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Table I. Geometric Parameters for X3MCH3 in A and deg 

M X 

T 
T 
T 
T 
T 
T 
T 
T 
G 

Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
H 

e H 

basis 

I 
II 
III 
IV 
III 
III 
exp. 
I 
I 

method 

SCF 
SCF 
SCF 
SCF 
GVB 
GVB" 
ED* 
SCF 
SCF 

M-C 

2.009 
2.013 
2.012 
2.016 
2.180 
2.042 
2.042 
2.035 
1.959 

"The Ti-Cl, Ti-C, andd C-Ti-Cl distances are fixed at the electron 

Table II. Vibrational Frequencies for X3MCH3 in cm ' 

mode 

e CH3 rock 
a, CH3 def 
e CH3 def 
a CH3 stretch 
e CH3 stretch 

Ge 

978 
1468 
1611 
3190 
3270 

calcula 
(X = 

Ti 

577 
1360 
1564 
3122 
3208 

ted 
H) 

diffrnce 

401 
108 
47 
68 
62 

experimental" 

Ge 

825 
1246 
1403 
2940 
3019 

(X = Cl) 

Ti 

580 
1052 
1375 
2894 
2980 

diffrnce 

245 
194 
28 
46 
39 

"Reference 1. 

titanium chloride complexes. Thus, the large differences in rocking 
frequency is not a result of the flattening since the calculations, 
which predict this difference, predict no flattening of the hy
drogens. Why then is there this large difference in the germanium 
and titanium complexes methyl rocking mode frequency? 

Point-by-point calculations of the methyl rocking motion for 
the germanium and titanium hydride complexes show, as expected, 
the energy surface for the titanium complex to be flatter than the 
energy surface of the germanium complex (see Figure 1). As 
the methyl ligand rocks 45° to one side, the titanium complex is 
destabilized by 12.9 kcal mol-1, whereas the germanium complex 
is destabilized by 34.9 kcal mol"1. Deformation density plots of 
the titanium complex show rehybridization of the titanium-carbon 
bond as the methyl rocks. Analogous plots of the germanium 
complex show no rehybridization because germanium has used 
its s and p orbitals and the empty d orbitals are at very high energy; 
therefore, no empty orbitals are available for rehybridization. 
However, titanium has low-lying empty d orbitals that allow facile 
rehybridization of the metal-carbon bond. Thus, we observed a 
much lower methyl rocking frequency for the titanium complex 
than for the germanium complex. 

A possible cause of the differences between the ED and theo
retical results can be found by comparing interatomic distances. 
The interatomic distances involving atoms other than hydrogen 
show small differences; however, those distances with H atoms 
show large discrepancies of up to 0.282 A for the H-Cl distance. 
As noted by Berry et al.1, the ED radial distribution curve shows 
that the "Ti-H peak at 253 pm is partially obscured by the major 
Ti-Cl and Ti-C peaks". Because the H atoms scatter electrons 
weakly, the location of H-X peaks can be difficult to determine 
to high accuracy. This uncertainty could account for the dis
crepancies in the Ti-H, C-H, Cl-H, and H-H distances, which 
would then convert to an error in the Ti-C-H bond angle and 
C-H bond length.10 

(7) Brookhart, M.; Green, M. L. H. J. Organomet. Chem. 1983, 250, 395. 
(8) Dawoodi, Z.; Green, M. L. H.; Mtetwa, V. S. B.; Prout, K. J. Chem. 

Soc, Chem. Commun. 1982, 802. 
(9) Dawoodi, Z.; Green, M. L. H.; Mtetwa, V. S. B.; Prout, K.; Schultz, 

A. J.; Williams, J. M.; Koetzle, T. F. J. Chem. Soc., Dalton Trans. 1986, 1629. 
(10) We thank the National Science Foundation (Grant no. CHE 83-

09936 and CHE 86-19420) for support of the work. This research was 
conducted with use of the Cornell National Supercomputer Facility, a resource 
for the Center for Theory and Simulation in Science and Engineering at 
Cornell University, which is funded in part by the National Science Foun
dation, New York State, and the IBM Corporation, and of a CRAY X-MP 
at Cray Research in Mendota Heights, MN. We also thank Cray Research 
for a grant of computer time and Dr. Martyn Guest for making his version 
of GAMESs available. 
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M-X 

2.213 
2.251 
2.258 
2.219 
2.296 
2.185 
2.185 
1.710 
1.533 

C-H 

1.087 
1.092 
1.095 
1.091 
1.108 
1.111 
1.158 
1.092 
1.086 

M-C-H 

108.0 
108.3 
108.2 
108.3 
103.8 
106.5 
101.0 
109.9 
110.7 

C-M-X 

101.3 
103.4 
103.2 
103.7 
99.3 

105.2 
105.2 
108.3 
110.3 

;ion distances. b Reference 1. 

Note Added in Proof: Geometry optimizations at the CASSCF 
level with an active space containing orbitals involving C-H and 
C-Ti bonds (eight electrons, 11 orbitals) gave a Ti-C bond length 
of 2.106 A and a Ti-C-H bond angle of 106.2°." 

(11) Williamson, R. L.; Hall, M. B. ACS Symp. Ser., to be submitted for 
publication. 
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Cathepsin B (EC 3.4.22.1)3 is a clinically relevant cysteine 
proteinase that has been implicated in the pathogenesis of a 
number of diseases.4 The most potent small molecule inhibitors 
of cysteine proteinases are the affinity labels with reactive leaving 
groups (Y),45 many of which (i.e., Z-PheNHCHR(C=0)CH2Y) 
have been developed by Shaw.6 Recently, peptidyl fluoromethyl 
ketones have been introduced as inhibitors of cathepsin B and have 
proven to be affinity labels with low chemical reactivity.7 

Conceptually, an ideal affinity label would be one in which the 
peptide moiety serves to transport a nucleofuge8 on a carbon center 
that is uniquely reactive toward an active-site nucleophile of the 
target enzyme and quiescent in the presence of other bionucleo-
philes under physiological conditions. Hence, we sought to develop 
new inhibitors with difficultly displaceable leaving groups whose 
reactivity could be controlled by substituent effects and which 
might undergo rapid displacement in the enzyme inhibitor com
plex, by virtue of their proximity to a powerfully nucleophilic active 
site residue. 

(1) Contribution No. 283 from the Institute of Bioorganic Chemistry, 
Syntex Research. 

(2) (a) Present address: Allelix Inc., 6850 Goreway Drive, Mississauga, 
Ontario, Canada L4V IPl. (b) Present address: Pfizer Central Research, 
Eastern Point Road, Groton, CT 06340. 
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(4) Rich, D. H. In Proteinase Inhibitors; Barrett, A. J., Salvesen, G., Eds.; 

Elsevier: New York, 1986; pp 153-178. 
(5) Shaw, E. In Enzyme Inhibitors as Drugs; Sandler, M., Ed.; University 

Park Press: Baltimore, MD, 1980; pp 25-42. 
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(8) Mathieu, J.; Allais, A.; Vails, J. Angew. Chem. 1960, 72, 11-14. 

0002-7863/88/1510-4429S01.50/0 © 1988 American Chemical Society 



4430 J. Am. Chem. Soc, Vol. 110, No. IS, 1988 Communications to the Editor 

Table I. Rates of Cathepsin B Inactivation by Peptidyl Acyloxymethyl Ketones (1) and Related Compounds 

no. 

4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

compound 

Z-Phe-Ser(OBn)-CH2OCO-(2,6-(CF3)2)Ph 
Z-Phe-Ala-CH2OCO-(2,6-(CF3)2)Ph 
Z-Phe-Ala-CH2OCO-(2,6-Cl2)Ph 
Z-Phe-Ala-CH2OCO-(2,6-F2)Ph 
Z-Phe-Ala-CH2OCO-(3,5-(CF3)2)Ph 
Z-Phe-Ala-CH2OCO-(2,6-(CH3)2)Ph 
Z-Phe-Ala-CH2OCO-(2,4,6-(CH3)3)Ph 
Z-Phe-Gly-CH2OCO-(2,4,6-(CH3)3)Ph 
H-Phe-Ala-CH2OCO-(2,4,6-(CH3)3)Ph-HCl 
Z-Phe-Ala-CH2OCO-(4-N02)Ph 
Z-Phe-Ala-CH2OCO-(2,6-(CH30)2)Ph 
Z-Phe-Ala-CH2OCO-Ph 
Z-Phe-Ala-CH2OCO-(3,5-(CH3)2)Ph 
Z-Phe-Ala-CH2OCO-(4-CH30)Ph 
Z-Phe-Ala-CH2OCO-C(CH3)3 

Z-Phe-Ala-CH2OCO-CH3 

Z-Phe-Gly-CH20-C6F5 

Z-PlIe-AIa-CH2O-C6F5 

Z-Phe-CH2OCO-(2,4,6-(CH3)3)Ph 
Z-Phe-/3-Ala-CH2OCO-(2,4,6-(CH3)3)Ph 
Z-Ala-Ala-Pro-Val-CH2OCO-(2,6-(CF3)2)Ph 
Z-Phe-Ala-OCH2CO-(2,4,6-(CH3)3)Ph 

k/K° (M-' s"1) 

2 600000' 
1600000 

690 000 
26 000 
22 000 

3200' 
3000 
2700' 

730' 
610' 
300' 
90« 
80« 

/ 
330' 
140' 

180000' 
134 000 

/ 
/ 

200« 

/ 

P^a6 

<2.50rf 

<2.50rf 

1.72 

<3.00'' 
3.31 
3.45 
3.45 
3.45 
3.43 
3.44 
4.20 
4.30 
4.50 
5.03 
4.76 
5.53 
5.53 
3.45 
3.45 

<2.sod 

"Bovine spleen cathepsin B'4 was assayed essentially as described by Rasnick7a (100 mM potassium phosphate, 1.25 mM EDTA, 1 mM dithio-
threitol, pH 6.0, 25 0 C, under argon). The rate constants for inactivation (kobsi) at each inhibitor concentration were obtained by nonlinear re
gression: fluorescence = Ae"'*0"'' + B. The second-order rate constants (k/K) were obtained by regression to kobsi = ^max[^]/(^i + [I]), by using 
the program HYPER,15 except as noted. Standard errors for k/K < 15%. bpK, of acyloxy or aryloxy group; values from ref 16, except as noted. 'No 
saturation observed; k/K determined from linear regression: &obsd = {kjK)[I]. Standard errors for k/K < 15%. ''Experimental limit (this work) 
determined by HPLC mobility versus pH. «Due to experimental limitations, k/K estimated by kabsi/[I] at a single [/]. ^No time dependence 
observed. 

We now report our observations on peptidyl acyloxymethyl 
ketones 1, a class of compounds designed in accordance with the 
above principles9 which have proven to be potent inactivators of 
cathepsin B. Peptidyl acyloxymethyl ketones were prepared by 
the KF-mediated condensation (DMF, 21 0 C ) 1 0 of the requisite 
carboxylic acid R ' C O O H and peptidyl bromomethyl ketone 2 
(obtained via the corresponding diazomethyl ketone 3 ) . " 1 2 

R C O O H [ R C O C H N 2 ] 
3 

R C O C H 2 B r 
2 

R'COOH 
»• 

KF/DMF 

RCOCH2OCOR' 
1 

To minimize the possibility of reaction at the acyloxy carbonyl 
group, sterically hindered 2,6-disubstituted benzoates were pre
ferred as leaving groups,13 and peptides bearing these functions 
are especially potent (Table I). For example, the tx/2 for cathepsin 
B inactivation by 0.1 nM Z-Phe-Ala-CH2OCO-(2,6-(CF3)2)Ph 
(5) is less than 5 s; this derivative is one of the most rapid cathepsin 
B inactivators yet reported. For the corresponding mesitoyloxy 
species 10 at 1 tiM, t]/2 is still less than 4 min. Inhibition by 
compounds 5 or 10 is irreversible, since exhaustive dialysis (24 
h; 2 X 400 vol; 25 °C) does not restore activity to the enzyme. 

(9) Competition experiments monitored by NMR spectroscopy establish 
a lower limit of 10:1 for the relative rates of displacement of X = F" versus 
(2,4,6-Me3)PhCOO", respectively, for the reaction of PhS-Na+ with Ph(C= 
O)CH2X in DMF, thereby characterizing mesitoate as a very weak nucleo-
fuge. 

(10) Clark, J. H.; Miller, J. M. Tetrahedron Lett. 1977, 599-602. 
(11) (a) Green, G. D. J.; Shaw, E. J. Biol. Chem. 1981, 256, 1923-1928. 

(b) Ruscica, J.; Shaw, E. Ibid. 1968, 243, 6312-6313. 
(12) (a) All new compounds gave appropriate spectroscopic and/or ele

mental analyses. Representative data, 5: 167.5-168.5 0C; [a]"D -27.1° (c 
0.954, acetone); IR (KBr) 1765, 1745, 1695, 1665 cm"1; 1H NMR (80 MHz, 
CDCl3) 6 8.1-7.6 (m, 3 H, ArH), 7.5-7.0 (m, 10 H, 2 X Ph), 6.4 (br d, J = 
6.7 Hz, NH), 5.3 (br d, J = 8.0 Hz, NH), 5.1 (s, PhCW2O), 4.9 (s, 
COCA2O), 4.9-4.2 (m, 2 H, 2 X NHCWCO), 3.0-2.8 (m, PhCW2CH), 1.3 
(d,7 = 7.1 Hz1CW3CH). Anal. C, H, N. 10: mp 171-172 0C; [ct]h

D -35.0° 
(c 1.13, acetone); IR (KBr) 1735, 1720, 1685, 1650 cm"1; 1H NMR (CDCl3) 
5 7.4-7.1 (m, 10 H, 2 X Ph), 6.9 (s, 2 H, ArW), 6.4 (br d, J = 6.7 Hz, NH), 
5.2 (br d, J = 8.0 Hz, NH), 5.1 (s, PhCW2O), 4.8 (d, app. J = 1.6 Hz, 
COCW2O), 4.8-4.2 (m, 2 H, 2 X NHCWCO), 3.2-3.0 (m, PhCW2CH), 2.4 
and 2.3 (2 s, (CWj)3Ar), 1.3 (d, J = 7.1 Hz, CW3CH); Anal. C, H, N. 

(13) Goering, H. L.; Rubin, T.; Newman, M. S. J. Am. Chem. Soc. 1954, 
76, 787-791. 

Leupeptin, a competitive inhibitor of cathepsin B, protects the 
enzyme from inactivation by 5 with a AT; of 5 nM (lit.17 K1 5 nM), 
providing evidence for the active-site directed nature of the in
activation. 

The apparent second-order rate constant k/K (Table I) is 
critically dependent on both the nature of the peptide moiety and 
the carboxylate leaving group. Significant time-dependent in
hibition of cathepsin B by acyloxymethyl ketones requires that 
the peptide component contain high affinity recognition elements 
for this enzyme (e.g., 4, 5, 10, 11; cf. 22, 23).4 However, note 
that the acyloxymethyl ketone 25, which is isomeric with 10, does 
not exhibit time-dependent activity. Interestingly, a peptide (24) 
specifically designed to inhibit human leukocyte elastase (EC 
3.4.21.11)18 is a feeble inhibitor of this enzyme {k/[t\ < 15 M'1 

s"1, pH 7.8, 25 0C) as well as cathepsin B, despite the fact that 
(2,6-(CF3)2)PhCOO~ is the nucleofuge of choice for maximal 
potency in our series. 

An important factor that influences inhibitory activity is the 
PK11 of the leaving group. It is apparent that a necessary, but not 
sufficient, condition for impressive cathepsin B inhibition by 
acyloxymethyl ketones is that the nucleofuge possess a pKa < 4. 

Convincing evidence that peptidyl acyloxy- and, as well, 
aryloxymethyl (see Table I) ketones are thiol-specific active-
site-directed alkylating agents is derived from NMR experiments 
with papain (EC 3.4.22.2), which serves as a model for the closely 
homologous cathepsin B enzyme.19 The covalent adducts obtained 
by inactivation of papain by Phe-Ala and Phe-Gly chloromethyl 
ketones have been established by X-ray crystallographic analyses20 

to be cysteine-25 thiomethyl ketones 26. That our acyloxy- and 
aryloxymethyl ketone inhibitors give the same type of adduct (26) 

(14) Bajkowski, A. S.; Frankfater, A. J. Biol. Chem. 1983, 258, 
1645-1649. 

(15) Cleland, W. W. Methods Enzymol. 1979, 63, 103-138. 
(16) Serjeant, E. P.; Dempsey, B. Ionization Constants of Organic Acids 

in Aqueous Solution; Pergamon Press: NY, 1979. 
(17) Baici, A.; Gyger-Marazzi, M. Eur. J. Biochem. 1982, 129, 33-41. 
(18) Powers, J. C ; Gupton, B. F.; Harley, A. D.; Nishino, N.; Whitley, 

R. J. Biochim. Biophys. Acta 1977, 485, 156-166. 
(19) Takio, K.; Towatari, T.; Katanuma, N.; Teller, D. C; Titani, K. Proc. 

Natl. Acad. Sci. U.S.A. 1983, 80, 3666-3670. 
(20) Drenth, J.; KaIk, K. H.; Swen, H. M. Biochemistry 1976, 15, 

3731-3738. 
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R - C — CHoX + Enz-SH -C — CH2-

26 

-Enz + HX 

can be ascertained by comparison of the 13C NMR spectra of 
papain inactivated with 1 equiv of Z-Phe-Gly-CH2X (X = Cl, 
OCO(2,4,6-Me3)Ph, or OC6F5), labeled as - 1 3 Q=O)-CH 2 X and 
as -C(=0) - 1 3 CH 2 X. The resonances of the inactive enzyme 
adduct (C=O, 214.7 ppm; CH2, 38.1 ppm) are identical for all 
three inactivators Z-Phe-Gly-CH2X and are entirely consistent 
with an active-site bound thiomethyl ketone structure (26). 

In summary, peptidyl acyloxymethyl ketones can be designed 
to be potent and specific cysteine proteinase inhibitors that are 
active-site-directed and irreversible in their action. The aryl 
carboxylate leaving group offers considerable variation as a design 
element and with the appropriate peptide component, affinity 
labels possessing exquisite specificity can, in principle, be con
structed. This type of reagent bearing a quiescent nucleofuge lends 
scope to the affinity label concept and holds forth the prospect 
of a practical clinical endpoint. 
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Direct evidence, using secondary ion mass spectroscopy (SIMS) 
supported by X-ray photoelectron spectroscopy (XPS), has been 
obtained for the activation of the C-O bond of methanol after 
adsorption at 110 K on the Pdjl 1 Ij surface. In our experiments 
we find that the C-O bond dissociates after heating to 175 K 
leaving CH3ads (methyl) and H2Oads, as evidenced by prominent 
SIMS signals at mje 15 and 18, respectively. Methoxide 
(CH3O3(Js) is produced simultaneously and has been identified by 
its carbon Is photoelectron binding energy. In addition to reporting 
the first observation of methanolic C-O bond activation on a 
well-defined transition-metal surface1 we also report the discovery 
of a stable methyl species on Pdj 111} as the surface is heated from 
175 to 400 K. This observation has mechanistic implications for 
the uniquely selective formation of methanol from CO and H2 

on Pd catalysts.2 Previously, only CH3Oads has been found on 

(1) Steinbach, F.; Krall, R.; Cai, J. X.; Kiss, J. In Proceedings of the 8th 
International Congress on Catalysis; Berlin, July 1984; Vol. 3 (Verlag Che-
mie: Weinham, 1984) p III-359. The dissociation of the CO bond of meth
anol on a Ni foil under a high flux of methanol molecules (1 X 1016 CH3OH 
cm"2 s"1) at 190 K is reported. A subsequent study by Russell et al. (Russell, 
J. N.; Chorkendorff, I.; Yates, J. T. Surf. Sci. 1987, 183, 316) proved that 
under similar conditions, the Ni(11 Ij surface does not dissociate the CO bond 
of methanol. 

(2) Poutsma, M. L.; Elek, L. F.; Ibarbia, P. A.; Risch, A. P.; Rabo, J. A. 
J. Catal. 1978, 52, 157. 

Pd(CH3OH)nH
+ 

(CH3OH)nH 

Figure 1. The SIMS spectrum for a 5 L methanol exposure to Pdjl 1 Ij 
at 110 K. The primary ion current is 0.4 nA/cm2. 

T3 

O 
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\ ' . \^m/e 33 
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300 

Figure 2. Secondary ion intensity versus surface temperature for a 2 L 
methanol exposure to Pd(11 Ij initially at 110 K. The primary ion current 
is 0.4 nA/cm2. 

single-crystal transition-metal surfaces3"6 exposed to CH3OH at 
low temperatures and subsequently heated between 140 and 200 
K. Additionally, the formation of CH3Oads at low temperatures 
was found to be enhanced by predosing the transition-metal surface 
with O2 at 300 K.7-9 

The apparatus used for these experiments has been described 
in detail previously.10 The Pdj 111 j surface was rigorously cleaned 
by cycles of argon ion sputtering (2 jiA cm"2) for 5 min followed 
by annealing to 1200 K prior to each experiment. After this 
treatment the surface then proved to be free of impurities as 
determined by SIMS and XPS. The methanol was distilled and 
subjected to several freeze-pump-thaw cycles before use. The 
exposures listed throughout this letter are in units of Langmuirs 
( I L = I X l O " 6 Torr-s) and are reported as corrected ion gauge 
readings. 

The SIMS spectrum for 5 L CH3OH on Pdjl 11} at 110 K is 
shown in Figure 1. The prominent peaks, marked in the figure, 
are assigned to CH3

+ at m/e 15, CH2OH+ at mje 31 ," and 
CH3OHH+ at mje 33 as well as to additional hydrogenated 
n-mers observed at higher mass. In Figure 2, the intensities of 

(3) Christmann, K.; Demuth, J. E. J. Chem. Phys. 1982, 76, 6308. 
(4) Akhter, S.; White, J. M. Surf. Sci. 1986, 167, 101. 
(5) Demuth, J. E.; Ibach, H. Chem. Phys. Lett. 1979, 60, 395. 
(6) Waddill, G. D.; Kesmodel, L. L. Surf. Sci. 1987, 182, L248. 
(7) Felter, T. E.; Weinberg, W. H.; Lastushkina, G. Y.; Zhdan, P. A.; 

Boreskov, G. K.; Hrbek, J. Appl. Surf. Sci. 1983, 16, 351. 
(8) Gates, J. A.; Kesmodel, L. L. J. Catal. 1983, 83, 437. 
(9) Wachs, I. E.; Madix, R. J. J. Catal. 1978, 53, 208. 
(10) DeLouise, L. A.; Winograd, N. Surf. Sci. 1984, 138, 417. 
(H)A similar experiment using CD3OH revealed an ion at m/e 33 rather 

than an ion at mje 34 implying the presence of CD2OH+ rather than CD3O
+. 

OO02-7863/88/151O-4431S01.5O/O © 1988 American Chemical Society 


