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N-Tetrachlorophthaloyl (TCP) Protection for Solid-Phase Peptide Synthesis
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The N-tetrachlorophthaloyl-(TCP-)amino protecting group
has been evaluated for use in solid-phase peptide synthesis.
The TCP group was unaffected by exposure to either piperi-
dine or N,N-diisopropylethylamine (DIEA), which suggests
compatibility with both Fmoc and Boc solid-phase synthesis
protocols. Quantitative TCP removal was achieved by treat-
ment with hydrazine/DMF (3:17) at 35 °C for 30 min or with
ethylenediamine/DMF (1:200) at 50 °C for 30 min. Several
C-terminal peptide amides were synthesized successfully by
following protocols that use hydrazine/DMF (3:17) at 40 °C
for 1 h for repetitive deprotection. Treatment of TCP-amines

Introduction

Of the several hundred means of protecting primary and
α-amino groups that have been developed by organic chem-
ists over the past century,[1] only a handful cover both free
valences of the nitrogen atom. These include the phthaloyl
(Pht) function and related structures,[2] the dithiasuccinoyl
(Dts) function,[3] N-substituted 2,5-dimethylpyrroles,[4] 2,5-
bis(triisopropylsilyloxy)pyrroles (BIPSOP),[5] 3,5-dinitro-1-
(p-nitrophenyl)-4-pyridones,[6] the 4,5-diphenyl-3-oxazolin-
2-one (Ox) derivative,[7] N,N-dibenzylformamidines,[8] N-
benzylideneamines,[9] N-diphenylmethyleneamines,[10] 1,3,5-
dioxazines,[11] the 1,1,4,4-tetramethyldisilylazacyclopentane
(STABASE) adduct and related structures,[12] N,N-bis-
(alkoxycarbonyl) derivatives,[13] triazinones,[14] diphenyl-
silyldiethylene (DPSide)[15] functions, and N,N-bis(trime-
thylsilyl),[16] N,N-diallyl,[17] and N,N-dibenzyl[18] arrays
(structures in Scheme 1).[19] A number of these are quite
stable to rather extreme acid and/or basic conditions, and
are particularly useful when further acylation of the nitro-
gen atom must be absolutely avoided; conversely, a range
of interesting and sometimes highly selective deprotection
modes, including hydrazinolysis, fluoridolysis, and thiolysis
have been suggested and optimized (sketched in Scheme 1).
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with methylamine or with diamines did not give the corres-
ponding amines (deprotected), but rather the appropriate
N,N�-disubstituted tetrachlorophthalamides, which corre-
sponds to a single ring-opening step. This observation was
harnessed to prepare linear and macrocyclic peptide−arene
hybrids based on the mild reaction of the parent TCP com-
pound with 1,3-diaminopropane/DMF (1:49) at 25 °C for
5 min.

( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

The phthaloyl (Pth) group has a particularly venerable
history because of its relation to the Gabriel synthesis of
amines.[20] Nevertheless, the N-tetrachlorophthaloyl (TCP)
protecting group represents a valuable alternative because
the conditions for its removal are generally milder than
those for Pht (unsubstituted) removal. Applications of TCP
to date have been limited to the solution-phase synthesis of
amino sugars;[2g][2h] other than our preliminary reports,[21]

its application in peptide chemistry has not been reported.
Moreover, while the kinetics and mechanisms for Pht re-
moval have been thoroughly elucidated,[22] we are unaware
of corresponding studies on TCP removal either in solution
or in the solid-phase.

The phthalimido function is most commonly cleaved by
the Ing�Manske procedure, which involves the use of hy-
drazine hydrate in ethanol at 25 °C for 12 h or under reflux
for 2 h.[2e,23] Other reagents that have been used to cleave
the phthalimide function include hydroxylamine in
MeONa/MeOH at 25 °C for 24 h,[24] sodium borohydride
in 2-propanol/H2O at 25 °C for 24 h followed by treatment
with acetic acid at 80 °C for 2 h,[25] hydrazine acetate in
methanol under reflux for 4 h,[26] butylamine in methanol
under reflux for 48 h,[27] and ethylenediamine in butanol at
90 °C for 5�20 h.[28] Removal of Pht by use of amines is a
two-step reversible transimidation process, which involves
the formation of a phthalamide intermediate which reacts
further, in a rate-determining step, to give the desired free
amine (Scheme 2).[22a]

Owing to the dearth of information about the reactivity
of the TCP group with hydrazine and amines, especially in
the solid phase, we decided to investigate which reagents
could promote complete TCP removal (i.e., amino group
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Scheme 1. Amino protecting groups cover both free valences of a primary nitrogen atom

Scheme 2. Pht removal by use of amines

deprotection), as well as those which could lead to the
quantitative synthesis of phthalamides. Reagents evaluated
herein include hydrazine, methylamine, and several di-
amines, which are all reactive, as well as piperidine and
N,N-diisopropylethylamine (DIEA), which do not react.

Results and Discussion

Solid-Phase Deprotection Studies

The protected resin-bound dipeptide TCP-Gly-Val-PAL-
PEG-PS was prepared (see below) and then used as a model
to assess deprotection pathways and rates upon exposure of
the TCP group to hydrazine, as well as a range of primary,
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secondary, and tertiary mono- and diamines. Concen-
trations, temperatures, and reaction times were all varied.

Initially, Fmoc-PAL-PEG-PS[29] was treated with piperi-
dine/DMF (3:7) to remove the Fmoc group, and subsequent
couplings of Fmoc-Val-OH and TCP-Gly-OH were me-
diated by using N,N�-diisopropylcarbodiimide (DIPCDI)/1-
hydroxy-7-azabenzotriazole (HOAt) (3:3) in DMF at 25 °C
for 3�5 h. The ninhydrin tests performed after completion
of the couplings were negative.[30] Aliquots of the resultant
resin were treated with the appropriate nucleophile under
specified conditions, following which Boc-Phe-OH was
coupled. Acidolytic cleavage with TFA/H2O (19:1) for 2 h
gave a crude product mixture suitable for HPLC and mass
spectrometric analysis (Scheme 3). As a control, when the
resin was cleaved directly (without any nucleophile treat-
ment), the expected TCP-Gly-Val-NH2 (1) was obtained, as
confirmed by HPLC, amino acid analysis, and mass spec-
trometry.

Initial assays conducted at 25 °C to evaluate the reactiv-
ity of the TCP-resin towards hydrazine [NH2NH2 � series
a], methylamine [MA � series b], ethylenediamine [EDA �
series c], 1,3-diaminopropane [DAP � series d], 1,2-di-
aminocyclohexane [DACy � series e], and 2,6-diaminopyri-
dine [DAPy � series f] revealed that H-Phe-Gly-Val-NH2

(2) was formed at an appreciable rate only with hydrazine.
After treatment with hydrazine/DMF (3:17) for 2 h, tripep-
tide 2 was obtained quantitatively (Table 1, Entry 3). Under
similar conditions, the other reagents gave rise to products
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Scheme 3. Solid-phase deprotection of TCP-Gly-Val-PAL-PEG-PS

other than the expected tripeptide 2 (Scheme 3,
Tables 1�3). Analysis of the crude product mixtures by
HPLC and LC/MS revealed the formation of N,N�-disubsti-
tuted tetrachlorophthalamides 3a�f and/or significant
amounts of unchanged 1 (Tables 1�3).

Table 1. Representative solid-phase deprotection of TCP-Gly-Val-PAL-PEG-PS at 25 °C

Entry[a] Deprotection conditions[b] Product distribution (% by HPLC)[c]

Nucleophile/solvent (v/v) Time [min] H-Phe-Gly-Val-NH2 (2) Tetrachlorophthalamide 3 TCP-Gly-Val-NH2 (1)

1 NH2NH2/DMF (3:17) 30 48 � 29
2 NH2NH2/DMF (3:17) 60 85 � 7
3 NH2NH2/DMF (3:17) 120 100 � �
4 EDA/DMF (1:2000) 12 2 28 67
5 EDA/DMF (1:2000) 30 10 51 20
6 EDA/DMF (1:200) 12 9 61 4
7 EDA/DMF (1:200) 30 19 56 �
8 EDA/DMF (1:9) 12 15 65 �
9 EDA/DMF (3:7) 12 18 72 �

10 DAP/DMF (1:49) 5 � 100 �
11 DAP/DMF (1:49) 12 2 84 �
12 DACy[d]/DMF (3:17) 12 � 85[e] �
13 DAPy/DMF (100 equiv.)[f] 40 � � 100
14 DAPy /DMF (100 equiv.)[f] 130 � � 100
15 DAPy/DMF (100 equiv.)[f] 1440 � � 100
16 MA/DMF (3:17) 12 � 70 17
17 MA/DMF (3:17) 30 9 71 3
18 MA/DMF (3:17) 60 23 49 5
19 MA/DMF (3:17) 1440 62 14 8

[a] Excerpts from Tables 1�4 of the Supporting Information; for Supporting Information see also the footnote on the first page of this
article. [b] See Exp. Sect. for general procedures. [c] The relative amounts of species reported are based on uncorrected total HPLC values
and do not necessarily add up to 100%. [d] A mixture of cis and trans isomers. [e] A mixture of four diastereoisomers. [f] Equivalents of
2,6-diaminopyridine (DAPy) used.
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Treatment of 1 with methylamine/DMF (3:17) for various
reaction times gave N,N�-disubstituted tetrachlorophthala-
mide 3b as the major product (Table 1, Entries 16�19).
With longer reaction times, the amount of tripeptide 2
formed increased, and as much as 62% of the product was
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Table 2. Representative solid-phase deprotection of TCP-Gly-Val-PAL-PEG-PS at 50 °C

Entry[a] Deprotection conditions[b] Product distribution (% by HPLC)[c]

Nucleophile/solvent (v/v) Time [min] H-Phe-Gly-Val-NH2 (2) Tetrachlorophthalamide 3 TCP-Gly-Val-NH2 (1)

1 NH2NH2/DMF (3:17) 30 100 � �
2 EDA/DMF (1:200) 12 51 20 15
3 EDA/DMF (1:200) 30 92 � �
4 EDA/CH2Cl2 (1:200) 30 27 52 7
5 EDA/MeOH (1:200) 30 29 21 34
6 EDA/EtOH (1:200) 30 50 11 21
7 EDA/NMP (1:200) 30 67 9 10
8 EDA/CH3CN (1:200) 30 24 25 29
9 EDA/pyr (1:200) 30 70 12 4

10 EDA/THF (1:200) 30 21 62 5
11 EDA/dioxane (1:200) 30 23 36 26
12 EDA/ethylene glycol (1:200) 30 20 30 50
13 EDA/(DMF/pyridine) (1:200) 30 80 7 6
14 EDA/(DMF/DIEA) (1:200) 30 72 4 7
15 MA/DMF (3:17) 12 18 21 12
16 MA/DMF (3:17) 30 38 29 12
17 MA/DMF (3:17) 60 50 12 8
18 MA/DMF (3:17) 1440 53 4 3

[a] Excerpts from Tables 1�4 of the Supporting Information. [b] See Exp. Sect. for general procedures. [c] The relative amounts of species
reported are based on uncorrected total HPLC values and do not necessarily add up to 100%.

Table 3. Representative solid-phase deprotection of TCP-Gly-Val-PAL-PEG-PS at 80 °C

Entry[a] Deprotection conditions[b] Product distribution (% by HPLC)[c]

Nucleophile/solvent Time [min] H-Phe-Gly-Val-NH2 (2) Tetrachlorophthalamide 3 TCP-Gly-Val-NH2 (1)

1 EDA/DMF (1:200) 30 95 � �
2 EDA/DMF (1:49) 12 95 � �
3 EDA/DMF (1:49) 30 94 � �
4 MA/DMF (3:17) 12 74 10 5
5 MA/DMF (3:17) 30 78 5 7
6 MA/DMF (3:17) 60 64 5 9
7 MA/DMF (3:17) 1440 39 1 3

[a] Excerpts from Tables 1�4 of the Supporting Information. [b] See Exp. Sect. for general procedures. [c] The relative amounts of species
reported are based on uncorrected total HPLC values and do not necessarily add up to 100%.

formed after 24 h (Table 1, Entry 19). When the TCP resin
was treated with 1,2-diaminocyclohexane/DMF (3:17) for
12 min, only the corresponding N,N�-disubstituted tetra-
chlorophthalamide 3e was obtained (Table 1, Entry 12).
Similar results were observed with 1,3-diaminopropane, for
which treatment for 12 min provided the N,N�-disubstituted
tetrachlorophthalamide 3d along with low levels of tripep-
tide 2 (Table 1, Entry 11). However, no reaction occurred
using 2,6-diaminopyridine at 25 °C (Table 1, Entries
13�15).

Since ethylenediamine has been reported to be an effec-
tive reagent for the removal of TCP from amino sug-
ars,[2g,2h,28,31a] reactions at 25 °C were studied as a function
of reaction time, reagent, concentration, and solvent.
Experiments performed in DMF gave the N,N�-disubsti-
tuted tetrachlorophthalamide 3c as the major product
(Table 1, Entries 4�9), and the formation of tripeptide 2
improved slightly by increasing the reaction time and con-
centration. The results did not change much by varying the
solvent. In some cases, a white solid separated from the sol-
vated solid-phase resin mass after treatment with ethylene-
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diamine. The material was insoluble in organic solvents
such as DMF, CH2Cl2, NMP, EtOAc, hexane, and EtOH,
but dissolved upon adding water. The aqueous wash was
collected, the material was isolated, and analyzed by HPLC,
1H NMR, and FAB-MS. From these data, the material was
identified as N-(2-aminoethyl)tetrachlorophthalimide
(4).[31b]

Next, the reactivity of the TCP-resin towards hydrazine,
methylamine, and ethylenediamine was studied at 50 °C
using DMF as solvent. As expected, the increased tempera-
ture led to tripeptide 2 being the major product in almost
all the experiments performed (Table 2). With methylamine,
the corresponding N,N�-disubstituted tetrachlorophthal-
amide 3b and the TCP-protected dipeptide 1 were also ob-
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tained (Table 2, Entries 15�18). A series of experiments
carried out with ethylenediamine, using different solvents,
revealed that DMF is clearly the solvent of choice (Table 2,
compare Entries 3 and 4�14). Quantitative removal of the
TCP group was achieved after treatment with hydrazine/
DMF (3:17) (Table 2, Entry 1) and ethylenediamine/DMF
(1:200) for 30 min (Table 2, Entry 3).

The reactivity of the TCP-resin towards methylamine and
ethylenediamine was also evaluated at 80 °C in DMF
(Table 3). Under these conditions, methylamine gave as
much as 78% of tripeptide 2 after 30 min; longer reaction
times did not improve the results (Table 3, Entries 4�7).
Experiments conducted with ethylenediamine resulted in
the quantitative removal of the TCP group (Table 3, En-
tries 1�3).

Finally, in order to study the compatibility of the TCP
group with standard Fmoc and Boc solid-phase synthesis
strategies, the TCP-resin was treated with piperidine/DMF
(1:4) and DIEA/DMF (1:19) at 25 °C for 30 min. In both
experiments, TCP-Gly-Val-NH2 (1) remained un-
changed.[32]

Kinetics of Solid-Phase Hydrazinolysis of TCP Group

The results outlined above show that hydrazine is the
most convenient TCP removal reagent in terms of the few-
est by-products formed. Hydrazine/DMF (3:17) was used
in the kinetic studies performed at 20, 35, and 50 °C (Fig-
ure 1). Acidolytic cleavage [TFA/H2O (19:1), 2 h] was fol-
lowed by LC/MS analysis of crude products. The amount
of tripeptide 2 formed was increased by increasing the reac-
tion time and temperature. At 20 °C, treatment for 2 h was
necessary to ensure complete removal of the TCP group,
whereas at 35 °C the tripeptide 2 was obtained quantita-
tively after 30 min. All experiments carried out at 50 °C
gave the expected tripeptide 2.

Evaluation of Conditions for Solid-Phase Synthesis of C-
Terminal Peptide Amides

TCP-Phe-Gly-Val-NH2 (5) was chosen as a model pep-
tide to evaluate the efficiency of hydrazine/DMF (3:17) in
sequential deprotection steps. Couplings of the N-TCP-pro-
tected amino acids (3 equiv.) were mediated by using

Table 4. Evaluation of racemization for coupling of TCP-Val-OH onto a PAL-PEG-PS resin

Entry[a,b] Reagent/base or additive[c] Solvent Time [h] / (%)[d]

1 HBTU/DIEA (3:3) DMF 6 8.4
2 HBTU/HOBt/DIEA (3:3:3) DMF/CH2Cl2 (1:1) 6 7.0
3 HBTU/HOBt/DIEA (3:3:3) DMF 6 10.5
4 HBTU/DIEA (3:1) DMF 6 6.1
5 DIPCDI/HOBt (3:3) DMF 6 6.4
6 DIPCDI/HOAt (3:3) DMF 6 1.7
7 DIPCDI/HOAt (3:3) DMF 3 2.1

[a] See Exp. Sect. for general procedures. [b] During the review process of this paper, a referee enquired as to the generality of these results
for other amino acids. Data obtained with Ala, Asp, and Ile followed the same qualitative and quantitative trends revealed in this table
for Val. However, as already reported, TCP-His(Trt)-OH and TCP-Cys(Trt)-OH undergo massive loss of stereochemical integrity.[32] [c]

TCP-Val-OH (3 equiv.). The ninhydrin test performed after completion of the coupling was negative.[30] [d] Ratio determined by HPLC.
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Figure 1. Conversion of TCP-Gly-Val-resin to H-Gly-Val-resin
upon treatment with hydrazine/DMF (3:17) at 20 (——), 35 (� �
�), and 50 °C (- - -); the ratios of the products were determined
by HPLC after cleavage from the support, as described in the
Exp. Sect.

DIPCDI/HOAt (3:3) or N-[1H-(benzotriazol-1-yl)(dimeth-
ylamino)methylene]-N-methylmethanaminium] hexafluoro-
phosphate N-oxide (HBTU)/DIEA (3:3) in DMF at 25 °C
for 4 h. After each coupling step, an aliquot of the resin
was cleaved with TFA/H2O (19:1), and the crude product
was analyzed by HPLC and ESI-MS. Since preliminary
studies had shown that TCP removal by hydrazine/DMF
(3:17) at 35 °C for 30 min resulted in only 43% of the ex-
pected TCP-protected tripeptide 5 [TCP-Gly-Val-NH2 and
TCP-Val-NH2 were also detected], further experiments were
conducted with increased reaction times (45 min, 1 h) and
temperatures (40 °C, 50 °C). A protocol involving TCP re-
moval with hydrazine/DMF (3:17) at 40 °C for 1 h, and the
coupling of TCP-protected amino acids with HBTU/DIEA
(3:3) in DMF for 4 h, provided the TCP-protected tripep-
tide 5 with 84% purity.

The extent of racemization during the activation step was
also studied. TCP-Val-OH (3 equiv.) was coupled onto a
PAL-PEG-PS resin by using a variety of reagent/additive
protocols (Table 4). TCP removal and further TFA cleavage
gave the corresponding H-Val-NH2 samples, which were de-
rivatized with Marfey’s reagent[33] and analyzed directly by
HPLC. The best results were achieved with DIPCDI/HOAt
(3:3) in DMF, in which only 1.7% racemization occurred
(ratio of /) (Table 4, Entry 6). However, substantial levels
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of racemization were observed with coupling protocols that
required a tertiary amine for optimal efficiency. Thus, acti-
vation with HBTU/DIEA (3:3) or (3:1) led to 8.4% and
6.1% racemization, respectively (Table 4, Entries 1 and 4).

In view of these results, solid-phase synthesis of C-ter-
minal peptide amides from N-TCP-protected amino acids
was performed (Scheme 4) by using a repetitive deprotec-
tion/coupling cycle involving: (i) removal of the TCP group
with hydrazine/DMF (3:17) at 40 °C for 1 h, and (ii) coup-
ling of TCP-protected amino acids (3 equiv.) using
DIPCDI/HOAt (3:3) in DMF for 4 h. Finally, acidolytic
cleavage with TFA/H2O (19:1, 2 h) provided the expected
TCP-protected C-terminal peptide amides 6�10 with good
purities (80�86%), and with structures verified by ESI-
MS (Table 5).

Scheme 4. Solid-phase synthesis of C-terminal peptide amides

Solid-Phase Synthesis of Peptide-Arene Hybrids

Further experiments were directed towards the synthesis
of linear peptide�arene hybrids, taking advantage of the
fact that N,N�-disubstituted tetrachlorophthalamides form
after treatment of TCP-peptide-resins with diamines at 25
°C (Table 1, Entries 9, 11, and 12). Our attention was fo-
cused on the use of 1,3-diaminopropane as nucleophile
(Table 1, Entries 10 and 11). Thus, a protocol featuring (i)
ring opening of the TCP group with 1,3-diaminopropane/
DMF (1:49) at 25 °C for 5 min, and (ii) coupling mediated

Table 5. Synthesis of N-TCP-protected peptide amides

tR [min][a] Purity (%)[b]Peptide sequence

TCP-Gly-Gly-Asp-Ala-NH2 (6) 16.4 86
TCP-Tyr-Ala-βAla-Thr-NH2 (7) 16.3 86
TCP-Ala-Val-Gly-Ile-Gly-Ala-NH2 (8) 18.8 80
TCP-Tyr--Ala-Phe-Phe-NH2 (9) 19.9 85
TCP-Gly-Gly-Ser-Leu-Tyr-Ser-Phe-Gly-Leu-NH2 (10) 18.1 82

[a] HPLC retention time (condition A). [b] HPLC area of the main peak, divided by the total area, � 100, directly after cleavage (crude
product).

 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org Eur. J. Org. Chem. 2004, 3633�36423638

by DIPCDI/HOAt (3:3) in DMF at 25 °C for 4 h was ap-
plied to the solid-phase synthesis of several linear peptide-
arene hybrids. Finally, cleavage from the support with TFA/
H2O (19:1, 2 h) provided the linear sequences 11, 13, and
15 with good purities and yields (80�88% isolated); struc-
tures were verified by ESI-MS (Table 6, Entries 1, 3, and 5).

The afore-mentioned methodology was readily extended
to the synthesis of cyclic peptide�arene hybrids. The syn-
thesis was started by anchoring TCP-Glu-OAl onto a PAL-
PEG-PS-resin, and continued with chain-assembly steps as
already outlined. On-resin cyclization was achieved by (i)
ring opening of the TCP group with 1,3-diaminopropane/
DMF (1:49) at 25 °C for 5 min, (ii) selective removal of the
allyl ester by treatment with [Pd(PPh3)4] in CHCl3/HOAc/
N-methylmorpholine (NMM) (37:2:1),[34] and (iii) reaction
with PyAOP/HOAt/DIEA (5:5:10) in NMP.[35] Finally,
cleavage from the support by use of TFA/H2O (19:1, 2 h)
provided the expected cyclic peptide�arene hybrids 12, 14,
and 16 with good purities and yields (78�91% isolated);
structures were verified by ESI-MS (Table 6, Entries 2, 4,
and 6). The overall synthetic process is summarized in
Scheme 5 for the synthesis of c(DAP-TCP-Gln) (14).

Conclusion

We have shown that the reactivity of resin-bound TCP-
protected amino acids and peptides towards hydrazine,
methylamine, piperidine, DIEA, and several diamines can
be controlled by appropriate choice of nucleophile and reac-
tion conditions. Thus, treatment with hydrazine/DMF
(3:17) at 35 °C for 30 min or ethylenediamine/DMF (1:200)
at 50 °C for 30 min leads to quantitative TCP removal. In
contrast, N,N�-disubstituted tetrachlorophthalamides are
formed after treatment with methylamine or diamines at 25
°C. Moreover, the TCP group is unaffected by exposure to
piperidine or DIEA. Thus, TCP represents a useful alterna-
tive to Boc and Fmoc chemistries for peptide synthesis and
allied applications.

Experimental Section

General Remarks: Materials, solvents, instrumentation, and general
methods were essentially as described in previous publications by
our laboratories.[3,21,29,32,34,35] TCP-amino acids for solid-phase
peptide synthesis and other experiments were prepared as described
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Table 6. Synthesis of linear and cyclic peptide-arene hybrids

Entry Peptide�arene hybrid sequence tR [min][a] Purity (%)[b] Yield (%)[c]

1 H-Phe-DAP-TCP-Gly-Val-NH2 (11) 14.3 84 80
2 TCP-Phe-DAP-TCP-Leu-NH2 (12) 23.6 85 78
3 H-DAP-TCP-Gln-OH (13) 13.2 95 88
4 c(DAP-TCP-Gln) (14) 14.6 99 91
5 H-DAP-TCP-Ala-DAP-TCP-Gln-OH (15) 17.0 92 86
6 c(DAP-TCP-Ala-DAP-TCP-Gln) (16) 17.2 89 79

[a] HPLC retention time (condition A). [b] HPLC area of the main peak, divided by the total area, � 100, directly after cleavage (crude
product). [c] Isolated yields after precipitation, taking up in water, and lyophilization.

Scheme 5. Solid-phase synthesis of c(DAP-TCP-Gln) (14)

elsewhere.[32] Side-chain protection for trifunctional amino acids
was as follows: tert-butyl (OtBu) ester for Asp, tert-butyl (tBu)
ethers for Ser, Thr, and Tyr. Polymer-supported reactions were car-
ried out using plastic syringes (1, 5, or 10 mL) fitted with polyprop-
ylene frits with Teflon-lined caps. All transformations and washes
were done at 25 °C unless noted otherwise. Peptide-resin samples
were hydrolyzed in 12  aqueous HCl/propionic acid (1:1) at 160
°C for 2 h and amino acid analyses were carried out with a
Beckman 6300 Analyzer. Analytical HPLC was performed at
1.0 mL·min�1 using either a Spherisorb ODS (0.46 � 25 cm; 2.5
µm particle size) or a Kromasil (0.46 � 25 cm; 5 µm particle size)
C18 reversed-phase column. Linear gradients of 0.1% aqueous TFA
and 0.1% TFA in CH3CN were run (condition A) from 1:0 to 0:1
over 23 min with UV detection at 220 and 335 nm, and (condition
B) from 9:1 to 2:3 over 40 min with UV detection at 340 nm. Low-
resolution fast-atom bombardment mass spectrometry (FAB-MS)
was carried out in glycerol/H2O or 3-nitrobenzyl alcohol (MNBA)
matrices on a high-resolution double-focusing mass spectrometer
operated at a resolution of 2000. Liquid chromatography/mass
spectrometry (LC/MS) was performed using a Zorbax SB-C18 nar-
row bore reversed-phase column (3.0 mm � 25 cm; 5 µm particle
size) with detection at 220 nm. This system was connected to a PE-
Sciex API III triple-quadrupole mass spectrometer equipped with
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an ionspray interface. ESI-MS data were acquired by using a Navi-
gator quadrupole instrument; the instrument was operated in the
positive ion mode (ES�) at a probe tip voltage of 3 kV. 1H NMR
spectra were recorded with a Bruker OPX200 Avance spectrometer.
Amino acid symbols denote the  configuration unless stated other-
wise. All solvent ratios are v/v unless stated otherwise. The abbrevi-
ations used for amino acids and the designations of peptides follow
the IUPAC-IUB Commission of Biochemical Nomenclature.[36]

Solid-Phase Deprotection Studies: Fmoc-PAL-PEG-PS resin
(0.30 g, 0.16 mmol·g�1) was swollen/washed in CH2Cl2 (2 � 5 min)
and DMF (2 � 5 min), treated with piperidine/DMF (3:7, 2 �

8 min), and finally washed with DMF (5 � 2 min). Fmoc-Val-OH
(49 mg, 3 equiv.) was coupled to the resin using DIPCDI (68 µL,
3 equiv.) and HOAt (20 mg, 3 equiv.) in DMF (1 mL) for 3�5 h.
After washing with DMF (5 � 2 min), an Fmoc removal step, and
further washing as already described, TCP-Gly-OH (49 mg, 3
equiv.) was incorporated using DIPCDI (68 µL, 3 equiv.) and
HOAt (20 mg, 3 equiv.) in DMF (1 mL) for 3�5 h (Kaiser ninhyd-
rin test negative after this time).[30] Finally, the resin was washed
with DMF (3 � 1 min) and CH2Cl2 (3 � 1 min), and dried in
vacuo. Portions of this resin (10�15 mg per experiment) were sub-
jected to various nucleophile treatments as follows: TCP-Gly-Val-
PAL-PEG-PS resin was swollen/washed in CH2Cl2 (2 � 5 min) and
DMF (2 � 5 min), treated with a freshly prepared solution of the
nucleophile, together with any additive, for a given time and tem-
perature (Tables 1�3), and washed with DMF (5 � 1 min). After-
wards, Boc-Phe-OH (3 mg, 5 equiv.) was coupled using DIPCDI (2
µL, 5 equiv.) and HOAt (2 mg, 5 equiv.) in DMF (50 µL) for 5 h,
and then washed with DMF (3 � 1 min) and CH2Cl2 (3 � 1 min).
The resin was then cleaved with TFA/H2O (19:1) for 2 h, and the
filtrates were expressed from the vessels by a positive nitrogen
pressure. The cleaved resin was washed with TFA/H2O (19:1, 2 �

0.5 mL), and the filtrates were combined and the solvents evapo-
rated to dryness. The resulting residue was dissolved in H2O/
CH3CN (1:1), analyzed by analytical HPLC (condition A) and
studied further by LC/MS. The initial TCP-Gly-Val-NH2 (1) was
characterized by analytical HPLC (tR � 18.3 min, 94% purity; con-
dition A), amino acid analysis (Val 1.00, Gly 0.84), and FAB-MS
{m/z calcd. for C15H13Cl4N3O4 441.1; found 441.8 [M � H]�, 396.9
[M � H � CONH2]�}. After deprotection, H-Phe-Gly-Val-NH2

(2) was characterized by analytical HPLC (tR � 9.3 min; condition
A), amino acid analysis (Val 1.00, Gly 0.95, Phe 1.04), and LC/MS
(m/z calcd. for C16H24N4O3 320.4; found 321.2 [M � H]�). When
deprotection was carried out with methylamine, ethylenediamine,
1,3-diaminopropane, and 1,2-diaminocyclohexane, N,N�-disubsti-
tuted tetrachlorophthalamides 3b�e were formed (Scheme 3,
Tables 1�3). N,N�-Disubstituted tetrachlorophthalamide 3b de-
rived from methylamine: ESI-MS calcd. for C16H18Cl4N4O4 470.0;
found 470.6 [M � H]�. N,N�-Disubstituted tetrachlorophthal-
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amide 3c derived from ethylenediamine: LC/MS calcd. for
C26H30Cl4N6O5 648.4; found 648.9 [M � H]�. N,N�-Disubstituted
tetrachlorophthalamide 3d derived from 1,3-diaminopropane: LC/
MS calcd. for C27H32Cl4N6O5 662.4; found 662.9 [M � H]�. N,N�-
Disubstituted tetrachlorophthalamide 3e derived from 1,2-diamino-
cyclohexane: LC/MS calcd. for C30H36Cl4N6O5 702.5; found
702.9 [M � H]�. N-(2-Aminoethyl)tetrachlorophthalimide (4) was
also noted in some experiments during the deprotection reaction
with ethylenediamine. This compound was characterized by HPLC
(tR � 11.7 min, � 99% purity; condition A), 1H NMR [(200 MHz,
D2O): δ � 3.15 (t, J � 5.0 Hz, 2 H), 3.38 (t, J � 5.0 Hz, 2 H)
ppm], and FAB-MS (m/z calcd. for C10H6Cl4N2O2 326.9; found
327.2 [M � H]�, 325.2 [M � H]�).

Kinetics of Solid-Phase TCP Group Removal by Hydrazine: Portions
of TCP-Gly-Val-PAL-PEG-PS resin (10�15 mg per experiment)
were swollen/washed in CH2Cl2 (2 � 5 min) and DMF (2 � 5 min),
and then treated with hydrazine/DMF (3:17) for a given time and
temperature (Figure 1). Kinetic runs were carried out at 20, 35, and
50 °C. After washing with DMF (5 � 1 min), Boc-Phe-OH (3 mg,
5 equiv.) was coupled using DIPCDI (2 µL, 5 equiv.) and HOAt
(2 mg, 5 equiv.) in DMF (50 µL) for 5 h, and then washed with
DMF (3 � 1 min) and CH2Cl2 (3 � 1 min). The resin was then
cleaved with TFA/H2O (19:1) for 2 h, and the filtrates were ex-
pressed from the vessels with positive nitrogen pressure. The
cleaved resin was washed with TFA/H2O (19:1) (2 � 0.5 mL), and
the filtrates were combined and the solvents evaporated to dryness.
The resulting residue was dissolved in H2O/CH3CN (1:1), analyzed
by analytical HPLC (condition A) and studied further by LC/MS.

Evaluation of the Conditions for Solid-Phase Synthesis of TCP-Phe-
Gly-Val-NH2 (5): Fmoc-PAL-PEG-PS resin (50 mg,
0.16 mmol·g�1) was treated with piperidine/DMF (3:7, 2 � 8 min)
to remove Fmoc, washed with DMF (5 � 2 min), and used to
evaluate the coupling procedures for the introduction of TCP-Val-
OH (see the Results and Discussion section). Upon completion of
coupling (4 h), the resin was washed with DMF (5 � 1 min). Re-
moval of the TCP protecting group was accomplished using con-
ditions indicated elsewhere in the text, followed by washing with
DMF (3 � 1 min) and CH2Cl2 (3 � 1 min). The coupling/deprotec-
tion cycle was repeated for the remaining N-TCP-protected amino
acids, followed by final washing with DMF (3 � 1 min) and
CH2Cl2 (3 � 1 min), and drying of the resin in vacuo. After each
coupling step, an aliquot of the resin was treated with TFA/H2O
(19:1) for 2 h and filtered. The filtrates were concentrated to dry-
ness under a stream of N2, and the resulting residue was dissolved
in H2O/CH3CN (1:1), and analyzed by analytical HPLC (condition
A) and LC/MS.

TCP-Phe-Gly-Val-NH2 (5): Manual chain assembly was carried out
starting with Fmoc-PAL-PEG-PS (50 mg, 0.16 mmol·g�1,
0.008 mmol). The resin was treated with piperidine/DMF (3:7, 2 �

8 min) and washed with DMF (5 � 2 min). N-TCP-protected
amino acids (0.024 mmol, 3 equiv.) were coupled using HBTU
(9.1 mg, 3 equiv.) and DIEA (4.2 µL, 3 equiv.) in DMF (150 µL)
at 25 °C for 4 h. After washing with DMF (6 � 1 min), the TCP
protecting group was removed with hydrazine/DMF (3:17) at 40 °C
for 1 h. The resin was washed with DMF (6 � 1 min) and CH2Cl2
(3 � 1 min). Further aspects of the assembly, cleavage, and evalu-
ation of the TCP-protected tripeptide were as described in the pre-
vious ‘‘Evaluation of Conditions’’ section. The crude product was
analyzed by analytical HPLC (tR � 22.1 min, 84% purity; con-
dition A), and the final product was confirmed by amino acid
analysis (Val 1.00, Gly 0.99, Phe 0.91), and LC/MS (m/z calcd. for
C24H22Cl4N4O5 588.3; found 588.9 [M � H]�).
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Evaluation of Racemization During the Activation Step: Fmoc-PAL-
PEG-PS resin (50 mg per experiment) was swollen/washed in
CH2Cl2 (2 � 5 min) and DMF (2 � 5 min). After Fmoc removal
and washing as described previously, the resin was used to evaluate
the coupling procedures for the introduction of TCP-Val-OH
(Table 4). Upon completion of coupling, the resin was washed with
DMF (5 � 1 min). The TCP protecting group was then removed
with hydrazine/DMF (3:17) at 40 °C for 1 h. After washing with
DMF (6 � 1 min) and CH2Cl2 (10 � 0.5 min), the resin was
cleaved with TFA (1.5 mL) for 2 h, and the filtrates were concen-
trated to dryness. The resulting residues were taken up in 400 µL
of 5 m 1-fluoro-2,4-dinitrophenyl-5--alanineamide (FDAA) in
acetone and 400 µL of 0.1  aqueous NaHCO3. The solutions were
heated at 40 °C for 1 h with frequent stirring. After cooling to
room temperature, 200 µL of 0.2  aqueous HCl was added to
each reaction mixture, and finally, 20 µL samples were analyzed by
analytical HPLC (condition B). As a control, Fmoc-PAL-PEG-PS
resin (50 mg) was treated with piperidine/DMF (3:7, 2 � 8 min),
washed with DMF (5 � 2 min), and Fmoc-Val-OH or Fmoc--
Val-OH (11 mg, 4 equiv.) was incorporated using HBTU (12 mg, 4
equiv.) and DIEA (6 µL, 4 equiv.) in DMF (150 µL). After Fmoc
removal using 1% DBU in CH2Cl2 (30 min), and washing with
CH2Cl2 (6 � 1 min), cleavage and racemization analysis were car-
ried out as described in the previous paragraph.

TCP-Gly-Gly-Asp-Ala-NH2 (6): Manual chain assembly was car-
ried out essentially as described for 5, but by using DIPCDI (3
equiv.) and HOAt (3 equiv.) to incorporate the TCP-protected am-
ino acids. The crude product was analyzed by analytical HPLC
(tR � 16.4 min, 86% purity; condition A), and the final product
was confirmed by amino acid analysis (Ala 1.06, Asp 0.94, Gly
1.97) and ESI-MS (m/z calcd. for C19H17Cl4N5O8 585.2; found
586.1 [M � H]�, 608.3 [M � Na]�).

TCP-Tyr-Ala-βAla-Thr-NH2 (7): Manual chain assembly was car-
ried out exactly as described for 6. The crude product was analyzed
by analytical HPLC (tR � 16.3 min, 86% purity; condition A), and
the final product was confirmed by amino acid analysis (Tyr 0.99,
Ala 1.00, Thr 0.29) and ESI-MS (m/z calcd. for C27H27Cl4N5O8

691.4; found 692.2 [M � H]�, 714.1 [M � Na]�).

TCP-Ala-Val-Gly-Ile-Gly-Ala-NH2 (8): Using the same procedures,
the crude product was analyzed by analytical HPLC (tR �

18.8 min, 80% purity; condition A), and the final product was con-
firmed by amino acid analysis (Ala 2.01, Gly 2.00, Ile 0.90, Val
1.08) and ESI-MS (m/z calcd. for C29H37Cl4N7O8 753.5; found
754.3 [M � H]�, 776.4 [M � Na]�).

TCP-Tyr-D-Ala-Phe-Phe-NH2 (9): Using the same procedures, the
crude product was analyzed by analytical HPLC (tR � 19.9 min,
85% purity; condition A), and the final product was confirmed by
ESI-MS (m/z calcd. for C38H33Cl4N7O5 813.5; found 813.9 [M �

H]�, 836.2 [M � Na]�).

TCP-Gly-Gly-Ser-Leu-Tyr-Ser-Phe-Gly-Leu-NH2 (10): Using the
same procedures, the crude product was analyzed by analytical
HPLC (tR � 18.1 min, 82% purity; condition A), and the final
product was confirmed by ESI-MS (m/z calcd. for
C50H60Cl4N10O14 1166.0; found 1167.1 [M � H]�, 1189.0 [M �

Na]�).

H-Phe-DAP-TCP-Gly-Val-NH2 (11): TCP-Gly-Val-PAL-PEG-PS
resin (50 mg, 0.16 mmol·g�1) was swollen/washed in CH2Cl2 (2 �

5 min) and DMF (2 � 5 min), treated with 1,3-diaminopropane/
DMF (1:49) at 25 °C for 5 min and washed with DMF (6 � 1 min).
Boc-Phe-OH (15 mg, 3 equiv.) was coupled using DIPCDI (11 µL,
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3 equiv.) and HOAt (3 mg, 3 equiv.) in DMF (150 µL) for 4 h.
After washing with DMF (6 � 1 min) and CH2Cl2 (3 � 1 min),
the resin was then cleaved with TFA/H2O (19:1) for 2 h, and the
filtrates were concentrated to dryness. The crude product was ana-
lyzed by HPLC (tR � 14.3 min, 84% purity, 80% yield; condition
A) and the final product was confirmed by ESI-MS (m/z calcd. for
C27H32Cl4N6O5 660.4; found 661.1 [M � H]�).

TCP-Phe-DAP-TCP-Leu-NH2 (12): Fmoc-PAL-PEG-PS resin
(50 mg, 0.16 mmol·g�1) was swollen/washed in CH2Cl2 (2 � 5 min)
and DMF (2 � 5 min). After Fmoc removal and washing as pre-
viously described, TCP-Leu-OH was incorporated using DIPCDI
(11 µL, 3 equiv.) and HOAt (3 mg, 3 equiv.) in DMF (150 µL) for
4 h, followed by washing with DMF (5 � 1 min). Afterwards, the
resin was treated with 1,3-diaminopropane/DMF (1:49) at 25 °C
for 5 min and washed with DMF (6 � 1 min). Boc-Phe-OH (15 mg,
3 equiv.) was coupled using DIPCDI (11 µL, 3 equiv.) and HOAt
(3 mg, 3 equiv.) in DMF (150 µL) for 4 h. After washing with DMF
(6 � 1 min) and CH2Cl2 (3 � 1 min), the resin was then cleaved
with TFA/H2O (19:1) for 2 h, and the filtrates were concentrated
to dryness. The crude product was analyzed by HPLC (tR �

23.6 min, 85% purity, 78% yield; condition A), and the final prod-
uct was confirmed by ESI-MS (m/z calcd. for C34H29Cl8N5O6

882.6; found 883.7 [M � H]�).

c(DAP-TCP-Gln) (14): Starting with Fmoc-PAL-PEG-PS resin
(100 mg, 0.16 mmol·g�1), the Fmoc group was removed and washes
were carried out as already described. Then, TCP-Glu-OAl (21 mg,
3 equiv.) was introduced using DIPCDI (22 µL, 3 equiv.) and HOAt
(6 mg, 3 equiv.) in DMF (200 µL) for 4 h, followed by washing
with DMF (5 � 1 min). The resin was next treated with 1,3-di-
aminopropane/DMF (1:49) at 25 °C for 5 min, and washed with
DMF (6 � 1 min). The C-terminal allyl ester was cleaved by treat-
ment with Pd(PPh3)4 (92 mg, 5 equiv.) in CHCl3/HOAc/NMM
(37:2:1, 1.5 mL) under nitrogen at 25 °C for 3 h, and the resin was
washed with THF (3 � 2 min), DMF (3 � 2 min), DIEA/CH2Cl2
(1:19, 3 � 2 min), sodium N,N-diethyldithiocarbamate (0.03  in
DMF, 3 � 15 min), DMF (10 � 1 min), CH2Cl2 (3 � 2 min), and
DMF (3 � 1 min). An aliquot of the resultant H-DAP-TCP-Glu-
(PAL-PEG-PS)-OH resin (10 mg) was cleaved with TFA/H2O
(19:1) for 2 h. The filtrate from the cleavage reaction was collected
and dried to give H-DAP-TCP-Gln-OH (13), which was charac-
terized by analytical HPLC (tR � 13.2 min, 95% purity, 88% yield;
condition A), and ESI-MS (m/z calcd. for C16H18Cl4N4O5 486.5;
found 487.3 [M � H]�). The bulk of the resin was subjected to
cyclization by treatment with PyAOP (37 mg, 5 equiv.), HOAt
(10 mg, 5 equiv.), and DIEA (25 µL, 10 equiv.) in NMP. After 6 h
at 25 °C, the resin was negative to the Kaiser ninhydrin test. Treat-
ment with TFA/H2O (19:1) for 2 h gave the cyclic peptide�arene
hybrid 14, which was characterized by analytical HPLC (tR �

14.6 min, 99% purity, 91% yield; condition A), and ESI-MS (m/z
calcd. for C16H16Cl4N4O4 468.1; found 468.7 [M � H]�).

c(DAP-TCP-Ala-DAP-TCP-Gln) (16): Manual chain assembly was
carried out essentially as described for 14. TCP-Ala-OH (17 mg, 3
equiv.) was coupled using DIPCDI (22 µL, 3 equiv.) and HOAt
(6 mg, 3 equiv.) in DMF (200 µL) onto an H-DAP-TCP-Glu(PAL-
PEG-PS)-OAl resin (100 mg, 0.16 mmol·g�1) prepared as described
above. After 4 h at 25 °C, the resin was washed with DMF (5 �

1 min), treated with 1,3-diaminopropane/DMF (1:49) at 25 °C for
5 min, and washed with DMF (6 � 1 min). The C-terminal allyl
ester was cleaved by treatment with Pd(PPh3)4 (92 mg, 5 equiv.) in
CHCl3/HOAc/NMM (37:2:1, 1.5 mL) under nitrogen at 25 °C for
3 h, followed by the same workup as for the synthesis of 14. An
aliquot of the resultant H-DAP-TCP-Ala-DAP-TCP-Glu(PAL-
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PEG-PS)-OH resin (10 mg) was cleaved with TFA/H2O (19:1) for
2 h. The filtrate from the cleavage reaction was collected and dried
to give H-DAP-TCP-Ala-DAP-TCP-Gln-OH (15), which was
characterized by analytical HPLC (tR � 17.0 min, 92% purity, 86%
yield; condition A), and ESI-MS (m/z calcd. for C30H31Cl8N7O8

897.1; found 897.9 [M � H]�). The bulk of the resin was subjected
to cyclization following the same procedure described for c(DAP-
TCP-Gln) synthesis. After 6 h at 25 °C, the resin was negative to
the Kaiser ninhydrin test. Treatment with TFA/H2O (19:1) for 2 h
gave the cyclic peptide�arene hybrid 16, which was characterized
by analytical HPLC (tR � 17.2 min, 89% purity, 79% yield; con-
dition A), and ESI-MS (m/z calcd. for C30H29Cl8N7O7 878.5; found
879.6 [M � H]�).
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