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Catalytic Borylation using an Air-Stable Zinc Boryl Reagent:
Systematic Access to Elusive Acylboranes

Jestis Campos* and Simon Aldridge*

Abstract: The use of borylzinc reagents in palladium-cata-
lyzed borylation chemistry is described (i.e. a boron analogue
of the Negishi coupling), including a one-pot bench-top
protocol using an air- and moisture-stable bis(boryl)zinc
reagent. The steric/electronic properties of the boryl fragment
employed enable a systematic method for accessing acylbor-
anes, a rare class of organoboron species with great potential in
chemical synthesis. The reactions proceed under mild condi-
tions, use inexpensive commercial sources of palladium, and
demonstrate a remarkable functional-group tolerance.

Organoboron compounds are highly versatile reagents for
transition-metal-catalyzed cross-coupling reactions, and are
recognized as one of the most powerful tools in synthetic
organic/medicinal chemistry."!l" Boronic acids/esters and
related derivatives represent the most widely used class of
such compounds, with diboron(4) esters, B,(OR),, typically
being employed to access such species by borylation of
C—halogen (and even C—H) bonds.'! Aminoboranes have
been used as alternative sources of the boron component,m
and more recently a silylborane has also been exploited in the
metal free borylation of C—halogen bonds (halogen = Br, T)."!
Transient masked boryl anions are frequently postulated as
key intermediates in these transformations*! and a few
examples of anionic sp’—sp’ tetraalkoxy diboron compounds
have been successfully isolated and proved to be catalytically
relevant.”) However, well-defined mononuclear formally
anionic boryl systems, such as [(thf),Li{B(NDippCH),}],!
have not been widely employed, despite their strong nucle-
ophilicity, in part because of their sensitivity to moisture and
air, and the availability of competing reaction pathways
stemming from potent reducing properties.”’

We hypothesized that less-polar borylzinc species would
offer better control of reactivity, and that palladium-catalyzed
borylation chemistry (in effect a boron version of the Negishi
C—C coupling reaction), might constitute a practical method-
ology for C—B bond formation. In practice, such chemistry
proves not only to be feasible (using an air-stable borylzinc
reagent), but also to be remarkably versatile and functional-
group tolerant. Moreover, it can be extended beyond aryl
C—B bonds, to offer facile access to a library of hitherto
difficult-to-access three-coordinate acylboranes.
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We initially tested three borylzinc compounds, by using
the palladium-catalyzed borylation of bromobenzene as
a benchmark reaction (Figure 1). Compound 1 and the
backbone-saturated version of 2 were previously reported
by Nozaki and Yamashita,”? while 3 was synthesized herein,
and its molecular structure confirmed by NMR spectroscopy
and X-ray crystallography (see the Supporting Information).
Both 2 and 3 showed comparable catalytic performance, while
the bis(boryl) system 1 was less reactive under identical
reaction conditions, presumably reflecting kinetic stabiliza-
tion resulting from the increased steric encumbrance at zinc.*!

We next optimized the borylation of bromobenzene
(catalyst, solvent, added base) by using 3 as the borylating
reagent (see Table S1 in the Supporting Information). In the
absence of a palladium catalyst borylation did not take place,
in contrast to the chemistry displayed by its related lithium
analogue.™ The inexpensive commercially available [Pd-
(PPh;),Cl,] catalyst outperformed the more sophisticated
PEPPSI or [Pd(dppf)Cl,] systems (dppf=1,1"-bis(diphenyl-
phosphino)ferrocene), while the related P(o-Tol); complex
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Figure 1. Borylzinc compounds employed in this work and their
application in bromobenzene borylation chemistry.
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exhibited poor activity, with rapid decomposition and for-
mation of palladium black. Simpler forms of palladium also
gave poorer results with the formation of significant quanti-
ties of the hydroborane HB(NDippCH), (6). From the
perspective of solvent, polar ethereal media are found to be
most suitable, with best results obtained using 1,4-dioxane
(95% conversion).

At variance with previous borylation strategies employing
diboron(4) reagents, the addition of a base either had no
effect (K,CO;) or was significantly deleterious (KOAc or
Et;N). Presumably, while the added base plays a key role in
the formation of sp’-sp® activated diboron species in typical
Miyaura borylations,” it is not needed in this case since
borylzinc complexes have sufficient nucleophilic character to
perform the C—B coupling. Base-free conditions could be
advantageous in accessing borylated products containing
base-sensitive functional groups, a feature which is in
common with the related Negishi C—C coupling reaction
using alkylzinc reagents.

The substrate scope under optimized reaction conditions
was then examined (Table 1). Both electron-rich and elec-
tron-deficient aryl bromides were successfully borylated,
although those containing strongly electron-donating groups
(4c and 4e) required an additional equivalent of PCy; to
prevent catalyst decomposition to palladium black (yields of

Table 1: Substrate scope for the borylation of aryl and related bromides
using the [Pd(PPh;),Cl,]/3 system.!

Br Dipp
SN Bl /Bf\ /thf [PA(PPhy);Cla] (3 mol%)
R—— thf g’ Bl 80 °C, 1,4-dioxane, 2h N
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[B] : _[B] : . : X
MeO
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ey
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v

O 5h,72% (68) 5i, 80 % (72)ll

\

5k 92 % (88)

?3

51,91 % (79)

[a] Reaction conditions: 3 (0.022 mmol), 4a—m (0.040 mmol) and
[Pd(PPh;),Cl;] (3 mol%), 1,4-dioxane (0.5 mL), 80°C, 2 h. Yields calcu-
lated by "H NMR spectroscopy using an internal standard. Yields of
isolated products given within parentheses. [b] One additional equiv of
PCys. [c] 90°C, 36 h. [d] 24 h.
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around 20 to 30 % were obtained in the absence of additional
phosphine). Harsher reaction conditions (90°C, 36 h) were
needed for the hindered ortho-substituted 4i, as expected
considering the steric bulk of the boryl reagent. Importantly,
this new method is effective in the presence of a range of
reactive functional groups, including ethers, anilines, alde-
hydes, ketones, and esters, the majority of which are
incompatible with boryllithium reagents. In addition, hetero-
cyclic 3-bromopyridine (4k) was also successfully coupled
using 3, and the borylation of related benzyl (41) and vinyl
(4m) bromides could be effected with good yields/selectivity.

With the utility of borylzinc reagents in the borylation of
organic electrophiles established, we targeted systematic
access to acylboranes, a rare class of boron compounds, the
synthesis of which by catalytic C—B coupling reactions has
largely been unsuccessful.”] Although they have been pro-
posed as intermediates in several transformations (e.g. the
carbonylation of organoboranes),'”! it was noted in 2005 that
“no verified examples of acylboron derivatives have ever
been isolated” and it was not until 2007 that the first example
(8a; for structure see Table2) was obtained from the
reactions of either boryllithium or borylmagnesium reagents
with benzoyl chloridel’*'!l or benzaldehyde,™ respectively.
The boron-containing heterocycle apparently confers reduced
lability on the acyl borane 8a because of the t donation from
the a-nitrogen atoms and steric shrouding from the pendant
Dipp groups. However, yields obtained using highly polar Li/
Mg boryls are moderate (57% and 18-34%, respective-
ly),"*!" and as a general synthetic method this strategy suffers
from the lack of functional-group tolerance of these s-block
boryl reagents. Examples of Lewis base stabilized acyl
boranes have more recently been reported. Molander
et al. synthesized the first example of an acyltrifluoroboro-
nate,” while the groups of Bodel" and Yudin™ have
designed elegant, although lengthy, stoichiometric strategies
to access acyl boronates. However, here too a significant
limitation arises from functional-group intolerance because of
the necessity to use aggressive reagents such as nBuLi.

In marked contrast, 2 and 3 proved to be excellent
reagents for the synthesis of acyl boranes through their
palladium-catalyzed reactions with acyl chlorides in a single
step and with extraordinary functional-group tolerance
(Table 2). Better results were obtained using [Pd{P(o-
Tol);},CL,] rather than [Pd(PPh;),CL]. The latter was shown
shown to promote minor formation (5 to 15%) of the
corresponding aryl borane because of a combination of
decarbonylation and phosphorus/palladium aryl group
exchange. These processes appear to be minimized with the
bulkier ortho-tolyl phosphine.'! Remarkably, halo, nitrile,
ester, and nitro functionalities, and even the pendant alde-
hyde function in 8b, remained untouched during borylation.
In addition, the reaction proceeds equally well for aliphatic
acyl chlorides, and even the reactive cyclopropanecarbonyl
chloride (7i) was successfully borylated. In similar fashion,
compounds 8k/81 could be synthesized in high yields. These
two systems feature heterocyclic cores of biological and
pharmacological relevance,'” and feature in oxacilin anti-
biotic derivatives' and in the serotonin receptor antagonist
granisetron.!'”)
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Table 2: Substrate scope for the borylation of acyl chlorides (7) using
[Pd{P(0-Tol);},Cl,]/3 system.l!
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[a] Reaction conditions: 3 (0.022 mmol), 7 (0.040 mmol), [Pd{P(o-
Tol)3},Cl,] (3 mol %), THF (0.5 mL), 80°C, 2 h. Yields were calculated by
'H NMR spectroscopy using an internal standard. Yields of isolated
products are given within parentheses.

Compounds 8a—k were isolated/purified using preparative
TLC glass plates (PTLC). In each case a distinctive '"'B-
{'H} NMR signal was measured in the 6 =19-21 ppm range.
Infrared bands in the range 1610-1640 cm™' were observed
for the acyl group, consistent with that reported for 8a
(1618 cm™!)."1 The structures of 8h and 8k were further
determined by X-ray diffraction studies (Figure 2). As with
8a,'!l the C—O bond lengths [8h: 1.229(3) A; 8k: 1.234(4) A]
are slightly longer than those found in related ketones,
presumably because of the strong o-donor character of the

N(1)¢ ¢

S 5{%.%@

0(1

N(3) @
N(4)

Figure 2. Molecular structures of 8h and 8k determined by crystallo-
graphically (thermal ellipsoids at 50% probability; H atoms omitted
for clarity).”’!
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boryl substituent. Other metrical parameters are comparable
to those of 8a.""

From an ease-of-synthesis perspective the stability of the
borylzinc compounds 1-3 towards air and moisture is of prime
importance. Borylation reactions and subsequent C—X (X =
C, N, O) cross-coupling processes have become ubiquitous in
synthetic chemistry, in part due to the high stability to air and
moisture of arylboronic acids and esters. Analysis of 1-3,
however, shows that the most active systems, namely 2 and 3,
possess half-lives in air (in the solid state) of only about
12 hours (see Figure S1). In contrast, the least active complex,
1, is found to be stable in the solid state in air, showing no sign
of decomposition over at least one month (see the Supporting
Information). Crucially, we were able to show that the
addition of one equivalent of ZnBr, to 1 in THF generates
3 insitu, which is competent for the synthesis of aryl-/
acylboranes wunder our standard reaction conditions
(Scheme 1).2" Thus, bromobenzene (4a) and benzoylchloride

Dipp
Dipp
1.ZnBry
. BF3K
2. substrate (4a or 7a) D|pp
[Pd] cat.(3 mol%) Dlpp o
5a, 90% 8a, 80% 11

Scheme 1. Left: Convenient one-pot/two-step borylation protocol using
the air- and moisture-stable 1. Right: The acyltrifluoroborate 11.

(7a) were converted into the phenylborane 5a and benzoyl-
borane 8a, respectively, in yields essentially identical to those
obtained using isolated samples of 3. A simple one-pot
procedure for the synthesis of acyl boranes is therefore
feasible using materials which can be manipulated easily
under bench-top conditions.

The versatility of acylborane synthesis described above
relies, at least in part, on the kinetic inertness imposed by the
bulky heterocyclic boryl substituent in 8. To explore its
usefulness in further synthetic applications, however, we have
also explored onward conversion into more labile function-
alities. As a representative example, the reaction of 8a with
[Bu,NJF-4H,O in tetrahydrofuran affords the corresponding
acyltrifluoroboronate 11 in 93% spectroscopic yield
(Scheme 1). The utility of 11 for the synthesis of amides,"*!
MIDA acylboronates (MIDA = N-methyliminodiacetyl)!*
and monofluoroacylboronates*! has already been reported
by Bode and co-workers. More comprehensive reactivity
studies on 8 are ongoing and will be reported in due course.

Preliminary experiments also provide insight into mech-
anistic aspects of C—B bond formation. Carbon disulfide and
phosphine quenching experiments suggest that a homogene-
ous palladium species is the active catalyst (see the Support-
ing Information).* This finding is in agreement with the fact
that simple and heterogeneous forms of palladium (see
Table S1), as well as palladium black generated in situ, are
barely active. Nevertheless, the role of palladium nano-
particles cannot be completely ruled out at this stage. A
radical pathway related to that previously proposed in zinc-
catalyzed borylation reactions seems unlikely,” since little
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cyclopropane ring opening and no cyclization reactions were
observed in the synthesis of 8i and 8j, respectively. In the
classically accepted Miyaura-type C—B coupling mechanism,
[PA(PPh;),(Ph)Br] (9) and [Pd(PPh;),{C(O)Ph}CI] (10) are
catalytic intermediates. Thus, isolated samples of 9 and 10
were investigated in stoichiometric reactions with 3 in
[Dg]THEF, revealing that 1) the reaction of 9 with 3 results in
formation of the phenylborane 5a in 89 % yield; and 2) that
the reaction of 10 with 3 does indeed yield 8a, although
contaminated with a higher proportion of the decarbon-
ylation product Sa than is observed under catalytic condi-
tions. Whether the latter observation speaks to a different
mechanistic pathway involving alternative (but precedented)
steps such as generation of a palladium boryl species prior to
C—halogen oxidative addition,™! or direct attack of the boryl
nucleophile at the carbonyl carbon atom of the Pd{C(O)Ar}
function,? is currently being explored by both experimental
and computational approaches.

In summary, nucleophilic borylzinc reagents prove to be
efficient and versatile boron sources for the palladium-
catalyzed borylation of aryl, vinyl, and benzylic bromides.
Moreover, the kinetic inertness and thermodynamic stability
of the heterocyclic boryl fragment employed has allowed us to
develop the first systematic method for the preparation of
acylboranes, whose potential utility for accessing
acyltrifluoroboronates has also been demonstrated. Catalytic
reactions proceed under mild reaction conditions by using
simple and affordable palladium precatalysts, and exhibit
remarkable functional-group tolerance. Furthermore,
a robust and convenient one-pot/two-step procedure has
been devised to enable this chemistry to be carried out using
air-stable borylzinc reagents on the bench top.

Acknowledgements

J.C. thanks the EU 7th Framework Program, Marie Sklo-
dowska-Curie actions (COFUND, Grant Agreement no.
267226) and Junta de Andalucia for a Talentia Postdoc
Fellowship. Dr. E. Ferrer Flegean is acknowledged for helpful
discussions.

Keywords: borylation - boron - palladium -
structure elucidation - zinc

How to cite: Angew. Chem. Int. Ed. 2015, 54, 14159-14163
Angew. Chem. 2015, 127, 14365-14369

[1] a) Boronic Acids: Preparation and Applications in Organic
Synthesis Medicine and Materials (Ed.: D. G. Hall), Wiley-VCH,
Weinheim, 2011; b) Metal Catalyzed Cross-Coupling Reactions
(Ed.: F. Diederich, P.J. Stang), Wiley-VCH, Weinheim, 2008;
c) I. A. I. Mkhalid, J. H. Barnard, T. B. Marder, J. M. Murphy,
J. F. Hartwig, Chem. Rev. 2010, 110, 890—931.

[2] a) L. Euzenat, D. Horhant, Y. Ribourdouille, C. Duriez, G.
Alcaraz, M. Vaultier, Chem. Commun. 2003, 2280-2281; b) L.
Marciasini, N. Richy, M. Vaultier, M. Pucheault, Chem.
Commun. 2012, 48, 1553 -1555.

[3] a) F. Yamamoto, K. Izumi, Y. Horita, H. Ito, J. Am. Chem. Soc.
2012, 734, 19997-20000; b) F. Yamamoto, S. Ukigai, H. Ito,

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

Chem. Sci. 2015, 6, 2943 -2951; See also ¢) M.-A. Légeré, M.-A.
Courtemanche, E. Rochette, F. G. Fontaine, Science 2015, 349,
513-516.

a) K. Takahashi, T. Ishiyama, N. Miyaura, Chem. Lett. 2000, 29,

982-983; b) M. Gao, S. B. Thorpe, C. Kleeberg, C. Slebodnick,

T. B. Marder, W. L. Santos, J. Org. Chem. 2011, 76, 3997 —-4007;

c) L. Dang, Z. Lin, T. B. Marder, Chem. Commun. 2009, 3987 —

3995; d) H. Zhao, L. Dang, T. B. Marder, Z. Lin, J. Am. Chem.

Soc. 2008, 130, 5586—5594; ¢) H. Zhao, Z. Lin, T. B. Marder, J.

Am. Chem. Soc. 2006, 128, 15637-15643; f) A. Bonet, H.

Gulyas, E. Fernandez, Angew. Chem. Int. Ed. 2010, 49, 5130—

5134; Angew. Chem. 2010, 122, 5256 -5260; g) J. Cid, J. J. Carbo,

E. Fernandez, Chem. Eur. J. 2014, 20, 3616-3620; h)Y.

Yamamoto, M. Takizawa, X. Q. Yu, N. Miyaura, Angew. Chem.

Int. Ed. 2008, 47, 928 -931; Angew. Chem. 2008, 120, 942945,

i) C. Kleeberg, A. G. Crawford, A. S. Batsanov, P. Hodgkinson,

D. C. Apperley, M. S. Cheung, Z. Lin, T. B. Marder, J. Org.

Chem. 2012, 77,785-789; ) S. Pietsch, U. Paul, I. A. Cade, M. J.

Ingleson, U. Radius, T. B. Marder, Chem. Eur. J. 2015, 21,9018 —

9021.

a) S. Pietsch, E. C. Neeve, D. C. Apperley, R. Bertermann, F.

Mo, D. Qiu, M. S. Cheung, L. Dang, J. Wang, U. Radius, Z. Lin,

C. Kleeberg, T. B. Marder, Chem. Eur. J. 2015, 21, 7082-7099;

b) R. D. Dewhurst, E. C. Neeve, H. Braunschweig, T. B. Marder,

Chem. Commun. 2015, 51, 9594 -9607.

a) Y. Segawa, M. Yamashita, K. Nozaki, Science 2006, 314, 113 -

115; b) T. B. Marder, Science 2006, 314, 69-70; ¢) H. Braunsch-

weig, Angew. Chem. Int. Ed. 2007, 46, 1946-1948; Angew.

Chem. 2007, 119, 1990-1992.

a) Y. Segawa, Y. Suzuki, M. Yamashita, K. Nozaki, J. Am. Chem.

Soc. 2008, 130, 16069-16079; b) Y. Segawa, M. Yamashita, K.

Nozaki, Angew. Chem. Int. Ed. 2007, 46, 6710-6713; Angew.

Chem. 2007, 119, 6830-6833; c) T. Kajiwara, T. Terabayashi, M.

Yamashita, K. Nozaki, Angew. Chem. Int. Ed. 2008, 47, 6606 —

6610; Angew. Chem. 2008, 120, 6708-6712; d) Y. Hayashi, Y.

Segawa, M. Yamashita, K. Nozaki, Chem. Commun. 2011, 47,

5888 -5890; ¢) Y. Okuno, M. Yamashita, K. Nozaki, Eur. J. Org.

Chem. 2011, 3951-3958; f) N. Dettenrieder, Y. Aramaki, B. M.

Wolf, C. Maichle-M¢ssmer, X. Zhao, M. Yamashita, K. Nozaki,

R. Anwander, Angew. Chem. Int. Ed. 2014, 53, 6259-6262;

Angew. Chem. 2014, 126, 6373 -6377; g) K. Nozaki, Y. Aramaki,

M. Yamashita, S. H. Ueng, M. Malacria, E. Lacote, D. P. Curran,

J. Am. Chem. Soc. 2010, 132, 11449-11451.

[8] J. Cid, J. J. Carbo, E. Fernandez, Chem. Eur. J. 2012, 18, 12794 -

12802.

a) M. R. Ibrahim, M. Biihl, R. Knab, P. V. R. Schleyer, J.

Comput. Chem. 1992, 13, 423-428; b) G. Schmid, H. Noth,

Chem. Ber. 1968, 101, 2502 -2505; ¢) K. Smith, K. Swaminathan,

J. Chem. Soc. Chem. Commun. 1975, 719-720; d) K. Smith, K. J.

Swaminathan, J. Chem. Soc. Dalton Trans. 1976, 2297 —2300.

[10] a) M. E. D. Hillman, J. Am. Chem. Soc. 1963, 85, 982-984;
b) H. C. Brown, Acc. Chem. Res. 1969, 2, 65-72; c¢) G. W.
Kabalka, J. T. Gotsick, R. D. Pace, N.S. Li, Organometallics
1994, 13, 5163 -5165.

[11] M. Yamashita, Y. Suzuki, Y. Segawa, K. Nozaki, J. Am. Chem.
Soc. 2007, 129, 9570-9571.

[12] a)J. Monot, A. Solovyev, H. Bonin-Dubarle, E. Derat, D. P.
Curran, M. Robert, L. Fensterbank, M. Malacria, E. Lacote,
Angew. Chem. Int. Ed. 2010, 49, 9166-9169; Angew. Chem.
2010, 722,9352-9355;b) W. E. Piers, T. Chivers, Chem. Soc. Rev.
1997, 26, 345-354; c) M. Sajid, G. Kehr, C. G. Daniliuc, G.
Erker, Angew. Chem. Int. Ed. 2014, 53, 1118-1121; Angew.
Chem. 2014, 126, 1136-1139.

[13] G. A. Molander, J. Raushel, N. M. Ellis, J. Org. Chem. 2010, 75,
4304 —4306.

[14] a) A.M. Dumas, J. W. Bode, Org. Lett. 2012, 14, 2138-2141;
b) H. Noda, G. Er6s, J. W. Bode, J. Am. Chem. Soc. 2014, 136,

(4

—_—

5

—_

[6

—_

[7

—

[9

—

Angew. Chem. 2015, 127, 14365-14369


http://dx.doi.org/10.1021/cr900206p
http://dx.doi.org/10.1039/b306874a
http://dx.doi.org/10.1039/C1CC14605J
http://dx.doi.org/10.1039/C1CC14605J
http://dx.doi.org/10.1021/ja309578k
http://dx.doi.org/10.1021/ja309578k
http://dx.doi.org/10.1039/C5SC00384A
http://dx.doi.org/10.1021/jo2003488
http://dx.doi.org/10.1039/b903098k
http://dx.doi.org/10.1039/b903098k
http://dx.doi.org/10.1021/ja710659y
http://dx.doi.org/10.1021/ja710659y
http://dx.doi.org/10.1021/ja063671r
http://dx.doi.org/10.1021/ja063671r
http://dx.doi.org/10.1002/anie.201001198
http://dx.doi.org/10.1002/anie.201001198
http://dx.doi.org/10.1002/ange.201001198
http://dx.doi.org/10.1002/chem.201304615
http://dx.doi.org/10.1002/anie.200704162
http://dx.doi.org/10.1002/anie.200704162
http://dx.doi.org/10.1002/ange.200704162
http://dx.doi.org/10.1021/jo202127c
http://dx.doi.org/10.1021/jo202127c
http://dx.doi.org/10.1002/chem.201501498
http://dx.doi.org/10.1002/chem.201501498
http://dx.doi.org/10.1002/chem.201500235
http://dx.doi.org/10.1039/C5CC02316E
http://dx.doi.org/10.1126/science.1131914
http://dx.doi.org/10.1126/science.1131914
http://dx.doi.org/10.1126/science.1133326
http://dx.doi.org/10.1002/anie.200605053
http://dx.doi.org/10.1002/ange.200605053
http://dx.doi.org/10.1002/ange.200605053
http://dx.doi.org/10.1021/ja8057919
http://dx.doi.org/10.1021/ja8057919
http://dx.doi.org/10.1002/anie.200702369
http://dx.doi.org/10.1002/ange.200702369
http://dx.doi.org/10.1002/ange.200702369
http://dx.doi.org/10.1002/anie.200801728
http://dx.doi.org/10.1002/anie.200801728
http://dx.doi.org/10.1002/ange.200801728
http://dx.doi.org/10.1039/c1cc11334h
http://dx.doi.org/10.1039/c1cc11334h
http://dx.doi.org/10.1002/ejoc.201100373
http://dx.doi.org/10.1002/ejoc.201100373
http://dx.doi.org/10.1002/anie.201402175
http://dx.doi.org/10.1002/ange.201402175
http://dx.doi.org/10.1021/ja105277u
http://dx.doi.org/10.1002/chem.201200987
http://dx.doi.org/10.1002/chem.201200987
http://dx.doi.org/10.1002/jcc.540130405
http://dx.doi.org/10.1002/jcc.540130405
http://dx.doi.org/10.1002/cber.19681010728
http://dx.doi.org/10.1039/c39750000719
http://dx.doi.org/10.1039/dt9760002297
http://dx.doi.org/10.1021/ja00890a033
http://dx.doi.org/10.1021/ar50015a001
http://dx.doi.org/10.1021/om00024a069
http://dx.doi.org/10.1021/om00024a069
http://dx.doi.org/10.1021/ja073037t
http://dx.doi.org/10.1021/ja073037t
http://dx.doi.org/10.1002/anie.201004215
http://dx.doi.org/10.1002/ange.201004215
http://dx.doi.org/10.1002/ange.201004215
http://dx.doi.org/10.1039/cs9972600345
http://dx.doi.org/10.1039/cs9972600345
http://dx.doi.org/10.1002/anie.201307551
http://dx.doi.org/10.1002/ange.201307551
http://dx.doi.org/10.1002/ange.201307551
http://dx.doi.org/10.1021/jo1004058
http://dx.doi.org/10.1021/jo1004058
http://dx.doi.org/10.1021/ol300668m
http://dx.doi.org/10.1021/ja5018442
http://www.angewandte.de

Ang'gﬁfmie

5611-5614; c) G. Er6s, Y. Kushida, J. W. Bode, Angew. Chem. Mulvey, Angew. Chem. Int. Ed. 2011, 50, 6448 -6450; Angew.
Int. Ed. 2014, 53, 7604-7607; Angew. Chem. 2014, 126, 7734 - Chem. 2011, 123, 6576-6578.
7737; d) H. Noda, J. W. Bode, Chem. Sci. 2014, 5, 4328 -4332; [21] a) R. H. Crabtree, Chem. Rev. 2012, 112, 1536-1554; b) J. A.
e) H. Noda, J. W. Bode, J. Am. Chem. Soc. 2015, 137,3958 -3966; Widegren, R. G. Finke, J. Mol. Catal. A 2003, 198, 317-341.
f) A. M. Dumas, G. A. Molander, J. W. Bode, Angew. Chem. Int. [22] a) S. K. Bose, K. Fucke, L. Liu, P. G. Steel, T. B. Marder, Angew.
Ed. 2012, 51, 5683-5686; Angew. Chem. 2012, 124, 5781 -5784. Chem. Int. Ed. 2014, 53, 1799-1803; Angew. Chem. 2014, 126,
[15] a) Z. He, A. Zajdlik, J. D. St. Denis, N. Assem, A. K. Yudin, J. 1829-1834; b) S. K. Bose, T. B. Marder, Org. Lett. 2014, 16,
Am. Chem. Soc. 2012, 134,9926-9929; b) Z. He, P. Trinchera, S. 4562-4565; ¢) S. K. Bose, A. Deilenberger, A. Eichhorn, P. G.
Adachi, J. D. St Denis, A. K. Yudin, Angew. Chem. Int. Ed. 2012, Steel, Z. Lin, T. B. Marder, Angew. Chem. Int. Ed. 2015, 54,
51,11092-11096; Angew. Chem. 2012, 124, 11254 -11258. DOI: 10.1002/anie.201505603).
[16] F. E. Goodson, T. 1. Wallow, B. M. Novak, J. Am. Chem. Soc. [23] a) S. Onozawa, M. Tanaka, Organometallics 2001, 20, 2956;
1997, 119, 12441 -12453. b) M. Suginome, A. Yamamoto, T. Sasaki, M. Murakami,
[17] a) T.J. Cheeseright, M. Holm, F. Lehmann, S. Luik, M. Géttert, Organometallics 2006, 25, 2911 -2913.
J. L. Melville, S. Laufer, J. Med. Chem. 2009, 52, 4200—-4209; [24] a) R. Frank, J. Howell, R. Tirfoin, D. Dange, C. Jones, D. M. P.
b) Z. K. Sweeney, A. Minatti, D. C. Button, S. Patrick, Chem- Mingos, S. Aldridge, J. Am. Chem. Soc. 2014, 136, 15730-15741;
MedChem 2009, 4, 706-718; c¢) O. O. Grygorenko, D. S. Rad- b) R. Frank, J. Howell, J. Campos, R. Tirfoin, N. Phillips, S. Zahn,
chenko, D. M. Volochnyuk, A. A. Tolmachev, I. V. Komarov, D. M. P. Mingos, S. Aldridge, Angew. Chem. Int. Ed. 2015, 54,
Chem. Rev. 2011, 111, 5506—5568. 9586-9590; Angew. Chem. 2015, 127, 9722-9726.
[18] M. Nottingham, C. R. Bethel, S. R. R. Pagadala, E. Harry, A.  [25] CCDC 1410127 (8h) and 1410128 (8k)contain the supplemen-
Pinto, Z. A. Lemons, S. M. Drawz, F. V. D. Akker, P. R. Carey, tary crystallographic data for this paper. These data can be
R. A. Bonomo, J. D. Buynak, Bioorg. Med. Chem. Lett. 2011, 21, obtained free of charge from The Cambridge Crystallographic
387-393. Data Centre.

[19] J. Bermudez, C.S. Fake, G. F. Joiner, K. A. Joiner, F. D. King,
W. D. Miner, G.J. Sanger, J. Med. Chem. 1990, 33, 1924 -1929.
[20] For related phenomena, see: a) H. Duan, L. Meng, D. Bao, H.
Zhang, Y. Li, A. Lei, Angew. Chem. Int. Ed. 2010, 49, 6387 - Received: August 14, 2015
6390; Angew. Chem. 2010, 122, 6531-6534; b) E. Hevia, R.  Published online: September 28, 2015

Angew. Chem. 2015, 127, 14365-14369 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de 14369


http://dx.doi.org/10.1021/ja5018442
http://dx.doi.org/10.1039/C4SC00971A
http://dx.doi.org/10.1021/jacs.5b00822
http://dx.doi.org/10.1002/anie.201201077
http://dx.doi.org/10.1002/anie.201201077
http://dx.doi.org/10.1002/ange.201201077
http://dx.doi.org/10.1021/ja304173d
http://dx.doi.org/10.1021/ja304173d
http://dx.doi.org/10.1002/anie.201206501
http://dx.doi.org/10.1002/anie.201206501
http://dx.doi.org/10.1002/ange.201206501
http://dx.doi.org/10.1021/ja972554g
http://dx.doi.org/10.1021/ja972554g
http://dx.doi.org/10.1021/jm801399r
http://dx.doi.org/10.1002/cmdc.200800452
http://dx.doi.org/10.1002/cmdc.200800452
http://dx.doi.org/10.1021/cr100352k
http://dx.doi.org/10.1016/j.bmcl.2010.10.134
http://dx.doi.org/10.1016/j.bmcl.2010.10.134
http://dx.doi.org/10.1021/jm00169a016
http://dx.doi.org/10.1002/anie.201002116
http://dx.doi.org/10.1002/anie.201002116
http://dx.doi.org/10.1002/ange.201002116
http://dx.doi.org/10.1002/anie.201102054
http://dx.doi.org/10.1002/ange.201102054
http://dx.doi.org/10.1002/ange.201102054
http://dx.doi.org/10.1021/cr2002905
http://dx.doi.org/10.1016/S1381-1169(02)00728-8
http://dx.doi.org/10.1002/anie.201308855
http://dx.doi.org/10.1002/anie.201308855
http://dx.doi.org/10.1002/ange.201308855
http://dx.doi.org/10.1002/ange.201308855
http://dx.doi.org/10.1021/ol502120q
http://dx.doi.org/10.1021/ol502120q
http://dx.doi.org/10.1002/anie.201505603
http://dx.doi.org/10.1021/om010010o
http://dx.doi.org/10.1021/om060246y
http://dx.doi.org/10.1021/ja508979x
http://dx.doi.org/10.1002/anie.201504929
http://dx.doi.org/10.1002/anie.201504929
http://dx.doi.org/10.1002/ange.201504929
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.201507627
http://www.ccdc.cam.ac.uk/
http://www.ccdc.cam.ac.uk/
http://www.angewandte.de

