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Detection and kinetic characterization of

S,V intermediates. Reactions of
thiomethoxybenzylidene Meldrum’s acid with
thiolate ions, alkoxide ions, OH-, and water in
aqueous DMSO

Claude F. Bernasconi, Rodney J. Ketner, Xin Chen, and Zvi Rappoport

Abstract: The reaction of thiomethoxybenzylidene Meldrum’s actkd§Me) with thiolate and alkoxide ion nucleophiles

is shown to proceed by the two-step addition—eliminatigiV $nechanism in which the tetrahedral intermediate
accumulates to detectable levels. For the reactions with thiolate ions, rate constants for nucleophilic agtfijioits (
reverse kBX), and for conversion of the intermediate to produd®*j were determined. For the reactions with

alkoxide ions, onlyk®™* andk®* could be obtained; the intermediate in these reactions did not yield the expected
substitution products, and hence k®* values could be determined. The reaction with Citid water are believed to
follow the same mechanism, but the respective intermediates remain at steady-state levels, ankylezo for
nucleophilic attack orb-SMe were measurable. New insights regarding structure—reactivity behaviggMré&actions

are gained from comparisons of rate and equilibrium constants in the reactidSMe with the corresponding
parameters in the reactions of methoxybenzylidene Meldrum’s &:id\le) and benzylidene Meldrum’s acid{H). In
particular, the relative importance of steric ardlonor effects of the MeS vs. MeO group $aSMe and 5-OMe,
respectively, and their role in affecting the intrinsic rate constants for nucleophilic addition, has been clarified by these
comparisons. Our results also add support to a previous suggestion that soft—soft type interactions tend to increase
intrinsic rate constants for thiolate ion addition to vinylic substrates, espe&eafiyle with the soft MeS group.

Key words nucleophilic vinylic substitution, intrinsic rate constants, transition state imbalances, rsoivdr/anomeric
effects.

Résumé: On a démontré que la réaction du thiométhoxybenzylidene de l'acide de Meld&8M¢ avec des

nucléophiles comme les ions thiolate et alcoolate se produit par un mécanisme d’addition—€limination en deux étapes,
SyV, au cours duquel 'accumulation de l'intermédiaire tétraédrique est telle qu'il est possible de le détecter. Pour les
réactions avec les ions thiolates, on a déterminé les constantes de vitesse de I'addition nuclgdphitie (la réaction
inverse kBX) ainsi que celle de la conversion de l'intermédiaire en prodif&); Pour les réactions avec les ions
alcoolates, on n'a pu déterminer que les valeurs(@ie et dekR¥; dans ce cas, I'intermédiaire ne conduit pas aux
produits de substitution attendus et on n’a donc pas pu déterminer les valekf$.d@n suppose que les réactions

avec 'eau et avec l'ion OHse produisent par le méme mécanisme; toutefois, les intermédiaires respectifs se
maintiennent aux niveaux de I'état stationnaire et, pour les réactions nucléophiles &+&Me on ne peut mesurer

que les valeurs d&®" et lep . On a développé une meilleure compréhension du comportement structure—réactivité
dans les réactions\® en procédant & des comparaisons des constantes de vitesse de réaction et d’équilibre dans les
réactions dub-SMe avec les parametres correspondants dans les réactions du méthoxybenzylidéne de I'acide de
Meldrum (-OMe) et du benzylidéne de I'acide de Meldrurh-H). Ces comparaisons ont permis, en particulier, de
clarifier 'importance des effets stériques et donnemides groupes MeS par rapport a MeO respectivement dans les
composésh-SMe et 5-OMe et de leur réle sur les valeurs intrinseques des constantes de vitesse de réaction de
I'addition nucléophile. Nos résultats confirment une suggestion faite antérieurement a I'effet que les interactions de
type mou-mou tendent a augmenter les constantes intrinséques des vitesses de réactions pour les réactions d’addition de
I'ion thiolate sur des substrats vinyliques, particulieremens{8Me comportant le groupe mou MeS.
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Mots clés: substitution vinylique nucléophile, constantes intrinseques de vitesses de réaction, déséquilibre dans état de
transition, effets stériques/donnemanomere.

[Traduit par la Rédaction]

Nucleophilic substitution at vinylic carbon (8) is an important reaction that may proceed by a variety of different mecha-
nisms (1-7). With substrated)(moderately or strongly activated by electron withdrawing substituents)(Xhe preferred
mechanism involves two steps as shown in eq. [1] wherei®lan anionic nucleophile, and LG is the anionic leaving group.

Y ky Py R Y
[1] R)c:c( + Nu =—= m—ﬁ:—c\f:- —2» =" +LG
’ = 7/ )
LG Y k—l Nu Nu Y
1 2 3

Recent research in our laboratory has focused on reactions of strong nucleophiles with highly activated substrates that have ¢
sluggish leaving group where the intermediate accumulateletectable levels. Early examples include thactions of3-
methoxyea-nitrostilbene,4-OMe, and 3-thioalkoxy-a-nitrostilbene,4-SR, with thiolate ions (8, 9); for other examples see

refs. 10-13. Recently, we have reported that in the reactions of thiolate and alkoxide ions with methoxybenzylidene
Meldrum’s acid,5-OMe, the respective intermediates are also directly observable (14).

Ph NO, Ph 0, Ph H;
\ N N\
e TS o'
MeO Ph rRs”  ph MO’ d ‘cu,
o]

4-OMe 4-SR 5-OMe

Our main motivation in searching for systems that allow direct observation of the intermediate is that all rate constants in
eq. [1] k;, k4, andk,) can be determined. A systematic study of how these rate constants depend on,th&Nand Y,Y is
expected to help unravel the complex interplay of the various factors that affect reactivigvine&ctions. Apart from the
basicities of nucleophile and leaving group, these factors incledenor effects of the leaving group as well as the
nucleophile (once attached to the substrate), anomeric, steric, polarizability, inductive/field, and resonance effects of the acti-
vating groups, and possibly others.

In the present paper we report on our study of the reactions of thiomethoxybenzylidene Meldrum’s-&tie, with
thiolate and alkoxide ions as well as OBind water in 50% Mg&SO — 50% water (v/v). Just as wiBiOMe, the respective in-
termediates in the reactions B¥SMe with thiolate and alkoxide ions (but not with OHwere directly observable. However,
the reactivity patterns with-SMe show some important differences compared to those &i@Me. Of particular interest
are the insights gained not only from comparisons betwe&Me and 5-OMe but also from those betweénRSMe and the
unsubstituted benzylidene Meldrum’s acidH (15), and especially from comparison iatrinsic rate constantsfor the vari-

ous compounds.
H
Ph_ } 3 Ph_ H,
/C_ L=
MeS )— CH, H CH,
0

5-SMe 5-H

Results

Reaction of 5-SMe with OH and water
The rate of hydrolysis 06-SMe conforms to eq. [2], as for the hydrolysis 6fOMe (14). The organic product is
the same as in the hydrolysis 6fOMe, i.e.,5-OH,% which under most conditions is present in the form of its anion

2The intrinsic rate constant of a reaction with a forward rate congtaand a reverse rate constaa is defined ask, = k; = k_; when the
equilibrium constank; = 1 (AG°® = 0).
3The identification of5-OH has been described elsewhere (14).
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Fig. 1. Reaction of5-SMe with HOCH,CH,S™ at pH 10.58 in Fig. 2. Reaction of5-SMe with CF;,CH,O™ at pH 14.00 in 50%

50% DMSO - 50% water at 20°C. Pseudo-first-order rate DMSO - 50% water at 20°C5fSM¢g], = 8.0 x 10° M.

constants of the second (slow) process according to eq. [6]. Spectruma representb-SMe taken in a neutral solution in the
0.12 absence of CfEH,0; all other spectra are at pH 14.00 in the

presence of 0.15 M GEH,O™. Spectrumb taken approximately
5 s after mixing, spectrurna taken 5 s afterb, and all other
spectra taken at additioh& s intervals for 120 s.
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6~ (pK,(5-OH) = 1.06) (14). The main difference between 0.0
the hydrolysis of5-SMe and 5-OMe is that the reaction of

5-SMe is several orders of magnitude slower. Wavelength, nm

[2] Kobsd = K, 0+ Kol OH'] thiolate ions, the spectra of the corresponding intermediates
. ] . ) were easily obtained (14, 15) because the equilibrium con-

Reaction of 5-SMe with thiolate ions stants for thiolate ion addition are much higher, so that much

When5-SMe is mixed with a thiolate buffer two kinetic |ower [RS] could be used.)
processes are observed. The first is on the stopped-flow time

scale and leads to a loss of absorption at 335 nm, which is R
the Ao« Of 5-SMe This is consistent with addition of R$o KRS h0>‘/— H,
5-SMe according to eq. [3]. The spectrum of the intermedi- 5.SMe + RS™ =——>= MeS i(_ U _
ate,5-(SMe,SRY, which is expected to be similar to that of 3] kRS C>‘\_O CH
intermediates derived from the addition of thiolate or SR/ 3
alkoxide ions tob-OMe (14) and5-H (15) or alkoxide in ad-
dition to 5-SMe (Apax =260 nm, see below), could not be re- 5-(SMe,SR)~
(} CH, \ >— CH;
= ;_ /9:, \ 5—(3< +H' The kinetic data conform to eq. [4]. Some of the plots of
CH, o’ >—O CH,3 Kopsd VS- [RS] have measurable intercepts that yield an ap-
0 proximate value fokRS kRS andkRBS values are reported in
5-OH Table 1.

— LR RS
corded. This is because at the relatively high thiolate ol Kobsa = KRST+ ki
concentrations (>186 M) required to push the equilibrium of ~ The second process is much slower, with., showing a
eqg. [3] to the right there is strong interference by thenonlinear dependence on [RSFig. 1). This is consistent
absorbance of RS(In the reactions 06-OMe or 5-H with  with conversion o6-(SMe,SRJ to 5-SRaccording to eq. [5].

kB kFS  Ph 05— H,
[5] 5-SMe + RS == 5-(SMe,SR) —2>» C‘ + MeS
RS’ d CH,
0]
5-SR
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Table 1. Summary of rate and equilibrium constants for the reactions-8Me, 5-OMe, and 5-H with various nucleophiles in 50% DMSO — 50% water (v/v) at 200G
0.5 M.

RX™ pR X k™ (M s™) KB (s K (M k&> (s7) KE* KB
5-SMée?
n-BuS 11.40 (1.68+0.02) x 10 0.74+0.18 (2.26 £0.29) x 18 0.404 +0.01 0.55
HOCH,CH,S" 10.56 (9.22+0.12) x 1O 2.78+0.28 (3.32+£0.27) x 18 0.115 + 0.002 4.14 x 18
MeO,CCH,S" 8.83 (7.17 £0.15) x 10 22.3+0.1% (3.21£0.17) x 16 (2.69 £0.01) x 16? 1.21 x 10°
HC=CCH,O~ 15.2 (1.04 £0.04) x 19
CF,CH,O" 14.0 1.41+0.12 (4.93+0.91) x 16® (2.86 £ 0.35) x 16 <(2.30 £0.10) x 16% <0.47
OH- 17.33 (6.43 £0.06) x 10
H,O -1.44 (2.80 £ 0.40) x 16
5-OMe¢
n-BuS 11.40 6.70 x 16 0.395 1.70 x 19 1.11 x 10* 2.81 x 104
HOCH,CH,S" 10.56 4.40 x 16 1.71 2.57 x 16 2.16 x 10* 1.76 x 10*
MeO,CCH,CH,S" 10.40 4.43 x 16 2.00 2.22 x 16 1.98 x 10°
MeO,CCH,S" 8.83 2.40 x 16 14.0 1.71 x 18
HC=CCH,0O~ 15.2 4.61 x 18 1.06 x 10° 4.35 x 16
CF;CH,O" 14.0 1.09 x 18 1.60 x 10?2 6.81 x 1d <3.81 x 10*
OH- 17.33 5.41 x 1%
H,O -1.44 2.98 x 10¢
5-H
n-BuS 11.40 2.48 x 10 4.25 x 10° 5.89 x 161
HOCH,CH,S" 10.56 1.44 x 10 2.68 x 10* 5.38 x 13°
MeO,CCH,S" 8.83 8.82 x 16 3.35 x 10° 2.63 x 10
HC=CCH,O~ 15.2 3.93 x 16 4.71 x 10* 8.34 x 10
CF;CH,O" 14.0 2.06 x 16 3.25 x 10° 6.43 x 16
OH- 17.33 1.80 x 19 1.57 x 107 1.15 x 16°
2This work.

PCalculated akR* = kRX/KRX with KX from eq. [6]; thekRX values based on eq. [4] are 0.48, 2.96, 26.4, and 0.04fbrsn-BuS, HOCH,CH,S", MeOQ,CCH,S", and CRECH,O", respectively; the
former values are considered more accurate.

¢ Average value based on determinations at 260 and 335 nm.

YReference 14.

®In units of s

"The value 2.30 x 10 refers tok, in eq. [9]; depending on which explanation holds for the reactioB-&Me,OCH,CF,)~, k¥* is eitherk, or <k, see text.

‘e 10 1uooseulog

/89
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In this case, the nucleophilic addition step acts as a fadfig. 3. Reaction of5-SMe with CF;,CH,O™ at pH 14.59
preequilibrium, andk,,s4is given by eq. [6]. monitored at 260 nm or 335 nm in 50% DMSO - 50% water at
KR¥RIRS] 20°C. Pseudo-first-order rate constants of the second (slow)
[6] Kopsg = ———2 >4 process according to eq. [9].
L+ KRS] 000

KRS and k&S values determined by nonlinear squares fit to
eg. [6] are summarized in Table 1.

The observed spectral changes call for comment. At low
[RS] (KFYRS] << 1) the change in absorbance at 355 nm
(Amax Of 5-SMe) is small. This is because the reaction repre-

0.015

sents conversion di-SMe into 5-SR with 5-(SMe,SRY act-
ing as a steady-state intermediate, and the spect&a3IR
are similar to that o6-SMe At intermediate [R] (K;[RST]

> 1), the changes in absorbance are large because the rez

tion refers mainly to conversion d-(SMe,SR) to 5-SR,
and5-(SMe,SRY absorbs very little at 335 nm. As [RSs

increased further, the observed changes in absorbance d
crease again. This is because the product is a mixtue of

SR and the symmetrical addu&:-(SR,SR) that is rapidly

formed by addition of RSto 5-SR This adduct has a simi-

lar absorption spectrum &s(SMe,SR), which is the “reac-
tant” under these conditions.

Reaction of 5-SMe with alkoxide ions
The reaction of5-SMe with a CRCH,O™ buffer at high

—_

0.010

kobsd’ s

0.005

0.000 ' ' ' ' : '
0.00 0.05 0.10 0.15

[RO], M

0.20

[CF;CH,O7] is characterized by three kinetic processes. The L L . :

fastest one leads to a rapid loss5eBMe it is accompanied ~©ON€ Of two possible interpretations) The intermediateb-

by the formation of a new species at 260 nm. The spectrur>Me,0CH,CF5)", undergoes a reaction other than loss of
of the latter is characteristic of a tetrahedral intermediate,MeS’, leading to an unidentified product that eventually

consistent with the formation &-(SMe,OR) (R = CKCH,),
eg. [7]. The spectral changes are shown in Fig. 2.

R T ?‘ = H,
5-SMe + RO === MeS—C—C! -
[7] k50 OR }—0 CH,
0
5-(SMe,OR)”

The second process leads to a product withh,a, =

306 nm (Fig. 2). It is unclear what this product is. It cannot
be the substitution produ&-OCH,CF; because its rate of
hydrolysis is expected to be much faster than the rate of th
transformation of5-(SMe,ORY into the new species at
306 nm. (The hydrolysis 08-OCH,CF3 can be expected to [g]

be at least as fast as hydrolysis®OMe. At pH 14.59 and

hydrolyzes to6™. (ii) 5-(SMe,OCH,CF;)~ is converted tdb-
OCH,CF3 but then rapidly reacts and forms an unidentified

Q

H

Ph\ ?’ 3
L=

CF,CH,0 )_ CH,
d

5-0CH,CF,

product that is eventually converted &o.

With respect to the kinetic determinations, the rates for
the first process were measured at pH 14.59 by monitoring
the reaction at 335 and 260 nm. The data are consistent with

eg. [8].
Kobsd = ka[RO_] + Kon[OH]

14.01, the conditions under which the second process wabhere is a contribution by the hydrolysis reactidgOH]

measured kineticallyk,,.q for the hydrolysis of5-OMe is
27 and 7.2 3, respectively, while thek,,.q values for the
second process range from 1.06 x 3@ 1.80 x 10° s},

depending on [CFCH,O].) The spectrum of the new spe- constant K,gsoc =

cies is indeed inconsistent with-OCH,CF; whose spec-
trum should be similar to that d-OMe (Ay.x = 278 nm)

term) that becomes significant at low [RIOkRC was deter-
mined from the slope of plots d§,,sq— kon[OHT] vs. [ROT]
(not shown). ([RO] was corrected for the homoassociation
1.8 MY (10) of CRCH,O" with
CF;CH,0H.) The reportedf° value in Table 1 is the aver-
age ofkl® = 1.53 + 0.04 M st at 335 nm and 1.28 + 0.02

(14). But the spectrum is also inconsistent with the hydroly-at 260 nmk&P is too small to be obtained from these exper-

sis productt™ (Anax = 284 nm) (14);6 is eventually formed,

iments.

but on a much slower time scale which corresponds to the The rates of the second process were measured at
third kinetic process mentioned earlier. Our results requirggH 14.59 f = 260 nm) and pH 14.0IA(= 300 nm). A plot

41t is virtually identical to the spectra d§-(OMe,SR) generated by the reaction 6f§0OMe with RS (14).

© 1999 NRC Canada
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Fh No;
4
MeS MeO—C—C
oy Ph
H
5-(SMe,OH)™ 5-(OMe,OH) 4-(OMe,OH)™
of Kopsa VS. [ROT] is shown in Fig. 3. It is consistent with hydrolysis reaction, i.eky o = H20 andkoy = kO, respec-
eq. [9], tively (eq. [2]).
RO —

[O]  Kobsa = K IRO] ky Structure—reactivity relationships

1+ KRORO
A. Equilibrium constants for nucleophilic addition
with KR© being the equilibrium constant for eq. [7], akg It is instructive to compare the equilibrium constants for
referring to the unknown reaction that depletes the intermenucleophilic addition tdb-SMe with those for addition td®-
diate. Least-squares analysis of the data according to eq. [#] and5-OMe, which are included in Table 1. Irrespective of
yields KR = (2.86 + 0.35) x 1Mt andk, = (2.30 £ 0.10) the nucleophile, the relative magnitude of these equilibrium
x 102 st constants follows the ordeff* (5-SMe) << KX(5-OMe)
The kinetic behavior of the reaction 05-SR with << KPX(5-H). For example, for HOCKCH,S as the
HC=CCH,O~ is similar to that for the reaction with nucleophile, the ratioKY5-SMe):KRFY5-OMe):KFY5-H)
CF,;CH,O. However, the rate measurements for the secondre 6.2 x 10%4.8 x 10":1; for the other thiolate ions, these
process gave irreproducible results which are not reportedatios are quite similar. For GEH,O™ as the nucleophile,

and hence onlkR® could be determined. the ratios KRO(5-SMe):K°(5-OMe): KRO(5-H) are 4.5 x
10%1.7 x 10%1.

Discussion These trends result from an interplay of differences in
steric, inductive/field,redonor, and anomeric effects on the

Detection of the intermediate three reaction systems. These factors affectkfi& values

As is the case fob-OMe, the respective intermediates in the following way. () The increasing size in the order H
5-(SMe,SRY in the reactions of5-SMe with n-BuS, << OMe << SMe leads to increasing steric crowding in the
HOCH,CH,S", and MeQCCH,S", and the intermediates- ~ adduct and hence loweis™ for both 5-OMe and 5-SMe
(SMe,OR)” in the reactions with HECCH,O- and relative to5-H, and more so foB-SMe?® (ii) The electron-
CF,CH,O™ all accumulate to detectable levels under the apWithdrawing inductive/field eﬁect_ should enhance both
propriate conditions. As has been discussed in detail elsét (5-OMe) and Ki¥(5-SMe) relative to Kf™ (5-H), and
where (8-13), the requirements for the intermediate to b&omewhat more so fdB-OMe.° (iii) The redonor effect of -
detectable are that the equilibrium of the first step is favorthe MeO and MeS groups that leads to resonance stabiliza-
able (RX[RX] > kRX or KRX[RX] > 1) and that the rate of tion of 5-XMe (see5-XMe *) reducesK* for 5-OMe and
formation of the intermediate is faster than its rate of con->-SMe relative t05-H, with the effect onK{™(5-OMe) be-
version to productskfX[RX] > k&X). These conditions are iNg 'ghe strongest.(iv) The anomeric effect is an adduct sta-
evidently met in the reactions 6£SMewith RS and RO. p|l|zmg fact(_)r that mainly affects the dialkoxy intermediates

The only intermediate that has remained elusive under ail the reactions 06-OMe with RO~ ® and enhance*°(5-
conditions is5-(SMe,OH) in the hydrolysis reaction. The OMe) relative toK{(5-SMe) and K°(5-H).
reasons for this are the same as why the corresponding inter- For the thiolate ion reactions, the steric artdionor ef-
mediates such & (OMe,OH)™ (14) and4-(OMe,OH)~ (16) fects appear to be the dominant factors, dramatically reduc-
have not been detectable: their conversion to products vilg K£5-OMe) and Kf'Y5-SMe) relative to K'Y5-H),
two pathways not available to intermediates lacking the OHgreatly offsetting the inductive/field effect. The fact that
group is faster than their formation and turns them intoK{(5-SMe) is smaller tharkK*Y5-OMe) indicates that the

steady-state intermediates. One of these additional pathwagéeater steric effect of the MeS group combined with the
is intramolecular acid Cata|ysis of |eaving_group departuresomeWhat weaker inductive/field effect are dominant in this

by the OH group (10, 11, 16). The other involves rapidcomparison and more than offset the weakefonor effect
deprotonation of the OH group, generating the dianionicof the MeS group. Overall, when comparing tig° values

form of the intermediate which expels the leaving group©f the three substrates, the steric effect emerges as the most
much more rapidly than the monoanionic form (10, 11, 16).important factor. _

Note that the rapid conversion 6t(SMe,OH) to products For the alkoxide ion reactions th¢f*° values for5-SMe
implies that attack by water and OFs rate limiting in the ~and5-OMe are not as strongly depressed relativéft for

5Taft's steric substituent constang, are —0.55 for MeO and —1.07 for MeS, respectively (17), while Charton’sw8alues are 0.36 for
MeO and 0.64 for MeS, respectively.

60- = 0.30 and 0.20 for MeO and MeS, respectively (19).

"0r = —0.43 and -0.15 for MeO and MeS, respectively (19).

81n the present context, the anomeric effect (20, 21) refers to the stabilization exerted by geminal oxygen atoms (22—25), e.g., in dialkoxy
adducts such as-(OMe,OR).

© 1999 NRC Canada
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Table 2. Brgnsted coefficients and intrinsic rate constants for the Fig. 4. Reaction of5-SMe with n-BuS", HOCH,CH,S", and
reactions of5-SMe, 5-OMe, and5-H with thiolate and alkoxide =~ MeO,CCH,S". Plots of logkRS (@) and logkRS (O) vs. log

ions. KRS, The point where the two lines intersect corresponds to log
kRS, see text.

Parameter 5-SMée 5-OMe” 5-H¢ .

RS nucleophiles
Brud 0.13+0.06 0.17 0.17
Bg® -0.57 £0.04 -0.59 -0.72
Beq 0.70 +0.09 0.76 0.89
[ 0.19 + 0.06 0.22 0.19
Big" —-0.81 £0.06 -0.78 -081 8
log kRS 2.53+0.14 3.66 517 =
Boust 0.44 +0.07 0.75 =

RO~ nucleophiles 25
B 0.7 0.51 0.23 ®
Bg® -0.97 -0.81
Beq 1.48 1.03

huc? ca. 0.5 0.34 0.22
Big" -0.6 —-0.66 -0.79 ' . | |
log KO ca. —0.9 1.49 2.86 1 o X 5 ; A
RS
#This work. log K;

PReference 14.

‘Reference 15.

Brue = d log kF¥/dp M.

By, = d log kEX/dpK XM,

Beq = d log KX/dpK FXH.

BNy = d log kR*/d log KX,
"Bl = d log kB¥/d log K fX.
KRX = KRX = kBX for KRX = 1.
JBpush= d IOg k§s/de§SH-

"No standard deviation given (two points only).
|Estimated, see text.

compared to oxygen nucleophiles manifests itself even more
dramatically in the reactions &-H where steric hindrance

is less importantKRS=5.89 x 161 M for n-BuS vs.KR® =

6.43 x 16 M~ for CF,CH,O". On the other hand, in the re-
action of5-OMe with alkoxide ions the anomeric effect re-
duces the advantage of the sulfur basg®® = 1.70 x 10 M
(n-BuS) vs. KO = 6.81 x 1 M (CF;,CH,O").

The higher carbon basicity of sulfur compared to oxygen
bases has been commonly attributed to stronger polarizabil-
ity (26—28) or “softness” (29, 30) of the sulfur compounds,
i.e., in the reaction of RSwith polarizable electrophiles

S such a$-H, 5-OMe, 5-SMe, and other alkenes there is a fa-
Ph = H, vorable soft—soft interaction, while in the reactions of RO
So—di - with the same electrophiles there is a less favorable hard-
+7 N . . s ; .
MeX (‘>~70 CH, soft interaction. An additional factor, particularly important
0" in aqueous media, is the weaker solvation of thiolate com-

5-XMet (X = O or S) pared to that of alkoxide ions (31-33).

B. Rate constants for nucleophilic addition by Rfid

5-H as for the thiolate ion reactions. Here, the smaller sizeRO"

of the alkoxide ion nucleophiles reduces the steric crowding The rate constants for nucleophilic attack 5t8Me, 5-

in the respective intermediates. On the other ha¢ft) (5- OMe, and 5-H follow the same qualitative pattern as the
OMe) appears to be much more enhanced relativi&Kf8  equilibrium constants, i.ekf*(5-SMe) << kl**(5-OMe) <<
(5-SMe) than is the case with thiolate ion nucleophiles. Thiskl*(5-H). Specifically, the ratiokRY5-SMe):kRF5-OMe):
demonstrates the importance of the anomeric effect, whicki?Y5-H) are 6.4 x 16%3.1 x 10%1 for HOCH,CH,S,
stabilizes the dialkoxy but not the alkoxy—thioalkoxy com- which is representative for all thiolate ion nucleophiles. For
plexes. the CRCH,O™ reaction the ratio&R9(5-SMe):kR°(5-OMe):

With respect to their absolute magnitude, ®° values  kR°(5-H) are 6.8 x 16°5.3 x 10%1. For the thiolate ion re-
are significantly larger than thiéR° for addition of alkoxide actions the rate constant ratios are substantially smaller than
ion of comparable I§,. For example KRS for n-BuS™ addi-  the equilibrium constant ratios, consistent with the notion
tion to 5-SMe (2.26 x 18 M) is 79-fold larger tharKR® = that the electronic and steric factors discussed above are
28.6 M for CF,CH,O™ addition to the same substrate, evenonly partially expressed at the transition state. On the other
though thepkR>H of n-BuSH is only 11.40, while that of hand, for the alkoxide ion reactions the rate constant ratios
CR,CH,O™ is 14.0. The enhanced carbon basicity of sulfurare quite comparable to the equilibrium constant ratios, sug-
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gesting that in moving from the reactants to the transitionconclusion because predictions as to whether development
state, some or all the factors are nearly as strongly expressed steric effects is generally ahead of bond formation or lags
as in moving from the reactants to the adducts. These resultsehind it have been difficult to make (37). Specifically, in
indicate that there must be significant differences inithe  our earlier study (14) where only data &rROMe and 5-H
trinsic rate constantsof the various reactions. were available, no definite conclusion regarding steric ef-
The intrinsic rate constants are reported in Table 2. Fofects on the intrinsic rate constants could be drawn.
the thiolate ion reactions they were obtained by suitable ex- (iii) Following generally observed behavior (37-39), the
trapolation of plots of logkf* or log k®* vs. log KR*  partial desolvation of the nucleophiles that occurs as they
(Fig. 4); they also yield the normalized Brgnsted coefficientsenter the transition state should be more advanced than bond
Bhuc andpyy. For the alkoxide ion reactions, ldg* was esti-  formation. This has the effect of reducing the intrinsic rate
mated as logkR® — 0.5 log KR® with kff© and KR° for  constant. Because the solvation of highly basic alkoxide ions
CF,CH,O". (This is equivalent to applying the simplest ver- is stronger than that of thiolate ions (31-3Bf° decreases
sion of the Marcus equation (34)G* = AG! + 0.5AG° +  more thankRS, which explains, at least in part, WS >>
(0G°)%16AG; and neglecting the third term, which should kR© for all substrates.
be very small in our case. The factor 0.5 in frontA&° im- (iv) An additional PNS effect contributing to the higffS
pliesBy'c = 0.5, which is a reasonable value in view of the values in the thiolate ion reactions may come from the soft—
trend inB“c for RO™ addition to5-H and5-OMe discussed soft interactions if these interactions developed ahead of

below.) bond formation. As has been discussed in more detail else-
There are large differences in th§* values for the vari- where (40), this is a reasonable possibility.
ous reactions. For a given type of nucleopHif*(5-SMe) (v) The question whether the anomeric effect in the reac-

<< ki*(5-OMe) << ki*(5-H), while for a given substrate tions of 5-OMe with alkoxide ions develops early (increase
the intrinsic rate constant for the thiolate ion reactions isin kX°(5-OMe)) or late (decrease ikR°(5-OMe)) is an in-
much higher than for the alkoxide ion reactions. To underteresting one. From the fact that for the alkoxide ion reac-
stand why such large differences in th* values exist, we tions log kR°(5-OMe) — log kR°(5-SMe) is large £2.39),
need to remind ourselves that intrinsic rate constants arghile for the thiolate ion reactions logfY5-OMe) — log
purely kinetic quantities that have been corrected for differkfY5-SMe) is small (1.13), one might conclude that the
ences in the equilibrium constants that arise from differenanomeric effect enhances l&§°(5-OMe), implying that its
degrees of steric, inductive/fieldrdonor, anomeric, solva- development is ahead of bond formation of the transition
tion, and polarizability effects. This means that if at the tran-state. However, an alternative interpretation of these differ-
sition state these factors were being developed or lost iences is that it is log}5-SMe) for the thiolate ion reac-
proportion to the degree of bond formation (“balanced” tran-tions which is unusually large, making the difference log
sition state), th&* values should be the same for all the re- k?¥5-OMe) — log k?¥(5-SMe) look small. An enhanced log
actions. The fact that they are different means that th&}Y5-SMe) value could be the result of the MeS group
transition states are imbalanced in several respects. making 5-SMe softer than5-OMe, which would increase

The rules of the principle of nonperfect synchronizationthe soft—soft interactions and k§5-SMe) increasing PNS
(PNS) allow us to describe these effects as follows. (Theeffect. (This may be similar to findings Bunnett has de-
PNS (35-37) states that if the development of a product stescribed 40 years ago (41).) Comparisons betwBedMe
bilizing factor lags behind bond changes or charge transfeand5-H render this alternative interpretation more plausible:
at the transition statek, is reduced. The same is true if the the difference logkR°(5-OMe) — log kRO(5-H) = —-1.37 is,
loss of a reactant stabilizing factor runs ahead of bondwithin experimental error, indistinguishable from 1&§¥5-
changes or charge transfer. For product stabilizing factor©Me) — log kRX5-H) = —1.51, i.e., there is no enhancement
that develop early or reactant stabilizing factors that are losdf log k}°(5-OMe) that could be attributed to early develop-
late, k, is enhanced. For product or reactatestabilizing  ment of the anomeric effect.
factors, the opposite relationships hold.)

(i) The Tedonor resonance stabilization 6fSMe and5-  C. Rate constants for the reactions with O&hd water
OMe is expected to follow the generally observed pattern of The reactivity ratios for the OHreaction arekP™(5-
resonance effects (35-37), and hence its loss should be mo&Me):k°H(5-OMe):kPH(5-H) = 3.6 x 10%0.3:1, which
advanced than bond formation. This results in a reduction oEompares withkR9(5-SMe):kR9(5-OMe):kRO(5-H) = 6.8 x
the intrinsic rate constants and must be part of the reasoh0>5.3 x 1021 for the CRCH,O reactions. The smaller
why kX for both 5-OMe and5-SMe are lower than fob-H.  reductions inkP" for the reactions witt5-SMe and 5-OMe

(i) The observation that thi?*(5-SMe) values are more relative to5-H must be the result of the smaller size of OH
strongly reduced than theR*(5-OMe) values, despite the compared to CECH,O", which reduces the steric effect in
smallertedonor effect of the MeS group compared to that ofthe reactions witfb-SMe and 5-OMe. The fact that the ab-
the MeO group, implies that an additional PNS effect is op-solute values okP" are all lower than for the corresponding
erative. We propose that this additional effect is the early dealkoxide ion reactions can be attributed to the even stronger
velopment of the steric factor. (In the context of the PNSsolvation of OH than that of the alkoxide ions (38, 39, 42),
(35—-37), steric crowding is a product destabilizing factorwhich reduces the intrinsic rate constant for O&tdition
which depressek, if it is more advanced than bond forma- (PNS effect) even more than for alkoxide ion addition.
tion.) This factor is stronger for the reactions whSMe For the water reaction only data f&SMe and 5-OMe
than with 5-OMe and should therefore deprek8*(5-SMe) are available; they yieletiH20(5-8Me)/k1H20(5-OMe) =94 x
more thankR®*(5-OMe). This is a particularly significant 107, which compares witk°"(5-SMe)/kPH(5-OMe) = 1.2
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x 107 for the OH reaction. The greater selectivity in the . N

water reaction may reflect a more intermediate-like transi- pp %,— H, Me 5 0 = CH,

tion state because the reaction is thermodynamically less fa- \C— - \,O - ( 8-

vorable. As a result'2°(5-SMe) is more strongly reduced R§/ \ - d CH /H >‘~_O CH,

by the steric effect, an#*2°(5-OMe) is more strongly en- o’ 3 o o

hanced by the anomeric effect, consistent with the \C _CH,

Hammond postulate (43—45). (5-SR)* H; 8

D. Bransted coefficients kRSIKRS ratio is close to unity (0.55), reflecting the fact that

Table 2 reports a variety of Brgnsted coefficients such apKRSH = pKMes

Bouo Bg: Beqi Bhuc: andB{%. For the thiolate ion reactionfy. (iv) The kRS value for the reaction of HOC}EH,S™ with
andfy follow the wefl-known pattern of being very small 5.0Me does not fit the correlation of logES with the pK ¥S"

(10, 11, 38, 40, 46-48) anfy| or Bjg| being quite large, im-  gefined byn-BuS™ and MeQCCH,CH,S; it shows a strong
plying little bond formation at the transition state. (This is positive deviation (14). This contrasts wikigS for the reac-
the traditional view (43, 44, 49), although this view has beenjgn of HOCH,CH,S™ with 5-SMe which shows no devia-
challenged (50-52) as well as defended (45)) It has been afipn. The exaltedS value for5-OMe has been attributed to
gued previously (15, 40) that the sm@,c (Bruc) values are intramolecular hydrogen bonding assistance of methoxide
not necessarily the result of a Hammond-Leffler effect (43on departure by the OH group as shown8if14). The ab-
44) arising from very large equilibrium constants for thiolate sence of such assistance in the reactios-&Me is consis-

ion additions. Our results with-SMe for which theKSval-  tent with the weaker susceptibility to acid catalysis of
ues are much smaller than 6FOMe and particularly5-H  thiolate ion departure compared to alkoxide ion departure
support this view. (12, 13).

The finding that,, for the reaction of thiolate ions with (v) The kRS values for MeS departure fronb-(SMe,SRY
5-SMeis smaller than 1 is again consistent with the resultsare  much higher than for MeO departure from 5-
of 5-OMe (14) and5-H (15) as well as with other examples (OMe,SR)". For examplekRY5-SMe)/kRY5-OMe) = 3.6 x
(40, 46). 10® in the reaction withn-BuS.. (The kRY5-SMe)/kRY(5-

In contrast to the thiolate ion reactioBg, (Bh.o), alkoxide — OMe) ratio in the reaction with HOCKCH,S is approxi-
ion addition appears to follow the Hammond-Leffler (43, mateyy 5 x 1. This ratio is only approximate because for
44) trend towards larger values for thermodynamically lesk}S5-OMe) the reaction with Me@CCH,CH,S~ whose
favored reactions. This is confirmed by the results for  pkRSH is very close to that of HOC}CH,S is used instead
SMe. The unusually largg,,value for alkoxide ion addition of the reaction with HOCKCH,S"; the reaction of5-OMe
to 5-OMe has been discussed elsewhere and attributed to thgith HOCH,CH,S™ is subject to intramolecular hydrogen

anomeric effect (14). bonding catalysis and has an exaltédfS value (see
(iv) above).) This is mainly the result of two factors. One is
E. Rate constants for leaving group expulsion the superior leaving group ability of MeScompared to

Our data set for th&XX process is not as complete as for MeO, which is related to the lower proton basicity of the
the nucleophilic addition step. However, by includikG®,  sulfur base gKMeSH = 11.2° vs. pKMeOH = 17.2 (10)) but
which also represents leaving group expulsion, into the disprobably attenuated by its stronger carbon basicity. The
cussion, several insights emerge. other is the greater steric crowding B(SMe,SR) com-

(i) ThekBX values indicate that there is moderate to strongoared to5-(SMe,ORY, which should enhance thieR(5-
inverse correlation between leaving group departure ratSMe)/k5Y5-OMe) ratio. The steric effect on leaving group
constants and the proton basicity of the leaving group. Thisleparture is also seen in the fact thi¢ for MeS departure
is reflected in the relatively larg@, values which range from the more crowded-(SMe,SR] in the reaction ofn-
from —0.57 to —0.97 (Table 2). BuS with 5-SMe is much larger tharkRS for MeS™ depar-

(i) The k5 values for the reactions of thiolate ions with ture from the less crowde8-(SMe,OR] in the reaction of
5-SMe and 5-OMe increase significantly with increasing CF;CH,O™ with 5-SMe Without the steric effect, the ex-
pKRSH “indicating a substantial electronic push by the RSpected stronger electronic push by the;CH,O group com-
group left behind. This is reflected in th@,, = pared to that of the-BuS group should rended® Iarger
d logk®*/ dpkRXH values of 0.44%-SMe) and 0.75 §-OMe), than k&S, The same comments apply to the comparison of
respectively (Table 2). This push is the result of the developks> with k5O in the reactions o6-OMe with n-BuS and
ing resonance effect in the produ@&-SRY:. CR;CH,O™.

(iii) Because a decreasepK XS" enhance&RS but lowers

kRS the kRYKRS ratios in the reactions with thiolate Experimental section
ions increase strongly with decreasingKRSH(d(log

RS/LRS RSH _ ) ) Materials
ko kC)/dpK =" = 1.01 for 5-SMe and 1.34 for5-OMe). Thiomethoxybenzylidene Meldrum’s acig-SMe was

(Cg{(sbg KESKEDAPKES = Byusn—Bg, With By referring to the  synthesized as described by Huang and Chen (54); mp 160—
k7P step.) For thereaction ofn-BuS™ with 5-SMe, the  162°C (lit. (54) 164°C)!H NMR (CDCl,, 400 MHz)& 1.77

9Estimated as 0.3 units lower thaiK [ BYSH, based on the fact that in pure water th€, gifference between MeSH amdBuSH is 0.3 units
(53).
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(s, 6H), 1.90 (s, 3H), 7.43-7.48 (m, 5H). All reagents werewith increasing [, moderate to largf,, values), leaving
purified as described earlier (14). group atom (higher rate with S than with O), and steric ef-

fects (increased rate with bulkier leaving and (or) remaining
Methodology groups).

Preparation of solutions, pH measurements, in situ gener- (vii) In the reaction of5-OMe with HOCH,CH,S", the
ation of intermediates, recording of spectra, and kinetic meak®® value is abnormally high because of intramolecular hy-
surements were performed as described before (14). drogen bonding assistance of Me@eparture by the OH
group. In contrast, th&}S value for the reaction 05-SMe
with the same nucleophile is not enhanced, indicating that
intermolecular assistance of Me8eparture is not impor-
(i) The conditions necessary for the direct observation ofant.

Conclusions

the SV intermediate, i.e. KFX[RX] > 1 and kFX[RX] >
kRX, are easily met for the reactions &SMe with all
nucleophiles except for OHIn this latter reaction the acidic
nature of the OH group i%-(SMe,OH) leads to additional
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(i) The ratios of the equilibrium constants for
HOCH,CH,S™ addition to5-SMe, 5-OMe, and5-H are 6.2
x 10%4.8 x 107":1; they are representative for all thiolate 1.
ion reactions of this study. The strong reductionkfiY5- 2.
SMe) andK5-OMe) compared tdKfY5-H) is mainly the 3.
result of the steric andedonor effects. The fact tha¢}Y5- 4.
SMe) < KRY5-OMe) indicates that the steric effect is, over- 5.
all, the dominant factor. The corresponding ratios for 6.
CF,CH,O™ addition are 4.5 x 1:1.1 x 10%1. They indi- 7.
cate less severe crowding in the intermediates derived from8.
5-SMe and 5-OMe. The smallerK9(5-SMe)/KRO(5-OMe)
ratio for the alkoxide ion reactions compared to #g35- 9.
SMe)/KRY5-OMe) ratio for the thiolate ion reactions shows
the importance of the anomeric effect 5.(OMe,OR)".

(iii) Because of the greater polarizability and weaker sol-
vation of thiolate compared to alkoxide ions, the equilibrium
constants for thiolate addition to all substrates are mucl?[2
higher than for addition of alkoxide ions of the same proton
basicity.

(iv) The rate constants for nucleophilic additionS«<SMe,
5-OMe, and 5-H are affected by the same factors as theqy
equilibrium constants, but the relative importance of these

factors is different because of multiple transition state imbal- 5,
ances that affect the intrinsic rate constants. For a given types.

of nucleophile the&k®* values follow the ordeb-SMe << 5-

OMe << 5-H, which is mainly the result of early loss of the 17.

tedonor stabilization ob-SMe and5-OMe and early devel-

opment of the steric effect at the transition state. For a giveris.
substrate, k}S >> kRO, this is a consequence of early 19.
desolvation of the nucleophile, probably combined with20.

early development of the soft—soft interactions in the reac-

tions with thiolate ions. These soft—soft interactions appea?l-

to be particularly beneficial in the reaction 5$SMe due to
the softness of the MeS group.

(v) The fact thaf3,,. is very low for thiolate ion addition
to 5-SMe, despite the relatively small equilibrium constants,
confirms previous conclusions that in thiolate additions to
electrophiles the generally observed I8 values are not
the result of a Hammond effect.

(vi) The leaving group departure rate constants depend
the following factors: the Ii§, of the leaving group (in-
creased rate with decreasingp moderate to large negative 57
By values), the K, of the remaining group (increased rate

10.

13.

24.

25.

the U.S.—Israel Binational Science Foundation (Z.R.).
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