1352 J. Am. Chem. So2000,122,1352-1359

Physical Organic Chemistry of Transition Metal Carbene Complexes.
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Abstract: Rate and equilibrium constants for the conversion of @BFC(OCHCH,OH)Ph 8-CrOOH),
(COBW=C(OCH,CH,OH)Ph 8-WOOH), (CO)Cr=C(SCHCH,OH)Ph 8-CrSOH), and (CO3W=C(SCH-

CH,OH)Ph 8-WSOH) into the corresponding cyclic adducts (GRI)-C(XCH,CH,0)Ph @-CrOO~ for M

=Cr, X=0;9-WO0O~ for M =W, X = 0O; 9-CrSO~ for M = Cr, X = S;9-WSO for M =W, X = S)

are reported. Under basic conditions the reaction occurs via the respective oxyaniogSrCPCHCH,O)Ph
(8-CrO0O"), etc.; under acidic conditions the reaction may either be concerted with water acting as a general
base catalyst or stepwise via a zwitterionic intermediate. The absence of buffer catalysis suggests but does not
prove the operation of the stepwise mechanism. The equilibrium constants for cyclizaBe@r&O~ and
8-WSO™ are about 1 order of magnitude higher than8e€rOO~ and8-WOO™, respectively. For theate
constants the situation is reversed, v8tiCrOO~ and8-WOO™ being substantially more reactive thasCrSO~

and 8-WSQO™, respectively. These results reflect transition state imbalances with respect to various factors
such as steric effectg-donor effects, resonance effects in the cyclic adduct, and possibly anomeric effects.
Kinetic and equilibrium effective molarities of the cyclization reactions were also deduced and are discussed
in the context of intramolecular reactions in general.

Introduction © oM RS RS (C(;)M CMePh o
We have recently reported two kinetic studies of reactions T e Ky + kg ’ &R
of various thiolate ions with a number of Fischer carbene . o _cy s.Cr
complexes. In the first, carbene complexes of the tygd? AW M=W) 5-W~
were shown to undergo a stepwise process according to eq 1 CH.CH.OH
,SCH,CH,0H kRS [RS"] + kRSH[RSH] §CHCHy
OMe = (CO)M=C_ — (CO)M—C—Ar 3)
,OMe —~— Hage , Ar k_y + k_jaye
COM=C + RS === (CO)M~C—Ph Lo copm=c] + MeOH (1) L¥ SCH,CH,0H
Ph = SR Ph 6-Cr (M =Cr) 7-Cr”
1-Cr M =Cr) 2-Cr” 3.Cr 6-W M=W) 7-W
1-W M=W) 2-W~ 3w

In this paper we report a kinetic study of the reversible
where the intermediate accumulates to detectable 8vighés formation of cyclic adducts by the intramolecular nucleophilic
allowed a dissection of the rate constants of each individual reactions shown in Scheme 1. The objective is to determine
step. In the second study the rate constants of the reactionshe various rate constants in the scheme in order to gain further
shown in eqs 2 (RS = MeS’, n-PrS, HOCHCH,S", insights into the structurereactivity relationships of nucleo-
MeO,CCH,CH,S™, and MeQCCH,S) and 3 (RS = philic reactions at the carbene carbon of Fischer carbene
HOCH,CH,S") were determined.These investigations have complexes.
provided numerous insights into the structureactivity rela-
tionships of these reactions, including the effect nucleophile
desolvation, steric crowdingi-donor effects (O vs S), transition
state imbalances, polarizability effects of sulfur, and others.

Results

Synthesis.The various3-MOOH 2 and8-MSOH? complexes
TOn leave from the Department of Chemistry, Vidyasagar College, have not been described before. They were synthesized by the

Calcutta 700 006, India. ; ; ;
' . . reaction of the correspondin-M with NaOCHCH,OH for
1) Part 17: B , C. F.; Ali, M. Am. Chem. S0d.999 12
Ly ant 17 Bemascon " ML Am. Chem. Sod999 121 5 MOOH and NaSCHCH,OH for 8-MSOH.
(2) When using the symbol§-M, 2-M~, etc., both the Cr and W General Features of the Cyclization ReactionsWhen

derivative will be meant. If only oneiof theﬁderivatives is referred to, we 8-MOOH or 8-MSOH are added to a dilute KOH solution,
will use the symbold-Cr, 1-W, 2-Cr—, 2-W~, etc. . . . . .
(3) Bernasconi, C. F.; Kittredge, K. W.: Flores, F.X.Am. Chem. Soc.  there is a rapid conversion to the respective cyclic adducts

1999 121, 6630. 9-MOO~ or 9-MSO~ which manifests itself by the loss of the
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Figure 1. Conversion of8-WSOH (~10"° M) to 9-WSO™ in the

presence of 5.6 1074 M KOH. First spectrum was taken in the absence
of KOH; subsequent spectra were takeérla intervals.

Scheme 1
0 XCH,CH,0 k, —— X
XCH,CH,0H KoulOH'] / 2D 1 o
©o)M=c_ CO)M=C_ == COM-¢-0
Ph Ph koy Ph
] b 4
kHay
8-CrOOH (M = Cr, X = 0) 8-Cr00” 9-Cr00~
8-WOOH M =W, X = 0) 8-WO0O0~ 9-W00
8-CrSOH M =Cr, X =S) 8-CrSO~ 9-CrSO~
8-WSOH M =W, X =§) 8-WSO~ 9.WSO~
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Figure 2. Dependence of loB.nsaon pH for the reversible cyclization
of 8-MXOH in 50% MeCN-H,0 atl = 0.10 M KCI and 25°C.

For the reactions 08-CrOOH, 8-CrSOH, and 8-WSOH,
Kon[OH™] < 1 under all conditions which simplifies eq 4 to
eq 5.

~ Kork[OH ]+ k,

= + k., +K
bsd = - Ko [OH ] 1 2 Ayt

(4)

bsa= Kok [OH T +k +k ; + K a,  (5)

For the reaction 08-WOOH the onset of a leveling off at
pH > 13 indicates thaKos[OH™] 2 1 at high pH; a similar

carbene complex absorption and the appearance of a neweveling off would be expected for the reaction&CrOOH,

spectrum in the UV region. This is shown in Figure 1 for the
example of 9-WSO~. The spectrum of the new species,
9-WSQO, is very similar to that of the2-W~ (R = n-Pr)
generated in the reaction @fW with n-PrS .3

Addition of HCI to the solutions shortly after the adducts
have been formed leads ©95% recovery of the starting
materials; if acidification is significantly delayed, there is less
recovery due to gradual decomposition of the adducts in basic
solution. Depending on the specific case, this decomposition is
characterized by half-lives from several minutes to more than
1 h, with the tungsten derivatives being more stable. The nature
of the decomposition reaction was not investigated.

For the longest-lived cyclic adduc8-(WOO~ and9-WSQO~)
it was also possible to obtafti and3C NMR spectra which
are consistent with the assigned structure (see Experimental
Section).

Rate and Equilibrium Determinations. Spectrophotometric

but the rates at pH 13 were too fast to be measured by the
stopped-flow method.

The kinetic data allowed straightforward determination of
Konki and kﬂz from the pH-dependent legs of the pirate
profiles. For the reaction 08-WOOH an approximateKon
value could also be obtained by curve fitting the data to eq 6 at
high pH#

Konk [OH]
bsd— S (6)

14 Ko [OH ]

The k-1 and k, values were evaluated by two different
methods. The first one was based on the plateau values of the

H—rate profiles which are given by log(; + kz). From the
Ichanges in absorption observed during the kinetic experiments
it was deduced that the equilibrium position favors the cyclic
adducts over the reactants in the pH range that defines the

(stopped-flow and conventional) measurements were performedplateaus. This impliek, >(>) k-1, and hence, the plateau values

over an extended pH range by either measuring rates of
cyclization in KOH and triethylamine buffer solutions or rates
of ring opening inN-methylmorpholine and acetate buffers and,
in some cases, HCI solutions. No significant buffer catalysis
by any of the buffers could be detected at total buffer
concentrations of up to 0.05 or 0.1 M. Figure 2 shows the-pH
rate profiles for the reactions &CrOOH, 8-WOOH, 8-Cr-
SOH, and8-WSOH.

All pH —rate profiles are consistent with Scheme 1 for which

the observed pseudo-first-order rate constant is given by eq 4.

can be approximated by lokp. In conjunction withkﬂ2 one
obtainsK, = kz/kﬂ2 for the pseudo acidity constants defined
according to eq 7. This, in turn, allows calculationkgpKi =
Ko/Ky with Ky, being the ionic product;hencek-; = Kopky/
KonK1 is obtained.

K2 —
8-MXOH ==9-MXO ™~ + H”" 7)

(4) At high pH, k2 + k1 + K au+ < Konki[OH /(1 + Kod[OH]).
(5) pKuw = 15.19 in 50% MeCN-50% water at 25C, u = 0.1 (KC)
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The second method relied on a direct determinatioki,dfy

standard spectrophotometric procedure (see Experimental Sec-

tion) from whichk, was calculated aszﬂz andk_, obtained

as before but using the spectrophotometkg values to
determineKopKs. The agreement between the two methods was
very good in most cases, except ®CrOOH where the two
values differ by 0.24 log units. This somewhat larger discrepancy
may be attributed to difficulties in getting reproducible results
by the spectrophotometric method, due to relatively rapid
decomposition of the addu@+CrOQO ). For this case we shall
therefore adopt the kineti€, value in our further discussions.
For the other three compounds the spectrophotont&in@lues

are considered more accurate than the kinetic ones because of

some uncertainty in the plateau values of the pH rate profiles;
hence they, as well as tlkg andk-; values derived therefrom, '
will be used in further discussions.

Discussion

Mechanism.All our observations are consistent with Scheme
1 and inconsistent with alternative interpretations. Specifically,
hydrolysis of8-MXOH, to form 10-M or its conjugate base

_,OH — 0
(CO)sM=C_ (CO)sM—C_
Ph _ Ph
10-M 10-M

10-M~, can be excluded based on several lines of reasoning.
(1) The NMR spectra of the products match with the structure
of 9-MXO ~ and not with10-M or 10-M~. (2) The fact that the
original carbene complex&MXOH can be regenerated upon
addition of acid t09-MXO ~ is easily understood in terms of
Scheme 1 but is not explainable I0-M or 10-M~ are the

Bernasconi et al.

o
(CO)M==

8+

+8
OH, -

--OH
Ph
15

o
—0- (CO)M==

Ph
1

X

—O—

4

of general base/general acid catalysis by buffers, although in
the reaction oR-M~ buffer catalysis was very weak and, under
most conditions, barely detectable.

The second mechanistic possibility is that the reaction is
stepwise, as indicated in eq 8, with transition steieand kﬂz

_ ¢
XCH,CH,0H X A KE ! R
(CO)M=C_ S (CO)SM—(':—OH == (CO)SM—(‘J—0+ H' (8)
Ph -2 Ph Ph
8-MXOH 9-MXOH* 9-MXO0~

. = K_,/K;. The fact that no buffer catalysis was detectable is

more easily rationalized with the stepwise process of eq 8,
although this could be a case where buffer catalysis is too weak
to lead to significant rate accelerations at buffer concentrations
below 0.1 M. A potential problem with the mechanism of eq 8
is that thek’_, step may be too fast f@-MXOH * to exist as

a real intermediate. For example, 8#CrOOH and8-MOOH

k', =1.1x 1° M~1s1(Table 1) and henck , = 1.1 x 1(°

KZ. It follows that if KX > 10 one obtainsk , > 10'3 s71
which corresponds to the rate of a molecular vibratibfhis
would imply that9-MXOH # cannot exist as an intermediate
and that the concerted mechanism Yiwould be enforced?

Rate and Equilibrium Constants. The rate and equilibrium
constants obtained in this study are summarized in Table 1. The
good agreement between the spectrophotometrically and kineti-
cally determined equilibrium constant&,j indicates good
internal consistency of our results.

observed products. (3) The measured rate constants for product o K. In all but one case8-WOOH), Koy could not be

formation Konky andky) are several orders of magnitude higher
than what can be expected for the hydrolysis reactlons.

The hypothesis that the observed species are @ttlucts
of 8-MXOH, i.e., 11-M~, can also be discarded because

XCH,CH,O0H
(COM—C—Ph
OH

x®
(COM=G—Ph
OH

JOR
(CO)M=C,
Ph

11-M~ 12-M~ 13-M

hydroxide adducts such d2-M~ that form as intermediates

in the hydrolysis of Fischer carbene complexes of the general
structurel3-M do not accumulate to detectable levels because
leaving group expulsion is much faster than nucleophilic
addition®° And again, the NMR spectra and high rate constants
are inconsistent with this hypothesis.

With respect to thds(g—kﬂ2 pathway, there exist two mecha-
nistic possibilities. The first is that the reaction is a concerted
one-step process where water acts as a general base catalyst
the k; step and HO™ as a general acid catalyst in th@ step,

i.e., the transition state is as shownlid

This is the mechanism that has been suggested for the additio
of water to1-M8 and the acid-catalyzed loss of MeGrom
2-M~.3 Support for this mechanism came from the observation

(6) Bernasconi, C. F.; Sun, W. Am. Chem. Sod.993 115 12526.

(7) For examplekon = 26.7 Mt s7t andku,0 = 2.9 x 1073 57 for the
reaction of1-Cr with OH™ and HO, respectively, in 50% MeCN50%
water at 25°C 8 This compares withopk; = 5.55 x 10° M~t s71 andk,
= 11.5 s for 8-CrOOH (Table 1).

(8) Bernasconi, C. F.; Flores, F. X.; Kittredge, K. W.Am. Chem. Soc.
1997 119, 2108.

(9) With a thiolate ion leaving group, leaving group expulsion can be
expected to be even faster.

measured directly and henkgandK; are not known accurately
except for the reaction &-WOOH. The change of the metal
from W to Cr is not expected to have a significant effect on
Kon, and hence, we assurifgy for 8-CrOOH to be the same
as for8-WOOH. For8-CrSOH and8-WSOH, Koy is expected

to be lower than foB-WOOH because of the weaker electron-
withdrawing inductive effeét of sulfur. This difference in the
inductive effect of sulfur and oxygen 8#MSOH and8-MOOH

is likely to be accentuated because of the stromggonor effect

of oxygen (L6) which leads to a larger partial positive charge

5, XCH,CH,0H
(coM—C”
Ph
16

on X when X= 0.12 On the basis of this reasoning, we shall
assume tha o for 8-MSOH is approximately 10-fold smaller
man for8-MOOH. Thek; andK; values reported in Table 2
were calculated using these estimatesKep..

B. Oxa vs Thia ComplexesThe equilibrium constants for
the thia complexes are higher than for the corresponding oxa

Incomplexes: K1(S)K1(O) ~ 5.0 for the chromium derivatives

(10) (a) Jencks, W. PAcc. Chem. Red.976 9, 425. (b) Jencks, W. P.
Acc. Chem. Red98Q 13, 161. (c) Jencks, W. FChem. Soc. Re4981
10, 345.

(11) Field effects are included in this teroy; = 0.30 and 0.20 for MeO
and MeS, respectivel?

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

(13) The effect of the enhanced positive charge wher X0 can be
seen from the fact that theKg difference of 3 units betwee8WOOH
(13.41; see Table 1) and water (1663) 50% MeCN-50% water is much
greater than the Ky, difference of 0.94 units between 2-methoxyethanol
(14.8)4 and water (15.74) in water.
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and K;(S)K1(O) = 33 for the tungsten derivatives (Table 4).

a1 o

é g j ~ 1~ There are at least four major factors that potentially may
a |~om™~~ contribute to these ratios. They include steric effects, stabiliza-
Y| 8Kk S8 tion by geminal oxygen atoms in the caséef100~ (anomeric
NN o effect>19, the relatives-donor effects of oxygen vs sulftir
s|8 885 (16), and the relative inductive effects of these two atoms. The
o Ry greater electron withdrawing inductive eff&cbf oxygen and

x% 3 % ; 2 the anomeric effect should favé for 9-MOO ™ over that of

X 9-MSO~. The same is true for the steric effect because steric

hindrance in the cyclic adduct is greater for the thia derivatives.
On the other hand, the strongerdonor effect of oxygen leads
to more effective stabilization of the corresponding reactant and
hence reducek; for 9-MOO~ more than for9-MSO~. The
fact thatK; is larger for9-MSO~ than for9-MOO ™ indicates
that the first three factors are more than offset bysthéonor
effect.

A similar conclusion was reached when comparing the
equilibrium constants for thiolate ion addition4eM with those
for addition to1-M.2

In contrast to the equilibrium constants, trete constants
for nucleophilic attackk; andky) as well as for its reversd(;
and kﬂz) are lower for the thia than for the oxa complexes; the
relevant ratios are summarized in Table 4. This reversal is again
reminiscent of the reactions of thiolate ions witdM vs 1-M;
it implies that theintrinsic!® rate constants for the reactions of

Ka(spec) (M)

Kz(kin) (M)
(1.36+ 0.05)x 108 (1.92+ 0.07)x 10°8

(5.10+ 0.28) x 10°° (4.49+ 0.81)x 10°°

0.1 (KCI)

o 8-MSO~ (or 8-MSOH) are substantially lower than for the
S o reactions of 8-MOO~ (or 8-MOOH). One may estimate
@ :S, intrinsic rate constants based on eqX= 1 or 2), which
BEE log k, = log k, — 0.5 logK,, 9)

corresponds to the simplest form of the Marcus equdfidine
log ko values for thek;—k-; pathway are included in Table 2,
and those for théo—k", pathway in Table 3°

The reasons the intrinsic rate constants for oxa and thia
complexes are so different have been discussed at length before,
and the earlier paper should be consulted for details. Briefly,
these reasons are related to transition state imbal@rf@es
between bond formation and stabilizing/destabilizing factors
such as resonance effects, steric effestslonor effects, and
possibly others. Specifically, steric hindrance in the adducts
probably develops ahead of bond formatfowhich, according
to the principle of nonperfect synchronization (PNSlpwers
ko for the formation of the bulkie®©-MSO~ more than for
9-MOO™.

With respect to resonance effects, there is strong evidence
that the negative charge in adducts sucB-84~ (eq 1) is highly

(14) Ballinger, P.; Long, F. AJ. Am. Chem. S0d.96Q 82, 795.

(15) (a) Kirby, A. J.The Anomeric Effect and Related Stereoelectronic
Effects of OxygenSpringer-Verlag: Berlin, 1983. (b) Schleyer, P. v. R;;
Jemmis, E. D.; Spitznagel, G. W. Am. Chem. S0d.985 107, 6393.

(16) (a) Hine, J.; Klueppl, A. WJ. Am. Chem. S0d974 96, 2924. (b)
Wiberg, K. B.; Squires, R. RJ. Chem. Thermodyrl979 11, 773. (c)
Harcourt, M. P.; More O’Ferrall, R. ABull. Soc. Chim. Fr1988 407.

(17)or = —0.43 and—0.15 for MeO and MeS, respectivels.

(18) For a reaction with a forward rate const&ntand a reverse rate
constantk-1, the intrinsic rate constanky, is defined asko = ki = k-1
when the equilibrium constant is unity, i.&; = 1.

(19) Marcus, R. AJ. Chem. Phys1965 43, 679.

(20) Note that even though the absolute intrinsic rate constants obtained
from eq 9 should be regarded as rather uncertain, much of this uncertainty
is likely to cancel when the lokg, values are used for comparative purposes
which is our focus.

(21) (a) Jencks, D. A.; Jencks, W. R.Am. Chem. S0d977, 99, 7948.

(b) Jencks, W. PChem. Re. 1985 85, 511.

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

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

(23) Bernasconi, C. F.; Ketner, R. J.; Chen, X.; RappoporCan. J.

Chem.1999 77, 584.

ka(kin) (s9)

KL M-1s7Y

(CO)Cr=C(OCH,CH,OH)Ph 8-CrOOH) (5.55+ 0.04)x 10° (1.10+ 0.01)x 10° 15.0+ 0.5

KOHk]_('\/r1 Sgl)
(4.26+ 0.11) x 107 (4.74+ 0.08)x 10° (8.40+ 0.02)x 102 (7.11+ 0.40)x 10 (L.77+ 0.05)x 10® (1.50+ 0.06)x 10°8

6.46 x 10716 M2 andK(spec) except foB-CrOOH whereK; (kin) was used (see text) Koy for 8-WOOH which corresponds to afa of 13.30 was determined experimentally

for the other compound&oy was estimated, see text.

carbene complex

(CO)Cr=C(SCHCH,OH)Ph 8-CrSOH)  (2.35+ 0.05)x 10 (5.04+ 0.19)x 10° (3.70+ 0.05)x 102 (2.65+ 0.17)x 102 (7.34+ 0.37)x 10 (5.26+ 0.31)x 109
a KoKy = Ko/Ky, with Ky

(COEW=C(OCHCH,OH)Ph 8-WOOH) (1.39+ 0.05)x 10° (1.12+ 0.02)x 1(° 5.72+ 0.20

(COXW=C(SCHCH,OH)Ph 8-WSOH)

Table 1. Rate and Equilibrium Constants for the Reactions Defined in Scheme 1 in 50% M&@K Water (v/v) at 25C, u
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Table 2. Rate and Equilibrium Constants for the Cyclization Steps througlkithk_; Pathway, Intrinsic Rate Constants, and Effective
Molarities

EM(Ky) EM (k)  EM(k)/

no. reaction K2 ki (s79) ko1 (s log ko® (M) (M) EM(Ky)
1 (COXCr=C(OCHCH,O )Ph B-CrO0O") ~2.12x 100 ~7.21x 10°® 3.40x 1072 ~1.19 2.7x 10" 7.0x 10? 2.6x 1072
2 (CORW=C(OCH,CH,0O)Ph 8-WOO") 9.03x 100  1.81x 10° 2.00x 102 ~0.78 1.1x 10* 9.9x 10* 9.0x 1073
3 (CO)Cr=C(SCHCH,0O )Ph 8-CrSO") ~1.06x 10° ~30.5 2.88x 105 ~—1.53

4  (CORW=C(SCHCH,O )Ph B- WSO") ~3.01x 106 ~55.3 1.83x 105 ~—1.50

5 (CO%Cr=C(OMe)Ph (-Cr) + HC=CCH,0~ 167 47.0' 0.281 0.56

6 (COXW=C(OMe)Ph (-W) + HC=CCH,0O~ 167 84.0' 0.504 0.81

aK; based orKy(spec) for8-WOO™, 8-CrSO~, and8-WSO~ and based oiK,(kin) for 8-CrOO~, see text? Reference 2% In units of M™%,
d1n units of M1 s71. ¢ Obtained from eq 7 witm = 1.

Table 3. Rate and Equilibrium Constants for the Cyclization Steps througlﬂzthkﬁ2 Pathway: Intrinsic Rate Constants

reaction K22 (M) ko(s71) K (M-1sY) log ke
(CO)Cr=C(OCH,CH,OH)Ph 8-CrOOH) 1.36x 10°8 15.0 1.10x 10° ~5.11
(CO)W=C(OCH,CH,0OH)Ph 8-WOOH) 4.49x 10°° 5.03 1.12x 10° ~4.88
(CO)Cr=C(SCHCH,OH)Ph 8-CrSOH) 5.26x 10°° 2.65x 1072 5.04x 10° ~2.56
(COBW=C(SCHCH,OH)Ph 8-WSOH) 1.50x 10°8 7.11x 102 4.74% 10° ~2.76

2 Ky(spec) for8-WOOH, 8-CrSOH, and8-WSOH, Kj(kin) for 8-CrOOH ; see text” Obtained from eq 9 witm = 2.

Table 4. Oxa vs Thia Complexes as Reflected in the Equilibrium One potential factor not discussed previotigythe anomeric
Constant Ratios and Rate Constant Ratios effect. In principle, early development of this adduct stabilizing
(COXCr=C(XCH;- (CORW=C(XCH,- effect should lead to an increase kp for 8-MOO~24 and
CH,OH)Ph CH,OH)Ph contribute to enhancing the difference in the values for
(8-CrXOH) (8-WXOH) 8-MOO~ and8-MSO~. However, in KV reactions no evidence
K1(S)K41(O)? ~5.0 ~33 for early development of the anomeric effect could be faénd
tl(?%/l)(j((o()o) “g-g x 1&3‘ ’“S; x igi and hence it is not clear whether such early development occurs
- - ~0.0 X 9.2 X i
k2(15)/k2(6) ~1.8 % 10-3 14 102 in the present case.

K, (S)K"(0) ~4.6x 1078 ~4.2% 1078 C. ka—k", vs ky—k_; Pathway. Even though the absolute
values fork, (Table 3) are very much lower than fley (Table
2), and those fok'j2 much higher than fok_4, as one would
. . . S . expect on the basis &f; > K, theky(S)k»(O) ratios are quite
delocalized into the CO ligand8a fact highlighted by showing similar to theky(S)ky(O) ratios and thet" (S)K'(0) ratios

the negative charge on top of the bracket symbol in all the : .
adducts. On the other hand, in such situations, charge delocal-alre very comparable (o the.(S)k-,(0) ratios (Table 4). This

N » . means that the differences in the ldg values between
ization at thetransition statehas made little progre$s,as do

o . . . . 8-MOOH and8-MSOH for the k,—k", process are about the
highlighted in17 by placing the partial negative charge on the same as betwe@MOO - and8-MSO- for thek,—k_1 process.

However, the absolute values of the lag for the ko—k",
process (Table 3, average lag~ 4.99 with X = O, average

2 Ko(S)Kz(O) = Ky(S)K1(O).

\d

,XCHzCHzO'__ 5____’|‘ e | P D) log ko &~ 2.66 with X='S) are much higher than for the —
(C°)5M'C© = |(CoM=C-0T | === COM0m0 10 k1 process (Table 2, average llgr 0.98 with X= O, average
log ko ~ 1.51 with X='S).
8. MXO" 17 9.MXO" There are at least two factors that are likely to contribute to

this difference in the intrinsic rate constants for the two
pathways. One is that in the—k_1 pathway the nucleophile is

a strongly basic alkoxide ion. The strong solvation of such
oxyanions is known to reduce their kinetic reactivityThis

metal rather than the CO ligands. As a consequence, the
inductive effect of X leads to a disproportionately strong

stabilization of the transition state relative to that of the adéfuct. U . o
This enhance&, and more so for the reaction 8tMOO~ reduction is a classic PNS effétand the result of a transition

than of 8-MSO-, because of the stronger inductive effect of state where the loss of solvation is ahead of bond formafiéh.
the oxygen. The second fg_ctor is an electrostatic effect at the transition
state. The transition state for the—k_; pathway is shown as
17; the most likely transition state for tHQ—k'j2 pathway as

15. In 17 there is a destabilizing effect resulting from the two

The difference in ther-donor effect of oxygen and sulfur
may also lead to differences in the intrinsic rate constants for
the reactions 08-MOO~ and 8-MSO~. However, there are ) ) o . S
two potential interaction mechanisms that oppose each otherPartial negative charges, while ibS there is a stabilizing

and hence a prediction as to which reaction benefits the most/nteraction Igetween the positive and negative Chgﬁge' ,
from this effect is difficult to maké. D. Chromium vs Tungsten ComplexesFor the cyclization

of the ethylene glycol derivative§-MOO~ (8-MOOH), the

(24) The PNS states that if the development of a product-stabilizing factor -
lags behind bond changes or charge transfer at the transition letase, (26) Bernasconi, C. F.; Ketner, R. J.; Chen, X.; Rappoport).ZAm.
reduced. The same is true if the loss of a reactant-stabilizing factor runs Chem. Soc1998 120, 7461.
ahead of bond changes or charge transfer. For product-stabilizing factors  (27) () Hupe, D. J.; Jencks, W. .Am. Chem. S0d977, 99, 451. (b)
that develop early or reactant-stabilizing factors that are lost katés Jencks, W. P.; Brant, S. R.; Gandler, J. R.; Fendrich, G.; Nakamuih, C.
enhanced? Am. Chem. Sod 982 104, 7054.

(25) Bernasconi, C. F.; Flores, F. X.; Gandler, J. R.; Leyes, A. E. (28) The same argument still applies if the transition state forkthe
Organometallics1994 13, 2186. k'iz pathway is14.
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reaction of the chromium complex is thermodynamically as well = 14.739) than the oxyanions i8-MOO~ (pK, = 13.41) and

as kinetically favored over that of the tungsten complex hence more nucleophilic. In adjusting the equilibrium effective

(K1i(CnN/Ky(W) = 2.35, ki(Cr)/kay(W) = 3.98, ko(Cr)/ka(W) = molarities for the different basicities, it is reasonable to apply

2.98). This contrasts with th8-mercaptoethanol derivatives, a correction factor of 21 which reflects th&pdifference of

8-MSO~ (8-MSOH), where cyclization of the tungsten complex the nucleophiles. In adjusting thate constant ratios, we shall

is favored K1(Cr)/K1(W) = 0.35,ki(Cr)/ki(W) = 0.55,kx(Cr)/ assume that the correction factor for Kgintra)/K(inter) ratios

k(W) = 0.37). is equally distributed between the(intra)k(inter) andk_;-
The reasons for this reversal are not clear. On the basis of(intra)k_1(inter) ratios3> The corrected(intra)K(inter) and

previous findings, it appears that the somewhat higher reactivity ka(intra)k(inter) ratios are included in Table 2 as B¥ff and

of the tungsten derivative found f8fMSO~ (8-MSOH) is the EM(k,), respectively?® Our EM(K;) and EM(,) are at the low

norm. For example, for MeOaddition to1-Cr and 1-W in end of the range which is common for the formation of five-

methanol K1(W)/K1(Cr) = 1.58 andky(W)/ky(Cr) = 2.4225 while membered rings from conformationally flexible systems?*(10

for HC=CCH,O~ addition to the same carbene complexes in to 13 M).34

50% MeCN-50% waterK;(W)/K1(Cr) = 1.0 andki(W)/ki(Cr) A point of particular interest is the relationship between EM-

= 1.79 (Table 1¥° for the addition of various thiolate ions to (k1) and EMKj). This relationship can be expressed as EM-

1-Cr and1-W as well as their corresponding ethoxy derivatives (ki)/EM(K3) ratios or framed in terms of intrinsic rate constdhts

in 50% MeCN-50% water K,(W)/Ky(Cr) varies between 1.27  (Table 2). The results show that for the tungsten complex log

and 1.53 whilek;(W)/k;(Cr) varies between 2.56 and 3.16. ko(intra) and logko(inter) are nearly the same while for the
Another reaction that leads to similar anions as in nucleophilic chromium complexes lok(intra) exceeds logo(inter) by about

additions is the deprotonation of acidic carbene complexes of 0.6 units. There are only few intra/intermolecular reaction pairs

the typel8-M and19-M yielding 20-MX~ (X = O or S). Here with which to compare our results because in most cases studied

only kinetic but not thermodynamic EM values are availa¥le.

OMe SMe x XMe For lactonization reactions of HXCGIBH,CH,COH (X = O
COM=C_ (CO)M=C_ COM—C or S) and derivatives where such data are available, the EM-

18.C fg’ CH, CH, (k1) EM(Ky) ratios vary from 4.9x 1072 to 0.91 with EMK,)

W W Mow 20-MX™ varying from 88 to 9.5x 10* M.34aThis translates into logo-

(intra) — log ko(inter) values from 0.33 to 1.58.

the situation pertaining to the relative reactivities of the , ©On the basis of this comparison, leg(intra) — log ko(inter)

chromium and tungsten derivatives is more complex than in for tlhe_ cychzat!gln OfB'MOOf_ aﬁpearfsf tdo_ be rathfer low. In
the nucleophilic reactions in that the relative thermodynamic 2n2!yZIng possible reasons for these findings we focus on two

and kinetic acidities often diverge. ThUS-W (pKa = 12.36) major factors that distinguish in_tramolecular from intermoleculgr
is somewhat more acidic thaB-Cr (pK, = 12.50) but the rate reactions and that have opposite (_affects onEM _valqes. The first
constants for deprotonation @B-W are lower than fod8-Cr I()Sfirqgc?g{ér-lr—r?ozliezgglc;: ?Sggggmagg;tgg thsrzfr:(e:glfgdb\:aar:l?gjt
OH OH _ Pip, Pip, —
(KT (W)/ky™(Cr) = 0.62 andky ((W)/k; "(Cr) = 0.50)203In the same for the transition state as for the cyclic ad#udence,
in the absence of other factors, we would expect EMEM-
(K1) ~ 1 and logko(intra) >(>) log ko(inter) 37 This entropy
effect on the difference betwedg(intra) and logke(inter) can
also be understood in the context of the PMSe., the loss of
the reactant stabilizing entropy in the intermolecular reaction
is more advanced than bond formation at the transition state
which reduces(inter).
The second factor is ring strain which can reduce the
difference betweeky(intra) andko(inter). This will occur if the
development of the strain is more advanced at the transition

. B - i state than bond formation because ring strain is a product
reactions 0B-MOO™~ and8-MSO™ and for twointermolecular  gestapilizing factor and, according to the PNS, should lower

nucleophilic addition reactions reported elsewhérBeaction ko(intra) 38 Hence, a possible explanation of the smallerkeg

nos. 1 and ¥ are of the same type; i.e., both refer 10 (inyay — og ky(inter) differences in the cyclizations 8fMOO -

nucleophilic additions of an alkoxide ion to an alkoxycarbene ,mnared to the lactonization reactions is that in the reactions
complex and hence allow an approximate assessment of thest g \MOO - there is either more strain or its development at
equilibrium and kinetic effective molarities (EM};the same

the case of the thiomethoxy analogué$9-M, the thermo-
dynamic acidity is again higher for the tungsteik{p= 8.37)
than for the chromium complex g = 9.03) while the kinetic
acidity is slightly lower for the tungsten derivative with OH
as the base kP"(W)/KS"(Cr) = 0.70) but higher for the
tungsten than the chromium complex for other bases (e.g.,
KEP(W)/KEP(Cr) = 2.04)3132 Attempts to offer an all-encom-
passing interpretation of these conflicting findings will have to
await further study.

E. Intramolecular vs Intermolecular Reactions. Table 2
summarizeskKi, ki and k-; values for the intramolecular

is true for reactions nos. 2 and®For the chromium derivatives " (35) Thus thte |C0r?Ctgf/(ziTraMfggterr)m'{atit(r)] is obtainte(i:i b)é,rr;ult)iilying

: : _ ; : _ e experimental ratio = 4.58 while the correctell_s(intra)k_s-
Kl(lntra)/Kl(mter)__ 13x 10° M, kl(lntra)/kl(mter) - 15_0 M, (inter) ratio is obtained bylividing the experimental ratio by 4.58.
andk-_y(intra)k-y(inter) = 0.12; for the tungsten derivativés- (36) Incidentally, the cyclic adducts are not only more stable than the

(intra)Ky(inter) = 5.4 x 10? M, ky(intra)ky(inter) = 22 M, and noncyclic ones{((COxM} ~C(OMe)Ph and2-M) relative to their respective
k_a(intra)k_s(inter) = 4.0 x 10~2. However. these ratios precursors but also more stable towards decomposition. However, since

. . . the nature of the decomposition is not known, not too much significance
underestimate the effect of the intramolecularity because theyghoulg be attached to these observations. The fact that there is little

do not take into account that BHECCH,O~ is more basic (Ka difference in the EM values between the Cr and W derivatives but a large
difference in the stability toward decomposition, with the cyclic W adducts

(29) Bernasconi, C. F.; GaaiRo, L. To be published. being more stable, indicates that there is no simple relationship between
(30) Bernasconi, C. F.; Sun, \@rganometallics1997, 16, 1926. the two types of stabilities.
(31) Pip= piperidine. (37) Assuming eq 9 is valid, the relationship between relative intrinsic
(32) Bernasconi, C. F.; Ali, MJ. Am. Chem. S0d.999 121, 3039. rate constants and EM{)/EM(K,) ratios is that lod(intra) — log ke(inter)
(33) Numbering in Table 2. = log{ EM(k1)/EM(K1)} + 0.5 log EMK3).
(34) (a) Kirby, A. J.Adv. Phys. Org. Chen198Q 17, 183. (b) Mandolini, (38) Mandolini’'$b treatment of this subject which uses a formalism

L. Adv. Phys. Org. Cheml986 22, 1. based on thermodynamic relationships leads to the same conclusions.
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the transition state is further ahead of bond formation than in
the lactonization reactions.

Another reaction that provides an interesting comparison with
the cyclization of8-MOO~ is the formation of spiro Meisen-
heimer complexes such 24.3° In fact formation of21 bears a

NO,
21

closer similarity with the formation 09-MOO ™~ than lacton-
izations. EMK;) = 1.6 x 10* M for the formation of21 vs 22
is very nearly the same as for the cyclization8eMOO ~, but
EM(ky) = 5.1 x 10° M and hence EM{)/EM(K,) = 32 is
several orders of magnitude higher than8eMOO~; in terms
of intrinsic rate constants, loky(intra) — log ko(inter) ~ 3.6.
In this case the large difference between kg(intra) and log

Bernasconi et al.

translates intd(intra) values that are not as much enhanced
over the correspondindg(inter) values as in comparable
systems. This could possibly be the result of ring strain at the
transition state whose development is further ahead of bond
formation than in comparable systems.

Experimental Section

Instrumentation. *H and*3C NMR spectra were recorded in CRCI
on a 500 MHz Varian Unity instrument. UWis spectra were obtained
on a Hewlett-Packard 8452A diode array spectrophotometer. Kinetic
experiments were performed on an Applied Photophysics DX.17MV
stopped-flow apparatus (fast reactions) or a Hewlett-Packard 8452A
spectrophotometer (slow reactions).

ReagentsTriethylamine andN-methylmorpholine were refluxed and
distilled over Na/Caklprior to use. Reagent grade acetic acid was used
without further purification. Acetonitrile was purchased from Fischer
Scientific and used as received. KOH and HCI solutions were prepared
using “dilut it” from Baker Analytical. Water was taken from a Milli-Q
purification system.

Synthesis of the ((2-Hydroxyethoxy)phenylcarbene)pentacarbonyl

ko(inter) can be traced to some special stereoelectronic effectsComplexes of Chromium(0) and Tungsten(0), 8-MOOH.These
between the lone pair orbitals of the nonreacting oxygen and complexes were synthesized by the reactiorLdfl with NaOCH-

the benzene rirl§ which are not relevant to the reaction of
8-MOO~.

Conclusions

CH;OH as follows. A NaOCKCH,OH solution was prepared by adding
0.27 g (11.7 nmol) of clean sodium metal to a mixture of 13 mL of
ethylene glycol and 7 mL of THF under argon and stirring for 30 min
until all the sodium had reacted. This solution was added to a solution
of 1-M (4 mmol) in 50 mL of dry THF over a period of 10 min during

(2) All experimental observations are consistent with Scheme which time the solution turned light yellow. A 35 mL amount of an

1 and exclude other interpretations. With respect td<tg|°t€k'j2

pathway, no firm conclusion as to whether it represents a single-

step reactionX4) or a two-step procesd’$, eq 8) can be drawn.
(2) The equilibrium constants for cyclization of the thia

complexes are somewhat larger than for the oxa complexes.

This appears to be the result of the smaltedonor effect of
sulfur compared to oxygen; this factor apparently more than
offsets the difference in the inductive, anomeric, and steric
effects that all tend to favor cyclization of the oxa complexes.
(3) With respect to theate constants for cyclization, it is

HCI solution in THF prepared from 6 mL of concentrated HCI in 100
mL of THF was then added dropwise with the resulting solution turning
red/brown. Addition was complete after 15 min whereupon the reaction
mixture was stirred for 1 h. All the above procedures were carried out
under argon. The following operations were carried out in the open
air. The volume of the reaction mixture was reduced to a minimum in
a rotoevaporator, 80 mL of water followed by 100 mL of ChHGlas
added, and the aqueous layer was discarded. The £&@k was dried
over anhydrous N&O, and filtered, and the volume was reduced in a
rotoevaporator to leave a dark red/brown oil residue. After passage of
the residue through a silica gel (126200 mesh) column (2% 3 cm)

the oxa complexes that are more reactive, indicating that the using CHC4 and then 50% CHGI50% ethyl acetate (v/v) as eluent,
intrinsic rate constants for the oxa complexes are substantially the solvent was removed under high vacuum at room temperature.

higher than for the thia complexes. The higher intrinsic constants

8-CrOOH kept at —35 °C vyielded a solid product which was
recrystallized from pentane, mp 557 °C; for 8-WOOH, mp= 79.5—

for the oxa complexes can be understood in terms of PNS effects, .

that result from transition state imbalances. Specifically, early
development of the steric effect redudgS) more tharky(O),

and a disproportionately strong transition state stabilization by

the inductive effect of X that is the result of the lag in charge
delocalization into the (C@W moiety increaseky(O) more than
ko(S).

(4) The intrinsic rate constants for tlk@—k'jz pathway are
substantially higher than for tHe—k-; pathway. This appears
to be the combined result of three factorskpaeducing PNS
effect of the early desolvation of the oxyanion for the-k-;

pathway, electrostatic destabilization of the transition state of

the ki—k-1 pathway, and electrostatic stabilization of the
transition state of '[hdiz—kt'2 pathway.
(5) There are some small differences in the equilibrium and

Synthesis of ((2-Hydroxythioethoxy)phenylcarbene)pentacarbonyl
Complexes of Chromium(0) and Tungsten(0), 8-MSOH.These
complexes were synthesized by the reactioh-M with NaSCHCH,-

OH. A NaSCHCH,OH solution was prepared by adding 0.6 g of solid
NaOH to 15 mmol of 2-mercaptoethanol in 20 mL of methanol saturated
with argon. This solution was added to 8 mmolleM dissolved in

80 mL of benzene and then stirred for 10 min. A 35 mL amount of an
HCI solution in methanol prepared from 6 mL of concentrated HCl in
100 mL of methanol was then added dropwise over a period of 25
min. The solution turned deep red and NaCl precipitated out. Stirring
was continued for 2 h. All the above procedures were carried out under
argon. The subsequent operations were carried out in the open air and
were the same as for the synthesis &MOOH except that the
chromatography was done withhexane as eluent. The eluted sample
was reduced by means of a rotoevaporator and then placed under high

rate constants between the chromium and tungsten complexesyacuum over dry iceacetone {78 °C). No solids were obtained for
but a lack of consistency renders a detailed interpretation these compounds.

difficult.

(6) The equilibrium and kinetic effective molarities of the
cyclization reactions 08-MOO~ and8-MSO~ fall within the
range commonly observed for the formation of rings from
conformationally flexible precursors although especially the
kinetic EM values are at the low end of this range. This

(39) Bernasconi, C. F.; Howard, K. Am. Chem. S04982 104, 7248.

NMR Spectra. The *H and *C NMR data for the synthesized
compounds are summarized in Table 5.

Kinetic Measurements. All kinetic runs were conducted under
pseudo-first-order conditions ensured by a large excess of KOH, HCI,
or buffer over the substrate. The reactions were monitored at or near

Amax Of the neutral carbene comple®-CrOOH, 400 nm;8-WOOH,

396 nm;8-CrSOH, 468 nm;8-WSOH, 452 nm); at these wavelengths

there is no absorption by the cyclic adducts (Figure 1).
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Table 5. 'H and3C NMR Data in CDC§

J. Am. Chem. Soc., Vol. 122, No. 7, 2680

atom 8-CrOOH 8-WOOH 8-CrSOH 8-WSOHP 9-WOO~ 9-WSO P
H NMR
OH 1.93 1.89 1.54 1.94
XCH,CH>OH 4.19 4.27 3.70 3.58
XCH:CHOH 4.92 5.06 2.97 2.81
Ph 7.26,7.42 7.44,7.58 6.69, 7.44,7.88 6.82,7.29,7.47
BC NMR
XCH,CH>OH 61.4 61.2 60.0 59.2 63.6 67.8
XCHCH,OH 81.7 77.1 46.9 49.2 385
Ph 122.9,128.5 126.2,128.2 123.1,123.3 118.7,128.4 117.7,123.1 118.7,122.9
130.6, 154.0 131.8,155.5 128.0, 159.8 129.2,158.9 128.0, 159.8 127.5,161.9
cisCO 216.3 197.2 215.0 198.4 204.7 203.3
trans-CO 224.4 203.6 228.8 209.7 209.7 207.6
=C 351.3 321.2 363.4 331.8 1184 93.1

2500 MHz.? In CD3CN. ¢ OCH,CH,0. ¢ Single-bonded carbof.SCHCH,0. f SCH,CH,0.

Equilibrium Measurements. The pseudo-acidity constant;(in
eq 7) were determined spectrophotometrically. Haevalues were
obtained by a nonlinear least-squares fitfo¥'s ay+ according to eq
11 with A being the absorbance N-methylmorpholine buffersfmax

_ Awai T Annko

Kot a1)

A

the absorbance in 0.1 M HCI (10086MXOH ), andAmi» the absorbance
in 0.1 KOH (100%9-MXO~). A was measured after equilibration
betweer8-MXOH and9-MXO ~ was complete but before significant
decomposition 0B-MXO ~ could occur. Since some small degree of
decomposition could not be avoidetlyas determined by extrapolation
to “zero time”.

pH Measurements The pH in 50% MeCN50% water was

determined according to eq*2vith pHmeasreferring to the reading of
pH = pH ¢, 0.18 (12)

the pH meter calibrated with standard buffers. All pH measurements
were done on an Orion 611 pH meter equipped with a glass electrode
and a “Sure Flow” (Corning) reference electrode. The pH of reaction

solutions for stopped-flow experiments was adjusted in mock-mixing

experiments that mimicked the stopped-flow runs. TKé‘Sﬁ' values

of the thiols were determined potentiometrically.
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