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Abstract: A number of H (nhosnhatoxvalkvl and R (acvloxv)alkvl radicals have been cenerated hv lacer flach

y UL A\PHOSPIQIOR Y )ik YL allld \ACYIOA Y QIR Y1 TGS 1AVD DK BRIl A4S aasa

photolysis of the coxrcspondmg Barton PTOC esters. Time resolved studies permitted the detenmnanon of rate
constants and kinetic parameters for their rearrangement in benzene, THF, and acetonmitrile. Migrations are
accelerated by eiectron-donating groups on the alkyl moiety, eleciron-withdrawing groups on the migraiing
group, and more polar solvents, All reactions showed strictly first order kinetics. The results are interpreted in
terms of concerted mechanisms occurring through three electron, three center and five electron, five center

mechanisms. © 1999 Elsevier Science Ltd. All rights reserved.
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rearrangements are intramolecular and extremely stereoselective. Isotopic and stereochemical labeling has
demonstrated the existence of two manifolds, namely the 1,2-shift and the 2,3-shift and has focused attention
on the differing proportions of the two extremes according to substitution pattern and medmm 5 Indirect
kinetic studxes, by both the tin hydride and benzeneselenol methods, have provided kinetic parameters for
these reactions and have led to the advancement of polarized three electron, three center and five electron, five
center cyclic transition states, resembling phosphate or carboxylate anions loosely bound to alkene radical
cations, for the 1,2- and 2,3-shifts, respectively.> Most of the literature results may also be accommodated by
a mechanism involving initial fragmentation to an alkene radical cation/phosphate or carboxylate pair followed
by rapid, in-cage collapse to the product radical.> Experiments which differentiate between the concerted and
cage manifolds have been conducted for certain examplcs6 7 but these are necessarily very substrate specific
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1
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Here, we present in fulll? kinetic parameters, determined directly by the time resolved laser flash
photolysis method, for a range of differentially substituted B-(phosphatoxy)alkyl and B-(acyloxy)alkyl
rearrangements in solvents of differing polarity. The advantages of the direct LFP method over the indirect
methods used previously derive from the ability to work over a considerable range of temperature, leading to
meaningful Arrhenius parameters, and in a wide range of different solvents.

The O-acyl thiohydroxamates, or Barton PTOC esters, originally developed for synthetic purposes,20!
are ideal precursors for laser flash photolysis studies providing radicals cleanly and efficiently when irradiated
in the visible and leaving a clear, unencumbered window for the observation of benzyl type radicals.22.23
Their application to the problem in hand required the synthesis of B-aryl-B-hydroxypropionic acids for
su'bscqucm phosphoryiation and/or acylation followed by wransformation to the PTOC esters. Such acids may

lll prmuplc DC dhbﬂﬂlﬂleu Dy dJ(l(.)l Lonuensdmm OI an esier Cﬂ()ld[c wxm Dcnz.:uucnyuc KUUUWCU Dy

phosphorvlanon or acylation, and release of the acid. In practice, it rapidly became obvious that the acid must
A more
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t the a-position to prevent elimination on attemnted nhncnhnﬂlhnnn or acvlation

ed at the a-position to prever 1ation on attempted phosphorylation or acylation.
subtle problem involved choice of the ester group for the gl(_lg!/nhomhorvlatmn sequence.

groups were assayed but could not be released except under conditions which promoted solvolysis of the
benzylic phosphate group, leading to the formaton of a B-lactone. Ultimately, we settled on the
2,4-dimethoxybenzyl esters which could be cleaved oxidatively providing chromatographically unstabie
B-(phosphatoxy)propionic acids contaminated only by dimethoxybenzaldehyde, which could be removed
extractively in the form of a bisulfite adduct. In this manner a series of B-(phosphatoxy) and
B-(acyloxy)propionic acids were prepared (Scheme 2) and transformed into the corresponding PTOC esters
with 2,2°-dipyridy! disulfide blS N-oxide and tributylphosphine. This method of P’I’OC formanon?4 was

ted from the many available?! as it enabled their rapid 2lution from silica gel ahead of any byproducts or
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9: Ar = Ph, X = P(O)(OPh),

14: Ar = Ph, X = P(O)(OPh)2

10: Ar = Ph, X = P(O) (OEt)2 PBug 15: Ar = Ph, X = P(O){OEt),

‘!!:Ar=Ph,X=COMe 16: Ar=Ph, X =COMse

12: Ar=Ph, X=COCF, 17: Ar = Ph, X = COCF,

13: Ar = 4-MeOPh, X = P(O)(OEt), 18: Ar= 4vMeOPh. X= P{O)(OEl)g
Scheme 2

In preparative scale experiments thiohydroxamate 14 was photolyzed in the presence of tert-
butylmercaptan in benzene and acetonitrile solutions. In both instances examination of the crude reaction
mixtures by Fp.NMR spectroscopy revealed complete consumption of the substrate and formation of a single
new phosphorus based product, diphenylphosphoric acid. From the photolysis in acetonitrile solution
f.B-dimethylstyrene was isolated in 85% yield. In benzene the reaction was not so clean, as indicated by
'H-NMR spectroscopy, nevertheless, B,3-dimethylstyrene was still the major product and was isolated in 50%

vield
yi€id.
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Laser flash photolysis (LLFP) kinetic studies were conducted with thiohydroxamates 14 - 18. Photolysis
of the PTOC ester with 355 nm light results in efficient cleavage of the weak N-Q bond to give the pyridine-2-
thiyl radical (Amax = 490 nm) and an acyloxyl radical (Scheme 3). The acyloxyl radical decarboxylates
"instamly" on the nanosecond time scale to give the desired B-ester radical (19 - 23). For the studies in Table

1, ester group migrations producing benzyl radicals {24 - 28) were apparent with the signals for benzylic
‘adieals growing in at Amax of about 320 nm.25 Figure 1 shows some representative time-resolved specira
X X. X
0 o q ho X‘? Q CO, 0 See Table 1 \
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14: Ar = Ph, X = P(O)(OPh)2 19: Ar = Ph, X = P(O){OPh)z 24: Ar = Ph, X = P(O){OPh)z
15: Ar = Ph, X = P(O)(OEt); 20: Ar = Ph, X = P(O)(OE); 25: Ar = Ph, X = P(O)(OE);,
16: Ar = Ph, X = COMe 21: Ar = Ph, X = COMe 26: Ar = Ph, X = COMe
17: Ar = Ph, X = COCF, 22: Ar=Ph, X=COCF3 27:Ar=Ph, X = COCF,
18: Ar = 4-MeOPh, X = P(O)(OEl), 23: Ar = 4-MeOPh, X = P(O)(OEl)2 28: Ar = 4-MeOPh, X = P(O)(OEt)
Scheme 3
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Figure 1. Time-resolved spectra. (A) Spectra from irradiation of 15 in acetonitrile at 20
*C at 6, 14, and 38 us after the laser pulse. (B) Spectra from irradiation of 18 in THF a
20 °C recorded 2.5, 6.5, 14.5, and 29 us after the laser pulse. The spectra have been
"corrected” by subtraction of the observed signals immediately after the laser flash so that
all signals evolve from the zero baseline. Benzylic product radicals are growing in at Amayx
= 320 nm. Decaying signals are from bimolecular reactions consuming residual PTOC
esters (centered at 360 nm) and depletion of the pyridine-2-thiyl radical (centered at 490
nm).

Fragmentations to give diffusively frec radical cations and carboxylate or phosphate anions were readily
excluded by the LFP results. Styrene radical cations have strong absorbances at ca. 350 nm and 600 nm,26.27
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because the transients are produced in concentrations of <5 x 105 M, even diffusion-controlled couplings
would have smaller pseudo first-order rate constants.
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states with partial charge separation (5cheme 1), whereas a fragmentation-recombination pathway for migration
involves complete charge development The kinetic results in Table 1 allow an evaluation of charge stabilizing
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effects of the migrating ester group, the product radical center and solvent. All of these are consistent with
some charge development in the transition states

Solvent Arrhenius function® ko_;,, (s'])b £
19 - 24 benzene - 1.2x 10° 2.27
19 - 24 THF (109 £03)-(6.2+05)6  1.5x10° 7.58
19D — 24D THF - 1.5x 10° 7.58
19 > 24 MeCN (11.0£0.5) - (5.0 07)/6  1.8x 10 35.9
19D — 24D MeCN (11.0£03)- (5.0+04)6  1.8x 10 35.9
20 > 25 MeCN . 6-7 x 10* 35.9
21 — 26 MeCN - <1x10* 359
22 — 27 THF (10.7+£05)- (62+06)/0  1.2x10° 7.58
22 - 27 MeCN (112+£0.3)-(59+04)6  62x 10° 35.9
23 — 28 THF (12.1 £0.8) - (9.7 + 1.2)0 7 x 10* 7.58

a: Errors are at 2o; 6 = 2.3RT (kcai/mol). b: Observed rate constant at 20 + 1 °C unless
stated; errors are <10%. c: Solvent dielectric constants in Debye units.28

X EAY
0 . 0o
P - p " F’"/\T\'
29: X = P(O)(OPh), 31: X = P(O)(OPh), 33
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Radical 19, derived from the PTOC ester 14, was found to rearrange in benzene solution with a rafe
constant of 1.2 x 10° s at 20 °C. This is approximately one order of magnitude larger than that (1.2 x 10°s™)
determined for the bis-nor analog (29 — 31) at 27 °C in benzene by the selenol trapping method.2% The
additional methyl groups in radical 19 better support charge separation and accelerate the reaction. On going
to THF a modest acceleration in the rate constant for rearrangment of 19 was observed, while in acetonitrile an
increase of an order of magnitude was found. These solvent effects further demonstrate charge development
in the reaction. The deuterium labeled analog of 19, 19D with the two methyl groups fully deuterium labeled,
rearranged with no significant kinetic isotope effect. This indicates that the B,p-dimethylstyrene observed in
the preparative experiments must arise from a process subsequent to the rearrangement of 19 — 24 and not
from any concerted elimination, of the type advocated by Zipse, leading directly to an 2-methyl-1-phenylallyl
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The rearrangement of radical 20, containing the diethylphosphatoxy group, was t0o slow to measure by
LFP in THF and at the lower kinetic limit in acetonitrile. Nevertheless, an approximate rate constant for
rearrangement of 20 of 6-7 x 10* s™" in acetonitrile at room temperature was measured. This value nicely
matches the rate constant observed for the migration of 30 — 32 in benzene at 27 °C by the selenol trapping
method.?? The reduced rate constant for rearrangement of 20 in comparison to 19 is consistent with the



reduced acidity of dialkyl phosphates relative to diphenyl phosphates and further indicative of charge
separation in the reaction. When the phenyl group in 20 was replaced with the p-methoxyphenyl group in
radical 23, the rearrangement was accelerated due to the positive charge stabilizing effect of the methoxy
group. Similar substituent effects were observed for the B-(acyloxy)alkyl rearrangements by Beckwith and
Duggan.3!

In LFP studies of acetoxy migrations, rearrangement of the B-(acetoxy)alkyl radical 21 was too slow to
follow by the LFP method even in acetonitrile, although a weak benzyl radical signal was observed placing the
rate constant between 1 x 103 and 1 x 104 s at ambient temperature. As expected, the corresponding
trifluoroacetoxyalkyl radical 22 underwent rearrangement to radical 27 several orders of magnitude more
rapidly in both THF and acetonitrile. These resuits paraiiel t'nose reported by Beckwith’s group. The rate
constam for the acctoxy mxgrapnon in 33 — 34 was 4.1 x 10* s in benzene at 70 °C,31.32 whereas the
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Charge separation in the transition states for the rate-limiting processes in the ester group migrations is
clearly indicated by qualitative evaluation of the kinetics, but a quantitative evaluation of the data suggests that
the migration reactions are concerted rather than dissociative processes followed by recombination. For

example, the kinetic solvent effects for 19 in proceding from benzene to THF to acetonitrile (kej = 1 : 1.2 .
15) are minor in comparison to those seen in ionic fragmc..tamons (e.8. ket =1:4:1400 for r-BuCl and kpep =
1:3: 800 for adamantyl tosylate), although they resemble the effects seen for benzyl chloride (keet = 1 : 2 :

12).33 The log A terms in the Arrhenius functions 1ndxcate well organized transition states with negative
entropies of activation. Ingold previously noted that log A = 13 for acetoxy migration (i.e. AS* = 0) was
inconsistent with a dissociative process that should have a large positive entropy of activation,34 and this
would be the case even if the reactions involved ion pair formation in equilibrium followed by rate-limiting
collapse to the final product.35:36 A dissociative process giving ions can have a negative entropy of activation
due to high solvent organization in the transition state, but this seems unlikely for the delocalized ions that
would be formed and the relatively poor solvents THF and acetonitrile. Perhaps more important are the
similarity of the log A terms for the phosphatoxy and acetoxy radicals and the invariance of log A when
changing from THF to acetonitrile; both suggest that highly organized solvent is not the origin of the negative
entropies of activation.

On balance, we believe the solvent effects and entropies of activation are most consistent with concerted
phosphatoxy and acyloxy migrations. However, in all but two cases31:37 previously studied, isotope-labeling
and stereochemical studies show that both 3-center and 5-center reactions occur,> behavior readily explained
by a dxssocxauvc process followed by recombination. Computanons by prsc md:catc that conccrted 3 and 5-

e .

ndard techniques. All NMR spectra were

s otherwise stated. Chermcals shifts are in ppm downfield from tetramethylsilane
P). Microanalyses were conducted b Mldwcst Microlabs, Indianapolis, IN.
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H), 1.18 (s, 3 H), 2.57 (hept, J/ = 7.0 Hz, 1 H), 3.81 (s, 6 H), 5.08 (s, 2 H}, 6.46 (m, 2 H), 7.23 (m, 1 H);
BCNMR, 8: 19.2, 34.2, 52.4, 55.6, 61.7, 98.7, 104.1, 117.6, 131.2, 159.5, 161.8, 177.8. Anal. Calcd
for C,3H,304: C, 65.53; H, 7.61. Found: C, 65.49; H, 7.31.

2,4-Dimethoxybenzyl 3-Hydroxy-2,2-dimethyldihydrocinnamate (2). To a stirred solution of 1
(0.476 g, 2.0 mmol) in THF (10.0 mL) at - 78 ©C was added LDA (0.5 M in THF, 4.8 mL, 2.4 mmol).
After 20 min, benzaldehyde (0.245 mL, 2.4 mmol) was introduced with a syringe and the reaction mixture
warmed to room temperature over 1 h before saturated aqueous NH4Cl (15.0 mL) and EtOAc (30 mL) were
added. The reaction mixture was extracted with EtOAc (3 x 15 mL) and the combined organic extracts washed
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Wil WailCr and orine, arica (iN U4} dnCl Con('ﬁnu_dlcu {0 urym:bS COIUII Lnf HAlOEIapily OI S1UCd E }
fahiames havana TSN A A~ 1:1) A ff- '-rlafl tha ntla raeerann AIMNKT 0"&\ ne o nalAarlace Al lu NRMD K. 7 24
Cient: aeXand/ctUAC 111) anorged e aue compounda (v.J7 g, 6L70) as a8 CO10TIess Oii. i INVIR, O /.20
(m, SH), 7.22 (4, J = 8.9 Hz, 1 H), 6.47 (m, 2 H), 5.14 (AB quart, J = 3.8, 12.0 Hz, 2 H), 4.86 (d, J =
47 Hz, 1 H), 3.82 (s, 6 H), 3.37 (d, J =4.7 Hz, 1 H), 1.12 (s, 6 H); BC NMR, & 177. 5, 161.5, 159.0
140.0, 131.5, 127.9, 116.6, 104.2, 98.9, 78.9, 62.9, 55.7, 48.3, 23.5, 19.3. Anal. Calcd for C;sH,,05: C
69.75; H, 7.02. Found: C, 69.62; H, 7.05.

A - Nimsthnyvhenzvl o ’),nimnthv e I:hnhnnvlnhnenhqtnvv\ﬂihvdrnninnnmatn (4) Th a
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stirred solution of 2 (1.67 g, 7.0 mmol) in THF (10 mL) at -78 °C was added LDA (1.0 M in THF, 8.4 mL).

After 30 mins, benzaldehyde (1.11 g, 10.5 mmol) was introduced via syringe and the reaction mixture was
stirred at -78 °C for 1.5 h. Then diphenyl chlorophosphate (2.26 g, 8.4 mmol) was added dropwise and the
reaction mixture was stirred for another 1.5 h. The reaction was worked up by additon of saturated NH,Ci
solution (20 mL) and EtOAc (40 ml.), extracted with EtOAc (3 x 20 mL), washed with brine (2 x 10 mL),
dried over Na,SO4 and concentrated to dryness. Chromatography on silica gel (eluent: hexane/EtOAc 3:1)
gave the title compound (3.08 g, 77%) as a colorless oil. 'H NMR, &: 1.08 (s 3H), 1.26(s,3 H), 3.78 (d. J

=7.1 Hz, 6 H), 5.00 (AB quart, J = 59.3, 12.1 Hz, 2 H), 589 (d, J = z, 1 H), 6.42 (m, 2 H), 6.91 (d,
J = 8.2 Hz, 2 H), 7.08-7.30 (m, 14 H); Bc NMR, &: 20.9, 21.0, 40.9, 524 55.5, 62.5, 85.7, 98.6, 104.1
116.7, 120.1, 120.3, 125.2, 125.4, 127.9, 128.1, 128.6, 129.7, 131.4, 136.1, 151.5, 159.6, 162.0, 1755
P NMR, 8: -12.24. Anal. Caled for CyHa3OgP: C, 66.66; H, 5.77. Found: C, 66.84; H, 5.88.

2,4-Dimethoxybenzyl 2,2- Dlmethy (dxethyiphosphatoxy)dihydrocinnamate (8). To a stirred
solution of Z (0.833 g, 3.5 mmoi) in THF (8.0 mL) at -78 °C was added LDA (0.5 M in THF, 8.4 mL). After
ol) w

30 min, bcnzaldehyde (0.556 g, 5.25 mmol) was introduced via syringe and the reaction mixture was stirrel
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reaction mixture was stirred for another 3.0 h. The reaction was worked un bv addine sanmated NH.Cl
reaction mxtur ured Ior anotner 2.0 ihe reacnon was worked up by acding saturated NIEUL
solution (15 mL) and EtOAc (30 mL), extraction with EtQAc (3 x 15 ml), washing with brine (2 x 10 mL),

drying over Na,SO; and concentration to dryness. Column chromatography on silica gel (eluent:
hexane/EtOAc 3:1 to 1:1) gave the title compound (1.36 g, 81%) as a colorless oil. 'H NMR, &: 7.26-7.29 (m,
5H),7.22(d,J =88 Hz | H), 646 (m, 2 H), 5.61 (d, / = 8.2 Hz, 1 H), 5.08 (AB quart, J = 44.0, 12.1
Hz, 2 H), 4.06-3.77 (m, 10 H), 1.29 (s, 3 H), 1.17 (dt,J =7.1, 1.1 Hz, 3 H), 1.09 (dt, J=17.1, 1.1 Hz, 3
H), 1.08 (s, 3 H); >'P NMR, &: -1.29. Anal. Calcd for Co4H3305P: C, 59.99; H, 6.92. Found: C, 59.92; H,
7.03.

2,4-Dimethoxybenzyl 3-Acetoxy-2,2-dimethyldihydrocinnamate (6).  Acetylation of 2 with
acetic anhydride under standard conditions gave 6 in 96% yield. '"HNMR, & 7.24 (m, 6 H), 6.47 (m, 2 H),
6.02 (s, 1 H), 5.12 (s, 2 H), 3.82 (s, 3 H), 3.81 (s, 3 H), 1.94 (s, 3 H), 1.20 (s, 3 H), 1.11 (s, 3 H); °C
NMR, & 175.7, 169.6, 161.4, 159.2, 137.2, 131.5, 128.8, 128.1, 128.0, 127.7, 1169, 104.1, 98.6, 79.4,
62.2,55.6,47.2,22.2,21.0, 20.1. Anal. Caled for CxHosQO6: C, 68.38; H, 6.78. Found: C, 68.30; H, 6.70.

2,4-Dimethoxybenzyl 2,2-Dimethyl-3-(trifluoroacetoxy)dihydrocinnamate (7). Trifluoroacer-
ylation of 2 with trifluoroacetic anhydride under standard conditions gave 7 in 100% yield. 'H NMR, &: 7.26-
7.34 (m, 6 H), 6.47 (m, 2 H), 622 (s, 1 H), 5.11 (s, 2 H), 3.82 (s, 3 H), 3.81 (s, 3 H), 1.26 (s, 3 H), 1.13
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(s, 3H); "CNMR, & 174.8, 161.6, 159.3, 134.6, 131.7, 129.0, 128.4, 127.6, 116.4, 104.1, 98.7, 83.2,
62.9, 55.6, 47.4, 22.1, 19.7; “F NMR, &: -2.83. Anal. Calcd for Cy;3HzF306: C, 60.00; H, S.26. Found:
C, 59.86; H, 5.44.

2,4-Dimethoxybenzyl 2,2-Dimethyl-3-(diethylphosphatoxy)dihydro-p-methoxycinnamate
(8). Prepared analogously to § in 73% isolated yield by condensation of 2 with p-anisaldehyde and diethyl
chlorophosphate without isolation of the intermediate aldol 3. 'H NMR, &: 7.22 (m, 3 H), 6.79 d, J = 8.6
Hz, 1 H), 645(m 2 H), 5.56 (d, / = 8.1 Hz, 1 H), 5.08 (AB quart, J = 39.2, 12.2 Hz, 2 H), 4.0 (m, 2 H),
(m, 2H), 3 (s, 3H) 378(5 3H) 376(5 3H), 133 (s, 3H), L. 9(dt J=17.1, 1.0 Hz, 3H)

, 161.0, 1
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General Protocol for the Oxidative Cleavage of 2,4-Dimethoxybenzyl Esters. 2,2-Dimethyl-
3-{diphenyiphosphatoxy)hydrocinnamic Acid (9). A solution of 4 (3.46 g, 6.0 mmoi) in a mixture
of MeCN and H,O (10/1 v/v, 120 mL) was treated with CAN (7.25 g, 13.23 mmoi) and the resuiting mixture
stirred at room temperature for 1 h. Water (200 mL) and EtOAc (100 mL) were then added and the reaction

mixture extracted with EtOQOAc (3 x 70 ml

AARRIRGGEDE W WA BV VWAL FY ALIA AWNS I AW \ r A
Examination bv 'H NMR mect_rxu‘py indicated complete conversion of the starting ester with clean

formation of the title acid and dimethoxybenzaldehyde. This mixture was taken up in EtOAc (100 mL), and
shaken vigorously 15% NaHSO, (10 x 25 mL), water (15 mL) and brine (2 x 10 mL), dried (Na,SO,) and
evaporated under reduced pressure. The title acid (> 95% pure by 'H and *'P NMR spectroscopy) was
obtained essentially quantitavely in this way and was used for the preparation of the PTOC ester without
further purification. '"H NMR, &: 1.10 (s, 3 H), 1.28 (s, 3 H), 590 (d, / = 8.1 Hz, 1 H), 692 (d, /=8 5
Hz, 2 H), 7.10-7.32 (m, 13 H); ’C NMR, & 19.5, 21.9, 48.5, 85.6, 120.0, 120.1, 120.4, 120.4, 125.3,

~e o ~ o

tmr 2 1AG T 1m0 A imo O i B T 3 P,
1253, 128.1, 1.258.2, 128.58, 129.5, 129. 5 135.7, 151.5, 178.5; 7°'P NMR, &: -12.53.

aanic avtraste were concentrated tn drunece
LU WULLUMIRU UigaiuL CAauavw i VUL LGU ditAd WUy oSS,

3-(Diethylphosphatoxy)-2,2-dimethyldihydrocinnamic acid (10). Prepared from ester § by the
standard protocol. After exiraction with NaHSO;, the acid (> 95% purity 'H and *'P NMR) was obtained
quanmanve]y and was used in the next step without further purification. 'H NMR, &: 7.35 (m, § H) 5.74 (d,

= 8.2 Hz, 1 H), 3.98 (m, 4 H), 1.22 (m, 6 H), 1.02 (s, 3H),U98 (dt,J =7.1, 1.0 Hz, 3 H); ”(, NMR, &:

1 l.\ ATRATS

8.8, 16.1 (dd); ~ P NMR, &: -1.80.

1’7 & 1mOo £ PR RN

78.6, 136.5, 128.6, 128.0, 83.5 (d), 64.2 (dd), 48.2, 22.5,

3-Acetoxy-2,2-dimethyldihydrocinnamic acid (11). Prepared from ester 6 by the standard method.
After extraction with NaHSO,, the acid (> 95% purity 'H NMR) was obtained quantitatively and was used in
the next step without further purification. 'H NMR, 6: 7.31 (m, S H), 6.06 (s, 1 H), 2.08 (s, 3 H), 1.23 (s, 3

B. 1 7. 3 araan 1 00 4 P

H), 1.14 (s, 3 H); "C NMR, &: 181.9, 169.8, 136.7, 128.3, 128.1, 127.9, 79.1, 47.1, 22.5, 21.2, 19.5.

2,2-Dimethyl-3-(trifluoroacetoxy)dihydrocinnamic acid (12). Prepared from ester 7 by the
standard method. After extraction with NaHSOs, the acid (> 95% purity 'H NMR) was obtained
quantitatively and was used for preparation of the PTOC ester without further purification. yield. 'H NMR, &
7.30-7.39 (m, 5 H), 6.23 (s, 1 H), 1.30 (s, 3 H), 1.18 (s, 3 H); "C NMR, &: 181.7, 181.6, 134.3, 129.3,
128.6, 127.7, 82.8, 47.2, 22.5, 19.0; '°F NMR, &: -2.91.

3-(Diethylphosphatoxy)-2,2-dimethyldihydro-p-methoxycinnamic acid (13). Prepared from
ester 8 by the standard protocol. After extraction with NaHSOs, the acid (> 95% purity ‘Hand *'P NMR) was
obtained in 70% yield together with 30% of recovered substrate. It was used for preparation of the PTOC ester
without further purification. TH NMR, &: 7.26 (d,/=8.6Hz,2 H), 683 (d, /=86 Hz, 2H), 562 d, J =

8.1 Hz, 1 H), 4.02 (m, 2 H), 3.87 (m, 2 H), 3.78 (s, 3 H), 1.22 (s, 3 H), 1.18 (t, / = 6.9 Hz, 3 H), 1.06 (dt,
13 P

J=72,09Hz 3 H), 1.04 (5, 3 H); "C NMR, &: 179.1, 159.7, 129.4, 128.7, 113.2, 83.7 (d), 64.0, 62.2,
31

554,481 (d),22.0,19.2, 168 (1); P NMR, &: -1.81.
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General Protocol for the Formation of PTOC Esters. (1H)-2-Thioxo-1-pyridyl 2,2-
Dimethyl-3-(diphenylphosphatoxy)dihydrocinnamate (14). To a solution of 9 (0.424 g, 1.0
mmol) and 2,2'-dipyridyl disulfide bis-N-oxide (0.278 g, 1.1 mmol) in dry CH;Cl; (10 mL) in a flask

meea 2 Lo tabl Y O Y __ .. .11 L-,AL 8 PUSISU LSRR . By 7o TN PRGN W YL L e

COVEred wiiln ailuminum 1011 wWas a GCU mourylpnobp ne (\).26 )4 1.1 minoi) at v YU Unacr Ar. ne reacuon
+ . N

ae emrrad ar raarn tamnaratiira for ) h hafAre Aananie Na 0, 11 Ay ne adAdad Tha Aeraanis lngar
was STITEG at oo WmMperaiurt 10T £ 1 OCIOTE aquCOus INvazLUs (1 N T, Was aGhGea. 1€ OIganic 1dy<i
was ceraraterd an A the agueous ]qu -avn-qr‘r.::rl with CH.MM. (3¢ 18 m] AY Thp comb 'n:ad ArIANIC avITartc wers

VY M “ Al A VWS ANA AW u\iu\.«v 4 “! AU WAL LLAL YYRUL Ll 12\,“ \ N AT LdsRd ). A Al Wit 'S4 AWAd Ulbmll\- WA GWILD YYLLAL
washed with brine (2 x 10 mL), dned (Na,S0O,), and concentrated to dryness. Column chromatography o

silica gel (eluent: hcxane_/BtOAc 2:1) in the dark gave the PTOC ester (0.38 g, 71 %) as a yellow solid. 'H

NMR, &: 1.41 (s, 3 H), 1.42 (s, 3 H), 5.99 (d, / = 8.2 Hz, 1 H), 6.42 (dt, J =7.0, 1.6 Hz, 1 H), 6.84 d, J
= 8.5 Hz, 2 H), 7.10-7.36 (m, 14 H), 7.63 (dd, J = 7.4, 1.6 Hz, 1 H), 7.84 (d, / = 7.0 Hz, 1 H); °C NMR,
6: 17.8,23.3, 495, 85.0, 112.8, 119.9, 119.9, 120.6, 125.5, 126.0, 128.3, 128.4, 129.3, 129.9, 130.0,
133.8, 134.4, 137.3, 138.9, 150.8, 170.5, 176.1; >'P NMR, &: -11.74. Anal. Calcd for CpsHpsNOGPS: C,
62.80; H, 4.89. Found: C, 62.68; H, 5.10.

(1H)-2-Thioxo-1-pyridyl 3-(Diethylphosphatoxy)-2,2-dimethyldihydrocinnamate (15). A
yellow oil prepared in 71% yield from 10 by the standard protocol. 'H NMR, &: 8.32(d,/J = 5.87 Hz, 1 H),
7.68 (dd, J =8.8, 1.4 Hz, 1 H), 7.39 (m, 5 H), 7.19 (m, 1 H), 6.64 (dt, /= 6.90, 1.8 Hz, 1 H), 5.73 d, J
= 8.6 Hz, 1 H), 4.06 (m, 2 H), 380(m 2 H), 1.40 (s, 3 H), 1.38 (s, 3 H), 1.26 (dt, J = 7.1, 1.1 Hz, 3 H),
099 (dt, J = 7.1, 1.1 Hz, 3 H); ”C NMR, &: 176.5, 1755, 171.2, 1392 137.3, 135.6, 1339, 129.2,
128.3, 112.9, 83.3 (d), 65.0 (2 x d), 49.0, 23.1, 17.8, 16.5 (Z x d), 'P NMR, &: -1.46. Anal. Calcd for
CaoHsNOGPS: C, 54.66; H, 5.96. Found: C, 54.59; H, 5.92.

(1H)-2-Thioxo-1-pyridyl 3-Acetoxy-2,2-dimethyldihydrocinnamate (16). An unstable yellow
oil prepared in 55-65 % yield from 11 by the standard protocol. 'H NMR, (CDy) &: 1.32 (s, 3 H), 1.36 (s, 3

H), 1.61 (s, 3 H), 5.44 (dt,/ =1.5, 6.6 Hz, 1 H), 599 (dt, / = 1.8, 8.7 Hz, 1 H), 6.33 (s, 1 H), 7.00 (s,
H), 7.08 (dd, mixed with benzene signal, 1 H), 7.39 (dd, J = 1.5, 9.0 Hz, 1 H); ’C NMR, (C,Dy) & 18.8,

M2 I K A"7"l T7RA4A 11NQ 179 2 140 § 71 8
L\ dey ke, Jy 4057, 11V.0, 140.3, 1U7.J, I hode

(1H)-2-Thioxo-1-pyridyl  2,2-Di
unstable yellow oil prepared in 55-65 %
1.8

1
1

ethyl-3- 'Trif‘luoroacetoxydihydrocinnamate (17). An
ield from 12 by the standard protocol. 'H NMR, (C,Dy): 6 1.22 (s,

*<E

3H), 1.27 (s,3H), 538 (dt, /=18, 6.9 Hz, 1 H), 599 (dt, J = 1.5, 8.7 Hz, 1 H), 6.29 (s, 1 H), 6.67
(AAd 7T - 192 A0WI» 1IN KQS /¢ (LT\ T4 T —1Q 7D U, 111\ 131'" YHD M MMYR 122 Y 9
\Wal, v = 3.0, U7 51, L X1), U.70 O, J 14}, 1.3 \UU, s = 1.0, /.4 1RZ, 1 11), VIV, \\glle) O. 10.0, £4.7,
47.1, 82.8, 111.1, 128.3, 129.1, 132.1, 136.3, 137.4, 1493 (the CF3 ca.rben and 4 other carbons are
unidentified due to diluted sample and overlapping with he zene-d,).

(1H)-2-Thioxo-1-pyridyl 3-(Diethylphosphatoxy)-2,2-dimethyldihydro-p-methoxycinn-
neenta F1OY A iootrablla rallac, ~il cramanad (- 8K £& 2ald Lo T2 bae: sbio otaadnemd aie lys aran
dIldLIC {10). Al Ulididuic y HOUw il Pl Pal u 1 1 J0-0Q0 /0 yu:xu Lo 1o Uy UIC >tadd iudiu PIUL Ol Il IvIVIIN,
K 1M (A T —NAQ TIPH> 2HY 1924 (Ar T =11 70, 2L 125 ¢(c 2 12K /e T HY 779 . 2 QN
U, L.Uv (i, J V.7, ke K1y D U1), LLT UL Y ™ dody 10U KRy T Kh)y 00083, J 11), L.IU D, J 11}y J. i & J.OV
(pentet, J=75Hz,2H),381(5,3H),390-4.10(m,2H),566(d,J=84Hz, 1 H), 662 (dt,J=1.218,
72 Hz, 1 H),6.85(d,/=9.0Hz 2 H), 7.20 (dt, f = 1.5, 6.6 Hz, 1 H), 7.26 (d, / = 8.7 Hz, 2 H), 7.63

(dd, J = 1.8, 8.7 Hz, 2 H), 8.30 (d, / = 5.7 Hz, 1 H); >C NMR, & 15.7 (d, / = 6.7 Hz), 159 (d, J = 6.6
Hz), 17.5, 22.8, 48.6 (d, J = 7.7 Hz), 55.3, 64.0 (d, J = 5.6 Hz), 64.2 (d, J = 5.6 Hz), 82.6 (d, / = 5.5
Hz), 112.6, 113.4, 127.1, 129.2, 133.6, 137.1, 139.0, 159.9, 170.5, 175.9.

Photolysis of 14 in the Presence of tert-Butylmercaptan. Isolation of 2-Methyl-1-phenyl-1-
propene. A solution of 14 (0.181 g, 0.34 mmol) and ters-butylthiol (76.7 uL, 0.68 mmol) in MeCN (10.0
mL) in a Pyrex flask was photolyzed at room temperature with a 250 W sunlamp for 1.5 h under argon. After
removal of the volatiles under vacumn, 'H and *>'P NMR spectroscopy indicated a clean reaction and complete
conversion of 14 with essentially quantitative formation of diphenyl phosphate C'P NMR, & -10.36).
Purification by preparative TLC (eluent: hexane/EtOAc 10:1) gave 2-methyl-1-phenyl-1-propene (38 mg,
85%) as the major product.38 'H NMR, & 7.18-7.34 (m, 5 H), 6.27 (s, 1 H), 1.91 (d, J = 1.2 Hz, 3 H),
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1.86 (d, J = 1.2 Hz, 3 H). When the reaction was carried out with 14 (0.195 g, 0.37 mmol) and tert—Bu§‘H
(82.5 uL, 0.728 mmol) in benzene-dg (8 mL), it was not as clean as in MeCN. Nevertheless, from the °'P
NMR spcctrum of the crude photolysate about 95% conversion of 14 to the diphenyl phosphate was

-

observed. The 'H NMR spectrum of the photolysate indicated approximately 50% formation of the alkene

alao = <ol ol .. AJ

along with other unidentiified producis.

Laser Flash Photolysis studies were conducted on a modified Applied Photophysics LK-50 kinetic
spectrometer using the Applied Photophysics software for instrument control and data analysis. A Spectron

Nd-YAGQ laser operating at a nominai power rating of 40 mJ (355 nm) was used for photolysis. Hammamatsu

P28 photomultplier tubes and a Hewleut-Packard 54522 oscilloscope were employed. Solutions of the
an

€. P-

ot wad SN
sired precursor with

thermally equilibrated in a jacketed addition funnel by circulation of a water/ethylene glycol solution from a

Lhermanv-rem)lmpd hath. Fm' reactions conducted below 0 °C, the flow cell was positioned in a nitrogen-filled

e fiigac yTabgiadasil Ll ror react ALl VAN AL LIUNY Lhas BVAS pUStLULLU G Rl UguaTiaacy

e T O e iy PR

cmebiaana " .
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box fitted with quantz windows. The solutions were allowed to flow through a quartz flow cell with an 8 mm
x 8 mm ID. Temperatures were measured with a thermocouple placed in the flowing stream approximately 1
cm above the irradiation zone. Multiple runs (5-15) at a given temperature were averaged. The observed
temperature variation over the course of multiple runs was + 0.2 °C. Observed rate constants had standard
errors of 1-5%.
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