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An Efficient Ionization Method of Electrospray Mass Spectrometry: The
Development of an Aromatic-Cored Matrix That Wraps Labile Metal
Complexes through Molecular Recognition

Kazuhisa Kumazawa,"”! Michito Yoshizawa,”” Hong-Bo Liu,” Yuko Kamikawa,"
Masaya Moriyama, Takashi Kato,*” and Makoto Fujita**]

Abstract: Compound 1a, which pos-
sesses a triphenylene core and six tetra-
ethyleneoxide side chains, shows effi-
cient ionization of M"-containing (M=
Pd, Pt) complexes in electrospray ioni-
zation mass spectrometry (ESI-MS).
The molecular ion peaks [M]*, which
are hardly detected under common
ESI-MS conditions, are clearly ob-

ducts.

platinum

Introduction

Electrospray ionization mass spectrometry (ESI-MS)!" has
been recently used as a useful method for determining the
molecular weight of noncovalent assemblies under mild con-
ditions.>?! Addition of a metal or organic salts as matrix
often suppresses undesirable fragmentation and increases
the stability of intended molecular ions.**! They facilitate
the ionization of neutral molecules or dissociation of tight
ion-pairs through weak interactions with the target species.
Enhancing the matrix—substrate interaction is, therefore, ex-
pected to develop a new matrix assisted ionization techni-
que particularly suitable for labile compounds that cannot
be detected by conventional ESI or other ionization meth-
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served as their [M-(1a),]" (n=1-4) ad-
UV-visible and NMR studies
reveal that the electron-rich triphenyl-
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ene core of la binds to the electron-
deficient frameworks of the M" com-
plexes in solution, giving rise to charge
transfer (CT) complexes. We suggest
that 1a stabilizes the complexes and
promotes efficient ionization through
unique donor—acceptor molecular rec-
ognition.

mass

ods such as fast atom bombardment (FAB) and matrix as-
sisted laser desorption ionization (MALDI)."!

Consequently, a matrix with an aromatic core (1) was de-
signed from the viewpoint of molecular recognition for the
ESI-MS analysis of labile metal complexes. Compound 1
consists of a planar aromatic core (triphenylene) and six hy-
drophilic chains (oligoethyleneoxide). The core is anticipat-
ed to stack on electron-deficient aromatic systems through
n—n interactions, enhancing the matrix effect of the hydro-
philic chains. Therefore, ionized molecular species wrapped
by 1 should be considerably stabilized and observed by ESI-
MS anaylsis without significant fragmentation.
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The first target compound is a cage-like Pd" complex
(2),1% which is hardly observed by ESI-MS or coldspray ion-
ization (CSI) mass spectrometry™® under standard condi-
tions. Complex 2 is a unique compound: it accommodates a
variety of neutral organic molecules and promotes subse-
quent chemical transformations within its large isolated
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pocket.'"1? Tt quantitatively assembles in an aqueous

medium from six end-capped Pd" complexes and four exo-
tridentate panel-like ligands.'"” It is worth noting that for
the Pt" analogue of 2, ionization-promoting matrices such as
DMEF, DMSO, or guanidine are quite effective for the obser-
vation of the molecular-ion peaks.ls] However, the noncova-
lent structure of 2 is not tolerant under the same MS condi-
tions and only fragmentation peaks are observed.

We find that the addition of 1 to an aqueous solution of 2
leads to a clear observation of their inherent ions by ESI-
MS. Accordingly, the “molecular-recognition matrix” in
ESI-MS measurements of 2 coupled with UV-visible and
NMR analyses will be discussed. Finally, the importance of
the formation of a charge-transfer (CT) complex through
external m-stacking interactions
between 1 and 2 will be em-

plexes.' Such internal molecular-recognition systems as
found for 2 prompted us to design a matrix 1 with an aro-
matic-core that is capable of external interaction with cage
2. In 1, hydrophobic triphenylene, as a planar aromatic core,
is connected to six hydrophilic oligoethyleneoxide chains.
For this amphiphilic matrix, it is highly expected that the
core will interact with cage 2 through hydrophobic and
charge-transfer interactions, whereas the side chains will sta-
bilize cationic species and assist the molecular-ion formation
under mild conditions. Presumably, cage 2 will be wrapped
by a few or several molecules of 1 through external associa-
tion. The side chains are also expected to help solubilization
of the matrix in aqueous media.

ESI-MS measurements of complex 2 in the presence of 1:
Prominent peaks derived from cagelike complex 2 were ob-
served in ESI-MS when a mixed aqueous solution (H,O/
MeCN/DMF =2:1:0.15 ratio, 1 mm) of 2 with one equivalent
of 1a was infused into the MS source at room temperature.
Figure 1a shows a series of peaks corresponding to [2:--
(1a),,—nNO;]"t (m=1-4, n=3-8). For example, peaks at
m/z 1203, 1413, and 1709 are consistent with the formulae of
the 1:4 adduct ([2-(1a),—nNO;]"*, n=>5-7), which may indi-
cate that all of the four planar ligands of the complex are
fully covered with matrices. In addition, the 1:2 and 1:3 ad-
ducts are also clearly observed at m/z 923 [2-(1a),—6NO;]**
and 992 [2-(1a),—7NO;]’*. It is worth noting that almost no
peaks are derived from the fragmentation of 2. Efficient
wrapping of 2 by la seems to preclude solvation of 2 by

phasized. a) - (2e(1a);I" g:g:;ﬂi
[20(1a),1%* [2¢(12)21"
[2-1315’ [20(1a);]""
Results and Discussion it (2512321 29 (12"
“] 2- Tl 2512}

The design of matrix 1: One of [22(1a);) (2eta® [2'(|1a>3]€;.(1a)2]3+
the remarkable features of co- ﬂ m |
ordination cage 2 is to recog- 4 ‘ . : , :
nize a variety of neutral organ- b) - [2+1b)*
ic molecules in an aqueous
medium, giving rise to enclath- : (2e(10):1"*
rate compounds.'>""! When the [20(1b},*" /[2.(1,,)3]e+ IR
guests are large m-conjugated A\ / [22(1b),]° / [2o(1b),1* /
molecules (e.g., triphenylene, (2e(1bl" W \ (2e(10)1*

pyrene, and perylene), cage 2
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them in the cavity by means of Q)
n—m  interactions. Since the
framework of 2 is very electron
deficient due to Pd" coordina-
tion to the three pyridyl sites
of the panel ligand, electron-
rich guest molecules are
strongly enclathrated within 2, J

mewhl at

resulting in the formation of 600 800

charge-transfer (CT) com-
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Figure 1. ESI-MS spectra of metal complex 2 with: a) matrix 1a, b) 1b, and c) 1c.
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DMF, as no DMF adducts are observed. However, DMF-
solvated peaks are observed for the Pt" analogue of 2 in the
absence of the matrix. A control measurement of 2 without
1a afforded only unassignable fragment peaks. Therefore, it
is clearly demonstrated that 1a with its aromatic core acts as
a very useful matrix for the ionization of labile metal com-
plex 2 in ESI-MS analysis.

To reveal the effect of the length of the hydrophilic chains
of 1a, we performed ESI-MS measurements of 2 with matri-
ces 1b and 1¢, which have six tri- and dioxyethylene chains
around the periphery of the triphenylene core. In the pres-
ence of 1b, the spectrum became less clear, though the
matrix adducts of [2-(1b),—m NO;]"* were still observed at,
for example, m/z 837 [2{1b),—6NO;]**, 985 [2-1b—4NO;]**,
and 1497 [2-(1b),—5NO,P’* (Figure 1b). Fragmentation
peaks of 2 are concomitantly observed between 600 and
1200 Da. With 1¢, peaks derived from 2 are hardly observed
(Figure 1c). These results clearly reveal that the hydrophilic
chains are essential for the ionization of 2. Since tetraoxy-
ethylene, H(OCH,CH,),OH, does not show any matrix
effect, the aromatic core is also essential to the efficient ion-
ization.

CT complex formation of 2 with 1a: We suggest that the
matrix—analyte recognition by m—rm interaction is indispens-
able to obtain the desirable
peaks of 2 in ESI-MS analysis.
In fact, when one equivalent
of 1a was added to an aqueous
solution of 2, the colorless so- N
lution quickly turned red, indi-
cating the formation of a CT
complex.™ The UV-visible 1
spectrum of the red solution
exhibited a new absorption
band around 460nm (e=
800 mol'dm™), which is de-
rived from charge transfer be- ;

[(4),c20(1a)]>
[(4)2c2% (1)

FULL PAPER

0.8

0.6 1

Abs.

0.4+

0.2

0.0+

T T T 1
300 400 500 600 700
Alnm

Figure 2. UV-visible spectra in H,O at RT: a) complex 2 with one equiva-
lent of 1a, b) complex 2, and c) complex 3 with one equivalent of 1a.

charged molecular ions [(4),C2-(1a),,—nNOs]"t were clearly
observed in ESI-MS (e.g., m/z 1015 (m=2, n=6), 1231 (m=
2, n=5), and 1259 (m=3, n=6); Figure 3). There was
almost no peak derived from the guest-free cage. Other
guest molecules such as o-carborane and trimethoxybenzene
within complex 2 were also detected under these conditions.

[(4)sc20(1a) 1"

[(4),c20(1a),]°"

[(4)2c29 (1),

[(4),c20(1a);

[(4),c20(ta)l®
[(4)pc20(1a)]™* [(4)=20(1a),]"

[(4)2c29(1a)s]"
1
/[(4)2C2' (1a)al°" [(4oc28(12)r™

/

[(4)c20(1a)]*
b A

tween the core of 1a and the 600 800
triazine-core ligand of 2 by ex-
ternal m—m interactions (Fig-
ure 2a,b). The triazine core is
essential for an efficient CT, since analogue 3 with a ben-
zene core showed a weak CT band in UV-visible measure-
ment (Figure 2¢). Accordingly, ion peaks for 3 were also ob-
served with excess 1a, though the spectrum is considerably
contaminated by their fragmentation peaks.

ESI-MS measurements of cage 2 with guest molecules:

T T T T T
1000 1200 1400 1600 1800 miz

Figure 3. ESI-MS spectrum of complex (4),C2 in the presence of matrix 1a.

ESI-MS measurements of complex 5 in the presence of 1a:
The second target for the ESI-MS measurement is prismlike
metal complex 5, which assembles from eleven components:
six end-capped Pt" complexes, two exo-tridentate ligands,
and three pyrazine pillars."¥ The complex contains planar

While 1a stacks externally on cagelike complex 2, the cavity ;:;__:l T e

of 2 is still capable of guest enclathration. Interestingly, the _,::J,J..,N‘a}.«".._.@

matrix preserves the accommodated guest in 2. Charged l" a3 '“""‘Plr

ions of guest-enclathrated complexes were also observed in N : N

the presence of 1a. In the presence of diketone 4, the for- :2 H"] ,E:!i:'._nu ﬁﬂ—]

mation of a 2:1 inclusion complex (4),C2 was previously re- pt= [N;P": ’;E,_ﬁ'::-j'—h "A@h‘__ i

ported,™ which also did not survive under standard MS Ha 12805
conditions. However, throughout addition of 1a, multiply 5

Chem. Eur. J. 2005, 11,2519-2524  www.chemeurj.org  © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 2521


www.chemeurj.org

CHEMISTRY

M. Fuyjita, T. Kato, et al.

A EUROPEAN JOURNAL

panels of a triazine core within its framework. Therefore, we
expect that 1a will assist the ionization of complex 5 in a
similar manner as for complex 2. Thus, a solution of § in
H,0/MeCN/DMF (2:1:0.15 ratio) with one equivalent of 1a
was analyzed by ESI-MS at room temperature. A series of
simple ion peaks of § were observed as shown in Figure 4a.
For example, prominent peaks at m/z 805, 950, 1152, 1456,
and 1962 agreed with [5-(1a),—nNO;]"* (n=3-7) diadducts.
Mono- and triadducts of the matrix with 5+ were also de-
tected at 1000-1900 Da. However, matrix-free species were
not observed.

Triphenylene derivative 1d can be accommodated in the
cavity of 5.¥ We found that in the presence of 1a, guest-en-
clathrated complex 1dCS was still stable under the ESI-MS
conditions leading to clear MS observation (Figure 4b). Mul-
tiply charged ion peaks of 1dC5 with 1a were obtained
without fragmentation (e.g., m/z 1018 [1dc5-(1a),—6NO;]**
and 1234 [1dC5-(1a),—~5NO;]’*"). In contrast, ESI-MS of
1dCS in the absence of 1a exhibited a very complicated
spectrum, which was assigned as a series of DMF adducts
[1dC5-(DMF),,—nNOs]"t (m=4-17, n=3-8) (Figure 4c).
These findings clearly suggested that the wrapping effect of
the matrix promotes the efficient dissociation of counterions
(NO;7) and solvents (DMF) without fragmentation of the
framework.

UV-visible and NMR studies on CT complex of 5 with 1:
The colorless solution of 5 turned red when 1a was added to
an aqueous solution of complex 5. The UV-visible spectrum
of the red solution revealed a new absorption band around
455 nm (¢ =900 mol 'dm™") that can be attributed to the for-
mation of a CT complex (Figure 5a). The same color was
also observed upon mixing the enclathrated complex 1dC5
with 1a. Therefore, 1a clearly recognizes both 5§ and 1dC5

a) -
[5e(12)]°"
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<
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Figure 5. UV-visible spectra in H,O at RT: a) complex 5 with one equiva-
lent of 1a, b) matrix 1a, and c) complex 5.

in solution, which is in good agreement with the clear obser-
vation of adduct species by ESI-MS.

An NMR study provided further evidence for the recogni-
tion of complex 5 by 1a. When one equivalent of 1la was
combined with a solution of 1dc5 in D,O, the 'H NMR
spectrum showed broad peaks for the framework of 5 in the
aromatic region. In addition, the signals of 1d and 1a at
7.02 and 6.47 ppm were significantly shifted upfield due to
internal and external m—mn interactions with 5, respectively
(Figure 6a). In the aliphatic region of 1a, the peaks of the
oligoethyleneoxides chains were found without remarkable
shift. These signals, which were sharp at high temperature,
but split and broadened at lower temperature (Figure 6b,c).
It was worth noting that the chemical shift of 1a in the pres-
ence of 5 was apparently temperature dependent (6.47 ppm
at 300 K, 7.21 ppm at 333 K). This is due to the reversible

external interaction between §
and 1a.

| . .
§ [5(1)y] nclusion
[5e(12);]° [5e(1a),]*" ectarg® Conclusio
[Se(tay™ | [5e1al” / o1 | (g qaper .
| | J |/ [Be(1a),]° In conclusion, we have devel-
<o oo LM l'mﬁ‘ e 1 sttt el oped a unique compound la

[1dc5e(1a),]%"

[1dc5e(1a),1* [1dc5-(1a)3]6"
[1dc5-(1a)217* Mdc5s(1a),]%
[1dc5e1a]* .
&l [1d<:5 (13)3] [deseta®
,_ A \

that can recognize target metal
complexes by means of
charge-transfer (CT) interac-
tions. With this matrix, labile
multinuclear metal complexes
(2, 5) were efficiently analyzed

[1dcS5e(1a)]*

400 600 800 1000 1200 1400

Figure 4. ESI-MS spectra: a) metal complex 5 with matrix 1a, b) guest-enclathrated complex 1dC5 with matrix

1a, and c) 1dC5 without matrix 1a.
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by ESI-MS, thanks to external
n-stacking interactions  be-
tween the aromatic core of 1a
and the aromatic framework
of the complexes. A series of
multiply charged molecular
ions of these complexes with
la were clearly observed at
room temperature. UV-visible
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Figure 6. 'NMR spectra (500 MHz, D,0) of complex 1dC5 with one
equivalent of 1a at: a) 300 K, b) 277 K, and c) 333 K; d) complex 1dC5
without 1a at 300 K. Dark circles, dark squares, and squares indicate sig-
nals associated with 5, 1d, and 1a, respectively.

and NMR studies revealed the CT complex formation be-
tween the complexes and 1a, which stabilized their intrinsic
structures and promoted their ionization process in ESI-MS.
We believe that the present results with the use of a “molec-
ular-recognition matrix” will open up new strategy for mass
spectrometry as well as for molecular-recognition chemistry.

Experimental Section

General: All experiments were carried out on a four-sector (BE/BE)
tandem mass spectrometer (JMS-700C, JEOL) equipped with a CSI
source.®® Typical measurement conditions are as follows: acceleration
voltage 5.0 kV, needle voltage 2.0-2.5 kV, orifice voltage 10 to 100 V, ion
source temperature 30-35°C, spray temperature 25°C, resolution 1000—
7000 (10 % valley definition), sample flow rate 0.02 mLmin".

Synthesis of 1¢: Potassium carbonate (3.60 g, 26.4 mmol) was suspended
in a solution of 2-(2-methoxyethoxy)ethyl p-tolyl sulfate (3.80g,
13.2mmol) in anhydrous DMF (25mL) under Ar atmosphere.
2,3,6,7,10,11-Hexahydroxytriphenylene trihydrate (0.50 g, 1.32 mmol) was
added to the mixture and the suspension was stirred for two days at
room temperature. Water (50 mL) was added to the mixture and the
product was extracted with CH,Cl, (400 mL). The organic layer was
washed with brine (200 mL) and dried over MgSO,. The solution was
evaporated and the residue was poured into hexane (500 mL). The result-
ing dark oil was separated and purified by column chromatography
(CHCly/methanol=20:1) and GPC (CHCl;). A pale brown oil 1¢ (88 mg)
was obtained in 7% yield. "H NMR (500 MHz, CDCl;, TMS): 6 =7.87 (s,
6H), 4.41 (d, 12H), 3.98 (d, J=5Hz, 12H), 3.79 (d, 12H), 3.61 (d, /=
5 Hz, 12H), 3.40 ppm (s, 18 H).

NMR data for 1b: '"H NMR (500 MHz, D,0, TMS): 6=7.03 (s, 6H), 4.14
(br, 12H), 3.79 (br, 12H), 3.61 (d, J=5Hz, 12H), 3.51 (d, J=5Hz,
12H), 3.42 (d, J=5Hz, 12H), 3.30 (d, /=5 Hz, 12H), 3.08 ppm (s, 18H).
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NMR data for 1a: 'H NMR (500 MHz, D,O, TMS): 6=7.41 (s, 6 H), 4.35
(br, 12H), 4.03 (br, 12H), 3.82 (d, /=5Hz, 12H), 3.71 (d, J=5Hz,
12H), 3.61 (d, J=5Hz, 12H), 3.51 (d, /=5 Hz, 12H), 3.46 (d, J=5Hz,
12H), 3.40 (d, J=5Hz, 12H), 3.22 ppm (s, 18H); *CNMR (125 MHz,
D,O, TMS) 6 147.2 (Cy), 122.9 (Cy), 106.0 (CH), 71.0 (CH,), 70.1 (CH,),
69.9 (CH,), 69.7 (CH,), 69.6 (CH,), 69.5 (CH,), 69.4 (CH,), 68.2 (CH,),
58.0 ppm (CH,).

ESI-MS data of complex 2 in the presence of la: m/z: 1912.0
[2:(1a),-3NO;]**, 1782 [2:(1a);—4NO,J**, 1706 [2-(1a),—5NO;’*,
1414 [2-(1a),—4NO;]**/[2-(1a);—5NO;’*/[2-(1a),—6NO;]**, 1167
[2:(1a);—6NO;]°F, 1120 [2:(1a),—5NO,°*, 1049 [2:(1a),—4NO;]**,
992 [2-(1a);—7NO;]’*, 923 [2:(1a),—6NO;]**, 860 [2-(1a);—8NO;]**, 827
[2-(1a),—5NO;]**, 782 [2-(1a),—7NO;]"*, 677 [2:(1a),—8NO;]*+.
ESI-MS data of complex 2 in the presence of 1b: m/z: 1586
[2:(1b);—4NO;]**, 1497 [2:(1b),—5NO;]**, 1286 [2:(1b),—4NO;]**, 1257
[2:(1b);—5NO;’*, 1236 [2:(1b),—6NO;]°*, 1037 [2:(1b);—6NO;]**, 1017
[2:(1b),—5NO;P’*, 985 [2-1b—4NO;]**, 837 [2:(1b),—6NO,]°*, 708
[2:(1b),~7NO,]’*.

ESI-MS data of complex (4),C2 in the presence of la (4=
(MeOCH,CO),): m/z: 1920 [(4),C2-(1a);—4NO;]**, 1817 [(4),C2
(1a),—5NO,’*, 1554  [(4),C2:(1a),—4NO,**, 1524  [(4),C2
(1a);—4NO,**, 1504  [(4),C2:(1a),—6NO,**, 1259  [(4),C2
(1a);—6NO;]°t, 1231 [(4),C2:(1a),—5NO;]°*, 1187 [(4),C2-1a-4NO;]**,
1071 [(4),C2-(1a);—7NO,]’*, 1015  [(4),C2-(1a),—6NO,]°**, 937
[(4),C2-1a-5NO;]°*, 861 [(4),C2:(1a),—~7NO;]"*.

ESI-MS data of complex 5 in the presence of 1la: m/z: 1961
[5-(1a),—3NO;]**, 1822 [5-(1a);—4NO;]**, 1473 [5-(1a),—3NO,’*, 1456
[5:(1a),—4NO,]*F, 1445 [5-(1a);—5NO,’*, 1194 [5-(1a),—6NO;]°**, 1152
[5:(12),—5NO,I’*, 1089[5-1a—4NO;]**, 1014 [5-(1a);—7NO,]’*, 950
[5-(1a),—6NO;]°*, 805 [5-(1a),—7NO,]"*.

ESI-MS data of complex 1dCS5 in the presence of 1a: m/z: 2098 [1dC5-
(1a),-3NO;’*, 1924 [1dc5-(1a);—4NO;]**, 1609 [1dcC5-1a-3NO,*+,
1558 [1dc5:-(1a),—4NO;]**, 1527 [1dC5-(1a);—5NO;*, 1262 [1dcC5
(1a);—6NO;]°*, 1234 [1dc5-(1a),—5NO;°*, 1191 [1dcC51a-4NO;J*Y,
1018 [1dC5-(1a),—~6NO;]**, 863 [1dc5-(1a),—7NO,]"*.

ESI-MS data of complex 1dC5 in the absence of 1la: m/z:
1218 [1dc5(DMF),—-3NO;**, 1194 [1dc5-(DMF),—3NO;J*,
1169 [1dc5-(DMF),—-3NO;J*", 990 [1dc5-(DMF),—4NOs]**,
971 [1dC5(DMF)—4NO;]**, 953 [1dc5-(DMF),—4NO;]**,
934 [1dC5(DMF),—4NO;]**, 917 [1dc5-(DMF);—4NOs)*,
898 [1dc5-(DMF),—4NOs]**, 852 [1dC5-(DMF),,—5NO;]’*,
838 [1dc5-(DMF),;—5NO,°*, 823 [1dC5-(DMF),,—5NO;]’*,
809 [1dC5(DMF),,—5NO;]**, 793 [1dC5-(DMF),,—5NO;]’*,
779 [1dC5(DMF),—5NO, ]+, 764 [1dc5-(DMF)g—5NO;)°™,
750 [1dC5-(DMF),—SNO; [+, 735 [1dc5-(DMF),—5NO;°,
724 [1dC5(DMF),—6NOs]°*, 712 [1dC5(DMF);s—6NO;]°t,
700 [1dC5-(DMF),,—6NO;]°*, 687 [1dC5-(DMF),;;—6NO;]**,
676 [1dc5-(DMF),,—6NO,]°*, 663 [1dC5-(DMF),,—6NO;]**,
651 [1dc5-(DMF),,—6NO;]°*, 638 [1dc5-(DMF),—6NO;]**,
622 [1dc5(DMF),,—7NO,]’*, 611 1dc5-(DMF),,—7NO;,|'*,
602 [1dc5-(DMF),s—7NO;]’'*, 591 1dc5:(DMF),,—7NO;]'",
581 [1dc5-(DMF);—7NO,'*, 546 1dc5-(DMF)i—8NO; ¥,
537 [1dC5-(DMF),,—8NO;J**, 528 1dC5-(DMF),—8NO;]**,
518 [1dC5-(DMF);s—8NO,**.
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