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Abstract The kinetics of the reactions of trimethylsilyl enol ethers and
enamines (derived from deoxybenzoin, indane-1-one, and o-tetralone)
with reference electrophiles (p-quinone methides, benzhydrylium and
indolylbenzylium ions) were measured by conventional and stopped-
flow photometry in acetonitrile at 20 °C. The resulting second-order
rate constants were subjected to a least-squares minimization based on
the correlation equation Ig k = sy(N + E) for determining the reactivity
descriptors N and sy of the silyl enol ethers and enamines. The relative
reactivities of structurally analogous silyl enol ethers, enamines, and
enolate anions towards carbon-centered electrophiles are determined
as 1, 107, and 104, respectively. A survey of synthetic applications of
enolate ions and their synthetic equivalents shows that their behavior
can be properly described by their nucleophilicity parameters, which
therefore can be used for designing novel synthetic transformations.

Key words alkylation, enols, kinetics, linear free energy relationship,
reactivity scales

Enolate equivalents are among the most important re-
agents in organic and biochemistry.>-!! In organic synthesis,
they are commonly employed as metal enolates or as their
synthetic equivalents, enamines or enol ethers, depending
on the electrophilicity of the corresponding reaction part-
ners. The qualitative ranking of reactivity — metal enolate >
enamine > enol ether — is well known. A quantitative com-
parison has been hampered by the fact, however, that elec-
trophiles, which are suitable for kinetic studies with eno-
late ions, have such low electrophilicities that they do not
react with enamines and enol ethers. On the other hand,
electrophiles, suitable for studying the kinetics of their re-
actions with enamines or enol ethers, are so reactive that

o ®
OSIM63 O K
Ph Ph)w Ph)ﬁ
Ph

increasing nucleophilicity

Krel 1 1.3 x 107 3.5x 10
T2 10 x 10° years 1 year 1s

they will generally undergo unselective diffusion-con-
trolled reactions with alkali enolates. How can this dilem-
ma be overcome?

In previous years, we have established a series of col-
ored reference electrophiles covering a reactivity range of
32 orders of magnitude, which are suitable for studying the
reactivities of nucleophiles of widely differing reactivity.'2-13
By using equation 1, in which electrophiles are character-
ized by one parameter E, and nucleophiles are characterized
by the solvent-dependent nucleophilicity parameter N and
susceptibility sy, we have so far parameterized more than
300 electrophiles and 1100 nucleophiles.!®

19 k20 °c = SN(E + N) (1)
Equation 1

We now report on the reactivities of the enolate equiva-
lents depicted in Figure 1, which allow us to quantitatively
compare the previously reported nucleophilicities of potas-
sium enolates with those of structurally analogous enam-
ines and enol ethers. We will furthermore demonstrate that
the combination of nucleophilicity parameters for enolates,
enamines, and silyl enol ethers with the reactivity parame-
ters E of electrophiles provides an ordering principle for
enolate chemistry.

OSIM83 OSiMe;
n n
1a (R=Ph) = n=1)
1b(R Me) 1d( ) 2b (n 2)

Figure 1 Structures of silyl enol ethers 1a-d and enamines 2a,b inves-
tigated as enolate equivalents in this work
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Table 1 lists the indolylbenzylium ions 3a-c, benzhy-
drylium ions 3d-1, and quinone methides 3m-o0, which
were employed as reference electrophiles for the kinetic
measurements.

Product Studies

The reactions of the silyl enol ethers 1a, 1c, and 1d with
benzhydrylium or indolylbenzylium tetrafluoroborates ini-
tially yielded siloxy-substituted carbenium ions 4. Fast sub-
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Table 1 Indolylbenzylium lons 3a—c, Benzhydrylium lons 3d-I and
Quinone Methides 3m-o Employed as Reference Electrophiles in this
Study
Electrophile £
®
O~ wn oz oam
| R R = Me 3b 219
;“ R =0Me 3c -3.02
Me
® R =0Me 3d 0.00
R=N(Me)CH,CF,  3e -3.85
R=N(CH,CH,),0  3f -5.53
a R R = N(Me), 3g -7.02
R = N(CH,), 3h -7.69
®
al N )n X
| n 3i -8.22
N =N n=1 3j -8.76
Me{ ?\/Ie
n=2 3k -9.45
n=1 3l -10.04
Ph
A R=H 3m  -11.87
R =0Me 3n -12.18
R 0 R = N(Me), 30 -13.39

Ph

2 Electrophilicity parameters E were taken from refs 12, 13, 17, and 18.

Me3Sio

Ph"®

X
=

4a

Me3SiO

OSiMe3
3d-BF,
x~_Ph —
Ph CH4Cl, rt.
MeO
1a
OSiMe3
3e-BF,
) e
O MeCN, r.t.
1c
OSiMeg
3a-BF,
—_—
MeCN, r.t.
1d

D
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Br© NMep NMe;
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N"  3g-BF, 5c184.8'N 2 5
—_— — pyrrolidine
O‘ MeCN, r.t. (\ N
Pz Pz
NMe,
2b 6 NMe, 5d, 37%

Scheme 2 Reaction of the enamine 2b with reference electrophile 3g-
BF, (NMR chemical shift 6 in ppm, CD;CN, 100 MHz)

The reaction of the enamine 2a with the quinone
methide 3m furnished the zwitterion 7, which tautomeri-
zed, and within 30 minutes, quantitatively yielded the
product 8 as determined by NMR spectroscopy (Scheme 3).

N ¥z
_8m H* O Ph
() ooem e
CD4CN, r.t. Ph
PH OH
PH o)
2a 7 8

Scheme 3 Reaction between enamine 2a and quinone methide 3m

(0]
Ph
Ph
—_—
— FSiMe3
- BFg
OMe MeO OMe
5a, 95%
Me,
\N
N\ N\
CF, CF3
[¢]
BE® — ’
— FSiMeg
-BFg
CF; CF3
N—/ 5b, 80% /N_/
Me
(0] Ph
— [ \
- FSiMes = N
—BF; \
Me

5¢, 71% (dr 57/43)

Scheme 1 Reactions of silyl enol ethers 1a, 1c, and 1d with reference electrophiles. Yields refer to isolated products
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Kinetic Investigations

The reactions of the silyl enol ethers 1a-d and enamines
2a,b with the reference electrophiles 3a-n were investigat-
ed in either acetonitrile or dichloromethane at 20 °C and
monitored by UV-Vis spectroscopy at or close to the absorp-
tion maxima of the electrophiles (Table 2). To simplify the
evaluation of the kinetic experiments, the nucleophiles
were used in large excess (usually 8 equiv or more) to keep
their concentrations almost constant throughout the reac-
tions. The first-order rate constants k,,, were derived by
least-squares fitting of the exponential function A, =
Apexp(-kgpst) + C to the time-dependent absorbances A, of
the electrophile. The second-order rate constants k,, listed
in Table 2, were obtained as the slopes of the linear correla-
tions between k,,, and the concentrations of the nucleo-
philes as exemplified in Figure 2 for the reaction of the silyl
enol ether 1a with the indolylbenzylium ion 3a.

(a) (b)

08 r 0.04
kops = 10.0 [1a] + 0.00085
R?=0.9998
06 0.03
£ Kops = 9.60 x 103571 &
2
= o
S04t / 2002
) &
<
02 0.01
0 0.00

0.000 0.001 0.002 0.003 0.004
[1a] (M) ——

0 100 200 300 400 500

t(s) —

Figure 2 (a) Exponential decay of the absorbance A (at 425 nm) during
the reaction of 3a (9.27 x 10-> M) with 1a (8.82 x 10~* M) in acetonitrile
at 20 °C. (b) Correlation of the first-order rate constants k,,, with the
concentrations of the nucleophile 1a

Correlation Analysis

The rate constants (Ig k) for the reactions of the silyl
enol ethers 1 and enamines 2 with indolylbenzylium ions
3a-c, benzhydrylium ions 3e-1, and quinone methides 3m-
n correlate linearly with the electrophilicity parameters E
of 3a-n (Figure 3). Therefore, equation 1 is applicable, and
the N and sy parameters for the nucleophiles 1 and 2 (Table
2) were derived from the intercepts and slopes of these cor-
relations.

Structure-Reactivity Relationships

The narrow range of the nucleophile-specific suscepti-
bilities (0.82 < sy < 0.94) for the silyl enol ethers 1 indicates
that the relative reactivities of these m-systems depend only

Table 2 Second-Order Rate Constants k, for the Reactions of the Silyl
Enol Ethers 1 and Enamines 2 with Reference Electrophiles 3 in MeCN at
20°C

Nucleophile N (sn)? Electrophile A (nm)®  k, (M™"s™")

1a 3.00(0.83) 3a 425 1.00 x 10’
3b 431 4.77
3c 474 9.63x 107"

1a(in CH,ClL)  3.13(0.82) 3a 425 1.24% 10"
3c 492 1.23

1b 5.18 (0.94) 3a 413 1.32x10°
3b 434 7.26 x 10?
3c 471 1.00 x 102

1c 7.32(0.82) 3a 413 2.59 x 10*
3b 434 1.39 x 104
3c 471 4,94 %103
3e 586 8.94 x 10?
3f 612 3.39x 10"
3g 605 1.36

1d 5.06 (0.91) 3a 413 8.41x10?
3b 434 3.53x10?
3c 471 9.29x 10"
3f 612 3.48x 107"

2a 15.27(0.93) 3k 635 2.53x10°
3l 632 7.73x10*
3m 384 1.57 % 10
3n 414 7.00 x 102

2b 14.09 (0.66) 3g 605 4.34x10*
3h 612 1.75x10*
3i 620 8.87 x10°
3j 616 3.03x10°
3k 635 1.14x 103

3 From the second-order rate constants k, in this Table by using equation 1
and the electrophilicity parameters E listed in Table 1.
b Monitored wavelength.

3e3'c3'b'3a e
T
o 11 . 1d

&

=
_-1a

—1 "

-14 12 -10 -8 -6 —4 -2 0

Electrophilicity E ——

Figure 3 Correlations of the second-order rate constants (lg k,) for the
reactions of the enolate equivalents 1 and 2 with the electrophiles 3 in
acetonitrile at 20 °C with the electrophilicity parameters E of 3

slightly on the nature of the attacking electrophiles. There-
fore, the reactivities towards any of the carbenium ions 3a-
1 reflect general structure-reactivity trends.

Table 2 shows that the reactions of 1a with 3a and 3¢
proceed only 1.3 times faster in dichloromethane than in
acetonitrile. Because of this small difference, solvent effects
will be neglected in the following discussions.
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Figure 4 compares the reactivities of the silyl enol ethers
1a and 1b towards indolylbenzylium ion 3b with the previ-
ously reported reactivity of the acetophenone-derived silyl
enol ether 9a towards the same electrophile.'? Introduction
of a methyl group at the site of electrophilic attack (9a —
1b) decreases the reactivity by a factor of 10, whereas intro-
duction of a phenyl group at this position (9a — 1a) reduces
nucleophilic reactivity by three orders of magnitude.

OSiMe3 OSiMe3 OSiMe3
H Me Ph
Ph X Ph X X
9a 1b 1a
ko(3b) (M~1s7") 7.4 x 1032 7.3 x 1020 4.8

Krel 1 110 1/1520

Figure 4 Structural effects on the nucleophilic reactivities of silylated
enol ethers at 20 °C. @ Calculated by applying N and sy from ref 12 in
equation 1 (for 9a in CH,Cl,: N = 6.22, sy = 0.96). ® Second-order rate
constant in MeCN from Table 2

Benzoannulation of the cyclic enol ether 9b increases its
reactivity towards 3g by a factor of 3.9 (9b — 1c) (Figure 5),
whereas benzoannulation of 1-(trimethylsiloxy)cyclohex-
ene (9¢) does not have a significant effect on the reactivity
(9c — 1d). As a consequence, the previously reported reac-
tivity preference of the cyclopentenyl over the cyclohexenyl
silyl enol ether by a factor of 20 increases to almost two or-
ders of magnitude for the benzoannulated analogs (1c vs
1d). As mentioned above, the small reactivity difference of
1a in acetonitrile and dichloromethane (Table 2) allows us
to neglect the fact that the data for 9b and 9c in Figure 5
refer to dichloromethane whereas those for 1c and 1d refer
to acetonitrile solutions.

OSiMeg OSiMes OSIME3 OSiMe3
1d
ka(3g)(M~'s7)  0.362 1.4° 1.9x1022 1.6x1072°
Krel 1 3.9 119 1/22

Figure 5 Effect of benzoannulation on the nucleophilic reactivities of
1-(trimethylsiloxy)cycloalkenes at 20 °C. @ Second-order rate constant
(in dichloromethane) from ref 12. " Second-order rate constant in
MeCN from Table 2. ¢ Calculated for the reaction 1d + 3g (in MeCN)
from data in Tables 1 and 2 by using equation 1

Figure 6 compares the nucleophilic reactivities of enam-
ines, which are structural analogs of the silylated enol
ethers in Figure 5. As in the enol ether series, the cyclopen-
tene derivative 10a is one order of magnitude more reactive
than the cyclohexene derivative 10b.'° While benzoannula-
tion of the cyclopentenylamine 10a (— 2a) has a negligible
effect on nucleophilic reactivity, benzoannulation of the
corresponding cyclohexene derivative 10b (— 2b) reduces
the nucleophilicity by a factor of 69 (in acetonitrile). Due to

steric effects, coplanarity of the pyrrolidino ring with the
C=C double bond of the enamine is more disturbed in 2b
than in 2a.2°

(> ) O

6&@@5

ko(3k) (M~'s7") 3.3 x 1052 25x10%P  4.6x10%2 1.1 x 103
(7.6 x 10%°
Krel 1 11.3 1/7.2 1/300
(1/4.3)

Figure 6 Effect of benzoannulation on the nucleophilic reactivities of
enamines at 20 °C. ? Second-order rate constant (in dichloromethane)
from ref 19.° Second-order rate constant (in MeCN) from Table 2. € Sec-
ond-order rate constant (in MeCN) from ref 21

With the newly determined nucleophilicity parameters,
it is now possible to compare directly the nucleophilic reac-
tivity of the enolate ion 11?2 with the reactivities of its
structurally related equivalents 1a and 10c?® (Figure 7).
When the N and sy parameters of 1a and 10c are used to
calculate the rate constants of their reactions with quinone
methide 30 (E = -13.39), the most reactive electrophile
used for the characterization of the enolate ion 11, one
finds that the enamine 10c is 107 times less reactive than
11 and that the enol ether 1a is another 107 times less reac-
tive than the enamine 10c. In a dilute solution, in which the
reaction of the enolate ion 11 would proceed within one
second, the corresponding reaction of the enamine 10c
would require one year, and the silyl enol ether 1a would
reach the same degree of conversion after ten million years.

()

OSiMe, N 0® k@
&Ph
Ph Ph Ph
Ph Ph
1a 10c 11
N (sn) 3.00 (0.83) 11.66 (0.82)2  23.15 (0.60)°
ko(30) (M1 s7) 2.4x107° 3.8x 1072 7.2x10°
Krel 1 1.6 x 107 3.0x 10
T1/2 10 x 10° years 1 year 1s

Figure 7 Comparison of the nucleophilic reactivities (at 20 °C) of the
deprotonated deoxybenzoin 11 with its synthetic equivalents 1a and
10c. 2 In MeCN, from ref 23. In DMSO, from ref 22

Applications

The nucleophilicity parameters determined in this in-
vestigation can now be combined with previously reported
reactivity indices' to rationalize the use of enolate ions and
their synthetic equivalents in organic synthesis. Figure 8
depicts enolates, enamines, and silyl enol ethers with in-

Georg Thieme Verlag Stuttgart - New York — Synthesis 2019, 51, 1157-1170
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creasing nucleophilicity from bottom to top and electro-
philes with increasing reactivities from top to bottom. Nuc-
leophiles and electrophiles at the same level (E + N = -3) re-
act with a rate constant of ca. 0.004 M- s! at 20 °C (from
equation 1 for a typical value of sy = 0.8), which corre-
sponds to a half reaction time of about 20 minutes for 0.2 M
solutions. If enolate ions and enamines are intermediates of
catalytic processes, their lower concentration has to be tak-
en into account when estimating the reaction times.

Reactions of Enolate lons

Reactions of enolate ions with C-centered electrophiles
represent important methods for generating new carbon-
carbon bonds.?"1124-2° The non-stabilized enolate ions at
the top of Figure 8 react with all electrophiles shown on the
right. Due to their high reactivity, lithium enolates are use-
ful reagents for cross-aldol reactions with ketones and alde-
hydes (as shown for 12 in Scheme 4a).3° In reactions with
Michael acceptors (e.g., with 13), they may be used as pre-
formed anions or may be generated in situ by treatment of
the corresponding CH acids with catalytic amounts of Brgn-
sted bases (Scheme 4b).3132 Acceptor-substituted enolate
ions, such as cyano-, acetyl-, alkoxycarbonyl- and phenyl-
sulfonyl-substituted enolate ions, react at or slightly above
room temperature with a large variety of Michael acceptors
with E > -23 (as exemplified for the combination 14 + 15 in
Scheme 4c),33-3 but we are not aware of reactions of such
stabilized enolate ions with weak electrophiles, such as the
cinnamic ester 16 (E = -24.5).

a)
OLi

PhCHO (12)
_(E=-129)
THF -78°C
(N> 23) (85:15)
98%
b) o)
Ph o o Ph
Ph/\n/ k NaOH (10%) oh o
+ Y .
o) Ph Ph  DMSO, r.t., 30 min
Ph Ph
11-H 13
(for 11: N=23.2) (E=-19.4) 73%
c) CO,Et
K2CO3
YU - Acom
O O 37°C,12h
4 equiv neat
14-H 15 o O
(for 14: N=17.6) (E=-19.1) 96%

Scheme 4 Enolate ions: (a) in a cross-aldol reaction with benzaldehyde
(12) (from ref 30), (b) generated from 11-H in a reaction with the Mi-
chael acceptor 13 (from ref 31), and (c) generated from 14-H in a reac-
tion with ethyl acrylate (15) (from refs 34 and 35)

Pyridinium-substituted enolate ions (that is, acyl-sub-
stituted pyridinium ylides) readily react with Michael ac-
ceptors of E > -25 to give zwitterions, which usually cyclize
with formation of 1,2,3,8a-tetrahydroindolizines (Scheme
5a)3%37 or cyclopropanes.3839

(0]

O \/[ _1.DMS0,20°, 1h _ P

2. chloranil (2 equiv) N Y
DMSO, 20 °C, 1 h
COPh (E= 16 8) COPh
17 74%
(N=19.5) | S "_\/(Joe
=N
®
COPh
b)
NMe;, NMe,
= =
= | CN =~ |
o« —_— o N
Ph o ~ “CN DMSO-ds Ph
20 °C, 5 min CN
O o}
(N=21.6)
OMe
OMe
(E=-10.8) quant. (NMR)

Scheme 5 Reactions of pyridinium ylides with Michael acceptors: (a)
from ref 37, (b) from ref 40

Monitoring the reaction of equimolar amounts of a 4-
(dimethylamino)-substituted pyridinium ylide with p-me-
thoxybenzylidene malononitrile by NMR spectroscopy
showed the quantitative formation of a betaine, which did
not cyclize under the reaction conditions due to the stabi-
lizing effect of the two cyano groups at the carbanionic cen-
ter (Scheme 5b).4°

Reactions of Enamines

Pyrrolidine-derived enamines, such as 1-(cyclopent-1-
en-1-yl)pyrrolidine (10a) or 10b, have been reported to re-
act with a large variety of Michael acceptors with E > -20
(Scheme 6a).41-43> Whereas the reaction with the weakly
electrophilic acrylonitrile (19) required 12 hours refluxing
in dioxane,' the reactions with more electrophilic ni-
troalkenes*? and the strong electrophile 20 proceed rapidly
at room temperature.* The nucleophilic attack of enamines
at the carbonyl group of aromatic and aliphatic aldehydes
yields a,B-unsaturated ketones through condensation and
subsequent aqueous workup (Scheme 6b).44
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Figure 8 Ranking of C-nucleophiles on the nucleophilicity scale and the scope of their reactions with electrophiles. Enolate ions and their synthetic
equivalents (on the left-hand side) can be expected to react with all electrophiles (on the right-hand side) located at the same level of the respective
nucleophile or below (nucleophilicity parameters N in acetonitrile if not mentioned otherwise, N and E were taken from ref 16)
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o
a) { \ reflux, dioxane CN
N PN 12h
+ < TCN
aq workup
19 80%
(E=-19.1)
10b
N=14.9
( ) o
SO.Ph MeCN, rt, SO:Ph
10b +
(N=14.9) SO,Ph  aq workup SO.Ph
20 o
(E=-7.5) o
by O
—H,0
N . e =
H in benzene
reflux
84%
(N=13.4 (E=-12.9)
in CHoCl,)

Scheme 6 Reactions of enamines with (a) Michael acceptors (for 19
from ref 41; for 20 from ref 43), and (b) aldehydes (from ref 44a)

Enamines (for example, 2b or 10b) react with pre-
formed iminium salts such as 21a and 21b in high yields
under mild conditions to give the Mannich bases of a-te-
tralone or cyclohexanone, respectively (Scheme 7).4>46

©
N AICly o
THF, =70 °C
X
= | NN th NMe,
N | then
aq workup
2b 21a 76%
(N=14.1) (E=-6.7)
Z 3 Ph
N CHyCly, —80 °C 2 P
Nl 3h
+ oN o — NMe,
[ c then
aq workup
10b 21b 94%
(N=14.9) (E=-9.3)

Scheme 7 Formation of Mannich bases through reactions of enamines
with preformed iminium salts (from ref 45)

Fast F* transfer reactions to colored enamines, such as
10c, were used to quantify the reactivity of electrophilic
fluorinating N-F reagents with -10.5 < E < -5 [such as NSFI
(22) in Scheme 8a].#’ The same types of enamines were
used to characterize F;CS* and F,CHS* transfer agents, such
as the saccharin derivative 23 (Scheme 8b).8

Enamine activation has emerged as a widely applicable
organocatalytic method for the a-functionalization of car-
bonyl compounds.#?-36 List et al. discovered that enantiose-
lective aldol reactions between acetone and various alde-
hydes proceed through conversion of the ketone into the

a) SOzPh
F—N\ 22
SO,Ph
(E=-8.4)
Ph Ph Ph
Ph \)\ MeCN, 20 °C Ph Ph
_—
N o + 0]
then £ £
10¢ aq workup 77/23
(N=11.7) 55%
isolated yield
b) s Ph
A S\ MeCN, r.t., 5 min Ph
| N—SCF; + 10c ———> 0
Z (N=11.7) then SCFs
aq workup
(0]
23 91%
(E=-6.5)

Scheme 8 Reactions of enamine 10c with electrophilic: (a) fluorinating
(from ref 47), and (b) trifluoromethylthiolating reagents (from ref 48)

corresponding proline-derived enamine intermediate
(Scheme 9a).57>8 Subsequently proline-catalyzed three-
component Mannich reactions with N-arylimines®® and Mi-
chael additions to nitroolefins, such as 24 (Scheme 9b),%°
were developed (at r.t., several hours of reaction time).

a) Q‘COZH

(0}
PRz 12 H  L-proline
30 mol%
’ )j\/'\
OY DMSO, r.t. Ph

as co-solvent (20 vol%)

62%
(60% ee)

b)
24 (E=-13.9)
Ph. .~
\/\N02 L-proline
15 mol%

DMSO, r.t.

0,
\IV\) » CO,R 9a%
(dr > 20:1, 23% ee)
N
(R=H) \O

for R =Me: N=14.96
sy =0.68
(in MeCN)

+

Scheme 9 Proline-catalyzed: (a) aldol reactions (from ref 57), and (b)
Michael additions (from ref 60)

In particular, diarylprolinol silyl ethers introduced by
Hayashi and Jergensen have proven to be versatile catalysts
for the stereoselective introduction of substituents at the a-
position of aldehydes.>*6162 As indicated by the position of
the 2-phenylacetaldehyde-derived enamine 10d (N = 10.56,
sy = 1.01 in MeCN) in Figure 8,%% structurally analogous
enamines are such strong nucleophiles that they react with
B-nitrostyrene (24) at 0 °C with excellent control of the ste-
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reoselectivity (Scheme 10a).545> The diphenylprolinol silyl
ether-catalyzed reaction of 3-phenylpropanal with the less
electrophilic methyl vinyl ketone (18) delivered only a

. . . . ! reactions vi SN N
moderate yield of the 1,5-dicarbonyl product with high en- ; feactions via -
antioselectivity, even when a higher catalyst loading was : % % :
used (Scheme 10b).6456 R R

for R = Ph: N=5.80 N=7.20
------------------------------------ . sn=0.87 sy=1.14
! Ph E (in MeCN) (in MeCN)
: \ . N Ph !
1 reactions via OSiMe H o o
! % 3 E a) N/ X
SR R R=Me OHaP | NP
for R = Ph: N=10.56, sy = 1.01 Ho
CHO 20 mol% R'_ . _CHO
a) Ph Rr v RoH ~H,0 Y
24 (E=-13.9) Ph R
Ph._ .= N
7o, H  OsiMe, R =Me, Pr high ee
o Ph
. 5 mol% \J:\NOZ o
in hexane o] b) /
e =e Dy
a5% Bn' H)(
/anti 96:4, 99% .
(syn/anti ee) CHO o (0] . CFACOH Cl..,, -CHO
b) Cl 5 mol%
Ph
18 (E=-16.8) Ph - o acetone,-30°C, 8h

~

N
H

OSiMeg

30 mol%

87% (94% ee)

O ~_-Ph Ph
52% (97% ee)

Scheme 10 Michael additions via Hayashi-Jergensen-catalyst-derived
enamines (from ref 64)

Cozzi and coworkers rationally designed enantioselec-
tive a-alkylation reactions of aldehydes, in which in situ
generated carbocations R with electrophilicities E be-
tween -1.5 and -7 were intercepted by enamines (e.g., by
10e in Figure 8) derived from aldehydes and MacMillan’s
imidazolidinone catalysts.5’-7 The position of enamine
10e% in Figure 8 is also in line with the observation that
NFSI (22)”! and 2,3,4,5,6,6-hexachlorocyclohexa-2,4-dien-
1-one (25) are suitable reagents for imidazolidinone-cata-
lyzed a-halogenations of aldehydes (Scheme 11).7%73

Reactions of Enol Ethers

Alkyl enol ethers have similar nucleophilic reactivities
as structurally analogous silyl enol ethers (Scheme 12a),74
but are considerably less nucleophilic than enamines (see
Figure 8). The use of alkyl enol ethers as enolate anion
equivalents is rather limited, however, because of their ten-
dency to undergo polymerization. In an extensive review,
Hall demonstrated that highly electrophilic ethylene deriv-
atives can initiate the ionic polymerization of alkyl enol
ethers.”> Polymerization is avoided when 1,4-zwitterions
are formed, which cyclize with formation of cyclobutanes,
as studied in detail by Huisgen (Scheme 12b).76

0 Cl

25

+ _— Ox -
neat \);\f (E=-6.8)

Scheme 11 Organocatalytic a-functionalizations of aldehydes via
enamine intermediates according to (a) Cozzi (refs 67-70), and (b)
MacMillan (ref 72)

ﬁ/\oa W/\OSiMeS

N=423 N=394
b) OMe

= %/OMe OMe

~H

N f e T -

o F 25°C NCJi?)—CN NC CcN

== NG NC  CN
NE N

Scheme 12 (a) Comparison of the nucleophilicities of alkyl and silyl
enol ethers, and (b) formation of cyclobutanes in the reaction of methyl
vinyl ether with tetracyanoethene (from ref 76)

Lewis acid catalyzed additions of alkyl halides, acetals,
and orthoesters to alkyl enol ethers only give 1:1 products
when the reactants ionize more readily than the prod-
ucts.””7® Though ZnCl,-catalyzed additions of a,B-unsatu-
rated acetals to ethyl vinyl ether are key steps in Isler’s tech-
nical B-carotin synthesis,® the choice of reactants, which
ionize faster than the resulting a-haloethers or acetals, is
limited,®' as shown by the examples depicted in Scheme 13.

Silyl enol ethers, which are readily accessible from car-
bonyl compounds with high regio- and stereoselectivity,
are more versatile reagents.®3 Since «-siloxy-carbenium
ions generated by electrophilic attack at silyl enol ethers are

Georg Thieme Verlag Stuttgart - New York — Synthesis 2019, 51, 1157-1170



1166

THIEME
Synthesis A. 1. Leonov et al. Feature
MeQ a) OSiMes
0okt VY o Tl GH:0l
(N=3.9) +
. Cl Ph\)]\/ph rt,18h é/‘t/
ZnBr2 Et,O OEt
9b 61%
CH Cl - _
G = (N=6.6) (E <—20)
\ 7
MeO MeO b)  OSiMes o
(for carbocation: E = 0.0) T|CI4 CHCl,
+
o~ Ph/\)J\Ph 78°C w
b) = “OEt 45 min
Ph. _ClI ZnClyEt,0 Ph OFEt 9% 13 85%
- > (N=6.6) (E=-19.4)
CHaCl, 20 °C OMe Cl  68%
O.Me. 2 © Scheme 15 Titanium tetrachloride promoted Mukaiyama reactions of
(for carbocation: £ = 3.0) silyl enol ether 9b with (a) 1,3-diphenylacetone (from ref 84), and (b)
chalcone (13) (from ref 85). In line with the reactivity parameters N and
c) L : A
> 0Et E, no reaction is expected in the absence of the Lewis acidic catalyst
= OEt = OEt
ZnCl,
| —
OEt AcOEt OEt OEt
) 45°C
(for carbocation: E > 3) 91% a) 10 mol%
OSiMe, NTs K-phthalimide Q  NHTs
Scheme 13 Lewis acid catalyzed additions of alkoxycarbenium precur- “ N |k —_—
sors to alkyl vinyl ethers: Example (a) from ref 82, example (b) from ref Ph Ph DMF, 3 h, r.t. Ph Ph
78, and example (c) from ref 80 b 26 72%
(N=52) (E=-115)
rapidly desilylated to give carbonyl compounds, the prob- b)  OSiMes o Ph O
N . . Q 10 mol% LiOAc
lem of polymerization encountered with alkyl enol ethers is + /\)]\ _—
L ; 4 Ph Ph DMF,8h,70°C Ph
largely eliminated. However, only highly electrophilic
Michael acceptors, like the bis(benzenesulfonyl)-substitut- 9 13 75%
(N=5.2) (E=-19.4)

ed ethylene 20, undergo uncatalyzed reactions with silylat-
ed enol ethers (Scheme 14).4

OSiMeg o)
SOzPh 1. MeCN, r.t. SO,Ph
+ _—
SO,Ph 2. aq workup 30,Ph
9b 20 71%
(in MeCN: N=6.4) (E=-7.5)

Scheme 14 Reaction of 1,1-bis(benzenesulfonyl)ethylene (20) with
the silyl enol ether 9b (from ref 43)

Reactions of silyl enol ethers with less reactive electro-
philes, such as carbonyl compounds, o,B-unsaturated ke-
tones or alkyl acrylates, require activation.®? For example,
Lewis acids can be employed to enhance the reactivity of
carbonyl compounds for their reactions with silyl enol
ethers. This concept is widely used in Mukaiyama-type
cross-aldol®* and Michael reactions® of silyl enol ethers as
shown for the reactions of 9b in Scheme 15.86-88

Alternatively, Lewis base catalysis®® was used to activate
the nucleophile in Mannich-type reactions of silyl enol
ethers with Schiff bases, such as PhCH=NTs (26).°%°! In
these reactions, coordination of phthalimide or carboxylate
anions at silicon is assumed to enhance the nucleophilicity
of the silyl enol ether through the formation of hypervalent
silicon species (Scheme 16a).°’-%3 Similarly, acetate ions
triggered the Michael reactions of 1b and 1-(trimethylsi-
loxy)cyclohexene (9¢) with chalcone (13) (Scheme 16b).%4-%

Scheme 16 Lewis base catalyzed reactions of silyl enol ethers: (a) with
imines (from ref 91), and (b) with o,B-unsaturated ketones (from ref
94). In line with the reactivity parameters N and E, no reaction is ex-
pected in the absence of the Lewis basic catalyst

Reetz reported the synthesis of a-tert-alkyl-substituted
carbonyl compounds by Lewis acid mediated reactions of
silyl enol ethers with tert-alkyl chlorides or acetates
(Scheme 17).97-%°

TiCly, =40 °C, CH,Cl,

OSiMes  +  Bu-ClI - 5 o
85%
Znly, r.t., CHyCly
+ Bu-OAc
9c 92%
(N=5.2)

Scheme 17 Lewis acid mediated tert-butylation of the silyl enol ether
9c

As expected from their nucleophilicity parameters, silyl
enol ethers react with iminium ions under mild conditions
to give Mannich bases as illustrated in Scheme 18a.100-103
Important variants of this reaction are chiral-imidazolidi-
none-catalyzed reactions of o,B-unsaturated aldehydes
with silyl enol ethers to give 8-ketoaldehydes in high yields
and enantioselectivities (Scheme 18b).104105

Georg Thieme Verlag Stuttgart - New York — Synthesis 2019, 51, 1157-1170



1167

ions (from ref 106), and (b) [1,3]-dithian-2-ylium ions (from ref 108)

THIEME
Synthesis A. 1. Leonov et al. Feature
a)  OSiMeg a) OSiMes
CH,Cly 0 ;1@ 0
%N/ 'instantaneously’ G © MeCN ~Fe(CO)3
+ @ | S} e NMe, + PFg ——>
I then aq workup | rt.
Fe(CO)s
9c 18a 87% N
(N=52) (E=-6.7) ¢ 27 69%
(N=5.2) (E=-7.8)
b)
OSiMes Ph/\/CHO O Ph ) OSiM m
| 100mol% | o 2 iMeg o 8 _8
)J\/'\/CHO CHoCl>
PR Ph + S @S >
(@) Y o _30°C Ph
9a NMe at 0 °C: 75% (90% ee) )n BF, )n
(N=62) <~ e
Bn N Bu
H 30 mol% 9b (N=6.6) 28 from 9b (n=1): 56%
OSiMe; DNBA 30 mol o ph 9c (N=52) (E=-6.4) from 9¢ (n = 2): 67%
| | . BN ~_-CHO Scheme 19 Formation of a-substituted ketones through reactions of
fBUOH/PrOH (5/1) | P silyl enol ethers with (a) (tricarbonyl)iron-stabilized cyclohexadienylium
12h
1d

Bn at —20 °C: 87%

- Ph
(N=5.1) (85% ee, dr 30:1)

Scheme 18 Formation of (a) a Mannich base through the reaction of
iminium ions with the silyl enol ether 9¢ (from ref 100), and (b) 6-ke-
toaldehydes through iminium-activated reactions of cinnamaldehyde
with the silyl enol ethers 9a and 1d (from ref 104) (DNBA = 2,4-dinitro-
benzenesulfonic acid)

Silyl enol ethers readily react with the (tricarbonyl)iron-
complexed cyclohexadienylium (27) and the 2-phenyl-
[1,3]-dithian-2-ylium ion (28), which are positioned below
most enol ethers in Figure 8 (Scheme 19).1%6-198 Highly reac-
tive Co,(CO)s-complexed propargyl cations (with E in the
range of +1 to -1,'% generated from the corresponding prop-
argyl methyl ethers or acetates by BF;-OEt,-mediated ion-
ization) have been reported to react with the silyl enol
ethers 1b and 9c even at 0 °C in dichloromethane to yield,
after aqueous workup, a-substituted ketones.!

Silyl enol ethers have also been used for the synthesis of
a-heteroatom-substituted carbonyl compounds. Slow reac-
tions of silyl enol ethers 9a-c with diethyl diazocarboxylate
(29)'1° are predicted by equation 1. The observation that a-
amino ketones formed slightly faster than predicted by
equation 1 may be due to the fact that the electrophilic at-
tack of the azodicarboxylate at the silylated enol ether is as-
sisted by the interaction of the second nitrogen with silicon,
thus giving rise to a concerted sila-Alder-ene reaction
(Scheme 20).111.112

(yields of isolated products after aqueous workup)

OSiMe,

&O
9b (N=6.6) Et,0, 3 h, 0-5°C SiMes

+ —_— N—N

then2hatr.t. Et020/ \COZEt
EIOQC\N//N ~COE 68%
29
(E=-102) aq workup l
QﬁO
H
/
N—N
/ \
EtO,C CO,Et

58%
(72% from 9¢, 56% from 9a)

Scheme 20 Uncatalyzed a-amination of the silyl enol ether 9b by di-
ethyl diazocarboxylate (29) (from ref 112)

Reactions of the N-fluoropyridinium triflate with silyl
enol ethers are sluggish at room temperature and deliver a-
fluorinated products only after heating the reaction mix-
tures to reflux for several hours,!'? in accord with the sig-
nificantly lower nucleophilicities of silyl enol ethers com-
pared to those of the structurally analogous enamines. The
more electrophilic fluorinating and chlorinating reagents
NFSI (22)!'4 and 2,3,4,5,6,6-hexachlorocyclohexa-2,4-dien-
1-one (25),” respectively, with E > -9, are effective for the
o-halogenation of silyl enol ethers at ambient temperature
(Scheme 21).

Conclusion

While studies on the chemistry of enolate anions start-
ed in the 19t century, it was only in the second half of the
20t century, particularly through the pioneering work of
Stork and Mukaiyama, that the synthetic potential of enam-
ines and silyl enol ethers became obvious. It was soon rec-
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a) OSiMeg (o]

F\N/SOZPh 1. CHoCly, r.t.,, 24 h ij/':
B —————
+ |
SO,Ph 2. aq workup
9c 22 46%
(N=5.2) (E=-8.4)
o
b)  OSiMes al o 0
Cl 1. CHClp, rt., 2 h J_L al
+ —_—
cl cl 2. aq workup
Cl
9b 25 55%
(N=6.6) (E=-6.8)

Scheme 21 Formation of a-haloketones by reactions of silyl enol
ethers with the electrophilic reagents (a) NFSI (22) (from ref 114), and
(b) 25 (from ref 73)

ognized that the lower nucleophilicities of these enolate
equivalents enabled synthetic transformations that were
not possible with enolate anions. While the qualitative or-
dering of reactivities of these compounds has long been
known, we have now used the method of overlapping cor-
relation lines for a quantitative comparison.

Kinetic investigations of -O-, -N(CH,),- and -OSiMe;-
substituted stilbenes with C-centered electrophiles have
shown that these structurally analogous enolate anions,
enamines, and silyl enol ethers have relative reactivities of
10'%:107:1. Since the measured second-order rate constants
followed equation 1, we were able to derive their nucleop-
hile-specific parameters N and sy. In combination with the
more than 300 reported electrophilicity parameters E,'°
equation 1 can now be used to predict the rates for a large
variety of reactions of enolate anions and their synthetic
equivalents with electrophiles. Of course, the concentra-
tions of the enolate ions and enamines have to be consid-
ered when they are formed as intermediates in catalyzed
reactions. Since the susceptibilities sy of enolate anions,
enamines, and enol ethers do not differ significantly, the
synthetic potential of these reagents can be illustrated as
shown in Figure 8: Enolate ions and their synthetic equiva-
lents can be expected to react at room temperature with all
electrophiles located below them in Figure 8.
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