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Abstract: The kinetics of the reversible deprotonation of l,2,3,4-tetrachloro-l,3-cyclopentadiene by OH", piperidine, piperazine, 
l-(2-hydroxyethyl)piperazine, morpholine, 1-piperazinecarboxaldehyde, /j-butylamine, 2-methoxyethylamine, 2-chloroethylamine, 
and glycinamide and of reversible nucleophilic addition of piperidine and morpholine to l,2,3,4-tetrachloro-6-phenylfulvene 
have been measured in 50% Me2SO/50% water at 20 0C. Bronsted coefficients and intrinsic rate constants have been determined 
for both the proton transfers and the nucleophilic additions. The intrinsic rate constant for deprotonation of 1,2,3,4-tetra-
chloro-l,3-cyclopentadiene by the secondary aiicyclic amines (log kQ = 3.59) is about halfway between that for deprotonation 
by piperidine and morpholine of malononitrile (log Zc0 « 7.0) and phenylnitromethane (log k0 = -0.25), while the intrinsic 
rate constant for piperidine and morpholine addition to l,2,3,4-tetrachloro-6-phenyIfulvene (log k0 = 3.34) lies about halfway 
between that for piperidine/morpholine addition to benzylidenemalononitrile (log k0 = 4.94) and a-nitrostilbene (log k0 = 
1.42). The significance of these intrinsic rate constants with respect to resonance effects in the tetrachlorocyclopentadienyl 
anions and transition-state imbalances is discussed. This paper also reports the first pKa determination of 1,2,3,4-tetra-
chloro-1,3-cyclopentadiene (p/C, = 8.32). 

There is a growing body of kinetic data that suggests a strong 
similarity in the kinetic behavior of proton transfers that lead to 
the formation of carbanions (eq 1) and nucleophilic addition to 
electrophilic olefins that yield carbanionic adducts (eq 2).1 

* i / 
CH2XY + B" = = s C H f - + BH ,+1 (1) 

PhCH=CXY + Nuv = = s PhCH-C*;"- (2) 

Nu»+1 Y 

For both types of reactions, the intrinsic rate constant defined 
as ^o = ^i = k-i when K\ = I2 (or the intrinsic barrier, defined 
as AC)* = AC|* = AG0* when AG0 = 0) decreases (increases) 
with the degree of resonance stabilization of the carbanion. Figure 
1 shows a plot of log k0 for piperidine and morpholine addition 
to olefins (eq 2) vs log k0 for proton transfer frofn CH2XY to 
piperidine and morpholine (eq 1) for six XY combinations. The 
correlation between log kQ for the two types of reactions is ap­
proximated by a straight line of slope 0.46 ± 0.07. 

The systems that fit the linear correlation of Figure 1 are all 
quite similar in the sense that the resonance forms that presumably 
contribute the most to the stabilization of the carbanion bear the 
negative charge on oxygen or nitrogen. It is not clear whether 
the same correlation would extend to systems where the negative 
charge cannot be shifted to oxygen or nitrogen but is delocalized 
on carbon atoms. A major motivation for the work described in 
this paper was to examine this question. The reactions we have 
investigated are the deprotonation of l,2,3,4-tetrachloro-l,3-
cyclopentadiene by amines (eq 3) and the nucleophilic addition 
of amines to l,2,3,4-tetrachloro-6-phenylfulvene (eq 4). 

We also report what appears to be the first determination of 
the PK1 of 1,2,3,4-tetrachloro-l,3-cyclopentadiene. 

Results 
General Features. AU rate and equilibrium measurements were 

made in 50% Me^O/SCrX water (v/v) at 20 0C and constant ionic 
strength of 0.5 M maintained with KCl. Pseudo-first-order 

(1) For recent reviews, see: (a) Bernasconi, C. F. Tetrahedron 1989, 45, 
4017. (b) Bernasconi, C. F. Ace. Chem. Res. 1987, 20, 301. 

(2) For proton transfers, a statistical correction is usually applied with k0 
= *i/<7 = k-i/p when pK,BH - pAT,CH2XY + log pjq = 0; q is the number of 
equivalent basic sites on B', p the number of equivalent protons on BH'*' 

clwcl 
+ RfTNH = = = H - ^ i ] + RFTNH2* (3) 

1-H 1" 

Cl Cl 
2 

P h c ,
w

c l ». ™ c l w c l 

RR-NHT1M01 R R N a M c | 

2-A* 2-A" 

conditions were used throughout with buffer bases/acids or nu-
cleophiles as the excess components. The observed pseudo-
first-order rate constants are tabulated elsewhere.3 

p#aofl,2,3,4-Tetrachloro-l,3-cyclopentadiene(IH). ThepKa 

was determined spectrophotometrically at 275 nm, which is close 
to Xmax of 1-H and where 1" has only a weak absorption (Figure 
2). Basic solutions of 1" were too unstable to take spectra or 
perform the spectrophotometric measurements for the pKt de­
termination in a conventional spectrophotometer. Hence, they 
were performed in a stopped-flow spectrophotometer. Figure 3 
shows a plot according to eq 5 where Ak is the absorbance of the 

pH = pKa + log (5) 
AB- A 

acid form (1-H), AB that of the basic form (I"), and A that of 
a mixture of 1-H and 1" in morpholine buffers in the range of pH 
7.58-9.36. The data yield a ptfa of 8.38 ± 0.04. As discussed 
below, this value is close to the kinetically determined pKa of 8.32, 
which is probably more reliable than the spectrophotometric p#a. 

Reaction of 1-H with Hydroxide Ion. Rates were measured at 
five KOH concentrations from 0.001 to 0.005 M; at higher base 
concentrations, the reaction became too fast for the stopped-flow 
method. The observed pseudo-first-order rate constants gave an 

(3) Stronach, M. W. Ph.D. Thesis, University of California, Santa Cruz, 
1990. 
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Figure 1. Correlation of intrinsic rate constants for piperidine and 
morpholine addition to PhCH=CXY (log (/C0)N) w>'h intrinsic rate 
constants for the deprotonation of CH2XY (log (A:0)P)-
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Figure 2. Absorption spectra of 1", 2, and 2-A" (A = piperidine). 
Spectrum of 1" constructed from stopped-flow traces at 5-nm intervals; 
see text. 
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Figure 3. Spectrophotometry determination of the \>K, of 1-H according 
to eq 5. 

excellent straight line according to A:obsd = &.OH[OH"] (plot not 
shown), with *p

0 H = (1.07 ± 0.03) X 105 NT's"1 referring to the 
rate constant of deprotonation by OH" shown in eq 6. From the 
kinetic pKa = 8.32 and p/fw = 15.90, we obtain k">° = 
k°HKJKt = 2.8 ± 0.1 X 10"3 s-'. 

1-H; 
Ap0^OH"] + *p

A[RR'NH] 

*_1>
H# + I t ^ [ R I T N H 2

+ ] 
1" (6) 

Reactions of 1-H with Amines. A:.AH and &-p
AH for piperidine, 

piperazine, l-(2-hydroxyethyl)piperazine, morpholine, 1-
piperazinecarboxaldehyde, n-butylamine, 2-methoxyethylamine, 
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Figure 4. Deprotonation of 1-H by piperidine in piperidine buffers at pH 
9.49-9.96. 

2-chloroethylamine, and glycinamide were determined. Figure 
4 shows a plot of kobsi vs piperidine concentration obtained in 
piperidine buffers at pH 9.49-9.96. In this pH range, all terms 
in eq 7 except for /cp

A[RR'NH] are negligible. From the slope, 

*obsd — 

<[OH'] + A:_p
H'° + *P

A[RR'NH] + ^ p
A H [RR'NH 2

+ ] 

(7) 

s"1 and fcAH = k^K^f K3(I-H) 
= 1.37 x 102 M"1 s"1 (ptfa

AH = 11.02). In a similar way, £p
A = 

1.05 X 104 M'1 s"1 and fc_p
AH = 49 M"1 s"1 were obtained for 

n-butylamine. 
For the reaction with morpholine, measurements were made 

at constant [MorH+] = 0.01 M and variable [Mor] in the pH 
range 8.63—9.56. Under these conditions, the first two terms in 
eq 7 are again negligible while the fourth one is constant and a 
plot of kobsd vs [Mor] (not shown) yields £p

A = 8.86 X 103 M-1 

s"1 from the slope. With p^ a
A H , we obtain A:.p

AH = 4.1 X 103 M"1 

s"1. An alternative method for determining k^^ was to use kinetic 
data obtained between pH 7.58 and 8.20 and calculate k^,AH from 
eq 8. This method yields k AH = 3.50 X 103 M"1 s"1, in good 

we obtain &p
A = 6.00 X 104 M"1 

L AH _ K-p ~ 
ftobsd - *p

A[Mor] 

[MorH+] 
(8) 

agreement with &_pAH obtained above. If one uses this fc-pAH value 
in conjunction with kp

A to calculate a pKa for 1-H, one obtains 
pKt = 8.32, in good agreement with the value 8.38 determined 
spectrophotometrically. 

With piperazine, l-(2-hydroxyethyl)piperazine, 2-methoxy­
ethylamine, and glycinamide, kinetic determinations were made 
at constant buffer ratio [RR'NH]/[RR'NH2

+] = 1.00. Under 
these conditions, the slopes of plots of kobsa vs [RRTVH] are given 

by V + V" k A 

Kp with A:p
A/A:'_p

AH = ATa(l-H)/Ka
AH 

and k-jf" were then calculated in conjunction 
With 1-piperazinecarbox-

aldehyde, the rates were measured at [RR'NH]/[RR'NH2
+] = 

4.00. In this case, the slopes were given by /cp
A + 0.25 &-pAH. The 

various rate constants are summarized in Table I. 
Reaction of l,2A4-Tetrachloro-6-phenytfulvene (2) with Amines. 

In basic piperidine or morpholine solutions, 2 is quantitatively 
converted to 2-A" according to eq 4. Evidence for the structure 
of 2-A" includes the following: (1) The UV spectrum of 2-A" is 
similar to that of 1" except that it is red-shifted relative to the 
latter, as shown in Figure 2 for the piperidine adduct. This red 
shift is characteristic for amine adducts of olefins of the general 
structure PhCH=CXY.4 '5 (2) When a basic solution of 2-A" 

(4) (a) Bernasconi, C. F.; Kanavarioti, A. J. Am. Chem. Soc. 1986, 108, 
7744. (b) Bernasconi, C. F.; Murray, C. J.; Fox, J. P.; Carre, D. J. J. Am. 
Chem. Soc. 1983, 105, 4349. 

(5) (a) Bernasconi, C. F.; Fornarini, S. J. Am. Chem. Soc. 1980,102, 5329. 
(b) Bernasconi, C. F.; Carre, D. J. J. Am. Chem. Soc. 1979, 101, 2698. 
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Table I. Rate Constants for the Proton-Transfer Reactions of 
l,2,3,4-Tetrachloro-l,3-cyclopentadiene with Hydroxide Ion and 
Amines in 50% Me2SO/50% Water (v/v) at 20 0 C 

base P*.A M-
1 A H i 
*-p , 
M-' s-' 

OH" 
piperidinc 
piperazine 
1 -(2-hydroxyethyl)piperazine 
morpholinc 
1 -piperazinecarboxaldehyde 
n-butylamine 
2-methoxyethylamine 
2-chloroethylamine 
glycinamide 

17.34 
11.02 
9.90 
9.51 
8.72 
7.97 

10.65 
9.62 
8.70 
8.27 

1.07 X 10s 

6.00 X 104 

3.04 X 104 

2.41 X 104 

8.86 X 103 

3.34 X 103 

1.05 X 104 

2.44 X 103 

1.20 X 103 

4.60 X 102 

2.8 X IO"36 

1.37 X 102 

8.00 X 102 

1.56 X 103 

3.50 X 103 

5.82 X 103 

4.90 X 10' 
1.22 X 102 

5.00 X 102 

5.20 X 102 

"M = 0.5 M (KCI). 'Units are s"'. 'Estimated error is ±5% or less. 

0.08 

40 80 120 160 
i/aH+, M'1 x 10"" 
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Figure 5. pH-jump data for the reaction of 1" with morpholinium ion. 
Plot according to eq 10. 

is acidified immediately after its preparation (pH-jump experi­
ment), 2 is recovered almost quantitatively, but after being allowed 
to stand for extended periods of time, 2-A~ decomposes; this 
decomposition was not investigated further, although the likely 
products are benzaldehyde, 1", and amine. (3) The kinetic be­
havior is characteristic of the scheme of eq 4, as discussed below 
(see, e.g., eq 9). 

Rates of nucleophilic addition were measured in 0.009 M KOH 
(piperidine) or 0.099 M KOH (morpholine) solutions. Plots of 
^obsdvs amine concentration (10 concentrations from 0.001 to 0.01 
M with piperidine, 0.01 to 0.1 M with morpholine) were strictly 
linear (not shown) with negligible intercepts and afforded &N

Pip 

= 1.15 X 104 M"1 s"1 and *N
Mc" = 3.07 X 103 M"1 s"1. 

&-N
Pip = 46.7 S-1 for the breakdown of the piperidine adduct 

could be obtained from a pH-jump experiment by quenching 
2-Pip" with an acetate buffer at pH 5.78 in the stopped-flow 
apparatus. Under these conditions eq 9, which is the general 
expression for fcobsd describing eq 4, simplifies to koM = k.N. 

koM = *N[RR'NH] + *-N 
aH+ 

K* + aH* 
(9) 

By conducting pH-jump experiments in p-chlorophenol buffers 
(pH 9.58-10.81), we also determined pA^* and k.N from an 
inversion plot according to 

(fcobsd - *N[RR'NH])-' = -^- + 
* . * 

fc-N ^-N0H+ 
(10) 

This procedure yielded p*,± = 9.80 and *_N
ftP = 41.7 s"1. We 

note the good agreement between the two fc-N
pip values; since the 

first one (46.7 s"1) is considered more reliable, we shall adopt its 
value for &_N

Pip as well as pKa* = 9.75, which is calculated from 
the slope of the plot according to eq 10 with k^N

Kf = 46.7 s"1. 
For the morpholine adduct, k„N

M<* could not be determined by 
the first pH-jump method because the breakdown of 2-Mor* is 
too fast for the stopped-flow technique. pH-jumps into a series 

Table II. Rate and Equilibrium Constants for the Reaction of 
Amines with l,2,3,4-Tetrachloro-6-phenylfulvene in 50% 
Me2SO/50% Water (v/v) at 20 0 C 

parameter 
morpholine 

(pATa = 8.72) 
piperidine 

(pK. - 11.02) 

JtN, M-' S"' (3.07 ± 0.09) X 103 

*-N, s-' (1.0 ±0 .1) X 103 

KN , M-i 3.1 ± 0.2 
pK* 7.45 ± 0.05 
KNK^ (1.1 ±0 .1) X 10"7 

aM = 0.5 M (KCl). 

(1.15 ±0.04) X 104 

(4.7 ± 0.2) X 10' 
(2.5 ±0 .1) X 102 

9.75 ± 0.02 
(4.4 ± 0.2) X IQ-* 

a. 

Ol 
O 

pK. + log (pla) 

Figure 6. Bronsted plots for the reaction of 1-H with primary amines: 
D, k,A/q; O, A_iAH/p. 

of DABCO buffers (pH 7.87-9.70) and plotting the data according 
to eq 10 gave the plot shown in Figure 5. It yields pK^ = 7.7 
and *_N

Mor « 600 s"1; the smallness of the intercept (l/A:.N
Mor) 

introduces a considerable uncertainty in these parameters. An 
alternative method is to calculate pKf for the morpholine adduct 
from the relationship in eq 11. This relationship has been shown 

pK*(Pip) - pff.*(Mor) * ptfa
pipH - ptf, MorH (H) 

to hold fairly well in several similar systems.6,7 It yields 
p/ia*(Mor) « 7.45 from which we obtain iLN

Mor = 103 s"1. We 
shall adopt this latter value. AU rate and equilibrium constants 
are summarized in Table II. 

Discussion 

pA"a of l,2,3,4-Tetrachloro-l,3-cyclopentadiene. Despite a 
thorough search of the literature, we were somewhat surprised 
not to find any report on the p/fa of 1-H. This is probably because 
the very short lifetime of the anion 1" precludes the use of standard 
procedures of p£a determinations. This instability of 1" was 
already noted 35 years ago.8 By applying a common spectro-
photometric method in the stopped-flow apparatus that allows 
measurement of the absorption of 1" a few milliseconds after its 
generation, we were able to determine the p/Q quite easily, and 
its value of 8.38 was confirmed kinetically. Since the kinetic p/fa 

is probably more accurate, we will adopt this latter value (8.32). 
This p/fa, which is substantially lower than that of the parent 
cyclopentadiene (16.0 in water,9 18.0 in Me2SO10), shows the 
expected acidifying effect of the chlorines. 

Proton Transfer from l,2,3,4-Tetrachloro-l,3-cyclopentadiene. 
Rate constants referring to eq 6 are summarized in Table I. Figure 
6 shows Bronsted plots for kp

A and fc_p
AH where A are primary 

(6) (a) Bernasconi, C. F.; Panda, M. J. Org. Chem. 1987, 52, 3042. (b) 
Bernasconi, C. F.; Renfrew, R. A. Ibid. 1987, 52, 3035. 

(7) Bernasconi, C. F.; Carre, D. J. J. Am. Chem. Soc. 1979, 101, 2698. 
(8) McBee, E. T.; Meyers, R. K.; Baranauckas, C. F. J. Am. Chem. Soc. 

1955, 77, 86. 
(9) Streitwieser, A., Jr.; Nebenzahl, L. L. J. Am. Chem. Soc. 1976, 98, 

2188. 
(10) Bordwell, F. G. Ace. Chem. Res. 1988, 21, 456. 
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Figure 7. Bronsted plots for the reaction of 1-H with secondary alicyclic 
amines: D, kf/q; O, fc_iAH/p. 

Table III. Bronsted Coefficients and Intrinsic Rate Constants for the 
Proton-Transfer Reactions of l,2,3,4-TetrachIoro-l,3-cyclopentadiene 
with Amines and the Nucleophilic Addition of Piperidine and 
Morpholine to l,2,3,4-Tetrachloro-6-pheny!fulvene in 50% 
Me2SO/50% Water (v/v) at 20 0 C 

0H = 0.5 M (KCl). 'Errors are standard deviations, 
estimated. 

'Errors are 

amines, while Figure 7 shows similar plots for the secondary 
alicyclic amines. Bronsted coefficients are reported in Table III. 
The /3 value for the secondary alicyclic amines (0.41 ± 0.06) is 
somewhat lower than that for the primary amines (0.53 ± 0.06), 
in agreement with similar findings reported for the deprotonation 
of a variety of carbon acids.11^12 

The Bronsted plots allowed a determination of the intrinsic rate 
constants (k0 - kp

A/q = k.p
AH/p at pKt

AH - pAT8
CH + log {p/q) 

= 0), which are also reported in Table III. The log k0 value for 
the primary amines is 1.1 units lower than for the piperidine/ 
morpholine pair. The reduced intrinsic rate constant for primary 
amines is part of a general pattern that has been observed in 
numerous systems.11"14 It has commonly been attributed to the 
stronger solvation of the ammonium ions derived from primary 
amines and the assumption that the solvation of the incipient 
ammonium ion at the transition state lags behind charge devel­
opment. lb'15"17 

It is interesting to compare log k0 for the deprotonation of 1-H 
by the secondary alicyclic amines with log k0 for the deprotonation 
of several carbon acids by the piperidine/morpholine pair under 

(11) (a) Bernasconi, C. F.; Bunnell, R. D.; Terrier, F. J. Am. Chem. Soc. 
1988, 110, 6514. (b) Bernasconi, C. F.; Terrier, F. Ibid. 1987, 109, 7115. 

(12) (a) Bernasconi, C. F.; Bunnell, R. D. lsr. J. Chem. 1985,26,420. (b) 
Bernasconi, C. F.; Paschalis, P. J. Am. Chem. Soc. 1986, 108, 2969. 

(13) Terrier, F.; Lelievre, J.; Chatrousse, A.-P.; Farrell, P. J. Chem. Soc., 
Perkin Trans. 2 1985, 1497. 

(14) Hine, J.; Mulders, J. J. Org. Chem. 1967, 32, 2700. 
(15) Jencks, W. P. Catalysis in Chemistry ana" Enzymology; McGraw-

Hill: New York, 1969; p 178. 
(16) Bell, R. P. The Proton in Chemistry, 2nd ed.; Cornell University 

Press: Ithaca, NY, 1973; Chapter 10. 
(17) Bernasconi, C. F. Tetrahedron 1985, 41, 3219. 

Table IV. Intrinsic Rate Constants for the Proton-Transfer 
Reactions of Carbon Acids, CH2XY, with Piperidine and Morpholine 
((log k0)f) and for the Nucleophilic Addition of the Same Amines to 
Olefins, PhCH=CXY (log (Jt0)N), in 50% Me2SO/50% Water (v/v) 
at 20 0C 

log (/c0)P log (*0)N 

^ C O O CH3 

V C O O ^ V C H 3 

CN 

X6H4-^-NO2 

c / S a 

7.0" 

4.58' 

3.9^ 

3.7f/ 

3.59* 

4.946 

4.10' 

=3.35« 

3.34* 

(CO)3Cr 

PO-
CN Cr(CO)3 

1-H + A = 
(3 = d log *p

A/d P*.A H 

a = d log *_p
AH/d log K,AH 

log *0 

2 + A 
0nuc = d log *N /d pK.AH 

0„ = d log *_N/d p V H 

0„ = d log KN/d p/r„AH 

Pnuc "~ Pnuc/Keq 
0i,n = Kl^ 
log k0 

secondary 
alicyclic amines 

- 1" + AH+* 
0.41 ± 0.06 
0.59 ± 0.06 
3.59 ± 0.08 

= 2- A*' 
0.25 ± 0.02 

-0.58 ± 0.04 
0.83 ± 0.06 
0.30 ± 0.02 

-0.70 ± 0.05 
3.34 ± 0.06 

primary amines 

0.53 ± 0.06 
0.47 ± 0.06 
2.50 ± 0.08 

NaA^ 
CN 

^C6H3-2,4-(N02)2 

COCH3 

^COCH3 

-H 
^NO2 

<Crt-2,4.(N08), 

Nj6H3^-(NO2J2 
^C6H5 

NO2 

X6H4-4-N02 

3.30' 

3.I3> 

2.15/ 

2.75* 

0.73" 

-0.10" 

-0.25" 

-0.55" 

2.65* 

0.30' 

2.55" 

1.42" 

"In water: Hibbert, F. Compr. Chem. Kinet. 1977, S, 97. 
bBernasconi, C. F.; Fox, J. P.; Fornarini, S. J. Am. Chem. Soc. 1980, 
/02,2810. 'Reference l ib . ''Bernasconi, C. F.; Oliphant, N. Un­
published results. 'Reference 5a. ^Reference 34. 'Reference 4b. 
*This work. 'Reference 11a. •'Reference 12b. 'Reference 12a. 
'Reference 4a. "Reference 36. "Reference 35. "Reference 13, at 25 
0C. "Reference 6b. 

the same reaction conditions. These log k0 values, which are 
summarized in Table IV, fall into three ranges; a very high value 
of ~7.0 for malononitrile, a cluster of values in the midrange 
between 2.75 and 4.58 comprising eight carbon acids, and four 
very low values for nitromethane (0.73), phenylnitromethane 
(-0.25), and 2,4,4'-trinitro-2'-X-diphenylmethane (-0.1 for X = 
NO2, -0.55 for X = H). log A:0 = 3.70 for 1-H fits just about 
into the center of the midrange. 

It has been pointed out before that, by and large, the trend 
toward lower intrinsic rate constants parallels the trend toward 
increased resonance stabilization of the carbanion.lb'17 This trend 
has been attributed to an imbalanced transition state in which 
the development of resonance of the carbanion lags behind charge 
transfer. As has been elaborated upon elsewhere,lb'17 the rela­
tionship among log ̂ 0, imbalance, and resonance may be expressed 
in the form of eq 12. 5 log ̂ 0

1*8 represents the difference between 

5 log k0'« = (ares - ft b log K' (12) 

log k0 for the reaction under consideration (log k0
ra) and log k0 

for a (hypothetical) reference reaction in which the carbanion is 
stabilized by polar effects only (log k^), i.e., 5 log A:0

rra = log 
k0

m - log kd**; 5 log Kp
m is the increase in the equilibrium constant 

of the reaction that is caused by the resonance effect; /3 is the 
Bronsted |S value defined earlier and is assumed to be an ap­
proximate measure of charge transfer at the transition state;18 and 
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ares (not to be confused with the Bronsted a = d log A:,A/d log 
/ka

AH or d log &iA/d log Ka
CH) ' s a measure of progress in the 

resonance development at the transition state. When this progress 
lags behind charge transfer, we have am < /3, and hence, 8 log 
k0

m < 0 for & log A"p
res > 0. For a given (ares - #)„, the decrease 

in log k0 '
s> tnus> proportional to the resonance stabilization 8 log 

The simplest interpretation of the trends in Table IV is to 
assume that (a^ - /3)p is more or less independent of the carbon 
acid, and hence, there is a direct proportionality between 8 log 
k0

m and 8 log Kr
m. This is likely to be an oversimplification, but 

in the absence of quantitative measures of the resonance effects, 
which are also strongly influenced by solvation,17,26~28 this as­
sumption serves us well as a first approximation. Thus, the or­
dering of the log k0 values in Table IV indeed reflects the expected 
strength of the resonance effect in the carbanions. This is most 
obvious when comparing the log k0 values for the three clusters 
of carbon acids referred to earlier: The malononitrile anion, even 
though not devoid of resonance, derives most of its stabilization 
from the polar effect of the cyano groups. The seven carbon acids 
in the midrange all lead to carbanions with substantial resonance 
stabilization. With the nitronate ions, the resonance effect is 
maximal, particularly in a hydroxylic solvent with CH2=NO2" 
and PhCH=NO2" because of strong hydrogen-bonding solvation 
to the oxygens. 

Within the midrange group, an exact rank ordering according 
to the strength of the resonance effect is perhaps not completely 
unambiguous a priori, especially because of the different effects 
of solvation on enolate ions compared to, say, aromatic anions. 
Nevertheless, even within this group there are clearcut correlations 
of log Zc0

 w ' t n expected resonance effects. For example, the lower 
log k0 for 2,4-dinitrophenylacetonitrile compared to 4-nitro­
phenylacetonitrile undoubtedly reflects a stronger resonance effect 
in the carbanion and so do the lower log kQ values for 1,3-
indandione and acetylacetone compared to that for Meldrum's 
acid.29 

Our current finding that log k0 for l,2,3,4-tetrachloro-l,3-
cyclopentadiene is =1 log unit lower than for 9-cyanofluorene also 
fits into this trend: The pA"a values of the parent hydrocarbons 
cyclopentadiene (16.0 in water,9 18.0 in Me2SO10) and fluorene 
(23.04 in CsCHA,30 23.0 in Me2SO10) indicate that the resonance 

(18) This is the traditional interpretation of /3 in proton transfers (or 0^ 
in nucleophilic addition), which usually also equates degree of bond formation 
with degree of charge transfer."'20 However, the presumption that bond order 
and charge transfer are linearly related has been criticized;21 more seriously, 
the relationship between charge transfer and Bronsted coefficients has been 
questioned, particularly in nucleophilic reactions, even in cases where the 
charge transfer occurs without the involvement of resonance effects.21"23 When 
resonance and also strong solvation effects are involved that lead to imbalances 
between charge transfer and the development (or disappearance) of resonance 
or solvation, the Bronsted coefficients are well-known not to be good measures 
of the charge transfer.117'2*'25 

(19) (a) Leffler, J. E.; Grunwald, E. Rates and Equilibria of Organic 
Reactions; Wiley: New York, 1963; pp 128-170. (b) Kresge, A. J. In Proton 
Transfer Reactions; Caldin, E. F., Gold, V., Eds.; Wiley: New York, 1975; 
p 179. 

(20) For a review, see: Jencks, W. P. Chem. Rev. 1985, 85, 511. 
(21) Pross, A.; Shaik, S. S. New J. Chem. 1989, 13, 427 and references 

cited therein. 
(22) (a) Pross, A. J. Org. Chem. 1984, 49, 1811. (b) Bordwell, F. G.; 

Hughes, D. L. J. Am. Chem. Soc. 1985, 107, 4737; 1986, 108, 7300. 
(23) (a) Johnson, C. D. Tetrahedron 1980, 36, 3461. (b) Ritchie, C. D. 

Ace. Chem. Res. 1972, 5, 348. 
(24) Resonance: (a) Bordwell, F. G.; Boyle, W. J., Jr. J. Am. Chem. Soc. 

1972, 94, 3907; 1975, 97, 3447. (b) Kresge, A. J. Can. J. Chem. 1975, 52, 
1897. 

(25) Solvation: (a) Jencks, W. P.; Brant, S. R.; Gandler, J. R.; Fendrich, 
G.; Nakamura, C. J. Am. Chem. Soc. 1982, 104, 7045. (b) Jencks, W. P.; 
Haber, M. T.; Herschlag, D.; Nazaretian, K. L. Ibid. 1986, 108, 479. 

(26) Taft, R. W. Prog. Phys. Org. Chem. 1983, 14, 248. 
(27) Keeffe, J. R.; Morey, J.; Palmer, C. A.; Lee, J. C. J. Am. Chem. Soc. 

1979, 101, 1295. 
(28) Bernasconi, C. F.; Bunnell, R. D. J. Am. Chem. Soc. 1988,110, 2900. 
(29) (a) Arnett, E. M.; Harrelson, J. A„ Jr. J. Am. Chem. Soc. 1987, 109, 

809. (b) Wang, X.; Houk, K. N. Ibid. 1988, 110, 1870. (c) Wiberg, K. B.; 
Laidig, K. E. Ibid. 1988, 110, 1872. 

stabilization of the cyclopentadienyl anion is substantially stronger 
than that of the fluorenyl anion. Substituting the hydrogens with 
chlorines in the cyclopentadienyl anion is not expected to alter 
the resonance effect significantly, while substituting a 9-hydrogen 
with a 9-cyano group may add a slight amount of resonance 
stabilization to the fluorenyl anion, but probably not enough to 
bring it close to that of the 1,2,3,4-tetrachloropentadienyl anion. 
In fact, in view of the accumulating number of examples that show 
a direct correlation between log k0 and resonance in the car­
banion,31 we may take the lower k0 for the deprotonation of 1-H 
compared to the deprotonation of 9-cyanofluorene as evidence for 
a larger resonance effect in 1" compared to the 9-cyanofluorenyl 
anion. 

In terms of a more general proposition, our results suggest that 
the lag in the resonance development at the transition state and 
its effect of lowering kQ is quite independent of whether the 
resonance stabilization occurs through delocalization of the 
negative charge onto electronegative atoms such as oxygen or 
nitrogen, or onto carbon. What seems to matter the most is the 
magnitude of the resonance effect, i.e., S log KJ* in eq 12, whereas 
(ara - /3)p appears to be quite independent of the type of resonance. 
We suggest, therefore, that in cases where an independent as­
sessment of resonance effects in a carbanion may be difficult to 
come by, log k0 of its proton transfer reaction could serve as an 
approximate measure of this resonance effect. 

Nucleophilic Addition to l,2,3,4-Tetrachloro-6-phenylfuIvene. 
Rate and equilibrium constants as defined in eq 4 are summarized 
in Table II. /?nuc, /3!g, £„,, 0mic

n, and ft," values are collected in 
Table III; log k0 with the intrinsic rate constant defined as k0 = 
/cN = &_N when K^ = A:N/A:_N

 = 1 >s a ' s o given in Table III. Since 
the main purpose of our studying amine addition to 2 was to 
determine k0 for the piperidine/morpholine pair rather than to 
construct an accurate Bronsted plot based on a large number of 
amines, the various Bronsted coefficients are necessarily not very 
accurate and, therefore, not too much significance should be 
attached to their numerical values. Nevertheless, we note that 
friuc" = 0'30 falls into the range of Pmc" values observed before 
for piperidine/morpholine addition to several olefins with com­
parable equilibrium constants.la 

Regarding the intrinsic rate constant, we note that, just as log 
A:0 for the deprotonation of 1-H falls about halfway between the 
two extreme values for proton transfers (Table IV), so does log 
kQ for piperidine/morpholine addition to 2 when compared with 
piperidine/morpholine addition to other electrophilic olefins (Table 
IV). In fact, log (&0)N f°r 2 is the same as for a-cyano-4-
nitrostilbene, just as log (Ar0). for 1-H is virtually the same as for 
4-nitrophenylacetonitrile! Hence, the correlation line in Figure 
1 remains essentially unchanged when the 2/1-H pair is included. 
(Regarding the exclusion of the benzylideneacetylacetone/ace-
tylacetone point from the correlation, see ref 4a.) 

The good fit of the 2/1-H pair with the other olefin/carbon 
acid pairs is an important result because it shows that the cor­
relation between the log A:0 values for the two kinds of reactions 
is not restricted to systems whose carbanions are all characterized 
by resonance forms bearing negative charge on oxygen or nitrogen. 
This result is perhaps not surprising in view of our conclusions 
reached above regarding log k0 for the deprotonation of 1-H, in 
particular the finding that the type of resonance (delocalization 
of the negative charge onto electronegative atoms or carbon) does 
not seem to have a significant effect on how much its development 
in the transition state lags behind charge transfer and, hence, how 
much this lag depresses kQ. 

The straight-line correlation shown in Figure 1 suggests that 
an equation similar to eq 12 for proton transfers should be valid 

(30) Streitwieser, A., Jr.; Chang, C. J.; Reuben, D. M. E. J. Am. Chem. 
Soc. 1972, 94, 5730. 

(31) Besides Table IV, see also ref !3 and: Bunting, J. W.; Stefanidis, D. 
J. Am. Chem. Soc. 1988, 110, 4008. 

(32) The log (£0)N for benzylideneacetylacetone shows a strong negative 
deviation and is not included in Figure 1. This deviation has been attributed 
to strong intramolecular hydrogen bonding in the adduct, which is poorly 
developed in the transition state, and a steric effect that is strongly developed 
in the transition state.48 More on this type of steric effect below. 
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for nucleophilic addition (eq 13). Here j3„ue
n is used as the 

8 log k0'
a = (am - /?nuc")N 8 log KN™ (13) 

measure for charge transfer at the transition state.18 The fact 
that the slope of the line in Figure 1 is only 0.46 instead of unity 
may be interpreted in different ways. One extreme view is that 
the reduced dependence of log (k0)N on XY is entirely due to (am 

~ /3nuc")N in eq 13 being only 0.46 times as large as (a,^ - /?)p in 
eq 12. This view implies that the resonance stabilization of the 
carbanions formed in the nucleophilic additions (8 log KN

m) and 
in the proton transfers (8 log Kp

res) is the same but that the lag 
in the development of this resonance behind charge transfer is 
much smaller in the nucleophilic addition reactions. This is the 
point of view that has been emphasized in previous discussions.1,33 

At the other extreme is the notion that it is ( a ^ - |8„UC")N and 
(am - /3)p that are the same, while 8 log KN"* is only 0.46 as large 
as 8 log Kp

ra. The true state of affairs is probably somewhere 
in the middle: i.e., (ares - /?„ucn)N is somewhat smaller than (arK 

- /3)p, and 8 log KN"* is somewhat smaller than 8 log Kp
m. As 

shown in the Appendix, the slope of the line in Figure 1 is then 
equal to uv with u = (am - ^ " ^ / ( a ^ - jS)p and v = 8 log KN

m/8 
log Kp'«. 

A reduction in the resonance stabilization (8 log KN"*) in the 
olefin adducts is most likely to arise from a steric effect that 
hinders optimal ir-overlap with the XY groups. A direct mani­
festation of this effect can be seen from comparisons of equilibrium 
constants for addition to olefins (KN) with pKt values of carbon 
acids. For example, KN for piperidine addition to a-cyano-2,4-
dinitrostilbene is only 36.1-fold larger than KN for piperidine 
addition to «-cyano-4-nitrostilbene,4b while the acidity constants 
of 2,4-dinitrophenylacetonitrile and 4-nitrophenylacetonitrile differ 
by a factor of 3.63 X 104.34 Similar conclusions can be reached 
when KN for piperidine addition to (8-nitrostyrene35 and a-ni-
trostilbene6b are compared with the pKa difference between ni-
tromethane and phenylnitromethane.36 

With respect to the lag in resonance development, there are 
two main factors that can make (a^ - /3„UC")N smaller than (am 

- /3)p. The first is the sp2 hybridization of the procarbanionic 
carbon in the olefin that facilitates x-overlap with X and Y in 
the transition state and, hence, reduces the lag in the resonance 
development. The second is hydrogen bonding in the transition 
state of the proton transfers. As has been discussed in more detail 
previously,37 this hydrogen bonding may stabilize the negative 
charge on the carbon, thereby exacerbating the lag in resonance 
development and, hence, increase the absolute magnitude of ( a ^ 
- |8)p compared to a situation in which such hydrogen bonding 
is absent. 

Considering that both (ata - /3„uc
n)N a "d * log ^ N ' " in eq 13 

differ from the corresponding quantities in eq 12, it is perhaps 
remarkable that, despite some significant scatter, the correlation 
in Figure 1 is as good as it is. One potential source of the scatter 
is that the reduction in 8 log K N "* caused by steric hindrance 
probably varies significantly from one olefin to another. According 
to eq 13, 8 log Ac0"* should be less negative if 8 log KN

m is sterically 
reduced. This would translate into a positive deviation from the 
line in Figure 1. 

However, it appears that the olefins with the bulkier XY groups 
deviate negatively from the line. This suggests that the steric 
effects may increase (ares - /3nuc

n)N in such a way as to overcom-
pensate for the decrease in the absolute magnitude of 8 log KN"* 
or more likely to lower k0 by a separate mechanism. As elaborated 
upon elsewhere,4* steric effects that develop ahead of charge 
transfer at the transition state provide such a mechanism; i.e., they 
lower k0 in addition reactions. This can be expressed by eq 14 

(33) Bernasconi, C. F. Advances in Chemistry; American Chemical So­
ciety: Washington, D.C., 1987; Vol. 215, p 115. 

(34) Bernasconi, C. F.; Hibdon, S. A. J. Am. Chem. Soc. 1983, 105, 4343. 
(35) Bernasconi, C. F.; Renfrow, R. A.; Tia, P. R. J. Am. Chem. Soc. 

1986, /05,4541. 
(36) Bernasconi, C. F.; Kliner, D. A. V.; Mullin, A. S.; Ni, J. X. J. Org. 

Chem. 1988, 53, 3342. 
(37) Bernasconi, C. F.; Paschalis, P. J. Am. Chem. Soc. 1989, / / / , 5893. 

5 log V = («., " 0nUC
n) * log K N " (14) 

in which 8 log KN" is the reduction in the equilibrium constant 
that is caused by the steric effect and as, is the progress in the 
development of the steric effect at the transition state. Equation 
14 shows that 8 log *<,»' < 0 f o r «.i > Amc" and 8 log KN

a < 0. 
Inasmuch as the rigidity of the Tr-system in the olefin already forces 
the XY groups into an arrangement that will lead to steric 
crowding in the transition state and adduct, this situation is indeed 
tantamount to an early development of the steric effect. 

Experimental Section 
Materials. Substrates were prepared according to literature proce­

dures.8'38 1,2,3,4-Tetrachloro-1,3-cyclopentadiene gave a mp 61 -62 0C 
(lit.8 mp 62-63 0C). l,2,3,4-Tetrachloro-6-phenylfulvene (prepared by 
adapting a literature procedure8), crystallized in long needles from eth-
anol, had a deep metallic iodine color, mp 80-81 0C, and a 1H NMR 
spectrum in CCl4 (Varian EM-360, 60 MHz) with two unresolved peaks 
centered at 7.2 and 7.4 ppm downfield from TMS. Morpholine, piper­
idine, n-butylamine, and 2-methoxyethylamine were purified and stored 
as described previously.5b Piperazine was recrystallized from 95% hex-
anes/5% acetone. Glycinamide and 2-chloroethylamine buffers were 
prepared from their hydrochloride salts. l-(2-Hydroxyethyl)piperazine 
and 1-piperazinecarboxaldehyde were used without further purification. 
Me2SO was stored over 4-A molecular sieves or distilled from CaH2 prior 
to use. 

Reaction Solutions. 50% Me2SO/50% water (v/v) solutions were 
prepared by adding appropriate amounts of aqueous stock solutions to 
a volumetric flask containing a measured amount of Me2SO that would 
correspond to 50% of the final volume and then diluting to the mark with 
water. Ionic strength was maintained at 0.5 M with added KCl. 

pH and pA", Measurements. AU pH measurements were performed 
on an Orion Research 611 digital pH meter with a Corning No. 476022 
glass electrode and a Beckman No. 39400 calomel reference electrode. 
The pH meters were calibrated for 50% Me2SO/50% water solutions 
with standard buffer solutions described by Hall6 et al." The ptf.'s of 
piperazine, 1 -(2-hydroxyethyl)piperazine, 1 -piperazinecarboxaldehyde, 
and 2-chloroethylamine were determined by averaging the pH mea­
surements for six solutions with [AH+]/[A] = 1 for concentrations of 
amine between 0.001 and 0.01 M. 

UV-Visible Spectra. UV-visible spectra of 2 and 2-A" were obtained 
on a Perkin-Elmer 559A UV-visible spectrophotometer. A spectrum of 
T in 50%p-dioxane/50% H2Oat 20.0 0C with »i=0.SM was taken on 
a Durrum-Gibson D-110 stopped-flow spectrophotometer by injecting 1 
in 0.01 M HCI before mixing in the stopped flow to give a final solution 
of 1" in 0.01 M KOH. The spectrum was constructed from traces ob­
tained at 5-nm intervals. 

Kinetic Measurements. AU kinetic runs were performed with a Dur­
rum-Gibson D-IlO stopped-flow spectrophotometer with computerized 
data acquisition and analysis. The deprotonation of 1-H (« = 2900) was 
monitored at 275 nm (X1n,, of 1 is 259 nm in 50% p-dioxane/50% water, 
( = 4500) and the nucleophilic addition to 2 at 340 nm (X1̂ 1x of 2 is 343 
nm). 
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Appendix 
The straight line plot in Figure 1 can be expressed as 

log (k0)N = c + slope X log (/c0)P (Al) 

Equation Al follows directly from eqs 12 and 13 if the following 
conditions are met: (1) (am - /3nuc

n)N is a constant fraction of 
(ares - /?)p, i.e., independent of XY (eq A2). (2) 8 log KN

m is 

( « » - / W ) N 
—, ^ - = " (A2) 

("res - 0)p 

a constant fraction of 8 log Kp
m; i.e., eq A3 holds. According 

« '°g *N m _ 
= v (A3) 

8 log V " 
to eq 12, log (k0)p is given by 

(38) Stone, K. J.; Little, R. D. /. Org. Chem. 1984, 49, 1849. 
(39) Halle, J. C; Gaboriaud, R.; Schaal, R. Bull. Soc. CMm. Fr. 1970, 

2047. 
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Abstract: A kinetic method is presented for the measurement directly in the aqueous standard state of the equilibrium constant 
KR for the reaction Ph3C

+ + H2O = Ph3COH + H+. The basis of the procedure is direct measurement of the rate constant 
kr for the reaction proceeding in the forward direction with the technique of laser flash photolysis. The rate constant k, for 
the reverse reaction is measured by following oxygen exchange in a labeled alcohol in a weakly acidic (0.005 M HCl) solution. 
At 25 0C in water, k, = (1.68 ± 0.06) x 105 s_1, k, = (5.79 ± 0.29) X 10"2 M"1 s"1, and the value for pATR calculated from 
their ratio is -6.46 ± 0.03. The value for k, is based on a slight extrapolation from 5% acetonitrile in water. The value for 
kt is measured in water. This directly measured value for pKR provides a test of the validity of the acidity function and excess 
acidity methods commonly employed to determine pK values for weak bases where the equilibrium with the conjugate acid 
form can only be studied in strong acids. Values of pKK previously reported for Ph3C

+ based upon these approaches vary 
from -5.85 to -6.89, although the range is smaller, -6.44 to -6.89, if data obtained in concentrated HCl are omitted. The 
conclusion is that these methods do lead to pKR values in reasonable agreement with the directly measured number. 

1990, 112, 8454-8457 

Kp
m) for 8 log KN

rB in eq A5 yields 
log (*0)N = b + uv(ares - /J)p b log Kf (A6) 

From eq A4 we obtain 
(a„ - /J)p 5 log Ay- = log (*„)„ - a (A7) 

Combining eqs A6 and A7 leads to 
log (*0)N = C+ uv log (Ic0) p (A8) 

which is equivalent to eq Al with slope = uv and c = b - auv. 

he Measurement of the pKK Value of the 
ion in the Aqueous Standard State 

icClelland,**1* and Steen Steenkenlb 

'nt of Chemistry, University of Toronto, Toronto, 
-Planck-Institut fur Strahlenchemie, D-4330 Mulheim, FRG. 

directly in the aqueous standard state of the equilibrium constant 
asis of the procedure is direct measurement of the rate constant 
the technique of laser flash photolysis. The rate constant k, for 
e in a labeled alcohol in a weakly acidic (0.005 M HCl) solution. 
± 0.29) X 1O-2 M"1 S-', and the value for pATR calculated from 

ight extrapolation from 5% acetonitrile in water. The value for 
R provides a test of the validity of the acidity function and excess 
s for weak bases where the equilibrium with the conjugate acid 
eviously reported for Ph3C

+ based upon these approaches vary 
i -6.89, if data obtained in concentrated HCl are omitted. The 
easonable agreement with the directly measured number. 

8454 J. Am. Chem. Soc. 

log (*0)p = a + 5 log kom = a + (ales - 0)p 5 log Kv
m (A4) 

with a being log (k0)p for a reference acid in which the carbanion 
is stabilized by polar effects only. In a similar way, eq A5 holds 
for nucleophilic additions. 

log (*o)N = b + B log *o» = b + (a,a - 0nuc")N 5 log K N ' « 
(A5) 

Substituting u(am - fi)p for (a„ - /3nuc
n)N (eq A2) and v(S log 

The measurement of the equilibrium constant pKR for a car-
benium ion-carbinol equilibrium (eqs la.b) can be carried out 
in a straightforward manner when the value lies within the range 
of about 2-12. In such a case, R+ and ROH coexist at equi-

R + + H2O z=i ROH + H+ (la) 

[ROH][H+] k, 
KK = - ±—- = - (lb) 

[R+] K 
librium in significant amounts in some aqueous solution that is 
ideal or close to ideal. Thus, when their concentrations (or ratio 
of concentrations) are measured, the equilibrium constant can be 
calculated from eq 1 b with use of the known [H+] concentration. 
This situation is found with highly stabilized carbenium ions,2 such 
as tropylium ions and triarylmethyl cations bearing at least one 
/vdimethylamino substituent. However, for less stable carbenium 
ions, nondilute acids are required in order to obtain solutions with 
significant amounts of cation present, for example, >45% H2SO4 
in the case of the parent triphenylmethyl cation.3 In such so­
lutions, concentrations cannot be equated to activities,4 and some 
form of extrapolation is needed to obtain the thermodynamic pKR 
value in the aqueous standard state. The same problem arises 

(1) (a) University of Toronto, (b) Max-Planck-Institut fur Strahlenche­
mie. 

(2) Ritchie, C. D. Can. J. Chem. 1986, 64, 2239. 
(3) Deno, N. C; Jaruzelski, J. J.; Schriesheim, A. / . Am. Chem. Soc. 1955, 

77, 3044. 
(4) Yates, K.; McClelland, R. A. Prog. Phys. Org. Chem. 1974, / / , 323. 

0002-7863/90/1512-8454S02.50/0 

in the measurement of pKa values of the conjugate acids of weak 
bases which protonate only in concentrated acids. These p£a and 
pAfR values have considerable importance in the understanding 
of quantitative structure-activity relationships as well as in the 
analysis of the mechanisms of reactions that occur in nondilute 
acids. In consequence, there has been an extensive effort to develop 
methods for their determination. This has generally involved the 
establishement of acidity scales that incorporate the necessary 
activity coefficients and activities in such a way that pK values 
can be calculated from knowledge of the measured ionization ratios 
[R+]:[ROH] or [BH+]:[B]. A number of approaches have been 
suggested, with two now the most widely used, the Hammett 
acidity function method and the excess acidity method. These 
procedures, particularly those involving acidity functions, have 
been reviewed on a number of occasions.5 The details will not 
be discussed here; the acidity scales are usually based on some 
assumption of equivalency or proportionality of a ratio of activity 
coefficients and activities. In general, the acidity function and 
excess acidity methods give pK values that are in reasonable 
agreement, although differences are occassionally large for systems 
that require study in very concentrated acids. The acidity function 
method has been critized because, even for structurally related 
systems, there is frequently not the exact parallelism of log 
(ionization ratios) required by the basic postulate.6 It has also 
been pointed out that the various acidity function scales do not 

(5) Cox, R. A.; Yates, K. Can. J. Chem. 1983, 61, 2225 provide an ex­
cellent recent review of the various procedures, with references to earlier 
reviews. 

(6) Johnson, C. D.; Stratton, B. J. Org. Chem. 1986, 51, 4100. 
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