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Abstract - The syntheses and properties of the tricyclic azaphenalenes are reviewed.

Azaphenalenes are tricyclic molecules which contain a completely conjugated perimeter of

2-hybridized nitrogen atoms held largely planar by a

spz-hybridized carbon atoms and/or sp
centrally-lying spz-hybridized a’cqm]'3 (X = C or N). The basic molecular skeletons of the

stmplest azaphenalenes are depicted helow. Boekelheide4 has proposed that this class of

heterocycles be termed cycl-[3.3.3]-azines, when the nitrogen atom is contained in the center
portion of the structure. The designation [3.3.3] refers to the number of atoms on the peri-
phery of the cycle between points of bonding te the internal nitrogen atom. Azaphenalenes, in
general, were initially prepared to determine their biological activity, principally as the
corresponding quaternary salts which are more suitable for testing than their carbocyclic
parent compounds.5

The 9b-azaphenalene {1}, cyc1-[3.3.3]-azine, has been studied, in a theoretical sense, by

several investigatorsz’4

who have predicted that {he resonance energy of ] will be greater
than that of the stable and well-studied azatricycle, cyc1-[2.2.3]-azine (2). The azine (2) was
prepared previously in order to evaluate current theories and methods for calculating resonance

energies of aromatic mo]ecu1es.5
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Leaver and coworkers® reported the synthesis of cyc1-[3.3,3]-azine (1) from 4-chloroauinc-

lizinium perchlorate via the route illustrated below (Scheme I):

—

[

The NMR spectrum of compound (1} contained a triplet centered at §3.65 (protons ?2,5,8) and

a doublet centered at §2.07 (protons 1,3,4,6,7,9); these §-values are among the highest yet

reported for protons so joined to a trigonal carbon.

This high degree of shieiding is regarded

as evidence of a paramagnetic ring-current7 in the peripheral non-aromatic system of 12 w#-

electrons, Despite the Jack of aromatic character, according to the foregoing criteria, the

diester (la; R=Ct} does undergo substitution reactions with certaln electrophilic reagents, most

notably tetranitromethane, N,N-dimethylformamide/phosphoryl chleride, and acetyl chloride.

These reactfons were regarded as analogous te those known to occur for a typical enamine and

not regarded as electrophilic aromatic substitution.

In 1976, Ceder and cownrkers8 reported that the reaction between 6-substituted 2-methyl-

pyridines and a variety of reagents led to 1,9b-diazaphenalene (§) and 1,9,9b-triazaphenalene

(g) derivatives, as shown in Schemes II and [II, respectively.
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Attempts to remove the cyano group from 3-cyano-1,9-diazacyc1-[3.3.3]-azine with polyphos-
phoric acid to provide the parent 4 were unsuccessful, Decarbethoxylation of the correspond-
ing 3-carbethaory derivative in diphenyl ether which contained traces of p-toluenesulfonic
acid, on the other hand, gave the parent diazacyclazipne 4 as a blue-green crystalline solid,

rather insoluble in non-polar solvents and fairly unstable both in air and in solution.
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The parent 1,9,9b-triazaphenalene [{4), also called 1,9-diazacyl-[3.3.3]-azinel, prepared by

Ceder and coworkers, was the first isomer of the seven possibilities in the diazacycl1-[3.3.3]-
azine group to be synthesized. With respect to aromaticity, the chemical shifts for the protons
{64,3-6.2) in the NMR spectrum are between those for the "corresponding" protons in 2-methyl-
1-azacycl1-[3.3.3]-azine [{5)}. 63.75-5.6]9 and 1,3,4-triazacyc1-[3.3.3]-azine [(6),

§5.3-6.9]. This order indicates that the degree of arom;ticity increases with the number of
peripheral N-atoms in the azaphenalenes; treatment of (1), however, with N-bromosuccinimide

{NBS) effected decomposition of the compoung and no brominated products were isolated.
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In 1978, Kuya and coworkers]oa reported the synthesis of 1,4,%b-triazaphenalene derivative

(7) by a route which employed palladium on carbon (Pd/C} as the reagent for one of the key reac-
tions in the pathway, as illustrated in Scheme IV. Furthermore, degradation of (7) generated
the parent compound [(8}, Scheme IV]. Comparison of the chemical shifts fn the NMR spectrum of

[(8), 54.55-6.34] to those of cyc1-[3.3.3]-azines indicated that {8) may well be antiaromatic.
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In a somewhat similar study Awaya et al, have prepared the cyc1-[3.3.3]-azine derivative
4-cyano-1,3,6-triazacycl-[3.3.3]-azine by reaction of 2,6-diaminepyridine with ethoxymethy-

b was converted into tetra-

lene malononitrile, moreover, this blue-colored needle-like so1id]0
methyl 1,6-dizazcyc1-[3.3.3]-azine-2,3,4,5—tetracarboxylateloc on heating with dimethy]l

acetylenedicarboxylate in acetonitrile {see below).

‘ =2
_aCN —-——-R_CEC-R
= 2Et0CH-—C...CN N SN CHCH,R = coch3 =
- —_— — SN
KNS S N, ”*lyt " et
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The vrelated 1,3,6,%b-tetraazaphenalene [{1C0a}, 1,3,6-triazacycl-[3.3.3]-azine] and its
derivatives have been synthesized, and their properties were thoroughly studied by Ceder and

cuwarker513_17. The route chosen for the preparation of the 1,3,6,9b-tetraazaphenalene system

was based an the ghservation by Lapper,l] Adams and Pach':evr]2 that Z-aminopyridine reacts

with ethoxymethylenemalonic ester to form 4H.pyrido(1,2-a)-pyrimidin-4-one (8) as shown below:

NH oo p — DEL !
e L i -, — 7
= £100¢ — “—~CooEt SN COOEt N H
6 0

(9)

Ceder and coworkers13 synthesized the desired tetraaza derivatives (10a-10g¢) in similar fash-
ion, as shown in Scheme V.,

The tetraazaphenalenes (10az-10e) underwent fragmentation in the mass spectrometer via Toss

of hydrogen cyanide from the parent ion;M a pathway common to N-containing heterocyclic sys-
tems. If a C-methy! group was placed adjacent to a heterocyclic nitrogen atom, these molecules

then lost the units of acetonitrile. The proposed Scheme for these transformations was in com-

plete accord with the reported structures, as illustrated after Scheme V.
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13 have been carried out on the systems (30a) and

Hicket molecular orbital calculations
(199), the values for the charge densities and free valences predict both electrophilic substi-

tution and radical attack will occur at the same positions; C-4 (preferred), C-7 and C-9 in the
parent system (lgg) and at C-7 and C-9 in the case of the 4-substituted compound. The bond
orders obtained indicated that these systems show 1ittle tendency for alterration, which sug-
gests a lack of alternate single and double bonds.13 The charge-density values for the cen-
tral nitrogen atom, N-10, of the compounds studied indicated a delocalization of electrons from
the central nitrogen atom. This, together with the bond-order values obtained for the bonds
between the peripheral positions and the central nitrogen atom (3a-10, 6a-10, and 9a-10), which
indicate rather strong bonding, support the assumption that the 1,3,6-triazacyc1-[3.3.3]-azine
system is aromatic.

The experimental data are in agreement with the predictions based on calculations for Ceder
and t:oworker's]5’16 have shown that electrophilic bromination of (193) with N-bromosuccinimide,

under mild conditions, occurs preferentially (80%) in position-4. Treatment of 10c with more of
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the electrophile, or 10e under similar conc¢itions, then gave bromination at carbon atoms -7 and

-9, as illustrated in Schemes VI and VII, respectively. Likewise, bromination 17 of (10e)

under photochemical conditions, known to favor the bromine atom, gave a similar result.

Charge densities

+0.231
2
-0.352 N/\a‘N -0.354 -0.334 N/\N -0.336

+0.170 L% 3o 200 +0.170
-0.13615 N-0.148 ~0.120 70137
+0.099 2 6 5 +U.]64 +0.101 +0.188
0161 N 0165
~0.132  -0.341 -0.116 -0.324
Free valences
0.44)
0.168 0.170
0.467 N 0.404
0.418 0.432 0.419
0.1561 N
0.469

Bond Orders

Determination of the position of bromination in the two monobromo iscmers (ll) and (12) was
accomplished using NMR spectroscopy for protons adjacent to an amino group in an aminopyridine

undergo a downfield shift17b upon acylation of the amino group due to the diamagnetic

anisotropy of the carbonyl group.
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As illustrated in Scheme YIII, acylation of the 5-bromo derivative (13) would provide a
system in which such a shift for H-3 would occur; whereas in (14) the free amino group lacks an

adjacent proton, therefore, no such shift would be expected.
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The 1,3,6-triazacycl-[3.3.3]-azine ]0a is stable both in the splid state and in solution, and
the compound is easily soluble im chloroform, acetic and trifluoroacetic acids. The NMR spectra
of 10a (in CDC]3 and CFSCOOH) contained an ABX-multiplet (H-7, H-8, and H-9), an AX guartet

(H-4 and H-5), and a one proton singlet (H-2). The coupling constants and chemical-shift v;1ues
show good correlation with the calculated charge-density valuecon the adjacent carbon atoms

and are listed in Table 1.

In 1977, Ceder and coworkers19 completed the synthesis of another tetraazaphenalene

derivative, 1,3,4,%-tetraazaphenalene (1§) by condensation of 2-amino-6-methylpyridine with two

moles of N-cyanoformamidate (Scheme IX}.
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Table 1. Charge density walues,]3 NMR chemical shifts, and coupling constants (in Hz) for 10a.

He4 H-9 H-7 H-8 H-5 H-2
Charge-density values -0.148 -0.136 -0.132 +0.099 +0.164 +0.231
8C0C1, 4.86 5,292 5.75% 6.68 6.99 6.50
8CF 5CO0H 6.16 6.75 7.13 7.88 8.04 7.40
Multiplicity doublet muttiplet multiplet triplet doublet singlet
Coupling constants dg575.2 0y g77-6 g _g7B.5 1y g71.3
(cocy)

2 The assignment of chemical-shift values to H-7 and H-9 are based on results of

lanthanide shift-reagent studies on 2-methy1-1,3,6-triazacyc1-[3.3.3]-azine.]9

The proton chemical shift values in the NMR spectrum of (15) are in the same region

(65.36.9) as those of the isomeric 1,3,6-triazacycl-[3.3.3]-azine (54.9-6.5),15 which

indicate that {]5) possesses a similar degree of aromatic character, Electrophilic substitution
in (1§) occurred at positions -6, -7 and -9, as expected,on the basis of the resonance struc-

tures outlined below:
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When (15) was treated with.N-bromosuccinimide (N85}, a mixture of three monobromo tsomers
and two dibromo derivatives were isolated; however, no tribromo derivatives were found. This

20 in terms of steric arguments, the peri relationship of bromine

was rationalized by Ceder
atoms in the 6~ and 7-positions in (15) would be expected to cause bond and angle deformation of
the ring system, and therefore, may prohibit orbital overlap of the pi bonds.

In 1972, attempts were made to prepare an azaphenalene which contained five nitrogen atems
aligned in a symmetrical arrangement. This would previde a suitable substrate for electron spin

21,22 if the molecule contained no substituents. Ceder and Nitte,23 how-

resonance studies
ever, have succeeded only in preparing (l§), which can be considered a 1,3,6,7,9b-pentaazaphena-
lene derivative. The general approach utilized for the synthesis of (19i) was employed for
preparation of (1§). The condensation could and did occur either at the 2- or 4- amino group,
consequently the isomeric system 1,3,4,7,9b-pentaazaphenalene (lz) was also formed (Scheme X).
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It was not possible to distinguish directly between the two condensatien products (18) and
(19) using nuclear magnetic resonance spectroscopy or any other comventional spectroscopic tech-
nique. It was apparent, however, that in the spectrum of the monocondensation products (l§) or
{19), the chemical shift of H-5, was located at higher field than H-6since H-6 was adjacent to
N-1 in the pyrimidine ring. This was drastically altered on acylation of the remaining free
amino group, while the correspending change in chemical shift of H-6 was only about one-half as
large. This type of simple correlation was again employed to confirm the structures of (16) and
(17) since acylation of 18 led to a large downfield shift (499 cps) for H-5, while a similar
shift {<26 cps) was not observed on acylation of 19. Conversion of 18 and 19 into 16 and 17,
respectively, therefore, unambiguously confirmed the structures of these two pentazaphenalenes.
Examination of the mass spectrum of (15) indicated that the molecule underwent fragmentation
in a manner entirely analogous to that of the corresponding 1,3,6,9b-tetraazaphenalene deriva-
tive previously discussed. Simple Hiickel molecutar orbital calculations were also carried out

on (16); charge densities, free valences and bond orders are as shown below.

Charge densities Free Valences Bond Orders

+(,223 9.428

-0.136 3

£39°0

+0,152 @

The highest electron density on carbon was found at position -9 of {16} as was the case with

13 In order to verify these theoretical predictions, Ceder and

{10a} and its derivatives.
Rosen24 treated (lg) with NBS which resulted in a 60% yield of the desired 9-bromo derivative
(gg). The conditions, however, necessary to monobrominate (lg) were somewhat more vigorous than
those needed to produce the 7- or 9-bromo derivatives of (10a). Efforts to brominate (16) by
treatment with bromine in glacial acetic acid were unsuccessful since (16) was unstable in the
medium. Attempts to decarboxylate (lg), analogous to the method employed to prepare (lgg) in
order to obtain the symmetrical system, failed because (16) was alsc unstable under these condi-
tions. The observations reported above indfcate that the 1,3,6,7,9b-pentaazaphenalene system
{16) was less susceptible to electrophilic substitution and, in some respects, chemically more

unstable than the corresponding 1,3,6,9b-(10a-10d} systems.
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From an argument employing resonance structures, one can predict that an electrophile (E+)
should attack at position -7 in (11). For the intermediate resulting from substitution at this
position one can draw six rescnance forms with the positive charge on carbon as represented by
(119)’ as well as three structures with the charge on the central nitrogen atom, The latter

set, represented by (133), are the only ones in which all carbon and nitrogen atoms possess full

octets.

{H

<y -COOEE

iy, s

(17b)

In order to study this hypothesis, experimentally, (17} was treated with NBS and this pro-

vided high yields of the 7-bromo derfvative {21) as predicted.

Interestingly the mongbromo compound le) was found to be much more stable than the corre-
sponding 9-bromo derivative [(gg), from (lg)]. The greater stability of system (lz) was also
demonstrated on treatment with bromine in glacial acetic acid after which the dibromo compound
(22} was isolated; however, in this medium (15) was completely destroved.

Another approach to the synthesis of pentaazaphenalenes was carried out by Shaw and

coworkers,25’26 and is illustrated in Schemes XI and XII, respectively.
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The construction of the parent compound was realized; as illustrated in Scheme XII, and the

new heterocycle, 1,3,4,6,9b-pentaazaphenalene {23), does undergo some reactions with electro-

philes typical of aromatic molecules (see Scheme XIII).27 A similar approach to the synthesis

of 1,3,4,6,8,9b~-hexaazaphenalene {24} and 1,3,4,6,7,9b-hexaazaphenalene (25) systems was also

reported by Shaw and coworkers,25’26’27 as shown in Schemes XIV and XV.

work has been reported as regards the properties of {24) and (25).
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Certain heat-stable, insoluble and chemically inactive compounds, such as melon, melem and

melonic acid, all of which contain the nucleus C6N7H7, have been known since 1835. Tri-

potassium melonate {26b) was first described as an undesirable by-product obtained when sul-

fur,28

potassiuvm ferricyanide and potassium carbonate were heated to a high temperature during
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the preparation of potassium thiocyanate. This area of chemical investigation, however, lay
dormant for almost a century until Pauling and Sturdivant29 established the structure of this
nucleus by physical methods. It was found to be a coplanar arrangement of three fused-s-triazine

rings represented by structure (26).

R
S w’Jﬁ?N
. B l)\ \
|
O vkn)l R (*w/
s-triazine tri-s-triazine {26a) R=0C1
{26b) R=N{K}CN
(26¢) R=0K
(26d) R=OH

Chemical support for Pauling's hypothesis was realized with the synthesis of cyameluric
chloride (26a) from the polymeric melon by way of potassium melonate (26b), potassium cyamel-

urate (26¢) and cyameluric acid (26d)} reported by Redemann and Lucas.30

A~
fusion =
S+ K Fe(tH), + ¥, 00, -——S100. . I
3 8 2tV3
N
i
{0 oA
ok '////
—

a
N’4§5N PC1,
l 230°C
N’Jiii‘ 12 s ,:t\\“
Ci A/ c1 KO N/ K
(26a) (26¢)

The infrared spectra of the heptaazaphenalene derivatives (26a)-(26d) contained & strong

absorption near 6.5u which has been assigned to a C=N stretching mode. Al1 the compounds

32

of which infrared spectra were recorded did centain sharp and very strong maxima®® in this

region, and it is assumed that this characteristic frequency represents the in-plane vibra-

tion of the tri-s-triazine system.B‘

—103—
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A11 of the above azaphenalenes, however, contain an internal nitrogen and have generally

been synthesized from pyridine or pyrimidine derivatives. Recently, a new heterocycle,
1,6~diazaphenalene (gz),33 has been synthesized from cyclohexane-1,3-dione in relatively
straightforward fashion {Scheme XVI}. This compound contains no internal nitrogen atom, and is
of special sfgnificance because of the similarfty in its chemical and physical properties to
those (properties) of imidazole.®? The proton trapsfer from (27a) to {27b) has been shown to be
more rapid than the NMR time sca]e,35 which results inamuch simplified NMR spectrum analogous

to the behavior observed for 1midazo1e.36 The pKa of (gl) as measured by a potentiometric

SCHEME XV1
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titration35 was found to be 6.56, while the value for imidazole was 6.95 in the same solvent,
moreover, some substituted 1,6-diazaphenalenes have been shown to form acyldiazaphenalenes which

are very unstab1e,37 analogous to the stability, or lack thereof, of acyHmfdazo]es‘38
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Examiration of the two tautomers of (_2__7_) -indicated that 1,6-diazaphenalene itself is not

b

aromatic in terms of the tlickel ru]e32 ; however, the two guinoline portions (square} of the

heterocycle are aromatic and equal in energy. The proton NMR data [(27}, & 5.97-7.42]35

7a 27

does suggest that 27 possesses aromatic character and that tavtomers (27a) and (27b) are degen-

erate in energy and therefore identical. Although the similarities in the properties of (gl)
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and imidazole are, perhaps, fortuitous, they have prompted a study of the chemical behavior of
this molecule toward electrophilic reagents.3g
A number of reactions have been carried out on (27} and a brief survey of these are illus-
trated in Scheme XVII. For thg present discussion attention is directed toward the reaction of
(27) with bromine in neutral and acidic media which provides a gualitative means by which to

+

study the difference in the reactivity of (27) vs. the protonated form (27H) The reactions

were carried put in acetic acid -- sodium acetate solution with one eguivalent of bromine.39

Because significant amounts of di- and tri-substituted diazaphenalenes were formed in this
process, yields were low due to recovery of unreacted (EZ}; however, the relative amounts of the
isomer present are quite representative. When a large excess of sodium acetate was employed
(40/1) the major product was the 3,4,7-tribromo derfvative (gﬁ) followed by the 2,3,4-tribromo

39b. Upon reducing the amount of sodium

diazaphenalene (29) and the 2,3 dibromo compound (Eé)
acetate (1:1), the 7-bromo isomer (21) became the major product, accompanied by small amounts of
other isomers (see Scheme XVTIII). Furthermore when the bromination was carried out in
triflugroacetic acid (only gZE+ present)agb an 81% yield of the 7-bromo derivative (31) was
realized., Apparently the neutral species reacts with electrophiles preferentially at the 3- and
7- positions while the protonated form reacts selectively at position -7. This pattern of react-
ivity is in good agreement with theoretical calculations carried out in the neutral, anionic and
protonated forms of (QZ)40. The total charge densities chtained for these compounds are given

in Table 1. The HOMO and LUMC electron densities are given in Table 2, and the calculated bond
orders are listed in Figure 1. The total charge densities in the neutral molecule (21) predict
a relativity to electrophilic substitution in the order of positions 3 >4 > 9 » 7.40
For the portonated form (Elﬁ}+ the Wheland model of the transition state41 was utilized to
calculate = localization energies [ bonding between the atom undergoing substitution and

the rest of the molecule is cut off). The resulting Tocalization energies indicate that the

lowest energy sigma complex fs reached for substitution at the 2- position, followed by
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N 4

30 (5%}

3 (4%)

Br
H = He Br Hapr Ry~ BY Mg Ry Br
= X X | ~
l 2 I P l = * N
gr Br

31 (10%) 30 {6%)

40

32 (a3) 33 (39)

Since electrophilic attack at the

2- position of (_g]ﬁf is electrostatically unlikely, the finding that substitution at position

-7(9) is favored over the other possibilities is in complete agreement with the experimental

observations. The localization energies relative to substitution at position -7 are given

be1ow.40

0 Xeal/mole

7 Keal/mole

— 107 —

21 Kcal/mole




Table 1. Total electron densities for 1,6-diazaphenalene (EZ), tonjugate acid {g15)+, anion

(27)", 3-~-chloro-1,6-diazaphenalene 34, and 2,3-dichloro-1,6-diazaphenalene 35.

aton 27 0y 2 £ %

N1 5, 1252 5.0544 5.3671 5.1218 5.1382

C2 3.8233 3.7933 3.8235 3.8593 3.7987 Z

c3 4,110 4,0883 4.1562 4.0286 4.0589 ' 3

ca 4.0784 4.0883 4,1562 4.0719 4.0755 . ]
c5 3.8245 3.7933 3.8235 3.8259 3.8241

NG 5.2547 5.0544 5.3671 5.2605 5,2633 B - ) >
7 4.0671 4.0671 4,1498 4.0670 4.0659 '

c8 3.9340 3.8929 3.9285 3.9336 3.9340

£9 4.0766 4.0671 4.1498 4.0754 4.0744

Table 2. Calculated densitfes and virtual densities of frontier electrons for electrophilic
{(HOMO) and nucleophilic (LUMO) reactions on 1,6-diazaphenalene (27}, conjugate acid (27H)+.

anion (gz)', 3-chlero-1,6-diazaphenalene (34), and 2,3-dichlore-1,6-diazaphenalene (35).

2 2 o 1) 3
Atom HOMO LUmMO HOMO LUMO HOMO LUMO HOMO LUMO HOMO LUMO
N1 .384 170 .348 .239 . 361 .334 399 .169 .342 .163
c2 .078 212 .024 .382 .00t 244 120 .2156 17 .208
c3 266 .001 273 .002 .314 .021 273 .002 .313 000
C4 .242 .088 .273 .002 .314 .021 215 .094 .221 .090
cs 017 .213 .024 . 382 .00} 244 012 211 L001 211
N6 .326 .328 .348 .239 .361 .334 277 .335 .282 .326
c7 277 163 L300 .003 .323 .028 241 156 219 .165
c8 023 116 .000 .088 .000 .157 016 11 .014 .133
Cc9 .238 .041 .300 .003 .323 008 217 041 .200 044

The ability to predict that ngﬂ)+ wWitl react with electrophiles preferentially at

the 7- position was employed to design and execute a number of experiments {see Scheme XVII).
In all cases in which electrophilic substitution has been performed in acidic media, reaction
occurred predominantly at the 7- position. These results correlate well with theoretical
predictions and advantage can be taken of this phencmenon to prepare other substituted

1,6-diazaphenalenes,
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Fig. 1. Calculated bond orders {r) for 1,6-diazaphenalene {27}, the cation (glﬂ*), and anion
{(27)", 3-chloro-1,6-diazaphenalene 34, and 2,3-dichloro-1,6-diazaphenalene 35.

Finally, the proten chemical shifts for a number of azaphenalenes have been recently com-

pared to aromatic cyclazines in order to examine the question of aromaticity.4’5'42 In this
vein, certainly, 1,6-diazaphenalene {gl) pessesses some aromatic character, as proposed eartier,
and compounds such as l Tie at the other extreme {paramagnetic ring—cur'r'ent).7 Other aza-
phenalenes demonstrate aromatic or antifaromatic character to varying degrees and it is suggested
thaF comparison of the proton NMR spectra of new azaphenalenes to the data reported by Kurata et
61.42 may provide a simple measure of the qualitative degree of aromaticity inherent in such

melecules.
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