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groups at the fS-positions (2-, 5-, and 8-positions) has
encouraged us to synthesize 2,5,8-tri-tert-butyl-1,3-diazaphen-
alenyl (6), which has led to the isolation of such a radical as
crystalline solid for the first time, in contrast to a pioneering
attempt by Sabanov et al. for compound 5. The synthesis,
electronic structure, and a gable syn-dimerization of 6 in the
crystal structure, which has a column motif, are reported here.
Interestingly, the column structure motif is a counterpart of
the herringbone one of homoatomic phenalenyl 2.

The precursor, 2,58-tri-tert-butyl-1,3-diazaphenalene (7,
Scheme 1), was prepared from tert-butylated dinitronaphtha-
lene 8”in two steps: 1) reduction with Sn, SnCl, -2 H,O under
acidic conditions, 2) condensation with fBuCHO followed by
the dehydrogenation with Pd/C catalyst.l'”] Treatment of 7
with active PbO, and recrystallization gave 6 as green crystals
(Scheme 1).1M The radical 6 in the crystal is stable in the
absence of air. In air the radical decomposes slowly, but most
of it remains unchanged for weeks, thus showing higher
stability than 2.4 The increased stability resulting from the
heteroatomic modification in the m conjugation is contrary to
the claim by Sabanov et al. for 5.°!

X X

0y, =
R

8 X=NO;
9 X =NH, 7

a

Scheme 1. Synthetic route for 6. Reagents and conditions: a) Sn
(4.3 equiv), SnCl,-2H,0 (7.9 equiv), conc. HCl:AcOH (1:1), 100°C, 5 h,
82%;b) BuCHO (1.3 equiv), 3 mol % Pd/C, xylene, reflux, 3.5 h, 77 %; c)
PbO, (5 equiv), degassed benzene, RT, 1.5 h, recrystallized from hexane,
42%.

To clarify the bulk magnetic properties of the crystalline
state of 6, the magnetic susceptibility y, of a polycrystalline
sample was measured from 1.8 to 350 K at 0.1 T.'”) Below
250 K 6 exhibits a weak paramagnetism from impurity
radicals (ca. 0.1%) presumably arising from lattice defects.
The result shows that molecular assemblies of 6 in the crystal
are in the spin-singlet state, thus revealing the dimerization of
6. Dissolution of this solid sample in organic solvents gave the
strong ESR signals characteristic of 6, confirming that 6
remains stable and unchanged in the crystal under inert
atmosphere. On raising the temperature to 350 K, a small but
significant increase in y,7 was observed, which suggests the
possible existence of thermally accessible paramagnetic states.

To identify such a thermally activated paramagnetic state,
cw-ESR (cw = continuous wave) spectra were measured for
the solid sample of 6 (Figure 1a). In addition to the central
intense signal from the monoradical impurities, fine-structure
triplet-state ESR signals (AM;=+=+1 allowed transitions) with
axial symmetry are clearly seen. The spectral simulation
yielded spin-Hamiltonian parameters S=1, g=2.004, |D|/
hc=0.0173cm™!, and |E|/hc <10~ cm~!. The temperature
dependence of the triplet signal intensity was best described
by a singlet—triplet modell3 with an energy gap of 2J/kz=
—4.19(2) x 10° K (Figure 1b). The results seemingly resemble
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Figure 1. a) Observed triplet-state ESR spectrum of the powder sample of
6 at 350 K. The x, y, and z denote the canonical absorption peaks. The
microwave frequency used is 9.638615 GHz. b) Temperature dependence
of the triplet signal intensity o =observed, —— =calculated; 2J/kg=
—4.19 x 10° K.

those for 2 (S=1, g=2.003, | D |/hc =0.0167 cm™', | E|/hc <
103 cm~!, and 2J/kz = —3.34(3) x 10° K), but the values for 6
are larger than those for 2. The comparison suggests that 6
also forms a dimer structure with a face-to-face staggered
arrangement. Such an arrangement ensures minimum steric
repulsion between the fert-butyl groups, but the bonding
character of the dimerization of 6 is different from that in 2.

The X-ray crystal-structure analysis!!' gives a rationale for
the difference in the D and 2J/kgz values between 2 and 6.
Figure 2a and b show ORTEP views of the syn-dimer of 6 with
a gable structure. In the gable syn-dimer the shortest distance
between the a-carbon sites is 0.215 nm and the longest one

=,

Figure 2. ORTEP views of the gable syn-dimer of 6. a) Top view and a
schematic representation; the nitrogen sites are located in terms of the
most probable face-to-face arrangement; *1: the shortest C—C distance and
*2: the longest distance between the a-carbon and nitrogen sites (see text).
b) Side view; the tert-butyl groups are omitted for clarity.

between the a-carbon and the nitrogen sites is 0.379 nm, in
contrast to the pancake-type stacking of symmetric pure -
dimerization for 2 (0.320-0.332 nm).[*! The gable syn-dimer
structure for 6 and asymmetric bonding nature formed in the
dimer are induced by the symmetry-breaking incorporation of
nitrogen atoms at the 1- and 3-positions. The dimer packing
mode is a column structure for 6 (see Supporting Informa-
tion), which is important in organic metals and conducting
materials,?*" whereas the herringbone structure for 2 does
not give properties that are relevant for these areas.[*!

The observed very low E value (| E|/hc <1072 cm™!) for 6
reflects axially symmetric nature of the dipolar spin-spin
interaction in the excited triplet state of the dimer. The
assumed dimer structure, however, does not straightforwardly
lead to the electronic structure with a threefold or greater
axial symmetry because of the symmetry lowering caused by
the incorporated nitrogen atoms. Indeed, 1*C cross-polariza-
tion magic-angle spinning (CPMAS) solid-state NMR meas-
urements of the molecular crystal at room temperature
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indicated the lower symmetric (C,;) dimerization of 6 in the
singlet ground state. A rationale for the low E value is that the
dipolar spin—spin interaction within the syn-dimer molecule
undergoes averaging and smearing out of a small amount of
the departure from the axial symmetry as a result of
inhomogeneous hyperfine broadening in the fine-structure
spectra, which gives rise to an apparent high symmetry with a
more than threefold rotation axis.

To evaluate the heteroatomic effects of 6 induced by a pair
of nitrogen atoms, the m-spin-density distribution of 6 was
determined by liquid-phase ESR and ENDOR/TRIPLE
spectroscopy. Under inert atmosphere, 6 in a toluene solution
was extremely stable in contrast to 5.1 The ESR spectrum is
interpreted by 'H-, “N-, and *C (1.1 %) hyperfine couplings
as summarized in Table 1. The w-spin densities on the nitrogen
and carbon sites were determined by the observed couplings
with the help of McConnell and Heller—McConnell equa-

Table 1. Hyperfine coupling constants (hfccs) of 'H, C, and “N nuclei, and
g value.l!

a [mT] aN [mT)] g Value
4,9 6,7 2-1Bu 5, 8-tBu 1,3 2.0033
—-0.638 —0.715 +0.006 +0.021 +0.292
a® [mT]
2 4,9 5,8 6,7 10, 11 12 13
—0.550 +0.880 —0.820 +1.087 —0.654 —0.885 +0.081

[a] Assignments of hfccs were based on DFT calculation by using Gaussian 94
with SVWN/6-31G*//SVWN/6-31G* method.

tions, respectively. To determine the m-spin densities on the
other carbon sites without protons, the Fraenkel-Karplus
equation was applied. Such an empirical treatment gave all
the m-spin densities, as depicted in Figure 3. It appears that a
robust sm-spin polarization similar to the parent phenalenyl

b) /+o.ooo4

+0.260

Figure 3. m-spin-density distribution of 6 a) experimentally determined
and b) calculated by DFT method using Gaussian 94 (SVWN/6-31G*//
SVWN/6-31G*). Open and filled circles denote positive and negative spin
densities, respectively.

radical 1 is maintained in 6 in spite of the heteroatomic
modification, which gives rise to the alternation of the signs of
the mspin densities between the neighboring sites. By
comparing the spin densities of 6 with those of 2,/ it appears
that the spin densities of the 1- and 3-positions decrease
appreciably, while those of the 4-, 6-, 7-, and 9-positions
increase, that is, these four sites become more “active”
following the heteroatomic perturbation. Nevertheless, the
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presence of the bulky substituents at the 5- and 8-positions
contributes to the chemical stabilization of the 1,3-diazaphe-
nalenyl mt system.

The spin structure of 6 is in harmony with such a gabled
face-to-face arrangement of the syn-dimer in the crystal. In
such an arrangement maximum orbital overlaps occur be-
tween the a-carbon sites with largest and next-largest spin
densities, which causes a strong bonding interaction (2J/kz=
—4.19(2) x 10° K) between the radicals in the syn-dimer of 6.
The reflection spectroscopy and the refined X-ray crystal-
structural analysis of 6 and other azaphenalenyls are under-
way. To our knowledge, the syn-dimer of 6 is not only the first
example that exhibits a column crystal-structure motif with
pseudo m dimerization between neutral organic radicals,!"]
but also diverse potentials, such as those of organic conducting
materials. In contrast to the herringbone motif for the pure -
dimer 2, the finding of the gable syn-dimer with the column
motif for 6 derived by the heteroatomic modification should
be of interest in crystal engineering and organic materials
science.
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Xz’ Expanding the Reaction Scope of

DNA-Templated Synthesis**
Zev J. Gartner, Matthew W. Kanan, and David R. Liu*

The translation of amplifiable information into chemical
structure is a key component of nature’s approach to
generating functional molecules. The ribosome accomplishes
this feat by catalyzing the translation of RNA sequences into
proteins. Developing general methods to translate amplifiable
information carriers into synthetic molecules may enable
chemists to evolve non-natural molecules in a manner
analogous to the cycles of translation, selection, amplification,
and diversification currently used by nature to evolve
proteins. As an initial step towards this goal, we recently
examined the generality of DNA-templated synthetic chem-
istry.l2l ' We demonstrated the ability of DNA-templated
synthesis to direct a modest collection of chemical reactions
without requiring the precise alignment of reactive groups
into DNA-like conformations. Indeed, the distance indepen-
dence and sequence fidelity of DNA-templated synthesis
allowed the simultaneous, one-pot translation of a model
library of more than 1000 templates into the corresponding
thioether products, one of which was enriched by in vitro
selection for binding to the protein streptavidin and amplified
by the polymerase chain reaction (PCR).

The range of reactions known to be supported by DNA-
templated synthesis,!) however, remains a tiny fraction of
those used either by synthetic chemists or by nature to
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generate molecules with desired properties. Many reactions
central to the construction of natural or synthetic molecules
have yet to be developed in a DNA-templated format despite
their known compatibility with water.”l We describe here the
development of several useful DNA-templated reactions,
including the first reported DNA-templated organometallic
couplings and carbon —carbon bond forming reactions other
than pyrimidine photodimerization.[*3 Collectively, these
reactions represent an important additional step towards the
in vitro evolution of non-natural synthetic molecules by
enabling the DNA-templated construction of a much more
diverse set of structures than has been previously achieved.

We first investigated the ability of DNA-templated syn-
thesis to direct reactions that require a non-DNA-linked
activator, catalyst, or other reagent in addition to the principal
reactants. To test the ability of DNA-templated synthesis to
mediate such reactions without requiring structural mimicry
of the DNA backbone, we performed DNA-templated
reductive aminations between amine-linked template 1 and
benzaldehyde- or glyoxal-linked reagents (2 and 3) with
millimolar concentrations of NaBH;CN at room temperature
in aqueous solutions. Products formed efficiently when the
template and reagent sequences were complementary. In
contrast, control reactions in which the sequence of the
reagent did not complement that of the template, or in which
NaBH;CN was omitted, yielded no significant product
(Table 1 and Figure 1). While DNA-templated reductive
aminations to generate products closely mimicking the

reactlon: 1+3 4+6 I+ 11 1+13 12+15 18+ 14

matchedness: M X M X M X M X M X M

products — -

Figure 1. Analysis by denaturing polyacrylamide gel electrophoresis of
representative DNA-templated reactions listed in Tables 1 and 2. The
structures of reagents and templates correspond to the numbering in
Tables1 and 2. Lanes1, 3, 5, 7, 9, and 11: reaction of matched
(complementary) reagents and templates under the conditions listed in
Tables 1 and 2 (the reaction of 4 and 6 was mediated by DMT-MM).
Lanes 2, 4, 6, 8, 10, and 12: reaction of mismatched (noncomplementary)
reagents and templates under conditions identical to those used in lanes 1,
3,5,7,9, and 11, respectively.

structure of double-stranded DNA have been previously
reported,l®”! the above results demonstrate that reductive
amination to generate structures unrelated to the phospho-
ribose backbone can take place efficiently and sequence
specifically. We also performed DNA-templated amide bond
formations!® °l between amine-linked templates 4 and 5 and
carboxylate-linked reagents 6—9 mediated by 1-(3-dimethyl-
aminopropyl)-3-ethylcarbodiimide (EDC) and N-hydroxysul-
fosuccinimide (sulfo-NHS) to generate amide products in
good yields at pH 6.0 and 25°C (Table 2). Product formation
was sequence specific, dependent on the presence of EDC,
and surprisingly insensitive to the steric encumbrance of the
amine or carboxylate group. Efficient DNA-templated amide
formation was also mediated by the water-stable activator
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium
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