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Abstract

Thirteen mono-, bis- and trifluorinated bromobenzene derivatives have been coupled with
cyclohexyl magnesium bromide or the corresponding lithiumchloride or lithiumbromide adducts.
Iron, nickel and palladium complexes of the general formula [MCl2(dppx)] (x = (CH2)n, n =1, 2,
3) have been used as the precatalysts. Palladium based catalysts give high yields of the coupling
product with the Grignard reagent itself whereas lithium halides are needed as additives to
achieve comparable efficiencies if nickel and iron catalysts are used. Yields also depend on the
chain length of the bridging units and on the fact whether fluorine substituents are present in
ortho position with respect to bromine.
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Introduction

Transition metal-catalyzed cross-coupling reactions have been shown to be an invaluable tool in
terms of C-C bond formations. Most commonly organic halides are coupled with various
nucleophiles like boronic acid derivatives, tin or zinc or lithium organic compounds or Grignard
reagents.'? Besides to the use of palladium and nickel a number of iron and even vanadium
catalyzed variations of these reactions have been reported.>*® To the best of our knowledge all
reported iron catalyzed cross coupling reactions related to our work describe the coupling of an
aryl Grignard reagent with an alkyl halide. We became interested in this field in connection with
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the search for efficient synthetic protocols for the cross coupling of cyclohexyl magnesium
bromide with various fluorinated bromo benzene derivatives as electrophiles. The resulting
cyclohexylbenzene derivatives and related compounds are widely used as liquid crystalline
materials or as precursors in the synthesis of those.*+>® Up to now they are mainly produced by
cross-coupling reactions of the Suzuki type.>™® Nevertheless, this reaction protocol exhibits
some major intrinsic disadvantages. First of all, the corresponding boronic acid esters have to be
purchased or synthesized. Moreover, stoichiometric amounts of a base have to be applied and
there are quite substantial amounts of waste. On the other hand, cross-coupling reactions
involving Grignard reagents have to be performed under inert conditions and ideally
concentrations of Grignard solutions have to be determined by titration before the coupling
reaction itself. Of course solutions of Grignard reagents also have to be purchased or
synthesized. Nevertheless, in most cases they will be cheaper compared to boronic acid esters. If
Grignard reagents are to be used as nucleophiles in coupling reactions with aryl bromides or
chlorides it has been shown that lithium halide adducts of the Grignard reagents show an
enhanced reactivity.>*°® The aim of this research therefore was to gain an understanding of the
mutual effects of various transition metals, different spectator ligands, lithium halide additives
and the substitution pattern of the respective bromobenzene derivative on the efficiency of the
cross-coupling reaction. Moreover, we were highly interested to find a synthetic protocol that
allows for the use of iron catalysts with yields that should be comparable to the very well
working palladium catalysts.

Results and Discussion

Scheme 1 shows the coupling reactions that have been performed during the investigation
described herein. Grignard reagents and the corresponding LiCl or LiBr adducts as well as the
precatalysts [FeClz(dppe)], 3a, [FeClx(dppp)], 3b, [NiClx(dppm)], 3c, [NiClx(dppe)], 3d,
[NiCl2(dppp)], 3e, [PdClz(dppm)], 3f, [PdAClx(dppe)], 39, and [PdClx(dppp)], 3h, have been
produced following literature procedures.>®* All fluorinated bromobenzene derivatives 2a-m
have been obtained from commercial sources. The resulting coupling products 4a-m have been
purified by column chromatography. Table 1 summarizes the isolated yields of 4a-m for each of
the catalytic reactions. 4a-c as well as 4d and 4i have been synthesized by catalytic cross
coupling reactions before.>*® Nevertheless, in those cases always the coupling of an aryl
Grignard reagent with an alkyl halide has been investigated.
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Scheme 1. Cross-coupling reactions of cyclohexyl magnesium bromide or the corresponding
LiCl or LiBr adducts with various fluorinated bromobenzene derivatives employing nine
different Fe, Ni and Pd precatalysts. a) 3 mol% 3a-h, THF, r.t., 24 h.

From Table 1 some general trends get obvious. In all combinations that have been
investigated precatalysts with dppm ligands give lower yields than those with dppe ligands with
the best yields being achieved using dppp ligands. This behaviour has been explained before by
the acceleration of migration reactions leading to increased yields of catalytic reactions at
palladium complexes with large P-M-P angles.®?®* In addition, it can be concluded that Ni and
Fe in most cases give very similar results whereas Pd is the most effective transition metal for
the precatalysts. With regard to the used nucleophiles simple Grignard reagents show the lowest
reactivity whereas the LiCl and LiBr adducts give rise to higher yields of 4a-m if all other
parameters are identical. In most cases the LiBr adduct works best although there are some
examples where LiCl and LiBr give very similar or identical results. It can also be seen from the
results that the use of the LiCl or LiBr adducts leads to significantly increased yields for nickel
and iron containing precatalysts, which are then getting acceptable to excellent. The effect of
lithium halides has been rationalized by the fact that by these additives the formation of
polymeric aggregates of the Grignard compounds is hampered. Moreover, highly nucleophilic
complexes with magnesiate character [RMgCI.]Li are responsible for an enhanced reactivity
toward electrophiles.55-
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Table 1. Yields of 4a-m depending on the used nucleophiles, electrophiles and precatalysts 3a-h.
The highest yield for each transition metal is presented with an italic number, the highest yield
for each product is shown as a bold number

nucleophile: CyMgBr

[FeCl2(dppx)] [NiCl2(dppx)] [PACl2(dppx)]
product substitution sa 3 S 3d se St 39 3h
(dppe) (dppp) (dppm) (dppe) (dppp) (dppm) (dppe) (dppp)

4a 2-F 35 50 10 40 60 30 53 55
4b 3-F 40 65 30 53 80 50 65 75
4c 4-F 55 65 45 52 60 55 70 85
4d 2,3-F2 30 35 15 30 40 25 45 55
4e 2,4-F> 25 45 27 35 50 50 55 60
4f 2,5-F> 30 55 40 50 60 40 66 75
49 2,6-F2 20 30 10 30 35 20 35 40
4h 3,4-F> 55 60 55 60 70 60 75 80
4i 3,5-F2 75 85 70 78 89 91 94 97
4j 2,3,5-F3 50 65 20 55 73 40 60 75
4k 2,4,5-F3 40 63 25 50 68 35 50 75
41 2,4,6-F3 35 45 15 30 40 25 30 45
4m 3,4,5-F3 70 80 50 66 65 48 75 80

nucleophile: CyMgBr x LiCl

[FeCla(dppx)] [NiCl2(dppx)] [PdCl2(dppx)]
product substitution sa 3 s 3d 3¢ 3t 39 3h

(dppe) (dppp) (dppm) (dppe) (dppp) (dppm) (dppe)  (dppp)
4a 2-F 40 55 35 45 60 55 57 65
4b 3-F 65 80 40 65 85 55 76 85
4c 4-F 75 85 67 71 85 80 85 90
4d 2,3-F2 50 60 27 45 55 40 55 60
4e 2,4-F 40 65 30 45 67 65 70 80
4f 2,5-F> 50 70 45 50 65 50 70 85
49 2,6-F> 45 50 15 40 50 30 43 55
4h 3,4-F 70 80 60 67 75 70 78 85
4i 3,5-F2 80 90 88 93 96 95 98 99
4j 2,3,5-F3 55 70 30 60 75 50 65 80
4k 2,4,5-F3 40 60 35 55 75 45 60 80
41 2,4,6-F3 50 55 20 40 45 35 45 55
4m 3,4,5-F3 75 85 60 65 73 65 80 90
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Table 1 (continued)

nucleophile: CyMgBr x LiBr

[FeCla(dppx)] [NiCla(dppx)] [PACl2(dppx)]
product substitution sa 3 s 3d 3¢ 3t 39 3h

(dppe) (dppp)  (dppm) (dppe) (dppp) (dppm) (dppe)  (dppp)
4a 2-F 45 60 40 52 70 65 70 73
4b 3-F 80 90 55 75 88 70 90 95
4c 4-F 90 95 89 94 08 88 95 100
4d 2,3-F, 55 65 40 60 75 50 66 80
4e 2,4-F, 70 75 40 65 75 70 77 85
4f 2,5-F, 75 85 50 75 90 60 80 95
4g 2,6-F2 50 70 30 45 65 45 65 75
4h 3,4-F, 75 85 65 75 80 75 88 97
4i 3,5-F2 90 95 90 97 100 95 99 100
4 2,3,5-F3 60 70 50 65 75 60 85 95
4k 2,4,5-F3 65 75 45 58 80 50 80 90
4 2,4,6-F3 50 66 30 40 50 35 50 65
4m 3,4,5-F3 80 90 65 80 88 70 90 98

There also is a profound effect of the electrophile used in terms of the substitution positions
being highly influential on the yield of coupling products 4a-m. All bromobenzene derivatives
with fluorine substituents in ortho positions show lower yields than the corresponding
electrophiles that are only substituted in meta or para position with respect to the bromine
function. If ortho fluorinated bromobenzenes are used, the amount of the homo-coupling product
dicyclohexyl, which is observed in GC-MS measurements of the crude reaction mixtures,
increases. In addition, nucleophiles 2d, 2f and 2j with fluorine atoms in 2,3 and 2,5 position
show side reactions in which obviously also C-F bonds were activated if Grignard compounds
without lithium halide additives are used. The corresponding fluorine NMR spectra of crude
reaction mixtures are depicted in Figure 1. If 2d is employed in the reaction the main product is
the expected cross coupled compound 4d. Nevertheless, fluorine NMR also shows the formation
of 4a and 4b in significant amounts besides traces of other compounds that also give rise to
singlets in the °F NMR spectrum which means that also only one fluorine atom is present Figure
1, upper spectrum). The formation of 4a and 4b means that formally one fluorine substituent in
2d is replaced by a hydrogen atom. This might happen by a C-F bond cleavage in terms of an
oxidative addition and subsequent hydrolysis of the organometallic species without an
intermediate C-C coupling with the Grignard compound. The reaction mixture from the reaction
of 2f also demonstrates the formation of the cross-coupling product 4f as well as the formation of
4a and 4b (Figure 1, middle spectrum). Moreover, there is another singlet of high intensity at o -
118.5 ppm which might be attributed to a cross-coupling compound in which C-C bond
formation also occurred at the position of the former fluorine substituent producing either 1,2-
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dicyclohexyl-5-fluorobenzene or 1,3-dicyclohexyl-6-fluorbenzene. The situation gets even more
complicated if the trifluorinated substrate 2j is reacted with CyMgBr in the presence of a suitable
catalyst. The *F NMR spectrum of a crude reaction mixture is depicted in Figure 1 as the lower
spectrum. Besides one doublet of doublets and two additional doublets representing the expected
product 4j it gets obvious that significant amounts of 4f have also been formed whereas only
very small traces of 4d are visible (not marked in Figure 1). In addition, also the formation of 4a
and 4b as well as of the unknown compound from the reaction of 2f is detectable. But there are
at least two more compounds exhibiting two fluorine substituents as shown by doublets at & -
1325, -116.1 and -115.2 ppm and three products with only one fluorine left as verified by
singlets at 6 -131.1, -124.6 and -111.4 ppm. In summary, there seems to be a mutual activating
effect triggering an additional C-F activation reaction if two fluorine substituents are either in
ortho or para position (or both) relative to each other and one of the fluorine atoms is ortho with
respect to the bromine substituent. Nevertheless, these side reactions are almost completely
supressed by the addition of lithium halides (Table 1). The activation of C-F bonds in Suzuki-
Miyaura reactions using nickel precatalysts has recently been described.®® Nevertheless, metal
fluorides as ZrF4 or TiF4 had to be added to achieve the reaction in the case of the presence of
additional electron-withdrawing substituents. In addition, the formation of side products has also
been shown in a highly related study on the cross coupling of CyMgBr with bromobenzene
catalyzed by palladium NHC complexes.®®

Conclusions

Thirteen bromobenzene derivatives with one, two or three additional fluorine substituents have
been reacted with cyclohexyl magnesium bromide or the corresponding lithium chloride or
lithium bromide adducts to produce the respective cross coupling products. In the survey
precatalysts of the general formula [MCl2(dppx)] (x = (CH2)s, n = 1, 2, 3) have been used with
Fe, Ni and Pd as the transition metals. For all substitution positions of fluorine the dppp
complexes produce the highest yield of coupling products for each of the transition metals. In
addition, palladium based catalysts in almost all reactions give the highest yields of the coupling
products. If not the pure Grignard reagents themselves but their lithium halide adducts are
introduced to the reactions nickel and iron catalysts achieve comparable efficiencies. In terms of
a cost-benefit analysis the preferred protocol therefore should be the use of the use of the lithium
bromide adduct of the Grignard reagent together with [FeClz(dppp)] as the precatalyst. The effect
of fluorine substituents in ortho positions with respect to bromine is also addressed. In these
cases the additional acitivation of C-F bonds is observed by °F NMR spectra of the crude
reaction mixtures leading to undesirable multiple aryl alkyl coupling reactions.
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Figure 1. ®F NMR spectra of crude reaction mixtures from the reaction of CyMgBr with 2d

(above), 2f (middle) and 2j (below).
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Experimental Section

General. Bromobenzene derivatives 2a and 2b were purchased from Sigma Aldrich, 2c-m were
purchased from Fluorochem Ltd. All compounds were used without further purification but were
checked for purity by 'H, ¥C and ®F NMR spectroscopy. Grignard reagents and the
corresponding LiCl or LiBr adducts as well as the precatalysts [FeClz(dppe)], 3a, [FeCl2(dppp)],
3b, [NiClz(dppm)], 3c, [NiClx(dppe)], 3d, [NiCl2(dppp)], 3e, [PdCl2(dppm)], 3f, [PACl2(dppe)],
39, and [PAClz(dppp)], 3h, have been produced following literature procedures.®*%! Anhydrous
FeCl> was purchased in 99.998% purity from Sigma Aldrich. This purity was verified by ICP-
MS-AES-AAS analysis on the content of 69 other elements that was performed by
Mikroanalytisches Labor Pascher, An der Pulvermihle 1, 53424 Remagen-Bandorf, Germany.
This analysis e.g. shows 5 ppm Ni, <2 ppm Ru, <1 ppm Rh and <5 ppm Pd. Determination of
the concentration of Grignard solutions has been performed by titraton.” All catalytical reaction
procedures were carried out under an argon atmosphere in anhydrous, freshly distilled solvents.™
Relative yields of the coupling products 4a-m with respect to bicyclohexyl and biphenyl by-
products were determined by GC. NMR spectra were recorded on a Bruker AC 200 spectrometer
(*H: 200 MHz, 3C: 50.32 MHz, °F: 188.29 MHz), a Bruker DRX 400 spectrometer (*H: 400.13
MHz; 3C: 100.62 MHz; 1°F: 376.58). The respective deuterated solvents are used as an internal
standard for H and 3C NMR spectroscopy, fluorobenzene has been used as an external standard
for °F NMR spectroscopic investigations. Mass spectra were recorded on a Finnigan MAT SSQ
710 instrument. High-resolution mass spectra were recorded on a Finnigan MAT 95 XL using El
techniques. Elemental analyses were performed on a Leco CHNS-932 at the laboratory of the
Institute of Organic Chemistry and Macromolecular Chemistry of Friedrich-Schiller-University
Jena. Due to the high volatility of the products deviations from calculated values even for NMR
pure compounds in some cases are higher than expected.

General procedure for cross-coupling reactions. In a typical experiment a dry and argon-
flushed 50-mL Schlenk tube, equipped with a magnetic stirring bar, was charged with the
respective fluorinated bromobenzene derivative (0.5 mmol, 88 mg for monosubstituted, 97 mg
for disubstituted and 105 mg for trisubstituted derivatives) and 3 mol% of the respective catalyst
dissolved in 15 ml of THF ([FeClz(dppe)]: 7.9 mg, [FeCl2(dppp)]: 8.1 mg, [NiClz(dppm)]: 7.7
mg, [NiCl2(dppe)]: 7.9 mg, [NiClo(dppp)]: 8.1 mg, [PdCl2(dppm)]: 8.4 mg, [PdClz(dppe)]: 8.6
mg, [PdCl2(dppp)]: 8.8 mg). The solution was stirred for 5 min, then cyclohexyl magnesium
bromide or the respective LiCl or LiBr adduct (0.8 mmol, 4 ml of a 0.2M Grignard reagent) was
quickly added to the reaction mixture and vigorous stirring at room temperature was continued
for 24 hours. After hydrolysis with diluted hydrochloric acid, the organic layer and ether extracts
from the aqueous layer were combined, washed with water and saturated NaCl solution, dried
over MgS04 and filtrated through a pad of silica. Concentration under reduced pressure followed
by column chromatography (hexane : diethyl ether, v/v 100 : 1) afforded the respective coupling
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products as light yellow oily compounds. Analytical data for 4a-c, 4d and 4i were identical to
those reported in the literature 4507273

1-Cyclohexyl-2-fluorobenzene (4a). MS (El) [(m/z, %)]: 178 (3) [M*], 160 (100) [MH*-F], 131
(12) [C10H11™], 128 (13) [C1oHs™], 117 (69) [CeHe™], 104 (99) [CgHs™], 91 (60) [C7H7'], 83 (6)
[CeH11™], 77 (19) [CeH5™], 65 (9) [CsHs™], 55 (5) [CaH7'], 41 (23) [C3H5'] . HRMS Ci2HisF
(178.11578): 178.11551, A = 0.27 mmu. *H NMR (200.13 MHz, 298 K, CDCls): § 0.83 — 1.88
(m, 10H, CHy), 2.39 — 2.50 (m, 1H, CH), 7.04 — 7.39 (m, 4H, CHa). C NMR (100.62 MHz,
298 K, CDCls) [ppm]: 6 26.2 (CHz), 26.9 (CH2), 34.5 (CH2) , 44.6 (CH), 115.2 (CaH, d, J 22
Hz), 123.9 (CaH, d, J 4 Hz), 127.0 (CaH, d, J 8 Hz), 127.6 (CaH, d, J 6 Hz), 134.5 (Ca, d, J
15 Hz), 160.6 (Car, d, J 244 Hz). °F NMR (188.29 MHz, 298 K, CDCls) [ppm]: & -120.1.
Elemental analysis (Ci12H1sF, M = 178.25 g mol™) [%]: Calcd: C 80.86, H 8.48; Found: C 79.12,
H9.12.

1-Cyclohexyl-3-fluoro-benzene (4b) MS (El) [(m/z, %)]: 178 (100) [M*], 160 (21) [MH™*-F],
135 (52) [C1oH15'], 122 (98) [CoH14*], 109 (52) [CsH13™], 104 (13) [CsHs*], 96 (12) [C7H12"], 83
(16) [CeH11™], 65 (9) [CsHg™], 55 (5) [CaH7'], 41 (13) [C3Hs"]. HRMS Ci2HisF (178.11578):
178.11577, A = 0.01 mmu. *H NMR (200.13 MHz, 298 K, CDCls) [ppm]: & 1.08 — 1.96 (m, 10
H, CH2), 2.38 — 2.59 (m, 1H, CH), 6.80 — 7.04 (m, 3H, CHa), 7.17 — 7.28 (m, 1H, CHay). 13C
NMR (50.32 MHz, CDCls) [ppm] : & 26.1 (CHz), 26.8 (CH2), 34.3 (CH2) , 44.3(CH), 112.5
(CaH, d, J 21 Hz), 113.6 (CaH, d, J 21 Hz), 122.5 (CaH, d, J 3 Hz), 129.6 (CaH, d, J9 Hz),
150.74 (Car, d, J 7 Hz), 163.0 (Car, d, J 245 Hz), °F NMR (188.29 MHz, 298 K, CDCls) [ppm]: &
-114.4. Elemental analysis (C12HisF, M = 178.25 g mol™?) [%]: Calcd: C 80.86, H 8.48; Found: C
79.27, H 8.52.

1-Cyclohexyl-4-fluoro-benzene (4c). MS (El) [(m/z, %)]: 178 (19) [M'], 159 (10) [M*-F],
154(18) [C1oH1sF™], 136 (56) [C10H16™], 121 (60) [CoH13*], 107 (64) [CgH11™], 96 (68) [C7H12*],
82 (100) [CeH10], 67 (95) [CsH7™], 55 (55) [CaH7'], 41 (52) [C3Hs]. HRMS CioHisF
(178.11578): 178.11577, A = 0.01 mmu. *H NMR (200.13 MHz, 298 K, d®-THF) [ppm]: & 0.91 —
1.84 (m, 10 H, CHy), 2.42 — 2.49 (m, 1H, CH), 6.91 — 7.00 (m, 2H, CHa), 7.10 — 7.22 (m, 2H,
CHar). *C NMR (50.32 MHz, d®-THF) [ppm] : & 26.8 (CHz), 27.6 (CH2), 35.4 (CH,) , 44.7(CH),
115.4 (CaH, d, J 21 Hz), 128.8 (CaH, d, J 8 Hz), 162.1 (Car, d, J 242 Hz), °F NMR (188.29
MHz, 298 K, d®-THF) [ppm]: & -121.5. Elemental analysis (C12H1sF, M = 178.25 g mol™) [%]:
Calcd: C 80.86, H 8.48; Found: C 79.60, H 8.75.

1-Cyclohexyl-2,3-difluorobenzene (4d). MS (EIl) [(m/z, %)]: 196 (68) [M*], 178 (56) [MH" -
F], 160 (100) [MH2" - 2 F], 140 (98) [C11Hs™], 127 (44) [C10Hg™], 122 (39) [CoH14"], 117 (60)
[CoHo™], 109 (26) [CsH13™], 104 (84) [CsHs™], 91 (44) [C7H/™], 83 (14) [CeH11™], 77 (12) [CeHs],
67 (16) [CsH7"], 55 (11) [C4H7"], 41 (40) [CsHs"]. HRMS Ci2H14F2 (196.10636): 196.10644, A
=0.06 mmu. *H NMR (200.13 MHz, 298 K, CDCls) [ppm]: & 0.83 — 1.51 (m, 10 H, CH2), 1.71 -
1.85 (m, 1H, CH), 6.87 — 7.32 (m, 3H, CHa). 3C NMR (100.61 MHz, 298 K, CDCls) [ppm] : &
26.0 (CHy), 26.7 (CHy), 33.0 (CHy), 37.2 (CH), 114.2 (CaH, d, J18 Hz), 122.3 (CaH, t, J 4 Hz),
123.7 (CaH, dd, J 9 Hz, J 5 Hz), 137.0 (Car, d, J 11 Hz), 148.5 (Car, dd, J 245 Hz, J 11 Hz), 150.6
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(Car, dd, J 245 Hz, J 13 Hz). °F NMR (188.29 MHz, 298 K, CDCls) [ppm]: & -139.6 (d, J 20.7
Hz), -145.6 (d, J 20.7 Hz). Elemental analysis (Ci2H14F2, M = 196.24 g mol™) [%]: Calcd: C
73.45, H 7.19; Found: C 73.98, H 8.15.

1-Cyclohexyl-2,4-difluorobenzene (4e). MS (El) [(m/z, %)]: 196 (99) [M*], 178 (18) [M* - F],
165 (10) [Ci1H12F'], 153 (91) [Ci2H9™], 140 (100) [Ci1Hs™], 127 (95) [CioH7'], 122 (23)
[CeH7F™], 109 (17) [C7HeF'], 101 (18) [CsHs'], 83 (19) [CeHu1™], 69 (18) [CsHe™], 55 (13)
[C4H7'], 41 (36) [C3Hs']. HRMS Ci2H1sF2 (196.10636): 196.10475, A = 1.61 mmu. *H NMR
(200.13 MHz, 298 K, CDClIs) [ppm]: 8 1.05 — 1.93 (m, 10H, CH), 2.67 — 2.92 (m, 1H, CH), 6.63
—6.88 (M, 2H, CHar), 7.05 - 7.23 (m, 1H, CHar). °C NMR (50.32 MHz, 298 K, CDCls) [ppm] :
3 26.1 (CH2), 26.8 (CH>), 33.1 (CH>), 36.8 (CH), 103.5 (dd, J27 Hz, J 25 Hz, C4H), 110.8 (dd, J
21 Hz, J 4 Hz, C4H), 128.2 (dd, J 10 Hz, J 7 Hz, CaH), 130.1 (dd, J 45 Hz, J 4 Hz, Ca), 155.4
(dd, J 251 Hz, J 12 Hz, Ca), 160.7 (dd, J 205 Hz, J 12 Hz, Ca). 1°F NMR (188.29 MHz, 298 K,
CDCl3) [ppm]: & -116.1 (d, J 7 Hz), -115.2 (d, J 7 Hz). Elemental analysis (Ci2HusF2, M =
196.24 g mol™?) [%]: Calcd: C 73.45, H 7.19; Found: C 74.46, H 7.58.
1-Cyclohexyl-2,5-difluorobenzene (4f). MS (EI) [(m/z, %)]: 196 (100) [M*], 178 (77) [M" - F],
153 (36) [C12H9], 140 (100) [C11Hs™], 135 (40) [CoHsF '], 127 (33) [C10H7'], 122 (36) [CoH14'],
109 (16) [CsH13"]. HRMS CizH14F2 (196.10636): 196.10213, A = 4.23 mmu. H NMR (400.13
MHz, 298 K, CDCls3) [ppm]: & 0.86 — 1.95 (m, 10H, CH>), 2.35 — 2.59 (m, 0.5H, CH), 2.73 -
2.94 (m, 0.5H, CH), 6.75 — 7.02 (m, 2H, CHa/), 7.12 — 7.18 (m, 1H, CHa4). *3C NMR (100.62
MHz, 298 K, CDCI3) [ppm]: 6 25.9 (CH2), 26.6 (CH>), 32.8 (CH>), 40.0 (CH), 113.0 (dd, J 9 Hz,
J 24 Hz, C4H), 114.0 (dd, J 5 Hz, J 24 Hz, CaH), 115.9 (dd, J 9 Hz, J 25 Hz, CaH), 136.2 (dd, J
8 Hz, J 17 Hz, Ca), 156.4 (d, J 245 Hz, Ca), 158.8 (d, J 247 Hz, Car). °F NMR (188.29 MHz,
298 K, CDCl3) [ppm]: 6 -126.2 (d, J 9 Hz), -119.9 (d, J 9 Hz). Elemental analysis (C12H14F2, M
=196.24 g mol™?) [%]: Calcd: C 73.45, H 7.19; Found: C 75.00, H 7.41.
1-Cyclohexyl-2,6-difluorobenzene (4g). MS (EI) [(m/z, %)]: 196 (71) [M*], 153 (28) [C12H9™],
140 (100) [C11Hs™], 127 (43) [CioH7™], 97 (21) [C7H13"], 81 (21) [CeHo™], 69 (18) [CsHqo™], 67
(19) [CsH7™], 55 (25) [CsH7*]. HRMS CiHiaF2 (196.10636): 196.10529, A = 1.07 mmu. ‘H
NMR (400.13 MHz, 298 K, CDClIs) [ppm]: & 0.79 — 1.75 (m, 11H, CH2, CH), 6.85 — 7.50 (m,
3H, CHa). *C NMR (100.62 MHz, 298 K, CDCls) [ppm]: § 26.9 (CH2), 30.2 (CH2), 43.5 (CH),
111.4 (dd, J 6 Hz, J 20 Hz, CaH), 127.2 (t, J 7 Hz, Car), 130.8 (t, J 10 Hz, CaH), 160.6 (d, J 249
Hz, br). F NMR (188.29 MHz, 298 K, CDCls) [ppm]: & -111.0 (s). Elemental analysis
(C12H14F2, M = 196.24 g mol™?) [%]: Calcd : C 73.45, H 7.19; Found: C 74.67, H 7.53.
1-Cyclohexyl-3,4-difluorobenzene (4h). MS (EIl) [(m/z, %)]: 196 (100) [M*], 178 (9) [MH" -
F], 166 (64) [CiiHisF'], 153 (84) [C12H9™], 140 (100) [C11Hg™], 127 (72) [CioH7™], 83 (56)
[CeH11™], 82 (84) [CeH10™], 67 (60) [CsH7'], 55 (44) [C4Hs™], 41 (34) [CsHs™]. HRMS Ci2H14F2
(196.10636): 196.10575, A = 0.61 mmu. *H NMR (400.13 MHz, 298 K, CD2Cly) [ppm]: & 0.87 —
1.91 (m, 10H, CHy), 2.43 — 2.55 (m, 1H, CH), 6.92 — 7.13 (m, 3H, CHa/). 3C NMR (50.32 MHz,
298 K, CD2Cl,) [ppm]™: § 26.4 (CHy), 27.1 (CHy), 27.3* (CH>), 30.6* (CHy), 34.8 (CH,), 43.9*
(CH), 44.2 (CH), 115.7 (CaH, d, J 16 Hz), 117.0 (CaH, d, J 17 Hz), 119.0* (CaH, d, J 18 Hz),
121.3* (CaH, d, J 20 Hz), 123.1 (CaH, dd, J 6 Hz, J 4 Hz), 128.3* (CaH, d, J 6 Hz), 145.8 (Car,
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t, J 4 Hz), 148.8 (Car, dd, J 244 Hz, J 13 Hz), 150.5 (Car, dd, J 246 Hz, J 13 Hz). F NMR
(188.29 MHz, 298 K, CD2Cl,) [ppm]®%: & -144.1 (d, J 21 Hz), -140.5* (d, J 21 Hz), -140.2 (d, J
21 Hz), -135.9* (d, J 21 Hz). Elemental analysis (C12H14F2, M = 196.24 g mol™) [%]: Calcd: C
73.45, H 7.19; Found: C 73.49, H 7.65.

1-Cyclohexyl-3,5-difluorobenzene (4i). MS (EI) [(m/z, %)]: 196 (100) [M*], 178 (5) [MH" - F],
164 (40) [C11H13F"], 153 (60) [C12Hg™], 140 (92) [C11Hs™], 128 (73) [C1oHs™], 114 (22) [CoHs™],
101 (20), [CsHs™], 83 (16) [CeH11"], 81 (24) [CeHs'], 69 (36) [CsHe™], 55 (22) [CaH7™], 41 (45)
[C3Hs5*]. HRMS Ci2H1sF (196.10636): 196.10604, A = 0.32 mmu. *H NMR (200.13 MHz, 298
K, CDClI3) [ppm]: & 0.82 — 1.96 (m, 10H, CH>), 2.41 — 2.58 (m, 1H, CH), 6.48 — 6.78 (m, 3H,
CHar). 3C NMR (50.32 MHz, 298 K, CDCls) [ppm]: & 26.0 (CHy), 26.6 (CH>), 34.1 (CH>), 44.4
(CH), 101.1 (CaH, t, J 26 Hz), 109.5 (CaH, d, J 24 Hz), 152.1 (Car, t, J 9 Hz), 163.0 (Car, dd, J
248 Hz, J 13 Hz). °F NMR (188.29 MHz, 298 K, CDCls) [ppm]: & -109.3 (s). Elemental
analysis (C12H14F2, M = 196.24 g mol™) [%]: Calcd: C 73.45, H 7.19; Found: C 74.49, H 7.64.
1-Cyclohexyl-2,3,5-trifluorobenzene (4j). MS (El) [(m/z, %)]: 214 (16) [M*], 196 (41)
[C12H14F2"], 178 (100) [C12H1sF*], 160 (31) [Ci12H16'], 158 (38) [C1iH7F'], 153 (21) [C12He™],
147 (34) [CioHgF'], 140 (68) [Ci1Hs'], 135 (89) [CeHsF'], 127 (43) [CioH7], 122 (100)
[CoH14™], 116 (32) [CoHs™], 109 (82) [CsH13™], 104 (23) [CegH10™], 101 (20) [CsH5'], 96 (19)
[CeHsF™], 91 (20) [C7H7™], 83 (16) [CeH11"], 67 (18) [CsH7™], 55 (14) [CaH7™], 41 (34) [C3Hs].
HRMS Ci2Hi3F3 (214.09694): 214.09692, A = 0.02 mmu. H NMR (298 K, CDCls) [ppm]: &
0.83 — 2.49 (m, 11H, CH,, CH), 6.66 — 7,26 (m, 2H, CH4). 3C NMR (150.9 MHz, 298 K,
CDCl3) [ppm]: & 26.2 (CH2), 26.9 (CHy), 34.5 (CH>), 44.6 (CH), 112.5 (dd, J 5 Hz, J 17 Hz,
CaH), 123.2 (ddd, J6 Hz, J 8 Hz, J 9 Hz, C4H), 140.1 (dt, J 15 Hz, J 252 Hz, Ca), 148.0 (S, Car),
151.6 (dd, J 3 Hz, J 249 Hz, C4), 151.5 (dd, J 6 Hz, J 250 Hz). **F NMR (188.29 MHz, 298 K,
CDCl3) [ppm]: & -150.2 (dd, J 15 Hz, J 21 Hz), -134.9 (d, J 21 Hz), -116.6 (dd, J 15 Hz).
Elemental analysis (C12H13F3, M = 214.23 g mol™) [%]: Calcd: C 67.28, H 6.12; Found: C 67.34,
H 6.30.

1-Cyclohexyl-2,4,5-trifluoro-benzene (4k). MS (El) [(m/z, %)]: 214 (66) [M'], 196 (40)
[C12H14F2"], 178 (9) [C12H1sF'], 171 (34) [C12HgF '], 166 (48) [C13H10], 158 (70) [C11H7F™], 145
(48) [C1oHsF*], 140 (40) [C11Hs™], 127 (22) [C1oH7"], 109 (15) [CeH13™], 96 (12) [CeHsF'], 82
(100) [CeH10™], 67 (62) [CsH7™], 55 (57) [CsH7"], 41 (55) [C3Hs™]. HRMS C12H13F3 (214.09694):
214.09697, A = 0.03 mmu. *H NMR (200 MHz, 298 K, CDCls) [ppm]: § 0.79 — 2.10 (m, 10H,
CHy), 2.68 — 2.97 (m, 1H, CH), 6.73 — 7.13 (m, 2H, CHa). **C NMR (150.9 MHz, 298 K,
CDCls) [ppm]: 6 26.2 (CH2), 26.9 (CH>), 34.5 (CH>), 44.6 (CH), 103.4 (ddd, J 5 Hz, J 9 Hz, J 20
Hz, CaH), 114.8 (dd, J 3 Hz, J 23 Hz, CaH), 140.1 (ddd, J 2 Hz, J 12 Hz, J 255 Hz, Car), 141.3
(ddd, J 5 Hz, J 17 Hz, J 257 Hz, Ca), 144.8 (dd, J 5 Hz, J 11 Hz, Cy), 147.2 (ddd, J 5 Hz, J 12
Hz, J 257 Hz, Ca). F NMR (188.29 MHz, 298 K, CDCls) [ppm]: & -144.0 (dd, J 15 Hz, J 21
Hz), -138.7 (d, J 23 Hz), -121.9 (d, J 15 Hz). Elemental analysis (C12H13Fs, M = 214.23 g mol?)
[%]: Calcd: C 67.28, H 6.12; Found: C 67.44, H 7.02.

1-Cyclohexyl-2,4,6-trifluorobenzene (4l). MS (El) [(m/z, %)]: 214 (45) [M*], 196 (28)
[C12H14F2™], 178 (22) [C12H1sF™], 171 (23) [C12HgF], 158 (100) [C11H7F*], 145 (35) [CioHsF ],
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140 (41) [C11Hs™], 135 (14) [CoHsF™], 127 (19) [C10H7'], 122 (20) [CeH14"], 109 (13) [CeH13*],
91 (7) [C7H7"], 81 (10) [CeHo™], 69 (9) [CsHe™], 55 (6) [CaH7™], 41 (14) [CsHs']. HRMS
Ci2H13F3 (214.09694): 214.09681, A = 0.13 mmu. *H NMR (400 MHz, 298 K, CDCl3) [ppm]: &
1.15 — 1.92 (m, 10H, CHy), 2.37 — 2.50 (m, 1H; CH), 6.70 (d, 2H, J 12 Hz, CHa). *3C NMR
(100.62 MHz, 298 K, CDCl3) [ppm]: 6 26.3 (CH2), 27.0 (CH2), 34.6 (CH>), 44.8 (CH), 110.8 (d,
J 21 Hz, CaH), 121.2 (d, J 2 Hz, Ca), 150.3 (d, J 7 Hz, Ca), 161.5 (dd, J 3 Hz, J 241 Hz, Ca),
163.0 (d, J 245 Hz, Ca). 1°F NMR (188.29 MHz, 298 K, CDCls) [ppm]: & -107.8 (dd, J2 Hz, J 7
Hz), -106.5 (t, J 7 Hz). Elemental analysis (C12H13F3, M = 214.23 g mol™) [%]: Calcd: C 67.28,
H 6.12; Found: C 66.77, H 6.80.

1-Cyclohexyl-3,4,5-trifluorobenzene (4m). MS (El) [(m/z, %)]: 214 (68) [M*], 196 (35) [MH*
- F], 178 (20) [MH2" - 2F], 158 (100) [C12H14], 140 (53) [C11Hs"], 127 (25) [C10Hs™], 123 (23)
[CoH15], 109 (11) [CeH1s™], 91 (6) [C7H7"], 82 (8) [CeH10™], 69 (17) [CsHo™], 55 (5) [CaH7'], 41
(16) [CsH5"]. HRMS C12H13F3 (214.09694): 214.09717, A = 0.23 mmu. *H NMR (200.13 MHz,
298 K, CDCl3) [ppm]: 6 1.15 —1.89 (m, 10H, CH»), 2.37 — 2.45 (m, 1H, CH), 6.78 (dd, J 10 Hz,
J 8 Hz, 2H, CHa). 3C NMR (50.32 MHz, 298 K, CDCls) [ppm] : & 25.9 (CH2), 26.5 (CH>), 34.2
(CH) , 43.9 (CH), 110.51 (dd, J 20 Hz, J 6 Hz, C4H), 137.8 (dd, J 264 Hz, J 16 Hz, Ca),
144.2 (dt, J 5 Hz, J 4 Hz, Ca), 151.0 (ddd, J 248 Hz, J 10 Hz, J 4 Hz, Ca). F NMR (188.29
MHz, 298 K, CDCI3) [ppm]: 6 -165.4 (t, J 21 Hz), -135.9 (d, J 21 Hz). Elemental analysis
(C12H13F3, M = 214.23 g mol™?) [%]: Calcd: C 67.28, H 6.12; Found: C 68.16, H 6.73.

Acknowledgements

The authors gratefully thank the Deutsche Forschungsgemeinschaft (DFG) and the Thiringer
Aufbaubank (TAB) for financial support.

References

1. Negishi, E.; de Meijere, A., Eds. Handbook of Organopalladium Chemistry for Organic
Synthesis, Wiley-VCH: Weinheim, 2002.

2. deMeijere, A.; Diederich, F. Eds., Metal-Catalyzed Cross-Coupling Reactions, 2nd Edn.,
Wiley-VCH; Weinheim, 2004.
http://dx.doi.org/10.1002/9783527619535

3. Bolm, C.; Legros, J.; Le Paih, J.; Zani, L. Chem. Rev. 2004, 104, 6217.
http://dx.doi.org/10.1021/cr040664h
PMid:15584700

4. Sherry, B.D.; Firstner, A. Acc. Chem. Res. 2008, 41, 1500.
http://dx.doi.org/10.1021/ar800039x
PMid:18588321

Page 211 ©ARKAT-USA, Inc.


http://dx.doi.org/10.1002/9783527619535
http://dx.doi.org/10.1021/cr040664h
http://dx.doi.org/10.1021/ar800039x

10.

11.

12.

13.

14.

15.

16.

17.

18.

Plietker, B. Ed., Iron Catalysis in Organic Chemistry: Reactions and Applications, Wiley-

VCH: Weinheim, 2008.
http://dx.doi.org/10.1002/9783527623273
Farstner, A.; Martin, R. Chem. Lett. 2005, 34, 624.
http://dx.doi.org/10.1246/cl.2005.624

Czaplik, W. M.; Mayer, M.; Cvengros, J.; Jacobi vonWangelin, A. ChemSusChem 2009, 2,

396.

http://dx.doi.org/10.1002/cssc.200900055

PMid:19425040

Furstner, A. Angew. Chem. Int. Ed. 2009, 48, 1364.
http://dx.doi.org/10.1002/anie.200805728

PMid:19145616

Rudolph, A.; Lautens, M. Angew. Chem. Int. Ed. 2009, 48, 2656.
http://dx.doi.org/10.1002/anie.200803611

PMid:19173365

Waunderlich, S. H.; Knochel, P. Angew. Chem. Int. Ed. 2009, 48, 9717.
http://dx.doi.org/10.1002/anie.200905196

PMid:19924751

Liu, W.; Cao, H.; Lei, A. Angew. Chem. Int. Ed. 2010, 49, 2004.
http://dx.doi.org/10.1002/anie.200906870

PMid:20162641

Bézier, D.; Darcel, C. Adv. Synth. Catal. 2009, 351, 1732.
http://dx.doi.org/10.1002/adsc.200900281

Loska, R.; Volla, C. M. R.; Vogel, P. Adv. Synth. Catal. 2008, 350, 2859.

http://dx.doi.org/10.1002/adsc.200800662

Carril, M.; Correa, A.; Bolm, C. Angew. Chem. Int. Ed. 2008, 47, 4862.
http://dx.doi.org/10.1002/anie.200801539

PMid:18506862

Bistri, O.; Correa, A.; Bolm, C. Angew. Chem. Int. Ed. 2008, 47, 586.
http://dx.doi.org/10.1002/anie.200704018

PMid:18058877

Correa, A.; Bolm, C. Angew. Chem. Int. Ed. 2007, 46, 8862.
http://dx.doi.org/10.1002/anie.200703299

PMid:17943927

Correa, A.; Carril, M.; Bolm, C. Angew. Chem. Int. Ed. 2008, 47, 2880.
http://dx.doi.org/10.1002/anie.200705668

PMid:18318033

Rao Volla, C. M.; Vogel, P. Angew. Chem. Int. Ed. 2008, 47, 1305.
http://dx.doi.org/10.1002/anie.200704858

PMid:18175301

Page 212

®ARKAT-USA, Inc.


http://dx.doi.org/10.1002/9783527623273
http://dx.doi.org/10.1246/cl.2005.624
http://dx.doi.org/10.1002/cssc.200900055
http://dx.doi.org/10.1002/anie.200805728
http://dx.doi.org/10.1002/anie.200803611
http://dx.doi.org/10.1002/anie.200905196
http://dx.doi.org/10.1002/anie.200906870
http://dx.doi.org/10.1002/adsc.200900281
http://dx.doi.org/10.1002/adsc.200800662
http://dx.doi.org/10.1002/anie.200801539
http://dx.doi.org/10.1002/anie.200704018
http://dx.doi.org/10.1002/anie.200703299
http://dx.doi.org/10.1002/anie.200705668
http://dx.doi.org/10.1002/anie.200704858

19.

20.

21,

22,

23.

24,

25.

26.

27,

28.

29.

30.

31.

Wu, X. F.; Darcel, C. Eur. J. Org. Chem. 2009, 74, 4753.
http://dx.doi.org/10.1002/ejoc.200900588

Nakamura, M.; Matsuo, K.; Ito, S.; Nakamura, B. J. Am. Chem. Soc. 2004, 126, 3686.
http://dx.doi.org/10.1021/ja049744t

PMid:15038701

Martin, R.; Furstner, A. Angew. Chem. Int. Ed. 2004, 43, 3955.
http://dx.doi.org/10.1002/anie.200460504

PMid:15274224

Nagano, T.; Hayashi, T. Org. Lett. 2004, 6, 1297.

http://dx.doi.org/10.1021/01049779y

PMid:15070321

Bedford, R. B.; Bruce, D. W.; Frost, R. M.; Goodby, J. W.; Hird, M. Chem. Commun. 2004,
2822.

http://dx.doi.org/10.1039/b413790f

PMid:15599424

Furstner, A.; Leitner, A. Angew. Chem. Int. Ed. 2002, 41, 609.
http://dx.doi.org/10.1002/1521-3773(20020215)41:4<609::AID-ANIE609>3.0.CO;2-M
Flrstner, A.; Leitner, A.; Mendez, M.; Krause, H. J. Am. Chem. Soc. 2002, 124, 13856.
http://dx.doi.org/10.1021/ja027190t

Furstner, A.; Krause, H.; Lehmann, C. W. Angew. Chem. Int. Ed. 2006, 45, 440.
http://dx.doi.org/10.1002/anie.200502859

PMid:16323237

Firstner, A.; Martin, R.; Krause, H.; Seidel, G.; Goddard, R.; Lehmann, C. W. J. Am. Chem.
Soc. 2008, 130, 8773.

http://dx.doi.org/10.1021/ja801466t

PMid:18597432

Bedford, R. B.; Bruce, D. W.; Frost, R. M.; Hird, M. Chem. Commun. 2005, 4161.
http://dx.doi.org/10.1039/b507133j

PMid:16100589

Bedford, R. B.; Betham, M.; Bruce, D. W.; Danopoulos, A. A.; Frost, R. M.; Hird, M. J. Org.
Chem. 2006, 71, 1104.

http://dx.doi.org/10.1021/j0052250+

PMid:16438528

Cahiez, G.; Habiak, V.; Duplais, C.; Moyeux, A. Angew. Chem. Int. Ed. 2007, 46, 4364.
http://dx.doi.org/10.1002/anie.200700742

PMid: 17465438
Cahiez, G.; Duplais, C.; Moyeux, A. Org. Lett. 2007, 9, 3253.
http://dx.doi.org/10.1021/017016092

PMid:17655319

Page 213 ®ARKAT-USA, Inc.


http://dx.doi.org/10.1002/ejoc.200900588
http://dx.doi.org/10.1021/ja049744t
http://dx.doi.org/10.1002/anie.200460504
http://dx.doi.org/10.1021/ol049779y
http://dx.doi.org/10.1039/b413790f
http://dx.doi.org/10.1002/1521-3773(20020215)41:4%3C609::AID-ANIE609%3E3.0.CO;2-M
http://dx.doi.org/10.1021/ja027190t
http://dx.doi.org/10.1002/anie.200502859
http://dx.doi.org/10.1021/ja801466t
http://dx.doi.org/10.1039/b507133j
http://dx.doi.org/10.1021/jo052250+
http://dx.doi.org/10.1002/anie.200700742
http://dx.doi.org/10.1021/ol7016092

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Bica, K.; Gaertner, P. Org. Lett. 2006, 8, 733.

http://dx.doi.org/10.1021/01052965z

PMid:16468754

Bedford, R. B.; Betham, M.; Bruce, D.W.; Davis, S. A.; Frost, R. M.; Hird, M. Chem.
Commun. 2006, 1398.

http://dx.doi.org/10.1039/b601014h

PMid:16550279

Qian, X.; Daweb, L. N.; Kozak, C. M. Dalton Trans. 2011, 40, 933.
http://dx.doi.org/10.1039/c0dt01239d

PMid:21116581

Czaplik, W. M.; Mayer, M.; Jacobi von Wangelin, A. Angew. Chem. Int. Ed. 2009, 48, 607.
http://dx.doi.org/10.1002/anie.200804434

PMid:19067450

Deng, H.-N.; Xing, Y.-L.; Xia, C.-L.; Sun, H.-M.; Shen, Q.; Zhang, Y. Dalton Trans. 2012,
41, 11597.

http://dx.doi.org/10.1039/c2dt30931a

PMid:22903243

Yan, C.-H.; Wang, L.-L.; Gao, H.-H.; Sun, H.-M.; Shen, Q. Chin. Sci. Bull. 2012, 57, 1953.
http://dx.doi.org/10.1007/s11434-011-4660-3

Ghorai, S. K.; Jin, M; Hatakeyama, T.; Nakamura, M. Org. Lett. 2012, 14, 1066.
http://dx.doi.org/10.1021/012031729

PMid:22288653

Yamaguchi, Y.; Ando, H.; Nagaya, M.; Hinago, H.; Ito, T.; Asami, M. Chem. Lett. 2011, 40,
983.

http://dx.doi.org/10.1246/cl.2011.983

Hedstrom, A.; Bollmann, U.; Bravidor, J.; Norrby, P.-O. Chem. Eur. J. 2011, 17, 11991.
http://dx.doi.org/10.1002/chem.201100467

PMid:21922569 PMCid:3229983

Xue, F.; Zhao, J.; Hor, T. S. A. Dalton Trans. 2011, 40, 8935.
http://dx.doi.org/10.1039/c1dt10258¢c

PMid:21494709

Yasuda, S.; Yorimitsu, H.; Oshima, K. Bull. Chem. Soc. Jpn. 2008, 81, 287.
http://dx.doi.org/10.1246/bcsj.81.287

Hatakeyama, T.; Fujiwara, Y.-1.; Okada, Y.; Itoh, T.; Hashimoto, T.; Kawamura, S.; Ogata,
K.; Takaya, H.; Nakamura, M. Chem. Lett. 2011, 40, 1030.
http://dx.doi.org/10.1246/cl.2011.1030

Guo, M.; Jian, F.; He, R. J. Fluor. Chem. 2006, 127, 177.
http://dx.doi.org/10.1016/].jfluchem.2005.09.003

Bezborodov, V. S.; Lapanik, V. I.; Sasnouski, G. M. Arkivoc 2008, (ix), 52.
http://dx.doi.org/10.3998/ark.5550190.0009.906

Page 214 ®ARKAT-USA, Inc.


http://dx.doi.org/10.1021/ol052965z
http://dx.doi.org/10.1039/b601014h
http://dx.doi.org/10.1039/c0dt01239d
http://dx.doi.org/10.1002/anie.200804434
http://dx.doi.org/10.1039/c2dt30931a
http://dx.doi.org/10.1007/s11434-011-4660-3
http://dx.doi.org/10.1021/ol2031729
http://dx.doi.org/10.1246/cl.2011.983
http://dx.doi.org/10.1002/chem.201100467
http://dx.doi.org/10.1039/c1dt10258c
http://dx.doi.org/10.1246/bcsj.81.287
http://dx.doi.org/10.1246/cl.2011.1030
http://dx.doi.org/10.1016/j.jfluchem.2005.09.003
http://dx.doi.org/10.3998/ark.5550190.0009.906

46.
47.

48.
49.

50.
51.
52.

53.
54.

55.
56.

S7.

58.

59.
60.

61.

62.

63.

64.

Cho, S.-A.; Kim, J.-H.; Lee, S.-N.; Heo, J.-U. US Pat. Appl. Publ. 2010, US 20100165223.
Pai, C.-H.; Chen, C.-Y.; Chen, T. S.; Su, J.-J. Jpn. Kokai, Tokkyo, Koho 2009, JP
2009084566.

Kim, H. M.; Yoo, J. J.; Yoon, Y. G. Jpn. Kokai, Tokkyo, Koho 2008, JP 2008202049.
Saito, Y.; Kotani, K.; Ogawa, S.; Onishi, H.; Takatsu, H. Jpn. Kokai, Tokkyo, Koho 2001, JP
20011113.

Nakamura, M.; Hatakeyama, T.; Fujiwara, Y.-1. PCT Int. Appl. 2010, WO 2010001640.
Poetsch, E.; Meyer, V. Ger. Offen. DE 4241747; Chem. Abstr. 1994, 121, 108191.

Poetsch, E.; Meyer, V.; Stahl, K.P. Ger. Offen. DE 3930663; Chem. Abstr. 1990, 115, 8258.
Klabunde, K. U.; Witzel, H. Ger. Offen. DE 4220082; Chem. Abstr. 1994, 120, 244319.
Martin, R.; Buchwald, S. L. J. Am. Chem. Soc. 2007, 129, 3844.
http://dx.doi.org/10.1021/ja070830d

PMid:17352483

Hiriyakkanavar, I.; Baron, O.; Wagner, A. J.; Knochel, P. Chem. Commun. 2006, 583.
Knochel, P.; Dohle, W.; Gommermann, N.; Kneisel, F. F.; Kopp, F.; Korn, T.; Sapountzis, I.;
Vu, V. A. Angew. Chem. Int. Ed. 2003, 42, 4302.

http://dx.doi.org/10.1002/anie.200300579

PMid:14502700

Piller, F. M.; Appukkuttan, P.; Gavryushin, A.; Helm, M.; Knochel, P. Angew. Chem. Int. Ed.
2008, 47, 6802.

http://dx.doi.org/10.1002/anie.200801968

PMid:18663703

Piller, F. M.; Metzger, A.; Schade, M. A.; Haag, B. A.; Gavryushin, A.; Knochel, P. Chem.
Eur. J. 2009, 15, 7192.

http://dx.doi.org/10.1002/chem.200900575

PMid:19544505

Barclay, J. E.; Leigh, G. J.; Houlton, A.; Silver, J. J. Chem. Soc., Dalton Trans. 1988, 2865.
Noskowska. M.; Sliwinska. E.; Duczmal, W. Trans. Met. Chem. 2003, 28, 756.
http://dx.doi.org/10.1023/A:1026064708867

Steffen, W. L.; Palenik, G. J. Inorg. Chem. 1976, 15, 2432.
http://dx.doi.org/10.1021/ic50164a025

Kramer, P. C. J.; van Leeuwen, P. W. N. M.; Reek, J. N. H. Acc. Chem. Res. 2001, 34, 895.
http://dx.doi.org/10.1021/ar000060+

Dekker, G. P. C. M.; Elsevier, C. J.; Vrieze, K.; van Leeuwen, P. W. N. M. J. Organomet.
Chem. 1992, 430, 357.

http://dx.doi.org/10.1016/0022-328X(92)83271-1

van Leeuwen, P. W. N. M.; Kamer, P. C. J.; Reek, J. N. H.; Dierkes, P. Chem. Rev. 2000,
100, 2741.

http://dx.doi.org/10.1021/cr9902704

PMid:11749304

Page 215 ®ARKAT-USA, Inc.


http://dx.doi.org/10.1021/ja070830d
http://dx.doi.org/10.1002/anie.200300579
http://dx.doi.org/10.1002/anie.200801968
http://dx.doi.org/10.1002/chem.200900575
http://dx.doi.org/10.1023/A:1026064708867
http://dx.doi.org/10.1021/ic50164a025
http://dx.doi.org/10.1021/ar000060+
http://dx.doi.org/10.1016/0022-328X(92)83271-I
http://dx.doi.org/10.1021/cr9902704

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

Krasovskiy, A.; Knochel, P. Angew. Chem. Int. Ed. 2004, 43, 3333.
http://dx.doi.org/10.1002/anie.200454084

PMid:15213967

Krasovskiy, A.; Krasovskaya, V.; Knochel, P. Angew. Chem. Int. Ed. 2006, 45, 2958.
http://dx.doi.org/10.1002/anie.200504024

PMid:16568481

Scott, W.; Stille, J. J. Am. Chem. Soc. 1986, 108, 3033.
http://dx.doi.org/10.1021/ja00271a037

Tobisu, M.; Xu, T.; Shimasaki, T.; Chatani, N. J. Am. Chem. Soc. 2011, 133, 19505.
http://dx.doi.org/10.1021/ja207759¢

PMid:22023167

Chang, Y.-H.; Liu, Z.-Y.; Liu, Y.H.; Peng, S.-M.; Chen, J.-T.; Liu, S.-T. Dalton Trans. 2011,
40, 489.

http://dx.doi.org/10.1039/c0dt00990c

PMid:21113540

Heyn, B.; Hipler, B.; Kreisel, G.; Schreer, H.; Walther, D. Anorganische Synthesechemie
Springer 1986, 55.

http://dx.doi.org/10.1007/978-3-642-96954-6

Perrin, D. D.; Armarego, W. L. F.; Perrin, D. R. Purification of Laboratory Chemicals,
Pergamon Press: New York, 1980.

Vechorkin, O.; Proust, V.; Hu, X. J. Am. Chem. Soc. 2009, 131, 9756.
http://dx.doi.org/10.1021/ja9027378

PMid:19552426

Czaplik, W. M.; Mayer, M.; Jacobi von Wangelin, A. Synlett 2009, 2931.

Signals marked with an asterik represent the minor isomer. Quarternary carbon atoms of the
minor isomer were not detectable.

Page 216 ®ARKAT-USA, Inc.


http://dx.doi.org/10.1002/anie.200454084
http://dx.doi.org/10.1002/anie.200504024
http://dx.doi.org/10.1021/ja00271a037
http://dx.doi.org/10.1021/ja207759e
http://dx.doi.org/10.1039/c0dt00990c
http://dx.doi.org/10.1007/978-3-642-96954-6
http://dx.doi.org/10.1021/ja9027378

