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Abstract: The K, of the title compound3, was determined kinetically to be 14.47 in 50% Me€bD% water at
25 °C. Rate constants for the reversible deprotonatio by OH~ and piperidine, and primary kinetic isotope
effects as well as kinetic solvent isotope effects for the deprotonati8mpfOH- (OD™), are reported. Comparison
of our results with corresponding data for methoxymethylcarbenepentacarbonylchromi@a)(®hows that the
pKa of 3 is about 2 units higher than that®& This reduction in acidity is mainly attributed to enhaneedonation
from the oxygen to the carbene carborBpivhich results from the ring structure 8f Theintrinsic rate constants
for the deprotonation 0B are essentially the same as for the deprotonatid®aofThis suggests that the expected
intrinsic rate lowering effect due to the increased resonance stabilizat®is afffset by an intrinsic rate enhancing

preorganization effect.

Introduction

Fischer-type carbene complexes of the general strudture
are remarkably strong acids because the ¢@Opoiety (M =

+
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Cr, W, Mo) is strongly electron withdrawing and effectively
stabilizes the conjugate anicit.2 However, only very few
attempts at quantifying the acidity of such carbene complexes
have been reported. The first study was that of Casey and
Andersore who showed that the acidity @ain THF is about
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lower than that oRain the same solverityhile 5 has a K, of
20.4 in DMSQ¢%:8

The first attempt at working iraqueoussolution was the
determination of both the thermodynamic and kinetic acidities
of 2aand6 in pure water and aqueous acetonitrile. Tg pf
2awas found to be 12.3 in water at 2€° and 12.5 in 50%
MeCN-50% water (v/v) at 28C10 while the g, of 6 in 50%
MeCN—-50% water (v/v) at 23C is 10.41° For both2a and6
these K, values had to be determined kinetically because the
respective anions are quite unstable in the presence of water
which precludes direct equilibrium measurements.

In this paper we report a study of the kinetic and thermo-
dynamic acidity of3. We have two major objectives. The first
is to expand our still embryonic quantitative data base on the

the same as that of p-cyanophenol in the same solvent. In aacidities of Fischer carbene complexes. The second is to resolve

subsequent paper, Casey and Brunsvaiported that the
equilibrium constant for deprotonation of the cyclic carbene
complex 3 by p-cyanophenoxide ion in THF is about 0.77,
implying that the acidity of3 is roughly the same as that of
2a%

More recently, Wulff et af. have reported that the complex
4 has an acidity in THF that is about 7 orders of magnitude
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an apparent inconsistency between Casey’s findings that the
acidity of 3 is approximately the same as that && and
chromium-53 NMR results by Hegedus etlalthat may be
interpreted to sugges8tto be considerably less acidic thaa.
Specifically, the NMR data foB indicate a greater contribution
of the resonance structuite because the oxygen in the cyclic
structure of3 is locked into a position for better-overlap than

in 2a. This presumably leads to a greater stabilizatior8,of
without any concomitant extra stabilization of the anion, and
hence one expectsto be less acidic thaRa. Our results will
indeed show that thel of 3 is about two units higher than
the K, of 2a
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Figure 1. Time-dependent absorption spectra for the deprotonation 0 1 L
of 7.5 x 10> M 3 by 0.14 M MaNOH in 50% MeCN-50% water. 0 0.05 0.1 0.15
Spectra taken at 16-ms intervals. [OL7 M
Figure 2. Plots of k'ObSd vs [OL"] for proton transfer. ©) Reaction
Results with KOH in 50% MeCN-50% H0; (®) reaction with MeNOH in
50% MeCN-50% HO; (a) reaction with KOD in 50% MeCN50%

General Features. The reaction of3 with KOH or Mey-
NOH in 50% MeCN-50% water (v/v) is characterized by two
distinct kinetic processes at [KOH] 0.01 M or [MeNOH] >
0.005 M. The first is in the subsecond range and can be : I
attributed to the reversible deprotonation3described by eq transfer) will be denoted ak,y that for the slow process

: : . ._(hydrolysis 0f37) ask'o' Unless stated otherwise, the ionic
1. Figure 1 shows th I ch h thist 3SKonsg : :
igure 1 shows the spectral changes associated with t Isstrength was maintained at 0.1 M with KCI, or MCI in the

KM experiments with MgNOH as the base.
3+OH =—=3 +H,0 (1) Reaction of 3 with KOH and Me,NOH. Pseudo-first-order
k4 rate constantskf,.) were measured in KOH (0.02 to 0.1 M)

- .
process as measured in a stopped-flow spectrophotometer. Thgnrix;'.\l(g: é?.gZ ;Z;g'l;o'\tﬂ OSfO||Ut|0nS. K-g]: r:r\?:jdi;a are
specific example displayed in the figure refers to a;NI@H su 12 Sew : S OfKopsq 5 [ ] [Mes-

solution because more of the ani@n is formed in such a NOH] are shown n Figure 2. .Thely are F:on5|stent with
solution than in a KOH/MeCN/bD solution (more on this  '€versible deprotonation & for which kypsqis given by eq 3.
below), leading to a larger spectral change. | oH _ HO

The second process is well separated from the first and occurs Kobsa= K1 [OH ] + K73 3)
in a time frame of seconds; it leads to irreversible hydrolytic
decomposition o3~ to form the hemiacetal 2-hydroxytetra- For the KOH reactions, one obtaih§" = 74 + 2 M1 51
hydrofuran {) in equilibrium with a small amount of its acyclic ~ from the slope anétleo = 14 4+ 1 s ! from the intercept; this

yields an equilibrium constam¢®" = k?"/k™2° = 5.29+ 0.55

D20.

The pseudo-first-order rate constants for the fast process (proton

0. ,OH HOWO M~1 or pkS" = 14.47+ 0.04 based onk, = 15.19 in 50%
Qﬂ H MeCN-50% water® For the MaNOH reaction k" = 128
7 8 +6M sl k% =11.6+ 0.6 s, andkP" = 11.03+ 1.15

ML no pKS" is calculated fromKS" because K, in the
form, 4-hydroxybutanalg). Assuming that this decomposition presence of MgN* as counter ion is not known.
occurs by the same mechanism as that for the irreversible Because p‘;H is not much lower thank,, deprotonation of
decomposition of the conjugate anions2z 2b, and6 under 3 is far from complete even at the higher base concentrations
similar conditions;?13it can be represented as a reactior3of used, especially in KOH solutions where ti8J[3] ratio at
with water, as indicated by eq 2 where the proton transfer e highest [KOH] of 0.1 M is onI)K?H [OH"] = 0.53. This
) o explains the relatively weak dependence lgksg on base
34+ 0OH & 3"+ H,0 2 -748 ) concentration (Figure 2) and. also the relgtively small absorption
changesAOD) observed during the reaction. The use of higher

represents a fast preequilibrium. The validity of this mechanism [KOH] was precluded by solubility l,'m'tatg%ns'

has been scrutinized elsewhéfeHence in the present paper ~ With MesNOH, the somewhat higheK;™ value and the

kinetic data for this process will only be reported to the extent Slightly higher solubility leads to &[]/[3] ratio of 1.60 at the

that they are necessary for the interpretation of the results for Nighest [M@NOH] of 0.14 M. This means that for the Me

the proton transfer (see under Kinetic Isotope Effects). NOH reaction the range of the)/[3] ratio at various base
Al kinetic data were obtained under pseudo-first-order concentrations was wide enough to allow determination of an

. . . H OH
conditions with the carbene complex as the minor component. @Pproximate value oK;™ based on the dependence of the
AOD values on MgNOH concentration. This dependence is

(12) Bernasconi, C. F.; Flores, F. X.; Sun, W.Am. Chem. S0d 995

117, 4875. (15) At the highest MéNOH concentrations the ionic strength was higher
(13) Bernasconi, C. F.; Sun, WOrganometallics1995 14, 5615. than 0.1 M.
(14) Bernasconi, C. F.; Leyes, A. B. Chem. Soc., Perkin Trans.I2 (16) Leyes, A. E. Doctoral Thesis, University of California, Santa Cruz,

press. 1996.
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H - ip[Pj
45 3 KPHOH-] + KPMPip] ©)
40 K20 + IPIpH™ [PipHT]
35 KPP (1 + KSYau+), which affordsk”™ = (1.36 + 0.30) x
% 106 M1 5% from this P value one can also calculate
K'P =47+ 12 M1s 1 The intercept (average 17.2%is in
T, 25 excellent agreement with the expected value (173 bkased
5 on k" = 74 M1 s1 and K™ = 14 s1 determined in the
-5 20 KOH experiments. All proton transfer rate constants are
sl summarized in Table 1.
Kinetic Isotope Effects. Three types of kinetic isotope effect
10k experiments for proton transfer and hydrolysis were performed.
(1) Reactions of 3d, with KOD in 50% MeCN —50% D0:
5F
O o] o)
0 S S — (CO)5Cr‘3/j (CO)5Cr:g (CO)SCr;Sj
0 2 4 6 8 10 12 14 16 =
105 x [PipH*], M D D H D D
Figure 3. Plots ofkl,.,vs piperidinium ion concentratior® and a - 3-d 3-d-

represent two different series of runs, see text. . . ) o
The interpretation of the results of these reactions is simple

given by eq 4 whereAOD, is the change in absorbance if because the scheme of eq 1 can be applied, except that all active
protons have been substituted by deuterons. In the range of

1 _ 1 1 4) 0.005 to 0.1 M KOD, both deuteron transfer and hydrolytic

AOD AOD, AODO-K?H[OH‘] decomposition 0B~ can be observed as two distinct and well-
separated kinetic processes. A plotldqjsd vs [KOD] for the
conversion of3 to 3~ were complete. A plot oAOD™! us deuteron transfer is included in Figure 2. It yiekf% =222
[OH-]"1 (not shown) yieldsAOD, = 0.63+ 0.16 andK>" = +12M1sL KPS0 =1.33+0.07 5%, andk?3 = 16.7+ 1.8

6.3+ 2.1 M1, Considering the large uncertainty in thé®©D M-117

values obtained from stopped-flow traces, the agreement with  (2) Reactions of 3 with KOD in 50% MeCN-50% D,0:

the kineticK‘fH value of 11.03 M1 is remarkably good. More  These reactions are complex and characterized by three kinetic

importantly, the adherence @&OD to eq 4 constitutes cor-  processes, as shown in Figure 4. As discussed in more detail

roborating evidence that the observed process is an equilibriumbelow, this kinetic behavior can be rationalized as arising from

reaction and indeed corresponds to proton transfer. deprotonation o8 by OD (first process), followed by trapping
Reaction of 3~ with Piperidinium lon. The reversibility of 3= by D,O to yield 3-d and 3-d; (partial recovery of

of the proton transfer was further demonstrated by rea@ing  absorbance at 364 nm), and subsequent hydrolysis (final decay).

with piperidinium ion, which led to nearly quantitative recovery In analyzing the kinetic traces we could only determine reliable

of 3. In these experiment§~ was transiently generated by pseudo-first-order rate constants for the first and third process.

reacting3 with 0.1 M KOH in the pre-mixing chamber of a  This was done at six KOD concentrations between 0.005 and

double-mixing stopped-flow apparatus. After about 300 ms, 0.1 M. The results are summarized in Table 2.

the solution containin@~ was mixed with a piperidine buffer No attempts were made to directly extract rate constants for

containing enough acid to neutralize most of the KOH and yield proton/deuteron transfer or hydrolysis from these data because

a final pH of 13.85. This pH was chosen to keep the of the complex nature of the various processes involving

piperidinium ion concentration low enough @DH* = simultaneous dehydronatitof 3, 3-d, 3-d,, and deuteronation

11.01¥° that the rate of protonation & by piperidinium ion of 3= and3-d~ by D;O. Instead, computer simulations were

is not too fast for the stopped-flow method, and at the same Performed on the basis of Scheme 1 (CH 3, CH™ = 37,

time to keep the OH concentration high enough to ensure good CHD = 3-d, CD™ = 3-d~, CD, = 3-d;) and known or estimated

buffering of the solution. rate constants for the various steps in Scheme 1 which would

The results of the rate determinations are shown in Figure 3. reproduce the triphasic kinetic traces such as shown in Figure
Two series of runs were carried out under similar conditions. 4. Of the eight rate constants in Scheme 1, three were known

The slope from the first series was (#50.1) x 106 M~1s71, from the experiments with3-d, in KOD solutions: kPP,
that for the second series (1490.1) x 1®* M~ s71; we shall k?sz, and kszS.ZO Assuming negligible secondary isotope
use the average of 17 10° M~ s"Lin our further discussions.  effect$* allowed us to sek®y}, = k%%, Kihp = YakTp2
The intercepts from the two series, 71 and 17.3+ 0.6 s°2, K ho = Y2kPp, 2 and k%) = k%j, This leavesk;p, as the only

were indistinguishable. (17) The subscripts H and D refer to the substrates3-dz, 3- vs 3--d)
: . S N subscripts H and D refer to the substr. -0, 3~ vs 37-d).
The expression fokebsain the piperidine buffers is given by K4 is identical tok?" andk™, is identical tok™ used in eq 5.

eq 5, reflecting the expansion of the reaction scheme of eq 110 ™{(1g) Hydron refers to either proton or deuterium and is the name

_ _ recommended by the IUPAC Commission on Physical Organic Cherffistry.
kIObSd= k(fH[OH_] + kﬂzlo + kf'p[Pip] + kﬁlfH*[PiprL] (29) B;)lzjgnett, J. F.; Jones, R. A. Pure Appl. Chem1988 60, 1115.
(20) k5 from ref 14.

CH (21) Sé_condary isotope effects may arise because deprotonation induces
OH _ HO | 1 PiokH* a L a change in hybridization of the-carbon from spto s. Such secondary
=k; [OHT] + K2+ K27 |1+ —][PipH"] isotope effects are typically quite sm#l.
Ay (22) (a) Melander, L.; Saunders, W. J., Reaction Rates of Isotopic
(5) Molecules Wiley-Interscience: New York, 1980; p 170. (b) Bell, R. P.

) ) _ The Proton in ChemistryCornell University Press: Ithaca, New York, 1973;
that of eq 6. The slope in Figure 3 can be equated with p 260.
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Table 1. Summary of Proton Transfer Rate Constants in 50% Me60#6 Water at 25C

parameter 3 2 62
pKCH 14.474 0.04¢ (14.77) 12.50 (12.98) 10.40 (10.709
OH M-t st 74+ 2 (37) 456 (1529 115 (57.5)
K0, 51 14+1 0.91 0.0019
KoM, M- 5.294 0.55 (2.64) 501 (1679 6.05x 10¢ (3.03x 10%¢
kP M1t 47 + 12 (23.5Y 906 (3029 225 (1129
PR M1t (1.36-+ 0.30) x 10° 2.77x 10¢ 55
log koH ¢ 1.51 (1.369 1.31(1.079 —0.33 (-0.48}
log KM e 3.51 (3.40 3.62(3.37 1.80 (1.69%f

aReference 10° Determined with KOH; the values f@ with Me;NOH arek? = 128+ 6 M~ s%, k™2° = 11.6+ 0.6 s, andK{" = 11.03
+ 1.15.¢pKS™ = pK,, — log K", with pK, = 15.19 (ref 10) Statistically corrected for number of equivalent acidic protGi@btained as
described in the text,3 = 0.48 in this case (ref 10).

0.6 Table 3. Summary of Microscopic Rate Constants Obtained from
Isotope Effect Experimerits
05 rate constant kinetic isotope effect
£
s 04l Kop (M-t shp ALz KDWKLD 7.2
8 IKH (M-1s71) 10.3
o 03 Kop (M~ts7) 160 KoHRTD 7.2
e kip(M1s™) 222+ 1.7
S ,
£ o2 Kipp (M2 s7) 80 Koho/KEro 72
2 KpMisy 11D
O /e
< il kazlg"' (s 1)h 144 1¢ . kﬂzﬁ_'/kgzl?H 10.5
K3, (s7Yy 1.33+0.07
0.0 ! ! . : a Superscripts indicate base (Olr OD") or acid (HO or D,O)
0 3 6 9 12 15 while subscripts (H or D) refer to the hydron removed from the substrate
time, s or that on its conjugate anion, see, e.g., Scherr?ekﬁ,ﬁ'| is the same as

K" in eq 1.cExperimentally determined.From KOMIOH =
KO8, ¢ From computer simulatiorf Assumed to bet/ k%, see
text. 9 Assumed to bé/k?D, see text" k™25, is the same ak™ in eq
1.7 Assumed to be the same B, | Experimental value fok®5%,.

Figure 4. Reaction of 7.4x 105 M 3 with 0.041 M KOD in 50%
MeCN-50% D,O: (—): experimental kinetic trace at 364 nm; ()
simulated trace as described in text.

Table 2. Experimental and Simulatddysqs Values for the Reaction

of 3 with KOD in 50% MeCN-50% DO kl,sq0N the basis of the simulated traces. They are included in

Kopsg S Kopsg St Table 2. The match between simulated and experimental rate
[KOD], M exptl simulated exptl simulated constants is remarkably %oood except ., at the lowest
0.0051 178 192 0.0136 0.040 [KOD]. The. fact that thek; 7 value (ca. 0.37 31)20. is quite
0.0205 3.96 4.11 0.097 0.119 close to the inherently more accurd@ig value obtained from
0.0410 6.64 6.70 0.195 0.196 the reaction o8-d, with KOD (0.32 s1)?is further indication
0.0614 9.53 9.41 0.255 0.253 that the simulation gives reasonable rate constants.
0.1023 18.9 14.5 0.405 0.326 (3) Reactions of 3¢, with KOH in 50% MeCN —50%
H,0: These reactions did not provide interpretable results for
Scheme 1 two reasons. (a) Because of the slowness of the dedeuteronation
@800 &0 00 (0D 20 (KDp is about 7-fold smaller thakl} = k™', see Table 3)
p ————CH~ WCHD CDfﬁCDz which is not offset by a reduced reprotonation 3ti~, the
LoloD] 1 [00] buildup of3-d~ at the low end of the OH concentration range
1220 2P is minimal, which results in absorbance changes that are too
small for accurate kinetic data. (b) At higher Oldoncentra-
products products tions, the separation betwekl,.,andk),.,becomes too small

for a reliable determination oK), Hence no data are

unknown. The simulations were performed by starting with "€Ported for these experiments.

an initial estimate ofk’p, = 1.%}} and then using several
iterations to find the value that would give the best fit with the
experimental traces at the various KOD concentrations. A  Kinetic and Thermodynamic Acidity of 3. Table 1 reports
comparison between an experimental and simulated curve israte constants for proton transfer arid‘a:ﬁ values for3 along
shown in Figure 4. In view of the various approximations made, with the corresponding parameters faand6. Compound3
the fit between the two curves is reasonably good. is seen to be substantially less acidic tBaror 6. For example,

The various rate constants of Scheme 1 which provided the ngH(g) — ngH(Za) = 1.97 or, after statistical correction,
best fit are summarized in Table 3 along with the rate constants pjkH(3) — pKSH(2a) = 1.79. This is consistent with the
of the reactions o8 with KOH and of 3-dp with KOD. The expectation that the resonance stabilization that arises from the
computer simulation was also used to determig, and contribution of the resonance structdre or 3* for the specific

(23) The factof/; takes into account that CHD has only one proton and Case at h?nda is_ particularly effeFtive for this Car_bene complex.
only one deuteron. As mentioned in the Introduction, an exceptionally strong

Discussion
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5 that theintrinsic rate consta® (kO", kX2\") for 3 and 2a
(CO)sérﬂ should be comparable. Such intrinsic rate constants can be
estimated as follows. For deprotonation by QHog k" ~
3 log k" — 0.5 log K20 for secondary cyclic amines log
KENH = log(KEP/g) — 0.62(ApKa + log p/q),3t with 0.62 being
contribution of3* to the resonance hybrid is indicated ¥¢r the Bransted value for the deprotonation &a by secondary

NMR data. According to Hegedus et &l.this must be the  alicyclic aminesi® The log k" and log kX" values are

result of the oxygen being locked into a position for better included in Table 1. Within experimental error, I&§" and
-overlap with the carbene carbon by virtue of the cyclic |og KRN for 3 are the same as f@a

structure of3.2¢ , _ As discussed in more detail elsewh&?élog k3" values

Our results contrast with Case§*sreports that in THF the i, the order of 3.5 fall within the mid to low range of intrinsic
acidities of 2a and 3 are approximately the same. These rate constants for proton transfers from carbon acids. Since it
acidities were measured by determining the equilibrium con- js well-established that there exists an approximate inverse
stants of the reactions of the PPBalf of the 4-cyanophenoxide  rejationship between log, for proton transfer from carbon acids
ion with 2a and3, respectively. We do not have a satisfactory anq the degree of resonance stabilization of the carb&an,
explanation for the discrepancy between Casey’s results andgr results confirm thala— and 3- must benefit from a
ours except to note that ion pairing in THF must be severe, g, pstantial degree of resonance.
which could lead to misleading results in that solvent if, e.g., The observation that thKSH and k(F’zzNH values for3 are
the tightness of the ion pair betwea and PPN was different about the same as f@a contrasts with our earlier findings
from that betweer8~ and PPN. Differences in ion pairing OH ; . NH
constants for a variety of ion pairs betweknand tetrameth- that for6 k™ is about 1.40 log units ankﬁ about 1.70 log

units lower than for2a (Table 1). The lower intrinsic rate

ylguanidinium ion have been noticed even in acetonitrile . .
solutions?®> The effect of changing the identity of one of the constants fo6 are mal_nly the result of the additional resonance
' stabilization of the anion by the phenyl grotfa stabilization

ions in ion pairs in THF is also seen in the dramatic effect of - - .
replacing the PPNby the Lit salt of 4-cyanophenoxide id. that_lncreases the ac_|d_|ty 6fby 2'.1 Ka un_lts over that oPa.
Since the lower acidity 08 relative to2ais also a resonance

i 27
With respect to proton transfeates®’ the number of bases effect @%), it is perhaps surprising that this extra resonance does

Emenablehto ﬁ.tugy W?SBTU%h more “m]ited ghan véehor 6. not result in the kind of reduction in the intrinsic rate constants
ecause the highkfa o eads 1o rates for the reprotonation seen for the effect of the extra resonance in the anioh tf

gf 3 :ha:], V.V'th mo%]buffe:r a(tzlds, z;re tootr;:gth fc?lr thedsti_ppei_d- order to understand this apparent inconsistency one needs to
ow technique. e only two bases thal allowed KINeUC \ocq) the reasons why resonance stabilization of products or

measurements were Otand piperidine. The results show that reactants reduces intrinsic rate constants of reactions. The main

for 3 there is a decrease in the deprotonation rate constants,.a<on is that the resonance effect at tramsition stateis

(K" and k) and an _increase in the reprotonation rate ynically disproportionately small, i.e., the development of
constants K'3° and kK”f") compared to2a, both of which product resonance lags behind bond changes (e.g., proton
contribute about equally to the highelpof 3. This suggests  transfer) or the loss of reactant resonance is ahead of bond
. _ changes232 In the deprotonation d3, the expected reduction
(24) A referee suggested that the increase Ka {3 too large to be

explained entirely by the extra stabilization &f resulting from the ring in the intrinsic rate by early loss O.f the gxtra resonanﬁe 6
structure of3. This is because the entropy difference betwgarand 3 apparently offset by an equivalent intrinsic ratehancingactor.
that arises from the freezing of one rotamer in the acyclic complex may This factor may be attributed to preorganization of the (§3D)
not amount to more than about 4.5 gibbs/mol or the equivalent of about mojety toward its structure and charge distribution in the anion
one pK unit. A contributing factor to the enhanced stabilitddfcompared 3~ Thi ization h he eff f idi f
to that of the corresponding resonance structuraofl* with R = CHj - This preorganization has the effect of avoiding some o
and R = R" = H) may be the stronger polarizability and hence increased the intrinsic rate lowering lag in the charge delocalization into
electron donating effect of the alkyl chain attached to the oxyge8 in  the (CO}Cr moiety.
compared to that of the methyl group attached to the oxyge2aiThis A simil ituati ists in th - bet d
notion is supported by the fact thab is less acidic thar2a by about 0.5 Similar 3'4 uation €xISts in the comparison be wekznan
pK units' as discussed in more detail below. _ 2b. The (K;" of 2b (12.98} is 0.48 units higher than that of
pulglziigt‘?gr:”ascomv C. F.; Leyes, A. E.; Wulff, W. D. To be submitted for 23 (12.50), which has been attributed to a stronger electron
(26) Anderson, R. L. Ph.D. Thesis, University of Wisconsin, 1974; cited
in ref 6.
(27) Casey and Brunsvdidvere the first to measure deprotonation rates
from 3 by studying the OD-catalyzedo-hydrogen exchange i@ and its
5-methyl derivative in acetonefD solutions (3.6:1.0 by volume). F&

(28) For a reaction with a forward rate const&ntand a reverse rate
constantk-4, the intrinsic rate constank,, is defined ak, = k1 = k1
when the equilibrium constait; = 1. In proton transfers, statistical factors
are usually taken into account (see footnote 31).

(29) This is equivalent to applying the simplest version of the Marcus

they reported dxfa value of 3.07 M1 s1 at 38°C, which is 52-fold lower S 30 OH CH i
than our value in 50% MeCN50% D,0 (160 ML s-1) at 25°C. In view ﬁﬂumegg'zftgﬁﬁgn:?g o pralues used are statistically corrected for the

of the higher temperature and the fact that OB probably more basic in

their acetone/BD solution than in our solvent whereas the acidity3aé (30) Marcus, R. AJ. Chem. Phys196S 43, 679.
not expected to be greatly different in the two solvents, the true discrepancy
between Casey’s and okl?ﬁ rate constant is likely to be even larger than

a factor of 52. The reason for the discrepancy is a faulty data analysis by

(31) This equation is based on determining I from a linear

Bransted-type plot of logf?""/q) vs ApK, + log(p/g) by interpolation or
extrapolation of the Brgnsted line of slofeo ApK, + log(p/g) = 0;32:33

Casey and Brunsvold. In a typical experiment they used a £.16-3 M KN are rate constants for deprotonation of the carbon acid by a series of
NaOD solution to which enougBwas added to give a nomina][of 0.42 amines, ApK, is defined as K" — pkRNH' b is the number of

M. They then determined a first-order rate constégsq = 3.88 x 108 equivalent protons on RIH;", andq is the number of equivalent basic
s%, by monitoring the decay of the Gisignal by*H NMR and calculated sites on RNH,"; the X' and KS™ values used are statistically corrected
the second-order rate constant l& = kobsd[NaOD],, with [NaOD], for the number of protons iB and2a

being the base concentration before addn&ince the large excess 8f (32) Bernasconi, C. FAdv. Phys. Org. Chem1992 27, 119.

must have consumed most of the base atttealequilibrium concentration (33) (a) Bernasconi, C. Acc. Chem. Re4987 20, 301. (b) Bernasconi,

of NaOD was of course much smaller than 1.£610°3 M. It is this C. F.Acc. Chem. Red992 25, 9.

equilibrium concentration that should be used in calculating the second-  (34) Increased steric hindrance, especially with the bulky piperidine,
order rate constant, but this concentration is unknown in the absence of aprobably contributes somewhat to the lowering of the intrinsic rate constants
pKa in that solvent. for 6.10
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Table 4. Primary Kinetic Isotope Effects for Proton Transfer in
Reactions of Fischer Carbene Complexes in 50% Me60o
Water at 25°C

reaction wKSH — prEHd KE/KE o ref
32+ OH- 217 7.20 this work
2& + OH- 4.14 2.76 10
6°+ OH- 6.24 2.53 10
6°¢ + piperidiné —0.61 5,51 10

apkSH = 14.47.0 pkE* = 12.50.¢ pKSH = 10.40.9BH = H,0 or
piperidinium ion.epkE" = pKI*° = pK, + log[H,0] = 16.64.
TpKE" = 11.01.9kTi/KTp or Ky P/KE D,

donating effect of the ethyl compared to the methyl group,
leading to enhanced-donation (*) in 2b compared td2a.3°
Yet the log kff“ values for deprotonation are the same within
experimental errot.

Kinetic Isotope Effects. Primary kinetic isotope effects on
the deprotonation of carbon acids by OHre easily measured
by comparing the rate constant of dedeuteronation of th®C
acid (') with that for deprotonation of the-€H acid &7}, =
k(fH), provided the following two conditions are met: (1) The

acidity of the carbon acid must be high enough so that the
reaction can be conducted in a way that the deprotonation or

dedeuteronation is virtually irreversible; this scenario avoids
complications from reprotonation of the carbanion of thelC

acid by HO. (2) Subsequent reactions, such as hydrolysis in
our case, must be slow enough as not to interfere significantly
with the measurement of the proton and/or deuteron transfer.

Both conditions were met in the reactions 2d and 6 with
OH~,19 but this is not the case for the reaction3fvith OH,

as explained in the Results section. Hence no meaningful data

were obtained from the reaction 8fd, with KOH.
In the reaction oB with KOD in 50% MeCN-50% D,O the

opposite situation prevails. First, deprotonation is faster than

in the reaction of3 with KOH, due to the higher reactivity of
OD~ compared to OH.3738 Second, capture & by DO is
slower than capture by 40. Both of these effects contribute
to make the conversion & to 3= more complete than in the
KOH/MeCN/H,O system, and in fact, generation ®f “over-
shoots” as can be seen by subsequent depleti@n af favor

Bernasconi and Leyes

donor and acceptor which is smaller for the reactio3 efith

OH-~ than for the reactions &a or 6 with OH™, suggesting a
more symmetrical transition state and hence a larger isotope
effect. The relatively large isotope effect for the deprotonation
of 6 by piperidine (Table 4) for which theky, difference is
small also fits into the observed pattern.

Conclusions

(1) Compound3 is less acidic than its acyclic anal@g by
approximately 2 K, units. This reduced acidity is attributed
to enhanced stabilization & by z-donation from the oxygen
(3%) as suggested b3?Cr NMR data. The extra stabilization
is believed to be mainly a consequence of the cyclic structure
which locks the oxygen into a position for betteroverlap.
This notion is supported by a comparison of the hydrolysis rate
constants of3, 2a, and 6.1 A possible additional factor
stabilizing3 may be the greater polarizability and hence stronger
electron donating ability of the alkyl group attached to the
oxygen?*

(2) The lower acidity of3 compared td?a is the combined
result of lower deprotonation rate constank§’( k%) and
gher reprotonation rate constant&'?f, k%) for 3, but the
intrinsic rate constants for proton transfek>(, KX are
approximately the same for the two carbene complexes. The
anticipated lowering ok>" and K" for 3 because of the
resonance effect i18 is apparently offset by an equivalent
intrinsic rate enhancement that may be attributed to preorga-
nization of the (COXCr moiety toward its structure and charge
distribution in3~.

(3) The primary kinetic isotope effect on the deprotonation
of 3by OH" is larger than for the same reaction2af consistent
with the Westheimer model for a more symmetrical transition
state.

(4) The complex kinetic behavior exhibited for the reaction
of 3 with KOD in 50% MeCN-50% D,O is a consequence of
the high X$" of 3, which favors the un-ionized form under
the reaction conditions. After deprotonation®by OD~, 3~
is trapped by deuteron transfer fromy@ Hydrolysis is
sufficiently slow that the concentration 8fd and3-d, increases

of 3-d and3-d, (second kinetic process in Figure 4, see Scheme temporarily before hydrolysis sets in.

1). It is these experiments, in conjunction with those of the
reaction of3-d, in 50% MeCN-50% D,O, which provided the

Experimental Section

rate constants for the various substrate/solvent isotopic combina- ,-ieriais. 2-(Oxacyclopentylidene)pentacarbonylchromium@) (

tions summarized in Table 3.

a gift from Professor Hegedus, was recrystallized from dry pentane

The isotope effect results, summarized in Table 4, show that pefore use, mp 63:565.0 °C (lit. mp 63.5-65.0 °C)*° 3-d, was

the deprotonation & by OH" is subject to a substantial primary
kinetic isotope effectl(fﬂ/k(fg ~ 7.2), and so is the reprotona-
tion of 3~ by DO (kﬁzﬂ/k'f?& ~ 10.5). The isotope effect for
deprotonation oB by OH" is significantly larger than that for
deprotonation oRa and6 (Table 4). The extent by which the
isotope effect for3 exceeds those foRa and 6 is perhaps
surprising, but thelirectionof the change is that expected based
on the Westheimer mod€lfor primary kinetic isotope effects.
This is seen by considering th&pdifference between proton

(35) The stronger electron donating effect is probably mainly the result
of the greater polarizability of the ethyl group due to its larger $iz8ee
also ref 24.

(36) Hine, J.Structural Effects on Equilibria in Organic Chemistry
Wiley-Interscience: New York, 1975; p 151.

(37) Laughton, P. M.; Robertson, R. E. $olute-Sobent Interactions
Coetzee, J. F., Ritchie, C. D., Eds.; Dekker: New York, 1969; p 399.
(38) Casamassina, T. E.; Huskey, W.J?Am. Chem. S0d.993 115

14.

(39) (a) Westheimer, F. Chem. Re. 1961, 61, 265. (b) More O’Ferrall,
R. A. In Proton Transfer Reactiongaldin, E., Gold, V., Eds.; Wiley &
Sons: New York, 1975; p 201.

prepared by dissolving known amounts®i 1.0 mL of 70% CDR-
CN—30% D,O in the presence of catalytic amounts of NaGfD(005
M). H/D exchange was monitored Bt NMR until no residual signal
for the acidic protons o8 at 3.6 ppm was observed. The resulting
3-d, was not isolated, i.e., the NMR solutions were directly used for
the kinetic experiments. (Methoxymethylcarbene)pentacarbonyl-
chromium(0) Ra) was available from a previous stuthy.Piperidine
was refluxed over sodium for at leégs h in anargon atmosphere and
then fractionally distilled. HCl and KOH solutions were prepared by
diluting prepackaged stock solutions (Baker Analytical). Acetonitrile
was purchased from Fisher Scientific and used as received. Water was
obtained from a Millipore water purification system. IN, D,O,
and DCI were used as received.

Solutions and pH Measurements. All kinetic experiments were
conducted in 50% CCN—50% H,O (v/v) or 50% CHCN—50% D,O
(v/v) solutions at 25C, u = 0.1 M (KCI). All pH measurements were
done with an Orion 611 pH meter equipped with a glass electrode and
a “SureFlow” (Corning) reference electrode and calibrated with standard
aqueous buffers. Actual pH values were calculated by adding 0.18 to

(40) Casey, C. P.; Anderson, R.L.Organomet. Cheni974 73, C28.
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the measured pH, according to Allen et*al.The pH of reaction traces at 364 nm were generated from concentrations and extinction
solutions for stopped-flow experiments was adjusted in mock-mixing coefficients of each of the absorbing species, and simulated kinetic

experiments which mimicked the stopped-flow runs. The palue profiles were curve fitted and rate constants determined. Extinction
of piperidine was known from a previous stully. coefficients (in units of M* cm™1) were determined as follows(3)
Kinetics and Spectra. Typical substrate concentrations were-(5 =7.4x 10, €(3-dp) = 7.6 x 10 e(products)= 1.9 x 10 ¢(37) =

10) x 107> M. Rates were measured in an Applied Photophysics (1.36- 0.24)x 10%, ande(3-d) ~ 1.2 x 10% The latter two extinction
DX.17MV stopped-flow apparatus (fast rates) and in a Perkin-EImer coefficients were estimated from the kinetic traces for proton transfer

Lambda 2 or Hewlett-Packard 8452A diode array this spectro- which had the shape of an exponential decrease followed by a sloping
photometer (slow rates). Kinetics were followed by monitoring the infinity. Extrapolation of the sloping part of the trace to zero time
disappearance of the substrate at 364 nm. Rate conskenfk\Were was taken as the absorbance of the system in a hypothetical equilibrium

obtained by computer fit programs (Applied Photophysics and Enzfit- sjtyation betweer and3- (or 3-d, and3-d-). Observed absorbance
ter*?). Thg time-dependent spectra shown in Figure 1 were taken on aas thus given by OB= €(3)[3] + «(37)[37]. (3") was obtained
Durrum-Gibson stopped-flow apparatus equipped with an OLIS RSM from the above equation with use of initial substrate and KOH

1000 rapid scan spectrophotometer. concentrationsK?" and €(3). This estimation was carried out at

Computer Simulations. Kinetic traces of the reaction & with : : _
various concentrations of [KOH] or [KOD] to afford avera
KOD in 50% MeCN-50% D,O were simulated on a PC with use of ande(3-d-) values [ Jorl ] 98

the simulation program KINETIC®. The general procedure was to
input the chemical equation along with the known/estimated micro- .
scopic rate constants and initial reactant concentrations. Numerical ACknowledgment. This work has been supported by Grant
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