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V46%%$1&(4.**$4&.%:['("%)/C9&$(V7*.T(79$*2['(R$7*.1(V"):Y$&:['()12(@)79.1r(;;K(V0$0#%)1$[+(RC$(

$*$4&%.*<&$:(T$%$(2$*9-$%$2(7%.0(&C$9%(%$:$%-.9%:(&C%.6"C(G!!\(&6#91"(6:91"("$)%(/60/:(

$U69//$2(T9&C("%)/C9&$(90/$**$%:+(RC$()1.2$(T):()(/9$4$(.7(G&Z8(/)/$%'(O(0"G&Z40O(VRC$(>6$*(

8$**(3&.%$[+(

RC$(4)&C.2$:(VR)#*$(Q[(T$%$(/%$/)%$2'():(2$:4%9#$2(/%$-9.6:*<'Ol'QQ(#<(9149/9$1&(T$&1$::(

90/%$"1)&9.1(.7()("%)/C9&$(7$*&(VL+i(40(&C94Y'(B*7)5B$:)%(vcQOLL[(&C)&(C)2(#$$1(/%$-9.6:*<(

%$12$%$2(C<2%./C9*94(#<(09*2(.J92)&9.1(91()9%+(RC$(:$*$4&$2(0$&)*(:)*&(V$)4C(.#&)91$2(7%.0(39"0)(

B*2%94C[(T$%$(29::.*-$2(91(&C$(;;(0fZ"(.7(T)&$%(&C)&(j6:&(T$&(&C$(:6//.%&(&.()4C9$-$(&C$(2$:9%$2(

0$&)*(*.)291"+(RC$(90/%$"1)&$2(7$*&:(V`Q("(/9$4$:[(T$%$(&C$1(2%9$2()12(4)*491$2(91(7*.T91"'(
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!"#$%&'($&()*+(,$-$*./0$1&()12(34)*$56/(.7(8.1&916.6:(!*$4&%.%$264&9.1( M(

29*6&$2()9%(V`;(0.*a(HO[+(N$(&)%"$&$2'()12()4C9$-$2'(0$&)*(*.)291":(91(&C$(%)1"$(.7(;5c(T&a():(

2$&$%091$2(#<(e8G(Vd)*#%)9&C(f)#:[+(RC$(4)&C.2$:(4.0/%$::$2(&.(X(00(TC$1(0.61&$2(91(&C$(

4$**:+(RC$(86Z8Z0$0#%)1$($*$4&%.4)&)*<:&(T):(Y912*<(/%$/)%$2(7.%(6:(#<(&C$(%$:$)%4C("%.6/(.7(

G%.7+(!6"$1$(30.&Y91(6:91"()(4)&)*<:&(91Y(0)2$(7%.0(4)%#.1(#*)4Y(90/%$"1)&$2(T9&C(

4.//$%Vee[)4$&)&$(09J$2(T9&C()(@)79.1r(9.1.0$%(:.*6&9.1(&C)&(T):'(91(&6%1'(/)91&$2()12(2%9$2(

.1&.()(@)79.1r(;;K(0$0#%)1$'()44.%291"(&.(&C$(6:6)*(/%)4&94$(91(&C)&(*)#.%)&.%<+Qc((

R)#*$(Q+(8)&)*<:&:()12(&C$9%(&$:&(%$)4&9.1:+(

8)&)*<:&( G%$46%:.%( R$:&(S$)4&9.1:(

>$Z8(7$*&( >$Vee[)4$&<*)4$&.1)&$( =<2%.2$.J<"$1)&9.1(.7(19&%.#$1?$1$(

8.Z8(7$*&( 8.Vee[)4$&)&$( =<2%."$1)&9.1(.7(#$1?.19&%9*$(

86Z8(7$*&( 86Vee[)4$&)&$( =<2%.2$.J<"$1)&9.1(.7(19&%.#$1?$1$'(;54C*.%.5O5

0$&C<*5Q519&%.#$1?$1$()12(0$&C<*(Q519&%.#$1?.)&$n(

=<2%."$1)&9.1(.7(4911)0)*2$C<2$(

86Z8Zg$0#%)1$( 86Vee[)4$&)&$( =<2%.2$.J<"$1)&9.1(.7(0$&C<*(Q519&%.#$1?.)&$(

B"Z8(7$*&( B"Ve[)4$&)&$( =<2%."$1)&9.1(.7(4911)0)*2$C<2$(

G2Z8(7$*&( G2Vee[)4$&)&$( =<2%."$.J<"$1)&9.1(.7(;54C*.%.5O50$&C<*5Q5

19&%.#$1?$1$(

RC$(4)&C.*<&$:(VR)#*$(c[(4.1:9:&$2(.7(&C$(:$*$4&$2(:6#:&%)&$()&(&C$(91294)&$2(4.14$1&%)&9.1(/*6:(

XT&a()4$&94()492(29::.*-$2(91(0$&C)1.*]=OH(VML]OL(#<(T$9"C&[(:.*6&9.1+(RC$()1.*<&$(4.1:9:&$2(

.7(;(g(\H=(V39"0)(B*2%94C'()1C<2%.6:(wlla[(29::.*-$2(91(&C$(0$&C)1.*]=OH(:.*6&9.1(Vc];(#<(

T$9"C&[(:.*6&9.1+(

R)#*$(c+(8.0/.:9&9.1(.7(&C$(&$:&(:.*6&9.1:(

R$:&(%$)4&9.1( 8)&C.*<&$(

=<2%.2$.J<"$1)&9.1(.7(19&%.()%$1$:((

=<2%."$1)&9.1(.7(4911)0)*2$C<2$(

e1294)&$2(4.14$1&%)&9.1(.7(:6#:&%)&$(
29::.*-$2(91()4$&94()492(29*6&$2(&.(cKL(0g(

T9&C(g$H=Z=OH(Vc];[(
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!"#$%&'($&()*+(,$-$*./0$1&()12(34)*$56/(.7(8.1&916.6:(!*$4&%.%$264&9.1( l(

=<2%."$1)&9.1(.7(#$1?.19&%9*$( ;LL(0g(#$1?.19&%9*$(91()(:.*6&9.1(.7(R=>(
4.1&)9191"(X(T&a()12()4$&94()492(VcLL(
0g[(

;LL(0g(#$1?.19&%9*$(91()(:.*6&9.1(.7(
0$&C)1.*(4.1&)9191"(;LT&a(T)&$%()12(cLL(
0g()4$&94()492(

,0*4%5).-#0)6#()*+3%R.(-9:6)*9?$(&C$(7*.T(91(&C$($*$4&%.*<:9:(4$**:'(T$(%$/*)4$2(.1$(.7(&C$(

$12/*)&$:(T9&C()("*)::(T912.T()12(7.**.T$2(&C$(7*.T(.7(SC.2)091$(d'()(7*6.%$:4$1&(2<$(91j$4&$2(

91&.(&C$(4)&C.2$(4.0/)%&0$1&+(RC$(-.*60$&%94(7*.T(%)&$(.7(&C$(7*692(VT)&$%[(T):(:$&()&(;(0fZ091'(

TC94C(4.%%$:/.12$2(&.()(S$<1.*2:(160#$%(7.%(&C$($0/&<(4C)11$*(.7(L+K(VR)#*$(O[(

&".)1"+'"%()7"%1).($)8-()*+3%N$(0$):6%$2(&C$(46%%$1&(%$:/.1:$(.7(&C$(4$**(TC$1()(#.*6:(.7(

$*$4&%.*<&$(T):(91j$4&$2(91&.(&C$(4)&C.2$(7$$2(#<(0.0$1&)%9*<(:T9&4C91"(&C$(91*$&(7%.0()(1.15

4.1264&9-$(7*692(VT)&$%[(&.()(4.1264&9-$(7*692(V&C$($*$4&%.*<&$(T9&C.6&(:6#:&%)&$[+(RC$(%$:6*&:(T$%$(

4.1-$%&$2(&.(290$1:9.1*$::(&90$'(^'_'%`a'(#<(29-9291"(&C$($*)/:$2(&90$(#<(&C$(C<2%)6*94(%$:92$14$(

&90$:(.7(&C$(4$**:(Vt(q4$**(-.*60$Z-.*60$&%94(7*.T(%)&$(.7(&C$(7*692[()12(&C$1(1.%0)*9?91"(&C$(

46%-$:(&.(619&()%$)+(RC$(26%)&9.1(.7($)4C(#.*6:(T):()//%.J90)&$*<(;OL(:$4.12:+(RC$(%$:92$14$(

&90$(29:&%9#6&9.1:'(*Q^S'(T$%$(0.2$*$2(#<(79&&91"(&C$0(&.(&C$(4.1-.*6&9.1(.7()(:U6)%$(/6*:$'(8b'(.7(

T92&C'(2'(4$1&$%$2()&(&90$'(^'q(9'()12(&C$()1)*<&94)*(7.%0(.7()(/*6"(7*.T(%$)4&.%(T9&C()J9)*(

29:/$%:9.1'QX(4C)%)4&$%9?$2(#<()1()J9)*(G$4*$&(160#$%'(N-$'V$U6)&9.1(O[](

( ( $U+(O(

N$(6:$2(&C$(g)&*)#(%.6&91$'Qi(lsqcurvefit'(&.(./&909?$(&C$(79&(.7(&C$(0$):6%$2(%$:92$14$(&90$(

29:&%9#6&9.1:(&.(&C$(4)*46*)&$2(*Q^S(#<(-)%<91"(&C$(&C%$$(/)%)0$&$%:'(N-$'(2()12(9(V&C$(/6*:$T92&C(

)12(092/.91&(T$%$(-)%9$2(#$4)6:$(&C$(*)"(&90$:(T$%$(1.&(Y1.T1(7.%(&C$(:<:&$0[+(

2#..%($#+.9"$3(N$(6:$2(*91$)%(:T$$/(-.*&)00$&%<(.7(7$%%94<)192$(%$264&9.1QK(&.($:&90)&$(&C$(

0)::(&%)1:7$%(4.$77949$1&(7.%(&%)1:/.%&91"(:/$49$:(&.()12(7%.0(&C$(7$*&(4)&C.2$():()(7614&9.1(.7(&C$(

E !( ) =
Pea

4!"

!
"#

$
%&

1
2

0

'

( exp )
1)"( )

2
Pea

4!

!

"
#

$

%
& * Sq t )! ,w,c( )dt
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!"#$%&'($&()*+(,$-$*./0$1&()12(34)*$56/(.7(8.1&916.6:(!*$4&%.%$264&9.1( ;L(

7*.T(%)&$(.7(&C$($*$4&%.*<&$(&C%.6"C(&C$($*$4&%.2$'($J/%$::$2():(&C$(2$/$12$14$(.7(&C$(3C$%T..2(

160#$%'(8&(s(A6'1-`('(.1(&C$(S$<1.*2:(160#$%'(J-+(e1(&C$(&%)1:/.%&(*909&$2(%$"90$(V9+$+()&(

4)&C.294($1.6"C(.-$%/.&$1&9)*'(C$%$'(!4$**(k5;+X(F['(&C$(46%%$1&'(L'(9:(/%./.%&9.1)*(&.(&C$(/%.264&(.7(

&C$($J/.:$2(:6%7)4$()%$)(.7(&C$($*$4&%.2$'(;'(&C$(4.14$1&%)&9.1(.7(&C$(%$2649#*$(9.1'(4W'(T9&C(&C$(

0)::(&%)1:7$%(4.$77949$1&'(A6(#$91"(&C$(4.1:&)1&(.7(/%./.%&9.1)*9&<(V$U+(Q[](

' L'q(A6';'4W' $U+(Q(

e1(.6%($J/$%90$1&:'(&C$(:6%7)4$()%$)(.7(&C$(7$*&(T):()#.6&(;(0OZ"'(9+$+'()#.6&():(*.T():(T$(4.6*2(

0$):6%$(6:91"(19&%."$1(/C<:9:.%/&9.1(Vg94%.0$%9&94:'(B3BG(OLOLn(&C$(%$:6*&:()%$(4.1:9:&$1&(T9&C(

&C$("$.0$&%<(.7(&C$(79#$%:(4.0/%9:91"(&C$(7$*&():(90)"$2(#<(:4)1191"($*$4&%.1(094%.:4./<[+(RC$(

0)::(.7(&C$(7$*&(T):(L+cMc("()12(&C$(91*$&(4.14$1&%)&9.1(.7(/.&)::960(7$%%94<)192$(T):(;+;M(0g(

29::.*-$2(91()(QM+i(0g()U6$.6:(:.*6&9.1(.7(/.&)::960(4)%#.1)&$n(&C$()1.*<&$(T):(;(g(/.&)::960(

C<2%.J92$+(N$(6:$2()(-)*6$(.7(L+KcL(x(;L5X(40OZ:(7.%(&C$(29776:9.1(4.$77949$1&'(('(.7(&C$(

7$%%94<)192$(9.1:+QM(

&"#'()*+%:)+"()'.3(N$(0$):6%$2(&C$(4.1-$%:9.1(.7(&C$(:6#:&%)&$:(V34C$0$(;[(4)&)*<?$2(#<(&C$(

:$*$4&$2(0$&)*:():()(7614&9.1(.7(%$:92$14$(&90$:(91(&C$(%)1"$(.7(;XL(&.(cXL(:'()//*9$2(4$**(

/.&$1&9)*:(V91(&C$(%)1"$(.7(5L+;(&.(5;+X(F['($*$4&%.*<&$'()&(:$-$%)*(4.14$1&%)&9.1:()12(&$0/$%)&6%$:+(

d$)%(/60/:($U69//$2(T9&C("%)/C9&$(90/$**$%:(T$%$(6:$2(&.(0$&$%(&C$(7*.T(.7(&C$($*$4&%.*<&$:+(

RC$(&$0/$%)&6%$(T):(4.1&%.**$2(#<(91:$%&91"(&C$(TC.*$(4$**(91()1(.-$1+(RC$()*&$%1)&9-$'(C$)&91"(

)1.*<&$()12(6:91"(&C$(4$**():()(C$)&($J4C)1"$%(&.(C$)&(&C$(4)&C.*<&$'(9146%%$2(61)44$/&)#*<(*)%"$(

&C$%0)*(*.::$:()&(&C$(:0)**(7*.T(%)&$:(T$(:&629$2+(e1*$&()12($J9&91"(4.14$1&%)&9.1:(T$%$(U6)1&979$2(

6:91"()1(B"9*$1&(d8Zg3(VQLy0yxyL+OXy00(4.*601(.7(Sze5X39*(g3[(TC$%$(&C$(&$0/$%)&6%$(.7(

&C$(d8(4.*601(T):(%)0/$2(&.(MXy{8'(C$*2(7.%(Oy091'(&C$1(%)0/$2()&(;Ly{8Z091(&.(;KLy{8(TC$%$(

9&(T):(C$*2(7.%(Oy091+(

Page 10 of 30

ACS Paragon Plus Environment

Organic Process Research & Development

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



!"#$%&'($&()*+(,$-$*./0$1&()12(34)*$56/(.7(8.1&916.6:(!*$4&%.%$264&9.1( ;;(

NC9*$(T$(T$%$(4.1&$1&(T9&C(&C$(/$%7.%0)14$(.7(&C$("%)/C9&$(7$*&():(&C$(4)&)*<:&(:6//.%&(7.%(&C$(

4)&C.2$(4)&)*<:&'(T$()*:.(&$:&$2(:6//.%&91"(&C$(4)&)*<:&(29%$4&*<(.1(&C$(91&$%4$**(0$0#%)1$+(

36//.%&91"(&C$(0$&)*(29%$4&*<(.1(&C$(0$0#%)1$'($)4C(:92$(.7(TC94C(4.1&)4&:()(46%%$1&(4.1264&.%'(

9:(&C$(/%$7$%%$2()%4C9&$4&6%$(7.%(C<2%."$1(76$*(4$**:'(#$4)6:$(&C$(4.179"6%)&9.1(:C.6*2(/%.-92$()(

C9"C$%(7*6J(.7(/%.&.1:(7%.0(&C$()1.2$(4)&)*<:&(&.(&C$(4)&C.2$(4)&)*<:&+(=.T$-$%'(&C$(900$29)&$(

$1-9%.10$1&(.7(&C$($*$4&%.4)&)*<:&(91(&C)&(4):$(9:(-$%<(C<2%./C9*94'(TC94C(0)<(90/$2$(&C$(

)//%.)4C(.7(&C$(*9/./C9*94(:6#:&%)&$:(&$:&$2(C$%$+(RC$(C<2%.2$.J<"$1)&9.1(.7(;54C*.%.5O50$&C<*5

Q519&%.#$1?$1$(T):(6:$2(&.(4.0/)%$(&C$(/$%7.%0)14$(.7()(86(4)&C.2$(:6//.%&$2(.1(&C$(@)79.1r(

0$0#%)1$(T9&C()(:909*)%(*.)291"(.7(86(:6//.%&$2(.1(&C$(7$*&+(

;<<0)"1%<*("+()#0%#+1%/)=+%>*+5"+()*+3%RC$(/.&$1&9)*()4%.::(&C$($*$4&%.*<:9:(4$**(T):(

4.1&%.**$2(#<(4.11$4&91"(&C$(%$7$%$14$($*$4&%.2$(&.(&C$(4)&C.2$()12(:$&&91"(&C$(/.&$1&9.:&)&(&.()(

1$")&9-$(-.*&)"$+(N$(91294)&$(&C)&(&C$($J/$%90$1&:(T$%$(./$%)&$2()&()(1$")&9-$(4$**(/.&$1&9)*'(

*9-??'(&.($0/C):9?$(&C)&(T$(7.46:$2(.1(&C$(4)&C.294(%$)4&9.1:+((
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!"#$%&'($&()*+(,$-$*./0$1&()12(34)*$56/(.7(8.1&916.6:(!*$4&%.%$264&9.1( ;O(

(

34C$0$(;+(RC$(:&629$2(%$)4&9.1:()12(&C$9%(4)&)*<:&:+(RC$(4)&)*<:&:(T$%$(&C$(91294)&$2(0$&)*(

:6//.%&$2(.1("%)/C9&94(4)%#.1(7$*&+(

/'#0"?-<3%B:()1(91&$%0$29)&$(:&)"$(91(:4)*91"(7%.0(#$14C(&.(/%.264&9.1'(T$(%)1(&C$(

C<2%.2$.J<"$1)&9.1(.7(;54C*.%.5O50$&C<*5Q519&%.#$1?$1$(91(&C$(:0)**(%$)4&.%()12(91(&T.(

0$2960(:9?$2(%$)4&.%:(4.11$4&$2(91(/)%)**$*(V>9"6%$(Q[(&.()4C9$-$()(C9"C$%(4.1-$%:9.1()12()(

C9"C$%(&C%.6"C/6&(#<(./$%)&9.1()&(&T94$(&C$(%$:92$14$(&90$()12()1(.%2$%(.7(0)"19&62$(V7)4&.%(.7(

;O[(C9"C$%(7*.T(%)&$+(RC$(4$**:(T$%$(%61()&(4.1:&)1&(/.&$1&9)*+(N$(292(1.&()446%)&$*<(U6)1&97<(

$9&C$%(&C$(<9$*2:(.7(/%.264&:(.%(&C$(>)%)2)94($77949$149$:(.7(&C$(4.1-$%:9.1:(#$4)6:$(.6%(91&$1&(

T):(%)&C$%(&.(:6%-$<()(%)1"$(.7(%$)4&9.1:(%)&C$%(&C)1(./&909?$(4.129&9.1:(T9&C(%$:/$4&(&.(

4.1-$%:9.1(.%(:$*$4&9-9&<+(!-$1(:.'(T$(T$%$("%)&979$2(&.(.#:$%-$(0.2$%)&$(4.1-$%:9.1:()12(C9"C(

/%.264&(:$*$4&9-9&9$:(V34C$0$(O[+((

NO2 NH2

NO2 NH2Cl

F

Cl

F

NO2Cl Cl NH2

MeO2C NO2 NH2MeO2C

O O
Br

NO2

Br

NH2

O O

NO2 NH2
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O
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H
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H

CO2Me

Br N
H

CO2H

Br

Fe or

Cu

Fe or

Cu

Fe or

Cu

Cu

Cu

Pd

Co

Ag

Cu

O

H

not seen

Fe

Fe

,

,

Page 12 of 30

ACS Paragon Plus Environment

Organic Process Research & Development

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



!"#$%&'($&()*+(,$-$*./0$1&()12(34)*$56/(.7(8.1&916.6:(!*$4&%.%$264&9.1( ;Q(

( (
>9"6%$(Q+(e1:&)**)&9.1(.7(&C$(:0)**(%$)4&.%()12()(/)9%(.7(&C$(0$2960(:4)*$'(:91"*$(:&)"$(%$)4&.%:(

/*60#$2(91(/)%)**$*+(!)4C(%$)4&.%(4.1&)91:()(:91"*$(4)&C.2$(4.0/)%&0$1&()12()(:91"*$()1.2$(

4.0/)%&0$1&+(RC$:$(4$**:(%)1(/.&$1&9.:&)&94)**<()12(292(1.&(914*62$()(%$7$%$14$($*$4&%.2$+(

<).2(-.$&,1$54.32..4",$

,0*4%5).-#0)6#()*+3%NC$1(&C$(7*692(7*.T$2(&C%.6"C(&C$(4)%#.1(7$*&'(&C$(7*.T(-9:6)*9?)&9.1(

$J/$%90$1&(/%.264$2()(1$)%*<(7*)&(7%.1&(.7(&C$(7*6.%$:4$1&(2<$(V>9"6%$(c[+((RC$(#$C)-9.%(9:(

4.1:9:&$1&(T9&C(/*6"(7*.T'(2$:/9&$(&C$(*.T(S$<1.*2:(160#$%(VR)#*$(O](S$k;L['(:6""$:&91"(&C)&(

&C$(4)%#.1(7$*&()4&$2():()1($77$4&9-$(:&)&94(09J$%+(RC9:(T):(&C$($J/$4&$2(%$:6*&'("9-$1(&C)&(&C$(

29)0$&$%(.7(&C$(79#$%:(.7(&C$(7$*&(T$%$()#.6&(OL(m0()12(&C6:(064C(*$::(&C)1(;Z;X&C(&C$(290$1:9.1:(

.7(&C$(7*.T(4C)11$*+Ql(e1(&C$()#:$14$(.7(&C$(4)%#.1(7$*&'(&C$(7*692(7%.1&(T):()//%.J90)&$*<(

/)%)#.*94(V1.&(:C.T1['():(T.6*2(#$($J/$4&$2(7.%(*)091)%(7*.T(91()(%$4&)1"6*)%(4C)11$*+%
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!"#$%&'($&()*+(,$-$*./0$1&()12(34)*$56/(.7(8.1&916.6:(!*$4&%.%$264&9.1( ;X(

(
>9"6%$(i+(8.0/)%9:.1(.7()J9)*(29:/$%:9.1(91(/)4Y$2($*$4&%.*<:9:(4$**:+(S$:6*&:(7.%(J-W;LL(T$%$(

%$/%.264$2(7%.0(&C$(T.%Y(.7(S9-$%)'($&()*+cL(

%

2#..%($#+.9"$3(>*.T()%.612(&C$(79#$%:(.7(&C$(4)%#.1(7$*&(/%.0.&$2("..2(&%)1:-$%:$(09J91"'(

$-92$14$2(#<(&C$(%$*)&9.1(#$&T$$1()J9)*(29:/$%:9.1()12(S$(V>9"6%$(i['()12(4.%%$:/.1291"*<("..2(

%)&$:(.7(0)::(&%)1:/.%&(V>9"6%$(K['(2$:/9&$(-$%<(*.T(-)*6$:(.7(&C$(S$<1.*2:(160#$%:+((

(
>9"6%$(K+(g)::(&%)1:/.%&(&C%.6"C(&.Z7%.0(&C$(4)%#.1(7$*&():(917$%%$2(7%.0(&C$(&%)1:/.%&5*909&$2(

%)&$:(.7(%$264&9.1(.7(7$%%94<)192$+(|p&C9:(T.%Yn(}pS)*/C'($&()*+QK((
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!"#$%&'($&()*+(,$-$*./0$1&()12(34)*$56/(.7(8.1&916.6:(!*$4&%.%$264&9.1( ;i(

&"#'()*+%:)+"()'.3%RC$(4.1-$%:9.1:'(~'(T$%$(0.2$*$2():(79%:&5.%2$%(Y91$&94:(7.%(&C$(:6#:&%)&$(

%$)4&91"(91()(/*6"(7*.T(%$)4&.%(V%$:92$14$(&90$'(t['(T9&C(%)&$(4.1:&)1&:(&C)&(2$/$12$2(.1(&C$(

)//*9$2(.-$%/.&$1&9)*'(�'($J4C)1"$(46%%$1&'(AW'(&C$(160#$%(.7($*$4&%.1:(&%)1:7$%%$2'(c'()(:<00$&%<(

7)4&.%'(d'()12(&C$(>)%)2)<(4.1:&)1&'(e'(&C%.6"C(&C$(I6&*$%5F.*0$%(%$*)&9.1(V$U+(c[](

( (( $U+(c(

(
>9"6%$(M+(G)%9&<(/*.&(#$&T$$1(.#:$%-$2()12(79&&$2(I6&*$%5F.*0$%(Y91$&94:(7.%(&C$(4.1-$%:9.1(.7(

19&%.#$1?$1$()&(OX({8'(.-$%(%)1"$:(.7(%$:92$14$(&90$'(t'(4$**(/.&$1&9)*'(*9-??'(91*$&(4.14$1&%)&9.1'(

4W0()12(*.)291"'(F'(.7(86(.1(&C$(8(:6//.%&]((;XLk(tZ:(kcXL'(5;+Xk(!4$**ZF(k5;+X'(L+LX(k(4WZg(k(

L+OXQ'(;a(k(FZ"86("85;(k(ca+(

NC9*$(&C$(4$**(-.*&)"$(9:(T$**(2$791$2'(&C$%$(4.6*2(:&9**(#$(/.&$1&9)*(79$*2("%)29$1&:()*.1"()12(

)4%.::(&C$(4$**c;(*$)291"(&.(*.4)**<(-)%<91"(%)&$:(&C)&()%$(^09J91"(46/_()-$%)"$2(91(&C$(

$J/$%90$1&:(%$/.%&$2(91(>9"6%$(M+(e1($J/$%90$1&:(1.&(%$/.%&$2(C$%$'(T$()&&$0/&$2(&.(2$&$4&(&C.:$(

"%)29$1&:(#<(91:$%&91"()(094%.(%$7$%$14$($*$4&%.2$()&(:$-$%)*(/.:9&9.1:(91(&C$(4$**+(RC$(4C)1"$:(T$(

.#:$%-$2(T$%$(:0)**()12(1.&(.#-9.6:*<(:<:&$0)&94+(3.'(064C(*9Y$(9&(9:(4.00.1(&.(%$/.%&()(:91"*$(

%$)4&.%(&$0/$%)&6%$($-$1(7.%(C9"C*<($J.&C$%094(.%($12.&C$%094(%$)4&9.1:(T$(%$4."19?$(&C$(

90/.%&)14$(.7'(#6&(C)-$(1.&(U6)1&979$2(&C$(2$&)9*:(.7'(&C$(/.&$1&9)*(79$*2(91(&C$(%$)4&.%(V.%($-$1(&C$(
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!"#$%&'($&()*+(,$-$*./0$1&()12(34)*$56/(.7(8.1&916.6:(!*$4&%.%$264&9.1( ;K(

C)*754$**(/.&$1&9)*:[+(RC$(79$*2("%)29$1&:(T9**(#$(:&%.1"$:&(TC$1(&C$(%$)4&.%(9:(./$%)&$2()&(C9"C(

4.1-$%:9.1+((

Y:1."1-"f:+-#$%3"#'"M'#3%."'$.-#-7)'I.&C(85:6//.%&$2(86()12(>$(4)&)*<:&:(/%.-$2(4.0/$&$1&(

7.%(&C$(C<2%.2$.J<"$1)&9.1(.7(&C$(19&%.()%$1$:'(#6&(86(4)&)*<:&(T):(0.%$()4&9-$(V>9"6%$(l[+((

( (
>9"6%$(l+(!*$4&%.4C$094)*(C<2%.2$.J<"$1)&9.1(.7(19&%.#$1?$1$(4)&)*<?$2(#<(4)%#.15:6//.%&$2(

OT&a(>$Z8(7$*&(V!['(OT&a(86Z8(7$*&(V�[()12(#)%$(7$*&(V}[($*$4&%.2$:+(e1*$&(4.14$1&%)&9.1(.7(&C$(

:6#:&%)&$'(8Lq(OL(0g(91(&C$(4)&C.*<&$(2$:4%9#$2(91(R)#*$(c+(G%.264&(:$*$4&9-9&<(q(;LLa+(

*MM-9%'"M'%-6g-.$%C.-)(N$(6:$2(&C$(7$*&5:6//.%&$2(9%.1()12(4.//$%(4)&)*<:&:(&.(/%.#$(&C$($77$4&(

.7(4C)1"91"(&C$(&$0/$%)&6%$(.7(&C$($*$4&%.*<:9:(.7(0$&C<*(Q519&%.#$1?.)&$(V>9"6%$(;L[+(RC$(%$:6*&:(

4.%%$:/.12$2(&.()1()//)%$1&()4&9-)&9.1($1$%"<(.7(`QL(Y�Z0.*+(

0.16

0.12

0.08

0.04

0.00

C
o

n
v
e

rs
io

n

-1.2 -0.8 -0.4

Applied potential/V

 2wt% Cu
 B-V fit, Cu
2wt% Fe
 B-V fit, Fe
Blank

Page 17 of 30

ACS Paragon Plus Environment

Organic Process Research & Development

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



!"#$%&'($&()*+(,$-$*./0$1&()12(34)*$56/(.7(8.1&916.6:(!*$4&%.%$264&9.1( ;M(

(
>9"6%$(;L+(!77$4&(.7(%$)4&9.1(&$0/$%)&6%$(.1(&C$(4.1-$%:9.1(.7(0$&C<*(Q519&%.#$1?.)&$+(e1*$&(

4.14$1&%)&9.1'(4WqcL(0gn(8)&)*<:&:](O(T&(a(>$(V![()12(OT&a(86(V�['(!4$**(q5;F'(S$:92$14$(

&90$](OiL(:+(

*MM-9%'"M'-?-9%."?:%-)(RC$(/%.264&(:*)&$(91(&C$($*$4&%.4C$094)*(C<2%.2$.J<"$1)&9.1(.7(0$&C<*(Q5

19&%.#$1?.)&$(4.6*2(#$(1)%%.T$2(&.(j6:&(&C$(91&$12$2()19*91$(#<()2j6:&91"(&C$(/=(.7(&C$(4)&C.*<&$(

)12(&C$()//*9$2(4$**(/.&$1&9)*(V>9"6%$(35;'(#.&&.0[+(

RC9:(:6#:&%)&$(T):(:/)%91"*<(:.*6#*$(91(&C$(C9"C*<(/.*)%($*$4&%.*<&$+(e1(/%$/)%)&9.1(&.(4.1&$12(

T9&C($-$1(*$::(C<2%./C9*94(:6#:&%)&$:'(T$(&$:&$2(&C$($*$4&%.4C$094)*(C<2%.2$.J<"$1)&9.1(.7(

0$&C<*(Q519&%.#$1?.)&$(91()1($*$4&%.*<&$(4.1&)9191"()(:6%7)4&)1&(VR%9&.1�(z5;LL[(&.(*$)%1(

TC$&C$%(&C$()229&9.1(.7(&C$(:6%7)4&)1&(91&$%7$%$2(T9&C(&C$($*$4&%.*<:9:+(B2291"(QL("Zf(.7(

:6%7)4&)1&(V)#.6&(&T94$(9&:(4%9&94)*(094$**$(4.14$1&%)&9.1cO[(/$%09&&$2(6:(&.()//%.J90)&$*<(2.6#*$(

&C$(4.14$1&%)&9.1(.7(&C$(:6#:&%)&$(V7%.0(L+Lc(0g(&.(L+LlO(0g[()12(292(1.&(91C9#9&(&C$(%)&$(.7(

4.1-$%:9.1(.7(&C$($*$4&%.*<:9:(%$)4&9.1(V>9"6%$(;;['(*$)291"(&.()1($77$4&9-$(2.6#*91"(.7(&C$(

/%.264&9-9&<(.7(&C$(%$)4&.%+(=.T$-$%'(&C$(:6%7)4&)1&(*9Y$*<(T.6*2(4.0/*94)&$(2.T1:&%$)0(

:$/)%)&9.1:+(

-13.0

-12.5

-12.0

-11.5

-11.0

-10.5

-10.0

ln
(r

a
te

/m
o
l 
L

-1
 s

-1
)

3.43.33.23.13.0

kK/T

Ea = 31 kJ/mol

Ea = 33 kJ/mol

Page 18 of 30

ACS Paragon Plus Environment

Organic Process Research & Development

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



!"#$%&'($&()*+(,$-$*./0$1&()12(34)*$56/(.7(8.1&916.6:(!*$4&%.%$264&9.1( ;l(

(
>9"6%$(;;+(!77$4&(.7()2291"()(:6%7)4&)1&(&.(&C$($*$4&%.*<&$(7.%(&C$($*$4&%.4C$094)**<()4&9-)&$2(

4.1-$%:9.1(.7(0$&C<*(Q519&%.#$1?.)&$(&.(&C$(4.%%$:/.1291"()19*91$(91()(%$49%46*)&91"(%$)4&.%+(�h

O(T&(a(86Z8(7$*&'(*9-??(q(5;+Q(F'(t(q(OLi(:'(4W'q(L+LlO(g(29::.*-$2(91(&C$(:&)12)%2(4)&C.*<&$(

4.1&)9191"(QL("Zf(.7(R%9&.1�(z5;LLn(,):C$2(*91$](%)&$(.7(4.1-$%:9.1($J&%)/.*)&$2(7%.0(&C$(

:&$)2<(:&)&$(/$%7.%0)14$(.7(&C$(:)0$(4)&)*<:&(./$%)&91"(91()(/*6"(7*.T(%$)4&.%(612$%(&C$(:)0$(

4.129&9.1:(#6&(6:91"()1($*$4&%.*<&$(T9&C.6&(&C$(:6%7)4&)1&+(

D-6,.$#-@7Cgg".%-1'9$%$?:7%)(RC$(2977$%$14$:(#$&T$$1(:6//.%&91"(&C$(86(4)&)*<:&(.1(&C$(

0$0#%)1$()12(.1(&C$("%)/C9&$(7$*&(T$%$(0.2$:&(V>9"6%$(;O[+(P9$*2:(T$%$(C9"C$%(T9&C(&C$(7$*&5

:6//.%&$2(4)&)*<:&()&(*.1"(4.1&)4&(&90$:(V*.T(7*.T(%)&$:[(#$4)6:$(86Z8(7$*&(T):(#.&C(0.%$()4&9-$(

)12(0.%$(:$*$4&9-$+(B&(:C.%&$%(4.1&)4&(&90$:'(&C$()4&9-9&9$:(4.1-$%"$2'()12(&C$(0$0#%)1$5

:6//.%&$2(4)&)*<:&(/%.-$2(0.%$(:$*$4&9-$+(N$(C)-$(:6""$:&$2(C.T(&.(0)Y$(&C$(7$*&5:6//.%&$2(

4)&)*<:&($-$1(0.%$(T$*4.091"(&.(&C$()//%.)4C(.7(C<2%./C.#94(0.*$46*$:cQ](2$4.%)&$(&C$(:6%7)4$(

.7(&C$(7$*&(T9&C(/$12)1&(*9/./C9*$:+(!-$1(0.%$(:6#&*$()%4C9&$4&91"(C):(#$$1(29:46::$2(#<(.&C$%:'cc(

)*#$9&(7.%(&C$(:6%7)4$:(.7(91:6*)&.%:+(
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!"#$%&'($&()*+(,$-$*./0$1&()12(34)*$56/(.7(8.1&916.6:(!*$4&%.%$264&9.1( OL(

' '
>9"6%$(;O+(8.0/)%9:.1(.7(C<2%.2$.J<"$1)&9.1(.7(0$&C<*(Q519&%.#$1?.)&$(91(&C$(:0)**(4$**(

V-.*60$(q(X(0f[(.7()(0$0#%)1$5:6//.%&$2(86(4)&)*<:&(V"5(4.1-$%:9.1'(}5(:$*$4&9-9&<[(T9&C(&C)&(

.7()(7$*&5:6//.%&$2()1)*."(V�54.1-$%:9.1'(|5:$*$4&9-9&<[+(8.129&9.1:]()//*9$2(4$**(/.&$1&9)*'(*9-??(

q(5L+X(F'(7*.T(%)&$():(91294)&$2'(91*$&(4.14$1&%)&9.1(.7(:6#:&%)&$''4W(q(QM(0g+(3.*92(*91$:()%$(79&:(

&.(79%:&(.%2$%(Y91$&94:'(~(q($J/V5A'a[)''

Y:1."1-"f:+-#$%3"#'"M'/@9&?"."@B@6-%&:?@H@#3%.",-#c-#-+(e1(&C$(%$264&9.1(.7(&C9:(:6#:&%)&$'(

&C$(86(4)&)*<:&(4.6*2(#$(./$%)&$2()&(:9"19794)1&*<(0.%$(4)&C.294(/.&$1&9)*:(&C)1()(4)&)*<:&(

4.1:9:&91"(.7(G2Z8(7$*&(V>9"6%$(;Q'(*$7&[+(B&(&C$(0.%$(1$")&9-$(/.&$1&9)*:'(&C$(G2(4)&)*<:&(/%.264$2(

*)%"$()0.61&:(.7(C<2%."$1'(.#:$%-$2():(#6##*$:(91(&C$($77*6$1&(:&%$)0'(TC94C(91&$%7$%$2(T9&C(&C$(

%$264&9.1(.7(&C$(19&%.()%$1$+(!-$1()&(*$::(4)&C.294(/.&$1&9)*:'(&C$(G2(4)&)*<:&(T):()4&9-$(7.%()(

:92$5%$)4&9.1'(C<2%.2$4C*.%91)&9.1'():(T$**():(&C$(C<2%.2$.J<"$1)&9.1(.7(&C$(519&%.("%.6/n(&C$(86(

4)&)*<:&(T):(:$*$4&9-$(7.%(j6:&(&C$(2$:9%$2(C<2%.2$.J<"$1)&9.1+(B&(C9"C$%(/.&$1&9)*:'(&C$(86(

4)&)*<:&(4.1&916$2(&.(%$264$(&C$(:6#:&%)&$()12(9&:(46%%$1&($77949$14<(/)::$2(&C%.6"C()(0)J9060(

V>9"6%$(;Q'(%9"C&[+(RC$(/%.264&9.1(.7($9&C$%(.7(&C$()19*91$:(VQ54C*.%.5O50$&C<*)19*91$(.%(O5

0$&C<*)19*91$[(T$%$(4.61&$2(91(&C$(160$%)&.%(.7(&C$(46%%$1&($77949$149$:(:C.T1(91(>9"6%$(;Q+((
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!"#$%&'($&()*+(,$-$*./0$1&()12(34)*$56/(.7(8.1&916.6:(!*$4&%.%$264&9.1( O;(

( (

>9"6%$(;Q+(8.0/)%9:.1(.7()4&9-9&<(V*$7&[()12(46%%$1&($77949$14<(V%9"C&[(.7(c(T&a(86Z8(7$*&()12(

c&a(G2Z8(7$*&(7.%(&C$(C<2%.2$.J<"$1)&9.1(.7(;54C*.%.5O50$&C<*5Q519&%.#$1?$1$(&.(O50$&C<*5Q5

4C*.%.)19*91$(V�586n(!5G2=()12(O50$&C<*)19*91$(V|5G2'(1.1$(.#:$%-$2(T9&C(&C$(4.//$%(4)&)*<:&[+(

8.129&9.1:](&C$(91294)&$2(C)*754$**(/.&$1&9)*(.7(&C$(4)&C.2$(T):(%$7$%$14$2(&.()(094%.(B"ZB"8*(

$*$4&%.2$(V=)%-)%2(B//)%)&6:[(91:$%&$2(91(&C$(4)&C.2$(4.0/)%&0$1&'(&C$(%$:92$14$(&90$:'(t(qQLL(

:'(&C$(919&9)*(4.14$1&%)&9.1(.7(&C$(:6#:&%)&$'(4WqQK(0g+((

Y:1."1-"f:+-#$%3"#'"M'B@9&?"."@/@M?C"."@V@#3%.",-#c-#-)'N9&C(&6191"(.7(&C$(/=(.7(&C$(

$*$4&%.*<&$'(&C$()//*9$2(-.*&)"$()12(&C$(%$:92$14$(&90$'(&C$(4.//$%(4)&)*<:&(/%.-$2()4&9-$()12(

:$*$4&9-$(V>9"6%$(35O[+(

Y:1."1-"f:+-#$%3"#'"M'h@,."6"@P@#3%."@/Y@37"9&."6-#-@/@"#-)'86Z8(7$*&(T):()")91()4&9-$(

)12(:$*$4&9-$(7.%(&C$(C<2%.2$.J<"$1)&9.1(.7(&C$(19&%.("%.6/+(=.T$-$%'(91(&C9:(4):$'(&C$(/%.264&(

%$)%%)1"$2(V>9"6%$(35Q[(91(4.1&)4&(T9&C(&C$(#):94($*$4&%.*<&$(V.1*<(Qa(%$0)91$2()7&$%(O(C(.7(

4.1&)4&['(90/*<91"(&C$(1$$2(7.%()(%)/92(:$/)%)&9.1(.1*91$(:$/)%)&9.1Z$J&%)4&9.1(&.()4C9$-$(C9"C(

/%.4$::(<9$*2+(

Y:1."1-"f:+-#$%3"#'"M'V@#3%."g&-#"?'$#1'P@QH@#3%."g&-#:?S%&3"g&-#-@B@9$.,"f:?39'$931)(

RC$:$(:6#:&%)&$:(/%$:$1&$2(&C$(4C)**$1"$(.7(%$"9.:$*$4&9-9&<p(%$26491"(&C$(519&%.("%.6/(91(&C$(

/%$:$14$(.7()(4)%#.1<*(.%(C<2%.J<*p)12(:$*7591C9#9&9.1p)(:6*76%(0.9$&<(&C)&(T.6*2(&$12(&.(

/.9:.1()(&C$%0)**<()4&9-)&$2'(#):$50$&)*(4)&)*<:&+(NC9*$(T$(292(1.&(:&62<(&C$9%(%$)4&9.1:(91(2$&)9*'(
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!"#$%&'($&()*+(,$-$*./0$1&()12(34)*$56/(.7(8.1&916.6:(!*$4&%.%$264&9.1( OO(

T$(1.&$(&C)&(&C$9%(4.1-$%:9.1:(T$%$(91(*91$(T9&C(&C.:$(.7(&C$(.&C$%(19&%.()%$1$:(V34C$0$(O[+(N$(

1.&$2(#6&(2.(1.&(C)-$()1($J/*)1)&9.1(7.%(&C$(91&$%$:&91"(&%$12(:C.T1(91(34C$0$(O(7.%(&C$(

%$)4&9-9&<(.7(&C$:$(19&%.()%$1$:(V917$%%$2(7%.0(&C$9%(4.1-$%:9.1:(612$%(4.0/)%)#*$(4.129&9.1:[+(

'

"#$%&'(&)!

!
! ! ! !

!

*+,-.&.+,%/!

*(&(01%&!

!"#$$%

t(

&'%

!

*#2*!3)0&!

45!6!

789!%!
:9!;<!

!

=)2*!3)0&!

45!6!

789!%!

:9!;<!

!

*#2*!3)0&!

45!6!

789!%!

:9!;<!

!

*#2*!3)0&!

45!6!

789!%!

>9!;<!

!

*#2*!3)0&!

45!6!

7?9!%!

>!;<!

!

=)2*!3)0&!

45!6!
7@A!%!

@!;<!

*+,B)'%.+,!

")0)C&.B.&1!

AD7E!

599E!

AE!

599E!

AD>E!

599E!

59D8E!

599E!

F7>E!

599E!

A9E!

599E!

(
34C$0$(O+(8.0/)%9:.1(.7(&C$($*$4&%.4C$094)*(C<2%.2$.J<"$1)&9.1(.7(&C$(7614&9.1)*9?$2(19&%.(

)%$1$:(:&629$2(C$%$+(*9-??h)//*9$2(4$**(/.&$1&9)*:n(th%$:92$14$(&90$:()%$(#):$2(.1(;(/)::(&C%.6"C(

&C$(i(0f(7*.T(%$)4&.%n(4Wh91*$&(4.14$1&%)&9.1+(3$*$4&9-9&<(%$7$%:(&.(4.1-$%:9.1(.7(&C$(:6#:&%)&$(&.(

&C$()1)*.".6:()091$+(

Y:1."+-#$%3"#'"M'$'#3%.3?-)'N$(4C.:$(&.(6:$(8.Z8(7$*&(7.%(&C9:(%$)4&9.1(#$4)6:$(8.(9:(Y1.T1(&.(

#$()4&9-$(7.%(&C$(C<2%."$1)&9.1cX(#6&(C):()(C9"C$%(.-$%/.&$1&9)*()")91:&(&C$($-.*6&9.1(.7(=O(&C)1(

2.(&C$(/*)&9160("%.6/(0$&)*:+ci(RC$%$7.%$'(9&($*$4&%.*<?$:(&C$(T)&$%(91(&C$($*$4&%.*<&$(0.%$(

:*.T*<()12(&C6:(.77$%:()(C9"C$%(46%%$1&($77949$14<(&.T)%2:(&C$(2$:9%$2(/%.264&(V&C$()091$[+(N$(

7.612()(*)%"$($77$4&(.7(&C$(4.:.*-$1&($0/*.<$2(91(&C$(4)&C.*<&$(V>9"6%$(35c[](91(0$&C)1.*'(&C$%$(

T):()(1.&94$)#*$(4.1-$%:9.1(.7(&C$(#$1?.19&%9*$(&.(#$1?<*)091$(V`Xa[n(91(&$&%)C<2%.76%)1(&C$(

4.1-$%:9.1(T):(064C(*.T$%(Vk;a[+(N$(1.&$(&C)&(19&%9*$:()%$(%$264$2(.1*<()&(C9"C(&$0/$%)&6%$(

NO2
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!"#$%&'($&()*+(,$-$*./0$1&()12(34)*$56/(.7(8.1&916.6:(!*$4&%.%$264&9.1( OQ(

)12(/%$::6%$(VRW(;XL({8n(G(W(Q(#)%[(TC$1(&C$(%$)4&9.1(9:(4)%%9$2(.6&(&C$%0)**<(6:91"()(S)1$<(8.(

4)&)*<:&+cX(

Y:1."+-#$%3"#'"M'93##$6$?1-&:1-)'N$(:&629$2(&C9:(%$)4&9.1(.1*<(U6)*9&)&9-$*<(&.(:6%-$<(&C$(

$77$4&(.7(2977$%$1&(0$&)*:+(A:91"(&C$(:&)12)%2(4)&C.*<&$()12()1(91*$&(4.14$1&%)&9.1(.7(&C$(:6#:&%)&$(

.7(QL(0g'(T$(7.612(&C)&(O(T&a(B"Z86(7$*&(:$*$4&9-$*<(C<2%."$1)&$2(&C$(8q8(2.6#*$(#.12n()&(

&C$(:)0$(%$)4&9.1(4.129&9.1:'(O(T&a(86Z8(7$*&(")-$()(09J&6%$(.7(.*$791()12(4)%#.1<*(%$264&9.1(

V34C$0$(Q[+(

(
34C$0$(Q(3$*$4&9-9&<(/)&&$%1(91(&C$($*$4&%.4C$094)**<()4&9-)&$2(C<2%."$1)&9.1(.7(

4911)0)*2$C2<2$'(6:91"($9&C$%(O(T&a(B"Z8(7$*&(.%(O(T&a(86Z8(7$*&+(8.129&9.1:](*9-??(q(5;+X(F'(t(

q(ciL(:0'4W(q(QM(0g(:6#:&%)&$(29::.*-$2(91(&C$(:&)12)%2(4)&C.*<&$(Vg$H=]=OH(Vc];[(Xa()4$&94(

)492[+(

/'#0"?-<3%

RC$(:)0$(Y91$&94:($J/%$::9.1(2$&$%091$2(7.%(&C$(C<2%.2$.J<"$1)&9.1(.7(19&%.#$1?$1$(91(&C$(

:0)**(4$**()//*9$2(&.(&C$(%$)4&9.1(TC$1(9&(T):(4)%%9$2(91(&C$(0$29605:9?$2(4$**(6:91"(4)&)*<:&:(

7%.0(&C$(:)0$(*.&(V>9"6%$(;c[+(RC)&(%$:6*&(T):($J/$4&$2("9-$1(&C$(:909*)%(%C$.*."<(.7(&C$(4$**:(

V>9"6%$(X[+((

!"

#$%$&'
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!"#$%&'($&()*+(,$-$*./0$1&()12(34)*$56/(.7(8.1&916.6:(!*$4&%.%$264&9.1( Oc(

(
>9"6%$(;c+(G)%9&<(/*.&:(.7(I6&*$%5F.*0$%(Y91$&94:(2$&$%091$2(91(&C$(:0)**(4$**(7.%(&C$(4.1-$%:9.1(

.7(19&%.#$1?$1$()12(&C$1($J&%)/.*)&$2(&.(&C$(0$2960(:9?$2(4$**(6:91"($U+(cn(4)&)*<:&](c(T&a(86Z8(

7$*&n(L+LX(k(8LZg(k(L+OXQn(5;+;(k(!4$**ZF(k(5L+;n((;XL(k(tZ:(k(cXL+(

B:()(79%:&(:&$/(&.T)%2:(:4)*91"'(T$(%)1()(/)9%(.7(&C$(OK(0f(%$)4&.%:(91(/)%)**$*(7.%(c(C.6%:'($)4C(

./$%)&91"()&()1()//*9$2(/.&$1&9)*(!4$**(q5;+;(F+(>*.T91"()1($*$4&%.*<&$(:.*6&9.1(4.1&)9191"(;5

4C*.%.5O50$&C<*5Q519&%.#$1?$1$(VQLL(0g[(&C%.6"C($)4C(4$**()&(X+c(0fZ091(V%$:92$14$(&90$(q(

QLL(:[(/%.264$2()(4.0#91$2(:&%$)0(.7(O+c("ZC(.7(&C$()19*91$'(4.%%$:/.1291"(&.()(4.1-$%:9.1(.7(

KLa(V)1)*<:9:(#<(d8[+(,6%91"(&C$(%61'(T$(.#:$%-$2(1.(4C)1"$(91(&C$(46%%$1&(VO(BZ4$**[+(f91$)%*<(

$J&%)/.*)&91"(&C.:$(%$:6*&:(:6""$:&:()(/%.264&9.1(%)&$(.7(OL(Y"Z<()&(&C$(:$*$4&$2(%$:92$14$(&90$+(

RC$%$7.%$'()(#)1Y(.7(XL(%$)4&.%:'($)4C(%.6"C*<(&C$(:9?$(.7()(/)/$%#)4Y(#..Y'(.%()(/%./.%&9.1)&$*<(

:0)**$%(160#$%(.7(&C$(*)%"$%(%$)4&.%:'(4.6*2(:67794$(&.(/%.264$(XLL(Y"Z<(.7(&C9:(/%.264&](#$4)6:$(

&C$(%$)4&9.1(Y91$&94:()%$()//%.J90)&$*<(;:&(.%2$%'(4.1-$%:9.1(2$/$12:(.1(&C$(%)&$(4.1:&)1&(&90$:(

%$:92$14$(&90$(V%$)4&.%(-.*60$�7*.T(%)&$['(%$")%2*$::(.7(C.T(&C)&(-.*60$(9:(4.179"6%$2'(

/%.-92$2(&C)&(9:($U6)**<()44$::9#*$()12()4&9-$+((

RC$(4)&)*<:&:(292(*$)4C(:0)**(U6)1&9&9$:(.7(0$&)*(26%91"(&C$(*.1"(%61+(B1()*9U6.&(.7(&C$(/%.264&(

7%.0($)%*<(91(&C$(%61(4.1&)91$2(QL(//0(86(Ve8G'(d)*#%)9&C(f)#:[(C.T$-$%()*9U6.&:(7%.0(*)&$%(91(
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!"#$%&'($&()*+(,$-$*./0$1&()12(34)*$56/(.7(8.1&916.6:(!*$4&%.%$264&9.1( OX(

&C$(%61(:C.T$2()(064C(*.T$%()44606*)&9.1(.7(86(91(&C$(/%.264&(VL+Kl(//0[+(G.::9#*<'(&C$($)%*9$%(

:)0/*91"(4.%%$:/.12$2(&.(0$4C)194)*(%)&C$%(&C)1(4C$094)*(&%)1:/.%&(.7(86(7%.0(&C$(4)&)*<:&+(

(N$(1.&$(&C)&(T$(0)2$(1.($77.%&(&.(:&)#9*9?$(&C$(0$&)*:($J4$/&(&.($1:6%$(&C)&(&C$<(T$%$(

4)&C.294)**<(/%.&$4&$2(TC$1$-$%(&C$<(T$%$(91(4.1&)4&(T9&C(&C$($*$4&%.*<&$+(

+",3(2.4",$

N$(4C.:$(&.(7.46:(&C9:(7.%)<(91&.($*$4&%.4C$09:&%<(.1(&C$($*$4&%.4C$094)*(%$264&9.1(.7(19&%.(

)%$1$:(#$4)6:$(9&(9:()(4*)::(.7(%$)4&9.1:(&C)&(C):(#$$1(Y1.T1()12(:&629$2(7.%()#.6&(;OX(<$)%:'c(

)*#$9&(1.&():(U6)1&9&)&9-$*<(.%():(%$/%.2649#*<():(T$(C)-$(&%9$2(&.(%$/.%&(C$%$+(,$:/9&$(&C)&(*.1"(

C9:&.%<'($*$4&%.4C$09:&%<(T):(1.&(0$1&9.1$2(91()(%$4$1&(%$-9$TcK(.7(%.6&$:(&.(%$26491"()%.0)&94(5

19&%.("%.6/:+(RC)&()#:$14$(90/*9$:(&C)&($*$4&%.4C$09:&%<(9:(1.&(7)09*9)%(.%(4.1-$19$1&(&.(0)1<(

/%.4$::(4C$09:&:()12(4C$094)*($1"91$$%:+(P$&'(&C$(%$)4&.%("$.0$&%<()12(4)&)*<:&:(2$:4%9#$2(C$%$(

)%$(%$)29*<(:4)*)#*$cM()12(&61)#*$(&.()4C9$-$(C9"C(:$*$4&9-9&9$:'(C9"C(%)&$:()12(%.#6:&'(4.1&916.6:(

./$%)&9.1(&C)&($1C)14$:(:)7$&<(V#<(.#-9)&91"(&C$(1$$2(7.%(C9"C(/%$::6%$(C<2%."$1[()12(&C)&(

2$4%$):$:(&C$(7..&/%91&(.7(&C$(619&(./$%)&9.1(V&C%.6"C(&C$(/%.4$::(91&$1:9794)&9.1()77.%2$2(#<(

$*$4&%.4C$094)*()4&9-)&9.1(.7(%$)4&9.1(91&$%0$29)&$:[+(

N$(C)-$(:C.T1(&C)&()(:69&)#*$(4C.94$(.7(4)&)*<:&(4)1(4.17$%(%$"9.:$*$4&9-9&<()12(%$:9:&)14$(&.(

91&$%7$%$14$(#<(.&C$%(4C$094)*(0.9$&9$:+(N$(C)-$(1.&(29:46::$2(&C$(/%.09:$(.7($*$4&%.4C$094)*(

.J92)&9.1($9&C$%(7.%(29%$4&(4.1-$%:9.1(V)2:.%/&9.1(.7(%$)4&)1&:'(2$:.%/&9.1(.7(&%)1:7.%0$2(

/%.264&:[(.%(9129%$4&(4.1-$%:9.1(V"$1$%)&9.1(.7(0$29)&.%:[(.7(-)*6)#*$(4C$094)*(/%.264&:+(N$(

C)-$()*:.(1.&(29:46::$2(&C$(%$U69%$2(:6%%.612(&$4C1.*."9$:(V0$0#%)1$:'(/%.4$::()1)*<&94)*(

&$4C1.*."<'(/%.4$::(4.1&%.*'(:$/)%)&9.1:['(1.%(&C$(:<:&$0)&94:(.7(:$*$4&9.1(.7(&C$(4)&)*<:&'(

$*$4&%.*<&$'(.%(/%.4$::(4.129&9.1:(V%$:92$14$(&90$'()//*9$2(-.*&)"$['()**(.7(TC94C(0$%9&(064C(0.%$(
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!"#$%&'($&()*+(,$-$*./0$1&()12(34)*$56/(.7(8.1&916.6:(!*$4&%.%$264&9.1( Oi(

)&&$1&9.1+(N$(1.&$(91(/)::91"(&C)&($*$4&%.4C$09:&%<(/%.-92$:()(29%$4&'(97(0.2$:&'cl(T)<(&.(^"%$$1_(

&C$(4C$094)*(/%.4$::(9126:&%<(&C%.6"C(&C$(6:$(%$1$T)#*<(:.6%4$2(/.T$%+(e1(&C$(/):&'($*$4&%.1:(

T$%$()1($J/$1:9-$(T)<(&.()4&9-)&$(4C$094)*(/%.4$::$:'(C.T$-$%'(/6%4C):91"(/.T$%()"%$$0$1&:(

7.%(%$1$T)#*$(/.T$%(4)1(*.T$%(&C$(4.:&(.7($*$4&%949&<(&.(*$::(&C)1(�L+LQZYNC+XL(

>?%@A<$0B!A<C>%0AB$$

8.%%$:/.1291"(B6&C.%((

�S.#$%&+N$#$%�/11*+".-(

!2,14,6$;"2#3).$

RC9:(T.%Y(T):(919&9)&$2(612$%()(3&%)&$"94(G)%&1$%91"(B"%$$0$1&(#$&T$$1(d3\()12(G)49794(

@.%&CT$:&(@)&9.1)*(f)#.%)&.%<(VG@@f[()12(T):(4.0/*$&$2(T9&C(f)#.%)&.%<(,9%$4&$2(S$:$)%4C(

)12(,$-$*./0$1&(761291"(7%.0(G@@f+(G@@f(9:()(06*&95/%."%)0(1)&9.1)*(*)#.%)&.%<(./$%)&$2(

7.%(&C$(A3(,$/)%&0$1&(.7(!1$%"<(#<(I)&&$**$(612$%(4.1&%)4&(,!5B8LX5KiSfL;MQL(

>DD<7E0>%0AB;$

,(29776:9.1(4.$77949$1&'(,$($77$4&9-$(29)0$&$%'(f$(290$1:9.1*$::(*$1"&C'(34(34C092&(160#$%'(3C(

3C$%T..2(@60#$%'(S$(S$<1.*2:(@60#$%'(G$(G�4*$&(160#$%(

;299"#-4,6$0,*"#:&-4",$

 

The supporting information is available free of charge on the ACS Publications website at DOI: 

10.1021/acs.oprd.xxxxxxx. 

 

It provides chromatographic and spectroscopic characterizations of the product mixtures to 

substantiate the discussion in the main article. 
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!"#$%&'($&()*+(,$-$*./0$1&()12(34)*$56/(.7(8.1&916.6:(!*$4&%.%$264&9.1( OK(
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