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1,9-Dihetero-Substituted Phenalenyl Cations 
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The synthesis of new 1,9-dihetero-substituted (OH, SR, NR;?) phenalenes and phenalenyl cations is reported and 
their 'H and I3C NMR and UV/Vis spectra together with their redox potentials are discussed. Shifts of the reso- 
nances of the ring atoms of the cations indicate a close relationship with the parent compound phenalenyl. This can 
also be seen frdm the existence of the free radical and the anionic species, which can be generated electrochemi- 
cal1.i. 

The  odd alternant hydrocarbon phenalenyl and some of 
its 1-substituted derivatives are known to exist in three dif- 
ferent oxidation states: plus, zero, minus.3 Recently Haddon 
pointed out the prospect of intermolecular charge transfer in 
solids of carbon-centered free radicals and of phenalenyl in 
p a r t i ~ u l a r . ~  Since the parent compound is rather unstable 
toward d imer i~a t ion ,~  the influence of hetero substituents on 
the redox properties of the carbon skeleton should be of in- 
terest. 1- and 1,3-substituted derivatives are not well suited 
for this kind of investigation because they are either rather 
reactive, as in the case of l-phenalenes,:3a,c or may behave more 
like 1 ,%trimethinecyanine-bridged naphthalenes.3bsdzG Only 
1,9 substitution allows conjugation over the carbon skeleton 
as a 

In preceding: papers of this series we reported synthetic 
methods for the preparation of a variety of 1,g-dihetero- 
substituted phenalene derivatives.7 As important interme- 
diates in this chemistry, 1,9-disubstituted phenalenium ions 
have been fourid to be very stable cations, thus showing the 
same behavior ,as their parent compound phenalenyl.8 Earlier 
results already showed that  phenalenium ions have very low 

Scheme I 
'=7 

I 131 I 

t Y 

and reversible redox potentials, thus representing quite a 
unique class of nearly planar carbon-based free radicals,8b in 
contrast to other reduction products of carbonium ions which 
easily tend to  dimerize, as for instance tropylium i o m g  We 
therefore decided to further investigate the charge distribu- 
tion and redox properties of 1,9-dihetero-substituted phen- 
alenium ions. 

Results 
In a general reaction 9-hetero-substituted 1-phenalenones 

can be alkylated at  the oxygen on 1 position by Meerwein's salt 
(Scheme I). Thus 9-butoxy-1-phenalenone ( la)  and its N (2), 
and S (3) derivatives form 1,9-disubstituted phenalenium 
tetrafluoroborates (4-6). 

Nucleophilic substitution of the alkoxy group by primary 
amines gives 9-amino-1-phenalenones (2a,b), in which a sec- 
ond substitution is normally prevented by the strong intra- 
molecular hydrogen bond.' I t  is therefore possible to react 1 
with o-phenylenediamine to give 2d. At  higher temperature 
2d reacts with a further molecule of 1 to form 7 (Scheme II).*O 
However, in the presence of acid and above 120 "C, the in- 
ternal cyclization of the diamine occurs preferentially to give 
8 .  Treatment of the 1,5-diazepinium ion (8) with aqueous 
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Table I. Electrochemical Halfwave Potentials and Electronic Absorptions of 1,9-Disubstituted Phenalenes b , c  

no. :Y Y no. mp, "C E112', V UV-vis, nm ( 6  x lo-") 

(3%; 
registry 

la 

2a 

2b 

2c 

2d 
3 a 

3 b 
7 

4a 

4b 

4, 

.i a 

6a 

6b 

8 

l l b  

12a 

69454-53-1 

69454-54-2 

69454-55-3 

69454-56-4 

69454-57-5 
69454-58-6 

69454-59-7 
69454-60-0 

69461-11-6 

69461 - 13-8 

69461-15-0 

69461 - 17-2 

69461-19-4 

69461-21-8 

69461-23-0 

69461-25-2 

69461-27-4 

139 

127 
99 

275 

149 

158 

215 

211 

266 (dec) 

236 

-1.12 

-1.27 

-1.03 

-1.44 

-1.17 
-0.96 

-1.25 
-1.07, -1.15 

-0.39, -1.29 

-0.35, -1.15 

-0.43, -1.19 

-0.07, -1.11 

+0.06, -0.96 

+0.10, -0.97 

-0.20, -1.22 

-0.43, -1.30" 

-0.44, -1.29" 

395 (5.11, 343 (10.9), 

474 (21.0), 349 (35.1), 
460 254 (8.4), (35.2) 357 (13.41, 

546 (6.37), 432 (6.931, 

259 (12.8) 

280 (17.4) 

371 i14.40),239 (14.96) 

440 (6.15), 431 (7.14), 
366 (19.4) 

462 (14.43), 443 (17.361, 

472 (15.7), 447 (15.0), 
355 (22.98), 277 (22.25) 

378 (23.8). 248 (21.8) 
450 (10.17), i93 (14.681, 

251 (20.72) 
464 (18.43), 352 (23.541, 

457 (11.19), 431 (11.471, 

505 (3.61), 406 (13.54), 

406 (7.56), 368 (9.82), 

510 (1.43), 370 (8.421, 

491 (4.66), 467 (4.251, 

535 (5.631, 387 (29.18), 

256 (44.34) 

371 (27.76), 261 (10.76) 

350 (8.13), 283 (18.06) 

283 (18.15), 275 (15.12) 

285 (31.65) 

382 (9.31), 261 (19.23) 

259 (30.18) 

0 Irreversible. Satisfactory analytical values (f0.3% for C, H, N or S, B, and F) were reported for compounds 2c,d, 3a, 4b,c, 6a,b, 
7-9, lob; l la; 12a. ' The neutral compounds have been measured in acetone (El/z) and cyclohexane, and the cations (4a-12a) have 
been measured in acetonitrile and methylene chloride. 

NaOH provides the  conjugate base (9). Phenalenium ions of 
the  type 4, 6, arid 8 are also accessible from 5 ,  but in lower 
yields.' 

The  formation of stable phenalenium ions is not restricted 
to 1-phenalenone derivatives. Protonation and alkylation also 
take place on 9-(methylamino)-l-methyliminophenalene 
(loa),  yielding quantitatively 10b and 11 (Scheme 111). In a 
preceding communication we have already discussed the 
further oxidative cyclization of 11 to 12 and are giving here the 
experimental details1 

A common feature of the phenalene derivatives is their 
stability toward reduction. The electrochemical data are listed 
in Table I, measured by CV and ACV as shown for 6a in Figure 
1 

Neutral pheniilenes ( 1-3) show one reversible reduction 
while 7, with two 13-rings linked together, takes up  two elec- 
trons. The  phenalenium ions 4-6 and 8 generally undergo two 
reversible reduct ions. 

The  compounds absorb in the  visible and UV region with 
extinction coefficients of the order of lo4 (Table I). 

Depending on substituents the  ring protons appear a t  6 
6.5-8.2 (Table 11) in the neutral phenalenones and are shifted 
to lower field in t,he cations. 

Assignment of the  'S'C resonances is possible by combina- 
tion of the following results and observations: ( i )  proton and 
nonproton bonded carbon nucleii are distinguishable by the 

use of Cr(acac).i as relaxation agent; ( i i )  the  shifts of C1 and 
C:, show the largest substituent effects; (iii) separation of 
corresponding '.'C signals, like those of C2-Co and C,ia-Ctja, 
of compounds with differently substituted 1,9 positions de- 
creases with the  distance from those as can be seen for 4c in 

Scheme I11 

I 
(loa) 

[ l o b )  

(l'a)b) I 
J b;:e 

ll2a.bl 
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Table 11. lH (upper row) and 13C (lower row) NMR Shifts for 1,9-Disubstituted Phenalenes and Phenalene CationsC 

1 2 3 4 5 6 7 8 9 3a 6a 9a 9b X/Y 

la (6.6-7.9)O 

2a (6.9-7.8) 

2b (7.2-8.1) a 

2c (6.8-7.9)O 

184.4 123.9 139.0 131.4 130.6 131.4 137.4 114.8 162.8 127.0 126.5 

183.9 121.6 138.2 131.2 128.6 131.2 138.2 113.8 156.4 124.7 123.9 

181.4 121.9 137.4 130.5 130.3 130.3 135.1 118.3 155.3 126.0 125.1 

181.2 121.4 137.0 130.3 130.1 129.9 134.7 117.8 152.1 125.8 124.8 
2d (6.5-8.2) 
3a (6.8-8.0)O 

3b (6.8-8.0) a 

7 (7.0-8.1)a 
4a (7.0-8.2) a 

184.8 124.9 139.3 131.3 128.9 131.1 133.5 123.6 151.8 127.8 126.6 

167.9 117.5 146.1 138.9 127.9 137.9 144.1 116.5 162.4 127.0 126.5 

165.5 120.7 143.0 136.5 126.9 136.2 142.1 116.5 164.4 128.3 127.7 
4b (7.5-8.6) 

4c (7.4-8.6) a 

164.3 119.6 141.7 135.2 125.4 134.8 141.0 115.2 159.7 126.2 126.0 

5a (7.6-8.7)= 

175.5 118.5 150.9 143.6 128.5 143.6 150.9 118.5 175.5 127.2 127.2 
6a (7.8-8.9)O 

173.7 129.2 150.5 143.2 142.7 143.2 150.5 127.4 171.9 127.6 127.6 

6b (7.4-8.8)a 
8 (6.0-7.8) 
l l a  (7.1-8.1) a 

12a (7.2-8.3)O 
152.5 117.0 144.2 137.0 126.6 126.6 137.0 144.2 117.0 152.5 126.6 

128.8 115.6 

127.8 107.8 

129.7 111.4 

129.5 111.1 

128.4 123.9 

127.4 109.1 

128.1 109.6 

126.5 109.1 

126.3 112.3 

129.7 125.3 

125.7 106.4 

4.2, 1.9, 1.6, l .Ob  
14.8, 65.2 
3.1 (CH3), 11.9 (NH) 
29.3 
3.1 
43.6 
3.4, 2.0 
25.6, 52.3 
3.9 (NHz), 13.9 (NH) 
3.0, 1.7 (CHzCHz), 
31.8, 30.1, 22.6, 13.9 
4.2 (CHz) 
12.6 (NH) 
4.3,1.6/3.3, 

9.9 (NH) 
70.1, 15.3/33.4 
4.6, 1.6/3.7,3.3 
-/48.5, 45.9 
4.8, 1.6/4.1, 

3.5, 2.3, 2.0 
67.1, 14.7157.3, 

53.8, 26.0, 24.3 
4.8, 1.6/4.2, 

2.6, 1.7, 1.1 
70.7, 15.0 
4.9,1.8/3.2, 

2.1, 1.6, 1.0 
72.2, 15.3135.3, 

30.4, 23.2,14.3 
4.8, 1.6/4.6 
7.0 (NH) 
3.1,3.3 (NCH3) 
5.2 (CHz), 3.3 
69.9, 38.3 (CH3) 

a Multiplett for the lH of the ring. X = Y = CHzCH3. At 310 K, shifts in 6 for lH and in ppm for 13C, vs. Me4Si; BFd- salts in 
CD3CN, others in CDCl3; X and Y as in Table I. 

Figure 2; (iv) t he  average shift per carbon of the  cations rela- 
tive to  the neutral nonalkylated compounds indicates a de- 
shielding of the ring positions; (v) the amount of available data 
is self-consistent and agrees with results from MO calcula- 
tions. 

Experimental Section 
Compounds la, 2a, 2b, 4a, 5a, and 10a have already been de- 

~cribed.~J* 1H-NMR spectra were recorded on a JEOL-Minimar 100 
MHz, l3C NMR spectra on a JEOL FX-60 instrument (Table 11). 
Electrochemical data have been obtained on a three-electrode PAR 
Model 170 instrument with Pt working and auxiliary electrode vs. 
Ag/AgCl reference electrode and TEAP as supporting electrolyte 
(Table I). The WV-vis spectra were recorded on a Cary-14. The 

/ 

compounds give satisfactory microanalytical results and show parent 
ions in their mass spectra. 
9-(Butylthio)-l-phenalenone (3a). 9-Butoxy-1-phenalenone (la, 

2.5 g, 10 mM) and 1 g (11 mM) of 1-butanethiol are dissolved in 70 mL 
of CHCl3 and refluxed for 2 h. The solvent is removed under reduced 
pressure and the yellow residue is recrystallized from 250 mL of 
heptane, yielding 2.45 g (92%) of bright yellow crystals of 3a, mp 99 
"C. 

The above procedure is general for the nucleophilic substitution 
of the 9-alkoxy group of 1 by amines and thiols: ZC, from toluene 
(94%), mp 139 "C; 2d, from heptane (86%), mp 127 "C; 3b, from tol- 
uene (78%), mp 197 "C. 
l-Ethoxy-9-(benzylthio)phenalenium Tetrafluoroborate (6b). 

A solution of 2.1 g (11 mM) of (CH3CH&O+BF4- in 50 mL of CHZC12 

C h  c, 
c, c, c, C6 

Lc, -\, 

r 0 3  r Lilo v 4 . o j  -0s -09 . I2  

Figure 1. Cyclic voltammogram of 6b. 

1 8 ,  I I 1  I , ,  8 7  

Figure 2. 13C NMR spectrum of 4c. 
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1 R" 

Figure 3. Relationship between the oxidation states of 1,9-disubsti- 
tuted phenalenes. 

is slowly added under nitrogen to 3 g (10 mM) of 9-(benzylthio)-l- 
phenalenone (3b) dissolved in 100 mL of CHZCIZ. After stirring the 
hrick red solution for a further hour the solvent is removed and the 
residue is recrystallized from 100 mL of 3 1  CHzClz/heptane, yielding 
4.2 g (89%) (6b), mp 211 "C. 

The above procedure is general for the alkylation of 9-substituted 
I-phenalenones: 4b, mp 149 "C and 4c, mp, 158 "C from 3:l 
CHCls/heptane (70-75%); 6a, mp 215 "C from 3:1 CHzClz/heptane 
(81%). 
1,2-Bis(9'-amino-l'-phenaleno)benzene 7. l a  (14 g, 56 mM) and 

3 g (28 mM) of 1,2-diaminobenzene are refluxed for 2 h in xylene. After 
evaporation of the solvent the residue is recrystallized from CHC1.1, 
yielding 11.5 g (8Wo) of 7, mp 275 "C. The compound can also be made 
hy  starting from equimolar amounts of la and 2d. 

1,2-( 1',9'-Diaminophenalenium) benzene Tetrafluoroborate 
( 8 ) .  la (1.4 g, 5.6 mM), 0.6 g (5.6 mM) of 1,2-diaminobenzene, and 0.5 
mL of HBF4 (40% aqueous) are refluxed in xylene for 4 h. 8 (1.62 g, 
83%1), mp 266 "C dec, can be isolated after concentrating and cooling 
the solution. 
1,2-(9'-Amino-l'-phenalenimino)benzene (9) .  8 (0.36 g, 1 mM) 

is suspended in 50 mL of toluene and slowly treated with 10 mL of 
aqueous NaOH (0.25 N). Separation, drying, and concentration of the 
dark red solution gives 0.24 g (89%) of grayish powdered 9, mp 195 
"C. 
1,9-Bis(methylamino)phenalenium Tetrafluoroborate (lob). 

HBF4 (2  mL, 40% aqueous) is slowly added to 2.2 g (10 mM) of 10a 
dissolved in 50 mL of CHZOH. Within 10 min 10b precipitates 
quantitatively as a red powder, which can be recrystallized from 
CHCI:&H&N, mp 213 "C. 
9-(Dimethylamino)-l-(methylamino)phenalenium Tetra- 

fluoroborate ( l la) .  ((CH:i)sO]+BF4- (0.7 g, 47 mM) dissolved in 20 
mL of CHzC12 is added to 1 g (45 mM) of 10a in 50 mL of CHzClZ and 
stirred for 1 h. Concentration of the solution yields 1.3 g of l la,  mp 
213 "C. The analogous procedure with [(CH:$H&O]+BF4- gives l lb,  
mp 203 "C. 
1,:3-Dimethyl-1,3-diaza-2H-pyrenium Tetrafluoroborate 

(12a). A solution of 1 g (31 mM) of lla in 20 mL of CH&N is treated 
with 10 mL of (CH:JzNH (30% ethanolic solution) for 20 min in an 
open beaker. After the addition of 50 mL of heptane 0.6 g of a purple 
precipitate is formed which can he recrystallized from CHCl:&H:jCN, 
mp 223 "C. The analogous procedure starting from l l b  gives 12b, mp 
236 "C. 

Discussion 
Perturbation by substituents a t  the 1 and 9 positions does 

not alter the interesting behavior of these phenalene deriva- 
tives, namely to  be stable in up to  three oxidation states like 
their parent compound phenalenyl. Neutral phenalenones and 
phenalenethiones show only one r e d ~ c t i o n , ~  and have to  be 
oxidized by alkylation. With two singly bonded substituents 
on the 1,9 position delocalization of the additional electrons 
takes place over the whole 7 system (Figure 3). 

Reduction of the neutral compounds occurs a t  about -1.0 
V and is influenced by the 9-substituents. The  higher induc- 
tive effect of the pyrrolidine group in 2d compared to  the di- 
methylamino group in 2b shows up in the increased reduction 
potential. The more negative potential required for 2a in 
relation to 2b may be due to the additional energy necessary 
to overcome the hydrogen bridge. Linking together two phe- 
nalenones by 1,2-diaminobenzene (7) results only in a weak 
coupling of the two systems, as can be seen by the small shift 
and difference of the two redox potentials. 

EPR COUPLING CONSTANTS FOR THE NEUTRAL RADICAL, a,,(G),R.C.HADDON e t  0 1 .  : 

X,Y = 5 - s  

X 
a ,  I 

' 3 c  
1 1 3 6  

150 9 118 5 

13C-NMR SHIFTS FOR THE PHENALENIUM ION, TMSi, PPm : 

X , Y  = OCH2CH3 

Figure 4. Nodal properties of the phenalenyl frontier orbital; the EPR 
coupling constants are underlined. 

The redox processes must take place on the carbon skeleton, 
since a t  least all of the first reductions are completely re- 
versible, even in cases where a loss of hydrogen would be 
probable, as for instance in 2a, 4a, 8 , l  la,b, and 12a,b. Even 
in the very unfavorable case of phenaleno[1,9-~,d]dithiolyl 
about 80% of the spin density is located on the phenalenyl 
ring,sb although the disulfide bridge can be regarded as an 
enlargement of the conjugated system. 

The frontier orbital, which is a nonbonding orbital of phe- 
nalenyl, is mainly located on C1,:3,4,6,7,9, thus demonstrating 
the ambiguity of the "obvious" formula with localized double 
bonds.4J5 This seems to  be also true for the 1,9-disubstituted 
derivatives. 

The major localization of the positive charge in the cations 
is indicated by the positions of the 13C resonances and their 
shifts compared to  the nonalkylated parent compounds (Table 
11). Except for C1, which changes the type of its substituent, 
all the above mentioned positions (C1,3,4,6,7,9) are shifted to  
lower field, while the rest remain nearly constant. Those hy- 
drogens show the largest hyperfine splitting constant in the 
free radical,sc which are attached to carbons with low-field 
resonances in the W NMR spectra of the phenalenium ions 
(Figure 4). 

1 ,g-DisuSstituted phenalenium cations show typically two 
reversible reductions, the first step ranging from +0.1 to -0.44 
V and the second step closer together within the different 
compounds around -1.1 V. These low values quite clearly 
indicate the close relationship with the parent compound. The 
stabilities of the three oxidation states are independent of the 
geometry and electronic nature of many substituents, thus 
demonstrating the existence of a new class of multiple redox 
active compounds. 

Within the 0-alkylated cations the 9-amino compounds 
have significantly higher first reduction potentials than the 
0 and S derivatives. This can be understood by looking a t  the 
lH and l:C NMR spectra, where two and four signals appear 
for the nuclei of the 9-substituents of 4b and 4c, as can be seen 
in Figure 2 and Table 11. 

I t  is therefore likely that the Cg-N bond is in part a double 
bond. Because of the steric effect of the 1-substituent, OR, a 
tilted structure, as indicated for 4b, seems to be favorable. The 

6 =3.32  

degree of planarity will determine the amount of positive 
charge on the nitrogen. The stabilizing effect of the amino 
group"' shows up in the increased first reduction potentials 
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of these cations and in the position of the magnetic resonances 
of the hydrogen and carbon nuclei belonging to the ring. 

With this above described new class of compounds, a 
promising type of organic cations, whose steric and electronic 
properties are quite variable, has been found. In view of their 
low first redox potentials they are interesting counterions in 
charge-transfer salts with organic or inorganic anions, for 
instance with 'I'CNQ- or bis(dithio1ato)-metal complex an- 
ions.Ii 
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-4 simple and effective synthesis of CHZFS02Cl and CHFzSOzCl has been achieved, b o t h  in 49% overall yield. 
The (di)f luoromethyl chlorides are converted i n t o  the (di)f luoromethyl benzyl sulfides by NaOH-benzyl mercap- 
tan  in DMF. Oxidative chlorination in cold water yields the (di)fluoromethanesulfonyl chlorides. 

PhCH2SNa c12 

DMF Hzo 
CH,F,Cl V CH,FsSCH2Ph ---*.CH,F,SOZCl 

x = l , y  = 2 

x = 2 , y  = 1 

Despite identical conditions and yields, the reactions of benzyl mercaptide w i t h  CHzFCl and CHFzCl  proceed 
through s N 2  and carbene paths, respectively, as indicated b y  alkylat ion in NaOD.  The oxidative chlorination of 
CHFZSCH2Ph occurs a t  least 50% via the sulfoxide. In s i tu  generation of benzyl mercaptide gave a 39% overall yield 
of CHFzS02Cl. t e r t - B u t y l  mercaptan proved inferior in the dif luoromethylat ion step. 

Our interest in the biological properties of various fluo- 
roalkanesulfonamides (to date, antiinflammatory,l anticon- 
vulsant,2 card iova~cular ,~  and herbicidal4) has necessitated 
large-scale preparations of CHzFSOzCl (1) and CHFzSOzCl 
(2) .  Farrar's5 original synthetic route to  2 consisted of the 
Strecker sequence shown in eq 1. After considerable modifi- 
cation, Harrington and Kaufman6 rendered this adequate for 
small-scale preparations (<500 g, yields -50%), but this route 
has proven cornplicated and inefficient (10-20% yields) for 
larger runs, unreliable, and hence too expensive for multi- 
gallon reactions. Specifically, the initial step required ex- 
tended heating in a high-pressure kettle, resulting in extensive 
corrosion of the vessel. Yields in this step were particularly 
erratic for CHF&I (several <lo%). Recovery and purification 
of the sulfonatt) salts were time consuming. The final mixture 
of 2 (bp 96 "C) and byproduct POCl:, (bp 101 "C) could not 
be separated by distillation, and only by competitive hy- 
drolysis could the latter be removed. The 2 so obtained was 
contaminated .with 5-15% of unidentified materials. 
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A PCl j  
CHZFCl+ NazS03 - CHZFS03Na -CH*FS02Cl 

(1 
1 pressure 

CHF2Cl+ NazS03 - CHF2S03Na - CHF2SO2C1 
2 

(2  

We decided to  employ the greater nucleophilicity of diva 
lent sulfur by (di)fluoromethylating some species RSH, fol- 
lowed by cleavage of the protecting group R and oxidation to  
the tetravalent state, in either order. This approach was de- 
signed to avoid both the slow, corrosive pressure reaction with 
NazS03 and the difficult isolation of the sodium sulfonates. 
Our efforts culminated in the synthesis of benzyl sulfides 3 
and 4 and subsequent direct conversion of these to 1 and 2 by 
cold aqueous chlorination. 
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