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Abstract: Catalyst-free 1,2-carboboration of ynamides is
presented. Readily available aryldichloroboranes react with
alkyl- or aryl-substituted ynamides in high yields with complete
regio- and stereoselectivity to valuable B-boryl-f-alkyl/aryl a-
aryl substituted enamides which belong to the class of
trisubstituted alkenylboronates. The 1,2-carboboration reac-
tion is experimentally easy to conduct, shows high functional
group tolerance and broad substrate scope. Gram-scale
reactions and diverse synthetic transformations convincingly
demonstrate the synthetic potential of this method. The
reaction can also be used to access 1-boraphenalenes, a class
of boron-doped polycyclic aromatic hydrocarbons.

Organoboron compounds are versatile reagents in organic
synthesis that also play an important role in materials science
and medicinal chemistry. Particularly, alkenylboronates are
highly useful building blocks in organic synthesis because of
their broad application as substrates in the Suzuki-Miyaura
cross-coupling,!'! conjugate additions,? Zweifel olefination®!
and other interesting transformations that proceed via their
alkenylboronate complexes.” To date, many methods for the
preparation of alkenylboronates have been developed; how-
ever, regio- and stereoselective construction of a,f3,-trisub-
stituted alkenylboronates, which can be used as precursors in
the stereoselective synthesis of tetrasubstituted alkenes, is
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challenging.’! The carboboration of internal alkynes with
organoboron compounds, in which a C—C and a C—B bond
are formed, offers a straightforward approach towards a.,3,3-
trisubstituted alkenylboronates. Along these lines, metal-
catalyzed® (Scheme 1a) and phosphine-catalyzed” (Sche-
me 1b) 1,2-carboboration of internal alkynes have been
disclosed. Recently, atom economic environmentally benign
catalyst-free direct carboboration, which offers an alternative
pathway to a,f,p-trisubstituted alkenylboronates, has
received growing attention. For example, Uchiyama and
Hirano reported a 1,2-alkynylboration of alkynes enabled by
intramolecular activation of alkynylboronates by propargylic
alcohols (Scheme 1¢).®! Highly electrophilic boranes can
directly be used for alkyne carboboration. However, in
contrast to the well-studied 1,1-carboboration, the “Wrack-
meyer” reaction,””) only a few reports on catalyst-free direct
1,2-carboboration have appeared to date, and these proce-
dures suffer from specific boron species or low yields, which
limits their applicability in organic synthesis.'>!"! Therefore,
the development of an efficient and practical catalyst-free
direct 1,2-carboboration with readily available boron

a) Transition-metal-catalyzed direct 1,2-carboboration of internal alkynes
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b) Phosphine-catalyzed direct 1,2-carboboration of alkynoates
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c) 1,2-Carboboration enabled by intramolecular activation of alkynylboronates
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Scheme 1. Synthesis of o,3,B-trisubstituted alkenylboronates via direct
1,2-carboboration of internal alkynes (EWG = electron withdrawing

group).
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reagents, which would expand the scope and the synthetic
utility of boron-mediated organic transformations, is highly
desirable.

Encouraged by our recent work on catalyst-free bora-
tion,"” we decided to study the electrophilic 1,2-carbobora-
tion of ynamides, that are versatile N-containing alkyne
synthons in organic synthesis,'*! with readily available boron
reagents for the preparation of highly substituted (-boryl-
enamides. Such enamides are valuable in organic chemistry as
they can be readily further transformed to various highly
substituted enamides. Moreover, they can also serve as
substrates for the preparation of boron-doped polycyclic
aromatic hydrocarbons. On the basis of the inherent nature of
the polarized ynamide triple bond,!” we assumed that ionic
1,2-carboboration would be feasible with readily available
boron reagents in the absence of any catalyst (Scheme 1d).
Thus, reaction of an electrophilic boron reagent with an
ynamide should generate the corresponding keteniminium-
type zwitterion, which upon stereoselective intramolecular
1,3-migration of the R*-substituent of the boron ate complex
moiety from boron to carbon would deliver the targeted
o,f3,p-trisubstituted alkenylboron derivative with complete
regio- and stereoselectivity.

We first explored the reaction of the ynamide 1a with
various readily available phenylboronic acid derivatives that
differ in electrophilicity at ambient temperature in CH,Cl, To
our delight, commercially available dichlorophenylborane 2a
(3 equiv) gave after treatment of the crude product with
pinacol the targeted trisubstituted alkenylpinacol boronate
3ain good yield (76 % NMR yield; for the structure of 3a, see
Scheme 2).¥1 Other common boron reagents, including
phenyl boronic acid (2b), phenyl pinacol boronic ester (2¢),
phenyl catechol boronic ester (2d), and triphenylboroxine
(2e) did not engage in the 1,2-carboboration, because their
boron Lewis acidity is too low for the initial electrophilic
borylation step (see the Supporting Information, SI). Solvent
screening revealed CHCI, to be superior to all other solvents
tested. Decreasing the amount of boron reagent 2a from 3 to
1.5 equivalents did not influence reaction outcome to a large
extent and the best result was obtained with 2 equivalents of
2a (74 % isolated yield, see SI for details on the optimization
study).

With the optimized conditions in hand, we first tested the
scope with respect to the ynamide (Scheme 2). The relative
configuration in selected examples were unambiguously
assigned by NMR spectroscopy (see SI). Various N-tosyl
ynamides bearing different R'-N-substituents such as n-butyl
(3b), benzyl (3¢) and allyl (3d) were subjected to the 1,2-
carboboration. The desired a.,f3,3-trisubstituted alkenylboro-
nates were isolated in good yields (66-78 % ). Aromatic N-
substituents are also tolerated, as shown by the 1,2-carbobo-
ration of the N-phenyl-tosyl ynamide 1e which gave 3e in
a high yield. The N-sulfonyl protecting group can also be
varied. Electronic effects exerted by the aryl group are not
that pronounced, as arylsulfonyl groups bearing halides (4b—
4d), trifluoromethyl (4e) and nitro (4f) all gave good yields
(64-84%). Sterically more crowded ynamides also furnished
the corresponding products 4g and 4h in good yields and the
thienyl moiety was compatible with the electrophilic B-
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Scheme 2. 1,2-Carboboration of various ynamides. Reaction condi-
tions: 1 (0.20 mmol), 2a (0.40 mmol) in CHCl; (2 mL), rt, 16 h, under
Ar; pinacol (1.0 mmol), NEt; (1.0 mL), 1 h, isolated yields. [a] 2a
(0.60 mmol), 50°C. [b] 2a (0.24 mmol), 1 h.

reagent (see 4i). (-Styrenylsulfonyl and methanesulfonyl
protected ynamides engaged in the carboboration, albeit
with moderate yields (4j and 4k). Next, N-tosylated N-
methyl-ynamides bearing different R’-substituents were
tested in the reaction with 2a (5a-5p). Surprisingly, for aryl
substituted ynamides with electron donating groups at the
para position, lower reactivity was noted as compared to the
less nucleophilic systems bearing electron-withdrawing para-
substituents (see Sa-5g). Aryl-substituted ynamides with
meta- and ortho-substitution at the aryl moiety were tolerated
as well (Sh-5j). Again, for the electron-poorer halo-substi-
tuted congeners, higher yields were obtained. Furthermore,
alkyl-substituted ynamides could be employed in this 1,2-
carboboration and the corresponding o,f,B-trisubstituted
alkenylboronates 51-5p were obtained in moderate to good
yields. Of note, the (3-branched alkyl substituted alkynes 1o
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and 1p provided higher yields as compared to the primary
alkyl substituted ynamides (see 51-5m).

We continued the studies by varying the R-substituent at
the dichloroborane 2 with the ynamide 1a as the substrate
(Scheme 3). Considering the limited stability of dichlorobor-
anes, we developed a highly practical one-pot, two-step
process utilizing bench-stable trimethyl(aryl)silanes as start-
ing materials. Dichloroboranes 2 were readily generated in
situ through the reaction of the corresponding trimethyl-
(aryl)silanes with BCl; in CH,Cl, (volatiles were then
removed in vacuo).™™ Then, a CHCl, solution of 1a was
added to the dichloroborane and the mixture was stirred at
room temperature for 16 h. Functional groups, such as methyl
(6a), phenyl (6b), phenoxy (6¢), diphenylamino (6d) and
halide (6e) at the para position of the phenyl group were
compatible with this sequence and the corresponding alkenyl
boronates were isolated in 68-86% overall yields. The
sterically more hindered ortho-tolyldichloroborane also
reacted well (6f). Naphthyl- and thienyl-based boron
reagents engaged in the 1,2-carboboration of 1a (6g—6i).
Interestingly, dichloro(naphthalen-1-yl)borane (from 2e’)
and dichloro(naphthalen-2-yl)borane (from 2f) led to the
same product 6g (see SI for detailed discussion).'® Notably,
the reaction of the dichloroalkenylborane with 1a proceeded
efficiently and the a,3,p-trisubstituted alkenylboronate 6i was
isolated in high yield. However, reaction of cyclohexyldi-
chloroborane with 1a provided the carboboration product in
traces only (not shown).

To demonstrate the synthetic value of the carboboration,
two gram-scale reactions and four follow-up transformations

R  Bpi
 BCly, CH,Cl, 1)1a, CHCl,, rt, 16 h pin
RSiMe; ———————— [RBCl,| -———————— =
| 0°Ctort,24hor 2) pinacol, NEt3, rt, Th  Ts—N Ph
2 0°Cto60°C,24h \
6
Ph PhQ Ph,N
Q:(Bpi" <j%_(Bpin <i%_(Bpin Bpin
Ts—N_ Ph Ts—N,  Ph Ts—N Ph
Me Me Me
6a, 85%l4 6b, 83% 6c, 70%
Br,
Bpin i Bpin
Bpin f ;—< P i( ¢
Ts—N  Ph Ts—N  Ph
Ts—N  Ph Me Me
Me
6e, 68% 6f, 80%° 69, 56% from 2e' 6h. 829%0
62% from 2f' '
SiMe; .
— Bpin SIME3
Ts—N  Ph OO
L 5 2e 2f
Bl 7% @ eeeesseeasasenneneaaae

Scheme 3. 1,2-Carboboration with various dichloroboranes. Reaction
conditions: RSiMe; (0.60 mmol), BCl; (1.20 mmol, 1 M in CH,Cl,),
0°C to rt or to 60°C, 24 h, under Ar; then Ta (0.20 mmol) in CHCl,
(1 mL), rt, 16 h, under Ar; pinacol (1.0 mmol), NEt; (1.0 mL), T h,
isolated yields. [a] The dichloroborane was prepared in advance.
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a) Gram-scale synthesis of 3a
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c) Follow-up chemistry

Me
Ph H
Ph i i =
— Ts—N nHex
Ts—N, Ph
Me

Ph  Bpin be
po 8, 87%
7,80% — Ts=N R ]
Me
Ph, A Bpin . R=Ph, 3a Ph O
A P _ v | R=nHex, 51 LM _
Ts—N hHex Ts—N, nHex
Me Me
10, 82% 9, 70%

Scheme 4. Gram-scale reactions and follow-up chemistry. Reaction
conditions: (i) 3a, 4-MeCgH,l, Pd(dppf)Cl,, Cs,CO;, 1,4-dioxane, H,O,
70°C, 12 h; (ii) 51, AgNO,, NEt,, EtOH, H,0, 80°C, 3 h; iii) 51,
NaBO,-4 H,0, THF, H,0, rt. 4 h; (iv) 51, ZnEt,, CF,COOH, CH,,,
CH,Cl,, 0°C to r.t., overnight.

were conducted (Scheme 4). First, gram-scale reaction of 1a
and 1ab with PhBCl, (2a) under standard conditions afforded
the desired products 3a and 51 in 72% and 57% yield,
demonstrating the practicality (Scheme 4a,b). The triaryl
substituted enamide 7 was obtained by Suzuki-Miyaura cross-
coupling of 3a with 4-MeC¢H,I in 80 % yield (Scheme 4c).["”
AgNOs-catalyzed protodeboration of 51 gave stereospecifi-
cally the disubstituted enamide 8 (87 % )."¥ Treatment of 51
with NaBO; provided the ketone 9 in a good yield and 51 was
successfully converted into the fully substituted cyclopropyl-
boronate 10 using ZnEt,/CH,I, (82 %).1"")

Recently, boron-doped polycyclic aromatic hydrocarbons
(B-PAHs) have attracted increasing attention because of their
interesting materials properties.”” Among them, a 1-bora-
phenalene scaffold is one of the minimal substructures of B-
PAHs, to which several synthetic accesses have been
reported.”!! We found that our ynamide 1,2-carboboration
can also be applied to the preparation of 1-boraphenalenes
that furnish amino groups at the 3-position (Scheme 5). Thus,
a one-pot synthesis of boraphenalene 11 was achieved via
a sequence comprising the 1,2-carboboration of 1la with
dichloro(naphthalen-1-yl)borane followed by an intramolec-
ular boron-Friedel-Crafts arylation and subsequent hydrol-
ysis. The stable hydroxy-substituted boraphenalene 11 was
obtained in 71 % overall yield (Scheme 5a). Upon treatment
with BCl; in CH,CL,? the boraphenalene 11 was further
converted into the corresponding chloride. Removal of the
solvent and reaction with mesityllithium in THF eventually
provided mesityl-substituted boraphenalene 12 (78 %, Sche-
me 5b).
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a) One-pot synthesis of polycyclic aromatic borinic acid 11
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1a 21
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b) Synthesis of B-mesityl boron-doped PAH 12

1) BCl3, CH,Cl,
-78 °Ctort,2h
11
2) MesLi, THF,

78°Ctort T

12, 78% yield

Scheme 5. Synthesis of 1-boraphenalenes.

Boraphenalenes 11 and 12 are both air and moisture
stable at room temperature, and crystals suitable for X-ray
crystallography were obtained from their solutions in ethyl
acetate/pentane.”” The structural analysis of 12 revealed that
not only the mesityl and phenyl groups, but also the amino
plane are oriented in an orthogonal fashion against the
boraphenalenyl plane (Scheme 5b). In UV-vis absorption
spectrum in CHCl;, boraphenalene 12 exhibited two broad
absorption bands with the lowest energy absorption max-
imum (4,,) of 399 nm. In the same solvent, 12 exhibited
a broad emission band with the maximum (4.,) of 524 nm
with a large Stokes shift of 5979 cm™" (Figure S1), where the
fluorescence quantum yield (@) was 0.22. These values are
comparable to those of the hitherto-known boraphenale-
nes.”!“ Notably, the fact that both the 1., and A, values
showed only subtle dependence on the solvent polarities
(Table S1) suggests that the amino group does not work as an
electron-donating group in this scaffold, consistent with its
orthogonal orientation. The time-dependent (TD)-DFT cal-
culation at the B3LYP/6-31 + G(d) level of theory suggested
that the lowest-energy absorption band can be attributed to
the mixture of two electronic transitions from HOMO to
LUMO and from HOMO-1 to LUMO (Table S2, Figure S3).
While LUMO is delocalized over the boraphenalene skel-
eton, HOMO and HOMO-1 are located on the mesityl
moiety or the phenylboraphenalene skeleton without contri-
bution of the amino group. In the solid state, the fluorescence
quantum yield was increased to @ =0.41, while retaining the
emission spectrum almost identical to that in solution (Fig-
ure S2). Its nonplanar molecular skeleton likely plays a role in
preventing an intermolecular interaction.

In summary, we have described an efficient method for
the preparation of (-boryl-f-alkyl/aryl a-aryl substituted
enamides from ynamides via catalyst-free direct 1,2-carbobo-
ration. Readily available dichloroboranes react with yna-
mides to afford the corresponding valuable o,f3,B-trisubsti-
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tuted alkenylboronates in good yields with complete regio-
and stereoselectivity under very mild conditions. The reaction
is operationally easy to conduct and features broad substrate
scope and high functional group tolerance. The value of
current methodology was documented by successful follow-
up reactions and the synthesis of B-PAHs.

Acknowledgements

We thank the Deutsche Forschungsgemeinschaft DFG
(IRTG 2678) for supporting our work. We also thank the
European Research Council (ERC Advanced Grant Agree-
ment no. 692640) for financial support. This work was
supported by KAKENHI grant 18H05261 from the Japan
Society for the Promotion of Science (JSPS). M.S. thanks the
JSPS for a Research Fellowship for Young Scientists and the
“Graduate Program of Transformative Chem-Bio Research”
at Nagoya University, supported by MEXT (WISE Program).
Open access funding enabled and organized by Projekt
DEAL.

Conflict of Interest
The authors declare no conflict of interest.

Keywords: 1,2-carboboration - catalyst-free reaction -
synthetic methods - trisubstituted alkenylboronates - ynamides

[1] a) N. Miyaura, A. Suzuki, Chem. Rev. 1995, 95, 2457; b) A.
Suzuki, Angew. Chem. Int. Ed. 2011, 50, 6722; Angew. Chem.
2011, 123, 6854.

[2] a) T. Hayashi, K. Yamasaki, Chem. Rev. 2003, 103,2829;b) T. R.
Wu, M. J. Chong, J. Am. Chem. Soc. 2007, 129, 4908.

[3] a) L. Zhang, G.J. Lovinger, E. K. Edelstein, A. A. Szymaniak,
M. P. Chierchia, J. P. Morken, Science 2016, 351, 70; b) M.
Kischkewitz, K. Okamoto, C. Miick-Lichtenfeld, A. Studer,
Science 2017, 355, 936; c) M. Silvi, C. Sandford, V. K. Aggarwal,
J. Am. Chem. Soc. 2017, 139, 5736; d) N. D. C. Tappin, M. Gnigi-
Lux, P. Renaud, Chem. Eur. J. 2018, 24, 11498.

[4] R.J. Armstrong, V. K. Aggarwal, Synthesis 2017, 49, 3323.

[5] a) T. Hata, H. Kitagawa, H. Masai, T. Kurahashi, M. Shimizu, T.

Hiyama, Angew. Chem. Int. Ed. 2001, 40, 790; Angew. Chem.

2001, /13, 812; b) M. Shimizu, C. Nakamaki, K. Shimono, M.

Schelper, T. Kurahashi, T. Hiyama, J. Am. Chem. Soc. 2005, 127,

12506; c) K. Itami, T. Kamei, J. Yoshida, J. Am. Chem. Soc. 2003,

125, 14670; d) Y. Nishihara, M. Miyasaka, M. Okamoto, H.

Takahashi, E. Inoue, K. Tanemura, K. Takagi, J. Am. Chem. Soc.

2007, 129, 12634; e) K. Endo, M. Hirokami, T. Shibata, J. Org.

Chem. 2010, 75, 3469; f) E. Hupe, 1. Marek, P. Knochel, Org.

Lett. 2002, 4, 2861.

a) M. Suginome, A. Yamamoto, M. Murakami, J. Am. Chem.

Soc. 2003, 125, 6358; b) M. Suginome, A. Yamamoto, M.

Murakami, J. Organomet. Chem. 2005, 690, 5300; c) M. Sugi-

nome, A. Yamamoto, M. Murakami, Angew. Chem. Int. Ed.

2005, 44, 2380; Angew. Chem. 2005, 117, 2432; d) M. Suginome,

M. Shirakura, A. Yamamoto, J. Am. Chem. Soc. 2006, 128,

14438; e) M. Suginome, A. Yamamoto, T. Sasaki, M. Murakami,

Organometallics 2006, 25, 2911; f) M. Suginome, Chem. Rec.

2010, 10, 348; For selected references about “indirect” tran-

sition-metal-catalyzed 1,2-carboboration of internal alkynes,

[6

—_

21700 www.angewandte.org © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH ~ Angew. Chem. Int. Ed. 2021, 60, 2169721701


https://doi.org/10.1021/cr00039a007
https://doi.org/10.1002/anie.201101379
https://doi.org/10.1002/ange.201101379
https://doi.org/10.1002/ange.201101379
https://doi.org/10.1021/cr020022z
https://doi.org/10.1021/ja0713734
https://doi.org/10.1126/science.aad6080
https://doi.org/10.1126/science.aal3803
https://doi.org/10.1021/jacs.7b02569
https://doi.org/10.1002/chem.201802384
https://doi.org/10.1002/1521-3773(20010216)40:4%3C790::AID-ANIE7900%3E3.0.CO;2-T
https://doi.org/10.1002/1521-3757(20010216)113:4%3C812::AID-ANGE8120%3E3.0.CO;2-O
https://doi.org/10.1002/1521-3757(20010216)113:4%3C812::AID-ANGE8120%3E3.0.CO;2-O
https://doi.org/10.1021/ja054484g
https://doi.org/10.1021/ja054484g
https://doi.org/10.1021/ja037566i
https://doi.org/10.1021/ja037566i
https://doi.org/10.1021/ja075234y
https://doi.org/10.1021/ja075234y
https://doi.org/10.1021/jo1003407
https://doi.org/10.1021/jo1003407
https://doi.org/10.1021/ol0262486
https://doi.org/10.1021/ol0262486
https://doi.org/10.1021/ja0349195
https://doi.org/10.1021/ja0349195
https://doi.org/10.1016/j.jorganchem.2005.05.005
https://doi.org/10.1002/anie.200462961
https://doi.org/10.1002/anie.200462961
https://doi.org/10.1002/ange.200462961
https://doi.org/10.1021/ja064970j
https://doi.org/10.1021/ja064970j
https://doi.org/10.1021/om060246y
https://doi.org/10.1002/tcr.201000029
https://doi.org/10.1002/tcr.201000029
http://www.angewandte.org

GDCh
~~—

(7

—

[8

-

[9

—

(10]

(1]

(12]

(13]

Angew. Chem. Int. Ed. 2021, 60, 21697 -21701

see: g) A. Yamamoto, M. Suginome, J. Am. Chem. Soc. 2005,
127, 15706; h) M. Daini, A. Yamamoto, M. Suginome, J. Am.
Chem. Soc. 2008, 130, 2918; i) S. Mannathan, M. Jeganmohan,
C.-H. Cheng, Angew. Chem. Int. Ed. 2009, 48, 2192; Angew.
Chem. 2009, 121, 2226; j) Y. Okuno, M. Yamashita, K. Nozaki,
Angew. Chem. Int. Ed. 2011, 50, 920; Angew. Chem. 2011, 123,
950; k) R. Alfaro, A. Parra, J. Alemén, J. Luis, G. Ruano, M.
Tortosa, J. Am. Chem. Soc. 2012, 134, 15165; 1) T. Itoh, Y.
Shimizu, M. Kanai, J. Am. Chem. Soc. 2016, 138, 7528.

a) K. Nagao, H. Ohmiya, M. Sawamura, J. Am. Chem. Soc. 2014,
136, 10605; b) A. Yamazaki, K. Nagao, T. Iwai, H. Ohmiya, M.
Sawamura, Angew. Chem. Int. Ed. 2018, 57, 3196; Angew. Chem.
2018, 7130, 3250.

a) M. Nogami, K. Hirano, M. Kanai, C. Wang, T. Saito, K.
Miyamoto, A. Muranaka, M. Uchiyama, J. Am. Chem. Soc. 2017,
139,12358; b) M. Nogami, K. Hirano, K. Morimoto, M. Tanioka,
K. Miyamoto, A. Muranaka, M. Uchiyama, Org. Lett. 2019, 21,
3392; Another similar example, see: ¢) S. Roscales, A. G. Cséky,
Org. Lett. 2015, 17, 1605.

Reviews: a) B. Wrackmeyer, Coord. Chem. Rev. 1995, 145, 125;
b) B. Wrackmeyer, Heteroat. Chem. 2006, 17, 188; c) G. Kehr, G.
Erker, Chem. Commun. 2012, 48, 1839; d) D. W. Stephan, G.
Erker, Angew. Chem. Int. Ed. 2015, 54, 6400; Angew. Chem.
2015, 127, 6498; e) G. Kehr, G. Erker, Chem. Sci. 2016, 7, 56.
a) M. F. Lappert, B. Prokai, J. Organomet. Chem. 1964, 1, 384;
b) I. A. Cade, M. J. Ingleson, Chem. Eur. J. 2014, 20,12874; c) M.
Devillard, R. Brousses, K. Miqueu, G. Bouhadir, D. A. Bour-
issou, Angew. Chem. Int. Ed. 2015, 54,5722; Angew. Chem. 2015,
127,5814; d) N. Tanaka, Y. Shoji, D. Hashizume, M. Sugimoto, T.
Fukushima, Angew. Chem. Int. Ed. 2017, 56, 5312; Angew.
Chem. 2017, 129, 5396; e¢) H. Kelch, S. Kachel, M. A. Celik, M.
Schiifer, B. Wennemann, K. Radacki, A. R. Petrov, M. Tamm, H.
Braunschweig, Chem. Eur. J. 2016, 22, 13815; f) Y. Shoji, N.
Tanaka, S. Muranaka, N. Shigeno, H. Sugiyama, K. Takenouchi,
F. Hajjaj, T. Fukushima, Nat. Commun. 2016, 7, 12704; g) Y.
Shoji, N. Shigeno, K. Takenouchi, M. Sugimoto, T. Fukushima,
Chem. Eur. J. 2018, 24, 13223.

For catalyst-free direct 1,2-carboboration of alkenes, see:
a) R. L. Melen, L. C. Wilkins, B. M. Kariuki, H. Wadepohl,
L. H. Gade, A. S. K. Hashmi, D. W. Stephan, M. M. Hansmann,
Organometallics 2015, 34, 4127; b) J. R. Sanzone, C. T. Hu, K. A.
Woerpel, J. Am. Chem. Soc. 2017, 139, 8404.

a) Y. Cheng, C. Miick-Lichtenfeld, A. Studer, J. Am. Chem. Soc.
2018, 740, 6221; b) Y. Cheng, C. Miick-Lichtenfeld, A. Studer,
Angew. Chem. Int. Ed. 2018, 57, 16832; Angew. Chem. 2018, 130,
17074; c¢) C. You, A. Studer, Angew. Chem. Int. Ed. 2020, 59,
17245; Angew. Chem. 2020, 132, 17398.

Reviews: a) K. A. DeKorver, H. Li, A. G. Lohse, R. Hayashi, Z.
Lu, Y. Zhang, R. P. Hsung, Chem. Rev. 2010, 110, 5064; b) G.
Evano, A. Coste, K. Jouvin, Angew. Chem. Int. Ed. 2010, 49,
2840; Angew. Chem. 2010, 122,2902; c¢) X. N. Wang, H. S. Yeom,
L. C. Fang, S. He, Z. X. Ma, B. L. Kedrowski, R. P. Hsung, Acc.
Chem. Res. 2014, 47, 560; d) G. Evano, C. Theunissen, M.
Lecomte, Aldrichimica Acta 2015, 48, 59; ¢) F. Pan, C. Shu, L.-W.
Ye, Org. Biomol. Chem. 2016, 14,9456, f) B. Prabagar, N. Ghosh,
A. K. Sahoo, Synlett 2017, 28, 2539; g) G. Evano, B. Michelet,
C.Y. Zhang, C. R. Chim. 2017, 20, 648; h) R. H. Dodd, K.
Cariou, Chem. Eur. J. 2018, 24,2297, i) B. Zhou, T.-D. Tan, X.-Q.
Zhu, M. Shang, L.-W. Ye, ACS Catal. 2019, 9, 6393; j) C. C.
Lynch, A. Sripada, C. Wolf, Chem. Soc. Rev. 2020, 49, 8543;
k) Y.-B. Chen, P-C. Qian, L.-W. Ye, Chem. Soc. Rev. 2020, 49,

Angewandte

Communications i

8897;1) Y.-C. Hu, Y. Zhao, B. Wan, Q.-A. Chen, Chem. Soc. Rev.
2021, 50, 2582; Recent example: m) S. Dutta, S. Yang, R. Vanjari,
R. K. Mallick, V. Gandon, A. K. Sahoo, Angew. Chem. Int. Ed.
2020, 59, 10785; Angew. Chem. 2020, 132, 10877.

[14] Trace amount of Cl migration product was detected. For a review
of haloboration, see: S. Kirschner, K. Yuan, M. J. Ingleson, New
J. Chem. 2021, https://doi.org/10.1039/d0nj02908d.

[15] W. Haubold, J. Herdtle, W. Gollinger, W. Einholz, J. Organomet.
Chem. 1986, 315, 1.

[16] D. Tian, C. Li, G. Gu, H. Peng, X. Zhang, W. Tang, Angew.
Chem. Int. Ed. 2018, 57, 7176; Angew. Chem. 2018, 130, 7294.

[17] M. Zhang, Y. Yao, P. J. Stang, W. Zhao, Angew. Chem. Int. Ed.
2020, 59, 20090; Angew. Chem. 2020, 132, 20265.

[18] Y. Ping, T. Chang, K. Wang, J. Huo, J. Wang, Chem. Commun.
2019, 55, 59.

[19] Y. Hu, W. Sun, T. Zhang, N. Xu, J. Xu, Y. Lan, C. Liu, Angew.
Chem. Int. Ed. 2019, 58, 15813; Angew. Chem. 2019, 131, 15960.

[20] Reviews on B-PAHs: a) A. Lorbach, A. Hiibner, M. Wagner,
Dalton Trans. 2012, 41, 6048; b) A. Escande, M. J. Ingleson,
Chem. Commun. 2015, 51, 6257; c) A. Wakamiya, S. Yamaguchi,
Bull. Chem. Soc. Jpn. 2015, 88, 1357; d) Y. Ren, F. Jikle, Dalton
Trans. 2016, 45, 13996; e) L. Ji, S. Griesbeck, T. B. Marder,
Chem. Sci. 2017, 8, 846; ) E. von Grotthuss, A. John, T. Kaese,
M. Wagner, Asian J. Org. Chem. 2018, 7, 37; g) M. Stepien, E.
Gorika, M. Zyta, N. Sprutta, Chem. Rev. 2017, 117, 3479; h) M.
Hirai, N. Tanaka, M. Sakai, S. Yamaguchi, Chem. Rev. 2019, 119,
8291;1) T. A. Schaub, K. Padberg, M. Kivala, J. Phys. Org. Chem.
2020, 33,e4022;j) S. Madayanad Suresh, D. Hall, D. Beljonne, Y.
Olivier, E. Zysman-Colman, Adv. Funct. Mater. 2020, 30,
1908677; k) X. Yin, J. Liu, F. Jakle, Chem. Eur. J. 2021, 27, 2973.

[21] a) V.M. Hertz, M. Bolte, H.-W. Lerner, M. Wagner, Angew.
Chem. Int. Ed. 2015, 54, 8800; Angew. Chem. 2015, 127, 8924;
b) V.M. Hertz, J. G. Massoth, M. Bolte, H.-W. Lerner, M.
Wagner, Chem. Eur. J. 2016, 22, 13181; c) R.J. Kahan, D.L.
Crossley, J. Cid, J. E. Radcliffe, M. J. Ingleson, Angew. Chem. Int.
Ed. 2018, 57, 8084; Angew. Chem. 2018, 130, 8216; d)J. M.
Farrell, C. Miitzel, D. Bialas, M. Rudolf, K. Menekse, A.-M.
Krause, M. Stolte, F. Wiirthner, J. Am. Chem. Soc. 2019, 141,
9096; e) K. Yuan, R. J. Kahan, C. Si, A. Williams, S. Kirschner,
M. Uzelac, E. Zysman-Colman, M. J. Ingleson, Chem. Sci. 2020,
11, 3258; f) K. Hirano, K. Morimoto, S. Fujioka, K. Miyamoto,
A. Muranaka, M. Uchiyama, Angew. Chem. Int. Ed. 2020, 59,
21448; Angew. Chem. 2020, 132, 21632; g) J.-J. Zhang, M.-C.
Tang, Y. Fu, K.-H. Low, J. Ma, L. Yang, J. J. Weigand, J. Liu,
V. W.-W. Yam, X. Feng, Angew. Chem. Int. Ed. 2021, 60, 2833,
Angew. Chem. 2021, 133, 2869.

[22] Y. Ishikawa, K. Suzuki, K. Hayashi, S. Nema, M. Yamashita,

Org. Lett. 2019, 21, 1722.

Deposition Numbers 2088017 (for 11), and 2088018 (for 12)

contain the supplementary crystallographic data for this paper.

These data are provided free of charge by the joint Cambridge

Crystallographic Data Centre and Fachinformationszentrum

Karlsruhe Access Structures service www.ccdc.cam.ac.uk/

structures.

[23

—

Manuscript received: June 8, 2021

Revised manuscript received: July 23, 2021
Accepted manuscript online: July 26, 2021
Version of record online: August 31, 2021

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH www.angewandte.org 21701


https://doi.org/10.1021/ja055396z
https://doi.org/10.1021/ja055396z
https://doi.org/10.1021/ja711160h
https://doi.org/10.1021/ja711160h
https://doi.org/10.1002/anie.200805293
https://doi.org/10.1002/ange.200805293
https://doi.org/10.1002/ange.200805293
https://doi.org/10.1002/anie.201005667
https://doi.org/10.1002/ange.201005667
https://doi.org/10.1002/ange.201005667
https://doi.org/10.1021/ja307670k
https://doi.org/10.1021/jacs.6b04646
https://doi.org/10.1021/ja506310v
https://doi.org/10.1021/ja506310v
https://doi.org/10.1002/anie.201712351
https://doi.org/10.1002/ange.201712351
https://doi.org/10.1002/ange.201712351
https://doi.org/10.1021/jacs.7b06212
https://doi.org/10.1021/jacs.7b06212
https://doi.org/10.1021/acs.orglett.9b01132
https://doi.org/10.1021/acs.orglett.9b01132
https://doi.org/10.1021/acs.orglett.5b00517
https://doi.org/10.1002/hc.20222
https://doi.org/10.1039/C1CC15628D
https://doi.org/10.1002/anie.201409800
https://doi.org/10.1002/ange.201409800
https://doi.org/10.1002/ange.201409800
https://doi.org/10.1039/C5SC03282B
https://doi.org/10.1016/S0022-328X(00)80030-3
https://doi.org/10.1002/chem.201403614
https://doi.org/10.1002/anie.201500959
https://doi.org/10.1002/ange.201500959
https://doi.org/10.1002/ange.201500959
https://doi.org/10.1002/anie.201701730
https://doi.org/10.1002/ange.201701730
https://doi.org/10.1002/ange.201701730
https://doi.org/10.1002/chem.201603234
https://doi.org/10.1002/chem.201801818
https://doi.org/10.1021/acs.organomet.5b00546
https://doi.org/10.1021/jacs.7b03986
https://doi.org/10.1021/jacs.8b03333
https://doi.org/10.1021/jacs.8b03333
https://doi.org/10.1002/anie.201810782
https://doi.org/10.1002/ange.201810782
https://doi.org/10.1002/ange.201810782
https://doi.org/10.1002/anie.202007541
https://doi.org/10.1002/anie.202007541
https://doi.org/10.1002/ange.202007541
https://doi.org/10.1021/cr100003s
https://doi.org/10.1002/anie.200905817
https://doi.org/10.1002/anie.200905817
https://doi.org/10.1002/ange.200905817
https://doi.org/10.1021/ar400193g
https://doi.org/10.1021/ar400193g
https://doi.org/10.1039/C6OB01774F
https://doi.org/10.1016/j.crci.2016.12.002
https://doi.org/10.1002/chem.201704689
https://doi.org/10.1021/acscatal.9b01851
https://doi.org/10.1039/D0CS00769B
https://doi.org/10.1039/D0CS00474J
https://doi.org/10.1039/D0CS00474J
https://doi.org/10.1039/D0CS00283F
https://doi.org/10.1039/D0CS00283F
https://doi.org/10.1002/anie.201915522
https://doi.org/10.1002/anie.201915522
https://doi.org/10.1002/ange.201915522
https://doi.org/10.1039/d0nj02908d
https://doi.org/10.1016/0022-328X(86)80405-3
https://doi.org/10.1016/0022-328X(86)80405-3
https://doi.org/10.1002/anie.201712829
https://doi.org/10.1002/anie.201712829
https://doi.org/10.1002/ange.201712829
https://doi.org/10.1002/anie.202008113
https://doi.org/10.1002/anie.202008113
https://doi.org/10.1002/ange.202008113
https://doi.org/10.1039/C8CC09024F
https://doi.org/10.1039/C8CC09024F
https://doi.org/10.1002/anie.201909235
https://doi.org/10.1002/anie.201909235
https://doi.org/10.1002/ange.201909235
https://doi.org/10.1039/c2dt30118k
https://doi.org/10.1039/C5CC00175G
https://doi.org/10.1246/bcsj.20150151
https://doi.org/10.1039/C6DT02756C
https://doi.org/10.1039/C6DT02756C
https://doi.org/10.1039/C6SC04245G
https://doi.org/10.1002/ajoc.201700495
https://doi.org/10.1021/acs.chemrev.8b00637
https://doi.org/10.1021/acs.chemrev.8b00637
https://doi.org/10.1002/adfm.201908677
https://doi.org/10.1002/adfm.201908677
https://doi.org/10.1002/chem.202003481
https://doi.org/10.1002/anie.201502977
https://doi.org/10.1002/anie.201502977
https://doi.org/10.1002/ange.201502977
https://doi.org/10.1002/chem.201602406
https://doi.org/10.1002/anie.201803180
https://doi.org/10.1002/anie.201803180
https://doi.org/10.1002/ange.201803180
https://doi.org/10.1021/jacs.9b04675
https://doi.org/10.1021/jacs.9b04675
https://doi.org/10.1039/C9SC05404A
https://doi.org/10.1039/C9SC05404A
https://doi.org/10.1002/anie.202009242
https://doi.org/10.1002/anie.202009242
https://doi.org/10.1002/ange.202009242
https://doi.org/10.1002/anie.202011237
https://doi.org/10.1002/ange.202011237
https://doi.org/10.1021/acs.orglett.9b00278
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.202107647
https://www.ccdc.cam.ac.uk/structures/?
https://www.ccdc.cam.ac.uk/structures/?
http://www.angewandte.org

