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Abstract. The paramagnetic adducts between a variety of phosphi- 
nyl, pbogphonyl or thiophonphonyl radical8 and thiobcnxophenont, 
9.Wxanthen-9-thione, 9,H-thiaxanthtn-9-thione, S,H-selenaxan- 
then-9-thione and di-tert-butyl thioketone have been generated 
and studied by means of ESFc e ctroscopy. Attention has been fo- 
cused on the variations of g( IR PI with the nature of the Iigands 
I. In the attacking -PL, radicals and with the nature of the thio- 
carbonylic suhstrates- 

In all cases the reactions with the precursor8 OS pho- 
sphinyl radicals afforded, bceide the expected adducts, additio- 
nal paramagnetic epecfes, identified ae the corresponding pho- 
ephonyl and thiophoaphonyl adduces: while the formation of the 
former reflects the high sensitivity of tervalent phoophorus 
compounds to oxidiziny agente, the latter adduct are believed 
to originate from desulfuration of the thioketones by the start- 
ing phosphines. 

ft ie well estabiished that thfoketones , wing to the presence of the readily 

as8aifable 0% double bond, posseos a pronounced ability to act au spin trap8 for 

a variety of free radicalzr, and indeed adducts with species centred at elements 

ranging from Group Iv to Group VI and at transition metal atom8 have been studied 

by means of Electron Spin Resonance (ESR) epectroscopy. 1-13 Although several dif- 

ferent thiocarbonyle have been used in these etudiee a8 eubstrates for radical ad- 

ditkon, a major drawback preventing a general uue of this class of compounds as 

routine spin traps in represented my tne relatively low stability of it8 members, 

which must, with few exceptions, be handled at low temperatures and in Inert atmo- 

spheres. 

As the result of the several aforementioned kSR Investigations, a substantial 

body of information ib now available concerning the structural and electronic pro- 

perties of the spin adducts between thioketonee and carbon, l-5,7,9 ellicon,2'5~9 

germanium, 6-9 tin z*5-Q lead 7 oxygen e ’ ’ or aulphur 13 * t ctntred radical8 a6 well aa 
the adducts with metal carbonyla. ""2 Fewer reports have however dealt with the 

spin adducta with phosphorus centred radicals, i.e. -- that of the diethoxyphosphonyl 

aoduct of di-tert-autyl thloketone 2 and or three different tri-thiocarbonates ' by 

Ingold and coworkers, and d previous study by 8ome of us concerning the adducte of 

5 Present addrese: Division of Chemistry, National Research Council Canada, OTTAWA. 

Canada K1A OR6. 
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R2C=S + *P (01 fOEtf 2 mu R2&SP(Of f5Etl2 

*P(O) (OEX)2 

* (12) 
. 

The formation of these two radicals might be attributed to a homolytic displri- 
cement reaction brought about by the photoexcited thiocarbonyl compound, a process 

=",;;,:p,e 
he reaction between photoexcited triplet carbonyls and tetraethylpyropho- 
relaxation taking place too quickly in these systems made It however im- 

possible to detect triplet polariratlon In previous CIDEP studies of the photore- 
actions between some thioketones and pyrophosphite.10 

RESULTS and DISCUSSION 

When the thioketoncs were allowed to react inside the cavity of an ESR spec- 

trometer with the different photolytlcally generated phosphorus radicals, the cor- 

responding adducts resulting from addition of P-centred radicals to the sulphur a- 

tom of the C=S double bond were observed: 

R$=S + ' PL, - R2&SPL, (l-32) (131 

The adducts were in most caaca fairly persistent and gave rise to ESR speCtrar 

that could also be detected when the photolysis wds interrupted: indeed, Prolong- 

ing the UV irradiation over longer periods often resulted in the appearence of 

other radical species arising from degradation and/or further reaction of the 

initially formed ddducts. 

Although there are no available values for the rate constants for addition of 

phosphonyl or phosphinyl radicals to the C=S double bond, this appears to be a 

fast process even at low temperatures. Actually, in ayreement with what observed 

previouely,1° we found that in no case could the signals from the attacking pho- 

sphorus radical and from the related adduct be detected simultaneously, and that 

the spectrum of the phosphorus centred radical, when observed, wa6 immediately 

replaced by that of the adrluct upon introduction of a small amount of thioketonc 

into the system. 

The reaction between the examined thioketones and the precursors of the thio- 

phosphonyl radicals, -P(S1L2, ied excius‘ively to the obeervation of the expected 

spin adducts; this was true also for the precursors of the phosphonyl radicals 

sP(OlL2, although prolonged irradiation resulted in some istances in the appea- 

rence of other radicals species characterized by larger phosphorus splittings. 

With compounds of tervalent photiphorus, such as phosphlnes or tetracthylpyropho- 

sphfte, on the other hand, two, or more often three pararnagnetic species were ob- 

served shortly after starting the reaction. It was actually found that the expec- 

ted phosphinyl adducts were in nearly all cases accompanied by the corresponding 

phosphonyl adducts, in amounts that varied siyniffcantly with the way in which 

each individual sample had been prepared; the formation of these last derivatives 

is certainly to be attributed to the fact tnat secondary phosphinee" and poly- 

phosphine@ are extremely sensitive to oxidizing agents, and in particular to mo- 

lecular oxygen. The third radical species formed were identified ss the thiopho- 

sohonyl adducts corresponding to the starting phosphinyl radicals. The identifica- 

tion of these adventitious species was based on the measured values of their 

a(3'P) splitting and was confirmed by generating, where possible, the authentic 

tltiophosphonyl adducts by adding to the thloketones the proper *P(S)L2 radicals. 

As the precursors of the *PL2 radicals were free from any impurity which might 

lead to their *P(S)L2 andlogs, the formation of the thiophosphonyl adducts detec- 

ted in the reactions with phosphinyl precursors is somewhat surprfstng, Although 
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the unexpected adducts might be thought to originate tbrougb a procesa common to 

all the phoaphinyl adducte of the Investigated th.loketoneP, it IWMUW more likely 

that the tervalent phoephorus compounds react vith the thloketone during the pre- 

paration of the samples to afford the precursors of thegthlophosphonyl radicalm. 

A possible mechaniem may involve demulfuration of the thioketonee by the phosphine 

to give a carbene and the phosphlne mulphide; thlm desulfuration reaction lo anal- 

ogoutr to that reported for phosphites.21 

R2C=S + PLZH,, R2&S-P+L2H _R2C: + P(S)L2H (14) 

Similar procesees can be envisaged for tetraphenylbiphoephine and tetraethyl- 

pyrophosphite, in order to explain the formation of the correeponding thiophoapho- 

nyl adaucte. 

The extra epecies detected upon prolnged photoreaction of thioketones'with di- 

phenylphosphine oxide and t-BuOO-&-Bu could again be positively identified as the 

corresponding diphenylthiophosphonyl adducte. Because we were lacking a suitable 

precursor, we could not generate in situ the dlethoxythiophosphonyl radicals, 

*P(S) (OEt)2; nevertheless, on the basis of the measured c(~'P) splittinge and by 

analogy with what found with *P(O)Ph2 radicals, it seems conceivable to UB that 

the epeclee obearved along with the diethoxyphosphonyl adducts be identified as 

their thiophoephonyl analogs. The formation of the .P(S)L2 adducto in the reac- 

tions of .P(0)L2 radicals, or their precursors, with thioketones la a puzzling 

finding, and at the preeent time we prefer not to speculate on this matter. 

General Remarks on the ESR Spectra. 

The ESR spectral parameters (hyperfine mplitting constants and g-factors) of 

all the observed species are collected in Table 1. In nearly all cases the spectra 

were Intense and well resolved; wlthin each group of aromatic substrates the mpec- 

tra were very similar and showed, besides the coupling with a 31P nucleus vhich 

varied with the nature of the attacking phosphorus centred radical, couplings with 

the expected number of protone. Aeeignment to the different positions in the ad- 

ducts from XT, TXT, and SXT was made by analogy vlth that of the related Group IVB 

adducts, which folloved from HcLachlan 8pin density calculations. 9 

The increase of the g-factorm observed in adducts 1-26 when changing from TBP 

to XT, TXT and SXT ie consistent with the presence of the heteroatom in the mole- 

cular framework of the last three thioketones and with the fact that oxygen, sul- 

phur and selenium are characterized by increasing spin-orbit coupling. 

The data collected in Table 1 are also indicative of a somewhat higher spin 

density on the rings of the cyclic adducts than on those of TBP. This is due to 

the fact that in the latter derivatives the aromatic rings are partially twisted 

out of the molecular plane to relieve eteric hindrance, thus making conjugation 

less efficient than in the more planar cyclic aaducts. 

Preferred Conformation of the Adducts. 

An examination of Table 1 shown that the phosphorus splittings vary according 

to two distinct trends. In particular, for each attacking radical, the larger va- 

lues of P(~'P) are found in the aaduct of t-Bu2C=S, while in the series of the a- 

romatic thioketones the phosphorus coupling increases slightly when changing the 

substrate from TBP to XT, and decreases noticeably when passing to TXT and to JXT. 

On the other hand, _ a(2lP) increases markedly when going from a yhomphinyl adduct 

of an individual thioketone to the corresponding phosphonyl and thiophosphonyl ad- 

ducts. 
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(A) 

The phosphorus atom In adducts 1-32 is P to 

the radical centre, and therefore its hyperfine 

splitting will be dependent on both the spin 

density on the a carbon and the degree of over- 

z lap between the SOHO and the phosphorus orbitals, 

? 
that is on the dfhedral angle 8 between the S-P 

: e -’ 
bond and the simmetry axye of the Zp, on C, as 

: \ :* shown fn structure (A). 

The preferred geometry of the S-P bond in 

the different adducts can be estimated from the 

measured values of a_("P), assuming for the 0 

phosphorus hyperfine splitting constant a depen- 

dence on 8 similar to that of 0 protons,22 i.e. -- 

aOlP) = 4CB<cos2c)> (15) . u . with Q~ being the spin density on the a-carbon, 

B a constant, and <coe26> the ensemble average 
. 
* over the thermally populated torsional leveles. 

The adducts between phosphorus centred rad- 

icals and dl-tert-butyl thioketone can be used 

to derive the proper values of 8 since, due to the large bulk of the tert-butyl _ 
group, tney are compelled to adopt the orthogonal conformation (8 = 0 deg.) where 

the S-P bond is eclipsed with the Zp, orbital on the o-carbon. The spin densities 

pC in the thioketone aaducts may be assumed to vary in a way similar to the P-hy- 

drogen spllttlng in tne corresponding nydrocarbon radicals, i.e. -I t-Bu$-H (21.89 

tiauss),l6 diphenylmethyl 114.7),17 xanthyl 112.7),18 and thfoxanthyl (11.82)." 

For selenaxanthyl no values are available. The gC% values in the adducts of TBP, 

XT, and SXT with the various *PL, radicals may therefore be obtained simply by 

multfpiying tne pnoe?horua hfs constant measured in the t+u&-SPL, ad+Iucte by 

0.67, 0.58 and 0.54 respectively. 

As s-Bu2&SPNJ) (OEtj2 was the only adauct between pnosphorus centred radicals 

ana di-tert-butyl thioketone for wnicn the ESR spectral parameters were available,2 

we have generated radicals 27-32 rn order to get the necessary a(31PJ coupling 

constants. The last column In Tdble 1 collects the 8 angle calculated by using the 

above procedure. Not surprisingly, the larger deviations from the eclipsed confor- 

mati,on are found for ths three diphenylphosphinyl adducts , that is for the species 

characterized by the lower stertc hindrance, and for the adducte to thiobenzophe- 
none where the phosphorus substituent is less rigidly held in the orthogonal con- 

formation, owing to the mobility of the aromatic rings. The small values of the 8 

angle found in the cyclic derivatives have to be considered more as an indication 

of the extent of torsional oscifiatlon around the egullfarlum position rather than 

as a measure of the actual deviations from the orthogonal conformation. 

The g-factors of the adducts l-26 also suggest that tnese radicals adopt a 

conformation very close to tne orthogonal one, since their values are only slightly 

larger than 1.0025, which is typical of hydrocarbon radicale. Actually, much lar- 

ger g-factors would ae expected for the geometry with the S-P bond lying in the 

plane of the sp2 hybrid on C,, owing to easy delocalization of tne unpaired elec- 

tron on the sulphur atom.27*28 

Rationalizing tne variation of a( 31P) with the groups bonded to the phosphorus 

atom in a series of adducts with the same substrate 5.6 a somewhat more intriguing 

task. It fs known that increasing the electronegativity of the L substltuents in 
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TABLE 1. ESR spectral parametersa*b for radical adducts from TBP (l-6). XT (7-15). 

Rad %l #P) 2 ec 

1 PPh2 2.91 1 .24 3.27 16.59 2.0033 51 

2 P(O,Ph2 3.00 1.25 3.32 35.69 2.0029 34 

3 P(SIPh2 2.91 1.22 3.30 49.23 2.0032 31 

4 P(0) (OEtI2 2.98 1.23 3.29 51.17 2.0026 29 

5 dP(S) (Of%)2 3.02 1.24 3.34 56.88 2.0029 31 

6 P(S)=2 2.95 1.27 3.28 41.88 2.0032 33 

Xe af3'P) 

7 PPh2 0 0.72 3.46 0.72 2.92 27.92 

8 PtO)Ph2 0 0.74 3.53 0.74 2.95 38.50 

9 P(S)Ph2 0 0.69 3.49 0.69 2.75 52.15 

10 Pwt12 0 0.72 3.43 0.72 2.71 22.19 

11 P(O) (OEt12 0 0.76 3.57 0.76 2.95 54.86 

12 dP(S, (OEt)2 0 0.71 3.69 0.71 2.90 61.38 

13 fPtc-Bex)2 0 0.67 3.57 0.67 2.96 20.72 

14 P(S) Cc_-Hex)2 0 0.59h 3.42 0.64h 2.52 41.13 

15 P(S)Et2 0 0.66 3.55 0.66 2.89 45.61 

16 PPh2 S 0.86 3.27 0.86 2.83 24.13 

17 P(0)Ph2 S 0.89 3.34 0.89 2.87 34.68 

18 P(S)Ph2 S 0.87 3.29 0.87 2.72 44.40 

19 P(OEtf2 s 0.86 1.26 0.86 2.65 23.58 

20 P(O) (GEtI S 0.88 3.40 0.88 2.85 40.83 

21 PPh2 Se 0.95 3.34 0.95 2.85 24.82 

22 PfOlPh2 Se 0.89 3.35 0.89 2.79 33.22 

23 P(S)Ph2 Se 0.92 3.22 0.92 2.80 42.43 

24 P(OEt12 Se 0.93 3.11 0.93 2.65 24.82 

25 P(O) iOEt12 Se 0.94 3.42 0.94 2.90 46.89 

26 P(S) (c-Hex)2 Se 0.86 3.32 0.86 2.82 34.81 

C(l8H) a_(3'P) 9 

27 PPh2 0.47 61.81 2.0024 

28 P(0)Ph2 0.47 76.49 2.0027 

29 P(S)PhL 0.47 100.57 2.0028 

30 P(O) (OEt) 2 0.45 100.84 2.0025 

31 P(S) (OEt)Z 0.45 115.32 2.0028 

32 P(S)Et, n.r 89.15 2.0030 

TXT (i6-20), SXT (21-26), and 
lated deviation angles, 8. 

di-tert-butyl thioketone (27-32) and calcuL 

!3 

___a. 

2.0030 

2.0033 

2.0030 

2.0031 

2.0033 

B-s- 

___- 

2.0031 

2.0038 

2.0038 

2.004U 

2.ov39 

2.0040 

2.0070 

2.OU74 

2.0073 

2.0068 

2.0073 

m--m 

tl= 

28 

22 

19 

-- 

14 

17 

-- 

-- 

20 

32 

24 

25 
-_ 

19 

-_ 

-- 

-- 

-_ 

-- 

-- 

a) Couplings rn Gauss = 10m4 T: b) at room temperature; c) degrees; d) Identity 
assumed; e) neteroatom: f) additIona 1:2:2 triplet of 0.33 G: h) may be exchan- 
ged. 
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radicals *P(X)LI leads to a more pyramidal structure and hence to a higher phospho- 

rus splitting.2g In radicals containing a O-phosphorus substitucnt the transmis- 

sion of spin density from the a-carbon to the P-atom may occur via both spin polar- - 
isation through the a skeleton and direct delocalization. If only the former me- 

chanism was operative, a linearrelation between the f(31P) splitting measured in 

the attacking radicals and in the resulting adducts should be expected, provided 

that the geometry at phosphorus is retained in the adducts. This is actually what 

we have found in a recent investigation on iminoxyle containing phosphorus substi- 

tuents at the methine carbon.30 Iminoxyls are knwn to be o radicals and thus the 

spin density is transmitted from the radical centre to the phosphorus atom essen- 

tially through the u framework. 

Direct spin transfer, on the other hand, will strongly depend only on the rad- 

ical conformation, l.c. on the overlap between the SO?40 and the IY and Ux orbital6 -_ 
of the S-P bond, but also on the energy difference between these orbitals. Since 

the latter will change by changing the nature of the phosphorus ligande, the 

magnitude of the phosphorus splitting cannot be easily predicted even if the rad- 

ical adducts adopt the same conformation. We may only notice that within each se- 

ries of adducts to the same substrate, the phosphorus coupling increases in the 

order PL2 < P(01L2 < P(S) L2 despite the fact that thiophosphonyl radical. .P(S)Lz 

exhiblt30-32 smaller phosphorus splittings than the related phospnonyl radicals, 

.P(OlLz. 
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