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Hydrophosphination of CO, and Subsequent Formate Transfer in the
1,3,2-Diazaphospholene-Catalyzed N-Formylation of Amines
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Abstract: Hydrophosphination of CO, with 1,3,2-Diazaphos-
pholene (NHP-H; 1) afforded phosphorus formate (NHP-
OCOH; 2) through the formation of a bond between the
electrophilic phosphorus atom in 1 and the oxygen atom from
CO,, along with hydride transfer to the carbon atom of CO..
Transfer of the formate from 2 to Ph,SiH, produced Ph,Si-
(OCHO), (3) in a reaction that could be carried out in
a catalytic manner by using 5 mol % of 1. These elementary
reactions were applied to the metal-free catalytic N-formyla-
tion of amine derivatives with CO, in one pot under ambient
conditions.

The valorization of carbon dioxide (CO,) has attracted much
attention in synthetic chemistry because of the potential use
of CO, as a nontoxic, abundant, and inexpensive C1 source
for the production of useful chemicals."? However, the
considerable thermodynamic stability of CO, hampers facile
activation. To address this issue, several metal catalysts have
been employed for the transformation of CO,, which has
afforded various commodity chemicals such as formic acid
derivatives, methane, methanol, CO, and formaldehyde."’
Metal-free catalytic systems for CO, valorization present
an alternative method to the prevalent use of conventional
metal catalysts.**! The seminal work by Grimme, Stephan,
Erker, et al. in 2009 demonstrated the potential of frustrated
Lewis pairs (FLPs), consisting of a Lewis base (LB) and Lewis
acid (LA), for CO, capture.[*” Since then, a variety of systems
based on main-group compounds have been developed for
the activation of CO,.”® Depending on the binding modes to
CO,, these systems are mainly classified into three types: one
LB adduct (I), one LB and one LA adduct (II), and one LB
and two LA adducts (III; Figure 1a).’) These are also
recognized as key structures of initial intermediates in the
functionalization of CO, by main-group -catalysts. For
instance, hydroboration of CO, catalyzed by main-group
compounds is inferred to proceed via the activation of CO, to
give insertion of the B—H bond into the activated C=O
bond.* 1% However, recent studies by Fontaine and Bour-
issou suggest that such a mechanistic pathway often involves
a high activation barrier.'™ % Meanwhile, it has been
reported that the direct reduction of CO, by main-group p-
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Figure 1. a) Three coordination modes in the activation of CO, by
main-group compounds. b) Direct insertion of [E]—H bonds into CO,.
c) Examples of products and an intermediate from direct insertion of
the P*—N bond into CO,. d) Generic structure of 2-H-1,3,2-diazaphos-
pholene (1).

block hydrides [E]-H (IV) gives rise to formate derivatives
(V) via insertion of the E—H bond (Figure 1b). In this process,
the main-group fragment [E] and the H atom of I'V bond to an
oxygen atom and the carbon atom of CO,, respectively. The
E—H bond thus has to be polarized as E(8 +)—H(0-) so that it
concomitantly displays hydride-donor ability and electro-
philic nature at the [E] moiety. As such, extant examples are
limited to group 13-14 elements such as B,'Y AL Ga,
Ge," and Sn.IP!

With group 15 elements (Figure 1c), Cavell et al. reported
the insertion of CO, into the P-N bond of Me(F;C);P'"—NMe,
over two days, which afforded the hexacoordinate phosphorus
derivative VL'l Stephan et al. demonstrated that amido-
phosphoranes containing strained four-membered rings read-
ily reacted with CO, to produce PY heterocycles (VIIa-b).['”
Recently, Fontaine et al. described the activation of CO, with
phosphazenes, in which an intermediate (VIII) involving CO,
insertion into the PY—N bond was proposed.'® In those
reactions, the P centre in the + V oxidation state acted as an
electrophile to form a bond with an O atom of CO,. Relevant
sequestration of CO, with phosphines (R;P™) is extremely
rare,'? and to the best of our knowledge, formation of
a phosphorus(I11) formate (R,P""-OCOH) via P""~H bond
insertion into CO,, that is, hydrophosphination, has not thus
far been achieved. This is presumably because phosphines are
typically nucleophilic, and therefore the interaction with CO,
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should predominantly generate adduct I (Figure 1a) rather
than the P"-H bond insertion product.”*4 Given the
significance of CO, valorization, it is highly desirable to
develop diverse strategies for the capture of CO, and its
transformation into value-added compounds.

Recently, we reported that 1,3,2-diazaphospholene (1),
which exhibits zwitterionic properties (1’; Figure 1d),*"
effectively promotes the hydroboration of carbonyl com-
pounds.”? The reaction mechanism involved a facile insertion
of the exocyclic P-H bond of 1 into the C=O bond at the
initial step. This result prompted us to investigate the
reactivity of 1 towards CO, since it possesses consecutive
C=0 bonds. Herein, we report a facile CO, insertion into the
P—H bond of 1 to form the phosphorus formate 2. Transfer of
the formate from 2 to silane, and its application in the
catalytic N-formylation of amines are also described.

A CD;CN solution of 1 was exposed to 1 atm of CO, at
ambient temperature. Instantaneously, the yellow solution
darkened to a deep brown color, showing a singlet at
111.5 ppm in the *'P NMR spectrum, which is shifted down-
field compared to that (57.8 ppm) of 1. After workup, product
2 was isolated as a brown solid in 93 % yield (Scheme 1a). The
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Scheme 1. a) Reaction of 1 with CO, ("*CO,). b) Solid-state structure of
2. Hydrogen atoms, except for H11, are omitted for clarity. c) Formate
transfer from 2 to Ph,SiH, under CO, atmosphere.

"HNMR spectrum of 2 shows a characteristic peak at
8.10 ppm while the “C{'H} NMR spectrum shows a singlet
at 164.2 ppm. We also carried out a *C-labelling study with
CO,, which produced 2-*C (90% yield). The '"H NMR
spectrum of 2-"°C displays a doublet at 8.13 ppm that is due to
coupling ('J;.c =210.8 Hz) with the "*C atom arising from
CO, (see the Supporting Information). In the solid-state IR
spectrum of 2, a peak corresponding to the C=O stretching
vibration was detected at 1720 cm™'. These results indicate
the presence of a formate group (OCHO) in 2, which was
decisively confirmed by X-ray diffractometry (Scheme 1Db).
The P1-O1 distance (1.808(1) A)is 11 % longer than a typical
P—O single bond (1.63 A). The formation of phosphorus
formate 2 rather than adduct I (Figure 1a) demonstrates that
one of the O atoms in CO, attacks the electrophilic P atom,
whereas the C atom in CO, accepts the H atom as a hydride
from 1. Note that this result presents the first example of
hydrophosphination of CO,.
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We postulated that the downfield *'P NMR chemical shift
and the long P—O bond in 2 indicate an ionic property of the
bond that induces zwitterionic character (2'; Scheme 1a),
from which the formate group should be readily transferred to
the appropriate acceptor. To bear out our hypothesis, we
examined the reaction of 2 with a hydrosilane because the
expected formation of a strong Si—O bond could be a driving
force for the reaction. Under CO, atmosphere, treatment of 2
with a half equivalent of Ph,SiH, afforded Ph,Si(OCHO), (3)
as the major product, concomitant with the formation of the
siloxane 4 (3/4=2.3:1 after 15 min; Scheme 1c). We also
observed that 3 was converted into 4 after 18 h under the
reaction conditions (Figures S1,S2 in the Supporting Infor-
mation). The formation of 3 demonstrates the transfer of
formate from 2 to Ph,SiH,, along with regeneration of 1.
During the reaction, however, only a peak for 2 was detected
in the *'P NMR spectrum, probably owing to a rapid reaction
between the in situ regenerated 1 and CO,. Therefore, we
examined the subsequent addition insertion of the P—H bond
of 1into CO, followed by formate transfer from 2 to silane in
a catalytic process.

CO, was introduced into a J-young NMR tube filled with
a CD;CN solution of Ph,SiH, and 5mol% of 1, and the
reaction was monitored by NMR spectroscopy. Within 1 h at
room temperature, the conversion of Ph,SiH, into 3 (> 95 %)
was confirmed, and only small amounts of siloxane 4 (<5 %)
were detected (Scheme 2, Figure S3-1). We also performed

1 (5 mol %)
CO, .
Ph,SiH, ————= » Ph,Si(OCHO), + (PhySiO);
CD3CN, RT, 1h
3 (>95%) 4(<5%)
(3_13(:)

Scheme 2. Catalytic hydrosilylation of CO, with 5 mol% of 1.

a "*C-labeling experiment for the catalytic reaction under
BCO, atmosphere and confirmed the clean formation of
Ph,Si(O"CHO), (3-®C; 'J;.c =232.5 Hz; Figures S3,54).

Recently, catalytic N-formylation and N-methylation of
amines using CO, as the carbon source were reported with
various organocatalysts.>?! In these reactions, formate
derivatives are considered to be key intermediates for the
formation of formamides.”*! Therefore, we attempted the
one-pot N-formylation of amines with 1 as a catalyst. To
investigate the reaction, N-methylaniline was utilized as a test
substrate. After a brief screening of the reaction conditions
(Table S3-1), we obtained the optimized conditions as shown
in Scheme 3. Significantly, when *CO, was used, *C-labelled
N-methyl-N-phenylformamide was obtained (see the Sup-
porting Information).

1 (5 mol%) (o]
Ph. _H Ph,SiH, (3 equiv) _ C.
N+ o 2o (B e Ph N Coy
Me RT, CD5CN, 4h e

(95%)

Scheme 3. N-formylation of PhMeNH with CO, catalyzed by 1.
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Table 1: Scope of catalytic N-formylation of secondary amines with CO,.

cat. 1 (5 mol%)
3 PhySiH,

" co, H.g?0 ve
N _— ! or N
R R N, No
CD4CN, RT RTR R™R

o
o
~

5 t[h] Product Yield [%]?) TON TOF [hr]
5a  ~ N 05 6a 95 19 38
H
sb YT 2 7b 61 12 6
5¢ (Nj 05 6c 94 19 38
H
5d >(Nj< 7 7d 53 1 2
H
0.
5e [Nj 2 6e 94 19 10
H
H
N\
5f /@ 5  6f 87 17 4
Br
H
N\
se () 5 6g 93 19 4
MeO
OMeH
5h @/N\ 6 6h 78 16 3
H
N\
5i )@( 18 6i 71 14 1
F3C
N
5 ©1) 6 6 94 19 3
5k @\/Nj 23 6k 64 13 0.6
H

[a] Yields were determined by "H NMR spectroscopy with 1,3,5-trime-
thoxybenzene as an internal standard.

With the optimized conditions in hand, we examined the
scope of the catalytic reaction with various secondary amines
(Table 1). Sterically less-hindered aliphatic amines (5a, S,
5e) afforded the corresponding N-formylamines in excellent
yields (6295 %, 6¢ 94 %, 6e 94 % ). Meanwhile, reactions with
sterically hindered and highly basic amines such as diisopro-
pylamine (5b) and 2,244 -tetramethylpiperidine (5d),
afforded N-methylated amines (7b: 61 %, 7d: 53 %), which
were probably formed by subsequent reduction of the
corresponding N-formylamines (6b, 6d).***! Secondary
amines containing aryl substituents (5f-k) were well toler-
ated and the corresponding formamides (6f-k) were pro-
duced in good to excellent yields (94-64 % ). To expand the
scope of the reaction, we also tested primary amines
(Table 2). All of the amines employed (8a—j) were well
tolerated and the corresponding formamides (9a—j) were
produced in 72-99 % yields.

To gain insight into the reaction mechanism, we per-
formed control reactions. In the absence of silane, a mixture
of N-methylaniline and 1 under CO, atmosphere only
afforded 2, and no further reaction between 2 and N-
methylaniline was observed. We also confirmed that N-
methylaniline does not react with Ph,SiH,. Similarly, no
apparent reaction was observed between 1 and silane. Mean-
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Table 2: Scope of the catalytic N-formylation of primary amines with
CO,.
cat. 1 (5 mol%)

3 Ph,SiH,
E co, H.o20
R™H CD:CN, RT RN
8 9
8 t[h] Product Yield[%]? TON TOF [hr ]
8a Nk, 2 9a 84 17 9

8b

NH,
NH;
8c /k(j)\ 24 9c 85 17 0.7

NH,
8d Meo/[j 10 od >99 20 2

8e Meo© 10 9e 72 14 1

gf [ ™ 4 of 97 19 s
NH,

8g Meo/EjA 2 9g 91 18 9

NH,
sh (1 2 oh 99 20 10
OMe
NH,
8i ﬁ 2 9 82 16 8
Cl
NH,
8j ©\fl 2 9j 90 18 9

[a] Yields were determined by '"H NMR spectroscopy with 1,3,5-trime-
thoxybenzene as an internal standard.

R
1 Ph,Si(OCHO), \& N
&

2 Ph,SiH, RR'NCOH

18 9b 97 19 1

H
CO,

+ silanol
+ [Ph,SiOl3

Scheme 4. Proposed mechanism for the N-formylation of amines with
Ph,SiH, and CO, catalyzed by 1.

while, addition of N-methylaniline to Ph,Si(OCHO), (3) gave
N-formyl-N-methylaniline after 2 h at room temperature in
the absence of 1 and 2. Therefore, we propose a mechanism
(Scheme 4) for the N-formylation of amines that involves the
following three steps: 1) insertion of the P—H bond of 1 into
CO, to generate 2, 2) transfer of a formate from 2 to Ph,SiH,
to form Ph,Si(OCOH), (3) along with the regeneration of 1,
3) formation of formamides and also silane byproducts such
as silanols and (Ph,SiO); through the reaction of 3 with
amines. Catalyst 1 thus acts as a reducing agent for CO, to
form 2, which subsequently transfers its formate moiety to
silane. This mechanism differs from that proposed for the
NHC-silane system in the N-formylation of amines,**!
where an initial activation of silane by NHC is energetically
more favorable than the mechanism encompassing the
formation of an NHC-CO, adduct.?"!

In summary, we have demonstrated the first hydrophos-
phination of CO, with 1, subsequent transfer of formate from

Angew. Chem. Int. Ed. 2015, 54, 12116 —12120
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2 to Ph,SiH,, and catalytic N-formylation of amines under
metal-free and ambient conditions.

Acknowledgements

We are grateful to the Singapore Ministry of Education
(MOE2013-T2-1-005) and Nanyang Technological University
(NTU) for financial support. We thank to Dr. Rakesh
Ganguly (NTU) for assistance with X-ray crystallographic
analysis.

Keywords: CO, activation - hydrophosphination -
hydrosilylation - metal-free catalysis - N-formylation

How to cite: Angew. Chem. Int. Ed. 2015, 54, 12116-12120
Angew. Chem. 2015, 127, 12284 —-12288

[1] a) D. M. D’Alessandro, B. Smit, J. R. Long, Angew. Chem. Int.
Ed. 2010, 49, 6058 -6082; Angew. Chem. 2010, 122, 6194-6219;
b) M. Z. Jacobson, Energy Environ. Sci. 2009, 2, 148-173; ¢) G.
Olah, A. Goeppert, G. K. Surya Prakash, J. Org. Chem. 2009, 74,
487-498; d) Carbon Dioxide Capture and Storage (Eds.: B.
Metz, O. Davidson, H. de Coninck, M. Loos, L. Meyer),
Intergovernmental Panel on Climate Change (IPCC), Cam-
bridge University Press, New York, 2005.

a) Q. Liu, L. Wu, R. Jackstell, M. Beller, Nat. Commun. 2015, 6,

5933; b) A. Tlili, E. Blondiaux, X. Frogneux, T. Cantat, Green

Chem. 2015, 17, 157-168; c¢) C.S. Yeung, V.M. Dong, Top.

Catal. 2014, 57, 1342-1350; d) C. Maeda, Y. Miyazaki, T. Ema,

Catal. Sci. Technol. 2014, 4, 1482-1497; ¢) A. M. Appel, J. E.

Bercaw, A. B. Bocarsly, H. Dobbek, D. L. DuBois, M. Dupuis,

J. G. Ferry, E. Fujita, R. Hille, P. J. A. Kenis, C. A. Kerfeld, R. H.

Morris, C.H.F. Peden, A.R. Portis, S. W. Ragsdale, T.B.

Rauchfuss, J. N. H. Reek, L. C. Seefeldt, R. K. Thauer, G. L.

Waldrop, Chem. Rev. 2013, 113, 6621 -6658; f) S. N. Riduan, Y.

Zhang, Dalton Trans. 2010, 39, 3347-3357; g) T. Sakakura, J.

Choi, H. Yasuda, Chem. Rev. 2007, 107, 2365 —2387.

Selected recent examples and references therein: a) N. M.

Rezayee, C. A. Huff, M. S. Sanford, J. Am. Chem. Soc. 2015,

137,1028-1031; b) H. Suh, L. M. Guard, N. Hazari, Chem. Sci.

2014, 5, 3859-3872; c) S. Moret, P. J. Dyson, G. Laurenczy, Nat.

Commun. 2014, 5, 4017; d) S. Bontemps, L. Vendier, S. Sabo-

Etienne, J. Am. Chem. Soc. 2014, 136, 4419-4425; ¢) A.

Berkefeld, W. E. Piers, M. Parvez, L. Castro, L. Maron, O.

Eisenstein, Chem. Sci. 2013, 4, 2152-2162; f) S. Bontemps, S.

Sabo-Etienne, Angew. Chem. Int. Ed. 2013, 52, 10253 -10255;

Angew. Chem. 2013, 125, 10443-10445; g) R. Dobrovetsky,

D. W. Stephan, Angew. Chem. Int. Ed. 2013, 52, 2516-2519;

Angew. Chem. 2013, 125, 2576-2579; See also: h) C. Lescot,

D. U. Nielsen, I. S. Makarov, A. T. Lindhardt, K. Daasbjerg, T.

Skrydstrup, J. Am. Chem. Soc. 2014, 136, 6142-6147.

[4] F. Fontaine, M. Courtemanche, M. Légaré, Chem. Eur. J. 2014,
20, 2990-2996.

[5] a) D. Martin, M. Soleilhavoup, G. Bertrand, Chem. Sci. 2011, 2,
389-399; b) P. P. Power, Nature 2010, 463, 171-177; c) D. W.
Stephan, G. Erker, Angew. Chem. Int. Ed. 2010, 49, 46-76;
Angew. Chem. 2010, 122, 50-81.

[6] C.M. Mémming, E. Otten, G. Kehr, R. Frohlich, S. Grimme,
D. W. Stephan, G. Erker, Angew. Chem. Int. Ed. 2009, 48, 6643 —
6646; Angew. Chem. 2009, 121, 6770-6773.

[7] D. W. Stephan, G. Erker, Angew. Chem. Int. Ed. 2015, 54, 6400 —
6441; Angew. Chem. 2015, 127, 6498 —6541.

[8] Selected recent examples: a) M. Courtemanche, A. P. Pulis, E.
Rochette, M. Légaré, D.W. Stephan, F. Fontaine, Chem.

2

—_—

[3

—_—

Angew. Chem. Int. Ed. 2015, 54, 12116 -12120

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Ang

Internatic

Commun. 2015, 51, 9797-9800; b) G. Ménard, T. M. Gilbert,
J. A. Hatnean, A. Kraft, I. Krossing, D. W. Stephan, Organo-
metallics 2013, 32, 4416-4422; c¢) G. Ménard, D. W. Stephan,
Angew. Chem. Int. Ed. 2011, 50, 8396—-8399; Angew. Chem.
2011, 7123, 8546-8549; d) X. Zhao, D. W. Stephan, Chem.
Commun. 2011, 47, 1833-1835; e) D. A. Dickie, E. N. Coker,
R. A. Kemp, Inorg. Chem. 2011, 50, 11288 -11290; f) G. Ménard,
D. W. Stephan, J. Am. Chem. Soc. 2010, 132, 1796-1797,
Selected examples of the catalytic transformation of CO,: g) T.
Wang, D. W. Stephan, Chem. Eur. J. 2014, 20, 3036 -3039; h) T.
Wang, D. W. Stephan, Chem. Commun. 2014, 50, 7007-7010;
i) C. Das Neves Gomes, E. Blondiaux, P. Thuéry, T. Cantat,
Chem. Eur. J. 2014, 20, 7098-7106; j) M. Courtemanche, M.
Légaré, L. Maron, F. Fontaine, J. Am. Chem. Soc. 2013, 135,
9326-9329; k) Y. Wang, Y. Wang, W. Zhang, X. Lu, J. Am.
Chem. Soc. 2013, 135, 11996-12003; 1) R. Wehmschulte, M.
Saleh, D.R. Powell, Organometallics 2013, 32, 6812-6819;
m) M. Courtemanche, J. Larouche, M. Légaré, W. Bi, L.
Maron, F. Fontaine, Organometallics 2013, 32, 6804-6811;
n) A. Schifer, W. Saak, D. Haase, T. Miiller, Angew. Chem.
Int. Ed. 2012, 51, 2981-2984; Angew. Chem. 2012, 124, 3035-
3038; 0) M. Khandelwal, R. J. Wehmschulte, Angew. Chem. Int.
Ed. 2012, 51,7323 -7326; Angew. Chem. 2012, 124, 74357439,
p) S. N. Riduan, Y. Zhang, J. Y. Ying, Angew. Chem. Int. Ed.
2009, 48,3322 -3325; Angew. Chem. 2009, 121,3372-3375;q) Y.
Kayaki, M. Yamamoto, T. Ikariya, Angew. Chem. Int. Ed. 2009,
48, 4194-4197; Angew. Chem. 2009, 121, 4258 —4261.

[9] a) L. J. Murphy, K. N. Robertson, R. A. Kemp, H. M. Tuononen,
J. A. C. Clyburne, Chem. Commun. 2015, 51, 3942-3956; b) I.
Purushothaman, S. De, P. Parameswaran, RSC Adv. 2014, 4,
60421 -60428.

[10] a) C.-C. Chong, R. Kinjo, ACS Catal. 2015, 5, 3238 -3259; b) R.

Declercq, G. Bouhadir, D. Bourissou, M. Légaré, M. Courte-

manche, K. S. Nahi, N. Bouchard, F. Fontaine, L. Maron, ACS

Catal. 2015, 5, 2513-2520; c) M. A. Courtemanche, M. A.

Légaré, L. Maron, F. Fontaine, J. Am. Chem. Soc. 2014, 136,

10708 -10717; See also: d) C. Lim, A. M Holder, J. T. Hynes,

C. B. Musgrave, Inorg. Chem. 2013, 52, 10062 —10066.

a) I. Knopf, C. C. Cummins, Organometallics 2015, 34, 1601 —

1603; b) Z. Lu, H. Hausmann, S. Becker, H. A. Wagner, J. Am.

Chem. Soc. 2015, 137, 5332-5335; ¢) K. Fujiwara, S. Yasuda, T.

Mizuta, Organometallics 2014, 33, 6692 —6695; d) I. Peuser, R. C.

Neu, X. Zhao, M. Ulrich, B. Schirmer, J. A. Tannert, G. Kehr, R.

Frohlich, S. Grimme, G. Erker, D. W. Stephan, Chem. Eur. J.

2011, 17, 9640-9650; e) A. Berkefeld, W. E. Piers, M. Parvez, J.

Am. Chem. Soc. 2010, 132, 10660—-10661; f) A. E. Ashley, A. L.

Thompson, D. O’Hare, Angew. Chem. Int. Ed. 2009, 48, 9839—

9843; Angew. Chem. 2009, 121,10023-10027; g) T. Wartik, R. K.

Pearson, J. Inorg. Nucl. Chem. 1958, 7, 404 -411; h) T. Wartik,

R. K. Pearson, J. Am. Chem. Soc. 1955, 77, 1075.

[12] a) G. Ménard, D. W. Stephan, Dalton Trans. 2013, 42, 5447 -
5453; b) P. Kuo, I. Chen, J. Chang, M. Lee, C. Hu, C. Hung,
H. M. Lee, J. Huang, Eur. J. Inorg. Chem. 2004, 4898 —4906.

[13] J. A. B. Abdalla, I. M. Riddlestone, R. Tirfoin, S. Aldridge,
Angew. Chem. Int. Ed. 2015, 54, 5098-5102; Angew. Chem.
2015, 127, 5187-5191.

[14] a) A. Jana, G. Tavcar, H. W. Roesky, M. John, Dalton Trans.
2010, 39, 9487-9489; b) A. Jana, D. Ghoshal, H. W. Roesky, I.
Objartel, G. Schwab, D. Stalke, J. Am. Chem. Soc. 2009, 131,
1288 -1293; For Si, see: ¢) P. Arya, J. Boyer, R. J. P. Corriu, G. F.
Lanneau, M. Perrot, J. Organomet. Chem. 1988, 346, C11-Cl14;
d) M. Mehta, M. H. Holthausen, I. Mallov, M. Pérez, Z. Qu, S.
Grimme, D. W. Stephan, Angew. Chem. Int. Ed. 2015, 54, 8250 —
8254; Angew. Chem. 2015, 127, 8368 —8372.

[15] a) A.Jana, H. W. Roesky, C. Schulzke, A. Déring, Angew. Chem.
Int. Ed. 2009, 48, 1106-1109; Angew. Chem. 2009, 121, 1126—

[11

—

www.angewandte.org

die

Chemie

12119


http://dx.doi.org/10.1039/B809990C
http://dx.doi.org/10.1021/jo801260f
http://dx.doi.org/10.1021/jo801260f
http://dx.doi.org/10.1038/ncomms6933
http://dx.doi.org/10.1038/ncomms6933
http://dx.doi.org/10.1039/C4GC01614A
http://dx.doi.org/10.1039/C4GC01614A
http://dx.doi.org/10.1007/s11244-014-0301-9
http://dx.doi.org/10.1007/s11244-014-0301-9
http://dx.doi.org/10.1039/c3cy00993a
http://dx.doi.org/10.1021/cr300463y
http://dx.doi.org/10.1039/b920163g
http://dx.doi.org/10.1021/cr068357u
http://dx.doi.org/10.1021/ja511329m
http://dx.doi.org/10.1021/ja511329m
http://dx.doi.org/10.1039/C4SC01110D
http://dx.doi.org/10.1039/C4SC01110D
http://dx.doi.org/10.1021/ja500708w
http://dx.doi.org/10.1039/c3sc50145k
http://dx.doi.org/10.1002/anie.201304025
http://dx.doi.org/10.1002/ange.201304025
http://dx.doi.org/10.1002/anie.201208817
http://dx.doi.org/10.1002/ange.201208817
http://dx.doi.org/10.1021/ja502911e
http://dx.doi.org/10.1002/chem.201304376
http://dx.doi.org/10.1002/chem.201304376
http://dx.doi.org/10.1039/C0SC00388C
http://dx.doi.org/10.1039/C0SC00388C
http://dx.doi.org/10.1038/nature08634
http://dx.doi.org/10.1002/anie.200903708
http://dx.doi.org/10.1002/ange.200903708
http://dx.doi.org/10.1002/anie.200901636
http://dx.doi.org/10.1002/anie.200901636
http://dx.doi.org/10.1002/ange.200901636
http://dx.doi.org/10.1002/anie.201409800
http://dx.doi.org/10.1002/anie.201409800
http://dx.doi.org/10.1002/ange.201409800
http://dx.doi.org/10.1039/C5CC03072B
http://dx.doi.org/10.1039/C5CC03072B
http://dx.doi.org/10.1021/om400619y
http://dx.doi.org/10.1021/om400619y
http://dx.doi.org/10.1002/anie.201103600
http://dx.doi.org/10.1002/ange.201103600
http://dx.doi.org/10.1002/ange.201103600
http://dx.doi.org/10.1039/c0cc04791k
http://dx.doi.org/10.1039/c0cc04791k
http://dx.doi.org/10.1021/ic201697g
http://dx.doi.org/10.1002/chem.201304870
http://dx.doi.org/10.1039/c4cc02103g
http://dx.doi.org/10.1021/ja404585p
http://dx.doi.org/10.1021/ja404585p
http://dx.doi.org/10.1021/ja405114e
http://dx.doi.org/10.1021/ja405114e
http://dx.doi.org/10.1021/om400628z
http://dx.doi.org/10.1021/om400645s
http://dx.doi.org/10.1002/anie.201107958
http://dx.doi.org/10.1002/anie.201107958
http://dx.doi.org/10.1002/ange.201107958
http://dx.doi.org/10.1002/ange.201107958
http://dx.doi.org/10.1002/anie.201201282
http://dx.doi.org/10.1002/anie.201201282
http://dx.doi.org/10.1002/ange.201201282
http://dx.doi.org/10.1002/anie.200806058
http://dx.doi.org/10.1002/anie.200806058
http://dx.doi.org/10.1002/ange.200806058
http://dx.doi.org/10.1002/anie.200901399
http://dx.doi.org/10.1002/anie.200901399
http://dx.doi.org/10.1002/ange.200901399
http://dx.doi.org/10.1039/C4CC08510H
http://dx.doi.org/10.1039/C4RA10269J
http://dx.doi.org/10.1039/C4RA10269J
http://dx.doi.org/10.1021/acscatal.5b00428
http://dx.doi.org/10.1021/acscatal.5b00189
http://dx.doi.org/10.1021/acscatal.5b00189
http://dx.doi.org/10.1021/ja5047846
http://dx.doi.org/10.1021/ja5047846
http://dx.doi.org/10.1021/ic4013729
http://dx.doi.org/10.1021/acs.organomet.5b00190
http://dx.doi.org/10.1021/acs.organomet.5b00190
http://dx.doi.org/10.1021/jacs.5b02905
http://dx.doi.org/10.1021/jacs.5b02905
http://dx.doi.org/10.1021/om5008488
http://dx.doi.org/10.1002/chem.201100286
http://dx.doi.org/10.1002/chem.201100286
http://dx.doi.org/10.1021/ja105320c
http://dx.doi.org/10.1021/ja105320c
http://dx.doi.org/10.1002/ange.200905466
http://dx.doi.org/10.1016/0022-1902(58)80250-X
http://dx.doi.org/10.1021/ja01609a107
http://dx.doi.org/10.1039/c3dt00098b
http://dx.doi.org/10.1039/c3dt00098b
http://dx.doi.org/10.1002/ejic.200400567
http://dx.doi.org/10.1002/anie.201500570
http://dx.doi.org/10.1002/ange.201500570
http://dx.doi.org/10.1002/ange.201500570
http://dx.doi.org/10.1039/c0dt00921k
http://dx.doi.org/10.1039/c0dt00921k
http://dx.doi.org/10.1021/ja808656t
http://dx.doi.org/10.1021/ja808656t
http://dx.doi.org/10.1016/0022-328X(88)87015-3
http://dx.doi.org/10.1002/anie.201502579
http://dx.doi.org/10.1002/anie.201502579
http://dx.doi.org/10.1002/ange.201502579
http://dx.doi.org/10.1002/anie.200805595
http://dx.doi.org/10.1002/anie.200805595
http://dx.doi.org/10.1002/ange.200805595
http://www.angewandte.org

Angewandte

(16]

(17]
(18]

(19]

[20]

(21]

(22]

12120 www.angewandte.org

Communications

1129; b) G. Albertin, S. Antoniutti, J. Castro, S. Garcia-Fontén,
G. Zanardo, Organometallics 2007, 26, 2918 —2930.

a) R. G. Cavell, K. I. The, L. V. Griend, Inorg. Chem. 1981, 20,
3813-3818; b) K. 1. The, L. V. Griend, W. A. Whitla, R. G.
Cavell, J. Am. Chem. Soc. 1977, 99, 7379 -7380.

L. J. Hounjet, C. B. Caputo, D. W. Stephan, Angew. Chem. Int.
Ed. 2012, 51, 4714—4717; Angew. Chem. 2012, 124, 4792 -4795.
M. Courtemanche, M. Légaré, E. Rochette, F. Fontaine, Chem.
Commun. 2015, 51, 6858 —6861.

a) B. Chatelet, L. Joucla, J. Dutasta, A. Martinez, K. C. Szeto, V.
Dufaud, J. Am. Chem. Soc. 2013, 135, 5348-5351; b) R. W.
Light, L. D. Hutchins, R. T. Paine, C. F. Campana, Inorg. Chem.
1980, 79, 3597-3604; c) G. Oertel, H. Malz, H. Holtschmidt,
Chem. Ber. 1964, 97, 891 -902.

For relevant examples, see: a) D. R. Kindra, 1. J. Casely, M. E.
Fieser, J. W. Ziller, F. Furche, W. J. Evans, J. Am. Chem. Soc.
2013, 135, 7777-7787; b) S. Yin, J. Maruyama, T. Yamashita, S.
Shimada, Angew. Chem. Int. Ed. 2008, 47, 6590-6593; Angew.
Chem. 2008, 120, 6692 —6695.

a) D. Gudat, Acc. Chem. Res. 2010, 43, 1307-1316; b) S. Burck,
D. Gudat, M. Nieger, W. W. D. Mont, J. Am. Chem. Soc. 2006,
128, 3946-3955; ¢) D. Gudat, A. Haghverdi, M. Nieger, Angew.
Chem. Int. Ed. 2000, 39, 3084 -3086; Angew. Chem. 2000, 112,
3211-3214.

a) C.-C. Chong, H. Hirao, R. Kinjo, Angew. Chem. Int. Ed. 2015,
54, 190-194; Angew. Chem. 2015, 127, 192-196; b) C.-C.
Chong, H. Hirao, R. Kinjo, Angew. Chem. Int. Ed. 2014, 53,
3342-3346; Angew. Chem. 2014, 126, 3410-3414.

[23] a) C. Das Neves Gomes, O. Jacquet, C. Villiers, P. Thuéry, M.

[24

[25

[26

|

—_

—_

Ephritikhine, T. Cantat, Angew. Chem. Int. Ed. 2012, 51, 187 -
190; Angew. Chem. 2012, 124, 191-194; b) O. Jacquet, C. D. N.
Gomes, M. Ephritikhine, T. Cantat, J. Am. Chem. Soc. 2012, 134,
2934 -2937; For a recent example with metal catalyst, see: ¢) L.
Zhang, Z. Han, X. Zhao, Z. Wang, K. Ding, Angew. Chem. Int.
Ed. 2015, 54, 6186—6189; Angew. Chem. 2015, 127, 6284 —6287.
a) E. Blondiaux, J. Pouessel, T. Cantat, Angew. Chem. Int. Ed.
2014, 53, 12186 —12190; Angew. Chem. 2014, 126, 12382 -12386;
b) S. Das, F. D. Bobbink, G. Laurenczy, P.J. Dyson, Angew.
Chem. Int. Ed. 2014, 53, 12876 —12879; Angew. Chem. 2014, 126,
13090-13093.

a) B. Wang, Z. Cao, RSC Adyv. 2013, 3, 14007 -14015; See also:
b) L. Gonzélez-Sebastidn, M. Flores-Alamo, J. J. Garcia, Orga-
nometallics 2013, 32, 7186—-7194; c) S. Itagaki, K. Yamaguchi, N.
Mizuno, J. Mol. Catal. A 2013, 366, 347-352; d) R. Shintani, K.
Nozaki, Organometallics 2013, 32, 2459 -2462; ¢) W. Sattler, G.
Parkin, J. Am. Chem. Soc. 2012, 134, 17462 —17465.

a) O. Jacquet, X. Frogneux, C. D. N. Gomes, T. Cantat, Chem.
Sci. 2013, 4, 2127-2131; b) I. Sorribes, K. Junge, M. Beller,
Chem. Eur. J. 2014, 20, 7878 -7883; See also: c¢) L. Gonzalez-
Sebastidn, M. Flores-Alamo, J. J. Garcia, Organometallics 2015,
34, 763-769.

Received: June 10, 2015
Revised: July 5, 2015

Published online: August 14, 2015

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2015, 54, 12116 —12120


http://dx.doi.org/10.1002/ange.200805595
http://dx.doi.org/10.1021/om070220m
http://dx.doi.org/10.1021/ic50225a043
http://dx.doi.org/10.1021/ic50225a043
http://dx.doi.org/10.1021/ja00464a059
http://dx.doi.org/10.1002/anie.201201422
http://dx.doi.org/10.1002/anie.201201422
http://dx.doi.org/10.1002/ange.201201422
http://dx.doi.org/10.1039/C5CC01282A
http://dx.doi.org/10.1039/C5CC01282A
http://dx.doi.org/10.1021/ja402053d
http://dx.doi.org/10.1021/ic50214a008
http://dx.doi.org/10.1021/ic50214a008
http://dx.doi.org/10.1002/cber.19640970338
http://dx.doi.org/10.1021/ja403133f
http://dx.doi.org/10.1021/ja403133f
http://dx.doi.org/10.1002/anie.200802277
http://dx.doi.org/10.1002/ange.200802277
http://dx.doi.org/10.1002/ange.200802277
http://dx.doi.org/10.1021/ar100041j
http://dx.doi.org/10.1021/ja057827j
http://dx.doi.org/10.1021/ja057827j
http://dx.doi.org/10.1002/1521-3773(20000901)39:17%3C3084::AID-ANIE3084%3E3.0.CO;2-R
http://dx.doi.org/10.1002/1521-3773(20000901)39:17%3C3084::AID-ANIE3084%3E3.0.CO;2-R
http://dx.doi.org/10.1002/1521-3757(20000901)112:17%3C3211::AID-ANGE3211%3E3.0.CO;2-A
http://dx.doi.org/10.1002/1521-3757(20000901)112:17%3C3211::AID-ANGE3211%3E3.0.CO;2-A
http://dx.doi.org/10.1002/anie.201408760
http://dx.doi.org/10.1002/anie.201408760
http://dx.doi.org/10.1002/ange.201408760
http://dx.doi.org/10.1002/anie.201400099
http://dx.doi.org/10.1002/anie.201400099
http://dx.doi.org/10.1002/ange.201400099
http://dx.doi.org/10.1021/ja211527q
http://dx.doi.org/10.1021/ja211527q
http://dx.doi.org/10.1002/anie.201500939
http://dx.doi.org/10.1002/anie.201500939
http://dx.doi.org/10.1002/ange.201500939
http://dx.doi.org/10.1002/anie.201407357
http://dx.doi.org/10.1002/anie.201407357
http://dx.doi.org/10.1002/ange.201407357
http://dx.doi.org/10.1002/anie.201407689
http://dx.doi.org/10.1002/anie.201407689
http://dx.doi.org/10.1002/ange.201407689
http://dx.doi.org/10.1002/ange.201407689
http://dx.doi.org/10.1039/c3ra41464g
http://dx.doi.org/10.1021/om400876j
http://dx.doi.org/10.1021/om400876j
http://dx.doi.org/10.1016/j.molcata.2012.10.014
http://dx.doi.org/10.1021/om400175h
http://dx.doi.org/10.1021/ja308500s
http://dx.doi.org/10.1039/c3sc22240c
http://dx.doi.org/10.1039/c3sc22240c
http://dx.doi.org/10.1002/chem.201402124
http://dx.doi.org/10.1021/om501176u
http://dx.doi.org/10.1021/om501176u
http://www.angewandte.org

