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The exchange reactions of a series of phenalenyl cations, 2a,c, 6a-d, 7, and 8, were examined in CF3S03D by 
'H NMR spectroscopy. For ions 6a-c with amino substituents, competing protonation of the substituents was 
observed. Exchange reactions at C-2 of ions 2a and 8 were especially rapid. Exchange at C-5 for a series of 
1,9-disubstituted phenalenyl cations was quantitatively correlated with nP+ values for the substituents. The 
correlation equation can be used to predict the reactivity at C-5 for other phenalenyl cations. The role of the 
number, nature, and location of the substituents in affecting the rate is noted. The results of the experiments 
are consistent with a mechanism in which the ions are protonated to form carbodications, which are species of 
current research interest. 

Introduction 

The synthesis and characterization of multiply charged 
organic cations, both in solution and in the gas phase, is 
a topic of current interest.' Part of the fascination with 
this area is to see if species that differ only in charge vary 
in structure. Theoretical studies on ion structure and 
stability have been invaluable2 because charged ions are 
often difficult to prepare in solution and, when prepared 
in the gas phase, difficult to characterize. 

Multiply charged cations will in general be more difficult 
to prepare because of their large heats of formation, but 
the same technology used to prepare cations with unit 
charge still might be viable. One of these methods involves 
protonation. Protonation of an uncharged species will, of 
course, generate a carbocation, protonation of a carbocation 
will yield a carbodication, and so forth. One would expect 
this to become increasingly difficult, however, because of 
charge repulsion due to Coulomb's Law. In fact, the re- 
verse reactions should be favored because fragmentation 
separates the positive charges. This is the basis of the 
exciting new technique of Coulomb explo~ion .~  

Some years ago we discovered that certain carbo- 
dications. are easily prepared by protonation of the cor- 
responding carbocations.4 1,3-Dihydroxyphenalenyl cation 
(2a) yields, for example, carbodication 3 in 100% magic 
acid (1:l FS0,H-SbF5)/liquid SO2 at  -80 "C. In fact the 
carbodication is the predominant species a t  equilibrium 
under these conditions. On the other hand, ion 4 yielded 
dication 5 irreversibly under similar conditions. Clearly 
the strength of the acid (Ho = -175), and the presence of 
cation-stabilizing hydroxyl groups in 2a and oxygen atoms 
in 4 contributed significantly to these results. 

Direct observation of carbodications by 'H or 13C NMR 
spectroscopy, as was done for the two prior examples, was 
not always possible. In these cases it was still possible to 
learn much about the dications by the position and rate 
of deuterium exchange for the monocation in the weaker 
CF3S03D (Ho = -14.1 for CF3S03H5).4a,h Ion 2a, for ex- 
ample, underwent a very rapid exchange at position 2 and 
a much slower exchange at  positions 5 and 8. Thus, two 
carbodications of widely differing stability exist in this 
system. 

The phenalenyl ring system has proven to be an ideal 
system in which to investigate the phenomenon of cation 
protonation. There are several reasons for this: The ion 
precursors are easy to prepare; the ring system contains 
an extensive *-system in which to delocalize one or more 
positive charges; the ring system, even when substituted, 
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yields interpretable NMR spectra; and, it is possible to 
place a variety of substituents a t  various positions onto 
the ring. Many of these factors came into play in the study 
of the deuterium exchange in hydroxy-substituted phe- 
nalenyl cations (2a-d) in CF3S03D.6 It was found that 
the number and position of the substituents profoundly 
influenced the position and rate of exchange. The details 
of this work will be discussed a t  a later moment in this 
paper. 

4 0  

R& 5 \  6 7  0 0  

2a: R, = R3 = OH; R2 = Rg= H 
b: R1 = R2 =OH; R3 = 5 = H 
C: R1 = R g =  OH; R2 = R3= H 
d: R1 =OH; R2 = R3 = 5 = H 
e: R, = R2 = R 3 =  = H 
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Table  I. 'H NMR Spectral Data for Phenalenyl  Cations in CF8SOSHa 
chemical shift of 

ion H-2 H-3 H-4 H-5 H-6 H-7 H-9 H-10 
6a 8.05 8.84 8.68 8.22 8.68 8.84 8.05 
6b 7.97 8.89 8.75 8.25 8.75 8.89 7.97 
6c see text and Figure 1 
6d 7.79 8.93 8.78b 8.19 8.81b 8.61 8.21 
7 8.78 9.14 9.06 8.58 9.06 9.14 8.78 
8 7.06 7.83 8.82 8.82 7.83 

6.89 - 9.09 8.09 8.74 8.74 8.09 2a 
2c 7.54 8.72 8.58 7.94 8.58 8.72 7.54 

- - 

'Internal standard Me,N+ (6 3.10). bThe assignments for H-4 and H-6 may be reversed. 

If the protonation of cations is to become a viable, 
general method for the preparation of carbodications, 
much more needs to be known about the factors that not 
only make the reaction possible, but also facile. To this 
end we report below an extensive study of the protonation 
of additional substituted phenalenyl cations in CF3S04H- 
(D).' 

Results and Discussion 
The ions 6a-d, 7, and 8 were chosen for study because 

of their availability and varied substituents, which occur 
mainly a t  the one and nine positions. Ion 8, on the other 
hand, has four activating substituents a t  position 1, 3, 4, 
and 9. Ions 2a and 2c were also reexamined so that a 
better comparison of the behavior of the present ions can 
be made to those reported in our earlier work.@ A solution 
of 7 was prepared by dissolution of the corresponding 
tetrafluoroborate salt in acid. Solutions of the other ions 
were prepared by protonation of the corresponding ketone, 
thione or imine.* Prior work has shown that protonation 
of phenalenones in CF3S03H(D) is essentially irreversible 
and quantitativeqsb Protonation of 9-aminophenalenone 
has been shown by Solodaf and Kochkin to occur exclu- 
sively on the carbonyl ~ x y g e n . ~  The evidence here is that 
in all cases protonation occurs quantitatively a t  the site 
that gives the phenalenyl cation. 

i 7  

8 

The 'H NMR spectral data of the ions are presented in 
Table I. The assignments are straightforward and based 
on the effect of charge on chemical shift, splitting patterns, 
extensive decoupling experiments, and comparison to the 
spectra of known ions. In the case of the unsymmetrical 
6d, the assignments of H-2 and H-8 were based on a com- 
parison to the spectra of ions 2c and 7 and neutral thio- 
phenols and phenols; the assignments of H-3 and H-7 then 
follow from the assignments of H-2 and H-8. The as- 
signments of H-4 and H-6 remain unclear, however. 

The 9-amino-1-hydroxyphenalenyl cation (6c) is inter- 
esting because its 'H NMR spectrum a t  200 MHz (Figure 
1) clearly shows the presence of more than one species. 
This was confirmed by the 13C NMR spectrum of the 

~~ ~~~ 

(7) Some of thie work has appeared in communication form: Peebles, 
W.; Pagni, R. M.; Haddon, R. C. Tetrahedron Lett. 1989, 2727. 

(8) The precursor to 6c exists in an amino ketone-hydroxy imine 
equilibrium in organic solvents. Likewise, the precursor to 6d exists in 
a thiol ketone-hydroxy thione equilibrium in neutral solvents. 

(9) Solodaf, S. L.; Kochkin, V. A. J. Org. Chem. U.S.S.R 1982,18,1096. 
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Figure 1. 'H NMR spectrum of 6c * 6c'. 

solution which showed 26 resonances; a single phenalenyl 
cation will yield only 13 resonances. The 'H NMR spec- 
trum is due to a 1:l mixture of the cation 6c and a dication 
6c' formed by protonation of the nitrogen atom of 6c. 
Solodaf and Kochkin have come to the same conclusion 
about this system by UV/vis spectroscopy? It was possible 
to assign unequivocally the somewhat overlapping reso- 
nances to all 14 hydrogens of the two ions by methods 
described above. The assignments are shown above the 
resonances seen in Figure 1. It is clear from Figure 1 and 
eq 3 that ion 6c shows accidental degeneracy of H-2 and 
H-8, H-3 and H-7, and H-4 and H-6. If one wants to 
observe deuterium exchange a t  C-2 and C-8 in ion 6c, one 
must do this indirectly by examining the apparent ex- 
change at C-2 and C-8 in ion 6c', which one can reasonably 
assume not to exchange in CF3S03D. 

A 0 . .  ~ 
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6 7  8 7  
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Because 6c actually exists as an equilibrium mixture of 
a monocation and a nitrogen-protonated dication, it is 
reasonable to ask if the other ions in Table I, particularly 
6a and 6b, and those studied earlier,4.6 do not behave 
similarly. Except for 6c, which was just described, and 6a 
and 6b, which will be described below, there is no evidence 
that the ions exist in an equilibrium similar to that in eq 
3. For 6a, except for a perturbation in the doublet a t  
lowest field, the aryl hydrogen chemical shifts are, sur- 
prisingly, consistent with a single ion alone. This turns 
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a t  the central C-H position of each six-membered ring. 
This is entirely consistent with the electrophilic addition 
of D+ to form a 0-complex having two charges stabilized 
by the substituents located a t  the corner position of the 
rings. Addition of the D+ to the corner position would not 
yield such stabilization. Ion 7 also underwent exchange 
a t  positions 4 and 6, in addition to the expected exchange 
a t  positions 2, 5, and 8. The unusual exchange likely 
occurred through a species other than the cation. Ion 2b, 
which also reacted a t  a very slow rate and at unexpected 
positions, undoubtedly behaved similarly.6 Ion 7 was un- 
usual in one other respect. In the presence of air it un- 
derwent an irreversible reaction to form an ion tentatively 
assigned to the interesting disulfur-bridged dication 6. The 
air oxidation of thiols to form disulfides is, of course, a 
well-known reaction. This air oxidation complicated the 
analysis of the exchange behavior of 7 in CF3S03D but 
caused no problem when the exchange experiment was run 
on a degassed sample. 

II 

II Llnknoim 

L C  2 5  2 .  c 2 3  2: I 5 P P M  

Figure 2. 'H NMR spectrum of 6a * 6a' in the NH and CH3 
regions. 

out to be due to a fortuitous overlap of the aryl peaks of 
6a and the dication 6a' a t  200 MHz, however. The NH 
and CH3.regions of the proton spectrum (Figure 2) clearly 
show evidence of two species. The methyl region, for 
example, consists of a lower field doublet due to NHCH, 
and an upfield triplet due to +NHzCH3. Spin decoupling 
shows the doublet to be coupled to the apparent quintet 
a t  6 4.00, which is due to the overlap of slightly non- 
equivalent NHCH3 quartets. The methyl triplet is coupled 
to the quartet a t  6 3.50, which is assigned to +NHzCH3. 
Consideration of these facts and peak integrations suggests 
that  the solution contains a 1:5 mixture of ions 6a and 
6ar.10,11 

Ion 6b showed no evidence whatsoever for two cations 
in its 'H NMR spectrum but, because of the behavior of 
6a and 6c in CF3S03H, this cannot be the case. Based on 
substituents on ions 6a and 6c and the equilibrium con- 
stants for eqs 3 and 4, a reasonable equilibrium ratio of 
6b and its nitrogen-protonated dication 6b' is 1:3. Ex- 
periments to be described later are also consistent with this 
ratio. 

Because the exchange rates in CF3S03D are measured 
by observing changes in peak integrations and multiplic- 
ities of aryl hydrogens in the monocations, how can one 
obtain the desired information for 6a and 6b when the 
chemical shifts for their aryl hydrogens exactly match 
those of the dications 6a' and 6b', respectively? It  is easy 
to show (Appendix 1) that this situation causes no problem 
and that one can obtain the desired information from the 
observed peaks in the normal manner. 

The exchange reactions were treated as irreversible and 
pseudo-first-order because the reactions are run with a 
large excess of CF3S03D. Except for cation 7 whose ex- 
change was particularly slow, all the ions exchanged only 

~~ 

(10) The observed relative integrationa of the quintet, quartet, doublet, 
and triplet (going from low to high field) were 10155027. The best tit 
of these data was for a 1:5 mixture of 6a to 6s' in which relative inte- 
grations of 12:14:38:27 are expected. Other admixtures of 6a anf 6a' 
yielded poorer fits. 

(11) The broad singlet at 6 3.7 is attributed to an unknown species. 
There is no evidence to believe that this peak is associated with the 6aba' 
system. 

7 9 

For most of the phenalenyl ions it was not necessary to 
correct the kinetics data, but for 6a, 6b, and 6c it  was 
because of the competing protonation of the nitrogen atom. 
The behavior of these systems can be represented as: 

(6) 
kl 

PHD2+ e PH+ + D+ 
k-1 

(7) 
kz PH+ + D+ - PD+ + H+ 

where PH+ and PD+ are the monocations before and after 
exchange and PHD2+ is the nitrogen-protonated dication. 
This system should not be confused with a preequilibrium 
scheme in which PH+ would be treated as a transient with 
a small steady-state concentration, which is certainly not 
true here. In the present case, where kl and k-' >> kz, the 
following equation is true: 

[PH+lo 
= kz [PH+], + [PHD2+Io 

where [pH+], and [PHD2+Io are the initial concentrations 
of PH+ and PHD+ which are known from the NMR studies 
in CF3S03H. In other words, kob = kz times the fraction 
of the phenalenyl ions in the monocation state. Equation 
8 has previously been used by other researchers in many 
circumstances and guises,l2 but its derivation has always 
been intuitive. Because chemical systems which mimic eqs 
6 and 7 are common, a mathematical proof of the validity 
of eq 8 is presented in Appendix 2. 

Even the k i s  could be corrected further because the rate 
constants are pseudo-first-order. Furthermore, if one im- 
poses a mechanism onto eq 7, e.g., eq 9, a further correction 
to yield the desired k3 is required. Because these correc- 
tions are essentially the same for all the ions studied 
(Appendix 2, part 3), they have not been applied here. 

(12) (e) Jencks, w. P. Catalyeis in Chemistry and Enzymology; 
McGraw-Hill: New York, 1969; Chapter 11 and references cited therein. 
(b) Bolton, J. L.; McClelland, R. A. Can. J .  Chem. 1989,67,1139. (c) For 
a different approach, .we: Ritchie, C. D Physical Organic Chemistry, 2nd 
ed.; Marcel Dekker: New York, 1990; p 43. 
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Table 11. Exchange Half-lives of Phenalenyl Cations in CF,SO,D" 

substrate 
6a 
6b 
6c 
2c 
6d 
7' 
8 

2a 

substituents T ,  m b  of 

R, R3 R4 R9 

NHZ NH2 
OH NH2 

NHCH, NHCH, 

OH OH 
OH SH 
-S-S- bridge at  C-1 and C-9 

OH OCH, OCH3 OH 

OH OH 

H-2 H-5 
0.058 0.32 
0.26 0.70 
6.5 2.0 
1.3 4.0 
2.5 15 
7.0 no exchange 
<0.02 s 53 min 
(25 oC)d (25 "C)' 
90 s 9.0 
(25 "C)' 

H-8 
0.058 
0.26 
0.25 
1.3 
6.0 
7.0 
53 min 
(25 "C)' 
9.0 

total T~~~~ 

(H-2, H-5 + H-8) 
0.027 
0.11 
0.21 
0.56 
1.6 
3.5 
<0.02 s 

90 s 

A t  60 "C unless noted otherwise. * I n  days unless noted otherwise. CExchange a t  C-4 and C-6 also occurs, with = 7.2 days a t  each 
position. dEstimated value. 'Experiments were run entirely in the probe of the NMR spectrometer. 

Table 111. Correlation of Rate of Exchange at C-5 and 
Substituent Constants for l,9-Disubstituted Phenalenyl 

Cations 
substrate log T ,  ,,(H-5) Xu,+ (substituents)O 

6a -0.495 -3.0 (NHMe, NHMe)b 
6b -0.155 -2.6 (NHZ, NH2) 
6c +0.301 -2.22 (OH, NHJ 
2c +0.602 -1.84 (OH, OH) 
6d 1.176 -0.98 (OH, SH)' 
7 (1.965) -0.12 (-SS-)d 

"u,+(NHCH,) = -1.5, u +(NHz) = -1.3, u,+(OH) = -0.92, u +- 

(SH) = -0.06. bu,C(NHIde) = 1/2[a,+(NHz) + up+(NMe2)], /+- 
(NMe,) = -1.7. Cu,C(SH) was taken equal to  u,C(SMe). dVafue 
calculated from the correlation. up+(-SS-) = 2up+(SH). 

The results of the experiments are reported in Table I1 
as half-lives of exchange of H-2, H-5, and H-8. Total 
half-lives of exchange at  the three sites can be computed 
(Appendix 3) and are also reported in Table I. The total 
half-lives of exchange, as well as the individual half-lives, 
are in qualitative agreement with expectations based on 
the nature of the substituents and their number. 1,3- 
Dihydroxyphenalenyl cation (2a) is notable in that it ex- 
changes much more rapidly than any other disubstituted 
ion, even those with more activating amino groups. Phe- 
nalenyl cation 8 reacts even more rapidly than 2a13 because 
it not only has the structural features of 2a but also two 
additional act'ivating substituents. The distance between 
the site of exchange and the substituent is an especially 
important factor in determining the ease of exchange. 
Carbon 2 ((2-2) in both 2a and 8, for example, is flanked 
by two hydroxyl groups. With the exception of cation 6c, 
the other five 1,9-substituted phenalenyl cations exchange 
more rapidly at  C-2 and (2-8, the sites adjacent to the 
substituents, than at  C-5 which is more remote from the 
substituents. The behavior of the unsymmetrical cations, 
6c and 6d, was also interesting because, a t  the sites next 
to the substituents, exchange occurred more rapidly next 
to the more activating group, NH2 (versus OH) for 6c and 
OH (versus SH) for 6d. When identical groups are atta- 
ched to the phenalenyl cation, the location of the groups 
is also important. 2a exchanges much more rapidly (at 
(2-2) than 2c, even though they both contain two hydroxyl 
groups at  activating positions. The 1,2-dihydroxy- 
phenalenyl cation 2b is the least reactive of the three 
dihydroxyl ions because one of the substituents is a t  a 
deactivating position (C-2).6b 

(13) Because of the facile exchange with protons in CF3S03H, H-2 is 
severely broadened in the 'H NMR spectrum of 8. The rIjz(H-2) reported 
in Table I1 was estimated by comparison to the rIi2 values for H-5 and 
H-8 in 8 with those for the H-2, H-5, and H-8 in 2a. The 
2,2',2",6,6',6"-hexamethoxytriphenylmethyl cation shows even more rapid 
exchange in CF3S03H." 

Because the proton resonances of the equilibrating 6c 
and 6c' do not overlap severely in CF,SO,H, it was possible 
to observe exchange in both ions, even though exchange 
actually only occurs in the monocation 6c. As expected, 
H-5 in both ions exchanged at  identical rates. It was not 
possible, however, to compare directly the exchange rates 
of H-2 and H-8 because the two hydrogen have identical 
chemical shifts in ion 6c. The apparent s l j z  for H-2 and 
H-8 for 6c is 1.25 days, whereas slIz for H-2 = 6.5 days and 
i l j z  for H-8 = 0.25 days as measured from cation 6c'. It 
can be shown (Appendix 4) that the two sets of values 
measured in the two cations are in reasonable agreement. 

6c e 6c' (measure exchange at C-2 and C-8 in this ion) (10) 
IaSl 

exchange 

An excellent quantitative correlation of rate and sub- 
stituent effect was also obtained; this is consistent with 
a mechanism in which there is a build up of charge in the 
rate-determining step (eq 11). Only phenalenyl cations 
with substituents at the 1- and 9-positions were used, 
whose substituents then were correlated with the rate of 
exchange at  C-5 only. This site was chosen because it is 
equidistant to the two substituents. up+ values were used 
for the substituent constants because an increase of one 
positive charge in going from reactant to intermediate in 
the rate-determining step is expected (eq 11). The cor- 
relation attempted was log 71/2(H-5) versus Zap+, where 
Xup+ is the sum of the two substituent constants. The data 
are collected in Table 111. The correlation yielded the 
equation log 71/2(H-5) = 0.836Zup+ + 2.065, with a corre- 
lation coefficient of 0.993. Because r1 and k, the rate 
constant for exchange, are inversely reiated, the slope of 
the equation yields p = -0.836.14 A negative slope is 
expected in a reaction involving a build up of positive 
charge, but the electron demand of the substituents is not 
very large. This can be attributed to the fact that (1) the 
phenalenyl ions possess two, rather than the normal one, 
substituents; (2) the positive charges are more extensively 
delocalized than in benzene derivatives; and (3) the sub- 
stituents on the phenalenyl cations are more removed from 
the reaction center than they are on benzene. 

Several other things are worth noting about the corre- 
lation. First, ion 7 undergoes exchange at C-5 at a rate too 
slow to measure. This is understandable because the 
correlation equation predicts the T ~ / ~  (H-5) for 7 to be 92 
days. Second, ion 2d with a single substituent (OH) at C-1 

(14) It is easy to show that p will be the same if the pseudo-first-order 
rate constants are corrected for [D+] and a mechanism such as that of 
eq 11 imposed on the data. 
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complished by several freezepumpthaw cycles on a vacuum line. 
'H NMR spectra were obtained at 200 MHz. The tetra- 
methylammonium ion was used internally as the chemical shift 
standard ( 6  3.10). Peak integrations for the samples were com- 
pared to those for the tetramethylammonium ion peak. Because 
spectra could be obtained with just a few pulses and then stored, 
it was possible to monitor reactions having very short half-lives. 

Appendix 1 
In Appendix 2, it is shown that for 

k 
PHD2+ PH+ + D+ (1) 

k-1 

and PH+ + D+ 2 PD+ + H+, (2) 

[PHD2+] = [PHDz+l0erlt (3) 

and [PH+] = [PH+IOerlt, (4) 

refR1 

is predicted to have a half-life of exchange of about 20 days 
a t  C-5,15 while the unsubstituted phenalenyl cation 2e 
should have a half-life of exchange of a little less than 39 
days at  the same position.16 These predictions are in good 
agreement with our prior work.6 Lastly, the correlation 
equation nicely accounts for the behavior of 6b. Recall that 
the rate data for this ion had to be corrected because the 
ion is presumed to be in equilibrium with an undetected 
nitrogen-protonated dication 6b'; the monocation and 
dication were assumed to be present in a 1:3 ratio. Had 
this estimate not been essentially correct, the correction 
would have been poorer. 

Conclusion 
The behavior of a large number of phenalenyl cations 

in CF3S03H and other stronger acids has been examined 
in the present and earlier reports. The rate of exchange 
in CF3S03D is not only determined by the nature and 
number of substituents but also, and perhaps most im- 
portantly, by the location of the groups. Several of the 
ions, notably the amino-substituted and the tetrasubsti- 
tuted ones, exchange fast enough in CF3SOBD that the 
corresponding dications should be detectable by 'H NMR 
spectroscopy in still stronger acids, as was the case with 
the 1,3-dihydroxyphenalenyl cation (2a). One should be 
able to use the equilibrium mixtures of mono- and dica- 
tions as indicators in acidity function measurements in the 
highly acidic regime where there are presently few reliable 
values. 

Experimental Section 
Trifluoromethanesulfonic acid (CF3S03H) was purified by 

distillation before use. CF3S03D was prepared from CF3S03H 
as previously described." 3-Hydroxyphenalenone, the precursor 
to 2a, was prepared by the method of Eistert et a1.,18 and 9- 
hydroxyphenalenone, the precursor to 2c, was prepared by the 
method of Haddon et al.19 9-Mercaptophenalenone, 9-amino- 
phenalenimine, and 9-(N-methylamino)-l-(methylimino)- 
phenalene, the precursors to 6d, 6b, and 6a, respectively, were 
prepared by the methods of Franz and co-workers.20 3- 
Hydroxy-4,9-dimethoxyphenalenoneZ1 and 9-aminophenalenone,n 
the precursors to 8 and 6c, were synthesized by the procedures 
of Haddon and co-workers. PhenalenoI 1,9-cd]dithiolium hexa- 
fluorophosphate, the source of 7, was also prepared by a method 
developed by Haddon.lg 

Solutions of the ions in CF,S03H and CF3S03D were prepared 
as described in an earlier studfb and were ordinarily not degassed. 
When degassed samples were required, the degassing was ac- 

(15) For 2d, 2 8  = -0.92 + 0 = -0.92. 
(16) For Ze, Zo+ = 0. iljZ has been statistically corrected. 
(17) Smith, R. J.; Pagni, R. M. J. Org. Chem. 1981, 46, 4307. 
(18) Eistert, B.; Eifler, W.; Goth H. Chem. Ber. 1968, 101, 2162. 
(19) Haddon, R. C.; Wudl, F.; Kaplan, M. L.; Marshall, J. H.; Cais, R. 

(20) Franz, K. D.; Martin, R. L. Tetrahedron 1978, 34, 2147. 
(21) Haddon, R. C.; Hirani, A. M.; Kroloff, N. J.; Marshall, J. H. J. 

(22) Haddon, R. C.; Chichester, S. V.; Mayo, S. L. Synthesis 1985,639. 

E.; Bramwell, F. B. J. Am. Chem. SOC. 1978, 100, 7629. 

Org. Chem. 1983, 48, 2115. 

where rl = - [pH+], k2 (5) 
[PH+]o + [PHD2+]o 

If the 'H NMR signals for PH+ and PHDz+ fortuitously 
merge, it follows that 

([PHDz+] + [PH+]) = ([PHDz+l0 + [PH+lo)erlt (6) 

In other words, one can derive rl even when one cannot 
detect PHD2+ and PH+ individually. 

Appendix 2 
Part 1. Consider the reaction of phenalenyl cation PH+, 

either by the reversible protonation of a heteroatom to 
form PHD2+ or onto the ring to give ultimately the deu- 
terated phenalenyl cation PD+ 

(1) PHD2+ __ PH+ + D+ 

(2) PH+ + D+ - PD+ + H+ 
Because the interconversion of PHDz+ and PH+ is fast, kz 
<< kl and k-,, where k2 and k-, are pseudo-first-order rate 
constants. Also, because of the large excess of D+, reaction 
2 is essentially irreversible. Thus, 

k l  

k-i 

k2 

d[PHD2+] 
= -k,[PHDz+] + k_l[PH+] (3) d t  

and 

d[PH+] 
dt 

-- - k1[PHD2+] - (k-1 + kz)[PH+] (4) 

This is a set of first-order differential equationsz3 whose 
solution is of the form 

(5) [PHD2+] = Alerlt + Agerzt 

[PH+] = Blerlt + BZerzt 

and 

(6) 

where 

(7) r1,2 = 

If [PHD2+] = [PHD2+Io and [PH+] = [PH+]o a t  t = 0, 

( -kl  + k- ,  + k2) f [ ( k ,  + k-1 k2)'- 4kqk2]"2 
2 

(23) Martin, W. T.; Reissner, E. Elementary Differential Equatiom; 
Addison-Wesley: Reading, MA, 1961. 
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A, = ( k , ( k _ ,  + k ,  + rl)[PHD2+10 - (k-1 + k2 + rl) 
( k - ,  + k2 + r2)[PH+lo)/kl(rl - r2) (8) 

(9) A2 = [PHD2+]o - A1 

Pagni et al. 

( 7 )  r,’ = r1/k2 - -1/R as A - 

kl 
k-, + k 2  + rl B1 = A1 (10) 

Equations 5 and 6 are not useful in their present form, but 
can be greatly simplified because k,, k-, >> k2. When these 
inequalities are applied, rl and r2 simplify to 

(12) r,(-root) = - ( k ,  + k-J 

and 

The derivation of eq 13 is found in part 2 below. Because 
k ,  + h-, is large and k ,  is small, erzt decays very rapidly and 
erlf slowly. Furthermore, A, i= [PHD:+], which yields A ,  
= 0,  and B1 = [pH+],, which yields B2 = 0. Therefore, 
[PHD2+1 = 

[PH+lo ) k 2 t ]  (14) [PHD2’lo -( [PH+l0 + [PHD2+]o 

and 

Part 2. The equation in part 1 that yields rl and r2 is 

(1) r2 + (k, + k - ,  + k,)r + k1k2  = 0 

Because kl, k - ,  >> k 2  

If one lets ([PHD2+l0 + [PH+],)/[PH+], = R and r’= r/k2, 

(3) 

If one divides eq 3 by k Z 2  and lets k , / k ,  = A, one gets 

(4) 

kZ2rR + (Rk,  + k2)k2r’ + k , k 2  = 0 

r R  + (RA + l ) r ’+  A = 0 

The solution to eq 4 is 

r’ = 
-(RA + 1)2  f [ (RA + 1)2 - 4A]’i2 

2 ( 5 )  

Equation 5 is equivalent to eq 7 ,  part 1. One can also solve 
eq 4 for A :  

-r’(r‘ + 1)  

r’R + 1 
A =  

From this equation it can be seen that when A = a, r’ = 
- l / R  or -03, and when A = 0, r’= 0 or -1. It is easy to see 
that for r,’(+root of eq 5), r,’ = 0 when A = 0 and r’ = -1/R 
when A = a. Also for rz’(-root of equation 51, r,’ = -1 
when A = 0 and r2’ = --m when A = a. Because the -root 
(r,‘ and thus r2) has been eliminated from eqs 3 and 4 of 
part 1 ,  and because k l  >> k 2 ,  i.e. A = k , / k ,  is large, only 
the following need concern us: 

Therefore, 

This solution can also be shown to be true empirically. 
When k l  = 10k, and [PH+]o/([PH+]o + [PHD2’lo) = 
for example, the difference between the exact and ap- 
proximate values of r1 is only 1.4%. The error goes down 
as k l / k z  becomes larger. Note also that when [PHD2+Io 
= 0, r1 becomes -kz, as is expected. When [PH+l0 is small, 
rl = -Kkz as is expected ( K  = [PH+l0/[PHD2+]). 

Part 3. The measured k2, k2(obs), is more appropriately 
expressed as 

where kEAs is the corrected observed rate constant. kEAs 
is still phenomenological. An expanded version of PH+ 
+ D+ - PD+ + H+ would include a u complex: 

k k 
PH+ + D+ & PHD’~+ 2 PD+ + H+ (2) 

k-3 k-4 

where PHD’,+ is the u complex (the prime is used to 
distinguish this dication from the one which is formed by 
protonation of a heteroatom). Because the reaction is 
essentially irreversible, k-, can be ignored. Thus, 

d[PH+] 
dt = -k,[D+][PH+] + k-,[PHD’2+] (2) 

and 
d[PHD’,+] 

= kS[D+][PH+] - (h-3 + kq)[PHD”+] (3) dt 
One may apply the steady-state approximation to eq 3 and 
apply the results to eq 2. This yields 

d[PH+] 
(4) dt 

Therefore, 

(5) 

k 4 / ( k 3  + k4), which represents the fraction PHD’2+ going 
on to PD+, contains an isotope effect because k ,  represents 
breaking a C-H bond and k- ,  breaking a C-D bond. 
Therefore, k , / ( h - ,  + k4) < 1 because k 4 / k 3  > 1. For ex- 
ample, if k 4 / k - 3  = 5.0, k , / ( k _ 3  + k4) = 0.83. In principle 
one can derive k ,  from k,, but this was not done because 
[D+] is constant from experiment to experiment and k4/ 
(k3 + k4) is approximately constant throughout the series 
of compounds. Furthermore, the exact value of k4/ (k- ,  + 
k4) is not known. 

Appendix 3 
One can derive the overall half-life of exchange ( T )  from 

the individual half-lives T, ,  T,, T ~ ,  etc. If the overall rate 
constant for exchange is k = k, + k ,  + k 3  + ..., it follows 
that 
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( 1 )  
In 2 In 2 In 2 k = -  + - + -  + ... 
71 7 2  73  

But 7 = k/ln 2. Therefore 
and HA = 1 1 1 1  

7 71 7 2  7 3  But Hc, = HBo and 
(2) + - + - + ... - = -  

- - -  (e-kBt + e-&) 
2 (4) 

Appendix 4 
For ion 6c. the auestion arises as to whether the rates HA 

of exchange at H,*(HB) and Hg (Hc) as measured in the 
nitrogen-protonated dication correspond to the rates of 
exchange a t  the same positions in the monocation. The 
problem arises because H1 and Hg (HA) in the monocation 

Experiments showed k B  = In 2/6.5d = O.lld-' and kc = 
In 2/0.25d = 2.8d-'. Thus, 

have identical chemical shifts. It follows that the exchange HA = (e-O.llt + e-2.8t) (5) 
.& 

But HA = 1/2HA, when t = r1/2. 

Therefore, 3/2HAo = 1/HA,(e-0.11rl/2 + e-2%2) ( 6 )  

This equation is true when rlI2 = 0.87 days. This is in 
reasonable agreement with the exDerimental value of 1.2 

HB & HO ?Ha HC = H * +  HA & HO NH, HA 

Y 

a t  HA, HB, and Hc is governed by the equations days. 
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Photolysis of cyanoacetylene with 185- or 206-nm light yields 1,3,5-tricyanobenzene while 254-nm radiation 
yields a mixture of tetracyanocyclooctatetraenes, 1,2,4- and 1,3,5-tricyanobenzene. A polymer of cyanoacetylene 
is the major photoproduct. 1,3,5-Tricarbomethoxybenzene was the only photoproduct identified from the irradiation 
of methyl propiolate a t  254 nm. Mono-, di-, and tricyanobenzenes are formed by irradiation of mixtures of acetylene 
and cyanoacetylene a t  185, 206, and 254 nm along with trace amounts of cyclooctatetraenes. No photoadducts 
were detected on photolysis of mixtures of cyanoacetylene and CO or HCN. The tetracyanocyclooctatetraene 
structures were established by UV, MS, and NMR analyses. The  'H NMR of the product mixture exhibited 
a singlet a t  d 7.028 consistent with either 1 or 2 and two singlets a t  6 6.85 and 6.91 assigned to 3. Photolysis 
of mixtures of dicyanoacetylene and acetylene with either 185- or 206-nm light yielded 1,2-dicyanobenzene and 
(E,Z)-l-buten-3-yne-1,4-dicarbonitrile. These products were also obtained using 254-nm light along with a mixture 
of tetracyanocyclooctatetraenes. The same three singlets were observed in this product mixture as were observed 
in the tetracyanocyclooctatetraenes obtained from cyanoacetylene. From this observation it was concluded that  
the d 7.02 signal is due to 2 and not 1. The photolysis of cyanoacetylene and dicyanoacetylene in the presence 
of ethylene with 185-nm light yields 1-cyanocyclobutene and 1,2-dicyanocyclobutene, respectively. 2-Cyanobutadiene 
and 2,3-dicyanobutadiene are the photoproducts with 254-nm light. Reaction pathways are proposed to explain 
these findings. 

Cyanoacetylene and dicyanoacetylene have a central role 
in many cosmochemical processes as indicated by their 
presence in the interstellar medium,' the atmosphere of 
Titan,2s3 and the proposed role of cyanoacetylene in the 
formation of pyrimidines and some amino acids on the 
primitive Earth.4* Cyanoacetylene and dicyanoacetylene 
are subjected to ultraviolet radiation in each of these en- 

(1) Mann, A. P. C.; Williams, D. A. Nature 1980,283, 721-725. 
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(5) Ferris, J. P.; Zamek, 0. S.; Altbuch, A. M.; Freiman, H. J .  Mol. 
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vironments, which may result in their conversion to more 
complex organic compounds. The layer of particulates in 
the atmosphere of Titan is probably due to the photolysis 
of aerosols which contain cyanocarbon compounds mixed 
with hydrocarbons such as acetylene and ethylene.'~~ 
Photolysis of these aerosols may yield higher molecular 
weight compounds and polymers. One of the photochem- 
ical reactions of cyanoacetylene is dissociation to radicals 
with light of 193 nm (eqs 1, 2).9 Some of these radicals 
may initiate the reaction of methane on Titan (eqs 3,4).1° 

(7) Sagan, C.; Thompson, W. R. Icarus 1984,59, 133-161. 
(8) Ferris, J. P. Org. Photochem. 1987, 8, 1-65. 
(9) Halpern, J. B.; Miller, G. E.: Okabe, H.; Nottingham, W. J.  Pho- 

tochem. Photobiol. A 1988. 42. 63-72. 
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