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1. Introduction
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2. Synthesis of Trifluoromethoxylated Compounds
2.1 Anionic Trifluoromethoxylation



2.1 Anionic Trifluoromethoxylation
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2.1 Anionic Trifluoromethoxylation
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2.1 Anionic Trifluoromethoxylation

Ox _Me Ox _Me
T‘ E Photocatalyst (0.500_ mol%) T;}_'
/@f OH % I—(-, Base (3.00 equiv.) s e
T A e e
1a ¢a Temp °C, 12 h %a g
Entry Photocatalyst Base Temp (°C) Yield” (%)
1 Ru(bpy)s(PFe), K,CO, 23 38
3 Rhodamine 6-G K,CO; 23 <5
3 Jac-1r(ppy )3 K>CO;3 23 17
4 Ru(bpy)s(PFe), K;PO, 23 12
5 Ru(bpy)s(PFg), 2,6-Lutidine 23 12
6 Ru(bpy);(PFe), K,CO; 0 80
7 = K,CO, 0 <5
8 Ru(bpy);(PFg), —_ 0 <5
9 Ru(bpy)s(PFe)s  KoCO;4 0 <5°
10 Ru(bpy)s(PFg), K,CO; 0 <5°

“ Reaction conditions: 1a (1.00 equiv.), 2a (8.00 equiv.), photocatalyst
(0.500 mol%) and base (3.00 equiv.) in MeCN (0.100 M) for 12 h.
Yields were determined by '"F NMR using trifluorotoluene as the
internal standard. ? No light. © Exposed to air.

Lee J W, Spiegowski D N, Ngai M Y . Selective C—O bond formation via a photocatalytic radical coupling strategy: access to
perfluoroalkoxylated (ORF) arenes and heteroarenes[J]. Chemical Science, 2017, 8.



2.1 Anionic Trifluoromethoxylation
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2.1 Anionic Trifluoromethoxylation

OCF
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“ Reaction conditions: 1 (1.0 equiv.), 2 (2.0 equiv.), 3 (5.0 equiv.), [Ru(bpy);J(PF.), (1 mol%), AgF (50 mol%), tBustpy (30 mol%), CH;CN, N,
atmosphere, 10 °C, 4 h, 14 W blue LED. Yields of isolated products are given. tBu,tpy = 4,4',4"-tri-tert-butyl-2,2":6'2"-terpyridine.

Cong F, Wei Y, Tang P . Combining photoredox and silver catalysis for azidotrifluoromethoxylation of styrenes[J]. Chemical
Communications, 2018, 54.



2.1 Anionic Trifluoromethoxylation
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2.2 Radical Trifluoromethoxylation



2.2 Radical Trifluoromethoxylation

Recent developments in direct trifluoromethoxylation reagents
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2.2 Radical Trifluoromethoxylation

Ngai and coworkers
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Zheng W, Moralesrivera C A, Lee J W . Catalytic C-H Trifluoromethoxylation of Arenes and Heteroarenes.[J]. Angewandte Chemie,
2018.



2.2 Radical Trifluoromethoxylation

Mechanistic Study

{a) Probing the pathway for the formation of the OCF, radical
(i) Trifluoromethoxylation reaction using a band pass filter (i) Energy of mesolytic cleavage of the N-OCF3 bond from 1~

Ru(lh)”  Ru(ll) AG =171 kealmol  RYLRZ | op

RIN,R2 @ Ru(bpy) 3(PFe)2 (0.03 mol%) OCF, RIN,R2 RIN,R2 o -
+ -
! 50 W blue LED (455 nm) ' e ! —
OCF3 OCF3  AG = 3.8 keal/mol OCF3
MeCN (0.2 M), RT, 2 d Fivired Hi g2

1 2a Bandpass filter (488 + 2 nm) 3a (trace) 1-+ =
1(93%) AG = —43.5 kcal/mol G

Implications: W Photoexcitation of 1 is needed ™ Formation of the «OCF; via SET between *Ru(ll) and 1 is unlikely

(b) Examination of the relative reactivity of the «eNR'R? and «0OCF; radicals
(i) Energy of the addition of the «NR'R? and «OCF5 to benzene (ii) Trifluoromethoxylation reaction using 1,3,5-trichlorobenzene without Ru(bpy)s(PFg),

ks 1p2
R _R? AG = 3.7 keal/mol NR:R cl o :
N ¥ NR'R?
: , R! _RZ 10 W LED (402 nm) OCF, o
la 2a Ic N i e il >~ OCF3
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AG = -9.3 kcal/mol OGRS = Cl "40°C, 16h cl Cl
-OCF; 1 2f 3f (43% yield) cl cl

No N-arylation lla

Ib 2a Ic
Implications: M QCF; is more reactive than «NR'RZ and adds to the arene first ™ Formation of 3f should proceed via intermediate lla

(c) Proposed reaction mechanism 3 _ SET a _
NO CF *NR'R? 1a ~ | ONR'R? 14 HNR'R2
N 3 *NR'R? Ia *Ru(ll \
R ho 1R2 ]* * + u
L NR'R } . ) e Ru(llly & i — s
F1C OCF, .
OCF;  CF Bk D )i OCF; Ru(uu OCF3 OCFs
OCF5-reagent (1) . Ic > le 3a
7 - - SET . -

Zheng W, Moralesrivera C A, Lee J W . Catalytic C-H Trifluoromethoxylation of Arenes and Heteroarenes.[J]. Angewandte Chemie,
2018.



2.2 Radical Trifluoromethoxylation
Mechanistic Study

Table 1: Selected optimization experiments.”

catalyst
@/H Risg-R2 MecN (0.2 M) @zOCFa Rivy Rz
+ | - + |
OCF3; 10 W LED (402 nm) Ph
RT, 16 h
2a 1 3a 3a’
Entry Catalyst Yield[®! Selectivity
3a 3a’ 3a:3a’
1 - 20% 38% 1:2
2 Cu(OTf)» (20 mol%) 61% 20% 3:1
3 Cu(MeCN) 4PF (20 mol%) 64% 10% 6:1
4 Ru(bpy)3(PFg)s (0.03 mol%) 70% 3% 23:1

without a redox-active catalyst

H-atom OCF;
B 7  abstraction HNR'R?
) AG*=30.0
*+ H
OCF3 | | Radical  NR'R? NR'R?
|l e
. - AGH=213 + HOCF;

If 3a

Zheng W, Moralesrivera C A, Lee J W . Catalytic C-H Trifluoromethoxylation of Arenes and Heteroarenes.[J]. Angewandte Chemie,
2018.



2.2 Radical Trifluoromethoxylation

C,Tf Ru(bpy)s(PFgls (1.0 mol%) OCF,
‘/ MeCN:CH,Cl, 1:1, 23 °C, 16 h R

10 W Blue LEDs
UCFE 49-85% Yields
(Hetero)Arenes (10 equiv)
L OCF i i Scei el
3 OCF OCF NC—
3 Br
cl Cl r::r’u'“r.:rph
80%*® 63% (o:mp = 1.8:2.4:1)° 84% (om:p=1.3:1.1:1%%  61% (48%, 7.7:1)254
(Hetero)Arenes (1.0 equiv)
NGE HE - TF'DH
F::-Il/ Q N N
N?‘Nvﬂg D'CF:; Me UDCFE UCF:;
Me
Me
49%° (25%)" 40%° {2?%}” 61%° (38%)"7
Metronidazole® Derivative Cfn'u::rpmpamme Baclofen® TfOH

W. Zheng, J. W. Lee, C. A. Morales-Rivera, P. Liu, M.-Y. Ngai, Angew. Chem. 2018, 130, 13991.



2.2 Radical Trifluoromethoxylation

a. Energies of SET and the formation of the OCF; radical

NOz _ Me NOz Me NO2 Me
N© N N
O 5 ]
N SET N N
FaC N » |FiC g{) , FiC M
1 OCF; 1a “OCF; 1b
+ B + - +
*Ru(bpy)s2* Ru(bpy)s** |- oCF;]
AG = 0.0 keal/mol ~20.9 -43.3

b. Mechanism hypothesis for the trifluoromethoxylation of arenes
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W. Zheng, J. W. Lee, C. A. Morales-Rivera, P. Liu, M.-Y. Ngai, Angew. Chem. 2018, 130, 13991.



2.2 Radical Trifluoromethoxylation

Togni and
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Antonio T, Jelier B J , Tripet P F , et al. Radical Trifluoromethoxylation of Arenes Triggered by a Visible-Light-Mediated N-O Redox
Fragmentation[J]. Angewandte Chemie, 2018.



2.2 Radical Trifluoromethoxylation

Proposed Reaction Mechanism

NG Ey® = -0.81 V vs SCE)
\O “Ru(bpylyZ* ‘-~::‘ o ﬁ 350 W Blue LEDs
"OCF, \ #
= +0.14 vs SCE /
I .
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M.~ | < e o
oy *h'dCF; \ /F/"’ U H
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W. Zheng, J. W. Lee, C. A. Morales-Rivera, P. Liu, M.-Y. Ngai, Angew. Chem. 2018, 130, 13991.
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3.1 Photocatalytic Difluorocarbene Protocol



3.1 Photocatalytic Difluorocarbene Protocol

Fu and co-workers

oH O fac-Ir(ppy)s (1.0 mol%a) T
Br. Cs,CO5 (3.0 equiv) 2
ol Ty S - R{f
EE DMF, 23 °C
23 W CFL
(1.0 equiv) (1.0 equiv) 48-95% Yields
Br
U,DCFZH | ‘. OCFH /@,ocaH : OCF,H
By~ ~F Cl = O,N = PhO”™
48% 89% 95% 54%
OCF,H E.H
< -
0 Br™ "N N
88% 76% 74% 53%

Yang J, Jiang M, Jin Y , et al. Visible-Light Photoredox Difluoromethylation of Phenols and Thiophenols with Commercially
Available Difluorobromoacetic Acid[J]. Organic Letters, 2017, 19(10):2758.



3.1 Photocatalytic Difluorocarbene Protocol

Scheme 2. (a) Treatment of 2-Naphthol (1m) with
Difluorobromoacetic Acid (2) in the Absence of
Photocatalyst. (b) Treatment of Compound 7 under the
Standard Conditions

i) DMF, Cs,CO4, 12 h

OH o ( D,X.CDDH
o NGy _Anmzswer F - @
i (ii) HCI
Tm 2

6
no product

DXC{)DH [fac-Ir(ppy)a] (B), DMF OCF,H
& OF Cs,COs, 12, Ar -
rt, 23 W CFL
7 3b
no product

Yang J, Jiang M, Jin Y , et al. Visible-Light Photoredox Difluoromethylation of Phenols and Thiophenols with Commercially
Available Difluorobromoacetic Acid[J]. Organic Letters, 2017, 19(10):2758.



3.1 Photocatalytic Difluorocarbene Protocol

Scheme 3. Plausible Mechanism on the Visible-Light
Photoredox Difluoromethylation

o 0
F
o o Beths E}Ao' cs' * CsHCO,
BF Br
2 I
el 0
F>.)J\O‘Cs+ + Br
Rl
(1) Ir(IV) ArXCs
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& ' 4 S 3 =
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Yang J, Jiang M, Jin Y , et al. Visible-Light Photoredox Difluoromethylation of Phenols and Thiophenols with Commercially
Available Difluorobromoacetic Acid[J]. Organic Letters, 2017, 19(10):2758.
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3.2 Radical Difluoromethoxylation

Ngai and coworkers
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Johnny W. Lee, Zheng W , Morales-Rivera C A , et al. Catalytic radical difluoromethoxylation of arenes and heteroarenes[J].
Chemical Science, 2019, 10.



3.2 Radical Difluoromethoxylation

o Quantum Yield Determination

CF,4 Me
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Johnny W. Lee, Zheng W , Morales-Rivera C A , et al. Catalytic radical difluoromethoxylation of arenes and heteroarenes[J].

Chemical Science, 2019, 10.



3.2 Radical Difluoromethoxylation

o Proposed Reaction Mechanism

CF, Me
(E.®% = —0.81 V vs SCE)

‘Ru{bpy} 2+ =2

o

fr ﬂ 30 W Blue LEDs
r

O,N
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Johnny W. Lee, Zheng W , Morales-Rivera C A , et al. Catalytic radical difluoromethoxylation of arenes and heteroarenes[J].
Chemical Science, 2019, 10.
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4. Conclusion

1. Novel synthetic strategies

2. Moderate to good yields under mild
conditions

3. Late-stage functionalization of biologically-
relevant molecules

4. Generating multiple OCF;- and OCF,
analogues in a single operation
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