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a b s t r a c t

Elesclomol (N-malonyl-bis(N′-methyl-N′-thiobenzoylhydrazide)), which is a novel anticancer agent, can
form chelating complexes with Fe(II), Co(II), Ni(II), Cu(II), and Zn(II) in the gas phase during electrospray
ionization (ESI) mass spectrometry. In the solution phase with acidic medium during chromatographic
separation, however, only Cu(II) and Ni(II) to a lesser degree favor the formation of chelating com-
plexes with elesclomol. The Cu(II)-chelating complex [Cu(II)+elesclomol−H]+• exhibits more complicated
MS/MS fragmentation pathways than the Ni(II)-chelating complex [Ni(II)+elesclomol−H]+. One signifi-
cant difference is the ready occurrence of the electron transfer upon collision-induced dissociation (CID)

+•

lectron transfer and Cu(II) to Cu(I)
eduction
C–MS/MS
ensity functional theory calculations

of [Cu(II)+elesclomol−H] . This leads to the reduction of Cu(II) to Cu(I). However, such phenomenon
was not observed upon CID of [Ni(II)+elesclomol−H]+. On the basis of the density functional theory (DFT)
calculations at the B3LYP/6-31+G(d)/LANL2DZ level, the Cu(II)- and Ni(II)-chelating complexes of elesclo-
mol exist in the keto-form with tetra-coordinated trapezoid geometry in the gas phase but at different
levels of distortion. As compared to the Ni(II)–elesclomol complex, the Cu(II)–elesclomol complex is more
stable (by −55.25 kcal/mol). This relative stability of the chelating complexes of elesclomol is consistent

serie
with the Irving–Williams

. Introduction

The transition metal ions, which inevitably exist as metal
omplexes in biological systems by interaction with numerous
olecules capable of complexation or chelation, play an important

ole in the development of pharmaceutical compounds [1–3].
lesclomol (N-malonyl-bis(N′-methyl-N′-thiobenzoylhydrazide),
ig. 1), which is an investigational first-in-class oxidative stress
nducer that triggers apoptosis (programmed cell death) in cancer
ells [4], exhibits a strong chelating affinity with the Cu(II) metal
on. The Cu(II)–elesclomol chelate can survive chromatographic
eparation and was detected as a distinct chromatographic peak
hat elutes after the peak of elesclomol. Even at the presence
f trace levels of Cu(II) (i.e. 10−7 M in the mobile phases), the
u(II)–elesclomol chelate could be detected at about 1% by the UV
eak areas [5].

In this study, the chelating behaviors of elesclomol with Cu(II)

nd other first-row divalent transition metals including Fe(II),
o(II), Ni(II) and Zn(II) were examined. The investigation covers the
helating ability of the metal ions with elesclomol in the solution
tate during chromatographic separation and in the gas phase in the

∗ Corresponding author. Tel.: +1 610 270 4936; fax: +1 610 270 6608.
E-mail address: lianming.2.wu@gsk.com (L. Wu).

731-7085/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2010.09.007
s of bindings to ligands.
© 2010 Elsevier B.V. All rights reserved.

atmospheric pressure ion source of a mass spectrometer. Tandem
mass spectrometry (MS/MS) was utilized to probe the difference
in chelating properties of Cu(II)– and Ni(II)–elesclomol complexes.
Moreover, the density functional theory (DFT) calculations were
performed to obtain the optimized chelating structures to further
refine the understanding of the experimental data.

2. Experimental

2.1. Chemicals

An authentic sample of elesclomol was obtained from Synta
Pharmaceuticals Corporation (Lexington, MA, USA). The salts of
Fe(II)Cl2, Co(II)Cl2, Ni(II)Cl2, Cu(II)Cl2 and Zn(II)Cl2 were purchased
from Sigma–Aldrich (St. Louis, MO, USA). A solution of 0.01 mg/mL
sodium formate was supplied by Waters Corporation (Mildford,
MA, USA). The HPLC-grade solvents including water and acetoni-
trile were purchased from Burdick and Jackson (Morristown, NJ,
USA).

2.2. Liquid chromatography–mass spectrometry
Liquid chromatography–mass spectrometry (LC–MS) experi-
ments were performed on an Agilent 1100 LC system (Agilent
Technologies, Wilmington, DE, USA) coupled to a Waters Q-
TOF Premier quadrupole orthogonal acceleration time-of-flight

dx.doi.org/10.1016/j.jpba.2010.09.007
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:lianming.2.wu@gsk.com
dx.doi.org/10.1016/j.jpba.2010.09.007
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ig. 1. Chemical structure of elesclomol, N-malonyl-bis(N′-methyl-N′-
hiobenzoylhydrazide) (C19H20N4O2S2).

ass spectrometer with LockSprayTM controlled by MassLynx 4.1
Waters Corporation, Manchester, UK). Chromatographic separa-
ion was achieved on a Zorbax SB C18 (150 mm × 4.6 mm, 5 �m)
olumn (Agilent Technologies, Wilmington, DE, USA) with a flow
ate of 2 mL/min of mobile phase A of 0.01% trifluoroacetic acid
TFA) in water and mobile phase B of 0.01% TFA in acetonitrile.

hen performing the hydrogen/deuterium (H/D) exchange exper-
ments, 0.01% TFA in deuterated water (D2O) was used replacing

obile phase A. The HPLC gradient was initially kept at 12% B
or 10 min then ramped linearly to 70% B in 20 min followed by a
econd gradient to 90% B in 5 min. For Q-TOF the electrospray ion-
zation (ESI) source was operated in the positive ion mode under
he following conditions: spray voltage, −3.5 kV; source and des-
lvation gas temperatures, 120 ◦C and 300 ◦C, respectively; argon
ollision gas flow rate, 0.45 mL/min in the T-WaveTM guide Mark II
ollision cell; collision energies, 23, 20 and 6 eV for the collision-
nduced dissociation (CID) of the Cu(II)-, Ni(II)-chelating complexes
nd protonated molecule of elesclomol, respectively; desolvation
as flow rate, 600 L/hour; sample cone voltage, 30 V. The Q-TOF
nstrument was calibrated with a sodium formate solution at
.01 mg/mL. The accurate masses were measured using the inter-
al reference ion of m/z 556.2771 (protonated leucine-enkephalin)

ntroduced via the LocksprayTM.

.3. Theoretical calculations

The DFT calculations were performed using Gaussian 03 pro-
ram [6]. Standard orientations for the Cu(II) and Ni(II) chelating
omplexes were generated by building the structures in Gaussview
.1; these coordinates were then utilized for geometry optimization
f the structures. Geometry optimizations were performed using
ecke’s three-parameter hybrid functional B3LYP [7] with the 6-
1+G(d) basis set that is applied to the C, H, N, O and S atoms in
he system. The LANL2DZ basis set was used to place an effective
ore potential on Cu or Ni by providing a group of functions that
escribe the inner shell electrons of Cu or Ni [8,9]. Chemical bonds
ere considered to exist in a structure when interatomic distances
ere ≤2.4 Å. The spin operator expectation values (S2) were <0.76,

ndicating negligible contamination by higher spin states. The cal-
ulated structures were characterized as local energy minima by
requency analyses.

. Results and discussion

.1. Formation of transition metal-chelating complexes of
lesclomol

The results regarding the chelating behaviors of the common
rst-row divalent transition metal ions are summarized in Table 1.

t was found that all these metal ions (when doped in the aqueous
obile phase) can form chelating complexes with elesclomol in

he ion source during ESI mass spectrometry. The formed complex

ons were confirmed by the isotope fitting consistency and accu-
ate mass measurements with an error less than 3.6 ppm. Under
he acidic chromatographic separation conditions, however, only
u(II) and Ni(II) were observed to afford the stable complexes
ith elesclomol and the formed chelates were detected as the
Fig. 2. Total ion current (in percent abundance with a three-time enlargement)
detected by LC–MS with 10−5 M NiCl2 doped in the aqueous mobile phase.

distinct chromatographic peaks eluting at the relative retention
times (RRTs) of 1.16 and 1.19, respectively. Cu(II) shows a much
higher chelating affinity with elesclomol than Ni(II). At the pres-
ence of both Cu(II)Cl2 and Ni(II)Cl2 (10−5 M each), elesclomol was
completely converted into its Cu(II)-chelating complex; but no
chromatographic peak corresponding to the Ni(II)-chelating com-
plex was detected. Conversely, only a small fraction of elesclomol
was converted into its Ni(II)-chelating complex at the presence of
Ni(II)Cl2 (10−5 M) alone. Fig. 2 displays the total ion chromatogram
(TIC) from the LC–MS detection of Cu(II)- and Ni(II)-chelating com-
plexes of elesclomol, by doping 10−5 M Ni(II)Cl2 in the aqueous
mobile phase to enhance the formation of the Ni(II)–elesclomol
chelate for further MS/MS analysis.

3.2. Rationale for the relative stability of the Cu(II)– and
Ni(II)–elesclomol complexes

Based on the Irving–Williams series of bindings to (virtually
all) ligands, the binding order of the investigational metal ions
is expected as Fe < Co < Ni < Cu > Zn, where the gradient in the
series increase in the order of ligands O-donors < N-donors < RS−

donors < S2− donors [10,11]. As described previously, the observed
relative chelating affinities of these metal ions with elesclomol are
in excellent agreement with the Irving–Williams series of bindings.
Fig. 3 illustrates the DFT-calculated structures of Cu(II)- and Ni(II)-
chelating complexes of elesclomol, suggesting that both complexes
prefer the tetra-coordinated trapezoid planar geometry (distorting
from the square planar geometry). Although these two complexes
might experience keto–enol tautomerism in the solution phase, the
DFT calculations reveal that they exist in the more stable ‘keto-
form’ rather than the ‘enol-form’ structures in the gas-phase. This
is supported by the H/D exchange, displaying no exchangeable
proton in the complexes except the charge (proton). However,
the calculated coordination bond lengths of Cu(II) to N1/N2 and
S1/S2 in elesclomol are 0.08 Å and 0.11 Å longer than those of
Ni(II). The longer bond lengths allow better geometry optimiza-
tion by reducing intra-molecular repulsion/expansion forces and
hence enhance the stability of the Cu(II)-chelating complex. The
DFT calculations also indicate that Cu(II) has a stronger binding
energy than Ni(II), showing that the Cu(II)–elesclomol complex is
by −55.25 kcal/mol more stable than the Ni(II)–elesclomol com-
plex.

3.3. Tandem mass spectrometry of the Cu(II)– and
Ni(II)–elesclomol complexes
In order to unambiguously assign the fragment ions result-
ing from MS/MS of the Cu(II)- or Ni(II)-chelating complex of
elesclomol, the precursor ions associated with 63Cu(II)/65Cu(II) or
58Ni(II)/60Ni(II) were individually selected and subjected to CID.
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Table 1
Summary of the detection of the transition metal chelating complexes with elesclomol.a

Formation of metal
chelating complex

Transition metal doped in the mobile phase

Fe(II) Co(II) Ni(II) Cu(II) Zn(II)

In the gas-phase (during
ESI)

Detected as m/z
453/455 at RRT
1.00b

Detected as m/z
458 at RRT 1.00b

Detected as m/z
457/459 at RRT
1.00b

Detected as m/z
462/464 at RRT
1.00b

Detected as m/z
463/465 at RRT
1.00b

In the solution-phase
(during chromatographic
separation)

Not detected Not detected Detected as m/z
457/459 at RRT
1.19b

Detected as m/z
462/464 at RRT
1.16b

Not detected

a All MS detection as singly-charged complex ions.
b RRT is relative retention time (RRT) based on the retention time of elesclomol.
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Fig. 3. Calculated structures of (a) Cu(II)- an

ig. 4a and b show the MS/MS spectra of 63Cu(II)- and 65Cu(II)-
helating complexes of elesclomol that are formed during the chro-

atographic separation. From the comparison, one can see that the

eaks at m/z 118, 201, 217, 333, and 349 appear in the MS/MS spec-
ra of both Fig. 4a and b, corroborating that these fragment ions do
ot carry either Cu(II) or Cu(I). In contrast, all other major fragment
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ig. 4. MS/MS spectra of (a) the 63Cu(II)- and (b) 65Cu(II)-chelating complexes with
lesclomol. Note that the insets are the enlarged portions of the peak envelops at
a) m/z 427–429 and (b) m/z 429–431.
i(II)-chelating complexes with elesclomol.

ions should contain Cu since they all show a mass difference of 2 Da
due to the 63Cu and 65Cu isotope contributions (Table 2). As for the
Cu(II)-chelating complex that is generated in the ESI source (when
the aqueous mobile phase was doped with CuCl2 at 10−7 M), MS/MS
(spectrum not shown) exhibits the same fragmentation pathways.
Although the coordination properties of a chelating complex may
vary in the gas phase and the condensed state [12], these MS/MS
data imply that the Cu(II)-chelating complexes produced in the ESI
source and in the solution should have the same conformation in
the gas phase; otherwise they would give different MS/MS spec-
tra [13]. Similarly, the Ni(II)-chelating complexes that is generated
in solution during the chromatographic separation (Fig. 5) and in
the ESI source (spectrum not shown) show the same fragmentation
pathways, suggesting that they also have the same conformation
in the gas phase. However, by comparison with the fragmentation
of the Cu(II)-chelating complex with elesclomol, the MS/MS spec-
tra of the Ni(II)–elesclomol chelate is much simpler, giving rise to
three major fragment ions which are summarized in Table 3. This is
consistent with the DFT calculations showing the relative binding
energies of Cu(II) > Ni(II) with elesclomol.

There is one common fragment ion of m/z 118 that results from

CID of both Cu(II)- and Ni(II)-chelating complexes of elesclomol
and this ion was not observed in the MS/MS spectrum of the proto-
nated molecule ([M+H]+) of elesclomol (Fig. 6). When 13C-labeled
(at two phenyl rings) elesclomol was used, the m/z becomes 124,
corroborating that one phenyl ring is remained in this fragment ion.
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Table 2
Summary of the MS/MS fragmentation of [Cu(II)+elesclomol−H]+.

m/z of fragment ion With Cu Cu(II) to Cu(I)
reduction

Main fragmentation
mechanism

Fragment ion
assignmenta

Fragment ion
observed in
MS/MS of
[M+H]+

118 No Not applicable Rearrangement
(Scheme 1)

N
C
+

H
No

201 No Not applicable Proton transfer followed
by rearrangement

NH

O

N
CH3

O
+

Yes

217 No Not applicable Proton transfer followed
by rearrangement N

N
+

S

O

Yes

63Cu: 255
65Cu: 257

Yes Yes

Cleavage via loss of 

S

N
N
H

O

associated with Cu(II) to 
Cu(I) reduction 

N
N

SCu

O
+

Not applicable

333 No Not applicable Proton transfer followed
by rearrangement

Loss of two H2S from
[M+H]+

No (but loss of
one H2S)

349 No Not applicable Proton transfer followed
by rearrangement

Loss of (H2O + H2S)
from [M+H]+

No (but loss of
one H2O)

63Cu: 388, 389
65Cu: 390, 391

Yes Yes

Cleavage via loss of  
O NH

NH

with further Cu(II) to Cu(I) 
reduction b

S

C
+

N

O
N

SCu Not applicable

63Cu: 427, 428, 429
65Cu: 429, 430, 431

Yes Yes Rearrangement via loss
of H2S with further loss
of H• radical and Cu(II) to
Cu(I) reductionb

S

N
N

O
C
+

N
N

O
Cu

Not applicable

63Cu: 443, 444
65Cu: 445, 446

Yes No Rearrangement via loss
of H2O with further loss
of H• radicalb

C+
N
N

S
O N

N S

Cu

Not applicable

a The elemental compositions of fragment ion assignments were confirmed by the accurate mass measurements within an error of 4.5 ppm.
he fur

a

F
i
u
c

3

(
(
a

b The proposed structures of the fragment ions of (1) m/z 427/429 & 443/445 (via t
re not shown.

rom these experimental evidences it is believed that both complex
ons, [Cu(II)+elesclomol−H]+• and [Ni(II)+elesclomol−H]+, could
ndergo a rearrangement via the ring formation and simple bond
leavage to give rise to the ion of m/z 118 (Scheme 1).

.4. Electron transfer upon CID of the Cu(II)–elesclomol complex
Regarding the Cu-containing fragment ions of m/z (255/257),
388/390 and 389/391), (427/429, 428/430 and 429/431) and
443/445 and 444/446), each pair of m/z corresponds to the 63Cu(II)
nd 65Cu(II) isotope contributions. Besides the common fragmen-
ther H• radical loss) and (2) m/z 389/391 & 429/431 (via the Cu(II) to Cu(I) reduction)

tation pathways via rearrangements and cleavages upon CID of
[Cu(II)+elesclomol−H]+•, the further loss of H• radical (yielding
the ions of m/z 427/429 and 443/445) and the reduction of Cu(II)
to Cu(I) via the electron transfer (giving rise to the ions of m/z
255/257, 389/391 and 429/431) were observed. These observations
are consistent with the gas-phase dissociation behavior of other

Cu(II)-chelating complexes including the chelates of histidine [14],
fatty acids [15] and lactic acid [16]. In contrary, the reduction of
Ni(II) to Ni(I) does not occur upon CID of [Ni(II)+elesclomol−H]+

(Table 2). The ready occurrence of the electron transfer and the H•

radical loss is probably due to fragmentation of the radical cation
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Table 3
Summary of the MS/MS fragmentation of [Ni(II)+elesclomol−H]+.

m/z of fragment ion With Ni Ni(II) to Ni(I) reduction Main fragmentation mechanism Fragment ion assignmenta Fragment ion
observed in MS/MS
of [M+H]+

118 No Not applicable Rearrangement (Scheme 1)

N
C
+

H No

58Ni: 389 Yes No Rearrangement Loss of two H2S Not applicable
60Ni: 391

58Ni: 442 Yes No Simple cleavage Direct loss of • CH3

radical
Not applicable

60Ni: 444

a The elemental compositions of fragment ion assignments were confirmed by the accurate mass measurements within an error of 3.8 ppm.

N
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N

S
O N

N S

M

N

O

N

SH

C
+

O N

N S

M

H

N

C
+

H

Collisional 
activation Dissociation

m/z 118

M = Cu(II) or Ni(II)

+ H
+

Scheme 1. The formation of the product ion of m/z 118 via the rearrangement of Cu(II)
[Cu(II)+elesclomol−H]+• is not shown for drawing simplicity.
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Fig. 5. MS/MS spectra of (a) the 58Ni(II)- and (b) 60Ni(II)-chelating complexes with
elesclomol.
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Fig. 6. MS/MS spectrum of the protonated molecule of elesclomol at m/z 401.
- and Ni(II)-chelating complexes of elesclomol upon CID. Note that the radical in

of the Cu(II)–elesclomol complex (open-shell species) in the gas
phase that results from the d9 electronic configuration of Cu(II).

4. Conclusions

Elesclomol can form chelating complexes with Fe(II), Co(II),
Ni(II), Cu(II) and Zn(II) in the gas phase during ESI mass spec-
trometry. In the solution phase, however, only Cu(II) and Ni(II)
but less significantly favor the formation of the chelating com-
plexes with elesclomol. The Cu(II)-chelating complex exhibits
more complicated MS/MS fragmentation pathways than the Ni(II)-
chelating complex, owing to the strong binding with elesclomol
and the ready occurrence of the electron transfer upon colli-
sional activation. Such phenomenon was not observed upon CID
of the Ni(II)-chelating complex. Based on the DFT calculations,
the Cu(II)- and Ni(II)-chelating complexes of elesclomol exist in
the keto-form with tetra-coordinated trapezoid geometry in the
gas-phase but the Cu(II)-chelating complex exhibits longer coordi-
nation bond lengths for better geometry optimization. As compared
to Ni(II) and other metal ions, Cu(II) shows an unusually higher
chelating affinity with elesclomol and this observation is consis-
tent with the Irving–Williams series of bindings of metal ions.
This study provides insights into the intrinsic chelating properties
of Cu(II)–elesclomol complex and is useful for pursuing analyti-
cal applications in pharmaceutical industry (e.g. pharmaceutical
manufacturing equipment cleaning verification) by developing a
sensitive and selective method for detection and quantitation of
elesclomol utilizing reactive desorption electrospray ionization
(DESI) [17–20] with a Cu(II)-containing spray solution.
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