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X = Cl, Br, I, OTf, OTs, OMs 

M = named reaction 

B(OR)2 Suzuki-Miyaura 
SnR3 Stille-Kelly 
SiR3 Hiyama 

ZnCl/Br Negishi 
MgCl/Br Corriu-Kumada 

  

[2,3]

[4,5] [6–8]

[14]

[15]

[16–23]

Scheme 1 Generally accepted mechanism of Pd-catalyzed cross coupling and the respective named cross-coupling 
reactions. 
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[24]

[25,26]

[27] [28]

 

Scheme 2 Murahashi’s findings in 1975.  

[29,30]

[31,32]

[33]

[34]

[35]
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entry Ar-X Yield (%) 

1 Ph-I >99 
2 Ph-Br 63 
3 Ph-Br 98a 
4 Ph-Cl 3 
5 p-ClC6H4-Br >99b 
6 2-bromothiophene 86 
7 2-bromopyridine 83 

Scheme 3  Examples from Suzuki’s and Miyaura’s 1979 publication.[35] a reaction time is 4 h. b reaction time is 3 h. 

[36]
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Table 1 Cross-coupling of sec-BuMgCl with bromobenzene using Pd-catalysts with different bite angles. 

 

entry catalyst time (h) bite angle Θ (°) sec-BuPh (%) n-BuPh (%) 

1 PdCl2(dppf) 1 99.1 95 0 
2 PdCl2(dppb) 8 94.5 51 25 
3 PdCl2(dppp) 24 90.6 43 19 
4 PdCl2(dppe) 48 85.8 0 0 
5 Pd(PPh3)4 24 - 4 6 

[37,38]

[39]

[40,41]

[42,43]

[44,45]
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Figure 1 commonly employed ligands for Pd-catalysts used in cross-coupling and N-heterocyclic precatalysts Pd-PEPPSI 
IPent and Pd-PEPPSI SIPr 

[46] [47]

[47]
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[48]

[49]

 

Scheme 4 a) styrene (44.0 mmol), chlorobenzene (44.0 mmol), sodium formate (70 mmol), Pd/C (0.7 mol %), PEG-400 (8.5 
mol %), Na2CO3 (125 mmol), H2O (50 mL), 100 °C, 5.5 h; conversion 80 % (60 % stilbene, <5 % hydrogenated stilbene, 25 % 
biphenyl); b) styrene (10 mmol), chlorobenzene (7.5 mL, 74 mmol), Pd/MgO (0.002 mg Pd), Na2CO3 (3.3 mmol), 150 °C, 5 h; 
TON 1620.  

[50]

[51]
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[52–54]

[55] [56–58] [59]

 

Scheme 5 Top: Miyaura reaction for the synthesis of arylboronic acids from aryl bromides and iodides. Bottom: 
hydrostannylation of a terminal alkyne with Bu3SnH.[60] 

 

Scheme 6 General approach for the in-situ preparation of aryl magnesium and zinc halides. 
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[61,62]

[63]

[72]

 

Scheme 7 a DoL vs. DreL in a schematic diaryl system. b Mechanism of ortho lithiation of methoxy methoxy benzene with 
n-BuLi in tetrahydrofuran.  

[73–75]
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Figure 2 Common directing metalation groups adapted from Paul Krawczuk’s “Directed Metalation: A Survival Guide”.[76] 

[77]

[78]
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[78–80]

 

 

Scheme 8 catalytic cycle for catalytic oxidative coupling a through C-H activation and b use of organometallic reagents. 

[77]

[81]
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Table 2 Commonly employed oxidants for oxidative coupling reactions. 

Metal based oxidants Metal free oxidants 

[Cu(OAc)2]2 Radical precursor [82] 
Ag(OAc) Benzoquinone / O2 

[83] 
Cu/Ag mixture Molecular oxygen (O2) [82,84] 

Cs(OAc) + internal oxidant (N2O) Laughing gas [85] 
 Desyl chloride 
 Dibromo ethane 
 This work: dichloro-ethane 

 

[77,87–89]

[90]

[91,92]

 

Table 3 Coupling of p-tol-MgCl with dichloro-ethane at room temperature.  

 

Entry Catalyst Yield (%) 

1 MnCl2 96 
2 NiCl2 85 
3 CuCl2 60 
4 MgCl2 30 
5 FeCl3 95 
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[93]

[94–96] [94]

[97]

[98]

 

 

Scheme 9 a Catalytic cycle for the oxidative homocoupling of an aryllithium where R and R’ are directing groups and 1,2-
dichloro-ethane acts as oxidant for the regeneration of catalytically active Pd(II). b Catalytic cycle for cross-coupling 
reactions of in-situ generated aryllithium where R’ is a directing group with an aryl bromide. 
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[99]

[99]

[101,102] [103]

 
 

 
Scheme 10 Retrosynthetic analysis of Arnottin I and structure of Gilvocarcin V. 

 

                                                           
a In chemical literature often incorrectly named Xanthoxylum arnottianum. 
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[104]

[105] [106]

[107]

 

 

Scheme 11 Synthesis of starting material 4. a) NBS (2.1 equiv.), TMSCl (0.1 equiv.), MeCN, rt, 16 h, 99 %; b) n-BuLi (1.1 
equiv.), furan (8 equiv.), toluene/THF (1:7), -78 °C, 30 min then r.t. 2 h, 70 %; c) TsOH (0.2 equiv.), methylene chloride, r.t., 2 
h, 66 %; d) NaH (2.2 equiv.), MOMCl (1.8 equiv.), THF, rt, 16 h, 68 %. 
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Table 4 Distribution of the product mixture (given in [%]) found upon quenching lithiated 4 in ethereal solvents (mixtures) 
with methyl iodide. The structure of 11a is assumed, as coupling of 4 with 6 gave the desired product 7 as determined by 
NMR studies. The exact structure of 11b was not determined by NMR. Values are taken directly from the area under the 
corresponding peak in the GC-MS chromatogram. No correction factor was taken into account. 

 
 

entry Solvent starting material  (1a)  (11b) (11c) 
non-identified 

by-product 

A THF 64 15 5 4 12 
B toluene/THF (95:5) 47 21 9 7 16 
C toluene/THF (90:10) 67 4 1 4 24 
D toluene/THF (75:25) 34 4 1 6 55 
E MTBE 9 76 2 12 <1 
F Et2O 15 78 3 12 <1 
G n-Bu2O 36 47 4 13 <1 

 

 

 

Scheme 12 Cross-coupling of in-situ lithiated 4 with 6 to arrive at 7, and proposed subsequent lithiation and carboxylation 
to arrive at 8. 

[51]
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Figure 3 1D-NOESY spectrum stacked on top of a 1H-NMR spectrum of 7 with a zoomed view of the between 7.7 – 6.9 ppm. 
Upon irradiation of proton d (s, 4.77 ppm), protons a (s, 7.57 ppm), z (d, 7.21 ppm, J=2.0 Hz), y (dd, 7.15 ppm, J=8.2 Hz, 2.0 
Hz), and e (s, 3.31 ppm) give a signal in the NOESY-spectrum. 

 

Table 5 Findings for the lithiation of 7 and subsequent quench with methyl iodide. Conversion correlates to the area under 
the peak in the GC-MS chromatogram. No correction factor was taken into account. aLithiation was performed in-situ, thus 
a proper conversion cannot be given. bThe product was isolated, and the structure was determined by NMR.  
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entry solvent [min] [°C] lithium base Conversion [%] 

A 
toluene/MTBE 

(2:1) a 
60 -78 to r.t. t-BuLi - 

C 
toluene/MTBE 

(10/1) 
60 -78 to r.t. n-BuLi 6 

D 
toluene/MTBE/THF 

(10:1:5) 
60 -78 to r.t. n-BuLi 12 

E toluene 30 0 n-BuLi 25 b 
 
 
  

 
Figure 4 Stacked 1H-NMR spectra of 13b on top of 7. Signal a (7.57 ppm) is missing from the top spectrum, indicating Ha has 
been substituted by a methyl group.  

 

[108]
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Scheme 13 Proposed workaround strategies for the synthesis of Arnottin I.  

 

 

Figure 5. Deuterium NMR of 15 in CHCl3 stacked on top of a proton NMR spectrum in CDCl3. 

 

[109,110]
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Scheme 14 decomposition of 17 through (i) oxidative addition (ii) transmetalation (iii) beta-hydride elimination and (iv) 
reductive elimination to the corresponding benzaldehyde.  

 

 

[97]

[111]
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Scheme 15 General approach for the palladium-catalyzed homo-coupling of in-situ generated aryllithium compounds. 

Table 6 Optimization table for the catalytic, oxidative coupling of methyl methoxy naphthol. All reactions are carried out on 
1 mmol scale. Values for the conversion are calculated from the area under the peak in the GC-MS chromatogram. No 
correction factor was taken into account. 

Entry 
Pd- 

PEPPSI 
cat-loading 

(mol%) 
addition time 

(min) 
T 

(°C) 
conversion 

(%) 

A IPent 10 60 rt 93 

B IPent 5 30 40 96 

C IPent 2.5 45 40 88 

D IPent 1 30 40 80 

E IPent 1 5 40 92 

F IPent 1 direct 40 90 

G IPent 1 direct rt 95 

H SIPr 10 60 rt 73 

I SIPr 5 30 40 84 

J SIPr 1 direct r.t. 88 
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Figure 6 Products obtained with optimized conditions for oxidative homo-coupling reactions with Pd-PEPPSI IPent. Yield in 
parentheses for when Pd-PEPPSI SIPr was used. a Commercially available thionyl lithium solution (1M in hexanes/THF) was 
used. b Due to time limitations and troublesome workup, a yield cannot be given (GC-MS conversion 96%). 
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Figure 7 GC-MS of entry H in Table 7 showing the distribution of 27 : 28 : 20 with peaks indicated with the corresponding 
molecular structure. 

Table 7 Distribution of MOM-phenol (27) to styrene 28 to MOM-phenol dimer 20 found at a given temperature in %. Values 
are calculated from the area under the peak in the GC-MS chromatogram. No correction factor was taken into account. 

entry bath temp. (°C) 
IPent 

27 : 28 : 20 
SIPr 

27 : 28 : 20 

A -80 97 : <1 : 1 97 : <1 : <1 

B -70 95 : <1 : 2 97 : <1 : <1 

C -55 97 : <1 : 2 97 : <1 : <1 

D -40 98 : <1 : 1 97 : <1 : <1 

F -30 92 : 3 : 3 97 : <1 : <1 

G -20 76 : 13 : 8 91 : 3 : 1 

H 0 10 : 16 : 73 23 : 32 : 39 

I r.t. 10 : 15 : 73 23 : 32 : 38 
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Scheme 16 Proposed mechanisms for the formation of 28 by a) a palladium-independent mechanism and b) a palladium-
dependent mechanism.  
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Scheme 17 Desired dimerization of 1,3-dimethoxy benzene to form the sterically congested dimer 30.  

                                                           
b To a freshly prepared reaction mixture of lithium 1,3-dimethoxy benz-2-ide, Pd-PEPPSI IPent and dichloro 
ethane in toluene were added. Then phenyl lithium was added. In the product mixture no biphenyl was found, 
which otherwise would couple easily. This is an indication for deactivation of the catalyst. 



 

 26 

Table 8 Optimization table for the catalytic, oxidative homo-coupling of lithium 1,3-dimethoxy benz-2-ide employing 
reversed addition strategy. Values are calculated from the area under the peak in the GC-MS chromatogram. No correction 
factor was taken into account.  

entry 
cat-loading 

(mol%) 
addition time 

(min) 
temp. 

(°C) 
conversion 

(%) 

A 5 5 50 64 

B 5 10 50 60 

C 5 15 50 42 

D 5 20 50 45 

E 5 30 50 34 

F 5 5 50 52 

G 5 5 60 66 

H 2.5 5 60 26 

I 1 5 60 10 

J 5 5 70 61 

 

 

Scheme 18 Dimerization of substrates 29-32. i) THF, Li-base, -78 °C, 30 min. ii) THF, Li-base, r.t., 20 min. iii) Pd-PEPPSI IPent 
(0.01 equiv.), dce (1.5 equiv.), toluene, -78 °C to r.t., 60 min. iv) Pd-PEPPSI IPent (0.01 equiv.), dce (1.5 equiv.), toluene, r.t., 
15 min. v) Pd-PEPPSI IPent (0.01 equiv.), dce (1.5 equiv.), toluene, 40 °C, 15 min.  
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Table 9 Preliminary results for the coupling of substrates 29-32. Conversion values are calculated from the area under the 
peak in the GC-MS chromatogram. No correction factor was taken into account. a Side products account for less than 5 % in 
the GC-MS chromatogram.  

entry Ar 
Li-base 
(equiv.) 

deprotonation 
conditions 

dimerization 
conditions 

conversion to  
dimer [%] 

A 29 n-BuLi(1.1) r.t., 20 min r.t., 15 min 16 

B 29 t-BuLi(1.1) -78 °C, 30 min -78 °C to r.t, 1 h <1 

C 30 n-BuLi(1.1) -78 °C, 30 min -78 °C to r.t, 1 h 8a 

D 30 n-BuLi(1.1) r.t., 20 min r.t., 15 min 66a 

E 30 n-BuLi(1.1) r.t., 20 min 40 °C, 15 min 50a 

F 30 n-BuLi(1.1) -78 °C, 30 min r.t., 15 min 26a 

G 31 n-BuLi(1.1) -78 °C, 30 min -78 °C to r.t, 1 h 8 

H 32 t-BuLi (2.2) -78 °C, 30 min -78 °C to r.t, 1 h 35 
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mp 64.9 °C 
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Figure 8 1H-NMR spectrum of 2 
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Figure 9 1H-NMR spectrum of 3 
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Figure 10 1H-NMR spectrum of 4 
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Figure 11 13C-NMR spectrum of 4 
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Figure 12 1H-NMR spectrum of 7 
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Figure 13 13C-NMR spectrum of 7 

7 



 

 

  

Figure 14 1H-NMR spectrum of 13b 

13b 



 

 

 

Figure 15 1H-NMR spectrum of 14 
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Figure 16 1H-NMR spectrum of 15 
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Figure 17 13C-NMR spectrum of 15 
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Figure 18 1H-NMR spectrum of 17H 
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Figure 19 1H-NMR spectrum of methyl methoxy phenol 

 



 

 

 

Figure 20 1H-NMR spectrum of methyl methoxy naphthol 
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Figure 21 1H-NMR spectrum of 22 
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Figure 22 1H-NMR spectrum of 20 
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Figure 23 1H-NMR spectrum of 21 

21 



 

 

 

Figure 24 13C-NMR spectrum of 21 
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Figure 25 1H-NMR spectrum of 23 
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Figure 26 1H-NMR spectrum of 23 
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Figure 27 1H-NMR spectrum of 26 
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Figure 28 13C-NMR spectrum of 26
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Figure 29 GC-MS chromatogram of a mixture of 4, 11a, 11b, and 11c from lithiation of 4 in MTBE with subsequent MeI-
quench. 



 

 

 

 

 

 

Figure 30 GC-MS chromatogram of the temperature study of the dimerization of 27 taken at 0 °C with Pd-PEPPSI SIPr as 
catalyst. 
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Figure 31 GC-MS chromatogram of the product solution of the dimerization of 23 to 24 
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Figure 32 GC-MS Chromatogram of the product solution of the dimerization of 29 

 



 

 

 

  

 

 

 

Figure 33 GC-MS Chromatogram of the product solution of the dimerization of 30 

  



 

 

 

 

 

Figure 34 GC-MS chromatogram of the product solution of the dimerization of 31 

  



 

 

 

 

 

 

Figure 35 GC-MS Chromatogram of the product solution of the dimerization of 32 

 


