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In aqueous solution, Girard T hydrazone formation from para-substituted benzaldehydes does not proceed 
to completion under the conditions used. The corresponding equilibrium constants were determined and employed 
to calculate the rate of the reaction at completion. For all the reactions studied, the pH-rate profiles, extrapolated 
to zero buffer concentration, show one break at pH 4-5, characteristic of a change in the rate-determining step 
from carbinolamine dehydration to carbinolamine formation upon going from pH 7 to pH 1. The formation of 
the carbinolamine is subject to catalysis by hydronium ion and by carboxylic acids present in the buffers used 
to maintain pH. Bransted a values for this catalysis varied from 0.19 to 0.37. Rate constants for the cyanoacetic, 
chloroacetic, and formic acid catalyzed formation of carbinolamine from the para-substituted benzaldehydes 
correlate with ut substituent constants, giving a value of pt equal to 0.70. Rate constants for the hydronium 
ion catalyzed formation of the carbinolamine from the same benzaldehydes are, however, insensitive to the 
substituent effect. These observations lead to the conclusion that the reactions occur by different routes as a 
function of the catalyst. We suggest a stepwise preassociation mechanism for the reaction catalyzed by carboxylic 
acids and a concerted preassociation mechanism for that catalyzed by hydronium ion. 

The addition of nucleophilic nitrogen reagents to car- 
bonyl compounds occurs in two stages: formation of a 
carbinolamine intermediate (TO) and subsequent dehy- 
dration of the carbinolamine to yield the imine product.1*2 
Studies of the detailed mechanism of the addition of ni- 
trogen nucleophiles to carbonyl compounds*7 have dem- 
onstrated the generality of the mechanism outlined in 
Scheme I. The acid-catalyzed formation of the neutral 
intermediate carbinolamine (P) can occur by at least three 
separate mechanisms: (1) a diffusion-controlled trapping 
mechanism in which a free zwitterionic intermediate (T*), 
formed in the initial attack step, undergoes proton transfer 
to give the neutral intermediate (To) in a subsequent step 
(or steps) that may or may not be kinetically significant 
(k, followed by Knk3aH or K,k,); (2) a stepwise preasso- 
ciation mechanism characterized by preassociation of the 
carbonyl compound, the nucleophile, and the catalyst to 
form an encounter complex (K-) that subsequently gives 
rise to an associated zwitterionic intermediate (T*-HA) 
(subsequent steps then lead to the neutral intermediate); 
and (3) a concerted preassociation mechanism in which the 
carbonyl coupound, the nucleophile, and the catalyst as- 
sociate to form an encounter complex that converts to the 
neutral intermediate (TO) via simultaneous C-N bond 
formation and proton transfer, without formation of the 
intermediate (T**HA). 

Changes in the rate-determining step are evidenced by 
breaks in the pH-rate profile, by breaks in structure-re- 
activity correlations, by nonlinear plots of rate constants 
against catalyst concentration, by variation of the Bransted 
a exponent for general acid catalysis, and by isotope ef- 
fects." 

In this work, we report a study of the kinetics and 
mechanism of addition of Girard T reagent (NH2NHC- 
(0)CH2N+(CH3)3Cl-), a weakly basic nitrogen nucleophile, 
to para-substituted benzaldehydes. Girard T reagent forms 
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7777-7789. (b) Sayer, J. M.; Eklman, C. Ibid. 1979, 101, 3010-3016. 
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water-soluble hydrazones even with carbonyl compounds 
of high molecular weight and has been employed to extract 
carbonyl compounds from mixtures of natural producks 

Experimental Section 
Materials. All reagents employed were obtained commercially. 

With the exception of reagent grade inorganic salts, formic acid, 
and acetic acid, which were used without further purification, the 
remaining reagents were either redistilled, recrystallized, or 
sublimed before use. Girard T reagent was recrystallized twice 
from ethanol. Solutions of Girard T reagent in water were pre- 
pared just prior to use. Solutions of the benzaldehydes were 
prepared in purified ethanol" and maintained under a nitrogen 
atmosphere in the refrigerator for a t  most 1 week. 

pK,' Determination. The pK,' (apparent pK,) of the con- 
jugate acid of Girard T reagent (2.09 f 0.03) was measured at 
25.0 O C  in aqueous solution and ionic strength 0.50 (maintained 
with KC1) by careful partial acidification of nine samples of the 
reagent with known amounts of standard hydrochloric acid, in 
accordance with the procedure proposed by Albert and Serjeant? 
The pH values of these solutions were measured with a glass 

(8) Whealer, C. H. Chem. Reu. 1962,62, 205-221. 
(9) Albert, A.; Serjeant, E. P. Ionization Constants of Acids and 

Eases; Methuen & Co. L a . :  London, 1962. 
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electrode. The glass eletrode was initially calibrated with two 
blank solutions of the same ionic strength (KCl) containing 0.0100 
and 0.001 00 M hydrochloric acid whose pH were taken, respec- 
tively, as 2.00 and 3.00. Under such conditions, the measured 
values of pH refer to hydronium ion concentration rather than 
to hydronium ion activity. The pK,' was obtained from the 
measured values of pH, employing the Henderson-Hasselbalck 
equation. 

Equilibrium Constants. The equilibrium constants for the 
overall reaction between Girard T reagent and substituted ben- 
zaldehydes were determined spectrophotometrically in aqueous 
solution at ionic strength 0.50 and pH 2, using a Zeiss PMQ I1 
spectrophotometer thermostated at 25.0 "C. The determination 
of the equilibrium constants was made by preparing 18 solutions 
containing increasing concentrations of Girard T reagent (2.00 
X M) and a constant concentration of the 
benzaldehyde (5.00 X lob M). The absorptions of the Girard T 
solution (Ao), of the benzaldehyde solution (AA), and of the Girard 
T hydrazone at infinite time (A,) were measured and the value 
of AT = A, - A. calculated. A t  high concentrations of Girard T 
reagent, the values of AT approaches the constant value Ap. 
Representing the concentration of the Girard T reagent present 
as free base as [RNH2], the values of the equilibrium constant 
(K,) were determined from the slope of plots of (Ap - AT)[RNHZ] 
against AT, employing eq 1. 

(1) 

Kinetic measurements'OJl were carried out spectrophoto- 
metrically at 25.0 "C in aqueous solution and ionic strength 0.50 
(KCl) with the aid of a Zeiss PMQ I1 spectrophotometer equipped 
with a thermostated cell holder. The final concentration of the 
ethanol introduced into the reaction mixtures from the aldehyde 
stock solutions did not exceed 1%. Reaction kinetics were 
monitored by observing the appearance of the Girard T hydra- 
zones at the appropriate wavelength. The initial concentration 
of the benzaldehydes was 3.3 X 1O-a M and, in all cases, a sufficient 
excess of nucleophile reagent was employed such that pseudo- 
first-order behavior was observed. First-order rate constant (k) 
were evaluated from slopes of plots of log (A, - A,) against time 
using an appropriate computer program. Under the conditions 
of these experiments, the addition of Girard T reagent to the 
benzaldehydes does not proceed to completion, since a plot of 
k vs [RNH2], the concentration of Girard T reagent free base, 
gives a straight line that does not pass through the origin. The 
observed pseudo-second-order rate constant (kow) for the reaction 
going to completion was calculated by using eq 2, where k is the 
observed pseudo-fmt-order rate constant and K, is the equilibrium 
constant for the overall reaction. 

up to 5.00 X 

(Ap - AT)[RNH~] = ~/K,(AT) - AA/K, 

k o u  k/([RNH21 + l /KJ  (2) 

The pH was maintained constant by using carboxylic acid- 
carboxylate buffers. At high concentrations of the buffers used, 
the dehydration step (which is subject to hydronium ion catalysis, 
but not significantly catalyzed by carboxylic acid) becomes 
partially rate Employing eq 3, koM was corrected 
for the contribution of the dehydration step (Kadk5), to obtain 
ked, the rate constant for the addition step.I2 

= kobd/ ( l  - kobed/Kadk5aHt) (3) 

Rate constants for catalysis by carboxylic acids, kat., were 
obtained from the slopes of plots of kad against free carboxylic 
acid concentration. The extrapolation to zero carboxylic acid 
concentration gives kado, the rate constant for the addition step 
catalyzed by hydronium ion plus water. We then calculated the 
value of koverall, a t  zero buffer concentration, using eq 4. 

Stachissini and do Amaral 

(4) 
For p-nitrobenzaldehyde, corrections were also made for the 

equilibrium constants and rates of formation and dehydration 

(10) Bastos, M. P.; do Amaral, L. J. Org. Chem. 1979, 44, 980-984. 
(11) Okano, V.; Bastos, M. P.; do Amaral, L. J. Am. Chem. SOC. 1980, 

(12) Sayer, J. M.; Jencks, W. P. J. Am. Chem. SOC. 1969, 91, 
102, 4155-4159. 

6353-6361. 

Table I. Equilibrium and Kinetic Constants for the 
Reaction of Girard T Reagent with Substituted 

Benzaldehydes (XCIH,CHO)' 

p-nitro 9.40 
1.41 p - c h 1 or o 

p-bromo 1.80 
p-fluoro 0.90 
hydrogen 1.00 
p-phenyl 1.33 
p-methyl 0.68 
p-methoxy 0.39 

1400 1.60 
550 0.70 
950 0.50 
600 0.28 
700 0.50 
980 0.30 
880 0.22 
850 0.05 

4500 
5600 
4300 
3300 
4500 
5000 
5200 
2500 

In water at 25.0 "C and ionic strength 0.5 (KCl). K,, equilibri- 
um constants for the overall reaction; K,, equilibrium constants for 
formation of zwitterionic intermediate; K d ,  equilibrium constant 
for the formation of neutral carbinolamine intermediate; kl, ob- 
served rate constant for carbinolamine formation catalyzed by hy- 
dronium ion; Knk4, observed rate constant for uncatalyzed carbi- 
nolamine formation; K,.Jz6, observed rate constant for the carbi- 
nolamine dehydration catalyzed by hydronium ion. See Scheme I. 

of the corresponding carbinolaminesls and for hydration of the 
a1deh~de.l~ 

The observed pH-rate profile may be fit by a steady-state rate 
laW3v4 having the form of eqs 5 and 6, where howo is the observed 

(5) howo = kad°Kadk@H+/(kado + K~.&@H+) 

second-order rate constant for overall reaction, extrapolated to 
zero buffer concentration, kdo is the apparent rate constant for 
the addition step a t  zero buffer concentration, Kadk5 is the ob- 
served rate constant when the dehydration step is rate deter- 
mining, and K,k4 is the observed rate constant of uncatalyzed 
carbinolamine formation, with K, = kz /k-z  being the equilibrium 
constant for formation of the zwitterionic intermediate (Tf) from 
the reactants. 

Results 
The reaction between Girard T reagent and substituted 

benzaldehydes is reversivel due  to the low nucleophilicity 
of the Girard T reagent since the reaction is not complete 
under the  conditions employed in this work. We deter- 
mined the corresponding values of the equilibrium con- 
stants for the  overall reaction (&), which are given in 
Table I. 

The equilibrium constant for hydrazone formation from 
Girard T reagent and para-substituted benzaldehydes is 
increased by electron-withdrawing substituents on the 
aldehyde. T h e  HammetP plot for hydrazone formation 
gives p = +1.23 (100r2 = 94.9; CL = 99.9%). The stabi- 
lization of the  hydrazone (>C=N-) relative to the ben- 
zaldehyde (>C=O) by substituents that decrease the 
electron density is consistent with the fact that nitrogen 
is less electronegative than oxygen. A similar observation 
has been made by Anderson and Jencks for the formation 
of semicarbazones of para-substituted benzaldehydes."JS 

Figure 1 presents the  pH-rate profiles for Girard T 
hydrazone formation with p-nitro-, p-bromo-, p-methoxy-, 

(13) Sayer, J. M. J. Org. Chem. 1975,40,2545-2547. 
(14) Vogel, A. I. A Textbook of practical organic chemistry, 3rd ed.; 

Lxngmans: London. 
(15) Sander, E. G.; Jencks, W. P. J. Am. Chem. SOC. 1968, 90, 

61 54-61 62. - - - - - - - -. 
(16) Shorter, J. Correlation Analysis in Organic Chemistry: An in- 

troduction to linear free energy relationship; Clarendon Press: Oxford, 
1973. 
(17) Anderson, B. M.; Jencks, W. P. J. Am. Chem. SOC. 1960, 82, 

1773-1777. 
(18) Jencks, W. P. Chem. Reu. 1972, 72, 705-718. 



Benaldehyde Girard T Hydrazone Formation J. Org. Chem., Vol. 56, No. 4, 1991 1421 

c 
I 
u) 

c 
I 
Zl 
\ 
v 
u) 

0 0  
Y 

0 
0 

n 

d 

1 I I L 

2 3 4 5 6  
PH 

3 

2 
c 
I 

c I * 1  
Zl 
4 

v 

0 0  
Y 

m 

2 0  

9 -1 

-2  

1 2 3 4 5 6  
PH 

Figure 1. Dependence of the observed second-order rate constants on pH for the reactions of Girard T reagent free base with p-nitro- 
(l), p-bromo- (2), p-methoxy- (3), and p-chlorobenzaldehyde (4) extrapolated to zero concentration of general acid catalysts. The open 
symbols (A) and the broken line indicate the rate constants for the dehydration step at high pH or higher buffer concentration. The 
solid curves are theoretical profiles for the overall reactions rate, komo, at zero buffer concentration, calculated from eqs 5 and 6 by 
using the rate constant of Table I. 

and p-chlorobenzaldehyde. The data were corrected for 
the influence of the equilibrium and of dehydration and 
were extrapolated to zero buffer concentration, as de- 
scribed in the Experimental Section. Note that for all the 
benzaldehydes studied, the pH-rate profiles for Girard T 
hydrazone formation show a single break between pH 4 
and 5, characteristic of the transition from rate-deter- 
mining carbinolamine formation to carbinolamine dehy- 
dration as the pH is increased. Although the break for 
Girard T hydrazone formation from para-substituted 
benzaldeyde is small, the occurence of a change in the 
rate-determining step in this pH region is confirmed by 
the nonlinearity of a plot of the second-order rate constant 
against formate buffer concentration. Figure 2 shows this 
dependence for the reaction of the nucleophile with p -  
bromobenzaldehyde at pH 3.45. This is a result of a 
transition from a rate-limiting step subject to buffer ca- 
talysis to one that is not buffer catalyzed as the buffer 
concentration is increased? The limiting rate constant at 
high buffer concentration, determined from the intercept 
of a double reciprocal plot4J9 of observed rate constants 
a t  pH 3.45 against concentration of general acid catalyst, 
is in good agreement wih that calculated for the dehy- 
dration step (Figure 1, broken line) from the rate constants 
observed at higher pH. No other break314 is observed below 
pH 1.5, the pH-rate profiles having been extended down 
to pH near zero (p-chlorobenzaldehyde, Figure 1). 

The pH-rate profiles for the reaction of Girard T 
reagent with benzaldehydes and with p-fluoro-, p-methyl-, 
and p-phenylbenzaldehyde are similar to those shown in 
Figure 1. The values of the rate constants of k,, K&,, and 
K,dka, defined in Scheme I, are presented in Table I. 

(19) Sayer, J. M.; Jencks, W. P. J .  Am. Chem. SOC. 1973, 95, 

(20) Jencks, W. P. Acc. Chem. Reu. 1976,9, 425-432. 
(21) Cordes, E. H.; Jencks, W. P. J.  Am. Chem. SOC. 1962, 84, 

(22) Kortilm, G.; Vogel, W.; Andrussow, K. Dissociation constants of 

5637-6649. 

4319-4328. 

organic acids. in aqueous solution; Buttherworths: London, 1961. 
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Figure 2. Experimental determination of the limiting rate 
constant, KadkSaH, for the dehydration of the carbinolamine de- 
rived from p-bromobenzaldehyde and Girard T reagent in the 
presence of formic acid/sodium formate buffer, pH = 3.34, ionic 
strength 0.50 (KC1). The broken line represents the limiting rate 
constant at high buffer concentration determined from a double 
reciprocal plot (inset) of the experimental data. The values of 
rate constants are 0.52 and 1.44 M-' s-' at zero buffer concentration 
and high buffer concentration, respectively. 

Substitution of these values into equs 3 and 4 gives the 
theoretical pH-rate profiles indicated by the solid lines 
of Figure 1, which are in good agreement with the exper- 
imental points. 

In the pH region where the formation of the interme- 
diate To is rate-determining, the reaction of Girard T 
reagent with the benzaldehydes is subject to general acid 
catalysis by the buffers employed to maintain constant pH. 
On the other hand, the dehydration of the intermediate 
To is not subject to general acid catalysis. Measurement 
of the catalytic effect as a function of the ratio of acidic 
and basic forms of the buffers established that the catalysis 
is, within experimental error, of the general acid type 
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Table 11. Catalytic Constants for the Effect of Chloroacetic 
Acid (pK,' = 2.72) on the Reactions of Girard T Reagent 

with Substituted Benzaldehydes (XC6H4CHO)" 
X PH k,, M-2 5-l kmt(av),b M-* s-l 

p-nitro 2.19 
3.40 

p-chloro 2.35 
2.75 
3.35 

2.68 
3.28 

p-methoxy 2.15 
2.72 
3.28 

p-methyl 2.20 

2.2 x 102 
1.8 X lo2 
8.7 X 10 
7.4 x 10 
7.8 X 10 
5.1 X 10 
4.4 x 10 
4.5 x 10 
1.7 X 10 
2.0 x 10 
1.6 X 10 

2.0 x 102 

8.0 X 10 

4.7 x 10 

1.8 X 10 

'In water at 25.0 "C, ionic strength 0.50 M (KCI). bAverage 
value. 

0,51L----A -a8 0 -06 -0.4 -02 0 Q2 0 1  0.6 0.8 

a' 
Figure 3. Dependence of log k,, on u+ for carbinolamine for- 
mation catalyzed by hydronium ion (A), cyanoacetic acid (01, and 
chloroacetic acid (0). Reaction of Girard T reagent and para- 
substituted benzaldehydes at 25 'C and ionic strength 0.5 (KCl). 
The slopes of the lines ( p + )  are hydronium ion (H,O+) +0.11, 
cyanoacetic acid (CNAcOH) +).71, chloroacetic acid (ClAcOH) 
+0.65. 

(Table 11). The catalytic rate constants, kat., for the 
carbinolamine formation (Table 111) were obtained after 
correction of the observed rate constants for the contri- 
buition from the buffer-independent dehydration step, as 
described in the Experimental Section. The Brernsted 
plots for general acid catalysis of carbinolamine formation 
are shown in Figure 4 and the a values are given in Table 
IV. 

Figure 3 shows Hammett plots of the rate constants for 
the catalyzed formation of carbinolamines from Girard T 
reagent and para-substituted benzaldehydes (UP+! ref 23). 
When the catalyst is hydronium ion, p+ = 0.11 (insignif- 
icant). When the catalyst is cyanoacetic acid, p+ = 0.71 
(without phenyl, 100r2 = 95.5 and CL = 99.9%). Em- 
ploying chloroacetic acid, p+ = 0.65 (without phenyl, 10013 
= 98.0 and CL = 99.9%). 

When the catalyst is formic acid, p+ = 0.70 (without 
unsubstituted benzaldehyde (100r2 = 91.2 and CL = 
99.9%). The catalysis by cyanoacetic acid gave a value of 
pfi = 0.91 (without methyl, 100r2 = 98.0, CL = 99.9%) 
when correlated against u$ (ref 23). 

Discussion 
Addition reactions of nitrogen nucleophiles to the car- 

bonyl group ordinarily proceed by a two-step mechanism 

(23) (a) u : McDaniel, D. H.; Brown, H C .  J. Org. Chem. 1968,23, 
420-427. (b! u;: Brown, H. C.; Okamoto, Y. J. Am. Chem. SOC. 1968, 
80, 4979-4987. (c) ug: Dayal, S. K.; Ehrenson, S.; Taft, R. N. J. Am. 
Chem. SOC. 1972,94,9113-9122. 

t 
- 2  0 2 4 

p K'a 

Figure 4. Br~nsted plots for general acid catalysis of carbino- 
lamine formation from Girard T reagent and substituted benz- 
aldehydes by hydronium ion and carboxylic acids. Acid catalysta 
are identified in Tables I and 111. The slopes of the lines (a) are 
0.19 for p-nitro- (o), 0.29 for p-bromo- (e), and 0.37 for p -  
methoxybenzaidehyde (A) (see Table IV). 

involving formation of a carbinolamine intermediate, To, 
followed by its dehydration to the observed product, an 
imine. For many of these reactions, a break is observed 
in the pH-rate profile with decreasing pH.1J0n21 This is 
a consequence of a change in the rate-determining step 
from dehydration to formation of the carbinolamine when 
the acid-catalyzed dehydration step becomes faster than 
the uncatalyzed formation of the intermediate. The pH- 
rate profiles for Girard T hydrazone formation from ben- 
zaldehydes (Figure 1) exhibit a break at  pH -4, corre- 
sponding to this change in rate-determining step. 

In the addition of more basic nitrogen nucleophiles, 
pheny lhydra~ ine~~?~  (pK,' = 5.30), methoxyamine4 (pK,' 
= 4.73), and semicarbazide3 (pK,' = 3.86) to benzaldehydes, 
a second break is observed as the pH is decreased further. 
This break becomes apparent near pH 1.5, corresponding 
to a change in the rate-determining step from hydronium 
ion catalyzed to uncatalyzed carbinolamine formation. In 
this step an uncatalyzed attack of the nucleophile occurs 
to form a highly unstable zwitterionic intermediate, T'. 
As a result of the two breaks, five regions are observed3 
in the pH-rate profile. These regions correspond to sig- 
nificant contributions from the following rate-determining 
processes in order of decreasing pH: (5) hydronium ion 
catalyzed dehydration (Kdk5) of the neutral carbinolamine 
To, (4) water-mediated proton transfer (K,,k4) between the 
nitrogen and oxygen atoms of T', (e) diffusion-controlled 
proton transfer (K,,k3) from the hydronium ion to T', (2) 
uncatalyzed attack (k2 of the nucleophile on the carbonyl 
group, (1) hydronium: ion catalyzed attack (k,) of the ni- 
trogen nucleophile (see the rate constants in Scheme I). 

This second break in the pH-rate profile near pH 1.5 
is not observed in the addition of less basic nitrogen nu- 
cleophiles such as acethydrazidesb (pK,' = 3.44), thio- 
semicarbazide12 (pK,' = 1.881, and Girard T reagent (pK,' 
= 2.09). The hydronium ion catalyzed formation of the 
carbinolamine from these nucleophiles and p-chloro- 
benzaldehyde proceed via a preassociation mechanism (see 
Scheme I) rather than via a pathway that involves free Tf. 
The preass~ciat ion~~~'  can be either concerted, with no 

(24) Somera, N. M.; Stachiasini, A. S.; do Amaral, A. T.; do Amaral, 

(25) Sayer, J. M.; Patrick, C. J. Am. Chem. SOC. 1980,102,3592-3800. 
(26)  Rossi, M. H.; Stachissini, A. S.; do Amaral, L. J. Org. Chem. 1990, 

(27) Jencks, W. P. Chem. SOC. Rev. 1981,10,345-375. 

L. J .  Chem. Soc., Perkin Trans. II 1984, 1717-1722. 

55, 1300-1303. 
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Figure 5. Schematic reaction coordinate diagram for the addition of a weak nucleophile to a carbonyl group, catalyzed by a general 
acid (HA) with proton transfer along the horizontal coordinate defined by a and formation and cleavage of the C-N bond along the 
vertical coordinate, with a preferred diagonal pathway. The energy contour lines are omitted. The transition state is at IC. (A) Change 
in the position of the transition state (perpendicular to the reaction coordinate) upon increasing the acidity of the catalyst. (B) Change 
in the position of the transition state upon changing the reactivyity of the carbonyl compound. 

Table 111. Rate Constants* for General Acid Catalysis of the Reaction of Girard T Reagent with Substituted Benzaldehydes 
(XC66H,CHO)" 

k,, (ad, M-2 s-l 
cyanoacetic acid chloroacetic acid formic acid P-bromopropionic acid acetic acid 

X pK,' = 2.29 pK,' = 2.72 pK,' = 3.59 pK,' = 3.83 pK,' = 4.60 
p-nitro 
p-chloro 
p-bromo 
p-fluoro 
hydrogen 
p-phenyl 
p-methyl 
p-methoxy 

3.0 X lo2 
1.2 x 102 
1.2 x 102 
6.9 X 10 
1.8 X lo2 
1.0 x 102 
6.0 X 10 
2.3 X 10 

2.0 x 102 
8.0 X 10 
7.5 x 10 
4.8 X 10 
8.5 X 10 
7.6 X 10 
4.7 x 10 
1.8 X 10 

1.3 X lo2 
5.3 x 10 
2.3 X 10 
2.3 X 10 
8.1 X 10 
3.6 X 10 
2.2 x 10 
9.7 

9.1 x 10 

1.9 x 10 
1.1 x 10 

2.2 x 10 
1.2 x 10 
4.3 

4.1 X 10 

2.5 X 10 
5.1 X 10 
4.4 x 10 
2.3 X 10 

"In water at 25.0 OC, ionic strength 0.5 (KCl). *Catalytic constant based on free-acid concentration. pK,' = pK, - correction. The pK, 
valuesz2 of the carboxylic acids were corrected to ionic strength 0.50 (KCl) according to Serjeant? The values of rate constants catalyzed by 
hydronium ion (k,) a;e given in Table I and the pK,' value-is -1.72. 

Table IV. Bransted u Values for the General Acid 
Catalyzed Carbinolamine Formation from Girard T 

Reagent and Substituted Benzaldehydes (XC6H4CHO)a 

p-nitro 0.19 0.04 5 0.05 0.995 99.0 292 99.9 
p-chloro 0.20 0.05 5 0.07 0.990 98.0 153 99.5 
p-bromo 0.27 0.07 5 0.10 0.991 98.2 168 99.5 
p-fluoro 0.27 0.04 6 0.08 0.993 98.6 277 99.9 
hydrogen 0.19 0.09 5 0.12 0.971 94.4 50.1 99.0 
p-phenyl 0.26 0.03 6 0.06 0.996 99.2 523 99.9 
p-methyl 0.29 0.02 6 0.04 0.999 99.8 1713 99.9 
p-methoxy 0.37 0.04 5 0.06 0.998 99.6 978 99.9 

(In, number of points; s, standard error; r ,  correlation coefficient; 
1009, percent of data accounted for by the regression equation; F, 
test for significance of correlation; CL, confidence levels. 

intermediate, or stepwise with an intermediate (T'sHA). 
The values of the rate constants for hydronium ion 

catalyzed formation of the carbinolamine from Girard T 
and para-substituted benzaldehydes are insensitive to polar 
substituents on the aldehyde (Figure 3). This is evidence 
for the Yconcerted" pathway with transition state 1 in 
which the formation of both bonds occurs simultaneously 
and the effeds of the substituents are comparable, whereas 
the pathway involving the intermediate F has essentially 
the same sensitivity to substituents as equilibrium addition 
of the nucleophiles ( p  near 1.8).28 Let us compare the 

X a s, n smt r 1009 F CL, % 

(28) Wolfenden, R.; Jencks, W. P. J. Am. Chem. SOC. 1961, 83, 
2163-2168. 

values of p+ for hydronium ion catalyzed carbinolamine 
formation with weakly basic nitrogen nucleophiles to those 
for the more basic nucleophile methoxyamine (pK,' = 
4.73). The p+ values for Girard T reagent and 2-methyl- 
3-thio~emicarbazide'~ (pK,' = 1.2), 0.11 and 0.17, respec- 
tively, are much smaller than that of p+ = 1.2 for meth- 
oxyamine, at low acidity (pH 2-4 where Knk3 dominates), 
but are similar to the values of p+ = 0.1 for the "concerted" 
reactions of methoxydmine4 expected at high acidity (pH 
<1 where kl dominates). 

6+ 6t 6+ 6- + 
1 2 

[RHZN .... CzO ... H..OH2] [RHZN .... C-O.H-OH21 

Carbinolamine formation between Girard T reagent and 
para-substituted benzaldehydes is subject to general acid 
catalysis by carboxylic acids. The Br~nsted plots for the 
general acid catalysis have slopes (a) between 0.19 and 0.37 
(Figure 4 and Table IV). Although the values of a are 
certainly larger than zero, there is only a small extent of 
proton transfer from the general acid catalyst to the car- 
bonyl oxygen. These a values are consistent with tran- 
sition state 2 in which the catalyst stabilizes the developing 
negative charge by hydrogen bonding. The attack by 2- 
methylthiosemi~arbazide,~~ thiosemicarbazide,12 and 
a~ethydrazide~ exhibit very similar Bronsted plots for the 
acid-catalyzed reaction, the values of a being 0.2,0.15, and 
0.11, respectively. 

In this work, the values of the catalytic constants for the 
carboxylic acids in the carbinolamine formation were found 
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to be sensitive to the presence of substituents on the 
benzaldehyde, with p+ = 0.70 (Figure 3). 

The reversible addition of nitrogen nucleophiles to an 
eletrophilic center such as carbonyl oxygen frequently 
proceeds with general acid-base catalysis, according to the 
class of rectionsm involving proton transfer to and from 
an electrophilic reagent. 

The structure-reactivity behavior for this reaction can 
be described by the reaction coordinate-energy dia- 
gram18i2s31 in Figure 5. The axes of this diagram are 
defined such that the x axis corresponds to the progress 
of proton transfer from the acid to the carbonyl group, as 
measured by the Brernsted coeficient, a, and the y axis to 
the progress of C-N bond formation, as measured by P,, 
(the slope of a plot of log k against pK,,). 

It appears to be well established3i4 that general acid 
catalyzed solution reactions of moderately basic nitrogen 
nucleophiles to reactive carbonyl compounds generally 
occur by a mechanism that involves formation of a zwit- 
terionic intermediate, Ti (Figure 5) ,  which is then trapped 
by a kinetically significant general acid catalyzed proton 
transfer to the oxygen of Ti. Alternative mechanisms for 
catalysis should become significant as the stability and 
lifetime of Ti are decreased, for example, by decreasing 
the basicity of the n u ~ l e o p h i l e ~ ~ ~  or the eletrophilic char- 
acter of the carbonyl c o m p o ~ n d . ~ ~ ~ ~  The addition of a 
weakly basic nucleophile corresponds to the pathway along 
the diagonal of the diagram (Figure 5).  The intermediate 
T+ does not exist or is too unstable to be able to participate 
in a preassociation mechanism. 

The addition of weakly basic nucleophiles to benz- 
aldehydes is assisted by stabilization of the developing 
charge on the carbonyl oxygen atom by hydrogen bonding 
to a buffer acid (eq 7). 

(29) Jencks, D. A.; Jencks, W. P. J. Am. Chem. SOC. 1977, 99, 
7948-7959. 

(30) Jencks, W. P. Chem. Rev. 1986,85, 511-527. 
(31) More OFerral, R. A. J. Chem. SOC. B 1970, 274-277. 

N~*>C=O*HA 

I I 

I I 
[NuS+. C .OS-. HA] NuLC- OH *A- (7) 

The general acid catalysis of carbinolamine formation 
between Girard T reagent and para-substituted benz- 
aldehydes must proceed by a reaction coordinate corre- 
sponding to a pathway that is predominantly diago- 
nal,18,21*32 Increasing the strength of the acid would be 
expected to shift the transition state to an earlier position 
along the reaction coordinate, with a corresponding de- 
crease in the extent of C-N bond formation; perpendicular 
to the reaction coordinate, the effect would be to increase 
the extent of 0-H bond formation (Figure 5).  The overall 
effect, in particular, the decreased extent of C-N bond 
formation, could account for the smaller value of p+ for 
the reaction catalyzed by hydronium ion, which is insen- 
sitive to the substituent effect. 

The carbinolamine formation from Girard T reagent and 
para-substituted benzaldehydes exhibits an increase in the 
Brcansted a values (0.19-0.37) for general catalysis as the 
carbonyl compound becomes less reactive. The overall 
effect of increasing the reactivity of substituted benz- 
aldehyde would be to decrease the extent of 0-H bond 
formation in the transition state, which could account for 
the smaller values of a (see Figure 5) .  

Thus, it is not clear whether the hydronium ion and 
buffer catalysis occur by a qualitatively different mecha- 
nism. Indeed, the different u+ values may simply reflect 
suitable differences in the structure of the transition state 
and location of the reaction trajectory on the energy dia- 
gram. 
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In 7:3 CH30H-DMS0 (v/v) in the presence of methoxide ion, diarylmethyl (arylsulfony1)methyl sulfoxides 
(Ar2CHS(O)CH#OAAI) 4, undergo elimination remarkably easily to afford the diarylsulfine and the aryl methyl 
sulfone (eq 4). Comparison of the rate of cleavage of 4 (keb) and the rate of disappearance of the 'H NMR signal 
(kcHso) for the Ar2CHS(0) proton in CD,OD-DMSO shows that the mechanism for the elimination is on the 
(ElcB),,/(ElcB)inev borderline, (kcH~/kelim) ranging from 1.2 to 5.2, depending on the nature of the Ar and 
Ar' groups in 4. Slight changes in structure can shift the mechanism from (ElcB), to (ElcB)i, as a result 
of their effect on the partitioning of the a-sulfinyl carbanion intennediate (ArzCS(0)CH$OzAr') 5, between cleavage 
to diarylsulfine plus ArS02CH2- (step kii, eq 8) and protonation to regenerate 4 (step ki). Structural changes 
that make Ar'SO2CH2 a better leaving group increase kii/k-i[MeOD] and shift the mechanism toward (ElcB)b, 
as does also an increase in the percentage of DMSO in the solvent. Structural changes in Ar that enhance the 
stability of 5 decrease kii/k-i[MeOD] and shift the mechanism toward (ElcB),,,. It is also shown that for 4 in 
general kii appears larger than would be expected for a leaving group of the basicity of Ar'S02CH2-. Repulsion 
between the dipoles of the S(0) and SOz groups in 5 is thought to be responsible. 

Earlier work2m3 on base-catalyzed, sulfine-forming elim- 
inations of (diarylmethy1)sulfinyl compounds has revealed 
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that while the methoxide-induced elimination of methyl 
diarylmethanesulfinates 1, eq 1, takes place by an 
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