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Figure 1. Rates of the formation of diethyl ether and ethylene from
ethanol over H;PW,,0,, (ethanol basis) as well as the amount of ab-
sorbed ethanol under the working conditions as a function of the partial
pressure of ethanol. Reaction temperature: 130 °C, W/F (ratio of the
catalyst weight to the feed rate): 2-60 g-h-mol™,

Figure 1 shows the pressure dependencies of the rates of ether
and ethylene formation observed for H;PW,0,, The rates in-
creased at first with increasing ethanol pressure (ca. 0.5-0.8th
order) but then decreased markedly at higher pressures with the
maximum clearly occurring at a higher pressure for the formation
of ether. This pressure dependency is quite different from those
observed for ordinary solid acids like SiO,-Al,0; and Al,O3; on
such solid acids the formation of ethylene is usually zero order
and that of ether zero to first order.® Moreover, the catalytic
activity of H;PW,,0,, was 10? times greater than SiO,-AL0;.

The amounts of absorbed ethanol were determined as shown
in Figure 1. The amount increased from 0.4 to 8 molecules/anion
as the partial pressure of ethanol increased from 0.4 to 60 kPa.
These amounts correspond to 4-80 times the monolayer (ca.
20400 times the number of the surface polyanions), showing that
most of the ethanol molecules were absorbed into the bulk.
Therefore, it is very likely that the ethanol reaction proceeds
mainly in the absorbed phase, just as we showed for dehydration
of 2-propanol 3

It is also worth noting that the amount of absorbed ethanol
varied, apparently corresponding to the changes in the rates. Since
ethylene is formed from one molecule of ethanol and ether from
two molecules, ethylene may be preferably formed when the ratio
of ethanol to protons in the pseudoliquid phase is low, and ether
may be favored as the ratio increases. Equations 1 and 2 present
a reasonable mechanism. Reactions similar to the first parts of

K, ky
C2H50H + H* = C2H5OH2+ - C2H4 + H20 (1)

K k
C,H,OH + C,H;OH,* = (C,H;0OH),H* —»
(C,H;),0 + H,O (2)

eq 1 and 2 occur for pyridine absorbed into a H;PW,,0, lattice:
py + H* = H*py and py + H*py = (py),H*.” Since, in the
present case, the amount of absorbed ethanol increased sharply
at about 15 kPa and was accompanied by a rapid decrease of the

(6) Knozinger, H. Angew. Chem., Int. Ed. Engl. 1968, 7, 791-805. Fi-
gueras Roca, F.; De Mourgues, L.; Trambouze, Y. J. Catal. 1969, /4,
107-113. de Boer, J. H.; Fahim, R. B.; Linsen, B. G.; Visseren, W. J.; de
Vleesshauer, W. F. N. M. J. Catal. 1967, 7, 163-172.

(7) Misono, M.; Mizuno, N.; Katamura, K.; Kasai, A.; Sakata, K.; Oku-
hara, T.; Yoneda, Y. Bull. Chem. Soc. Jpn. 1982, 55, 400-406.

reaction rate, a phase change at this pressure to an inactive phase
containing too much ethanol is indicated. In other words,
(C,H;OH),H* (n = 3) is much less reactive for the formation
of both products.

K.
C,HOH + (C,H;0H),H* = (C,H,OH);H* (not reactive)
3

According to this model, the concentrations of monomer
(C,H;0H,%), dimer ((C,H;OH),H™"), and oligomer increase in
first, second, and higher order, respectively, with respect to the
ethanol pressure. So this model explains the essential trends found
in Figure 1, for example, the maximum rate of ether formation
was at a higher partial pressure of ethanol than that for ethylene
formation, and the rates for both reactions were low at high ethanol
pressures. For example, with K|, K,, and K; values of 2.3 X 107,
5.3 X 1074, and 7.5 X 107 Pa"!, respectively, the general trends
were fairly well reproduced. Since the absorption—-desorption
processes are rapid, it is not rate-controlling step. Hence the
dehydration can take place homogeneously in the bulk phase. This
is the pseudoliquid phase which provides a unique reaction media
for organic reactions and also makes spectroscopic studies of
catalytic processes very feasible.”:®

Further evidence for the pseudoliquid phase is provided by
examining Cs;PW,04. In the case of the Cs salt, only ether was
formed on a zero-order reaction. The amount of ethanol absorbed
was ca. 0.5 molecules/anion (0.4 times the monolayer) and nearly
constant over the pressure range. This behavior corresponds closely
to that observed for ordinary solid acids in the limiting case of
high partial pressure.® The difference between the acid form and
the Cs salt is explained by the very different absorptivity of these
compounds,* and the Cs salt shows no tendency to exhibit a
pseudoliquid phase.

(8) Highfield, J. G.; Moffat, J. B. J. Caral. 1986, 98, 245-258.
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As part of our continuing X-ray crystallographic studies of
carboxypeptidase A (CPA) and its interaction with inhibitors!~
and substrates,” we now report the structure of the complex be-
tween CPA and the slowly hydrolyzed substrate N-benzoyl-1-
phenylalanine (BZF).%° More properly, the structure observed
at room temperature as well as slightly subzero temperature is
that of an enzyme-substrate—product complex. The structure also
represents an enzyme—-products complex for the hydrolysis of
N-benzoyl-L-phenylalanine-L-phenylalanine and may depict the
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Figure 1, Difference electron density map calculated with Fourier
coefficients 5|F,| — 4|{F and phases calculated from the refined model
omitting active site arginines, Tyr-248, product phenylalanine, and intact
BZF. Enzyme residues Arg-71, Arg-127, Arg-145, and Tyr-248 are
indicated by their sequence numbers. The planar benzamido moiety of
BZF is coming toward the viewer above and to the left of center; its
amide carbonyl receives a hydrogen bond from Arg-71. The benzyl side
chain of BZF occupies the upper left corner. Note the break in electron
density between the BZF carboxylate (“C”) and the amino nitrogen
(“N”) of cleaved phenylalanine. Arg-127 has moved closer to the zinc
environment in order to accommodate the binding of the BZF carbox-
ylate.

“Michaelis complex” for the reverse, synthetic reaction. Inter-
estingly, synthetic reactions have been exploited by Breslow and
Wernick!%!! and more recently by Geoghegan and colleagues!?
in mechanistic studies of CPA.

Crystals of CPA were prepared and cross-linked as described!
and then soaked in a buffer solution [0.15 M LiCl, 0.02 M
Veronal-LiOH (pH 7.4)] containing 0.1 M BZF for 3 days at
room temperature. X-ray data were collected from these crystals
to a limiting resolution of 1.8 A. Typical procedures and calcu-
lations have been described.! Model building was performed on
an Evans and Sutherland PS300 by using the graphics program
FRODO.!* The crystallographic R factor!* for the final model is
0.187 at 1.8-A resolution.

The structure of the ternary complex reveals one molecule of
phenylalanine, cleaved from BZF, in the S;” hydrophobic
pocket—its carboxylate is salt linked to Arg-145. This carboxylate
also receives hydrogen bonds from Asn-144 and Tyr-248. An
intact BZF molecule occupies the S, and S, subsites; its car-
boxylate is asymmetrically coordinated to zinc, with Zn-O dis-
tances!® of 2.7 and 2.2 A. The latter oxygen is also 3.3 A from
Arg-127; within experimental error!? this distance corresponds
to a hydrogen bond. A clean break in electron density (Figure
1) separates the intact BZF molecule from product phenylalanine,
and the carboxylate carbon of BZF is 3.3 A from the amino group
of phenylalanine. The BZF carboxylate is rather close to the
y-carboxylate of Glu-270 (the closest oxygen—oxygen contact is
2.5 A), so either carboxylate may be protonated in order to avoid
an electrostatically unfavorable interaction. If the BZF car-
boxylate is protonated, the observed complex may be productive
for synthesis. The amino nitrogen of phenylalanine is in proper
orientation for attack by its lone pair at the =* orbital of a BZF
carboxylic acid.

(10) Breslow, R.; Wernick, D. Proc. Natl. Acad. Sci. US.A. 1977, 74,
1303-1307.
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Figure 2. Schematic illustration of the ternary CPA-BZF-phenylalanine
complex. Subsites on the enzyme are designated by the conventional
notation as S,’, S;, and S,. This binding mode provides a previously
unconsidered model for substrate inhibition and highlights a hydrophobic
cleft in the S; subsite on the enzyme. It also represents a products
complex for the hydrolysis of N-benzoyl-L-phenylalanine-L-phenylalanine.
As such, it shows for the first time that a product carboxylate can bridge
the zinc ion and Arg-127. Both the zinc ion and Arg-127 may serve to
polarize the carboxylic acid as the first step of the reverse, synthetic
reaction.

The benzyl group of intact BZF lies in the aromatic cleft of
the S; subsite which is defined by enzyme residues Tyr-198,
Ser-199, Leu-201, Ile-247, and Tyr-248. This cleft contributes
to the enzyme’s preference for substrates with aromatic P, side
chains.!® The phenyl group of the BZF side chain is in a favorable
“edge-to-face” orientation with Tyr-198. Likewise, the phenyl
group of the N-terminal benzoyl moiety tends toward a similar
interaction with Tyr-248. Interactions of this type have been
recently discussed!” and may be important for the interaction of
enzymes with certain substrates. The amide carbonyl of the intact
BZF molecule is hydrogen bonded to Arg-71 (2.9 A), and the
amide NH donates a hydrogen bond to Tyr-248 (3.1 A). These
hydrogen bonds were also observed in the complex with the cleaved
inhibitor from the potato.!® However, the product carboxylate
in this study'® was observed to bridge the zinc ion and Tyr-248.
Nevertheless, the ternary complex of the present study shows that
Arg-127 can bind the product carboxylate of amino acids occu-
pying the S; subsite (Figure 2).

The current structure reveals a mode of substrate inhibition
previously unconsidered for CPA. The hydrophobic cleft of the
S, subsite is expected to facilitate this binding mode for substrates
which have bulky aromatic side chains. It must be stressed that
the intact BZF is not bound productively—its scissile amide
carbonyl is too far away from the catalytic elements (Glu-270,
the zinc ion, and Arg-127) of the active site.*” Although Vallee
and colleagues propose a productive binding mode for esters
involving the coordination of the terminal carboxylate to zinc,!”
the location of BZF as observed here cannot represent such a
binding mode. Furthermore, our attempts to model an ester
positioned in the S’ subsite with its carboxylate coordinated to
zinc tend to move the ester out of the hydrophobic pocket.
Therefore, we maintain that differences between esterolysis and
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in Biology; Spiro, T. G., Ed.; Wiley: New York, 1983; Vol. 5, pp 25-75.
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proteolysis are not due to severely different substrate binding
modes but instead to the association of the scissile carbonyl with
either zinc or Arg-127, respectively. In addition, there may also
be different rate-determining steps* or an altogether different
mechanism for sterically hindered substrates.b

The synthetic reaction catalyzed by CPA!%!! recently has been
exploited toward the observation of chemical intermediates.!? The
binding mode observed in the ternary complex reported is one
which may be mistaken for such an intermediate, and this mode
may occur under conditions of excess substrate or product. This
binding mode may also occur under conditions of low tempera-
ture,? where product diffusion may be hindered due to viscosity
of the cryobuffer. Nevertheless, such a binding mode could easily
confound spectroscopic attempts to identify catalytic intermediates
involving a ligand-saturated metal ion.?!

(20) Kuo, L. C.; Makinen, M. W. J. Am. Chem. Soc. 1985, 107,
5255-5261.
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One of today’s greatest chemical challenges is the selective
oxidation of organic substrates.! Reagents energetically capable
of effecting useful oxidations are often so reactive that indiscri-
minate attack of the substrate resuits; others produce byproducts
that subsequently become involved in undesirable side reactions.
In this light, an attractive oxidant for oxygen-transfer reactions
is nitrous oxide, N=N=0, a molecule unstable with respect to
its constituent elements (AG;°> = 25 kcal/mol) and therefore a
thermodynamically potent oxidant, yet one possessing impressive
kinetic inertness, reflected in a 59-kcal/mol activation barrier for
its thermal decomposition (a unimolecular, spin-forbidden pro-
cess).? Importantly, O-atom-transfer reactions involving N,O
could be very clean since the sole byproduct is N,. With very few
exceptions,® when N,O reacts with transition-metal complexes,
nitrogen is extruded and oxo complexes are formed (eq 1).* It

M" + N,0 — O=M"2 + N, (1)

(1) Sheldon, R. A.; Kochi, J. K. Metal-Catalyzed Oxidations of Organic
Compounds; Academic: New York, 1981.

(2) Jolly, W. L. The Inorganic Chemistry of Nitrogen; W. A. Benjamin:
New York, 1964; pp 70-71.

(3) (a) Armor, J. N.; Taube, H. J. Am. Chem. Soc. 1969, 91, 6874. (b)
Armor, J. N.; Taube, H. Ibid. 1971, 93, 6476. (c) Pu, L. S.; Yamamoto, A ;
Ikeda, S. Chem. Commun. 1969, 189. (d) Yamamoto, A.; Kitazume, S.; Pu,
L. S.; Ikeda, S. J. Am. Chem. Soc. 1971, 93, 371. (e) Schrauzer, G. N,;
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32B, 795. (g) Cooper, J. N.; Green, M. L. H.; Couldwell, C; Prout, K. J.
Chem. Soc., Chem. Commun. 1977, 145. (h) Banks, R. G. S.; Henderson,
R. J.; Pratt, J. M. J. Chem. Soc. A 1968, 2886.

(4) (a) Bottomley, F.; Brintzinger, H. J. Chem. Soc., Chem. Commun.
1978, 234. (b) Bottomley, F.; White, P. S. Ibid. 1981, 28. (c) Bottomley,
F.; Lin, L. J. B.; White, P. S. J. Am. Chem. Soc. 1981, 103, 703. (d) Bot-
tomley, F.; Lin, I. J. B.; Mukaida, M. Ibid. 1980, /02, 5238. (e) Bottomley,
F.; Paez, D. E.; White, P. S. Ibid. 1981, 103, 5581. (f) Bottomley, F.; Paez,
D. E.; White, P. S. Ibid. 1982, 104, 5651. (g) Liu, H.-F.; Liu, R.-S,; Liew,
K. Y.; Johnson, R. E.; Lunsford, J. H. Ibid. 1984, 106, 4117. (h) Many
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was our thought that, since the transformation depicted in eq 1
results in an increase in the formal oxidation state of the metal
by +2, interesting reactivity between N,O and coordinated ligands
might be observed in d° systems where oxidation at the metal
center is precluded. It has been previously shown that organo-
azides (N==N==NR)® and diazoalkanes (N=N==CR;),6 mole-
cules isoelectronic with nitrous oxide, react cleanly with many
Group 4 d° metallocene derivatives; we now report that N,O can
be used under mild conditions to selectively oxidize hydrido (to
hydroxy) and aryl (to aryloxy) ligands in these systems.
Nitrous oxide reacts at =78 °C with toluene solutions of
Cp*,HfH, (1)7 (Cp* = n-CsMes) in a 1:1 stoichiometry to afford
N, and Cp*,HfH(OH) (2)® quantitatively (eq 2).° Interestingly,

B, Cp%,HfH(OH) + N,  (2)
2

Cp*lesz + N=N=0

no intermediates were detected ('"H NMR) for this 1 — 2 con-
version, in contrast to the analogous reactions of arylazides with
1 that yield isolable insertion products that subsequently lose N,
to afford amido species (eq 3).°* Diazoalkanes likewise react with
1 but give stable insertion products that are not prone to N,
extrusion (eq 4).% Kinetic measurements (VT 'H NMR) show

DC e,
1 + RN; — Cp*,HfH(NHNNR) ——
Cp*,HfH(NHR) + N, (3)

1 + R,CN, — Cp*,HfH(n>-NHN=CR,) (4)

that the reaction in eq 2 is a second-order process with d[2]/d¢
« [1][N,0]; an Eyring plot using data obtained under pseudo-
first-order conditions ([N,O] > [1]) yielded activation parameters
of AH* = 11.7 £ 0.5 kcal/mol and AS* = -12 = 2 eu.®0
Comparison of these data with measurements on Cp*,HfD, (1-d)
indicated a modest kinetic deuterium isotope effect (at —70 °C,
ku/kp = 1.6 (1)) for the reaction. With an excess of N,O at
higher temperatures (80 °C), 2 reacts further to give a complex
mixture containing Cp*,Hf(OH), (~40%).

Treatment of solutions of Cp*,HfH(Ph) (3)” with N,0 (80 °C,
2 h) results in N, evolution and competitive oxidation of the
hydride and phenyl ligands of 3, cleanly yielding Cp*,Hf(OH)(Ph)
(4) and Cp*,HfH(OPh) (5) (with no spectroscopically observed
intermediates) in a molar ratio of 4:5 = 3:2 (eq 5).!! At higher

(5) (a) Hillhouse, G. L.; Bercaw, J. E. Organometallics 1982, I, 1025. (b)
Chiu, K. W.; Wilkinson, G.; Thornton-Pett, M.; Hursthouse, M. B. Polyhe-
dron 1984, 3, 79.

(6) (a) Gambarotta, S.; Basso-Bert, M.; Floriani, C.; Guastini, C. J. Chem.
Soc., Chem. Commun. 1982, 374. (b) Gambarotta, S.; Floriani, C.; Chiesi-
Villa, A.; Guastini, C. Inorg. Chem. 1983, 22, 2029. (c) Moore, E. J. Ph.D.
Thesis, California Institute of Technology, Pasadena, CA, 1984.
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Bercaw, J. E. Organometallics 1988, 4, 97.

(8) Alternatively, 2 can be prepared from 1 and water. Hillhouse, G. L.;
Bercaw, J. E. J. Am. Chem. Soc. 1984, 106, 5472.

(9) Experimental procedures, spectral data, elemental analyses, and kinetic
data are given in the Supplementary Material.

(10) The rate was shown to have an approximate first-order dependence
on [N,O], but an exact determination of this was prevented because of the
difficulty in quantifying the concentration of nitrous oxide in solution.
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