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Primary Amines

*Primary amines in natural products and pharmaceuticals

OH OH

SH
0., CO,Et 2 Q H 0
hikizimycin HOJ\_/\/U\N \)I\OH
AcHNT ™ NH, H 5
NH,
oseltamivir glutathione
(Tamiful)

*Pfizer's internal chemical inventry: 47,000 alkyl primary amines
28,000 primary and secondary alkyl halides

Garnsey, M. R. Pfizer Worldwide Research and Development, 2018.



Representative Preparation of
Primary Amines

*Gabriel amine synthesis

O O
R=—X
base NH,NH,
NH ’ NR 3 R—NH,
(0 O

*Reduction of amide or nitrile

0 LiAlIH,

J]\ or R—CN R/\NH2
R NH, reduction

*Rearrangement
Curtius rearrangement

(o) NaN3 o) A HZO

N - N
R X R N,
Hofmann rearrangement
Br,, NaOH
or

O Pb(OAc),

N

R NH, oxidation

[RzNCO‘ » R—NH,

> R_NH2



Representative Reactions of Primary Amines

*Reductive amination

R'CHO

NaCNBH; '
R—NH, v / R

R—NH

*Buchwald-Hartwig coupling
[Pd] or [Ni]
ligand, base R’
R—NH, R'—X y /
R—NH

For a recent study, see 200425 _LS_Tsukasa_Shimakawa.

*Transformation of other functional groups

ex) ketone formation
t-Bu

IBX or

NH, t-Bu o ~H H,0 o

A > | - N

R R' R Rl R R'

j// \r )\ Amine might be differently

Rl Rl R R' OXidized.
ex) nitrile, oxime, nitro




Cleavage of the C—N Bond

*Activation of amine is necessary

ex.) Sandmeyer reaction Cle
®_N
NH; NaNO,, HCI N~ CuCl Cl
y y

good leaving group

for transition metal chemistry, to cleave strong C-N bond,
amines should be located at allylic or benzylic position (electronic activation) or
cyclized (aziridine, strain activation)

PhB(OH), (1.2 eq.)
Pd(PPh3), (2 mol%)

N NNH B(OH); (3 eq.) N
2 >
1,4-dioxane, 100 °C

Ph

B(OH); seemed to activate the amine and contribute to increasing the yield.

Li, M.-B.; Wang, Y.; Tian, S.-K. Angew. Chem., Int. Ed. 2012, 51, 2968.



Carbon Radical Generation via C—N Cleavage

How could we cleave C-N bond homolytically (i.e. alkyl radical generation) ?

Working hypothesis

1 amine
R activation
il —

L’ . reduction
24\ N K ©
R 4 N @ ' +e
RS ; \
. .
N .
~~--v' R1 "-~~\

N .
3 '
R1 PR R R . )
RN “ /
N ]
R3 ! o ©
.. e’ ) H@ C-N bond
te-c cleavage
oxidation
R1 'l'. -'~“
RZJ'\R3 N :

carbon radical Sel.-’



Katritzky Pyridinium Salt

*Preparation of Katritzky pyridinium salt

Ph
| N
Ph
Ph o) Ph
© ® %;
NHZ BF4 | \ 4
J\ y ~
R? R2 EtOH, reflux Ph N Ph
18
40~95% R' R?2 bench-stable

Katritzky salt

*2,4,6-Triphenylpyrylium tetrafluoroborate is commercially available (25 g ¥ 36,160),
but easily prepared as follows

HBF ,+OEt,
0 Ph
0 Ph/\)l\Ph S
)]\ - | _
Ph Me (CH,CI),, reflux Ph o) Ph
72% © 9
BF,

1) Dimroth, K.; Reichardt, C.; Voget, K. Org. Synth. 1969, 49, 121.
2) Schonbauer, D.; Sambiagio, C.; Noel, T.; Schnurch, M. Beilstein J. Org. Chem. 2020, 16, 809.



Reductive Carbon Radical Generation
from Pyridinium Species

Ph
S
| X, BF4
Z ~-0.9 V vs DCE in DMF ?
Ph N@ Ph
J\ activated via a single-electron reduction!
R" "R?
. single-electron
* reduction
Ph
A Ph
| | """"" > 1/\ 2 N
Ph”” N7 “Ph R™ R »
;J\ Ph” >N~ “Ph
R "R?
carbon radical aromatic

1) Basch, C. H.; Liao, J.; Xu, J.; Piane, J. J.; Watson, M. P. J. Am. Chem. Soc. 2017, 139, 5313.
2) Grimshaw, J.; Moore, S.; Trocha-Grimshaw, J. Acta Chem. Scand., Ser. B 1983, 37, 485.



How Does Single Electron Reduction Occur?

Ph
(é)F single-electron Ph
| N 4 reduction .
Py > 1/\ 2 \
Ph” N7 “Ph R" R |
@ ~
J\ Ph N Ph
R1" “R? . :
carbon radical aromatic

How does single electron reduction proceed in the reaction system?
1. By metal species. ex) Ni'=>Ni', Mn’—Mn'
2. By photocatalyst. ex) Ir'"—1r'V

3. By electron donor acceptor complex.

For a review, see: Correia, J. T. M.; Fernandes, V. A.; Matsuo, B. T.; Delgado, J. A. C.; de Souza, W. C,;
Paixao, M. W. Chem. Commun. 2020, 56, 503.



Deaminative Suzuki-Miyaura Coupling

Ph o __ArB(OH); (3eq) Ph Bh
BF Ni(OAc),°4H,0 (10 mol%)
N 4 BPhen (24 mol%) R' _Ar —
Ph N Ph KOt-Bu (3.4 eq.), EtOH (5 eq.) R2 \ N N=
Ji’D 1,4-dioxane (0.1 M), 60 °C, 24 h BPhen
R R 25 examples
derived from a-mono or o-di- 46-81%
substituted primary amine
derived from a-monosubstituted primary amine derived from a-di-substituted

primary amine

o) p-tol
( :@/\/
\o X

75% 52%
Me BocN/ﬁ BocN\
k/N 48%
66% 81%

(BPhen (12 mol%), 0.025 M)

TT
Basch, C. H.; Liao, J.; Xu, J.; Piane, J. J.; Watson, M. P. J. Am. Chem. Soc. 2017, 139, 5313.



Plausible Mechanism for
Deaminative Suzuki-Miyaura Coupling
©

©
2ArB(OH),OR 2AcOB(OH),OR

Ar - Ar—Ar
LnNi"(OAc), LnNi'( — 3 NN
LnNi® + LnNi'(OAc), Ar
R R2 + comproportionation
e _, .
Ar LnNi'OR ArB(OH),0R o
AcOB(OH),OR
reductive
elimination
R _R? Ph
Y ar
11The N
I'nN'\ LnNi'Ar | o
OR <z + OR
Ph N@ Ph
single
electron R R2
. reduction Ph
R1’\R2
Ar I N
LnNi"\ _
OR Ph N Ph

Basch, C. H.; Liao, J.; Xu, J.; Piane, J. J.; Watson, M. P. J. Am. Chem. Soc. 2017, 139, 5313.



Deaminative Minisci-Type Reaction

Ph z ] PFe
) Z )
BF4 ° N e t-Bu
| N [Ir(ppy)2(dtbbpy)]PFg (2.5 mol%) 1 o J+Ns
Z > R {2
Ph N Ph DMA (0.2 M) | TN
JE) 5W blue LEDs, rt, 48 h R2 NS U B
=BU
R" “R? (1.0 eq.) Minisci-type reaction &
(1.2 eq.) 20 examples [Ir(ppy)2(dtbbpy)]PF

32-91% yield

N ~N \ ~N A ZN
A Br
| _N o N

83% 86% 82%50°C

NS

F F Me
58% 59%

Klauck, F. J. R.; James, M. J.; Glorius, F. Angew. Chem., Int. Ed. 2017, 56, 12336.
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Plausible Mechanism for
Deaminative Minisci-Type Reaction

single electron
reaction pathway oxidation R

- Rz*‘ Rz*‘

3

"R, [|r1“' [Ir(ppy)dtbbpy] "*= [lr]'"

T oxidant oxidative 9dround state
quenching <~ (D
;ﬁ s visible light
R PR SET [ir]"
Q. excited state
Ph'® 2~ Ph
BF, R; Ph
©
single electron Ry N~ ™ BF,
reduction | ”
Ph Ph

Correia, J. T. M.; Fernandes, V. A.; Matsuo, B. T.; Delgado, J. A. C.; de Souza, W. C.; Paixao, M. W.

Chem. Commun. 2020, 56, 503.
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Reaction with Indole

Ph
N 4 [Ir(ppy)2(dtbbpy)]PFg (2.5 mol%) CO,Me
l Z = | \ ’ ~ |
Ph” N7 “Ph DMA (0.2 M)
)S) X N 5 W blue LEDs, rt, 48 h X N Me
Me CO,Me 1a
64%
2a (2.5 eq.) ° 11 examples:
(1.0 eq.) 7 pyridiniums, 5 heterocycles
(derived from Ala) 33-73% yield

When they mixed 1a abd 2a, the solution color changed.

L — - E—
/ \
\
electron donor-acceptor (EDA) complex formation?
| &L.__ Photocatalyst would not need?
1a 2a 1a + 2a

1) Klauck, F. J. R.; James, M. J.; Glorius, F. Angew. Chem., Int. Ed. 2017, 56, 12336. 2) James, M. J.;
Strieth-Kalthoff, F.; Sandfort, F.; Klauck, F. J. R.; Wagener, F.; Glorius, F. Chem. Eur. J. 2019, 25, 8240.



Addition to Heteroarene without
Photocatalyst

Ph
©
BF R? R3
| N 4 morpholine (1.5 eq.) CO.M
2 / \ > 2 €
Ph N Ph | DMSO (0.4 M)
Jﬁ) NS X blue LEDs, 48 h X R'
R"" ~co,Me no photocatalyst
Me Me Me
C02M9 COzMe COzMe
~ TN N\ N\
X~ N N (), N
Me . Me Me
i-Pr NHCbz SMe
61% 69% 76%
(from Leu) (from Lys) (from Met)
MeO,C
Me Ph Bpin
COzMe C02M9
N\ \ Z TN
Ph ~
N o) Me S Me
H
90% 83% 44%
(from Ala) (from Ala) (from Ala)

James, M. J.; Strieth-Kalthoff, F.; Sandfort, F.; Klauck, F. J. R.; Wagener, F.; Glorius, F.
Chem. Eur. J. 2019, 25, 8240.



Plausible Mechanism

reaction pathway Ph Me
Phad \ Mo
~ o o _ Photoinduce " R
R, Ph, BF4 &= H 1 . N o
o:e_N‘ -/ PH visible light T\ Ph Vemeo
=P iR, —SET—~ Phad, \ R, O Eca= -0.48 v
oy E N P
N o R i
L Me - N Ph " . # Rs MeO)l\'Me
Complex A Me Radical Chain Ph. N. Ph
N z
AGyot = -22.1 kcal mol™ k @Yo
. Rj RDS
L N\ 9 _ Ph
@H T
N/
\H F4 Me

N - DG = <10 kcal mol"! =
\
H H Ph - Concerted pathway PCET
Complex B

Correia, J. T. M.; Fernandes, V. A.; Matsuo, B. T.; Delgado, J. A. C.; de Souza, W. C.; Paixao, M. W.
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Chem. Commun. 2020, 56, 503.



Further Development and Limitation

*Recent development: Deaminative alkyl-alkyl coupling t-Bu

O/> | I
N N .~
Ban/\/l\ o t-Bu Z t-Bu
(1.6 eq.) ttbtpy
R BF4 Ni(acac),*xH,0 (5 mol%)
ttbtpy (6 mol%) o
THF/DMA = 2/1 Ph

@ o)

60 °C,18 h

Ph 68%
Plunkett, S.; Basch, C. H.; Santana, S. O.; Watson, M. P. J. Am. Chem. Soc. 2019, 141, 2257.

*Major limitations: a-tetra-substituted primary amine does not form pyridinium salt

Ph
©
| N BF, Ph
Z ©
Ph o) Ph X, BFs

NH, @ I




Single Electron Transfer of Imine
to Generate Carbon Radical

R1
R 24\
ol * ROHO oo i T
R3 2 k
R
*Imines accept single electron (reduction)
1 1 1
R photocatalyst R R R
R2-J hv R © H R2A -
N —_— N —_— NH e e Sl J\
3 3 3
R l single-electron R k R |\ \ | R? ¢ "R®
R reduction R R E" carbon radical
R
*If imines could be single-electron-oxidized,
R' R R'

photocatalyst R1
RzJ\ hv RZJ\ -H* J\
N -=------ N ==-=-----
3 3 3
R |k single-electron R ||\ . R |\ i R2 R3
R  oxidation R N=—R carbon radical
imidoyl radical

17

Ashley, M. A.; Rovis, T. J. Am. Chem. Soc. 2020, 142, 18310.



Oxidative Carbon Radical Generation
from Aromatic Imine

R1
RZJ\ + ArCHO
R3 NH,
R? +
RZJ\ OMe
r3 N OMe R’ NC
I - J\
electron rich R2 « “R3
aromatic ring MeO OMe
MeO OMe carbon radical

addition to electron deficient olefin
single-electron

oxidation
R1
RZJ\"
deprotonation R3 \NI OMe
OMe MeO OMe
more acidic than usual imidoyl radical

Ashley, M. A.; Rovis, T. J. Am. Chem. Soc. 2020, 142, 18310. 20



Optimization of Reaction Conditions

Zco,t-Bu (1.1 eq.)
[Ir(dF(CF3)ppy)2(dtbbpy)]PF¢ (3 mol%)

N OMe tetramethylguanidine (20 mol%)
I y o COzt-BU
(CH,CI), (0.05 M), rt, 24 h
427 nm LEDs 71%
MeO OMe

(6 photocatalysts, 8 bases, and 6 solvents were tested.)

deviation
acceptor (2 eq.), K;PO4 (2 eq.), PhCF; (0.1 M): 46%

1 -
acceptor (2 eq.), K3PO, (2 eq.), PhCF; (0.1 M), [Ir(dF(Me)ppy),(dtbbpy)]PFe: 19%  F /ij 1 PFe

\r‘ s t-E;l‘
tetramethylguanidine (1 eq.): 72% . o, 1+.N3 I
llr\
tetramethylguanidine (0 eq.): 40% F r!l\N' N
~
no 427 nm LEDs: 0% E | X, t-Bu
no photocatalyst, 427 nm LEDs: 0% R

no photocatalyst, 75 °C: 0%
P y ° [Ir(dF(CF3)ppy),(dtbbpy)]PFe: R = CF;

[Ir(dF (Me)ppy)(dtbbpy)]PFe: R = CH

Ashley, M. A.; Rovis, T. J. Am. Chem. Soc. 2020, 142, 18310. 2



Substrate Scope 1 - Preparation of Imine -

R1
OMe 2
1 R J\
R benzene, reflux 3 N OMe
RZJ\ + H R I
R3 NH, Dean-Stark
MeO OMe
(1.05 eq.) (1.0 eq.) MeO OMe
15 examples, 64-99%
OzMe
Me Me
TBSO
N OMe N OMe
I I
I
MeO OMe MeO OMe
99% 64% 95%
Me Me Me
(0) BocN
N OMe N OMe N
I I L |
MeO OMe MeO OMe MeO
95% 94% 97%

Ashley, M. A.; Rovis, T. J. Am. Chem. Soc. 2020, 142, 18310.
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Substrate Scope 2 - Imines -

R1
REAA_ [I(dF(CF3)ppy)(dtbbpy)IPF (3 mol%) o1 4
R3 N OMe R4 tetramethylguanidine (20 mol%)
| )\ > RZJ\/k 5
RS (CH,CI), (0.05 M) R3 R
427 nm LEDs
MeO OMe (1.1eq)) 27 examples, 35-97%
N(B COZMG
(Boc), Me Me N(Boc),
TBSO
COZMG COzMe
92% 91% N(Boc),
o . .
(52% by amine, aldehyde and olefin) MeO,C 579
Ve N(Boc), Me N(Boc), Me N(Boc),
o) BocN
CO,Me CO,Me CO,Me
71% 58% 63%

Ashley, M. A.; Rovis, T. J. Am. Chem. Soc. 2020, 142, 18310. 23



Substrate Scope 3 - Electron-Deficient Olefin -

R1
RS [Ir(dF(CF3)ppy),(dtbbpy)IPF (3 mol%) o1 s
R3 N OMe R4 tetramethylguanidine (20 mol%)
| )\ > RZJ\)\ 5
RS (CH,CI), (0.05 M) R3 R
427 nm LEDs
MeO OMe (1.1eq.) 27 examples, 35-97%
o)
BocN o) BocN Me (9] o
Ph
\ Me
Me Cbz 0
70%, dr > 20:1 87% 57%
BocN Me
s,Ph
A CN
0 0 Me
53% 35%

Ashley, M. A.; Rovis, T. J. Am. Chem. Soc. 2020, 142, 18310. -



Kinetic and Quenching Study

*Kinetic analysis

Me

Me |

MeO

Zc0,Bn
Me%\ [Ir(dF (CF3)ppy)2(dtbbpy)]PFg (3 mol%)
N OM

tetramethylguanidine (20 mol%) Me

- Me%\/\
(CD,CI), (0.01 M) Ve

420 nm LEDs

OMe

1st order un the imine and acrylate

y =-0.7339x + 4.7419

o .
£ R?=0.9982
=3
: 8
= e

2 ®.

‘.
ZC0,Bn
‘9
1
0 1 2 3 4 5
CO,Bn
2 Time (h)
5
4 y = -0.6775x + 4.5363
R? = 0.9962
€
M
27 eyl
- Me” "N  OMe LY
| ».
2 ...
LN
MeOQ OMe :
1
0 1 2 3 4 5
Time (h)

*Stern-Volmer quenching study

Me

Me%\
N OMe

Me |

MeO

lo/!

OMe

1.6

1.4

1.2

1

Variable Imine
Constant TMG
Ksy =33.2 M
RZ=099 .
Variable Imine
Ksy = 33.9M"
R%=0.98
0 3 6 9 12 15

quencher (mM)

The Imine successfily quenches
the excited stste of the photocatalyst.

25

Ashley, M. A.; Rovis, T. J. Am. Chem. Soc. 2020, 142, 18310.



Spin Density of Radical Cation Intermediate

eCalculation of spin density

Me Predicted HOMO Spin Density
|r|||’ -

1 Mej\r 033

C4
H
0,49{{2@
| MeO OMe_
*How does imidoyl radical form?

Me Me

Me 7 N oM

Me | €
MeO OMe MeO OMe
B imidoyl radical

A

1. Nitrogen radical cation A acts as a hydrogen atom transfer reagent toward red-H.
2. Base (TMG) deprotonates red-H of radical cation.

Ashley, M. A.; Rovis, T. J. Am. Chem. Soc. 2020, 142, 18310. 26



Competition Experiment

N(Boc),
BocN Me BocN M N(BOC)2
e
N OMe N COzMe
I I - C02M9
H H [Ir(dF(CF3)ppy)2(dtbbpy)]PFg 47%
(3 mol%)
tetramethylguanidine N(Boc)
MeO OMe (20 mol%) 2
X Y COzMe
Ep2 =+1.42V vs SCE Ep2=+1.86 V vs SCE

BDE (C-H) ~ 96 kcal/mol BDE (C-H) ~ 98 kcal/mol not detected

Only X should be single electron reduced (Ir'""/Ir'' = 1.21 V vs SCE). Y: unreacted

X and Y should have similar reactivity to HAT reagent. The reaction of radical cation from X

should not react with H of Y.
*Plaisible pathway for imidiyl radical formation
BocN BocN
Me tetramethylguanidine Me
(pPK,; = 23.4 (MeCN)) N OMe
. I
pKa~15 H deprotonation *
(MeCN) spin-centered-shift
OMe MeO OMe

imidoyl radical
Ashley, M. A.; Rovis, T. J. Am. Chem. Soc. 2020, 142, 18310.




Plausible Mechanism

R1
RZJ\
R3 NI OMe
Ty MeO OMe
singlg-ele_ctron ®
oxidation R TMG—H

i

|I'"|

Ir" OMe
single-electron OM
R'  N(Boc), reduction R ¢
R? R?
R3 @ COzt-Bu R3
@
TMG—H OMe
R' N(Boc), J\ NC
R2 TMG R2 ° R3
R3 CO,t-Bu carbon radical MeO OMe
28

Ashley, M. A.; Rovis, T. J. Am. Chem. Soc. 2020, 142, 18310.



Limitation

*Low yield in the case of imine derived from a-tri-substituted primary amine

N(Boc),
CO,t-Bu (1.1 eq.)
O\ [Ir(dF(CF3)ppy)2(dtbbpy)]PFg (3 mol%)
N OMe tetramethylguanidine (20 mol%) N(Boc),
I o
(CH,CI), (0.05 M), rt, 24 h CO,t-Bu
427 nm LEDs

MeO OMe

~10% NMR yield

Ashley, M. A.; Rovis, T. J. Am. Chem. Soc. 2020, 142, 18310.



Summary

Ph
(EDF single-electron
| N 4 reduction .
Z 17N p2
Ph”” >NZ Ph R R
JS) carbon radical
R1 R2 .
addition to C=C bond
Ni-mediated reactions
complementary methodology
R1
RZJ\ single-electron
r3 N OMe oxidation R’
I J\
R? « "R®
MeO OMe carbon radical

addition to C=C bond

x o-tetra-substituted
primary amine

x a-di and tri-substituted
primary amine
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