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Abstract: The methoxyaminolysis of the unsymmetrically substituted formamidine I exhibits general base catalysis by 
amines, phosphate, and carboxylates. The catalytic constants are best correlated in the Bronsted relationship by two straight 
lines of 0 ^ 1 and /3 ^ 0 for PA-BH+ < 1.5 and pA"sH+ > 1-5, respectively, suggesting the existence of a short-lived covalent 
intermediate and kinetically significant transport processes. The data support a mechanism in which two sequential proton 
transfers occur, perhaps within a single encounter complex, the rate-limiting steps being (1) diffusion-controlled encounter of 
the intermediate and general base species for strong bases, and (2) either diffusion separation of or a "reorganization" within 
the encounter complex for weaker bases. General considerations for the aminolysis of amidines and certain enzymic reactions 
are discussed. 

The chemistry of formamidines has been of interest in re
cent years principally because of their role in folate mediat
ed biosynthesis of the purine nucleotides.5-6 The relevant 
transformations involve formamidines as electrophilic sub
strates in hydrolytic or aminolysis reactions. Although the 
mechanisms for general acid-base catalysis of formamidine 
hydrolysis have been studied in detail,7-14 relatively little is 
known about the mechanisms of aminolysis. To comment 
on these mechanisms, we have studied the general acid-
base catalyzed methoxyaminolysis of ethyl p-{[N-(2-
methoxyethyl)formimidoyl] methylamino|benzoate hydro
chloride (I) to give the product amidine II. The choice of 

CO2C2H5 CO2C2H5 

CH3N CH3N 
\ + \ + 

C=NHCH2CH2OCH3 C=NHOCH3 

H H 
I II 

methoxylamine as the nucleophilic reagent arises from the 
inability of non-a-effect amine nucleophiles to effectively 
compete with hydrolysis of the substrate. Design of the 
model formamidine I as a substrate for methoxyaminolysis 
is based on three considerations. (1) The basicities of the 
three participating amines, 7V-methylbenzocaine (NMB), 
/J-methoxyethylamine (/3MEA), and methoxylamine (MA), 
are sufficiently dissimilar to manifest divergent kinetic be
havior. (2) None of the three parent amines is acidic 
enough to exist as an anion at kinetically significant concen
trations in aqueous media,14 and, as a consequence, the net 
transamidination is formally symmetrical with respect to 
the prototropy required in formation and decomposition of 
any covalent addition intermediates. (3) The basicities of 
the NMB and (3MEA moieties approximate those of possi
ble donor and acceptor sites in the biochemical reactions.6 

The hydrolysis reactions of I and II are competitive side 
reactions under certain limiting conditions and are charac
terized in a brief study. 

Results 

The hydrolysis of I to give N- formyl-TV- methylbenzo-
caine was examined in various buffers from pH 8 to 10.5. 
Buffer catalysis is not observed, and the pH dependence of 

&obsd describes a simple titration curve. Since previous stud
ies have established the protonated amidine as the reactive 
species,9'13 the data are adequately described by a single 
term involving the hydrolytic reaction of hydroxide ion with 
the protonated formamidine AmH + , as shown in eq 1. The 

feotsd = V[Am\T
 = Ka + a / 0 H f l 0 H ( 1 ) 

first-order dependence on hydroxide ion is apparent from 
the unit slope of the pH-rate profile (Figure 1) for reaction 
of the protonated formamidine. The best fit is achieved 
using Kz= 1.48 X 10- 9M(pA" a = 8.83 ± 0.1) as the disso
ciation constant for monoprotonated I. The pKa as deter
mined spectrophotometrically is 8.98 ± 0.04. 

The kinetics of aminolysis of I by methoxylamine in the 
presence of various buffers are described by the rate eq 2, in 

*Am
0b3d = VT^-T = ir^r—|[MA]T1F-£"—\hAm + 
°bsd [Am] x K^ + flH (L 1TKUA + aH|_ 

feB
Am[B] + S M A

A l M A ] T ^ ^ - ] } (2) 

which [MA] T represents the total concentration of methox
ylamine, A-MA is the dissociation constant for methoxylam-
monium ion, B is the base form of the buffer, and koAm, 
&BAm, and &MAAm are apparent third-order rate constants 
associated with terms for the solvent, general base, and 
methoxylamine catalyzed aminolysis reactions, respectively. 
[AmJj, [AmH + ] , and A-

a are as defined above. 
The observed rates of the aminolysis reactions are cor

rected for competing hydrolysis on the basis of uv assay of 
reaction products at 8-10/1/2. With the exception of 
triethanolamine (pH 7.5) and triethylenediamine buffers 
(pH 8.65), all runs were conducted between pH 6 and pH 
7.4 with the formanilide product comprising less than 10% 
of the total product. At pH >7.5, hydrolysis becomes the 
predominant reaction. Hydrolysis of II also occasions a cor
rection in &Am

obsd, as discussed in the Experimental Sec
tion. 

That the overall reaction represents methoxyaminolysis 
of I is shown by isolation and characterization of the prod
uct amidine II. The second-order dependence of &Am

0bsd on 
[MA] j is evident from the upward curvature of a plot of 
^Amobsd vs. [ M A ] T (Figure 2) and typically reflects aminol
ysis catalyzed by a second molecule of methoxylamine.14 

Data for the phosphate catalyzed reaction at various pH's 
(Figure 3) reveal the base form of the buffer as the catalyti-
cally active species. Accordingly, a plot of &Am

0bsd/[MA]B 
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Figure 1. Log of observed first-order rate constants for hydrolysis of 
the protonated form of I as a function of pH: T = 25°; u = 0.6, KCl. 
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Figure 2. Observed first-order rate constants for methoxyaminolysis of 
I at various concentrations of methoxylamine: pH 6.7; T = 25°; ^ = 
0.6, KCl. 
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Figure 3. Observed first-order rate constants for methoxyaminolysis of 
I as a function of phosphate buffer concentration at 23% and 80% free-
base form: T = 25°; M = 0.6, KCl; [MA]1- = 0.1 M. The solid lines are 
calculated from the rate constants in Table I according to eq 2. 

vs. [MA] B (Figure 4) is linear with a slope of /cAmMA = 
0.082 M~2 min-1 and intercept k0

Am = 2.25 X 10~2 M'1 

min _ i , which are the apparent third-order and second-order 
rate constants for methoxylamine and spontaneous catalysis 
of aminolysis, respectively. Nucleophilic reaction of solution 
components other than methoxylamine is not evident in hy
drolysis experiments and is assumed to be negligible in the 
aminolysis reactions. Catalytic constants for all buffers, ex
cept triethylenediamine, were determined in the pH range 
of 6 to 7.5. In this interval, aH» Kz, KMA » « H , and eq 2 
simplifies to eq 3. The values of k&Am are obtained as the 

= V [An 

[MA]T(feQ
Am + £B

Am[B] + £MA
Am[MA]T) 

Figure 4. Apparent second-order rate constants for methoxyaminolysis 
of I as a function of free-base form of methoxylamine: pH 6.7; T = 
25°; v. = 0.6, KCl. 
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Figure 5. Apparent second-order rate constants for methoxyaminolysis 
of I as a function of concentration of free-base form of 2,6-lutidine: T 
= 25°; M = 0.6, KCl; [MA]x = 0.2 M. The solid line is calculated from 
the rate constants in Table I according to eq 2. 

slope of &Amobsd/[MA]T plotted as a function of [B]. Eval
uation of the lutidine catalyzed reaction, as illustrated in 
Figure 5, is representative of the treatment. The apparent 
third-order rate constants, &BAm, are given in Table I. Note 
that the intercept of A:Am

0bSd/[MA]T vs. [B] is the sum of 
the spontaneous and methoxylamine catalyzed aminolysis 
rates. A value for the spontaneous or solvent catalyzed reac
tion rate constant is obtained by subtracting k MA "[MA] 

(3) 

(evaluated at the appropriate methoxylamine concentra
tion) from the intercept. To allow comparison of the con
stants for solvent and buffer catalyzed reactions, the appar
ent second-order constant for solvent catalysis is divided by 
55.5 M. The single value of A;0

Am obtained alternatively as 
the intercept in Figure 4 is identical. The rate constants for 
general base catalyzed aminolysis are presented in the 
Bronsted relationship in Figure 6. Statistical corrections are 
not applied and, if applied, do not significantly alter the 
shape of the plot.15 

Discussion 

Exclusive of the Bronsted plot, the aminolysis data do not 
demand a sequential, stepwise mechanism for conversion of 
I to the product amidine II since a change in rate-determin
ing step is not evident. However, there is substantial indi
rect evidence that an orthoformamide such as III might be 
a discrete intermediate in the transamidination. In certain 
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Table I. Experimental Conditions and Rate Constants for General Base Catalyzed Methoxyaminolysis of I (T = 25°; /x = 0.6, KCl) 

Buffer 

Hydroxide ion 
Triethylenediamine 

(TED) 
Triethanolamine 

(TEA) 
2,6-Lutidine 

(Lut) 

Phosphate (Phos) 

Pyridine (Pyr) 
Methoxylamine 

(MA) 
Phenylacetic acid 

(PhAc) 
Methoxyacetic 

acid (MAc) 
Chloroacetic acid 

(ClAc) 
Cyanoacetic acid 

(CNAc) 
Dichloroacetic 

acid (DClAc) 
Trichloroacetic 

acid (TClAc) 
Trifluoroacetic 

acid (TFAc) 
H2O 

pAW 

15.7 
8.8» 

8.14« 

6.88» 

6.62« 

5.20« 
4.70« 

4.31» 

3.53» 

2.87» 

2.47» 

1.26» 

0.66» 

0.59» 

-1,74» 

[B]x, M 

0.05-0.15 

0.05-0.15 

0.05-0.15 
0.05-0.15 
0.05-0.15 
0.015-0.15 
0.015-0.15 
0.05-0.15 
0.015-0.15 
0.10-0.20 
0.10-0.60 

0.15-0.25 

0.10-0.25 

0.10-0.20 

0.10-0.45 

0.10-0.50 

0.10-0.30 

0.10-0.50 

55.5 

% free base 
form 

41 

17 

40 
58 
80 
21 
44 
66 
72 
98 
61 

>99 

>99 

>99 

>99 

>99 

>99 

>99 

PH 

8.65 

7.43 

6.70 
7.03 
7.50 
6.00 
6.50 
6.90 
7.00 
6.99 
6.7 

7.10 

7.10 

6.80 

7.23 

7.12 

7.10 

7.08 

No. of 
runs 

3 

3 

3 
3 
3 
6 
6 
3 
6 
3 
5 

3 

3 

3 

3 

3 

3 

3 

ArB
Am, M - 2 min_la 

<103» 
0.232 

0.256« 

0.215 

0.581 

0.19 
0.082 

0.226 

0.226 

0.102 

0.076 

0.022 

0.021" 

0.011» 

4.1 X 10-"/ 

" Determined by half-neutralization of the buffer.»A. J. Kresge, H. L. Chen, Y. Chiang, E. Murrill, M. A. Payne, and D. S. Sagatys, J. 
Amer. Chem. Soc, 93, 413 (1971). » See ref 27. d As defined in eq 2; [MA]T = 0.1-0.2 M. ' Upper limits as described in the Experimental 
Section. / Calculated as described in Results section. 

CH3 

CO9C9H5 

-N NHOCH3 

\ / 

H NHCH2CH2OCH3 

III 
favorable cases, substituted triaminomethanes have been 
isolated and characterized, but the instability of ortho am
ides with respect to conversion to amidines apparently pre
cludes detectable accumulation in protic solvents.16 Amino-
lysis of imidate esters and certain highly reactive acyl com
pounds14 has been shown to proceed through metastable co-
valent addition compounds with discrete formation and de
composition steps.17-18 Finally, formation and breakdown of 
III can be formulated without invoking intermediates which 
are sufficiently unstable to preclude a sequential and there
fore demand a "concerted" mechanism.17 

The rate law of eq 2 for general base catalyzed methoxy
aminolysis of I demands a transition state involving the ele
ments of neutral amidine, base form of methoxylamine, 
base catalyst, and a proton. Therefore, the rate law most 
likely represents general acid-base catalysis either of attack 
by MA on I or of the decomposition of protonated III. Re
jection of rate-limiting catalyzed addition of MA is based 
on the following grounds. (1) The analogous addition of hy-
droxylamine or methoxylamine to ethylbenzimidate cation 
or of amines to a phthalimidium cation is not general base 
catalyzed.18,19 

General base catalysis of MA attack on I would necessar
ily be a concerted process (i), in view of the instability of 
the amine anion (pA:a ~ 30) required in formulating the 

"1VH 

Figure 6. Bronsted plot of the apparent third-order rate constants for 
general base catalyzed methoxyaminolysis of I, T = 25°. Upper limits 
(see Experimental Section) are indicated by arrows. The catalytic con
stants and abbreviations are indicated in Table I. The solid curve is cal
culated from eq 6 using the parameters in Table II. 

CH, 
O H 

a+ I I 1+ 
B - H - N - C ^ N H R 3 

H NR1R2 

analogous stepwise process. For this mechanism, the limb of 
the Bronsted plot for catalysts pA^BH+ > 2 should have /3 > 
0, since the catalysis would include both proton transfer and 
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carbon-nitrogen bond formation. Moreover, the pA"a of the 
M A - A m H + adduct I H H + is estimated as a* 1.8, indicating 
the protonated ortho amide to be sufficiently stable20 so 
that concerted proton transfer and C-N bond cleavage 
which requires coupled multi-atom transfers and reorgani
zation appear to offer no significant advantage over the 
stepwise process involving deprotonation of the adduct. (2) 
General acid donation of a proton to a distal nitrogen of the 
neutral amidine, concomitant with MA attack (ii), is dis-

5+ 
CH3ONH2 

H 

C N--

NR1R, 

H 
6+ 

"B 

counted by the observation of general acid-base catalysis 
under experimental conditions where the protonated ami-
dine (pA"a ~ 9) comprises >90% of the total amidine. The 
rate law then is interpreted in terms of general base cata
lyzed reaction of protonated III or some subsequent, kineti-
cally equivalent process. 

The Bronsted plot of the apparent third-order rate con
stants for general base catalysis of the aminolysis reaction 
cannot be adequately described by a single straight line but 
is best described as a curve contiguous with a well-defined 
limiting slope where /3 =* O. Catalytic constants for amines 
limited by the experimental inaccessability of the appropri
ate PA-BH+ range nevertheless would lead to a /3 value sig
nificantly less than that for oxyanions if treated separately. 
Oxygen bases, moreover, are correlated only by a curve, in 
view of the fact that the upper limit of the rate constant for 
hydroxide catalysis, which is not observed, kcmAm ^ 103 

M~2 min - 1 , falls below the line given by water and phe-
nylacetic acid (/3 = 0.64) by at least three orders of magni
tude. There is no basis from the present information for as
signing a different mechanism to the water catalyzed reac
tion. 

Similar Bronsted plots have been reported for catalysis of 
other nucleophilic displacement or condensation reactions 
which proceed through short-lived, covalent addition inter
mediates.!5-21-22 The apparent change in transition state 
with varying catalyst basicity and the occurrence of pA"BH+-
independent general acid-base catalysis are usually attrib
uted to a mechanism featuring an intermediate of suffi
ciently short lifetime to preclude equilibration with respect 
to proton transfer from the components of bulk solvent, 
and, in the limit, imposition of a rate-limiting step involving 
transport and encounter of the intermediate and catalyst for 
at least one leg of the Bronsted plot.17 

H3C. 
\ 

CO2C2H5 

AmH + + MA 4== C-NHCH2CH2OCH3 J S 

H I 
+ NH2OCH3 

*-• [BH] 

IHH+ 

H3C 

CO2CH5 

\ ^ 

H3C 

V ^ 
H J NHCH2CH2OCH3 

NHOCH3 

III 

H - C 

CO2CH5 

+ /?MEA (4) 

+NHOCH3 

II 

The data for general base catalyzed methoxyaminolysis 
of I invite the above interpretation when considered in 
terms of a mechanism (eq 4) requiring general base cata
lyzed deprotonation of the initially formed ortho formamide 
I H H + in the rate-limiting step. The feasibility of a trans
port process becoming kinetically significant is determined 
by the lifetime of I H H + which, in turn, is determined by the 
magnitude of k_i, the first-order rate constant for reversion 
of I H H + to starting materials. Among supporting exam
ples, the first-order rate constants for expulsion of the 
amine from iii (pA"a = 9.1) and the hydrazine group from iv 

S 4NH2 

"O 

C H 3 C - N N ^ S N 

+NH2 H 

NH, 

(pA"a = 10) are estimated to be >108 sec -1 .21-15 Expulsion 
of methoxylamine from IHH + , assisted now by two adja
cent nonbonding electron pairs rather than an oxyanion, 
should occur with a comparable rate constant. In contrast, 
the rate of bimolecular encounter of the intermediate and 
lyate species is estimated at ca. 103 sec - 1 at pH 7, thereby 
precluding equilibration of the intermediate with respect to 
proton transfer with solvent. Deprotonation of the methox
ylamine nitrogen of I H H + by both lyate and buffer species 
then becomes kinetically significant. At the limits of high 
and low PA"BH+ for an uncomplicated proton transfer mech
anism, the rate-determining steps would be respectively dif
fusion-controlled encounter of I H H + and a basic catalyst 
when the proton transfer is in the thermodynamically favor
able direction (/3 = O) and separation of the conjugate pair 
(III • B H + ) when proton transfer is unfavorable (/3 = 1). A 
Bronsted representation of the mechanism should undergo 
transition from /3 = 1 to /3 = O at a PA"BH+ which approxi
mates that of the site of catalysis, i.e., where ApA" a ~ O for 
the proton transfer. 

The occurrence of the transition in the Bronsted plot at 
PA-BH+ — 2 is consistent with the proposed mechanism and 
implicates the methoxylamine nitrogen (pA"N = 1.8 in the 
orthoformamide)20 as the site of catalysis. A mechanism 
which is a kinetic equivalent of eq 4 features general acid 
catalyzed conversion of III to products with encounter-con
trolled (in the favorable direction) proton transfer to the 
/3MEA nitrogen. This mechanism likewise is incompatible 
with the Bronsted data, however, in that it predicts a break 
at a much higher PA"BH+ (PA"N2 > 4.8 in the orthoformam
ide).20 Rate-determining breakdown of III via a concerted 
mechanism involving general acid catalysis which becomes 
encounter limited with strong acids is compatible with the 
Bronsted data but is subject to the same criticism as the 
analogous mechanism for MA attack discussed above, i.e., 
there is no apparent advantage for a concerted pathway 
since a stepwise route would be devoid of any prohibitively 
unstable intermediates. A mechanism involving preassocia-
tion of the catalyst with reactants is similarly discounted 
since such a mechanism predicts a substantial increase in 
the apparent pA"Ni-22 

A more detailed view of the rate-limiting processes for 
catalysis by weak and strong bases is centered around the 
expanded mechanism of eq 5. The equation is formulated 

fttftB] fcpt Iix 

IHH+ = = * (HIH+«B> ^=== (HI-BH + ) =*== 
* . d - p t 

(111'H+-B) ===* A m H + ' + /3MEA (5) 
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with the following definitions and assumptions. HIH+ and 
111'H+ represent the ortho amide species protonated on the 
MA and /3MEA nitrogens, respectively. The step designat
ed kx represents a composite of processes effecting conver
sion of the (III • BH+) complex leading to 111'H+ via intra-
complex reorganization or diffusional separation, reencoun-
ter, and protonation of the /3MEA nitrogen of III. Protona-
tion of the /3MEA nitrogen is shown to be mediated by 
BH+, as is supported below. 

Let us first consider the possible behavior of catalysts 
within the limits pATN| < pATBH+ < PATN2- Diffusion togeth
er of UIH+ and B will be rate-determining since the proton 
transfer step, kpt, is strongly favorable thermodynamically 
and very likely exceeds the diffusion separation of (HIH+ • 
B) estimated at 10s-1010 sec""1.23 This line of reasoning is 

readily extended to include the case where pATan+ > P ^ N 2 . 
i.e., aminolysis catalyzed by highly basic amines where pro
ton transfer from BH+ to the /3MEA nitrogen in III be
comes thermodynamically unfavorable. In order for M B ] 
to remain rate-limiting, it is necessary that k _d(HIH+ • B) 
«kx (III • BH+).Since the ratioof (III • BH+) to (IHH+ • 
B) is simply ATN/ATBH+, whereas the proton transfer com
ponent of kx is proportional to ATBH+/^TN, the rate of the 
second proton transfer step remains invariant for bases of 
pAT BH+ > 5. On the other hand, the concentration of (IHH+ • 
B) decreases so that the term &_d(IIIH+ • B) decreases. 

Since diffusion together of HIH+ and B is already rate-de
termining for bases with limits 2 < pK^H+ < 5, no change 
in the rate step is anticipated, i.e., the catalysis remains en
counter limited. 

The above scheme features general base mediation of the 
two sequential proton transfers in order to satisfy the in
ferred requirement for facile catalysis of the second proton 
transfer step. Allowing BH+ to be replaced by water pro
vides (III • H2O) whose rate of decomposition will become 
competitive with that for (HI-BH+) as the pATBH

+ ap
proaches that for water. Since the ratio of (HIH + -B) / 
(III • H2O) is ca. 2 X 1O-3

 KBH+/KU\, whereas the proton 
transfer component of kx is not greater than 1012ATBH+/ 
ATN2, it can be shown that the rate of diffusion separation, 
A:-d(IIIH+ • B), is ca. equal to M I I I • H2O) for catalytic 
species of PATBH+ — 8. However, substitution of BH+ by 
water will not become the dominant catalytic mode for de
composition of III until PA-BH+ — 13, at which the higher 
concentration of water offsets the former's higher rate of 
proton transfer. Similarly substitution of HaO+ for BH+ is 
unlikely since at pH 7, the concentration of catalyst gener
ally exceeds that of H30+ by at least a factor of 103. Al
though it is conceivable that the required proton transfers 
occur within a one encounter complex for those situations 
where the rate of proton transfer exceeds that for diffusion
al separation, the present data do not distinguish between 
these alternatives. 

Let us now consider the nature of the rate-limiting step 
for catalysts of pATa < 2, where diffusion is not rate limit
ing. It is unlikely that all three encounter complexes of eq 5 
are at thermodynamic equilibrium, i.e., kpr is rate limiting, 
since the rate of proton transfer from the /3MEA nitrogen of 
III to the catalyst for weakly basic catalysts is probably less 
than that for decomposition of the ortho amide species 
HTH+. Moreover, this condition would lead to an observed 
/3 = 0 owing to the occurrence of two consecutive equilibria 
with pATBH

+ dependencies of +1 and —1 preceding kpr. As
suming the diffusional component of kx to be rate deter
mining, the steady-state rate eq 6 can be derived that af-

t Am *!_ fcg^d . . . 

Table II. Rate and Dissociation Constants for Evaluation of 
Equation 6 and Free Energies 

ki = 10"2 M~x sec1 t , = 3.9 X 1010 sec"1 » 
k-i = 1011SeC"1 A-N1 = 10-18A/6 

ki = 1010W-1SeC-1 AN. = 10"48W 
k-i = 3.9 X 1010 sec"1 ° AN, = IO"1-6 M 

Log Apt = 10 + 0.5(ApA:) 
Log kpt = 12 - log (ABH7(AN + AB))C 

""Best fit" value to data with the assumption of k-d = kx. b Calculated as in ref 20, a value of AN1 = 1.8 was used in evaluation 
of eq 6.c This function was used in evaluation of free energies where 
ApA is large. 

fords a satisfactory fit to the Bronsted plot. The best fit to 
the data is achieved using the constants of Table II and the 
expression log kpt = 10 + 0.5 (ApAT3) to describe the rate of 
proton transfer. In the limit of PATBH+ « 2, the denomina
tor term k-dKsH+/K^l dominates, and the Bronsted slope 
of unity is manifest from equilibration of the (HIH+ • B) 
and (HI-BH+ ) complexes, with the diffusion component 
of kx rate limiting. 

The degree of curvature for the theoretical curve in the 
vicinity of the break point is a consequence of the functions 
utilized to describe kpl. The data obtained for acid-base 
proton transfer, although generally accommodated with /3 
= 0.5 in the region ApAT a = 0, can in some instances, partic
ularly deprotonation of ammonium ion by oxyanions, be ac
curately approximated by a hyperbolic function.24 The posi
tion of the curve generated by eq 6 relative to the abscissa 
depends in part on the ratio ATBH+AKN1; values for PATN, of 
1.8 and 2.5 (not shown) afford satisfactory description of 
the data; for the latter case, the point representing water ca
talysis deviates positively by ca. 1.3 log units. Since PATN1 is 
estimated as 1.8, it appears, given the available data and 
uncertainty in the choice of a function for kpt, that the 
agreement between the observed and calculated values for 
ATN, are satisfactory. 

Achievement of the diffusion limit in the overall reaction 
provides an absolute second-order rate constant which, in 
turn, permits evaluation of the preceding equilibrium for 
MA addition to I. Taking k%Am = 0.22 M - 2 min-1 as an 
average of the catalytic constants where /3 = 0 and, again 
assuming that this represents diffusional encounter of 
IHH+ and B (ka ca 10i0 A/ -1 sec"), one can evaluate the 
equilibrium of eq 7. The resulting value, ATeq = 3.7 X 10~13 

* i 
AmH+ + MAB ^=* IHH+ 

(7) 
u [KIH;] 
A e 9 [AmH+][MA]B 

Af-1, intimates the instability of the protonated orthofor-
mamide IHH+. For IHH+ to exist as a discrete intermedi
ate, the first-order rate constant fc_i must not exceed 
~1012 sec-1;17 and, in order that methoxylamine attack not 
become rate limiting overall, k-\ > 10MB], or k-\ must 
not be less than ~1010 sec-1. With these limitations and 
ATeq, upper and lower bounds are estimated to be k \ = 
10-'-10-3AZ--1SeC-1 and M = 1010-1012 sec"1. 

Since expulsion of A'-methylbenzocaine (NMB) is not 
observed, a preference for protonation and expulsion of the 
most basic amino substituent in the (orthoformamide-
BH+) complex is indicated. The use of an a-effect amine 
nucleophile of low pATa and a more basic (by 2-4 pAT units) 
leaving group perhaps exaggerates the observed preference. 
However, a similar aminolysis reaction studied both in 
aqueous buffers and in DMSO using nuclear magnetic reso
nance affords corroborative data.13 Hydrolysis of the ami-
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dine IV in aqueous buffers proceeds through addition of hy
droxide ion to the methenyl carbon and conversion of the 

H NHCH2CH2OCH3 
+ 

IV 
resulting intermediate to the /V-(l-formyl)tetrahydroquino-
xaline derivative and /3-methoxyethylamine. A pH < 6.5, 
intramolecular aminolysis by the N-IO nitrogen competes 
with addition of hydroxide ion as evidenced by appearance 
of the amidine V. Since formation of the N-IO amidine VI 

CO2C2H5 

+NHCH2CH2OCH;, 

VI 
is not observed, the more basic /3MEA is implicated as the 
favored leaving group, a l though rapid, reversible expulsion 
of the N- I nitrogen cannot be entirely discounted. The ad
dition of 2 equiv of /3MEA to a D M S O solution of V in the 
nmr probe reveals rapid formation of VI followed by slower 
isomerization of VI to IV. Under these conditions, covalent 

IV C0,C,H, VI 
H H2NCH2CH2OCH, 

VII 
addition of /3MEA is unproductive, and product formation 
must reflect competit ion between expulsion of the N - I and 
N-IO nitrogens from the respective tau tomers of VII . As
suming tha t the relative pA"a's of the two potential leaving 
groups are not inverse in D M S O , the more basic amine 
leaves preferentially. Since formation of VI is reversible 
and, in analogy to the N - I and N-IO formyl derivatives, the 
N - I amidine is the more stable, expulsion of the less basic 
nitrogen (N-IO) is eventually achieved. 

These results, when considered together with the pro
posed mechanism for aminolysis of I, a re most easily rat ion
alized by assigning t ransport and proton transfer processes 
exclusively the role of determining the mode of decomposi
tion for highly reactive or thoformamides . In short, within a 
complex of neutral or thoformamide and general acid cata
lyst, the site of C - N bond cleavage is dictated by the equi
librium or rate of protonation of each of the three possible 
sites. Two limiting cases were obtained. (1) W h e r e the cata
lyst pAf B H + « P ^ N , in principle the ra te of protonation of 

all three nitrogens will be identical, regardless of their re
spective basicities, so tha t the product amidines would form 
on a statistical basis. (2) W h e r e the catalyst P A " B H + » 
pA"N, the ra te of protonation will reflect the intrinsic basici
ties of the various amines so tha t the more basic amine will 
be more rapidly protonated and expelled preferentially. 
With in the Eigen context, the first case corresponds to rate-
limiting diffusion encounter of I I I and B H + , whereas the 
second is equivalent to ra te-determining diffusion separa
tion of ( H I H + • B>, the degree of protonation of the amine 
being a function of their respective basicities relative to the 
catalyst . This analysis assumes the absence of steric effects 
or other molecular interactions tha t may direct protonation 
to a par t icular heteroatom. A consequence of this mecha
nism is observed in the kinetic product control found in the 
aminolysis and hydrolysis of the bridged methenyl salt 
yi2, i3 a s w e j j a s ,.J16 hydrolysis of VI. 

Construction of a free-energy reaction coordinate di
agram (Figure 7) illustrates the decomposition mode of the 
intermediate ortho amide as a function of the pK\i of the 
leaving amine. Free energies are evaluated for catalysis by 
hypothetical buffers of pA"B = 6 and —2, i.e., the limiting 
cases for strong and weak bases, and are subject to the as
sumptions that (1) the step designated kx represents a reor
ganization diffusion within the (HI-BH+) complex; (2) 
each of the diffusion steps on a given pathway, including in-
terconversion of complexes which differ only in orientation 
(ka, &-d, and Arx), are numerically equivalent to their coun
terparts on the alternate pathways; (3) the rate constants 
for C-N bond cleavage leading to the three possible ami
dines are equal, i.e., /3ig = 0; and (4) the rate coefficient for 
proton transfer is calculated from log kpt = 10 + 
0.5(ApA"a) as expressed above. Inspection of the resulting 
diagram for buffer of pA"e = 6 reveals preferential expul
sion of the most basic leaving group. This corresponds to 
the experimentally observed result of <5% NMB expulsion 
for methoxylaminolysis in phosphate buffer. Furthermore, 
whenever expulsion of the most basic amine is reversible, 
the next most basic amine will be expelled. In terms of actu
al rate or equilibrium within the encounter complex, the 
outcome will be the same, i.e., of the three possible catalyst-
amine pairs, the one with more basic amine will dominate in 
the product distribution. It would be instructive to examine 
the reverse aminolysis, i.e., aminolysis of II by /3MEA. This 
reaction is not, however, experimentally realizable owing to 
competing hydrolysis. A system wherein the /3MEA moiety 
is covalently linked to the product amidine is currently 
under investigation, in hopes of substantiating the proposed 
basis for leaving group abilities. 

In the absence of data suggesting covalent participation 
of enzyme, the mechanisms for the enzymic reactions ef
fecting (1) formimido group transfer from glutamic acid to 
H4-folate, (2) cyclodeamination of 5-formimino-H4-folate, 
and (3) 5,10-methenyl-H4-folate donation of the methenyl 
carbon to glycinamideribonucleotide 5'-phosphate (GAR) 
to give the A'-formylated product all formally demand in-
termediacy of orthoformamides related to VII and are 
subject to similar considerations.5,6 Since aminolysis of am
idines by non-a-effect amines is precluded by more rapid 
hydrolysis,9,10 the reactions 1 and 3 demand enzymic me
diation of the initial condensations. The net proton transfer 
required to transform VIII into 5-formimino-H4-folate (IX) 
is thermodynamically favorable but must be enzymically di
rected to prevent expulsion of ammonia. Maximum catalyt
ic efficiency would be achieved with one (or two) general 
acid-base site(s) of pA"a between ~1 and ~5 such that both 
transfer steps be thermodynamically favorable. Conversion 
of IX to 5,10-methenyl-H4-folate, via the appropriate 
orthoformamide, also requires a favorable proton transfer. 
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"O2C CH2CH2CHCO2
-

VIII 
The absence of strongly competing base sites in the inter
mediate is apparent from the quantitative nonenzymic con
version of IX to 5,10-methenyl-H4-folate in aqueous acid. 

The third enzymic reaction poses the problem of two sim
ilar mechanisms centered around either the 5- or 10-nitro-
gen of H4-folate.6 The results and conclusions above 
suggest that a single catalyzed proton transfer from the a-
amino group of GAR to the 5-nitrogen represents the prin
cipal energy barrier for access of the 10-amidine analogous 
to VI. Presumably, the instability of the 10-amidine relative 
to the 5-isomer, as indicated in the model studies, would 
also be reflected in the relative rates of hydrolysis, making 
the former amidine the preferred intermediate for carbon 
transfer. Here, again, the intermediate (X) for hydrolysis 

leading to carbon transfer requires protonation of the less 
basic nitrogen, which might render proton transfer to the 
10-nitrogen the major barrier, thereby maximizing the effi
ciency of simple general acid catalysis. Involvement of the 
10-nitrogen as the terminus for carbon transfer from H4-
folate is consistent with exclusive utilization of 10-formyl-
H4-folate in another enzymic formylation (5-formyl-H4-fo-
late is inactive) and the greater hydrolytic lability of the 
10-isomer.5 

Whether or not extrapolation to the enzymic reaction 
mechanisms is warranted, these data serve to illustrate fur
ther the critical balance between the basicities of the 5- and 
10-nitrogens which is required in order that H4-folate be, at 
once, a stable carrier and effective donor of the single car
bon unit. 

Experimental Section 

Materials. Ethyl p-KN-FormylJmethylaminoJbenzoate. This 
compound was prepared from ethyl p-(methylamino)benzoate and 
formic acid as previously described,13 mp 56-57°: uv Xmax (pH 
6.5-10.0) 265 nm(e 17,300). 

Ethyl p -j[A,-(2-Methoxyethyl)formimidoyl]methylaniino)beii-
zoate (I). The procedure of Mandel and Hill25 as modified by Ben
kovic, et a/.,13 was utilized to prepare this compound from ethyl 
p- [A'-formylmethylamino]benzoate, 2-methoxyethylamine, and 
phosphorus pentachloride, mp 151-152° (hydrochloride salt): uv 
Xmax (pH 6.5) 260 nm (e 20,000); \m a x (pH 10.5) 303 nm (e 
28,500). 

Ethyl /?-[(V-Methoxyformimidoyl)methyiamino]benzoate (II). 
This compound was synthesized in a similar manner to I as pre
viously described:13 mp 68-69°; uv Xmax (pH 6.5-7.5) 305 nm (i 
26,000). 

Products. Ethyl p-{[7V-(2-methoxyethyl)formimidoyl]methyla-
mino|benzoate (I) (200 mg, 0.67 mmol) was added to 15 ml of 0.2 
M Tris, pH 8.00, containing 0.2 M methoxylamine and stirred for 
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Figure 7. Free-energy reaction coordinate diagram based on the mech
anism of eq 5 and 6 where kx is a reorganization within or without the 
(III • BH+) complex. The rate constants used are given in Table II. 
Values are calculated from AF* = -1360 log K + 17,400 cal/mol, 
where k is a first-order rate constant (in reciprocal seconds) measured 
at 25°, and the maximum value of k (AF* = 0) is 1012-8 sec-1. A cata
lyst concentration [B] = 0.1 M is assumed. (Top) catalysis by buffer of 
pÂBH+ = — 2. (Bottom) catalysis by buffer of PKBH* = 6. 

4 hr. The precipitate which formed was centrifuged, washed with 
water, and dried in vacuo to give a white solid (90 mg, 57%). This 
compound was identical (melting point, ir, nmr, uv) with ethyl p-
[(7V-methoxyformimido'yl)methylamino]benzoate (II). 

To establish an upper limit for the amount of /V-methylbenzo-
caine formed in the aminolysis reaction, the reaction was run in 25 
ml of 0.12 M phosphate buffer, pH 6.75, 0.2 M methoxylamine, 
and 5 X 10 -4 M I. After 5 half-lives, the reaction was extracted 
with diethyl ether (3 X 25 ml). The extract was dried over anhy
drous potassium carbonate, and the solvent was removed on a rota
ry evaporator. The residue was dissolved in 1 ml of diethyl ether 
and gas chromatographed at 190° using a Barber Coleman Model 
500 with a 6 ft X 0.25 in. glass U-column packed with 10% EGSS-
X on 100/120 Gas Chrom Q. The instrument was equipped with a 
flame ionization detector. A control run employed an identical pro
cedure in which 5 X 10~5 M jV-methylbenzocaine was substituted 
for I. The chromatography indicated less than 5% of the aminolysis 
of I to proceed with expulsion of yV-methylbenzocaine. 

Kinetics. The instruments employed have been previously de
scribed.26 All reagents used were reagent grade. 

Kinetic runs (25°) were initiated by addition of 0.02 ml of a 
stock solution of the desired amidine hydrochloride salt in acetoni-
trile to a cuvette containing 0.1 M methoxyamine in 2 ml of aque
ous buffer. The final reactant concentration was 5 X 10 -5 M, ii = 
0.6, KCl. The course of the aminolysis reaction was followed by 
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observing the change in OD at 305 nm with time through 8-10 
half-lives. The pH of the initial and final solutions indicated a ApH 
< 0.02 unit. The reactions displayed pseudo-first-order kinetics, 
and k 0bsd (aminolysis + hydrolysis) was taken as the slope from a 
plot of In (OD„ — OD,) vs. time. The per cent aminolysis vs. hy
drolysis was determined from the ultraviolet scan of the reaction 
after 8-10 half-lives by use of extinction coefficients at 260 and 
305 nm of ethyl p- [(/V-formyl)methylamino]benzoate and prod
uct amidine. The corrected £0bSd (aminolysis) was obtained from 
&obsd X per cent aminolysis. 

At pH <6.3, hydrolysis of the product amidine II proceeds at a 
rate which is significant relative to the aminolysis of I under these 
conditions. The hydrolysis is buffer catalyzed and gives rise to A'-
formyl-/V-methylbenzocaine which exhibits no appreciable ab
sorption at 305 nm. As a consequence, the observed value of OD„ 
at 305 nm is erroneously low by as much as 15% in some cases, and 
the observed first-order rates exhibit slight deviations from lineari
ty after 2-3 half-lives. In such cases, the value of ODo, used in 
graphic determination of observed first-order rate constants is cal
culated from the known extinction coefficients of I and II at 260 
and 305 nm, respectively, and the initial concentration of I. as de
termined by uv scan at t ^ 0. The resulting plots of log (OD,*, — 
OD,) vs. time are linear to at least 4 half-lives and afford a more 
reliable value of A-Am

0bsd-
Upper limits on catalytic constants, ksAm, for buffer species ex

hibiting no observable catalysis are based on the assumption that a 
20% increase in the observed rate relative to the spontaneous rate 
might not be detected. 

The pKd of amidine(I) was determined spectrophotometrically 
at 303 nm by the method of Albert and Serjeant27 and was found 
to be 8.98 ± 0.04. 
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