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Nucleophilic vinylic substitution (SyV), in which a leaving group such as halogen is replaced by a carbon, oxygen, nitro-
gen, sulfur, or other nucleophile, is an important synthetic tool. It generates compounds with a carbon- or heteroatom-
substituted carbon—carbon double bond, such as vinyl ethers, enamines, a variety of heterocyclic systems, and intermediates
to pharmaceutically important compounds. The SyV reaction has many mechanistic variants, which depend on the substit-
uents, nucleophile, leaving group, and solvent, among other factors. Among these mechanisms, the “addition—elimination”
SnV route is the most important to synthetic chemists.

SnV reactions are involved in several biological processes, notably (i) in the inactivation of proteases, (i) in intermedi-
ates of herbicide metabolism, and (iii) in the formation of mutagenic intermediates by reaction of glutathione with the envi-
ronmental pollutant trichloroethylene. A variant involving a tetrahedral intermediate was found in the enzymatic transfer
of an enolpyruvyl group of phosphoenolpyruvate.

The main SyV mechanism was previously analyzed in terms of a variable transition state with perpendicular nucleo-
philic attack. Electron-withdrawing groups Y and Y’ in the S position adjacent to the C, reaction site increase the nucleo-
philic attack rate; the retention of stereochemistry was mostly ascribed to formation of carbanionic intermediate 1, in which
internal rotation is slower than nucleofuge expulsion (k). As predicted, poor nucleofuges and high activation led to partial
or complete stereoconvergence, and an intramolecular element effect in polyhaloethylenes gave competition ratios, ke/ks,
< 1. Evidence for a zwitterionic intermediate comes from amine-catalyzed substitutions with amines.

The mechanistic spectrum investigated is wide in terms of rate constants, electron-withdrawing groups, nucleophiles, leav-
ing groups, and solvents. However, the two extremes, that is, the very slightly activated systems where in-plane invertive
substitution is feasible and conversely the highly activated systems carrying poor nucleofuges where the intermediate may
be observable and Kinetics examined, remained almost unexplored for a long time. In this Account, we describe the progress
during the last two decades in these areas.

Computations on low-reactivity systems showed that the in-plane invertive single-step nucleophilic o attack can have a
lower barrier than the zz-perpendicular retentive attack. A ks,/kq > 1 could be deduced for the H,(=CHX (X = Cl, Br) sys-
tem. Several inverted substitution—cyclizations or inverted ring openings were observed. Alkenyl iodonium salts with superb
nucleofuges, showed in-plane substitutions by various nucleophiles.

In parallel, we demonstrated that several highly activated systems carrying poor nucleofuges enabled a direct detec-
tion of the intermediate 1 when attacked by strong nucleophiles. Poor correlation between the equilibrium constants K§°
for RS~ attack and pK,(CH,YY’) indicates large nucleofuge steric effects (SPr > SMe > OMe>-H). Rate and equilibrium con-
stants for RS~ attack as a function of YY” also correlate poorly owing to differences in intrinsic barriers caused by differ-
ent resonance effects of YY’. The expulsion of either the nucleofuge (k;) or the nucleophile (k_;) from 1 was analyzed with
respect to several factors. Challenges still remain, incduding acquiring experimental data for unactivated systems and observ-
ing an intermediate carrying a good nucleofuge.
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Introduction
In nucleophilic vinylic substitution (SyV), the nucleophile,
Nu~, displaces the nucleofuge, X, by different mechanistic
routes.” The most versatile among them is the multistep
“addition—elimination”, which generates a multitude of
vinylic systems (vinyl ethers, thiols, organometallics, enam-
ines) with defined stereochemistry, heterocycles (see below),
and biologically and pharmaceutically active molecules
such as antitumor derivatives.?®~¢ A mechanistic variant
involving a tetrahedral intermediate is the enzymatic
enolpyruvyl transfer of phosphoenolpyruvate (H.C=
C(CO,7)OP0O527) to 3’-OH of UDPGIcNAC.2? It is also envi-
ronmentally important. The halogens of the pollutant poly-
haloethylenes are displaced by RO~ and ArS-.'
Trichloroethylene (TCE) is converted to mutagenic interme-
diates by substitution with glutathione and the TCE—MeS~
reaction was computed as a model to this reaction.?® Like-
wise, the xenobiotic metabolism of the herbicide triallate
involves trichloroacrolein as verified by its capture by
glutathione.*f

The reaction proceeds when Y and Y’ are activating elec-
tron-withdrawing groups (EWGs) capable of negative charge
delocalization by resonance and X is a poor (OR, SR, CN),
good (Br, Cl, SO3R), or excellent (OTf, Phl*) nucleofuge. We dis-
cussed earlier' the question general of substitution at other
sp? carbons in SyAr, C(X)=N or C(X)=0, whether it is a single
or multistep process, that is, (a) if species 1 is a single transi-
tion state (e.g., TS 1a) with concerted C—Nu bond formation
and C—X bond cleavage or (b) a discrete carbanionic interme-
diate as in eq 1. Two contradictory relevant observations are
the predominant retention of reactant configuration, and the
“element effect” for X: kg > kg, = kq. The expectation when 1
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is a carbanion and intramolecular rotation precedes nucle-

ofuge expulsion is stereoconvergence (formation of £/Z prod-

uct(s) from E- or Z-precursor). When nucleofuge expulsion

precedes the rotation, stereoselective formation of different
regioisomeric products from E- and Z-reactants is predicted.

Since the C—X bond strength is C—F > C—Cl > C—Br, k¢/Kg,

< 1 and kg/kq > 1 are expected for route a. For route b with

rate-determining (rd) C—Nu bond formation, ki/kq and ke/kg, >
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1 and kg/kq = 1 ratios were predicted and observed. The dis-
crepancy between the two probes was reconciled by suggest-
ing a variable SyV TS where mechanistic details depend on
the intermediate lifetime.' Highly activated systems with pow-
erful C-EWGs and a moderate or poor nucleofuge, for exam-
ple, RO~ or F-, give a sufficiently long-lived carbanion where
faster internal rotation than nucleofuge expulsion results in
partial or complete stereoconvergence. When X = Bror Cl, a
shorter-lived carbanion gives a lower extent of stereoconver-
gence than when X = F; k; becomes rd with kg > kg, OF Kq.
At lower activation, the shorter intermediate lifetime will
give a cleaner retention. With a perpendicular nucleophilic
attack giving TS 1b, rotation in the first formed carbanionic
conformer and nucleofuge expulsion may become concerted,
displaying a high kg/Kkq ratio. Longer-lived carbanions carry-

Nu -

Y, Lo
Ymm e
o Wy
ing poorer nucleofuges than Cl or Br will give stereoconver-
gence even in less activated systems and the in-plane attack
with better nucleofuges via 1a may be favored over 1b, dis-
playing inversion of configuration and kg/kq > 1.

Most investigated systems with X = Cl or Br were mildly
activated by a single S-EWG (CO, CN, RSO, etc.), which gave
retention and kg/kq ~ 1, but even for the highly activated
NCC(X)=C(CN)y, Kg:/kc is 2.4—3.8.2 In the last 20 years, addi-
tional mechanistic understanding was gained by studying sys-
tems at both extremes of the reactivity scale. The
stereochemistry of weakly activated systems with good nucle-
ofuges was studied mostly by computation, and studies by fast
kinetic methods of highly activated systems with poor nucle-
ofuges enabled measurements of the rate constants k;, k—1,
and k». These recent advances are discussed below.

Weakly Activated Systems with Good
Nucleofuges

In-plane or Perpendicular Attack. Observed inversion was
rare up to 1992.' Theoretical work suggested a stepwise
mechanism,'“ and computations preferred a perpendicular
concerted'#*? 7 attack with retention over in-plane ¢* attack
with inversion.* C3/C, — o* orbital hyperconjugation rational-
ized the nucleophilic chlorine displacement from H,C=C(F)Cl.*¢
However, later advanced computations favored the o™ route
(SnVo). A gas-phase G2(+) computation for X~ + H,C=CHX,
X = Cl or Br, detected an initial weak complex between the
reactants followed by a preferred inversion, over the perpen-
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dicular SyVz route,® with TSs 32.4 and 42.8 kcal/mol, respec-
tively, above the complex, X = Cl.

Extended computations for the H,C=CHCI + CI~, Br~, OH~,
or SH™ reactions® detected similar complexes. CI~ and Br~
react preferentially via SyVo with inversion and OH™ and SH™
preferred an SyVzr route with retention. The gas-phase
AAG*(o—m) values for ClI~ (—4.8), Br~ (—=7.4), and SH™ (+2.1)
kcal/mol gave AG* = 23 (SyVo) and 39.4 kcal/mol (SyVr) for
the Br~+ H,C=CHCI reaction, that is, for H,C=CHX + CI~,
AAG* (X = Br — X=Cl) = 6.8 (SyVo) and 4.2 kcal/mol (SyV).
The gas-phase barriers are lower than those in MeCN. The
SnVo route was confirmed for CI~ + H,C=CRCI, R = H, but
when R = F the preferred route is SyVz.4%”

An early example of substitution with inversion is the ring
opening of the thiirenium ion 2 (eq 2).2

Me
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f 5 - >=< @
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2 Qu—t
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The rearrangement of 2 and 4 to the thietium ion 3 (eq 3)
was attributed to an initial concerted anionic migration of a
methide ion from the ¢t-Bu group to the double bond, with

back cleavage of the =C—S* bond.®® The authors attempted
to rationalize the S\V stereochemistry from the energies of the
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LUMO vinylic orbitals with = or ¢ symmetry attacked by the
nucleophile,® hypothesizing that they lead, respectively, to
retention or inversion. Nucleophilic attack on the =z orbital is
dominated by the two-electron stabilizing interaction. For the
thiirenium, iodirenium, arylidenium, and methyl vinyl iodo-
nium ions and cis-BrC(F)=C(F)Br, the LUMO is of o symmetry,
and inversion was observed. H,C=CHCI with a lower = LUMO
is attacked perpendicularly.

2-Ethyleneaziridine 6-E is selectively formed with inver-
sion by intramolecular bromide displacement by the nitro-
gen of 5-Z, R = PhCHs, (S)-CHMePh/NaNH, in liquid NHs (eq
4).'° Likewise 5-E gives 77—99% of 6-Z.

A preferred SyVo route was computed for the intramolecu-
lar cyclization of 7b with NaH in DMF (eq 5).'' For E-7b and
E-7a AG* = 14.4 and 25.8 kcal/mol, respectively. In the gas
phase, the SyVzr route prevails.'"'2 In the nonplanar ,4-di-Cl
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analog 8a,'? steric hindrance and electronic repulsion force a
perpendicular oxyanion approach to the double bond, giving
the S\Vx route. The cyclization reactivities are E-7b > Z-7b,
E-7c > Z-7¢, and E-7b > E-7a.""

oL~ O -

Ta: X = 8a: X =Cl
7b: X = Cl 8b: X =Br
7e: X =Br

Higher probability for a single-step route is expected in
unactivated systems' carrying superb nucleofuges such as
iodonio." Ochiai, Okuyama et al. reacted vinyl iodonium tet-
rafluoroborates 9 with nucleophiles, obtaining elimination and
substitution products,'8 with stereochemistry ranging from
retention to inversion (e.g., eq 6).'* lodonium halides are in
equilibrium with the A3-haloiodane 10 (eq 7). For E-1-dece-

X
RNOOA AN/
= +BuyNtX™ — =C\ + R—C=C—H+ Phl (6)
H/ 9 KI"‘—Ph H/C H
BF4
R=nCgHy, X =Cr,Br., I R=n-GgH,;
Me, i-Pr, t-Bu

nyl(phenyl)iodonium tetrafluoroborate with Buy,N*X~, X = Cl,
Br, I, K = 5600—7600 M~ in several solvents. The products
are mixtures of inverted to retained substituted 1-haloalkene
(97—100:0—3% in the Z/E mixture in several solvents), and

R3

c—c\ +X- —-:\c—cC /Ph_;. c=c< Q)

l

1-alkyne.">'® The retained product was ascribed to the SyVz
route or to ligand coupling in 10.

Both E- and Z-$-chloro, -bromo, and -iodo iodonium salts
gave retained vicinal Z-vinyl dihalides with CI~ or Br~, pre-
sumably via intramolecular coupling in 10."”

Inverted substitution products from the E-decenyl salt with
Bu,S, Bu,Se, (RO),P(=0)SeK, MeSOs BusN™, BF,~ (to give flu-
orides) and the initial products from DMF were presumably
formed via the SyVo route.'®
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Element Effects

The intermolecular “element effect” discussed above predicts
ker/kc = 1 and kg/ke and kq/ke << 1 for rd nucleophilic attack.
The intramolecular element effect (the relative expulsion rates
of two different geminal halides on C,) is obtained from the
product ratio. Only for rd nucleophilic attack, ke/kr < 1,
whereas kg/kr > 1 means that the product-determining step
involves C—X bond cleavage.

Intramolecular element effects were studied with tetraha-
loethylenes. 1,2-dibromo-1,2-difluoroethylenes with 1 equiv
of NaOMe in MeOH gave the substitution product
BrC(F)=C(OMe)F, and excess EtOCH,CH,O~ gave kg/kr ~ 19.
TolS™ in DMSO gave one and two tolylthiodebrominations
with apparent inversion. It is unknown whether these pro-
cesses are Kkinetically controlled. For Br,C=C(F)Br with MeO~
and EtOCH,CH,O~, kg/ke = 100 and ca. 20, respectively.'®

BrC(Cl)=C(CI)Br gave with MeO~, MeS~, or PhCH,S™ in
MeCN Kg,/kq ratios of =100, =43 and =107, respectively.
Cl,C=C(Br)Cl gave with MeO~ a small amount of E- and
Z-BrC(Cl)=C(Cl)OMe, and PhCH,S™ gave Kkg/Kc of 3 in MeCN.
The Kegno=c@na/Ke,c=cc, ratios are 9.1 £ 1.7 with MeO™ and
11.2 + 2.7 with PhCH,S~.2° The high intramolecular and
intermolecular element effects may indicate a single-step sub-
stitution.?°

The two-step substitutions of both 9-(bromochloromethyl-
ene)fluorene (11a) and (p-O.NCgH4).C=C(Cl)Br (11b) by
p-MeCgHaZ™ (Z = O,S)*" gave initial kg/Kq ratios of 2.1—2.8,
which are nearly solvent-, nucleophile- and EWG-independent.
The intermolecular k(o,0-Cly)/k(o,a-Br>) ratios are 1.2 for 11a
and 1.6 for 11b. Neglecting the nonleaving halogen effect
and nucleofuge/Cs~ hyperconjugation suggest for an intramo-
lecular kg/kq of ca. 1 an early TS for C—X bond cleavage.

For most compounds carrying one -EWG and excellent to
poor nucleofuges, the increased reactivity with better EWGs,
kei/ka ~ 1, and retention of configuration were ascribed to the
S\ route.

The Multistep Route

Stereochemistry. Stereoconvergence was found for sys-
tems carrying a S-EWG and poor nucleofuges such as F.*2
With the two strongly activating EWGs CN and CO,Me, CHO
and CO,Me, or CO,Bu-t or CO,Me and CO,CDs, the longer
carbanion lifetime reduces Cz/C—X hyperconjugation and
the internal rotation barrier, leading to partial or complete
stereoconvergence with p-RCgH4Z™ (Z = O, S) nucleo-
philes.??
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Amine Catalysis. A probe for an SyV intermediate is
amine catalysis. For mildly activated systems, amine substitu-
tion is a second-order process, but highly activated systems
carrying poor nucleofuges sometimes display both first- and
second-order terms in the amine. This is explained by eq 8:
R’R”NH attacks C, reversibly, forming zwitterion 12. Direct
nucleofuge expulsion (k) gives 13, which deprotonates to 15.
Alternatively, the nucleofuge expulsion is preceded by depro-
tonation of 12 by another amine molecule (ks), giving a sec-
ond-order term in the amine. Carbanion 14 then rapidly
expels X™.

S R irRrNE Y F
= —_— - C—C—X
/ ~ k., e .
Y X Y "
RR"NH

2 ®)

b Y, R
AN
—_— /C:
, Y’ 15 NRR”
wRR/NH]. X

The observed second-order rate constant ks = k; when k> +
ks[lamine] > k_; or kika/k—; when k_; > k, > ks[amine]. When
k_1 > ky + kslamine], kops = (kK1/kK—1)(k> + ks[amine]), and a lin-
ear Kobs VS [amine] plot gives the intercept kik/k—q for the non-
catalytic route, the slope kqks/k—, for the catalytic route, and ks/k
from their ratio. The dependence of ks/k; on YY’, nucleofuge,
amine, and solvent was determined for the poor nucleofuges X
= F, OEt, CF3CH,0, CN,2* NO,,%® and MeS.2%2” Regardless of the
details of amine catalysis,?*® the second-order term in the amine
indicates the presence of an intermediate.

Directly Observable Intermediates

Our detailed understanding of SyV reactions in activated sys-
tems greatly expanded by investigating cases where 1 (eq 1) is
directly observable. Besides providing the most direct evidence
for the multistep mechanism, this allowed the determination of
ki, k-1, and k; in eq 1 and examination of how these steps
depend on nucleophile, nucleofuge, activating groups, and
solvent.

For detecting intermediates in two-step reactions, two condi-
tions have to be met. (1) The equilibrium of the first step must be
favorable (eq 9). This requirement is met for reactions of strong
nucleophiles with highly activated substrates. (2) The rate of inter-
mediate formation must

Kk Nu= 1 (9)
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TABLE 1. Rate and Equilibrium Constants for SyV Reactions with HOCH,CH,S~in 50% DMSO—50% Water at 20 °C®

Substrate pKY kS Kt k> logky®  logkg!
M s_1 M g1
Ph 6 4
=c (20-H) 1021  440x10°  5.18x10 .57  ca70
H
*) Fh
N\c= Dl (16-H) 790  5.18x10°  8.16x10° 34 025
il
(18-H) 635  447x10°  1.16x10° 438 3.13
e o
<" b (17-H) 470 144x10"  538x10"° 5.2 3.90
H
(o]
Nc/"_‘(n (20-0Me) 1021  280x10°  1.62x 10> 0133 ca51  ca70
OMe
Fh 2 3 6
t>=q‘_:bu (16-0Me) 790  385x10°  759x10°  9.60x 10 22 025
e
Ph 4 4 4
c< (17-0Me) 470 44x10"  257x10* 21610 37 3.90
Cl O{ OMe
o
ON _Ph
\ _
(20-SPr)  7.90 470 10.4 450x1072 029 025
‘:}F< (18SMe) 635  562x10°  2.25x10° 0.245 25 3.13
MeOC
\‘=C..,_‘ (19-SMe)  5.95 248x10°  >5x10°  580x10° <11 2.44
SMe
Ph 2 2
%( (17-SMe) 470  922x10°  3.32x10 0.115 25 3.90
H SMe
CHs o

exceed that of its conversion to products (eq 10). This require-
ment is met with strong nucleophiles, strong activating groups,
and sluggish nucleofuges.

k,[Nu™] = k, (10)

Systems that meet both requirements mainly include reac-
tions of thiolate and alkoxide ions with 16-X—20-X.%8 In con-
trast, for reasons discussed below, none of the OH™ reactions

allowed detection of intermediates, and only a few reactions
with amine nucleophiles led to intermediate accumula-
tion.29:30

Reactions with Thiolate lons. The
16-X—20-X with thiolate ions provide the most insights into
structure—reactivity relationships. Table 1 summarizes k%, K,
and K8 values for representative reactions with HOCH,CH,S ™.

Included are pK§=YY values of CH,YY’, log k& for the intrinsic

reactions of
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FIGURE 1. Plots of log K§ (RS = HOCH,CHS") versus —pK§™"Y": (O)
X = H; (@) X = OMe; (a) X = SMe.

rate constants®' for RS~ addition, and log kET values for the
intrinsic rate constant of proton transfer from CH,YY’ to sec-
ondary alicyclic amines.

o]
0N Jd.Ph CH,4 _< Ph ,Ph
(= C=
PH q'l” X ><J_<C=< C\x

cH; © o X o
16-H (X = H) 17-H (X = H) 18-H (X = H)

16-OMe (X = OMe) 18-SMe (X = SMe)
16-SPr (X = SPr-n)
16-OR (X = OCH,CF3)
16-SR (X = SCH,CH,0H)

17-OMe (X = OMe)
17-SMe (X = SMe)
17-SR (X = SCH,CH,OH)

[¢]
MeO& J‘,Ph NC Ph
/C=C C=C\
ON % X NC X

N

19-SMe (X =SMe) 20-H (X = H)

20-OMe (X = OMe)

Figure 1 shows an excellent correlation of log K%° with
—pK§HYY for X = H (O) (slope = 1.11), indicating charge sta-
bilization by YY” in the adduct is similar to that in CHYY’". For
X = OMe and SMe the correlation is poor (® and A) due to
steric crowding in the adduct, which is strongest for YY” =
MA,3? intermediate for YY’ = ID,3? (NO,, CO,Me) and (Ph,
NO,), and smallest for YY” = (CN),. The small steric effect for
the latter explains why here K%° is large enough for interme-
diate detectability despite the weaker polar effect of (CN),. The
nucleofuge steric effects follow the expected order SPr > SMe
> OMe > H.

Figure 2 shows that the correlations between log k%° and
log K%° are poor, implying that k§° differs substantially from
substrate to substrate, with k& high for YY” = (CN),, interme-
diate for YY” = MA32? and ID,3? and low for YY’ = (NO,
CO,Me) and (NO,, Ph). Approximate log k&° values determined
by varying RS~ basicity*" are reported in Table 1.
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FIGURE 2. Plots of log k¥ versus log K¥° (RS~ = HOCH,CH,S")
generated by varying YY”: (O) X = H; (®) X = OMe; (») X = SMe.

IogI{:T

FIGURE 3. Plots of log k3RS~ = HOCH,CH,S") versus log k§': (O) X
= H; (@) X = OMe; () X = SMe.

The dependence of log k§° is mainly governed by reso-
nance effects of YY’. Resonance lowers k& just as it lowers k5"
because at the transition states (TS) charge delocalization lags
behind bond formation in the nucleophilic addition reactions
(21) or behind proton transfer in the deprotonation of CH,YY’
(22), respectively.® This reduction is a manifestation of the
principle of nonperfect synchronization (PNS) according to
which any product stabilizing factor whose development at the
TS lags behind bond changes lowers k.33

¥ i
, Ph
S 5— Y5 H
>:=(’2----SR N
[ AN
Y X Y H 5
21 2

Figure 3 shows that for a given X, there is a linear corre-
lation between log k&° and log k5T. However, the slopes (0.32
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TABLE 2. Rate and Equilibrium Constants for SyV Reactions with CF;CH,O~ and OH™ in 50% DMSO—50% Water at 20 °C*®

RO RO OH OH
Substrat kl A 5 A Iog—kFS Iog—kFS log KT log KT
ubstrate - _ I _ OH RO RO 0]
M's! M M's! M ky ki Kj I
OzN\ _ ‘”_Ph
Ph/c_cvb,_ﬂ (16-H) 0.219 234x 10° 537 0.54
Ph
d:!) 16-0Me)® 073 145x 10" 0691  ca.26x100 275 273 2028  ca.-35
Me
Chy _'( h
—c/P (17-H)*® 209x10*  6.43x10° 1.80x10° 1.17x10"° 390 2.84 3.92 0.67
Sy
Cl [o]
(o]
CHj
Ph 36 1 4
Vg (17-SMe) 1.41 2.86x 10 0634  ca.5.1x10 3.16 281 1.07 ca. 22
SMe
CHy
_<Ph (17-0Me)*®  1.08x10° 681 x10° 541x10*> ca12x10° 161 1.91 042 ca.-37
OMe
CH,

for X = H, 0.40 for X = OMe, and 0.56 for X = SMe (X =
n-PrS for 16-SR)) indicate reduced sensitivity to resonance.
This implies a smaller TS imbalance than that for proton trans-
fer; it is attributed to the sp2-hybridization of the pro-carban-
jonic carbon, which facilitates s-overlap with the YY” groups at
the TS, reducing the k,-lowering PNS effect.

The influence of X on k, for a given YY" is H > OMe >
SMe. Two factors play a role: (1) 7-donor resonance (e.g., 23%)
of the OMe and SMe group: its loss at the TS is ahead of bond
formation, reducing k&.3* Due to its greater zz-donor strength,
the effect is stronger for OMe than for SMe. (2) The k§>-reduc-

N Ph S Ph

c— - - C—
Y/ C\OMe i(/ C\\(;Me

23 23*

ing PNS effect arising from steric repulsion: it is stronger for
the larger SMe. The fact that log K§° is always lower for X =
SMe than for X = OMe suggests dominance of the steric
factor.

Reactions with Alkoxide and Hydroxide lons. The
studies involving RO~ and HO™ are limited to reactions with
16-OMe, 17-H, 17-OMe, and 17-SMe3°>3% and show
important contrasts with the RS~ reactions. Relevant data
are summarized in Table 2 for CF3CH,O~ and HO™. For the
HO™ reactions, the intermediate was not detectable except
for X = H; hence, K?" and k" were not experimentally
accessible and the reported K" values are estimates.

Of special interest are the rate and equilibrium constant
ratios. The positive log(k$°/k8°) values are consistent with the
generally observed higher nucleophilicity of RS~ compared
with RO~ of equal pK,.3”3® Since the pK, of HOCH,CH,S~
(10.56) is lower than that of CFsCH,O~ (14.0), the ratios
understate the superior reactivity of RS™.

For K&/K%°, the situation is more complex; these ratios
indicate that the generally much higher carbon basicity of
thiolate ions® manifests itself only toward 17-H (log K%/
K{O = 3.92). For 17-SMe, K%° is only about 10-fold higher
than K%°, while for 16-OMe and 17-OMe K%° is slightly
lower than K%°, although after corrections for the pK, dif-
ference, K}° would be modestly larger than K%° even for
these latter cases.

Two factors depress K3°/K° in the reactions of 16-OMe,
17-OMe, and 17-SMe: (1) steric crowding in the interme-
diate with RS™, which increases with increasing size of X, is
responsible for the reduction in K}*/K° for 17-SMe rela-
tive to 17-H; (2) enhancement of K{° with 16-OMe and
17-OMe due to stabilization of the intermediate by the ano-
meric effect from the two geminal oxygen atoms.394°
Detailed analysis of this effect has been reported.*'

The data with HO™ lead to similar conclusions. K&/K§"
follows the trend of K}°/K?" except that they are 2000-fold
lower than the corresponding K%/K%9, reflecting the 2000-
fold higher K§° due to the higher basicity of HO™. Interest-
ingly, k%°/k"" does not show a similar reduction because k%"
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is quite similar to k%9, that is, the higher basicity of HO~
does not enhance its nucleophilicity. This represents
another PNS effect resulting from exceptionally strong sol-
vation of HO™ and the fact that its partial desolvation is
ahead of bond formation.?342

For the reactions with HO™, no intermediates have been
detectable because their formation is always slower than their
conversion to products due to additional pathways for the
latter.?®3> One such pathway involves the conjugate base of
the intermediate (25); the charge on oxygen provides extra

R R

Yy | OH- |

—_>0—|c~x _— \c~ lcﬁ‘ X

Y om Yo
2 25

“push” for nucleofuge expulsion. Another is intramolecular
acid catalysis of leaving group departure by the OH proton in
24.

The study of formation of 27 by reaction of 26 with HO~*3
confirmed the importance of TS steric crowding but also pro-

CH, CH,
x x .
CHj Me CHj

vided insights into reactant steric effects as seen in the rate

constant trend: H > Me > Et > s-Bu < t-Bu. Ab initio calcula-

tions*® suggest the reversal for t-Bu reflects reactant destabi-
lization from sterically induced twisting and elongation of the

C=C double bond by t-Bu.

Breakdown of Intermediates. Table 3 summarizes data
for the breakdown of intermediates into products (k») or back
to reactants (k_;).***> These rate constants depend on the
nature of X, its basicity, its z-donor, inductive and steric effects
when acting as the group left behind, and potential anomeric
effects.

(1) For alkoxy nucleofuges, the rate decreases sharply with
increasing basicity of RO™: k_(CF3CH,0)/k—+(MeO) = 2500
(entries 2a/1a), equivalent to g ~ —1.06; k»(CF3CH,0)/
k»(MeO) = 1460 (entries 5/4), equivalent to g ~ —0.99.
This implies a TS with extensive C—0O bond cleavage. In
contrast, for H;O* catalysis, MeO~ departure is faster than
CF3CH,0~ departure (k";, entries 1b/2b);** partial proton-
ation of the more basic nucleofuge (28) is energetically so
much more favorable that this more than offsets its inher-
ently weaker nucleofugality.

(2) For alkylthio nucleofuges, dependence on basicity is also
strong. Thus, the 5.5-fold reduction in k_; for n-PrS~ ver-
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¥

sus HOCH,CH,S™ (entries 6/7) and the 5.4-fold reduction in
k, for the same change in X (entries 7/8) translates into fig
values of —0.84 and —0.83, respectively.

(3) The “push” by MeO is stronger than by CF;CH,0 as seen in
the 6-fold higher k_, in entry 2a vs 3. The larger k5 value for
entry 1a vs 2a shows the same phenomenon. The push arises
from the developing resonance effect that stabilizes 29 (29%).

0N P 0N P
Ph/Cj (\OR -~ Ph> 29:‘\611
(4)Regarding relative nucleofugalities of RS~ and RO-,
k>(HOCH>CH,S)/k,(CF3CH,0) = 18 (entries 5/6) and
k_1(HOCH,CH,S)/k_1(CF3CH,0) = 106 (entries 9/10) and
5.7 (entries 11/12, respectively). However, adjusting the
rate constants for the pKj, difference between CF3CH,O~
(14.0) and HOCH,CH,S™ (10.56) by assuming g = —1.0
leads to corrected HOCH,CH,S™/CF3CH,O™ ratios of 6.54 x
1073,3.85 x 1072, and 2.07 x 1072, respectively, indicat-
ing that RO~ are inherently better nucleofuges than RS™.
Reactions with Amines. Due to the acidic nature of 12,
the mechanism (eq 11) involves acid—base equilibria prior to
R’R”NH,*-catalyzed (k5") or water-catalyzed (k§2°) nucleofuge

departure. Intermediate detectability requires eqs 12 and
13.4¢

\ ¥ TRA N
/C=C< +RR'NH =—= 3C—(C—X —2wm _3C—(C—X
X ki g + H* Y

(11)

Y’ R
O P RRNE N\ L xwn
Y NR'R
K,K;[R'R"NH] :
_—>

i (12)

Kk, [R'R"NH] > k52 + K5"[R'R"NH, ] (13)

Conventional wisdom predicts chances of detecting interme-
diates should be best for highly nucleophilic amines. However,
it is the reactions of 16-OMe with the weakly basic meth-
oxyamine (pK, = 4.70) and N-methylmethoxyamine (pK, =
4.67) that allowed detection of intermediates®® rather than the
reaction with piperidine or n-butylamine.*”8 The reason for this
paradox is that k50 depends more strongly on amine basicity
(Bpush & 0.71)* due to developing product resonance (30%) than
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TABLE 3. Rate Constants for the Breakdown of SyV Intermediates in 50% DMSO—50% Water at 20 °C?

no. reactants intermediate products

Ta MeO™ + 16-OMe k=209 16-(0Me)2’ kp=210°8 16-OMe + MeO™~

1b MeOH + 16-OMe K, =3.73x102 6-(OMe),” K=3.73x102 16-OMe + MeOH

2a RO~ + 16-OMe k4 =5.0x107 6-(OMe,OR)” k1078 16-OR + MeO~

2b ROH + 16-OMe K,=51.4 6-(OMe,OR)” =54 16-OR + MeOH
- . k_,=8.2x10-6 k,=8.2x10-6 . -

3 RO™ + 16-OR 6-(0R),” 16-OR + RO

4 RS™ + 16-OMe k4=5.1x1072 6-(0OMe,SR)™ ky=9.6x1076 16-SR + MeO~

5 RS™ + 16-OR k=010 16-(0R,SR) ky=14x1072 16-SR + RO~

6 RS™ + 16-SR k7025 16-(SR),~ k=025 16-SR + RS~

7 Prs” + 16-SR k1=0.045 16-(SR,SPr)” k=035 16-SPr + RS~

8 Prs~ + 16-SPr k,=0065 16-(SPr),~ k,=0.065 16-SPr + Prs~

9 RO~ + 17-OMe k=16x1072 17-(OMe,OR)~

10 RS™ + 17-OMe k=17 17-(OMe,SR)” ky=2.2x107 17-SR + MeO~

11 RO~ + 17-SMe k,=4.9x1072 17-(SMe,OR)™ kp=2.3x1072 17-OR + MeS™

12 RS™ + 17-SMe k=28 17-(SMe,SR)™ k=011 17-SR + MeS~

9k_yand ky in s7, k" and k% in M~" s71. RO = CF3CH,0; RS = HOCH,CH,S; PrS = CH3CH,CH,S.

K1 (Baue = 0.25).2° Only for the reactions of piperidine and mor-
pholine with 19-SMe were intermediates detectable.

O,N Ph
C=C
Ph NR'R” Ph
30 30*

\\c—c
\\I\+IR 'R"”

In the reaction of 17-SMe with piperazine, 1-(2-hydroxy-
ethyl)piperazine, and morpholine,?” the deprotonation of the
first intermediate is not a rapid equilibrium but is rate-limit-
ing at low [R,NH] and low [KOH] because of very high k_; val-
ues. In contrast, the reactions of 17-SMe with piperidine and
primary aliphatic amines,*® as well as the reaction of a-isobu-
tyl-a-(methylthio)methylene Meldrum’s acid with primary
amines*® are “normal” in that the proton transfer is rapid.
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