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Arenediazonium salts generated in situ from anilines have been found for
the first time to efficiently oxidize [AuCl(L)] (L = SMe,, PPhz) complexes in
DMSO as a solvent, under thermal conditions. The structure of the
[AuArCl,(L)] complexes formed has been confirmed by X-ray diffraction
analyses. These complexes have been used as intermediates, in a one pot
cross-coupling reaction of anilines with silver acetylides.

In recent years the development of new processes involving the
oxidative addition of Au(i) has attracted significant interest. Due to
the high redox potential of the Au(1)/Au(m) couple (E, = +1.41 V),'
the oxidation of Au(1) in most cases has been achieved by adding
external oxidants such as fluorinating or hypervalent iodine
reagents.” In this regard many efforts have been made in order
to understand and circumvent the high energy associated with this
process.” The group of Toste successfully achieved the oxidative
addition of allylbromide to a bimetallic Au() complex, via the
formation of a Au(m)-Au() species. Fernindez and Bickelhaupt
studied theoretically the factors governing the oxidative addition of
aryl halides to Au(1),’ and in line with their conclusions, Amgoune
and Bourissou described the first direct experimental evidence of
the oxidative addition of a Cs,—X bond to a single gold center, by
using haloarenes with pendant phosphines, and diphosphino-
carborane Au(i) complexes.® Later on, independently Toste,
Amgoune and Bourissou found that it is possible to perform the
oxidative addition of a strained C-C bond to cationic Au(i) complexes
bearing NHCs or diphosphino—carborane ligands.” More recently,
Ribas and coworkers have provided the first examples of external
oxidant-free Au(i) catalysed carbon-heteroatom cross-coupling
reactions, employing aryl halide macrocycles or aryl halides
with a nitrogen chelating site.®

As an alternative to the aforementioned methods, we got
interested in studying the use of arenediazonium salts to
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perform the oxidative addition of Au(i) to Au(m).’ To date some
radical transformations involving diazonium salts and Au(i)
complexes have been described in the bibliography. In these
processes the gold complexes act in combination with a photo-
sensitizer in a dual catalytic fashion.'® On the other hand Chen
and Shi reported gold catalyzed Cgp,—Cgp2 and Cgpe—Cgpe cross
coupling reactions using arenediazonium salts, which take
place via initial gold(i) acetylide formation, and subsequent
oxidative addition of the arenediazonium salt assisted by a bpy
ligand."" By contrast, herein we report that [AuCI(L)] (L = SMe,,
PPh;) complexes undergo the direct oxidative addition of
arenediazonium salts, generated in situ from anilines, in DMSO
as a solvent. In constrast to our results, the group of Hashmi
has very recently reported that [AuCl(L)] complexes can also
undergo the direct oxidative addition of arenediazonium salts
under irradiation with a blue light LED."?

We began our study analyzing the reaction of 4-benzoyl-
benzenediazonium chloride (1) with [AuCl(SMe,)] in DMSO as a
model system, with the aim of stabilizing the desired arylAu(u)
complex by electronic and steric factors. 4-Benzoyl-benzenedi-
azonium chloride was synthesized in situ from 4-aminobenzo-
phenone in THF," after removal of the solvent and addition of
[AuCl(SMe,)] in DMSO-ds, the reaction was monitored by
'"H NMR spectroscopy at r.t. It could be observed that after
4.5 h of reaction, along with the set of signals corresponding
to 4-benzoyl-benzenediazonium chloride [8.92 (d, 2H), 8.21
(d, 2H), and 7.94-7.39 (m, 5H) ppm], two new signals appeared
at a higher field [7.40 (d), and 7.26 (d) ppm], in a ratio 1:0.60.
Upon increasing the temperature to 50 °C, the reaction became
faster and 4-benzoyl-benzenediazonium chloride was totally
consumed within 3 h (Scheme 1). The chemical shift of the new
signals was congruent with additional electronic density coming
from the coordination to a gold atom, nonetheless attempts to
isolate the new compound were unsuccessful. Emulating the work
of Parkin'* we tried to stabilize and facilitate the isolation of 3a by
adding one equivalent of PPh;. After the addition of the phosphine,
a single signal at 32.7 ppm was detected by *'P NMR, pointing
a phosphorous-gold coordination and the formation of 3b.
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Scheme 1 Oxidative addition of [AuCl(SMe,)] and [AuCl(PPhs)] with
ArNLCl (Ar = 4-PnCOCgHs, 4-NO,CgHs).

Contrary to the reports where it is shown that phosphines
decompose diazonium salts via single electron transfer,'®> 3b
could also be directly obtained from the reaction of 4-benzoyl-
benzenediazonium chloride with [AuCl(PPh;)]. In this case the
reaction time was reduced to 2 h, which is in accord with a more
electron-rich Au(i) precursor. Fortunately, single crystals of 3b could
be obtained by slow diffusion of Et,O into a solution of 3b in DCM
(37% yield), and its molecular structure was confirmed by X-ray
diffraction analysis. Employing a similar strategy, we also succeeded
in isolating (41% yield) and characterizing complex 4 obtained
by the reaction of 4-nitro-benzenediazonium chloride (2) with
[AuCl(PPh;)]. Again, single crystals of 4 could be obtained by
slow diffusion of Et,O into a solution of 4 in DCM, and its
structure was confirmed by X-ray diffraction analysis.

Both compounds are stable in air, but with time tend to
decompose to [AuCl(PPh;)] by reductive elimination. This was
confirmed by the appearance of a second signal in the *'P NMR
spectrum at 33.7 ppm and by mass spectrometry. The solid-
state molecular structures of 3b and 4 are depicted in Fig. 1.
The geometry around the gold center is essentially square-planar in
both complexes, and the distance Au-Cl1 is longer than Au-CI2 due
to the higher trans influence of the aryl groups in both complexes:
[Cl1-Au-C5 176.5(2) and Cl2-Au-P 175.73(8)° for 3b, Cl1-Au-C1
176.4(5) and Cl2-Au-P 177.59(5)° for 3], and [Au-Cl1 2.369(2) A
compared to Au-CI2 2.323(2) A for 3b, Au-Cl1 2.365(1) A compared
to Au-ClI2 2.327(2) A for 4].

Once it was confirmed that it is possible to obtain arylAu(ur)
complexes by oxidative addition of [AuCl(SMe,)] and [AuCl(PPh;)]
with arenediazonium salts, we turned our attention to study the
possibility of performing a one-pot coupling reaction with nucleo-
philes. At first instance we examined the coupling between
4-aminobenzophenone and silver phenylacetylide,'® hoping

Fig.1 ORTEP diagrams of 3b (left) and 4 (right). Hydrogen atoms are
omitted for clarity.
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Table1l Optimization of the coupling reaction of 4-aminobenzophenone

with silver phenylacetylide
‘\\ 5

NH,
O HCl E12
o THF 15 °c 0°C
20 min

NoCl

<

1) [AuCI(L)] (1 equiv.)

2) Ag—Ph
DMSO, rt, 1h

Aniline® Oxid. addition =~ Ag=Ph  Yield
(equiv.) [Au'] conditions (equiv.) (%)
11 [Au(SMe,)CI]  DMSO, 4 h 1 58
2 1 [Au(PPh;)CI]  DMSO, 2 h 1 56
3001 [Au(SMe,)CI]  DMSO, 4 h 1.5 75
4 1 [Au(SMe,)CI]  DMSO, 4 h 2 79
5 2 [Au(SMe,)CI]  DMSO, 4 h 1.5 59
6 1 [Au(SMe,)CI]  THF, 5 h 1 26
7 1 [Au(SMe,)CI]  CH,CN, 4 h 1.5 66

“ Aniline : tBUONO: HCI (1:1.2:2), [Au'] = 0.034 mmol ml .
that the high affinity of silver for halogens would facilitate
the transmetallation process.'” Satisfactorily, when 1 equiv. of
silver phenylacetylide was added at r.t. to the complex obtained
by the oxidative addition of [AuCl(SMe,)] with 1, the expected
coupling product 5 was formed in 58% yield (Table 1, entry 1).
Upon employing [AuCI(PPh;)] as a Au() source, 5 was obtained
in a similar yield (56%, entry 2), hence to study the coupling
reaction we preferred [AuCl(SMe,)] over [AuCIl(PPh;)], since the
former is a precursor of the latter. Increasing the amount of
silver phenylacetylide up to 1.5 equiv. increased the yield to
75%. Comparatively, when 2 equiv. of silver phenylacetylide
was added the yield did not increase significantly (entries 3
and 4). We also examined the feasibility of the coupling
reaction in THF and CH;CN instead of in DMSO. In the first
case the yield decreased to 26% while in the second it was 66%
(entries 5 and 6). Lastly, and in order to corroborate that the
real intermediate of the coupling reaction is an arylAu(m)
complex, we took isolated complex 3b (1 equiv.) and subjected
it to the reaction with silver phenylacetylide (1.5 equiv.). As
expected, after stirring in DMSO for 1.5 h at rt, 5 was formed in
75% yield, thus confirming that the coupling is done via an
arylAu(m) complex."®

Concerning the mechanism'® of the coupling reaction, as far
as we know, the reductive elimination step in Au(u) complexes
to form a Cy,~Cyp2 bond has not been studied before. None-
theless, there are reports dealing with reductive elimination
from Au(ur) complexes to form Cgps~Cgps and Cgpa—Cgp2 bonds. In
these studies it has been established that reductive elimination
to form C,3-Csps bonds is slow and takes place directly from a
tetrasubstituted Au(m) species, whereas reductive elimination
to form Cp,2~Cgp2 bonds is very fast and takes place from a three
coordinated Au(m) species.”® In order to gain more insights into
the reductive elimination step, we examined the effect of
adding an excess of phosphine. Thus, we observed that the
addition of 6 and 10 equiv. of PPh; reduces the yield of 5 to 45%
and 20% respectively (Scheme 2). On the other hand, upon
employing [AuCl(IPr)] as the Au(i) source, the formation of 5
was not observed. Instead, upon analysing the crude mixture by
mass spectrometry (DART, [M + H]*) two peaks were identified,
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Scheme 2 Examination of the coupling step in the presence of an excess
of phosphine and an IPr ligand.

one corresponding to benzophenone (m/z = 183) and the second
one corresponding to 4-chlorobenzophenone (m/z = 217).>* This
result suggests that for the reductive coupling to take place, the
dissociation of a ligand is necessary.

Aiming at extending the coupling reaction further, we studied
its scope over a variety of anilines with different electronic
properties, as well as with other silver acetylides containing alkyl
substituents (Table 2). In all cases we used "H NMR to monitor
the oxidative addition, and as soon as the arenediazonium salt
was consumed, the silver acetylide was added. Upon employing
aniline and silver phenylacetylide as coupling partners, the
oxidative addition proceeded cleanly in only 1.5 h, however the
coupling product was obtained in 19% yield (entry 1). Anilines
containing electron-withdrawing groups at the para position
(p-CN, p-NO,, p-Br) behaved similar to 4-aminobenzophenone
with oxidative addition times of 4-5 h, and yields ranging from
49-70% for the coupling with silver phenylacetylide (entries 2-5).
An exception was the p-CO,Me substituent, which notably
increased the reactivity of the corresponding arenediazonium
salt. In this case the oxidative addition took 3 h at r.t., and the
yield of the coupling with silver phenylacetylide decreased to

Table 2 Scope of the coupling reaction of anilines with silver acetylides

NH, NoCl

HoLELO 1) [AuCI(SMey)] (1 Dequiv)
R1© 2 R1© DMSOﬁ 50°C {l_\\ —
N +BUONO X 2) Ag==—R? R =
THF, -15°C-0°C
20 min DMSO-ds, 1, 1h
R aniline” Oxid. addition R? acetyl. Yield
(equiv.) conditions (equiv.) (%)
1 H (1) 50 °C, 1.5 h Ph (1.5) 19
2 p-CN (1) 50 °C,4 h Ph (1.5) 49
3 p-NO, (1) 50 °C,4 h Ph (1.5) 61
4 p-Br (1) 50 °C, 4.5 h Ph (1.5) 70
5 p-Cl(1) 50 °C,5 h Ph (1.5) 58
6 m-Cl (1) 50 °C,1.25 h Ph (1.5) 45
7 p-CO,Me (1) r.t,3h Ph (1.5) 32
8 p-Me (1) 50 °C,4 h Ph (1.5) 35
9 p-Me (2) 50 °C,4 h Ph (1.5) 55
10 m-Me (2) 50 °C,4 h Ph (1.5) 57
11 p-OMe (1) 50 °C, 36 h Ph (1.5) 48
12 p-OMe (2) 50 °C, 36 h Ph (1.5) 64
13 p-PhCO (1) 50 °C,4 h CH,Ph (1.5) 47
14 p-PhCO (1) 50 °C,4 h CH,OPh (1.5) 43
15 p-PhCO (1) 50 °C, 4 h (CH2);CH; (1.5) 26

“ Aniline : tBUONO: HCI (1:1.2:2), [Au'] = 0.034 mmol m1 ™.
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32% (entry 7). The presence of an m-Cl substituent also resulted
in the acceleration of the oxidative addition step, so that the
arenediazonium salt was consumed after 1.25 h. In this case, the
yield of the coupling with silver phenylacetylide was also diminished
(45%, entry 6). The decrease in the yield for anilines bearing
p-CO,Me and m-Cl substituents was attributed to a visible
minor stability of the corresponding arenediazonium salts.
Regarding anilines bearing electron-donating groups (p-Me,
m-Me and p-OMe), the oxidative addition step was remarkably
slow for 4-aminoanisole (36 h, entries 11 and 12). As a common
feature, it was observed that for these substituents the coupling
yields with silver phenylacetylide improved when the amount of
aniline was increased up to 2 equiv. (entries 8-12). In addition,
we got interested in examining the effect of adding alkyl
substituents on the silver acetylide (entries 14-16, R* =
(CH,);CH;, CH,Ph, OCH,Ph).>® Using 4-aminobenzophenone
as a model aniline for the coupling, a decrease in the yields as
the size of the alkyl chain increased could be observed. Thus, a
lower yield was obtained when R* = (CH,);CHj; (26%, entry 15).
This effect can be attributed to the tendency of silver acetylide
molecules to associate, forming supramolecular frameworks,
which reduce their reactivity.**”

Comparatively, the coupling with phenylacetylene as a
nucleophile was less effective. Thus starting from 4-aminobenzo-
phenone, and employing 2,6-lutidine as a base,** the coupling
product was obtained in 38% when 1 equiv. of phenylacetylene
was added and in 46% yield when 1.5 equiv. of phenylacetylene was
added (Scheme 4).

Finally, and in order to study the effect of applying the optimal
conditions found by Chen and Shi for the gold catalyzed cross
coupling of arenediazonium salts with alkynes to our coupling,"
we studied the coupling of 1’ with silver phenylacetylide
(Scheme 3). However, using a [AuCl(PPh;)]/AgNTF, mixture (1:1.1
equiv.) and Bipy (2 equiv.) as the Au(i) source, 5 was isolated in 12%
when the oxidative addition was performed at r.t., and not observed
when the temperature was increased to 50 °C. This result suggests
that the Au(m) complex formed with a BF,” counteranion is not
stable enough and decomposes before reacting with silver phenyl-
acetylide. Similarly, when we applied our coupling conditions to 1/,
5 was not observed confirming that 1’ with a noncoordinating
anion is not an adequate precursor to form a stable arylAu(m)
complex.
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Scheme 3 Coupling with phenylacetylene.
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heme 4 Examination of the coupling of 1’ with silver phenylacetylide.

Patino-Maya, L. Velasco-Ibarra, F. Javier Pérez-Flores, and M. C.
Garcia-Gonzalez, for technical support.

Notes and references

1
2

3
4

5

6

8

9

S. G. Bratsch, J. Phys. Chem. Ref. Data, 1989, 18, 1-21.

For selected examples see: (a) G. Zhang, L. Cui, Y. Wang and
L. Zhang, J. Am. Chem. Soc., 2010, 132, 1474-1475; (b) N. P. Mankad
and F. D. Toste, J. Am. Chem. Soc., 2010, 132, 12859-12861; (c) T. de
Haro and C. Nevado, J. Am. Chem. Soc., 2010, 132, 1512-1513;
(d) E. Tkatchouk, N. P. Mankad, D. Benitez, W. A. Goddard III and
F. D. Toste, J. Am. Chem. Soc., 2011, 133, 14293-14300; (¢) L. T. Ball,
G. C. Lloyd-Jones and C. A. Russell, Science, 2012, 337, 1644-1648;
(f) L. T. Ball, G. C. Lloyd-Jones and C. A. Russell, J. Am. Chem. Soc.,
2014, 136, 254-264; (g) H. Peng, Y. Xi, N. Ronaghi, B. Dong,
N. G. Akhmedov and X. Shi, J. Am. Chem. Soc., 2014, 136,
13174-13177. For recent reviews see: (h) P. Garcia, M. Malacria,
C. Aubert, V. Gandon and L. Fensterbank, ChemCatChem, 2010,
493-497; (i) M. N. Hopkinson, A. D. Gee and V. Gouverneur,
Chem. - Eur. J., 2011, 17, 8248-8262; (j) H. A. Wegner and
M. Auzias, Angew. Chem., Int. Ed., 2011, 50, 8236-8247.

J. H. Teles, Angew. Chem., Int. Ed., 2015, 54, 5556-5558.

M. D. Levin and F. D. Toste, Angew. Chem., Int. Ed., 2014, 53,
6211-6215.

I. Fernandez, L. P. Wolters and F. M. Bickelhaupt, J. Comput. Chem.,
2014, 35, 2140-2145.

(@) J. Guenther, S. Mallet-Ladeira, L. Estévez, K. Miqueu, A. Amgoune
and D. Bourissou, J. Am. Chem. Soc., 2014, 136, 1778-1781; (b) M. Joost,
A. Zeineddine, L. Estévez, S. Mallet-Ladeira, K. Migueu and A. Amgoune
adn D. Bourissou, J. Am. Chem. Soc., 2014, 136, 14653-14657.

(@) C.-Y. Wu, T. Horibe, C. B. Jacobsen and F. D. Toste, Nature, 2015,
517, 449-454; (b) M. Joost, L. Estévez, K. Miqueu, A. Amgoune and
D. Bourissou, Angew. Chem., Int. Ed., 2015, 54, 5236-5524.

J. Serra, C. J. Whiteoak, F. Acunia-Parés, M. Font, J. M. Luis, ]. Lloret-
Fillol and X. Ribas, J. Am. Chem. Soc., 2015, 137, 13389-13397.
Due to their high electrophilicity, arenediazonium salts have effi-
ciently been used as aryl halide and aryl triflate surrogates in
palladium cross-coupling reactions. For recent reviews see:
(@) A. Roglans, A. Pla-Quintana and M. Moreno-Maias, Chem. Rev.,
2006, 106, 4622-4643; (b) H. Bonin, E. Fouquet and F.-X. Felpin, Adv.
Synth. Catal., 2011, 353, 3064-3084; (¢) F.-X. Felpin, L. Nassar-Hardy,
F. Le Callonnec and E. Fouquet, Tetrahedron, 2011, 67, 2815-2831;
(d) J. G. Taylor, A. V. Moro, C. Roque and D. Correia, Eur. J. Org.

Chem. Commun.

11

12

13

14

15

16

17

18

19
20

21
22
23

24

View Article Online

ChemComm

Chem., 2011, 1403-1428; (e) F. Mo, G. Dong, Y. Zhang and ]J. Wang,
Org. Biomol. Chem., 2013, 11, 1582-1593; for selected examples see:
(f) S. Sengupta and S. Bhattacharyya, J. Org. Chem., 1997, 62,
3405-3406; (g) M. B. Andrus and C. Song, Org. Lett., 2001, 3,
3761-3764; (h) W. S. Yeap, S. Chen and K. P. Loh, Langmuir, 2009,
25, 185-191; (i) G. Fabrizi, A. Goggiamani, A. Sferrazza and
S. Cacchi, Angew. Chem., Int. Ed., 2010, 49, 4067-4070; (j) X.-F.
Wu, H. Neumann and M. Beller, Angew. Chem., Int. Ed., 2011, 50,
11142-11146; (k) B. Panda and T. K. Sarkar, Chem. Commun., 2010,
46, 3131-3133; (1) K. Cheng, B. Zhao, S. Hu, X.-M. Zhang and C. Qi,
Tetrahedron Lett., 2013, 54, 6211-6214; (m) B. J. Stokes, L. Liao,
A. Mendes de Andrade, Q. Wang and M. S. Sigman, Org. Lett., 2014,
16, 4666-4669; (n) H. M. Nelson, B. D. Williams, J. Mir6 and
F. D. Toste, J. Am. Chem. Soc., 2015, 137, 3213-3216.

(@) B. Sahoo, M. N. Hopkinson and F. Glorius, J. Am. Chem. Soc., 2013,
135, 5505-5508; (b) M. N. Hopkinson, B. Sahoo and F. Glorius, Adv.
Synth. Catal., 2014, 356, 2794-2800; (c) X.-Z. Shu, M. Zhang, Y. He,
H. Frei and F. D. Toste, J. Am. Chem. Soc., 2014, 136, 5844-5847; Y. He,
H. Wu and F. D. Toste, Chem. Sci., 2015, 5, 1194-1198; (d) S. Kim,
J. Rojas-Martin and F. D. Toste, Chem. Sci., 2016, 7, 85-88.

R. Cai, M. Lu, E. Y. Aguilera, Y. Xi, N. G. Akhmedov, J. L. Petersen,
H. Chen and X. Shi, Angew. Chem., Int. Ed., 2015, 54, 8772-8776.
(@) L. Huang, M. Rudolph, F. Rominger and A. S. K. Hashmi, Angew.
Chem., Int. Ed., 2016, 55, 4808-4813; (b) L. Huang, F. Rominger,
M. Rudoph and A. S. K. Hashmi, Chem. Commun., 2016, 52,
6435-6438.

(@) M. P. Doyle, B. Siegfreid, R. C. Elliot and ]J. F. Dellataria, J. Org.
Chem., 1997, 42, 2431-2436; (b) M. B. Andrus and C. Song, Org. Lett.,
2001, 3, 3761-3764.

K. S. Liddle and C. Parkin, J. Chem. Soc., Chem. Commun., 1972, 26.
(@) S. Yasui, M. Fujii, C. Kawano, Y. Nishimura and A. Ohno,
Tetrahedron Lett., 1991, 32, 5601-5604; (b) S. Yasui, M. Fujii,
C. Kawano, Y. Nishimura, K. Shioji and A. Ohno, J. Chem. Soc.,
Perkin Trans. 2, 1994, 177-183.

Silver phenylacetylide was synthesized according to: I. P. Silvestri,
F. Andemarian, G. N. Khairallah, S. W. Yap, T. Quach, S. Tsegay,
C. M. Williams, R. A. J. O’Hair, P. S. Donnelly and S. J. Williams, Org.
Biomol. Chem., 2011, 9, 6082-6088.

The coupling between the complex trans-{Au(CeFs)I,(PPh;)] and
Ag(C,CcH Me) has been described before: T. Lauterbach,
M. Livendahl, A. Rosellon, P. Espinet and A. M. Echavarren, Org.
Lett., 2010, 12, 3006-3009.

Attempts to synthesize 5 employing [AuCl(SMe,)] in 10 mol%
resulted in the formation of 5 in low yield (16%).

A. S. K. Hashmi, Angew. Chem., Int. Ed., 2010, 49, 5232-5241.

(@) A. Tamaki, S. A. Magennis and J. K. Kochi, J. Am. Chem. Soc.,
1974, 96, 6140-6148; (b) W. J. Wolf, M. S. Winston and F. D. Toste,
Nat. Chem., 2014, 6, 159-164; (¢) M. S. Winston, W. J. Wolf and
F. D. Toste, J. Am. Chem. Soc., 2015, 137, 7921-7928.

See the ESIt for details.

Arenediazonium salts were not isolated for stability reasons.

(a) Ag(CH,);CH; was synthesized according to: A. Vitérisi, A. Orsini,
J.-M. Weibel and P. Pale, Tetrahedron Lett., 2006, 47, 2779-2781;
(b) AgCH,Ph and AgOCH,Ph were synthesized according to: B. Li,
S.-Q. Zhang, H.-Y. Li, Y.-J. Wu and T. C. W. Mak, J. Organomet.
Chem., 2012, 708-709, 112-117.

Y. Fuchita, Y. Utsunomiya and M. Yasutake, J. Chem. Soc., Dalton
Trans., 2001, 2330-2334.

This journal is © The Royal Society of Chemistry 2016


http://dx.doi.org/10.1039/c6cc03105f



