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Phenoxyl radicals were synthesized having heterocyclic substituents in the 4-position. Electron spin resonance spectroscopy shows spin
density can be modulated by delocalization onto the heterocycle structure, to the extent that some of the largest spin density bearing sites
in 3 and 4 lies in the heterocycle, not in the phenoxyl ring.

Sterically stabilized phenoxyl radicals have been known for major spin density bearing sites are found beyond the
almost a half-century as subjects of electron spin resonancephenoxyl radical moiety.

(ESR), UV-vis, and infrared studies. 2,6-Dert-butyl- Scheme 1 shows the syntheses of the phenol precursors
phenoxyl radicals are persistent in deoxygenated solution,5—8. In each case the key step is the palladium-catalyzed
but generally dimerize and decompose in the solid state, with Suzuki coupling of trimethylsilyl-protected 2,6-th+t-

the exception of the structurally related galvinoxyl radical. butylphenol-4-boronic aci9 with the appropriate hetero-
Infrared and ESR spin density studies show stabilized arene. Deprotection occurs during workup, directly yielding
phenoxyl radicals to be highly delocalized, with considerable the phenols after column chromatography. Spectral and
C=0 character. Recent efforts to design organic_basede|ementa| characterizations of all new compounds were
molecular magnetic materials have impelled studies of satisfactory. The characteristically narrow OH band of a 2,6-
electronic structure in delocalized open-shell organic mol- di-tert-butylphenol was observed in the FTIR spectrum for
ecule<? In this report, we describe the generation of 2,6-di- KBr-pelletized solid samples d, 7, and 8. Curiously, a
tert-butylphenoxyl radicald—4 with conjugated heterocyclic ~ broadened OH band was observed éounder the same
rings attached at the 4-position and show spectroscopicallyconditions, suggesting the presence of hydrogen bonding,
that delocalization varies considerably as a function of the despite the steric blockading due to tieet-butyl groups.

heterocycle structure and is so extensive in some cases thak-ay crystallographic analysigonfirmed the presence of
hydrogen bonding between the phenolic OH and the pyrim-

idine nitrogen of another molecule in the crystal lattice.
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a - Pd(OAC)s, KsCOg; b - PbO,/PhH; ¢ -- Pd(PPhg),, Ko,CO4

bonding arrangement i. Additional data is given in the 698 nm, respectively. Extinction coefficients and radical
Supporting Information. Further support for the presence of concentrations were not determined due to the instability of
this somewhat surprising hydrogen bonding motif is given 1—4 over extended time periods. Radi@ahowed no longer
by the fact that a 1:1 coordination complex betw@&eand
copper(ll) chloride shows the return of a typical, narrow OH
band at 3620 cmt in the FTIR, presumably because the
nitrogen acceptor sites are now at least partly coordinated a
by copper.

The phenols were oxidized in degassed benzene by stirring
with lead dioxide recently prepared by hydrolysis of lead
tetraacetate. The solutions rapidly became colored, as is
characteristic for formation of phenoxyl radicals. The longest
wavelength UV+-vis bands ofl—4 were 496, 614, 420, and b

c
d
20.0 Gauss
Figure 1. Hydrogen bonding in phend, taken from a single- Figure 2. Room-temperature ESR spectra bfcurve a, 9.791

crystal X-ray analysis. NB\ is symmetry generated. See Supporting GHz),2 (curve b, 9.791 GHz)3 (curve c, 9.800 GHz} (curve d,
Information for further structural details. 9.798 GHz).
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range band in the 500 nm range, but has a long absorbance of these systems appears to be somewhat lower than that of
tail that makes it appear yellow in dilute solution but red at the 4-(H-benzimidazol-2-yl)-2,6-dtert-butylphenoxyl sys-

higher concentrations.

tems that we have described previouslizor example,

Figure 2, curves -ad, show the X-band ESR spectra of system?2 shows the appearance of bands in tlkeCregion
the radical solutions. The hyperfine coupling constants (hfc) of the FTIR in KBr pellets, implying considerable dimer-
were obtained by line shape analysis of the spectra usingization. System8 and4 appear not to dimerize so readily

the WINSIM program of Duling. To assist with the hfc

and also show longer-lived coloration in solution upon

assignments, density functional computations were carriedexposure to air.

out using Gaussian 9&t the BLYP/cc-pVDZ level, using

ESR hyperfine analysis shows the extent of delocalization

B3LYP/6-31G* optimized geometries for model systems of the unpaired spin from the phenoxyl radical moiety. In
where thetert-butyl groups were replaced by hydrogen systems3 and 4, the largest hydrogen hyperfine coupling
atoms. All computed geometries gave essentially coplanarconstant is found on the heterocyclic ring system, not on

rings. All computed hfc were taken directly from the

the phenoxyl unit. This demonstrates the extent to which

Gaussian computations, which are based upon the computedhe spin density in a conjugated radical can be modulated
Fermi contact couplings. Table 1 summarizes the experi- by appropriate choice of structure. We can use the ap-

Table 1. Experimental and Computed hfc far4

proximate McConnell mod&telating hyperfine coupling to
spin density and assume that the McConnell proportionality
constant is{)22 G, a typical value for delocalized radicals.
Using the experimental hfa(4) = 1.8-2.1 G in1 and2

Radical Expt hfc’ Computed hfc’ anda(2) = 4.2 and 3.3 G irB and4, the amount ofz-spin
at these positions is estimated to bel®%, 19%, and 15%,
am)=18G [a(m) =-1.1 G] respectively.
aN)=14G a(N)=-1.0G The experimental estimates of spin density distributions

a(3,5)=0.5-0.6 G
a(4,6) =1.9-2.1G

a(3,5) = -0.3,-0.4 G
a4,6)= 1.7,2.0G

also compare well to the Mulliken spin populations predicted
by Gaussian 98 at the-positions forl and2 and the 2
positions for3 and4. Figure 3 summarizes the experimental
and computed percent spin density populations for the hfc

am)=18G [a(m) =-1.1G] data in Table 1. The furan ring substituent in the 4-position
maZ m aN)=05G aN)=-03G of the phenoxyl radical leads to the largest amount of
2 a(2)=1.6G a(2)=12G delocalization, with the thiophene also supporting a large
NaNg a(4)=18G a4 =15G delocalization.
4 2,4,6-Tritert-butylphenoxyl has a 32% spin density popu-
lation at the 4-positiof.By comparison, 4-phenyl-2,6-di-
a(m)=1.6G [a(m) =-0.9 G] tert-butylphenoxyl has no spin density population that is
a(2)=42G a(2)=38G larger than 7% on anyrtho and para position of the
a4)=0.6G a(4)=04G 4-phenyl substituerif (The percent spin populations ignore
a(5)=02G a(5)=02G small contributions of negative spin density on some sites.)
So, only a modest amount of delocalization occurs from the
O phenoxyl 4-position into the conjugated phenyl ring in
am)=1.6G fa(m) =-1.4 G] 4-phenyl-2,6-ditert-butylphenoxyl. By comparison to these
mi\Z m a(2)=33G a(2)=38G phenoxyl radicals that lack heteroatom substituentson-
By a4)=08G a4)=08G jugated to the 4-positiorl,—4 all have spin sites with 10
2875 a(5)=03G a(5)=-02G 19% population on the 4-substituent ring. The difference in

e delocalization is partly attributable to the strong desire of
aHfc are absolute values based on WINSIM simulatidrSigns are i i i i i
based on expected negative hfc for a(m), for model systemstevitbutyl the radicals to place large spin density populations on sites
groups replaced by hydrogen, computed at the BLYP/cc-pvVDZ//B3LYP/

6-31G* level.

(5) Duling, D. R.J. Magn. Reson1994 B104 105.
(6) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson,
B. G.; Robb, M. A,; Cheeseman, J. R.; Keith, T.; Petersson, G. A;

mental hfc forl—4 and the computed hfc for the model Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, V.
G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;

systems. The brat_:kets arou_nd a(m) emphasize that thesQlanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
computed hfc are likely to be influenced by the replacement Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;

. : ; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
of thetert-butyl groups, relative to the actual experimental Gordon, M.; Gonzalez, C.; Pople, J. A.,; Gaussian Inc.: Pittsburgh, PA,

values. 1998.
The solution ESR spectra and colorslef4 persisted for (7) Xie, C.; Lahti, P. M.Tetrahedron Lett1999 40, 4305.
. . (8) a= Qp, whereAis hfc, p is 7-spin density, an® is the McConnell
up to 3 days under nitrogen, but faded swiftly when exposed constant. See McConnell, H. M. Chem. Phys1956 28, 1188 and Pople,

to air. When solvent was removed, the resultant solids J. A.; Beveridge, D. LApproximate Molecular Orbital TheoyjMcGraw-

H P . . Hill: New York, 1970, p 146 ff.
lightened in color upon exposure to air: the color change is "~ ) praphanada, B. 9. Chem. Phys1983 79, 5752.

irreversible and the radicals nonrecoverable. The persistence (10) Mukai, K.; Inagaki, N.Bull. Chem. Soc. Jprl98Q 53, 2695.
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An important consideration in the design of molecular
magnetic materials is interaction of spin density in the solid

()7.3% ()7.3% state or in very high spin polymeric materials. The ability
2.7% [1.8%) 3.6% [2.5%] to manipulate sites of major spin density by structural
19% (17.4%] N\ ()2.3% 15% [14.3%] g~ ()2.3% variation gives potential electronic control in such materials.

For example, our group and Yamamoto’s have synthesized
2,5-thienediyl polymers based upon radicat>*4 This
design was based upon the expectation that delocalization
from the pendant phenoxyl groups through the polythiophene
backbone would be sufficient to allow effective exchange
between spin-bearing units. The present resultsifeihow

that spin delocalization is qualitatively sufficient to meet the
original design intent.

This study demonstrates some of the possibilities for
Figure 3. Experimental and [BLYP computed] percent spin Mmodulation of spin density in organic radicals by a “mix-
populations. Experimental spin densities for 4-phenyl-2,6edi- and-match” strategy of attaching heterocyclic systems with
butylphenoxyl from ref 9. BLYP computed values were done on g-conjugation to delocalizable radical sites. In particular, the
model systems with replacementteft-butyl groups by hydrogen  fran and thiophene substituents allow a substantial degree
thm substituents. Negative ) spin populations are deduced by of spin density delocalization away from the phenoxyl ring.

pin polarization parity guidelines. ) .
DFT computations turn out to be very good predictors of
the spin density distributions in these systems and should

stabilized by adjacent nitrogen, oxygen, or sulfur atoms. be very useful for prediction of delocalization extents in
There is also an effect of having five-member ring8iand related phenoxyl-based open-shell molecules. Reasonable

4, by comparison to a six-membered ring in 4-phenyl-2,6- strategigs to inc_orporgte such organjc radﬁcals int_o mF"e_CU'ar
di-tert-butylphenoxytwith one lessz-atom, there is more magnetlc_materlals will combm(_e tumng spin densny d|str|bL_1—
likelihood of a single site with a larger spin population. tion b_y th'§ strategy and C(_)or(_:llnatlon of sites of higher spin
Some comparisons to related delocalizable radicals with _densny_ with paramagnenc_ lons FO strquthe_n (_axchange
heteroring substitution are available. 2-Pyridsit-butyl |nterapt|ons between organic and inorganic units in hyb_r_ld
nitroxide'* 12 and 5-pyrimidyltert-butyl nitroxide are con- material. By these methods we hope to improve the stability
nectivity analogues ol and 2, respectively. The pyridyl and magnetic ordering characteristics of new organic and

compound has previously been generated in trapping experi-hybriOI organie-inorganic materials.
ments, and both have been synthesized by tlgough
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