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The Wittig Reaction
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Original Mechanistic Ideas

+ + -
Ph, . PhR O Phq H H
He, R —_— . Hi. i ———— Hes ot —
_ o - X R R R

ant syn cis z

4,

Y + -

Ph, H__R Phg Phs
T 4.- ---------------- .; Hl" -'lIR —d HII-- ~~||R —_——— =
syn trans E
Oxaphosphetane 1
R3P—CH—R’
Ylid + aldehyde -7 Betaine (l)— cI:H—R- ‘\
S ® :
RyP—CH—R’ + R~—CHO R,P—?H—?H—O
R’ R”
\",
e
\-
Phosphine oxide + olefin
R;PO + R—CH=CH—R~
Figure 1. (Assumed)energy profile of the Wittig carbonyl olefination reaction, effected by ( )
“reactive”, (--**) "moderated,” or (- - - -) “stable” phosphonium ylids. (In the following figures the
hypothetical oxaphosphetane intermediate will be omitted, since it has no further bearing on the
discussion.)
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Origins of the Original Proposal

Kﬁ - Br L
PhLi J’\Phs P Ph +

+
Ph3PCH3 * Br—— - PhSP_ﬁ "'Ph PhsP_C ''Ph
LBy H H 2 Ph Hz “p
HBr | | PhLi
Phy=0 Ph or &gH
\'"Ph PhyP—C—Ph
HQC:‘CPhZ Ph H2 Ph

+ + -
H H Ph,R Phj Phs Ph
B0, Cad_aPh PPhy Hﬁ_@ph —_ .y H —— j:i _ >§=< 94:6 (E:2)
0 A EtO, o} EtO,C

Ph EtO,C Ph E10,C H (E only from ylid)
anti syn

4
Wittig, G. Haag, W. Chem. Ber. 1955, 88, 1654.
Wittig, G.; Schollkopf, U. Chem. Ber. 1954, 87, 1318.



Origins of the Original Proposal II
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Reversibility of the Betaine
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An Unexpected Result
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Oxaphosphetane as an Intermediate
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Table I. Oxaphosphetanes from the Wittig Resction of
Ethylidenctriphanylphosphorane in THF

Cis trans
Oxaphos- Bup gt olefin
Carbonyl companent phetane oL ratio
Cyclohexanonc 2 +66.%
(CHNCCHO Ea 64.2 991
CyH.CHO Ga,b 62.7 2:1
CsHCHCHL,CHO Tah 61.9 1:3
Ha' N RI
CH, E
B, R = CiCH R' =
bR = H; R" = C{CH,),
ﬁal R nr CI.H“ R"‘ - H
‘b,R - H; R' = gH:
TR = CHCHCH: R’ = H
B, R = H R - Cald CHL.CH,

Vedejs, E.; Snoble, K.A. J. Am. Chem. Soc. 1973, 95, 5778.
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Oxaphosphetanes : Solid Evidence

Table 1. NMR Data of Representative Oxaphosphetanes®®

Et

X/ﬂ CMe,CH,Ph CMe,CH,Ph z Et
v ) Z:(M D/ ?]/
'i— Ph PhyP—, MePh,p

At ™ 3 3 0, 2

. A}I, Y, o "Me

A B c

(CH,),Ph

0.,
y
e
/'r
£ )\

o

D E
8°'p 8'H 8 3¢

P HyUup HoIup  Cilicp), Cafcp) Licp) Ardlcp)  Argice) C3Me()cp)

A(-62.9)  4.09(16) 3.52(6) 65.2(85), 69.9(16) —_ — — 11.5(9)

B (-62.2) 4.56(22) 3.05(2) 59.3(85), 73.5(15) — — —_ 13.8(9)

C(-70.8)  3.56(16) — 60.3(83), 66.9(15) 24.4(96) averaged: 148.8(71) —

D (-79.2) 3.9% 17) —_ 54.5(82), 67.3(16) 21.9(98) 134.3(132), Xd(<l9) —

2.82(15)°

E° (~61 .7 — 3.44(3)° 67.0(88), 71.3(16) 137.6(134) 132.2(126), x4 (<18) 17.1(5)

21.5(< 1)

Notes: *Data taken from Refs. 42a, 53, and 69.
b5, ppm (J, Hz).
“Pseudorotation frozen out at ~53 °C.

“Entries marked X indicate that the assignment of quaternary aromatic carbons is uncertain and that the J value
is no larger than the value given in parentheses.

“Pseudorotation frozen out; data are given: for the major pseudorotamer.
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Oxaphosphetanes : Solid Evidence

TABLE 4
Oxaphosphetane Crystal Structure Data®
Entry dP-0 dP-C dC-C dc-0 ropc <PCC «CCO COP «Pccod Reference
A 179 183 152 136 755 88.1 1005 948 86 34a
B 185 161 148 143 74 i J— 34b
c 183 1.78 151 143 736 o954 949 959 29 34c
D 2.01 1.76 157 139 713 985 96.1 94.1 0.6 34d
E 1.73 1.81 1.53 145 774 &ggs 95.6 957 97 34e
F 178 182 155 140 755 902 9790 97.0 47 34f

(a) Distances in angstroms, angles in degrees
(b) Dihedral angle

*: CeH4F CF,

CFy CFy CF, CoHF s, y »
ol . £CFy \ ?j{/ N ] Figure 1. ORTEP drawing of 34, Selected bond lengths (A) and bon
Ph\?:( ’ ._%I Phap Phay, KFI’ K’f 1~ CO,Me “:‘;,{ ¥ OP=OL), 1.728 (2: P(1)-0(2). 1.754 (3): P(L)}-C(1),
o B A Pl I )
PR 1 New, 3 g’:( deg
CF;

e © 4); P{1)~O(2), 163.3 (1) COFPIC(15), 1518 (2);
e - l F CF; cF é'??}s‘;(g}'%([lz}r}. {E36.0£(2): CUS-P(H-CD, 1121 (2% O())-P-
’ T (D-C(1}, 7.4 (1): OQ-PIH-C(21), 874 (2).

FC CF,

A B C D E F
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Betaines vs. Oxaphosphetanes

------

T T

Pnacnz - (;qu

[ T e et mc it e e r e e e .-

e CE T CEE PR

akg

>
m

IAE; \
- ‘-Iad_—.-‘&&&‘.#--ﬁia-‘j .-

P“S,O [l ':th
Figure 4. Encrgy profile for the reaction PH;,CH; + CH.O — PH,O +
C,H,. The cocrgy differences are defined a3 follows: E:m Ey -
Eruycn ~ Ecut £1* = Eiv = Emyyg - B OE) @ Enpyeny, + Echp -
Eyi &F; = Epyo + Ecge, - By 55‘?&* Ev- Ep Afyy = Eyy - Ep AE,
= By — ,E;; A\éoﬁ Epo + CaHg = fpﬂ‘ Hy — Ega,o- Roman numbers
refer to the struciures ‘ﬁi‘-’ da}ined in Figure 1 and Tables 11 and IV.

Tahle VI, Energy Differences (keal/mol e

basis

1 2 3¢ 3t 40 &0
ak  -162 -405 -388 -496 -43.7 -483
Ak, 583 324 312 357 313 3440
ak, 420 -81 -76 -139 -124 -14.3
aFpp 1.9 2.8 ~(.08
Afyr 614 210 39.0
afry 610 2.0 U4
b7 31 -4.2 590
LA 250 316 38.7

“ For definition see Figure 4. ¥ The geometry calculated with
basis g4 [ has been used. © The geometry caleulated with bagls
set 2 has been used.
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ure 1. Energy profile for the Witrig reaction with phasphoniury viide.
» B tnergies are given for calculations at the 4-3 1G**/4-31G* level (1
kcal/mol = 4.18 Wi /mol).

Activation energy to form betaine ~20-32 kcal/mol
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Oxaphosphetane Reversibility
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Oxaphosph/%tane Reversibility 11
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Oxaphosphetane Reversibility I1I

Br .
; +
Phy H_ _R' Phs LB phR oL EIOH  ph,
A \[g —— Hy—H T/ g\ .y H"H
R' R R R’
\ Ph3 H
_ --IIH
Br Eto' / R R'
+ .
Phy PR PL LB eng ’/EtOH
R UL I — R, Vi'H —— Rn nH
H Rl H RI

j\PhS H\n/COZEt LiBr Ph, ' i ﬁ PhyP—
Hees ol \/Rl - D H D
H  "CgHyy o EtOD |

C6H11 COzEt CGH11 ,COQEt 6H11 CO2Et CGHﬁ COzEt

Anderson, R.J.; Henrick, C.A. J. am. Chem. Soc. 1995, 97, 4327.
Bestman, H.J.; Stransky, W. Pure & Appl. Chem. 1979, 51, 515.



Summary of the Stereo-equilibration of
Oxaphosphetanes

1. Lithium-free Wittig reactions proceed without significant reversal, except for the Et,P=CHCH,
or Bu,P=CHC,H, with tertiary or aromatic halides= Q\dﬁwj

2. Intermediates from y,'{{des and aliphatic aldehydes do not undergo reversal
3. Significant reversal occurs only for precursors of (Z)-alkenes at low temperatures

4. Deliberate betaine generation maximizes the risk of reversal. The risk is highest for betaines
corresponding to ArCHO

5. The risk of reversal is highest for ArCHO in the presence of lithium ion, in protic solvents and
at high temperatures
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Rate Profiles for the Wittig Reaction
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Concentration Effects on the Reaction
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Figure {. Plot of the relative bevels of trans-oxaphosphetane and
{E)-alkene va. concentration for the reaction of ylide 1 with
benzaldehyde in the presence of LiBr in THF. The lines con.
necting the data‘fninm Are meant {0 serve as an aid to the reader:
(®) percent 3a determined by 'P NMR at —40 *C, {Q) percent
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Decomposition of Oxaphosphetanes
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Revamped Mechanistic Proposals
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Mechanistic Insights

x% b , z Phaf—0) s
CHO + PhyPi(Me, = of ¢ . -
“‘3 ) X Ph:;P:CH1Fl2 + RcHo — A=~ — jc=c" (1)
1Li salt £zea, J27°C, in THF) 3‘ ézé{ R -‘"H
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- -L0 KIE 2%k/1k = 1.003 + 0.002
cl4
Flgure !'. substituent effects in the oxaphosphetane formation hetwaen PH " H
benzaldehyde and 1a.
TN
/ Solvent DMF CH,Cl, CeHg CH,CN CH,0H CCl, t-CsH,,OH
Rate (x 10%) 6.1 9.8 20.2 55.0 58.0 351 1567
AH 11.3 132 10.0 10.0 16.2 8.9 10.9
AS -35.3 -26.5 -37.0 -35.1 -14.3 -35.1 254

e e e e . - D[UYUA) 20
E - ‘ Yamataka H. et al J. Org. Chem. 1988, 53, 38717.

% Yamataka H. et al Tetrahedron Let. 1989, 30, 7187.



Betaine as an Intermediate?
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The SET Mechanism
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Cycloaddition Mechanism
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Experimental Support

Table 5. Kinetic Selectivity for cis-Oxaphosphetane

117
P\P/L

N,

pf CHR'

N\
CHCH,

®

a b ¢
R'= CO,Et CO,Et CH=CH,
L= Ph Me Ph
1° 4%  19% 45%
3 5% 2% 55%
Ref. (32a) (32a) (80)
a b Id d
L= Er i-Pr t-Bu Ph
1° 30% 18% 95%  94%
3 85%  50% 9% 999
Ref. (53)  (53) (53) (53)
122
1° 14% 1° >98%
3° 50% '} 3° >98%
Ref.  (55) pthO Ref.  (53)
a b [ d
L= Ph  NMe, t-Bu Er
1° 50% 82% 32% 5%
3° 80%  96% 75% 10%
Ref.  (53) (53) (80a)  (68)

118 a b
R, = CH3 C3H7
Lt
/F’: L= Er n-Bu
\/ “CHR
1° 33% 14%
3° 70% 40%
Ref. (53) (63)
120 a b
L= Et i-Pr
'\)=<L 1° 3% 74%
pf CHCHy 3° 579, 749
Ref. (53) (53)
123
1° 81%
on 3° 88%
2 Ref.  (80a)
125
?\“3 o 5%
HTSpe P 0 20%
Ref. (80a)

Note:  *1° = RCH,CHO: 3° = RC(Me),CHO.
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Computational Support
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Figure 2. Reaction energy profile of reaction 8 caleulated at B3LY R
6-31G*

Ph;P=CHMe + PhCHO feq 8)

R o Rp-nn o
HF/3-21G* trans 2,132 3213 10.5
cls 2,104 3.692 2873
BALYP/6-31G* trans 2.050 3.103 292
cis 1.977 3.660 8635
ALt AAEL e Al SAH
HF/3-21G* trans 7.3 1.7 8.5 1.5
Cls .
, 5.6 7.
Cls -~
. . 33
Fignre 1. The trans and cis TS structures for reaction 8 calculated at g
BALYP/6-31G*. 25
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Computational Support

aco

Reaqg Cls

00

——— MP2IMF CN
T MRUAE CCH.

Relative Energy (Kcakmol)

40 00 4

H200

H/000

Reaction Coordinate

TABLE 1 MP24HF Relative Energies (in Kcal/mol) of the Reactions of Unstabilized. Sernista bilized, and Stabilized Ylides
with Acetaldehydes

Prod-

Yide Isomer Adduct Barrer oxal Barrier® oxa2 Barrier® ucts
Me cis ~7.14 222(-492) ~33.32 4.52( -28.80) ~-29.80 23.72(-86.09) - 56.30

trans —4.48 —244(-86392 - 3494 4.89( - 30.05) -31.15  24.30(-6.85) —55.99
CCH cls -865 8.22(-044) -2151 1.89( ~19.62) -21.10 1457(-8.53) —44.16

trans ~8.12 6.15(- 197 —22.45 3.17(~19.28) ~21.62 15.08(~6.53) —-44.13
CN cis -9.76 13.42(3 66) -16.88 0.69( ~15.19) -17.21 1004(-7.17) ~46.02

frans -969 12.03{2.34) - 16.72 —-0.58( - 17.30) ~17.44 10.14(~7.29) - 46.04

“All calculations were carried out using the 6-315° basis set and ZPE comections at the HF/6-31G* level.
+Numbers in parentheses ara the relative energies of the transition states with respact to the reactants.
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Summary and Conclusions

The new understanding of the Wittig reaction allows for a better
method of predictability of stereochemistry for the reaction.

The discovery of oxaphosphetanes as intermediates has led to a new
understanding of the Wittig reaction, but some questions still remain.

Use of computational methods does give insight into the mechanism of the
cycloaddition, but does not give the entire picture.

Experimentally, the mechanism of semi-stabilized and stabilized ylides is at
the moment not attainable due the inability to view the corresponding
oxaphosphetanes under applicable conditions

Ph,P—
/"ji

H,C Ph
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