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Qil-bath heating: 48 h, 35- 45% vyield
Microwave heating: 2 - 5 min, 69 - 84% yield

This manuscript discusses microwave-assisted solid-phase synthesis of hydrogen-bond surrogate based a-helices and analogues by ring-
closing metathesis (RCM). Microwave-mediated RCM allows access to a greater variety of amino acid residues in the macrocycles in shorter
reaction times and higher yields compared to conventional heating. Surprisingly, we discovered that the Grubbs Il catalyst is highly active

under the influence of microwaves but catalytically dead under oil-bath conditions for the metathesis of these peptide bisolefins.

We recently described a method for the synthesis of short ||| NG

artificial o-helices by replacing the N-terminal hydrogen
bond with a covalent carbon—carbon bond (Figuré This
carbon—carbon bond was formed by a ring-closing meta-
thesis (RCM) reaction between appropriately placed olefins
on the peptide chain. A crucial feature of this design is that
all side chains are available for solvent-exposed contacts with
biomolecular targets. This feature is lacking in the side chain
cross-linking strategies for helix stabilization, which sacrifice
3'::;O%Z?;gtgénf;lgtn?rl:;ysgogyr:jerg;aelnnggfgtfumzaﬁzv(el_'BS)Figure 1. Replacement of an N-ter_minal hydrogen bond with' a
' . covalent carbon—carbon bond derived from an RCM reaction
a-helices target chosen protein receptors more successfullyyielding an HBSa-helix.
than side chain cross-linked helices.
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macrocycles that result in artificial-helices? In principle,
the HBS strategy should allow control of the structure in 1 pe 1. Bisolefin Peptides under Study

any oligomer stabilized through intrastrand hydrogen bonds. n
| N : N}\rrpeptide—o
0 H o)
n |

To test this hypothesis, we tried to prepare other helical
protein secondary structures, such as theh8lix (i, i + 3
hydrogen bond; 10-membered macrocycle) andntheelix

(i, i + 5 hydrogen bond; 16-membered macrocyéle).
However, the standard RCM conditions were found to be

ineffective for the synthesis of the HBShelices. Ad- , size of .
ditionally, our optimized oil-bath reaction conditions pro- _“isclefin  n  expected macrocycle Sequence
vided variable yields (3675%) for the metathesis of 13- 1 2 13 XDAG*NLVRA
membered and 16-membered bisolefins containing Heliy 2 2 13 XTAGTNLVRA
butyl protecting groups and often required very long reaction i § iz ig&fﬁ:&?ﬁA
times (up to 72 h) for maximum conversiéithe inability 5 1 10 XAA*DNLVRHYA

to synthesize helices with the amino acid residues that require o o -
a tertbutyl group within the putative macrocycle severely X JEGTOE 30 wat aminc st T at amic aon,
restricted the scope of our research efforts. These resU|'[Ssolid-phase synthesis. Each amino acid side chain was protected as follows:
suggested that further improvements for the metathesisR. Pbf; N and H, trityl; D, E, T, and Yt-butyl; K, Boc.
reactions were needed to gain access to a larger range of
macrocycles and to achieve greater reproducibility in the
synthesis of these peptide macrocycles on the solid phasef-branched amino acid). As stated earlier, tdvé-butyl group
Recent reports of dramatic improvements in reaction ratesis especially disruptive for the RCM step; indeed, our
and y|e|ds pro\/ided by microwave irradiation prompted us 0ptimized oil-bath conditions provide respectable conversions
to explore this avenugzHere, we report studies aimed at Of all bisolefins except those that feature ttet-butyl
allowing quick, high-yielding, solid-phase syntheses of these protecting group within the putative macrocycle. (Interest-
HBS helices by RCM in a microwave synthesizer. We find ingly, the trityl group on asparagine or glutamine is tolerated;
that microwave irradiation allows facile entry to 13- and 16- We speculate that the labile trityl group may not be surviving
membered macrocycles in high yields independent of the the metathesis conditions and may be cleaved before it can
peptide sequence but that the 10-membered macrocydénterfere with macrocyclization. We presume that the primary

leading to a putative;g-helix remains inaccessible. Studies
presented here were performed on five different bisolefin

amide groups of asparagine or glutamine remain inert toward
the catalyst after the trityl group is removed.) Peptde a

peptides that have proven to be the most difficult substrates!onger peptide and would afford a 3-tuerhelix. Bisolefin

in our hands, utilizing four different metathesis catalysts,
Grubbs | (GI)! Grubbs Il (Gll)& Hoveyda-Grubbs Il (HGIIY,
and Ciba ruthenium (CR) catalystsResin-bound bisolefin
peptides were synthesized as described previdusly.
Table 1 shows bisolefin peptidés-5used in the current

3 is similar to 1 but contains a trityl-protected histidine
residue. This peptide was included because we have found
trityl-histidine-containing peptides to be difficult to meta-
thesize under our conventional heating conditions, presum-
ably because the labile trityl group is removed under the

study to determine the potential advantages of the microwavemetathesis conditions leaving a reactive histidine to interact

irradiation for the synthesis of HBS helices. Bisolefin
peptidesl and 2 are designed to form two-tura-helices,

while differing only in their macrocycle amino acid se-
quences. Peptid& contains atert-butyl-protected aspartic
acid, and2 possesses gert-butyl-protected threonine (a

(4) DiMartino, G.; Wang, D.; Chapman, R. N.; Arora, P.(Gxg. Lett.
2005,7, 2389—2392.

(5) (@) Armen, R.; Alonso, D. O. V.; Daggett, Yrotein Sci.2003,12,
1145-1157. (b) Fodje, M. N.; Al-Karadaghi, ®rotein Eng.2002, 15,
353—358. (c) Bolin, K. A.; Millhauser, G. LAcc. Chem. Red.999, 32,
1027-1033.
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H. E. Tetrahedron2006,62, 4715—4727. (b) Murray, J. K.; Farooqi, B.;
Sadowsky, J. D.; Scalf, M.; Freund, W. A.; Smith, L. M.; Chen, J. D;
Gellman, S. HJ. Am. Chem. So2005,127,13271—-13280. (c) Kappe, C.
O. Angew. Chem., Int. E2004,43, 6250—6284.
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118,100—-110.
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953—-956.
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O.; Garber, S. B.; Kingsbury, J. S.; Harrity, P.®rg. Biomol. Chem2004,
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with the catalyst. Peptided and 5 form different-sized
macrocycles, allowing the possibility of formingrahelix
and a 3q-helix, respectively.

We began our studies by testing several different reaction
conditions including reaction times, temperatures, and sol-
vents in the microwave reactdwith the HGII catalyst?

We had previously reported that only the Hoveyda-Grubbs
catalyst affords respectable yields for the metathesis reaction
under conventional heating conditions; other metathesis
catalysts, including Gll, were ineffective for our sterically
crowded bisolefin peptides.During the course of our
microwave studies, we decided to also determine the efficacy
of GI, GllI, and CR along with HGII. To our surprise, GlI
became catalytically active under appropriate microwave
conditions and activity of HGIl was further enhanced in a
reproducible manner; Gl and CR did not afford the desired

(11) The microwave reactions were performed in the CEM Discover
single-mode reactor with controlled power, temperature, and time settings.
(12) (a) Garbacia, S.; Desai, B.; Lavastre, O.; Kappe, Q. Org. Chem.
2003,68,9136—9139. (b) Mayo, K. G.; Nearhoof, E. H.; Kiddle,Qrg.
Lett. 2002,4, 1567—1570.
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s the peptides from the resin; representative crude HPLC traces

Table 2. Summary of Key Microwave-Assisted Ring-Closing &€ shown in Figure 2 and in the Supporting Information,
Metathesis Reactiofs Figure S5.

time temp conversion

enry pepide sl _soent i O |

1 1 HGII DCE 1 120 trace
2 1 HGII DCE 5 120 18 A
3 1 HGII DCE 10 120 24 180l gl
4 1 HGII bmim 05 200 0 5 P e
5 1 HGII  bmim 0.5 300 0 = 160
6 1 HGIT  toluene 10 160 CM E .0
7 1 GII toluene 10 160 56 2 bis-clefin
8 1 HGII DCB 5 200 81 2 120
9 1 GII DCB 2 120 80 2 o0l J|
E A |
10 2 HGII DCE 5 120 26 W)
11 2 HGII DCE 10 120 26 80111 ST il _
12 2 HGII DCE 30 120 25 T T T T Y T
13 2 HGII DCE 5 60 trace i i i ﬁmf(minz)o il hinan
14 2 HGII DCE 5 120
}g g EIIG = ggg g }gg (152 Figure 2. Representative crude HPLC trace after peptide synthesis,
17 2 CR DCE 9 120 0 RCM in the microwave, and deprotection and cleavage with TFA
18 2 GII DCE 2 60 20 monitored at 216 nm. In this specific example, bisolefinvas
19 2 GII DCE 2 120 71 irradiated with Gll for 2 min at 120C in dichlorobenzene.
20 2 HGII 10% bmim/DCE 5 200 trace
21 2 HGII DCB 5 200 83
22 2 GII DCB 2 120 84
SZ g ggg gg% g lgg g'sace During the course of these studies, we discovered that
925 3 HGII DCB 5 200 69 reaction temperature had a critical effect on the performance
26 3 GII DCB 2 120 76 of HGII and Gll catalysts. Both catalysts showed defined
g; i ﬁgn ng g ;gg ?,2 temperature dependence as illustrated in Figure 3. We find
29 4 GII DCB 2 120 58
30 5 HGII DCB 5 200 trace
31 5 GO  DCB 2 120 0 I

aThe complete list of conditions surveyed is included in the Supporting
Information.? Abbreviations: HGIlI= Hoveyda-Grubbs II; Gli= Grubbs
II; GI = Grubbs I; CR= Ciba-ruthenium; DCE= dichloroethane; DCB=
dichlorobenzene; bmins 1-butyl-3-methylimidazolium tetrafluoroborate,
CM = significant amounts of cross-metathesis observed. All reactions were
performed at 15 mol % of catalystYields are calculated from the HPLC
traces at 216 nm.

products in appreciable yields. A summary of key reactions
is shown in Table 2 , and the complete list of reaction
conditions surveyed is included in the Supporting Informa-
tion, Table S1.

We expected the reaction solvent to play an important role
in these solid-phase metathesis reactions. The optimum
solvent should afford efficient swelling of the resin, be inert Figure 3. Catalytic activities of both Gll and HGII being heavily
toward the catalysts, and efficiently transfer microwave mfluenced by temperature. Studies were carried out on peftide

. . and yields were calculated from HPLC traces at 216 nm.
energy to the substrates. Dichloroethane (DCE) and dichlo-
robenzene (DCB) fit these criteria well, with DCB being
the best nonprotic solvent with microwave-absorbing
properties® After testing several different solvents, including
DCB, DCE, toluene, 1-butyl-3-methylimidazolium tetrafluoro-
borate (bmim)? 10% bmim in DCE, and 10% DMF in DCB,

at various re_actlon temperatures, We_concluded th_at DCB is membered macrocycles from bisolefins3 are similar from
the most suitable solvent for the microwave-assisted me-

. . . ) . both catalysts, even though the HGII catalyst requires higher
fji?;:rse ?(fatr;?tgsp:dett))llsozle;:(js .22;29850|'%r?.zasli'f(;rrz?;etemperatures (Figure 4). No degradation of resin or increased
i Tabl pSl AI ted : ¢ dutphpt Ny side products were detected at these higher temperatures for

lon, 'able ol. AS expected, we foun at MICTOWaVveS 0 short duration of reaction times. Significantly, the high
significantly sped up the reaction rates; all microwave-

diated e leted within 5 mi h trans- to cis-alkene ratio in the products is similar between
medialed reactions were completed within > min, WNereas o hath and the microwave-heating meth&us.
up to 72 h was required for maximum yields with conven-
tional heating. The yield for each reacfuon was calculated (13) Wakamatsu, H.; Blechert, Sngew. Chem., Int. ER002 41,794
from HPLC peak areas after deprotection and cleavage of796.

that the activity of Gll peaks at 12, whereas that of HGII
peaks around 200C. This behavior is consistent with the
reported observations that GlI initiates at lower temperatures
than the HGII catalyst The RCM vyields of the three 13-

Org. Lett, Vol. 8, No. 25, 2006 5827



® Thermal HG I ® Thermal HG I
o Microwave HGII o Microwave HGII
= Microwave GlI @ Microwave GlI
& 1909 m Thermal Gli 1007 m Thermal GlI
g g
S 80 S 801
e o
= a
g 60 4 g 60 -
x x
£ 40 £ 40
g o]
= 204 T 554
[} 2
2 g %
=
0+ ES 0
1 2 3
. 3 4
bis-olefin bis-olefin

Figure 4. Microwave irradiation significantly improving the yield  Figure 5. Microwave irradiation allows synthesis of 13- and 16-
of the metathesis reactions with bisolefihis3 as compared to  mempered peptide macrocycles from bisoleBrend4; however,
conventional heating the 10-membered macrocycle frdBrremains elusivé®

We invented the HBS strategy to prepare well-defined
mimetics of protein secondary structufédn principle, this
strategy should allow access to a range of peptide helices
besides the-helix. For example, deletion or addition of an
amino acid residue between the two olefins3maffords
bisolefins4 or 5, respectively. Metathesis of bisolefidand
5would lead to 16- or 10-membered macrocycles which may
provide artificialzz- or 3;-helices? We had previously found
that the oil-bath RCM conditions did not provide efficient
yields of the 10-membered or 16-membered rings (Figure
5). Microwave irradiation provides a high yield of the 16-
membered macrocycle fros but our attempts to generate
the 10-membered macrocycle fr&dmemained unsuccessful
even with microwave irradiation (Figure 5). The failed
cyclization of peptide5, while disappointing, was not ) )
unexpected, as the synthesis of small peptide macrocycles Acknowledgment. We are grateful for financial support
(12-membered rings or less) has proven difficult in the Hast. from the NIH (GM073943), Research Corporation (Cottrell

We are currently studying the solution conformation of HBS- Scholar Award), and NYU (Whitehead Fellowship). R.N.C.

peptides that contain 16-membered rings; the results of thes¢hanks NYU for a GSAS Dean’s Fellowship. We thank the
studies will be reported in due course. NSF for equipment Grants MRI-0116222 and CHE-0234863

In Conc|usion, we have discovered that performing RCM and the NCRR/NIH for Research Facilities Improvement
on bisolefin peptides in the microwave leads to highly Grant C06 RR-16572.
efficient synthesis of HBS helices on the solid phase as

compared to the conventional method. Importantly, we are
no longer limited in the choice of amino acid residues we

may include in the macrocycles, which significantly enhances
the biological relevance of the HBS helices. The optimized
synthetic method affords reproducibly high yields for the

13- and 16-membered macrocycles. Significantly, the mi-
crowave irradiation has the surprising effect of reenergizing
the GlI catalyst that is catalytically dead when this reaction
is performed on our resin-bound bisolefins in an oil-bath.

Given the importance of the metathesis reaction in contem-
porary organic chemistry, we believe that this is a noteworthy
observation that may be of considerable value to the wider
community.

Supporting Information Available: SynthesisH NMR,
(14) (a) Bock, V. D.; Perciaccante, R.; Jansen, T. P.; Hiemstra, H.; van 13C NMR, and HRMS of modified amino acids; synthesis,

Maarseveen, J. HOrg. Lett.2006,8, 919—9122. (b) Meutermans, W. D. L . .
F.. Bourne, G. T.; Golding, S. W.. Horton, D. A.: Campitelli, M. R.; Craik, RCM, and characterization of peptides; and a complete record
D.; Scanlon, M.; Smythe, M. LOrg. Lett.2003,5, 2711—2714. of all reactions performed in the microwave (Tables S1 and

(15) Optimum microwave conditions: Bisolefins in Figures 4 and 5 were ; ol ; ;
irradiated with microwaves with 15 mol % of GlI for 2 min at 12Q in S2). This material is available free of charge via the Internet

dichlorobenzene or with 15 mol % of HGII for 5 min at 20C in at http://pubs.acs.org.
dichlorobenzene. Optimum oil-bath conditions: 72 h at60with 15 mol
% of GlI or HGII catalysts in dichloroethane. 0L062443Z
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