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Summary

The rotating disk (RDE) and the rotating ring-disk (RRDE) electrode tech-
niques have been employed to study the cathodic behavior of eight bisarene-
chromium complexes and seven corresponding arenes in DMSO solutions. In
the first electrochemical step of the process reversible addition of one electron
results in anion-radicals, whose formation has been demonstrated for certain
arenes and chromium w-complexes by oxidation of these particles on the ring
electrode.

Substituents on different ligands of bisarenechromium complexes were found
to exert pronounced mutual influences. The role of the chromium atom in
transfer of electronic effects from one ligand to another is discussed.

It was found that a linear correlation exists between the variations in the free
energy of the equilibrium “initial compound % anion-radical” (due to coor-
dination of free arene with chromium which is displayed as a shift of the
cathodic process half-wave potential AESS) and the half-wave potential of the
oxidation of the corresponding Cx® 7-complex to a cation E¥,

AE f/lzl =a+ak }1{/2
At E¥, < —0.3V, complex formation slows down the cathodic process and at
E%, > —0.8V the process is facilitated.

* For part II see ref. 2.
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In order to take part in electrode reactions, an arene must contain electro-
chemically active groups. In m-complexes of arenes with metal atoms this
property is retained, though the reactivity may change substantially depending
on such factors as the type of the complex, the nature of the metal and the
arene or the structure of other ligands. For instance, the rate of cathodic reduc-
tion of acetophenone increases by several orders of magnitude in an aceto-
phenonechromium tricarbonyl complex [3]. On the contrary, when benzal-
acetophenone is bound in bis(benzalacetophenone)chromium the rate of elec-
trochemical reduction is slower than in the free strate by approximately an
order of magnitude [2].

In order to reveal the general nature of the effect of coordination with
chromium atom on the arene reactivity, we have investigated the cathodic
reduction of some bisarenechromium complexes containing various electro-
active groups (CHO, CH=CHCOOC,H;, CN, etc.) and the corresponding free
arenes (benzaldehyde, ethylcinnamate, benzonitrile, etc.). The fifteen com-
pounds studied (Table 1) corresponded to seven bisarenechromium complex-
free arene systems.

A correct solution of the problem requires that two conditions be fulfilled,
i.e. within each system the reaction cenire and the mechanism of the cathodic
reaction should be the same for the free arene and the bisarenechromium com-
plex. Data available on the ESR spectra of anion radicals (AR) formed by bis-
arene [4] and related [5] chromium w-complexes, as well as quantum chemical
calculations of the systems resulting from an electron transfer to d®configura-
tion w-complexes [6], indicate that in the AR of bisarenechromium complexes
the unpaired electron occupies a lower vacant MO, which can largely be
regarded as a n*-orbital of the ligand [5,6]. In other words, coordination of an
arene with chromium does not alter the reaction centre. The results of electro-
chemical investigations [2] agree with this viewpoint. From this work we also
concluded that the first step of the cathodic reduction of benzalacetophenone
and bis(benzalacetophenone)chromium follows the same mechanism {2]. As it
will be shown below, this conclusion may be extended to the other systems
studied in the present work.

In the single-electron reduction of aromatic compounds and their 7r-com-
plexes with chromium, therefore, the reaction centres are similar and the
potential-determining stages identical. Accordingly, changes in reactivity
between a free arene and its complex with regard to this reaction reflect the
effect of coordination with chromium on the properties of the arene. The quite
a broad range of systems studied allows us to pay special attention to the rela-
tionship between the changes in reactivity due to complex formation and the
structure of the arene.

Results

The total process of cathodic reduction in DMSO of the compounds investi-
gated involves the addition of 2—4 electrons, and there are several waves on the
polarization curves obtained using a rotating amalgamated gold disk electrode
[2]. In the present study we consider only the first wave.

It was found that for most compounds listed in Table 1 this wave corre-
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sponds to a reversible transfer of one electron resulting in formation of anion-
radicals (AR):

- KL g
Arene + e~ <= [Arene] 1)

Arene,Cr+ e~ B [Arene,Crl” (2)

This conclusion was inferred from the following facts:

1. The heights of the first cathodic waves on the polarization curves of bis-
arenechromium complexes coincide with those of single-electron waves of
anodic oxidation of the same compounds to the corresponding cations * (com-
pounds II, ITi, V, VII, IX)

Arene,Cr = [Arene,Cr]* + e~ (3)

2. The slope coefficients of the first cathodic waves (0.056—0.065 V) corre-
spond to a reversible single-electron process (compounds I—X, XII).

3. In the reduction of I—VIII and XII studied by the rotating ring-disk elec-
trode technique [7—9], AR of free arenes and bisarenechromium complexes
were observed directly **

The possibility of using these criteria and the rotating ring-disk electrcde
technique to establish the reversibility of the stage at which the first electron
adds to the initial molecule was discussed in more detail in our previous paper
[2].

Electrochemical reduction of bis(benzonitrile)chromium in DMSO, character-
ized by a two-electron wave on the polarization curve, follows a somewhat dif-
ferent pattern. This may be due to either too small a difference in the half-wave
potentials (AE,,, < 0.15 V) of two subsequent single-electron steps or the for-
mation of an electroactive product via a rapid chemical conversion of AR (ECE
mechanism) (for instance, disproportionation with partial regeneration of the
initial reagent). It may also be assumed that in the case of bis(benzonitrile)-
chromium the first step in the cathodic process also consists of the reversible
transfer of one electron to the molecule under reduction and determines the
half-wave potential of the total process.

The results on the electroreduction of bis(acetophenone)chromium (XIII),
biphenyl (XIV) and bis(biphenyl)chromium (XV) obtained in the present
study are largely confined to determination of the E,,, values of the first
cathodic waves. No special attention was paid to the questions of reversibility
of these waves and the number of electrons added. By analogy with the reduc-
tion of chromium complexes containing formyl groups (II, III) it seems more
than likely that the reduction of XIII also involves reversible transfer of one
electron. On the other hand, it appears that the number of electrons taking
part in electroreduction of XV is greater than one.

* We have used an oxidized form of complex IX, i.e. the {CsH4(COOC2Hg),12Crl salt. In this case
the height of the cathodic wave of the reduction of the cation to a neutral compound in a back
reaction in eq. 3 is the reference for the single-electron process.

** Cathodic reduction of benzonitrile {10] and biphenyl [11] in aprotic media was also reported to
give AR.
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Consequently, for most systems studied (A, B, C, D, F) reactions 1 and 2
are reversible. This conclusion, it seems, may be extended to the system E as
well. As for the system G, there is no conclusive evidence so far which would
enable us to be certain about the similarity of the mechanisms of reduction of
X1V and XV. However, nothing suggests that the system G differs in any funda-
mental way from the six others studied. Hence our belief that in this case, too,
a comparison of cathodic behavior of free arene and its chromium complex is
correct enough.

The AR resulting from reactions 1 and 2 are unstable and disappear in the
course of chemical interactions. For AR of aromatic compounds which contain
unsaturated carbon—carbon bonds, carbonyl, and some other functional groups,
these reactions usually involve dimerization of the AR [12]. The same was
reported for bis(benzalacetophenone)chromium [2] and seems plausible for
the AR of some other compounds we have studied. This process, as observed
previously [2], affects the half-wave potential of reduction of the starting sub-
stances. However, the AR dimerization rate constant for a free arene is close to
that for its complex with chromium. Therefore, the half-wave potential differ-
ence for the complex and the free arene, AESS = ES,, — EY,,* measured in
solutions with the same concentration of the depolarizer at a constant rotation
speed of the disk electrode prove virtually undistorted by dimerization. For
this reason the AESS values may be used for characterizing the change in reac-
tivity (the free energy of redox equilibriums) when passing from reactions 2 to
reactions 1.

Table 1 presents the half-wave potentials of the first waves of the reduction
of free arenes (£7,,) and their chromium complexes (ES,,), the differences
between these values (AESTS), and logarithms of the ratios between the equilib-
rium constants of reactions 2 (K¢) and 1 (K3).

Discussion

Analysis of the data in Table 1 suggests the following conclusions.

The formation of bisarenechromium w-complexes usually shifts the half-wave
potential of reduction of the arene. The absolute value of this shift and its sign
differ depending on two factors, namely, the arene—chromium coordination
and the nature of the ligands. This is particularly evident when one compares
the half-wave potentials of reduction of benzaldehyde (I), benzene(benzal-
dehyde)chromium (II) and bis(benzaldehyde)chromium (IIT) (system A).

With complex II, which contains one formyl group, reduction is much more
difficult than in the case of free benzaldehyde. Slowing-down of the process
corresponds to a decrease of K by five orders of magnitude as compared with
K (AESS =—0.31 V). This effect far exceeds that caused by the introduction
of such a strong electron donor as the diethylamino group into the para-position
of benzaldehyde. The difference in half-wave potentials for p-diethylaminobenz-
aldehyde and benzaldehyde is AE,,, = —0.16 V [13]. Therefore, the chromium-

* Here and below index *C?”’ refers to the values for bisarenechromium complexes and index “L” to
these for free arene {ligand).
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benzene fragment acts as a very strong donor with respect to benzaldehyde and
increases the electron density in its aromatic ring and on the carbon atom of the
carbonyl group. It should be noted that the electron-donating character of the
CeH Cr fragment was reported earlier [14,15].

An essentially different picture is observed when comparing II to the sym-
metric complex IIT which contains formyl groups in both ligands. In this case
ESC, is approximately equal to EL,, (AECS =~ 0). In other words, the second
formyl group compensates almost completely the increase in the electron den-
sity at the reaction center observed in the case of reduction of complex I1.

In the reduction of symmetrical w-complexes with substituents in the
benzene ring possessing a less electron-withdrawing character than the formyl
group (i.e. systems B, C, F and G) AESE < 0 and the equilibrium constants of
the corresponding reactions drop by 0.7—1.7 orders of magnitude with respect
to K;.. Hence, in this case the chromium-arene fragment * again acts as an
electron donor to the group being reduced, although this effect is weakened
substantially by the presence of an electron-withdrawing substituent in the
ligand.

The strongest electron-withdrawing effect is exerted by the nitrile group.
Bis(benzonitrile)chromium (IX, System E) is reduced more readily than free
benzonitrile (VIII): AECE > 0, log(Kc/K) = 0.5. The bisarenechromium com-
plex is also reduced faster than free arene in the case of bis(diethylphthalate)-
chromium (System D) whose molecule contains four electron-withdrawing
ester groups.

Thus, coordination with a C;HCr-fragment causes a drastic fall in the elec-
tron affinity of the ligand being reduced. On the other hand, the presence of a
strongly electron-withdrawing group on the benzene ligand either somewhat
facilitates the reduction of the complex as compared with that of free arene
(systems D, E) or has no effect at all (compound IIT). Comrlexes containing
electron-withdrawing substituents of average strength are generally reduced
with greater difficulty than the corresponding free arenes. All these facts
indicate that coordination with chromium by itself increases electron density
on the arene, whereas electron-withdrawing groups in the complex act in the
opposite direction and somewhat compensates (or even exceeds) the former
effect. An increase in electron density on the benzene ring m*-orbitals follows
the dative bond mechanism which, according to quantum chemical calculations
[16—20] dominates in dibenzenechromium type complexes. The interaction of
antibonding e, w-orbitals of the ligand with thed_._ ., d., atomic orbitals of
chromium is also responsible for the weakened aromaticity of the coordinated
benzene [20] thus, in turn, decreasing the electron affinity.

The strong dependence of the reactivity of the coordinated arene on the
nature of the second ligand is a remarkable property of bisarenechromium
complexes. Substitution of a hydrogen atom in II by a formyl group (II1} shifts
ES, by 0.81 V towards positive values. Assuming, by analogy with reaction 3
[1], that the values of EC,, for cathodic reduction of bisarenechromium com-

> According to literature data [2,4] it is assumed that delocalization of the unpaired electron in the
complex AR involves only one ligand.
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plexes (reaction 2) correlate with the constants for meta-substituents and using
the value 02, = 0.46 reported [1] for the CHO group, it is possible to evaluate
to a first approximation the reaction polarographic constant for the cathodic
process 2 as p, =~ 0.67. This value is twice as high as p, = 0.33 for the cathodic
reduction of free substituted benzaldehydes in aqueous alkaline solutions [21].
In view of the fact that the electronic effect of the substituent is transferred to
the reaction center of the benzaldehyde molecule largely by conjugation, which
takes no part in electron transfer in bisarenechromium complexes [1], the
above result at first seems strange. It appears that the high sensitivity of the
cathodic reaction to the nature of the substituents in the secona ligand is due
to the presence of a Cr atom donating electron density to the ligand. Introduc-
tion of a substituent into the ligand has a strong effect on the electron density
at the chromium atom and on the dative component of the metal—ligand bond.
This is evidenced by the high sensitivity of reaction 3 to the nature of these
substituents (p, = 0.51 *).

As long as the chromium atom and the substituents on the coordinated arene
exert a mutual influence, the electronic effect of a substituent is transferred
from one ligand to the other via the chromium atom. The participation of the
Cr atom in this process leads to a drastic increase in the influence of the substi-
tuent on the reaction center. The system works like an amplifier in radioelec-
tronics.

If the above ideas are true, one should expect there to be a correlation
between the changes in reactivity with respect to the cathodic reaction when
passing from a free arene to its m-complex with chromium (AETS and log(K¢/
K;,)) and the half-wave potentials E¥,, (Table 1) corresponding to the anodic
reaction 3. The latter values may be used as characterizing the capacity of the
chromium atom to donate electron density to the ligands. Such a correlation
was indeed observed: for all the arene-symmetric chromium 7-complex pairs
studied AECL is a linear function of E¥,, (Fig. 1).

AE?/Lz' =a+ O‘E}f/z 4)

where a = (0.072 = 0.007) V, « = 0.25 = 0.015. The correlation factor r =
0.991.

In accordance with the principle of linearity of free energies, therefore, a
change in the free energy of an arene due to its coordination in a symmetric
bisarenechromium complex is a linear function of the free energy of equilibrium
in the neutral complex-cation system (reaction 3). Since AET); = 0.058 log(K¢/
K;) and E¥, depends linearly on the constants of the meta-substituents (0,
0%, 00) [11, eq. 4 may be written as

AE?,‘; =b+pZ0 (5)
and
log(Kc/KL) =g +vZo ’ (6)

* The correlation between E§2 and the substituent constants ogl is taken into account. A symbol
m was used in ref. 1 instead of p;.
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Fig. 1. Correlation between AE ”2 and E”‘, Points are labelled with letters corresponding to those of
the bisarenechromium compiex-free arene systems in Table 1,

where o = o, 0f, and oy,. Using the parameters of the correlation equations
for EY., obtained previously [1], it is possible to find the constants in eq. b and
6, which are the same for all the above-mentioned sets of meta-substituent
constants; b~ —0.125V,3=0.13V,g=~ —2.17 and v = 2.2. Equations 5 and 6
are particular cases of eq. 4 because no universal substituent constants are avail-
able for groups with unsaturated carbon—carbon bonds (CH=CHCOOC,H,
CH=CHCOCH;, etc.) and some others (e.g. ester substituents COOC,H; in
ortho-positions to each other in diethylphthalate).

Interestingly, eq. 4 and 5, as well as the curve corresponding to eq. 4 (Fig. 1),
are inferred from the data on similar one-electron cathodic reduction processes
of compounds containing different electrochemically active groups (CHO,
COCH;, CH=CHCOOC,H:, CH=CHCOC¢H;, (COOC,H;),, CN, CcHs) rather
than the same group as is the case for Hammet’s dependence. Common for all
the systems studied is a change in free energy resulting from coordination of
the arene with chromium. There is no correlation for the cathodic process half-
wave potentials Ef,,, which in this case vary in a broad range from —1.46 for
compound VII to —2.71 V for compound XV, and correlation is hence sought
for differences AE{S obtained for compounds with identical electroactive
groups.

Ascribing an index “H” to the values characterizing the benzene-dibenzene-
chromium system and an index “X” to those referring to the substituted arene-
bisarenechromium complex system and taking into account that b = (AESS)y
and g = log(K ¢/ K1), €q. 5 and 6 may be written as

(AEuz b (AEIIZ H ™ A(AEuz) =pZo (7)
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and
log(Kc/Ky)x —1og(Kc/Ky)y = A log(Kc/KyL)=vZo0 (8)

Thus, the difference in the change of free energy due to the transition of a sub-
stituted arene into a bisarenechromium complex and the similar value for the
benzene-dibenzenechromium system is directly proportional to the sum of sub-
stituent constants (oy,, o, 0m) in the complex.

The correlation equations written as eq. 7 and 8 demonstrate both the simi-
larity with Hammet’s equation and the great difference between them as regards
the physical meaning.

We can draw some conclusions from the above linear dependences.

First, they confirm that the potential-determining stages of the electrochem-
ical reduction of all the substances listed in Table 1 are identical.

Second, the role of chromium in transferring the electronic effects of sub-
stituents from one aromatic ligand to the other is clearly demonstrated.

Third, the support is given to the postulate formulated in the introduction to
this paper, namely that the difference in reactivity with respect to the cathodic
process, between a free arene and its bisarenechromium complex, is determined
solely by the effect of coordination with chromium on the properties of the
arene.

Fourth, the change in cathodic reactivity of the arene due to coordination
with chromium shows a correlation with donor-acceptor properties of the
ligand substituents. The overall effect of coordination is a sum of two compo-
nents corresponding to the terms in the right-hand parts of eq. 5 and 6. One of
them (b, g) is constant and does not depend on the nature of the substituents,
the other (820, Y2 o) reflects the contribution of the substituents to the change
of free energy arising from the transition of the arene into its chromium com-
plex. Electron-withdrawing substituents decrease the absolute value of AE{S
more if their total electron-withdrawing effect is greater. If the latter reaches
such a value that the half-wave potential of oxidation of the bisarenechromium
complex into a cation, E¥,, becomes more positive than —0.3 V, the coordina-
tion effect changes sign: the difference AESS becomes positive and the relevant
bisarenechromium complexes are reduced more easily than the free arenes.

Finally, proceeding from the calculated E},, = —3.3 V for benzene [22] and
the value b = —0.125 V, one can estimate the hypothetical half-wave potential
of dibenzenechromium reduction as ES,, = —8.42 V.

The results obtained in this study provide experimental support for the con-
clusion that electronic density in dibenzenechromium is shifted to the ligands
so that the Cr atom bears a positive charge. The conclusion has been made on
the basis of quantum chemical calculations [16,19] and X-ray electron spec-
troscopy data [23,24]. Our results are also in agreement with those concerning
cathodic reduction of benzene(benzophenone)chromium [25] and electro-
oxidation of a binuclear complex Cz;HCrCcHs-CcHsCrCsHg [26] and
indicate that the C4HCrCJH; fragment is of electron-donating nature, the
phenyl group being electron-withdrawing [27]. Likewise, there is a qualitative
agreement between our findings and the redox properties of acetophenone-
chromium tricarbonyl. While oxidizing to the corresponding cation at essen-
tially more positive potentials than bisarenechromium complexes, this com-
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pound is reduced much more easily than free acetophenone (AES = 0.5 V)
[3,28,29].

Experimental

All the measurements were performed in an inert atmosphere (N,) with
amalgamated gold rotating electrodes in solutions of purified DMSO containing
0.3 M (C.H) NBF .. An agueous normal calomel electrode was used as a refer-
ence electrode. The methods of purifying the solvent and tetrabutylammonium
fluoroborate, amalgamating the electrode, carrying out measurements with the
rotating disk electrode are described in ref. 1; the method for the rotating ring-
disk electrode is described in part IT [2].

The bisarenechromium complexes were synthesized by standard procedures
by metallation of dibenzenechromium (II, V, VII [30], III {31]) or from
chromium vapour and arenes (XI [32], XIII [33], IX [34]).
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