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Abstract—2,6-Dimethoxyphenylphosphirane is readily converted to its oxide and sulfide whose pyrolysis and (perhaps) photolysis lead to
the generation of phosphinidene chalcogenides AZZ=0,S). Trapping experiments were carried out under conditions similar to the
kinetic studies of the phosphirane chalcogenide pyrolyses that confirmed the formation of freeZAfHR trapping experiments were in
accord with carbene-like character for Ar=P, and the activation parameters suggest a non-least motion pathway for the addition of
Ar—P=Z to olefins. This represents quantitative evidence for the validity of the predictions of frontier-orbital theory for species that undergo
reactions with small (or no) enthalpic barrie@®1999 Elsevier Science Ltd. All rights reserved.

Introduction necessary to interconnect their positions in the non-least

motion transition state with their positions in the corre-
It was recognized several years ago that differences insponding silirane and phosphirane chalcogenide adducts.
frontier-orbital symmetry between the ‘carbene family’
and ‘nitrene family’ of six-valence electron species might It is more than 40 years since Skell proposed that stereo-
allow a fundamental question regarding chemical reactivity specific addition of carbenes to olefins was due to a
to be answered: does maximization of bonding in the transi- concerted process involving a singlet spedi¢shas been
tion state of a reaction, as embodied in frontier-orbital (FO) pointed out that singlet carbenes or silylenes could undergo
theory, correctly predict reaction pathwaysyen in the stepwise, non-stereospecific addition, and triplet species
absence of a significant energy barr®rFrontier orbitals ~ might add stereospecifically if conformational changes
of closed-shell singlet silylenes and phosphinidenes, and ofwere slow compared with intersystem crossing and intramo-
a phosphinidene chalcogenide are shown in Schefe 1. lecular radical coupling:® Nevertheless the reactant orien-

tations and transition state structures shown in Scheme 2
The HOMO of the silylene is aligned with the molecular should describe the maximization of bonding during
axis (and the HOMO of the phosphinidene chalcogenide hasconcerted addition (and retroaddition) processes of closed-
the same ‘local symmetry’) while the HOMO of the phos- shell singlet species.
phinidene is perpendicular to the molecular axis. This differ-
ence in symmetry will lead to a non-least motion transition In 1963 Moore suggested that concerted addition by a sin-
state for concerted addition of a silylene or a phosphinidene glet carbene to an olefin implied a maximization of what we
chalcogenide to an olefirf, FO overlap is maximized, but now call FO-interactions, half of which are shown in
permits a least motion transition state for concerted addition Scheme 2.By 1968 Roald Hoffmann had pointed out that
of a phosphinidene. In Scheme 2, orientations of a silylene, the ‘least motion’ transition-state for carbene addition was
phosphinidene and phosphinidene chalcogenide that maxi-forbidden by symmetry, and he predicted, on the basis of
mize overlap of their HOMO’s with an olefin LUMO are extended-Hakel calculations, that there would be a signifi-
shown at the left. Curved arrows indicate the motions of cant energy barrier along this pathway but none along the
substituents on a silylene and a phosphinidene chalcogenideéion-least motion pathway depicted in Schenférpere was

no experimental evidence for non-least-motion addition.
Keywords phosphorus heterocycles; strained compounds; phosphine Thare have been many calculations at various levels of
oxides; phosphine sulfides. "
* Corresponding author. Tel:314-035-6568; fax: +314-035-4481;  theory on the addition of carbenes to oleffrand they are
e-mail: gaspar@wuchem.wustl.edu all in accord with Hoffmann’s view that a non-least motion
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pathway is preferred. A similar picture emerges from calcu- Houk has proposed entropic control of the free energy
lations on the pathways for the silylene—olefin addition barrier for carbene addition reactiotfsA consequence of
reaction. Gordon has predicted that along the minimum entropic rather than enthalpic control of addition rates
energy approach of SiHto ethylene the H-Si—H plane would be that maximization of bonding, an enthalpic
remains parallel to the plane containing the ethylene nuclei factor, might fail as a predictive model for transition state
until late in the reaction when there is an abrupt change in structure.
the angle between the planes, as shown in Schefe 2.

The non-least motion transition states predicted by the FO
In accord with these theoretical results is the qualitative model, and supported by calculations of minimum energy
picture of approach control governed by orbital overlap pathways, for addition reactions of the ‘carbene family’
that emerges from the FO model: HOMO-LUMO mixing should lead to a lower entropy of activation than would a
lowers the energy of the transition-state, and hence reactionleast-motion transition state for both the forward and reverse
occurs by the pathway that maximizes FO overlap. reactions. This is due to the ‘extra’ steric interactions

between substituents on the olefin and those on the
To be sure, these are enthalpic considerations, and transitiorattacking species that are not present in the adduct or the
states are related to free energy barriers. Given the tremen{ree reagents.
dous success of FO theory in organic chemistrit, may
seem wrongheaded to question its predictive powers in theWe favor kinetic studies of the retro-additions, shown in
realm of highly reactive species. But most carbene and cartoon form in Scheme 3, because their reasonably
silylene reactions are highly exothermic, and laser-flash large activation barriers considerably ease the task of
kinetic spectroscopy has indicated that their addition measuring their rates and of obtaining their activation
reactions are very rapid, some occurring at the diffusion- parameters from the temperature dependence of their
controlled rate. Thus activation barriers are very small, and rate constants. The addition (and indeed all other)
indeed oftennegative and little bonding has occurred reactions of silylenes have been found to be cleanly

\
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when the transition state is reached. reversible®® and this prompted us to develop the
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retroaddition route to phosphiniden¥s.Arylphosphir-
anes have been found to undergo clean pyrolysis and

photolysis to phosphinidenes R

Our interest in phosphinidene chalcogendides RZP

for forward and reverse
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conversion of R—P to R=FZ changes the symmetry of the
HOMO making R—P-Z isolobal with a singlet carbene or
silylene® This is shown in Scheme 4 in an MO interaction

(Z=0, S, Se, Te) has been kindled by the recognition that diagram.
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Figure 1. Reactions that have been reported to yield phosphinidene chalcogenideZ R—P



108 P. P. Gaspar et al. / Tetrahedron 56 (2000) 105-119

| R 0 Ph

\P/ | R SEt

720N AN P/

Me ¢ 20 AN
\C|:Hz Fh Z 7 “sEt

R=Ph,c-C¢H;; Z=0,S
. II):O (ref.6191-[21) R=Ph,c-C¢Hyy Z=0, S

H (ref. 20)

Bu N R K
a I b N p |
R =2,4,6-(tBu);CgHj3 i [oing EtS— SEt Z//
Z=0  (ref. 37) R’
/,' R,R=Ph Z=0 (ref. 22)

. >R R=Ph R'=Me Z=S$ (ref. 27)
4 h R
R = 2,4-(1Bu),-6-(Me,N)CgH, j I |
Z-Se (ref. 35) g & R Z R
HO 0 Rz e
¢ ROH R,R'=Ph Z=S (ref. 19, 22)
O o %) R
R II:I’ (o] }El’ R “
| | R
H H Z=P—OR
. R, |
R = 2,4.6-(tBu);CeH, R H
Z=0 (ref. 34) ) 2
2N R=Ph Z=0 R =Me (ref. 23,25, 31)
Rs R=Ph Z=0 R’ =Me, B, iPr, tBu (ref. 24)
R = Ph, Bu, Br(CHy)y56 Z =S R'=Me (ref. 28)
R4 R=Ph Z=0,S, Se R' = Me (ref. 29)
R=tBu Z=0 R;,Ry=tBu R, ,R,=H R=tBu Z=0 R’ =Me (ref. 31)

R=1tBu Z=0 R|,R;=benzo R;,R,y=benzo
(ref. 31}

Figure 2. Reactions that have been attributed to phosphinidene chalcogenidezR—P

Carbene-like reactions have long been attributed to phos-methanol H—O insertion product (reacti@.?* From a
phinidene chalcogenides, but evidence for their generationseries of elegant fluorescence and quenching experiments
has been spardéFig. 1 displays eleven reactions that have Tomioka concluded that this photofragmentation occurred
been proposed, largely on the basis of product studies, tovia a singlet excited stat€. The non-stereospecific frag-
generate R—PZ. The reactions that have been attributed to mentation could be explained by competing disrotatory
R—P=Z are summarized in Fig. 2. chelotropic processes forming Ph=®, or by stepwise
fragmentation which would not necessarily lead to free
The formation of R—PO and R—P-S upon the dehalogena- R-P=0.
tion of the corresponding phosphonic or phosphonothioic
dichloridesl was deduced by Inamoto and his distinguished Product studies suggested the possible generation of
coworkers in the early 1970s from the products formed by phosphinidene chalcogenides from bicyclic and tricyclic
carbene-like additiort§ and insertions from benzil (reaction molecules in which a strained 3-phospholene chalcogenide
a) and diethyl disulfide (reactidn), respectively*~**Formal unit is present as a substituted 7-phosphanorbornene
1,4-addition to 2,3-diphenylbutadiene was also attributed to chalcogenide. Tomioka reported that direct irradiation of
Ph—P=0 in these experiments (reaction but a correspond-  1-phenyl-3-phospholene oxide dimgteads to an apparent
ing reaction was not found in experiments in which the inter- H—O insertion product of Ph—=fO (reactione).?® Mathey
mediacy of Ph—RS was inferred, and instead+2 found that heatingxodimer5 to 150C in the presence of
cycloaddition of the PS bond was proposed (reactidp? 2,3-dimethylbutadiene led to the apparent 1,4-adduct of
Ph—P=S and the diene (reaction &).When the bicyclics
It was again the formation of insertion products from 6 were irradiated in the presence of MeOH the products
EtSSEt (reactiorb) and MeOH (reactiore) that supported  expected from trapping of R=fS (R=Ph, Bu, Br(CH),;
Stille’s 1975 suggestion that Ph=P was extruded upon n=4,5,6) by H-O insertion (reactiog) were obtained, but
pyrolysis of a 7-phosphanorbornadiene oxi@&¢® No Mathey did not suggest phosphinidene sulfide intermedi-
adducts were obtained when the pyrolysis was carried outates?® Tomioka reported the trapping (via reactieh of
in the presence of alkenes or alkynes, and Stille recognizedthe phosphinidene selenide as well as the oxide and sulfide
the possibility that addition was occurring2deforeloss of when the phosphole chalcogenide-cyclopentadiene adducts
tetraphenylnapthalene. 7 were irradiated in MeOH?

In 1974 Tomioka had suggested that Ph-cPis formed by However Quin et al. found that 1-phenyl-3-phospholene
photolysis of a 3-phospholene oxi@dased on the apparent oxide 3 (R,R=H, R’=Me), bicyclic 6 (R=Ph,
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Y,Y’=NPh), and its P-sulfide analog didot undergo the conditions that the liberation of the free phosphinidene

cleavage when irradiated in the absence of Me®Ht. chalcogenides was verified. Finally, if free phosphinidene

was suggested that photo-induced addition of MeOH to 7- chalcogenides are formed by concerted thermolysis of phos-

phospha-norbornene and 3-phospholene chalcogenides maphirane chalcogenides, that is by retroaddition reactions,

form five-coordinate intermediates that fragment to the then classical kinetic studies of the thermolysis might

observed product¥. allow the elucidation of the retroaddition /addition mechan-
ism and experimentally answer the question whether a non-

In 1978 Quast synthesized the first stable phosphirane oxideleast motion pathway operates as predicted by the frontier

8 by a cyclization that resembles the first step in the orbital model.

Ramberg—Beklund reactior?*? Formation oftBu—P=0

upon the thermolysis 08 above 60C was deduced from

the cis-di-tert-butylethylene coproduct and the formation of

products presumed to arise by H—O-insertion (reactipn Results

and formal 1,4-addition to quinones (reactibp In 1982 ) _

Quast reported that the disappearancs appeared to be a The syn_thetlc sequence in Sche_me 5 was f_ollowed for the

first-order process whose rate was similar in benzene andSynthesis of the phosphirane oxidé and sulfidel5. 2,6-

dioxane and did not appear to be accelerated by the presenc®imethoxyphenylphosphirane3 was prepared f'rorr; 2,6-

of trapping agents® No adducts were obtained from benzil, dimethoxyphenylphosphiri 12 by Li's modificatior™ of

biacetyl, 2,3-dimethylbutadiene, or bis(trimethylsilyl)- & Procedure devised by Oshikawa and YamasHifawo-
acetylene. phase oxidations (#0,—CH,CI, and $—CH,Cl,) gave the

chalcogenides in high yield. Th_e X-_ray crystal structures of
Quin suggested that the slow decomposition of the bicyclic 13 14, and 15 are presented in Figs. 3—5, respectively.
phosphirane oxid® liberated an arylphosphinidene oxide Crystal data and structure refinement parameters are given
that was trapped by residual water as a phosphinic acid'" Table 1. Selected bond-lengths and angles are given in
anhydride (reactior).** Table 2.

Recently deselenization of diselenoxo- and selenoxothioxo-
phosphorane4o0 yielded the corresponding phosphinidene
selenidé® and sulfide®® The selenide Ar—PSe (Ar=2,4-
(tBu),-6-(Me;N)CgH,) is metastable and it8P NMR spec-
trum was recorded; it underwent disproportionation (reac-
tion h).® The corresponding sulfide Ar=S was longer-
lived and did not undergo reactiomsand b.*® Yoshifuii
suggested that the N coordinates to the P-atom.

Most recently Cowley reported the pyrolysis of a P(lll)
oxalatel1 leading to a product that appears to be due to a
carbene-like intramolecular C—H insertion by the phos-
phorus center, reactian®’

Against this background, our goal was to simplify the
synthesis of phosphirane chalcogenides, and to examine
their thermal and photochemical decomposition to deter-
mine whether free phosphinidene chalcogenides were
formed. If so, the reactivity of free phosphinidene chalco-
genides could be explored by carrying out reactions under Figure 3. ORTEP drawing of a crystal structure b8,
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Figure 4. ORTEP drawing of a crystal structure d4.

benzene solutions of4 and 15 to 8C°C in sealed NMR

mined by'H NMR spectroscopy.

Table 1. Crystal data and structure refinement parameters

Figure 5. ORTEP drawing of a crystal structure b5.

undertaken of the thermolysis &t and15. The disappear-

In preliminary thermolysis experiments, heating degassedance ofl4 and 15 were clean first-order processes over at
least three half-lives in the temperature ranges 44—-80 and
tubes for 3 h led to quantitative yields of ethylene as deter- 44—75C, respectively’! Table 3 compares the first-order
rate constants for thermolysis & in benzene with that in
acetonitrile, and in benzene with and without EtSSEt
In order to establish the intermediacy of phosphinidene (12 vol%, 1< precursor concentration) and gD (5 vol%,
chalcogenides in these reactions, kinetic studies werel0X precursor concentration) trapping agents. The rate

13 14 15
Empirical formula GoH130:P C,oH1305P CoH1:0,PS
Formula weight 196.2 212.2 228.23
Temperature (K) 296 296 298(2)
Crystal system monoclinic triclinic triclinic
Space group P2)/c . P1 (bar) P1 (bar) .
Unit cell dimensions a=125783) A a=8.7622) A a=8.29317) A,
b=5.445010) A b=112352) A b=1217879) A
c=15.0393) A c=119922) A c=18612511) A
B=10351(3)° a=76.97(3)° a=99.3536)°
B=75.00(3)° B=94.3146)°
. y=7280(3)° y=1082898)°
Volume 1015.9(4) A 1075.1(4) B 1745.2(2)
z 4 4 6
Density (calculated) 1.283 g/cn 1.311 g/cm 1.303 g/cnd
Absorption coefficient 21.24 cnt 21.21cm? 35.64cm?
F(000) 416 448 720
Crystal size (mr) 0.18x0.28x0.33 006x0.44x0.30 042x0.33x0.30
0 range for data collection 3.0-113.0 3.0-113.8 4.86-123.98
Index ranges &h=13 0=h=9 —9=h=9
0=k=5 —11=k=11 —14=<k=14
—-16=1=15 —12=1=12 0=1=22
Reflections collected 1405 3063 14,643

Independent reflections
Absorption correction
Refinement method

Data-to-parameter ratio
Goodness-of-fit o2
Final Rindices[l>20a(1)]

Rindices (all data)
Extinction coefficient

Largest diff. peak and hole
(€A™

133R{=6.50%)
none
Full-matrix
Least-squares
5.3:1
1.16
R=4.56%
WR=5.35%
R=10.72%
WR=6.88%

0.18 and—0.24

2837 R,—=3.63%)
none
Full-matrix
Least-squares
7.0:1

1.05

R=4.87%

WR=6.62%

R=8.10%

WR=8.27%

0.29 and-0.32

6000 R,=4.8%)
none
Full-matrix

Least-squares
15.3:1
1.079
R1=7.62%
WR2=2175%
R1=9.30%
WR2=26.63%
0.0036(7)
0.440 and-0.736
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Table 2. Selected bond distance%)(And angles®) for compoundsl3, 14 and15

13 7= 14, 7Z=0? 15, 7z=5°

P-Z - 1.473(4), 1.479(4) 1.9365(15)—1.945(2)
P—Ging 1.820(7), 1.828(7) 1.739(6)-1.759(5) 1.761(4)-1.786(4)
Cring—Ciing 1.488(9) 1.552(9), 1.555(8) 1.538(6)—1.558(7)
P—Gpso 1.826(6) 1.792(5), 1.793(6) 1.782(4)-1.791(4)
0—Cortho 1.365(8), 1.365(9) 1.362(7)-1.375(6) 1.351(6)-1.377(5)

—Gie 1.414(9), 1.417(8) 1.402(9)—1.424(9) 1.417(5)-1.434(5)
Z—P—Gpso - 116.4(2), 117.4(2) 118.51(13)-119.13(15)
Z—P—Ging - 123.7(2)-125.0(3) 123.2(2)-124.3(2)
Ciing=P—Ging 48.1(3) 52.5(3)-53.0(3) 51.5(2)-53.0(3)
Cring—P—~Gpso 101.4(3), 101.5(3) 111.1(3)-111.6(3) 110.1(2)-111.6(2)
O—Cortho—Cipso 114.9(6), 115.7(6) 114.6(5)-115.4(5) 114.1(4)-115.5(4)
Cue—O0—Cortro 118.8(5), 119.3(5) 117.6(5)-119.6(5) 118.5(4)-119.7(5)

2There are two nearly identical moleculeslgfin the unit cell.
P There are three nearly identical moleculesl6fin the unit cell.

Table 3. First-order rate constants for the pyrolysisldfand 15

Precursor Solvent Temperatufe€y Trapping agent Rate constant (f&™%)
14 CgDg 75.0+0.1 none 799+0.15

14 CDsCN 750%0.1 none 121+0.4

14 CgDsg 75.0+0.1 EtSSEt 802+0.15

14 CeDs 75.0+0.1 CD;0D 164+0.3

15 CgDs 65.0£0.1 none 68+0.19

15 CeDs 65.0+0.1 EtSSEt 690+0.17

constant for disappearance b4 was 50% larger in aceto- Fig. 6 displays the Eyring plot for the temperature depen-
nitrile than in benzene. The presence of EtSSEt did not dence of the first-order rate constants for the thermolysis of
accelerate the disappearanceldfor 15, but the presence  14in C¢De¢ and Fig. 7 displays the Arrhenius plot fb5. The

of methanol at one molar concentration doubled the rate activation parameters derived from these plots dré:

of disappearance ofl4. The yields of the expected E,=32.2+1.3kcal/mol, logA=16.1+0.8, AH'=31.4*
trapping products of the phosphinidene chalcogenide 1.3 kcal/mol, AS'=12.9+3.6 eu; 15 E,=25.8 kcal/mol,
(vide infra) corresponding td4 in these kinetic experi- log A=13.5+1.1, AH'=25.1+1.6 kcal/mol, AS'=1.1+
ments were 783% (EtSSEt) and 782% (CD;OD) and 4.8 eu.

that corresponding td5 was 86-1%, as determined by

NMR integration.

Figure 6. Eyring plot for the pyrolysis ofL4 in C¢De.

Ln(k/T]

Fig. 8 displays the results of RHF/6-31Gab initio
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Figure 8. Structures ZAdeg) predicted by SCF 6/31®alculations for (a) 1-methylphosphirane oxide and (b) the transition state for pyrolysis of (&J4o C
and Me—P-0.

calculations on a model compound, 1-methylphosphirane presence of various trapping agents gave rise to products
oxide and the transition state for its pyrolzysis to methyl- that had previously been attributed to phosphinidene
phosphinidene oxide Me=R and ethylené? In the tran- chalcogenides. The photolyses were carried out with low-
sition state (b) the angle between the plane containing the O,pressure mercury lamps.
P, and Gy atoms and the plane containing the four ring
H-atoms is 36. This angle is 90in the intact molecule (a).  SSDiethyl 2,6-dimethoxyphenylphosphonodithiodi®and

the corresponding trithioate8 were purified and gave satis-
As indicated in the reactions in Schemes 6 and 7, thermalfactory elemental analyses. TheitP chemical shiftsé
and photochemical decomposition @# and 15 in the %p=49.1 16, 72.4 18 are similar to those of related

OMe
0
s P—SEL 16 90%
OMe EtSSEt SEt
o) / OMe
I CeDs
P<] 75 °C or hv OMe
HOMe (0]
Il
14 OMe C¢Dg IIJ—OMe 17 85 %
H
OMe

Scheme 6.
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compounds: PhP(O)(SEtp P=52.5 ppm'® PhP(S)(SE¥)

5 3P=80.5 ppm?® The instability of even purified methyl
2,6-dimethoxyphenylphosphinafe’ and the corresponding
O-methyl thiophosphinatel9 precluded a satisfactory
elemental analysis, but the distinctive phosphinate and
thiophosphinate NMR signals made their identification
unambiguous: 17 3P 6=28.3 ppm, Jp_=564 Hz (cf.
PhPH(O)OMe*P §=29.3 ppm, Jp_=576 Hz)?® 19 P
8=55.9ppm, Jp_=559Hz (cf. PhPH(S)OMe °'P
5=69.3 ppm Jp_1=528 Hz)*°

2,6-Dimethoxyphenyl-3,4-dimethyl-3-phospholene sulfide
20 was identified by comparison with an authentic sample
synthesized by condensation of 2,6-dimethoxyphenyl-
lithium with 1-bromo-3,4-dimethyl-3-phospholefefol-
lowed by treatment with sulfur.

The structure of 3,6-dihydro-4,5-dimethyl-2-(2,6-dimethoxy-
phenyl)-1-thiophosphorin-2-oxid2l was deduced from its
mass spectrum (M=298), its *P chemical shift®'P
8=60.1 ppm (cf. tBu(Ph)P(0)SMe 3'P §=63.3 ppm)?°
and from Heteronuclear Multiple Bond Correlation
(HMBC) and Heteronuclear Multiple Quantum Coherence
(HMQC) NMR experiment$® (2,6-Dimethoxyphenyl)-3,4-
diphenyl-2,5-dioxa-3-phospholene sulfig2was identified
on the basis of its NMR spectrdP §=96.8 ppm (cf. 1,3,4-
triphenyl-2,5-dioxa-3-phospholene sulfitfe 6=105 ppm)?°
Pure22 could not be obtained.

Discussion

The improvements in the synthesis of phosphiranes
previously reported from this laboratdf*>3° and their

direct oxidation to phosphirane chalcogenides describeddimethylsilylene MgSi

and photochemical generation of a range of phosphinidene
chalcogenides R—=FZ.

The present kinetic studies indicate clearly that 2,6-
dimethoxyphenylphosphinidene oxide and sulfide were
generated by pyrolysis of phosphirane oxideand sulfide

15. The disappearance d#4 and 15 are clean first-order
processes whose rates were unchanged in the presence of
a high concentration of a trapping agent EtSSEt that led to
the formation of 79 and 86%, respectively, of the product
expected from insertion of R=Z into the S-S bond.
These results preclude induced decomposition as a contrib-
utor to the disappearance ©# and 15 and are consistent
with a concerted extrusion of R=Z. A long-lived revers-
ibly-formed intermediate that can transfer a phosphinidene
chalcogenide unit to a substrate is also excluded. A stepwise
decomposition to free phosphinidene chalcogenide with a
fast second step is rendered unlikely by the activation
parameters, the small entropies of activation being consis-
tent with the non-least-motion concerted extrusion depicted
earlier but inconsistent with the cleavage of a single P—C
bond. There has been little experimental evidence that
speaks to the question of whether non-least-motion addition
occurs for carbenes and carbene-like speties.

The results of ab initio calculations on the dissociation of a
model compound 1-methylphosphirane oxide are shown in
Fig. 8:*? A concerted extrusion of Me—=FO is predicted by

the calculations, and a non-least-motion transition state is
clearly seen. For this model system the calculations predict
an entropy of activation of-0.8 eu which compares favor-
ably with the experimentaAS* for 14 and15 of 129+3.6

and 11+4.8 eu respectively. The experimental activation
parameters for the presumed non-least-motion extrusion of
from hexamethylsilirane are

here promise ready access to precursors for the thermalAH*=31.6+2.7 kcal/mol AS*=11.2 eu?®
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Scheme 8.

The operation of a concerted non-least-motion retroaddition chemistry. R—P-Z and the synthetically useful electrophilic
(and addition) pathway that is suggested by the presenttwo-electron phosphinidene-transition metal complexes
results supports the applicability of frontier-orbital predic- developed by the Mathey laborat6fyare isolobal. When
tions to reactions with small enthalpic barriers. the electrophilicity of phosphinidene chalcogenides is
increased, the accessibility of their precursors and the ease
That a phosphirane chalcogenidan undergo pyrolysis  of their generation should ensure their widespread use. It is
without participation by a trapping agent does not guaranteeinteresting that the reaction with 2,3-dimethylbutadiene
that it will always do so. The pyrolysis rate fid doubled in suggests that phosphinidene sulfid® is more reactive
the presence of CIDD, and thus the role of free phos- than the corresponding phosphinidene oxide generated
phinide oxide in these reactions remains to be determinedfrom 14. The corresponding selenide may prove to be
by future experiments. The same caution must be exercisedeven more reactive, and the electrophilicity of R=APcan
regarding the mechanisms of the photolysid4find15in be increased by making R more electron-withdrawing than
the presence of methanol, the photolysis I in the the 2,6-dimethoxyphenyl group employed here.
presence of 2,3-dimethylbutadiene and the pyrolysi$5of
in the presence of benzil. The products obsert&g]19-22,
can be rationalized in terms of reactions previously Conclusion
suggested for phosphinidene chalcogenides (Fig. 2,
reactionsa, c—e), but kinetic or spectroscopic studies are Kinetic studies of the pyrolysis of 2,6-dimethoxyphenyl-
needed to probe the intermediacy of free phosphinidene phosphirane oxidé4 and sulfidel5 suggest that the corre-
chalcogenides in these reactions. sponding phosphinidene chalcogenide R€Pand R—P-S
are formed by a concerted, non-least-motion extrusion. The
The results reported here do confirm the insertion of phos- pyrolysis rate is not accelerated by the presence of EtSSEt
phinidene chalcogenides into the S—S bond of EtSSEtand RP(Z)(SE}) products16 and 18 are formed in high
previously suggested by Inamoto et al. (Fig. 3, reaction yield, confirming S—S insertion by the free phosphinidene
b).2° This reaction places the participation of phosphinidene chalcogenides. The kinetic studies provide quantitative
chalcogenides in carbene-like reactions on a firm basis, andevidence for the validity of predictions of frontier-orbital

their scope will surely be extended. theory for species that undergo reactions with small enthal-
pic barriers. The products from thermal and photochemical
The formation of bott20and21 from photolysis ofL5in the reactions in the presence of other trapping agents are in

presence of 2,3-dimethylbutadiene is of interest in suggest-accord with previously suggested carbene-like reactions of

ing that a carbene-like phosphorus center ang&#-bond phosphinidene chalcogenides, but a rate acceleration

may compete as reaction sites on a phosphinidene sulfideobserved for pyrolysis ofl4 in the presence of CI®OD

When PhP(S)GI(1 R=Ph, Z=S) was dehalogenated with dictates caution in the acceptance of such intermediates

magnesium in the presence of 2,3-dimethyl-1,3-butadiene,without complete mechanistic studies.

the product obtained by Inamoto et al. was attributed to

cycloaddition of the PS m-bond of Ph—P-S%?? That

thiophosphorin was converted by air to its oxideThe Experimental

phospholene sulfide analogous20 was not found in that

experiment? but it was found by Mathey et al. from  General data

pyrolysis of5.2’ Thus20 and21 could arise from competing

reactions of a phosphinidene sulfid®3 as shown in All preparative reactions were carried out in flame-dried

Scheme 8. glassware under an atmosphere of dry nitrogen or argon.
Photolyses were carried out in a Rayonet RS photochemical

While the intermediacy of free3in the formation oR0Oand reactor (model RPR-208, 120 W radiated power) equipped

21 remains unproved, it may be confidently predicted that with low-pressure Hg lamps (254 nm radiatiodM, 1°C,

the reactions of phosphinidene chalcogenides and theirand *P NMR spectra were recorded on Varian Unity

mimics will soon enter the synthetic arsenal of phosphorus Plus-300, Gemini-300 lfC 75.4 MHz, 3P 121.4 MHz),
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Unity Plus-500 £3C 125 MHz,*'P 202.3 MHz) and Unity-
600 (°C 250 MHz) spectrometers. 85% PO, was
employed as an externalP standard. Recorded yields are
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163.6 (d,Jp_=5.9 Hz, 0-C); elemental analysis, calcd for
C10H'®0,P C 61.22%, H 6.68%; obsvd C 60.98%, H 6.85%.

based on starting materials consumed and were determine@,6-Dimethoxyphenylphosphirane oxide 14 To 0.99 g

by integration of 3P spectra. Combined gas chromato-

graphy—mass spectrometry was performed on a Hewlett—

Packard Model 5890 Series Il instrument fitted with a
Quadrex 28mx0.32 mm capillary column coated with
0.5pm polymethyl(5% phenyl)silicone bonded phase

(5.00 mmol) 13 dissolved in 30 mL CKCl, in a 100 mL
flask equipped with a magnetic stirrer bar was added
2.8 mL (25.0 mmol) 30% kD,. After 48 min of stirring a
3P NMR spectrum of an aliquot indicated tha8 was
consumed and 4 was formed. The reaction mixture was

connected to a Model 5971 mass selective detector (quad-extracted with water (820 mL) and brine (320 mL).

rupole mass filter), mass spectra recorded aboie40,
ionization energy 70 eV.

Materials

The colorless organic phase was dried with 813, filtered,

and volatiles removed under vacuum, leaving 1.01 g (95%
crude yield) light-yellow oily product. This was purified by
chromatography on silica gel with 10:10:2 &H,—
EtOAc—EtOH eluent, yieldind4 as a white solid (0.51 g,
48%) that was recrystallized from EtOAC'P NMR

Benzene, THF, ether, and pyridine were dried by and (121.4 MHz, CDCl,) & —50.3; '"H NMR (500 MHz,
distilled from sodium benzophenone ketyl under a nitrogen CD.Cl,) 6 1.16-1.25 (m, 2HH,,), 1.92-2.03 (m, 2H,

atmosphere immediately before use. Gaths the drying
agent for pentane, cyclohexane, and hexane,GHwvas
distilled from ROs. Reagent chemicals were employed as
received except as notedi@g (Aldrich, 99.6%), n-BulLi
(Fisher, 1.6 M or Aldrich, 2.5 M in hexane), chloroform-d
(Aldrich, 99.8%), CDQCI, (Aldrich, 99.95%), 1,3-dimethoxy-
benzene (Aldrich, 99%, distilled under,ffom Na before
use), 2,3-dimethyl-1,3-butadiene (Aldrich, 98%, distilled
under N before use), ethylene glycol (Sigma, 99%)04
(Aldrich, 30%), LiAlH,4 (Aldrich, 95%), COD (Aldrich,
99.8%), PBs (Aldrich, 97%, distilled under blbefore use),
p-toluenesulfonyl chloride (Aldrich, 98%).

2,6-Dimethoxyphenylphosphinewas synthesized by the
method of Qian et at?

Ethylene glycol ditosylatewas synthesized by the method
of Corey and Mitra®®

2,6-Dimethoxyphenylphosphirane  13. To 2.20g
(5.94 mmol) ethylene glycol ditosylate in ajflushed

Hani), 3.90 (s, 6H, El3), 6.63 (dd, 2H,Js_+=5.7 Hz,
Jh_4=8.7 Hz, mH), 7.48 (t, 1H, J4_4=8.7 Hz, p-H);
13C{*H} (150.9 MHz, CDCl,) & 9.9 (d, Jp_=26.0 Hz,
CH,), 56.5 (s, CH), 104.1 (d,Jp_=4.5Hz, mC), 108.4
(d, Jp_=122.1 Hz,ipso-C), 135.5 (s,p-C), 162.2 (s,0-C);
elemental analysis, calcd for ;0P C 56.59%, H
6.18%; obsvd C 56.44%, H 6.23%.

2,6-Dimethoxyphenylphosphirane sulfide 15To 0.99 g
(5.00 mmol) 13 dissolved in 30 mL CECl, in a 100 mL
flask equipped with a magnetic stirrer bar was added
1.00 g (31 mmol) sublimed sulfur. After 45 min of stirring
a 3P NMR spectrum of an aliquot indicated the disappear-
ance of13 and the formation olL5. Solvent was removed
under vacuum and the residue mixed with 5 mL,CH and
filtered to remove excess sulfur. Evaporation of solvent left
1.12 g (98% crude yield) yellow oil that was purified by
chromatography on silica gel with GBI, eluent, yielding
0.75 g (65%)15 as a yellow solid. X-Ray quality crystals
were obtained by recrystallization from 1:4 EtOAc—hexane.
15 3P NMR (121.4 MHz, CBCl,) & —90.7; 'H NMR

250 mL round-bottomed Schlenck flask equipped with a (300 MHz, CD.Cl,) 6 1.47-1.57 (m, 2HH,,,), 1.72-1.82
magnetic stirrer bar and a septum were added 150 mL (m, 2H,H,.), 3.92 (s, 6H, El,) 6.60 (dd, 2H,Js_=5.7 Hz,

THF and 1.00g (5.88 mmol) 2,6-dimethoxyphenyl-
phosphine. The flask was cooled t¢C) and 7.5 mL

(12.0 mmol) 1.6 Mn-BuLi was added dropwise via syringe.
The reaction mixture was then stirred for 45min. A

Jy_n=8.4Hz, m-H), 7.48 (t, Jy_n=84Hz, p-H);
BC{H} NMR (150.9 MHz, CD,Cl,) & 13.5 (d, Jpo_.=
11.5 Hz, CH,), 56.7 (s, CHj), 104.3 (d, Jp_=6.2 Hz,
m-C), 109.3 (d,Jp_=97.6 Hz, ipso-C), 134.9 (s,p-C),

31P NMR spectrum of an aliquot indicated disappearance 161.8 (s,0-C); elemental analysis, calcd for,§,50,PS

of the primary phosphine’tP 6 —172) and the appearance
of the product {*P 8 —254). Exces®-BuLi was quenched
by addition of 0.1 mL (0.78 mmol) M&iCI. After solvent,
excess MgSICl and other volatiles were removed under

vacuum, 150 mL pentane was added to precipitate lithium

C 52.62%, H 5.75%; obsvd C 52.55%, H 5.99%.

1-Bromo-3,4-dimethyl-3-phospholenavas synthesized by
the method of Gruneich and Wisian—Neilson.

salts. Filtration and concentration under vacuum gave al-(2,6-Dimethoxyphenyl)-3,4-dimethyl-3-phospholene

slightly yellow liquid, 0.98 g (85% crude yield) suitable

for oxidation. Pure product was obtained by column chro-

matography on silica gel with 1:1 GBl,-hexane eluent
followed by recrystallization from 1:9 Cj€l,-hexane at
—20°C. 13 mp 89.5-90.5C *P NMR (202.6 MHz,
CD,Cl,) & —253.7;*H NMR (500 MHz, CD,Cl,) & 1.13—
1.17 (m, 4H, ®i,), 3.84 (s, 6H, El3), 6.47 (dd, 2H
Jo1=2.0Hz, Jy_=8.0Hz, mH), 7.02 (t, 1H,
Jp_1=8.1 Hz, p-H); **C{*H} NMR (125.7 MHz, CD,Cl,)
8 10.0 (d, Jp_=40.2 Hz, CH,), 56.1 (s,CH3), 103.8 (s,
m-C), 116.8 (d, Jr_=45.1 Hz, ipso-C), 130.0 (s,p-C),

sulfide 20. A 100-mL three-necked flask equipped with a
pressure-equalizing dropping funnel, a magnetic stirring
bar, and an Minlet was charged with 3.165¢
(22.9 mmol) 1,3-dimethoxybenzene and 50 mL THF. The
reaction mixture was cooled to°©, and 9.15mL
(22.9 mmol) 2.5 Mn-BuLi was added dropwise. The reac-
tion mixture was than allowed to warm to room temperature
and stirred for 4 h. To this yellowish turbid solution, cooled
to —78°C, 3.00 g (15.5 mmoles) 1-bromo-3,4-dimethyl-3-
phospholene in 25 mL THF was added slowly, and the
reaction mixture was allowed to warm to room temperature.
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The reaction mixture turned from yellow to orange and then
to brown in 2 h. A*P NMR spectrum of an aliquot revealed
a strong new peak atP 6 —33 (Cf. 1-mesityl-3-phospho-
lene®'P & —31).}* Solvent was removed under vacuum, and

80 mL pentane was added to precipitate salts. The reaction

mixture was stirred 10 min., filtered, and the pentane
removed under vacuum. The orange residue was crude 1
(2,6-dimethoxyphenyl)-3,4-dimethylphospholene  which
was dissolved in 40 mL C}l, and filtered through a
small pad of silica gel. 1.5 g (46.9 mmol} ®as added to
this solution, which was then stirred for 1 h. TH® 5 —33
signal had been replaced by one’® 6 41. Volatiles were
removed under vacuum, another 4 mL £H was added,
and residual sulfur was removed by filtration. Volatiles were
removed at 9TC/1 torr, and the 2.7 g residue was chro-
matographed on silica gel with GHI, eluent, giving a
white solid that was recrystallized from 1:9 gEl,—hexane

at —20°C, yielding 2.3g (53% based on 1-bromo-3,4-
dimethyl-3-phospholene) pur0: mp 187.5-188.%;
P NMR (121.4MHz, CDCl) & 41.4; HNMR
(300 MHz, CDQCly) & 1.77 (s, 6H=CCH5), 2.85 (bt, 2H
J=16.5Hz, GHH syn to S), 3.41(dm, 2H,J=17.2 Hz,
CHH, anti to S), 3.89 (s, 6H, H3), 6.08 (dd, 2H,
Jo_=4.2Hz, J4y_y=8.4Hz, m-H), 7.40 (t, 1H,
Jy_1=8.4 Hz, p-H); BC{*H} NMR (125.9 MHz, CD,Cl,)

6 16.4 (d, Jp_=13 Hz, =CCHjy), 47.7 (d, Jp_=58 Hz,
CH,), 56.3 (s, @H3), 104.7 (d,Jp_=6 Hz, mC), 111.8
(d, Jp_.=74Hz, ipsoC), 127.4 (d, Jr_=9 Hz, C=C),
133.8 (s,p-C), 160.9 (s,0-C); elemental analysis, calcd
for Cy4H140,PS C 59.56%, H 6.78%; obsvd C 59.41%, H
6.92.

Single crystal X-ray analysis of 13, 14, and 15
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T
799x0.1°C

Azeotrope

iPrOH:H,0=88:12

750+0.1°C CH:CN:EtOAGc=23:77
70.0+0.1°C cyclohexane:k0=92:8
65.0+0.1°C CHsCN:CCl,=17:83

60.0x£0.1°C
55.0£0.1°C
44.0+0.1°C

CHGs:hexane=72:28
CICH,CH,CI:EtOH=86:14
CS:iPrOH=72:28

The temperature of each vapor bath was measured over a
week with a 0.01C precision thermometer, and the vari-
ation was less than C°@. 3'P NMR spectra were recorded

at evenly spaced intervals (the reaction mixtures were
quenched in cold water), and the concentrations of the phos-
phirane chalcogenide (and of the product of reaction with
trapping agent when present) were determined by compar-
ison of integrated peak areas with those of the ‘external’
standard. In each kinetic run three measurements were
taken at each time interval, which was measured with a
stop-watch. The plots of In[{C] versus time were linear

in each case, and first-order rate constants and their
uncertainties were calculated from the slopes of the linear-
least squares fitted lines and their standard deviations. Rate
constants for pyrolysis df4 at 75C in CsDg and in CB,CN

with no added trapping agent and igli in the presence of
EtSSEt and CBOD and for pyrolysis ofl5 at 65C in CsDg
without and with added EtSSEt are displayed in Table 3.

Rate constants for the disappearancésin CsDg without
trapping agent were determined at all seven temperatures,
while for 15in CgDg without trapping agent rate measure-
ments were made at 44, 55, 65, and@3Plots of In kand In

k/T versus 1/T were linear. From these Arrhenius and
The data were collected using a Siemens R3m/V diffracto- Eyring plots the activation parameters and their uncertain-
meter (L3, 14)with a graphite monochrometer and a Bruker ties included in the discussion section were computed from
SMART Charge Coupled Device (CCD) Detector System the slopes and intercepts of the linear least-squares fitted
X-Ray Diffractometer {5), using Cu Kkx radiation lines and their standard deviations. The Eyring plot Xdr
(A=1.54178A). The structures were solved by direct is shown in Fig. 6 and the Arrhenius plot fab in Fig. 7.
methods. Structure solution and refinement were carried The original data including all the first-order kinetic plots
out employing SHELXTL PLUS. The hydrogen atoms may be consulted"
were treated using the appropriate Riding model. Projection
views o0f13, 14, and15are shown in Figs. 3-5, respectively
with non-hydrogen atoms represented by 25% probability
ellipsoids.

Thermal and photochemical trapping experiments

Pyrolysis of 14 in the presence of EtSSEt.50 mg
(0.24 mmol) 14 and 0.30 mL (2.4 mmol) EtSSEt were
dissolved in 2.1 mL gDg producing a solution 0.1 M in
14 and 1.0 M in EtSSEt. This mixture in a Pyrex tube was
degassed to 10 torr via three freeze-pump—thaw cycles,
and the tube was sealed with a torch and heated’& 5

3 h.*P NMR spectroscopy indicated 95% conversiorl f
and a 90% vyield ofl6. Volatiles were removed from the
slightly yellow reaction mixture by heating at )1 torr.
The residue was chromatographed on silica gel with 1:50
EtOH-CHCI, eluent yielding 22 mg (30%) puré6 as

Kinetic studies of the pyrolysis of 14 and 15

A sealed capillary tube containing agls solution of
MeP(O)(OMe) used as an ‘external’ standard for
3P NMR integrations was placed in a 4 mm &850 mm
pyrex tube. The reaction mixtures were 0.1 M solutions of
14 or 15 (5.000 mg, 0.02356 mmol,4 in CsDg or CDsCN,
5.000 mg, 0.02191 mmoll5 in C¢Dg) to which trapping
agents, when employed, were added (0.030 mL,
0.022 mmol, EtSSEt; 0.010 mL, 0.24 mmol, ¢ID). The colorless liquid: *P NMR (121.4 MHz, CDG) 6 49.5;
reaction mixtures were degassed af 1forr via a freeze- 'H NMR (300 MHz, CDC}) 6 1.23 (t, 6H,Jy_1=7.2 Hz,
pump-thaw three-cycle process, and then the tubes wereéSCH,CH,), 2.80-3.00 (m, 4H, S&,), 3.76 (s, 6H OEl5),
sealed with a torch. The samples were thermostatted at6.46 (dd, 2HJp_+=5.7 Hz,J,,_=8.4 Hz,m-H), 7.53 (t, 1H,
various temperatures by immersion in the vapors of Jy_y=8.4 Hz,p-H); *C{*H} NMR (125.7 MHz, CDC}) &
azeotropic mixtures whose boiling points are given below. 16.1 (s, SCHCHj3), 25.0 (s, $H»), 56.1 (s, @H3), 104.7 (s,
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m-C), 112.0 (d,Jr_=103.9 Hz,ipso-C), 134.5 (s,p-C),
162.0 (s,0-C); MS (El) m/e (relative intensity) 306 (M,
5), 277 (28), 245 (100), 217 (39), 199 (33), 187 (15), 185
(57), 170 (13), 169 (10), 155 (30), 141 (10), 139 (13), 138
(11), 123 (13), 109 (13), 107 (19), 95 (15), 92 (13), 79 (12),
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0-C); MS (EIl) m/e(relative intensity) 322 (M, 14), 294 (14),
262 (52), 261 (32), 229 (30), 201 (16), 200 (42), 185 (52),
170 (32), 169 (25), 167 (17), 153 (10), 151 (12), 139 (19)
138 (100), 123 (18), 109 (18), 108 (10), 107 (14), 95 (19), 77
(12), 63 (33); elemental analysis, calcd for,;0.PS C

77 (21), 76 (15), 64 (15), 47 (10); elemental analysis, calcd 44.70%, H 5.94%; obsvd C 44.61%, H 6.32%.

for CyH1605PS, C 47.04%, H 6.25%: obsvd C 46.72%, H
6.52%.

Pyrolysis of 14 in the presence of MeOH.50 mg

(0.24 mmol) 14 and 0.50 mL (12.3 mmol) MeOH were
dissolved in 1.9 mL CECI, to produce a solution 0.1 M
in 14 and 5M in MeOH. This mixture was placed in a

Pyrolysis of 15 in the presence of MeOH.55 mg

(0.24 mmol) 15 and 0.50 mL (12.3 mmol) MeOH were
dissolved in 1.9 mL CBCl, to produce a solution 0.1 M
in 15 and 5M in MeOH. This mixture was placed in a

Pyrex tube, degassed, and sealed as above, and heated at

65°C for 3 h.3!P NMR spectroscopy indicated 99% conver-

Pyrex tube, degassed and sealed as above, and heated aion of 15 and a 90% yield ofL9. Volatiles were removed

75°C for 3 h.3P NMR spectroscopy indicated 99% conver-
sion and an 85% yield df7. Volatiles were removed from
the slightly yellow reaction mixture by heating at
75°C/l torr; yielding 31.5mg (61%)17 as a white solid
that decomposes above°8)and slowly at room tempera-
ture. A satisfactory elemental analysis was not obtaifi@d.
3P NMR (121.4 MHz, CDG)) & 28.3 (d, J_p=564 Hz);

'H NMR (300 MHz, CDC}) 6 3.87 (s, 3H, PO€), 3.90

(s, 6H, CO®3), 6.56 (dd, 2HJy_x=8.4 Hz,m-H), 7.41 (t,
1H, Jy_4=8.4 Hz, p-H), 8.62 (d, 1H,Jr_=564 Hz, PH);
BC{*H} NMR (75.4 MHz, CDCk) § 54.5 (s, P@Hj,),
56.0 (s, C@H;), 105.5 (d,Jp_=8.4 Hz, m-O), 112.7 (d,
Jp_=104 Hz,ipso-C), 133.9 (s,p-C), 161.1 (s,0-C); MS
(El) m/e (relative intensity) 217 (21), 216 (M, 100), 197
(46), 185 (16), 184 (14), 183 (63), 138 (39), 137 (34), 121
(19), 109 (40), 107 (19), 79 (33), 78 (15), 77 (33), 76 (15),
65 (14), 64 (10), 63 (16), 51 (13), 47 (21).

Photolysis of 14 in the presence of MeOH.50 mg
(0.24 mmol) 14 and 0.50 mL (12.3 mmol) MeOH were
dissolved in 1.9 ml CBCl, to produce a solution 0.1 M in
14 and 5 M in MeOH. The mixture was placed in a quartz

from the light yellow reaction mixture by heating at
69°Cl/l torr, yielding 36.7 mg (66%)19 as a light yellow
solid that decomposes above°Z5and slowly at room
temperature. A satisfactory elemental analysis was not
obtained.19: P NMR (121.4 MHz, CDGJ) 6§ 51.9 (d,
Ju_=559 Hz); *H NMR (300 MHz, CDC}) 6 3.80 (s, 3H,
PO5), 3.86 (s, 6H, COEls), 6.54 (dd, 2HJy_=8.4 Hz,
m-H), 7.37 (t, 1H,J4_4=8.4 Hz,p-H). 8.58 (d, 1H,Jp_=
559 Hz, PH);**C {*H} NMR (75.4 MHz, CDCk) 6 52.6 (s,
POCH5), 56.4 (s, C@Hy3), 105.4 (d,Jp_=5.6 Hz, m-C),
111.7 (d,Jp_=94 Hz, ipso-Q, 133.7 (s,p-C), 161.0 (s,
0-C); MS (EIl) m/e (relative intensity) 232 (M, 85), 200
(61), 199 (51), 185 (100), 169 (35), 168 (11), 167 (45),
155 (11), 153 (26), 139 (21), 138 (10), 137 (13), 109 (14),
107 (11), 95 (11), 93 (23), 91 (11), 77 (11), 63 (26), 47 (10).

Photolysis of 15 in the presence of 2,3-dimethyl-1,3-buta-
diene.55 mg (0.24 mmol}L5 and 0.27 mL (2.4 mmol) 2,3-
dimethyl-1,3-butadiene were dissolved in 2.13 mL D

producing a solution 0.1 M ii5 and 1 M in diene. This
mixture was placed in a quartz tube, degassed and sealed as
above, and irradiated at 45 with 254 nm radiation for

tube, degassed and sealed as above, and irradiated at 254 n00 min. A *'P NMR spectrum indicated 99% conversion

for 100 min.3P NMR spectroscopy indicated 99% conver-
sion of14 and an 80% yield ol7. Volatiles were removed
by heating at 78C/1 torr leaving 25.1 mg (48%)7 as a
white solid whoséP, H, and®*C NMR spectra were iden-
tical with those obtained in the thermolysis experiment
reported above.

Pyrolysis of 15 in the presence of EtSSEt.55mg
(0.24 mmol) 15 and 0.30 mL (2.4 mmol) EtSSEt were
dissolved in 2.1 mL gDg producing a solution 0.1 M in

of 15and a 60% yield 020 together with a 15% yield of a
second produc®l. Volatiles were removed under vacuum
from the light yellow reaction mixture, and the residue was
chromatographed on silica gel with GEl, eluent to give
two fractions. The second consisted of 40.6 mg (6Q%)
identical in its 3P, *H, and **C NMR spectra with those
reported above for an authentic sample. The first fraction
consisted of 10.7 mg (15921 that could not be brought to
analytical purity: 3P NMR (121.4 MHz, CBCl,) & 60.1;

'H NMR (500 MHz, CDCl,) 6 1.87 (d, 3H,Jp_=5.2 Hz,

15 and 1.0 M in EtSSEt that was placed in a Pyrex tube PCH,CCH3), 1.92 (s, 3H, SCHCCH5), 3.17-3.57 (m, 4H,
and degassed and sealed as above. After the reactio5CH, and P,), 3.90 (s, 6H, OEls), 6.62 (dd,Jp_—=

mixture was heated at 85 for 3 h,*'P NMR spectroscopy
indicated 99% conversion df5 and a 96% yield of18.
Volatiles were removed from the slightly yellow reaction
mixture by heating at 6@/I torr. The residue was chroma-
tographed on silica gel with 1:50 EtOH-GEl, eluent
yielding 32 mg (41%) purel8 as a light yellow liquid:
3IPNMR (121.4MHz, CDG) & 72.4; 'HNMR
(300 MHz, CDCk &6 1.37 (t, 6H, Jy_n=6.6 Hz,
SCH,CHy), 2.98-3.12 (m, 4H, SK&,) 3.84 (s, 6H, OEly),
6.61 (dd, 2H,Jp_=5.9 Hz, J4_=8.4 Hz, m-H), 7.40 (t,
1H, Jy_=8.4Hz, p-H), BC{*H}NMR (75.4 MHz,
CDCl) 6 15.1 (d, Jp_.=7.1Hz, SCHCHj), 28.1 (s,
SCH,), 56.0 (s, C@Hs), 105.2 (d, Jp_=7 Hz, m-O),
113.8 (d,Jp_=97.4 Hz,ipso-C), 133.9 (s,p-C), 161.1 (s,

5.0 Hz, Jy_+=8.4 Hz, m-H), 7.38 (t, 1H, Jy_y=8.7 Hz,
p-H); BC{*H}NMR (125.9 MHz, CDCl,) & 19.2 (s,
PCH,CCHj), 21.5 (s, SCHCCH3), 34.5 (d,Jp_=7.8 Hz,
SCH,), 45.0 (d, Jo_=43.1 Hz, FCH,), 56.3 (s, @Hy),
105.1 (d,Jp_=7.8 Hz,m-C), 114.7 (d,Jp_=84 Hz, ipso-

C), 126.5 (s, §H,), 132.0 (d,Jp_=15.7 Hz, FCH,), 133.6

(s, p-C), 159.9 (s,0-C); The 'H-*C correlations observed
in HMQC and HMBC 2-D NMR experiments are listed
in Table 4. MS (El)m/e (relative intensity) 298 (M, 1),
283 (14), 282 (84), 267 (13), 250 (13), 249 (75), 186
(10), 185 (100), 170 (28), 167 (25), 139 (14), 138 (16),
123 (18), 113 (13), 111 (24), 109 (20), 107 (21), 97 (10), 95
(23), 91 (13), 83 (13), 79 (14), 77 (23), 53 (15), 51 (11), 41
(25).
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Table 4. Hydrogen—carbon correlations observed in 2-D-NMR experi-
ments on21

HMQC correlation HMBC correlations

(one-bond) (multiple-bond)
s Bcs o)
1.87 (3H) 19.2 34.5,126.5,132.0
1.93 (3H) 215 45.0, 126.5, 132.0
3.21 (1H) 345 19.2, 126.5, 132.0
3.31 (1H) 345 21.5,126.5, 132.0
3.31 (1H) 45.0 21.5,126.5, 132.0
3.54 (1H) 45.0 21.5,126.5, 132.0
3.90 (6H) 56.3 159.9
6.62 (2H) 105.1 105.1, 114.7
7.38 (1H) 133.6 105.1, 114.7, 159.9

Pyrolysis of 15 in the presence of benzil.55 mg
(0.24 mmol) 15 and 0.5mL (2.4 mmol) benzil were
dissolved in 2.4 mL D¢ producing a solution 0.1 M in
15and 1 M in benzil. This mixture was placed in a Pyrex
tube, degassed, and sealed as above, and heatetafio85
3 h. A *P NMR spectrum indicated 99% conversionlds
and a 70% vyield oR2 Volatiles were removed from the
yellow reaction mixture under vacuum. The residue was
chromatographed on silica gel with GEl, eluent, yielding
20 mg (20%)2 as a light yellow solid with a broad melting
point, 198—22€C that did not give a satisfactory elemental
analysis. 22 *P NMR (121.4 MHz, CDG) & 96.8;

'H NMR (300 MHz, CDC}) & 3.83 (s, 6H, El3), 6.25 (d,
2H, J4_=8.4 Hz, Arm-H), 6.79-6.89 (m, 4H), 6.92-7.05
(m, 4H), 7.87-7.91 (m, 4H)2C{*H} NMR (75.4 MHz,
CDCly) 6 56.5 (s, GCHg), 104.6 (d,Jp_=12 Hz, Arm-C),
117.5 (d,Jp_=88 Hz, Aripso-C), 125.3 (s, O€=), 129.0
(s, Phe- orm-C), 130.0 (s, Ple- orm-C), 130.2 (s, Phpso

C), 133.7 (s, Arp-C), 134.5 (s, Pp-C), 161.6 (d,Jp_=

5 Hz, Aro-C).
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