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ABSTRACT: Herein, we developed an asymmetric para-C(sp?)-H bond functionalization of alkyl benzene derivatives via cooperative
catalysis of gold and chiral phosphoric acid, leading to synthetically useful diaryl chiral centers. In this transformation, chiral phosphoric
acid, ligand, and molecular sieves were all crucial for enantioselectivity control. The salient features of this protocol include mild conditions,
high efficiency, readily available starting materials, highly chemo- and site- as well as enantioselective aromatic C—H functionalization,
broad substrate scope, and extensive applications of the chiral products. The mechanistic studies showed that one gold complex and two

CPAs might be involved in the chiral induction.

Direct aromatic C-H bond functionalization of arenes represents
one of the most integral approaches for the synthesis of natural
products, pharmaceuticals, agrochemicals, fine chemicals and pol-
ymers.! Although many efforts have been devoted to this field, the
enantioselective version is rarely explored.? Classical electrophilic
substitution, named Friedel-Crafts reaction, is the most straightfor-
ward strategy for enantioselective C(sp?)-H bond functionalization
of phenyl rings. However, the substrates are limited to the arenes
with strong electron-donating groups, such as phenol and aniline
derivatives (Scheme 1a).® Recently, the directing group (DG) as-
sisted strategy offers an alternative to achieve enantioselective or-
tho-, and meta-, selective C(sp?)-H bond functionalization of phe-
nyl rings, but DG is too far to control the enantioselectivity of the
para-position.* To date, highly enantioselective para-C-H bond
functionalization of benzene derivatives is still significantly chal-
lenging, especially the ones without electronic bias such as alkyl
benzenes.

Metal-carbenes are versatile intermediates, which are widely em-
ployed in synthetic chemistry due to their unique reactivities.® The
insertion of metal-carbenes into C-H bonds has be used in para-
selective C(sp?)-H bond functionalization of arenes.® In 2015, Zhu
and Zhou disclosed an elegant asymmetric para-C—H bond func-
tionalization of anilines with a-aryl-a-diazoacetates via the combi-
nation of achiral rhodium complex and a chiral phosphoric acid
(CPA). In 2021, Xu et al. achieved a para-selective C(sp?)-H al-
lylation of anilines with arylvinyl diazoacetates under a chiral rho-
dium (1) complex. However, rhodium catalysts favored benzylic
C(sp®)-H functionalization other than C(sp?)—H bonds of alkyl ben-
zene due to the lower bond dissociation energies of benzylic car-
bon-hydrogen bonds.” Che and Davies, et al. have demonstrated a
variety of asymmetric Rh-catalyzed benzylic C-H insertion of alkyl
benzenes (Scheme 1c). The development of new catalytic modes is
vital to achieve slectively C(sp?)—H insertion in alkyl arenes.

Homogenous gold catalysis® has attracted much attention be-
cause gold complexes offer very unique reactivity and selectivity
compared to other commonly used noble metals in carbene chem-
istry. Recently, several gold-catalyzed C(sp?)-H functionalization

Scheme 1. State-of-the-art enantioselective C-H functionaliza-
tion of phenyl rings.
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of arenes,® such as phenol, aniline, anisole, with a.-diazoesters have
been developed, because gold-carbene can serve as gold-stabilized
cation that favours the aromatic C(sp?)—H functionalization of
arenes.®1% However, the enantioselective version is challenging as
the key step for both rate-determination and chiral induction is the
formation of final product from enols via proton transfer assisted
by water as proton shuttle, in which the gold complex is leaving or
far away from the chiral carbon center on the basis of previous
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mechanistic studies.®" Given the fact that chiral phosphoric acid
(CPA) is an excellent proton shuttle!! and compatible with many
metal catalysts,'? we assumed that the asymmetric of para-C(sp?)—
H bond functionalization of alkyl benzenes with diazoesters might
be achieved via cooperative catalysis of gold and CPA. Herein, we
present the first highly enantio-selective para-C(sp?)-H bond func-
tionalization of alkyl benzene derivatives with diazoesters (Scheme
1d). This strategy provided a facile access to chiral diarylacetate
motifs, which are ubiquitous subunits in natural products, bioactive
molecules, and functional materials.*®

Table. 1 Optimization of reaction conditions?
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CPA13 R =2,4,6-(Pr);CgH,
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CPA9 (5 mol%/10 mol%)

CPA12 R =2,4,6-(Pr);CeH,
58%, 52% ee

Various AgX: Various Ligand:
L1AuClAgX LAuUCI/AgSbFg LAuUCI/AgSbFg
(x=25,y=5) (x=25,y=5) (x=5y=10)
AgSbFg 72%, 56% ee L2 (PhO);P 68%, 73% ee L5 (iPrO),P 61%, 90% ee

AgBF,  8%,56%ee L3 (2-MePhO);P 60%, 60% ee | (Et0),P 64%, 94% ee

AgOTf  41%,52% ee L4 (4-MePhO);P 55%, 63% ee L7 (MeO),P 56%, 82% ee

AgNTf, mix L5 (PrO);P 58%, 86% €€ 16 w/o 5A MS 65%, 75% ee
L5 x=5,y=5 65%, 80% ee

aUnless otherwise specified, all reactions were performed with
LAUCI/AgX (x mol%), CPA (y mol%), 1a (0.1 mmol), 5A MS (50
mg) in 1.5 mL of toluene at 25 °C. Isolated yields are provided. The
ee was determined by HPLC.

We optimized the reaction conditions for the asymmetric para-
C-H alkylation with trifluoroethyl a-aryl-a-diazoesters 1a and tol-
uene 2a as the model substrates (Table 1). The reaction proceeded
smoothly when it was conducted at room temperature in the pres-
ence of 2.5 mol % L1AUPhCNCI/AgSbFs and 5 mol % spiro chiral
phosphoric acid CPA1 as catalysts with 5 A molecular sieve (MS)
as additive, delivering the desired para-selective C-H bond func-
tionalization product 3a in 64% yield with 29% ee. This result in-
dicated that the cooperative catalysis of gold and CPA was promis-
ing for achieving high enantioselectivity. After screening various
spiro CPAs (CPA1-CPA5), only moderate enantioselectivities

were obtained (10-45% ee). The 1,1’-bi-2-napthol (BINOL) de-
rived CPAs (CPAB-CPAL3) were also examined, and CPA9 (TRIP)
with two 3,3’-di(2,4,6-isopropylphenyl) moieties, gave the highest
yield as well as enantioselectivity (67% yield, 62% ee). Using
CPAD9 as the chiral proton shuttle, then we screened various gold
catalysts. The reaction efficiency was improved when the ligand
benzonitrile was removed (72% yield, 56% ee). Counter anion ef-
fect is very important in gold catalysis and was also observed in this
reaction. Evaluation of various silver salts revealed that the AgSbFe
exhibited the best efficiency and enantioselectivity. The use of a
smaller phosphite ligand, (PhO)sP (L2) for gold catalyst improved
the enantioselectivity to 73% ee. Other substituted phenyl phos-
phite ligand (L3 and L4) reduced the enantioselectivity to 60% ee
and 63% ee, respectively. These results indicated that the steric hin-
drance of phophite ligand was crucial for the stereoselectivity. To
our delight, the combination of L5AuCI/AgSbFs and CPA9 gave
the desired product 3a in 58% yield with 86% ee. If the catalytic
amount of L5AuUCI/AgSbFs was increased to 5 mol%, the enanti-
oselectivity was decreased to 80% ee, which showed the ratio of the
amount of gold catalysts and CPAs affected the catalytic efficiency
and enantioselectivity. When the amount of CPA9 was raised to 10
mol% with 5 mol% L5AuCI/AgSbFs (gold/CPA being 1:2), 90% ee
was obtained. Gratifyingly, the use of smaller ligand, tri-
ethylphosphite (L6), improved the performance (64% yield, 94%
ee). However, the smallest trimethylphosphite (L7) reduced the
yield (56%) and enantioselectivity (82%). It was noteworthy that
5A MS had a strong effect on the enantioselectivity. The ee dropped
to 75% in the absence of 5A MS.

Using the optimal reaction conditions, we tested the substrate
scope of this asymmetric para-C(sp?)-H functionalization. First, we
used toluene 2a to investigate the scope of trifluoroethyl a-aryl
diazoesters 1. As shown in Scheme 2, the reactions of toluene with
diazoesters 1 with different substitutes on para-, meta- and ortho-
positions of phenyl ring were carried out smoothly, affording the
corresponding chiral 1,1-diaryl compounds 3a-3v in moderate to
good yield (40-83%) and excellent enantio-selectivity (90-97% ee).
Substituents on ortho-position of the aryl ring of the a-aryl-o-di-
azoacetates had a little bit positive effect on enantioselectivity due
to the steric hindrance, while substituents at the para- and meta-
positions showed a negligible impact on the enantioselectivity. Di-
azo compounds 1 with a fused ring, such as 2-naphthyl and 9H-
fluorenyl, were also suitable substrates for this C-H alkylation re-
action and gave the corresponding products (3w and 3x) in satisfied
yields and enantioselectivities. The benzyl substituted a-aryl a-di-
azoacetate also worked, leading to the corresponding product 3y in
51% yield with 94% ee. Various ester groups, such as alkyl, cyclo-
alkyl, indanyl, benzyl, and alkenyl, were installed on the phenyl
ring of diazoesters, which were still the suitable substrates for this
reaction and afforded the para-C-H functionalization products 3z-
3ff in good yield (67-84%) with excellent enantioselectivity (87-
93%). Notably, all these reactions were chemo- and site-specific, in
which neither benzylic C-H insertion nor cyclopropanation was ob-
served. The reserved ent-3bb was obtained in the similar yield and
enantioselectivity by switching (R)-CPA9 to (S)-CPA9. The aryldi-
azoacetates with other electron-withdrawing ester moieties, such as
2, 2, 2-trichloroethyl and 2, 2, 2-tribromoethyl exhibited slightly
lower yields and enantioselectivities (3gg and 3hh). Unfortunately,
diazoacetates with alkyl ester group, e.g. methyl, ethyl, were not
applicable in this transformation under this catalytic conditions due
to the weaker eletrophilicity of the forming gold-carbene. The ab-
solute configuration of chiral 1,1-diaryl-g-alcohol (S)-3m’, which
was obtained from the reduction of product (S)-3m , was deter-
mined by single-crystal X-ray analysis, and all of the other products
3 were tentatively assigned accordingly.



Scheme 2. Enantioselective C-H bond functionalization of arenes with 2, 2, 2-trifluoroethyl a-aryl-a-diazoesters.?
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aUnless otherwise specified, all reactions were performed with (EtO)sPAuUCI (5 mmol%), AgSbFs (5 mmol%), (R)-CPA9 (10 mmol%), 1
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Scheme 3. Various alkyl a-aryl-a-diazoesters.?
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Scheme 5. Scale-up reaction and synthetic application.
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We also investigated the C-H functionalization reactions of var-
ious toulene derivatives 1 with diazoacetate 2. The reactions of
mono-alkyl or mono-aryl substituted benzenes 1 with 2, 2, 2-
trifluoroethyl diazoesters 2 proceeded smoothly, affording the
corresponding para-selective C-H functionalization products 3ii-
3pp in moderate to good yield (48-69%) with excellent
enantioselectivity (85-94% ee). Notably, no C(sp®)-H insertion of
secondary benzylic, tertinary benzylic, double benylic position was

detected, indicating that this approach was highly chemoselective.
Gratifyingly, the unsubstituted benzene was also applicable to this
transformation and the corresponding product 3qq was obtained in
65% yield with 89% ee. The substituents at ortho- and meta-posi-
tion on the aryl ring of toluene had a negligible effect on the enan-
tioselectivity (3rr—3ss). Arene with a fused ring, such as tetrahy-
dronaphthalene, was also a suitable substrate in this transformation,
affording the para-C-H functionalization product 3tt in excellent



enantioselectivity (88% ee). Interestingly, (S)-3uu was obtained in
40% yield with 91% ee via the reaction of toluene with a-(4-
ethylphenyl)-a-diazoester, while the enantioisomer (R)-3uu could
be given in similar efficiency and enantioselectivity by the reaction
of ethylbenzene with a-(4-methylphenyl)-a-diazoester under the
same condition. This results showed this reaction could afford two
enantioisomers with one chiral catalytic system.

Furthermore, we investigated the reaction of alkyl diazoesters
with toluene. After screening the conditions, the best result was ob-
served under 2.5 mol% CysPAuUCI/AgOTf, 5 mol% (R)-CPAJY, and
5A MS at room temperature (Scheme 3, for more details, see sup-
porting information Table S2). The reactions of methyl diazoesters
4 equipped with various substituents on phenyl ring and toluene 2a
proceeded smoothly and afforded the desired para-C-H functional-
ization products 5a-5h in 70-82% yields with excellent stereoselec-
tivities (88-90% ee). The bulkier ester moiety did not affect the ef-
ficiency and enantioselectivity in this transformation (5i).

To investigate the match/mismatch effect of this reaction, (R)-
CPA9 and (S)-CPAS9 were separately employed as the catalyst for
the reaction of toluene with (-)-menthol derived diazo compound
1vv. As shown in Scheme 4, the C-H functionalization products 3vv
and 3vvv with reversed diastereoselectivities were obtained, indi-
cating that the enantioselectivity of this reaction was controlled by
the catalyst rather than the chiral substrate.
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Figure 1. Mechanistic experiments. (a) Deuterium-labeling exper-
iments. (b) Nonlinear effects with different %ee of CPA9. (c) Ees
and yields of 3z with different ratio of CPA9/[Au] ([Au] is keeping
5 mol%).

This enantioselective para-C-H bond functionalization of tolu-
ene derivatives was easy scale-up. Two 1 mmol scale sequential C-
H alkylation/reduction reactions were carried out, furnishing the
corresponding alcohol (S)-3¢” in 75% yield with 95% ee and (R)-
31’ in 72% yield with 94% ee. To exhibit the promising applications
of this transformation in organic synthesis, further transformations
of these chiral 1,1-diaryl esters 3 or alcohols 3’ were also performed
(Scheme 5). The chiral g,4-diarylamine 6gq, which is present in
various biologically and pharmacologically active molecules for

the treatment of disorders of the central nervous system,'* was ob-
tained from 3qq via successive reduction and Mitsunobu reaction
without any loss of enantioselectivity.'> The protecting group of
amine of 6qq was easily switched to tosyl and 7qq was obtained in
90% yield with 89% ee. 7qq was further determined to have the (S)-
configuration according to the specific rotation.'® Furthermore, (S)-
7c was smoothly cyclized under Pd-catalyzed intramolecular ami-
nation conditions,'” delivering the chiral indoline (S)-8¢c in excel-
lent yield, which was also often found in structurally related drugs
and natural products.’® Chiral tetrahydroisoquinoline (S)-10I ,
which was a dual norepinephrine and dopamine reuptake inhibitor!®,
could be efficiently accessed from (R)-3I’, keeping the ee intact
through Pictet—Spengler reaction, Ts-deprotection and methyla-
tion.20

To further gain insights into the mechanism of this enantioselec-
tive C-H bond functionalization, several experiments were con-
ducted. As shown in Figure 1a, the deuterium-labeling experiments
for the reaction of 1bb and toluene were performed. When deuter-
ated toluene 2a-ds was employed, the para-selective C-H bond al-
kylation product 3bb was obtained with 34% deuterium at the chiral
a-position (eq i). The similar product 3bb with 37% deuterium in-
corporation was obtained in the presence of a stoichiometric
amount of D20 (eq ii). These results indicated that the hydrogen
atom on the chiral a-position did not come exclusively from the
para-position of toluene, but derived partly from the water in the
solvent via the stepwise process, which was consistent with the pre-
vious mechanistic studies. We observed a clear negative nonlinear
effects®! between the ee’s of chiral catalyst (CPA9) and product 3z,
indicating that the catalytic species in the step of chiral induction
might employ more than one chiral phosphoric acid (Figure 1b). We
also tested the effects of the ratio of CPA9 and the gold catalyst on
the enantioselctivity. As shown in Figure 1c, the ee% of product 3z
was increased along with the increasing ratio of CPA9/[Au] until 2.
If the ratio was greater than two, the excess chiral phosphoric acid
could not improve the enantioselectivity. This result indicated the
key catalytic species might contain two CPA9 and one gold for the
enantioselective control. The dropped yield might be attributed to
the weak coordination between gold complex and the excess CPA9,
which deactivated the activity of gold catalytic species.

Scheme 6. Proposed Mechanism.
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On the basis of the above mentioned experiments and previous
mechanistic studies of gold-carbene and chiral proton shuttle, we
proposed the following reaction pathway (Scheme 6). The electro-
philic gold-carbene intermediate IA generated from the decompo-
sition of the diazoester 1 reacts with the phenyl ring of 2 to form
the gold-contained cationic intermediate 1B, which proceeds an in-
tramolecular 1,4-H transfer to generate 1C. Subsequently, the inter-
mediate 1C undergoes an isomerization to the enol ID through 1,3-
migration of the (EtO)sPAu* to the phenyl ring. The following 1,3-
proton shift and deauration of ID produce the final product 3. The
chiral induction occurs in this step of the formation of IE from ID,
in which the chiral phosphoric acid CPA9 assists the 1,3-proton



shift via a proton shuttle model (TS). Another CPA molecule/anion
is also employed in the transition state, which has a few effect on
the enantioselectivity.

In conclusion, we have developed the first highly enantioselec-
tive para-C(sp?)-H functionalization of non-active benzene deriva-
tives with diazo compounds via cooperative catalysis of achiral
gold complex and chiral phosphoric acid, leading to the syntheti-
cally useful 1,1-diaryl chiral motif. This reaction features mild con-
ditions, readily available starting materials, enantioselective aro-
matic C-H functionalization, broad substrate scope as well as di-
verse synthetic applications of the products. The mechanistic stud-
ies show that the chiral induction might involve one gold complex
and two CPAs. This protocol would broaden the applications of
gold catalysts in asymmetric C-H bond functionalization and car-
bene transfer reactions.??

ASSOCIATED CONTENT

Supporting Information

http://pubs.acs.org.
Accession Codes

CCDC 2074945

AUTHOR INFORMATION

Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENT

We are grateful for the generous financial support from the NSFC
(Nos. 21971066, 22171088) and the STCSM (18JC1412300).

REFERENCES

(1) For selected reviews, see: (a) Wencel-Delord, J.; Glorius, F.; C—H bond
activation enables the rapid construction and late-stage diversification of
functional molecules. Nat. Chem. 2013, 5, 369-375; (b) Hartwig, J. F. Evo-

lution of C—H Bond Functionalization from Methane to Methodology. J. Am.

Chem. Soc. 2016, 138, 2-24; (c) McMurray, L.; O’Hara, F.; Gaunt, M. J.
Recent developments in natural product synthesis using metal-catalysed
C-H bond functionalisation. Chem. Soc. Rev. 2011, 40, 1885 — 1898; (d)

Gutekunst, W. R.; Baran, P. S. C-H functionalization logic in total synthesis.

Chem. Soc. Rev. 2011, 40, 1976 — 1991; (e) Abrams, D. J.; Provencher, P.
A.; Sorensen, E. J. Recent applications of C—H functionalization in complex
natural product synthesis. Chem. Soc. Rev. 2018, 47, 8925-8967; (f) Stepek,
I. A.; Itami, K. Recent Advances in C-H Activation for the Synthesis of n-
Extended Materials. ACS Materials Lett. 2020, 2, 951-974; (g) Baudoin, O.
Multiple Catalytic C-H Bond Functionalization for Nature Product Synthe-
sis. Angew. Chem. Int. Ed. 2020, 59, 17798 — 17809; (h) Dey, A.; Sinha, S.
K.; Achar, T. K.; Maiti, D. Accessing Remote meta- and para-C(sp?) H
Bonds with Covalently Attached Directing Groups. Angew. Chem. Int. Ed.
2019, 58, 10820 — 10843.

(2) For selected reviews, see: (a) Giri, R.; Shi, B.-F.; Engle, K. M.; Maugel,
N.; Yu, J.-Q. Transition metal-catalyzed C—H activation reactions: diastere-
oselectivity and enantioselectivity. Chem. Soc. Rev. 2009, 38, 3242-3272 ;
(b) Newton, C. G.; Kossler, D.; Cramer, N. Asymmetric Catalysis Powered
by Chiral Cyclopentadienyl Ligands. J. Am. Chem. Soc. 2016, 138, 3935 —
3941, (c) Newton, C. G.; Wang, S.-G.; Oliveira, C. C.; Cramer, N. Catalytic
Enantioselective Transformations Involving C—H Bond Cleavage by Tran-
sition-Metal Complexes. Chem. Rev. 2017, 117, 8908 — 8976; (d) Achar,
T.K.; Maiti, S.; Jana, S.; Maiti, D. Transition Metal Catalyzed Enantiose-
lective C(sp?) -H Bond Functionalization. ACS Catal. 2020, 10, 13748 —
13793.

(3) For selected reviews, see: (a) Bandini, M.; Melloni, A.; Umani-Ronchi,
A. New Catalytic Approaches in the Stereoselective Friedel—Crafts Alkyla-
tion Reaction. Angew. Chem., Int. Ed. 2004, 43, 550-556. (b) Poulsen, T. B.;
Jargensen, K. A. Catalytic Asymmetric Friedel-Crafts Alkylation Reac-
tions—Copper Showed the Way. Chem. Rev. 2008, 108, 2903-2915; (c)
You, S.-L.; Cai, Q.; Zeng, M. Chiral Brensted acid catalyzed Friedel-Crafts
alkylation reactions. Chem. Soc. Rev. 2009, 38, 2190-2201.

(4) For reviews, see ref. 2. For selected recent examples of ortho C—H func-
tionalization, see: (a) Wang, S.-G.; Cramer, N. An Enantioselective
CpxRh(l11)-Catalyzed C—H Functionalization/Ring-Opening Route to Chi-
ral Cyclopentenylamines. Angew. Chem., Int. Ed. 2019, 58, 2514 -2518; (b)
Maity, S.; Potter, T. J.; Ellman, J. A. a-Branched amines by catalytic 1,1-
addition of C—H bonds and aminating agents to terminal alkenes. Nat. Catal.
2019, 2, 756 — 762; (c) Jin, L.; Yao, Q.-J.; Xie, P.-P.; Li, Y.; Zhan, B.-B,;
Han, Y.-Q.; Hong, X.; Shi, B.-F. Atroposelective Synthesis of Axially Chi-
ral Styrenes via an Asymmetric C—H Functionalization Strategy. Chem.
2020, 6, 497 — 511; (d) Satake, S.; Kurihara, T.; Nishikawa, K.; Mochizuki,
T.; Hatano, M; Ishihara, K.; Yoshino, T.; Matsunaga, S. Pentamethylcyclo-
penta- dienyl rhodium(l11)-chiral disulfonate hybrid catalysis for enantiose-
lective C—H bond functionalization. Nat. Catal. 2018, 1, 585 — 591; For
deasymmetric meta C—H functionalization, see: (e) Shi, H.; Herron, A. N.;
Shao, Y.; Shao, Q.; Yu, J.-Q. Enantioselective remote meta-C—H arylation
and alkylation via a chiral transient mediator. Nature, 2018, 558, 581 — 585;
(f) Genov, G. R.; Douthwaite, J. L.; Lahdenpera, A. S. K.; Gibson, D. C,;
Phipps, R. J. Enantioselective remote C—H activation directed by a chiral
cation. Science 2020, 367, 1246.

(5) For selected reviews, see: (a) Doyle, M. P.; McKervey, M. A. Modern
Catalytic Methods for Organic Synthesis with Diazo Compounds; Wiley:
New York, 1998; (b) Davies, H. M. L.; Manning, J. R. Catalytic C-H func-
tionalization by metal carbenoid and nitrenoid insertion. Nature 2008, 451,
417-424; (c) D Bz-Requejo, M. M.; Pé&ez, P. J. Coinage Metal Catalyzed
C-H Bond Functionalization of Hydrocarbons. Chem. Rev. 2008, 108, 3379
— 3394; (d) Doyle, M. P.; Duffy, R.; Ratnikov, M.; Zhou, L. Catalytic Car-
bene Insertion into C—H Bonds. Chem. Rev. 2010, 110, 704 — 724; (e) Zhu,
S.-F.; Zhou, Q.-L. Transition-Metal-Catalyzed Enantioselective Heteroa-
tom-Hydrogen Bond Insertion Reactions. Acc. Chem. Res. 2012, 45, 1365-
1377. (f) Davies, H. M. L.; Lian, Y.-J. The Combined C-H Functionaliza-
tion/Cope Rearrangement: Discovery and Applications in Organic Synthe-
sis. Acc. Chem. Res. 2012, 45, 923-937. (g) Guo, X.; Hu, W. Acc. Chem.
Res. 2013, 46, 2427. (h) Xu, X.; Doyle, M. P. The [3 + 3]-Cycloaddition
Alternative for Heterocycle Syntheses: Catalytically Generated Metal-
loenolcarbenes as Dipolar Adducts. Acc. Chem. Res. 2014, 47, 1396-1405.
(i) Zhu, S.-F.; Zhou, Q.-L. Iron-catalyzed transformations of diazo com-
pounds. Natl. Sci. Rev. 2014, 1, 580 — 603; (j) Ford, A.; Miel, H.; Ring, A,;
Slattery, C. N.; Maguire, A. R.; McKervey, M. A. Modern Organic Synthe-
sis with a-Diazocarbonyl Compounds. Chem. Rev. 2015, 115, 9981 — 10080;
(k) Wei, F.; Song, C.; Ma, Y.; Zhou, L.; Tung, C.-H.; Xu, Z. Gold carbene
chemistry from diazo compounds. Sci. Bull. 2015, 60, 1479 — 1492; (I) Liu,
L.; Zhang, J. Gold-catalyzed transformations of a-diazocarbonyl com-
pounds: selectivity and diversity. Chem. Soc. Rev. 2016, 45, 506 — 516; (m)
Xia, Y.; Qiu, D.; Wang, J. Transition-Metal-Catalyzed Cross-Couplings
through Carbene Migratory Insertion. Chem. Rev. 2017, 117, 13810-13889;
(n) Davies, H. M. L.; Liao, K. Dirhodium tetracarboxylates as catalysts for
selective intermolecular C—H functionalization. Nat. Rev. Chem. 2019, 3,
347 - 360; (0) He, Y.; Huang, Z.; Wu, K.; Ma, J.; Zhou, Y.-G.; Yu. Z. Re-
cent advances in transition-metal-catalyzed carbene insertion to C-H
bonds. Chem. Soc. Rev. 2022, 51, 2759-2852.

(6) (@) Xu, B.; Li, M.-L.; Zuo, X.-D.; Zhu, S.-F.; Zhou, Q.-L. Catalytic
Asymmetric Arylation of a-Aryl-a-diazoacetates with Aniline Derivatives.
J. Am. Chem. Soc. 2015, 137, 8700 — 8703; (b) Zhu, D.-X.; Xia, H.; Liu, J.-
G.; Chung, L. W.; Xu, M.-H. Regiospecific and Enantioselective Arylvinyl-
carbene Insertion of a C—H Bond of Aniline Derivatives Enabled by a Rh(I)-
Diene Catalyst. J. Am. Chem. Soc. 2021, 143, 2608 — 2619. (c) Zhu, D.-X;
Liu, J.-G.; Xu, M.-H. Stereodivergent Synthesis of Enantioenriched 2,3-Di-
substituted Dihydrobenzofurans via a One-Pot C—H Functionalization/Oxa-
Michael Addition Cascade. J. Am. Chem. Soc. 2021, 143, 8583 — 8589; (d)
Li, Z.; Chen, Y.; Wang, C.; Xu, G.; Shao, Y.; Zhang, X.; Tang, S.; Sun, J.
Construction of C—C Axial Chirality via Asymmetric Carbene Insertion into
Arene C—H Bonds. Angew. Chem. Int. Ed. 2021, 60, 25714 — 25718.

(7) (@) Thu, H.-Y.; Tong, G. S.-M.; Huang, J.-S.; Chan, S. L.-F.; Deng, Q.-
H.; Che, C.-M. Highly Selective Metal Catalysts for Intermolecular Carbe-
noid Insertion into Primary C—H Bonds and Enantioselective C—C Bond
Formation. Angew. Chem. Int. Ed. 2008, 47, 9747 — 9751, (b) Davies, H. M.
L.;Jin, Q.; Ren, P.; Kovalevsky, A. Y. Catalytic Asymmetric Benzylic C-H
Activation by Means of Carbenoid-Induced C—H Insertions. J. Org. Chem.
2002, 67, 4165 — 4169.

(8) For selected reviews, see: (a) Gorin, D. J.; Toste, F. D. Relativistic ef-
fects in homogeneous gold catalysis Nature 2007, 446, 395-403; (b) Hashmi,
A. S. K. Gold-Catalyzed Organic Reactions. Chem. Rev. 2007, 107, 3180-
3211, (c) Gorin, D. J.; Sherry, B. D.; Toste, F. D. Ligand Effects in Homo-
geneous Au Catalysis. Chem. Rev. 2008, 108, 3351-3378; (d) Jiménez-
NGrez, E.; Echavarren, A. M. Gold-Catalyzed Cycloisomerizations of


http://pubs.acs.org/

Enynes: A Mechanistic Perspective. Chem. Rev. 2008, 108, 3326-3350; (e)
Dorel, R.; Echavarren, A. M. Gold(l)-Catalyzed Activation of Alkynes for
the Construction of Molecular Complexity. Chem. Rev. 2015, 115, 9028-
9072; (f) Frstner, A. Gold Catalysis for Heterocyclic Chemistry: A Repre-
sentative Case Study on Pyrone Natural Products. Angew. Chem. Int. Ed.
2018, 57,4215 - 4233; (g) Hashmi, A. S. K. Introduction: Gold Chemistry.
Chem. Rev. 2021, 121, 8309-8310; (h) Chintawar, C. C.; Yadav, A. K.; Ku-
mar, A.; Sancheti, S. P.; Patil, N. T. Divergent Gold Catalysis: Unlocking
Molecular Diversity through Catalyst Control. Chem. Rev. 2021, 121, 8478
— 8558; (i) Witzel, S.; Hashmi, A. S. K.; Xie, J. Light in Gold Catalysis.
Chem. Rev. 2021, 121, 8868 — 8925; (j) Wang, T.; Hashmi, A. S. K. 1,2-
Migrations onto Gold Carbene Centers. Chem. Rev. 2021, 121, 8948 — 8978;
(k) Zheng, Z.; Ma, X.; Cheng, X.; Zhao, K.; Gutman, K; Li, T.; Zhang, L.
Homogeneous Gold-Catalyzed Oxidation Reactions. Chem. Rev. 2021, 121,
8979 —9038; (I) Ye, L.-W.; Zhu, X.-Q.; Sahani, R. L.; Xu, Y.; Qian, P.-C.;
Liu, R.-S. Nitrene Transfer and Carbene Transfer in Gold Catalysis. Chem.
Rev. 2021, 121, 9039-9112.

9) (@) Yu, Z.; Ma, B.; Chen, M.; Wu, H.-H.; Liu, L.; Zhang, J. Highly Site-
selective Direct C-H Bond Functionalization of Phenols with a-Aryl-a-Di-
azoacetates and Diazooxindoles via Gold Catalysis. J. Am. Chem. Soc. 2014,
136, 6904 — 6907; (b) Xi, Y.; Su, Y.; Yu, Z.; Dong, B.; McClain, E. J,;
Lan, Y.; Shi. X. Chemoselective Carbophilic Addition of a-Diazoesters
through Ligand-Controlled Gold Catalysis. Angew. Chem. Int. Ed. 2014, 53,
9817-9821; (c) Liu, Y.; Yu, Z.; Zhang, J. Z.; Liu, L.; Xia, F.; Zhang, J. Or-
igins of Unique Gold-Catalyzed Chemo- and Site-Selective C-H Function-
alization of Phenols with Diazo Compounds. Chem. Sci. 2016, 7, 1988 —
1995; (d) Ma, B.; Chu, Z.; Huang, B.; Liu, Z.; Liu, L.; Zhang, J. Highly
para-selective C—H Alkylation of Benzene Derivatives with 2,2,2- Trifluo-
roethyl a-Aryl-a-diazoesters. Angew. Chem., Int. Ed. 2017, 56, 2749 — 2753,;
(e) Ma, B.; Wu, J.; Liu, L.; Zhang, J. Gold-catalyzed para-selective C—H
bond alkylation of benzene derivatives with donor/acceptor-substituted di-
azo compounds. Chem. Commun. 2017, 53, 10164 — 10167; (f) Yu, Z.; Li,
Y.; Zhang, P.; Liu, L.; Zhang, J. Ligand and counteranion enabled re-
giodivergent C—H bond functionalization of naphthols with a-aryl-o-diaz-
oesters. Chem. Sci. 2019, 10, 6553 — 6559; (g) Li, Y.; Tang, Z.; Zhang, J.;
Liu, L. Gold-Catalyzed Intermolecular [4 + 1] Spiroannulation via Site Se-
lective Aromatic C(sp?)—H Functionalization and Dearomatization of Phe-
nol Derivatives. Chem. Commun. 2020, 56, 8202 — 8205; (h) Jana, S.; Em-
pel, C.; Pei, C.; Aseeva, P.; Nguyen, T. V.; Koenigs, R. M. C-H Function-
alization Reactions of Unprotected N-Heterocycles by Gold-Catalyzed Car-
bene Transfer. ACS Catal. 2020, 10, 9925; (i) Zhang, C.; Hong, K.; Pei, C,;
Zhou, S.; Hu, W.; Hashmi, A. S. K.; Xu, X. Gold(l)-catalyzed intramolecu-
lar cyclization/intermolecular cycloaddition cascade as a fast track to poly-
carbocycles and mechanistic insights. Nat. Commun. 2021, 12, 1182.

(10) (a) Echavarren, A. M. Carbene or cation? Nat. Chem. 2009, 1, 431-
433; (b) Harris, R. J.; Widenhoefer, R. A. Synthesis, structure, and reactivity
of a gold carbenoid complex that lacks heteroatom stabilization. Angew.
Chem. Int. Ed. 2014, 53, 9369-9371; (c) Hussong, M. W.; Rominger, F.;
Kramer, P.; Straub, B. F. Isolation of a non-heteroatom-stabilized gold-car-
bene complex. Angew. Chem. Int. Ed. 2014, 53, 9372-9375; (d) Joost, M.;
Estévez, L.; Mallet-Ladeira, S.; Miqueu, K.; Amgoune, A.; Bourissou, D.
Enhanced n-backdonation from gold(l): isolation of original carbonyl and
carbene complexes. Angew. Chem. Int. Ed. 2014, 53, 14512-14516; (e)
Chem. M.; dos Santos Comprido, L. N.; Klein, J. E. M. N.; Knizia, G.;
K&tner, J.; Hashmi, A. S. K.; The stabilizing effects in gold carbene com-
plexes. Angew. Chem. Int. Ed. 2015, 54, 10336-10340. Wang, Y .; Muratore,
M. E.; Echavarren, A. M. Gold carbene or carbenoid: is there a difference?
Chem. Eur. J. 2015, 21, 7332-7339.

(11) For reviews on chiral proton shuttle catalysis, see: (a) Cao, J.; Zhu, S.-
F. Catalytic enantioselective proton transfer reactions. Bull. Chem. Soc. Jpn.
2021, 94, 767-789. For selected examples, see: (b) Cao, J.; Hu, M.-Y; Liu,
S.-Y.; Zhang, X.-Y.; Zhu, S.-F.; Zhou, Q.-L. Enantioselective Silicon-Di-
rected Nazarov Cyclization. J. Am. Chem. Soc. 2021, 143, 6962 — 6968; (c)
Li, Y.; Zhao, Y.-T.; Zhou, T.; Chen, M.-Q.; Li, Y.-P.; Huang, M.-Y; Xu,
Z.-C.; Zhu, S.-F.; Zhou, Q.-L. Highly Enantioselective O—H Bond Insertion
Reaction of o-Alkyl- and a-Alkenyl-a-diazoacetates with Water. J. Am.
Chem. Soc. 2020, 142, 10557 — 10566; (d) Li, M.-L.; Yu, J.-H.; Li, Y.-H,;
Zhu, S.-F.; Zhou, Q.-L. Highly enantioselective carbene insertion into N-H
bonds of aliphatic amines. Science 2019, 366, 990-994; (e) Li, Y.-P.; Li,
Z.-Q.; Zhou, B.; Li, M.-L.; Xue, X.-S.; Zhu, S.-F.; Zhou, Q.-L. Chiral spiro
phosphoric acid-catalyzed Friedel-Crafts conjugate addition/enantioselec-
tive protonation reactions. ACS Catal. 2019, 9, 6522-6529; (f) Xu, B.; Zhu,
S.-F.; Xie, X.-L.; Shen, J.-J.; Zhou, Q.-L. Asymmetric N-H insertion reac-
tion cooperatively catalyzed by rhodium and chiral spiro phosphoric acids.
Angew. Chem., Int. Ed. 2011, 50, 11483—11486.

(12) For reviews on cooperative catalysis of metal and chiral phosphoric
acid, see: (a) Chen, D. F.; Han, Z. Y.; Zhou, X. L.; Gong, L. Z. Asymmetric
OrganoCatalysis Combined with Metal Catalysis: Concept, Proof of Con-
cept, and Beyond. Acc. Chem. Res. 2014, 47, 2365-2377; (b) Inamdar, S.
M.; Konala, A.; Patil, N. T. When Gold Meets Chiral Brested Acid Catalysts:
Extending the Boundaries of Enantioselective Gold Catalysis. Chem. Com-
mun. 2014, 50, 15124-15135. And references cited therein. For selected re-
cent examples, see: (c) Zhou, S.; Li, Y.; Liu, X.; Hu, W.; Ke, Z.; Xu, X.
Enantioselective Oxidative Multi-Functionalization of Terminal Alkynes
with Nitrones and Alcohols for Expeditious Assembly of Chiral a-Alkoxy-
B-amino-ketones. J. Am. Chem. Soc. 2021, 143, 14703; (d) Wei, H.; Bao,
M.; Dong, K.; Qiu, L.; Wu, B.; Hu, W.; Xu, X. Enantioselective Oxidative
Cyclization/Mannich Addition Enabled by Gold(1)/Chiral Phosphoric Acid
Cooperative Catalysis. Angew. Chem. Int. Ed. 2018, 57, 17200-17204; (e)
Kang, Z.; Wang, Y.; Zhang, D.; Wu, R.; Xu, X.; Hu, W. Asymmetric Coun-
ter-Anion-Directed Aminomethylation: Synthesis of Chiral 3-Amino Acids
via Trapping of an Enol Intermediate. J. Am. Chem. Soc. 2019, 141, 1473-
1478. (f) Lin, J.-S.; Li, T.-T.; Liu, J.-R.; Jiao, G.-Y.; Gu, Q.-S.; Cheng, J.-
T.; Guo, Y.-L.; Hong, X.; Liu, X.-Y. Cu/Chiral Phosphoric AcidCatalyzed
Asymmetric Three-Component Radical-Initiated 1,2- Dicarbofunctionali-
zation of Alkenes. J. Am. Chem. Soc. 2019, 141, 1074-1083; (9) Yu, P.; Lin,
J.-S.; Li, L.; Zheng, S.-C.; Xiong, Y.-P.; Zhao, L.-J.; Tan, B.; Liu, X.-Y.
Enantioselective C—H Bond Functionalization Triggered by Radical Tri-
fluoromethylation of Unactivated Alkene. Angew. Chem., Int. Ed. 2014, 53,
11890—-11894.

(13) (a) Lindsay De Vane, C.; Liston, H. L.; Markowitz, J. S. Clinical Phar-
macokinetics of Sertraline. Clin Pharmacokinet. 2002, 41, 1247-1266. (b)
Moree, W. J.; Li, B.-F.; Jovic, F.; Coon, T.; Yu, J.; Gross, R. S.; Tucci, F.;
Marinkovic, D.; Zamani-Kord, S.; Malany, S.; Bradbury, M. J.; Hermandez,
L. M.; O’Brien, Z.; Wen, J.; Wang, H.; Hoare, S. R. J.; Petroski, R. E.;
Sacaan, A.; Madan, A.; Crowe, P. D.; Beaton, G. Characterization of Novel
Selective H1-Antihistamines for Clinical Evaluation in the Treatment of In-
somnia. J. Med. Chem. 2009, 52, 5307-5310; (c) Cheltsov, A. V.; Aoyagi,
M.; Aleshin, A.; Yu, E. C.-W.; Gilliland, T.; Zhai, D.; Bobkov, A. A.; Reed,
J. C.; Liddington, R. C.; Abagyan, R. Vaccinia Virus Virulence Factor N1L
is a Novel Promising Target for Antiviral Therapeutic Intervention. J. Med.
Chem. 2010, 53, 3899-3906; (d) Ameen, D.; Snape, T. J. Chiral 1,1-diaryl
compounds as important pharmacophores. Med. Chem. Commun. 2013, 4,
893 — 907; (e) Jia, T.; Cao, P.; Liao, J. Enantioselective synthesis of gem-
diarylalkanes by transition metal-catalyzed asymmetric arylations
(TMCAAIr). Chem. Sci. 2018, 9, 546 — 559.

(14) (a) Catalano, A.; Luciani, R.; Carocci, A.; Cortesi, D.; Pozzi, C.; Bor-
sari, C.; Ferrari, S.; Mangani, S. X-ray crystal structures of Enterococcus
faecalis thymidylate synthase with folate binding site inhibitors. Eur. J. Med.
Chem. 2016, 123, 649 — 664; (b) Zhao, F.; Zhang, J.; Zhang, L.; Hao, Y.;
Shi, C.; Xia, G.; Yu, J,; Liu, Y. Discovery and optimization of a series of
imidazo[4,5-b]pyrazine derivatives as highly potent and exquisitely selec-
tive inhibitors of the mesenchymal-epithelial transition factor (c-Met) pro-
tein kinase. Bioorg. Med. Chem. 2016, 24, 4281 — 4290.

(15) (a) Zhang, A.; Neumeyer, J. L.; Baldessarini, R. J. Recent Progress in
Development of Dopamine Receptor Subtype-Selective Agents: Potential
Therapeutics for Neurological and Psychiatric Disorders. Chem. Rev. 2007,
107, 274 - 302; (b) Zhang, J.; Xiong, B.; Zhen, X.; Zhang, A. Dopamine D1
receptor ligands: Where are we now and where are we going. Med. Res. Rev.
2009, 29, 272. (c) Michaelides, M. R.; Hong, Y.; DiDomenico, S., Jr.; Bay-
burt, E. K.; Asin, K. E.; Britton, D. R.; Lin, C. W.; Shiosaki, K. Substituted
Hexahydrobenzo[f]thieno[c]quinolines as Dopamine D1-Selective Ago-
nists: Synthesis and Biological Evaluation in Vitro and in Vivo. J. Med.
Chem. 1997, 40, 1585 — 1599.

(16) Takeda, Y.; Ikeda, Y.; Kuroda, A.; Tanaka, S.; Minakata, S.; Pd/NHC-
Catalyzed Enantiospecific and Regioselective Suzuki-Miyaura Arylation of
2-Arylaziridines: Synthesis of Enantioenriched 2-Arylphenethylamine De-
rivatives J. Am. Chem. Soc. 2014, 136, 8544.

(17) Panteleev, J.; Zhang, L.; Lautens, M. Angew. Chem., Int. Ed. 2011, 50,
9089.

(18) Boger, D. L.; Boyce, C. W.; Garbaccio, R. M.; Goldberg, J. A. CC-
1065 and the Duocarmycins: Synthetic Studies. Chem. Rev. 1997, 97, 787
—828.

(19) Pechulis, A.D.; Beck, J. P.; Curry, M. A.; Wolf, M. A,; Harms, A. E.;
Xi, N.; Opalka, C.; Sweet, M. P.; Yang, Z.; Vellekoop, A. S.; Klos, A. M;
Crocker, P. J.; Hassler, C.; Laws, M.; Kitchen, D. B.; Smith, M. A.; Olsonb,
R. E.; Liu, S.; Molino, B. F. 4-Phenyl tetrahydroisoquinolines as dual nore-
pinephrine and dopamine reuptake inhibitors. Bioorg. Med. Chem. 2012, 22,
7219 - 7222.



(20) (a) Lukanov, L. K.; Venkov, A. P.; Mollov, N. M. Application of the
Intramolecular a-Amidoalkylation Reaction for the Synthesis of 2-Aryl-
sulfonyl-1,2,3,4-tetrahydroisoquinolines. Synthesis, 1987, 2, 204 — 206; (b)

Alonso, D. A.; Andersson, P. G. Deprotection of Sulfonyl Aziridines. J. Org.

Chem. 1998, 63, 9455 — 9461; (c) Jossang, A.; Melhaoui, A.; Bodo, B. En-
antioselecitive Total Synthesis of Irniine and Bgugaine, Bioactive 2-Al-
kylpyrrolidine Alkaloids. Heterocycles 1996, 43, 755 — 766.

(21) (a) Satyanarayana, T.; Abraham, S.; Kagan, H. B. Nonlinear Effects in
Asymmetric Catalysis. Angew. Chem., Int. Ed. 2009, 48, 456—494. (c)
Girard, C.; Kagan, H. B. Nonlinear Effects in Asymmetric Synthesis and

Stereoselective Reactions: Ten Years of Investigation. Angew. Chem., Int.
Ed. 1998, 37, 2922-2959.

(22) During preparation of our manuscript, we became aware that the Sun
group had developed an asymmetric para-selective C-H functionalization
of anisole derivatives. They reported one example of the reaction of toluene,
but the ee is only 40%: Xu, G.; Huang, M.; Zhang, T.; Shao, Y.; Tang, S,;
Cao, H.; Zhang, X.; Sun, J. Asymmetric Arylation of Diazoesters with An-
isoles Enabled by Cooperative Gold and Phosphoric Acid Catalysis.
https://doi.org/10.1021/acs.orglett.2c00709.



Insert Table of Contents artwork here

AQ%
H e

R= alkyl, aryl, H

\ unactivited arenes 1 relay gold/CPA catalysis v mild conditions
\ 60 examples V chemo- and site-selectivity v up to 97% ee




