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of nearly pure, crystallized rearrangement product 2a were isolated
as the only carboxylic product: mp 149-150 °C (lit.¢ 151 °C);
'H NMR (CDCl,) 8 7.26 (m, 5 H), 2.22 (s, 3 H), 1.70 (s, 3 H);
3C NMR (CDCl3) 173.6 (C(1)), 150.7 (C(3)), 138.2-127.1 (Ph),
129.1 (C(2)), 24.4-22.8

In order to establish the migration of the HOOC group, we
prepared 1a labeled with **C at C(3) by condensation of benz-
aldehyde-1-'>C with isobutyric acid. When 1a-3-1*C was submitted
to treatment with HSO3;F/SO,CIF at 0 °C, the '*C label appeared
in the 2 position (8 122.1) of protonated 2a as well as in that of
3 (6 94.2); it was equally visible in the 'H spectra by coupling
of 1*C with the protons of the methyl groups of protonated 2a (8
2.62,3J = 4.6 Hz, and § 2.07, *J = 5.0 Hz) and of 3 (§ 2.85 and
2.47,3J = 6.0 Hz); similar values had been found for labeled 2¢.

Definite proof for the HOOC group migration in the superacid
comes from use of 1a doubly 13C labeled at C(1) (90% **C) and
C(3) (69% '3C).% In the rearranged (protonated) product 2a the
signals of the H,OOC™ group at 180.2 ppm and of C(2) at 122.1
ppm (both increased by enrichment) are split into two doublets
by direct 3C,**C coupling (!J¢c = 68.7 Hz). Furthermore, in
quenching experiments starting with 1a-'*C,, the label appeared
only in the positions 1 and 2 of (nonprotonated) 2a, isolated and
purified; 13C NMR (acetone-dg) 3 170.4 (d, *Jec = 71.4, C(1)),
132.0 (d, "Jc = 70.5, C(2)). We conclude that the only reaction
path available for the transformation 1a — 2a is a 1,2 shift of
the HOOC group."’

In order to test whether the reaction is intermolecular (for
instance via a decarbonylation—carbonylation process'®), we

(14) Other peaks observed in the reaction mixture correspond to 4 formed

s

OH

from 1 (or from its fluorosulfate ester) by a Friedel~Crafts type cyclization
and replacement of OH by by OSO,F. The same peaks turned up upon
treatment of authentic 3-hydroxy-2,2-dimethylindanone's with HSO,F/
SO,CIF. This was the main product formed from 1a with HSO,F in the
absence of a solvent when the temperature was raised rapidly.

(15) Aebi, A.; Gyurech-Vago, E.; Hofstetter, E.; Waser, P. Pharm. Acta
Helv, 1963, 38, 407.

(16) By following the reaction of 1a with the superacid from ~100 to +10
°C by 'H and 1*C NMR spectroscopy we observed spectral changes analogous
to those observed® with 1b and 1c and which we interprete as the consecutive
transformation into the oxonium ion, the fluorosulfate, and (partially) the
fluoride PACHXCMe,COOH,*, X = OH,*, OSO,F and F.

(17) It is not possible, however, to decide whether COOH migrates in its
protonated or unprotonated form (though it might be felt that protonation
would make the group too poor in electrons), nor can other transient species
be excluded, e.g., a mixed anhydride (though their presence in the reaction
mixture could not be detected).

(18) For example the rearrangement of cinenic acid to geronic acid:
Meinwald, J.; Hwang, H. C.; Christman, D.; Wolf, A. P. J. Am. Chem. Soc.
1960, 82, 483-486.

conducted a cross experiment using a 1:1 mixture of doubly labeled
and unlabeled 1a. There was no increase of monalabeled product
in either the '3C NMR spectra (judged by the amount of
3C,BC-coupling between C(1) and C(2)) or in the mass spectra
of isolated 2a; this confirms the inframolecular character of the
HOOC migration.

We attribute the preference for HOOC over Me migration to
a difference in stability of the rearranged carbocations: if a Me
group had been shifted, the positive charge would have appeared
« to the carboxyl group, thus destabilizing this intermediate.

Acknowledgment. Financial support by the Swiss National
Science Foundation is gratefully acknowledged.

Reglstry No. 1a, 23985-59-3; 2a, 4412-08-2; 4, 81158-98-7.

Supplementary Material Available: All 'H and *C NMR
spectra mentioned in the text (19 pages). Ordering information
is given on any current masthead page.

Specific Peptide Sequences for Metal Ion Coordination.
1. Solid-Phase Syathesis of cyclo-(Gly-His);

Stephan S. Isied,* Christa G. Kuehn, and John M. Lyon

Department of Chemistry
Rutgers, The State University of New Jersey
New Brunswick, New Jersey 08903

R. B. Merrifield

Department of Chemistry, Rockefeller University
New York, New York 10021

Received September 14, 1981

Synthetic cyclic peptides!? have been used to model various
aspects of protein conformation and active sites.>® The advan-
tages of cyclic peptides® over linear peptides are the constrained
geometry and the absence of free COO™ and NH;* terminals.
Thus, a flexible polypeptide can be limited to a few desirable

(1) Kopple, K. J. Pharm. Sci. 1972, 61, 1345-56.

(2) Brady, S.; Varga, S; Freidinger, R.; Schwenk, D.; Mendlowski, M.;
Holly, F.; Veber, D. J. Org. Chem. 1979, 44, 3101.

(3) Deber, C. M.; Madison, V.; Blout, E. R. Acc. Chem. Res. 1976, 9, 106.

(4) Murikami, Y.; Nakano, A.; Matsumoto, K.; lwamoto, K. Bu!l. Chem.
Soc. Jpn. 1978, 51, 2690~97.

(5) Yoshitane, K. Chem. Lett. 1981, 61-62.

(6) Sarkar, B. In “Metal Ligand Interaction in Organic Chemistry and
Biochemistry, Part I; Pullman, B., Goldblum, N., Eds.; Reidel: 1977;
193-228.

(7) Iyer, K. S.; Laussac, J.-P.; Lau, S,; Sarkar, B. Int. J. Pept. Protein Res.
1981, /7, 549-59.

(8) (a) Holm, R. H. Acc. Chem. Res. 1977, 12, 427-34. (b) Raymond,
K. N., Ed. “Bioinorganic Chemistry 11", Adv. Chem. Ser. 1977, 162. (c)
Addison, A, W., Cullen, W., Dolphin, D., James, B., Eds.,; “Biological Aspects
of Inorganic Chemistry”; Wiley: New York, 1977.
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conformations upon cyclization. Cyclic peptides with specific
amino acid residues such as histidine, glutamic acid, aspartic acid,
methionine, tyrosine, and lysine have side chains that can bind
to transition-metal ions. These cyclic peptides can be designed
to have close resemblance to the active site of nonheme metal-
loproteins.

Most cyclic peptides have been synthesized by classical solution
methods! or by synthesizing the corresponding linear peptide by
solid-phase methods, removing it from the solid support and then
cyclizing it in solution.'? Only in a very few cases has a peptide
been cyclized directly on a solid support.”"! In this communi-
cation a general approach to the solid-phase synthesis and cy-
clization of polypeptides suitable for metal ion coordination is
described and used for the synthesis of cyclo-(Gly-His);. We chose
to synthesize cyclo-(Gly-His); as the first member of this series
because the histidine side chain is one of the side chains most
frequently encountered in metal ion coordination in metallo-
enzymes. For example, three histidine side chains are known to
occupy three coordination sites on zinc in carbonic anhydrase®.
Four histidine side chains are known to ligate copper in bovine
superoxide dismutase (with one deprotonated histidine bridging
the copper and the zinc ions). Also a number of other nonheme
copper and iron metalloproteins have active sites in which two
or more histidine side chains are involved. The cyclic hexapeptide
backbone was chosen because of the biological precedence for this
structure in the specific chelation of metal ions (e.g., the ferri-
chrome class of iron chelators.?).

The strategy for the synthesis of cyclo-(Gly-His); is shown in
Scheme I. (Aminomethyl)copoly(styrene—1%-divinylbenzene)
resin(I) (0.20 mmol/g of resin) was synthesized by the method
of Mitchell et al.’?> The amine content of the polymer was
determined by nitrogen analysis and by picric acid titration.'> The
aminomethyl resin was added to excess 1,5-difluoro-2,4-dinitro-
benzene to give II.'4 Reaction of II with Boc-His was carried
out according to the method of Glass et al.'* The amount of
histidine on the resin was determined by removing it from a known
weight of resin with 1.1 M deoxygenated dithiothreitol in DMF
or 1.5 M deoxygenated thiophenol in DMF, ¢ followed by amino
acid analysis. The resin was converted to the active ester by using
dicyclohexylcarbodiimide (DCC) and N-hydroxybenzotriazole
(HOBT)."” Glycine benzyl ester was then added to this activated
resin derivative, resulting in II1.** Four synthetic cycles!® con-
sisting of deprotection, neutralization, amino acid activation and
coupling for Boc-Gly, Boc-His(Dnp), Boc-Gly, and Boc-His(Dnp)
were carried out sequentially on compound III. The resulting resin
IV contained the linear hexapeptide protected at the C terminus
with a benzyl ester group, at the N terminus with a Boc group,
and wisth dinitrophenyl groups on each of the three imidazole
rings.!

(9) Flanigan, E.; Marshall, G. R. Tetrahedron Lett. 1970, 27, 2403-6. (b)
Fridkin, M.; Patchornik, A.; Katchalski, E. J. Am. Chem. Soc. 1965, 87, 4646.

(10) Polymer formation while cyclizing pentapeptides on a solid support
has been observed in other cases: Rothe, M.; Sander, A.; Fischer, W.; Mastle,
W.; Nelson, B. “Pept. Proc. Am. Pept. Am. Pept. Symp. 5th, 1977, 506-9.

(11) Sklyarov, L. Yu.; Shashkova, I. V. J. Gen. Chem. USSR (Engl.
Transl.) 1969, 39, 2714-18.

(12) Mitchell, A. R; Kent, S. B. H.; Erickson, B. W.; Merrifield, R. B.
Tetrahedron Lett. 1976, 42, 3795.

(13) Gisin, B. F. Anal. Chim. Acta 1972, 58, 248.

(14) (a) Glass, J. D.; Schwartz, H.; Walter, R. J. Am. Chem. Soc. 1972,
94,6209. (b) Glass, J. D.; Talansky, A.; Gronka, Z.; Schwartz, I. L.; Walter,
R. Ibid. 1974, 96, 6476. (c) Stahl, G.; Walter, R.; Smith, C. Ibid. 1979, 10/,
5385.

(15) In Dnp-His the Dnp group is presumably bound at the r-nitrogen of
the imidazole ring. For a discussion of substitution at r-nitrogen and =-ni-
trogen of histidine, see: Jones, J. H.; Ramage, W.; Witty, M. Int. J. Pept.
Protein Res. 1980, 15, 301-303.

(16) Lin, M. C.; Gutte, B.; Caldi, G.; Moore, S.; Merrifield, R. B. J. Biol.
Chem. 1972, 247, 4768.

(17) Konig, W.; Geiger, R. Chem. Ber. 1970, 103, 788.

(18) At this stage of the synthesis, the dipeptide was removed from a
sample of resin with thiophenol, hydrolyzed with 6 M HCl, and analyzed for
glycine and histidine content. In all cases, this analysis gave amost identical
values (within 1-2%) for the glycine and histidine content, confirming com-
plete reaction between the immobilized histidine and the glycine benzyl ester.

(19) Merrifield, R. B. J. Am. Chem. Soc. 1963, 85, 2149,
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Scheme L. Solid-Phase Synthesis and Cyclization: Preparation of
cyclo-(Gly-His),
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Cyclization of this linear hexapeptide was carried out on the
solid support by (a) deprotecting the C- and N-terminals by
treatment with a mixture of equal volumes of 40% HBr/acetic
acid and 50% TFA /CH,Cl, twice for 0.5 h, followed by thorough
washing with CH,Cl, and pyridine and (b) activating the C-
terminal residue of the peptide with 3 equiv of N-(ethoxy-
carbonyl)-2-ethoxy-1,2-dihydroquinoline (EDDQ)?° in a 1:1 by
volume mixture of pyridine and toluene at room temperature and
allowing 24 h for coupling (Scheme I). The EDDQ treatment
was repeated one more time. At the end of the reaction no free
amino group could be detected by a ninhydrin reagent.?!® After
the resin was washed with pyridine and CH,Cl,, the resulting cyclic
peptide was removed from the resin in 85% yield (as determined
by amino acid analysis) by using thiophenol in DMF,2? and the
solution was evaporated to dryness. The residue was dissolved

(20) Belleau, B.; Malek, G. J. Am. Chem. Soc. 1968, 90, 1651.

(21) (a) Kaiser, E.; Colescott, R. L.; Bossinger, C. D.; Cook, P. 1. Anal.
Biochem. 1970, 34, 595. (b) Stewart, J. M.; Young, J. D. “Solid Phase
Peptide Synthesis™; W. H. Freeman: San Francisco, 1969.

(22) The resin was treated with deoxygenated 1.5 M thiophenol in DMF
solution for 6 h at 25 °C.
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Figure 1. '3C NMR spectrum of cyclo-(Gly-His); in D,0

in 2% HOAc and extracted with ethyl acetate to remove the free
dinitrophenyl derivatives. The aqueous layer was then concen-
trated, and the yellowish residual Dnp peptides (incompletely
deprotected) were separated from the colorless free peptide by
using reverse-phase chromatography (u-Bondapak C,5, Waters)
and eluting with 2% aqueous HOAc. The yield of crude hexa-
peptide after chromatography was 42% (as determined by amino
acid analysis of several samples and calculated based on the loading
of the (aminomethyl)polystyrene resin). The crude peptide was
further purified by ion-exchange chromatography (Chelex 100,
200-400 mesh). The cyclic hexapeptide was eluted with 0.1 M
trifluoroacetic acid and precipitated as a white hydrochloride salt
(or a trifluoroacetate salt).

The purified cyclic peptide showed a negative ninhydrin test,
indicating the absence of free amino groups, and therefore con-
tained no linear structures. It also gave a positive Pauli test,?!®
indicating the presence of unsubstituted histidine side chains.
Amino acid analysis of the purified peptide showed a ratio of
1.02:1.00 of Gly to His. Field desorption mass spectral analysis
of cyclo-(Gly-His), showed peaks at (MH)* 583, (MH - H,0)*
565, and (M + Na)* 605, as expected for a molecular ion of 582,
There was no indication of higher molecular weight cyclic or linear
peptides. High-pressure liquid chromatographic analysis of the
purified peptide on an amino column (Altex Ultrasphere amino,
4.6 mm X 25 ¢cm) using 65% aqueous acetonitrile containing 4
X 103 M KH,POQ, buffer showed a single peak (with a retention
time of 25 min at a flow rate of 1.5 mL/min). The 3C NMR
spectrum?? of the cyclic hexapeptide (as a trifluoroacetate salt)
in D,O shows signals from eight different carbons, which have
been assigned as shown in Figure 1.2 This simple carbon-13
pattern is consistent with the C;-type symmetry expected for the
symmetrical cyclic hexapeptide. The proton NMR spectrum in
D,0O at 100 and 360 MHz also showed a simple pattern consistent
with the cyclic structure, with the carbon protons assigned as
follows: His CH-2, 905 ppm (s, 1 H); His CH-4, 7.74 ppm (s,
1 H); His «-CH, 5.22 ppm (s, 1 H); Gly «-CH,, 4.37 ppm (m,
br, 2 H); His 38-CH,, 3.67 (m, br, 2 H). The UV spectrum of
the cyclic hexapeptide (in water) showed a shoulder at 214 nm
followed by strong end absorption.

The solid-phase cyclization method used here (with a resin
loading of 0.2 mmol NH,/g of resin) resulted in a high yield of
ring closure with no measurable amount of linear peptides re-
maining. Neither the crude product obtained directly after
thiolytic cleavage nor the purified cyclic hexapeptide contained
detectable amounts of linear or oligomeric cyclic peptides. This
was checked by several techiques, including gel filtration, high-
voltage electrophoresis, high-pressure liquid chromatography, and
mass spectral analysis of both the unpurified and the final purified
peptide products.

(23) The 1*3C NMR spectrum was obtained on a Varian XL-100-Nicholet
TT-100 system (100 MHz) with a 13C microprobe (Varian),

(24) (a) C., George Levy, Ed. “Topics in Carbon-13 NMR Spectroscopy™
Wiley: New York, 1978; Vol. 2. (b) Smith, I.; Jennings, H.; Deslauriers, R.
Acc. Chem. Res. 1975, 8, 306.

The synthetic scheme described here has provided convenient
access to cyclo-(Gly-His),, making use of the bidirectional peptide
synthesis method.!* By variation of the amino acids, this scheme
can lead to cyclic hexapeptides with different coordination en-
vironments. Such cyclic peptides can be designed to incorporate
amino acid side chains that are important for the function of
various enzymes.

The cyclic hexapeptide, cyclo-(Gly-His),, described here pro-
vides only three coordination positions around the metal ion and
the fourth coordination position to the metal ion can be varied
to include oxygen-, nitrogen-, or sulfur-donor ligands such as water,
imidazole, dimethyl sulfide, or mercaptoethanol. The 1:1 com-
plexes of cyclo-(Gly-His); with Cu(II) and Zn(II) have been
formed in solution and their spectral, physical, and electrochemical
properties are currently under study in our laboratory.
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Reported results of catalytic and stereochemical effects of liquid
crystalline solvents in thermal'™ and photochemical reactions®
seem to discourage expectations of notable developments; the use
of thermotropic liquid crystalline solvents as a tool in the eluci-
dation of reaction mechanisms, as well emphasized by Nerbonne
and Weiss,? might seem to be the only really encouraging de-
velopment to be expected in this field.

However, apart from one exception® (where the rate of a
photochemical reaction is enhanced only by a cholesteric and not
a smectic or & nematic solvent) these results have been all obtained
by using only nematic or cholesteric liquid crystalline solvents
whose “microscopic matrix effect”, determined by the short-range
orientational order, is very similar to that of isotropic solvents.>$
By use of more tightly ordered smectic solvents and selection of
a reaction whose energy of activation is expected to be mainly
determined by the entropy term (i.e., with severe orientational
demands in the transition state), relevant catalytic effects due to
solvent ordering have been displayed and are presented in this
paper.

The guest-host intermolecular interactions resulting from
dissolving an organic substance in a liquid crystal induce modi-
fications in the orientational correlation of the molecules of the
mesomorphic solvent and anisotropy in both the diffusion and

(1) Bacon, W. E.; Jun-Ling, K.; Brown, G. H. Mol. Cryst. Liq. Cryst.
1979, 56, 13-17.

(2) Bacon, W. E. J. Phys. (Orsay, Fr.) 1975, 36, 409-412.

(3) Nerbonne, J. M.; Weiss, R. G. J. Am. Chem. Soc. 1978, 100,
5953-5954,

(4) Nerbonne, J. M.; Weiss, R. G. J. Am. Chem. Soc. 1979, 101, 402-407.

(5) Gottarelli, G.; Samori, B. In “Liquid Crystals”; Chandrasekhar, S., Ed.;
Heyden & Sons: London, Philadelphia, and Rheine, 1980; pp 505-514.

(6) Croucher, M. D.; Patterson, D. J. Chem. Soc., Faraday Trans. 1 1981,
77, 1237-1248.
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