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An Electron Spin Resonance Study of Radical Addition to  Bis(trimethy1- 
silyl)amino(trimethyIsilylimino)phosphine, (Me,Si),NP=NSiMe, 

By Brian P. Roberts and Karamjit Singh, Christopher lngold Laboratories, University College London, 20 
Gordon Street, London WC1 H OAJ 

Alkoxyl, alkyl, and acyl radicals add rapidly to phosphorus in the phospha(ll1)azene (Me,Si),NP=NSiMe, to give 
phosphorimidoyl radica!s X[ (Me,Si),N] P=NSiMe, (4 ; X = RO, R, or RCO) which are nitrogen analogues of the 
phosphonyl radicals Y,P=O. The solution e.s.r. spectra of the phosphorimidoyl radicals are characterised by large 
values of a(31P) [519 G for (4 ; X = ButO) at 173 K] which are indicative of a pyramidal geometry at phosphorus. 
The phosphorimidoyl radicals are relatively persistent [ t l iz  ca. 25 s for the decay of (4; X = But) at 292 K] and 
their addition to ethylene could not be detected by e.s.r. spectroscopy. This lack of reactivity is ascribed mainly to 
steric shielding of the radical centre by the bulky1 trirnethylsilyl groups. 

IT is now some years since compounds of the type 
R,NP=NR, which contain two-co-ordinate phosphorus- 
(111), were first r e p ~ r t e d . l - ~  These phospha(II1)azenes 
are stabilised by trimethylsilyl or t-butyl substituents on 
nitrogen and the compound (1) is a yellow-green, 
moisture-sensitive liquid that  dimerises only very 
slowly at room temperature in the absence of catalysts. 

The PN2 bond in (1) may be represented as a hybrid of 
the structures (2a and b) and, in accord with this 
description, the phosphazene undergoes ready nucleo- 
philic attack at p h o s p h ~ r u s . ~  For example, oxidative 
addition of alcohols to  (1) gives the phospha(v)azenes 

We now report that  free radicals also add rapidly to (1  ) 
to  give a novel series of phosphorimidoyl radicals (4) 
which are nitrogen analogues of the phosphonyl radicals 
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RESULTS 

Radical addenda were generated thermally in the 
presence of (1) using benzene solvent. When a solution 
containing (1)  (GU. 0 . 6 ~ )  and di-t-butyl hyponitrite (TBHN) 
(GU. 0 . 5 ~ ) ,  as a source of t-butoxyl radicals,s was heated to 
ca. 333 K under nitrogen in the cavity of the spectrometer, 

an e.s.r. spectrum which we assign to the adduct (4; 
X = ButO) was observed. The spectrum shows a large 
phosphorus hyperfine splitting (51 1 G) and coupling to two 
non-equivalent nitrogen nuclei (see Figure 1) ; the spectro- 

FIGURE 1 E.s.r. spectrum of (4; X = ButO) generated by 
thermolysis of TBHN in the presence of (1) in benzene at  336 I< 

scopic parameters are included in the Table. No e.s.r. 
signals were detected in the absence of TBHN. 

When appropriate reagents were present in addition to 
TRHN, the t-butoxyl radical was converted into a second 

heat 
Bu'ON=NOBU' -+P 28~~0. + N2 ( iii ) 

Bu'O. t (Me3Si ),NP=NSiMe3 

J. 
Bu'O[( Me3Si )zN] b N S i  Me3 ( i v  ) 

radical addendum and the spectrum of the adduct of the 
latter to (1)  was detected. For example, in the presence of 
triethyl phosphite t-butyl radicals are formed [equation 
(v)] and a spectrum which we assign to (4; X = Hut) was 
observed alongside that of (4; X = RutO). 

Bu'O- + (EtO),P __t B u t *  t (Et0I3P=O ( v )  

Although a quantititative analysis is not straightforward, 
because the adducts (4; X = But0  or But) are fairly 
persistent (see Table), i t  is clear that  the addition reaction 
(iv) must be very rapid since reaction (v) is known ' 9 8  to 
take place at close to the diffusion-controlled rate in solution. 
Thermolysis of t-butyl perpivalate, ButC(0)OOBut, a t  
338 K in the presence of (1) with t-butylbenzene solvent, 



Phosphorimidoyl radicals X[ (Me,Si),N1] P=N2SiMe, generated by addition to (Me,Si),NP=NSiMe, 
Addendum 

radical 
X* 

ButO* 
ButO* 
ButOo 
EtO. 
(Me3Si),N* 
(Me3Si) ,No 
C1,C. 
But. 
But* 
Pr' * 
[2H,]Pri 
MeC(0) 
But C (0) 
But C( 0) 

Source 
of x.0 

A 
B 
B 
B 
C 
C 
D 
E 
F, G 
H 
I 

J K  
L 

Solvent 
C6H6 

C3H6 

C3H6 

C3H6 

C6H6 

C3H6 

C6H6 

C3H6 

C3H6 

C3H6 

C6H6 

C3H6 

C3HG 

C3H6 

TIK 
336 
173 
192 
191 
2 50 
340 
275 
336 
184 
299 
298 
203 
333 
184 

g Factor c 

2.0023 
2.0023 
2.0023 
2.0023 
2.0025 
2.0024 
2.0037 
2.0032 
2.0032 
2.0029 
2.0029 
2.0028 
2.0028 
2.0027 

Hyperfine splittings (G) 

a(P) 
51 1.4 
518.9 
517.1 
514.0 
501.8 
501.3 
436.4 
336.5 
338.6 
337.8 
337.5 
251.2 i 

243.0 
243.3 

a(") a(N2) ' 
10.6 4.8 
10.6 4.8 
10.6 4.8 
9.9 4.6 

10.0 4.4 
10.0 4.4 

6.4 4.6 0 

5.2 4.0 g 

5.4 g y h  4.2 gpk 

5.2 9 4.0 

5.4 4.2 
;a. 5.2 g ca. 4.3 

5.2 g 4.3 
5.2 g 4.3 g 

Approx. 
lifetime 

(5 )  

26 (228 K) 

3 000 (275 K) f 

1.5 (262 K) 

44 (278 K) f 
3 (278 K) 

( 1  (193 K) 

< l  (193 K) 
a Solutions containing (1) and the reagents indicated where photolysed or heated: A = TBHN + heat; B = ROOR + h v ;  

C = no reagent + hv; E = TBHN + (EtO),P + heat; F = ButN=NBut, But,CO, BuTHO, or 
ButC(0)Me + hv; G = BOOB + (EtO),P + hv; H = PriN=NPri or PriBr + hv;  I = [2H,]PriBr + hv; J = ButC(0)Me + hv; 
K = TBHN + ButCHO + heat; L = But,CO + hv. Benzene or cyclopropane. Calculated using the Breit-Rabi equation. 

Time for the e.s.r. spectrum to decay to approximately half its original intensity after photochemical generation had ceased; tem- 
peratures are given in parentheses. f Negligible radical decay after 3 days a t  193 I<. 

Obtained by computer simulation. 

D = CCI, + Me6%, + hv; 

Coupling to  two equivalent nitrogen nuclei. 
Splitting of 4.4 G from one proton also present. 

afforded spectra of both t-butyl and t-butoxyl radical 
adducts. 

Radical addenda were also generated photochemically in 
the presence of (1) using cyclopropane solvent. These 
experiments served to confirm the assignments of the 
thermally-generated adducts and allowed spectra to be 
recorded over a wide range of temperatures. Thus, photo- 
lysis of azo-( 1, l-dimethylethane) (ButN-ru'But), di-t-butyl 
ketone (But,C=O), pivalaldehyde (ButCHO), or pinacolone 
(ButCOMe) in the presence of (1) gave rise to the spectrum 
assigned above to (4; X = But). With the azoalkane, 
(4; X = But) was the only adduct detected, but with the 

R i O  + (Me,Si),NP=NSiMeJ 

R C 0 E Me3 S i ) N] P=N S i Me3 ( v i i  ) 

Bu'O- -I- R C H O  8u'OH 4- R 1 0  ( viii 1 

carbonyl compounds spectra ascribed to the acyl radical 
adducts (4; X = RCO) were also observed [equations (vi) 
and (vii)]. These adducts could also be generated thermally 
by heating a benzene solution containing (l),  TBHN and an 
aldehyde [reaction (viii) followed by (vii)]. 

FIGURE 2 E.s.r. spectrum of [4; X = (Me3Si),N] generated 
by photolysis of (1) in cyclopropane a t  294 K 

It has been reported that (1) is light sensitive (see, 
however, ref. 2) and photolysis of (1) alone in cyclopropane 
afforded the spectrum, shown in Figure 2, which was always 
present alongside tha t  of the adduct of X* when the latter 
was generated photochemically. On the basis of the e.s.r. 
parameters (see Table) we assign this spectrum to the 
radical [4; X = (Me,Si),N]. The intensity of this spectrum 
increased with the duration of photolysis, but the radical 
is extremely long-lived a t  low temperatures and its rate of 
photochemical production must be relatively small. * In  
view of the electronic similarity of RO and (Me,Si),N groups, 
i t  is likely that the larger nitrogen splitting for (4; X = RO) 
should be assigned to N1. 

Photolysis of di-t-butyl peroxide (BOOB) in the presence 
of (1) afforded (4; X = ButOf and similarly the spectrum 
of (4; X = EtO) was detected during photolysis of a solu- 
tion containing (1) and diethyl peroxide. 

The isopropyl adduct, generated by photolysis of mixtures 
of PriN=NPri t or Pr'Br $ and (1) showed (apart from 
splitting) the six line spectrum expected if a(N1) 21 a(N2) 21 
a(1H) 21 4.8 G and the proton splitting presumably arises 
from the methine hydrogen of the isopropyl group. This 
analysis was confirmed by photolysing a mixture of [,I<,]- 
PriBr and (1) which gave rise to a five-line spectrum, 
similar to that of (4; X = But), expected if the difference 
between a(hT1) and a(N2) is not resolved (see Figure 3).  

The structures of the alkyl radical adducts were confirmed 
by generating (4; X = Pri)  independently by photolysis of 
(,5)1° in cyclopropane. Stronger spectra were obtained when 
hexamethylditin was also present to scavenge bromine 
atoms and/or provide a source of Me,%. which would be 
expected to abstract bromine from ( 5 ) .  

Although dialkoxyphosphonyl radicals add rapidly to 

* A weak signal from the very persistent phosphinyl radical 
[(Me,Si) zN] ,P. was often detected in photochemical experiments 
with (1). The origin of this radical is not clear but it quite likely 
arises from a trace impurity of [(Me,Si),N],PCl(or Br) [pre- 
cursors of (l)]. Certainly photolysis of the chlorophosphine 
alone or with other reagents in cyclopropane gave rise to  a very 
intense spectrum of the phosphinyl radical [a(P) 91.6 G, a(N) not 
resolved, g 2.0050 at  249 K]. 

t Photolysis of PriN=NPri alone in cyclopropane afforded the 
e.s.r. spectruin of the isopropyl radical. 

1 Photolysis of (1) and ButBr gave rise to (4; X = But). 
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quently leads to an increase of P-3s character in the 
orbital of the unpaired electron and, assuming orbital 
following, to an increase in the deviation from planarity 
a t  phosphorus. A similar trend is shown by the iso- 
tropic phosphorus splittings of the phosphonyl radicals 
(EtO)&O, (Me,N),P=O, and (n-C61-113),P=0 (689, 524, 
and 350 G, respectively) l3 and ligand electronegativity 
effects are again responsible for the differences. Extra- 
polating from [a; X = (Me,Si),N] and (4; X = RO) 
we would predict that (RO),P=NSiMe, would show a(P), 
ca. 526 G, less than that (ca. 689 G) shown by (RO),P=O, 
again in accord with expectation based on group electro- 
negativities. 

However, [a; X = RC(O)] exhibits an unexpectedly 
low value of at€') (ca. 250 G), less than that (ca. 338 G) 
shown by (4; X = R). Possibly conjugative de- 
localisation of the unpaired electron by the C=O group 
[see (7a-c)], resulting in reduction of spin population on 

FIGURE 3 E.s.r. spectra in cyclopropane a t  297 K of (a) (4; 
X = Pri) and (b) (4; X = [2H,]P~i),  generated by photo- 
lysis of mixtures of (1) and Pr'Br or [2H,]PriBr, respectively 

ethylene,ll the analogous reaction of (4) [equation (x)] could 
not be detected by e.s.r. spectroscopy. Thus, photolysis of 
ethylene solutions containing (5) and hexamethylditin or 
BOOB and (1) afforded only the spectra of (4; R = Pri) 
or (4; R = ButO), respectively, and no P-substituted ethyl 

PriBMe3Si l2 N] P=NSi Me, 
I 
8r 

(5) 

X eMe3Si  I2N] b=NSiMe3 4- CH, = C H 2  

XFMe3S i )2  N] P=NSi Me, ( X I  
I 
CH2eH2 

( 6 )  

radicals (5) [nor adducts of tlicse with ( l ) ]  were detected 
between 173 and 233 K. 

DISCUSSION 

The rapidity of radical addition to  (1) was not un- 
expected in view of the known high reactivity of three- 
co-ordinate phosphorus(iI1) compounds towards homoly- 
tic addition [equation (xi)].*y12 Addition to (1) takes 

x m  t PX3 - bx4 ( x i )  

place at  phosphorus and addition to  N2, to produce 
phosphinyl ra.dicals which would show phosphorus 
hyperfine splittings of ca. 70-90 G, was not detected. 

The magnitude of a ( P )  for the phosphorimidoyl 
radicals increases with the electronegativity of the group 
X, for example [4; X = ButO, (Me,Si),N, or But] 
show splittings of 511, 501, and 337 G, respectively. 
Increasing ligand electronegativity results in concen- 
tration of P-3p character in the P-X bond and conse- 

/O' 
(Me3Si )2N 

/O' ' k c  
( Me;Si)zN 

L C  
// - \R  

Me3S i N 
-/ \ 

Me3SiN R 

and in flattening a t  phosphorus, is responsible for this 
apparent anomaly. The electronic structure of [4; 
X = RC(O)] thus appears to be related to that of 
(Me3Si)2NP(=NSiMe,)2, in which the phosphorus and 
three nitrogen atoms are coplanar.14 

Hyperfine splitting from the methine proton in (4; 
X = Pri) would be expected since splitting of a similar 
magnitude is found for P-protons in alkylphosphonyl 
radicals, for example (n-C6H13)21?=0.13 The splittings 
from the three-co-ordinate nitrogens in 14; X = RO or 
(Me,Si),N] are similar to those in (Me,N)2P=0 which 
shows a(2N) 12.0 G.13 

Phosphonyl radicals Y,l?=O undergo self-reaction at  
close to the diffusion-controlled rate in solution if Y is not 
bulky,15 and presumably the much longer lifetimes of (4) 
under comparable conditions may be ascribed to steric 
protection of the radical centre preventing dimerisation. 
The radicals [(Me,Si),N],P=NSiMe, and But[(Me,Si),N]- 
P=NSiMe, are particularly long-lived (see Table) as would 
be expected. Similarly, the failure of (4; X = But0 
or Pri) to add to ethylene is probably due mainly to 
steric shielding of the radical centre by the bulky tri- 
methylsilyl ligands. However, an unhindered phos- 
phorimidoyl radical Y,p=NR might be expected to add 
less rapidly than the corresponding phosphonyl radical 
Y2p=0 because of the lower electrophilicity of the 
former. 

A number of alkyl halides undergo oxidative addition 
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RHal  t ( Me,Si)2NP=NSiMe3 

J. 
R 
I 

( Me3Si)2NP=NSi Me, 
I 
Ha I 

Prig + (Me3Si)2NP=NSiMe3 

adducts (4) were quite persistent. Low light intensity (ca. 
3% of maximum) was used initially and increased if 
necessary. 

imino)phosphine (1) was prepared by the method of Scherer 
and Kuhn starting with either PC1, or PBr,. Compound 
( 5 )  was prepared by irradiation through silica of a mixture 
of (1) and isopropyl bromide with unfiltered light from a 
Thorn 250 W ME/D mercury arc lamp.1° 

Di-t-butyl hyponitrite (TBHN) ,6 1,1, l', 1'-tetrsmetliylazo- 
ethane,18 l,I'-dimethyla~oethane,~~ and di[bis(trimethyl- 
silyl)amino]chlorophosphine were prepared by literature 
methods. All other reagents and solvents were commercial 
materials, the majority of which were purified before use. 

Materials .-Bis (trimeth ylsilyl) amino (trimethylsilyl- 

( X i i  

We thank the Ro$al Society and the Central Research 
Fund Committee of the University of London for grants to 
purchase equipment. 

( x i i i  Pri @ Me3Si )*N] += NS i Me3 

Pr fi Me3Si )2N]b=NSi Me3 4- Pr Br [0/1834 Received, 27th November, 19801 

J. 
Pr [( Me3Si )$]P=NSiMe3 f Pr (xiv) 

I 
Br 
( 5 )  

able propagation steps are shown in equations (xiii) 
and (xiv) . Dialkoxyphosphonyl radicals, (RO),P=O, 
also abstract halogen from alkyl 1ialides.lla 

EXPERIMENTAL 

Radicals were generated directly i n  the e.s.r. spectro- 
meter cavity using standard 4 mni 0.d. Suprasil sample 
tubes. The techniques have been described p r e v i o ~ s l y . ~ ~ ~  l7 

All manipulations were carried out under vacuum or an  
atmosphere of dry nitrogen. 

Thermal Generation.-Benzene solutions (total volume 
cn. 500 pl) contained (1 )  (ca. 100 PI) and TBHN (ca. 50 mg). 
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