S1 and S2). The P@(carbene) bond
distances of 1.955(2) A ifla and 2.044(4) A inlb are
comparable to the sum of individual covalent radii of Pd and C
(Pd—C = 2.055 Aé and are in agreement with those observed
in other Pd-NHC complexed! It is worth noting that the metal-
bound pyridine in the (NHC)Pd(pyridine)£|1a) structure was

(24) Wang, H. M. J.; Lin, I. J. BOrganometallics1998 17, 972-975.

(25) (a) Grindemann, S.; Albrecht, M.; Loch, J. A.; Faller, J W.; Crabtree, R.
H. Organometallics2001, 20, 5485-5488. (b) Herrmann, W. A.; Bohm,
V. P. W.; Gstottmayr, C. W. K.; Grosche, M.; Reisinger, C.-P.; Weskamp,
T. J. Organomet. Chen2001, 617-618 616-628. (c) Herrmann, W. A ;
Schwarz, J.; Gardiner, M. G.; Spiegler, Nl.. Organomet. Chenil999
575 80-86. (d) Gardiner, M. G.; Herrmann, W. A.; Reisinger, C.-P.;
Schwarz, J.; Spiegler, Ml. Organomet. Chen1999 572, 239-247.

(26) Pauling, L.The Nature of the Chemical Bon8rd ed.; Cornell University
Press: Ithaca, NY, 1960; pp 22228.

15044 J. AM. CHEM. SOC. = VOL. 129, NO. 48, 2007

found to be tilted (torsion angle CIN3—C1-N1) by 53.3
relative to the plane containing the imidazolium ring of the NHC
ligand. The Pe-N(pyridine) distance of 2.1098(19) A ibais
longer than the sum of the individual covalent radii of Pd and
N (Pd—N = 1.983 A¥® but closely resembles those observed
in related analogues, [1,3-bis-2,6-di-isopropylphenyl-imidazol-
2-ylidene]PdCJ(3-chloropyridine) [2.137(2) AP and [1-benzyl-
3-(N-phenylacetamide)-imidazol-2-ylidene]Pd(pyridine)2l073-

(2) A].2° The longer Pe-N(pyridine) distance inais attributed

to the greatertrans effec® of the NHC ligand residing
diagonally opposite to the pyridine. As anticipated, for the
(NHC),PdCh complex1b, the two NHC ligands were itrans
disposition to each other around the palladium center. Further-
more, the imidazolium rings of the two NHC ligands were
coplanar. It is worth mentioning that the coplanarity of imida-
zolium rings observed irlb is not unusual and has been
observed in otherans (NHC),PdCb-type complexes, including
[1-(o-methoxybenzyl)-3tert-butylimidazol-2-ylidene}-
PdCb,17d[1-(tert-butyl)-3{ N-phena} -imidazol-2-ylidinepPdCh,3!
[1-(methyl)-3{ N-(2,6-di-isopropylphenylimino)-2-phenyletRyl
imidazol-2-ylidinehPdCb,32 and N-benzylidene-2-(1-isopropyl-
4-phenyl-imidazol-2-ylidene) cyclohexanamigfediCh.33 Also,

the N-1 (benzyl) and N-3tért-butyl) substituents on the
imidazolium ring of one NHC ligand are orienté@nsto the
respective N-1 and N-3 substituents of the other NHC ligand
in the 1b structure. The PdCl distances irla [2.3114(6) A]
and1b [2.3268(10) A] are comparable to each other.

The gold complexic was synthesized analogously following
the carbene-transfer route from the reaction of the silver complex
1d with (SMe&)AUCI. The3C{*H} NMR spectrum showed the
diagnostic Au-C(carbene) peak at 169.2 ppm, similar to what
is observed for analogous AINHC complexes, e.g., 169.2 ppm
in [1-(o-methoxybenzyl)-3tért-butyl)imidazol-2-ylidene] AuGd
and 170.2 ppm in [3N-tert-butylacetamido)-1-(2-hydroxycy-
clohexyl)imidazol-2-ylidene]AuC}’¢ The high-resolution elec-
trospray mass spectrometry (HRMS) datdloshowed a peak
at m/z 411.1143, corresponding to the cationic fragmfit
benzyl-3tert-butylimidazol-2-ylidene]A§* (calculated mv/z
411.1136).

(27) (a) Bertogg, A.; Campanovo, F.; Togni, Kur. J. Inorg. Chem2005
347-356. (b) Frey, G. D.; Scha, J.; Herdtweck, E.; Herrmann, W. A.
Organometallics2005 24, 4416-4426. (c) Tulloch, A. A. D.; Winston,
S.; Danopoulos, A. A.; Eastham, G.; Hursthouse, MDBIlton Trans.2003
699-708. (d) Loch, J. A.; Albrecht, M.; Peris, E.; Mata, J.; Faller, J. W.;
Crabtree, R. HOrganometallics2002 21, 700-706. (e) Douthwaite, R.
E.; Green, M. L. H.; Silcock P. J.; Gomes, P.J.Chem. Sa¢ Dalton
Trans.2002 1386-1390. (f) Magill, A. M.; McGuinness, D. S.; Cavell,
K. J.; Britovsek, G. J. P.; Gibson, V. C.; White, A. J. P.; Williams, D. J.;
White, A. H.; Skelton, B. WJ. Organomet. Chen2001, 617—618, 546~
560. (g) Tulloch, A. A. D.; Danopoulos, A. A.; Tooze, R. P.; Cafferkey, S.
M.; Kleinhenz, S.; Hursthouse, M. Ehem. Commur200Q 1247-1248.
(28) O'Brien, C. J.; Kantchev, E. A. B.; Valente, C.; Hadei, N.; Chass, G. A,;
Lough, A.; Hopkinson, A. C.; Organ, M. @hem. Eur. J2006 12, 4743~
4748.
Liao, C.-Y.; Chan, K.-T.; Zeng, J.-Y.; Hu, C.-H.; Tu, C.-Y.; Lee, H. M.
Organometallics2007, 26, 1692-1702.
(30) (a) Dragutan, V.; Dragutan, Platinum Metals Re 2005 49, 183-188.
(b) Guerra, GSynlett2003 3, 423-424. (c) Duan, W.-L.; Shi, M.; Rong,
G.-B. Chem. CommurR003 2916-2917. (d) Gimdemann, S.; Albrecht,
M.; Kovacevic, A.; Faller, J. W.; Crabtree, R. H. Chem. Soc., Dalton
Trans.2002 2163-2167. (e) Sanford, M. S.; Love, J. A.; Grubbs, R. H.
J. Am. Chem. So2001, 123 6543-6554. (f) McGuinness, D. S.; Cavell,
K. J.; Yates, B. F.; Skelton, B. W.; White, A. H. Am. Chem. So2001,
123 8317-8328.
(31) Boydston, A. J.; Rice, J. D.; Sanderson, M. D.; Dykhno, O. L.; Bielawski,
C. W. Organometallics2006 25, 6087-6098.
(32) Frgseth, M.; Netland, K. A.; Faroos, H. W.; Dhindsa, A.; TilseDalton
Trans.2005 1664-1674.
(33) Bonnet, L. G.; Douthwaite, R. E.; Hodgson, R.; Houghton, J.; Kariuki, B.
M.; Simonovic, S.Dalton Trans.2004 3528-3535.

(29)



Anticancer and Antimicrobial Metallopharmaceuticals ARTICLES

Scheme 1
t-Bu
/
N
[ D—Au—ci
N
(SMe,)AuCl d
/t-Bu /t-Bu /t-Bu
N PhCH,C1 N Ag,0 N 1c
[ ) [+)> [ )—Ag—Cl
N N cr N
1 1d
N
N
PdCly, K,CO;4 @
=
(COD)PACl,
Nlt—Bu CI:I /t-Bu o
N N
— N~ X /4
L) Ly

d cl +8d
1a 1b

The silver complexXld was synthesized by the treatment of éﬁ‘,’{;ﬁéxeze{giﬁ} Inhibition of HeL.a Cell Proliferation by

the 1-benzyl-Zert-butylimidazolium chloride salt 1) with

Ag>0.24* TheH NMR spectrum of theld showed the absence conen inibtion (%)

of the downfield-shifted NEIN resonance in the 10 ppm region, (M) 1a 1b e 1
indicating the deprotonation of the acidic proton bf in é Zgii 5;12 8-§i 8-2 i?i (1)-2
accordance with the formation dfd. The 13C{H} NMR 10 351 3 854 2 17406 3117

spectrum further confirmed the formation od, as the NCN—
Ag resonance appeared highly downfield-shifted at 177.7 ppm. 2 Data are the averages of three independent experimbn(g5 ;M)
The benzyl methylene{CH,—) peak appeared at 5.34 ppm in and1d (25uM) inhibited HeLa cell proliferation by 3 and 5%, respectively.
the IH NMR spectrum and at 56.7 ppm in tR&C{1H} NMR

spectrum. Table 2. Half-Maximal Inhibitory Concentrations (ICso) of 1b and
The solid-state structure analyses of gdld) @nd silver (d) Cisplatin, Measured Using the Sulforhodamine B Assay

complexe®* showed significant differences (see Supporting ICso (u)?

Information, Figures S3 and S4). While the gold complex compd Hela HCT 116 MCF-7

was found to be monomeric with a linear geometry at the metal 1b 4402 0.8+ 0.05 1+ 3

center [JC1—Aul—Cl1 = 178.88(179], the silver complex.d cisplatin 8+ 1 16+3 15+ 2

exhibited a dimeric structure having a bent angl€[l—Agl—
Cl1 = 154.40(9j] at silver and containing a Agl, core
displaying two inequivalent AgCl bond distances [2.4283(8) 3 sirong Au-NHC interaction. Additionally, the A4C(carbene)
and 2.7843(9) A]. Such dimeric structures are not uncommon, bond distance [1.984(6) A] iric is shorter than the Ag
as the '?69’ L\‘dHC complexes are known for their structural ¢ (carbene) bond distance [2.110(3) A]1d, consistent with
diversity=°22¢ Examples of related (NHC)AQCI complexes  the shorter covalent radius of Au than At is worth noting
containing _a §|m|lar cer_nral A€, core includ€g ethylene-bis- that the charge decomposition analysis study by FreA%ihad
[(N-methyDimidazol-2-ylidene]AgGh [dag-c = 2.481(3), 2.719- garlier suggested that shorter AG(carbene) bond distances
(3) A],* {[1-(methyl)-3-(\-(+)-methylmenthoxide)imidazol-2- i, Au—NHC complexes, in general, may arise due to the
ylidene]Ag"AgCI 2} 2 [dag-c1 = 2.626(6), 2.526(5) Af>and  gecurrence of relatively greaten-back-donation [At-C-
{[1-(mesityl)-3{ N,N-d|ethy|carbometh§rllm|7dazol-2-ylldene]- (carbene)] in Au-NHC complexes relative to that in the Ag
AGCl}2 [dag-ci = 2.099(3), 2.9071(10) A _ NHC complexes. It is worth pointing out that the shorter-Au
Quite interestingly, the At C(carbene) bond distance [1.984-  NHC bond distance with greater amount fback-donation
(6) A] observed inlcis shorter than the sum of the individual ~ [Au—C(carbene)] relative to silver is indicative of higher Au
covalent radii of Au and C (AtC = 2.108 A)26 indicative of NHC bond strength, leading to more stable-AYHC com-

aData are the averages of three independent experiments.

plexes.
(34) No spectroscopic and structural characterization of the silver conplex Quite significantly, the P&NHC complexesla and 1b
was provided, even though the compound has been reported: Qurbera . . .
R.; SanauM.; Peris, E.Organometallics2006 25, 4002-4008. exhibit remarkable anticancer properties (Tables 1 and 2 and

(35) Lee, K. M.; Wang, H. M. J,; Lin, I. J. BJ. Chem. Soc., Dalton Trans. i i i H
2005 2852- 2856 Figure 2), while the respective goldld) and silver (d)

(36) Ranirez, J.; Corbéma, R.; SanauM.; Peris, E.Chem. Commur2005 complexes did not show any such activity (Table 1). Specifically,
3056-3058. i i i

(37) Tulloch, A. A. D.; Danopoulos, A. A.; Winston, S.; Kleinhenz, S.; Eastham, the cytqtoxm effect oflb was compared to that of CI_Splatm on
G. J. Chem. Soc., Dalton Tran200Q 4499-4506. three different human tumor cells, namely, cervical cancer
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Inhibition of cell proliferation bylb and cisplatin, measured using the sulforhodamine B assay.

(HeLa), breast cancer (MCF-7), and colon adenocarcinoma cell proliferation (35+ 3% at 10uM) was also observed in the

(HCT 116) (Table 2). Inhibition of cell proliferation was
examined by incubating cells with different concentrations of
1b or cisplatin for one cell cycle, and the cell proliferation was
measured by the standard sulforhodamine B a¥sHy potently
inhibited the proliferation of HeLa, MCF-7, and HCT 116 cells

in a concentration-dependent fashion (Table 2, Figure 2).

Significantly enoughlb had a stronger inhibition effect on the
proliferation of HeLa, MCF-7, and HCT 116 cells than cisplatin
under similar experimental conditions (Table 2, Figure 2). Half-
maximal inhibitory concentration (§g) values of cisplatin for
HelLa, MCF-7, and HCT 116 were 8, 15, and 1M,
respectively, whereas the corresponding valued fowere 4,

1, and 0.8uM, respectively (Table 2). Moreoved,b had a
stronger effect on the proliferation of MCF-7 and HCT 116 cells
compared to HelLa cells. A slightly lower inhibition of HeLa

(38) Gupta, K.; Bishop, J.; Peck, A.; Brown, J.; Wilson, L.; Panda, D.
Biochemistry2004 43, 6645-6655.

(39) Zhou, J.; Gupta, K.; Aggarwal, S.; Aneja, R.; Chandra, R.; Panda, D.; Joshi,

C. H. Mol. Pharmacol 2003 63, 799-807.
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case ofla (Table 1). The antiproliferative activities dfa and
1bin culture are comparable to those of other reported organic
anticancer agents, namely, noscapines{l€ 20—35 uM),3°
estramustine (16 = 0.5-17 uM),%? and 2-methoxyestradiol
(ICso = 0.4—2.5 uM),*! which too are active in micromolar
concentrations. Interestingly enoudly,was found to be a more
potent cytotoxic agent than the prevalent benchmark metallo-
drug, cisplatin, not only under the same experimental conditions
measured by us (Table 2, Figure 2) but also in comparison to
the reported antiproliferative activity of cisplatin &= 0.2—

12 uM).*2 The superior activity oflb assumes significance in
light of the fact that cisplatin is undisputedly the most studied
and widely used metallopharmaceutical for cancer therapy
known to date.

(40) (a) Nicholson, K. M.; Phillips, R. M.; Shnyder, S. D.; Bililey, M. Eur.
J. Cancer2002 38, 194-204. (b) Sangrajrang, S.; Denoulet, P.; Laing, N.
M.; Tatoud, R.; Millot, G.; Calvo, F.; Tew, K. D.; Fellows, Biochem.
Pharmacol.1998 55, 325-331.

(41) Tinley, L. T.; Leal, M. R.; Randall-Hlibek, D. A.; Cessac, W. J.; Wilken,
R. L.; Rao, N. P.; Mooberry, L. SCancer Res2003 63, 1538-1549.
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control

control

1b (10 uM)

1b (10 uM)

1b (20 uM)

1b (20 pM)

Figure 3. 1b arrests Hela cells at the GM phase of the cell cycle. Immunofluorescence images of HelLa cells in the absence and presence of 10 and 20
uM 1b stained with anti-cyclin B1 antibody. Top panels show cells stained with antibody against cyclin B1 (red), and the lower panels show the DAPI-

stained DNA of the same cells (blue). Scale bar representaml0

The observation of higher cytotoxicity in thérans
(NHC),PdCh complex1b, containing two NHC ligands with

and Myt-1%7 Kinase activity of cdc2 also requires complex

formation with cyclin B148 Inactive cdc2-cyclin B remains in

strong electron-donating abilities, as compared to the (NHC)- the cytoplasm, whereas the active complex is translocated to

Pd(pyridine)C} complexla, containing one NHC ligand, may

the nucleus when the cell proceeds to mitosis from the G2

be correlated to the relatively more electron-rich metal center phase*® Therefore, we analyzed whetht is able to regulate
in the former. In this regard, the electron densities of the these proteins and induce cell cycle arrest. Immunofluorescence

respective metal centers ith and 1a were computed using
density functional theory at the B3LYP/SDD, 6-31G* level of

analysis of HeLa cells stained with cyclin B1 antibody revealed

that 1b caused overexpression of cyclin B1 in the cells as

theory, and both Mulliken and natural charge analyses showedcompared to the vehicle-treated control cells (Figure 3). Over-

that the Pd center idb is more electron-rich than in thea
complex (see Supporting Information, Table S6).

expression of cyclin B1 is considered to be associated with
G2/M arrest and induction of apopto$fsThis result suggested

Detailed mechanistic studies were undertaken on the morethat thelb-treated cells were arrested in the G2/M phase of the

potent of the two, the (NHGIPdCL complexlb, to gain insight
about its mode of action, particularly its effects on the cell cycle.
In order to determine the effects @b on the progression of
the cell cycle, HelLa cells were incubated without or with
different concentrations (10 and 20M) of 1b for 24 h, and
then the cells were probed with antibodies against cyclin B1
and phospho-cdc2, markers of G2/M arrest. Cisptatind the
related platinum compountfsare known to induce DNA

cell cycle. However, it was not clear whether the cells were
arrested at the G2 or the M phase. To clarify this further, we
used a phospho-cdc2 antibody which is specific to the G2 phase
and also counted the percent of cells that were arrested at
mitosis. Western blot analysis using phospho-cdc2 (Tyr-15)
polyclonal antibody, specific for tyrosine 15 phosphorylation,
indicated that cdc2 phosphorylation at tyrosine 15 was signifi-
cantly increased in 20M 1b-treated cells as compared to the

damage and arrest the cells at the G2/M phase of the cell cycle.vehicle-treated control, indicating that thb-treated cells were
Progression of cells from the G2 to the M phase is regulated arrested in the G2 phase (Figure 4). Hyperphosphorylation of

by cdc2 kinase and cyclin B1. Activation of cdc2 kinase occurs
by the phosphorylation of Thr16%,whereas phosphorylation
of Tyrl5 and Thrl#® is shown to inactivate cdc2 kinase.
Inactivation of cdc2 by phosphorylation is mediated by Weel

(42) (a) Margiotta, N.; Natille, G.; Capitelli, F.; Fanizzi, P. F.; Bocarelli, A.; de
Rinaldis, P.; Giordano, D.; Colucia, Ml. Inorg. Biochem2006 100,
1849-1857. (b) Barbara, C.; Orlandi, P.; Boccl, G.; Fiorovanti, A.; Paolo,
A. D.; Natale, G.; Tacca, M. D.; Danesi, Eur. J. Pharmacal2006 549,
27-34.

(43) Mueller, S.; Schittenhelm, M.; Honecker, F.; Malenke, E.; Lauber, K
Wesselborg, S.; Hartmann, J. T.; Bokemeyer, C.; Mayemt=.J. Oncol.
2006 29, 471-479.

(44) (a) Billecke, C.; Finniss, S.; Tahash, L.; Miller, C.; Mikkelsen, T.; Farell,
N. P.; Bogler, ONeuro Oncol.2006, 8, 215-226. (b) Yu, C. W.; Li, K.

K.; Paug, S. K.; Au-Yeung, S. C.; Ho, Y. Rioorg. Med. Chem. Lett.
2006 16, 1686-1691.

(45) Desai, D.; Wessling, H. C.; Fisher, R. P.; Morgan, D.Mal. Cell Biol.

1995 15, 345-350.

cdc2 arrests the cells at the G2 phase, preventing the mitotic
entry of the cells. Tyrosine phosphorylation of cdc2 has been
reported in DNA damage-induced G2 cell-cycle arPé8t\When

the cells were stained for cyclin B1 (Figure 3), we could not
detect any nuclear accumulation of cyclin B1; an increased
expression of the cyclin B1 compared to the control cells was

(46) Lui, F.; Rothblum-Oviatt, C.; Ryan, C. E.; Piwinica-Worms, Mol. Cell
Biol. 1999 19, 5113-5123.

(47) McGowan, C. H.; Russell, EMBO J.1995 14, 2166-2175.

(48) Clarke, P. R.; Leiss, D.; Pagano, M.; KarsentiE®IBO J.1992 11, 1751~
1761.

(49) Garrett, M. D.Curr. Sci.2001, 81, 515-522.

(50) Hagting, A.; Karlsson, C.; Clute, P.; Jackman, M.; PineEMBO J.1998
17, 4127-4138.

(51) Shimizu, T.; O’Connor, P. M.; Kohn, K. W.; Pommier, €ancer Res.
1995 5, 228-231.

(52) Jin, P.; Gu, Y.; Morgan, D. Ql. Cell Biol 1996 134, 963-970.
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- -p-cdc2 downstream targeted gen&sMicroscopic analysis oflb (20
uM)-treated cells stained with anti-p53 antibody showed that
A B C over 69% of cells showed nuclear accumulation of p53, whereas

roure 4. 1b s the colls at the G2 bh ¢ the cell cvele. West only 11% of the control cells showed nuclear accumulation of
gure 4. arrests the cells a e phase O e cell cycle. estern .
blot of the cell lysate treated with vehicle (A), 101 1b (B), and 20uM pS3 (Figure 6). To check whether the downstream targets of

1b (C). Upper band corresponds to the phosphorylated form (p-cdc2), and P53 are activated upon p53 nuclear accumulation, we stained
the lower band corresponds to the unphosphorylated form of the protein the HCT cells with antibody against p21 (Figure 7). Nuclear

cdc2, as independently verified by detecting with monoclonal cdc2 antibody 5ccumulation of p21 was observed ib-treated cells, which
(see Supporting Information, Figure S5). was absent in the control cells. The data clearly suggest that

10- nuclear accumulation of p53 resulted in the activation of p53-
dependent genes. The results indicate that a p53-dependent
8. pathway is involved in the cell cycle arrest and cell death
induced bylb.
x 6 To elucidate whetherlb induces apoptotic cell death,
§ apoptotic characteristics of cells incubated with different
© concentrations (0, 5, and 10M) of 1b for 24 h were studied.
§ 41 Live and dead/apoptotic cells were visualized by propidium
= iodide staining (Figure 8A). Control cells remained viable after
2+ 24 h, as evidenced by the absence of propidium iodide staining.
After 24 h of 1b treatment, cells were stained positive for
0 : : . : , propidium iodide, indicating that the cells either were in late
0 2 4 6 8 10 12 apoptosis or underwent necrosis. Further condensation/shrinkage
1b (uM) of the nucleus associated with apoptosis were seen by DAPI
Figure 5. 1b did not arrest the cells at mitosis. HeLa cells were incubated staining (Figure 8B).
without or with different concentrations (1, 5, and M) of 1b for 24 h, Antibacterial activities of the gold1¢) and silver (d)

and mitotic cells were visualized after staining the cells with DAPI. Mitotic . . - .
index was calculated as the percentage of mitotic cells in 1700 cells countedCOMPplexes were tested by treatiBgcillus subtilisandEscheri-

per experiment. chia coli with different concentrations of the compounds and
measuring the bacterial growth at different time poidtsand
observed, and the protein was evenly distributed in the cell. 1d inhibited the growth of Gram-positiv8. subtilis but did
The results suggested that the inactive cdc2 is not able to formnot show any effect on the growth of Gram-negativecoli.
an active complex with cyclin B1 and thereby remains in the To verify whether the metal was responsible for the observed
cytoplasm and is not translocated to the nucleus, preventing theactivities of 1c and 1d, the ligand precursot was also tested
progression of the cells to mitosis. Further, DAPI staining of for antimicrobial activity.1 did not inhibit bacterial growth,
the cells treated with different concentrationsldf was done suggesting that the ligand precursor does not have antibacterial
to score the mitotic cells. The mitotic index (% of total cells in activity. Among the two, the gold completc was more
mitosis) of1b-treated cells was similar to that of the untreated effective, as it produced over 80% inhibition & subtilis
cells, which showed that the cells were not arrested in mitosis growth after 12 h incubation. It is worth mentioning that, owing
(Figure 5). Therefore, these results suggest tHatcauses to the greater stability of the gotldNHC bond?® the gold
overexpression of cyclin B1, which arrests the cells at the complexlcis presumably less vulnerable to the biologically
G2—M transition phase of the cell cycle, and the mitotic entry active thiol groups than the silver analoguel, thereby
of the cells is prevented by the inactivation of cdc2 by accounting for its superior activity (Figure 9). Specifically, for
phosphorylation. the growth of wild-typeB. subtilis 168, the half-maximal
G2 checkpoint targets several signaling pathways, including inhibitory concentration (I65) and minimum inhibitory con-
the p53 pathway, to ensure that cell death follows the G2 centration (MIC) forlc were calculated to be 4 0.8 M and
arrestt3 p53 is an important tumor suppressor protein, which is 15+ 2.3uM, respectively. Similarly, the 165 and MIC for 1d
mutated in most of the human cancers. Therefore, we havewere determined to be & 1.5uM and 254+ 3.2 uM. The
chosen HCT 116 (human colon adenocarcinoma cells), which inhibitory activity of 1cis comparable to those of other reported
has wild-type p534to study the effect ofb on p53 activation. ~ antibacterial agents, such as Dichamanetins (MIC.7 uM),>’
Different stress signals increase the stability of the wild-type 2'''-hydroxy-8'-benzylisouvarinol-B (MIC= 2.6 uM),’ San-
p53 and cause the translocation of the protein from the guinarine (MIC= 3 uM),%® and totarol (MIC= 2 uM).* In
cytoplasm to the nucleus. Nuclear accumulation of p53 results this regard, it is worth mentioning that a few two-coordinated
in the transcription of p53-responsive genes, such as p21, baxgold complexes of phosphines are reported to exhibit significant
etc55 p53 plays important roles in the G1 and G2 arrest and antimicrobial activities against the Gram-positize subtilis
induction of apoptosis by the transcriptional activation of its bacteria. For example, the reported MIC values in the following
complexes are [Au(o-Hpen)(PBh (o-Hpen = 2-amino-3-

(53) Yu, J.; Zhang, LBiochem. Biophys. Res. Comm@a005 331, 851—858.

(54) (a) Rahman-Roblick, R.; Roblick, U, J.; Hellman, U.; Conrotto, P.; Liu, (56) Levine, A. J.Cell 1997, 88, 323-331.
T.; Becker, S.; Hirschberg, D.; Jornvall, H.; Auer, G.; Wiman, K.Rgoc. (57) Urgaonkar, S.; La Pierre, H. S.; Meir, I.; Lund, H.; RayChaudhuri, D;
Natl. Acad. Sci. U.S.£2007 104, 5401-5406. (b) Toscano, F.; Parmentier, Shaw, T. JOrg. Lett.2005 7, 5609-5612.
B.; Fajoui, Z. E.; Estornes, Y.; Chayvialle, J. A.; Saurin, J. C.; Abello, J. (58) Beuria, T. K.; Santra, M. K.; Panda, Biochemistry2005 44, 16584~
Biochem. PharmacoR007, 74, 392-406. 16593.

(55) Gottifredi, V.; Shieh, S. Y.; Taya, Y.; Prives, @roc. Natl. Acad. Sci. (59) Jaiswal, R.; Beuria, T. K.; Mohan, R.; Mahajan, S. K.; Panda, D.
U.S.A.2001, 98, 1036-1041. Biochemistry2007, 46, 4211-4220.
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control 1b (10 uM) e 1b (20 pM) =—

control

1b (10 pM)  — 1b (20 uM) =

Figure 6. 1b-induced cell cycle arrest activates the p53 pathway. Immunofluorescence images of HCT 116 cells in the absence and in the presence of 10
and 20uM 1b stained with anti-p53 antibody. Upper panels show cells stained with antibody against p53 (red), and the lower panels show DNA of the
corresponding cells stained with DAPI (blue). Scale bar represenisnl0

control 1b (10 pM) e 1b (20 uM) =——

control 1b (10 uM)

1b (20 pM)

Figure 7. 1b activates the downstream targets of the p53 pathway. Immunofluorescence images of HCT 116 cells in the absence and in the presence of 10
and 20uM 1b stained with anti-p21 antibody. Top panels show cells stained with antibody against p21 (red), and the lower panels show DNA of the
corresponding cells stained with Hoescht 33258 (blue). Scale bar represents 10

mercapto-3-methylbutanoic acid), 318 mL~%% [Au(2- acid, glycine, and asparagine each gave MIC values ofut25
Hmna)(PPB)] (2-Hmna= 2-mercaptonicotinic acid), 62&9 mL~! against theB. subtilisbacterigf® Furthermore, an interest-
mL~%;5¢ [Au(im)(PPh)] (im = imidazole), 125g mL%;%4and ing correlation that emerges out of the Mulliken and natural
[Au(6-Hmna)(PPEk)] (6-Hmna= 6-mercaptonicotinic acid), 500 charge analyses dfc and 1d is that the complex having the
1g mL~1).6¢ The comparison of the AdNHC complexlcwith more electron-rich metal center, i.e., the gold complex

the Au—phosphine complexes becomes relevant given the fact showed better antimicrobial activity (see Supporting Informa-
that both NHCs and phosphines are strendonor ligand&’ tion, Table S7).

and also, in the absence of any other report of-AlHC The morphology of theB. subtilis cells was studied after
complexes showing antimicrobial activity agair®t subtilis incubating the cells withlc and 1d for 4 h (Figure 10).
bacteria, a more direct comparison with is not possible. In - o) yomiva K .; Yokoyama, HI. Chem. Soc., Dalton Trang002 2483

the case of silver, its complexes with amino acids like aspartic 2490.
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control

1b (5 nM)

control

Figure 8. 1binduces Hela cell death. Cells were incubated with different

1b (S uM)

1b (10 pM)

1b (10 pM)

concentrations (0, 5, arM)1dF 1b for 24 h. (A) Live and dead cells were

visualized after staining the cells with propidium iodide (red). (B) Nuclear morphology was studied after staining the cells with DAPI (bludarScale
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Percent inhibition oB. subtilis168 cell proliferation bylc and

Incubation ofB. subtiliscells with 4uM 1c for 4 h increased
the cell length by 3.5-fold from 2.2 0.5um to 7.3+ 3.1um
relative to the control experiment carried out in the absence of
1c, indicating that the gold compledc inhibits bacterial
proliferation by blocking cytokinesi®-%In contrast, very little
increase in cell length was observed in the presence @iMO

15050 J. AM. CHEM. SOC. = VOL. 129, NO. 48, 2007

1d. The mean length 0B. subtiliscells was determined to be
3.4+ 0.8 um in the presence of 10M 1d.

Conclusion

In summary, specially designed Pd complexes of the types
(NHC)Pd(pyridine)C (1a) and (NHCYPdCL (1b) have been
found to exhibit potent anticancer activity, while the Ag and
Au complexes, (NHC)MCI [M= Au, 1c, Ag, 1d], display
significant antimicrobial activities. In particulatb inhibited
proliferation of HeLa, MCF-7, and HCT 116 cells in culture at
low micromolar concentrations, which was found to be con-
siderably stronger than the inhibitory concentration of the
benchmark drug, cisplatin. The mode of actionlbfinvolves
arresting the cells at the G2 phase, thereby preventing the mitotic
entry of the cells. The blocked cells underwent cell death by a
p53-dependent pathway.

Experimental Section

General Procedures.All manipulations were carried out using a
combination of glovebox and standard Schlenk techniques. Solvents
were purified and degassed by standard procedures. 1-Bereyt-3-
butylimidazolium chloridé* was prepared according to a modified
literature proceduréH and*3C{*H} NMR spectra were recorded on a
Varian 400 MHz NMR spectrometetH and 3C NMR peaks are
labeled as singlet (s), doublet (d), triplet (t), multiplet (m), and septet
(sept). Infrared spectra were recorded on a Perkin-Elmer Spectrum One
FT-IR spectrometer. X-ray diffraction data for compoudds-d were
collected on a Bruker P4 diffractometer equipped with a SMART CCD
detector (see Supporting Information, Table S1). The structures were
solved using direct methods and standard difference map techniques
and were refined by full-matrix least-squares procedure&%owith
SHELXTL (version 6.10).

Synthesis of [1-Benzyl-Zert-butylimidazol-2-ylidene]AgClI (1d).
1-Benzyl-3tert-butylimidazolium chloride (2.00 g, 8.00 mmol) and
Ag-0 (0.924 g, 4.00 mmol) were taken in dichloromethane (ca. 50
mL), and the mixture was stirred at room temperature for 4 h. It was
then filtered, solvent was removed from the filtrate, and the off-white
sticky productld was dried under vacuum (1.33 g, 46%). The metal



Anticancer and Antimicrobial Metallopharmaceuticals

ARTICLES

| conol

complex was crystallized from acetonitrile employing slow-evaporation
technique and was used for biological studi¢$.NMR (CDClz, 400
MHz, 25°C): 6 7.37-7.33 (m, 3H, GHs), 7.24 (br, 2H, GHs), 7.17
(s, 1H, NGHCHN), 6.90 (s, 1H, NCHEIN), 5.34 (s, 2H, El), 1.74
(s, 9H, (Hs). 13C NMR (CDCk, 100 MHz, 25°C): 6 177.7 (NCN),
135.4 {pso-CeHs), 129.0 0-CeHs), 128.5 M-CsHs), 127.6 0-CeHs),
119.5 (NCHCHN), 119.4 (NCHCHN), 57.8 (C(CHs)s), 56.7 CH>), 31.7
(C(CHa)3). IR (Nujol): 2858 (s), 2375 (w), 1557 (w), 1458 (s), 1375
(m), 1310 (w), 1220 (w), 1032 (w), 728 (w) crth Anal. Calcd for
C14H18AgCIN,:(CH,Cly): C, 40.71; H, 4.56; N, 6.33. Found: C, 40.77;
H, 4.74; N, 5.84.

Synthesis of [1-Benzyl-Zert-butylimidazol-2-ylidene]AuCl (1c).
A mixture of [1-benzyl-3tert-butylimidazol-2-ylidene]AgCl 1d, 0.358
g, 1.00 mmol) and (SMgAuUCI (0.297 g, 1.00 mmol) was taken in
dichloromethane (ca. 30 mL) and stirred at room temperature for 5 h.
It was then filtered, and the solvent was removed from the filtrate under
vacuum to obtain an off-white sticky produdt (0.137 g, 31% yield).
The metal complex was crystallized from acetonitrile employing slow-
evaporation technique and was used for biological studi¢NMR
(CDCls, 400 MHz, 25°C): 6 7.35-7.33 (m, 5H, GHs), 7.10 (s, 1H,
NCHCHN), 6.84 (s, 1H, NCHEIN), 5.48 (s, 2H, El,), 1.86 (s, 9H,
CHjs). 3C NMR (CDCk, 100 MHz, 25°C): ¢ 169.2 (NCN), 135.0
(ipso-CeHs), 128.8 0-CeHs), 128.4 (-CeHs), 127.9 -CgHs), 119.0
(NCHCHN), 118.5 (NCHCHN), 58.8 (C(CHs)s), 56.2 CHy), 31.5
(C(CHa)3). IR (Nujol): 3171 (w), 2857 (s), 2723 (w), 2375 (w), 1562
(w), 1459 (s), 1375 (m), 1216 (m), 725 (m), 633 (w) CmHRMS
(ES): mvz 411.1143 [(NHC)Au}, calcd 411.1136. Anal. Calcd for
CuHigAUCIN2: C, 37.64; H, 4.06; N, 6.27. Found: C, 37.99; H, 3.50;
N, 6.29.

Synthesis oftrans-[1-Benzyl-3tert-butylimidazol-2-ylidene]Pd-
(pyridine)Cl, (1a). A mixture of 1-benzyl-3tert-butylimidazolium
chloride (0.194 g, 0.775 mmol), Pd&D.150 g, 0.845 mmol), andK
CO; (0.161 g, 1.61 mmol) was refluxed in pyridine (ca. 4 mL) for 16
h. The reaction mixture was filtered, and the solvent was removed under
vacuum. The residue was then washed with aqueous ¢s&Qtion,
and the aqueous layer was extracted with chloroform (cal® mL).

The organic layer was collected, and the solvent was removed under
vacuum to obtain a yellow solida (0.049 g, 14%). The metal complex
was crystallized from acetonitrile employing slow-evaporation technique
and was used for biological studie$d NMR (CDCls, 400 MHz,
25°C): 0 9.01 (d, 2H 23y = 8 Hz, 0-NCsHs), 7.76 (t, 1H,3Juy = 8

Hz, p-NCsHs), 7.54 (t, 2H,3Ju = 8 Hz, m-NCsHs), 7.39-7.35 (m,

5H, GsHs), 7.07 (br, 1H, NCHEIN), 6.70 (br, 1H, NGICHN), 6.16

(s, 2H, Hy), 2.12 (s, 9H, C(El3)3). 3C{*H} NMR (CDCl;, 100 MHz,
25°C): ¢ 151.4 (NCN—Pd), 146.3¢-NCsHs), 137.9 {pso-CeHs), 135.2
(p-NCsHs), 129.3 -CgHs), 128.9 (n-CeHs), 128.5 p-CeHs), 124.4 (n-
NCsHs), 120.5 (NCHCHN), 120.4 (NCHCHN), 59.1 C(CHs)s), 56.1

lc (4 uM)

Figure 10. Effects oflc and1d on the morphology oB. subtilis Cells were incubated fo4 h in theabsence and in the presencelofand 1d, and the
cell morphology was visualized by DIC microscopy. Scale bar represenisnl0

1d (10 uM

(CHy), 32.1 (CCH3)a). IR (Nujol): 2723 (w), 1651 (w), 1595 (w), 1457
(s), 1375 (s), 1206 (m), 1149 (m), 1100 (m), 1062 (m), 807 (w), 768
(m), 694 (m) cm™. Anal. Calcd for GeH23Cl.NsPd: C, 48.48; H, 4.92;

N, 8.93. Found: C, 48.83; H, 4.44; N, 8.97.

Synthesis of [1-Benzyl-3ert-butylimidazol-2-ylidene],PdCl, (1b).
[1-Benzyl-3tert-butylimidazol-2-ylidene]AgCl (1d, 0.354 g, 1.00
mmol) and Pd(COD)GI (0.143 g, 0.500 mmol) were dissolved in
acetonitrile (ca. 30 mL), and the mixture was refluxed@d and then
cooled. The solvent was reduced to ca. 3 mL, and the mixture was
kept overnight. Light yellow crystalline produtb was obtained, which
was filtered, washed with acetonitrile (ca. 5 mL), and dried under
vacuum (0.089 g, 29%). The metal complex was crystallized from
acetonitrile employing slow-evaporation technique and was used for
biological studiestH NMR (CDCls;, 400 MHz, 25°C): ¢ 7.54 (d, 2H,
3Jun = 8 Hz,0-CgHs), 7.40 (t, 2H,m-CgHs), 7.35 (t, 1H,p-CeHs), 7.00
(s, 1H, NGHCHN), 6.63 (s, 1H, NCHEIN), 6.17 (s, 2H, El,), 1.98
(s, 9H, Hy). 3C NMR (CDCk, 100 MHz, 25°C): 6 166.9 (NCN),
136.0 {pso-CeHs), 129.0 0-CsHs), 128.8 (-CeHs), 128.1 p-CeHs),
119.6 (NCHCHN), 119.6 (NCHCHN), 58.6 (C(CHs)3), 55.5 CH>), 32.0
(C(CH3)3). IR (Nujol): 2859 (s), 2378 (w), 1562 (w), 1458 (m), 1376
(m), 1221 (m), 1030 (m), 825 (w), 723 (m) cfa HRMS (ES): m/z
569.1659 [(NHCPACI]", calcd 569.1663. Anal. Calcd forg36CIoN4-

Pd: C, 55.50; H, 5.99; N, 9.25. Found: C, 55.77; H, 5.78; N, 9.49.

Antitumor Studies. 1. ReagentsSulforhodamine B (SRB), alkaline
phosphatase (ALP)-conjugated anti-mouse or anti-rabbit IgG, bovine
serum albumin (BSA), Hoechst 33258, and cisplatiis-giammine-
platinum(ll) dichloride) were purchased from Sigma (St. Louis, MO).
Anti-mouse IgG-alexa 568 conjugate arigg4diamidino-2-phenylindole
(DAPI) were purchased from Molecular Probes (Eugene, OR). Mouse
monoclonal anti-p53 antibody, mouse monoclonal anti-p21 antibody,
and mouse monoclonal anti-cyclin B1 antibody were from Santa Cruz,
and rabbit polyclonal phospho-cdc2 Tyr 15 antibody was obtained from
Novus Biologicals. Mouse monoclonal anti-cdc2 antibody was obtained
from Cell Signaling Technology. All other reagents used were of
analytical grade.

2. Cell Culture. Human cervical carcinoma cells (HeLa), human
breast cancer cells (MCF-7), and human colon adenocarcinoma cells
(HCT 116) were cultured in Eagle’s Minimal Essential Medium (MEM)
and Dulbecco’s Modified Eagle’s Medium (DMEM), respectively,
supplemented with 10% fetal calf serum, 1.5 g/L sodium bicarbonate,
and 1% antibiotie-antimycotic solution containing streptomycin,
amphoterecin B, and penicillin. Cells were maintained af@7n a
humidified atmosphere of 5% carbon dioxide and 95% air. For cell
proliferation assays, cells were seeded at a density »f P cells/

mL on 96-well plates. For immunofluorescence studies 018 cells/
mL were grown as a monolayer on glass coverslips. Compounds diluted
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in dimethyl sulfoxide (DMSO, 0.1% final concentration) were added
to the culture medium 24 h after seeding.
3. Cell Proliferation Assay. The effects of cisplatin an@la—d on

were harvested with the help of a cell scrapper and collected by
centrifugation. The cells were washed thrice in PBS, and the cell lysate
was extracted at 4C using lysis buffer (50 mM Tris, pH 7.4, 150 mM

the proliferation of three different cancer cells (HeLa, MCF-7, and HCT NaCl, 0.1% Triton X-100, 0.2% Nonidet P-40, 4 mM EDTA, 50 mM
116) after one cell cycle were determined using sulforhodamine B assayNaF, 1 mM DTT) containing protease inhibitors. The lysed cell
as described previousf#:82Briefly, 1 x 10° cells/mL were seeded in suspension was centrifuged at 180@r 10 min, and the resulting
each well in 96-well plates for 24 h and then incubated without or supernatants were used as cell lysate.

with different concentrations of these agents at@7or 24, 48, and The protein concentration of the cell lysate was determined by
16 h for HeLa, MCF-7, and HCT 116 cells, respectively. In order to Bradford assa§® An equal amount (5Qug) of each sample was
compare the potency db with that of cisplatin, the cells were treated  separated by SDSPAGE (10% acrylamide gel) and electroblotted onto
with the compounds and the assay was performed simultaneously witha poly(vinylidene difluoride) (PVDF) membrane (Amersham). The blot
the two compounds. After incubation of cells with the compounds for was blocked with Tris-buffered saline containing 0.05% Tween 20
one cell cycle, cell growth was stopped by the addition of 10% (TBST) and 5% non-fat skim milk for 12 h at room temperature. The
trichloroacetic acid and stained with 0.4% sulforhodamine B dissolved blots were independently probed with rabbit polyclonal anti-phosphor-
in 1% acetic acid. Unbound dye was removed by washing with 1% cdc2 antibody (1:1200) and mouse monoclonal cdc2 antibody (1:1200)
acetic acid, and the protein content was determined by measuringfor 2 h. The blot was washed thrice with TBST and incubated with
absorbance at 560 nm in a Bio-Rad model 680 microplate reader afteralkaline phosphatase-conjugated secondary antibodies (1:5000) for 1

extracting with 10 mM Tris bas®. Data are the averages of three
independent experiments (Tables 1 and 2}, lZas calculated as the
concentration of the compound that inhibited the proliferation of cells
by 50% relative to the untreated control cells.

4. Immunofluorescence MicroscopyCells (0.6 x 10 cells/mL)

h at room temperature. After three washes with TBST, the membrane
was developed using 5-bromo-4-chloro-3-indolyl phosphate/nitro blue
tetrazolium (BCIP/NBT) substrate.

Antimicrobial Studies. 1. Screening the Effects of Different
Compounds onBacillus subtilis168 Strain. Wild-type B. subtiliscells

seeded on glass coverslips were exposed to different concentrations ondE. coli cells were grown in Luria-Broth (LB) media in the presence

1b or cisplatin for one cell cycle at 37C. Cells were fixed in 3.7%
formaldehyde and permeabilized with ice-cold methanol for 10 min at
—20°C. After blocking of nonspecific sites with 2% BSA, cells were
stained with mouse monoclonal anti-p53 antibody (1:300 dilution in
2% BSA), mouse monoclonal anti-p21 antibody (1:300 dilution in 2%
BSA), or mouse monoclonal anti-cyclin B1 antibody (1:300 dilution
in 2% BSA) far 2 h at 37°C, followed by Alexa 568-conjugated sheep
anti-mouse 1gG antibody (1:400 dilution in 2% BSAYfbh at 37°C.

To visualize DNA, cells were stained withgg/mL DAPI for 20 s or
Hoechst 33258 for 10 min. Cells were washed witk PBS after all
incubations. All the coverslips were mounted in 50% glycerol in PBS
containing 5 mM 1,4-diazabicyclo[2.2.2]octane , the cells were

of different concentrations (0, 0.5, 1, 5, 10, and28) of 1c and1d
for different time intervals (0, 4, 8, and 12 h). The inhibition of bacterial
growth was monitored by recording the absorbance of the bacterial
culture at 600 nm using a JASCO V-530 spectrophotometer at the
above-mentioned time intervals. The compouddsand 1d did not
affect growth ofE. coli cells.

2. Effects of 1c and 1d on the Morphology oB. subtilis Cells. B.
subtiliscells were inoculated in LB media containing¢¥ 1cand 10
uM 1d, and the cells were grown at 3T for 4 h. After the bacterial
cells were fixed with 0.04% glutaraldehyde and 2.5% formaldehyde,
cells were harvested and resuspended inil06f PBS. A 5uL aliquot
of the suspension was placed on a clean coverslip, and the morphology

examined with a Nikon Eclipse 2000-U fluorescence microscope, and of the bacterial cells was examined using diffraction interference

the images were analyzed with Image-Pro Plus soft#®#Fégures 3,
5-8).

5. Annexin V/Propidium lodide Staining. HelLa cells were plated
at a density of 6x 10* cells/mL and grown in 24-well tissue culture
plates 24 h before the addition @b. Cells were then grown in the
absence and in the presence of different concentratiori® ébr an

additional 24 h. Subsequently, cells were spun at 2400 rpm for 10 min,

contrast (DIC) microscopy. The images were analyzed with Image-
Pro Plus software (Figure 9).

3. Determination of MIC and IC 5o of 1¢ and 1d againsB. subtilis
168. Wild-type B. subtilis 168 cells grown overnight in LB medium
were used to determine the MIC ands4©f both compound4.c and
1d. B. subtilis168 cells were grown in the absence and in the presence
of different concentrations dfc and1d in LB media fa 5 h and LB-

and the cells were stained using the Annexin V apoptosis kit (Santa agar plates overnight, respectively. The inhibitory effects of both

Cruz). Cells were washed twice in PBS and onceindssay buffer.
To ~300 uL of the buffer in each well were added 1.4 of the
Annexin-V FITC and 1Q:L of propidium iodide, and the mixture was
incubated for 15 min in the dark at room temperature. After 15 min,
cells were washed in 500L of PBS. The coverslips were mounted

compounds were monitored by measuring the absorbance at 600 nm
(Aso0) and counting the colonies of thie subtilis168 cells on the LB-

agar plates. The half-maximum inhibitory concentrations¢)Qvas
determined by plotting the percent inhibition of bacterial growth against
different concentrations (120 «M) of both compounds. The minimum

and observed immediately using a Nikon Eclipse 2000-U fluorescence inhibitory concentration (MIC) was determined by counting the number
microscope, and the images were analyzed with Image-Pro Plus Of colonies ofB. subtilis168 cells in the absence and in the presence

software (Figure 8A). Absence of annexin V and propidium iodide

of different concentrations (220 uM) of both compounds in the LB-

staining denotes viable cells, whereas cells stained positive for annexinagar Petri plates (Figure 10).

V alone are early apoptotic cells. Cells stained positive for both annexin

Computational Methods. Density functional theory calculations

V and propidium iodide indicate late apoptotic cells, and those stained were performed on the four transition metal complexes of NHCs,
positive for propidium iodide alone are dead cells, which underwent namely, trans[1-benzyl-3tert-butylimidazol-2-ylidene]Pd(pyridine)-

apoptosis or necrosis.
6. Preparation of Cell Lysate and Western Blot AnalysisHelLa
cells were seeded at 1556 10° cells/mL in tissue culture flasks. When

the cells had grown to 70% confluency, the medium was removed.

Fresh media containing different concentrationd lofvere added and

Cl, (1a), [1-benzyl-3tert-butylimidazol-2-ylidenePdCh (1b),
[1-benzyl-3tert-butylimidazol-2-ylidene]AuCl {c), and [1-benzyl-3-
tert-butylimidazol-2-ylidene]AgCI 1d), using the Gaussian 63
suite of quantum chemical programs. Specifically, single-point calcula-
tions were performed on the complexXies-d using atomic coordinates

incubated for an additional 24 h. Both the floating and attached cells obtained from X-ray analysis. The Becke three-parameter exchange

(61) Papazisis, K. T.; Geromichalos, G. D.; Dimitriadis, K. A.; Kortsaris, A. H.
J. Immun. Method4997, 208 151—158.

(62) Mohan, R.; Banerjee, M.; Ray, A.; Manna, T.; Wilson, L.; Owa, T.;
Bhattacharyya, B.; Panda, Biochemistry2006 45, 5440-5449.
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functional, in conjunction with the LeeYang—Parr correlation

(63) Bradford, M. M.Anal. Biochem1976 72, 248-254.
(64) Frisch, M. J.; et alGaussian 03Revision C.02; Gaussian, Inc.: Walling-
ford, CT, 2004.
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