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Abstract: The nucleophilic vinylic substitution () reactions of methoxybenzylidene Meldrum’s actd (

OMe) follow the common two-step mechanism involving a tetrahedral intermediate. With thiolate and alkoxide
ions, this intermediate is shown to accumulate to detectable levels and a detailed kinetic study allowed the
determination of the rate constants of the various elementary steps. Witha®Hhe nucleophile, the
intermediate cannot be observed; it is shown that this is the result of the intermediate rapidly breaking down
to products by a pathway not available in the reactions with the thiolate or alkoxide ions. Comparison of
structure-reactivity data for the reactions &OMe with those of benzylidene Meldrum’s aci-i) and
B-methoxye-nitrostilbene 4-OMe) reveal a complex interplay of steric effects\donor andsz-acceptor

resonance effects, and anomeric effects.

It is well established that nucleophilic vinylic substitutions
(S\V) of a leaving group (LG) on substrates moderately or
strongly activated by electron-withdrawing groups (X, Y)
proceed by a stepwise mechanism via intermedateq I)2

X K™ X & R X
\ 7/ - 1 2
e=C( + Nu === LG—J:—C\(— — e=cl +1c ()
Y ko 111“ Y Nu” Y
1 2 3

The first direct spectrophotometric detection2ofvas reported
in 1989 for the reaction gf-methoxye-nitrostilbene 4-OMe)

Ph \c—c\}qoz LN SN
Me0”  Ph RS” Ph  CFCH,00  Ph
4-OMe 4-SR 4-OCH,CF,

with thiolate ions in 50% MgS0O-50% HO (v/v).2 Besides
providing the most compelling evidence for the two-step
mechanism and the existenceXfts direct observation allowed
a determination of the rate constaki¥, Ky, andk}" in eq I.
Subsequently, the reactionsdsOMe with MeO™,2 CRCH,O~ 2
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MeONHMe* and MeONH,* of 4-SR (R= ZCH,CHy; Z =
Me, HO, MeQC) with thiolate iong and the reaction of
4-OCH,CF; with CRCH,0~ and HOCHCH,S™ 3" also led to
intermediates that accumulated to detectable levels.

However, extensive recent work revealed several substitutions

of nonactivated systems which were interpreted as single-step
concerted substitutions, thus increasing the need for more clear-
cut examples where the intermediate has been unequivocally
observed:® Thus far, all detectable intermediates were derived
from nitrostilbenes, where X, ¥= Ph, NG provide unusually
effective stabilization of the intermediate, as implied by the high
acidity of PACHNO; (pKa = 7.93 in 50% MeS0O—50% HO7).
In exploring other types of strongly activated vinylic substrates
that might lead to a detectable intermediate we have now
investigated the reaction of methoxybenzylidene Meldrum’s acid
(5-OMe) with RS, RO, OH~, and HO in 50% DMSO-50%

Ph }- CH,
\C= }<

Ph_ CHy Ph_ CS* CH;
/C= - //C— |-
o CH; o -0 CH,
o tol
o 6b

H,0 (v/v), henceforth abbreviated as 50% DMSO. Since the
pK, of Meldrum’s acid is 4.70 in 50% DMS®the chances to
observe the intermediate seemed as good as in the reactions of
4-OMe or4-SR. This is confirmed below.

(4) (a) Bernasconi, C. F.; Leyes, A. E.; Rappoport, Z.; Eventova, I.
Am. Chem. Sod 993 115 7513. (b)lbid. 1995 117, 1703.
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Summary of Rate and Equilibrium Constants for the Reactiors@Me and5-H with Various Nucleophiles in 50% DMS©60%
Water (v/iv) at 20°C,u = 0.5 M

Nu (mglUH

KM, Mgt

NU
k&, st

KM, M1

K, s

n-BuS- (11.40)

HOCH,CH,S" (10.56)
MeO,CCH,CH,S~ (10.40)

MeO,CCH,S (8.83)
HO- (17.33)

MeO (17.2)
HC=CCH,O™ (15.2f
CF:CH,O™ (14.0)

(6.70+ 0.10) x 10
(4.40 0.02) x 10°
(4.43£ 0.11) x 10
(2.40+ 0.09) x 10*
(5.41+ 0.13) x 10

(4.61+ 0.16) x 10°
(1.09+ 0.03)x 10°

5-OMe
0.395+ 0.016
1.71+0.05
2.00+0.19
14.0+0.7

(1.2240.32)x 10°5
(1.06+ 0.04)x 1073
(1.60+ 0.20) x 10°2

(1.7Q£ 0.09) x 10°
(2.57+ 0.09) x 10°
(2.22+ 0.26) x 10
(1.714 0.15) x 103

(4.35+ 0.95)x 10°
(6.81+ 1.60) x 10

(1.11+ 0.04)x 10°*
(2.164 0.14) x 10
(1.98+ 0.17)x 10°5

H,0 (—1.44) (2.98+ 0.08) x 102

5-Hd
HOCH,CH,S" (10.56) 1.44x 107 2.68x 1074 5.38 x 1010
HO~ (17.33) 1.80x 10° 1.45x% 1077 1.17 x 101
CF:CH,0~ (14.0) 2.09x 10¢ 4.38x 1073 4.77 x 10P

aFirst-order rate constant{.  pK, of MeOH estimated as discussed in ref SpK, of HC=CCH,OH is estimated; see textFrom ref 12.

1.0

and water, respectively (see below), ilew = kK" andky,o =
k' (eq | and Table 1).

At pH >2, the hydrolysis product is anidr, displayed as
its two resonance forn&a and6b~. lIts structure was identical
(by HPLC) to an authentic sample 6f. At pH <2, the UV
spectrum of the hydrolysis product starts to undergo a batho-
chromic shift fromAmax = 285 to 299 nm at pH 0.3, indicating
protonation of6~. The Amax SUggests protonation on oxygen,
giving 5-OH rather thar6. The spectrophotometrically deter-
mined K, of 5-OH is 1.06+ 0.03.

Reaction of 5-OMe with Thiolate lons. Upon rapid mixing
of solutions of 5-OMe and a thiolate buffer n(BuS-,
HOCH,CH,S™, and MeQC(CH,),S™, n= 1, 2), a fast reaction
was observed on the stopped-flow time scale, with pseudo-first-
order rate constants proportional to [R§Figure 2S)? Due
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to rapid hydrolysis of5-OMe, it was difficult to obtain
Figure 1. (a) Time-dependent spectra showing the hydrolytic conver- %_

sion of5-OMe to6~ in neutral 50% DMSG-50% water solution at 20 Ph, YHS Ph fh

°C. Scans taken evwer5 s for 90 s. -OMe], = 7.0 x 1075 M. (b) z’C_(>70 - 0//0—3!—0 - M“O_(f_

Spectrum of the protonated form of the hydrolysis prodgeBH, in J 3 S 3 z
strongly acidic HCI solution (pHx0). p

H; (Bj,—ycn:,
-0 CH,
o

Z = SR: 7-(OMe,SR)
Z =OR: 7-(OMe,OR)

Z = OH: 5-OH
Z=SR: 5-SR

Results

Reaction of 5-OMe with H,O and OH~. Hydrolysis of
5-OMe is quite fast, even in neutral or acidic solution where
ti2is ~23 s. Figure 1 shows spectral changes associated with
the hydrolysis reaction. Its kinetics was measured in- ©@2
M KOH solutions, acetate buffers (pH 5.78.78), and HCI
solutions (pH 0.3-3.0). No significant buffer catalysis was
observed. The ratepH profile is shown in Figure 1S of the
Supporting Informatiod. The observed pseudo-first-order rate
constant was fitted to eq 1. No intermediate accumulated and

meaningful spectral data about the species formed in the reaction
between5-OMe and RS. However, a clean spectrum was
generated by conducting the reaction in MeOH, where hydroly-
sis is not an issue, and then injecting this solution into 50%
DMSO. This spectrum is shown in Figure 2 (spectrum b) along
with that of 5-OMe (spectrum a) and d&-SR (spectrum d).
The blue-shiftednax 0f spectrum b indicates loss of conjugation
with the G=C bond which is consistent with the intermediate
7-(OMe,SR). This implies that the kinetic results refer to eq 2

klRS

Kobsa= Kii,0 T KonlOH ] (1) 5OMe+ RS - 7-(OMe,SR) )
kon andk,o represent rate-limiting nucleophilic attack by OH Kopsa= K1 TRS] + K3 3)

(5) For recent references summarizing earlier work, see: (a) Okuyama, gnd is given bv eg 3 with k.1 < Kk[RS
T.; Takino, T.; Sato, K.; Oshima, K.; Imamura, S.; Yamataka, H.; Asano, | rg Kobsd 9 y q ! il I
ki~ values are reported in Table 1.

T.; Ochiai, M.Bull. Chem. Soc. JprL998 71, 243. (b) Beit-Yannai, M.; - - )
Rappoport, Z.; Shainyan, B.; Danilevich, Y. $.0Org. Chem1997, 62, Reaction of 7-(OMe,SR) with AcOH Buffers. Since eq 2

8049. : RS ;
(6) For recent theoretical work, see: (a) Glukhovstsev, M. N.; Pross, fa.lvor.s7 (OM?’SR)’k—l could Qgt be Obtameq from the above
kinetic experiments. Insteadl; ] was determined by generat-

A.; Radom, L.J. Am. Chem. Socl994 116 5961. (b) Lucchini, V.;
Modena, G.; Pasquato, U. Am. Chem. S0d.995 117, 2297. ing 7-(OMe,SR) in MeOH and then injecting it into AcOH

(7) Bernasconi, C. F.; Kliner, D. A. V.; Mullin, A. S.; Ni, J. XI. Org.
Chem.1988 53, 3342.
(8) Bernasconi, C. F.; Oliphant, N., unpublished results.

(9) See paragraph concerning Supporting Information at the end of this
paper.



Reactions of Methoxybenzylidene Meldrum’s Acid
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Figure 2. Spectra of various species derived frér®Me, [5-OMe],
= 7.0 x 10° M. (a) 5-OMe in CHCN; (b) 7-(OMe,SR) with R=
HOCH,CH, in 50% DMSO-50% water; (c)7-(OMe,OR) with R=
CFRCH; in 50% DMSO-50% water; (d)5-SR with R= HOCH,CH,
in 50% DMSO-50% water.

buffers in 50% DMSO. Under these conditions, the {RB
the solution is very small and in eq B > KFRS]. Kopsd
was determined at pH of 5.7 (or 7.10 for R= n-Bu) at
~10° to 4 x 102 M [AcOH]. Buffer dependence was
insignificant. A slight dependence ay+ according to eq 4

Kopsa= K5 + K35y, 4)
KBS + KRgray -
7-(OMe,SRf————5-OMe+ RS (RSH) (5)

implies acid-catalyzed loss of Req 5). Only when R=

J. Am. Chem. Soc., Vol. 120, No. 30,74838
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Figure 3. Conversion of/-(OMe,SR) (R= n-Bu) to5-OMe and5-SR
according to eq 7 in BuSH/BuSuffers at pH 11.10 in 50% DMS©
50% water at 20C. kopsq given by eq 8, which simplifies téopsg =
K5® at high [RS].

treating KTS as an unknown in a curve fit to eq 8. At high
[RST], the KlRS[RS‘] term becomes quite large, especially with
the more basic thiolate ions and eq 8 simplifiesktgsq =
k?s, as is apparent from Figure 3.

When R= HOCH,CH,, HPLC analysis allowe8-SR to be
separated fron6~; the UV spectrum ofb-SR was virtually
identical to that of an authentic sample ®5Me1°

Reaction of 5-OMe with RO™. For the reaction 05-OMe
with CRCH,O~ and HGECCH,O™, kopsq Was determined in
the stopped-flow apparatus. It strongly depends on{Rénd
the UV spectrum of the species formed (c in Figure 2) is
consistent with7-(OMe,OR); the spectrum was obtained after
generating7-(OMe,OR) in MeOH and injecting it into 50%

n-Bu was this dependence strong enough to allow determinationDMSO in order to avoid contamination b§~. Hence, the

of a K" value (1.9x 1P M~ s7%). The k¥ values are
reported in Table 1.

Collapse of 7-(OMe,SR) to Products. The intermediate to
products conversion is much slower than k§é andk®3 steps
and should, in principle, be measurable by following formation
of 5-SR, eq 6, under conditions that favéf{OMe,SR) over

KRS
7-(OMe,SR)—- 5-SR+ MeO~ (MeOH) (6)

5-OMe in eq 2. However, even then a competition by substrate
hydrolysis affects the rate &SR formation. This is due to

the interconnectedness of the various processes shown in eq 7;

ko T kop[OH] KRYRS]

KBS
7-(OMe,SR)—- 5-SR
(7)

note that on the time scales of the hydrolysis andkﬁ?&tep
the equilibrium of the reaction d&-OMe with RS is rapidly
established and hend€® replacesf® and k™3, kopsa for the
concurrent formation 06~ and5-SR is given by eq 8.

KE*K; TRS] + Ky 0 + Kop[OH ']
1+ KBRS

8)

bsd —

A representative plot okopsqg VS [RS] according to eq 8 is
shown in Figure 3. Equation 8 can be solved for the unknown
k5= in view of the highly accurat&f* values determined from
the KX5/KE3 ratios, this procedure gives a more reliakfjé than

kinetic data refer to eq 9. One difference between the reactions

_ kRO[RO]
5-OMe+ RO —— 7{(OMe,OR) )

of RS and RO is that RO is slower, and at low [RQ], OH-
promoted hydrolysis d5-OMe competes. Henck,psqis given
by eq 10;K*? is negligible under the experimental conditions.
Kapsa= KT TRO"] + ko [OH ] (10)
Plots of Kobsd — kon[OH™] vs [ROT] yield the kRo values
reported in Table 1 (cf. Figure 8§ For CI%CHZO‘ the
[CFCH,O] was corrected for the homoassociation constant
(Kassoc= 1.8 M71).32
Reaction of 7-(OMe,OR) with Et;N Buffers. 7-(OMe,OR)
generated in MeOH was injected intosRt buffers in 50%
DMSO, pH 10.5. The dimethoxy addudt(OMe,OMe), was
Kopsa= K7 (11)
included in these experiments. Under these conditikyassis
given by eq 11; for [EfNH*] = 0.007-0.065 M buffer catalysis
was negligible. Equation 11 is valid even thougif[RO ] is
not negligible compared &9 because, under the reaction
conditions kK?"[OH-] > K*9[RO"]. Hence 5-OMe formed by

(10) Bernasconi, C. F.; Ketner, R. J;
unpublished observations.

Chen, X.; Rappoport, Z.,
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the loss of RO from 7-(OMe,OR) cannot revert back to
7-(OMe,OR) since it is immediately hydrolyzed.

Discussion

Detection of Intermediate and Kinetic Analysis. Our major
objective was to try to detect they® intermediate in the
reaction of5-OMe with nucleophiles and to determine the rate

constants of eq 1. On the basis of the evidence above, the
corresponding intermediates were shown to accumulate to

detectable levels in the reactions with R&d RO but not in
those with OH or H,O. All rate constantsk},K"},k;") were
determined for three RSions, while onlyk)" andk} could be
measured for the reactions with one R&d the RO.

Bernasconi et al.

Why Are No Intermediates Detectable in the Hydrolysis
Reactions? On the basis of th&° values for RO addition
to 5-OMe one would expedt‘fH for OH™ addition to be very
high. If the KS"/KTC ratio (R = CFsCHy) = 2.45 x 108 for
5-H12 can serve as a guid&?" for 5-OMe may be<1.7 x 1C8

\ h
Ph_ %‘ CH; fh (>—7 CH; M’\0 T_%ycm
e o o
H O CH, z )0 CH, | 0 40 CH
(o] (o] /Q‘-H’ o

H
Z = OH: 7-(OMe,OH) 8

Z=0": 7-(0Me,0")

5-H

Why the intermediate was not always observed, and only M™% i.e., the conditions of eq 12 are amply met. Using the

partial kinetic analysis was sometimes possible whewas

statistically correctedﬁ? for MeO™ expulsion from5-(OMe,-

detectable, is best understood by considering the rate andOMe) (6.1x 10°®s™*) as approximation for tgs %?'Ilapse rate
equilibrium constants summarized in Table 1. Three conditions constant of7-(OMe,OH) to5-OH, one obtaing;"/k; " ~ 5.41
must be met simultaneously for the intermediate to accumulate x 10%/6.1 x 107% = 8.87 x 10’ M1 This easily meets the

to detectable leve®. (1) The equilibrium of the first step must

be favorable, eq 12. (2) The intermediate must be formed faster

KIMINu] 2 1 (12)

KMINUTI/KY = 1 (13)
than it converts to products, eq 13. (3) ﬂkﬁ# value must be
low enough to allow detection of the intermediate, e.g., by
conventional or stopped-flow spectrophotometry. The third
condition is met for all our reactions. As to the firgt)" =
1.71 x 10° to 4.35 x 10° M~ for reactions where the

condition of eq 13 even at relatively low pH.

Since the condition of both eqs 12 and 13 is nTe{PMe,-
OH) is not detectable because there must be other pathways
that convert it to products that are considerably faster than the
k?“ step and not available for the collapse of the intermediates
in the reactions with RSor RO~. One such pathway is a direct
intramolecular acid-catalyzed conversion/efOMe,OH) to6~
and MeOH via transition stat The other involves equilibrium
deprotonation of-(OMe,OH) to7-(OMe,O)", which accelerates
formation of 6~ due to the “push” provided by the Ogroup.

Our results require that either one or both of these additional
pathways cause the fast product formation in basic solution.

intermediate was observed, indicating that mostly eq 12 does The fast conversion of--(OMe,OH) also implies that the

not even require very high [NJ. The least favorable case is
the reaction with Me@CH,S™ for which [RS] =5.85x 104

nucleophilic addition is rate limiting for the overall reaction,
i.e.,kon = k?". Arguments similar to those discussed befére

M is needed. Similarly, where data are available, the second suggest that for the water reaction, too, nucleophilic addition is

condition is amply met since alway§"/k;" > 2 x 108 ML,

It is safe to assume that th&"/k}" ratio for the reaction of
5-OMe with MeGQ,CCH,S™ is in the same range and hence
k’z\'u should, in principle, be experimentally accessible. How-
ever, k" values could not be determined due to the fast
hydrolysis of5-OMe which becomes the major pathway in eq
7;ie., in eq 8K KRS ] < ku,o + koH[OH] even at high
[RST].

The absence ofy" values in the reactions &OMe with

RO~ has a similar origin. The complete reaction scheme is

shown in eq 14. In the reaction @%(OMe,OR) with EtN
Ko T kou[OHT] KRO[RO-]
KRQ

0
7-(OMe,OR)—- 5-0R + MeO~ (MeOH) (14)

buffers, the intermediate may partition into bdifOMe and
5-OR with kopsa= K5 + K3°. However, we expect thah® <
k?9 since MeO is a much worse nucleofuge than R@nd the
push provided by the RO group left behinky{ step) is
weaker than that by the MeO group left behind in lﬁﬁ
step!? On mixing 5-OMe with RO", depletion of7-(OMe,-
OR) via hydrolysis of5-OMe is faster than its conversion to
products and hendéo, again, remains inaccessible.

(11) The statistically corrected rate constant for Me€xpulsion from
7-(OMe,OMe), 0.5x 1.22 x 1075 s7%, is 170-fold lower thark®S for
HC=CCH,O~ expulsion from7-(OMe,OR) and 2600-fold lower than
KR for CFCH,O~ expulsion. Because of the reduced pukf’ for
7-(OMe,OR) should be even lower than 051.22 x 105 s™1,

rate limiting; i.e. ko = K.
The hydrolysisproductis present as the ani@1 at pH>1
but at pH<1 itis protonated (. = 1.06). The red shift (Figure
1) indicates oxygen rather than carbon protonation; i.e., enol
5-OH is thermodynamically more stable than keté@rend K-
(6) < pK4(5-OH). This is reasonable since the CKH of 10

Bh Hy h) H,
H—? H — H—?— - +H
OH O CHy OH CH,
o o
10 10~
Ph NO, .+ Ph NO, + Ph 0,
HO Ph (o) Ph I oh
4-OH 9~ 9

in water is 2.957 and anion stabilization i~ is far greater
than in10~. This contrasts witl®~, the hydrolysis product of
4-OMe, which is protonated onarbonto form 9 rather than
4-OH13

Structure —Reactivity Relationships. (A) Formation of the
Intermediate. Comparison between 5-OMe and 5-H.Table
1 summarizes rate and equilibrium constants for the reactions
of 5-OMe and5-H.12 We focus attention on the nucleophiles

(12) Bernasconi, C. F.; Ketner, R. J. Org. Chem.in press.

(13) Bernasconi, C. F.; Fassberg, J.; Killion, R. B., Jr.; Schuck, D. F.;
Rappoport, ZJ. Am. Chem. Sod.991 113 4937.

(14) Bernasconi, C. F.; Leonarduzzi, G. D. Am. Chem. Socl98Q
102 1361.
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HOCH,CH,S ™, CRCH,O~, and HO used with both substrates.
The following features are noteworthy.

(1) For addition of HOCHCH,S™, both KF° and k&° are
much smaller for 5-OMe than 5-H, with K?S(S-OMe)/
KR(5-H) = 4.78 x 107 andk{(5-OMe)KS(5-H) = 3.06 x
1073, respectively. The most important factors that may affect
the relative reactivity o6-OMe and5-H toward nucleophiles
are steric crowding in the intermediate, reactant stabilization
by 7-donation (1), the inductive/field effect of the OMe group,

RS
-1

log KF,‘S log k?s: log k

Ph,  /)° CH, Ph_ NO,
e =< )
(o]

20 CH; H Ph 4 6 8 10 12
pKJ:SH
23 Zf°M° 4-H Figure 4. Brgnsted plots for the reactions ®0OMe with thiolate ions.
12: Z=SR RS. RS, RS
@, log K7™ A, log k™ W, log K=7.

and anomeric stabilizatidhof the intermediate. The first two 8
factors should reduck’® andk=® for 5-OMe relative to5-H,
and the third and fourth factors should increase them, although 6 }
the anomeric effect is probably only significant with RO
nucleophiles. The lower rate and equilibrium constants for o 4
5-OMe compared tdb-H are thus ascribed to the combined =7 N
contributions of ther-donor and steric effects which more than g Ll
offset the inductive/field and anomeric effects. Similar results 2
have been reported for the reactionslédMe anda-nitrostil- 8 o
bene ¢-H) with RS.2018 o’

(2) The K¥° and K° values for CECH,O~ addition to ¥ o5l
5-OMe are somewhat smaller than for addition BeH: <
KZ9(5-OMe)KE(5-H) = 5.22 x 1072, KFO(5-OMe)KF(5-H) 4
= 1.42 x 1072 These ratios are much larger than for the
HOCH,CH,S™ reaction; i.e., replacing H with MeO is less 6 L n L L
detrimental than in the thiolate reaction. This is attributed to a 8 10 12 14 16 18
combination of reduced steric hindrance, by the smaller nu- PRI
cleophilic atom, and to a strong stabilization of the intermediate Figure 5. Bransted plots for the reactions BfOMe with alkoxide
and transition state by the anomeric efféct. ions and OH. @, log K?°; 4, log KZ°; A, log Ko™ W, log k=S,

(3) K9 is slightly lower for OH" addition to5-OMe than to
5-H: K'°(5-OMe)K;'9(5-H) = 0.30. This ratio is very similar
to the k¥9(5-OMe)Ki(5-H) ratio for CRCH,O~ (0.0522)

Table 2. Brgnsted Parameters and Intrinsic Rate Constants for the
Reactions of Thiolate and Alkoxide lons withOMe and5-H

discussed above and reflecting again the reduced steric effect___Parameter 5OMe SH°
compared to the thiolate reactions, combined with the anomeric 5 RS aSONluff%pgi'eS 017
effect. e ﬁ?? —0.59+ 0.04 —-0.72
(B) Brgnsted Parameters and Intrinsic Rate Constants. Be 0.76% 0.05 0.89
Bransted plots for the reaction with R&re shown in Figure o a 0.224+0.01 0.19
4, for the reaction with RO, including OH", in Figure 5. The ﬁﬂ“g —0.784+ 0.01 081
Brgnsted parameters are summarized in Table 2, which includes ﬁigsh 0.7
corresponding parameters f&fH and normalized Brgnsted log K3S 3.6640.03 5.17
coefficients and intrinsic rate constants. The former were RO" as Nucleophiles
obtained as the slopes of plots (not shown) of kB vs log Bruc 0.51 0.23
K" (Bpuo and of logkYj vs log K}" (B7); this gives more Big —0.97+0.01 -0.81
accurate values thafinudfeq and fig/feq respectively. The Peq 1.48 1.03
intrinsic rate constants, defined &§" = K" = K when ﬁgu;:a _8'2? _8'35
Nu _ . . . . .
K;" = 1 were obtained by suitable extrapolation of the log |OlS o 149 286

K" vs log K)" plots. The following points are of interest.

31, and 1, obtained from plots of loga and logk-s, respec-
tively, vs logKj, see text? No standard deviation given becayéés
based on two points only.Reference 12¢ No standard deviation given

(15) In the present context, the anomeric effei@fers to the stabilization
exerted by geminal oxygen atoise.g., in dialkoxy adducts such as

7-(OMe,OR). > o _
(16) (a) Kirby, A. G.The Anomeric Effect and Related Stereoelectronic because log; "~ is based on two points only.
Effects of OxygenSpringer-Verlag: Berlin, 1983. (b) Schleyer, P. v. R.; . .

Jemmis, E. D.; Spitznagel, G. W. Am. Chem. Sod.985 107, 6393. (1) Peq for RS™ addition to 5-OMe and to5-H is <1,
(17) (a) Hine, J.; Klueppl, A. WJ. Am. Chem. S0d.974 96, 2924. (b) indicating that carbon and proton basicities of Rffe not quite
\AViberg,tKMB-F;) S&Uifeséllg- RJI'I %heAfg ;ll'hgfmog%f@?g 113'8;75(57@) proportional. This is a common pattern in reactions of RS

arcourt, M. P.; More O’Ferrall, R. ABull. Soc. im. Fr . . e
(18) Bernasconi, C. F.; Killion, R. B., J3. Am. Chem. S0d.988 110, with electrophilic vinylic substrate®:'® The fnuc By, values

7506. for the RS reactions are quite small and tj3g (ﬁ[é) values
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for the reverse reactiork_R(f) is quite large. This suggests a
transition state with relatively little charge transfer and hence
presumably little bond formatiol?,as is typical for this type of
reactiong18

(2) The Brgnsted coefficient for the reaction®sOMe with
RO~ is considered approximate for two reasons. i)
Brue Py @ndfeq are based on two points only (H&CH,O™
and CRCH,0") because&® and KX° for MeO~ addition is
not measurable in DMSOA® and the negatively deviating OH
point is not a member of the ROfamily (cf. (5) below).
However, k¥ for R = Me was measurable and hengh is
based on threk's. (ii) The unknown X, values of HGECCH,-
OH and MeOH in 50% DMSO had to be estimaf@dDespite

Bernasconi et al.

which have been “corrected” for differences in the equilibrium
constants arising from different degreesmélonor, inductive/
field, steric, and anomeric effects on reactants and intermediates
in the various reactions. Hence, if at the transition state these
factors were proportional to bond formation (i.e., a “balanced”
transition state), the intrinsic rate constants should be the same
for all the systems. Their differences indicate “imbalanced”
transition stated©2> Specifically, the loss of resonance stabi-
lization of 5-OMe resulting from ther-donor effect is expected

to be farther ahead than bond formation at the transition 4tate.
The principle of nonperfect synchronization (PRfS}hen
predicts depressad® andk:° for 5-OMe relative to5-H. The
greater steric crowding in the intermediates derived fie@Me

. . S O :
these uncertainties, a comparison of the Bransted parametergnay also lowelkg® and kg if the steric effect develops ahead

in the RO reactions ob-H and5-OMe (Table 2) is meaningful

of bond formation at the transition stafe There are indications

because they were obtained similarly and potential uncertaintiesthat steric effects develop eaf$:. The large intrinsic rate

should cancel. We note thaf,.. and especiallyfeq is
substantially larger in the reaction 8fOMe: Seqis ~0.45 unit
higher than with5-H. The exaltedSn,c and feq values for
5-OMe may possibly result from the anomeric effect provided
that stabilization of the resonance structd2b by stronger
Meazih }/—_YH; o %’f“_(sjyﬂg ”;g %h ><CH3
l:C>,‘;o CH, *OR F>‘;o cH; ot CH,
[0}

13b

cl >
o
o

CHZ-CH/
14

13a

electron-donating R groups more than offsets the destabilizationphenomenon:

of 13a This would lead to a net stabilization @f(OMe,OR)
with increasing electron donation by R and translate fhtp>
1.

) Thek?S values for MeO departure fronv-(OMe,SR) in
the reactions of5-OMe with RS increase on increasing
pkE" Based only on the two points for MeOCH,-
CH,S and n-BusS, fpush = d log Ky /dpkE®" = 0.75. This
value is not precise but is clearl0. The push results from
the developing resonance in the produt®)(which becomes
stronger with increasing basicity of the RS group. Tﬂfé
value for HOCHCH,S", which is larger tharky> for the other
two RS-, does not fit into this correlation. This may be

constant differences for the reactions ®OMe and5-H are
consistent with a steric contribution.

(5) Thek, values for the RO reactions are all substantially
smaller than for the corresponding R®eactions, i.e., log
ki© = 1.49 vs logkq> = 3.66 with5-OMe, and log° = 2.86
vs k¥ = 5.15 with5-H. The stronger solvation of ROthan
of the RS 2930 undoubtedly contributes to this result. The
partial desolvation of the nucleophile which is typically ahead
of bond formation at the transition st&té! depresses lo@,
more for the RO reactions. The negative deviationl§t" for
OH~ addition to5-OMe from the Brgnsted line defined by
CRCH,O~ and HGECCH,O~ (Figure 5) reflects the same
OH solvation exceeds RO solvation 30:32
making k3" even lower tharkg®.

A second factor that may increakgfor the RS reaction&®
is the greater polarizability of the RSons which is the major
reason their carbon basicity is generally unusually high relative
to their proton basicity33* In Pearson® terminology, the
reaction of RS with the vinylic substrate leads to a favorable
soft—soft interaction, compared with a less favorable kard
soft interaction in the reaction of RO If one assumes that the
soft—soft interaction runs ahead of bond formation at the
transition state, the PNS predicts an increasklh

(6) The potential contribution by the anomeric effect to log
ky" in the reaction of RO with 5-OMe is insignificant since

attributed to intramolecular hydrogen-bonding assistance by thethe differences, lodl® — KX© are essentially substrate inde-

OH group (cf.14).

(4) The intrinsic rate constants for nucleophilic addition to
5-OMe (log k¥ = 3.66, log Ki° = 1.49) are substantially
lower than for addition to5-H (log k§° = 5.15, logkg° =
2.86)2% Intrinsic rate constants are purely kinetic quantfes

(19) This is the traditional interpretation Sfuc or An,-2° However, the
use of Brnuc OF By @S @ measure of transition-state structure has been
questioned!:

(20) (a) Leffler, J. E.; Grunwald, ERates and Equilibrium of Organic
ReactionsWiley: New York, 1963; p 128. (b) Kresge, A. J. Proton-
Transfer ReactiongCaldin, E. F., Gold, V., Eds.; Wiley: New York, 1975;
p 179. (c) Jencks, W. RChem. Re. 1985 85, 511.

(21) (a) Johnson, C. Dretrahedron198Q 36, 3461. (b) Pross, Al.
Org. Chem.1984 49, 1811. (c) Bordwell, F. G.; Hughes, D. J. Am.
Chem. Soc1985 107, 4737.

(22) The X4 values of HGECCH,OH and CECH,OH in H,O are 13.55
and 12.37, respectively (Ballinger, P.; Long, F.JAAm. Chem. S0d96Q
82, 795), while the 5 of CFsCH,OH in 50% DMSO-50% H0 is 14.0%2
Assuming identical K4(50% DMSO)— pK4(H20) for HC=CCH,OH and
CRCH,OH (1.63), we estimateliy of 15.2 for HGECCH,OH in 50%
DMSO-50% H0O. Using similar arguments, aKp of 17.2 has been
estimated for MeOH2

(23) Even though the uncertainty f,,. for the reaction 06-OMe with
RO~ implies an uncertainty in log, of perhaps as much as0.5 log unit,
clearly K3°(5-OMe) < KZ°(5-H).

pendent, i.e., lod¢® — log K3° = 5.17-2.86 = 2.3 for 5-H
and 3.66-1.49= 2.17 for5-OMe.

(24) (a) Marcus, R. AAnnu. Re. Phys. Cheml964 15, 155. (b) Marcus,
R. A. J. Phys. Cheml1968 72, 891.

(25) Jencks, D. A.; Jencks, W. P. Am. Chem. Sod.977, 99, 7948.

(26) (a) Bernasconi, C. Acc. Chem. Red987 20, 301. (b) Bernasconi,

C. F.Acc. Chem. Red.992 25, 9. (c) Bernasconi, C. FAdv. Phys. Org.
Chem.1992 27, 119.

(27) The PNS states that if the development of a product-stabilizing factor
lags behind bond changes or charge transfer at the transition lstase,
reduced. The same is true if the loss of a reactant-stabilizing factor runs
ahead of bond changes or charge transfer. For product-stabilizing factors
that develop early or reactant-stabilizing factors that are lost latés
enhanced®

(28) In the context of the PNB steric crowding is a product-destabilizing
factor which depressds if it develops ahead of bond formation.

(29) (a) Parker, A. JChem. Re. 1969 69, 1. (b) Bordwell, F. G.;
Hughes, D. LJ. Org. Chem1982 47, 3224. (c) Taft, R. WProg. Phys.
Org. Chem.1983 14, 247.

(30) Jencks, W. P.; Brant, S. R.; Gandler, J. R.; Fendrich, G.; Nakamura,
C.J. Am. Chem. S0d.982 104, 7054.

(31) Hupe, D. J.; Jencks. W. B. Am. Chem. S0d.977, 99, 451.

(32) Kresge, A. JChem. Soc. Re 1973 2, 475.

(33) Sander, E. G.; Jencks, W. P.Am. Chem. S0d.968 90, 6154.

(34) Hine, J.; Weimar, R. D., Jd. Am. Chem. Sod.965 87, 3387.

(35) Pearson, R. G.; SongstadJJAm. Chem. Sod.967, 89, 1827.
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Table 3. Comparison of Rate and Equilibrium Constants for the smaller thanAlog kgT, in line with the pattern that the PNS
Reactions o6-OMe and4-OMe with Selected Nucleophiles effect of delayed resonance development is weaker in nucleo-

parameters  5-OMe 4-OMe logG-OMe/4-OMe) philic additions to PhCHCXY than in deprotonation of
pKCH 470 793 3.23 RCHXY-type acid8¢37 A major reason for this attenuation
K?g‘, M-t 2.57x 10 7.65x 108 0.53 is that in PhCH=CXY C, is already sphybridized, which
S M5t 4.40x 10° 3.90x 10 2.04 reduces the imbalan&37 Another is steric hindrance in the
S st 1.71 5.10x 102! 1.53 intermediate carbanion which precludes it from achieving full
KBS 51 216x% 10-4 9.6x 106" 1.35 planarity and hence from maximizing the resonance effect.
|og k?s 3.66 2.16 1.50 .

log kSTC 3.90 —-0.258 4.15 Conclusions

KFO, M= 9.81x 10° 1.45x 10%¢ 0.83 (1) Stabilization of the intermediate in the reaction§@Me

Ko Mtst 1.57x 10° 0.7% 3.33 with RS, RO™, and OH is sufficient to render the equilibrium
KES, f;ol 1.60x 10°2 5.03x 10709 2.50 of the first step favorable. With RSand RO, conversion of

log k, 1.49 ~=1.53 . 3.04 the intermediate to products is also slow enough to permit its
K, Mtst 541x 1022 6.91x 105h 2.89 direct observation. With OHthe acidity of the OH group in
K 2.98x 107 2.37x 107 3.10 the intermediate provides faster pathways to products, rendering

aRS" = HOCH,CH:;S; RO~ = CRCH,0. 5pkS refers to the intermediqte undetectable. o
Meldrum’s acid and PhCINO,, respectively® PT, proton transfer from (2) Comparison of rate and equilibrium constants for nucleo-

Meldrum’s acid and PhCHNO,, respectively, to secondary alicyclic  philic addition to5-OMe and5-H reveals the strong role played
amines.® Reference 8¢Reference 7¢Reference 29 Reference 3a. by steric crowding in7-(OMe,SR) and7-(OMe,OR), by the

i RS _ L
hliseference 13'|°9(§§OM6/4'OM9) rifser_s to A;gg Ki” = log n-donor effect of the methoxy group on the stabilization of
K; (5-OMe) — log Ky 14-OMe), Alog k;” = log ki (5-OMe) — log 5-OMe and by the anomeric effect in stabilizing-QMe,OR)

ki 7(4-OMe), etc. pK;"(PhCHNOy) — pK;"(Meldrum’s acid). and7-(OMe,OH).

(3) The intrinsic rate constants are lower for addition to
5-OMe than ta5-H, due to the loss of the-donor effect of the
MeO group being ahead of bond formation at the transition state.
There may also be a steric contribution to the lowerindof

(4) The intrinsic rate constants for nucleophilic addition to
- " . 5-OMe are higher than for addition #OMe. This reflects
CFCH,O™ addition are somewhat higher f5fOMe than for the fact that for the reactions 6fOMe resonance makes a much

RS _ RO _ H
4-OMe (Alog K;~ = 0.53,Alog Ky~ = 0.83)* This reflects  gyajier contribution to the stability of the intermediate than in
the stronger electron-withdrawing effect of the cyclic diester 4 reactions ofi-OMe.

moiety of5-OMe compared to the phenylnitro moietytbngMe. (5) MeO~ departure from7-(OMe,SR) is subject to a
However, theAlog Ky are much smaller than thapKz™ of significant push by the RS group left behind due to the
3.23 between Meldrum’s acid and Ph@D,. The rather small developing resonance in the produt®) With R = HOCH,-

Alog K; values probably reflect the more severe steric crowding CH,, intramolecular assistance of Me@eparture leads to an
in the intermediate derived frors-OMe which depresses its enhanced®S value
A .

KT® andKf° more than fod-OMe. This is consistent with the

(C) Comparison with the Nitrostilbene System. In Table
3 equilibrium and rate constants and intrinsic rate constants are
compared for the reactions &3-OMe and 4-OMe. The
following features are of interest.

(1) The equilibrium constants for HOGBH,S™ and

much smallerAlog K?s for the comparison betweesrOMe Experimental Section

and 4-OMe than betwee’-H and4-H (0.53 vs 3.8?) where _ _ ,

steric crowding should be weaker, and with the smahiog Materials. Methoxybenzylidene Meldrum’s acid>{OMe) was
Kias = 0.53 thanAlog K?o — 0.83 for the bulkier sulfur prepared by reacting a mixture of 1.6 g (11 mmol) of Meldrum’s acid

. with 10 g (55 mmol) of trimethyl orthobenzoate for 24 h at %G
nucleophile. under nitrogen. The excess ester was distilled off at@3°C (12
(2) The rate constants for HOGEBH,S™ and CECHO™ mmHg). Recrystallization of the brown residue from Cktetroleum
addition to5-OMe are substantially higher than for addition to  ether (bp 66-80 °C) gave white crystals (33% yield), mp 156 °C
4-OMe (Alog K& = 2.04, Alog K{° = 3.33). TheseAlog (dec). Anal. Calcd for @H:0s: C, 64.11; H, 5.38. Found: C, 63.82;
k?® and Alog ki values are larger than the corresponding H. 5.29. *H NMR (CD:Cl;) 0 1.70 (6H, s, CH), 3.69 (3H, s, CHO),
Alog KE® and Alog KE© values; i.e., the kinetic advantage of /-20 (51, m, Ph). Hydroxybenzylidene Meldrum's acQ@H) was

. ! ) prepared by hydrolyzing-OMe in a 2:1 (v/iv) DMSO-H,0 mixture
the reactions ofs-OMe over those o-OMe exceeds the in the presence of 0.3 M NaOH. After 2 h, the solution was poured

thermodynamic advantage. Likewise, & ._a_nd_kﬁ(f values into water, acidified with HCI, and extracted with ether. The ether
are higher fol>-OMe despite the smaller equilibrium constants was evaporated, and the white solid obtained was recrystallized from
(Alog kﬁf = 1.53,Alog kﬁ? = 2.50). This arises from higher ether, giving a white powder, mp 114dec): *H NMR (DMSO-ds)
intrinsic rate constants for the reactions®OMe than for the 01.76 (6H, s, CH), 7.50 (5H, m, Ph); IR 23082800 cn1t (br, OH).
reactions of4-OMe (Alog kORS: 1.50, Alog kgo ~ 3.04). All other materials were commercial and purified as described

The main reasok, is higher for reactions d5-OMe is that before? Reaction solutions were prepared and pH measurements were
resonance contributes less to the stability of the intermediatesPerormed as described earlfér.

: . ) . In Situ Generation of T-(OMe,SR) and T-(OMe,OR). 50OMe
than in the reaction of-OMe. Since resonance development was added to an excess of RSH/RS ROH/RO' buffers prepared in

lags behind bond formation at the transition stdtk, for the _ MeOH by reacting the respective RSH or ROH with KOMe. The
4-OMe should be lower. This resembles the deprotonation g tions were quite stable and allowed the taking of absorption spectra
behavior of Meldrum’s acid and PhGNO, (Alog ky' = of the respective intermediate. They also were used to measure the
4.15). However,Alog k('fs and Alog k§° are substantially rate of decomposition of the intermediates by injecting small volumes
into the appropriate buffer in 50% DMSO.

(36) For the definition ofAlog KT, Alog KF°, Alog K75, etc., see
footnotei in Table 3. (37) Bernasconi, C. FTetrahedron1989 45, 4017.
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Product Analysis. Products were analyzed on a Hewlett-Packard hydrolysis of5-OMe, the substrate (in MeCN) was only added a few
1090M HPLC system. Best separations were achieved with an Alltech seconds prior to firing the stopped-flow apparatus.
Altima 5 um, 4.6 mmx 250 mm Gs column, with the following

gr)adient system:( (slolvent ?) 0.02 M phosphate buffer, pH 6.0; (solvent Acknowledgment. This research was supported by Grant

B) 40% MeCN; (solvent C) 80% MeCN. From 0 to 1 min, 100% A; _ . . .

from 1 to 20 min, gradient from 100% A to 100% B; from 20 to 23 CHE-9307659 from the Natlona_l S(_:Ience F_oundatlon (C._F.B.)
and a grant from the U.Slsrael Binational Science Foundation,

min, 100% B; from 23 to 28 min, 100% C. The flow rate was 1.5 . ..
mL/min: the effluent was monitored at 255, 285, and 335 nm. Jerusalem (Z.R.). We thank Mrs. Ettie Joseph for preliminary

Spectra, K, of 5-OH and Kinetic Measurements. UV spectra synthetic work.
were obtained on a Hewlett-Packard 8452A diode array spectropho-
tometer. The K, of 5-OH was determined by standard spectropho- Supporting Information Available: Figures 1S-3S (3
tometric methodology. Reactions wihysq < 10°2s* were monitored  pages, print/PDF). See any current masthead page for ordering
on a Perkin-Elmer Lambda 2 spectrophotometer. For reactions with j,formation and Internet access instructions.
kobsa > 1072 s71, the measurements were performed on an Applied
Photophysics DX.17MV stopped-flow apparatus. Due to the rapid JA9743102



