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Physical Organic Chemistry of Transition Metal Carbene Complexes.
231 Kinetic and Thermodynamic Acidities of Cationic Benzothienyl-
and Selenylcarbene Complexes of Rhenium in Aqueous Acetonitrile

Biochemistry of theddsity of California,

Abstract: The K, values of a cationic selenylsH*) and a benzothienylcarbene compléH() and rate
constants for the reversible deprotonation of these complexes by water, carboxylate ions, primary aliphatic
amines, secondary alicyclic aminégsH™ only), and OH (5H* only) were determined in 50% MeCNo0%

water (v/v) at 25°C. In comparison with neutral Fischer-type carbene complexes suthl athe cationic
complexessHt and6H™ are much more acidic, and the intrinsic barriers to proton transfer are substantially
higher. This paper discusses a variety of factors that contribute to these differences, with the most important
ones being thafH* and6H™ are cationic, which makes the;lds(NO)(PPh)Re moiety a stronget-acceptor

than the (COM moieties, coupled with the fact that the deprotonated formStof and 6H™ are aromatic
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Introduction

Over the past decade, we have reported a number of kinetic

and thermodynamic investigations of the reversible deprotona-
tion of Fischer carbene complex&s. Most of the complexes
studied were of the typg&H where M is Cr or W; CHX with

X = 0O or S acts as a-donor, while R and Rare H, alkyl, or

aryl groups. The majority of the studies were performed in 50%

+
XCH, _XCHj x _XCH;
(COyM=C (CO}M—C (COYM—C
HRR’ . CRK CHRR’
m © 1 1H*

MeCN-50% water (v/v) at 25C;3-7:9 one investigation was
carried out in watef,another one in pure acetonitri@nd one
in various MeCN-water mixtures. The most important findings
can be summarized as follows.

(2) The nature of ther-donor atom has a pronounced effect
on the acidity of these complexes. For example, tK&"pof
3-Cr in 50% MeCN-50% water is 9.08,that is, 3.45 units
lower than that o2-Cr, while the K™ of 4 is too high to be
measurable in aqueous acetonitrile; on the basis of determina-
tions in pure MeCN, it is about 103 units higher than that of
2-Cr.11 This strong dependence on thedonor ability of X in
1H is consistent with strong stabilization of the carbene complex
by 7-donation as illustrated by the resonance struclitié.

(3) The acidities ofLlH depend very little on the metal. For
example, the |ng of 2-W is only 0.2 units lower than that of
2-Cr, or the ;K™ of 3-W is only 0.5 units lower than that of
3-Cr.®

(4) The rates of proton transfer are relatively slow compared
to those involving normal acid, implying relatively low
intrinsic rate constants or hightrinsic barriers!® as are typical

(1) The carbene complexes are remarkably acidic, much morefor the deprotonations of carbon acids that lead to delocalized/

so than the isolobal carboxylic acid esters or thio esters. For
example, the NSH (CH stands for carbon acid) of the proto-
typical carbene complex-Cr is 12.3 in watetand 12.5 in 50%
MeCN-50% water while the iK™ of ethyl acetate is 26.5.

OCH; /SCH3 N(CH3),
= = =C
(COM C\ (CO)sM C\ (CO)sCr N
CH,4 CH; CH,
2-Cr M=Crn) 3-Cr(M=Cr) 4
2-W(M=W) 3WM=W)

The high acidity can be attributed to the delocalization of the
anionic charge into the CO ligands of the (G&)moiety (17).

(1) Part 22: Bernasconi, C. F.; Ali, MOrganometallic001, 20, 3383.

(2) Gandler, J. R.; Bernasconi, C. @rganometallics1989 8, 2282.

(3) Bernasconi, C. F.; Sun, W. Am. Chem. Sod.993 115 12532.

(4) Bernasconi, C. F.; Sun, WOrganometallics1997, 16, 1926.

(5) Bernasconi, C. F.; Leyes, A. B. Am. Chem. S0d.997 119 5169.

(6) Bernasconi, C. F.; Sun, W. GéaseRo, L.; Yan, K.; Kittredge, K.
W. J. Am. Chem. S0d.997, 119, 5583.

(7) Bernasconi, C. F.; Leyes, A. E.; Gadrp, L. Organometallics1 998
17, 4940.
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resonance stabilized carbanions. The main reason for the high
intrinsic barriers is the same as for purely organic carbon acids
activated bysz-acceptord®17 that is, the transition state is
imbalanced in the sense that charge delocalization into the
(CO)%M moiety lags behind proton transfer.

The extensive database on thermodynamic and kinetic acidi-
ties on typelH complexes contrasts with the complete absence

(8) Bernasconi, C. F.; Leyes, A. E.; Ragains, M. L.; Shi, Y.; Wang, H.;
Wulff, W. D. J. Am. Chem. S0d.998 120, 8632.

(9) Bernasconi, C. F.; Ali, MJ. Am. Chem. S0d.999 121, 3039.

(10) Amyes, T. L.; Richard, J. R. Am. Chem. Sod.996 118 3129.

(11) Bernasconi, C. F.; Ragains, M. L. Unpublished observations.

(12) Eigen, M.Angew. Chem., Int. Ed. Engl964 3, 1.

(13) The intrinsic rate constarkg, for a reaction with the forward rate
constank; and reverse rate constadat, is defined ak, = ky = k-1 where
the equilibrium constank; = 1; the intrinsic barrier AG} is defined as
AGE = AG} = AG*; where AG® = 014 For proton transfers, statistical
factors,p andq (see ref 29) are usually included.

(14) Marcus, R. AJ. Phys. Cheml1968 72, 891.

(15) Bernasconi, C. FAcc. Chem. Red987, 20, 301.

(16) Bernasconi, C. FAcc. Chem. Red.992 25, 9.

(17) Bernasconi, C. FAdv. Phys. Org. Cheml1992 27, 119.
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Figure 1. Absorption spectra obH" and5.

of such data on carbene complexes derived from transition
metals other than those of row VI, that is, Cr, Mo, or W. We
now report a proton transfer study involving two rhenium based
carbene complexes: a selenylcarbeBel()'81° and a ben-
zothienylcarbenegH ™)1 complex (GHs stands for cyclopen-
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Figure 2. Absorption spectra o6H" and®6.

pH ~ pKS". For 6H* whose &S is —0.14 + 0.03, the
measurements were carried out in HCI solutions ranging from
0.05 to 2.5 M (Table S13° At the high end of this range, the
proton activity is no longer proportional to [HCI] but follows
acidity function behaviof-?2that is, eq 1 needs to be replaced
by eq 2 withHp being an appropriate acidity function.

tadienyl). These complexes, used as their tetrafluoroborate salts,

Se

s
CSHS(NO)(PPhB)RE:<J C5H5(N0)(pph3>k+e=<:©

sH* 6H"

are not only structurally quite different from thgH-type
complexes, but they also are cationic, which means their
conjugate base is unchargébhd6, respectively). Furthermore,

5 and6 are aromatic. A major focus of interest is how these

Anax — A
H, = —log hy = pK$H + log|————
0 g 0 p a g(A_ Amin)
An acidity function in 50% MeCN-50% water for [HCI]=
0.05 M to 2.5 M based on thg-nitroanilinium ion has been
reported by El-Harakany et &.Even though5H* and 6H*
probably do not follow this acidity function directly, we shall
assume that the acidity function appropriate 36t and6H*
shows the same relative dependence on [HCI] as that reported

)

structural changes affect the thermodynamic acidities of theseby El-Harakany et al. Thélo values listed in Table S2 have

complexes and the intrinsic barriers of their proton transfers.
Se S
C5H5(NO)(PPh3)Re~<\J CSHS(NO)(PPthe@
6

5

General Features.Both 5H* and 6H" as well as their
respective conjugate basésand6) are relatively stable in 50%
MeCN—-50% water (half-lives~2 h), and their deprotonation
is fully reversible. Figure 1 shows the absorption spectrum of
5H*, the spectrum of after deprotonation dH* with KOH,
and the spectrum of recover&t™ after adding HCI tdb. A
similar set of spectra is shown in Figure 2 &&if*. Because of
the high acidity of6H™, a 2.5 M HCI solution was required to
obtain the spectrum of the fully protonated carbene complex.

Spectrophotometric pKS™ Determination. A pKS™ of 4.21
+ 0.03 for 5H* was determined in chloroacetate buffers by
measuring absorbanceslatyof 5H* as a function of pH (Table
S1, Supporting Informatiof and applying eq 1 witln.x being
the absorbance at pikt pKS",

Results

Amax_ A

pH = pK,+log—7— @

Anmin the absorbance at p#t ngH, andA is the absorbance at

(18) White, C. J.; Angelici, R. JOrganometallics1994 13, 5132.
(19) Robertson, M. J.; Carter, C. J.; Angelici, RAm. Chem. So¢994
116, 5190.

(20) See paragraph concerning Supporting Information at the end of this

paper.

been calculated accordingly; for more details, see the Experi-
mental Section.

Kinetics. All kinetic measurements were performed under
pseudo-first-order conditions, either in carboxylic acid or amine
buffered solutions or in relatively concentrated HCI solutions.
This implies that the observed pseudo-first-order rate constant
for equilibrium approach is given by eq 3 with the various terms
defined in eq 4CH™ stands fol5SH™ and6H*, respectivelyC
for 5 or 6, respectively, B for the buffer base, and BH for the
buffer acid.

Kopsg= K2 + K2HOH™] + K a,, +
k' + KB[B] + KBH[BH] (3)

L K20+ kpHOH ] +kelB]

~
kHyap+ + k720 + KBH[BH]

4

Depending on the pH, the reactions were run in the forward
direction CH* — C at pH> pKS™) or the reverse directior((

— CH*t atpH < pKaCH). All measurements were performed in
a stopped-flow spectrophotometer.

Kinetic pKS" Determination. As a means to check for
internal consistency of our results, we also determined the
pKSM values of5H+ and6H* kinetically. For5H*, measure-
ments were carried out in chloroacetate buffers (Table?%3).
Under these condition&?"[OH-] + k™2 is negligible, and eq

(21) Hammett, L. P.; Deyrup, A. U. Am. Chem. S0d.932 54, 2721.

(22) Paul, M. A.; Long, F. AChem. Re. 1957, 57, 1.

(23) El-Harakani, A. A.; Sabet, V. M.; Sadek, H. Phys. Chem.
(Muenchen)1975 97, 225.
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Figure 4. Reaction obH™ with chloroacetate buffers. Plot of the slopes
from Figure 3 vsay+ according to eq 6.

3 simplifies to eq 5. Figure 3 shows plots &fpsq versus
[CICH,COQOT] at various pH values.
kabsa= k1™ + Klyay. + KI[B] + K*[BH]  (5)

The slopes of these plots are given by eq 6. From a plot
according to eq 6 (Figure 4),

ay.

CH
a

slope= k?(l + (6)

pKSH = 4.15 + 0.04 was obtained, which is in excellent
agreement with the spectrophotometric value of 420.03;
the values fork? and k®] (K& obtained as¢KEH/KS™) are
reported in Table 1.

For 6H*, the reactions were run in HCI solutions where eq
3 reduces to eq 7 or, when extended to high HCI concentrations,
eq 8 (Table S4%°

Bernasconi and Ragains
)
)

A plot of kepsaversushg is shown in Figure 5; it yields thig'*°
andk”, values reported in Table 1 which giv&J' = 0.07+

0.03, in reasonably good agreement with the spectrophotometric
pKS" = —0.14 4 0.03.

Kinetics in Carboxylate and Amine Buffers. These experi-
ments were run at buffer ratios of approximately 1:1. The raw
data are summarized in Tables-S86° (5H") and Tables S7
and S8° (6H™). The slopes of the plots d&psqversus [B] (not
shown) were analyzed according to eq 6; that is, eq 6 was solved
for K using theKS" values obtained from the average of the
spectrophotometric and kinetic§" values.

Reactions in KOH and HCI Solutions. Deprotonation of
5H* by OH™ is quite fast, andkgpsqreaches the stopped-flow
limit (~10° s™1) at 0.05 M KOH. Kinetic experiments at [KOH]
= 0.0025-0.05 M yielded & " value of 1.16x 10* M1 s71
via eq 9.

Kobsd = k?zo + kljlal-H

Kobsa= k?zo + kljlho

Kopsa= K1 + K7"[OH ] ~ K"[OH ] 9
For6H™, the reaction was too fast for a reliable determination
of K" a kP value of ~0.8-1.2 x 10F M1 s’ may be
estimated.
A K, value for the protonation d by H;O* was obtained
in dilute HCI solutions (0.00250.05 M) by applying eq 7; the
determination ofk”; for the protonation of6 by H;O* was
described under the Kinetickg" Determination subsection.
The variousk?, kK", K, and k™2° values are reported in
Table 2.

Discussion

pKS™ of BH* and 6H*. The average IS values of5H*
and 6H™ are 4.18 and-0.03, respectively. This makes them
by far the most acidic Fischer carbenes reported to date. They
are much more acidic thaCr (pKS™ = 9.05) or 3-W (pKS"
= 8.37)? which in turn are more acidic than their methoxy
analogues2-Cr, pkS™ = 12.56; 2-W, pkSH = 12.38).

There are several reasons why the rhenium complexes are
so acidic. Probably the most important one is that they are
cationic, which makes thes8l5(NO)(PPR)Re moiety a stronger
s-acceptor than the (C@Yl moieties, despite the fact that in
the latter there are five electron withdrawing CO ligands on
the metal while there is only one electron withdrawing NO
ligand on the metal of the rhenium complexes. Or, in other
words, the dominant resonance structures of the conjugated bases
of the rhenium complexes(and 6, respectively) are neutral
molecules and, hence, more stable. An additional driving force
for the deprotonation is that the conjugate bases are aromatic;
that is,5 is a selenophene derivative, a6da benzothiophene
derivative. The fact thaH™ is substantially more acidic than
5H* is probably in large measure due to the stronger aromaticity
of the benzothiophene moiety compared to the selenophene
moiety.

Finally, the identity of the heteroatom (S, Se, O) undoubtedly
exerts an influence on the acidity beyond its effect on aroma-
ticity mentioned above. This is clearly evident in the comparison
of 3-Cr with 2-Cr, or 3-W with 2-W. As mentioned in the
Introduction, the higher acidity of the sulfur carbene complexes

(24) The aromaticity of heterocycles follows the order thiophene
selenophene- furan?®
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Table 1. Reactions obH' and6H™ with Buffers: Summary of Rate Constants ari, ¥alues in 50% MeCN-50% Water (v/v) at 25C?2

Se
N
C5H5(NO)(PPh3)Re=<J kM= 4.18 £ 0.03)

3 s cH
CH(NO)(PPh,R, kS = -0.03 £ 0.10)

SH* 6H*
B pkPH oM s KB M s oMt KB M T
piperidine 11.01 (2.66 +0.11) x 10* (3.93 £043)x 107

piperazine 9.97 (7.11 = 0.09) x 10° (1.15 £ 0.09) x 107

HEPA®? 9.33 (3.29 £ 0.07) x 10° (2.33£021)x 107

morpholine 8.70 (2.11 0.03) x 10° (637 £0.53) x 107

n-BuNH, 10.40 (5.72 £ 0.04) x 10° (3.45+026) x 107 (3.26 +0.12) x 10* (121 £0.35)x 107°
MeOCH,CH,NH, 9.39 (151 £0.01) x 10° (931 £0.71)x 107 (149 £0.11) x 10* (5.66 = 1.86) x 107°
H,NCOCH,NH, 8.14 (2.27 + 0.06) x 10° (249 £0.10) x 1072 (320 0.27) x 10° (216 £0.73)x 107
NCCH,NH, 5.29 (1.09 = 0.04) x 10" (846 +0.90) x 107" (6.85  0.30) x 10° (328 +0.98) x 107
CH,CO; 5.93 (2.81 £0.02) x 10" (4.99 £038) x 107" (7.11 £0.55) x 10° (7.80 £2.57) x 107
MeOCH,CO; 473 (4.43 £0.08) x 10° (770 £2.15)x 1072
CICH,CO; 3.94 7.14 2045 (1.24 £0.12) x 10" (3.43 £0.07) x 10° (3.68 £1.03)x 107"
NCCH,CO; 3.56 5324032 (222 £0.17) x 10*

C1,CHCO; 2.38 3.10£0.24 (1.96 £ 0.15) x 10° (237 £0.26)x 10° 9.88 + 3.55
C1,CCO; 1.64 (22720.11)x 10° (4.85 +1.44) x 10"

aonic strength= 0.1 M (KCI). ® HEPA = 1-(2-hydroxyethyl)piperazine.

240

200

160 |-

120 |

-1
kobsd’ $

80

o I ! !
0.0 05 1.0 1.5 20

h, M
o

Figure 5. Reaction of6H* with HCI solutions. Plot 0fkopsa VS ho
according to eq 8.

can be attributed to the weaker-donor effect of sulfur
compared to oxygeff that is, there is less contribution by the
resonance structureH=* to the stabilization o8-Cr and3-W
than to that o2-Cr and2-W, respectively. It should be noted,
however, that the relative importance of thedonor effect of
sulfur in6H* compared to that iB-Cr or 3-W is probably not

(25) Fringuelli, F.; Marino, G.; Taticchi, Al. Chem. Soc., Perkin Trans.
21974 332.

(26) TheR values for MeO, MeS, and MeSe ar€).56, —0.23, and
—0.16, respectively, while ther values for MeO and MeS are0.43 and
0.15, respectively’

the same. FOBH™, the relevant resonance structure is cationic
(6'H™) just as6HT is, which mean$'H™ leads to adelocal-
izationof charge. This contrasts wittH* in which two opposite

.
S
CSHS(NO)(PPh3)Re~<:©

6¢H*

charges have been created. In general, resonance structures that
lead to charge delocalization are more stabilizing than those
that lead to charge creation, and hence, it is likely that the
pkS™ enhancingr-donor effect of the sulfur atom iBH* is
stronger than ir8-Cr or 3-W.

In comparingéH* with 5H*, the strongerz-donor effect of
S compared to Séshould lower the acidity oBH™ relative to
that of 5SH'. BecausesH™ is actuallymore acidic than5HT,
the greater aromaticity @ compared t® apparently more than
offsets the stronget-donor effect of sulfur.

Rate Constants.All the rate constants determined in this
study are summarized in Tables 1 and 2. Bbl", we were
able to obtain rate constants for the reactions with water; OH
and carboxylate buffers, as well as primary and secondary amine
buffers; for6H™, the reactions with the secondary amines were
too fast to allow kinetic determinations, and the same was true
for the reaction with OH. For unknown reasons, the rate
measurements f&H™ in methoxyacetate buffers and 6H™"
in cyanoacetate buffers gave erratic results, and no reliable rate
constants could be determined.

Statistically corrected Brgnsted plots for the dependence
of k¥ and k% on the [, difference between the respec-
tive carbenes and the buffer acids are shown in Figures 6 and
728 They yield the Bragnste@ and o values summarized in
Table 3; from the points where the lines for lafg)?° and
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Table 2. Reactions with OH, H3;O", and Water: Summary of Rate Constants in 50% MeGR% Water (v/v) at 25C

d
Carbene complex pKaCH le 20 K5 d klO H kflle kHy le 20
s m's? Mgt §! M
+ Se
CsHs(N())(Pth)Reﬂ sH* 418 (1.85+0.18)x 107 (2.80 + 0.08) x 10° (1.61 = 0.04) x 10* (3.07£0.29)x 10 8.70 x 10°
. S
C5H5(NO)(PPh,)Re .
e * :<© 6H —003  (9.250.20)x 10! (7.88£0.27) x 10! ca. 10° ca 6x 107 ca. 10°
SCH,
(CO)SCr=C\ et 905 1.61x 1072 1.73x 107 1.20 x 10 8.30x 107 7.45 % 10*
CH,
SCH,
<C0)5W=C\ 3w 8.37 523 x 107 117 %107 8.37x 10 1.21x 107 1.60 x 10*
CH,
OCH,
(CO)Cr=C, 2o’ 1250 456 x 107 091
’ AN
CH,
OCH,
(COW=C 2WS 1236 2.84 x 107 0.42
CH,

aRef 9.° Ref 3.¢Ref 4.9 K" = KK, /KM with K, = 6.46 x 10716 M2 (pK,, = 15.19), ref 3.

5 6

2
—_— | ’\Q\_
-1 = m\c"_ | & T
Gy = < X!
Yo Y g : g
2 | S |
- [ = !
a | i
| !
= I I
| |
3 | n
_4 l L ,8 J H 1 | 1 1
-4 ) 0 2 4 6 8 -2 0 2 4 6 8 10 i2
pKBH- pKCH.+ log(p/q) pKBH- pKCH+ log(p/a)
Figure 6. Bransted plots for the reactions 6H* with secondary ~ Figure 7. Bransted plots for the reactions@f" with primary amines
amines (RNH), primary amines (RNp), and carboxylate ions (RGO. (RNHy) ang carboxylate ions (RGO). Filled symbols: k;; open
Filled symbolskZ; open symbolsi®,. &, A: R,;NH. ®, O: RNH,. W, symbols: k=,. @, 0: RCO;". @, O: RNHZEJhe,daShed vertical line
O: RCOy~. The dashed vertical line goes through the points where the goes through the lines where th& and k%] points intersect which
K& andk?" lines intersect, which correspond to lig correspond to logo.

Iog(k?'f/p)29 intersect, the intrinsic rate constants, defined as is comparable for all these reactioffdt also suggests that, for

ko = Kl/qg = KB/p were obtained (in Table 3 reported as these systems, the reported lagralues can be used as a basis

log ko). for meaningful comparisons of intrinsic rate constdABecause
Brgnsted Parameters. A. General Observationgzor 5H*, of the similarity of the Brgnsted slopes, the relative kpgalues

the Brgnsted andg values for the reactions with primary and are not very sensitive to the difference betweé(ﬁ'b and

secondary amineg3(= 0.49 for RNH, g = 0.53 for RNH) pKE", which determines the length of the extrapolation needed

are quite close to those for the reactions of the chromium and to evaluate logk.

tungsten carbene complexg$ € 0.45-0.64, Table 3). This

implies that the degree of proton transfer at the transition state  (29)q is the number of equivalent basic sites on the buffer base, while
p is the number of equivalent protons on the buffer acid.

(27) Hansch, C.; Leo, A.; Taft, R. WChem. Re. 1991, 91, 165. (30) This is the traditional view! 33 although this view has been
(28) Strictly speaking, the plots shown are “Ei¢®plots”. challenged*3¢ it has recently received strong suppdrt.
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Table 3. Summary of Brgnsted- and-Values and of lods for the Intrinsic Rate Constants in 50% Me€R0% Water (v/v) at 25C

carbene complex pkH base type B o logk,
4.18 R,NH 0.49 +0.04 0.51 £0.04 093022
Se
+
CsHs(N0>(PPh3)RL——=<J (5H") 418 RNH, 0.53%0.03 047003 0.14+0.15
4.18 RCO; 0.28 £0.02 0.72+0.02 0.72 +0.03
. S ~0.03 RNH, 0334004 0.67 0.04 0.86 +0.37
C5H5(NO)(PPh3)Re:<;© (6H"
-0.03 RCO; 0.12+0.01 0.88 +0.01 2.85£0.05
+ + . +0.
SCH, 9.05 R,NH 0.45 £0.06 0.5 +0.06 2.61 £0.10
(COCr= C\ @3-cn® 905 RNH, 0.48 £0.04 0.52+0.04 2.09 £ 0.08
CH
: 9.05 RCO; 0.44 £ 0.06 0.56 £ 0.06 2.17 £0.24
+ + 0. S50+0.
sca, 8.37 R,NH 0.49+0.09 0.51+0.09 2.50+0.18
(CO)W= C\ 3w’ 8.37 RNH, 0.47+0.03 0.5340.03 2.17 £0.05
CH
’ 8.37 RCO; 0.43+0.08 0.57+0.08 227 %027
OCH, 12.50 R,NH 0.62 +0.03 0.38+0.03 370 £0.07
(CO)SCr=C\ (2-Cr)
CH, 12.50 RNH, 0.61 £0.06 0.39+0.06 3.04 £0.17
OCH, 1236 R,NH 0.49 +0.01 0.51+0.01 3.18 £0.02
(CO)W= c\ 2w
CH, 12.36 RNH, 0.64 +0.03 0.36+0.03 273 £0.07

aRef 9.P Ref 3.¢Ref 4.

On the other hand, the and 8 values for the reaction of  pKS™ of 5H* is close to the midrange of the buffe§’

5H* with carboxylate ions, and for the reactions @H™ values. Hence, logo would be about the same, irrespective of
with primary amines as well as carboxylate ions, are substan-the Brgnsted slopes.
tially lower than the others. This not only indicates a transi- B, Intrinsic Rate Constants for the Reactions of 5H with

tion state with a significantly smaller degree of proton transfer Buffer Bases.As mentioned above, a comparison between the
from the carbene complex to the buffer base, it also compli- |og k; values for the reaction BH™ with those for2-M and
cates the interpretation of the calculated legvalues when  3-M should provide a meaningful assessment of their relative
log ko is obtained from a long extrapolation due to a large intrinsic rate constants. To understand why lagor 5H* is
difference between K" and KS". This extrapolation is  so much lower than that f@M and3-M (Table 3), it is useful

particularly long for the reaction &H* with primary amines8 to review the main factors that affect intrinsic rate constants of
Because of the lows value (0.33), this results in a loky proton transfers from carbon acids activateddgcceptors. The
value that is too high and should not be compared with the most important factor is resonance/charge delocalization in the
log ko of the other systems that have much largevalues. deprotonated form. Because the development of resonance

For the reaction oBH* with carboxylate ions, the extrapo-  always lags behind proton transfer at the transition $tafg,
lation is not quite as long but here, thes value (0.12) is the intrinsic rate constant is reduced, and the more so the greater
extremely low, again leading to a grossly inflated |&g the resonance stabilizatidh.The extensive delocalization of
value. On the other hand, despite the |6walue (0.28) for the the negative charge into the (GQ) or (CO}W moieties of
reaction of 5H™ with carboxylate ions, the lodo value 1~ is therefore thought to be the main reason the deprotonation
determined by interpolating the Brgnsted lines may safely be of all carbene complexes of the tyfiel have relatively lowkg

used as a measure of the intrinsic rate constant, because thealues*

(31) Leffler, J. E.; Grunwald, ERates and Equilibria of Organic That §ec0ndary factors also come into play (,:an be seen when
ReactionsWiley: New York, 1963; p 156. comparing the lod¢ values for2-Cr or 2-W with those for

(32) Kresge, A. JAcc. Chem. Redl975 8, 354. 3-Cr or 3-W, respectively. As elaborated upon elsewhérg,

83 é?ggg%%‘{' (%hecm-eﬁiggfi;‘r’igﬁ' an inductively electron withdrawing group that is closer to the

(35) Bordwell, F. G.; Hughes, D. L1. Am. Chem. S0d985 107, 4737. center of negative charge development at the transition state

(36) Pross, A.; Shaik, S. $lew J. Chem1989 13, 427. than in the aniorrcompare the location of the GKM group with

(37) Bernasconi, C. F.; Wenzel, PJJAm. Chem. Sot996 118 11446.  respect to negative charge In with that in 7—will increase

See especially footnote 29 in this paper.
(38) The midpoint of the K5 range of the amine buffers is 7.85,

which is 7.9 higher thank". If 5 were~0.5 instead of 0.33, this would (40) When solvation of the carbanion is important, as is the case for

reduce logko by ~(0.17 x 7'92H“ 1.34 to logko ~ —0.58. . nitronate and enolate ions, the lag in the development of this solvation
(39) The midpoint of the I, range of the carboxylate buffers is 4.16,  significantly adds to the reduction in the intrinsic rate constarif.

which is 4.2 higher thank". If 5 were~0.5 instead of 0.12, this would (41) For a review, see: Bernasconi, C.Ghem. Soc. Re 1997 26,

reduce logko by ~(0.36 x 4.2) ~ 1.51 to logky ~ 1.0. 299.

ko. Because MeO is more electron withdrawing than MgS,
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this increase irky will be stronger for the MeO than for the from 2-M to 3-M. In particular, Alog ko = log ko(R:NH)

MeS complexes. — log ko(RNH,) = 0.79 suggests that the steric effect is smaller
for 5SH* than for2-M or 3-M, and hence, this may mask an
,XCH; XCHj even greater difference in ttig values betweeBH* and2-M
(COM=C 5 (COM=C 5 i 3-M. On the other hand, th ller inductive effect of
A N gl or 3-M. On the other hand, the smaller inductive effect o
: selenium compared to sulfur or oxyd@will tend to favor2-M
7 8 or 3-M, but the effect is expected to be quite small. Finally, as

discussed above, the netdonor effect is probably small in

Another factor is steric crowding at the transition state which any event and could not possibly account for the lewalue
was shown to be more significant for the MeS complexes and for 5H*.
leads to a reduction (n) for the MeS Complexes relative to the C. Electrostatic Effects. The relative magnitude of |Og0
MeO complexe$.The evidence for this conclusion was based for the reactions with carboxylate ions compared to those with
on Comparing differences in |dg) for primal’y and Secondary the amines calls for some comment. Fi‘HJr, A|Og kO = |Og
aminesAlog ko = log ko(RzNH) — log ko(RNH,). For sterically  k(RCO,”) — log ko(RNH,) = 0.58, while for 3-M this
unhindered proton transferAlog ko is typically 0.8-1.0, while difference is much smaller (0.08 f@Cr, 0.10 for3-W). The
for sterically hindered reactionslog ko is lower?3 For 2-M, most plausible interpretation of these differences is in terms of
the averagelog ko is 0.56, and fo-M, it is 0.43, indicating  electrostatic effects at the transition st In the reactions
a moderate steric effect for the reaction2e¥l and a somewhat  of 3-M with amines, there is an electrostatic stabilization of
larger effect for those 08-M. the transition state7} but adestabilization in the reactions with

A third potential factor is the Stronger'donor effect of the Carboxy|ate ionsa)_ This tends to enhandQ for the amine
MeO compared to the MeS grodp.although it is unclear  reactions and redude for the carboxylate ion reactions. In the
whether it would result in a net increase or decreade.ifhis reactions of5H*, these effects are attenuated and perhaps
is because there are two opposing phenomena. One is the losgeversed because of the interaction of the positive charge on
of the resonance stabilization of the neutral carbene complexesthe metal moiety with the partial charge on the buffer b&se (
(1H*), which must follow the general rule that applies to ys 10); the result is that the carboxylate ion reaction becomes
resonance effects; that is, its loss must be ahead of protonrejatively more favorable than the amine reaction; that is, the
transfer at the transition state:1” This reduces, and more log ko(RCO,~) — log ko(RNH,) difference becomes larger.
so for the MeO complex for which the resonance stabilization

is stronger. The other factor is an attenuation of the lag in . ose Se
carbanion resonance developmen) By the wz-donors. This (NO)(PPhy)Re==X 5_| (NO)(PPhy)Re ol
comes about because the contributior bt to the structure P )

of the carbene complex leads to a preorganization of thef(@O) 5+,'H’ H 05— H H
moiety toward its electronic configuration in the anion. This RR'NH RGO

should result in more charge being delocalized into the §RIO) 9 10

moiety at the transition state, leading to a lowering of its energy.

The MeO group is a strongerdonor than the MeS group, and D. Intrinsic Rate Constants for the Reactions of 6H with

this will lead to a greater preorganization and, hence, to a lower Byffer Bases.As pointed out earlier, the lokp values reported
intrinsic barrier (higheiko) for the deprotonation of the MeO i Table 3 for the reactions B8H* overestimate the actual
complexes. intrinsic rate constants by a substantial amount, and hence, it is

On the basis of arguments presented eatliée net effect  difficult to make comparisons with the other carbene complexes.
of 7-donation may be a small decreasekirfor the sulfur and ~ Nevertheless, it appears that, when this overestimate is taken
a somewhat larger decreasekinfor the oxygen derivatives,  into account, the actual lokp values may not be significantly
but this conclusion is not firm, and the overall effect or the (jfferent from those for the reactions BH*.3832 This would
difference in the lod¢ values is probably small. suggest that the greater aromatic charactés edmpared tcb

In comparing 5H* with 2-M and 3-M, the enhanced  does not have a large effect kg implying that the aromaticity
resonance stabilization & that appears to be the major rea- of 5 or 6 contributes relatively little to the lowering & relative
son for the high acidity o6H™ is likely to be also the major  tg the reactions oR-M and 3-M. However, in view of the
factor in reducing the intrinsic rate constants. The fact f1at  yncertainties about lo for 6H*, further investigations relating
not only enjoys extra resonance stabilization on the metal sidetg this question seem warranted.
but also is aromatic on the heterocyclic ring side is expected to £, Rate Constants for the Reactions with OH, HsO*, and
further reduceky, because the development of this aromaticit ; O | H | OH
will lag behir?é0 proton transfer for trﬁ)e same reason that tg/e \éx?oter' Table 2 perldes a+summary of ﬂkéz Koy ki, and

749" values for5H™ and6H™ as well as for3-Cr, 3-W, 2-Cr,

resonance development on the metal side lags behind proton, ~4->.w. The deprotonation o§H* by OH- (k?H) is about

'20-fold faster than the deprotonation®#Cr or 3-W and about

40- to 60-fold faster than the deprotonation &fCr and
2-W, respectively. This increase k" reflects the increased
acidity of 5H™ compared t3-M and2-M, but in view of the
large differences in the acidities, the rate increase seems rather
modest. This, of course, is again the result of a substantially

(42) TheF values for MeO, MeS, and MeSe are 0.29, 0.23, and 0.16, lower intrinsic rate constant in the case®f*. The effect of
respectively, while these values for MeO and MeS are 0.30 and 0.20,
respectively?’ (44) Bell, R. P.The Proton in Chemistry2nd ed.; Cornell University

(43) The higherky values for secondary amines is a well-known Press: Ithaca, NY, 1973; Chapter 10.
phenomenon caused by differences in the solvation energies of the respective (45) Jencks, W. PCatalysis in Chemistry and EnzymolodyicGraw-
protonated amines and the fact that at the transition state solvation of theHill: New York, 1968; p 178.
incipient protonated amine lags behind proton transfét:> (46) Kresge, A. JChem. Soc. Re 1973 2, 475.

transfer. As suggested later, this reduction may not be very large
though.

As to the potential contribution to the difference in the log
ko values betweeR-M or 3-M and5H™ arising from the change
to a selenium heteroatom, it is probably less significant than
that resulting from the change from oxygen to sulfur in going
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the lower intrinsic rate constant manifests itself even more Table 4. Ho, andh, Values as Function of [HCI] in 50%
dramatically in thek:® values for the deprotonation of the ~MeCN—50% Water (v/v) at 25C

carbene complex by water: her™ for 5H* is about the [HCI], M ho, M Ho [HCI, M ho, M Ho
same as foB-Cr and only about 3-fold higher than f@&W. 0.050 0.0437 1.36 0.80 1.15 —0.06
The situation is similar foBH™: Despit a 9 K, unit difference, 0.100 0.0871 1.06 1.00 1.66 —0.22
k" is only about 100-fold higher than f&-Cr, andk;* for 8-%38 8-%3 8-?2 i-ég ggg _8-22
6HT is only abogt 600_—fo|d h|g.her than fdf-Cr_. _ 0250 0227 064 170 501 —070

Another quantity of interest is thé"/k!'° ratio reported in 0.400 0398 040 2.00 7.76 —0.89
the last column of Table 2. There appear to be two major factors ~ 0.500 0.541 0.27 2.50 135 —-1.13
that influence this ratio. One is the degree of proton transfer at ~ 0.600 0.724 0.14

the transition state. Just as a larger (smaller) Branstealue

implies greater (smaller) progress of proton transfer at the opposite to that for the reactions M and3-M. Specifically,
transition state, so does a larger (smallef)’k** ratio. in the reactions oR-M and 3-M with neutral bases (amines
Hence, the much smallé*/k;" ratio for 6H" compared to  and water), there is electrostatic stabilization, but there is
5H* is consistent with a smaller amount of proton transfer and Jestapilization in the reactions with anionic bases (RGO
parallels the small Brgnstgl values for this compound. The OH"). In the reactions oBH* and 6H, these effects are
slightly smallerk?"/k"° ratio for 3-W compared t8-Cr may reversed.
have a similar origin.

The second factor is electrostatic interactions at the transition Experimental Section

OH/ H0 : + _
state. The largek; "k, " ratio for SH' compared t&-Cr and Materials. The tetraflouroborate salts BH* and6H* were obtained

3-W isl’eminiscent of the larger ldg(RCQ,") — log ko(RNH;) as gifts from Professor Robert Angeli€iStock solutions of these salts
for SH™ compared to that foB-Cr and3-W (as well as2-Cr in dry acetonitrile were stable for several weeks when storeelat

andZ-W). In the reaCtionS 03-CI’ or 3'W W|th Watel’, there iS °C. Dry acetonitrile was prepared by Stirring WltbCE for 24 h'

a transition state stabilization similar to thafinand in reactions  followed by distillation into a receiving flask contairgjr A molecular

with OH™, there is a destabilization similar to that & This sieves. For buffer preparation, acetonitrile was used as received (Fisher
results in a relatively smak?"/k"° ratio. In contrast, in the  Scientific), and water was taken from a Milli-Q water purification
reactions o6H*, the respective transition states are analogous SyStem.

to 9 for the water and td0 for the OH- reaction. This tends to Acetic acid (99.9%, Fischer Scientific) and methoxyacetic, cy-

attenuate or reverse the electrostatic effects seen for the reactiong"°acetic; dichioroacetic, and trichloroacetic acids<a#8%, Aldrich)
f3-Cr and3-W and results in a larad®"/k*© ratio for SH* were used as received. Chloroacetic acid (Aldrich) was recrystallized
0 ge /Ky : from 1l-propanoln-Butylamine, methoxyethylamine, morpholine, pi-

) peridine, 1-(2-hydroxyethylpiperazine) (all Aldrich) were distilled prior
Conclusions to use. Glycinamide (Aldrich) and aminoacetonitrile (Alfa Aesar) were
(1) The acidity of5H* (pKCH = 4.18) and6H" (pKCH _ obtained as HCI salts and these, along with piperazine (Aldrich), were
a : a

. H . .
—0.03) is much higher than it is for the chromium and tungsten recrystallized from 1-propanol. TheKB values of chloroacetic acid,

oo cyanoacetic acid, dichloroacetic acid, and trichloroacetic acid were
pentacarbonyl carbene complex@M, 3-M). The principal determined by standard potentiometric proceddiasd the data treated

reason for the higher acidity is thaH* and6H™ are _cati(_)nic, as presented by Benet and Goyamhe K& values of all other

and hence, the main resonance form of the “carbanion” is neutralpyffers were known from previous wodk.

(5 and6, respectively); additional stabilization of the deproto-  pH and H, Determinations. pH measurements were performed on

nated form comes from its aromaticity. an Orion 611 pH meter equipped with a glass electrode and a Sureflow
(2) The Brgnsted parameters for the reactiorbbif” with reference electrode from Corning. The pH meter was calibrated with

amines are similar to those for the reaction®d¥ and3-M, standard aqueous buffers from Fisher Scientific; pH readings in 50%

suggesting that the extent of proton transfer at the transition MECN-50% water taken at 25C were adjusted to the actual value
state is comparable for these reactions. For the reactidsid bf Ey idd"jg 2'%% fA” %C:j:\t/{l:‘g}c“?”tt"'“’ W&:js CO”Str.“thlh‘Lgy”sett'”g
and6H* with carboxylate ions and dH* with amines g is o= pr=_ooforab. solufion and assuming aoflows

h fi t it tat ith | t the same trend with increasing [HCI] up to 2.5 M ds reported by
much lower, suggesling a transition staté wi €ss proton El-Harakany? Table 4 lists theH, as well as théy, values as a function

transfer from the carbene complex to the base. of [HCI].
(3) The intrinsic rate constants for proton transfer to amines  Kinetic Experiments and Spectra. All spectra were taken in a
and carboxylate ions are substantially lower $¢i™ than for Hewlett-Packard 8452A diode-array WWisible spectrophotometer.

2-M and 3-M. This appears to be mainly the result of the Allkinetic runs were performed in an Applied Photophysics DX.17MV
enhanced resonance stabilization5ofs compared to that of  stopped-flow spectrophotometer. The procedures were similar to those
the anions derived fror8-M and3-M. It is unclear how much described in ref 9 except for_the following modifications. The _reactions
the aromaticity of5 contributes to the reduction i. of SH™ were set up by placing a 50% MeC180% water solution of

(4) The logk, values determined for the reactions GHi* 5H* containing 102 M HCI in one syringe of the stopped-flow
are higher than for the reactions B, especially log for apparatus and the appropriate buffer solution in the other syringe. The
the re?iction with conjugate ions Thi,s ispproba)kl)ly an artifact presence of HCI ensured that the carbene complex would be in its acid

form. Both solutions contained the appropriate amount of KCI to bring
that results from the lower Branstgdvalues. the ionic strength to 0.1 M.

(5) In comparison to the corresponding reaction2-04 and :
3-M, the k';zo and k?H values for deprotonation dBH* and " (é??JDshlberg, D. B.; Kuzemko, M. A.; Chiang, Y.; Kresge, A. J.; Powell,
T . -F.J. Am. Chem. S0d.983 105 5387.
6H™ by water and OH are not as large as one might expect on  (48) Thibblin, A.J. Am. Chem. S0d.984 106, 183.
the basis of the high acidity &H™ and6H™. This is again a (49) lowa State University of Science and Technology, Ames, IA 50011.
reflection of lower intrinsic rate constants f6H+ and 6H. (50) Albert, A.; Serjeant, E. Fthe Determination of lonization Constants
T n . 3rd ed.; Chapman and Hall: New York, 1984; p 32.
(6) BecausebH™ and 6H" are cationic, the response to (51) Benet, L. Z.; Goyan, J. B.. Pharm. Sci1967, 56, 665.

electrostatic effects at the transition state of their reactions is  (52) Allen, A. D.; Tidwell, T. T.J. Am. Chem. S0d.987, 109, 2
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was in its protonated form was superior to one wie would have (SpectrophotometriclﬁjH determinations) and Tables S39

i i i 0, 0,
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however, that, even with this procedure, reaction mixtures at high [HCI] 9 p-/lpubs.acs.org.
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