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S u m m a r y :  Peptidyl vicinal tricarbonyls, prepared from 
N-protected di- and tripeptides by reaction of the car- 
boxylic acid residues with ylides followed by oxidation, 
have been shown to be potent inhibitors of serine proteases. 

There has been considerable recent interest in small 
peptide substrate analogues which incorporate a strongly 
electron-deficient group at  the site of the scissile amide 
unit and thereby act as potent inhibitors of hydrolytic 
enzymes such as a-chymotrypsin, human neutrophil 
elastase (HNE), and porcine pancreatic elastase (PPE).' 
The active carbonyls in groupings such as trifluoromethyl 
ketones (TFMK's),~ a-diketones,S and a-keto esters4 
appear to be excellent acceptors for nucleophilic residues 
such as the serine hydroxyl or the thiol group of a cysteine 
unit in the enzyme molecule. Inhibition has been asso- 
ciated with the formation of a tetrahedral intermediate, 
which, in the case of serine, would be a hemiketa1.l 

Among functional groups in which the electrophilic 
reactivity of the carbonyl group is greatly enhanced, the 
vicinal tricarbonyl unit stands out as one of the most 
powerful acceptors.6 The central $2) carbonyl group in 
this system is destabilized by dipolar effects in the ground 
state and forms a stable monohydrate which, in solution, 
is in equilibrium with the parent tricarbonyl group. The 
C1 carbonyl, adjacent to the strongly electron-attracting 
C2-C3 a-dicarbonyl array, is also highly activated and 
readily forms hemiacetals in suitable environments as in 
FK-5066 and rapamy~in.~ Reactions of these species with 
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Scheme I 

2a; R' = Cbz, R2 = CH2Ph (79%) 

2C; R' = Cbz, R2 =CH3 (77%) 
2b; R' = BOC, R2 =H (6%) 

R2 O * H 2 0  

38; R' = Cbz, R2 = CH2Ph (66%) 
3b; R' = BOC, R2 = H (64%) 
3C; R' = Cbz, R2 = CH3 (70%) 

donor molecules take place rapidly to form tetrahedral 
intermediates. In the setting of a small peptide aggregate, 
which is suitable for binding to the enzyme, one would 
expect such tricarbonyl derivatives to behave as potent 
enzyme inhibitors analogous to the corresponding TF- 
MK's.~ 

In our recent studies on the chemistry of vicinal 
tricarbonyl compounds, we have developed a mild, efficient 
reaction sequence for forming the 1,2,3-tricarbonyl ag- 
gregate from carboxylic acid precursors.8 This method, 
outlined below, has now been applied to the formation of 
tricarbonyl esters containing dipeptide and tripeptide 
residues. 

Scheme I illustrates the general procedure by which the 
carboxylic acid (1 equiv)9 is coupled with an ylide 1 (1 
equiv) in the presence of EDCI (1 equiv)lO and DMAP 
(catalytic) to form the keto phosphorane 211 which can 
then be subsequently oxidized (1.5 equiv of Oxone in THF/ 
H20)12 to the hydrated tricarbonyl derivative 3. Using 
peptidyl carboxylic acids as starting materials in this way, 
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Table I. Formation of Peptidyl Tricarbonyls via Intermediate Peptidyl Keto Ylides 
PPh, 

- peptidyl hicarbonyl 
Oxone" 

I! 
peptidyl catboxylic acid COzBn - peptidyl keto ylide 

EDCl 

entrv DeDtide 
~~ 

keto vlide yield (%I vield (96) tricarbonvl 

0 0  

Cbz-HN- Ala- Ala C b z - H N h ' w O B n  4 
0 PPha 

Cbz-HN-Gly-Phe Cbz-HN>N '#OBn 6 
0 

Ph 

\ o  PPh3 

Cbz-HN-Leu-Ala Cbz-HN OBn 9 
0 

Cbz-HN-lle-Leu C b z - q y  10  

Cbz-HN-ll~Gly-Gly Cbz-HN q : A / & O B n  1 1  

0 0 0  

we have now prepared the tricarbonyl monohydrates 12- 
19 (Table I). 

The tricarbonyl derivatives were generally isolated as 
pale green oils, although several samples have crystallized 
in uucuo. They may be stored at  0 "C for prolonged periods 
(>6 months) without observable decomposition. Spec- 
troscopic studies (NMR, IR) confirmed that they exist in 
the hydrated form. In the IR, peaks at 3600-3300 cm-l 
are consistent with hydroxyl stretching of the hydrates. 
In the case of 14 (entry 3, Table I), l3C NMR shows a 
signal a t  6 93 ppm, in accord with the known 13C resonance 
of related l,l-diols.l3 For each of the products, high- 
resolution mass spectrometry (CI) gave parent molecular 
ions in exact agreement with the tricarbonyl forms.14 

All of the tricarbonyl monohydrates listed in Table I 
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Eu(fod)s. 

0 0  

(62) C b z - H N > ' p  0 0 HzO 

Ph 
0 0  

Cbz-HN hiff%B 0 H20 

C b z - H N ) K ' q O B n  0 HZO 

0 

0 0  Ph Ph 

\ O  

(49) Cbz-HN 
0 

1 2  

1 3  

1 4  

1 5  

1 6  

1 7  

1 8  

Table 11. Peptidyl Tricarbonylr as Inhibitors of HNE, 
PPE. and u-Chumotrvesin 

entry 
1 
2 
3 
4 
5 
6 
7 
8 
9 

peptide tricarbonyla 
12 Z-Ala-Ala-(CO)a-OBn.HzO 

14 Z-Gly-Phe-(CO)a-OBn.H20 
16 ZAla-Phe-(CO)S-OBn.HzO 
16 Z-Phe-Gly- (CO)a-OBn.H20 
17 Z-Leu-Ala-(CO)a-OBn.H20 
18 Z-Ile-Leu-(CO)s-OBn.HzO 
19 ZIle-Gly-Gly-(CO)s-OBn~H20 

13 ZGly-Il+(CO)s-OBP-HzO 

N- (C0)3-CHp-NH-FW.HpO 
22 c 

0.80 
5.1 
1.6 
1.4 
2.95 
400 
959 
0.69 
240 

Ki 
PPE 
OtM) 
NI 
NI 
NI 
30 
47 
110 
NI 
NI 
NI 

- 
210 
1.6 
0.11 
0.3 
4.9 
6.2 

have now been tested for activity as enzyme inhibitors in 
standard assay proceduresIc with the collaboration of 
Zeneca Pharmaceuticals. The results of these studies are 
summarized in Table 11. The compounds were tested 
against two closely related serine proteases, HNE and PPE. 
Moderately high potency was achieved against HNE, and 
some degree of selectivity between the elastases was 
demonstrated. Although the same peptides with other 
electrophilic termini (e.g., TFMKs2, a-diketoness, a-keto 
esters9 were not available for comparison, the overall 
potency of the tricarbonyl compounds appears to be 



Communications J. Org. Chem., Vol. 58, No. 18,1993 4787 

Scheme I1 
0 

Ser-0 OH v 
Peptide- 

0 0  
0 

2 0  2 1  

I Ser-O,,OH 3 
R' 0*H20 R2 

peptide/'+NHR3 
0 0  

0 

Figure 1. Covalent bond-forming reaction between the peptidyl 
tricarbonyl substrate and the hydroxyl group of the active site 
serine leading to formation of the tetrahedral adduct. Scheme I11 

comparable to that observed with these types of inhibi- 
tors.16 It is interesting to note that tricarbonyls 14 and 
15 (Table 11, entries 3 and 4) which possess a phenylalanine 
residue in the P1 position16 adjacent to the tricarbonyl 
array showed potent inhibitory activity toward a-chy- 
motrypsin, an enzyme known to demand a hydrophobic 
aromatic residue on the carbonyl side of the scissile amide 
bond. 

Serine proteases HNE and PPE differ from a-chymo- 
trypsin in that the binding area is far more extended, and 
thus, they are more specific for longer chain peptides.' 
Tripeptidyl tricarbonyl (19) (Table 11, entry 8) was the 
most potent HNE inhibitor of our synthetic peptido 
tricarbonyls, in accord with the expected effect of the 
extended binding site. 

By analogy with peptidyl aldehydes, a-keto esters, and 
TF'MK's, we presume that the mechanism for inhibition 
of serine proteases by the peptidyl tricarbonyls involves 
formation of a stable hemiketd adduct resulting from 
attack by the active site serine, either at  the central (Cz) 
carbonyl or at the C1 carbonyl of the tricarbonyl moiety 
(Figure 1). In the latter circumstance, the reacting 
carbonyl might be more favorably positioned relative to 
the scissile amide bond of the corresponding peptide 
substrate. 

Current work in our laboratories is now directed toward 
the structural modification of the most active dipeptidyl 
tricarbonyls in an attempt to improve upon the inhibitory 
properties. Along the lines of our earlier studies related 
to FK506b and bicycl~mycin,'~ we are also exploring the 

23 2 2  

coupling of amido ylides (20) with activated carboxylates 
(21) as a route to the generation of a tricarbonyl residue 
introduced at  the N-terminus of a peptide chain (Scheme 
11). 

In our preliminary work in this direction, tricarbonyl22 
has been prepared by BSA-mediated couplineJ8of amido 
phosphoranylidene 23% and N-Fmoc-protected glycyl acid 
chloride,'g followed by standard oxidative cleavage (Scheme 
111). Product 22 was assayed against several serine 
proteases and exhibited moderate inhibition of HNE 
(Table 11, entry 9). 

In conclusion, we have shown that peptido carboxylic 
acids are readily converted into peptidyl tricarbonyls in 
two mild steps: (1) EDCI-promoted coupling with ylide 
1 and (2) oxidation.20 Of the tricarbonyl derivatives thus 
formed, several products exhibit potent inhibition of 
hydrolytic enzymes. 
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