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Abstract: S-aryl phosphorothioates are privileged motifs in
pharmaceuticals, agrochemicals, and catalysts; yet, the chal-
lenge of devising a straightforward synthetic route to enan-
tioenriched S-aryl phosphorothioates has remained unsolved
to date. We demonstrate herein the first direct C—SP(=0)-
(OR')(OR") coupling of diverse and chiral phosphorothioate
salts with aryl iodides, enabled by an air- and moisture-stable
Pd" dimer. Our mechanistic and computational data suggest
distinct dinuclear Pd' catalysis to be operative, which allows for
operationally simple couplings with broad scope and full
retention of stereochemistry.

While phosphorothioates display privileged structure/activ-
ity features and find applications as important agrochemicals,
top-selling pharmaceuticals, and powerful chiral catalysts (see
Scheme 1 A), the control of their inherent chirality remained
a daunting synthetic challenge for decades. Indeed, indirect
multistep strategies via P™ species have historically been
utilized to accomplish this feat[!! until Baran’s recent
announcement of accessing chiral phosphorothioate oligonu-
cleotides by an indirect strategy from limonene derived P¥
reagents under auxiliary control (Scheme 1C).”! On the other
hand, the synthesis of chiral phosphorothioate salts has been
realized through a straightforward three step sequence.’! As
such, if it would be possible to further derivatize these salts at
sulfur, without compromising their stereochemical integrity,
then access to the wider phosphorothioate class of compounds
would in principle be unleashed.

In this context, the synthesis of chiral aryl phosphoro-
thioates, which are commonly found in drugs, pesticides, and
bioactive compounds,”*! would require the direct coupling of
the salt with a Cy,, center (Scheme 1D). If realizable, this
strategy would be highly powerful, as it would allow for the
introduction of the phosphorothioate moiety in any desired
chirality and at any stage in a synthesis. However, although
thiolations of Cg, sites, especially aryl halides, are well
precedented and can be accomplished by Pd’-catalyzed cross
coupling reactions,”) to date, no general, safe, robust and
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Scheme 1. Motivation and synthetic strategy.

direct C,,—SP(=0)(OR?)(OR?) coupling to access aryl phos-
phorothioates exists.” Instead, the vast majority of synthetic
approaches rely on a bond formation at the phosphorus
center directly (S—P coupling, Scheme 1B),/" which has so far
not been accomplished in a stereoselective manner.

We therefore set out to develop a method to access
diverse and chiral phosphorothioates in a direct coupling
approach with widely available aryl halides.

Owing to the general mildness and high functional group
tolerance, which are key requirements for late-stage synthetic
applications, a Pd’/Pd" catalyzed cross-coupling approach
appears ideal at first sight to accomplish this goal. However,
when we subjected various Pd° catalysts to iodobenzene and
NMe,[SP(=0)(OPh),],* such as Pd(PPhs), or Pd,(dba),/dppf,

Wiley Online Library

dte

Chemie

11395


http://dx.doi.org/10.1002/ange.201906063
http://dx.doi.org/10.1002/anie.201906063
http://orcid.org/0000-0002-3870-9870
http://orcid.org/0000-0002-3870-9870
http://orcid.org/0000-0003-0047-0929
https://doi.org/10.1002/anie.201906063

GDCh
~—

11396

A Experimental results with Pd@/Pd™ catalysts
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Figure 1. Free energy profile of Pd'-catalyzed coupling of Phl with
[SP(O) (OPh),]". Gibbs free energies (in kcalmol™) shown, calculated
at the SMD (toluene) MO6L/def2TZVP//B3LYP-D3/6-31G(d, p) (SDD
for Pd, 1) level of theory.

no coupling was observed (see Figure 1 A). Moreover, when
we subjected the phosphorothioate salt to a Pd" complex and
heated the corresponding mixture, we did not observe the
corresponding product 2.1 Our computational studies sup-
port this observation,” indicating that the iodide/phosphor-
othioate exchange at [L,Pd™(Ph)(I)], followed by reductive
elimination of Ar—SP(=0O)(OPh), has a prohibitively high
activation free energy barrier of AG™ > 30 kcalmol™ and is
endergonic. For comparison, the corresponding thiolation,
that is, Ar—SPh reductive elimination is characterized by
about 10 kcalmol ' lower activation free energy barrier and
significantly increased driving force (see Supporting Infor-
mation for details). As such, and in agreement with the lack of
literature precedence, Pd’/Pd" catalysis appears to not be an
optimal strategy to accomplish C—SP(=0)(OR?)(OR?) cou-
pling.

We previously established that dinuclear Pd" catalysis is
a viable strategy to circumvent potentially poisonous Pd"
intermediates as well as alter the driving force of the
transformation."! Our extensive mechanistic studies had
indicated that the bridging iodides of the dimer are initially
exchanged by the nucleophilic coupling partner, and the
newly formed Pd' complex then reacts with the aryl halide,
therefore formally reversing the sequence of elementary steps
(Figure 1B). As such, we envisioned that a dinuclear Pd'
coupling protocol!"'? might offer a solution to the phosphor-
othioate problem.

To assess whether Pd'-dimer catalyzed phosphorothioa-
tion would be feasible, we undertook computational studies of
the coupling with iodobenzene, which clearly indicated that
there is a pronounced driving force to convert iodobenzene to
the C—SP(=O)(OPh), coupled product (Figure 1). The acti-
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vation barrier was found to be in the range of our previous
findings of dinuclear Pd' catalysis,""'! and as such appeared
to be feasible.

A key requirement of the Pd' dimer catalysis concept is
that the coupling partner will also function as a stabilizing
bridging unit in the Pd' dimer. To examine this, we subjected
4 equiv. of tetramethyl ammonium phosphorothioate salt to
a solution of the air-stable, iodide bridged Pd' dimer 1. To our
delight, within 2 hours at room temperature we saw the
appearance of a signal at 97.9 ppm upon *'P-NMR spectro-
scopic analysis, which is very reminiscent of a functionalized

Table 1: Scope of the Pd'-catalyzed phosphorothioation of aryl iodides.”
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[a] Yields of isolated products 2-27 after chromatography. [b] The
reaction mixture was stirred for 36 hours.
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Pd" dimer, suggesting that the iodide in 1 can be exchanged for
a phosphorothioate."”!

We next set out to explore whether Pd' catalyzed
phosphorothioation of aryl iodides is also feasible. To our
delight, the desired O,0-diphenyl phosphorothioate 21! was
obtained in 83 % yield in the presence of 5 mol % of [Pd'(u-
I)(PtBus)], dimer 1 (Table 1). Encouraged by these findings,
we subsequently turned to explore the wider scope of the
transformation (Table 1). A series of aryl iodides bearing
electron-donating or electron-withdrawing substituents (R =
4-Me, 4-nBu, 4-1Bu, 4-F, 4-Cl and 4-Ph) reacted smoothly and
gave the corresponding products 3-8 in good yields. The
reactions of sterically hindered ortho-substituted (2-MeO, 2-
Me, and 2-Ph) aryl iodides also proceeded well, with slightly
lower yield observed with meta substitution (9-12). For 10,
prolonging the reaction time increased the product yield. The
reactions of disubstituted substrates were also successful
without any loss of yield (13 and 14). This was also true for the
polyaromatic iodides giving rise to products 15 and 16.

Table 2: Applications of the coupling strategy to the efficient synthesis of
axially chiral S-aryl phosphorothioates.”
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[a] Yields of isolated products 28-39 after chromatography and the ee
determined by HPLC analysis of the purified product on a chiral
stationary phase.
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Moreover, the method tolerated a variety of functional
groups, such as esters and morpholines (17-19).

The effect of O,0O-dialkyl phosphorothioate salt was
examined as well. Various substituted aryl iodides were
readily coupled under the standard reaction conditions and
the corresponding products 20-24 were obtained in excellent
yields. Notably, the chirality in the substituents of the salt was
retained (25-27).

The P“-series of TADDOL derived organophosphorus
compounds are usually found in various valuable chiral
catalysts and ligands.["”) To further expand the synthetic utility
of the present catalytic strategy, the synthesis of axially chiral
S-aryl phosphorothioates was tested (Table 2). Gratifyingly,
uniformly excellent enantioselectivities of up to >99 % ee
were obtained using C2-symmetric TADDOL-derived phos-
phorothioate salts with a variety of aryl iodides, resulting in
the desired products 28-39 in very good yields. The absolute
configuration of the product 30 was determined by X-ray
crystallographic analysis (Table 2), unambiguously confirm-
ing the complete retention of chirality.®

In conclusion, while the examined Pd’/Pd" catalysis failed
to deliver the phosphorothioation of aryl iodides as a con-
sequence of disfavored exchange at Pd" and a high reductive
elimination barrier, the mechanistically distinct dinuclear Pd’
catalysis operates with an orthogonal driving force that allows
for the first catalytic S-arylation of phosphorothioate salts
with aryl iodides. The method is characterized by generality,
broad scope, and operational simplicity, making use of an
easily accessible phosphorothioate salt and an air-stable Pd"
dimer. The stereochemical integrity of chiral salts was not
compromised in the coupling process, allowing the efficient
assembly of axially chiral S-aryl phosphorothioates. In light of
the promising properties of S-aryl phosphorothioate com-
pounds as well as the privileged Pd' catalysis reactivity, we
anticipate that the presented methodology will facilitate
numerous applications in the agrochemical, pharmaceutical,
and stereoselective synthesis arenas.

Acknowledgements

We thank the RWTH Aachen and the European Research
Council (ERC-637993) for funding. Calculations were per-
formed with computing resources granted by JARA-HPC
from RWTH Aachen University under project “jara0091”.

Conflict of interest

The authors declare no conflict of interest.

Keywords: arylation - axial chirality - computation -
dinuclear catalysis - S-aryl phosphorothioate

How to cite: Angew. Chem. Int. Ed. 2019, 58, 11395-11399
Angew. Chem. 2019, 131, 11517-11521

[1] a) W. J. Stec, A. Grajkowski, A. Kobylanska, B. Karwowski, M.
Koziolkiewicz, K. Misiura, A. Okruszek, A. Wilk, P. Guga, M.

www.angewandte.org

dte

Chemie

1397


http://www.angewandte.org

(2]

Communications

Boczkowska, J. Am. Chem. Soc. 1995, 117, 12019-12029;
b) W.J. Stec, B. Karwowski, M. Boczkowska, P. Guga, M.
Koziotkiewicz, M. Sochacki, M. W. Wieczorek, J. Btaszczyk, J.
Am. Chem. Soc. 1998, 120, 7156-7167; c) N. Oka, M. Yama-
moto, T. Sato, T. Wada, J. Am. Chem. Soc. 2008, 130, 16031 -
16037; d) N. Oka, T. Kondo, S. Fujiwara, Y. Maizuru, T. Wada,
Org. Lett. 2009, 11, 967-970; e) Y. Nukaga, K. Yamada, T.
Ogata, N. Oka, T. Wada, J. Org. Chem. 2012, 77, 7913-7922;
f) N. Iwamoto, D. C. D. Butler, N. Svrzikapa, S. Mohapatra, 1.
Zlatev, D. W. Y. Sah, Meena, S. M. Standley, G. Lu, L. H.
Apponi, M. Frank-Kamenetsky, J. J. Zhang, C. Vargeese, G. L.
Verdine, Nat. Biotechnol. 2017, 35, 845.

K. W. Knouse, J. N. deGruyter, M. A. Schmidt, B. Zheng, J. C.
Vantourout, C. Kingston, S. E. Mercer, I. M. Mcdonald, R. E.
Olson, Y. Zhu, C. Hang, J. Zhu, C. Yuan, Q. Wang, P. Park, M. D.
Eastgate, P. S. Baran, Science 2018, 361, 1234 -1238.

[3] C.R.Hall, T. D. Inch, J. Chem. Soc. Perkin Trans. 11979, 1104 -

1111.

[4] a) L. L. Murdock, T. L. Hopkins, J. Agric. Food Chem. 1968, 16,

[5

6

11398 www.angewandte.org

—_

[}

954-958; b) A.-h. Lee, R. L. Metcalf, Pestic. Biochem. Physiol.
1973, 2,408 -417;c) A.-H. Lee, R. L. Metcalf, G. M. Booth, Ann.
Entomol. Soc. Am. 1973, 66, 333-343; d) M. Sekine, T. Hata, J.
Am. Chem. Soc. 1986, 108, 4581-4586; ¢) H. Hotoda, M.
Koizumi, R. Koga, M. Kaneko, K. Momota, T. Ohmine, H.
Furukawa, T. Agatsuma, T. Nishigaki, J. Sone, S. Tsutsumi, T.
Kosaka, K. Abe, S. Kimura, K. Shimada, J. Med. Chem. 1998, 41,
3655-3663;f) Y. Qiu, J. C. Worch, D. N. Chirdon, A. Kaur, A. B.
Maurer, S. Amsterdam, C. R. Collins, T. Pintauer, D. Yaron, S.
Bernhard, K. J. T. Noonan, Chem. Eur. J. 2014, 20, 7746-7751.
a) Handbook of organopalladium chemistry for organic synthesis
(Eds.: E.-i. Negishi, A. de Meijere), Wiley, New York, 2002;
b) Metal-Catalyzed Cross-Coupling Reactions, 2nd ed. (Eds.: F.
Diederich, A. de Meijere), Wiley-VCH, Weinheim, 2004;
¢) Organotransition metal chemistry: from bonding to catalysis
(Eds.: J. F. Hartwig, J. P. Collman), University Science Books,
Sausalito, 2010; d) C. C. C. Johansson Seechurn, M. O. Kitching,
T. J. Colacot, V. Snieckus, Angew. Chem. Int. Ed. 2012, 51, 5062 —
5085; Angew. Chem. 2012, 124, 5150-5174; e) New trends in
cross-coupling: theory and applications (Eds.: T.J. Colacot),
Royal Society of Chemistry, London, 2014; f) T. Kondo, T.-a.
Mitsudo, Chem. Rev. 2000, 100, 3205-3220; g) J. F. Hartwig,
Acc. Chem. Res. 2008, 41,1534 —1544; h) C. Valente, M. Pompeo,
M. Sayah, M. G. Organ, Org. Process Res. Dev. 2014, 18, 180—
190; i) M. A. Ferndndez-Rodriguez, Q. Shen, J. F. Hartwig, J.
Am. Chem. Soc. 2006, 128, 2180-2181; j)E. Alvaro, J. F.
Hartwig, J. Am. Chem. Soc. 2009, 131, 7858-7868; k) M.
Sayah, M. G. Organ, Chem. Eur. J. 2011, 17, 11719-11722;
1) G. Teverovskiy, D. S. Surry, S. L. Buchwald, Angew. Chem. Int.
Ed. 2011, 50, 7312-7314; Angew. Chem. 2011, 123, 74507452,
m) J. L. Farmer, M. Pompeo, A.J. Lough, M. G. Organ, Chem.
Eur. J. 2014, 20, 15790-15798; n) C. Uyeda, Y. Tan, G. C. Fu,
J. C. Peters, J. Am. Chem. Soc. 2013, 135, 9548 -9552; o) M.
Jiang, H. Li, H. Yang, H. Fu, Angew. Chem. Int. Ed. 2017, 56,
874-879; Angew. Chem. 2017, 129, 892-897; p) B. Liu, C.-H.
Lim, G. M. Miyake, J. Am. Chem. Soc. 2017, 139, 13616-13619;
q) D. Liu, H.-X. Ma, P. Fang, T.-S. Mei, Angew. Chem. Int. Ed.
2019, 58, 5033 -5037; Angew. Chem. 2019, 131, 5087-5091; r) Y.
Wang, L. Deng, X. Wang, Z. Wu, Y. Wang, Y. Pan, ACS Catal.
2019, 9, 1630-1634.

For a single kind of phosphorothioate, that is, a non-chiral bis-
dimethoxy substituted example, the coupling of aryl diazonium
salts under Cu-catalysis has been demonstrated and suggested to
proceed via organic free radicals, which could pose challenges
for the conservation of stereochemical information as well as
late-stage synthetic applicability. For details, see: a) S. Kovdcs, B.
Bayarmagnai, A. Aillerie, L. J. GooBen, Adv. Synth. Catal. 2018,
360, 1913-1918; For catalytic methods with elemental sulfur,

(7]

(8]
]

[10]

(11]

(12]

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

An dte

Chemie

Internatic

which bears inherent challenges for retention of stereochemistry
at phosphorus, see: b) L. Zhang, P. Zhang, X. Li, J. Xu, G. Tang,
Y. Zhao, J. Org. Chem. 2016, 81, 5588-5594; c) J. Xu, L. Zhang,
X. Li, Y. Gao, G. Tang, Y. Zhao, Org. Lett. 2016, 18, 1266 —1269.
a) D. C. Morrison, J. Am. Chem. Soc. 1955,77,181-182;b) F. W.
Hoffmann, T. R. Moore, B. Kagan, J. Am. Chem. Soc. 1956, 78,
6413-6414; c)J. Michalski, T. Modro, J. Wieczorkowski, J.
Chem. Soc. 1960, 1665 —1670; d) J. Michalski, J. Wasiak, J. Chem.
Soc. 1962, 5056-5061; e) R. G. Harvey, H. 1. Jacobson, E. V.
Jensen, J. Am. Chem. Soc. 1963, 85, 1618-1623; f) C. E. Dreef,
C.M. Dreef-Tromp, G.A. vander Marel, J.H. van Boom,
Synlett 1990, 481-483; g) D.-D. Liu, D.-w. Chen, Z.-C. Chen,
Synth. Commun. 1992, 22,2903 -2908; h) L. N. Pribytkova, M. S.
Erzhanova, Chem. Nat. Compd. 1994, 30, 193-196; i) C. M.
Timperley, S. A. Saunders, J. Szpalek, M. J. Waters, J. Fluorine
Chem. 2003, 119, 161-171; j) M. Arisawa, T. Ono, M. Yama-
guchi, Tetrahedron Lett. 2005, 46, 5669 —5671; k) B. Kaboudin, F.
Farjadian, Beilstein J. Org. Chem. 2006, 2, 4; 1) Y.-X. Gao, G.
Tang, Y. Cao, Y.-F. Zhao, Synthesis 2009, 1081-1086; m) B.
Kaboudin, Y. Abedi, J.-y. Kato, T. Yokomatsu, Synthesis 2013,
45, 2323-2327; n) Y.-J. Ouyang, Y.-Y. Li, N.-B. Li, X.-H. Xu,
Chin. Chem. Lett. 2013, 24, 1103-1105; o) J. Bai, X. Cui, H.
Wang, Y. Wu, Chem. Commun. 2014, 50, 8860-8863; p) G.
Kumaraswamy, R. Raju, Adv. Synth. Catal. 2014, 356, 2591 -
2598; q) Y.-C. Liu, C.-F. Lee, Green Chem. 2014, 16, 357-364;
r) S. Mitra, S. Mukherjee, S.K. Sen, A. Hajra, Bioorg. Med.
Chem. Lett. 2014, 24, 2198-2201; s) D.S. Panmand, A.D.
Tiwari, S.S. Panda, J.-C. M. Monbaliu, L. K. Beagle, A. M.
Asiri, C. V. Stevens, P.J. Steel, C. D. Hall, A.R. Katritzky,
Tetrahedron Lett. 2014, 55, 5898 -5901; t) J. Wang, X. Huang, Z.
Ni, S. Wang, Y. Pan, J. Wu, Tetrahedron 2015, 71, 7853 —-7859;
u) Y. Zhu, T. Chen, S. Li, S. Shimada, L.-B. Han, J. Am. Chem.
Soc. 2016, 138, 5825-5828; v) Y. Moon, Y. Moon, H. Choi, S.
Hong, Green Chem. 2017, 19, 1005-1013; w) S. Song, Y. Zhang,
A. Yeerlan, B. Zhu, J. Liu, N. Jiao, Angew. Chem. Int. Ed. 2017,
56, 2487-2491; Angew. Chem. 2017, 129, 2527-2531; x) H.
Huang, J. Ash, J. Y. Kang, Org. Biomol. Chem. 2018, 16, 4236—
4242;y) D.J. Jones, E. M. O’Leary, T. P. O’Sullivan, Tetrahedron
Lett. 2018, 59, 4279 -4292.

G. Hilgetag, H. Teichmann, J. Prakt. Chem. 1959, 8, 104-111.
Calculations were performed at the SMD (toluene) MOG6L/
def2TZVP//B3LYP-D3/6-31G(d, p) (SDD for Pd, I) level of
theory using Gaussian09 (Revision D.01), M. J. Frisch et al. (see
Supporting Information for full reference). For appropriateness
of applied computational model, see: T. Sperger, I. A. Sanhueza,
1. Kalvet, F. Schoenebeck, Chem. Rev. 2015, 115, 9532-9586.
A previous attempt to react (PPh;),Pd(Ph)(Br) with KSP(=
0O)(OEt), also showed no reaction, see: Okamoto, J. B. House-
keeper, C. K. Luscombe, Appl. Organomet. Chem. 2013, 27,
639-643.

a) G. Yin, L. Kalvet, F. Schoenebeck, Angew. Chem. Int. Ed.
2015, 54, 6809-6813; Angew. Chem. 2015, 127, 6913 -6917;
b) M. Aufiero, T. Sperger, A.S.-K. Tsang, F. Schoenebeck,
Angew. Chem. Int. Ed. 2015, 54, 10322-10326; Angew. Chem.
2015, 127, 10462-10466; c) T. Scattolin, E. Senol, G. Yin, Q.
Guo, F. Schoenebeck, Angew. Chem. Int. Ed. 2018, 57, 12425—
12429; Angew. Chem. 2018, 130, 12605 —12609.

a) K. J. Bonney, F. Proutiere, F. Schoenebeck, Chem. Sci. 2013, 4,
4434 -4439; b) 1. Kalvet, K. J. Bonney, F. Schoenebeck, J. Org.
Chem. 2014, 79, 12041-12046; c)I. Kalvet, G. Magnin, F.
Schoenebeck, Angew. Chem. Int. Ed. 2017, 56, 1581-1585;
Angew. Chem. 2017, 129, 1603-1607; d) I. Kalvet, T. Sperger, T.
Scattolin, G. Magnin, F. Schoenebeck, Angew. Chem. Int. Ed.
2017, 56, 7078 —=7082; Angew. Chem. 2017, 129, 7184-7188; ¢) T.
Sperger, C. K. Stirner, F. Schoenebeck, Synthesis 2017, 49, 115-
120; ) S. T. Keaveney, G. Kundu, F. Schoenebeck, Angew. Chem.

Angew. Chem. Int. Ed. 2019, 58, 11395-11399


https://doi.org/10.1021/ja00154a001
https://doi.org/10.1021/ja973801j
https://doi.org/10.1021/ja973801j
https://doi.org/10.1021/ja805780u
https://doi.org/10.1021/ja805780u
https://doi.org/10.1021/ol802910k
https://doi.org/10.1021/jo301052v
https://doi.org/10.1038/nbt.3948
https://doi.org/10.1126/science.aau3369
https://doi.org/10.1039/p19790001104
https://doi.org/10.1039/p19790001104
https://doi.org/10.1021/jf60160a021
https://doi.org/10.1021/jf60160a021
https://doi.org/10.1016/0048-3575(73)90053-9
https://doi.org/10.1016/0048-3575(73)90053-9
https://doi.org/10.1093/aesa/66.2.333
https://doi.org/10.1093/aesa/66.2.333
https://doi.org/10.1021/ja00275a052
https://doi.org/10.1021/ja00275a052
https://doi.org/10.1021/jm970658w
https://doi.org/10.1021/jm970658w
https://doi.org/10.1002/chem.201402561
https://doi.org/10.1002/anie.201107017
https://doi.org/10.1002/anie.201107017
https://doi.org/10.1002/ange.201107017
https://doi.org/10.1021/cr9902749
https://doi.org/10.1021/ar800098p
https://doi.org/10.1021/op400278d
https://doi.org/10.1021/op400278d
https://doi.org/10.1021/ja0580340
https://doi.org/10.1021/ja0580340
https://doi.org/10.1021/ja901793w
https://doi.org/10.1002/chem.201102158
https://doi.org/10.1002/anie.201102543
https://doi.org/10.1002/anie.201102543
https://doi.org/10.1002/ange.201102543
https://doi.org/10.1002/chem.201404705
https://doi.org/10.1002/chem.201404705
https://doi.org/10.1021/ja404050f
https://doi.org/10.1002/anie.201610414
https://doi.org/10.1002/anie.201610414
https://doi.org/10.1002/ange.201610414
https://doi.org/10.1021/jacs.7b07390
https://doi.org/10.1002/anie.201900956
https://doi.org/10.1002/anie.201900956
https://doi.org/10.1002/ange.201900956
https://doi.org/10.1021/acscatal.8b04633
https://doi.org/10.1021/acscatal.8b04633
https://doi.org/10.1002/adsc.201701549
https://doi.org/10.1002/adsc.201701549
https://doi.org/10.1021/acs.joc.6b00925
https://doi.org/10.1021/acs.orglett.6b00118
https://doi.org/10.1021/ja01606a062
https://doi.org/10.1021/ja01605a033
https://doi.org/10.1021/ja01605a033
https://doi.org/10.1039/jr9600001665
https://doi.org/10.1039/jr9600001665
https://doi.org/10.1039/jr9620005056
https://doi.org/10.1039/jr9620005056
https://doi.org/10.1021/ja00894a018
https://doi.org/10.1055/s-1990-21135
https://doi.org/10.1007/BF00630003
https://doi.org/10.1016/S0022-1139(02)00239-7
https://doi.org/10.1016/S0022-1139(02)00239-7
https://doi.org/10.1016/j.tetlet.2005.06.109
https://doi.org/10.1016/j.cclet.2013.06.020
https://doi.org/10.1039/C4CC02693D
https://doi.org/10.1002/adsc.201400116
https://doi.org/10.1002/adsc.201400116
https://doi.org/10.1039/C3GC41839A
https://doi.org/10.1016/j.bmcl.2014.03.008
https://doi.org/10.1016/j.bmcl.2014.03.008
https://doi.org/10.1016/j.tetlet.2014.07.057
https://doi.org/10.1016/j.tet.2015.08.025
https://doi.org/10.1021/jacs.6b03112
https://doi.org/10.1021/jacs.6b03112
https://doi.org/10.1039/C6GC03285K
https://doi.org/10.1002/anie.201612190
https://doi.org/10.1002/anie.201612190
https://doi.org/10.1002/ange.201612190
https://doi.org/10.1039/C8OB00908B
https://doi.org/10.1039/C8OB00908B
https://doi.org/10.1016/j.tetlet.2018.10.058
https://doi.org/10.1016/j.tetlet.2018.10.058
https://doi.org/10.1002/prac.19590080113
https://doi.org/10.1021/acs.chemrev.5b00163
https://doi.org/10.1002/anie.201501617
https://doi.org/10.1002/anie.201501617
https://doi.org/10.1002/ange.201501617
https://doi.org/10.1002/anie.201503388
https://doi.org/10.1002/ange.201503388
https://doi.org/10.1002/ange.201503388
https://doi.org/10.1002/anie.201806036
https://doi.org/10.1002/anie.201806036
https://doi.org/10.1002/ange.201806036
https://doi.org/10.1039/c3sc52054d
https://doi.org/10.1039/c3sc52054d
https://doi.org/10.1021/jo501889j
https://doi.org/10.1021/jo501889j
https://doi.org/10.1002/anie.201609635
https://doi.org/10.1002/ange.201609635
https://doi.org/10.1002/anie.201701691
https://doi.org/10.1002/anie.201701691
https://doi.org/10.1002/ange.201701691
https://doi.org/10.1002/anie.201808386
http://www.angewandte.org

GDCh
~~

Int. Ed. 2018, 57,12573-12577; Angew. Chem. 2018, 130, 12753 -
12577.

[13] See Supporting Information for details.

[14] It remains challenging to access O,0-diphenyl phosphoro-
thioates by traditional methods, see ref. [7m].

[15] a) R. Hilgraf, A. Pfaltz, Adv. Synth. Catal. 2005, 347, 61-77,
b) S. A. Moteki, D. Wu, K.L. Chandra, D.S. Reddy, J. M.
Takacs, Org. Lett. 2006, 8, 3097-3100; c) T. Akiyama, Chem.
Rev. 2007, 107, 5744 -5758; d) Syntheses of simple TADDOL-
like phosphite, phosphonite and phosphonate chiral ligands
(Eds.: J. P. Perotti, R. M. Cravero, L. E. Luna, R. J. Grau, S. E.

Communications

Internati

Vaillard), University of Michigan Library and Michigan Publish-
ing, Ann Arbor, 2011.

[16] CCDC 1911726 (30) contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre.

Manuscript received: May 15, 2019
Accepted manuscript online: June 13, 2019
Version of record online: July 9, 2019

Angew. Chem. Int. Ed. 2019, 58, 1139511399

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

An dte

Chemie

11399


https://doi.org/10.1002/anie.201808386
https://doi.org/10.1002/ange.201808386
https://doi.org/10.1002/ange.201808386
https://doi.org/10.1002/adsc.200404168
https://doi.org/10.1021/ol061117g
https://doi.org/10.1021/cr068374j
https://doi.org/10.1021/cr068374j
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.201906063
http://www.ccdc.cam.ac.uk/
http://www.angewandte.org

