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Abstract: The reactions of fourE)-f-alkylvinyl(phenyl)iodonium salts with chloride ion were examined in
acetonitrile and in several other solvents af@5 TheS-methyl-,5-octyl-, andj-isopropyl-substituted iodonium

salts undergo competitive bimolecular nucleophilic substitution to form the correspor@iigchloro-1-
alkene with inversion of configuration at the vinylic carbon and elimination to form the 1-alkyne 5-Témg
butyl-substituted iodonium salt affords only the products of the elimination reaction. The UV absorption
spectra of the reactants show the rapid coversion of chloride and iodonium ions to an equilibrium mixture of
the corresponding chlorb®*iodane, with an association constant of 56800 mott dm?. A kinetic analysis
shows that most of the substitution and elimination products form from reaction df+leeane. Evidence

is presented that the substitution reaction proceeds by a concerted bimolggilereghanism and that the
elimination reaction proceeds by a unimolecular reaction mechanism with intramolecular transfe#-pfditen

to the leaving group.

Nucleophilic substitution reactions at vinylic carbon have been

shown to proceed by several different reaction pathways,

depending upon the substratbut substitution by an in-plane
S\2 reaction mechanism is considered to be highly improbable.
In fact, the possibility of concerted bimolecular nucleophilic

was classified as an in-plane nucleophilic substitution at the
vinylic carbon® These results prompted theoretical calculations

which were consistent with the proposal that in-plane concerted
bimolecular substitution is a viable mechanism for nucleophilic

subsitution at vinylic carboh. Despite this experimental and

displacement at vinylic carbon has been excluded by at leasttheoretical evidence for in-plane concerteg2Seactions at

one elementary textbook in organic chemigftyNucleophilic
vinylic substitution with complete inversion of configuration

vinylic carbon, there is still considerable skepticism in the
organic community about the viability of this reaction mecha-

has rarely been observed, in contrast to this well-establishednism.

stereochemistry for & displacement reactions at saturated
carbon. The predominant, but not exclusive, inversion of
configuration observed for the products of solvolysis of some
alkenyl triflates is consistent with an ion-pair reaction mecha-
nism, where the dissociation of the initially formed ion pair is
slow compared with the trapping of the vinylic carbocation by
backside addition of solvert.

Nucleophilic substitution with inversion of the configuration
of a vinyliodonium salt has been concluded to occur by a
concerted §2 reaction mechanisfhbecause the experimental
results exclude the possibility of formation of an ionic reaction
intermediaté. To strengthen and extend this conclusion, we
have examined the kinetics of the reactions of s¢ivadkyl-
substituted vinyliodonium saltsl) with chloride ion. When

We recently observed that 1-decenyliodonium salts undergo the 8 substituent is a primary or secondary alkyl group, both

nucleophilic substitution by halide ions with exclusive inversion
of configuration* To the best of our knowledge, the only other
reported example of bimolecular vinylic substitution occurring
with complete inversion of configuration is nucleophilic reaction
of thiolate ions with 1,2-dibromo-1,2-difluoroethehe An
intramolecular methanide transfer attdit-butylthiirenium ion

T Osaka University.

* University of Tokushima.

(1) Rappoport, ZAdv. Phys. Org. Chem1969 7, 1. Rapport, ZRec.
Trav. Chim. Pays-Ba985 104, 309. Rappoport, ZAcc. Chem. Re4992
25, 474,

(2) (a) Kelsey, D. R.; Bergman, R. G. Am. Chem. S0d971, 93, 1953.
(b) McMurry, J. Fundamentals of Organic Chemistrgrd ed.; Brooks/
Cole Publishing Co.: Pacific Grove, CA, 1994; p 213.

(3) (a) Clarke, T. C.; Kelsey, D. R.; Bergman, R. & Am. Chem. Soc
1972 94, 3626. Clarke, T. C.; Bergman, R. G. Am. Chem. Sod 974
96, 7934. (b) Summerville, R. H.; Schleyer, P. v. R.Am. Chem. Soc.
1972 94,3629;1974 96, 1110.

(4) (a) Ochiai, M.; Oshima, K.; Masaki, YJ. Am. Chem. Sod 991
113 7059. (b) Okuyama, T.; Takino, T.; Sato, K.; Oshima, K.; Imamura,
S.; Yamataka, H.; Asano, T.; Ochiai, NBull. Chem. Soc. JprL998 71,
243.

S0002-7863(97)02267-1 CCC: $15.00

substitution and elimination reactions are observed to give the
corresponding 4)-1-chloro-1-alkene 3) or 1l-alkyne &) and
iodobenzenes). By contrast, thg-tert-butyl group completely
inhibits the reaction by the substitution pathway so that the
reaction ofld affords only the elimination producdg). Kinetic
analyses of the reactions df show that the major reaction
pathway is through a chlorb*iodane reaction intermediat)(
and that the direct reaction of the iodonium idris a minor
pathway. Bothl and2 undergo concerted bimolecular nucleo-
philic substitution by chloride ion whil@ also undergoes a
unimolecular (intramoleculaf-elimination of iodobenzene and
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Table 1. Product Ratios and Observed Rate Constants Obtained at
[CI7] = 0.01 mol dnT32

substrate la 1b 1c 1d
ﬁ-R CH3 n-CgH17 i-Pr t-Bu
3/4 72128 54/46 41/59 0/100
10* Kopsds ™t 2.61 5.32 551 7.21
10%kds™t 1.88 2.87 2.26 0
104 ke/st 0.73 2.45 3.25 7.21

a At 25 °C in acetonitrile or acetonitrile; without adjusting the ionic
strength.

HCI. The results of this work provide strong support for a
concerted in-plane & pathway for vinylic nucleophilic sub-
stitution reactions.

CI” R H -
R H cl
—, = | —
H I-Ph H I
cl
1a,R = CH; 2
b, R= n-CsH17
¢, R = CH(CH3),
d, R= C(CH3)3
R Cl
>+ Rec=c-H+PH (1)
H H
3 4 5

Results

Reaction Products. The reactions offf)-1-decenyl(phenyl)-
iodonium saltlb with halide ions were previously examined
under various conditions and the product yields were determined
by gas chromatographic analysegZ)-1-Halo-1-decene3pb)
and 1-decynedb) are the major products of the reaction of all
halide ions except fluoride ion. The ratio of the yields of the
products of nucleophilic substitution and eliminatioBbJf[ 4b],
increases with increasing concentrations of halide ion. Similar
results were obtained in studies of the reactions offtheethy!

(1a) and thes-isopropyl derivativesic). Because of the low
boiling points of the products of these substitution and elimina-
tion reactions, they were examined in sealed NMR tubes in a
solution of acetonitrileds which contained 0.01 mol dm
tetramethylammonium chloride at 26. The'H NMR spectra

of the reaction mixtures were recorded directly. The ratios of
the yields of 3 and 4 were determined from the integral
intensities of these compounds and are summarized in Table 1
Essentially all of the nucleophilic substitution reaction is with
inversion of configuration at carbon to giv@ with the @)
configuration and there is no detectable formation of g (
isomer of3. These reactions were usually carried out with the
tetrabutylammonium salt of chloride ion. However, since the
butyl groups of this salt interfered with our in-situ NMR analysis
of the reaction products, tetramethylammonium chloride was
used for all of these experiments. The concentration of chloride
ion used in these NMR experiments was limited by the low
solubility of tetramethylammonium choride in organic solvents.

The products of the reactions of tifetert-butyl derivative
1d with chloride ion were determined by both GC and in-situ
NMR analyses. The only products detected were 3,3-dimethyl-
1-butyne 4d) and iodobenzen&) from the elimination reaction.
No substitution product was detected by either GC or in-situ
NMR analyses. Similar results were obtained in a study of the
reaction ofld with bromide ion and in some other solvents.

Reaction Rates. The UV absorption of the tetrafluoroborate
salts of1 only becomes strong at wavelengths below 240 nm,
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Figure 1. UV absorption spectra dfa (BF,~) recorded immediately

after dissolving in acetonitrile in the absence and presence sGu

atu = 0.10 (BuNCIOy), [1a] = 7.16 x 10°° mol dnT3, and 25°C.

[BusNCI] =0 (---), 104 (——), 0.01, ¢ —), and 0.10 mol dm? (—).
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Figure 2. The initial absorbance dfa at 250 nm in BuNCI solution
in acetonitrile measured at= 0.10 (BuNCIO,), [1a] = 7.16 x 10°°
mol dnt3, and 25°C. The solid curves are the theoretical ones
calculated as described in the text. The inset shows data at low [CI

while the chloride salts show significant UV absorption at longer
wavelengths. This absorption develops immediately when the
fluoroborate salts are dissolved in a solution which contains
chloride ion (Figure 1), and the UV absorption decays slowly
in accord with a pseudo-first-order rate law. First-order rate
constantsk,psq Were obtained from an analysis of the disap-
pearance of the absorbing species. The initial absorbafces
at 250 nm was obtained by extrapolation of the absorbance
readings to the time of initial mixing of reactants. Figure 2
shows a plot ofAA against the concentration of chloride ion
for the reaction ofla, whereAA is the difference between the
values of Ay and Ap measured when [C] = 0. Downward
curvature at high concentrations of chloride ion is observed in
Figure 2. A UV spectral analysis of the reactions of other salts
of 1 shows a similar chloride ion dependent accumulation and
decay of a reaction intermediate.

The values for the observed first-order rate constégis
determined for reactions in acetonitrile which contains 0.01 mol
dm=3 BuyNClI are reported in Table 1. Figures 3 and 4 show
plots of values ofk,sq Obtained at 25°C and constant ionic
strength g = 0.10, BUNCIO,) against the concentration of Bu
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Figure 3. Observed rate constants for the reactionda®fa), 1c (b), and1d (c) with chloride ion in acetonitrile at 23C. The closed circles
indicate values at = 0.10 and the open circles indicate those obtained without adjusting the ionic strength. The solid curves are calculated as
described in the text.
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Figure 4. Rate constants for the reactionsldf with chloride ion in Figure 5. Observed rate constants for the reactiodafvith chloride
acetonitrile ajx = 0.10 and 25°C: (@) kobsd (&) ks (O) ke; and ©) ion at 25°C in chloroform ajx = 0.10 @) and unadjusted ionic strength

Kobsa Obtained without adjusting the ionic strength. The solid curves (O). The solid curves are calculated as described in the text.
are calculated as described in the text. ) )

Table 2. Observed Rate Constants for the Reactiorivfvith
NCIl. Downward curvature is observed in the plot of rate Chloride lon in Various Solvents at 2&*

constantonsafor the reactions ota, 1b, and1cagainst [Ct]. solvent 10 Kypeds ™2 b ENe
By contrast a.much more complicated .chlondg ion concentration — - 520 7 a7 0207
dependence is observed for the regctlgmd)(ﬂgure 3c). H_ere DME 377 37.07 0.404
the values okspsqare observed to first increase to a maximum  propylene carbonate 14.4 62.93 0.472
and then decrease at higher concentrations of chloride ion. This acetonitrile 12.7 36.0 0.460
unusual concentration dependence may be related to the dichloromethane 6.45 9.02 0.309
observation that only elimination products are observed for the DMSO 5.1 46.71 0.444
tion of 1d, while the other substrates react by both chioroform 3.95 .89 0.259
reaction , whiie : L Dy ethanol 0.441 25.0 0.654
substitution and elimination pathways. This behavior was also  methanol 0.122 32.35 0.762

observed for the reaction dfi in chloroform (Figure 5). The aThe initital concentrations dfb and added BiINCl were 7x 1075

rate retardation caused by chIoride i_on was stronger and MOr€and 0.1 mol dm?d, respectively? Dielectric constant at 20C. ¢ Nor-

clearly observed when constant ionic strength was not main- malized+(30)15

tained. The effect of changing ionic strength on a reaction in

acetonitrile is smaller than that observed in chloroform, but the The rate constants for the elimination reaction increase in the

values ofkgpsq are slightly larger for reactions at low ionic  following order,1a < 1b < 1c < 1d.

strength (open circles in Figures 3 and 4). Product ratios3]/[4] = kdke were determined for the reaction
The value ofkopsgfor the reactions ofl is equal to the sum of 1b in the presence of several different concentrations of

of the rate constants for the nucleophilic substitution and chloride ion by gas chomatographic analyses. These product

elimination reactionsk; + kg). The individual rate constants  ratios were combined with the corresponding valuekssfy

ks and ke were calculated from the values fégpsqg and the for reactions oflb to give values oks andk. for nucleophilic

product ratio BJ/[4] = kdke determined byH NMR analyses. substitution and elimination. Figure 4 shows the dependence

The results for reactions in the presence of 0.01 mordm  of kopsg Ks, andke for the reaction ofLb on the concentration of

chloride ion are given in Table 1. The rate constants for the added chloride ion. Simple downward curvature is observed

substitution reactions ofa, 1b, and 1c are similar, but this in the plot of the values dfs. By contrast, the rate constakt

reaction is dramatically inhibited by thert-butyl group atld. first increases and then decreases with increasing concentrations
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Scheme 1
K, [CI”
R H 1 [ ] R H -
H  “LPh H 7
1 ) Cl
kq[CI] ky[CI7]
R Cl
> 4+ PhI
H H
@-3
SN2 reaction

of chloride ion. The shape of this curve is similar to that
observed for the elimination reaction ddl (Figure 3c), and is
apparently a characteristic feature of this reaction pathway.
The effects of changing solvent on the valuekgfqwere
determined for the reaction oifb under typical reaction
conditions (0.1 mol dm? of chloride ion at 25C). The results
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B-elimination

Reaction Pathways. The reactions of the iodonium salts,
1b, and 1lc with chloride ion give both substitution and
elimination products while thg-tert-butyl derivativeld reacts
to form only the products of elimination. The valueslgfsg
for the reactions of these two classes of substrates also show
sharply different changes with changing concentrations of

of these experiments are summarized in Table 2. The variation chloride ion. This difference is simply accounted for by the
in the rate constants determined for reactions in aprotic solventsfollowing: (1) the difference in the products of reactions of
is only 13-fold, but the reactions in protic alcohol solvents are la—c (both substitution and elimination) and for reaction of

typically 100-500-fold slower than in aprotic solvents.

Discussion

Stereochemistry of the Substitution Reaction. The prod-
ucts 3 of nucleophilic substitution of chloride ion at th&)(
isomer ofl form exclusively with the invertedZ) configuration.
The products of the reaction of th&)(isomers ofl were
examined in this work in an attempt to definitively establish
the stereochemical course for this vinylic nucleophilic substitu-
tion reaction. The 4) isomer of 1b was prepared as the

1d (elimination only), and (2) the different effects of chloride
ion on the rate constants, and ke for the substitution and
elimination reactions. Figure 3c shows thafsqfor the reaction

of 1d increases sharply to a maximum value and then decreases.
This corresponds to the chloride ion dependenck. dor the
reaction ofld sinceke = Kopsqfor the reaction of this substrate.

By contrast, simple downward curvature is observed in plots
of konsgagainst [Ct] for the reactions ofia and 1c (Figure 3,
parts a and b, respectively). Separation of the contribution of
the rate constants andks to Kopsqfor the reaction ofLlb shows

perchlorate salt and the products of its reaction in a variety of that the dependence &f on chloride ion concentration is the

solvents were examineéd. The ) isomer of1b is unstable

same as that for the reaction bdl and very different from the

and within 30 min at room temperature undergoes reaction in chloride ion dependence d& (Figure 4). The downward

chloroform, acetonitrile, acetic acid, and 2,2,2-trifluoroethanol,

curvature observed for a plot & against [Ct] is consistent

in either the presence or the absence of chloride ion, to form With a fast second-order reaction of chloride ion withat low

predominantly the elimination productsand5.4> We were

concentrations of chloride ion, and conversioribfat higher

not able to isolate any substitution products from the reaction chloride ion concentrations to a complex which is less reactive

of the ) isomer oflb. The instability of the Z) isomer must
be due to the facilg-elimination of proton and iodobenzene
located at the antiperiplanar positions.

However, the substitution produ¢)-3 is not usually the

toward addition of chloride ion than the free substrate. The
sharp decrease iq observed for the reactions &b and1d at

higher concentrations of chloride ion is consistent with the
unimolecular nature of the reaction and the formation of a

more stable isomer and cannot be a thermodynamic product;cOmplex that is less reactive toward elimination.

1-chloropropeneda) is slightly more stable in theZ] config-
uration than in the E) form, and the E) isomer becomes
progressively more stable as tfiealkyl group of 1-chloro-1-
alkene3 becomes bulkiet. Furthermore, other nucleophiles
such as bromide, iodide, thiol, and dialkyl sulfide (to form the
vinylsulfonium salt) give the invertedj substitution products
on reaction with E)-1b.#1%a Therefore, our failure to observe
the products of a nucleophilic substitution reaction of chloride
ion with the ) isomer ofl does not affect our earlier conclusion
that nucleophilic substitution reactions at the vinylic carbon of
1 occur with inversion of configuration.

It will also be worth mentioning here th#s-dialkylvinyl

The overall reactions which we propose to occur in this
system are illustrated in Scheme 1. The UV spectral data show
the accumulation of an intermediate species, which reaches a
maximum level at high concentrations of chloride ion (Figure
2). This is consistent with the rapid establishment of a chemical
equilibrium for complex(es) betweed and chloride ion.
Although similar observations of red-shifted UV absorption of
diphenyliodonium halide in aprotic solvents were ascribed to a
charge-transfer barid the strong absorbance observed ¥at
>240 nm in the presence of chloride ion (Figure 1) may more
reasonably be accommodated with formation of a complex
involving hypervalent bonding to iodine. That is, we propose

iodonium salts undergo less stereoselective nucleophilic sub-that chloride ion reacts with to form a chloroi®-iodane (10-
stitutions with extensive rearrangement due to the involvement I-3) 2. The sharp decrease kaobserved at higher concentra-

of vinylic cation intermediate¥

(9) Abell, P. I.; Adolf, P. K.J. Chem. Thermodyri969 1, 333.
(10) (a) Okuyama, T.; Sato, K.; Ochiai, M. Unpublished results. (b)
Hinkle, R. J.; Thomas, D. B]. Org. Chem1997, 62, 7534.

tions of chloride ion is consistent with the formation of a second,
less reactive complex at high [Q] We postulate that a second

(11) Hacker, N. P.; Leff, D. V.; Dektar, J. L1. Org. Chem1991, 56,
2280.
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Table 3. Equilibrium and Kinetic Parameters Used for the Curve Fittings

substrate la 1b 1c 1d 1dP
B-R CHs n-CgHi7 i-Pr t-Bu t-Bu
1073 Ky/mol-* dr? 5.90 (0.26) 7.16 (0.31) 7.60 (1.19) 5.64 (0.35) 17 (8)
10-%; 1.237 (0.011) 1.189 (0.010) 1.110 (0.039) 1.204 (0.015)
Ko/mol~t dm? 15.7 (3.6) 15.1 (4.4) 25.1 (10.4) 10.8 (4.6) 6 (4)
10-%, 1.796 (0.056) 1.679 (0.061) 1.502 (0.062) 1.809 (0.134)
ki + ko'Ky/mol-tdmi st 0.819 2.30 2.91 4.65 7.5(0.2)
koK1 + k3’K1K2/m0I‘2 dmfPst 95.7 203 239 0.93 0

2Values in parentheses are standard deviations obtained by the nonlinear least-squares treatments of the absorbdnoecblonaerm at
u = 0.10.K; andK; are obtained from the kinetic curvek; = 0.3 andk;'K; 2.0 mof* dm® s7* (k' = 2.8 x 10 s7%) from the separatek; and
Ke. 9koKy = 200 mol2 dmf s71 (k, = 0.28 mot?! dm? s71) andks'K;K; = 3 mol2 dmf s71 (ks = 2.8 x 107% s71) from the separateks andke.

hypervalent species of 12-1-4 type, ioda28)( is a less reactive ~ concentrations of chloride ion is attributed to rapid formation

intermediate of these reactios. of the complexe® (2'), and the further increase in the initial
There are two probable structurésand2', of the chloro- absorbance observed at the highest concentrations of chloride

A3-iodane. The most electronegative chlorine ligand is expectedion is attributed to the rapid formation @f (Scheme 1). The

to prefer the apical positions. The interchanges among the absorbance data can be simulated by a nonlinear least-squares

conformers of the hypervalent intermediates must occur very method according to eq'2by using the parameters given in

rapidly via pseudorotatiof? so that these isomers cannot be Table 3. The concentrations of free chloride ion at lowClI

simply distinguished by our kinetic experiments. The chlor- are adjusted by the iterative calculations by usingkhealue

oiodane?' is expected to undergo an intramolecyfaglimina- determined, because [Glis affected by the magnitude &f;.

tion reaction, while2 should undergo backside (& nucleo-

philic addition of an external chloride ion as illustrated below. AA= (AAK;[CI"] + AAQKlKZ[CI_]Z)/

The electron-rich anionic 1:2 complex &fand chloride ion - -2

(2") is expected to be essentially unreactive toward further (1 K[CHT+ KKICIT) (2)

nucleophilic addition of chloride ion. Here,K; andK; are the equilibrium constants for the formation

of 2%-iodane2 (2') and iodate2”, respectively. The value of

a o~ ¥ AA; corresponds to the theoretical absorbance increase for a
R s+ R H reaction in whichl is converted quantitatively t& (2') and the
>=g—H LPh value of AA; is that for a reaction in which there is quantitative
H o H \“/1 formation of2". The isomericl®-iodanes2 and2', cannot be
IPh :a’) differentiated by our experimental results.
(::15_ The expression in eq 3 shows the relationship betwegg

= ks + ke and the rate and equilibrium constants in Scheme 1.
This equation was derived with the assumption that the
hypervalent reaction intermediates form in rapid equilibrium
addition of chloride ion tol.* It is assumed that the

nucleophilic substitution reaction of the anionic intermediate

It has been confirmed by the labeling experiments that the
reaction of fluoride ion withlb gives only the products of an
a-elimination reaction, while the reaction of other halides occurs

at thej-proton of1b* This difference may arise because of - 51 ¢an he neglected over the concentration range studied. The
the high basicity of fluoride ion (. of HF = 3.17), since other  gjiq |ines in Figures 3 and 4 show the fits of the kinetic data

simple moderately strong bases such as carboxylate ions of, aq 3 obtained by using the equilibrium constants determined

amines also undergo exclusiueelimination reactions witb. o analysis of the initial aborbance fbin the presence of
Weakly basic halide ions such as chloride and bromide ions increasing concentration of chloride ion (Table 3).

react by thes-elimination pathway, and this behavior is best

accounted for by an intramolecular reaction in which the — [ (k. + K'KNCIT + (kK. + kKK K)ICIT12/
B-proton is abstracted by the leaving group at the li&limdane Kopsa ™= { (K + IKQICT T+ (ol + KA ICT TS

s X ; . - -2
complex. The elimination reactions of other iodonium salts (1 +Ky[CI']+ KKJICIT]Y) (3)
induced by chloride are also expected to occur by the same o ] _ )
intramolecular reaction mechanism. The kinetic data can also be fit to expressions which relate

The UV spectral and kinetic data can both be explained by the individual rate constantis and ke for the nucleophilic
the reaction mechanism shown in Scheme 1. The initial Substitution and elimination reactions ta, k; and k2, k',
absorbance observed for the reactior éifst increases sharply ~ respectively. Such analyses were carried outlfpas shown
with increasing concentrations of choride ion due to formation in Figure 4. The values determined for the rate constants for
of a chloride ion adduct th and appears to approach a limiting ~ the reaction oflb are given as footnotesandd for Table 3.
absorbance at high [C] (Figure 2, inset). However, a further ~ The term in the rate law that is first order in [Clis mainly
increase in the initial absorbance is observed at larger][Cl ~ due to the pathway leading to formation of elimination products
This is consistent with formation of a second add@t) (which (k2’Ky) while the term which is second order in chloride ion
contains two chloride ions. These data are consistent with @rises mainly from the pathway leading to the products of

Scheme 1, where the absorbance change observed at lowpucleophilic substitutionkeKy). That is, in the normal range
of choride ion concentrations used in these experiments+{10

(12) Amey, R. L.; Martin, J. CJ. Org. Chem1979 44, 1779. Dess, D.

B.; Martin, J. C.J. Am. Chem. S0d.982 104, 902. (14) Equations 2 and 3 can be derived by using the equilibrium fractions
(13) (a) Berry, R. SJ. Chem. Phys196Q 32, 933. (b) Reich, H. J,; of 1,2 (2'), and2" at a given [CI] which are expressed as 141K4[CI~]

Cooperman, C. SJ. Am. Chem. Socl973 95, 5077. (c) Ochiai, M.; + KiK3[CI7]?), Ki[CIT)/(1 + K4[CIT] + KiK2[CI7]?), and KiKo[CIT]%/(1

Takaoka, Y.; Masaki, Y.; Nagao, Y.; Shiro, M. Am. Chem. Sod.990Q + K4{CI7] + KiK;[CI7]?, respectively. A detailed derivation of the

112 5677. equations is presented in Supporting Information.
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these compounds from one another in solutfonThis is
because the hypervalent bonding of chloride ion at the polyvalent
iodo group is weak8 which can be represented by assignment
of a large contribution of a no-bond resonance form to the
structure of thel3-iodane.

1.0 T T T T

substitution

0.8

0.6
g R H R H
g H>=< P H>=< _Ph
& | I
0.4 * -
5 Cl Cl
0.2 o The present work provides an interesting example of a distinc-
climination tion between these compounds that is based upon the small,
but experimentally significant, difference in the nucleofugality
00 1 1 1 1

of the positive iodonio and the neutral polyvalent iodo groups.

The kinetic data for the reaction ad in chloroform were
analyzed by the same procedure described above. The value
of the association constalij at4 = 0.10 is considerably larger
than that in acetonitrile (Table 3). The valuekofdetermined
for reaction in the absence of added salt=t [BusNCI]) is
extremely large, so that there is essentially no dissociation of
the chloroiodane to fornid under these reaction conditions.
Now, the only detectable effect of added chloride ion is an
inhibition of the elimination reaction otd (Figure 5). The
theoretical curve in Figure 5 was determined by fitting the
experimental data to an equation f@psg Kopsa= (ko' + ks'Ko-
[CIT]D/(L + K CIT]) with k)’ = 5.3 x 104 s, ki = 2.2 x

The curves in Figure 6 were calculated by using the kinetic 10°* S, andK, = 61 mol* dm®. However, the physical
and equilibrium constants for the reactionldflisted in Table ~ Meanings of these derived parameters are unclear because it is
3. These data define (1) the fraction of these reactions NOt possible to evaluate whether they are constant or change
(substitution and elimination) which occur from the iodane With changing ionic strength. These experimental results are
intermediate and (2) the fraction of the substrate that exists in COnsistent with the conclusion that elimination involves the
the iodane form. The results provide evidence that as much asintramolecular reaction of the chloroiodane reaction intermedi-
87—97% of the products of the reaction db form from the ~ ate. _ _ _ o _
iodane reaction intermediate and that the fraction of the In conclusion, the reactions afwith chloride ion in solution

which has been coverted to the iodane varies from 42% (when2'€ consistent with the mechanism written in Scheme 1 which
[CI] = 1074 mol dnT3) to 40% (at 0.1 mol dm?) and this includes the hypervalent 10-1-3 and 12-1-4 reaction intermedi-

0.00 0.02 0.04 0.06

[CI"}/mol dm™

0.08 0.10

Figure 6. Calculated curves of the contribution of chlot&iodane

(2) to the reaction ofLb with chloride in acetonitrile. The curves are
calculated by equations similar to eq 3 with the parameters given in
Table 3. The top thick curve indicates a fraction of the reactions (sub-
stitution plus elimination) occurring witl, while the line identified

by “iodane” shows a fraction d® in the equilibrium ofl, 2, and2".

0.1 mol dn13), both the nucleophilic substitution and elimination
reactions ofLb occur mainly through the chloroioda@eeaction
intermediate, rather than by the direct reaction of the iodonium
ion 1 (Figure 6).

fraction passes through a maximum of 91% whern[Gt 0.004
mol dnr3,

The effects of changing solvents on the observed rate constan

for the reaction oflb in the presence of 0.1 mol drfichloride
ion are relatively small (Table 2) and they show no clear

dependence on polarity of the solvent as measured by the

dielectric constants or the polarity parametg™.'> These

results are consistent with the conclusion that the major pathway

for this reaction involves nucleophilic addition of chloride ion

to the neutrall®-iodane, because there is no disappearance or

creation of the charge occurring during the reaction but only

the dispersion of the negative charge on proceeding from the
initial state to the transition state. The rate constants for these

ates. The main reactions which occur in the range of chloride
ion concentrations examined in this work involve the 10-1-3

ghloro-13-iodanes? or 2'. We propose that the intermedidte

undergoes concerted bimolecular nucleophilic substitution by
chloride ion kz, Scheme 1), while the intermedideundergoes
intramolecular elimination to form the corresponding alkyk# (
Scheme 1).

Vinylic Sy2 Mechanism. Nucleophilic vinylic substitution
reactions of chloride ion occur both at the iodonium idy (
andA3-iodane @), which is in equilibrium withl. Althoughl
is about 10 times more reactive thantoward addition of
chloride ion,2 is the major species at chemical equilibrium under
our reaction conditions and the reaction of this species with

reactions are depressed in the protic solvents, methanol andEXClusive inversion of configuration is the major reaction

ethanol. This result is consistent with a reduction in the
nucleophilic reactivity of chloride ion due to hydrogen bonding
to these solvents.

The relative reactivity of iodonium iorilf and chloroiodane
(2) toward nucleophlic substitution by chloride ion is about 10
(ka/kz = 0.3 molt dm?® s7%/0.028 mof! dm® s~1 ~ 10) for the
reaction oflb, while the relative reactivity of chloroiodang)(
and iodate2'") toward elimination is between 10 and 8Q' (=
2.8 x 10*andks' = 2.8 x 1075 s~ for the reaction oftb and
k) = 8.2 x 1074 andks' = 1.5 x 107> s71 for the reaction of
1d). In general, similar chemical and physical properties of
iodonium ions andi3-iodanes make it difficult to distinguish

(15) Reichardt, CChem. Re. 1994 94, 2319.

pathway leading to formation of substitution products (Figure
6). This bimolecular substitution reaction with inversion occurs
through the concerted in-plangBpathway suggested above.
An alternative ion-pair mechanism has been excluded by the
observations, indicating that a simple primary vinyl cation
cannot be formed even in polar protic solvehtd? The bulky
p-tert-butyl group atld creates a large steric barrier to backside
nucleophilic attack of chloride ion but has relatively little effect
on the rate of elimination, which is the only reaction pathway
observed for this compound. Other changes in the secondary
and primary alkyl substituents atdo not have a large effect

(16) Koser, G. F. InThe Chemistry of Halides, Pseudo-halides and
Azides Parts 1 and 2; Patai, S., Rappoport, Z., Eds.; John Wiler & Sons:
Chichester, 1983; Chapters 18 and 25.



-Alkylvinyl(chloro)-A3-iodanes
B-Alkylviny

on the rate constamt for the substitution reaction of chloride
ion (Table 1). Free carbercarbon bond rotation allows these

J. Am. Chem. Soc., Vol. 120, No. 10, 198231

1-(trimethylsilyl)-1-butyne. By a similar procedure used i@; (E)-
3-methyl-1-(trimethylsilyl)-1-butene (220 mg, 1.55 mmol) was treated

smaller alkyl substituents to adopt a conformation that can avoid With iodosylbenzene (614 mg, 2.79 mmol) andsBEtO (396 mg,

interfering with the incoming nucleophile. The nucleophile is

assumed to approach the vinylic carbon from the direction of

the o-hydrogen atom and may in fact form a stabilizing
hydrogen bond to this-hydrogen. This hydrogen bond has

been detected in theoretical calculations of the reaction coor-

dinate for §2 nucleophilic substitution reactions at vinylic
carbon’a17

In conclusion, it is now established that the in-plang S
substitution occurs at the vinylic carbon of primary viryk
iodane/iodonium substrates.

Experimental Section

IH NMR spectra were recorded on a JEOL JNM-FX200 or a Varian
INOVA 500 spectrometer and chemical shifts are given in ppm
downfield from internal TMS. IR and UV spectra were obtained by

JASCO IRA-1 and Shimadzu UV-2200 spectrophotometers, respec-

tively. Mass spectrometers JEOL JMS-SX102A and JMS-DX303HF

2.79 mmol) in dichloromethane (8 mL) f® h atroom temperature
under nitrogen. Recrystallization from hexardichloromethane gave
the vinyliodonium salt.c (94 mg, 17%) as colorless crystals: mp 91.5
92 °C. IR (KBr) 2964, 1563, 1471, 1306, 1095, 740, 681, 651, 522
cm L H NMR (CDClh) 6 7.99 (d,J = 7.8 Hz, 2H), 7.68 (1) = 7.4
Hz, 1H), 7.52 (ddJ = 7.8, 7.4 Hz, 2H), 6.96 (dd] = 14.3, 7.0 Hz,
1H), 6.78 (dJ = 14.3 Hz, 1H), 2.64 (octet] = 7.0 Hz, 1H), 1.09 (d,
J = 7.0 Hz, 6H). HRFAB MS calcd for GHud [(M — BF)7]
273.0140. Found 273.0150. Anal. Calcd fonldiBF4l: C, 36.71;
H, 3.92. Found: C, 36.45; H, 3.90.
(E)-3,3-Dimethyl-1-butenyl(phenyl)iodonium Tetrafluoroborate
(1d). (E)-3,3-Dimethyl-1-(trimethylsilyl)-1-butene was prepared in 68%
yield by the hydroalumination-protonoly$iof 3,3-dimethyl-1-(trim-
ethylsilyl)-1-butyne. By a similar procedure used i@ the vinylsilane
(2.07 g, 13.2 mmol) was treated with iodosylbenzene (4.37 g, 19.9
mmol) and BE—ELO (2.82 g, 19,9 mmol) in dichloromethane (66 mL)
for 3 h atroom temperature under nitrogen. Recrystallization from
hexane-dichloromethane gave the vinyliodonium skdt(2.37 g, 48%)
as colorless needles: mp 14747.5°C. IR (KBr) 3092, 2964, 1470,

were used for MS. Gas chromatography was conducted on a Shimadzul446, 1263, 1080, 990, 742, 680, 523 ¢m'H NMR (CDCls) 6 8.00

GC-14B with a DB-1 capillary column (0.25 mm 30 m). Melting

(d, J = 8.0, 2H), 7.67 (tJ = 7.5 Hz, 1H), 7.51 (ddJ = 8.0, 7.5 Hz,

points were measured on a Yanaco micro-melting-point apparatus and2H), 6.99 (d,J = 14.4 Hz, 1H), 6.78 (dJ = 14.4 Hz, 1H), 1.11 (s,

are not corrected.

Acetonitrile was distilled from calcium hydride. Chloroform of
analytical grade stabilized with 2-methyl-2-butene obtained from TCI
(Tokyo) was used without purification. Other solvents are of the best
grade commercially available. Acetonitritg-containing 99.6 atom
% of D and 0.03% of TMS and CD€(99.9 atom % D) were obtained
from Aldrich. Tetrabutylammonium chloride (TCI) and perchlorate

9H). HRFAB MS calcd for GHiel [(M — BFs)*] 287.0297. Found
287.0312. Anal. Calcd for GHiBF4l-%4H,0: C, 38.08; H, 4.26.
Found: C, 38.07; H, 4.27.

Product Determination for Reaction of 1b. A sample oflb (2—-5
mg) was dissolved in acetonitrile solution containing the specified
concentrations of tetrabutylammonium chloride and perchlorate and kept
at 25°C for about 10 half-lives. The amount of the chloride solution

(Fluka) and tetrmethylammonium chloride (Wako, Osaka) were used was decided for the chloride to be at least 5 times excess of the substrate.

without further purification. 1-Decynetb, TCI), 3,3-dimethyl-1-butyne
(4d, TCI), and iodobenzené( Wako) were purchased for authentic
samples.

(E)-1-Propenyl(phenyl)iodonium Tetrafluoroborate (1a). (E)-1-
(Trimethylsilyl)-1-propene was prepared stereoselectively from 3-(tri-
methylsilyl)-1-propene by Fe(C@gatalyzed photoisomerization in
27% yield according to a literature procedtfteTo a stirred suspension
of iodosylbenzene (4.70 g, 21.4 mmol) art)-(L-(trimethylsilyl)-1-

The reaction mixture was diluted with water, and the products were
extracted 3 times with pentane containing tetradecane{2.67¢ mol)
for a GC internal standard. The combined pentane layer was washed
with water, dried over MgS§) and analyzed by GC before and after
concentration. GC MS was examined when necessary.

Pure samples @b?® and4b were isolated by preparative GC (20%
silicone GE SF-96, 1 m) from a large-scale reactiorlbf 3b: IR
(CHCIls) 2935, 2850, 1620, 1570, 1465, 1435, 1050, 1005, 990'cm

propene (1.22 g, 10.7 mmol) in dichloromethane (67 mL) was added 14 NMR (CDCls) 6 6.01 (dt,J = 7.3, 1.5 Hz, 1H), 5.75 (q) = 7.3

dropwise BE—EtO (3.98 g, 28.1 mmol) at @C under nitrogen, and
the mixture was stirred for 50 h at @ and then fo 1 h atroom

Hz, 1H), 2.22 (dg]) = 1.5, 7.3 Hz, 2H), 1.581.15 (12H), 0.89 (t)
= 6.5 Hz, 3H). 4b: *H NMR (CDCly) 6 2.18 (dt,J = 2.6, 6.8 Hz,

temperature. The mixture was stirred with a saturated aqueous solutiongH), 1.93 (t,J = 2.6 Hz, 1H), 1.66-1.20 (12H), 0.88 (tJ = 6.6 Hz,

of sodium tetrafluoroborate (15 g) for 30 min and then extracted with

3H).

dichloromethane. The organic layer was concentrated under an aspirator proqucts of Reaction of 1d. Reaction products ofld were
vacuum to give an oil, which was washed several times with hexane getermined by GC in the same way as thos&loby comparison with

by decantation at-78 °C. Recrystallization from hexaralichlo-
romethane gave the vinyliodonium sak (1.11 g, 31%) as colorless
crystals: mp 67.568 °C. IR (KBr) 3030, 1472, 1441, 1063, 992,
735, 680, 522 cmt. *H NMR (CDCl;) 6 8.01 (d,J = 8.0 Hz, 2H),
7.67 (t,J = 7.3 Hz, 1H), 7.51 (ddJ = 8.0, 7.3 Hz, 2H), 7.03 (dq]
= 13.7, 6.8 Hz, 1H), 6.80 (dq] = 13.7, 1.4 Hz, 1H), 2.05 (ddl =
6.8, 1.4 Hz, 3H). HRFAB MS calcd fordBliol [(M — BF4)*] 244.9827.
Found 244.9817. Anal. Calcd forgB:0BF4l: C, 32.57; H, 3.04.
Found: C, 32.51; H, 2.98.

(E)-1-Decenyl(phenyl)iodonium Tetrafluoroborate (1b). The BRs-
catalyzed silicoriodonium exchange reaction betweds)-€-(trim-

ethylsilyl)-1-decene and iodosylbenzene was carried out in the same

way as described previously. The yield of 1b was 72%.
(E)-3-Methyl-1-butenyl(phenyl)iodonium Tetrafluoroborate (1c).
(E)-3-Methyl-1-(trimethylsilyl)-1-butene was prepared in 69% yield by
the benzenesulfinic acid catalyzed isomerizaéflaf the ) isomer,
which was obtained by hydroalumination-protonol§sis 3-methyl-

(17) Yamataka, H.; Nagase, S.; Okuyama, T.; Ochiai, M. Unpublished
results.

(18) Mizuno, K.; Daimon, S.; Nakanishi, K.; Isagawa, K.; Otsuji, Y.
Chem. Expres4992 7, 209.

(19) Ochiai, M.; Sumi, K.; Takaoka, Y.; Kunishima, M.; Nagao, Y.;
Shiro, M.; Fujita, E.Tetrahedron1988 44, 4095.

the authentic samples dd and5. No sign of formation of3d was
found.

NMR Determination of Product Ratio. Reaction was carried out
at the substrate concentration of 2 mmol dnin acetonitrilees
containing 0.01 mol dr? tetramethylammonium chloride and 0.03%
TMS in an NMR tube. For the reactions b& and1c, the tube was
sealed by fusion to avoid evaporation of the products, but it was only
stoppered with a cap fatd. The required amount (0.2 mL) of the
stock solution ofl in chloroform (0.01 mol dm®) was placed in a

flask, the solvent was completely removed under vacuum, and 1 mL

of the ammonium chloride solution in acetonitrdgwas added. The
solution was transferred in an NMR tube and kept at@%or 5 h and
subjected to the NMR measurements. From the relative integral
intensities of the olefinic and the acetylenic signals or those of the

(20) Ochiai, M.; Takaoka, Y.; Ukita, T.; Nagao, Y.; Fujita, &. Org.
Chem.1989 54, 2346.

(21) (a) Miller, R. B.; McGarvey, GJ. Org. Chem1978 43, 4424. (b)
Zweifel, G.; Lewis, W.J. Org. Chem1978 43, 2739. (c) Eisch, J. J.; Rhee,
S.-G.J. Am. Chem. Sod975 97, 4673. (d) Uchida, K.; Utimoto, K.;
Nozaki, H.J. Org. Chem1976 41, 2215.

(22) Eisch, J. J.; Foxton, M. Wl. Org. Chem1971, 36, 3520.

(23) Miyano, S.; Izumi, Y.; Fujii, K.; Ohno, Y.; Hashimoto, HBull.
Chem. Soc. Jpril979 52, 1197.
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methyl groups, relative amounts of the products, chloroall®aad Curve Fittings: The curve fittings were carried out by a nonlinear
acetylenet, were evaluated*H NMR (CDsCN): 3a, 6 1.74 (dd,J = least-squares method (Marquartlievenberg Algorithm) with use of
6.7, 1.7 Hz), 5.90 (quintef, = 6.7 Hz), 6.12 (dg) = 6.7, 1.7 Hz)/4a, SigmaPlot (Jandel Scientific, San Rafael, CA) on a personal computer
0 1.78 (d,J = 2.9 Hz), 2.00 (gJ = 2.9 Hz);3c, 6 1.00 (d,J = 7 Hz), Macintosh Centris 650.

2.84 (m), 5.78 (ddJ = 9, 7 Hz), 6.02 (ddJ = 7, 1.2 Hz);4c, 6 1.15

(d, J =7 Hz), 2.23 (dJ = 2 Hz), 2.56 (m);4d, 5 1.21 (s), 2.29 (s). Acknowledgment. We thank Hiroshi Okuda for the NMR
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