Gold-Catalyzed Heck Reaction
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ABSTRACT: Herein, we report a gold-catalyzed Heck reaction facilitated by the ligand-enabled Au(l)/Au(lll) redox catalysis. The elemen-
tary organometallic steps such as migratory insertion and /3-hydride elimination have been realized in the catalytic fashion for the first
time in gold chemistry. The present methodology not only overcomes the limitations of previously known transition metal-catalyzed
Heck reactions such as the requirement of specialized substrates and formation of a mixture of regioisomeric products as a result of the
undesirable chain-walking process but also offers complementary regioselectivity as compared to other transition metal catalysis.

Since its discovery, the transition metal-catalyzed Heck reac-
tion has emerged as one of the indispensable tools for state-of-
the-art organic synthesis.! However, this reaction suffers from
certain limitations; the most restrictive limitation is the require-
ment of electronically biased olefins, such as styrenes, vinyl
ethers, or a, S-unsaturated carbonyl compounds, in order to
obtain a single regioisomeric Heck product.?2 The use of long-
chain aliphatic alkenes often leads to the inseparable mixture of
regioisomers (Scheme 1a). It is mainly due to the incompetence
of the metal center to distinguish between H? and H? when un-
dergoing [3-hydride elimination which results in the mixture of
styrenyl and allylic products. Further, these products are highly
susceptible to undergo chain-walking process in which the rein-
sertion of the metal-hydride species followed by iterative /-
hydride elimination/migratory insertion cascade leads to the
mixture of regioisomers.?> Over the past two decades, several
efforts have been devoted to control the undesired chain-
walking process. In particular, the palladium-catalyzed oxidative
Heck reactions independently developed by Sigman,* White,>
Engle,® and Zhao’” emerged as an attractive strategy to access a
single regioisomeric Heck product in good yield and regioselectiv-
ity (Scheme 1b). However, the requirement of stoichiometric
external oxidant and preinstalled directing/chelating group on
alkene substrate hinders the broad applicability of this approach.

Over the past 15 years, Au(l)/Au(lll) redox catalysis has
emerged as one of the most dynamic areas of research.8 Number
of gold-catalyzed cross-coupling and 1,2-difunctionalization reac-
tions have been developed by utilizing external oxidants,8&!m
photocatalysts,8eflm EBX reagents,8"'™ electrochemical,® or lig-
and-enabled approach.8'm10 Even, very recently, our group!! and
Shi’s group!? reported the first example of enantioselective
Au(l)/Au(lll) redox catalysis.® In spite of such significant ad-
vancements, the gold-catalyzed Heck reaction which is also sup-
posed to operate via Au(l)/Au(lll) redox catalysis has not been
realized yet. This could be attributed to the reluctance of gold
complexes to undergo migratory insertion and S-hydride elimi-
nation processes which are the key steps in Heck reaction.* The
combined experimental and theoretical studies carried out by
Képpel/Hashmi group clearly indicated the non-feasibility of /-
hydride elimination in IPrAu(l)-ethyl complex even at higher
temperature.’®> However, the theoretical studies conducted by
Cremer/Faza group suggested that the /[-hydride elimination
could be facilitated at Au(lll)-ethyl dichloride complex.1® Recent-
ly, in a stoichiometric study, Toste,!” Bourissou!® and Nevado?®
group showcased the feasibility of [-hydride elimination in
Au(lll)- difluoroalkyl, Au(lll)-alkyl, and Au(lll)-formate complexes,
respectively. Similarly, the feasibility of (formal) migratory inser-
tion in Au(l) and Au(lll) complexes is shown by the research
group of Bochmann,?° Bourissou/Amgoune,?! and Tilset.22 De-
spite these stoichiometric studies, until now there is no report

Scheme 1. Heck Reaction: General Overview and Present Work
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available on the gold-mediated migratory insertion and /5
hydride elimination steps in catalytic fashion.

Herein, we disclose the first example of gold-catalyzed Heck
reaction where the catalytic cycle involves the key migratory
insertion and /-hydride elimination steps (Scheme 1c). The reac-
tion utilizes long-chain aliphatic alkenes without the need of a
preinstalled directing/chelating group. Interestingly, gold cata-
lysts offered a complementary regioselectivity as compared to
other transition metal catalysts. For instance, the Au(lll)-alkyl
intermediate generated in situ after migratory insertion could
selectively undergo /-hydride elimination with H? over H? to
favor the formation of allylic products over styrenyl products. To
the best of our knowledge such reversal of regioselectivity for
electronically unbiased alkenes has never been reported. Apart
from this, the so-formed allylic Heck products did not undergo



the chain-walking process, yielding the desired products as a
single regioisomer.

Initial explorations on the gold-catalyzed Heck reaction were
began by using 1-hexene 1a and 4-iodoanisole 2a as coupling
partners in presence of MeDalPhosAuCl (10 mol%), AgOTf (1.1
equiv) and K3PO4 (0.7 equiv) in DCE (0.1 M) at 80 °C (Table 1). To
our delight, the desired Heck products 3a and 4a were obtained
in 57% combined yield with 8.7:1 regioisomeric ratio (entry 1).
With this encouraging outcome, we turned our attention to-
wards improving the yield and regioselectivity of the reaction.
The screening of several bases revealed that the organic bases
such as DTBP, 2,6-lutidine, and pyridine are more suitable for this
reaction (entries 3-5). The desired product 3a was isolated in the

Table 1. Optimization of Reaction Conditions®

Pre
1 10 mol% MeDalPhosAuCl
a 1.1 equiv AgX
+ Pro AN AT + PR AT
Ar—I| 0.7 equiv base 3a 4a
2a solvent, 80 °C, 2 h
Ar = 4-OMe-CgH,
Entry AgX Base Solvent Ylelg 3a:4a°
(%)
19 AgOTf K3POs DCE 57 8.7:1
24 AgOTf Na2CO3 DCE 76 8.7:1
3¢ AgOTf DTBP DCE 75 1:0
4¢ AgOTf 2,6-lutidine DCE 76 1:0
5¢ AgOTf pyridine DCE 80 1:0
6%f AgOTf pyridine DCE 67 1:0
749 AgOTf pyridine DCE 68 8.3:1
8 AgSbFs pyridine DCE NR -
9¢ AgNTf, pyridine DCE 50 1:0
10¢ AgBF4 pyridine DCE 47 18:1
114 AgOTf pyridine DCB 78 35:1
12¢ AgOTf pyridine chloroform 30 8.3:1
134 AgOTf pyridine 1,4-dioxane 08 4.2:1
14¢h AgOTf pyridine DCE 73 1:.0
15¢ AgOTf pyridine DCE 68 1.0
16¢ AgOTf pyridine DCE 51 17:1

9Reaction conditions: 0.3 mmol 1a, 0.1 mmol 2a, 0.01 mmol MeDalPho-
sAuCl, 0.11 mmol AgX, 0.07 mmol base, solvent (0.1 M), 80 °C, 2 h. ®I-
solated combined yields (3a+4a). ‘Based on *H NMR. 9E:Z ratio for 3a =
3.3:1. ¢E:Z ratio for 3a = 4:1. f0.4 equiv pyridine was used. 91 equiv pyri-
dine was used. "2 equiv 1a was used. 7.5 mol% MeDalPhosAuCl was
used. 5 mol% MeDalPhosAuCl was used. NR = no reaction.

highest 80% yield (entry 5), without the formation of other regi-
oisomer (i.e. 4a), when pyridine (0.7 equiv) was employed as a
base. Be noted that the equivalence of base has a significant
impact on the yield and regioselectivity of the reaction (entry 6
and 7). Varying the halide scavenger (entries 8-10), solvent (en-
tries 11-13), equivalence of 1a (entry 14), and catalyst loading
(entry 15 and 16) had detrimental effect on the reaction out-
come.

Having identified optimal reaction conditions, we set out to
explore the scope of alkenes 1 in the gold-catalyzed Heck reac-

tion by using 4-iodoanisole 2a as a model substrate (Scheme 2).
To our delight, a wide range of alkenes 1 reacted smoothly under
the present reaction conditions to afford the corresponding Heck
products 3. For instance, 1-hexene and 1-octene reacted smooth-
ly to furnish corresponding Heck products 3a and 3b in 80% (£:Z
=4:1) and 64% (E:Z = 4.4:1) yield, respectively. Notably, exclusive
E-isomer of the products 3c-3e was obtained in 54-78% yields
when  1-allylcyclopentane,  1-allylcyclohexane, and 1-
allyladamantane were used as alkene source. Allylbenzene also
reacted with 2a to afford the desired product 3f in 45% yield (£:Z
= 6:1). Besides, alkenes tethered with variously substituted phe-
noxide and naphthoxide groups performed well under the opti-
mized reaction conditions to furnish the desired products 3g-3m
in 53-70% vyields (E:Z = 3.3:1). Moreover, the alkenes tethered
with protected aniline, sulfone, indole, isatin, and phthalimide
derivatives also reacted smoothly with 2a to deliver the corre-
sponding products 3n-3s in 53-79% yields (E:Z = 3.3:1). The struc-
ture of product 3s was unambiguously confirmed by X-ray crys-
tallographic analysis. Next, when alkenes tethered with different-
ly substituted diethyl and dimethyl malonates 1t-1ab were treat-
ed with 2a under the optimized reaction conditions, the corre-
sponding products 3t-3ab were obtained in 44-70% yield. Of
note, the alkenes with shorter chain length gave slightly lower
yields of the products (compare 3t vs 3u, 3v vs 3w, and 3aa vs
3ab). Notably, the current methodology is suitable for the late-
stage functionalization as alkenes derived from (S)-BINOL and
estrone reacted smoothly affording the corresponding allylic
Heck products 3ac and 3ad in 63% and 55% vyield, respectively.

We next turned to evaluate the scope of aryl iodides 2, using
1-allyladamantane 1e as a model substrate. Pleasingly, different
derivatives of iodobenzenes 2 reacted efficiently to produce the
desired allylic Heck products 5b-5u as exclusive E-isomer in good
to excellent yields. For instance, the products 5b-5f were ob-
tained in 59-82% vyield when different para-substituted aryl io-
dides 2b-2f were used as substrates. Further, 4-iodoanisole bear-
ing electron-donating, withdrawing, or halo substituents also
reacted well under the optimized reaction conditions furnishing
the products 5g-5p in 48-88% yields. The gold catalyst showed
excellent chemoselectivity for the C(sp?)-1 bond as other C(sp?)-X
bonds (X = Br, Cl, F) remained completely unaffected during the
reaction (see entries 5h-5j, 50, 5p), thus offering an opportunity
for further functionalization of these products. Other aryl iodides
such as 1-iodo-3,5-dimethylbenzene 2q, 5-iodo-1,3-benzodioxole
2r, 2-iodo-1-methoxy-4-methylbenzene 2s, and tosyl-protected
4-iodo-N-methylaniline 2t also reacted smoothly to afford the
corresponding products 5q-5t in 44-90% vyields, respectively. The
significant drop in yield of the product 5u (17% yield) was no-
ticed; which could be accounted for the quenching of the gold
catalyst by strong irreversible chelation of sulfur of the 4-
iodothioanisole 2u to the Au(l) or Au(lll) intermediate.

Interestingly, the styrenyl Heck product 6 was obtained in
65% yield as exclusive E-isomer when the alkene lacking allylic
hydrogen such as 1-vinyladamantane lae was used as a sub-
strate under the standard reaction conditions (Figure 1).

To gain deeper understanding into the reaction mechanism, a
few control experiments were performed (Scheme 3). When the
in situ generated Au(lll) complex B derived from MeDalPhosAuCl
and 4-iodoanisole was treated with 1-hexene in the presence of
AgOTf, the desired product 3a was obtained in 92% yield along
with N-protonated Au(l) complex I (Scheme 3a). This clearly indi-
cates that the oxidative addition precedes the migratory

2



Scheme 2. Scope of the Gold-Catalyzed Heck Reaction®?
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9Reaction conditions: 0.6 mmol 1a, 0.2 mmol 2a, 0.02 mmol MeDalPhosAuCl, 0.22 mmol AgOTf, 0.14 mmol pyridine, DCE (0.1 M), 80 °C. ®Isolated yields.

0.9 equiv pyridine was used.

insertion and /[-hydride elimination steps. The N-protonated
Au(l) complex | was characterized on the basis of 1H, 31P, 19F
NMR, and HR-MS analysis.z? Notably, this complex was found to
be catalytically inactive in the absence of base as no product

formation was observed when 1a and 2a were treated with 10
mol% | in the presence of AgOTf (Scheme 3b). However, when
pyridine was added, in otherwise same reaction conditions, the
desired Heck product was isolated in 71% yield. This reveals the
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importance of base in regenerating the active catalyst during the
reaction. Next, when deuterated alkene 1x-D was subjected to
the standard

S J
AdTON tae Standard 17~
+ — AN = »7—‘%'[\,/‘\ ~
condition L‘,, A
Ar—l| 2a 6, 65%, 4 h

Ar = 4-OMe-CgH, CCDC = 2195877

Figure 1. Gold-catalyzed Heck reaction of 4-iodoanisole with 1-
vinyladamantane

reaction conditions, the product 3x-D was obtained in 43% yield
with no deuterium scrambling (Scheme 3c). This clearly indicates
that the so-formed Heck product doesn’t take part in the chain-
walking process. The kinetic isotope effect (KIE) studies gave the
value of ku/kp = ~0.95 for competition experiments (Scheme 3d),
suggesting that the S-hydride elimination might not be the rate-
limiting step.

Scheme 3. Mechanistic Investigations
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Based on the gathered experimental evidences and literature
reports,10¢.1L12 we propose a plausible mechanism for the gold-
catalyzed Heck reaction (Scheme 4). The cationic Au(l) complex
A, generated from the reaction of MeDalPhosAuCl with AgOTf,
should undergo oxidative addition with Ar-1 (2) to form the Au(lll)
intermediate B. The subsequent iodide abstraction from this
intermediate would lead to the coordinatively unsaturated Au(lll)
complex capable of intercepting with alkene (cf. C). The interme-
diate C should then undergo 1,2-migratory insertion furnishing
Au(lll)-alkyl species D stabilized by the m-electron cloud of the

adjacent aryl group.2lc The subsequent /S-hydride elimination
with H? (or H?) should generate the intermediate E (or F) which
after the release of Au(lll)-hydride species affords the allylic (or
styrenyl) product 3 (or 4). Eventually, the reductive elimination
from Au(lll)-hydride species G should generate N-protonated
Au(l) complex | via intermediate H. The base-mediated deproto-
nation from | would subsequently generate the catalytically ac-
tive Au(l) complex A. While further studies are necessary to shed
the light on the observed regioselectivity, we believe that the
stabilization of the highly electrophilic Au(lll) center by the m-
electron cloud of the adjacent aryl group could be crucial in dic-
tating the selectivity in the S-hydride elimination. As this stabili-
zation remains unaffected while undergoing syn-specific /5
hydride elimination with H?, the formation of intermediate E
should be favored over that of F (cf. TS-1 vs TS-Il).

In conclusion, we have developed the first example of the
gold-catalyzed Heck reaction which provides complementary
regioselectivity as compared to other transition metal catalysis.?*
The need for specialized alkenes, which are generally required to
overcome the formation of a mixture of regioisomers, is not nec-
essary. Preliminary mechanistic studies revealed that the reluc-
tance of the gold(lIl)-hydride intermediate to reinsert into the so-
formed allylic Heck product is the key for avoiding the undesired
chain-walking process. Since the migratory insertion and /3
hydride elimination processes are central to organometallic
chemistry, the realization of these steps in gold catalysis should
open up several avenues for accessing novel reactivities and
selectivities.
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Scheme 4. Plausible Mechanism

<P

j ® 2
pyridine f N ° ®
1+
—P® oxidative lm OTf
N-HI o A addition P=Au—I Agl
20Tf ; 9
P—Au' Ar B -
/ I activation R 29
©
AgOTf | -AgClI f- ,;j H 20Tf
s
® 0 STt . P —Autm
/N OoTf H NMe, | A i |
: N _Cl
P —Au' <« HOTf ! 4 = @: _Au .
+ (P—Au—ClI R : i
H H Ad Ad : L%@ﬁtr:%tﬁry
: MeDalPhosAuCl |
reductive e
elimination
— 20 t ( \Am
® 2
N\m Oﬁe 20 . N t’ﬁ Rj © p/ E
AU oTf N R T unconventional N 20Tf
4 H | m o selectivity ( Au
p—agin  20Tf «—— 7 Y % e
G h observed B
Ar f
E L TS-
p-hydride elimination
r #
2@
R 20 conventional H—J ©
N © selectivity N 20Tf
20Tf Nav
| m Au”
p—Aut|| not observed S AR
@ 'l‘b Ar Hb™ @
F L TSl i

REFERENCES

(1]

[2]

B

(4]

(5]

(6]

(a) Heck, R. F. Org. React. 1982, 27, 345-390. (b) Link, J. T. Org. Re-
act. 2002, 60, 157-534. (c) Oestreich, M. The Mizoroki-Heck Reac-
tion; Wiley-VCH, Chichester, 2009. (d) Berteina-Raboin, S. Catalysts
2019, 9, 925.

Selected Reviews: (a) Heck, R. F. Acc. Chem. Res. 1979, 12, 146-151.
(b) Crisp, G. T. Chem. Soc. Rev. 1998, 27, 427-436. (c) Beletskaya, I.
P.; Cheprakov, A. V. Chem. Rev. 2000, 100, 3009-3066. (d) Dounay,
A. B.; Overman, L. E. Chem. Rev. 2003, 103, 2945-2963. (e) Knowles,
J. P.; Whiting, A. Org. Biomol. Chem. 2007, 5, 31-44. (f) Ruan, J.; Xiao,
J. Acc. Chem. Res. 2011, 44, 614-626.

Selected Reports: (a) Fall, Y.; Berthiol, F.; Doucet, H.; Santelli, M.
Synthesis 2007, 1683-1696. (b) Werner, E. W.; Mei, T.-S.; Burckle, A.
J.; Sigman, M. S. Science 2012, 338, 1455-1458. (c) Mei, T.-S.; Wer-
ner, E. W.; Burckle, A. J.; Sigman, M. S. J. Am. Chem. Soc. 2013, 135,
6830-6833. (d) Mei, T.-S.; Patel, H. H.; Sigman, M. S. Nature 2014,
508, 340-344. (e) Xu, L.; Hilton, M. J.; Zhang, X.; Norrby, P.-O.; Wu,
Y.-D.; Sigman, M. S.; Wiest, O. J. Am. Chem. Soc. 2014, 136,
1960-1967. (f) Liu, J.; Yuan, Q.; Toste, F. D.; Sigman, M. S. Nat. Chem.
2019, 11, 710-715.

(a) Werner, E. W.; Sigman, M. S. J. Am. Chem. Soc. 2010, 132,
13981-13983. (b) Werner, E. W.; Sigman, M. S. J. Am. Chem. Soc.
2011, 133, 9692-9695.

Delcamp, J. H.; Brucks, A. P.; White, M. C. J. Am. Chem. Soc. 2008,
130,11270-11271.

Romine, A. M.; Yang, K. S.; Karunananda, M. K.; Chen, J. S.; Engle, K.
M. ACS Catal. 2019, 9, 7626-7640.

(7

[8

[9]

Yang, S.; Liu, L.; Zhou, Z.; Huang, Z.; Zhao, Y. Org. Lett. 2021, 23,
296-299.

Reviews: (a) Garcia, P.; Malacria, M.; Aubert, C.; Gandon, V.; Fen-
sterbank, L. ChemCatChem. 2010, 2, 493-497. (b) Wegner, H. A.; Au-
zias, M. Angew. Chem., Int. Ed. 2011, 50, 8236-8247. (c) Hopkinson,
M. N.; Gee, A. D.; Gouverneur, V. Chem. - Eur. J. 2011, 17,
8248-8262. (d) Mird, J.; del Pozo, C. Chem. Rev. 2016, 116,
11924-11966. (e) Hopkinson, M. N.; Tlahuext-Aca, A.; Glorius, F. Acc.
Chem. Res. 2016, 49, 2261-2272. (f) Akram, M. O.; Banerjee, S.;
Saswade, S. S.; Bedi, V.; Patil, N. T. Chem. Commun. 2018, 54,
11069-11083. (g) Nijamudheen, A.; Datta, A. Chem. — Eur. J. 2020,
26, 1442-1487. (h) Banerjee, S.; Bhoyare, V. W.; Patil, N. T. Chem.
Commun. 2020, 56, 2677-2690. (i) Huang, B.; Hu, M.; Toste, F. D.
Trends Chem. 2020, 2, 707-720. (j) Witzel, S.; Hashmi, A. S. K.; Xie, J.
Chem. Rev. 2021, 121, 8868-8925. (k) Zheng, Z.; Ma, X.; Cheng, X.;
Zhao, K.; Gutman, K.; Li, T.; Zhang, L. Chem. Rev. 2021, 121,
8979-9038. (I) Font, P.; Ribas, X. Eur. J. Inorg. Chem. 2021,
2556-2569. (m) Bhoyare, V. W.; Tathe, A. G.; Das, A.; Chintawar, C.
C.; Patil, N. T. Chem. Soc. Rev. 2021, 50, 10422-10450. (n) Ambegave,
S. B.; Patil, N. T. Synlett 2022, DOI: 10.1055/a-1893-7653.

(a) Ye, X.; Zhao, P.; Zhang, S.; Zhang, Y.; Wang, Q.; Shan, C.; Wojtas,
L.; Guo, H.; Chen, H.; Shi, X. Angew. Chem., Int. Ed. 2019, 58,
17226-17230. (b) Zhang, S.; Ye, X.; Wojtas, L.; Hao, W.; Shi, X. Green
Synth. Catal. 2021, 2, 82-86.

[10](a) Zeineddine, A.; Estévez, L.; Mallet-Ladeira, S.; Miqueu, K.;

Amgoune, A.; Bourissou, D. Nat. Commun. 2017, 8, 565. (b) Rodri-
guez, J.; Zeineddine, A.; Sosa Carrizo, E. D.; Miqueu, K.; Saffon-
Merceron, N.; Amgoune, A.; Bourissou, D. Chem. Sci. 2019, 10,
7183-7192. (c) Akram, M. O.; Das, A.; Chakrabarty, I.; Patil, N. T. Org.

5



Lett. 2019, 21, 8101-8105. (d) Rodriguez, J.; Adet, N.; Saffon-
Merceron, N.; Bourissou, D. Chem. Commun. 2020, 56, 94-97. (e)
Rigoulet, M.; du Boullay, O. T.; Amgoune, A.; Bourissou, D. Angew.
Chem., Int. Ed. 2020, 59, 16625-16630. (f) Chintawar, C. C.; Yadav, A.
K.; Patil, N. T. Angew. Chem., Int. Ed. 2020, 59, 11808-11813. (g)
Zhang, S.; Wang, C.; Ye, X.; Shi, X. Angew. Chem., Int. Ed. 2020, 59,
20470- 20474. (h) Tathe, A. G.; Chintawar, C. C.; Bhoyare, V. W.;
Patil, N. T. Chem. Commun. 2020, 56, 9304-9307. (i) Tathe, A. G.; Ur-
vashi; Yadav, A. K.; Chintawar, C. C.; Patil, N. T. ACS Catal. 2021, 11,
4576-4582. (j) Mudshinge, S. R.; Yang, Y.; Xu, B.; Hammond, G. B.; Lu,
Z. Angew. Chem., Int. Ed. 2022, 61, No. €202115687. (k) Tathe, A. G.;
Patil, N. T. Org. Lett. 2022, 24, 4459-4463.

[11] Chintawar, C. C.; Bhoyare, V. W.; Mane, M. V.; Patil, N. T. J. Am.
Chem. Soc. 2022, 144, 7089-7095.

[12]Ye, X.; Wang, C.; Zhang, S.; Tang, Q.; Wojtas, L.; Li, M.; Shi, X. Chem. —
Eur. J. 2022, 28, No. €202201018.

[13] Chintawar, C. C.; Patil, N. T. Gold Bull. 2022, DOI: 10.1007/s13404-
022-00317-9.

[14]Joost, M.; Amgoune, A.; Bourissou, D. Angew. Chem., Int. Ed. 2015,
54, 15022-15045.

[15]Klatt, G.; Xu, R.; Pernpointner, M.; Molinari, L; Hung, T. Q.;
Rominger, F.; Hashmi, A. S. K.; Koppel, H. Chem. — Eur. J. 2013, 19,
3954-3961.

[16] Reis, M. C.; Lopez, C. S.; Kraka, E.; Cremer, D.; Faza, O. N. Inorg.
Chem. 2016, 55, 8636-8645.

[17] Mankad, N. P.; Toste, F. D. Chem. Sci. 2012, 3, 72-76.

[18] Rekhroukh, F.; Estevez, L.; Mallet-Ladeira, S.; Miqueu, K.; Amgoune,
A.; Bourissou, D. J. Am. Chem. Soc. 2016, 138, 11920-11929.

[19] Kumar, R.; Krieger, J.-P.; Gomez-Bengoa, E.; Fox, T.; Linden, A.; Neva-
do, C. Angew. Chem., Int. Ed. 2017, 56, 12862-12865.

[20] (a) Rosca, D.-A.; Smith, D. A.; Hughes, D. L.; Bochmann, M. A Angew.
Chem., Int. Ed. 2012, 51, 10643-10646. (b) Pintus, A.; Rocchigiani, L.;
Fernandez-Cestau, J.; Budzelaar, P. H. M.; Bochmann, M. Angew.
Chem., Int. Ed. 2016, 55, 12321-12324.

[21] (a) Joost, M.; Estevez, L.; Mallet-Ladeira, S.; Miqueu, K.; Amgoune, A.;
Bourissou, D. J. Am. Chem. Soc. 2014, 136, 10373-10382. (b)
Rekhroukh, F.; Brousses, R.; Amgoune, A.; Bourissou, D. Angew.
Chem., Int. Ed. 2015, 54, 1266-1269. (c) Rekhroukh, F.; Blons, C.;
Estévez, L.; Mallet-Ladeira, S.; Miqueu, K.; Amgoune, A.; Bourissou,
D. Chem. Sci. 2017, 8, 4539-4545. (d) Serra, J.; Font, P.; Sosa Carrizo,
E. D.; Mallet-Ladeira, S.; Massou, S.; Parella, T.; Miqueu, K.; Amgou-
ne, A.; Ribas, X.; Bourissou, D. Chem. Sci. 2018, 9, 3932-3940.

[22] Langseth, E.; Nova, A.; Traseth, E. A,; Rise, F.; @ien, S.; Heyn, R. H.;
Tilset, M. J. Am. Chem. Soc. 2014, 136, 10104-10115.

[23] For the characterization of related gold(l) complex, see: Rigoulet, M.;
Massou, S.; Sosa Carrizo, E. D.; Mallet-Ladeira, S.; Amgoune, A.;
Miqueu, K.; Bourissou, D. Proc. Natl. Acad. Sci. U. S. A. 2019, 116,
46-51.

[24] Chintawar, C. C.; Yadav, A. K.; Kumar, A.; Sancheti, S. P.; Patil, N. T.
Chem. Rev. 2021, 121, 8478-8558.



