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a-Aminoboronates: Recent
advances in their preparation and
synthetic applications
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Chapter One

1 a-Aminoboronates: Recent advances in their
preparation and synthetic applications
1.1 Abstract

As analogues of a-amino acids, a-aminoboronic acids and their derivatives are especially
useful as bioactive agents. Thus far, three compounds containing an a-aminoboronate
motif have been approved by the FDA as enzyme inhibitors, and more are currently
undergoing clinical trials. In addition, a-aminoboronic acids and their derivatives have
various applications in organic synthesis, e.g. as a-aminomethylation reagents for the
synthesis of chiral nitrogen-containing molecules, as nucleophiles for preparing valuable
vicinal amino alcohols, and as bis-nucleophiles in the construction of isoindolinones, efc.
This chapter summarizes new methodology for the preparation of a-aminoboronates,
including highlights of the asymmetric synthetic methods and explanations of the
stereoselective manners. Their applications as versatile synthetic building blocks are also

discussed.

1.2 General introduction to a-aminoboronates

Without doubt, organoboron compounds have become among of the most useful species
in chemistry due to their ease of preparation, and numerous applications in organic
synthesis, pharmaceuticals and materials science.’ In particular, as analogues of a-amino
acids, a-aminoboronic acids and their derivatives are especially useful as bioactive agents,
functional materials, and synthetic building blocks.? Bortezomib (trade name Velcade®)
(Scheme 1-1) is the first boronic acid-containing compound and the first proteasome
inhibitor to gain approval by the FDA in 2003 and by European authorities in 2004. It is
used for the treatment of multiple myeloma (a cancer of the plasma cells), and mantle cell
lymphoma (a cancer of the lymph nodes).® Vaborbactam (Scheme 1-1) is a B-lactamase
inhibitor based on a cyclic boronic acid pharmacophore. It has been used in trials
investigating the treatment of bacterial infections in subjects with varying degrees of renal

insufficiency.* Over the past few years, a rise in the number of therapeutics based on the
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a-aminoboronate motif has been accompanied by increasing efforts towards their efficient

synthesis. 225 Some exemplary structures are drawn in Scheme 1-1.

Cl
N o)
N (0] H A O
H [ j\ N /(k N J\/k
[ ~ N\)k /(‘\ \)LN B/O CO,H ‘ 2 N\)-L
N 7 'N° "B(OH), H ] Ph” "N " "N~ "B(OH),
= H Cl O O = H
Opp~ (N

0 COzH %o
Bortezomib Ixazomib citrate Delanzomib
approved by the FDA in 2003 approved by the FDA in 2015 phase Il clinical trials
proteasome inhibitor proteasome inhibitor proteasome inhibitor
‘ EH O B(OHY O B(OH),
S /, ~ = N
T 70 O
(o) ~,, ~COOH NH;
Vaborbactam Dutoglipin Talabostat
approved by the FDA in 2017 phase lll clinical trials phase Il clinical trials
Plactamase inhibitor dipeptidyl peptidase inhibitor dipeptidyl peptidase inhibitor

Scheme 1-1 Examples of bioactive compounds possessing an a-aminoborate motif.

In materials science, the Wang group reported the first water-soluble and stable a-
aminoboronic acid carbohydrate sensors which showed a significant fluorescence change
upon binding with three representative sugars, fructose, glucose, and sorbitol.® Later, they
synthesized two bis-a-aminoboronic acids using click chemistry, which significantly
enhanced the binding ability with oligosaccharides as compared to their mono-a-
aminoboronic acid counterparts (Scheme 1-2a).” In 2012, Schofield and co-workers
developed a fluorescence polarization assay for penicillin-binding proteins (PBPs) and
“serine” B-lactamases using an a-aminoboronic-acid-based, reversibly binding “tracer”.?
The tracer bound to three different PBPs with modest affinity and more tightly to the TEM1
serine B-lactamase. In addition, the tracer can be displaced by both 8-lactams and boronic

acids, which indicated its suitability for use in competition binding assays (Scheme 1-2b).
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(a) Wang, 2009 and 2010

(b) Schofield, 2012

HO

L og?
O F o}
oS e a sy
H \
oA AL TG
H H
HO

Scheme 1-2 a-Aminoboronic acids and their derivatives which serve as carbohydrate

sensors, and PBPs and serine 3-lactamase tracers.

a-Aminoboronic acids and derivatives were first synthesized by Matteson and co-workers
in the 1960s.° Recent years have seen a rapid rise in the synthesis of diverse a-
aminoboronates. This chapter summarizes the development of the methodology for the
synthesis of a-aminoboronates. Different synthetic routes are categorized by different
starting materials, e.g. alkylboronates, imines, alkenes, a-boryl isocyanates, a-amino acids,
etc. Not all examples are illustrated; only those representing a milestone were selected
(Scheme 1-3).262910 |n addition to their significant applications in drug discovery and
materials science, a-aminoboronic acids and their derivatives have various applications in
organic synthesis, e.g. as a-aminomethylation reagents for the synthesis of nitrogen-
containing molecules which are found in a wide variety of alkaloid natural products and
pharmaceuticals, as bis-nucleophiles in the construction of isoindolinones, and as
nucleophiles for addition to ketones and aldehydes to form valuable vicinal amino alcohols,
etc. Their applications as versatile synthons are summarized in Scheme 1-4, and are also

discussed in this chapter.
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Scheme 1-3 Overview of different synthetic strategies to a-aminoboronates.
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Scheme 1-4 Overview of applications of a-aminoboronates in organic synthesis.

6



Chapter One

1.3 Development of synthetic routes

1.3.1 From a-haloboronic esters

The conventional method for preparing a-aminoboronic acids was developed by the
Matteson group, and it has been used extensively in both academia and industry." Boronic
esters, containing a chiral pinanediol auxiliary, can undergo a diastereoselective
homologation with dichloromethyllithium to produce chiral a-chloroboronic esters, and
further undergo stereospecific substitution with LIHMDS yielding a-aminoboronic esters
(Scheme 1-5a)."> The stereochemistry is controlled by the substrate. The carbon
nucleophile attacks from the convex side of the alkyl boronate. The Lewis acid ZnCl, then
binds to the less hindered oxygen atom facilitating the 1,2-rearrangement depicted in
Scheme 1-5b." This protocol was successfully utilized in the enantioselective preparation
of Bortezomib from isobutylboronic acid (Scheme 1-5c¢)." Although Matteson’s protocol
afforded chiral a-aminoboronates in good yields, this procedure required several steps
(Matteson’s homologation, nucleophilic amination, deprotection of nitrogen, and

deprotection of boron) and was synthetically challenging to execute.?¢1215

(a) Matteson, 1981

L

23 ‘”‘L/ 1) LiCHCIy, -100 °C LiHMDS

o -,

o ! —_—— !
N oC CIn_B-< R oc  (TMS),NH.__B.
thé\o 2) ZnCly, -100 to 25 °C \r 0 78t025°C ( )2 \:/ (0)
CH,Ph CH,Ph
R Ph C'
Ph” B0 ’ Cl
: ol  S% guo _zncl, i rEs Q PthC B"O
o —— i u) — i
-100 °C ¢ o 001025 °C jo) 0
(c)
pinanediol \/ 1) DCM, THF, LDA, -65 °C LiIHMDS, methylcyclohexane ”, ‘”/".
/k/ Et,0, rt = AUZ 2)ZnCly, THF, -65 °C to 10 °C THF, -20 °C to rt o
B(OH 7 (TMS),N._B-~
©OHz  g79, 97% 92% Y °
CF3C00~ \/
TFA, Pry0 = NR%  TBTU, DCM “‘c, 'BuB(OH),, HCI (aq)
methylcyclohexane, -10 °C . Q 0 °Ctort MeOH/hexane, rt
H3Nv . [ \/ ~OH
68% H

Scheme 1-5 Matteson’s protocol for the synthesis of chiral a-aminoboronic acids, its

stereochemistry, and application to the synthesis of Bortezomib.
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Casar and co-workers reported an Ir-catalyzed chemoselective homogeneous asymmetric
hydrogenation of (1-chloro-1-alkenyl)boronic esters to chiral (a-chloroalkyl)boronic
esters.'® Using a modification of Matteson’s method, nucleophilic substitution of chloride in
(a-chloroalkyl)boronic esters with an equivalent of LIHMDS gave access to chiral a-
aminoboronic esters (Scheme 1-6)."” The main drawback of this method is that tedious
steps are required to prepare the starting (1-chloro-1-alkenyl)boronic esters from alkynes,
including lithiation with "BuLi, borylation with 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane, hydrozirconation with Schwartz’s reagent, and electrophilic chlorination

with N-chlorosuccinimide.'®

Casar, 2012 and 2013

Ph
A A_Ph
\/B‘\pin [Ir(cod)L]BAr" \jpin 1) LIHMDS, THF, -20 °C \;kain Ph>\\N/,7\l’
R~ R ", R
o Cl 60 ° NH3CI
Cl H,, DCM, 50 °C 2) HCI, Et,0, heptane, -60 °C 3 &
10 examples 5 examples . PPh,
65-91% yield 70-78% vyield F‘e
46-94% ee 85-94% ee <= L
— T

BArF = tetrakis[3,5-bis(trifluoromethyl)phenyl]borate

F
Bpin Bpin Bpin Bpin \©\/B£in
n Pr B Ph
Pr\/kNH3CI \/KNHacl u\/kNH\o,CI \/KNH3CI NH;CI

72%, 85% ee 78%, 93% ee 70%, 94% ee 70%, 88% ee 78%, 91% ee

Scheme 1-6 Hydrogenation of (1-chloro-1-alkenyl)boronic esters, followed by C-CI

amination for the synthesis of chiral a-aminoboronic esters.

1.3.2 From imines

1.3.2.1 Pt-catalyzed diboration of aldimines

Platinum catalysts have been widely used for the diboration of unsaturated molecules, e.g.
alkenes and alkynes.'®'® |In 2000, Baker and co-workers reported the diboration of
aldimines using bis(catecholato)diboron (Bzcat,) catalyzed by commercially available
Pt(cod)Cl,.2° This was the first catalytic synthesis of a-aminoboronate esters, even though
this method was only suitable for aryl aldimines containing bulky or electron-donating
substituents on the aryl group linked to the nitrogen atom (only three phenylaldimines were

suitable substrates) (Scheme 1-7a).
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(a) Baker, 2000

JAr Pt(cod)Cl, (3 mol %) Ar\Nchat 3 examples
\ +  Bcat N 66-95 % NMR yield
Ph enzene Ph” ~Bcat
Pr MeO
/I\t ca (;[N/Bcat N,Bcat
i
Ph” “Bcat P,Sh)\ Beat Ph/‘\ Bcat
87%? (78%)° 95% 66%

a) 'H NMR yields; b) isolated yields are given in parentheses.

(b) Morken, 2013

LIHMDS Pt(dba); (5 mol %) , PivCI By
0 THF, 30 min N-TMS| L (6 mol %), Boping pinB., ~TMS PivOH /&
o | : ——  HNYO
R”™ "H  then TMSCI R)\H toluene/THF R™ > Bpin i, 1h Py
1h rt, 14 h R” “Bpin
17 examples
58-88% yield
57:43t0 97:3 er
t F
Bu By Bu
By /&
A i No HNAO HN S0
HN™ 0 : : ; o
: Bpin Bpin A Bpin  BocHN
MeO”~ N 2
Ph
81%, 90% ee 82%, 14% ee 87%, 94% ee 65%, 78% ee 76%, >20:1 dr

Scheme 1-7 Platinum-catalyzed diboration of aldimines.

Morken et al. found that enantioselective diboration of m-systems can be catalyzed by a
chiral platinum-phosphonite complex.?’ In 2013, they achieved the enantioselective
addition of bis(pinacolato)diboron (B2pin,) to silylimines, which were generated in situ from
aldehydes, LIHMDS, and TMSCI with the chiral platinum-phosphonite complex as
catalyst.?? Desired chiral a-aminoboronic esters were obtained in moderate to good yields
(58-88%), while several steps were needed, and aliphatic aldehydes were not suitable for

this transformation (Scheme 1-7b).

1.3.2.2 Cu-catalyzed hydroboration of imines
In 2008, Ellman and co-workers reported the first example of a copper-catalyzed
hydroboration of N-tert-butanesulfinyl aldimines for the asymmetric synthesis of a-amino

boronates,? but aryl imine substrates gave the desired products in only moderate yields
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(52-61%) (Scheme 1-8a). The versatility of the N-sulfinyl a-amino boronate esters was
demonstrated by their application in the efficient synthesis of Bortezomib (28% vyield, 6
steps from N-sulfinyl aldimines) (Scheme 1-8b). Later, Sun and co-workers reported an
improved protocol for the catalytic hydroboration of imines using benzimidazole-based N-
heterocyclic carbenes (NHCs) as ligands.?* One of the significant advantages of this
approach is that the synthesis of a-amino boronic esters does not require operations to be

carried out in a glovebox.

(a) Ellman, 2008

1 § o [ R = Alkyl or Aryl
& . B ICyCuO'Bu (5 mol %) Se 12 examples
)‘N 9 2Pin2 HN" "0 52.88% yield
benzene, rt ' :
R z R/\Bpin up to 99:1 dr
(b)
By By
[} 1) ICyCuOBu (5 mol %) é 2) 4.0 M HCl:dioxane NH3ClI
NSo  + Baping HN"" 0 )\/\
)\) benzene. rt )\/\ MeOH, dioxane, rt Bpin
’ Bpin

4) 4.0 M HCl:dioxane 6) ‘BuB(OH),, pentane
DCM, 0 °C-rt MeOH, 1 N HCI (aq)

3) L-Boc-Phe-OH, TBTU Ph 5) (2-Pyrazine)COOH o Ph
PrNEt, DCM, 0 °C H ) TBTU, 'PrNEt, DCM, 0 °C-rt H
' ' N__B ' g ' N N. _B(OH
CIH;;N%( \,/ pin [ j)LN/g( \,/ (O )2
O py _ H O =
h " h

Bortezomib, 28% over 6 steps
Scheme 1-8 Copper-catalyzed enantioselective hydroboration of aldimines, and its

application to the synthesis of Bortezomib.

The Ellman group subsequently developed the asymmetric synthesis of a-amino boronates
using an air- and moisture-stable Cu(ll) catalyst.?® A variety of N-tert-butanesulfinyl imines,
including ketimines, react readily to provide a-sulfinamido boronic esters in moderate to
good yields and with high stereoselectivities. In addition, the corresponding a-sulfinylamido

trifluoroborates can be achieved in good yields via a sequential process (Scheme 1-9).
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Ellman, 2014
By CuS0y, (1.2 mol %) By Bu
Y PCy3°HBF, (1.2 mol %) é 1) KHF»(aq), MeOH, 0-65 °C é
NSSo + Bopin, HN™ 0 HN" "0
A BnNH, (5.0 mol %) - 2) SiO, buffered with NH,OH f
17\ . 2 4 17\
R" "R? 5:1 toluene/H,0, rt Rg2 Bpin Rg2 BFsNH,
with or without isolation 7 examples
7 examples 51-88% yield
58-86% yield, 94:6-98:2 dr 91:9-97:3 dr
By By Bu
! ! 5 5 o
HN TS0 HN" S0 _Ss S5 0
H B HN HN
Bpin Bpin . X BFsNH4
Bpin BF3NH,4
86%, 96:4 dr 75%, 94:6 dr 58%, 94:6 dr 87%, 94:6 dr 73%, >95:5 dr

Scheme 1-9 Cu(ll)-catalyzed asymmetric hydroboration of imines.

In 2013, Tian, Lin and co-workers developed a chiral NHC/Cu(l) system which can be used
in the preparation of enantiomerically pure a-aminoboronic esters via an asymmetric
hydroboration of aldimines.?® However, when alkyl aldimines were selected as substrates,
the corresponding products were obtained in low yields (29-40%), which the authors
suggested may be because the starting materials decomposed during the reaction.
(Scheme 1-10a). Later, using a chiral sulfoxide-phosphine ligand, the Liao group achieved
a Cu(l)-catalyzed asymmetric pinacolboryl addition to N-Boc-aldimines.?” A dramatic
counteranion effect (CI- vs BAr"-, tetrakis[3,5-bis(trifluoromethyl)phenyl]borate) on the
stereochemical course of the reaction was observed, and both enantiomers of the amino
boronic esters were obtained with high enantioselectivities. However, only one example of

an alkyl aldimine was reported, with low conversion and enantioselectivity (Scheme 1-10b).
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(a) Tian and Lin, 2013

CuCl (10 mol %) Ph Ph O
Ph Ph S BF
/[% L (12 mol %) /& 9 examples ® 4 By
N™ 70 + Bopiny HN™ S0  29-94% yield cy-Nuos
R/QH 'BUONa (24 mol %) R)"’Bpin 41-84% ee
toluene, rt, 12 h L Ph
Ph Ph Ph Ph
Ph
PN HNAO HN/gO HNAO P
HN™ ~O ) ) HN™ ~O
/JW uBMn vam -uan /J\\/JW
Ph Bpin Bpin
F OMe
82%, 63% ee 92%, 74% ee 82%, 63% ee 40%, 64% ee 29%, 84% ee
(b) Liao, 2015
CuCl (10 mol %) CuCl (10 mol %)
HN/BOC L* (12 mol %) N,Boc . L* (12 mol %) HN/BOC
| + Bpping —— PR
R™ "Bpin NaBArf (12 mol %) R KO®Bu (12 mol %) R” "Bpin
(S)-products  NaO'Bu (12 mol %) MTBE, rt, 12h  (R)-products
19 examples MTBE, rt, 12 h 8 examples
46-64% yield 44-65% vyield
60:40-98:2 er 30:70-2:98 er

.Boc

HN
HN Boc Hl;]
: S .
Ph” Bpin @/\Bpln Bpin Bpin O/LBpln

96%2 (56%)°, 94% ee  87% (46%), 86% ee  91% (62%), 86% ee  99% (65% ), 96% ee  76% (44%), 40% ee
a) 'H NMR yields; b) isolated yields.

Scheme 1-10 Copper-catalyzed asymmetric hydroboration of aldimines.

In 2018, Cheong, Scheidt and co-workers reported a highly selective catalytic
hydroboration of N-benzoyl alkyl-substituted aldimines generated in situ via deprotonation
of imine precursors, namely N-benzoyl-protected a-tosylamines, with excess Cs,COs
(Scheme 1-11a).28 This borylation was proposed to proceed via a four-membered transition
state, in which in situ formed imines underwent o-bond metathesis with a Cu-B bond. In
addition, DFT computations suggested that interactions between the oxygen in Bpin and
the ferrocene in the planar-chiral catalyst were responsible for the observed
stereoselectivity (Scheme 1-11b). This method gave desired a-aminoboronates in modest

yields (25-72%) or a-amino trifluoroborates in good yields (62-87%).
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(a) Cheong and Scheidt, 2018

MeQO
o Cat. (5 mol %) Cat. (5 mol %) o =N
)k NaOBu (6 mol %) NaOBu (6 mol %) KF, tartaric acid )k NYN
HN Ar «<——————— HN Ar + Bopin, HN™ “Ar Fe Cu
R “Bpin  C52C03 (3 equiv) TS Cs,CO; (3 equiv) 11 MeCN/MeOH, rt RJ\BFBK %Dﬁ\ & MeO
THF, rt THF, rt
12 examples 6 examples Cat.
25-72% yield 62-87% yield
70-98% ee 90-98% ee
NHB 6 Br
“ NHBz NHBz NHBz
B HN
(B] [B] M Ph/\/'\Bpin Ph” Bpin
B]
[B]=Bpin  65%,94% ee  48%, 90% ee 72%, 98% ee 46%, 98% ee 25%, 82% ee
[B] = BF:K 87% 62% 74%
(b) Proposed four-membered transition state
Bz
,\?r \N” «R ¥
L, >—Cu-B-0
/ N »
. O\é
Scheme 1-11 Chiral NHC/Cu-catalyzed synthesis of a-aminoboronates.
1.3.2.3 Cooperative organocatalysis and photocatalysis
In 2018, Xie, Zhu and co-workers reported the inverse hydroboration of aryl aldimines with

NHC boranes by means of photoredox/organocatalyst cooperative catalysis.?® Mild

reaction conditions and good functional group tolerance make this protocol practical,

although only N-aryl substituted aryl aldimines are suitable substrates. There were no

sterically congested a-amino tertiary boronates reported, and the synthesis of enantiopure

a-aminoboron compounds was not achieved (Scheme 1-12).

Xie and Zhu, 2018

[Ir(ppy)s(dtbbpy)JPF¢ (1 mol %) AR
_Ar? - BnSH (20 mol %), NaH (20 mol %) HN

‘N + NHC-BH, 2 H.MHC 33 e)1(§mp_le|s

AI.1J R MeCN, rt, hv Ar’ ‘|‘3/ 31-81% yield
R
0
Ph.
Ph. PR \H NH )b
NH

MeO,C

" T
A B NH

wow CYY ™ (7 ¥
N Ph [B]

69%

o

31% 35% 52% 58%

Scheme 1-12 Cooperative organocatalysis and photocatalysis for hydroboration of

aldimines.
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1.3.2.4 Transition-metal-free hydroboration of imines

Alkoxide anions were reported to activate Bzpin, to form a nucleophilic boron center.'¢% In
2012, Fernandez and co-workers reported the asymmetric synthesis of a-aminoboronate
esters via a organocatalytic process.®' In their study, an in situ formed adduct*®® MeO"
—Bopin, added to the C=N double bond in tosylaldimines to produce a—aminoboronate
esters. However, the role of phosphine additives, especially chiral phosphines, in the
enantioselective C-B bond formation process has not been clarified (Scheme 1-13a). In
addition, NHCs can activate B—B bonds.? The Sun group reported a facile metal-free NHC-
catalyzed hydroboration of N-tert-butanesulfinyl aldimines.®®* This method has several
inherent advantages including simple operational procedure without requiring a stringent

oxygen/moisture-free environment (Scheme 1-13b).

(a) Fernandez, 2012

PPh3 (4 mol %)

NTs Cs,CO3 (15 mol %) NHTs 6 examples
J * Boping > 20-82% F;/ield
R MeOH (2.5 equiv) R™ "Bpin
THF, 70 °C
NHTs NHTs NHTs NHTs
NHTs
Bpin Bpin ) Bpin N Bpin
CeH13)\BD'” O/\ P ‘ N P
MeO F =
62% 79% 82% 20% 68%
(b) Sun, 2013
By DBU (10 mol %) Bu
é L (10 mol %) /é 9 examples
N""S0 + Bopiny SO 65-90% yield
| MeOH, rt, 24 h ; up to 99:1
oI ~
R1J\R2 R1R2 Bpin
L
I 11
'Bu 'Bu Bu 'Bu -
S\ HN™"S0 N
- HN™ ~0
Xspm O/\Bpln /@”Bpm /©/\Bpm -
eO

88% 90%, >99:1 dr 83%, >99:1 dr

82%, 99:1 dr 68%, 69:31 dr

Scheme 1-13 Transition-metal-free hydroboration of imines.

1.3.3 From alkenes

1.3.3.1

Rh-catalyzed hydroboration of enamides

Rhodium-catalyzed hydroboration of alkenes is becoming an increasingly versatile method
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for the preparation of organoboron compounds.®* In 2015, Tang and co-workers reported
an enantioselective synthesis of chiral a-amino tertiary boronic esters by Rh-catalyzed
hydroboration of a-arylenamides (Scheme 1-14a).3® Preliminary mechanistic studies
indicated that this transformation proceeds via hydroboration rather than diboration of the
acyl imine. Reaction of bis(boryl) Rh(lll) species B with the N-H group in the substrate 1
leads to a boryl Rh(lll) hydride complex C. Subsequent alkene insertion into the Rh(lll)-H
bond and reductive elimination affords product 2 (Scheme 1-14b). The yields were
relatively low (31-72%), even though good to excellent enantioselectivities (83-99% ee)

were achieved.

(a) Tang, 2015

R’

R1
/[% [Rh((R)-BI-DIME)(nbd)IBF 4 (2 mol %) HNAO 22 examples
HN” S0 + Bgyping B 31-72% yield |MeO
“_R? DABCO (20 mol %), C¢Fs, 60 °C, 12 h Ar/YBpin 83-99% ee
Ar R?
J% A /go HNJ%O k o
HN™ O HN A
HN” 0 > A HNT 0 HN/&O
; ) Bpin Bpin pin S Boi R
Ph”\ Bpin /Ej/Y /Ej/T \ PN e\ Bpin
F3C 0
65%, 99% ee 63%, 96% ee 72%, 97% ee 57%,93% ee  40%, 83% ee  63%, 91% ee
(b) Proposed mechanism
Bp|n\
L— th B,piny
Ar/&Bpln Ar/&Bpln X
Bpln
pinB.

,L
Rh
\me >—o HN" 0

Bpln
Ar
A 1
Cc

Scheme 1-14 Rh-catalyzed hydroboration of enamides.

1.3.3.2 Cu-catalyzed hydroboration of enamides
Copper-catalyzed enantioselective hydroboration of a,B-unsaturated compounds, known
as B-borylation, is becoming a competent strategy to prepare chiral a-boronate esters.* In

2017, the groups of Xu, and Parra and Tortosa, independently and almost simultaneously
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reported the Cu-catalyzed asymmetric hydroboration of Z-B-amidoacrylonitriles, E-(-
amidoacrylates and Z-B-amidoacrylates using Bopin, with good enantioselectivities.
Enantioselectivities of the products can be effectively controlled by the configuration of the
substrates and selected chiral ligands (Scheme 1-15).3" In addition, Xu's method was
applicable to the preparation of chiral a-aminoboronates on a gram-scale without erosion
of enantioselectivities. Parra and Tortosa’s method was utilized to synthesize boron-

containing dipeptides and hemiboronates.

(a) Xu, 2017
R' CN 31 L* = (S)-DTBM-SEGPHOS
|
2 R2 N 16 examples
RTN\/ ~"cN up to 96% yield
e} CuCl/L*, NaOR o) Bpin up to 94% ee
R B,pin,, MeOH 31 L* = (S)-MeO-BIPHEP
|
2 R2 N 24 examples
Rj( N\/\cozF@ e \‘/\COZR3 up to 99% yield
0 Bpin up to 94% ee

o]
o]
I
o PAr,
o PAr, Ar = OMe
< O B
o u

(S)-DTBM-SEGPHOS

(b) Parra and Tortosa, 2017

(o}

(0] Bpin O 12 I
L CuCl (10 mol %) 5 examples
RY ﬁi (R)-SEGPHOS (11 mol %) RAH,/\)kRz 49-96% yield
o7 R? NaO'Bu (1.0 equiv) H up to 951 er PPh,
PPh,
% Bopin, (1.1 equiv) Bpin O 9 examples O
™ M 2 MeOH (4.0 equiv) 1™ 2 38-73% yield 0
R OR RN OR : R)-SEGPHOS
&3 THE. 1t 3 h R up to 95:5 er (R)-

Scheme 1-15 Cu-catalyzed hydroboration of enamides.

1.3.3.3 Cu-catalyzed hydroamination or aminoboration of alkenyl Bdan compounds
In 2015, Hirano, Miura and co-workers reported the synthesis of alkyl-substituted optically
active a-aminoboronic acid derivatives by a copper-catalyzed regio- and enantioselective
hydroamination of alkenyl Bdan compounds (dan = 1,8-diaminonaphthyl) with hydrosilanes

and hydroxylamines (Scheme 1-16a).%8

Later, the same group developed the asymmetric synthesis of B-boryl-a-aminoboronates
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via a copper-catalyzed regio- and stereoselective aminoboration of alkenyl Bdan
compounds with diboron reagents (B2pinz or BpinBdan) and hydroxylamines.3® The boryl
group at the B position can be readily oxidized to the hydroxy group upon treatment with
NaBO3-H;O affording B-hydroxyl-a-aminoboronates, which were previously difficult to

prepare (Scheme 1-16b).

(a) Hirano and Miura, 2015

0]
Cu(OAG), (10 mol %) < O Bu
(0]
R2 (R)-DTBM-SEGPHOS (10 mol %) 1 Bdan PAr, .
RIVNABdAN 4 0N+ PMHS R /\N( 0 PAr, ATF ; OMe
R3 LiO'Bu (4.0 equiv) rRZTRC [ O By
THF, rt, 4 h 25 examples 0
17-81% yield (R)-DTBM-SEGPHOS
up to 99:1 er
Bdan Bdan Bdan  CgH /\rBdan
oH13
CeH13/Y W Ph/Y N Bdan
N N N /©/Y
(] (J (] NS o e
0 o (¢} \ g
67%, 92% ee 53%, 84% ee 49%, 88% ee 80%, 80% ee 49%, 98% ee
(b) Hirano and Miura, 2016
. OH
Bapinz Bdan 5 examples
i —— )
Cu(OAc), (10 mol %) | NaBO,-H,0 Alkyl 56-73% ylelc.l
,R1 dppp (10 mol %) R N‘RZ syn/anti > 99:1
Alkyl B9+ Bz0-N
R’ LioBu, THF, 1t, 4 h _ Bdan 10 examples
| BrinBdan _ AIkyI/'\rBdan 45-94% yield
N syn/anti > 99:1
R'" °R?
OH OH Bdan Bdan Bdan
B Bdan Bdan
C6|_|13/'\‘/Bdan Ph\/krBdan Cobis dan CGH13/'\‘/ CI/\/\/'\r
NBn, NBn, NBn, ~Negn AN
66% 56% 94% 59% 67%

Scheme 1-16 Cu-catalyzed hydroamination or aminoboration of alkenyl Bdan

compounds.

1.3.4 From alkynes

Very recently, Liu, Engle and co-workers reported the preparation of chiral a-
aminoboronates via a CuH-catalyzed cascade hydroboration and hydroamination of
terminal alkynes with high chemo-, regio- and enantioselectivities.*® Mechanistic studies
showed that an alkenyl Bdan compound was a competent intermediate in this reaction,

whereas an enamine was not. This novel CuH-catalyzed asymmetric reductive 1,1-
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difunctionalization can be expected to be applied to an array of different transformations

(Scheme 1-17).

Liu and Engle, 2019

O Jq
B
CuBr (5 mol %) O PA N
(R)-DTBM-SEGPHOS (6 mol %) NR'R? r2
R + BZzONR'R?+ HBdan RTY o PAr, OMe
. Bdan
PMHS (2.5 equiv) 32 examples O Bu
LiO'Bu (3.125 equiv), THF, rt 43-89% yield R) DTBM-SEGPHOS
89-98% ee

Ph\/\/\;/NBnZ w/\/Nan Ph\/\/\/NO O—Bdan <;>‘Bdan

Bdan Bdan Bn !

Bdan Bn

80%, 96% ee 61%, 95% ee 59%, 94% ee 63%,89% ee  77%, 95% ee

Scheme 1-17 Copper-catalyzed sequential hydroboration and hydroamination of alkynes.

1.3.5 From indoles

Enantioselective dearomatization reactions have proved to be powerful and direct
approaches to access a wide variety of chiral saturated heterocycles.*! In 2018, the Xu
group reported a Cu-catalyzed asymmetric dearomative borylation of N-alkoxycarbonyl-
protected indole-3-carboxylates.*? The asymmetric nucleophilic addition of the boryl group
occurred regioselectively at the N-adjacent carbon. A variety of cyclic chiral a-
aminoboronates can be prepared in moderate to good yields with excellent diastereo- and

enantioselectivities (Scheme 1-18).

Xu, 2018

CcOo,R3®  CuCl/(R,R)-QuinoP* (10 mol %) CO,R3

R Bu
21 examples N__P
NaOMe (10 mol % ~
of N aOMe (10 mol %) ell X Boin 50-93% yield @[ \I ;
(A~ (A~ PIN 71:29-98:2 dr N F.,‘Bu

- ‘BUOH (2 equiv) | | 6896%ce :
COR Bopin,, 0 °C, toluene, 18 h CO.R (R,R)-QuinoP*
CO,Me CO,Me F CO,Pr CO,/Pr CN
©Eg<8pin @Eg—Bpin @\/&Bpin Bpin @Eg‘Bpin
N N N N N
Boc CO,Me Boc Br Boc Boc

88%, 95:5dr, 86% ee  75%, 90:10 dr, 78% ee  93%, >98:2 dr, 94% ee  52%, 16:84 dr, 78% ee  84%, 92:8 dr, 73% ee

Scheme 1-18 Cu-catalyzed asymmetric dearomative hydroboration of indoles.
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The reactivity of 2-indolylboron ate complexes in coupling reactions was initially studied in
the 1990s by the Ishikura group.®® In the presence of a Pd catalyst, 2-lithiated indoles were
coupled with trialkyl boranes and allylic acetates to give 2,3-difunctionalized indoles after
oxidative aromatization. In 2017, Ready and co-workers reported a Pd-catalyzed
asymmetric three-component coupling of boronic esters, indoles and allylic acetates, which
provided valuable heterocyclic products, namely indoles and indolines, and generated up
to three new and contiguous stereocenters.** As key intermediates, tertiary a-aminoboronic
esters were directly oxidized to the allylated indoles. These intermediates were also

deborylated with BusNF-3H.0O affording optically active indolines (Scheme 1-19).

R3
Ready, 2017 R?
H,0,/NaOH 21 examples
> N 79-92% vyield
R'  62-98% ee

@ 1 OAc  BuLi, L*PdCl,
+ in + _ >
N R'Bpin Rz’\)\ 3

R
\ THF R3
11 examples
70-84% vyield
72-98% ee

Bu,NF+3H,0

L
O (1D i, 55
PPh, PPh,

4:1-20:1 dr
OO PPh, “ PPh,
(S)-BINAP (S)-Hg-BINAP
Ph, Ph, c Ph, (

N\_ph \_Ph H \_Ph He o
N—ph -y N pp, Ph Ph
N N N N N
Me Me Me Me Me

82%, 94% ee 86%, 88% ee 75%, 70% ee 76%, 4:1 dr, 96% ee 75%, >20:1 dr, 72% ee

Scheme 1-19 Pd-catalyzed asymmetric three-component coupling of boronic esters,

indoles, and allylic acetates.

Studer and co-workers reported a similar multicomponent dearomative coupling of
indolylboron ate complexes, donor-acceptor cyclopropanes and alkyl halides with the Lewis
acid catalyst Sc(OTf)s, giving indolines containing three contiguous stereocenters.*® These
products retained the valuable boryl functional group, making subsequent functionalization

possible (Scheme 1-20).
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Studer, 2018

th\AvcozR5

R R' Li" CO,R®

o) R6X
R2 A\ Li + R3Bpin — R2 N _Bi
N N R0 Sc(0Tf);
\ \

78% 89% 55%

Scheme 1-20 Lewis acid-catalyzed dearomative coupling of indolylboron ate complex,

donor-acceptor cyclopropanes, and alkyl halides.

1.3.6 Via C-H bond functionalization
A long-standing challenge in synthetic chemistry is the direct, selective functionalization of
alkyl, alkenyl, and aryl C—H bonds, which allows the construction of C-C as well as C—

heteroatom bonds in an atom- and step-economical manner.'?

1.3.6.1 Rh- or Ir-catalyzed C-H borylation

In 2012, Sawamura and co-workers developed a heterogeneous catalyst system consisting
of [Rh(OMe)(cod)]. and a silica-supported triarylphosphine ligand (Silica-TRIP) that
features an immobilized triptycene-type cage structure with a bridgehead P atom.*® Using
this system, a-aminoalkylboronates were prepared via a site-selective borylation of N-
adjacent C(sp®)-H bonds of amides, ureas and 2-aminopyridines under mild conditions. In
their subsequent work, threefold cross-linked polystyrene-triphenylphosphine hybrids and
silica-supported tripodal triarylphosphine Silica-3p-TPP were also found to be useful
supported ligands, although the desired products were formed in low yields and the reaction

had a narrow substrate scope (Scheme 1-21a).4’

Hartwig and co-workers reported an Ir-catalyzed borylation of aliphatic C—H bonds in

alkylamines offering access to a-aminoboronate esters, which were used directly in
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Suzuki—Miyaura cross-coupling reactions.*® Synthesis of a-aminoboronate esters via Ir-
catalyzed C-H borylation was also achieved by the Li group,*® the Suzuki and Yamashita
group,®® and the Clark group.®' Although the desired a-aminoboronate esters can be
obtained in good yields and high selectivities, the substrate scope is limited (Scheme 1-

21b).

(a) Sawamura, 2012

1L Sl
» [0
R N" R [Rh(OMe)(cod)], (0.1-0.5 mol %) R N 'R Si

R

Silica-TRIP (0.1-0.5 mol %) R (5
|

SN H B,piny, hexane, 25-100 °C NN Bpin o So
AL PN I
NTOR

R Silica-TRIP
| —

0] 0] Bpin >
*L Bpin N/\Bpin /\NXN/\Bpin /\N)ko ~ N~ Bpin
) ) |
84%2 (70%)° (146%)° 92% (90%) 184% (154%) 197% (176%)
a) 'H NMR yields; b)isolated yields are given in parentheses; c) yields in excess of 100% indicate that

the byproduct HBpin also functioned as a reagent.

(b) Hartwig, 2014

K\NAH (78-mes)Ir(Bpin)s, Mesphen {(\N/\Bpin} Pd(dba),, Q-phos (\N Ar éef;rgglgls
o,

Y- Y- 45-85%
Bopiny, n ArX, CsF yield
(\N/\©\ C/\l/\©\ K\N/\Q
|
ot /\©\ O /\©\ /N\) OMe ome O~ s
83% 2% 70% 55% 69%

Scheme 1-21 Rh- or Ir-catalyzed C—H borylation for the synthesis of a-aminoboronates.

1.3.6.2 Base-mediated C—H borylation

In 2018, Negishi, Xu and co-workers reported a highly efficient and enantiospecific
borylation method to synthesize a wide range of enantiopure (> 99% ee) tertiary a-amino
boronic esters.5? This protocol has several advantages, including high enantiospecificity,
complete retention of configuration, and gram-scale synthesis without erosion of
enantiospecificity. While effective, the strongly basic conditions presented chemoselectivity
issues and limited the functional group compatibility. In addition, chiral substrates are

required for this two-step reaction (Scheme 1-22).
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Xu and Negishi, 2018

3 . . 3 3
RN-PC *Buli (1.2 equiv) Rn-PC HBpin (1.5 equiv) RN-PC
RTTH Et,0, -78 °C, 0.5 h RITRH -78°C,25h R1TBpin
f
/oJ;Bu j\\fBu iBu iBu M isu
N N N0 ~ \ N So
NSo YN0 . TBDPSO N™ "0
1 . Bpin L< j . /B
Ph/TBpin Ph/VBpin Ph P Bpin F@ Bpin
97%, >99% ee 95%, >99% ee 92%, >98% ee 51%, >50 dr 88%, >50 dr

Scheme 1-22 Base-mediated stereoselective C—H borylation for enantiopure a-amino

tertiary boronic esters.

1.3.6.3 Rh-catalyzed intramolecular C—H amination

Yudin and co-workers reported a rhodium-catalyzed intramolecular C—H amination of alkyl
MIDA boronates for the preparation of cyclic a-amino boronates.5® In the case of aryl boryl
sulfamates, a single regioisomer was isolated, whereas alkyl sulfamate esters provided a

mixture of five- and six-membered ring products (Scheme 1-23).

Yudin, 2015
Bmipa
n=0 Ar 0 4 exaomp[es
Rh,(esp), (2.5 mol %) R = Ar HN\”S\\O 71-89% yield
Bumina PhI(0,C'Bu), (1.25 equiv)
RM/\/OSOZNH2
" MgO (2.5 equiv) Bmipa Buina
PrOAc, 45 °C 4_ - R + R\/\/\o 4 examples
_
R=ArorAlkyl  HN___.O HN\”s’\\O 71-89% yield
N, o)
Bmipa Bumipa o E}MIDA ?MIDA Buion
S5 ~Ss HN._..O HN.__O HN-g
39 pn 4o >SS oS¢ $%
o o o
78% 1% 58%,>20:1dr  32%,2:1dr 20%

product distribution: 1.7:1

Scheme 1-23 Rh-catalyzed intramolecular C—H amination.
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1.3.7 Miscellaneous routes

1.3.7.1 Allylic amination

Berrée et al. developed a regiocontrolled Mitsunobu reaction converting (3-hydroxy-1-
propen-1-yl)boronates to a-aminoboronic esters, which can be used in the allylboration of
aldehydes (Scheme 1-24a).5* The Overman rearrangement is another route to synthesize
allyl a-aminoboronates, which was achieved by Pietruszka and co-workers in 2008
(Scheme 1-24b).%° Later, Carreaux et al. reported a novel route to a-isocyanato allylboronic
esters via a [3,3]-sigmatropic cyanate-isocyanate rearrangement giving access to a-

aminoboronic esters (Scheme 1-24c).%®

(a) Berrée, 2009

i PPh3, DTBAD pinB A
plnB\/\’/ . H\/ 3 W

OH Ts” THF, 0 °C to rt TS/N\//
69% yield
(b) Pietruszka, 2008
CXs
NH X =Cl
Ph HN 0] microwave, 170 °C, 16 h
XSCJ\O/\/\?%H‘ 1,2-dichlorobenzene N o Ph 67% yield, 59:41 dr
0—/ OMe B Ph
5 Overman rearrangement 0 OMe X=F
—OMe " 176 °C, 11 h
Ph ph /N "OMe 209 yield, 55:45 dr
Ph ph

(c) Carreaux, 2013

TEA (2.0 equiv)
0O ! .0 R
g Q-PPh; (2.5 equiv) .C*" | alcohol, amine K 7 examoles
/OK/N\HZ /\/’1 Toreen /\i"t 0o 60-81%?/ield
) CBry4 (2.8 equiv) N . or Ac )
= Bpin CH20|2 Bpin X Bpin

Scheme 1-24 Synthesis of allyl a-aminoboronates via Mitsunobu reaction or Overman

rearrangement.

Ir-catalyzed allylic amination of 3-hydroxy-1-propenylboronate derivatives was developed
by Carreaux and co-workers for the preparation of allyl a-aminoboronates.
Organotrifluoroborate substrates were found to be better than their boronic ester analogues

in controlling the regioselectivity exclusively in favor of branched products (Scheme 1-25).%7
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Carreaux, 2011

[Ir(cod)Cl], (2.5 mol %), OO
0, 1 2
L (5 mol %) R‘N’R o /

Et0,CO0" > “BF,K P PN
R'R2NH (3 equiv) BF;K

0" A\
DBU (10 mol %), CPME, rt O‘ L
‘\
_N o
() A
] (

N
\/‘\BF3K \)\BF:;K

\/‘\ N
PR S Agr \/IT\BF K
3

79% 84% 82% 82% 60%

Scheme 1-25 Ir-catalyzed allylic amination strategy to allyl a-aminoboronates.

1.3.7.2 Curtius rearrangement

In 2012, Yudin and co-workers reported a EtsN-mediated Curtius rearrangement. This
process allows access to a new class of molecules, namely a-boryl isocyanates, from a-
borylcarboxylic acid precursors and diphenylphosphoryl azide (DPPA). These novel,
bench-stable molecules enabled mild and convenient access to a wide range of a-
aminoboronic acid derivatives, including carbamates, ureas, and peptides. Additionally, this
methodology allows for the facile preparation of a,a-disubstituted analogues.®® The fact that
the starting materials require multiple steps to prepare is a weakness of this protocol. The
same group subsequently prepared bench-stable a-boryl isocyanides from corresponding
a-isocyanates. These novel amphoteric reagents can be used in a one-step synthesis of
boroalkyl-functionalized heterocycles as well as biologically active boropeptides via an Ugi

four-component reaction and Passerini three-component reaction (Scheme 1-26).%°
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Yudin, 2012 to 2014

. B(OH),
HCl,q, MeCN, 23 °C 2 examples
R1R2 NH,CI quantitative yield
Bwmipa DPPA, Et;N, MeCN, 50 °C Bwmipa 23 BuioaQ
- BN, ' R2R°NH, THF, 23 °C A~ R 6 examples
R ONT N - i

R1R2 COOH  curtius rearrangement R1R2 NCO R2 H e 30-95% yield

HSICl, R*OH, CuCl, DMF, 23 °C BuinaQ 5 examples

Et;NH R2=H RN DORS 67-90% yield
DCM
0t023°C
R,=H

R®-CHO, NH3, R8-COOH, TFE, 23 °C BuioAQ
N. _R7 9 examples
RN j( 55-92% yield
Ugi four-component reaction H RE O
BMIDA
R °NC o
RS-CHO, R®-COOH, DCM, 23 °C BumioA
o. RY 13 examples
RN j( 7-93% vyield
Passerini three-component reaction H R® O
BumipaQ B N
"N & BMIDﬁOL /Q”'DAFmOC Buol) [ ] BuioaQ
Ph™ "N~ "N~ _Et  "Bu” "N~ N X o
H H Ph/\/‘\N N H N N N)S/ T(\Ph
H | H H
Et o} Ph O
Ph
1% 93% 7% 55% 81%
Scheme 1-26 Yudin’s protocols for facile synthesis of a-aminoboronic acid derivatives.

1.3.7.3 Reductive amination of acyl boronates

Acyl boronates have been proved as important intermediates in several transformations.®

In 2016, the Yudin group reported the synthesis of a-aminoboronates from acyl boronates

via previously unknown boron-containing iminium ions.®' Using a-boryl aldehydes as

substrates, the corresponding 8-amino boronic acid derivatives can be prepared under mild

conditions. In 2018, Bode and co-workers improved this reductive amination of acyl

boronates. Potassium acyltrifluoroborates (KATs) were utilized in Bode’s method. Via

Grignard addition, intermediate trifluoroborate-iminiums (TIMs) were transformed into

sterically demanding a-aminoboronic acids that were difficult to synthesize before (Scheme

1-27).2
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Yudin, 2016 and Bode, 2018

i R2+_R3
KBH, (0.5 equiv) j‘\‘H 8 examples
. i 71-100% yield
CH5CN/MeOH, 0 °C, 0.5 h R OBF,
2 3
0 2 3 AcOH or HCI R:F.R
- R\H,R ‘N ) ]
R “BF;K CHACN, 1t, 1 h R OBF, A
R*-MgBr, THF, -78 °C or RIN-R
J[\\H 17 examples
) = 63-96% yield
R*-Br/PrMgCI/LiCI, THF, 0 °C R g4 BFs
\ﬁ/ H\ﬁ/ ©) Cﬁ;\
H H ® N H
o O N H o S
BFs BFs Ph\/\"i/K@ BF, BFs
E F BF; Y E 7\
F N
94% 97% 71% 92% 68%

Scheme 1-27 Reductive amination of acyl boronates.

1.3.74 Electrophilic aminations of gem-borazirconocene alkanes or gem-
diborylalkanes

In 1996, Srebnik and co-workers reported the selective and electrophilic amination of gem-
borazirconocene alkanes with O-mesitylsulfonyl hydroxylamine (MSH) under mild
conditions (THF as solvent, and ambient temperature), giving an a-aminoboronic ester in

a reasonable yield (51% over 2 steps) (Scheme 1-28a).%3

(a) Srebnik, 1996
ZrCp,CI MSH NH Ac,0 NHCOCH;4

Bpin THF, rt Bpin Bpin

51% (over 2 steps)
(b) Hirano and Miura, 2019

TMS TMS
Cu(OAc), (x mol %)
B 1 p2  TMS-dppbz (x mol %) KHF, (10 equiv) R1® R2
i . R 2 Hj“\@ ™S ™S
|
R [B] OBz LiO'Bu, THF, rt, 24 h THF/H,O, rt, 2 h R”BF, TMS P\CU,P TMS
R = Me or H, [B] = Bpin, x = 5 (10 examples) O'Bu
R = other alkyl groups, not including methyl and benzyl, [B] = Bneop, x = 10 (9 examples
yl group including y zyl, [B] P, X (9 examples) ™S ™S
L TMS-dppbz J
Bu.®_Bn
® By.® By @ By . ® SN”
B;:N,Bn B::N/\/ B::’\[Bn B::N/Bn o 5
S) © S) ) BF
/‘\BF3 )\BF3 BF; BF3 °
91% 76% 73% 76% 36%

Scheme 1-28 Electrophilic aminations of gem-borazirconocene alkanes and gem-

diborylalkanes.
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Very recently, Hirano, Miura and co-workers reported the preparation of a-aminoboronates
via a Cu-catalyzed electrophilic amination of gem-diborylalkanes with hydroxylamines.5*
The reactivity of neopentylglycol boronate esters is higher than that of pinacolate

analogues (Scheme 1-28b).

1.3.7.5 Decarboxylative borylation

Alkyl carboxylic acids represent an ideal precursor to boronic acids, because they are
present in a myriad of natural products and medicines. In 2017, Baran and co-workers
reported a Ni-catalyzed decarboxylative borylation of N-hydroxyphthalimide redox-active
esters giving high-value alkyl boronic esters. Using native peptides as starting materials,
diverse a-aminoboronic acids and derivatives, including bioactive Ixazomib and
Bortezomib, can be prepared smoothly (Scheme 1-29).% In addition, three a-aminoboronic

acids synthesized by that group are human neutrophil elastase inhibitors.

Baran, 2017
NiCl,+6H,0 (10 mol %)
R2 L (13 mol %)
R2 MgBr,+OEt; (1.5 equiv) R2 R2?
k. activation HNAO o THF/DMF /g BCls, DCM I8 MeQ OMe
HN™ 70 1 0. 0O ——— HN" "0 7 N\ —
N R N [Bzpin; (3.3 equiv), k MeOH | L L Y
R “SCOOH o) MeLi (3.0 equiv)] R “Bpin -78°Ctort R' “B(OH), N N
o pre-complexed
0°Ctort,2h
Cl
H o) B(OH)2 [ o B(OH)2
N BP'” BocHN/Hf \(Bp'” YBpm NI A pr L_tpr
Boc cl O
Ixazomib Bortezomib
66% 67%, 1:1dr 63%, 2.6:1dr 32% (over 2 steps) 28%, 5.1:1 dr (over 4 steps)

Scheme 1-29 Decarboxylative borylation.

1.4 Synthetic applications

a-Aminoboronic acids and their derivatives also represent synthetically useful building
blocks in organic synthesis. Rapid development has taken place in the past few years, as

summarized in Scheme 1-4.
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1.4.1 Retaining the a-aminoboronate core structure

a-Aminoboronic acids and their derivatives have played a unique role in drug discovery
and have emerged as privileged pharmacophores in proteasome inhibitors. Thus,
functionalization of a-aminoboronates at the N or B atom represents potentially powerful

means by which to enrich the library of aminoboronic acids.

1.4.1.1 Functionalization at the N atom
Facile and mild condensation of a-aminoboronates with peptides offers access to bioactive
peptide chain-containing a-aminoboronates. The concise synthesis of Bortezomib

exemplified the versatility of this strategy (Scheme 1-30).'42

N\~ TBTU, CH,Cl, /"— M/’—. ‘BuB(OH),, HCI (aq)
0 °Ctort MeOH/hexane, rt
\/ H
\/ ~0 0
87% 80%

Scheme 1-30 Synthesis of peptide chain-containing a-aminoboronic acid derivatives.

Sun et al. synthesized a series of stable a-aminoboronic esters using
bis(pinanediolato)diboron (B2pnd2) as the boron reagent, catalyzed by a triazole-based
NHC and copper(l) chloride. Functional groups such as chloride were tolerated. Treatment
of a chloride-substituted a-aminoboronic ester with base led to cyclization and gave the N-
cyclic product. After a mild deprotection, a proline equivalent of an aminoboronic ester was
obtained in 90% yield. Thus, a convenient method for preparing N-cyclic aminoboronic acid

derivatives was presented. (Scheme 1-31).%6

Sun, 2014

.S

N"" 0 :
H H rt, 0.5 h, 90% Bpnd
o , t, 6 h, 83% <:\ ,0.5h,
\/\/\Bpnd Bpnd

\‘/ NaO'Bu, DMF \‘/ HCI, MeOH <:N\Hzc:|

Scheme 1-31 Synthesis of N-cyclic aminoboronic acid derivatives.
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1.4.1.2 Functionalization at the B atom

Yudin and co-workers reported that the MIDA group can be removed from a-
aminoboronates under aqueous basic conditions to afford the corresponding boronic acids.
Under the deprotection conditions, hydrolysis of the ester also occurred, followed by
condensation of the resulting hydroxyl group with the newly formed boronic acid. This
process provided access to the disubstituted hemiboronate 6-boromorpholinone, which
was found to inhibit chymotrypsin-like enzymes selectively with an 1Cso value of 19 nm

(Scheme 1-32a).%°

In 2017, Parra, Tortosa and co-workers synthesized a series of chiral a-aminoboronic
esters via the asymmetric hydroboration of alkenes. With these products in hand,
hemiboronates can be prepared by hydrolysis of the pinacol boronic ester. An N-Boc-
protected derivative was transformed into a primary a-aminoboronate, which was used to

synthesize various of functionalized hemiboronates (Scheme 1-32b).3"°

(a) Yudin, 2013

NP ONGRION
N)H/\Ph NaOH )\i l Ph anti-product

H —_—— o .
0 Ph THF/H,0 H o 79% vyield
syn-substrate QO 23 °C, 10 min
(b) Parra and Tortosa, 2017
HO,
R =Ph (e} B-O
' L o
O Bpin O iBU(OH), Ph H
" Ot tane, MeOH, HCl(aq) HO
pentane, MeOH, aq . "
R=0Bu 80

CIH;NY

Scheme 1-32 Deprotection for the preparation of hemiboronates.

1.4.2 Not retaining the a-aminoboronate core structure

1.4.2.1 Suzuki—Miyaura cross-coupling

In 2007, Molander and co-workers described the Suzuki—Miyaura cross-coupling reaction
of N,N-dialkylaminomethyltrifluoroborates with both electron-rich and electron-poor aryl

bromides vyielding a variety of useful nitrogen-containing molecules.®” However, this
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Suzuki—Miyaura reaction has a limited aminomethyltrifluoroborate substrate scope, as only

unbranched potassium dialkylaminomethyltrifluoroborates are suitable coupling partners.

Later, the same group extended their aminomethylation reaction to more stable and less
expensive aryl and heteroaryl chloride electrophilic partners.®® The generality of this

reaction with aryl iodides, triflates and alkenyl bromides was also examined.

Aminomethyl moieties appear in many biologically active molecules, so the Molander group
synthesized potassium Boc-protected aminomethyltrifluoroborate, which is air-stable and
can be considered as a primary aminomethyl equivalent. Using this trifluoroborate, and aryl
or heteroaryl chlorides, a wide variety of aminomethylarenes can be prepared via Pd-
catalyzed Suzuki—Miyaura cross-coupling in good to excellent yields.®® This reaction was
expanded to other electrophiles, e.g. aryl and hetaryl mesylates™® and sulfamates.”
Potassium Boc-protected secondary aminomethyltrifluoroborates were synthesized and
utilized in Suzuki-Miyaura cross-coupling reactions giving access to secondary

aminomethylated arenes after Boc removal (Scheme 1-33).72

Molander, from 2007 to 2013

R (Het)Ar—X _[Pdl R
+ et)Ar—
2N~ BFsK o~ (HehAr
X =Cl, Br, |,
R' = R? = Alkyl OTf, OMs or

R'=Boc, R?=Hor Alkyl O0SO;NMe,

"Bu.
N | CHO N/\T/ Boc~\ " pn Boc
/ Ph H O
OMe

85% 80% 80% 91% 92%

Scheme 1-33 Suzuki—Miyaura cross-coupling for the synthesis of diverse amines.

In 2010, Ohmura, Suginome and co-workers developed a highly stereospecific Suzuki—
Miyaura coupling of enantiopure a-aminoboronic esters with aryl bromides and chlorides.”
This coupling proceeds with inversion of configuration, which is unusual. It was proposed
that backside attack of the palladium complex on the a-carbon atom of a-aminoboronic

ester is preferred because of strong intramolecular coordination of the amide oxygen atom
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to the boron center (Scheme 1-34a).

(a) Ohmura and Suginome, from 2009 to 2018

additive: PhOH J% Inversion
HN™ “O 5 examples
Pd(dba), (5 mol %) R ar up to 99% es
/g Xphos (10 mol %)
AN "0+ Ar—Br  — | K,COs (3 equiv)
R Bpin additive .
toluene, 60-80 °C HN/KO Retention
6 examples
- P i /'\ up to 93% es
additive: Zr(O'Pr)4* 'PrOH R™ Ar
H’é‘ko J%o HN/RO J*

Hu/go HN HN™ 0
CF MeO OMe MeO

3

67%, 98% es 83%, 94% es 75%, 98% es 67%, 78% es 71%, 85% es
(b)
- - .e .
/ e / e 2y. L ! —_— HN (6]
A B\/o A BI/O L(Ar2)-Pd 1} Bo \
0 0 Arl H /O\> ArTOAR
phenol” phenol

!
L X 7™ .

J o — — HN — HN” o
"B PR fet--507] B
\ Arr— 70 Ar'” AR
o)
o L(Ar?)Pd--Y

Scheme 1-34 Palladium-catalyzed asymmetric Suzuki-Miyaura coupling of a-

Ar

(acylamino)boronic estes, and effects of acidic additives on the stereochemical course of

the reaction.

Soon after, they reported remarkable effects of acidic additives on the stereochemical
course of the Suzuki—Miyaura coupling of enantioenriched a-aminoboronic esters.’
Addition of phenol made this coupling highly enantiospecific (inversion), while in the
presence of Zr(O'Pr)s'PrOH, the stereochemistry was retained. In their proposed
mechanism, the coordination of phenol to the oxygen atom of the pinacol ligand enhanced
the intramolecular amide O-B coordination, which enhanced enantioselectivity in the
coupling which proceeded with inversion. In contrast, cleavage of the intramolecular

coordination by competitive coordination of Zr(O'Pr)s’PrOH to the amide oxygen atom
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resulted in the formation of a conventional transition state, which led to a stereoretentive

transmetalation (Scheme 1-34b).

Recently, the same group achieved the Suzuki—Miyaura cross-coupling of nonbenzylic a-
(acylamino)alkylboron compounds with aryl halides.”® Chiral 1-arylalkyl amides were

prepared with inversion of configuration promoted by a Pd/PCy.Ph catalytic system.

a-Aminoboronic esters have been shown to be competent coupling partners in transition
metal-catalyzed reactions, allowing convergent, asymmetric assembly of chiral amine
products. In Liao’s work, an aryl trifluoromethanesulfonate coupled stereoselectively with a
chiral a-aminoboronic ester to yield a Boc-protected chiral amine in a high yield and a good
enantiomeric ratio.?’” An effective and mild deprotection process gave access to a chiral
amine, which can be used in the synthesis of (R)-Cetirizine, a histamine H1 antagonist

(Scheme 1-35).76

Liao, 2015

.Boc OTf pg,dbas (5 mol %) H,

co
HN XPhos (20 mol %) L ref [ j 2
. +
©A8p|n KoCO3, PhOH “ ) NaOH (aq)
al toluene, 80 °C,18 h cl Cl
(R)- er=973 -, 85%, er = 95:5 -, 85%, er = 95:5 ol
(R) -Cetirizine

Scheme 1-35 Suzuki—-Miyaura coupling of a-(acylamino)benzylboronic estes, and its

application to the preparation of (R)-Cetirizine.

1.4.2.2 As bis-nucleophiles for the synthesis of isoindolinones

a-Aminoboronates are interesting compounds as they contain geminal nucleophilic centers.
To utilize the bis-nucleophilicity of both the nitrogen atom and the C-B bond, Dumas and
co-workers achieved one-pot amination/arylation of a-aminoboronates with 2-
bromobenzoyl chlorides leading to isoindolinones.”” This reaction was performed in the
presence of a catalytic amount of CuCl,. However, using chiral a-aminoboronates as

substrates, only racemic products were obtained (Scheme 1-36).
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Dumas, 2016
CuCl, (10 mol %)

o bpy (20 mol %) o]
NH5CI i
%\ 3 . o Cs,CO3 (2.0 equiv) N o 15 examples
. _QB9/ vi
R1R2 Bpin R H,O0 (4.0 equiv) 31-95% vyield
Br DCE/toluene, 50 °C R' g2
o
0}
o 0 HN O o
Ph Ph Cl O Ph
Br
93% 85% 79% 88% 31%

Scheme 1-36 As bis-nucleophiles for the synthesis of isoindolinones.

1.4.2.3 Addition to C=0 double bonds

Ellman and co-workers reported the first Rh-catalyzed addition of a-amino trifluoroborates
to aryl and alkenyl trifluoromethyl ketones for the asymmetric synthesis of vicinal amino
alcohols, which are common in drugs and natural products as well as ligands for

asymmetric synthesis (Scheme 1-37).7®

Ellman, 2014

NHR o) [Rh(cod)(MeCN),]BF 4 NHR R = 50'Bu, $0,Bu, Piv, COCF;

P + Ar . R 15 examples
Ar” "BF3NH, R™ "R 6:1 DCE/EtOH, 50 °C HO Re  41-87% yield, 5:1 to 95:5 dr

Bu Bu ‘Bu CF3 Bu
_S. 0=S. 2\ 2\ _S.
07 NH g NH 07 "NH 0" o7 M
- x_Ph ~_Ph ~_Ph ~Ph ~_Ph
65%, 12:1 dr 72%, 22:1 dr 87%, 5:1 dr 41%, 6:1 dr 62%, 1.7:1 dr

Scheme 1-37 Addition of a-amino trifluoroborates to ketones and aldehydes for the

asymmetric synthesis of vicinal amino alcohols.

In 2015, Tang and co-workers reported that an a-aminoboronic pinacol ester reacted with
4-nitrobenzalaldehyde in the presence of KHF, and a rhodium catalyst, followed by DMP
oxidation, producing an a-acetylamino ketone in 68% overall yield with 99% ee (Scheme
1-38a).%° Berrée et al. reported the synthesis of allyl a-aminoboronates, which then added

to aldehydes to give homoallylic alcohols (Scheme 1-38b).>* Additionally, trisubstituted
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tetrahydrofurans were prepared via an allyl addition/intramolecular cyclization sequence

(Scheme 1-38c).%¢

(a) Tang, 2015

J% NO, NO,
N KHF2, 4-NOz-CgH,-CHO Ach Y 68% (over 2 steps)
B —_— 100% es
Rh(cod)Cl Ph Ph
Ph/vain [Rh(cod)Cl],

OH O

(b) Berrée, 2009

pinB._~ PPhy, DTBAD | PINB._~X PhCHO : o
SN, BT N (Y\Ph 53% yield
OH H TR o°Ctort | gyNoge | then INNayCOs THE o

Bn” "Ts
(c) Carreaux, 2013

R2
= Bpin R?-CHO o 4M HCl in dioxane
1 R2 : A o)
NHCOR CH,Cl, H NHCOR! CH,Cl,
NHCOR!

HN CsHyy HN Ph )
Y

o 0 NO,
O%\OMe O%\OMe Q
67% 61% 80%

Scheme 1-38 Addition to C=0 double bonds for the synthesis of a-acetylamino ketones,
homoallylic alcohols, and trisubstituted tetrahydrofurans. es = enantiospecificity, [ee of

product / ee of starting material]x100%.

1.4.2.4 a-Aminomethyl radicals generated under photoredox conditions

Organotrifluoroborate derivatives are excellent radical precursors because of their high
stability, low toxicity, and functional group tolerance.” In 2014, Koike, Akita and co-workers
described the photocatalytic aminomethylation of electron-deficient alkenes with a-amino
trifluoroborates giving access to biologically active y-aminobutyric acid (GABA) derivatives

(Scheme 1-39).80
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Koike and Akita, 2014

[Ir(dF(CF3)ppy)2(bpy)I(PFe) (2 mol %)
BocHN.__ BF3K+ X EWG BocHN . _~_ EWG
acetone/MeOH, rt, blue LEDs (425 nm)

16 examples
31-91% vyield

| [I(dF(CF3)ppy)a(bpy)I(PFe) |

H Ph O
0 H NP
H H H ‘ /N
H _N oN N\/O:o \/\/Q Boc OEt
Boc” MOMe Boc” Boc” Boc X
(6] OEt

85% 69% 54% 79% 91%

Scheme 1-39 Photocatalytic aminomethylation of electron-deficient alkenes with a-amino

trifluoroborates.

(a) Molander, 2016

R [Ir(dF(CF3)ppy)2(bpy)I(PFs) (2 mol %) R
H o 0, 0,
Boc. o Ni(NO3),*6H,0 (5 mol%), L (10 mol %) Boc. O 33 examples
N + (het)Ar—Br N 31-90% vield
J 2,6-lutidine (3.1 equiv) oY
KF3B hv, EtOAc, tt, 5-8 h (het)Ar
OMe
OMe Boc\ OMe OMe Boc\
Boc. M
oc N OMe
0
H,NO,S
65% 78% 71% 80% 90%
(b) Molander, 2019
4CzIPN (2.5 mol %)
dioxane, blue LEDs
B
Ci '
R-Br TolSO,CN @ Br o X -S0zPh SO CN o
3
NS
N

CN \ o CN F
(m oY
oy oy o =
=
N‘B/Ph
=
Scheme 1-40 Photocatalytic aminomethylation for the synthesis of chiral benzylamines,

and the functionalization of 2,1-borazaronaphthalenes.
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In 2016, Molander and co-workers reported photoredox-generated chiral a-aminomethyl
radicals from enantiopure N-trifluoroboratomethyl amino acids using a synergistic iridium
photoredox/nickel cross-coupling dual catalytic system and their subsequent a-arylation
with aryl bromides for the preparation of enantiopure benzylic amines (Scheme 1-40a).8"
Recently, the same group applied this single-electron transfer strategy in the
functionalization of 2,1-borazaronaphthalenes, e.g. arylation, cyanation, Minisci-type
alkylation, desulfonative alkylation, Michael addition and defluorinative alkylation, giving

access to a diverse set of N-functionalized 2,1-borazaronaphthalenes (Scheme 1-40b).82

1.4.2.5 Protodeboronation

Although protodeboronation is a well-known and typically undesired side reaction, it can be
useful in some synthetic procedures, e. g. the stereospecific installation of a proton at chiral
centers.® Tang and co-workers reported a protodeboronation of an a-aminoboronic ester
to yield the corresponding chiral tertiary amine by treatment with TBAF-3H.O (Scheme 1-
41).%

Tang, 2015

NHAc  TBAF:3H0 NHAC

_ =

Ph™ "Bpin  toluene, rt, 3 h Ph™ H

99% ee 96% yield
94% ee

Scheme 1-41 Protodeborylation for the synthesis of chiral amines.

1.4.2.6 Homologation for the synthesis of B-aminoboronates and 1,2-amino
alcohols

a-Aminoboronates were also applied in the synthesis of [-aminoboronates via
homologation with bromochloromethane/"BuLi (Scheme 1-42).3'468 Treatment of -
aminoboronates with NaOH/H-O; resulted in the formation of the corresponding 1,2-amino
alcohols. This provided a new approach to the asymmetric synthesis of 1,2-amino alcohols,

complementing current metal- and organo-catalyzed synthetic strategies (Scheme 1-42a,

C).31 ,84
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(a) Whiting, 2008

[ ) (o) 1) BrCH,CI, "BuLi, THF, -78 °C 0} H,0,, NaOH [ \ OH
N ’IB/E | ! s

- o /B*o °—> N
2) ZnCl,, -78 °C to rt N ! THF, 0 °C to reflux Boc
Boc

26% 66%

(b) Sawamura, 2012
CH,BICI (2.0 eq)

(] P 0O
BuLi (1.7 eq)
Boi
NS NP

K) THF, -78 °C, 5 min K)

then 60 °C, 3 h 83%

(c) Fernandez, 2012

NHTs 1) "BuLi, CH,BrClI NHTs
Ph”” \"Bpin Ph OH
H 2) NaOH, HzOz
99% ee 82% isolated yield
99% ee

Scheme 1-42 Homologation for the synthesis of S-aminoboronates and 1,2-amino
alcohols.
1.4.2.7 Reactions with R-Li or R—-MgBr

Aggarwal, 2015

0o D Toc-Cl, THF CN‘
N -78°Ctort Boc

pinB* "N Y
™~ Boc Lo A
- ‘ N then ~ ‘ N
C SN H,0,, NaOH, rt RSN
> N-Boc __|
Bpin ~
Y| @ Toc-Cl, THF 2PN
S e -78°Ctort |
D e S
Boc~y ' then N
H202, NaOH, rt Boc
~N - :
Boc ‘ N Boc ‘ N Boc Boc™

69%, 96% ee, 100% es 81%, 96% ee, 100% es 81%, 96% ee, 100% es 62%, 96% ee, 100% es

Scheme 1-43 Enantioselective coupling of a-aminoboronic esters with N-heteroaromatic
compounds.

Transitional-metal-free stereospecific coupling of chiral cyclic a-aminoboronates with

lithiated N-heteroaromatic compounds was reported by Aggarwal and co-workers.?® This
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protocol consists of the formation of boronate complexes by addition of a-aminoboronates
to lithiated pyridines or quinolines. Subsequent 1,2-migration, induced by addition of Toc—
Cl, activated the N-heterocycles by acylation. Finally, oxidative workup gave access to

coupling products with excellent stereospecificity (Scheme 1-43).

Recently, Xu synthesized cyclic chiral a-aminoboronic esters and applied them in
stereoselective C—C bond formation.*? For example, a cyclic chiral a-aminoboronic ester
reacted with vinylmagnesium bromide, followed by sequential addition of I, and NaOMe, to
afford a 2-vinylindoline. In addition, arylation with 2-lithiofuran followed by addition of NBS,

gave access to 2-(2-furyl)-indoline (Scheme 1-44).

Xu, 2018

VinylMgBr
THF, -78 °C

.

N then I,
COziPr then NaOMe N \

)
CO,Pr

[

98%, 95% ee

%,

Bpin
N

\
Boc

furan, "BulLi
THF, -78 °C

)
CO,'Pr

’,

\
Boc ,

O
40%, 959
then NBS \ | 40%, 95% ee

N

\

Boc

Scheme 1-44 Reaction of a-aminoboronic esters with Grignard or organolithium reagents

for stereoselective C—C bonds formation.

1.4.2.8 Matteson’s 1,2-carbon-to-nitrogen rearrangement of boron

Matteson et al. found that the instability of a-aminoboronic acids is mainly due to the
migration of boron from carbon to nitrogen yielding the corresponding amines in protic
solvents.?'10:86 On this basis, the Hall group reported a solid-phase method for the mono-
N-meththylation of resin-supported amino acids.®” Amino acids supported on either Wang
resin or the highly acid-sensitive SASRIN resin can be methylated by reaction with pinacol
chloromethylboronic  ester, followed by rearrangement of the resulting
aminomethylboronate and subsequent cleavage of the boronate group. It constituted a

useful application of the Matteson rearrangement (Scheme 1-45).
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(a) Hall, 2001

(0]

Om )OK‘/NH /O: i 1) DMF/MeOH (4/1)  2) TFA/CH,C,/H,0 (85/10/5) H
2+ CIHCB )H/ ~
© o] PMP, rt, 20 h HO

ipr Pr

(b) Proposed mechanism

e OR' o M
Q. NH; + xH,c8  — | On, N<>B(OR),
O PAdN (0] ~
R O

R R

H

(0] |T| (0] ‘
- Q%O)KrN\ B LN
R R

0 B(OR),
N Q%O)krN\

R

Scheme 1-45 Matteson’s 1,2-carbon-to-nitrogen rearrangement of boron, and its

application to direct mono-N-methylation of solid-supported amino acids.

1.5 Summary and outlook

The development of synthetic methods for preparing a-aminoboronic acids and their
derivatives, especially those reported in the past five years is reviewed. Their significant
synthetic applications are also summarized and highlighted. For example, maintaining the
a-aminoboronate core structure, peptide chain-containing a-aminoboronic acid derivatives,
proline-derived a-aminoboronates, and hemiboronates were prepared. a-Aminoboronates
have been widely used in the synthesis of chiral amines, isoindolinones, vicinal amino
alcohols, N-functionalized 2,1-borazaronaphthalenes and B-aminoalkylboronic acid

derivatives.

Considering their importance in the pharmaceutical industry, materials science, as well as
organic synthesis, there is a driving force to develop greener, milder and more atom-
economical methods for the efficient synthesis of a-aminoboronates in bulk quantities. The
methods reported for their preparation via C-H functionalization are mainly based on
precious metal catalysts, e.g. iridium and rhodium, or involve low temperatures (=78 °C);
therefore, it is expected that catalysts based on earth—abundant and low toxicity metals
under milder conditions will be developed in the future. Greener synthetic methods using
photocatalysis and electrocatalysis also can be expected. Moreover, novel methodologies
based on a-aminoboronates for the construction of valuable compounds will no doubt

continue to develop.
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The Borono-Strecker reaction:
Synthesis of a—aminoboronates
via a multicomponent reaction of

carbonyl compounds, amines and
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Chapter Two

2 The Borono-Strecker reaction: Synthesis of a-
aminoboronates via a multicomponent reaction of

carbonyl compounds, amines and Bzpin:

2.1 Abstract

This chapter developed the first Borono—Strecker reaction, a multicomponent reaction for
the synthesis of a-aminoboronic acid derivatives from readily available carbonyl
compounds, amines and Bapinz. Diverse a-aminoboronates, including aryl-substituted and
tertiary examples, were synthesized in moderate to high isolated yields. Compounds were
prepared bearing N-(2-pyridyl) groups, which form five-membered rings via N-B
coordination, as well as systems bearing non-coordinating N-aryl groups, the latter being

isolated and fully characterized for the first time.

2.2 Introduction

Organoboron compounds have become increasingly of interest due to their numerous
applications in organic synthesis, the pharmaceutical industry and materials
science.'>0:198 |n particular, a-aminoboronic acids and their derivatives are important
bioactive agents,'9%"8 functional materials,>® and synthetic building blocks.”*"* For
example, Bortezomib (trade name Velcade®) was approved by the FDA in 2003 for the
treatment of multiple myeloma (a cancer of the plasma cells) and mantle cell lymphoma (a
cancer of the lymph nodes).>*® Wang and co-workers reported the first water-soluble and
stable a-aminoboronic acid-based carbohydrate sensors which show useful fluorescence
changes upon binding with three representative sugars, fructose, glucose, and sorbitol

(Scheme 2-1a).57

Growing interest in the therapeutic potential of a-aminoboronic acids provides the driving
force to develop and refine efficient methods for their synthesis. However, only a few

methods are currently available.?2:2¢2429.12¢ Synthetic approaches have focused on
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Matteson’s boronic ester homologation,’®'™ diboration or hydroboration of imines,?02-
23.27-28 hydroboration of enamides,**" hydroamination or aminoboration of alkenyl Bdan
compounds (dan = 1,8-diaminonaphthyl),*®-3° decarboxylative borylation,®® and others.*>44-
46.48,53,57-58,50.62.64 A\|| of these methods, though useful, have some drawbacks, such as poor
functional group tolerance, tedious procedures or expensive catalysts. The synthesis of
alkyl a-aminoboronic acid derivatives has been well studied, whereas aryl-substituted and
sterically hindered tertiary species, though valuable, are rare (Scheme 2-1b). Development
of efficient and versatile chemical transformations for synthesizing a-aminoboronates from

readily available starting materials is thus highly desirable.

(a) Examples of bioactive compounds and sensors possessing an a-aminoboronate motif.

[N\ o) H (\)H

\ H S N, B«

g N\;)L B(OH), \)L \\Z<COOH m U COOH
O /: s

COOH Vaborbactam

Bortezomlb Ixazomib citrate

o o QO

B(OH),
o L R
O B(OH),

carbohydrate sensor
PBPs and p-lactamase tracer

(b) Diverse a-aminoboronates reported.

R3 _R* R3 _R* R3 .R*
N N N
AIkyI/‘\I?/O Aryl/‘\B\/o Rﬁ?\?/o
alkyl a-aminoboronates aryl a-aminoboronates tertiary a-aminoboronates
well developed rarely reported previously rarely reported previously

Scheme 2-1 Previously reported a-aminoboronates.

Carbonyl compounds and amines are ideal starting materials as they are inexpensive and
readily available from commercial suppliers. The Strecker reaction is an efficient method
for the synthesis of a-amino acids by the reaction of an aldehyde with ammonium chloride

in the presence of potassium cyanide. Taking advantage of multicomponent reactions, it
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can bypass the synthesis and isolation of imine intermediates, which increases product

scope, reduces the number of steps, and improves atom economy (Scheme 2-2a).

(a) Strecker reaction for the synthesis of a-amino acids.

o} NH, W NH,

)L + NH,CI + KCN —— )\ ELLEENG )\

R H R CN R COOH
(b) Borono-Strecker reaction for the synthesis of a-aminoboronates (this work).

.R®

0 3 ) Catalyst HN

L, * RNH;  + Bpinp  —————— %\
R R1R2 Bpin

R']

Scheme 2-2 Synthesis of a-amino acids and a-aminoboronates.

Herein, this chapter reports a multicomponent coupling for the synthesis of diverse a-
aminoboronic acid derivatives from inexpensive and readily available starting materials, i.e.
aldehydes or ketones, amines, and bis(pinacolato)diboron (Bgzpinz), which has the
advantages of operational simplicity, low cost, and a lower likelihood of cross-compatibility
problems (Scheme 2-2b). The key challenge is chemoselectivity in multicomponent

reactions, and avoidance of side reactions between B.pin. and aldehydes®! or amines.®

2.3 Results and discussions

2.3.1 Optimization of reaction conditions

| examined possible reaction conditions using benzaldehyde 2-1a and 2-aminopyridine 2-
2a as the model substrates, Bopin, as the boron reagent, KF as the base, and (IMes)CuCl
as the catalyst.36"36.91.93 The desired a-aminoboronate 2-3a was obtained, but only in 21%
yield (Table 2-1, Entry 1). Addition of Ti(OEt)s as a Lewis acid significantly improved the
yield to 79% without any observation of the imine intermediate or other byproducts (Table
2-1, Entries 2-8). Use of 0.8 equiv of Ti(OEt)s gave the highest yield (Table 2-1, Entry 6).
Various catalysts and ligands, including NHC-copper complexes and various phosphine or
nitrogen ligands, were examined, and CuCl/bpy (2,2’-bipyridine) proved to be the best
combination, giving the product in 90% vyield (Tables 2-3 and 2-4). Different solvents were

tested, and MTBE (methyl t-butyl ether) was found to be the best (Table 2-5). The catalytic
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efficiency was further improved by screening the amounts of CuCl and bpy, increasing the
yield of the desired a-aminoboronates to 98% (Table 2-6, Entries 1—4). When KF was
omitted from the reaction, the yield decreased significantly (Table 2-2), but some turnover
occurred, possibly promoted by EtO- as the base (vide infra). In the absence of catalyst or

ligand, strikingly decreased yields were observed (Table 2-6, Entries 5 and 6).

Table 2-1 Screening of additives for the Borono—Strecker reaction®

IMesCuCl (10 mol %) =
7\ KF (1.2 equiv) \ ‘
Ph—CHO + GNHz +  Bypiny HN™ °N
=N additive, MTBE, rt, 24 h
Ph Bpin
2-1a 2-2a 2-3a
Entry Additive Yield (%)°
1 - 21
2¢ 4 A molecular sieves 36
3 MgSOa4 10
4 NaSO4 29
5 Ti(OEt)4 79 (74)
6¢ Ti(OEt)4 78 (74)
7e Ti(OEt)4 62
8f Ti(OEt)4 62

aReaction conditions: 2-1a (0.5 mmol), 2-2a (0.6 mmol, 1.2 equiv), B,pin, (0.6 mmol, 1.2 equiv), KF (0.6 mmol, 1.2 equiv),
additive (0.5 mmol, 1.0 equiv), IMesCuCl (10 mol %), MTBE (2 mL) in an argon-filled glovebox, then reacted at ambient
temperature unless otherwise specified. “The product yields were determined by GC-MS using n-dodecane as the internal
calibration standard. Isolated yields are given in parentheses. 40 mg of 4 A molecular sieves was used as additive. “Ti(OEt),

(0.4 mmol, 0.8 equiv). °Ti(OEt); (0.3 mmol, 0.6 equiv). Ti(OEt); (0.25 mmol, 0.5 equiv).

Table 2-2 Screening of the amount of KF for the Borono—Strecker reaction®

IMesCuCl (10 mol %) =

7\ KF (x equiv), Ti(OEt)4 (0.8 equiv) \
. NS
Ph—CHO + GNHZ +  Bapiny HNT N
=N /

MTBE, rt, 24 h K
Ph Bpin
2-1a 2-2a 2-3a
Entry x Yield (%)P
1 1.2 78 (74)
2 0.1 55
3 0 34

@Reaction conditions: 2-1a (0.5 mmol), 2-2a (0.6 mmol, 1.2 equiv), B,pin, (0.6 mmol, 1.2 equiv), KF (0.6 mmol, 1.2 equiv),
Ti(OEt)s (0.4 mmol, 0.8 equiv), IMesCuCl (10 mol %), MTBE (2 mL) in an argon-filled glovebox, then reacted at ambient
temperature unless otherwise specified. “The product yields were determined by GC-MS using n-dodecane as the internal

calibration standard. Isolated yields are given in parentheses.
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Table 2-3 Screening of Cu catalysts and ligands for the Borono—Strecker reaction®

catalyst (10 mol %), ligand (10 mol %)

=
7\ KF (1.2 equiv), Ti(OEt)4 (0.8 equiv) \
. NS
Ph—CHO + NHp  +  Bapiny HN” °N
=N MTBE, rt, 24 h
Ph/‘\Bpin
2-1a 2-2a 2-3a

Entry Cucatalyst Ligand Yield (%)°

1 IMesCuCl - 78 (74)
2 IPrCuCl - 61

3 ICyCuCl - 78

4 (PCys)CuCl - 74

5 (PCy3)2CuCl  — 68

6 CuCl P"Bus 72

7 CuCl PPhs 61

8 CuCl phen 64

9 CuCl bpy 90 (85)
10 CuCl DPEphos 24

11 Cul bpy 0%

12 CuBr-Me2S  bpy 79%
13 Cu20 bpy 80%
14 CuCN bpy 85%
15 Cu bpy 61%
16 Cu(OAC)2 bpy 7%
17 CuBr2 bpy 0%

18 Cu(acac)2 bpy 0%

19 CuClz bpy 0%

?Reaction conditions: 2-1a (0.5 mmol), 2-2a (0.6 mmol, 1.2 equiv), Bpin, (0.6 mmol, 1.2 equiv), KF (0.6 mmol, 1.2 equiv),
Ti(OEt)4 (0.4 mmol, 0.8 equiv), catalyst (10 mol %), ligand (10 mol %), MTBE (2 mL) in an argon-filled glovebox, then reacted
at ambient temperature unless otherwise specified. “The product yields were determined by GC-MS using n-dodecane as

the internal calibration standard. Isolated yields are given in parentheses.
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Table 2-4 Screening of other metal catalysts for the Borono—Strecker reaction®

catalyst (10 mol %), ligand (10 mol %) %
/N KF (1.2 equiv), Ti(OEt)4 (0.8 equiv) /@
Ph—CHO + GNHZ + Byping HN N
—N MTBE, rt, 24 h
Ph Bpin
2-1a 2-2a 2-3a
Entry Catalyst Ligand Yield (%)°
1 MgBr2-Et20 bpy 0
2 MgCl: bpy 0
3 FeClz bpy 0
4 FeCls bpy 0
5 Zn(OTf)2 bpy 0
6 Zn(acac)2 bpy 10
7 ZnClz bpy 19
8 Mn(OAc)2:4H20  bpy 9
9 Mn(OAc)3-2H20  bpy 36

aReaction conditions: 2-1a (0.5 mmol), 2-2a (0.6 mmol, 1.2 equiv), B,pin, (0.6 mmol, 1.2 equiv), KF (0.6 mmol, 1.2 equiv),
Ti(OEt)4 (0.4 mmol, 0.8 equiv), catalyst (10 mol %), ligand (10 mol %), MTBE (2 mL) in an argon-filled glovebox, then reacted
at ambient temperature unless otherwise specified. “The product yields were determined by GC-MS using n-dodecane as

the internal calibration standard. Isolated yields are given in parentheses.

Table 2-5 Screening of solvents for the Borono—Strecker reaction?

CuCl (10 mpl %?, bpy (10 mol %) = ‘
o_CHO  + @NHZ . Bypin, K (12equiv) TIOEN, (0.8 equiv) N \,N
N solvent, rt, 24 h Ph B’;)in
2-1a 2-2a 2-3a

Entry Solvent Yield (%)?

1 MTBE 90 (85)

2 THF 60

3 Et20 40

4 CH2Cl2 40

5 chloroform 47

6 ethyl acetate 62

7 acetone 0

8 CHsCN 51

9 toluene 60

10 hexane 33

11 DMF 57

aReaction conditions: 2-1a (0.5 mmol), 2-2a (0.6 mmol, 1.2 equiv), B,pin, (0.6 mmol, 1.2 equiv), KF (0.6 mmol, 1.2 equiv),
Ti(OEt)4 (0.4 mmol, 0.8 equiv), CuCl (10 mol %), bpy (10 mol %), solvent (2 mL) in an argon-filled glovebox, then reacted at
ambient temperature unless otherwise specified. “The product yields were determined by GC-MS using n-dodecane as the

internal calibration standard. Isolated yields are given in parentheses.
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Table 2-6 Screening of the amount of catalyst and ligand for the Borono—Strecker

reaction®
CuCl (x mpl %?, bpy (y mol %). = |
h_cho @NHZ . Byping KF (1.2 equiv), Ti(OEt), (0.8 equiv) N \,N
N MTBE, rt, 24 h Ph/‘\B’;/)in
2-1a 2-2a 2-3a
Entry CuCl (x mol%) bpy (y mol%) Yield (%)°
1 10 10 90 (85)
2 5 5 92 (88)
3 2 2 98 (95)
4 1 1 89
5 2 0 50
6 0 2 0

2Reaction conditions: 2-1a (0.5 mmol), 2-2a (0.6 mmol, 1.2 equiv), Bpin, (0.6 mmol, 1.2 equiv), KF (0.6 mmol, 1.2 equiv),
Ti(OEt), (0.4 mmol, 0.8 equiv), CuCl (10 mol %), bpy (10 mol %), MTBE (2 mL) in an argon-filled glovebox, then reacted at
ambient temperature unless otherwise specified. "The product yields were determined by GC-MS using n-dodecane as the

internal calibration standard. Isolated yields are given in parentheses.

2.3.2 Investigation of reaction scope

The substrate scope was investigated (Scheme 2-3) and both donor- and acceptor-
substituted aromatic aldehydes were successfully transformed with modest to excellent
isolated yields. Aryl aldehydes bearing electron-donating functionalities, such as Me and
OMe, worked well, affording the corresponding a-aminoboronates in modest to good yields
(2-3b, 2-3c, 2-3j, and 2-3k, 60—-85%), possibly because the electron-donating groups made
the intermediate imines more resistant to boryl anion addition. Halogen-substituted aryl
aldehydes were viable substrates giving the products in good yields. lodide and bromide
substituents on the phenyl ring were tolerated with this copper catalyst system, and no C—
| or C—Br borylation product was observed during the reaction, which indicated the high
chemoselectivity of this catalytic system.3%¢** Tolerance to halide substituents provides
possibilities for further functionalization. The isolated yields obtained for para-substituted
aryl aldehydes were slightly higher than those for meta- and ortho-aryl substrates (e.g.
compare 2-3b/2-3j, 2-3c¢c/2-3k, and 2-3f/2-3i/2-3l). The heteroaromatic substrate furfural
gave the desired a-aminoboronate 2-30 in 72% yield. This method enables a convenient
gram-scale synthesis (10 mmol) without significant loss of yield, as demonstrated for 2-1a

(2-3a: 2.69 g, 87%). The structure of product 2-3a was confirmed by single-crystal X-ray
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diffraction (Scheme 2-3). Coordination of the pyridine nitrogen to boron provides suitable

stability for purification by column chromatography and isolation in air (vide infra).

% HN™ °N
JL . @NHz + Bopin, Standard conditions %\ / Y
R" "R? =N R!

R C\)\é N
21 2-2a 2-3

(Het)Aryl aldehydes
= = = =
< <
N °N N
©/‘\ /@)\ /O /©/‘\B|//O /@/kB\//O
\é MeO O\é [ O\é

2-3b, 85% 2-3c, 82% 2-3d, 88%

10 mmol scale 2 69 g, 87%

= = = =
X ‘ X ‘ X ‘ X ‘
HN N HN N

HN™ N HN™ N | |
/@/k B\I/ (o) /@/k E?I/ /@/‘\ Bl//o Br\©/‘\ Bl//o
(6] (0] (6]
2-3e, 86% 2-3f, 94% 2-39, 75% 2-3h, 83%
= = = 7~
4 4 4 4
HN™ N HN™ N HN™ °N HN™ N
C|\©/‘\Bll/o ©i\8ll/o ©(‘\Bll/o CEKB\I/O
o} 0}
2-3i, 85% 2-3j, 72% 2-3k, 60% 2-31, 76%

7 7 = =

X ‘ X ‘ X ‘ . X ‘ 3

HN” N HN” N HN ) ; HN” N ;

B//O B//O @] e 3 BI/O 3

5 5 SL : 6>

F Cl Cl ;

2-3m, 69% 2-3n, 75% 2-30, 72% ! 2-3p, 71% ;
Ketones
= = = | 1 =
3 < < q P S
L HNTON HN™ N HN N P HN™ N !
; o) o) ;L ; : L0 :
: i ? Bt 3 L B ;
: 0 o b 0 !
L 2.3r,84% 2-3s, 79% 23t,72% || 23q,55% |

aStandard conditions: 2-1 (0.5 mmoal), 2-2a (0.6 mmol, 1.2 equiv), Bpin, (0.6 mmol, 1.2 equiv), KF (0.6 mmol, 1.2 equiv),
Ti(OEt), (0.4 mmol, 0.8 equiv), CuCl (2 mol %), bpy (2 mol %), MTBE (2 mL), rt, 24 h, with isolated yields.

Scheme 2-3 Synthesis of a-aminoboronates via the multicomponent coupling of 2-

aminopyridine, Bzpin2 and various carbonyl compounds?®

The majority of therapeutically relevant a-aminoboronates bear an a-alkyl functionality, but

50



Chapter Two

surprisingly few methods to produce these compounds in a catalytic manner were
reported.?328.353859 Under standard conditions, alkyl aldehydes also reacted with amines
and Bypin, to produce the target products. Cyclohexanecarboxaldehyde and
isovaleraldehyde were converted in moderate to good yields (2-3p, 71%, and 2-3q, 55%,
respectively). Sterically congested tertiary a-aminoboronates are rare,?*-25355262 pyt we
note that they can be obtained using this multicomponent reaction of ketones, amines and
Bapinz. Both cyclic (cyclopentanone 2-1v and cyclohexanone 2-1s) and acyclic ketones (3-
pentanone 2-1t) were suitable substrates, producing the corresponding tertiary a-

aminoboronates in good yields (72-84%) (Scheme 2-3).

This multicomponent reaction can be extended to other amines (Scheme 2-4). Thus, a-
aminoboronate 2-3u was obtained from 8-aminoquinoline in 65% isolated yield. Additionally,
a-aminoboronic pinacol esters not bearing a coordinating secondary a-amino group are
unstable and have not been reported. Migration of boron from carbon to nitrogen in a-
aminoboronates to yield the corresponding amines in protic solvents was suggested to be
the main cause of their instability.?>110:86287 |n this study, a series of aryl amines were
employed (2-2v—-2-2aj), and the desired a-aminoboronates were detected by GCMS.
However, they decomposed when exposed to air, or on attempted purification by column
chromatography on silica gel, but the target products can be crystallized at low temperature
after filtration. A wide range of aromatic amines, containing both electron-donating (e.g. Me,
OMe and 'Bu, 2-3w, 2-3af, and 2-3ag) and electron-withdrawing functional groups (e.g.
halides and CF3, 2-3x, 2-3y, 2-3z, 2-3aa, 2-3ah, and 2-3ai), were thus successfully
transformed into the target products in moderate to good yields. Both multi-substituted aryl
amines (2-2ab, 2-2ac, 2-2ad, and 2-2aj) and sterically hindered 1-naphthylamine (2-2ae)
were also suitable substrates, giving the desired products in moderate yields. The
structures of the a-aminoboronate products were confirmed as exemplified by single-crystal

X-ray diffraction studies of 2-3v and 2-3y (Figure 2-1).
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.R3
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aStandard conditions: 2-1 (0.5 mmol), 2-2 (0.6 mmol, 1.2 equiv), Bopin, (0.6 mmol, 1.2 equiv), KF (0.6 mmol, 1.2 equiv),
Ti(OEt)4 (0.4 mmol, 0.8 equiv), IMesCuCl (2 mol %), MTBE (2 mL), rt, 24 h. Yields were determined by NMR using 1,3,5-

trimethoxybenzene as the internal calibration standard, with isolated yields in parentheses.

Scheme 2-4

aldehydes, Bypin2 and various aryl amines?

@ 2-3v

Figure 2-1
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Molecular structures of 2-3v and 2-3y.
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2.4 Mechanistic studies

241 Role of Ti(OEt)s in the formation of imines

To gain insight into the mechanism of this Borono—Strecker reaction, a series of studies
were carried out. Intermediate imine 2-4b was formed in a high yield when p-tolualdehyde
2-1b and 2-aminopyridine 2-2a were mixed in the presence of Ti(OEt)s (Scheme 2-5, Figure
2-2). In the absence of Ti(OEt)s, there was no imine detected, which indicated the important

role of the Lewis acid in its formation (Scheme 2-5, Figure 2-3).

Without Ti(OEt), trace

CHO NH, MTBE JEN
L [ - . N N with Ti(oEY), 88%
N rt,12 h /@)
2-1b 2-2a 2-4b

Scheme 2-5 Role of Ti(OEt)s in the formation of imines.

Experimental procedure

In a 10 mL thick-walled reaction tube equipped with a magnetic stirring bar, 2-aminopyridine
2-2a (1.2 equiv, 56.5 mg, 0.6 mmol) and MTBE (2 mL) were added. Then, p-tolualdehyde
2-1b (1.0 equiv, 59 pL, 0.5 mmol) was added, and the tube was sealed with a crimped
septum cap. The reaction was stirred at room temperature for 12 h, and 1,3,5-
trimethoxybenzene (0.5 equiv, 42.0 mg) was then added as the internal calibration standard.
The resulting mixture was analyzed by '"H NMR spectroscopy in CDCls solution. The 'H
NMR spectrum is shown below (Figure 2-2). Only a trace of the desired imine 2-4b was

observed, and most of the starting materials, 2-1b and 2-2a, remained.
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Figure 2-2 "H NMR spectrum of the reaction mixture in the absence of Ti(OEt)s (300 MHz,
CDCIs, rt); The presence of unreacted starting materials was confirmed by 'H NMR

spectroscopy using 1,3,5-trimethoxybenzene as the internal calibration standard.

Experimental procedure

In a 10 mL thick-walled reaction tube equipped with a magnetic stirring bar, 2-aminopyridine
2-2a (1.2 equiv, 56.5 mg, 0.6 mmol) and MTBE (2 mL) were added. Then, p-tolualdehyde
2-1b (1.0 equiv, 59 pL, 0.5 mmol) and Ti(OEt)4 (0.8 equiv, 91.2 mg, 0.4 mmol) were added,
and the tube was sealed with a crimped septum cap. The reaction was stirred at room
temperature for 12 h, and 1,3,5-trimethoxybenzene (0.5 equiv, 42.0 mg) was then added
as the internal calibration standard. The resulting mixture was analyzed by 'H NMR
spectroscopy in CDCIs solution. The "H NMR spectrum is shown below (Figure 2-3). The
desired imine 2-4b was obtained in a yield of 88% (NMR yield).
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Figure 2-3 'H NMR spectrum of the reaction mixture in the presence of Ti(OEt)s (300
MHz, CDClIs, rt); the product yield was determined by 'H NMR spectroscopy using 1,3,5-

trimethoxybenzene as the internal calibration standard.

2.4.2 Role of Ti(OEt)4 and protons in the hydroboration process

Using imine 2-4b as the starting material, under standard conditions, a-aminoboronate 2-
3b was not formed with or without added Ti(OEt)4, but 2-3b was formed under the standard
conditions when 1.0 equivalent of ethanol was added, indicating that a proton source is
essential for the hydroboration of imines. The slight difference in the isolated yields is

probably within experimental error (56 + 6%) (Scheme 2-6).

@ = ‘ Ti(OEt), EtOH Isolated Yield
NN\N CuCl, bpy, KF HNJ“P\IN * ) 0
| + Boping ——— > 0 - - 0
/@) MTBE, rt, 12 h B/\é
| + + 62%
0O
- 0,
2-4b 2.3b + 49 /o

Scheme 2-6 Role of Ti(OEt)s and protons in the hydroboration process.
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2.4.3 Stepwise reaction

A stepwise reaction was conducted, in which p-tolualdehyde 2-1b was first reacted with 2-
aminopyridine 2-2a in the presence of Ti(OEt)s to form imine 4b within 12 hours as the only
product. CuCl, bpy, Bspin, and KF were then added to the reaction mixture. The
concentration of 2-4b gradually decreased while the yield of 2-3b increased. After 24 hours,

imine intermediate 2-4b was totally transformed into the a-aminoboronate 2-3b (Figure 2-

4).
) e
CHO ~NHz  Ti(OED, N SN CuCl, bpy
+ —_— |
/©/ | N MTBE, rt, 12 h /©) B,ping, KF, 1t, 12 h /@2\ §
®2-1b M2-2a A2-4b #2-3b

12h /@ & MeO OMe
/ el

After catalyst and B,pin, added P
6 h L
2 2 *
A A AA A
. e M
12h Z
A *
NN A A AA
i Y PR ) J
6h
A A AA A A *
[ [ J
| | B |
A l /\____/\__MJNM ./\M«JM MM
Oh
CHO
e /©/ * o NH *
o | | ‘ I | |
| A
MM

11.0 105 100 95 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5

Figure 2-4 Stepwise (bottom to top) reaction process monitored by '"H NMR spectroscopy
(300 MHz, CDCls, rt); 1,3,5-trimethoxybenzene (blue + sign) was used as an internal

standard.

56



Chapter Two

2.4.4 Interaction of products 2-3a and 2-3y with DMAP

Addition of 4-dimethylaminopyridine (DMAP) to 2-3a did not lead to a significant change in
the "B NMR spectrum (Figure 2-5), while the N-H proton resonance in the '"H NMR
spectrum shifted down field from 5.59 ppm to 6.65 ppm (Figure 2-6). Addition of DMAP to
2-3y led to a significant shift of the resonance in the "B NMR spectrum from 31.8 ppm to

10.6 ppm (Figure 2-7), which indicated coordination of the DMAP to boron.

X ‘ | =

HN N N Ny s
/0 A G —_— NTON

Ph™ B N L so

2-3a:DMAP=1:0 A

2-3a: DMAP =1 :1

2-3a:DMAP =1:2

2-3a:DMAP=1:3

2-3a:DMAP=1:5

2-3a: DMAP =1:10
90 80 70 60 50 40 30 20 10 O -10 -20 -30 -40 -50 -60
f1 (ppm)

Figure 2-5 "B NMR spectrum of 2-3a with different ratios of compound to DMAP (96 MHz,
CDCls, rt).
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Figure 2-6 'H NMR spectrum of 2-3a with different ratios of compound to DMAP (300
MHz, CDCls, rt).
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Figure 2-7 "B NMR spectrum of 2-3y with different ratios of compound to DMAP (96 MHz,
CDCls, rt).
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2-3y :DMAP =1: 1
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Figure 2-8 'H NMR spectrum of 2-3y with different ratios of compound to DMAP (300
MHz, CDCls, rt).

2.4.5 Proposed mechanism

Based on our experimental observations and literature precedents,?>?%% a possible
mechanism for the multicomponent reaction of carbonyl compounds, amines and Bzpin; is
shown in Scheme 2-7. Acting as a Lewis acid, Ti(OEt)s activates the carbonyl moiety and
promotes the formation of imine intermediates. A copper-catalyzed hydroboration
subsequently occurs with the assistance of a proton to yield the desired a-aminoboronates.
The formation of EtO~ may also assist the reaction by augmenting F~ as a means of
activating Bgpin, for transmetalation to copper.'®3® Interestingly, under our conditions,
borylation of imines?® is efficient, but test reactions showed that their aldehyde precurors
are not borylated with our catalyst system (CuCl, bpy, and KF), either with or without
Ti(OEt)4 present, in contrast to Sadighi’s (ICy)CuO-t-Bu catalyst for aldehyde diboration'

which contains a strongly o-donating NHC ligand.
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Scheme 2-7 Proposed mechanism.

2.5 Synthetic applications of a-aminoboronates

As a preliminary demonstration of the utility of our a-aminoboronates in synthesis, a
Suzuki—Miyaura cross-coupling reaction of the a-aminoboronate 2-3w with methyl 4-
iodobenzoate 2-5 was conducted (Scheme 2-8).7% Sterically hindered secondary amine 2-

6w was obtained in 78% isolated yield.

OMe OMe
/©/ Pd('BusP), (5 mol %) /©/
HN |\©\ K,COj3 (3 equiv), H,0 (2 equiv) N
.
.0
©/k8, COOMe toluene (0.5 mL), 80 °C, 12 h
o)
COOMe

2-3w 2-5 2-6w

Scheme 2-8 Preparation of congested secondary amine 2-6w via a Suzuki—-Miyaura

cross-coupling reaction.

2.6 Summary

In conclusion, this chapter report the Borono—Strecker reaction, a novel, concise
multicomponent coupling reaction for the preparation of a-aminoboronates from readily
available starting materials, namely carbonyl compounds, amines and Bpin.. A series of
a-aminoboronates, including aryl-substituted, alkyl-substituted, and more sterically
congested ones, were synthesized in moderate to excellent yields. This chapter also
reports the isolation and characterization of a-aminoboronates not bearing coordinating

secondary a-amino groups, which are unstable and were not studied previously.
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Mechanistic studies indicate the role of Ti(OEt)4 in the formation of imine intermediates and

the role of a proton source in the subsequent hydroboration process.

2.7 Experimental procedures and characterization data

2.7.1 General information

All reagents were purchased from Alfa—Aesar, Aldrich, ABCR or VWR, and were checked
for purity by GC-MS and/or '"H NMR spectroscopy and used as received. HPLC grade
solvents were argon saturated, dried using an Innovative Technology Inc. Solvent
Purification System, and further deoxygenated by using the freeze-pump-thaw method.
CDCl; was purchased from Cambridge Isotope Laboratories. All manipulations were

performed in an argon-filled glove box unless otherwise stated.

Automated flash chromatography was performed using a Biotage® Isolera Four system, on
deactivated silica gel (35% w/w H20). Commercially available, precoated TLC plates
(Polygram® Sil G/UV254) were purchased from Macherey-Nagel. The removal of solvent

was performed on a rotary evaporator in vacuo at a maximum temperature of 40 °C.

GC-MS analyses were performed using an Agilent 7890A gas chromatograph (column: HP-
5MS 5% phenyl methyl siloxane, 30 m, @ 0.25 mm, film 0.25 uym; injector: 250 °C; oven:
80 °C (2 min), 80 °C to 180 °C (20 °C min™"), 180 °C to 280 °C (50 °C min"), 280 °C (5 min);
carrier gas: He (1.2 mL min™")) equipped with an Agilent 5975C inert MSD with triple-axis
detector operating in El mode and an Agilent 7693A series auto sampler/injector. Elemental
analysis was performed on a Elementar vario MICRO cube Elemental Analyzer. High-
resolution mass spectra were recorded using a Thermo Fischer Scientific Exactive Plus

Orbitrap MS system (ASAP probe).

NMR spectra were recorded at ambient temperature using Bruker Avance 11l HD 300 NMR
("H, 300 MHz; "C{'H}, 75 MHz; "B, 96 MHz), Bruker Avance |lIl HD 400 NMR ('H, 400
MHz; ®C{'H}, 100 MHz; ""B, 128 MHz), or Bruker Avance Il HD 500 NMR ('H, 500 MHz;
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BC{'H}, 126 MHz; "B, 160 MHz; °F, 471 MHz) spectrometers. '"H NMR chemical shifts are
reported relative to TMS and were referenced via residual proton resonance of the
corresponding deuterated solvent (CDCls: 7.26 ppm) whereas "*C{'H} NMR spectra are
reported relative to TMS via the carbon signal of the deuterated solvent (CDCls: 77.00 ppm).
"B NMR chemical shifts are quoted relative to BF3-Et,O as the external standard. °F NMR

chemical shifts are quoted relative to CFCl; as the external standard.

2.7.2 Experimental procedures

General procedures for examples described in Tables 2-1 to 2-6, and Scheme 2-3
(taking 2-3a as an example).

In a 10 mL thick-walled reaction tube equipped with a magnetic stirring bar, CuCl (2 mol %,
1.0 mg, 0.01 mmol), bpy (2 mol %, 1.6 mg, 0.01 mmol ), B2pin, (1.2 equiv, 152.4 mg, 0.6
mmol), KF (1.2 equiv, 34.9 mg, 0.6 mmol), 2-aminopyridine 2-2a (1.2 equiv, 56.5 mg, 0.6
mmol) and MTBE (2 mL) were added in this order. Then, benzaldehyde 2-1a (1.0 equiv,
51 pL, 0.5 mmol) and Ti(OEt)s (0.8 equiv, 91.2 mg, 0.4 mmol) were added, and the tube
was sealed with a crimped septum cap. The reaction was stirred at room temperature for
24 h. The reaction mixture was then diluted with Et,O (4 mL) and filtered through a plug of
celite (@ 3 mm x 8 mm) in air with copious washing (Et.O). The solvents were removed in
vacuo, and the residue was purified by column chromatography on deactivated silica gel

(hexane:Et,O = 30:1).

General procedures for examples described in Scheme 2-4 (taking 2-3v as an
example).

In a 10 mL thick-walled reaction tube equipped with a magnetic stirring bar, IMesCuCl (2
mol %, 4.0 mg, 0.01 mmol), Bzpinz (1.2 equiv, 152.4 mg, 0.6 mmol), KF (1.2 equiv, 34.9
mg, 0.6 mmol), and MTBE (2 mL) were added. Then, benzaldehyde 2-1a (1.0 equiv, 51 pL,
0.5 mmol), aniline 2-2v (1.2 equiv, 55 pL, 0.6 mmol) and Ti(OEt)4 (0.8 equiv, 91.2 mg, 0.4
mmol) were added in this order, and the tube was sealed with a crimped septum cap. The

reaction was stirred at room temperature for 24 h. In an argon-filled glovebox, the reaction
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mixture was then diluted with hexane (2 mL) and filtered with copious washing (hexane).

The desired product crystallized overnight in a freezer (=30 °C).

Experimental procedure for the synthesis of 2-3a on a gram scale.

In a 25 mL thick-walled reaction tube equipped with a magnetic stirring bar, CuCl (2 mol %,
19.8 mg, 0.2 mmol), bpy (2 mol %, 31.2 mg, 0.2 mmol ), Bopinz (1.2 equiv, 3047.3 mg, 12.0
mmol), KF (1.2 equiv, 697.2 mg, 12.0 mmol), 2-aminopyridine 2-2a (1.2 equiv, 1129.3 mg,
12.0 mmol) and MTBE (10 mL) were added in this order. Then, benzaldehyde 2-1a (1.0
equiv, 1019 pL, 10.0 mmol) and Ti(OEt)s (0.8 equiv, 1824.9 mg, 8.0 mmol) were added,
and the tube was sealed with a crimped septum cap. The reaction was stirred at room
temperature for 24 h. The reaction mixture was then diluted with Et,O (30 mL) and filtered
through a plug of celite (? 3 mm x 8 mm) in the air with copious washing (Et:O). The
solvents were removed in vacuo, and the residue was purified by column chromatography

on deactivated silica gel (hexane:Et,O = 30:1) giving 2-3a as a white solid (2.69 g, 87%).

Experimental procedures for examples described in Scheme 2-8.

In a 10 mL thick-walled reaction tube equipped with a magnetic stirring bar,
a-aminoboronate 2-3w (1.0 equiv, 67.8 mg, 0.2 mmol), methyl 4-iodobenzoate 2-5 (1.1
equiv, 57.6 mg, 0.22 mmol), Pd('BusP)2 (5 mol %, 5.1 mg, 0.01 mmol), K2CO3 (3 equiv, 82.9
mg, 0.6 mmol) and toluene (0.5 mL) were added. Then, the tube was sealed with a crimped
septum cap and taken out of the glovebox, and H-O (2.0 equiv, 7.2 uL, 0.4 mmol) was
added by a syringe. The reaction was stirred at 80 °C for 12 h. The reaction mixture was
then diluted with CH>CI, (5 mL) and filtered through a plug of celite (¢ 3 mm x 8 mm) in air
with copious washing (CH2Cl,). The solvents were removed in vacuo, and the residue was

purified by column chromatography on silica gel (hexane:Et2O = 10:1).
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2.7.3 Compound characterization

N-(phenyl(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)pyridin-2-amine

=

NS

HNT N
0

O
=S
Flash chromatography on deactivated silica gel (hexane:Et,O = 30:1) afforded the product
2-3a (147 mg, 95%), white solid, m.p. 200 °C.

IH NMR (300 MHz, CDCls) 6 7.95 (d, J = 6 Hz, 1H), 7.51 (ddd, J = 9, 7, 2 Hz, 1H), 7.26—
7.18 (m, 2H), 7.19-7.06 (m, 3H), 6.59 (ddd, J = 7, 6, 1 Hz, 1H), 6.53 (ddd, J =9, 1, 1 Hz,
1H), 5.59 (s, 1H), 3.76 (s, 1H), 1.15 (s, 6H), 0.97 (s, 6H).

13C{*H} NMR (75 MHz, CDCls) 6 158.7, 144.2, 141.6, 139.3, 127.9, 127.4, 125.3, 112.1,
108.5, 79.8, 56.1 (v br), 26.5, 26.3.

1B NMR (96 MHz, CDCls) & 10.6.

HRMS (ASAP pos): calc. for [M+H]* C1sH24BN2O2* 311.1925; found: 311.1916.

Elem. Anal. Calc. (%) for C1sH23BN2O2: C, 69.70; H, 7.47; N, 9.03; found: C, 69.74; H, 7.45;
N, 8.90.

N-((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)(p-tolyl)methyl)pyridin-2-amine

=

NS

HN ,N
e}

jog
=S
Flash chromatography on deactivated silica gel (hexane:Et,O = 30:1) afforded the product
2-3b (138 mg, 85%), white solid, m.p. 203 °C.

IH NMR (300 MHz, CDCls) & 7.97—7.89 (m, 1H), 7.50 (ddd, J = 9, 7, 2 Hz, 1H), 7.03 (s,
4H), 6.57 (ddd, J= 7, 6, 1 Hz, 1H), 6.49 (ddd, J =9, 1, 1 Hz, 1H), 5.50 (s, 1H), 3.72 (s, 1H),
2.29 (s, 3H), 1.15 (s, 6H), 0.98 (s, 6H).

1BC{*H} NMR (75 MHz, CDCls) 6 158.5, 141.3, 140.9, 139.2, 134.5, 128.5, 127.2, 111.9,
108.3, 79.6, 55.8 (v br), 26.4, 26.1, 21.0.
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1B NMR (96 MHz, CDCl3) & 10.4.

HRMS (ASAP pos): calc. for [M+H]* C1gH26BN202" 325.2082; found: 325.2081.

Elem. Anal. Calc. (%) for C19H2sBN2O2: C, 70.38; H, 7.77; N, 8.64; found: C, 70.43; H, 7.84;
N, 8.68.

N-((4-methoxyphenyl)(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)pyridin-2-

amine

/©/‘\le
o
MeO \é

Flash chromatography on deactivated silica gel (hexane:Et,O = 30:1) afforded the product
2-3c¢ (139 mg, 82%), white solid, m.p. 141 °C.

"H NMR (300 MHz, CDCl3) 6 7.91-7.82 (m, 1H), 7.43 (ddd, J =9, 7, 2 Hz, 1H), 7.08-6.98
(m, 2H), 6.79-6.70 (m, 2H), 6.52 (ddd, J = 7, 6, 1 Hz, 1H), 6.40 (ddd, J =9, 1, 1 Hz, 1H),
5.88 (s, 1H), 3.73 (s, 3H), 3.63 (s, 1H), 1.10 (s, 6H), 0.94 (s, 6H).

13C{*H} NMR (75 MHz, CDCl5) & 158.6, 157.5, 141.2, 139.1, 136.3, 128.5, 113.3, 111.7,
108.4, 79.7, 58.3 (v br), 55.3, 26.4, 26.2.

1B NMR (96 MHz, CDCl3) 6 10.2.

HRMS (ASAP pos): calc. for [M+H]" C19H26BN2O3* 341.2031; found: 341.2032.

Elem. Anal. Calc. (%) for C19H25sBN2Os: C, 67.07; H, 7.41; N, 8.23; found: C, 66.96; H, 7.67;

N, 7.99.

N-((4-iodophenyl)(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)pyridin-2-

amine
L)
HN™ SN
E?fio
[ O\é
Flash chromatography on deactivated silica gel (hexane:Et,O = 30:1) afforded the product

2-3d (192 mg, 88%), white solid, m.p. 200 °C.
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IH NMR (300 MHz, CDCls) & 7.87—7.79 (m, 1H), 7.53=7.44 (m, 3H), 6.89-6.80 (m, 2H),
6.53 (ddd, J =7, 6, 1 Hz, 1H), 6.39 (ddd, J = 9, 1, 1 Hz, 1H), 6.12 (s, 1H), 3.61 (s, 1H), 1.11
(s, 6H), 0.94 (s, 6H).

BC{*H} NMR (75 MHz, CDCl;) 6 158.6, 144.1, 141.6, 138.9, 136.8, 129.4, 112.2, 108.5,
90.0, 79.9, 55.1 (v br), 26.5, 26.2.

1B NMR (96 MHz, CDCls) & 10.1.

HRMS (ASAP pos): calc. for [M+H]" C1gH23BIN2O>* 437.0892; found: 437.0884.

Elem. Anal. Calc. (%) for C19H22BIN2O2: C, 49.58; H, 5.09; N, 6.42; found: C, 49.77; H,
5.18; N, 6.32.

N-((4-bromophenyl)(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)pyridin-2-
amine

L)

HN N

g0

oL
Br
Flash chromatography on deactivated silica gel (hexane:Et,O = 30:1) afforded the product
2-3e (167 mg, 86%), white solid, m.p. 236 °C.
'H NMR (500 MHz, CDCls) & 7.87-7.81 (m, 1H), 7.47 (ddd, J = 9, 7, 2 Hz, 1H), 7.17-7.10
(m, 2H), 7.05-6.99 (m, 2H), 6.54 (ddd, J = 7, 6, 1 Hz, 1H), 6.40 (ddd, J =9, 1, 1 Hz, 1H),
6.09 (s, 1H), 3.65 (s, 1H), 1.10 (s, 6H), 0.94 (s, 6H).
13C{*H} NMR (126 MHz, CDCls) 6 158.5, 142.7, 141.4, 138.9, 130.6, 128.6, 127.8, 112.0,
108.4, 79.8, 54.9 (v br), 26.4, 26.1.
1B NMR (160 MHz, CDCls) 6 10.4.
HRMS (ASAP pos): calc. for [M+H]* C1gH23BBrN2O," 389.1030; found: 389.1031.

Elem. Anal. Calc. (%) for C1gsH22BBrN2O2: C, 55.56; H, 5.70; N, 7.20; found: C, 55.60; H,
5.47; N, 7.00.
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N-((4-chlorophenyl)(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)pyridin-2-

amine
)
|
HN ,N
5~

Flash chromatography on deactivated silica gel (hexane:Et,O = 30:1) afforded the product
2-3f (162 mg, 94%), white solid, m.p. 223 °C.

'H NMR (300 MHz, CDCls) & 7.94-7.84 (m, 1H), 7.55-7.42 (m, 1H), 7.16 (dd, J = 8, 2 Hz,
2H), 7.10-6.97 (m, 2H), 6.64—6.51 (m, 1H), 6.51-6.39 (m, 1H), 5.88 (s, 1H), 3.68 (s, 1H),
1.12 (s, 6H), 0.96 (s, 6H).

1BC{*H} NMR (126 MHz, CDCls) 6 158.6, 142.8, 141.7, 139.2, 130.8, 128.7, 128.0, 112.4,
108.5, 79.9, 54.9 (v br), 26.6, 26.3.

1B NMR (96 MHz, CDCls) & 10.4.

HRMS (ASAP pos): calc. for [M+H]* C1gH23BCIN2O>* 345.1536; found: 345.1533.

Elem. Anal. Calc. (%) for C1sH2BCIN2O2: C, 62.73; H, 6.43; N, 8.13; found: C, 62.52; H,
6.52; N, 8.02.

N-((4-fluorophenyl)(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)pyridin-2-

amine

oy

BOR v
Flash chromatography on deactivated silica gel (hexane:Et,O = 30:1) afforded the product
2-3g (123 mg, 75%), white solid, m.p. 165 °C.

H NMR (300 MHz, CDCls) & 7.94 (d, J = 6 Hz, 1H), 7.52 (ddd, J = 9, 7, 2 Hz, 1H), 7.10
(dd, J =9, 6 Hz, 2H), 6.96—6.84 (m, 2H), 6.60 (ddd, J = 7, 6, 1 Hz, 1H), 6.51 (dd, J =9, 1
Hz, 1H), 5.65 (s, 1H), 3.73 (s, 1H), 1.13 (s, 6H), 0.96 (s, 6H).

13C{*H} NMR (75 MHz, CDCls) 5 161.0 (d, J = 242 Hz), 158.4, 141.5, 139.6 (d, J = 3 Hz),

139.1, 128.7 (d, J = 8 Hz), 114.4 (d, J = 21 Hz), 112.2, 108.3, 79.7, 54.7 (v br), 26.4, 26.1.
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1B NMR (96 MHz, CDCls) & 10.4.

19F NMR (471 MHz, CDCls) 6 -118.7.

HRMS (ASAP pos): calc. for [M+H]" C1gH23BFN20-" 329.1831; found: 329.1819.

Elem. Anal. Calc. (%) for C1sH2BFN2O.: C, 65.87; H, 6.76; N, 8.54; found: C, 65.86; H,
6.51; N, 8.89.

N-((3-bromophenyl)(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)pyridin-2-

amine
)
|
HN /N
5~
oL

Flash chromatography on deactivated silica gel (hexane:Et,O = 30:1) afforded the product

Br.

2-3h (162 mg, 83%), white solid, m.p. 197 °C.

IH NMR (300 MHz, CDCls) 6 7.85 (d, J = 6 Hz, 1H), 7.45 (ddd, J = 9, 7, 2 Hz, 1H), 7.24—
7.15 (m, 2H), 7.08-6.96 (m, 2H), 6.56 (ddd, 7, 6, 1 Hz, 1H), 6.45 (ddd, 9, 1, 1 Hz, 1H), 6.19
(s, 1H), 3.62 (s, 1H), 1.10 (s, 6H), 0.93 (s, 6H).

BC{*H} NMR (75 MHz, CDCls) 6 158.6, 146.9, 141.6, 139.0, 130.0, 129.4, 128.2, 125.9,
122.0, 112.2, 108.6, 80.0, 55.2 (v br), 26.5, 26.3.

1B NMR (96 MHz, CDCls) & 10.5.

HRMS (ASAP pos): calc. for [M+H]* C1gH23BBrN2O," 389.1030; found: 389.1031.

Elem. Anal. Calc. (%) for C1gsH22BBrN2O2: C, 55.56; H, 5.70; N, 7.20; found: C, 55.59; H,
5.77; N, 7.05.

N-((3-chlorophenyl)(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)pyridin-2-

amine
7
|
HN N
Cl o)

Flash chromatography on deactivated silica gel (hexane:Et,O = 30:1) afforded the product
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2-3i (146 mg, 85%), white solid, m.p. 181 °C.

'H NMR (300 MHz, CDCls) 6 7.91 (d, J = 6 Hz, 1H), 7.52 (ddd, J = 9, 7, 2 Hz, 1H), 7.18—
6.95 (m, 4H), 6.60 (ddd, J = 7, 6, 1 Hz, 1H), 6.51 (ddd, J = 9, 1, 1 Hz, 1H), 5.84 (s, 1H),
3.70 (s, 1H), 1.14 (s, 6H), 0.98 (s, 6H).

13C{*H} NMR (75 MHz, CDCls) 6 158.6, 146.5, 141.7, 139.1, 133.7, 129.1, 127.1, 125.5,
125.4, 112.4, 108.5, 80.0, 55.2 (v br), 26.6, 26.4.

1B NMR (96 MHz, CDCls) ¢ 10.4.

HRMS (ASAP pos): calc. for [M+H]* C1gH23BCIN2O>* 345.1536; found: 345.1531.

Elem. Anal. Calc. (%) for C1sH2BCIN2O5: C, 62.73; H, 6.43; N, 8.13; found: C, 62.82; H,
6.21; N, 8.50.

N-((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)(o-tolyl)methyl)pyridin-2-amine

=

NS

HNT N
o)

L
=S
Flash chromatography on deactivated silica gel (hexane:Et,O = 30:1) afforded the product
2-3j (117 mg, 72%), white solid, m.p. 200 °C.

H NMR (300 MHz, CDCls) 6 8.00 (d, J = 6 Hz, 1H), 7.52 (ddd, J = 9, 7, 2 Hz, 1H), 7.24—
7.18 (m, 1H), 7.16-6.97 (m, 3H), 6.61 (ddd, J = 7, 6, 1 Hz, 1H), 6.53 (ddd, J =9, 1, 1 Hz,
1H), 5.30 (s, 1H), 4.13 (s, 1H), 2.40 (s, 3H), 1.11 (s, 6H), 0.90 (s, 6H).

13C{*H} NMR (126 MHz, CDCls) 6 158.8, 142.0, 141.3, 139.1, 135.2, 129.8, 128.4, 125.6,
125.1, 112.1, 108.7, 79.7, 51.0 (v br), 26.5, 26.2, 20.4.

1B NMR (96 MHz, CDCls3) & 10.9.

HRMS (ASAP pos): calc. for [M+H]" C19H26BN.O>* 325.2082; found: 325.2068.

Elem. Anal. Calc. (%) for C19H2sBN2O2: C, 70.38; H, 7.77; N, 8.64; found: C, 70.15; H, 7.84;
N, 8.61.
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N-((2-methoxyphenyl)(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)pyridin-2-
amine

=

J

HNT N
o)

L
o
Flash chromatography on deactivated silica gel (hexane:Et,O = 30:1) afforded the product
2-3k (102 mg, 60%), white solid, m.p. 180 °C.

IH NMR (300 MHz, CDCls) 6 7.95 (d, J = 6 Hz, 1H), 7.48 (ddd, J = 9, 7, 2 Hz, 1H), 7.16
(dd, J =8, 2 Hz, 1H), 7.09 (ddd, J = 8, 8, 2 Hz, 1H), 6.90-6.75 (m, 2H), 6.56 (m, 1H), 6.50
(d, J = 9 Hz, 1H), 5.40 (s, 1H), 4.27 (s, 1H), 3.75 (s, 3H), 1.16 (s, 6H), 0.99 (s, 6H).
13C{*H} NMR (126 MHz, CDCls) 6 159.0, 157.0, 141.3, 139.1, 132.8, 128.4, 126.1, 120.5,
111.8,110.2, 108.5, 79.7, 55.3, 48.9 (v br), 26.2, 26.2.

1B NMR (96 MHz, CDCls) & 10.7.

HRMS (ASAP pos): calc. for [M+H]* C19H26BN2O3s* 341.2031; found: 341.2020.

Elem. Anal. Calc. (%) for C19H25BN2O3: C, 67.07; H, 7.41; N, 8.23; found: C, 66.81; H, 7.59;
N, 8.22.

N-((2-chlorophenyl)(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)pyridin-2-

amine

!
Flash chromatography on deactivated silica gel (hexane:Et,O = 30:1) afforded the product
2-31 (131 mg, 76%), white solid, m.p. 169 °C.

IH NMR (300 MHz, CDCls) & 7.97 (d, J = 6 Hz, 1H), 7.52 (ddd, J = 9, 7, 2 Hz, 1H), 7.33—
7.21 (m, 2H), 7.13 (ddd, J = 8, 8, 2 Hz, 1H), 7.04 (ddd, J = 8, 8, 2 Hz, 1H), 6.63 (ddd, J =
7,6, 1 Hz, 1H), 6.54 (dd, J = 9, 1 Hz, 1H), 5.57 (s, 1H), 4.40 (s, 1H), 1.14 (s, 6H), 0.95 (s,

6H).
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13C{*H} NMR (126 MHz, CDCls) 6 158.7, 141.7, 141.6, 139.1, 133.1, 130.1, 129.0, 126.5,
126.4, 112.4, 108.6, 79.9, 50.0 (v br), 26.2, 26.2.

1B NMR (160 MHz, CDCls) 6 10.5.

HRMS (ASAP pos): calc. for [M+H]* C1sH23BCIN2O>* 345.1536; found: 345.1525.

Elem. Anal. Calc. (%) for C1sH22BCIN202: C, 62.73; H, 6.43; N, 8.13; found: C, 62.53; H,
6.38; N, 8.50.

N-((2-fluorophenyl)(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)pyridin-2-

amine

Flash chromatography on deactivated silica gel (hexane:Et,O = 30:1) afforded the product
2-3m (113 mg, 69%), white solid, m.p. 160 °C.

'H NMR (300 MHz, CDCls) 6 7.86 (dd, J = 6, 1 Hz, 1H), 7.44 (ddd, J = 9, 7, 2 Hz, 1H),
7.13-6.86 (m, 4H), 6.53 (ddd, J = 7, 6, 1 Hz, 1H), 6.44 (ddd, J = 8, 1, 1 Hz, 1H), 6.31 (s,
1H), 3.94 (s, 1H), 1.10 (s, 6H), 0.92 (s, 6H).

13C{*H} NMR (75 MHz, CDCls) 6 160.7 (d, J = 244 Hz), 158.9, 141.3, 138.8, 131.4 (d, J =
14 Hz), 129.6 (d, J = 5 Hz), 126.5 (d, J = 8 Hz), 123.6 (d, J = 3 Hz), 114.9 (d, J = 22 Hz),
111.8, 108.6, 79.8, 48.5 (v br), 26.1, 26.1.

1B NMR (96 MHz, CDCl3) & 10.4.

F NMR (471 MHz, CDCls) 6 -117.6.

HRMS (ASAP pos): calc. for [M+H]" C1sH23BFN202" 329.1831; found: 329.1828.

Elem. Anal. Calc. (%) for C1sH22BFN2O.: C, 65.87; H, 6.76; N, 8.54; found: C, 65.86; H,
6.51; N, 8.89.
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2'-(2,4-dichlorophenyl)-4,4,5,5-tetramethyl-1',2'-dihydro-214,4'l14
spiro[[1,3,2]dioxaborolane-2,3'-[1,4,2]diazaborolo[1,5-a]pyridine]

0

HN ,’N

-0
of cl bjF
Flash chromatography on deactivated silica gel (hexane:Et,O = 30:1) afforded the product
2-3n (141.2 mg, 75%), white solid, m.p. 235 °C.
"H NMR (300 MHz, CDCl3) 6 7.97 (d, J = 6 Hz, 1H), 7.54 (ddd, J=9, 7, 2 Hz, 1H), 7.30 (d,
J=2Hz 1H), 7.19 (d, J = 8 Hz, 1H), 7.10 (dd, J = 8, 2 Hz, 1H), 6.64 (ddd, J =7, 6, 1 Hz,
1H), 6.53 (ddd, J =9, 1, 1 Hz, 1H), 5.62 (s, 1H), 4.33 (d, J = 2 Hz, 1H), 1.13 (s, 6H), 0.96
(s, 6H).
3C{'H} NMR (75 MHz, CDCls) & 158.7, 141.7, 140.5, 139.0, 133.6, 131.1, 131.1, 128.6,
126.7, 112.7, 108.7, 80.0, 51.1 (v br), 26.4, 26.2.
"B NMR (96 MHz, CDCl3) 6 10.4.
HRMS (ASAP pos): calc. for [M+H]* C1gH22BCI2N20." 379.1146; found: 379.1147.

Elem. Anal. Calc. (%) for C1gH21BCIo.N2O2: C, 57.03; H, 5.58; N, 7.39; found: C, 56.91; H,
5.84; N, 7.62.

N-(furan-2-yl(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)pyridin-2-amine

=

NS

HN /N
o)

TS
Flash chromatography on deactivated silica gel (hexane:Et,O = 30:1) afforded the product
2-30 (108 mg, 72%), pale yellow solid, m.p. 193 °C.

H NMR (300 MHz, CDCls) 6 7.93 (d, J = 6 Hz, 1H), 7.47 (ddd, J = 9, 7, 2 Hz, 1H), 7.29
(dd, J = 2, 1 Hz, 1H), 6.57 (ddd, J = 7, 6, 1 Hz, 1H), 6.47 (d, J = 9 Hz, 1H), 6.25 (dd, J = 3,
2 Hz, 1H), 6.12 (d, J = 3 Hz, 1H), 5.73 (s, 1H), 3.80 (s, 1H), 1.21 (s, 6H), 1.09 (s, 6H).
1BC{*H} NMR (75 MHz, CDCls) 6 158.4, 157.1, 141.6, 140.9, 139.1, 112.1, 110.1, 108.7,
105.0, 79.9, 48.5 (v br), 26.4, 25.9.
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1B NMR (96 MHz, CDCl3) & 10.0.

HRMS (ASAP pos): calc. for [M+H]* C1¢H22BN203" 301.1718; found: 301.1710.

Elem. Anal. Calc. (%) for C16H21BN20Os: C, 64.02; H, 7.05; N, 9.33; found: C, 64.14; H, 7.21;
N, 9.52.

N-(cyclohexyl(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)pyridin-2-amine

=

NS

HN ,N
o)

oh
S
Flash chromatography on deactivated silica gel (hexane:Et,O = 30:1) afforded the product
2-3p (112 mg, 71%), white solid, m.p. 161 °C.

'H NMR (300 MHz, CDCls) 6 7.88 (d, J = 6 Hz, 1H), 7.39 (ddd, J = 9, 7, 2 Hz, 1H), 6.56—
6.34 (m, 2H), 5.33 (s, 1H), 2.38 (d, J = 2 Hz, 1H), 1.81-1.53 (m, 6H), 1.28-1.02 (m, 16H),
0.92-0.78 (m, 1H).

BC{*H} NMR (75 MHz, CDCls) 6 158.7, 140.9, 138.6, 110.9, 108.3, 79.2, 54.5 (v br), 40.0,
32.3, 28.4, 26.9, 26.6, 26.5, 26.5, 26.2.

1B NMR (96 MHz, CDCls) & 10.5.

HRMS (ASAP pos): calc. for [M+H]* C1gH30BN2O2" 317.2395; found: 317.2387.

Elem. Anal. Calc. (%) for C1sH20BN2O>: C, 68.36; H, 9.24; N, 8.86; found: C, 68.54; H, 9.20;
N, 8.63.

N-(3-methyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butyl)pyridin-2-amine

=

A
B\I/O
Flash chromatography on deactivated silica gel (hexane:Et,O = 30:1) afforded the product

2-3q (80 mg, 55%), white solid, m.p. 146 °C.
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IH NMR (300 MHz, CDCls) 5 7.87 (d, J = 6 Hz, 1H), 7.34 (ddd, J = 9, 7, 2 Hz, 1H), 6.44
(ddd, J = 7, 6, 1 Hz, 1H), 6.36 (ddd, J = 9, 1, 1 Hz, 1H), 5.62 (s, 1H), 2.66-2.52 (m, 1H),
1.63-1.48 (m, 1H), 1.44-1.26 (m, 2H), 1.22 (s, 6H), 1.19 (s, 6H), 0.90 (d, J = 6 Hz, 6H).
13C{1H} NMR (75 MHz, CDCls) & 158.3, 140.8, 138.8, 110.9, 108.6, 79.2, 47.4 (v br), 41.4,
26.5, 26.0, 26.0, 24.1, 21.1.

1B NMR (96 MHz, CDCls) 5 10.4.

HRMS (ASAP pos): calc. for [M+H]* C1eH2sBN202 291.2238; found: 291.2227.

Elem. Anal. Calc. (%) for C1sH2/BN2O: C, 66.22; H, 9.38; N, 9.65; found: C, 66.31; H, 9.23;
N, 9.84.

N-(1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)cyclopentyl)pyridin-2-amine

=

Q)

HN N

Flash chromatography on deactivated silica gel (hexane:Et,O = 30:1) afforded the product
2-3r (121 mg, 84%), white solid, m.p. 260 °C.

IH NMR (400 MHz, CDCls) 6 7.93 (d, J = 6 Hz, 1H), 7.40 (ddd, J = 9, 7, 2 Hz, 1H), 6.48
(dd, J =6, 6 Hz, 1H), 6.36 (d, J = 9 Hz, 1H), 5.17 (s, 1H), 2.11-1.94 (m, 2H), 1.77-1.56 (m,
4H), 1.56-1.45 (m, 2H), 1.23 (s, 12H).

13C{*H} NMR (101 MHz, CDCls) 5 157.1, 140.9, 139.0, 111.0, 108.2, 79.3, 58.4 (v br), 36.3,
26.9, 25.2.

118 NMR (128 MHz, CDCls) & 10.9.

HRMS (ASAP neg): calc. for [M-H] C16H24BN202~ 287.1936; found: 287.1937.

Elem. Anal. Calc. (%) for C16H25sBN2O2: C, 66.68; H, 8.74; N, 9.72; found: C, 66,77; H, 8.78;
N, 9.71.
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N-(1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)cyclohexyl)pyridin-2-amine

=

NS

HNT N
0

@)
S
Flash chromatography on deactivated silica gel (hexane:Et,O = 30:1) afforded the product
2-3s (119 mg, 79%), white solid, m.p. 248 °C.

'H NMR (400 MHz, CDCls) '"H NMR (400 MHz, CDCl3) 6 7.92 (d, J = 6 Hz, 1H), 7.46-7.36
(m, 1H), 6.53-6.41 (m, 2H), 5.52 (s, 1H), 1.87—-1.47 (m, 8H), 1.31-1.18 (m, 14H).

13C{H} NMR (101 MHz, CDCls) 6 157.2, 140.9, 139.1, 111.1, 108.7, 79.2, 49.2 (v br), 32.8,
27.1,26.2, 22.8.

1B NMR (128 MHz, CDCls) 6 10.9.

HRMS (ASAP neg): calc. for [M-H]~ C47H26BN2O, 301.2093; found: 301.2093.

Elem. Anal. Calc. (%) for C47H27BN2O2: C, 67.56; H, 9.01; N, 9.27; found: C, 67.21; H, 8.87;
N, 8.99.

N-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pentan-3-yl)pyridin-2-amine

=

NS

HNT N
e}

oy
2

Flash chromatography on deactivated silica gel (hexane:Et,O = 30:1) afforded the product

2-3t (104 mg, 72%), white solid, m.p. 192 °C.

H NMR (300 MHz, CDCls) 6 7.92 (d, J = 6 Hz, 1H), 7.42 (ddd, J = 9, 7, 2 Hz, 1H), 6.48

(ddd, J =7, 6, 1 Hz, 1H), 6.43 (d, J = 9 Hz, 1H), 4.82 (s, 1H), 1.71-1.48 (m, 4H), 1.24 (s,

12H), 0.90 (t, J = 7 Hz, 6H).

13C{*H} NMR (75 MHz, CDCls) 6 157.9, 141.1, 139.1, 111.2, 108.5, 79.3, 52.4 (v br), 27.9,

27.1,9.2.

1B NMR (96 MHz, CDCl3) 6 11.1.

HRMS (ASAP pos): calc. for [M+H]" C16H2sBN2O2 291.2238; found: 291.2229.

Elem. Anal. Calc. (%) for C16H27BN2O2: C, 66.22; H, 9.38; N, 9.65; found: C, 66.10; H, 9.42;
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N, 9.58.

N-(phenyl(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)quinolin-8-amine

\
HN ,Nj
[?/LO

Flash chromatography on deactivated silica gel (hexane:Et,O = 30:1) afforded the product
2-3u (117 mg, 65%), orange solid, m.p. 164 °C.

IH NMR (300 MHz, CDCls) 6 9.11 (dd, J = 5, 2 Hz, 1H), 8.30 (dd, J = 8, 2 Hz, 1H), 7.46
(ddd, J = 8, 4, 1 Hz, 1H), 7.41 (d, J = 8 Hz, 1H), 7.35-7.28 (m, 2H), 7.24-7.17 (m, 2H),
7.14-7.06 (m, 2H), 6.88 (d, J = 8 Hz, 1H), 4.08 (s, 1H), 1.17 (s, 6H), 0.98 (s, 6H).

13C{*H} NMR (75 MHz, CDCls) 6 144.9, 143.0, 141.7, 141.2, 130.6, 129.9, 129.3, 128.0,
126.9, 125.5, 120.1, 113.9, 112.4, 81.3, 53.8 (v br), 26.3, 26.2.

1B NMR (96 MHz, CDCls) 6 10.4.

HRMS (ASAP pos): calc. for [M+H]" C22H26BN2O," 361.2082; found: 361.2063.

Elem. Anal. Calc. (%) for C22H2sBN2O>: C, 73.35; H, 6.99; N, 7.78; found: C, 73.08; H, 6.94;
N, 7.65.

N-(phenyl(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)aniline

e

SRS

o~

Crystallization at =30 °C (MTBE: hexane = 1:1) afforded the product 2-3v (122 mg, 79%),
white solid.

IH NMR (300 MHz, CDCls) & 7.42-7.32 (m, 2H), 7.30-7.22 (m, 2H), 7.19-7.12 (m, 1H), 7.12-
7.01 (m, 2H), 6.68-6.59 (m, 1H), 6.59-6.51 (M, 2H), 4.80 (s, 1H), 4.21 (s, 1H), 1.22 (s, 6H),
1.17 (s, 6H).

13C{*H} NMR (75 MHz, CDCls) 6 148.0, 140.9, 129.2, 128.6, 126.5, 126.2, 117.1, 113.3,
84.6, 46.4 (v br), 24.8, 24.6.
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1B NMR (96 MHz, CDCl3) & 32.1.

HRMS (ASAP pos): calc. for [M+H]* C1gH2sBNO>* 310.1973; found: 310.1966.

Elem. Anal. Calc. (%) for C1gH24BNO>: C, 73.80; H, 7.82; N, 4.53; found: C, 74.12; H, 7.76;
N, 4.41.

4-methoxy-N-(phenyl(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)aniline

HN
BI/O
-

Crystallization at =30 °C (MTBE: hexane = 1:1) afforded the product 2-3w (110 mg, 65%),
white solid.

H NMR (300 MHz, CDCls) & 7.41-7.34 (m, 2H), 7.31-7.23 (m, 2H), 7.20-7.11 (m, 1H),
6.72—6.65 (M, 2H), 6.54—6.46 (M, 2H), 4.43 (s, 1H), 4.16 (s, 1H), 3.69 (s, 3H), 1.22 (s, 6H),
1.17 (s, 6H).

BC{*H} NMR (75 MHz, CDCls) 6 151.7, 142.5, 141.3, 128.6, 126.5, 126.1, 114.9, 114.0,
84.5, 55.9, 47.0 (v br), 24.8, 24.6.

1B NMR (96 MHz, CDCls3) & 31.5.

HRMS (ASAP pos): calc. for [M+H]* C2H27BNO3* 340.2079; found: 340.2073.

Elem. Anal. Calc. (%) for C2H26BNOs: C, 70.81; H, 7.73; N, 4.13; found: C, 70.71; H, 7.77,;
N, 4.08.

4-iodo-N-(phenyl(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)aniline

: i
HN
50
=S

Crystallization at =30 °C (MTBE: hexane = 1:1) afforded the product 2-3x (144 mg, 66%),
white solid.
'H NMR (500 MHz, CDCl3) 6 7.34-7.25 (m, 6H), 7.16 (t, J = 8 Hz, 1H), 6.32 (d, J = 8 Hz,

2H), 4.71 (d, J = 5 Hz, 1H), 4.15 (d, J = 5 Hz, 1H), 1.22 (s, 6H), 1.17 (s, 6H).
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13C{*H} NMR (126 MHz, CDCls) 6 147.7, 140.3, 137.7, 128.7, 126.4, 126.3, 115.4, 84.8,
77.5,46.0 (v br), 24.8, 24.6.

1B NMR (160 MHz, CDCls) & 32.3.

HRMS (ASAP pos): calc. for [M+H]* C19H24BINO2* 436.0939; found: 436.0931

Elem. Anal. Calc. (%) for C10H23BINO2: C, 52.45; H, 5.33; N, 3.22; found: C, 52.36; H, 5.35;
N, 3.05.

4-bromo-N-(phenyl(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)aniline

Br

Nel
O s

Crystallization at =30 °C (MTBE: hexane = 1:1) afforded the product 2-3y (120 mg, 62%),
white solid.

IH NMR (300 MHz, CDCls) & 7.36—7.24 (m, 4H), 7.22—7.10 (m, 3H), 6.42 (d, J = 8 Hz, 2H),
4.75 (s, 1H), 4.16 (s, 1H), 1.23 (s, 6H), 1.18 (s, 6H).

13C{*H} NMR (75 MHz, CDCls) 6 147.0, 140.3, 131.8, 128.7, 126.4, 120.1, 114.7, 108.5,
84.7, 46.3 (v br), 24.8, 24.6.

1B NMR (96 MHz, CDCl3) & 31.8.

HRMS (ASAP pos): calc. for [M+H]* C1gH24BBrNO,* 388.1078; found: 388.1072.

Elem. Anal. Calc. (%) for C1gH23BBrNO.: C, 58.80; H, 5.97; N, 3.61; found: C, 58.70; H,
5.95; N, 3.39.

4-chloro-N-(phenyl(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)aniline

oy
HN
E\,/O

Crystallization at =30 °C (MTBE: hexane = 1:1) afforded the product 2-3z (89 mg, 52%),
white solid.

IH NMR (300 MHz, CDCls) & 7.36-7.24 (m, 4H), 7.21-7.12 (m, 1H), 7.04-6.96 (m, 2H),

6.49-6.42 (m, 2H), 4.69 (s, 1H), 4.16 (s, 1H), 1.22 (s, 6H), 1.17 (s, 6H).
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13C{*H} NMR (75 MHz, CDCls) 6 146.7, 140.5, 129.0, 128.7, 126.4, 126.3, 121.5, 114.2,
84.7,46.3 (v br), 24.8, 24.6.

1B NMR (96 MHz, CDCls) ¢ 31.2.

HRMS (ASAP pos): calc. for [M+H]* C19H24BCINO2* 344.1583; found: 344.1575.

Elem. Anal. Calc. (%) for C19H23BCINO2: C, 66.41; H, 6.75; N, 4.08; found: C, 66.40; H,
6.82; N, 3.98.

N-(phenyl(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)-4-
(trifluoromethyl)aniline

HN

@AB/O
S

Crystallization at —30 °C (MTBE: hexane = 1:1) afforded the product 2-3aa (85 mg, 45%),
white solid.

H NMR (300 MHz, CDCls) & 7.36-7.25 (m, 6H), 7.22—7.12 (m, 1H), 6.54 (d, J = 8 Hz, 2H),
5.00 (s, 1H), 4.22 (s, 1H), 1.23 (s, 6H), 1.18 (s, 6H).

13C{H} NMR (75 MHz, CDCls) & 150.6, 140.0, 128.8, 126.6, 126.5 (q, J = 4 Hz), 126.3,
125.2 (q, J = 270 Hz), 118.5 (q, J = 32 Hz), 112.3, 84.9, 45.9 (v br), 24.8, 24.6.

1B NMR (96 MHz, CDCls3) & 31.6.

19F NMR (471 MHz, CDCl3) & -60.9.

HRMS (ASAP pos): calc. for [M+H]" C20H24BF3NO2* 378.1847; found: 378.1839.

Elem. Anal. Calc. (%) for CH23BF3sNO2: C, 63.68; H, 6.15; N, 3.71; found: C, 63.75; H,
6.16; N, 3.71.

3-chloro-4-methyl-N-(phenyl(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)methyl)aniline

Crystallization at —30 °C (MTBE: hexane = 1:1) afforded the product 2-3ab (120 mg, 67%),
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white solid.

'H NMR (300 MHz, CDCls) 6 7.36—7.22 (m, 4H), 7.16 (t, J = 8 Hz, 1H), 6.88 (dd, J =8, 1
Hz, 1H), 6.57 (d, J = 3 Hz, 1H), 6.34 (dd, J = 8, 3 Hz, 1H), 4.59 (d, J = 5 Hz, 1H), 4.15 (d,
J =5 Hz, 1H), 2.18 (s, 3H), 1.22 (s, 6H), 1.17 (s, 6H).

13C{*H} NMR (75 MHz, CDCls) & 147.3, 140.6, 134.7, 131.2, 128.7, 126.4, 126.3, 123.6,
113.5, 111.6, 84.7, 46.2 (v br), 24.8, 24.6, 19.0.

1B NMR (96 MHz, CDCls) 6 32.0.

HRMS (ASAP pos): calc. for [M+H]* C20H26BCINO,* 358.1740; found: 358.1729.

Elem. Anal. Calc. (%) for CxH2sBCINO,: C, 67.16; H, 7.05; N, 3.92; found: C, 67.39; H,
6.90; N, 3.54.

3,5-dimethyl-N-(phenyl(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)aniline

et

%
S

Crystallization at =30 °C (MTBE: hexane = 1:1) afforded the product 2-3ac (88 mg, 52%),
white solid.
IH NMR (300 MHz, CDCls) & 7.40-7.35 (m, 2H), 7.31-7.24 (m, 2H), 7.19-7.11 (m, 1H),
6.29 (s, 1H), 6.21 (s, 2H), 4.56 (s, 1H), 4.18 (s, 1H), 2.16 (s, 3H), 2.16 (s, 3H), 1.22 (S, 6H),
1.17 (s, 6H).
1BC{*H} NMR (75 MHz, CDCls) 6 148.4, 141.3, 138.8, 128.6, 126.4, 126.1, 119.0, 111.0,
84.5, 46.3 (v br), 24.8, 24.6, 21.6.
1B NMR (96 MHz, CDCls) & 31.6.
HRMS (ASAP pos): calc. for [M+H]* C21H20BNO," 338.2286; found: 338.2279.
Elem. Anal. Calc. (%) for C21H2sBNO2: C, 74.79; H, 8.37; N, 4.15; found: C, 74.93; H, 8.31;
N, 4.17.
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3,4,5-trimethoxy-N-(phenyl(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)methyl)aniline

OMe
OMe

HN OMe
BI/O
=S

Crystallization at —30 °C (MTBE: hexane = 1:1) afforded the product 2-3ad (84 mg, 42%),
white solid.

H NMR (300 MHz, CDCls) 6 7.39-7.33 (m, 2H), 7.31-7.24 (m, 2H), 7.20-7.12 (m, 1H), 5.79
(s, 2H), 4.57 (d, J = 5 Hz, 1H), 4.15 (d, J = 5 Hz, 1H), 3.70 (s, 3H), 3.68 (s, 6H) 1.22 (s,
6H), 1.17 (s, 6H).

BC{*H} NMR (75 MHz, CDCl3) & 153.9, 145.0, 141.3, 129.6, 128.7, 126.5, 126.3, 90.5,
84.6, 61.2, 55.8, 46.9 (v br), 24.7, 24.6.

1B NMR (96 MHz, CDCls) & 30.2.

HRMS (ASAP pos): calc. for [M+H]* C22H31BNOs 400.2290; found: 400.2291.

Elem. Anal. Calc. (%) for C22H30BNOs: C, 66.18; H, 7.57; N, 3.51; found: C, 66.41; H, 7.61;
N, 3.51.

N-(phenyl(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)naphthalen-1-amine

(
e
SRS

=SS
Crystallization at =30 °C (MTBE: hexane = 1:1) afforded the product 2-3ae (92 mg, 51%),
white solid.
H NMR (300 MHz, CDCls) & 8.08-7.95 (m, 1H), 7.83-7.74 (m, 1H), 7.57—7.38 (m, 4H),
7.35-7.24 (m, 2H), 7.22-7.11 (m, 3H), 6.39 (dd, J = 7, 2 Hz, 1H), 5.49 (s, 1H), 4.39 (s, 1H),
1.27 (s, 6H), 1.22 (s, 6H).
13C{*H} NMR (75 MHz, CDCls) & 143.1, 140.6, 134.5, 128.8, 128.6, 126.8, 126.4, 126.3,

125.7, 124.6, 123.4, 120.1, 116.8, 105.2, 84.8, 46.3 (v br), 24.9, 24.6.
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1B NMR (96 MHz, CDCls) & 31.5.

HRMS (ASAP pos): calc. for [M+H]* C23H27BNO, 360.2129; found: 360.2135.

Elem. Anal. Calc. (%) for C23H26BNO>: C, 76.89; H, 7.29; N, 3.90; found: C, 76.56; H, 7.27;
N, 3.85.

N-((4-bromophenyl)(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)-4-

methylaniline

HN :
jogs
Br O\é

Crystallization at =30 °C (MTBE: hexane = 1:1) afforded the product 2-3af (157 mg, 78%),
white solid.

IH NMR (300 MHz, CDCls) 5 7.38 (d, J = 9 Hz, 2H), 7.25 (dd, J = 9, 1 Hz, 2H), 6.89 (d, J =
8 Hz, 2H), 6.42 (d, J = 8 Hz, 2H), 4.52 (d, J = 5 Hz, 1H), 4.13 (d, J = 5 Hz, 1H), 2.18 (s,
3H), 1.22 (s, 6H), 1.18 (s, 6H).

13C{*H} NMR (75 MHz, CDCls) 6 145.5, 140.5, 131.6, 129.7, 128.1, 126.3, 119.7, 113.1,
84.8, 46.0 (v br), 24.8, 24.6, 20.5.

1B NMR (96 MHz, CDCl3) & 32.0.

HRMS (ASAP pos): calc. for [M+H]" C20H26BBrNO2 402.1234; found: 402.1237.

Elem. Anal. Calc. (%) for CxoH2sBBrNO.: C, 59.74; H, 6.27; N, 3.48; found: C, 59.96; H,
6.29; N, 3.58.

N-((4-bromophenyl)(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)-4-(tert-

butyl)aniline

HN
jons
(o]
Br \é

Crystallization at —30 °C (MTBE: hexane = 1:1) afforded the product 2-3ag (144 mg, 65%),

white solid.
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H NMR (300 MHz, CDCl3) 6 7.42 (d, J = 9 Hz, 2H), 7.30 (dd, J =9, 1 Hz, 2H), 7.14 (d, J =
9 Hz, 2H), 6.49 (d, J = 9 Hz, 2H), 4.57 (d, J = 4 Hz, 1H), 4.14 (d, J = 4 Hz, 1H), 1.26 (s,
9H), 1.24 (s, 6H), 1.20 (s, 6H).

13C{*H} NMR (75 MHz, CDCls) 6 145.7, 140.8, 139.9, 131.6, 128.1, 126.0, 119.7, 112.6,
84.8, 46.3 (v br), 33.9, 31.7, 24.8, 24.5.

1B NMR (96 MHz, CDCls) & 31.9.

HRMS (ASAP pos): calc. for [M+H]" C23H32BBrNO, 444.1704; found: 444.1700.

Elem. Anal. Calc. (%) for C23H31BBrNO2: C, 62.19; H, 7.03; N, 3.15; found: C, 61.64; H,
7.02; N, 2.93.

N-((4-bromophenyl)(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)-4-

iodoaniline
: N
HN
Br

Crystallization at —30 °C (MTBE: hexane = 1:1) afforded the product 2-3ah (177 mg, 69%),
white solid.

H NMR (500 MHz, CDCls) & 7.38 (d, J = 8 Hz, 2H), 7.31 (d, J = 8 Hz, 2H), 7.20 (d, J = 8
Hz, 2H), 6.28 (d, J = 8 Hz, 2H), 4.69 (d, J = 5 Hz, 1H), 4.10 (d, J = 5 Hz, 1H), 1.22 (s, 6H),
1.17 (s, 6H).

13C{*H} NMR (126 MHz, CDCls) 6 147.3, 139.6, 137.8, 131.8, 128.0, 120.0, 115.4, 85.0,
77.8, 45.6 (v br), 24.8, 24.6.

1B NMR (160 MHz, CDCls) 6 32.1.

HRMS (ASAP pos): calc. for [M+H]" C19H23BBrINO; 514.0044; found: 514.0031.

Elem. Anal. Calc. (%) for C19H23BBrINO2: C, 44.40; H, 4.31; N, 2.73; found: C, 44.26; H,
4.25; N, 2.84.
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3-bromo-N-((4-bromophenyl)(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)methyl)aniline

HN : Br
jegs

Crystallization at —30 °C (MTBE: hexane = 1:1) afforded the product 2-3ai (163 mg, 70%),
white solid.

H NMR (300 MHz, CDCls) 6 7.40 (d, J =9 Hz, 2H), 7.21 (d, J = 9 Hz, 2H), 6.91 (dd, J = 8,
8 Hz, 1H), 6.73 (ddd, J = 8, 2, 1 Hz, 1H), 6.67 (dd, J = 2, 2 Hz, 1H), 6.38 (ddd, J =8, 2, 1
Hz, 1H), 4.71 (d, J = 5 Hz, 1H), 4.11 (d, J = 5 Hz, 1H), 1.22 (s, 6H), 1.17 (s, 6H).

1BC{*H} NMR (75 MHz, CDCl3) 6 149.2, 139.6, 131.8, 130.5, 128.0, 123.2, 120.1, 120.0,
115.9, 111.5, 85.0, 45.6 (v br), 24.8, 24.6.

1B NMR (96 MHz, CDCls) & 31.6.

HRMS (ASAP pos): calc. for [M+H]* C21 C19H23BBraNO; 466.0163; found: 466.0168.
Elem. Anal. Calc. (%) for C19H22BBr2NO2: C, 48.87; H, 4.75; N, 3.00; found: C, 48.84; H,
4.85; N, 2.86.

N-((4-bromophenyl)(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)-3-chloro-4-

methylaniline

HN : Cl
oY
=S
Br

Crystallization at —30 °C (MTBE: hexane = 1:1) afforded the product 2-3aj (148 mg, 68%),
white solid.

IH NMR (500 MHz, CDCls) & 7.39 (d, J = 7 Hz, 2H), 7.22 (d, J = 7 Hz, 2H), 6.89 (d, J = 8
Hz, 1H), 6.53 (s, 1H), 6.30 (d, J = 8 Hz, 1H), 4.58 (d, J = 5 Hz, 1H), 4.10 (d, J = 5 Hz, 1H),
2.19 (s, 3H), 1.21 (s, 6H), 1.17 (s, 6H).

13C{*H} NMR (126 MHz, CDCls) & 146.9, 139.9, 134.8, 131.8, 131.3, 128.1, 124.0, 120.0,

113.5, 111.6, 84.9, 45.8 (v br), 24.8, 24.6, 19.0.
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1B NMR (160 MHz, CDCls) & 32.4.

HRMS (ASAP pos): calc. for [M+H]* C2H2sBBrCINO, 436.0845; found: 435.0849.

Elem. Anal. Calc. (%) for C2H24BBrCINO2: C, 55.02; H, 5.54; N, 3.21; found: C, 55.06; H,
5.63; N, 3.10.

methyl 4-(((4-methoxyphenyl)amino)(phenyl)methyl)benzoate

HN
II II COOMe

Flash chromatography on deactivated silica gel (hexane:Et,O = 10:1) afforded the product
2-6w (54 mg, 78%), white solid.

'H NMR (300 MHz, CDCls) & 8.05-7.95 (m, 2H), 7.53—7.44 (m, 2H), 7.38=7.22 (m, 5H),
6.77—6.68 (M, 2H), 6.54—6.44 (m, 2H), 5.46 (s, 1H), 4.02 (s, 1H), 3.90 (s, 3H), 3.71 (s, 3H).
13C{*H} NMR (75 MHz, CDCl5) 6 167.0, 152.5, 148.4, 142.7, 141.4, 130.2, 129.3, 129.0,
127.8,127.7,127.4, 114.9, 114.9, 63.9, 55.9, 52.2.

HRMS (ASAP pos): calc. for [M+H]" C22H22NO3 348.1594; found: 348.1590.
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2.7.4 Single-crystal X-ray diffraction studies

Crystal structure determination Crystals suitable for single-crystal X-ray diffraction were
selected, coated in perfluoropolyether oil, and mounted on MiTeGen sample holders.
Diffraction data of 2-3a were collected on a BRUKER X8-APEX Il diffractometer with a CCD
area detector using Mo-K radiation monochromated by multi-layer mirror. Diffraction data
of 2-3v and 2-3y were collected on a Rigaku Oxford Diffraction XtaLAB Synergy
diffractometer with a semiconductor HPA-detector (HyPix-6000) and multi-layer mirror
monochromated Cu-K, radiation. The crystals were cooled using Oxford Cryostream low-
temperature devices. Data were collected at 100 K. The images were processed and
corrected for Lorentz-polarization effects and absorption as implemented in the Bruker
software packages (2-3a) or using the CrysAlis™ software from Rigaku Oxford Diffraction
(2-3v and 2-3y). The structures were solved using the intrinsic phasing method (SHELXT)%
and Fourier expansion technique. All non-hydrogen atoms were refined in anisotropic
approximation, with most hydrogen atoms ‘riding’ in idealized positions, by full-matrix least
squares against F2? of all data, using SHELXL®" software and the SHELXLE® graphical user
interface. Only the H2 and H4N hydrogen atoms bonded to nitrogen were refined freely in
compound 2-3a, and the H2 hydrogen atoms bonded to nitrogen in compounds 2-3v and
2-3y. Diamond®® software was used for graphical representation. Crystal data and
experimental details are listed in Table 2-7; full structural information has been deposited
with the Cambridge Crystallographic Data Centre. CCDC-1949303 (2-3a), 1949304 (2-3v),
and 1949305 (2-3y).
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Table 2-7 Single-crystal X-ray Diffraction Data and Structure Refinements of Compounds

2-3a, 2-3v, and 2-3y

Data 2-3a 2-3v 2-3y

CCDC number 1949303 1949304 1949305
Empirical formula C1sH23BN202 C19H24BNO; C19H23BBrNO;
Formula weight/ g-mol*  310.19 309.20 388.10

T/IK 100(2) 100(2) 100(2)

A1 A, radiation

Mo-Ka 0.71073

Cu-Ka 1.54184

Cu-Ka 1.54184

Crystal size / mm?

0.30%0.27%x0.13

0.13x0.07x0.03

0.21x0.12x0.09

Crystal color, habit

colorless plate

colorless block

colorless block

/ mm 0.079 0.579 3.164
Crystal system Triclinic Monoclinic Triclinic
Space group P1 P24/n P1

alA 10.953(5) 6.53430(10) 9.7994(3)
b/A 11.602(6) 18.0163(4) 10.4104(2)
clA 13.554(7) 15.1210(3) 10.4227(3)
al® 87.273(14) 90 61.181(2)
Bl 85.486(10) 98.995(2) 77.700(2)
y/° 79.100(8) 90 88.428(2)
Volume / A3 1685.2(15) 1758.21(6) 906.68(5)
V4 4 4 2

Peaic | g-cm™ 1.223 1.168 1.422
F(000) 664 664 400
frange/° 2.301-26.913 3.844-72.081 4.636-72.129
Reflections collected 54592 14598 21723
Unique reflections 7255 3460 3554
Parameters / restraints 429/0 254 /12 225/0
GooF on F? 1.047 1.034 1.052

R+ [I>20(1)] 0.0445 0.0468 0.0423
wR? (all data) 0.1086 0.1177 0.1124
Max. / min. residual 0.290 /-0.232 0.227 /-0.268 0.924 /-0.851

electron density / e-A®
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Figure 2-9 Molecular structure of 2-3a in the solid state at 100 K. Atomic displacement
ellipsoids are drawn at the 50% probability level, and H atoms are omitted for clarity. Only

one of two independent molecules is drawn.

Figure 2-10 Molecular structure of 2-3v in the solid state at 100 K. Atomic displacement
ellipsoids are drawn at the 50% probability level, and H atoms are omitted for clarity. The

BPin moiety is disordered and only the part with the higher occupancy (52%) is shown here.
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Figure 2-11 Molecular structure of 2-3y in the solid state at 100 K. Atomic displacement

ellipsoids are drawn at the 50% probability level, and H atoms are omitted for clarity.
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3 Concise synthesis of a-amino cyclic boronates
via multicomponent coupling of salicylaldehydes,

amines, and B2(OH)4

3.1 Abstract

A concise synthesis of a-amino cyclic boronates via multicomponent coupling of readily
available salicylaldehydes, amines, and B2(OH)4 was achieved. The process can be carried
out at room temperature in ethanol, does not require catalysts or additives, and is easy to

scale up. Aminals and ligated boroxines are intermediates in this reaction.

3.2 Introduction

Organoboron compounds have numerous applications in organic synthesis,
pharmaceuticals and functional materials.'10:1988.100 |n particular, a-aminoboronic acids
and their derivatives are important due to their roles as bioactive agents, functional
materials, and synthetic building blocks.2629:6-8.10.73.74101 Fqr example, a-amino cyclic
boronate A, and its macrocyclic derivative B (Scheme 3-1), are HCV NS3 serine protease
inhibitors (ICso 23 nM and 43 nM, respectively).'%? Vaborbactam, approved by the FDA in
2017, is a B-lactamase inhibitor based on a cyclic boronic acid pharmacophore. It has been
used in trials investigating the treatment of bacterial infections in subjects with varying
degrees of renal insufficiency (Scheme 3-1, C).#'% Taniborbactam is a new-generation
cyclic boronate B-lactamase inhibitor, which has a unique broad-spectrum activity, covering

both serine-B-lactamases and metallo-B-lactamases (Scheme 3-1, D).'*

E
p "
o " O//'mo s N, gflo N
agto i G T S ey BB
oY 2 [ 5 2
° o H OH Vaborbactam Taniborbactam
A

B approved by the FDA in 2017 Phase Il clinical trial
HCV NS3 protease inhibitor macrocyclic HCV NS3 protease inhibitor Slactamase inhibitor f-lactamase inhibitor

Scheme 3-1 Examples of enzyme inhibitors possessing an a-amino cyclic boronate motif.
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The therapeutic potential of a-amino cyclic boronates provides a great driving force to
develop and refine efficient and green methods for their synthesis. However, compared
with their non-cyclic derivatives,'2¢:20.22-23.31.35.38:46.38a rg|gtively few methods are available for
the preparation of a-amino cyclic boronates. Traditional synthetic methods are based on
multi-step reactions, including Ir-catalyzed borylation, Matteson’s boronic ester
homologation, nucleophilic amination, cyclization, efc. (Scheme 3-2a).'%31% |n 2017, Parra,
Tortosa and co-workers synthesized a series of chiral a-aminoboronic esters by a Cu-
catalyzed asymmetric hydroboration of B-amidoacrylates. With these borylated products in
hand, hemiboronates were prepared by hydrolysis of the pinacol boronic ester, and an N-
Boc protected derivative was transformed into a primary a-aminoboronate (Scheme 3-
2b).3* These useful methods require harsh conditions, multi-step procedures, and/or metal
catalysts. Additionally, the starting materials usually require several steps to prepare. Thus,
development of efficient and versatile chemical transformations for synthesizing a-amino

cyclic boronates from readily available starting materials is highly desirable.

Aldehydes and amines have been widely utilized in multicomponent Mannich, Strecker,
and Petasis reactions, efc., and are ideal starting materials as they are abundant,
inexpensive and readily available from commercial suppliers. Bypassing the isolation of
imine or iminium intermediates increases the product scope, reduces the number of steps,

and is thus more economical and sustainable.

The synthesis of diverse a-amino cyclic boronates via the multicomponent coupling of
commercially available salicylaldehydes, amines, and tetrahydroxydiboron [B2(OH)4] is
achieved. The process is simple, can be run in a green solvent, and does not require

catalysts or additives (Scheme 3-2c¢).
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a) Reported synthetic route to Vaborbactam.0%105

Mo 7< TBDMSCI W j< [Ir(cod)Cl],, dppb Bplnm j<
OH O

OH
‘ Cl
n i p
OH G BuLi, DCM O‘BWOK
_— _—
|
THF m 95° o] g
j< 95 °C, THF ——
TBDMS
[0} S \
1) LIHMDS, THF, ~
-78°Ctort 3 N HCl,q, dioxane
2) 2-Thiopheneacetic acid w j< reflux m Q
EDCI, HOBT, NMM, DCM ~COOH
TBDMS

b) Parra and Tortosa’s protocol to synthesize a-amino cyclic boronates.3™

CuCl (10 mol %) B OHO\
o (R)-SEGPHOS (11 mol %) R=Ph .
)k NaOBu (1.0 equiv) O  Bpin O Bu(OH),, pentane Ph h

RS A
B,pin, (1.1 equiv)

OFt MeOH, 1N HClI HO o
e <
07 TOEt ’ 24 |R = O'Bu
MeOH (4.0 equiv) —

THF, 1t, 3 h CIH,N (R)-SEGPHOS

Iz

c¢) Catalyst- and additive-free synthesis of a-amino cyclic boronates via multicomponent

coupling (this work).

R1

Wt R2 1 1~
9 H-N-R® oH RIR? C
u o+ RUGRE L gon), EOH.1Th 08 1N HCl,q H
R® H ‘B © .

g R B—OH

OH (0] O-B d

OH
341 3-2 3-3 34 3.5
| Multicomponent one-pot coupling A

Scheme 3-2 Previously reported methods for the synthesis a-amino cyclic boronates,

and our method.

3.3 Results and discussions

3.3.1 Optimization of reaction conditions

Our initial studies showed that a novel ligated boroxine 3-4a was formed after 24 h, when
salicylaldehyde 3-1a, morpholine 3-2a and B2(OH): were mixed in toluene at room
temperature (Table 3-1, Entry 1). Optimization of the reaction showed that polar solvents
gave higher yields of product than non-polar ones, giving the product in 94% isolated yield,

when CH3;CN was used (Entries 2-7). Compound 3-4a was formed in 93% yield in only 12
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h (Entry 8) and, due to its low solubility in CH3CN, the product can be easily separated via

filtration.

Table 3-1 The development of optimized conditions for ligated boroxine formation?

(¢}
CHO rt H-N pH
+ + BZ(OH)4 —_— p_B\
OH N B ©
/» /
O O-B
3-1a 3-2a 3-3 OH
3-4a

Entry Solvent Time (h) Yield (%)

1 toluene 24 49
2 Et20 24 38
3 CHCl2 24 65
4 THF 24 68
5 EtOAc 24 72
6 acetone 24 89
7 MeCN 24 94
8 MeCN 12 93
9 MeCN 6 72

@Reaction conditions: 3-1a (0.5 mmol), 3-2a (0.5 mmol, 1.0 equiv), Bo(OH), (0.75 mmol, 1.5 equiv), solvent (2 mL), in air at

ambient temperature, with isolated yields of product.

3.3.2 Investigation of reaction scope

With optimized conditions in hand, the substrate scope was then systematically studied,
and the results are compiled in Scheme 3-3. Secondary aliphatic amines, including
piperidine, pyrrolidine, Bno.NH, BnMeNH, Me:NH, Et:NH, and "Pr.NH were suitable
substrates for this reaction. Both electron-donating methyl, methoxy, and t-butyl, and
electron-withdrawing bromide and fluoride substituents on the salicylaldehyde were
tolerated (Scheme 3-3). A convenient gram-scale reaction (10 mmol) of 3-1a give 3-4a in
91% vyield (2.791 g). The structures of the products were exemplified by single-crystal X-
ray diffraction studies of 3-4a, 3-4d, and 3-4p (Figure 3-1).
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" R2
CHO . MeCN H-N"R" OH
S S L IV R
oH H rt, 12 h R B0
O 0-B
341 3-2 3-3 34 OH
o
o, -
OH uN OH aN Bn oH
o o B O-B 0B
» Y _/B> /O _/Bs /O
o o B o o B O 0-B 0-B
OH OH
3-4a, 93% 3-4b, 88% 3-4c, 82% 3-4d, 71%
10 mmol scale, 2.791 g, 91%
=Bn N Et, "Pry, np
N OH N~ OH 4-N"E oH N-"" OH
0O-B 0-B 0-B
-B O B O B
S / S / /B; /O
0 0-B O 0-B O 0-B
OH H OH
3-4e, 65% 3-4f, 79% 3-4g, 84% 3-4h, 72%
o o) o) o)
L J () ()
N OH ,N OH
F 0-B -B,
¥ / N _/B-> /o _B O
OOB\ OOB 0 0-B Br OOB
OH OH
3-4i, 89% 3-4j, 84% 3-4k, 75% 3-41, 77%
o o o) o)
- QJ OH QJ
_N OH - .
H \O*B/ O B H pri tBU H e (
_,B-‘ ,\O / _/B> /o —/B; /O
eO O O*B\ \ O O*B\ O O*B\
E OH By OH
3-4m, 83% -4n 72% 3-40, 82% 3-4p, 68%

Reaction conditions: 3-1 (0.5 mmol, 1.0 equiv), 3-2 (0.5 mmol, 1.0 equiv) and 3-3 (0.75 mmol, 1.5 equiv) in MeCN (2 mL) in

air at ambient temperature unless otherwise specified, with isolated yields of target product.

Scheme 3-3 Substrate scope of synthesis of boroxines.

I
\
3-4a

Figure 3-1

3-4d

Molecular structures of 3-4a, 3-4d, and 3-4p.
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Given its low price, low boiling point and low toxicity, ethanol is widely used as a green
solvent in organic synthesis.'®® With ethanol as the solvent for our reaction, one or both
hydroxyls were substituted by EtO", as confirmed by NMR spectroscopy and HRMS
(Scheme 3-4 and Figures 3-8 to 3-12). However, the products were formed faster and in
higher yields, and after work up with 1N HCl.q, a benzoxaborole-derived a-amino cyclic
boronate was isolated in good yield.'"'% As depicted in Scheme 3-5, a series of a-amino

cyclic boronates were prepared via this multicomponent reaction.

OEt
/
B

\

H-

() L
EtOH H-
Oo- O-

cﬁ* . o OIS @ﬁ
H + + By(OH)y —— B B +
3-2a

3-4a- EtO 3-4a-| EtO' 3-4a-2EtO

()
o-
B 0
0 o-g
OEt

Scheme 3-4 Reaction conducted in ethanol.

o +

2
R R? EtOH, rt, 1 h HNR
R3 H + N + By(OH)4
H work up with TN HCly,q
OH
31 3-2 33
</o cl” O cl” (j clI-
H—N+/7 H—N+ H—N+ H N -Bn

oo e e Ooe
o o o

3-5a, 79% 3-5b, 75% 3-5¢, 83% 3-5d, 85%
10 mmol scale, 1.941 g, 76%

¥ N+ ¢ Et . Cl™ PI'\ +n B
H- N/ - H—N’Et
o
3- 5e 72% 3-5f, 55% 3-59, 75% 3- 5h 69%

Ci? Cl

( (N
e o

3-5i, 74% 3-5j, 81%

Reaction conditions: 3-1 (0.5 mmol), 3-2 (0.5 mmol, 1.0 equiv) and By(OH), (0.75 mmol, 1.5 equiv), ethanol (2 mL), in air

under ambient temperature for 1h, then 2 mL 1N HCl,q was added, with isolated yields of target product.

Scheme 3-5 Substrate scope of the one-pot synthesis of a-amino cyclic boronates.
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3.4 Mechanistic studies

3.4.1. Stepwise reaction

To gain insight into the mechanism, the reaction was conducted stepwise, and aminal
intermediate 3-4a’ was formed in 26% yield immediately upon mixing salicylaldehyde 3-1a
and morpholine 3-1b in CH3;CN, confirmed by 'H NMR spectroscopy (Figure 3-2).
Prolonging the reaction time to 12 h did not lead to an improvement in the yield of 3-4a’,
indicating that the formation of aminals is reversible. Bo(OH)s was then added to the
reaction mixture, and boroxine 3-4a was isolated in 92% yield after stirring for 12 h. Then,
3-4a was hydrolyzed with 1N HClaq to give a-amino cyclic boronate 3-5a in 94% yield
(Scheme 3-6).

() &

CH3CN (2 mL) B,(OH), (0.75 mmol) H-
—_— B —_— HN
rt, 12h rt, 12 h - rt, 15 min
OH o B’ JB~OH
(o}

3-1a 3-2a OH
0.5 mmol 0.5 mmol 3-4a', 26% NMR yield 3-4a, 92% isolated yield 3-5a, 94% isolated yield

i? o_ ¢
OH 1N HClq Cj
o

b

Scheme 3-6 Stepwise reaction process; the yield of intermediate 3-4a’ was monitored by
"H NMR spectroscopy (300 MHz, CDClIg, rt) using 1,3,5-trimethoxybenzene as an internal

standard.

Experimental procedures

(1) In a 10 mL reaction tube equipped with a magnetic stirring bar, MeCN (2 mL),
salicylaldehyde 3-1a (0.5 mmol), and morpholine 3-2a (0.5 mmol, 1.0 equiv) were added
in this order, and 1,3,5-trimethoxybenzene (0.25 mmol, 0.5 equiv) was then added as an
internal calibration standard. The resulting mixture was analyzed by "H NMR spectroscopy
in CDClIs solution. The 'H NMR spectrum is shown below (Figure 3-2). Aminal 3-4a’ was

obtained in 26% NMR yield.
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o o)
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3-4a', 26% NMR yield
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Figure 3-2 'H NMR spectrum (300 MHz, CDCls, rt) of the reaction mixture of 3-1a and 3-
2a in MeCN; the product yield was determined by 'H NMR spectroscopy using 1,3,5-

trimethoxybenzene (blue + sign) as the internal calibration standard.

(2) To the above filtrate, Bo(OH)4 (0.75 mmol, 1.5 equiv) was added and the reaction mixture
was stirred at room temperature overnight, then filtered through filter paper and washed
with MeCN (10 mL). The product was dried under vacuum to give 3-4a as a white solid

(141 mg, 92% isolated yield).

(3) To a 10 mL reaction tube equipped with a magnetic stirring bar, 3-4a (141 mg, 0.46
mmol) and 1N HCl,q (2 mL) were added. The resulting solution was stirred for 15 min, and

then extracted with Et2O (2 x 5 mL) to remove impurities. The aqueous solution was
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evaporated to dryness under vacuum to obtain a white residue, which was then dissolved

in CH2Cl> (5 mL). Removal of CH2Cl> under vacuum gave the product 5a as white solid (94%
isolated yield).

3.4.2. Reaction of salicylaldehyde 3-1a with different ratios of morpholine 3-
2a

A Ty L
e i A Th o S Y
(e} o <t O < O v [o) e
— o] — N — 00 — — —
120 11.0 100 90 80 70 60 50 40 30 20 1.0 0.0
f1 (ppm)
Figure 3-3

"H NMR spectrum of the reaction of salicylaldehyde 3-1a with 1 equivalent of

morpholine 3-2a (300 MHz, CDCls, rt); 1,3,5-trimethoxybenzene was used as an internal
standard.
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Figure 3-4 'H NMR spectrum of the reaction of salicylaldehyde 3-1a with 2 equivalents

of morpholine 3-2a (300 MHz, CDCls, rt); 1,3,5-trimethoxybenzene was used as an internal

standard.

11.0 10.0 9.0 8.0 7.0 6.0 5.0

12.0

Figure 3-5 'H NMR spectrum of the reaction of salicylaldehyde 3-1a with 3 equivalents

of morpholine 3-2a (300 MHz, CDCls, rt); 1,3,5-trimethoxybenzene was used as an internal

standard.
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Figure 3-6 'H NMR spectrum of the reaction of salicylaldehyde 3-1a with 5 equivalents

of morpholine 3-2a (300 MHz, CDCls, rt); 1,3,5-trimethoxybenzene was used as an internal

standard.
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Figure 3-7 'H NMR spectrum of the reaction of salicylaldehyde 3-1a with 10 equivalents
of morpholine 3-2a (300 MHz, CDCls, rt); 1,3,5-trimethoxybenzene was used as an internal

standard.
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3.4.3 Reaction conducted in ethanol
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Figure 3-8 HRMS (APCI neg) of the reaction mixture in eq 1; m/z of 3-4a-EtO and/or 3-

4a-EtO’: [M—H] calcd for C13H19B3sNO7~ 334.1446, found 334.1447.
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Figure 3-9 HRMS (APCI neg) of the reaction mixture in eq 1; m/z of 3-4a-2EtO: [M—H]~

calcd for C15H23B3NO7~ 362.1759, found 362.1763.
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"H NMR spectrum of the reaction mixture in eq 1 (300 MHz, D20, rt).
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Figure 3-11  "3C{'H} NMR spectrum of the reaction mixture in eq 1 (75 MHz, D0, rt).
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Figure 3-12 "B NMR spectrum of the reaction mixture in eq 1 (96 MHz, D,0, rt).
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3.4.4 Proposed mechanism

The Petasis three-component reaction between an amine, an aldehyde and an
organoboron compound, has evolved into a versatile process for the synthesis of amino
acids, amino alcohols, and various heterocycles.'™ In 1962, Matteson et al. first reported
ligand-facilitated trimerization of boronic acids when they prepared the 1 : 1 pyridine
complex of vinylboronic acid anhydride, the boroxine being generated spontaneously in a

high yield."®

Based on the above, and our observations, we propose the mechanism for our
multicomponent coupling reaction shown in Scheme 3-7. Salicylaldehyde 3-1a reacts with
morpholine 3-1b to form aminal intermediate 3-4a’. The key intermediate B is assembled
by formation of iminium ion A, and coordination of its phenolate oxygen to B(OH)4.'30
Intramolecular boryl group transfer provides C, the immediate precursor to ligated a-
aminoboronic acid D, which can react with boric acid to give boroxine 3-4a. Finally,

hydrolysis with 1N HCl,q affords a-amino cyclic boronate 3-5a.

o 0 ©
0 o () . () .
. . [ j - H,0 N - morpholine ‘N B,(OH)4 ‘N OH
—_ - ]
N +H,0 N/} + morpholine LB’OH
N |
OH K/O - o5 ~0H
OH ° H
3-1a 3-2a 3-4a" A B
[oj o 0 o_ ¢
N H0 QJ 2 B(OH), LN~ oH INHCIg (+/7
. H- — o-§ —— Y
BOH - B(OH); JOH -3 H,0 B hydrolysis
(OH), A 2 B o vy B—OH
OB(OH o oH © o8 o
(OH), OH
c D 3-4a 3-5a

Scheme 3-7 Proposed mechanism for the formation of 3-5a.

3.5 Summary

In conclusion, a green and economical process for the synthesis of a-amino cyclic
boronates was developed. The desired products can be obtained via a one-step

multicomponent reaction from the readily available starting materials, salicylaldehydes,
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amines, and B2>(OH)4. Our protocol has several advantages over previous routes including
mild reaction conditions (room temperature, in air), no catalysts or additives, easy product

isolation, and green solvents (ethanol and water).

3.6 Experimental procedures and characterization data

3.6.1 General information

All reagents were purchased from Alfa-Aesar, Aldrich, TCI, ABCR, VWR, or Fluorochem,
and were checked for purity by GC-MS and/or '"H NMR spectroscopy and used as received.
D,0O was purchased from Deutero GmbH, and CD3;0OD were purchased from Sigma-Aldrich.

Diboronic acid was purified by washing with dioxane following a reported method.""

The removal of solvent was performed on a rotary evaporator in vacuo at a maximum
temperature of 40 °C. GC-MS analyses were performed using an Agilent 7890A gas
chromatograph (column: HP-5MS 5% phenyl methyl siloxane, 30 m, @ 0.25 mm, film
0.25 um; injector: 250 °C; oven: 40 °C (2 min), 40 °C to 280 °C (20 °C-min™"); carrier gas:
He (1.2 mL-min™")) equipped with an Agilent 5975C inert MSD with triple-axis detector
operating in El mode and an Agilent 7693A series auto sampler/injector. Elemental analysis
were performed on a Leco CHNS-932 Elemental Analyzer. High-resolution mass spectra
were recorded using a Thermo Fischer Scientific Exactive Plus Orbitrap MS system (ASAP,
ESI or HPCI probe). All NMR spectra were recorded at ambient temperature using Bruker
DRX-300 ('H, 300 MHz; *C{'H}, 75 MHz; "B, 96 MHz) or Bruker Avance 500 NMR ('H,
500 MHz; "3C{'H}, 125 MHz; "B, 160 MHz; "°F{'H}, 471 MHz) spectrometers. 'H NMR
chemical shifts are reported relative to TMS and were referenced via residual proton
resonances of the corresponding deuterated solvent (D20, 4.79 ppm; CDsOD, 3.31 ppm;
CDCls, 7.26 ppm), whereas "*C{'H} NMR spectra are reported relative to TMS via the
carbon signals of the deuterated solvent (CD30D, 49.00 ppm; CDCls, 77.16 ppm). "'B NMR
chemical shifts are quoted relative to BF3-Et,O as external standard. '°F NMR chemical

shifts are quoted relative to CFCls as the external standard.
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3.6.2 Experimental procedures

General procedures for the preparation of boroxines (Table 3-1 and Scheme 3-3).

In a 10 mL reaction tube equipped with a magnetic stirring bar, MeCN (2 mL),
salicylaldehyde 3-1 (0.5 mmol), amine 3-2 (0.5 mmol, 1.0 equiv) and B2(OH)4 (0.75 mmol,
1.5 equiv) were added in this order. The reaction mixture was stirred at room temperature
overnight, then filtered through filter paper and washed with MeCN (10 mL). The product

was dried under vacuum.

Preparation of 3-4f (Scheme 3-3).

In a 10 mL reaction tube equipped with a magnetic stirring bar, dimethylamine
hydrochloride 3-2f (0.5 mmol) and NaHCO3 (0.5 mmol, 1.0 equiv) were dissolved in 2 mL
of MeCN. Then, salicylaldehyde 3-1a (0.5 mmol, 1.0 equiv) was added and the reaction
was stirred for 30 min. After filtration using filter paper, a clear yellow solution was obtained.
To this filtrate, B2(OH)4 (0.75 mmol, 1.5 equiv) was added and the reaction mixture was
stirred at room temperature overnight, then filtered through filter paper and washed with

MeCN (10 mL). The product was dried under vacuum.

Experimental procedure for the synthesis of 3-4a on a gram scale (10 mmol).

In a 25 mL reaction tube equipped with a magnetic stirring bar, MeCN (10 mL),
salicylaldehyde 3-1a (10 mmol, 1.221 g), morpholine 3-2a (1.0 equiv, 10 mmol, 0.871 g)
and B2(OH): (1.5 equiv, 15 mmol, 1.345 g) were added in this order. The reaction mixture
was stirred at room temperature overnight, then filtered through filter paper and washed

with MeCN (30 mL). The product 3-4a was obtained as a white solid (2.791 g, 91%).

General procedures for the preparation of benzoxaborole-derived a-amino cyclic
boronates.

In a 10 mL reaction tube equipped with a magnetic stirring bar, EtOH (2 mL),
salicylaldehyde 3-1 (0.5 mmol), amine 3-2 (0.5 mmol, 1.0 equiv) and B2(OH)4 (0.75 mmol,
1.5 equiv) were added in this order. The reaction mixture was stirred at room temperature

for 1 h. 1N HClsq (2 mL) was added to the reaction mixture, and the resulting solution was
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stirred for 15 min. The reaction mixture was extracted with Et:O (2 x 5 mL) to remove
impurities. The aqueous solution was evaporated to dryness to obtain a white residue,
which was then dissolved in CH2Cl> (5 mL). Removal of CH.Cl, under vacuum gave the

product.

Experimental procedure for the synthesis of 3-5a on a gram scale (10 mmol).

In a 25 mL reaction tube equipped with a magnetic stirring bar, EtOH (10 mL),
salicylaldehyde 3-1a (10 mmol, 1.221 g), morpholine 3-2a (1.0 equiv, 10 mmol, 0.871 g)
and B2(OH)4 (1.5 equiv, 15 mmol, 1.345 g) were added in this order. The reaction mixture
was stirred at room temperature for 1 h. 1N HClaq (40 mL) was then added to the reaction
mixture, and the resulting solution was stirred for 15 min. The reaction mixture was
extracted with Et,0O (2 x 20 mL) to remove impurities. The aqueous solution was evaporated
to dryness to obtain a white residue, which was then dissolved in CH-Cl, (20 mL). Removal

of CH2Cl> under vacuum gave the product 3-5a as a white solid (1.941 g, 76%).
3.6.3 Compound characterization

4',6'-dihydroxy-3-(morpholino-4-ium)-3H-spiro[benzo[d][1,2]oxaborole-2,2'-
[1,3,5,2,4,6]trioxatriborinan]-2-uide

O
()
N OH
O-B

H
> \
O 0-B

\

OH

3-4a, was isolated as a white solid (143 mg, 93%), m.p. = 223 °C.

"H NMR (300 MHz, D,O): 6 =7.42 (d, J= 8 Hz, 1H), 7.31 (dd, J= 8, 8 Hz, 1H), 6.88 (dd, J
=8, 8 Hz, 1H), 6.79 (d, J= 8 Hz, 1H), 4.08 (d, J= 14 Hz, 1H), 4.03 (d, J= 15 Hz, 1H), 3.90-
3.69 (m, 2H), 3.54-3.29 (m, 3H), 3.20 (s, 1H), 3.17-3.03 (m, 1H) ppm. Protons directly
attached to nitrogen and oxygen were not detected due to exchange with D20.

BC{'H} NMR (75 MHz, D;0): 6 = 162.8, 131.1, 130.4, 123.5, 118.6, 112.4, 64.4, 64.2,
60.7 (v br), 50.8, 48.9 ppm.
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"B NMR (96 MHz, D,0): 6 = 19.4, 6.9 ppm.

HRMS (ESI neg) m/z: [M—H]~ Calcd for C11H15BsNO7 306.1133; found: 306.1144.

Elem. Anal. Calcd (%) for C11H16BsNO7: C 43.08, H 5.26, N 4.57; found: C 43.02, H 5.56,
N 4.57.

4',6'-dihydroxy-3-(piperidin-1-ium-1-yl)-3H-spiro[benzo[d][1,2]oxaborole-2,2'-
[1,3,5,2,4,6]trioxatriborinan]-2-uide

3-4b was isolated as a white solid (134 mg, 88%), m.p. = 209 °C.

"H NMR (300 MHz, D;0): 6 =7.41 (d, J= 8 Hz, 1H), 7.29 (ddd, J= 8, 8, 1 Hz, 1H), 6.87
(ddd,J=8, 8, 1 Hz, 1H), 6.77 (d, J= 8 Hz, 1H), 3.47-3.28 (m, 2H), 3.21 (ddd, J= 13, 13, 3
Hz, 1H), 3.12 (s, 1H), 2.79-2.59 (m, 1H), 2.02-1.55 (m, 5H), 1.47-1.23 (m, 1H) ppm.
Protons directly attached to nitrogen and oxygen were not detected due to exchange with
D-0.

BC{'H} NMR (75 MHz, D;0): 6 = 162.7, 130.7, 130.3, 124.4, 118.5, 112.3, 60.1 (v br),
52.7, 50.0, 23.6, 23.3, 21.4 ppm.

"B NMR (96 MHz, D;0): 6 = 19.4, 6.9 ppm.

HRMS (ESI neg) m/z: [M—H]~ Calcd for C12H17B3sNOs™ 304.1341; found: 304.1351.

Elem. Anal. Calcd (%) for C12H1sB3sNQOs: C 47.30, H 5.95, N 4.60; found: C 47.37, H 5.96,
N 4.66.

4',6'-dihydroxy-3-(pyrrolidin-1-ium-1-yl)-3H-spiro[benzo[d][1,2]oxaborole-2,2'-
[1,3,5,2,4,6]trioxatriborinan]-2-uide

N OH
Crys
_/Bb /O
o o-g
OH

3-4c was isolated as a white solid (119 mg, 82%), m.p. = 230 °C.
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"H NMR (300 MHz, D2O): 6 = 7.42 (dd, J= 8, 2 Hz, 1H), 7.27 (ddd, J= 8, 8, 2 Hz, 1H),
6.85 (ddd, J=8, 8, 1 Hz, 1H), 6.77 (d, J= 8 Hz, 1H), 3.71-3.57 (m, 1H), 3.57-3.45 (m, 1H),
3.30 (s, 1H), 3.28-3.13 (m, 1H), 3.13-2.96 (m, 1H), 2.24-1.44 (m, 4H) ppm. Protons directly
attached to nitrogen and oxygen were not detected due to exchange with D2O.

BC{'H} NMR (75 MHz, D.0): & = 162.3, 130.6, 129.7, 125.7, 118.4, 112.3, 57.2 (v br),
53.3, 51.8, 22.9, 22.6 ppm.

"B NMR (96 MHz, D,0): 6 = 19.4, 7.0 ppm.

HRMS (ESI neg) m/z: [M—H]~ Calcd for C11H1sB3sNOg 290.1184; found: 290.1196.

Elem. Anal. Calcd (%) for C11H16B3sNOe: C 45.45, H 5.55, N 4.82; found: C 45.25, H 5.36,
N 4.49.

3-(dibenzylammonio)-4',6'-dihydroxy-3H-spiro[benzo[d][1,2]oxaborole-2,2'-
[1,3,5,2,4,6]trioxatriborinan]-2-uide

n
_N=Bn oH
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3-4d was isolated as a white solid (148 mg, 71%), m.p. = 226 °C.

H NMR (300 MHz, CD30D): 6 = 7.56-7.31 (m, 9H), 7.29-7.16 (m, 3H), 6.85-6.72 (m, 2H),
4.40-4.13 (m, 3H), 3.77-3.47 (m, 2H) ppm. Protons directly attached to nitrogen and
oxygen were not detected due to exchange with CDsOD.

3C{'H} NMR (75 MHz, CDs;OD): 6 = 166.6, 133.2, 132.9, 132.1, 131.5 (2C), 131.3 (2C),
130.7(2C), 130.6, 130.4 (4C), 125.0, 119.2, 113.7, 57.3, 57.1 ppm. The carbon atom
directly attached to boron was not detected, likely due to quadrupolar broadening.

"B NMR (96 MHz, CDsOD): 6 = 18.4, 7.5 ppm.

HRMS (ESI neg) m/z: [M-H] Calcd for C21H21B3sNOg 416.1654; found: 416.1668.

Elem. Anal. Calcd (%) for C21H22B3sNOe: C 60.51, H 5.32, N 3.36; found: C 60.38, H 5.76,
N 3.54.
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3-(benzyl(methyl)ammonio)-4',6'-dihydroxy-3H-spiro[benzo[d][1,2]oxaborole-2,2'-
[1,3,5,2,4,6]trioxatriborinan]-2-uide

3-4e was isolated as a white solid (111 mg, 65%), m.p. = 163 °C.

"H NMR (300 MHz, D2O) (mixture of diastereomers, dr = 55:45):

0 (major diastereomer) = 7.56-7.39 (m, 6H), 7.33 (dd, J= 8, 8 Hz, 1H), 6.96-6.87 (m, 1H),
6.82 (d, J= 8 Hz, 1H), 4.34 (d, J= 13 Hz, 1H), 4.18 (d, J= 13 Hz, 1H), 3.37 (s, 1H), 2.66
(s, 3H) ppm. Protons directly attached to nitrogen and oxygen were not detected due to
exchange with D-0.

0 (minor diastereomer) = 7.56—7.39 (m, 6H), 7.32 (dd, J= 8, 8 Hz, 1H), 6.96-6.87 (m, 1H),
6.82 (d, J= 8 Hz, 1H), 4.48 (d, J= 13 Hz, 1H), 3.60 (d, J= 13 Hz, 1H), 3.35 (s, 1H), 2.71
(s, 3H) ppm. Protons directly attached to nitrogen and oxygen were not detected due to
exchange with D-0.

BC{'H} NMR (75 MHz, D,0) (mixture of diastereomers, dr = 55:45):

0 (major diastereomer) = 162.8, 131.2, 131.0, 130.6 (2C), 130.0, 129.6, 129.1 (2C), 124.7,
118.7, 112.5, 59.6 (v br), 56.3, 37.5 ppm.

0 (minor diastereomer) =162.9, 131.2, 131.0, 130.5 (2C), 130.0, 129.5, 129.0 (2C), 124 4,
118.6, 112.5, 59.6 (v br), 57.8, 38.6 ppm.

"B NMR (96 MHz, D,0) (mixture of diastereomers, dr = 55:45): & = 19.4, 7.0 ppm.
HRMS (ESI neg) m/z: [M—H] Calcd for C1sH17B3sNOs 340.1341; found: 340.1353.

Elem. Anal. Calcd (%) for C1sH1gB3sNQOs: C 52.87, H 5.32, N 4.11; found: C 52.84, H 5.33,
N 4.12.
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3-(dimethylammonio)-4',6'-dihydroxy-3H-spiro[benzo[d][1,2]oxaborole-2,2'-
[1,3,5,2,4,6]trioxatriborinan]-2-uide

N\ +

N~ OH
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3-4f was isolated as a white solid (104 mg, 79%), m.p. =410 °C.

'"H NMR (500 MHz, D,0): & = 7.43 (dd, J= 8, 1 Hz, 1H), 7.31 (ddd, J= 8, 8, 1 Hz, 1H),
6.89 (ddd, J= 8, 8, 1 Hz, 1H), 6.79 (dd, J= 8, 1 Hz, 1H), 3.21 (s, 1H), 2.83 (s, 3H), 2.67 (s,
3H) ppm. Protons directly attached to nitrogen and oxygen were not detected due to
exchange with D20.

3C{'H} NMR (126 MHz, D-0): 6 = 162.7, 130.9, 130.0, 124.5, 118.6, 112.4, 60.4 (v br),
41.9, 39.9 ppm.

"B NMR (160 MHz, D-0O): & = 19.5, 7.0 ppm.

HRMS (ESI neg) m/z: [M-H]~ Calcd for CgH13B3sNOs 264.1028; found: 264.1038.

Elem. Anal. Calcd (%) for CoH14B3sNQOs: C 40.85, H 5.33, N 5.29; found: C 40.71, H 5.39,
N 5.17.

3-(diethylammonio)-4',6'-dihydroxy-3H-spiro[benzo[d][1,2]oxaborole-2,2'-
[1,3,5,2,4,6]trioxatriborinan]-2-uide

3-4g was isolated as a white solid (123 mg, 84%), m.p. = 230 °C.

'"H NMR (300 MHz, D,O): 6 = 7.39 (d, J= 8 Hz, 1H), 7.28 (ddd, J= 8, 8, 1 Hz, 1H), 6.87
(ddd,J= 8, 8, 1 Hz, 1H), 6.78 (d, J= 8 Hz, 1H), 3.45 (s, 1H), 3.39-2.98 (m, 3H), 2.97-2.80
(m, 1H), 1.34-1.25 (m, 6H) ppm. Protons directly attached to nitrogen and oxygen were
not detected due to exchange with D2O.

BC{'H} NMR (75 MHz, D.0): 6 = 162.7, 130.6, 129.6, 124.8, 118.6, 112.3, 54.5 (v br),
46.9, 46.9, 10.1, 9.7 ppm.

"B NMR (96 MHz, D,0): 6 = 19.4, 7.0 ppm.
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HRMS (ESI neg) m/z: [M-H]" Calcd for C11H17BaNO¢ 292.1341; found: 292.1352.
Elem. Anal. Calcd (%) for C11H1sBsNQOe: C 45.14, H 6.20, N 4.79; found: C 45.15, H 6.33,
N 4.48.

3-(dipropylammonio)-4',6'-dihydroxy-3H-spiro[benzo[d][1,2]oxaborole-2,2'-
[1,3,5,2,4,6]trioxatriborinan]-2-uide

n
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3-4h was isolated as a white solid (115 mg, 72%), m.p. = 130 °C.
"H NMR (300 MHz, D;0): 6 =7.39 (d, J= 8 Hz, 1H), 7.28 (dd, J= 8, 8 Hz, 1H), 6.86 (d, J
= 8, 8 Hz, 1H), 6.78 (d, J= 8 Hz, 1H), 3.44 (s, 1H), 3.31-2.92 (m, 3H), 2.87-2.66 (m, 1H),
1.89-1.59 (m, 4H), 0.98-0.81 (m, 6H) ppm. Protons directly attached to nitrogen and
oxygen were not detected due to exchange with D20O.
BC{'H} NMR (75 MHz, D,0): & = 162.7, 130.7, 129.6, 124.9, 118.6, 112.3, 56.2 (v br),
54.2,53.9, 18.6, 18.2, 10.2, 10.2 ppm.
"B NMR (96 MHz, D;0): 6 = 19.4, 7.0 ppm.
HRMS (ESI neg) m/z: [M—H]~ Calcd for C13H21B3sNOs™ 320.1654; found: 320.1658.
Elem. Anal. Calcd (%) for C13H22B3NOs: C 48.68, H 6.91, N 4.37; found: C 48.45, H 6.94,
N 4.28.

4',6'-dihydroxy-6-methoxy-3-(morpholino-4-ium)-3H-spiro[benzo[d][1,2]oxaborole-
2,2'[1,3,5,2,4,6]trioxatriborinan]-2-uide
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3-4i was isolated as a white solid (150 mg, 89%), m.p. = 262 °C.

"H NMR (300 MHz, D;0): 6 =7.07 (d, J = 3 Hz, 1H), 6.95 (dd, J= 9, 3 Hz, 1H), 6.73 (d, J
=9 Hz, 1H), 4.08 (d, J =14 Hz, 1H), 4.03 (d, J = 14 Hz, 1H), 3.81-3.79 (m, 5H), 3.50-3.31
(m, 3H), 3.18 (s, 1H), 3.16-3.03 (m, 1H) ppm. Protons directly attached to nitrogen and
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oxygen were not detected due to exchange with D,O.

BC{'H} NMR (75 MHz, D;0): 6 = 157.3, 151.4, 124.0, 116.9, 116.2, 112.5, 64.4, 64.2,
60.4 (v br), 56.3, 50.7, 48.9 ppm.

"B NMR (96 MHz, D,0): 6 = 19.3, 6.9 ppm.

HRMS (ESI neg) m/z: [M—H]~ Calcd for C42H17B3sNQOg™ 336.1239; found: 336.1240.

Elem. Anal. Calcd (%) for C12H1sB3sNQs: C 42.81, H 5.39, N 4.16; found: C 42.62, H 5.49.,
N 3.98.

4',6'-dihydroxy-5-methyl-3-(morpholino-4-ium)-3H-spiro[benzo[d][1,2]oxaborole-
2,2'[1,3,5,2,4,6]trioxatriborinan]-2-uide
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3-4j was isolated as a white solid (135 mg, 84%), m.p. = 219 °C.

'"H NMR (500 MHz, D20): 6 =7.27 (s, 1H), 7.15 (d, J= 8 Hz, 1H), 6.71 (d, J= 8 Hz, 1H),
410 (d,J= 13 Hz, 1H), 4.04 (d, J= 13 Hz, 1H), 3.91-3.73 (m, 2H), 3.55-3.31 (m, 3H), 3.19
(s, 1H), 3.15-3.03 (m, 1H), 2.28 (s, 3H) ppm. Protons directly attached to nitrogen and
oxygen were not detected due to exchange with D,0.

BC{'H} NMR (126 MHz, D,0): 6 = 160.5, 131.3, 130.7, 128.2, 123.4, 112.1, 64.4, 64.2,
60.9 (v br), 50.9, 48.9, 19.7 ppm.

"B NMR (160 MHz, D-0O): & = 19.4, 6.9 ppm.

HRMS (APCI neg) m/z: [M—H]~ Calcd for C12H17BsNO7 320.1290; found: 320.1271.
Elem. Anal. Calcd (%) for C12H1sB3sNO7: C 44.94, H 5.66, N 4.37; found: C 44.79, H 5.95,,
N 4.34.
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5-fluoro-4',6'-dihydroxy-3-(morpholino-4-ium)-3H-spiro[benzo[d][1,2]oxaborole-
2,2'[1,3,5,2,4,6]trioxatriborinan]-2-uide

3-4k was isolated as a white solid (122 mg, 75%), m.p. = 295 °C.

"H NMR (500 MHz, D20O): 6 =7.20 (ddd, J =9, 3, 1 Hz, 1H), 7.05 (ddd, J=9, 9, 3 Hz, 1H),
6.73 (dd, J=9, 5 Hz, 1H), 4.13-4.10 (m, 2H), 3.85-3.77 (m, 2H), 3.51-3.33 (m, 3H), 3.20
(s, 1H), 3.15 (ddd, J = 13, 13, 4 Hz, 1H) ppm. Protons directly attached to nitrogen and
oxygen were not detected due to exchange with D20O.

BC{'H} NMR (126 MHz, D-0): 6 = 158.9 (d, J = 2 Hz), 155.5 (d, J = 234 Hz), 124.0 (d, J
=8 Hz), 117.2 (d, J = 24 Hz), 116.5 (d, J = 23 Hz), 112.5 (d, J = 9 Hz), 64.4, 64.1, 60.1 (v
br), 50.7, 49.0.

"B NMR (160 MHz, D20): 6 =19.4, 7.1 ppm.

F{'H} NMR (471 MHz, D;0): & =-126.3 ppm.

HRMS (ESI neg) m/z: [M—H]~ Calcd for C11H14B3sFNO7 324.1039; found: 324.1038.
Elem. Anal. Calcd (%) for C11H1sB3FNO7: C 40.69, H 4.66, N 4.31; found: C 40.58, H 4.67,
N 4.30.

6-bromo-4',6'-dihydroxy-3-(morpholino-4-ium)-3H-spiro[benzo[d][1,2]oxaborole-
2,2'[1,3,5,2,4,6]trioxatriborinan]-2-uide
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3-41 was isolated as a white solid (148 mg, 77%), m.p. = 272 °C.

"H NMR (300 MHz, D,0): 6 =7.57 (d, J= 2 Hz, 1H), 7.42 (dd, J= 9, 2 Hz, 1H), 6.70 (d, J
= 9 Hz, 1H), 4.16-3.98 (m, 2H), 3.91-3.69 (m, 2H), 3.53-3.26 (m, 3H), 3.19 (s, 1H), 3.18-
3.04 (m, 1H) ppm. Protons directly attached to nitrogen and oxygen were not detected

due to exchange with D2O.
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BC{'H} NMR (126 MHz, D,0): & = 162.0, 133.6, 132.7, 125.7, 114.2, 109.3, 64.3, 64.1,
60.3 (v br), 50.8, 49.0 ppm.

"B NMR (96 MHz, D,0): 6 = 19.4, 7.0 ppm.

HRMS (ESI neg) m/z: [M—H]~ Calcd for C11H14B3sBrNO7 384.0238; found: 384.0245.
Elem. Anal. Calcd (%) for C11H1sB3sBrNO7: C 34.27, H 3.92, N 3.63; found: C 34.19, H
3.94., N 3.59.

4',6'-dihydroxy-6-methoxy-3-(morpholino-4-ium)-3H-spiro[benzo[d][1,2]oxaborole-
2,2'[1,3,5,2,4,6]trioxatriborinan]-2-uide

3-4m was isolated as a white solid (140 mg, 83%), m.p. = 260 °C.

"H NMR (300 MHz, D,0): 6 = 7.33 (d, J= 8 Hz, 1H), 6.48 (dd, J= 8, 3 Hz, 1H), 6.39 (d, J
= 3 Hz, 1H), 4.17-3.95 (m, 2H), 3.86-3.72 (m, 5H), 3.49-3.26 (m, 3H), 3.14 (s, 1H), 3.06
(ddd, J= 13, 13, 4 Hz, 1H) ppm. Protons directly attached to nitrogen and oxygen were
not detected due to exchange with D»O.

3C{'H} NMR (126 MHz, D;0O): & = 164.3, 161.5, 131.0, 116.2, 104.4, 98.2, 64.4, 64.2,
60.3 (v br), 55.3, 50.8, 48.7 ppm.

"B NMR (160 MHz, D;0): 6 = 19.4, 7.2 ppm.

HRMS (ESI neg) m/z: [M-H] Calcd for C12H17B3sNOg™ 336.1239; found: 336.1234.

Elem. Anal. Calcd (%) for C12H1sB3sNQOg: C 42.81, H 5.39, N 4.16; found: C 42.62, H 5.45,,
N 4.11.

4',6'-dihydroxy-7-methoxy-3-(morpholino-4-ium)-3H-spiro[benzo[d][1,2]oxaborole-
2,2'[1,3,5,2,4,6]trioxatriborinan]-2-uide
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3-4n was isolated as a white solid (121 mg, 72%), m.p. = 273 °C.

"H NMR (300 MHz, D,0): 6 =7.06 (d, J= 8 Hz, 1H), 7.02 (d, J= 8 Hz, 1H), 6.83 (dd, J= 8,
8 Hz, 1H), 4.07 (d, J= 14 Hz, 1H), 4.02 (d, J= 15 Hz, 1H), 3.92-3.72 (m, 5H), 3.52-3.31
(m, 3H), 3.20 (s, 1H), 3.08 (ddd, J= 13, 13, 4 Hz, 1H) ppm. Protons directly attached to
nitrogen and oxygen were not detected due to exchange with D20.

BC{'H} NMR (75 MHz, D;0): 6 = 152.3, 145.9, 124.0, 122.6, 118.2, 113.6, 64.4, 64.1,
61.1 (v br), 55.7, 50.8, 48.9 ppm.

"B NMR (96 MHz, D;0O): 6 = 19.4, 7.1 ppm.

HRMS (ESI neg) m/z: [M—H]~ Calcd for C12H17B3sNQOg™ 336.1239; found: 336.1252.

Elem. Anal. Calcd (%) for C12H1sB3sNQOs: C 42.81, H 5.39, N 4.16; found: C 42.71, H 5.36,
N 4.09.

7-fluoro-4',6'-dihydroxy-3-(morpholino-4-ium)-3H-spiro[benzo[d][1,2]oxaborole-
2,2'[1,3,5,2,4,6]trioxatriborinan]-2-uide
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3-40 was isolated as a white solid (133 mg, 82%), m.p. = 310 °C.

"H NMR (500 MHz, D20O): 6 =7.22 (d, J = 8 Hz, 1H), 7.14 (ddd, J = 11, 8, 1 Hz, 1H), 6.82

(ddd, J =13, 8, 5 Hz, 1H), 4.12-4.00 (m, 2H), 3.86—-3.75 (m, 2H), 3.50-3.35 (m, 3H), 3.24

(s, 1H), 3.12 (ddd, J = 12, 12, 4 Hz, 1H) ppm. Protons directly attached to nitrogen and

oxygen were not detected due to exchange with D20O.

BC{'H} NMR (126 MHz, D-0): 6 =150.0 (d, J = 11 Hz), 149.6 (d, J = 241 Hz), 126.5 (d, J

=5 Hz), 125.7 (d, J = 4 Hz), 118.2 (d, J = 6 Hz), 117.2 (d, J = 17 Hz), 64.4, 64.1, 60.2 (v

br), 50.8, 49.0 ppm.

"B NMR (160 MHz, D20): 6 =19.4, 7.4 ppm.

F{'H} NMR (471 MHz, D,0): 6 =-139.1 ppm.

HRMS (ESI neg) m/z: [M—H]~ Calcd for C11H14BsFNO7 324.1039; found: 324.1040.

Elem. Anal. Calcd (%) for C11H1sB3FNO7: C 40.69, H 4.66, N 4.31; found: C 40.58, H 4.73,
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N 4.32.

5,7-di-tert-butyl-4',6'-dihydroxy-3-(morpholino-4-ium)-3H-
spiro[benzo[d][1,2]oxaborole-2,2'-[1,3,5,2,4,6]trioxatriborinan]-2-uide

_N OH
Bu H \O_Bi
-B, 0O
d o-g
tBu OH

3-4p was isolated as a white solid (142 mg, 68%), m.p. = 211 °C.

'"H NMR (300 MHz, CD3s0D): § = 7.20-7.14 (m, 2H), 4.02-3.89 (m, 2H), 3.75-3.62 (m, 2H),
3.38-3.22 (m, 3H), 3.13 (s, 1H), 3.12-3.02 (m, 1H), 1.40 (s, 9H), 1.28 (s, 9H) ppm. Protons
directly attached to nitrogen and oxygen were not detected due to exchange with CD;OD.
1BC{'H} NMR (75 MHz, CD30D): 6 = 162.9, 140.0, 134.4, 125.0, 124.9, 124.2, 65.8, 65.6,
62.9 (v br), 52.5, 51.0, 35.4, 35.1, 32.4 (3C), 29.9 (3C) ppm.

"B NMR (96 MHz, CDsOD): 6 = 18.5, 7.5 ppm.

HRMS (ESI neg) m/z: [M—H]~ Calcd for C19H31B3sNO7 418.2385; found: 418.2391.

Elem. Anal. Calcd (%) for C19H32B3sNO7: C 54.48, H 7.70, N 3.34; found: C 54.33, H 7.69,
N 3.31.

4-(2-hydroxy-2,3-dihydrobenzo[d][1,2]oxaborol-3-yl)morpholin-4-ium chloride
(5 cr
HN

©E</B—0H
o

3-5a was isolated as a white solid (101 mg, 79%).

'"H NMR (300 MHz, D,0): 6 =7.40 (d, J = 8 Hz, 1H), 7.33 (dd, J = 8, 8 Hz, 1H), 6.93 (dd,
J =8, 8 Hz, 1H), 6.86 (d, J = 8 Hz, 1H), 4.14-3.90 (m, 2H), 3.88-3.66 (m, 2H), 3.53 (s,
1H), 3.49-3.22 (m, 3H), 3.04 (dd, J = 13, 13 Hz, 1H) ppm. Protons directly attached to
nitrogen and oxygen were not detected due to exchange with D-0.

BC{'H} NMR (75 MHz, D-0): 6 = 160.2, 131.5 (2C), 121.3, 119.7, 113.7, 64.0 (d, J = 10
Hz), 59.1 (v br), 51.3, 49.3 ppm.

"B NMR (96 MHz, D;0): 6 = 14.3 ppm.
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HRMS (ESI pos) m/z: [M-CI]* Calcd for C11H1sBNO3* 220.1140; found: 220.1136.
Elem. Anal. Calcd (%) for C11H1sBCINO3: C 51.71, H 5.92, N 5.48; found: C 51.68, H 5.99,
N 5.42.

1-(2-hydroxy-2,3-dihydrobenzo[d][1,2]oxaborol-3-yl)piperidin-1-ium chloride

o

H-N
@EEB_OH
3-5b was isolated as a white solid (95 mg, 75%).
"H NMR (300 MHz, CD30D): 6 =7.35 (dd, J = 8, 2 Hz, 1H), 7.23 (ddd, J = 8, 8, 2 Hz, 1H),
6.91-6.76 (m, 2H), 3.60 (s, 1H), 3.42 (d, J = 13 Hz, 1H), 3.38 (d, J = 13 Hz, 1H), 3.22-3.02
(m, 1H), 2.86-2.54 (m, 1H), 1.95-1.62 (m, 5H), 1.54-1.24 (m, 1H) ppm. Protons directly
attached to nitrogen and oxygen were not detected due to exchange with CDs;OD.
BC{'H} NMR (75 MHz, CDs0D): 6 = 162.5, 132.2, 132.1, 122.4, 120.3, 114.9, 58.8 (v br),
54.3,51.9, 24.7, 24.5, 23.0 ppm.
"B NMR (96 MHz, CDs;0OD): 6 = 16.3 ppm.
HRMS (ESI pos) m/z: [M—CI]" Calcd for C12H17BNO." 218.1347; found: 218.1342.
Elem. Anal. Calcd (%) for C12H17BCINO2: C 56.85, H6.76, N 5.52; found: C 56.68, H 6.88,
N 5.37.

1-(2-hydroxy-2,3-dihydrobenzo[d][1,2]oxaborol-3-yl)pyrrolidin-1-ium chloride
(j cr-
H-N-

@B—OH
0

3-5¢ was isolated as a white solid (99 mg, 83%).

"H NMR (300 MHz, CDs0D): & = 7.32 (ddd, J = 8, 2, 1 Hz, 1H), 7.23 (ddd, J = 8, 7, 2 Hz,
1H), 6.90-6.79 (m, 2H), 3.83 (s, 1H), 3.69 (ddd, J = 12, 8, 5 Hz, 1H), 3.29-3.16 (m, 2H),
3.01 (ddd, J = 11, 8, 8 Hz, 1H), 2.24-1.73 (m, 4H) ppm. Protons directly attached to
nitrogen and oxygen were not detected due to exchange with CDsOD.

3C{'"H} NMR (75 MHz, CDsOD): 6 =161.3, 131.9, 131.9, 123.4, 120.4, 115.2, 55.4, 53.4,
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24.0 (2C) ppm. The carbon atom directly attached to boron was not detected, likely due
to quadrupolar broadening.

"B NMR (96 MHz, CD3;0D): 6 = 18.5 ppm.

HRMS (ESI pos) m/z: [M—CI]* Calcd for C11H1sBNO>* 204.1190; found: 204.1187.

Elem. Anal. Calcd (%) for C11H1sBCINO2: C 55.16, H6.31, N 5.85; found: C 54.97, H 6.29,
N 5.73.

N,N-dibenzyl-2-hydroxy-2,3-dihydrobenzo[d][1,2]oxaborol-3-aminium chloride

Bn Cl
H,‘N+—Bn

@EéB'OH

3-5d was isolated as a white solid (155 mg, 85%).

'"H NMR (300 MHz, CDs0D): 6 = 7.49-7.42 (m, 6H), 7.39 (m, 3H), 7.23 (ddd, J=8, 8, 3
Hz, 3H), 6.90-6.78 (m, 2H), 4.39 (d, J = 13 Hz, 1H), 4.35 (d, J = 13 Hz, 1H), 4.25 (d, J =
13 Hz, 1H), 3.77 (d, J= 13 Hz, 1H), 3.70 (s, 1H) ppm. Protons directly attached to nitrogen
and oxygen were not detected due to exchange with CD3OD.

3C{'H} NMR (75 MHz, CDs;0D): & = 165.5, 132.9, 132.7, 132.3, 131.6 (2C), 131.4 (2C),
131.1, 130.8, 130.6, 130.4 (4C), 124.2, 119.8, 114.1, 57.6, 57.2 ppm. The carbon atom
directly attached to boron was not detected, likely due to quadrupolar broadening.

"B NMR (96 MHz, CD30OD): 6 = 10.8 ppm.

HRMS (ESI pos) m/z: [M—CI]* Calcd for C21H21BNO2* 330.1660; found: 330.1648.

Elem. Anal. Calcd (%) for C21H21BCINO2: C 68.98, H 5.79, N 3.83; found: C 68.74, H 5.88,
N 3.85.

N-benzyl-2-hydroxy-N-methyl-2,3-dihydrobenzo[d][1,2]oxaborol-3-aminium
chloride

Bn_ 4 cl-
H-NT

L ewor

o

3-5e was isolated as a white solid (104 mg, 72%).

"H NMR (300 MHz, CD3;0D) (mixture of diastereomers, dr = 55:45):

0 (major diastereomer) = 7.51-7.36 (m, 6H), 7.34—7.20 (m, 1H), 6.94-6.81 (m, 2H), 4.44
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(d, J=13 Hz, 1H), 4.16 (d, J =13 Hz, 1H), 3.71 (s, 1H), 2.70 (s, 3H) ppm. Protons directly
attached to nitrogen and oxygen were not detected due to exchange with CDs;OD.

0 (minor diastereomer) = 7.51-7.36 (m, 6H), 7.34-7.20 (m, 1H), 6.94—6.81 (m, 2H), 4.61
(d, J=13 Hz, 1H), 3.78 (s, 1H), 3.49 (d, J= 13 Hz, 1H), 2.59 (s, 3H) ppm. Protons directly
attached to nitrogen and oxygen were not detected due to exchange with CDsOD.
BC{'H} NMR (75 MHz, CD;0D) (mixture of diastereomers, dr = 55:45):

0 (major diastereomer) = 163.1, 132.6, 132.5, 131.8 (2C), 130.8, 130.3, 130.2 (2C), 122.2,
120.6, 114.9, 58.1, 53.6 (v br), 38.8 ppm.

0 (minor diastereomer) = 163.1, 132.3, 132.3, 131.9 (2C), 130.9, 130.7, 130.2 (2C), 123.0,
120.4, 114.9, 60.6, 53.6 (v br), 39.9 ppm.

"B NMR (96 MHz, CDs0OD) (mixture of diastereomers, dr = 55:45): 6 = 15.7 ppm.

HRMS (ESI pos) m/z: [M—CI]" Calcd for C1sH17BNO." 254.1347; found: 254.1346.

Elem. Anal. Calcd (%) for C1sH17BCINO,: C 62.22, H 5.92, N 4.84; found: C 62.01, H 5.68,
N 4.81.

2-hydroxy-N,N-dimethyl-2,3-dihydrobenzo[d][1,2]oxaborol-3-aminium chloride

N+ Cl
H-NT"

@E;B—OH

3-5f was isolated as a white solid (59 mg, 55%).

"H NMR (300 MHz, CDs;0D): 6 = 7.39-7.32 (m, 1H), 7.31-7.22 (m, 1H), 6.91-6.81 (m,
2H), 3.67 (s, 1H), 2.85 (s, 3H), 2.65 (s, 3H) ppm. Protons directly attached to nitrogen and
oxygen were not detected due to exchange with CD30D.

BC{'H} NMR (75 MHz, CDs0D): 6 = 162.4, 132.2, 132.1, 122.6, 120.3, 114.9, 59.3 (v br),
43.5, 41.4 ppm.

"B NMR (96 MHz, CDs0OD): 6 = 16.6 ppm.

HRMS (ESI pos) m/z: [M—CI]" Calcd for CoH13BNO,* 178.1034; found: 178.1031.

Elem. Anal. Calcd (%) for CoH13BCINO.: C 50.64, H 6.14, N 6.56; found: C 50.52, H 6.08,
N 6.47.
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N,N-diethyl-2-hydroxy-2,3-dihydrobenzo[d][1,2]oxaborol-3-aminium chloride
HéN+J

¢

3-5g was isolated as a white solid (91 mg, 75%).

Cl

"H NMR (300 MHz, CD30D): 6 = 7.38-7.29 (m, 1H), 7.23 (ddd, 8, 8, 2 Hz, 1H), 6.87-6.82
(m, 2H), 3.83 (s, 1H), 3.28-3.05 (m, 3H), 2.76 (dq, J = 14, 7 Hz, 1H), 1.33 (t, J = 7 Hz,
3H), 1.25 (t, J = 7 Hz, 3H) ppm. Protons directly attached to nitrogen and oxygen were
not detected due to exchange with CD3;OD.

13C{'H} NMR (75 MHz, CD30D): 6 = 162.5, 132.0, 131.5, 122.7, 120.4, 114.9, 54.0 (v br),
48.5,47.5, 10.8, 9.8 ppm.

"B NMR (96 MHz, CDs0OD): 6 = 16.0 ppm.

HRMS (ESI pos) m/z: [M—CI]" Calcd for C11H17BNO2* 206.1347; found: 206.1344.

Elem. Anal. Calcd (%) for C11H17BCINO.: C 54.70, H 7.10, N 5.80; found: C 54.55, H 7.23,
N 5.78.

2-hydroxy-N,N-dipropyl-2,3-dihydrobenzo[d][1,2]oxaborol-3-aminium chloride

"Pr.
H,\NJ'.”Pr

(0]

3-5h was isolated as a white solid (93 mg, 69%).

Cl

'"H NMR (300 MHz, CDs;0OD): 6 = 7.37-7.28 (m, 1H), 7.25 (ddd, J = 8, 8, 2 Hz, 1H), 6.87-
6.82 (m, 2H), 3.83 (s, 1H), 3.20-2.92 (m, 3H), 2.77-2.51 (m, 1H), 1.96—1.50 (m, 4H), 0.98
(t, J =7 Hz, 3H), 0.87 (t, J = 7 Hz, 3H) ppm. Protons directly attached to nitrogen and
oxygen were not detected due to exchange with CDsOD.

BC{'H} NMR (75 MHz, CDs0D): 6 = 162.9, 132.2, 131.5, 122.8, 120.4, 114.8, 56.1, 54.9,
19.8, 18.8, 11.3, 11.3 ppm. The carbon atom directly attached to boron was not detected,
likely due to quadrupolar broadening.

"B NMR (96 MHz, CD30D): 6 = 15.3 ppm.

HRMS (ESI pos) m/z: [M—CI]" Calcd for C13H2:BNO2" 234.1660; found: 234.1656.

Elem. Anal. Calcd (%) for C13H21BCINO,: C 57.92, H 7.85, N 5.20; found: C 57.85, H 7.81,
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N 5.11.

4-(5-fluoro-2-hydroxy-2,3-dihydrobenzo[d][1,2]oxaborol-3-yl)morpholin-4-ium

chloride
o a-
S

F
B-OH
o

3-5i was isolated as a white solid (101 mg, 74%).

"H NMR (300 MHz, CD30D): 6 =7.20 (dd, J =9, 3 Hz, 1H), 7.02 (ddd, J=9, 9, 3 Hz, 1H),
6.81 (dd, J=9, 5 Hz, 1H), 4.06-3.93 (m, 2H), 3.84-3.69 (m, 2H), 3.67 (s, 1H), 3.48-3.33
(m, 2H), 3.27-3.22 (m, 1H), 3.16 (td, J = 12, 4 Hz, 1H) ppm. Protons directly attached to
nitrogen and oxygen were not detected due to exchange with CDsOD.

BC{'H} NMR (75 MHz, CDs;OD): & = 158.1, 155.9 (d, J = 236 Hz), 121.7 (d, J = 8 Hz),
117.2 (d, J = 23 Hz), 116.7 (d, J = 23 Hz), 113.8 (d, J = 8 Hz), 63.9, 63.8, 57.1 (v br), 51.3,
49.9 ppm.

"B NMR (96 MHz, CD3;0OD): 6 = 14.8 ppm.

HRMS (ESI pos) m/z: [M—CI]* Calcd for C11H14BFNO3* 238.1045; found: 238.1041.
Elem. Anal. Calcd (%) for C11H14sBCIFNOs: C 48.31, H 5.16, N 5.12; found: C 48.22, H
5.29, N 5.07.

4-(7-fluoro-2-hydroxy-2,3-dihydrobenzo[d][1,2]oxaborol-3-yl)morpholin-4-ium

chloride

H/(Nj7 cr

B-OH
o

F
3-5j was isolated as a white solid (111 mg, 81%).

H NMR (300 MHz, CD;OD): & = 7.19 (ddd, J= 8, 1, 1 Hz, 1H), 7.10 (ddd, J = 11, 8, 1 Hz,
1H), 6.81 (ddd, J = 8, 8, 5 Hz, 1H), 4.04—3.90 (m, 2H), 3.84-3.70 (m, 2H), 3.68 (s, 1H),
3.46-3.34 (m, 2H), 3.29-3.26 (m, 1H), 3.08 (ddd, J = 12, 12, 4 Hz, 1H) ppm. Protons

directly attached to nitrogen and oxygen were not detected due to exchange with CD30D.
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3C{'H} NMR (75 MHz, CDs0D): 6 = 150.4 (d, J = 243 Hz), 149.4 (d, J = 12 Hz), 125.9 (d,
J=3Hz),124.1 (d, J=4 Hz), 118.5(d, J =7 Hz), 117.1 (d, J = 18 Hz), 63.9, 63.8, 57.2 (v
br), 51.5, 49.8 ppm.

"B NMR (96 MHz, CD3;0OD): 6 = 14.6 ppm.

HRMS (ESI pos) m/z: [M—CI]* Calcd for C11H14sBFNO3* 238.1045; found: 238.1041.
Elem. Anal. Calcd (%) for C11H1BCIFNO3: C 48.31, H 5.16, N 5.12; found: C 48.12, H
5.25, N 5.26.

3.6.4 Single-crystal X-ray diffraction studies

Crystal structure determination Crystals suitable for single-crystal X-ray diffraction were
selected, coated in perfluoropolyether oil, and mounted on MiTeGen sample holders.
Diffraction data were collected on a BRUKER X8-APEX Il diffractometer with a CCD area
detector using Mo-K,radiation monochromated by graphite (3-4p) or multi-layer mirror (3-
4a and 3-4d). The crystals were cooled using Oxford Cryostream low-temperature devices.
Data were collected at 100 K. The images were processed and corrected for Lorentz-
polarization effects and absorption as implemented in the Bruker software packages. The
structures were solved using the intrinsic phasing method (SHELXT)® and Fourier
expansion technique. All non-hydrogen atoms were refined in anisotropic approximation,
with hydrogen atoms ‘riding’ in idealized positions, by full-matrix least squares against F?
of all data, using SHELXL®" software and the SHELXLE®® graphical user interface.
Diamond®® software was used for graphical representation. Crystal data and experimental
details are listed in Table 3-2; full structural information has been deposited with the
Cambridge Crystallographic Data Centre. CCDC-1964346 (3-4a), 1964347 (3-4d), and
1964348 (3-4p).
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Table 3-2 Single-crystal X-ray diffraction data and structure refinements of compounds

3-4a, 3-4d, and 3-4p.

Data 3-4a 3-4d 3-4p
CCDC number 1964346 1964347 1964348
Empirical formula C11H16B3sNO~ (2:(2(13?;2;)3;\1 Os- C19H32B3NO7
Formula weight /

» 306.68 532.98 418.88
g-mol
T/K 100(2) 100(2) 100(2)

A1 A, radiation

0.71073, Mo-Ka

0.71073, Mo-Ka

0.71073, Mo-Ka

Crystal size / mm?

0.40x0.15%0.07

0.54 x0.27%0.16

0.53 x0.27%0.20

Crystal color, habit

colorless plate

colorless block

colorless plate

4/ mm™! 0.123 0.094 0.092
Crystal system Monoclinic Triclinic Triclinic
Space group P2lc P1 P1

alA 8.430(6) 9.549(5) 11.314(7)
bilA 17.184(13) 11.307(2) 11.980(8)
clA 9.073(7) 13.260(3) 17.961(10)
al® 90 100.88(3) 72.586(9)
B/° 93.26(4) 92.261(11) 79.494(13)
y/° 90 105.79(3) 72.755(19)
Volume / A3 1312.2(17) 1346.6(8) 2207(2)

Z 4 2 4

Peaic | g-cm 1.552 1.314 1.261
F(000) 640 564 896
frange/° 2.370-26.057 1.571-26.478 1.895-26.420
Reflections collected 10207 15073 40589
Unique reflections 2587 5534 9038
Parameters / restraints  203/0 399 /162 557 /1
GooF on F? 1.032 1.048 1.016

R+ [I>20(1)] 0.0472 0.0415 0.0718
wR? (all data) 0.1188 0.1076 0.1569
Max. / min. residual 351/ 0220  0.205/-0.266 0.426 / ~0.291

electron density / e-A-®
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Figure 3-13 Molecular structure of 3-4a in the solid state at 100 K. Atomic displacement
ellipsoids are drawn at the 50% probability level, and H atoms are omitted for clarity.

Figure 3-14 Molecular structure of 3-4d in the solid state at 100 K. Atomic displacement
ellipsoids are drawn at the 50% probability level. H atoms and solvent molecules are
omitted for clarity.
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@)

Figure 3-15 Molecular structure of 3-4p in the solid state at 100 K. Atomic displacement
ellipsoids are drawn at the 50% probability level, and H atoms are omitted for clarity. Only
one of two independent molecules is shown here.
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4 PBP pincer palladium boryl complexes:
synthesis, structures, and catalytic activity
4.1 Abstract

The diazaborole-based PBP pincer palladium chloride (4-3) and trifluoromethanesulfonate
(4-4) complexes were synthesized and fully characterized by NMR spectrometry, HRMS,
elemental analysis, and single-crystal X-ray diffraction. The Pd-Cl and Pd-O bond lengths
in the compounds 4-3 and 4-4 are compared with their PNP (or NNN), PCP, and PSiP
analogues. The Pd-Cl bond length of 4-3 is much longer than those in its PNP and PCP
analogues, and is slightly shorter than in the PSiP complex. Compared with its NNN, PCP,
and PSiP analogues, the Pd-O bond length in 4-4 is the longest, indicating the strong trans
influence of the boryl moiety. Complex 4-3 catalyzed the Suzuki-Miyaura coupling of aryl

iodides with phenylboronic acid.

4.2 Introduction

The first compound exhibiting an M-B o-bond was reported in 1963 and was later classified
as a metal boryl complex.!*? Since then, many metal boryl complexes have been
reported.*® The first structurally characterized metal boryl complexes were reported in
1990 by Baker, Marder et al.}** and Merola et al,**®> and bis boryl [(PPhs),RhCI(Bcat),]*'®
and tris boryl complexes [(n8-arene)ir(Bcat)s]**” were reported by Baker, Marder, Norman
et al. The main applications of such organometallic species are in the field of catalysis,
including transition metal-catalyzed hydroboration, diboration, C-H borylation, C-X (X= F,
Cl, Br, and |) borylation, and others.%3293.113.118 |n g]| of these reactions, the boryl moieties

are “reactive” ligands, that is, borylation of the organic substrates occurs during the reaction.

In 2009, Yamashita, Nozaki et al. synthesized diazaborole-based PBP pincer iridium
complexes, in which the boryl group acted as a “supporting” ligand.1*® At the same time,

the Mirkin group reported the preparation of SeBSe and SBS Pd(Il) complexes involving
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carborane-based pincer ligands.'? In the following years, more examples of pincer-type
transition metal-boryl complexes were reported,’?! and used as catalysts.??> Considering
the strong electron-donating ability of the electropositive element boron, the electron
density at metal center is enhanced significantly, which makes the oxidative addition
process easier, and boryl ligands have an especially large trans influence.®**'2 Taking
advantage of this, boryl pincer complexes have been applied in various types of catalytic
reactions, including hydrosilylation of alkenes'??° and carbon dioxide,*?? dehydrogenation

of alkanes!??"122 and dimethylamine-borane,'?? C-H borylation,*?? etc.

/_PR2
o K@\ w/@»
@[N,B‘?’”—n 0—( —0

PhE---pg---EPh  { N--pp-—-
PR, Pd K\(N M N})
Cl cl 2

R = Bu, Ph, Cy, Pr R'R? RTR?
M =1Ir, Ru, Rh, Co, Pt, Ni E=S, Se M = Pd, Ni
A B c

Scheme 4-1 Previously reported transition metal boryl and carboranyl pincer complexes.

Herein, the synthesis of the first diazaborole-based PBP pincer palladium complexes were
achieved. Their crystal and molecular structures were obtained. In addition, the PBP
palladium chloride complex was used as a catalyst for Suzuki-Miyaura cross-coupling

reactions.
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NH PPh,
@E PPhe
(CHZO)n NH2 NH BH3'SM92, CHQC'z, I't, 12 h N\
Ph,PH -
100°C,1h CHxClp, rt, 2d NH N

then Et,NH, reflux, 1 d
\—pph,
PPh,
41 4-2
PPh, //F,’th
[PACI(17°-C3Hs)l; NS AgOTf N b
B-Pd-Cl  ——— > JB-Pd-OTf
THF, 1t, 2 h N\\ THF, rt, 1h N\\
PPh, PPh,
4-3 4-4

Scheme 4-2 Synthesis of PBP pincer palladium(ll) chloride (4-3) and
trifluoromethanesulfonate (4-4).

4.3 Results and discussion

The known 1,3,2-benzodiazaborole’® 4-2 was synthesized from diphenylphosphine,
paraformaldehyde, o-phenylenediamine, and BHs-SMe,.*?12 Treating 4-2 with [PdCI(n-
CsHs)]2 gave the diazaborole-based PBP pincer palladium chloride 4-3 in quantitative yield.
The PBP pincer palladium trifluoromethanesulfonate 4-4 was then synthesized by
treatment of 4-3 with AgOTf. Both 4-3 and 4-4 were characterized by NMR spectrometry,

HRMS, and single-crystal X-ray diffraction studies.

The 3'P{*H} NMR spectrum of free ligand 4-2 shows a sharp singlet at 6 = -22.3 ppm,
whereas those of 4-3 and 4-4 show sharp singlets at & = 42.1 and at 6 = 42.4 ppm,
respectively. The 'B{*H} NMR spectra of 4-3 and 4-4 show singlets at d = 38.7 and at § =
35.8 ppm, respectively. The *H NMR spectrum of 3 displays a virtual triplet at & = 4.62 ppm
with a coupling constant of J = 3 Hz, which is attributable to the methylene group attached
to P. The signal assigned to the methylene unit appears as a virtual triplet at = 49.1 ppm
with a coupling constant of J = 20 Hz in the C{*H} NMR spectrum of 4-3. The *H NMR
and BC{*H} NMR spectra of 4-4 are similar with those of 4-3, and the virtual triplets appear

at 4.57 and 49.1 ppm, respectively.
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4-3 4-4

Figure 4-1 Molecular structures of 4-3 (left) and 4-4 (right) in the solid state at 100 K.
Atomic displacement ellipsoids are drawn at the 50% probability level, and H atoms are
omitted for clarity. Selected bond lengths [A] and angles [°]: Complex 4-3: Pd1-B1 1.978(3),
Pd1-P1 2.2974(12), Pd1-Cl1 2.4283(10), P1-C4 1.864(2), P1-C5 1.812(2), P1-Cl11
1.820(2), P1-Pd1-P1’ 155.57(3), B1-Pd1-Cl1 180.0; Complex 4-4: Pd1-B1 1.968(3), Pd1-
01 2.2870(19), Pd1-P1 2.3208(8), Pd1-P2 2.3160(8), P1-C1 1.867(3), P1-C15 1.808(3),
P1-C9 1.818(3), P2-C2 1.865(3), P2-C27 1.819(3), P2-C21 1.821(3), B1-Pd1-O1
175.64(11), P1-Pd1-P2 155.16(3).

Complexes 4-3 and 4-4 were additionally characterized by single-crystal X-ray diffraction
(Figure 4-1). The solid-state structures of 4-3 and 4-4 are very similar and exhibit slightly
distorted square-planar geometries around the Pd" centers. The B-Pd-Cl angle in 4-3 is
exactlyl80° by symmetry, and the B-Pd-O angle in 4-4 is 175.64(11)°. The Pd-Cl bond
length of 4-3 is 2.4283(10) A, which is much longer than those in its PNP and PCP
analogues,'?® and is slightly shorter than in the PSiP complex'?® (Table 4-1). Compared
with its NNN, PCP, and PSiP analogues, the Pd-O bond length in 4-4 is the longest with
2.2870(19) A (Table 4-2).?" All of these data underline the exceptionally strong trans

influence of boron.123a.123c-h
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Table 4-1 Comparison of Pd-Cl Bond Lengths in Different Pd Pincer Complexes

RPh; PPh RPh;
2 PPh, N// \

N Pd cl Pd-CI —Si-Pd-Cl @[ B-Pd-CI
1 \ N '
ben, ’L/:f L

PPh,

PNP-Pd-C1%%  PCP-Pd-CI'?% PSiP-Pd-Cl?6  PBP-Pd-Cl

Pd-Cl bond length (A)  2.3136(16) 2.368(3) 2.4414(17)  2.4283(10)
X-Pd-Cl angle (°)
) 176.82(14) 178.8(3) 169.01(6) 180.0
(X=N,C, Si,B)

Table 4-2 Comparison of Pd-O Bond Lengths in Different Pd Pincer Complexes

QNMeZ I?th PP, N//F;IF’hz

N*P:d*OTf P:dfOTf —Si-Pd-OTf @[ :B*P:dfOTf
l 1 \ N |

QNMeZ |‘3Ph2 Pth \\F;th
NNN-Pd-OTf1?72  PCP-Pd-OTf?27® PSiP-Pd-OTf?’¢ PBP-Pd-OTf

Bond length of Pd-O (A) 2.1067(16) 2.2106(18) 2.260(2) 2.2870(19)

Angle of X-Pd-O (°)
. 174.64(7) 171.66(9) 177.86(6) 175.64(11)
(X=N,C, Si, B)

4.4 Catalytic activity test

The Suzuki-Miyaura cross-coupling reaction is one of the most important C-C bond
formation reactions, and is an indispensable tool in organic synthesis for the construction
of symmetric and unsymmetric biaryl compounds.?®¢ Compound 4-3 was thus employed as
a catalyst for Suzuki-Miyaura cross-coupling reactions of iodoarenes and phenylboronic

acid to synthesize biaryls (Scheme 4-3).1%°
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0.3 mol % 3
(OH), 2 equiv K3PO, (aq, 1M) O
©/ ©/ DMF, 120 °C, 12 h R

47
4-7a, 91% 4-Tb, 85% 4-7c, 75% 4-7d, 40%
4-Te, 36% 4-7f, 78% 4-7g, 60% 4-7h, 26%

Scheme 4-3 Suzuki-Miyaura cross-coupling reactions using 4-3 as a catalyst.

4.5 Summary

In summary, the first pincer-type palladium boryl complexes based on 1,3,2-diazaborole as
the backbone was synthesized and fully characterized. The long Pd-Cl and Pd-O bond
lengths indicate the exceptionally strong trans influence of the boryl moiety. The PBP pincer
palladium chloride complex has been successfully employed as catalyst in Suzuki-Miyaura

cross-coupling reactions of iodoarenes with phenylboronic acid.

4.6 Experimental procedures and characterization data

4.6.1 General information

All reagents were purchased from Alfa-Aesar, Aldrich, ABCR or VWR, and were checked
for purity by GC-MS and/or '"H NMR spectroscopy and used as received. HPLC grade
solvents were argon saturated, dried using an Innovative Technology Inc. Solvent
Purification System, and further deoxygenated by using the freeze-pump-thaw method.
CDCls, CD2Cl,, and CeDs were purchased from Cambridge Isotope Laboratories. All

manipulations were performed in an argon-filled glove box unless otherwise stated.

Automated flash chromatography was performed using a Biotage® Isolera Four system on
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silica gel. Commercially available, precoated TLC plates (Polygram® Sil G/UV254) were
purchased from Macherey-Nagel. The removal of solvent was performed on a rotary

evaporator in vacuo at a maximum temperature of 40 °C.

GC-MS analyses were performed using an Agilent 7890A gas chromatograph (column: HP-
5MS 5% phenyl methyl siloxane, 30 m, @ 0.25 mm, film 0.25 ym; injector: 250 °C; oven:
80 °C (2 min), 80 °C to 180 °C (20 °C min™"), 180 °C to 280 °C (50 °C min"), 280 °C (5 min);
carrier gas: He (1.2 mL min™")) equipped with an Agilent 5975C inert MSD with triple-axis
detector operating in El mode and an Agilent 7693A series auto sampler/injector. Elemental
analyses were performed on a Elementar vario MICRO cube Elemental Analyzer. High-
resolution mass spectra were recorded using a Thermo Fischer Scientific Exactive Plus

Orbitrap MS system (ASAP and LIFDI probe).

NMR spectra were recorded at ambient temperature using Bruker Avance Il HD 300 NMR
("H, 300 MHz; *C{'H}, 75 MHz; 'B, 96 MHz), or Bruker Avance Il HD 500 NMR ('H, 500
MHz; C{'H}, 126 MHz; "'B, 160 MHz; '°F, 471 MHz) spectrometers. '"H NMR chemical
shifts are reported relative to TMS and were referenced via residual proton resonance of
the corresponding deuterated solvent (CsDe, 7.16 ppm; CD2Clz, 5.32 ppm; CDCls, 7.26
ppm), whereas "*C{'H} NMR spectra are reported relative to TMS via the carbon signal of
the deuterated solvent (CsDs, 128.06 ppm; CD-Cly, 53.84 ppm; CDCls, 77.00 ppm). "B
NMR chemical shifts are quoted relative to BF3-Et,O as the external standard. 'F NMR
chemical shifts are quoted relative to CFClz as the external standard. The following
abbreviations are used in reporting NMR data: s = singlet; d = doublet; t = triplet, vt = virtual

triplet; q = quartet; m = multiplet.
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4.6.2 Experimental procedures

Synthesis of ligand 4-2 according to the literature procedure.'?'?

NH, PPh,
©: r //Pth
(CH,0), NH, NH BH3'SMe,, CH,Cly, 1t, 12 h N,
Ph,PH -
100 °C, 1 h CHyCly, rt, 2d NH "

then Et,NH, reflux, 1d _
PPh,

PPh,
4-1 42

A suspension of PhoPH (931 mg, 5.0 mmol, 1.0 equiv) and paraformaldehyde (150 mg, 5.0
mmol, 1.0 equiv) was stirred for 1 h at 100 °C. A solution of o-phenylenediamine (270 mg,
2.5 mmol, 0.25 equiv) in CHxCI, (5 mL) was added to the suspension and the resulting
solution was stirred for 1 d at room temperature. The solution was filtered through a short
silica column eluting with 10 mL of THF, and then the volatiles were removed under vacuum
to afford 4-1 as a colorless oil. The oil was diluted with 5 mL of CH,Cl,, and a solution of
BH3-SMe; (1 M in CH2Clz, 17.5 mL, 3.5 equiv) was added, and the resulting solution was
stirred for 12 h at room temperature. The solvent was then removed under vacuum, and
THF (10 mL) and Et:NH (5 mL) were added to the residue. The resulting solution was
stirred for 12 h at reflux. The volatiles were removed under vacuum, and the resulting
suspension was filtered through a silica gel column eluting with toluene (300 mL). An
analytically pure sample of 4-2 was obtained by recrystallization from hexane (1.338 g,

52%). Spectroscopic data for 4-2 match those previously reported.'2'2

Synthesis of P"PBP-pincer palladium chloride complex 4-3.

PPh PPh
[ren : R
N, [PACI(77°-C3Hs)], N
B-H _— B-Pd-Cl
N N |
THF, rt, 2 h i
\\Pth \\Pth
4-2 4-3

To a stirred solution of borane 4-2 (434 mg, 1.0 mmol, 1.0 equiv) in THF (10 mL) was added
[PACI(n3-CsHs)]2 (183 mg, 0.5 mmol, 0.5 equiv). The reaction was stirred at room
temperature for 2 h to afford a grey suspension. The suspension was filtered, and the
precipitate was washed with THF (20 mL). Removal of the solvent from the filtrate under
vacuum gave 4-3 as a grey solid (642 mg, 98%). Single crystals were obtained from a

concentrated CH3;CN solution of 4-3.
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Synthesis of P"PBP-pincer palladium trifluoromethanesulfonate complex 4-4.

PPh, [ RPha
N AgOTf Nt
B-Pd-Cl - - B-Pd-OTf
N THF, rt, 1 h [N
\Pph, \—Pph,
4-3 4-4

To a stirred solution of 4-3 (655 mg, 1.0 mmol, 1.0 equiv) in THF (5 mL) was added AgOTf
(260 mg, 1.01 mmol, 1.01 equiv) at room temperature. After 1 h, the mixture was filtered
through a short pad of Celite and the solvent was removed from the filtrate under vacuum.
The solid obtained was purified by recrystallization from THF/pentane to give 4-4 as a red

solid (715 mg, 93%).
General procedure for Suzuki-Miyaura cross-coupling reaction using 4-3 as catalyst.

0.3 mol % 4-3
| B(OH), 2 equiv K3POy4 (aq, 1M) ‘
LSNP
DMF, 120 °C, 12 h R O
4-5 4-6

4-7

In a argon-filled glove box, a tube (20 mL) containing ""PBP-PdCI 4-3 (1 mg, 0.0015 mmol,
0.3 mol %), aryl iodide 4-5 (0.5 mmol), phenylboronic acid 4-6 (92 mg, 0.75 mmol, 1.5
equiv), and dry DMF (400 L) was capped with a septum. Degassed aqueous K3PO4 (1
mL, 1 M, 1.0 mmol) was added via syringe, and the mixture was stirred at 120 °C for 12 h.
The mixture was filtered through a pad of Celite and eluted with Et,O (10 mL). The filtrate
was concentrated under vacuum, and the residue was purified by flash column

chromatography using hexane as eluent to afford the products.
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4.6.3 Compound characterization
1,3-bis((diphenylphosphaneyl)methyl)-2,3-dihydro-1H-benzo[d][1,3,2]diazaborole

PP

N\
B—H
N

\\Pth

4-2, white solid, 52%. Its spectroscopic data are consistent with a literature report.'?'2

'H NMR (300 MHz, C¢Ds) 6 = 7.36—7.26 (m, 8H), 7.23 (dd, J = 6, 3 Hz, 2H), 7.13 (dd, J =
6, 3 Hz, 2H), 7.07-6.99 (m, 12H), 4.20 (d, J = 5 Hz, 4H) ppm. The proton directly attached
to boron was not detected, likely due to quadrupolar broadening.

HB{*H} NMR (96 MHz, Cs¢D¢) 6 = 26.0 ppm.

31p{1H} NMR (122 MHz, CeDs) & = -22.3 ppm.

HRMS (ASAP pos): calc. for [M+H]* CazHsoBN,P,* 515.1972; found: 515.1967.

(1,3-bis((diphenylphosphaneyl)methyl)-1,3-dihydro-2H-benzo[d][1,3,2]diazaborol-2-

yDpalladium(ll) chloride

PPh,

\

N\ \

@EN,B-I’?d-CI

PPh,
4-3, gray solid, 98%.
IH NMR (500 MHz, CD,Cl,) & = 7.99-7.93 (m, 8H), 7.52—7.44 (m, 12H), 7.05-7.02 (m, 2H),
7.02-6.97 (m, 2H), 4.62 (vt, J = 3 Hz, 4H) ppm.
13C{*H} NMR (126 MHz, CD,Cl,) & = 138.5 (vt, J = 11 Hz), 133.8 (vt, J = 7 Hz), 132.7 (\t,
J =20 Hz), 131.5, 129.6 (vt, J = 5 Hz), 119.8, 110.1, 49.1 (vt, J = 20 Hz) ppm.
11B{1H} NMR (160 MHz, CD,Cl,) & = 38.7 ppm.
31P{*H} NMR (202 MHz, CD,Cl,) 6 = 42.1 ppm.
HRMS (LIFDI): calc. for [M]* Cs2H2sBCIN2PoPd* 654.0539; found: 654.0530.
Elem. Anal. Calc. (%) for Cs2H2sBCIN2P2-Pd: C, 58.66; H, 4.31; N, 4.28; found: C, 58.98;

H, 4.32; N, 4.29.
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(1,3-bis((diphenylphosphaneyl)methyl)-1,3-dihydro-2H-benzo[d][1,3,2]diazaborol-2-

yl)(((trifluoromethyl)sulfonyl)oxy)palladium

PPh,

N
B-Pd-OTf
N |

!

\Bpn,
4-4, red solid, 93%.
IH NMR (500 MHz, CDCl,) 6 = 7.86—7.76 (m, 8H), 7.58—7.44 (m, 12H), 7.08—6.96 (m, 4H),
4.57 (vt, J = 3, Hz, 4H) ppm.
13C{*H} NMR (126 MHz, CD.Cl,) 6 = 138.2 (vt, J = 11 Hz), 133.8 (vt, J = 7 Hz), 131.9, 131.3
(vt, J = 21 Hz), 129.6 (vt, J = 5 Hz), 120.2, 110.2, 49.1 (vt, J = 20 Hz) ppm.
UB{IH} NMR (160 MHz, CD,Cl,) & = 35.8 ppm.
19F NMR (471 MHz, CD.Cl,) & = -78.2 ppm.
31P{1H} NMR (202 MHz, CD,Cl,) 6 = 42.4 ppm.
HRMS (LIFDI): calc. for [M]* CasH2sBFsN20sP,PdS* 768.0370; found: 768.0361.
Elem. Anal. Calc. (%) for Cs3sH2sBFsN20O3P2PdS: C, 51.55; H, 3.67; N, 3.64; S, 4.17; found:

C,51.39; H, 3.71; N, 3.44; S, 4.38.

1,1'-biphenyl

4-7a, white solid, 91%. m.p. 70.0 °C. Its spectroscopic data are consistent with a literature
report.’

'H NMR (300 MHz, CDCls) & = 7.65-7.57 (m, 4H), 7.46 (ddd, J = 8, 7, 1 Hz, 4H), 7.40—
7.32 (m, 2H) ppm.

13C{H} NMR (126 MHz, CD,Cl,) & = 141.4, 128.9, 127.4, 127.3 ppm.

HRMS (ASAP pos): calc. for [M+H]* C12H11* 155.0855; found: 155.0850.
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4-methoxy-1,1'-biphenyl

! OMe

4-7b, white solid, 85%. m.p. 90.5 °C. Its spectroscopic data are consistent with a literature
report.'3

IH NMR (300 MHz, CDCls) & = 7.64-7.51 (m, 4H), 7.49—7.40 (m, 2H), 7.38—7.29 (m, 1H),
7.06—6.97 (m, 2H), 3.87 (s, 3H) ppm.

13C{*H} NMR (126 MHz, CD,Cl,) 5 = 159.1, 140.8, 133.7, 128.7, 128.1, 126.7, 126.6, 114.2,
55.3 ppm.

HRMS (ASAP pos): calc. for [M+H]* C13H130" 185.0961; found: 185.0957.

4-methyl-1,1'-biphenyl

O Me
(J
4-7c, white solid, 75%. m.p. 73.2 °C. Its spectroscopic data are consistent with a literature
report.'30
IH NMR (300 MHz, CDCls) & = 7.62—7.56 (m, 2H), 7.54—7.48 (m, 2H), 7.47-7.38 (m, 2H),
7.38-7.29 (m, 1H), 7.28-7.23 (m, 2H), 2.41 (s, 3H) ppm.
BC{H} NMR (126 MHz, CD,Cl;) 6=141.3,138.5,137.2,129.6,128.8, 127.1, 127.1, 127.1,
21.2 ppm.

HRMS (ASAP pos): calc. for [M+H]* Ci3Hi3* 169.1012; found: 169.1008.

3-methyl-1,1"-biphenyl
Me

4-7d, colorless liquid, 40%. Its spectroscopic data are consistent with a literature report. '3
!H NMR (300 MHz, CDCls3) 6 = 7.65-7.57 (m, 2H), 7.52-7.39 (m, 4H), 7.38-7.30 (m, 2H),

7.25-7.14 (m, 1H), 2.44 (s, 3H) ppm.
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13C{*H} NMR (126 MHz, CD.Cl,) 6 = 141.5, 141.4,138.5,128.8,128.8, 128.1, 128.1, 127.3,
127.3,124.4, 21.7 ppm.
HRMS (ASAP): calc. for [M+H]* C43H13* 169.1012; found: 169.1008.

3,5-dimethyl-1,1"-biphenyl
Me

o

4-Te, colorless liquid, 36%. Its spectroscopic data are consistent with a literature report. '3
'H NMR (300 MHz, CDCls) & = 7.62—7.55 (m, 2H), 7.47-7.39 (m, 2H), 7.37—7.30 (m, 1H),
7.23 (dt, J = 2, 1 Hz, 2H), 7.03-6.98 (m, 1H), 2.40 (s, 6H) ppm.

13C{*H} NMR (126 MHz, CD.Cl,) 6 = 141.6, 141.4,138.4,129.0, 128.8, 127.3, 127.2, 125.2,
21.6 ppm.

HRMS (ASAP pos): calc. for [M+H]" C14H1s5" 183.1168; found: 183.1164.

4-chloro-1,1'-biphenyl
4-7f, white solid, 78%. m.p. 72.8 °C. Its spectroscopic data are consistent with a literature
report.’0

IH NMR (300 MHz, CDCls) & = 7.60—7.50 (m, 4H), 7.49-7.32 (m, 5H) ppm.

13C{*H} NMR (126 MHz, CD.Cl,) 5 = 140.1, 139.8, 133.5, 129.0, 129.0, 128.5, 127.7, 127.1

ppm.
HRMS (ASAP pos): calc. for [M+H]" C12H1oCI* 189.0466; found: 189.0461.
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methyl [1,1'-biphenyl]-4-carboxylate

l COOMe

4-7g, white solid, 60%. m.p. 117.4 °C. Its spectroscopic data are consistent with a literature
report.'32

IH NMR (300 MHz, CDCls) & = 8.11 (d, J = 9 Hz, 2H), 7.72-7.59 (m, 3H), 7.55-7.35 (m,
2H), 3.95 (s, 3H) ppm.

13C{*H} NMR (126 MHz, CD.Cl,) =167.0, 145.6, 140.0, 130.1, 128.9, 128.9, 128.1, 127.2,
127.0, 52.1 ppm.

HRMS (ASAP pos): calc. for [M+H]* C14H1302* 213.0910; found: 213.0906.

4-(trifluoromethyl)-1,1'-biphenyl

4-7Th, white solid, 26%. m.p. 69.4 °C. Its spectroscopic data are consistent with a literature
report.'33

IH NMR (300 MHz, CDCls) & = 7.70 (s, 4H), 7.64-7.55 (m, 2H), 7.52—7.44 (m, 2H), 7.44—
7.37 (m, 1H) ppm.

13C{*H} NMR (126 MHz, CDCls) & = 144.9, 139.9, 129.5 (q, J = 33 Hz), 129.1, 128.3, 127.6,
127.4,125.9 (q, J = 4 Hz), 124.4 (g, J = 272 Hz) ppm.

HRMS (ASAP pos): calc. for [M]* C1sHoF3* 222.0651; found: 222.0647.
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4.6.4 Single-crystal X-ray diffraction studies

Crystal structure determination Crystals suitable for single-crystal X-ray diffraction were
selected, coated in perfluoropolyether oil, and mounted on MiTeGen sample holders.
Diffraction data were collected on a BRUKER X8-APEX Il diffractometer with a CCD area
detector using Mo-Kqradiation monochromated by graphite (4-3) or multi-layer mirror (4-4).
The crystals were cooled using Oxford Cryostream low-temperature devices. Data were
collected at 100 K. The images were processed and corrected for Lorentz-polarization
effects and absorption as implemented in the Bruker software packages. The structures
were solved using the intrinsic phasing method (SHELXT)®* and Fourier expansion
technique. All non-hydrogen atoms were refined in anisotropic approximation, with most
hydrogen atoms ‘riding’ in idealized positions, by full-matrix least squares against F? of all
data, using SHELXL®" software and the SHELXLE® graphical user interface. Diamond®®
software was used for graphical representation. Crystal data and experimental details are
listed in Table 4-3. Full structural information has been deposited with the Cambridge

Crystallographic Data Centre. CCDC-1959972 (4-3) and 1959973 (4-4).
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Table 4-3 Single-crystal X-ray diffraction data and structure refinements of compounds 4-

3 and 4-4.
Data 4-3 4-4
CCDC number 1959972 1959973
Empirical formula C32H2sBCIN2P2Pd  CazH2eBF 3sN2O3P2PdS
Formula weight / g-mol™ 655.16 768.78
T/K 100(2) 100(2)

A1 A, radiation

0.71073, Mo-Kq«

0.71073, Mo-Kq«

Crystal size / mm?

0.24x0.19%x0.10

0.19x0.18x0.14

Crystal color, habit

colorless plate

colorless block

u !/ mm™ 0.876 0.825

Crystal system Monoclinic Orthorhombic
Space group C2/c Pbca

alA 16.751(9) 17.999(3)
b/A 12.431(4) 17.931(4)
clA 15.975(7) 19.238(3)
al® 90 90

BIl° 120.362(13) 90

yl° 90 90

Volume / A3 2870(2) 6209(2)

V4 4 8

Poalc | g-ecm™ 1.516 1.645

F(000) 1328 3104
frange/ ° 2.179-27.525 1.921-27.484
Reflections collected 19354 116870
Unique reflections 3311 7117
Parameters / restraints 178 /0 415/0

GooF on F? 1.042 1.037

R+ [1>20(1)] 0.0255 0.0351

wR? (all data) 0.0577 0.0741

Max. / min. residual electron 0.489 / —0.552 0.715 / —0.844

density / e-A-3
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Figure 4-2 Molecular structure of 4-3 in the solid state at 100 K. Atomic displacement

ellipsoids are drawn at the 50% probability level, and H atoms are omitted for clarity.

®rd
Ge
&P
&N
&r
Ls
&0
&B

Figure 4-3 Molecular structure of 4-4 in the solid state at 100 K. Atomic displacement

ellipsoids are drawn at the 50% probability level, and H atoms are omitted for clarity
149






Summary

Summary

As analogues of a-amino acids, a-aminoboronic acids and their derivatives are especially
useful as bioactive agents. Thus far, three compounds containing an a-aminoboronate
motif have been approved by the FDA as enzyme inhibitors, and more candidates are
undergoing clinical trials. In addition, a-aminoboronic acids and their derivatives have
various applications in materials science, e.g. as carbohydrate sensors, penicillin-binding

proteins tracers, and serine B-lactamase tracers.

Chapter 1

In this chapter, the development of methodology for the synthesis of a-aminoboronates is
summarized. Different synthetic routes are categorized by different starting materials, e.g.
alkylboronates, imines, alkenes, a-boryl isocyanates, a-amino acids, etc. (Scheme S-1). In
addition to their significant applications in drug discovery and materials science, a-
aminoboronic acids and their derivatives have various applications in organic synthesis,
e.g. as a-aminomethylation reagents for the synthesis of nitrogen-containing molecules
which are found in a wide variety of alkaloid natural products and pharmaceuticals, as bis-
nucleophiles in the construction of isoindolinones, and as nucleophiles for addition to
ketones and aldehydes to form valuable vicinal amino alcohols, efc. Their applications as

versatile synthons are also summarized in this chapter (Scheme S-2).
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Scheme S-1 Overview of different synthetic strategies to a-aminoboronates.
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Chapter 2
In chapter 2, the first Borono-Strecker reaction is described, in which the synthesis of a-
aminoboronates can be achieved via a novel multicomponent reaction of readily available

carbonyl compounds (aldehydes and ketones), amines and Bopin, (Scheme S-3).

R3
10 Cu catalysis HN”
. 36 examples
3 —_—
1)]\ , tORONH, B2pin, = up to 95% yield
R R ne step R1R2 Bpin
2-1 22 2-3

Scheme S-3 Borono-Strecker reaction for the synthesis of a-aminoboronates.

Diverse a-aminoboronates, including rare aryl-substituted and tertiary examples, were
synthesized in moderate to high isolated yields (36 examples, up to 95% yield). Thus,
compounds were prepared bearing N-(2-pyridyl) groups, which form 5-membered rings via
N-B coordination, as well as systems bearing non-coordinating N-aryl groups, the latter
being isolated and fully characterized for the first time. Coordination of the pyridine nitrogen
to boron provides suitable stability for purification by column chromatography and isolation
in air (Scheme S-4). In addition, this multicomponent reaction can be readily conducted on
a gram scale to produce the corresponding a-aminoboronic esters without significant loss

of yield.

®Br
f\@ &
33
2-3a 2-3v 2-3y
"B NMR (10.6 ppm) "B NMR (32.1 ppm) "B NMR (31.8 ppm)

Scheme S-4 Molecular structures and "B NMR chemical shifts of 2-3a, 2-3v, and 2-3y.

The stepwise reaction indicates that imines are important intermediates in this
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multicomponent reaction. Further mechanistic studies indicate the role of Ti(OEt)s in the
formation of imine intermediates, and the role of a proton source in the subsequent

hydroboration process (Scheme S-5).

) g
CHO N TIOE: NSy CuCl, bpy HN SN
* | | > /0

/©/ MTBE, rt, 12 h /@) B,pin,, KF, rt, 12 h /©)\§/§

®2-1b M2-2a A2-4b #2-3b

12h ‘ & MeO. OMe

i N
After catalyst and B,pin, added P
6h *

12h Z

6h

0h

J JML\M

11.0 10.5 10.0 9.5 9.0 8.5 80 7.5 70 6.5 6.0 5.5

Scheme S-5 Stepwise (bottom to top) reaction process monitored by 'H NMR
spectroscopy (300 MHz, CDCIs, rt); 1,3,5-trimethoxybenzene (blue + sign) was used as an

internal standard.

Chapter 3

In chapter 3, a concise synthesis of a-amino cyclic boronates via multicomponent coupling
of readily available salicylaldehydes, amines, and B2(OH). is presented (Scheme S-6). This
protocol has several advantages over previous routes including mild reaction conditions

(room temperature, in air), no catalyst or additive, easy product isolation, and green
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solvents (ethanol and water).

R!,

0] ‘-R2 R! Cl™
RL R EtOH, rt, 1 h N 2 ke H-NR’
3 H + TN+ By(OH)y ———— O7B | ——ea
R H -B o) 3
N R B-OH
OH O 0-B g
OH
341 3-2 3-3 34 3-5
| Multicomponent one-pot coupling A

Scheme S-6 Concise synthesis of a-amino cyclic boronates via multicomponent coupling.

To gain further insights into the mechanism of this reaction, the reaction was conducted
stepwise, and aminal intermediate 3-4a’ was formed in 26% yield immediately upon mixing
salicylaldehyde 3-1a and morpholine 3-1b in CH3CN, confirmed by "H NMR spectroscopy.
Prolonging the reaction time to 12 h did not lead to an improvement of the yield of 3-4a’,
indicating that the formation of aminals is reversible. B2(OH)s was then added to the
reaction mixture, and boroxine 3-4a was isolated in 92% yield after stirring for 12 h. Then,
3-4a was hydrolyzed with 1N HClaq to give a-amino cyclic boronate 3-5a in 94% yield

(Scheme S-7).

o .
[0 CH;CN (2 mL) BaOH): Hg;J 1N HClaq (i> ’

> H’N
rt, T rt 12h 7B’ % rt, 15 min
g OfBO JB-OH
\ o]

OH
3-4a', 26% NMR yield 3-4a, 92% isolated yield 3-5a, 94% isolated yield

Scheme S-7 Stepwise reaction process; the yield of intermediate 3-4a’ was monitored
by '"H NMR spectroscopy (300 MHz, CDCIs, rt) using 1,3,5-trimethoxybenzene as an

internal standard.

Chapter 4

In chapter 4, the diazaborole-based PBP pincer palladium chloride (4-3) and the
diazaborole-based PBP pincer palladium trifluoromethanesulfonate (4-4) complexes were
synthesized and fully characterized (NMR, HRMS, elemental analysis, and single-crystal
X-ray diffraction) for the first time (Scheme S-8). In their structures, the Pd-Cl bond length

in 4-3 is much longer than that in its PNP and PCP analogues, and is slightly shorter than
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the PSiP one. Compared with its NNN, PCP, and PSiP analogues, the Pd-O bond length in

4-4 is the longest, which indicates the strong trans influence of boron.

4-3 4-4

Scheme S-8 Molecular structures of 4-3 and 4-4.

In addition, 4-3 showed catalytic reactivity for the Suzuki-Miyaura coupling of aryl iodides

and phenylboronic acid (Scheme S-9), giving symmetric and unsymmetric biaryl

compounds.
0.3 mol % 4-3
(OH), 2 equiv K3PO,4 (aq, 1M)
C( (j ~
DMF, 120 °C, 12 h R
=
4-7a, 91% 4-7b, 85% 4-7c. 75% 4-7d, 40%
\’/‘ CI/‘/‘I Meooc/‘/‘l FSC/‘/‘I
4-Te, 36% 4-7f, 78% 4-7g, 60% 4-7h, 26%

Scheme S-9 Catalytic Suzuki-Miyaura cross-coupling reaction using 4-3 as catalyst.
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Conclusion

The first Borono-Strecker reaction has been developed to synthesize a-aminoboronates
via a multicomponent reaction of readily available carbonyl compounds (aldehydes and
ketones), amines and Bzpinz. The preparation of a-amino cyclic boronates can be achieved
via multicomponent coupling of salicylaldehydes, amines, and B2(OH).. In addition, the
diazaborole-based PBP pincer palladium chloride and the diazaborole-based PBP pincer
palladium trifluoromethanesulfonate complexes were synthesized and fully characterized

for the first time, and used as catalysts for Suzuki-Miyaura cross-coupling reactions.
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Zusammenfassung

Als Analoga der a-Aminosauren sind a-Aminoborsauren und ihre Derivate besonders als
bioaktive Substanzen von grof3em Nutzen. Bisher wurden drei Verbindung, die ein a-
Aminoborat in ihrer Struktur enthielten, von der FDA als Enzymhemmestoffe zugelassen
und weitere Kandidaten durchlaufen derzeit klinische Tests. Zusatzlich besitzen a-
Aminoborsduren und ihre Derivate diverse Anwendungsmoglichkeiten in den
Materialwissenschaften, so zum Beispiel als Sensoren fur Kohlenhydrate, als Tracer fur

Penicillin-bindende Proteine oder als Tracer fir Serin-B-Lactamasen.

Kapitel 1

In diesem Kapitel wurde die Entwicklung der Methoden zur Synthese von a-
Aminoboronaten zusammengefasst. Verschiedene Syntheserouten wurden anhand der
verschiedenen Startmaterialien, z. B. Alkylboronate, Imine, Alkene, a-Borylisocyanate, a-
Aminoborsauren usw. kategorisiert (Schema S-1). Neben den medizinischen und
materialwissenschaftlichen Anwendungen, besitzen a-Aminoborsauren und ihre Derivate
diverse Anwendungsmdglichkeiten in der organischen Synthese. Sie werden als a-
Aminomethylierungsreagenz in der Synthese von stickstoffhaltigen Molekdlen, die in vielen
Alkaloiden und pharmazeutischen Wirkstoffen enthalten sind, als Bis-Nukleophile in der
Synthese von Isoindolinonen und als Nukleophile in Additionsreaktionen an Ketone und
Aldehyde, zur Synthese von vicinalen Aminoalkoholen usw. eingesetzt. lhre
Anwendungsmoglichkeiten als vielseitige Synthone wurden in diesem Kapitel ebenfalls

zusammengefasst (Scheme S-2).
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Schema S-1 Uberblick tber verschiedene Synthesestrategien zur Bildung von a-
Aminoboronaten.
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Schema S-2  Uberblick iiber die Anwendungsmaoglichkeiten von a-Aminoboronaten in der
organischen Synthese.
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Kapitel 2

In Kapitel 2 wurde Uber die erste Borono-Strecker Reaktion berichtet, mit der die Synthese
von a-Aminoboronaten in einer neuartigen Multikomponenten-Reaktion aus leicht
zuganglichen Carbonylverbindungen (Aldehyde und Ketone), Aminen und Bzpin; gelingt

(Scheme S-3).

_R3
o - . B Cu Katalyse HN 36 Beispiele
R°NH> 2Ping  —— > bis zu 95% Ausbeute
R! R2 Eine Stufe R Bpin
R2
21 2-2 2-3

Schema S-3 Borono-Strecker Reaktion zur Synthese von a-Aminoboronaten.

2-3a 2-3v 2-3y
"B NMR (10.6 ppm) "B NMR (32.1 ppm) "B NMR (31.8 ppm)

Schema S-4 Molekilstrukturen und B NMR Verschiebungen der Verbindungen 2-3a,

2-3v und 2-3y.

Verschiedene a-Aminoboronate, einschlielBlich seltener Aryl-substituierter und tertiarer
Verbindungen, wurden in moderaten bis hohen Ausbeuten synthetisiert (36 Beispiele, bis
Zu 95% Ausbeute). Es wurden Verbindungen mit N-(2-pyridyl) Gruppen, die mittels N-B
Koordination fiinfgliedrige Ringe bilden, so wie Systeme mit nicht koordinierenden N-Aryl
Gruppen dargestellt. Die letztgenannten Verbindungen konnten im Zuge dieser Arbeit
erstmalig isoliert und vollstdndig charakterisiert werden. Die Koordination des
Stickstoffatoms des Pyridins zum Bor liefert ausreichende Stabilitdt und erlaubt so die
Aufarbeitung an Luft und die Aufreinigung mittels S&ulenchromatographie (Schema S-4).

Diese Multikomponenten-Reaktion konnte auf3erdem im Gramm-Mal3stab durchgefiihrt
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werden und liefert den jeweiligen a-Aminoborsaureester ohne nennenswerte

Ausbeuteverluste.

Die schrittweise Durchfiuhrung der Reaktion zeigt, dass Imine ein wichtiges
Zwischenprodukt dieser Multikomponenten-Reaktion darstellen. Weitere mechanistische
Studien zeigten die Funktion von Ti(OEt), in der Bildung des Imin Zwischenprodukts und
die Funktion einer Protonenquelle in dem darauffolgenden Hydroborierungsprozess

(Schema S-5).
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Schema S-5 Verfolgung des schrittweisen (von unten nach oben) Reaktionsverlaufs
mittels 'H NMR Spektroskopie (300 MHz, CDCls, rt); 1,3,5-Trimethoxybenzol (blaue +

Markierung) wurde als interner Standard verwendet.
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Kapitel 3

In Kapitel 3 wurde Uber die Eintopfsynthese von zyklischen a-Aminoboronaten durch
Multikomponenten-Kupplung von leicht zugéanglichen Salicylaldehyden, Aminen und
B2(OH)4 berichtet (Schema S-6). Mildere Reaktionsbedingungen (Raumtemperatur, an
Luft), keine Verwendung von Katalysatoren oder Additiven, einfache Isolierung des
Produkts und die Verwendung von grinen Lésemitteln (Ethanol und Wasser) gehéren zu

den Vorteilen, die diese Methode gegeniiber vorherigen Methoden besitzt.

o H-N-R? OH RthRz Cl
1 R2 - 1 N HCI H-
) Ho+ R e Byom), EORID, O°B | S,
R H B0 R B-OH
OH O O-B o
OH
341 3-2 3-3 3-4 3-5
| Multikomponenten Eintopf-Kupplungsreaktion A
Schema S-6 Eintopfsynthese von  zyklischen a-Aminoboronaten  durch
Multikomponenten-Kupplung.
o (5 )
o} CH3CN @mL) Bz(OH)4 N oH  TNHCly g)
i, 12 h ©E< IO*B\ —> H-
rt, 12h -B o} rt, 15 min
o o8 @QBOH
OH
3-4a', 26% NMR Ausbeute 3-4a, 92% isolierte Ausbeute 3-5a, 94% isolierte Ausbeute

Schema S-7 Schrittweiser Reaktionsverlauf; die Ausbeute des Zwischenprodukts 3-4a’
wurde mittels *H NMR Spektroskopie (300 MHz, CDCls, rt) bestimmt. Als interner Standard

wurde 1,3,5-Trimethoxybenzol verwendet.

Um Einsicht in den Reaktionsmechanismus zu erhalten, wurde die Reaktion schrittweise
durchgefuhrt. Das Aminal 3-4a‘ wurde durch Reaktion von Salicylaldehyd 3-1a und
Morpholin 3-1b in CH3CN in einer *H NMR Ausbeute von 26% erhalten. Eine Verlangerung
der Reaktionszeit auf 12 h fuhrte zu keiner hoheren Ausbeute von 3-4a‘, was auf eine
reversible Aminalbildung schlieBen lasst. AnschlieRend wurde B>(OH)s zur
Reaktionsmischung hinzugegeben und nach einer Reaktionszeit von 12 h wurde das

Boroxin 3-4a in einer Ausbeute von 92% isoliert. Verbindung 3-4a wurde mit 1N HClyq
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hydrolysiert und das zyklische a-Aminoboronat 3-5a wurde in 94% Ausbeute erhalten

(Scheme S-7).

Kapitel 4

In Kapitel 4 wurden der Diazaborol-basierte PBP Pincer Palladium Chlorid Komplex (4-3)
und der Diazaborol-basierte PBP Pincer Palladium Trifluoromethylsulfonat Komplex (4-4)
erstmalig  synthetisiert und mittels NMR, HRMS, Elementaranalyse und
Einkristallstrukturanalyse vollstandig charakterisiert (Schema S-8). Der Pd-Cl
Bindungsabstand in Verbindung 4-3 ist deutlich langer als der in den analogen PNP und
PCP Verbindungen und etwas kirzer als der in PSiP. Im Vergleich mit den NNN, PCP und
PSiP Analoga, ist der Pd-O Bindungsabstand in Verbindung 4-4 am langsten, was auf den

starken trans-Einfluss des Bors zurtickzufiihren ist.

4-3 4-4
Schema S-8 Molekilstrukturen der Verbindungen 4-3 und 4-4.

AulRerdem zeigte Verbindung 4-3 katalytische Aktivitat in der Suzuki-Miyaura Kupplung von
Aryliodiden und Phenylborsaure (Schema S-9) und es konnten auf diese Weise

symmetrische und unsymmetrische Biarylverbindungen dargestellt werden.
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0.3 mol % 4-3
XN | B(OH), 2 equiv K3POy4 (aq, 1M)
R—: + ©/ N
= DMF, 120 °C, 12 h R
=
4-5 4-6 4-7
C
4-7a,91% 4-7b, 85% 4-7c, 75% 4-7d, 40%
4-Te, 36% 4-7f, 78% 4-7g, 60% 4-7Th, 26%

Schema S-9 Verwendung von 4-3 als Katalysator in der Suzuki-Miyaura

Kreuzkupplungsreaktion.

Zusammenfassend, wurde die erste Borono-Strecker Reaktion zur Synthese von a-
Aminoboronaten, mittels einer Multikomponenten-Reaktion aus leicht zuganglichen
Carbonylverbindungen (Aldehyde und Ketone), Aminen und Bzpin;, entwickelt. AuRerdem
gelang die Darstellung von zyklischen a-Aminoboronaten durch Multikomponenten-
Kupplung von leicht zuganglichen Salicylaldehyden, Aminen und B2(OH)s. Des Weiteren
wurde der Diazaborol-basierte PBP Pincer Palladium Chlorid Komplex und der Diazaborol-
basierte PBP Pincer Palladium Trifluoromethylsulfonat Komplex erstmalig synthetisiert,
vollstandig charakterisiert und als Katalysator fiur Suzuki-Miyaura Kreuzkupplungen

eingesetzt.
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"H NMR spectrum (300 MHz, CDCls) of 2-3a
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"B NMR spectrum (96 MHz, CDCls) of 2-3a
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BC{"H} NMR spectrum (75 MHz, CDCl;) of 2-3b
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"H NMR spectrum (300 MHz, CDCIs) of 2-3¢
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"B NMR spectrum (96 MHz, CDCls) of 2-3¢
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BC{"H} NMR spectrum (75 MHz, CDCls) of 2-3d
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"H NMR spectrum (500 MHz, CDCIs) of 2-3e
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"B NMR spectrum (160 MHz, CDCls) of 2-3e
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BC{"H} NMR spectrum (126 MHz, CDCls) of 2-3f
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Appendix
"H NMR spectrum (300 MHz, CDCl;) of 2-3g
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"B NMR spectrum (96 MHz, CDCIs) of 2-3g
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"H NMR spectrum (300 MHz, CDCIs) of 2-3h
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"B NMR spectrum (96 MHz, CDCls) of 2-3h
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3C{"H} NMR spectrum (75 MHz, CDClIs) of 2-3i
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"H NMR spectrum (300 MHz, CDCl3) of 2-3j
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"B NMR spectrum (96 MHz, CDCl5) of 2-3j
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"H NMR spectrum (300 MHz, CDCls) of 2-3I
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"B NMR spectrum (160 MHz, CDCls) of 2-3I
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3C{"H} NMR spectrum (75 MHz, CDCls) of 2-3m
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F{'H} NMR spectrum (471 MHz, CDCls) of 2-3m
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"H NMR spectrum (300 MHz, CDCls) of 2-30
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"B NMR spectrum (96 MHz, CDCls) of 2-3n
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BC{"H} NMR spectrum (75 MHz, CDCl;) of 2-3p
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"H NMR spectrum (300 MHz, CDCls) of 2-3q
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"B NMR spectrum (96 MHz, CDCIs) of 2-3q
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BC{"H} NMR spectrum (101 MHz, CDCls) of 2-3r
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"H NMR spectrum (400 MHz, CDCIs) of 2-3s
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"B NMR spectrum (128 MHz, CDCls) of 2-3s
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BC{'"H} NMR spectrum (75 MHz, CDCls) of 2-3t
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"H NMR spectrum (300 MHz, CDCls) of 2-3u
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"B NMR spectrum (96 MHz, CDCls) of 2-3u
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BC{"H} NMR spectrum (75 MHz, CDCls) of 2-3v
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"H NMR spectrum (300 MHz, CDCl;) of 2-3w
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"B NMR spectrum (96 MHz, CDCls) of 2-3w
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BC{'H} NMR spectrum (126 MHz, CDCls) of 2-3x
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"H NMR spectrum (300 MHz, CDCls) of 2-3y
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"B NMR spectrum (96 MHz, CDCls) of 2-3y
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BC{"H} NMR spectrum (75 MHz, CDCls) of 2-3z
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"H NMR spectrum (300 MHz, CDCIs) of 2-3aa
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"B NMR spectrum (96 MHz, CDCl3) of 2-3aa
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"H NMR spectrum (300 MHz, CDCls) of 2-3ab
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"B NMR spectrum (96 MHz, CDCls) of 2-3ab
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BC{"H} NMR spectrum (75 MHz, CDCls) of 2-3ac
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"H NMR spectrum (300 MHz, CDCl5) of 2-3ad
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"B NMR spectrum (96 MHz, CDCIs) of 2-3ad
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BC{"H} NMR spectrum (75 MHz, CDCl;) of 2-3ae
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"H NMR spectrum (300 MHz, CDCl;) of 2-3af
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"B NMR spectrum (96 MHz, CDCls) of 2-3af
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BC{'H} NMR spectrum (75 MHz, CDCl;) of 2-3ag
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"H NMR spectrum (500 MHz, CDCIs) of 2-3ah
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"B NMR spectrum (160 MHz, CDCls) of 2-3ah
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BC{'H} NMR spectrum (75 MHz, CDCls) of 2-3ai
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"H NMR spectrum (500 MHz, CDCl5) of 2-3aj
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"B NMR spectrum (160 MHz, CDCls) of 2-3aj
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BC{'H} NMR spectrum (75 MHz, D.0) of 3-4a
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300 MHz, D2O) of 3-4b

£

—
-—

8]

o
(72]

u

e

H NMR

€'l
ve'l
LE'T
8¢l

€91
891
€L’
6L T\

98°1 -7
Nm;\
99T

E.NV
E.Nx
vLTlE
S.m%
91°¢]
Lre]
0z ]
1ze]
STE

s
LO°E
wo.mw
e
S.m\
m_‘mw

9r'e

€€
Lee!
9L'9
6L°91
891
#8791
9891
L8°9 )W
68'9 ¥
68°9
oms%
Y
szL]
6TL
€L
1€°L1
ov'L ]
WL’

7.2 7.0 6.8 6.6

7.4

1
fo's
po'l

1

‘o

ST
01
W01

‘o1

3.0 2.0 1.0 0.0

8.0 7.0 6.0 5.0 4.0
f1 (ppm)

9.0

10.0

BC{'H} NMR spectrum (75 MHz, D,0) of 3-4b

vaN/
€EETy
G.mN\

€0°0S —
wes”
6009 —

L9T91 —

0

10

210200190180170160150140130120110100 90 80 70 60 50 40 30 20

f1 (ppm)

237



Appendix
"B NMR spectrum (96 MHz, D,0) of 3-4b
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BC{"H} NMR spectrum (75 MHz, D;0) of 3-4c
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BC{"H} NMR spectrum (75 MHz, CDs0D) of 3-4d
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"B NMR spectrum (96 MHz, CDs0D) of 3-4d
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"H NMR spectrum (300 MHz, D,0) of 3-4f
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"B NMR spectrum (96 MHz, D,0) of 3-4f
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BC{"H} NMR spectrum (75 MHz, D,0) of 3-4g
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300 MHz, D20) of 3-4h
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"B NMR spectrum (96 MHz, D,0O) of 3-4h
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3C{'H} NMR spectrum (75 MHz, D20) of 3-4i
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"H NMR spectrum (300 MHz, D,0) of 3-4j
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"B NMR spectrum (96 MHz, D,0) of 3-4j
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"B NMR spectrum (160 MHz, D-0) of 3-4k
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BC{"H} NMR spectrum (75 MHz, D20) of 3-41
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"H NMR spectrum (300 MHz, D,0) of 3-4m
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Appendix
"B NMR spectrum (96 MHz, D,0) of 3-4m
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Appendix

BC{"H} NMR spectrum (75 MHz, D;0) of 3-4n
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Appendix

"H NMR spectrum (500 MHz, D,0) of 3-40
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"B NMR spectrum (160 MHz, D,0) of 3-40
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Appendix

"H NMR spectrum (300 MHz, CDsOD) of 3-4p
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Appendix

"B NMR spectrum (96 MHz, CDs0OD) of 3-4p
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Appendix

BC{"H} NMR spectrum (75 MHz, D,0) of 3-5a
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Appendix

"H NMR spectrum (300 MHz, CDsOD) of 3-5b
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Appendix

"B NMR spectrum (96 MHz, CDs0OD) of 3-5b
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Appendix

BC{"H} NMR spectrum (75 MHz, CD3;0D) of 3-5¢
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Appendix

"B NMR spectrum (96 MHz, CD;0D) of 3-5d
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BC{'H} NMR spectrum (75 MHz, CD30D) of 3-5e
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Appendix

"H NMR spectrum (300 MHz, CD;0D) of 3-5f
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Appendix
"B NMR spectrum (96 MHz, CDs0D) of 3-5f

-60
q

mm.:
= LT
Fe 1€
1€
=
L3 mm.é
9¢T ¥
m LL'T)
r o1y
o 61°€ |
N o e
0 vy
o Lo
L= @ STEY 0L'T~
_ 5 o]
—~ WN\‘N,
P QO sce e
@) om.m: Py
o < occ
L 2 0 0€E] s
O oge
¥9°91 — - o N OE€]
o \m) T I€€
e
(43>
S = .
R 2 o e 1TL
= O ¢3¢’ 1cL
—
o ® 289 €TL
P £ w9 veL .
o m $8°9 vTL -
F o d $8°9 @N‘h/ =
O 189 9TLA _
S Q. 189 ceL B
F O (2} .
o S.n% el
o S 1] L
r o> = mN‘b; TEL~ ==
vTL] veL~ =
L % 1H YT L mm&\
5 0z, ] S€L
S B3 sr] | SEL
R o ] o
2~ o o Nmi T
T S ceL] Q
L * @,
S peL] /\N,H o
— seL
o sE'L
ra seL

1.0 0.0

2.0

2.70
f1 (ppm)
3.0

2.80
4.0

f1 (ppm)
7.0 6.0 5.0
f1 (ppm)
269

8.0

7.40 7.35 7.30 7.25 7.20 7.15
9.0

10.0

11.0




Appendix

BC{"H} NMR spectrum (75 MHz, CDs;0D) of 3-5¢g
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Appendix
"H NMR spectrum (300 MHz, CD;0D) of 3-5h
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Appendix

"B NMR spectrum (96 MHz, CDs0D) of 3-5h
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BC{"H} NMR spectrum (75 MHz, CD3;0D) of 3-5i
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Appendix
"H NMR spectrum (300 MHz, CDs0D) of 3-5j
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Appendix

"B NMR spectrum (96 MHz, CDs0D) of 3-5j
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HB{*H} NMR spectrum (96 MHz, C¢Ds) of 4-2
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H NMR spectrum (500 MHz, CD.Cl,) of 4-3
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HB{*H} NMR spectrum (160 MHz, CD.Cl.) of 4-3
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H NMR spectrum (500 MHz, CD,Cl,) of 4-4
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1B{*H} NMR spectrum (160 MHz, CD.Cl>) of 4-4
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31p{IH} NMR spectrum (202 MHz, CD.Cl,) of 4-4
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BC{*H} NMR spectrum (75 MHz, CDCls) of 4-7a
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BBC{*H} NMR spectrum (75 MHz, CDCls) of 4-7b
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13C{*H} NMR spectrum (75 MHz, CDCIs) of 4-7¢
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Appendix
BBC{*H} NMR spectrum (75 MHz, CDCIs) of 4-7d
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Appendix

1BC{*H} NMR spectrum (75 MHz, CDCls) of 4-7e
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13C{*H} NMR spectrum (75 MHz, CDCls) of 4-7f
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13C{*H} NMR spectrum (75 MHz, CDCls) of 4-7g
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Appendix

1BC{*H} NMR spectrum (75 MHz, CDCIs) of 4-7h
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