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Abstract: A new synthesis of 4,5-methano-L-prolines and the enzymatic activity of the corresponding N-(3-
mercapto-2-R-methyl-propionyl) analogs as inhibitors of angiotensin converting enzyme are described.
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Target and chemistry-driven drug design based on molecular interactions with enzymes has emerged in
recent years as a stimulating area of research endeavor.! Although there are a multitude of small-molecule
enzyme inhibitors, even at nM concentrations in vitro, the process of their development into a marketable drug
is arduous to say the least. One of the remarkably successful attempts at drug design based on molecular

interactions with an enzyme is exemplified in captopril,? an inhibitor of angiotensin converting enzyme, and
used for the treatment of hypertension (Figure 1).

Figure 1. Captopril, Ramiprilat and new constrained analogs
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The discovery of captopril, an exquisitely simple molecule by today’s standards of increasing molecular
complexity, is a classic example of design based on a knowledge of possible interactions between the drug and
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the active site of the enzyme. This was also aided by extensive analog synthesis of proline peptides, which led
to the conclusion that captopril appears to offer effective interactions with the functional groups on the surface
of the enzyme that involve charge, H-bonding and hydrophobic contact.?

The importance of such multiple interactions has been discussed in detail,® and was the basis of an
intense effort directed at the discovery of analogs of captopril,®® such as enalapril, and of 2. Since the cis-
orientation of the cyclopentane ring in ramiprilat is important for biological activity,* the relevance of the
hydrophobic interaction of that region of the proline moiety with the enzyme can be appreciated.

Our interest in the synthesis of conformationally constrained heterocycles, coupled with the desire to
further probe the role of substituents on the enzymatic activity of captopril, instigated the research work
reported in this paper.

Previous work in our laboratory™® (Scheme 1) has described methods for the synthesis of Boc derivatives
of trans-4,5-methano-L-proline 3, cis-4,5-methano-L-proline 5, trans-5,6-methano-L-pipecolic acid, 7, and cis-
5,6-methano-L-pipecolic acid, 9. It was further observed that the proline ring in the N-Boc derivative 3 was
virtually flattened (rms, 0.003 A) compared to 5 (rms, 0.013 A) and Boc-L-proline (rms, 0.018 A).* While the
reasons for this structural effect were not evident, we anticipated that such constrained proline derivatives
should be explored further as surrogates for L-proline in a selected group of medicinally relevant compounds.
We thus set out to prepare the (2R)-methyl-3-mercapto N-propionyl amides of the above mentioned -
methano-L-prolines and L-pipecolic acids as constrained analogs of captopril, and to study their inhibitory
activity on ACE (angiotensin converting enzyme).
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2,3-Methano-prolines have been prev1ously reported by a number of groups.” cis- and trans-3,4-
Methano-prolines were described by Witkop and coworkers® in 1971. We were aware of one synthesis of
racemic 4,5-methano-proline amides® which was based on a Beckmann rearrangement of cis-
bicyclo[3.1.0]hexan-2-one to a 3-lactam followed by chlorination and ring contraction.
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Our synthesis of the analogs 3, 5, 7, and 9, relied on the intramolecular cyclopropanation of o-
trimethylstannylmethy] lactams, via the corresponding iminium salts.>® The cis- or trans-orientation of the
cyclopropane ring could be controlled by the B- or a-disposition of the trimethylstannylmethyl group
respectively vis-d-vis the stereocontrolling substituent in the corresponding derivatives (Scheme 1).
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We have now devised an expedient route to 4,5-methano-prolines that affords the enantiopure
derivatives 3 and 5 in essentially eight steps from commercially available L-pyroglutamic acid (Scheme 2).
Thus reduction of the lactam carbonyl! in 11 with lithium triethylborohydride followed by transformation to
the methoxy hemiaminal carbamate and elimination of methanol in the presence of ammonium chloride'® led to
the enecarbamate analog 12 in good yield."" Originally, we had used other published methods'? to effect the
dehydration, but in our hands, yields were modest and reproducibility depended on the scale of the reaction.
Application of the modified Simmons—Smith cyclopropanation'? reaction to the enecarbamate 12 followed by
protection of the amine with Boc anhydride, led to a mixture of the trans-4,5-methano-L-proline analog 13 and
the corresponding cis-4,5-isomer 14.in a ratio of 1:4 in a combined yield of 75%.'"* This expedient method
based on a well-known reaction,"® proceeds in good overall yield and it is 3 steps shorter than our previous
synthesis® which utilized an organotin reagent. It has allowed us to prepare gram quantities of both 4,5-
methano-L-prolines which were easily separable by column chromatography as their N-Boc derivatives 13 and
14. Hydrolysis with LiOH in aq. methanol gave the known respective 4,5-methano-N-Boc-L-prolines® as
crystalline solids. Treatment of 13 with aq. base followed by formic acid gave the free acid 15 as a white solid
in quantitative yield. Analogous hydrolysis of 14 gave the isomeric free acid 16 as a crystalline solid. The
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X-ray structure and solid state conformational characteristics of 16 revealed considerable flattening of the
pyrrolidine ring (rms 0.09 A) compared to L-proline (rms 0.181 A). A H-bond was evident between the
protonated amine and the carboxylate group. (Figure 2).
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The predominance of the cis-4,5-methano isomer 14 in the cyclopropanation reaction is of interest, since
the tin-mediated iminium ion cyclization protocol® (Scheme 1) favored the formation of the frans-isomer due to
steric factors imposed by a bulky resident group. Most probably, the cis-cyclopropanation is the result of an
anchoring effect of the zinc species with the ester group in 12, thus delivering the nucleophile from the same
side to give 14."

Acylation of the free amino acids with the readily available S-acetyl-2-(R)-methyl propionyl chioride and
saponification afforded the captopril analogs 4 and 6. The L-pipecolic acid analog 8 was similarly prepared
from the precursor amino acid.®

Inhibition of ACE obtained from rabbit lung and partially purified, was studied using hippuryl-His-Leu
as a substrate following the procedure of Cushman and Cheung.'® The results shown in Table 1 indicate that
the cis- and #rans-5-methano analogs of L-proline 4,6, and the frans-L-pipecolic acid analog 8 are highly potent
inhibitors, even surpassing captopril. The cis-4,5-carbocyclic analog of captopril, ramiprilat 2, is much more
active than the corresponding frans-isomer. In this respect it is of interest that the cis-analog 6 is equally as
active as the trans-analog 4. Clearly, this study has shown that small rings can be tolerated at the 4,5-position
of captopril with cis- or trans-orientations. It also appears that the degree of ring flattening in these derivatives
relative to captopril is not having an adverse effect on enzyme inhibitory activity, and it could even be an
advantage.

Analogs 4, 6, and 8, were inactive against neutral endopeptidase 24.11 enzyme at 10 UM as well as
against endothelin converting enzyme at 1 pM. The selectivity described herein exhibited by captopril and the
methano analogs 4, 6, and 8 towards ACE is obviously of interest. Future work will focus on the
incorporation of 4,5-methano prolines and 5,6-methano pipecolic acids into strategic positions as replacements
of the corresponding natural amino acids in pharmacologically relevant molecules.
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Table 1 Inhibition Tests on Angiotensin Converting Enzyme (ACE)*
Compound ICs

7.6 (£ 0.7 nM)

6.6 (£ 0.3 nM)

5.3(x0.2nM)

13.0 (£ 1.0 nM)

O CoH
1, Captopril

a. For assay method, see ref 16
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