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1 | INTRODUCTION

Allyl and vinyl sulfides are synthesized through different
reactions and become attractive chemical reagents and
intermediates which have been widely utilized in various
synthetic reactions.' ! Traditionally, phenyl vinyl sul-
fides were obtained by reaction of hydrothiolation of
alkynes. The non-catalytic system via free radical addition
mechanism of thiophenol to alkyne gave a mixture of
anti-Markovnikov isomers.!'”'®] The efficient regioselec-
tive additions of thiols to alkynes catalyzed by nickel com-
plexes were reported by Ananikov and Beletsakaya.!!*2"]
Ranu reported an efficient hydrothiolation of alkynes in
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A catalytic system of regioselective synthesis of allyl sulfides via hydrothiolation
of terminal arylallenes with arylthiols has been developed using nickel(0)
complex Ni (PMes), as a catalyst. In most cases the excellent to moderate
yields were obtained under mild conditions. A catalytic mechanism was
suggested and partially-experimentally verified. To the best of our knowledge,
this is the first example of regioselective addition of thiophenols to terminal
arylallenes catalyzed by nickel(0) complex. It was noteworthy that this
catalytic system was only applicable to thiophenol compounds with terminal
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water without any catalysts or additives, imparting good
control on regioselectivity.?!! Wilkinson's complex RhCl
(PPhs); could also catalyze the regio- and stereoselective
addition of thiols to alkynes leading to the anti-
Markovnikov products.!?%23!

In comparison with vinyl sulfides, the reports on the
synthesis of phenyl allyl sulfides through selective addi-
tion of thiols to allenes are rare. It has been reported that
thiols add to allenes to give a mixture of different vinyl sul-
fides and allyl sulfides by a free radical mechanism.!**->"]
These results make the radical reactions synthetically
less useful. The Ogawa group has developed a palladium-
catalyzed regioselective addition of benzenethiol to allenes
but in this case the terminal vinylic sulfides were the
sole products.!?®*! The regiospecific intermolecular
hydrothiolation of allenes could also be catalyzed by



Au.*® In 2011, an effective method for the catalytic asym-
metric addition of aryl thiols to the y-position of allenoates
catalyzed by a chiral phosphepine was developed by Fu.?
This can be regarded as a successful example of synthesis
of allyl sulfides. Recently, Breit reported the first
rhodium-catalyzed  enantioselective = atom-economic
hydrothiolation of terminal allenes with free thiols
towards branched allylic thioethers and their correspond-
ing sulfones in high yields.*'*?! However, as far as we
know, until now there was no report on nickel-catalyzed
regioselective addition of thiols to allenes. Herein we
report the first Ni-catalyzed regioselective atom-economic
addition of thiophenols to terminal allenes towards corre-
sponding phenyl allyl sulfides in the E-form of
configuration.

2 | RESULTS AND DISCUSSION

The studies were carried out with naphthalene-1-thiol
and phenyl allene as the model substrates by using
5 mol % different nickel compounds as catalysts in
THF at 40 °C (Table 1). Under the same experimental
conditions, the control experiment showed that 3a could
not be detected without catalyst (Table 1, entry 1).
Among the studied nickel compounds, Ni (PMejy), is
the best catalyst, the substrate was completely converted
to 3a after 4 hr in a yield of 96% (Table 1, entry 2-12).
When the catalyst loading was decreased to 2 mol%, the
substrate was also completely converted to 3a after 4 hr
a yield of 97% (Table 1, entry 13). When the catalyst
loading was decreased to 1 mol%, the isolated yield of
3a is only 25% (Table 1, entry 14). The isolated yield
of 3a is 89% when the reaction temperature was
decreased to 25 °C and reaction time raised to 8 hr
(Table 1, entry 15). With the increase of the reaction
temperature to 60 °C, the isolated yield of 3a is
decreased to 91% (Table 1, entry 16). When the other
phosphine, such as dppp, dppe, PPh; or dppf, was
added to the catalytic mixture, the isolated yield of 3a
was reduced (Table S1, entries 1-4 of the SI). However,
the yield of 3a was 20% when using 2 mol% Ni (COD),
as the catalyst (Table S1, entry 5 of the SI). The yield of
3a was 92% when dppp was added (Table S1, entry 6 of
the SI). More results were obtained with dppf as an
additive for Ni (PMe;); and Ni (COD), catalysts
(Table S1, entries 4 and 9). The polarity of solvent
has influence on this catalytic reaction dramatically
(Table S1, entries 11-20 of the SI). The yield of 3a in
the solvent (DMSO) with large polarity was 94%
(Table S1, entry 18 of the SI). The yield of 3a in the sol-
vent (THF) with moderate polarity was 97% (Table S1,

entry 13). The yield of the reaction in n-pentane is the
smallest (15%) (Table S1, entry 13 of the SI).

From Table 1 we conclude that the optimized cata-
lytic reaction conditions are: arylallene (1.0 mmol),
thiophenol (1.2 mmol) and Ni (PMe;), (2 mol%) in
3 ml THF at 40 °C for 4 hr (Table 1, entry 13). Under
the optimized conditions, the scope of the substrates
was expanded (Table 2). The hydrothiolation addition
occurred selectively at the terminal double bond of the
arylallenes (Table 2). It was found that the reaction of
thiophenol with phenyl allene in the presence of
2 mol % of Ni (PMes), at 40 °C for 4 hr in THF
(3 ml) led to 94% yield of phenyl allyl sulfide 1a
(Table 2, entryl). Similarly, p-toluenethiol underwent
regioselective addition of phenyl allene to provide corre-
sponding phenyl allyl sulfides 2a in 68% yield (Table 2,
entry 2). As for p-chlorophenyl allene, the addition reac-
tions of p-toluenethiol, thiophenol and naphthalene-1-
thiol to the terminal double bond gave rise to 4a, 5a
and 6a in high yields (Table 2, entries 4-6). In addition,
with electron-donating methyl group at the para-
position, the related phenyl allyl sulfide 9a was obtained
in the yield of 86% with regioselective addition of 1-
naphthalene-1-thiol to p-methylphenyl allene (Table 2,
entry 9). For thiophenol and p-toluenethiol, the
hydrothiolations with p-methylphenyl allene gave the
related allyl sulfides 7a and 8a in the moderate yields
of 74% and 48% respectively (Table 2, entries 7 and 8).
For p-fluorophenyl allene, the addition reactions with
1-naphthalene-1-thiol and thiophenol afforded the corre-
sponding allyl sulfides 10a and 11a in 97% and 95%
yield respectively (Table 2, entries 10 and 11). Two
2,3-addition vinyl sulfides (12a and 12b) were isolated
when p-fluorophenyl allene with p-toluenethiol reacted
(Table 2, entry 12). The reactions of p-bromophenyl
allene with 1-naphthalene-1-thiol gave rise to two 2,3-
addition products (13a and 13b) and one 1,2-addition
product (13c) (Table 2, entry 13). The reaction of p-
bromophenyl allene with thiophenol delivered also
three products, two 2,3-addition products (15a and
15b) and one 1,2-addition product (15c) (Table 2, entry
15). However, only 2,3-addition products (14a and 14b)
were found from the reaction of p-bromophenyl allene
with p-toluenethiol (Table 2, entry 14). The reaction of
1,1-diphenyl allene with 1-naphthalene-1-thiol afforded
both 1,2-addition product (16¢) and 2,3-addition product
(16b) without allyl sulfide (Table 2, entry 16). It is inter-
esting that only one 2,3-addition product (17b, vinyl sul-
fide) was isolated in 96% yield (Table 2, entry 17). As in
entry 16 in Table 2, two isomers of the addition prod-
ucts (18b and 18c) were also produced in entry 18 of
Table 2. The ratio of the 2,3-addition to 1,2-addition
product can be derived from '"H NMR spectra (see the



TABLE 1 Exploration of hydrothiolation of phenyl allene with naphthalene 1 thiol catalyzed by nickel compounds®

C- s

Ni(PMe3)4 Ph \
HF

3a
Entry Catalyst (mol%) Additive (mol%) Time (h) Temp.(°C) Conv.® (%) Yield® (%)
1 0 4 40 0 0
2 Ni (acac), (5) 4 40 10 4
3 NiBr;, (5) 4 40 35 28
4 NiCL (5) 4 40 40 30
5 Ni (0AC), (5) 4 40 0 0
6 NiCl, (5) dppp (20) 4 40 0 0
7 NiCl, (5) PMe;(20) 4 40 41 32
8 Ni (acac), (5) PPh5(20) 4 40 0 0
9 Ni (acac), (5) PCy;(20) 4 40 0 0
10 Ni (acac), (5) dppp (20) 4 40 39 30
11 Ni (acac), (5) dppe (20) 4 40 30 29
12 Ni (PMes), (5) 4 40 99 96
13 Ni (PMes), (2) 4 40 99 97
14 Ni (PMe;), (1) 4 40 25 25
15 Ni (PMes), (2) 8 25 90 89
16 Ni (PMe;), (2) 4 60 92 91

 Catalytic reaction conditions: phenyl allene (1.0 mmol), naphthalene 1 thiol (1.0 mmol), THF (3 ml).

® Determined by GC with dodecane as an internal standard.
9 Isolated Yield.

SI). Generally, the influence of substituent group at the
phenyl ring in arylallene on the yield of allyl sulfides is
not significant. In comparison with thiophenol and 1-
naphthalene-1-thiol, p-toluenethiol with an electron-
donating methyl group made the breaking of the S-H
bond more difficult. Therefore, the yields of products
2a, 5a and 8a seem to be relatively lower. 1-Naphtha-
lene-1-thiol was more active than thiophenol and the
hydrothiolation products of 1-naphthalene-1-thiol were
obtained in higher yields (comparing la /3a; 4a/6a;
7a/9a). Although we have not yet concluded the rule,
the formation of the addition isomers is related to the
substituents of the two reactants. Among all the prod-
ucts, the configurations of (E)-1-Phenyl-3-phenylthio-1-
propene (1la) and (E)-1-Phenyl-3-(p-methylphenyl)thio-
1-propene (2a) were determined by comparing literature
data.33** The E-configuration of the products 1a, 2a,
3a, 4a, 5a, 7a, 8a, 9a, 10a, 11a, 14a, 15a could be deter-
mined by the coupling constant 3Jun (-CH=CH-). The
configuration of the products 6a, 12a, 13a, 12b, 13b,
14b, 15b could not be determined.

The molecular structure of product 7a was determined
by single crystal X-ray diffraction (Figure 1). This is a fur-
ther evidence for this nickel-catalyzed regioselective
hydrothiolation of terminal arylallenes with arylthiols.
The bond lengths of C8-C9 (1.297(3) A) and C7-C8
(1.508(3) A) indicate that C8-C9 is a double bond
and C7-C8 is a single bond. Compound 7a has an
(E)-configuration.

It was noteworthy that this catalytic system was only
applicable to thiophenol compounds with aromatic
terminal allenes. Under the optimized catalytic condi-
tions, the hydrothiolation of trisubstituted or aliphatic
allene with naphthalene-1-thiol and hydrothiolation of
phenyl allene with thioethanol did not occur (Table 2,
entries 19-21). We think that both aliphatic allenes
and aliphatic thiols are not active for this catalytic
system.

Based on the report of hydrothiolation catalyzed by Pd
(PPh,),,/*°! a plausible mechanism for the nickel-
catalyzed hydrothiolation was proposed in Scheme 1. At
the beginning, Ni (PMes), reacts with thiophenol to



TABLE 2 Hydrothiolation of arylallenes catalyzed by Ni (PMej3),*

Ar—SH +
Ary

2 mol% NI(PM93)4

Arg

Ar.
3\ + A )\(
SAr 2

THF, 40 °c 4h ATz
a H
Entry Allene Thiophenol Conv.’ Yield (a) [%]° Yield (b) [%]° Yield (c) [%]
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O
1a (94)
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O
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o O~
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TABLE 2 (Continued)
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TABLE 2 (Continued)
2 mol% Ni(PMe3)4
Ar—SH + & /\/C\H rzﬁ\(
0 A
o THF, 40 °C, 4h 2 [ SAH . Sar,
Entry Allene Thiophenol Conv.’ Yield (a) [%]° Yield (b) [%]¢ Yield (¢) [%]°
Et—SH 0

o

Catalytic reaction conditions: allene (1.0 mmol), thiophenol (1.0 mmol) and Ni (PMe;), (2 mol%) in 3 ml THF, 40 °C, 4 h.

*Determined by GC with n dodecane as an internal standard.
“Isolated Yields.

dYields and b/c ratios were determined by 'H NMR of mixed isomers.
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FIGURE 1 Molecular structure of compound 7a

produce hydrido nickel (IT) species A as an active catalyst
with the dissociation of two PMe; ligands via oxidative
addition of S-H bond. n-Coordination of arylallene dou-
ble bond to the nickel center affords intermediate B.
Theoretically, there are four different coordination
modes for intermediate B (Ba, Bb, Bc and Bd). From
the four intermediate Bs four related intermediate Cs
(Ca, Cb, Cc and Cd) as regioselective addition products
in the catalytic cycle were formed through the insertion
of arylallene double bond into the Ni-H bond. Reductive
elimination between Ni-C and Ni-SAr; bond at nickel
center of C gives rise to the final product to complete
the catalytic cycle with the regeneration of the catalyst
Ni (PMes),. In our results, only E-allyl sulfides (product
a) were formed from entry 1 to 11. For entries 12 and
14 both a and b could be obtained. For entries 13 and
15 three products (a, b and c) were confirmed. For
entries 16 and 18 b and c were verified. b is the sole
product for entry 17. It must be point out that there
was no d generation in any cases because the steric hin-
drance in intermediate Bd is too large. We consider that
the selectivity is determined by the formation of inter-
mediate B. Many factors, such as the electronic property

at the Ni canter or at the C=C bond, the electronic
property and steric hindrance of Ar;, Ar, and Ars, ...
have effects on the formation of B. A concrete rule
has not been drawn out because of the limited sub-
strates. In short, the selectivity of the system is very
complicated. Regrettably, isolation of intermediates A,
B and C was not successful. According to this mecha-
nism, we believe that the aliphatic thiol does not react
because its S-H bond is less susceptible to oxidative
addition and it has no aromatic p-m conjugation. The
allenes bearing a Cl or a F atom at the para-position
(entries 4-6 and 9-11, Table 2) gave products a as the
sole products, whereas the allenes bearing a Br atom
at the para-position (entries 13-15, Table 2) showed
lower selectivity. We believe that the electron-
withdrawing ability of Br atom is less than that of F
and Cl atom, which leads to a decrease in the polarity
of the allene double bonds of the intermediate B in
the reaction mechanism, resulting in a decrease in
selectivity.

In order to verify the feasibility of this nickel-
catalyzed reaction mechanism, the following experiments
were performed (Scheme 2 and Equations (1)-(2)). In
the first experiment, Ni (PMes), reacted with stoichio-
metric thiophenol (Scheme 2). From this reaction trans-
Ni (PMes),(SPh), as S-H bond activation product was
obtained and its molecular structure was confirmed by
"H NMR and *'P NMR.1**! Even though intermediate A
could not be isolated, the similar hydrido thiophenolato
iron complexes could be obtained from the reaction of
Fe (PMe;), with thiophenol.*®! Therefore, it is proposed
that trans-Ni (PMes),(SPh), was formed through the
dismutation of Ni(I) intermediate D with the production
of Ni (PMes),. As another alternative, the disproportion-
ation of intermediate A also gives rise to Ni
(SAr),(PPhs), and Ni (PPhs), with the release of molecu-
lar hydrogen. The formation of H, was confirmed by GC.
In the second experiment trans-Ni (PMes),(SPh), as a
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SCHEME 1 Plausible mechanism for the nickel catalyzed hydrothiolation

PMey

Ni(PMes), + 2 PhSH ———————» PhS—Ni—SPh + H,
—2PMe;

PMe3
+ Ni(PMey),
— 4 PMeg T_ Ni(PMes),
PMe; PMe;,

2 |PhS—Ni—H 2 | PhS—Ni—PMe,| + 2H’

PMe; PMe;
A D
SCHEME 2 Investigation of the mechanism

catalyst (2 mol %) was used in the thiophenol addition
reaction to phenyl allene, 1a was isolated in only 41%
yield at 40 °C after 4 h (Equation (1)). The catalytic
activity of trans-Ni (PMe;),(SPh), is much lower than
Ni (PMes),. This implies that trans-Ni (PMes),(SPh), is
not the real catalyst in this catalytic system. In order to
further verify that trans-Ni (PMes),(SPh), does not par-
ticipate in the catalytic cycle, the three-component-
reaction of Ni (PMes), with thiophenol and phenyl allene
was carried out (Equation (2)). Through this reaction 1a
was isolated and at the same time Ni (PMe;), was recov-
ered. No trans-Ni (PMe;),(SPh), was detected in this
reaction.



2 mol% Ni(SPh),(PMe3),

PhSH + Ph/\

Pha AP (1)

1a, 41%

THF, 40 °C, 4h

_ THF, 40 °C, 4h
Ni(PMes)s + pPhSH + PhA\ > P S + NiPMey), (2

In comparison with the early reported reactions of
allenes with thiols,'**2”! Our system is regioselective and
useful for the synthesis of allyl sulfides. In addition, this
transformation is atom-economic. This is also an example
of catalytic hydrothiolation catalyzed by base metal
complex.

3 | CONCLUSIONS

In summary, a catalytic system of regioselective addition
of thiophenols to terminal arylallenes has been
established using nickel(0) complex Ni (PMes),. The
excellent to moderate yields were obtained under mild
conditions. A catalytic mechanism was suggested and
partially-experimentally verified. To the best of our
knowledge, this is the first example of regioselective addi-
tion of thiophenols to terminal allenes catalyzed by
nickel(0) complex. It was noteworthy that this catalytic
system was only applicable to the reactions of thiophenol
compounds with aromatic terminal allenes.

4 | EXPERIMENTAL

4.1 | General procedures and materials

Standard vacuum techniques were used in the manipula-
tions of volatile and air-sensitive materials. Solvents were
dried by known procedures and distilled under nitrogen
before use. Infrared spectra (4000-400 cm ™), as obtained
from Nujol mulls between KBr disks, were recorded on a
Bruker ALPHA FT-IR instrument. '"H NMR and “*C{H}
NMR spectra were recorded using Bruker Avance
300 MHz spectrometers. GC-MS was recorded on a
TRACE-DSQ instrument and GC was recorded on a Fuli
9790 instrument. Melting points were measured in capil-
laries sealed under N, and were uncorrected. Elemental
analyses were carried out on an Elementar Vario ELIII.
Ni (PMe3), was prepared according to literature proce-
dure.l*”*8! All the allenes and thiophenols were synthe-
sized according to literature.[*4"]

4.2 | General procedure for
nickel-catalyzed hydrothiolation of
terminal allenes with thiols

To a 25 ml Schlenk tube containing a solution of 2 mol%
Ni (PMes), in 3 ml of THF was added an allene (1.0 mmol)
and thiophenol (1.2 mmol). The reaction mixture was
stirred at 40 °C for 4 hr (monitored by TLC). Then 20 ml
of Et,0 was added to the mixture and the remaining
thiophenol was removed by extraction with 25 ml of aque-
ous NaOH (5 M). The organic layer was dried over anhy-
drous Na,SO,, and the solvent was removed under
vacuum. The product was further purified using flash col-
umn chromatography. The "H NMR and '*C NMR spectra
of the products are provided in the Supporting
Information.

4.3 | Reaction of Ni (PMe;), with PhSH

A sample of Ni (PMes), (0.86 g, 2.36 mmol) in 50 ml of
pentane was combined with PhSH (0.26 g, 2.36 mmol)
in 30 ml of pentane at —78 °C. The reaction mixture was
warmed to 25 °C and stirred for 24 hr to get a red solution.
Ni (SPh),(PMe;),**! as red crystals was obtained after fil-
tering at —20 °C. Yield: 0.27 g (0.63 mmol, 53%).

4.4 | X-ray structure determination

The single crystals of 7a were obtained from its Et,0 solu-
tion by evaporation. Intensity data were collected on a
STOE STADIVARI Cu diffractometer. Using Olex2,*!)
the structure was solved with ShelXS!*? structure
solution program using Direct Methods and refined with
the ShelXL!**! refinement package using Least Squares
minimization. CCDC 1515027 (7a) contains supplemen-
tary crystallographic data for this paper. Copies of the data
can be obtained free of charge on application to CCDC, 12
Union Road, Cambridge CB2 1EZ, UK (fax: (+44)1223-
336-033; e-mail: deposit@ccdc.cam.ac.uk).



ACKNOWLEDGMENTS

We gratefully acknowledge the support by NSF China No.
21372143.

CONFLICT OF INTEREST

There are no conflicts to declare.

FUNDING INFORMATION

National Natural Science Foundation of China,

Grant/Award Number: 21372143.
ORCID

Hongjian Sun
Xiaoyan Li

https://orcid.org/0000-0003-1237-3771
https://orcid.org/0000-0003-0997-0380

REFERENCES

[1] D. R. Hogg, Organic compounds of sulphur, selenium and tellu
rium, Vol. 4, Royal Society of Chemistry: London, 1970.

[2] N. V. Zyk, E. K. Beloglazkina, M. A. Belova, N. S. Dubinina,
Russ. Chem. Rev. 2003, 72, 769.

[3] a)D.J. Ager, Chem. Soc. Rev. 1982, 11, 493. b)M. D. Mcreynolds,
J. M. Dougherty, P. R. Hanson, Chem. Rev. 2004, 104, 2239.

[4] N. Muraoka, M. Mineno, K. Itami, J. I. Yoshida, J. Org. Chem.
2005, 70, 6933.

[5] V. Aucagne, C. Lorin, A. Tatibouet, P. Rollin, Tetrahedron Lett.
2005, 46, 4349.

[6] C. A. Woodland, G. C. Crawley, R. C. Hartley, Tetrahedron Lett.
2004, 45, 1227.

[7] S. Farhat, 1. Marek, Angew. Chem. Int. Ed. 2002, 41, 1410.

[8] B. Marciniec, D. Chadyniak, S. Krompiec, J. Mol. Catal. A 2004,
224, 111.

[9] M. Su, W. Yu, Z. Jin, Tetrahedron Lett. 2001, 42, 3771.

[10] Y. R. Lee, N. S. Kim, B. S. Kim, Tetrahedron Lett. 1997, 38,
5671.

[11] D. F. Andres, U. Dietrich, E. G. Laurent, B. S. Marquet, Tetra
hedron 1997, 53, 647.

[12] A. Krief, B. Kenda, B. Remacle, Tetrahedron Lett. 1995, 36,
7917.

[13] D. F. Andres, E. G. Laurent, B. S. Marquet, H. Benotmane, Tet
rahedron 1995, 51, 2605.

[14] J. E. Backvall, A. Ericsson, J. Org. Chem. 1994, 59, 5850.

[15] P. Magnus, D. Quagliato, J. Org. Chem. 1985, 50, 1621.

[16] B. M. Trost, A. C. Lavoie, J. Am. Chem. Soc. 1983, 105, 5075.

[17] P. Spagnolo, L. Testaferri, M. Tiecco, J. Chem. Soc. Perkin Trans
21972, 5, 572.

[18] Y. Ichinose, K. Wakamatsu, K. Nozaki, J. L. Birbaum, K.
Oshima, K. Utimoto, Chem. Lett. 1987, 1647.

[19] V. P. Ananikov, D. A. Malyshev, 1. P. Beletskaya, G. G.

Aleksandrov, I. L. Eremenko, Adv. Synth. Catal. 2005, 347,
1993.

[20] V. P. Ananikov, N. V. Orlov, 1. P. Beletskaya, Organometallics
2006, 25, 1970.

[21] S. Bhadra, B. C. Ranu, Can. J. Chem. 2009, 87, 1605.

[22] A. Ogawa, T. Ikeda, K. Kimura, T. Hirao, J. Am. Chem. Soc.
1999, 121, 5108.

[23] H. Zhao, J. Peng, M. Cai, Catal. Lett. 2012, 142, 138.

[24] K. Griesbaum, A. A. Oswald, E. R. Quiram, W. Naegele, J. Org.
Chem. 1963, 28, 1952.

[25] T. L. Jacobs, G. E. Illingworth Jr., J. Org. Chem. 1963, 28, 2692.

[26] D. J. Pasto, S. E. Warren, M. A. Morrison, J. Org. Chem. 1981,
46, 2837.

[27] H. J. Vanderploeg, J. Knotnerus, A. F. Bickel, Recl. Trav. Chem.
Pays Bas. 1962, 81, 775.

[28] M. Kajitani, I. Kamiya, A. Nomoto, N. Kihara, A. Ogawa, Tet
rahedron 2006, 62, 6355.

[29] a)S. Kodama, A. Nomoto, M. Kajitani, E. Nishinaka, M.
Sonoda, A. Ogawa, J. Sulf. Chem. 2009, 30, 309. b)N.
Menggenbateer, G. Narsireddy, N. Ferrara, T. Nishina, Y. Jin,
Tetrahedron Lett. 2010, 51, 4627.

[30] Y. Fujiwara, J. Sun, G. C. Fu, Chem. Sci. 2011, 2, 2196.
[31] A. B. Pritzius, B. Breit, Angew. Chem. Int. Ed. 2015, 54, 3121.
[32] A. B. Pritzius, B. Breit, Angew. Chem. Int. Ed. 2015, 54, 15818.

[33] Q. Zeng, Y. Gao, J. Dong, W. Weng, Y. Zhao, Tetrahedron:
Asymmetry 2011, 22, 717.

[34] Y. Yatsumonji, Y. Ishida, A. Tsubouchi, T. Takeda, Org. Lett.
2007, 9, 4630.

[35] R. Cao, X. Li, H. Sun, ZAAC 2007, 633, 2305.

[36] T. Zheng, M. Li, H. Sun, K. Harms, X. Li, Polyhedron 2009, 28,
3823.

[37] H. F. Klein, H. H. Karsch, Chem. Ber. 1976, 109, 2515.
[38] H. F. Klein, H. H. Karsch, Chem. Ber. 1976, 109, 2524.
[39] M. Kidonakis, M. Strtakis, Org. Lett. 2015, 17, 4538.

[40] S. G. Jarboe, M. S. Terrazas, P. Beak, J. Org. Chem. 2008, 73,
9627.

[41] O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard,
H. Puschmann, J. Appl. Crystallogr. 2009, 42, 3309.

[42] G. M. Sheldrick, Acta Cryst. 2008, A64, 112.
[43] G. M. Sheldrick, Acta Cryst. 2015, C71, 3.

SUPPORTING INFORMATION

Additional supporting information may be found online
in the Supporting Information section at the end of the
article.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


