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This communication reports two highly unusual and
significant 5,5-trans-fused ring systems: namely, trans-
oxo-hexahydro-pyrrolo[3,2-b]pyrroles and trans-oxo-
hexahydro-furo[3,2-b]pyrroles (pyrrolidine trans-lactams
and trans-lactones 1 and 2). These structures were
designed as low molecular weight non-peptidic inhibi-
tors of human neutrophil elastase1 (HNE). Inhibition
of HNE, a serine protease, is being investigated2 as
potential therapy for respiratory diseases such as acute
respiratory distress syndrome, cystic fibrosis, emphy-
sema, and chronic bronchitis.2,3 These 5,5-trans-fused
ring systems, derived from a natural triterpene,4 are
without precedent.5 First, they are highly strained
structures. Second, as a class, they prove of general
utility as inhibitors of serine proteases (e.g., elastase
and thrombin). We have identified candidates from
these series for development as elastase inhibitors.6

Chemistry to Lactams. A route to lactams and
lactones was developed from a common intermediate for

efficiency. The first route started from commercially
available 3-aminopropanal diethyl acetal (3) (Scheme
1). This was protected as its benzyl carbamate and the
aldehyde 4 unmasked. Coupling with trans-iodoethyl
acrylate (5)7 using chromium(II)/nickel(II) chlorides8

gave the crude product 6 in high purity (57-70%). This
was then treated with phthalimide under Mitsunobu
conditions to give the acrylate 7.

Due to difficulties with this chemistry,9 the preferred
route to the methyl analogue of 7, commenced from
commercially available 4-aminobutanal diethyl acetal
(8). In a three-step process 8 was doubly N-protected
as its benzyl and tert-butyl carbamates,10 and the
aldehyde 9 was revealed (80% for three steps crude).
Treatment of 9 with methylphenylsulfinyl acetate and
piperidine in acetonitrile11 gave, after chromatography,
the methyl acrylate 10 (60-70%). Exposure of 10 to
phthalimide under Mitsunobu conditions, followed by
removal of the tert-butyl carbamate with trifluoroacetic
acid, gave the Michael reaction precursor 11 in 71-83%
yield. An intramolecular Michael reaction was then
effected with 25 mol % sodium hydride in THF, to give
the 2,3-trans-disubstituted pyrrolidine 12 (69-87%). No
cis-related products were detected.12 Introduction of the
allyl side chain required swapping the phthaloyl N-
protecting group for the tert-butoxycarbonyl protecting
group (47-67%).13 While this introduced two extra
steps, we found that deprotonation of 13 with lithium
hexamethyldisilazide (LHMDS) in 1:1 THF/DMPU,
followed by addition of allyl iodide, gave the desired allyl
product (64-87%) with exceptional stereoselectivity
(isomer ratio > 10:1). We consider the major product
is the â-isomer 14 (as drawn).14 Saponification of 14
with potassium hydroxide in aqueous ethanol followed
by treatment with 4 M hydrogen chloride in 1,4-dioxane
gave the hydrochloride 15 as a non-hygroscopic solid.15

The lactamization of 15 was best achieved with 2-chloro-
1-methylpyridinium iodide16 and Hunig’s base. These
conditions gave, after chromatography, the lactam 1
(64-74%).17

Chemistry to Lactones. In contrast to lactams,
conversion of 10 to trans-lactones, while highly efficient,

† Development Chemistry 3.
‡ Physical Sciences.
§ Enzyme Pharmacology.

© Copyright 1998 by the American Chemical Society

Volume 41, Number 21 October 8, 1998

S0022-2623(98)01026-7 CCC: $15.00 © 1998 American Chemical Society
Published on Web 09/12/1998



showed little stereoselectivity (Scheme 2). Removal of
the tert-butyl carbamate from the acrylate 10 gave the
alcohol 16 which was protected as its TBDMS ether 17.
Intramolecular cyclization with 10 mol % sodium hy-
dride gave 3:2 trans:cis-pyrrolidines 18.18 The crude
material was allylated with LHMDS and allyl bromide
to give the allyl esters 19 (â:R 1:1). The TBDMS ethers
19 were converted into the alcohol esters 20 with
tetrabutylammonium fluoride, and the esters 20 saponi-
fied to the acid 21 (54% crude yield from 17).19 Lac-
tonization under Yamaguchi conditions20 followed by
chromatography gave the â-allyl trans-lactone 2 and the
R-allyl analogue 22 in 62% yield (â:R 3:2).17 All crude
products from 17 to 2 (and 22) were of sufficient purity
for the subsequent stage.

Medicinal Chemistry of Lactams and Lactones.
trans-Lactones 2, 22, and 23 and trans-lactams 24 and
25 (Table 1) are potent serine protease inhibitors.21 We
attribute this property to a combination of molecular
fit with the enzyme and their intrinsic ring strain.22 In
particular they are highly potent inhibitors of HNE in
vitro with the â-allyl lactone more active than R-allyl
lactone. The enantiomers of the trans-lactones 2 and
22 were separated by preparative chiral HPLC.23 The

activities against HNE for the enantiomers of 2 are
0.024 and 0.215 µM, and for the enantiomers of 22 they
are 0.676 and 1.603 µM.24 While the activity of the

Scheme 1a

a (all compounds racemic) (a) CBZCl, 1 M Na2CO3, CH2Cl2, rt; (b) TsOH‚py, H2O, Me2CO, 45 °C; (c) CrCl2, NiCl2 (catalytic), trans-
ICHCHCO2Et 5, DMF, rt; (d) phthalimide, PPh3, EtO2CNNCO2Et, THF, rt; (e) Boc2O, Et3N, DMAP, MeCN, rt; (f) PhS(O)CH2CO2Me,
piperidine, MeCN, rt; (g) CF3CO2H, CH2Cl2, rt; (h) NaH (catalytic), THF, rt; (i) NH2NH2, EtOH, reflux; (j) LiN(SiMe3)2, CH2CHCH2I,
DMPU, THF, -78 °C; (k) KOH, H2O, EtOH, reflux; (l) 4 M HCl in dioxane, rt; (m) 2-chloro-1-methylpyridinium iodide, iPr2NEt, CH2Cl2,
rt.

Table 1. Enzyme IC50 Values of 1, 2, 22-25, and L-694,458 at Varying Preincubation Times Against HNE, Thrombin,
Chymotrypsin, and Cathepsin Ga

HNE (µM)

compd
0 min

(error)b
40 min
(error)

thrombin (µM)
15 min (error)

chymotrypsin (µM)
15 min (error)

cathepsin G
(µM) 15 minc

1 >500 >500 >100 >100
2 0.336 (8%) 0.047 (13%) 48.99 (8%) 15.9 (5.6%) >100
22 12.8 (18%) 0.074 (15%) 44.58 (5.5%) 4.86 (8.5%) 67
23 0.069c,d >200 4.0c 3.6
24 0.370 (43%) 0.056 (10%) 53.17 (8%) 40.6 (15%) 53
25 >100 0.088 (13%) >100 11.5 (14%)
L-694,458e 0.023 (15%) 0.036 (10%) 78.76 (11.6%) 0.98 (4.6%)

a Full experimental details for inhibition of these enzymes are included in the Supporting Information. For HNE t ) 0 min, the compound
was preincubated at 30 °C with the substrate MeO-Succ-Ala-Ala-Pro-Val-p-nitroanilide and the reaction started with HNE. For t ) 40
min, the compound was preincubated with elastase for 40 min and the reaction started with the substrate above. The progress of the
reactions was followed by monitoring spectrophotometrically evolution of p-nitroanilide. b Unless otherwise stated, errors are quoted as
standard deviations. c These values are a mean of three experiments. All values are within 30% of the mean. d This IC50 was obtained
after a 15-min preincubation time with HNE. e See ref 26.

Scheme 2a

a (all compounds racemic) (a) CF3CO2H, CH2Cl2, 4 °C; (b)
tBuMe2SiCl, imidazole, DMF, rt; (c) NaH (catalytic), THF, 4 °C;
(d) LiN(SiMe3)2, CH2CHCH2Br, THF, -78 °C; (e) Bu4NF, THF,
rt; (f) LiOH, H2O, THF, 60 °C; (g) 2,4,6-trichlorobenzoyl chloride,
Et3N, DMAP, PhMe, reflux.
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lactones 2, 22, and 23 is ascribed in part to their
intrinsic ring strain (see later), the lactams require
additional activation. Thus the sulfonamide analogues
24 and 25 show at least a 1000-fold increase in activity
over the unsubstituted lactam 1. All these compounds
show at least a 10-fold selectivity over other serine
proteases, presumably reflective of the diversity of the
S-1 binding sites in these enzymes.25 However, the
intrinsic activities of these analogues against thrombin,
chymotrypsin and cathepsin G are significant and
enticing. Replacement of the allyl group with substit-
uents derived from the P-1 residues of substrates
normally cleaved by these enzymes may lead to in-
creased potency against those enzymes.

For comparison purposes these compounds were
tested alongside a potent elastase inhibitor from Merck,
L-694,458.26 At the 40-min time point against HNE,
these compounds (except 1) were of similar inhibitory
activity. At the 0-min time point, they are less active
suggestive of slower binding in comparison to
L-694,458. Further kinetics have not been explored as
the IC50 values have only been used for the purpose of
ranking compounds for further biological testing.

On the basis of modeling studies of 2 and 25 in the
active site of porcine pancreatic elastase (derived from
known X-ray structures), we propose that the allyl group
docks into the S-1 specificity pocket and the carbonyl
group of the benzyl carbamate hydrogen bonds to the
NH of valine-216 (chymotrypsin numbering).

As already mentioned, a feature of the trans-lactones
and trans-lactams described here is their ring strain.
Thus the infrared lactam and lactone carbonyl stretch-
ing frequencies of 1, 24, 25, 2, and 23 are ν 1713, 1768,
1759, 1791, and 1785 cm-1 respectively, and show a 10-
20-cm-1 shift to higher frequency in comparison to
similar cis-fused systems.17

Empirical observation from aqueous basic and acidic
workups of trans-lactones and trans-lactams suggested
that lactones, in contrast to lactams, were unstable at
basic pH. We therefore examined the stability of the
ethyl carbamate 23 in deuterated water at various pD’s.
Solutions of 23 in 1:1 buffer:acetonitrile at pD 0.8 at 20
or 39 °C showed no decomposition up to 24 h as
monitored by infrared spectroscopy. However at pD 9.3,
23 showed 10% decomposition at 1 h and 60% at 24 h.
By infrared analysis, the decomposition product is the
corresponding hydroxy acid.27

The human plasma and whole blood stabilities of
representative trans-lactones and trans-lactams were
also examined. Thus, the half-lives of 2 and 25 in
human plasma are 6 min and 2 h and in human whole
blood 2 min and 4.5 h, respectively, suggesting that the
lactams are metabolically more robust than the lactones.

In summary, we have described syntheses and activi-
ties of new pharmacophores for HNE inhibition. The

stability of the lactams in blood gives confidence that
acceptable concentrations of inhibitor may be possible
after oral administration. We will report further details
of this work shortly.
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