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Abstract: Thiocarbonylation of alkynes offers an ideal procedure for
the synthesis of unsaturated thioesters. In this report, a robust ligand-
controlled regioselective thiocarbonylation of alkynes is developed.
Utilizing boronic acid and 5-chlorosalicylic acid as the acid additive to
in-situ  form 5-chloroborosalicylic acid (5-CI-BSA), and bis(2-
diphenylphosphinophenyl)ether (DPEphos) as the ligand, linear a,3
unsaturated thioesters were produced in a straightforward manner.
Switching the ligand to tri(2-furyl)phosphine can turn the reaction
selectivity to give branched products. Remarkably, this approach also
represents the first example on thiocarbonylation of internal alkynes.

Introduction

Transition-metal-catalyzed carbonylation reaction is
fundamentally important organic transformation by its modularity
and the use of carbon monoxide as a cheap and abundant C1
source. Meanwhile, the development of catalytic processes for
selective transformations is one of the key goals in organic
synthesis. By controlling the regioselectivity, branched and linear
products can be obtained selectively from the same substrates.
Although recent years have witnessed the successes of
regioselective hydroformylation,”” alkoxycarbonylation,® and
aminocarbonylation,” the development of regioselective
thiocarbonylation has been much limited.*% This might be partly
due to the strong binding affinities of sulfur-containing compounds
to late-transition metals affecting the coordination of ligand with
catalyst.'" And the selectivity of the catalyst system is mainly
influenced by the properties of the ligands.!® Therefore, the
pursuit of an alternative catalytic system might constitute,
conceptuality aside, a worthwhile endeavor for regiodivergent
thiocarbonylation.

Unsaturated thioesters are potent compounds in
biosynthetic and organic synthetic chemistry,*® which usually act
as important intermediates to provide the essental
chemoselectivity in the synthesis of complexed bioactve
molecules and natural products.!¥ Besides classic condensation
reactions,*® the thiocarbonylative transformation of alkynes
provides an ideal option for producing a,B-unsaturated
thioesters.®® The first example on transition-metal-catalyzed
thioformylation of acetylenes was reported by Ogawa and Sonoda’
group in 1990s (Scheme 1A, top), and a small amount of the
thiocarbonylation products could be observed when palladium
catalyst was used. Their subsequent work showed that
platinum catalysts could improve the selectivity toward the
branched product (Scheme 1A, bottom). 54
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Scheme 1. Transition-metalcatalyzed thiocarbonylation of alkynes.

The main contributions  of palladium-catalyzed
thiocarbonylation were accomplished by Xiao, Alper et al.” who
mainly focused on the transformation of allenes!™,
vinylcyclopropanes!d, 1,3-dienesl’®def, However,
thiocarbonylation reactions of alkynes have been very rarely
reported,P¥ anditis likewise limited by the poor selectivity, more
unfortunately, to date, almost no functional groups are compatible
within this class of reactions (Scheme 1B). Under this premise,
we wondered whether a new catalytic blueprint could be designed
to afford high regioselectivity and excellent functional group
compatibility forthe thiocarbonylationof alkynes. We been able to
realize this goal finally after extensive systematic studies. Our
protocol is characterized by its ligand-controlled regioselectivity
pattern, wide substrate scope and unprecedented functional
group compatibility (Scheme 1C).
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Results and Discussion

Our investigations started with palladium-catalyzed
thiocarbonylation of phenylacetylene 1 and thiophenol 2 at 110 °C
under CO atmosphere (10 bar) in CHsCN (Table 1). We utilized
boric acid (B(OH)s, 10 mol%) and 5-chlorosalicylic acid (5-CI-SA,
20 mol%) to in-situ form 5-chloroborosalicylic acid (5-Cl-
BSA).“*® |t acted as a mild proton additive to facilitate the
reaction and, more importantly, to prevent the deactivation of the
ligand underacidic conditions, thus further avoiding the formation
of metal plating."® Subsequently, a variety of bisphosphine
ligands were screened at the first stage. Although conventional
ligands (L1-L7, L11) barely allowed the reaction to proceed, these
observations contributed to our perception that the bite angle of
the ligand®” may have a significant effect on the transformation.
Theimprovedyields of the desired product 3 were obtained when
ferrocenylphosphines (L8-L10) were used as the ligand.
Meanwhile, the Xantphos-type ligands such as Benzo Xantphos
(L12), Xantphos (L 13), SiXantphos (L 14), and NiXantphos (L15)
were applied in the reaction, however, still only moderate yields
(53%-61%) were available. The direct hydrothiolation products of
1 and 2 were the main byproducts observed in these cases.
Encouragingly, an important improvement in the yield of 3 was
achieved when employing ligands with more appropriate bite
angles (DPEphos-type ligands, L16-L20). Finally, 87% yield of
the desired product 3was produced with DPEphos as the ligand
(L16). Notably, under our best reaction conditions, a control
experiment with 30 mol% of 5-chlorosalicylic acid was performed,
the desired product 3 was formed in 61% yield with diphenyl
disulfide as the major by-product.

Table 1. Optimization of the thiocarbonylation toward the linear product.®

Z SH Pd TFA)Q
+ CO + ©/ _B(OH);, 5-CI-SA
CH3CN 110 °C
1 2
e Ha
P RGN &2—PR, L8R =Ph 55%
Lnz2ng L5:n=2nd. Fe L9: R = Bu, 19%
=4 149 L6:n=3,5% &= PR, L10:R=Cy, 31%
L3:n =4, 14%
- L7:n=4,14%
L4:n=5,nd.

e LI )
O

PPh, [ I OI j
OO PPh, PPh, PPh, PPh,

L13: R = C(CHa),, 53%
L14: R = Si(CHy),, 61%
L15: R = NH, 57%

L11:n.d. L12: 53%
L16:R' = R? = Ph, 87%
L17:R' = R%=Bu, n.d.
L18: R" = Ph, R? = 2-MePh, 16%
N L19: R' = Ph, R? = 1Bu, 73%
R" R°R L20: R' = Ph, R2 = 4-OMePh, 83%

[a] Conditions: 1 (0.2 mmol), 2 (0.24 mmol), Pd(TFA)2 (5 mol%), ligand (5
mol%), B(OH)3 (10 mol%), 5-CI-SA (20 mol%), CO (10 bar), CHsCN (1.0 mL),
stirred at 110 °C for 14 h. Yields were determined by GC with hexadecane as
the internal standard. 5-CI-SA = 5-chlorosalicylic acid.

When we optimized the linear thioester, trace amount of the
branched thioester 4 was detected. According to our
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knowledge,™ we believed that the regioselectivity of the
branched product can be improved by the choice of proper
monodentate ligand. As expected, as shownin Table 2, the yield
of 4 significantly increased (form trace to 25%) when replacing
DPEphoswith triphenylphosphine (L22). After exp erimenting, we
found that the yield of 4 increased with decreasing electron cloud
density of the ligand (Table 2, entries 1-5). When tri(2-
furyl)phosphine (L25) was selected as the ligand, the yield up to
50% can be achieved. In the testing of catalyst precursors,
Pd(dba). and Pd(CH3CN).Cl;resulted in the best results (Table 2,
entries 6-9). Finally, after a judicious choice of the reaction
concentration and the ratio of the substrates, an optimal reaction
condition was constituted, delivering 4 in 80%yield (Table 2,
entries 10-11). Notably, traces of linear product could still be
detected. Additionally, the use of equal amount of thiolhere is to
avoid the further reaction between product 4 and the rest thiol
which reducedthe yield of 4 in consequence.

Table 2. Optimization of the thiocarbonylation toward the branched product. ®

=z SH [Pd], L
v CO + ©/ B(OH ,5-CI-SA
TCHyCN, 120°C
1 2
Entry Pd catalyst Ligand Yield [%]™!
1 Pd(TFA), L22 25
2 PA(TFA), L21 20
3 PA(TFA); L23 33
4 PA(TFA), L24 49
5 PA(TFA) L25 50
6 PdCl, L25 40
7 Pd(OAC), L25 46
8 Pd(dba), L25 62
9 PA(CH3CN).Cl, L25 62
10 Pd(dba); L25 7419
11 Pd(dba) L25 goled
e L, (O, (MO, (@)
< @S\P 5 P 5P < 5 P 7 5P
L21 L22 L23 L24 L25

Electron density: decreased

[a] Conditions: 1 (0.2 mmol), 2 (0.24 mmol), Pd catalyst (5 mol%), ligand (10
mol%), B(OH)3 (10 mol%), 5-CI-SA (20 mol%), CO (20 bar), CH3CN (1 mL),
stirred at 120 °C for 14 h. P'Yields were determined by GC with hexadecare as
the internal standard. ©'CHsCN (1.5 mL). @0.2 mmol of 2 was used. 5-CI-SA =

5-chlorosalicylic acid.
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Figure 1. Scope of thiocarbonylation toward linear a,8-unsaturated thioesters. Reaction conditions: alkynes (0.2 mmol), thiols (0.24 mmol), Pd(TFA)2 (5 mokab),
DPEphos (5 mol%), B(OH)3 (10 mol%), 5-CI-SA (20 mol%), in CH3CN (1.0 mL), stirredunder CO (10 bar) at 110 °C for 14 h. Unless otherwise noted, theratio of
the product: E/Z > 20/1. Isolated yields. (A) Scope of thiophenols. (B) Scope of alkyl mercaptan. (C) Scope of aryl alkynes. (D) Scope of alkyl alkynes. [@Determined
by NMR. P'1,3-dietnynylbenzene (0.1 mmol) and 1-mercaptooctane (0.2 mmol) were used. ['1,6-heptadiyne (0.1 mmol) and 1-mercaptooctane (0.24 mmol) were
used. [ 90% purity. ¥ 95% purity. Oct= octyl; TMS = trimethylsilyl; TES = TriethyIsilyl.

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition 10.1002/anie.202106079

WILEY-VCH
Pd(dba), (5 mol%) L25: =
L25 (10 mol%) o \_O0
B(OH)s3 (10 mol%)
= + CO + R%-SH R! -R? o
R 5-CI-SA (20 mol%) | s @/P _
CH3CN, 120 °C, 14 h o/
| Me F :
5,0 i LN O
1 Ph :
NP Ph\l)ks \I)ks Ph g ph\l)ks ‘
1 s B | 3
; 4,75% 67, 74% 68, 58% 69, 60% 70, 48% ;
NMe, !
SN ¥e s SN Seus
en 1* phjx phjx Q Phﬁ e 1
3 71, 60% 72, 56% 73, 56% 74, 50% 75, 41% !
! Ph Ph _Oct 1
: Ph \l)k Ph\l‘)ks Ph\l)ks y ﬁSAPh \l‘)ks
3 76, 81% 77, 5% 78 41% 79, 60% 80, 73%
| ; o |
: Ph\”)k _~_COOMe  Ph ‘ —~_COOH ph\l)ks Ph\l)ks”tB“ :
3 81, 68% 82, 73% 83, 59% 84, 45% 3
3 COOH OH
o MeOOC o o
_Oct _Oct _Oct
s ¢ s s o
85, 77% 86, 68% 87, 70% 88, 80% 89, 62%
3 NO :
: OH 2 O\l o ;
' N F. '
' o] /,S 0 0 '
: 0 1
! ¢0t _Oct S
| | B | |
3 90, 38% 91, 82% 92, 65% 93, 62% 94, 71% i
! F c 8
' F | r LTI X
. 0 O (e} (0] v e} :
; _Oct it _Oct 1
| -0ct ' g Ot ‘ 50t s I <
95, 50% 96, 74% 97, 77% 98, 82% § 99,70% |
' O J
i C (@] fo) (@) O 0 i
' Me Oct Oct
w - Oct Oct Oct - ‘
i \/\I‘)'LS N\/\l)ks/ Ci CI/\/\l)kS, Ci Ph/\o 5 c Al)ks |
: (o] x ‘ ‘ '
! 100, 70% 101, 75% 102, 87% 103, 72% 104, 90% ;
i (e} (0} (e} o) :
; Me. .. .Oct SN N .Oct Me. .\ _Oct 1
' S/OCt Me/s‘l/\)ks Et/S‘I/\)kS Ps/s‘l/\)ks c '
‘ Me Et Me :
1 105, 47% 106, 61% 107, 48% 108, 48% 1

Figure 2. Scope of thiocarbonylation toward branched a,B-unsaturated thioesters. Reaction conditions: alkynes (0.2 mmal), thiols (0.2 mmol), Pd(dba), 6
mol%), L25 (10 mol%), B(OH)3 (10 mol%), 5-CI-SA (20 moksb), in CH3CN (1.5 mL), stirredunder CO (20 bar) at 120 °C for 14 h. Isolatedyields. (A) Scope of thids.
(B) Scope of aryl alkynes. (C) Scope of alky! alkynes. @ 95% purity.

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition

10.1002/anie.202106079

WILEY-VCH

Method A
or Method B

R3-SH

' o :
A 0 0 Q 0 R i 3
: _Oct k S ﬁ)k :
| amyl/ﬁ)ks C amylyks amylyks Et Et” S/\Ej :

amyl amyl amyl 112, R = Oct, 98%2; 95%° Et
109, 95%° 110, 94%*2 111, 35%° 113, R = 'Bu, 30%2 114, 91%°2
ﬁ)k /© O S O N e O S
MeO
0, 0, Me
115, 62%2, 52%" 116’810/“ 17, 7oo/bcd Me 118, 500/bc 119, 60°/b°
O O

_Oct
S c
Cl

0 Me O
o S Oct 0]
_Oct - )
RS S 2 _Oct
= \T B S
Et

120, 42%°° 121, 55%°° 122, 47%°°, a/p =1/1 ~ 123,62%2, Z/IE=2/1 124, 84%2, o/p = 1.2/1 |
o ) AR M 'e’ """"""""""""""""""""""""""""""""""
Ph/VKS,om s Ph ™S o Ph  Oct
Me o P S
125, 92%2 Me o
: B ””””””””””””””””””””””””””””””””””” 126, 61%2 ‘
: o o 0 0 o} 3
? o Me. L~ s ?
' ~ < Me. _Oct
NMS,OCt Og;f\/ll\fo ﬁ\/m Oct ° NXN ‘ s ‘ ‘
O '
o S, 07> ¢ OMG :
Oct :
127, 86% 128, 67%" 129, 40%° 130, 61%

Figure 3. Scope of thiocarbonylation of internal alkynes and bioactive molecules. [@Method A: alkynes (0.2 mmol), thiols (0.24 mmol), Pd(TFA), (5 mol%),
DPEphos (5 mol%), B(OH); (10 mol%), 5-CI-SA (20 mol%), in CH:CN (1.0 mL), stirred under CO (10bar) at 110 °C for 14 h. PMethod B: alkynes (0.2 mmol), thios
(0.2 mmol), Pd(dba); (5 mol%), L25 (10 mol%), B(OH)s (10 mol%), 5-CI-SA (20 mol%), in CHsCN (1.5 mL), stired under CO (20 bar) at 120 °C for 14 h. 9The
reaction proceeded for 24 h. Isolated yields. (A) Scope of internal alkynes. (B) Modification of bioactive molecules. [195% purity.

With the optimal conditions in hand, the scope of the
transformation was carried out immediately. First, the
thiocarbonylation of alkynes toward linear a,8-unsaturated
thioesterswas conducted (Figure 1). As evident from the results
compiled in Figure 1A, both ortho-, meta-, and para-substituted
thiophenols can be successfully applied to the reaction and
provided the corresponding thioesters in moderate to excellent
yields (Figure 1A, 3-23). Notably, the steric hindrance (10-11) or
electronic nature (12-13) of thiophenols hardly effected the
transformation. The broad synthetic applicability of the reaction
was also reflected in the successful thiocarbonylation of benzyl
mercaptan (24), primary mercaptans (25-26, 29-30), secondary
mercaptan (27), and tert-butyl mercaptan (28). Subsequenty, a
variety of aryl acetylenes were tested under our standard
conditions (Figure 1C). Besides alkyl and halogen groups (31-40),
structures containing methoxy (37), trifluoromethyl (41), acetyl
(42), ester (43), cyano (44, 45), hydroxymethyl (46), phenol (47),
carboxyl (48), nitro (49), thiophene (50), pyridine (51), or
sulfonamide (52) can also perfectly be tolerated. The excellent

functional groups compatibility demonstrated the robustness of
this protocol. Aliphatic alkynes, as an interesting class of
unsaturated hydrocarbons, were afterwards tested in this system
and transformed into the corresponding linear thioesters in good
yields (Figure 1D). Even alkyl chloride (58) or organosilanes (60-
62) could be accommodated, thus constituting an orthogonal
gateway for subsequent manipulation via cross-coupling
reactions. Interestingly, diacetylenes could be directly converted
to dithioesters, albeit in lower yields (53, 66). Notably, in some
cases, the productcontains smallamount of the other regioisomer
and vinyl thioether (noncarbonylation product) asimpuritieswhich
is very difficult to separate from ourtargetproduct.

We nextturned ourattention to study the preparative scope of
the branched products (Figure 2). Similarly, both thiophenals and
alkyl mercaptans performed well under the conditions (Figure 2A).
Thehighregioselectivity of the method is nicelyillustrated by the
fact that even sterically hindered thiols were successfully
converted to branched thioestersin moderateto good yields (67,
68, 83, 84). In addition, various aryl acetylenes passed the test
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and delivered the corresponding products in satisfactory yields
(Figure 2B). Likewise, a number of functional groups such as
acetyl (85), trifluoromethyl (86), ester (87), carboxyl (88), phenol
(89), hydroxymethyl (90), cyano (91), nitro (92), sulfonamide (93),
and halides (94-98) could be accommodated. Furthermore, the
alkyl alkynes posed no problems (Figure 2C). Notably, the tertiary
acetylenes afforded the linear products under the conditions, no
corresponding branched thioesters could be detected (106-108).
We speculate that thisresult is mainly due to the steric hindrance
effect from the substrates. It is important to mention that the
regioisomers (10-20mol%) can be formed in some cases as well
which can not be removed from our target product.

To the best of our knowledge, a catalytic thiocarbonylation
reaction of intemal alkynes has not been reported yet. Gratifyingly,
as shown in Figure 3A, acetylenes end-capped with either arenes
or aliphatic motifs were successfully converted to the desired
unsaturated thioesters in moderate to excellent yields (109-124).
Importantly, no need to reoptimize the reaction conditions
(Method A and B), which is a rather valuable finding that
demonstrates the generality of our protocol. The primary (109,
112), secondary (110), benzylic (114), phenyl (115), and even
tert-butyl mercaptans (111, 113) well carbonylative cross-coupled
with alkyl internal alkynes and delivered the corresponding
products in goodyields. Furthermore, our robust Pd -catalyzed
thiocarbonylation event could be extended to the use of -
extended system, diarylacetylenes, albeit with prolonged reaction
time (116-121). Asymmetric intemnal alkynes were tested as well,
however, in which the ligands lost their regulatory role. Neither
bidentate (Method A) normonodentate ligands (Method B) could
achieve the regioselectivity for them. The reaction site here was
based on the nature of the substrates. With increasing steric
hinderance (Me- to Et- to Ph-), the selectivity was gradually losted
(122-124). 1-Phenyl-2-(tert-butyl)-acetylene could be involved in
the reaction, which was proved by GC-MS, however, only trace
amount of the thiocarbonylation product was detected, and the
structure could be not determined. Interestingly, the TMS group
of trimethyl(phenylethynyl)silane was shed in the reaction (125).
Finally, some examples of bioactive molecule, such as Lbuprofen,
Azaspirodecanedione, and Uracil derivatives substituted alkynes
were tested and applicable to the reaction (Figure 3B). The
stereoselectivity in all these tested cases were outstanding,
except 123 which might be due to the non-influenceable steric
effect of the methyl group.
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Scheme 2. Mechanistic proposal.

A possible reaction mechanismis proposed to illustrate the
regioselectivity (Scheme 2). We favor an initial generation of Pd-
H complex lor I’ in the presence of acid additives and bidentate
or monodentate ligand. Then, the anti-Markovnikov or
Markovnikov addition of Pd-H complex with alkynes delivers the
corresponding linear or branched intermediate Il or I, which will
be transformed into acylpalladium complex IIl or lII’ through the
coordination and insertion of CO. Finally, thiol attacks the
acylpalladium complex to provide the desired a,3-unsaturated
thioesters and regenerate the LPd"-H complex for the next
catalyticcycle.

Conclusion

In summary, we have discovered a general ligand-controlled
regiodivergent thiocarbonylation of alkynes. By employing 5-Cl-
BSA as the mild acid additive, various desired linear or branched
a,B-unsaturated thioesters can be regioselective produced in a
straightforward manner. Remarkably, our approach also
represents the first example on thiocarbonylation of intemnal
alkynes. The wide substrate scope, high regio- and
stereoselectivity, excellent functional group compatibility,
robustness, and generality of the protocol suggestthatitcan be a
powerful altemative to known methodologies for preparing a,5
unsaturated thioesters.

Acknowledgements

We thank the Chinese Scholarship Council (CSC) for financial
support. We also thank the analytical team of LIKAT for their
excellentanalytic support.

Keywords: Ligand-controlled « palladium catalyst «
Regioselective « Thiocarbonylation  Thioester

[1] For selected reviews and books, see: a) G. Kiss, Chem. Rev. 2001, 101,
3435-3456; b) M. Beller in Catalytic Carbonylation Reactions, Springer,

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition

[2

[3

(4

(5]
(6]

(7

(8]
[9

[10]

[11]

Berlin, 2006; pp 1-272; c) C. F. J. Barnard, Organometallics 2008, 27,
5402-5422; d) L.-J. Cheng, N. P. Mankad, Chem. Soc. Rev. 2020, 49,
8036-8064; €) H. Matsubara, T. Kawamoto, T. Fukuyama, I. Ryu, Acc.
Chem. Res. 2018, 51, 2023-2035; f) J.-B. Peng, F.-P. Wu, X.-F. Wu,
Chem. Rev. 2019, 119, 2090-2127.

For selected recent regioselective hydrocarbonylations, see: a) C. Fan,
J. Hou, Y.-J. Chen, K.-L. Ding, and Q.-L. Zhou, Org. Lett. 2021, 23, 2074
2077; b) J. Amsler, B. B. Sarma, G. Agostini, G. Prieto, P. N. Plessow, F.
Studt, J. Am. Chem. Soc. 2020, 142, 5087-5096; c) K. Raghuvanshi, C.
Zhu, M. Ramezani, S. Menegatti, E. E. Santiso, D. Mason, J.Rodgers, M.
E. Janka, M. Abolhasani, ACS Catal. 2020, 10, 7535-7542; d) J. Ly, Z.
Wei, J. Yang, Y. Ge, D. Wei, R. Jackstell, H. Jiao, M. Beller, ACS Catal.
2020, 10, 12167-12181; e) Y. Zhang, S. Torker, M. Sigrist, N. Bregovi¢,
P. Dydio, J. Am. Chem. Soc. 2020, 142, 18251-18265, f) X.-Y. Chen, X.
Zhou, J. Wang, G. Dong, ACS Catal. 2020, 10, 14349-14358; g) Xinxin
Tang, Xiangqing Jia, and Zheng Huang, J. Am. Chem. Soc. 2018, 140,
4157-4163; h) C. You, S. Li, X. Li, J.Lan, Y. Yang, L. W. Chung, H. Lv,
X. Zhang, J. Am. Chem. Soc. 2018, 140, 4977-4981; i) A. Phanopoulos,
K. Nozaki, ACS Catal. 2018, 8, 5799-5809.

For selected recentregioselective alkoxycarbonylations, see: a) J. Yang,
J. Liu, H. Neumann, R. Franke, R. Jackstell, M. Beller, Science 2019,
366, 1514-1517; b) D. B. G. Williams, M. L. Shaw, M. J. Green, C. W.
Holzapfel, Angew. Chem. Int. Ed. 2008, 47,560-563; c) C.J. Rodriguez,
D. F. Foster, G. R. Eastham, D. J. Cole-Hamilton, Chem. Commun. 2004,
1720-1721; d) D. B. Nielsen, B. A Wahlqvist, D. U. Nielsen, K. Daasbjerg,
T. Skrydstrup, ACS Catal. 2017, 7, 6089-6093; €) T. M. Konrad, J. T.
Durrani, C. J. Cobley, M. L. Clarke, Chem. Commun. 2013, 3306-3308;
f) M. Amezquita-Valencia, H. Alper, Org. Lett. 2014, 16,5827-5829.
For selected recent regioselective aminocarbonylation, see: a) X. Fang,
R. Jackstell, M. Beller, Angew. Chem. Int. Ed. 2013, 52, 14089-14093;
b) C. JimenezRodriguez, A. A. Nunez-Magro, T. Seidensticker, G. R.
Eastham, M.R.L. Furst, D.J. Cole-Hamilton, Catal. Sci. Technal. 2014,
4, 2332-2339; c¢) G. zhang, B. Gao, H. Huang, Angew. Chem. Int. Ed.
2015, 54, 7657-7661, d) B. Gao, G. Zhang, X. Zhou, H. Huang, Chem
Sci. 2018, 9, 380-386; e) T. Xu, F. Sha, H. Alper, J. Am. Chem. Soc.
2016, 138, 6629-6635; f) F. Sha, H. Alper, ACS Catal. 2017, 7,
2220-2229; g) H. Liu, N. Yan, P. J. Dyson, Chem. Commun. 2014, 50,
7848-7851; h) Y.-H. Yao, H.-Y. Yang, M. Chen, F. Wy, X.-X. Xu, ZH.
Guan, J. Am. Chem. Soc. 2021, 143, 85-91.

a) E. Drent, G.B. Patent 2246130A, 1990; b) P. Foley, U.S. Patent
4422977, 1983.

a) H. Kuniyasu, A. Ogawa, S. Miyazaki, |. Ryu, N. Kambe, N. Sonoda, J.
Am. Chem. Soc. 1991, 113, 9796-9803; b) A. Ogawa, M. Takeba, J. I.
Kawakami, I. Ryu, N. Kambe, N. Sonoda, J. Am. Chem. Soc. 199, 117,
7564-7565; c) A. Ogawa, J. |. Kawakami, M. Mihara, T. Ikeda, N. Sonoda,
T. Hirao, J. Am. Chem. Soc. 1997, 119, 12380-12381; d) A. Ogawa, J. I.
Kawakami, M. Mihara, T. Ikeda, T. Hirao, N. Sonoda, Organometalics
1998, 17, 3111-3114; e) J. |. Kawakami, M. Takeba, |. Kamiya, N.
Sonoda, A. Ogawa, Tetrahedron2003, 59, 6559-6567; f) J. |. Kawakami,
M. Mihara, |I. Kamiya, M. Takeba, A. Ogawa, N. Sonoda, Tetrahedron
2003, 59, 3521-3526.

a) W. J. Xiao, H. Alper, J. Org. Chem. 1997, 62, 3422-3423; b) W. J. Xiao,
G. Vasapollo, H. Alper, J. Org. Chem. 1998, 63, 2609-2612; ¢) W. J. Xiao,
H. Alper, J. Org. Chem. 1998, 63, 7939-7944; d) W. J. Xiao, G. Vasapolo,
H. Alper, J. Org. Chem. 1999, 64, 2080-2084; e) W. J. Xiao, G. Vasapolo,
H. Alper, J. Org. Chem. 2000, 65, 4138-4144;f) W. J. Xiao, H. Alper, J.
Org. Chem. 2001, 66, 6229-6233; g) C. F. Li, W. J. Xiao, H. Alper, J. Org.
Chem. 2009, 74, 888-890.

B. El Ali, J. Tijani, A. EI-Ghanam, M. Fettouhi, Tetrahedron Lett. 2001,
42, 1567-1570.

N. Iranpoor, H. Firouzabadi, A. Riazi, K. Pedrood, J. Organomet. Chem
2016, 822, 67-73.

a) V. Hirschbeck, P. H. Gehrtz, |. Fleischer, J. Am. Chem. Soc. 2016,
138, 16794-16799; b) X. H. Wang, B. Wang, X. M. Yin, W. Z. Yu, Y. Lieo,
J. L. Ye, M. Wang, L R. Hu, J. Liao, Angew. Chem.,, Int. Ed. 2019, 58
12264-12270; c) H.-J. Ai, F. Zhao, H. Q. Geng, X. F. Wu, ACS Catal.
2021, 11, 3614-3619; d) W. Yu,J.Han, D. Fang, M. Wang, J. Liao, Org.
Lett. 2021, 23, 7, 2482-2487.

M. R. Dubois, Chem. Rev. 1989, 89, 1-9.

[13]

[14]

[15]

[16]

[17]

(18]

10.1002/anie.202106079

WILEY-VCH

For selected reviews, see: a) P. Braunstein, N. M. Boag, Angew. Chem
Int. Ed. 2001, 40,2427-2433; b) D. S. Surry, S. L. Buchwald, Angew.
Chem. Int. Ed. 2008, 47, 6338-6361;c) R. Martin, S. L. Buchwald, Acc.
Chem. Res. 2008, 41, 1461-1473;d) A. C. Sather, S. L. Buchwald, Acc.
Chem. Res. 2016, 49, 2146-2157;e) P. W.N. M. vanLeeuwen, P. C. J.
Kamer, J. N. H.Reek, P. Dierkes, Chem. Rev. 2000, 100, 2741-2769; f)
P. Kamer, P. W. N. M. van Leeuwen, J. Reek, Acc. Chem. Res. 2001,
34, 895-904; g) Z. Freixa, P. W. N. M. van Leeuwen, Dalton Trans. 2003,
1890-1901; h) M. -N. Birkholz, Z. Freixab, P. W. N. M. van Leeuwen,
Chem. Soc. Rev. 2009, 38, 1099-1118.

For selected reviews, see: a) J. Staunton, K. J. Weissman, Nat. Prod.
Rep. 2001, 18, 380-416. b) J. Hong, H. Luesch, Largazole, Nat. Prod.
Rep. 2012, 29, 449-456. c) N. A. McGrath, R. T. Raines, Acc. Chem
Res. 2011, 44, 752-761. d) V. Hirschbeck, P. H. Gehrtz, I. Fleischer,
Chem. Eur. J. 2018, 24, 7092-7107. e) M. Kazemi, L. Shiri, J. Sulfur
Chem. 2015, 36, 613-623. f) N. H. Jabarulah, K. Jermsittiparser, P. A
Melnikov, A. Maseleno, A. Hosseinian, E. Vessally, J. Sulfur Chem. 2020,
41, 96-115.

a) J. W. Trauger, R. M. Kohli,H. D. Mootz, M. A. Marahiel, C. T. Walsh,
Nature 2000, 407, 215-218; b) R. M. Kohli, C.T.; Walsh, M. D. Burkat,
Nature 2002,418, 658-661; c) G. S. Hamilton, Y.-Q.Wu, D. C. Limburg,
D.E. Wilkinson, M. J. Vaal, J.-H. Li, C. Thomas, W. Huang,; H. Sauer,
D.T. Ross, R. Soni, Y. Chen, H. Guo, P. Howorth, H. Vaentine, S. Liang,
D. Spicer, M. Fuller, J. P. Steiner, J. Med. Chem. 2002, 45, 3549-3557,
d) H. Prokopcova, C. O. Kappe, Angew. Chem., Int. Ed. 2009, 48,
2276-2286; €) Y. Ying, K. Taori, H. Kim, J. Hong, H. Luesch, J. Am
Chem. Soc. 2008, 130, 8455-8459; f) Q. Wu, Z. Wu, X. Qu, W. Liy, J.
Am. Chem. Soc. 2012, 134, 17342-17345; g) M. W. Mullowney, R. A
McClure, M. T. Robey, N. L. Kelleher, R. J. Thomson, Nat. Prod. Rep.
2018, 35, 847-878.

a) K. G. Smith (British Petroleum Co. PLC), Eur. Pat. Appl.0396268,
1991; b) S. L. Brown, A. R. Lucy (British PetroleumCo. PLC), Eur. Pat.
Appl. EP 0314309, 1990.

a) A. C. Ferreira, R. Crous, L. Bennie, A. M. M. Meij, K. Blann, B. C.B.

Bezuidenhoudt, D. A. Young, M. J. Green, A.Roodt, Angew. Chem. Int.
Ed. 2007, 46, 2273 —2275; b) T. O. Vieira, M. J. Green, H. Alper, Org.
Lett. 2006, 8, 6143-6145.

For the bite angle of the ligands, see a) P. Dierkes, P. W. N. M. van
Leeuwen, J. Chem. Soc. Dalton Trans. 1999, 1519-1529; b) P. W. N. M.
van Leeuwen, P. C. J. Kamer, J. N. H. Reek, P. Dierkes, Chem Rev.
2000, 100, 2741-2769; c) M.-N. Birkholz (ne Gensow), Z. Freixa, P. W.

N. M. van Leeuwen, Chem. Soc. Rev. 2009, 38, 1099-1118; d) P. W. N.
M. van Leeuwen, P.C. J. Kamer, Catal. Sci. Technol. 2018, 8, 26-113.

J. B. Peng, X.-F.Wu, Angew. Chem. Int. Ed. 2018, 57, 1152-1160.

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition 10.1002/anie.202106079

WILEY-VCH

Table of Contents

Bidentate Ligand /\)kS/R
@ 128 examples
—— +R-SH

up to 98% yield
5-CI-BSA o oy
= aryl, alkyl, H N S/R
= aryl, alkyl Monodentate Ligand

* high site selectivity % excellent functional group compatibleility
* broad scope * 100% atomic economy

A ligand-controlled regioselective thiocarbonylation of alkynesis reported. Various linear and branched a,8-unsaturated thioesters are
produced in a straightforward manner. This protocolis characterized by its ligand-controlled regioselectivity pattern, wide substrate
scope and unprecedented functional group compatibility. Remarkably, this approach also represents thefirst example on
thiocarbonylation of internal alkynes.
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