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Electron transfer is fundamental to many processes of life,
including oxygen binding, photosynthesis, and respiration.!"
All organisms obtain energy by transferring electrons from an
electron donor to an electron acceptor.”! For example, the
electron-transport chain in photosynthesis is remarkable.” In
this work we show the first case of an artificial energetically
favorable (downhill) sequence having well-defined, charac-
terized, and structurally similar individual electron donors
and acceptors made from a common frame. This example was
made possible by using a metallacarborane cluster. There has
been interest in producing systems with similar characteristics
in highly predominant electroactive frameworks such as
ferrocene (Fc), Cq, or perylene diimide.”! The results have
been, however, very limited.™

In the early 1970s, it was realized that the geometry of
boron clusters is related to the number of electron pairs
available for bonding.!”! The electronic and structural rela-
tionship between boron clusters having a common number of
atoms in the cluster is shown in Scheme 1 for the case in which
there are 11 vertices. These relationships suggest that the
reversible transition from one cluster to its neighbor in
Scheme 1 could be done through a redox process. This
scenario, however, is seldom the case as there are frequently
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Scheme 1. Electronic and structural relationship for borane clusters
having 11 vertices.
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chemical reactions coupled to the redox process to make them
irreversible.

Ferrocene, Cg, and perylene diimide are the most
predominant electroactive frameworks. Cgq, can be structur-
ally compared with 1,2-, 1,7-, or 1,12-C,B,jH,, closo-carbor-
anes because all are neutral icosahedral molecules. However,
Cgo requires much less energy to incorporate 2e~ than the
carboranes, that is, —0.98 V for Cg~ and —1.37 V for Cg>~
(Fc*/Fc) versus —2.5 V (SCE)® (corresponding to —2.91 V
(Fc*/Fc)). Also, there is no appreciable change in the Cg,
structure after the incorporation of 4e”,”) whereas the
carboranes alter their shape dramatically.”” The low reduction
potential of Cg has made it very attractive as an electron
acceptor in devices,”) whereas carboranes have not found a
parallel application. In contrast, Cy, appeared as an excellent
platform to generate a large sequential set of electron
acceptors; this proposal, however, seems to be hardly
attainable.'”) Therefore carboranes could not compete with
Cq as electron acceptors. However, the B—X bond (X = hal-
ogen) in boron clusters is much more stable to reduction than
the C—X bond in sp® carbon atoms and this could be used as
an advantage for the redox tuning of boron clusters.!'!]

If carboranes are geometrically analogous to Cy, metal-
lacarboranes such as [3,3’-Co(1,2-C,BoH,,),] ™, [1], are anal-
ogous to Fc. Therefore, to bypass the inevitable relationship
between the structure and the number of electron pairs in
boron clusters, and to benefit from the strength of the B—X
bond, we focused our attention on the less severe electron
regulated metallacarboranes, and in particular on [1]~.["%
Compound [1]” shows three quasireversible waves in cyclic
voltammetry at + 1.18, —1.80, and —2.75 V (Fc*/Fc) assigned
to Co™/Co™, Co"/Co", and Co"/Co', respectively.'’] The
cathodic peaks indicate that high energy is required to
introduce one and two electrons into the system, but this
energy could be lowered given that B—X bonds can be
produced and that their presence in the cluster could really
make the cathodic peaks more positive. This assumption was
supported by the E;,(Co™/Co™) values of [1] in acetonitrile:
—1.80 V for [1]", and —1.48 V (Fc*/Fc) for [3,3-Co(8-Cl-1,2-
C,BsH,,),] . These two anions can be made with good purity
and their E;,(Co™/Co") values calculated.® The large
number of boron atoms in the cluster offer the possibility of
multiple B—X substitutions that could gradually and system-
atically decrease the E;,(Co"/Co™) value. However, no other
chlorinated derivative of [1]” is available in the pure form.
The commonly described [Co(8,9,10-Cl;-1,2-C,BoHg),]| ~, (Cls-
[1]7) is indeed a mixture of penta-, hexa-, and heptachlori-
nated [1]~ derivatives.'"¥ No higher chlorinated derivatives of
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[1]” had been described until recently when the whole series
from mono to dodecachlorinated [1]” derivatives was
reported.”

Each new dehydrochlorination step of [1]~ brought about
a decrease of the E;,(Co™/Co™) value near 0.1 V. Thus for ten
Cl substitutions, [Co(C,BgHCls),]™ (Clyy-[1]7), an E;,(Co™Y
Co") near —0.8V (Fc'/Fc) was expected, and this was
confirmed by experiment.'*! The described E,, tunability
makes [1]” a unique platform for achieving the targeted E,),
values. This valuable finding, however, faces a problem: it is
impossible to get pure samples of each independent chlori-
nated species in practical quantities. Each sample was made of
four to five components."¥ This problem precluded their use
in devices, and also generated some controversy as the Ej,
,(Co™/Co™) values of the different compounds could not be
measured independently. To progress on the stepwise redox
potential diminution we moved to the iodinated species of
[1]7. The synthesis of [3,3-Co(8-1-1,2-C,BsH,;()(1',2'-
CBH, )™ (-[1]),") [3,3-Co(8-1-C;BeH o))~ (I-[1]),""
and [3,3-Co(8,9,10-I;-1,2-C,BoHy),]~  (Ie-[1])™*! in pure
form and in practical quantities had been described. Also
their E,,,(Co™/Co") values had been measured,"*!*'” but no
relationship between them had been highlighted. To prove the
E,»,(Co™/Co™) dependence upon the number of iodine
substituents in the platform, [3,3’-Co(9,10-1,-1,2-C,BoH,),|~
(I+-[1]7) and [3,3-Co(8,9,10,12-1,-1,2-C,BoH,),]” (Is-[1]7)
needed to be prepared. Considering the stepwise lowering
of the E,,(Co™/Co™) value with added chlorine substituents
on [1]7, and the E;,(Co™/Co") values for I-[1]", I,-[1]", and
I4-[1]7, it was expected that with I;-[1] it would be possible to
reach E;,(Co"/Co") values in the —0.6 to —0.8 V (Fc'/Fc)
range. Indeed this was the case. The synthesis of Iy-[1]” was
possible by using the steps and reaction conditions indicated
in Scheme 2.

Ig-[1]” is the highest iodinated derivative of [1]” reported
so far and can be made in useful quantities as the NMe," salt
for its possible applications. Its ''B and '"H NMR spectrosco-
py, MALDI-TOF and EA data (see the Supporting Informa-
tion) confirmed its structure, along with the structure from the
X-ray analysis that is presented in Figure 1.1

The X-ray crystal structure of the intermediate [HNMe;]
[1,5,6,10-1,-7,8-C,ByH;] shown in Figure 2,8 was also solved.
In a similar way the missing [NMe,][4,5-1,-7,8-C,BsH,¢] and
[NMe,][3,3"-Co(9,10-1,-1,2-C,ByH,),] have also been synthe-
sized. See reaction conditions and steps needed in Scheme 3
(R=H). The E,,(Co"/Co™) values for [1]7,I-[1]7, L-[1]", I-
[1]7, Li-[1], and Is-[1]” were experimentally determined by

I
R =H, -CHs, —Ph

Scheme 2. Synthesis of Ig-[1]” and its Cyyg. derivatives (R=H, Me,
Ph). THF =tetrahydrofuran.
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Figure 1. Ortep plot of [3,3'-C0(8,9,10,12-1,-1,2-C,BoH;),] ™ anion (lg-
[1]7). Thermal ellipsoids are shown at 30% probability. Selected bond
lengths [A] and angles [°]: C1-C2 1.64(2), C1'—C2’ 1.68(2), Co—C from
2.00(1) to 2.05(1), Co-B from 2.09(1) to 2.17(1), I-B from 2.15(2) to
2.23(2), C1-Co3-C2' 179.0(5), C1'-Co3-C2 179.5(5) C1-Co3-C1’ 132.1(4)
and C2-Co3-C2’ 131.4(5).

Figure 2. Ortep plot of [1,5,6,10-1,-7,8-nido-C,BsHs] ™ anion. Thermal
ellipsoids are shown at 30% probability. Selected bond lengths [A] and
angles [°]: C7-C8 1.533(9), I-B from 2.183(6) to 2.197(6), C7-C8-B9
113.3(5), C8-C7 B11-114.8(5) and B9-B10-B11 102.1(5).

R =H, —CHa, —Ph

Scheme 3. Synthesis of I,-[1]” and its Cyyge. derivatives (R=H, Me,
Ph).
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cyclic voltammetry and their values versus Fc'/Fc are
tabulated in Table 1.

A plot of the E,,(Co™/Co™) values against the number of
iodine substituents on the platform is given in the Supporting
Information. Each new iodine averages a shift of +0.133 'V,
thus the not yet produced [Co(C,B,H¢ls),]” would have an E;,
,(Co™/Co™) value near —0.48 V (Fc'/Fc). Therefore just by
the addition of ten iodine substituents on boron in [1]~ the E|,
,(Co™/Co™") value drops from —1.80 V to —0.48 V (Fc'/Fc).

Table 1: E,, data for |,-[1]” (n=0, 1, 2, 4, 6, 8) and C,. derivatives.”

Compound  E;j, vs. Fc¥/Fc V] Compound  Eyj, vs. Fc/Fc [V]
nr ~1.80 Me,l, (1] ~1.00
Tl ~1.50 1] ~0.82
L] ~1.32 151 —0.68
L] -1.15 Phyls-[1] —0.61
Phyl, (1] ~1.03 Me,lg[1] —0.54

[a] Cyclic voltammogram responses were recorded at the glassy carbon
electrode in MeCN 5x107°1,-[1]” using [NBu,][PF] (0.1 m) as the
supporting electrolyte. The electrochemical cell contained Ag/AgCl/KCl,,,
as the reference electrode and a platinum wire as the auxiliary electrode.
All experiments were performed at room temperature. The potential
values have been referenced to the Fc*/Fc couple [E; ,(Fc*/Fc) = 0.64 V
versus a standard hydrogen electrode (SHE)].

This is an unprecedented finding that allows the tuning of
the redox potential of a platform with a minor change in its
shape and dimensions so as to adjust its E,,, value to a specific
purpose. To compare the E,,(Co™/Co™) value after substitu-
tion on C or on B anions [3,3’-Co(1-Ph-9,10-1,-1,2-C,B,Hy),]~
(Ph,I,-[1]7), [3,3-Co(1-Me-9,10-1,-1,2-C,BgHy),]~  (Me,]1,-
[1]7), [3.3-Co(1-Ph-8,9,10,12-1,-1,2-C,ByHy),]~ (Ph,Is-[1]7),
and [3,3-Co(1-Me-8,9,10,12-1,-1,2-C,BHy),|~ (Me,I¢-[1]7)
were synthesized using similar strategies as those used for
L,-[1]" and Ig-[1]". Their E;,(Co™/Co™) values are tabulated
in Table 1. The first noticeable point is that the C e,
substitution produces an anodic shift as it does on B, but it
is smaller; second, the effect of Me, near 0.07, is larger than
the effect of Ph, in the range from + 0.04 to + 0.06.

Once it had been demonstrated that [1]~ allows a stepwise
tunable redox potential system, it was our goal to observe if
the latter tunable property transcended into a different
observable one.

We chose the growth of polypyrrole (PPy) to explore this
possibility. The motivation of this study was the potential use
of conducting polymers for practical applications in active
areas of research in fields as varied as rechargeable batteries,
electrochromic displays, information memory, antistatic
materials, anticorrosives, electrocatalysis, sensors, electrome-
chanical devices, infrared polarizers, radars, and biomedical
applications, among others.!"”!

Besides, it was already known that [1]~ facilitated the
electrochemical growth of PPy from pyrrole, thus producing
an extraordinary overoxidation resistance to the material.””
The electrochemical synthetic procedure we have used for
PPy doped with the iodinated derivatives of [1]~ consists of
applying a linear potential ramp versus time to a solution of
pyrrole and the doping anion, up to a certain oxidizing
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voltage.”!! The current is measured between the working
electrode and the reference electrode. Once the oxidizing
potential target is reached, the polarity of the working
electrode is reversed to a specified reducing voltage. This
cycle is applied repeatedly and in each cycle a higher intensity
is observed, thus indicating the growth of the material.

The synthetic procedure is similar to that of the cyclic
voltammetry electrochemical method of a reversible system,
and in favorable cases produces an oxidation peak that has a
similar shape to the reduction peak. As can be seen in
Figure 3 for PPy/[I,-1]", both the forward and reverse scans
produce current peaks. The separation between the anodic
and cathodic peaks is, however, much larger than the
equivalent separation in an electrochemical reversible
system.

0.5 mA/cm? |

)4

le - [1I7

Current density / mA/cm’

ls- (117

-2 -1.5 -1 -0.5 0 0.5 1

E/V (vs. Fc*/Fc)

Figure 3. Growth curves of PPy doped with |,-[1]” (n=0, 2, 6, 8). The
red arrows correspond to the E; , value for I,-[1]".

One could argue that the obvious difference between the
PPy/[1,-1]~ growth traces is due to the different shape of the
anions. This difference should not be the case as it has been
demonstrated that the geometry and apparent size of the
boron clusters with different numbers of like substituents is
strongly influenced by the type of boron cluster framework.
This influence is observed in the ease of the formation of solid
solutions by different types of boron clusters. For instance, a
mixture of 9-X-12-Y-34,5,6,7,8,10,11-Me;s-1,2-C,B;(H,, in
which (X,Y) are (I,Cl), (ILH), (H,H), and (H,Cl) combines
into a single crystal to produce an average formula of 9-
To.707Ho203-12-Cly s66Hy 434-3,4,5,6,7,8,-10,11-Meg-1,2-
C,B,oH,.?!1 Other examples are found in [PdBr; 3;Clyse-
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(1,2-(PPh,),-1,2-C,B,(H,()-CH,Cl, and [PdBrClysyMegso-
(1,2-(PPh,),-1,2-C,B,,H,,)]-CH,Cl,, which were made from
[PdBr,(1,2-(PPh,),-1,2-C,B;;Hyp)],  [PACly(1,2-(PPh,),-1,2-
C,B,;Hyo)l, [PdBrCI(1,2-(PPh,),-1,2-C,B,;Hyp)], and
[PdBrMe(1,2-(PPh,),-1,2-C,B,,H,,)] mixtures.*?

Therefore, it shall be assumed that any differences in the
growth of PPy doped with derivatives of the platform [3,3'-
Co(1,2-C,ByHy;),]” will depend little on the number of iodine
substituents and largely on their E,,, redox potential. Figure 3
shows the growth of four PPy/I,-[1]” conducting organic
polymers with n =0, 2, 6, and 8 and with the E,, value for I,-
[1]7=-1.80 (n=0), —1,32 (n=2), —0.82 (n=6), and —0.68
(n=8) V (Fc'/Fc). The E,, potentials for I,-[1]” are more
negative than the cathodic peak for PPy/[1]” and PPy/I,-[1]",
and in between the cathodic and anodic peaks for PPy/I4-[1]~
and PPy/Is-[1]". The red arrows in Figure 3 indicate E,,, value
for the doping of I,-[1] .

The traces for the couple PPy/[1]™ and PPy/1,-[1]", on one
side and the couple PPy/I;-[1]", and PPy/Ig-[1]", on the other
are very different. Notably, PPy/I¢-[1]” and PPy/Is-[1]"
display: 1) a much smaller separation between the anodic
and cathodic peaks, 2) more slender peaks, and 3) have a well-
defined plateau between the anodic peak and the slope
starting between 0.65 and 1 V. All these differences are
related to how close the E,,, value for I,-[1]” is to the gravity
center between the anodic and cathodic peaks, (E,—E.)/2.
Remarkably, the gravity center for the anodic and cathodic
peaks is —0.63(2) V (Fc*/Fc) for all four PPy/1,-[1]” materials
(n=0, 2, 6, 8). As seen in Figure3 the effect of the
electroactive anion, all other conditions being equal, on the
growth of the PPy/I-[1]” material is clear.

What are the implications of a predictable and accessible
E,,, tunable platform ? Our opinion is that the possibilities are
numerous, mainly in nanoscience and molecular materials.
They offer a unique opportunity to combine different, but
highly compatible materials with different electron-transfer
characteristics. At this moment we are studying the gener-
ation of electron-transfer-cascade materials made of thin
layers, each with distinct electron-transfer characteristics. The
[1]” platform, as a result of its high stability, availability,
possibility for functionalization, and tunable electroactivity,
offers a wide range of possibilities that are not encountered
for other popular electroactive platforms.
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