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Mechanistic investigation on cerium catalyzed alkane functionalization

B Proposed catalytic cycle

0.5 mol% CeCl;

H
H><H 20 mol% ROH, 2.5 mol% "Bu,NClI H><

R H radical coupling /= B NR' In this proposed catalytic cycle:
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The possibility of chlorine radical and related complexes as HAT agents

B Regioselectivity investigations: original condition & metal-free condition

CHs

HsC
3 \H\CH?, +

CH3

?oc H;C CHs; CHs ?OC

N catalytic conditions H-C NHBoc H-C N
\ > '3 N + 3 ~NHBoc
) = '
Boc ‘.f CH3 Boc CH3

original conditions

0.5 mol% CeClg

2.5 mol% TABCI

20 mol% alcohol

entry ROH
1 MeOH
2 CCI3;CH,0H
3 tBuOH
4 none
CHs /-scission
H3(\3J 0O ——
CHs,

m=) R-O or Cl or [CI*ROH] .

intrinsic selectivity

H

H

3°: 1° (DMB) yield
194:1 76%
5:1 87%
11:1 48%?
6:1 1%

H DBAD Me,  .NHBoc

- . l}l

Boc
observed in entry 3

metal-free conditions
Me

5 mol% Mes-Acr* Me Q

Me °
50 mol% TABCI O \ m=) C| or [Cl--*ROH]-

+—,

N

20 mol% alcohol /
Me

entry ROH i"fr;r;s:i:os(gﬁﬂcéi)vity yield
5 MeOH 6:1 27%
6 CCI3CH,0H 6:1 239
7 tBuOH 6:1 259,b
8 none 6:1 26%

© N HG CHs HAT H,C CH; DBAD HsC,_ CHs
Cl \_H — L NR’
OH HO HO

observed in entry 7

» Chlorine radical and related complexes were not responsible for selectivity control



The possibility of chlorine radical and related complexes as HAT agents

B TD-DFT calculation for HAT process between chlorine radical and CH;0H

TAGSOI (kcal/mol) Cl °t 9/1'473;\
S 1
No possible direct H 3 __1.425A
reaction pathway from 26. MeOH —OH | 3& {
XK. 0 S oo . TSz hel
@ c . of .. 45
i —2457A E w
\* {“, HO— Me e—OH
% 26 28

With Prof. Hong @ ZJU

DLNPO-CCSD(T)/cc-pVTZ-SMD(MeCN)/B3LYP-D3(BI)/def2-SVP level

» Chlorine radical-alcohol complex was precluded by unreasonable HAT transition and
barrierless HAT between chlorine radical and CH;OH

B Walsh & Schelter, Science 2021, 372, 847

TD-DFT: [Cl---ROH] e as HAT agent was supported by a low-energy transition state



Cerium alkoxide pentachloride complexes as photoactive species

B Preparation and characterization for cerium alkoxide complexes

® Preparation and Isolation

NaHCO3, NaOR or BocNHNBoc™ ® moisture sensitive
CeClg®  + ROH > Ce(OR)Cl5* ® photoactive species
_ dark, anhydrous _ .
cation: Et4N* R = CHs, 1Bu, Pr R=CH, Bu,’Pr @ catalytically relevant
or "BuyN* or CH,CCls XRD characterized ~ ® in situ generated
® XRD

[Ce(OCH;)Cl51* [Ce(O'Bu)Cl5]*- [Ce(O'Pr)Cl51* [Ce(OCH,CF;)Cl;1*
® TH NMR
characteristic signal in "TH NMR: chemical shift (5 ppm), multiplicity
compound
—OCHj,4 —OCH(CHs), —OC(CHs)3 —OCH,CCl4
ROH 3.23,s 3.82, m 1.16, s 4.10,d
[Ce(OR)Cls]* 4.98,s 5.32, m 1.27,s 5.63, s

achemical shift were determined relative to the residual peak of CH3;CN (1.94 ppm).



Cerium alkoxide pentachloride complexes as photoactive species

B Preparation and characterization for cerium alkoxide complexes

® UV-vis spectroscopy and steady-state photolysis (375 nm laser irradiation)

3 3 0.4
—— Ce(OMe)CI,> k=1.4x107mM s
~ Ce(OCH,CCl,)Clg* - sl o ceomeci -
= ) CeCle™ = - v Ce(OCH,CCI,)Cl > o
% < é = CeClg P
8 £ = 0.2 AT
£ 2 = oy
2 L 2 b1 A 00k 0t mm s
< < ©of > >
Satle k=1.8x10"mM s’
P Beceoo” wooT -
0.0F ®5--""" ~
300 350 400 450 500 %00 350 400 450 50C 0 5 10 15 20 25
Wavelength (nm) Wavelength (nm) Time (s)
Coordination rendering blue- [Ce(OR)Cl;]?- exhibits superior Different photolysis rate observed
shifted LMCT band (300-500 nm) LMCT homolysis efficiency based on the decay of Ce(IV) LMCT
band

® DFT-calculation: Hole-electron analysis of SO — S6 excitation of [Ce(OMe)Cl;]2-

Contributions to Hole and Electron (%)

\ 4 o(7) ’ Atom Hole  Electron Overlap 2 cl(4) KA &i 7 > Only the Ce_o bond WaS
! R

Cl (4) Ce(1) M3 93.6 32.6

[a] @@ c1(5) S0 — S6: 3.2607 eV (380.24 nm) /= 0.0032 @ fu ®)
Ce (1) c@) cl® 56 09 23 ¢l 38.2% (}——"c“ [c® o
@K ... (, @ s 0o 23 |Cl, |rome I\Eg‘-?; ! significantly elongated

Cl (4) 24.9 1.2 5.5 Ky . .
CoJ during the relaxation

cl ci(3) Ci(6)
cl [Ce(OMe)ClgJ?- after
geometry relaxation at S6

cis) 32 08 16
) ci) 32 0.8 1.6 Cl O
@) Cl®) o7 382 1.1 66 |249%

[Ce(OMe)ClI;]?- c@® 25 0.4 0.9




Cerium alkoxide pentachloride complexes as photoactive species

B /n situ generation of cerium alkoxide complexes under catalytic conditions

[BocNNHBoc]~ ) DBAD, CyH, TBACI X
[CeClg]> + CH;0H >  [Ce(OCH5)Clg]? CeCl; + CH,0H > [Ce(OCH,)Clg?
dark % A = 450 nm
[EtaNJo[CeClg] N(CH,CHa)s* N(CH,CHg)s" n-BuN'
CHD,CN before irradication oy cHi,eh BuN'|
2 n-BuyN*
. CH4OH U
[}
<
' L__J du/ DBALLJJQ
[E,NJ[CeClg] + CH;OH + base CH3OH P |
 —OCH; b nBuN'
{BY,N
- — " after irradicatior] CH4OH "
1.73 16.00 n—BU4N
Boc CH;0H
|
_N'Na* - OCH; ULU
HN A LI/
ks DBAD h
éoc (Base) —5—
. 3
© <
3 |
| n oM -BuyN
[Et,NL[Ce(OMe)Cl] OEEEEEU) L AN reun
i —OCH;Z - n-Bu,N' n-Bu|
[ 3
T el : L L—
2.65 16.00
80 75 7.0 65 6.0 55 =50—7F5—40 35 3.0 25 20 15 10 05 00

> [Ce(OR)CI;1?- can be generated in the induction period of catalytic reaction

B  Walsh & Schelter, Science 2021, 372, 847

TH NMR, UV-vis, luminesence: [Ce(OR)Cl;]?- cannot be generated in catalytic condition (no base)



Operando EPR experiments to investigate the identity of ligand-centered radicals

B Spin-trapping experiments with DMPO as trapping reagent: [Ce(OCHj;)Cl5]*-

NC = =
| o) e +  Ir(ppy) —f> H3C>D\ o—ce'Vcl —f> HSC>D\ DMPO-OX
3 —Ce + -
2~ ome DMPO HeC™ N OCHs Hol < ° omPo HeC™ N OCH3
O- 0]
b
DMPO-OMe: Ay =13.1G, 44=69G,44=19G a.AN=132G, 44=78G,A4=1.6 G
b.AN=129G
2
e
10G
330 .3.;2 31%4 3?;6 338
B (mT)
Dagousset, G, et al. in accordance with data reported by Dagousset

Angew. Chem. Int. Ed. 2018, 57, 13790.

> [Ce(OCH;)Cl;]*- would generate methoxy radical under LMCT excitation



Operando EPR experiments to investigate the identity of ligand-centered radicals

B Spin-trapping experiments with DMPO as trapping reagent: [Ce(O'Pr)Cl5]*~ [Ce(O'Bu)Cl5]*-

= =
C/)‘\ Ve ‘ HSC>D\ 6‘\ v ‘ H30>O\ ot
—celVoly —— o+ DMPO-OX —celVoly, —— -
A pmpo  MCT TNTOPr gl pmpo  HeCT N7 TOBu - HCT TNT CHs
O- O-

d

aAN=13.4G, Ayg =78 G, 4y, =1.6 G c. AN=13.5G, Ayg=10.6 G, Ay, = 1.3 G, g=2.0054

d.Ay=142 G, Ay =21.3 G, g = 2.0053

b.AN=129G
a a a c c
ba b b %
Exp d d Exp
G 2
g =
) . S Sim
Sim
330 3;32 354 3é6 338 330 332 334 336 338
B (mT) B (mT)

in accordance with data reported by

in accordance with data reported by
Dagousset, G., et al. Angew. Chem. Int. Ed. 2018, 57, 13790.

Hartung, J., et al. Org. Biomol. Chem. 2006, 4, 2313.

> [Ce(OR)CI;]1?>- would generate alkoxy radical under LMCT excitation



Operando EPR experiments to investigate the identity of ligand-centered radicals

B Spin-trapping experiments with PBN as trapping reagent: [Ce(OCHj3)Cl;5]%-

~ OCHs = ocH
NC X BF, f L0 ,\ f ’
| * o+ Irppy)y —— \ P CeCls g N
2N~ ome PBN Bu HaC PBN )
Bu
PBN-OMe: AN=13.6G,45=2.0G An=138G,44=23G
Exp
_ _ 3 |
(' S ’ Sim
10G P M
330 3é2 3;34 356 338
B (mT)
Dagousset, G., et al. in accordance with data reported by Dagousset

Angew. Chem. Int. Ed. 2018, 57, 13790.

> [Ce(OCH;)Cl;]* would generate methoxy radical under LMCT excitation
10



Operando EPR experiments to investigate the identity of ligand-centered radicals

B Spin-trapping experiments with PBN as trapping reagent: [Ce(OCH,CCl3)Cl;]*- [CeCl¢]?*

= =
/_\\ 1? ()(:P{z(:(:b /_\\ -1? C
/O—Ce'VCIs —_— N/O . Cl—k(/:e'VCIs —_— N,O .
Cl3CH,C PBN | PBN |
Bu Bu
An=144G, 43=22G A, =12.6 G, 4,,=0.8 G, A¢35=6.3 G, A¢3,=5.1 G,
E
o Exp
— @
g =
¥ Sim 5 Sim
330 331 332 333 334 335 336 337

1 1
330 332 331 336 338
B (mT) B (mT)

in accordance with data reported by
Janzen, E.G.S., et al. Inorg. Chim. Acta
1984, 83,L7-L8.

B  Walsh & Schelter, Science 2021, 372, 847

TD-DFT: [Ce(OR)CI;]?>- would generate chlorine radical, not alkoxy radical under LMCT excitation
11



TA spectroscopy experiments to probe the LMCT process at fs timeframe

B Detection of the signal of chlorine radical and related complexes

J
</_._\>
0
D)

Cl—Cl —— > CI- Cl—Cl Cl—Cl ———>  [Cl:*CH,OH] »
“ benzene o CH4OH [ 3
— 30 ps P
30+ L . . 30 ps L — 30 ps
—— 2ns 3.0+ chlorine radical-  ore 3.0 ops
7y Qs benzene complex — 5ns — Bns
20+ ~20 \
— chlorine radical o
Z
. <
1.0 . Ji10t
0.0} PAMA 00
320 gu 360 300 440, N80 3520 560 600 320 360 400 440 480 520 560 600 320 360 400 440 480 520 560 600
Wavelength (nm) Wavelength (nm) Wavelength (nm)

in accordance with data reported by
Ingold, K. U. et al., J. Am. Chem. Soc. 1985, 107, 5464.

» [Cl--*ROH] e would not form at catalytically relevant alcohol concentration

12



TA spectroscopy experiments to probe the LMCT process at fs timeframe

B Transient absorption experiments for [CeClg]*-

=
a =¥
Cl,,, | WOl LMCT
Ce
CI/ | \CI relaxation
Cl

4.0 ////
0.8 \
) . 0.4%
chlorine radical
2.0 00 ps
“[CeClg]> oal —ohe
— \o 340 350
o o~ regone
Z 0.0 e RRORER GRS
=
<
20 — 10 ps
’ —— 12ps —— 5ns
18 ps
_4.0 1 1 //// 1 1 1 1
320 350 400 450 500 550 600

Wavelength (nm)

c ¥
Cl'l,,. | .‘\\\Cl homolysis
/CGQ T———> cellcls| + cie
c” | Ce
BET
Cl
S
<
<

=1.3 psl
" P 480 nm
1, = 6.4 psi
10 20 30 40
Time (ps)

> [CeCl¢]> would generate chlorine radical under LMCT excitation

50
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TA spectroscopy experiments to probe the LMCT process at fs timeframe

B Transient absorption experiments for [CeClgl?- in the presence of benzene or alcohols

AA (107)

-1.0

-2.0

=
A ¥ 2
Cl—CeVClg?- -ii-Cl*
[ L/Ce Cll benzene Q|
20F chlorine radical-

1.0

0.0

benzene complex

320 350 400

/L 1
/

450 500 550 600
Wavelength (nm)

a
[Cl—\_/Ce'VC|5]2-

4.0

-
=

¥

CH4OH

/ L

[CI---CHLOH] »

X

7/

chlorine radical

0.4

no complexation with ,,
CH3;0OH

-0.4

08K/ T\
V N

—— 30 ps
—— 50 ps

—— 5ns

320 330 340

350

Wavelength (nm)

» [Cl--*ROH] e would not form at catalytically relevant alcohol concentration

— 8ps
—— 10ps — 50 ps
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_40 1 //// 1 1 1 1
320 350 400 450 500 550 600

14



AA (107)

TA spectroscopy experiments to probe the LMCT process at fs timeframe

B Transient absorption experiments for [Ce(OCH);Cl;]1%-

T
o T c 1z
Cla,, | WGl LMCT Cla,, | i homolysis . PPh, ;
Ce Ce —=——> |celcls| + H,ec—-0 » CHZOPPh
- - 5 3 3 3
ca” | \OCH3 relaxation a” | tOCHS BET extremely fast
cl cl k=1.9x10° M-1s™
<300 nm 400-500 nm
2—
[Ce(OMe)Cl5]* in CD3;CN Kinetic trace at 330 nm, 480 nm [CF(OMe)CIS] and PPh,
Kinetic trace at 430 nm
40 *[Ce(OMe)ClsJ2- 12r
o ol 330 nm
20 8 of, Ko
k) 00, 0® ¥F 57 6 o 0. ,0°
s ?ﬁ %ﬁfn ‘069%5?);%00&@ OQ& ° QDOO IO * Ooo,o N {»,-\
0.0 =
5
S0l — 3ps — 12ps _
20 —— 5ps —— 30ps ©=07ps! 480 nm
—— 8ps 1, =4.2psl 5.0
4.0+ e e e Bee0 o
320 360 450 500 550 600 0 0 20 30 ko - Ofgies 3
. . 0.2
Wavelength (nm) Time (ps) Time (ps)
no absorption in the range of 320-350 nm Small, R. D. et al.
precluded the generation of Cl- J. Am. Chem. Soc. 1979, 101, 3780.

> Chlorine radical was precluded and alkoxy radical was confirmed
15



Kinetic investigations on the HAT process

B Kinetic studies on cyclohexane amination

® Kinetic profiles ~® Parallel KIE experiments Boc
! |
: N. _Boc
8 m i O Ce(IV) complex O/ H
H L’ ! >
N Boc v | =
6F [ g ger 1 DBAD
o sl ~ | B [Ce(OCH)CIs~ | ¥ Boc
0, o L7 :
E \ 1% ot " as catalyst : Ce(IV) complex N\N/Boc
& L o @ original condition: i D127 ~ g =Dy H
2 - CeCly/TABCI/CH;OH | = DBAD
A K \ -
e ducton period e
of l._:— ) induction perio : [Ce(OCH;)CIsl  kulkp = 5.5
0 10 20 30 40 50 60 E [CeC|6]2— ku/kp = 1.1
Time (min) I

® Reaction order: First order in alkane; zero order in DBAD and [Ce(OCH,;)Cl;]%-

3.0 3.0

0.8F #
o cyclohexane 25} [Ce(OCH;)Cls12- __ 25+ DBAD
g = e o
Z 0.6f . £ =
B ¢ =etic g 2.0r g 2.0f
= +/' = =
B ' £ A Booeoee- $----- B S b E '
v - = = | Bececccorecccceclanaa. —accceaa 4
o 04 - Z L5t o L5 L] : *
= . = 5]
& o & &
E 0.2 % 5 Lof 5 LoF
g . : E E

first order = o5k zero order 0.5 zero order
0.0F =
L L 1 1 1 1 0.0 L L L L L 0.0 1 1 1 1 1
0.0 0.1 0.2 0.3 0.1 0.5 0.01 0.02 0.03 0.04 0.05 0.10 0.15 0.20 0.25 0.30
[cyclohexane] (M) [1] (M) [DBAD] (M)

> [Ce(OCH,)CI;]?- was catalytically relevant intermediate & CH;O¢ mediated HAT was RDS



Kinetic investigations on the HAT process

B DFT calculations on the radical-mediated HAT process

Methoxy radical mediated HAT chlorine radical mediated HAT

ot

AGgo (kcal/mol .
sol ( ) m..H..OMe o Boc ¥

/Boc AGg (kcal/mol) m N/

TS11 - &"N.\ By

* /

135 Boc )“ + /Boc Boc

N
[m__H o N T§113

TS15 HCl Boc
3.4

KIE (calc.): 6.8 =/ N = N

N N B
KIE (exp.): 5.5 | o |
Boc Boc
DLNPO-CCSD(T)/ce-pVTZ-SMD(MeCN)//B3LYP-D3(BJ)/def2-SVP level With Prof. Hong @ ZJU

» CH;Oe° mediated HAT was the rate-determining step (RDS) for the overall amination

17



Kinetic investigations on the HAT process

B Competitive KIE experiments

| catalytic conditions N N
+ Dyp— + N’/N - (:r SNHBoc + 5 O/ NHBoc
| ~— M
Boc ?
cyclohexane:d;,-cyclohexane = 1:1 3-2a 3-2b
premade complex conditions original conditions
[Ce(OR)CIs]*™ mmp R-O 0.5 mol% CeCl;
C 2.5mol% TABCI ®==m) R-O or Cl or [Cl--*ROH] .
2—
[CeClel naud Gl 20 mol% alcohol
premade complex . original conditions .
t KIE Id t KIE Id
MY 0.1 mmol Ce(IV) complex yie €M 0.5 mol% CeCls, 2.5 mol% nBu,NCI yie
1 [Ce(OMe)Cl5]* 5.1 26% 3 with 20 mol% MeOH 5.1 19%
2 [CeClg]* 1.1 12% 4 without alcohol 1.1 9%

8Yields and ratios were determined by GC-FID.

> Alkoxy radicals were exclusive HAT species in the original conditions

18



Regioselectivity investigations on the amination of feedstock alkanes

B Regioselectivity investigations: premade complex conditions & chloride-free conditions

CHs ?oc H3C  CHj CHs ||300
H.C N catalytic conditions HsC NHBoc HAC N
° j)\c:H3 N - N~ + 00 NHBoc
| = |
CH,4 Boc '] CH3 Boc CH,
premade complex conditions chloride-free conditions
_ )
0.5 mol% (NH4)2CG(NO3)6 iPr OK
o, 2— ° o
0.5 mol% [Ce(OR)Cls] =) R-O 2.5 mol% ligand ipr mmp R-O
20 mol% alcohol ‘
20 mol% alcohol 'Pr
entry ROH intrinsic selectivity el entry ROH intrinsic selectivity yield
3°:1° (DMB) y 3°:1° (DMB)
1 MeOH 194:1 64% 4 MeOH 194:1 41%
2 CCI3;CH,0OH 5:1 74% 5 CCI3CH,0OH 5:1 63%
3 none, with CeClg?~ 6:1 70% 6 none n.d. trace

@Yields and ratios were determined by GC-FID.

> Alkoxy radicals were the exclusive HAT species and chloride only as supporting ligand

B Walsh & Schelter, Science 2021, 372, 847

"TH NMR: identical ratios were observed in the absence or presence of CCl;CH,OH

19



Regioselectivity investigations on the amination of feedstock alkanes

B Regioselectivity investigations: premade complex conditions & chloride-free conditions

Elioc
N + N// N
I
Boc

original conditions

0.5 mol% CeCl;

2.5mol% TABC| == R-O or Cl or [Cl-

20 mol% alcohol

alkanes original conditions
H MeOH
A _H

H3C TCE
H MeOH

H5C H
3 \)\/ TCE
f MeOH

H3C\/\|)\,H ¢

H TCE

@Yields and ratios were determined by GC-FID.

catalytic conditions

L

‘ROH] -

2°:1°

11.7:1

3:1

12:1

2.5:1

15:18:1

2.5:2.5:1

-

0.5 mol% (NH,4),Ce(NO;)¢

2.5 mol% ligand

20 mol% alcohol

yield

39%

70%

72%

76%

70%

72%

>

NHBoc
R/\N -

|
Boc

chloride-free conditions

chloride-free conditions

MeOH

TCE

MeOH

TCE

MeOH

TCE

2°:1°

12:1

3:1

12:1

2.5:1

16:18:1

2.5:2.5:1

) (@)

ipr OK .
iPr =mm) R-O

iPr

yield

39%
65%

52%

76%

51%

77%

> Alkoxy radicals were the exclusive HAT species and chloride only as supporting ligand

20



DFT calculations on photoexcitation and radical-mediated HAT

B The possibility of chlorine radical and related complexes as selective HAT agents

T AGyy (kcalimol)

T AGey (kealimol)

Ko

Number of Numberof
conformations: conformations: °

3 16 3 \ HsC—0

\

selectivity (calc.): 152:1

ok % selectivity (exp.): 194:1
e P
~H.\ “OMe

TS16 TS17

DLNPO-CCSD(T)/cc-pVTZ-SMD(MeCN)/B3LYP-D3(BJ)/def2-SVP level

Numberof Numberof
conformations: conformations:
9

ClsC

LS
T ot
. CCly
o ccH oo/
O—/

TS24 TS25

selectivity (calc.): 12:1
selectivity (exp.): 5:1

With Prof. Hong @ ZJU

> Alkoxy radical mediated HAT is rate- and selectivity-determining step

21



Mechanistic investigation on cerium catalyzed alkane functionalization

B Importance of Ce/ROH loading ratio

original conditions Walsh & Schelter, 2021

0.5 mol% CeClj
5 mol% [Et4N],[CeClg]

2.5 mol% TABCI —) Ce:ROH=1:40 Ce:ROH=1:4

20 mol% alcohol
20 mol% alcohol

EISOC
N catalytic conditions NHBoc
R/\H + [}]// R/\,}l/
Boc ? Boc
ent catalytic conditions CH;OH loadi Ce:CI:ROH gue
i y 3UH loading e:Lh regioselectivity (3°: 1°)
1 0.5 mol% Ce(OTf)3, 3 mol% "BuyNCI 20 mol% 1:6:40 194:1
2 2 mol% Ce(OTf)3, 12 mol% "BuyNClI 20 mol% 1:6:10 27:1
3 5 mol% Ce(OTf)3, 30 mol% "BusNCI 20 mol% 1:6:4 13:1

8Yields and ratios were determined by GC-FID.

cyclohexane
KIE (PH 5 PD)

5.0

3.0

1.9

> High ratio of alcohol is necessary to ensure alkoxy radicals as predominant HAT agents
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Mechanistic investigation on cerium catalyzed alkane functionalization

B Walsh & Schelter’s work vs. this work

1. in situ formation of [CeORCI,] (photoactive species)

Walsh and Schelter, Science 2021 This work
® Observations: Mixing of [NEts],[CeCl¢] with ® Observations: Mixing of [CeClg]?~ with NaOR
Cl;CCH,ONa generated [Ce(OCH,CCl5)Cl5]%- generated the corresponding [Ce(OR)Cl5]%
However, mixing [NEt4],[CeClg] with complex. Mixing [CeClg]>> with ROH

Cl;CCH,OH does not generate generated the corresponding [Ce(OR)Cl5]%

[Ce(OCH,CCl3)Cls]>-, as determined by 'H
NMR and UV-Vis.

Observation: Irradiation of mixture of
[NEt4],[CeCls] and CI3CCH,OH does not
generate [Ce(OCH,CCl;)Cls51>, as determined
by UV-Vis.

Conclusion: Alcohol coordination to [Ce] does
not occur.

complexes in the presence of base, such as
NaHCO; or [BocNNHBoc]-, as determined by
XRD and "H NMR.

Observation: Irradiation of mixture of CeCls,
DBAD, and ROH generated the corresponding
[Ce(OR)Cls]>~ complexes, as determined by 'H
NMR.

Conclusion: Alcohol coordination to [Ce] does
occur  through generation of basic
[BocNNHBoc]-  through photoinduced
reduction of DBAD by [Ce(lll)] during
induction period.
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Mechanistic investigation on cerium catalyzed alkane functionalization

B Walsh & Schelter’s work vs. this work

2. photoexcitation to release alkoxy radical (photo-generated radical species)

Walsh and Schelter, Science 2021

® Observations: TD-DFT calculation indicated

the excited state of [CeOCH,CCl;Cl5]% leads
to chlorine radical loss rather than ROe loss.

Observation: No direct experimental study of
heteroatom-centered radical generation from
[Ce(OR)Cl5]> was described. Irradiation of
[NEt4],[Ce(OCH,Cl5)Cl5] in CD3CN generated
CICD,CN, NCCD,CD,CN, “[NEt],[Ce''Cl5]”,
and DOCH,CI; “presumably” through a “a
quick acid-base reaction between DCI and”
[Ce]-(OCH,CCl3) species after presumed Cle
HAT.

This work

® Observations: TD-DFT with more

comprehensive analysis of MOs identified SO
to S6 featuring viable RO-to-Ce LMCT;
structural relaxation indicated that Ce-OR
bond was significantly elongated

Observation: 1. Operando EPR spin-trapping
experiments with [Ce(OR)Cls]>~ confirmed
ROe generation (R = Me, CI;CCH,, 'Bu), and
precluded the generation of chlorine radical by
comparison to EPR spin-trapping experiments
with CeClg?. In the case of [Ce(OBu)Cl5]?,
methylated spin-trap products were observed,
presumably stemming from scission of tert-
butoxy radical to generate methyl radical.

2. Transient absorption experiments with
[Ce(OCHj5)Cl;51>~ precluded the generation
of chlorine radical in contrast to TA
experiments
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> Conclusion: Alkoxy radical cannot be

generated even if [Ce(OCH,CCl;)Cl;]* is
relevant photoactive species

3. alkoxy radical-mediated HAT (C-H abstraction species)

Walsh and Schelter, Science 2021

® Observations: In DFT calculation, chlorine

radical forms a stabilized complex with free
alcohol, with substantial spin density on O. No
computed pathway for HAT is presented, not a
computed explanation of varying
regioselectivities for different chlorine radical-
alcohol complexes.

Observation: Radical trapping experiments
are provided in support of chlorine

with CeCl,?- and Cl, photolysis, supported
the generation of methoxy radical via the
observation of CH;OPPh, radical.

Conclusion: LMCT  excitation of
[Ce(OR)Cl;]1*- exclusively generates ROe.

This work

Observations: Transient absorption
experiments with Cl, photolysis in the absence
and presence of alcohols indicated no
complexation between chlorine radical and
alcohols, whereas complexation between
chlorine radical and benzene has been
confirmed via the detection of the new
absorption band.

Observation: In high-level DFT calculations,
chlorine radical-alcohol complex does not
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radical-alcohol complex, which require
the assumption that alkoxide radical is not
generated.

Observation: Addition of ‘BuOH to
[CeClg]?- catalyzed alkane amination

resulted in altered regioselectivity cf.
[CeCly]?-alone (2,3-dimethylbutane).

Observation: Addition of Cl;CH,OH to
[CeCly]?- catalyzed alkane amination
resulted in identical regioselectivity cf.
[CeCl,]?>- alone (n-hexane).

have a viable HAT pathway. The only
feasible channel for this radical complex is
to dissociate the alcohol and undergoes a
classic,  barrierless  chlorine  radical
mediated HAT. The only productive
pathway we can find for the reaction
between chlorine radical and alcohol is a
barrierless a-C-H abstraction of alcohol.

Observation: Transient absorption
experiments with  [CeCl¢]>> show an
identical kinetic trace of chlorine radical in
the absence or presence of various alcohols,
precludes the formation of radical complex

Observations: Alkane HAT by chlorine
radical generated through
organophotoredox SET conditions shows no
regioselectivity effect of added alcohols.
When tBuOH is added, b-C—H of tBuOH is
functionalized, presumably through
chlorine radical HAT
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® Observation: Alcohol-controlled

regioselectivities were observed in our
original condition. The selectivity ratio in
alkane amination enabled by Cl;CH,Oe
and Cle are roughly identical, as revealed
by chloride-free conditions and DFT
calculations. As shown by Bietti and Houlk,
the polar effect renders highly e-deficient
Cl;CH,Oe the most reactive and least
selective among ROe.

Observations: Methylated byproduct from
b-scission of ‘BuOe obtained with C-H
aminations mediated by [CeOBuCls]?- or
CeCl;/TBACI/'BuOH, supporting the
intermediacy of tertbutoxy radical.

Observations: Identical KIE and
regioselectivity observed with [Ce(OR)Cl;]?
and original catalytic conditions
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® Observation:  Observations:  Identical
regioselectivity observed with chloride-free
conditions (Ce/benzoate/ROH) and original
catalytic conditions. As the chloride-free
conditions have precluded any involvement
of chlorine radical or chlorine radical-
alcohol complex, the identical selectivity in
propane, butane and hexane amination,
and the same large primary KIE in methane
amination, indicate alkoxy radical-mediated
HAT in our original report.

» Conclusion: Chlorine radical, chlorine » Conclusion:  Chlorine radical-alcohol
radical-alcohol complexes act as HAT complexes, while thermodynamically
agents, masking alkoxy radicals. possible, do not form in any relevant

context. Furthermore, identical alkoxy
radical is the primary species responsible
for C—H abstraction in original catalytic
conditions, “chloride-free” conditions, and
pre-formed heteroleptic Ce(IV) chloride
alkoxide complexes, as indicated by kinetic
and regioselectivity measures.
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