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ABSTRACT: Facile synthetic procedures to synthesize a series of Q/H"\SH
difficult-to-obtain mercaptoalkylferrocenes, namely, Fc(CH,),SH, Fe <T

where n = 1 (1), 2 (2), 3 (3), or 4 (4) and Fe = Fe(r"CHJ(r" i v I A\
CH,), are reported. Dimerization of 1—4 to the corresponding Q c2 =
disulfides 19—22 was observed in air. Dimer 20 (Z = 2) crystallized in s1 ¢

the triclinic space group P1. Dimers 20—22 could be reduced back to 52~\

the original Fc(CH,),SH derivatives with LiAlH, in refluxing c1a PO

tetrahydrofuran. Density functional theory (DFT) calculations \ S S

showed that the highest occupied molecular orbital of 1—4 lies
exclusively on the ferrocenyl group implying that the electrochemical
oxidation observed at ca. —15 < EPa < 76 mV versus FcH/FcH* v

I |

l .

{Au Au Au Au

involves exclusively an Fe(II) to Fe(Ill) process. Further DFT

calculations showed this one-electron oxidation is followed by proton loss on the thiol group to generate a radical, Fc(CH,),S®,
with spin density mainly located on the sulfur. Rapid exothermic dimerization leads to the observed dimers, Fc(CH,),—S—S—
(CH ,),Fc. Reduction of the ferrocenium groups on the dimer occurs at potentials that still showed the ferrocenyl group AE =
E o monomer — Epcdimer < 78 mV, indicating that the redox properties of the ferrocenyl group on the mercaptans are very similar to
those of the dimer. 'H NMR measurements showed that, like ferrocenyl oxidation, the resonance position of the sulfhydryl
proton, SH, and others, are dependent on —(CH,),— chain length. Self-assembled monolayers (SAMs) on gold were generated
to investigate the electrochemical behavior of 1—4 in the absence of diffusion. Under these conditions, AE approached 0 mV for
the longer chain derivatives at slow scan rates. The surface-bound ferrocenyl group of the metal-thioether, Fc(CH,), —S—Au, is
oxidized at approximately equal potentials as the equivalent CH,Cl,-dissolved ferrocenyl species 1—4. Surface coverage by the
SAMs is dependent on alkyl chain length with the largest coverage obtained for 4, while the rate of heterogeneous electron

transfer between SAM substrate and electrode was the fastest for the shortest chain derivative, Fc-CH,—S—Au.

B INTRODUCTION

Ferrocene derivatives have been well-studied over the last few
decades because of their broad spectrum of applications' in
fields as diverse as catalysis,” cancer therapy,” in energy transfer
processes,” and also as molecular sensors” or as components in
light-emitting diodes.” The ease by which ferrocene can be
functionalized” led to a systematic investigation of substituent
effects on the reversible redox properties® of the electron-
donating” ferrocenyl group. Small changes in substituent can
fine-tune the redox behavior of the ferrocenyl group with
profound effects on the catalytic'® and anti-neoplastic activity of
the complexes.3’11 Thus, it was shown that electron-rich
ferrocene-containing rhodium complexes undergo faster
oxidative addition'® (the rate-determining step in the
Monsanto process of converting methanol to acetic acid)'”
than electron-poor rhodium complexes, while studies on a
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series of ferrocene-containing acids'' and alcohols™ of the type
Fc(CH,),COOH and Fc(CH,),,OH (n = 0-3, m = 1—4, and
Fc = Fe'(n>-CH,)(n>-CH,)) indicated that the lower the
redox potential of the ferrocenyl group is, the more cytotoxic it
becomes.

Thiols, also known as mercaptans or sulfhydryls, are
compounds bearing a —SH functionality. Simple organic thiols
are known for their odors'” and are used to treat acute toxicosis
in cattle."* Disulfides are formed by coupling of two thiol
groups under mild oxidative conditions. Such disulfide bridges
are frequently found in proteins, where they determine protein
stability and folding."® Thiol interactions with metals lead to
complexes having the metal-thioether (M—S—R) bonding
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Scheme 1. Synthesis” of Mercaptoalkylferrocenes 1—4
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“Lawesson’s reagent gives mixtures of 19 and 1 in ratios up to 1:2.2. The dimers 20, 21, and 22 cannot be obtained from suitable alcohols utilizing
Lawesson’s reagent. They form spontaneously by air oxidation of 2, 3, and 4. Dimer 19 cannot be reduced to 1 with LiAlH,.

motif; some of them have practical applications. For example,
bismuth-thiolates exhibit a broad spectrum antimicrobial
activity useful for protection of water supplies, and they are
capable of inhibiting biofilm formation."®
thiols as well as disulfides with gold leads to self-assembled
monolayers (SAMs) on gold surfaces'” via Au—S—R bond
formation. Although general synthetic routes to thiols are
available,'® information on the synthesis of 51mple short-chain
mecaptoalkylferrocenes is lacking. Razumas'® and colleagues
investigated the hybrid compound series FcCX(CH,),COO-
(CH,)sSH (X = O or Hy; n = 2, 3) possessing an ester
functional group within the mercapto-alkyl side chain. In these
complexes, the SH and Fc functionalities are separated by 14 or
15 atoms. Two reports’””' have been published where the
synthesis of true, long alkyl chain (n > 4) mercaptoferrocenes,
Fc(CH,),SH, are described. However, spectroscopic character-
ization of the compounds was lacking. Moreover, the reported
pathway for mercaptoalkylferrocene synthesis (ferrocene —
ferrocenoylalkyl bromide — bromoalkylferrocene — mercap-
toalkylferrocene) can only be applied to ferrocene-containing
mercaptans with alkyl chain length of four carbons or longer.
The synthesis of derivatives with shorter chains (n = 1, 2, or 3)
with this synthetic protocol fails during the reduction of the
ferrocenoylalkyl bromide because of the labilizing effect the
electron-rich ferrocenyl moiety has on the terminal bromide.
Although reduction of ferrocenoylalkyl bromide may some-
times be achieved if very mild reducing agents such as sodium

The interaction of

cyanoborohydride are used, in this work we describe optimized,
reproducible, multistep synthetic routes to obtain Fc(CH,),SH
with n = 1, 2, 3, and 4 from the corresponding alcohol, report
the spectroscopic behavior of these complexes as well as of the
oxidized dimers Fc(CH,),—S—S—(CH,),Fc, and compare the
electrochemical properties of Fc(CH,),SH in CH,Cl, solutions
with those of Fc(CH,),—S—Au SAMs on a gold electrode. In
addition, the single-crystal structure of Fc(CH,),—S—S—-
(CH,),Fc is presented, and density functional theory (DFT)
calculations are used to gain more insight into the electro-
chemistry of the novel compounds.

B RESULTS AND DISCUSSION

Synthesis. The syntheses of 1—4 are highlighted in Scheme
1. The synthetic approach reported for long-alkyl chain
ferrocenyl sulfides (n > 4) by Creager’’ was used to obtain
4, which possesses a four-carbon alkyl chain. This method
involved first Friedel—Crafts acylation of ferrocene S with 4-
bromobutyryl chloride to give solid 4-bromo-1-butyrylferro-
cene, 15, in 73% vyield. Acylation time to obtain 15 was
optimized and found to be 20 h (Supporting Information,
Figure S1). The keto functionality of 15 was then reduced by
Clemmensen reduction®” to give 4-bromobutylferrocene, 16, in
42% as an orange oil. Refluxing of 16 in ethanol in the presence
of thiourea followed by refluxing in aqueous NaOH liberated
almost quantitatively 4-mercaptobutylferrocene, 4. The overall
yield of 4 from ferrocene was ca. 30%. Complex 4 was
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previously synthesized by Cattabriga® and also Creager”* to
study SAMs on mercury, gold, and silver.

The same approach to obtain bromides 10 and 14, the
precursors to 2 and 3 (acylation of ferrocene and reduction of
the product), failed. Ferrocene acylation with 3-bromopro-
pionyl chloride® resulted in 3-bromopropionylferrocene as one
of the components in the crude mixture of two products that
were inseparable using chromatographic methods. The crude
mixture was then subjected to Clemmensen reduction, but no
bromide 10 was detected among the products. As for 14,
bromoacetylferrocene could be isolated, but the ensuing
Clemmensen reduction resulted in in situ debromination;
ethylferrocene rather than the expected 2-bromoethylferrocene,
14, was isolated. This contrasts with Marrani’s results,”® who,
unfortunately, did not supply analytical or synthetic details of
their compounds. Different solvents (toluene, trichloroben-
zene) and reaction times also failed to liberate the required
bromoalkylferrocenes 10 and 14.

From our failed attempts to obtain 10 and 14 utilizing the
Creager”* approach, we conclude that short-chain ketoalkyl
bromide precursors, such as FcCO(CH,),Br, are significantly
less stable than their longer chain (n > 4) counterparts and that
Clemmensen reduction is not suitable for carbonyl reduction of
ferrocenoylbromoalkanes if the carbon side chain length
possesses three carbon atoms or less. Other reducing methods
are known,”””’ but we searched here for an alternative
synthetic protocol to obtain the desired ferrocenoylbromoal-
kanes 10 and 14. This required the synthesis of ferroceny-
lalcohols 9, 13, and 18 (Scheme 1).**

Alcohol 9, Fc(CH,);0H, was obtained in a multistep
synthesis that included a nucleophilic substitution reaction
between 6 and diethylmalonate in the presence of a base,
followed by hydrolysis and decarboxylation. Subsequent
reduction of 3-ferrocenylpropanoic acid, 8, with LiAIH, gave
3-hydroxypropylferrocene, 9, in near quantitative yield. 2-
Hydroxyethylferrocene, 13, was obtained (Scheme 1) by
treating 6 first with KCN to produce nitrile 11, followed by
basic hydrolysis to liberate ferrocenyl acetic acid 12 in 30%
overall yield from ferrocene. LiAlH, reduction of acid 12
liberated 2-hydroxyethylferrocene 13 in quantitative yields.
Because of the presence of the electron-rich ferrocene moiety,
which highly affects stability of carbocations in close proximity
to the ferrocenyl group, conversion of alcohols 9 and 13 to
bromine derivatives 10 and 14 was achieved in 45% and 60%
yield, respectively, provided special care was given to the
dryness and purity of solvents and brominating agent PBr;.
Bromides 10 and 14 were treated in the same way as described
above for 16 with thiourea to liberate 3-mercaptopropylferro-
cene, 3, and 2-mercaptoethylferrocene, 2, in good yields
(Scheme 1). Complex 2 was previously patented™ as
nonmigrating burning rate modifier for unsaturated rubber-
based propellants and was obtained by reacting vinyl ferrocene
with thioacetic acid followed by hydrolysis of the thioester to
liberate the thiol. Complex 3, which was previously obtained
using NaBH;CN as reductant and whose structure was
solved,” was also studied on Au(111) layers by scanning
tunnelling microscopy (STM) and to obtain field-emission
resonances.”

Because of the strong electron-donating properties of the
ferrocenyl moiety, the carbon adjacent to the cyclopentadienyl
ring in ferrocenylmethanol 18 is unusually electron-rich. It is
therefore prone to generate the carbocation FcCH,', which
possesses high stability’' precluding the conversion of 18 into

bromomethylferrocene. Bromomethylferrocene is, to the best
of our knowledge, not described in the literature, probably due
to the instability of this species as a result of the ease of FcCH,"
formation upon Br cleavage. Interestingly, 1,1’-dibromomethy-
leneferrocene is readily available.>” Therefore, alcohol 18 was
converted directly to sulthydryl 1 using Lawesson’s reagent
(2,4-bis(4-methoxyphenyl)-1,3,2,4-dithiadiphosphetane-2,4-di-
sulfide).” Lawesson’s reagent is not appropriate to convert
ethyl and longer-chain alcohols directly to thiols, but if a
methanolic moiety is directly linked to an aromatic moiety, here
ferrocenyl, thionation of an OH functionality with Lawesson’s
reagent offers good thiol yields.** Earlier literature reports on
the synthesis of mercaptomethylferrocene™ offer either very
low yields or are irreproducible. In our hands, the synthesis of 1
utilizing Lawesson’s reagent gave the desired thiol 1 together
with disulfide 19 in ratios up to 2.2:1 (ca. 65% in the crude)
after optimization of the reaction conditions (solvent, ratio of
the substrates, temperature, time of the reaction). Separation of
1 and 19 using standard column chromatography methods
were very ineflicient due to the rapid dimerization of
mercaptomethylferrocene 1. Pure 1 was eventually isolated in
45% yield using preparative thin-layer chromatography (TLC)
while maintaining strictly inert conditions.

After thiols 2—4 were stored for up to three weeks in air,
substantial although undesired disulfide formation (compounds
20—22, Scheme 1) was observed; mercaptomethylferrocene, 1,
is fully converted to disulfide 19 in a matter of hours in air. The
rate of dimerization is a function of alkyl chain length—
increasing resistance to air-induced thiol oxidation is observed
for higher “n” values. In solution, air oxidation of thiols 1—4 to
disulfides occurs faster than in the solid state. The disulfides
have much higher melting points than the thiols, probably
because intermolecular secondary and tertiary van der Waals
forces are more accessible in disulfides than in thiols. For
example, disulfide 20 melts at 101 °C compared to the 44 °C
melting point of thiol 2. It is possible to reduce disulfides 20—
22 back to mercaptans 2—4 with LiAlH, in boiling
tetrahydrofuran (THF, Scheme 1) but not with NaBH,. All
attempts to reduce FcCH,—S—S—CH,F, 19, to FcCH,SH, 1,
met with no success.

Structure of 20. Determination of the single-crystal X-ray
structures of 19—22 was complicated due to a tendency to form
multiple domain crystals (19, 20) or solvation to form
amorphous oils (21, 22) upon crystallization. However,
crystallographic quality crystals of 20 could be obtained from
hexane; it crystallizes in the triclinic space group PI.
Refinement parameters and crystal data are summarized in
the Experimental Section. The molecular structure of 20
highlighting atom labeling is shown in Figure 1. Selected bond
distances and bond angles are summarized in the caption of
Figure 1, but the full set of bond lengths and angles is available
in Supporting Information.

In terms of the ferrocenyl groups of 20, the average C—C
bond distance within the ferrocenyl groups is 1.389 A for the
unsubstituted cyclopentadienyl rings and 1.413 A for
substituted cyclopentadienyl rings. The largest deviations
from this average are +0.151 A for C(20)—C(24) and
—0.086 A for bond C(21)—C(22). Angles C(21)—
C(22)—C(23) and C(24)—C(20)—C(21) of the unsubstituted
cyclopentadienyl ring coordinated to Fe(2) deviated the most
from the ideal average of 108° in both unsubstituted and the
substituted cyclopentadienyl rings, +3.1° and —4.7°, respec-
tively. Each of the separate ferrocenyl groups thus exhibits the

DOI: 10.1021/acs.inorgchem.5b02936
Inorg. Chem. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.inorgchem.5b02936

Inorganic Chemistry

Figure 1. (top) Molecular structure of Fc(CH,),—S—S—(CH,),Fc,
20, highlighting atom labeling. Thermal ellipsoids are drawn at 50%
probability level. Selected bond distances (A) and angles (deg) are
S(1)-S(2) 2.025(5), S(1)—C(1) 1.800(6), S(2)—C(13) 1.805(6),
C(1)—C(2) 1.513(6), C(13)—C(14) 1.508(6), C(2)—C(3) 1.490(6),
C(14)—C(15) 1.490(7), C—C,yerae (substituted Cp ring) 1.413 (7),
C—Cyerage (unsubstituted Cp ring§ 1.389(10), Fe(1)=C(x) average (% =
3-7) 2.031(6), Fe(1)=C(x)yerge (¢ = 8—12) 2.032(6), Fe(2)—
C(x)average (x = 15_19) 2025(7)1 Fe(l)_c(x)average (x = 20_24)
2.017(8), C(1)=S(1)=S(2) 103.6(2), C(13)—S(2)—S(1) 103.6(2),
S(1)-C(1)=C(2) 112.4(3), C(1)-C(2)-C(3) 111.6(4), C(2)—
C(3)-C(4) 124.8(4), C(4)—C(3)—C(7) 108.3(4), C(3)-C(4)—
C(5) 107.7(4), C(4)—C(5)—C(6) 108.4(4), C(5)-C(6)—C(7)
107.7(4), C(6)—C(7)—C(3) 107.9(4). Torsion angles (cent =
centroid): C(1)—S(1)—S(2)—C(13) 90.2, C(3)-cent(subst-Cp-ring)-
cent(Cp-ring)-C(10) —33.7 staggered, C(15)-cent(subst-Cp-ring)-
cent(Cp-ring)-C(21) 7.0, eclipsed. (insets) The staggered and eclipsed
conformations of ferrocenyl fragments Fel and Fe2 are highlighted.
(bottom) Nearly perpendicular planes between the two ferrocenyl
substituents. Symmetry transformations used to generate equivalent
atoms, No. 1 —x, —y, —z.

expected normal delocalized bond lengths and angles. The
average Fe—C bond lengths for ferrocenyl substituent Fcl
containing Fe(1) and Fc2 containing Fe(2) are 2.028 A for the
substituted and 2.025 A for the unsubstituted rings. Ferrocenyl
fragment Fcl lies parallel with the S(2)—C(13) bond, while
Fc2 lies parallel with the S(1)—C(1) bond. They also lie nearly
perpendicular to one another as is evidenced by the angle of
83.2° between the two planes defined by the substituted ring of
each ferrocenyl substituent (Figure 1). However, the two
ferrocenyl groups were found to differ in conformation.
Ferrocenyl substituent Fcl exhibited a staggered cyclo-
pentadienyl ring conformation (deviation from eclipse =
33.7°), while the other approached the eclipsed form (deviation
from eclipse = 7.0°).

The S(1)—S(2) bond length of 2.025(5) A for 20 compares
well with those found in literature. For example, the S—S bond
length of the related literature complex, (2RS,SSR)-2,5-
diferrocenyl-1,6-dibenzoyl-3,4-dithiahexane, A, is 2.019 A
This value appears to be representative for complexes

containing a —CH,—CHR—S—S—CHR—CH,— chain fragment
in its structure.”’~*" By contrast, the S(1)—C(1) and S(2)—
C(13) bond distances of 20 are on average 0.01—0.03 A shorter
than in these cited complexes. The C(1)—S(1)—S(2)—C(13)
dihedral angle of 20, 90.2°, also compares well with the average
of those of the cited literature complex (86.7°).

"H NMR Spectroscopy. The lack of proper spectroscopic
data of mercaptoalkylferrocenes in literature can be understood
because the 'H NMR spectra of thiols 1—4 are difficult to
record in well-readable form. To prevent air oxidation yielding
disulfides, measurements must be made under a strictly inert
atmosphere.

The sulthydryl proton (SH) of 1, 3, and 4 is observable as
triplets due to coupling with neighboring methylene protons.
For 2, we were unable to record a spectrum that successfully
resolved the resonances of the SH protons from a multiplet
into a triplet. Upon elongation of the alkyl chains of 1—4, the
chemical shift of SH resonance moves toward higher fields
(smaller § values). This is a consequence of the diminished
deshielding effect of the ferrocenyl moiety that distorts the
magnetic field around SH in moving from alkyl chain lengths of
n =1 to n = 4. Other long-chain alkyl-substituted aromatic
compounds such as phthalocyaninyl-,*" phthalonitrilylalkyls,*'
and ferrocenylalkylalcohols™® show a similar deshielding effect
on the resonance position of the phthalocyanylic, benzylic,
ferrocyclic, and neighboring CH, protons. Figure 2 shows the
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Figure 2. Relationship between the 'H NMR position (& values/ppm)
of the indicated protons and the number of CH, spacers n separating
the ferrocenyl group from an OH or SH functionality in Fc(CH,),OH
(red lines)*® and Fc(CH,),SH (black lines; data for compounds with n
= 0% and n = 5*° were taken from literature).

dependence of the position of the underlined proton
resonances SH, Fc(CH,),_,CH,SH, FcCH,(CH,),_,SH and
also for the resonances of the indicated ferrocenylalcohol CH,
groups in Fc(CH,), ,CH,0OH, FcCH,(CH,),_,OH on the
alkyl side chain connecting the ferrocenyl group with the OH
or SH functionality.

Although the electron-donating properties of the ferrocenyl
group may also play a role in the observed 'H NMR peak
position shift, it is considered a minor influence because
compounds exhibiting stronger electron-donating effects on a
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particular proton grouping are expected to shift peak positions
of that proton grouping upfield (to smaller & values), not
downfield. The SH functional group of the short chain
compounds 1 and 2 would be expected to experience the
electron-donating power of the ferrocenyl group the strongest,
while the longer chain derivatives would experience it the
weakest. If the electron-donating power of the ferrocenyl group
was the strongest factor to influence the chemical shifts, the
resonating position of SH group of the shortest chain
derivatives 1 and 2 should be at the smallest 5-value (biggest
upfield shift), and 4 would exhibit the SH resonance at the
largest S-value (smallest upfield shift). Figure 2 shows this
clearly not to be the case. Interestingly, the resonance positions
of the ferrocyl CH, protons of FcCH,(CH,),_,SH and
FcCH,(CH,),_;OH asymptotically strive to the same 5-value
at n = 4 (Figure 2) despite the big difference in these resonance
positions for compounds with n = 1. In contrast, the resonances
of the CH, protons neighboring the SH group in 4,
Fc(CH,);CH,SH, are found at § = 2.54 ppm, while for
FcCH,);CH,OH they are found at § = 3.68 ppm. This is in
accordance with the stronger electron-withdrawing properties
of an oxygen atom (Pauling scale electronegativity = 3.4) over
that of a sulfur atom (electronegativity = 2.6).

The 'H NMR spectrum of 20 showed a much more
complicated coupling pattern compared to thiol 2. The shape
of signals indicates an AA’'BB’ pattern, where each A proton
couples differently to the B and B’ protons. This effect is often
seen when the chemical shift difference of protons A and B
(vap) approaches the value of J,5 coupling. Resonance shape
complexity is determined by the difference in relative sizes of
Jas and Jup, which has its source in conformational properties
of R'—CH,CH,—R" fragments. This implies that there must be
a preference for one over the other conformation (anti/gauche).
An experiment in which spectra of 20 were recorded at
different temperatures shows that the population of the anti and
gauche conformations of CH,—CH, fragments strives to a
statistical ratio of 1:2, and this portion of the spectrum mimics
an A,B, pattern, Figure 3. Furthermore, at higher temperatures

ool |
we | Jh,

20°C

g

3.0 28 26
51/ ppm

Figure 3. Variable-temperature 'H NMR (CDCl,, 300 MHz) showing
the CH, resonances of disulfide 20, Fc(CH,),—S—S—(CH,),Fc.

(60 °C), the resonance pattern of the CH,—CH, fragment of
20 simplified into the normal, expected triplets. Therefore, at
this temperature, no preferred anti or gauche conformations can
be detected. A wide '"H NMR spectrum of 1, 2, 3, 4, and 20
may be found in Supporting Information, Figures S2—S6.

Electrochemical and Density Functional Theory
Studies. Cyclic voltammetry (CV) of mercaptoalkylferrocenes
1—4 were conducted in CH,Cl, containing 0.2 M [N("Bu),]-
[PF¢] as supporting electrolyte under argon utilizing a glassy
carbon working electrode for solution studies and a gold
electrode for SAM electrochemistry. The solution CV studies
highlighted analyte electrochemical behavior subject to
diffusion effects, while SAM coatings of thiols 1—4 on a gold
electrode surface allowed demonstration of their electro-
chemical behavior in the absence of diffusion effects. Cyclic
voltammograms are shown in Figures 4 and 6, while Table 1
contains a summary of electrochemical data. Potentials are
reported versus the FcH/FcH™ couple, but experimentally they
were recorded with decamethylferrocene, Fc*, as internal
standard.

The redox behavior of 1—4 in solution at slow scan rates
(100 mV s7') approached electrochemical reversibility, since
AE values were between 60 and 78 mV, Table 1. Theoretically,
electrochemical reversible solution-phase redox processes are
characterized by AE = E,, — E,. = $9 mV and i,./i,, ratios of
1.9 Only 4 exhibited an i,/i,, ratio close to one (0.98).
Compounds 1-3 exhibited 0.77 < i,./i,, < 0.80.

The inset in Figure 4, left, highlights the linear dependence
of peak currents against the square root of scan rate for
solution-based cyclic voltammograms according to the
Randles—Sevcik™ equation, eq 1.

i, = 0.4463nFAC(nFoD/RT)** (1)

Utilizing this equation and the data of Figure 4, after
determination of the accurate surface area of the glassy carbon
electrode by CV techniques according to published proce-
dures* as 3.0988 mm?, apparent diffusion constant of 4 under
our experimental conditions was calculated to be D = 1.56 X
107 m? s7'. The other complexes have apparent diffusion
constants close to this value, Table 1.

To gain more insight into the observed electrochemical
parameters (Table 1), DFT calculations were performed, first
to confirm that it is really the Fc group of 1—4 that is oxidized
in the electrochemical experiment and not the SH group.
Figure S highlights that, for 1 and 4, the highest occupied
molecular orbitals (HOMOs) lie exclusively on the iron atom,
implying the observed oxidation involves the generation of
Fe(III) exclusively. Indeed, the computed spin densities on the
corresponding [Fc-(CH,),-SH]** species indicate a value of ca.
1.2 e on the iron atom of 1°" as well as 4°". These results
therefore support that the oxidation process involves exclusively
the Fe(I) to Fe(IlI) transformation. It can be suggested that,
under air conditions, a proton is then lost to generate the Fc-
(CH,) ,-S° radical. Interestingly, the computed spin density on
the Fc-(CH,)-S* species is mainly located at the sulfur (0.84 e)
with only a small contribution at the iron atom (0.13 e), which
suggests an intramolecular electron transfer from the iron to the
sulfur atom upon deprotonation. Finally, a highly exothermic
dimerization (AE = —52.9 kcal/mol) of this radical occurs then
to produce the experimentally observed dimer. During all this
time, the ferrocenyl groups are continuously being oxidized to
the ferrocenium cation radical. On the reverse sweep, the
ferroceniums on the dimer are reduced back to ferrocenyl
groups.

Figure 6, left, compares the CVs of 1—4 with each other.
Clearly, the formal reduction potential, E* = (E,, + E,)/2,
decreases systematically but nonlinearly with increase in alkyl
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Figure 4. Cyclic voltammograms of 4 in CH,Cl, containing 0.2 mol dm™ [N("Bu),][PF] at a scan rates at 100, 200, 300, 400, and 500 mV s~'
(left) in solution phase (analyte concentration is 0.5 mmol dm™>; Fc indicates the ferrocenyl wave of 4) and (right) as self-assembled monolayers on
a gold electrode. Fcgyy indicates the ferrocenyl wave of 4 when bound to the Au electrode with Ay, = 1.972 mm” after a roughness correction was
performed; the surface concentration was found to be 2.74 X 107'° mol cm?. (insets) The linear relationship between anodic current and either the
square root of scan rate in solution cyclic voltammogram or scan rate itself when 4 is surface-bound as a SAM layer. Fc* = decamethylferrocene, the
dissolved internal standard in both experiments.

Table 1. Cyclic Voltammetry Data” of ca. 0.25 mmol dm~* Solutions of 1—4 in CH,Cl, Containing 0.2 mol dm™3
[N("Bu),][PF,] at a Scan Rate 100 mV s™*

E,, mV AE,, mV E”, mV iy HA ipe/ipa 1 x 10° D® PW, 5 1x 10719 ky s
1(n=1) 71; (85) 78; (116) 32; (27) 1.68; (0.84) 0.77; (0.89) 124; (=) 184; (288) -; (0.86) -5 (39)
2(n=2) 14; (36) 60; (32) —16; (20) 1.70; (1.91) 0.78; (0.95) 1.27; () 172; (144) -5 (1.93) -5 (3.8)
3(n=23) —4; (16) 74; (22) —41; (5) 1.84; (2.16) 0.80; (0.98) 148; () 224; (196) -5 (2.23) -5 (32)
4 (n=4y —14; (-50) 74; (11) —50; (-5S) 3.78; (2.66) 0.95; (0.99) 1.56; () 184; (110) 5 (2.74) -5 (52)

“All potentials are reported vs the FcH/FcH" couple at 0.0 V. The values in parentheses are for 1 4 as SAMs on a gold electrode in the same solvent
and supporting electrolyte but in the absence of any free analyte at a scan rate of 500 mV s, “Estimations of diffusion constants (a solution-phase
result only) in units of m ? 57! utilizing the Randles—Sevcik equation, eq 1. “PWy 5 = “full wrdth at half of the peak maximum height” in units of mV at
a scan rate of 100 mV s~'; ideal reversibility for SAM’s require PW, 5 to be 90.6 mV. The solution-phase PW0 5 values are given for comparison with
SAM values only, but it has no physical meaning as solution-phase CV waves do not have Gaussian shapes. 9" = SAM surface concentration in units
of mol cm™. A roughness correction was performed; see text. °k; = measured heterogeneous electron transfer rates between ferrocenyl group and
electrode under the experimental conditions employed. Because of uncertarntles, especially for the decay current of each compound (1 is most

inaccurate), these values serve to give trends, but are estimates only. /Concentration of 4 is not 0.25 but 0.5 mM.

chain length. Figure 7 highlights this relationship and compares
it with the relationship obtained for an equivalent series of
compounds, Fc-(CH,),—OH.** Redox potentials strove to an
asymptotic minimum at n & 4 in a manner similar to what was
found in the 'H NMR spectra, Figure 2. Figure 5 also explains
why the redox potential for the ferrocenyl alcohols is smaller
than those of the corresponding short-chain mercaptans. The
calculated energy of the HOMO of Fc-CH,—OH, the orbital
from which the electron is released, is —5.24 — (—5.39) = +0.15
eV less stabilized than in Fe-CH,—SH. Therefore, an electron is
much easier released during oxidation of Fc-CH,—OH than
during oxidation of the mercaptan, Fc-CH,—SH, which is
reflected in the smaller redox potentials for the alcohols shown
in Figure 7.

Electrochemistry of Self-Assembled Monolayers.
Mercaptans can be immobilized on a gold surface. Complexes
1—4 were anchored via metal-thioether (Au—S—R) bonds on
the surface of a gold electrochemistry electrode, Scheme 2, by

dipping the gold electrode in a 0.25 mmol dm™ solution of
analyte in CH,Cl, containing 0.2 mol dm ™ [NBu,][PF] for 1
h followed by thorough rinsing with CH,Cl,. Longer dipping
times (2 or 4 h) did not result in significant changes in the
coverages reported in Table 1. This enabled us to study the
electrochemistry of the surface-bound metal-thioethers in the
absence of diffusion effects and also without the complication
of dimerization, as metal-thioethers do not dimerize. As
commented earlier, the STM study of 3 on a Au(111) surface
as well as the field-emission resonances of 3 supported on a
gold surface by STM were reported previously.”’ In addition,
SAMs of complex 4 were previously studied on mercury,”
gold, and silver surfaces.”*

For complete electrochemical reversible systems, anodic and
cathodrc waves of SAM systems should be symmetrical, and AE
=E, . should be 0 mV.* The relatlonshrp between peak
currents and scan rate is given by eq 2,*° where A, is the
electrode surface area, and I' is the surface coverage.

sur
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Figure 5. Computed HOMOs of complexes 1 (top left), 4 (middle top), and FcCH,OH (top right) and spin densities of the corresponding oxidized
species (middle and bottom). Numbers in parentheses indicate the computed Mulliken-spin densities. All data were computed at the B3LYP/def2-

SVP level.

i, = (’F*0A,,T")/(4RT) @)

To use eq 2 meaningfully, the term A, needs to be corrected
from the suppliers geometric electrode surface area value (here
the supplied geometrical data of the gold electrode indicated a
diameter of 1.6 mm, which leads to a theoretical A, of
2.010 619 mm?) to a roughness corrected experimental surface
area. The experimental surface area can be determined from CV
measurements utilizing the Randles—Sevcik equation applied to
ferrocene under known conditions.”” This allows for a
“roughness” correction of the electrode that takes into account
the rugosity of the gold electrode under the conditions utilized.
Under previously described CV conditions*’ we determined
Ay, of our gold electrode as 1.972 mm? which implies a
roughness correction of 0.981. This correction factor was
employed in all appropriate calculations shown in Table 1.

From eq 2, for surface bound species, a linear relationship
should exist between i, and scan rate v. The coverage I is also
available from the slope of this graph. In addition, peak shape is
diagnostic of the homogeneity of the layer and the “full width at
half of the peak maximum height”, PW, s, should theoretically
be 90.6 mV at 25 °C for one-electron transfer processes.*®

Figure 4 right shows the CV traces of a SAM of 4 on a gold
electrode in the presence of dissolved decamethylferrocene as
internal standard. The nearly symmetric shape of the cyclic
voltammograms are apparent: AE = 11 mV, and the anodic
PW,5 = 116 mV at a scan rate of S00 mV s™". This implies that,

for 4 with n = 4, nearly ideal electrochemistry of the SAM is
observed. Figure 6, right, shows the cyclic voltammograms at
500 mV s~' for SAM layers of 1—4. From it, and from the data
summarized in Table 1, it is clear that the electrochemical
behavior becomes less and less ideal as the alkyl chain length
(ie, “n” in Fc(CH,),SH) decreases. First, in moving from 4 to
3, AE increases to 22 mV. For 1, AE = 116 mV is so large it
casts doubt as to whether SAM formation actually took place.
However, from the cleaning procedures used to clean the SAM-
containing gold electrode from any free 1, and because the
relationship between i, and v is still linear (Supporting

Information Figure S7), while the relationship between ip, and
v* is not (Supporting Information Figure S8), it becomes
evident that 1 is a surface-associated species on Au, although
the integrity of the layer under electrochemically oxidative
conditions may not be as good as that of 2—4. The low
electrode coverage obtained for 1 (see below) may contribute
to the large AE observed in CV experiments of SAM layers of
this compound. In an attempt to increase the coverage,
exposure times of 16 h during SAM preparations of this
complex were also employed, but it did not improve the
coverage obtained.

Values of full width at half peak maximum height, PW,
were determined at a scan rate of 100 mV s}, Table 1. Those
for 2 (144 mV) and 4 (110 mV) approached the ideal value of
90.6 mV best, while 1 deviated the most. Deviations from the
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Figure 6. CVs of 1—4, Fc(CH,),SH, from (left) 0.25 or 0.5 mmol
dm™ (for 4) solutions in CH,CI, containing 0.2 mol dm™>
[N("Bu),][PFs] supporting electrolyte at a scan rate 100 mV s~
utilizing a glassy carbon electrode or (right) as self-assembled
monolayers on a gold electrode at a scan rate of S00 mV s'. Fc
indicates the ferrocenyl wave in the solution experiments, and Fcgyy
identifies the ferrocenyl wave of 1—4 when bound to the Au electrode
in electrode surface concentrations as per Table 1. Fc* indicates the
CV wave of decamethylferrocene, the dissolved internal standard in
both experiments.
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Figure 7. Relation between E°’ and the number of CH, spacers n
separating the ferrocenyl group from the SH functionality in
Fc(CH,),SH in compounds 1—4 (black line) or from OH in
Fc(CH,),OH (red line).”®

Scheme 2. Formation of SAMs of 1—4 on a Gold Electrode
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ideal value are attributed to electrostatic effects incurred by
neighboring charged species, here the Fc** radical cation, or
with supporting electrolyte anions after electrochemical
oxidation of neutral 1—4 occurred.”’

Surface coverages I" were determined from the slopes of
plots of i,, versus scan rate utilizing eq 2 and are summarized in
Table 1. Obtained values compared well with the maximum
expected surface coverage of 4.4 X 107'° mol cm™ for a
ferrocenyl fragment having the normally accepted diameter of
0.66 nm and being closely packed in a hexagonal assembly on a
flat (here gold) surface.”” The obtained coverage values are a

function of side chain length. The longest side chain in 1—4 has
n = 4. The coverage obtained for 1 having n = 1 was only 31%
of that obtained for 4.

The heterogeneous rate of electron transfer between
ferrocenyl group and electrode, k,, under the utilized
experimental conditions, may be calculated from eq 3.

k= i,/Q 3)

The amount of charge, Q, may be obtained from the area of
CV waves in Figure 6, right, with the baseline drawn to exclude
background currents.*® The x-axis of the diagram has to be
modified not to be potential but seconds, utilizing the scan rate
employed (see Experimental Section and Supporting Informa-
tion Figures S9—S16). Only anodic waves were considered.
The obtained values of k, are summarized in Table 1. The k,
values do not show a direct relationship with n or E’. The rate
constant k, for 1 was the second largest; we were surprised to
note our measurements indicate that the rate of heterogeneous
electron transfer for 4 is the largest, but for 1 it is the second
fastest. On the basis of side chain length, one would expect this
rate for 4 to be the smallest. Figure 8 shows how coverage and
heterogeneous electron transfer kinetics under our conditions
are dependent on side chain length, and it also shows how
redox potentials influence k.

% 8 6 -
~
x5
5 4. 51
£E3 T4
s
£ 2
~
3.
g 1.
=1
0 T T T T 2 T T v r
0 1 2 3 4 60 -40 -20 0 20

n (no. of CH, groups in side chain) E°' / mV vs. FcH/FcH*

Figure 8. (left) Dependence of electrode surface coverage, I' (thick
black line) and rate of heterogeneous electron transfer between
electrode surface and redox-active ferrocenyl groups, k, (red line), on
the alkyl side chain length n of SAM layers of Fc-(CH,)n-SH on a gold
electrode. (right) Dependence of k, on E* of 1—4 when bound as
SAM layers on a gold electrode. Compound numbers are indicated on

the graph.

Two opposing electron transfer driving forces may be the
reason for the faster-than-expected heterogeneous electron
transfer kinetics of 4 and the shape of the n—k, relationship
shown in Figure 8. The first relates to the lower electrochemical
energy required to induce electron transfer in compounds with
smaller redox potentials compared to those with larger redox
potentials. Because E® values of the SAMs of 1—4 are the
largest for 1 and the smallest for 4, it would be reasonable to
expect (provided all other factors remain the same) that the
rate of electron transfer for 4 should be the fastest, while it
should be the slowest for 1. However, directly opposing this,
one could also expect that the close proximity of the ferrocenyl
group of the shortest chain derivative, 1, to the electrode
surface would greatly favor faster electron transfer for 1 over
that of 4. These two opposing driving forces may be at the root
of explaining the trend that the rate constant data in Figure 8
and Table 1 exhibits.

Finally, an attempt was made to measure the inherent rate of
electron transfer (i.e., kgr) from the ferrocenyl group of 1—4 to
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a gold electrode when the complexes are bound to the surface
of the electrode via a Au—S—CH ,— metal-thioether bond
utilizing the Laviron method.**** However, this met with
failure as we could not scan fast enough (v ., was 2500 V' s™")
to reach the region where AE, values became large enough and
E, — E, ), became linearly dependent on log(scan rate), Figure
S17. The expected scan rate to achieve this would be in excess
of 100 000 V s ~! which, because of large currents and therefore
large ohmic loss, probably takes this experiment outside the
realms of CV. However, utilizing published data for kgr for
complexes with § < n < 12,* a calibration curve of n versus
log( kgr), Figure S18, resulted in the following, more acceptable
values: (n; kgr/s ') = (1; 2 X 10%), (2; 5 x 10%), (3; 2 x 10%),
and (4; S X 107). Other reports also described a linear
relationship between n versus log(kgy) for ferrocenylamido-
thiolates*” for compounds having 7—17 methylene groups
between S and ferrocenylamido groups and also other
substrates such as hydroquinone-terminated thiols.”® In the
latter cases, because of much slower electron transfer rates, data
are available all the way down until one methylene spacer
between S and the redox-active terminal. Of the so-obtained
kgr values, the values for complexes with n = 3 and 4 are
probably more accurate as the described calibration curve does
not account for different electrostatic, steric, and other effects
that may become important with exceedingly short side chain

lengths.

Bl CONCLUSIONS

The mercaptoalkylferrocenes Fc(CH,),SH series with n = 1
(1),2(2), 3 (3), and 4 (4) was synthesized. They are all prone
to easy sulthydryl oxidation, and the corresponding disulfides
19—-22 form spontaneously in air. Except for the short-chain
dimer 19, these disulfides can all be reduced back to the original
mercaptoalkylferrocenes in refluxing THF with LiAlH,. Key
precursors to 1—4 were the ferrocenylalkyl bromides Fc-
(CH,),Br. The instability of these bromides with n < 4 forced
their synthesis from alcohol precursors rather than Clem-
mensen reduction of FcCO(CH,),,_;Br. Only conversion of the
shortest chain alcohol 1 having n = 1 can be achieved by
Lawesson’s reagent. 'H NMR resonance positions of all CH,
and SH functionalities were dependent on alkyl side chain
length n. The electrochemical mechanism of Fc(CH,),SH
oxidation in solution was explored by DFT methods, and it was
found that solely the ferrocenyl group is oxidized during the
initial solution-based oxidation. Then, after proton loss and
intramolecular electron transfer, a radical species Fc(CH,),S* is
obtained, which very quickly dimerizes in a strongly exothermic
process. The cathodic wave during the solution-based electro-
chemical process therefore represents the reduction of the
ferroceniums on the dimer. A similar complication was not
observed during electrochemical studies of SAMs of 1—4 on a
gold electrode, as the Au—S(CH,),Fc metallothioether species
is not prone to dimerization. Here, only a ferrocenyl/
ferrocenium redox couple is observed. It also highlighted fast
ferrocenyl group electron transfer in the absence of diffusion
effects. AE, values approached zero for the surface-bound
mercaptans, because the substrate was immobilized on the
electrode surface, while diffusion effects caused AE values for
the solution-based species to be ca. 75 mV. Formal redox
potentials E° of 1—4, both in solution and as self-assembled
monolayers on a gold electrode, are dependent on alkyl side
chain length n. The extent of gold electrode coverage by
Fc(CH,),SH is also dependent on chain length with the

shortest chain derivative being the least effective in SAM
formation. This is probably the result of steric hindrance of the
bulky ferrocenyl group impairing effective coverage. The
heterogeneous rate of electron transfer between the ferrocenyl
group of each SAM could not directly be measured, as they are
too fast, but it is estimated to be in the region from 1 X 107 to 1
X 10”57,

B EXPERIMENTAL SECTION

General. All chemicals (Aldrich) were used as received unless
otherwise stated. Solvents (hexane, THF, diethyl ether) were distilled
over sodium wire prior to use. CH,Cl, was distilled over CaCl,.
Chromatography was performed on silica gel 60 (220—240 mesh,
Fluka); reaction progress was monitored using silica-coated TLC
plates. NMR spectra were recorded on a Bruker Avance 300
spectrometer. Chemical shifts are reported in & values, using
deuterated solvent residual peak as internal standard. IR spectra
(cm™) were recorded on a Bruker Tensor 27 spectrometer with a
PIKE MIRacle ATR-attachment. Compounds 6,°" 7,%> 8,>* 9,°* 11,**
12,°% 13,%° 14,°% 15,°° 17,7 and 18°° were synthesized according to
the literature procedures.

Synthesis. Mercaptomethylferrocene (1). To a solution of
ferrocenylmethanol 18 (216 mg, 1 mmol) in dry CH,Cl, (10 mL),
Lawesson’s reagent (201 mg, 0.5 mmol) was added. The reaction was
stirred at room temperature under an inert atmosphere for 1 h. NMR
analysis showed the reaction solution containing crude product
consisted of a mixture of 1 and dimer 19, Fc—CH,—S—S—CH,—Fc,
with ratio of 1:19 = 2.2:1. Evaporation of solvent gave a residue that
was suspended in Et,O and loaded onto preparative TLC under argon.
Utilizing the deaerated solvent mixture hexane/EtOAc = 9:1 as eluent,
the first fraction gave mercaptomethylferrocene 1 as a deep orange oil
(104 mg, 45%). The second fraction gave 19 as an orange solid (100
mg, 44%).

Characterization Data for Mercaptomethylferrocene (1). R; =
98:2 (hexane/ethyl acetate) = 0.50; orange oil. Anal. Calcd for
C, H,,FeS, C, 56.9; H, 5.2%. Found: C, 56.6; H, 5.0%. 'H NMR (300
MHz, CDCl,, ppm) 6 1.78 (t, 1H, ] = 7.4 Hz, SH) 3.56 (d, 2H, J = 7.4
Hz, CH,), 4.15 (t, 1.8 Hz, CH,), 4.18 (s, SH, Cp), 4.23 (t, 1.8 Hz, 2H,
Cp); °C NMR (75 MHz, CDCl,, ppm) 24.4, 67.9 (2C), 68.0 (2C),
68.7 (5C), 88.4; IR (neat, v,,,,/cm™'): 3628, 2960, 2522, 2444, 2159,
2030, 1976, 1249, 1101, 1026, 998, 806, 668.

Characterization Data for Bis(ferrocenylmethyl)disulfide (19). mp
129 °C; R = 040 (hexane/ethyl acetate = 98:2). Anal. Calcd for
C,,Hy,Fe,S,, C, 57.2; H, 4.8%. Found: C, 57.4; H, 4.9%. 'H NMR
(300 MHz, CDCl,, ppm) 6 3.49 (s, 4H, CH,), 4.13—4.15 (m, 14 H,
Cp), 420 (t, 1.8 Hz, 4H, Cp); *C NMR (75 MHz, CDCl,, ppm) 31.9
(2C), 67.9 (4C), 68.0 (4C), 68.7 (10C), 85.3 (2C); IR (neat, v,,,./
cm™): 3076, 2943, 2911, 1468, 1409, 1243, 1216, 1103, 999, 827, 715,
601.

Synthesis of Mercaptoalkylferrocenes 2, 3, and 4. First
bromoalkylferrocenes and precursors must be synthesized.

4-Bromobutanoylferrocene (15). Bromobutyryl chloride (236 mg,
1.5 mmol) and anhydrous AICl; (200 mg, 1.5 mmol) were added to 4
mL of dry CH,Cl, at 0 °C. The mixture was stirred for 20 min under
argon and then added dropwise to a solution of ferrocene (279 mg, 1.5
mmol) in CH,Cl, (4 mL). After 20 h the reaction was quenched with
water (2 mL). The organic layer was washed with water until it was
neutral. Evaporation of solvent afforded a brown residue that was
chromatographed (SiO,, hexane/EtOAc = 4:1) to give 15 in 73% of
yield. mp 62 °C; R (hexane) = 0.40; '"H NMR (300 MHz, CDCl,,
ppm) & 2.29 (quin, 2H, ] = 6.6 Hz, CH,CH,), 2.96 (t, 2H, ] = 6.6 Hz,
CH,Br), 3.59 (t, 2H, ] = 6.6 Hz, CH,CO), 4.23 (s, SH), 4.54 (t, 2H),
4.83 (t, 2H); '*C NMR (75 MHz, CDCl,, ppm) 27.50, 34.6, 38.0, 69.7
(2C), 702 (2C), 73.6 (5C), 73.2, 201.2; IR (neat, v,,./cm™"') 2998,
2926, 1666, 1452, 1409, 1302, 1033, 750.

Synthesis of Bromoalkylferrocenes 10, 14, and 16. 3-
Bromopropylferrocene (10). The synthesis of 10 may serve as
general example. 3-Hydroxypropylferrocene (9, 0.650 g, 2.67 mmol)
was dissolved in dry Et,O (5 mL), and freshly distilled PBr; (91 uL,
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2.9 mmol) was added under an inert atmosphere. The reaction
mixture was stirred for 3 h. Column chromatography with SiO, using
hexane/EtOAc = 2:1 as eluent afforded 370 mg (45%) of pure 10. mp
49 °C; R; = 0.55 (hexane); 'H NMR (300 MHz, CDCl;, ppm) & 2.07
(g, 2H, J = 7.6 Hz, CH,CH,), 2.53 (t, 2H, ] = 7.6 Hz, CH,CH,) 3.44
(t, 2H, J = 7.6 Hz, CH,CH,), 4.08—4.10 (m, 4H), 4.14 (s, SH); *C
NMR (75 MHz, CDCl;, ppm) 28.00, 33.7, 33.9, 67.4 (2C), 68.2 (2C),
68.6 (5C), 87.2; IR (neat, v, /cm™) 3089, 3076, 2924, 2895, 2871,
2841, 1455, 1434, 1281, 1043, 999, 805.

Characterization Data for 14 and 16. 2-Bromoethylferrocene
(14). Yield = 60%; mp 66 °C; R; = 0.60 (hexane); 'H NMR (300
MHz, CDCl,, ppm) 6 2.93 (t, 2H, ] = 7.6 Hz, CH,CH,), 3.47 (t, 2H, J
= 7.6 Hz, CH,CH,), 4.08—4.18 (m, 9H); '*C NMR (75 MHz, CDCl,,
ppm) 32.4, 33.7, 67.7 (2C), 68.3 (2C), 68.6 (5C), 85.5; IR (neat, v,/
em™): 3092, 2923, 2850, 1466, 1442, 1275, 1206, 1104, 1023, 807,
715, 616.

4-Bromobutylferrocene (16). Yield = 42%; R; = 0.70 (hexane);
orange oil; '"H NMR (300 MHz, CDCly, ppm) § 1.63—1.72 (m, 2H,
CH,), 1.78—1.88 (m, 2H, CH,), 2.39 (t, ] = 7.5 Hz, FcCH,), 3.57 (t, ]
= 7.5 Hz, 2H, CH,Br) 4.08 (s, 4H), 4.13 (s, SH); *C NMR (75 MHz,
CDCl,, ppm) 28.8, 29.5, 32.5, 34.6, 67.3 (2C), 68.2 (2C), 68.6 (5C),
86.4; IR (neat, v,,/em™): 3093, 2935, 2857, 1441, 1292, 1227, 1105,
999, 816, 729, 647.

Synthesis of Mercaptoalkylferrocenes 2, 3, and 4. 2-
Mercaptoethylferrocene (2). The synthesis of 2 may serve as general
example. 2-Bromoethylferrocene (14, 438 mg, 1.5 mmol) was
dissolved in absolute ethanol (10 mL). Thiourea (84 mg, 1.1 mmol)
was added, and the reaction was refluxed for 18 h. The solvent was
evaporated, aqueous NaOH (2 M, 10 mL) was added, and it was
heated under reflux for an additional hour under an inert atmosphere
(argon). After it cooled, the mixture was extracted with Et,O (3 X 50
mL), and the combined organic fractions were washed thoroughly
with brine (1 X 100 mL). Evaporation of the solvent gave a yellow
residue, which was chromatographed on silica with eluent hexane/
EtOAc = 98:2, to afford 343 mg (93%) of pure 2. R; = 0.40 (hexane);
mp = 44 °C. Anal. Calcd for C,H,,FeS, C, 58.6; H, 5.7%. Found: C,
58.7; H, 5.7%. '"H NMR (300 MHz, CDCly, ppm) 6 1.41—-1.47 (m,
1H, SH), 2.63—2.67 (m, 4H, CH,CH,), 4.06—4.13 (m, 9H); °C
NMR (75 MHz, CDCl,;, ppm) 25.8, 34.6, 67.5 (2C), 68.3 (2C), 68.6
(5C), 86.6. IR (neat, v,,,./cm™): 3083, 2924, 2853, 1466, 1439, 1238,
1104, 1023, 998, 807.

Characterization Data for 3 and 4. 3-Mercaptopropylferrocene
(3). Yield = 94%; R; = 0.65 (hexane); mp = 34 °C. Anal. Calcd for
Cy3H,(FeS, C, 60.0; H, 6.2%. Found: C, 59.7; H, 6.1%. 'H NMR (300
MHz, CDCl,, ppm) 6 1.36 (t, ] = 7.8 Hz, 1H, SH), 1.82 (tt, 2H, ], = ],
=7.8 Hz, CH,), 2.45 (t, 2H, ] = 7.8 Hz, FcCH,), 2.55 (dt, ], = J, = 7.8
Hz, 2H, CH,S), 4.06 (s, 4H), 4.11 (s, 5H); 3C NMR (75 MHz,
CDCL,, ppm) 24.7, 28.5, 35.5, 66.2 (2C), 67.5 (2C), 68.8 (5C), 88.3.
IR (neat, v, /cm™): 3087, 3077, 2930, 2841, 2561, 1435, 1297, 1102,
1044, 999, 804.

4-Mercaptobutylferrocene (4). Yield = 99%; R; = 0.65 (hexane);
mp = 27 °C. Anal. Calcd for C H gFeS, C, 61.3; H, 6.6%. Found: C,
61.4; H, 6.5%. "H NMR (300 MHz, CDCL,, ppm) & 1.35 (t, ] = 7.8
Hz, 1H, SH), 1.58—1.68 (m, 4H, CH,CH,), 2.34 (t, 2H, FcCH,), 2.54
(dt, J; = J, = 7.8 Hz, 2H, CH,S) 4.05 (s, 4H), 4.10 (s, 5H); '*C NMR
(75 MHz, CDCl;, ppm) 24.8, 29.4, 30.1, 34.1, 67.4 (2C), 68.3 (2C),
68.8 (5C), 89.1. IR (neat, v, /cm™"): 3090, 2920, 2849, 2344, 1458,
1410, 1039, 999, 815.

Disulfides 20—22. Exposure to air resulted in oxidation of 2, 3,
and 4 to disulfides 20, 21, and 22, respectively. The crude product was
purified by column chromatography on silica gel utilizing hexane as
eluent to afford pure disulfide. Characterization data are as follows:

Bis(2-ferrocenylethyl)disulfide (20). Yield is 35% after 7 d. R¢
(hexane) = 0.36; mp = 100—101 °C. Anal. Calcd for C,,H,.Fe,S,,
C, 58.8; H, 5.3%. Found: C, 58.7; H, 5.1%. '"H NMR (300 MHz,
CDCl,, ppm) 5 2.77 (AA’ of AA'BB’, 4H, CH,), 2.86 (BB’ of AA'BB/,
4H, CH,), 4.08—4.12 (m, 8H, Cp), 4.13 (s, 10H, Cp); *C NMR (7§
MHz, CDCl;, ppm) 29.8 (2C), 39.7 (2C), 67.5 (4C), 68.2 (4C), 68.6
(10C), 86.8 (2C). IR(neat, v,,,,/cm™"): 3075, 2910, 2847, 1416, 1401,
1040, 1034, 1020, 806.

Bis(3-ferrocenylpropyl)disulfide (21). Yield is 20% after 7 d. R
(hexane) = 0.40; mp = 80.7 °C. Anal. Calcd for C,4HyFe,S,, C, 60.2;
H, 5.8%. Found: C, 60.4; H, 5.8%. "H NMR (300 MHz, CDCl,, ppm)
6 1.93 (q, ] = 7.5 Hz, 4H, CH,), 2.47 (t, ] = 7.5 Hz, 4H, FcCH,), 2.73
(t, J = 7.5 Hz, 4H, CH,S) 4.08—4.09 (m, 8H), 4.13 (s, 10H); “C
NMR (75 MHz, CDCl,, ppm) 28.2 (2C), 30.3 (2C), 38.5 (2C), 67.2
(4C), 68.1 (4C), 68.5 (10C), 88.1 (2C). IR (neat, v,,,/cm™): 3086,
2918, 2849, 1433, 1408, 1227, 1103, 999, 807.

Bis(4-ferrocenylbutyl)disulfide (22). Yield is 8% after 7 d. R¢
(hexane) = 0.45; mp = 46.5 °C. Anal. Calcd for C,,H,,FeS, C, 61.6;
H, 6.3%. Found: C, 61.3; H, 6.1%. "H NMR (300 MHz, CDCL,, ppm)
§ 1.59—1.66 (m, 4H, 2xCH,), 1.67—1.77 (m, 4H, CH,CH,), 2.37 (t, ]
= 7.5 Hz, 4H, FcCH,), 2.71 (t, ] = 7.2 Hz, 4H, CH,S), 4.05 (s, 8H),
4.10 (s, 10H); °C NMR (75 MHz, CDCl,, ppm) 29.1 (2C), 29.7
(2C), 29.9 (2C), 39.0 (2C), 67.1 (4C), 68.1 (4C), 68.5 (10C), 88.8
(2C). IR (neat, v, /cm™"): 3091, 2925, 2854, 1409, 1039, 1023, 997,
81S.

Reduction of Disulfides 20, 21, and 22. The general procedure
for 20 may serve as an example. LiAlH, (10 mg, 0.25 mmol) was
added to the solution of 20 (49 mg, 0.1 mmol) in dry THF (S mlL,
degassed). After 1 h of reflux the reaction was quenched with HCl aq
(S mL, 5%) and extracted with Et,0 (3 X S mL). Combined organic
layers were washed with brine (1 X S mL) and dried over MgSO,.
Evaporation of all volatiles afforded crystalline yellow 2 (40 mg, 81%).

X-ray Crystal Structure Determination of 20. Data for complex
20 were collected at 150(2) K on a Bruker D8 Venture k geometry
diffractometer, with duo Ius sources, a Photon 100 CMOS detector,
and APEX II control software using Quazar multilayer optics,
monochromated Mo Ka radiation (0.71073 A), and by means of a
combination of ¢ and w scans. Data reduction was performed using
SAINT+, and the intensities were corrected for absorption using
SADABS.*” The structure was solved by intrinsic phasing using
SHELXTS and refined by full-matrix least-squares using SHELXTL
and SHELXL-2013.% In the structure refinement, all hydrogen atoms
were added in calculated positions and treated as riding on the atom to
which they are attached. All nonhydrogen atoms were refined with
anisotropic displacement parameters; isotropic displacement parame-
ters for hydrogen atoms were calculated as X X U, of the atom to
which they are attached; X = 1.5 for the methylene hydrogens and 1.2
for all other hydrogens. An Ortep drawing®' of the structure is
included in Figure 1. Crystallographic data and refinement parameters
of 20 (C,, Hy4 Fe, S, M, = 490.27, triclinic, P1) are crystal size, 0.628
X 0.319 X 0.122 mm?; cell dimensions, a = 5.794(13), b = 12.06(3), ¢
= 16.07(4) A, a = 111.24(12), = 92.08(9), y = 93.43(11)°, V =
1043(5) A% Z = 2; density (calculated) = 1.562 Mg/m?; absorption
coefficient, 1.599 mm™%; F(000), 508; © range for data collection,
2.640 to 25.681°; index ranges, =7 <h <7,-14 <k <14,-19<1<
19; reflections collected, 13 315; independent reflections, 3763 [R(int)
= 0.0441]; completeness to © = 25.242°, 99.9%; refinement method,
full-matrix least-squares on F%; final R indices [I > 26(I)], R1 = 0.0553,
wR2 = 0.1464; R indices (all data), R1 = 0.0588, wR2 = 0.1497; largest
difference peak and hole, 2.873 and —1.197 e-A™3; symmetry
transformations used to generate equivalent atoms, No. 1 —x, —y,
—z. Data collection, structure solution, and refinement details are
available in the cif.

Computational Details. Geometry optimizations without sym-
metry constraints were performed using the Gaussian09 suite of
programs® at the B3LYP level (uB3LYP for open-shell species)®
using the double-¢ plus polarization def2-SVP®* basis set for all atoms.
This protocol is denoted B3LYP/def2-SVP and was selected because it
provides reasonable results for rationalizing the electrochemical
properties of different transition metal complexes, particularly those
having ferrocenyl groups.®®> Zero-point vibrational energy corrections
were computed at the same level and were not corrected. All species
were characterized by frequency calculations® and have a positive
defined Hessian matrix indicating that they are minima on the
potential energy surface.

Electrochemistry. Solution Cyclic Voltammetry. Cyclic voltam-
mograms were recorded on a Princeton Applied Research PARSTAT
2273 voltammograph utilizing PowerSuite (version 2.58) software.
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Experiments were performed on ca. 0.25 mM solutions of 1—4 in dry
CH,Cl,/0.2 mol dm™ [N("Bu),][PF], utilizing a standard three-
electrode cell consisting of a glassy carbon electrode of surface area
3.14 mm? a Pt-wire counter electrode, and an Ag-wire reference
electrode under argon at 25 °C. The working electrode was pretreated
by polishing on a Buehler micro cloth first with 1 gm and then with 1/
4 pm diamond paste. Each experiment was first performed in the
absence and then repeated in the presence of decamethylferrocene
(Fc*). In separate experiments, a cyclic voltammogram of
decamethylferrocene was measured in the presence of free ferrocene,
and then all measured potentials were manipulated on a spreadsheet to
allow reporting of potentials versus the FcH/FcH" couple at 0 V and
diagram preparation. Under our conditions the Fc*/Fc** redox couple
was 6a_t E* = =550 mV versus FcH/FcH", i,/i,, = 0.99, and AE = 72
mV.”’

Self-Assembled Monolayers Cyclic Voltammetry. After the
solution-phase cyclic voltammograms were recorded, the glassy carbon
electrode was replaced with a polished Au electrode (geometrical
surface area according to the manufacturer is 2.010 619 mm? but the
measured reactive surface area was found to be 1.972 mm?; this leads
to a roughness correction of 0.981) and allowed to stand for 1 h. The
coated electrode having a monolayer of mercaptoalkylferrocene on it
(SAM) was then removed, thoroughly rinsed with CH,Cl, to remove
all residues of the original solution, carefully dried with soft moisture-
absorbing cloth, and then placed in a fresh solution containing 0.2 mol
dm™ [N("Bu),][PF,] supporting electrolyte only. Cyclic voltammo-
grams were then again recorded using a Ag wire pseudo reference
electrode and a Pt-wire counter electrode. Experiments were
conducted first in the absence and then in the presence of Fc* as
internal standard. Data were then exported to a spreadsheet program
for reporting purposes as described in Solution Cyclic Voltammetry.

Calculation of diffusion constants, surface coverage, and heteroge-
neous electron transfer rate constants (k,) were performed with the aid
of egs 1, 2, and 3. To determine k, the amount of charge Q that
flowed during a CV experiment may be obtained from the area
underneath the CV waves in Figure 6, right, with the baseline drawn to
exclude background currents.*® The x-axis of the diagram must be
modified not to be potential but seconds, utilizing the scan rate
employed. Only anodic waves were considered. The nonideal shape of
especially CVs of 1 and 3 caused us not to estimate the area of the
“most appropriate surface” by measuring the area under the entire CV
curve, because the decay current is obviously more affected by charge
effects than the area under the rising current until E,, is reached. The
area of that portion of the CV up to the peak anodic potential was
measured and then multiplied with two to obtain the total “expected”
or “more ideal” area. To measure the area, the CV data points were
imported into Mettler Toledo thermal analysis STAR® software. An
appropriate baseline was determined, and then the area was calculated
within appropriate boundaries; see Supporting Information Figures
S9-S16.

Determination of kgy was first attempted utilizing the method of
Laviron*® as described in Meade’s review*® (see Figure S17) but then

alternatively estimated utilizing a calibration curve (Figure S18) as
described elsewhere.*”*°
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