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ABSTRACT

1k 3c

An efficient method for the synthesis of 5,10-diaryldihydrophenazine was developed using a recently developed Pd(0)-mediated cross-coupling
reaction. The products 1k and 3¢ showed excellent properties as hole injection materials in electroluminescent (EL) devices.

Highly electron-rich and redox-active compounds are po- phenazines has hitherto mainly been achieved by the Cu-
tentially useful building blocks in material sciences. In the catalyzed coupling reaction of 5-aryldihydrophenazinyllith-
course of our studies to develop new electronic and magneticium with aryl halides reported by Gilman and Diedrich in
materials, we have required electron-donatiriglectronic 19571 The coupling requires severe conditions (20for
systems possessing oxidation potentials in the rangedat 12 h for 5,10-diphenyl-5,10-dihydrophenazine), and the yield
to +0.3 V vs SCE. 5,10-Disubstituted 5,10-dihydrophena- is not high (16%). Although the reported method is, in
zines seem to be attractive compounds satisfying suchprinciple, applicable to unsymmetrically substituted diaryl-
conditions. The 5,10-dialkyl-substituted dihydrophenazines dihydrophenazines, such a procedure has not been reported.
can be easily synthesized from phenazine in high yields by Other methods involving electrochemitalr aromatic nu-

the following sequence of procedures: reductiatkylation} cleophili® cyclizations have also been reported for the
reduction-lithiation—alkylation? alkylation—reduction- compounds with special functional groups. We report an
lithiation—alkylation? and reductior-di(methoxymethyla- efficient and general synthetic method applicable for both
tion) followed by reaction with Grignard reageftdowever, symmetrically and unsymmetrically substituted 5,10-diaryl-

the method for the synthesis of diaryl-substituted dihydro- 5,10-dihydrophenazines using recently developed Pd(0)-
mediated cross-coupling reactiohsFor the synthesis of
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Scheme 1. Unsymmetric 5,10-Diaryldihydrophenazine Table 1. Synthesis of Unsymmetrically Substituted
Synthesis 5,10-Diaryl-5,10-dihydrophenazines

Q Q Q Ar2, X (method, solvent, T (°C),  yield
1 Art time (h)) (%)
1) Ar'Li Ar?X

N A'—N  NH| ———> Af'—N  N-AF

W 2) HO Method A or B la Ph p-tolyl, Br 79
O @ (A, o-xylene, reflux, 3)
1b Ph p-anisyl, Br 55

1 (A, o-xylene, reflux, 3)
1c Ph p-(dimethoxymethyl)phenyl, Br 74

. . . . L ) (A, o-xylene, reflux, 3)
unsymmetrical diaryldinydrophenazines, the in situ prepara 1d Ph p-formylpheny! (from 1c) 95

tion of 5-aryl-5,10-dihydrophenazine is a key step. Applica- ;. pp,

p-cyanophenyl, Br 44

tion to EL devices is also reported for some of the (A, o-xylene, reflux, 3)
derivatives. 1f Ph 2-thienyl, Br 37

Scheme 1 illustrates the synthesis of unsymmetrically (A, o-xylene, reflux, 3)
substituted 5,10-diaryl-5,10-dihydrophenazines. The reaction1g p-n-butylphenyl Ph, Br 42
of aryllithium (ArlLi; 1.3—1.4 equiv in ether or ether— (A, toluene, reflux, 3)
cyclohexane) with phenazine (1.0 equiv) in toluene or 1" P--butylphenyl p:c"yll’ Br o 3 52
o-xylene pr(_)cee(_js smoothly at room tempe_rature._Quenching1i p-n-butylphenyl é_;}?s;fng;re . 3) 53
of the reaction with deaerated water gave air-sensitive 5-aryl- (A, toluene, reflux, 3)
5,10-dihydrophenazine2]. The organic layer containing 1j Ph p-(N,N-diphenylamino)phenyl, Br 48
was transferred with a syringe into another flask containing (A, o-xylene, reflux, 3)
dried NaSQ, under inert atmosphere and kept in a refrigera- 1 Ph p-(N,N-diphenylamino)phenyl, Br 69
tor as a stock solution d. The cross-coupling reaction of (B, o-xylene, rt, 3) _
2 with aryl halide (APX; 0.75 equiv, mainly bromide) was K Ph p-[N-(1-naphthyl)-N-phenylamino]- 66
achieved using a catalyst combination of NBO (1.50 (ch:]-il;ﬁ;wsrrt 3
equiv)—Pd(OAc) (0.020 equiv)—PBu); (0.015 equiv) in Ph p-(’N,N-diph’en)’/lamino)biphenyl, I 70

toluene oro-xylene under heated conditions (method®A), (B, toluene, reflux, 4)
or using NaCBu (1.50 equiv)—Pd(dba)(0.020 equiv)—
P(Bu); (0.015 equiv) at room temperature (method’B),
giving the desired unsymmetrically substituted diaryldihy-  The reaction similarly proceeded when *Awas an
drophenazineg (Table 1)? n-butylphenyl group Xg—i). These experiments (fdg—i)
5-p-Formylphenyl-10-phenyl-5,10-dihydrophenaziriel are useful when one applies them to compounds with
was synthesized through the protection of the aldehyde group.multiple coupling sites, where the products may have poor
4-Cyanophenyl and heteroaromatic thienyl groups could alsosoypility in organic solvents. For instance, we could easily

be introduced, although the yields were moderate. prepare 5,5'-(m-phenylene)bis(10-p-n-butylphenyl-5,10-di-
(8) Selected Compound Data. tf colorless needles: mp 25TC; H hydrophenazine) using-diiodobenzene as a double-coupler
NMR (600 MHz, GDg) 6 5.80 (dd, 2HJ = 7.8, 1.3 Hz), 6.21 (dd, 2H] in a good yield {-65%). Then-butyl derivative was soluble

=7.8, 1.3 Hz), 6.31 (td, 2H) = 7.7, 1.4 Hz), 6.36 (td, 2H) = 7.6, 1.3 i i i i
Hz). 6.64—6.68 (m. 2H). 6.82 (dd. 1= 5.3, 1.6 Hz). 7.03 (t, 1) — in various organic solvents in contrast to the hardly soluble

7.4 Hz), 7.07 (d, 2HJ = 7.3 Hz), 7.14 (d, 2H] = 7.7 Hz); 3C NMR 5,5'-(m-phenylene)bis(10-phenyldihydrophenazthe).
(150 MHz, GDg) 6 113.21, 114.03, 121.45, 122.24, 126.25, 126.79, 128.28, i
128.46, 131.33, 131.53, 136.48, 137.03, 140.60, 142.90; MS (FAR) Furthgrmorg, this lmeth_od can bFT' extendegl to prepare
340 [M]*. Anal. Calcd for GHieN:S: C, 77.62; H, 4.74; N, 8.23. Found: electronically interesting diarylamine-incorporating dihydro-
a,oz)?'i/?g: HQSS)S: 21,8 E{-%ﬁlizﬁHOngWf?hm)p GZBgC(d(éegiuH N';/”; phenazinedlj—I, which are potentially useful compounds
z, 6, . y = (.0, 1. Z), 0. y = (.0, . .

1.4 Hz), 628 (td, 2H) = 7.6, 1.2 Hz), 6.35 (td, 3H1 = 7.6, 1.2 Hz), 6.85 S electroluminescent materials. -
gt, 2H,J=7.1,1.2 Hz), 7.08.7.10 (m, 17 H)*C NMR (100 MHz, GD¢) Synthesis of symmetrically substituted diaryldihydro-

113.05, 121.34, 121.43, 123.67, 125.29, 129.75, 131.37, 131.60, 132.21, o : :
134.11, 137,26, 137,34, 140.82, 147,84, 147.95. HRMS (FiBicalcd phengzme is much smpler than_that of the unsymmetrically
for CagHa7N3 501.2205, found 501.2224k: yellow powder; mp 254C; substituted ones, as illustrated in Scheme 2.
IH NMR (300 MHz, GDs) 6 5.78-5.81 (m, 2H), 6.0+6.04 (m, 2H), 6.25 : i ; i i
6.37 (m, 4H), 6.79 (t, 1HJ = 7.1 Hz), 6.95—7.24 (m, 17H), 7.53 (d, 1H, The dquble coupling reaction of d.|hyglrophenazme (1.0
J=7.7Hz), 7.63 (d, 1H) = 7.1 Hz), 8.11 (d, 1H) = 8.1 H2);%C NMR equiv) with bromobenzene (2.0 equiv) in the presence of
(75 MHz, GDe) 6 113.01, 121.29, 121.41, 122.73, 122.90, 123.65, 124.53, NaOBuU (3.0 equiv}-Pd(OAc) (0.040 equivy-P(Bu)s (0.030
126.57, 126.68, 126.84, 126.96, 128.80, 129.62, 131.36, 131.60, 131.71, _ . . . | 80°C hod A duced 5 10
132.19, 135.88, 137.25, 137.38, 143.76, 148.27, 148.51: MS (@)  €quiv) in toluene at (method A) produced 5,10-
551 [M]*. Anal. Calcd for GoHaoN3: C, 87.08; H, 5.30; N, 7.62. Found:  diphenyl-5,10-dihydrophenazin8g) in 85% yield, in con-
C, 86.91; H, 5.25; N, 7.551I: yellow powder; mp>300 °C; {H NMR O/ \si _
(300 MHz, GDg) 6 5.82—5.85 (m, 2H), 5.92--5.95 (m, 2H), 6.26—6.34 astt0 the poor 16% ylgld by the Ulimann type procedure.
(M, 4H), 6.87 (t, 2H,) = 7.0 Hz), 7.04—7.23 (m, 17 H), 7.34 (d, 28 = A similar procedure using NaBu (3.0 equiv)—Pd(dba)
8.6 Hz), 7.49 (d, 2H)) = 8.4 H2); 1°C NHR (75 MHz, GHe) 6 113.11, (0.040 equiv)-P(Bu); (0.030 equiv) (method B) effectively
113.19, 121.45, 123.38, 124.18, 124.93, 129.62, 129.67, 131.41, 131.60,
131.93, 134.42, 137.13, 137.18, 139.39, 140.67, 140.79, 147.99, 148.14;
MS (FAB) m/z577 [M]". Anal. Calcd for GoHziNs: C, 87.32; H, 5.41; N, (9) Terada, E.; Okamoto, T.; Kozaki, M.; Sato, K.; Shiomi, D.; Takui,
7.27. Found: C, 87.03; H, 5.34; N, 6.97. T.; Okada, K. To be published.
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Scheme 2. Symmetric 5,10-Diaryldihydrophenazine Synthesis

APX s s
HN NH —»  Ar'—N N—Ar
@ Method A or B
3

proceeded for bulkier aryl halides in milder conditions in
high yields (Table 2}° The coupling products are interesting
as materials applicable to EL devices.

Table 2. Synthesis of Symmetrically Substituted
5,10-Diaryl-5,10-dihydrophenazines

3 Ar3, X (method, solvent, T (°C), time (h)) yield (%)
3al phenyl, Br 85
(A, toluene, 80 °C, overnight)
3b p-(N,N-diphenylamino)phenyl, Br 83
(B, o-xylene, rt, 3)
3c p-[N-(1-naphthyl)-N-phenylamino]phenyl, Br 64

(B, o-xylene, rt, 3)

Table 3 summarizes the oxidation potentials of the
prepared diaryldihydrophenazines. The first oxidation po-
tentials are reversible in all cases and are in the range
between+0.25 and+0.38 V vs SCE.

Table 3. Oxidation Potentiafsof 5,10-Diaryl-5,10-
dihydrophenazines

compd Elyp E2y compd Elyp E2y E3

la +0.27 +0.96 1i +0.26 +0.95

1b +0.26 +0.95 1j +0.26  +1.02b +1.29°
1c +0.30 +1.00 1k +0.27 +0.94 +1.35°
1d +0.34 +1.02 1l +0.30 +0.94¢ +1.12¢
le +0.35 +1.02 3at +0.30 +1.00

1f +0.38 +1.05 3b +0.27 +0.97° +1.29°
19 +0.28 +0.98 3c +0.25 +0.96° +1.35°
1h +0.27 +0.96

a@Measured in DMF at room temperature in the presenceBiisNCIO4
(0.1 mol/L) as an electrolyte with scan rate of 50 mV/s using glassy carbon

as a working electrode and SCE as a reference electrode, where the value

are corrected by the ferrocene (Fc) oxidation potentidtgf (Fc/Fch) =
0.48 V vs SCEP Peak potentials (irreversible step)Peak potentials due
to overlapping peaks.

Since aryl-substituted dihydrophenazines have a large
dihedral angle between the CEpN—C(sp) plane in the
central ring of the dihydrophenazine moiety and the aryl
ring,'* the rather narrow change for the first oxidation
potentials is reasonable. However, there is still a tendency
for the electron-donating substituents to give lower oxidation
potentials than electron-withdrawing groups. The plot of the
first oxidation potentials of the four 5-X-phenyl-10-phenyl-
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dihydrophenazines (1a,bad3a) to the Brown—Okamoto
ot1? gave a straight line with a rather small slope of 0.065
+ 0.011 (correlation factor 0.97).

Such highly electron-rich compounds are potentially useful
as hole-injecting materials (HIMs) in organic EL deviéé¥'!
When the HIM layer is inserted between an ITO electrode
and a hole-transporting layer, it enables the devices to operate
with longer lifetimes and higher luminous efficiency. One
of the requirements for HIMs is high morphological stability
due to roughness on the ITO surface. For application to EL
devices, we chose two derivativdk and3c, both of which
form amorphous films by thermal deposition under high
vacuum on the ITO surface with high amorphous-stability
above room temperature. The compouhkisnd3c had high
glass transition temperatures g(Tof 105 and 133°C,
respectively. To evaluate the performance of dihydrophena-
zine-based devices, ITO/HIM (1&r 3c, 40 nm)/NPB(10
nm)/Alg (50 nm)/LiF(0.5 nm)/Al (100 nm) were fabricated,
whereNPB (N,N'-di(1-naphthyl)-N,N’-diphenyl-4,4'-biphe-
nyl, EY, = 4+0.85,E%, = +0.98 V vs SCE measured under
the conditions in Table 3) andlq [tris(8-hydroxyquinolino)-
aluminum] are hole-transporting and emitting materials,
respectively. The devices emit green light (550 nm) from
Alg.'® Table 4 summarizes the characteristics of the present

Table 4. Properties ofLk and3c as HIMs in the EL Devices
ITO/1k or 3c/NPB/Alg/LiF/Al

r
T

LiF (0.5 nm) / Al {100 nm)

A

i

Alg (50 nm)

NPB (10 nm}

HIM (40 nm)

ITO coated glass

characteristics at 100 cd/m?2

at 50 mA/cm?
compd \Y mA/cm? cd/A Im/W half-life (h)
1k 4.8 2.8 3.6 2.3 83
3c 45 3.2 3.1 2.2 102
a 3.9 3.9 25 21 10-28

2|n the absence of HIM-layer with 50 nm &fPB.

devices as well as a control device with 50 nmNPB
without HIM.

The half-life in the table is the decay time to half of the
[nitial luminance without any sealing technique at a severely

(10) Selected Compound Data. 3b yellow needles; mp-300°C; H
NMR (300 MHz, GDe¢) 6 6.01—6.07 (m, 4H), 6.35—6.40 (m, 4H), 6.85
(tt, 4H,3= 7.1, 1.5 Hz), 7.01—7.10 (m, 24H)C NHR (100 MHz, GDs)
0 121.39, 123.66, 125.29, 125.31, 129.75, 132.23, 134.06, 137.47, 147.80,
147.94; HRMS (FAB)m/zcalcd for GgH3eN4 668.2940, found 668.2939.
3c: yellow powder; mp>300 °C; *H NMR (300 MHz, GDg) 6 5.99—
6.03 (m, 4H), 6.34—6.37 (m, 4H), 6.78 (t, 2Bl= 7.3 Hz), 6.94—7.22 (m,
24H), 7.52 (d, 2HJ = 7.9 Hz), 7.62 (d, 2H, = 7.3 Hz), 8.10 (d, 2H,
= 7.9 Hz);1%C NMR (100 MHz, GDg) 0 122.68, 122.87, 124.54, 126.56,
126.68, 126.82, 126.93, 127.62, 128.78, 129.60, 131.70, 135.87, 143.76,
148.26, 148.47; HRMS (FABjn/z calcd for GeHaoN4 768.3253, found
768.3256.
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high current-density (50 mA/cfy which corresponds to Acknowledgment. This work was partially supported by
1750—2250 cd/rh It is clear that the device-longevity is the Research Foundation from the Ministry of Education,
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be compared with recently developath-emitting devices
modified by siloles as efficient electron-transporting materi-
als, whose half-life and luminous efficiency axr&0 h and
~2.2 Im/W 1617t is thus concluded that the 5,10-diaryldihy-
drophenazines are excellent HIMs in organic EL devices.
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