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Electron-Transfer Processes in Indium(ll) lodide—o0-Quinone Systems
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Indium(ll) iodide reacts with various substituteequinones in nonaqueous solution by successive one-electron-
transfer reactions to give (SQ)nproducts (SQ= semiquinonate radical anion). Electron spin resonance
spectroscopy demonstrates the presence of both mono- and diradical species in the reaction mixture. Addition of
4-picoline to a mixture of Igl, and TBQ E3,5-ditert-butyl-o-quinone) in toluene causes the precipitation of the
indium(lll)—semiquinonate complex (TBSQ)Hu(pbic). whose structure has been established by X-ray crystal-
lography: space groupl, with a = 13.013(3) A,b = 13.317(3) A,c = 10.828(5) A,a. = 97.71(3), 8 =
107.98(3), y = 103.92(33, V = 1684.8(1.2) & Z = 2. Refinement converged &= 0.051 andR, = 0.064

for 5918 reflections at 23C. The InQNal, kernel is pseudooctahedral, and the structure confirms the presence

of the semiquinonate ligand. A reaction scheme which incorporates these results is proposed.

(Aldrich). Indium(ll) iodide was prepared by reducing diiprepared

Introduction
The study of electron-transfer processes in the redox reactions” XY/€n€ from In+-%/l5) with indium metal in situ, using previously

of main group elements and compounds has been the subjec[eporwd methods,

f b f publicati f this laboratdrvTh ¢ Infrared spectra were recorded on a Nicolet 4DX instrument, and
oFa number of publications from this laborateryh€ mos IH and **C nuclear magnetic resonance spectra (NMR) on a Bruker

important general conclusion is that many processes which wereac_3noL spectrometer. Electron spin resonance spectra (ESR) were

earlier believed to involve the concerted transfer of a pair of optained on a Bruker ESP-300E instrument, using methods described
electrons in fact proceed via successive single-electron transfersearlier> Elemental analysis was by Canadian Microanalytical Services

Of particular relevance to the present work are the reactions of Ltd.

3,5-ditert-butyl-o-benzoquinone (TBQ) with indium metal,
where the product is the indium(l) semiquinone, In(TBSQ),
and of this and othes-quinones with indium(l) halides to give
XIn(CAT) species (where CAZ is the corresponding substi-
tuted catecholate) viao-semiquinone complexés. More

recently, we showed that bis(semiquinone) derivatives of

indium(lll) halides exist in nonaqueous solution and that

Reactions with Indium(ll) lodide. (i) In 24+ 2TBQ. A solution
of Inzl4 (0.74 g, 1 mmol) in toluene (10 mL) was added to TBQ (0.44
g, 2 mmol) in the same solvent (10 mL). The resultant brown solution
was stirred for 3 h, the solvent partially removed, and excess 4-picoline
added, at which point the solution became green. The air-sensitive
crystals which deposited when this solution was cooled overnight were
collected, washed with toluene, and dried in vacuo. Yield: 0.78 g,
53%. Anal. Calcd for (TBSQ)Inl(pig)CsHs, CasHaN2OzInl: C, 53.5;

intramolecular electron-transfer reactions are important in the |y 572 Found: C, 53.7; H, 5.70. Spectral data confirmed the

chemistry of such compounds.
An investigation of the analogous reactions between

formulation of this compound. IR (KBr): 3022954 (C-H), 1621
(4-pic), 1487, 1439 (E0), 1420 cm! (C—0). H NMR: 8.41 (4H,

quinones and indium(ll) iodide, the best characterized of the pic), 7.23-7.15 (6H, pic+ TBC), 2.30 (6H, CH of pic), 1.31 (9H,
indium(ll) halides, provides an obvious and interesting extension t-Bu), 1.21 ppm (9Ht-Bu). *C NMR: 149.0 (br), 124.5 (TBC), 31.9
of these studies. The indium(ll) halides are dimeric species (t-Bu), 29.8 {-Bu), 20.5 ppm (CH, pic).

for X = Br and I, either of the ionic form {InX 4]~ or of the
metal-metal-bonded form XninX; the latter structure is seen
in the anions IpXg2~ and the adducts pX4L,, and organo
derivatives IaRy of this type are also knowh.Indium(ll) iodide
has been shown to be'lim"'1,4] in the solid state, and the reasons
for this being more stable thagli'In"l, have been discussed
elsewheré. The present paper describes the reaction gf; In
with various substituted-quinones in toluene in terms of the
solution behavior of indium(ll) and of the electron-transfer
reactions involved.

Experimental Section

General Data. All solvents were dried and degassed by standard
procedures. o-Quinones were the commercially available materials
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(i) In2l4 + 4TBQ. The procedure was identical to that described
above except that 4 equiv of TBQ was used. Partial removal of solvent,
followed by cooling, gave an air-sensitive red powder, which was
washed with toluene and dried in vacuo. This solid is (TBSQ)Inl
Anal. Calcd for G4Ho00qlnlo: C, 28.5; H, 3.42. Found: C, 28.6; H,
3.70. IR (KBr): 3046-2980 (C-H), 1489 (C-0), 1443 (C-0), 1446
cm™! (C—0). Addition of 4-picoline to the dissolved solid in toluene
resulted in the deposition of air-sensitive pale green needlelike crys-
tals of the bis(picoline) adduct, (TBSQ)uic),. Anal. Calcd for
CoeHz4sONaInlz: C, 40.3; H, 4.42. Found: C, 40.4; H, 4.50.
(KBr): 3090-3010 (G-H), 1635 (pic), 1486 (€0), 1394 (C-H),
1420 cm! (C—H). A crystallographic study of this compound is
reported below.

In two later experiments, excess triphenylphosphine was added to
the reaction mixture, at either the beginning or the end. In each case,
the product was a precipitate of yPPh. Mp: 195-197 °C (lit.°
195°C). Anal. Calcd for GgHisInlgP: C, 24.9; H, 2.50. Found: C,
28.5; H, 2.00.

(iii) In 2l 4 + 2 Phenanthrene-9,10-quinone (PQ).The procedure
was identical to that for TBQ except that the reaction time was 12 h.
Partial removal of solvent and subsequent cooling led to the deposition
of a purple powder, shown by analysis to be the semiquinone derivative

IR
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Table 1. Summary of X-ray Crystallograhic Data for
(TBSQ)Ink(pic)

Table 2. Interatomic Distances (A) and Angles (deg) for
IN(TSQ)Ink(pic).

empirical formula  GgH34OzNznl,  Z 2 1(1)—In(2) 2.773(1) O(1yC(6) 1.31(2)
fw 775.20 space group P1(No. 2) 1(2)—In(1) 2.772(1) O(2yC(1) 1.29(1)
a 13.013(3) A T 23°C In(1)—0(1) 2.206(7) N(1yC(13) 1.31(2)
b 13.317(3) A y) 0.71069 A In(1)—0(2) 2.192(8) N(1}C(17) 1.33(2)
X AL R A e 23250) NGRO(D) 1330
o . u, cm- . n(1)— . .
ﬁ ig;gggg é E:ff/o 2411 O(1)—In(1)—N(1) 85.0(3) 1(1yIn(1)—1(2) 102.55(4)
v 1684.8(1.2) A ’ ' O(1)-In(1)—N(2) 83.7(3)  I(1)In(1)—O(1) 92.9(2)
B O(2)—In(1)—N(1) 85.2(3) 1(1)-In(1)—0(2) 167.8(2)
AR = J||Fo| = IFcl/¥|Fol. * Ry = [IW(|Fo| — |Fcl)/SwWFZY2 O(2)—-In(1)—N(2) 85.8(3) 1(1)-In(1)—N(1) 92.7(3)
N(1)—=In(1)—N(2) 167.1(3) 1(1>In(1)—N(2) 94.1(2)
(PSQ)Ink. Anal. Calcd for GHgOzlnly: C, 29.2; H, 1.40. Found: :Egi;_ggg_gg; ﬁzggg :g;:zgg_ggg 123?(%)
C, 29.3; H, 1.50. IR (KBr): 30663020 (G-H), 1476 (C-0), 1441 B B y B :
coumsom ey, ©U PV IR OIS i cay g 29
(iv) In 2I_4 +2 T(_etrabromo—o—benzoquin_one._Again the procedure g((Z))—C((l))—C((G) ) 119(1§ ) l\f(i})—r(]l((1)7)—gl()16) 123'(1() )
was identical to (i) except that the reactlc_Jn tlm_e was longer at 15_ h. C(2)-C(1)-C(6) 120(1) N(1}C(13)-C(14) 124(1)
Removal of solvent left a dark brown solid, which was washed with C(7)-N(2)—C(11) 117(1) N(2)-C(7)-C(8) 122(1)
cold benzene and dried in vacuo. Anal. Calcd f@BGOlInl,: C, C(13-N(1)-C(17) 116(1) N(2)-C(11)-C(10) 122(1)
9.10; H, 0.0. Found: C, 9.20; H, 0.05. IR (KBr): 3048965 (C- In(1)—N(2)—C(7) 120.5(8) O(1¥In(1)—0(2) 75.0(3)
H), 1496 (C-0), 1456 (C-0), 1425 cm! (C—-0). In(1)-N(2)—-C(11) 122.1(8) O(LyIn(1)—N(1) 85.0(3)
(v) Inal4 + 2 1,2-Naphthoquinone (NQ). A reaction time of 24 h .
gave a 2bl4ack solid, which was collected by filtration, washed with phenyl ring r?ee;ngg—c igé%
toluene, and dried in vacuo. This material was identified as (NSQ)- g )
Inl,. Anal. Calcd for GoHeO2Inly: C, 22.8; H, 1.15. Found: C, 22.9; EZ:}gEg: g;gﬂg Z: gggg m:gﬂ gggggggigg; iggg;
H, 1.20. IR (KBr): 3066-3005 (C-H), 1487 (C-0O), 1458 (C-0), picoline ligands N(1): mean-€C 1.40(2)
1416 cm* (C-0). N(2): mean G-C 1.39(2)

Crystallographic Analysis. A crystal of (TBSQ)Ink(pic), 1,
mounted in a glass capillary, was sited in a four-circle Rigaku AFC6
diffractometer using graphite-monochromatized Ma. Kadiation ¢
=0.71069 A). The unit cell constants and an orientation matrix for
data collection were obtained from 24 centered reflections {260

and is closely related to that of the bromo compduidBSQ)-
InBry(pic),; in particular, the bond distances and angles
in the InQC; ring of the indium-semiquinonate system are
< 35°). Crystal parameters and details of the data collection methods Identhcal_ V\é'.thm e.xptlelrlmental error in thﬁ two compoug@s, as
are summarized in Table 1. The intensities of three standard reflections&/€ the indium-pico 'r_‘e paramete_rs._ The av_erage(_) 1S-
were recorded every 150 reflections and showed no statistically tance of 1.30(1) A in the semiquinonate ligand is almost
significant changes over the duration of the data collection. The exactly that reported in many other analogous main group
intensity data were collected using the-26 scan technique, in four complexes of this type. The other feature of interest is the
shells (® < 30, 40, 45, and 59. In view of the large absorption  indium—iodine bond distance of 2.774(1) A. We have recently
coefficient, an absorption correction was applied to the data, which reviewed the published data for indium(Hjodine bond
were processed using the TEXSAN software package on an SG1djstances, with specific reference to the effect of coordination
computer. Refinement was carried out by using full-matrix least- ,;mpert8 the range for six-coordinate species is 2:89.04
squares techniques df minimizing the functionyw(|Fo| — |F¢|)? ; : : :

wherew = 1/0%(F,) and F, and F. are the observed and calculated ﬁ\r’m?snd the present results are clearly in keeping with these

structure factors. Fixed H atom contributions were included, withHC | dditi h | detail h I hi
distances of 0.95 A and thermal parameters 1.2 times the isotropic N addition to these structural details, the crystallographic

thermal parameters of the bonded carbon atoms. Hydrogen atoms werd®Sults are important in that they demonstrate the role of
not refined, but all values were updated as the refinement proceeded 0-seémiquinone radicals in these reactions and, so, support the
Convergence was achieved at final valuesRof= 0.051 andR, = reaction mechanism discussed below.

0.064 for 5918 unique observed reflections. The programs and ESR Studies. The most complete series of spectroscopic
correction procedures used are listed in refs-19. Significant bond results apply to the reaction of g with 2 equiv of TBQ in
distances and bond angles are given in Table 2, and the structure istglyene. The ESR spectrum of the resultant solution, shown in
shown in Figure 1. Tables_, of thermal parameters, positio_nal paramet_ers,,:igure 2A, clearly contains two components. The more sharply
and hydrogen atom coordinates are available as Supporting Informatlon.deﬂned of these has the characteriscs 2.0034,A,, = 5.06

G, andAy = 3.40 G, which identify the parent species as an
indium(lll)—TBSQ complex? Addition of excess picoline to
this solution leads to the removal of the broad feature, giving
the spectrum in Figure 2B, for which we fougd= 2.003 91

at 300 K. This very well resolved spectrum (Figure 3) shows
a splitting of 0.36 G due to the nine hydrogens of one of the
tert-butyl groups, in addition to the splittings due to indium

Results

Crystallographic Study. The structure ofl is clearly that
of a six-coordinate indium(lll) species, with an 15\, kernel,

(10) Walker, N.; Stuart, D. DIFABS Acta Crystallogr, Sect A 1983 39,
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and one of the ring hydrogens of 4.86 and 3.42 G, respectively.
The indium hyperfine constant changes with temperature from
5.61 G to 240 K to 4.00 G at 360 Kj changes over the same
temperature range from 2.003 85 to 2.003 94, while the hyper-
fine constants for the ring hydrogens and thert-butyl
hydrogens remain essentially unchanged. Even at this very good
resolution, we could not see any splitting due to the second

(18) Brown, M. A.; Tuck, D. GInorg. Chim Acta in press.
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Figure 1. Molecular structure of (TBSQ)Ial(ORTEP diagram, 30%
probability ellipsoids), with hydrogen atoms omitted.
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Figure 2. ESR spectra of (A, top) the jh + TBQ reaction mixture
and (B, bottom) the same solution after adding picoline, both at room
temperature.
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Figure 3. High-field region of the ESR spectrum of a solution
containing Inl, + TBQ + picoline, recorded at 300 K.

3382

ring hydrogen, and there was no evidence of spin density on
the picoline nitrogen.
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Figure 4. ESR spectrum of a frozen solution (77 K) containingin

+ TBQ, showing presence of a diradical species.

solution, and this is supported by the frozen-solution spectra
(see below). The reaction scheme discussed later accommodates
both these possibilities, which cannot be differentiated on the
present evidence.

The spectrum of the frozen solution shows, in addition to
the central features, a half-field resonance indicating the presence
of a biradical species. The presence of unresolved extensive
hyperfine splitting due to the indium nucleus makes a detailed
analysis of the fine structure rather difficult, but we were able
to estimate a value dd ~ 250 G from the central region of
the spectrum (Figure 4) as well as from the position of the half-
field signal. Comparison with earlier results for M(TBSQ)
complexe¥ and their analysis identify the arrangement of the
ligands a<is. The half-field resonance is absent from a frozen
solution prepared from hy + 2TBQ + excess picoline. The
remaining central portion of this spectrum is well resolved and
shows the presence of an anisotropic hyperfine coupling to
indium.

The reactions of Igl, with 2 equiv of phenanthrene-9,10-
quinone, tetrabromo-quinone, and 1,2-naphthoquinone all
follow the same course, in that strongly colored solids with the
composition (SQ)Ind are obtained, either immediately or
subsequently on removal of solvent. These compounds show
ESR activity in the solid state. The spectra of the reaction
mixtures confirm the presence of indium(l) and indium(lll)
semiguinone species, and/or of indium(lll) biradical complexes,
indicating a reaction pathway similar to that set out in Scheme
1. The major differences are that the products (SQ)&mé
much less soluble than in the case of the TBQ system and that
these final products do not require the ligation of a base to form
stable insoluble products. We were not able to obtain suitable
crystals of any of these compounds for X-ray analysis.

Discussion

Reaction Scheme.The ESR results, and the crystallographic
structure ofl, show beyond question that semiquinonate anion
radicals are essential intermediates in the reaction betwelgn In
and TBQ. As noted above, dn has the structure I*rilnl;] in
the solid state, and this apparently persists in solutions in
aromatic solvents due to solvation of the*lrcation® a
crystalline disolvate has been characterised in the system In
Brs-1,3,5-MeCgH3.2° We therefore assume that the reaction

The broader component in the spectrum of Figure 2A can be involves the solvated Incation, presumably present as part of
interpreted in either of two ways. If it is assumed that the &n ion-pair [In(S)] [Inl,], and theo-quinone. Furthermore,
observed features are the visible portion of a broad multiplet given that there are no known cases of,lrdcting as an
centered org = 2.000, one can extract a hyperfine coupling
constant of 10 G, typical oA, for species in which TBSQ is
bonded to indium(l}. The alternative explanation is that this
is a broad signal due to an indium(lll) biradical complex in the

(19) Ozarowski, A.; McGarvey, B. R.; Peppe, C.; Tuck, D.JGAM Chem
Soc 19971, 113 3288.

(20) Ebentioh, J.; Miller, G.; Reide, J.; Schmidbaur, i Angew Chem,
Int. Ed. Engl. 1984 23, 386.
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Scheme 1 Scheme 1 therefore represents a good overall model in the case
N - of the reaction between iy and 2 equiv of TBQ. On the
Iyply = In" + Inly preparative scale, the air-sensitive compound In(TBS®3s
obtained from the solution as the bis(picoline) adduct, suggesting
that the left-hand pathway of Scheme 1 is the dominant process
in these circumstances.
Q The result of adding excess triphenylphosphine to a mixture
of Inzl4 + 4Q is the precipitation of the 1:1 adduct 4ri?Ph.
The ESR spectrum of the residual solution shows the presence

. + -
[‘MSQ)] + Inly of a biradical species, and this can be understood in terms of
?/ Y Scheme 1, since by following the left-hand side sequence, one
can write
' + . .
[1nsQ, | (SQIn — Q)] @), 2(SQ)Inl, + excess PfP— InlPPh + (SQ)Inl (2)
l Inly u The most significant difference between the triphenylphosphine
reaction and that with 4-picoline is probably the precipitation
[] [ 2+ - . .
In(SQ)l, [I(SQ) ] (ink,),*+ In(SQ) of the 1:1 adduct in the former system.
) The three othep-quinones studied, namely phenanthrene-
\m ﬁic 9,10-quinone, tetrabromo-benzoquinone, and 1,2-naphtho-

. quinone, all give the appropriate (SQ)¥species as the reaction
In(SQ)L(pr), products when reacted with i in a 1:2 ratio, and in each
) . . _ case these insoluble products precipitated from the reaction
electron pair acceptor, the primary reaction must be nucleophilic mixture without the addition of base. It is possible that the

attack by theo-quinone at the In site. _insolubility and the stability in the absence of further coordinat-
~ The reaction scheme shown (Scheme 1) assumes that thisng agents point to the existence of these species as halide
first step yields an indium(Ill) semiquinonate catiom{SQ)] ", bridged dimers

which may then lead to two separate reaction sequences. One

of these involves dimerization by +in bond formation, and 1 I I
disproportionation of this dimer can yield both indium(lil) and \In/ \I /
indium(l)—semiquinone species. These processes, which have yd \ Vs n\
been discussed in detail in an earlier papexkplain the ESR 0 . l I 0
spectrum in Figure 2 on the basis that semiquinone derivatives \_0 -

of these two oxidation states are identified. In the competing

pathway, fin"(SQ)] may react with a second quinone to give while higher order species might also involve bridging semi-
[In"(SQ),] T, which explains the presence of diradical species, quinonate ligands.

with cis ligands in the solution. The most probable stereo-  An interesting general point is that although the reaction

chemistry for this species, and its associated kmion, is scheme is based on the oxidation of the solvatédchtion by
o-quinones, there are significant differences from the comparable
770 reactions of two of these-quinones with indium(l) halides.
0\+| l\ /l This may reflect the different reaction conditions used in the
1, In two series of experiments; in the present case, the reactions were
0/ | ‘\.1/ \I homogeneous, while with the indium(l) halides, homogeneity
\_0O was only achieved by adding an excessNgN,N',N'-tetra-

methylethylenediamine to the toluene, since in the absence of

in which the stereochemistry at the positive site is similar to this base suspensions of InX formed the oxidation matrix.
that in the [Ink(dmso)]* cation?! lodide bridging is an Conclusion. The reaction of lgls with four different
important feature of the structure of;lgboth in the solid state  substitutedb-benzoquinones proceeds via attack of the quinone
and in solutior?2 Rearrangement of this species would give on the solvated Ihcation which is present in solutions of,ln
(SQ)Inly. in toluene. Subsequent reactions, which can be understood in

The effect of excess picoline on each of these competing the light of previous work on indium(tyo-quinone reactions,
processes will be to produce the complex In(SQJpit),. In give either (SQ)Ind or (SQ)Ink(pic), as product, depending on
the case of the reaction proceeding via the left-hand pathway,the particularo-quinone and on the reaction conditions. ESR
this is a straightforward addition and rearrangement reaction. results support the proposed reaction mechanism.
In the equilibrium mixture it seems likely that the indium(lil)
species is associated with at least one and possibly two Inl
anions. Addition of excess picoline will convert this to (SQ)-
Inlx(pic),, thereby causing eq 1 to move to the right, with the
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