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The crystal of the title compound is monoclinic, with a=19.099(6), =8.100(3), ¢=16.177(5) A, p=100.54
(5)°, the space group of C2/c, and Z—4. The structure was determined from the counter data and was refined
to R=0.083 for 1736 non-zero reflections. The coordination geometry of the copper atom is best described as
a distorted trigonal bipyramid, in which the equatorial plane is composed of Cu, two N, and water O atoms, and
the axial positions are occupied by two N atoms. The complex has a crystallographically imposed twofold axis
which passes through the copper and the water oxygen atoms at the equatorial plane. The two phenanthroline

ligands are related with each other by this axis.

In bis(bipyridine) and bis(phenanthroline)copper(II)
complexes, the Cu(chelate),2t (chelate=bpy or phen)
group is unable to assume a coplanar disposition about
the copper atom because of the steric repulsions between
the hydrogen atoms of these two chelates(I). There-
fore, it has been shown that the bis(bipyridine)cop-
per(II) complexes take a variety of stereochemistries,
a distorted trigonal bipyramid'-% and c¢is-® and trans-
distorted octahedra,?-8) while the structure of the bis-
(phenanthroline)copper(II) complexes has not yet been
investigated in detail.®!?) As a part of our structural
studies of such complexes, a single-crystal X-ray anal-
ysis has been carried out on [Cu(H,O)(phen),](BF,),.

Experimental

The green crystals of [Cu(H,O)(phen),](BF,), were pre-
pared by a method similar to that used for the preparation
of the corresponding nitrate;® they were then recrystallized
from a water-methanol mixture. Found: G, 46.93; H,
2.96; N, 9.319. Calcd for GCu(phen),(BF,),-H,0O: G,
46.83; H, 2.95; N, 9.109%,.

Preliminary X-ray photographs taken with CuK« radiation
showed a Laue symmetry of 2/m, with systematic absences
of hkl for h-+k=2n-1 and A0l for [=2n-+1. The space group
is either C2/c or Cc; the former was confirmed by a successful
refinement of the structure.

A crystal with dimensions of 0.35X0.36x0.38 mm was
mounted on a glass fiber for data collection. The unit-cell
dimensions were determined by a least-squares fit using 21
0-values measured accurately on a diffractometer. Crystal
data: [Cu(H,O)(phen),](BF,),, M.W.=615.6, monoclinic,
a=19.099(6), 5=8.100(3), ¢=16.177(5) A, B=100.54(5)°,
U=2460.5 A3, Z=4, D,=1.66, D_,=1.64gcm=3, MoK«
radiation(1=0.71069 A), u(MoKx)=10.1 cm~!, space group
C2/c.

The intensity data with 6°<26=<60° were collected at room
temperature by the w-20 scan technique on a Philips PW1100
four-circle diffractometer using graphite-monochromated
MoKu« radiation, a scan speed of 0.03°s~1, a scan width of
(1.040.2 tan)°, and two 10-s background counts. Three
standard reflections (204, 020, and 604), monitored every 4 h
throughout the data collection, showed no significant variation
in intensity. A total of 1736 intensities with Itop—21/7w_p;
Ipacx Were classified as observed; Iy, is the intensity(counts/s)
measured at the top of the peak, and Ipz. is the mean back-
ground intensity(counts/s) obtained from the preliminary
background measurement for 5s on each side of the peak.
The intensity data were processed with the computer program

of Hornstra and Stubbe.l)
made.

No absorption correction was

Structure Determination

The positions of the copper atoms were determined
from a three-dimensional Patterson map, the space
group being assumed to be C2/c. The structure was
solved by the heavy-atom technique, and the positional
and thermal parameters were refined by the block-
diagonal least-squares method. The minimized func-
tion was Xw(F,—|F,|)2 A weighting scheme of the
type suggested by Hughes!¥) was applied using w=1.0
for F,=F,,. and w=(F_,./F,)? for F.>F_,.; F_..,=
31.0 was found to be optimum. The atomic scat-
tering curves were taken from Ref. 15. The initial
refinement was carried out with isotropic thermal pa-
rameters. The thermal parameters of all the atoms
except those of the BF,~ ion converged at 3—35 A2
while those of the B and F atoms were found to be
unusually large. In the subsequent refinement, the
anisotropic thermal parameters were used for the Cu,
C, N, and O atoms, but not for the B and F atoms.
The R value was reduced to 0.116. Although intro-
duction of anisotropic temperature factors for the B
and F atoms as well as the other atoms reduced the
R value further to 0.087, some of the F-B-F bond
angles were found to be far from the tetrahedral angle
(109°28"). In order to investigate carefully the elec-
tron-density distribution for the BF,~ anion, we calcu-
lated a difference Fourier map in which the electron
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TaBLE 1. ATOMIC PARAMETERS AND THEIR STANDARD DEVIATIONS
OC indicates the occupancy factor of the atom in a distorted arrangement.
Atom x > z BjA? oc
Cu 0.0 0.0703(2) 0.25 a)
o 0.0 —0.2060(10) 0.25 a)
N (1) 0.0953(3) 0.0549(8) 0.3232(3) a)
N (2) —0.0279(3) 0.1633(8) 0.3567 (4) a)
C (1) 0.1555(4) —0.0034(11) 0.3038(5) a)
C(2) 0.2180(4) —0.0128(12) 0.3641(5) a)
C (3) 0.2184(4) 0.0399(10) 0.4438(5) a)
C4) 0.1565 (4) 0.1010(10) 0.4655 (4) a)
C (5) 0.1514(5) 0.1628(12) 0.5477(5) a)
C (6) 0.0904 (5) 0.2253 (12) 0.5641(5) a)
C(7) 0.0271(4) 0.2296 (10) 0.5007 (4) a)
G (8) —0.0402(5) 0.2894 (12) 0.5140(5) a)
C 9 —0.0962(5) 0.2875(12) 0.4497 (6) a)
C (10) —0.0893 (4) 0.2231(12) 0.3704(5) a)
G (11) 0.0954 (3) 0.1077(8) 0.4026 (4) a)
C (12) 0.0302(4) 0.1675(9) 0.4204(4) a)
B (1a) 0.1727(6) —0.4639 (15) 0.3195(7) 2.9(0.2) 0.6
B (1b) 0.1468(11) —0.4875(28) 0.3158(13) 3.5(0.3) 0.4
F (la) 0.1237(7) —0.3850(16) 0.2622(8) 8.3(0.3) 0.6
F (1b) 0.1538(12) —0.3702(30) 0.2501 (14) 10.2(0.5) 0.4
F (2a) 0.2338(8) —0.3906 (19) 0.3440(10) 10.2(0.4) 0.6
F (2b) 0.1712(19) —0.3950(21) 0.3898(11) 7.5(0.4) 0.4
F (3a) 0.1423(9) —0.4932(20) 0.3914(10) 10.5(0.4) 0.6
F (3b) 0.0810(17) —0.5450(36) 0.3040(20) 13.4(0.8) 0.4
F (4a) 0.1875(6) —0.6125(14) 0.2911(7) 7.1(0.2) 0.6
F (4b) 0.1877(10) —0.6186(26) 0.3142(12) 9.1(0.5) 0.4
H(C1) 0.160(2) —0.047(6) 0.243(3) 4.0
H(C2) 0.260(3) —0.058(7) 0.348(3) 4.0
H(C3) 0.260(3) 0.025(7) 0.485(3) 4.0
H (C5) 0.195(3) 0.187(7) 0.596 (4) 4.0
H(CS8) —0.041(3) 0.330(7) 0.566 (3) 4.0
H(C10) —0.133(3) 0.225(7) 0.318(4) 4.0
H(O) 0.030(3) —0.281(7) 0.257(4) 4.0
a) Anisotropic thermal factors are listed in Table 2.

TABLE 2. ANISOTROPIC THERMAL FACTORS?) (X 10%) FOR THE NON-HYDROGEN ATOMS IN THE COMPLEX CATION
Atom B, By, By, By, Bis By
Cu 18.0(0.3) 171(2) 27.8(0.4) 0 —1.3(0.5) 0
(o] 28(2) 141(14) 67 (4) 0 —3(5) 0
N (1) 21(1) 135(10) 33(2) —8(7) 2(3) —13(8)
N (2) 22(2) 153 (11) 35(2) 15(7) 5(3) 10(8)
C (1) 20(2) 185 (14) 48 (4) 1(9) 0(4) —28(12)
G (2) 22(2) 201(15) 49 (4) 17(9) 1(4) 10(13)
G (3) 22(2) 179(17) 51(4) 0(9) —13(4) 42(12)
C 4) 28(2) 155(15) 33(38) —21(8) —7(4) 19(9)

C (5) 37(3) 210(17) 30(3) —36(11) —6(4) 9(11)
C (6) 37(3) 203 (17) 35(3) —33(11) —1(5) 19(12)
C(7) 32(2) 171(14) 30(3) —17(9) 14 (4) 16 (10)
C (8) 46(3) 227(18) 33(8) 17(13) 26 (5) 5(12)
C(9) 43(3) 214(18) 45(4) 50(13) 30(6) 7(13)
C (10) 29(2) 230(18) 39(3) 45(11) 11(4) 39(12)
C(11) 21(2) 105(11) 34(3) —11(7) —1(3) 22(8)

C (12) 27(2) 116(12) 31(3) —13(8) 4(4) 6(9)

a) The anisotropic thermal factors are of the form:

exp{ — (h*By -+ K*Byg + PByy + hkBys + hiByy + kiByg) }.
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density due to the complex cation was eliminated.
Figure 3 shows the resulting electron-density distribu-
tion, which can virtually account for the two azimu-
thally different BF,~ ions in a statistical distribution.
The weights of 0.6 and 0.4 for the BF,~ ion with the
subscript a and that with b(Fig. 3) were found to be
optimum in view of the R value. Seven of the nine
crystallographically independent hydrogen atoms could
be located on the difference Fourier map calculated
at this point. These seven hydrogen atoms were includ-
ed in the final refinement, with an isotropic thermal
parameter of 4.0 A2, The final R value was 0.083 for
1736 observed reflections. All the parameter shifts
were less than 0.1¢ in the final cycle of the refinement.
The atomic coordinates and thermal parameters are
listed in Tables 1 and 2. The observed and calculated
structure factors are preserved at the Chemical Society
of Japan(Document Number 7812). The computer
programs used in the calculations were as follows:
RSSFR-51% (Fourier synthesis), HBLS-V13) (least-
squares calculation), and DAPH! (interatomic dis-
tances and angles, least-squares plane, and coordinates
of the H atoms). All the computations were carried
out on a NEAC2200—700 computer at Osaka
University.

Results and Discussion

The crystal is composed of the [Cu(H,O)(phen),]?+
cations and the tetrafluoroborate anions. The bond
lengths and angles, with their estimated standard devi-
ations, are given in Table 3.

Figure 1 shows a schematic drawing of the complex
cation. There is a twofold axis which passes through
the copper and the water-oxygen atoms and which
relates the two phenanthroline ligands with each other.
The central copper atom is surrounded by the four
nitrogen atoms of the two phenanthroline ligands and
one water-oxygen atom. The two Cu-N distances of
1.985(6) and 2.041(7) A in the chelate ring are ap-

Cz-axis

Fig. 1. A schematic drawing of the complex cation
[Cu(H,O) (phen),]**.
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preciably different. The Cu-O bond is 2.238(8) A
long.

Among possible configurations for the five-coordinate
complex, a trigonal-bipyramidal arrangement, 1I, and
a square-pyramidal one, III, may be considered to be
common in the [Cu(chelate),X]"+ cations(chelate=
phen or bpy).

Several complexes with a II trigonal-bipyramidal
stereochemistry have been found in [Cu(bpy),X]"*-
type complexes (X=I, NH, Cl, CS(NH,),, and
Cu'Cl,).1-%  As has been suggested by Stephens et al.,
it is characteristic that the four Cu-N(bpy) distances
in all those complexes except [Cu(bpy),I]* fall into
two sets: the axial Cu-N(bpy) distances range from
1.96 to 2.00 A and are significantly shorter (0.06—0.12
A) than the equatorial ones. The N(1)-Cu-N(3) angle
in the equatorial plane has been shown to be in the
range of 109—123° in those complexes.!~®

On the other hand, a complex with a square-pyram-
idal stereochemistry, III, has not yet been found in
the bis(phenanthroline)- and bis(bipyridine)copper(II)
complexes. However, it has been recently shown that,
when the two bipyridine ligands are coordinated to a
copper atom in a square-planar arrangement, they
must be twisted out of the central copper atom, in op-
posite directions about their individual Cy-axis by 15—
20° towards a tetrahedral stereochemistry, because of
the steric repulsions between the hydrogen atoms of
the bipyridine ligands in the square-coplanar Cu-
(bpy) 42+ moiety(I).”® Therefore, if a [Cu(phen),X]"+
cation takes a square-pyramidal stereochemistry(III),
the four nitrogen atoms of the Cu(phen),?* moiety in
the basal plane should have a flattened tetrahedral
disposition. Therefore, the N(1)-Cu-N(3) or N(2)-
Cu-N(4) angle in III is presumably in the range of
150—160°. However, there must be no significant dif-
ference between the four Cu-N(phen) distances.

Judging from the details described above, the co-
ordination geometry about the copper atom should be
described as a distorted trigonal-bipyramid, because
the two Cu-N distances for a given phenanthroline
ligand are significantly different(Cu-N(1)=1.985(6)
and Cu-N(2)=2.041(7) A); the axial positions are oc-
cupied by N(1) and N(1’), while the Cu, N(2), N(2’),
and O atoms lie on the trigonal plane. The angle of
N(2)-Cu-N(2') in the trigonal plane is 137°; this value
is, however, considerably larger than those (108—123°)
found in the trigonal-bipyramidal complexes.1= The
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TaBLE 3. Bonp pisTances (I/A) AND ANGLES (¢/°), WITH THEIR ESTIMATED STANDARD DEVIATIONS IN PARENTHESES®)

Cu-N(1) =1.985 (6)
Cu-N(2) =2.041 (7)
Cu-0=2.238(8)

N (1)-C (1) =1.33(1)
N (1)-C (11) =1.35(1)
N (2)-C (10) =1.32(1)
N (2)-C (12) =1.37(1)
C (1)-C (2) =1.40(1)
C (2)-C (3) =1.36(1)
C (3)-C (4) =1.39(1)
C (4)-C (5) =1.44(1)
C (4)-C (11) =1.40(1)
C (5)-C (6) =1.34(1)
C (6)-C (7) =1.44(1)
C (7)-C (8) =1.43(1)
C (7)-C (12) =1.41(1)
C (8)-C (9) =1.35(1)
C (9)-C (10) =1.41(1)
C(11)-C (12) =1.41(1)

N (1)-Cu-N (2) =82.6(3)
N (1)-Cu-N (2') =100.1(3)

N (1)-Cu-O =86.4(3)

N (2)-Cu-O =111.7(3)

Cu-N (1)-C (11) =112.9(5)
Cu-N (1)-C (1) =128.1(6)
Cu-N (2)-C (10) =130.9(6)
Cu-N (2)-C (12) =110.1(5)

C (1)-N (1)-C (11) =118.9(7)
C (10)-N (2)-C (12) =119.0(7)
N (1)-C (1)-C (2) =121.2(8)
N (1)-C (11)-C (4) =122.3(6)
N (1)-C (11)-C (12) =116.9(6)
N (2)-C (10)-C (9) =121.4(9)
N (2)-C (12)-C (7) =122.6(7)
N (2)-C (12)-C (11) =117.5(6)
C (1)-C (2)-C (3) =120.1(9)
C (2)-C (3)-C (4) =119.8(8)
C (3)-C (4)-C (5) =124.3(8)
C (3)-C (4)-C (11) =117.7(7)
C (5)-C (4)-C (11) =118.0(7)

B (la)- F (la) =1.35(2)
B (la)-F (22) =1.31(2)
B (la)-F (3a) =1.41(2)
B (la)-F (4a) =1.34(2)
B (1b)-F (1b) =1.45(3)
B (1b)-F (2b) =1.42(3)
B (1b)-F (3b) =1.32(4)
B (1b)-F (4b) =1.32(3)
C (1)-H (C1)=1.05(5)
C (2)-H(C2)=0.97(6)
C(3)-H(C3)=0.95(6)
C (5)-H (G5) =1.06(6)
C (8)-H (C8)=0.91(6)
C (10)-H (C10) =1.07(6)
O-H (0)=0.83(6)

O---F (la) =2.75(2)
O---F (1b) =3.22(3)

C (4)-C (5)-C (6) =121.4(9)
C (4)-C (11)-C (12) =120.8(6)
C (5)-C (6)-C (7) =121.1(9)
C (6)-C (7)-C (8) =124.4(8)
C (6)-C (7)-C (12) =118.7(8)
C (7)-C (12)-C (11) =119.9(7)
C (7)-C (8)-C (9) =119.3(9)
C (8)-C (7)-C (12) =116.9(8)
C (8)-C (9)-C (10) =120.8(9)
F (la)-B (la)-F (2a) =117(1)
F (la)-B (la)-F (3a) =108(1)
F (la)-B (la)-F (4a) =111(1)
F (22)-B (la)-F (3a) =108 (1)
F (22)-B (la)-F (4a) =106(1)
F (3a)-B (la)-F (4a) =106 (1)
F (1b)-B (1b)- F (2b) =102(2)
F (1b)-B (1b)- F (3b) =100(2)
F (1b)-B (1b)-F (4b) =112(2)
F (2b)-B (1b)- F (3b) =104(2)
F (2b)-B (1b)-F (4b) =110(2)
F (3b)-B (1b)-F (4b) =99(2)

a)

Estimated standard deviations are right-adjusted to the last digit of the preceding number.

the prime is related by a twofold symmetry to the corresponding unprimed atom.

A units.

TABLE 4. LEAST-SQUARES PLANES AND DEVIATIONS OF ATOMS FROM THE PLANE (//A)

The equation of the plane is of the form AX+BY+CZ+ D=0, where X, Y, Z, and D are measured in
(The atoms marked by * are not included in the least-squares calculation.)

The atom with

a)

b)

c)
d)

Phenanthroline ligand

0.2954X+0.9161Y—0.2711Z+0.

N (1) 0.026 N (2)
C(3) —0.016 C (4)
C (7) 0.018 C(8)
c (1) 0.006 C (12)

H(C10)*  0.024

Plane formed by Cu, N(2), and O atoms:
Plane formed by Cu, N(1), and N(2) atoms:
Plane formed by Cu, N(1), and O atoms:

7571=0
—0.038
~0.025

0.012
—0.010

c(1
G5
G
Cu*

0.034 C (2 0.004

—0.021 C (6) 0.014
0.016 C (10)

—0.018 H(CL)*  0.050

—0.8942X+0.0000Y—-0.4477Z+1.1184=0
0.2710X+0.9227Y—0.2743Z+-0.7658 =0
0.5880X—0.0000Y—0.8089Z+3.6511=0

—0.012
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N(1)-Cu-O angle is 86.4°, and the N-Cu-N angle in
the chelate ring is 82.8°.

On the basis of our previous X-ray examination of
[Cu(H,0O)(phen),](NO,),,” which was performed by
the use of photographic data, the [Cu(H,O)(phen),]?**
cation was assigned a trigonal-bipyramidal structure,
in which the axial and equatorial Cu—N distances were
1.99(1) and 2.03(1) A respectively. Although the unit-
cell dimensions of the [Cu(H,O)(phen),](BF,), are dif-
ferent from those of the nitrate salt, the disposition of
anions around the cation in the former resembles that
in the latter; that is, these two crystal structures are
roughly in agreement with each other. In the complex
cation, there is no significant difference in the Cu-N
distances, while the Cu-O distances are 2.18(1) A in
the NO,~ salt and 2.238(8) A in the BF,~ salt, a dif-
ference of about 0.06 A. However, the e.s.d. in the
NOj;~ salt might be underestimated because it is based
on photographic data. Therefore, we may regard the
coordination geometries of these two complexes as es-
sentially identical.

The phenanthroline ligands are planar within a
maximum deviation of 0.04 A(Table 4). The angle
between the best planes of these two phenanthroline
ligands is 47°. The H(CI1)---H(C10’) distance is
2.43 A; this value is equal to the sum of the van
der Waals radii of the hydrogen atoms (Fig. 2).
The bond lengths and angles agree with the values
usually found in Cu(II)-phen complexes.?19:16,17)
However, it is noted that the distances of G(2)-C(3),
C(5)-C(6), and C(8)-C(9) are shorter than the others
by 0.03—0.10 A; such a trend has also been observed
in the Cu(II)-phen complexes.

The arrangement of tetrafluoroborate ions is linked
to the coordinated water molecules through O-H:--F
hydrogen bonding (O--F(1a)=2.75 A) (Fig. 3). The
B-F bond distances range from 1.32 to 1.45 A, and
the F-B-F angles, from 99 to 117°.

C(5) C(6)
9 9|

c@) ¢

ce) C(s)

Fig. 2. The b axis projection of the complex cation
[Cu(H;O) (phen),]**.
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c

Fig. 3. The electron-density distribution of the dis-
ordered BF,~ ion(O-H---F(BF,~) hydrogen bond,
The contours are at an arbitrary interval.
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