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Abstract In the present study, the nickel-catalyzed cross
coupling of aryl halides with benzyl zinc bromides or
dialkyl zinc reagents to create C(sp2)—C(sp3) bonds has
been explored. As pre-catalyst the well-defined and easy-
accessible (bispidine)Ni(NO3), complex has been applied.
After investigation of different reaction parameters a broad
scope of C(spz)—C(sp3) bond formations were feasible
under mild reaction conditions.

Keywords Nickel - Catalysis - Nitrogen ligand -
Cross coupling

1 Introduction

The construction of carbon—carbon bonds is one of the key
transformations in organic chemistry and over the years
manifold methodologies have been established [1]. Espe-
cially, transition metal-catalyzed coupling reactions have
been proven to be a versatile and powerful technique [2—-6].
For instance carbon nucleophiles can be coupled with
carbon electrophiles including sp, sp? as well as sp°
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carbons applying nickel catalysts [7, 8]. However, the
reaction of sp® carbon nucleophiles or electrophiles is
still a challenging task, because of various difficulties, e.g.,
f-hydride elimination, slow reductive elimination steps,
and high catalyst loadings [9]. To overcome these limita-
tions the design and fine-tuning of the catalyst structure has
been found to be a crucial parameter. Especially, the
coordination of ligands to the metal influences significantly
the catalyst activity and selectivity; hence the search for
new ligands to improve the reaction is worthwhile [10-14].
In this regard, the application of tridentate nitrogen ligands,
especially terpyridine based systems, has been proven to
be efficient for those transformations (Scheme 1) [13].
Recently, the effect of substitution of the pyridines in
2,2’-position by e.g., oxazolines, on the reaction outcome
has been studied, while the central pyridine unit was
unchanged (Scheme la). On the other hand, the influence
of the central nitrogen donor is an interesting target to
investigate. Based on that, the replacement of the pyridine
by a more basic piperidine unit should significantly effect
on the substituent in the trans-position during the catalytic
cycle. Furthermore, an additional donor functionality could
be useful to stabilize reactive intermediates and increase
the life-time of the catalyst (Scheme 1b).

Recently the group of Comba presented the straight-
forward synthesis of tetradentate and pentadentate nitrogen
ligands based on the bispidine motif as key structural ele-
ment and furthermore the abilities in coordination chem-
istry were studied [15-37]. Some of the metal complexes
based on the bispidine ligand have been applied in catalysis
(Scheme 2) [38-41].

However, so far the potential of nickel bispidine com-
plexes has not been evaluated in cross coupling reactions;
hence we report herein the successful application of a
homogeneous cross coupling catalyst based on nickel(IT)
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Scheme 1 Strategic modifications of nickel terpyridine complexes
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Scheme 4 Synthesis of the
bispidine nickel complex 6

nitrate modified by the tetradentate bispidine ligand; this
catalyst showed good performance and is capable of cou-
pling a variety of aryl halides with benzyl zinc bromides or
dialkyl zinc reagents [42].

2 Results and Discussion

The bispidine ligand 5 was synthesized in a two-step syn-
thesis in accordance to the method reported by Holzgrabe,
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Ni(NO3)2' GHQO‘

CH3CN/MeOH
A

Comba and co-workers (Scheme 3) [32, 43, 44]. First, the
piperidone 4 is obtained in a one-pot Mannich reaction
of dimethyl-1,3-acetonedicarboxylate (1), pyridine-2-carb-
aldehyde (2.2 equiv.), and methylamine (3). After isolation,
4 was reacted with formaldehyde and methylamine to attain
the desired bispidine 5 in 65 % yield.

With this ligand in hand we examined the coordination
to nickel (Scheme 4). In agreement to the previously
reported procedure a nickel(II) nitrate solution in acetoni-
trile/methanol was added to a warm solution of the ligand
in acetonitrile/methanol [16, 22]. The mixture was refluxed
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010 Table 1 Selected bond lengths and angles of 6
6
01201‘ : -
, Ni-N1 (A) 2.044(3)
013 Ni-N2 (A) 2.090(2)
i Ni-N3 (A) 2.052(2)
Ni-N4 (A) 2.074(3)
Ni-07 (A) 2.161(2)
Ni-08 (A) 2.105(2)
NI.-N2 (A) 2.864
N3.--N4 (A) 4.067
NI-Ni-N2 (°) 87.71(10)
N4-Ni-N3 (°) 160.68(10)
N2-Ni-08 (°) 105.72(9)
08-Ni-07 (°) 60.79(9)
O1H--013 (A) 1.899
02H---012 (A) 1.966

Fig. 1 Molecular structure of 6. Hydrogen atoms are omitted for
clarity. Thermal ellipsoids are drawn at the 50 % probability level

for a few seconds until a colour change from pale green
to purple appeared. The complex [(5)Ni(NOs),] (6) was
obtained as a purple powder after removal of the solvent in
vacuum. Dark purple crystals suitable for X-ray measure-
ments were grown from a concentrated acetonitrile solution
by diethyl ether diffusion. The solid-state structure of
complex 6 was characterized by single-crystal X-ray dif-
fraction analysis. Thermal ellipsoid plots are shown in
Fig. 1. In Table 1 selected bond lengths and angles are
summarized.

The equatorial nickel nitrogen bonds showed distances
in the range of 2.044-2.074 A, which is in contrast to the
axial nickel nitrogen bond (2.090 A) [35]. The N1-Ni—N2
angle (87.71°) is slightly squeezed and differs from the
ideal 90°. In the case of the angle spanned by the pyridyl
residues (N4-Ni-N3) a distortion is observed (160.68°).
The distances of the oxygen atoms of the n*-coordinated
nitrate anion attached to the nickel are in a different range
(2.161-2.105 A). The second nitrate anion is connected via
hydrogen interactions to the hydrated keto functionality in
the backbone of the ligand. IR measurements revealed a
brought absorption between 3,700 and 3,100 cm™! which
could be dedicated to the hydrogen bridges between the
hydrated keto group and the nitrate anion. A strong

absorption at 1,358 cm~! can be attributed to the ester

groups. Additionally the occurrence of a strong absorption
at 1,385 cm™' can be probably assigned to the nitrate
functionality and a further band gives hint to the hydrated
keto group (1,271 cmfl) [45].

The catalytic abilities of the complex 6 were investi-
gated in the coupling of aryl halides with benzyl zinc
bromides and dialkyl zinc reagents (Table 2). After initial
optimization we established that 2.0 mol% of the nickel
complex 6 in THF performed the C(sp?)-C(sp’) bond
formation during 24 h at 70 °C in excellent yield (>99 %)
(Table 2, entry 2). Decreasing the reaction time to 3 h
resulted in an excellent yield for the coupling of 1-iodo-4-
methoxybenzene (9) and benzyl zinc bromide (8) (Table 2,
entry 3). Moreover, the catalyst loading was decreased to
0.5 mol% showing an unchanged activity (Table 2, entry
4). Noteworthy, as reported recently by our group in the
absence of any nickel source no reaction took place; hence
the nickel complex did operate as the pre-catalyst [42].
When subjecting aryl bromides to catalysis a diminished
yield was observed compared to aryl iodides, while for aryl
chlorides the reaction was hampered (Table 2, entries 1, 2,
5, 9 and 22). Furthermore, fluorine substituents are
untouched by the system (Table 2, entry 10). For alkyl
substituted aryl bromides low conversions were observed
(Table 2, entries 6-8). For substrates containing an elec-
tron withdrawing function the complex 6 showed good to
excellent performance except for a substrate containing a
nitro functionality (Table 2, entries 10-15). Remarkably,
applying pyridyl bromides as substrates led to excellent
yields of >99 % (Table 2, entry 19-21). To study the
effect of f-hydride elimination o-methylbenzyl zinc bro-
mide was used instead of benzyl zinc bromide (Table 2,
entry 23-26). Along with the desired coupling products the
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Table 2 Nickel-catalyzed C-C

2.0 mol% 6

bond formation of benzyl zinc 1_ 2_70_p3 _ 7 _p2
bromides with aryl halides RE=X R*-Zn-R THF, 70 °C, 24h R'-R
1.5 equiv.
Entry Substrate Zn-source Product Yield (%)
|
1 O/ 7 gZ”Br 30 99
: ZnB
2 /©/ 9 g ner 31 >99
MeO
[
3 /Ej 9 OAZ”E” 31 599
MeO
[
T O s
MeO
Br
Br
6 /@f 1 gZ”Br 32 33
Br
7 ><©/ 12 ©/\ZnBr 33 <1
Br ZnB
9 /O 14 ©/\ ner 31 26
MeO
Br ZnB
10 /©/ 15 g e 35 44
F
Br ZnB
11 /©/ 16 g e 36 60
cl
Br 7nB
12 /@ 17 g ner 37 80°
FsC
Br ZnB
13 /©/ 18 g ner 38 99
NC
Br 7nB
14 O 19 @A ner 39 16
Me,N
Br 7B
15 /©/ 20 g nBr 40 <1
O,N
Br
16 O 21 ©AZ“BF 1 70

EtOOC
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Table 2 continued Entry Substrate Zn-source Product Yield (%)
Br
ZnB
17 22 g erog ) 71
Br ZnB
nBr
18 B 23 g 8 43 B
S
N Br
ZnBr
19 B 24 g 8 44 >99
=
Br N Br
ZnBr
Reaction conditions substrate 20" | > 25 ©/\ 8 45 >99
(0.72 mmol), benzyl zinc Z
bromide (1.08 mmol, 0.5 M in N\ Br ZnBr
THF), pre-catalyst (2.0 mol%), 21 | 26 8 46 >99
70 °C, 24 h. The yield was F
determined by GC-MS and 'H Cl 7nBr
NMR 22 /©/ 27 g 8 31 <1
* Reaction time 3 h MeO
® Catalyst loading 0.5 mol% |
¢ Homocoupling product of 10: 23 /O/ 9 ZnBr 28 47 528
15 % MeO
‘; gomocoupling product of 15: Br
’ 24 /@ 14 ZnBr 28 47 14"
¢ Homocoupling product of 17: MeO
16 %
2 equivalents of benzyl zinc N\ Br
bromide (1.16 mmol, 0.5 M in 25 | 24 ZnBr 28 48 <l
THF) Z
& Homocoupling product of 9:
27 %, B-hydride elimination of 26 AN 26 ZnBr 28 49 12
28 yielded styrene in 10 % l _ ner
" Homocoupling product of 14: N B
13 %, f-hydride elimination of N2
28 yielded styrene in 5 % 27 | _ 24 SzA S 29 50 >99
! B-hydride elimination of 28 N. Br
yielded styrene in 3 %, other N PN
. 28 | 26 zZn 29 51 >99
side products occurred but were P

not determined

homocoupling products of the aryl bromides and the
homocoupling product of the a-methylbenzyl zinc bromide
were determined. Additionally styrene (3-10 %) was
detected as f-hydride elimination product. Moreover, the
coupling reaction was also performed by the use of diethyl
zinc yielding 2-ethyl pyridine and 2-ethyl-5-methyl pyri-
dine in quantitative yields (Table 2, entry 27 and 28).

In addition, we investigated the reaction of the aryl
iodide 9 and the heteroaryl bromide 26 with benzyl zinc
bromide in more detail (Fig. 2). For this purpose the cou-
pling reaction was performed in the presence of the pre-
catalyst (2.0 mol% of the complex 6) and the product
formation over time was evaluated by GC-MS. High
activity of complex 6 was observed for the substrate
1-iodo-4-methoxybenzene (9) and full conversion was
reached within 5 min (TOF > 600 h™"). For comparison

the half-life value could be drawn into account [t(50 %
yield) for 31: 1.5 min and t(50 % yield) for 46: 29 min].
To compare the activity of the complex 6 with the parent
terpyridine nickel complex, a mixture of Ni(NO3),-6H,O
(2 mol%) and 4,4 ,4"-tri-tert-butyl-2,2":6' 2" -terpyridine
(2 mol%) was applied as pre-catalyst in the coupling of
substrate 26 and benzyl zinc bromide 8 (see for the reaction
conditions: Fig. 2). For comparison the yield after 29 min
[t(50 % yield) of pre-catalyst 6] was monitored. After
29 min a yield of 82 % was observed, which is to some
extent higher.

With regard to the underlying processes in Scheme 5 a
reaction mechanism in accordance to reported protocols is
proposed [7, 8]. First, the pre-catalyst is reduced to a
nickel(0) species, which can undergo oxidative addition of
the organic halide to form a nickel(Il) complex. After
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transmetalation with the organic zinc compound, a new
carbon carbon bond will be formed by reductive elimina-
tion. Moreover, the nickel(0) species is regenerated, which
can perform the next C—C bond formation.

3 Conclusion

In summary, we have demonstrated the value of a nickel
complex modified by the easy-accessible bispidine ligand
for C(sp*)-C(sp>) bond formations. A broad scope of aryl
halides were successfully coupled with alkyl zinc com-
pounds in the presence of catalytic amounts of the nickel
bispidine complex under mild reaction conditions. Espe-
cially for the transformation of heteroaryl bromides
excellent performance was attained.

4 Experimental Section
4.1 General

All compounds were used as received without further
purification. "H and '>*C NMR spectra were recorded on a
Bruker AFM 200 spectrometer (IH: 200.13 MHz, B3¢
50.32 MHz) using the proton signals of the deuterated
solvents as reference. GC-MS measurements were carried
out on a Shimadzu GC-2010 gas chromatograph (30 m
Rxi-5 ms column) linked with a Shimadzu GCMA-QP
2010 Plus mass spectrometer.

4.2 Synthesis of the Ligand §

The ligand was synthesized as described in the litera-
ture [43, 44]. In a round bottom flask dimethyl-1,

yield [%]

0 20 40 60 &80 100 120

time [ min]

Fig. 2 Comparison of different aromatic halides. Reaction condi-
tions: substrate (0.78 mmol), benzyl zinc bromide (1.17 mmol, 0.5 M
in THF), pre-catalyst (2.0 mol%), 70 °C

@ Springer
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Scheme 5 Catalytic cycle for nickel-catalyzed coupling reactions

3-acetonedicarboxylate (7.9 g, 45.5 mmol) was dissolved
in methanol (50 mL) and cooled to 0 °C. Afterwards a
mixture of pyridine-2-carbaldehyde (9.7 g, 90.9 mmol)
and aqueous methylamine solution (3.5 g, 45.5 mmol,
40 %) was added dropwise to the stirred solution until the
colour of the reaction mixture turned to deep red. The
solution was allowed to warm to room temperature and
stirring was continued for 2 h. After placing the reaction
mixture at —20 °C overnight a white precipitate was
formed, which was collected by suction filtration and was
washed several times with cold methanol. After removal of
the solvent a white powder 4 (4.7 g, 12.4 mmol, yield:
27 %) was obtained. The product 4 was dissolved in THF
(50 mL) then an aqueous solution of formaldehyde (2.6 g,
32.2 mmol, 37 %) and an aqueous methylamine solution
(1.3 g, 16.1 mmol, 40 %) were added dropwise. After
refluxing the reaction mixture for 4 h and cooling to room
temperature the solvent was removed in vacuum. The
brown solid was recrystallized from ethanol (50 mL) and
stored at —20 °C overnight. The white precipitate was
collected by suction filtration and washed several times
with cold ethanol to obtain a white powder. Yield: 65 %
(3.5 g, 8.1 mmol); Mp: 168 °C; 'H NMR (200 MHz,
CDCl;, 25 °C): 6 = 8.44-8.52 (m, 2H), 8.06 (d, 2H,
J=79Hz), 777 (td, 2H, J=7.6 Hz, J = 1.4 Hz),
7.08-7.33 (m, 2H), 4.73 (s, 2H), 3.80 (s, 6H), 2.95 (d, 2H,
J =125 Hz), 2.50 (d, 2H, J = 12.1 Hz), 2.23 (s, 3H),
2.02 (s, 3H) ppm; ">C NMR (50 MHz, CDCls, 25 °C)
0 = 203.6, 168.5, 159.1, 149.2, 136.3, 123.5, 122.9, 73.8,
62.2, 60.8, 52.4, 44.4, 43.2 ppm; IR (KBr): v = 2952 w,
2846 w, 2796 w, 1738 s, 1590 m, 1570 w, 1471 w, 1433 m,
1363 w, 1332 w, 1288 s, 1254 m, 1171 w, 1092 w, 1040 w,
996 w, 968 w, 787 w, 763 w, 750 w, 620 w, 532 w, cm_l;
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HRMS calc. for C23H26N405 + H: 43919814, found:
439.197009.

4.3 Synthesis of the Complex 6

The complex was synthesized in accordance to the litera-
ture [16, 23]. To a solution of bispidine 5 (200.0 mg,
456.1 pmol) in acetonitrile/methanol (3.0 mL, 1:1 by vol.)
a solution of Ni(NO3),-6H,0 (132.6 mg, 456.1 pmol) in
acetonitrile/methanol (3.0 mL, 1:1 by vol.) was added. The
combined reaction mixture was heated to reflux for a few
seconds until the colour changed from pale green to purple.
Evaporation of the clear purple solution to dryness yielded
6 as a pink powder (285.2 mg, 446.2 nmol). Crystallization
from a concentrated acetonitrile solution by diethyl ether
diffusion yielded dark purple crystals suitable for X-ray
diffraction. Yield: 98 %; Mp 220 °C (decomp.); IR (KBr):
v = 3215 br, 2955 m, 1734 s, 1643 m, 1607 m, 1574 w,
1499 m, 1475 m, 1451 m, 1385 s, 1271 s, 1157 m, 1104 m,
1078 m, 1047 m, 1024 m, 1016 m, 971 w, 911 w, 889 w,
829 w, 808 w, 781 m, 648 w, 582 w, 532 w, cmfl; HRMS
calc. for C,y3H5gNgNiO;,—NO5: 576.12350, found:
576.12302; C,y3HgNgNiOy,: cale. C 43.22, H 442, N
13.02; found C 43.64, H 4.40, N 13.30.

4.4 General Procedure for the C—C Coupling Reaction

A Schlenk flask was charged with an appropriate amount of
complex 6 (0.016 mmol, 2.0 mol%) and the corresponding
halo arene (0.78 mmol). The flask was cycled with nitro-
gen and vacuum and benzyl zinc bromide (1.17 mmol,
0.5 M in THF) was added. The flask was sealed and heated
at 70 °C for 24 h. The mixture was cooled on an ice bath.
Dichloromethane and water were added. The aqueous layer
was extracted with dichloromethane and the collected
organic layers were washed with water, brine and dried
with Na,SO,. After filtration and removal of the solvent the
residue was dissolved in diethyl ether and purified by a
short plug of silica gel. The analytical properties of the
products are in agreement with literature. In case of low
yields the compounds were not isolated and were only
characterized by GC-MS.

4.4.1 Diphenylmethane (30) [46]

'H NMR (CDCl;, 200 MHz) 6 = 7.11-7.35 (m, 10H),
3.95 (s, 2H, CH,) ppm; MS (EI) m/z = 168 (M™, 100), 165
(40), 153 (28), 91 (27), 83 (16), 65 (16).

4.4.2 1-Benzyl 4-methoxybenzene (31) [42]

'H NMR (CDCls, 200 MHz) = 7.02-7.38 (m, 7H),
6.75-6.86 (m, 2H), 3.89 (s, 2H, CH,), 3.70 (s, 3H, CH3)

ppm; MS (EI) m/z = 198 (M*, 100), 183 (17), 167 (40),
153 (15), 121 (33), 91 (14).

4.4.3 1-Benzyl 4-methylbenzene (32) [47]

MS (ED) m/z = 182 (M™, 69), 167 (100), 165 (34), 152
(15), 89 (14).

4.4.4 1-Benzyl-4-fluorobenzene (35) [48]

'H NMR (CDCls, 200 MHz) & = 7.05-7.42 (m, 9H), 4.70
(s, 2H, CH,) ppm; MS (EI) m/z = 186 (M™, 100), 171
(14), 165 (43), 109 (22), 91 (18).

4.4.5 1-Benzyl-4-chlorobenzene (36) [46]

'"H NMR (CDCls, 200 MHz) § = 7.38-7.05 (m, 9H, ArH),
3.93 (s, 2H, CH2) ppm; MS (EI): m/z = 202 (M™, 47), 167
(100), 165 (42), 152 (19), 91 (7), 82 (20).

4.4.6 1-Benzyl-4-(trifluoromethyl)benzene (37) [49]

'H NMR (CDCls, 200 MHz) = 7.66-7.82 (m, 2H),
7.51-7.63 (m, 2H), 7.02-7.45 (m, 5H), 4.06 (s, 2H, CH,)
ppm; MS (E) m/z = 236 (M*, 90), 217 (8), 215 (10), 168
(14), 167 (100), 166 (17), 165 (36), 152 (12), 91 (17).

4.4.7 4-Benzylbenzonitrile (38) [49]

'H NMR (200 MHz, CDCl3) 6 = 7.51-7.68 (m, 2H),
7.05-7.42 (m, SH), 3.98 (s, 2H, CH,) ppm; MS (ED):
m/z = 193 (M*, 100), 192 (34), 191 (9), 190 (15), 178 (6),
165 (25), 91 (14).

4.4.8 4-Benzyl-N,N-dimethylaniline (39) [49]

MS (E) m/z = 211 (M™, 100), 210 (60), 167 (18), 165
(14), 134 (50), 91 (14).

4.4.9 Ethyl 4-benzylbenzoate (41) [49]

'H NMR (CDCls, 200 MHz) & = 8.02 (d, J = 7.6 Hz,
2H), 7.03-7.54 (m, 7H), 4.39 (q, J = 6.7 Hz, 2H), 4.04 (s,
2H, CH,), 1.40 (t, J = 6.9 Hz, 3H, CH;) ppm; MS (EI)
m/z = 240 (M, 77), 212 (16), 196 (15), 195 (96), 168 (15),
167 (100), 166 (18), 165 (50), 152 (32), 91 (15).

4.4.10 2-Benzylnaphthalene (42) [50]
"H NMR (200 MHz, CDCl3) § = 7.03-8.02 (m, 12H) 4.11

(s, 2H, CH,) ppm; MS (EI): m/z = 218 (M*, 100), 217
(67), 215 (31), 203 (31), 202 (32), 141 (13) 108 (14).
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4.4.11 3-Benzylthiophene (43) [48]

MS (E) m/z = 174 (M™, 100), 173 (80), 141 (15), 129
(22), 115 (13), 97 (63), 86 (8), 65 (12).

4.4.12 2-Benzylpyridine (44) [51]

'H NMR (CDCl;, 200 MHz) 6 = 9.01-9.1 (m, 1H),
7.81-7.95 (m, 1H), 7.08-7.49 (m, 7 H), 4.61 (s, 2H) ppm,;
MS (ED): m/z = 168 (M™, 100), 91 (6), 84 (12).

4.4.13 2,6-Dibenzylpyridine (45) [52]

"H NMR (CDCls, 200 MHz) 6 = 8,08 (t, ] = 7.9 Hz, 1H),
7.01-7.39 (m, 12H), 4.50 (s, 4H) ppm; MS (EI) m/z = 259
(M, 52), 258 (100), 180 (30), 168 (14), 115 (7), 91 (15).
4.4.14 2-Benzyl-5-methylpyridine (46) [42]

"H NMR (CDCls, 200 MHz) 6 = 8.89 (s, 1H), 7.58-7.69
(m, 1H), 7.00-7.42 (m, 6H), 4.45 (s, 2H, CH,), 2.35 (s, 3H,
CH3) ppm; MS (EI) m/z = 182 (M™, 100), 167 (17), 40
91).

4.4.15 1-Methoxy-4-(1-phenylethyl)benzene (47) [49]

MS (EI) m/z = 212 (M™, 48), 198 (16), 197 (100), 182 (9),
165 (16), 165 (22), 153 (12).

4.4.16 5-Methyl-2-(1-phenylethyl)pyridine (49)

MS (E) m/z = 197 (M™, 43), 196 (100), 182 (10), 181
(33), 180 (11), 120 (17), 93 (8).

4.4.17 2-Ethylpyridine (50) [53, 54]

'H NMR (CDCls, 200 MHz) & = 9.01-9.14 (s, 1H),
7.81-7.96 (m, 1H), 7.32-7.45 (m, 1H), 3.15 (g, 2H,
J =175 Hz), 1.23 (t, 3H, J = 7.6 Hz) ppm; MS (El) m/z =
107 (M, 42), 106 (100), 79 (23) 78 (14), 52 (12), 51 (11).

4.4.18 2-Ethyl-5-methylpyridine (51) [55, 56]

'"H NMR (CDCls, 200 MHz) 6 = 8.36 (s, 1H), 7.34-7.44
(m, 1H), 6.98-7.09 (m, 1H), 2.76 (q, 2H, J = 7.5 Hz), 2.27
(s, 1H), 1.24 (t, 3H, J = 7.6 Hz) ppm; MS (EI) m/z = 121
(M™, 49), 120 (93), 93 (18), 40 (100).

4.5 Single-Crystal X-ray Structure Determination
Crystals were each mounted on a glass capillary in per-

fluorinated oil and measured in a cold N, flow. The data
were collected using an Oxford Diffraction Xcalibur S

@ Springer

Sapphire at 150(2) K (Mog,, radiation, 4 = 0.71073 10\).
The structures were solved by direct methods and refined
on F* with the SHELX-97 software package [57]. The
positions of the hydrogen atoms were calculated and con-
sidered isotropically according to a riding model.

CCDC-865067 (for 6) contains the supplementary
crystallographic data for this paper. These data can be
obtained free of charge from the Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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