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A kinetic study of the reactions of thiolate ions with three Fischer-type [aryloxy(phenyl)carbene]-

pentacarbonyl chromium(0) complexes in 50% Me€30% water (v/v) is reported. Brgnsted plots of
the second-order rate constants are biphasic with an initial steep rise for weakly basic thiolaf,ions (
~ 1.0) followed by a slightly descending leg with a negative slopg:(~ —0.2) for strongly basic
thiolate ions. This indicates a change from rate-limiting leaving group departure atNﬁW fo rate-
limiting nucleophilic attachment at higH@SH. The negatives,,c values result from a combination of

minimal progress of €S bond formation at the transition state and the requirement for partial desolvation
of the nucleophile before it enters the transition state. Possible factors that may affect the degree of bond
formation in reactions of Fischer carbene complexes as well as reactions of other unsaturated electrophiles

with thiolate ions are discussed.

Introduction

are many factors that affect the reactivity of nucleophiles such
as its basicity, size, polarizability, charge, solvation, and the

Nucleophilic reactivity is a subject that has received a great nature of the electrophile, just to name the most important ones.
deal of attention over several decades and is discussed inThe sjtuation becomes much simpler when nucleophiles within
considerable detail in most books on phySICal organic Chem|stry the same fam||y’ i_e_’ bases with the same nuc|e0phi|ic atom

and many review$:13 The subject is complex because there
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and similar structural features, are compared with each other
and all the reactions are conducted in the same solvent. In such
cases, there is generally a good correlation between rate
constants and the basicity of the nucleophile, with the rate
constants typically increasing with increasing basicity. This is
commonly expressed by the Brgnsted eq 1 Whe@“ﬁ' is the

10gK,ue = BrudKy " + ¢ 1)

pK, of the conjugate acid of the nucleophile gl is equal
to the slope of a plot of Idg,c versus ;KQ‘“CH and represents
the sensitivity of the rate to changes iK}J°"; typically 1 >
ﬂnuc > 0
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A common interpretation of the numerical valuesfaf. is o—©—x
that they represent an approximate measure of the degree of (c0)5c:=c<
bond formation between the nucleophile and the electrophilic Ph
center of the substrate at the transition state. This interpretation 4-Cr-X (X = CH,, H, NOy)
goes back to the seminal contributions by Leffler and Grunivald
and is in keeping with the Hammond postul&te. and4-Cr-NO; in 50% aqueous acetonitrile. The reactions follow
However, a number of cases have been reported where thehe typical two-step mechanism for nucleophilic substitution at
Bnuc value was close to zero or even negative; in such casesthe carbene carbon (eq %)Depending on the basicity of the
this interpretation cannot be correct. Examples where negativethiolate ion, either thé; or thek; step is rate limiting. For the
Bruc values were found include the reaction of quinuclidines reactions where thie step is rate limiting, thes,.c values are

with aryl phosphate®, of amines with carbocatior§;1” of
oximate ions with electrophilic phosphorus centérsf thiolate
ions with Fischer carbene complexes such-&4,1° 2-M,19 and
3-M,20

_OCH; OCH,CH, _SCH;
(o) sM=c{ (COpsM=c (CO)sM=C(_
Ph Ph Ph
1-Cr (M = Cr) 2-Cr (M =Cr) 3-Cr (M=Cr)
1-W(M=W) 2-W (M =W) 3WM=W)

and of aryloxide ions with g-nitrophenoxy(phenyl)carbene]-
pentacarbonylchromium(0¥{Cr-NO,).20:21

Ph
4-Cr-NO,

(CO)5Cr=(‘<

According to Jencks et al°,negatives,,c values result from a
combination of minimal progress of bond formation at the

again negative but not as strongly negative as for the reaction
of 4-Cr-NO with aryloxide ions?!

p; X K ~— 9 b SR
(CO)sCr=C_ +RS —_—‘(CO)SCr—ﬁf—SR—»(COkCr:(‘\ + (5)
Ph ke Ph Ph
4-Cr-X X

Results

Rates were determined with GEBH,CH,S~, HOCH,CH,S™,
MeOCOCHCH,S ", MeOCOCHS ", CRCH,S ™, PhS, 3,4-Cb-
CeH3S™, and GFsS™ as the nucleophiles in 50% MeCh0%
water at 25°C and an ionic strength of 0.1 M maintained with
KCl in most cases. The reactions were conducted under pseudo-
first-order conditions, with the carbene complex as the minor
component, and at constant pH corresponding to Kyerplues
of the respective thiol °"). The kinetic runs were moni-
tored in a stopped-flow spectrometer at 390 nm fo=X and

transition state and the requirement for partial desolvation of CHs, and at 400 nm for X= NO, respectively. Rates were
the nucleophile before it enters the transition state. In a first determined at six thiolate ion concentrations ranging from 5

approximationfn,c may be expressed by eq 2 whetg and
B'auc are defined by eqs 3 and 4, respectively;

ﬁnuczﬁd +ﬂ'nuc (2)
By = d logk/d pK3"*" €)
B e = d logk y/d pi;*" (4)

10“4to 5 x 102 M in all cases except for £sS~ where the
range was from 0.01 to 0.5 M due to the low reactivity of this
thiolate ion.

Representative plots of pseudo-first-order rate constkgtg (
versus thiolate ion concentration are shown in Figure 1. The
slopes of these plots yiekks, the second-order rate constants
for the overall reaction. Table 1 summarizes lalk values
determined in this study.

Kq represents the equilibrium constant for partial desolvation Discussion

of the nucleophile whilé(; is the rate constant for nucleophilic

attack by the partially desolvated nucleophile. Since desolvation
becomes more difficult with increasing basicity of the nucleo-

phile, 54 < 0 which, along with a smaf§'n, value, can lead to
a negativgsn,c value. A more elaborate treatment of this problem
has been presented elsewh¥re.

We now report a kinetic study of the reactions of a series of

thiolate ions with the Fischer carbene compleXe€r-CHs,
4-Cr-H,

(14) Hammond, G. SJ. Am. Chem. Sod.955 77, 334.

(15) Jencks, W. P.; Haber, M. T.; Herschlag, D.; Nazaretian, KJ.L.
Am. Chem. Sod 986 108 479.

(16) Richard, J. PJ. Chem. SocChem. CommuriL987, 1768.

Mechanism. Generally, nucleophilic substitution at the
carbene carbon of Fischer carbene complexes involves a two-
step mechanisfi as shown in eq 5 for the reactions studied in
the present work. Some of the most compelling evidence for
the stepwise nature of the mechanism has come from the study
of systems where the intermediate is directly detecttsie2425
including cases where the reaction is intramolecti&ecently,

(22) (a) Ddz, K. H.; Fischer, H.; Hofmann, P.; Kreissl, F. R.; Schubert,
U.; Weiss, K. Transition Metal Carbene Complexe¥erlag Chemie:
Deerfield Beach, FL, 1983. (b) Bernasconi, C.Ghem. Soc. Re 1997,
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Soc.1999 121, 6630.
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(21) Bernasconi, C. F.; Zoloff Michoff, M. E.; de Rossi, R. H.; Granados,
A. M. J. Org. Chem2007, 72, 1285.

the very low concentrations of €40~ being formed during the reaction,
no measurable reversibility is expected.

(24) Lam, C. I.; Senoff, C. V.; Ward, J. E. H. Organomet. Chem.
1974 70, 273.

(25) (a) Bernasconi, C. F.; Flores, F. X.; Gandler, J. R.; Leyes, A. E.
Organometallics1994 13, 2186. (b) Bernasconi, C. F.; GaaeRo, L. J.
Am. Chem. So200Q 122, 3821.
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1352.

J. Org. ChemVol. 72, No. 25, 2007 9457



]OCAT’tiCle Bernasconi et al.

6
4 -\O\Q}M
w
%f o A (X=cH) ®
o
0F ®
-2 1
2 4 6 8 10 12
6
4L
2 B (X=H e
o 2
o
ol L]
3 — -2 I 1 I
10°X[RSL M 2 4 6 8 10 12
FIGURE 1. Representative plots ¢fssqversus thiolate ion concentra- 10
tionforreactions of-Cr-H: (O) CH;CH,CH,S"; () MeOCOCHCH,S; C (X=NO)
(O) MeOCOCHS™; and @) PhS'. sl
it was shown that even with exceptionally good leaving groups -
such agp-nitrophenoxy the reaction of aryloxide ions witkCr- g \M
NO; is still stepwise?! This contrasts with nucleophilic substitu- ol
tions on carboxylic acid esters where the reactions become
concerted for aryloxy leaving grougé?® The reason for this 5 i , ;
contrast is that the intermediates in the reaction of the Fischer 2 4 6 8 10 12
carbenes are both thermodynamically and kinetically much more ng‘S
stable than the corresponding tetrahedral intermediates in the
ester reactiond!:22b FIGURE 2. Brgnsted plot for the reactions dfCr-X with thiolate

The results of the present study confirm the stepwise nature'0ns.
of the reaction o#-Cr-X with thiolate ions because the data ] )
indicate a change in the rate-limiting step as the basicity of the We note that the break in the Brgnsted plots of Figure 2A,B
nucleophile changes. This change manifests itself in the biphasicwhich correspond té, = k-1 occurs at 5> around 8. This
nature of the Brgnsted plots fdCr-H and4-Cr-Me (Figure implies that the leaving group abilities of aryloxide ions with
2A,B). For the reaction ofi-Cr-NO; (Figure 2C), the kinetic pKA™" values of 11.6 (X= H) or 11.9 (X = Me) are
stopped-flow traces for the reactions with the two least basic comparable to that of a thiolate ion witlKp>" ~ 8.0. Or,
thiolate ions were erratic and irreproducible and hencégzo stated differently, aryloxide ions are much better leaving groups
values could be determined; the reason for the erratic behaviorthan thiolate ions of similar basicities.
is unclear. A similar conclusion was reached by Douglas and Al8rz,

The Brgnsted plots in Figure 2A,B show a steep initial rise who showed that aryloxide ions depart from acetoacetate anions
that is followed by a straight line with a small negative slope. 5 x 10° times faster than thiolate ions of the same basicity,
The slope valuesfgug are summarized in Table 2. and 79 times faster from fluorene-9-carboxylic acid ester anions.

The biphasic nature of the Brgnsted plots can be understoodOn the other hand, in the reactions of thiolate ions with
based on the rate law for eq 5, which, using the steady statearylacetates, eq 9,
approximation for the intermediate, yields eq 6 for the second-
order rate constankrs. For weakly basic thiolate ions the

breakdown of the intermediate back to e X kg 9 X
CH;—C: O—@+RS ‘—k_] CH3—E;0—@/ —2» CHJ—E—SIH )
_ kqk, " X
kRS - k71 + k2 ( )

the leaving group ability of the aryloxide ions is comparable or

the reactants is faster than its conversion to products ¢ even somewhat less than that of thiolate ions of similar
(>) k2) and hence eq 6 simplifies to eq 7.

(27) (a) Ba-Saif, S.; Luthra, A. K.; Williams, Al. Am. Chem. S0&987,
kR = K.k (7) 109 6362. (b) Ba-Saif, S.; Luthra, A. K.; Williams, Al. Am. Chem. Soc.
S 12 1989 111, 2647.
(28) (a) Stefanidis, D.; Cho, S.; Dhe-Pagenon, S.; Jencks, \d/./&m.

For strongly basic thiolate ions the opposite is trkie (< (< Chem. Soc1993 115, 1650. (b) Hengge, A. C.; Hess, R. A.Am. Chem.
aly pp 99 )
kz) and nucleophilic attack becomes rate limiting, eq 8. 58332346;1015011256- (c) Fernandez, M. A.; de Rossi, R.JHOrg. Chem.
=k 8 (29) IZSougIaé, K. T.; Alborz, MJ. Chem. SocChem. Communi981
Krs = K )
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TABLE 1. Summary of the Second-Order Rate Constantskgrs, for the Reactions of Thiolate lons with 4-Cr-X (X = CH3, H, NO,) in 50%

MeCN—-50% Water at 25 °C2

RS pKESH 10-3kgg(CH3), M~1s72 10-3Kkgg(H), M~t 571 10-3kgg(NO,), M1 571
CHsCH,CH,S™ 11.94 3.34+0.06 4.30+ 0.07 46.3+ 1.8
HOCH,CH,S" 10.79 3.87£0.10 4.90+0.10 38.14+0.2
CH;OCOCHCH,S™ 10.69 7.42£0.14 9.19+ 0.10 76.8: 1.6
CHsOCOCHS" 9.45 8.97+ 0.04 11.55+ 0.09 1214+ 2.1
CF:CH,S™ 9.07 13.94+0.04 15.44+0.1 147+ 3
PhS 7.84 8.814+ 0.17 20.6+ 0.6 294+ 6
3,4-Ch-CeH3S™ 6.60 0.307+ 0.013 0.93+ 0.07
CoFsS™ 3.97 0.00097- 0.00004 0.00162- 0.0007

au = 0.1 maintained with KCI except for the reactions witBF6S~ wherex = 0.5 M was used due to the higher concentration range ¢fsf&].

basicity3° Specifically, the break in the Brgnsted ploks { =
ko) for these reactions occurs aKP™ ~ 10.1 for X = H
(pKA™H = 9.86), KF" ~ 7.8 for X = 4-NO, (pK;™™ =
7.14), and g5 ~ 5.0 for X = 2,4-(NQy), (pKE™" = 5.20).
As discussed in more detail by Douglas and Alb#rzhe
relative leaving group abilities of oxyanions and thiolate ions
clearly depends strongly on the specific reaction system.
Brgnsted Coefficients.The fnyc values determined in the

of oxyanions implies that their partial desolvation is energetically
more demanding, which may translate into a more neg#tive
value.

Regarding thefnudKikz) values for the reaction of thiolate
ions with 4-Cr-Me (ca. 1.01) and4-Cr-NO, (ca. 1.06), they
may be broken down intBnudKiko) = Beq + Bpush Wwherefeq
describes the dependencekf on the K" and Bpusn refers
to the electronic push by the lone pairs of the sulfur atom that

present study as well as those referring to the reactions of otherarises from the resonance development in the product. These
Fischer carbene complexes are summarized in Table 2. AsBnudKiko) values are quite similar to those reported by Hupe

discussed in the Introduction, the negative valuesffaiki)
must result from a combination of minimal progress of €
bond formation at the transition state and the impact of having
to partially desolvate the nucleophile as it enters the transition
state, i.e., eq 2 applies wifpy < 0 and|S4| > f'nuc

Regarding the dependenceff{k;) on the carbene complex
the following points are noteworthy.

(1) For the three carbene complexes with aryloxy leaving
groups 4-Cr-X with X = CHjs, H, and NQ) the fnudki) values
are all around-0.20, i.e., there is no dependence on the aryl
substituent. This implies that either bgthandp',care constant
or that any change ifiy is offset by an equal but opposite change
in f'nue For example, according to the HamméhdLeffler*
postulate the increase in reactivity in the ordeCr-Me <
4-Cr-H < 4-Cr-NO; may lead to a decrease in—S bond
formation at the transition state, thereby reduciig,c This
would require a corresponding increasefi making it less
negative and implying less desolvation of the thiolate ion at
the transition state.

(2) For the other carbene complexes with alkoxy and
methyl thio leaving groups th@..(ki) values are slightly
more negative, i.e., between0.25 and—0.30. It is not clear
whether the differences within this set or even relative to
the set for 4-Cr-X are significant or just the result of
experimental uncertainty. In any case, there is no obvious
correlation between thgé,.{ki) values and the reactivity of the
carbene complexes as measuredpior the standard thiolate
ion HOCH,CH,S" (last column in Table 2). If thBnhudki) values
for this second set are truly slightly more negative than for the
first, it is not clear whether this is becay8g,cis smaller orBq4
is more negative.

(3) For the reaction ofi-Cr-NO, with aryloxideions there
is little doubt that theS,.dki) value (~0.39 &+ 0.03) should
be regarded as significantly more negative tfiar(k,) for the
reaction of the same carbene complex with thiolate ief3.21
=+ 0.04). This difference is most plausibly interpreted in terms
of differences in solvation energies of thiolate versus oxy-
anions. Specifically, the stronger hydrogen bonding solvation

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

and Jenck® for eq 9.

+

SR

~
(©0)ser—c{
Ph

SR
COser=( <>
Ph

5 5

Reactivity. The k; values for the reaction o#-Cr-H
with HOCH,CH,S™ (4.90 x 103 M~1 s71) are about 4.5-fold
lower than for the reaction df-Cr with the same nucleophile.
For the reaction with OH the reactivity difference is a
factor of 11 in favor ofl-Cr relative to4-Cr-H .21 As pointed
out before?! based on electronic effects alodeCr-H should
be more reactive because the PhO group is more electron
withdrawing than the MeO group and the methoxy group is a
stronger w-donor than the PhO group, which lowers the
reactivity of 1-Cr. The results imply that the steric effect of
the larger PhO group more than offsets the electronic effects
and is responsible for the lower reactivity4{Cr-H. That steric
effects in reactions of nucleophiles with carbene complexes are
important has also been shown by Zoloff Michoff efaand
others?0-21

Hammett Plots. Figure 3 shows Hammett plots for the
reactions with CHCH,CH,S™, HOCH,CH,S~, CH;O0COCH:-
CH,S™, CH;OCOCHS ", and CRCH,S . These are the nu-
cleophiles for whichkgs is clearly equal tcki, sop = p(ky).
The p(ki1) values are 1.24t 0.10, 1.08+ 0.08, 1.10+ 0.09,
1.22+ 0.10, and 1.13 0.15, respectively, i.e., they are all the
same within the experimental uncertainties with an average value
of 1.15. The fact that the values are independent of the
nucleophile is not only consistent with the observation that
the fnudki) values are independent of the leaving group
substituent, they are a required consequence. This is because
the dependence gf on K35 and the dependence Bf,dki)
on ¢ are coupled through the cross-correlation coefficient,
Pxy (eq 10)3233 Our results indicate thap,y ~ 0, which is

(31) Zoloff Michoff, M. E.; de Rossi, R. H.; Granados, A. M. Org.
Chem.2006 71, 2395.

(32) Py = (d? log k)/(do dpK™") = (¢? log)/(dpKz " 'do).
(33) Jencks, D. A.; Jencks, W. P. Am. Chem. Sod.977, 99, 7948.
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TABLE 2. Brgnsted S Values for Reactions of Fischer Carbene Complexes with Thiolate lons in 50% MeCN50% Water at 25 °C

Carbene complex [3,..,C(k,)a Bauc(Kik2) ki(HOCH,CH,S")

Mgt

Reactions with RS™ and ArS™

/O_©_ i,

(CO)SCr=C\Ph (4-Cr-Me)b ~0.21+0.05 ca. 1.01 387x 10°
(CO)SCr=C\Ph (4-Cr—H)b -0.18+0.03 ca. 1.06 490x10°
NO, b
(CO)sCr=C\Ph (4-Cr-NOy) —0.21+0.04 463x 10"
_OCH,
(CO)Scr_c\Ph a-cr)’ ~0.28+0.05 225x 10"
_/ocH,
(CO)SW'C\Ph a-wy 025+ 0.04 6.52x 10"
__/OCH,CH,
(CO)SCI_C\Ph @-cr)’ 0.28+0.05 120 % 10*
OCH,CH,
(CO)5W=C\Ph aw) 026+ 0.04 4.04x 10"
CH,
(CO)Scr_c\Ph (3-Cr)d ~0.24+0.07 6.60 x 10°
SCH, a ;
(CO)W=C__ (3-W) ~0.30+0.04 2.95x 10
Ph
Reaction with ArO™

/O_@ NO,

(C0)5Cr=C\Ph @-Cr-NO,)°  —0390.03 139%10°

aErrors are standard deviatior¥sThis work. ¢ Reference 199 Reference 20¢ Reference 21.

a reasonable result for a reaction where leaving group departurethe p value should be enhanced becaklisis expected to show

is decoupled from the nucleophilic attachment step. a much stronger dependence on the leaving group substituent
thank;.
do _ dBnudk) A comparison ofo(ky) for the reactions of thiolate ions with
Py (10) 4-Cr-X with p(k;) values for nucleophilic attachment to other

d pKRSH do ) /al . mner
a Fischer carbenes is instructive. These latter are summarized in
Table 3. The most obvious interpretation of the posiii{ie)
values is that they indicate stabilization of the developing
negative charge at the transition state by electron-withdrawing
substituents. However, the fact that there are large variations
in thesep(ky) values suggests that other factors come into play

The Hammett plot for the reaction of Phfnhot shown) has
ap value of 1.574+ 0.10. The somewhat higher value than for
the more basic thiolate ions may be attributed to a transition
from ky > k_; to k, > k1 so thatkgs is no longer strictly equal
to k; but given by eq 6 wherk, makes a small contribution to
krs. The fact that the point for_PhSon .th.e Br.ﬂnsted. plot for_ (34) (a) Bernasconi, C. F.; Ali, MOrganometallic2001, 20, 3383. (b)
4-Cr-Me shows a small negative deviation is consistent with gernasconi, C. F.; Bhattacharya, Grganometallics2003 22, 1310.
this notion. As a consequence of the contributiorkofo krs, (35)0r = —0.43 and—0.15 for MeO and MeS, respectivel§.

9460 J. Org. Chem.Vol. 72, No. 25, 2007
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FIGURE 3. Hammett plots for the reactions of-Cr-X with
CHsCH.CH,S™ (&), HOCH.CH,S  (a), MeOCOCHCH,S (O),
MeOCOCHS™ (H), CRCH,S™ (O), and PhS (®).

TABLE 3. Representative Hammettp(k;) Values for Reactions of
Fischer Carbene Complexes with Nucleophiles in 50% MeCN50%
Water (v/v) at 25 °C

# Reaction p(k1) Ref.
OAr a
1 ©O)sCr=C{_ + RS~ L15 b
Ph
/OMe B
2 (CO)5C1=C\ + OH 2.20 c
Ar
OMe B
3 (c0)5c=< + OH 178 c
Ar
OMe
4 (CO)5W=(< + HC=CCH,0~ 1.65 c
Ar
OCH,CH,OH
5 (CO)sCr=C_ intramoleculard 2.19 e
Ar
SCH,CH,0H
6 (CO)5C1=C\ intramoleculard 0.96 f
Ar
SCH,CH,OH
7 (COW=C + HOCH ,CH,S~ 145 g
Ar
/OMe
3 (CO)sCr=C + n-BuNH, 2.03 h
Ar
/SMe
9 (CO)SCx=C\ + n-BuNH, 0.59 i
Ar

a Average value for first five thiolate ions in Table 1This work.
¢ Reference 251 p includes dependence of acidity constant of the OH
group.®Ali, M.; Bernasconi, C. F.; Biswas, S. Organomet. Chen2006
691, 3477.f Reference 34 Reference 20" Bernasconi, C. F.; Whitesell,
C.; Johnson, R. ATetrahedron200Q 56, 4917." Reference 34b.

as well. One important factor identified previously is thelonor
effect of the leaving group on the stabilization of the reactant,

JOC Article

which is particularly strong with alkoxy grougse.g.,6%, but
weaker for alkylthio groupss).35

+
OMe A OMe
(C0)5C1=C< -—> (CO)SCr—C\/
Ar Ar
6 6*

Electron-withdrawing substituents destabiligé, which en-
hances the reactivity of the carbene complex and hence renders
p(k1) more positive. This is believed to be the main reason why
o(k1) is larger for alkoxy carbenes (nos—8, 8) than for
alkylthio carbenes (nos. 6, 7, 9).

The reactions reported in the current study (no. 1) differ from
all the others in that the substituents are on the aryloxy leaving
group rather than on the phenyl group directly attached to the
carbene carbon. This increases the distance between the sub-
stituent and the site of negative charge development at the
transition state, thereby strongly reducing the contribution of
transition state stabilization to the(k;) value, assuming a
comparable degree of bond formation at the transition state. The
fact that thep(ks) value (1.15) is as large as it is and larger
than for most reactions where the leaving group is an alkylthio
group suggests that here, too, thedonor effect plays a
dominant role. However, the fact that the substituents are on
the aryloxy group leads to a somewhat different situation
regarding the influence of the-donor effect. The oxygen in

- +
o—<: :>—x ~ o—<: >—x
(CO)SCr=C< > (C0)5Cr—</
Ph Ph
7 7+

is less basic than that i6, which should reduce itg-donor
strengthand hence the stabilization of the carbene complex.
On the other hand, the closer proximity of the substituents to
thezr-donor atom in7 should enhance theubstituent effeain
the 7-donor effect. The overall result appears to be a positive
contribution to theo(k;) values.

Comparison with Other Reactions. Irrespective of the
precise breakdown ¢, (ki) into 5'nuc @andpfy, it is reasonable
to conclude that €S bond formation in the reactions of thiolate
ions with Fischer carbene complexes has made very little
progress at the transition state. How do th8sg(ki) values
compare with those for the attachment of thiolate ions to other
electrophiles such as esters, aromatic compounds, and vinylic
substrates? Table 4 summarizes some represeniafivé)
values. The table includes rate constants for the reaction with
thiophenoxide ion; these rate constants provide a crude measure
of the relative reactivities of the various electrophiles although
they do not allow a distinction to be made between cases where
ki is high mainly because of a large thermodynamic driving
force (largeK;) and cases whellg is high mainly because of
a low Marcus intrinsic barrier or high intrinsic rate constént.

The range of thes@ndki) values from—0.30 to 0.65 is
remarkably large. As is the case for the comparisofingi(ki)
values for the reactions within the family of carbene complexes
(Table 2), there is no clear correlation betwgkan(k;) and the
reactivity of the electrophiles. For example, within the ester

(36) Hansch, C.; Leo, A.; Taft, R. WChem. Re. 1991, 91, 165.

(37) The Marcus intrinsic barrier (intrinsic rate constant) is the barrier
for a reaction without thermodynamic driving force, i.&G° = 0 (the rate
constant when the equilibrium constant is unity/§?
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TABLE 4. Representativefin,c(ki) Values for the Attachment of Thiolate lons to Electrophiles

Electrophile Solvent (temp.) Bruc(kr) k1(PhS") Ref.
M
OzN@NOz 95% EtOH/5% H,0 (25°C) 0.65 1.90 x 107 a
Cl

OzN_©>_F MeOH (50°C) 0.52 22x10° b
OzN@CI MeOH (50°C) 0.48 33x107" b

CH;—C—OPh H20 (25°C) 0.27 60x10°8 ¢

it |
CH— NO, Hy0 (25°C) 0.27 3.57x10° c
CHs_C@NOZ H,0 (25°C) 027 ca.17x100 ¢

O,N
CH;—C— S@NOZ H,0 (25°C) 0.27 3.60 x 10' c
CH,
= 50% DMSO0-50% H,0 (20°C) 0.22 1.0x10' 8 d
}—o CH,
CH,
C_ 50% DMS0-50% H,0 (20°C) 0.19 23x10°8 ¢
}-—o CH,
Phy  NO, v
,C=C,, 50% DMS0-50% H,0 (20°C) 0.11 1.7x 10 f
MeO Ph
—_— 7/ : 4
(CO)sCr—C\Ph 50% MeCN-50% H0 (25°C) -0.18 2.06 x 10 h
/SMe
(CO)Cr=C_ 50% MeCN-50% H,0 (25°C) ~0.30 1.0x10°8 i
Ph

aCrampton, M. R.; Willison, M. JJ. Chem. SogPerkin Trans. 21974 238. Bartoli, G.; Di Nunno, L.; Forlani, L; Todesco, P. Ft. J. Sulfur Chem.
C 1971, 6, 77.° Reference 309 Bernasconi, C. F.; Ketner, R. J.; Chen, X.; Rappoport].ZAm. Chem. Sod.998 120, 7461.¢ Bernasconi, C. F.; Ketner,
R. J.; Chen, X.; Rappoport, Zan. J. Chem1999 77, 584.f Bernasconi, C. F.; Fassberg, J.; Killion, R. B., Jr.; Rappopord, Zm. Chem. S0d.99q 112,
3169.9 Extrapolated value? This work.' Reference 20.

family, fnudki) is constant (0.27) despite a reactivity range of midrange. On the other hand, the reactivity of the benzylidene
4 orders of magnitude. Furthermore, the esters as a group aréMeldrum’s acid derivatives is quite comparable to that of the
the least reactive electrophiles except fenitrofluoro and respective carbene complexes but flag(k;) values are much
p-nitrochlorobenzene yet thé,,{(ki) values are close to the  smaller for the latter.
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One factor that does seem to play a role in the trend of the
PBrudks) values is steric crowding at the transition state. This
crowding is particularly severe in the reactions of the carbene
complexes due to the large size of the (g@Q)group2°4°it is
also quite considerable in the reactions of the benzylidene
Meldrum’s acid derivative$! It appears then that the crowding
leads to transition states in which-S bond formation has made
less progress in order to avoid excessive steric strain. However
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at the transition state is a factor in retarding the £bond
formation at the transition state and lowerifg,{ki).

Experimental Section

Materials. The carbene complexdsCr-H and4-Cr-NO, were
available from a previous stugiwhile 4-Cr-Me was prepared as
described by Pulley et . and identified by NMR (500 MHz,
CDCly) as follows: *H NMR 6 2.44 (3H, s), 7.1+7.44 (9H, Ph

what is still lacking is a comprehensive theory that encompassesgpg OGH.); 13C NMR 6 121.3, 124.8, 128.0, 130.2, 137.6, 154.7,

all possible factors that contribute to the degree of bond
formation at the transition state of nucleophilic attachment
reactions.

Conclusions

(1) The reaction of thiolate ions with the Fischer-type carbene
complexest-Cr-X is stepwise (eq 5) as evidenced by the sharp
break in the Brgnsted plots, indicating a change from rate-
limiting leaving group expulsionks) at low pKE*" to rate-
limiting nucleophilic attachmentk() at high p(ESH.

(2) The fact that the break in the Brgnsted plots where
k-1 occurs at a KX°" value ¢-8.0) that is much lower than the
pKA™" of the aryloxy leaving groups means that the aryloxide
ions are much better leaving groups than the thiolate ions of
comparable basicities. However, this conclusion does not

157.8 (Ph and OgHy), 215.4 (cis CO), 225.1 (trans CO), 351.7
(C=). Thiols were obtained from commercial vendors in the highest
available purity and distilled under argon prior to use. KOH
solutions were prepared from DILUT-IT analytical concentrates (J.
T. Baker). ACS high-purity HPLC acetonitrile was used without
purification. Ultrapure water was obtained from a Millipore
MILLI-Q Plus water system.

Kinetic Experiments. All kinetic experiments were conducted
in 50% MeCN-50% water (v/v) at 28C. The ionic strength was
maintained at 0.1 M with KCI except for the reactions witkF6S~
where the ionic strength was 0.5 M because the low reactivity of
this thiolate ion required the use of higher concentrations. All rates
were measured in a stopped-flow spectrophotometer. In most cases
the reactions were initiated by mixing equal volumes of an
acetonitrile solution of the carbene complex with an aqueous
solution of the thiolate buffer. In this way hydrolysis of the carbene
complex prior to its reaction with the thiolate ion could be avoided.
For the reactions with 3,4-&TsHsS™ and GFsS™ the reactions were

necessarily apply to other reaction systems such as, e.g., eq 9nitiated by mixing equal volumes of 50% aqueous acetonitrile
(3) TheBnudki) values for the three carbene complexes are solutions of carbene complex and thiolate buffer because of the
around—0.2. The negative values result from a combination of relatively low solubility of the respective thiols in water. Since these
minimal progress of bond formation at the transition state and buffer reactions were conducted at low pH hydrolysis was minimal.
the requirement for partial desolvation of the thiolate ion before Special caution was required for the preparation of the aromatic

it enters the transition state. THgudki) values for the reactions
of aryloxide ions with4-Cr-NO, are even more negative than
those for the reactions of thiolate ions wihCr-X. This is
probably the result of the stronger solvation of the aryloxide
ions, which makes their partial desolvation energetically more
demanding.

(4) The Hammetp(k;) values are independent of the thiolate
ion (average 1.15). This implies @y ~ 0 and is consistent
with the Snudki) values being independent of the X-substituent.

(5) The main factor responsible for the positiveralues is
the increase in the reactivity dfCr-X with electron-withdraw-
ing substituents, which reduces the stabilization of the carbene
complex by ther-donor effect of the oxygen atom. Transition
state stabilization plays a minor role due to the large distance
of the substituent from the site of negative charge development.

(6) In comparingBnudki) values for the reaction of thiolate
ions with other unsaturated electrophiles no clear correlation
with reactivity exists. However, it appears that steric crowding

(38) Marcus, R. AJ. Phys. Chem1968 72, 891.

(39) Keeffe, J. R.; Kresge, A. J. Investigation of Rates and Mechanisms
of ReactionsBernasconi, C. F., Ed.; Wiley-Interscience: New York, 1986;
Part 1, p 747.

(40) Bernasconi, C. F.; BhattacharyaCBganometallic2003 22, 426.

(41) Bernasconi, C. F.; Ketner, R. J.; Ragains, M. L.; Chen, X.;
Rappoport, ZJ. Am. Chem. So001, 123 2155.

thiolate ion buffers due to their facile oxidation. They were prepared
by injecting the freshly distilled thiol into the appropriate KOH
solution that had been degassedXd in anultrasonic bath while
under a stream of argon bubbling through the solution. Transfer
into the stopped-flow syringe was carried out under argon.

Rates were monitored at 390 nm #Cr-Me and4-Cr-H and
at 400 nm for4-Cr-NO,. Typical substrate concentrations were
3—5 x 1075 M while thiol and thiolate concentrations were always
in large excess over the substrate. All pH measurements were carried
out on an Orion 611 pH meter equipped with a glass electrode and
a Sure-Flow (Corning) reference electrode and calibrated with
standard aqueous buffers. The pH in 50% Me&0% water (v/
v) was determined according to Allen and Tidw&llThe pH of
the reaction solutions for the stopped-flow runs was measured in
mock-mixing experiments that simulated the kinetic runs. TKg p
values of the thiols were determined by measuring the pH of 1:1
or 9:1 buffer solutions under the reaction conditions.
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