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Reaction of 2,3-Dichloro-5,6-dicyano-p-benzoquinone with 1,10-Phenanthroline and
the Crystal Structure of Its Reaction Product
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2,3-Dichloro-5,6-dicyano-p-benzoquinone reacted with 1,10-phenanthroline to give 1,10-phenanthrolinium
4,5-dichloro-2-cyano-3,6-dioxo-1,4-cyclohexadien-1-olate. The reaction in acetonitrile solution was observed by
the stopped flow technique and the UV-visible absorption spectra measurement. The crystal structure of its
reaction product was determined by the X-ray diffraction study. The crystal was monoclinic, space group P2,
with =12.323(4), b=4.897(2), ¢=13.677(3) A, 8=96.51(3)°, V=820.0(8) A%, Z=2, and final R=0.041 for
1280 reflections larger than 30(J,). The planar cations and anions stack along the b axis, respectively, to form

the segregated columns.

p-Benzoquinone derivatives play an important role in
bioorganic redox reactions and the modification reac-
tion of p-benzoquinones were paid much attention in
the synthetic chemistry.!=® Recently, the reactions of
p-benzoquinones as electron acceptors with aromatic
amines as donors were reported to proceed via the in-
termediate state with the character of a charge-trans-
fer (CT) complex between the donor and acceptor
molecules.*® However, very few reports on the reac-
tion of heterocyclic aromatic compounds with p-benzo-
quinones have been reported. In this paper, we re-
port the reactions of 2,3-dichloro-5,6-dicyano-p-benzo-
quinone (DDQ) with 1,10-phenanthroline (phen) and
the crystal structure of the reaction product, 1,10-phe-
nanthrolinium 4,5-dichloro-2-cyano-3, 6-dioxo-1,4-cyclo-
hexadien-1-olate (phenH DDQH), determined by the X-
ray diffraction study. Furthermore, we report the re-
action mechanism obtained by means of the stopped
flow technique and the UV-visible absorption spectral
change measurement with time.

Experimental

The Reaction of DDQ with Phen. 2,3-Dichloro-
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Fig. 1. Spectral change measured by the stopped flow

method of the reaction of DDQ (1.0x1072 M, 1 M=1
moldm™®) with phen (1.0x1072 M) in acetonitrile
solution at 25 °C.

p-benzoquinone and 1,10-phenanthroline were commercially
obtained and used without purification. UV-visible spec-
tra were measured with a Hitachi 330 spectrophotometer.
The stopped-flow measurement were made by using Unisoku
stopped-flow rapid scan spectrophotometer RSP-601.

Crystal Structure Analysis of the Reaction Prod-
uct (PhenH DDQH). Red-brown crystals of phenH
DDQH elongated along the b axis and bounded by {001}
and {100} planes were grown by slow evaporation of an
acetonitrile solution of an equimolar mixture of DDQ and
phen at room temperature. A crystal with the dimensions
0.63x0.10x0.08 mm was mounted on a glass fiber. Diffrac-
tion measurements were made on a Rigaku AFC-5R diffrac-
tometer with graphite monochromatized Mo Ka radiation
(A=0.71073 A, 40 kV, 200 mA). Cell constants were deter-
mined from a least-square refinement using 26 values of 25
reflections in the 26 range of 19 to 22°.

The crystal data: [C12HoN2]*[C7NO3Cla]~, M,=398.20,
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Fig. 2. Absorption spectra of LiDDQ (1.36x10~% M)
and the reaction product phenH DDQH (4x1072 M)
of DDQ with phen in acetonitrile solution.
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monoclinic, P2;. a=12.323(4), b=4.897(2), c=13.677(3) A,
B$=96.51(3)°, V=820.0(8) A3, Z=2. D,=1.62 (by flotation
in trichloroethane and tribromoethane mixture), Dy=1.612
kgdm 3. p(MoKa)=0.42 mm™*. F(000)=404.

The intensity data were collected at 298 K using the w—26
scan method to a maximum 26 of 55° [scan width (1.63+0.30
tan#)° in 26, scan speed 6 ° min~! in w]. Of 2200 reflections
(ranging h=0 to 16, k=0 to 6, |=—18 to 18) 2108 were
unique (Rint=0.013). The fluctuations of the intensities of
three standard reflections, which were measured after every
97 reflections, were within 0.9%. An absorption correction
based on azimuthal scans of three reflections was applied,
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Fig. 3. Spectral change of the reaction of DDQ
(1.0x1072 M) with phen (1.0x1072 M) in acetoni-
trile solution at 25 °C after (1) 0.3 h; (2) 1 h; (3) 2
h; (4) 3 h; (5) 4 h; (6) 20 h; (7) 40 b; (8) 50 h; (9) 95
h.
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Fig. 4. Spectral change of the reaction of DDQ

(1.0x1072 M) with phen (1.0x1072 M) in acetoni-
trile solution at 25 °C after (1) 95 h; (2) 144 h; (3)
187 b; (4) 192 h; (5) 264 h; (6) 408 h.
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the transmission factors ranging from 0.98 to 1.00. The
data were corrected for Lorentz and polarization effects.
The structure was solved by direct method (MITHRIL®).
The non-H atoms were refined anisotropically by full-matrix
least-square method. The H atoms were found in a differ-
ence Fourier map, and refined isotropically. The final cycle
of least-squares was based on 1280 reflections larger than 3¢
(I,) and 279 variable parameters. Sw(|Fo|—|Fc|)? was min-
imized with w=1/0%(F,). Final R=0.041, wR=0.027, and
§=1.31. (A/0)max was 0.3. The maximum and minimum
Ap in the final difference Fourier map were 0.31 and —0.27
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Fig. 5. Variation of the absorption intensity at 500

and 590 nm of the reaction of DDQ (1.0x1072 M)
with phen (1.0x1072 M) in acetonitrile solution at
25 °C.

Table 1. Fractional Atomic Coordinates and Equiv-
alent Thermal Parameters Beq with Their esd’s in
Parentheses Beq=(87%/3) % Ujjla:]*[a;]" a;-a;

i

Atom T y z Beq/A2
Cl(1) 0.1167(1) 1.2108(4) 0.5199(1)  4.14(7)
Cl(2)  0.3743(1) 1.2806(4) 0.51818(9) 3.88(7)
O(1)  0.0660(2) 0.796(1)  0.6559(2)  3.9(2)
0(2)  0.4944(3) 0.9268(9) 0.6578(2)  3.8(2)
O(3)  0.4245(3) 0.5400(9) 0.7758(2)  3.9(2)
N(1)  0.6119(3) 0.972(1)  0.9115(3)  3.4(2)
N(2)  0.6519(3) 0.592(1)  0.7744(3)  2.9(2)
N(3)  0.1592(3) 0.296(1)  0.8276(3)  4.6(3)
C(1)  0.5973(4) 1.166(1)  0.9775(4)  4.0(3)
C(2)  06791(5) 1.320(1)  1.0234(4)  3.6(3)
C(3)  0.7825(4) 1.294(2)  1.0015(3)  3.1(3)
C(4)  09114(4) 1.044(1)  0.9055(4)  3.0(3)
C(5) 0.9291(4)  0.853(1) 0.8403(4) 3.3(3)
C(6)  0.8537(4) 0.491(1)  0.7239(4)  3.1(3)
C(7)  0.7662(5) 0.346(1)  0.6805(4)  3.1(3)
C(8) 0.6648(5)  0.398(1) 0.7077(4) 3.2(3)
C(9) 0.7170(4)  0.944(1) 0.8911(3) 2.4(2)
C(10) 0.8051(4) 1.098(1)  0.9335(3)  2.6(2)
C(11)  0.8412(3) 0.693(1) 0.7934(3) 2.4(2)
C(12) 0.7361(3) 0.737(1)  0.8195(3)  2.4(2)
C(13) 0.1652(4) 0.816(1)  0.6599(3)  2.8(2)
C(14) 0.2116(4) 1.026(1)  0.5937(3)  2.7(2)
C(15) 0.3177(4)  1.059(1) 0.5934(3) 2.5(2)
C(16) 0.3976(4) 0.897(1)  0.6578(3)  2.5(2)
C(17) 0.3546(4) 0.680(1)  0.7248(3)  2.7(2)
C(18) 0.2421(4) 0.655(1)  0.7218(3)  2.5(2)
C(19) 0.1965(4) 0.459(1)  0.7805(4)  3.2(3)
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The atomic scattering factors were taken from Interna-
tional Table for X-Ray Crystallography.” Calculations were
performed by using the TEXAN®) at the X-Ray Laboratory
of Okayama University.

Results and Discussion

The Spectral Change in the Reaction of DDQ
with Phen. A sample solution containing DDQ
and phen (1.00x1072 moldm~2 for each of the reac-
tants) were prepared freshly and the reaction tempera-
ture was kept at 25 °C. The reaction of DDQ with phen
was carried out in acetonitrile solution. Figure 1 shows
the spectral change measured by the stopped-flow tech-
nique. At the initial stage, the absorption peaks were
observed at 590, 550, and 460 nm and these peaks may
be assigned to the absorption bands (m—7*) of DDQ
anion radical shown in Fig. 2.9 Figure 3 represents the
spectral change during the reaction between 20 min and
95 h. All absorption spectral intensities increased over
all observed wavelength range and no isosbestic point
was observed. The n—7™ peaks'® (A\ax=370 nm and
Emax =800 [ mol~!cm~!) of DDQ molecule remained
unchanged at 20 min. As the reaction proceeds, the
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Fig. 6. The ORTEP drawing and atomic numbering of
the cation (phenH) and the anion (DDQH). The ther-
mal ellipsoids of 50% probability are used for non-
H atoms. The H atoms are represented as spheres
equivalent to B=1.0 A2
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n—m* at 370 nm was covered by the stronger absorp-
tion band at 350 nm, which is assigned to the m—m*
band of DDQ anion radical.” Furthermore, a new peak
appeared at 500 nm. This band could be assigned to
the reaction product of DDQ and phen, as is shown in
Fig. 2. Figure 4 shows the spectral change with time
after 95 h.” The absorption intensities of the reaction
solution decreased with time in the 300—700 nm re-

Table 2. Bond Lengths (I/A) and Angles (¢/°)

CI(1)-C(14) 1.713(5) C(5)-C(11) 1.428(7)

Cl(2)-C(15) 1.726(5) C(6)-C(7) 1.369(7)

0(1)-C(13) 1.222(5) C(6)-C(11) 1.393(7)

0(2)-C(16) 1.201(5) C(7)-C(8) 1.368(7)

0(3)-C(17) 1.249(6) C(9)-C(10) 1.393(6)

N(1)-C(1) 1.335(7) C(9)-C(12) 1.447(6)

N(1)-C(9) 1.362(5) C(11)-C(12) 1.398(5)

N(2)-C(8) 1.337(7) C(13)-C(14) 1.523(7)

N(2)-C(12) 1.349(6) C(13)-C(18) 1.433(6)

N(3)-C(19) 1.157(7) C(14)-C(15) 1.319(6)

C(1)-C(2) 1.381(8) C(15)-C(16) 1.477(7)

C(2)-C(3) 1.352(7) C(16)-C(17) 1.539(7)

C(3)-C(10) 1.389(7) C(17)-C(18) 1.387(6)

C(4)-C(5) 1.327(7) C(18)-C(19) 1.408(7)

C(4)-C(10) 1.430(6)

C(1)-N(1)-C(9)  114.5(5) C(9)-C(12)-C(11) 120.5(4)
C(8)-N(2)-C(12) 122.7(5) O(1)-C(13)-C(14) 118.0(5)
N(1)-C(1)-C(2)  124.8(5) O(1)-C(13)-C(18) 124.9(5)

0(1) C(2)-C(3)  118.9(6) C(14)-C(13)-C(18) 117.1(4)
C(2)-C(3)-C(10) 120.1(6) CI(1)-C(14)-C(13) 115.5(4)

C(5)-C(4)-C(10) 122.3(5) CI(1)-C(14)-C(15) 122.9(4)

C(4)-C(5)-C(11) 120.9(5) C(13)-C(14)-C(15) 121.6(5)

C(7)-C(6)-C(11) 121.4(5) Cl(2)-C(15)-C(14) 123.4(4)

C(6)-C(7)-C(8)  119.0(6) Cl(2)-C(15)-C(16) 114.8(4)

N(2)-C(8)-C(7)  120.1(6) C(14)-C(15)-C(16) 121.7(5)

N(1)-C(9)-C(10) 125.0(5) O(2)-C(16)-C(15) 122.0(5)

N(1)-C(9)-C(12) 116.2(4) O(2)-C(16)-C(17) 119.6(5)

C(10)-C(9)-C(12) 118.8(4) C(15)-C(16)-C(17) 118.4(4)

C(3)-C(10)-C(4) 124.5(5) O(3)-C(17)-C(16) 116.7(4)
C(3)-C(10)-C(9) 116.6(5) O(3)-C(17)-C(18) 126.4(5)

C(4)-C(10)-C(9) 118.9(5) C(16)-C(17)-C(18) 116.9(5)
C(5)-C(11)-C(6) 124.0(4) C(13)-C(18)-C(17) 124.2(5)

C(5)-C(11)-C(12) 118.6(5) C(13)-C(18)-C(19) 115.6(4)
C(6)-C(11)-C(12) 117.5(5) C(17)-C(18)-C(19) 120.2(5)

N(2)-C(12)-C(9) 120.2(4) N(3)-C(19)-C(18) 178.9(6)
N(2)-C(12)-C(11) 119.3(5)

Fig. 7. The stereoscopic view of the crystal structure.
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Fig. 9. The net atomic charges on atoms of (a) the cation (phenH) and (b) the anion (DDQH).

gion. Two peaks at 550 and 590 nm drastically dis-
appeared and the remained absorption spectrum had
the peaks at 500 nm which is similar to the absorption
spectrum of DDQH as is shown in Fig. 2, because the
protonation to phen takes place only minor changes in
the spectral patterns of phen molecule'? and the 500
nm absorption band has the spectral pattern similar to
that of KDDQH.® Figure 5 depicts the absorption in-
tensity change at 500 and 590 nm with time. That is,
the above-mentioned reaction of DDQ with phen may
proceed as follows (Chart 1):

The first reaction is the electron transfer reaction
from phen to DDQ and the second is the protonation
of the phen cation radical and the substitution of the
cyano group of DDQ anion radical.

Crystal Structure of the Reaction Product
(PhenH DDQH). Final atomic parameters are listed
in Table 1.1 On the contrary to the expectations ob-
served in phenanthrene-DDQ'® and benzo[c]cinnoline~
DDQ'® complexes, the structure is composed of the
cation (phenH) and the anion (DDQH) as seen from
the ORTEP drawing'® in Fig. 6. The bond lengths
and angles are listed in Table 2. Their values in the
anion agree within the experimental errors with those
previously found in potassium salt of DDQH.®) The an-

NC N
</ gz \> + 0:@3/:0 phens* + DDQ~
N  N=
ohen c’ Tl
DDQ
NG O
ﬁ.</§>\> + o:%:§zo + HCN
=N" Nz
H c’ Tl
phenH DDQH
Chart 1.

ion is planar within 0.05 A. The large deviations from
the plane are 0.032(5) A at O(2) and —0.049(6) A at
N(3). In the cation, the inner angle at the protonated
N(2), C(8)-N(2)-C(12), is significantly larger than the
inner angle at the unprotonated N(1) and that found
in 1,10-phenanthroline.!” The cation is planar within
0.02 A as a whole. However, the dihedral angle between
the planes of the pyridinium and pyridine rings is 1.3-
(2)°. The stereoscopic view of the crystal structure is
shown in Fig. 7. The cations and the anions form the
segregated columns along the b axis, respectively, with
a dihedral angle of 86.93(5)° between the planes of the
cation and the anion. The cation is linked to the anion
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through N-H:--O hydrogen bond [N(2)---O(3) 2.816(5)
A,H(2N)---0(3) 2.04(4) A, N(2)-H(2N)---O(3) 149°]. A
short C-H---O interaction is found between the cation at
z, y, zand the anion at z, —14y, z[C(8)---O(2) 3.144(7)
A, H(8)---0(2) 2.28(6) A, C(8)-H(8)---O(2) 153(5)°].
The molecular overlapping and the net atomic
charges on atoms estimated by AM1 method, MOPAC
Ver. 5. 021819 are shown in Figs. 8 and 9, respec-
tively. The pyridinium ring of one cation lies above
another cation over the central phenylene and pyridine
rings with an interplanar distance of 3.330(7) A. It is
noted that short interatomic contacts are found between
the pairs of positively charged and negatively charged
atoms: C(6)---C(4) 3.326(8), C(8)---C(9) 3.362(7), and
C(12)---C(3) 3.302(7) A. It is also found that H(2N)
and H(7) with positive charges overlap on negatively
charged C(1) and C(11), respectively. Interplanar dis-
tance between the overlapping anions is 3.340(7) A. The
atomic overlapping is not so prominent for the anions.
However, short interatomic contacts are observed be-
tween positively charged and the negatively charged
atoms: 3.442(5) A for C(17)---C(12), 3.344(7) A for C-
(19)---C(14), and 3.290(7) A for C(13)---N(3).
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