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Synthesis based on the formation of noncovalent bonds
provides a valuable alternative to the classical chemistry of
covalent bonds. It has developed into an area of enormous
interest for a wide variety of scientific and technological
disciplines, ranging from materials science to molecular
electronics.[1, 2] The identification of small hydrogen-bonded
dimers[3] or metal-coordinated assemblies[4] is relatively
simple. However, for large multicomponent assemblies held
together by weak forces the characterization is far from
straightforward and is currently one of the major challenges in
this field.[5] Most studies primarily rely on NMR data of
compounds in solution, which solely provide information on
the stoichiometry of the assembly, in combination with data
from vapor-pressure osmometry (VPO) and/or gel-permea-
tion chromatography (GPC).[1, 6] The latter techniques give
values for the average molecular weight with an error of up to
20 %. Occasionally light- or neutron-scattering data[7] or
single X-ray crystal structures are reported.[8] However, the
characterization of weakly bound noncovalent assemblies by
mass spectrometry, the only technique that provides quanti-
tative data on the molecular composition, is still met with very
limited success.[9] For hydrogen-bonded assemblies only two
cases have been reported by Lehn et al. and Whitesides
et al. ,[10] but the ion-labeling methods they use either require
covalent attachment of benzo[18]crown-6 moieties to one
of the components or work only for extremely stable
assemblies.

Here we describe a novel Ag�-labeling technique for the
mass spectrometric characterization of multicomponent hy-
drogen-bonded assemblies. The method is based on the
remarkably high affinity of Ag� ions for a variety of aromatic
p donors[11, 12] and cyano groups,[13] and it provides for a
nondestructive way to generate positively charged hydrogen-
bonded assemblies that can be easily detected by matrix
assisted laser desorption ionization time of flight (MALDI-
TOF) mass spectrometry.[14] The method is applicable to
assemblies of both high (type A) and much lower thermody-
namic stability (type B ; Figure 1). Moreover, we show that the
MALDI-TOF-MS data perfectly correlate with 1H NMR
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Figure 1. Hydrogen-bonded assemblies with varying thermodynamic sta-
bilities: the cyclic nine-component (type A), the cyclic six-component
(type B), and the linear nondefined assemblies (type C).

spectroscopic data on the stability of these assemblies in
solution.[8d, 15]

First we studied the nine-component calix[4]arene-based
assemblies A, which are thermodynamically stable in chloro-

form even at a concentration of 10ÿ4m.[8a, 15] All attempts to
characterize assemblies of type A either by electrospray (ES)
or MALDI-TOF mass spectrometry have so far been
unsuccessful.[10b, 16] However, samples prepared by stirring
assemblies of type A with 1.5 equivalents of AgCF3COO in
chloroform for at least 24 hours[17] show intense signals for the
corresponding Ag� complexes in the MALDI-TOF mass
spectrum in the case of benzyl-substituted melamine deriva-
tives (assembly A 1) or cyano-substituted melamine deriva-
tives (assemblies A4 ± A 6) (Table 1). For example, assembly
A1 (R2� benzyl) gives a signal at m/z� 4278.3 (calcd for
13C2

12C226H276N48O30 ´ 107Ag� : 4276.1, Figure 2 a), while assem-

Table 1. MALDI-TOF-MS data for the hydrogen-bonded assemblies A1 ±
A6 and B 1 ± B 9.[a]

Assembly Molecular Stability Calcd mass [Da] Observed
composition in CH3Cl[b] of the Ag complex[c] mass [Da]

A1 13 ´ 56 �� 4276.1 4278.3
A2 23 ´ 56 �� 4072.0 ±
A3 33 ´ 56 �� 4342.0 ±
A4 23 ´ 66 �� 4347.9 4348.1
A5 33 ´ 66 �� 4618.8 4620.4
A6 43 ´ 56 �� 4221.9 4220.0
B 1 73 ´ 53 � 1831.9 1831.0
B 2 73 ´ 83 � [d] 1919.0 1919.1
B 3 73 ´ 93 � 4947.4 4947.9
B 4 73 ´ 103 � 3692.2 3692.0
B 5 113 ´ 53 � 1828.4 1828.9
B 6 113 ´ 83 � 1916.0 1915.0
B 7 113 ´ 123 � 2475.2 2476.9
B 8 133 ´ 53 ÿ 1495.3 ±
B 9 143 ´ 53 ÿ 1375.3 ±

[a] After treatment with 1.5 equivalents of AgCF3COO for 24 h at room
temperature. [b] The notation ª� � º means that the assembly is stable
above concentrations of 10ÿ4m, ª�º means that the assembly is stable at
concentrations above 10ÿ2m, and ªÿº means that the assembly is not stable
in solution. [c] The calculated isotopic patterns are in good agreement with
the experimentally observed molecular mass signals. [d] The 1H NMR
spectrum shows a complex pattern for the cyanurate NH protons (d� 14 ±
16), which suggests that the cyclic hexameric assemblies aggregate with
themselves.

Figure 2. MALDI-TOF mass spectra of the Ag� complexes of a) A 1 [13 ´ 56], b) A5 [33 ´ 66], c) B 1 [73 ´ 53], and d) B 3 [73 ´ 93].
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blies A2 and A3 (R2� butyl) do not show any significant
signals between m/z� 1500 and 8000.[18] This clearly indicates
that the benzyl group is essential and contributes significantly
to the stability of the A 1 ´ Ag� complex, presumably by
forming a sandwich-type complex with one of the aromatic
rings of the calix[4]arene (Figure 3a).

Figure 3. Proposed structure for the Ag� complexes of a) A1 [13 ´ 56] and
b) B1 [73 ´ 53] (only parts of the total assemblies are shown for clarity).

For the MALDI-TOF-MS character-
ization of the hydrogen-bonded assem-
blies without benzyl groups, formation of
the Ag� complexes can be promoted by
introducing cyano substituents, which are
known to have an extremely high affinity
for Ag� ions.[13] Samples prepared by
stirring assemblies A4 and A5, con-
taining the cyano-substituted cyanurate
derivative 6, with 1.5 equivalents of
AgCF3COO in chloroform for at least
24 hours give intense signals in the
MALDI-TOF spectra at m/z� 4348.1
(calcd for 13C2

12C220H252N60O30 ´ 107Ag� :
4347.9) and 4618.8 (calcd for
13C2

12C220H246N66O42 ´ 107Ag� : 4620.4; Fig-
ure 2 b), respectively, for the monovalent
Ag� complexes. Alternatively, cyano sub-
stituents can be introduced in the cal-
ix[4]arene component, as in 4. Also in this
case the monovalent Ag� complex of
assembly A6 was clearly observed in the
MALDI-TOF spectrum at m/z� 4220.0
(calcd for 13C2

12C214H282N54O30 ´ 107Ag� :

4221.9), confirming the formation of A6 in solution observed
with 1H NMR spectroscopy.[8a]

To test the applicability of the Ag�-labeling technique for
the characterization of assemblies with much lower thermo-
dynamic stability, we studied assemblies of type B made from
three molecules of melamine 7 with equimolar amounts of
either 5 or monosubstituted cyanurates 8 ± 10 and 12.[13] These
assemblies are thermodynamically stable in chloroform only
at a concentration greater than 10 mm, and their character-
ization by MALDI-TOF-MS has so far not been success-
ful.[10b, c] In the literature there is only one example of a crown
ether derivatized assembly of type B that has been charac-
terized with ion-labeling ES-MS.[10a] The MALDI-TOF-MS
Ag�-labeling technique described here clearly identified the
hexameric assemblies B 1 ± B 7 as the corresponding Ag�

complexes (see Table 1 for experimental data). For example,
assembly B 1 gives a very sharp and intense signal at m/z�
1831.0 (calcd for C93H126N24O9 ´ 107Ag� : 1831.9). Signals corre-
sponding to the doubly or triply charged assemblies B 1 ´
(Ag�)2 (m/z� 970.5) or B 1 ´ (Ag�)3 (m/z� 682.6) or frag-
mented assemblies were not observed (Figure 2 c). Also the
MALDI-TOF spectra of assemblies with high molecular
weight such as B 3, consisting of three molecules of 7 and three
molecules of the calix[4]arene derivative 9, cleanly show a
signal for the monovalent Ag� complex at m/z� 4947.9 (calcd
for 13C3

12C303H453N27O21 ´ 107Ag: 4947.4). This is the only
significant signal in the spectrum between m/z� 2000 and
8000 (Figure 2 d). Melamines without bulky substituents (e.g.
13 and 14) only give linear type C assemblies of nondefined
composition with equimolar amounts of the complementary
barbiturate 5. MALDI-TOF mass spectra of samples ob-
tained by stirring these assemblies with AgCF3COO did not
show any appreciable signals for the cyclic hexameric
assemblies B 8 and B 9. This is fully in agreement with their
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inherently low stability in solution according to 1H NMR
spectroscopy.[8d]

The stable Ag� adducts of the assemblies clearly result from
the simultaneous coordination of the Ag� ion to the aromatic
p systems of the tert-butylphenyl groups (Figure 3 b). Only the
phenyl-substituted melamines 7 and 13 give intense signals in
the MALDI-TOF mass spectrum for the corresponding Ag�

complexes (m/z� 497 and 385, respectively), while melamine
14 (carrying two butyl chains) or barbiturate 5 do not. It is
most likely that the phenyl groups form a sandwich-type
complex with the Ag� ion. Coordination of the Ag� ion to the
triazine ring nitrogen atom does not seem to play an
important role, because pyrimidine 11 (lacking this nitrogen
atom) also shows a strong signal for the corresponding Ag�

complex (m/z� 495.7).
We conclude that MALDI-TOF-MS after Ag� labeling is a

convenient new tool for the mass spectrometric character-
ization of hydrogen-bonded assemblies. The absence of any
signal corresponding to fragments of assemblies of type A or
B in the mass spectrometer illustrates the unprecedented
mildness of the technique. The method requires only a binding
site for the soft Ag� ion in order to charge the noncovalent
assembly in a nondestructive way. Aromatic p donors, which
can sandwich a Ag� ion, or cyano groups are adequate for this
purpose, but in principle many other functionalities such as
acetylenes, ethylenes, amines, and sulfur groups may interact
strongly with Ag� ions.[19] These and other Ag� ionophores are
quite common in supramolecular systems. Therefore, we feel
that MALDI-TOF-MS after Ag� labeling might provide a
method of general interest as a MS characterization technique
for noncovalent assemblies or host ± guest complexes.

Experimental Section

Samples were prepared by stirring solutions of assemblies A 1 ± A6 and
B1 ± B 9 in CHCl3 (5 ± 10mm) with solid AgCF3COO (1.5 equiv per
assembly, ACROS, 98 % purity) for 24 h and mixing an aliquot of this
solution (10 mL) with an aliquot (30 mL) of a solution of 2,5-dihydroxy-
benzoic acid (3 mg Lÿ1) in CHCl3. A portion (1 mL) of the resulting solution
was loaded on a gold-sample plate, the solvent removed in warm air, and
the sample transferred to the mass spectrometer for analysis.

The hydrogen-bonded assemblies of type A and B were identified by
MALDI-TOF-MS[14] using a PerSeptive Biosystems Voyager-DE-RP
MALDI-TOF mass spectrometer (PerSeptive Biosystems, Inc., Framing-
ham, MA, USA) equipped with delayed extraction.[20] A 337-nm UV
nitrogen laser producing 3-ns pulses was used, and the mass spectra were
obtained in the linear and reflectron mode. Mass assignments were
performed with unmanipulated spectra (no smoothing or centering, etc.)
for an optimal correlation between observed and calculated mass.
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Insertion of Imines into Palladium ± Acyl
Bonds: Towards Metal-Catalyzed Alternating
Copolymerization of Imines with Carbon
Monoxide To Form Polypeptides**
Smita Kacker, Jang Sub Kim, and Ayusman Sen*

The insertion of unsaturated molecules into metal ± carbon
bonds is a critically important step in many transition-metal-
catalyzed organic transformations. In particular, the insertion
of alkenes and alkynes into metal ± carbon bonds resulting in
carbon ± carbon bond formation has been extensively stud-
ied.[1] However, the analogous insertion of compounds with
carbon ± nitrogen multiple bonds has received far less atten-
tion: this is particularly true of imines.[2] The difference in
insertion propensity of carbon ± carbon and carbon ± nitrogen
multiple bonds can be attributed to the coordination charac-
teristics of the respective molecules. Alkenes and alkynes
form p-complexes with metals. For imines, s-donation of the
lone pair of electrons on the nitrogen is the preferred mode of
interaction with the metal center (for example, structure I).[3]

Since migratory insertion must be preceded by p coordination

(structure II), the difficulty in achieving s to p isomerization
may be the reason for the paucity of imine insertions.[2] Herein

we report the synthesis of amides by the insertion of imines
into palladium(ii) ± acyl bonds. To our knowledge, this is the
first direct observation of the insertion of imines into bonds
between transition metals and carbon. The interest in this
chemistry lies in the potentially new route to carbon ± nitro-
gen bond formation. In particular, the alternating copolymer-
ization of imines with carbon monoxide (in which the
insertion of the imine into palladium ± acyl bonds would be
the key step in the chain growth sequence), if successful,
should constitute a new procedure for the synthesis of
polypeptides [Eq. (1)].[4]

Neutral palladium(ii) ± methyl complexes incorporating a
range of bidentate phosphane and nitrogen ligands reacted
with silver tetrafluoroborate in the presence of imines to form
the corresponding imine-coordinated cationic complexes
1 a ± k in excellent yields. The compound 1 a (L ± L� 1,3-bis-
(diphenylphosphanyl)propane) was isolated as a solid con-
sisting of 91 % 1 a ´ Et2O and 9 % [(dppp)PdCl2] (the compo-
sition was determined by a combination of 1H and 31P NMR
spectroscopy). A satisfactory elemental analysis (C,H) was
obtained for a mixture of this composition. The complexes
1 a ± k were found to be stable for over one month under
nitrogen; there was no evidence of insertion of imine into the
palladium ± methyl bond.

The imine ligand was coordinated to the metal by s

donation of the lone pair of electrons on nitrogen (structure
I). This was established from the 1H and 13C NMR spectra of
the complexes. For example, in the 1H NMR spectrum of
complex 1 c (L ± L� dppp, R�PhCH�NBz), recorded in
CDCl3, the CH protons of the coordinated imine appeared
at d� 8.20 (dd, J� 2, 7.4 Hz) compared with d� 8.29 for the
CH protons of the noncoordinated imine. The corresponding
carbon appeared at d� 167.89 in the 13C{1H} NMR (CDCl3)
spectrum compared with d� 160.69 for the noncoordinated
imine. On the other hand, p complexation has been shown to
result in significant upfield shifts of these resonances.[3b]

The reactivity of complexes 1 a ± k towards carbon mon-
oxide was examined by exposing them to an atmosphere of
carbon monoxide at ambient temperature and a pressure of
3.4 bar. The results are summarized in Scheme 1. All the
complexes reacted with carbon monoxide to form the
corresponding palladium(ii) ± acyl species. However, the sta-
bility of these palladium ± acyl species varied greatly. These
complexes (2) could only be observed when the subsequent
insertion of the imine into the palladium ± acyl bond was slow
or did not occur. 13C-labeled carbon monoxide was used to
facilitate characterization of the products: complexes formed
with 13CO are marked with an asterisk (*).

For complexes with nitrogen-donor ligands 1 i ± k the
corresponding palladium(ii) ± acyl complexes 2 i ± k were
formed in 16 h. The 13C NMR resonance due to the carbonyl
of the acyl group was observed at d� 232 for 2 i* ± k* as is
typical for palladium(ii) ± acyl complexes.[5] There was no

structure of assembly A3 reveals that the melamine-substituted
aromatic ring carbon atoms are 4.05 � apart,[8a] which is 0.75 � less
than the optimal distance measured from the crystal structure of the
calix[4]arene ± Ag� complex.[12a] Formation of the hydrogen-bonded
assembly therefore leaves too little space for complexation of the Ag�

ions in between the parallel aromatic rings of the calix[4]arene
fragment.
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