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Introduction

The formation of carbon-carbon bonds by olefin metathesis has become one of the most powerful and broadly applicable
synthetic tools of modern chemistry. In particular, ring-closing metathesis (RCM) reactions promoted by ruthenium-
based pre-catalysts have been widely utilized by synthetic organic chemists in the construction of small, medium and
large ring systems from acyclic precursors. As part of our efforts towards the development of methodologies for the
parallel synthesis of macrocyclic peptidomimetics, we report a new application of Ru-catalyzed RCM cyclative-release
for the solid phase synthesis of this class of molecules.”” The RCM methodology afforded access to a broad range of
products as will be highlighted below. The influence of experimental parameters such as the catalyst, stereochemistry
and ring size on the yield of the RCM reaction will be discussed. In addition, we achieved the synthesis of linker C4a,
during the course of these studies, through the use of unusually selective cross-metathesis reaction involving two type |
olefin partners (but-4-en-1-ol and allyl cyanide).’

Chemistry

The synthesis of linker C4a began with the CM reaction between but-4-en-1-ol and allyl cyanide, two Type | olefins.* The
success of this reaction depends of the Ru-complex and concentration of the reaction® and the optimal conditions make
use of Grubbs catalyst Ru-2 (5 mol%) in DCM (0.5M) at reflux. Changing the Ru pre-catalyst and lowering the
concentration led to lower yields in this particular reaction. To minimize secondary metathesis processes that can
adversely affect the yield and purity during subsequent workup, the catalyst was quenched with 50 equiv. of ethyl vinyl
ether (EVE)®, added together with 50 equiv. of DMSO upon completion of the reaction. Addition of DMSO facilitated
removal of colored Ru impurities in the subsequent purification step.® Purification by silica-gel flash chromatography
afforded product samples with trace Ru levels (<0.1%, ICP-MS). The nitrile intermediate 1 thus obtained by CM was then
subjected to the synthesis route shown in Scheme 1 to carry out both the chemoselective reduction of the nitrile moiety
and the protection of the resultant amine was conveniently effected in a one-pot procedure.’

Scheme 1: Synthesis of linker C4b by CM reaction
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The general synthesis of macrocycles by RCM is represented in Scheme 2. Macrocycles were prepared by parallel
synthesis on solid phase. A total of 25 macrocycles with varying ring sizes (12- to 18-ring), varying amino acids and
various combinations of stereochemistries in the tripeptide unit were synthesized to determine the scope and limitations
of this RCM methodology as detailed below. First, different linkers were attached to (PS-(2Cl)Trt) resin and Fmoc
deprotection of the linker was performed. Coupling of the first amino acid (AA3 position) was made and an exact amount
of resin was cleaved to determine the new loading (38% to 65%, depending on the nature of amino acid). Then, Fmoc-
AA2 was coupled and followed by the Bts-AA1" to complete the tripeptide-linker synthesis on the resin (see Scheme 2 for
the reaction conditions details). On these Bts-capped tripeptides 3, a Fukuyama-Mitsunobu reaction’ was that performed
with a variety of tethers to obtain different precursors for the RCM reaction (compounds 4). This methodology allowed the
introduction of aliphatic, aromatic and sugar tethers (see Figure 1).

Four sequences were chosen to explore optimization of the RCM cyclative-release with four Ru catalysts (see Figure 2)
using solvents such as DCM, 1,2-DCE and toluene. All of the RCM reactions were conducted on the same quantity of
resin at 40°C during 24h with 10 mol% of Ru-catalyst at 0.01M. Results are summarized in Table 1. The two best RCM
conditions are : Ru-2 in 1,2-DCE and Ru-4 in DCM and were applied to 25 sequences. Prior to carrying out the RCM
reaction, the 25 selected precursors were quantified by LC/MS CLND to determine the yield of macrocyclization. In each
case, the resin-supported RCM precursors were divided into two equal portions and both RCM conditions
aforementioned were performed to give macrocycles in solution (as a mixture of Z and E isomers). These results are
presented in Table 2. The Bts group was subsequently cleaved’ and a final deprotection performed to obtain the final
deprotected macrocycles 5. All of the final products were purified by FractionLynx™ MS-triggered RP-HPLC. The
chemical purity and isomeric (Z- &/or E-) ratios were ascertained by LC/MS using UV, ELSD and CLND detectors.

Scheme 2 : General approach for RCM
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Conclusions (see table 2)

e Generally, for the 25 sequences tested, the Zannan catalyst (Ru-4) proved to be as good or better than the Hoveyda-
Grubbs catalyst (Ru-2).

® This RCM approach can be used for the synthesis of cyclic peptides with different types of tethers (aliphatic, aromatic
and sugar). Only tether 13 (see Figure 1, entry 7) failed to yield the desired product. The latter result may perhaps be due
to a stable 5-membered chelate ring formation, through the phenoxy ether and the terminal olefin, that results in Ru
deactivation.

® 12-,14-,15-,16-, 17-and 18-membered rings can be obtained.

® The ease of ring formation follows the order: 16 > 18 > 15 =17 > 14-membered ring (entries 1 to 6) when comparable
tripeptide backbones are used.

® \Vith preorganizated substrates : LDL (entry 1), NMeAla at AA2 (entry 20) and Aib at AA2 (entry 21), improved yields are
obtained compared as to non-preorganized congeners (LLL, entry 11).

® Seven different possibilities of stereochemistry of the amino acids were tested. The macrocycles can be sorted into three
classes : high yields (98% to 50%) : LDL , moderate yields (50% to 20%) : DLL, LDD, some LLL and low yields (20% to
1%):LLL, DDD, DDL, DLD.

® The length of the arm for the linker can influence the yield of the RCM reaction (entries 5-6 and 13-14). With the linker
C4a (athree-carbon spacer) the yield is better or equal to that of the linker C4b (a one-carbon spacer). This is areflection
of the sensitivity of the Ru-catalyzed metathesis to steric encumbrance at the reactive site.

® \Vide variety of macrocycles comprised of amino acids with diverse stereochemistry linked by different tethers may be
obtained using this RCM approach.

® RCM cyclative-release is an efficient and robust solid-phase synthetic stratagy enabling rapid, parallel synthesis of this
new class of macrocyclic peptidomimetics. "
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Table 1 : RCM Reaction Optimization on Four Sequences

Sequences (Img)

Conditions C3-Phe-(D)Pro-Leu-8 C4b-Phe-(D)Pro-Leu-9 C3-Phe-Pro-Leu-8 C4b-Phe-Tyr-Leu-9
Ru-1, DCM 14.1 13.8 9.2 3.1
Ru-1, 1,2-DCE 9.8 3.5 3.1 1.0
Ru-1, toluene 5.8 2.3 1.4 0.6
Ru-2, DCM 24.5 13.4 13.6 2.2
Ru-2, 1,2-DCE 27.9 12.4 12.9 2.3
Ru-2, toluene 21.8 13.0 5.1 1.3
Ru-3, DCM 9.5 3.8 4.9 1.4
Ru-3, 1,2-DCE 9.0 2.5 3.3 1.1
Ru-3, toluene 9.0 4.4 2.9 0.7
Ru-4, DCM 20.0 14.6 13.2 2.6
Ru-4, 1,2-DCE 17.2 16.6 12.8 2.2
Ru-4, toluene 22.7 13.1 6.5 1.3

Table 2 : RCM Reactions on 25 Sequences with Ru Pre-Catalysts 2 and 4

Entry | AA1 [ AA2 | AA3 | tether ([linker|ring size| stereo |E:Z or Z:E| Ru-2 (%) | Ru-4 (%)

1 Leu (D)Pro Phe 14 C3 17 LDL 1:1 16.1 30.6
2 Leu (D)Pro Phe 8 C3 16 LDL no resolution 98.9 /2
3 Leu (D)Leu Phe 7 C3 15 LDL 21 14.6 14.2
4 Leu (D)Pro Phe 6 C3 14 LDL no resolution 2.9 14.2
3 Leu (D)Pro Phe 9 C4a 18 LDL 6; 1 38.0 -

6 Leu (D)Pro Phe 9 C4b 18 LDL 6:1 44.6 52.5
4 Leu (D)Leu Phe 13 C3 18 LDL 1:1 0.1 0.5
8 Leu (D)Leu Phe 11 C3 18 LDL 41 45.3 58.2
9 Leu (D)Leu Phe 10 C3 17 LDL no resolution 21.8 27.9
10 lle Lys Phe 15 C3 18 LLL 5:1 4.1 10.0
11 Leu Pro Phe 14 C3 17 LLL 1:1 7.7 16.2
12 Leu Pro Phe 8 C3 16 LLL 30 : 1 50.0 51.2
13 Leu Tyr Phe 9 C4a 18 LLL no resolution 38.0 -

14 Leu Tyr Phe 9 C4b 18 LLL no resolution 11.0 12.3
15 (D)Tyr Leu Glu 15 C3 18 DLL no resolution 20.0 41.2
16 (D)Tyr | (D)Val Nva 14 C3 17 DDL 3:1 6.0 14.4
17 (D)Tyr | (D)Leu | (D)Phe 8 C3 16 DDD 41 10.7 12.0
18 Tyr (D)Val | (D)Leu 9 C4b 18 LDD no resolution 27.9 37.8
19 (D)Leu Tyr (D)Phe 12 C4b 18 DLD 1:1 2.6 1.3
20 Leu | NMeAla| Phe 9 C3 17 LLL 3:1 28.2 37.6
21 Leu Aib Phe 9 C3 17 LLL no resolution 30.3 30.7
22 Leu Val Phe 9 C4b 18 LLL no resolution 2.9 5.1
23 Leu (D)Val Phe 9 C4b 18 LDL 1:1 50.8 71.9
24 Leu (D)Pro 7 C3 12 LD 99 : 1 100 100
25 Leu Pro 8 C3 13 LL 41 0.2 0.3
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