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Toward a Complete Characterization of the Mechanism 
of Nucleophilic Aromatic Substitution by an Amine. 
Kinetics of Spiro Meisenheimer Complexes Derived from 
7V-Methylethanolamine1 
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Abstract: The kinetics of the reversible conversion of 7V-methyl-/?-aminoethyl 2,4-dinitronaphthyl ether hydrochloride (IEH2
+) 

into A'-methyl-Ar-/3-hydroxyethyl-2,4-dinitronaphthylamine (IAH), and of 7V-methyl-/3-aminoethyl picryl ether hydrochloride 
(2EH2

+) into A'-methyl-Ar-(3-hydroxyethyl picramide (2AH) has been studied in aqueous solution. The reaction occurs in two 
distinct stages, characterized by two relaxation times. The first is very rapid; it involves equilibrium deprotonation of EH2

+ 

(Scheme I) followed by intramolecular nucleophilic attack by the N-CH3 group to form a zwitterionic spiro Meisenheimer 
complex and deprotonation of the zwitterionic complex to form the more stable anionic form of the complex. The second stage 
is relatively slow and involves the conversion of the complex into the final product AH by three concurrent mechanisms: (a) 
C-O bond breaking in the anionic complex, followed by rapid protonation of the negative oxygen; (b) general acid catalyzed 
C-O bond breaking in the anionic complex which leads directly to AH, presumably by a concerted process; (c) direct conver
sion of the zwitterionic complex into AH for which four possible mechanisms are discussed. By simultaneously applying the 
temperature-jump, stopped-flow, the combined stopped-flow temperature-jump, and conventional kinetic techniques the rate 
constants for all the important elementary steps could be determined. Some of the most significant results and conclusions are 
(a) that in the first stage proton transfer between the zwitterionic and anionic forms of the complex is partially rate limiting, 
(b) that the pATa values of the zwitterionic complexes are quite low (~6), (c) that the transition states in the formation of the 
five-membered spiro complexes always appear to be complex like, and (d) that general acid catalysis of C-O bond breaking 
is rather weak. The implications of this last point with respect to the mechanism of general base catalysis in nucleophilic aro
matic substitution are discussed. 

Scheme I constitutes an intramolecular nucleophilic aro
matic substitution of an alkoxide ion by a secondary amine.2 

We found that the two substrates IEH and 2EH are sufficiently 

CH2CH2NHCH3 

OoN 

CH2CH2NHCH3 

EH 2EH 

activated to permit a kinetic study of the various elementary 
steps involved. Apart from the challenge of characterizing all 
elementary steps of a complex reaction, knowledge of these rate 
constants has great value for the detailed understanding of the 
mechanism of nucleophilic aromatic substitution by 
amines.3 

The system of Scheme I poses some experimental problems 
not previously encountered in simpler model systems.4 They 
stem from a combination of two features. The first is that the 
equilibration of the process EH <=> XH *± X - is very rapid 
(typical relaxation times 20 /iS-2 ms) which necessitates the 
use of the temperature-jump (TJ) relaxation method. The 
second is that, at the pH values suitable for the study of the EH 
«^ XH <=* X - process, AH is thermodynamically by far the 
most stable species of the entire system. Although the equili-

Scheme I 

CH2CH2NHCH3 

*NHCH, 

bration of the process X - «=s A - *± AH is much slower than 
that of the process EH «=s XH «=s X - , it is still fast enough, in 
the picryl derivative (2), to convert essentially all of the sub
strate into the AH form in a few minutes or less, i.e., before a 
decent TJ experiment could be performed. Hence these ex
periments had to be carried out by the combined stopped-flow 
temperature-jump (SF-TJ) method.5 

We now report a complete kinetic study for compounds 1 
and 2 in aqueous solution at 25 0 C. 

Results 

Mechanism and General Features. A complete reaction 
scheme is shown in Scheme II. Note that it includes an addi
tional species, EH2+ , not shown in Scheme I, which is in rapid 
equilibrium with EH. The definitions o( k\ and k-\ are ob-

CH,CH,NH,CH. 

NCH, 

O H refer to the uncatalyzed transformation 
to the presumably concerted general 

AH + B- ; k2 and 

vious; &4
OH and /c_4 

X - s=i A~, /c4
Band&-4 

acid-base catalyzed reaction X - + BH 
k-2 represent the direct conversion XH AH although not 

CH. 3 \ ^CH2CH2O CH 3 \ CH2CH2OH 

EH XH AH 
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Figure 1. Representative plots of l / n vs. total buffer concentration for 
1: (D) phosphate buffer, pH 7.40; (O) Tris buffer, pH 8.60; ( • ) Tris 
buffer, pH 8.64; (A) Tris buffer, pH 8.20; ( A ) Tris buffer, pH 8.23. 

Scheme II 

EH2 EH 

necessarily by a concerted mechanism (see Discussion); k}P 
and k-ip (the subscript p stands for proton transfer) are de
fined by eq 1 and 2 where &3p

s, *3P
O H , and &3p

B refer to the 
deprotonation of XH by the solvent, by OH - , and by a buffer 
base, respectively, while * -3 P

s , k-3P
OH, and k-ip

B refer to the 
protonation of X - by H+, by the solvent, and by a buffer acid, 
respectively. Our analysis will permit evaluation of all men
tioned rate constants as well as the acid dissociation constant 
of AH, k\, can be estimated. 

k3p=kips + kip°"[OH-] + kipZ[B] (1) 

k-ip = A:-3p
s[H+] + Ar_3p

OH + *-3p
B[BH] (2) 

Kinetic determinations were carried out in aqueous buffers, 
at various pH values, always under pseudo-first-order condi
tions and at constant ionic strength of 0.5 M, maintained by 
addition of NaCl. Two relaxation effects, with the relaxation 
times T] and T2, respectively, were observed. n refers to the fast 
process and is associated with the equilibration of EH2+ <=* EH 
<=s XH J=* X - , while T2 is the slow process, associated with the 
three reactions XH «=± AH, X - ** A - ^ AH, and X" + BH 
<* AH + B-, but always with EH2

+ ^ EH ^ XH <=± X -

acting as fast preequilibrium. 
In order to study n by the TJ method two conditions have 

to be fulfilled. The first is that a substantial fraction of the total 
substrate concentration is present in the forms EH2

+, EH, XH, 
and X - (rather than AH and A -) ; this is necessary in order 
to assure concentration changes in at least one of these four 
species which are large enough for spectroscopic detection. For 
the case where the equilibrium strongly favors AH and A - this 
cannot be achieved by compensating with a very high substrate 
concentration because of solubility limitations. 

sweep lOOjusec/div. 

Figure 2. Typical oscilloscope traces in SF-TJ experiment for 2, in phos
phate buffer (0.01 M), pH 6.93, as function of time elapsed after mix
ing. 

The second condition is that the ratio ([XH] + [X -]): 
([EH2

+] + [EH]) be not too extreme, in order to assure a 
satisfactory relaxation amplitude.6 

In a completely equilibrated solution these two conditions 
are not easily met at the same time. Thus in strongly acidic or 
strongly basic media the first but not the second condition can 
be met.7 At intermediate pH values the second condition is 
easily fulfilled but not the first because AH becomes the 
dominant species.8 The two conditions can, however, be met 
simultaneously by generating the four species EH2

+, EH, XH, 
and X - in situ by either of the following methods. One involves 
rapid (in the SF-TJ apparatus for 2) acidification of a strongly 
basic (pH > 12) solution of X - , prepared either by dissolving 
the easily accessible AH form9 in strong base or by dissolving 
the potassium salt of X - 9 in strong base. The basis of this 
method is that X - , upon acidification, first generates the 
kinetically controlled products XH, EH, and EH2

+ before the 
thermodynamically controlled AH has had time to form.10 In 
the other method the pH of a strongly acidic solution of EH2

+ 

is raised rapidly. We have used both methods with identical 
results. 

First Relaxation Time. The system EH2
+ *± EH «=* XH «=t 

X - is completely analogous to Scheme I in ref 4b or eq 2 in ref 
4a.1' In fact, the reciprocal relaxation time, 1/ri, has the same 
qualitative dependence on pH and on buffer concentrations 
as in these earlier systems. Again in analogy to these earlier 
systems we can treat the reaction EH2

+ <=* EH as rapid pre
equilibrium and XH as a steady-state intermediate which leads 
to 

1 fc,fc l*3p KE 
+ 

k-\k- 3£_ 

r, A:-, +k}pKE+ [H+] k-x+k 
(3) 

C3p A.E T i n j K-\ T / c 3 p 

Note that in eq 3 as well as in subsequent equations [H+] is 
defined as [H+] = «H+/7H+, where «H+ = 10 -pH, "YH+ = 0.74 
is the trace activity coefficient in 0.5 M NaCl.12 

For the naphthyl derivative (1) l / n was determined in a 
conventional TJ apparatus, as function of buffer concentration 
at a given pH. Several series, some at high buffer concentra
tions (typically 0.1 to 1.0 M), some at low concentrations 
(typically 0.005 to 0.015 M) were determined. Figure 1 shows 
a few representative plots whereas all experimental data, col
lected over a pH range from 6.7 to 8.85 (total of 63 data 
points), are summarized in Table I.13 

For the picryl derivative (2) the experiments were done in 
the SF-TJ apparatus. Figure 2 shows a typical oscilloscope 
trace as a function of the time elapsed after mixing an acidic 
solution of EH2

+ with base. The relaxation amplitude is seen 
to have decreased by 50% after about 2 min, due to conversion 
into the AH form. 

The use of the SF-TJ method made it difficult to adjust the 
pH of the reaction solutions to any predetermined value. 
Hence, instead of measuring l / n VS. buffer concentration at 
constant pH we measured l / n vs. pH at constant buffer 
concentration (for details see Experimental Section). Figures 
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Table III. l/r,(hi) and l/T,(no) for Picryl System (2) 

PH 

6.20 
6.40 
6.60 
6.80 
7.00 
7.20 
7.40 
7.60 
7.70 

1/T, (hi) 

Exptl 

33 200 
24 600 
18 200 
13 500 
10 200 
9 000 
8 400 

10 200 
11 200 

S"1 

Calcd 

32 800 
24 000 
17 000 
12 150 
9 110 
8 040 
8 430 
10 250 
11 870 

1/T1(IlO), 

Exptl 

12 400 
8 800 
5 800 
4 400 
3 600 
2 600 

2 450 
3 300 

s-

Calcd 

13 300 
8 470 
5 490 
3 700 
2 710 
2 250 

2 940 
3 250 

Table IV. 1/T1(W), k.Jk,pB, and l/r,(no) for the Naphthyl 
System (1) 

1/T1(W), s- 1/T1(IlO), S -

PH Exptl Calcd k.Jkip*,M Exptl Calcd 

6.70 
6.80 
6.90 
7.015 
7.275 
7.40 
7.56 
7.78 
8.01 
8.20 
8.23 
8.44 
8.60 
8.64 
8.85 

3240 3220 
2840 2590 
2000 2010 
1640 1565 
960 860 

>50 000 68200 0.054+0.018° 

20 000 ±6000 19400 0.21 ± 0.08* 

27 000+8000 21200 0.12 ± 0.06» 

580 
340 
240 

260 
400 

466 
382 
346 

386 
416 

600 555 
980 1020 

o Phosphate buffer. i> Tris buffer. 

3 and 4 show our data while Table II13 contains all numerical 
results. 

1/n at High Buffer Concentrations. Plots of 1 / n vs. buffer 
concentration approach a plateau value at high concentration. 
In mechanistic terms this plateau corresponds to the condition 
kiP =*. &3P

B[B] » k-\, i.e., deprotonation of XH becomes 
faster than the reversion of XH to EH. Here eq 3 simplifies 
to14 

T, (hi) ' /CE + [ H + ] + k. 
[H+] 

(4) 

where Kx is the acid dissociation constant of XH. 
In the picryl system 1 /T-J (hi)15a was obtained by drawing 

vertical lines through the pH profiles of Figures 3 and 4 and 
plotting the intersecting points vs. buffer concentration. Most 
of these plots virtually reached the plateau at high concen
tration and thus allowed one to obtain 1/n (hi) directly. They 
are summarized in the first column in Table III. 

In the naphthyl system the plots of 1/T, vs. buffer concen
tration did not quite reach the plateau; they were treated as 
follows. Since, except at the very lowest buffer concentrations, 
the /c3p

B[B] and £_3p
B[BH] terms of eq 1 and 2, respectively, 

are dominant, eq 3 becomes 

Tl 

k\kip
B[B] Kr- £-iA:-3pB[BH] 

*_, + A:3p
B[B] KE + [H+] Jfc_, + k3p

B[B] (5) 

which, upon inversion and arithmetic manipulation, affords 

k-AKB+[H+]) 
n = n ( h i ) + Ti(hi)- (6) 

* 3 p B K B [ B ] 0 

where [B]0 is the total buffer concentration and Â B is the acid 
dissociation constant of the buffer acid. Thus a plot of n vs. 
[B]0

-1 affords n(hi) = intercept, whereas the slope permits 
one to find k-\/k^ according to the following equation: 

Figure 3. 1/TI vs. pH at various phosphate buffer concentrations for 2: (O) 
0.005 M; ( • ) 0.01 M; (A) 0.02 M; ( • ) 0.1 M; (D) 0.2 M; (A) 0.25 
M. 

Figure 4. 1/n vs. pH at various Tris buffer concentrations for 2: (O) 0.01 
M; ( • ) 0.015 M; (A) 0.02 M; ( • ) 0.1 M; ( • ) 0.2 M; (A) 0.3 M; (O) 0.5 
M. 

k-\ _ slope K B 

fc3pB 
I (hi) A T B + [ H + ] 

(7) 

The results of this analysis are summarized in the first and 
third columns of Table IV. 

In the picryl system the 1/n (hi) data can be exploited to 
estimate k-\/Kx as follows. We assume that, below pH 7, the 
AIKE/ (KE + [H+]) term of eq 4 is negligible. Thus a plot of 
1/n (hi) vs. [H+] should be linear in that range, with a slope 
= k-\/Kx- Such a plot (not shown) is in fact reasonably 
straight although it has a slight downward curvature at the 
highest hydronium ion concentrations. This curvature suggests 
that the implied assumption which underlies eq 4, viz. that Kx 

» [H+], starts to break down at the lowest pH values used and 
that eq 4 needs to be replaced by 

1 
• « * i 

KE • + * _ , 
[H+] 

T1 (hi) ' " ' K E - T - [ H + ] • " " Kx + [ H + ] ( 8 ) 

This will be borne out by the results of the spectrophotometric 
determination of Â x (see next section). 

Hence we proceeded as follows. The initial slope of the plot 
of 1/n (hi) vs. [H+] was used to estimate k-\/Kx which 
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Figure 5. Spectrophotometric determination of Kx and KEK] for the picryl 
system, plot according to eq 8 at two different wavelengths; €530 = 8440, 
f54o = 5670. 

provided a good estimate of k-\ in conjunction with Â x de
termined spectrophotometrically. The value of k-\ was then 
later refined by a curve fitting procedure described in a sub
sequent section. 

In the naphthyl system the high uncertainty in l/ri(hi) only 
permits a crude estimate of k _ 1 /K\ and thus of k _ 1; however, 
the results could be refined by the same curve fitting procedure 
as for the picryl system. 

Spectrophotometric Determination of ZiTx and K^K\. Kx as 
well as KEK\(K] = k\/k-\) were determined by the same 
spectrophotometric method used before.4 A plot according 
to 

OD[H+] 
- t X H ^ E ^ l + «X 

KEK]KX 
(9) 

/[EH2
+J0

 A n c ' " [H+] 
where OD is the optical density, / is the path length, and 
[EH2

+Io is the stoichiometric substrate concentration, provides 
K\ as slope/intercept (assuming CXH = (X-) and KEKI as in
tercept/ex-; (\- is known.9 Two representative plots are shown 
in Figure 5. Our A"x and KEKI values represent the average 
from determinations at two or three different wavelengths. Due 
to rather low optical densities, particularly at the lowest pH 
values (typical OD range from 0.02 to 0.1), we estimate the 
error limit to be rather high. As a consequence there will be a 
considerable uncertainty in the parameters calculated on the 
basis of Â x or K]KE (see below). 

We can now use Kx in combination with k-\/Kx deter
mined from 1 /xi(hi) to obtain k-\. 

1/ri at Low Buffer Concentration. At low concentration 
\/T\ increases linearly with buffer concentration (see e.g., 
Figure 1). Both intercepts and slopes of such plots provide 
useful information. The intercepts are given by 

1 _ Mfc3p
S + fr3pOH[OH-]) *"E 

r,(no) *_, + £3p
s + fc3p

OH[OH-] KE + [H+] 
k-dk-ip

s[H+] + k- i £ 
OH 

+ fc3p
s + k 3p 

OH [OH-
(10) 

11T\ (no)l5b values are summarized in Tables III and IV. 
At low pH eq 10 greatly simplifies because the first term on 

the right hand side of the equation becomes negligible and 
/c3OH[OH~] « k-]. Furthermore, in the naphthyl system we 
have k-\ » ft3p

s so that for pH < 7.8 eq 10 reduces to 

l/T,(no) = *_3p srH+]+*-3pO H 
(H 

A plot of l/ri(no) vs. [H+] (not shown) affords /c_3p
s as slope, 

/c_3p
OH as intercept. This then permits one to obtain &3p

s = 
Kxk-ip

s and kip
OH = Kxk-^/K^ where Kw = 1.96 X 

10-14 16 is the ionic product constant of the solvent at ionic 
strength 0.5 M. 

In the picryl system the first term on the right hand side of 
eq 10 only vanishes at pH <6.6. Here we have fc-3p

s[H+] » 
/c_3p

OH, but /c3p
s is not negligible compared with k- \. Hence 

eq 10 becomes 

1 = k-]k-3p
s[H+] 

Ti (no) k-\ + k3p
s (12) 

and a plot of l/n(no) vs. [H+] (not shown) affords 
k-\k-i?

s/(k-\ + fc3p
s) as slope. Substituting kip

s = Kxk-}P
S 

in this slope leaves k-ip
s as the only unknown which is thus 

determined. 
This analysis does not provide &_3p

OH. We estimate that 
kip

OH is about the same as that in the Ar,A"-dimethyl-Af-pi-
crylethylenediamine system4a (5.2 X 109 M - 1 s_l) and cal
culate A:_3p

OH = k3p°»Kw/Kx. 
Curve Fitting to Equations 4 (8) and 9. At this stage all 

constants of eq 4 (8) and 9 except for k\ and KE are known. 
These latter are now found by simultaneously fitting the pH 
dependence of both 1 /TI (hi) and 1 /TI (no) to eq 4 and 9, re
spectively, in the case of the naphthyl system, to eq 8 and 9, 
respectively, in the case of the picryl system. By also allowing 
k-\io vary, the fit was considerably improved. The results of 
the best fit are shown in Tables III and IV. In view of the 
complexity of the system, we judge the fit as very satisfactory. 
The various kinetic and equilibrium parameters are summa
rized in Table V. 

Proton Transfer Rates (Buffers). The initial slopes of the 
1/TI VS. [B]0 plots (data at low buffer concentration) are given 
by 

initial slope = 

*,*, B ^EKB , . B [H+J 
*'*3p ( A - E + [ H + D ( A T B + [ H + ] ) + / C- '^"3 p ^ + [ H + ] 

k-i + k3p
s + k3p°"[OH-} 

(13) 

After substituting &-3P
B with k3P

BKB/Kx we are left with k3p^ 
as the only unknown in eq 13 from which it is calculated. The 
results, representing averages from slopes at several pH values 
are included in Table V. Note that the k-\/k3p

B ratios of Table 
IV agree, within experimental error, with those which can be 
calculated from k-\ and fc3p

B in Table V. This provides a test 
for internal consistency since the former is derived from data 
at high buffer concentration, the latter partially from data at 
low buffer concentration. 

Second Relaxation Time. For the reciprocal second relaxa
tion time which refers to the processes XH «=* AH, X - «=• A -

<=± AH, and X - + BH <=± AH + B, coupled to the fast equi
librium EH2 EH f± XH 5± X - , one obtains 

KEKM[H+] + KEKxKx{kA°" + A:4
B[BH]) 

KEK]KX + KE(K1 + I)[H+] + [H+]2 

fc-2[H
+] + A:A£-4OH + fr-4

B[B][H+] 
A-A + [H+] 

1/T2 was measured over a wide pH range and as function of 

+ - (14) 
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Table V. Summary of Results from First Relaxation Time and Spectrophotometric Determination of Kx 

KE, M (pKE) 

KxM (pKx) 
«3p > s 

[-' s-' 
M-' s": 

s"' 

^-3p > " 
* 3 P

O H , 

^ - 3 P 0 H 

^apPhos.M"1 S 
fc_3P

Phos.M-' 
pA"a

Ph°s 
* , p T r i s . M ~ 
/t_3pTris ; M 

s 
pKxd 
• ' s - 1 

s-' 

2.0 ± 0.2 X 10 - 9 (8.7) 
4.6+ 2.7 X 10" 
9.3 + 4.5 X 10s 

4.9 ± 3.0X IO-1 

7.5 + 3.2 X 10-7CSe-I) 
9.0 ± 2.5 X 103 

1.20 ± 0.20 X 10'° 
2.70 ± 0.9 X 109 

7.0 + 1.4 X 10' 
9.8 ± 3.0 X 106 

7.0 ± 3.5 X 106 

0.2 
8.0 ±3.0 X 106 

9.4+ 4.0 X 10" 
2.0 

3.2 ± 0.3 X 10 - 9 (8.5) 
9.8 ± 2.0X 10" 
1.2 ± 0.3 X 10s 

8.2 ± 4.0X 1O - ' 
2.2 ± 1.0 X 10-"(255J) 
4.3 ± 1.2 X 10" 
2.10 ± 0.40 X 10'° 
5.2 X 109C 

4.8 X 10' 
8.0 ± 3.0 X 106 

1.9 ± 0.7 X 
0.6 

1.6 + 0.4 X 
6.4 ± 2.0 X 

2.4 

2.2 X 1 0 -
1.20X 103 

1.93 X 10s 

6.2 X 10"3 

4.6 X 1 0 ^ * ( 
1.35 X 10" 
5.9 X 10'° 
5.2 X 10' 
4.45 X 102 

- 2 X 107 

=4.6 X 107 

0 
= 107 

= 3.8 X 10s 

1.8 

(8.7) 

<6.3)6 

aReference4a. bStatistically corrected. ^Assumed to be the same as for 3. dp/ira
Phos = 6.28, pA:a

Tris = 8.06 at 0.5 M ionic strength (ref 4a). 

buffer concentration. Our data are summarized in Tables Vl 
and VII.13 Buffer dependence was weak or undetectable; thus 
under typical conditions, viz. [B]0 ±? 0.05 M, the &4

B[BH] and 
&-4B[B][H+] terms in eq 14 are negligible. The pH depen
dences of 1/T2 are shown in Figure 6. 

1/T 2 at High pH. At pH > 10.6 we have KEK]KX » KE(K] 
+ I ) [H + ] + [H + ] 2 , Zt2[H+] « ^ x ^ 4 O H , and A:_2[H+] « 
#AA:_4OH in both systems so that eq 14 simplifies to 

T2 

= k4
OH + k-4

OH-
KA 

** + [H+l < l 5 ' 
1/V2 could conveniently be measured up to pH 12.8 for the 
picryl system, up to pH 13.5 in the naphthyl system; beyond 
that one quickly reaches the limit of the SF apparatus. As seen 
in Figure 6, log 1/V2 depends linearly on the pH with a slope 
of one, indicating KA « [H+] up to the highest pH. Thus the 
slope of a plot of 1 /T 2 VS. [ H + ] " 1 (not shown) is K\k-4OH 

while the intercept is k4
OH; k4

OH also corresponds to the pla
teau in the logarithmic plot of Figure 6. 

1/T2 at Low pH. At pH <7.5 for the naphthyl system, at pH 
<6.5 for the picryl system we have [ H + ] 2 » KEK]KX + 
KE(K] + I ) [H + ] so that, again neglecting buffer catalysis, eq 
14 simplifies to 

1 = KEK]k2 KEK]Kxk4
OH 

r2 [H+] + [ H + ] 2 + -

After rearranging one obtains 

+ -' 
KA*:-

O H 

[H+] 
(16) 

( l - /c- 2 ) [H + ] 

= KEK]k2 + KAk-4°» + 
KEK]Kxk4°" 

[H+ ] 

k-2 is very small and was determined from initial rate mea
surements discussed in the next section. 

In principle, a plot according to eq 17 would permit the 
evaluation of k2 because it is the only unknown in the intercept 
of such a plot. But the value so obtained would be very uncer
tain for two reasons. First, it is very sensitive to the errors in 
A ' A ^ - 4 O H and KEK]. Second and more importantly, at the 
lowest pH values (pH <6.3 for the naphthyl, pH <5.5 for the 

U 

in 

IN 10' 

Figure 6. pH dependence of 1 /T2; data at low buffer concentration where 
buffer dependence is negligible: (D) naphthyl system (1); (O) picryl system 
(2). 

picryl system) which are necessary in order to obtain reason
ably large intercepts, an unidentified decomposition reaction, 
presumably acid-catalyzed hydrolysis of EH and EH 2

+ , started 
to compete and interfere with the r2 process, making T2 de
terminations unreliable in this range. 

On the other hand, the slopes of plots according to eq 17, 
which are less sensitive to the above decomposition reaction, 
provide another way to evaluate k4

OH. The agreement between 
(17) this k4

OH and the one determined directly according to eq 15 
was well within experimental error; this provides another check 
of internal consistency with respect to Â i A^E^X-

Method of Initial Rates. Since the AH form does not appear 
to be subject to the decomposition reaction observed for the 
EH and EH 2

+ forms, the determination of initial rates of the 
conversion of AH into E H 2

+ permits more accurate mea
surements. We monitored the decrease in the concentration 
of AH in freshly prepared solutions of AH which were acidified 
to the desired pH in a acetic acid/acetate buffer. The data 
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IO 20 30 

10" 4 EH + ] - 1 

Figure 7. Initial rates as functions of [ H + ] " \ measured in an acetic 
acid/acetate buffer of [BH]0 = 0.20 M: (D) naphthyl system (1); (O) 
picryl system (2). 

which are summarized in Table VIII13 were evaluated ac
cording to 

(d[AH]/dQ„ 
[AH]0 

= k-y + 
KAk. .OH 

[H+] 
• + k-

KB 

KB + [H + ] 
[BH]0 (18) 

where (d[AH]/dr)0/[AH]0 is equivalent to the initial slope 
of the absorbance vs. time curve, divided by the initial ab-
sorbance.17 At low buffer concentrations ([BH]0 < 0.02 
M) the buffer term in eq 18 is again negligible; plots of 
(d[AH]/df )0/[AH]0 vs. [H+]"1 thus afford k-2 as intercept 
and A:AA:-4

OH as slopes (Figure 7). The latter agreed with 
A:A&-4OH determined from 1/T2 at high pH within experi
mental error. From k-2 one now also obtains A2 = A-2/A"_2 

with K-2 = KAK-4OH/KX-
Buffer Catalysis. Buffer catalysis by acetic acid was detected 

at high concentrations by the method of initial rates. Plots of 
(d[AH]/df)o/[AH]o vs. [BH]0 at constant pH are shown in 
Figure 8. According to eq 18 the slope is k-4

BKB/(KB + [H+]) 
from which we obtain k-4

B and finally k4
B = A-4

BA"B/ 
KAK. .OH 

Discussion 
The "grand prize" for the mechanistic chemist is to be able 

to characterize a complex reaction mechanism in as much 
detail as possible. Ideally this not only involves an elucidation 
of the structures of all intermediates and reasonable approxi
mations of the transition states involved, but a complete 
mapping out of the free-energy profile of the reaction, i.e., a 
determination of the rate constants of all elementary steps. We 
believe we have come quite close to this ideal in this study. Our 
results are summarized in Table V and IX; some literature data 
which permit the evaluation of structural effects on some of 
the elementary processes of Scheme II are also included. 

Before discussing the various rate or equilibrium constants, 
we should point out that in some cases the error limits are 
substantial, due to the propagation of errors in a complex 
mathematical analysis and/or due to the experimental diffi
culty of obtaining very good data in certain ranges. However, 
this should not distract from the principal conclusions, because 

"b 

O 0.2 0.4 0.6 0.8 
[AcOH] +[AcO"] ,M 

Figure 8. Initial rates as function of acetic acid/acetate buffer concen
tration: (D) naphthyl system (1), pH 5.10; (O) picryl system (2), pH 
4.89. 

these will depend on effects much larger than the most con
servatively estimated error limits. 

Rate-Limiting Proton Transfer. Despite the fact that the 
deprotonation of XH by OH - is virtually diffusion controlled'8 

(A3p
OH = 3-5 X 109 M - 1 s_1), the proton transfer between 

XH and X - is partially rate limiting in the sequence EH <=t 
XH «=s X - . This is a consequence of the high k- \ values which 
make k-\ > ( » ) A3p at low pH and low buffer concentrations. 
Thus the situation is quite analogous to that for 34a (see Table 
V); in fact for 2 A:_: is virtually the same as for 3, whereas for 
1 A:-, is about eightfold larger than for 2, quite a reasonable 
result in view of the somewhat weaker activation in I.19 

The implications of such high k-\ values with respect to the 
mechanism of base catalysis of nucleophilic aromatic substi
tution have been discussed elsewhere.4 

Proton-Transfer Rate Constants. The value obtained for the 
rate constants (Table V) referring to the various proton-
transfer pathways of the reaction XH «=* X - are comparable 
with those found for system 3.4a They conform to what one 
would expect on the basis of Eigen's18 work. The first expec
tation is that the reactions X - + H3O+ - • XH + H2O (Zc_3p

s) 
and XH + OH - — X~ + H2O (A3p

OH) are diffusion con
trolled or nearly so, while the rate constants of the respective 
reverse processes are determined by Kx and the respective 
forward rate constants. Secondly, one expects somewhat lower 
rates for proton transfers involving the buffer components, due 
to relatively small pK differences (pA"B - pKx) and further
more due to steric hindrance (tris) or special features which 
are known to slow down proton transfer (borate). For a more 
detailed discussion of these effects see our earlier paper.411 

Ai, A-i, K\. For 2 Ai is about twice as large as for 1, k-\ 
about eight times smaller and K\ about 17 times larger (Table 
V). This is consistent with the somewhat higher activation in 
the picryl system.19 

More interestingly, k\ and K\ for 2 are about 81-and 132-
fold larger than for 3, despite the fact that the basicity (KE) 
of the attacking HN-CH3 moiety is about the same in both 
systems. Possible factors accounting for the lower K\ in the 
case of 3 include greater ground-state resonance stabilization 
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Table IX. Summary of Results from Second Relaxation Time and Initial Rate Measurements 

k2, s'1 

k.2,%'1 

K.2=k 
fc4

OH, s 
-,/* 
- 1 

KAk^OHtJ 
KAK OH = 

K A c ° 
/UAc° 
kt

s, M-

M-1 

,M" 
' s - 1 

If"1 S"' 
= ***_ 

S ' 

- 1 S - 1 

I 

,,OH^4OH1 M- i 

I I 
O NCH3 

NO2 

Ix-

1.0 ± 0.5 X 10- 3 

3.2 ± 0.2 X IO"7 

3.2 ± 1.7 X 10"4 

3.4 ± 0.7 X IO"2 

8.3 ± 1.0 X IO"1 2 

2.4 ± 0.7 X 10- 1 0 

1.46 ± 0.21 X 10"1 

2.92 ± 0.29 X 10"6 

1.3 X 1 0 3 d 

I I 
O NCH3 

O 2 N Y ^ Y N O 2 

NO2 

2x-

2.8 ± 1.5 X 10- 3 

9.5 ± 1.0 X 10- 7 

3.4 ± 1.7 X 1 0 " 
3.5 ± 1.0 X 10- 2 

2.6 ± 0.2 X 1 0 " " 
7.4 ± 1.5 X IO"10 

2.94 ± 0.60 X IO"1 

7.7 ± 0.8 X IO"6 

1.3 X IO3** 

1U 
I I 

O O 
^ ^ N O g 

N O 2 

4" 

23b 
1.8 X IO-9"? 
6X 

1.8 

lO-">b,c 

25 6 

X 1 0 4 f t . d 

I I 
O O 

O 2 N Y ^ Y N O 2 

V^ 
NO2 

5 a 

9.5 X I0~2t> 
3.2 X 1 0 ' 8 c 

3.6 X IQ-'b.c 
0.9b 

2.2 X 1 0 3 M 

^Reference 20. 6Not statistically corrected. <? Calculated from CramptonV9 data by multiplication with A"w = 2 X IO-'4. dSee Discussion. 

C H 3 ^ + ,,CH2CH2NHCH3 CH3^+,,CH2CH2NHCH3 
N 

0,N 

in the EH form of 3 (3a, 3b), compared with 2, and perhaps a 
larger steric strain (eclipsing effects) in the five-membered ring 
of the XH form of 3 compared with the XH form of 2. Based 
on previous work20 we believe the former effect to be the more 
important one. 

It is noteworthy that in comparing 2 and 3 virtually the en
tire effect on A"; has its origin in a larger k\, whereas k-\ is 
affected very little by the structural change. This suggests a 
transition state which is very much complex (XH)-like. 

iVE and K\. Rather than emphasizing the slight differences 
in K^ (Table V) for 1,2, and 3,21 we note that K^ is essentially 
the same for the three systems and about tenfold higher than 
the acid dissociation constant of the ammonio proton of HO-
CH 2 CH 2 NH 3 This indicates a strong electron-with
drawing effect of the picryl and 2,4-dinitronaphthyl moieties; 
resonance structures such as 3a, 3b may be partially responsible 
for this effect. 

The Kx values show that XH is still substantially more 
acidic than EH 2

+ . The inductive effect of the oxygen atom (of 
N-CH3 for 3) can account for part of the effect but it appears 
that the picryl and the 2,4-dinitronaphthyl moieties add a 
substantial contribution to this electron-withdrawing effect, 
despite the negative charge.24 This is in agreement with the 
findings of Crampton,25 of Buncel and Webb,26 and with 
theoretical calculations of Zollinger et al.27 The A"x values 
reflect the expected greater electron-withdrawing effect of the 
picryl over the 2,4-dinitronaphthyl moiety (2 vs. 1) as well as 
the stronger inductive effect of oxygen compared with nitrogen 
(2 vs. 3). 

KAk-4
OH, * 4

O H , KAK-40H. The stability of X " relative to 
AH (KAK-4

OH) is about threefold higher for 2 compared with 
1 (Table IX). Assuming that KA

2S is about the same for both 
systems, this result would reflect a higher K-AOH for the more 
activated picryl system, as expected. Here it appears that the 
complex formation rate (KAk-4

OH) is entirely responsible for 
the effect on A"AA:_ 4

O H while the decomposition rate (/t4OH) 
is about the same for both 1 and 2; we recall that for the 
structural effect on K\ the main factor was a change in the rate 
of complex decomposition (k-\). This contrast is interesting 

but too subtle to warrant an extensive discussion of the possible 
reasons at this time. 

A comparison of 1 with 4,29 and of 2 with 529 (Table IX) is 
interesting and more revealing. Let us first focus on the picryl 
systems 2 and 5. Replacing the N-CH3 group by oxygen en
hances KAK-4OH about 500-fold. Since KA is unlikely to be 
much different in the two systems, the main factor must be a 
greater K-4

OH for 5. Note that this is similar to the afore
mentioned enhancement of K\ when comparing 2 with 3 
(Table V) and suggests a similar interpretation, viz. greater 
ground-state resonance stabilization in the A - form of 2 
compared with the A - form of 5, possibly coupled with a larger 
steric strain (eclipsing effects) in the five-membered ring of 
2 compared with that of 5; a third, additional factor may be 
a stabilizing effect of the two alkoxy substituents on the sp3 

carbon of X - for 5.30 A similar situation has been encountered 
before in comparing the stability constants ( A ^ A ^ - 4 O H ) of the 
2,4-dinitrophenyl analogous of 2 and 5 and was interpreted 
along the same lines.20 

The enhancement of KAK-4
OH when changing from 2 to 

5 is almost entirely due to an enhancement in the rate of 
complex formation (KAk-4OH), whereas the rates of complex 
decomposition (^4OH) differ very little. This is similar to the 
situation with the 2,4-dinitrophenyl analogous of 2 and 520 and 
also to the Kt process when comparing 2 with 3 discussed under 
the heading k\, k-\, K]. It again suggests a complex (X~)-like 
transition state. 

Let us now compare 1 with 4. Here the KAK-4OH in the 
ethylene glycol derivative (4) is only 2.5 times higher than in 
the A^-methylethanolamine derivative (1) but the complex 4 
forms {KAk-4

OH) about 200 times more rapidly than 1 while 
it also dissociates (&4OH) about 70 times more rapidly. In view 
of the comparisons in the picryl series (this work) and the 
2,4-dinitrophenyl20 series, the situation in the naphthyl series 
appears rather "abnormal". We suggest that it is mainly 4 
which behaves unexpectedly. This is best appreciated by 
comparing 4 with 5. This comparison shows that A"AA^_4OH 

is 600-fold smaller for 4 compared with 5; such a large dif
ference in complex stability between a picryl and a 2,4-dini
tronaphthyl system is, to our knowledge, without precedent,19 

and we have currently no explanation for it. 
kz, k_2, Kj. The question of the mechanism of the conver

sion XH ^t AH is an interesting one, both with reference to 
the spiro complexes as well as in the context of the uncatalyzed 
pathway of nucleophilic aromatic substitutions by amines.3 

There are four possible mechanisms, three of which are 
stepwise, one is a concerted process. 

1. C-O bond breaking/formation and proton transfer be-
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O +NHCH, NH 

(19) 

tween N and O occurs in separate steps, as shown in eq 19. 
Note that HA would be a very high energy intermediate. Let 
us consider two extremes. 

a. The reaction HA —• XH is faster than reaction HA —• 
AH which makes the proton transfer AH -»• HA the rate-
determining step for the reverse reaction (k-2). This is not an 
attractive mechanism for the following reasons. Assuming a 
pA"a of HA of ~—4.531 coupled with an estimated KA ~ 3 X 
10-15 28 leads to K = [HA]/[AH] MO"19. Thus in order to 
account for the experimental k-2 values (Table IX), the rate 
constant for the reaction HA -* AH would have to be >3 X 
10'2 s~', a value considerably higher than that for typical in
tramolecular proton transfers.32 Furthermore, such a high rate 
constant is contrary to the original assumption, viz. that the 
reaction HA —- AH should be slower than reaction HA —* 
XH. 

b. The reaction HA —• XH is slower than the reaction HA 
-* AH which makes C-O bond breaking the rate-determining 
step in the forward direction (k2). This mechanism can also 
be excluded by considering the implications for k-2- Here k-2 
is equal to K = [HA]/[AH] multiplied by the rate constant 
of the reaction HA -* XH. In order to account for the exper
imental k-2 values, it is now the reaction HA —• XH which 
would have to have a rate constant >3 X 1012 s_ l , again too 
high to be realistic and again in contradiction to the original 
assumption that the reaction HA -* XH should be slower than 
the reaction HA -»• AH. 

2. Slow C-O bond breaking/formation concerted with 
proton transfer involving the solvent/hydronium ion in the first 
step, rapid protonation/deprotonation of the oxygen atom in 
the second step, as shown in eq 20. 

,CH2CH2O" 

H,0* 

CH, ,.CH2CH2OH 

fast 

(20) 
This mechanism is a reasonable possibility and provides a 

natural explanation as to why k2 is lower than fc4
OH (34-fold 

for 1,12.5-fold for 2): in X - {kfH processes) the lone pair on 
the nitrogen atom is fully available to assist leaving group ex
pulsion, whereas in the mechanism of eq 20 the lone pair is only 
partially available. This interpretation, though attractive, does 
not constitute a proof of this mechanism. 

3. Fast proton transfer between XH and X - in the first step, 
rate-limiting C-O bond breaking/formation catalyzed by the 
hydronium ion/solvent in the second step, as shown in eq 21. 
In this mechanism k2 is given by eq 22. 

XH 4 H2O X" -I- H3O
+" 

X" + H1O
+ *.s 

H 2 O - H - O NCH, 

*=*= AH + H2O (21b) 

k2 = KKkt
s (22) 

The equivalent of this mechanism was ruled out for the 
uncatalyzed pathway of nucleophilic aromatic substitutions 
by amines involving 2,4-dinitrophenyl or similarly activated 
substrates on the grounds that it requires unrealistically high 
&4S values (eq 22).33 In the present situation, however, it is a 
perfectly reasonable mechanism. Indeed, the &4S values cal
culated on the basis of eq 21 (included in Table IX) are of 
comparable magnitude to the directly measurable rate con
stants of the hydronium ion catalyzed C-O bond breaking of 
the spiro complexes 4 and 5. Whether this is a coincidence or 
should be taken as supporting evidence for this mechanism 
cannot be decided at present. 

4. A mechanism which appeared to us as the most attractive 
possibility for the uncatalyzed pathway of nucleophilic aro
matic substitutions by amines3 is a concerted, intramolecularly 
acid catalyzed leaving group departure with a transition state 
such as 6 or 7. 

However, in spiro complexes the steric interference by the 
two methylene groups of the five-membered ring probably 
renders this mechanism impossible. 

General Acid/Base Catalysis, /t4
B, fc_4

B. We found that in 
an acetic acid/acetate buffer a general acid/base catalyzed 
pathway contributes to the reaction. This implies a mechanism 
which is probably concerted, with a transition state such as 
8. 

B-.-H-O.. .NCH, 

We note that the relative importance of the catalytic path
way compared with that of the noncatalytic route, as measured 
by the ratios fc4

Ac°/&4
OH, is quite similar to that found in the 

respective ethylene glycol analogues 4 and 5 (£4
Ac°//c4

OH = 
4.3 for 1, 8.3 for 2, 10.9 for 4, 9.5 for 5). 

We feel that the significance of our results lies less in the fact 
that general catalysis is observed than in the smallness of the 
effect. Indeed it takes a ~1 M concentration of acetic acid to 
achieve a mere fourfold acceleration of the conversion X - —• 
AH in the case of 1, or a ~0.5 M concentration for the same 
acceleration in the case of 2; with the less acidic general acids 
such as HPO4

2- , trisH+, HC03 - , or boric acid the catalytic 
effect was undetectable. These findings are significant in the 
context of the mechanism of general base catalysis in nucleo
philic aromatic substitutions by amines.3 The mechanism 
which has been most generally accepted is the SB-GA mech-

(21a) anism;3'34 it involves a rapid equilibrium deprotonation of the 
initially formed zwitterionic intermediate complex (equivalent 
to XH), followed by rate-limiting, general acid catalyzed 
leaving group expulsion (equivalent to &4

B step in Scheme 
II). 

Our results suggest that acid catalysis of leaving group de
parture by the acids present under typical reaction conditions 
of nucleophilic aromatic substitutions by amines, viz. the 
protonated amine nucleophile, is too weak to be significant. 
This then constitutes a further argument against the SB-GA 
mechanism as a general proposition, at least in protic 
media.35 
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Experimental Section 
Materials. /V- Methyl-/V-j3-hydroxyethyl-2,4-dinitronaphthylamine 

(IAH). A'-methyl-7V-/3-hydroxyethyl picramide (2AH), TV-methyl-
/3-aminoethyl 2,4-dinitronaphthyl ether hydrochloride ( IEH 2

+ ) ' W-
methyl-/3-aminoethyl picryl ether hydrochloride (2EH2+)I and the 
respective spiro Meisenheimer complexes Ix- and 2x- were available 
from a previous study.9 The buffers, HCl, NaOH, and NaCl were 
analytical grade commercial products and were used without further 
purification. 

For solubility reasons it was sometimes more convenient to work 
with stock solutions of the substrate in Me2SO. After appropriate 
dilution the reaction solutions never contained more than 2% of 
Me2SO. 

Rate and Equilibrium Measurements. For 1 the first relaxation time 
was measured on a Messanlagen36 Transient Spectrophotometer. 
Typically, solutions equilibrated at 22 0C, were subjected to 3 0C 
temperature jumps, giving a reaction temperature of 25 0C. The re
laxation effect was monitored at or near the absorption maximum of 
the X - form, viz. 500 to 530 nm.9 The reaction solutions were usually 
prepared from acidic stock solutions of the EH2

+ form to which the 
appropriate amount of buffer and electrolyte was added and whose 
pH was adjusted to the desired value as measured on a Corning digital 
pH meter. In some experiments the reaction solution was prepared 
starting with a stock solution of the X - form, or a stock solution of the 
AH form which was first made strongly basic (to generate X -) before 
adjusting it to the desired pH. The relaxation time was always found 
to be independent of the procedure used. 

In the case of 2 the temperature-jump experiments were carried 
out on a Durrum37 Model D-150 SF-TJ apparatus. In a typical ex
periment an unbuffered, slightly acidic solution of the EH2

+ form (0.5 
M ionic strength) was placed into one syringe of the SF-TJ apparatus, 
a buffered solution (0.5 M ionic strength) of approximately the desired 
pH into the other. The syringes were thermostated at 18 0C. The TJ 
pulse of 7 0C was triggered a few seconds after the two reagent solu
tions had been mixed, bringing the reaction solution to 25 0C. The pH 
of the reaction mixture was determined in a mock reaction solution, 
prepared by mixing, at 25 0C, two equal volumes of the stock solutions 
which had been used to fill the syringes of the SF-TJ apparatus. The 
relaxation effect was monitored between 427 and 520 nm (Xmax of X~ 
427 nm). An alternative procedure which was occasionally used was 
to replace the acidic EH2

+ solution with an alkaline solution of the 
X - form in the first syringe. As with 1, the relaxation time was inde
pendent of the procedure. 

For both systems, the reported relaxation times represent the av
erage of at least three independent oscilloscope traces. 

In basic media (pH >8.70 for 1, pH >7.64 for 2), the second re
laxation time was determined on a Durrum37 stopped-flow apparatus. 
At pH >9.5, where the X - form is thermodynamically favored over 
the AH form, the process was initiated by mixing the AH form with 
base or an appropriate buffer while the relaxation process was moni
tored by recording the increase in absorption around 500 nm due to 
the formation of X - . At pH <9.5 where AH is more stable than X -

an inverse procedure was used, viz. the reaction was initiated by mixing 
the X - form with an appropriate acidic buffer and again monitored 
around 500 nm (decrease in absorption). 

At pH <8.20 for 1, pH <6.81 for 2 the second relaxation time was 
determined in a conventional (Gilford) kinetic spectrophotometer. 
Here the reaction was initiated by mixing an acidic solution of EH2

+ 

with the appropriate buffer. Conversion of EH2
+ into AH was mon

itored around 400 nm where the AH forms strongly absorb while 
absorption by EH2

+ is minimal.9 

The initial rate determinations were also carried out on the Gilford 
instrument. Here the decrease in absorption at 420 nm for 1, at 390 
nm for 2, due to the conversion of AH into EH2

+ was recorded after 
mixing an AH solution with the appropriate acidic buffer. 

In the equilibrium (A x̂. ^EA" i ) determinations, the same general 
procedure described earlier,4 was used. However, due to the slow 
conversion into AH, several absorbance readings had to be taken at 
short time intervals immediately after preparing the solution; the 
absorption at zero time was then found by extrapolation. 
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