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Abstract: A copper-catalyzed regioselective, stereospecific, and enantioselective aminoboration reaction of
alkenes with bis(pinacolato)diboron and 0-acylated hydroxylamines has been developed to deliver the cor-
responding B-aminoalkylboranes, which can be important building blocks in organic synthesis. In addition,
this methodology has been applied to a formal regioselective hydroamination of styrenes by replacement of
the diboron reagent with polymethylhydrosiloxane (PMHS). The catalytic asymmetric hydroamination is also
possible by using an appropriate chiral biphosphine ligand.
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Introduction

Due to the ubiquity of amino groups in pharmaceutical targets and biologically active compounds [1], the C-N
bond-forming reaction has received significant attention as a powerful and important strategy for installing
amino functionalities into organic molecules. The nitrogen atom has relatively large electronegativity and
one lone pair. Thus, the amines generally work as nucleophiles, and nucleophilic aminations such as a S 2-
type substitution are standard protocols in the conventional C—N bond formations. On the other hand, an
umpolung, electrophilic amination with reagents of type R N*, as exemplified by chloroamines and hydroxy-
lamines, can provide a unique and complementary approach to the nitrogen-containing organic molecules
[2]. Our group [3] and others [4] have focused on the unique reactivity of the above electrophilic amination
reagents and succeed in the development of some new types of C—N bond-forming processes. As part of our
research projects in this field, we have recently developed Cu-catalyzed aminoboration [5] and hydroamina-
tion [6] of alkenes with the aid of the electrophilic amination strategy. This account briefly summarizes the
results obtained for these reactions.

Catalytic aminoboration

Organoboron compounds are ubiquitous synthetic intermediates in modern organic synthesis, because
they can be readily transformed into versatile C-C and carbon-heteroatom bonds [7]. Among numerous
approaches to organoboron compounds, transition-metal-catalyzed addition of boron functionalities to C-C
unsaturated moieties is of great importance. In particular, catalytic difunctionalizations can provide a rapid
and concise access to the densely functionalized organoboron compounds [8]. A representative approach is
an oxidative addition, in which special organoboron reagents B—E (E=B, Si, Ge, Sn, S, and C) are prepared in
advance, and then their single bonds are activated through the oxidative addition to low-valent metal centers.
A good alternative is transmetalation, in which the boron and other functionalities are incorporated from

© 2014 IUPAC & De Gruyter



292 — K. Hirano and M. Miura: Aminoboration and hydroaminaton DE GRUYTER

different components. Despite the above advances in this field, there is no report of successful simultaneous
catalytic addition of B and N groups to C—C unsaturated molecules (aminoboration).

Our scenario for the catalytic aminoboration of alkenes is illustrated in Scheme 1. The working hypoth-
esis was prompted by recent developments in Cu-catalyzed hydroboration chemistry with pinB-Bpin [9] and
current studies on umpolung electrophilic aminations [3, 4]. The catalytic cycle consists of (i) initial forma-
tion of CuO-t-Bu A from CuX and MO-t-Bu, (ii) generation of a Cu-Bpin species B via 6-bond metathesis with
pinB-Bpin, (iii) insertion of alkenes into the Cu-B bond leading to the borylated alkylcopper intermediate C,
(iv) electrophilic amination with the O-acylated hydroxylamine derivative, and (v) regeneration of the start-
ing CuO-t-Bu A by ligand exchange between CuOBz D and MO-¢-Bu [10].

We were pleased to find that the catalytic aminoboration of trans-B-methylstyrene ((E)-1a) with pinB-
Bpin and O-benzoyl-N,N-diethylhydroxylamine (2a) proceeded very smoothly even at room temperature in
the presence of a CuCl/dppbz catalyst and a LiO-t-Bu base to afford 3a regio- and stereoselectively (Scheme 2):
the boryl and amino groups were incorporated at the - and o-positions, respectively, of the styrene, and the
exclusive formation of the syn-diastereomer was observed. Both acyclic and cyclic hydroxylamines could be
employed for this transformation (3b-3f).

Both electron-rich and -deficient trans-B-methylstyrenes were tolerated under reaction conditions (3g
and 3h in Scheme 3). Moreover, the Cu catalysis was compatible with the more bulky i-Pr substituent and
oxygenated functionality at the allylic position (3i and 3j). Not surprisingly, B-unsubstituted styrenes were
also applicable substrates (3k and 31).

In the case of simple o-olefins, the xantphos ligand gave better results (Scheme 4). The regioselectivity
was not perfect, but good efficiency was retained with 1-octene (1h) and vinylcyclohexane (1i).
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Scheme1 Working hypothesis for catalytic aminoboration of alkenes with pinB-Bpin and hydroxylamines.
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Scheme 2 Catalytic aminoboration of trans-B-methylstyrene ((£)-1a).
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Scheme 4 Catalytic aminoboration of simple a-olefins 1h and 1i.

On the other hand, cis-B-methylstyrene ((Z)-1a) underwent the aminoboration under identical conditions
to form the anti-3b exclusively (Scheme 5). In addition, the cyclic (Z)-alkene, indene (1j), also afforded the
only cis-aminoborated product 30. These stereochemical outcomes confirmed the syn addition mode of the
present aminoboration. In view of the syn addition of the Cu-B bond across the alkene (step iii in Scheme 1)
[11], C-N bond formation occurs with retention of configuration (step ivin Scheme 1).

The aminoborated products 3 obtained were readily manipulated (Scheme 6). Treatment of the crude
materials with KHF, in the standard THF/H,O co-solvent system furnished the air- and moisture-stable inter-
nal ammonium borate salts 3-BF, in analytically pure forms through simple filtration. Moreover, the C-B
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Scheme 5 Catalytic aminoboration of (2)-alkenes.
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Scheme 6 Transformation of aminoborated products 3.

bond could be easily oxidized into both C-0 and C-N bonds with retention of configuration to produce the
syn 1,2-aminoalcohol 4 and diamine 5 in synthetically useful yields.

The catalytic asymmetric aminoboration was also possible (Scheme 7). Aminoboration of (E)-1a with
2a in the presence of (S,5)-Me-Duphos afforded 3a in 83 % yield with 92:8 er. Similar enantiomeric ratios
were observed for other substrate combinations (3b and 3g). Thus, we have developed the Cu-catalyzed regi-
oselective, stereospecific, and enantioselective aminoboration of alkenes with bis(pinacolato)diboron and
hydroxylamines.

Catalytic hydroaminaton

The catalytic hydroamination reaction of C-C double bonds has recently received significant attention, as
it allows relatively simple starting materials to be readily transformed into alkylamines, which are of great
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Scheme 7 Catalytic asymmetric aminoboration of trans-B-methylstyrenes.
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importance in both the fine and chemical industries. To date, numerous catalytic systems including various
transition-metal catalysts have been widely developed [12]. However, the intermolecular hydroamination of
alkenes still remains a challenge: for example, even in the hydroamination of activated styrenes, B-substituted
substrates are an inaccessible substrate class [13]. In addition, most catalytic systems reported were based on
precious metals and required elevated temperature. Thus, further development of catalytic intermolecular
hydroamination of alkenes is strongly desired.

As mentioned in the introduction part of this account, we have succeeded in the development of the Cu-
catalyzed three-component-coupling aminoboration of alkenes with bis(pinacolato)diboron and hydroxyla-
mines. In principle, the replacement of the diboron reagent with an appropriate hydride source can provide
a new catalysis for the formal hydroamination of alkenes. In this context, we focused on a hydrosilane,
particularly, less expensive and abundant polymethylhydrosiloxane (PMHS) [14]. Our blueprint is shown in
Scheme 8. Each elementary step (i—v) is analogous to that of the catalytic aminoboration in Scheme 1.

Indeed, the desired catalytic and enantioselective hydroamination of styrenes (E)-1 proceeded in the
presence of the same optimized catalyst system, CuCl/(S,S)-Me-Duphos, to form the corresponding opti-
cally active benzylamine derivatives 6 in good yields and good enantiomeric ratios (Scheme 9). Particularly
notable is the high compatibility with substituents at the B-position (6g and 6h). As pointed out above, these
B-substituted styrenes are an inaccessible substrate class in the conventional intermolecular hydroamination
catalysis.
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Scheme 8 Working hypothesis for catalytic formal hydroamination of alkenes with PMHS and hydroxylamines.
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Scheme 9 Catalytic asymmetric hydroamination of electron-rich and -neutral styrenes.



296 —— K. Hirano and M. Miura: Aminoboration and hydroaminaton DE GRUYTER

o) Ph
10 mol% CuCl [ j PR U
10 mol% (R R)-Ph-BPE N ~p P
LiO-+-Bu, THF “_R Q Ph
t, 24-48 h AF/G\H/ Ph
(R,R)-Ph-BPE

AR 4+0 N-0Bz + PMHS

(E)1 2d
1.5 equiv 3.0 equiv

) ) Q)

6i 56 %, 90:10 er 6j 83%, 91:9 er 6k 96 %, 96:4 er 61 44 %, 97:3 er

Scheme 10 Catalytic asymmetric hydroamination of electron-deficient styrenes.

On the other hand, the (R,R)-Ph-BPE ligand gave better enantioselectivities for the hydroamination of Cl-,
Br-, and CF,-substituted electron-deficient styrenes (Scheme 10). Notably, the reaction of (E)-4-trifluoromethyl-
B-methylstyrene provided the highest er value (61).

Summary

We have demonstrated a Cu-catalyzed regioselective, stereospecific, and enantioselective aminoboration of
alkenes with bis(pinacolato)diboron and hydroxylamines. To the best of our knowledge, this is the first suc-
cessful catalysis for simultaneous addition of boron and nitrogen functionalities to C-C unsaturated mol-
ecules. Moreover, this protocol has been applied to a formal and catalytic enantioselective hydroamination
of styrenes with PMHS and hydroxylamines. The Cu catalysis can overcome some limitations of the prec-
edented intermolecular hydroamination catalysis in view of substrate scope and enantioselectivity. The key
to these successes is the introduction of an umpolung, electrophilic amination strategy. Further development
of related C-N bond-forming processes is ongoing in our laboratory.
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