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olution MS of adduct fractions separated by preparative GC, on 
a 15% SE-30 column (-6.4 mm X 2 m, 112 "C), were performed 
on an AEI MS50. GC/FTIR experiments were performed with 
the same SE-52 column (145 "C) interfaced to a Nicolet 7199 
FTIR. All 400-MHz 'H and 100-MHz 13C spectra were recorded 
on a Bruker WH-400 NMR spectrometer. To detect the 13C 
resonance of the quaternary carbon atoms in 12a and 12b, a total 
of 88000 scans were performed on a Bruker WH-200 NMR 
spectrometer. This comparatively large number of scans was 
required since these carbon atoms having no attached hydrogens 
possess longer relaxation times. 

NMR Data.23 100-MHz 13C (6): 8, 197.5 (M), 138.4 (=CH), 
77.4 (-HC-0-), 40.8 (-HC-CHO), 30.1 (-HC-C); 9, 195.6 
(M), 131.5 (==CH), 78.8 (-HC+), 46.5 (-HCXHO), 24.8 

133.0 (=CH,*), 107.5 (C=), 82.6, 79.8 (-HC-O-), 57.1 (-H- 
C--CHO); 12b, 199.7 (M), 144.7 (=CH&, 136.2 (=CHj*), 134.5 
(=CHI*), 109.0 (C=), 81.9,80.2 ( - H C U ) ,  56.0 (-HCXHO) 

(-HC-C); 12a, 199.7 (C=O), 141.4 (=CH,), 135.2 (=CHA*), 

[*tentative assignments based on the well-known y-gauche steric 

(23) Chemical shifts in CDC1, relative to Me&. 

i n t e r a c t i ~ n ~ ~ ~ ~ ~ ] .  400-MHz 'H (6): 12a, 9.08 (H), 3.47 (G), 5.02 
(F), 5.24 (E), 5.21 (D), 5.17 (C), 6.51 (A, B); 12b, 9.49 (Q), 2.81 
(P), 5.06 (N), 5.33 (M), 5.15 (L), 5.29 (K), 6.41 (J), 6.52 (I). 
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We describe the observation of a nucleophile trigger mechanism in the case of the weak base promoted 
p-elimination (E2C process) and suggest permutational isomerism of TBP intermediates. Weak bases, namely, 
bromide and fluoride ions, bring about elimination in a bent transition state to which only a small fraction of 
a covalent bond to the nucleophile-base and some leaving group departure must be achieved in an orienting 
intermediate. These studies provide evidence for a TBP structure surrounding C-a in the 1-phenyl-1-propyl 
system and attribute the equal availability of abstractable H and D of both diastereoisomers to the action of 
the promoter bases, 

The E2C mechanism has been the subject of vigorous 
controversy for many years, and several proposals for the 
transition state (TS) have been Several 
contributors to the field of elimination mechanisms con- 
cluded that E2C-like transition states were utilized by 
strong carbon but weak hydrogen bases (e.g., Br-, C1-, RS-) 
in their reaction with very weakly acidic compounds con- 
taining good leaving g r o u p ~ . ' * ~ $ ~  It  has been postulated 
that these eliminations occurred in a trans-periplanar 
fashion,ldTeP6 with the base anti to the leaving group 
(Scheme I). Such transition states were "loose", with the 
double bond well developed and the base bound to both 
6-hydrogen and a-carbon. 

Recently, we defined the E2C mechanism in fluoride ion 
promoted elimination of 6-phenylethyl substrates in an 
aprotic m e d i ~ m . ~  Other evidence for an E2C mechanism 
was found in the course of bromide8 and amine baseg 
promoted eliminations in a-bromo ester substrates. From 
the latter, the E2C mechanism is not SN2-like but may be 
regarded as a well-precedented nucleophilic triggerlo 
mechanism involving a trigonal bipyramid carbon inter- 
mediate (TBP). 

Deceased, March 31, 1983. 
*Address correspondence to Institute of Organic and Polymer 

Technology, Technical University of Wroclaw, 50370 Wroclaw, Po- 
land. 

Scheme I. The E2C Process 
y * - - N U  

X x 

The principal purpose of the present work was to adduce 
further evidence for TBP carbon intermediate invoked by 
triggering the E2C mechanism with weak bases and fo- 
cused a t  C-a of the substrate. 

(1) (a) Winstein, S.; Darwish, D.; Holness, N. J. J. Am. Chem. SOC. 
1956, 78, 2915. (b) Winstein, S. Chim. Teor. 1965, 327. (c) Biale, G.; 
Parker, A. J.; Smith, S. G.; Stevens, I. D. R.; Winstein, S. J. Am. Chem. 
SOC. 1970, 92, 115. (d) Biale, G.; Cook, D.; Lloyd, D. J.; Parker, A. J.; 
Stevens, I. D. R.; Takahashi, J.; Winstein, S. J. Am. Chem. SOC. 1971,93, 
4735. (e) Beltrame, P.; Biale, G.; Lloyd, D. J.; Parker, A. J.; Ruane, M.; 
Winstein, S. J. Am. Chem. SOC. 1972,94, 2240. 

(2) (a) Bunnett, J. F.; Eck, D. L. J. Am. Chem. SOC. 1973, 95, 1897, 
1900. (b) Bunnett, J. F. Angew. Chem., Int. Ed. Engl. 1962, 1, 225. 

(3) (a) McLennan, D. J. Tetrahedron 1975,31, 2999. (b) Ford, W. T. 
Acc. Chem. Res. 1973, 6, 410. 

(4) Parker, A. J.; Rune, M.; Biale, G.; Winstein, S. Tetrahedron Lett. 
1968, 2113, 5183, 5715. 

(5) KO, E. C. F.; Parker, A. J. J. Am. Chem. SOC. 1968, 90, 6447. 
(6) Bartach, R. A. J. Am. Chem. SOC. 1971,93, 3683. 
(7) Kwart, H.; Wilk, K. A.; Chatellier, D. J. Org. Chem. 1983,48,756. 
(8 )  Kwart, H.; Gaffney, A. H. J. Org. Chem. 1983, 48, 4502. 
(9) Kwart, H.; Gaffney, A. H.; Wilk, K. A. J. Org. Chem. 1983,48,4509. 
(10) Kwart, H.; Schwartz, J. L. J. Org. Chem. 1974, 39, 1575. 
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Table I. Product Composition and Deuterium Isotope Effects in the Halide-Promoted @Elimination Reaction of the tbreo - 
and eryt~ro-l-Phenyl-l-propyl-2-d, p-Nitrobenzoates in Acetonitrile 

elimination product 
composition," % 

\ IH ph\ p Ph 

base diastereoisomer H /C=C\CH, \CH, temp) "C k H / k D  mean k H l k D  
Br threo 33.0 67.0 105.00 2.03 f 0.02 2.02 f 0.02 

33.2 66.8 120.00 2.01 f 0.02 
33.2 66.8 130.00 2.01 f 0.02 
33.0 67.0 153.50 2.03 f 0.02 

erythro 33.0 66.7 105.00 2.00 f 0.02 2.01 f 0.02 
33.1 66.9 120.00 2.02 f 0.02 
33.1 66.9 130.00 2.02 f 0.02 
33.1 66.9 153.50 2.02 f 0.02 

F threo 29.5 
29.7 
29.6 
29.5 

erythro 29.7 
29.4 
29.5 
29.6 

70.5 
70.3 
70.4 
70.5 
70.3 
70.6 
70.5 
70.4 

100.00 
120.00 
130.00 
150.00 
100.00 
120.00 
130.00 
150.00 

' 
(I The uncertainty of the product composition determination is about 1%. * f0.05 "C. 

Fluoride and bromide ions in acetonitrile, which have 
previously been used in promoting @ - e l i m i n a t i ~ n , l ~ , ~ ~ ~ , ~ ~ J ~  
were selected as the weak-base reagents. These bases, with 
high charge density in a polar solvent, can interact with 
C-a and thus stabilize the ensuing E2 TS. Threo and 
erythro diastereoisomers of 1-phenyl-1-propyl-2-d, p -  
nitrobenzoate were chosen as model compounds to study 
the mechanism and the course of the E2 reaction promoted 
by weak bases. 

Results and Discussion 
Diastereoisomeric 1-phenyl-1-propan-2-dl-01 esters were 

obtained by methods described in the Experimental Sec- 
tion. High-resolution NMR analysis confirmed the 
structures and stereochemical purity (>98%) of threo and 
erythro derivatives. The kinetic isotope effects and 
product compositions were determined for erythro and 
threo isomers at four temperatures with Et4NBr or Bu4NF 
in acetonitrile solvent. All runs were done in the presence 
of excess 2,6-lutidine, which traps the liberated acid as the 
kinetically inactive lutidinium salt.13 After the reaction 
had been completed, the products were isolated and sub- 
mitted to GC and NMR analysis. The results of NMR 
measurements with determinations made over a 50 "C 
range are gathered in Table I. 

In the eliminations promoted by bromide ion, the only 
products of the reaction derived from either of the dia- 
stereoisomers of l-phenyl-l-propyl-2-dl p-nitrobenzoate 
and detectable by GC were trans-propenylbenzene (>97%) 
and less than 3 % of cis-propenylbenzene. The same iso- 
mers reacted with Bu,NF in acetonitrile to give 55% of 
trans-propenylbenzene and 45% of substitution product. 
The fluoride formed by substitution undergoes elimination 
much more slowly than either of the p-nitrobenzoates; this 
secondary elimination reaction is therefore not a compli- 
cation and does not change the picture of the stereo- 
chemistry. I t  was further established that isomerization 
of cis-propenylbenzene to the more stable trans isomer 

(11) McLennan, D. J.; Wong, R. J. J. Chem. SOC., Perkin Trans. 2 
1974, 1818. 

(12) (a) Hayami, J.; Ono, N.; Kaji, A. Bull. Chem. SOC. Jpn. 1971,44, 
1628. (b) Ono, N. Bull. Chem. SOC. Jpn. 1971,44,1369. (c) Hayami, J.; 
Ono, N.; Kaji, A. Tetrahedron Lett. 1970, 2727. 

(13) Winstein, S.; Smith, S.; Darwish, D. Tetrahedron Lett. 1959,24. 

2.39 f 0.02 
2.37 f 0.02 
2.38 f 0.02 
2.39 f 0.02 
2.37 f 0.02 
2.40 f 0.02 
2.39 f 0.02 
2.38 f 0.02 

2.38 f 0.02 

2.38 f 0.02 

H ' Y-/CH$N 1 Ph D 

ph$: D ox 

THREO 

expect 

100 v o  
anti p-p  
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nx 

expect 

anti p - p  

ERYTHAO 

Figure 1. 

does not occur under the reaction conditions. Thus, the 
latter is the kinetic product in these reactions, as concluded 
also by Winstein.l@ 

A major finding of this work is the identical isotope 
distribution in the elimination product obtained from both 
diastereoisomers: 33.1 f 0.4% PhCH=CHCH3 and 66.9 
f 0.7% PhCH=CDCH3 with bromide ion and 29.6 f 0.4% 
and 70.5 f 0.7 % , respectively, with fluoride. The fact that 
H and D are lost a t  the same rate in each substrate dem- 
onstrates that antiperiplanar geometry is not maintained 
in these reactions (Figure 1). 

Primary deuterium isotope effects were determined for 
threo- and erythro-1-phenyl-1-propyl-2-dl p-nitrobenzoates 
by high-resolution NMR. The kH/kD values are virtually 
identical for the threo and erythro isomer in each base 
system and are greater than 1.2 (Table I). The isotopic 
activation energy differences approach zero, and the iso- 
tope effects equal the isotopic ratio of preexponential 
factors, Le., [&IDH N 0, and kH/kD = AH/AD. A tem- 
perature-independent isotope effect that is essentially the 
same for both diastereoisomers has been suggested to 
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observed 
THREO ph#1H3 0 - E 2 C  

ox 

Kwart and Wilk 

+ 

observed 
ERYTHRO p:$:H3 * E2C 

ox 
Figure 2. Permutational isomerism in the E2C mechanism of 
P-elimination. 

signify nonlinear H transfer14 for a reaction with a single 
rate-determining step. The kH/kD values a t  each tem- 
perature of the fluoride-promoted @-elimination are found 
to be similar to that effected by the bromide ion, differing 
only by a factor 1.18. It can be concluded, therefore, that 
changing the base promoter, i.e., F- or Br-, appears to be 
without a significant effect on the TS structure. The low 
values of AH/&, i.e., 2.02 and 2.38 respectively for bromide 
and fluoride ions, indicate looser transition states in this 
E2C investigated reaction. It is in close agreement with 
our earlier observation and interpretation of some data 
corresponding to the halide ion promoted eliminations in 
6-phenylethyl and bromo esters substrates in an aprotic 
medium. 

The equal availability of abstractable H and D in the 
TS, taken together with the same isotope effect for both 
threo and erythro isomers, implies that the two elimination 
reactions proceed through a similar equilibrating inter- 
mediate focused at C-a of the 1-phenyl-1-propyl system. 
Generally speaking, our results call for the reaction model 
depicted in Figure 2 that has already been conceived by 
Winstein.la Both halide ions (F- or Br-) are to cause C-a 
epimerization by forming the TBP intermediate of sub- 
strate via positional exchanges of C-a ligands. Strictly 
speaking, the TBP intermediate (A) undergoes polytopal 
rearrangement15 by some mode of a permutational isom- 
erism that equilibrates the apically bonded promoter base 
(Y-) and nucleofugal group (OX). The bending vibrations 
of these bonds, longer and weaker than required in the TS, 
become indistinguishable and undergo rapid energy ex- 
changes, i.e., permutational isomerism over a low barrier. 

(14) (a) Kwart, H. Acc. Chem. Res. 1982,15,401. (b) The identifica- 
tion of a nonlinear TS for proton transfer by means of a temperature- 
independent isotope effect has been challenged by: Vitale, A. A.; San 
Filippo, J., Jr. J. Am. Chem. SOC. 1982, 104, 7341. 

(15) (a) Berry, R. S. J. Chem. Phys. 1960, 32, 933. (b) Ugi, I.; Mar- 
quarding, D.; Klusacek, M.; Gillespie, P.; Ramirez, F. Acc. Chem. Res. 
1971,4,288. (c) Gillespie, P.; Hoffman, P.; Klusacek, H.; Marquarding, 
D.; Pfohl, S.; Ramirez, F.; Tsolis, E. A.; Ugi, I. Angew. Chem., Int. Ed. 
Engl. 1971, 10, 689. 

Passage of the intermediate (A) to the respective transition 
states for nonlinear H and D abstraction is determined 
primarily by the zero-point energy and entropy factors 
responsible for isotope effects as it has previously been 
considered in our  paper^.^^^ If equilibrating permutational 
isomerism is achieved prior to anti elimination, the rate 
ratio (kH/kD) of the threo and erythro isomers should be 
identical, which was achieved in the present work. 

Although the concept of a TBP intermediate is not part 
of the classical picture of elimination mechanisms, such 
structures have been invoked in several other situations. 
Several examples of relatively stable pentacoordinate 
compounds, i.e., CH5+ (in mass spectroscopy16* and fairly 
stable in "magic acid),  CC1;,16b as well as theoretical work 
yielding stability estimates for the model systems CH, 16c 
and CH3F2-16d have appeared in the literature. CNDO 
 calculation^'^ indicate that the transition states of the SN2 
reactions CH30H + F- and CH3CN + F- are actually po- 
tential energy minima, making them formally intermedi- 
ates. Ugi and co-workersls elaborated a quantitative and 
qualitative treatment requiring the species with the pen- 
tacoordinated carbon atom to be an intermediate. Such 
an intermediate has recently been found as a relatively 
stable entity by Forbus and Martin.lg 

We feel that the metastable intermediate indicated in 
Figure 2 meets the requirements of our experimental 
findings and provides a rational basis for understanding 
the course of the E2C reaction. 

Experimental Section 
A. Synthesis of Substrates. erythro-1-Phenyl-1- 

propan-2-dl-ol. This alcohol was prepared by a hydro- 
boration-oxidation procedure.20 Under a dry nitrogen atmosphere 
0.04 mol of sodium borodeuteride (99 atom % D) was placed in 
a 500-mL flask. cis-Propenylbenzene (0.15 mol) was introduced, 
followed by 100 mL of dry tetrahydrofuran. After the mixture 

H CH3 
\ AH 

p/h D 

was cooled to 10-20 "C, 0.55 mol (7.0 mL) of boron trifluoride 
etherate was added to the well-stirred suspension over a period 
of 1 h while the temperature was maintained at 25 "C. The 
reaction mixture was then stirred for 6 h at room temperature. 
The solution was again cooled to 0 "C, and 10 mL of water was 
added cautiously to destroy residual hydride. The organoborane 
was oxidized at 30-40 "C by the addition of 17 mL of a 3 M 
solution of sodium hydroxide, followed by the careful dropwise 
addition of 17 mL of 30% hydrogen peroxide. The reaction 
product was obtained in a yield of 60%, bp 104-108 "C (18 mm), 
by fractional distillation: NMR (250 MHz, CC4)  6 7.17-7.10 (m, 
5 H, aromatic protons), 4.27 (d, J = 5.8 Hz, 1 H, methine proton 
at C-1), 4.07 (s, 1 H, hydroxyl proton), 1.77-1.6 (m, 1 H, methine 
proton at C-2), 0.75 (d, J = 7.4 Hz, 3 H, methyl protons). Ac- 
cording to the high-resolution NMR analysis the deuteroboration 
product consisted of 88.5 & 0.8% of l-phenyl-propan-2-d1-ol and 
11.5 f 0.2% of 1-phenyl-2-propan-l-d,-ol. 
threo-l-Phenyl-l-propan-2-dl-ol. The same procedure was 

applied as before. trans-Propenylbenzene was used as a substrate: 

(16) (a) Olah, G. A.; Klopman, G. Schlosberg, R. H. J. Am. Chem. SOC. 
1969, 91, 3261. (b) McDaniel, D. H.; Dieters, R. H. J. Am. Chem. SOC. 
1966,88,2607. (c) Allinger, N. L.; Tai, J. C.; Wu, F. T. J. Am. Chem. SOC. 
1970, 92, 579. (d) Berthier, G.; David, D. J.; Veillard, A. Theor. Chim. 
Acta 1969, i4,329. 

(17) Gillespie, P. D.; Ugi, I. Angew. Chem., Int. Ed. Engl. 1971,10,503. 
(18) (arEl Gomati, T.; Lenoir, D.; Ugi, I. Angew. Chem., Int. Ed. Engl. 

1975, 14, 59. (b) Gillespie, P. D.; Ugi, I. Angew. Chem. 1971, 83, 493. 
(19) Forbus, T. R.; Martin, J. C. J. Am. Chem. SOC. 1979,101,5057. 
(20) (a) Brown, H. C.; Zweifel, G. J. Am. Chem. SOC. 1960,82, 4708. 

(b) Brown, H. C. "Organic Synthesis via Boranes"; Wiley: New York, 
1975. 
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H C H3 

\c-c#LD 

H 
HD(.' \ 

P h  

bp 104-106 OC (18 mm); NMR (250 MHz, CC14) S 7.19-7.10 (m, 
5 H, aromatic protons), 4.27 (d, J = 5.8 Hz, 1 H, methine proton 
a t  C-I), 4.13 (8, 1 H, hydroxyl proton), 1.68-1.5 (m, 1 H, methine 
proton at  C-2), 0.74 (d, J = 7.4 Hz, 3 H, methyl protons). NMR 
analysis shows that the deuteroboration product consisted of 93 
f 0.9% 1-phenyl-1-propan-2-dl-01 and 7.0 f 0.1% of l-phenyl- 
2-propan-1-dl-01. 

erythro -1-Phenyl-1-propyl-2-dl p -Nitrobenzoate. This 
compound was prepared from the erythro alcohol by reaction of 
the lithium alkoxide with p-nitrobenzoyl chloride in tetra- 
hydrofuran.21 A solution of 0.06 mol of alcohol and 30 mL of 

Ph D 
0 
II 

X = CC6H4N02 

tetrahydrofuran was placed in a reaction flask under nitrogen. 
n-Butyllithium solution (0.06 mol) was added dropwise at  0 "C. 
After the reaction mixture was stirred for 2 h, it was cooled to 
-30 "C, and a 1.0 M solution of p-nitrobenzoyl chloride in THF 
was added. The reaction mixture was allowed to warm to room 
temperature and stirred for an additional 3 h. After a workup 
in the usual manner, the p-nitrobenzoate was crystallized frac- 
tionally from hexane to constant melting point: mp 56.5-56.7 
"C (lit.22 mp 56.5-57.5 "C); NMR (250 MHz, CC14) 6 8.18 (d, J 
= 2.0 Hz, 4 H, aromatic protons), 7.37-7.20 (m, 5 H, aromatic 
protons), 5.87 (d, J = 6.8 Hz, 1 H, methine proton at  C-l), 2.06 
(p, J = 7.3 Hz, 1 H, methine proton a t  C-2), 0.94 (d, J = 7.4 Hz, 
3 H, methyl protons). 
threo-1-Phenyl-1-propyl-2-dl p -Nitrobenzoate. This 

compound was synthesized from the threo alcohol with the same 
procedure as before: mp 56.9-57.2 "C; NMR (250 MHz, CC14) 

Ph H 

0 
I1 

X = CC6H4N02 

6 8.18 (d, J = 2.0 Hz, 4 H, aromatic protons), 7.37-7.20 (m, 5 H, 
aromatic protons), 5.87 (d, J = 6.8 Hz, 1 H, methine protons at  
C-1), 1.93 (p, J = 7.3 Hz, 1 H, methine proton a t  C-2), 0.94 (d, 
J = 7.4 Hz, 3 H, methyl protons). 

B. Elimination Studies. Acetonitrile solutions, i.e., 0.05-0.10 
M in the corresponding p-nitrobenzoate, 0.055-0.105 M in 2,6- 
lutidine, and 0.5-1.0 M in Et4NBr or BqNF,  were allowed to react 
to completion at  four temperatures over a range of 50 "C. The 

\ /H(D' 
P h  

H /"=7 c H3 

resulting solutions were poured into 1 N HN03 and extracted with 
petroleum ether. The combined extracts were washed with water, 
separated, dried, and stripped of solvent. The isolated products 
(preparative GC) were analyzed by chromatography and high- 
resolution NMR: NMR (250 MHz, CC4) 6 7.22-7.10 (m, 5 H, 
aromatic protons), 6.32-6.29 (m, 1 H, methine proton at  C-1), 
6.17-6.13 (m, 1 H, methine proton at  C-2), 1.88 (br s, 3 H, methyl 
protons). 

The 1-phenyl-1-propyl fluoride was found in our preliminary 
experiments as a SN2 displacement product (in 45% yield) in the 
bimolecular reaction of 1-phenyl-1-propyl p-nitrobenzoate with 
fluoride ion in acetonitrile. This compound, bp 40-41 "C (5 mm) 
n2'D 1.4622 (lit.23 bp 39 "c (4 mm), m 3 0 ~  1.4623), was submitted 
to elimination with fluoride ion in acetonitrile a t  130 "C. Less 
than 5% of conversion was noticed after the time of completion 
for the p-nitrobenzoate elimination promoted by Bu4NF-CH,CN. 

Additionally, 1-phenyl-1-propyl p-nitrobenzoate along with 50% 
of cis-propenylbenzene and o-xylene as a standard was submitted 
to elimination conditions (130 and 150 "C, Et4NBr-CH,CN, 
2,6-lutidine). After the required time for the reaction completion, 
the product was isolated and analyzed by gas chromatographic 
procedure. The cis-propenylbenzene did not isomerize. 

It was found that tetra-n-butylammonium fluoride (commer- 
cially available from Aldrich, 1 M solution in tetrahydrofuran) 
loses its reactivity in promoting the elimination if the reaction 
mixture is contaminated with water. Bu4NF was stored in a 
vacuum desiccator, and all experiments were performed under 
dry nitrogen. 

C. Instrumental  Procedures. Gas chromatographic quan- 
titative analyses were conducted on a F and M 5750 chromato- 
graph connected to a Hewlett-Packard 3370A electronic integrator. 
Standard conditions were as follows: column, (305 X 0.32) X 10" 
m, 10% SE-30 on Chromosorb W; oven temperature, 110 "C; 
detector and injection port temperatures, 200 and 220 "C, re- 
spectively. Preparative gas chromatography was performed on 
a F and M dual-column gas chromatograph. Standard conditions 
were as follows: column, (305 X 0.64) X m, 10% SE-30 on 
Chromosorb W; oven temperature, 140 "C. 'H NMR spectra were 
obtained on a Bruker Spectroscopin Model WM 250 using Me4Si 
as the reference. 
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