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Abstract. The paramagnetic adducts between & variasty of phosphi-
nUSCIABL

nyl, phosphonyl or thiophosphonyl radicals and thiobenzophenone,
9,H-xanthen~%~thione, 9,H-thiaxanthen~-9-thione, 9,H-selenaxan~
then-9-thicne and di- tert-butyl thicketone have been generated
and studied by means of ESk sg?ctroscopy Attention has been fo-
cused on the variations of a(°'P) with the nature of the ligands
L in the attacking :PL, radicals and with the nature of the thio-
carbonylic substrates.

In all cases the reactions with the precursors of pho-
sphinyl radicals afforded, beside the expeacted adducts, additio-~
nal paramagnetic specles, identified as the corresponding pho-
sphonyl and thiophoaphonyl adducts: while the formation of the
former reflects the high sensitivity of tervalent phosphorus
compounds to oxidizingy agents, the latter adducts are believed
to oriqinate from desulfuration of the thioketones by the start-
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aggailable C=S double bond, posdsess a pronounced ability to act as spin traps for
a variety of free radicals, and indeed adducts with species centred at elements
ranging from Group IV to Group VI and at transition metal atoms have been studied

by means of Electron Spin Resonance {(ESR) apeccroucopy.1'13 Although several dif-
n
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dition, a major drawback preventing a general use of this class of compounds as
routine spin traps is represented by the relatively low stability of its members,
which must, with few exceptions, be handled at low temperatures and in inert atmo-

spheres.
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As the result of the several a s, a substantia
nd electronic pro-

gat
body of information is now available concerning the structural
1=5 2,5~9

perties of t@e spin gdgucto between thioketones and carbon,
" ein,%°"? jeaq,’ oxygen,‘3 or sulphur'

gilicon,

germanium,b centred radicals as well as

i !

the adducts with metal carbonyls. 1,12 Fewer reports have however dealt with the

spin adducts with phosphorus ceuntred radicals, i.e. that of the diathcxypucspuoﬁy;
2

adduct of di-tert-putyl thioketone® and ot three different tr1—thiocatbonatel by
Ingeld and coworkers, and a previous study by some of us concerning the adducts of
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4,4'-dimethoxythiobenzophenone and bis(ethoxythiocarbonyl)sulphldelo

with diphe-
nyl, dimethoxy-, and diethoxy-phosphonyl radicals and with diphenyl and dJicyclo-
hexyl phosphinyl radicals, where the choice of the substrates had been based
either on the foreseeable persistence of the resulting adducts or on the commer-
cial availability of the thioketones.

Following our previous study and in order to gain a more detailed picture of
the adducts between phosphorus radicals and thioketones, we extended our ESR inve-
stlgation to the reactions of some relutively stable thiocarbonyl compounds, name-
ly thiobenzophenone (TBP), 9,H-xanthen-9-thione (XT), 9,H-thiaxanthen-9-thione
('rXT), and 9,H-selunaxanthen-9-thione (SXT) with a larger selection of phosphorus
centred radicals:

7 X . X =0 (XT)
(TBP) ' X = S (TXT)
(] 3 X = Se (SXT)
[

Some new phosphinyl, phosphonyl and thiophosphonyl radical adducts to di-tert-

n==~n
n="0n
-

butyl thiokétone have also been studied for comparative purposes.

EXPERIMENTAL

The aromatic thioketones were prepared either by reaction of the corresponding
ketones with Hy8 and HCl in alcoholic solution!® or with PySg in xyl ne, 15 while
di-tert-butyl thioketone was prepared from the corresponuing imine;1® «ll phospho-
rus compounds were commercially avatlable, with the exception of diphenylphosphine
sulphide and di{cyclohexyl)phosphine sulphide which were prepared as previously
described.17

The ESR spectra were recorded on either a Varian £-104 or a Bruker ER-200 D
spectrometer equipped with standard devices for field calibration, g-factor deter-
mination and temperature control. UV irradiation was achieved by focusing on the
ESR cavity the light from high pressure 250 W or 1 KW mercury lamps. It should be
noted that shorter irradiation times often led to cleaner ESR spectra.

The thioketones were reacted with several different phosphorus centred radicals,
i.e. dipnenylphosphinyl, -PPh,, diohenylphosphonyl, -P(0)Ph,, diphenylthiophospho-
nyl, -P(S)Ph,, diethoxyphosphinyl, -P(OEt);, and diethoxyphosphonyl, -P(O) (OEt),.
In the case of TBP and XT we were able to observe the adducts with three additio-
nal phosphorus centred speclies, that is di(cyclohexyl)phosphinyl, -P{c=CgH{1),
di(cyclohexyl)thiophosphonyl, -P(S)(c-CgHq4),, and diethtylthiophosphonyi rad%cals,
-P(S) Bt,.

The various -PL, radicals were generated in situ by tne simple photolytic re-
actions shown in eq.s 1-9.

hy

t-BuOO-t-Bu —— 2 £ =BUO (1)
t-BuO- + HPL2 4= t-BuOH + °PLp (L = Ph, c-Hex) (2)
t-BuO- + HP(O)L; #= t-BuOH + +P(O)L, (L = Ph, OEt) (3)
t-BuO- + HP(S)L) & t-BuOH + °P(S)L; (L = Ph, c-Hex) (4)
t-BuO- + ((EtO)2P2)0 & +-BuOP (OEt) 5 + -P(0) (OEt) (5)
Ph,PPPh, hY 2 -PPh, (6)
(CO) gM-M (CO) g hy -2 -M(CO)g (M = Mn, Re) n
‘M(CO)g + CIlPPh, #=CIM(CO) g + *PPhj (8)
Et,P(S) -P (S)Et, hy 2 -P(S)Et, (9)

Typical samples consisted of quartz tubes containing degassed benzene, toluene
or t-butyl benzene solutions of a thiocketone (ca. 1073 M) and the appropriate pre-
cursor (s) of the desired phusphorus radical.

The thioketones were also photoreacted with tetraethylpyrophosphite in the ab-
sence of peroxide; under these conditions the diethoxyphosphonyl adduct was obser-
ved together with a second radical which, on the basis of its spectral parameters,
is believed to be the diethoxyphusphinyl adduct.
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RyC=S Ry - Ryc=s” . (10)
RyC=S" +  ((BtO),P)0 - RC-SP(OEt) , + +P(O) (OEt), (11)
RyC=S + -P{0) (OEt), = R,C-SP(0) (OFt) , (12)

-

The formation of these two radicals might be attributed to a homolytic displa-
cement reaction brought about by the photoexcited thiocarbonyl compound, a process
akin to ghe reaction between photoexcited triplet carbonyls and tetraethylpyropho-
sphite;1 relaxation taking place too quickly in these systems made it however im-
possible to detect triplet polarization in previocus CIDEP studies of the photore-
actions between some thioketones and pyrophosphi:e.10

RESULTS and DISCUSSION
When the thioketones were allowed to react inside the cavity of an ESR spec~—
trometer with the different photolytically generated phosphorus radicals, the cor-
responding adducts resulting from addition of P-centred radicals to the sulphur a-
tom of the C=8§ double bond were observed:

RoC=S + +PL, e RyC-SPL, (1-32) (13)

The adducts were in most cases fairly persistent and gave rise to ESR spectra,
that could also be detected when the photolysis was interrupted; indeed, prolong-
ing the UV irradiation over longer periods often resulted in the appearence of
other radical species arising from degrsdation and/or further reaction of the
initially formed adducts.

Although there are no available values for the rate constants for addition of
phosphonyl or phosphinyl radicals to the C=5 double bond, this appears to be a
fast process even at low temperatures. Actually, in agreement with what observed
previously,‘u we found that in no case could the sigdnals 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, was immediately
replaced by that of the adduct upun introduction of a small amount of thioketone
into the system.

The reaction between the examined thicketones and the precursors of the thio~-
phosphony! radicals, -P(S)Lj;, ted exciusively to the observation of the expected
spin adducts; this was true alsd for the precursors of the phosphunyl radicals
*P(0)Ly, although prolonged irradiation resulted in some iatances in the appea-~
rence of other radicals species characterized by larger phosphorus splittings.
With compounds of tervalent phosphorus, such as phosphines or tetraethylpyropho~
sphite, on the other hand, two, or more often three paramagnetic 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
phosgsphonyl adducts, in amounts that varied siygnificantly 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 that secondary phosphines19 and poly~
phosphineszo are extremely sensitive to oxidizing agents, and in particular to mo-
lecular oxygen. The thaird radical species formed were identified as the thiopho-
sohonyl adducts corresponding to the starting phosphinyl radicals. The identifica-
tion of these adventitious species wag based on the measured values of their
3(31P) splitting and was confirmed by generating, where possible, the authentic
thiiophosphonyl adducts by adding to the thioketones the proper -P(S)L; radicals,
As the precursors of the 'PL; radicals were free from any impurity which might
lead to their -P(85)L, analogs, the formation of the thiophosphonyl adducts detec-
ted in the reactions with phosphinyl precursors is gsomewhat surprising. Although
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the unexpected adducts might be thought to originate through a process common to
all the phosphinyl adducts of the investigated thioketones, it seems more likely
that the tervalent phoiphorus compounds react with the thioketone during the pre-
paration of the samples to afford the precursors of the*thiophosphonyl radicals.

A possible mechanism may involve desulfuration of the thiocketones by the phosphine
to give a carbene and the phosphine sulphide; this desulfuration reaction is anal-
ogous to that reported for phosphites.21

- +
RyC=§ + PLyH =————— R,C-S-PLyH ————a~ R,C: + P(S)L,H (14)

Similar processes can be envisaged for tetraphenylbiphosphine and tetraethyl-
pyrophosphite, in order to explain the formation of the corresponding thiophospho-
nyl adducts.

The extra species detected upon prolnged photoreaction of thioketones ‘with d4di-
phenylphosphine oxide and t-BuOO-t-Bu could again be positively identified as the
corresponding diphenylthiophosphonyl adducts. Because we were lacking a suitable
precursor, we could not generate in situ the diethoxythiophosphonyl radicals,
*P(S) (OEt) ; nevertheless, on the basis of the measured 3(31P) splittings and by
analogy with what found with -P{O)Ph; radicals, it seems conceivable to us that
the species observed along with the diethoxyphosphonyl adducts be identified as
their thiophosphonyl analogs. The formation of the -P(S)L2 adducts in the reac-
tions of -P(O)L, radicals, or their precursors, with thioketones is a puzzling
finding, and at the present time we prefer not to speculate on this matter.

General Remarks on the ESR Spectra.
The ESR spectral parameters (hyperfine splitting 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; within each group of aromatic substrates the spec-
tra were very simjilar and showed, besides the coupling with a 31p nucleus which
varied with the nature of the attacking phosphorus centred radical, couplings with
the expected number of protons. Assignment to the different positions in the ad-
ducts from XT, TXT, and SXT was made by analogy with that of the related Group IVB
adducts, which followed from McLachlan spin density calculations.9

The increase of the g-factors observed in adducts 1-26 when changing from TBP
to XT, TXT and SXT is consistent with the presence of the heterocatom in the mole-
cular framework of the last three thioketones and with the fact that oxygen, sul-
phur and gelenium 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 steric hindrance, thus making conjugation
less efficient than in the more planar cyclic adducts.

Preferred Conformation of the Adducts.

An examination of Table 1 shows that the phosphorus splittings vary according
to two distinct trends. In particular, for each attacking radical, the larger va~
lues of 5(31P) are found in the adduct of t~Bu,C=S, while in the series of the a-
romatic thioketones the phosphorus coupling increases slightly when changing the
gsubstrate from TBP to XT, and decreases noticeably when pasaing to TXT and to S3XT.
On the other hand, 5(31P) increases markedly when going from a phosphinyl adduct
of an individual thioketone to the corresponding phosphonyl and thiophosphonyl ad-
ducts.
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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-
lap between the SOMO and the phosphorus orbitals,
that is on the dihedral angle & between the S-P

. bond and the simmetry axys of the 2pz on CO as

v N

—-—,\ . shown in structure (A).
;' The preferred geometry of the S-P bond in
(A) PLn the different adducts can be estimated from the
measured values of 5(319), assuming for the 0
phosphorus hyperfine splitting constant a depen-
‘ ‘ dence on 6 similar to that of ¢ protona,22 i.e.

' ' a(3'p) = gcB<cos? 6> (15)

with Q¢ being the spin density on the a-carbon,
B a constant, and <cos?8® > the ensemble average
. over the thermally populated torsional leveles.
The adducts between phosphorus centred rad-
icals and di-tert-butyl thioketone can be used
to derive the proper values of B since, due to the large bulk of the tert-butyl
group, they are compelled to adopt the orthogonal conformation (8 = 0 deg.) where
the S-P kond is eclipsed with the 2p, orbital on the o-carbon. The spin densities
@c in the thioketone aaducts may be assumed to vary in a way similar to the p-hy=-
drogen splitting in tne corresponding hydrocarbon radicals, i.e. g-Buzé—H {21.89
Gauss), 16 diphenylmethyl (14.7),17 xanthyl (12.7),'8 and thioxanthyl (11.82).9
For selenaxanthyl no values are available. The Q.B values in the adducts of TBP,
XT, and SXT with the various ‘PL, radicals may therefore be obtajsned simply by
muleipiying tne pnosphorus hfs constant measured in the £~Bu2é-SPLn adducts by
0.67, 0.58 and 0.54 respeccively.

As E-Buzé-sp(o)(OEt)z wae the only adauct between paosphorus centred radicals
ana di-tert-butyl thicketone for wnich the ESR spectral parameters were available,?
we have generated radicals 27-32 1in order to get the necessary §(31P) coupling
constants. The last column in Table 1 collects the 8 angle calculated by using the
above procedure. Not surprisingly, the larger deviations from the eclipsed confor-
mation are found for tha three diphenylphosphinyl adducts, that is for the species
characterized by the lower steric hindrance, and for the adducts 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 osciliation around the equilibrium position rather than
ag a measure of the actual deviations from the orthogonal conformation.

The g-factors of the adducts 1-26 also suggest that these radicals adopt a
conformation very close to the orthogonal one, since their values are only slightly
larger than 2.0025, which is typical of hydrocarbon radicals. Actually, much lar-
ger g-factors would be expected for the geometry with the S-P bond lying in the
plane of the sp2 Rybrid on C,, owing to easy delocalization of tne unpaired elec-
tron on the sulphur atom,27,28

Rationalizing the variation of 3(31P) with the groups bonded to the phosphorus
atom in a series of adducts with the same substrate is a somewhat more intriguing
task. It is known that increasing the electronegativity of the L substituents in
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TABLE 1. ESR spectral parametersa'b for radical adducts from TBP (1-6), XT (7-15),
TXT (16-20), SXT (21-26), and di-tert-butyl thioketone (27-32) and calcu-
lated deviation angles, 6.

Rad. PR, a an a, ai3p g 6°
1 PPh, 2.91  1.24  3.27 16.59  2.0033 51
2 P(0)Phy 3.00  1.25 3.32 35.69  2.0029 34
3 P(S)Ph; 2.91  1.22  3.30 49.23  2.0032 31
4 P(0)(OEt)z  2.98 1.23  3.29 51,17  2.0028 29
5  dp(s)(oEt),  3.02 1.24 3.34 56.88  2.0029 31
6 P(S)Et; 2.95 1.27 3.28 41.88  2.0032 33

X* arg 235 23,6 2,5 8l g 6°
7 PPh, 0 0.72 3.46 0.72 2.92 27.92 -—-- 28
8 P(0)Ph, O 0.74 3.53 0.74 2.95 38.50  2.0030 22
9 P(S)Phy 0 0.69 3.49 0.69 2.75 52.15  2.0033 19
10 P(OEt), 0 0.72 3.43 0.72 2.71 22.19  2.0030 --
11 P(0) (OEt) 0 06.76 3.57 0.76 2.95 54.86  2.0031 14
12 9p(s) (OEL) 3 0 0.71 3.69 0.71 2.90 61.38  2.0033 17
13 fp(c-Hex), 0  0.67 3.57 0.67 2.96 20.72 —— -
14 Pp(S)(c-Hex), O  0.59% 3.42 0.64% 2.52 41.13 ——— -
15 P(S)Et, O 0.66 3.55 0.66 2.89 45.61  2.0031 20
16 PPhy S 0.86 3.27 0.86 2.83 24.13  2.0038 32
17 P(0)Ph, S  0.89 3.3¢ 0.89 2.87 34.68  2.0038 24
18 P(S)Ph, S  0.87 3.29 0.87 2.72 44.40  2.0040 25
19 P(OEt), $ 0.86 3.26 0.86 2.65 23.58  2.0u39 -~-
20 P(0) (OEt), S 0.88 3.40 0.88 2.85 48.83  2.0040 19

21 PPh2 Se 0.95 3.34 0.95 2.85 24.82 2.0070 -
22 P(O)Ph2 Se 0.89 3.35 0.89 2.79 33,22 2.0u74 -
23 P (5)Phy Se 0.92 3.22 0.92 2.80 42.43 2.0073 -
24 P(OE:)2 Se 0.93 3.1t 0.93 2.65 24.82 2.0068 -
25 P(0) (OEt) , Se 0.94 3.42 0.94 2.90 46.89 2.0073 -
26 P(S)(g-Hex)z Se 0.86 3.32 0.86 2.82 34.81 —— --
a1y a(3'p) g
27 PPhj 0.47 61.81 2.0024
28 P(O)th 0.47 76,99 2.0027
29 P(8)Ph, 0.47 100.57 2.0028
30 P {0} (OEL), g.45% 100.84 2.0025
3 P(8S) (OEt) 2 0.45 115,32 2.0028
32 P(S}Etz n.r 89.15 2.0030

a) ¢Couplings i1n Gauss = 10"4 T; b) at room temperature; c) degrees; d) identity
assumed; e) neteroatom; f) additional 1:2:1 triplet of 0.33 G; h) may be exchan-
ged.
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radicals ‘P(X)L, leads to a more pyramidal structure and hence to a higher phospho-
rus splitting.29 In radicals containing a pB-phosphorus substituent the transmis-
sion of spin density from the a-carbon to the P-atom may occur via both spin polar-
ization through the ¢ skeleton and direct delocalization. If only the former me-
chanism was operative, a linearrelation between the 2(319) 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 iminoxyls containing phosphorus substi-
tuents at the methine carbon.30 Iminoxyls are known to be ¢ radicals and thus the
spin density 18 transmitted from the radical centre to the phosphorus atom essen-
tially through the ¢ framework.

Direct spin transfer, on the other hand, will strongly depend only on the rad-
ical conformation, i.e. on the overlap between the SOMO and the ¢ and 6* orbitals
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 ligands, 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 increages in the
order PLy; < P(O)L, < P(S)L, despite the fact that thiophosphonyl radicals -P(S)Lj
exhibit30-32 gmalier phosphorus splittings than the related phosphonyl radicals,
*P(O)L,.

ACKNOWLEDGEMEN'I'S
Financial support from NSERC (Canada) and Ministero della Pubblica Istruzione
(MPI, Rome) is gratefully acknowledged.



3700 A. ALRERT! e? al.

REFERENCES and NOTES

1) N. Kito and A. Ohno, Bull. Chem. Soc. Jpn., 46, 2487 (1973).

2) J.C. Scaiano and K.U. IngoId, J, Am. Chem. Soc., 98, 4727 (1976).

3) J.C. Scatano, J.P.A.!'Tremblay, and K.U. Ingold, Can. J. Chem., 54, 3407 (1976).

4) D. Forrest, K.U. Ingold, and D.H.R. Barton, J. Phys. Chenm,, 81, 915 (1977).

S) D. Forrest and K.U. Ingold, J. Am. Chem. Soc., 15‘, 3868 (1978).

6) A. Alberti, P.pP. Colonna, and G.P. Pedulll, Tetrahedron, 36, 3043 (1580).

7) B.B. Adeleke, K.S. Chen, and J.K.S. Wan, J. Organomet. Chem., 208, 317 (1981).

8) A. Alberti, M. Guerra, and G.F. Pedulli, J. Am. Chem. Soc., 103, 6604 (1981).

9) A. Alberti, F.P. Colonna, M. Guerra, B.F. Bonini, G. Mazzanti, 2. Dinya, and
G.F. Pedulili, J, Organcmet. Chem., 221, 47 (1981).

10) W.G. McGimpsey, M.C. Depew, and J.K.S. Wan, Phosphorus and Sulpnur, 21, 135

(1984) .
) W.G. McGimpsey, M.C. Depew, and J.K.S. Wan, Organometaliics, 3, 1684 (1984).
) A. Alberti, M.C. Depew, A. Hudson, W.G. McGimpsey, and J.K.S. Wan, J. Organo-
met. Chem., 280, C21, 1985,

13) A, Alberti, B.F. sonini, and G.F. Pedulli, Tetrahedron Letters, 3737 (1987).

14) B.I. Gofton and E.A. Braude, 0r§. Synth., 35, 97 (1980).

15) N. Lozac'h and G: Guillozo, Bull. Chim. Soc. France, 1221 (1957).

16) D.H.R. Barton, F.S. Guziec, Jr., and I. Shahak, J. Chem. Soc.,Perkin Trans. I,
1794 (1974).

17) G. Peters, J. Am, Chem. Soc., 82, 4751 (1960).

18) A. Alberti, A. Hudson, G.F. Pedulli, W.G. McGimpsey, and J.K.S. Wan, Can.J.
Chem., 63, 917 (1985).

19) M.M. Rauhut and H.A. Currier, J. Org. Chem., 26, 4626 (196%1).

20) D.J.H. Smith, in "Comprehensive Organic Chemistry", D.H.R. Barton, W.D. Ollis,
and I1.0. Sutherland, Ed.s, vol. 2, p. 1159, Pergamon Press, New York, 1979.

21) W.J. Middleton and W.H. Sharkey, J. Org. Chem., 30, 1384 (1955).

22) P.B. Ayscough, in "Electron Spin Resonance in Chemistry”, Methuen, lLondon, 1967,

23) D. Griller and K.U. Ingold, J. Am. Chem. Soc., 95, 6459 (1973).

24) A.R. Bassindale, A.J. Bowles, A. Hudson, R.A. Jackson, K.Schreiner, and A.
Berndt, Tetrahedron Letters, 3185 (1973).

25) H. Masuhara, M. Okuda, M, Koizumi, Bull. Chem. Soc, Jpn., 41, 2319 (1968).

26) P. Devolder, Can J. Chem., 54, 1744 (1976).

27) B.C. Gilbert, J.P. Larkin, and R.0.C. Norman, J. Chem., Soc., Perkin Trans. II,
272 (1973).

28) The diethoxyphosphonyl adduct of di-tert-butyl thioketone, that for steric
reasons adopt an orthogonal conformation, is characterized by g = 2.0026.2

29) B.P, Roberts and K. Singh, J. Organomet. Chem., 159, 31 (1978).

30) A. Alberti and G.F. Pedulli, Gazzetta Chim. It., 118, 131 (1988).

31) A.G. Davies, R.W, Dennis, D. Griller, K.U. Ingold, and B.P. Roberts, Mol.
Phys., 25, 989 (1973).

32) The spectral parameters of the diphenylthiophosphonyl radical have been deter-~
mined in the course of this work as a{31pP) = 286.94 G, g = 2.0114 at 280 K;
the values have been corrected using the full Breit-Rabin equation).

-
N =




