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Enantioselective Synthesis of N-C Axially Chiral Compounds by

Cu-Catalyzed Atroposelective Aryl Amination.

Johanna Frey,? Alaleh Malekafzali,? Isabel Delso,? Sabine Choppin,® Frangoise Colobert,”™ and

Joanna Wencel-Delord*!

Abstract: N-C axially chiral compounds have emerged
recently as appealing motifs for drug design. However,
enantioselective synthesis of such molecules is still poorly
developed and surprisingly no metal-catalyzed atroposelective N-
arylation have been described. Herein we disclose an
unprecedented Cu-catalyzed atroposelective N-C  coupling,
occurring at room temperature. Such mild reaction conditions, crucial
parameter to warrant atropostability of the newly generated products
may be reached thank to the use of hypervalent iodines as highly
reactive coupling partner. A large panel of the N-C axially chiral
compounds is hence afforded in very high enantioselectivities (up to
> 99% ee) and good yields (up to 76%). Post-modifications of thus
accessed atropisomeric compounds allows further expanding the
diversity of these appealing compounds.

Axial chirality is an intriguing feature of an array of natural
products, biologically active molecules, privileged chiral ligands
and sophisticated materials." This field of asymmetric organic
chemistry has been dominated, for decades, by the axial
chirality existing between two aromatic or aromatic-
heteroaromatic  units. However, since several Vyears,
atropisomerism arising from a restricted rotation of a N-C bond
has been attracting a growing attention,” with appealing
applications in drug design.”! Besides, the applications of N-C
axially chiral compounds encompass also fields of
agrochemistry  (Metolachlore),”! asymmetric catalysis via
development of new chiral ligands®™ and material science
(Figure 1).®! The enantioselective synthesis of N-C axially chiral
molecules remains however strongly underdeveloped (Figure 2).
The state-of-the-art approaches are mainly based on
stereoselective transformations of scaffold bearing already
existing N-C motif, including desymmetrization reactions,” N-
functionalization of anilide derivatives,® construction of aromatic
ring on amine precursors via cycloaddition reactions ! and C-H
functionalization of N-Ar unit."” In contrast, enantioselective
synthesis of N-C axially chiral molecules via stereoselective
metal-catalyzed aryl amination,!'" although retrosynthetically the
most attractive route, remains unprecedented and presents a
tremendous challenge."? Indeed, both Buchwald-Hartwig and
Ullmann couplings for example are sensitive to the steric
encumbrance of the coupling partners and therefore high
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reaction temperatures are generally needed to promote the bond
formation between a secondary amine and an ortho-substituted
aryl. Thus, a clear antagonism between steric requirements to
warrant atropostability of a molecule and reaction conditions
necessary to promote N-C coupling exists, rendering
atroposelective Buchwald-Hartwig or Ullmann couplings still the
unmet challenge. Herein we disclose a unique synthetic solution
allowing overcoming this difficulty and unlocking the door
towards atroposelective Ullmann-type N-arylation.
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Figure 1. Important compounds featuring N-C axially chiral compounds.
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Figure 2. New approach for the synthesis of N-C axially chiral compounds.

Following our recently designed diastereoselective
transformation' and Suna’s work on the iodane-enabled
couplings, we hypothesized that a Cu-catalyzed Ullmann-type
reaction should be possible under mild reaction conditions when
using a highly active arylating agent, such as hypervalent
iodine,"™™ in combination with a well selected chiral ligand.
Following this analysis, we embarked on exploring a coupling
between dissymmetrical mesityl-aryl iodanes!"® bearing a
coordinating motifs 1 and indoline 2, using Cu(l)-catalyst in
combination with a BOX ligand.'"”? No reactivity was observed
when ester and sulfone-derived hypervalent iodines 1a and 1c
were used and in presence of carboxylic-acid derived iodane 1b
only a small amount of the desired product 3 was afforded as a
racemic mixture. Dimethylamide-substituted 1d delivered
racemic 3d in 16% yield. Secondary amides 1e-g furnished the
corresponding N-C axially chiral compounds with promising
enantiomeric excesses (32 — 56%). The major improvement
was observed when using an unsubstituted primary amide 1h,
delivering the desired product in 80% ee and 18% yield. 3h was
thus selected for the further fine optimization.
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N DIPEA (2 equiv.)
OMe H DCM/DMSO (4 : 1) OMe
1a-h 25°C,3h 3
1 equiv. 2 1 equiv.
1a: R = CO,Me 1e: R = CONHMe 3e: 40% yield; er: 66:34

1b: R = CO,H 1f: R = CONHPh 3b 13 % yield; er: 50:50 3f: 7% yield; er: 71:29
1c: R=80,pTol  1g: R = CONHBoc 3c:nr 3g: 19% yield; er: 78:22
1d: R=CONMe, 1h: R =CONH, 3d: 16% yield; er: 50:50 3h: 18% yield; er: 90:10

Scheme 1. Determination of effective hypervalent iodine reagent (DIPEA:
diisopropylamine).

Further optimization study (for details see Sl) revealed that Et;N
is the optimal base, Bn-substituted BOX in combination with
Cu(MeCN),BF, generates the most selective catalysts and
addition of a Lewis acid additive, such as BF;¢(OEt),, helps
reaching high conversions. Under the optimized conditions the
asymmetric Ullmann coupling occurs smoothly at room
temperature, delivering atropisomerically pure 3 in 76% yield
and 99:1 er. Notably, the herein described coupling failed under
metal-free achiral N-arylation protocol disclosed by Olofsson.'®
Subsequently, the scope of this unique atroposelective Cu-
coupling was explored regarding N-coupling partner. Et-
substituted N-C axially chiral compound 4 was isolated in 90:10
er. Indolines substituted by strategic Br- and Cl-atoms at C7-
position reacted smoothly, furnishing the expected products in
good yields (64 and 62% yield) and excellent enantiopurity. Drop
of stereoinduction was observed when OMe- substituted indoline
was used, delivering 7 in 89:11 er. In contrast, high
enantioselectivity was restored, when using polysubstituted
indolines and thus 8-9 were afforded with excellent ees. Of note
is that the reaction tolerated well both, Br-substituent at different
positions that opens a door towards further post-
functionalizations and F-atom of key importance for biological
applications. Besides, 3-disubstituted indolines are also effective
coupling partners delivering 10 and 11 in high yields and ees.
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Scheme 2. Scope of the reaction with respect to indolines 2A-J.

Subsequently, various hypervalent iodines were tested. As
expected, the substitution pattern of the newly generated N-C
axially chiral products has a major impact on the
enantioselectivity of the reaction. When OiPr substituent is
present in ortho-position to the chiral axis, a slight decrease in

the stereoselectivity was detected for the coupling with 7-methyl
indoline, furnishing 12 in 94:6 er. However, using more
encumbered Br-substituted indoline excellent chiral induction
was restored, as 13 was isolated in 97:3 er. In the case of Me-
substituted iodane, the coupling with non-substituted indoline
delivers the almost racemic product 14, clearly showing that the
steric hindrance around the N-C linkage is insufficient to restrict
the rotation. However, the introduction of OMe-, Me-and Br-
substituents at the strategic C7-position of the indoline results in
the increased atropostability of the products and thus 15, 16 and
17 were furnished in respectively 82:18, 92:8 and 92:8 er. These
observations are consistent with the determination of rotational
barriers (see Figure 4). Of note is that the presence of OMe
substituent at para-position of the iodane has a unfavorable
impact on the reactivity of the iodane, as 18 was isolated in only
35% yield, compared to 62% yield observed in case of 16. In
contrast, as expected, the enantioselectivity of the reaction is not
affected by this para-substituent. Remarkably, Br-substituted
iodane is also a suitable coupling partner; the highly
atropoenriched product 20 was prepared in excellent er of 96:4
thus giving access to strongly modular atropisomeric scaffold.
Coupling with Cl-substituted iodane delivers 21 with identical
enantioselectivity and increased efficiency. Finally, biologically
relevant OCF3; motif may also be introduced with success on the
hypervalent iodine moiety as illustrated by the synthesis of 22 in
good yield of 54% and high enantioselectivity of 93:7. Finally,
tetrahydroquinoline is also an effective coupling partner; the
corresponding product 23 was isolated in promising 90:10 er

albeit in lower 32% vyield.

CONH, CONH, CONH,

Mefj

OiPr 14: R = H, 55%; er: 47:53 OMe Me
15: R = OMe, 35%; er: 82:18 |
16: R = Me, 62%; or. 92:8 18:35%; er: 92:8  19:54%; er: 90:10
17: R = Br, 39%; er: 92:8

Me Br Me
CI\©CONH2 acoﬂjCONHz Me CONH,

22:54%; er: 93:7 23: 32%; er: 90:10

12: R = Me, 74%; er: 94:6
13: R = Br, 63%; er: 97:3

MeO
CONH,

20: 45%; er: 96:4

21: 60%; er: 96:4

Scheme 3. Scope of the reaction with respect to iodanes

Figure 3. X-Ray structure of (aR)-3.
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The absolute aR configuration of 3 was determined based on X-
Ray structure.!"” Notably, the crystal structure shows hydrogen
bonding between N-atom of indoline and N-atom of the amide
what is coherent with a particular importance of this DG for the
efficiency of the reaction. Besides, two chiral molecules are
present in a chiral unit and intermolecular hydrogen bonding
between NH,- and O-atom is hence evidenced.

In order to further characterize the newly generated N-C
axis, the rotational barriers for the few selected examples were
measured (see Sl). The data (Figure 4) clearly show that the
increased bulk at C7-position of indoline allows improving the
atropostability of the compounds; modification of the Me-
substituent by a more congesting Br-atom results in significantly
higher AG#, rising from approx. 27.5 kcal/mol for 3 to 29.7
kcal/mol for 5. A comparable atropostability is observed for 3
and 15 suggesting that the relative positions of Me- and OMe-
substituents have a minor impact. However, decreased
enantioselectivity observed in case of 15 might suggest that
undesirable weak interactions between OMe substituent on the
indoline destabilize the stereo-determining intermediate during
the catalytic cycle. A very high rotational barrier of 31 kcal/mol
was measured for 16, indicating that this molecule should be
atropostable over prolonged time even at higher temperature.

Me r
MeO, CONH;, MeO,

; N
Bi MeO Me
f;/CONHZ Meﬁcor\m2 MeéCONHZ

OMe OMe
3:76%; er > 99:1 5: 64%,; er: 99:1 15: 35%; er: 82:18 16: 62%; er: 92:8
AG*= AG*= AG*= AG?=
29,6 kcal/mol (at 80 °C) 27.9 keal/mol (at 80 °C) 31,0 keal/mol (at 100 °C)
29.7 keal/mol (at 100 °C)  28.3 kcal/mol (at 100 °C) 31,3 kcal/mol (at 110 °C)

27.1 kecal/mol (at 80 °C)
27,8 kcal/mol (at 100 °C)

Figure 4. Determination of the rotational barriers for the selected products.

The synthetic importance of this new methodology to access
new N-C axially chiral compounds was further highlighted by
possible post-functionalizations (Scheme 4). Large-scale (1.95
mmol) synthesis of 5 was performed under standard protocol,
delivering 470 mg of the product in unchanged, 64% yield and
total enantioselectivity. Subsequently, 5 was oxidized into the
corresponding axially chiral indole 24 or indoline-2,3-dione 25,
N-arylisatin analogue, which is a privileged synthetic
intermediate of oxindole scaffolds.”” The modular character of
the amide directing group was also illustrated as a two-step
protocol allows converting the CONH; group into the carboxylic
acid 27, isolated in 66% yield and slightly decreased optical

purity (er of 90:10).
o}
\
DDQ (3 equiv.) N o TBHP (15 equiv.) NSO
DCM, 30 min, RT ~ Br Cu(OAc), (15 mol%) g/ o
> MeO NH, ——— > MeO
2 MeCN,2h,50°C NH,
N 24: 99% 25:34%
o er:91:9

er: 955 OMe OMe

OMe Boc,0 (6 equiv.) N o LiOH (3 equiv.) ? N o
r H,0, (6 equi Br
5 DMAP (10 mol%)  mMeo 20> Bequiv) S0
er: 99:1 I——— NBoc, ————————>
THF, RT, 2 THF/H,0 (111), OH
overnight 0°C, 14h
26:99% Ome 27: 66%
er: 94:6 er: 90:10 OMe

Scheme 4. Post-modifications of 5. (DDQ : 2,3-Dichloro-5,6-dicyano-p-
benzoquinone; Boc,O: Boc,O: Di-tert-butyl dicarbonate, DMAP: 4-
Dimethylaminopyridine; TBHP: tert-Butyl hydroperoxide

Subsequently, we embarked on the mechanistic studies.
First, the non-linear effects (NLE) were investigated®" and we
were pleased to discover that this Cu-catalyzed transformation
features very strong amplification (Figure 5a) Indeed, the axially
chiral 3 is obtained with high 46% ee using the ligand with very
low 6% ee and to access the almost enantiopure product (ee of
92%), the ligand of only 20% ee is needed. This important
amplification clearly indicates formation of complex (Cu-L2),
metallic species, with homochiral species exhibiting highly
increased reactivity. Remarkably, this nonlinear amplification is
among the strongest effects reported in the literature, in
particular considering the Cu-catalyzed transformations.®?

a) b)

20 40 60 80 100 120 140 160 180 200
Time (min)

0 20 40 60 80 100 0
ee of ligand (%)

Figure 5. a) Non-linear effects study observed for the asymmetric synthesis of
3; b) Kinetic study of the synthesis of 3

In addition, kinetic studies of this reaction revealed extremely
fast initial reaction rate (Figure 5b). Indeed, within only 1 min, 3
was afforded in 33% isolated yield and the reaction time of only
7 min is necessary to furnish 3 in 50% yield. However, after
reaching 50% conversion the rate decreases drastically.
Reaction time of 3h is needed to increase the yield up to 66%
and the optimal result of 76% yield necessities 18h reaction time.
To complement this study, a stoichiometric reaction was
followed by HRMS ESI analysis. As expected based on NLE
observed, the initial formation of Cu(BOX), complex was
evidenced and the structure of this catalyst was further
conformed by X-ray analysis (see Sl). Subsequently, addition of
iodane 1 to the solution of the complex results in instantaneous
decoordination of one BOX ligand and oxidative addition of
iodane, resulting in formation of CuBOX-Ar species (ESI
analysis). This extremely fast oxidative addition clearly illustrates
the superiority of iodanes over Ar-l coupling partner, for which
OA step is frequently sluggish and rate determining.
Unfortunately, other intermediates resulting from coordination of
the amine to the catalyst were not detected but formation of the
expected product was finally evidenced by ESI analysis.

Based on these results and the literature data,”™ a catalytic
cycle can be proposed implying (Figure 6): 1) generation of
Cu(BOX), complex; 2) fast OA of iodane 1, enhanced by the Cu-
amide coordination, and subsequent decoordination of one BOX
ligand, 3) coordination of the amine coupling partner and 4) final
reductive elimination delivering the expected axially chiral
compound. Alternatively, initial coordination of amine to CuBOX
complex followed by oxidative addition may also be envisioned.
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In depth further mechanistic studies are needed to elucidate this
catalytic cycle as well as the stereoselectivity.

NH,
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Figure 6. Proposed catalytic cycle.

In  conclusion, we report herein the first example of
atroposelective metal catalyzed N-arylation delivering N-C
axially chiral compounds. Use of various hypervalent iodine
coupling partners allows this Cu-catalyzed hindered coupling to
occur at room temperature, thus warranting excellent
stereoselectivity. This protocol delivers efficiently original N-C
atropisomeric  compounds, molecules of interest for
pharmaceutical industry. In addition, preliminary mechanistic
studies show exceptional non-linear amplification and very fast
initial rate of the reaction, thus further illustrating the uncommon
features of this original transformation.

Acknowledgements

We thank the CNRS (Centre National de la Recherche
Scientifique), the “Ministere de I'Education Nationale et de la
Recherche®) France for financial support. J. F. is very grateful to
the “Ministere de I'Education Nationale et de la Recherche",
France for a doctoral grant. We are also very grateful to Dr.
Lydia Karmazin and Dr. Corinne Bailly for single crystal X-ray
diffraction analysis. We thank very warmly Dr. Antonis Messinis
and Prof. Lutz Ackermann (University of Géttingen) for their help
in HESI analysis as well as Dr. Christopher Golz for the X-ray
diffraction analysis.

Keywords: N-C axial chirality « atropisomerism ¢« asymmetric C-
N coupling * hypervalent iodine

[1] a) J. E. Smyth, N. M. Butler, P. A. Keller, Nat. Prod. Rep. 2015, 32,
1562-1583. b) G. Bringmann, A. J. Price Mortimer, P. A. Keller, M. J.
Gresser, J. Garner, M. Breuning, Angew. Chem. Int. Ed. 2005, 44,
5384-5427. c) G. Bringmann, T. Gulder, T. A. M. Gulder, M. Breuning,
Chem. Rev. 2011, 111, 563-639. d) E. Kumarasamy, R. Raghunathan,
M. P. Sibi, J. Sivaguru, Chem. Rev. 2015, 115, 11239-11300. €) P.
Renzi, Org. Biomol. Chem. 2017, 15, 4506-4516. f) P. Loxq, E.
Manoury, R. Poli, E. Deydier, A. Labande, Coord. Chem. Rev. 2016,
308, Part 2, 131-190. g) J. Wencel-Delord, A. Panossian, F. R. Leroux,

(2

131

41
(5]

6l

[71

(8l

101

F. Colobert, Chem. Soc. Rev. 2015, 44, 3418-3430. h) Y.-B. Wang, B.
Tan, Acc. Chem. Res. 2018, 51, 534-547.

|. Takahashi, Y. Suzuki, O. Kitagawa, Org. Prep. Proc. Int. 2014, 46, 1—
23.

a) P. W. Glunz, Bioorg. Med. Chem. Lett. 2018, 28, 53-60. b) S. T.
Toenjes, J. L. Gustafson, Future Med. Chem. 2018, 10, 409-422. c) S.
R. LaPlante, L. D. Fader, K. R. Fandrick, D. R. Fandrick, O. Hucke, R.
Kemper, S. P. F. Miller, P. J. Edwards, J. Med. Chem. 2011, 54, 7005-
7022. d) G. Beutner, R. Carrasquillo, P. Geng, Y. Hsiao, E. C. Huang,
J. Janey, K. Katipally, S. Kolotuchin, T. La Porte, A. Lee, et al., Org.
Lett. 2018, 20, 3736-3740. e) J. Chandrasekhar, R. Dick, J. Van
Veldhuizen, D. Koditek, E.-l. Lepist, M. E. McGrath, L. Patel, G. Phillips,
K. Sedillo, J. R. Somoza, et al., J. Med. Chem. 2018, 61, 6858-6868. f)
T. Sugane, T. Tobe, W. Hamaguchi, |. Shimada, K. Maeno, J. Miyata,
T. Suzuki, T. Kimizuka, S. Sakamoto, S. Tsukamoto, J. Med. Chem.
2013, 56, 5744-5756. g) J. Wang, W. Zeng, S. Li, L. Shen, Z. Gu, Y.
Zhang, J. Li, S. Chen, X. Jia, ACS Med. Chem. Lett. 2017, 8, 299-303.
h) S. H. Watterson, G. V. De Lucca, Q. Shi, C. M. Langevine, Q. Liu, D.
G. Batt, M. Beaudoin Bertrand, H. Gong, J. Dai, S. Yip, et al., J. Med.
Chem. 2016, 59, 9173-9200. i) S. R. Selness, R. V. Devraj, B.
Devadas, J. K. Walker, T. L. Boehm, R. C. Durley, H. Shieh, L. Xing, P.
V. Rucker, K. D. Jerome, et al., Bioorg. Med. Chem. Lett. 2011, 21,
4066-4071. j) A. L. Leivers, M. Tallant, J. B. Shotwell, S. Dickerson, M.
R. Leivers, O. B. McDonald, J. Gobel, K. L. Creech, S. L. Strum, A.
Mathis, et al., J. Med. Chem. 2014, 57, 2091-2106. k) F. Hasegawa, K.
Kawamura, H. Tsuchikawa, M. Murata, Bioorg. Med. Chem. 2017, 25,
4506-4511.

A. Mannschreck, E. von Angerer, J. Chem. Educ. 2009, 86, 1054.

For selected examples see: a) T. Mino, D. Yamaguchi, C. Masuda, J.
Youda, T. Ebisawa, Y. Yoshida, M. Sakamoto, Org. Biomol. Chem.
2019, 17, 1455-1465. b) Y. Kikuchi, C. Nakamura, M. Matsuoka, R.
Asami, O. Kitagawa, J. Org. Chem. 2019, 84, 8112-8120. c) T. Mino,
Y. Tanaka, T. Yabusaki, D. Okumura, M. Sakamoto, T. Fujita,
Tetrahedron: Asymmetry 2003, 14, 2503-2506. d) T. Mino, H. Yamada,
S. Komatsu, M. Kasai, M. Sakamoto, T. Fujita, Eur. J. Org. Chem.
2011, 2011, 4540-4542. e) T. Mino, M. Asakawa, Y. Shima, H.
Yamada, F. Yagishita, M. Sakamoto, Tetrahedron 2015, 71, 5985—
5993. f) T. Mino, K. Nishikawa, M. Asano, Y. Shima, T. Ebisawa, Y.
Yoshida, M. Sakamoto, Org. Biomol. Chem. 2016, 14, 7509-7519.

a) B. E. Dial, R. D. Rasberry, B. N. Bullock, M. D. Smith, P. J. Pellechia,
S. Profeta, K. D. Shimizu, Org. Lett. 2011, 13, 244-247. b) B. E. Dial,
P. J. Pellechia, M. D. Smith, K. D. Shimizu, J. Am. Chem. Soc. 2012,
134, 3675-3678. c) Y. Suzuki, M. Kageyama, R. Morisawa, Y. Dobashi,
H. Hasegawa, S. Yokojima, O. Kitagawa, Chem. Commun. 2015, 51,
11229-11232.

For selected examples see: a) M. Hirai, S. Terada, H. Yoshida, K.
Ebine, T. Hirata, O. Kitagawa, Org. Lett. 2016, 18, 5700-5703. b) J.
Clayden, H. Turner, Tetrahedron Letters 2009, 50, 3216-3219. c) M. E.
Diener, A. J. Metrano, S. Kusano, S. J. Miller, J. Am. Chem. Soc. 2015,
137, 12369-12377.

For selected examples see: a) S. Shirakawa, K. Liu, K. Maruoka, J. Am.
Chem. Soc. 2012, 134, 916-919. b) T. Hirata, |. Takahashi, Y. Suzuki,
H. Yoshida, H. Hasegawa, O. Kitagawa, J. Org. Chem. 2016, 81, 318—
323. c¢) O. Kitagawa, M. Takahashi, M. Yoshikawa, T. Taguchi, J. Am.
Chem. Soc. 2005, 127, 3676-3677. d) F. Hasegawa, Y. Yasukawa, K.
Kawamura, H. Tsuchikawa, M. Murata, Asian J. Org. Chem. 2018, 7,
1648-1653. e) O. Kitagawa, M. Yoshikawa, H. Tanabe, T. Morita, M.
Takahashi, Y. Dobashi, T. Taguchi, J. Am. Chem. Soc. 2006, 128,
12923-12931. f) J. Terauchi, D. P. Curran, Tetrahedron: Asymmetry
2003, 14, 587-592. g) S.-L. Li, C. Yang, Q. Wu, H.-L. Zheng, X. Li, J.-
P. Cheng, J. Am. Chem. Soc. 2018, 140, 12836-12843. h) X. Fan, X.
Zhang, C. Li, Z. Gu, ACS Catal. 2019, 9, 2286-2291.

a) K. Tanaka, K. Takeishi, K. Noguchi, J. Am. Chem. Soc. 2006, 128,
4586-4587.


Joanna Wencel-Delord


Joanna Wencel-Delord



[10]

111

N2

(3]

(4]

(3]

a) S. Zhang, Q.-J. Yao, G. Liao, X. Li, H. Li, H.-M. Chen, X. Hong, B.-F.
Shi, ACS Catal. 2019, 9, 1956-1961. b) J. Zhang, Q. Xu, J. Wu, J. Fan,
M. Xie, Org. Lett. 2019, 21, 6361-6365.

For selected reviews on metal catalyzed C-N coupling see: a) M. M.
Heravi, Z. Kheilkordi, V. Zadsirjan, M. Heydari, M. Malmir, J.
Organomet. Chem. 2018, 861, 17-104. b) K. Okano, H. Tokuyama, T.
Fukuyama, Chem. Commun. 2014, 50, 13650-13663. c) J. Bariwal, E.
Van der Eycken, Chem. Soc. Rev. 2013, 42, 9283. d) H. Kim, S.
Chang, ACS Catalysis 2016, 6, 2341-2351. e) P. A. Forero-Cortés, A.
M. Haydl, Org. Process Res. Dev. 2019, 23, 1478-1483. f) R. Dorel, C.
P. Grugel, A. M. Haydl, Angew. Chem. Int. Ed. 2019, 58, 17118—-17129.
For rare example of organocatalyzed reaction see: S. Brandes, M.
Bella, A. Kjaersgaard, K. A. Jgrgensen, Angew. Chem. Int. Ed. 2006,
45, 1147-1151.

J. Rae, J. Frey, S. Jerhaoui, S. Choppin, J. Wencel-Delord, F. Colobert,
ACS Catal. 2018, 2805-2809.

a) |. Sokolovs, D. Lubriks, E. Suna, J. Am. Chem. Soc. 2014, 136,
6920-6928. b) B. Berzina, I. Sokolovs, E. Suna, ACS Catal. 2015, 5,
7008-7014.

For selected reviews on hypervalent iodanes see: a) A. Yoshimura, V.
V. Zhdankin, Chem. Rev. 2016, 116, 3328-3435. b) Y. Li, D. P. Hari,
M. V. Vita, J. Waser, Angew. Chem. Int. Ed. 2016, 55, 4436-4454. c) B.
Olofsson, |. Marek, Z. Rappoport, Eds., The Chemistry of Hypervalent
Halogen Compounds, John Wiley & Sons, Chichester, UK, 2019. d) T.
Wirth, Ed., Hypervalent lodine Chemistry, Springer International
Publishing, Cham, 2016. e) V. V. Zhdankin, Hypervalent lodine
Chemistry: Preparation, Structure and Synthetic Applications of
Polyvalent lodine Compounds, John Wiley & Sons Ltd, Chichester, UK,
2013.

[16]

71

(8]

(9]

[20]

[21]

[22]

[23]

a) E. Merritt, B. Olofsson, Angew. Chem. Int. Ed. 2009, 48, 9052-9070.
b) K. Aradi, B. Téth, G. Tolnai, Z. Novak, Synlett 2016, 27, 1456-1485.
For examples of asymmetric couplings using hypervalent iodanes see:
a) H. Wu, Q. Wang, J. Zhu, Angew. Chem. Int. Ed. 2018, 57, 2721—
2725. b) H. Wu, Q. Wang, J. Zhu, Chem. Eur. J. 2017, 23, 13037—-
13041. c) M. Hou, R. Deng, Z. Gu, Org. Lett. 2018, 20, 5779-5783. d)
B. Li, Z. Chao, C. Li, Z. Gu, J. Am. Chem. Soc. 2018, 140, 9400-9403.
e) E. Cahard, H. P. J. Male, M. Tissot, M. J. Gaunt, J. Am. Chem. Soc.
2015, 137, 7986-7989. f) D. H. Lukamto, M. J. Gaunt, J. Am. Chem.
Soc. 2017, 139, 9160-9163. g) S. Zhu, D. W. C. MacMillan, J. Am.
Chem. Soc. 2012, 134, 10815-10818. h) K. Zhu, K. Xu, Q. Fang, Y.
Wang, B. Tang, F. Zhang, ACS Catal. 2019, 9, 4951-4957. i) K. Zhao,
L. Duan, S. Xu, J. Jiang, Y. Fu, Z. Gu, Chem 2018, 4, 599-612.

N. Purkait, G. Kervefors, E. Linde, B. Olofsson, Angew. Chem. Int. Ed.
2018, 57, 11427-11431.

CCDC data: CCDC-1966073
crystallographic data for 3.

A. Nakazaki, K. Miyagawa, N. Miyata, T. Nishikawa, Eur. J. Org. Chem.
2015, 2015, 4603—-4606.

T. Satyanarayana, S. Abraham, H. B. Kagan, Angew. Chem. Int. Ed.
2009, 48, 456-494.

a) B. M. Armstrong, R. I. Sayler, B. H. Shupe, T. A. Stich, R. D. Britt, A.
K. Franz, ACS Catal. 2019, 9, 1224-1230. b) M. Magrez, J. Wencel-
Delord, A. Alexakis, C. Crévisy, M. Mauduit, Org. Lett. 2012, 14, 3576—
3579.

E. Sperotto, G. P. M. van Klink, G. van Koten, J. G. de Vries, Dalton
Trans. 2010, 39, 10338.

contains the  supplementary


Joanna Wencel-Delord


Joanna Wencel-Delord



