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Abstract: The kinetics of the reactions of benzhydryl cations with 19 silyl enol ethers, four silyl ketene acetals,
and two alkyl enol ethers have been determined photometrically in dichloromethane solution. All reactions
reported in this investigation follow second-order rate laws, and the rates are independent of the nature of the
complex counterion (BF, FsCSG;~, or ZnCk™) in accord with rate-determining-6C bond formation. The
nucleophilic reactivities span over a range of 1@m the vinyl ethersla,x as the least reactive compounds
(comparable to allylsilanes) to the highly nucleophilic silyl ketene adet§gtomparable to enamines). Linear

free enthalpy relationships are used to compare the reactivities of these compounds with those of other aliphatic

and aromatict-nucleophiles.

Whereas alkyl enol ethers have frequently been used inwhile the nucleophilicity parametel and the nucleophile-

organic syntheses since the late 1980%,the tremendous

specific slope parametsiare used to characterize nucleophfies.

synthetic potential of silylated enol ethers has only become Sinces usually varies between 0.6 and 1.2, we have suggested

obvious during the last two decad€s. Their usefulness

the rule of thumb that electrophitenucleophile reactions take

surpasses that of all other enol derivatives because of their easglace at room temperature if + E > —5.

of preparation and clean reactions with electrophifeQue to

the rapid desilylation of the siloxycarbenium ions generated by
electrophilic attack at silyl enol ethers, their tendency to
polymerization is considerably lower than that of comparable

alkyl enol ethers.

Because of the-M effect of the alkoxy and siloxy groups,

log k, (20°C) = S(E + N) (1)

To explore the propensity of enol ethers to react with
electrophiles, we set out to determine the nucleophilicity
parametersN of enol ethers by measuring the rates of their

with relatively weak electrophiles as the tropylium iminium

ions? or many diazonium ion%. Weaker electrophiles that are

described in refs 5 and 6. Previous kinetic investigations on
the reactions of carbocations with enol ethers were restricted

unable to attack enol ethers can often be combined with the o re|atively fast reactions of carbocations which were generated
more nucleophilic enamines to synthesize the correspondlngby laser flash photolysis. Since many of the rate constants

o-substituted carbonyl compounds.

thus determined were close to the diffusion limit, leveling

We have recently shown that the rates of electrophile occurred and the range of validity of eq 1 was left. Therefore,

nucleophile combinations can be predicted by eq 1, where thenucleophilicity parameterd could only be determined for few
strengths of electrophiles are characterized by the parafgeter enol ethers.
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Preparative Investigations. The reactions of the silyl enol
ethers and silyl ketene acetdla—w with the benzhydryl salts
(2a—c)MX 41 produce aldehydes, ketones, or esters in high yield
due to the fast desilylation of the intermediate siloxy substituted
carbenium ions (Scheme 1).

In contrast, the reactions of these carbenium salts with alkyl
enol ethers often give rise to the formation of polymers since
the reactions of the intermediate alkoxy carbenium Bmsth
the counterions are reversible, and the selective formation of
the 1:1 produceé is only observed in the presence of very weak
Lewis acids, when thet-substituted ether6 do not undergo
consecutive reactions with the alkyl enol ethers. While the
reaction of p-Me;NCgH4),CHTBF,~ (2a-BF,) with the vinyl
etherslx,y gave rise to the formation of polymers, termination
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Scheme 1Reactions of Enol Ethers with Electrophiles

Burfeindt et al.

Table 2. Second-Order Rate Constants, Eyring Parameters, and
Products from the Reactions of Diaryl Carbenium I@with the

R E'MX;, @) | R'R? R' R? Enol Ethersl (CH,Cl2)
. ky : fast
OSiR + OSiR = o enol ether AFCH+ ko (20°0)7 AHZ,  AS®, roduc
RN Gow E * | “xosik, E><f e NooAcH R e N T e
R3 R3 MX;, -MX, R3 _ mol! mol!
- OSi(i-Pr); 1a  381c 2b 572 34 116 AT O
la—u 3 4 2c 176 x 1035 239 -101 Af H
SiR;
H,0 _-OSiR;  SiMe; Ib 5954 gz gjé: ig;z, g(l):ze {gg’ Ar_ -0
Si(i-Pr)s lc 579 2a 402x102¢ 518 95 Ar'
SiMe(t-Bu) 1d 595 » e % 9
R? E*MX,,, (2) R! R? fast R! R? SiPh, le 477  2a  494x10° 565 96
kz + OFt 7MX,| OE R
R! - OEt slow > E T E t = OSiMe; 7Pr 1If 577 %a %se xl (1)(8)4 - - Af\/\;o
H H MX, " X R +Bu lg 447 2 27exlos - - A R
s 6 ot oo -
Ix, 1y ) Ph Ih 6666 2a  172x101 475 98
B Sl B AT
j 58" - 979 A
o )\/OEt 1x, 1y (E)-CH=CH-OMe 1k  9.02* 2a  225x10' — -
' H L OSi(i-Pr), 1 424 2 1.69x 101 324 -111 Ar _~_0O
Polymers Im 439" 22 - _ _ Arj !
A OSiMe, ) b 230x100 307 -11a A0
. 2 712 x 10% 172 -112 .
Table 1. Reference Carbenium lors gﬁ 32000 : Ar H
e 5% 109¢ - -
ArAr'CH" Ar Ar' Ea Aobs NM
2a p-Me:NCeHs  p-MeNCeHs  —7.45 630 Sy oses I S0 2 365107 467 13 A0
2b fcb Ph —2.92 410 ~ A
2c An¢ An 0.00 490 )
2d p-MeCgH4 p-MeCeH4 3.51 464 . OSiMe, lo 9do 24 786xl00 257 120 Arg 0
2e p-ClCsH4 p-CICeH4 5.96 472 OMe Ar OMe
aFrom ref 5.° fc = ferrocenyl.° An = p-MeOGsH,. (7 OSiMe, > R T Lo P M r A
©(CHy), , éd g.(}x }g!‘ Ao
. e 5 x 1094
at the 1:1 product staggwas observed, when the reactions of 6 la 558 Za 19lxl0 475 16 T(CHy,,
fcCH(OACc)Ph @b-OAc) or (p-MeOGsH4),CHCI (2¢-Cl) with 2o 19xl0n
the alkyl enol etherdx or 1y were initiated with ZnGl in a ; P v SoL /A
mixture of diethyl ether and dichloromethane. 8 Is 718 22 566x100 416 -108
Kinetics. For the determination of the reaction rates, OSiMe, A
solutions of the carbenium salt8a—c)MX ;1 (Table 1) were (\j OsiMe, It 45 2a  LISx10° 442 150 Ar ;\\?g-w,
combined with an excess of the enol ethais'y and the decay ~ 9
of the carbenium absorbancelat 410—-640 nm was monitored A\ OSiMe, Ar _Ar
as a function of time using the work station described previ- o o HLTC 2 940x100 138 2 S0
ously® All reactions reported in this article followed second- st -0
. . . . . . v Me, A0
order kinetics, first-order with respect to carbocation and first- 4 v 766 2a 158 401 -104 $a
order with respect to enol ether (Table 2). A
Attempts to measure the kinetics of the reactionge¥ie,- S OSiMe w492 2 ee7x100 - - A o
NCsHg4).CH" (2a-BF, or -OTf ) with (trimethylsiloxy)ethene, ok n e 2 (seeion N
.. . . . o X 3.9¢9 c 94 x 10! - - _~_OE
(triisopropylsiloxy)ethenel@), or 2-methyl-1-(trimethylsiloxy)- W erci - e
propene {m) were unsuccessful. Under the reaction conditions | o v 1'85 o 28 -t A om
. . A& _OEt 68" 3.85 x 10} R —14 r A 3
the decomposition of these silyl enol ethers was faster than the v 2 (A2xi0y - - P
reaction under consideration. Nevertheless, the nucleophilicities 2 22x00 - -

of the compound4a,m have been characterized by measuring

ions fc(Ph)CH (2b) and AnCH" (2¢). Side reactions (po-

21f ko has been measured at variable temperature, the entry in this
the rates of their reactions with the more electrophilic carbenium column refers to the value derived from the Eyring equatidtey to

formula numbers see Table 4Derived from eq 1 ¢ = 0.85, Figure

1). 9s=0.90; ref 5.¢ Data from ref 9 Derived from eq 1s = 0.82.

lymerization?) also interferred with the reaction ofa8ht*ZnCls 9 Selected value, see text and Tablé Berived from eq 1 [assuming

(2¢-ZnCls) with ethyl vinyl ether (), and a deviation of the 5= 0.86 as for the structurally analogous compoutdgs = 0.85),
second-order rate law was already observed after 50% of1b (s = 0.90), andlc (s = 0.82)].' Experiments carried out in
conversion. acetonitrile; data from ref 7.T = —70°C. ks = 0.89; ref 5. Derived

. . rom eq 1 [assumings = 0.93 as for the structurally analogous
As suggested in Scheme 1, the rate-determining step of thes%ompogndﬂ[p,q (ref 5?]5. ™ Derived from eq 1€ = 0.90. F)i/gure l)?s

reactions corresponds to the formation of the carbenium3ons = 0.93; ref 5.0 Extrapolated value (assumingS = —113 J mot!

or 5, respectively. In accord with this suggestion, the overall K-2). ?Estimated value assuming = 1.0.9Derived from eq 1
reaction rate is usually not affected by the nature and the [aSSl:rrpiQW]g E[11X+ ?d, 2dO:Q C_Hzﬁlz_) :GGNMX %j(ﬁLrg%l; ?Hti-e.t,
concentration of the counterions M (Tables Sl_4, S20, S23, ﬁ)r].er Dlél’ivoed ffoéa:(?l ?rgrrrri?zl?fy JIran) aszﬁrr?ings = O.S(ag?agcf)oer
$28, S30, and S31). As shown by Table 3, an influence of the o structurally analogous compouftich.

counterion has been observed, however, for the reaction of

2-(triisopropylsiloxy)propene 1) with the highly stabilized  or R,CSQy~ is replaced by BE. Probably the attack ta at
carbenium ion [-Me;NCgH2)o,CH* (2a). According to Table  1cbecomes reversible when the weakly nucleophilic counterion
3, the rate constant decreases by approximately 30% when PF BF,- is employed, since the steric shielding of the bulky

(8) Mayr, H.; Schneider, R.; Schade, C.; Bartl, J.; Bederke]. RAm. isopropyl groups retards the desilylation 8f The closely
Chem. Soc199Q 112 4446-4454. similar reactivities of compounddb,c,d, where the steric
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Table 3. Second-Order Rate Constants for the Reaction of Table 5. Relative Reactivities of the Alkyl and Trimethylsilyl
(p-Me2NCeH.),CH* (28) with 2-(Triisopropylsiloxy)propenel) in Enol Etherslm and 1y
the Presence of Different Counterions (20, CHCly)
=
anion ko, L mol-1s1 Electrophile k2< 1y OE‘)
BF,~ 2.70x 102 (Conditions) X 2> 0siM
PR~ 3.90x 102 o Y OSMe:
FiCSQs~ 4.02x 1072 2b (CH,Cl,, ~70 °C) 8.5
2¢ (CH,Cl,, =70 °C) 5.6
Tol,CH* 2d (CH,CN, 20 °C) 5.2
10 (PhOC,H,)PhCH* _ aData from ref 7.
AnPhCH* | o ¢ O-OSiMe;
8 } ] | 1p . .. ..
AnTolCH' 4 OSiMe, Table 6. Influence of the Substituents at Silicon on the Reactivi-
; /' @ 1q ties of Silyl Enol Ethers (Left Part) and Allylsilanes (Right Part)
TN [ Im O/SiR? ket SiRy ke
L _A\_OSiMe, (2a, )/ (AnPhCH*,
\ L. /J'\ 20 °C)|.~ 70 °C)a
ORI, —SiMe; SiMe;
N~ 9 1.02 1.0¢
7 7SiMe, /‘\ )/
_ Si(i-Pr); Si(i-Pr)3
g . L [0} P
/I 11 )/ 24
-8 -6 -4 -2 0 2 4 ZS Z
E — —> O/SiMez(I-Bu) SiMe,(1-Bu)
Figure 1. Correlation of the rate constants l&g(20 °C, CH.CI,) of /l\ 14 )/ L
the reactions of the silyl enol ethetg,m,p,q and allyltrimethylsilane
with different electrophiles vs theiE parameters (used for the o SiPhs SiPh,
determination o ands values according to eq 1). Aa p-MeOGsH,; )\ 0.14 j 0.017
=
Tol = p-MeGCeHa.
aData from refs 10 and 1£.k, (20°C) = 3.52x 102L mol-ts?
Table 4. Relative Reactivities of Donor-Substituted Ethylenes (Table 2).ck; (=70 °C) = 1.87 x 1®® L mol™! sL 4FCSG™
o P employed as counterion; cf. Table 3.
(An,CH+, =70 °C)
ZON 5.0 x 10-64 sis of enol ethef? afforded comparable results: methyl vinyl
A~ SiMe, 1.0v ethers have been reported to be protonated on average 2.5 times
AN O/5i<i~Pr>3 56 faster than the corresponditegt-butyldimethylsilyl enol ether&e
o Et 69 Since the previous laser flash photolytic studies also revealed

_~__SnBy, 1500- a system where the silyl enol ether is slightly more reactive

2 From relative reactivities of propene (ref 13) and allyltrimethylsilane tha? the i:orre)zyz)](-) ndlr»:rg] alt e|n °! et? kf(e%_gr;nzzeéh}élglkg;ﬁ-

D > cyclopentenelb(1-methoxycyclopenten . , 20°C)],
gﬂ,llos),tf‘:ve"’}rgéo‘?EZ%':'e(n;ZOllc)' "ke (-70°C) = 2.81x 107 L one has to conclude that alkyl and silyl enol ethers differ only
’ ’ ' very little in reactivity, but one cannot presently predict the exact

ratios of reactivities of structurally analogous silyl and alkyl
enol ethers.

The left part of Table 6 shows that variation of the trialkylsilyl

When the rate constants (I&g) determined for the reactions  groups in the upper three silyl enol ethers has only little
of enol ethers with different electrophiles are plotted against influence on reactivity, corroborating-6Z bond formation as
their E parameters (Figure 1), linear correlations are obtained, the rate-determining step, which is followed by rapid desilyla-
from whichsandN can be determined (eq 1). Since the slopes tion. Only when the trialkylsilyl group was replaced by a
s are almost constant (0.85 s < 0.93) and resemble those of triphenylsilyl group (bottom entry in Table 6), did the negative
other noncharged nucleophilesstimated values o (see inductive effect of the phenyl groups cause the nucleophilicity
footnotes to Table 2) could be used to defivparameters also  to decrease.
for those enol ethers which have only been studied with respect An analogous ranking of reactivity has been observed for
to a single electrophile. The (almost constant) selectivity allyltrialkylsilanes (right part of Table 6f:1*where the nature

shielding of silicon differs strongly, clearly indicates however,
that the desilylation step cannot be rate-determining.

relationship shown in Figure 1 indicates that structumactivity of the alkyl group also exerts little influence on reactivity, while
relationships of these enol ethers can be discussed withoutallyltriphenylsilane is noticeably less reactive.
referring to a certain reaction partner. Since the trimethylsiloxy compourith and the triisopropyl-

As indicated in Table 4, the triisopropylsilyl vinyl ether shows  SiloXy compoundlc possess similar reactivities (Table 2), the

a reactlv!t.y's'lmllar to that of the ethyl vm.yl ether: Their (9) Mayr, H.; Rau, D.Chem. Ber1994 127, 2493 2498.
nucleophilicities are between those of allyltrimethylsilane and  (10) Mayr, H.; Schneider, R.; Grabis, U. Am. Chem. S0d.99Q 112,
allyltributylstannane. Similar reactivities of structurally analo- 44?&)4:_"67- G.: Mayr. HJ. Am. Chem. Sod991 113 4954-4961

. . . agen, G.; Mayr, . AM. em. S0 .
gous ethyl and trimethylsilyl enol ethers have also been derived  (15) () Okuyama, T.: Fueno, T.; Nakatsuji, H.. FurukawaJ.JAm.
from a comparison of compoundsn and 1y (Table 5). The Chem. Soc1967, 89, 5826-5831. (b) Fueno, T.; Matsumura, |.; Okuyama,

ethyl enol ethefly was generally found to be five to eight times ~ T.; Furukawa, JBull. Chem. Soc. Jpri968 41, 818-823. (c) Knittel, P.;
Tidwell, T. T.J. Am. Chem. Sod977, 99, 3408-3414. (d) Kresge, A. J.;

more reactive than the corresponding silyl enol ettrer while Sagatys, D. S.: Chen, H. . Am. Chem. Sod.977, 99, 7228-7233. (e)
the electrophilicity of the reference carbenium ion has been Novice, M. H.; Seikaly, H. R.; Seitz, A. D.; Tidwell, T. 0. Am. Chem.

) o T ) 199Q 55, 5234-5236. (g) Kresge, A. J.; Leibovitch, M. Am. Chem. Soc.
Previous kinetic investigations of the acid-catalyzed hydroly- 1992 114, 3099-3102.
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Table 7. Effects of Substituents at the Position of the Developing
Carbenium Center in the Series of Silyl Enol Ethers (Left Part) and

Burfeindt et al.

Table 9. Relative Reactivities of Cyclic Silyl Enol Ethers and
Methylenecycloalkanes

Propenes (Right Part) - OSiMe N
AN 1
OSiR, bl ke S(CH,, | - cHy,,
A (a. | . (AnPhCH*,
} R 20 °C) = 70 °C)a n ket . krer
oS P; | (2,20 °C) |(AnPhCH*, 70 °C)e
Pe a 0023 /L 40 % 10-5 s 1p 19 37
Z H 6 1q 1.06 1.0¢
0SiMe, ; | ’ 7 1r 21 9.1
Py oo | A 1.0 8 1s 30 108
OSiMe, 10 L 026 aData from ref 14aP k, (20°C) = 1.91x 102L mol-1 s (Table
N ’ Z T/ ‘ 2).%k; (=70°C) = 4.69 x 10 L mol~* s%.
OSiMey 078 0.052 Table 10. Comparison of the Relative Reactivities of Silyl Enol
e e AN ) Ethers (Left Part) and Alkenes (Right Part) toward Diarylcarbenium
OSiI\\/Ie lons or Acid-Catalyzed Hydrolysis, Respectively
3
_ 1h 49 62 Ky ke Kre
~ osm ““Ph 2a kz'f)‘ °c) (H3(;+, (AnPhICHt (H301+,
iMe, ’ 25°C)e ~70 °C)» 25 °Cye
_7 1i 031 067 — -
NF ' /)\/ Z TOSiR, 1.04 1.0 AN 1.0 1.0
2 Data from ref 13P k, (20°C) = 8.05x 1074 L mol~* s (derived Ph Ph ,
from eq 1; Figure 1)k, (20 °C) = 3.52x 102 L mol~! s71 (Table 7*051123 24 14 A 15100 4110
2).9k; (=70°C) = 2.33x 10' L mol-1s™%,
_ ) 44¢ 340 A 2.5 x 104 1.6 x 10
Table 8. Influence of Methyl Groups on the Reactivity of Several ~ OSR,
m-Nucleophiles aData from ref 12elfy+(H,C=CHOSI{-Bu)Me,) = 6.35x 102L
"R R ~R - R mol~!s7Y; R; = (t-Bu)Me,.  Data from ref 13 kx(propene)= 9.39 x
R Keel " A ~ 7 ;\R 104 L mol~* s7Y]. ¢ Data from ref 17 kx(propene)= 2.39 x 10° L
AnPhCHT - moltsY. 4R=i-Pr;k, = 8.05x 104 L mol~'s™! (derived from eq
CHy o e 13 L1 - 25000 1; Figure 1)..R = Me, Table 2.
CH,SiMe, AnPhCH*, o 22 8.9 8.1 1740 . . .
’ _‘ 7 g00ce ’ alkanes#@ The six-membered rings show a minimum and the
OSi(i-Pr, 2b.20°C  10° 30 4.0 38 eight-membered ring compounds a maximum of nucleophilicity.

a1 indicates the site of electrophilic attackData from ref 13k,
(—=70°C) = 9.39 x 10~ L mol~* s7%, 9 Electrophilic attack occurs at
the R-substituted carbon; therefore, the reactivity data cannot be
compared with the other entries in this seritBata from ref 111k,
(—=70°C) = 1.87 x 1? L mol~* s7%; ref 11.9 Relative reactivity of
(2-methylallyl)trimethylsilane and allyltrimethylsilane towa2d (—70
°C); ref 11."k, (20°C) = 5.72 L molt s7* (Table 2).' R = OSiMes.

An analogous reactivity ranking has previously been observed

for the acid-catalyzed hydrolyses of 1-ethoxycycloalkéfemd

the solvolyses of 1-chloro-1-methylcycloalkariés. We have

recently discusséép that the classical interpretation of this

reactivity series by strain effects is inconsistent, but we have

not been able to offer an alternative interpretation.
Substitution of the vinylia-hydrogen in silyl enol ethers by

an O-alkyl or O-aryl group (cf. compound&a—j,m—o0) leads

to the corresponding silyl ketene acetals and increases the

nucleophilicity of thesz-system by approximately 5 orders of

does not affect the reactivity, the steric bulk of tieet-butyl magnitude K, Table 2)15 A comparable nucleophilicity is also

group in 1g reduces the nucleophilicity by a factor of 13. observed for the vinylogous silyl ketene acétii(Danishefky’s

Replacement of the alkyl groups by CC-conjugating substituents diene). Due to the loss of aromatic delocalization energy in

as phenyl or vinyl has little influence on reactivity. The the course of the electrophilic attack, the furan derivativés

electron-donating effect of the trimethylsiloxy group reduces somewhat less reactive than other silyl ketene acetals, while

the electron demand of the developing carbenium center to suchthe nucleophilicity of its 4,5-dihydrogenated analogLie is

an amount that phenyl activates only five times better than extremely high, comparable to that of enamiffes.

methyl while vinyl is even deactivating compared to methyl. |n the silyl enol ether series presented in the left part of Table
The right part of Table 7 shows that related but more 10, the phenyl-substituted compound exhibits a maximum of

pronounced substituent effects are observed in the analogouseactivity toward diarylcarbenium ions while the methyl-

series of 2-substituted properié8ecause of the greater electron  substituted silyl vinyl ether is most reactive toward hydronium

demand of the developing carbenium center, these compoundsons. Comparable results have previously been obtained from

are more sensitive toward variation of the substituents. kinetic studies of the corresponding reactions of the analogously
The effects of additional methyl groups on the nucleophilicity substituted propenés;l” as indicated in the right part of Table

of variouss-systems (alkenes, allyltrimethylsilanes, and silyl 10.

vmyl gt_hers) are collected in Table 8. The last column shqws (14) (a) Roth, M.. Schade, C.. Mayr, H. Org. Chem1994 59, 169—

a significant effect of the methyl group located at the position 175 (b) Brown, H. C.; Borkowski, MJ. Am. Chem. S04952 74, 1894

of the developing carbenium center, which decreases from top1902. (c) Otera, J.; Fujita, Y.; Sakuta, N.; Fujita, M.; Fukuzumi).SOrg.

to bottom with increasing electron-donating ability of R. Methyl Ch(elrg)'ll?ﬁgsek}égr?iﬁdez%éd that in certain Lewis acid mediated reactions

groups at the p‘?s't'on of electrophilic attack exert a Con§|Qerany of silyl ketene acetalsg gelectron-transfer processes are involved: (a) Sato,

smaller activating effect (columns 4, 5, and 6), and it is not T.: Wakahara, Y.; Otera, J.: Nozaki, H.; Fukuzumi, JSSAm. Chem. Soc.

clear why this effect is largest in the allylsilane series. 1991, 113 4028-4030. (b) Fukuzumi, S.; Fujita, M.; Otera, J.; Fujita, Y.

As indicated in Table 9, cyclic silyl enol ethers follow a J: ?‘1'2') ﬂ;i?q':9%%?%51@.10,\,,2551%2_?: Ofial, A. R. Unpublished

similar reactivity pattern as the corresponding methylenecyclo- results.

(17) (&) Chwang, W. K.; Nowlan, V. J.; Tidwell, T. T. Am. Chem.
S0c.1977, 99, 7233-7238. (b) Oyama, K.; Tidwell, T. TJ. Am. Chem.
S0c.1976 98, 947-951.

reactivity ratio ky(1b)/ky(1a) = 43 can be attributed to the
activating effect of thex-methyl group (left part of Table 7).
While replacement of methyl by isopropyl (compouridisf)

(13) Mayr, H.; Schneider, R.; Irrgang, B.; SchadeJCAm. Chem. Soc.
199Q 112 4454-4459.
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Figure 2. Nucleophilicities of enol ethers
m-systems.

compared with other

The nucleophilicity parameters listed in Table 2 allow the
prediction of the rates of reactions with various electrophiles
on the basis of eq 1. Because of the small variatiors; the

J. Am. Chem. Soc., Vol. 120, No. 15, 3553

in vacuo to afford 14 g (41 mmol, 93%) of deep-blue powder: mp
150-151°C.

2a-PF; has been prepared by addition of HRE.0 g [75% in HO],

10 mmol) to a solution of bigt(dimethylamino)phenyl)methanol (2.0
g, 7.4 mmol) in acetic anhydride (60 mL) at°C. After stirring at
room temperature for 15 min, the mixture was diluted with diethyl
ether (100 mL) and chilled (OC) to precipitate2a-PFs, which was
filtered after 15 min, washed with dry ether (50 mL), and dried in vacuo
to yield 2.3 g (5.8 mmol, 78%) of dark-green powder: mp 1881

°C.

The diarylmethyl compound2b-OAc and2c-Cl have been synthe-
sized according to refs 9 and 18, respectively. For the in situ generation
of the carbenium ion&b,c, trimethylsilyl triflate (TMSOTT) or the zinc
chloride diethyl ether complex ZnE£{OEL), (ref 19) have been added
to solutions of the precursob-OAc and2c-Cl in CH,Cla.

Nucleophiles. The compoundéb,k,0—q,v—x (Fluka, Aldrich) and
1i (Merck-Schuchardt) are commercially available. The silyl enol ethers
1d—h have been prepared by treatment of the corresponding ketones
with NEt/CISiR; as described in ref 20. For the preparation of the
silyl ketene acetalsj,u, phenyl acetate or-butyrolactone, respectively,
have been deprotonated with LDA and treated with CISiktEording
to ref 21. 1n has been obtained by silylation of 3-pentanone with-Me
SiCH,COOEt in the presence of tetrabutylammonium fluoftle.
Treatment of the corresponding carbonyl compounds with TMSOTf
or TIPSOTf and NEtaccording to ref 23 afforded the silyl enol ethers
lac,g,l,m,r,s. The NMR spectra of compounds,c,| have not yet
been reported1la 'H NMR (300 MHz, CDC}) 6 = 0.9-1.1 (m, 21
H, CH(CHa),), 3.99 (d,J; = 6.0 Hz, 1 H,=CH,), 4.35 (d,Je = 13.6
Hz, 1 H,=CH,), 6.42 (dd,J; = 5.7 Hz,Je = 13.5 Hz, 1 H,=CHO);
13C NMR (75.5 MHz, CDC{) 6 = 12.4 (d,CH(CHs),), 17.8 (g, CH),
94.1 (t,=CH,), 147.0 (d,=CHO). 1c *H NMR (300 MHz, CDC})

0 =1.0-1.1 (m, 21 H, ®(CHs),), 1.74 (s, 3 H, CH), 3.94 (s, 1L H,
=CH,), 3.98 (s, 1 H=CH,); **C NMR (75.5 MHz, CDC}) 6 = 12.4
(d, CH), 18.1 (g, CHCH3),), 22.8 (q, CH), 90.6 (t,=CH,), 156.4 (s,
=C(CH3)0O). 1I: *H NMR (300 MHz, CDC}) 6 = 0.9-1.1 (m, 21 H,
CH(CHs),), 1.52 (dd,J»3 = 6.6 Hz,J13 = 1.7 Hz, 3 H,=CHCHy),
4.37 (dq,.]l,z ~ ‘J2,3 ~ 6 Hz, 1 H,=CHCH3), 6.21 (dq,\]lyz =58 Hz,
Ji13= 1.7 Hz, 1 H,=CHO); *C NMR (75.5 MHz, CDC{) 6 = 8.96

1,
N parameters can furthermore be used to roughly compare the(q‘ —CHCH,), 12.0 (d, CH(CHs),), 17.8 (q, CHCHs)s), 104.2 (d,
nucleophilicities of enol ethers and ketene acetals with those —cpcH,), 139.8 (d,=CHO). The alkyl enol ethefly has been

of other nucleophiles. Figure 2 shows, for example, that
ordinary alkyl or silyl enol ethers wittN values from 3.8 to

obtained from the corresponding diethyl ac&tdly elimination of
ethanol as described in ref 25.

7.2 are comparable to allylsilanes and allylstannanes. Ketene Products of the Reactions of Benzhydryl Salts with Silyl and

acetals (7.7< N < 11.7) are considerably more nucleophilic
and range between allylstannanes and enamines.

Alkyl Enol Ethers. Procedure A. The enol ethel (1.5—-250 equiv)
is added to a stirred solution of the carbenium 2atMX,~ (and

Enol ethers and ketene acetals thus cover a wide range ofenzyltriethylammonium chloride or 2,6-trt-butylpyridine, respec-

nucleophilic reactivity. Since most of the reactions of these

compounds with carbenium salts follow clean second-order
kinetics up to high degree of conversion, silyl enol ethers and
silyl ketene acetals can be used as reference nucleophiles fo

determining reactivities of weak electrophiles. In forthcoming
papers, we will show how to employ the kinetic data reported
in this work for synthesis planning and for characterizing the
electrophilicities of cationic transition metatcomplexes.

Experimental Section

Kinetics. The kinetic method has previously been described.

Electrophiles. 2aOTf has been prepared as described in ref 6 by
dropwise addition (5 min) of a solution of bps(dimethylamino)-
phenyl)methanol (4.1 g, 15 mmol) in dry THF (50 mL) to a stirred
solution of ECSGH (2.3 g, 15 mmol) in dry THF (50 mL) at room
temperature. The precipitate was filtered, washed with dry THF (20
mL), and dried in vacuo to give 4.5 g (11 mmol, 74%) of dark-green
lamella: mp 139-140°C.

Compound?a-BF, has been obtained in a similar way by dropwise
addition of a solution of bigt-(dimethylamino)phenyl)methanol (12
g, 44 mmol) in dry THF (50 mL) to a stirred solution of HBF7.1 g
[54% in E(O], 44 mmol) in dry THF (20 mL) at room temperature.
The precipitate was filtered, washed with dry THF (20 mL), and dried

tively) in dry CH,Cl, at room temperature. After fading of the blue
color, the reaction mixture is washed with aqueous ammonia and the
aqueous layer is extracted with @El,. The organic layers are
combined, washed with water, and dried over MgS@he solvent is

I'evaporated in vacuo to yield the crude product, which is purified by

recrystallization or column chromatography to be characterized as
described in the Supporting Information. Most reaction products have

(18) Schneider, R.; Mayr, H.; Plesch, P.Ber. Bunsen-Ges. Phys. Chem.
1987 91, 1369-1374.

(19) (a) Mayr, H.; Striepe, WJ. Org. Chem1985 50, 2995-2998. (b)
Mayr, H.; Hagen-Bartl, G. InEncyclopedia of Reagents for Organic
SynthesisPaquette, L. A., Ed.; Wiley: New York, 1995; Vol. 8, pp 5552
5554,

(20) House, H. O.; Czuba, L. J.; Gall, M.; Olmstead, HJDOrg. Chem.
1969 34, 2324-2336.

(21) Ainsworth, C.; Chen, F.; Kuo, Y.-Nl. Organomet. Chenml972
46, 59-71.

(22) Kuwajima, |.; Nakamura, E.; Hashimoto, Krg. Synth. Collect.
Vol. VII, 1990 512-517.

(23) Emde, H.; Gtz, A.; Hofmann, K.; Simchen, G.iebigs Ann. Chem.
1981, 1643-1657.

(24) Organikum 18th ed.; Autorenkollektiv, Deutscher Verlag der
Wissenschaften: Berlin, 1990; p 397.

(25) Brannock, K. CJ. Org. Chem196Q 25, 258-260.

(26) Cacchi, S.; Palmieri, GSynthesisl984 575-577.

(27) Van Heyningen, E.; Cassady, D. ROrg. Chem196Q 25, 1325~
1328.
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been characterized completely; some have been identified as crudetrie for financial support. This paper is dedicated to Professor

material by'H NMR. Gernot Boche on the occasion of his 60th birthday.
Procedure B. Compounds2b-OAc or 2¢-Cl are dissolved in dry . . . . . .
CH,Cl, at —78 to —40 °C and combined with ZnG{(OEt), or Supporting Information Available: Experimental details

ZnBr+(OEL); (in CH.Cly, ¢ ~ 2 mol L™%) or TMSOTT, respectively, for the reactions of silyl and alkyl enol ethers with diarylcar-

to give red solutions. The enol ethk(1.5-250 equiv) is added, and ~ benium ions, including characterization of the products listed

the reaction mixture is allowed to warm to room temperature. After in Table 2, and tables with concentrations and rate constants of

fading of the red color, workup is performed as described in procedure the individual kinetic experiments at variable temperatures

A described in Tables 2 and 3 (24 pages, print/PDF). See any
current masthead page for ordering information and Web access
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