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Figure 2. Correlation of proton affinities and singlet carbene binding
energies for negative ions.

on the Lewis acidity of the carbene carbon. Reaction between
CH,OCH,CI and OH" in the flow tube yields several products,
among which is an {M — H] ion. Exclusive deprotonation at the
chloromethyl group is indicated by the absence of any {M — D]~
product in the analogous reaction with CD;OCH,Cl. The
CH,OCHCI" ion exhibits a Cl~ appearance plot from CID that
closely resembles that for CF,Cl7, and it is observed to undergo
exothermic transfer of Cl™ to ¢c-CsH,, and CS, (D[CS,-CI] =
11.7 kcal/mol).®  Low-level (4-31G) optimization of the geometry
of CH;OCHCI" yields a C, “carbanion” structure with an un-
usually long C-Cl bond (2.6 A). However, this carbanion
structure is unstable at higher levels of theory with respect to Cl~
loss and rearrangement to the minimum energy geometry shown
in Figure 1B. This remarkable structure incorporates a free
carbene moiety and a Cl~ ion electrostatically bound to the
backside of the methoxy group in a manner reminiscent of gas-
phase Sy2 intermediates.® The computed CI- binding energy
(AH ) for this structure at the MP3/6-31+G(d)//6-314+G(d)
and MP2(full) /6-31+G(d)//MP2(full)6-31+G(d) levels is 11-12
kcal/mol, in good agreement with our experimental results.

The CI binding energies of singlet carbenes provide a direct
measure of their relative Lewis acidities. We? and others®! have
previously noted the good linear correlations that often can be
found between the binding energies of a series of negative ions
to specific neutral Lewis acids and to the proton, i.e., between their
Lewis and Bronsted basicities. Figure 2 illustrates a set of such
correlations for singlet carbenes, where the requisite thermody-
namic data for the various carbanions (CL,X"), negative ions (X"),
and carbenes (CL,) are taken from results from our laboratory!?
or established literature data.’> The linear relationship between
PA(X") and D{CL,~X"] for singlet CH,, CF,, and CCl, extends
over a wide range of anion basicities and provides a predictive
capability for identifying additional candidates for gas-phase
.carbene/anion complexes. Thus, one predicts from the correlations
that neither Br™ nor 17 will exhibit any binding other than weak
electrostatic attraction to singlet CF,. Moreover, Br™ should
possess a ca. 20 kcal/mol bond strength toward singlet CCl,,
whereas [ should have a CCl, bond energy of about half as much.
After formulating these predictions, we generated a sample of the
CCl,Br" ion in the flowing afterglow by deprotonating CHCI,Br
and carried out energy-resolved CID studies. An appearance
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energy for Br™of 0.9 eV (21 kcal/mol) was obtained, in excellent
agreement with the predicted D{CCl,~Br~] value from the cor-
relation.

We are currently examining the gas-phase reactions of these
unusual species with olefins and other reagents in pursuit of further
evidence for their carbene character.
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Protein electron-transfer (ET) kinetics is a topic of intense
current interest.! Recent experimental progress has been due
largely to the use of donor-acceptor species for investigating
diffusionless intramolecular ET reactions.!? Significant devel-
opments have also been reported for self-exchange reactions!?® and
for direct electrochemical ET reactions.* Recently it has become
clear that the ET kinetics of strongly adsorbed native proteins can
be investigated from an intramolecular perspective using vol-
tammetry, as shown for cytochrome ¢ (cyt ¢) (sub)monolayers
on tin oxide® and bis(4-pyridyl) disulfide modified gold.¢ This
type of voltammetric approach is well suited for probing funda-
mental kinetic aspects of ET reactions” and was recently used to
determine the reorganization energy of cyt ¢ adsorbed on tin
oxide.® A highly desirable goal in this regard would be the
development of electrode/adsorbed protein systems of controllable
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and well-defined geometry. We report here preliminary results
on the use of self-assembled alkanethiol monolayers on gold to
study the ET reaction of horse heart cyt ¢.® In this approach,
cyt ¢ was irreversibly adsorbed on carboxylic acid terminated
alkanethiol monolayers, and the redox behavior of the cyt ¢/
monolayer complex was examined by using cyclic voltammetry.

Self-assembled monolayers formed by the chemisorption of
long-chain alkanethiols on gold are receiving much attention
because of the control they offer for the facile formation of
chemically and structurally well-defined organic surfaces.® Several
groups have explored the influence of structure and distance on
diffusionless ET reactions by covalently attaching electroactive
species to the alkanethiol adsorbate.'® The densely packed hy-
drocarbon chains anchor the electroactive group to the electrode
and rigidly hold it a well-defined and controllable distance from
the electrode surface. Using a similar approach, we hoped to
further exploit the structural control afforded by the alkane-
thiol/Au system to construct a surface that would irreversibly bind
cyt ¢ in an active state. A carboxylic acid terminated monolayer
surface was selected to provide favorable electrostatic binding with
cyt ¢! At pH 7, the monolayer surface is expected to have a
net negative charge which would lead to attractive interaction with
positively charged lysines on the surface of cyt c.!?

Freshly sputter deposited Au films (~2000 A) on silicon wafers
were equilibrated in ethanol solutions of ~103% M [6-
mercaptohexadecanoic acid [HS(CH,),sCOOH] (MHDA) for
1 day.!* Characterization of the resultant MHDA monolayers
by ellipsometry, infrared spectroscopy, and X-ray photoelectron
spectroscopy gave results, in close agreement with previous
studies,’! that demonstrated the formation of densely packed,
crystalline-like assemblies with the surface consisting primarily
of carboxylic acid functionalities. MHDA films were used im-
mediately for cyt ¢ adsorption experiments because prolonged
exposure to the laboratory ambient atmosphere appeared to result
in deleterious surface contamination. Figure 1A shows a typical
background cyclic voltammogram obtained from an MHDA/Au
electrode in pH 7, 4 mM potassium phosphate buffer. The
charging current is about a factor of 50 less than that for bare
Au and reflects the dense packing of the MHDA monolayer.'4

The cyt ¢ adsorption process was performed by filling the cell
with ca. 0.5 mL of 30 uM purified ferricyt c!5 in 4 mM, pH 7

(8) Previous workers have described the attachment of small adsorbates
to Au electrodes via sulfur moieties for studying diffusing cyt ¢: Taniguchi,
I.; Toyosawa, K.; Yamaguchi, H.; Yasukouchi, K. J. Chem. Soc., Chem.
Commun. 1982, 1032-1033. See refs 4b and 4c for further examples.

(9) (a) Nuzzo, R. G.; Allara, D. L. J. Am. Chem. Soc. 1983, 105,
4481-4483, (b) Porter, M. D.; Bright, T. B.; Allara, D. L.; Chidsey, C. E.
D. J. Am. Chem. Soc. 1987, 109, 3559-3568. (c) Strong, L.; Whitesides, G.
M. Langmuir 1988, 4, 546-558. (d) Troughton, E. B.; Bain, C. D.; White-
sides, G. M.; Nuzzo, R. G.; Allara, D. L.; Porter, M. D. Langmuir 1988, 4,
365-385. (e) Bain, C. D.; Troughton, E. B.; Tao, Y. T.; Evall, J.; Whitesides,
G. M.; Nuzzo, R. G. J. Am. Chem. Soc. 1989, 111, 321-335. (f) Nuzzo, R.
G.; Dubois, L. H.; Allara, D. L. J. Am. Chem. Soc. 1990, /2, 558-569. (g)
Whitesides, G. M.; Laibinis, P. E. Langmuir 1990, 6, 87-96. (h) Fabianowski,
W.; Coyle, L. C.; Weber, B. A.; Granata, R. D.; Castner, D. G.; Sadownik,
A, Regen, S. L. Langmuir 1989, 5, 35-41. (i) Chidsey, C. E. D.; Loiacono,
D. N. Langmuir 1990, 6, 682-691. (j) Finklea, H. O.; Avery, S.; Lynch, M,;
Furtsch, T. Langmuir 1987, 3, 409-413.

(10) (a) Chidsey, C. E. D.; Bertozzi, C. R.; Putvinski, T. M.; Mujsce, A.
M. J. Am. Chem. Soc. 1990, /12, 4301-4306. (b) DeLong, H. C.; Buttry,
D. A. Langmuir 1990, 6, 1319-1322. (c) Lee, K. A. B. Langmuir 1990, 6,
709-712.

(11) Ferguson-Miller, S.; Brautigan, D. L.; Margoliash, E. In The Por-
phyrins; Dolphin, D., Ed.; Academic Press: New York, 1979; Vol. VII-B, pp
149-240.

(12) Contact angle titration experiments of carboxylic acid terminated
alkanethiol surfaces suggest that the pK, of the MHDA surface is pH 8-9.%¢
This unusually high value has been attributed to hydrogen-bonding effects.
It is likely, however, that the MHDA surface possesses a net negative charge
at pH 7 due in part to dissociation of non-hydrogen-bonded carboxylic acid
functionalities (M. D. Porter, personal communication).

(13) MHDA was synthesized and purified according to published proce-
dures.® A Crlayer of ~50 A was deposited on the silicon to improve adhesion
of the Au layer.

(14) Differential capacitance calculated from the background cyclic
voltammogram is 1.3 uF/cm? (at 0.0 V vs NHE, scan rate of 50 mV/s), which
is comparable to values reported for HO,C(CH,) (SH/Au® after accounting
for the difference in monolayer thickness.
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phosphate buffer and allowing 20 min for equilibration, after which
the cell was emptied, rinsed three times, and filled with the same
buffer. Figure 1A shows a typical cyclic voltammogram obtained
for cyt ¢ adsorbed on an MHDA /Au electrode. The peaks are
due to the one-electron oxidation and reduction of adsorbed cyt
c. Rinsing the cell with buffer four additional times resulted in
nearly identical current-voltage traces, which demonstrates that
desorption is negligible. We estimate the surface coverage of
electroactive cyt ¢ to be 0.5-1 monolayers by integration of the
charge under the anodic peak.'® The cyt c/MHDA surface formal
potential, taken as (E, . + E,,)/2, was +0.19 V vs NHE, which
is some 60-70 mV negative of the solution £°".!7 This ad-
sorption-induced negative shift is greater than that previously
observed for binding to tin oxide electrodes™ or to other proteins, '®
but agrees well with E°’ shifts for cyt ¢ bound to mitochondrial
membranes.!® These results suggest the interesting possibility
that the interaction of ¢yt ¢ with MHDA may be similar to that
found in physiological environments.

Figure 1B shows cyclic voltammograms of the cyt ¢/ MHDA
system acquired at different potential scan rates. Peak separations
were used to calculate an apparent ET rate constant (k°) at zero
overpotential of 0.1 s™.20 This value is 10~100 times smaller than
ke for the cyt ¢/tin oxide system and indicates an extremely
nonadiabatic reaction. Using the conventional expression,! k,°
= v exp{-B(d — dy)] exp(-AG*/RT), with v = [0} s lac g =
1.0 Alle dy =3 A2 and AG* = |1 kJ/mol (i.e., the intrinsic
activation free energy determined previously for cyt ¢ adsorbed
on tin oxide’?), we calculate an ET distance of 4 = 31 A, which
agrees well with & = 29 A estimated from the MHDA and cyt
¢ structures. That is, if we assume that cyt ¢ is electrostatically
oriented with its exposed heme edge facing the film, the calculated
tunneling distance is 24 A for the MHDA film® (along the chain
direction) plus an additional 5 A!® to the heme edge.2! The close
correspondence between the structural and kinetic determinations
of ET distance may be somewhat fortuitous in light of the un-
certainties regarding protein orientation and the assumed kinetic
parameters.’? Furthermore, it should be noted that the exper-
imental cyclic voltammograms do not exhibit the ideal wave shape
predicted by Laviron’s model.?® The broadness of these peaks
suggests an adsorbate distribution?”®® perhaps involving film defect
sites.19%23  Although these issues require closer scrutiny, the
general features of the experimental strategy and kinetic analysis
appear sound.

In summary, we have demonstrated the feasibility of using
carboxylic acid terminated alkanethiol monolayers to study the

(15) Sigma type VI horse heart cyt ¢ was chromatographically purified
according to the following: Brautigan, D. L.; Ferguson-Miller, S.; Margoliash,
E. Methods Enzymol. 1978, 53D, 128-164.

(16) One monolayer is estimated as 20 pmol/cm? on the basis of 1500
A?/molecule and a surface roughness factor of 2.

(17) Dickerson, R. E.; Timkovich, R.; Boyer, P. D. In The Enzymes; Boyer,
P. D., Ed.; Academic Press: New York, 1975; Vol. XI-A, pp 397-547.

(18) Vanderkooi, J.; Erecinska, M. Arch. Biochem. Biophys. 1974, 162,
383-391.

(19) (a) Dutton, P. L.; Wilson, D. F.; Lee, C. P. Biochemistry 1970, 9,
5077-5082. (b) Vanderkooi, J.; Erecinska, M.; Chance, B. Arch. Biochem.
Biophys. 1973, 154, 531-540.

(20) (a) Laviron, E. J. Electroanal. Chem. 1979, 10/, 19-28. (b) The
theoretical treatment in ref 20a is based on a relatively simple model that
assumes a Langmuir adsorption isotherm and ideal redox behavior. It is likely
that the k,,° determined represents a distribution of values and, thus, should
be considered as approximate. A more precise and accurate determination
of k,° will require the use of potential step methods or impedance spectros-
copy.

(21) A tunneling distance of 29 A would appear to be the minimum pos-
sible assuming that the alkanethiol monolayer is compact and that the ad-
sorbed cyt ¢ does not penetrate to any significant extent. The maximum
possible tunneling distance would be ca. 40 A for very unfavorable orientations.

(22) (a) The value of 8 used here was obtained from protein tunneling
experiments;'® 3 for the MHDA part of the tunneling path may be different.
(b) AG* may be somewhat different for MHDA compared to tin oxide*® in
light of the fact that adsorption appears to be stronger on MHDA. We plan
to measure the actual value for cyt ¢/MHDA. (c) The correct value for the
frequency factor (») remains controversial.

(23) ET at defect sites undoubtedly occurs; however. the high cyt ¢ cov-
erage indicates that the major part of the faradaic current results from ET
through intact MHDA domains.
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Figure 1. (A) Cyclic voltammograms acquired at a scan rate of 50 mV/s
of an MHDA monolayer covered Au electrode (dashed) and the same
electrode after adsorption of cyt ¢ on the MHDA monolayer (solid). In
both cases, the supporting electrolyte is 4 mM potassium phosphate
buffered at pH 7. See text for details of cyt ¢ adsorption procedure. (B)
Cyclic voltammograms of cyt ¢ adsorbed on an MHDA monolayer at
scan rates of (a) 50, (b) 20, and (c) 10 mV/s. Solution conditions are
the same as in part A. Electrode area = 0.32 cm?

ET reaction of adsorbed cyt ¢. Through synthetic manipulation,
we expect that the self-assembled alkanethiol monolayer system
will be very useful for controlling protein/monolayer surface
interactions as well as the nonadiabaticity of protein ET reactions.
Moreover, the monolayers may serve as useful analogues of bi-
ological membranes as suggested by the redox thermodynamic
data given above.
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Coronatine (1) is a phytotoxin of novel structure isolated from
liquid cultures of the plant pathogens Pseudomonas syringae pv.
atropurpurea" and Ps. syringae pv. glycinea®> Infection of the
host plants by these bacteria induces chlorosis on the leaves due
to the production of coronatine.!? The coronatine molecule is
constructed from two moieties of distinct biosynthetic origin,
coronafacic acid (2) and coronamic acid (3). Previous investi-
gations in our laboratory have shown that coronafacic acid (2)
is a polyketide derived from five acetate units and one pyruvate
unit and that coronamic acid (3) is derived from isoleucine.* We

(1) Ichihara, A.; Shiraishi, K,; Sata, H.; Sakamura, S.; Nishiyama, K.;
Sakai, R.; Furusaki, A.; Matsumoto, T. J. Am. Chem. Soc. 1977, 99, 636.

(2) Mitchell, R. E;; Young, H. Phytochemistry 1978, 17, 2028.

(3) Mitchell. R. E. Physiol. Plant Pathol. 1982, 20, 83.

(4) Parry, R. J.; Mafoti, R. J. Am. Chem. Soc. 1986, 108, 4681.

now report the results of investigations that provide some insight
into the mechanism of conversion of isoleucine into coronamic
acid.
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In previous studies, a mixture of (]1-!*C)-DL-isoleucine and
(1-3C)-pL-alloisoleucine was found to label coronatine specifically
at C-1’. This experiment provided no information on the stere-
ochemistry of the amino acids that serve as precursors of coro-
namate, The absolute configuration of coronamic acid® suggests
that the compound should be derived from L-isoleucine (4) via
L-alloisoleucine (5) (eq 1). This hypothesis was evaluated by
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administration of commercially available (1-13C)-L-isoleucine and
(1-13C)-L-alloiscleucine to Ps. syringae pv. glycinea and isolation
of coronatine as its methyl ester. The results (Table I, experiments
1 and 2) show that both of these amino acids are specifically
incorporated into coronamic acid, but that L-alloisoleucine is a
much more efficient precursor. Since the cyclization of the amino
acid L-alloisoleucine to a cyclopropane derivative is a highly un-
usual process, we decided to verify that the methyl group of the
amino acid is indeed the source of the cyclopropane bridge. This
was accomplished by administration of a mixture of (6-13C)-DL-
isoleucine and (6-1>C)-pL-alloisoleucine® to Ps. syringae. The
results (Table I, experiment 3) clearly show that the cyclopropane
bridge is derived from the methyl group of L-alloisoleucine. These
observations set the stage for a mechanistic probe of the cyclization
mechanism. A mixture of (6-'3C,6-?H;)-pL-isoleucine and (6-
13C,6-2H,)-pL-alloisoleucine was synthesized’ and administered
to Ps. syringae. Examination of the carbon-13 NMR spectrum
of the coronatine methyl ester obtained from this fermentation
while carrying out simultaneous 'H and 2H decoupling revealed
the presence of a new *C resonance shifted upfield by 0.59 ppm
relative to the signal for C-6’ of coronatine. The magnitude of
the upfield shift indicates that two deuterium atoms are located
at C-6’8 The conversion of L-alloisoleucine to coronamic acid
therefore proceeds with the removal of one hydrogen atom from
C-6 of the precursor. It is also noteworthy that the level of
incorporation observed in this experiment (Table [, experiment
4) was dramatically lower than that observed when no deuterium
was present at C-6 (Table 1, experiment 3). This difference in
incorporation efficiency is probably due to the operation of a
substantial deuterium isotope effect.

(5) Ichihara, A.; Shiraishi, K.; Sakamura, S. Tetrahedron Let. 1979, 365.

(6) The precursor was synthesized by deprotonation of n-butyl butyrate
with LDA followed by treatment with ('3C)methyl iodide, reduction of the
alkylated ester to the corresponding aldehyde with DIBAL, and conversion
of the labeled aldehyde to the amino acid using the Strecker synthesis.

(7) The synthesis was accomplished as indicated in ref 6, using
("3C,*H;)methy! iodide.

(8) Hutchinson, C. R. J. Nat. Prod. 1982, 45, 27.

(9) Oppolzer, W; Pedrosa, R.; Moretti, R. Tetrahedron Let:. 1986, 27,
831. Oppolzer, W.; Dudfield, P. Tetrahedron Lett. 1985, 26, 5037. Oppolzer,
W.; Chapuis, C.; Bernardinelli, G. Tetrahedron Letr. 1984, 25, 5885.
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