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of thiourea (or Se) were added to 20 mL of n-butylamine. The resulting
solution was stirred for several minutes and then sealed in a stainless steel
autoclave with a Teflon liner. This autoclave was maintained at the
appropriate temperature (80-220°C) for 12 h. Subsequently, the autoclave
was allowed to cool to room temperature. The solution from the autoclave
(except for CdS) was filtered and the obtained powders were washed with
distilled water and absolute ethanol and dried in vacuum at 70°C for 1 h.
CdS powders were separated from the solution by centrifugation and
washed with absolute ethanol.

X-ray powder diffraction patterns were obtained on a Japan Rigaku DMax-
YA rotating-anode X-ray diffractometer with graphite-monochromatized
Cuy, radiation (A1=1.54178 A). TEM photographs and SAED patterns
were recorded on a Hitachi Model H-800 transmission electron microscope
at an accelerating voltage of 200 kV. The samples were dispersed in
absolute ethanol in an ultrasonic bath. Then the suspensions were dropped
onto Cu grids coated with amorphous carbon films. XPS spectra were
recorded on a VEGSCALAB MKII X-ray photoelectron spectrometer
with nonmonochromatized Mgy, radiation as the excitation source. IR
spectra were recorded on a Bruker Vector-22 FT-IR spectrometer from
4000 to 400 cm™' at room temperature on KBr mulls.
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Electron-Transfer Dynamics of Cytochrome C:
A Change in the Reaction Mechanism with
Distance**

Jianjun Wei, Haiying Liu, Dimitri E. Khoshtariya,
Hiromichi Yamamoto, Allison Dick, and
David H. Waldeck*

Redox processes are ubiquitous in nature, and the under-
standing of electron transfer in complex systems, for example,
biological structures such as proteins, membranes, and the
photosynthetic reaction center, is an outstanding challenge.
Here we provide new results on the electron-transfer dynam-
ics of the protein cytochrome c as a function of distance from
a metal electrode. Comparison of this distance-dependence
with previous studies indicates that a conformationally gated
mechanism involving a large amplitude protein motion is not
operative, but a change in the electron-transfer mechanism
occurs and is linked to the protein environment.

The redox protein cytochrome c is very well characterized
and numerous studies of its electron transfer have been
performed, both under homogeneous and heterogeneous
conditions.'! A number of research groups have immobilized
cytochrome ¢ on gold electrodes that are coated with a self-
assembled monolayer (SAM) of -S-(CH,),.,-COOH, presum-
ably by binding to the protein's lysine groups.” The electronic
coupling strength between the electrode and the protein can
be varied by changing the length of the alkane chain. At large
SAM thicknesses the electron-transfer rate constant declines
exponentially with distance (electron tunneling mechanism),
but it is distance-independent at lower thicknesses, hence
there is a change in the rate-limiting step and the mechanism
of reaction. More recently, mixed monolayer films of pyri-
dine-terminated alkanethiols embedded in an alkanethiol
diluent have been used to directly tether the heme to the
surface.Pl This strategy for immobilization (Figure 1) should
eliminate large-amplitude conformational motion of the
protein on the surface of the SAM as a gating mechanism
for the electron transfer, because the heme is directly linked
to the alkanethiol tunneling barrier.

The immobilization of the cytochrome on the film has been
demonstrated through electrochemical control experiments
and by direct imaging by STM.B The primary evidence for
binding near the heme is the negative shift of the redox
potential, relative to that in solution, and the differential
adsorption strength of different functional end groups
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quality fits and a k° value that only differs

by a few percent from those in Table 1.
~ The thickness dependence of the k° val-
ue is summarized in Table 1 and plotted in
Figure 2, together with earlier data for
cytochrome ¢ adsorbed on COOH-termi-
nated SAMs. Both data sets obtained at
large thicknesses display an exponential
dependence on distance. The value of k° is
proportional to the electronic coupling
squared for nonadiabatic electron transfer
[Eq. (1)]. | V|2 is the electronic coupling

logivivs") —»
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Figure 1. The dependence of the peak separation AE on the voltage scan rate p is shown for

pyridine-terminated chains having lengths of 20 methylene groups (circles), 16 methylene groups

matrix element at the minimum donor-

(diamonds), and 6 methylene groups (x ). In each case the data is fit to the Marcus model with a

reorganization energy of 0.8 eV. A schematic diagram of the cytochrome immobilization strategy is

shown on the right.

(nitriles, imidazole, and pyridine).? The rate constants for
electron-transfer between the Au electrode and the cytochro-
me ¢ were determined by cyclic voltammetry.?" The compo-
sition of the mixed films (Table 1) consists of 3-4 % pyridine-
terminated chains in a diluent of alkane-terminated chains,

Table 1. Rate-constant data for cytochrome ¢ immobilized on pyridinylal-
kanethiols.®!

System k° [Hz] No. trials
Cépy/C5 1670 £ 60 2
Cll1py/C10 1150 + 80 5
Cl2py/Cl1 783 +36 3
Cl6py/C15 43+£10 7
C20py/C19 0.50 £0.06 3
C22py/C21 0.032 £0.026 2

and the coverage of cytochrome corresponds to about 10 % of
the pyridine sites, which is less than 1% overall. The nearly
ideal quality of the voltammograms stands in strong contrast
to that reported with pure layers of pyridine-terminated
alkanes,* for which the voltammetry studies showed there to
be severe asymmetry in the redox rates and significant
inhomogeneity. The homogeneous behavior of the voltam-
metry that is observed for the mixed films indicates that the
protein does not denature.”l Spectroscopic studies are under-
way to characterize the adsorbed cytochrome and will be
reported elsewhere.

Figure 1 shows the dependence of the voltammetric peak
positions on the voltage scan rate for three different systems.
The shift of the peak position with voltage scan rate is used to
quantify the standard rate constant k° for electron transfer.P!
The eicosanethiol (C20) chain has the slowest k° value: its
peaks move apart at lower scan rates than the peaks for
shorter methylene chain lengths (C16 and C6). The dashed
curves in this figure show the best fit to the Marcus theory
model with a reorganization energy A, of 0.8 eV for each of
the systems. The fits are not very sensitive to the value of the
reorganization energy because the data do not extend to high
overpotentials, for example, a 4, value of 0.5 eV gives similar
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acceptor separation distance and f is a
characteristic decay factor.l®”l The two
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Figure 2. Plot of k° versus number of methylene groups for cytochrome ¢
on SAM-coated gold electrodes (x from ref. [2¢,d], + from ref. [2a,b], and

o from this work for COOH and - for pyridine-terminated layers). The lines
are fits to Equation (1).

data sets (COOH and pyridinyl SAMs) should have the same
distance dependence in the nonadiabatic (“tunneling”) re-
gime since the distance in both cases is being changed by the
number of methylene units in the tether. A best fit to the rate
data at long distance gives a f3 value of 1.22 per CH, group for
the COOH-terminated SAMs and 1.19 per CH, group for the
pyridine-terminated SAMs. Although the slopes are similar,
the absolute value of the rate constant is significantly larger
(at a given methylene number) for the pyridine-terminated
tethers, which indicates a larger tunneling probability (elec-
tronic coupling).

Both data sets show a plateau region at short donor—
acceptor separations, however, the plateau region for the
pyridine-terminated SAMs extends to larger film thicknesses
(about 12 methylene groups). The maximum rate constants
for both film types are similar (the hexyl chains have a rate
constant of about 1100 Hz for the COOH-terminated SAMs
and about 1700 Hz for the pyridine-terminated SAMs) and
display plateau behavior. Previous research groups® ex-
plained the plateau behavior as resulting from a change in
the rate-determining step from electron tunneling at large
distances to conformational rearrangement of the protein—
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SAM system to a redox-active state at short thickness; this
situation is analogous to the conformationally gated mecha-
nism used to describe protein—protein electron transfer. Since
the pyridine ring binds near the heme, the conformationally
gated mechanism would need to involve local changes near
the redox center, rather than large-amplitude motion of the
protein. In addition, the alternating current impedance and
cyclic voltammetry data indicate a typical charge-transfer
step>’ and do not support a more complex mechanism
involving a conformational rearrangement step. Direct spec-
troscopic detection of redox species immobilized on the
SAMs terminated with carboxylic acids® support the view
that the conformational changes are small. In summary, the
mode of binding restricts the type of conformational change
that can be linked to the electron-transfer process at short
distances, which implies that large-amplitude motion of the
protein is not involved.

Murgida and Hildebrandt!”! observed a significant deute-
rium isotope effect for the electron-transfer rate constant on
thin (C2 and C3) films and suggested that proton transfer may
be coupled to the electron transfer or that rearrangement of
the hydrogen-bonded network in the protein may constitute a
rate-limiting step. In addition, they observed a thickness
dependence for the isotope effect and postulated that the
change in mechanism is modulated by the applied electric
field. Thus, the influence of a D,O buffer on the electron-
transfer rate constant was evaluated for the C16 and Cl11
pyridinyl systems. The rate constant for the C16-pyridinal
tether was 50 Hz, which is very similar to that observed in the
H,O buffer. The rate constant for the C11-pyridinyl tether was
900 Hz, which is a factor of 0.78 smaller than that found in the
H,O buffer. These findings are consistent with those of
Murgida and Hildebrandt.

The large difference in the extent of the plateau region and
the higher electron-transfer rates for the pyridine system (see
Figure 2) is consistent with a larger electronic coupling for the
pyridine-immobilized cytochrome c than for the carboxylate-
immobilized cytochrome c. The enhanced electronic coupling
suggests that the change in the electron-transfer mechanism
may be linked to the change in electronic coupling with
distance from the electrode. In the adiabatic, or strong
coupling, regime the rate constant k,° does not display an
exponential distance dependence, but does depend on the
polarization relaxation in the medium.'"”? The simple limit is
given by Equation (2), where the activation free energy is

1 A AG*
o 1 [ X _AG,]
7 7r3RTexp( RT ) @)

given by Equation (3) when the free energy of the reaction is
zero. The reorganization energy 4, is difficult to calculate

AGE="e ) @)

since it depends in a detailed manner on the protein
structure,'?l the SAM-coated electrode,[''?! and the solvent.
The characteristic polarization relaxation time 7.; gives a
measure of the time-scale for the response of the surrounding
medium (the solvent molecules, protein interior, etc.'%) to the

4702 © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

change in the charge distribution associated with the electron
transfer, and will depend on detailed properties of the SAM-
associated protein. A simple approximation treats this
relaxation time as the longitudinal dielectric relaxation, which
in a Debye dielectric continuum model is given by Equa-
tion (4). 7y is the longitudinal relaxation time of the solvent

e\ 30V
T AT = (?) b )

polarization, 7 is the solvent shear viscosity, V,, is the molar
volume, ¢ is the static dielectric constant, and ¢, is the high-
frequency dielectric constant. Hence, the experimental char-
acteristic of electron transfer in the adiabatic limit is a friction-
dependent rate constant,l'Z and the rate constant for the
cytochrome ¢ in the plateau region displays a viscosity
dependence.?®13 This model is also consistent with the results
obtained in D,0, since the D,0O-“hydrated” protein would
have a different relaxation time than the H,O-hydrated
protein and D,O has a slower dielectric relaxation time than
H,O. Although the pyridinyl system has a larger rate constant
in the plateau region than that of the COOH system, their
similarity suggests that the free energies of activation in the
two cases are similar, despite the different manner of protein
immobilization. This observation requires that any significant
changes in the reorganization energy between the two systems
must be compensated for by changes in the polarization
relaxation time and the electronic coupling magnitude, which
also modifies the relaxation time.['%'2] A more detailed study
of this correspondence is being pursued since the current
method does not provide a precise measurement of .

This work demonstrates how a new strategy for immobiliz-
ing cytochrome c on electrode surfaces which directly tethers
the redox-active site to the metal electrode can be used to
explore the change in the mechanism of electron transfer with
distance between the protein and the electrode. The distance
was changed through the variation in the number of methyl-
ene groups in the tether, but differs from earlier studies by the
nature of the SAM-cytochrome interaction. The difference in
binding modes provides a stronger electronic coupling for the
pyridinyl systems than for the COOH system and changes the
SAM thickness at which the onset of a plateau (nonexponen-
tial dependence on distance) is observed. This circumstance
also causes different rate constants in the tunneling regime for
the two different binding modes (but same number of
methylene groups in the chain). These findings indicate that
electron transfer at short distances need not be linked to a
large-amplitude conformational change of the protein with
respect to the electrode surface. A change in the electron-
transfer mechanism that arises from the enhanced electronic
coupling at short distance is also consistent with the observa-
tions.

Received: May 6, 2002
Revised: September 11, 2002 [Z19233]

[1] a) M. Fedurco, Coord. Chem. Rev. 2000, 209, 263; b) R. A. Scott,
Cytochrome C: A Multidisciplinary Approach (Eds.: R. A. Scott,
A. G. Mauk), University Science Books, Sausalito, 1996, p. 515.

0044-8249/02/4124-4702 $ 20.00+.50/0 Angew. Chem. Int. Ed. 2002, 41, No. 24



COMMUNICATIONS

[2] a) M. J. Tarlow, F. F. Bowden, J. Am. Chem. Soc. 1991, 113, 1847;b) S.

Song, R. A. Clark, F. F. Bowden, M. J. Tarlow, J. Phys. Chem. 1993, 97,

6564; ¢) Z. Q. Feng, S. Imabayashi, T. Kakuichi, K. Niki, J. Chem. Soc.

Faraday Trans. 1997, 93, 1367; d) A. Avila, B. W. Gregory, K. Niki,

T. M. Cotton, J. Phys. Chem. B 2000, 104, 2759.

a) H. Yamamoto, H. Liu, D. H. Waldeck, Chem. Commun. 2001, 1032;

b) J. Wei, H. Liu, A. Dick, H. Yamamoto, Y. He, D. H. Waldeck, J.

Am. Chem. Soc. 2002, 124, 9591.

[4] a) F. A. Armstrong, J. Chem. Soc. Dalton Trans. 2002, 661; b) earlier

work that immobilized cytochrome ¢ onto pure films of pyridine-

terminated alkanes showed asymmetric redox kinetics and inhomo-
geneity in the redox potential; see ref. [3a].

a) A. M. Napper, H. Liu, D. H. Waldeck, J. Phys. Chem. B 2001, 105,

7699; b) L. Tender, M. T. Carter, R. W. Murray, Anal. Chem. 1994, 66,

3173; c) K. Weber, S. E. Creager, Anal. Chem. 1994, 66, 3166; d) M. J.

Honeychurch, Langmuir 1999, 15, 5158.

[6] H. O. Finklea, Electroanal. Chem. 1996, 19, 109.

[7] W. B. Curry, M. D. Grabe, L. V. Kurnikov, S. S. Skourtis, D. N. Beratan,
J. J. Regan, A. J. A. Aquino, P. Beroza, and J. N. Onuchic, J. Bioenerg.
Biomembr. 1995, 27, 285.

[8] The reported error is two standard deviations. In each case the SAM is
a pyridine-terminated alkanethiol (for example, C6py has six CH,
groups) immersed in an alkanethiol diluent. See ref. [3b] for details of
film composition and characterization.

[9] D. H. Murgida, P. Hildebrandt, J. Am. Chem. Soc. 2001, 123, 4062.

[10] a) L. D Zusman. , Z. Phys. Chem. 1994, 186, 1; b) J. N. Onuchic, D. N.
Beratan, J. J. Hopfield, J. Phys Chem. 1986, 90, 3707.

[11] a) I. Muegge, P. X. Qi, A.J. Wand, Z. T. Chu, A. Warshel, J. Phys.
Chem. B. 1997, 101, 825; b) Y. P. Liu, M. D. Newton, J. Phys. Chem.
1994, 98, 7162.

[12] a) D. E. Khoshtariya, T. D. Dolidze, L. D. Zusman, D. H. Waldeck J.
Phys. Chem. A 2001, 105, 1818; b) M. J. Weaver, Chem. Rev. 1992, 92,
463.

[13] J.J. Wei, H. Liu, D. H. Waldeck, unpublished results.

[3

—_

[5

i

Enantiopure -Hydroxy Morpholine Amides
from Terminal Epoxides by Carbonylation at
1 atm**

Steven N. Goodman and Eric N. Jacobsen*

As a consequence of the recently developed hydrolytic
kinetic resolution (HKR) reaction,l!l a wide variety of
terminal epoxides are now readily accessible in enantiopure
form. The synthetic utility of this family of chiral building
blocks is certainly well established, yet it is likely that new and
valuable reactivity remains to be uncovered. In that context,
we have sought to develop practical methodology to effect
elaboration of these compounds to more highly functionalized
chiral intermediates. In 1999, we reported the [Co,(CO)g]-
catalyzed carbonylation of enantiomerically enriched epox-
ides under 40 atm of CO, to afford f-hydroxy methyl esters in
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good yield [Eq. (1)].”) However, the relatively high CO
pressure precludes its widespread application in laboratory
and industrial settings, and the scope of nucleophiles that
could be employed to trap the acylcobalt intermediate was in
fact quite limited.”] As a result, we became interested in
devising complementary methodology that would afford
general access to broadly useful p-hydroxy carbonyl deriva-
tives under mild conditions.

[Co,(CO)g] (5 mol%)
o 3-hydroxypyridine (10 mol%) HO O

R)*\/U\OMe @

R™+ CO (40 atm), MeOH, THF

The accelerating effect of silyl groups on cobalt-catalyzed
carbonylation reactions has been documented.[! Most rele-
vant to the present study, Tsuji and co-workers described the
carbonylative opening of racemic epoxides by N-silylamines
at low pressures of CO.’l We sought to extend this method-
ology to the direct generation of morpholine amides, which,
like Weinreb amides, are intermediates with widespread
utility in synthesis because of their ability to effect clean acyl
transfer to a variety of nucleophiles without product over-
reduction.*” The reaction of isopropyl glycidyl ether with
4-(trimethylsilyl)morpholine in the presence of 2.5 mol %
[Co,(CO);] provided the anticipated p-silyloxy morpholine
amide derivative in 58 % yield under 1 atm of CO. However,
approximately 30% of the crude product mixture was
identified as the corresponding amine-opened product.[®
Variation of solvent and reaction conditions provided slight
improvement in selectivity, with the use of ethyl acetate and a
reaction temperature of 50°C affording best results (80:20
amide:amine ratio). Selectivity for the carbonylation pathway
was improved further by carrying out the reaction under
scrupulously anhydrous conditions, leading to product for-
mation in an 89:11 amide:amine ratio [Eq. (2)].

MesSIO O
O [CoyCO)] PO~
o [ (2.5 ol %) A ’T'/\
iPro + N ~0% ©
< N 1 atm CO .
SiMey EfOAC,50°C  MesSiO ﬁo
(A:B = 89:11) iPro__ NJ

Despite substantial effort to optimize the reaction condi-
tions further, it was not possible to suppress formation of the
amine by-product completely. Fortunately, a workup proce-
dure involving simple treatment of the crude product mixture
with aqueous acid effectively removed both the amine and the
cobalt catalyst. This practical protocol was applied success-
fully to a variety of epoxides to afford synthetically useful
yields of (-hydroxy morpholine amides isolated in > 95 %
purity without chromatography (Table 1).

The transformation is compatible with a variety of func-
tional groups, including ethers, olefins, halides, and esters.
Reactions proceeded with no compromise of the optical
purity of the starting epoxides, and carbonylations were
completely regioselective for the terminal position. However,
epoxides bearing sp?-hybridized a-carbon substituents fared
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