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Abstract: A kinetic study of the reversible deprotonation of the rhenium carbene complexes 1H*(O), 1H*-
(S) and 2H*(O) by carboxylate ions, primary aliphatic and secondary alicyclic amines, water and OH™ in
50% MeCN-50% water (v/v) at 25 °C is reported. These carbene complexes are of special interest because
in their deprotonated form they represent derivatives of the aromatic heterocycles furan, thiophene and
benzofuran. Intrinsic rate constants (k, for AG°® = 0) determined from appropriate Brgnsted plots for these
rhenium carbene complexes and for the corresponding selenophene (1H*(Se)) and benzothiophene (2H*-
(S)) derivatives investigated earlier follow the orders furan < selenophene < thiophene and benzofuran <
benzothiophene. These orders indicate that an increase in aromaticity leads to an increase in the intrinsic
rate constant or a decrease in the intrinsic barrier. This is an unexpected result; it implies that, in contrast
to common resonance effects, the development of aromaticity at the transition state is ahead of proton

transfer, i.e.,
higher than the percentage of proton transfer.

the percentage development of the aromatic stabilization energy at the transition state is

Introduction

In our ongoing investigation of the kinetic and thermodynamic
acidities of Fischer carbene complekes recently reported a
study of the rhenium carbene complexgd®(Se) and 2H*-
(S).?2 Two features that distinguishH(Se)and 2H™(S) from
previously studied

e S
CSHS(NO)(PPha)er:{J CSHS(NO)(PPh3)R+e:<I®

1H*(Se) 2H*(S)

carbene complexes such2id,® 4H* and numerous othérare
that they are cationic and that

/OMe
(CO)sCr= C\
CH,

, SMe
(CO)sCr= C\
CH,4

3H 4H

their respective conjugate bas&éSe)and2(S), are neutral and
aromatic. Both features are

T This is Part 28 of the series Physical Organic Chemistry of Transition
Metal Complexes. Part 27: Bernasconi, C. F.; Bhattachary@r@ano-
metallics2003 22, 1310

(1) Recentreviews: (a) Bernasconi, C. Ehem. Soc. Re 1997 26, 299. (b)
Bernasconi, C. FAdv. Phys. Org. Chen2002 37, 137.

(2) Bernasconi, C. F.; Ragains, M. . Am. Chem. So001, 123 11 890.

(3) (a) Gandler, J. R.; Bernasconi, C. Brganometallics1989 8, 2282. (b)
Bernasconi, C. F.; Sun, W.. Am. Chem. S0d.993 115 12 532.

(4) Bernasconi, C. F.; Ali, MJ. Am. Chem. S0od.999 121, 3039.
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2(8)

believed to contribute to the much higher acidity of the rhenium
carbene complexes Kg(1H™(Se) = 4.1825 pKy(2H"(S)) =
—0.039 compared to that of the (CeDr-type complexes (e.g.,
pKa(3H) = 12.50%° pK(4H) = 9.05)*°

When compared to the (CeDr-type complexe8H and4H,
and given the high acidities dfH*(Se)and 2H*(S), therate
constants for the deprotonation of these latter complexes by
various primary and secondary amines as well as by carboxylate
ions were found to be unusually lowThis means that the
intrinsic barriers to proton transfelAG,*)® are significantly
higher, or thentrinsic rate constantsg)® are significantly lower
for the rhenium carbene complexes than for the chromium
carbene complexes. For example, for the reactions with primary
aliphatic amines, the lo§, values obtained from the corre-
sponding Brgnsted plots are 0.14H"(Se)? and 0.86 2H*-
(S)),2 respectively, while for3H and 4H they are 3.0% and
2.097 respectively.

The most important factor that has consistently been associ-
ated with changes in the intrinsic rate constants for proton

(5) In 50% MeCN-50% water (v/v) at 2%C.

(6) The intrinsic barrierAGz (intrinsic rate constank,) of a reaction with a
forward rate constark; and reverse rate constdat; is defined asAGz =
AG! = AG, (k, = ky = k_;) when AG, = 0 (K; = 1). For proton
transfers, statistical factors p and q are usually included, see below.

10.1021/ja030229p CCC: $25.00 © 2003 American Chemical Society



Acidities of Rhenium Carbene Complexes ARTICLES

transfer from carbon acids is the varying degree of stabilization amines as well as carboxylate ions in 50% MeCN-50% water
of the conjugate base by resonance or charge delocaliZation. (v/v) at 25 °C. Because the aromaticity of the heterocycles
Because the development of resonance or charge delocalizatiorfollows the order thiophene selenophene- furant®12 one
generally lags behind proton transfer at the transition state, theexpects the order of the aromaticity of the respective conjugate
intrinsic barrier becomes larger or the intrinsic rate constant is bases of the rhenium carbene complexes t& (% > 1(Se)>
reduced, and the more so the greater the delocalizatiothe 1(0) and2(S) > 2(0). Hence if aromaticity plays a significant
conjugate base of Fischer carbene complexes, e.g. the anion of

3H, there is extensive charge delocalization as indicated by the 0 S
resonance fornd—. This CSHS(NO)(PPh3)Re——<\/\[| CSHS(NO)(PPh3)Re—<\J|

1(0) 1(8)

OMe —A OMe

(coycr=c’ - (CO),cr—C. 0
N _ N\
CH, CH, CSHS(NO)(PPh3)Re4<\I©
3" 3"

2(0)

delocalization is thought to be the main reason the deprotonation
of such carbene complexes is characterized by ldwealues role in loweringk, for proton transfet? and secondary effects
than the deprotonation of most other carbon acids except forare negligible, one expects lkglH"(0)) > logky(1H"(Se)
nitroalkanes. > logko(1H*(S)) and lodo(2H"(0)) > logks(2H'(S)). As

In the conjugate bases dH™ or 2H* the contribution of elaborated upon below, this isot what we observe which
the “delocalized” resonance forms suchléSe)is even stronger renders the question about the extent of the development of
because they avoid the charge separatioft (8e)and hence aromaticity at the transition state particularly interesting.

. Se Results
.
CsHs(N0>(PPhs>Re=<J - CsHs(NOXPPhs)Re_@, General Features.As was the case fatH™(Se)and 2H*-
1(Se) - 1(Se) (S), IH™(S) and2H™(O), as well as their respective conjugate

bases are relatively stable in 50% MeCN-50% water (v/v) as

this leads to an even stronger overall stabilization of the indicated by their UV spectra in this solvent. Furthermore, their
conjugate base. This not only increases the thermodynamicdeprotonation is fully reversible as demonstrated by recovery
acidity of 1H*(Se)but reduces, below that for the chromium of the spectrum of the carbene complex upon treatment of the
carbene complexes. conjugate base with acid. The furan derivative,"(O), is also

An interesting question is whether the aromaticityl¢se quite stable in 50% MeCN-50% water but treatment of its
and 2(S) which contributes to the increased thermodynamic Conjugate base with acid only led to complete recovery of the
acidity of 1H*(Se)and2H+*(S)2 also contributes to the lowering carbene complex in pure acetonitrile. In 50% MeCN-50% water,
of ko. Such a contribution would be expected if the development the conjugate base dH*(O) decomposes, possibly by under-
of aromaticity lags behind proton transfer in the same way as 90ing ring-opening to form a-dicarbonyl compound, a process
“ordinary” resonance/delocalization effects lag behind proton known to occur under mild conditiorié However, this decom-
transfer® In view of the centrality of the concept of aromaticity ~ Position did not interfere with ourk and kinetic measurements
and the chemist's quest to understand intrinsic reactivity, it is described below.
actually surprising that this question has not been asked before. Spectrophotometric <" Determination. The (K5 val-
The results of our earlier study were inconclusive on this point ues oflH*(0),1H*(S) and2H*(O) were determined from plots
because of other factors such as the steric, inductiveratahor of pH versus loghmax — A)/(A — Amin) according to eq 1
effects of the heteroatom in the heterocycle possibly contributing
to the lowering ofko. . CH Anax — A

In the present paper we report results of a study of the PH = pk™ + IogA_ Anin @
reactions of the three rhenium carbene compléx¢yO), 1H*-
(S), and2H*(O) with primary aliphatic and secondary alicyclic where Ana is the absorbance at pH< ngH, A the

absorbance at pk> ngH and A the absorbance at pH

o S :
CSHS(NO)(pph3)1{e=</\” CSHS(NO)(pph3)1{;=<;[| pkS". For 1H*(O) the measuremen'.[s were performed in
acetate buffers, fotH*(S) and2H™(O) in chloro-, dichloro-,
1H'(0) 1H'(S) and trichloroacetate buffers. A representative plot is shown in

Figure S1 (Supporting InformatioAj. The results are sum-

0 L
C5H5(NO)(PPh3)R+e=<I@ marized in Table 1.

2H"(O) (10) 3l‘:éigguelli, F.; Marino, G.; Taticchi, Al. Chem. Soc., Perkin Trans1274

(11) Minkin, V. I.; Glukhovtsev, M. N.; Simkin, B. Y.Aromaticity and
(7) Marcus, R. AJ. Phys. Chem1968 72, 891. Antiaromaticity Wiley & Sons: New York, 1994; p 217.
(8) (a) Bernasconi, C. FAcc. Chem. Re4.987, 20, 301. (b) Bernasconi, C. F. (12) Bird, C. W.Tetrahedron1985 41, 1409.
Acc. Chem. Re4.992 25, 9. (c) Bernasconi, C. FAdv. Phys. Org. Chem. (13) Assuming that the development of aromaticity lags behind proton transfer

1992 27, 119. at the transition state.
(9) This connection between intrinsic barriers and resonance is not restricted (14) Vollhardt, K. P. COrganic ChemistryFreeman & Co.: New York, 1987;
to proton transfers but is a general phenomenon applying to all types of p 1193.
reactions’ (15) See paragraph concerning Supporting Information at the end of this paper.
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Table 1. Spectrophotometric and Kinetic ngH Values

pKM (spect)

pKaCH (kinetic)

average pKac"l

0
C5H5(N0)(Pph3)ﬁ’e=<;[]

1H*(0) 5.79 +0.04 5.77+0.01 5.78 +0.03
. S
C5H5(NO)(PPh3)Re='<J 1H*S) 2.51+0.03 2.50 +0.01 2.51 +0.02
. 0
CsH5(NO)(PPh;)Re 2H*(0) 2.12+0.01 2.15+0.05 2.14 +0.04

Table 2. Reactions of 1HT(O), 1H*(S), and 2H*(O) with Buffers: Summary of Rate Constants and pK, Values in 50% MeCN-50% Water

(vIv) at 25 °Ca

, 0
CSHS(NO)(PPhS)Re=<J

1H+©0) Pk =578

. 8
CSHS(NO)(PPha)Re=<J

1H+S) pKTM =251

+ 0
CH,(NO)(PPh,)(Re)

2H*(0) pKM =214

B KB KB M1t KB M-1st KB M-tst KB M1t KB M1t KB Mgt
piperidine 11.01 (1.6 0.03)x 10®  (9.43+0.76)x 103 (2.25+ 0.05)x 10* (7.124 0.47)x 105 (9.20+ 0.35)x 10* (1.27+0.19)x 104
piperazine 9.97 (1.920.03)x 1 (1.24+0.09)x 102 (1.04+0.03)x 10* (3.62+ 0.24)x 10* (3.55+ 0.19)x 10* (5.34+ 0.85)x 104
HEPAP 9.33 (1.22+0.01)x 1 (3.44+0.27)x 102 (7.62+£0.17)x 10® (1.154+0.08)x 103 (1.58+ 0.06)x 10* (1.05+ 0.15)x 1073
morpholine 8.70 (4.620.07)x 10t (5.56+0.44)x 102 (5.21+0.05)x 10° (3.37+0.22)x 103 (1.20+ 0.06)x 10* (3.38=+ 0.54)x 1073
n-BuNH, 10.40 (1.15£0.01)x 1 (2.76+0.22)x 103 (9.2440.20)x 10® (1.19+0.08)x 104 (2.49+ 0.03)x 10° (1.374+0.15)x 1073
MeOCH,CH,NH, 9.39 (2.17+0.04)x 10* (5.33+0.43)x 103 (2.160.05)x 10° (2.85+0.19)x 10* (5.30+ 0.11)x 10* (2.89+ 0.33)x 1073
H.NCOCHNH,  8.14 (2.64+0.09)x 10°  (1.154+ 0.09)x 102 (4.44+ 0.10)x 1 (1.04+ 0.07)x 10-3 (8.40+ 0.11)x 10® (8.40+ 0.91)x 1073
NCCH,NH, 529 (1.78+0.12)x 10! (5.51+0.58)x 10 (5.52+0.03)x 10! (9.15+ 0.41)x 102 (1.59+ 0.13)x 10* (1.134 0.20)x 1(°
CHsCO,~ 593 (1.07£0.06)x 10° (7.57+£0.73)x 107! (1.74+0.05)x 1 (6.60+ 0.46)x 102 (3.57+0.19)x 10® (5.79+ 0.44)x 10°*
MeOCH,CO,~ 4.73 (4.06+0.03)x 10! (4.55+0.50)x 10°  (6.774 0.13)x 10" (4.08+0.27)x 107! (2.20+ 0.06)x 10° (5.64+ 0.35)x 10°
CICH,CO,~ 3.94 (2.99+0.02)x 10! (2.07+£0.21)x 100 (5.44+0.14)x 10 (2.02+ 0.14)x 1°  (1.73+0.07)x 10* (2.734 0.19)x 10
NCCH,CO,~ 3.56 (1.03+0.01)x 107! (1.71+£0.23)x 100 (4.91+0.10)x 10" (4.37+0.29)x 1°  (1.33+0.05)x 10® (5.04+ 0.34)x 10
Cl,CHCO,™ 2.38 (2.94+0.02)x 102 (7.38+0.77)x 10 (2.57+£0.15)x 10t (3.46+ 0.30)x 10
Cl;CCOy~ 1.64 (1.85+0.02)x 102 (2.55+0.29)x 1 (8.45+0.69)x 10° (6.27+0.64)x 10" (5.56+0.24)x 1 (1.76+ 0.12)x 10°

alonic strength 0.1 M (KCI)? HEPA = 1-(2-hydroxyethyl)piperizine.

Kinetics. Most rate measurements were carried out in amine Figure S2° shows plots okopsq Versus [AcO] at various pH
and carboxylate buffers under pseudo-first-order conditions with values. The slopes of these plots are given by eq 5. By plotting
the carbene complex as the minor component. Some experimentghe slopes versusa (Figure S3° one obtains th =577+
were also performed in HCI solutions. The pseudo-first-order 0.01
rate constant for equilibrium approach is given by eq 2 with
the various terms defined in eq @H™ stands for A+

CH
a

slope= kZ[1 + (5)

kapsa= k1" + K{"[OH ] + K;[B] +
K a,. + K2 + KBHBH] (2) which is in excellent agreement with the spectrophotometric

value of 5.78+ 0.04. This internal consistency is particularly
rewarding for this carbene complex because of the previously
mentioned decomposition @{O) which prevented full recovery
of 1H*(O) upon addition of acid td(O). Analysis of the plot
in Figure S35 also yieldedk? = 1.07 + 0.06 M* 71 from
hich kK = KKE"/KS™ = 0.76+ 0.07 M~ s~ was obtained.
The KS" values of 1H*(S) and 2H*(0) are much lower

than for1H*(O) and hence the measurements were performed
2in HCI solution. Equation 4 simplifies to eq 6 and plotskgfsg

. K29 1 KO oH-] + KB

3)

KHyan+ 4 K20 + KBH[BH]

1H*(O), 1H'(S) and 2H™(O), respectively, B for the buffer
base, and BH for the buffer acid. All experiments were run in W
a stopped-flow spectrophotometer by monitoring the decrease
(pH < pKSH) or increase (pH> pKS") in absorbance due to
CH*. The various rate constants are summarized in Tables
and 3.

Kinetic pKaCH Determination. For 1H(O), runs were per-
formed in acetate buffers. Under these conditiddf8{OH ]
and kﬂzlo are negligible and eq 2 simplifies to eq 4

Konsa= k1™ + K1y, (6)
versus a+ (Figure S4%° yield K and k", from which
K" = K'2O/KM, is obtained. Again, there is excellent agree-
ment between the kinetic and spectrophotometKg palues

psa= K10 + K3y, + K[B] + K2 [BH] (Table 1).

(4)

12330 J. AM. CHEM. SOC. = VOL. 125, NO. 40, 2003
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Table 3. Reactions with OH~, H3O*, and Water in 50%
MeCN-50% Water at 25 °C2

carbene complex pkH le 20 KA Ko k_}llzo
s Mgt Mls? st
+ 0
CSHS(NO)(PPh3)R°=< Il 1H'O) 578  (497:041x10°  (3.040.16x10'  (1.99:0.06)x10°  (7.6120.54)x10”
+ Se
CsH,(NO)®Ph;)Re /\II 1H'Se)®? 417  (1.82:0.13)x102  (2.80£0.08)x10°  (1.61x0.04)x10*  (1.550.11)x10~
+ S
CsHy(NO)(PPhs)Re < Il 1H*(S) 251 (2.02£0.09x107  (6.64:0.03)x10"  (2.3720.13)x10*  (4.8620.35)x10”°

0
.
C5H5(NO)(PP"3)R°:</\© 2HYO) 214 (148:0.16)x10'  (2.090.07)x10°
LS
CsHy(NO)(PPh;)Re MHS)P 003 (9.25:020)x10'  (7.88£0.27)x10"

aJonic strength 0.1 M (KCI)® Reference 2.

Kinetics in Carboxylate and Amine Buffers. These experi-  thiophene> selenophene furant®-12 and benzothiophene
ments were performed at buffer ratios of approximately 1:1. benzofurart’
The rate constante; and k?" were obtained by solving eq 5 A third factor expected to affect the acidities is the identity
for k; and calculating®; as kB KEH/KE" whereKS™ is taken  of the heteroatom (O, S, Se) which may exert an influence that
from the average of the kinetic and spectrophotometkgp is separate from its effect on aromaticity and is related to its
Kinetics in KOH and HCI Solutions. In KOH solutionskopsg m-donor and inductive effects. Thedonor effect is expected
is given by eq 7 to reduce the acidity by stabilizing the respective acid forms
(e.g.,1H™(X)), whereas the inductive effect should increase the
Kopeg= KOT[OHT] + K 7 acidity.
however, intercepts of plots &fpsqversus [OH] were too small X *%

to yield reliablek™° values and henck™° was obtained as C5H5(NO)(PPh3)R+c=</\ﬂ - C5H5(NO)(PPh3)Re—</\U
K2HK, /KET with K, being the ionic product of the solveHt.
For 2H*(O) the rates were too fast for an accurate measurement 1H'(X) 1H'(X)’
by the stopped-flow technique.

In HCI solution eq 6 applies and these experiments yielded —Both factors follow the order G- S > Se!® This implies
K", and K values for 1H*(S) and 2H*(O) as described that, if theszr-donor effect were dominant and aromaticity did

earlier. ForlH+(0) K*° was too small to measure accurately Not play a role, the acidity orders should be*(Se) > 1H"-

and hencéd® was obtained ak™, K", (S) > 1H*(O) and 2H*(S) > 2H"(0), whereas the opposite
_ _ order should prevail if the inductive effect is dominant.
Discussion That ther-donor effect more than offsets the inductive effect
pKSH Values. The KE values of IH*(0), 1H*(S), and can be seen when compariBgl and4H where aromaticity is
2H*(O), which are taken as the average of the spectrophoto- Not a factor andH (pKS" = 9.05) is more acidic thagH
metrically and kinetically determined values, are reported in (PKS™ = 12.50). As to the relative importance of thedonor
Table 3 along with the previously measured.p of 1H(Se) effect and aromaticity, thexperimentakcidity orders for the

and 2H*(S). There are significant differences in the acidities Mmonocyclic carbene complexes are, as mentioned above, those

of these rhenium carbene complexes but, as a class, they ar€xpected based on the aromatic stabilization of the respective

all substantially more acidic K§" range from—0.03 to 5.78)  conjugate bases rather than those based on-thenor effect,

than the chromium or tungsten carbene Comp|exé(§jp: and hence we conclude the aromaticity factor to be dominant.

9.05 for4H, 12.50 for3H). Incidentally, our reasoning and conclusions are quite similar
As pointed out before, the principal reason for the high acidity to those reached by Kresge and Mé&hggarding the relative

of the rhenium carbene complexes is their cationic character. acidities of5H (pKa = 11.87) and6H (pKa = 8.85), i.e., the

An addlltlonal factor is tha’F the rt.as.pectlve.conjugate bases are 17) Bird, C. W, Tetrahedron1987 43, 4725,

aromatic. In fact, the relative acidities which follow the order (18) z-Donor effect: theR values for MeO, MeS and MeSe ar®.56,—0.23,

+ > + > + i ivati and —0.16, respectively; the Rvalues for MeO and MeS arel.07 and
1H (S)Jr 1H (Sf) 1H (O) for the monOCyC“C derivatives —0.83, respectively, while ther values for MeO and MeS are0.43 and
and2H™(S) > 2H*(O) for the fused benzoheterocycles correlate —0.15, respectively? Inductive effect: theF values for MeO, MeS and
with the relative aromaticity of the respective heterocycles, i.e., ~ MeSeare 0.29,0.23 and 0.16, respectively, whereas:alues for MeO

and MeS are 0.30 and 0.20, respectivély.
(19) Hansch, C.; Leo, A.; Taft, R. WChem. Re. 1991, 91, 165.
(16) Ky = 15.19 in 50% MeCN-50% water (v/v) at 2& (u = 0.1 M KCI).3° (20) Kresge, A. J.; Meng, Q. Am. Chem. So@002 124, 9189.

J. AM. CHEM. SOC. = VOL. 125, NO. 40, 2003 12331
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6

tog(kZp)

)
)
)
)
)
)
. ] :
-6 -4 -2 0 2 4 3 -6 | 1 1 1 1 -6
0

ngH R pk<a:l-|+ 'og'élL -2 2 4 6 8 10
i : - pkBH - pCH + g2
Figure 1. Brgnsted plot for the reactions @H*(O) with buffers. Filled a a q
symbols,ki;®, open symbolsk_,®H. @, O: R:NH; B, O0: RNH;; A, A: Figure 2. Brgnsted plot for the reactions aH*(S) with buffers. Filled
RCOO". The dashed vertical line goes through the points wheréftg symbols,k;®, open symbolsk_BH. ®, O: R;NH; B, O: RNHy; a, A:
andkB"/p lines intersect which correspond to ltg RCOO . The dashed vertical line goes through the points wheréftg

and k‘fT/p lines intersect which correspond to l&g
conjugate base ddH (thiophene ring) is more aromatic than
that of 5H (furan ring).

o (o] S N
5H 5 6H 6

Rate Constants. The rate constants for proton-transfer
involving amine and carboxylate buffers are reported in Table
2, whereas those involving 8", OH~, and the solvent are
summarized in Table 3. Statistically corrected Brgnsted $lots

5 5

4

w

log(#1q)

for the dependence ok} and k%] on the [, difference 2 E 2
between the respective carbene complexes and buffer acids are ' 3
shown in Figures 3. They yield the Brgnsted andp values !

summarized in Table 4. From the points where the lines of log- -4 ' -4
(k?/q) and Iogk'f'f/p) intersect, theintrinsic rate constants, ! , .

defined ask, = k’/q = k}/p, were obtained (in Table 4 S e 0 2 4 6 o 0
reported as lokp,). pKEH . P"a?“+'°9§—

Bronsted Parameters.There is considerable variation in the Figure 3. Bransted plot for the reactions 8H*(O) with buffers. Filled
Brgnsted? anda val.u.es, suggestmg thfs\t the degree of proton symbolé,le, open symbolsk_#H. @, O: Ro;NH: M, O RNHy 4, A:
transfer at the transition state varies with the base type as wellRcoo. The dashed vertical line goes through the points wheréfte
as with the carbene complex. Two trends are noteworthy. (1) andk®/p lines intersect which correspond to lég
For all three base typeg,decreases with increasing acidity of
the carbene complex. This suggests that the transition stateoverrides the Hammoneleffler principle. We propose that this
becomes more reactant-like as the reactions become thermofactor is an electrostatic effect which operates at the transition
dynamically more favorable which is consistent with the state. The transition states for the reactionslbff(X) with

Hammond?—Leffler?3 principle. amines and carboxylate ions are showb and6, respectively.
(2) Thep values for the reactions with carboxylate ions are

generally lower than for the reactions with amines. Because, as X X

a group, the carboxylate ions are less basic than the amines CSHS(NO)(PPM)R“’-‘@ CsH5(NO)(PPhyRe— ;_|

and hen_ce the errotonation is thermodynamica[ly less favorable o B H 0. Hx' u

than with amines, the Hammondleffler principle would RR'N s RI(IZO:" )

predict higher rather than lowet values for the carboxylate H
ion reactions. This suggests that another factor is involved which

In 5 there is electrostatic stabilization between the patrtial

(21) Strictly speaking, these are Eigenplots (Eigen Avigew. Chem., Int. Ed. it i i i
Engl. 1964 3, 1); q is the number of equivalent basic sites on the buffer positive charge on the amine and the part|al negative Charge

base, p the number of equivalent protons on the buffer acid. on the carbon; this stabilization increases for a more advanced
(22) Hammond, G. SJ. Am. Chem. Sod.955 77, 334. s
(23) Leffler. J. E.. Grunwald, ERates and Equilibria of Organic Reactigns  ransition state because these charges become larger and move
Wiley: New York, 1963; p 156. closer together. There is also electrostdastabilization between

12332 J. AM. CHEM. SOC. = VOL. 125, NO. 40, 2003



Acidities of Rhenium Carbene Complexes ARTICLES

Table 4. Summary of Brgnsted - and $-Values and log k;, for the Intrinsic Rate Constants in 50% MeCN-50% Water at 25 °C

carbene complex pkSH Base type B o log k,

o
N
C5H5(NO)(PPh3)Re=I<JI 1H'©0) 578

RCO,- 0.43+0.04 0.57+0.04 -0.01 £0.12
RNH, 0.53+0.06 0.47 +0.08 -0.83+0.22

R,NH 0.65 £ 0.08 0.35+0.08 -0.46 +0.35

RCO,- 0.27 £ 0.02 0.73+0.12 0.72 £0.03

RNH, 0.53 +£0.03 0.47 £ 0.03 0.14 +0.15

+ Se.
c SHS(NO)(PPhS)Reﬂ H'Se)® 418

R,NH 0.49 + 0.04 0.51£0.04 0.92+0.23

RCO,” 0.21+0.02 0.79 £ 0.02 1.2120.03

s
CSHS(NO)(PPh3)R2=</\ﬂ H'S) 251

0
CSHS(NO)(PPhS)R€=<J:® 2H'0) 214
+ S a
c SHS(NO)(PPhs)Re=</\© WS 003

RNH, 0.42 +0.05 0.58 £0.05 0.27 £0:34

R)NH 0.40 = 0.07 0.60 = 0.07 1.05 +0.54

RNH, 0.42 £0.09 0.58 £0.09 1.40 £ 0.61

R,NH 0.40 £ 0.07 0.60 £ 0.07 1.26 £0.56

0.12+0.01 0.88 £ 0.01 2.85+0.05

RNH, 0.33 £ 0.04 0.67 = 0.04 0.84+0.38

b RNH, 0.610.06 0.39 + 0.06 3.04£0.17

(CO)sCr=C(OMe)CH; (3H) 12.50
R,NH 0.62 +0.03 0.38 +0.03 3.70 +0.07
RCO,” 0.4 £ 0.06 0.56 = 0.06 2.17+0.24

(CO)Cr=C(SMe)CH, @H)° 9.05

RNH, 0.48 £ 0.04 0.52 £0.04 2.09 +£0.08

{ RCO,- 0.19+0.01 0.81+0.01 2.62 +0.02

R,NH 0.45 +0.06 0.55 +0.06 2.61+0.10

aReference 2° Reference 3bt Reference 4.

the positive charge on the rhenium moiety and the positive transition state for the carboxylate reaction probably adopts a
charge on the amine nitrogen which counteracts the abovegeometry that favors the proximity between the partial positive
stabilizing effects and tends to increase for a more advancedcharge on the methoxy group and the partial negative charge
transition state. on the carboxylate ior9j. In the deprotonation ofH, Srcoo

In 6, there is electrostatidestabilization between the partial = 0.44 andBrnn, = 0.45 are about equal, presumably because
negative charges on the carboxylate ion and the carbon. Thisthe MeS group is a weakerdonor!8 and hence, there is only
destabilization can be minimized for an early transition state a small positive charge on the MeS group. This latter carbene
because of the small charge on the carbon. A further advantagecomplex thus approaches the behavior of purely organic carbon
of an early transition state is that the large negative charge onacids such as ketones or nitroalkadé& where Srcoo is
the base interacts favorably with the positive charge on the typically somewhat greater thafamine consistent with the
rhenium moiety. Hammond-Leffler principle.

A similar favorable electrostatic interaction may explain the Intrinsic Rate Constants. The intrinsic rate constants
relatively lowp value (0.38) for the deprotonation of the cationic  reported in Table 4 need to be interpreted with caution. Those
7H* by carboxylate ions relative 6 for the deprotonation of  k, values that could be obtained bpterpolation of the

appropriate Brgnsted plots becaus¢®p — pKS" covers a

CH,NO L .
E . o range from moderately positive to moderately negative, are the
5. _/OMe 5-___/OMe o most reliable, irrespective of thieanda values. Thek, values
(CO)Cr=C_ (CO)Cr=T 5_ ol
------ R
RH+C5H5 CH,Ph ?:1{ H=0C (24) Moutiers, G.; Peignieux, A.; Vichard, D.; Terrier,Brganometallics.998
Pl 17, 4469.

TH' 8H 9 (25) (a) Bernasconi, C. F.; Bunnell, R. Dsr. J. Chem.1985 26, 420. (b)
Bernasconi, C. F.; Paschalis, £.Am. Chem. Sod.986 108 2969. (c)
7H* by primary amines (0_54% The same phenomenon can Bernasconi, C. F.; Kliner, D. A. V.; Mullin, A. S., Ni, J.-XI. Org. Chem.

. : R 1988 53, 3342.
even be seen in the deprotonation of the neutral but zwitterionic (26) (a) Terrier, F.; Leliere, J.; Chatrousse, A.-B. Chem. Soc., Perkin Trans.
; B 21985 1479. (b) Moutier, G.; Thuet, G.; Terrier, F.Chem. Soc., Perkin
carbene comple>8H _Whereﬂ fOf Ca_‘rbOXylate |_ons is 0.33, Trans. 21997, 1476. (c) Moutiers, G.; Peignieux, A.; Terrier, J..Chem.
whereas that for primary amines is 0.54n this case, the Soc., Perkin Trans. 2998 2489.
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for the deprotonation ofH*(O), 1H*(Se) 1H*(S), and2H*- log(K'°(S)K?(0)) = 0.80 for KSH(O) — pKE™(S) = 2.17.

(O) by the carboxylate ions belong to this category. The intrinsic In this case it is not clear whether the increakgd value for

rate constants obtained kxtrgpolation of Brgnsted plots, i.e.,  2H*(S)is only the result of the |ower|(§H value or whether
when 5" — pkS™ has the same sign for all bases, are there is a contribution from an increased intrinsic rate constant

potentially less reliable. This is especially true WhpKEH - for the thia derivative. This is the same ambiguity seen for the
pK§H| is quite large, leading to long extrapolations, as is the reaction with buffer bases.
case for the reactions dH*(S), 2H*(O) and especiallgH*- For the deprotonation by hydroxide ion, the increase in the

(S) with the amines. However, as long as the Brensted k" values with increasing acidity of the monocyclic rhenium
coefficients are similar for reactions to be compared to each carbene complexes is much smaller than for the deprotonation
other, therelative k, values obtained from such extrapolations by water; for example (Idé)H(S)/k(fH(O)) =1.08 for p(i“(o)

should still be reliable measures oélative intrinsic rate — pKEH(s) = 3.27 and (log>"(S)KH(0)) = 0.91 for KSH(O)
constants. This latter situation applies in comparingthelues — pKEH(S) = 1.61. These smaller increases are most likely the
for the reactions oflH*(0), 1H"(Se) 1H™(S), and 2H™(O) result of a very reactant like transition state because the reactions
with the primary aminesA = 0.53, 0.53, 0.42, and 0.42,  gre extremely favorable thermodynamically; no conclusions can
respectively) and the reaction @H"(Se) 1H*(S), and2H*- be drawn regarding the relative intrinsic rate constants for these

(O) with the secondary amineg (= 0.49, 0.40 and 0.40  (eactions.

respectively). For the reaction aH"(O) with the secondary Significance of the Trend in the Intrinsic Rate Constants.
amines the§ value (0.65) is somewhat outside the range of the g jnrinsic rate constants for the deprotonation of all Fischer
other § values butlpk" — pKZ"| is relatively small in this  carhene complexes are low because the development of the
case which means thkg for this set may also be safely included  esonance/delocalization in their respective conjugate bases lags
in a comparison of the reactions of all thréid™(X) derivatives.  pehind proton transfer at the transition sta&he fact that the

For the reactions 02H*(O) and 2H*(S) with carboxylate  k values for the deprotonation of the rhenium type carbene
ions (5 = 0.19 and 0.12, respectively) the situation is marginal complexes are even lower than for the chromium type com-

while for the reactions 02H*(O) and 2H(S) WEi;gh primgzy plexes3H or 4H (Table 4) is due to their cationic nature which
amines § = 0.42 and 0.33, respectively) theK," — pK;"| leads to particularly strong resonance stabilization of their
values are too large to lead to reliable relatiyevalues. conjugate basesThe main objective of the present work was

Taking into account the above considerations we note the to examine whether the aromaticity of these conjugate bases
following trends. (1) For the reactions dH*(X) with all three contributes to this reduction of the intrinsic rate constants; such
base types, Idg follows the ordellH"(O) < 1H"(Se) < 1H*- a contribution would be expected if the development of the
(S) i.e.,,—0.01 < 0.72 < 1.21 for RCOO, —0.83 < 0.14 < aromaticity were to lag behind proton transfer at the transition
0.27 for RNH and —0.46 < 0.92 < 1.05 for RNH. The fact state in the same way as the development of simple resonance
that the same qualitative order is observed irrespective of baselags behind proton transfer.
type constitutes strong evidence that the observed trends are a As outlined in the Introduction, aromaticity of the heterocycles
true reflection of the relative order of the intrinsic rate constants. fgllows the order furan< selenophene< thiophene. In the

(2) For the reactions dIH*(X) the results are less clear-cut absence of other factors and assuming that the development of
because the criteria for the reliability of the obtairgd/alues aromaticity lags behind proton transfer, this should leatHd-
are not met. Thus, even though thekggalues of2H*(X) with (O) > 1H*(Se)> 1H*(S)and2H*(0) > 2H*(S)for the order
the carboxylate ions follow the same trend as for the reactions of the intrinsic rate constants. This, however, is the opposite of
of 1H*(X), i.e.,2H*(O) < 2H7(S), the difference in the Idg the experimental order. One possible interpretation of our
values (2.62 versus 2.85) is quite small. For the reactions with findings is that aromaticity plays only a minor role and its effect
the primary amines, Idg for 2H*(O) (1.40) is larger than the s overshadowed by other factors associated with the nature of
2H*(S)(0.84), but the experimental uncertainty in these values the heteroatom X. These other factors should be the same that
are too large to allow a firm conclusion. lead to differences ik, between the deprotonation 8H and

(3) The intrinsic reactivity of the bicyclic carbene complexes 4H; they include inductive,z-donor and steric effects as
is significantly higher than that of their monocyclic analogues. discussed in detail elsewheté quantitative assessment of the
Part but probably not all of the enhanced reactivity may be an individual contributions of these factors is diffictltbut a
artifact due to the differences in titevalues; the reasons for  comparison of thek, values for3H and 4H shows that their
the higher reactivity are unclear but do not affect the main combined effect results in intrinsic rate constants that are

conclusions from this work as outlined below. significantly lower for the thia 4H) than for the oxa 3H)
Rate Constants for the Reactions with OH, H3O™, and derivativeZ8
Water. These rate constants are reported in Table 3.Kff2 It is reasonable to assume that those same factors also operate

values for the deprotonation by water increase with increasing in the reactions of the rhenium carbene complexes and that their
acidity of the carbene complex as one would expect. However, combined effect should be qualitatively the same as for the
this increase is disproportionately large; for example, for the chromium carbene complexes. This means that, in the absence
monocyclic carbene complexes, Ikﬁ?(D(S)/kTZo(O)) = 3.61 of aromaticity, the reactions of the oxa rhenium complexes
while pk$H(0) — pKSH(S) = 3.27, or logk;*°(Se)k[°(0)) =
256 while [K,"(Se) - pK;'(0) = 1.61. This large increase in #7) [l [aloche Sog 8 SR 0 snatedey I s dten Btk
ky? is the result of the same kind of increase in theinsic thez-donor effect may go either way because of two competing interaction
rate constants seen for the reactions with buffer bases. For th mechanism4.

. . . . L e(28) The same result was obtained for the (§@)nalogues o8H and4H,
bicyclic carbene complexes, the increase is less dramatic, i.e.,  respectively.
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should have higher intrinsic rate constants than their thia
analogues. However, the experimental order ofithealues is
1HT(O) < 1H™(Se) < 1H'(S) and 2H*(O) < 2H(S). This

follow that it is the loss of aromaticity that results in the
destabilization, a point discussed by Minkin et*4alSimilar
results were reported for highly bent pyrene systéms.

implies that aromaticity leads to an increase rather than the (2) Recent ab initio calculations in our laboratory suggest
expected decrease in the intrinsic rate constants and that, at leashat there is a disproportionately large degree of aromaticity at
for the 1H*(X) type carbene complexes, this factor is quite the transition state of the identity carbon-to-carbon proton
substantial since it more than offsets the combined result of transfer of reactions 8 and39.
the inductive, steric and-donor effectsSuch an increase can
only be explained if the delopment of aromaticity is ahead of H
proton transfer at the transition state. In other words, the
percentage deslopment of the aromatic stabilization energy @ + @ == @ + @ ®
at the transition state is higher than the percentage of proton
transfer. H_ _H H_ _H

Early Development of Aromaticity: Are There Prece- m . - . m o
dents?Our initial hypothesis was that, in the context of its effect
on intrinsic barriers, aromaticity may simply be considered a
special case of resonance. In other words, the same constraints (3) According to computed NICS values, the transition state
that prevent extensive development of resonance stabilizationfor the trimerization of acetylene to form benzene is highly
at the transition state should apply to the development of aromatic}’ despite the fact that the reaction is strongly
aromaticity. The gist of these constraints was captured in a exothermic, which suggests that the transition state should be
model initially proposed by Kresggin the context of proton  reactant-like23We note, however, that here the aromaticity
transfers from nitroalkanes, a model that we have refifgd ~ Of the transition state refers to “in-plane” aromatiéftyvhile
and applied to the generalized reaction scheme of &qTe that of benzene isst-aromaticity.”
basic idea is that the delocalization of the negative charge into

Conclusions

The most important and novel conclusion from this work is
that the aromaticity of the conjugate bases of the rhenium
carbene complexes does not increase the intrinsic barrier (reduce
the intrinsic rate constant) to proton transfer but lowers it
(increase%,). This implies that the development of aromaticity
is ahead of proton transfer at the transition state which contrasts
X ) . with common resonance/delocalization effects that lag behind
the fra_cno_n ofz-bond formation, and _the fraction of-bond proton transfer at the transition state. It appears that the
formation in turn depends on the fraction of charge transferred ¢ siraints that prevent resonance/delocalization effects from
from the base to the carbon acid. This means that, at the ye\eloping in proportion to proton transfer do not apply to the
transition state, the charge on Y can never be very high since ye\ejopment of aromaticity. The possible generality of this
it represents only a fraction of a fraction. conclusion clearly needs to be tested although there are some

i
48y —8c—By
I
Be--H--C=Y

=1+ %
NCiy 4+ BH

——
=

(O]

|
BY + H—(IT—Y

ther-acceptor Y can only occur if there is development of the
C—-Y m-bond. Hence, the fraction of charge on Y depends on

Our results suggest that no such constraints apply to theindications from other systems that the behavior of our reaction

development of aromaticity. On the contrary, only relatively

minor progress in the creation of the appropriate orbitals and/

or their optimal alignment seems to be required for aromatic
stabilization to become disproportionately effective. There is

system may not be unprecedented.

Experimental Section

Synthesis of Rhenium Carbene Complexedhe synthesis

some evidence which suggests that our conclusions are notof 1H*(0) and1H*(S)involved the steps shown in Scheme 1:

without precedent.

(1) The aromaticity ofl0, as suggested by the calculated
NICS valué? at the center of the £ing (—8.1), is quite close
to that of benzene<9.7), even though there is extreme bending

N N

NC CN

10

of the Gs ring .33 The same is true for a benzene whose geometry
was constrained to that df0 (NICS value of—7.7)33 These

results imply that even though bending leads to a substantial (383

overall destabilization of the molecule, it does not necessarily

for 2H*(O), benzofuran was used in stepld, 14, 15, 16, and
17 were prepared as described by Tam efdl8 and19 were

(29) Kresge, A. JCan. J. Chem1974 52, 1897.

(30) Bernasconi, C. F.; Wenzel, P.Jl.0Org. Chem. So2001, 66, 968, and
references therein.

(31) Ab initio calculation®® for gas-phase identity reactions of the type &H
+ CH,=Y~ == CH,=Y~ + CHgY indicate that the proton in flight bears
a partial positive charge but it is not clear that the same is true in solution
and none is shown in eq 7. Whether or not there is such a charge does not
affect the argument.

(32) Schleyer, P.v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; v. Eikema Hommes,
N. J. R.J. Am. Chem. S0d.996 118 6317.

(33) Tsuij, T.; Okuyama, M.; Ohkita, M.; Kawai, H.; Suzuki, J. Am. Chem.
So0c.2003 125 951.

(34) Reference 11, p 60.

(35) Bodwell, G. J.; Bridson, J. N.; Cyfski, M. K.; Kennedy, J. W. J.;
Krygowski, T. M.; Mannion, M. R.; Miller, D. OJ. Org. Chem2003 68,
2089.

(36) Bernasconi, C. F.; Ragains, M. L. to be published.

(37) Morao, |.; Coss, F. P.J. Org. Chem1999 64, 1868.

Reference 11, p 267.

(39) Tam, W.; Lin, G.-Y.; Wong, W.-K.; Kiel, W. A.; Wong, V. K.; Gladysz,

J. A.J. Am. Chem. S0d.982 104, 141.
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Scheme 1

(CO)5Re—Re(CO)5 + m — C5H5(CO);Re M C5H5(NO)(CO)2Re BF,”

13 14
@—x—o l CH,CN

NaBH, . PPh, . )
C5H5(NO)(PPhyRe(CH;) <= CsH5(NO)(CO)Re(PPhy) ~——— C5Hy(NO)(CO)Re(CH;CN) BF;
17 16 BFs 15

HBF4l PhCl
X

+ [ + -
C5H5(NO)(PPhy)Re(PhCl) ————m C5H(NO)(PPhy)Re— BF,”
BF,” X=S,0 —

18 19

C5H5(N0)(PPh3)Re=<j <— C5H5(NO)(PPh3)Re—<j

1H(X)

l KOH/MeOH

synthesized as described by Kowalczyk ef’&l0 and the B~ 2HT(0): ™M NMR 6 (CD,Cly): 7.54 (s, br, Ph), 7.457.24

salts of 1H*(X) and @H*(X)) were synthesized by the (m, Ph), 7.23-7.09 (m, benzo), 4.65 (d, H(3)), 4.49 (d, 13

procedure of Angelici et & 1H™(O) and 2H*(O) are new 5.87 (s, Cp).13C NMR & (CD.Cly): 285.75 (d, carbene C),

compounds. The spectral dataldi*(O), 1H"(S) and2H*(O) 133.38 (d, Ph), 132.84 (d, Ph), 130.08 (d), 129.13 (d, Ph), 66.23

are as follows: (s, (C(3)), 131.25 (s, benzo), 130.75 (s, benzo), 127.89 (s,
1HT(O): *H NMR 6 (CD.Clyp): 7.75-7.45 (m, Ph), 7.46 benzo), 125.90 (s, benzo), 124.75 (s, benzo), 110.59 (s, benzo),

7.25 (m, Ph), 7.16 (s, br, H(5)), 6.91 (s, br, H(4)), 5.42 (d, br, 97.31 (s, Cp). IR cm! »(NO) (CH,Cl,): 1724 (s). MS: m/z

H(3)), 5.36 (d, br H(3), 5.72 (s, Cp)13C NMR ¢ (CD,Cl): 662.16 (M"). UV (CH.Cly): 321 nm ¢ 5337).

222.75 (d, C(2)), 66.20 (s, C(3)), 132.50 (s, C(4)), 131.94 (s, Materials. The solvents and buffers used for this study were

C(5)), 96.28 (s, Cp), 134.19 (d, Ph), 133.44 (d, Ph), 130.33 (d, obtained from the same sources and purified in the same manner

Ph), 129.80 (d, Ph). IR cnt »(NO) (CH,Cly): 1742 (s). MS: as described before.

M’z 612.16 (M"). UV (CHxClp): 321 nm ¢ 5337). pH Determination, Kinetic Experiments and Spectra.The
IH*(Sy:: H NMR 6 (CD:Clp): 7.55 (s, br, Ph), 7.36 methodology described earffawas used.

7.78 (m, Ph), 7.11 (d, H(5)), 6.88 (m, H(4)), 4.17 (d, br, H(3)),

4.05 (d, br, H(3), 5.80 (s, Cp)13C NMR 6 (CD,Cl,): 268.89 Acknowledgment. Acknowledgment is made to the donors
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129.76 (d, Ph). IR cmt »(NO) (CH,Cl,): 1714 (s). MS: m/z Partial support by Grant CHE-0098553 from the National

628.10 (M. UV (CH,Cly): 355 nm ¢ 7408). Science Foundation is also acknowledged. Technical assistance

by Ethan Ross during the initial phase of this project is also
(40) Kowalczyk, J. J.; Agbossou, S. K.; Gladysz, J.JAOrganomet. Chem.
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