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Borrowing Hydrogen (BH)
Overview

2
N I > R,I/\Y/R

* First reported in 1908
Hebd. Seances Acad. Sci. 1908, 146, 298.

* Much progress in the last 20 years

* Direct combination of transfer hydrogenation with an
intermediate reaction

» Can form complex molecules without separation/isolation
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Borrowing Hydrogen (BH)

Overview
H H R2
’ ., -
X)<R1 [M] N
Deprotonation Irreversible
Protonation

H H
1 MH—"

R! Transformation X Y

\

Chem. Rev. 2018, 118, 1410-1459

Catalyst Identity

Any metal used must form a sufficiently unstable hydride - walk the line

» Most common catalysts are [Ru], [Rh], and [Ir]

H % « [Os], [Mo] and [W] have been reported but are
N, I wPPhg less common
/RU\
(SN | “PPh,
~ Cl
Coord. Chem. Rev. 2017, 331, 1-36 Rh—ClI
7 °Cl
Cl_ #
Cl—Rh

Angew. Chem. Int. Ed. 2014, 53, 761 -765

(Hot paper) AN
NTN
| ,)g,}
r
AT
N/

Chem. - Eur. J. 2015, 21, 17877-17889
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Homogenous vs Heterogenous
Catalysis

-
N

Homogenous Heterogenous
Advantages: Advantages:
Lower temperatures More atom economical (additive
Potential for more active catalyst systems free) ] A
Great deal of research in the field Can use multi-functional solid
catalysts
Disadvantages: Green chemistry appealing to
Generally requires additives (ligands) industry

Less atom economical
Disadvantages:
High temperatures
Origin of BH methodology, but
much less developed

Chem. Rev. 2018, 118, 1410-1459

C-C Bond Formation

Olefin Metathesis
N — N

Aldol Condensation OH 0

Knoevenagel Reaction

[
R OH R R

EWG

Decarboxylative Knoevenagel co R1
R/\OH J— R/\/ 2
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C-C Bond Formation

R
Co — C
N N
H

H

C3 Alkylation

Wittig Reaction

R1
R/\OH e R/\/

Condensation
0 OH o)

Ph)l\ ph) Ph)J\/\Ph

C-C Bond Formation

Allylation

C/ OH
HO_ _R - 5
Y ~~ /%R

Krische JACS 2007

d-Lactonization

OH o O
O O
R! OR? |
RS RS
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C-N Bond Formation

Condensation
—_—
R1 R? R©/ \R©
Aza-Wittig
N\ N —_ > A~y-Fh
Ph OH PhsPZ “Ph Ph N

Amination
OH NH,
B
R "R R "R
C-N Bond Formation
N-Alkylation g2
OH HN”
B
N N
Many examples
_R?
NH, HN
—_—
R” "R R” "R

Condensation/N-Heterocyclization

—_—
NH,
H,N H

OH
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Carbon-Carbon Bond
Formation

Olefin Metathesis
PN P

)H<H<[M]>>/\/

Y
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Olefin Metathesis
PN N

Homogenous Catalysis

Mo(NAr)(CHCMe,Ph)[OCMe(CF )l A
2 >
/M (B“PCOP)irH, 2n

125°C

Me(F3C),COr,, NH

Mo
) Me(F5C),CO”  SCHCMe,Ph
(f-BU)zP—llr<|_||:'(t-BU)z Olefin Metathesis

Borrowing Hydrogen

Schrock, Brookhart, et. al. Organometallics 2009, 28, 355-360
Brookhart, et. al. ACS Catal. 2013, 3, 2505-2514

Olefin Metathesis
PN e

Heterogenous Catalysis
[W(==Ct-Bu)(CH,tBu)s]
on aluminum oxide

2 >
/M: tBu {Bu Mn
\\N J Very slow catalyst deactivation

O/ \/tBU
O,
0" |

o]

Basset, et. al. Angew. Chem. Int. Ed. 2005, 44, 6755 — 6758
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Aldol Condensation

OH OH o
R o R/\/[\R1 R/\/J\R1 R/\/JI\R1
OH OH OH

NG M ~— Rz*\ﬁw

0
R?2 R'

o o 0

| [MH]
R2J\ * R1J W > R2J\/\R1
H,0
Aldol Condensation
R OH

OH OH (0]
R/\)\Rﬂ R/\)\R1 R/\)I\R1

Cs,CO3 OH 0
J\ R1/\OH e /\)\ /\)I\
2 110 °C
R OH R R R R

Can't be avoided, but

\N \
| A for some substrates <2%
\Ir\ N
| Br \\Q
0

R"and R? can be aromatic or aliphatic, electron rich or electron poor

Chem. - Eur. J. 2015, 21, 17877-17889
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Aldol Condensation
OH OH (0]

R/\/J\R1 R/A\V/l\R1 R/A\V/H\R1

[(Cp*IrClz)]
t-BuOK
p-xylene n n
(6]

A\

H  120°c 4nh
n=1

[(CpIrCl2),]

[(Cp*IrCl2),] [IrC(COD)}2]
t-BuOK dppe
p-xylene K2CO3

120°C,4 h mesitylene

n=2-5 160 °C, 24 h

Angew. Chem., Int. Ed. 2011, 50, 8618-8622]

Ci 2008

Mechanism

HO

\J

/\oj\
H
ph” N Ph Ph

(i
< > [r] [irH;] "+ cmination
[IrH2]

Ph/\/ Base
o> Ph // Ph Ph " pn

Aldol Condensation

2nd cycle of borrowing hydrogen
1st cycle of borrowing hydrogen

Ph” " pn

Angew. Chem., Int. Ed. 2011, 50, 8618-8622
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Knoevenagel Condensation

1

R” O oH R R
EWG
NO,
CHaNO, ©/\/
——
Up to 78%

CN

CN
Pd-MgO (0.75 mol%)
OH n-dodecane (0.1 eq) -
Trifluorotoluene
150 °C
Up to 94%

0O O
)j\/”\ i
EtO OFEt
OEt
0% TOEt
0,
J. Cat. 2011, 279, 319-327 Up to 99%
C3 Activation of Indoles
R
o8 o
N N
H H
2
NHR?2 [CP*IrCl,], (2.5 mol%) NHR
Cs,COs(11eq) A\
Solvent Free N
HO 150 °C, 48 hours R H

0

« After deprotection, gives access to many tryptamine
homologues, including serotonin

* Branched alcohols are just as reactive

* Longer chains equally reactive

Tetrahedron 2016, 72, 2233-2238

5/21/2018

10



5/21/2018

Indirect Wittig
N
2
Ao < V] > R~ R
[MHy] ,
R? pph,
Indirect Wittig
R oH RIS
~ Touee
R oH 2 hours > R/\/CN
Ph3P/\CN Up to 86% Yield

N>PPh3
«% B

N Ru\
/—/ G

5 mol%

J. Am. Chem. Soc. 2007, 129, 1987-1995
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\fc/
HOL /( D
R

« Carbonyl allylation from alcohol oxidation state
* No byproducts are formed

* No over-reduction

Allylation

OH
/%\R
OH
___(Bmo%)
7
75 °C R

[Ir(COD)(BIPHEP)]BARF
5 mol%
Cs,CO3 (5 mol%)
DCE/EtOAc (1/1)

R
” \1
Y OH Base
M]
(M Base-H
R [M]
7 \“ -H,0
o) 2

Krische, et. al. J. Am. Chem. Soc. 2007, 129, 15134-15135

70-92% Yield

Y
\
?

O/[|V|]

%

o-Lactonization

™S
o
;TMS

Fel
OoC” | CO
CcO
OH
(0] (0]
R1J]\/”\OR2 |
R3
OH
0 (0]
OR? |

Ph
Lo
H OTBDMS
1) [Fe] (6.5 mol%)
Me3NO+2H,0 (8 mol%)
Cu(acac); (5 mol%)
xylenes
10 °C, 64 hours
2) DBU, toluene
60 °C, MW, 30 min

Ph
O

N OTMS
H

1) [Fe] (6.5 mol%)
MesNO (8 mol%
Toluene
RT, 18 - 21 hours

R3 2) DBU, toluene

Synthesis 2018, 50, 785-792

RT, 2 hours

R1

o)
J.

R3
>99:1 dr
52% Yield

R3
Up to 93% ee
Up to 90% vyield

5/21/2018
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Carbon-Nitrogen Bond
Formation

Condensation/
N-Arylation

Pd(OAc), (5 mol%) H
XantPhos (10 mol%) - N
N-methyl-2-pyrrolidine (NMP)
150 °C, 24 h R R

[Pd] Only example
[:::]ii PPh2 PPh,
[Pd] XantPhos
|

@wg Joas

Org. Lett. 2012, 14, 1692-1695

[Pd]H,

[Pd]

5/21/2018
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Aza-Wittig

Ph
P YNOH  pnyp? ph Ph/\H/
Pd(OAc), (1 mol%)
CsOH (1 eq) Ph
Ph” OH Ph3P¢N\Ph Toluene Ph” N7
150 °C, 48 hours H

cr L

46% Yield 65% Yield

Synthesis, 2011, 22, 3730-3740

Aza-Wittig

Ph
R7OH  phgp? “ph Ph/\H/
NiNPs (nickel nanoparticles)
N N THE - Ph
R™OH - pngp” ph 76 = ey

O T O A

Only examples of heterogenous Aza-Wittig BH

All yields below 60%

(0] (0]
)I\ Ph/\OH > )]\/\
Ph Ph Ph
Pd/AIO(OH), K3PQOy4, toluene 92%
[Ir(COD)CI],PPh3, KOH, neat 86%
NiNPs, THF, 6 hrs 85%

Eur. J. Org. Chem. 2008, 4908-4914
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Amination of Alcohols

R”NOH R” O NH,
Toluene
A~ NH; (7-8 bar) _ PN
R™ OH 165 °C, 15 h - R NH;

Me
PPh,
PhoP |
»Ru—H
Ph, | CI
co

0.2 mol%

Dalton Trans., 2016, 45, 6856—-6865

Amination of Allylic Alcohols

R\/\OH R/\NHZ

[Pt(COD)Cl5] (1 mol%)
DPEphos (2 mol%)

R\/\OH aq. NHg/1,4-dioxane/MeOH R\/\NH
2

(3/2/1)
100 °C, 24 h

Alcohol scope:

S,
PPh, PPh,

DPEphos

OH

OH OH
G /@)\/
FsC

and many more

| _Angew. Chem. Int. Ed. 2012, 51, 150 =154
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Amination to 2° Amines

"

oH RONR
H
Toluene
KOt-Bu (0.2 mol%)
NH PPN
“oH 135°C, 48 h R™ "N™ R
if R = alkyl
pZ
RN R
if R =aryl
0.2 mol%
Catal. Lett. 2015, 145, 139-144
Mechanism
B — e
RN R” oH R” NH,
H Ru]
| [Ru]
If aryl ><
RuJH
(RuH, [RulH, Py
X X X
RN /,,\\ R X0 _77"<§_"R NH
i H,O R/\NH2 NH; H,O

5/21/2018
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N-Alkylation

R2 R2
R” OH HoN~ RN
_— H
OH NH, K,CO3 (5 mol%)
REOSNR!
R R2 100 °C, 12 h H
MeO,
“"N—Ir—Cl
|
OMe
1 mol%
Amine scope
/© /O/Cl
W ~
HoN
HoN HoN HN HN
Chem. - Eur. J. 2015, 21, 9656-9661
N-Alkylation
R? R2
R/\OH H2N/ R/\H/
neat, 130 °C 1
1 2 18 hours - ~~. R
N R R L 3 -
RSO N7 R® N
R2

R = aliphatic, aromatic

RSC Adv. 2015, 4434-4442
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N-Alkylation
R2

R2
R OH HQN/ R/\N/

H

neat, 130 °C
HOW\ 18 hours -
h OH  H,N @“
n

PFe

2.5 mol%

RSC Adv. 2015, 4434-4442

N-Alkylation
R2

RZ
R/\OH HQN/ R/\H/

[Ru(p-cymene)Cly],

H
[Nj / \
\(/O N dppf or DPEPhos . N N
O\>_/ toluene/t-amyl alcohol/neat \__/ 4>\\

130 °C, 48 hours
O

O
1) HCI, acetone 7<
40°C,24 h

2) PS-carbonate

PPh, PPh,

p-cymene

86% overall yield
Dropropizine (cough supressant)
ACS Sustainable Chem. Eng. 2016, 4, 5730-5736

N N
DPEPhos j— —>\\
HO  oOH

5/21/2018
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N-Alkylation

R NH, R/\NAR

tolene H

R NH; 120 °C >
HoN™ 24 hours

H §| BAF
|
)

~

R

Phy,P—Co—FPPh,
CH,SiMe; ACS Catal. 2016, 6, 6546-6550

NH,
Cu (

5 Mol%)/ALO;
mesitylene N
140 °C H

Catal. Sci. Technol. 2013, 3, 2397-2403

Condensation/N-Heterocyclization

©f\OH [Ru(p-cymene)Clyl, (5 mol%) NH
Toluene
NH

2 HyN 160 °C,16 hours N

H
Direct formation of benzodiazepines without

I (e) I external hydrogenation source

Xantphos

OH PPh, PPh,

Eur. J. Org. Chem. 2015, 1068-1074
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Condensation/N-Heterocyclization

R R
OH HN)\ HNH
OH B —— O
NH,
(Ru] NH, NH,
T [Ru] [Ru]H,
_ A
R
(=~ » S
OH
e @5 N=
HoN H,0 NH, /
@

D LT
HO

Eur. J. Org. Chem. 2015, 1068-1074

Iz

Current Work: Condensation
OH (0]

o
Ph)]\ Ph) Ph)]\/\Ph

[Cu(BINAP)],@HT

O )OH (@HT = on hydrocalcite) (0]
B ——
)J\ K;CO3 )I\/\
Ph Ph 100 °C Ph Ph
8 hours
Ph=
/OX /©>{ S
< L+ O
X o X
X=Br, Cl | X=Br, Cl, |
Dehydrogenation - Cyclization Ph
NH, [Cu(BINAP)Il,@HT 7
(@HT = on hydrocalcite) N
+ pPh” O OH > pam
KoCO3 /
NH» H,0 N
90 °C, 12 h

Green Chem. 2018, Advance Article
DOI 10.1039/C8GC00557E
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Mechanism

o o
©:NH2
NH,

O

Y s
CHOT e

Borrowing Hydrogen (BH)

Summary
H H )
. ~y,-R
X)<R1 [M] Y
Variety of catalysts and catalytic
systems | ibl

; rreversible
Depmtonatlon [Ir], [Rh] and [Ru] most common Protonation

Homogeneous and heterogeneous
catalysis

[MH,]

R! Transformation X Y

r
-
Ed

j\
C-C bond formation:
Olefin metathesis, Aldol and Knoevenagel condensation, Wittig reaction, indole C3 alkylation,
allylation, d-lactonization

C-N bond formation:
Condensation, Aza Wittig reaction, amination, N-alkylation, condensation/N-heterocyclization

X
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