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Spontaneous self-associations of various tricyclic phenalenyl radicals lead reversibly toseither
o-dimers, depending on alkyl-substitution patterns abthandg-positions. Thus, the sterically encumbered
all-3-substituted tritert-butylphenalenyl radical) affords only the long-bonded-dimer in dichlo-
romethane solutions, under conditions in which the parent phenalenyl rddjdabds to only the-dimer.
Further encumbrances @fwith a pair ofa, 5- or 3, - tert-butyl substituents and additional methyl and
ethyl groups (as in sterically hindered phenalenyl radials 6%) do not inhibito-dimerization. ESR
spectroscopy is successfully employed to monitor the formation of both diamagnetic (2-electron) dimers;
and UV-vis spectroscopy specifically identifies thedimer by its intense near-IR band. The different
temperature-dependent spectral (ESR and-uig) behaviors of these phenalenyl radicals allow the
guantitative evaluation of the bond enthalpy of £2 kcal mol? for o-dimers, in which the unusually
low value has been theoretically accounted for by the large loss of phenalenyl (aramegg)nance
energy attendant upon such bond formation.

Introduction thatzz-interactions can lead to long-bonded (delocalized) dimeric
intermediates with wide,, separationg?

The quantitative assessment of such eersuso dichotomy
requires a common hydrocarbon framework in which both
binding modalities are experimentally and simultaneously
accessible. Thus, to address this problem directly, we now focus
on the tricyclic phenalenyl radical {gHo*)° for three important

Most organic (hydrocarbyl) free radicals are characterized by
fast, diffusion-controlled (bimolecular) self-associations that
occur with no or little activation energyfor planar unsaturated
species such as allyl radicals, symmetry considerations point
to basically two types of facile intermolecular interactions
designated as- and o-modes, e.g.

; (2) As isomericsyn and anti forms. Note an analogous dichotomy is
<,ﬂ 4 . equally applicable to the well-known self-associations of such delocalized
e s radicals as benzyl and cyclopentadienyl to thdimers (diphenylethane
} 7 and cyclopentadienylcyclopentadiene), but for whichstHlerms as empty

“sandwich” structures [e.qg., ferrocene without iron(0)!] are as yet unknown.
(n-delocalized) (o-localized) (3) (a) Novoa, J. J.; Lafuente, P.; Del Sesto, R. E.; Miller, JAiggew.
Chem., Int. Ed2001, 40, 2540. (b) Lu, J.-M.; Rosokha, S. V.; Kochi, J. K.
Although o-interactions leading to covalenj binding are J. Am. Chem. So@003 125, 12161. (c) Jung, Y.; Head-Gordon, Fhys.

; : ; Chem. Chem. Phy2004 6, 2008.
by far the more common, there is recent experimental evidence (@) (a) Chi. X.. Itkis, M. E.. Patrick, B. O.: Barklay, T. M.: Reed, R.

W.; Oakley, R. T.; Cordes, A. W.; Haddon, R. £.Am. Chem. S0d999

(1) See, e.g.: (a) Benson, S. Wdv. Photochem 1964 2, 1. (b) 121, 10395. (b) Chi, X.; ltkis, M. E.; Kirschbaum, K.; Pinkerton, A. A,;
Nonhebel, D. C.; Walton, J. CFree-Radical ChemistryCambridge Oakley, R. T.; Cordes, A. W.; Haddon, R. @. Am. Chem. So2001,
University Press: Cambridge, 1974. (c) Ingold, K. U.Aree Radicals 123 4041. (c) ltkis, M. E.; Chi, X.; Cordes, A. W.; Haddon, R. &ience
Kochi, J. K., Ed.; Wiley: New York, 1973; Vol. 1, p 37ff. 2002 296, 1443.
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FIGURE 1. Molecular structure of the-dimer showing the staggered
conformation of phenalenyl pairs separatedrpy= 3.2 A.

O
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the same wider-separation of phenalenyl moieties (Figure 1),
6

O

©© which pertains independent of thert-butyl groups; thuss, =
3.2 A accurately identifies the unusually longbond inherent
4 to the parent phenalenyid-dimer ¢z-1,).1* On the other hand,
the unambiguous identification of phenalemydimer (©-1,)

reasons. First, phenalenyl radical is sufficiently persistent to Still remains somewhat problematic. For example, the earliest
allow quantitative spectroscopic (ESR and ©Vis) measure- (cherr_ucal)_ stl_Jdles suggest qu_ahtat_lvely th_e facile occurrence
ments in anaerobic solutiohSecond, there is some (qualitative) of o-dimerization based on the |solat|on.of dinuclear pyproducts
evidence for the independent existenceros well asr-binding such as peropyrene, etc., but no purdimer can be isolated
modes of phenalenyl radicaf. Third, the aromatic (planar) for (_Jlef|n|t|ve structure analys%_.Subsequent spectroscopic
character of phenalenyl radical allows the multiple placement studies establlsh. phenalenyl radical as an odd-alternant hydro-
of bulky tert-butyl substituents to selectively “tune” its steric carbon and ascribe the marked temperature-dependent attenu-

properties over the three-ringed asymmetbg.| skeletor? as ation of the ESR signals to the reversible formation of the
illustrated in Chart 1. putative (diamagnetie)-dimer® Most recently, quantitative ESR
Previous experimental studies show that the presence of thregStudies confirm the phenalenyl dimerization to occur reversibly
tert-butyl substituents at each of tifepositions, as in radical in ca}rbon.tetrachlorlde and toluene solutidhdut the direct
2, leads to the stabler-dimer with the unusually wide  elationship (1f the measured enthalpy change aHp = 10—
interannular (phenalenyl) separationrgf= 3.25 A established ~ 11 kcal mol to the dissociation energy of a newly formed
by X-ray crystallography.Furthermore, molecular-orbital cal- ~ ¢-Pond remains uncertain. Since the latter represents an unusu-
culations indicate thatert-butyl groups enforce the staggered ally low value for the homolytic scission of a C§pC(sp)
conformation to allow maximum overlap of the singly occupied Single bond, our attention is now directed toward the unambigu-
orbitals (SOMO) centered at the six equivalent paira-garbon ~ ©uS Proof, identification, and understanding of thelimeriza-
centers and at the same time inhibit the competing formation tion process. Owing to the thermal lability of teedimer that
of the o-dimer% Nonetheless, ab initio calculations confirm precludes any direct experimental approach to structure elucida-
tion, we must perforce rely on indirect spectroscopic methods
(5) (a) Reid, D. H.Chem. Ind.1956 1504. (b) Sogo, P. B.; Nakazaki, ~ [OF Structure proof. Accordingly in this study, we show how
M.; Calvin, M. J. Chem. Physl957, 26, 1343. (c) Reid, D. HTetrahedron the critical placement of a pair dért-butyl groups provides
1953 ?é 339—3|5:%_-| (Id) gﬁid, % ':l-(l?;g\"~5Ri‘26139_6154é$' 274. the delicate steric modulation sufficient to separatesthand
273 (a‘)erséoor;’o oy ”‘Kub'om'T..c\?amaﬁmdto K. Nakasuii, K.: Sato, K., 0-binding modes for ESR and Uwis observation and analysis,
Shiomi, D.; Takui, T.; Kubota, M.; Kobayashi, T.: Yakusi, K.; Ouyang, J. €specially as they are coupled to our recent theoretical (quantum-
J. Am. Chem. Sod 999 121, 1619. (b) Morita, Y.; Aoki, T.; Fukui, K.; chemical) calculations of the dimerization proces$es.
Nakazawa, S.; Tamaki, K.; Suzuki, S.; Fuyuhiro, A.; Yamamoto, K.; Sato,
K.; Shiomi, D.; Naito, A.; Takui, T.; Nakasuji, KAngew. Chem., Int. Ed. Results and Discussion

2002 41, 1793. (c) Takano, Y.; Taniguchi, T.; Isobe, H.; Kubo, T.; Morita, . . . .
Y.: Yamamoto, K.; Nakasuiji, K.; Takui, T.; Yamaguchi, & Am. Chem. 1. Synthesis of Ditert-butyl-Substituted Phenalenyl Radi-

Soc 2002 124, 11122. cals and Cations.The series of diert-butyl-substituted phe-
Eg; BaSkOfvll)quz- "t'b RtglddOCh,At- H-tAr_”- ﬁh?f?{_ 55%972 94’?938;‘ nalenyl radicals in Chart 1 are prepared from the corresponding
Se o1 bu ert-ou groups to sterically innipw-dimerization o f .
aromatic radicals was first described by: Griller, D.; Ingold, K.A&c. dla}ma_gnetl_c phenalen(_a precwsors by controlled (deh_ydro)
Chem. Resl1976 9, 13. oxidation withp-chloranil (CA) in degassed benzene solutions

(10) (a) Small, D.; Zaitsev, V.; Jung, Y.; Rosokha, S. V.; Head-Gordon, according to the procedure described eafiee.g.
M.; Kochi, J. K.J. Am. Chem. So2004 126, 13850-13858. (b) Essentially
the same visible absorption band is calculated for the parent phenalenyl .
m-dimer (z-1,) by high-level (quantum-mechanical) computational meth- 2013H10+ CA— 2013H9 + HZCA (1)
odologies; and the strongly allowed electronic transition corresponds to the
HOMO—-LUMO transition from the delocalized ground-state over 12 The phenalene precurs8rH is prepared from 2,7-diert-
m-centers. (c) Small, D.; Rosokha, S. V.; Kochi, J. K.; Head-Gordon].M. : ;
Phys. Chem.in press. This reference also contains wave function-based butylnaphthalene by the sequence of transformations outlined
coupled cluster and MP2 calculations with basis sets up to cc-pVTZ to
allow for a reliable computational estimate of the bond dissociation energy ~ (11) Accordingly, the thretert-butyl groups in2* do not materially affect
of the phenalenyl sigma dimer of 16 kcal/mol in the gas phase. This allows the energetics of the-binding, and this conclusion is consistent with the
an estimate of the loss of resonance energy in each phenalenyl unit of 34wide separation of these groups (which exceeds the sum of their effective
kcal/mol upon sigma dimerization, associated with the rehybridization at van der Waals radii) in the staggeree, (r, = 3.2 A). As such, theert-
the bridging carbons. Additionally, all calculations of the electronic butyl effect is manifested via the kinetic stability of thedimer; and this
absorption spectra were performed using time-dependent density functionalcombination of 3ert-butyl groups merely plays an inhibiting (steric) role
theory with the B3LYP functional and the 6-31G* basis, which showed no on the competition fronw-bond formation.
bands of non-negligible intensity in the visible region, in striking contrast (12) Zheng, S.; Lan, J.; Khan, S. |.; Rubin, ¥.Am. Chem. So2003
to the corresponding calculations on thalimer reported in ref 10a. 125 5786.
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SCHEME 1 TABLE 1. ESR Spectra of the Phenalenyl Radicals

0 O ~0 radical a+?(G)
AICly EtOCHO,NaH 80% H,SO. .
A A 0 RS e : 20 e
3a b 5 6.0 (4) 1.9(1),1.7 (1)
6° 6.1(4) 1.9(2)
o HO a|n parentheses: number of splitting protons.
SUNT RS G G N QU " i
COL OO T 00
5G
3¢ 3-H 243K —
in Scheme 1, and the phenalene isolated as colorless crystals
consisting of a 2:2:1 mixture of three (hydro) isomers. Nonethe-
less, X-ray crystallography establishes the requisite near-planar 223K
(tricyclic) carbon skeleton shown in Figure S1 (Supporting
Information), but most importantly, the chloranil oxidation
203K

converts3-H to only a single isomer 03 as a dark blue-green
solid in 66% vyield. All attempts to grow crystals 8f suitable
for X-ray crystallographic analysis have as yet been unsuccess-

ful. . . S FIGURE 2. Temperature-dependent ESR spectrum of phenalenyl
The diamagnetic phenalenyl cati@ is prepared as deep  radical5 (10 mM in dichloromethane) showing the dramatic concentra-
red crystals of the tetrakis(perfluorophenyl)borate salt by hydride tion decrease due to dimer formation.

transfer from3-H with the aid of triphenylcarbenium tetrakis-
(perfluorophenyl)borate in dichloromethane under an argon
atmosphere. X-ray crystallography establishes the triclinic
crystals of3* (FsCg)4B™~ to consist of a single (planar) isomer
with the expected tricyclic (carbon) skeleton shown in Figure
S2 (Supporting Information).

The other phenylene&H—6-H are similarly prepared from
di-tert-butylnaphthalene followed by their conversion (with
chloranil) to the corresponding phenalenyl radiekts6®; details
of the synthetic procedures, identification of all phenalene
precursors, phenalenyl radicals and cations are presented in the
Experimental Section.

2. Spectroscopic differentiation ofz- versuso-Dimeriza-
tion. The experimental strategy for the unambiguous distinction
_betweem— ando—dir_nerization Of- phenalenyl radicals in solution fraction oy in the solution of the radicé® in dichloromethanegy =
IS based on (1) first monitoring t.he temperat_ure-dependents mM). ’rnset: Linear (inverse) temperature dependence of the
disappearance of phenalenyl radical by its diagnostic ESR gimerization constanko.
spectrum and (2) then measuring the concomitant formation of
m-dimer via its intense (UVvis) absorption band atnax =
595 NM €max 2 x 10* M~ cm™1).106 Thus, the ESR measure-
ment will establish the overall (total) extent of the dimerization
process irrespective of whether it results fram and/or
o-binding modes; and the UWis measurement will specifically
identify any contribution from ther-dimer since thes-dimer
is transparent in this spectrat 500 nm) regiori®c

A. Monitoring the ESR Changes. The ESR spectrum of
phenalenyl radicallf) with [g0= 2.0031 consists of a well-
resolved septet derived from two sets of hyperfine splittings of
hfs = 6.3 G (6H) and 1.8 G (3H) for the- and -protons,
respectively?1? The latter set of hyperfine splittings are ex-
pectedly absent in 2,5,8-tiért-butylphenalenyl radical), and
the ESR spectrum withg0= 2.0028 simply consists of a

m
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FIGURE 3. Sigmoidal temperature dependence of the monomer

variations) until it almost disappears completely-at0 °C, as
illustrated in Figure 2. Double integration of the ESR spectrum
(see Experimental Section) allows us to evaluate the fraction
(am) of phenalenyl radical at various temperatures.
The dimerization constant for the equilibrium in eq 2 is
calculated a¥p = (1 — o )/2Coom?
KD
5 +5 =5, (2)
whereCy is the initial concentration d&* in solution. The linear
temperature dependence of IKg affords the thermodynamic
parameters aAHp = —12 kcal mot! andAS, = —42 eu, and
the computer fit of both sets of experimental data according to
eq 2 is shown by the light lines in Figure 3. It is thus important
binomial septet with a single hfs @y = 6.2 G’ Moreover, to emphasize that dimerization of the phenalenyl radical in eq
the results in Table 1 show that the magnitudes of thesend 3 is reversible and complete at the lowest temperatures.
B-hyperfine splittings are essentially unaffected by the changing  Application of the same experimental procedures to the parent

patterns of alkyl substitutions in phenalenyl radicztis 6.

When the solution of 3-methyl-1,5-dért-butylphenalenyl
radical in dichloromethane is progressively cooled, the line
widths of the well-resolved spectrum bf remain unchanged,

phenalenyl radical® (Figure S3, Supporting Information), as
well as to its sterically hindered ttert-butyl-substituted
analogue?, yields dimerization constants that exhibit variations
of over 4 orders of magnitude (Table 2). Further large variations

but the ESR intensity is reversibly attenuated (with temperature are also seen fakp of the methyltert-butyl-substituteds* in

522 J. Org. Chem.Vol. 71, No. 2, 2006
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TABLE 2. Thermodynamic Parameters for the Formation of
Diamagnetic Phenalenyl Dimer3

1° 2eC 5e 6-d
Kp (M~1)P (3+1)x 1® 0.15+0.08 5+1 0.6+0.1
—AHp (kcal morhe  10.2 9.5 12.6 145
—AS (eu) 18 36 39 50

a|n CH,Cl, unless otherwise note®298 K. ¢ From ref 10ad In CDCls.
€+1.0 kcal mot. f £ 5 eu.

the comparison with the ethyl derivatiée It is thus noteworthy
that the thermodynamic parameterAHp and Ay (Table 2,
columns 3 and 4) show only modest variations that are singularly
insensitive to steric differences. As such, let us now employ
UV —vis spectroscopy to identify the role thatdimers may
(or may not) play in each of these dimerization processes.

B. UV—uvis Identification of - versuso-Dimerization. The

tri-tert-butylphenalenyl radica? is characterized in dichloro-  tg suffer from some (minor extent) unavoidable and irreversible
methane solution at 23C by its principal red absorption band  pimolecular processes. Nonetheless, when phenaleny! radicals
(Amax= 540 nm.e ~ 10° M~* cm*), together with a very weak 1. 35 are carefully prepared, the combined ESRAKS
(broad) absorption at- 600 nm. Upon cooling the solution,  gnalyses establish the reversibtedimerization to be the
only the low-energy band grows rapidly in intensity, and this principal pathway-without the incursion ofz-dimerization
dramatic spectral change is visually apparent by the transforma-(which is only observed with the sterically hindered teit

tion of the slightly pink color to an intense blue solution. Quan- butylphenaleny! radica?*). However, such bimolecular byprod-

titative analysis of the-600 nm absorbané® together Wit7h ucts can be avoided entirely if some additional steric constraints
the ESR behavior (Table 1) and previous X-ray structural’data are imposed, as in the slightly more hindered analogile (

allows (1) the unambiguous assignment of this additional |ntense-|-hus, 5 mM solutions 06 in dichloromethane are practically

i = = -1 ~am-1
fllqbsorg_non banzdl(naxa 5295thnm,e T 2t'>< 10: tl\lfnl d_cm ) t(i_ colorless and show at room temperature only the local bands
eﬂt- "tne;éﬂ'j)(’) 2”M (f ) the eva l.Jl.at‘)'pn orthe ?:mtenz?hlon of the phenalenyl moiety with ~ 550 nm € ~ 10? M~tcm™5).
constant oftp ~ 9.2 W Tor the equil rlu_m N €q 3, foge ler These solutions 06* remain colorless even upon lowering the
with the thermodynamic parametesddp = —8.8 kcal mot o - .
o Toa ) - temperature to-90 °C, and electronic spectroscopy confirms
andAS = —33 eul%@Most importantly, the striking agreement . . ; .
that no new absorption band of thedimer appears in the vis

of theses-dimerization constants with those determined from . . .
; NIR region. Coupled with the ESR measurements in Table 2
the ESR measurement in Table 2 (column 3) demonstrates that(entry 2), the temperature-dependent equilibrium shiftsof

e e cenacon o scesan o o, "2 (sluton s ESR-Sent o 50 C) mustpertan 0 e sole
formation of the colorless (diamagnetig)dimer in potentially
Ko quantitative amountst
2+ 2=n2, ) 3. Steric Requirements forzz-Dimerization. The foregoing
alkyl-substitution patterns demonstrate that the pathway for
By way of comparison, the UWvis spectral changes upon  ¢-dimerization is consistently favored for the phenalenyl radicals
lowering the temperature of the parent phenalenyl radicl ( depicted in Chart 1, except when the thfepositions are fully

FIGURE 4. ORTEP diagram of the dehydrodiméwith all hydrogens
omitted for clarity.

as well as the diert-butyl-substituted derivative®, 4, ands® ~ Substituted with bulkytert-butyl groups. Thus, a more general
dissolved in dichloromethane (to afford pale blue solutions) question does arise: how important are steric effects in
exhibit no reversible change in the UWis spectra in the 550 mr-interactions between a pair of phenalenyl moieties? To address

650 nm region that is expected for thedimers. Aside from this question, we consider the direct association of a phenalenyl
the local bands of the phenalenyl moietylat 540-550 nm  radical @) with its diamagnetic cationic counterpaR), i.e.

(¢ ~ 10 M~1 cm™® vide supra), no significant additional

absorption is apparent in these phenalenyl radicals, except for (13) (a) For the observation of other byproducts containing two phe-

temperature-independent and weak (nondescript) absorptions abalenyl moieties, see Reid et *aHowever, the temperature-dependent

~ 610 nm. Closer scrutiny of the latter in the case of methyl- behavior suggests thawas generated independentofand we speculate
di butvioh | & is all d by the identificati fth that it derived directly from%—H)** during chloranil oxidation followed
I-tert-butylphenalenyb* is allowed by the identification of the by rapid proton loss and dimerization of the benzylic radical. Further

strongly absorbing speci&swhich is isolated (at low conver-  chloranil oxidation of the electron-rich dihydrodimer would lead7tghe
sions) as a dark-blue diamagnetic crystals = 610 nm,e = structure of which (Figure 4) is directly related to the similar dehydro
11x 1P M-1 Cm’l) X-ray crystallographic analysis establishes derivative ofa-methylphenalene synthesized eatfieand shown below

. . . as a resonance hybrid with the (di)radicaloid form
7 as the dehydrodimé? the essentially planar structure of which l :

is illustrated in Figure 4. (Note that-conjugation at the pair _ ‘ @
of bridging centers o7 is indicated by the close bond distances _’ O - @@ = ©
of 1.39 and 1.41 A)

The successful isolation and structural characterization of the (b) Nakasuiji, K.; Yoshida, K.; Murata, U. Am. Chem. Sod 982 104,
dehydrodimer7 suggests thz.it the pa}re?t phe|:1alenyl rad:l.cal (14) Thus,6* offers the best possibility for the isolation (and structure
as well as the dtert—bu_tyl derivatives3”, 4°, and5* are not quite determination) of a phenalenytdimer, provided its facile dissociation can
as persistent as the tht-butyl analogue, and all are subject  be controlled.
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(4)

for which the driving force for the formation of the dimeric
cation-radical P,™) will be less than that for the phenalenyl
dimer itself P,) owing to one fewer bonding (HOMO) electron.

The formation of the dimeric cation-radical from the parent
phenalenyl radicallf) and its cation ") is characterized by
the appearance of an intense near-IR absorption bahghat
1700 nm € ~ 1 x 10* M~ cm™1) as well as the ESR spectrum
consisting of doubled lines with halved hyperfine splitfitigat
are diagnostic of the cofacial juxtaposition of two (equivalent)
phenalenyl moieties-bonded at the same wide separation of
r,=23.2 A 10a,15,16

Indeed, the addition of the 2,5-th+t-butyl-substituted phe-
nalenyl radical3* to a dichloromethane solution of the corre-
sponding phenalenyl catioB" results in the appearance of a
strong NIR absorption bandif.x = 1750 nm, Figure S4,
Supporting Information) and doubled ESR spectrum in Figure
5 characteristic of the dimeric cation cation-radicat3;**).
By contrast, 3-ethyl-1,5-diert-butylphenalenyl radical &)
shows no evidence of forming the dimeric cation radical (
6,™) by the singular absence of any absorption in the 3000

P+ P =7x-P,"

3000-nm range, when it is exposed to its cationic counterpart

(6M), i.e.

6 +6" <= 76, (5)

Zaitsev et al.
A B
10G A/\/\/V 10G
—_ _

FIGURE 5. ESR spectrum of phenalenyl radi@l(A) and that of an
equimolar mixture of3* and 3" showing the doubling of the number
of hyperfine lines and halving of the splittings diagnostic of the dimeric
cation radical3;™ (B).

FIGURE 6. Calculated structure of the phenalemytlimer.

enthalpy of 16 kcal mot* for the gas-phase dissociationefl,,

the calculated structure of which is shown in Figuré®®8
Furthermore, the simple (global) averageAifl, = 12 + 2

kcal mol® (that does not distinguish between solution and gas-
phase processes) is also essentially the same as the value of

Furthermore, ESR measurements also fail to detect any new14 5 kcal mot! measured for the highly hinderéd (see Table

absorption in the spectrum of radidélwhen the catioré* is
added’2As such, we conclude that (1) the association of radical
1* with its closed-shell catiod™ (and3* with 3*) leads to the
formation of thex-bonded dimeric cation-radical, but (2) the

2, entry 4). On the other hand, these steric characteristics serve
to strongly distinguish the various formation constants for
o-dimerization (seep in Table 2, for first, third and fourth
entries). As such, we conclude that steric effects do not play a

pattern of alkyl substituents plays an important steric role since sjgnificant role in determining the-bond enthalpy.

the combination of ethyl and a pair tdrt-butyl groups in6' is
sufficient to inhibit the formation of the stable (staggered)
conformation shown in Figure ¥

4. Unusual Bond Enthalpies inz- and o-Dimers. The
energetics for the reversible dimerizationdfaccording to eq
3 establishes the bond enthalpy for tr@imer asAH,, = 9.5
kcal mol? in dichloromethane solution, which compares well
with the value of 11 kcal mol for the gas-phase dissociation
calculated by ab initio (quantum-mechanical) methodoloHies.

It is noteworthy that the magnitudes of the bond enthalpies
of 10 and 12 kal moi! estimated for the phenalenyt+ and
o-dimers are both so small. Indeed, theoretical calculations have
shown that intermolecular associations lead to considerable loss
of aromaticity of approximately 34 kcal mdi per phenalenyl
moiety, or an overall loss of- 70 kcal mot?, upon the
formation of theo-dimerl% Such a large loss of resonance
sr-stabilization energy relative to the average carbon/carbon bond
enthalpy of roughly 83 kcal mot thus leaves only a small

By analogous comparisons, the bond enthalpies for the yesidual for AH, The electronic basis for the small bond

o-dimers of AH, = 10 and 12 kcal mot* evaluated for the
parent phenalenyl radicab{1l,) and thetert-butyl substituted
analogue ¢-5,) in dichloromethane solution (Table 2) are
essentially the same as the values of 9.8 and 11 kcat'mol
previously evaluated for the pareht in carbon tetrachloride
and toluene, respectively,as well as the calculated bond

(15) (a) Lewis, I. C.; Singer, L. SChem. Phys1965 43, 2712. (b)
Howarth, O. W.; Fraenkel, G. KI. Chem. Physl97Q 52, 6258. (c) Lau,

W.; Kochi, J. K.J. Org. Chem1986 51, 1801. (d) Kochi, J. K.; Rathore,
R, Le Magueres, R]. Org. Chem200Q 65, 6826P.

(16) (a) Stenger-Smith, J. D.; Lenz, R. W.; Enkelmann, V.; Wegner G.
Macromol. Chem1992 193 575. (b) Le Magueres, P.; Lindeman, S.;
Kochi, J. K.;J. Chem. Soc., Perkin Trans2b01, 1180.

(17) (a) However, careful examination of the ESR spectrum shows the
progressive linebroadening 6f in the presence of adde&f, which we
tentatively ascribe to the facile (ET) self-exchange via either a very weakly
boundz- or o-associate® ™). (b) This raises the question as to whether a
tri-alkyl(substitution) pattern consisting of 2,5-@rt-butyl substituents
together with a small alkyl substituent (such as a methyl or ethyl) at the

enthalpy of the widely separateddimer was discussed earlier
in detail1%2

Summary and Conclusions

Spectroscopic (ESR, UWis) methodologies allow the
structural identification of phenalenyl radicdls-6° (Chart 1),
as well as the quantitative measurements of their distinctive
conversions to diamagnetic (two-electron) dimers with unusual
- ando-bonds. Steric modulations by judicious placement of
two or moretert-butyl substituents alter the course framto
s-dimerization. Thus, the sterically encumbered 2,5,8etr-
butylphenalenyl radical® affords only thesz-dimer (7-2;),
whereas the parent phenalenyl radick) (eads only to the

(18) It is noteworthy that the calculated phenalessdeparation of , =
1.585+ 0.010 A in Figure 6 is slightly longer that the usual (YjspC
(sp’) bond length, but it is in strong accord with X-ray structural studies of
o-bonded phenalenyl moieties in spirobiphenalenyls (1.599°8)nd in

8-position would produce a phenalenyl system capable of accommodating copper complexes of azaphenalesydimers (1.583 Aj2 (b) Liao, P.; ltkis,

both - and o-modes simultaneously in reversible competition with one
another.
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o-dimer (0-1,). Moreover, further substitutions of the latter with
two additionaltert-butyl and methyl or ethyl groups, as &+
6°, are insufficient to alter this course. All dimerizations occur

JOC Article

(100 mL), the mixture was stirred during 2 h, and then 0.5 mL of
water was added. The precipitate was filtered off through MgSO
and the solvent was evaporated to afford a yellow residue (1.1 g),

reversibly; and linear (inverse) temperature dependences of theVhich was separated by chromatography on 16 g of silica gel.

dimerization constants (IiKp) yield the thermodynamic pa-
rameters:AH ~ —12 4+ 2 kcal mof'! andAS~ —304+ 10 eu
that are to within the experimented uncertainty, the same for

Evaporation of the first fraction (hexane, 150 mL) resulted in a
white powder, which after recrystallization (EtOH/®) afforded
colorless plates of 2,5-dert-butylphenalene as a mixture (2:2:1)
of three positional isomers (0.33 g, 31%,)3H. Mp: 86 C.1H

both isomeric processes. Such an unusual (and unexpectedyyr (CDCly): 1.222 and 1.225, 1.36 and 1.37, 1.38 and 1.39 (2:

conclusion to more or less equate energeticg-ofelocalized
with o-localized bindings follows from an overwhelming loss
of w-aromatic-stabilization energy attendant upedimeriza-
tion.

Experimental Section

Synthesis and Identification of Phenalene Precursor, Phe-
nalenyl Radicals, and CationsPhenalenyl radic#* was prepared
by the oxidation of the corresponding phenalene with chloranil (2:1
molar ratio) via the modified literature meth@éh benzene under
air-free conditions, followed by evaporation and extraction with

1:2) (s). Anal. Calcd for gH,s: C, 90.59; H, 9.41. Found: C,
90.38; H, 9.56. The structure &-H was confirmed by X-ray
analysis (Figure S1, Supporting Information). The second fraction
(benzene, 100 mL) afforded the starting en@ag0.40 g, 38%)
Radical 3. A solution of chloranil (50 mg, 0.20 mmol) in benzene
(2.5 mL) was carefully degassed (by repeated freeze-and-pump
cycles techniques), heated to 30 and added under argon to a
solution of3-H (110 mg, 0.40 mmol) in benzene. A transient green
color followed by a deep blue coloration appeared after dissolving
the phenalene, and this was then followed by a precipitate. After
10 min, the solvent was evaporated, and the residue was extracted
with degassed pentane (2 mL). Evaporation (in vacuo) of the clear

degassed pentane. Separation and evaporation (in vacuo) of the clegy e pentane solution resulted in a blue oil which solidified

slightly blue-color pentane solution afforded radi2ahs deep blue
needles. Radicdl was prepared from the phenalene precurger (

H) and chloranil in the similar way and was identified via its ESR
spectra (Table 1). Tetrakis(perfluorophenyl)borate salt of cations
1+ and 2t were prepared as described earfér2,5-Ditert-
butylphenalene (3H) was synthesized (Scheme 1) as follo®&a.
AICI3 (2.8 g, 21 mmol) was added during 10 min to the stirred
solution of 2,7-ditert-butylnaphthalen@ (4.0 g, 16.7 mmol) in 40
mL of acetyl chloride at @C. After 10 min, the green reaction
mixture was poured onto 300 g of ice. The resulting green solid
was filtered, dried in air overnight and used for the next step without
additional purification. Yield: 4.1 g (87%)H NMR (CDCl): 1.41

(s, 9H); 1.44 (dJ = 0.6 Hz, 9H); 2.75 (dJ = 0.6 Hz, 3H); 7.64
(ddd,J=9.0, 2.0, 0.8 Hz, 1H); 7.77 (d,= 1.1 Hz); 7.91 (s, 1H);
7.95 (s, 1H); 8.58 (dJ = 9.0 Hz, 1H). MS (70 eV): 282 (45)
[M™]; 267 (100) [M** — Me]. 3b. EtOH (0.1 mL) was added to a
stirred slurry of NaH (1.5 g, 38 mmol, 60% in oil) in 100 mL of
diethyl ether, followed by the addition of a solution of 1-acetyl-
3,6-ditert-butyl-naphthalen8a (4.1 g, 15 mmol) in 30 mL of EO

spontaneously to a blue-green sd¥d66 mg, 66%). Mp: > 110

C dec. ESR (56 mM in PrNg: doublet of septetsy = 1. 8 G,

= 6.2 G. MS (70 eV): 278 (25) [N + 1]; 277 (30) [M™]; 262
(35) [M** — Me]; 247 (13) [M™ — 2Me]; 231(10); 221 (100); 205
(13); 191 (10); 165 (10); 57(8) [BUu]. Cation 3" B(CgFs)s -
Triphenylcarbenium tetrakis(perfluorophenyl)borate (from Asahi
Glass Co., Ltd.) [300 mg (0.33 mmol in 2 mL of GEl,)] was
added to the solution 08-H (117 mg, 0.42 mmol) in 4 mL of
CH,Cl, under argon. Addition of 8 mL of hexane to the reaction
mixture resulted in the precipitation of a red powder, which was
separated and recrystallized from ether/hexane (1:2) to afford red
crystals: yield 39%!H NMR (CDCl): 1.60 (s, 18H); 8.35 (t)

= 7.8 Hz, 1H); 9.10 (dJ = 7.8 Hz, 2H); 9.18 (s, 2H); 9.22 (s,
2H). Anal. Calcd for GsH,sBF,e: C, 56.51; H, 2.63. Found: C,
56.55; H, 2.59. The X-ray structure 8fB(CsFs)4~ is shown in
Figure S2 (Supporting Informatiorl),5-Di-tert-butylphenalene (4-

H) was synthesized from 2,6-tert-butylnaphthalene via proce-
dures similar to those in Scheme 1 (note tdaf 4b, and 4c
designate the 1,5-dert-butyl-substituted analogues 84, 3b, and

and then EtOCHO (2.5 mL, 30 mmo!). The reaction mixture was 30). 4a. Green solid (yield: 1.2 g, 64%)H NMR (CDCl): 1.42
heated to reflux, and hydrogen evolution was observed after ashort(s OH): 1.44 (s, OH); 2.77 (s, 3H); 7.61 (dBi= 8.7, 1.8 Hz, 1H);

induction period. Afte 1 h of refluxing, most of the solid dissolved,

7.80 (d,J = 8.7 Hz, 1H); 7.89 (s, 1H); 7.97 (d,= 1.8 Hz, 1H);

gas evolution ceased, and the reaction mixture was quenched by8.63 (s, 1H). MS (70 eV): 282 (54) [M]; 267 (100) [M™ — Me].

careful addition of HO (1 mL, then 100 mL). The aqueous layer
was separated, washed with@t(2 x 30 mL), and acidified with

a 2 M solution of HCI. Extraction with EO (3 x 30 mL), drying

of the combined extracts with MgSQOand evaporation of the
solvent afforded diketon&b as a colorless oil, which was used for
the next step without purification. Yield: 4.2 g (93%H NMR
(CDClg): 1.42 (s, 9H); 1.43 (dJ = 0.9 Hz, 9H); 6.12 (ddJ =
4.5, 0.6 Hz, 1H); 7.62 (d) = 9.0 Hz, 1H); 7.79 (s, 2H); 7.90 (s,
1H); 8.20 (d,J = 4.2 Hz,1H); 8.38 (dJJ = 9.0 Hz, 1H). MS (70
eV): 310 (62) [M™]; 295 (100) [M* — Me]; 281 (9); 267 (58);
57 (50) [Bu™]. 3c. A solution of diketone3b (4.2 g, 13.5 mmol)

in 15 mL of CCl, was added dropwise during 30 min to a vigorously
stirred solution of 80% k5O, (100 mL) cooled in an ice bath.
After 1 h, the deep red reaction mixture was poured onto ice (400
g). The yellow solid was separated by filtration, dried in air
overnight and used for the next step without purification. Yield:
3.8 g (96%). Mp: 148152°C.*H NMR (CDCl): 1.46 (s, 9H);
1.48 (s, 9H); 6.74 (d) = 9.6 Hz, 1H); 7.75 (dJ = 9.6 Hz, 1H);
7.80 (d,J = 1.8 Hz, 1H); 7.96 (dJ) = 1.8 Hz,1H); 8.16 (dJ = 1.8
Hz, 1H), 8.70 (dJ = 1.8 Hz, 1H). MS (70 eV): 292(45) [M];
277 (100) [M™-Me]. 3-H. LiBH4 (100 mg, 7.2 mmol) was added
during 5 min to the solution of enorgz (1.1 g, 3.8 mmol) in BEO

(19) Koch, K. H.; Muellen, K.Chem. Ber1991, 24, 2091.

4b. Yellow oil, which solidified upon standing. Yield: 0.62 g
(47%).*"H NMR (CDCl): 1.40 (s, 9H); 1.42 (d) = 0.9 Hz, 9H);
6.12 (d,J = 4.5 Hz); 7.60 (dd,) = 8.4, 1.5 Hz, 1H); 7.80 (dJ =
8.4 Hz, 1H); 7.86 (dJ = 1.5 Hz, 1H); 8.20 (dJ = 4.2 Hz, 1H);
8.38 (s, 1H).4c. Yellow solid. Yield: 0.61 g (98%)H NMR
(CDCly): 1.46 (s, 9H); 1.65 (s, 9H); 6.21 (d,= 10.5 Hz, 1H);
7.71 (d,J = 9.0 Hz, 1H); 7.93 (dJ = 9.0 Hz, 1H); 8.10 (s, 1H);
8.54 (d,J = 10.5 Hz, 1H), 8.78 (s, 1H). MS (70 eV): 292 (45)
[M+*]; 277 (100) [M** — Me]. 4-H. Colorless crystals, mixture of
isomers. Yield: 0.14 g (25%). MS (70 eV): 278 (17) Nt 277
(30) [M** — 1]; 262 (64) [M"* — 1 — Me]; 247 (18) [M* — 1 —
2Me]; 221(100) [M — 57]; 205 (13); 165 (10); 96 (10); 57 [Bui.
Radical4® was prepared by the reactiongH (250 mg, 0.89 mmol)
with chloranil (110 mg, 0.45 mmol) in benzene (4 mL). Yield: 210
mg (84%). ESR (5 mM in pentane): triplet of sexteis= 1.9 G,
a1 = 6.2 G (Figure S6, Supporting Information). MS (70 eV): 278
(16) [M** + 1]; 277 (50) [M**]; 262 (100) [M"* — Me]; 247 (18)
[M+s — 2Me]; 221(45); 205 (25); 165 (10); 95(15); 57(5) [BU
Cation 4" B(CsFs)4~ was prepared by the reaction 4fH with
triphenylcarbenium tetrakis(perfluorophenyl)boraterange-red
crystals. Yield: 41%H NMR (CDCl): 1.59 (s, 9H); 1.89 (s,
9H); 8.31 (dd,JJ = 7.5 and 8.1 Hz, 1H); 8.42 (d,= 8.1 Hz, 1H);
8.94 (d,J = 8.4 Hz, 1H); 9.00 (dJ = 7.5 Hz, 1H); 9.08 (br s,
2H); 9.86 (9.10 (dJ = 7.8 Hz, 2H); 9.18 (s, 2H); 9.86 (d,= 8.4

J. Org. ChemVol. 71, No. 2, 2006 525



JOC Article

Hz, 1H). Anal. Calcd for GsH2sBF,0: C, 56.51; H, 2.63. Found:
C, 56.78; H, 2.50. The X-ray structure 4fB(CsFs),~ is shown in
Figure S5 (Supporting Information)3-Methyl-1,5-di-tert-bu-
tylphenalene (5-H) was synthesized from 4-methyl-2,6-@irt-
butylnaphthalene via the procedure similar to those in Scheme 1.
To synthesize 4-methyl-2,6-tert-butylnaphthalene, 1.2 mL of Br
(23 mmol) was added during 10 min to the solution of 2,Gedi-
butylnaphthalene (4.8 g, 20 mmol) in @&, (50 mL) at 0°C.
The reaction mixture was stirred for an additional 30 min, and
evaporation of solvent gave 6.9 g of 3-bromo-2,Geti-butyl-
naphthalene as an oil. This oil was dissolved in 150 mL of THF,
and 2.5 M BuLi in hexanes (10 mL, 25 mmol) was added dropwise
at —78 °C. A yellow precipitate started to form after the addition
of 7 mL of BuLi. The reaction mixture was stirred for 10 min at
—78°C, then 2.5 mL (26 mmol) of M&O, was added for 10 min
and resulted in the formation of a clear yellow solution. Finally, 1

Zaitsev et al.

derivative, but in this case diethyl sulfate was used to quench the
Li-enolate. Yield: 12 g (57%) of white solidH NMR (CDCL):
1.38 (t,J = 7.5 Hz); 1.40 (s, 9H); 1.44 (s, 9H); 3.12 (= 7.5
Hz, 2H); 7.37 (s, 1H); 7.53 (dd,= 8.7, 2.1 Hz, 1H); 7.58 (s, 1H);
7.75 (d,J = 8.7 Hz, 1H); 7.92 (s, 1H)6a. 'H NMR (CDCl):
1.38 (t,J = 7.5 Hz); 1.40 (s, 9H); 1.44 (s, 9H); 2.77 (s, 3H); 3.12
(9,9 =7.5Hz, 2H); 7.45 (dJ = 1.8 Hz, 1H); 7.89 (dJ = 1.8 Hz,
1H); 7.89 (d,J = 1.5 Hz, 1H); 8.11 (dJ = 1.5 Hz, 1H); 8.36 (d,
J= 1.5 Hz, 1H). MS (70 eV): 310 (35) [Nt]; 295 (100) [M"* —
Me]. 6b. Yellow solid. 'H NMR (CDCly): 1.38 (t,J = 7.5 Hz);
1.39 (s, 9H); 1.44 (dJ = 0.9 Hz, 9H); 3.12 (gJ = 7.5 Hz, 2H);
6.09 (d,J = 4.5 Hz, 1H); 7.46(s, 1H); 7.78 (s, 1H); 8.10 (s, 1H);
8.20 (dts,J = 4.5 Hz, 2H).6c. Yellow solid. *H NMR (CDCly):
1.43 (t,J = 7.5 Hz, 3H); 1.48 (s, 9H); 1.64 (s, 9H); 3.20 @=
7.5 Hz, 2H); 6.66 (dJ = 10.0 Hz, 1H); 7.56 (s, 1H); 8.37 (d,=
2.1 Hz, 1H); 8.52 (dJ = 10.0 Hz, 1H); 8.81 (dJ = 2.0 Hz, 1H).

mL of water was added, the solvent was evaporated in vacuo, andMS (70 eV): 320 (70) [M*]; 305 (100) [M"* — Me]. This material

the residue was extracted with etherx330 mL). The combined
ethereal extracts were washed with water and brine and filtered
through a 1-cm pad of MgSOEvaporation of the solvent led to
an oil, which crystallized upon standing to afford large colorless
needles. Yield of 4-methyl-2,6-dert-butylnaphthalene: 4.5 g
(89%).'H NMR (CDClg): 1.41 (s, 9H); 1.44 (s, 9H); 2.71 (s, 3H);
7.39 (s, 1H); 7.55 (ddj = 8.7, 2.1 Hz, 1H); 7.60 (s, 1H); 7.77 (d,

J = 8.7 Hz, 1H); 7.87 (s, 1H). MS (70 eV): 254 (55) [; 239
(100) [M** — Me]. 5a. This ketone was prepared as a solid from
2,6-ditert-butyl-4-methylnaphthalene according to the method used
for synthesis of3a. It was used for the next step without further
purification.H NMR (CDCly): 1.38 (t,J = 7.5 Hz); 1.40 (s, 9H);
1.44 (s, 9H); 2.72 (s, 3H); 2.77 (s, 3H); 7.46 (d= 1.8 Hz, 1H);
7.89 (d,J = 1.5 Hz, 1H); 8.10 (dJ = 1.5 Hz, 1H); 8.35 (dJ =

1.5 Hz, 1H).5b. The diketone was prepared as described above
for the desmethyl derivative, but THF was used (instead gDEt
for the condensation reaction. Yellow solid. Yield: 3.5 g (61%).
IH NMR (CDCl): 1.39 (s,9H); 1.44 (dJ = 0.9 Hz, 9H); 2.77 (s,
3H); 6.09 (d,J = 4.5 Hz); 7.44 (s, 1H); 7.79 (s, 1H); 8.03 (s, 1H);
8.19 (s, 1H); 8.21 (dJ = 4.2 Hz, 1H). MS (70 eV): 324 (90)
[M++]; 309 (100) [M™ - Me]; 281 (20); 267 (21); 239 (19); 165
(10); 57 (11).5c. Yellow solid. Yield: 3.1 g (96%).H NMR
(CDClg): 1.48 (s, 9H); 1.63 (s, 9H); 2.82 (s, 3H); 6.67 M=
10.3 Hz, 1H); 7.53 (s, 1H); 8.31 (d,= 2.1 Hz, 1H); 8.51 (dJ =
10.3 Hz, 1H); 8.81 (dJ = 2.1 Hz, 1H).5-H: NaBH, (1.0 g, 33
mmol) was added in small portions to the solutiorbo{1.8 g, 5.9
mmol) and CeGt7H,0 (2.24 g, 6 mmol) in 150 mL of MeOH at

0 °C. After the reaction mixture was stirredrf@ h at 0°C, the

was used without further purification adH was obtained in low
yield (12%), as colorless plates (hexane). MS (70 eV): 305 (25)
[M*+— 1]; 304 (40) [M™-2]. Radical6* was obtained by oxidation

of 6-H (100 mg, 0.34 mmol) with chloranil (47 mg, 0.19 mmol).
The ESR spectrum o6 showed a broadened quintet with
parameters presented in Table 1. Cat®nB(CeFs)4~. Yellow
crystals. Yield: 45%!H NMR (CDCl): 1.58 (s, 9H); 1.60 (tJ

= 7.5 Hz, 3H); 1.86 (s, 9H); 3.60 (¢, = 7.5 Hz, 2H); 8.18 (tJ

= 7.8 Hz, 1H); 8.22 (s, 1H); 8.84 (d,= 7.8 Hz, 1H); 8.98 (d)

= 2.0 Hz, 1H); 9.32 (dJ = 2.1 Hz, 1H); 9.70 (dJ = 7.8 Hz, 1H).

ESR measurements were performed under an argon atmosphere
from +20 to —90 °C in quartz ESR tubes equipped with Teflon
valves. The intensity of the ESR signalspg) was determined by
double integration of the averaged spectra after baseline correction.
The fraction of monomero{) in solution of P> was determined
from the value of ¢prthat was normalized as described earlier (to
account the temperature variation related to Curie law and
instrumental factors) The equilibrium constant was calculated
as: Kp = (1 — aw)/2c,0m2, wherec, is the overall concentration
of P added to the solution; and the thermodynamic parameters for
dimerization were calculated by the least-squares procedure from
the dependence of Idf) with 1/T.

Electronic spectroscopy was carried out on a Dewar equipped
with quartz windows. The cell was equipped with a Teflon valve
fitted with Viton O-rings as described earlir.

X-ray Crystallography. The diffraction data were collected with
the aid of a diffractometer equipped with a CCD detector using

solvent was evaporated and the residue was extracted with benzend0K. radiation ¢ = 0.71073 A), either at-150 or at—100°C.

(3 x 30 mL). Silica gel (15 g) was added to the combined extracts, [N all cases, semiempirical absorption correction was applied. The
and the solvent was evaporated. Column chromatography (50 g ofStructures were solved by direct methods and refined by full matrix
silica gel) of the resulting solid material afforded three products. l€ast-squares procedure (see Table S1 (Supporting Information) for
Evaporation of the first colorless fraction (hexane) and recrystal- crystallographic data). [The X-ray structure details of various
lization of the residue from small amounts of hexane afforded compounds have been deposited with the Cambridge Crystal-
colorless plates of phenaleng-K). Yield: 0.5 g (29%), mixture lographic Data Centre, U.K., and can be obtained, on request, from
of isomers. MS (70 eV): 291 (20) [M — 1]; 290 (40) [M™ — 2]; the CCDC ]

276 (20) [M™* — 1 — Me]; 235 (100). Next, the (deep blue) effluents Aoy nowiedgment. We thank S. V. Lindeman and S. M.
gave 0.2 g (yield 6% of coupling produt(X-ray structure shown Dibrov for crystallographic assistance. V.Z., S.V.R., and J.K.K.

In Figure 4). UV-vis (pentane, deep-blue solutionfia(€) = 520 thank the R. A. Welch Foundation and National Science

(15 000); 550 (53 000); 610 (110 000). YWis (KBr): Amaxe) = . ; .
; ; Foundation for financial support, and M.H.G. was supported

550br, 600br. The third portion (b fforded eran@3%). . .
' r. The third portion (benzene) afforded e 0 by the Director, Office of Energy Research of the U.S.

Radical5* was obtained as a colorless solution by the reduction of

5+ B(C4Fs)a~ with bis(pentamethylcyclopentadienyl)iron. ESR (10  Department of Energy.
mM in CH,Cly): triplet of quintetso. = 1.7 G,a; = 1.9 G,0, =

6.0 G. Cation5" B(CsFs)4~ was obtained as yellow crystals.
Yield: 54%.H NMR (CDCl): 1.58 (s, 9H); 1.85 (s, 9H); 3.29

(s, 3H); 8.19 (s, 1H); 8.19 (1 = 7.8 Hz, 1H); 8.84 (dJ = 7.8 Hz,

1H); 8.98 (d,J = 2.0 Hz, 1H); 9.31 (dJ = 2.0 Hz, 1H); 9.70 (d,

J = 7.8 Hz, 1H).3-Ethyl-1,5-di-tert-butylphenalene (6-H)was
synthesized via the procedure described for the methyl derivative.
Ethyl-di-tert-butylnaphthalene was prepared from 2,&att-bu-
tylnaphthalene (16 g, 67 mmol) by the same method as the methyl JO051612A

Supporting Information Available: Crystallographic param-
eters and the details of the structure refinements, X-ray structures
of phenalene precurs@-H and cationic sal8"B(CsFs)4~, tem-
perature dependence of ESR spectrum intensity for ragfichllR
absorption band of cation-radical dim8y*, X-ray structure of
cationic salt4*B(C¢Fs),~, and ESR spectrum @f. This material
is available free of charge via the Internet at http://pubs.acs.org.
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