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program and correlation coefficients of greater than 
0.995 were obtained. Results are listed in Table I. 

Elastase activity depends upon a functional group 
with a pK of 6.5-6.85 (His-57)13 and although the 
enzyme possesses only slight proteolytic activity at 
pH 5.0, most inhibition experiments were performed at 
this pH since the rates of reaction were too rapid to 
follow at higher pH values even when only a tenfold 
excess of inhibitor was employed. Our results clearly 
show that the rate of inhibition of elastase is markedly 
affected by the chain length of the chloromethyl ketone, 
Ac-AIa-AIa-PrO-AIaCH2Cl being the most effective 
inhibitor. Inhibitors possessing a P4 residue14 are 
8-34 times faster than those without. Simple substrate 
analogs such as ToS-AIaCH2Cl and ToS-VaICH2Cl are 
incapable of inhibiting the enzyme.5'6 The rate of 
hydrolysis of simple peptide substrates by elastase is 
also markedly accelerated when the substrate contains 
a P4 residue to interact with the S4 binding subsite of the 
enzyme.10 In contrast to the results obtained with 
substrates, where approximately a 25-fold rate accelera
tion is observed, a phenylalanyl residue in P2 causes a 
slight decrease in the rate of inhibition. A leucyl or a 
prolyl residue in the P2 position of an inhibitor ac
celerates the inhibition rate. An analogous effect 
with leucine has been observed in the rates of inhibition 
of the homologous serine protease chymotrypsin by a 
series of peptide chloromethyl ketones.15 A more de
tailed discussion of the interactions between these 
peptide chloromethyl ketones and elastase must await 
the X-ray structure determination of an inhibited 
elastase derivative. 

In addition to porcine elastase, several of the above 
compounds inhibit a human pancreatic enzyme which 
hydrolyzes BOC-AIa-ONP but not elastin.16 The 
digestion of human lung tissue and rat aorta by pancre
atic porcine elastase or by a human polymorphonuclear 
leukocyte elastase is completely inhibited by Ac-Ala-
Ala-AIaCH2Cl.17 Also the increased agglutinability 
of mouse fibroblasts induced by treatment with a leuko
cyte lysosomal protease was inhibited by Ac-Ala-Ala-
Pro-AIaCH2Cl.18 

The alanyl chloromethyl ketones thus far investigated 
appear to have a high specificity for elastolytic enzymes. 
Inhibition of trypsin by these compounds has not been 
observed. Several compounds (Ac-AIa-GIy-AIaCH2Cl 
and Z-GIy-LeU-AIaCH2Cl) inhibit bovine chymo
trypsin, but the rates are less than 10% of those ob
served with elastase.19 These inhibitors are therefore 
useful tools for studying the catalytic site, extended 
binding region, and biological function of elastase and 
related proteases. 

(13) B. S. Hartley and D. M. Shotton in "The Enzymes," 3rd ed, 
P. D. Boyer, Ed., Vol. Ill, Academic Press, New York, N. Y., 1971, 
Chapter 10. 

(14) The nomenclature of I. Schechter and A. Berger, Biochim. 
Biophys. Res. Commun., Tl, 157 (1967), is used for describing the indi
vidual amino acid residues of elastase inhibitors and substrates. The 
residues of a substrate are designated Pi, P», etc., numbering from the 
amino acid which supplies the carbonyl group of the peptide bond that 
is cleaved by the enzyme and numbering in the direction of the amino 
terminal end of the substrate. The amino acid residues of inhibitors 
are designated in a similar fashion. 

(15) K. Kurachi, J. C. Powers, and P. E. Wilcox, Biochemistry, in 
press. 

(16) J. Travis, private communication. 
(17) A. Janoff, Amer. J.Pathol., in press. 
(18) A. G. Mosser, A. Janoff, and J. Blondin, Nature (London), New 

Biol., in press. 
(19) J. C. Powers and C. Joiner, unpublished observations. 
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Stable Uranium(IV) Alkyl and Aryl Complexes 

Sir: 

Beginning with the synthesis of "uranocene,"1 

there has been a renaissance of interest in organoactinide 
chemistry.2 Such questions as covalency, the involve
ment of 5f orbitals in chemical bonding, and chemical 
similarities to transition metals are of fundamental 
importance in actinide chemistry. To date, organo-
uranium molecules are only known for polyhapto, ir-
bonding ligand systems, viz. /zs-CsH6 (cyclopenta-
dienyl),2

 / J 5 -C 9H 7 (indenyl),8 /z MT3H5 (allyl),2 A8-C8H8 

(cyclooctatetraene),%4 and /*6-C6H6 (arene),6 with alkyl-
substituted ligands included. No well-defined cr-
bonded organometallics have yet been reported for 
uranium (or any actinide) in the chemical literature.6 

We report here the first synthesis of a series of such 
compounds, (/z5-C3H5)3UR, and some of the more 
interesting properties of these new molecules. 

The reaction of (ft5-CsH5)3UCl7 with organolithium 
or Grignard reagents produces the extremely air-
sensitive alkyl and aryl compounds in high yield 
(60-80%). 

(/!5-C5H6)3UCl + RLi — * - (/;S-C5H5)3U-R + LiCl 

(/!5-C5Hs)3UCl + RMgX — > (/z5-C5H6)3U-R + MgXCl 

Ia, R = CH3 Id, R = neopentyl 
b, R = Ai-C4H9 e, R = C6F5 

c, R = allyl f, R = /-C3H7 

Purification can be achieved by hydrocarbon (toluene-
hexane) extraction and crystallization (—78°).8 Nmr 

(1) U. Muller-Westerhoff and A. D. Streitweiser, J. Amer. Chem. 
Soc, 90, 7364(1968). 

(2) (a) H. Gysling and M. Tsutsui, Advan. Organometal. Chem., 9,361 
(1970); (b) R. G. Hayes and J. L. Thomas, Organometal. Chem. Rev., 
Sect. A, 7, 1 (1971); (c) B. Kanellakopulos and K. W. Bagnall in 
"MTP International Review of Science, Inorganic Chemistry," Ser. 
1, Vol. 7, H. J. Emeleus and K. W. Bagnall, Ed., University Park Press, 
Baltimore, Md., 1972, p 299. 

(3) (a) P. G. Laubereau, L. Ganguly, J. H. Burns, B. M. Benjamin, 
and J. L. Atwood, Inorg. Chem., 10, 2274 (1971); (b) J. H. Burns and 
P. G. Laubereau, ibid., 10, 2789 (1971). 

(4) K. O. Hodgson, D. Dempf, and K. N. Raymond, Chem. Commun., 
1592(1971). 

(5) M. Cesari, U. Pedretti, A. Zazzetta, G. Lugli, and W. Marconi, 
Inorg. CMm. Acta, 5, 439 (1971). 

(6) (a) Isocyanide complexes have been characterized ; 6 b c (b) F. Lux 
and U.-E. Bufe, Angew. Chem., Int. Ed. Engl, 10, 274 (1971); (c) B. 
Kanellakopulos, E. O. Fischer, E. Dornberger, and F. Baumgartner, 
J. Organometal. Chem., 24, 507 (1970). (d) NOTE ADDED IN PROOF. 
Shortly after completion of this manuscript, it was announced that 
several of the compounds reported here had been synthesized inde
pendently by Italian workers: F. Calderzzo, Plenary Lecture, ICCC, 
XIVth, Toronto, June 27, 1972. 

(7) (a) M. L. Anderson and L. R. Crisler, ibid., 17, 345 (1969); (b) 
L. T. Reynolds and G. Wilkinson, / . Inorg. Nucl. Chem., 2, 246 (1956). 

(8) AU compounds gave satisfactory analytical and molecular weight 
(cryoscopic in benzene or mass spectrometric) data. 
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Table I 

Compd Color Nmr"'6 (toluene solution) 
Ia Yellow-brown +10.0 (15 H),+202 (3 H) 
Ib Dark red-brown +10.3 (15 H), +18.7 (3 H), +27.6 

(2H), +33.6(2H), +195 (2 H) 
Ic Dark brown +10.0 (15 H), +38.2 (1 H), +126 

(4 H) (+25°) 
+ 13.1 (15 H), +41.0 (1 H), +57.5 

(1 H), +60.9(1 H), +334(2H) 
(-90°) 

Id Dark red-brown +11.6 (15 H), +22.1 (3 H), +186 
(2H) 

Ie Dark brown +10.9 (15 H), +88.7 (2 F), 99.1 (2 
F), +115.5(1F) 

If Dark red-brown +10.9 (15 H), +19.3 (6 H), +190 
OJH) 

° Pmr data in parts per million to high field of internal benzene. 
19F data in parts per million to high field of internal C6H5CF5. 6 All data at +25° except where indicated. 

data (Table I), which include some of the largest chem
ical shifts yet observed for uranium(IV) organometal-
lics,2 are in good accord with the above formulation. 
The allyl molecule is fluxional with room temperature 
and above, nmr spectra approaching an A4X pattern, 
while the lower temperature spectra reveal collapse of 
the high-field peak and eventual freezing out of the 
monohaptoallyl'31Q A2BCD pattern at - 8 5 ° . Infrared 
spectra clearly indicate that the cyclopentadienyl rings 
in all molecules are w bonded.11 

The nature of the uranium-carbon a bond is, of 
course, the feature of greatest interest. In this con
nection, we find that these molecules all possess con
siderable thermal stability. In the solid state under 
nitrogen, there is no noticeable decomposition after days 
at room temperature. In toluene solution (0.054 M), all 
molecules decompose at nearly the same rate, with 
half-lives of 20-96 hr at 72°; at 100°, 15 hr are required 
to completely destroy Ib. The narrow spectrum of 
thermal stability we observe deviates considerably 
from most transition metal systems, where fluorine 
substitution1213 or prevention of /3-hydrogen abstrac
tion13,14 greatly increases resistance to thermolysis, 
and this apparently anomalous behavior has prompted 
some mechanistic investigation. The major organic 
decomposition product of Ib is «-butane (92 ± 3 % 
yield by glpc), with trace amounts of 1-butene (<2%) and 
«-octane (< 1 %) also detected. This result (especially the 
near absence of 1-butene) can be contrasted with a 
thermally less stable, well-studied n-butylcopper(I) sys
tem15 where ca. 1:1 butane-butene was produced, sug
gesting that /3-hydrogen elimination was operative, i.e. 

M-CH2CH2R — > M-H + C H 2 = C H R 

(9) Alternatively, but less plausibly, the spectral pattern is due to a 
highly distorted trihaptoa\\y\ structure. 

(10) Thermally unstable (C3H5)iU has the trihapto structure: N. 
Paladino, G. Lugli, U. Pedretti, M. Burnelli, and G. Giacemetti, Chem. 
Phys.Lett.,5, 15(1970). 

(11) (a) T. J. Marks, W. J. Kennelly, J. R. KoIb, and L. A. Shimp, 
Inorg. Chem., in press; (b) F. A. Cotton and T. J. Marks, / . Amer. 
Chem. Soc, 91,7281 (1969). 

(12) P. M. Treichel and F. G. A. Stone, Advan. Organometal. Chem., 
1, 143 (1964). 

(13) G. W. Parshall and J. J. Mrowca, ibid., 7,157 (1968). 
(14) (a) G. Yagupsky, W. Mowat, A. Shortland, and G. Wilkinson, 

Chem. Commun., 1369 (1970); (b) W. Mowat and G. Wilkinson, J. 
Organometal. Chem., 38, C35 (1972); (c) B. K. Bower and H. G. Ten-
nent, J. Amer. Chem. Soc., 94, 2512 (1972). 

(15) G. M. Whitesides, E. R. Stedronsky, C. P. Casey, and J. San 
Fillippo, Jr., ibid., 92, 1426 (1970). 

Journal of the American Chemical Society j 94:18 / September 

M-H + M-CH2CH2R — > - 2M + CH3CH2R 

The uranium(IV) organometallics, however, appear to 
resist /3 elimination, and this apparently enhances the 
thermal stability. A homolytic, free-radical bond scis
sion is the most reasonable alternative pathway.x 3 '16," 

The polarity of the uranium-carbon bond was also 
investigated. All compounds react instantly with 
methanol, producing as the major product the known 
compound, (C6H6)SUOCH3.

19 No reaction was ob
served when it was attempted to bring about nucleo-
philic addition of ( C S H 5 ) S U C H 3 to acetone. It is 
clear that uranium-carbon a bonds constitute a new 
facet of organoactinide chemistry, and this area is 
under continuing exploration.20 

Acknowledgments. We are grateful to the National 
Science Foundation (GP-30623X) and the Research 
Corporation for support of this work and to the staff of 
the Chemistry Department Analytical Services Labora
tory for assistance with several measurements. 

(16) (a) Decomposition of Ib in toluene-rfs produces butane with only 
5.0 ± 1.0% deuterium incorporation (determined mass spectromet-
rically160). This suggests that hydrogen abstraction18 occurs principally 
within a solvent cage from the cyclopentadienyl rings. Further studies 
are in progress, (b) Negligible reaction takes place between Ib and 
added 1-butene. (c) K. Biemann, "Mass Spectrometry-Organic 
Chemical Applications," McGraw-Hill, New York, N. Y., 1972, p 223. 

(17) G. M. Whitesides, E. J. Panek, and E. R. Stedronsky, J. Amer. 
Chem. Soc., 94,232(1972). 

(18) W. A. Pryor, "Free Radicals," McGraw-Hill, New York, N. Y1, 
1966, Chapter 12. 
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On Making Corrections for Donor Nonideality on 
Molecular Complex Equilibria 

Sir: 

The authors of a recent publication1 questioned the 
validity of equilibrium constants evaluated by spectro-
photometric means for the 1:1 association between a 
Lewis acid A and a Lewis base D to form the adduct 
AD (eq 1). They objected to expressing the equilib-

A + D ^ Z ? : AD (1) 

rium constant for eq 1 in terms of concentration, for 
the various species, instead of the activities. As evi
dence for their proposal that activities should be used 
instead of concentrations, they investigated the system 
caffeine-benzene in CCl4 solvent using nmr for deter
mining K, the equilibrium constant, and AAD, defined 
as the difference in chemical shift between free and fully 
complexed caffeine. 

Since AAD is concentration independent, data evalu
ated to solve for AAD and K should give the same value 
for AAD regardless of the concentration scale used {i.e., 
molal or mole fraction). Since they found that AAD eval
uated when the initial donor concentration, D0, was ex
pressed in molal units was significantly different than 
when D0 was expressed in mole fraction units, they con-

(1) M. W. Hanna and D. G. Rose, / . Amer. Chem. Soc, 94, 2601 
(1972). 
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