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Oxidative Homocoupling of Aryl, Alkenyl, and Alkynyl Grignard
Reagents with TEMPO and Dioxygen**
Modhu Sudan Maji, Thorben Pfeifer, and Armido Studer*

The treatment of various alkyl organometallic compounds
R—M (M =Li, Mg, Zn, Cu, Sm, Ti) with 2 equivalents of
2,2,6,6-tertramethylpiperidine-N-oxyl radical (TEMPO) has
been reported to lead to the corresponding alkoxyamines
TEMPO-R.!" In these processes, one equivalent of TEMPO
is required for oxidation of the organometallic species to the
corresponding C-centered radical, which is subsequently
trapped by the second equivalent of TEMPO to provide an
alkoxyamine (Scheme 1).! Alkyl catecholboranes have been
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Scheme 1. Reaction of TEMPO with organometallic compounds.

shown by Renaud and co-workers to react with TEMPO in a
similar way.”! To our knowledge, the reactivity of TEMPO
towards aryl, alkenyl, and alkynyl magnesium compounds has
not been investigated previously. As aryl, alkenyl, and alkynyl
radicals are destabilized, oxidation of the corresponding
magnesium compounds by TEMPO should not occur. We
therefore expected a different reaction outcome. Herein we
report a highly efficient homocoupling of organomagnesium
compounds with TEMPO. Such reactions are usually con-
ducted with transition-metal catalysts.l'l In pioneering studies,
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Knochel, Mayr, and co-workers showed recently that the
homocoupling of Grignard reagents proceeds efficiently in
the presence of a stoichiometric amount of the organic
oxidant 3,3’,5,5’—tetra—tert—butyl—4,4’—diphenoquinone.[5]

For initial studies, we chose the conversion of PhMgBr
into biphenyl (1a) with TEMPO (1.08 equiv) in THF
(Table 1). When the reaction was carried out at room

Table 1: Oxidative homocoupling of RMgBr with TEMPO (1.08 equiv) in
THF under different conditions.

Entry  Product R T[°C]  t[min]  Yield [%]
16 1a CeHs 20 10 78
20 la CeHs 20 20 91
36 la CeHs 20 40 92
4k 1a CeHs 66 5 98
501 1a CeHs 66 5 98
6 1b 4-CH,CeH, 66 20 86
7 1c 4-CH,;0-CH, 66 10 86
8 1d 4-(CH,),NC¢H, 66 15 87
9 le 4-FCeH, 66 15 77

10 1f 3-CH,CeH, 66 30 84

118 1g 3-CH;0-C¢H, 66 10 87

12 1h 2-CH,CeH, 66 30 81

13 1i 2-CH,0CH, 66 20 79

14 1j B-naphthyl 66 10 96

150 1k CgHsCH=CH 66 25 501

16t 11 n-CgH,;CH=CH 66 25 641

17 Tm C¢HsC=C 20 4320 55

18 Tm CgHsC=C 66 240 90

19 1n 4-CH,0C(H,C=C 66 360 86

20 1o 4-CF,CH,C=C 66 300 94

21 1p n-CgH,;C=C 66 300 94

22 1q CeHy C=C 66 300 76

23 1r TMS-C=C 66 300 65

24 1s 1-c-hexenyl-C=C 66 300 72

[a] The aryl magnesium bromide was used as received from Acros after
titration. [b] The reaction was conducted with CsHsMgCl (Acros). [c] The
Grignard reagent trans-R’CH=CHMgX was prepared by the transmeta-
lation of trans-R'CH=CHI with iPrMgCl; see Ref.[7]. [d] E,E/E,Z/Z,Z>
99:1:0.

temperature for 10 min, 1a was obtained in 78% yield
(Table 1, entry 1). The yield was improved by extending the
reaction time to 40 min (92 %; Table 1, entries 2 and 3). An
even better result was observed when the reaction was carried
out at reflux in THF (98 %; Table 1, entry 4). Compound 1a
was also obtained in 98% yield from PhMgCl. Thus, the
halide ion of the Grignard reagent does not appear to
influence the reaction (Table 1, entry5). All subsequent
experiments were conducted in THF at reflux with organo-
magnesium bromides. To study the scope and limitations of
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the homocoupling, various organomagnesium compounds
were treated under the optimized conditions with TEMPO.
Commercially available Grignard reagents were used as
received after titration. All other Grignard reagents were
freshly prepared from the corresponding bromides with
magnesium turnings and a catalytic amount of I, and titrated
before use.

Aryl Grignard reagents with electron-rich and electron-
poor substituents in the para position reacted to give the
corresponding biphenyls 1b—e in high yield (77-87 %; Table 1,
entries 6-9). Similar results were obtained with meta-substi-
tuted aryl Grignard compounds (Table 1, entries 10 and 11),
and ortho-substituted congeners were transformed into the
corresponding biphenyls 1h and 1i in good yield (Table 1,
entries 12 and 13). The best result was observed for the
oxidative coupling of f-naphthylmagnesium bromide (96 %;
Table 1, entry 14). Moreover, we found that the oxidative
homocoupling of vinyl Grignard reagents to provide dienes is
possible with TEMPO: p-Styrylmagnesium chloride and
CsH;CH=CHMgCl were transformed into the dienes 1k
and 11, respectively (Table 1, entries 15 and 16). Alkynyl
magnesium compounds also underwent TEMPO-mediated
coupling:;® however, longer reaction times (4-6h) were
necessary. At room temperature, the homocoupling of
C,H;C=CMgBr was very slow (Table 1, entry 17); at reflux
in THF, however, CCH;C=CMgBr and other aryl alkynyl
organomagnesium compounds underwent highly efficient
homocoupling to give the corresponding products 1m-o in
86-94 % vyield (Table 1, entries 18-20). The diynes 1p and 1q
were formed in good yield from the corresponding alkyl
alkynyl Grignard reagents (Table 1, entries 21 and 22), and
trimethylsilylethynyl magnesium bromide was transformed
into 1r in 65 % yield (Table 1, entry 23). Enynes also under-
went homocoupling under these conditions (Table 1,
entry 24).

Importantly, we found that TEMPO-MgBr (2), which was
formed as a by-product, was reoxidized readily to TEMPO
with dioxygen in refluxing THF within 10 min, as indicated by
TLC [Eq. (1)]. Following this observation, we investigated
the TEMPO-catalyzed aerobic oxidation of aryl Grignard
reagents.[®!

OMgBr (e}

O 1
N 2 N + BrMgO-OMgBr ™
THF, reflux
10 min
2

When O, was bubbled through a solution of PhMgBr at
room temperature in the absence of TEMPO, biphenyl (1a)
was obtained in 5% yield. The same experiment at reflux in
THF gave 1a in 12 % yield. We repeated this experiment in
the presence of TEMPO (20 mol%): Biphenyl (1a) was
isolated in 61% yield along with phenol (24 %). Thus, the
reoxidation of TEMPO-MgBr with O, is too slow to
completely suppress the reaction of PhMgBr with O,. We
therefore developed a procedure for the in situ recycling of
TEMPO. To this end, PhMgBr (14 mol %) was treated with
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TEMPO (14 mol % ) for 10 min in THF at reflux. The reaction
mixture was then purged with dioxygen for another 10 min.
The renewed addition of PhMgBr (14 mol %, 10 min reaction
time) was followed by purging with O, (10 min).”’ The
reaction sequence (addition of PhMgBr and treatment with
0,), which takes about 20 min, was then repeated a further six
times.'”! With in situ recycling by this procedure, 1a was
obtained in 81% yield along with phenol in 8% yield
(Table 2, entry 1). At room temperature under similar con-
ditions (with 15 mol% TEMPO), biphenyl was formed in
74% yield (Table 2, entry 2). A decrease in the amount of
TEMPO used to 10 mol% led to the formation of 1a in
slightly lower yield (Table 2, entry 3).

Table 2: Homocoupling of RMgBr with catalytic amounts of TEMPO.

Entry Product R TEMPO [mol%] t[min] Yield [%]
1 1a CeHs 14 10 81
24 1a CeHs 15 25 74
3 1a CeHs 10 10 76
4 1b 4-CH,CH, 14 15 80
5 1c 4-CH;0CH, 14 10 81
6 1d 4-(CH;),NC¢H, 15 15 84
7 le 4-FC,H, 15 10 61
8 1f 3-CH,CH, 15 15 63
9 1g 3-CH,0CH, 15 10 57

10 1h 2-CH,CeH, 15 25 44

i 2-CH;0C,H, 14 25 70

12 1j B-Naphthyl 15 10 81

130 1k C4HsCH=CH 18 25 641

[a] The reaction was conducted at room temperature. [b] The Grignard
reagent was prepared from trans-C¢H;CH=CHBr with Mg turnings.
[c] The product was obtained as a mixture of isomers: E,E/E,Z/Z,Z
18:4:1.

We tested the aerobic TEMPO-mediated homocoupling
under the optimized conditions with other substrates. For less
reactive Grignard reagents, we increased the reaction time
(up to 25 min; see Table 2). The para-substituted biphenyl
derivatives 1b—e were isolated in moderate to good yield (61—
84%) when a catalytic amount of TEMPO was used (14 or
15 mol %). Thus, the yields were slightly lower than for the
equivalent reactions in the presence of a stoichiometric
amount of TEMPO (see Table1), but still good. Aryl
Grignard compounds with meta and ortho substituents
underwent homocoupling in the presence of substoichiomet-
ric amounts of TEMPO in 44-70 % yield (Table 2, entries 8-
11). A very good result was observed with f-naphthylmagne-
sium bromide (Table2, entry 12), and dienes were also
accessible by this method (Table 2, entry 13).

Since the oxidation of alkynyl magnesium bromide
derivatives with TEMPO was slow, we did not believe that
the procedure for the in situ regeneration of TEMPO would
be efficient with these systems. To our surprise, we found that
alkynyl magnesium bromide derivatives could transformed
into the corresponding diynes with dioxygen without the
addition of TEMPO. Thus, when O, was bubbled through a
solution of C¢H;C=CMgBr in THF at reflux for 2 h, the diyne
1m was obtained in 60 % yield (Table 3, entry 2). The same
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Table 3: Oxidative homocoupling of RCSCMgBr with dioxygen.
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Table 4: Trace analysis (all data in ppm = pgg™).

Entry Product R T[°C t [h] Yield [%]
1 Tm CeHsC=C 20 2 10

2 Tm CgHC=C 66 2 60

36 m CHsC=C 66 2 -

4 Tn 4.CH,OCH,C=C 66 2 62

5 1o 4-CF,CH,C=C 66 2 52

6 1p n-CeHysC=C 66 4 46

7 1q CeHy C=C 66 4 4

[a] The reaction was conducted in the absence of O,.

experiment at room temperature provided 1m in only 10%
yield (Table 3, entry 1). In the absence of O, under otherwise
identical conditions, 1m was not identified in the reaction
mixture (Table 3, entry3). To our knowledge, the high-
yielding homocoupling of Grignard compounds with dioxy-
gen in the absence of a transition-metal catalyst is unprece-
dented.™ Aryl alkynyl magnesium compounds with para
substituents also underwent homocoupling under aerobic
conditions in satisfactory yield (Table 3, entries4 and 5).
Lower yields were observed for the oxidative homocoupling
of alkyl alkynyl organomagnesium derivatives (Table 3,
entries 6 and 7).

The mechanism of the TEMPO-mediated oxidation of
organomagnesium compounds is not yet known. Since the
treatment of the Grignard reagent 3 with TEMPO afforded
exclusively the homocoupling product 4 (76 % ), without any
trace of products derived from a 5-exo radical cyclization, we
exclude free aryl radicals as intermediates at present

[Eq. (2)]-

OAllyl
MgBr
TEMPO
O O O 2)
THF, reflux A"y|o
3 4 (76%)

As the mechanism was not clear, and aryl Grignard
reagents are known to undergo homocoupling in the presence
of Mn and Fe catalysts under oxidative conditions® we
decided to measure the concentrations of transition metals in
our reaction mixtures (Table4; see also the Supporting
Information). We analyzed for the presence of Fe and Mn,
but also for traces of Pd and Cu, as these transition metals are
also known to mediate the homocoupling of Grignard
reagents. The measurements were performed on reaction
mixtures for an aryl coupling and an alkynyl coupling.

Palladium was detected in the reaction mixtures, but could
not be quantified (< 0.01 ppm). In the reaction mixture for
the aryl homocoupling, we found Mn and Fe, each at a
concentration of around 8 ppm, and Cu (1 ppm). Slightly
larger amounts of these transition metals were detected in the
crude reaction mixture for the alkynyl homocoupling (Mn:
22 ppm, Fe: 11 ppm, Cu: 2 ppm). The alkynyl Grignard
reagent was prepared by using commercially available
iPrMgCl, in which we identified a significant amount of Mn
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Metal  Table1 Table 3 TEMPO iPrMgCl
entry 10 entry 2

»Mn 7.78+0.28  21.540.1 0.28+0.03  12.6+0.03

*Fe 8354039 11.24+16 26.6+2.7 1.814+1.22

8Cu 1.1940.49 2.1241.03 <LOQH 1.14+0.61

1%pd <LOoQH <LOQH <LOQH <LOQH

[a] LOQ =limit of quantification.

(13 ppm). Another source of transition metals, particularly of
Fe (27 ppm), is TEMPO. We also analyzed the solvent used
(THF). However, all metals tested for were below the limit of
quantification. In the reported oxidative iron- and manga-
nese-catalyzed homocoupling reactions, 5 mol % of the metal
had to be used.® Copper-mediated homocoupling reactions
of aryl Grignard reagents are generally conducted with a
stoichiometric amount of a copper salt,' and copper-
catalyzed acetylide homocoupling reactions require around
5 mol % of the copper catalyst.'*l Therefore, we believe that it
is unlikely that the trace amounts of transition metals present
are able to catalyze these coupling reactions efficiently. As
also suggested by Knochel, Mayr, and co-workers, we
currently assume that these coupling reactions proceed
without the aid of a transition metal.

In conclusion, we have described “transition-metal-free”
homocoupling reactions of various organomagnesium com-
pounds in the presence of commercially available TEMPO as
an organic oxidant. The reactions could be conducted with
15mol% of TEMPO by using dioxygen as the terminal
oxidant. Moreover, we found that alkynyl magnesium com-
pounds underwent homocoupling to provide the correspond-
ing diynes upon treatment with dioxygen at higher temper-
atures in the absence of a catalyst.
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