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Abstract: The reactions of the free base forms of ethyl p-[N-(tetrahydro-2-quinolinylmethylene)amino]benzoate (2) and
ethyl p-[N-(tetrahydro-3-quinolinylmethylene)amino]benzoate (3) with formaldehyde to form the imidazolidine § and the
hexahydropyrimidine 6, respectively, exhibit pH-rate profiles containing two hydronium ion catalyzed limbs separated by a
pH-independent plateau. These data are interpreted in terms of a carbinolamine intermediate and a change in rate-determin-
ing step with changing acidity. In alkaline solution, the rate-determining step is the general-acid-catalyzed dehydration of
the carbinolamine intermediate. In acidic solution, the rate-determining step is the attack of amine upon formaldehyde,
which exhibits catalysis by general acids and the solvated proton, and, as well, a pH-independent pathway. In contrast to an
earlier formulation by others, the reaction of ethyl p-[N-(1,2,3,4-tetrahydro-2-quinoxalinylmethylene)amino]benzoate (1)
with formaldehyde to form the imidazolidine 4 appears to proceed with the accumulation of a hexahydropyrimidine interme-
diate 4a, the formation of which shows kinetic characteristics comparable to those described above for the formation of §
and 6, These pH-rate data for the formation of 4a reveal the occurrence of a change in rate-determining step and provide ev-
idence for the existence of a carbinolamine intermediate, which also is observable spectrophotometrically under appropriate
experimental conditions. The further reaction of the hexahydropyrimidine intermediate to form the imidazolidine product is
many-fold slower than the rate of 1 — 4a formation at all pH values and the 4a — 4 isomerization exhibits a pH-rate profile
which also contains two hydronium ion catalyzed limbs separated by a pH-independent plateau. There is, therefore, a change
in rate-determining step with changing acidity and the presence of an intermediate (iminium cation) in the isomerization of
4a to 4, The intermediate, 4a, has been isolated and partially characterized. The equilibrium constants for the formation of
neutral hexahydropyrimidines and imidazolidines from neutral diamines and formaldehyde fall in the range 3.7 X 102-7.3 X
10° M~!and 8.0 X 104-6.3 X 105 M1, respectively. The existence and accumulation of hexahydropyrimidines in the reac-
tions of the tetrahydroquinoxaline derivatives with formaldehyde and not in the reactions of tetrahydrofolic acid (THF) with
formaldehyde suggest that one role of the adjacent pyrimidine moiety is to inactivate the Ng site in order to diminish this

type of spurious reaction in THF involved reactions.

From a cursory examination of the structure of tetrahy-
drofolic acid (THF), the possible chemical basis for the
multiplicity of functional groups in that molecule in relation
to the roles of THF in one-carbon metabolism is inapparent.
Nevertheless, secure in the assumption that the complex
structure of THF does not merely reflect requirements for
binding processes,* a number of studies have emerged de-
signed to provide structure-function correlative informa-
tion. In most cases, model compounds have been employed
and studies have involved in one manner or another imida-
zolidines (z) which are “active formaldehyde” analogs,’-#

Extensive kinetic studies by Benkovic and his associates®’
of imidazolidine formation from tetrahydroquinoxaline de-
rivatives (1) and formaldehyde (eq 1) indicated a change in
rate-determining step with changing pH. The data were in-
terpreted in terms of Scheme I and used to provide prelimi-
nary structure-function hypotheses regarding THF. In the
formulation of the mechanism in Scheme I, the central in-
termediate that accumulated was assigned as a carbinolam-
ine with (i) carbinolamine formation occurring in a rapid
prior equilibrium step; (ii) hydronium ion catalyzed dehy-
dration (k3’) of the carbinolamine to form an iminium cat-
ion intermediate as the rate-determining step in alkali; and
(iii) hydroxide and solvent-catalyzed ring closure (k3 and
k3) of the iminium cation intermediate as the rate-deter-
mining step in the more acid pH region. On the basis of our
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previous studies of formaldehyde reactions with amines (in-
cluding THF itself)® a number of serious discrepancies be-
came apparent regarding the interpretation of the experi-
mental data for the tetrahydroquinoxaline derivatives in
terms of Scheme 1.

(i) The identity of the intermediate formed from amine
and formaldehyde which was revealed by the rectangular
hyperbolic progression from first-order to zero-order depen-
dence of the rate of product formation upon formaldehyde
concentration (characterized by an equilibrium constant for
adduct formation of 5 X 10®> M~!) appears to be incompati-
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ble with simple carbinolamine formation on the basis of the
magnitude of the equilibrium constant®-!! and the “lag”i%
in absorbance measurements attributed to the formation of
that intermediate ina one-step reaction,

(ii) Cyclization has not been demonstrated to be rate de-
termining in the formation of any cyclic systems by a direct
pathway from bifunctional amine derivatives'®® and car-
bonyl compounds (e.g., in the formation of thiazolidines or
imidazolidines including Ns,Ng-methylene tetrahydrofolic
acid).®9-12

(iii) The rates in the alkaline region attributed to dehy-
dration of the hydroxymethylamine intermediate (I in
Scheme I) show a several-fold greater dependence upon the
effects of para substituents of the aminobenzoyl moiety®” in
1 than expected for the transmission of inductive effects
through the insulating ethylene groups.

(iv) The rate constants for product formation, when al-
lowance is made for basicity and possible reactivity differ-
ences at the nucleophilic center, are more than an order of
magnitude less than expected in the alkaline region for the
dehydration of the carbinolamine, I to its Schiff base, I1
(Scheme 1).8-10.12 '

In order to clarify these discrepancies of interpretation
and to contribute further to an understanding of the rela-
tionship of the structure to the function of THF, we have
extended our earlier studies of formaldehyde reactions to a
consideration of this particular system involving the same
tetrahydroquinoxaline derivative (eq. 1, 1), We now present
uv, 'H NMR and ir spectroscopic, thermodynamic, and ki-
netic evidence that the intermediate observed kinetically by
Benkovic et al.%7 is not a carbinolamine but rather repre-
sents the intervention and accumulation of hexahydropyri-
midine (4a), a possibility considered and rejected previously
by those workers®’ in the kinetic pathway to the formation
of the more stable imidazolidine product (Scheme II), This
conclusion is based in large part upon kinetic and equilibri-
um studies of compounds 2 and 3 with formaldehyde to
form compounds § and 6 (eq 2 and 3), respectively, which
serve as models for the formation of the cyclic compounds 4
and 4a, which involve the N; and Ny sites of 1, respectively.
Further, with the isolation and demonstration of the kinetic
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competency of the hexahydropyrimidine intermediate 4a,
the mechanism of imidazolidine formation from 1 must be
revised and the previous conclusions®’ relevant to THF
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based upon the mechanism of imidazolidine formation in
the model system require substantial modification,

Experimental Section

Materials. Reagent grade 1,4-dioxane (Fisher) was purified ac-
cording to the procedure of Fieser,!? stored with metallic sodium,
and distilled daily, Deionized water of greater than 5 X 105 ohm
cm specific resistance was used throughout, Kinetic and equilibri-
um studies were condycted at 0.1 M maintained with KCI, unless
noted otherwise. Melting points are recorded uncorrected and the
'H NMR standard was tetramethylsilane,

Synthesis of Diamines and Imidazolidines. In Table I, the char-
acterization of the synthetic products (Figure 1, A and B) is sum-
marized, Products were subjected to TLC on silica gel G and ex-
amined under ultraviolet light after development in the following
solvents (ratios expressed as v/v): A, 10;1 cyclohexane-ethanol; B,

Journal of the American.Chemical Society | 97:25 | December 10, 1975



7361

Table I, Characteristics of Tetrahydroquinoline and Tetrahydroquinoxa]ine Derivatives and Their Formaldehyde Adducts

Syn- Ry, TLC?
thesis 'H .
Compd ref %yield Mp, °Ch Cca Ha Na Ir NMR A B C D E F
1 6 80 131-134 69.42 6.89 13.58 b d 0.085 0.65 0.60 0.71
(131-134)S 69.43 6.79 13.49
la 6 95 138-139 c 0.20
(138-139)S
2 7 10 93-94 73.39 7.34 8.87 b d 0.25
(93-94)/ 73.50 7.10 9.05
2a 7 80 138-139 c 0.32
(138-139)7
3 e 5 122-123 73.19 7.06 8.92 b d 0.62
73.50 7.10 9.05
3a e >98 83-85 c 0.11
4 6 >98 168-169 70.58 6.47 12.51 d 0.20 0.65 0.87 0.71
(168-169)S 70.56 6.54 1298
4a e >98 100 dec 70.50 6.85 12.68 b d 0.24 0.62 0.58 0.68
70.56 6.54 12.98
5 7 ~70 149-150 74.23 6.88 8.51 d 0,71
(148-149)S 74.60 6.80 8.70
42 e 1.0 0.42 0.72
4a8 e 1.0 0.60

@ Found, in italics (Huffman Laboratories). » N—H stretching at 3300—3400 cm ™ and bending at 1510 cm ™. ¢ C==N stretching at 1630
em™. 9 See Figure 1. € See Experimental Section, f Literature values. £ Borohydride reduction products, h Values uncorrected.

5:2 cyclohexane-ethanol; C, chloroform; D, ethanol; E, tetrahydro-
furan; F, 1,4-dioxane. Additional details regarding the syntheses
and modifications of published procedures are given below.

Ethyl p-{ N<2-Quinoxaldylidene)amino]benzoate (1a). The prepa-
ration of quinoxaline-2-carboxaldehyde was by the method of
Borche and Doeller:14 mp 107-108° (lit.!4 107-108°). The prepa-
ration of the Schiff base was by the method of Benkovic et al.é

Ethyl  p{N<1,2,3,4-Tetrahydro-2-quinoxalinylmethylene)ami-
noJbenzoate (1), The preparation of this amine was by the method
of Benkovic et al.6

Ethyl p{ N{2-Quinaldylidene)amino]benzoate (2a), The prepara-
tion of quinoline-2-aldehyde was by the method of Kaplan:!> mp
68-70° (lit.!> 68-70°). The preparation of the Schiff base was by
the method of Benkovic et al.6 with the following modifications.
(1) Following 5 hr of reflux, the reaction mixture was permitted to
stand overnight and refluxed for an additional hour the following
day. This aided the removal of all of the water and improved the-
yield of Schiff base. (2) The Schiff base-benzene solution was
evaporated to dryness in vacuo to give a yellow oil which was tritu-
rated with cold ethanol to induce crystallization. (3) The Schiff
base crystals were washed with a small amount of cold ethanol and
then recrystallized from toluene-petroleum ether.

Ethyl p{N~(Tetrahydro-2-quinolinylmethylene}Jamino]benzoate
(2), The Schiff base (1.5 g, 0.005 mol) was dissolved in 100 ml of
absolute ethanol and catalytically reduced with hydrogen at atmo-
spheric pressure for 48 hr with 0.3 g of 10% Pd on carbon. The hy-
drogenation apparatus was built according to the description given
by Vogel and the precautions prescribed were employed in its oper-
ation.'6 After 24 hr the uptake of H, had slowed (probably due to
catalyst poisoning), and following filtration, a new aliquot of cata-
lyst was added and the hydrogenation allowed to continue for an
additional 24 hr. The theoretical amount of H, was taken up, and
the reduced Schiff base was evaporated to dryness in vacuo giving
a yellow oily residue. Examination of the TLC of the oil in solvent
A under ultraviolet light revealed a single major component of Ry
value 0.25. The oil was triturated with a small amount of petrole-
um ether and placed in the freezer until crystallization occurred (1
week). The yellow, sticky crystals were washed with cold ether
yielding 0.15 g of white crystals. The uncrystallized oil was used
for the synthesis of the imidazolidine adduct.

Ethyl p{ N<3-Quinaldylidene)amino]benzoate (3a). Quinoline-3-
aldehyde was prepared by the reaction of 3-quinolyllithium and
N,N-dimethylformamide. To a flame-dried 250-ml flask equipped
with a magnetic stirring bar and serum cap was added ca, 100 ml
of dry ether and 10.4 g (50 mmol) of freshly distilled 3-bromoqui-
noline. The solution was cooled to —60° using a dry ice-isopropyl
alcohol bath, and 22 ml (53 mmol, 2.4 M) of n-butyllithium in
hexane was added slowly over a period of 15 min. The dark red
mixture of 3-quinolyllithium was allowed to stir at —60° for 30

min and then 4.1 ml (53 mmol) of freshly distilled, dry N,N-di-
methylformamide in 10 ml of dry ether was added. The resulting
red mixture was allowed to stir under nitrogen for 3 hr at —60°
and was then slowly warmed to —10° and hydrolyzed with 10 ml
of aqueous methanol. After the solution was brought to room tem-
perature, another 50 ml of water was added and the product salted
out with sodium chloride. The ether layer was washed with water
and saturated sodium chloride solution, dried with MgSQy,, and re-
duced in volume to give a yellow oil. Hot water was added, filtered
away from the residual oil, and cooled. The resulting colorless nee-
dles were filtered to give 1.2 g of quinoline-3-aldehyde: mp 67-68°
(lit.!7 mp 70°). The preparation of the Schiff base was by the
method of Benkovic et al.” with the exception of the modifications
listed above for the 2’ Schiff base (2a). Evaporation of the benzene
resulted in the precipitation of yellow crystals.

Ethyl  p{N<3-Tetrahydroquinolinylmethylene)amino]benzoate
(3). The Schiff base (2.0 g, 0.0065 mol) was reduced according to
the procedure given for the 2’ Schiff base (2a). Trituration of the
oil with petroleum ether at —5° resulted in crystallization of 0.1 g
of white crystals which was washed with a small amount of cold
ether. A single uv-active spot (R, 0.62) was observed upon TLC of
the material in solvent B.

Imidazolidine Adducts. The imidazolidine adducts 4 and § were
prepared from 1 and 2, respectively, and formaldehyde by the
method of Benkovic et al.%7 We were unsuccessful in isolating 6,
the formaldehyde adduct of 3, by the aforementioned method, pre-
sumably as a result of the relatively unfavorable equilibrium con-
stant for its formation. The limited amount of 3 available preclud-
ed further efforts to isolate 6. However, the kinetics of 6 formation
and the uv spectral characteristics are consistent with the assigned
structure (see Discussion).

The intermediate 4a, which is formed in the conversion of 1 to 4,
was isolated as follows. To a 1000-ml round-bottom flask 31.4 mg
of 1, 50 ml of purified dioxane, and 48.8 ml of distilled water were
added and the mixture was stirred until dissolution was effected.
The reaction was initiated by addition of 1.2 ml of a formaldehyde
solution (0.084 M) (final concentration 1 X 10~2 M). The forma-
tion of the intermediate 4a, which required about 5 min, was moni-
tored by repeatedly scanning the uv spectrum of an aliquot of the
reaction mixture in a 0.05-cm path-length quartz cell. The reaction
mixture was rapidly frozen on the surface of a rotating flask in a
dry ice-isopropyl alcohol bath and lyophilized.

Tetrahydroquinoxaline and Tetrahydroquinoline, The prepara-
tion of tetrahydroquinoxaline was by the method of Bohlmann:!8
mp 96-97° (lit.18 96-97°). Reagent grade tetrahydroquinoline
(Aldrich) was used without further purification. .

Ethyl p-Aminobenzoate (EPAB). Reagent grade EPAB (Baker)
was used without further purification.

Kinetic Measurements, The rates of the reactions of aldehydes

Kallen et al. / Imidazolidine and Hexahydropyrimidine Formation from HCHO
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Figure 1. (A) The 'H NMR spectra of compounds 2, 3, and § in
CDCl;, 20°. The spectra of compounds 2 and § represent ten Fourier
transforms and that of 3 is a single scan. (B) The 'H NMR spectra of
compounds 1 and 4a in CDCl; and 4 in Me,SO-d, 20°. The spectra of
compounds 1, 4a, and 4 represent ten Fourier transforms.

with aromatic amines were followed by measurements of absorb-
ance with Coleman-Hitachi 124 and Gilford 2000 recording spec-
trophotometers with thermostated cell holders maintained at 25 +
0.1°. The aldehyde concentration was in tenfold or greater excess
over the amine concentration of about 3-7 X 1073 M in order to
yield pseudo-first-order kinetics. Non-buffer-catalyzed rates were
obtained by extrapolation to zero buffer concentration. Reactions
were initiated by addition of 10-20 ul of amine dissolved in diox-
ane to a solution of carbonyl compound, buffer, and KClI (total vol-
ume 3.0 ml). The pseudo-first-order rate constants, kopsd, were ob-
tained by methods previously described.®!2 Analysis of pH-rate
profiles was accomplished with a computer by least-squares meth-
ods,'%2

Proton Dissociation and Equilibrium Constants. The proton dis-
sociation constants for amine mono- and dications were deter-
mined from spectrophotometric titrations and analyzed with a
computer by least-squares methods.®!%2 Compound 3, tetrahydro-
quinoline, and tetrahydroquinoxaline were titrated at 250, 300,
and 315 nm, respectively. The equilibrium constants for carbi-
nolamine and imidazolidine formation were determined from
formaldehyde concentration dependence of absorbance measure-

ments as described elsewhere.!21° Kinetic titrations were ana-
lyzed with a computer by least-squares methods.81% The equilibri-
um constants for formation of 4 and § were calculated from the
rate constants obtained independently for the formation and hy-
drolysis of the imidazolidines. The imidazolidine hydrolysis rates,
monitored at 310 nm, were measured at imidazolidine concentra-
tions of 3.0 X 107>-5.0 X 10~5 M at pH 5 in the presence of 0.02,
0.05, and 0.10 M mercaptoethanol. The formation of the hemi-
thioacetal from formaldehyde and the thiol'2 as the carbonyl com-
pound is released during the hydrolysis was utilized to pull the hy-
drolysis reactions to completion; the hydrolysis rates showed no de-
pendence upon the thiol concentration indicating the adequacy of
the formaldehyde trap. The final spectra were those of 1 and 2 and
indicated the absence of linear thiol adducts of the type
>NCH,SR, which are known to be unstable under these condi-
tions for these systems, 202

Evidence against Amine-Formaldehyde Polymerization Reac-
tions, The following parameters, measured under pseudo-first-
order conditions in respect to formaldehyde, showed no depen-
dence upon amine concentration in the range 1 X 1075-5 X 10~3
M (higher amine concentrations were precluded by large extinc-
tion coefficients and solubility considerations, Table III) in the pH
range studied indicating that the present kinetic and equilibrium
studies are not perturbed by amine-formaldehyde polymer forma-
tion: (1) rates of imidazolidine formation from amine and formal-
dehyde: (2) equilibrium constants for imidazolidine formation
from amine and formaldehyde; (3) equilibrium constant for forma-
tion of H4 from 4 and formaldehyde, where H4 is the N4-hydroxy-
methyl adduct of 4; (4) rates of 4a formation from 1 and formalde-
hyde; (5) equilibrium constant for formation of H4a from 4a and
formaldehyde, where Hda is the N,-hydroxymethyl adduct of 4a.

Instruments. The following instruments were used for recording
spectra: Varian HR 220 equipped with a Fourier transform system
for 'H NMR, Hitachi RMH-2 for mass spectra, Perkin-Elmer 521
grating infrared spectrophotometer for infrared, and a Pye Uni-
cam SP 1800 and Cary 14 for ultraviolet.

Results

The designation of structures of 1, 2, 3, 4a, 4, and 5 is
supported by the following evidence. (i) Elemental analyses
(Table I). (ii) The ir spectra of 1, 2, 3, and 4a in CHCl,.20b
(iii) The 'H NMR spectra of 1, 2, and 3 show aromatic res-
onances (6 7.5-8.0) and ethyl group resonances (J = 4.0
Hz, 6 1.3 and 4.3) in the ratio of 8:5 with respect to the
ethyl group protons and methylene and amine hydrogen
resonances (6 2.2-4.6) in the ratio of 9:5 (for 2 and 3) and
8:5 (for 1) with respect to the ethyl group protons (Figure
1, A and B).

The 'H NMR spectra of formaldehyde adducts, 4 and §,
display the same characteristic resonances as those of the
parent amines with the addition of a new band which ap-
pears as an AB quartet at about  4.7. This resonance is at-
tributed to the methylene protons of formaldehyde in the
imidazolidine ring system (ratio of 2:5 with respect to the
ethyl group protons for 5 and approximately 1:1 with re-
spect to the methylene protons of the ethyl group for 4).

The 'H NMR spectrum of 4a is complicated by the oc-
currence of duplicate resonances associated with each of the
resonance groups observed for the other amines and imida-
zolidines (note especially compound 1). These duplicate res-
onances are most noticeable in the aromatic region at about
5 8.0 and 6.8 (total of eight protons) and in the region of the
methylene proton absorbances where the two poorly re-
solved AB quartets of the formaldehyde methylene protons
are observed. An increased complexity of the ethyl group
resonance (total of five protons at 6 1.3 and 4.3) is also seen.
Slowly at room temperature or rapidly at elevated tempera-
tures (in the aprotic solvent, DCCIl;) the spectrum resolves
itself to single aromatic resonances (6 8.3 and 6.8) and
methylene resonances (6 4.7) with the disappearance of the
complexity of the ethyl group resonances and, subsequently,
a precipitate (presumably of the more stable isomer) ap-
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Table II, Equilibrium Constants for the Reactions of Compounds 1-3, Tetrahydroquinoline, and Tetrahydroquinoxaline with
Formaldehyde and Protons?

Compd Pk, K,M™?P K,M™4 KoaM™€
Tetzahydroquinoline 4.76 89.0 (S)/
Tetrahydroquinoxaline 4.74, 60.0 (S)/
~0.26
1 3.78,0 44.8 (S).S 7.5 0.3x 10%F 6.3 X 10°8
-0.33 41.6 (K)¢
2 2.581 2.1 (K)¢ 8.0 X 108
-1.1
3 3.49 55.1 (K)¢ 3.7 0.6 x 10%k
4a (2.3ym 30.2 (S),2
51.0 (K)¢
4 80,3 (S)

@50:50 (v/v) dioxane—HOH, u = 0.1 M, 25°% S = spectrophotometric, K = kinetic. The values of the equilibrium constants for tetrahydro-
quinoxaline and its derivatives have not been corrected for statistical factors which would be necessary for a direct comparison with tetra-
hydroquinoline and its derivatives. For constants determined kinetically (K) see Figure 4, A, and Results section for explanation. ? K, =
[R,NCH,0H]/[R,NH][F]. ¢ Determined from dependence of observed pseudo-first-order rate constants for product formation upon formal-
dehyde concentration in the alkaline region as in Figure 4, A, and eq 4.

N/Cglz\l CH,

[amine][F].¢K = "N/ N-

N

SDetermined at pH 10.1 where the further reaction of hydroxymethylamine adduct to cyclic compounds is very slow (f, = 100 min);
whether one or two equivalent and independent sites for adduct formation with formaldehyde are involved was not determined; however, it
seems likely that the value of X, reflects carbinolamine formation at the N, site based upon the steric effects observed for carbinolamine
formation from formaldehyde and compounds 2 and 3. & Determined kinetically from forward and reverse rate constants measured indepen-
dently. 7 S at 255 nm, pH 8.49, and K at 310 nm, pH 6,71. { At 260 nm, pH 8.16./ At 250 nm, pH 7.00. ¥ Average of kinetic and spectro-
photometric determinations. ! Reference 7, for compound 1 referred to as kal' in text. 7 Estimated in footnote 32¢ and referred to as

dK‘5 = [amine] [F].

kaz' in text.

pears. The spectrophotometric monitoring of the formation
of da, the chromatographic homogeneity and distinguisha-
bility of 1 from 4a on TLC (Table I), and the ratio of for-
maldehydic methylene to ethyl methylene protons (1:1) in
the 'H NMR spectrum of 4a are evidence against the possi-
bility that the double sets of resonances are due to a mix-
ture of 1 and 4a. The chromatographic homogeneity and
specific and distinguishing derivatizations of 4a and 4 by
borohydride (Table I) indicate that the double sets of 'H
NMR resonances in the spectrum of 4a cannot be attrib-
uted to a mixture of 4 and 4a. These observations are con-
sistent with the existence of two conformeric hexahydropy-
rimidines, one of which is the more stable (see Discussion).

(iv) Mass spectra of 4a and 4 reveal different fragmenta-
tion patterns having the same parent ion peaks at m/e 323
(theoretical m/e 323) for the two compounds,

Imidazolidine (5) and Hexahydropyrimidine (6) Formation
from Formaldehyde and 2 and 3. Equilibria. The proton dis-
sociation constants for compounds 2 and 3 were obtained by
spectrophotometric titration and the equilibrium constants
for the formation of the cyclic derivatives 5 and 6 from
formaldehyde and 2 and 3, respectively, were obtained from
the formaldehyde concentration dependence of the absorb-
ance changes at equilibrium or independent measurements
of forward and reverse rate constants (Table II), These data
indicate that the formation of the cyclic five-membered im-
idazolidine is more than 200-fold more favorable than the
formation of the six-membered hexahydropyrimidine from
their respective reactants 2 and 3 and formaldehyde, The
equilibrium constants for N-hydroxymethylamine forma-
tion from the least sterically hindered secondary amines, te-
trahydroquinoline and tetrahydroquinoxaline, and formal-
dehyde were determined spectrophotometrically (Table II)
and are fourfold smaller than the least favorable equilibri-
um constant for the formation of a cyclic product, K¢
(Table II).

Kinetics. The addition of formaldehyde to compounds 2
and 3 results in spectral changes (Table 111 and Figure 2, A
and B) due to the formation, at equilibrium, of the cyclic

Table I, Spectral Characteristics for Various Formaldehyde
Adducts of Aromatic Amines Including 1-3, Tetrahydroquinoline,
and Tetrahydroquinoxaline

Molar
absorptivity
x 1072
Compd Amax> M M cm™!
1 309 24.0
4a 250 (s),2 312 6.00, 23.3
Hda 255 (s), 310 7.15,25.3
H1 260 (s), 310 7.50,24.2
4 312 26.9
H4 260 (s), 312 6.94, 30.3
2 253, 308 5.60,18.4
Carbinolamine of 2 255, 308 5.72, 18.4
5 260 (s), 310 6.00, 22.0
3 257,308 3.46, 16.0
Carbinolamine of 3 257,310 4.96, 16.2
6 310 15.1
Tetrahydroquinoline 249,298 4.95,1,23
Carbinolamine of 255,298 7.23,1.52
tetrahydroquinoline
Tetrahydroquinoxaline 253,310 3.68, 2.56
Carbinolamine of 263,310 5.67, 3.56
tetrahydroquinoxaline

Ethyl p-aminobenzoate 293 18.1
Carbinolamine of 296 22.4

ethyl p-aminobenzoate

a s = shoulder.

methylene derivatives 5 and 6, respectively. The kinetics of
the approach to equilibrium are first order in chromophore
concentration and are further characterized by (i) pH-rate
profiles for the non-buffer-catalyzed rate of product forma-
tion with respect to the free base amine which reveal two

hydronium ion catalyzed limbs separated by a pH indepen-

dent region (Figure 3) indicative of a change in rate-deter-
mining step with changing pH; and (ii) rates of product for-
mation which exhibit a first-order dependence upon formal-
dehyde concentration at pH values below 7.0 and which ex-

. hibit a dependence upon formaldehyde concentration which

Kallen et al. | Imidazolidine and Hexahydropyrimidine Formation from HCHO



7364

24 — -

Molor Absorptivity x 1073 (M cm’)

250 270 290 310 330
Wovelength (nm)

Molor Absorptivity x 1073 (M cm )

1 L
250 270 280 30 330 350
Wovelenglh (nm)

Figure 2, (A) Spectra of 2 in the absence (—) and presence of 0.50 M
formaldehyde in 50:50 (v/v) dioxane-water, 23-25°, ionic strength
0.10 M, pH 9.46 maintained with | X 103 M DABCO buffer. Carbi-
nolamine of 2 (-+-+) at estimated 50% conversion based on K, of 2.1
M}, Spectrum of 5§ (- - - -). (B) Spectra of 3 in the absence (—) and
presence of 0.50 M formaldehyde in 50:50 (v/v) dioxane-water, 23-
25°, ionic strength 0.10 M, pH 9.46 maintained with | X 1073 M
DABCO buffer. Carbinolamine of 3 (- - - -). Spectrumof 6 (- - - -).

progresses from first order to zero order as the formalde-
hyde concentration is increased at pH values greater than
7.0 (not shown). The latter observation is consistent with
the rapid accumulation in the alkaline pH region of the re-
spective carbinolamines with formation constants deter-
mined kinetically (from eq 4 and data similar to that shown
in Figure 4, A, for 4a formation from 1 and formaldehyde)

kobsd = kobsd (max)/(1 + I/KI[F]) (4)

of 2 and 55 M~! for 2 and 3, respectively, where K, is the
equilibrium constant for carbinolamine formation from
compounds 2 or 3 and formaldehyde, and kobsd (max) is the
first-order rate constant for the rate-determining step in the
further conversion of the intermediate to product, i.e., the
dehydration of the carbinolamine.

Unaccountably, previous observations of the reaction of 2
with formaldehyde to form 5 failed to detect both the break
in the pH-rate profile at about pH 7.0 and the occurrence
of the rectangular hyperbolic dependence of the observed
rate constants for § formation upon the formaldehyde con-
centration in the alkaline region (Figure 4, A).7

The pH-rate profiles for § and 6 formation were ana-
lyzed in terms of eq 5 derived from the mechanism of eq 6
by the application of the steady-state assumption to the car-
binolamine intermediate, where ar,nu is the fraction free
base form of the amine, and the rate constants are con-
tained in Table IV.

Log k {M"! sec™) or Log k'{sec™!)

1.0 3.0 5.0 7.0 8.0
pH

Figure 3, Dependence on pH of the second-order rate constants cor-
rected to the fraction present as the free base amine and measured at
0.01-0.05 M formaldehyde for 4a formation (A—a4) from 1 and form-
aldehyde, 6 formation (0—0) from 3 and formaldehyde, § formation
(®#—@®) from 2 and formaldehyde, and the dependence upon pH of the
first-order rate constants for 4 formation (A - -- A) from4aat 1073 M
formaldehyde. The respective first-order dehydration rate constants,
k2'[H*], are shown as the arrow directed dashed lines. Solid lines and
dashed lines for the upper three curves are calculated based upon the
values contained in Table IV obtained by a least-squares method and
eq 5. The dashed line (A - - - &) for 4 formation from 4a is calculated
from eq 8b and the constants contained in Table V which were ob-
tained from the data by a least-squares analysis.

kobsa/ ([Flar,nH) =
(ki + k\au+)kyau+/(kiy/K\ + ki)'an+/ K, + kyau+) (5)

ki, k;'l;l*] ka'|H*|
>NH+F << >NCH,OH —> product (6)
k—y, k—y'IH*]

This mechanism has previously been applied to many reac-
tions2! involving Schiff base formation from weakly basic
amines including the reactions of substituted N,N’-diphen-
ylethylenediamines® and of tetrahydrofolic acid® with form-
aldehyde,

The spectra of the carbinolamines of 2 and 3 (Figure 2, A
and B) reveal the most significant absorbance changes in
the wavelength region of 255-265 nm and are therefore as-
signed as the N,-hydroxymethylamine derivatives; carbi-
nolamine formation at the N g site would be expected to be
associated with absorbance changes in the wavelength re-
gion of 310 nm as a result of the major contribution to the
absorbance in this region by the ethyl p-aminobenzoate
moiety.

The structural assignment of the product of the reaction
of 3 with formaldehyde as 6 is based upon the similarity of
uv spectral changes (Figure 2, A and B) and equilibrium
(Table 11) and kinetic constants (Table IV) for the forma-
tion of both 5 and 6 including the above cited change in
rate-determining step with pH. The latter observations are
not consistent with the formulation of the reaction of 3 with
formaldehyde as simple carbinolamine formation.

Formation of 4a and 4 from Formaldehyde and 1. Equilib-
ria. The equilibrium constants were determined spectropho-
tometrically for the formation of 4a and 4 from 1 and form-
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Table IV, Rate and Equilibrium Constants for the Reactions of Formaldehyde with Tetrahydroquinoline- and
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2-5 36 1—4a DPED — DPI¢
Kk, y = k,'[>NH] (Flag+, M sec™ 8.7 x 10? 1.3x 10 1.0 X 108 1.3% 10°
k. y=k_, [Clag+ M sec™ 4.2 % 102 2.4 x 10° 2.4 X 10 3.3 % 10*
N v = k,u' [>NH] [>C==0] apy+, M ~* sec™ 9.9 x 10° 1.5 x 107 1.1 X 10® 1.4 X 10®
k, v =k,[>NH](F], M sec™! 9.3x 10~ 39 1.6 X 10 2.9
ku? v = k,u[>NH] [>C=0], M~ sec™ 1.0 X 10? 4.4 % 10° 1.8 X 10* 2.2 % 10
k_, v="k_[C],sec™ 45x% 107 71% 107 3.8x 10~ 7.3 % 107
Kk, v = Kk, [>NH][Flag+, M~ sec™ 2.0 X 107 6.9 x 10° 2.4 X 10® 4.4 %107
k, y =k, [Clapg+ M~ sec™ 9.5 X 10° 1.2 X 108 5.8 x 10° 1.1 X 107
K, K, = [C)/[>NH][F], M~ 2.06 55.1 41.6 4.0
K,(1+Kpyg)® = [C]/[>NH][>C==0], M~ 2.3 x 10 6.3 x 10 4.7 % 10* 4.4 % 10
Knya = [>C(OH),] [[>C==0], M~ 1.14 X 10° 1.14 x 10° 1.14 X 10° 1.14 X 10°

@ >C==0, unhydrated formaldehyde; F, formaldehyde (hydrated and unhydrated); C, carbinolamine intermediate; DPED, ¥, N'-dipheny!-
ethylenediamine; DPI, NV, ¥'-diphenylimidazolidine, ® Corrected utilizing K h?’;d for F which has been corrected for the decreased activity of

H,O in dioxane—water [P. Valenta, Collect. Czech. Chem. Commun.,
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Flgure 4. (A) Dependence of kobsq (sec™') for formation of 4a and the
N,-hydroxymethylamine adduct thereof upon formaldehyde in 50:50
(v/v) dioxane-water, 23-25°, ionic strength 0.10 M, pH 8.46 main-
tained with 1 X 10~3 M DABCO buffer. The solid line is calculated
from eq 4 and the constants Ky = 41.6 M~' and kobsd (max) = 1.82 X
102 sec™! which were obtained from these data by a least-squares
analysis. (B) Dependence of kopsd (sec™!) for formation of 4a and the
N\-hydroxymethylamine adduct thereof upon formaldehyde concen-
tration in 50:50 (v/v) dioxane-water, ionic strength 0.10 M, 25°, pH
5.29 maintained with 1 X 10! M acetate buffer, The solid line is cal-
culated based upon the constant k; = 1,6 X 10! M~! sec™1 obtained by
a least-squares method and the equation kobsg (sec™!) = k,[F].

aldehyde under appropriate conditions (see below) based on
the spectra in Figure 5, A, The proton dissociation con-
stants for mono- and dicationic 1 were obtained from previ-
ous studies®’ (Table I1),

Kinetics. At formaldehyde concentrations of 10~4-10~3
M and at suitable wavelengths, the time dependence of the
absorbance changes for the reaction of 1 with formaldehyde
appears biphasic over the entire pH range studied (Figure
5, B). These observations indicate the accumulation of an

25,853 (1960)]. ¢ Reference 8. .

Malor Absorptinty x 163 (M em™’|
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Figure 5. (A) Spectra of 1 in the absence (—) and presence of | X
10=3 M formaldehyde in 50:50 (v/v) dioxane-water, 23-25°, ionic

strength 0.10 M, pH 8.46 maintained with 1 X

10~3 M DABCO buff-

er. 4a (-+-+); 4 (---). (B) Time dependence of the A absorbance
change at 310 (—) and 250 nm (- - - -) in the reaction of 3.3 X 10~5 M
1 with 1 X 1073 M formaldehyde in 50:50 (v/v) dioxane-water, 25°,
ionic strength 0.10 M, pH 4.92 maintained with | X 1073 M formate

buffer.
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Figure 6. Dependence of kobsq (sec™') for formation of 4 upon formal-
dehyde concentration in 50:50 (v/v) dioxane-water, ionic strength 0.10
M, pH 6.71 maintained with 1 X 10=3 M acetate buffer. The solid line
is calculated from eq 7 and the constants K¢ = 4.9 X 103 M~} and
kobsd (max) = 3.83 X 1074 sec™! obtained from these data by a least-
squares analysis.

(Y1}

intermediate in the early “a” phase absorbance changes and
a slower further reaction of this intermediate to form the
product 4 in the subsequent “b” phase absorbance changes.
The spectrum of the intermediate generated in situ agrees
precisely with synthetic 4a and is shown in Figure 5, A. The
equilibrium constant for the formation of 4a from 1 and
formaldehyde was determined by the formaldehyde concen-
tration dependence of the absorbance changes at the com-
pletion of the “a” phase absorbance changes and is about 1
X 10 M~

The rate constants obtained from absorbance changes
which are associated with product (4) formation show a
rectangular hyperbolic dependence upon formaldehyde con-
centration which is described by eq 7 (Figure 6) where K is
the equilibrium constant for 4a formation from 1 and form-
aldehyde and kopsg (max) 18 the first-order rate constant for
the conversion of 4a to 4. The “b” phase absorbance
.changes represent the reaction studied by Benkovic et al.®
(at formaldehyde concentrations of 10~3 M) and the mag-
nitude of the rate constants, the pH dependence of the rate
constants, and the values of K22 reported by those workers
are in satisfactory agreement with the present data,

kobsd = kobsd (max)/(l + I/Kﬁ[F]) (7)

Further study of the “a” phase absorbance changes lead-
ing to the formation of the intermediate 4a has revealed the
following: (i) a pH-rate profile which indicates that there is
a change in rate-determining step with pH (Figure 3, la-
beled 1 — 4a); (ii) a progression from a linear to a rectan-
gular hyperbolic dependence of the rate of 4a formation
upon buffer concentration as the pH values proceed from
5.26 through 6.52 to 6.90, which is evidence for a change in
rate-determining step with increasing buffer concentration
(Figure 7); (iii) a linear dependence of the observed rate
constant upon formaldehyde concentration in the acid re-
gion which is in accord with rate-determining attack (Fig-
ure 4, B) of 1 upon formaldehyde to form a carbinolamine
intermediate; (iv) a rectangular hyperbolic dependence of
the observed rate constant upon the formaldehyde concen-
tration in the alkaline pH region where the formation of 4a
from the carbinolamine is rate determining and which is de-
scribed by eq 4 (Figure 4, A) with a K, value of 41.6 M~!:
this value agrees with the value of 44,8 M~! determined
from absorbance measurements.

These observations upon the complicated “a” phase ab-
sorbance changes for the formation of 4a from 1 and form-
aldehyde are analogous to the observations of the reactions
of 2 and 3 with formaldehyde to form 5 and 6 and are con-
sistent with the formation of an intermediate prior to the

02 T L L T

L L J
0 ol 02 03 04
[ACETATE] (M)

Figure 7, General-acid catalysis by acetic acid (HA) of the reaction of
1and 1 X 1073 M formaldehyde to form 4a at pH 5.26 (@), 6.52 (O),
and 6.90 (W) in 50:50 (v/v) dioxane-water, ionic strength 0.40 M.
The solid lines are calculated from the steady-state rate equation,
kopsa/arony = [(k1 + ky[HY] + k[HAD(kS/[H(F]]/ (k=) +
k—/[H*] + k-”[HA] + ky[H*]), and the constants contained in
Table IV, k" = 1500 M~2 sec™!, k—)” = 360 M~ sec™’, where k,"
and k_,” are the general-acid-catalyzed rate constants for acetic acid
for the formation of the carbinolamine intermediate and its breakdown
to reactants respectively, where [HA] = [buffer]/(1 + K.’/[H?]). and
K. is the proton dissociation for the general acid. The general-acid-
catalyzed dehydration rate constant of the carbinolamine for acetic
acid makes an insignificant contribution to the rate under these condi-
tions, based on the Bronsted « value of 0.75 (ref 8). The dashed lines
are calculated assuming no change in rate-determining step with buffer
concentration.

Scheme III
H CH,OH CH,
‘ step 1 | step 2 " +
—N + F == —N —> —N* —
\ \ \
R R R
I iI
H
[N\ (\NH
CH, or 1
N/ N _CH,
H H

formation of 4a and that intermediate is most reasonably
the carbinolamine of 1.

The macroscopic constant for K; of 41.6 and 44.8 M~!
probably refers to the formation of the hydroxymethylam-
ine derivative at the Ny site of 1 based upon the wavelength
region of the absorbance changes (Figure 8) and the expec-
tation that the N; and N g sites, by the virtue of their rath-
er greater steric hindrance, would have lower affinities, i.e.,
K values of 2-3 M~ & (Table II),

Discussion

Imidazolidine 5 and Hexahydropyrimidine 6 Formation
from Formaldehyde and 2 and 3. The change in rate-deter-
mining step revealed by the pH-rate profile and the rectan-
gular hyperbolic dependence of rate upon formaldehyde
concentration in the alkaline region are evidence for the ex-
istence of at least one intermediate in each of the pathways
to the formation of the products 5 and 6 from formaldehyde
and 2 and 3, respectively. Similar reactions of bifunctional
amines with carbonyl compounds which display similar ki-
netics have been interpreted in terms of Scheme I118:9:12:21
in which there are two intermediates, a carbinolamine (I)
and a Schiff base (II) and the rate-determining step
changes from hydronium ion catalyzed dehydration (step 2)
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Figure 8, Spectra of 1 in the absence (—) and presence of 0.50 M
formaldehyde in 50:50 (v/v) dioxane-water, 23-25°, ionic strength
0.10 M, pH 9.46 maintained with 1 X 10~3 M DABCO buffer. Spec-
tra of carbinolamine of 1 (- + - +); carbinolamine of 4a (. ... .. ); carbi-
nolamineof 4 (--- - - ).

of the carbinolamine to form the Schiff base in alkali to the
attack of the amine upon the carbonyl compound (step 1) as
the pH decreases. The following evidence argues for appli-
cability of this Scheme III to the present data for the for-
mation of § and 6 as well.

(1) The uv spectral properties of both the carbinolamines
and products (Table III) are consistent with such an assign-
ment 8911

(2) The magnitude of the equilibrium constants for the
formation of the carbinolamines and the products from both
2 and 3 and formaldehyde are also plausible for Scheme
I11.8° Thus the equilibrium constants for the formation of
N-hydroxymethylamines derivatives of 2 and 3 when allow-
ance is made for the increased steric hindrance in 2923 are
similar to those for tetrahydroquinoline and tetrahydroqui-
noxaline?*? (Table I1) and DPED? (Table IV).

(3) The equilibrium constants for imidazolidine forma-
tion from various ethylenediamines and formaldehyde® or
glyoxalate?#P< are in the range 103-106 AM~! and are simi-
lar to that for the formation of 5§ from 2 and formaldehyde
(Ks =8.0X10° M~').

(4) The greater than 200-fold more favorable formation
constant for the five-membered ring in § compared with the
six-membered ring system 6 from formaldehyde and reac-
tants expressed by ratio of Ks/Kg is probably as expected.25

(5) The kinetic constants for the hydronium ion cata-
lyzed and pH independent attack of the amines on formal-
dehyde and for the hydronium ion catalyzed dehydration of
the hydroxymethylamine intermediates are similar to those
for compounds of comparable basicity (compare 2 and 3
with DPED in Table IV).

Formation of 4 from Formaldehyde and 1. The identity of
the intermediate 4a, characterized by an association con-
stant of about 7 X 10> M~! from 1 and formaldehyde, is
designated to be the six-membered cyclic hexahydropyrim-
idine and not the carbinolamine of 1 (cf. ref 6) on the basis
of the following independent kinetic, thermodynamic, and
structural considerations.

(1) The elemental and mass spectral analysis (m/e of
parent ion 323) for 4a isolated directly from a reaction mix-
ture is consistent with the structure of 4a and clearly distin-
guishable from that of the isomeric product, 4.

(2) The ir spectrum of compound 4a is similar to that of
1 and retains secondary amine NH stretching and bending
frequencies?®® at 3300-3400 and 1510 cm™!, respectively.

(3) The uv spectra of 6 and 4a reveal decreases in the in-
tensity of the 310-nm band compared with the parent com-
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pounds [Figures 2 (B) and 5 (A)] that are consistent with
cyclic hexahydropyrimidine structures in which the lone
pair of electrons is constrained at the N; and Ny sites, re-
spectively, in an orientation orthogonal to the electrons of
the adjacent phenyl rings thus decreasing the orbital over-
laps.26

p(4) Both the pH-rate profile, which indicates a change in
rate-determining step with pH (Figure 3), and the rectan-
gular hyperbolic dependence of the rate of 4a formation
upon formaldehyde concentrations in the alkaline pH re-
gion (K| = 41.6 M~!, Figure 4, A) require that an interme-
diate occur on the pathway o the formation of 4a and these
data are consistent with the designation of the prior inter-
mediate as a carbinolamine®®!! (cf. K, values for tetrahy-
droquinoline and tetrahydroquinoxaline in Table II). The
observations and formulations of mechanism in this system
are analogous to those for 2 and 3 for their reactions with
formaldehyde and, indeed, the values for K; and the kinetic
constants for the formation of 4a based upon this formula-
tion are similar to those for imidazolidine and hexahydropy-
rimidine formation from similar reactants including 2 and 3
(Table 1V). It does not appear that the rate-determining
step for formation of 4a from formaldehyde involves cycli-
zation either by an SN2 displacement upon the Ns-hydrox-
ymethylamine or by addition to the cationic imine to form
the cyclic product since the rates of formation of imidazoli-
dines and thiazolidines in alkali from formaldehyde and o-
phenylenediamine or o-aminobenzenethiol, respectively, are
very similar 19227 These possible transitions states would in-
volve attack by a thiolate anion and an amine for o-aminob-
enzenethiol and o-phenylenediamine, respectively, and the
nucleophilicities of thiolate anions?3 are considerably great-
er than amines of comparable basicity.!?

(5) The 'H NMR spectrum in deuterated chloroform of
the isolated 4a, while apparently complicated by the occur-
rence of conformational isomers, is consistent with a bicy-
clic hexahydropyrimidine derivative since such compounds
have been shown to exhibit such isomerism?®*¢ (Figure 1).
The observation of two quartets in the 'H NMR spectrum
of 4a centered at about & 4.7 attributed to the formaldehyde
methylene protons and the double sets of aromatic and
ethyl group resonances is consistent with the postulation of
two conformeric isomers, the chair form A and the boat
form B. Studies at 5, 25, and 40° show slow increases in the
"H NMR resonance assigned to the B conformation and in-
dicate that in DCCI; the preferred conformation is B in

HN
Etooc@-N&& =
A

agreement with the work of Bohlmann et al.?® The latter
workers showed that the boat form was the preferred con-
formation for quinolizidines, which are bicyclic compounds
similar in structure to 4a.

(6) The magnitude of the equilibrium constant for the
formation of 4a from 1 is more than tenfold greater than for

m—Z Z
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the formation of 6 from 3. The latter reaction might be ex-
pected to be less favorable than the formation of 4a from 1
as a consequence of greater strain in 6 than that in 4a due
to the presence of a methylene group rather than a nitrogen
atom at the 4 position3! in 6.

(7) The hydronium ion catalyzed rate constant for prod-
uct formation from 4a in the alkaline region is tenfold lower
than those unequivocally assigned to the hydronium ion cat-
alyzed dehydration of carbinolamines of compounds of sim-
ilar basicity® but may not be unreasonable for the isomer-
ization of the hexahydropyrimidine to imidazolidine. This
isomerization reaction of 4a to 4 will be discussed in further
detail in the next to last section.

(8) The ratio of the equilibrium constants Ks/Kg for the
reactions of 1 with formaldehyde is within threefold of the
ratio Ks/K¢ for the reactions of 2 and 3, respectively, with
formaldehyde (Table II).

The rates of cyclization by attack of Njq on the cationic
imines at N4 and N, to form 4a and 4, respectively, are ex-
pected to be faster for the formation of the five-membered
as opposed to the six-membered ring on entropic grounds.
Thus, the greater rates of 4a than 4 formation directly from
1 must be related to the greater rate of cationic imine for-
mation at the N4 than the N, site. It would appear that ste-
ric effects of the neighboring side chain are significant in
this respect since at all pH values examined in which the
rates of product formation are first order in respect to form-
aldehyde concentration, the rates of 6 formation exceed or
equal those of 5§ formation (Figure 3).

We conclude from the kinetic and thermodynamic data,
which are supported by the structural data, that Scheme I1
applies, with the existence of the 4a intermediate, to the
mechanism of 4 formation from 1 and formaldehyde at rel-
atively low formaldehyde concentration (the conditions em-
ployed by Benkovic et al.b).

Imidazolidine (4) Formation from Hexahydropyrimidine
(4a). Some of the many species in solutions of 1 and formal-
dehyde including the critical hexahydropyrimidine interme-
diate (4a) and the final imidazolidine product (4) are de-
picted in Scheme 11.322 The possible pathways from 1 to 4,
under the condition in which 4a accumulates, in reality be-
come a question of possible pathways from 4a to 4 and can
be divided into two groups, direct and indirect pathways
both of which differ significantly from the earlier mechanis-
tic formulations for 4 formation,®” One direct pathway is il-
lustrated by the dashed arrows proceeding through the
Nio-iminium cation directly to 4 (Scheme II). One indirect
pathway that can be formulated depicts the formation of 4
by the breakdown of 4a to reactants, 1 and F, and then the
successive formation of >N,CH,OH, >*N;=CH,, and 4
(Scheme II).

In the discussion as to whether an indirect or a direct
pathway is followed in proceeding from 4a to 4, it must be
noted that there are few data available regarding the fol-
lowing: (i) the stabilities and reactivities of the N;- and
Njo-carbinolamines to form carbonyl compounds or Schiff
bases, (ii) the stabilities and reactivities of the N,-, N4-, or
Nio-iminium cations to attack by nucleophiles (water, hy-
droxide ion, and amines), (iii) rate constants (including
those for possible general-acid catalysts) for cyclization and
ring-opening reactions for hexahydropyrimidines and im-
idazolidines, and (iv) macroscopic and microscopic proton
dissociation constants for many conjugate acids of the
species depicted in Scheme 11.320

In terms of the mechanism of the direct pathway for 4a
— 4 (dashed arrows Scheme II), the rate-determining step
may either be ring opening, step I, to form the N¢-iminium
cation (II’) or cyclization to effect ring closure, operating
upon the Ng-iminium cation, step II (Scheme IV or V). In

Scheme IV
H H
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the specific acid-general base catalysis mechanism of
Scheme 1V, the hydronium ion catalyzed ring opening to
form the Njo-iminium cation is followed by solvent- or
base-catalyzed ring closure whereas in the general-acid-cat-
alyzed mechanism of Scheme V, the ring opening to form
the iminium cation is acid (H*) and solvent catalyzed,
while the cyclization to form 4 is solvent catalyzed.3* The
pH-rate profile for 4a to form 4 (Figure 3) may be ex-
plained in terms of a transition of rate-determining steps
from water- and base-catalyzed ring closure to acid-cata-
lyzed ring opening with increasing pH (Scheme IV) or a
transition of rate-determining steps from acid- and water-
catalyzed ring opening to water-catalyzed ring closure with
increasing pH (Scheme V). Both mechanisms account for a
change in rate-determining step as a function of pH and, at
selected pH values, a change in rate-determining step as a
function of buffer concentration.® For Schemes IV and V,
kobsd can be quantitatively accounted for in terms of eq 8a
and 8b, respectively, which reduce at low and high pH
values to eq 9a,b and 10a,b, respectively, where Kwp3? is
the autoprotolysis constant of water in this solvent (Table
V)and X\ = ki'/k_y’ (Scheme IV) or K| = (k; + k)'an+)/
(k_| + k_|’aH+/KWD) (Scheme V).

kobsd = [ki'an+(kn + kifaon-)1/ (k= + ky + kn’Gow%
(8a

kobsd = [(ki + ki'au+)kn)/(k—iaon- + k=" + ku1)
(8b)
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kobsd = Ki'(kuau+ + ki’Kwp) (92)
kobsa = ki'ap+ (9b)

kobsd = ki + ki'an+ (10a)

kobsa = Kiknau+/Kwop (10b)

The ring opening step in Schemes IV and V is expected to
be influenced by the basicity at the Ny site (which is expect-
ed to be little affected by substituents on the phenyl ring)32b
and the electron-donating ability of the Np site with re-
spect to w-bond formation in the generation of the N)o-imi-
nium cation (which is expected to be very sensitive to sub-
stituents). The net effect anticipated then is a substantial
substituent effect upon ring opening of 4a to form the No
Schiff base. In contrast, the ring closure step to form the
imidazolidine will be influenced by the stability and, hence,
the concentration of the N g-iminium cation and its electro-
philicity; for example, electron-withdrawing substituents
would decrease the former but increase the latter. Substitu-
ents, therefore, may be expected to have more or less oppo-
site effects upon these two factors for step II and the ner ef-
fect might well be small on the ring closure reaction to form
4. However, the ratios of constants k—_i’/kn’ (k—1/ky;) in
Scheme IV (V) represent the partitioning ratio of Ng-imi-
nium cation to hexahydropyrimidine-imidazolidine and in
terms of these mechanisms are 360, 7.7, and <1, for p-
COOEt, p-Cl, and p-CH3, respectively (Table V).7 It is not
readily expected that the relative rates of cyclization by at-
tack of the N and N4 atoms on the N;¢-iminium ion to
form the five- and six-membered rings should be as para-
substituent dependent on the aforementioned partitioning
ratios indicate (for either the non-buffer-catalyzed or
buffer-catalyzed pathways). These data argue against the
direct mechanisms of Schemes IV and V.

Despite the many-fold uncertainties pointed out earlier in
this section of the Discussion which make tenuous a clear-
cut choice between the indirect and direct mechanisms, it is
of interest that the indirect route to 4 via 1 and formalde-
hyde (at 1073 M) via rate-determining attack of free 1 on
formaldehyde in the acid region and rate-determining dehy-
dration of the N;-carbinolamine to form the iminium ion in
the alkaline region (eq 6) can be fit to eq 5 in which the
fraction of total tetrahydroquinoxaline derivative, T, as free
base 1, ar,NH, is given by ar,nu = [1]/[T] = 1/[1 + ay+/
K./ + Kg[F)(1 + ay+/K,,')] where K, = [1]ay+/[cat-
ionic 1] and K> = [4a]ay+/[cationic 4a] and takes into ac-
count the rapid accumulation of 4a prior to significant for-
mation of 4. The following rate constants are obtained by
this treatment with the value of K¢ from Table II, K,,” =
107378 and K,,” = 10723 (ref 32c): K k> = 1.3 X 108 M2
sec™!, k; = 1.7M Vsec—!and k," = 3.8 X 105 M~2 sec™!.
These calculated rate constants are sufficiently close to
those for DPED (pK,' = 3.64, ref 8) of 4.4 X 107 M2
sec™!, 2.9 M~!sec™!, and 1.3 X 105 M~2 sec™!, respective-
ly, that the indirect pathway appears available for the for-
mation of 4. The previously observed buffer catalysis for 4
formation with a Bronsted « value of 0.35 for the attack of
the N, nitrogen of 1 upon formaldehyde is consistent with
this formulation [and comparable to the Bronsted « value
(0.30 + 0.10) for the similar reaction of DPED?].

The several-fold more rapid rate of 4a — 4 at higher
formaldehyde concentration has previously been interpreted
in terms of an analogous indirect route.! However, it does
not appear possible to readily accommodate the following
previous observations’ on the p-CHj3 and p-Cl tetrahydro-
quinoxaline derivatives with the mechanism of the indirect
pathway: (i) the marked substituent dependence of the rates
of product formation for the data below pH 7, and (ii) the
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Table V. Rate Constants for the Isomerization of Substituted
Hexahydropyrimidines to Substituted Imidazolidines4

QX
N
H
N——(: :>—-—X
H

kp,p ki€ Kiky/Kwpd
Substituent X M 'sec™? sec™! M sec™!
CH,S >5.3 x 10° e 5.3x 10°
af 1.7 x 10° 1.5 % 10~ 1.3% 10
Et00CS 3.8 x 10! 25x%x 107 6.7 x 10°
EtO0C8 5.0x 10! 24 x 10 1.8 x 10

@ Rate constant designation for Scheme V; 4a generated in situ at
1 X 107 M formaldehyde. bk = K k,, where K, =k /k _, inref 7.
¢ky =K Kwpk, inref 7. dKIkII/KWD =k, inref 7. ¢ Not deter-
mined. flTaken from ref 7. & This work.

lack of detectable general-acid catalysis of product forma-
tion below pH 7. The failure to detect a change in the rate-
determining step with changing pH with the p-CH}; deriva-
tive makes it difficult to draw conclusions about the substit-
uent dependence of the process(es) occurring at pH greater
than 8. Indeed this failure is surprising based on our studies
with THF® and especially symmetrically substituted N,V -
diphenylethylenediamines® and formaldehyde, since in no
case of reactions of formaldehyde with amine derivatives
that proceed through Schiff base formation has there been
a failure to see a change in the rate-determining step with
changing pH (spanning a range of pK, values of about 912
through 4-5192.27 o 2.3%). It must be noted, however, that
the pH range reported was restricted, 6.4-7.7, and electron-
donating substituents shift the pH of the change in the rate-
determining step to progressively more alkaline pH.® In
summary, the complexity of the tetrahydroquinoxaline de-
rivative system, in contrast to THF itself, leads directly to
the major conclusions contained in the next section.
Considerations Relevant to the Structure of Tetrahydrofo-
lic Acid (THF). The pyrimidine portion of THF clearly con-
tributes to the determination of the redox potential of the
tetrahydropteridine moiety’ in order to poise this potential
such that it is suitable for the roles of THF and tetrahy-
dropteridine derivatives in the reactions catalyzed by thym-
idylate synthetase and various hydroxylases,’® respectively.
Whether the existence of the Ng atom is the result of the
common utilization of THF in various redox and I-carbon
transfer reactions or is an evolutionary remnant cannot
readily be answered presently. But since the K values and
Ks values are about 20- and 8-fold more favorable for 1
than 2, the presence of a nitrogen atom in place of a carbon
atom at the 8 position may be necessary to aid the stability
of THF adducts of formaldehyde. In order to maximize the
affinity toward F by the presence of an Ng atom but at the
same time to avoid spurious reactions such as hexahydropy-
rimidine formation, the adjacent pyrimidine ring of the te-
trahydropteridine moiety serves to make the Ng site in THF
substantially less basic and less reactive than either the Ns
site in THF or the analogous Ny site tetrahydroquinoxaline
derivatives. Thus, the tendencies for carbinolamine and
hexahydropyrimidine formation, which should decrease
with the decreased basicity at the Nj site in THF as a result
of the adjacent pyrimidine ring, may be expected to be sub-
stantially lower than those tendencies involving the Ny site
in 1; the nucleophilic reactivity at the Ng site in THF
should be drastically reduced as well.®:!! On balance it ap-
pears that tetrahydroquinoxaline derivatives are not espe-
cially good model compounds for THF, at least for reac-
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tions involving compounds at the aldehyde level of oxida-
tion, despite repeated implications to the contrary.5’ Nev-
ertheless, these studies with tetrahydroquinoxaline models
for THF have opened new possibilities regarding the struc-
tural determinants which suit THF to its diverse roles, and
the model system presents opportunities for the study of the
mechanisms of methylenediamine reactions and intercon-
versions thereof which have not been studied and which are
relevant to bioorganic mechanisms. In addition, the struc-
ture-reactivity correlative information presented in this
study can be of importance in the design of new folic acid
antagonists which in the past have proven to have some ef-
fectiveness in the chemotherapy of cancer.?’
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