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Abstract: A copper-catalyzed regioselective and stereospecific
aminoboration of vinylsilanes with bis(pinacolato)diboron
(pinB-Bpin) and hydroxylamines has been developed. In the
presence of a CuCl/MeO-dppbz catalyst, the boryl group and
amino group are incorporated at the f3 position and « position,
respectively, and the corresponding [-boryl-a-aminosilanes
are obtained with good diastereoselectivity. The boryl group is
a good latent functional group, and subsequent manipulations
provide a variety of -functionalized a-aminosilanes of great
potential in medicinal chemistry. Additionally, preliminary
application to asymmetric catalysis is also described.

Organosilicon compounds are one of the indispensable
synthetic reagents and intermediates in modern organic
synthesis."! Additionally, the Si atom itself is a key element
in many functional materials and bioactive molecules. Partic-
ularly, a-aminosilanes are known to show unique biological
activity and are often incorporated in peptidomimetics, as
exemplified by angiotensin-converting enzyme (ACE) inhib-
itor and serine protease human neutrophil elastase (HNE)
inhibitor.”) The most studied strategy for the preparation of
the o-aminosilane relies on the nucleophilic silyl addition
reaction: the highly diastereoselective addition of silyllithium
to sulfinyl aldimines;***? the copper-catalyzed enantioselec-
tive addition of the silylborane to sulfonyl aldimines.[! On the
other hand, Buchwald® recently reported a copper-catalyzed
enantioselective hydroamination of vinylsilanes with hydrox-
ylamines as electrophilic amination reagents.!! This approach
is based on the nitrogen addition across alkenes and a good
alternative to the above silyl addition protocols. Despite the
above certain advances, there still remains a large demand for
further development of catalysis directed toward versatile and
highly functionalized o-aminosilanes.”) Herein, we report
a copper-catalyzed regioselective and stereospecific amino-
boration of vinylsilanes with bis(pinacolato)diboron (pinB-
Bpin) and hydroxylamines: the boryl group and amino group
are simultaneously incorporated at the (3 position and
o position, respectively, and the corresponding p-boryl-a-
aminosilanes are obtained with good diastereoselectivity. The
products can be useful synthetic platforms for highly func-
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tionalized a-aminosilanes via pinB-based post functionaliza-
tion. Moreover, preliminary enantioselective copper catalysis
with a chiral bisphosphine ligand is also developed.

On the basis of our recent studies on the copper-catalyzed
aminoboration of alkenes,® we envisioned the working
scenario for the catalytic aminoboration of the vinylsilane
(Scheme 1). Initial salt metathesis of copper salts with the
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Scheme 1. Working hypothesis of copper-catalyzed aminoboration of
vinylsilanes with bis(pinacolato)diboron (pinB-Bpin) and O-benzoyl-
hydroxylamine. Bz =benzoyl.

alkoxide base and coordination of the ancillary ligand
generates the starting L ,CuOrBu A. Subsequent o-bond
metathesis with pinB-Bpin! is followed by syn-insertion'" of
the vinylsilane to the Cu—B bond of the borylcopper species B
to generate the B-boryl-o-silylalkylcopper intermediate C.
The stereoretentive!®®! C—N bond formation then occurs
with the O-benzoylhydroxylamine!'!! to produce the desired
syn-p-boryl-o-aminosilanes along with L,CuOBz D. The
catalytic cycle is closed by the final ligand exchange with
the metal alkoxide. In the migratory insertion step (B to C),
the regioselectivity issue is encountered, but hyperconjuga-
tion between the Cu—C o orbital and proximal Si—C o* orbital
can lead to the desired regioisomer C preferably.*?

On the basis of the above hypothesis, we began optimi-
zation studies with (E)-heptenylsilane (E)-1a and O-benzoyl-
N,N-dibenzylhydroxylamine (2a) as model substrates. After
extensive screening of various reaction parameters, we were
pleased to find that the aminoboration occurred in the
presence of a CuCl/MeO-dppbz catalyst and a LiOrBu base in
THEF at room temperature, and the desired (3-boryl-c-amino-
silane 3aa was obtained in 59 % isolated yield (65% NMR
yield) with high diastereoselectivity (syn/anti=96:4).1
Expectedly, the regioselectivity could be completely con-
trolled. Additionally, upon treatment with basic aq. H,O,, 3aa
was readily oxidized into the corresponding B-hydroxyl-a-
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Scheme 2. Optimal conditions for copper-catalyzed aminoboration of
vinylsilane (E)-1a and subsequent H,0,-promoted oxidation. Bn=ben-

zyl.

aminosilane 3aa-0 in 88% yield as the single syn isomer
(Scheme 2).

Under conditions in Scheme 2, we performed the catalytic
aminoboration of various vinylsilane 1 with pinB-Bpin and
the hydroxylamine 2a (Table 1). In addition to (E)-la
(entry 1), the substrates that bear the benzyl substitution
and alkyl chloride moiety also underwent the reaction to form
the B-boryl-a-aminosilanes 3ba and 3cain 72 and 60 % yields,
respectively, with high syn selectivity (syn/anti >99:1;
entries 2 and 3).1l The catalysis was compatible with the
oxygen-based functionalities such as silyl ether and pivaloyl
ester (entries4 and 5). The terminal vinyl silane 1f was
employed for this transformation, and in this case the reaction
could also be carried out on 5-fold larger scale with a com-
parable yield, thus indicating the good reproducibility and
reliability of this process (entry 6). However, more sterically
demanding cyclohexyl-substituted 1g and (Z)-1a gave lower
yields and in the latter case moderate syn/anti selectivity
(entries 7 and 8). The substitution effects on Si were next
examined. The introduction of the Ph group generally
increased the reaction efficiency: dimethylphenylvinylsilane
1h and methyldiphenylvinylsilane 1i were converted into the
corresponding (3-hydroxyl-a-aminosilanes 3ha-O and 3ia-O
with excellent yields, following the H,O,-mediated oxidation
(entries 9 and 10). A similar positive Ph effect was observed
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o PIETERN 661 (10 molo) swe./ M
F,']/\/SlMes+ (1.5 equiv) MeO-dppbz (10 mol%) Ph 3 on SiMe,
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Scheme 3. Catalytic aminoboration of styrylsilanes.
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Table 1: Copper-catalyzed aminoboration of various alkyl-substituted
vinylsilanes 1 with bis(pinacolato)diboron and O-benzoyl-N,N-diben-
zylhydroxylamine (2a).?

pinB—Bpin

(15 equy) CUCl (10mal%) pinB aq. H0, OH
ST+ q MeO-dppbz (10 mol%) Si aq. NaOH Si
R —_— _—
BzO-NBn,  LiOfBu (3.0 equiv) THF/EtOH
1 NBn, . NBn.
2a (15equiv)  THF.RT.4h 3 RT.30min 502
Entry 1 3 or 3-O, Yield [%],"! syn/anti
pinB
A SiEts SiEt;
CsH E)1a CsH
! s © st 3aa, 59, 96:4
NBn,
pinB
2 Ph._~SiEt; 1b Ph SiEty
3ba, 72, >99:1
NBn,
pinB
Cly N SiEts 16 C'WSiEts
3 ey 4 3ca, 60, >99:1
NBny
pinB
4 TBSO Sl 4 TBSO{V);'\‘/SIEQ; 3da. 61, 5961
NBn,
pinB
PivOy 1~ SiEt PivO. SIEt
ea, 72, >99:1
NBn,
pinB
i SIEt
X SiEtz qf 3
6 3fa, 80 (73),19 -
NBn,
. pinB
- SiEt3 SiEt,
7 1 3ga, (20), >99:1
9 NBn,
pinB
3 CsHig _SiEt,
i CsH
\SSiEts (2)1a st Y sa, (21), 32:68
NBn,
OH
9 Xo-SiMePh 1h SiMe,Ph
NBn, 3ha-0, 96, -
OH
10 XSiMePh, i SiMePh,
NBn, 3ia-0,91,-
OH
l CSHH/\/SIMEPhZ 1 CsHis SIMEZ:ZO 78, >99:1
NBn, 2018799
OH

. O/\V&Meth SiMePh,
1k NBn, 3ka-0,70,>99:1

[a] Cu-catalyzed conditions: CuCl (0.025 mmol), MeO-dppbz

(0.025 mmol), 1 (0.25 mmol), pinB-Bpin (0.38 mmol), 2a (0.38 mmol),
LiOtBu (0.75 mmol), THF (3.0 mL), RT, 4 h, N,. Oxidation conditions:
aq. H,0, (30%, 0.50 mL), aq. NaOH (3.0m, 0.50 mL), THF (1.0 mL)/
EtOH (0.50 mL), RT, 30 min, open flask. [b] Isolated yields are given.
'H NMR yields are in parentheses. [c] Determined by '"H NMR of the
crude mixture. [d] 1.3 mmol scale. TBS = tert-butyldimethylsilyl, Piv=
tert-butylcarbonyl.

for the internal vinylsilane: 1j and 1k showed higher
reactivity than triethylsilyl-substituted (£)-1a and 1g, respec-
tively (entry 11 vs. entry 1 and entry 12 vs. entry 7). In
several cases where the product yields were moderate, the
starting vinylsilanes were recovered intact. The mass balance
was generally good, and we could not observe any problem-
atic side reactions.

On the other hand, (E)-styrylsilane (E)-11 afforded the
opposite regioisomer f-aminosilane 3la’ exclusively
(Scheme 3). The structure including the relative stereochem-
istry was confirmed by X-ray analysis."* Such a trend was also
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observed in the related copper-catalyzed hydroboration of
vinylsilanes,"™ and it can be explained by the effective Ph—
vinyl conjugation’” over the hyperconjugation proposed in
Scheme 1. However, to our delight, the corresponding (Z)-11
preferably formed the desired a-aminosilanes 3la with high
diastereoselectivity (syn/anti <1:99), probably because the
1,3-allylic strain of the (Z)-11 perturbed the above Ph-vinyl
conjugation. Its regio- and diastereoselectivity were also
determined by the crystallographic analysis.'¥ An electron-
donating MeO-substituted (Z)-1m also gave the anti-3ma
selectively while the highly electron-withdrawing nature of
CF; in (Z)-1n again increased the conjugation of the styrene
part, leading to the regioisomer 3na’ as the major product.

Several N,N-dialkylhydroxylamine derivatives 2 partici-
pated in the reaction with 1f Representative products are
illustrated in Scheme 4. Acyclic N-benzyl-N-methyl, N,N-

pinB—Bpin

(15equy)  CuCl(10mol%) pinB
S + ) _MeO-dppbz (10 mol%) k(SiEt3
R LiOfBu (3.0 equiv) N
1f BzO-N, " THF, RT, 4 h R R' 3
R _
2 (1.5 equiv) OH (dan)B FB™
\/snst3 \(suztg, \/S'E‘B
.
IN.
conditions RTN‘R' RZ'N\R1 R2 4 R!
3.0 3-Bdan 3-BF,
(ag. Hy0,) (cat. FeCly Hydan) (KHF>)
pinB OH OH pinB
SiEty \(suzt3 SiEty SiEts
e N Bn e Nee PN ~ipr AN
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F3B~ OH (dan)B
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3ff 35% (57%)
3fg-BF; 55% (56%)
FaB™
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KN(SiEt:1
®
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O
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® "

: O
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3i-BF; 33% (45%)

Scheme 4. Catalytic aminoboration with various hydroxylamines 2.
Isolated yields are given. '"H NMR yield in the pinB form is in
parentheses. See the Supporting Information for detailed conditions of
the derivatization of the Bpin moiety. Boc =tert-butoxycarbonyl.

diethyl, N,N-diisopropyl, and N,N-diallylamines provided the
desired B-boryl-a-aminosilanes 3 fb-3 fe in moderate to good
yields. The aminoborated products 3fc and 3 fd were rela-
tively unstable and thus purified as the -hydroxyl-o-amino-
silanes 3 fe-O and 3 fd-O after the oxidation. The N-pentenyl-
amine furnished the usual product 3 ff, thus suggesting an
aminyl radical pathway is unlikely." Although the Cu-based
system accommodated cyclic amines such as piperidine,
morpholine, acetal-protected piperidone, N-Boc piperazine,
and azepane (3 fg-3 fk), all products were sensitive to silica
gel in the column chromatography. However, we could
pleasingly isolate them as the corresponding alcohol (3 th-O,
3£j-0, and 3fk-O) or more stable boryl derivatives such as
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B(dan) (dan = 1,8-diaminonaphthyl; 3 fh-Bdan)"”! and BF,~
(3 fg-BF, and 3 fi-BF;).">"! Particularly in the last cases, the
chromatographic purification was not necessary, and simple
filtration furnished analytically pure internal ammonium
borate salts 3 fg-BF; and 3 fi-BF;.

The obtained [-boryl-a-aminosilane 3fa was readily
transformed into functionalized a-aminosilanes (Scheme 5).

OH H, (1 atm, balloon) OH
K(SiEta PA(OH),/C SiEty
NBn, MeOH, RT NH,
3fa-0 82% 4 87%
aq. H,0,, aq. NaOH
THF/EtOH, RT
pinB H, (1 atm, balloon) pinB pin®
K(smt3 PA(OH),/C K(SiEts _CICH,Br, BuLi _ SiEts
- o]
NH, MeOH, RT N
5 78% ) Ph—Br
1) MeO-NHLi Pd(OAc),/RuPhos
THF, 60 °C CsOH-OH
2) (Boc),0, RT ioxans
20, 1,4-dioxane/H,0
oy 1100°C
NHBoc
SiEt, SiEt,

NBn, 6 43% NBn, 8 81%

Scheme 5. Derivatization of (3-boryl-a-aminosilane 3 fa. RuPhos =
dicyclohexylphosphino-2',6'-diisopropoxybiphenyl.

The oxygenation (3 fa—3 fa-0O) was followed by hydrogenol-
ysis to deliver the 1,2-aminoalcohol 4 with free NH, and OH
groups. The hydrogenolysis was also directly applicable to the
parent 3fa, and the pinB-retained primary amine 5 was
obtained in 78 % yield. The MeO-NHLi-promoted amina-
tion'®” of the pinB moiety gave the corresponding diamine 6
with the orthogonal protecting groups on nitrogens. More-
over, the homologation/Suzuki-Miyaura coupling sequence
was possible, and the arylated o-aminosilane 8 was formed in
an acceptable overall yield.?!! These successful manipulations
demonstrate the high synthetic utility of the aminoborated
product 3 as a platform for the synthesis of a variety of a-
aminosilanes.

Finally, we applied this protocol to a catalytic asymmetric
reaction by using an optically active bisphosphine ligand.
Preliminary ligand screening identified (R,R)-Ph-BPE to be
a good candidate (Scheme 6). Namely, treatment of 1f with
pinB-Bpin and 2a in the presence of a [Cu(OTf)-1/2tol]/
(R,R)-Ph-BPE catalyst at room temperature afforded chiral
3 fa with 88:12 e.r.’’) Increasing the size of the silyl substituent
from SiEt; to SiMe,Ph and SiMePh, improved the enantio-
meric ratio to 90:10 and 96:4 e.r. (3ha-O and 3ia-0O). Notably,
3ia-O is a silane analogue of an optically active a-aminoacid,
serine.”! Hydroxylamines other than 2a could also be
employed, and chiral a-aminosilanes 3ib-O and 3ih-O were
obtained with 93:7 and 96:4 e.r., respectively. On the other
hand, the heptenylsilane 1j gave a moderate enantiomeric
ratio of 78:22 (3ja-0). Thus the current limitation of the
enantioselective catalyst is that internal vinylsilanes cannot be
applied.

In conclusion, we have developed a copper-catalyzed
regioselective and stereospecific aminoboration of vinylsi-
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Scheme 6. Catalytic enantioselective aminoboration of vinylsilanes.
'H NMR yield in the pinB form is in parentheses.

lanes, leading to f-boryl-a-aminosilanes in good yields. By
using the boron functionality at the § position, the products
can be useful synthetic intermediates for various o-amino-
silanes of potent interest in synthetic as well as medicinal
chemistry. Moreover, asymmetric catalysis with a chiral
bisphosphine ligand delivers silane analogues of optically
active o-aminoacids in good to high enantiomeric ratios.
Further manipulations of products, improvement of asym-
metric catalysis, and development of related electrophilic
amination reactions are ongoing in our laboratory.
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