
that was inclined by 150 from the horizontal
plane is shown in Fig. 3. The speeds of the
drops varied across the gradient and with the
size of the drop; average speeds of 1 to 2
min/s were observed for 1- to 2-pl1 drops on
the steeper part of the gradient (17). The
shape of the drop shown in Fig. 3 is that of
a spherical cap. The difference of the con-
tact angles in the advancing and receding
edges of the drop was only -2° to 3°. The
effect of gravity on the drop shape was not
significant here because the radius of the
drop (1 to 1.5 mm) was smaller than the
Laplace length (2.7 mm) (18). The near-
spherical shape of the drop appears to be a
consequence of the equilibration of the La-
place pressure inside the drop, which is
consistent with the model proposed by Bro-
chard (3).

Water was not the only liquid that
moved across such gradient surfaces; other
liquids such as glycerol and chloroform also
moved. The motion of these liquids was,
however, examined with a horizontal gra-
dient surface.

Although we have not studied these fac-
tors in any detail, the speeds of the liquid
drops depended on the hysteresis in contact
angles, the surface tension and viscosity of
the drops, the drop volume, the steepness of
the gradient, and the inclination of the
gradient surface. Detailed understanding of
the kinetics of drop motion on gradient
surfaces should take these factors into ac-
count. The gradient surfaces reported here
are easily prepared. They should be useful in
the study of the motion of liquid drops
induced by chemical gradients and of the
interplay of chemical and thermal gradients.
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Observation of Transition-State Vibrational
Thresholds in the Rate of Dissociation of Ketene

Edward R. Lovejoy, Sang Kyu Kim, C. Bradley Moore
Rate constants for the dissociation of highly vibrationally excited ketene (CH2C0) have
been measured at the threshold for the production of CH2(3B1) and CO(11+). The rate
constant increases in a stepwise manner with increasing energy, consistent with the
long-standing premise that the rate of a unimolecular reaction is controlled by flux through
quantized transition-state thresholds. The data give the energies of the torsional and
C-C(0 bending vibrations of the transition state.

The elementary chemical reaction is one
of the most fundamental processes in na-
ture, and the theoretical and experimental
study of the transformation of reactants into
products has been an important area of
research for many decades. Experimental
studies of unimolecular reactions of highly
energized molecules provide strong tests of
the theories developed to describe chemical
reactivity (1). The unimolecular rate theo-
ry of Rice, Ramsperger, Kassel, and Marcus
(RRKM) (2) is based on the assumptions
that (i) the vibrational energy in the excit-
ed molecule is distributed statistically
among all the vibrational degrees of free-
dom, (ii) the energy flows freely among the
different degrees of freedom at a rate much
faster than the reaction rate, and (iii) the
rate of reaction is controlled by the passage
through a transition state located at the
dynamical bottleneck separating the reac-
tant from products on the potential energy
surface for the reaction. In the region of the
transition state, the bound vibrational mo-
tions of the molecule are not coupled to the
reaction coordinate, and passage through
Chemical Sciences Division of the Lawrence Berkeley
Laboratory and Department of Chemistry, University of
California, Berkeley, CA 94720.
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the transition state is vibrationally adiabat-
ic. In this sense, the vibrational levels of
the transition state represent reaction
thresholds, that is, quantized channels con-
necting the reactant to products.

The energy dependence of the RRKM
rate constant for a molecule with a fixed
energy (E) and total angular momentum (J)
is given by

k(E,J) = WI(EJ)/[hp(EJ)] (3)
where W*(EJ) is the number of vibrational
levels of the transition state with energy less
than E, p(EJ) is the density of vibrational
states of the reactant (number of states per
unit energy), and h is Planck's constant.

Definitive tests of RRKM theory are
hampered by the difficulty in evaluating the
individual terms in Eq. 1. Historically, the
density of reactant states Ip(EJ)I has been
estimated by extrapolating a normal mode
treatment of the molecular vibrations to
higher energies (3). However, recent spec-
troscopic studies show that the actual den-
sity of states for a number of molecules is
significantly higher (five to ten times for
10,000 cm-t < E < 30,000 cm-') (4) than
predicted by the normal mode picture. The
number of accessible reaction channels at
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the transition state [Wt(EJ)] is even more
difficult to evaluate because of the lack of
knowledge of the properties of the short-
lived transition state. Generally, the vibra-
tional frequencies of the transition state are
estimated by extrapolating from the proper-
ties of the stable molecule. However, high-
level quantum mechanical calculations now
provide quantitative predictions for the
properties of transition states of small mole-
cules (5).
RRKM theory predicts that the rate

constant increases by steps with an ampli-
tude equal to 1/[hp(EJ)J as the energy of
the reactant is increased through each vi-
brational state of the transition state. In the
past, experiments have lacked the energy
resolution and control of the angular mo-
mentum needed to resolve possible transi-
tion-state structure in the energy depen-
dence of a rate constant. In this work, rate
constants for the unimolecular dissociation
of ketene were measured with an energy
resolution much finer than the expected
vibrational energy spacing at the transition
state. The energy dependence of the rate
constant exhibits clear steplike structures.
Analysis of these structures provides a
strong test of the basic tenets of unimolec-
ular reaction rate theory.

The lowest energy dissociation channel
for ketene yields triplet methylene [CH2CO
-- CH2(3B1) + CO('1+)l (Fig. 1) with a
threshold 28,250 cm-' above the zero point
energy of ground-state ketene. There is a
small barrier along the reaction coordinate

E

-

>h5
SD
cwU

C0c-.-

H
.HC=C=0

Reaction coordinate
Fig. 1. A schematic representation of the dis-
sociation of triplet ketene. The reaction coordi-
nate corresponds to the distance between the
carbon atoms. The solid lines represent the
potential energy for the ground singlet (So), the
first excited singlet (S1), and the first triplet (T.)
electronic states. The transition state, which
separates the highly vibrationally excited reac-
tant from the products, is depicted as a single
potential well perpendicular to the reaction co-
ordinate. This well is meant to represent the
eight bound vibrations of the transition state.

(about 1300 cm` above the energy of the
separated fragments), which controls the
dynamics of the energy release to the sepa-
rating fragments (6, 7). This barrier defines a
distinct bottleneck to the reaction, and the
triplet ketene decomposition represents a
model case for testing RRKM theory.

Highly vibrationally excited ketene was
prepared by tunable pulsed laser excitation of
ketene cooled in a supersonic jet expansion.
Strong electronic-vibrational coupling in the
energized molecule yields an excited state that
is a statistical (8) mixture of the ground
singlet (So), excited singlet (S1), and triplet
(T1) states. The jet cooling (rotational tem-
perature 5 K) and narrow bandwidth of the
ultraviolet excitation laser (0.4 cm-1) mini-
mized the uncertainty in the energy and an-
gular momentum of the excited molecules.
We measured rate constants for the uni-

molecular decomposition of ketene by
monitoring the appearance of the CO (vibra-
tional level v = 0,J4 = 12) fragment as a
function of time after ketene excitation. The
CO photofragnent was detected by vacuum
ultraviolet laser-induced fluorescence (LIE).
The experimental conditions and data
treatment are as described (6, 7). Rate
constants were measured at energy incre-
ments of 2 to 4 cm-1, and the measure-
ments were repeated over the entire ener-
gy range three times. The average disso-
ciation rate constant (Fig. 2, curve a)
exhibits clear steps in the first few hundred
wave numbers above an initial step asso-
ciated with the zero point vibrational level
of the transition state.

Photofragment excitation (PHOFEX)
spectra of the CO product were also taken.
The LIF signal from specific CO(vJP) rovi-

Fig. 2. CH2CO dissociation 30
rate constant and PHOFEX
data. Curve a, experimen-
tal rate constants for the
unimolecular decay of
ketene. Curve b, CO(v =

0,Jp = 12) PHOFEX signal.
Curve c, PHOFEX spec-
trum calculated from the ii
experimental rate constant 10
data. Curve d, CO(v=0=p
= 2) PHOFEX signal. The
actual ratio of the yields of
CO(v = 0,JP = 12) to CO(v
= 0,Jp = 2) is about 20:1 0
at 28,500 cm-1 for CH2CO
(7).

brational states was measured at a fixed
reaction time (At) as a function of the
ketene excitation energy (E). The PHO-
FEX signal can be expressed as

S(E,vjp,At) Xc

a(E) P(E,vJp) (1 - e-k(E) At) (4)
where cr(E) is the ketene absorption cross
section, P(E,v,J) is the yield or branching
ratio for the (v,Jp) quantum state of CO,
and k(E) is the ketene dissociation rate
constant. The absorption cross section is
unstructured at the energies accessed in this
study and does not contribute significantly
to the structure in the PHOFEX spectra.
For small reactive conversion Ik(E) At < <
1], the PHOFEX signal is proportional to
the rate constant and the CO(vJ0) yield.

The PHOFEX spectrum of CO v = 0p
= 12) at 50 ns (Fig. 2, curve b) shows clear
steps that match those in the rate constant.
A plot of (1 - e-k(E) At) based on the
experimental k(E) data and a reaction time
of 50 ns is shown in Fig. 2, curve c. There
is a strong correspondence between this
simulated PHOFEX spectrum and the ex-
perimental spectrum for E < 28,500 cm-1,
indicating that the PHOFEX structure for
the CO(v = 0,Jp = 12) state is dominated
by the variation of the rate constant with
excitation energy. The abrupt change in slope
of the CO(v = 0j, = 12) PHOFEX spectrum
at 28,500 cm-' reflects a sudden decrease in
the fractional yield of JP = 12. The rate
constant continues to rise sharply in this
region. The PHOFEX spectrum of the
CO(v = 0 1 = 2) product (Fig. 2, curve d)
is significantliy different, suggesting that the
energy dependence of the CO(v = 0,Jp =

, I,.,,I,,,, I ...a , , 80

9:1~~~~~.b

a~~~~~~~~~~

40 2

,z

d 20

cI ,i,,1,,,|

28,200 28,400 28,600
Eneg (a')
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2) yield contributes to the structure in the
PHOFEX spectrum of the low-J product.

The CD2CO decomposition rate con-
stant (Fig. 3, curve a) increases in a distinct
stepwise pattern with increasing energy, but
with smaller energy spacing between the
steps as compared to that observed for
CH2CO. The narrower spacing is consis-
tent with the expected decrease in the
vibrational frequencies of the transition
state upon isotopic substitution. The PHO-
FEX spectrum for the CO(v = 0,Jp = 12)
product from CD2CO at 200 ns, and a
spectrum calculated from the k(E) data are
shown in Fig. 3, curves b and c, respective-
ly. As is the case for CH2CO, the CO(v =
0j = 12) and simulated spectra are very
similar, suggesting that the structure in the
CO(v = 0,Jp = 12) PHOFEX spectrum is
attributable predominantly to the structure
in the CD2CO rate constant. A PHOFEX
spectrum of the CO(v = 0,Jp = 2) product
from the dissociation of CD2CO at a delay
time of 150 ns is shown in Fig. 3, curve d.
Similar to the results for CH2CO, addition-
al sharp features are observed in the low-JP
PHOFEX spectrum for CD2CO, indicating
that the energy dependence of the low JP
CO yield is structured.

Allen and Schaefer have performed so-
phisticated quantum mechanical calcula-
tions for the dissociation of triplet ketene
(9). The calculations describe a transition
state that has a strongly bent C-COO
framework [about 1160 versus 180° (linear)
for the ground statel and a C-C bond that
is extended by about 40% relative to the
ground state. The lowest frequency vibra-
tions at the transition state are the torsion
between the CH2 and CO portions of the

Fig. 3. CD2CO data (see 12
legend to Fig. 2). I

molecule, the C-C-O bend (252 cm-'),
and the CH2 wag (366 cm- 1). The torsion-
al motion is a hindered internal rotation
with an ab initio barrier of 380 cm` . The
ab initio CH2CO hindered rotor potential
gives a spacing of about 140 cm1 between
the first two states, which is larger than the
spacing between the first two steps in the
data. The calculated hindered rotor spacing
for CD2CO is about 20% lower than for
CH2CO, which is in good agreement with
the fractional difference in the energy spac-
ings of the first two steps in the data for
CH2CO and CD2CO.
A significant fraction (0.22) of the po-

tential energy released as the CH2 and CO
fragments repel each other appears as rota-
tional energy of the CO fragment, consis-
tent with the strongly bent C-C-O geom-
etry of the transition state and rapid release
of the energy along the C-C bond (7).
The angular momentum imparted to the
CO is reproduced very well by a simple
classical model that assumes that the
available energy is released impulsively
along the C-C bond at the transition
state. This model predicts only the frac-
tion of energy released to rotation (that is,
only one JP value for CO) and not the
distribution of angular momentum. The
shapes of the CO rotational distributions
are derived from the vibrational motion of
the molecule when the C-C bond breaks
(7). This dynamical model predicts that
each vibrational state of the transition
state, with its characteristic motion, gives
a unique distribution of angular momen-
tum in the products. The variation in the
CO(v J) yield with energy is reflected in
the P-OFEX spectra. Therefore, these

I ailI,,, ,,, I.,,. aaA, 100

0

c we 6}o 0

C~~~~~~~~~
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28,250 28,450 28,650
End (a)
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spectra contain detailed information about
the vibrational character of the transition-
state thresholds.

For example, the CO(v = 0,J1p = 2)
PHOFEX spectrum exhibits two sharp fea-
tures at about 28,500 and 28,600 cm-1
which are absent from the CO(v = 0,Jp =
12) spectrum but which correlate with the
sudden change in slope in the CO(v =
0,Jp = 12) spectrum. The prominence of
these features in the low JP spectrum
indicates that the transition state thresh-
olds at these energies involve atomic mo-
tions that enhance the production of CO
in low JP states. The spacing between
these features is comparable to the spacing
between the first two pronounced steps in
the PHOFEX spectra, suggesting that the
states are combinations of the lowest en-
ergy hindered rotor states with an excited
state of a different vibrational mode. The
excited (v = 1) C-C-O bend is a likely
assignment for these thresholds because
the bending motion adds or subtracts sig-
nificant angular momentum from the im-
pulsive release and broadens the CO JP
distribution. The broadening increases the
yield of low JP products and decreases the
yield ofJP states near the maximum of the
distribution (IPi 12). This assignment
gives a C-COO bending energy of 250 + 10
cm-1 at the transition state, which agrees
very well with the ab initio value of 252
cm-1 (9).

The dissociation rate for deuterated
ketene is significantly slower than for the
hydrogen isotopomer, because the deuterat-
ed compound has a larger density of reac-
tant states [p(Ej)J owing to its reduced
vibrational frequencies. The rate constant
measured at the top of the second promi-
nent step for CH2CO (28,360 cm-') is 4.0
+ 0.8 times the CD2CO rate constant at
the same position (28,410 cm-'), suggest-
ing that the CD2CO density of states is four
times the CH2CO state density at these
energies. The ratio of harmonic state den-
sities (3) is 3.6:1. The absolute density of
reactant states is difficult to evaluate be-
cause of uncertainties in the number of
transition-state levels that contribute to
each step in the rate constant (10).

The observation of steps in the rate
constant supports the concept that the rate
of a unimolecular reaction with a well-
defined barrier (and hence transition state)
is controlled by flux through quantized tran-
sition-state thresholds. Results for the dis-
sociation of singlet ketene (11) show that it
remains much more difficult to define the
transition state and the dynamics of energy
flow for reactions without barriers. The
comparison of experimental and ab initio
data given here also demonstrates that
many properties of the transition state are
predicted by theory.
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However, a carbene complex has never
been observed in a catalytic system (3). An
alternative mechanism that has been dis-
cussed is nucleophilic attack of the diazo
compound on a metal-alkene or complex
(Eq. 2) (4).
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Mechanism of the Rhodium Porphyrin-Catalyzed
Cyclopropanation of Alkenes

Jana L. Maxwell, Kathlynn C. Brown, David W. Bartley,
Thomas Kodadek*

The rhodium porphyrin-catalyzed cyclopropanation of alkenes by ethyl diazoacetate (EDA) is
representative of a number of metal-mediated cydopropanalion reactions used widely in
organic synthesis. The active intermediate in these reactions is thought to be a metal carbene
complex, but evidence for the involvement of metalolefin ir complexes has also been pre-
sented. Low-temperature infrared and nudear magnetic resonance spectroscopies have been
used to characterize a rhodium porphyrin-diazoalkyl adductthat results from the stoichiometric
condensation of the catalyst and EDA. Optical spectrscopy suggests that this complex is the
dominant steady-state species in the catalytic reaction. This compound decomposes thermally
to provide cyclopropanes in the presence of styrene, suggesting that the carbene is indeed the
active intermediate. Metal-alkene iTr complexes have also been detected spectroscopically.
Kinetic studies suggest that they mediate the rate of carbene formation from the diazoalkyl
complex but are not attacked directly by EDA.

The design of asymmetric catalysts for use in
synthesis has emerged as one of the most
important problems in modem organic chem-
istry because most biologically active com-
pounds are chiral. Recently, there has been a
great deal of interest in the development of
metal-based asymmetric cyclopropanation
catalysts (1) for the synthesis of pyrethroid
insecticides, d-tum peptide mimics, and a
number of other interesting compounds. We
have concentrated on rhodium porphyrin cat-
alysts and have developed moderately enanti-
oselective systems for the cyclopropanation of
alkenes by diazo esters. In order to rationally
design more effective asymmetric pockets, it is
important to understand in detail the mech-
anism of the reaction, including the nature of
the reactive intermediates and the arrange-
ment of atoms in the transition state. This
will allow a rational positioning of groups in
the chiral cavity to more effectively influence

1544

the approach of the prochiral substrate to the
metal. Unfortunately, despite considerable
investigation, many aspects of the mechanism
of metal-catalyzed cyclopropanations remain
unclear. Current speculation is that the cata-
lyst reacts with the diazo compound to pro-
duce an electrophilic metal carbene that is
subsequently attacked by the alkene to pro-
vide the cyclopropane and regenerate the
catalyst (Eq. 1) (2).

V LL ALLZ L. 2 L

WA.R* + L,kL
syn +ant L
mixture

Re

(1)

Nucleophilic additions to metal-alkene
complexes are common in organometallic
chemistry (5), and r complexes have been
characterized for some cyclopropanation
catalysts (4). However, the precise role of
these species is unclear. Other mechanisms
are also possible. We report a mechanistic
analysis of the rhodium porphyrin-cata-
lyzed cyclopropanation of alkenes by ethyl
diazoacetate (EDA) (6) that clarifies these
matters. Our results, including the charac-
terization of a reactive organometallic in-
termediate, provide strong evidence for the
intermediacy of a metallocarbene and also
reveal a novel role for the substrate as an
axial ligand that moderates the rate of
carbene formation when the catalyst has a
labile ligand such as iodide.

In order to probe for the possible forma-
tion of a reactive rhodium porphyrin car-
bene, we investigated the stoichiometric
reaction of EDA with a rhodium porphyrin
in the absence of alkene. Addition of a
slight excess of EDA to a CD2CI2 solution
of iodorhodium tetra(p-tolyl) porphyrin
(RhTTPI) at -400C results in a rapid,
subtle color change and formation of a
porphyrin-EDA adduct. The 'H nuclear
magnetic resonance (NMR) spectrum of
this species exhibits a single set of resonanc-
es attributable to the protons of the EDA-
derived fragment (Fig. 1). Each signal is
shifted upfield relative to its position in
EDA, demonstrating that these protons sit
above the face of the aromatic macrocycle,
which has a strong diamagnetic ring cur-
rent. The proton a to the carbonyl carbon
is a doublet, although a two-dimensional
correlated (2-D COSY) spectrum shows
that it is not coupled to any other proton.
Therefore, the splitting is due to coupling
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