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Abstract: Ammonium ion catalyzed solvolysis of covalent complexes formed by the addition of ammonia to quaternized het-
eroaromatic compounds in liquid ammonia was studied by NMR. Rates of turnover of the amino group were obtained at co-
alescence of the signals for the diastereotopic N-benzyl protons as a function of ammonium salt concentration. By means of
Arrhenius plots it was possible to relate reactivities to a common temperature and to obtain relative rates. Relative rates for
a series of S-substituted 1-amino-2-benzyl-1,2-dihydroisoquinoline adducts in ammonia were correlated by linear free energy

relationships.

Nucleophilic addition to the annular carbon atoms of
carbocyclic and heterocyclic molecules to give ionic or neu-
tral covalent adducts is a common reaction in chemical and
biochemical systems.!~7 Such adducts may be the products
of a reaction or they may be intermediates leading to new
products. The aim of many current investigations is to ob-
tain data from kinetic, equilibrium, and calorimetric studies
for such reactions so that the structural factors which influ-
ence rates and equilibria may be determined.

We wish to report a study dealing with substituent effects
on the rates of solvolysis of some amino adducts of hetero-
aromatic molecules in liquid ammonia. Our study primarily
involves molecules formed by the addition of ammonia to
isoquinolinium ions* containing a prochiral N-benzyl group,
Scheme I. A novel application of NMR line shape analysis
was employed to determine rates. The kinetic method is ex-
pected to be a useful complement to the usual spectrophoto-
metric approaches employed in studying covalent adducts.

Resuits

Adducts from Isoquinolinium Ions. N-Benzylisoquinoli-
nium ions react with liquid ammonia on mixing to give ad-
ducts which have the 1-amino-2-benzyl-1,2-dihydroisoquin-
oline structure (I-VI), Scheme I. Included in this series are
the parent ion as well as those ions having at position S
amino, acetylamino, fluoro, chloro, and nitro substituents.
Conversion to adduct is complete; no evidence could be
found by NMR for the presence of unreacted starting mate-
rial in any'case. Chemical shifts and coupling constants for
these adducts are reported in Table I. The high-field shifts
provide direct evidence of the change in structure associated
with complex formation.!** The especially interesting fea-
ture of the spectra is the nonequivalence of the N-methy-

Scheme I
G G
\ \ \
M N—CH,CH, N—CH,CH,
+
X NH; X~
ILG=H lNHn
IL G = NH,
I, G = CH,CONH G
IV,G=F 4
V.G=Cl N ~; H
VIL,G=NO, NH X" +

N""_C5H5

H xp, H

lene hydrogen atoms (diastereotopic protons®). Nonequiv-
alence of these protons results because a chiral center is
formed when ammonia adds to position 1.

The multiplicity of the V-benzyl protons depends on tem-
perature and also on ammonium ion concentration. The AB
pair of doublets collapses to a singlet on raising the temper-
ature of a reaction mixture. The temperature required to
bring about coalescence is lowered when the ammonium ion
concentration is increased. For example, the coalescence
temperature of the signal of the complex resulting from 2-
benzylisoquinolinium ion decreases from 37 to 26 to 10° as
the concentration of ammonium ion increases from 0.34 to
0.86 to 1.86 M. Moreover, when powdered KOH is added
to a reaction mixture to reduce the ammonium ion concen-
tration, coalescence is not observed even up to 88°. There-
fore, the reaction which destroys the nonequivalence of the
diastereotopic protons is ammonium ion catalyzed. In some
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Table II. Physical Constants for the Diasterotopic Benzyl Protons
in Some Amino Adducts and the Variation in Their Coalescence
Temperatures with Ammonium Ion Concentration

Table I. Chemical Shifts (7)2 and Coupling Constantsd
for Some Amino Adducts in Ammonia
Carbo-
Compd cyclic H H-1 H-3 H4 CH, J, Hz
1 2.7-3:1 4.83 3.59 455 517 J,,=12
553 J,,=15
JC'H2=15.5
11 2.6-3.6 4.82 ~3.2 437 510 J,,%1.0
544 J.), =175
JC'H2=15.25
I 27-31 4.86 3.56 4.44 520 J, 215
5.58 J,,=15
Jeu, =15.25
IV 26-31 477 344 444 516 J,,215
52 J,,=15
JCH2=15A25
\% 2.6-3.0 4.80 339 430 5351 J, ;=15
517 J,,=1.75
Jeu, = 15.5
VI 2.1-2.8  4.66 3.06 389 500 J,,=15
532 J,,=75
JCH2=15~25
Vil 2.4-29 4.79 3.17 518 J,,=1.5
5.48 J(jH2 =15.0
VIII  2.4-2.7 4.93 2.28 505 JcH.=14.0
5.29
X 2.6-3.6 5.07¢ 4.05 d 526 J,,=5.0
J5e=10.0
X 2.6—-3.5 5.08¢ 4.02 d 5.80 J,;=5.0
6.05 J,,=9.5
Jeu, = 17.5

kC!b [NH4+]’

Compd ¢42Hz baHz sec™ M T.,°C kret®

1 42.5 11.5 97.5 0.34 37.5 1.0
0.86 26
1.86 10

1I 41.0 10.5 94.8 0.40 18 3.1
1.20 0
2.50 10

it 42.5 12.0 96.9 0.27 42 0.78
0.97 26
1.815 17

v 41.5 11.0 95.5 0.38 68 0.22
1.13 46
2.34 32

v 41.0 10.0 95.5 0.28 77 0.17
1.12 49
1.95 38

Vi 40.0 9.5 93.5 0.905 96 0.077
1.93 75
3.05 55.5

Vil 38.5 8.5 90.9 0.44 90 0.10
1.20 68
2.50 46

VI 34.0 6.0 82.5 0.50 94 0.071
1.20 69
2.50 54

a Separation between peaks of the AB multiplet: see text. & Pseu-

a Relative to (CH,),N, =, 7.87. & For the sign of geminal couplings
see L. M. Jackman and S, Sternhell, “Applications of Nuclear
Magnetic Resonance Spectroscopy in Organic Chemistry”, 2nd ed,
Pergamon Press, New York, N.Y., 1969, Chapter 4-1. ¢ H-2. dSignal
buried in the region for carbocyclic protons.

instances NHy4I was added to reaction mixtures in order to
increase the concentration of acid. In calculating the con-
centration of ammonium ion in solution it is assumed from
the stoichiometry of the reaction leading to an adduct that 1
equiv of ammonium ion is formed along with every mole of
adduct, Scheme I. The total concentration is the sum of
concentrations from the two sources.

No significant changes in spectra could be detected other
than coalescence of the methylene signal. No evidence
could be found for the presence of other heterocyclic com-
pounds as the temperature and ammonium ion concentra-
tions were varied. High concentrations of substrate were
avoided in order to prevent the formation of an oil.

The coalescence temperatures of the six isoquinoline ad-
ducts were determined at three different concentrations of
ammonium ion. The nature of the substituent at position §
of the adducts has a limited influence on the coalescence
temperature, Table II. Examining the results in Table II re-
veals that when the total ammonium ion concentration is
about 1 M the coalescence temperature increases in the
order NH, < H~ CH3;CONH < F ~ Cl < NO;. These co-
alescence temperatures range from 0 to 96°.

The rate constant, k., for the acid catalyzed, pseudo-
first-order reaction which leads to coalescence may be esti-
mated at the coalescence temperature using eq 1 where A?
=ab and J = (a — b)/2.%. The frequency interval between
the outermost peaks of the AB multiplet is ““@” and the in-
terval between the innermost peaks is 5.1 Because these
parameters are about the same for the six adducts, k. is
about the same for all, having the value ~95 sec™!, Table
11. In other words the lifetime, 1/k., of one of the methy-
lene protons in a magnetic environment which is different
from that of the other is only about 10 msec at coalescence.

do-first-order rate constant at coalescence calculated using eq. 1. No
correction has been applied for natural line wid ths which are 1.5-2
Hz in the slow exchange region. This correction is small and approxi-
mately constant for the series. ¢ At 25°.

ke = w(A? + 6J2)1/221/2 (1)

Data for the various compounds can be related to a com-
mon temperature by means of Arrhenius plots. Plots of log
(kc/[NHg4*]) vs. 1/ T are linear for the six isoquinoline sub-
strates. Slopes were calculated by the method of least
squares; correlation coefficients range from a low of 0.983
for the parent substrate to a high of 0.999 for the 5-amino
complex. Arbitarily selecting 25° as a temperature for com-
parison gives rise to the following series of relative rates: H,
NH,;, CH3;CONH, F, Cl, and NO; substrates react in the
order 1.0, 3.1, 0.78, 0.22, 0.17, and 0.077. Substituent ef-
fects on reactivity are not large, changing only by a factor
of 40 on passing from the most (NH;) to the least (NO;)
reactive adduct.

Other Amino Adducts. Rates of solvolysis of several other
adducts were examined for comparison purposes. These in-
clude adducts formed from 4-bromo-2-benzylisoquinoli-
nium (VII) and 2-benzylphthalazinium (VIII) ions. Here
too, addition of ammonia to position 1 takes place* and the
N-benzyl protons are diastereotopic, Table I. Arrhenius
plots were constructed. Relative to the rate of reaction of I,
the bromine atom at position 4 of VII and the annular ni-
trogen atom at position 3 of VIII both retard the rates of
racemization of the adducts. Relative rates at 25° are 0.10
and 0.071 for VII and VIII, respectively.

Two N-substituted quinolinium ions were converted to
their amino adducts, IX and X. Covalent amination takes
place at position 2, Table I.* Interestingly, the methylene
protons of the N-benzyl group in IX show a singlet pattern.
Lowering the temperature of a solution of IX in ammonia
to —45° failed to broaden the singlet. Adding excess pow-
dered KOH to reduce the ammonium ion concentration and
lowering the temperature to —35° also failed to change the
singlet. It seems possible that the singlet signal observed for
this adduct is due to accidental degeneracy rather than to a
rapid reaction which results in signal averaging.!!.12
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Diastereotopic proton signals were observed for an ad-
duct formed from a quinolinium ion having CH,CONH;
bonded to the annular nitrogen atom. Two structures are
possible for the complex. One is the amino adduct X shown;
the other is an intramolecular, cyclic adduct!? resulting
from the addition of the carbamoyl group to position 2. No
attempt was made to decide between these possibilities. At-
tempting to induce coalescence of the signals by increasing
the temperature of the sample only caused the lines to move
together before extensive decomposition resulted. Thus, at
—58° there was a 5 Hz separation between the main ab-
sorption lines of the AB pair; this spacing gradually dimin-
ished until it was 2.5 Hz at 6°. At higher temperatures the
entire spectrum deteriorated in quality. Such small varia-
tions in chemical shift are not unknown!4 and may be due
to a variety of factors such as changes in conformation, sol-
vation, and ionization of the carbamoyl group.

Discussion

Mechanism, The reaction studied allows the diastereotop-
ic protons of the amino adducts to become enantiotopic; the
pair of doublets associated with the N-methylene protons
coalesces to a singlet. Two characteristic features must be
taken into consideration when formulating a mechanism.
(1) The reaction is carried out in a nucleophilic moderately
polar solvent (dielectric constant is 17 at 25° 15), (2) Sub-
stituents either on the carbocyclic or heterocyclic rings have
only a small influence on reactivity, Table II. Note that
large substituent effects have been observed on rates and
equilibria involving other kinds of uncharged heterocyclic
adducts in aqueous solution.5’

Possible reaction pathways involve cleavage of a CN
bond; the nitrogen atom in each case is protonated in a
preequilibrium step in order to make it a better leaving
group. Although the pyramidal annular nitrogen center in
an adduct is chiral, inversion is likely to be so fast that the
stereochemistry at this center need not be considered.!®-18

Two mechanisms seem likely and we are unable to select
between them. The first is an SN1 reaction in which the
rate-limiting step involves loss of ammonia from position 1.
In view of the small effect of substituents, this pathway re-
quires that little positive charge be transferred to the ring in
the transition state. Hence, only a little of the resonance en-
ergy of the heterocyclic ring is generated. This reaction is
the reverse of that by which the adducts are first formed,
Scheme I. Dissociation-recombination is the generally ac-
cepted pathway for ligand turnover involving covalent ad-
ducts.!

According to the second possibility involving transition
state XI, solvent assists the departure of the leaving group.
Some positive charge is present on both the nucleophile and
leaving group in the transition state. However, only a small
amount of charge is transferred to the ring in this SN2 reac-
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tion. Of course, it is not unusual for SN2 reactions to show a
small rate dependence on substituents because only a small
amount of charge may be transferred to the carbon atom
undergoing substitution.!?

The solvolysis reaction is unusual in that both the enter-
ing and leaving groups are solvent molecules. In describing
the structure of the transition state we are concerned with
the difficult question dealing with the organization of the
solvent around the heterocycle. Is the solvent unsymmetri-
cally structured (SN1 reaction) around the reaction site or
does it have a symmetrical structure (SN2 reaction)? The

problem is related to the much debated question of the ex-
tent of solvent assistance in “carbonium ion” reactions. The
more nucleophilic is the solvent and the lower its ionizing
power, the greater will be its participation in a reaction. As
the degree of solvent assistance in a reaction increases, the
extent of the electronic effect of substituents decreases.2°

There is a third mechanism which we disfavor. This path-
way involves ring opening by cleavage of the bond between
carbon 1 and the annular nitrogen atom. It should be noted
that opposing substituent effects are expected on the two
steps of the reaction, protonation and ring cleavage. For this
pathway, too, the overall effect of substituents could there-
fore be small. This pathway is disfavored for the following
reason. It is possible to generate a 1 adduct from 2-benzyli-
soquinolinium ion and ethylmercaptide ion in ammonia.
Again, as in the solvolysis reaction, ligand turnover is rapid.
A singlet signal is found for the N-methylene protons and
the averaging of free and bonded mercaptide ions gives rise
to a common set of signals.® The simplest explanation for
these observations involves SN1 or SN2 reactions, not ring
cleavage. Turnover of the amino and mercaptide ligands
probably takes place by similar pathways.

The solvolysis reaction is degenerate in the sense that
identical ligands are being exchanged. Such ‘“null reac-
tions” have also been termed *“topomerizations”.?!

No attempt was made to determine the kinetic order in
ammonium ion catalyst. Because high concentrations of
catalyst were employed in our study we expected that ion
aggregation and activity coefficient effects would greatly
complicate and probably frustrate such a determina-
tion.?2-24 It has been firmly established that ammonium
salts in ammonia at high concentrations exist largely as ag-
gregates rather than as free ions.2?

Lack of knowledge of the kinetic order in catalyst has
two consequences, neither of which has an important bear-
ing on our conclusions regarding the nature of substituent
effects on reactivity. First, energies of activation, E,, cannot
be determined. This may be understood by considering Ar-
rhenius eq 2 in a rearranged form, eq 3, where A has its
usual meaning, y expresses the kinetic order of catalyst, and
k. is a rate constant calculated with the aid of eq 1. Both E,
and A are assumed, as usual, to be constants. In our case k.
is a constant as well. Therefore, if y is constant eq 3 has the
form of a linear equation; E, values cannot be determined
without a knowledge of y. (Even under favorable circum-
stances it is not easy to obtain error-free determinations of
E, by NMR methods.®!8) Therefore, considering the
above, it is not surprising that plots of log (kc/[NH4X]) vs.
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Table I1I. Elemental Analyses of Substituted 2-Benzyliosquinolinium Salts
Calcd Found
Substituent Anion Mp, °C C H N C H N
5-NH, Clo, 195-197 5741 4.52 8.37 57.33 4.40 8.29
5-CH,CONH C1 186—188 69.10 5.48 8.95 68.98 5.54 8.91
5-Cl Clo, 219-221 54.26 3.70 3.95 54.41 3.56 3.94
5-F Br 85-87 60.40 4.12 4.40 60.10 4.11 4.36
5-NO, Br 217-219 55.67 3.80 8.11 55.82 3.87 8.06
4-Br Br 224-226 50.69 3.46 3.69 50.45 341 3.65

1/ T used to obtain the relative rate values given in Table II
can be linear.
ke -E,

1 =
BINH,X]? 458T

+ log A (2)

—log [NHeX] = —2£2_ 4 Lijog 4 —tog k) (3)
y

y4.587

A second consequence of the unknown kinetic order in
catalyst is that the true magnitude of the relative rate scale
is unknown. An equivalent way to view the relative rate
scale expressed in Table II makes use of eq 3. In effect, the
concentration of catalyst required to bring about coales-
cence at 25°, {[NH4X]2s, the reference temperature, is cal-
culated. This value depends for a given substrate on the
value assumed for y. Comparison of the quantities kc/
[NH4X]3s gives relative rate constants, Now, since the cat-
alyst concentrations are similar in all experiments, it is like-
ly that the kinetic order is the same for all substrates. Be-
cause large aggregates of ions often are less reactive than
small ones,?3:2 it is unlikely that the kinetic order is >1.
However, it is possible that y is <123 and the true scale is
smaller than the one given in Table II where it was assumed
arbitarily that y = 1. Consider, for example, the conse-
quence of a kinetic order of one-half on the magnitude of
the scale of relative rates for the 5-substituted isoquinoline
adducts. This smaller kinetic order would decrease the scale
by the square root of that given in Table II; the spread from
the most (amino) to the least (nitro) reactive adduct would
decrease from a factor of 40 to 6.3, Clearly, regardless of an
accurate knowledge of kinetic order, it can be stated that
substituent effects on reactivity are small.

Hammett Correlations. Relative rates of turnover of the
amino group of the isoquinoline adducts are correlated by a
simple Hammett equation. A satisfactory fit (correlation
coefficient 0.96) is obtained using meta substituent con-
stants,2¢ eq 4. Standard derivations are indicated in paren-
theses; t tests indicate the p value has a confidence limit
>99.5% and the intercept statistically does not appear to be
different from zero.?’ Other substituent constants, o, and
op’, give inferior correlations. Note that the use of a kinetic
order for ammonium ion other than the one employed will
change the value of p. For example, assuming the reaction
to be one-half order in ammonium ion reduces the p value
by one-half, indicating a lower sensitivity to substituent ef-
fects.

log ket = —1.85(£0.3)0r, + 0.1(£0.1) (4)

The kinetic results can also be correlated by the extended
Hammett equation which considers the inductive and reso-
nance effects of substituents separately. Four correlations
were attempted using the four current sets of resonance pa-
rameters.28 The best correlation, eq S, results with or* res-
onance values (correlation coefficient 0.994). These reso-
nance effect parameters indicate that effects involving elec-
tron-donating groups are enhanced. The confidence limits
of the F test are >99.5%, indicating a statistically meaning-
ful correlation. Both p values have confidence limits >95%

as indicated by t tests; the intercept is not significantly dif-
ferent from zero.?” This correlation indicates that the in-
ductive effect is the major factor controlling reactivity for
all substituents except the amino group. For the latter, the
major effect is resonance. We emphasize that these state-
ments about the nature of the electronic effects of the sub-
stituents are valid and in no way are tied to a particular
mechanism.

log kye1 = —1.74(£0.17) oy —
0.41(£0.06)or* — 0.01(£0.08) (5)

Generalizations. The NMR method is expected to be ap-
plicable to studies of other kinds of adducts in various sol-
vents. The method is especially attractive for reactions in-
volving preequilibrium proton transfer because the desired
level of reactivity can be obtained by changing the concen-
tration of catalyst. Moreover, when line shape analysis is
employed to extend rate measurements outside the coales-
cence condition, even greater flexibility results. The NMR
method is expected to supplement the spectrophotometric
methods now used in conjunction with flow and/or relaxa-
tion techniques to obtain rate constants for fast reactions.
Owing to the requirement of diastereotopic protons, the
NMR method is more limited in scope than spectrophoto-
metric methods but the general availability of the NMR
equipment and the simplicity of the method make it ex-
tremely attractive.

Experimental Section

General Method of N-Alkylation. Isoquinoline, a substituted iso-
quinoline,?® quinoline, or phthalazine was allowed to stir at room
temperature with an alkylating agent which was benzyl chloride or
bromide or chloroacetamide. Addition of ethyl acetate generally
resulted in the formation of a solid. Recovered solid often was re-
crystallized from ethanol-ethyl acetate. The reaction mixtures
containing S-amino-2-benzylisoquinolium ion and 1-carbamoyl-
methylquinolinium ion were added to a mixture of 1:2:10 (v/v)
70% HClOg4:ethanol:ethyl acetate; on standing the perchlorate salt
precipitated. A methanolic solution of the 5-chloro-2-benzyliso-
quinolinium ion was converted to a perchlorate salt using the same
perchloric acid-ethanol-ethyl acetate solution. Yields of recovered
salts were not less than 60%. Elemental analyses and melting
points are reported in Table III for isoquinolinium ions. 1-Carba-
moylmethylquinolinium perchlorate, mp 248-250°.

Anal, Caled for C;H;NOsCl: C, 46.09; H, 3.87; N, 9.77.
Found: C, 46.24; H, 3.99, N, 9.78.

Kinetic Procedure. Substrate and ammonium iodide, if desired,
were weighed into an NMR tube. (Ammonium iodide was extract-
ed with boiling ether to remove the yellow coloration prior to use.)
Ammonia was condensed in the tube using an acetone-Dry Ice
bath and 2 ml of trimethylamine vapor (= 7.87) was added by sy-
ringe. The tube was sealed with a torch and the seal was tested by
placing the tube in a water bath heated about 20° above the tem-
perature at which the tube was to be heated in the NMR spec-
trometer. Standard thin wall tubes (0.4 mm) were used at temper-
atures up to about 30°; at higher temperatures medium wall (0.75
mm) tubes were employed.

The level of ammonia in the tube was measured with a ruler at
room temperature. This measurement then was converted to a vol-
ume measurement by the use of a calibration curve which was con-
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structed by adding known volumes of water to an NMR tube and
by measuring the level of the liquid in the tube at room tempera-
ture. Concentrations are not corrected for thermal expansion at
higher temperatures. Substrate concentrations were about 0.4 M.

Spectra were recorded on a Varian A-60A spectrometer
equipped with a V-6040 variable-temperature controller. The
probe temperature was measured by the chemical shift method
using a sample of methanol and a calibration chart provided by
Varian Associates. The level of liquid was kept below the spinner
to ensure uniform sample temperatures. Using a sweep width of
100 Hz, the coalescence temperature was determined. The coales-
cence temperature was taken to be the lowest temperature at
which there was no separation between the halves of the AB multi-
plet.®

Constants for least-squares correlation lines involving log (kc/
[NH4X]) vs. 1/T were obtained. The first value multiplied by the
constant —102 gives the slope; the second value gives the intercept:
I, 2.33, 9.91; 11, 2.20, 9.96; III, 2.98, 11.99; IV, 2.26, 9.025; V,
2.40, 9.38; VI, 1.58, 6.28; VII, 1.97, 7.72; VIII, 2.04, 7.79.

Recovery of Starting Materials from Ammonia. 2-Benzyliso-
quinolinium perchlorate, 5-acetylamino-2-benzylisoquinolinium
chloride, or 5-nitro-2-benzylisoquinolinium bromide (0.40-0.50 g)
was added to approximately 25 ml of ammonia. After the solutions
were allowed to reflux for 10 min the mixture was evaporated to
dryness. The resultant solid was washed with ether or chloroform
and then recrystallized from methanol or ethanol. Starting materi-
al was recovered in 60-85% yield.
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