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In a recent preliminary account we outlined the chemical 
derivatization of anodized Pt electrode surfaces using tri-
chlorosilyferrocene (I), which resulted in the persistent at
tachment of polymeric, reversibly electroactive ferrocene.1 

Also, we have shown that (l,r-ferrocenediyl)dichlorosilane 
(II) is capable of derivatizing n-type semiconducting Si pho-
toelectrodes,2 illustrating the first example of photoelec-
troactive surface-attached species. These studies have added 
to a growing literature of chemically derivatized electrode 
surfaces.3-n 

Elaboration of the number and types of chemical deriva
tizing procedures is seemingly a necessary step in the illus
tration and understanding of fundamental and practical con
sequences of the resulting surfaces. In this article we wish to 
report the synthesis and characterization of I, II, and 1,1'-
bis(triethoxysilyl)ferrocene (III) and their use as derivatizing 
reagents for anodized Pt electrode surfaces. We also report the 
first derivatized Au electrodes using II as the derivatizing re
agent, and outline a procedure for the surface pretreatment 
of Au that leads to successful derivatization. The structures 
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of the three derivatizing reagents are shown below. A quali
tative comparison of the behavior of the resulting derivatized 
surfaces is made. 

Results and Discussion 
1. Preparation of Compounds. The compounds presented 

here are, by design, extremely moisture sensitive. Therefore, 
care must be taken in the exclusion of moisture in their prep
aration and subsequent handling. It should be noted that 
compounds I and II seem to react with glass over a period of 
time even when kept at low temperatures (—10 0C). Because 
of this problem, in order to obtain satisfactory analysis, the 
samples were purified immediately before being sent for 
analysis, sealed in plastic ampules under dry nitrogen, and 
analyzed as quickly as possible. This slow decomposition also 
requires that the compounds be purified before use in elec
trochemical studies. 

All three complexes which we have prepared have been 
characterized by elemental analyses and the results are satis
factory. The mass spectral characterization provides a quick 
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way to determine whether I, II, or III are present, since these 
complexes all give good parent peaks. For the complexes 
containing Cl's the parent peak region is complex and diag
nostic owing to the characteristic distribution of 35Cl and 37Cl. 
1H NMR and electronic spectral data have also been used to 
characterize I, II, and III. 

The low-energy absorption spectral features of the com
plexes prepared here are quite similar to those for ferrocene 
itself, which exhibits absorption maxima at A 440 nm, i « 90, 
and 325 nm, e «50.18 Complex II exhibits a slightly red-shifted 
first absorption at ~470 nm and the shift is likely a conse
quence of distortion of the ^-CsH5 ring systems from perfectly 
parallel; such has been found in the l,l'-(ferrocenediyl)di-
phenylsilane analogue and it too has a red-shifted first ab
sorption compared to ferrocene.19 The first electronic ab
sorption band has been attributed to a ligand field (d-d) 
transition and, consequently, should be sensitive to the ge
ometry and nature of the immediate coordination sphere of the 
Fe.18 

Similarity of the low-energy region of the electronic spectra 
of I—111 and ferrocene itself is in accord with an expectation 
that the electrochemical oxidation would occur at a similar 
potential for each of the species. Indeed, many simply substi
tuted ferrocenes have E0 values in the vicinity of +0.4 V vs. 
SCE.20 Complexes I and II are so moisture sensitive that so
lution electrochemical behavior is ambiguous. But complex 
III is qualitatively less reactive in solution, and its cyclic vol-
tammetry in CH3CN/0.1 M (K-Bu4N)ClO4 shows reversible 
waves establishing an E0 of +0.47 ± 0.02 V vs. SCE. 

2. Preparation and Characterization of Derivatized Elec
trodes, a. Surface Pretreatment. Pt electrode surfaces sus
ceptible to derivatization with I—III have been prepared either 
by the procedure outlined in the literature133 or by a slight 
modification. For Pt disk electrodes the surfaces were hand 
polished to a mirror finish, anodized at +1.9 V vs. SCE for 5 
min in 0.5 M H2SO4, and then cycled between the O2 and H2 
evolution potentials in 0.5 M H2SO4 until the cyclic voltam-
mograms were constant (~2 h). The electrode was then held 
at +1.1 V vs. SCE in that medium until the current declined 
to < 1 jtA/cm2. Such a procedure presumably gives a hydrated 
Pt oxide surface capable of reacting with the Si-Cl or Si-OEt 
bonds of I-III. 

Finding that the hand-polishing procedure was too labor 
intensive, we attempted the use of a procedure such that Pt foil 
electrodes could be prepared without polishing. Pt foil was 
cleansed in concentrated HNO3 and then was anodized, cycled, 
and anodized as in the procedure for the Pt disk electrodes. 
Qualitatively, comparable results have been obtained with both 
types of Pt surfaces (vide infra). 

Exposed Au surfaces were cleaned by dipping into concen
trated HNO3 for 5 min at 298 K. The electrode was then held 
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at a potential of +1.9 V vs. SCE for 15 s in 0.5 M H2SO4 in 
H2O. This was followed by cycling the potential (linear sweep, 
100 mV/s) from 0.0 to +1.0 V vs. SCE until the cyclic vol-
tammogram remained unchanged, 1-3 h. Finally, the potential 
was held at +1.9 V vs. SCE for 15 s. The electrode was then 
washed with distilled H2O and then with acetone and allowed 
to dry in air. 

b. Derivatizing Procedure. Pt surfaces to be derivatized were 
exposed to isooctane solutions of I-III under Ar as described 
in the Experimental Section. Au was derivatized with II in a 
similar fashion. The procedures actually used (reaction time, 
temperature, concentration of derivatizing reagent) were ar
rived at by trial and error. The one thing that is reproducible 
is that one can usually detect electroactive material after the 
derivatization, but the persistence, coverage, reversibility, etc., 
seem to depend on subtle factors not yet elucidated in the 
derivatizing procedure. Even carrying two electrodes through 
all procedures in parallel does not always yield electrodes 
having the same coverage of electroactive material. 

c. Characterization of Derivatized Electrodes. Pt electrodes 
derivatized with I-III have been characterized by cyclic vol-
tammetry in CH3CN solutions of 0.1 M («-Bu4N)C104 con
taining no deliberately added electroactive species. While all 
three derivatizing reagents do yield surface-attached electro
active material, there are some qualitative differences which 
are interesting. The data in Figures 1-4 and Table I are a 
collection of what we now regard as typical characteristics of 
Pt electrodes derivatized with I-III. Similar characterization 
of Au derivatized with II is provided by the data in Figures 5-9 
and Table II. 

First, that electroactive material is attached to the Pt or Au 
is unequivocally established by the observation of cyclic vol-
tammetric waves in CH3CN solutions containing no electro
active material; nonderivatized electrodes show no such waves 
in the potential window open in CH3CN. 

The position of the anodic and cathodic peaks, E0x and ET&j, 
respectively, for Pt electrodes derivatized with I-III are listed 
in Table I. That the surface-attached species are electroactive 
ferrocene derivatives is in accord with peak positions in the 
range 0.42-0.62 V vs. SCE. Surface attachment of reversibly 
electroactive species generally has not been found to effect 
large changes in the redox potential.1-13 It is known that simply 
substituted ferrocene derivatives all have fairly similar £0's;20 

ferrocene itself is measured to be +0.40 ± 0.02 V vs. SCE at 
a nonderivatized Pt electrode in CH3CN/O.I M (H-Bu4N)-
ClO4, in our hands. The derivatizing reagents bearing only one 
Si atom, I and II, result in cyclic peaks at a more cathodic 
potential than from electrodes derivatized with III. The E0 for 
III is more positive than for ferrocene itself, but unfortunately 
£°'s for I and II were not measurable. 

For either derivatized Au or Pt electrodes, the area under 
the anodic and cathodic peaks is the same, revealing that the 
redox processes are chemically reversible. Several other 
characteristics point to kinetically reversible behavior as well. 
First, note that the peak to peak separations are below 59 mV 
in a number of cases at scan rates of 100 mV/s. At lower scan 
rates the peak to peak separation often approaches zero, as 
expected for a reversible surface-attached redox couple.21 

Further, the peak current is directly proportional to scan rate 
up to 500 mV/s and the peak to peak separation does not in
crease markedly at scan rates up to 500 mV/s. For solution 
species the peak current is predicted22 and observed to be 
proportional to (scan rate)'/2. Figures 1,2, and 4 illustrate such 
information for Pt electrodes derivatized with II and III; 
similar data have already been published for Pt surfaces de
rivatized with I.1 The data for Au derivatized with II are given 
in Figures 5 and 6. 

One feature of the cyclic voltammetric waves is not in accord 
with the theory for a reversible, one-electron, redox couple 
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Table I. Electrochemical Data for Derivatized Pt Electrodes" 

deriva
tizing 

reagent expt 
£ox,V 

vs. SCE 
£red, V 
vs. SCE 

coverage' X 1010, 
mol/cm2 mV 

1 
2 
3 
4 
5 
6 
7 
1 
2 
3 
4 
5 
6 
7 
8 
9 
0 
1 
2 
3 
4 
5 
6 
7 

+0.52 
+0.48 
+0.56 
+0.54 
+0.55 
+0.53 
+0.55 
+0.48 
+0.47 
+0.52 
+0.53 
+0.52 
+0.53 
+0.49 
+0.48 
+0.55 
+0.53 
+0.61 
+0.62 
+0.58 
+0.60 
+0.59 
+0.62 
+0.61 

+0.50 
+0.42 
+0.53 
+0.44 
+0.43 
+0.45 
+0.46 
+0.44 
+0.44 
+0.49 
+0.45 
+0.44 
+0.47 
+0.44 
+0.43 
+0.53 
+0.48 
+0.59 
+0.58 
+0.55 
+0.57 
+0.57 
+0.58 
+0.60 

3.9 
27.1 
60.0 
82.5 
49.7 
177 
286 
9.3 
15.0 
28.6 
28.8 
29.3 
33.6 
33.7 
34.5 
52.2 
57.1 
3.1 
4.8 
9.3 
14.6 
16.8 
19.9 
23.1 

400 
300 
340 
300 
240 
240 
270 
250 
220 
260 
225 
380 
350 
220 
240 
240 
270 
380 
540 
380 
320 
370 
390 
310 

"Data presented here are from the 100 mV/s scan. 'Calculated from the anodic wave. 'Peak width at half height. 

E 2OO 

° IOO 

IO 20 30 4 0 5 0 60 

Coverage, x IO moles/cm 

50 IOO 150 
Scan Rate , mv /sec 

200 

Figure 1. The upper graph shows a plot of peak current density vs. coverage 
at 100 mV/s for Pt electrodes derivatized with II. The open circles are for 
Pt foil electrodes and the closed circles are for Pt disk electrodes. Different 
amounts of coverage were achieved by varying the reaction time with II, 
but coverage at a given reaction time was not always reproducible. The 
lower graph shows a representative plot of anodic peak current vs. scan 
rate for two different Pt electrodes derivatized with II. Other conditions 
are as given in the Experimental Section. 

attached to a surface. The width of the cyclic peaks at 
half-height should be ~90 mV according to theory,21 but we 
find values in the range 170-540 mV. Further, over the range 
of coverages studied, the shape of the peaks is unchanged. This 
is evidenced by the linear plots of peak current against cover
age: Figures 1 and 4 for Pt electrodes derivatized with II and 

200 mv/sec 

+ 0.2 +0.4 »0.6 
Potential ,V vs SCE 

Figure 2. Results of a typical experiment measuring the scan rate depen
dence of the peak current for Pt electrodes derivatized with II. 

Ill and Figure 6 for Au derivatized with II. Similar data obtain 
for Pt electrodes prepared using I and these have been pub
lished elsewhere.1 Note that high coverages are obtainable; in 
several cases there appears to be coverage corresponding to tens 
of monolayers, given that the anodized Pt surface has ~ 1 0 - 1 0 

mol/cm2 of potential sites of attachment.13a However, even 
at coverages approaching monolayer, the shape of the cyclic 
peaks is still unchanged. We attribute the greater than mo
nolayer coverages to oligomerization of I, II, or III in the 
derivatizing procedure according to chemistry as represented 
in eq 1. That is, there is attachment to the surface in certain 
positions, but there are oligomers formed via -O-Si-O-link-
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Table II. Characteristics of Au Electrodes Derivatized with 

expt" 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

coverage X 109, 
mol/cm2 

18.8 
7.0 
9.2 
4.3 
8.9 
2.2 
6.2 
3.4 
2.8 
3.4 
2.2 
1.1 
6.2 
1.0 
9.0 
1.8 
7.0 
6.2 
8.5 

14.0 

^ 0 X i * 

+0.475 
+0.475 
+0.480 
+0.465 
+0.475 
+0.420 
+0.460 
+0.420 
+0.450 
+0.450 
+0.520 
+0.450 
+0.490 
+0.500 
+0.480 
+0.430 
+0.485 
+0.480 
+0.490 
+0.490 

£red, V 

+0.380 
+0.425 
+0.390 
+0.385 
+0.420 
+0.360 
+0.425 
+0.370 
+0.410 
+0.415 
+0.410 
+0.380 
+0.440 
+0.460 
+0.440 
+0.380 
+0.445 
+0.420 
+0.450 
+0.460 

Af172,* 
mV 

200 
190 
220 
230 
280 
290 
200 
170 
220 
200 
240 
300 
210 
260 
190 
230 
270 
280 
340 
200 

V2(^OX + 
£red) , V 

+0.430 
+0.450 
+0.435 
+0.425 
+0.450 
+0.390 
+0.440 
+0.395 
+0.430 
+0.430 
+0.465 
+0.415 
+0.465 
+0.480 
+0.460 
+0.405 
+0.465 
+0.450 
+0.470 
+0.475 

E0, V<-

+0.440 
+0.440 
+0.420 

+0.420 

+0.440 

+0.420 
+0.440 

+0.460 

+0.460 

"All data in table recorded at 100 mV/s. Peak to peak separation usually smaller at slower scan rates. All potentials are referenced to an 
aqueous SCE. *Half-height width of anodic peak. 'Determined using method outlined in text; see also Figure 8. 

Coverage 

Figure 3. A Pt electrode derivatized with II cycled over a wide potential 
range without apparent loss of surface-attached material. 

>-^m? 
Fe (D 

ages to involve ferrocene units which are not directly bonded 
to the metal surface. The important finding is that these oli
gomers are apparently reversibly electroactive. The broad 
cyclic peaks are explicable in terms of different ferrocene sites 
all having slightly different £°'s. Different sites on the surface 
and within the oligomer likely obtain. Support of this rationale 
is the observation that the cyclic voltammetric waves for 
polyvinylferrocene adsorbed on Pt are much sharper than those 
reported here;15b the ferrocene units in polyvinylferrocene are 
very likely nearly chemically equivalent, unlike the situation 
in the oligomers from I, II, and III. 

Reagent II has some interesting possible modes of reaction 
not possible with I and III. The strained C-Si-C system makes 
the Si-C bond more reactive than usual, and chemistry as 
represented in eq 2 is not inconceivable. Tests for the presence 
of Si-bridged species are now underway using model com
pounds. Possible electronic interactions between the ferrocene 

50 IOO 
Scon Rate , 

Figure 4. The upper graph shows a plot of peak current vs. coverage at 100 
mV/s for Pt disk electrodes derivatized with III. Different amounts of 
coverage were achieved by varying the reaction time with III, but coverage 
at a given reaction time was not always reproducible. The lower graphs 
shows a representative plot of anodic peak current vs. scan rate for two 
different Pt electrodes derivatized with III. Other conditions are as given 
in the Experimental Section. 

centers in such species may result in substantial changes in 
electrochemical behavior; dinuclear ferrocenes such as difer-
rocenylmethane give two cyclic voltammetric waves rather 
than one two-electron wave.23 Data given in Table I suggest 
that no such chemistry obtains here, but occasionally deriva-
tization with II has resulted in electrodes with two anodic 
waves. But such electrodes did not prove durable enough to 
completely characterize them and the results have been highly 
irreproducible. 

Electrodes derivatized with I and II have been found to be 
extremely durable. Cyclic voltammetric scans between po-
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Figure 5. Cyclic voltammograms of derivatized Au as a function of scan 
rate in 0.1 M (W-Bu4N)CIO4 in CH3CN under Ar at 298 K. Electrode 
coverage was 6.2 X 10 -9mol/cm2. The inset shows a plot of peak anodic 
current against scan rate. 

tentials where the electroactive material is reduced and oxi
dized can be carried out hundreds of times with only small loss 
of electroactive material. Shelf life of derivatized electrodes 
has exceeded 8 weeks without loss of electroactive material. 
Further, electrodes derivatized with I or II can be scanned over 
a very large potential window (Figure 3) without loss of the 
electroactive material. Persistence of electroactive material 
is not influenced by stirring the electrolyte solution. Obviously, 
however, mechanical abrasion of the surface does remove the 
electroactive material. 

Pt surfaces derivatized with III are qualitatively less durable 
than those using I or II. It is more difficult to obtain high 
coverages which are persistently attached using III. Our data 
(Table I) show that the smallest coverages are obtained with 
III, even though the most forcing conditions are used in the 
derivatization procedure; cf. Experimental Section. Persistence 
of III is typically poor even over small potential excursions 
about Zs0, as compared to surfaces derivatized with I and II. 
We attribute the difficulties of using III to its relatively low 
hydrolytic instability. Ill can be handled in air for short periods 
with no difficulty. Thus, the reaction of III with the pretreated 
surface is much slower. However, exactly why the resulting 
surfaces are not as durable is not clear. But from these quali-

80°; / * -, 
700: - / -j 
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< 500- / 

f ĈOr . / •-, 
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Coverage, (moles x I0 9 l / cm 2 

Figure 6. Plot of peak anodic current (lOOmV/s) adjusted to 1 cm2 elec
trode area, against electrode coverage for Au derivatized with II. 

tative finds, we conclude that our method of choice to deriva-
tize anodized Pt is to use the reagents bearing Si-Cl bonds. 

We find that derivatization of Pt foil or polished Pt disks 
results in surfaces which are quite comparable in all respects. 
One interesting find is illustrated in Figure 1, where data for 
foil and polished disks appear on the same graph; the data 
points fall on the same line. The nature of the pretreated sur
face, though, is consequential to the success of the derivati
zation procedure. Generally, the surface pretreatment proce
dure is necessary and gives electrodes having some attached 
electroactive material upon reaction with the derivatizing re
agent. Derivatization using electrodes which have been 
cleansed in HNO3 but not cycled or anodized does sometimes 
give derivatization, but the results are highly variable. Thus, 
it does appear that the oxide/hydroxide surface is needed. Such 
surfaces will not bind ferrocene itself by reaction fn isooctane, 
revealing a necessary role for the Si-Cl and Si-OEt groups in 
derivatization. 

d. Accurate Determination of E0 for Derivatized Au Elec
trodes. For surface-attached, chemically and kinetically re
versible, one-electron transfer systems, the £° is the potential 
at which the current reaches its peak value in the cyclic vol-
tammogram.2' For the present system, the E0 values thus 
determined appear to be reasonable and fairly accurate. 
However, in some cases the peak to peak separation is not zero, 
or even close to zero, and it is not clear whether one should 
simply take as £° the average potential of the anodic and ca-
thodic current peaks. Further, there may be electroactive 
material attached for which the electron transfer kinetics are 
sluggish, particularly when polymers are involved. Conse
quently, we have set out to measure the equilibrium surface 
concentration of oxidized and reduced material as a function 
of electrode potential; the procedure will be illustrated for Au 
and can be done as well for Pt. We define E0 for the one-elec
tron system to be simply that potential at which the concen
tration of oxidized and reduced forms is equal. 

Measurement of equilibrium surface concentrations of ox
idized and reduced species as a function of electrode potential 
has been carried out in the following manner. The derivatized 
Au electrode is stepped to a given potential and held there until 
equilibrium is established, i.e., until the current corresponding 
to oxidation or reduction of surface-attached species drops to 
zero. The electrode is then swept linearly in voltage either 
anodically (to measure the amount of reduced material) or 
cathodically (to measure the amount of oxidized material). The 
sweep is carried out slowly enough and far enough to ensure 
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oo 
V vs SCE 

Figure 7. Cyclic voltammogram (1OO m V/s) of a Au electrode derivatized 
with Il (3.1 X 1O-9 mol/cm2) illustrating large potential excursions. 
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Figure 8. Example of plot of relative concentration of oxidized material 
against initial equilibrium potential as used to determine E0. All data 
collected at 100 mV/s; cf. text. 

that all oxidized or reduced material is observed, i.e., the cur
rent drops to the background level. Integration of the cur
rent-time sweep then gives the needed information. A typical 
plot of the fraction of oxidized material as a function of the 
initial equilibrium potential for a derivatized Au electrode is 
given in Figure 8. The potential where there is 50% oxidized 
form is E0, by our definition above. We have determined E0 

by this procedure for a number of derivatized electrodes, and 
these data along with the average of the peak potentials are 
included in Table II. For these systems it appears that the E0 

values are fairly constant and agree very well, as expected, with 
the E0 from the cyclic peak positions. 

e. Supporting Electrolyte Dependence for Derivatized Au 
Electrodes. Large coverages of electroactive material suggest 
the possibility that there is a large effect on the electrochem
istry with variation in the supporting electrolytes. This follows 
from the realization that the oxidation of each ferrocene unit 
requires the presence of a nearby counteranion. Effects could 
be especially large for the highest coverages where considerable 
ion penetration into a derivatizing film is seemingly required. 
Indeed, for very high coverage electrodes, we observe that high 
scan rates in cyclic voltammetry do tend to show larger peak 
to peak separation and broader peaks; this might be a conse
quence of slow ion diffusion in and out of the derivatizing film. 
In this section we outline some preliminary results for deriv
atized Au which quite clearly show supporting electrolyte ef
fects. But a detailed analysis must await a more complete 
study. 

Figure 9 shows the cyclic voltammograms for a derivatized 
electrode at modest coverage (3 X 1O-9 mol/cm2) using four 
different supporting electrolytes. The study is by no means 
complete, but we draw attention to the fact that a very sub
stantial effect can be seen in comparing (A-Bu4N)ClO4 with 
(K-Bu4B)BPh4 and NaClO4 with NaBPh4. There is little effect 
associated with the cation (Na+ vs. (A-Bu4N)+) but there is 
a large effect in changing ClO4

- to BPh4
-. We determined 

that the cyclic voltammetry of ferrocene at naked Au is es
sentially independent of whether the electrolyte is (A-Bu4N)-

+ 0.2 +0.4 +0.6 0 0 +0.2 

Potential, V vs SCE 

Figure 9. Cyclic voltammograms of a derivatized (~5 X 10 - 9 mol/cm2) 
Au electrode showing effects of four different electrolytes. All data col
lected using same electrode in a 0.1 M solutions of electrolyte in CH3CN. 
Peak currents measured in 0.1 M (A-Bu4N)CIO4 in CH3CN before and 
after (c) and (d) show a 15% loss in (d) which should be considered for an 
accurate comparison. 

ClO4 or Na(BPh4). Further, a solution containing 0.05 M 
ClO4

- and 0.05 M BPh4
- gives nearly the same behavior as 

0.1 M ClO4
-. Finally, the attenuation effect of BPh4

- is 
completely reversible. 

At this point, we offer the tentative rationale that the anion 
effect is due to a size effect. However, we have no reason at this 
point to rule out certain other possibilities including solubility 
of the anion in the film. The lack of complete attenuation of 
the cyclic waves may be attributed to irregularities in coverage 
(thickness, permeability, etc.) which allow BPh4

- easy access 
to some, but not all, ferrocene centers which are simultaneously 
close enough to the Au to be oxidized. 

Some additional supporting electrolytes have been used 
including (Et4N)ClO4, (Me4N)ClO4, and (A-Bu4N)PF6. In 
comparing these to (/T-Bu4N)ClO4, we find only modest shifts 
in cyclic peak positions, area, and shape for the same deriva
tized electrode, but there are no effects as large as found with 
BPh4

-. 
f. Nature of Pretreated Au Surfaces. Attachment of II to Au 

surfaces which are not pretreated according to the procedure 
outlined above has not worked reliably in our hands. Thus, we 
attach some significance to the formation of some sort of Au 
oxide/hydroxide surface in the pretreatment procedure. The 
anodized Au surface is believed24 to be some form of AU2O3 
and some degree of hydration of the anodized surface appar
ently provides the sites of attachment necessary to bind the 
hydrolytically unstable species II and also allows the growth 
and/or precipitation of the polymeric material. Electron 
spectroscopic analyses of clean, pretreated, and derivatized Au 
electrodes are underway to characterize the surface species. 



7270 Journal of the American Chemical Society / 100:23 / November 8, 1978 

Summary 
Pretreated (anodized) Pt foil, polished Pt disks, or Au can 

be modified with ferrocene derivatives bearing Si-Cl or Si-OEt 
groups. Derivatization yields greater than monolayer cover
ages, and the persistence of the Pt surfaces is best for the der-
ivatizing reagents having Si-Cl bonds. Attachment of oli-
gomeric quantities of ferrocene derivatives is likely via M-
O-Si-ferrocenyl (M = Au, Pt) linkages; the oligomers are the 
result of Si-O-Si bonds, and not all electroactive units need 
be attached directly to the surface. Chemically distinct fer
rocene units contribute to broad cyclic voltammetric peaks, 
but reversible electrochemical behavior is observed even for 
coverages in the tens of monolayer range. 

Experimental Section 

1. Preparation of Compounds. All manipulations were done under 
inert, dry atmosphere using standard Schlenk line techniques. Solid 
transfers were made in a Vacuum Atmospheres drybox. All solvents 
were freshly distilled from sodium/potassium benzophenone ketyl 
under argon before use. A',A'.A'',7V'-Tetramethylethylenediamine 
(TMEDA) was distilled from BaO under argon before use. Silicon 
tetrachloride was freshly distilled from molecular sieves before use. 
Chlorotriethoxysilane (Petrarch Research Systems, Inc.) was used 
as received. Ferrocene was recrystallized from hexane and chloro-
mercuriferrocene (ROC/R1C) was used as received. Elemental 
analyses were performed by Galbraith Laboratories, Inc. 

a. Trichlorosilylferrocene (I). Chloromercuriferrocene (0.051 mol) 
was converted into the monolithioferrocene.25 This product was not 
isolated. The monolithioferrocene was dissolved in DME and added 
slowly, over a period of several hours, to an excess of SiCl4 (25 mL, 
0.22 mol). The reaction mixture was allowed to stir for an additional 
3 h before the solvent and unreacted SiCl4 were removed under vac
uum. The resulting yellow solid was dissolved in pentane and filtered 
to remove LiCI and the solvent was removed under vacuum. The 
product was purified by vacuum sublimation (0.1 mm); ferrocene 
sublimed at room temperature, and the desired product sublimed when 
the temperature was increased to 50 0C. This procedure gave 4 g, 25% 
yield, of I, a yellow, crystalline solid: mp 75-77 0C; UV max (isooc-
tane) 440 nm (e 140), 324 (110); NMR (C6D6) 4.02 (s) and 4.13 (m) 
ppm downfield from Me4Si; mass spectrum m/z (rel intensity) 316 
(8.85), 317 (2.65), 318 (100), 319 (19.91), 320 (96.46), 321 (18.14), 
322 (34.07), 323 (7.08), 324(5.31). 

Anal. Calcd for Ci0H9FeSiCl3; C, 37.58; H, 2.82; Cl, 33.35; Si, 
8.77; Fe, 17.49. Found; C, 37.82; H, 2.90; Cl, 33.58; Si, 8.51; Fe, 
17.65. 

b. U'-Dilithioferrocene-TMEDA.26 «-Butyllithium (160 mL, 2.3 
M) in rc-hexane was added to 30 g (0.16 mol) of ferrocene dissolved 
in 200 mL of hexane, followed by 30 mL (0.20 mol) of TMEDA. The 
reaction was allowed to proceed overnight, ca. 16 h. The product was 
filtered off, washed with 3 X 100 mL of hexane, and dried under 
vacuum. This gave 44.9 g (92% yield) of an orange, pyrophoric pow
der. 

c. (l,l'-Ferrocenediyl)dichlorosilane(H). A hexane slurry of 0.034 
mol of l,l'-dilithioferrocene-TMEDA was added slowly, over the 
course of several hours, to a large excess OfSiCl4 (100 mL, 0.87 mol). 
The reaction mixture was stirred for an additional 2 h, then solvent 
and unreacted SiCl4 were removed under vacuum. This produced a 
red solid which was dissolved in hexane and filtered to remove LiCl, 
and the solvent was removed under vacuum. The solid was purified 
by vacuum sublimation at room temperature to remove ferrocene and 
subjecting the remaining solid to vacuum distillation. The fraction 
collected at 80 0C (0.01 mm) gave 4.3 g (50% yield) of deep red, 
moisture-sensitive crystals of 11; mp 73-75 0C; UV max (isooctane) 
470 nm (t 310), 324 (180); NMR (C6D6) 4.02 (m, 1) and 4.29 (m, 
1) ppm downfield from Me4Si; mass spectrum m/z (rel intensity) 280 
(3.46), 2.81 (1.26), 282 (54.61), 283 (12.02), 284 (46.12), 285 (9.52), 
286(10.98). 

Anal. Calcd for Ci0H8FeSiCl2: C, 42.43; H, 2.83; Cl, 25.07; Si, 
9.93. Found: C, 42.44; H, 2.90; Cl, 25.30; Si, 10.22. 

d. l,l'-Bis(triethoxysilyl)ferrocene (III). A hexane slurry of 0.029 
mo! of l,l'-dilithioferrocene-TMEDA was added slowly, over the 
course of several hours, to an excess OfClSi(OCH2CHs)3 (75 mL, 0.38 
mol), producing a deep red solution. The solution was stirred for 
several hours and filtered to remove LiCl. The solvent was removed 

under vacuum and the unreacted ClSi(OCH2CH3)3 removed by 
vacuum distillation. The resulting red liquid was purified by short-path 
vacuum distillation. The fraction boiling at 70 0C (0.1 mm) was col
lected, yielding 5 mL (7.2 g, 50% yield) of a red liquid, III: UV max 
(isooctane) 440 nm (« 120), 328 (90); NMR (C6D6) 1.02 (t, 18. -
CH3), 3.91 (q, 12, -CH2-), 4.39 (t, 4), 4.63 (t, 4) ppm downfield from 
Me4Si; mass spectrum m/z (rel intensity) 508 (9.08), 509 (3.93), 510 
(100), 511 (37.91), 512 (17.79), 513 (5.03), 514 (1.35). 

Anal. Calcd for C22H38FeSi2O6: C, 51.78; H, 7.45; Si, 10.98; Fe, 
10.95. Found: C, 51.77; H, 7.40; Si, 10.98; Fe, 11.09. 

2. Electrochemistry. Derivatized electrodes were characterized by 
cyclic voltammetry in CH3CN solution of 0.1 M («-Bu4N)C104 under 
argon at 298 K. Measurements were taken using the standard three-
electrode arrangement in a one-compartment cell and all potentials 
were measured vs. the SCE. The counterelectrode in all cases was Pt. 
Cyclic voltammetry was done using a PAR Model 175 Universal 
Programmer, a PAR Model 173/179 potentiostat, and a Houston 
Instruments Model 2000 recorder. 

3. Preparation of Derivatized Pt Electrodes. Two types of Pt elec
trodes were used, disk and foil, both of exposed area of ca. 0.3 cm2. 
The disk electrodes were polished with 305 Al2O3 (5 n) powder, then 
with 0.3-/J polishing powder until a mirror finish was obtained. The 
foil electrodes were simply dipped in concentrated HNO3 for 5 min. 
Both types of electrodes were treated according to the published 
procedure'3a to produce a surface capable of derivatization. 

Electrodes derivatized with I and 11 were prepared by dipping the 
pretreated Pt electrode into an isooctane solution ca. 0.01 M of I or 
II under argon. Reaction was done at 25 0C for times varying from 
a few minutes to a few hours. After derivatization the electrode was 
washed several times with isooctane, then dried in an oven at 80 0C 
for ca. 20 min. Compound UI is qualitatively less reactive than I and 
II and stronger conditions were required to obtain derivatized surfaces. 
Pretreated electrodes were placed in a 10% isooctane solution of III 
(~0.3 M) under argon. The reaction was carried out at 85 0C for times 
varying from a few hours to a few days. After derivatization, the 
electrode was washed several times with isooctane, then dried in an 
oven at 80 0C for times between 20 and 45 min. This final step seemed 
to be important in obtaining persistent surfaces of this compound. 
Those electrodes held in the oven for longer periods of time showed 
more persistent surface waves. 

4. Preparation of Derivatized Au Electrodes. The Au working 
electrodes were prepared in the following way. Au foil (0.002 in. thick) 
was cut in rectangular pieces to ultimately expose 0.2-1.0 cm2 of area. 
The Au pieces were pierced and a copper wire as a lead was attached 
and made secure with conducting Ag epoxy. The connection and 
copper wire were insulated from the solution by covering with epoxy 
and encasement in a 3-mm (i.d.) glass tube. The electrode was then 
used after cleansing in concentrated HNO3 or was pretreated and 
derivatized according to the procedure in the text. 
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Introduction 

Detailed understanding of the chemistry of any element 
which may exist in a chiral bonding environment requires de
velopment of methods of synthesis and resolution of this chiral 
center, and thorough investigation of the stereochemical 
consequences of its various characteristic reaction types. It is 
necessary to establish the absolute configuration of a number 
of molecules, to accumulate a basic set of reactions of known 
stereochemical outcome, and to correlate chiroptical properties 
with absolute configuration. 

A sizable body of data is now available for molecules con
taining chiral silicon, phosphorus, and sulfur, and for chiral 
coordination complexes of the transition elements. In the 
rapidly maturing area of organotransition metal chemistry, 
however, only relatively recently has attention turned toward 
investigations based on resolution of chiral metal centers.28 

Because CpFe(CO^X systems (Cp = J^-CsHs; X is a wide 
variety of functional groups) are synthetically so accessible and 
are so well behaved experimentally, they have been the object 
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of considerable synthetic and mechanistic investigation. The 
metal alkyls CpFe(CO^R have been valuable as model com
pounds in the examination of the chemistry of the metal-car
bon O- bond.9 In the same way, CpFe(CO)(PR3)X compounds 
have significant potential for use in this area because of their 
chirality. Such molecules are generally nonlabile to dissociation 
under ambient conditions, and therefore tend to be optically 
stable. A number of these chiral iron molecules have already 
been resolved, and have yielded useful mechanistic informa
tion.3"6 

Because of the potential interest of these chiral iron systems, 
we have established the absolute configuration of two iron 
alkyls, (S)-I and (R)-2, by X-ray crystallographic structure 
determinations.10 This paper describes these structures, and 
also describes the circular dichroism spectra of these and a 
number of other derivatives CpFe(CO)(PPh3)X which we have 
prepared. In this way, the absolute configuration at iron of at 
least 12 such compounds has been established. In addition to 
our work, the absolute configurations of (S)-[CpFe(CO)-
(PPh3)iC((S)=N+HCHMePh)Me!]BF4- (3)11 and (S)-

Crystallographic Determination of the Absolute 
Configuration at Iron of a Series of Chiral Iron 
Alkyls. Empirical Circular Dichroism 
Spectroscopic Correlations 
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Abstract: The absolute configurations of two optically active iron complexes, (+)578-CpFe(CO)(PPh3)(CH20-menthyl) (1) 
and ( + )578-CpFe(CO)(PPh3)(CH2COO-menthyl) (2), have been determined by single-crystal X-ray diffraction methods and 
have been correlated with their circular dichroism spectra. The configuration of 1 is S and that of 2 is R (based on the sequenc
ing rules proposed recently by Stanley and Baird). Anomalous dispersion effects were used to elucidate the absolute configura
tion of 1, while that of 2 was determined using the (—)-menthyl group as a reference. From these results, the absolute configu
rations of a large number of complexes of the type CpFe(CO)(PPh3)(X) can be deduced and compared to their CD spectra 
[X = Br, I, Me, Et, /i-Pr, /-Bu, CH2-C-C3H5, CH2Cl, CH2Br, CH2I, CH2Ph, C(O)Me, S(O)2R, CH2S(0)20(menthyl), (v

2-
C2H4J+BF4

-]. It is concluded that the maxima found at the 300-350- and 350-450-nm regions of the CD spectra can serve 
as a reliable indicator of the absolute configuration at iron, provided that the X groups are not too dissimilar. Crystal details: 
\-S crystallizes in space group Plx (monoclinic) with a = 10.882 (3) A, 6 = 11.054(4) A, c = 13.664 (4) A, 0 = 102.66(2)°, 
V = 1603.7 A3, Z = 2; 2-R crystallizes in space group Pl (triclinic) with a = 7.660(1) A, b = 13.806 (1) A, c = 15.948(1) 
A, a = 108.23 (I)0 . /3 = 88.62 (1)°, y = 95.06 (I)0, V = 1595.5 A3, 2 = 2. Final agreement factors are for 1-5, R = 6.2% 
(3655 reflections); for 2-R, R = 8.4% (3665 reflections). 
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