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Copper(I) Complexes of Bipyridine and Terpyridine with Fluorous Tails and the
Formation of Crystalline Materials with Fluorous Layers
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Copper(I) complexes with perfluorinated tails, (Cu'L?AcN)-
BF, and (Cu'L®AcN)BF,, where L? = 6,6’ -bis(perfluoro-
hexyl)-2,2":6’,2" -terpyridine and L® = 6,6'-bis(2,2,3,3,4,4,
5,5,6,6,7,7,7-tridecafluoroheptyl)-2,2'-bipyridine and AcN =
acetonitrile, were synthesized and their rather unique crystal
structures were elucidated. (Cu'L?AcN)BF, crystallizes in a
low-symmetry space group, P1, with a very large unit cell
that required synchrotron radiation to locate all atoms. The
molecular structure of (Cu'L?AcN)BF, has an asymmetric tet-
rahedrally distorted square-planar coordination sphere
around Cul. Eight similar but distinct molecular structures
were found. The crystal packing of (Cu'L2AcN)(BF,) has a
layered structure with a clear segregation between the ter-

pyridine moieties and the fluorous chains. The terpyridine
units are arranged in a “back to back” fashion and tilted 20—
25° relative to the interlayer plane, and the layered structure
is staggered with offsets of approximately 4 A between lay-
ers. The molecular structure of (Cu'L3AcN)(BF,) features a Y-
shaped trigonal planar coordination sphere around copper(I).
Comparison of the structure with analogous Cu'(neocupro-
ine)AcN showed that the fluorous tails with the CH,CH, spa-
cers basically have no effect on the bond lengths and angles
to Cul. The crystal structure of (Cu'L3AcN)(BF,) shows a
“herring bone" conformation with an approximately 96° an-
gle in the CubipyAcN units. The "herring bone" conforma-
tion leads to an accordion-type fluorous layer.

Introduction

Fluorous chemistry has developed considerably since the
original introduction of “fluorous biphase chemistry” in
1994.1-21 There are, however, only a few reports on fluorous
bipyridine-based compounds,®! and crystal structures have
been reported only for Pt'! and Pd" complexes of 2,2’-bi-
pyridine with CH,OCH,(CF,)sCFj tails at the 4 and 4’ po-
sitions.! Fluorous pyridene ligands are also known,P! but
we were unable to find reports on terpyridine ligands modi-
fied by fluorous “tails”. The number of crystal structures
for compounds with long fluorous tails [R, = (CF,),. ;CFj3]
where n = 6 is likely somewhat limited due to the “oily”
nature of the Ry, unit. In this manuscript we report on the
following: (1) the synthesis of new fluorous bipyridine and
terpyridine ligands without a spacer between the bipyridine
or terpyridine moiety and the fluorous “tail”, that is, 6,6'-
bis(perfluorohexyl)-2,2'-bipyridine (L') and 6,6’'-bis(per-
fluorohexyl)-2,2":6',2" -terpyridine (L?); (2) the synthesis of
a fluorous bipyridine ligand with a CH,CH, spacer, 6,6’-bis-
(2,2,3,3,4,4,5,5,6,6,7,7,7-tridecafluoroheptyl)-2,2"-bipyrid-
ine (L%, and (3) Cu' complexes of L? and L3. The fluorous
bipyridine L! ligand was non-coordinating even though the
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2,9-bis(trifluoromethyl)-1,10-phenanthroline complex of
Cu' is known.[%! On the other hand, the fluorous terpyridine
Cu'L?>AcN (AcN = acetonitrile) complex was formed and
crystallized in a layered fashion showing a parallel “back
to back” arrangement of the terpyridine units with pillars
of fluorous tails between them. On the molecular level,
Cu'L?AcN has distorted square-planar coordination, and
interestingly eight distinct structures of Cu'L>AcN were
found. Finally, Cu'L3AcN is a trigonal planar complex and
shows a “back to back” “herring bone” arrangement of the
bipyridine units with fluorous layers between them.

Results and Discussion

The reaction of 6,6'-dibromo-2,2’-bipyridine with per-
fluorohexyl iodide in the presence of copper bronze was
expected to yield the corresponding perfluorinated ligand
L'. This was indeed observed; however, quite surprisingly
under these conditions there was also a carbon-carbon
bond cleavage followed by a rearrangement to yield a per-
fluorinated terpyridine ligand, L? (Figure 1). The perfluorin-

Cu-bronze

P + Ryl 5 7
R DMSO0, 125°C N T
Br Br Re Rig
26% 7%

Figure 1. Synthetic pathway for the perfluorinated bipyridine and
terpyridine ligands without spacers.

Eur. J. Inorg. Chem. 2011, 1792-1796



Copper(I) Complexes of Bipyridine and Terpyridine with Fluorous Tails

ated bipyridine ligand with a CH,CH, spacer, L3, was pre-
pared by formation of the Zn-activated RxCH,CH,I fol-
lowed by a Negishi type coupling reaction (Figure 2).

RigCHaCHal + Zn ﬁ"-%%:-l- RgCH,CH,Znl

trans-Pd(PPh3):Cl
+ RgCHyCHpZnl —— 9272,

77%
Rig L2 Rig

Figure 2. Synthetic pathway for the perfluorinated bipyridine li-
gand with a CH,CH, spacer.

Attempts at metalation of L! failed presumably due to
the too low electron density at the nitrogen atoms of L!.
The copper complexes of L? and L? were prepared by the
reaction of the ligands with [Cu(AcN)4](BF,) to yield
(Cu'L?AcN)(BF,) and (Cu'L*AcN)(BF,), respectively. To
the best of our knowledge, the formation of (Cu'L?-
AcN)(BF,) represents the first example of a nitrogen-based
coordination compound with fluorous tails without a
spacer unit. The crystal and structural refinement data are
presented in Table 2. It should be pointed out that, for
(Cu'L?AcN)(BF,) the data was originally collected in house
with our Bruker APEX-II diffractometer. However, because
of the crystal packing of space group PI with eight mole-
cules in the asymmetric unit cell, it was impossible to see
all the atoms of the fluorous side chains. Therefore, we de-
cided to collect the data at a synchrotron: although there
are limitations regarding the quality of the data and resolu-
tion, all atoms are present.

On a molecular level, (Cu'L>?AcN)(BF,) was found to
form a distorted square-planar coordination sphere with
four nitrogen atoms of L? and AcN (Figure 3) despite the
general tendency of four-coordinate Cu' complexes to be
tetrahedral. Presumably, the interaction between fluorous
chains (see below) dictate a coplanar terpyridine conforma-
tion, and the bulky nature of the Ry units distorts the
square-planar coordination with the AcN ligand pushed
out of plane.l”l A closer look at the bond lengths shows that
the bond lengths between copper and the nitrogen atoms
of the Ry-substituted pyridine rings are longer than those

Figure 3. CPK (left) and stick (right) representations of the molec-
ular structure of (Cu'L?AcN)(BF,). The BF, anion and H atoms
are not shown for clarity.
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between copper and the nitrogen atoms of acetonitrile and
the central pyridine rings.l”? Furthermore, the bond lengths
of the former differ very significantly (0.177-0.376 A),
yielding an asymmetric coordination environment around
copper. Even more unusual, the crystal structure of (Cu'-
L?AcN)(BF,) reveals that in fact the molecular unit crys-
tallizes in eight distinguishable ways, as can be seen from
the interatomic distances shown in Table 1. Thus, the in-
teratomic distances from copper to outer-ring nitrogen
atoms vary from 2.156 to 2.215A and from 2.383 to
2.534 A; those from copper to the central ring nitrogen
atoms vary from 1.960 to-2.012 A and those from copper
to acetonitrile nitrogen atoms vary from 1.836 to 1.895 A.

Table 1. Interatomic distances (in A) for the Cu coordination
sphere of (Cu'L?AcN)(BF,).

Outer py 1  Outer py 2 Central py  AcN
Cul 2.156(8) 2.534(8) 1.982(8) 1.902(10)
Cu2 2.206(9) 2.383(8) 1.959(8) 1.893(9)
Cu3 2.215(9) 2.472(8) 2.012(8) 1.836(9)
Cu4 2.172(8) 2.541(8) 1.995(9) 1.893(10)
Cu5 2.196(8) 2.439(8) 1.984(8) 1.861(10)
Cub 2.201(8) 2.406(8) 1.974(8) 1.893(9)
Cu7 2.200(8) 2.496(8) 1.960(9) 1.895(11)
Cu8 2.183(8) 2.532(8) 1.973(9) 1.852(10)
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The crystal packing of (Cu'L?AcN)(BF,) shows a layered
structure (Figure 4). There is a clear segregation between
the aromatic terpyridine moieties and the fluorous chains.
The terpyridine units are arranged in a “back to back” con-
figuration with a rotation of 180° of the units at the oppo-
site sides of the interlayer. The interlayer Cu—Cu distances
are in the approximate range 6-6.2 A, while the intralayer
Cu-Cu distances alternate between approximately 9.8 A
and 12-12.5 A. The terpyridine units are tilted 20-25° rela-
tive to the interlayer plane. The cross-section view (Fig-
ure 4, right) shows that the layered structure is staggered
with offsets of approximately 4 A between layers. The per-
fluorinated side chains all have anti (CF,), segments except
in one case on Cul where the C17-C18-C19-C20 segment
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Figure 4. Representations of the crystal structure of (Cu!L?-
AcN)(BF,) from two different planes. The BF, anion and H atoms
are not shown for clarity.
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has a gauche conformation. As can be seen, the perfluori-
nated chains form intertwining “tail to tail” fluorous layers
having an approximate thickness of 8.5 A. The BF, anions
are in the interlayer voids.

Figure 5 shows the molecular structure of (Cu'L*AcN)-
(BF,), in which there is a Y-shaped trigonal planar coordi-
nation sphere around copper(I). The Cu-N bond lengths
[1.8512(17), 2.0111(16), and 2.0182(16) A] and the N-Cu—
N bond angles [82.20(6), 137.24(7), and 140.55(7) A] are
very similar to those reported in the literature for analogous
compounds based on 2,9-dimethyl-1,10-phenanthroline,
which means that the fluorous tails with the CH,CH, spa-
cers basically have no effect on the coordination of Cu!.[®]
The fluorous tails are at an angle of approximately 130°
relative to the plane of the Cu-bipyridine unit. All perfluo-
rinated side chains have anti (CF,), segments, except in one
case where the C14-C15-C16-C17 segment has a gauche
conformation. The crystal structure of (Cu'L3AcN)(BF,)
(Figure 6) shows a “herring bone” conformation with an
approximately 96° angle in the CubipyAcN units. The inter-
layer Cu—Cu distances are 5.33 A, whilst the intralayer Cu—
Cu distances alternate: 9.467 and 10.292 A. The “herring
bone” conformation leads to an accordion-type, fluorous
layer.

Figure 5. ORTEP (50% probability) representation of the molecu-
lar structure of (Cu'L3AcN)(BF,). The BF, anion and H atoms are
not shown for clarity.

The phase transition behavior of both (Cu'L?AcN)(BF,)
and (Cu'L3AcN)(BF,) was investigated by differential scan-
ning calorimetry (DSC), to see whether there were any li-
quid crystalline phases as may be expected from the crystal
packing (Figure 7). (Cu'L*AcN)(BF,) showed the typically
observed crystal-to-solid transition at 212 °C, which was re-
versible with a freezing point depression. Interestingly,
(Cu'L?AcN)(BF,) showed a complicated series of phase
transitions that were, however, largely irreversible on cool-
ing. These phase transitions are likely crystal-to-liquid crys-
talline transitions and are the result of the layered structure
of (Cu'L>AcN)(BF,).
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Figure 6. Representation of the crystal structure of (Cu'L3-
AcN)(BF,). The BF, anion and H atoms are not shown for clarity.
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Figure 7. DSC of (Cu'L>?AcN)(BF,) and (Cu'L?AcN)(BF,).

Conclusions

The copper(I) complex of a terpyridine ligand with two
perfluorinated tails with no spacers, (Cu'L?AcN)(BF,),
yields an interesting molecular and crystal structure. Due
to the low symmetry and large unit cell, synchrotron irradi-
ation was required to locate all the atoms in the structure.
The molecular structure shows a tetrahedrally distorted
square-planar coordination around Cu' with large asym-
metry of the bond lengths between Cu' and the two Ry
substituted pyridine rings. Moreover, eight different struc-
tural variants of (Cu'L?AcN)(BF,) were observed. The
crystal packing showed a “back to back™ organization of
the terpyridine units with segregated fluorous layers. In the
perpendicular plane, one can see that the layers are stag-
gered. Similar complexation of Cu' to bipyridine required
perfluorinated tails with CH,CH, spacers, (Cu'L?AcN)-
(BF4). In this case, the Y-shaped trigonal planar coordina-
tion sphere around Cu! was almost identical to an analo-
gous 2,9-dimethylphenathroline complex, indicating that
the CH,CH, spacers insulate the Cu' center form the elec-
tronic effects of the Ry tail. The fluorous tails were at a
130° angle. The crystal packing showed a “herring bone”
organization of the CubipyAcN moieties with an accor-
dion-type fluorous layer.

Experimental Section

6,6'-Bis(perfluorohexyl)-2,2’-bipyridine (L') and 6,6''-Bis(perfluo-
rohexyl)-2,2":6",2"'-terpyridine (L?): A suspension of copper bronze
(0.5 g, 7.86 mmol) in dry DMSO (10 mL) was heated at 125 °C for
15 min under an Ar atmosphere. Perfluorohexyl iodide (0.79 mL,
3.66 mmol) was added dropwise, and the reaction mixture was
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heated for a further 45 min. To this reaction mixture was added a
DMSO (7 mL) solution of 6,6’-dibromo-2,2’-bipyridine (0.230 g,
0.73 mmol). The reaction mixture was stirred for 24 h at 125 °C
and quenched with cold water (50 mL). Diethyl ether/CH,Cl,/
CHCI; (120 mL, 1:1:1 volume ratio) was added, and after shaking
the reaction mixture, the organic layer was collected and dried with
MgSO,. After filtration, the solvent was evaporated to leave behind
a colorless crystalline solid. TLC showed two products that were
separated by silica column chromatography with hexane as eluant
to give L' (150 mg, 26% yield) as a white crystalline solid and also
L? (40 mg, 7% yield) as a white crystalline solid. Both compounds
were separately characterized by '"H NMR, *C NMR, °F NMR
spectroscopy, and mass spectrometry. For L': "TH NMR (300 MHz,
CDCl; 25°C): 6 = 8.68 [d, 3J(H,H) = 9.1 Hz, 2 H, H?], 8.01 (t,
3Jan = 92 Hz, 2 H, HY), 7.73 (d, 3Jyn = 9.1 Hz, 2 H, H>) ppm.
13C NMR (100.58 MHz, CDCls, 25 °C): § = 155.55, 153.21, 138.02,
137.54 123.38, 122.20, 99.45 99.13, 99.07, 97.23, 82.54 ppm. '°F
NMR (376.31 MHz, CDCl; 25 °C): 0 = —80.95, —113.66, —121.55,
-121.86, —122.88, 126.24 ppm. ESI-MS (CHCl3): m/z = 792.41,
793.47 [M + 1]. CyHgF26N, (792.26): caled. C 33.35, H 0.76, N
3.54; found C 34.12, H 0.55, N 4.13. For L>: '"H NMR (300 MHz,
CDCls, 25°C): 6 = 8.78 (d, 3Juu = 9.0 Hz, 2 H, 2 H, H?), 8.54 (d,
3Jun = 9.0 Hz, 2 H, H®), 7.97 (m, 3 H, H*, H"), 7.70 (d, 3Jyn =
9.1Hz, 2 H, 2 H, H’) ppm. '*C NMR (100.58 MHz, CDCl;,
25°C): 0 = 155.80, 153.57, 137.97, 137.63, 122.84, 121.84, 121.59,
99.49 99.08, 99.01, 97.19, 82.57 ppm. '°F NMR (376.31 MHz,
CDCl;, 25°C): 0 = —81.35, —-113.32, —121.22, —121.57, —122.55,
125.92 ppm. ESI-MS (CHCl;): m/z = 869, 870.11 M + 1].
Cy7HoF26N3 (869.35): caled. C 37.30, H 1.04, N 4.83; found C
36.23, H 1.84, N 5.38.

6,6'-Bis(2,2,3,3,4,4,5,5,6,6,7,7,7-tridecafluoroheptyl)-2,2'-bipyridine
(L3: A Schlenk flask was charged with zinc grains (0.490 g,
7.5mmol), THF (3mL), and 1,2-dibromoethane (0.0455 mL,
0.53 mmol). The mixture was gently heated at reflux, by using a
heat gun, with stirring and allowed to cool to room temperature (5
times). (CH3);SiCl (0.020 mL, 0.16 mmol) was then added. After
15-20 min, a solution of I(CH,),R¢ (1.435 g, 2.5 mmol) in THF
(3mL) was added dropwise. The mixture was stirred for 1 h. A
separate Schlenk flask was charged with 6,6’-dibromo-2,2’-dipyr-
idyl  (0.314g, 1.00 mmol), rrans-Pd(PPh3),Cl,  (0.039 g,
0.056 mmol), and THF (8 mL). The contents of the reaction flask
containing 1ZnCH,CH,Rs were added by cannula. The orange
solution was stirred at 65 °C for 6 h and then cooled to room tem-
perature. Ether (25 mL) was added. The mixture was washed twice
with a solution of KCN in water (15 mL), dried (Na,SO,), and
concentrated to dryness by rotary evaporation. The product was
purified on a silica column by using hexanes/CH,Cl, (3:2 v/v) as
eluant. The solvent was removed under vacuum to obtain a white
crystalline solid (0.65 g, 77% yield). '"H NMR (300 MHz, CDCl;,
25°C): 6 =8.30 (d, *Jyu = 9.0Hz 2 H, 2 H, H%), 7.74 (t, 3/ =
9.1 Hz, 2 H, H*), 7.20 (d, 3Jyu = 92 Hz, 2 H, 2 H, H®), 3.14 (m,
4 H, H,), 2.65 (m, 4 H, Hp) ppm. *C NMR (100.58 MHz, CDCl;,
25°C): 0 = 157.92, 155.61, 137.86, 137.71, 123.22, 119.87, 119.24,
99.49, 99.01, 86.19, 75.57, 30.28, 28.60 ppm. ""F NMR
(376.31 MHz, CDCls, 25°C): ¢ = -81.44, -114.92, —122.55,
—123.44, -124.13, -127.01 ppm. ESI-MS (CH,Cl,): m/z = 848.16,
849.23 [M + 1]. Cy;HoF,N3 (848.37): caled. C 36.81, H 1.66, N
3.30; found C 36.45, H 1.96, N 3.68.

(Cu'L2AcN)(BFy): L? (100 mg, 0.115mmol) was suspended in
deoxygenated CH,Cl, (7 mL); to this mixture was added [Cu-
(AcN)4(BF4) (40 mg, 0.115 mmol), and the reaction mixture was
stirred for 3 h at room temperature under an argon atmosphere.
The reaction mixture was filtered, and ether was allowed to diffuse
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into the filtrate. Orange crystals of (Cu'L?AcN)(BF,) formed,
which were filtered off, washed with diethyl ether, and dried under
vacuum. (90 mg, 81% yield). IR (KBr pellet): ¥ = 1585, 1439, 1366,
1202, 1147, 1125, 1086, 993, 836, 778, 767, 746, 738, 634, 582,
533 cm™!. 'H NMR (300 MHz, CD*NO,, 25 °C): 6 = 8.68 (d, 3Jin
=9.0 Hz, 2 H, H3), 8.56 (d, 3Jy.r = 9.1 Hz, 2 H, 2 H, HY), 8.46 (t,
3Jan = 9.1 Hz, 2 H, H%), 8.16 (d, 3Jyu = 9.1 Hz, 2 H, 2 H, HY);
7.95 (s, 1 H, H®) ppm. '*C NMR (100.58 MHz, CD3NO,, 25 °C):
0 = 156.76, 154.81, 148.82, 143.70, 143.16, 128.44, 127.34, 127.03,
120.93, 118.23, 116.01 ppm. ""F NMR (376.31 MHz, CD;NO,,
25°C): 0 = -85.17, —-117.36, —124.87, —125.60, —130.12, —-155.76
ppm. ESI-MS (CH,CL): m/z = 973.19, 974.14 M + 1].
CyoH ,BCuF3oNy (1060.75): caled. C 32.84, H 1.14, N 5.28; found
C 32.02, H 1.65, N 6.05.

(Cu'L3AcN)(BF,): L? (100 mg, 0.117 mmol) was suspended in
deoxygenated CH,Cl, (7 mL); to this mixture was added [Cu-
(AcN)4](BFy) (41.6 mg, 0.117 mmol), and the reaction mixture was
stirred for 3 h at room temperature under an argon atmosphere.
The reaction mixture was filtered, and ether was allowed to diffuse
into the filtrate. Pale yellow crystals of (Cu'L*AcN)(BF,) formed,
which were collected and washed with diethyl ether and dried under
vacuum in 83 % yield. IR (KBr pellet): ¥ = 1599, 1430, 1241, 1145,
1066, 029, 888, 841, 820, 747, 716, 697, 667, 574 cm™!. '"H NMR
(300 MHz, nitromethane): § = 8.49 (d, 3/ = 9.0 Hz, 2 H, H3),
8.27 (m, 2 H, H*), 7.75 (d, 3Jux = 9.1 Hz, 2 H, 2 H, H°), 3.00 (m,
2 H, H,), 2.84 (m, 2 H, Hp) ppm. "F NMR (376.31 MHz,
CD;sNO,, 25°C): 6 = -85.05, —118.49, —125.33, -126.65, ~130.12,
—155.76 ppm. ESI-MS (CH,Cl,): m/z = 953.43, 954.56 [M + 1].
CogH 7BCuF3(N3 (1039.77): caled. C 32.34, H 1.65, N 4.04; found
C 33.02, H 1.34, N 3.75.

X-ray Diffraction Analyses

Crystal data for (Cu'L?AcN)(BF,) was measured at 100(2) K with
the European Synchrotron Radiation Facility (ESRF) synchrotron
in Grenoble on beamline ID23-1 with a Quantum 315R CCD de-
tector, 2 = 0.9000 A. (Cu'L3AcN)(BF,) was measured at 100(2) K
on a Bruker Kappa Apex2 CCD diffractometer [A(Mo-K,) =
0.71073 A] with a graphite monochromator. The data were pro-
cessed with HKL2000 and Apex2 software, respectively. The struc-
tures were solved by direct methods using the program SHELXS-
97 and refined with SHELXL-97. All non-hydrogen atoms were

Table 2. Crystal data and structure refinement for (Cu'L>AcN)-
(BF,) and (Cu'L’AcN)(BFE,).

(Cu'L?AcN)(BF;)  (Cu'L*AcN)(BF,)
Empirical formula C29H12BCUF30N4 C28H17BCUF30N3
Molecular weight 1060.78 1039.80
Crystal system triclinic monoclinic
Space group P1 C2le
alA 11.242(2) 38.095(2)
b IA 34.007(7) 15.6106(8)
clA 41.339(8) 12.0960(6)
al° 66.25(3) 90
pr° 87.72(3) 91.229(4)
pI° 84.27(3) 90
Volume /A3; Z 14394(5); 16 7191.7(6); 8
Densitycye /gem ™ 1.958 1.921
# /mm! 0.795 0.792
Reflections 455897 12503
Unique reflections 32860 8954
Rin 0.00 0.0405

Ry; wR, [I>20(D]1™

Ry; wR; (all data)l@l

0.1548; 0.4076
0.1582; 0.4100

0.0460; 0.1065
0.0757; 0.1240

[a] R = IFo| — [FIVZIFo: wRy = {Z[w(Fy* — FPYEw(F) 2.
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refined anisotropically, using weighted full-matrix least-squares on
F2. Crystal data collection and refinement parameters are given in
Table 2. Further details, also concerning disorder, where present,
are given in the crystallographic files, which are available at the
Cambridge Crystallographic Data Centre.

CCDC-806042 [for (Cu'L?AcN)(BF,)] and -806043 [for (Cu'L3-
AcN)(BF,)] contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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