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ABSTRACT: SNS platinum(II) pincer complexes rever-
sibly bind and release the surrogate half sulfur mustard, 2-
chloroethyl ethyl sulfide (CEES). The switch-like behavior
of the pincers is attributed to a reversible transformation
between the thioamide and iminothiolate forms of the
pincer skeleton under slightly acidic and basic conditions,
respectively. An amide-based palladium(II) pincer complex
also binds CEES, as confirmed crystallographically and by
NMR.

Sulfur mustard, 2,2′-dichlorodiethyl sulfide, and the related
nitrogen mustards are cytotoxic chemical vesicants that

have been used as chemical warfare agents.1 An analog of the
sulfur mustard, 2-chloroethyl ethyl sulfide (CEES), known as
the half sulfur mustard, has frequently been used as a surrogate
to study the chemistry of these noxious chemicals. These
classes of molecules readily form reactive sulphonium and
aziridinium intermediates that can alkylate cellular components
of important biomolecules such as DNA, leading to their
cytotoxicity.2 Hence, over the years, various efforts have been
made to capture or degrade the mustards in order to achieve
chemical detoxification.3 Interestingly, chemical mustards also
have therapeutic applications and have been explored as
anticancer drugs.4 Taken together, these factors have aroused
interest both in developing a better understanding of the
chemistry of the mustards and in designing artificial receptors
for targeting and recognition. Herein, we report platinum and
palladium pincer complexes that readily bind to CEES.
Pincer ligands were originally defined as those containing a

tridentate ligand composed of a central carbon atom from a
cyclometallating group plus two side donor atoms, resulting in
an ECE donating chelate.5 E is usually a nitrogen, phosphorus,
or sulfur donor. As the field has developed, the term is now
commonly used for similar tridentate chelates containing other
heterocycles as the central donor group, for example, pyridine.
Pincer and pincer-like complexes are especially of interest
because of their varied chemistry that includes an aptitude for
both catalysis and luminescence.5−14 Recently, nickel(II)
complexes with a series of simple amide-based NNN pincer
ligands, very similar to those reported here, were found to fix
CO2.

7 However, there are not many reports of pincers with
thioamide groups,8−12 and only a few that refer to the acid−
base equilibrium of the thioamides described herein.8−10

In complexes with palladium(II) and platinum(II), we have
found that the SNS pincer ligand always binds via the sulfur.8

However, crystallographic and NMR results indicate that it
binds either as the neutral thioamide or the anionic
deprotonated iminothiolate form (with the negative charge

on the sulfur). It does not appear to have any propensity for
binding the other tautomeric form of the deprotonated
thioamide, the thioamidate (with the negative charge on the
nitrogen; Scheme 1).

Earlier, we reported the structure of an S-bonded DMSO
platinum(II) complex with the dinegative di-iminothiolate
pincer.8 This, in conjunction with the known affinity of
platinum and palladium for sulfur, led to our studies with the
half mustard. Not only do the SNS complexes display affinity
for CEES but binding can be reversibly turned off and on by
the addition of an acid and a base, respectively. Crystallographic
confirmation of the sulfur-bound mustard was obtained for the
corollary NNN amide pincer palladium complex.
Two simple thioamide-based ligands, 1 and 2, were chosen

for the study. The complexes can be readily synthesized in good
yields by reacting the thioamide ligands in DMF with a
stoichiometric amount of PtCl2(PhCN)2 in CH2Cl2

(Scheme 2). Crystallographic and NMR analysis of the
products of the two reactions showed the anticipated SNS
coordination, but different coordination modes. In [1(PtCl)]+,
the t-Bu-containing ligand, 1, is bound as the neutral
dithioamide (Figure 1a). However, the phenyl-containing
ligand, 2, is anionic and monodeprotonated, yielding the
neutral mixed thioamide−iminothiolate complex, (2-H)(PtCl),
with both sides of the pincer bound through sulfur (Figure 1b).
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Scheme 1. Thioamide and Its Deprotonated Forms

Scheme 2. Synthesis of the SNS−Pt Pincer Complexes
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Neither isolated complex showed any reactivity with CEES.
However, we decided to test the reactivity of the dideproto-
nated, platinum complexes of 1 and 2 (Scheme 3). As expected,

upon the addition of Et3N to [1(PtCl)]+, the 1H NMR
spectrum changed dramatically, accompanied by the disappear-
ance of the signal due to the NH protons (Figure 2a and b).

Both the pyridine (PyH3 and PyH4) and t-butyl proton signals
showed significant upfield shifts, indicating the formation of the
iminothiolate complex, (1-2H)Pt. This transformation is
reversible, and the original dithioamide complex can be
recovered by adding HCl. The transition can be cycled
multiple times with iterative additions of base/acid. A similar
cycle occurs for 2.
Both (1-2H)Pt and (2-2H)Pt were found to react with

CEES. By adding excess CEES to (1-2H)Pt in CDCl3, the
NMR spectrum indicated an immediate transformation, which
was complete in 3 h (Figure 2c). The signals due to the initial
complex disappeared, and a new set of signals emerged,
including downfield shifted CEES signals. Integration is
consistent with 1:1 complex formation and was further
confirmed by ESI-MS, which shows a predominant peak at
m/z = 626.1, corresponding to the complex structure (see
Supporting Information). This binding is also reversible and

can be recycled upon subsequent sequential additions of HCl
and Et3N. These results demonstrate that the binding and
release of CEES can be easily manipulated through simple
base/acid control. A similar cycle occurs for (2-2H)Pt.
Suitable crystals were not obtained for either of the

iminothiolate complexes with CEES. However, a previous
report of a palladium(II) NNN pincer complex with
(−CH2CH2Ph)-substituted amides indicated some poorly
resolved crystallographic evidence pointing to a coordinated
diethyl thioether,14 although the structure was not of sufficient
quality to publish. We therefore synthesized the NNN pincer
palladium(II) complex by reacting 3 with Pd(AcO)2 in
acetonitrile.14 Upon coordination, the neutral diamide becomes
deprotonated and thus maintains similar negatively charged
donor groups as in the successful half mustard-binding
platinum(II) iminothiolate complexes. The fourth labile
coordination site is occupied by an acetonitrile molecule,
which is readily replaced by the addition of CEES (Scheme 4).

Crystals of the CEES-bound complex suitable for X-ray
crystallography were grown by diffusion of Et2O into a solution
of the CH3CN complex in neat CEES at room temperature.
The CEES complex, (3-2H)(Pd)(CEES), crystallizes in the

tetragonal space group, I41/a, (3-2H)(Pd)(CEES)·1.5H2O.
The structure was complicated by disorder, which is best
described as two disordered positions (approximately 60:40) in
close proximity for each of the atoms. However, by constraining
some of the atomic parameters, positions for two very similar
coordination spheres were resolved. ORTEP drawings of both
of the disordered structures are included in the Supporting
Information. The structure of the predominant form is
described below. The structure shows the CEES bound within
the cleft cavity occupying the fourth palladium coordination
site, with a Pd−S bond of 2.302(4) Å (Figure 3). The other

three Pd−N bonds consist of one short bond to the pyridine

N1, 1.940(11) Å, and two longer bonds at 2.040(9) and

2.029(9) Å to the outer two nitrogen atoms, as often observed

Figure 1. ORTEP views at 30% ellipsoid probability of the SNS−Pt
pincer complexes: (a) [1(PtCl)]Cl and (b) (2-H)(PtCl).

Scheme 3. Acid−Base Equilibrium and Binding of CEES
with [1(PtCl)]+

Figure 2. (a) 1H NMR of [1(PtCl)]+ in CDCl3 and after addition of
(b) Et3N (5 μL) and (c) CEES (5 μL). Resonance designations “●”
correspond to the signals of bound CEES.

Scheme 4. Binding Reaction of CEES with NNN Pd Pincer
Showing 1H NMR Assignments for CEES

Figure 3. (a) ORTEP drawing of (3-2H)(Pd)(CEES) at 30% ellipsoid
probability and (b) perspective packing view down the crystallographic
b axis.
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in structures with heterocyclic central groups.15 The planes of
the two proximal phenyl groups are almost orthogonal to the
pincer−Pd−S plane (dihedral angles = 89.8° and 88.3°). The
two aromatic groups form a wall “shielding” a chainlike array of
the bound CEES molecules along the b axis (Figure 3b).
The affinity of the NNN pincer complex (3-2H)(Pd)-

(CH3CN) toward CEES was further confirmed by 1H NMR.
By adding 5 μL CEES to a solution of the acetonitrile complex
in CDCl3, the proton signals of the bound acetonitrile
disappeared immediately, and a set of new signals correspond-
ing to the bound CEES arose (Figure 4). On binding, all of the

CEES proton signals shifted upfield (compared to the
downfield shifts observed in the di-iminothiolate complexes).
The apparent reversal in direction is probably a result of the
shielding effect of the two adjacent phenyl rings, as indicated by
the crystal structure.
In conclusion, SNS platinum pincer complexes are capable of

controlled base/acid binding/release of the half sulfur mustard
CEES. The presence of the base allows for the conversion of
the dithioamide complex to the di-iminothiolate form and thus
activates the binding. The subsequent addition of acid reverses
the reaction, resulting in the release of the mustard. Binding
and release of the mustard can be readily followed by 1H NMR
spectroscopy. Crystallographic insight into the structure was
obtained with a corollary amide complex. These findings
illustrate an early glimpse of the potential chemical implications
of these systems. Ultimately, extended studies may afford more
sophisticated molecular switches that, if serving as molecular
and ion transport vehicles, could lead to applications in a
variety of areas including separations chemistry and drug
delivery.

■ ASSOCIATED CONTENT

*S Supporting Information
Crystallographic data in CIF format. Synthetic details, NMR
and ESI-MS spectra, and crystallographic information. This
material is available free of charge via the Internet at http://
pubs.acs.org.

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: kbjames@ku.edu.

■ ACKNOWLEDGMENTS
This project received support from the Defense Threat
Reduction AgencyJoint Science and Technology Office for
Chemical and Biological Defense (B104283I). The authors also
thank the National Science Foundation, CHE-0923449, for
purchase of the X-ray diffractometer.

■ REFERENCES
(1) (a) Jackson, K. E. Chem. Rev. 1934, 15, 425−462. (b) Sartori, M.
F. Chem. Rev. 1951, 48, 225−257.
(2) (a) Somani, S. M; Babu, S. R. Int. J. Clin. Pharmacol. Ther. Toxicol.
1989, 27, 419−435. (b) Malhotra, R. C.; Ganesan, K.; Sugendran, K.;
Swamy, R. V. Def. Sci. J. 1999, 49, 97−116.
(3) (a) Yang, Y.-C.; Baker, J. A.; Ward, J. R. Chem. Rev. 1992, 92,
1729−1743. (b) Munro, N. B.; Talmage, S. S.; Griffin, G. D.; Waters,
L. C.; Watson, A. P.; King, J. F.; Hauschild, V. Environ. Health Perspect.
1999, 107, 933−974. (c) Smith, B. M. Chem. Soc. Rev. 2008, 37, 470−
478.
(4) (a) Gilman, A.; Philips, F. S. Science 1946, 103, 409−436.
(b) Goodman, L. S.; Wintrobe, M. M.; Dameshek, W.; Goodman, M.
J.; Gilman, M. A.; Mclennan, M. T. J. Am. Med. Assoc. 1946, 132, 126−
132. (c) Goodman, L. S.; Wintrobe, M. M.; Dameshek, W.; Goodman,
M. J.; Gilman, M. A.; McLennan, M. T. J. Am. Med. Assoc. 1984, 251,
2255−2261. (d) Frunzi, J. The Hospitalist, February 2007.
(5) (a) Albrecht, M.; van Koten, G. Angew. Chem., Int. Ed. 2001, 40,
3750−3781. (b) van der Boom, M. E.; Milstein, D. Chem. Rev. 2003,
103, 1759−1792. (c) Singleton, J. T. Tetrahedron 2003, 59, 1837−
1857. (d) The Chemistry of Pincer Compounds; Morales-Morales, D.,
Jensen, C. M., Eds; Elsevier: Amsterdam, 2007. (e) Leis, W.; Mayer, H.
A.; Kaska, W. C. Coord. Chem. Rev. 2008, 252, 1787−1797.
(6) (a) Serrano-Becerra, J. M.; Morales-Morales, D. Curr. Org. Synth.
2009, 6, 169−192. (b) Choi, J.; MacArthur, A. H. R.; Brookhart, M.;
Goldman, A. S. Chem. Rev. 2011, 111, 1761−1779. (c) Selander, N.;
Szabo,́ K. J. Chem. Rev. 2011, 111, 2048−2076. (d) van Koten, G.;
Gebbink, R. J. M. K. Dalton Trans. 2011, 40, 8731−8732.
(7) (a) Huang, D.; Makhlynets, O. V.; Tan, L. L.; Lee, S. C.; Rybak-
Akimova, E. V.; Holm, R. H. Proc. Natl. Acad. Sci. U.S.A. 2011, 108,
1222−1227. (b) Huang, D.; Makhlynets, O. V.; Tan, L. L.; Lee, S. C.;
Rybak-Akimova, E. V.; Holm, R. H. Inorg. Chem. 2011, 50, 10070−
10081.
(8) Begum, R. A.; Powell, D.; Bowman-James, K. Inorg. Chem. 2006,
45, 964−966.
(9) (a) Okamoto, K.; Yamamoto, T.; Akita, M.; Wada, A.; Kanbara,
T. Organometallics 2009, 28, 3307−3310. (b) Teratani, T.; Koizumi,
T.; Yamamoto, T.; Kanbara, T. Inorg. Chem. Commun. 2011, 14, 836−
838. (c) Teratani, T.; Koizumi, T.; Yamamoto, T.; Tanaka, K.;
Kanbara, T. Dalton Trans. 2011, 40, 8879−8886.
(10) (a) Wang, H.; Liu, J.; Deng, Y.; Min, T.; Yu, G.; Wu, X.; Yang,
Z.; Lei, A. Chem.Eur. J. 2009, 15, 1499−1507. (b) Liu, J.; Wang, H.;
Zhang, H.; Wu, X.; Zhang, H.; Deng, Y.; Yang, Z.; Lei, A. Chem.Eur.
J. 2009, 15, 4437−4445.
(11) Hossain, M. A.; Lucarini, S.; Powell, D.; Bowman-James, K.
Inorg. Chem. 2004, 43, 7275−7277.
(12) (a) Kuwabara, J.; Kanbara, T. J. Photopolym. Sci. Technol. 2008,
21, 349−353. (b) Ogawa, Y.; Taketoshi, A.; Kuwabara, J.; Okamoto,
K.; Fukuda, T.; Kanbara, T. Chem. Lett. 2010, 39, 385−387.
(c) Koizumi, T.; Teratani, T.; Okamoto, K.; Yamamoti, T.; Shimoi,
Y.; Kanbara, T. Inorg. Chim. Acta 2010, 363, 2474−2480.
(d) Kuwabara, J.; Ogawa, Y.; Taketoshi, A.; Kanbara, T. J. Organomet.
Chem. 2011, 696, 1289−1293. (e) Okamoto, K.; Kuwabara, J.;
Kanbara, T. J. Organomet. Chem. 2011, 696, 1305−1309.
(13) Moriuchi, T.; Kamikawa, M.; Bandoh, S.; Hirao, T. Chem.
Commun. 2002, 1476−1477.
(14) Dell’Amico, D. B.; Calderazzo, F.; Colo, F. D.; Guglielmetti, G.;
Labella, L.; Marchetti, F. Inorg. Chim. Acta 2006, 359, 127−135.
(15) Begum, R. A.; Kang, S. O.; Day, V. W.; Bowman-James, K. In
Anion Coordination Chemistry; Bowman-James, K., Bianchi, A., García-
España, E., Eds.; Wiley-VCH: Weinheim, Germany, 2012; Chapter 3.

Figure 4. 1H NMR of (a) (3-2H)(Pd)(CH3CN) in CDCl3 (10 mM)
and (b) after adding CEES (5 μL). Resonance designations “Δ” and
“▲” and “○” and “●” correspond to the signals of free and bound
CH3CN and free and bound CEES, respectively. See Scheme 4 for
CEES H-atom assignments.
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