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carbonyl bands at 1740 and 1760 cm™1. The NMR spectrum (CDCls)
in ppm: 1.33 (t, 3 H); 4.10 (d, 2 H); 4.30 (q, 2 H); 5.73 (broad, 1 H); 7.38
(d, 2 H); 8.30 (d, 2 H).

Anal. Caled for C1;H19N2Og: C, 49.25; H, 4.48, Found: C, 49.05; H,
4.54.

tert-Butyl 2,4,5-Trichlorophenyl Dicarbonate (13). A sus-
pension of 18.3 g (0.15 mol) of potassium tert-butoxide in 200 mL of
THF was cooled with ice-salt. Carbon dioxide was passed into the
suspension with vigorous stirring for 30 min. A solution of 39.0 g (0.15
mol) of 2,4,5-trichlorophenyl chloroformate in 120 mL of THF was
added dropwise. The reaction mixture was stirred at 0 °C for 2 h and
5-10 °C for another 1-5 h. Insoluble materials were removed, and the
filtrate was evaporated at reduced pressure. The crude product was
recrystallized from 400 mL of pentane and then from 280 mL of
pentane to give 21.1 g (41%) of tert-butyl 2,4,5-trichlorophenyl di-
carbonate, mp 65.5-66.5 °C.

The IR spectrum (CCly) showed carbonyl bands at 1835 and 1770
cm™!, and the NMR spectrum (CCly) showed peaks at 1.62 (s, 9), 7.66
(s, 1 H), and 7.81 (s, 1 H) ppm.

Anal. Caled for C,oH,;Cl505: C, 42.17; H, 3.22. Found: C, 42.21; H,
3.28.

Registry No.—1, 22085-39-8; 2, 24424-95-1; 3, 22085-40-1; 4,
24424-99-5; 5, 65815-73-8; 6, 65815-74-9; 7, 65815-75-0; 12, 60416-11-T;
13, 60450-67-1; 14, 65815-76-1; glycine ethyl ester HCI, 623-33-8; 1-
adamantanol, 768-95-6; tert-butylthiol chlorocarbonate, 13889-95-7;
di-tert-butyldithiol carbonate, 16118-32-4; p-nitrophenyl chloro-
formate, 7693-46-1; p-nitrophenol, 100-02-7; di-p-nitropheny! car-
bonate, 5070-13-3; 2,4,5-trichlorophenyl chloroformate, 4511-19-7.
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The kinetics of the eliminations from 1-bromo-2-arylethanes and 1-chloro-1-phenyl-2-arylethanes promoted by
sodium 2,6-di-tert-butylphenoxide in DMF-MeSO (9:1 v/v) have been investigated. With the first series of sub-
strates values of p (+2.44), ku/kp (9.0), and Br/Cl leaving-group effect (146) have been evaluated which turn out
to be quite similar to those (+2.64, 7.6, and 120, respectively) calculated for the corresponding reactions promoted
by sodium phenoxide. The reaction of 1-chloro-2-arylethanes with sodium 2,6-di-tert-butyl phenoxide also exhibits
a p value (+2.30) which is very similar to that (+ 2.40) of the same reaction with sodium phenoxide. From these re-
sults it is possible to conclude that with both series, the transition state structure of the E2 reaction is substantially
unaffected by the steric requirements of the nucleophile. The influence of steric effects on the elimination rate is
also not very large, sodium 2,6-di-tert-butylphenoxide being only 200-fold less reactive than sodium phenoxide.

The study of elimination reactions promoted by sodium
phenoxides in a dipolar aprotic solvent provides a very useful
tool for investigating the effect of the nature of the nucleophile
on the mechanism of E2 reactions. Accordingly, unequivocal
information on the effect of the nucleophile basicity upon the
transition state structure of E2 reactions has been recently
obtained by the study of eliminations from 2-arylethyl de-
rivatives?-? induced by phenoxides of different basicity in
DMF.

A continuation of this investigation with the purpose of
acquiring information also on the effects of the steric re-
quirements of the nucleophile appears worthwhile since it is
recognized that these effects can be of importance in deter-

mining geometrical and positional orientation of E2 reac-
tions.+9 Moreover it has been recently suggested!® that the
steric requirements of the base might play a significant role
in producing the “anti-Thornton” behaviors observed in
several reactions involving slow proton transfer.11

In this paper we report the results of a kinetic study of the
eliminations from 1-bromo-2-arylethanes, 1-chloro-1-phe-
nyl-2-arylethanes, and 1-chloro-2-phenylethane promoted
by sodium 2,6-di-tert-butylphenoxide in DMF-Me;SO mixed
solvent. 2,6-Di-tert-butylphenoxide is a sterically very hin-
dered base that has been found to produce a positional ori-
entation much different from that anticipated by its basic
strength in the reaction with 2-iodobutane.® In the case of
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Eliminations from 1-Bromo-2-arylethanes

Table I. Effect of the Base Concentration on the Rate
Constants for the Elimination Reactions of
1-Chloro-1,2-diphenylethane Induced by Sodium
2,6-Di-tert-butylphenoxide in DMF-MesSO (9:1 v/v)

at 30 °C
[Nucleophile], M ko, M—1g1
0.023 6.22 X 10—3
0.032 5.86 X 10~4
(.045 5.06 X 10~4
0.065 440 X 10~¢
0.055 5.81 X 105¢
0.065 7.55 X 10~4*

a In the presence of NaClOy4 (0.85 M). ? In the presence of
18-crown-6 ether (0.082 M).

1-chloro-1-phenyl-2-arylethanes and 1-chloro-2-phenylethane
also the reactions with sodium phenoxide have been investi-
gated.

Results

Sodium 2,6-di-tert-butylphenoxide has been prepared by
the reaction of NaH with an excess (about 20%) of 2,6-di-
tert-butylphenol in MesSO and its concentration was deter-
mined by acidimetric titration. In the kinetic runs a Me,SO
solution of sodium 2,6-di-tert-butylphenoxide has been mixed
with a DMF solution of the substrate in order to obtain a
DMF-MesSO (9:1 v/v) final mixture. The kinetic data ob-
tained in this mixed solvent should be comparable with those
previously obtained in pure DMF for the reaction of 1-
bromo-2-arylethanes with sodium phenoxide.2 Of course, the
DMF-MesSO mixed solvent was used also for the reactions
of sodium phenoxide with 1-chloro-1-phenyl-2-arylethanes
and 1-chloro-2-phenylethane studied in the present work.

In the reactions of 1-bromo-2,2-dideuterio-2-phenylethane
and 1-chloro-1,2-diphenylethane with sodium 2,6-di-tert-
butylphenoxide the yield of olefin (styrene and trans-stilbene,
respectively) was practically quantitative. Moreover, a
quantitative yield of p-methyl-trans-stilbene was obtained
in the reaction of 1-chloro-1-phenyl-2-p-tolylethane with
sodium phenoxide. It is therefore fully justified to assume a
quantitative yield of olefin also in the other reactions inves-
tigated.

Kinetics have been followed by potentiometric titration of
the halide ions formed during the reaction. In all cases an
excess of base (at least tenfold) was used.

When the base was sodium phenoxide the kinetic compli-
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cations due to the not complete dissociation of this salt were
overcome by carrying out the reaction in the presence of
NaClO4 (0,85 M).2 In these conditions regular first-order ki-
netics were obtained and the second-order rate constant (ks)
does not change when the base concentration is changed. Ion
pairing, however to a much smaller extent, is present also with
sodium 2,6-di-tert-butylphenoxide. In the reactions promoted
by this base the first-order plots exhibited an excellent lin-
earity but a slight decrease of ks values with increasing the
base concentration was observed. Moreoever the rate of
elimination increases in the presence of a crown ether and
decreases in the presence of NaClO4. Some representative data
for the reaction of 1-chloro-1,2-diphenylethane are reported
in Table I. Thus, the structural effects in the reactions with
sodium 2,6-di-tert-butylphenoxide were evaluated by com-
paring kinetic data obtained at the same base concentra-
tion.

The kinetic results for all reactions investigated are col-
lected in Tables IT and IIL

Discussion

Since sodium phenoxide and sodium 2,6-di-tert-butyl-
phenoxide are associated to a different extent, an approximate
estimate of their reactivity ratio is only possible by comparing
the kinetic data obtained, with 1-chloro-1,2-diphenylethane
as the substrate, in the presence of 18-crown-6 ether which
should convert most of the ion pairs into dissociated ions.
From this comparison (Tables I and III) it turns out that so-
dium 2,6-di-tert-butylphenoxide is about 200-fold less reac-
tive than sodium phenoxide. This is a quite significant factor
but not very large. Clearly the rate of an E2 reaction appears
to be much more sensitive to changes in the basicity of the
nucleophilel? than to changes in its steric requirements.

Another observation is that in going from 1-chloro-2-
phenylethane to 1-chloro-1,2-diphenylethane the rate in-
creases threefold with sodium phenoxide but only 1.2-fold
with sodium 2,6-di-tert-butylphenoxide (see Tables II and
III). Probably with the more hindered nucleophile the fa-
vorable electronic effect of the a-phenyl group is nearly
completely counterbalanced by an adverse steric effect.

The data of Table II allow the calculation of the values of
the Hammett reaction constant, p, the deuterium kinetic
isotope effect (ky/kp), and the bromide/chloride leaving
group effect (kg,/kcy) for the reactions of 1-bromo-2-aryl-
ethanes with sodium 2,6-di-tert-butylphenoxide. These values
are reported in Table IV and compared with the corre-
sponding ones for the reaction with sodium phenoxide. We
immediately see that the two reactions exhibit very similar

Table II. Rate Constants for the Elimination Reactions of 1-Bromo-2-arylethanes and 1-Chloro-2-phenylethane
Induced by Sodium Phenoxide and Sodium 2,6-Di-tert-butylphenoxide in DMF-Me2SO (9:1 v/v)

Registry Registry

Nucleophile no. Substrate no. Temp, °C ko, M-1g71°

Sodium phenoxide?® 139-02-6 CgHsCH.CH:Br 103-63-9 30 4.29 X 1072
CgHsCH,CH,C1 622-24-2 30 3.58 X 104

Sodium 2,6- di-tert-butylphenoxide® 7175-96-4 CgHsCH.CH:Br 0 598 x 1073
CgHsCD2CHBr 23088-37-1 0 567 X 1074

p-CH3CeH,CH;CH,Br 6529-51-7 0 3.25 X 10-3

p-OCH3C¢H4CH;CH:Br 14425-64-0 0 1.84 X 103

p-BrC¢H,CH;CHyBr 1746-28-7 0 3.28 X 102

CgH5CH-CH:Br 10 1.36 X 102

CgHsCD2CH4Br 10 1.31 x 10-3

CsHsCHoCH2Br 20 3.49 x 102

CgHsCD-CH,Br 20 3.87 X 1073

CeH;CH,CH,Br 30 7.31 X 10~2

CeHsCD2CH2Br 30 8.78 X 103

CsHsCH,CH,Cl 30 4.99 X 104

@ Average of at least two determinations. The average error is £4%. ® In the presence of NaClOy4 (0.85 M). ¢ The base concentration

was ca. 0.024 M.
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Table ITI. Kinetic Data for the Elimination Reactions
of 1-Chloro-1-phenyl-2-arylethanes with Sodium
Phenoxide and Sodium 2,6-Di- tert-butylphenoxide in
DMF-Me,SO0 (9:1 v/v) at 30 °C

Registry
Nucleophile Substrate?® no. ko, M—1g-10
Sodium phen- H 4714-14-1  1.08 X 103
oxide® H 1.56 X 1014
p-CHj 4714-15-2 6.04 X 104
p-Cl 4714-17-4 5,05 X 1073
p-NO; 4781-42-4 1.52
Sodium 2,6-di- H 5.86 X 10~¢
tert-butyl- p-CH; 4,30 X 1074
phenoxide® p-Cl 2.65 X 1073
p-NOg 6.64 X 10!

@ H refers to 1-chloro-1,2-diphenylethane. ® Average of at least
two determinations. The average error is 22%. ¢ In the presence
of NaClO4 (0.85 M). The base concentration was in the range
0.03-0.1 M. 4 In the presence of 18-crown-6 ether (0.081 M). ¢ The
base concentration was 0.03 M for p-H, p-CHg, and p-Cl deriv-
atives. For the p-NO; derivative the concentration was 0.015
M.

Table IV. Isotope Effects, Hammett Parameters, and
Leaving Group Effects for Elimination Reactions of
1-Bromo-2-arylethanes with Sodium Phenoxide and

Sodium 2,6-Di-tert-butylphenoxide
in DMF-Me2SO (9:1 v/v)

Temp, ku/ kp./
Nucleophile °C kpt p ki
Sodium phenoxide 0 +2.64¢.d
21 7.6
30 120
Sodium 2,6-di-tert- 0 10.5 +2.44¢
butylphenoxide 10 10.4
20 9.0
30 8.3 146

@ The probable error is +8%. ® Reactivity ratio between 2-
phenylethyl bromide and 2-phenylethyl chloride. ¢ Reference 2.
The solvent in this case was DMF. ¢ r = 0.996; S = 0.059. ¢ r =
0.989; S = 0.096.

values of p and kg,/kc1, which suggests that the structures of
the transition state of the two eliminations closely resemble
each other with respect to the carbanion character and the
extent of carbon-leaving group bond breaking. At most a very
small decrease of the carbanion character of the transition
state for the reaction with sodium 2,68-di-tert-butylphenoxide
could be suggested.

The ky/kp value is slightly larger in the reaction with so-
dium 2,6-di-tert-butylphenoxide than in that with sodium
phenoxide. However, in the light of the very similar values of
p and kp/kc; it seems unlikely that the transition states of the
two reactions have a significantly different degree of C-H
bond breaking. We feel that a larger tunneling contribution
in the reaction with the more hindered base could be a more
reasonable suggestion even though a study of the temperature
dependence (between 0 and 30 °C) of ki and kp (Table IT) was
inconclusive in this respect, since the Ag/Ap value (1.20)
turned out to be affected by too large an error (+3.76).

From the data of T'able III values of +2.40 (r = 0.999, S =
0.082) and +2.30 (r = 0.997, S = 0.128) are calculated for the
reactions of 1-chloro-1-phenyl-2-arylethanes with sodium
phenoxide and sodium 2,6-di-tert-butylphenoxide, respec-
tively. The similarity in the p values suggests that also in this
system the two eliminations are characterized by transition
states having a similar degree of carbanion character.
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Thus the present work allows the conclusion that in spite
of the effect on the reaction rate and on the positional and
geometrical orientation, the steric requirements of the nu-
cleophile do not significantly influence the transition state
structure of the elimination reactions of 3-phenyl activated
alkyl halides. It seems therefore very unlikely that the re-
pulsive interaction between the base and the substrate may
play a significant role in determining the appearance of
“anti-Thornton” patterns in E2 reactions.

Finally, the similar behavior of eliminations from 1-
bromo-2-arylethanes and 1-chloro-1-phenyl-2-arylethanes
with respect to changes in the steric requirements of the nu-
cleophile is noteworthy since, in contrast, these two reaction
series have been found to respond in a much different way
when the nucleophile was changed from associated ¢t-BuOK
to crown ether complexed ¢t-BuOK.13 In the light of the
present results this phenomenon cannot be due to a different
response of the two series to the large difference in the steric
requirements of complexed and uncomplexed ¢-BuOK.”

Experimental Section

Materials, 1-Bromo-2-phenylethane and 1-chloro-2-phenylethane
were redistilled commercial samples (Fluka).

1-Bromo-2,2-dideuterio-2-phenylethane was prepared as de-
scribed by Saunders and Edison;!4 the mass spectrum showed that
the sample contained 1.92 atoms of D/molecule.

1-Bromo-2-arylethanes and 1-chloro-1-phenyl-2-aryleth-
anes were available from previous studies.!?

NaClOy (anhydrous, BDH) was used without further purifica-
tion.

2,6-Di-tert-Butylphenol (Fluka) was recrystallized from n-
hexane at —20 °C, mp 37-37.5 °C.

18-Crown-6 ether (Fluka) was purified by recrystallization from
n-hexane, mp 38.5-39.5 °C.

Sodium phenoxide was prepared by treating phenol (C. Erba,
RPE) with an equimolecular amount of NaOH in water, Water was
removed at reduced pressure and the residue was recrystallized twice
from dry acetone. Before use, sodium phenoxide was kept at 100 °C
(0.1 mmHg) for 4 hr.

Base-Solvent Solutions. The solution of sodium 2,6-di-tert-
butylphenoxide in MexSO was prepared as described by Bartsch,
Weigers, and Guritz.15 A portion of this solution (10 mL) was poured
into a 100-mL volumetric flask and diluted to the calibration mark
with DMF (C. Erba, RPE). The final concentration of sodium 2,6-
di-tert-butylphenoxide was determined by titration with HsSO, (0.01
N). Sodium phenoxide and NaClO4 were weighed into a 100-mL
volumetric flask. MeoSO (10 mL) was added and the solution was
diluted to the calibration mark with DMF.,

Kinetic Study. The formation of bromide and chloride ions was
followed by potentiometric analysis with AgNOj. In the case of the
very reactive 1-chloro-1-phenyl-2-p-nitrophenylethane the elimi-
nation was followed by a batchwise procedure.

Olefin Analysis. The yields of styrene in the reaction of 1-
bromo-2-phenylethane with sodium 2,6-di-tert-butylphenoxide and
of trans-stilbene in the reaction of 1-chloro-1,2-diphenylethane with
the same base were determined by GPC analysis using a 20% LAC 728
(3 m) column in the former case and a 10% SE 30 (1 m) column in the
second. The internal standards were isopropylbenzene and biphenyl,
respectively.

The yield of p-methyl-trans-stilbene in the reaction of 1-chloro-
1-phenyl-2-p-tolylethane with sodium phenoxide was determined
spectrophotometrically. The olefin was extracted with n-heptane from
the reaction mixture and the optical density of the n-heptane solution
(after dilution to 25 mL) was determined at 297.5 nm.16
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The Baeyer-Villiger reaction of acetophenones with permonophosphoric acid (HzPOs) has been studied kineti-
cally in acetonitrile at 30 °C. The sole product, the corresponding aryl acetate, which is a product via aryl migration,
is obtained almost quantitatively. The yields are much higher than those obtained by means of the other peroxycar-
boxylic acid oxidations. The rate equation is v = ks[acetophenones][H3PO;]. The reaction is catalyzed by HySO,,
the rate being correlated with the acidity function (Hy). The rate-determining step is a migration step under these
conditions. The apparent rate for ring-substituted acetophenones affords a Hammett g value of —2.55 (¢). The mi-

gration step seems to be a concerted process.

The preparation of permonophosphoric acid was discov-
ered by Schmidlin and Massini in 1910.2 Since then various
techniques for its preparation,34 decomposition mechanisms,?
and dissociation constants®7? have been reported, but only a
few reports have appeared on the oxidation of organic com-
pounds, which were confined to oxidations of aromatic
amines.? Recently, we have reported® on the oxidation of
phenol, anisole, and toluene with permonophosphoric acid in
acetonitrile; the oxidation rates for phenol and anisole (ArH)
were expressed as v = k[ArH][H3POs)2ho, where hg is Ham-
mett’s acidity function.

In the present paper, our study on the oxidations of organic
compounds with HsPOj5 was extended to the Baeyer-Villiger
(B-V) reaction, in which we chose acetophenone and ring-
substituted acetophenones as substrates. Ordinary B-V re-
actions using peroxycarboxylic acids were well studied,10-12
where the rate equation is expressed as v = k[ketone][peracid].
The reaction is acid-catalyzed.121® The rate-determining step
may be either addition of peracid to carbonyl or migration
from the adduct, depending on the substrate.14

This report summarizes our kinetic data on the B-V reac-
tion of acetophenones with HsPO;. It was found that HzPOs
is a strong and excellent reagent for the B~V reaction, the rate
being determined by a concerted migration which is catalyzed
by strong acid.

Results and Discussion

The reaction of 0.2 molar equiv of acetophenones with
H3PO; was conducted in MeCN at 30 °C. The corresponding
aryl acetates were obtained, and the yields were as follows:
p-MeO, 70%; p-Me, 98%; H, 91%; p-Cl, 95%. But the corre-
sponding methyl benzoates were not detected. Therefore, only

0
I 30 °C
p-XCeH,CMe + H;PO; 0
in MeCN "

pX-C¢H,OCMe + H;PO, (1)

NN AARN/TO /1NN daammnt Anln

the aryl group migrates, giving aryl acetate in agreement with
the migratory apptitude observed with other peracid reac-
tions.1® No reaction occurred with p-nitroacetophenone,
which has a strong electron-withdrawing group.

The rates for the HySO4-catalyzed B-V reaction satisfied
the second-order kinetics as shown in eq 2. But in the absence

v= kz[CeH}sCOMe] [H3P05] (2)

of HySOy, the integral rate order was not observed because of
the variation of the acidity of the system with the change of
initial concentration of H3POjs, which is a fairly strong acid
(Kig=8X1072 Ky, =3 X 1078 and K3, = 2 X 10713 at 25
°C)7 comparable to phosphoric acid.

A comparison of yields and rate constants with those by
some other percarboxylic acids is shown in Table L. It is evi-
dent that HgPOj5 is superior to peracetic acid and perbenzoic
acid in yield and reaction rate.

Effect of Acidity. The correlation between rate constant
ko and acidity constant H; of the solution was measured for
the HySO4-catalyzed reaction of acetophenone. A plot of log
ko vs. —H, gave a straight line with a slope of 0.75 as shown

Table I. Comparison of the B-V Reactions of

Acetophenone
Peracid Yield, % Rate constant
H3;PO;e 91 29X 103M~1g?
PhCOzH 63° 1.47 X 1075 M~1g-1¢
CH3;COz;H 334
CF3CO3He Quantitative 2.7X 1072 M-25~Vf

a In MeCN at 30 °C; Hy = —0.64. ® In CHCl; at 23-26 °C: S.
L. Friess, J. Am. Chem. Soc., 71,14 (1949). < In MeCN at 25 °C:
S. L. Friess and N. Farnham, J. Am. Chem. Soc., 72, 5518 (1950).
d In MeCN at 25 °C: W. von E. Doering and L. Speers, J. Am.
Chem. Soc., 72, 5515 (1950). ¢ In CICH;CH;Cl at 29.8 °C: M. F.
Hawthorne and W. D. Emmons, J. Am. Chem. Soc., 80, 6398
(1958). f v = k[CF3CO3H][CF3CO.H][R;R.CO].
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