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| General Introduction
Alkenylboranates are versatile building blocks in organic synthesis (C-C formation, oxidation etc.)
Among the various methods for their synthesis, alkyne hydroboration represents the most straightforward

approach.

The most popular boron functional groups:
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alkenyl boronate boronic acid catechol boronic

ester (Bcat)
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pinacol boronic MIDA 1,8-diaminonapthyl
ester (Bpin) boronate (BMIDA) boronamide (Bdan)

Picture from: Carreras, J.; Caballero, A.; Pérez, P. J. Chem. - Asian J. 2019, 14, 329-343. 1



| General Introduction

General reaction modes of alkyne hydroboration (regio- and stereo-):

R1 — R2
+
HBR,
1,2-addition 1 5
(vicinal) R™>R
1,1-addition
R! = R? | syn- R! = R2 |trans- (geminal)
L l l l Y
R R R R R" H R" BR 1
:_: :_: :_:2 ’_\ 2 R_BR2
ZB H H BR2 RzB R H R2 R2 H
a B o B ZIE

Majority: 1,2-hydroboration Relatively rare



| General Introduction-pioneering works

Seminal Hydroboration of Alkynes (electronic attribute of substrates; small steric alkyne):

58" |
st 5 H-Bcat (1.0 equiv) R H 5 0
R————H - > ( | Bcat = B/
THF or neat, H Bcat . 0
70~100°C,1~4h ~ 040 I
R = aryl, alkyl 10~ 94%

E:Z> 19:1
Brown, H. C.; Gupta, S. K. J. Am. Chem. Soc. 1972, 94, 4370—4371.

HBpin (2.0 equiv R'" R2 | o~
RI——R? pin ( d )> Y= ' Bpin = B
| N —
DCM, 25 °C, 2 h H  Bpin : N
R' = R(CH,);, Ph 85 ~ 100%

R? = H, Me
Tucker, C. E.; Davidson, J.; Knochel, P. J. Org. Chem. 1992, 57, 3482—-3485.
Selectivity control:

1. Substrates and boron reagent
2. Catalytic system (metal-catalysts: Zr-, Rh-, Ni-, Pd-, Cu-, Fe-, Al-, Co-, Ir-, and Ru- etc.)
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| Syn-Hydroboration-(B-selectivity)

HBpin (1.05 equiv)
Cp,ZrHCI (50 mol%)  R' H

Rl——H - =
DCM, 0 °C ~ rt, N, ¥ Bpin
R' = alkyl (e.g. Bu, 'Pr), aryl, TMS 75~ 100%
, R'——H
H: o iR Cp,ZrHClI
H Bpin
H R | ] 1. Sterically bulky alkyne
11— . .
= Ro=F 2. Aslight excess of HBpin
CpoClzr B H ijZr—H
v/ |
¥ | e
o-bond metathesis - -
\ H R /
HBpin —

Cp,Clz H

Pereira, S.; Srebnik, M. Organometallics 1995, 14, 3127-3128.



| Syn-Hydroboration-(B-selectivity)

HBpin (1.2 equiv)
[Al] catalyst

(10 mol%) R H P AlmTPr
R—H - = l H
toluene, 110 °C, N, H Boin !
P ' DIBAL-H
R = alkyl, aryl, alkenyl [Al] = DIBAL-H: 40 ~ 89%
[Al] = Et;Al-DABCO: 35 ~ 84%
Etw _Et
. \Afl HBpin
Et
EtBpin
R" H
H Bpin
H R Etw .FEt
—
Et\ \ > |_||
Et-AB H
H
\ A
HBpin H R
Et-Al H
Et

Bismuto, A.; Thomas, S. P.; Cowley, M. J. Angew. Chem., Int. Ed. 2016, 55, 15356-15359.



| Syn-Hydroboration-(B-selectivity)

HBpin (1.1 equiv)

I f
[Fe] catalyst - . | TBuz
1.0 mol% N
R—=——H ( ), Y—=( . [ N-Fe—H
hexane, rt, 16 h H Bpi l |
pin ! /
I P BU2
R = alkyl, aryl 64 ~ 94%
_» LFe-H HBpin . Control experiments
H-H i t t
K R H : P BU2 P BU2
— ! /NF H HBpin /NF Boi
R H Bpin ! ~ © 15% ~ e—bpin
I t 1y
" -~  LFe-Bpin | PBu; PBu;
LFq |—| Bpin ! A (X-ray)
5 |
! HBpin (1.1 equiv)
R——H A (1.0 mol%) Ph H
. Ph—=—H - =<
! hexane, rt, 16 h H Bpin
HBpin | 81%
Bpln i

Nakajima, K.; Kato, T.; Nishibayashi, Y. Org. Lett. 2017, 19, 4323-4326.



| Syn-Hydroboration-(B-selectivity)

First Cu-catalytic system: (Bpin), (1.1 equiv)

CuCl (3.0 mol%) 1 i
. xantphos (3.0 mol%) R COOEt O O
R'-=—COOEt >__< | .

NaOBu (3.0 mol%)  Bpin H

: PPh PPh
_ MeOH (2.0 equiv) 2 2
R' = alkyl, H —~ 000 xantphos
Y THF, rt, 24 h 65~ 99% P
LCuOR (Bpin),
R' COOEt _
__ RO-Bpin
Bpin H CuCl + NaOBu
_ t &t &
R =Me, Bu LCu-Bpin
MeOH
5§t &
R'——COOEt
R'"  COOEt
@__<
Bpin CuL

Lee, J.-E.; Kwon, J.; Yun, J. Chem. Commun. 2008, 733-734.



| Syn-Hydroboration-(a-selectivity)

C ﬂBgiF?h“jze?uw)vy R\ POOR
u .1 mo —
Ri-=—coorz _LUPPhall( o, H>_<B |
PPh; (2.0 mol%) pin
1 3
R2 alkyl, Ph, TMS THF, 0°C 80 ~ 95%
R“ = Me, Et, adamantyl
5t &
L,Cu-H 8" 8"
R'  COOEt RI—=—COOR"
Bpin H
R'  COOEt
—
R' COOEt Ho Gl
—~-Ro,
H Lcu. P -
Y HBpin

S, Or R'  COOEt

T H L,Cu-H
Bpin

Lipshutz, B. H.; Boskovic, Z. V.; Aue, D. H. Angew. Chem., Int. Ed. 2008, 47, 10183-10186.



| Syn-Hydroboration-(a-selectivity)

Ad/N\\%N\Ad
- Cu (Bpin), (1.0 equiv) Bpin., H |
" Spin < Cl X\; (SIMes)CuCl (5.0 mol%) — i Mes/N\%N\Mes
x—" H = " NaOBu (5.0 mol%) Hoo Cu
i X = OR, NR MeOH (1.1 equiv) 73~84% | &
P meer T THF, -50°C,3~24h a, major ! Mes = 2,4,6-Me3CgH,

® With Less Donating NHC:

WA/ W Ar
<>\@ < 52
‘Ar

x donation i H ‘back—donation

o A H%&G B H% g\”e
Selectivity:

) . ) Competitive contribution from A & B
electronic and steric attribute (HOMO at C,, larger than usual with electron-withdrawing G)

® With More Donating NHC:

wAd N Ad
<§ B\oﬁ <§ B<%§<
Ad &

Ad

longer
incipient Cu~C,

C

¢ back-donation t & donation

C more critical than D with stronger donor NHC
(larger LUMO coefficient at the "softer" Cy)

Jang, H.; Zhugralin, A. R.; Lee, Y.; Hoveyda, A. H. J. Am. Chem. Soc. 2011, 133, 7859-7871. 10



| Syn-Hydroboration-(a-selectivity)

(dan)B-Bpin (1.1 equiv) R H
— (SIPr)CUCI (2.0 mol%) = | O NH
KOBu (6.0 mol%) (dan)B H B
R = alkyl, aryl, TMS MeOH (3.0 equiv) 67 ~99% | O NH
THF, 50 °C, 3 h alfpz 955 | o)
i Pr
R H R H . Pro
ﬁ/ /_\ VS. /_\ E Ny 2N
(SIPr)Cu—B(dan) (dan)B—Cu(SIPr) | hd
: Cu.
I i |
- - - - l Pr¢ Pr

Yoshida, H.; Takemoto, Y.; Takaki, K. Chem. Commun. 2014, 50, 8299-8302.
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| Trans-Hydroboration

First example (internal alkyne):
HBpin (1.2 equiv)

[Cp Ru(MeCiN)le’Fe R Bpin
R— R (5 mol%) . —
(1.1 equiv) DEM. 1, Ar ) R
) _ 54 ~ 94%
R =alkyl, thienyl Z/E > 75:25
roduct
p R———R
HBpin
@/ 2L
inBY Cp*
pi \\ R | ® Bpin
R . \ Ru; ”
H
\ R
. /Cp* \‘
me-Ru\ ‘\2) \@\ ® Cp pinB H
) ¢ me \ R<-- pinB-Ru R s >:<

Sundararaju, B.; Flrstner, A. Angew. Chem., Int. Ed. 2013, 52, 14050-14054.



Trans-Hydroboration

. | [\, R
H-B(dan) (1.0 equiv) R B(dan) ! N 4N
Rl-— p Ru-catalyst (1.0 mol%) >_< ! '@ Y\CO R
- luene, 70°C,2h 5 R Ru R
(1.1 equiv) toluene, ; H (7 H ! 717X
92 ~ 98% | cl pey;
Rl—aryl . : X =H, styryl; R = Me, 'Pr;
Z/E up to 98:2 ! ' » SIYTYL >
! R = Me, OMe, ‘Bu, H
e e dan) T
NHC | NHC NHC (10 equiv)
co R— CO -PC CcO No Reaction
Rl‘l\\ - . Rl‘l\\ —}]3‘ Rf,{\ toluene
~ 70°C,2h
71 H /IR ipy, 7 | Y
o ress o e, o CSs mes, Css
2a (10 equw) TCO
NHC Ru“ " toluene | U~~ph
CO o i, 1h cl
7 RL{ = H B(dan) 1a (1 OPS;SIV) 1e (94 /PC;
- e %
R— SR (94%) [X-ray]
’ O
2 A H-B(dan) | toluene
L[Ru] “H H-B(dan) R (100 equiv) 70°C,2h
> L[Ru]-B(dan [
AR e e gy > e N
roduct — B
p R———H /R|““B(dan)
CI" pey,
. R@ . 1h (54%)
[Ru] o L[Ru] ¥ B(dan) Ph—= h (1.0 mol %)
2a (1.1 . .U mol o S\
R B(dan) a (1.1 equiv) ~ PH  B(dan)

. . + toluene (0.1 M) 3a
\/ H—B(dan) 100 °C, 2 h 98% (98:2)
(1.0 equiv)

Yamamoto, K.; Mohara, Y.; Mutoh, Y.; Saito S. J. Am. Chem. Soc. 2019, 141, 17042-17047.
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| Trans-Hydroboration

HB(cat) (1.5 equiv) i Me
1 Pd,dbas (2 mol%) Bpin ! N
R\/\ ligand (4 mol%) RMF@ ; @[ | |
TNR2 DCM, rt ! B™ Pr
(1.1 equiv) then pinacol (12 equiv) H l PPh;
70 ~ 96% |
R" =alkyl, aryl, alkenyl Z/E> 86:14 :
i ligand
R1
product [Pd]L \/\
R2
. Bpin Rl _~
Unconventional H-B bond cleavage, R! hEERN
) 2 F 2
Outer-sphere mechanism R [PdlL R
H—[Pd]L
HB(cat)
(Tsuji-Trost type)
HO
R B(cat) 1 B(cat)
=
L[Pd]® R \_(@[Pd]L R
o _H
H-R HB(cat)
(cat)

Xu, S.; Zhang, Y.; Li, B.; Liu, S.-Y. J. Am. Chem. Soc. 2016, 138, 14566-14569.



| Trans-Hydroboration

HB(dan) (1.0 equiv)

Ro— o CuTc (5.0 mol%) R B(dan) ! @ Q |
— > — i o) ' [ )—coocu
(1.2 equiv) ~ DPEPhos (5.5mol%) . PPh, PPh,i ~7
toluene, rt . |
R" = aryl 53 ~ 88% . DPEphos ! CuTc
ZIE > 78:22 i :
Cu+ L + HB(dan)
roduct —
P LCu H Ar——=
HB(dan . . .
( )/ \ Deuterium labeling experiment:
— HB(dan) Ph\_/B(dan)
Ar CulL _ Ph—=——D standard condition H/ \D
H CuL
H H Ar H
I e vaas
Af CuL H  Cul
\_/

16

Jang, W. J.; Lee, W. L.; Moon, J. H.; Lee, J. Y.; Yun, J. Org. Lett. 2016, 18, 1390-1393.
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| Gem-Hydroboration

HBpin (1.0 equiv)
[RhClI(cod)], (1.5 mol%)

' R Bpin
R————H P('Pr); (6.0 mol%) . PP
(2.0 equiv) EtsN (5.0 equiv) H H
cyclohexnae, rt 50 ~ 81%
~ (o}
R = alkyl, aryl, TMS ZIE> 97:3

/ Deuterium labeling experiment:

H n .

— L I HBpln C6H13_ Bpln

H [Rh]—H R———[Rh] NCeHiy—=—D .
standard condition D H
1,3-H shift
R Bpin R
|
>:':[Rh] >:':[Rh]
H |l| H

Ohmura, T.; Yamamoto, Y.; Miyaura, N. J. Am. Chem. Soc. 2000, 122, 4990-4991.
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| Gem-Hydroboration

HBpin (1.2 equiv)

ne— . [Rulcatalyst(0.1 mol%) ~R\__ PPN | |_ .
-15°C ~ NV
(2.0 equiv) toluene, -15 °C ~ rt H H : /_ N—Ru—H
- 52 ~95% ! BAPTHLH
R" =alkyl, aryl ZIE> 89:11 !
H H
|—PtBu _ |—PfBu —PBu
HBpin J N / R——H /3 /
N/R|u H f» N/R|u—H - N— Ru\ Bpln
‘BuP'H-H 'BuP'H—Bpin H, tBuP P>

% NH shift
|_ - Ph

pin
72 N— RU Bpin CF‘RL/ Bpln Ph —D > >—<
SR /i standard conditon D H

1y
tBUP O BuP JJ\

H R
H
product —PBu , —PBu
72D |/ HBpin J N |
N—Ru—H > N—Ru H
H — /| pentane — Yans
|_PtBu _ |_PtBu BuP H-H BuP H=Bpin
— H — Bpin
fBuP///ngpm tBuP///g/
\_/
H R

Gunanathan, C.; Holscher, M.; Pan, F.; Leitner, W. J. Am. Chem. Soc. 2012, 134, 14349-14352.



| Gem-Hydroboration

HBpin (1.0 equiv)

R——  [Co] catalyst (3.0 mol%)_ R __ jBpin
(1.2 equiv) THF, rt H H
41 ~91%
R = alkyl, aryl ZIE > 84:16
Previous (similar to Miyaura) : | Proposed:
product _ l
[Co] R——H |
/ i product
R Bpin y i R——— H
p— / :
H [Co]l—H R———[Co] |
\ vinylidene mechanism i R Bpin
' [Co] H
R H R |
»——(Co] y==I[Co]
H Bpin H | [Co]—H
T | R—=—Bpin

Obligacion, J. V.; Neely, J. M.; Yazdani, A. N.; Pappas, |.; Chirik, P. J. . Am. Chem. Soc. 2015, 137, 5855-5858.
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| Gem-Hydroboration

. . . HBpin "Cel13_ Bpin
Deuterium labeling experiment: "CeHiz—=—D - )
standard condition D H
DBpln nC6H13 Bpln
"CeHiz—=—=—H > —
standard condition H D
Stoichiometric experiment:
P Ph Ph Ph
_ BPi -
=—Ph / HBPIn _ . ~/ _23°C_ . ~
2 ——» (9APDICo” ———— (CYAPDI)Co =——> (YAPDI)Co
. -CH, b K=57 BPin
Cy

5-Pro-(2Z) S-Pro-(E]
NC| o minor(15%) ||  _____. major (85%) _____
-Co—CHjy ' L !
1 Metal Vinylidene Pathway
| o ¥ O\ | (not operative) :
Cy ~Z"BPin =—Fh E BPin \
2, [(YAPDICoMe)] Z:E (15:85) : Ph
! (YAPDI)Co=—=—=x !
1 H 1
"Hex ! l :
/ : |
(YAPDI)Co” == l FinB :
4 =\ ==—"Hex' (*YAPDI)Co !
Ph BPin ! H :
Z:E (>98:2) ___ fotobserved s

Obligacion, J. V.; Neely, J. M.; Yazdani, A. N.; Pappas, |.; Chirik, P. J. . Am. Chem. Soc. 2015, 137, 5855-5858. 2!



| Gem-Hydroboration

[CpRuU(MeCN);]PFg R Bpin
- | (10 mol%) —
R—="SiMe;Ph  +  HBpin DCM (0.2 M),12 h, rt PhMe,Si°  H
(2.0 equiv)

56 ~ 99% yield
single isomer

Why?

! R
Regioselectivity: gem-addition : /+ HBpin
: PhMe,Si P
« . o 1 2
Stereoselectivity: E-isomer ; L
R—=—si
product %) E 2L
\\Ru§"L : ¥
Y 1,2-Sishift | co
L !
R.E. L = MeCN E \\(‘_Dlﬁu\\ //R
- Y
2L | AT
Cp (Ilg ; B~ SiMe,Ph
| ® ] .
L""'}“ H Ru-vinylidene path ~ WRUL E SiMezPh
Bpin_ i Cp !
R™ °Si R”Si E l Il?% R
1 L\\‘/‘ *-I/
n | Cp 'nB'--I‘-i'J/
HBpin | o Co A SiMe,Ph
Cp BDi ' inB Ru"’L | ® i pinB"RU'u/
@1 SPIn ! PinB.p inB-RU.., N\t
| wRu-| L ! HY R A HYF R
H | PhMe,Si HFP N\ PhMe;sSi
R”Si E (gem-H, B-carbene) PhMe,Si

Feng, Q.; Wu, H.; Li, X.; Song, L.; Chung, L. W.; Wu, Y. D.; Sun, J. J. Am. Chem. Soc. 2020, 142, 13867-13877.

22



| Gem-Hydroboration
1,2-addition gem-addition
TMS i
stan_dfard TMS SiMe,Ph SiMe;Ph PhMe,Si Bpin
H conditions | }:(_ . ™S —
pinB H H Bpin T™S H
SiMe,Ph a, 58% (NMR) b, 1% (NMR) c, 2% (NMR)
can be isolated
’ Ru-carbene ~E SO Ru-vinylidene (unlikely) :
: [Ru] 5 : [Ru] :
: . — b . vs 1 :
i | PhMe,Sin—H e~ TMS : ; 4 - ¢ ]
H Bpin ¢ 5 PhMeQSi\)I\TMS only
'L i : i L . ;
Me, Me HBpin Me Me Me. Me [Ru]
Ph S [Cp*RuCl]4 (25 mol%) ~ SiMe,Ph
X DCE (0.2 M) ~ Ph SiMe,Ph Ph
N, rt, 23 h H Bpin A Bpin
SiMe,Ph 2, T _
33% (isolated) L i

Feng, Q.; Wu, H.; Li, X.; Song, L.; Chung, L. W.; Wu, Y. D.; Sun, J. J. Am. Chem. Soc. 2020, 142, 13867—13877. 23



| Summary

R1_ H R,B H
RzB>_<R2 RHRz

Literaturereferences(Reviews):

(1) Yoshida, H. ACS Catal. 2016, 6, 1799-1811.

In conclusion, the majority of current metal-
catalyzed alkyne hydroboration have been 1,2-
syn-addition. 1,2-trans-hydroboration and gem-
hydroboration, especially, for unsymmetrical
Internal alkynes, still represent a much more
challenging problem.

(2) Carreras, J.; Caballero, A.; Pérez, P. J. Chem. - Asian J. 2019, 14, 329-343.
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