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Tautomerism of free radicals is intramolecular migra- 
tion of organic and organoelemental fragments between 
equivalent and nonequivalent positions in radicals ac- 
companied by synchronous redistriiution of unpaired 
electron density in these species. In neutral free radicals 
this phenomenon may be formally considered as in- 
tramolecular radical substitution, as a result of which 
exchange between free valence and bond may occur. For 
instance, in the simplest case of hydrogentropy, 6rst 
observed by A&h and Stork? 

. . 0 lib 

Z=Z KH,),C-N-CO-N-CKH,], 

1 Jo 
OH 

Simikr processes of intramokcukr transfer of 
hydrogen, deuterium,2 acylic groups? fragments con- 
taining tin,’ phosphorus,~’ boron and aluminums and 
arsenic9 have been recently studied in our kboratorks 
for free radicals containing 3,6di-t-butylpyrocatechinic 
ligands 

R is an organoelemental group. 

In the presence of several such hgands InMigand 
exchange of the uqmired electron and bond was 
established which was designated ‘%a&ri&’ of free 
valence? 

(-(-$I is the 3,6di-t-butylpyroca&hinic @and, E-P, 

A%B,Al. 
The use of 3,6di+butylpyroc&chinic ligand has two 

main advantages: lirstly, the presence of bulky t-Bu 
groups in 3,6 positions of the pyromuechinic &and 
sharply increases the kinetic stability of the radicak and 
makes it possible to employ usual methods of ESR 
recording over a wide temperature range; secondly, the 
shape of the spectrum is signi6cantIy simpli!kd: only 
interaction of the unpaired electron with ring protons in 
4 and S-positions is displayed. This enables examhmtion 
of spectral features of the radicals in greater detail. 

Results of ESR studies of such radicals containing 
organo&con groups are summa&d in this work. We 
recorded a large number of BSR spectra of organo&on 
free radicals, analysis of which reveakd various types of 
tautotueric conversions. We investigated migration of the 
organosilicon fragment between two 0 atoms of the free 
radical ligand, exchange of unpaired electron and bond 
between4and6Oatomsinradicak,biicakand 
anion-radicals (AR) with penta- and hexa- coordinated Si 
atoms. 

TheuseoftheESRmctbodisbasedonthe~ectof 
linewidth ahematkn in the hype&e suucture (HI%), 
typical of various intramokcukr conversions in radicals 
(inchrdiqj tautomeric) which are accompanied by varia- 
tion of hype&k interaction @IPI) constants. Analysis of 
BSR linewidths permits quantitative study of the kinetics 
of conversions with times of 106-10-‘osec. The physi- 
cal meaning of linewidth altematkn is that, as a result of 
mokcukr restructuring in the radical, HPI constants of 
certain nuclei vary in antiphase between two fued 
values, for exampk, a,=A, a2=B and a,=B, ax=A. 
This effect is revealed in certain HPS components 
exchangiq3 their positions in the spectrum, the shape of 
which is determumd to a considerable extent by kinetic 
parameters of exchange. The theory relating broadening 
of HPS Iines with rates of exchange processes is Riven in 
Refs. M-14. The chkf results may be reduced to con- 
sideration of two cases. 
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Rapid exchange, when the rates of exchange processes 
are so fast that the spectra of ads forms are not 
observed and only averaged spectra are recorded. l%e 
shape of these spectra depends on the fluctuation in 
HFI constants on transition from one form into another 
and on the relative concentrations of these forms. The 
expression rektiog the frequency of ~~1~~ 
exchange (P,,,& with line broadening caused by this 
exchange (ATz-‘) may be written as 

ATz-t 3 ~ (1) 

where a aad (1 -a) are the molar fractions of exchaog- 
in8 inequivaknt forms of the radical, Yl and Y-1 are the 
~n~,y~~~~~c~~f~~~- 
troo and Aa is the distance between exchanging lines. 
For degenerate intramokcukr transitions (1) takes the 
form 

ATz’-’ = rdda)2 
8%C i2) 

Where 

v,= Yt = Y-g. 

In the case of rapid exchaoge the lines are not broadened 
~~~of~s~~~~~o~yby~ 
molar fractions of the forms. 

lo conditions of the so&kd slow exchange, when the 
ESR spectrum corresponds to individual forms of tbe 
radical (ia the degenerate case to one of the equivaleot 
forms), the relationship between v, and AT2-’ is given 
by the simpk expression 

aad V, is determined directly from the finewjdth. 
In all mses considerad in this work tautome~m is 

degenerate and the kinetic parameters of the process are 
determiaed from (2) and (3). 

1. Wy&tropy of 3,~d&t-buryl-2-trimethyMloxyphenoxyl 
(‘W&ole” system) 

3,~t~~2-trimethylsiloxyphe~xyl 0 was 
obtained by interact& of the initial phenol with di-t- 
butyl peroxide under UV irradiation directly in the ESR 
resoaator’s 

The ESR spectrum of I in toluene is shown ia Fig. 1. 
At 0” aad bekw the main doublet is cati by inter- 
actionoftheung&edekctronwithtiprotooinposi- 
tion4(aH4= -8.4 Oe); number@ of the ring positions of 
~k~~k~f~~Of~~I* 

Each component of this doublet umsists of two lines 
doe to t&e proton in position 5 (aHs= 0.62Oe). This 
interpretation of the spectrum completely conforms with 
the distribatkn of spin density typical of pheaoxyl radi- 
&&lh” accor&g to which maximal positive density is 
k~~4~~~~entO~~ 

Increase of tempera&m kads to broadening of the 
outex liaes (Fig. 1b.c.d) which is reversible. This 
blxmwng is due to m&tion of the ~yls~yl group 
~~O~of~p~~c~d 
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In the temperature range studied the broadening lines 
are not displaced and slow exchange is realized. Under 
conditions of rapid exchange, which were not reahxed 
in our experiments, the ESR spectrum should 
comprise a triplet off account of the interaction of un- 
paired electron with “equivalent” ring protons with HPI 
constant equal to the half-sum of HFI constants in the 
liiting structure aH = (a,‘+ a,‘)/2 (Fig. If), since the 
spin density in positions 4 and 5 have different signs in 
radical 1. The latter follows from broadening of the outer 
components of the spectrum and from the distribution of 
spin density of phenoxyl radical~.‘~“~ Lines with the 
same projections of nuckar spins M& l/2, f 112) do not 
change their position because the total magnetic field 
created by these nuclei is determined by the sum of HP’I 
constants, Lines with opposite projections of nuclear 
spins Mr(rt l/2, 5 112) should transfer to the line with 
MI(O). This corresponds to rapid exchange since these 
lines exchange their positions as a result of migration of 
the trimethylsilyl group (the total magnetic field in this 
case is determined by the ditference of HFI constants 
which changes sign during mutual transitions of con- 
stants aH4 and aHs). 

The frequency of exchange was estimated from (2). 
Kinetic parameters of migration of some fragments con- 
taining Group IVA elements in radicals of similar struc- 
ture are given in Table 1. The absence of Me ~tion in 
3$di+butyl-2-methoxyphenoxyf(II) is apparently con- 
nected with saturation of the tebahedml C atom of the 
Me group and, consequently, the impossibility of its 
coordination with univalent 0 atom. Carbotropic tran- 
sitions were recorded in 3,6di-t-butyf-2- 
acyIoxyphenoxyls@f),’ in which the electron deficiency 
on CO carbon enhances coordination of univaknt 
oxygen. This is confirmed by positive acidic catalysis of 
acylotropy, which is realii through the protonated 
form of the CO group with increased electron 
deficiency.” 

Tabk 1. Kioetic parameters of migration of fragments 
contain& Group IVA elements 

l&t* 1.0 
N R hxwb-’ vg-’ WmolC) 

I Si(CIi,), 2jx$‘ 1.6x 10” 9.3 
II CHs 
III CGcHl -13 9 x,,lZ 1;4 
IV Sn(CH,h blos - - 

ization of the transition state, typical of radical sub 
stitutioll reactions ad ~~~~C processes: 

These reactions should be classified as radical sub 
stitution reactions of the synchronous type,‘* since 
structures with lou&ation of the unpaired electron on 
the central atom of the migrating fragment are not 
observed experimentally, and the unpaired electron is 
practically completely kcahzed in the p~~c 
ligand. The latter follows from the simihuity of spin 
density distributions in these radicals and in semi- 
quinone anion-radicals of similar ~tructure.‘~~ 

(‘Your-hole” systems) 
Ia the preceding section we studied radicals in which 

exchange of free vaknce and bond occurs between two 
0 atoms of tbe same pyrocatechnic ligand. In this section 
we shah examine more compkx cases of tautomerism 
when exchange involves 4 0 atoms of two hgands. 
Preparation of such radicals is based on the weahness of 
the SiO bond in silicon bis_(3f’,6,6’-le~-t-bu~l) pyre- 
cam&ate (SP) which easily ruptures under the effect of 
various reagents.” For exampIe SP readily reacts with 
stable radicals forming radicals with penta- 
silicon (radicals V-VIII, Table 2)? 

x 
Ho’ - Hoyow q-q (VI) 

Tim presence of vacant d-orbitals at the Si atom 
promotes such coordination and accelerates migration of 
the corresponding fragment. 

Considerable coonkation unsatuation of the Sn atom 
kads to migration of the ~e~yls~yl moi~ 
with frequencies higher than the characteristic time of 
RSR (Table I).“” 

of tbe migWng moiety czates preconditions for stabil- 

Hence, from the data obtained it may be concluded 
that coor&ation of univaIent oxygen to the central atom __ . _ 
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Table 2. Kinetic paramten of cxcbangc between free valence and bond in radicals with 
pcntacoordillated silicon in pmtanc 

J&+0.5 
N X v&oy’ x loa voc-’ x lo-‘* (kczd/mole) 

V 

VI 
VII 

VIII 
IX 
X 

z 
XIII 

XIV 

XV 

XVI 

XVII 

XVIII 

2,2,6,6t&a1ncthy14hy&~+ 
xypipcridioc-I-hydroxyl 

2,4.6-tri-t-butylphenoxyl 
zadi-t-butyl4-pbenYl- 

pbeaoxyl 
balvinoxyl 
Cl 
Br 
I 
P 
2.6di-t-butyl4hydroxy- 

pbenoxyl 
2~J,t%tctramcthyl4bydro- 

xyphcnoxyl 
3$di-1-butyC2-bydroxy- 

phoxyl 
3,6di-t-butyl-2-bydroxy- 

pknoxyl 
(CKhCO 

CH,CO0 

10 2.5 4.6 
0.57t 2.3 6.2 

31: 
6:s 
400 

IO 

10 

1.:: 

2.7 

I.5 4.0 
28 6.7 
61 6.7 
2 2.3 

2.5 

E6 
s&l 

0.68 
4.3 
6.8 
80 

4.6 

4.6 
3.6 

9.3 f 3.0 

4.6 
4.0 
6.0 
6.7 

txinctic pnrametcrs obtained in Vaseline oil. 

In interaction with SP halogens are attached to the Si atom 
forming similar radical (IX-XI, Table 2): 

sp+ x*- [&$l<*] 

where X4(K), Br(X), I(XI). 
Exactly identical spectra were obtained in interaction of 

SP with hydrogen halides. Presumably, the SiO bond is 
cleaved with formation of phenol, subsequent oxidation of 
which by atmospheric oxygen leads to similar products: 

SP - HX- 

0: 4 

0 O\s, I0 
dlul 0 

where X-F, Cl, Br, I. 
Formation of such radicals is due to in&action of 

semiquinone radicals (in equiliium with the initial 
quinone and hydroqlkNB) with SP: 

where OH 

Interaction of t-butoxyl radicals formed by decom- 
position of di-t-butyl peroxide with excess of SP results in 
formation of the same type of radicals (XVII): 

Mo,CQ+ SP - 
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The ESR spectra of all these radicals (V-XVIII, Table 2) 
at high ~rn~~es (above 4tP) are represented by 
ntuhiplets with binominal intensity ratio (1:4:6:4:1) 
determined by the four “‘equivalent” protons of two 
pyrocatechninic ligands (a” 2.13 Oe, Fig. 2a).t The Si atom 
h~ac~~tionn~~roffive~~e~R~e~e~ 
the ~~~ electron migrates with high frequency be- 
tween four 0 atoms: 

responds to the structure with locahxation of the un- 
paired electron on an 0 atom (anions of slow 
exchange are fan, hti* 4 y&j (Fig. 2e). 

In the intern&&e frequency range ttivwsr - 
y&a) ahemation of linewidths have several common 
features. The central component (MI = 0) and lines with 
hit = + 1 of the quintet broaden diReren@ on decrease 
of ternary. This is exhibited in change of their 
relative intensities from 4:6:4 (high ~rn~~~s~ to 
1:2:1 (atiowtem~~~es)~din~~~sto 1:3:1. 
At lower temperature the central component becomes 
weaker than the side components (with Mr = 2 1) and the 
spectra display nine lines (Fig. 26). The latter is con- 
verted into a doublet of doublets on further decrease of 
temperature (-loo”, Fig. 2e). 

Before analyzing these features let us &st examine the 
radicals as “four-hole” systems with minimum of potential 
energy on each of the four 0 atoms. Such a system may be 
divided into two types of “two-hole” subsystems. The first 
type of exchange of electron and bond is spectrally reahned 
in one @and (intmligand exchange, %A. In the liiting 
case of rapid exchange when the exchange frequency is 
consi~ly high than the characteristic time of ESR 
(vex * y&a), the spectra corresponding to these two types 
of exchange basically di#er from each other. In the case of 
only intraligand exchange (the tirst type) the HFI of 
unpaired electron with “equivaient” ring protons of one 
ligand will be realized, the constant being equal to the 
half-sum of constants in the absence of exchange. In the 
case of solely inter&and exchange (the second type) 
pair-wise equal HFI with para and meta-protons of two 
hgands (4 and 5- positions respectively) will be observed, 

r 0 / is the 3.6dLt-butylp~tecbink ligand. In 

other words the condition of rapid exchange is fulfilled 
rJhW&iate3 + YAP where vlcm and h are the 
f~u~cies of intra and inked exchange respec- 
tively. 

At lower temperatures the three central components of 
the quintet with MI =O, IT I are broadened indicating 
retardation of exchange (Fu. 2b.c). At low temperatures 
(-lOtPI the RSR spectra are characterixed by the 
presence of a doublet (a”* 6.37 Ck) each component of 
which is splitted into two lines (aw” 237Oe) and cor- 

tHFl with ‘%(a#Ik) is observed for (XII) contaming F. 

(b) 

I$. 2. ESR spectra of mdkats V, VIII, XI in pentaae (see Table 2) adoD; b-0”. c--lor; d--eoD; e--too”. 
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tbe constants being equal to half the constants in the spectrum of slow exchange. These spectral differences between intra 
and inter%gand exchange are illustrated below. 

t t t 

Bxperimentally observed spectral patterns do not cor- 
respond to the extreme cases, therefore real&ion of 
both type of exchange may be assumed in the radicals 
under study. In order to verify this assumption we cal- 
culated the contributions into the lincwidths of the quin- 
tet (AT2’) in the two cases considered’o using the HPI 
constants for the limiting structums. The contriiution of 
the central component is equal for both types of 
exchange, whereas for lines MI = f 1 it is tierent. Four 
units of the central components make minimal con- 
triiutions to the width (16 Oe3 as compared with lines 
MI= k(35Oe3 for the iirst type of exchange. Tbis 
explains the unequal broadening of components at the 
initial stage of exchange retardation. Sharp weakening of 
the central component on further reduction of tem- 
~~~y~d~~~o~ oftbesecondtype 
of exchange (ti * &, Indeed, the minimal con- 
rributionintothewidthismadebylineswithM,=fl 
(9.6Oe3 as compared with the. central component 
(16Oe3. The pact of aced exchange at 
low temperatures is indicated by the appeamnce of a 
nine-line spectrum, which may be assigned to inter- 
mediate appearance of tripl&triplets with HPI constants 
indicated above. The ditkence in line intensities is 
caused by f~ent of the condition of ~~~~~ 
exchange (vu- 7Aa) bowever, even quantitative con- 
siderations show the correc&ss of the assumption. 
LineswithMr=~l,+ldonotbroadenduringexchange 
andlineswithM~=~l,OandM~=+l,slnrakeminimal 
contriiutions to the linewidth (Table 3). It is these lines 
which during formation of the nine lines remain the most 
IINTOW. 

These spe&ral features are typical of ESR spectm of 
all radicals with ‘*&coordinated” silicon (V-XVIII, 
Table 2) in which the HPI constants are practically 
independent of substituent X. Ditkreaces are observed 
only in the exchange frequencies and, consequently, 
effects of broadening and ~s~~tion of the multipfet 
into doublet of doublets is observed in a certain tem- 
perature range for each radical. 

It should be noted when considering the mechanism of 
exchange of unpaired electron and bond in radicah (V- 
XVIII) that the presence of vacant d-orbitals at tht Si 
atom apparently plays an important role in realization of 
tautomeric processes. It may be considered that at low 
temperatures, when the exchange is “froxen”, the Si 
atom has tetrahedraI configuration, the univalent 0 atom 
being coordinated to the Si atom. In the process of 
radical substitution at Si characterixing exchange under 
consideration the latter becomes truly pentacoordimued, 
acquiring the geometry of trigonal bard @‘BP) or 
tetrasonal pyramid 0. 

TBP apparently acts as a transition state and, in ac- 
cordance with accepted notions,‘8 the 0 atom in the 
apical position is substituted, while the principle of linear 
arrangement of the attaching univalent oxygen and the 
attached SiO bond is retained. Assuming that the lifetime 
of the transition state is of the order of several viira- 
tions, the processes of TBP pseudo-conversion resulting 
in apical and equatorial 0 atoms changing places may be 
considered ~~~~ Such a mechanism of exchange 
should lead only to interligand exchange between 
oxygens in apical positions. Interligand exchange, as we 
have seen, is revealed specially at low temperatures and 
is caused by the coordination bond between univalent 0 
and Si, which stabilixes the TBP-like structure. At higher 
temperatures this bond may rupture and rotation of the 

Table 3. Conuiiatioas (AT*-‘) iato the width of muitipbt compoamts ia ESR spectra of radicals V-XVIII on rctardahn 
ofexcbaapt~afne~~aadbwd:typeIexc~~~yhatypIIexchpaeer~<v,Vaiuesoftbe 

contribnha wcrc obtaimd for HFI constaatx of riax protom a4 - 6.37 Oc, as = 2.37 Ck 

Rapii exchange Iatamediatc cxclma@ 

Itype ntYPe 

A%-‘@@? AT*-’ ATz-‘(Ocq 

*2 
*I 

0 

I 
4 

6 

ii.* 1 t 
+1, 0 2 

0.21 2 
0. 0 2 

*1.rt 4 
(a’tas)’ 
(a’-aY 

33 

7% 
16 

f a’ - a-7 + (ay 
a’-aJT+(aY 

(a’ + a’,’ 
(a4-a31 

9.6 

z 
16 
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free-radicaliigaadabouttheSiObondmayleadagaintoa~stntcfure,wberranotherOatolnoftheligaadsubjected 
to radical attack is aligned with the univaknt 0 and Si atoms. 

0 

CA a- -X 

0 69 

If the rotation frequency in suflsciently high ah 
oxygeas of the pyrocate&nmic ligands will participate in 
exchange. Therefore the combination of in&l&and 
exchange with rotation of the free radical l&and is spec- 
trahy reveaIed as intrahgand exchange. According to this 
model, viscosity of the sohrtion should at&t the rotation 
of the free radical ligand and consqueutly, the exchange 
rate. Indeed, the exchange rate for radicals (v, XV, 
XVII)isreducedbymorethananorderofmq&ude 
when passing from soh&ions in pentane sohrtions to pure 
Vaseline oil while the energy barrier increases by 
2 kcsifmoie. Deten&ation of kinetic parameters in 
vaseiine oil was carried out at o-60” wben h and vlara 
are comparable. We were unable to carry out spectral 
analysis at lower temperatures on account of sharp gea- 
ral broadening of lines caused by increase of viscosity. 

The proposed mechanism of exchange makes it pos- 
sible to explain the observed ditfereuces in exchange 
frequeaces in radicals (V-XVIII). As mentioned above, 
spectral pammeters are independent of tbe nature of 
sub&rent X at the Si atom and therefore do not 
iufbrence noticeably the spin density distriition in these 
radicals. The observed changes in kinet& parameters of 
exchange presumably are connected with dimensions tbe 
attached X (see Table 2). With increase of the sixe of X 
the exchange frequency drops, according to the proposed 
mechanism this is explained by distortions of Ran&ion 
state geometry and distortion of the linear arrangement 
of exchang& 0 atoms. 

Therefore, the obtained experimental data ihustrate 
the classical model of radical substitution at tet&&ml 
Si atoms, which retlects the aced &racter of 
exchange of free vaiency and bond. Rotation of free- 

radical moiety about the SiO bond with simultaneous 
interbgand exchange leads to spectral manifestation of 
intrahgand exchange. 

3. Baby w&h ~-c~~t~ dicon 
Ra&ds discussed in the previous section were 

obtained by cleavage of the SiO bond in SP using ap- 
propriate rea@ts. It was found that radicals with pen- 
&coordinated Si, formed during in&action of SP with 
an excess of radical reagents, interact with the excess of 
free radicals yiekting bimdi#dsP 

SP also easily reacts with various o~~ones 
form& bimdicals with three pyroca@zhninic figand8’ 
(Table 4). 

Table 4. Spectral parameters of bhadhah XIX-XXVII 

N 
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EPRspectra of froxen sohrtions of these species are 
typical of biradical systems (Fu. 3) with effective spin- 
spin interaction of two unpaired ekctrons” revealed by 
the presence of splitting constants at zero field (D and 
E). Increase of temperature results in averaging of spin- 
spin interaction, and in liquid phase a single wide line, 
which narrows at higher temperatures, is observed (Fu. 
3). The linewidth between points of maximal inclination 
at 25” is 25 Oe. Such variation is characteristic of stable 
radicals of the phenoxyl type” and confirms the struc- 
ture of the specks. In “semi-field” (g=4) intensive ab 
sorption in frozen solutions is observed corresponding to 
transition Am = 2 and is retained in toluene solutions up 
to -80”. Analysis of the spectra of the biradicals made it 
possible to determine parameters D and E (Table 4). The 
non-xero value of E points to the absence of axial 
symmetry in distribution of unpaired electrons in biradi- 
cals (XIX-XXVII). The value D charactaizes the 
average distance between spins (r), which is determined 
by expression D= g/I(r)- in the point dipok ap 
proximation.” 

D strongly depends on r, consequently, it may be 
assumed that the main contribution to D is made by spin 
density on the 0 atoms with unpaired electrons. Estima- 
tions of the spin density distriition in 3,6di-t-butyl-2- 
oxyphenoxyl, the structure of which is similar to that 
of radical ligands of the biradicals, indicate that the 
density on univalent o atoms is 0.3, then r-3 A. of 
bimdicds XIX-XXVII (Table 4) have quasi-octahedral 
con6guration due to coordmation of unpaired electrons 
on vacant orbit& of Si atom, the univalent 0 atoms may 
be armnged in cis and tmns positions in relation to each 
other. trumns Positions for normal SiO bonds are 
separated by a distance of 3.3A. In the case of coor- 
dinated bonds these distances are presumably longer and 
it may be considered that r - 3 A in the biradkak cor- 
responds to the ci.9 position of univalent 0 atoms. This is 

b) 

(b) 

F~..RSRspccbumofbidcal(XXIV)htoluene:~207 
b--m; c--8(r; b- looo; b- luf. 

supported by the absence of axial symmetry (EzO) in 
spectra of froxen solutions. 

On increase of temperature D decreases and E tends 
to xero. Such variation in the spectra of biradical sys- 
tems is usually associated with the appearance of rota- 
tional mobility in the liquid phase and averaging of zero 
splitting constants @ and E). E determines the deviation 
of spin density distribution from axial symmetry. With 
increases of this deviation E increases as the difference 
between triplet levels in X and Y directions, axis Z is 
aligned with the external field. In systems with axial 
symmetry and in the case of rotation of asymmetrical 
systems in liquids this ditIerence is averaged to zero. 

Hence, the non-zero values of E in ESR spectra of 
fWen SohttknS Of biradicals XIX-XXVII is cemented 
with the asymmetric structure of these specks and the 
absence of rotation in liquid phase. Provided that no 
processes occur in the biradkals on increase of tem- 
perature (unpaired electrons are local&d in certain 
positions), the averaging of D and E should relkct only 
kinetical mobility. Since the dimensions and molecular 
weights of XIX-XXVII are comparable, the averaging 
should be of the same character. However, averaging of 
spin-spin interactions occurs dit.Terently. The spectra of 
XXIVandXXVintolueneat-80pointofaxialsym- 
metry (I? = 0), whereas for XXVI and XVII E # 0. 

The ditkrences in averaging of D and E is especially 
distinct in the spectra of XXIV-XXVII in solid polys- 
tyrene @‘ii 4). where rotational mobility is absent. At 
low temperatures the spectra of all species are similar 
(Table 4). however at loo0 only biradical XXIV with 
symmetrical and identical ligands does not exhibit split- 
ting of tripkt levels due to E # 0 (Fig. 4). 

Note, that D practically does not vary in the tem- 
perature range (- 12il+ 1W) and, consequently, the dis- 
tance between unpaked electrons is constant. In bii- 
cals XXV-XXVII E increases with the acceptor proper- 
ties of the inequivaknt ligand and reflects the effect of 
this ligand on the character of spin density distribution. 

In our opinion the results obtained allow to assume 
that the dilference in averaging of dipok-dipok inter- 
actions in bit&k& XXIV-XXVII is due to in- 
tramokcular dynamic effects in these specks, namely 
exchange of unpaired electron and bond. In XXIV this 
exchange involves to the same degree three identical 

fi 4. ESR spectra of IW&&X$V-~II in solid polys- 
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ligands and at high temperatures the silicon atom coor- 
dination number equal to 6 in the ESR time scale. 

ItshouMbenotedthatthelineshapesinthespectnun 
of XXIV recorded in polysterene at loo” do not corn- 
pletely conform to a spectrum with ideal axial sym- 
metry.” This suggests incomplete averaging of E in our 
experiments. In order to obtain an axially symmetrical 
spectrum the condition of rapid exchange should he 
hrlfilled,i.e.li,.r~wbmhaisthe~tancebetween 
exchang@ lmes equal to 3E in our case. Frequencies 
higher than lo’sec-’ satisfy this condition. Ass~ 
that v, in biradicals is close to v., in free anion-radical 
(XXVIII) (see below), the intermediate case is realkd, 
which is characterixed by considerable broadening of 
lines and, consequently, change of their shape. 

variations in spectra of XXV-XXVII may be 
explained from this point of view. Introduction of in- 
equivalent ligands removes degeneration of levels in the 
species, which are “multi-bole” systems. Removal of 
degeneration shaprly reduces the frequency of inter- 
ligand exchange, resulting in incomplete triplet level 
splittiaeduetoEfO.~iscleariyseeninthespectra 
of XXVI and XXVII containing chloro-substituted 
ligands: lines responsible for E f 0 are hardly broadened 
in the ESR spectra of these biradic.als. 

Hence, data discussed in this section point to the 
existence of interligand exchange in biradicals. Rspeci- 
ally should he noted the existence of exchange processes 
in solid matrix (polystyrene)* This fact indim the 
decisive role played by coordination of univalent 0 
atoms on vacant silicon orbitals in realization of 
exchange, which, as in the instances descni pre- 
viously, is intramolecular radical substitution. The fact 
that D remains constant in the entire temperature range 
studied and therefore the distance between unpaired 
electrons in polysterene matrixes, is evidence in favour 
of synchronous motion of unpaired electrons from ligand 
to ligand without variation of the distance between them. 

4. Anion-mdicafs with iuxacoodnated silicon (“six- 
hole” systems) 

The main proof of the existence of bimdkals is record- 
ing of the spectrum of anion-radical (XXVIII), during 
ekctrochemical reduction of biradical (XXIV):” 

where oFj is the 3,~-t-b~lp~~~~c ligand. 

Anion-radical (XXVIII) may be obtained by inter- 
action of SP with alkaline salts of 3&li-t-butyl- 
o~o~mi~ne.~ 

Fii 5 shows the spectra of XXVIII obtained during 
electrochemical reduction of XXIV. At low temperatures 
the triplet corresponds to in&action of unpaired elec- 
tron with two equivalent protons of the same ligand 
(aii = 3.75Oe). Additional wide lines appear at higher 
tempemtmes. On further increase of temperature these 
lines narrow and the spectnnn is converted into a septet 
(FM. 5) (aH = 1.25 De) due to the six “equivalent” pro- 
tons of three ligands. These changes are fully reversible 
on temperature variation and indicate intramolecular 
exchange of unpaired electron and charge in XXVIII. 

The electronic structure of XXVHI diiTers from the 
structure of usual anion-radicals obtained by reduction 
of neutral organic compounds in which the spin and 
charge densities are inqarable. In XXVIII the charge 
and spin density are local&d in different ligands and 
redistribution of charge density proceeds independently 
of the exchange of free valence and bond. 

The character of exchange in XXVIII is strongly 
dependent on the nature of the cation and solvent. As 
can be seen from Table 5, in weakly solvating media 
(contact ion pairs) the exchange frequency is by two or 
three orders of ma@ude less (the activation energy 
higher) than in strongly solvating solvents (additions of 
hexamethapole) or in the presence of crown ethers which 
are strong solvating agents in relation to alkahne cations. 
In tetrahydrofuran and dimethoxyethane the Arrhenius 
temperature dependence of frequency is non-linear (Fii. 
6), pointing to competition of two processes: solvation of 
cations with solvent molecules which causes at&action to 
free ions and acceleration of exchange (low tem- 
peratures) and incmase of the fraction of contact ion 
pairs in which the exchange frequency is less than in 
solvated complexes with Ernst. This ~rn~t~n 

Pk. 5. ESR spectra of radical XXVIII. THF ad ~~u~~- 
moaium cation: 8--w; b--e; c--600; d--&P. 
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Table 5. Kktic paranlcters of ill- cxchangc in ion pain of anion- 
ladicalxxvIn 

catioat solvent 
h x lo-” 

v,(2lYqs-’ (s-‘) 
&*O.S 

(Lcaumole) 

TBA THP 
Na THF+crowaerher# 
Na TRP 
Ns DME 
K THP 
K DME 
Ii THF 
Li DME 

1.8x 16 1.5 
1.2x lb 
6x10’ 3x:0+ 
1.1 x lol 0.12 

:: 
114 
8.1 
6.6 
1.9 
2.3 
5.5 

tTBA is the teIrabll~lammonillm cation. 
SCrown e&r in lO_ mole/l. 

3 

‘: 
a 

=2 

I 

3 4 3 

VTXIO 

F& 6. Jhhogc frequency (VA vs 1R for anion radical XXVIU 
in dimctbxyetbanc: I-Li’: 2-Na+; LK’; 4-TBA’. 

explains the observed dependence: exchange frequency 
drops with temperature increase (desolvation of cations), 
whereas at very high temperahltes it again increases with 
a rather high effective activation energy. 

Thmfore it may be assumed that in contact ion pairs 
the exchange is determined by thermal motion of the 
cation from ligand to ligand, while in free ions by in- 
tramolecular radical substitution. 

If one of the 3,6-d&t-butyl-pyrocatecbinic ligands in 
XXVIII is replaced by a different ligand, the structure of 
this &and will determine the character of exchange in 
the comsponding anion-radical. Such anion-radicals 
were prepared by interacting aMine salts of 3,54-t- 
butylortbosemiquinone, 3Jdi-t-butyl-2chloro-orthose- 
miquinone and orthochloranil (anion-radicals XXIX, 
xxx, XXXI). 

If the iotmlwed ligand is symmetrical (XXXI) the 
unpaired electron %ms over” all 0 atoms of 3,6-d&t- 
butyIpyroca&chinic ligands (equal HFI with four ring 
protons is observed in the entire temperature range). 
When the inbuduced ligand is not symmetrical (XXIX, 
XXX) pair-wise equivalent ring protons are observed in 
the spectra. The latter points to predominance of inter- 
ligand exchange. It should be noted that these features 
are displayed in strongly solvating solvents such as THP 
hexamethapole.n 

Apparently, a donor-acceptor bond is formed between 
theOatomcanyineanegativechargeandtheSiatom 
with the oxygen electron pair occupying the vacant d- 
orbital of the Si atom. This is enhanced by the solvating 
medium, which transfers the cation to the outer sphere. 
The tetrahedral structllre of XXVIII-XXXI (T) in this 
case is converted into trigo&bipyramidCI’BP) or tetra- 
pnalpyramid(TI’). Such stn~ctures are characterized by 
inequivalence of apical <and equatorial bonds and by 
exchange between apical and equatorial positions as a 
result of pseudo-rotation.2us 

Thus, exchange in anion-radicals XXIII-XXXI may be 
considered as radical attack on the trigonal-bipyramid Si 
atom with formation of octahedral transition state. 

A common featme of XXIX-XXX1 is that exchange of 
unpaired electron and bond involves only 3,6di+butyl- 
pymcatechinic ligands, where.as the charge is localized 
on 0 atoms of the introduced ligand~.~ This un- 
equivocally follows from ESR spectra of these species. 



At high rates of pseudo-rotation, typical of sym- 
metrkal structures (XXVIII) and which may occur both 
with aud without exchanRe of m&red electron and 
bond each TBP and TP position may be occupied by any 
0 atom of the @and and, although the elementary act of 
synchronous radical substitution proceeds through a 
linear transition state, the unpaired electron may be 
found on any 0 atom. These reasons expti the hinetic 
equivalence of intra- and interhRaud exchange. In the 
case of one inequivalent and ~n-s~~~ ligand 
(XXIX, XXX) the pseudo conversion frequencies may be 
lower than exchange frequencies, the Iatter being pureIy 
inter&and in this cast on account of the linearity of the 
transition state. 

An interesting effect of stereochemical features on the 
character of exchanige is observed in radical (XXXll) 
which contains an acetylacetonate ligand along with the 
3,6dkt_butylpyhinic li,gand. This radical is formed 
in the reaction of SP with acetylacetone (AcacH) or its 
salts accordhut to scheme 

where M-H, Co, Mn, Zn, Cd. 
At temperatures above #p (Pii 73 each component of 

the triplet (an4 = 2.4 Oe) corrcspondiq to rink protons in 
position are splitted into a triplet on account of the two 
protons in position 5 (a=‘= 1.65 De). The pair-wise 
equkalence of protons in positions 4 and 5 unam- 
biguously indicates inter-hgand exchange in XXXII. At 
tower temperatures some components broaden (Pii 7b) 
and at -100” the ESR spectrum displays a doublet of 
doublets (aW4 = 4.8 De, aH3 = 3.3 Oe) which corresponds 
to loc&xatioo of free vslency on one of the 0 atoms. 

The coordination capacity of silicon in &diketonate 
complexes greatly depends on its structure. fl-Dikctonate 
ligands form chelate bonds mainly in cationic complexes 
Uicouium sahs).~= In the presence of two or three 
organic substitutents at the Si atom the &diketonatc 
ligands do not display distinct biientate properties.‘“” 
Therefore, it may be assumed that the nature of the bond 
between acetylacetonate ligand and Si atom in XXXII 
will be intcrmeduuy between &elate and ordinary bonds 
with partial coordination of the CO group on the d- 
orbital of Si. Then, a TBP or TP geometry with low 
symmetry 00 account of the difference in attached 
hgands and in the character of SiO bonds with the 
acetylacetooate @and may be assij&Wd to radicaI 
XXXD. The pseudo-conversion frequencies in low- 
symmetry TBP or TP are usually small” and the obser- 
ved inter&and exchange proceeds only on account of 
the linearity of tbe transition state in the substitution 
EiiCtiOlL" 

Increase of viscosity does not noticeably retard 
exchange @aseline oil). This apparently is connected 
with the tight ~meot of ligands around the central 
atom tbat hinders rotation of the fne-radical moiety 
about the SiO bond, deminishing the effect of viscosity 
on the exchange process. This observation is in favour of 
coordination of the acetyhtcetonate CO to Si, since 
otherwise XXW should be assijpted to radicals of the 
type V-XVIII, the exchange in which depends on vis- 
cosity. 

The viscosity of medium presumably does not atkct 
tbc excharqg frequency iu anioo~radicals XXVIII-XXX5 
because in weahly solvating sobents (TIiP, DMFJ) at 
temperatures close to the m.p of these solvents the 
exchange frequency increases due to effective solvation 
of the cation (see above). For ‘bexacoordinated” radi- 
cals @radicals, ~on-~~s) the effects of in- 
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tramokdar coordinatiott of unpaired electrons and the 
close arrangement of the ligands to the central atom 
renders intnunokcukr exchange “insensitive” to vis- 
cosity of the solvent. Recall, that exchange in biradicak 
is observed in solid polystyrene matrixes (Section 3). 

The examples of tautomerism in free !&containing 
radicals descrii above, illustrate the decisive role of 
coordination of univalent oxygen on vacant Si orbital.9 in 
realization of tautomeric transitions, while the exchange, 
which is actually intramokcular radical substihAon at Si, 
is determined by stereochemical features of the radicals. 
It is important that in radicals with penta- and hexa- 
wordinated Si the principk of linearity of transition 
state of exchange reactions is retained and appearance of 
unpaired electron on any 0 atom of exchanging ligands is 
a result of either rotation of the free-radical ligand or the 
effect of pseud*rotation of the initial structures. 

Exchange of the unpaired electron and bond may be 
considered as a new type of delocali&ion of unpaired 
ele&on-delocalization with bond rupture. 
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