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Previously, we reported the synthesis and preliminary characterization of Cu(l/Il) complexes of N,N-bis(2-quinilylmethyl)-
(t)-methionine (Zahn, S.; Canary, J. W. Science 2000, 288, 1404-7). The chemically oxidized and reduced forms
of the complexes gave nearly mirror image circular dichroism (CD) spectra as a result of reorganization of the
inner coordination sphere of the copper atom. The reorganization involved exchange of oxygen for sulfur in proceeding
from the Cu(ll) to Cu(l) oxidation state and corresponding ligand conformational changes required to accommodate
this exchange. In this paper, we demonstrate that the complex can be triggered by electrochemical means. The
electrochemical and stereochemical details of the redox-induced ligand reorganization were probed by independent
synthesis of alternative chemical intermediates, CD spectroelectrochemistry, curve fitting of cyclic voltammograms,
CD titration, and scanning electrochemical microscopy (SECM). A square-type mechanism was most consistent
with the data: the Cu(ll) complex is reduced followed by a ligand reorganization step to give the stable reduced
form of the complex. The Cu(l) complex is then oxidized in a fast step followed by another ligand reorganization.
A millisecond time scale rate was found by SECM for one of the key conformational conversion steps.
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Figure 1. Inversion of helical chirality occurs upon chemical reduction
and oxidation of copper, giving nearly mirror-image exciton-coupled circular
dichroism spectra.
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methyl)-{)-methionine, where the Gieomplex ofl exhibits

a negative couplet in the exciton-coupled circular dichroism
(ECCD) spectra and chemical reduction of the Gamplex

of 1 shows an ECCD sign inversion (Figure 1). The design
of the ligand fashions a right-handed propeller when it is
complexed with Cliand a left-handed propeller when it is
complexed with Clu A negative chiral orientation of the

Scheme 1. lllustration of the Proposed Square Mecharfism

S = Solvent

a Electron-induced ligand reorganization results in an inversion of the
chromophore orientationkiop,or = rate of electron transfeker oo =
forward rate of reactiorkrp,go = reverse rate of reaction).

are stabilized by sulfur-containing ligands and carboxylate-
containing ligands stabilize the €state?®3° Rorabachét
has shown that the Cstate has no preference for the type
of donor atom, but rather the €state is destabilized by
sulfur atoms. Reduction of the Cu(ll) compleéXx gives

chromophores occurs when the metal center is coordinatedspeciega, which undergoes a ligand reorganization to give
to three nitrogen atoms and the carboxylate, giving riseto a g Thus. the stable specie® and R are derived from

(—)-couplet. Upon reduction with ascorbic acid, ligand

reorganization occurs so that the dialkyl sulfide coordinates

in place of the carboxylate, inverting the twist of the molecule
to yield a (+)-couplet in the ECCD spectrum. The twist of
the quinolyl chromophores is directed by the chiral center,
as previously described in chiral tris((2-pyridyl)methyl)amine
(TPA) complexeg!

The robustness of the system was demonstrated by per-

forming several chemically induced cycles for the reduction
and oxidation of the copper center, where very little signal

persulfate, respectiveff.

electron-induced reorganization of the ligand via the meta-
stable intermediateB and Q. This mechanism is similar to
ones proposed for nitrogen- and sulfur-containing ligands
that are used in studies involving electron-transfer kinetics
in complexes that mimic blue copper proteins, where data
were obtained using absorbari&e®® fast-scan cyclic vol-
tammetry (CV)3637"and NMR experiment®

However, several questions remained about this mecha-
nism. One fundamental question regards the oxidation step
with ammonium persulfate. This reagent is capable of

rrl)xidizing sulfur atom® and might oxidize the methionine

Consideration of practical applications requires knowledge ;g rorapacher, D. BChem. Re. 2004 104 651-697.

of mechanistic details concerning the redox cycle. Previ-

ously?*the square scheme shown in Scheme 1 was proposed

This mechanism was based on known struct@easndR,
while intermediatesP and Q were assumed. The gross

features of Scheme 1 are supported by literature precedent,
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Figure 2. CD (A) and UV spectra (B) of the sulfoxide analogue'Q) in acetonitrile (0.1 mM). The disappearance of ECCD ir @uupon addition of
ascorbic acid indicates that the sulfoxide does not bind to the metal.

side chain to sulfoxide. Second, while Scheme 1 indicates The circular dichroism spectrum of the free ligand (Figure
oxidation/reduction occurringQ — P) prior to ligand 2A) showed a negative Cotton effect at 234 nm, almost
reorganization B — R), we sought to exclude other coincident to thelmaxat 231 nm (Figure 2B). Complexation

possibilities experimentally such as ligand reorganizatn (  with Cu' resulted in an increase in amplitude and an
— Q) prior to redox reaction@ — R). Finally, we were appearance of a negative bisignate curve with inflection point
interested in obtaining rate information about the switching at 233 nm; these features are characteristic of exciton
events, as rate properties will strongly affect any potential coupling®? Upon reduction of the metal with ascorbic acid,

applications of the chemistry. the signal diminished in amplitude and resembled the
spectrum of the free ligand. The disappearance of ECCD in
Results and Discussion comparison to the reduction of the parent compleX(Cu

which showed a positive ECCD, indicates that the sulfoxide
does not bind to either Guor CU. If the sulfoxide arm
were coordinating to cuprous ion, one would expect to see
some type of ECCD spectrum with positive Cotton effect
near 240 nm.

CD Spectroelectrochemistry.Controlled potential cou-
lometry was performed on &(l), which, under our experi-
mental conditions, showed A¢ = 200 (Figure 3). Upon
completion of electrolysis, the solution color changed from
blue to yellow, indicative of the reduction that had taken
place. The CD of the resultant solution of 'Cl) showed a
small but positive coupletAe = 8), whereas the UV was

Sulfoxide Independent Synthesis and Characterization.
Ammonium persulfate was employed as the chemical oxidant
in prior studies®> 2% This reagent is capable of oxidizing the
sulfur aton¥® which would be irreversible and prevent
cycling. However, strong reversibility was observed with
several chemical oxidation/reduction cycles with little hys-
teresis’>?*but it seemed appropriate to look more carefully
at this possibility prior to mechanistic studies. This question
was examined initially by measuring mass spectra of ligand
and complexes after reaction with persulfate. While this
reagent oxidized the ligand, several attempts failed to show

clearly whether oxidation occurred under the conditions of _. . . . .
. . similar to that observed by direct preparation or chemical
the redox cycling reactions. reductionz

The sulfoxide2 was synthesized directly by oxidizing the The CD and the UV spectra obtained for 'Cl) in

methyl ester oN,N-bis(2-quinaldyl)methionirf using bro- 5 etonitrile with TBAP are almost identical with the spectra

mine and water in methylene chloridein 67% yield.  hiained without the added electrolyte (negative couplet with
Subsequent saponification with lithium hydroxide solution A, — 2o Amax = 231 nm). Upon chemical reduction to

afforded the ligand in 32% yield. NMR data suggested the ¢ 4(1) with ascorbic acid, the opposite couplet was observed

product was a mixture of diastereomers. (A€ = 115; Amax = 230 nm). These control studies indicate

(39) Kim, Y. H. In Sulfur and Phosphorus Peroxidésndo, W., Ed.; John (41) Bravo, A.; Dordi, B.; Fontana, F.; Minisci, B. Org. Chem2001,
Wiley and Sons: New York, 1992; pp 38B91. 66, 3232-3234.

(40) zahn, S. Electron Driven Chiroptical Materials. Ph.D. Dissertation, (42) Nakanishi, K.; Berova, N.; Woody, Rircular Dichroism: Principles
New York University: New York, 2000; p 235. and Applications2nd ed.; Wiley-VCH: New York, 2000.
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Figure 3. CD/UV spectroelectrochemistry of €(1) (a) and the electrolysis product-afl V, Cu(1) (b). Subsequent oxidation to @) at+1 V resulted
in a diminished but positive couplet (c).

that the presence of TBAP does not significantly affect the 6
chiroptical signal in both copper states. | o foomis
The reason for the loss in signal amplitude in'@u 4 o 60 mVis
compared with generation of i) by other methods is not ° 40 mVis
clear. The reoxidation of C{1) is shown in Figure 3c, which g 24 20 mvis
shows a diminished signal as compared to the starting %
solution. One difference between the chemical and electro- g Lk -
chemical reduction schemes is that byproducts of the 1 coocigsse o
ascorbate reductidhinclude materials that may influence 21 ”“““ﬁé§§§iizg§%%
the spectra. Although the amplitude is smaller, the shape and 1 Cageasts”
the signature of the ECCD are similar to that of the starting S .
material (Figure 3a). The UV spectra within the redox cycle 600 400 200 0 200 400
Voltage, mV

consistently show the maximum at 231 nm, with comparable e vor o i
ampliudes; this provides qualiative evidence that the FELIe%, Sieie volemmogiens o b O st iern s s
molecular switch survives the experiment. acetonitrile.

Cyclic Voltammetry. Cyclic voltammetry (CV) and digi-
tal simulation used to evaluate the mechanism and explain
the switching behavior observed by CD spectroscopy upon
chemical reduction and oxidatidh.The square scheme

Table 1. Potential Peaks for (1) at Different Scan Rates
(Reference: Ag/AgCl@in CH3CN)

v(mV/s) Epred(MV) Epox(MV) AE;(MV) (Epred+ Epox/2 (MV)

model (Scheme 1) suggests that the ligand reorganizations 100 —147 260 407 56
occur after electron transfer (EC mechanism) for the reduc- 8 _1as 261 204 29
) 60 -134 247 381 56
tion cycle, and such processes can be assessed by CV. Estab- 40 —-128 240 368 56
lishing that conformational control around the metal center 20 —109 207 316 49

proceeds in a unidirectional fashion is desirable to ensure
that the switching input generates the chiroptical output.
Biological molecular switches have been speculated to
employ similar conformational control to prevent undesired
reaction pathway®
Numerous parameters were first examined to determine
optimum conditions that would yield voltammograms suit-
able for data f'?“”g- These mclu_ded glgssy—cart_)on, pIatm_um, separation between the peakes, in Table 1) supports the
and gold working electrodes, silver wire and silver chloride o . L .
. mechanism in Scheme 1, since the switching event requires
reference electrodes, tetrabutylammonium hexafluorophos-,. L ; .
. igand reorganization from a five-membered ring chelate of
phate or tetrafluoroborate electrolytes, and nitrobenzene and

dichloromethane as solvents. (43) Taqui, M. M.; Martell, A. E.J. Am. Chem. Sod.967, 89, 7104~

Importantly, the experimental voltammograms (Figure 4) 7111

could not be fit to the theory for slow heterogeneous kinetics “% Sgugd(/i”{]’ﬁ'(\)"& /Eeddy' D. P.; Feldberg, S. Whal. Chem.1994 66,

without coupled homogeneous kinetics in solution. Under (45) Pratt, J. M.J. Inorg. Biochem1986 28, 145-153.

slow-scan conditions, we observed two widely separated
peaks, indicative of two electrochemical events. First, we
detect the reduction dD to P (the peak potential, req ~
—140 mV), which according to our hypothesis leads to a
fast ligand reorganizatioR — R that is not detected at the
CV time scale. Reoxidation @& to Q is then observeds, o

~ 250 mV) with ensuingQ — O reorganization. The large

Inorganic Chemistry, Vol. 44, No. 21, 2005 7655
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Table 2. Simulated CV Parameters for fja)2 ligand reorganization occurs prior to electron trans@r-+¢
v Eoed  Kred E°ux Ko Q, Q + e — R) is less likely if intermediate is much
(mV/is) (mV) (cms?) Kpr (mV) (cms? Koo less stable than intermediale A parallel comparison can
100 67.7 0.00018 543 430 0.021 2420 be made with simulation data from several complexes which
gg 2(7)-1 8-888 1‘7‘ ‘3‘2-? igg g-gig ?‘33? exhibit similar gating directionality. For G macrocyclic
10 577 000021 254 399 0029  29710F thioether complexes, the equilibrium constant Rr— P
20 37.2 0.00026 224 390 0.032 440 transformation Krp) was from 1 to 4 orders of magnitude
2 Ered.ox= peak potentialk®red,ox= rate of electron transfeB = diffu- greate.r thai® — Q (Kog);* for.these complexes, it follows
sion rates for each speciepro = equilibrium constant,Ker = thatP is more stable tha@. While Rorabacher has suggested
[RV[P], andKqo = [O)/[Q]; O, P, Q, andR refer to species illustrated in  that dual pathway mechanisms may be common to dlf Cu
Scheme 1. systems, whelP is more stable tha®, the gating is in the
05 direction described hef@ Theoretical treatment of the square
] mechanism anticipates that “gated” or “directional” electron
04 transfer occurs when formation of one of the high-energy
03+ intermediates is faster (i.eR, is formed faster tha®).*%-50
02 It should be noted that certain processes in Scheme 1 may
Et 01 involve more than one stép?! such as P—~ R which
N : represents both the reorganization of the tetradentate ligand
3 " - and probable loss of coordinated solvent. Such phenomena
01 were not included in the model but may be reflected in the
0.2 variation of certain constants at variable scan rates. Previous
03] O Sxpermental studies involving the square mechantéfwere carried out
under such conditions that the chemical processes competed

. o0 V::::ge iy ° e e with the electron transfer step on the electrode. When the
. . . ’ scan rate was sufficiently fast to detect the chemical process
Figure 5. Experimental and simulated voltammograms Iat scan rate L .
60 mV s-L. P — R andQ — O, two additional peaks appeared in the
voltammogran®! This behavior enabled researchers to
the carboxylate with Clto a six-membered ring chelate of quantify the rate of conformational change in these com-
the thioether group with CuThis also excludes the pos- plexes. In kinetic studies involving copper complexes of
sibility of ligand reorganization@ — Q) prior to electron macrocyclic tetrathioethers, only limiting estimates of the
transfer Q — R), since this would show a reversible type conformational rate constants were obtained in the absence
voltammogram. of conformational gating® Because of mass transfer limita-
The midpoint potential of the systenEyes + Epo)/2, tions, we were unable to detect the metastable intermediates
correlates with previously listed redox potentials forcu P andQ or to measure the rates of related homogeneous
systems that have nitrogen, sulfur, and oxygen atomschemical reactions from slow scan voltammograms. There-

coordinated to the met&.For instance, ligands which have fore, Table 2 does not contain the homogeneous rate constant

a donor atom set (DAS) of fhave negative potentials, while values. The votammogram shape depended strongly on the
increasing the sulfur or oxygen content of the DAS promotes Value of each parameter shown in that table. Attempts to
an increase in the midpoint potentflOur values are  USe fast scan voltammetry to measure kinetics of homoge-
consistent with published data on the basis of the number of"€ous reactions involved in redox switching process (Scheme
nitrogen, sulfur, and oxygen atoms in our DAS. Thus, the 1) were unsuccessful. Fast scan cyclic voltammograms are
stabilization imbued by the carboxylate to'Cand by the strongly affected by very small amount of adsorption of
thioether to Cl is evident from the data in Table 1. reactant or intermediaf. Measurements taken at low
Furthermore, the widely separated redox potentials aretemperatures45 °C) did not show the appearance of a
consistent with large structural reorganization, as observedN€W peak, as opposed to previous studies involving cyclic
for other systems with coordination number variance or thiaethers! 2
inversion at the sulfuf®4¢
The summary of the simulation parameters is listed in ¢“7) ép;gggldol_' 'ET-,Aé?OEeg’rdiﬁr' l_"l";'mera,u’ /j-_ gcﬁrgﬁa'vcigaﬁ '\/k?,
Table 2, and an example of the fit quality is given in Figure Rorabacher, D. Blngrg_'cherﬁ’_lggggé& 423;'3_424%/_ ez b A
5. One should notice thaqo is significantly larger than ~ (48) Meagher, N. E.; Juntunen, K. L.; Heeg, M. J.; Salhi, C. A.; Dunn, B.
Ker, indicating that specieB is relatively more stable than S oonrymowycz, L. A.; Rorabacher, D. Biorg. Chem.1994 33
Q. This is not surprising, since ®us generally thought to  (49) Hoffman, B. M.; Ratner, M. AJ. Am. Chem. S0d987, 109, 6237~
be more sensitive toward variance in coordination sphere g, %zrﬁﬁ'schwig B. S. Sutin, N, Am. Chem. Sod989 111, 7454
than Cl4” These results further validate the directionality 7465. T

i i i 1) Evans, D. HChem. Re. 199Q 90, 743.
of the square scheme mechanism, since the alternative wheré(égz) Bernardo, M. M: Robandt. P. V. Schroeder, R. R Rorabacher, D.
B. J. Am. Chem. S0d.989 111, 1224-1231.
(46) Ramalingam, B.; Mallayan, P.; Gopalan, R.I&rg. Chem.2001, (53) Bard, A.; Faulkner, L. RElectrochemical Methods: Fundamentals
40, 2246-2255. and Applications2nd ed.; Wiley & Sons: New York, 2001; p 569.
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SECM Measurements of Switching Kinetics.Unlike Figure 7. Normalized tip current vs distance curves for redox switching

CV, scanning electrochemical microscopy (SECM), offers process (reactions—i3). The acetonitrile solution contained 1 mM of
much higher mass transfer rates under steady-state conditionsf,g”,gz)ﬁ?;nt%ogM:teérgb\l/nylammomum e rpetmental curves
s . (triangles) and 0.42 V (circles). Dashed lines
It was used previously to detect short-lived intermediates in represent the theory for an SECM diffusion-controlled process with a
very fast homogeneous reactions coupled to heterogeneouSO”dUCtive (upper curve) and insulating (lower curve) substf&eThe
L - tip was a 5.5¢m radius carbon fiber electrode biased 0.5 V vs
electron transfet? Kinetic information can be extracted from Ag/AgCIO; reference electrode.
steady-state SECM data when the system behavior is
complicated by adsorption and the voltammetric response
is not perfect®
In feedback mode, the analyte is cycled between a movable
ultramicroelectrode (UME) tip and a conductive substrate.
When the distance between the tip and the substrate is large,
a well-defined steady-state curremt) is detected at the
tip, due to the diffusion-controlled reduction of analy@)( .
When the tip is brought closer to the substrate, the reduced R
species R) can be oxidized back t® (Figure 6a) and the
tip current becomes greater thgn.. 0
For the square mechanism (Figure 6b), the presence of dia
four different species that could undergo electrochemical and Figure 8. Comparison of the currentlistance curves measured at different
conformational changes dramatically complicates the experi- substrate potential&€s = 0.3 V (1) and 0.9 V (2). For other parameters,
ment. Using SECM, the complicated kinetic analysis of a see Figure 7.
square mechanism can be simplified by independently
probing its two “halves” (Figure 6c). For example, if the
substrate potential is sufficiently positive to oxidiPebut
not R, the overall SECM process is reduced to the EC
mechanism:

24

N
....
........

a
AAAAAAAA
a
AAAA
S
a
s

normalized current
-
)

curve calculated for an insulating substrate (lower dashed
line) and lower than the current expected for a diffusion-
controlled process (upper dashed line). To ensure that the
rate-determining step is a homogeneous rather than hetero-
geneous reaction, we obtained approach curves at different
substrate potential€§). Clearly the curves obtained Bt

= 0.30 V (triangles) and 0.42 V (circles) are practically

P— O+ e (substrate) @) identical. This indicates that the s_ubstrate poten_tial does not

affect the rate of the overall mediator regeneration process,

Kop which is limited by homogeneous ligand rearrangement
P — R (interelectrode gap) (3)  reaction.

Both substrate potentials in Figure 7 (i.e., 0.30 and 0.42
V) were chosen such that the oxidation of spedtewas
diffusion controlled but no oxidation of specid® was
possible (Figure 6¢). Since homogeneous reactor(R)
is pretty fast, a relatively small fraction of mediator species
was reoxidized at the substrate and the feedback current in
Figure 7 is low. In contrast, at a more positiZevalue (e.g.,

0.9 V), simultaneous oxidation of botR and R at the
substrate produces a much higher feedback current (compare
curves 1 and 2 in Figure 8).

O+e —P(tip) Q)

Becaus&Kpgr> 1 (Table 2), the rate of reaction 3 in reverse
direction was neglected in our treatment. The rate of this
process, which represents the ligand reorganization, could
be extracted from the SECM current vs distance (approach)
curves®® Study of the oxidation process was frustrated by
the air sensitivity of Cuand is not reported.

The approach curves shown in Figure 7 demonstrate that
the process is controlled by finite kinetics; i.e., the mea-
sured tip current is significantly higher than the theoretical

(54) Unwin, P. R. InScanning Electrochemical Microscapgard, A. J., A previously developed approach to determinatio:af

Mirkin, M. V., Eds.; Marcel Dekker: New York, 2001; pp 24298. by SECM is based on an analytical approximation relating
(55) gﬂz'igi"ly'v';Yang’H'; Bard, A. JJ. Electrochem. S04992 139, the dimensionless parameter € kerd?D) to collection
(56) Unwin, P. R.; Bard, A. JJ. Phys. Chem1991, 95, 7814. efficiency & = Ig/I7):5°

Inorganic Chemistry, Vol. 44, No. 21, 2005 7657



Barcena et al.

= F(X) =5.608+ 9.347 exp{-7.52K) — ] . " j " " ]
7.616 expt-0.307%) (4) 10 ]

Hered is the distance between the tip and the substrate and 8 i

Is and I+ are substrate and tip currents, respectively,

normalized by the tip current at infinite tisubstrate v ° ]

separation (i.elt = it/it» andls = iglit). The collection 41 ]

efficiency values most suitable for determinationket are 2] |

those between about 0.2 and 0.8.
To find the collection efficiency experimentally, one has . . . : . .
to measure botlhs andlt values as a function af. This is 0o 02 04 06 08 10
possible if substrate current is produced only by oxidation/ /1
reduction of species generated at the tip (&= 0 at large Figure 9. Kinetic parametek as a function of the calculated collection
d). The substrate current could not be measured accuratelyﬁffirt]:iencxg grian(?lis Wel_rs I{?alculatedbfrqm de?perimg;tal g%t?/ irz) Fhigure 7
H : - with ¥ = 3.0, and the solid line was obtained from e = 0. . Other
In this case, the co_IIectlon eff|C|eqcy can be calculated from experimental conditions are as in Figure 7.
the experimental tip current vs distance cut¥e:

45

Il = (1 — ;™) — f(L)] (5) w] w ewermenta

non-linear curve fit

HereL = d/ais the tip/substrate distance normalized by the 35

tip radius,f(L) = I+"Y1v°"d and 1+"s and 11" are the tip 304

currents with a conductive and an insulating substrate, 1
respectively8 AQ -
2.04

I,°"= 0.78377L + 0.3315 exp{-1.0672L) + 0.68 (6) '
1.5

" = 1/(0.15+ 1.5358L + 0.58 exp(-1.14L) + e
0.0908 exp[ — 6.3)/(1.01T1)]) (7) 05

4 220 240 260 280
The rate constant of the ligand rearrangement reaction 3, 0.044 i Wavelength, om__
ker = 25 s, was determined from the best fit of the 4 & 8
experimental collection efficiency values to eq 4 (Figure 9). Cu, M
The accuracy of the result may not be very high because ofFigure 10. CD fitration studies of 15M Cu' to 2.5uM 1. Inset: CD
additional complexity of the studied system, but it provides spectra of ligand before and after titration.
a reliable estimate of the half-life (In®/for the P — R
ligand rearrangement, which appears to~5 ms.

coefficient, andKs is the complex stability constafftFigure

) . : o " 10 shows the resultant fit, which still shows saturation at
Circular Dichroic Spectroscopy Titration. To eliminate 1:1 ligand:copper; this gives an upper limit approximation

the possibility of hysteresis due to @lecomplexation from of Ke= 4 x 10° anda = 2 x 10%. The o value measures

the ligand, and thus altering the switching rate determined ¢ qegree of conformational change upon complexation, and
from SECM, the binding constant of the ligand needed 0 o \aiue obtained conforms reasonably with the ones

: . . g
be determined. We paid close attention t0,C8inC€  yetermined from chiral induction upon guest complexation
acetonitrile tends to form air-stable complexes with this cyclodextrins.

oxidation state of the metal.

One of the advantages of our chiroptical switch is that Conclusions
the amplitude of the CD signal is large due to exciton
coupling. Thus, we are able to detect a change in ellipticity
(A6) even at low concentrations, ideal for stability constant
determination. Titration of Cu(l) to a ligand solution shows
gradual increase at6. Nonlinear least-squares fitting of the
data afforded the stability constant using the following
mathematical treatment:

The unique electrochiroptical switching behavior of our
system was examined using a variety of techniques. CD
spectroelectrochemistry demonstrated the ability to inter-
convert the two states without chemical reagents, as would
greatly benefit device development. Synthesis of the sulfox-
ide of the ligand and demonstration of its inability to show
chiroptical inversion eliminated the possibility that chemistry
AAO = {a([L] + [Cu] + 1K) + Jaz([L] +[Cul + at sulfur is responsible for the chiropt?cal inversion. Cyclic

) ) | voltammetry measurements substantiated the square mech-
KY™ — 4oc[L][Cu]}/2 anism cycle as the most likely mechanism, and curve-fitting

Here AAG is the change in ellipticityo is a proportionality (59) Treichel, D. A.: Mirkin, M. A.: Bard, A. JJ. Phys. Cheml994 98,

5751-5757.
(57) Kwak, J.; Bard, A. JAnal. Chem1989 61, 1794-9. (60) Inoue, Y.; Yamamoto, K.; Wada, T.; Everitt, S.; Gao, X.-M.; Hou,
(58) Mirkin, M. V.; Fan, F. R. F.; Bard, A. 1. Electroanal. Cheni992 Z.-J.; Tong, L.-H.; Jiang, S.-K.; Wu, H.-MJ. Chem. Soc., Perkin
328 47-62. Trans. 21998 1807-1816.
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established the likely sequence of steps. SECM experimentshe CV parameters menu, “semi-infinite linear diffusion” was

were supportive of the proposed mechanism and providedselected. To reduce the number of fitting parameters, initial fitting
insight into the likely time scale of at least one of the Was carried out using approximate values of the standard potential
conformational reorganization events in the cycle. These (E°) evaluated from the experimental voltammogram, the transfer

studies begin to provide a more detailed picture of the coefficient @) was assumed to be 0.5, the homogeneous reaction

mechanism of this interesting system, although further studiesP? rameters were assigned arbitrary values, and the diffusion coeffi-

il b ired h g NMR hotochemical cients of chemical species were assumed to bé ¢6¢¥ s1. The
will be required, perhaps using or photochemical ;piia) fit yielded approximate values of the standard potential and

techniques, with a redesigned system that allow such yhe rate constant for the reduction reaction and the diffusion coeffi-
Investigations. cients. After the reduction peak shape was approximated, the oxi-
dation peak shape was simulated. This process was repeated itera-
tively several times to obtain an acceptable fit. As the approxima-
tions became better, all other parameters were fitted, including
values, diffusion coefficients, and finally the homogeneous rate
constants. Thex values were in the range of 0.38.43 for the

Experimental Section

Chemicals.The complex Cl(1)CIO, was prepared as previously
described” Anal. Calcd for GsH,4N30sSCICu: C, 50.59; H, 4.08;
N, 7.08. Found: C, 50.24; H, 4.05; N, 6.88 (E&R Microanalytical ' Al
Laboratory, Parsippany, NJ). reduction cycle and 0.490.61 for the oxidation cycle; there were

Safety note:Although no problems were encountered in working "° apparen_t trends for the fitted values. The slight devia_tion from
with perchlorate salts, these compounds are potentially hazardoudh® theoretical value of 0.5 may be due to the complexity of our
and should be handled with care. system. The electron-transfer rate constants were extracted after

Spectrograde acetonitrile (Fisher Scientific, Fair Lawn, NJ) was obtaining consistent parameter values for several scan rateg.
used to prepare 1 mM solutions, which were degassed with nitrogen SECM Setup and ProcedureMeasurements were taken using
prior to each experiment. Recrystallized tetrabutylammonium @ Previously described instruméhin a feedback mode. A Teflon
perchlorate (TBAP) (Aldrich, Milwaukee, WI) was used as a cell mounted on a vibration-free stage (Newport Corp., Fountain
supporting electrolyte (0.1 M). Valley, CA) served as the cell for SECM experiments. The working

Controlled Potential Coulometry and Spectroelectrochemis-  €l€ctrode was an 1im diameter carbon tip which was prepared
try. Electrochemical experiments were performed on a PAR by sealing carbon fibers (Amoco Performance Products, Greenville,

potentiostat/galvanostat model 273 (Oak Ridge, TN). A 0.3 mm SC) in glass as described previoushA glassy-carbon electrode

sample of Cli(1) was prepared with degassed acetonitrile containing (A =0.070 69 cr, Bioanalytical Systems, West Lafayette, IN)
0.1 M TBAP. The reference electrode and a platinum coil working was used as the substrate electrode. The reference was a homemade

electrode (Bioanalytical Systems, West Lafayette, IN) were placed
in the cell containing the sample. An electrolyte bridge was used
to connect the setup to another cell, which contained a platinum

Ag/AgClO, electrode described above. A flow of nitrogen was
passed through the solution before each experiment to remove
oxygen. During SECM measurements, the concentration of oxygen
was kept low by creating a nitrogen blanket above the solution.

foil counter electrode immersed in a 0.1 M TBAP solution in " : X )
acetonitrile. The setup was assembled inside an Atmosbag glovebag' '€ tiP was polished before each experiment on @u@Balumina

(Aldrich, Milwaukee, WI), and a steady stream of argon was used on felt (Buehler, Ltd., Lake BIuff, IL). The instrumen_t was shielded
to keep positive pressure in the system. A potentiat-afV was in a Faraday cage. The SECM procedure was described previdusly.
applied to the system while stirring, and the current decay was Circular Dichroism. An Aviv 202 SF spectrophotometer
monitored to determine the end of electrolysis. The solution was equipped with an automatic titrator was utilized for the CD titration
then transferred to a CD or UV cell, and spectrophotometric studies, with the sample compartment blanketed with a steady
measurements were performed (see below for CD procedures). Stréam of nitrogen gas. Solutions were prepared in the glovebox
Cyclic Voltammetry. Experiments were performed using a BAS ~ USINg Qegassed acetonitrile. Absorption spectra were recorded on
100 B/W potentiostat (Bioanalytical Systems, West Lafayette, IN). & Perkin-Elmer Lambda 5 spectrophotometer.
A three-electrode cell was used inside a faraday cage, with a glassy-  Synthesis. Characterizations were performed with a Varian
carbon working electrodeA( = 0.07069 crd) (Bioanalytical Gemini 200 MHz spectrometer féH and*3C NMR, and a Bruker
Systems, West Lafayette, IN). A platinum wire (Aldrich, Milwau- MALDI-TOF mass spectrometer was used with the matr€HC
kee, WI) served as a counter electrode. The reference electrode© obtain mass spectra. Elemental analyses were performed by E&R
was Ag/AgCIQ (0.34 V vs SCEJ3 prepared from a piece of silver ~ Microanalytical Laboratories, Inc.
wire (Aldrich, Milwaukee, WI) electrooxidized overnight in 0.1 2-(Bis(quinolin-2-ylmethyl)amino)-4-(methylsulfinyl)butyr-
M TBAP (Aldrich, Milwaukee, WI) acetonitrile solution at 15 mA.  ic Acid, 2. To a stirring solution of 2-(bis(quinolin-2-ylmethyl)-
The wire was encased in a glass tube fitted with a Vycor frit amino)-4-(methylsulfanyl)butyric acid methyl estef1.94 g, 4.36
(Bioanalytical Systems, West Lafayette, IN) and filled with 0.5 M mmol) in 65 mL of 1:1 water/dichloromethane mixture was added
TBAP (Aldrich, Milwaukee, WI). Background subtraction was bromine (224uL, 4.36 mmol). After 24 h, the biphasic mixture
performed for each scan. was separated and the aqueous layer was neutralized with sodium
Curve Fitting. Electrochemical simulations were performed bicarbonate and extracted with dichloromethane. The combined
using DigiSim 3.03"61(Bioanalytical Systems, West Lafayette, IN). ~ Organic extracts were washed with brine, dried with MgS&nd
Cyclic voltammograms were fitted assuming the square mechanismevaporated. Purification was achieved by silica column chroma-

and Butler-Volmer kinetics for electron-transfer reactions. Under tography, eluting the product with 5% methanol in dichloromethane
(R = 0.31) to give 67% of the ester. Saponification was achieved

by dissolving the ester (1.34 g, 2.9 mmol) in 8.6 mL of THF and
stirring with an equal volume of 0.5 N LiOH fa2 h atambient
temperature. The mixture was evaporated to dryness and dissolved
in water, which was acidified to pH 6.5 with perchloric acid.
Extraction with dichloromethane and evaporation yielded crude

(61) Bott, A. W.; Feldberg, S. W.; Rudolph, Murr. Sep.1996 15, 67—
71.

(62) Shao, Y.; Mirkin, M. V.J. Phys. Chem. B997 101, 3202-3208.
(63) Zotti, G.; Zecchin, S.; Schiavon, G.; Louwet, F.; Groenendaal, L.;
Crispin, X.; Osikowicz, W.; Salaneck, W.; Fahlman, Macromol-

ecules2003 36, 3337-3344.
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product, which was recrystallized from acetonitrile to give pure (89.5 mg, 2 mmol) solution in 6 mL of methanol. The blue
acid (421 mg, 32%)H NMR (200 MHz, CDC}) [0 (ppm)]: 2.3 precipitate was collected and washed with ethyl ether (110 mg,
2.55 (m, 2H, sulfoxymethylene), 2.6 (s, 3H, sulfoxymethyl),2.8 ~ 90.2%). MALDI (m/e): found, 511.0; calcd, 510.09 (M. Anal.
3.2 (m, 2H, methylene), 3:84.0 (m, 1H, methine), 4:34.4 (2s, Calcd for GsH24CICuN;O;S + H,O: C, 47.85; H, 4.18; N, 6.70.
4H, quinoylmethylene), 7:38.2 (m, 12H, arom)X*C NMR (50 Found: C, 48.11; H, 3.66; N, 6.34.
MHz, CD m)]. 22.79, 23.72 . 47,51, 2.72
57.oi,C65%I§), [ge%g, 1);0.82, 192’7.21, 1,2372.;8%?’13298.12,, 512:.2,6,5130.253, Acknowledgment. We thank Prof. Nicholas Geacintov
128.06, 147.03, 159.73, 175.18. MALDH): found, 448.4; calcd, for insightful discussions on CD experiments. This project
448.56 (M+ H™). Anal. Calcd for GsHsNsOsS: C, 67.09; H, was funded by the National Science Foundation (Grants
5.63; N, 9.42. Found: C, 67.29; H, 5.53; N, 9.42. CHE-0316589 and CHE-0315558).

The complex Cli(2)(ClO4) was obtained by adding Cu(CJi-
6H,0 (74.1 mg, 0.2 mmol) in 1 mL of MeOH to a stirring ligand  1C051048M
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