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T h e  c h e m i s t r y  o f  c a r b e n e  a n a l o g s  ( s i l y l e n e s ,  
ge rmy lenes ,  s t anny lenes j  is o n e  o f  the most  rapidly  
d e v e l o p i n g  areas of  m o d e m  c h e m i s t r y  of  o r g a n o e l e m e n t  
c o m p o u n d s .  A great body  o f  expe r i m en t a l  data on  g e n -  
e r a t i o n  and  react ions  of  these  highly reactive i n t e r m e d i -  
a tes  has  been accumu l a t ed  to  date .  Howe~er,  data  o n  
de t a i l ed  m e c h a n i s m s  o f  g e n e r a t i o n  of  ca rbene  ana logs  
a n d  t h e i r  successive t r a n s f o r n l a t i o n s  are still scarce.  I - s  
l h e  der ivat ives  of  7-si la-  and  7 - g e r m a n o r b o r n a d i e n e s  
occ t tpy  a par t icular  place a m o n g  c o n v e n i e n t  and  o f t en  
used sources  of  sflyfenes a n d  ge rmylenes .  These  c o m -  
p o u n d s  decompose  with the  f o r m a t i o n  of  c o r r e s p o n d i n g  
c a r b e n e  analogs under  c o n d i t i o n s  of  l iqu id-phase  t h e r -  
molys i s  or  phototysis,  6"7 Previous ly .  g - t !  we s tudied the  
m e c h a n i s m  of  their  d e c o m p o s i t i o n  by the chemica l ly  
i n d u c e d  dynamic  nuc lea r  po l a r i z a t i on  ( C l O N e )  t e c h -  
n i q u e  and  pulse laser photo lys i s .  It was shown that  the  
key stage of  this process involves  homolys i s  of  one  o f  the  
e n d o c y c l i c  C - - E  (E = Si, G e )  b o n d s  result ing in a 
1 ,5-b i rad ica l  whose f r a g m e n t a t i o n  gives a triply exc i ted  
s i ly lene  (germylene) .  The  first examples  of  reac t ions  o f  
d ime thy l s i l y l ene  ( d i m e t h y l g e r m y l e n e )  in the tr iplet  ex-  
c i t ed  s tate  were also repor ted .  I~ 

T h e  a im of  this work was to s tudy  c o m p l e x a t i o n  o f  
p a r a m a g n e t i c  in t e rmed ia tes  (b i rad ica l s  and the t r ip le t  
d i m e t h y l s i [ y l e n e )  g e n e r a t e d  in t he  p h o t o [ y s i s  o f  
7 , 7 - d i m e t h y l - 1 . 4 , 5 , 0 - t e t r a p h e n y l - 2 , 3 - b e n z o -  7 - s i l a n o r -  
b o r n a d i e n e  (1~ with e l ec t ron  dens i ty  donor s  ( t r i pheny l -  
p h o s p h i n e  and  oxygen)  by spin  c h e m i s t r y  m e t h o d s  
( C I D N P  and magnet ic  field effects  ~MFE)) .  C u r r e n t l y ,  
it is spin c h e m i s t U  that  is one  o f  the  main  sources  o f  
i n f o r m a t i o n  on the s t ruc tu re  and  react ivi ty  of  p a r a m a g -  
ne t i c  in te rmedia tes  formed in the  reac t ions  o f  s i ly lenes  
a n d  germylenes .  8 -  ~~ 

E x p e r i m e n t a l  

7.7 - Dimet hyl- 1,4,5,6-tet raphe nyl- 2,3-be nzo- 7 -si la nor- 
bornadiene (1) was synthesized follov, ing the known proce- 
dure ws and triphenylphosphine (09%, Aldrich) was used with- 
out additional purification. The solvents (CCI 4, hexane) and 
deuterated cyclohexane, C6D 6, and CD2CI 2 were dried follow-- 
ing standard procedures. All experiments were carried out at 
~20 '~C and at atmospheric pressure. Samples were deoxygen- 
ated by Ar bubbling (15 mini. 

It-t NMR spectra wele recorded on a JEOL JNM FXq0Q 
spectrometer operated at 90 :"dHz and equipped with a photo- 
chemical accessoo' fi.~r sample irradiation by a DRSh-1000 
high-pressure mercury lamp (I kW) immediately m the probe 
of the NMR spectrometer. The concentration of ! in tile 
exDeriments was varied from 10 --~ to 10 -I tool L -l, triphenyl~ 
phosphine v, as added in 2--5-fold excess with respect to 1, and 
~.he concentration {~f CCI4 was 3 tool t. --t 

Spectroscopic s~udies of complexation of dirncthylsilylene 
with PPh3 were carried out on a microsecond laser pulse 
installation using a XeCI eximer laser (k = 308 nm). The 
standard concentrations of I and PPh~ were 1-10 -3 and 
2" 10 -3 tool l_ -I ,  respectively. The main product of the pho- 
tolysis of l, 1,2,3,4-tetraphenylnaphthalene (TPN), was re- 
corded by using changes in tile optical density (~D) at ;,. 
334 n m  Tile MFE that appeared in the course of the phototysis 
of 1 were measured in the external magnetic field produced 
immediately in the sample by a specially designed perrnanent 
Sin--Co magnet with varied distance between the poles. The 
M FE magnitude was calculated using the formula 

( ,~O o - .~O:t ) 
M FE = - I o0%, 

',Dr 

where ADIt and AD o are the TeN absorption for the reaction 
in the magnetic field of the magnet and in the earth magnetic 
field, respectively. The experiments on measuring the MFE 
were described in more detail in ReE II. 
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Results and Discuss ion 

Recently, 14 an attempt was made to carry. out a 
C I D N P  study of the reactions of Me~Si with various 
ha logen-con ta in ing  compounds.  7 ,7 -Oime thy l - l , 4 -  
diphenyl-2.3-cyclooctano-7-silanorbornadiene was used 
as a photochemical source of dimethylsilylene. The 
reaction ofdimethylsilylene with CCl 4 resulted in C2CI 6, 
CIsCSiMe_,CI, and Me~SiCI, as the main products Call 
compounds were characterized by mass spectrometry 
and I H NMR spectroscopyT. However, the attempt 14 to 
obse~e the CIDNP effects in this system using an NMR 
spectrometer Ca Broker AM 300 spectrometer operated 
at 300 MHz) failed despite the assumption that. by 
analog}, with the previously studied similar reaction of 
dimethylgermylene, Iz-13 in this case the reaction can 
also proceed by a radical mechanism. 

Unlike the above-mentioned study, 14 we succeeded 
in detecting the CIDNP effects in this system (see Table 
I) when studying the reaction of Me,Si (generated in 
the photolysis of silanorbornadiene i f  with CC] 4 Ju a 
weaker magnetic field cat 90 MHz). In fact. the record- 
ing of a polarized product of the Me,Si insertion into 
the C--CI  bond of carbon tetrachloride (CIMc2SiCCI37 
indicates that abstraction of a CI atom from CC14 by 
dimethylsilylene results in a radical pair (RP) consisting 
of "CCI 3 and CIMe,Si" radicals (see Table I). 

As tbllows from the analysis of CI DN P effects on the 
insertion product (CIMe2SiCCI 3) using the Kaptein 
rules t6 tthe values of magnetic resonance parameters t7 
are: the hyperfine interaction constant of methyl protons 
is positive, gcCIMe2Si) -= 2.0031. g( 'CCI  3) = 2.00917, 
this product is formed from the initially triplet RP 
CScheme 1). This indicates that the triply excited Me,Si 
enters into reaction with CCI 4. In turn, the emission on 
the CHCl  3 proton means that chloroform is also a cage 
product formed in the initial RP, likely as a result of 
abstraction by the "CCI 3 radical of a H atom from the 
methyl group in the CIMe,Si" radical (see Scheme t7. 
We failed in recording the other (labile) product of this 
reaction, methylchlorosilene, because silenes containing 
no bulkv substituents are known to be short-lived mol- 
ecules, li~ 

TaMe !. tH CIDNP effects in the reaction of photodecompo- 
sition of ! in the presence of trapping agents 

Reaction product d fH  CIDNP effects 

1 + CCla 1 -:- CCI4 "-PPh 3 

CI(CH3)2SiCCI 3 0.70 E* A* 
(CH3)2SiCt 2 0.72 --** E 
CI~C H_~) 2SiSi(C H_3)zCI 0 6 6  A -- 
C H C  I ;, 6.60 E -- 

" E denotes emission and A denotes absorption, 
** In the experiments carried out in the absence of 
triphenylphosphine, the CIDNP effect was observed only on 
tetramethyldichlor~xlisilane, the product  of successive transfor- 
mation of ,"vlezSiCI 2 (see Scheme 17. 

S c h e m e  ! 

T 
Me2Si r + CCI 4 = C i M e 2 S i  'CCI  s 

S 
CIMe2Si ,  ' - CC13 ~ CIMe2Si '  - CCI3 

CHCI 3 + H 2 C = S i M e C I  CIMe2SiCCI 3 

E E 

ClMe2Si" -,- COl 4 ,,- Me:,SiCI 2 + "CCbe 

A A 

Me2SiCI 2 ~- Me2Si ,. C;Me2SiSiMe2CI 

A A 

This reaction is the second example of chemical 
reaction of triply excited dimethy[silylene. The first 
example is the reported reaction of Me2Si r with 
thiacycloheptyne. Io 

The observation of CIDNP effects fl)r a triplet RP 
indicates that the lifetime f-c) of triplet dimethylsilylene 
is longer than I/k[CCI4] in the process under study. No 
data on tile rate constant for the reaction of :MezSi with 
CCI 4 are available: however, the k value for .,'vlezGe is 
known (1.2-107 L tool -I s-~), t9 Hence, it can be 
expected that the lifetime of Me2Si, which is more 
reactive than Me2Oe, 20.21 is no longer than 10 -7 s. 

The introduction of triphenylphosphine in the reac- 
tion of Me,Si with CCI 4 results in the sign change of 
C I D N P  on the main products ~see Table I). Among 
these products, MezSiCI 2 is recorded instead of  
tetramethyldichlorodisilane (a product of Me2Si inser- 
tion into the C--Ct bond of :"vle2SiCI2). By analog}' with 
the previously studied complexation of PPh 3 with 
Me2Ge, z2 it can be assumed that Me2Si forms an un-  
known short-lived donor-acceptor complex with PPh 3 
(see reviews z3,z4 concerning stable complexes ofcarbene  
analogs with Lewis bases), It is known zs that complex- 
ation results in significant changes in the spectral prop- 
erties and reactivity of carbene analogs and, in some 
instances, in changes in the direction of chemical reac- 
tions. For this reason, the expected decrease in the 
reactivity of Me2Si bound in a complex with PPh 3 is the 
most probable reason for the absence of subsequent 
transformations of Me2SiCI 2. The experimental rate con -  
stant for the reaction of complex Me2Ge-PPh 3 with 
CCI 4 is 3.4- 106 L tool -I s-I .  25 

The change in the C I D N P  signs in the products of 
radical recombination in cage (CINIe2SiCCI 3) and in the 
bulk solvent (Me2SiCI2), occurring in the presence of 
PPh 3, indicates the change in multiplicity of the react- 
ing state of MezSi under the action of an n-donor agent. 
It is reasonable to assume that this is due to shortening 
of  the lil~ztime of Me2Si r in the presence of PPh 3 as a 
result of weak interaction (complexation) between these 
molecules. 



Complexation of paramagnetic intermediates Russ.Chem.Bull., l, bl. 49. Xo. 3, March. 20(20 423 

We tried to detect the Me,St" PPh 3 complex using 
spectral methods (laser pulse photolysis). Previously, 8 
we succeeded in using this method for detecting a 
complex of Me,St with CHBr 3. However, experiments 
on pulse photolysis of silanorbornadiene 1 in the pres- 
ence of PPh] revealed no absorption bands of short- 
lived molecules in the wavelength range 3 2 0 - 6  )0 nm. 
Thus. our attempt at direct detecting of a Me2Si" PPh 3 
complex using a Xe laser with ;,. 308 nm as a photolyzing 
source failed Possibly. it is tile use ofa Xe laser that can 
be the reason for the failure, since the maxima of the 
absorption bands of Me,Si complexes with other phos- 
phines (PBu 3. PCy 3) lie just in the X region 306-- 
310 nm. 26 

Despite the impossibility of direct spectroscopic de- 
tection of the Me-,Si-PPh3 complex in solution, we 
obtained indirect evidence of its existence from studying 
the effect of PPh3 additives on the yield of TPN {the 
final stable product of the photolysis of silanorbornadiene 
1) in magnetic fields of different strength. It has been 
shown II that the yield of TPN is dependent on the 
strength of the constant external magnetic field. The 
detailed mechanism of tile photolysis of si lanorboma- 
diene I established on the basis of analysis of the M FE 
and ~H C I D N P  is presented in Scheme 2. 

It was shown that the MFE is produced mainly in 
1,6-bimdicals 2 generated as a result of the reaction of 
both triplet and singlet dimethytsilylene with initial 
sitanorbon]adiene I in tile bulk. The magnetic field 
dependences (MFE} recorded both in the presence and 

in the absence of PPh 3 are shown in Fig. I. Their shape 
(tile cu~'es with extrema in the magnetic fields -100--  
300 mT) is characteristic of tile MFE produced in 
bimdicals. 2"1 The sign of the M FE recorded in the 
absence of PPh 3 indicates that the biradical-precursor of 
TPN (Fig. 1, a) is initially in the triplet state, since only 
in this case does the minimum yield of TPN correspond 
to an extremum of the magnetic field dependence. 

Based on the above-mentioned facts, it was sug- 
gested tt that Me,Si reacting with initial silanorbornadiene 
I is mostly in tile triplet excited state. According to 
Scheme 2, this reaction results in a triplet 1,6-bimdical. 
Hence the rate of T--S conversion in Me2Si should be 
lower or comparable with that of its reaction with 1 
(k. I l l  = 5 . 7 - t 0  '~. 10 -3 = 5 .7 .  10 6 s - I ) .  1t The react ion 
of i with the singlet dimethylsilylene proceeds much 
sh)wer. 

If, as was assumed above, the interaction of Me,Sir  
with PPh 3 shortens the lifetime of Me2Si ], it can be 
expected that the addition of PPh 3 will also affect the 
MFE observed in the course of the photolysis of i. In 
fact, virtually no MFE is observed in the presence of 
PPh 3 (Fig. I, b). By analogy with tile reactions of 
dimethylgermyleneJ z the absence of MFE in this case 
can be explained by the fact that the singlet 
dimethylsilylene bound in a complex with PPh~, does 
not react with initial 1 and, hence, no 1.6-birad:lcals 2 
are fbrmed. 

However, tile obse~'ation of C I D N P  effects on the 
protons of disilabicyclooctadiene 3 (a product of rcac- 
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tion between I and MezSi) in the reaction mixture in 
the presence o f  PPh 3 refutes the last assumption. The 
presence of CIDNP effects unambiguot,sly indicates 
that, unlike dimethylgermylene. Me,Si bound in a com- 
plex with PPh 3 does react with I to form biradical 2. As 
follows from analysis of IH N :"vI R spectra, only the ratio 
of the yields of,?, and TPN is changed in the presence of 
PPh 3, whereas the composition of the end reaction 
products remains unchanged. 

-Ihus. the role of PPh 3 in photodecornposition of 1 
can be represented by Scheme 3. 

-fhe reasons for the absence of M FE in tile reaction 
of singlet dimethylsilylene bound in a coalplex with 
triphenylphosphine will be discussed below. 

Dioxygen is another reagent affecting the magnitude 
of MFE observed in the course of the photolysis of 1. In 
those cases where direct detection of short-lived biradicals 
is for any reason associated with considerable difficul- 
ties, valuable inforrnation on their lifetimes, multiplic- 
it.v, structure, and reactivity can be obtained by studying 
their interaction with dioxygen -z8 (in particular, by ana- 
lyzing the corn'position of the products and the rates of 
their formation as functions of the O~ concentrat ion).  

~ is known, dioxygen is a multifhnctional reagent. In 
the system under consideration, it can act as a highly 
efficient chemical trap of Me~Si (k=  2.25 �9 10 ~ L mol -~ s-i) 9 
and as an active quencher of triplet states of the molecules 
(the rate constant k l'or quenching the triplet state of TPN 
by dioxygen is 2" [0 9 L mol-ts-I)8; finally', it can serve as 
a catalyst of singlet-to-triplet (S--T) conversion in para- 
magnetic intermediates, e.g., biradicals, z7 

lf photolysis of silanorbornadiene I in magnetic fields 
of various strength is carried out in the presence of 
dioxygen, the magnitude of the M FE observed increases 
by several times and the position of its maximum is 
shfffed, tt It has been shown -'7 that, in accord with the 
nature of spin effects, their manifestation can be ex- 
pected only in the processes involving the acts of S--T 
conversion. This indicates that dioxygen reacts immedi- 
ately with hiradical in the reaction under study. It is also 
known that the interactions resulting in manifestation of 
the MFE can be rather weak and that pararnagnetic 
species, in which the S--T conversion occurs, are short- 
lived. On this basis, it can be suggested that cornplex- 
ation between 0 2 and 1,6-biradicals 2 is reversible. 
Actually, the simultaneous effect of O 2 on the MFE 
magnitude and the position of extrernum of the mag- 
netic field dependence becomes understandable only in 
this case. In accord with this assumption, the MFE m 
the presence of O, is produced in another pararnagnetic 
species, which is indicated by shifts of maxima of the 
magnetic field dependences. 

Scheme 3 

Ph3P-- . [ :S iMe2 s] + 1 

PPh 3 + :SiMe2 t - Ph3P... [ :SiMe2S ] 

PPh 3 * :SiMe2S - Ph3P. . . [ :S iMe2 s] 

I 
V 

PPh 3 + 3 

Ph3P + 

Ph 

M 2s,=s,M< 
Ph 

Ph 
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The MFE of the opposite sign in the experiments 
with s imultaneous participation of O., and PPh 3 (Fig. 2. 
h) indicates the interaction of O 2 with the singlet and 
triplet 1,6-biradicals  2. Apparent ly ,  the singlct 
1,6-biradicals 2 generated in the reaction of Me~Si s 
/bound in a complex with PPh3) with initial s i lanof  
bornadiene 1 dominate in the bulk in this c'~se. It is ill 
this case that the MFE of the opposite sign (Fig. 2~ 
should be expected. 

A mirror  shape of two magnetic field dependences 
recorded both in tile presence and in the absence of 
dioxygen indicates that the MFE are produced in inter- 
mediates of identical chemical structure and differing 
only in their multiplicity. Most probably, these are 
complexes of 1,6-biradicals 2 with dioxygen: 

\ /  O - - - O  

Obviously, O 2 expels PPh 3 from its complex with 
biradical 2 (see Scheme 3), thus giving rise to tile MFE 
(see Fig. 2, b). 

The lbrmation was reported3~ of reversible short- 
lived complexes of O, with biradicals, in which 0 2 plays 
the role of catalyst of further transformations without 
generating new products. It is likely that this situation is 
similar to that studied in this work. Substitt,tion of 
triphenylphosphine by dioxygen molecule in the com- 
plexes of triphenylphosphine with transition metals has 
also been reported. 3~ 

The absence of MFE in the photolysis of I in the 
presence of PPh 3 (but without dioxygen) (see Fig. I, b) 
can be explained assuming that in the case where biradical 
2 is bound in a complex with PPh 3 (see Scheme 3). this 
paramagnetic complex differs from the free biradical in 
properties, e.g., by stronger exchange interaction. Thus. 
in accord with the laws of M FE production, z7 their 
interaction should manifest itself in much stronger mag- 
netic fields that were not studied in this work. 

High sensitivity of the MFE in the complexation 
reaction under  study (~,JT. Figs. I and 2) means first of all 
that the lifetime of the complex of 1.6-biradical 2 with 
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Fig. 2. Magnetic field dependences (MFE) recorded in the 
presence otO 2 (a) and in the presence of both O-, and PPh 3 (hi. 

Our calculations of the MFE carried out taking into 
account the magnitudes of effective exchange interac- 
tion in the presence of O2 do not reproduce the magni- 
it,de of the experimentally observed effect. Hence not 
only weak and exchange interactions in biradicals par- 
ticipate in the production of MFE. It can be assumed 
that appreciable increase in the magnitude of MFE in 
the presence of dioxygen is also due to acceleration of 
relaxation in a 1.6-biradical affected by pammagnetism 
of O 2. This phenomenon was called spin catalysis (see, 
e.g., Reg. 32, 33). 

Thus. our study has demonstrated high sensitivity of 
the spin chemistry' methods for studying the complex- 
ation effects of short-lived paramagnetic intermediates. 

dioxyge-n is sufficient for the S ~ T  conversion to occur . . . . . . .  such methods consists in providin,, 
which is needed for producing the bl FE. Calculations of" Hie  umqueness OT = 
the MFE produced in 1,6-biradicals 2 under the action 
of hyperfine and electron exchange interactions indicate 
that the lifetime of these complexes is of the order of 
microseconds. 

The shift of maxima of the magnetic field depen- 
dences (M FE) toward stronger magnetic fields observed 
in the experiments with dioxygen indicates a strengthen- 
ing of effective exchange interaction in the complexes of 
biradicals 2 with dioxygen compared with the exchange 
interactions in free biradicals 2, 

the possibility of not only detecting the presence of weak 
interaction, but also making certain hypotheses con-  
cerning the structure and several physicochemical prop- 
erties of the complexes studied. 
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