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Abstract: The direct ultraviolet irradiation of dimethyl benzyl phosphit§ énd dimethylp-acetylbenzyl
phosphite §) was investigated in acetonitrile, cyclohexane, and benzene. Phosgintes predominantly the
photo-Arbuzov product, dimethyl benzylphosphon&geif 67—81% accountability yields, based of phosphite
consumed, along witiminor amountf bibenzyl Q0) and dimethyl phosphitel(Q). The quantum yield for
formation of 2 in cyclohexanegp, is 0.43. By contrast, irradiation of phosphigeyields only 7~13% of
photo-Arbuzov phosphonat8)(but relativelylarge amount®f radical diffusion products: dimethyl phosphite
(10) thep-acetylbenzyl radical dimef.(); andp-acetyltolueneX2). Evidently8, closely related to acetophenone,
reacts predominantly via the triplet excited estate to generate long-tielef, free-radical pairsq and7a).

In benzene, further product&, 16, 17aand17b) are identified that result from addition of the phosphinoyl
radical @) to benzene to give cyclohexadienyl radida, followed by combination and disproportionation
reactions with radicala. (Total product quantum yields in benzei() = 0.47.) In benzene, accountabilities
of radical 6 from photolysis 0f8 as high as 56% are encountered along with up to 92% accountabilities of
p-acetylbenzyl 7a) radicals. Addition of radical scavengers PhSH, PhBtiand TEMPO in the three solvents
establishes theage yield o® as 3-5%. The products of radical trapping provide further proof of the radical-
pair nature of the photolysis of phosphBeincluding a 95% accountability & with PhCHBr in benzene.

It is proposed that the CHO scission of triplet8 must occur concertedly with partial phosphoryH=®)
bond formation. The trapping of radicesand7b from irradiation of phosphitd as the benzene addu@a
and 23, analogous structurally to thosd§ and 17) from phosphite8, supports the postulation that
photoisomerization ol to 2 proceeds via short-lived, presumalsliynglet free-radical pairs.

We have published preliminary repdrisof the rearrange- o} R
ment, on direct irradiation with ultraviolet light, of dimethyl o (HO)2I|°‘CHCH2(I3HCH28
benzyl phosphitel)) to the isomeric benzylphosphon&e { 'P-OCH,Ph Bh
/ 5
0
O 4 R=H, or‘CH20H .
(MeQ),P—OCH,Ph hv (MeO),PCHsPh (1) B = adenin-9-yl, cytosin-1-yl,

guanin-9-yl, 2 6-diaminopurin-9-yl
1 2
studies of the potential formation of radical paifsand?) in

This rearrangement i®rmally a 1,2-sigmatropic shift. It can
be termed a photo-Arbuzov rearrangement. By use of phosphitesthe photorearrangements of phosphltesds and the 1-naph-

3 and4, we were able to establish the stereochemistry of the thylmethyl analogue of have been published.
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7a Ar = p-MeCOCgH4

7b Ar=Ph
process both at phosphorus (retentfoand at the migratory
carbon (primarily retention). This new reaction has been In this paper we report detailed product studies of the
successfully applied to the preparation of acyclic nucleoside- photorearrangements df and 8 in cyclohexane, acetonitrile,
based phosphonate$,3* Moreover, CIDNP and CIDEP and benzene, along with quantum yields for product formation
(1) Cairns, S. M.; Bentrude, W. Getrahedron Lett1989 30, 1025. (4) Mullah, K. B.; Bentrude, W. GNucleosides Nucleotidel994 13,
(2) (a) Bentrude, W. G.; Lee, S.-G.; Akutagawa, K.; Ye, W.; Charbonnel, 127.
Y.; Omelanczuk, JPhosphorus Sulfut987 30, 105. (b) Omelanzcuk, J.; (5) Koptyug, I. V.; Sluggett, G. W.; Ghatlia, N. D.; Landis, M. S.; Turro,
Sopchik, A. E.; Lee, S.-G.; Akutagawa, K.; Cairns, S. M.; Bentrude, W. G. N. J.; Ganapathy, S.; Bentrude, W. &G.Phys. Chem1996 100, 14581.
J. Am. Chem. S0d 988 110, 6908. (6) Koptyug, I. V.; Ghatlia, N. D.; Sluggett, G. W.; Turro, N. J.;
(3) Bentrude, W. G.; Mullah, K. BJ. Org. Chem1991, 56, 7218. Ganapathy, S.; Bentrude, W. G. Am. Chem. Sod.995 117, 9486.
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in benzene. The low yield of phosphond&drom 8 and the
major effects on product distribution of added free-radical traps
PhSH, PhCEBr and TEMPO are defined. The photolysis&f
evidently proceeds primarily, and perhaps totally, via the
relatively long-lived triplet radical pair 6 and 7a (Ar =
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Table 1. Products of Photoreaction &f(0.016-0.030 M)

product accountability, %

solvent %conv.oB 9 10 1P 12 15 16 17a 17b

CHsCN 14 75 78 18 13

CHsCN 25 72 54 17 94

CHsCN 45 73 68 16 7.5

CH3CN 65 75 35 15 7.0

cyclohexane 18 71 94 13 98

cyclohexane 25 69 86 12 94

cyclohexane 41 70 6.6 12 83

cyclohexane 55 70 88 13 74

benzene 11 13 ¢ 38 14 16 86 89 9.6
benzene 28 10 ¢ 32 87 13 68 7.6 83
benzene 53 93 ¢ 30 7.7 12 55 6.6 74
benzene 77 93 ¢ 30 79 13 47 57 6.8

aBased on consumed BYield of 11 doubled to account for the
stoichiometry of its formation from & Not observed.

Table 2. Products of Ultraviolet Light Irradiation of 1
(0.010-0.012 M)

product accountability, %

solvent % conv. of. 2 20 15
CH3CN 14 81 12
26 80 8.4
59 68 6.2
83 67 6.8
cyclohexane 14 71 6.2
35 68 5.6
62 64 5.6
80 65 5.8
CsHe 14 62 8.6 1.4
30 54 6.0 15
46 57 6.0 1.5
60 55 5.8 1.5

a At = 65% conversion ol CH;CN and cyclohexane,48% of 10
was observed Yield of the dimer 20) was doubled to account for

p-acetylphenyl) that can be diverted by scavengers to phosphitethe stoichiometry of its formation fror.

10, phosphorobromidatel3, and p-acetyltoluene 12) and
establish a cage yield of phosph&tef 3—5%. In addition the
chemistry of the phosphinoyl radical-benzene adduct, the
cyclohexadienyl radical4, in the presence of the relatively
stablep-acetylbenzyl radical is defined (Scheme 2).

The contrasting product distributions found for phosphites
and 8 argue for theprimarily singletnature of the photorear-
rangement ofl. Thus, the photorearrangement bf gives
phosphonat@, as the primary product, and also generates small
amounts of free-radical-derived products, for example bibenzyl
(20) and phosphitd.0. This process is most simply interpreted
as proceeding through short-livesinglet radical pair6 and
7b (Ar = Ph) that largely combine in the solvent cage to form
phosphonate. The formation of radical pairs in the photo-
chemistry ofl and8 finds broader relevance in the context of
the extensive recent studies of the formation of ion and radical
pairs on photolysis of arylmethyl and diaryl methyl derivatives,
including halides and estefs.

Results

Photoreaction of 8.Irradiation (450 W medium-pressure UV
lamp) through a uranium filter(> 320 nm) of 0.016-0.030
M deoxygenated solutions 8&fin the solvents cyclohexane and
acetonitrile yielded phosphona®n minor amounts (+8%),
along with 10—12 (gas chromatography (GC) analysis). Ac-

(7) For key reviews and representative papers on the formation of radical
and/or ion pairs on photolysis of arylmethyl and diarylmethyl derivatives,
including halides and esters, see: (a) Pincock, Adk. Chem. Re4997,

30, 43. (b) Nevill, S. M.; Pincock, J. ACan. J. Chem1997, 75, 232. (c)
Lipson, M.; Deniz, A. A.; Peters, K. S. Am. Chem. So4996 118 2992.
(d) Das, P. KChem. Re. 1993 93, 119. (e) Kropp, P. JAcc. Chem. Res.
1984 17, 4967. (f) Cristol, S. J.; Bindel, T. HOrg. Photochem1983 6,
327. (g) Slocum, G. H.; Schuster, G. B.Org. Chem1984 49, 2177.

countability yields of those products at various conversions of
phosphite8 are recorded in Table 1. The yield of phosphonate
9 (the photo-Arbuzov product) is dramatically reduced from the
phosphonate yields found in previous work on the photorear-
rangements of arylmethyl phosphites including a preliminary
study of phosphitd (see subsequent discussion, and Table 2)
1 and2. Clearly, radical pai6 and7a (Ar = p-acetylphenyl) is
formed on photolysis 08 and undergoes predominant diffu-
sional separation as shown (Scheme 1, eq 3). Modest yields of
products generated from radic#sand 7a are detectable by
GC analysis: dimethyl phosphite) (eq 4), dimerll (eq 5),
andp-acetyltoluend 2 (eq 6). Based on consum8gthe overall
accountability of phosphinoyl radicélas product® and10is
11-17%. Product®, 11 and 12 account for 2739% of the
p-acetyl radicals potentially generated.

In addition, numerous very small identified peaks are seen
on GC analysis of the photolyzates generated in cyclohexane
and acetonitrile. They amount, however, to only-29% of
the total product peak area, including identified produ#i.
NMR spectra of photolyzates also display numerous unidentified
resonances. Products with known chemical shifiteat could
result from dimerization of phosphinoyl radicél were not
evident: (MeO)P(O)-(O)P(OMe}, 6 +8; (MeOxP(O)>-OP-
(OMe), 6 130 and—10. Photolyzate from irradiation & in
acetonitrile shows a very broad peak under the resonance for
phosphonat® suggestive of polymer formation or a myriad of
phosphonates in small quantities. The possibility remains as well
that some dimerization of radica#isand7b takes place by attack
on the phenyl ring of7b.

(8) Levin, Ya. A,; II'yasov; A. V. Goldfarb, E. |.; Vorkunova, E. Org.
Magn. Res1973 5, 487.
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Table 3. Effects of Scavengers PhSH and TEMPO on the Cyclohexadiend6, a single diastereocisomewas isolated by
Photoreaction 08 (0.014-0.018 M) at 15-20% Conversion o8 high-performance liquid chromatography (HPLC), hisgand
product accountability % 17bwere isolated only as aromatized prodi8t The structures

solvent scavenger scavenger/ 9 10 1 12 15 of 16, 17a 17b, and18 were assigned by LRMS, HRM3H,
13C, and®P NMR spectroscopy (see Experimental).

gnzgm Eﬂgn 8.25 %77 395 227 %03 Thus, in addition to the molecular ion, the mass spectrum of
CH4CN PhSH 05 27 37 6 42 16 shows major peaks corresponding to the losp-atcetyl-
CH:CN PhSH 1.0 2.7 45 0 47 benzyl (base peak), the loss of (MeR}O), and the formation
cyclohexane  PhSH 0 83 6 18 75 of the (MeOYP(O) cation. Evidence for the 1,3-cyclohexadiene
gyg:gﬂggzg EE?: 8-%3 2-2 %Z g ‘312 ring is seen in the NMR spectra df6, which display four
cgclohexane PhSH 0.98 41 M 0 47 distinctly different olefinic proton resonances.42-5.82) and
CeHe PhSH 0 90 0 31 10 13 fourcorresponding®C resonance$)(119.5-128.9) that exhibit
CeHe PhSH 0.47 39 11 4 51 23  phosphoruscarbon couplings (5.8, 6.2, 12.4, and 12.8 Hz). The
CeHs PhSH 11 34 12 0 53 20 allylic proton at the ring carbon attached to phosphorus gives a
cyclohexane  TEMPO 0 83 94 12 96 broad multiplet atd 2.62 which contains a predictably large
cyclohexane  TEMPO 0.09 52 34 8 6.7 2 10 : :

cyclohexane  TEMPO 0.25 46 30 4 20 (29.6 Hz)2Jpy cogplmg. Its allylic neighbor protond 3.04),
cyclohexane TEMPO 20 43 0 2 0 located at the point of attachment of thecetylbenzyl group,

displays a multiplet that includes a 21.7-Hz coupling to
phosphorus3Jey) in addition to 7.2- and 8.3-Hz couplings to
the adjacent diastereotopic benzyl protons. The allylic carbons
display assignable 133.636¢) and 4.1 Hz {Jpc) phosphorus
carbon coupling constant$ Significantly, the benzylic carbon
displays a three-bond 24.0-Hz coupling to phosphorus which,
along with the presence of the four vinylitH and 13C
resonances noted earlier, shows that AsGiHd (MeO)P(O)
are attached 1,2 rather than 1,3 on the cyclohexadiene ring. The
methoxy groups 016 are diastereotopic in both the proton and
carbon spectra, reflecting the presence of the adjacent stereo-
genic allylic carbon. The benzylic hydrogens 16 are also
diastereotopic and generate an AMX spectrum with a geminal
proton—proton coupling {dhy = —13.4 Hz) along with the
proton—proton couplings to the adjacent allylic ring protéoe(;
= 7.2, 8.3 Hz) seen in thtH NMR spectrum of that proton.
The individual isomerd7aand 17b show the same major

aBased on consume8l ° Yield of 11 doubled to account for the
stoichiometry of its formation fron8.

Although phosphonat® is generated in 913% vyields in
benzene, certain of the photoproducts8afTable 1) are very
different from those formed in cyclohexane and acetonitrile.
This results from the addition of phosphinoyl radidalto
benzene to form the cyclohexadienyl addudt(Scheme 2), a
well-established proce8he p-acetyltoluene12) formed (8-
14%) almost certainly stems from the disproportionation reaction
of p-acetylbenzyl radical®a) with 14.

Thus, when the solvent isgDg, deuterated (CHD) 12 is
formed exclusively (GC/MS). Notably, dimethyl phenylphos-
phonate 15) is generated in the same step and accounts for
12—16% of the phosphinoyl radical§)potentially generated
from 8. Cross-combination of-acetyl radical7a with radical

14 competes ably with disproportionation and gives two products GCIMS peaks asl6 except for the absence of a mass

; : X o ; .
in combined yields of 1726%: 16, as a single isomer, ari¥ corresponding to loss of (MegB(O). The®P chemical shifts

as diastereomersl{a and 17b), whose specifiaccis or trans . : .
geometries have not been assigned. Together, photo-Arbuzovfor 17aand17bat o 25.97 and 26.30 are consistent with their

product9, phosphonatd5, and radical combination products aIIyIphqsphonate structuré3. Unlike 16’ 17, .anqlll7b, the
16 and17 account for 39-56% of the phosphinoyl radicals) aromatized phosphonal does not display significant peaks

potentially formed in benzenénterestingly, no phosphite0 in its mass spectrum from scission of bonds topfazetylbenzyl

. . ._or (MeO)P(O) groups, but instead gives a base peak/at=
\c')\;ai’ 4detected in benzene, perhaps because of the rapid format|o§03 from loss of methyl and no other assignable peaks of relative

Photolysis o in CgDg results in incorporation of deuterium intensity greater than 2% of the base peak. PH2 NMR
in accoré/ance with 6Sgheme 2, into t?\e molecular ions a’nd resonance ol8 ato 23.7 is representative of phenylphospho-
’ 13 1 1 i
fragment ions (GC/MS) of not only produd®, but alsol5, nates such a$5." The tH and™*C NMR spectra ofl8 affirm

. its highly symmetrical nature and the presence of tpvo
16, 17aand 17b. In benzene-acetylbenzyl radicals7@) not : . . .
trapped ad2, 16, and17 combine to yield dimed1 (Scheme substituted benzene rings (see Experimental Section).

T N The single diastereomer df6 is predicted to be thérans
1, eq 5) in increased accountability yields {388%) over those . X . : . .
generated (1218%) in cyclohexane and acetonitil@he isomer, formed in a transition state for coupling which avoids

accountability ofp-acetylbenzyl radicals in benzene is-Z&2% steric interactions between the two large groups. Consistent with

this idea is the large value (24.0 Hz) noted earlier for the three-
0
m:g bﬂzfg-:(r)tl)igoorﬁwggoﬂg(::tgn:nldz’rggitctgltif)rﬁgi_ngaztiﬁn bond coupling between the benzylic carbonléfand phos-
produfts 16 and 17p arepincluded (In accounting forp phorus that appears to require a very largeG=-C—P dihedral
. = 11 . .
acetylbenzyl radicals, the accountabilityldfrecorded in Tables angle:" The simultansously largdn value (21.7 Hz) we assign

: - - L to the proton at the point of ring attachment of the arylmethyl,
ifﬁ?sdfg;ri:tiévr\:u):e the actual yield to reflect the stoichiometry however, argues for an antiperiplanar arrangement of phosphorus

Products17a and 17b, formed randomly in roughly equal and hydrogel attainable only with thecis isomer (Dreiding

. models).
amounts (7#10% each at 11 and 28% conversions, Table 1), )
are prone to aromatization 18 on standing at room temperature (10) Benezra, CJ. Am. Chem. S0d.973 95, 6890.

; ; ; ; (11) Thiem, J.; Meyer, BOrg. Magn. Reson1978 11, 50. Neeser, J.-
in solution and on isolation t.)y HPLC. Nonethele%%?, NMR R.; Tronchet, J. M. J.; Charollais, E. Gan. J. Chenl983 61, 2112.
spectra and both low and high-resolution mass spectt6pf (12) See foPlP of (MeOYP(O)CHPH=CH,. Bentrude, W. G.; Dockery,

17a and 17b (GC/MS) were obtained on the photolyzate. K. P.; Ganapathy, S.; Lee, S.-G.; Tabet, M.; Wu, Y.-W.; Cambron, R. T.;
Harris, J. M.J. Am. Chem. S0d 996 118 6192.

(9) Griller, D.; Marriott, P. R.; Nonhebel, D. C.; Perkins, M. J.; Wong, (13) Rozinor, V. G.; Pensionerova, G. A.; Glukhikh, V. I.; Grechkin, E.
P. C.J. Am. Chem. S0d.981 103 7761. F.J. Gen. Chem. USSE976 46, 1840 (English).
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Table 4. Effects of Added PhCEBr as Scavenger on the
Photoreaction o8 (0.015 M) at 15-18% Conversion in CECN
and Cyclohexane

product
accountability %P

solvent  PhCHBI/8 2 9 11 12 13 20 21
CHsCN 0 7.6 17 10 0 0 O
CHsCN 0.5 3.8 16 42 0 67 19 24
CH:CN 2 3.5 87 30 0 68 19 22
CHsCN 8 3.9 71 36 0 69 26 28
CHsCN 15 3.6 40 32 0 76 28 23
CHsCN 23 1.7 3532 0 79 32 23
cyclohexane 0 72 16 86 O
cyclohexane 0.52 4.1 17 32 05 61 18 21
cyclohexane 4.1 2.6 11 30 0 69 24 23
cyclohexane 19 2.0 7524 0 7122 21
cyclohexane 46 1.9 5022 0 84 24 23

aBased on consume8l P Yield of 11 and 20 doubled to account
for stoichiometry of formation fron8.

Photoreaction of 1.Thoroughly deoxygenated 0.030.012
M solutions of phosphitel in cyclohexane, benzene, and
acetonitrile were irradiated through quartz with 254 nm UV
light. Identified products formed are recorded in Table 2 as a
function of phosphite consumed (GC analysis). Accountabilities
of reacted phosphite in terms of product phospho@aiq 1)

Ganapathy et al.

Table 5. Effects of Added PhCEBr as Scavenger on the
Photoreaction o8 (0.015 M) at 15-18% Conversion in gHg

solvent PhCHBr/8 9 11 12 13 15 16 17a 17b 20 21 22 23

CeHe 0 12 3812 012 8989 93 0 00 O
CeHs 3.7 10 38 038 4526 27 29 1323 1.1%7
CeHs 7.4 7036 043 0 1.7 19 19 17 26 1.1 25
CeHe 20 5332 083 0 ¢ ¢ ¢ 2226c ¢c
CeHe 30 4534 08 0 ¢ ¢ c 2024c c
CeHs 51 4534 095 0 ¢ ¢ c¢c 2426c c

aBased on consume8l ? Yields of 11 and 20 doubled to reflect
stoichiometry of formation frong. ¢ <1% yield. 9 Isomers23aand23b
are present in approximately equal amoufit® NMR).

tions of free radical scavengers PhSH (0.068®17 M), benzyl
bromide (0.0070.70 M), and TEMPO (0.00160.034 M).
Thiophenol. Even at low concentrations (PhSiH# 0.3—
1.1), thiophenol divertsp-acetylbenzyl radicals7@) to p-
acetyltoluene 12) (highest 12 accountability yields: 47%,
acetonitrile; 53%, benzene) to the exclusionpofi-diacetyl-
bibenzyl (1) and radical combination products6 and 17
(Scheme 1, eq 6, PhSH as H-donor). The same effect is seen in
cyclohexane even at PhSHE 0.29 (yield of 12, 42%).
Phosphonated accountabilities are leveled out in all three
solvents at 34% at 0.5-1.0 ratios of PhSH. Phosphinoyl
radical 6 is increasingly trapped (eq 4, PhSH as H-donor) as

demonstrate a small decrease with increased phosphite converdimethyl phosphite}0) as the amount of added PhSH increases

sion. However, irradiation a2 shows it to be photostable over

(maximum yields in acetonitrile and cyclohexane: 45 and 41%,

time periods comparable to those required for rearrangementrespectively). The reasonably good vyields »® and p-

of 1 to 2. Notable are the good accountability yields2ofe.g.,
67—81% at 14-83% conversion in acetonitrile) along with
modest accountabilities of benzyl radicals-(®%) as bibenzyl
(20), eq 7. This is in marked contrast to the radical diffusion

2PhCH’ — PhCHCH,Ph
20

@)

products that dominate the photochemistry of phosh{ieable
1). Unfortunately, toluenel@), potentially formed in minor
amounts (eq 8), eluted with solvent under the GC conditions

. PhCHH
19

®)

and could not be assayed. Phospliifiedbecomes detectable at
conversions of 65% and above ir-8% yields in acetonitrile

and cyclohexane, but not in benzene. These accountabilities of®

10are somewhat less than those seen from photolyssuén
at low conversions 08 (Table 1).

Although 26-30% of the phosphorus of phosphiteemains
unaccounted for in acetonitrile and cyclohexane,3feNMR
spectra of photolyzate solutions run at high signal-to-noise

showed the absence of any but very small peaks in addition to
y y P t scavenging by phenylthiyl radical.

6. GC analysis showed minute peaks at long retention times. |
was noted earlier that a large number of unidentified products

acetyltoluene 12) in acetonitrile and cyclohexane found with
PhSH added are especially significant, as the accountabilities
of radicals6 and 7a (Ar = p-MeCOGH,) are low in these
solvents in the absence of a scavenger. The yield®fn
benzenghowever, at a 1.1 ratio of PhS3is seen to be only
12%. Moreover, phenylphosphonéts (Scheme 2) is formed

in increasedamounts on PhSH addition and persists in 20%
yield at 1.1 PhSH (Table 3). Even at PhSB/~= 5.7 (0.09 M
PhSH concentration; data not given in Table 3), a 10% yield of
15 was measured.

Under photolysis conditions, PhSH gives rise to PhSSPh and
side product®9a, 29b,and29¢, typical of the know#* thermal
Arbuzov-like reaction of PhSSPh with phosphites. Prod28ts
and 29b also could result from combination of phenylthiyl
radicals with radical$ and7a. (GC, GC/MS, anc’P NMR
evidence; see Supporting Information for structu28a—29¢
their independent preparation, and characterization). The reaction
f PhSSPh with8 was confirmed in acetonitrile by a dark-
reaction control and precluded the use of high concentrations
of PhSH, even at low photochemical conversions8ofhus,
the 10% vyield of phosphonate at 0.09 M PhSH, given in the
previous paragraph, is somewhat low. Indeed, the less-than-
quantitative accountabilities of radic@iand7a of Table 3 are
in part a result of this side reaction & with PhSSPh or

A possible photochemical side-product of phosphoSeite

are generated in small quantities in these solvents on photolysisin€ Presence of PhSH is the alcolpaMeCH(OH)CGH4CH,P-

of 8. From8 approximately 95% of the initial pairs diffuse from

the solvent cage, and only a few percent recombine randomly

to form 9. In acetonitrile and cyclohexane, only bibenzg0DY
and dimethyl phosphitel(Q) are identifiable. The failure to
account for the missing radicafisand 7b from 1, therefore, is
not surprising. The possibility of formation of polymers or other
high-boiling side products from both and 8 remains.
Scavenger StudiesRecorded in Tables-35 are representa-
tive data showing the effects on the distribution and yields of
products from photolysis d8 of adding a range of concentra-

(O)(OMe), potentially formed on reduction of the carbonyl

functionality. Although GC/MS evidence for the generation of
this product was obtained on extended irradiation of phosphonate

9 with PhSH, it was not formed (GC) under the reaction condi-

tions used for the photorearrangement8 efith PhSH added.

Benzyl Bromide. When added in sufficient amounts (Ph&H
Br/8 = 2 in CHsCN and cyclohexane; PhGHr/8 > 7.4,
benzene) to the photoreactionsgah all three solvents, benzyl

(14) Harvey, R. G.; Jacobson, H. J.; Jensen, EJVAmM. Chem. Soc.
1963 85, 1618.
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bromide diverts phosphinoyl radical6)(that escape geminate of 16, 17aand17b (see Experimental Section). Unlike thiy/
recombination with7a (Ar = p-acetylphenyl) to phosphoro- transisomericl7aand17b, only a single peak in the GC was
bromidate 13 via a known reaction (eq ¥ in very good observed for the benzyl counterpa28a and 23b that do,
however, display different!P chemical resonanceé £7.72,
27.68) in approximately equal intensities. (The available Sup-

PhCH,Br n .
® (MeO)P—Br - PhCH, @) porting Information gives an expanded version of Table 5 at
- e ™ o nine ratios of PhCEBI/8.)
accountabilities:69—84% in cyclohexane and acetonitrile; 43 Comparisons of the two scavengers show that both PhSH

95% i.n benzenéTables 4 and.5). (Photoirradiations Were run 504 PhCHBr in sufficient amounts reduce the yield of phos-
with light from a 450 W medium-pressure UV lamp filtered  phonated to 3-5%, which presumably corresponds to the yield
through a uranium glass filter to remove light of wavelengths from geminate radical pair combinationinterestingly, the
shortgr than 320 nm and preclu'de any photolysis of benzyl required amount of PhGiBr (PhCHBI/8 = 23-51) in all three
promlde, even at hlgh concentratlo_ns.) Even at low concentra- gojyents is much greater than the quantity of PhSH (PBSH/
tions of PhCHBr, dimethyl phosphite10), normally seen in 51 0) needed to prevent the out-of-cage formation of
cyclohexane and acetonitrile, is absent. In benzene at concentraphosphonatg_ By contrast, phenylphosphonat5) undoubt-
tions greater than 0.1 M (PhGBI/8 > 7.4), PhCHBrreduces gy formed via reaction of cage-escape phosphinoy! radicals
the yield of PhP(O)(OMe)(19) to zera Indeed, even atmodest  (g) "with benzene (Scheme 2), disappears at lower benzyl
PhCHBY/8 ratios, the acqountablllt_y of phosphinoyl radiéal bromide concentrations (PhGB/8 = 7.4) than are required
as phosphorqbromldaffs.ls greatly |mpr9ved over that found {5 minimize the yield of phosphonageat 4-5% (PhCHBI/8
when PhSH is used to divestto phosphitel0 (Scheme 1, eq = 30). |ndeed, as noted earlier, a 10% yield of phosphobate
4). (See the yields of (Me@F(O)H (L0) given in Table 3: 41 hargists at PhSH concentrations (Ph&H/ 5.7) much above
and 45% in cyclo_hexane and acetonltrl_le, respectively; PABSH/  inose required to reduce the yield®fo the 3-5% range. These
= 1.0). Interestingly, low concentrations of added benzyl gifferences between the two scavengers are addressed in the
bromide in cyclohexane and acetonitriteereasethe yield of Discussion section.
phosphonat® from 7 to 8% to 16-17%. TEMPO. The addition of TEMPO in amounts similar to
Under benzyl bromide-scavenging conditions in cyclohexane ihose for added thiophenol (TEMP®¥ 0.09-2.0) in cyclo-
and acgtonitrile, the yield qj—acetyl toluene i§ reduced to zero  pexane causes the yield @to level out at 4-5%, providing a
at relatively low concentrations of the bromide (PhBH8 > hjrg measure of the cage yield 8f(Table 3). Concentrations
0.5)..pAcetbeenzyI radicals couple to form |rjcreased quantities ¢ TEMPO were kept very low so as to minimize the “anti-
of dlmer 11 and also scavenge bgnzyl radicals, generated by scavenger” effect noted by Turro et'lSimultaneously, the
reaction 9, to form the cross-coupling prod@dt The account- yields of (MeOYP(O)H (L0) andp-acetyl toluene 12) drop to
P-MeCOGH.CH,CH,Cets 018 in he presence of added TEMPO n acetoniiile soluton
21 pre . .
and characterized by HRMS, and by comparison of its spectral
ability of p-acetylbenzyl radicals, taking into account the properties to those pr_eviously reported for thg benzyl analdgue.
stoichiometry of product formation, is increased even at PACH However, the formation of dimet1 at the ratio TEMPQB =
Br/8 = 0.5 andis in the range of 5282% over the range of 2.0 is not totally eliminated, though its accountability yield
PhCHBr concentrations used (Table 4). reduced_ from 12% to 2%. The photoly_sis of the penzyl analogue
The benzyl radicals 7p) formed in reaction 9 lead, in  of trapping producQ_S (formed by _radlcal coupling) has_been
cyclohexane and acetonitrile, to-2% of the radical coupling  reportedt” Photolysis o25would yield p-acetylbenzy! radicals
product dimethyl benzylphosphonat® €q 10), bibenzyl Z0, (7a) and provide a secondary pathway for reformation of dimer
11 under TEMPO-trapping conditions.
6+7b—2 (20)

eq 7), and cross-coupling produt. Bibenzyl @0) and cross-
dimer21, but not2, areformed in benzen@able 5). In benzene N—OCH,CgHsCOMe-p
benzyl radicals also trap intermediatd to give the benzyl
analogues 42, 23a,and 23b) of 16, 17a and17b in 1—2%
yields each. (Produc24 not formed under GC conditions.)

Accountabilities of p-acetylbenzyl radicals are 4®2% in Furthermore, a peak at6.7 in the®!P NMR spectrum (CB

benzene. At relatively high concentrations of benzyl bromide ; : i :
(PhCHbBI/8 = 51, Table 5), the only remaining phosphorus- CN) of the crude photolyzate is assigne@® This is consistent

containing material in benzene is phosphorgaié—5%), which

is accompanied in cyclohexane and acetonitrile byd% of O O

benzylphosphonat2. N—OP(OMe), N—OP(OMe),
The structures oR2, 23a and23b were confirmed by the

25

26 27
g(OM ) H_ P(O)(OMe), P(O)(OMe),
e
" : = with the literature value fo27 (03P = 4.9, acetonals).18
H S \ Attempts to isolate26 by liquid chromatography failed. The
CHzPh H  CHpPh CHoPh (16) Step, E. N.; Buchachenko, A. L.; Turrow, N.J.Am. Chem. Soc.
22 23a,b 1994 116, 5426.

24 (17) (a) Johnston, L. J.; Tencer, M.; Scaiano, JJ3rg. Chem1986
close similarity of their GC/MS fragmentation patterns to those %9%888. gtzl)ll;grolenko, E. C.; Cozens, F. L.; Scaiano, J.®hys. Chem

(15) Anpo, M.; Sutcliffe, R.; Ingold, K. UJ. Am. Chem. Socl983 (18) E;usfield,.W. K.; Grice, I. D.; Jenkins, I. DAust. J. Chem1995
105, 3580. 48, 625.
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thermal instability of 26 precluded its study by GC/MS.
Convincing evidence for the formation &6 came from
photolysis of ditert-butyl peroxide in a solution of TEMPO in
dimethyl phosphite 10). Observed in théP NMR spectrum

of the crude products was a very predominant peak with
chemical shift § 3P = 6.1, GDs ) close to that seen from the
8/TEMPO photolysis. Undoubtedly, radidais formed bytert-
butoxy radical abstraction of hydrogen frob® and is then
trapped by TEMPO to forn26. Indeed,27 was previously
prepared by the same approdéh.

Phosphite 1 Both PhSH and benzyl bromide effectively
scavenge radicals from photolysis 8fthat escape geminate
combination (Tables-35). However, the necessary use of UV
light of relatively short wavelengths (254 nm) for the photo-
rearrangement of results in the photolysis of added benzyl
bromide’ Indeed, a control irradiation of an acetonitrile solution
of benzyl bromide in the presence of (MeP)generated major
amounts of phosphorobromidalt8, presumably from reaction
of bromine atoms with (MeQJP and subsequent loss of methyl
radical byg scission. Use ofert-BuBr, which is an effective
scavengép of phosphinoyl radicab formed on direct irradiation
(>300 nm) of dimethyl 1-naphthylmethyl phosphifealso is

Ganapathy et al.

state. (Indeed, its UV spectrum is closely similar to that of
acetophenone.) The quantum yields for product formation
indicate that photoreaction occurs quite efficienfiyd( = 0.47).

The low cage yield of phosphona@€3—5%) isconsistent with

the initial formation of triplet radical pairs @ and 7a, Ar =
p-acetylphenyl), most of which undergo diffusion rather than
combination. A fraction of them (48%) undergo nongeminate
recombination as random free pairs to raise the total account-
ability yield of phosphonat to 7—13%. As will be illustrated
with examples later in the paper, the low percentage random
recombination of6 and 7a, in which only one is a relatively
stable species, is quite normal.

The cage-escape radicéland7a (Ar = p-acetylphenyl) from
photolysis of8 are trapped by radical scavengers, PhSH and
benzyl bromide (egs 4, 6, 9), to yield phosphorobromidae
phosphite 10, p-acetyltoluene 12) and cross-combination
product21. With PhCH:Br as a scavenger in cyclohexane and
acetonitrile (Table 4), the sum of the yields of dinfer and
cross coupling produckl, if stoichiometry is considered,
account for 4566% of thep-acetylbenzyl radical potentially
formed from8 (Table 4).Including phosphonat®, p-acetyl
radical accountabilities are 5282%.(The increase in yield of

precluded by the appreciable UV absorption and reaction of phosphonat® in acetonitrile and cyclohexane upon addition

tert-BuBr at 254 nm.

Unfortunately, phenyl mercaptan also is an inappropriate
scavenger of radicals frorh as it displays strong ultraviolet
absorption at 254 nm. Likewise, TEMPO absorbs strongly at
this wavelength.

Benzene as Radical Scavenger in the Photorearrangement

of benzyl bromide in relatively low concentrations (PhBiH8

~ 0.5) is not readily rationalized.) Similarly, in the presence of
PhSH as a scavengegracetyltoluene accountabilities as high
as 53% (benzene) attest to the large numbers of radical pairs
generated by irradiation of phosphBeAdded TEMPO yields
scavenging product®5 and 26 from interception ofp-acetyl

of 1. Since solvent benzene was shown to be a very effective benzyl 7a) and phosphinoylg) radicals, respectively. Indeed,

free-radical scavenger in the photolysis®{Scheme 1), we
looked for phosphonat&5 and product®2 and 23 on direct
irradiation of1 in benzene. Indeed, the formation (Table 2) of
1—-2% of phenylphosphonats was confirmed by GC/MS and
quantitated by GC. Furthermore, the generatio@2)23a, and
23b in total amounts +2% (GC detection and quantitation)
was indicated by!P spectroscopydfP = 30.79, 27.72, 27.68)
of the crude photolyzate. Produ@8a and 23b were seen in
near-equal amounts as estimated from tH&iNNMR resonances

the good yields of radical trapping products with PhBHand
PhSH as scavengers confirm that the reaction involves formation
of relatively long-lived, presumably triplet radical pair§@nd
78), and that geminate recombination to form phosphoréate
is a minor pathway. All three radical seangers point to a
cage yield of phosphonat&of 3—5%.

The apparent35% geminate recombination of initial pairs
6 and 7a (Ar = p-acetylphenyl) to give phosphonate
potentially could include some product from rapid combination

atd 27.22 and 27.68. (See Experimental Section and formation of singlet pairs formed from the singlet excited state8dh

of these products on photolysis 8fin the presence of benzyl
bromide discussed earlier.)

Quantum Yields for Photolysis of 1 and 8.The quantum
yields for the photoreactions &f(cyclohexane) anél (benzene),
at 5-10% conversion of phosphite, were determined by
irradiation at 266 nm (phosphite) or 335 nm (phosphite)
with light from the high-pressure UV lamp of a PTI Quantacount
electronic actinometéf The quantum yield for formation of
phosphonate (®p) is 0.43. For8 ®p is 0.074, while the
guantum yields for bothi1 and15 formation are 0.1%! Taken
together the total quantum yield for the three radical combination
products16, 17a and 17bis 0.18. (The quantum yields for
formation of11 are based on its chemical yield and not doubled
to account for the stoichiometry of-acetylbenzyl radical
dimerization to givell) The total quantum yield3®;) for all
products accounted for from the photoirradiation8at 0.47.

Discussion

Photolysis of Phosphite 8. Phosphite8, an acetophenone
derivative, is ideally set up for reaction via its triplet excited

(19) Ganapathy, S.; Soma Sekhar, B. B. V. Unpublished results from
this laboratory.

(20) The quantum yield determinations were described previdusly.

(21) Previously reported quantum yields for formationidf and 15°

competition with singlettriplet intersystem crossing. Ben-
zophenone undergoes singtétiplet intersystem crossindgéc

= 109 s71) about ten times more rapidly than does acetophe-
none?? to which phosphites is closely related. A study of the
cage yield of thg-benzoylbenzylphosphonate, from irradiation
of the benzophenone analogue&fcould be informative.

Benzene solvent itself is a scavenger of phosphinoyl radical
6, as shown by the products formed (Scheme 2). This results in
even higher accountabilities of radicals from the presumed triplet
pair 6 and 7a (Ar = p-acetylphenyl) in benzene compared to
cyclohexane and acetonitrile, as seen in Table 1 and noted in
the Results section. The trapping of key radicals from the
photolysis of8 in benzene will be discussed in more detail in
later paragraphs.

It should be clearly noted that not one of the three scavengers
(benzyl bromide, PhSH, or solvent benzene) that give identifi-
able, quantitated products by itself gives maximum account-
abilities of both radical$ and 7a. However, use of all three
allows accountabilities of greater than 90% to be obtained for
both radicals.

Scheme 2 is totally consistent with previously reported
CIDEP® and3P CIDNP® work on the photolysis of phosphite

(22) Turro, N. J.Modern Molecular PhotochemistrBenjamin/Cum-

have been corrected to reflect repeated determinations of product yields.mings Publishing: Menlo Park, CA, 1971; Chapter 8.
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8. Thus, the predominance of initial triplet radical pairs was the productd5, 22 and23from addition of phosphinoyl radical
revealed by the E*/A (enhanced emission) doublet pattern of 6 to benzene (Scheme 1 with radicdb in place of 7).

the CIDEP spectrum for the phosphinoyl radiédfom direct However, we could not find a triplet quencher with suitable
irradiation of8. For thep-acetylbenzyl radical, appropriate net energetics and optical properties that was not also a radical trap.
emissive polarization was seen, on which was superimposed The unsuitability of PhSH and theert-butyl and benzyl

an E/A patterrf. Furthermore,3'P CIDNP polarizations for bromides as scavengers of radical intermediates from photolysis
productsl0, 13, and15-17 conformed to those expected from of 1is particularly disappointing as their use presumably would

the reactions of initially formed triplet radicalsA classic field have further established the presence of cage-free radicals from
effect on the sign of the polarization of (MePYO)Br (L3), irradiation of1. Thus, in results as yet unpublish¥dhe direct
formed from radical6 following its escape from the initial irradiation of 0.01-M solutions of a related phosphite, dimethyl
solvent cage, also was notéd. 1-naphthylmethyl phosphite, was seen to yield the corresponding

Photolysis of Phosphite 1By contrast to8, however, the  1-naphthylmethylphosphonate in yields comparable to those for
product distribution from photo reaction df reflects the 2 seen in the present studis with phosphité, no CIDEP or
predominant formation of the photo-Arbuzov product, phos- 3P CIDNP phenomena were obsed?? Scavengers give strong
phonate2, in high quantum efficiency®p = 0.43). Nonetheless,  €vidence for the formation of radical pairs. With the 1-naphthyl
a small percentage yield {3%) of cage escape product Phosphite}? addition of tert-BuBr in increasing quantities
bibenzyl Q0) from dimerization of radicafb (Ar = Ph), eq 7,  reduced the accountability yields of phosphonate—(18%
is noted. This corresponds to a62% accountability (Table ~ conversions) from 71% to 61% in cyclohexane and from 74 to

2) of potentially formed benzyl radical3lf). The 4-8% yield 69% in benzene. These reductions are accompanied by formation
of dimethyl phosphiteX0), detectable at higher conversions of of 10-15% of (MeO)P(O)Br (13). Added PhSH increases
1 (see Results), probably arises from phosphinoy! radidah yields of 10 and 1-methylnaphthalene and reduces to zero the

4). Suggestive of the formation of cage-free phosphinoyl radical Yield of the 1-naphthylmethyl radical dimer.
6 and its trapping by solvent benzene is the reduced yield of  Finally, the possibility that phosphona2earises via a chain
phosphonat® in benzene at 14% conversion bf compared reaction involving reaction of benzyl radicals with phospHite
to its yield in the other two solvents. Bo# NMR and GC/  Via phosphoranyl radic@8 (eq 11) must be addressed. Contrary
MS confirmatory evidence for cage-fre@ is seen in the
formation in benzene of phenylphosphonabg1—-2%), along . a  PhCHO_, b
with small amounts of product®2 and 23 (Scheme 2 with PRCRa" + 1 phc,.‘z/P(o'v'e)2 2 + PRCH® (1Y)
PhCH> (7b) in place ofp-MeCOGH4CHy* (73)).

On the basis of the relatively minor amount of radical

diffusion that accompanies the photorearrangemerit iof 2, evidence comes from the quantum yield for formatior aif

this process is most simply understood in terms of reaction via |o55 than one. Moreover. a crossover study, reported in our
the singlet excited state dfto generatainglet radical pairss earlier communicatiohexcluded such a mechanism. Further-
and 7b (Ar - Ph,)' These pairs are relatively _short-llvet_j and, more, in a recent pap®rwe reported the failure of benzyl
therefore, primarily undergo geminate combinatioio give radicals, formed orj scission of phosphoranyl radical [Et-
photo-Arbuzov rearrangement prodf(1 — (6, 7b) — 2. (PhCHO)P(OMe)]*, to react with PhCEDP(OMe). Benzyl

The failure to observe CIDEP G*CIDNP signals on direct : ;
radicals bond too weakly to phosphites (eq 11a) to generate
irradiation of1?3 also is in accord with the postulation that the g y 10 phosp (e Jtog

radical pairs involved are very short-lived. This is in contrast Scavenging of Radical Pairs from 8 in Benzene by
to the important CIDEP an#P CIDNP effects seen from the  pcpy.py. In benzene at lower conversions®in the absence

predominantly triplet pairs formed on direct irradiation8br of scavengers, as high as 56% of the phosphinoy! radiéals (

triplet-sensitized photoreaction of the 1-naphthylmethyl analogue potentially formed are accounted for in produ@t45, 16, 174

of 1.5623 and17b(Table 5). Likewise, if corrections are made for reaction
Further evidence for the formation of radical pairs in the direct stojchiometry, products, 11, 12, 16, 17a and17baccount for

photolysis ofl and related phosphites comes from research from yp to 92% of theoretically formed radicala (Ar = p-

this laboratory or3 and the analogue of phosphigewith a acetylphenyl). Clearly, benzene aswait is a highly effectie
methyl substituent at the ring carbon next to oxyétithe trap for radicals from8.
photo-Arbuzov rearrangement of essentially a single enantiomer  The product and radical scavenger studies in benzene are in
of the diastereomer with ring methyl and 1-phenylethoxy ring general accord with and support the reactions of Scheme 1 and
substituents oriented iwis fashion was carried out. X-ray  merit discussion in more detail. The absence-atetyltoluene
crystallograpy and'’P NMR spectroscopy demonstrated that (12) at a benzyl bromid&ratio of 3.7/1 is accompanied by a
approximately 20% of the photo-Arbuzov product phosphonate |arge reduction, from 12 to 4.5%, in the yield of phenylphos-
was formed with inverted stereochemistry at the carbon stereo-phonate15. The latter product presumably is formed in the
genic center of the 1-phenylethyl bonded to phosphorus. disproportionation reaction of4 with 7a that also generates

A combinationof concerted and free-radical pair pathways 12 (Scheme 1). These results are consistent with much reduced
for the formation of2 cannot be ruled out. However, there is  formation of14 when radicab is diverted by increasing amounts
no evidence for it. There remains as well the possibility that a of PhCHBr to form 13. Further addition of benzyl bromide
very limited portion of the excited singlet df undergoes (benzyl bromideg = 7.4, Table 5) brings the yield of phos-
intersystem crossing to the molecular triplet, followed by phonatel5 to zero. At that concentration of benzyl bromide,
generation of triplet radical pairs that are at least in part the accountability of radica as the phosphorobromidate3j
responsible for the radical diffusion product bibenZ0)and is 43%. Though phosphonatks is no longer detected at a
PhCHBr/8 ratio of 7.4/1, the total yields of coupling products

28

(23) Sluggett, G. W.; Landis, M. S.; Turro, N. J. Unpublished results.
(24) Bhanthumnavin, W.; Arif, A.; Bentrude, W. G. Org. Chem199§ (25) Dockery, K. P.; Bentrude, W. Gl. Am. Chem. Sod 997, 119
63, 7753. 1388.
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16, 17a and 17b, which also must arise from reaction of
p-acetylbenzyl radical witli4, still are 5-6% (Table 5). This

is consistent with the dominance of coupling produdsl7a,
and17b (27% total) compared th5 (16%) at 11% conversion
of 8 in theabsenceof PhCHBr (Table 1). Nonetheless, these
products essentially disappeari{% of each) at PhC}Br/8
ratios above 9.7/1, at which point the phosphoBatield (5.3%)

is close to the fully minimized 4.5% yield & encountered at
30/1 and higher ratios of PhGBIr/8 (Table 5). At high PhCht
Br/8 ratios (20/1-51/1), theaccountability of6, as measured
by formation of13, rises to 83-95% The ratio of percentage
yields of 11/21/20 at these ratios of PhCIBr/8 is about 16/
26/12 (not corrected for stoichiometry of formation 1of and
20), reasonably close to the ratio expected for random combina-
tion of benzyl ang-acetylbenzyl radicals present in nearly equal
concentrations.

The concentrations of benzyl bromide scavenger required to
reduce the yield of phosphondéo the 3-5% level (apparent
cage vyield), by trapping phosphinoyl radiélare close to what
might be predicted. Thus, the known rate constant for addition
of (EtO)P(OY to benzene is 2.&% 10° M1 s 1 at 25°C® and
for reaction with benzyl bromide is 1.2 106 M~1 s at
ambient temperaturé€.Both rate constants are presumably very
close to those for radicd (eq 9 and formation oi4, Scheme
2). Therefore, at 0.015 M concentration of benzyl bromide
(PhCHBr/8 =1) in solvent benzene (benzere 13 M), the
addition of (GHs0),P(OY to benzene can then be predicted to
be about two times as rapid as abstraction of bromine from
benzyl bromide. At a PhC#Br/8 ratio of (4—8)/1 (Table 4),
the rate of trapping 06 by benzyl bromide (eq 9) should be
2—4 times faster than its rate of addition to benzene. The
accountability yield of phosphonat® is reduced to 7% at
PhCHBr/8 = 8. A 20/1 ratio is required to decrease the yield
of 9 to 5.3. Ratios greater than 25/1 bring the yield9ohto
the 3-5% range, in which alb that escape the solvent cage
have been scavenged. At PhiB#/8 = 25, the calculated ratio
for the rate of bromine abstraction to that for addition to benzene
is 12.

In keeping with Scheme 1, the formation of benzyl radicals
in the PhCHBr trapping experiments in benzene (eq 9) results
in the generation (eq 7) of bibenzy0. Benzyl radicals also
participate in the reactions of Scheme 2 to form the benzyl
analogues of adducis, 17a and17band the product®2 and
23 (Table 5). As the PhCHBIr/8 ratio is increased gradually
form 0.5 to 7.4, the bibenzyl accountability yield (corrected for
stoichiometry) increases accordingly from 4% to 34% (Table
5). In keeping with Scheme 1, the yields of cross di&rise
from 10 to 26%. Perhaps surprisingly, the prod&2sand 23
from benzyl radical trapping 0of4 remain constant at-34%
total yield up to a PhCEBI/8 ratio of 7.4 (Table 5).

Scavenging by PhSH of Radical Pairs from Photolysis of
8 in Benzene and Other SolventsThe amount of thiophenol
required to scavenge all of the cage escape rad&alsd 7a
(Ar = p-MeCOGHy,) in acetonitrile and cyclohexarsnd reduce
the yield of phosphonat® to 3—5% is much less than the
quantity of benzyl bromide required to #&the same effect
(Tables 3 and 4). This great a difference would not be expected
if the primary reaction responsible for reduction of the yield of
9 is the trapping by PhSH of phosphinoyl radidgl(eq 4).
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is 1.5x 10 M1 s at 234 2 °C, 26 while that for removal of
bromine atom from benzyl bromide ssnaller, 5.9 x 106 M~1
s127 However, with PhSH the reduction in the yield of
phosphonat® from combination of cage-free radicaisand

7a (Ar = p-acetylphenyl) is the result of thsimultaneous
trapping of both6 and 7a. Indeed, at a PhSi8/ratio of only
(0.25) in cyclohexane and acetonitrile, the yieldd &fformed

by dimerization cage-freg-acetylbenzyl radicals7@), are
greatly reduced with concomitant large increases in amounts
of the trapping productd0 and 12. The effect reaches a
maximum at a PhSH/ratio of 1.0 when allp-acetylbenzyl
radicals are diverted tb2. Indeed, it is thesimultaneous remal

of both the phosphinoytlQ) and p-acetylbenzyl7§) radicals
that is primarily responsible for the much greater efficiency of
PhSH, compared to PhCBr, in reduction of the yield d® in
cyclohexane and acetonitrile to the-3% level.

In benzene similar effects on the yields of phosphoréate
are seen (Table 3gxcept that the se&nging of6 by PhSH to
form phosphitel0 at PhSHL = 1 is less efficient than in
cyclohexane and acetonitril his is revealed by the yield of
10 of only 12% and the remaining 20% yield of phenylphos-
phonatel5, both of which incorporate the (Me&@)(OY radical
(6), even though the yield of phosphon&das been reduced
to 3—4%. Thus, it would appear that the rate of abstraction of
hydrogen from PhSH by phosphinoy! radid&ls slowerthan
its rate of addition to benzene to ford¥ and the products
derived from it. Unfortunately, the rate constant for abstraction
of hydrogen from PhSH by (Me@R (O} is not known. As noted
in the previous paragraph, that for hydrogen abstraction by-Ph
(Oyis 1.5x 10’ M~ st at 234 2 °C.28 This is only about
2.5 times greater than the rate constant (6.90° M1 s™1) for
abstraction of bromine from PhGBr by PhP(OyY. If the
relative rate constants for (Etg(OYy and PhP(OY for reaction
with PhSH and PhCEBr are similar, then for (EtQP(OY (and
presumably (MeQJP(OY) the rate constant for abstraction from
PhSH should be about 2.5 times the known rate corl$téont
reaction of (EtO)P(OY with PhCHBr (1.2 x 10 M~1s™ 1) or
3 x 10° M1 s7L, The pseudo first-order rate constants for
formation of adduci4 and abstraction by radice of hydrogen
from PhSH, at the concentrations of PhSH (0.015 M) and
benzene£ 13 M) used, are calculated to be approximately
equal ((4-5) x 10%s™Y). Thus, the continued formation of
phosphonaté5via adductl4 at PhSH8 = 1.0 ([PhSH]= 0.015
M) and above, in competition with the trapping of phosphinoyl
radical 6 by its conversion to phosphitk0, is not surprising.
All p-acetylbenzyl radicals’@) are scavenged gsacetyltoluene
(12) at PhSH8 = 1 and below to turn off the formation of
phosphonat® by random encounter of radicaisand 7a (Ar
= p-acetylphenyl). This, along with the formation b4, reduces
the yield of9 to 3%.

Adduct14 may indeed be trapped by disproportionation with
phenylthiyl radicals to givel5 directly and perhaps also by
abstraction of hydrogen from PhSH to form the cyclohexadiene
product which is subsequently aromatized 6. The high
efficiency of modest concentrations of PhSH in benzene in
reducing the formation of phosphon&eesults primarily from
its trapping of the p-acetylbenzyl radical78) and only
secondarily from its interception of radicél In this way the
inefficiency of PhSH in reducing the yield of phenylphosphonate
15 is readily understood. If in fact the formation 4# is

Indeed, on the basis of model reactions, PhSH should be the (26) Sluggett, G. W.; Turro, C.; George, M. W.; Koptyug, 1. V.; Turro,

better trap for6, but only marginally so. Thus, for the related
radical PhP(OY, the rate constant for reaction with thiophenol

N. J.J. Am. Chem. Sod 995 117, 5148.
(27) Sluggett, G. W.; McGarry, P. F.; Koptyug, I. V.; Turro, N. 1.
Am. Chem. Sod 996 118 7367.
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reversible the puzzling increase in yield d6 encountered on
addition of PhSH is also explained.
Energetics of Radical Pair Formation. Benzyl excited

J. Am. Chem. Soc., Vol. 121, No. 10, 19093

yield of phosphonat8 to vary with solvent polarity also speaks
against ion pair intermediates fro8n Studies of the effects of
ring substitutents on the direct photolysislpfand the failure

singlets clearly possess enough energy to cleave the benzylido find products of ion pairs in the presence of added MeOH,

C—0 bond inl to form an intermediate radical pa# &nd7b,

Ar = CgHs). Thus, the singlet energy for benzyl alcohol, a
reasonable model fdr, is 107 kcal/mol in nonpolar solvernts.
The bond dissociation energy for the carbarxygen bond of
benzyl alcohol (77 kcal/mal§ represents a likely value for that
of thesimple cleaageof the benzyt-oxygen bond of PhCt-
OP(OMe) (1). However, the cleavage of the<©® bond in8

will be reported in a subsequent publication on photolyses of
ring-substituted benzyl and 1-naphthylmethyl phospltes.
The photolysis ofl via presumedsingletfree radical pairs
(6,7b) is characterized by 6880% cage combination. This
assumes that random radicals formed by diffusion from the
solvent cage undergo very little return, as was confirmed for
those fronB. It is significant that the radical paf;7b is formed

evidently occurs via the triplet state with an energy presumably without an intervening molecule such as nitrogen or carbon

only about that for triplet acetophenone, 72 kcal/ffolhe
formation of product2 from 1 is at least 25 kcal/mol
exothermic3! This is a result of the formation of the phosphoryl
m bond since the phosphorusarbon bond formed i is
weaker than phosphora®xygen bonds broken if. It seems
likely, therefore, that carbenoxygen bond scission in excited
triplet 8 is assisted by partial phosphorus oxygenbond
formation in the transition state for generation of phosphinoyl
radical6. (That is, the benzylic bond dissociation energy is less
than the 77 kcal/mol validé for PnCHOH). The previously
reported generation of triplet pait 7 (Ar = 1-naphthyl) from
the triplet excited state of dimethyl 1-naphthylmethyl phosphite,
which is presumably close in energy to that of 1-methylnaph-
thalene (59.6 kcal/moP? most assuredly is assisted by rehy-
bridization about phosphorus in the transition state ferCC
cleavage (results to be published).

Comparisons with Related Radical-Pair Forming Reac-

tions. The formation and reactions of geminate free-radical pairs

dioxide that is commonly forme#for example, on thermolysis
of azo compounds, RN=N—R, andtert-butyl peresters, RC£
OBu+ert. Thus, the pair6, 7b is similar to the so-called
proximate radical pair® postulated in the thermal rearrange-
ments of the chiral ketenimine RB=C=NCHPhMe to PhkC-
(CN)—CHPhMe. The singlet radical pairs formed evidently
couple very rapidly, as they give high yields of product and
greatly increased retention of configuration compared to their
azo counterparts, for example PheHN=N—CHPhMe?3® and
MePhCh-N=N—CHPhMe?” The radical centers in the singlet
pair 6,7b combine with retention of configuration at phosphorus.

O}{,CH2Ph 0 «CH,Ph
| I
MeQ ‘/"p@ ™ MeO /"P — 2
MeO MeO
1 6,7b

by thermal and photochemical means has been studied extenPhotocleavage of the-@0 bond, oriented as shown below to

sively33 As noted in the Introduction, there is considerable
current interestin the mechanisms of photolysis of arylmethyl
and diarylmethyl systems, ArGHZ and ARCH-Z, for example
where Z is a halogeff:"9 This applies as well to esters, ArGH
OCOR, with, e.g., Ar= phenyl and 1-naphthyl and R CH3;

optimize the anomeric interaction of the phosphorus lone pair
with the O-C antibonding orbital (anomeric effect), would
require the radicals so formed to undergo very little motion prior
to coupling.

The photo-Arbuzov rearrangementlo also mechanistically

or Bu-tert.”2PPhotolysis of the halides and esters gives products reminiscent of the thermal Stevens rearrangement (eq 11), found
of both radical pairs and ion pairs, depending on solvent and to proceed largely intramolecularly and at least in part via radical

substituents in the aryl ringsUnlike phosphite8, the esters
cannot be caused to react from the triplet excited gtate.

pairs38 Furthermore, the photo-Fries rearrangements of phenyl
and 1- and 2-naphthyl acetates give CIDNP phenomena as

However, the photolyses of the halides can be induced by evidence for radical pair intermediates that undergo largely

interaction with triplet sensitizeré&:4f9 For the esters it is

proposed that on direct irradiation, radical pairs are formed

initially, followed by electron transfer to form ion pairs in

competition with decarboxylatioft: Diphenylmethyl chloride

photolysis evidently initially forms both ion and radical pai¢s.
The studies ofl and 8 reported here have not directly

geminate recombinatioff.

+
RgC“NR'g —_— Rgcl:_NRIQ (1 2)

R

The inefficiency of coupling of random phosphinog) @nd

addressed the possibility of formation of ion pairs. Nevertheless, p-acetylbenzyl 7a) radicals that results in the low yields of

the similar amounts of phosphorobromiddi® generated on
trapping of radical6 in polar and nonpolar solvents argues
against the formation of ion pairs following intersytem crossing
of the radical pairs§,73 generated fron8. The failure of the

phosphonat® found in the photolysis 08 is not surprising on
consideration of other radical pair systems. Thus, the esther
BuOBu-ert is not formed from the thermolysis sEcBuCO,-
OBu-ert which generates the geminate and then random pair

(28) Murov, S. L.; Carmichael, I.; Hug, G. lHandbook of Photochem-
istry; Marcel-Dekker: New York, 1993.

(29) Benson, S. Wrhermochemical Kinetics. Methods for the Estimation
of Thermochemical Data and Rate Parametétsley: New York, 1968.

(30) Goshal, S. K.; Sarkar, S. K.; Kastha, G.B&ill. Chem. Soc. Jpn.
1981, 54, 3635.

(31) Bhattacharya, A. K.; Thyagarajan, Ghem Re. 1981, 81, 415.
Brill, T. S.; Landon, S. Jlbid. 1984 84, 577. Lewis, E. S.; Colle, K. Sl.
Org. Chem.1981, 46, 4369.

(32) Berlman, I. B.Handbook of Fluorescence Spectra of Aromatic
Molecules Academic Press: Second Edition: New York, 1971; p 473.

(33) (a) Curran, D. P.; Porter, N. A.; Geise,Bereochemistry of Radical
Ractions VCH: Weinheim; Ch. 6 (b) Porter, N. A.; Krebs, P.Tbpics in
Stereochemistr{988 18, 97. (c) Gibian, M. J.; Corley, R. Chem. Re.
1973 73, 441.

(34) Banthumnavin, W. Unpublished results from this laboratory.

(35) Lee, K.-W.; Horowitz, N.; Ware, J.; Singer, L. A. Am. Chem.
S0c.1977, 99, 2622.

(36) Kopecky, K. R.; Gillan, TCan. J. Chem1969 47, 2371.

(37) Greene, F. D.; Berwick, M. A.; Stowell, J. @. Am. Chem. Soc.
197Q 92, 867.

(38) Dolling, U. H.; Closs, G. L.; Cohen, A. H.; Ollis, W. 3. Chem.
Soc., Chem. Commuh975 545. Ollis, W. D.; Rey, M.; Sutherland, I. O;
Closs, G. L.J. Chem. Soc., Chem. Commu975 543.

(39) See the following and refs. therein. Gritsan, N. P.; Tsentalovich,
Y. P.; Yurkovskaya, A. V.; Sagdeev, R. Z.Phys. Cheni996 100, 4448.
Cui, C.; Wang, X.; Weiss, R. Gl. Org. Chem1996 61, 1962. Arai, T.;
Tobita, S.; Shizuka, HJ. Am. Chem. S0d.995 117, 3968. Andrew, D.;
Des Islet, B. T.; Margaritis, A.; Weedon, A. 3. Am. Chem. So0d.995
117, 6132.
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seeBuCr/tert-Bur, initially separated by a CfOmolecule?® F2s4 plates. Column chromatogrgphy was conducted on Merck silica
Furthermore, the Norrish Type | photoreaction of optically active gel (236-400 mesh) from EM Science. Microanalyses were performed
PhCOCHPhMe, to form triplet geminate pattsevidently by Atlantic Microlab, Inc., Norcross, GA. High-performance liquid
features only about 4% recombination of random, cage-free chromatographic (HPLC) separations of products were performed under
benzoyl and 2-phenylethyl radicals. Higher yields of random isocratic conditions with a Waters 590 solvent delivery system, equipped

combination are typically found only with more stable radicals with an ISCO f UV Absorbance detector, using a 10 mm ID
. typ y S y . ' semipreparative, or a 21.4 mm ID preparative Dynamax HPLC column
as noted in the accountabilities of bibenzy20( and p-

- . (100 A spherical microsorb Sipacking, 5 mm particle size, Rainin
acetylbenzyl radical dimerlQ). Instrument Co, Inc.).

Potential Effect of Large Phosphorus Hyperfine Splitting NMR spectra were recorded on Varian NMR spectrometers (models
Constant of Radical 6.The phosphinoyl radical (MeGR(Oy XL 300B, Unity 300, and VXR 500)!H and'3C chemical shifts are
6 features a phosphorus hyperfine splitting constant of ap- reported ind ppm downfield from internal TMS. Coupling constants
proximately 700 G.® A potential consequence could be a rapid are in Hertz (Hz) and, if not otherwise noted, are pretproton
hyperfine-induced intersystem crossing of the radical pairs couplings. Phosphoric acid (85%) was used as exter'nal_ reference for
formed from1 and8. However, a consequent largereasein the 3P spectra. Mass spectra were recorded on a Finnigan MAT 95
combination of geminate paB,7ato give large amounts of mass spectrometer (El, 70 eV) mode. GC/MS was run on a Hewlett-

. s . Packard Model 5890A series Il gas chromatograph coupled to a
phosphonaté clearly is not observed. This is despite the strong Hewlett-Packard 5971A mass selective detector (MSD) operated in the

field-dependent effect of the large hyperfine splitting on the g| node. Inlet column was a DB-1 capillary (1% methyl silicone, J &
identity of the triplet pair formed. W Scientific), size 8 M X 0.25um. HRMS spectra were obtained in
Conclusions. The photoreactions of phosphitds and 8 the El or CI (DB-210 capillary column) mode on a Finnigan Mat 95
proceed with high efficiencies as shown by the quantum yields High-Resolution Gas Chromatograpy/Mass Spectrometer with a Finni-
of product formation. The products of direct irradiation of gan MAT ICIS Il operating system. Masses are recorded in atomic
phosphite8 are accounted for by the proposal tfatreacts mass unitsrfyz). GC analyses were performed on an HP 5890 series
primarily through itstriplet excited state to generate relatively ! 9as chromatograph in the FID mode on a DB-1 (1% methy! silicone,
long-livedtriplet radicals pairs§and7a, Ar = p-acetylphenyl). ‘ég‘ W ISC|ent|f|_<|:_) chm_llzry (I:OIr‘]Jmnh(G M X 0'25“”1)" Quagntgtwe_
Consequently, the phOtO'ArbUZOV prOdUCt, phOSphOgatB analyses utilized tm-| uty phosp ate as an internal standar agalnst

f . I | ith . o f ical which all peaks were calibrated for sensitivity (response factor), except
ormed in small amounts along with major quantities of radical g gtherwise noted. Ultraviolet spectra were obtained on a Hewlett-

diffusion products that are trapped by radical scavengers (solventpackard 8452A diode array instrument. Wavelengths are reported in
benzene, PhSH, PhGBrr, and TEMPO). The apparent cage nm with extinction coefficients in M~lcmt. UV data for1 (CHs-
yield of 9 is 3—5%. The contrasting, relatively high yield of  CN): Anad€) 252 (151), 258 (185), 264 (145)(€) 280 (1.5), 300 (0.8).
photo-Arbuzov phosphona formed on direct irradiation of UV data for8 (CHsCN): Amax(€) 248 (15,780), 280 (1,242), 316 (71);
1,is indicative of the reaction df largely via thesingletexcited 2 () 340 (38).

state. The formation of small amounts of both radical products ~ Quantum Yields. Determination of quantum yields for the photo-
and those from scavenging by benzene of radicals fiom reaction o8 and other phosphites by use of a Quantacount Instrument,
suggest that its photolysis, like that 8f proceeds via radical ;";ﬂg:?‘:t“red by Photon Technology, International, was described
pairs that areinglet not triplet, in nature and largely recombine. Co . . .

However, the possibility that phosphiteeacts in part following Photolysis of Benzyl Dimethyl Phosphite (1) in Cyclohexane and

. . . . . ; Acetonitrile. Stock solutions containing (0.010-0.012 M) and tri-
intersystem crossing of its singlet excited state to the triplet, n-butyl phosphate (0.003 M) were prepared in argon-saturated solvents

which generates triplet radical pairs, cannot be ruled out. in a glovebag filled with argon. Portions (2 5 mL) of the solution
) ) were transferred into two quartz tubes and capped with an airtight
Experimental Section septum. The solutions were purged with a slow stream of argon (10

min) and photolyzed at 2426 °C at 254 nm in a Rayonet reactor. The
reaction was monitored over time by GLC analysis. Products were
identified by co-injection with authentic compounds and by GC/MS
analysis. Product accountability yields, utilizing predetermined response

benze_nesulfln_ate acid (Aldrich), TE.MPO (Aldrich), andtel_rt—butyl factors, were based on phosphite converted. Pertinent data are given
peroxide (Aldrich) were used as received. Solvents were dried and argon, . r-ple 2

saturated prior to use in photolysis. Benzene (Photorex reagent, Baker) . . . .

was distilled from sodium. Acetonitrile and cyclohexane (Mallinckrodt, P.h.OtOWS'ﬁ of Benzylf Dlmethyl Prlloﬁph'te (1) in Ben;er_:el.n .

SpectrAR) were distilled from Catbefore use in the photochemical addition to the products formed in cyclohexane and acetonitrile, minor
amounts of phosphonalé as well a22, 233 and23b are generated.

work. Thiophenol (PhSH, Aldrich) was distilled from calcium sulfate. The latter three products were identified and quantitated as noted below
Benzyl bromide (Aldrich), dimethyl phosphitd@ (Aldrich), benzyl in connection with the photolysis of phosph@& benzene with added

alcohol (Aldrich), and dimethyl phenylphosphonaié)((TCI) were .
distilled before use. Benzyl dimethyl phosphitg * dimethy! phos- begﬁgtglr;srgdgft?%cetylbenzyl Dimethyl Phosphite (8) Stock
X o . : ) - -
phorobromidate13),** and dimethyN,N-diethylaminophosphoramid- (| \io0 "coaining (0.016-0.030 M) and internal standard (0.003

ite*® were prepared by literature procedures. ; . .
General Information. Melting points (Thomas-Hoover melting point M) were prepared in the respective argon-saturated solvents in an argon
: glovebag. Portions (% 9 mL) of the solution were transferred into

apparatus) are uncorrected. Unless stated otherwise, distillations of P b d d (10 mi laced i
roducts were performed using a short path apparatus Thin-IayertW0 yrex tubes, septum capped, argon purge (10 min), placed in a
P - water bath at about 26C, and irradiated with light from a 450-W
chromatography (TLC) analyses were performed on EM silica gel 60 - . )

Hanovia medium-pressure mercury vapor lamp filtered through a

(40) Koenig. T.; Owens, J. Am. Chem. Sod.974 96, 4052. Koenig, uranium filter sleeve. The progress of the reaction was monitored by
T.; Owens, JJ. Am. Chem. S0d.973 95, 8485. GLC analysis. Products were identified by co-injection with authentic
(41) Step, E. N.; Buchachenko, A. L.; Turro, N.J.Am. Chem. Soc. samples and by GC/MS analysis. Accountability yields and other
1992 57, 7018. For an earlier study of this reaction, see: Lewis, F. D.; pertinent data appear in Table 1.
Magyar, J. GJ. Am. Chem. 504973 95 5973. See also ref 16 for the General Procedure for the Photolysis of 8 in the Presence of

ph(()}lgl)}/(sgzlgflv?lﬁgc:ﬂy gg&‘%%gg?g?g_cgh%m?@gagﬁ 3564. Radical Traps. Solutions (5 mL) containing (0.014 M—0.018M) and

(43) Arbuzov, B. A.; Yarmukhametova, D. Kokl. Akad. Nauk. USSR internal standard (0.003 M), with varying amounts of added radical
1955 101, 675. traps, were prepared as described above for photolyse® arid

Materials. Bibenzyl 0) (Aldrich), 4,4-diacetylbibenzyl 11) (Trans
World Chemicals)p-acetyltolueneX?2) (Aldrich), N-bromosuccinimide
(Janssen), PhSSPh (Aldrich), trimethyl phosphite (Aldrich), sodium
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irradiated with a light from a 450-W Hanovia medium-pressure mercury (51); 278 (M, 1), 277 (2), 188 (9), 187 (100), 156 (2), 155 (21), 110
vapor lamp filtered through a uranium glass filter sleeve in a water (8), 109 (95), 92 (13), 91 (49).
bath at room temperature to-+&8% conversions . Reactions were Preparation of Dimethyl Benzylphosphonate(2). Benzyl bromide
monitored by GC during irradiation (450-W Hanovia medium-pressure (4.0 g, 23.4 mmol) and trimethyl phosphite (17.4 g, 140 mmol) were
lamp, uranium filter). Pertinent results are given in Table$3 refluxed under argon at 11€C for 2 h. The reaction mixture was
Preparative Photolysis ofp-Acetylbenzyl Dimethyl Phosphite (8) concentrated in vacuo and dried under high vacuum. The crude residue
A solution of phosphit@® (0.125 g, 0.52 mmol) in deoxygenated, argon- Was purified by distillation (bp 76C, 0.5 mmHg) to furnisi2 (3.04 g,
saturated benzene (100 mL) was irradiated as described previously (45015.2 mmol, 65%)3'P NMR (CDCh, 121 MHz): 6 29.44 'H NMR
W medium-pressure Hanovia, uranium glass filter). Progress of the (CDCl;, 300 MHz): 6 7.23 (br s, 5 H), 3.59 (d, 6 HJeoch = 11.0
reaction was monitored by GC analysis and the irradiation was Hz), 3.09 (d, 2 H2Jen = 21.7 Hz).13C NMR (CDCk, 75 MHz): 6
discontinued (80 min) after 90% consumptiorBotP spectrum (€Ds) 131.16 (d2Jpc = 9.6 Hz), 129.65 (d¥Jpc = 6.6 Hz), 128.59 (diJpc
of the photolyzate displayed signals @29.97, 27.83, 26.30, 25.97 = 3.0 Hz), 126.94pc = 3.5 Hz), 52.83%poc = 7.1 Hz), 32.76 {Jpc
and 21.64. The peaks at27.83 and 21.64 correspond $oand 15, = 138.0 Hz). MS (El)ynz (rel intensity): 200 (M, 100), 104 (51), 91
respectively. The GC and GC/MS analysis of the photolyzate showed (100). HRMS (El)m/z (M*): calcd 200.0602, obsd 200.0678.
three unidentifiable peaks with 320 showing the nearly identical Preparation of p-Acetylbenzyl Bromide. p-Acetyltoluene {2) (83.0
pattern. The peak @ 29.97 was assigned to the addi6f which was g, 618 mmol)N-bromosuccinimide (132.0 g, 743 mmol), and benzoyl
isolated, and the spectral data are given below. However, the remainingPeroxide (250 mg) were dissolved in 1000 mL of benzene. The solution
unidentifiable®’P NMR peaks at 26.30 and 25.97 can be assigned to Was purged with nitrogen for 10 min and stoppered. The solution was
17aand17b, although we have no evidence as to which is tiiaas stirred vigorously during irradiation fo6 h with light from a 450-W
isomer and which is theis form. The photolyzate was concentrated ~Hanovia medium-pressure mercury lamp. The photolyzate was filtered,
and flash chromatographed on a silica gel column, eluting with 4% and the filtrate was washed with water. The organic layer was washed

methanol:dichloromethane (monitored by GC). The polar products were With saturated NaHC@solution, dried over anhydrous p&0;, and

collected and further purified by repeated HPLC chromatographic
separations to furnisti6 (10.8 mg, 6.5%) and.8 (14.7 mg, 8.9%).

concentrated. To the concentrate anhydrog® (100 mg) was added.
Distillation (bp 115°C, 0.5 mmHg) afforded 63.2 g (48%) of the desired

During the isolation procedure, the unstable cyclohexadiene productsproduct, mp 4243 °C (lit. 38—39 °C).* 'H NMR (CDCl, 300

17aand 17b were aromatized td8. Spectral data fol6: 3P NMR
(CDCls, 121 MHz): 6 31.69*H NMR (CsDs, 500 MHz): 6 7.70 (d, 2
H, J = 8.0 Hz), 6.91 (d, 2 HJ = 8.0 Hz), 5.79 (m, 1 H), 5.68 (m, 1
H), 5.59 (m, 1 H), 5.45 (m, 1 H), 3.31 (d, 3 Rllpoch= 10.7 Hz), 3.29
(d, 3 H,%poch= 10.7 Hz), 3.04 (ddddd, 1 H}yy = 2.4. 5.8, 7.2, 8.3
Hz; 3JpH =217 HZ), 2.62 (dddd, 1HWwy=1.5,27,56 HZ,QJPH =
29.6 Hz) 2.54 (dd, 1 HJyw = 7.2, 13.4 Hz), 2.46 (dd, 1 Hyny = 8.3
Hz, 13.4 Hz), 2.07 (s, 3 H}3C NMR (CD.Cl,, 125.8 MHz): ¢ 197.44,
144.55, 135.80, 129.74, 128.91 {dpc = 5.8 Hz), 128.57, 125.90 (d,
2Jpc=12.8 Hz), 122.89 (d'Jpc = 6.2 Hz), 119.20 (BJpc = 12.4 Hz),
53.02 (d,2Jpoc = 7.0 Hz), 52.86 (d?Jpoc = 7.0 Hz), 39.80 (d¥Jpc =
24.0 Hz), 36.32 (diJpc = 133.6 Hz), 33.90 (RJpc = 4.1 Hz), 26.54.
MS (El) m/z (rel intensity): 320 (M, 1), 319 (0.41), 318 (2.02), 211
(19.2), 187 (100), 165 (2.87), 155 (13.2), 109 (44.3). HRMS (&b
(M™): calcd 320.1177, obsd 320.1156. F8: 3P NMR (CD.Cly,
121 MHz): 6 23.66.'H NMR (CD,Cl,, 500 MHz): 6 7.88 (d, 2 H,J

= 8.2 Hz), 7.70 (dd, 2 HJu = 8.2 Hz,3Jpy = 13.0 Hz), 7.32 (dd, 2
H, Jun = 8.2 Hz,Jpy = 4.0 Hz), 7.29 (d, 2 H) = 8.2 Hz), 4.09 (s, 2
H), 3.70 (d, 6 H2Jpock= 10.1 Hz), 2.55 (s, 3 H}:3C NMR (CD:Cly,
125.8 MHz): 6 197.87, 146.20, 145.81 (dJec = 2.9 Hz), 136.13,
132.67 (RJpc = 10.5 Hz), 129.67, 129.66 (&Jpc = 15.8 Hz), 129.14,
125.82 (dXJpc = 189.9 Hz), 53.07 (RJpoc = 5.7 Hz), 42.31, 26.96.
MS (EI) m/z (rel intensity): 318 (M, 33), 303 (100), 276 (2.5), 209
(2.7), 165 (14.4), 109 (2.1). HRMS (Etvz (M*): calcd 318.1021,
obsd 318.1018. Fat7aor 17b: 3P NMR (GDe, 121 MHZz): 6 26.30
or 25.97. GC/MS (EInz (rel intensity) (shorter GC retention time):
320 (M, 1), 318 (2), 187 (100), 155 (19), 133 (5), 127 (17), 109 (70).
GC—HRMS (Cl)m/z(M*+ H): calcd for G7H.0,P 321.1256, found
321.1257. Forl7aor 17b: 3P NMR (GDs, 121 MHz): 6 26.30 or
25.97. GC/MS (ElyWz (rel intensity) (longer GC retention time): 320
(M*, 1), 319 (2), 187 (100), 155 (20), 133 (5), 127 (14), 109 (68).
GC—HRMS (Cl)m/z (M*+ H): calcd for G7H2,04P 321.1256, obsd
321.1254.

Products in the Photolysis of 8 in Benzene with PhCEBr added.
For photolyses in benzene with added PhBHB in the range 0.5
7.4, the crude photolyzate was examined®#y NMR spectroscopy.
In addition to the products observed on photolysi8ah benzene in
the absence of benzyl bromide, a product peak28.8 corresponding
to benzylphosphonatwas noted and also identified by GC. In addition
new resonances at 30.79, 27.72, and 27.68, analogous to those for
16, 173, and 17b, reported above, were noted and assigned to the
structures22, 23a and23b. Unlike 17a and 17b, the cis and trans
isomers,23aand23b, were not separable by GC. The amount22f
and 23a23b were quantitated using the sensitivity factor . For
22 or 23a/23bGC/MS (El)nvz (rel intensity): 278 (M, 1), 277 (1),
188 (9), 187 (100), 156 (2), 155 (21), 110 (4), 109 (93), 92 (6), 91

MHz): 6 7.94 (d, 2 H,J = 8.3 Hz), 7.45 (d, 2 HJ = 8.3 Hz), 4.48
(s, 2 H), 2.57 (s, 3 H)*C NMR (CDCk, 75 MHz): 197.49, 142.87,
136.89, 129.33, 128.91, 32.31, 26.79.

Preparation of p-Acetylbenzyl Alcohol. p-Acetylbenzyl bromide
(25.0 g, 117 mmol) and CaG63.0 g, 630 mmol) were added to
dioxane-water (1:1, 720 mL). This reaction mixture was stirred at
reflux for 15 h and then reduced in volume under vacuum. To the stirred
mixture of the concentrate in GBI, (500 mL) was slowly added dilute
aqueous HCI until the solid material was dissolved in the water layer.
The separated organic layer was washed with@3, dried over Na
SO, and concentrated to a viscous oil. Crystallization of the concentrate
from ether:pentane at20 °C provided fine white crystals of the desired
product (12.0 g, 60%), mp 5% (lit. 54 °C).*> 'H NMR (CDCls, 300
MHz): 6 7.90 (d, 2 H,J = 8.3 Hz), 7.42 (d, 2 HJ = 8.5 Hz), 4.74
(s, 2 H), 3.042.73 (br s, 1 H), 2.57 (s, 3 HF)C NMR (CDCk, 75
MHz): 6 198.41, 146.61, 136.28, 128.73, 126.73, 64.57, 26.80.

Preparation of p-Acetylbenzyl Dimethyl Phosphite (8) A solution
of p-acetylbenzyl alcohol (2.75 g, 18.3 mmol) and 1-H-tetrazole (0.75
g, 10.5 mmol) in freshly distilled acetonitrile was stirred under argon.
Neat dimethyIN,N-diethylaminophosphoramidite (9.0 g, 54.5 mmol)
was added dropwise at room temperature over a 5-min period. The
reaction was stirred for 18 h at room temperature. Solvent removal
under vacuum gave a solid material that was dissolved in dry pentane
(75 mL), stirred for 5 min, and then allowed to settle. The supernatant
liquid was cannulated under argon into a flask by Schlenk techniques.
Solvent was removed from the stirred solution under vacuum. The crude
residue was transferred to a molecular distillation apparatus in an argon
glovebag. Distillation (oil bath temp. 782, 0.025 mmHg) provide@
(3.81 g, 86%) in 98% purity (GCFP NMR (CDCh, 121 MHz): ¢
141.25 *H NMR (CDCl;, 300 MHz): 6 7.95 (d, 2 H,J = 8.3 Hz),

7.45 (d, 2 H,J = 8.3 Hz), 4.92 (d, 2 H3Jpoch= 7.8 Hz), 3.53 (d, 6
H, 3Jpoch = 10.9 Hz), 2.60 (s, 3 H)Y3C NMR (CDCk, 75 MHz): ¢
197.92, 143.84 (dBJpc = 4.5 Hz), 136.60, 128.71, 127.30, 63.37 (d,
2Jpoc = 11.1 Hz), 49.59 (d2Jpoc = 11.1 Hz), 26.85. HRMS (Eljz
(M™): calcd 242.0708, obsd 242.0709. Anal. Calcd feiHzsO4P: C,
54.54; H, 6.25. Found: C, 54.20; H, 6.17.

Preparation of Dimethyl p-Acetylbenzylphosphonate (9).p-
Acetylbenzyl bromide (9.0 g, 42.2 mmol) and trimethyl phosphite (36.0
g, 290 mmol) were refluxed under argon at 1’ for 2 h. Solvent
removal yielded a solid residue that was dried under high vacuum.
Recrystallization from methanol:ether afforded pale yellow crystals of
9(6.31 g, 62%), mp 6466 °C. 3P NMR (CDC}, 121 MHz): 6 28.22.

'H NMR (CDCls;, 300 MHz): 6 7.88 (d, 2 H,J = 7.6 Hz), 7.36 (d, 2

(44) Jarvis, B. B.; Saukaitis, J. @. Am. Chem. Sod.973 95, 7708.
(45) Schmidt, L.; Swoboda, W.; Wichtl, MMonatsh.1952 83, 185.
Smith, J. G.; Dibble, P. W.; Sandborn, R.EOrg. Chem1986 51, 3762.
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H, J= 8.1 Hz), 3.65 (d, 6 H3JpocH = 10.9 Hz), 3.19 (d, 2 H:Jpy = and checked byH NMR. Further purification of this fraction with 1%

22.2 Hz), 2.55 (s, 3 H}*C NMR (CDCk, 75 MHz): 6 197.72, 137.09 ethyl acetate:hexane as an eluent gage(93 mg, 59%).*H NMR

(d, 2Jpc = 9.1 Hz), 135.95 (d5Jpc = 3.5 Hz), 130.04 (d3Jpc = 6.0 (CDCl, 300 MHz): 6 7.92 (d, 2 HJ = 8.4 Hz), 7.43 (d, 2 H) = 8.2

Hz), 128.77 $Jpc = 3.0 Hz), 53.09 Tpoc = 7.1 Hz), 33.12 {pc = Hz), 4.88 (s, 2 H), 2.58 (s, 3 H), 1.80..28 (br m, 6 H), 1.22 (s, 6 H),

137.5 Hz), 26.72. MS (Eljvz (rel intensity): 242 (M, 19), 227 (100).  1.15 (s, 6 H)3C NMR (CDCk, 75 MHz): ¢ 197.81, 143.95, 136.14,

HRMS (El) m/z (M*): calcd 242.0708, obsd 242.0707. Anal. Calcd 128.43, 127.08, 78.19, 60.12, 39.75, 33.10, 26.67, 20.34, 17.14. MS

for CiH1O4P: C, 54.54; H, 6.25. Found: C, 54.60; H, 6.23. (El) miz (rel intensity): 289 (M, 1), 156 (100). HRMS (Elymz
Photolysis of 8 with TEMPO as a Trap. Phosphite8 (45.0 mg, (M™): calcd 289.2042, obsd 289.2067.

0.185 mmol) and TEMPO (30.0 mg, 0.192 mmol) were dissolved in  Photoreduction of 9 by PhSH.In conditions analogous to those

1.2 mL of degassed GON and irradiated in a flame-sealed quartz  for photoreaction o8, a solution of 0.02 M phosphonag 0.04 M

NMR tube to approximately 30% consumptioffR NMR) of the PhSH, and 0.0031 M tmirbutyl phosphate (internal standard) was

phosphite under conditions such as those described previously for thejrradiated. At 32% conversion & (approximately 9 h), three major

photolysis of8. In addition to the peaks normally observed, #ie GC peaks were detected. One peak had a molecular ion mass (GC/

NMR spectrum displayed a predominant peakda6.67 that was MS) at m/z = 244, consistent with the product of reduction of the

assigned t®6, formed by TEMPO trapping the phosphinoyl radical. ~ carbonyl of9 to form p-MeCH(OH)GH4CH,P(0)(OMe). However,
Photolysis of Dimethyl Phosphite/ditert-Butyl Peroxide/TEMPO the latter product was not observed during the photorearrangements of

Solution. A solution of dimethyl phosphite (59.9 mg, 0.544 mmol), phosphites.

TEMPO (70.9 mg, 0.454 mmol) and th+t-butylperoxide (0.08 mL,

63.6 mg, 0.435 mmol) in a 5-mL dry Pyrex tube was capped with  Acknowledgment. This research was generously supported

airtight septum, argon purged for 5 min, and then irradiated with light - )y, o rants from the National Science Foundation and the National
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progress of the reaction was monitored ¥ NMR (GDs), which : . - .
displayed a predominant peakd$.07, corresponding t26. Asttempted suggesting phosphit8 as a photochemical source of triplet

purification of the photolyzate on silica gel column chromatography Fadical pairs.
failed to isolate compoungé.

Isolation of 25 from the Photolysis of 8 in the Presence of Supporting Information Available: Experimental details
TEMPO. A solution of phosphit@ (132 mg, 0.545 mmol) and TEMPO  for the preparation o1, products of dark reaction & with
(88.0 mg, 0.563 mmol) in acetonitrile (30 mL prepared using the PhSSPh to giv29a-29¢ and an expanded version of Table 5
glovebag techniques described above) was irradiated as before (45Ghat includes individual yields oi6, 17a 17b, 22, 233 and

W Hanovia lamp, uranium glass filter). At 70% conversior8¢C), 23b (PDF). This material is available free of charge via the
irradiation was discontinued. The product solution was concentrated Internet at http://pubs.acs.org.

and then subjected to silica gel column chromatography. Elution with
the 5% ethyl acetate:hexane, first fraction, was collected, concentrated,JA982440K



