J. Am. Chem. S0d.997,119, 691-697 691

Reactions of Aryl Phenylacetates with Secondary Amines in
MeCN. Structure-Reactivity Relationship in the
Ketene-Forming Eliminations and Concurrent E2 and Elcb
Mechanisms

Bong Rae Cho,* Yong Kwan Kim, and Choon-Ock Maing Yoon

Contribution from the Department of Chemistry, Korea Lémsity,
1-Anamdong, Seoul 136-701, Korea

Receied April 19, 1996. Resed Manuscript Receed October 29, 1996

Abstract: Elimination reactions of aryl esters of arylacetic acidand2 promoted by RNH in MeCN have been
investigated kinetically. The reactions are second-order and exhii0.44—0.84,|54| = 0.41-0.50, andoy =

2.0-3.6. Brgnsted@ and|fiy| decrease with the electron-withdrawing ability of fharyl substituent. Hammei,

values remain nearly the same, but tfig| value increases as the base strength becomes weaker.pBatid 5

decrease with the change of the leaving group from 4-nitrophenoxide to 2,4-dinitrophenoxide. The results are consistent
with an E2 mechanism and a reaction coordinate with a large horizontal component corresponding to proton transfer.
When the basesolvent system is changed fromNRH—MeCN to RNH/RNH,"—70 mol % MeCN(aq), the Brgnsted

B, pn, and|fyy| decrease. Finally, the ketene-forming elimination reactions fparitrophenylp-nitrophenylacetate
promoted by RNH/RNH;* buffers in 70 mol % MeCN(aq) have been shown to proceed by concurrent E2 and
Elcb mechanisms.

Extensive studies of structure@eactivity relationships in two concurrent mechanisms having different transition state
elimination reactions have led to a qualitative understanding of structures. A change in experimental condition or reactant
the relationship between the reactant structure and the E2structure may lower the energy of one of the transition states,
transition staté~8 Most of the results from these studies have which may in turn induce a shift in the major reaction pathway.
been interpreted with More-O’Ferrallencks energy diagram  Such examples have been reported in the E2 and E1 borderline
by assuming similar effects for the parallel and perpendicular for the methoxide-promoted eliminations from 2-chloro-2-
motion>~8 In contrast, much less is known about the effects methyl-1-phenylproparé and N-(arylsulfonoxy)N-alkylben-
of the reactant structure on the Elcb-like transition state, wherezylamined* as well as for the solvolytic elimination of 9-(1-
the effects in the two directions are differént! X-ethyl)fluorenes’® However, no clear evidence for the

Perhaps an even more important problem in elimination concurrent E2 and Elcb mechanisms has been reported.
mechanism studies may be the mechanistic borderlines. It isAlthough the small isotope effect observed in eliminations from
conceivable that the change of the elimination mechanism may 1-(2-chloro-2-propyl)indene has been interpreted with parallel
occur by “merging” of the transition states, i.e., the concerted E2 and Elcb mechanisms, the result could also be attributed to
mechanism is enforced by the change in the lifetime of the a reverse stepwise preassociation mechatfsm.
intermediate. The mechanistic changes from E2 to Elcb for One of the promising compounds that may be useful to
eliminations reactions of (2-arylethyllammonium iasad 9-(2- investigate both of these problems is the aryl esters of phenyl-
chloro-2-propyl)fluoren® have been concluded to be of this acetic acids. It has been reported that the base-catalyzed
type. Alternatively, the change in mechanism may also involve hydrolysis of arylp-nitrophenylacetaté$ 22 and other activated
esterd? proceed by an Elcb elimination to afford the ketene

® Abstract published irAdvance ACS Abstractf)ecember 15, 1996.
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Table 1. Rate Constants for Aminolysis of Aryl Alkanoates
Promoted by BNH in MeCN at 25.0°C

10%S, M~tstd

basé pKE 4a 4b 4c 4d 28
Bz(i-Pr)NH 16.8 0.358 0.115 0.060 0.020 0.0004
i-BuNH 18.2 56.2 24.2 15.1 5.40 0.1
i-PLNH f 18.5 1.54 1.04 0.620 1.04 0.006
2,6-DMPEh 189 113 47.3 29.2 8.50 0.175

a[Substrate}= 2.0 x 107> M. P [Base]=8.5x 10%t0 5.0x 107!
M. ¢ Reference 36¢ Estimated uncertainty-5%. ¢ Estimated from the
Charton plot and the steric effect parameter 0.7 for the benzyl group
(see text* f10%;S values for the reactions &, 3b, 3¢, and3d with
i-PNH/i-PrL,NH.* buffer in 70 mol % MeCN(aq) are 1.6, 1.08, 6.16,
5.87 M1 s71, respectively? cis-2,6-Dimethylpiperidine! Thek,S value
for the reaction of3a with 2,6-DMP is 2.03x 1074 Mt s™%

intermediate followed by the addition of water under various
conditions. It occurred to us that the ketene-forming elimina-
tions may proceed by the E2 mechanism via an Elcb-like

transition state if the reactions were conducted under conditions ” . o
tCOﬂdItIOh. However4 underwent aminolysis with all of the

rBZNH employed. The second-order rate constdaisor the

where the carbanion intermediate is destabilized. Concurren
E2 and Elcb mechanisms may also be observed if the reactio
conditions are varied so that the energies of the two transition

states become almost the same. Accordingly, we have inves-
tigated the reactions of aryl esters of substituted phenylacetatic

acids 1 and 2 with secondary amines in acetonitrile (eq 1).
Sterically bulky amines have been employed to avoid the
complications that may be caused by the aminolysis of the

substrates.
QNoz + Base Solvent
X
e .
QCH:C:O + o{}No2 )
X
X =H (1), NO; (2)

Y =H (a), p-MeO (b), m-Cl (c), m-NO (d), p-NO; (e)
Base-Solvent = RoNH-MeCN, RoNH/RoNH2*- 70 mol % MeCN(aq)
RoNH = Bz(i-Pr)NH, -BuaNH, i-ProNH, 2,6-DMP

Y 7
/
& Nchyc-0

In this work, we have studied the effects of reactant structures
upon the ketene-forming eliminations. This reaction provided
us with an unusual opportunity to look into the structdre
reactivity correlations for the Elcb-like transition state. The

concurrent E2 and Elcb reactions have also been observed. Th

results of these studies are reported here.

Results

Aryl phenylacetatet and2 and aryl alkanoate3and4 were
prepared by the literature meth&d.The reactions ofla and
2awith diisopropylamine in MeCN produced,N-diisopropyl-
benzamide in 88 and 92% vyields, respectively. From the
reactions ofla and 2a with i-PLNH/i-PLNH,™ in 70 mol %
MeCN(aq) were obtainel,N-diisopropylbenzamide and phe-
nylacetic acid as the only products. The yields of the aryloxides
as determined by comparison of the UV absorption of the
infinity sample of the kinetic runs with those for the authentic
samples were in the range 998%.

The rates of the reactions df and 2 with R;NH—MeCN
were followed by monitoring the increase in the absorption for
the aryloxides at 400 and 426 nm, respectively. In all cases,

(23) Saigo, K.; Usui, M.; Kikuchi, K.; Shimada, E.; Mukaiyama,Bull.
Chem. Soc. Jpril977, 50, 1863-1866.
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clean isosbestic points were noted in the range-Z88B nm.
Excellent pseudo-first-order kinetic plots which covered at least
3 half-lives were obtained. For reactions Id—d and2a—e
with R:NH, the plots ofkqps Vs base concentration were straight
lines passing through the origin. The slopes were the overall
second-order rate constaris

To probe whether the aminolysis reaction may compete with
the ketene-forming elimination, the rates of aryloxides produc-
tion from the reactions of aryl alkanoat8sand4 with R,NH
were determined (eq 2). Except for the reaction3afwith

? o]
Il —
RC-OQNOg + RoNH -MECN_ o C NR, + cv<;>No2 @

X X
X =H (3), NO, (4)
R = Me (a), Et (b), n-Pr (c), -Pr (d)
RaNH = Bz(-P)NH, i-BupNH, i-ProNH, 2,6-DMP

2,6-DMP, 3 did not react with RNH under the reaction

aminolysis reactions are summarized in Table 1. The rate
increased as the basicity of the amine increased but decreased
as the steric bulk of the alkyl group increased. The slower rate
of aminolysis from4 with i-Pr,NH than withi-Bu,NH as the

base can be attributed to the greater steric requirement of the
former.

The plots of logk; vs Charton’s steric effect paramebet*
for the aminolysis oft with R,;NH in MeCN are shown in Figure
S1 in the Supporting Information. ThkS values for the
reactions o with R,NH were estimated from the Charton plots
by using the steric effect parameter of 0.7 for the benzyl gtbup
and are listed in Table 1. In all cases, tk€ values were
negligible compared with thé, values (Tables 1 and 2).
Therefore, no correction was necessary to obtain the second-
order rate constants for eliminations reactikstsfrom k.. The
k:F values for the ketene-forming eliminations framand 2
promoted by RNH in MeCN are summarized in Table 2.

Bransted plots for eliminations frohand?2 are linear with
excellent correlation (plots not shown). Tevalues are in
the range 0.440.84 and decrease as the electron-withdrawing
ability of the substituent and the leaving group ability of the
aryloxides increase (Table 3).

The Hammett plots for eliminations frorha—d are curvi-
linear and show downward curvature (Figure 1). Similar plots
were observed for the reactions2#—e (plots not shown). The
Late data could be correlated with eq 3 using a nonlinear

log(ky) = pyo~ + 10 2= (py+10 )0~ (3)

regression analysis prograhwhere py andz values are the
slope of the Hammett plot when ¥ H and the proportionality
factor by which thep value is influenced by the electron-
withdrawing ability of the substituents, respectively. For all
reactions the correlations between the experimental and the
calculated data were excellent, demonstrating the validity of
this analysis. Utilizing the computer program, thg and ¢
values that best fit with eq 3 have been calculated. dihand

T values are in the range 2-3.6 and—0.43 to—2.3 (Table 4).

The values are independent of the base strength but decrease
as the K, value of the leaving group is decreased (Table 4).
Thefy values are calculated from the rate data and #g p

values of the leaving group. Thgig| values are in the range

(24) Charton, MJ. Am. Chem. So0d.975 97, 1552-1556.
(25) MicroCal Origin Version 3.5, MicroCal Software, Inc., Northampton,
MA, 1991.
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Table 2. Rate Constants for Ketene-Forming Eliminations fromsM&CH,CO,Ar2 Promoted by RNH in MeCN at 25.0°C

102k2E’ M—l S—l c sz7 M—l S—l c
basé la 1b 1c 1d 2a 2b 2c 2d 2e
Bz(i-Pr)NH 0.260 0.040 2.81 12.4 0.264 0.0874 2.32 10.5 60.0
i-BupNH 3.80 0.575 38.9 97.7 3.02 0.995 13.4 60.3 260
i-PNH 6.58 1.14 59.4 166 4.17 1.39 18.8 77.6 346
2,6-DMP 14.2 2.21 146 350 7.10 2.96 35.6 135 508

2[Substrate}= 2.0 x 10° M. ?[Base]= 1.0 x 10°t0 2.0 x 107t M. ¢

Table 3. Effect of Aryl Substituents upon Brgnstgdand jg
Values for Eliminations from YgH,CH,CO,Ar Promoted by RNH
in MeCN at 25.0°C

Estimated uncertainty-5%. 9 cis-2,6-Dimethylpiperidine.

the kinetic data cannot be analyzed accurately becausesthe R
NHz* concentration increases as the reaction proceeds (eq 4).

p k"B
Ar = Ar =
Y 4-nitrophenyl 2,4-dinitrophenyl ¢ (ﬁ B o}

- k. -
p-CH:O 0.84+ 0.01 0.72+ 0.02 —0.50 ArCH>COAr il ]+ ArCHgOAr = ArCH=C=0 + OAr
H 0.82+0.01 (0.77£0.03f)  0.694+0.04  —0.43 k4[BH"]
m-Cl 0.81+0.02 0.56+0.02  —0.41
mNO,  0.68+0.03 052+ 0.02  —0.41 Kope = kof[B] + —1KelBl @
pNO, — (0.66+0.07p  0.44+0.01 - k4[BH'] + ke

aThe base was BPr)NH. ® Calculated with thé.® values in Table
5 for eliminations fromla andle promoted by RNH/R,NH.* buffers
in 70 mol % MeCN(aq) at 25.0C.

2

log k2E

-0.2 0.0 0.2 0.4 0.6 0.8

(o]
Figure 1. Hammett plots for the ketene-forming eliminations from
p-nitrophenyl arylacetat [Y C¢HsCH,COOGH-p-NO,] promoted by
RoNH in MeCN at 25.0°C. The data are from Table 2, and the lines
were calculated by nonlinear regression analysis by using eq 3 (see
text) [R:NH = Bz(i-Pr)NH @), i-Bu,NH (@), i-P,NH (a), 2,6-DMP
.

Table 4. Effect of Base Strength upon theg, 7, andfy Values
for Eliminations from YGH4CH,CO,CsH3-2-X-4-NO, Promoted by
R:NH in MeCN at 25.0°C

X=H

X=N02

T

base oH T oH Big®

Bz(i-Pr)NH 3.5+ 0.1 —2.2+ 0.1 2.0+ 0.1 —0.44+0.07 —0.43

i-Bu,NH 3.3+£0.1 -1.94+0.1 2.1+ 0.1 —0.43+0.10 —0.40
i-Pr,NH 3.6+0.1 —2.3+0.1 2.1+ 0.1 —0.43+0.08 —0.38
2,6-DMP 35+0.1 -1.6+0.2 2.1+ 0.1 —0.48+0.10 —0.37

ayY = H. b cis-2,6-Dimethylpiperidine.

0.37-0.50 and decrease as the electron-withdrawing ability of
the aryl substituent and theKp value of the base increase
(Tables 3 and 4).

In contrast to the reactions dfa—d and2a—e, the Kqps for
the reactions ofle with R;NH in MeCN showed a curvilinear
relationship with the base concentration (Figure S2). However,

Hence the basesolvent system was changed teNRI/R,NH, "
buffer in 70 mol % MeCN(aq). Large excess amount of the
buffer was used to ensure that theNRI;" concentration
remained constant. The kinetic experiments were carried out
as described above. A typical plot of tHens vs buffer
concentration for the reaction dfa with i-PrNH/i-PLNH,"
buffer in 70 mol % MeCN(aq) is shown in Figure S3. For all
reactions, the plots showed downward curvature. The curvature
is essentially independent of the substrate structure, indicating
that it does not represent a change in rate-limiting step but may
be caused by the buffer association. The buffer association
constantKsssocWas estimated from the negative deviation of
the rate data for reactions bf with R,NH/RNH,™ buffers by
assuming that it occurs due to the formation of kinetically
inactive hydrogen-bonded complexesNRI;™+-*NHR,.26 The
Kassocvalues are 6.5, 6.0, 7.3, and 20"Mor benzylisopropyl-
amine, diisobutylamine, diisopropylamine, and 2,6-dimethylpi-
peridine, respectively. The much lard€gsocvalue for the latter
may in parts be attributed to the smaller steric requirement and
lower solubility of its buffer in 70 mol % MeCN(aq). The
second-order rate consta#s for eliminations fromla—d and
2apromoted by RNH/R;NH," buffer in 70 mol % MeCN(aq)
were obtained from the slopes of the plots of kgg vs “free”
buffer concentration calculated with thgssocvalues. The plots
are linear for all reactions. No correction for the competing
aminolysis reaction has been made to ke values because
the rates of aminolysis &a—d are negligible (see footnote in
Table 1). ThekF values are summarized in Table 5.

Figure 2 shows the plot of thkys for the reactions ofle
with i-PLNH/i-PLNH, buffer vs free buffer concentration. The
data were analyzed with a nonlinear regression analysis
progran?’ by assuming that the reaction proceeds by concurrent
E2 and Elcb mechanisms. Utilizing the computer program, the
koF, ki, andk-1/k; values that best fit with eq 4 were calculated,
and the plots were dissected into the E2 and Elcb reaction
components (Figure 2). In all cases, the correlations between
the calculated and the experimental data are excellent (Figures
S4—-S6). Calculated,F, ki, andk-1/k, values are summarized
in Table 5.

Bransted plots for eliminations frofha andle promoted by
RoNH/R:NH,™ buffer in 70 mol % MeCN(aq) are straight lines

(26) Keeffee, J. R.; Jencks, W. P. Am. Chem. Sod 983 105 265-

(é?)A data analysis and graphical plotting program “GENPLOT",
Computer Graphic Service, Lansing, New York, 1989.
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Table 5. ThekJF, ki, andk-1/k, Values for Elimination from
YCeH4CH,COOGH-p-NO22 Promoted by RNH/RNH;" Buffers in
70 mol % MeCN(aq) at 25.0C

Y =H Y = p-NO,
102k2E’c sz,c,d kl’c,d
RoNHP M-1st M-1lst M-1lst k-1/ksed
Bz(i-Pr)NH 0.173 0.58 1.81 387
i-Bu,NH 2.00 3.46 18.0 240
i-Pr,NH 4.0C¢ 6.41 37.0 202
2,6-DMPf 6.60 16.0 55.7 142

a[Substrate}= 2.0 x 1075, ° [Buffer] = 1.0 x 10°to 2.0x 10!
M. ¢ Estimated uncertainty$5%. ¢ Calculated from thekops values
using eq 4 by nonlinear regression analysis (see teXtie kF values
for reactions oflb—d and 2a with i-PLNH/i-PNH,* buffer in 70
mol % MeCN(aq) are 0.016, 0.200, 0.635, and 0.6786 bt for 1b,
1c, 1d, and2a, respectively! cis-2,6-Dimethylpiperidine.

25

2.0

0.5+

0.0+

T T
0.06 0.08

[ Buffer ]

T
0.04

Figure 2. Dependence okqps Vs free buffer concentration for the
ketene-forming eliminations frorp-nitrophenylp-nitrophenylacetate
1e[p-ONCsH4CH,COOGH4-p-NO;] promoted byi-PLNH/i-PRNH,*

in 70 mol % MeCN(aq) at 25.0°C. The closed circles show
experimental data and the solid line shows the computer-fitted curve

by using eq 4 (see text). The curve is dissected into the E2 and Elcb

reaction components (dashed lines).

Table 6. Solvent Effect on the Ketene-Forming E2 Reaction of
YCGH4CH2COOQH4-F)-NOZ

solvent MeCN 70 mol % MeCN(aq)
rel rate® 1 0.6
oHP 3.6+0.1 1.8+0.1
pe 0.82+0.01 0.77+0.03
Pig?® —0.38 —0.26

aY = H."Base-solvent = i-PL,NH in MeCN and i-PLNH/i-
Pr.NH,* buffer in 70 mol % MeCN(aq), respectivelyBase-solvent
= RoNH in MeCN and RNH/R:NH," buffer in 70 mol % MeCN(aq),
respectively.

with excellent correlations (plots not shown). Since th& p
values of RNH," in 70 mol % MeCN(aq) are not known in
the literature, the (82)mecn values have been used to calculate
the 8 value282® The 3 values for thek,F processes are 0.77
0.03 and 0.66t 0.07 forlaandle respectively (Tables 3 and
6).

A Hammett plot for eliminations fromia—e promoted by
RoNH/R;NH,* buffer in 70 mol % MeCN(aq) is depicted in

(28) Coetzee has shown that theKa = (pKa)mecn — (PKa)n,0 values
for the structurally similar amines are nearly the s&h&herefore, the
differences in the i, values of the RNH employed in this study should
be nearly the same in both MeCN and 70 mol % MeCN(ag). Accordingly,
no correction has been made to th&{mecn values in the Bransted plots
of the rate data measured in 70 mol % MeCN(aq).

Cho et al.
Scheme 1
BH ©
ArCHo-C-OAr ArCH=C=0 + BH,* + "OAr
k1 kg' w
K4
BH>" Q 9
ArCH-C-OAr ArCH-C-OAr + BH,*

Figure S7. In contrast to the reactionsloédnd 2 with R;NH

in MeCN, the plot is linear, i.ez = 0 in eq 3. The calculated
k:F value for le falls on a single line with the experimental
data forla—d with excellent correlation. The Hammett/alue
is 1.8+ 0.1 (Table 6).

For reactions ofLe with R;NH/R;NH* buffer in 70 mol %
MeCN(aq), thek; values increased but the1/k, decreased as
the basicity of the buffer increased. The plots of kagand
log k-1/k; vs the K, values of the buffers were linear with
excellent correlation (Figure S8). The slopes of the plots are
0.73+ 0.04 and—0.19+ 0.03, respectively.

To provide an additional evidence for the competing (EAcb)
mechanism, the HD exchange experiment was carried out by
mixing the reactants with-PLNH/i-PLNH;* buffer in 70 mol
% MeCN-30% D,O at—10 °C. The reactant was recovered
immediately after mixing. The NMR spectrum of the recovered
reactant indicated that approximately half of benzylielCbond
was converted to the €D bond.

Discussion

Reaction Mechanism and Transition State Structure for
Eliminations from 1a—d and 2a—e Promoted by RNH in
MeCN. Reactions ofla—d and 2a—e with RoNH in MeCN
produced benzamides and aryloxide in nearly quantitative yields.
The reactions proceed by the amine-promoted elimination to
afford the ketenes followed by the addition of the\Ri to the
intermediate to afford the products. Additieslimination
mechanism (Rc2) is ruled out by the negligible rates of
aminolysis compared with the overall rates (Tables 1 and 2). A
similar mechanism has been reported in closely related
reactions’—21

Under the reaction condition reported here, the ketene-forming
eliminations from1l and 2 must proceed either via a one-step
concerted mechanism or via carbanion intermediates (free or
ion-paired) in a stepwise mechanism as depicted in Scheime 1.

The observed general base catalysis with the Brgnsted
values ranging from 0.44 to 0.84 rule out the (EXIgiE1cb),,
and internal return mechanisms because these mechanisms
would exhibit either a specific base catalysis or Brgngted
values near unity.” The possibility that the relatively largg
values for eliminations fromia—c and 2b are caused by the
change to an Elcb mechanism is negated by the interaction
coefficients, i.e.py < 0, pyy > 0, andpyy < O (vide infra). In
addition, the values dfjy| = 0.41—-0.50 rule out a mechanism
in which eitherk; [(E1cb),] or kg is rate limiting, for which a
small or negligible leaving group effect is expected On the
other hand, the results are consistent with an E2 mechanism in
which there is partial cleavage of thg-€l and G.-OAr bonds
in the transition state.

The structure of the transition states may be assessed by the
Brgnsted3, Hammettp, andpg values. The Brgnstegivalues
indicate the extent of proton transfer in the transition state. For
R>,NH-promoted eliminations froma—d and2a—e, values of
B = 0.44-0.84 were determined (Table 3). This indicates

(29) Coetzee, J. FProg. Phys. Org. Chenl965 4, 45-92.
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moderate to extensive cleavage of thg-HC bonds in the
transition states.

The extent of negative charge development in the transition
state may be assessed with the Hammetilues. Surprisingly,
however, the Hammett plots are curvilinear and show downward
curvature (Figure 1). Causes for the curved Hammett plots have
been attributed to (i) the change in mechanism, (ii) a single
mechanism with a different extent of bond formation and
cleavage in the transition state, and (iii) a different balance of
polar and resonance effects by different substituents in the
transition staté®32 Since the reactions afa—d and 2a—e
with R:NH in MeCN proceed by a common E2 mechanism
(vide suprg, possibility (i) can be ruled out. Possibility (iii)

can also be negated because the resonance effect is already taken

into account in thes™ constants. In addition, the rate data
showed excellent correlations with eq 3, i.e.= py + 10™.
Therefore, the observed, values of 3.5-2.0 for the ketene-
forming eliminations can be interpreted with a significant
negative charge development at fhearbon in the transition
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Figure 3. Reaction coordinate diagram for ketene-forming eliminations.
The effects of the change to a stronger electron-withdrawing substituent,

states, which decreases gradually as the electron-withdrawing? Petter leaving group, and a weaker base are shown by the shift of the

ability of the substituent increaseside infra).

The fig values are usually taken as a qualitative measure of
the extent of the leaving group cleavage. ForiB2a(NH-
promoted eliminations fromla—d, the |f4| values of 0.4+

0.50 have been determined (Table 3). The results are consisten

with limited extents of G-OAr bond cleavage in the transition
states. Additional support for this conclusion is provided by
the interaction coefficients, i.gy < 0, pxy > 0, andpyy < 0
(vide infra).

The combined results reveal that the ketene-forming elimina-
tions from la—d and 2a—e proceed by the concerted E2
mechanism via an E1cb-like transition state with extensi&iC

bond cleavage, significant negative charge development at the

p-carbon, and limited GOAr bond cleavageu{de infra). On

the other hand, the reactions of aryl esters of phenylacetic acid
with OH™ in 80% DMSO(aq) have been shown to proceed by
the (Elcby or (E1cb)n—pairmechanisnt®2® The change in the
elimination reaction mechanism fota from (Elcbyk or
(E1cb)on—pair to E2 with the basesolvent system variation from
OH~—80% DMSO(aq) to INH—MeCN can be attributed to a
solvent effect. Since the negative charge that developed on th
benzylic carbon in the Elcb intermediate cannot be stabilized
by solvation in poorly anion-solvating MeCN, the activation

energy for the E1lcb mechanism should increase and the E2

mechanism may become the favored alternative.
Structure —Reactivity Coefficients. Changes in structure

reactivity parameters that reflect changes in the transition state

structure can provide additional evidence for the mechanism
of the elimination reaction&:'! These changes can usefully

(30) Young, P. R.; Jencks, W. B. Am. Chem. Sod 979 101, 3288~
3293.

(31) Drago, R. S.; Zoltewicz, J. Al. Org. Chem1994 59, 2824-2830
and references cited therein.

(32) (a) Yoshida, T.; Yano, Y.; Oae, Serahedronl971 27, 5343~
5351. (b) Bunnett, J. F.; Sridharan, S.; Cavin, WJPOrg. Chem1979
44, 1463-1471. (c) Hasan, T.; Sims, L. B.; Fry, A. Am. Chem. Soc.
1983 105 3967-3975.

(33) Cho, B. R.; Maing Yoon, C.-O.; Song, K. Betrahedron Lett1995
36, 3193-3196.

(34) A reviewer has made an interesting suggestion that the change of
the solvent to more protic one would stabilize the upper left corner and the
lower left products in Figure 3. This would produce perpendicular and
parallel shifts whose resultant shows a marginal decregsara a decrease
in |Big| as is seen. However, we believe that the stabilization of the carbonyl
oxygen atom by hydrogen bonding withpMH2" in the buffer solution
would have more profound influence on the transition state structure than
can be described by the energy diagram.

(35) Cho, B. R.; Suh, Y. S;; Lee, S. J.; Cho, EJJOrg. Chem1994
59, 3681-3682.

e

transition state from A to B, Ato C, and Ato D in I, Il, and I,
respectively.

be described on energy surface of More-O’Ferdéncks
diagram’-® An energy surface for the elimination reactions of
BZNH-promoted eliminations fromla—d and2a—e in MeCN

Is shown in Figure 3.

Table 3 shows that the Brgnstédralues for RNH-promoted
eliminations fromla—d and 2a—e decrease as the electron-
withdrawing ability of the3-phenyl substituent is increased. The
results can be described by a negafiyeinteraction coefficient,

Py = 8p/d0 = dpldpKen, that describes the interaction between
the base catalyst and thfearyl substituent:® Negative p.y
coefficients are consistent with an (Elghihechanism, which
has been ruled out by the substantial values of|fhg (vide
suprg and an E2 mechanism and a reaction coordinate with a
large horizontal component corresponding to proton trarister.
These changes in thg values can be described on More-
O’Ferrall-Jencks energy diagram (Figure 3). An electron-
withdrawing -aryl substituent will lower the energy of the
carbanion intermediate in the upper left corner of the energy
diagram. The transition state on the horizontal reaction
coordinate will then move toward the right, with less proton
transfer and a smallgt, as depicted by a shift from A to B in
Figure 318

For all 5-aryl substituents the Brgnst@dvalues decrease as
the leaving group is changed from 4-nitrophenoxide to 2,4-
dinitrophenoxide (Table 3). This effect corresponds to a positive
Pxy interaction coefficientp,y = 94/apKig = 961o/dpKan, that
describes the interaction between the base catalyst and the
leaving group’®8 The observed increase in theyg| values as
the catalyst is made less basic (Table 4) is another manifestation
of this effect, i.e.,pyy = 3Big/dpKen > 0.8 On the More-
O’Ferrall=Jencks reaction coordinate diagram in Figure 3, a
change to a better leaving group will raise the energy of the
top edge of diagram. The transition state on the horizontal
reaction coordinate would then move slightly toward the right
as depicted by a shift from A to C on the energy diagram,
resulting in a small decrease fh(Figure 311)8 Similarly, a
weaker base will raise the energy of the left side of the diagram
and shift the transition state from A to D to increase in the extent
of C,-OAr bond cleavage (Figure 3I1f). The positive pyy
coefficients are not consistent with an Elcb mechanism for
which py, = 0 is expected, but provide additional support for
the concerted E2 mechanigdmi!

As shown in Table 3, there is a progressive decrease in the
|Bigl values as th@-aryl substituent is changed fropaMeO to



696 J. Am. Chem. Soc., Vol. 119, No. 4, 1997 Cho et al.

H to m-Cl to mNO,. This result can be described by a negative proceed by the common E2 mechanism. In addition, the
pyy interaction coefficientpyy = —dfig/do~ = —dp/dpKyg, that Bransted3 value determined with the calculatésF value for
describes the interaction between the leaving group and theleis 0.66, which is smaller than that of 0.77 fba (Table 3).
p-aryl substituent:® The decrease in the values with a better  This corresponds to a negatipg, interaction coefficient and
leaving group (Table 4) provides additional evidence for this provides additional support for the operation of the E2 mech-
effect, i.e,, pyy = —dpu/opKiy < 078 The negativepy anism in thek,E process forle and a reaction coordinate that
coefficients observed in these reactions are consistent an E2has a large component of proton transfeidé suprg.’—11
mechanism and a reaction coordinate that has a large component 1,4 calculatedk, andk_y/k, values provide strong evidence

of proton transfer so that stabilization of the carbanion inter- for the existence of the stepwise E1cb mechanism. KTkelue
”?ed'?‘te result in a net shift from A to B in Figure 31, in the increases with a stronger base apparently because it involves
direction of decreased,DAr bond c!eavage and small@g| the cleavage of the £H bond leading to the carbanion
values!™* Moreover, a better leaving group would shift the intermediate. The larg8 value of 0.73 for the; step is also
transition state from A to C in Figure 3l to decrease the extent reasonable bécause the8 bond sho.uld be extensively broken
of negative charge development and m,evalue§§ . . in the transition state. Moreover, the slope of the plot of log

Solvent Effect. The observed second-order kinetics with the k_i/ks VS [Ka values of the buffer is—0.19 (Figure S8)

— _ . _ — a . .

Bronstedf} = 0.77 andfi;= ~0.26 for the amine-promoted Although thek, value should be independent of the basicity

eliminations fromlain 70 mol % MeCN(aq) (Table 6) reveal L . ki
that the reactions also proceed by the concerted E2 mechanismk.:)ecause itis an intramolecular process, hould decrease

. . as the BNH," becomes a weaker acid. Hence the slope of
Moreover, the decrease in tfievalues with a stronger electron- this plot could be taken as a measure of the extent of proton
withdrawing g-aryl substituent (Table 3), i.epy < O, is P P

f o
consistent with an E2 mechanism and a reaction coordinate Withtrans”fer fro;_n thel ENHZ to thetcatr be_ttr;:on n ﬂlh_ltﬁfpi The_t_
a large component of proton transfeide supra. small negative slope is consistent with a reactant-like transition

For eliminations from1 promoted byi-PENH, the rate state for thek_; step and provides additional support for the

; . stepwise E1cb mechanism. Finally, the-Bl exchange experi-
decreases only slightly as the bamslvent system is changed ment reveals that approximately half of the benzyliekCbond
from i-PNH—MeCN toi-PrpNH/-PpNH;*—70 mol % MeCN- PP y y

30% H0, apparently because of the decreased basicity of the'n the _recoveredostartmg mat((e)rlal has been converted to-ta C
promoting base in more protic solvefit3! On the other hand, _bond in 70 mol % MeCNSO/O D:0. All of these results are
the extent of G-H bond cleavage decreases slightly and the n excellent agreement W'th_ concurrent E2+and Elcp mecha-
degrees of negative charge development at@fwarbon and nisms for the reaction afe with R;NH/R:NH,* buffers in 70
the G,-OAr bond cleavage decrease considerably as revealed™©! % MeCN(aq).
by the small to significant decrease in the Brgngie@, and It has been argued that the change in mechanism from E2 to
|Bigl values in RNH/R;NH,"—70 mol % MeCN(aq) as the  Elcb for eliminations from (2-arylethyllammonium ions and
base-solvent system (Table 6). The changes in the transition 9-(2-X-2-propyl)fluorenes occurs by the merging of the transi-
state structures with the bassolvent system variation may be tion states because it is difficult for the energy maximum for
attributed to a solvent effect. Due to the electronegativity the transition state of the E2 reaction and an energy well for
difference, the negative charge developed atgkmarbon in the Elcb reaction to coexist for a single compound at almost
the ketene-forming transition state may be delocalized more onthe same position on the energy diagrath. However, if the
the carbonyl oxygen than on tjfecarbon. Moreover, this effect  energies of the transition states for the competing reactions are
would be amplified in the buffer solution because the former similar and if the positions of transition states on the energy
can be better stabilized by forming a stronger hydrogen bond diagram are significantly different and/or if there is sufficient
with R,NH,*. This would predict that less negative charge energy barrier between them, they should be able to coexist.
would remain at thes-carbon to decrease bogy and |Big| For example, clear evidences for the concurrent E2 and E1
values, as observét. mechanisms have been reported for the methoxide-promoted
Appearance of Concurrent E2 and Elcb Mechanisms. eliminations from 2-chloro-2-methyl-1-phenylpropanes ahd
Figure 2 shows a plot dfops vs free buffer concentration for  (arylsufonoxy)N-alkylbenzylamines as well as for the solvolytic

eliminations fromle promoted byi-PLNH/i-Pr,NH;" buffer eliminations of 9-(1-X-ethyl)fluorene$-15 The mechanistic
in 70 mol % MeCN(aq). The plots are curvilinear at low buffer borderline observed in the ketene-forming elimination frben
concentration but become straight lines at [bufferD.01 M is concluded to be of the second type. Thus the elimination

for all buffer systems employed (Figure S86). This result  reactions ofla—d with R;,NH in MeCN proceed by an E2
cannot be explained with the change in the rate-l|m|F|ng step mechanismide suprd. The mechanism changes from E2 to
because the rate should have reached a plateau at a higher buffehe parallel E2 and E1cb mechanisms by the introduction of
concentration in such a case. On the other hand, the rate datqhep_|\|o2 group at theg-aryl ring and the RNH/R;NH.* buffer
can readily be analyzed with a nonlinear regression analysis byin 70 mol % MeCN(aq) as the basseolvent system, probably
assuming that the reactions proceed by concurrent E2 and Elchyecayse the Elch intermediate is stabilized by such changes so
mechanisms (eq 4). The excellent correlations of the experi- {4t the two mechanisms can coexist. The transition states for
mgnta}l_ data with _the.computelr-fltted curves demonstrate the iha two reactions appear to be appreciably separated on the
reliability of the kinetic analysis. In addition, the shapes of onerqy surface as indicated by the significant increase iff the
the dissected lines are typical for the E2 and Elcb reactions,, o .a from 0.66 for the E2 to 0.73 for the step of the ELch
respectwely (Figure 2). o mechanism, respectively (Table 3). A further stabilization of
Figure S7 shows that the calculatefi value for eliminations e carbanion intermediate by utilizing OH80% DMSO(aq)
from 1e falls on a single Ilne'W|th the expenmental data for 45 the basesolvent system induces a change in the reaction
la=din thEe Hammett plot. This result provides a strong support e chanism to an Elcb (Table 7). To our knowledge, this is
that thek.™ pathway forle and elimination reactions dfa—d the first example that clearly demonstrates that the E2 mech-
(36) Cho, B. R.; Lee, S. J.; Kim, Y. KI. Org. Chem1995 60, 2072 anism qhanges to an Elcb via concurrent E2 and Elcb
2076. mechanisms.




Reactions of Aryl Phenylacetates

Table 7. Kinetic Parameters for Various Elimination Reactions

J. Am. Chem. Soc., Vol. 119, No. 4, 6997

reaction kinetic order p 1Bigl mechanism ref
CeHsCH.CO,CsHa-p-NO2 + RoNH in MeCN 2 0.82 0.40.5 E2 this work
p-O2NCsHsCH,CO,CeHa-p-NO2 + RoNH/RNH;™ 1-2 0.66-0.77 0.26 E2 and Elcb this work
in 70 mol % MeCN(aq)
CeHsCH,CO,CeHaX + OH™ in 80% DMSO(aq) 2 0.65 (Elchyor (Elcbpnpar 18
p-O,NCeH5CH,CO,CeHaX + OH™ in 80% DMSO(aq) 1 1.25,1.34 (E1cbhnion 18, 20
CeHsNHCO,CeHaX + OH™ in H,0 1 1.34 (E1chpion 22g

aCalculated with the rate data in ref 20 and the estimatégl yalues in ref 18.

Experimental Section

Materials. Aryl esters of arylacetic acids and2 and of alkanoic
acids3 and4 were prepared by reactions of appropriately substituted
arylacetic acids and alkanoic acids with phenols in toluene oGGH
in the presence of 2-chloro-1-methylpyridinium iodideThe physical,

spectral, and analytical data for these compounds were consistent with

the proposed structures. The melting poif€), NMR (ppm), IR

(cm™), and combustion analysis data of the new compounds are listed

in the Supporting Information.
Acetonitrile was purified, and solutions of,RH in MeCN were
prepared as described beférdhe buffer solutions of RNH,/R;NH

in 70 mol % MeCN(aq) were prepared by adding equivalent amounts

of R;NH," and RNH to 70 mol % MeCN(aq). In all cases, the buffer
ratio was maintained to be 1.0.

Kinetic Studies. Reactions ofl—4 with R;NH in MeCN or R-
NH/R;NH,* buffer in 70 mol % MeCN(ag) were followed by

monitoring the increase in the absorption of the aryl oxides at 400 and

426 nm with a U\~vis spectrophotometer as described befsré.
Reactions of2e with R;NH in MeCN and ofle with R,NH;"/R,NH
buffer in 70 mol % MeCN(aq) were too fast to be measured by this

method, so the rate studies utilized a stopped-flow spectrophotometer.

Buffer Association. For reactions ofewith R,;NH/R.NH;" buffer
in 70 mol % MeCN(aq), the plots dfpns Vs buffer concentration showed

downward curvature. The negative deviation may be accounted for

by buffer association forming kinetically inactive hydrogen-bonded
complexes, NHz™+*NHR,. The buffer association constarsssoc
were determined as described in the literauby using eq 5, where
[B~]st and [BHJst are the stoichiometric concentrations of the buffer
components and [ represents the concentration of the free amine
base. TheKassocvalues are 6.5, 6.0, 7.3, and 20 for BB{)NH, (-

Kassoc=

[B™++-BH)/[B][BH] = (B ]sr — [B D/([BH] g1 —
[B™-BH])([B ]y — [B™+*BH]) (5)

Bu),NH, i-PrNH, and 2,6-dimethylpiperidine buffers, respectively.
Utilizing these values, [B]st, and [BHEr the free buffer concentration
was calculated for all buffers prior to analysis of the kinetic data.
Calculation of the k3F, ki, and k—i/k, Values. Utilizing the Kobs
values and the free buffer concentration, kb k;, andk-1/k, values
that best fit with eq 4 have been calculated with the NLSFIT function
in the GENPLOT program, which is a nonlinear square fitting routine
based on the gradient search and function linearization méthod.
Product Studies. The yields of the aryloxides determined by
comparing the absorbance of the infinity samples from the kinetic
reactions with those of authentic aryloxides were in the range 92

98%. To determine the yields ®f,N-diisopropylbenzamide by GC,
la and2a (0.08 mmol) were reacted with 10 equiv BPLNH in 5
mL of MeCN for 2 h. After evaporation of the solvent, the product
was taken up in CkCl, and washed thoroughly with water until all of
the amine, ammonium salt, and the aryloxides were completely
removed. The products were analyzed by GC as described [5&fore.
The yields ofN,N-diisopropylbenzamide from the reactionslafand
2a were 88 and 92%, respectively. The reactionlafand 2a with
i-PLNH/i-PLNH," in 70 mol % MeCN(aq) were conducted by the same
procedure except that smaller amount of the reactants (ca. 0.01 mmol)
were used. The products were identified by TLC and NMR. The
products wereN,N-diisopropylbenzamide and phenylacetic acid.

H—-D Exchange Experiment. To determine whethefle may
undergo H-D exchange reactiori,e (0.059 g, 0.19 mmol) was added
to 3.4 mL ofi-PLNH/i-P,NH,* buffer in 70 mol % MeCN-30% D,O
at —10 °C. The reaction was quenched by adding dilutSQ, in
D,O immediately after mixing. The recovered reactant was isolated
by extracting the products with ethyl acetate followed by the silca gel
column chromatography using ethyl acetate/hexan&/4 as eluent.
The proton NMR spectrum of the recovered reactant was identical to
that of 1e except that the integration a 4.08 was decreased by
approximately 50%.

Control Experiments. The stability of 1-2 were determined as
reported earliet* They were stable for at least 3 weeks in MeCN
solution at room temperature.
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70 mol % MeCN(aq) at 25.0C, Hammett plot for eliminations
from la—e promoted byi-Pr,NH/i-Pr,NH," buffer in 70 mol
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