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The search for a comprehensive understanding of the
structure ± activity relationship for conformationally rigid
peptides has led to a greater interest in cyclic peptides.[1, 2]

Synthetic cyclopeptides are interesting target molecules
owing to their biological activity, their model character for
conformational analyses, and their potential as drugs, among
other things.[3] Synthetic analogues of hormones[4] show the
link between reduced peptide flexibility due to cyclization and
increased receptor specificity in a particularly impressive
fashion. As the metabolic degradation of peptides begins
preferably at the C or N terminals,[1] cyclic peptides are
expected to have a longer biological availability than their
linear analogues. Cyclic tetrapeptides with biological activity
are also found in nature.[5]

Present methods for the cyclization of peptides generally
require a completely protected peptide precursor, which is

cyclized in solution or at a solid phase by using a coupling
agent, as well as a strongly activated acyl component. In order
to avoid intermolecular oligomerizations, the cyclization of
small peptides, in particular (e.g., tetrapeptides), must be
performed under high dilution conditions.[6]

In the course of our continuing studies into the formation of
oligopeptides at metal centers,[7] we have found a facile,
metal-mediated synthesis of 12-, 14-, 16-, and 18-membered
cyclic tetrapeptides or macrolactams from readily accessible
nonactivated dipeptide ester precursors. The reaction of NiII,
PdII, and CuII salts with two equivalents of dipeptide ester in
methanol in the presence of NaOMe as base results in
dianionic complexes, which can be isolated by precipitation
with suitable cations (e.g., Ca2�, Cs�, PPN� � (Ph3PNPPh3)�

(1 ± 11, see Scheme 2). The cyclization of the dipeptides
coordinated to the metal probably occurs as shown in
Scheme 1. The crucial step is the same as that assumed for
the oligomerization of peptides at metal centers,[7, 8] namely

Scheme 1. Postulated mechanism of the metal-supported synthesis of C2-
symmetrical cyclic tetrapeptides, exemplified for a 14-membered ring.
a) Na2[PdCl4], NiCl2 ´ 6H2O or CuCl2 ´ 2H2O, 6NaOMe, MeOH, 24 h,
65 8C; b) [PPN]Cl, H2O; c) HCl/MeOH (saturated), room temperature,
15 min.
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the nucleophilic attack of a coordinated terminal amino group
on the carbonyl group of the neighboring trans-coordinated
dipeptide ester in A. It is not clear whether the cyclization in
the planar complex is a concerted process, as the hypothetical
monoanionic intermediate B was not isolated. The prerequi-
site for such a double head-to-tail condensation is that in the
initial step the dipeptide esters coordinate to the metal in a
trans fashion. It can be assumed that the neutral trans-
bis(dipeptide ester) complex A is in equilibrium with the
corresponding cis complex A'' and that during the reaction an
isomerization to the trans compound takes place.[9] Several
neutral trans-bis(dipeptide ester) complexes A with M � Pd
were isolated and the complex trans-[Pd(Gly-b-Ala(ÿH�)-
OMe)2] was characterized by X-ray structure analysis.[10] The
liberation of the tetrapeptide D from complex C can be
achieved nearly quantitatively by using saturated methanolic
HCl, and this was exemplified for 8 (see Experimental
Section).

In order to determine the limitations of this method, we
allowed dipeptide esters of a-, b-, g-, and d-amino acids to
react with PdII, NiII, and CuII as templates (Scheme 2, Table 1).

The X-ray crystal structure analysis[11] of 1 ´ 8 H2O ´
3 CH3CN shows that the cyclic tetrapeptide is bound to the
metal through the four deprotonated amide nitrogen atoms.
The palladium center and the N atoms lie in a plane (sum
of the angles around the Pd atom is 3608) (Figure 1). The
anions in 1 form layers in the crystal lattice, in which the
carbonyl groups are linked by hydrogen bonds to the water
molecules that are arranged between the anions (Figure 2).
The acetonitrile molecules similarly fill the space between the
PPN cations.

Figure 1. Molecular structure of an anion in the crystal of 1. Selected bond
lengths [�] and angles [8]: Pd1 ± N1 1.974(4), Pd1 ± N2 1.994(4), Pd1 ± N3
1.971(4), Pd1 ± N4 1.991(4), N1 ± C1 1.484(6), N1 ± C10 1.291(7), C1 ± C2
1.513(8), C2 ± C3 1.569(8), C3 ± O1 1.266(7); N1-Pd1-N2 97.9(2), N2-Pd1-
N3 83.2(2), N3-Pd1-N4 96.2(2), N4-Pd1-N1 82.7(2).

The orange-colored NiII complexes 8 ± 10 are diamagnetic,
which indicates a planar arrangement of the nitrogen atoms
around the metal center. The results of the cyclizations can be

correlated with the ionic radii of the metals: for
instance, the condensation of dipeptide esters of
a-amino acids to a 12-membered cyclic tetrapep-
tide occurs only at NiII (ionic radius 63 pm), while
the larger 16- and 18-membered cyclopeptides
are only formed at the ªlargerº template[12] PdII

(ionic radius 78 pm). All compounds listed in
Table 1 have been characterized by elemental
analyses, IR, 1H, and 13C NMR spectroscopy, as
well as by mass spectrometry (Table 2). The Na
salt of the complex anion of 11 had already earlier
been directly obtained from cyclo(b-alanylglycyl-
b-alanylglycyl).[13] Cyclic b-tetrapeptides such as
that in 6 have been reported by Seebach et al.[14]

Figure 2. Segment of the layer structure formed by the anions of 1.

Tetrapeptide esters can be employed instead of two
dipeptide esters. This leads to complexes such as 12, which
must form via the open-chain intermediate E (Scheme 3).

The synthesis of cyclotetrapeptides described herein rep-
resents a facile procedure that requires neither a protecting
group nor an activated group or a coupling reagent. It can be
performed as a one-pot process. High dilution of the reaction

Scheme 2. Synthesis of the C2-symmetrical cyclotetrapeptide complexes 1 ± 11.
a) Na2[PdCl4], NiCl2 ´ 6 H2O or CuCl2 ´ 2H2O, 6 NaOMe, MeOH, 24 h, 65 8C; b) [PPN]Cl,
H2O.

Table 1. C2-symmetrical cyclotetrapeptide complexes prepared according
to Scheme 2.

Compound M n m R Number of atoms in the ring

1 Pd 0 1 H 14
2 Pd 0 1 CH3 14
3 Pd 0 1 CH2OH 14
4 Pd 0 2 H 16
5 Pd 0 3 H 18
6 Pd 1 1 H 16
7 Ni 0 0 CH3 12
8 Ni 0 1 H 14
9 Ni 0 1 CH3 14

10 Ni 0 1 CH(CH3)2 14
11 Cu 0 1 H 14
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mixture is also not necessary. We are currently investigating
the extension of this method to other metal ions. Furthermore
longer peptide chains will be studied to determine whether
they can also be cyclized by using a template-supported
reaction.

Experimental Section

The peptide ester hydrochlorides were prepared according to standard
methods.[15]

General method for the preparation of 1 ± 12 : Dipeptide ester hydro-
chloride (2 mmol) or tetrapeptide ester hydrochloride (1 mmol) and metal

Table 2. Spectroscopic data for 1 ± 11 and 12.[a]

1 : 1H NMR (400 MHz, CD3OD): d� 7.64 ± 7.34 [m, 60 H, PPN�], 3.87 [s,
4H, Gly], 3.12 [y-t, 3J� 5.66 Hz, 4H, NCH2CH2CO], 2.17 [y-t, 3J�
5.66 Hz, 4H, NCH2CH2CO]; 13C-NMR (100 MHz, CD3OD): d� 179.70,
173,56 [C�O], 58.31 [Gly], 43.40, 42.15 [b-Ala]; IR (KBr): nÄ � 1568.7 (vs),
1548.1 cmÿ1(vs) [amide-I] ; MS (ÿFIB): m/z (%): 358 (100) [M2ÿH], 896 (8)
[M2ÿPPN�]; yield 78%

2 : 1H NMR (400 MHz, CD3OD): d� 7.72 ± 7.50 [m, 60 H, PPN�], 4.28 [q,
3J� 6.87 Hz, 2 H, CH(CH3)], 3.52 [ABCD system, ddd, 2JAB� 13.36 Hz,
3JAC� 3JAD� 3.95 Hz, 2H, NCHAHBCHCHDCO], 2.85 [ddd, 2JAB�
13.36 Hz, 3JBC� 12.35 Hz, 3JBD� 2.60 Hz, 2H, HB], 2.36 [ddd, 2JCD�
15.79 Hz, 3JBC� 12.35 Hz, 3JAC� 3.95 Hz, 2 H, HC], 2.20 [ddd, 2JCD�
15.79 Hz, 3JAD� 3.95 Hz, 3JBD� 2.60 Hz, 2H, HD], 1.35 [d, 3J� 6.87 Hz,
6H, CH(CH3)]; 13C NMR (100 MHz, CD3OD): d� 182.81, 173.09 [C�O],
63.94 [CH(CH3)], 43.27 [CH2], 20.87 [CH(CH3)]; IR (KBr): nÄ � 1562.2 (vs),
1548.4 cmÿ1(vs) [amide-I]; MS (ÿESI): m/z (%): 387 (100) [M2ÿH], 926
(23) [M2ÿPPN�]; yield 72%

3 : 1H NMR (400 MHz, CD3OD): d� 7.72 ± 7.50 [m, 60 H, PPN�], 4.46 [dd,
3J� 7.51 Hz, 3J� 3.25 Hz, 2 H, CHCH2OH], 3.95 [dd, 2J� 10.23 Hz, 3J�
3.25 Hz, 2H, CHHCHOH], 3.72 [dd, 2J� 10.23 Hz, 3J� 7.51 Hz, 2H,
CHHCHOH], 3.54 [ddd, 2JAB� 12.36 Hz, 3JAC� 3JAD� 4.13 Hz, 2 H, HA],
2.91 [ddd, 2JAB� 13.57 Hz, 3JBC� 12.36 Hz, 3JBD� 1.01 Hz, 2 H, HB], 2.39
[ddd, 2JCD� 15.12 Hz, 3JBC� 12.36 Hz, 3JAC� 4.13 Hz, 2 H, HC], 2.24
[ABCD system, ddd, 2JCD� 15.12 Hz, 3JAD� 4.13 Hz, 3JBD� 1.01 Hz, 2H,
NCHAHBCHCHDCO], 1.15 and 1.16 [2s, 1.2H, OH]; 13C NMR (68 MHz,
CD3OD): d� 175.45, 178.98 [C�O], 70.91 [CHCH2OH], 69.15
[CHCH2OH], 43.11, 42.83 [CH2CH2]; IR (KBr): nÄ � 3429.6 (vs, br.) [OH],
1570.6 (vs), 1541.9 cmÿ1 (vs) [amide-I]; MS (ÿESI): m/z (%): 419 (100)
[M2ÿH], 956 (22) [M2ÿPPN�]; yield 62%

4 : 1H NMR (400 MHz, CD3OD): d� 7.74 ± 7.53 [m, 60 H, PPN�], 4.02 [s,
4H, CH2], 3.17 [y-t, 3J� 6.44 Hz, 4H, NCH2CH2CH2CO], 2.52 [y-t, 3J�
6.44 Hz, 4 H, NCH2CH2CH2CO], 1.70 [y-quint. , 3J� 6.44 Hz, 4H,
NCH2CH2CH2CO]; 13C NMR (100 MHz, CD3OD): d� 180.81, 177.90
[C�O], 57.674 [CH2], 45.34 [NC1H2C2H2C3H2CO], 36.93 [C3], 27.88 [C2]; IR
(KBr): nÄ � 1565.7 (vs), 1536.3 cmÿ1 (vs) [amide-I]; MS (ÿESI): m/z (%):
387 (100) [M2ÿH], 925 (15) [M2ÿPPN�]; yield 48 %

5 : 1H NMR (400 MHz, CD3OD): d� 7.72 ± 7.49 [m, 60 H, PPN�], 3.36 [s,
4H, CH2], 2.85 [y-t, 3J� 7.30 Hz, 4H, NCH2CH2CH2CH2CO], 2.17 [y-t,
3J� 7.30 Hz, 4H, NCH2CH2CH2CH2CO], 1.57 [y-quint. , 3J� 7.30 Hz, 4H,
NCH2CH2CH2CH2CO], 1.51 ± 1.43 [m, 4 H, NCH2CH2CH2CH2CO]; 13C
NMR (68 MHz, CD3OD): d� 183.07, 181.74 [C�O], 49.97 [CH2], 46.86
[NC1H2C2H2C3H2C4H2CO], 39.19 [C4], 31.57 [C2], 25.51 [C3]; IR (KBr): nÄ �
1578.6 (vs), 1564.2 cmÿ1 (vs) [amide-I]; yield 17%

6 : 1H NMR (400 MHz, CD3OD): d� 7.72 ± 7.50 [m, 60H , PPN�], 2.98 [m,
8H, CH2CH2], 2.52 [m, 8 H, CH2CH2]; 13C NMR (100 MHz, CD3OD): d�
175.44 [C�O], 42.80, 41.27 [CH2CH2]; IR (KBr): nÄ � 1547.5 cmÿ1 [amide-I];
MS (ÿESI): m/z (%): 387 (100) [M2ÿH], 926 (5) [M2ÿPPN�]; yield 78%

7 : 1H NMR (400 MHz, CD3OD): d� 7.71 ± 7.50 [m, 60 H, PPN�], 4.18 [q,
br., 3J� 7 Hz, 2 H, CH(CH3)], 3.38 [d, br., 2J� 12 Hz, 2H, HCH], 3.10 [d,
br., 2J� 12 Hz, 2 H, HCH], 1.38 [d, 3J� 7 Hz, 6H, CH(CH3)]; IR ( KBr):
nÄ � 1580.3 (vs), 1586.6 cmÿ1 (vs) [amide-I]; yield 21 %

8 : 1H NMR (400 MHz, CD3OD): d� 7.73 ± 7.51 [m, 60 H, PPN�], 3.59 [s,
4H, CH2], 2.83 [y-t, 3J� 5.89 Hz, 4 H, NCH2CH2CO], 2.05 [y-t, 3J�
5.89 Hz, 4H, NCH2CH2CO]; 13C NMR (100 MHz, CD3OD): d� 179.65,
175.13 [C�O], 56.11 [CH2], 40.60, 38.90 [CH2CH2]; IR (KBr): nÄ � 1568.0
(vs), 1540.2 cmÿ1 (vs) [amide-I]; MS (ÿESI): m/z (%): 311 (100) [M2ÿH],
848 (19) [M2ÿPPN�]; yield 96%

9 : 1H NMR (400 MHz, CD3OD): d� 7.92 ± 7.51 [m, 60 H, PPN�], 3.69 [q,
3J� 6.90 Hz, CH(CH3)], 3.22 [ABCD-system, ddd, br., 2JAB� 12.73 Hz,
3JAC� 3JAD� 3.48 Hz, 1 H, NCHAHBCHCHDCO], 2.33 [y-t, br., 2JAB�
3JBC� 12.73 Hz, 3JBD not resolved, 1 H, HB], 2.23 [ddd, 2JCD� 15.27 Hz,
3JAC� 4.15 Hz, 3JBC� 12.73 Hz, 1 H, HC], 1.96 [ddd, br., 2JCD� 15.27 Hz,
3JBD� 2.51 Hz, 1H, HD], 1.19 [d, 3J� 6.90 Hz, 3 H, CH(CH3)]; 13C NMR
(100 MHz, CD3OD): d� 183.28, 175.10 [C�O], 60.77, [CH(CH3)], 40.66,
39.93 [CH2CH2], 21.06 [CH(CH3)]; IR (KBr): nÄ � 1562.5 (vs), 1541.0 cmÿ1

(vs) [amide-I]; yield 94%

Table 2 (continued)

10 : 1H NMR (400 MHz, CD3OD): d� 7.75 ± 7.43 [m, 60H, PPN�], 4.07 [d,
3J� 3.06 Hz, 2 H, CHCH(CH3)2], 3.22 ± 3.19 [m, 2H, NHCHCH2CO],
2.34 ± 2.26 [m, 4 H, NHCHCH2CO, CHCH(CH3)2], 2.09 ± 1.97 [m, 4H,
NCH2CH2CO], 1.33 and 1.17 [2d, 3J� 6.89 Hz, 6 H, CHCH(CH3)2]; 13C
NMR (68 MHz, CD3OD): d� 181.45, 175.28 [C�O], 68.86 [CHCH(CH3)2],
40.53, 40.41 [CH2CH2], 34.34 [CHCH(CH3)2], 20.98, 20.16 [CHCH(CH3)2];
IR (KBr): nÄ � 1564.1 (vs), 1541.1 cmÿ1 (vs) [amide-I]; MS (ÿFAB/mNBA):
m/z (%):395 (100) [M2ÿH], 932 (1) [M2ÿPPN�]; yield 86%

11 : IR (KBr): nÄ � 1575.3 (vs), 1542.7 cmÿ1 (vs) [amide-I]; MS (ÿFAB,
mNBA): m/z (%): 316 (100) [M2ÿH], 853 (3) [M2ÿPPN�]; yield 37 %

12 : 1H NMR (400 MHz, CD3OD): d� 7.63 ± 7.44 [m, 60H, PPN�], 3.85 [q,
3J� 6.43 Hz, 1 H, CH(CH3)], 3.76 [d, 2J� 18.4 Hz, 1 H, CH2], 3.69 [d, 2J�
18.4 Hz, 1 H, CH2], 3.34 ± 3.21 [ m, 4 H, CH2CH2 and CH2], 2.19 [t, 3J�
6.42 Hz, 2H, CH2CH2]; 13C NMR (100 MHz, CD3OD): d� 186.32, 181.66,
180.82, 178.65 [C�O], 55.70, 60.01 [2Gly], 51.32 [CH(CH3)], 46.58, 41.33
[CH2CH2], 20.12 [CH(CH3)]; IR (KBr) nÄ � 1603.0 (sh), 1587.4 (vs),
1566.7 cmÿ1 (vs) [amide-I]; yield 45 %

[a] CD3OD as internal standard, 13C NMR shifts of the anion.

Scheme 3. Metal-supported cyclization of a tetrapeptide ester to form 12.
a) Na2[PdCl4], 5NaOMe, MeOH, 24 h, 65 8C; b) [PPN]Cl, H2O.
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Despite numerous reports[1, 2] of complexes containing the
maleonitriledithiolate (mnt) ligand, [Ni{Se2C2(CN)2}2]2ÿ is the
only reported example of a complex containing the Se
analogue maleonitrilediselenolate (mns).[3] Its synthesis in-
volves several steps as well as the use of CSe2 and dicyano-
acetylene, both difficult reagents to synthesize and use.[3] We
report here facile syntheses of the complexes 1 and 2, which

[K([2.2.2]cryptand)]3[Ag{Se2C2(CN)2}(Se6)] (1)

[K([2.2.2]cryptand)]3[Sb{Se2C2(CN)2}2] ´ 2 CH3CN (2)

[K([2.2.2]cryptand)]2[As(Se)3(CH2CN)] (3)

contain the mns ligand, and the synthesis of 3, as its formation
is suggestive of possible mechanisms for the formation of 1
and 2.

Reaction of [{IrCl(cod)}2] (cod� (Z,Z)-1,5-cycloocta-
diene), AgBF4, and [K([2.2.2]cryptand)]2[Sen] (n� 3, 5, 6) in
liquid ammonia followed by extraction of the residue with
CH3CN results in the formation of 1. The anion in 1 (Figure 1)

salt (Na2[PdCl4], NiCl2 ´ 6 H2O or CuCl2 ´ 2 H2O) (1 mmol) were dissolved in
methanol (40 mL). A methanolic sodium methanolate solution (6 or
5 mmol, respectively) was added dropwise. The mixture was then heated to
65 8C for 24 h, after which [PPN]Cl (2 mmol) was added. Upon the addition
of water, the products 1 ± 12 were obtained as crystalline solids.

Liberation of the cyclotetrapeptide from 8 : HCl gas was passed through a
solution of 8 (2 mmol) in absolute MeOH (2 mL) at room temperature.
After 15 min, the cyclic peptide precipitated, was washed three times with
as little as possible absolute MeOH and subsequently dried. 1H NMR
(400 MHz, CF3COOD/CDCl3 8/2): d � 4.08 (s, 4H, Gly), 3.69 (t, 3J �
5.28 Hz, 4H, CH2CH2), 2.70 (t, 3J � 5.28 Hz, 4H, CH2CH2); IR (KBr): nÄ �
3329.3 (vs), 1646.1 (vs), 1548.0 cmÿ1 (vs); MS (EI): m/z (%): 256 (100)
[M�].
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