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+2? %! "+* :)#&1! 0?-"#"-6! 0A0",9-! 1:2A5:&9"9-0,-! -2+):9F\ ! ]), 5,0-2:0((6! )??2::",A!

+"?:) -242(&59-04"("7",A! -:"07)()*6:"+"1",&9! %0#&! 4&&,! :&#&0(&1! -)! 4&! 4)- %! 4:0", !

*&,&-:0 ,-! 0,1! ):0((6! 4" )0#0"(04(&G! ",1"?0-",A! -%0-! -%&9&! ?)+*)2 , 19! 0:&! *)-&, -"0(!

?0, 1"10-&9! ",! -%&! 1&#&()* +&,-! ).! +"?: )-242(&59-04"("7",A! -%&:0*"&9! .):! -%&! ?&,-:0(!

,&:#)29!969-&+F̀!;-:2?-2:& 5<?-"#"-6!H&(0-"),9%"*!g;<H U!9-21"&9!%0#&!0(9)!9%)Q,! -%0-!0!

-:".(2):)+&- %6(!0+",&!A:)2*!0 -!-%&!W5*)9 "-") ,!"9!:&K2":&1!-)!0?%"&#&!%"A%!*)-&,?6!09!0,!

0,-"?0,?&: !0A&,-FTN! !

N

N

N

N

NH

Cl

CF3

Me

BocHN

F3C O

O

AcO O
Me
OH

H
BzO AcOOH

HO

Me
Me

3’-trifluoromethylated taxoid
          anticancer agent

anticancer agent

F

F

O

H
NMe

NC
N
H

O Me
Me

HN

F3C

Ar

cathepsin cysteine
 protease inhibitor

N
H

O

Me

Me
O

H
N Ph

CF3Me

H
potent inhibitor of testosterone

5α-reductase

H
N

N
H

R1
CF3

O CO2R2

α-Tfm-Pro-dipeptides

N
H

OH

F3C

Me
HO

glycosidase inhibitor

O

Me

MeO2S

N
H

CF3
CFMe2
H
N CN

odanacatib
cathepsin K inhibitor



!

V!

<1 1"-"),0((6G! -%&!:&*(0?&+&, -! ).!%61:) A&,! .):! .(2 ):",&!0-)+9! ",!+)(&?2(&9!%09!

0(9)! 4&&,! &S*():&1! &S-&,9"#&(6! ",! 1:2 A! 1&9"A,G! &9*&?"0((6! -%&! 9249-"-2-"),! ).! 0! 3[V!

+)"&-6! .):! 0 ! 3RV! A:) 2* G! ",! &..):- 9! -)! + )1 2(0-&! *)-&,?6! ):! ",-&:.&:&! Q"- %! + &-04)("?!

+)1"." ?0-"),F V!8)12(0-"),! ",!* P0!?0,!+0," .&9-!?%0,A&9!",! *)-&, ?6G!9&(&?-"#"-6G!-)S"?"-6G!

0,1! *% 0:+0?)=",&-"?! g/PU! * :)*&:-"& 9! ",?(21", A! 049):*-"),G! 1"9-:"42-"),G! +&-04)("9+G!

0,1! & S?:&-"),! g<'8 ZUFTT! O&?029&! ).! "- 9!9-:),A! &(&?-:),&A 0-"#"-6! 0,1! ",12?-" #&! &..&?-G!

.(2):",& !"9!0,! "+*):-0,-!%0, 1(&! .):! -2," ,A! -%&!*P 0! ) .! *:)S"+0 (! .2,?-"),0(!A:)2*9!0,1!

&(&?-:),!1& ,9"-6!).!0:)+0-"?!0,1!%&-& :)0:) +0-"?!:",A9 F!$%&!*)9"-"),!).!.(2):",&!gQ%&-%&:!

*:)S"+0(! ):!1"9- 0(U!-)! 9)+& !.2,?- ") ,0(!A:)2*9!g92?%!09!0+", &9G!&9-&:9G!0(?)%)(9G!&-?FU!",!

+ ) (&?2(&9! %09! 0! +0:=&1! &..&?-! ), ! *P 0F!R):! &S0+*(&G! ",! (",&0:! 0("*%0-"?! 969-&+9G! -%&!

",.(2&,?&! ),! *P 0! .)(()Q",A! -%&!9249-"-2-"),! ).! [! .):! R! 0-)+9! "9! 011"-"#&!gR"A2:&! M< UF!

$:".(2):)&- %6(0+",&!3R V3[ M][ M!g*P 0!j!WF_U!"9!9)!Q&0=(6!409"?!-%0-!-%"9!+)"&-6!%09!4&&,!

&S*()"-&1!09!0,!0+"1&!"9)9-&:&!",!4)- %!*&*-"1)+&-"?9!0,1!9+0((!+ )( &?2(&9G!&9*&?"0((6!",!

-%&!+&?%0,"9+5409&1! ",%"4"-):9! ).! -%&!?0-%&*9",! .0+ "(6!).!?69-&",&! *:) -&09&!",%"4"-):9 !

.:)+! Q%"?%! -%&! ?0-%&*9",! P! ",%"4"-):G! ) 10, 0?0-"4G! Q09! 1&:"#&1F! 3)+*0 :0-"#&(6G!

%61: )?0:4), 5409&1!&-%6(0+",&! 3[ V3[ M][ M! "9! +2?%!+): &! 409"?! g*P 0! j! TNF_UG! Q%"(&!

-%)9&!Q"-%!.&Q&:!.(2):",& !0-)+9!%0#&!*P0!#0(2&9!",!4&-Q&&,!gR"A2:&!M<UF!!

8&0,Q& ((! 0,1 ! ?)Q):=&: 9! %0#&! &(04) :0-&1! ),! -%&! 29&! ).! .(2):",&! 0,1 ! "-9!

0**("? 0-"),! ", ! 4")"9)9-&:&9! .): ! 1:2A! 1&9"A,! 0,1! 1&#&()*+&,-F V! >,?):*): 0-",A! .(2):", &!

", -)!+)(&?2(&9!0(-&:9!-%&":!*%0:+0?)()A"?0(! ?%0:0?-&:"9-"?9F!!R):!",9-0 ,?&G!-%&!3RV!A:) 2* !



!

^!

?0,! 0?-! 09! 0! *:)-&)(69"95:&9"9-0,-! 0+"1 &! 92::) A0-&F! @,&! =&6! .&0-2:&! ).!

-: ".(2):)&-%6(0+",& !1&:"#0-"#&9!"9!-%&!+"+"?:6!4&-Q&&,!-%&!3RV3[ M][H!+)"&-6!0,1!0,!

0+"1&!0, 0()A2 &!gR"A2:&!MOUFTM!$%"9!?0,!4&!())=&1!0-!",!-&:+ 9!). !A&)+&-:"? !0,1!&(&?-:),"?!

*0:0+&-&:9F!$%&!=&6!3a3 a] !4),1!0,A( &!).!-%&!3RV3[ M][H!.2,?-"), 0("-6!"9!?)+*0:04(& !

-)!-%0-!). !0,!0 +"1 &GTV!Q%"(&!-%&!&(&?-: ),!Q"-%1:0Q", A!&..&?-9!).!-%&!3RV!+)"&-6!1&?:&09&!

-%&!409"?"-6!).!-%&!0+" ,&!92?%!-%0-!-%&![54),1!1),0-",A!*:)*& :-"&9!).!-%&!] a[!A:) 2*!0:&!

+):&! ("=&! -%0-! ).! 0! ] 5[! 0+"1&F!Z(&?-:),"?0((6G!3aR!1"*)(&9!&+2(0-&! -%&!0+"1&! )S6A&,!

(),&!*0":9F!R2:-%&:+): &G!,)-!),( 6!"9!-%&!(&,A-%!).!0!3 aR!4),1!gTFVW!qU!?()9&!-)!-%0-!).!0!

3j @!4), 1! gTFMV! qUG!-%&":! 9"7&c#)(2+&! "9! 0(+)9-! 04)2-! -% &! 90+&F! gMF\M! qV! #9!MF_M! qV!

:&9*&?-"#&(6UFT !̂

!!!! !

)))))))))#$%&'()! +)='0>('2$(<)0.)#/&0'$6: 2(?@! ,-' $./&0 '0 1( 234/)5 1$6(<))

$%&!9249-"-2-"),!) .!0+"1&9!46!3RV!0+",&9!+06! &,%0,?&!?)+*(&+&,- 0:"-6!Q"-%!0!

9*&?"."?! -0:A&-! 12&! -)! - %&! 9-:2?-2:0(! 1"..&:&,?&9! 0,1! -%&! :)-0-"),0(! .:& &1)+! ).! 0,! 9*V!

?&,-&:!?)+*0:&1!-)!-%&!?),9-:0",-9!).! -%&!9*M!?0:4), 6(!",!0, !0+"1&!4),1F! < (9) G!-%&!29&!).!

3RV3[ M][!+)"& -"&9!&("+",0-&9!+&-04)("?!9&,9"-"#"-6! ).! -%&9&!?)+*) 2,19! -)! 0+"1 09&9G!

CH3

NH2

CH2F

NH2

CHF2

NH2

CF3

NH2

pKa
(conj. acid) 10.7 9.0 7.3 5.7

HN

O

similar H-bond
donation to α-CF3

amine

N
H

O

A. Increasing amide character with α-fluorination of amines

B. Similar geometry & electronics of α-CF3 amines and amides

N
H

CF3

proteolysis resistant

θ ~ 120¡

N
H

O

N
H

F F
F

prone to proteolysis



!

W!

&9-&:09&9!0,1!*:)-&09&9!Q%"(&!0(9)!",-:)12?",A! 0,!01 1&1!&(&+&,-!).! 9-&:&)?%&+"9-:6!",!

-%&! .):+! ).! 0,! ! 53RV! 9-&:&)A&,"?! ?&,-&:F!$%&:&.):&G! -%&! 1&#&()* +&,-! ).! +&-%)1 9! -%0-!

.2:,"9%!! 53 RV!0+",&9!"9!0,!"+*):-0,-!96,-%&9"9!A)0(F !!

; &#&:0(!+&-%)19!%0#&!4&&,!29&1!-)!0??&99!! 5-:".(2):) +&-%6(!0+",&9 pTW5T`!%)Q&#&:G!

-%&! ,&S-! 9&?-"),9! Q"((! .)?29! ),! -%:&&! +0",! 9-:0-&A"&9C! "U! =&-"+",&! : &12?-") ,! ) .!

-:".(2):)+&-%6( 59249-"-2-&1! "+",& 9G! ""U! 011"-"),! ).! ?0:4) , 5409&1! ,2?(&)*%"(&9! -) !

-:". (2): )+&- %6(!"+" ,&9G!0,1!"""U!"+",& !2+* )(2,A !:&0?-"), 9F!!

1.1.1 Ketimine Reduction Strategies 

30-0(6-"?! &,0,-")9&(&?-"#&!%61:) A&,0-"),! ).! ! 5-:".(2): )+&-%6(! "+", &9! "9! 0!

?)+ +),! 0 **:)0?% ! .):! 0??&99",A! &,0,-")&,:"?%&1! -:"9249-"-2-&1! ! 5-:".(2):)+&-%6(!

0+",&9 F!30-0(6-"?!%61:)A&,0-"), !g",#)(#",A! -%&!29&!).!%61:) A&,!A09U!).!= &-"+",&9!%09!

4&&,! 29&.2(!.):! 96,-%&9"7",A! ?%":0(! 0+",&9! ", ! ",12 9-:"0(! *:)?&99&9p!%)Q&#&:G! -%&:&! %09!

4&&,!(&99!1&#&()*+&,-!",!&,0, -") 9&(&?-"#&!+&-%)1)()A "&9!",#)(#", A!=&-"+",&9!?)+*0:&1!

-)! )( &.",9F!<!+ 0d):!?) , ?&:,!",!-%&!-:0,9"-"), 5+&-0(!?0-0(67&1!%61:)A&,0 -"),!).!"+",&9! "9!

-%&!*)99"4"("-6!).!%0#",A!Zce!9-&:&)"9)+&:9!).!-%&!9249-:0-&!"+",&9GMN!Q%"?%!+06!A"#&!:"9&!

-)! )**)9"-&! &,0,-")+&:9! ).! -%&! 0+",&! *:)12?-9G! -%&:&46! ()Q&:",A! &,0,-")9&(&?-"#"-6F!

<11"-"),0( (6G! "+ ",&9! 4&0:",A! 0! .(2):)0(=6(! A:)2*! *) 9&! 0,! &#&, ! A:&0-&:! ?%0((&,A&! .): !

9-&:&)9&(&?-"#&! -:0,9.):+0-"),9 C! &#&,! -%)2A%! -%&! *: &9&,?&! ).! &(&?-:),! Q"-%1:0Q",A!

.(2):) 0(=6(! A:)2*9! ",! "+", &9! &,%0,?&! :&0?-"#"-6! Q"-%! ,2?(&)*%"(&9G! -%&6! Q&0=&,!

?)) :1",0 -") ,! Q"-%! -%&! -:0,9"-") ,! +&-0(! ?&,-&:F!<11"-"),0((6G! -%&! ",12?-"#&! &..&?-! 0,1!



!

X!

&(&?-:), &A0-"#"-6!).!.(2):",&!", !-%&9&!A:)2*9!",?:&09&9!-%&!0?"1"-6!).!-%&!! 5*:)-),!).!-%&!

*:) 12?-!0+",&9G!(&01",A!-)!0!%"A%&:!:0-&!).!&,0, -")+&:" 70-"),!2, 1&:!:&0?-"), !?),1" -"),9 F!

R): -2, 0-&(6G! 9&#&:0(! A: ) 2* 9! %0#&! :&*):-&1!A:&0-! ?),-:"42- "),9 ! -)! -%&! &,0,- ")9&(&?-"#&!

+&-0(5!g/1 G! H2G! H%U! 0,1! ):A0,)?0-0(67&1! :&12?-"),9 ! ) .! "+", &9c"+",&! &K2"#0(&,-9!Q"-%!

%61:)A&,0-"),!): !-:0,9.&: !%61:)A&,0-"), !*:)-)?)(9 !09!&(04):0-&1!",!-%&!,&S-!9249&?-"), F!

Z,0,-")9& (&?-"#&!:&12?-"),9!).!&,0+", &9GMT!&,0+"1&9GMM!0,1!%61:07) , &9MV!%0#&!0(9)!4&&,!

",#&9-"A0-&1!.):!0??&99",A!! 5-:".(2):)+&-%6(!0+",&9 F!!!

*A*A*A*)B6:6 2$0<(/(92$;()C4?'0%(6:2$06)

>,!MNNTG!B, &60+0!0, 1!?)Q) :=&:9!1&#&()*&1!0!/ 15?0-0(67&1!%61:)A&,0-"),!).! ! 5

.(2):",0-&1! "+",)! &9-&:9! -)! 0..):1! -%&! ?): :&9*), 1",A! %"A%(6! &,0,-")&,:"?%&1! ! 50+ ",)!

&9-&:9!",! 2*! -)! ` ^CX!&:G! 0(4&"-! Q"-%! 0!#&:6! ("+"-&1! 9?)*& !g;?%&+&! T<UFM!̂R)(()Q",A ! -%"9!

Q):=G!e%)2!0,1 !?)Q):=& :9!Q&:&!04(&! -)! &S-&,1! -%&! -:0,9.):+0-"),! -)! ) -%&: !?(099&9!).!

.(2):)0(=6(! =&-"+" ,&9!9&#&:0(! 6&0:9! (0-&:!g;?%&+&! TOUFMW5MX!<9! &(2?"10-&1!", !B,&60+0 Y9!

Q):= G!-%&!?%)"?&!).!9)(#&,-!Q 09!",-&A:0(!-)!-%&!92??&99!). !-%"9!:&0?-"),!09! *)(0:!9)(#&,-9!

("=&!+&-%0,)(!0,1!&-%0,)(! 2,1&: A)!011"-"),!-)!-%&!&(&?-:)*%"("?!"+",&9p!-%29G!4)-%!0!%"A%!

*:&992:&! ).! %61:)A&,! A09! 0,1! - :".(2): )&-%0,)(! 09! 0! ,), 5,2?(&)*%"("?! 0(?)%)(! 9)(#&,-!

Q&:&!?:2?"0(F!$%&6!0(9)!* :)* ) 9&!-%0-!-%"9!+06!4&!12&!-) !",?: &09&1!9)(#&,-!9-04"("70-"),!).!

-%&! 0?-"#&! ?0-0(69-! ): ! %61:)A&,! 4),1",A F! >-! %09! 4&&,! &9-04("9%&1! -%0-! 1"%61:)A&,!

4),1 ", A! ?0,! ) ??2:! 4&-Q&&,! .(2) :",0-&1 ! 0(?)%)(9! 0,1! + &-0(! %61:"1&! ?)+*(&S&9F! $RZ!

?)):1",0-&9!Q&0=(6!-)!*0((01 "2+! 0,1!%&,?&!"9!&09"(6!:&*(0?&1!Q"-%!-%&!.(2):",0-&1!"+",& !



!

_!

0,1! -%&,!:&0?-"), !?0,!)? ?2:!:&01"(6F!>,!011"-"),!-)!"+",)! &9-&:9!-%0-!B,&60+0!%01!29&1!

09! &(&?-:)*%"(&9! ",! -%"9! %61:)A&,0-"),G! 0:6(59249-"-2-&1! "+",&9! 0,1! &,0 +",&9 ! 0:&! 0(9) !

-)(&:0-&1!29",A!e%)2Y9!"+ *: )#&1!+&-%)1F!!

!!!!!!! !

D93( 1() *+) B6:62$0<(/(92$; ( ) C4?' 0%(6:2$06) .0') 23() D4623(<$<) 0.) ! ,
-' $./&0' 01 (234/)51$6(< ))

>-!9%)2(1!4&! ,)-&1! -%0-!-%&! "+",&9!29&1! .): ! -%&9&! :&12?-"),9 !+)9-(6! :&K2":&!0,!

0?-"#0-",Ac*: )-&?-",A! A:)2*! ),! -%&! ,"-:)A &,F! $%"9! :&,1&:9! -%&! &(&?-: ),9! ),! -%&! "+",&!

,"-:)A&,!(& 99!,2?(&)*%"("?!.) : !*0:- "?"*0-"),!", !0,6!1&(&-&:")29!9"1&!:&0?-") ,9 F!$%"9!A:)2*!

"9!2920((6!0!para5+&-%)S6*%&,6(!g/8/U !A:)2*! -%0-!?0,!4&!?(&0#&1!",!0!9249&K2&,-!9-&* !

g; ?%&+&!T3 UF!>,!011"-"), !-) !* :)# "1",A!0!,), 50-)+ !&?),)+"?! 0**:)0?%G!-%"9!0119!0,)-%&:!

96,-%&-"?!%2:1(&!.) : !0??&99",A!-%&!.:&&!0+",&9F!<!?%":0(!:%)1"2+ 5409&1!?0-0(69-!%09!0(9)!

2 mol % Pd(OCOCF3)2

2.4 mol % L1 or L2
H2 (41 atm)

F3CCH2OH, 4 • MS,
22 ¼C, 16 h

PPh2

PPh2

R2

R3

R2

R3

L1

R1 CF3

N

OMe

R1 CF3

HN

OMe

R2 = OMe, R3 = Cl

L2 R2/R3 = OCH2CH2O

B. Zhou (2010):

4 mol % Pd(OCOCF3)2

6 mol % (R)-BINAP
H2 (100 atm)

F3CCH2OH, 22 ¼C, 24 hRO2C CF3

N

OMe

RO2C CF3

HN

OMe

   R = alkyl

    3 examples
up to >99% yield
   up to 94:6 er

A. Uneyama (2001):

Ph CF3

HN

OMe

MeOH/H2O
0 ¼C, 6 h

Ph CF3

NH2

45% yield

(NH4)2Ce(NO3)6

R1 = aryl, alkyl

C. Removal of PMP-Protecting Group

    16 examples
up to >99% yield
   up to 97:3 er



!

\ !

4&&,! 29&1! .):! &,0 ,- ") 9&(&?-"#&! %61:)A&,0 -"),! 46! e%0,A! 0,1! ?) 5Q):=&:9 ! -)! *:)#"1 &!

0??&99!-) !0!,&Q!?(099!).!N50:6(!! 50+",)!0?"1!1&:" #0-"#&9!.:)+! ! 5&,0+ ",)!&9-&:9!", !%"A%!

6"&(1!0,1!9-&:&)9&(&?-"#"-6FMX!!

*A*A*A! )B6:62$0<(/(92$;()-':6<. (')C4 ?'0 %(6: 2$06)

Z,0,-")9&(&?-"#&!$:0,9. &:![6 1:)A&,0-"), !gZ$[U! %09!*: )#"1&1!0,!0--:0?-"#&!:) 2-&!

.):! -%&! :&12?-"),! ). ! "+" ,&9!12&!-)! "-9! (&99!%070:1)29! ) *&:0-"),! 09! "-!0#)"19! -%&!29&!). !

%61:)A&,!A09!0,1 !+ &-0(("?!%61:"1&9F!>,!011"-"),G!46*:)12?-9 !0:&!).-&,!+) (&?2(&9!92?%!09!

0?&-),&!): !?0:4),!1" )S"1&G!Q%"?%!0:&!&09"(6!9&*0:0-&1!.:)+!- %&!0+",&!*:)12?-9F!!

>,! MNTTG!<="60+0! 0,1! ?)Q):=&:9! :&*):-&1! 0,! 2, *:&?&1&, -&1! &,0, -") 9&(&?-"#&!

*%)9*%): "?!0?"15?0-0(67&1!96,-%&9"9!).!0:)+ 0-"?!0, 1!%&-&:)0:)+0-"?!-: ".(2):) +&-%6(0-&1!

0+",& 9! g;?%&+&! M<UFM_! <,! &(&?-:), 51&."?"&,-! 4&,7)-%"07)(",&! Q09! 29&1! 09! 0! %61:"1&!

9)2:?&! ",! -%"9! -:0,9.):+ 0-"), G! 0(()Q", A! .): ! &S?&((&,-! (&#&(9! ).! &:! ?)+*0: &1! -)! 0!

?)++), (6! 29&1! [0,-79 ?%! &9-&:F! >,! -%"9! 9-216G! &S*&:"+&,-9 ! 29",A! 0! 1&2-&:0-&1!

4&,7)-%"07)(",&!*:)#"1&!&#"1&,?&!).!-%&!):"A",!).! -%&!%61:)A&,!0-)+!",?): *):0-&1!",!-% &!

0+",& F!$%"9!+&-%)1!0(9)!0(()Q&1!-%&!?), 9-:2?-") ,!).!-%&!N5/8/ 5*: )-&?-&1!=&-"+", &9!in 

situ!-) !*:)#"1&!0! 1":&?-!:&12?-"#&!0+",0-"),!0**:) 0?%!-)!- %&!*:)1 2?-9F!8):&!:&?&,-(6G!0!

:&(0-&1! :&0?-"),! 29",A! ?%":0(! *%)9*%):"?! 0?"19!%09!4&&,! 1&9?:"4&1! 46! /& ,A! 0, 1! ?)5

Q) :=&:9!", !-%&!:&12?-"),!).!.(2):",0- &1!0(=6, 6(!=&-"+",&9FM\!$%"9!+&-%) 1!0(()Q&1!0??&99!

-)! ?%":0(! .(2):",0-&1! *: )*0:A 6(0+",&9! ",! 9*"-&! ) .! ?%&+)9&(&?-"#"-6! ?%0((&,A&9! 92?%! 09!



!

` !

*0:-"0(! ): ! ?)+*( &-&! :&12?-"),! ).! -%&! 0(=6,&! -:"*(&! 4) , 1FM 5̀VN! <, ) -%&:!&,0,-" )9&(&?-"#&!

:&12?-"),!).!0(=6,6(" +", &9!%09!4&&,!:&*) :-&1FVT!

!!!!!!!!! !

D93(1 () ! +) -' : 6<.( ' ) C4?'0%(6:2$06) .0 ') 23() D4623(<$<) 0.)! ,-'$ ./&0'01(234/)
51$6(<) )

$:0,9.& :!%61:)A&, 0-"),9!Q"- %!-%&!90+&!?(099!).!"+",&9!2-"("7",A!]) 6): "Y9!?0-0(69-!

%0#&!0(9) ! :&?&,-(6! 4&&,! 1"9?()9&1! 46! J"2! 0,1! ?)Q) :=&:9! g;?%&+&!MOUFVM! $%&! 29&! ).!

9)1 "2+! .):+0 -&! 09! -%&! :&12?",A! 0A&,-! "9! "+*):- 0,- ! -)! 0?%"&#",A! 4)-%! %"A%! 6"&(1! 0,1!

&,0,- ")9&(&?-"#"-6G!09!)-%&:!:&12?",A!0A&,-9!(&01!-)!*)):!6"&(1!gi5/:@[U! ):!*)): !6"&(1!0,1!

+)1&9-! &,0,- ") 9&(&?-"#"-6! g.):+" ?!0?"1! ):! .):+"?! 0?"1 cZ-V]U F!$%) 2A%! 29&! ).! 9)1"2+!

.): +0-&! "9! +):&! 0-)+! &?),) +"?0(! -%0,! -%0-! ) .! 4&,7)-% "07)(",&! ",! <="60+0 Y9!

0.):&+ &,-"), &1!Q):=G!&+*()6",A !?%":0(!*%)9*%):"?!0?"1!EF!+ "A%-!%0#&!?)9-!01#0,-0A&9!

Ar CF3

N
PMP

+

NH

S

NO2

(1.2 equiv)

10 mol % L3

CH2Cl2, reflux, 24 h Ar CF3

HN
PMP

H

H

O
O

P
OH

O

R

R

R = 3,5-(F3C)2C6H3

L3

A. Akiyama (2011):

Ar1 CF3

N

Ar1 CF3

HNAr2 Ar2

1:1 H2O:DMF 
40 ºC, 5–12 h

2 mol % L4
5.0 equiv HCOONa

Ru

NH2
TsN Cl

L4

Me

Me
Me

Ph
Ph

B. Liu (2015):

   17 examples
up to 94% yield
   up to >99:1 er

   10 examples
up to 99% yield
   up to >99:1 er

Ph CF3

HN

OMe

1:1 MeCN:H2O

H2SO4, HIO4
Ph CF3

NH2

72% yield, 98:2 er98.5:1.5 er

C. Removal of PMP-Protecting Group



!

TN!

) #&:!H25409&1!?)+*(&S&9F!J"2Y9!:&0?-") ,!9?) *&!"9!("+"-&1!-)! 0:6(!"+",&9 G!42-!6"&(19!0,1!

&,0,-")9&(&?-"#"-"&9!0:&! %"A%!.):! 9249-: 0-&9! Q"-%!0! :0,A&! ).! 9-&:"?! 0,1! &(&?-:),"?!

?%0:0?-&:"9-"?9!0,1!.):!0!, 2+4&:! ).! N50:6(!A:)2*9!09!Q&((F!;-:),A(6!0?"1"?!0, 1!)S"1"7",A!

?),1"-"), 9!0A0",!%0#&!-)!4&!&+* ()6 &1!.) :!2, #&"(",A!-%&!*:"+0:6!0+",& !g;?%&+&!M3 UF!!

$%&!30%0:1! (04):0-):6! %0#&! 0(9)! 1"9?()9&1! 0! :&(0-&1! -:0,9.&:! %61:)A&,0-"), !

29",A! 0! H2a0+",)! 0 (?)%)(! ?0-0(69-!0, 1! i5/:@[ ! 09!-%&! :&12?",A! 0A&,-! -)! &,04(&! 0,!

&,0, -")9&(&?-"#&! :&12?-"),! ). !N5/ 8/! - :".(2):)=& -"+", &9FVV!B,1&:! -%&9&!?),1"-"),9G!0:6(!

=&-"+",& 9! 0A0",! (&01! -) ! %"A%! &,0,-")9&( &?-"#"-6! 42-! 0(=6(! =&-"+",&9! 0:&! ",&..&?-"#&G!

:&92(-",A! ", !()Q! :&0?-"#"-6!0,1c) :! *)):!&,0,-")9& (&?-"#"-6F!$%&!*)):&:!4&%0#"):! ).!0(=6(!

=&-"+",&9! +"A%-! 4&! 0--:"42-&1! -)! "+",&r &,0+",&! -02-)+&:"9+! 0,1c):! -)! 0! +"S-2:&! ).!

"+",&! 9-&:&)"9)+&:9F!!

1.1.2 Addition of Carbon-Based Nucleophiles to Imines 

Z,0,-")9& (&?-"#&!011"-"),9!).!?0:4), 5,2?(&)* %"(&9!-) !-:".(2):)+&-%6 (!"+",&9!%0#&!

4&&,!&S*():&1! &S-&,9"#&(6!.) :!-%&!96,-%&9"9!) .! ! 5-:".(2):) +&-%6(!0+",&9F!80,6!).!- %&9&!

,2?(&)*%"(&9!%0#&!4&&, !29&1!",!?), d2, ?-"), !Q"-%!?%":0(!02S"("0:6!9-:0-&A"&9!",!011"-" ),!-)!

?0-0(6-"?! &,0,-")9&(&?-"#&! 9-:0-&A"&9G! ", ?(21",A! 0! ,2+4&:! ).! ):A0,)+&-0(("?! :&0 A&,-9G!

0(=6,&9G!0:6(! ,2? (&)*%"(&9G! 0,1! ?60, "1&FTWG! T_G! T`G! V^5VX! O)-%! 0(1"+",&! 0,1 ! =&-"+",&!

&(&?-:)*%"(&! 9249-:0-&9! %0#&!4&&,!&+*( )6&1G! A"#",A! :"9&! -)!! 59&?),10 :6! 0,1! ! 5-&:-"0:6 !

0+",&9F!!



!

TT!

*A*A! A*)5'4/:2$06)D2':2(%$(<)

$%&!011"-"),!).!0:6(!, 2?(&)* %"(&9!-)!-:".(2): ) + &-%6(!"+",&9 !"9!0!*)Q&:.2(! 9-:0-&A6!

.) :! -%&! ?),9-:2?-"), ! ).! 4&,76("?! 0+" ,&9F! $%&:&.):&G!0! %0,1.2(! ) .! :&9&0:?%!A:) 2* 9! %0#&!

",#&9-&1!&..):-9! ",-)! -%"9!9-:0-&A6!g9)+& !)-%&:! +&-%)19!0:&!1"9?299&1! ",! 9&?-"),!MFTFTUF!

$%&! b2! A:)2*! %09! 1"9?()9&1! 0,! &,0, -")9&(&?-"#&!0:6(4):),"?! 0?"1! 011"-"), ! -)! ?6?("?!

92(.),6 (!"+", &9!29", A!0!?%":0(!92(.2: r )(&.",!("A0,1 FV_!<(-%)2A%!-%&!?),1"-"),9! 0:&!9"+"(0:!

-)! -%)9&! .):! )-%&:! H%r1"&,&5?0-0(67&1! "+",&! 0:6(0-"),! :&0?-"),9GV\5̂ N!&S?&((&,-! :&0?-"#"-6!

0,1!&,0,-")9&(&?-"#"-6!Q"-%!-%&":!("A0,1!"9!9&&,!Q"-%!9&#&:0(!?6?("?!92(.),6 (!"+",&!?(099&9G!

",?(21",A!-%&!?6?("?!-:".(2):)+&-%6(!"+" ,&F!;&#&:0(!:&9&0:?%!A:)2*9!%0#&!",#&9-"A0-&1!-%&!

011"-"),! ).! ",1)(&9!0,1! *6::)(&9! -)! -:".(2):)+&-%6(!0(1"+",&9!0,1!=&-"+",&9!? 0-0(67&1!

46! O>]@J51&:"#&1! ?%":0(! *%)9*%):"?! 0?"19F! 8 0! 0, 1! ?)Q) :=&:9! %0#&! 1"9?()9&1! 0,!

):A0,)?0-0(6-"?! &,0,-")9&(&?-"#&! -%:&&5?)+*),&,-! R:"&1&( 53:0.-9! 0+",)0(=6(0-"),! ).!

",1)(&9! Q"-%! 0(1&%61&! 92::)A0-&9! 0, 1! 0,"(",& ! g;?%&+&! V<UF̂T! <! 42(=6! VG^GW5

-:"+&-%)S60,"(",&! * :)-&?-",A! A:)2* ! "9! "+* ) :-0,- G! 09! -%&! ?)++),(6! 29&1 ! /8/ 5!

9249-"-2-&1! 0,"(",&! (&019! -)! :0?&+"?! *: )12?-F!$%&! 29&! ).! 2,*:)-&?-&1! ",1)(&9! "9! 0(9)!

?:"-"?0(C!N54&,76(! 0,1! N50?&-6(",1)(&9! 0:&! 2,:&0?-"#&G! Q%"?%! -%&! 02-%):9! 0--:"42-&! -)! 0!

:&K2":&1!Q&0=! %61:)A&, 54),1",A ! ",-&:0?-"),! ).! -%&! ",1 )(&! ]r [! 0,1! *%)9 * %):"?!0?"1F!

O6*:) 12?-9!0:"9", A!.:)+!4"9 5", 1)(&!0:6(0-"),!09 !Q&((!09!0--0?=!).!-%&!,2?(&)*%"("?!",1)(&!

), -) !&(&?-:)*%"("?!-:".(2):)0?&-0(1&%61&!0:&!,)-!)49&:#&1!",!0 , 6!&S0+*(&F!



!
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!

D93(1() F+)G3$':/)=30<>30' $9)59$?,G:2: /4H(?)I6?0/ (@=4''0/()5 ??$2$06<))

!<( -%)2A%!-%&!(&,A-%6!:&0?-"),!-"+&9!0:&!,)-! "1&0(G!0!A&,&:0(!9?)*&!).!",1)(&9!?0,!

4&! -)(&:0-&1! ",! -%"9! :&0?-"),G! *:)#"1",A! s`WCW! &:! ",! A:&0-! 6"&(19F!@-%&:!",1)(&c*6::)(&!

011"-"), !+&-%)19!29",A!?%":0(!* %)9*%):"?!0?"19!%0#&!4&&,!:&*):-&1!09!Q &((!g;?%&+&!VOUC!

O) (+ ! 0,1! ?)Q ):=&:9! 9%)Q&1! ",1)(&! 011"-"),9! -)! 0,! N5O)?! -:".(2):)+&-%6(*6:2#0-& 5

1&:"#&1!"+",&!Q"-%!*%)9*%):"?!0?"1!EJF̂M!;249&K2&,-(6G!-%&!@%9%"+0!A:)2*!1"9?()9&1!0!

1":&?-!&,0,-")9&(&?-"#&!R:"&1&(53:0.-9!0(=6(0-"), !).!2,*:)-&?-&1! ! 5=&-"+",)!&9-&:9!29",A!

0,! 2,9 6++&-:"?0(! ?%":0(! *%)9*%):"?!0?"1! .):! ",1)(&! 0,1! *6: :) (&! 011"-"),9F̂ V!<="60+0!

%09!0(9)! :&*):-&1! 0! R:"&1&(53:0.-9! 0(=6(0-"),! Q "-%! *6::)(&9! 0,1! ", 1)(&9! Q"-%!] a[ !3RV!

=&-"+",&9!29",A!-%&!90+&!?%":0(!*%)9*%):"?!0?"1!?0-0(69-F̂^!$%&!J",!A :)2*!%09!:&*):- &1!

9&#&:0(!&S0+*(&9!).!" ,1)(&!?)2*(",A9!Q"-%!3R V!"+",&9 F̂W5̂ \ !!

N
H

G

CF3MeO

OH

H2N

OMe

MeO OMe

10 mol % L5

CH2Cl2, 4 • MS

22 ¼C, 24Ð72 h

O

O
P

OH

O

R

R

R = 2,4,6-(iPr)3C6H2

(1.5 equiv)

(1.5 equiv)

A. Ma (2008):

CF3

HN
Ar

N
H

G

+

   9 examples
up to 99% yield
   up to >99:1 er

B. Subsequent Studies in Additions to Ketimines

CF3

N

CF3

N
H

EtO2C

Boc

(Bolm, 2011)

Ar

(Akiyama, 2019)

N
H

G
+

CF3

N

EtO2C

H

(Ohshima, 2018)

L5



!

TV!

*A*A! A! )5 /K4/:2$06)D2':2(%$(<L)D2'(9K(' L):6?)7:66$93)M( :92$06<)

$%&!?),9-:2?-"), ! ).! ! 5-:".(2):)+&-%6(!0+",&9! 4&0:",A!0,!0("*%0-"?!A:)2*!0- !-%&!

9-&:&)A&,"?!?&, -&:!"9!0,!"+*):-0,-!A)0( !",!):A0,"?!96 ,-%&9"9G!09!-%&6!0:&!0!#0(204(&!9249&-!

).! ?) +*)2,1 9F!H&A0:1(&99G! +&-%)19! -)! 0??&99! -%&9&! +)-".9! -%:)2A%!?0-0(6-"?!

&,0,-")9&(&?-"#&!9-:0-&A"&9!:&+0",!("+"-&1F!< ,!&S*():&1 !0#&,2&!.):!-%&":!96, -%&9"9!"9!-%&!

29&! ).! ): A0, )+ &-0(("?! :&0A&,-9F! R):! ", 9-0,?&G!) :A0,)7",? ! 011"-"),9! -)! "+",&9! %0#&!

*:) #"1&1! 0,! 0(=6(0-"), ! :)2-&! -) ! -%&!A&,&:0-"),! ). ! ! 5-:".(2):)+&-%6(! -&-:09249-"-2-&1!

0+",&9 F!!

!

))))))))D93(1() N+)5??$2$06)0.)O$0'%:60H$69<)20)5'4/) G#F)P(2$1$6( <)

>,! MNNXG! 3%0:&--&! 0,1! ?)Q):=&:9! 1"9?()9&1!0! 325?0-0(67&1! &,0,-")9&(&?-"#&!

011"-"),! ). ! 1"0(=6(7",?! :&0A&,-9! -)! N5*%)9*%",)6(! "+",& 9! A&,&:0-&1! in situ! .:)+!

%&+"0+",0(9! g;?%&+&! ^<UF̂` ! $%&9&! %&+"0+",0 (9! 9&:#&! 09! 0! 92::)A0-&! .):! -%&!

?)::&9* ),1",A! "+",&9! 0 ,1 ! Q&:&! ?%)9&, ! 09! -%&6! 0:&! +):&! 0": 59-04(&! 0,1! &096! -)!

+0,"*2(0-&!9)("19 F!$%&!*:&9&,?&!).!-%&!*%)9*%",)6(!+)"&-6!09 !0,!0?-"#0-",A!A:)2*!),!-%&!

,"-:)A&,! : &,1&:9! 0! +):&! 0?-"#&! &(&?-:)*%"(&! .):! -%"9! ?)2*(",A! 42-! :&K2":&9!?(&0#0A&!46!

Ar OEt 4.0 equiv Me2Zn
toluene, 0 ¼C, 48 h

5 mol % [CuOTf]2!toluene
5 mol % L6 P

P
L6

O

NHF3C

Ph2(O)P

Ar Me

NHF3C

Ph2(O)P

Et

NHF3C

Ph2(O)P

Br
90 ¼C, 9 h

Et

NH3ClF3C

Br

12.0 M aq HCl

84% yield

   9 examples
up to 89% yield
   up to >99:1 er

A. Charette (2006):

B. Cleavage of Phosphinamide:



!

T !̂

%&0-",A! -%&! 1":&?-! *%)9*%",0+"1&! *: )12?- ! ",! ?),?&, -:0-&1! [ 3( ! 0-! `N! t3 ! .) :! `! %G!

0..):1 ",A !-%&!.:&&!0+",&9!g;?%&+&!^OUF!;"+"(0:(6G!-%&![)#&61 0!0,1!;,0**&: !A:)2* 9!%09!

0(9)! :&*):-&1! 0! +&-%6(0-"),! ).! 0:6( 59249-"-2-&1! -:".(2):) =&-"+",&9! 29",A! 1"+&-%6(7",?!

+&1"0-&1!46! 0! 7":?), "2+! ?0-0(69-! 4&0:",A! 0! * %&,6(0(0,",&a#0(",&! 1&:"#&1! 1"* &*-"1&!

("A0,1FWN!

*A*A! AF)D2'(9K(' ):6?)7:66$93)M( :92$06<)

; -:&?=&:! :&0?-"),9! %0#&! *:)#" 1&1! 0! :&("04(&! :)2-&! .):! 0??&99",A ! ! 50+", )! 0?"19G!

0,1! -%29G!&,0,-")9&(&?-"#&! #&:9"),9! %0#&! A0: ,&:&1! ?),9"1&:04( &! 0--&,-"),F WT! 360,"1&!

011"-"), 9! -)!=&-"+",&9! *: ) #"1&!0, !0#&,2&!-)! ! ,! 51"9249-"-2-&1!0+",)!0?"19G!Q%"?%!0:&!

"+*):-0,-! +)-".9! .):! ",-:)1 2?",A! 9&?),10:6! 9-:2?-2:&! -)! *&* -"1&9! 0+),A! )- %&:!

0**("?0-"),9F! $%&! 011"-"),! ).! ?60,"1 &! -)! 3RV59249-"-2-&1!=&-"+",&9! %09! 0(9)! 4&&,!

&S*(): &1F!;-&:&) 9&(&?-"#&! 96,-%&9"9! ).! -%"9! +)- ".! %01! "," -"0((6! *:)?&&1&1! 29",A! ?%":0(!

02S"("0:"&9! 4)2, 1! -)! -%&!"+",&! ,"-:)A& , WM5WV! 42-! ", ! MNTNG!Z,1&:9 ! 1"9?()9&1! -%&! .":9-!

&,0,-")9&(&?-"#&! ;-:&?=&:! 96,-%&9"9! ).!! 5K20-&:,0:6! ! 5-:".(2):)+& -%6(0-&1! 0+",)! 0 ?"19!

29", A!$0=&+)-) Y9!-%")2:&0!?0-0(69-!EQ!-)!0. .):1! ! 50+", )!,"-:"(&9!",!&S?&((&,-!6"&(19!0,1!

&,0,-")9 &(&?-"#"-"&9! g;?%&+&! W< UFW!̂ $%"9!Q09! *0:-"?2(0:(6! "+*):- 0,-! 09! -%&! 011"-"),! ).!

?60,"1&!-)!=&-"+",&9!%01!4&&,! :&*) :-&1!42-!Q&:&!2920((6! ("+"-&1! -)!+&-%6(!=&-"+",&9 F!

$8;3]! Q09 ! ?%)9&,! 09!-%&! ?60,"1&! 9)2:? &!0,1! 0! 4" .2,?-"),0(! 2:&0! ?0-0(69-! *:)#"1&1!

:&0?-"#"-6F!<! 9"A,"."?0,- !1:0Q40?=!-) !-%"9!+&-%)1!"9!-%&!(),A!:&0?-"), !-"+&9!,&&1&1G!-%&!

9%):-&9-!).!Q%"?%!"9!W!1069!0,1!9)+&!-%0-!:&K2":&!2*!-)!M_!1069F!
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))))D93(1() J+)-3$0&'(:):6?)R'(: ,G:2:/4H(?)D2'(9K(') M(:92$06<)S$23)G#F)P(2$1$6(<)

<,)-%&:!;-:& ?=&:!:&0?-"),! .):!-%&!?),9-:2 ?-"),!).!&,0, -")&,: "?%&1!-:".(2):)+&-%6(!

1"%61:)K2",07)( ",),&9! %09! 4&&,! 1&#&()*&1F! $%&! I0,A! A:)2*! %0#&! 29&1! 0! K2",",& 5

1&:"#&1! ?%":0(! ?0-0(69-!ET) .) :! -%&!011"-"),! ). ! ?60,"1&! -)! -:".(2):)+& -%6(! MgTHU5

K2",07)(",),&9 !g;?%&+&!WOUFWW!$%"9!:&0?-"),!"9!9-"((!?),9"1&:04(6!9()QG!:&K2":",A!2*!- )!X!

1069!.):!?)+*( &-&!?),#&:9"),!).!9)+&!9249- :0-&9F!<,)-%&:!?0:4), 5,2?(&)*%"(&!011"-"),!

&..) : -!%09!4&&,!+01&!46!-%&!90+&!A:)2*!",# )(#",A!?)2*(",A!).!,"-: )0(=0,&9!-)!- %"9!90+&!

"+",&!9?0..)( 1FWX!8 ): &! :&?&,-(6G! -%&!Pu:-"!A:)2 *!0(9)!1"9?()9&1!-%&!.":9-!1":&?-!?0-0(6-"?!

&,0,-")9&(&?-"#&! 0((6(0-"),! ).! 0?6?("?! ! 50+",)! =&-) &9-&:9! -)! 0..):1! ! 50((6(5 ! 5

-:".(2):)+&-%6(!0+",)&9-&:9FW_![)Q& #&:G!-%&!9?)*&!).!-%"9!:&0?-"),!"9!("+"-&1!-) !011"-") ,!

).! 0((6(4):)," ?!0?"1! *",0?)(! &9-&:G! ("+"-",A!-%&! 2-"("-6! ).! -%"9!+&-%)1F!<,)-%&:! 29&! ).!

0((6(0-"),! .):! -%&! ?),9-:2?- "),! ).! &,0,-")&,:"?%&1! ! 5-:".(2):)+&-%6(! 0+",&9! Q09! 46!

R CF3

N
Ar

5.0 mol % L7
2.0 equiv TMSCN

i-PrOH/DCE, 22 ºC
5–27 days N

H
N
H

S

CF3

F3C
NMe2L7

R CF3

NC NH
Ar

   18 examples
up to 99% yield
  up to >99:1 er

A. Enders (2010):

N
PMB

N

CF3

O
R

N

N
H

N
H

S
Ar

N

MeO
Ar = 3,5-(F3C)2C6H3

L8

   10 mol % L8
2.0 equiv TMSCN

2.0 equiv EtOH
CH2Cl2, –78 °C

1.5–6 days
N
PMB

NH

O
R

F3C CN
    9 examples
 up to 98% yield
up to 98.5:1.5 er

B. Wang (2013):



!

TX!

I0 9&:W\G! ",!Q%"?%!0! /15?0-0(67&1!0((6(0-") ,! ).! -:".(2):)*6:2# 0-&51&:"#&1! "+", &9!Q"-%!0!

9?)*&!).!0((6("?!0?&-0-&9!Q09!&S* ():&1 F!

80,," ?%! :&0?-"),9! %0#&! 0(9)! 4&&,! 29&1! .):! -%&!?0-0(6-"?! &,0,-")9&(&?-"#&!

96, -%&9"9! ).! ! 5-:".(2) :)+&-%6(! 0+" ,&9FWXG! W`5XV! $%&9&! :&0?-"),9! 0:&! -6*"?0((6! *:)+)-&1!

&"-%&:!46![ 54) , 1!1), ):!):!?%":0(!0+" ,&!?0-0(69-9F!>,!MNNWG!;"+v , 5R2&,-&9!0,1!?)Q) :=&:9!

1&9?:"4&1!0!1"09-&:&)5!0,1!&,0,-")9&(& ?-"#&!80,," ?%! :&0?-"),! 09!0! :)2-&! -)! .(2):",0-&1!

syn!1,3" 0+",)!0(?) %)(9!29",A!gLU5*:)(", &!09!0!?0-0(69-!g;?%&+&!XUFX !̂gLU5*:)(",& !%09!0(9)!

4&&,! 29&1! 09! 0! ?0-0(69-! ",! ) -%&:! 80,, "?%! 011"-") ,9 ! 0,1 ! -%"9! +&-%)1! ) ,(6! 0(()Q9! .):!

", -:)12?-"),! ).!1"#&:9"-6!",-) !-%&!! 5.(2):)0(=6(!?%0", !0,1! -%&!! 50(=6(!A:)2*F!

!

))))D93(1() U+)='0/$6( ,G: 2:/4H(?)7:66$93)5?? $2$06)20)G#F)5/?$1$6(< )

<(-%)2A%! -%"9! :&0?-") ,! "+* :)#& 9! ),! *:& #")29! Q):=G! 6"&(19! .):! -%"9! +&-%)1! 0:&!

,)-!)*-" +0 (G!0,1!),(6!0 !9+0((!9249-:0-&!9?)*&!"9!&S*():&1F!8):& !9)G!(),A! :&0?-"), !-"+&9!

0,1!-&+*&:0 -2:&59&,9"-"#&!?),1"-"),9 !0:&! :&K2":&1F!8):&! :&?&,-(6G!$:)9- !%09!1&#&()*&1!

0,! &,0,-")9&(&?-"#&! #", 6()A)29 ! 8 0,," ?%! 011"-"),! ).! 42-&, )("1&9! -)! -:".(2):) +&-%6(!

0(=6,6(! =&-"+",&9! -)! .2:, "9%! -: ".(2) :)+&- %6(! 0+",&9! Q"-%! -Q)! ?),-"A2)29! 9-&:&)A&,"?!

?&,-&:9!29",A!0!e, 5/ :)/%&,)(!?0- 0(69-FXW!!

N

HF3C

10 mol % (L)-proline HN

CF3

PMP

NMP, Ð20 to 0 ¼C, 3 days;
then NaBH4, MeOH

PMP

(2.0 equiv)
+

ROHC

R

HO

Simon-Fuentes (2005):

    4 examples
 up to 41% yield
   up to >99:1 er
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*A*A! AN)5 /K464/:2$06)D2':2(%$(<)

Z, 0,-" ) &, :"?%&1!*:)*0:A6(0+",&9! %0#&! &+&:A&1! 09! 96,-%&-"?! ",-&:+&1"0-&9! .):!

,0-2:0(! *: ) 12?-9! 0,1! ?)+*)2,19! ).! *%0:+0 ?&2-"?0(! :&(&#0,?&F! 3),9&K2&,-(6G!

&,0, -")9&(&?-"#&! 011"-"),! ).! -&:+",0( ! 0(=6,&9! -)! "+",&9 ! %0#&! A0",&1!0--&,-"),! .:)+!

):A0,"?!?%&+"9-9F!<! 9"A,"."?0,-!,2 + 4&:!).!9-:0-&A"&9!&+*()6" ,A!-:0 ,9"-"),!+&-0(!?0-0( 69-9!

%0#&!4&&,!&9-04("9%&1!",?(21",A !-%)9&!A&0:&1!-)Q0:19!-%&!96,-%&9"9!).! ! 53RV!* :)*0:A 6("?!

0+",&9F! @,&! "+*):-0,-! 0(=6,6(0-"),! :&0? -") ,! ",#)(# &9! -%&! 011"-"),! -)! 3RV59249-"-2-&1!

K2",07)(", ),&9!.) : !-%&!?),9-: 2?-"),! ) .!] ), 5] 2?(&)9"1&!H&#&:9&!$:0,9?:"*-09&!>,%"4"-): !

g]]H$> U!0,0()A2&9!Q%"?%! %0#&!4&&,! &S*():&1! 09![>w! -%&:0*&2-"?9FXX! /: &#")29! &..):-9!

A&0:&1!-)Q0:19!-%&!?),9-:2?-"),! ) .! -%&9&!?)+*)2,19! ?)+ *:"9&1!1"09-&:&)9&(&?-"#&!TG^5

011"-"), ! ) .! 0! +0A,&9"2+! 0 ?&-6("1&! -)!K2",07)( ",),& 9! ?),-0",",A! 0! ?%":0(! 02S"("0:6!

9249-"-2&,-X_5X\! ):! TGM5&,0, -")9&(&?-"#&! 011"-"),! ).! 0! ("-%"2+! 0?&-6("1&G!?)):1",0 -&1! 46!

?",?%),0!0(=0()"19G!-)! ?6?("?!N50?6(!=&-"+",&9 FX`!$%&9&!+&-%)19!:&K2":&1!-%&!29&!).!VaW!

&K2"#0(&, -9! ).! ):A0,)+&-0 (("?! 0?&-6("1&9! 0-! ()Q! -&+*&:0-2:&! gaXN!t3! -)! a_W!t3U! 0,1!

2,1&:! 9 -:),A(6! 409"?! ?),1 "-"),9G! 1&?)+*)9"-"),! ).! -%&! * :)12?-! Q09! )49&:#&1F! <(9) G!

0,)-%&: !?%0((&,A&!", !*:&*0 :",A !-%&9&!]]H$>9!"9!.):+",A!- %&!-&:-"0:6!?0:4",0+ ",&!",!0,!

&,0,-")9& (&?-"#&! .09%"),F! [)Q&#&: ! ",! MNNĜ!E"0,A! 0,1! 0! ?)Q):=&: ! :&* ):-&1! 0! 1":&?-!

0(=6,6(0-"), ! :&0?-"),!0-! :))+! -& + * &:0-2:&!2-"("7",A!0!9-)"?%")+&-:"?!?%":0(!7",?a0+", ) !

0(?)%)(! ?)+* (&SG! A&,&:0-",A! 1"%61:)K2",07)(",) ,&9! &.."?"&,-(6! ", ! %"A%! 6"&(1!0,1!

&,0,-")9&(&?-"#"-6F_N! $&:+",0(! TGV5&,6,&! 011"-"),9! -)! -%&9&! ?6?("?! -:".(2):)+ &-%6(!
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=&-"+",&9!%0#&!0(9)!4&&,!:&*):-&1 !:&?&,-(6!46!e%0,AG!80G!0, 1!?)Q):=&:9 !g;?%&+&!_<UF_T!

<(- %)2A%G! 0! 9-)"?%")+&-:"?! 0+)2,-! ) .! 1"+&-%6(7",?! "9! :&K2":&1G! 0! 9249-)"?%")+&-:"?!

K20, -"-6! ).! -%&!?%":0(! O>]@J! ?0-0(69-!EV) ?0,! *:)+) -&! -%&! :&0?-"),! &.."?"&,-(6F! $%&!

9249-:0-&! 9?)*&! "9! -) (&:0,-! -)! 0 :6(! 0,1! 0(= 6(! 9249-"-2-&1!=&-"+ ",&9G! 0,1!,)-04( 6G! -%&!

* :)12 ?-9!?0,!4&!?:69-0(("7&1!-)!%"A%&:!(&#&(9!).!&,0,-")*2:"-6F!!

e%0,A! 0, 1! ?)Q):=&:9 !%0#&! 0(9)!+01&! "+*):- 0,-! ?),-:"42-"),9! -)! 0(=6, 6(0-"), !

:&0?-"),9 F!O2"(1",A! ),! -%&": ! &..):-9! Q"-%! -:".(2) : ) *6: 2#0-&51&:"#&1! =&-"+", &9G_M! -%&6!

1&#&()* &1! 0! O>]@J5?0-0(67&1! 0(=6,6(0-"),! ).! 0? 6?("?! -:".(2):)+&-%6 (! =&-"+" , &9! 46!

&+*()6",A !9-)"?%")+&-:"?!1"+&-%6(7",?!0,1!0!92 49-)"?%")+&-:"?!K20,-"-6! ).!0! 1"..&:&, -!

O>]@J! 1&:"#0-"#&! E*" ! g;?%&+&! _OUF_V! ! $%&! -2,04"("-6! ).! 4)-%! -%&! ?%":0(! ?0-0(69-! 0,1!

*: ) -&?-",A!A:)2*!).!-%&!=&-"+", &!*:)#" 1&!96, &:A"9-"?!&..&?-9!),!:&0?- "#"-6!.): !-%"9!+&-%)1!

1&#&()*+ &,-F!8 )1"."?0-"),!).!-%&! N5*:)-&? -",A!A:)2*! 46!",-: )12? ",A!0!p5,"-:)!A:)2*!-)!

",?:&09&!&(&?-:)*%"("?"-6!0,1!0(-&:",A !-%&!9-&:"?!0,1!&(&?-:)," ?!&..&?-9!0-!-%&!VGVY!*)9"-") ,9!

) .!O>]@J!Q09!?:2?"0(!-)!:&0?-"),!&. ."?"&,?6F!N50:6(!=&-"+",&9!Q&:&!011&1!-)!-%&!9?)*&!).!

-%"9! :&0?-"),! -)! *:)#"1 &! -%&!?)::&9*),1",A !0(=6,6(0-&1!0+",&! *:)12?-9! ",!A))1! 6"&(19!

0,1! &,0, -")9&(&?-"#"-"&9F!30-0(6-"?! &,0,-")9& (&?-"#&! 011"-"),9! ).! -&:+",0(! 0(=6,&9! -)! N5

*:)-&?-&1!"+",&9!). !-:".(2):)* 6:2#0-&9!29",A!H%!0,1!e,!?0-0(69-9!%0#&!4&&,!:&*):-&1!46!

@9%"+0!0,1! 8 0G!:&9*&?-"#&(6F_^5_W!!

!
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D93(1() Q+)B6:62$0<(/(92$;( )5/K46()5??$2$06<)20)-'$ ./ &0'0 1(234/)I1$6(< )

1.1.3 Imine Umpolung Strategies 

B+*)(2,A! + &-%)19! 0:&! :)429-! -&?%,)()A"&9! -%0-! &,04(&!1":&?-! 96,-%&9"9! ).!

1"..&:&,-! -6*&9! ).! ?%":0(! 0+",&9! -%0-! 0:&! +):&! ?%0((&,A",A! Q"-%! 0! ,) :+0(! *)(0:"-6!

0** :)0?%F!R):! &S0+*(&G! -%&!011"-"),! ).!-:01"-"),0(! , 2?(&)* %"(&9! -)!&(&?-:)*%"("?! "+",&9!

("+"-9!-%&!?%&+"?0(!9*0 ?&!-%0-!+06!4&!A&,&:0-&1!.): !-%&!*:&*0:0-"),!).!?%":0(!0+",&9F!$%&!

1&#&()*+&,-!).!2+*)(2,A!?%&+"9-:6!",!3 a3!4),1!. ) :+",A!:&0?- "),9!0(() Q9!0!1"..&:&,-!

42-!*:0? -"?0(!0**: )0?%!-)!- %&!96,-%&9"9!).!,"-:)A&,!?),-0 ",",A!+) (&?2(&9F!H&,1&:",A!-%&!

?0:4),! 0-)+! ).! "+ ",&9! &(&?-:),5:"?%! ?:&0-&9! 0! ,&Q! ?(099! ).! ,2?(&)*%"(&9G! -%&:&46!

.0?"("-0-",A! -%&! 1&#&()*+&,-! ).! ,&Q! ?%&+"?0(! -:0,9.) :+0-"),9! 0, 1! )**):-2, "-"&9F! $%&!

:&#&:9&5*)( 0:"-6!:&0?-"#"-6!). !"+",&9!%09!4&&,!29&1!",! 1"..&:&,-!+&- %)19!0,1 !*:)#"1&9! 0!

F3C R1

N

NO2MeO
5 mol % L10

1.2 equiv Me2Zn
OH
OH

Me

Me
toluene, 30 ºC

19–48 h

+ R2 H
(1.7 equiv)

R1 CF3

NH

R2

O2N

L10

OMe

N
PMB

N

CF3

Cl

O

H

toluene, 10 ºC, 24 h N
PMB

NH
Cl

O

F3C

(4.0 equiv)

10 mol % L9
3.0 equiv Me2Zn

OH
OH

Ar

Ar

Ar = 3,5-(3,4,5-F3C6H2)2C6H3

L9

R

R

A. Zhang and Ma (2018):

   22 examples
up to 97% yield
up to 98.5:1.5 er

  15 examples
up to 98% yield
  up to 97:3 er

B. Zhang (2013):

R = aryl, alkyl

R1  = aryl R2 = aryl, alkyl,
           or silyl
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*:)+ ",&,-!*):-0(!-)! 1"#&:9&!?(099!).!0+",& 9!",!A&,&:0(G!42-!9*&?"."?0((6!0(9)!&S*():&1!.):!

&,0,-")9&(&?-"#&!?),9-:2?-"),!). !! 5-:".(2):)+ &-%6(!0+",&9F!

<,)-%&:! #"04(&!:)2-& ! -) ! ! 5-:".(2):)+&-%6(! 0+", &9! "9! -%&! "9)+&:"70-"),! ).! N5

4&,76(! 3RV! =&-"+ ",&9p! 0! *0-%Q06! -%0-! "9! 2-"("7&1! 46! /J / 51&*&,1 &,-! -:0 ,90+",09&9 F_X!!

Z0:(6! 0--&+*-9! 0-! 0! hTGVi5*:)-) -:)*"? ! 9%".-! Q&:&! +&-! Q"-%! ("+"-0-"),9! 09! 1&9?:"4&1! 46!

;)()9 %),)= G__! Q%&:&! 0! :)) +! -&+*&: 0-2:&! "9)+&:"70-"),! ).! N54&,76(!

-:".(2): )+ &-%6(*%&,6(!"+",&9!?0-0(67&1!46!0!?",?%),"1",& 51&:"#&1!):A0,"?!?0-0(69-!Q09!

*&:.):+&1! ",! 2*! -)! X_FWCVMFW! &:! 0,1! (),A ! :&0?-"),! -"+&9F! $)! 4:)0 1&,! -%&! 9?)*&G!

/(0K2&#&,-! 0,1! ?)Q ):=&:9_\ ! 0--&+*-&1! -)! &+*( )6! 0("*%0-"?! "+",&9! Q%"?%! .0:&1! &#&,!

Q):9&!-%0,!-%&!0:6(!?)2,-&:*0:-9G!:&K2":",A!0!9"A,"."?0,-(6!&(&#0-&1!-&+*&:0-2:&!gWNaTNN!

t3UF! [)Q&#&: ! ",! MNTMG! J"! '&,A! 0,1! ?) Q):=&: 9! 011:&99&1! -%)9&! "992&9!via! 0,!

&, 0,-")9&(&?-"#&!):A0, )?0-0(6-"?!"9)+&:"70-"),! ).!0:)+0- "?!0,1 !0("*%0-"?!"+",&9!0-!:) )+!

-&+*&:0-2:&! - )! .2:,"9%! -:"9249-"-2-&1!! 5-:".(2):)+&-% 6(! 0+",&9! ",! A))1! 6"&(19! 0,1!

&,0,-")9&(&?-"#"-6!g;?%&+&!\<UF_`!3:2?"0(!-)!- %&!92??&99!).!-%"9!:&0?-"),!"9!-%&!"1&,-"-6!).!

-%&!*%09&!-:0,9.&:!?0-0(69-!g/$3U !Q%"?%!?),-0", 9!0!.:&&!`5%61:)S6!A:)2* !0,1!0,!&(&?-:), 5

Q"-%1:0Q",A! ?%(): "1&! ),! -%&! K2",)(",&! :",A! -%0-! &,04(&! %"A%&:! ?),#&:9"),9F ! $%&!

0.):&+&,-") ,&1!9-21"&9!46!;)()9%),)= !0,1!/(0K2&#&,- !%01!9%)Q,!-%&!"+*):-0,?&!).!-%&!

0?-"#0-",A!A:)2*!),! ,"- : )A&,!.):!"9)+& :"70-"),!).!"+ ",&9!0,1!-%"9!Q):=!*:)#"1&1! +) :&!

&#"1&,?&! 09! -%&! ",-:)12? -"),! ).! 0, ! &(&?-:), 5Q"-%1:0Q", A! para5,"-:) ! 4&,76(! A:)2* !

0(()Q &1!0,! ", ?:&09&!",! ?),# &:9"), F!<:6( 59249-"-2-&1! "+",&9!0:&!04(&! -)!4&!?),#&:-&1! -) !
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-%&!1&9":&1!"9) +&:!0-!()Q!-&+*&:0-2:& !gaVN!t3U!Q"-%!&(&?-:), 5Q"-%1:0Q", A!9249-"-2&,-9!

). .&:",A !+):&! :&0?-"#"-6! -%0,! &(&?-:), 51) ,0-",A !?)2,-&:*0:-9F! <(=6( 59249-"-2-&1!"+ ", &9!

?0,!0(9)!4&! -)(&:0-&1G!0(4&"-!Q"-%!0! :&(0-"#&(6!%"A%&:! :&0?-"),! -&+* &:0-2:&!gTN!t3 UF!$%&!

0?-"#0-", A! A:)2*! ),! -%&! 0(1"+", &! *:)1 2?-9! ?0,! 4&! %61:)(67&1!2,1&: ! + "(1! 0?"1"?!

?),1 "-"),9! -)! 1&("#&:! -%&! 0++) ,"2+! ?%(): "1&! 90(-9! ",! %"A%! 6"&(1G! Q"-%)2-! &:)9"),! ).!

&,0,-")*2:"-6 !g;?%&+&!\OUF!

!!!!!!!!!!!!!!!!! !

D93(1() T+)I<01('$H:2$06)0.)I1$6(<):6?)59 2$;:2$6%)W'0&>)M(10;:/ )

;%):-(6! 0.-&:! -%"9!Q):=G! ;%"! 0,1! ?)Q):=&:9! :&*):-&1! -%&! &,0,-")9&(&?-"#&!

*:)-) -:)*"?! 9%".-! 29", A! 0! 1"..&:&,-! ?",?%), 0! 0(=0()"1! ?0-0(69-! 09!Q&((F\N! $%&! 29&! ).!

?",?%) ,0 51&:"#&1! 0(=0()"19! ",! -%&! ?),9-:2?-"),! ).! ! 5-:".(2):) +&-%6(! 0+",&9! 29",A!

2+* ) (2,A!:&0?-"#"-6!%09!4&&,!Q"1&(6!&S* ():&1 !46!'&,AF !R)(()Q",A! -%&":!0.):&+& ,-"),&1!

MNTM!Q) :=G!",!MNTWG!'&,A!0,1!? ) Q):=&:9!&(2?"10-&1!0,!2,*:& ?&1&,-&1!1&#&()*+ &,-!). !

,&Q! -2, 04(&! ?%":0(! *%09&! -:0,9.&:! ?0-0(69-9! -%0-! *:)+)- &!0! %"A%(6! &,0,-")9&(&?-"#&!

2+*)( 2, A!:&0?-"),!).!"+",&9 !Q"-%!-%&!&(&?-: )*%"("?!&,0(9F\T!!

R CF3

N

Ar
10 mol % L11

CH2Cl2 or toluene (1.0 M)
   –30 or 10 ºC, 24–72 h
        Ar = 4-(O2N)C6H4

R CF3

N

Ar

N

OMe

Cl

OH

A. Deng (2012):

L11

Ph CF3

N

Ar

75% yield, 95:5 er

1.0 M aq HCl

THF, 22 ºC, 2 h Ph CF3

NH3Cl

96% yield

N
Me

B. Activating Group Removal:

R = alkyl or aryl

   13 examples
up to 81% yield
   up to 97:3 er



!

MM!

!!!!! !

))))))D93(1() V+)E$)O(6%X<)R1> 0/&6%)D2':2(%4)$6)G06Y&%:2()5??$2$06)

$%&9&!+)1"."&1! /$39G!",!?),d2,?-"),!Q"- %!0!409&G!?0,!+&1"0-&!-%&!1&*:)-),0-"),!

).! " +",&9G!(&01",A!-)!-%&!.): +0- "),! ).!0!M 50700((6(!0,"),G!Q%"?%!"9!*)"9&1!.):!?),d2A0-&!

011"-"),!- ) !&,0(9!",!0!%"A%(6!?%&+)5G!:&A")5G!1"09-&:&)5G!0,1!&,0,-")9 &(&?-"#&!.09%"),F!>-!"9!

*:)*) 9&1!-%0-!-%&!&(&?-:),"? !0,1!9-&:"?!,0-2:&!).!-%&!N54&,76(!A:)2*!gH VU!),!-%&!/$3!"9!

?:2 ?"0(! -)! ?%&+)9&(&?-"#"-6! g?),d2A0-&!011"-"), ! #&:929! *:)-)-:)*"?! 9%".-U ! 0,1 ! #" #!

",-&:0?-"),9 !4&-Q&&,! -%&!=&-"+", &!0,1! -%&!?0-0(69-!0:&! ,&?&990:6! .):!1&9":&1! :&0?-"#"-6F!

$%&! :&0?-") ,! *:)?&&19! &.. "?"&,-(6! 0..):1 ",A! -%&!1&9":&1! "+",&9! ",! 2*! -)! `Nx! 6"&(1! 0,1!

`\ CM! &:F! H&0?-"),! 0 :"9",A! .: )+! 0--0?=! ).! - %&!! 53RV! ?0:4),! ("=&(6! -0=&9! *(0?&! 12&!-)!

",12?-"#&!&..&?-!).!-%&!3RV!A:)2* F!<! +",):! 46*:)12?-!0:"9 ",A!.:)+!,2?(&)*%"( "?!0--0?=!).!

R1 CF3

N

Ar

R2
CHO

CHO

R2

0.2 mol % L12
10 mol % aq KOH

toluene (0.1 M)
Ð20 ¼C, 1Ð12 h

 Ar = 4-(O2N)C6H4

N

R3N

OR4

Br
OTBS

PhPh
R4 = N

N

Ph

Cl

Ph

R3 =

(2.0 equiv)

+

 L12

R1

F3C N

Ar

R1 CF3

N

Ar

CHO

R2

N

F3C

Ar

R1

+

major minor

B. Additional Michael Acceptors:

C(O)MeF3C N

Me

Ar

94% yield, 96:4 er

F3C N

Me

Ar

95% yield, 97:3 er

N

O76% yield (1¼ alcohol)
96:4 er, >20:1 dr

CHO

F3C N

Ph

Ar

Me
F3C N

Me

Ar

91% yield
>99:1 er, >20:1 dr

O
O

A. Deng (2015):

  for major product:    
     33 examples
   up to 90% yield
       up to 98:2 er
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-%&!)- %&:!! 5?0:4),! ) ,! -%&! &,0(! ?0,! 0(9)! 4&! )49&:#&1G! 42-!",! #&:6 ! 9+0((! K20, -"-"&9!

g;?%&+&!`<UF!!

>-! 9%)2(1! 4&! ,)-&1! -%0-! -%&! +0d):! *:)12?-! ?)2 (1! 0(9)! 4&! .):+&1! via! 0! hVnMi!

?6?()01 1"-"),!4&-Q&&,! 9-0:-",A !"+",&!0,1!&,0(!.) (()Q&1!46!0!:&-:) 580,," ?%!:&0?-"),!42-!

T[! 0,1! T`R! ]8H! 0,0(69 &9! 1"1! ,)-! 9%)Q! 0, 6! .):+0-" ),! ).! -%&! hVnMi! 0112?-! 2*), !

+), "-):", A!-%&!:&0?-"),F! <.- &:!&S*():0-"),! ).!& , 0(9!09!0??&*-):9!.):! -%"9!011"-"),G! '&,A!

%09!9",?&!&S*0,1&1! -%&!9?)*&!). !-%"9!:&0?-"),F!$%"9!?),d2A0-&!011"-"),!? 0,!4&!0**( "&1!-)!

! ,$52,90-2:0-&1!&,), &9G\M!N50?6(!*6::)(& 9G\V!! 59249-"-2-&1!&,0(9G\^ !0,1 !&9-&:9\W!Q"-%!&0?%!

?)2*(",A!*0: -,&:!1&("#&:",A !* :)12?-9!",!&S?&((&,-!6"&(19!0,1!&: !g;?%&+&!̀OUF!;249-"-2-&1!

&,0(9!0,1!2,90-2:0- &1!(0?-),&9!0..): 1!*:)12?-9!Q"-%!,),01d0?&,-!):!#"?",0(!9-&:&)A&,"?!

?&,-&:9G! :&9*&?-"#&(6G!Q"-%!%"A%!1"09-&:&)9&(&?-"#"-"&9F!>, !&0?%!?09&G! )*-"+"70-"),! ) .! -%&!

?0-0(69-! Q"-%! :&9*&?-! -)! -%&!N54&,76(! A:)2*! 0,1! -%&! K2",)( ",&! :",A! Q09! :&K2":&1F!

R2:-%&:+):&G!",! -%&":!+):&!:&?&,- !?)2*(",A9!Q"-%!&9-&:9G!! 59249-"-2-&1!&,0(9G!0,1!N50?6(!

*6::) (&9G! 0! ?0-0(6-"?! -)! 9249-)"?%")+&-:"?! 0+)2,- ! *%&,)(! 01 1"-"#&! "9! &+*()6&1! -)!

92**:&99!-%&!.):+0-"),! ).!2, 1&9":&1!46*:)12?-9F!$%"9!",-:)12? -"),! ).!*%&,)(9 !09!0,!0?"1!

011"-"#&! ):! ?)?0-0(69-! ",!?%":0(! /$3! ?),d2A0-&! 011"-"),9! 0,1! 0(1)(! 011"-"),9! 9&:#& 9! -)!

",?: &09&!6"&(1!46!* :)+*-" ,A!* :)-),0-"),!).! -%&!&,)(! ", -&:+&1"0-&9!-%0-!Q)2(1!)- %&:Q"9&!

2, 1&:A)!:&#&:9&!?),d2A0-&c0(1)(!011"-"),9F!@*-"+"70-"), !) .!-%&!&(&?-:),"?9!0,1!9-&:"?9!).!

-%&!*%&,)(!A:)2*! Q09!,&?&990:6F!
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M !̂

! "=#$%&#'()*+,-./& #*0#> %2+-3#63?53#6 ( 2. &7#2.#82*3*92/-335#6/ ,2:&#
;(- 33#<*3&/43&7#

<(=6(!0+" ,&9!0:&!0, )-%&:!9249&-!).!0+",& !+)- ".9!-%0-!0:&!%&0#"(6!9)2A%-!0.-&:!",!

):A0,"?!96,-%&9"9!12&!-)! -%&":!2-"("-6!",!+&1"?",0(!0**("?0-"),9F \X!$%)2A%!-%&!%61:)A&,!

4),1",A 504"("-6! ).! -%&! (),&! *0":9! ),! -%&! ,"-:)A&,! 0-)+ ! ",! -%&! 0+",&! *:&1"9*)9&! "-! -)!

4&",A !%61:)*%"("?!0,1!9)(24(& !",!*)(0: !+&1"0G!("*) *%"("?"-6!).!-%&!0+",&!"9!&,%0,?&1!46!

-%&!*:&9&,?&!).!,), 5*)(0:!0 ("*%0-"?!A:)2 *9!),!-%&!0(=6(!?%0",F!$%&!",-&:*(06!).!-%&9&!-Q)!

?),- :09-", A!?%0:0?-&:"9-"?9!"9!0!=&6! .&0-2:&!",! A)#&:,",A! - %&! *%69"?0(!*: )*&:-"&9! ).! -%&!

0+",& !0,1 !0(9)! ", ! :&A2(0-",A! 4")()A "?0(!0?-"#"-"&9! in vivo. $%"9!?0,! *:&9&,-! "-9&(.! ",! -%&!

+)1 2(0-"),! ). ! -%&! ?)+ *)2 ,1 Y9! 04"("-6! -)! ?:)99! ?&((! +&+4:0,&9! 0,1 ! -%&!4() )1 54:0",!

40::"&:G!Q%"?%!?0,!4&!#"-0(!.):! 1:2A!1&("#&:6F!;- 21"&9!%0#&!9%)Q,!-%0-!?)+*)2,19! Q%"?%!

?),-0",! 0! %"A%&:! 1&A:&&9! ).! 90-2:0-"),! 0:&! +):&! ("=&( 6! -)! -:0,9"-"),! .:)+! -%&! 1:2 A!

1"9?)#&:6!9-0A&!-)!?("," ?0(!-:"0(9F\_ !!<9!0!:&92(-G!0("*%0-"?!0+", &!9?0..)(19!0:&!*: &#0(&,-!",!

4")0?-"#&!?)+*)2 ,19 F! R):! &S0+*(&G!12()S&-",&! gR"A2:&! VU! 9&:#&9! 09! 0! 9&:)-),", a

, ):&*",&*%:",&! :&2*-0=&! ",%"4 "-):! 29&1! 09! 0,! 0,-" 51&*:&990,-F\\ ! $%&:&.):&G! "-! "9!

"+*):-0,- ! -%0-! 96,-%&-"?! 9-:0-&A"&9! -%0-!(&01! -)! -%&!A&,&:0-") , ! ) .! ?)+ *(&S!0("*%0-"?!

0+",&9 !-)!1:"#&!+&1 "?",0(!?%&+"9-:6!4&!&9-04("9%&1F!

>,! ):A0,"?! 96,-%&9"9G! 1&#&()*",A!+&-%)19! .) :! ?),9-:2?-",A! &,0,-" )&,:"?%&1!

0("*%0-"?!0+",&9!.:)+! :&01"(6!0#0"(04(&!9-0:-",A!+0-&:"0(9!%09!4&&,!0,!"+*) :-0,-!0 :&0!). !

:&9&0:?%F!< !,2+4 &:!).! -:01"-"),0(! 0**:)0?%&9!",?(21",A! &,0,-") 9&(&?-"#&!%61:)A&,0-"),!

).! " +",&9c&,0+ ",&9G\` 5̀M! ,2?(&)*%"("?! 011"-"),! -)! "+", &9GVWG! `V5̀^ ! 0,1! ? %":0(! 02S"("0:65
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MW!

+&1"0-&1! 011"-"),9 `W! %0#&! 4&&,! &S-&,9"#&(6! 29&1! 0, 1! 1"9?299&1F! >,! -%"9! 9&?-"),G!

%)Q&#&:G!Q&!Q"((!.)?29!),!- Q) !+0",!9-:0-&A"&9C!"U!%61:)0+",0- "), !).!0(=&,&9G!""U!29&!).!

! 50+",)!.:0A +&,-9 !0,1!"+", &!2+*)(2,A! :&0?-"),9 F!!

!

#$%&'()F+)5/K4/)51$ 6(<)$6)8$0/0%$9://4)592$;()G01>0&6?< )

1.2.1 Hydroamination 

$:0,9"-"),! + &-0(5?0-0(67&1! %61:)0 + ", 0-"), ! *:&9&,-9! "-9&(.! 09! 0,! 0--:0 ?-"#&!

9-:0-&A6! .):! -%&! 96,-%&9"9!).! ?%":0(! 0(=6(! 0+",&9G! 09! 0,! 0+ ",&! A:)2*! ?0,! 4&! 1":&?-(6!

",-:)12?&1!" ,-)!?%&0*!2,.2,?-"),0("7&1! %61:)?0:4),!.& &19-)?=F̀X5̀_!$%"9!%09!9&:#&1!09!0!

9"+ *(&G! 0-)+ 5&?),)+"?0(! :)2-& ! .):! -%&!96,- %&9"9! ).! 9&?),10:6! 0,1! -&:-"0:6! 0+",&9F!

[)Q&#&:G! -%&:&!0:&!9)+&!?%0((&,A&9! -%0-!?)2(1!4&! .0?&1!Q"-%!%61:) 0+",0-"),!92?%!09!

&(&?-:)9-0-"?! :&*2(9"),!4&-Q&&,! -%&! ,"-:)A&,! (),&! *0":!0,1! -%&!0(=&,&!#a969-&+G!Q%"?%!

*:&#&,-9! 4),1! . ):+0- "), G! 0,1! -%&! 1".."?2(-6! ",! ?) ,-:)((",A! :&A")9&(&?-"#"-6! 09!

N
MeS

HO

   lisinopril
(ACE Inhibitor)

               neupro
(muscular skeletal disorder)

HO2C NH

H2N
N

O

CO2H

N
H

N

EtH

H

            aspidospermidine
(common motif in natural products)

O

NHMe
S

    duloxetine
(antidepressant)

H
N

F3C
Me

      cinacalcet
(hormonal disorders)

N(i-Pr)2

     tolterodine
(urinary disorders)

Me

HO
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80:=)#,"=)#! 0,1! anti580:=)#,"=)#! *:)12?-9! ?0,! 4&! .):+&1F `\ ! ! H&A0:1(&99! ).! -%&9&!

?%0((&,A&9G! ",-&:+ )(&?2(0:! 0,1 ! ",-: 0+ )( &?2(0:! %61:)0+" ,0-"),! 9-:0- &A"&9! %0#&!4&&,!

&9-04("9%&1!0,1!%0#&!:&+ 0",&1!0!+)1&:,! 0**:)0?%!.) :!0??&99",A!0("*%0-"?!?%":0(!0+",&9F!!

*A! A*A*)I62':10/(9&/:')C4?'0:1$6: 2$06)

>,-:0+)(&?2 (0:! %61:)0+",0-"),! "9! 0, ! 0--:0?-"#&! :)2-&! .):! 0??&99",A ! ,"-:)A&, 5

?),-0 ", ", A!%&-&:)?6?(&9G! 0! ?)++),! 9-:2 ?-2:0(! +) -".! ", ! 4")()A"?0((6! 0?-"#&! +)(& ?2(&9G!

.:)+! :&01"(6! 0#0"(0 4(&! 0+",) 50(=&,&9F! R2:-%&:+):&G! ",-:0+)(&?2( 0:! %61:)0+",0-"),!

)4#"0-&9!0!=&6!?%0((&,A&!",!%61:)0+",0-"),G!Q%"?%!"9!-%&!?)+* &-"-"#&!("A0-"),!4&-Q&&,!

-%&!9-:), A(6!?)) :1 ",0-", A! 0+",& !0,1! *)):(6 !?)):1",0 -", A! 0(=&,&F! [&,?&G! ?),9"1&:04(&!

&..):-9!%0#&!4&&,!9*&,-!),!-%&!1&#&()*+&,-!).!?0-0(69-9!0,1 !:&0?-"), 9!.):!-%"9!0**:)0?%!

",!",129- :"0(!0,1!0?01&+"?!9&--",A9F!!

>-! "9! =,)Q,! -%0-! :0:&5&0:-%G̀̀5TNN! 0(=0(",&5&0:-%GTNT5TNM! 0,1! A:)2*! >w! +&-0 (9TNV! 0:&!

?0-0(69-9!.):!-%&!",-:0+)(&?2(0:!%61:)0+",0-" ),!).!0+",) 0(=0,&9G!42-!-%&9&!?0-0(69-9!0:&!

).-&, !0":!0,1!+)"9 -2:&!9&,9"-"#&!Q"-%!()Q! .2, ?-"),0( 5A:)2*!-) (&:0,?&F![)Q &#&:G!-%&!29&!

).! (0-&5-:0,9"-"),!+ &-0(!?0-0(69-9!92?%!09!H%G!>:G!/-G!0,1!<2!%0#&!A&,&:0((6! (&1!-)!+):&!

:)429-! +&-%)19G!0:"9",A! .:)+! -%&!9-:),A!+&-0(! #a0(=&,&!?)+*(&S&9!Q%"?%!0?-"#0-&!-%&!

0(=&,&!.):!,2? (&)*%"("?!0--0?=FTN !̂Z0:(6!Q):=!",!-%&!T`_N9!46!e0+4), &(("!9%)Q&1!-%&!29&!

).! /-! 9 0(-9! .):! ",-:0 +)(&?2( 0:! %61:)0+",0-"), ! 0.-&:! .):?&.2(! ?),1"-") ,9 TNW! 42-! -%&! .":9-!

A&,&:0(! ?0-0(6-"?! 9-:0-&A6! Q09! 1"9?()9&1! 46! I"1&,% )&.&:!0,1! ?)Q):=&:9 F!>,! MNNWG!-%&6!

9%)Q&1!-%&!/- 5?0-0(67&1!?),#&:9 "), !). !%5!0,1! &50+",)!0(?)% ) (9!-) !-%&!?)::&9*),1",A!M5
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M_!

+&-%6(!*6::)("1", &9!0,1!*"*&:"1",&9!:&9*&?-"#&(6!",!A))1!6"&(19 FTNX!R)(()Q",A!-%0-!Q):=G!

0,)- %&:! ,), 5&,0,-")9&(&?-"#&! %61:)0+",0-"),! 29",A! 0! H%! ?0-0(69-! Q09! *2:92&1! 46!

[0:-Q"AF TN_! >,! MNTNG!O2?%Q0(1! -%&,! :&*): -&1! -%&! .":9-! H%5?0-0(67&1! &,0 , -")9&(&?-"#&!

", -:0+)(&?2(0: !%61:)0+",0-" ),! ).!2,0? -"#0-&1!0(=&,&9!g;?%&+&!TNUFTN\!!

!!!!!!!!!!! !

D93(1() *" +)M3,G:2: /4H(?)B6: 62$0<(/(92$;()I62':10/( 9&/:')C4?'0: 1$6:2$06)

$%"9!:&0?-"),! 9-"((! :&+0", 9! 9-0-&5) .5-%&50:-! ",! &,0,-")9&(&?-"#&! %61:)0+",0-"), !

&#&,!-%)2A%!(0-&:!&..):-9!46!8"?%), TN !̀0,1! 8"=0+" TTN!%0#&!29&1!<2!?0-0(69-9!92**):-&1!

46!*%)9*%):0+"1 "-&!("A0,19!0, 1!?%":0(!*%)9*%):"?!0?"19G!:&9*&?-"#&(6F!>,!011"-"),!-)!-%&!

&,0,-")9&( &?-"#&! ",-: 0+)(& ?2(0:! %61: )0+",0-"),! ).! 0+", ) 0(=&,&9G! 0+",)0((&,&9! 0,1!

0(=6,&9!%0#&!0(9)!4&&,! 29&1!.):!-%&!A&,&:0-"),!).!0("*%0-"?!0+",&9F!<+",) 0((&,&9!)..&:!

0,! 01#0,-0A&! ?)+*0:&1! -)! -%&":! 0(=&,&!?) 2,-&:* 0:-9! 09! -%&!Q&0=&:!3 a3! 1)24(&! 4),1!

*:&9&,- ! ",! 0((&,&9! 0(()Q! . ):! (&99! %0:9%! :&0?-"), ! ?),1"-"),9F TTT!$%"9! "9!)49&:#&1! ",! 4)- %!

I "1&, %)&.&:TTM!0,1!$)9-& Y9TTV!!.",1",A9 !Q%&:&!-%&6!9%)Q!-%0-!<2 a*%)9*%",&!?)+*(&S&9!

0:&!&.."?"&,-! ?0-0(69-9! -)! *:)+) -&! -%&! %61:)0+",0-") ,! ).! %50+",)0((&,&9! -)! .):+! -%&!

?): :&9*),1 ",A! #",6(*6::)("1",&9! ",! % "A%! 6"&(19! 0,1! &,0, -")9&(&?-"#"-"&9! 0-! ()Q&:!

-&+*&:0-2:&9! :&(0-"#&! -)! O2?%Q0(1Y9! Q):= F! f0+0+) -)! %09! :&*):-&1! 0! /1 5?0-0(67&1!

%61: ) 0+" ,0 -"),!). !0(=6,&9!-)!A&,&:0-&!&,0,-" )&,:"?%&1!&,0+",&9FTT !̂

NHBn
2.5 mol % [Rh(cod)2]BF4

         5 mol %  L13

    1,4-dioxane, 50Ð100 ¼C
                  15Ð30 h

Bn
N

Me

  14 examples
up to 92% yield
up to 95.5:4.5 er

OR

PCy2

R = Cy, CH(Ph)2

R1

R2

R1

R2

Buchwald (2010):

L13
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D93(1() ** +)R<()0.)5 1$6 0://(6(<)$6) B6:62$0<(/(92$;()C4?'0:1$6: 2$06)

*A! A*A! )I62( ' 10/(9&/:')C 4?'0:1$6: 2$06)

30-0(6-"?! ",-&:+)(&?2(0:! %61:)0+",0-"), ! :&0?-"), 9! :&+0", ! ),&! ) .! -%&! +)9-!

929-0",04(&! 3a]! 4) ,1 5.) :+",A! 9 -:0-&A"&9! 12&! -)! -%&! 0-)+! &?),)+6! ) .! -%&! *: )?&99! 09!

Q&((!09! -%&!0#0"(04"("-6!).! -%&!9249-:0-&9F!L&,&:0(!?0-0(6-"?!9-:0-&A"&9! .):! ",-&:+)(&? 2(0:!

%61:)0+",0 -"), !&+&:A&1!",!-%&!(0-&!T``N9!46!O&((&:!0,1!?)Q): =&:9!29",A!H%!?0-0(69-9pTTW!

%)Q&#&:G! -%&! :&0?-") ,! Q 09! .0":(6! ",&.."?"&,-! (&01",A! -) ! 46*:)1 2?-9! .:)+ ! )S"10-"#&!

0+",0 -"),F!>,!MNNVG! [0:-Q"A!Q09!04(&! -)!1&("#&:!0!+):&!&.."?"&,-!0**:) 0?%! .):! -%&!H%5

?0-0(67&1!anti580 :=)#," =)#!%61:)0 +" , 0-"),!). !9-6:&,&9!0,1!#",6(*6 :"1",& 9G!0(4&"-!Q"-%!

:0?&+"?! *: )12?-FTTX! $%&! .":9-! &,0, -")9&(&?-"#&!anti580 :=)#,"=)#! % 61:)0+", 0-") ,! Q0 9!

:&* ):-&1! 04)2-!0!1&?01&!(0-&:!46!; %"40-0G!&+*()6",A!0!H25409&1!?0-0(69-!-)!.2:,"9%!-%&!

1&9":&1!*:)12? -!",!2 *!-)! \ _FWCTMFW!&:!g;?%&+&!TM<UFTT_!>, !MNN\G![0:-Q"A!1"9?()9&1!0,!>: 5

?0-0(67&1!&,0,-")9&(&?-"#&!011"-"),!).!0,"(", &9!-)!0("*%0-"?!0(=&,&9!g;?%&+&!TMOUFTT\!>-!"9!

Cbz
N

R1

R2

 3 mol % L14ÐL16

1,2-DCE, 23 ¼C

Ts
N

R1

R2

           2.5 mol % L17
          5 mol % AgClO4

Ð20 to Ð40 ¼C, 24 h

NHPG
¥

R1

R2

  18 examples
 up to 87% yield
up to 95.5:4.5 er

  17 examples
up to 96% yield
 up to >99:1 er

R1 or R2 = alkyl or HWidenhoefer (2007) Toste (2007)

P

P

Au

Au

OPNB

OPNB

PhPh

PhPh

P

P

Au

Au

OPNB

OPNB

ArAr

ArAr

P

P

Au

Au

OPNB

OPNB

PhPh

PhPh

Cl

MeO

MeO

Cl

O

O

O

O

P

P

Au

Au

Cl

Cl

ArAr

ArAr

MeO

MeO

Ar = 3,5-xylyl Ar = 3,5-(tBu)2-4-MeOPh

L14 L15 L16 L17
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Q):- %6! -)! ,) -&! -%0-! 0("*%0-"?!0(=&,&9!0:&! +):& ! ?%0((&,A",A! 9249-:0-&9! 09! -%&6!1)! ,)- !

4&,&."-! .:)+! * :&5?)):1", 0-"),! -)! -%&! +&-0(! ?0-0(69-FTT`! $%"9!+ &-%)1! *:)?&&19! .0":(6!

9+))-%(6G! 0..):1 ",A ! -%&! 4"?6?("?! 0("*%0-"?! 0+",&! ",! %"A%! 6"&(19! 0,1! &, 0,- ")9&(&?-"#"-6F!

[ 0:-Q"A! %09! 0(9)! :&?&,-(6! 1"9?()9&1! 0, )-%&:! &,0,-")9&(&?-"#&!%61:)0+",0-"),! ).! 0,!

",-&:,0(! 0("*%0-"?! 0(=&,&FTMN! @-%&:!:&* ):-9! 4 6! [ 0:-Q"A! 0, 1! L:244 9! %0#&! 9%)Q,! -%&!

",-&:+)(&?2(0:!011"-"),! ).!0,"(",&9!-)!9-6:&,&9!,), 5&,0,-")9 &(&?-"#&(6FTMT5TMM!!

!

)))))))))D93(1() *! +)B6:62$0<(/(92$;()I62(' 1 0/(9&/: ')C4?'0: 1$6:2 $06)

$%&! 011"-"),! ) .! 0(=6(! 0+ ", &9! -)! 9-6:&,&9! *)9&9! 0! A:&0-&:! ?%0((&,A&! 12&!-)! -%&!

",?:&09&1!409"?"-6!).! 0(=6(!0+",&9G!Q%"?%!(&01! -)! ).. 5?6?(&!46*:)12?-9F! [)Q&#&:G!-%&:&!

%09!4&&,!),&!:&*):-!46![0:-Q"A!Q%"?%!?),9-"-2-&9!-%&!),(6!&S0+*(&!).!-:0,9 "-") ,! + &-0(5

?0-0(67&1!&,0,-")9&(&?-"#&!", -&:+ )(&?2(0:! %61:) 0+",0-"),! ).! 0(=&,&9! Q"-%! 0(=6(! ] a[!

0+",&9 FTMV! <(-%)2A%! %61:)0+",0-"),9! ).! 1"&,&9 ! %0#&! 4&&,! &S*():&1! &S-&,9"#&(6G!-%&6!

(&01!-)!-%&!.):+0-"),!). !0((6("?!0+",&9!0,1!Q"((!,)-!4&! ",?(21&1!",!-%"9!9&?-"), F!8 "2:0TM!̂

0, 1!O2?%Q0(1TMW!%0#&!0(9)!*&:.):+&1! &,0,-")9 &(&?-"#&!%61:)0+",0-"),9!).! 0(=&,&9!29",A!

?)**&:! ?0-0(69-9!0,1!O54&,7)6(%61:)S6(0+",&9!09! -%&!0+",&!9) 2: ?&!g; ?%&+&!TV<! 0,1!

Me

+
N
H

X
2.5 mol % [Ru(! 6-C6H6)Cl2]2
       10.5 mol % AgOTf
   7 mol % (S)-xylyl-BINAP

    1,4-dioxane, 100 ¼C, 72 h

N

XMe

(1.5. equiv) X = O or CH2alkyl

     3 examples
  up to 44% yield
up to 87.5:12.5 er

A. Shibata (2012):

+ ArÐNH2

        1 mol % [Ir(cod)2Cl]2
2 mol % (R)-DTBM-SegPhos

    2 mol % KHMDS
        70 ¼C, 12 h

    9 examples
up to 94% yield
 up to >99:1 er

NHAr

H
Ar = 3,5-xylyl(1.2 equiv)

B. Hartwig (2008):



!

VN!

TVOUF!3:2? "0(!-)! -%&9&!%"A%(659-&:&)9&(&?-"#&!:&0?-"),9!"9!-%&!.):+0-"),!).!0!?%":0(!32 a[!

9*&?"&9F!O2?%Q0(1!%09!9",?&!:&*):-&1!)- %&:!%61:)0+",0-"),!:&0?- "), 9!-) !.2:,"9%!-&:-"0:6!

0, 1!9&?),10:6!0+" , &!*:)12 ?-9!",!&S?&((&,-!&:FTMX!>, -&:&9-",A!0+),A!-%&9&!.",1",A9!"9!-%&!

%61:)0+",0-"),! ).! : &+)- &!0(=&,&9! -%:)2A%!0!:&12?-"#&!:&(06! *:)?&99!-%0-! (&019! -)! -%&!

.):+ 0-"),!).!0+ ",&9!Q"-%!0!:&+)-&!9-&:&) A&,"?!?&,-&:!g;?%&+&!TV3UG!0!+)- ".!-%0-!"9!,)-!

&09"(6!0??&99&1!-%:)2A%!)-%&:!9-:0-&A"&9!g9&&!9&?-"),!̂FTUFTM_!!

!

)))))))))D93(1() *F+)B6: 62$0<(/(92$;( )C4?'0:1$6:2$06)&<$6%)O,8(6H04/34?'0Z4/:1$6(< )

1.2.2 Alpha-amino methods 

>,! :& ?&,-! 6&0:9G! -%&! 2-"("70-"),! ).! 3 a3! 4),1! .):+",A! 9- :0-&A"&9! .): ! 0??&99",A!

&,0,-" )&,:"?%&1! ?%":0(! 0(=6(! 0+",&9! %09! A0",&1 ! 9"A,"."?0,-! 0-- &,-"), ! -%:)2A%! )-%&:!

Ar
R1

+
O

O

N
R3

R2

R1 R1 + O

O

N
R3

R2

          10 mol % CuCl
10 mol % (S,S)-Me-DuPhos 
         or (R,R)-Ph-BPE

    PMHS. LiOtBu
THF, 22 ¼C, 24Ð48 h

Ar
R1

NR2R3

NEt2

            1 mol % Cu(OAc)2

1.1 mol % (S)-DTBM-SegPhos
             2.0 equiv DEMS

 THF, 40 ¼C, up to 36 h
R1R1

NR2R3   29 examples
up to 85% yield
  up to 98:2 er

   20 examples
up to >99% yield
   up to 97:3 er

(1.5 equiv)

R2, R3 = alkylR1 = alkyl

R2, R3 = alkylR1 = alkyl

(1.2 equiv)

A. Miura (2013):

B. Buchwald (2013):

R2

R1

LG
+

O

O

N
R3

R4

          1 mol % Cu(OAc)2

1.1 mol % (R)-DTBM-SegPhos
         3.5Ð5.0 equiv DEMS

 THF, 40Ð50 ¼C, up to 36 h

R2

R1

NR3R4

(1.2 equiv.)

  35 examples
up to 94% yield
 up to >99:1 er

C. Buchwald (2016):

R3, R4 = alkyl
R1 = alkyl 
R2 = alkyl or aryl
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VT!

*:)-)?)( 9! 92?%! 09! 3 a[! . 2,?-" ),0("70-"),G! 0(=6(a0(=6(! ?:)995?)2*(",A G! 0,1 ! *%)-):&1)S!

?0-0(69"9F!I% "(&! &0?%!).! -%&9&! +&-%)19! 0(()Q! .):! -%&! ?),9-:2?-"),! ).! 1"..&:&, -! 0(=6(!

+ )-" .9G! -%&!+0d):"- 6! ). ! -%&9&! 9-:0-&A"&9! 1&("#&:! ?%":0(! 0("*%0-"?! 0+",&9! Q"-%! 0(*%05

9-&:&) A&,"?!?&,-&:9F![&,?&G!-%&!?)2*(",A !).! ! 50+",)!0(= 6(!.:0A+&,-9 !:&*:&9&,-9!0!+0d):!

0, 1! 0--:0?-"#&! 9-:0-&A6! .):! -%&! 96,-%&9"9! ).! ?%":0(! 0+",&9! Q"-%! 0,! 0(=6(! A:)2*! 0-! -%&!

9-&:&)A&,"?!?&,-&:F! >,! -%"9! 9&?-"),G! Q&! Q"((! 1":&?-! )2: ! 0--&, -"),! -)! 9) + &! +&-%)19!-%0-!

1&9?:"4&!9)+&!).! - %&!:&?&,-!-&?%,)( )A"&9!A&0:&1!-)Q0:19!-%&!&,0,-")9&(&?-"#&!96,-%&9"9!

) .! ?%":0(! 0(=6(! 0+ ",&9! -%:)2A%! =&6! ! 50+" ,) 0(=6(! ",-&:+&1"0-&9! ",! "U! ?)2*(", A! ).! ! 5

0+" ,) 0(=6(! +&-0(! 9*&?"&9G! ""U! ?)2*(",A! ).! ! 50+ ",) 0(=6(! :01"?0(9! 0,1! """U! ?)2*(",A! ) .!

"+",&9!Q"-%!?0:4) , !&(&?-: )* %"(&9!g"+",&!2+*)(2,A! 9-:0-&A"&9UF!!

*A! A! A*)5/>3: ,:1$60:/K4/ )7 (2: /)D>(9$(<)$6)G3$':/)51$6() D4623(<$<)

$%&!29&!).!9&?), 10:6! 0(=6(!):A0,)+& -0(("?!:&0A&,-9!.): !?%":0(!0+", &!96,-%&9"9!"9!

). -&,! ?%0((&,A",A! 12&! -)! "992&9! 0:"9",A! .:)+! 9 ()Q! -:0,9+&-0( 0-"), ! ):! : 0*" 1! $5%61:"1&!

&("+",0-"),F !$%&:&.):&G!-%&!29&!).!! 50+",)0( =6(5+ &-0(!9*&?"&9!09!0,!0 (-&:,0-"#&!0**:) 0?%!

%09! A0",&1!9"A,"."?0,-! 0--&,-"), F! $%&9&! 9*&?"&9! 0:&! -6*"?0((6!) 4-0",&1! -%:)2 A%!&"-%&:!

409&5+&1"0-&1!1&*:)-),0-"), G!-:0,9+&-0(0-") ,!).!0,! ! 50+",)!) :A0, )+ &-0(("?!:&0A&,-!-)!

e,G!/1G!>:G!): !+&-0(5?0-0(67&1!1":&?-!3a[!0? -"#0-"),!0-!- %&!] 5! 5* )9"-"),F!>,!MNNXG!30+*)9!

0,1! ?)Q) :=&:9!(&#&:0A&1! -%&!! 5("-%"0-"), ! ) .! N5O)?5*6::) ("1",&9! ",! -%&! *:&9&, ?&! ).!

9-)"?%")+&-:"?!gaU59*0: -&",&G! .)(()Q&1!46!-:0,9+&-0( 0-") , ! (&01",A! -)! -%&!.):+ 0-"), ! ).! 0!

9-&:&)1&.",&1! ! 50+ ",) 0(=6(!7",?! 9*&?"&9! g; ?%&+&! T^<UFTM\! $%&! "9)(0-&1! ):A0,)+& -0(("?!



!

VM!

7",?!9*&?"&9!?)2(1! -%&,! * 0:- "?"*0-&!",! 0!9-&:&)9*&?"."?! ]&A"9%"!?)2*(",A! -)! .):+! -%&!! 5

0:6(0-"),!*:) 12?-!Q"-%!%"A%!&,0, -") 9&(&?-"#"-6F!!

!!!!! !

)))))D93(1() *N+)#&692$06: /$H:2$06)0.)=4' '0/$?$6(<)&<$6%)['%:601(2://$9) \$ 69)M(:%(62<)

R)(()Q",A! -%0-! Q):= G! L0Q(&6! 0,1! ?)Q ) :=&:9! 9%)Q&1! 0! :&(0-&1! %"A%(6!

&,0, -")9&(&?-"#&! *:&* 0:0-"), ! ).! M59249-"-2-&1!*"*& :"1",&9! -%:) 2A%! 0! ?0-0(6-"?! 16,0+"? !

:&9)(2-"),! ).! ! 5("-%"0-&1!N5O)?!*"* &:"1",&FTM5̀TVN!R2!0,1!?)Q):=&:9!%0#&!0(9)!1"9?()9&1!0!

]" 5?0-0(67&1!&,0,- ")?),#&:A&,- !0(=6(a0(=6(!?:)99!?)2*(",A !Q"-%!9&?),10:6! 0(=6(!%0("1&9!

0, 1!N5O)?5*6 ::) ("1",&9FTVT!$%"9!+&-%)1!"9!*0:-"?2(0:(6!"+*): -0,- !09!-%&!?)2*(",A!).!- Q) !

9&?),10:6! 0(=6(! .:0A +&, -9! %0#&! *: )#&,! - )! 4&! 1".."?2(-G!Q"-%! ),(6! 0! .&Q! &S0+*(&9!

:&*):-& 1F!Z, 0,-")9&(&?-"#&!+&-%)19!:&K2":",A!9-)"?%")+ &-:"?!+&-0(0-"),!0-!-%&!! 5*)9"-"),!

).!-%&!0+",&!0:&!, ) -!"1&0(!09!-%&6!%0#&!4&&,!("+"-&1!-)!?6?("?!*6::)("1",&! 0, 1!* "* &:"1",&!

,2?(&)*%"(&9!09!1&9?:"4&1!04) #&FTVM!>,!011"-"), G!-%&!*:&5.):+0-"),!).!-%&! ):A0,)+&-0((" ?!

N
Boc

i. 1.2 equiv s-BuLi/(Ð)-sparteine 
    MTBE, Ð70 ¼C

ii. 0.6 equiv ZnCl2

4 mol % Pd(OAc)2

5 mol % tBuP¥HBF4

ArBr, 22 ¼C
N
Boc

Zn N
Boc

Ar

2

96:4 er    16 examples
up to 87% yield
   up to 96:4 er

N

H
N

H

(Ð)-sparteine

A. Campos (2006):

N
Boc

Zn

2

+
R1

X R2
N
Boc

R1

R2

Ar

NHMeMeHN

Ar

Ar = 1-naphthyl

L18

15 mol % NiCl2¥glyme
       17 mol % L18

THF/Et2O, 22 ¼C, 15 h

B. Fu (2016):

    8 examples
up to 94% yield
up to 96.5:3.5 er

(0.6 equiv) X = I or Br
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VV!

7",?!9*&?"&9G!Q%"?%!0:&!%"A%(6!:&0?-"#&G!0":5!0,1! +) "9-2:&59&, 9"-"#&G!"9!,&?&990:6!0,1!+06 !

:&K2":&!+2( -"*(&!9-&* 9F!!

$)!011:&99! -%&9&! "992&9G! )-%&:!9-:0-&A"&9!-%0-! (&1! -)! -%&!in situ!A&,&:0-"),! ) .! ! 5

0+ ",) 0(=6(!+ &-0(!9*&?"&9!via! 3 a[! 0?-"#0-"),! %0#&!4&&,! ",#&9-"A0-&1F!>,! MNT_G! f2! 0, 1!

?)Q ): =&:9!1&9?:"4&1!0! / 1g>>U5?0-0(67&1!&, 0,-")9&(&?-"#&!! 53 a[! 0:6(0-"),! ). !-%")0+" 1&9!

Q"-%! 0:6(4):), "?! 0?"19! g; ?%&+&! TWUFTVM! $%&! 92**): -", A!?%":0(!*%)9*%):"?! 0?"1!E*V! ,)-!

), (6!0..):19! %"A%!&,0,-")9&(&?-"#"-"&9G!42-!0(9)!*:)#"1&9!&S?(29"#&!:&A")9&(&?-"#"-6!Q"-%!0!

9",A(&! 0(=6(0-"),! ).! -%&! 3 a[! 4),1 F!@-%&:!/1 5?0-0(67&1!&..): -9! 29",A! -%")0+ "1&9!%0#&!

4&&,!:&* ):-&1FTVV!

!!!!!!!!!!!! !

D93(1() *J+)]&X<)B6:62$0<(/(92$;()Ĝ C)5 '4/:2$06)0.)- 3$0:1$?(< )

>:"1"2+ 5?0-0(67&1! :&0?-"), 9! %0#&! 0(9)! 4&&,! 29&1! .):! 3 a[ ! .2,?-" ), 0("70-"), !

+&1"0-&1! 46! ! 50+", ) ! +&-0(! 9*&?"&9FTV 5̂TVW! ;%"40-0! %09! 1&9?:"4&1! 0,! >:g>Uc>:g>>>U!

&,0,-")9& (&?-"#&! 0(=6(0-"),! ).! 3 a[ ! 4),19! ", ! M5g0(=6(0+",) U! *6:"1",&9! -)! .2 : ,"9%! -%&!

?)::&9*),1", A!.2,? -"), 0("7&1!?%":0(!0+ ", &9!",!%"A%!6"&(19!0,1 !&,0,-" ) 9&(&?-"#"-"&9FTVX!!!

*A! A! A! )5 />3: ,:1 $60:/K4/) M:?$9:/)D>(9$(<)$6)G3$':/) 51$6() D4623(<$<)

$%&!1&#&()*+ &,-! ). ! :&0?-") ,9! 2-"("7",A!! 50+",)! :0 1"?0(9!09!96,-%&-"?0((6!29&.2(!

",-&:+&1 "0-&9!.): ! 0??&99",A! ?%":0(! 0(=6(! 0+",& 9!%09! 0(9)! A0",&1! 9"A,"."?0,-! 0 --&,-"), F!

N

SR1

+ ArÐB(OH)2

5 mol % Pd2(dba)3

    12 mol % L19

       BQ, KHCO3

t-amyl alcohol, 22 ¼C

R1 = 2,4,6-(iPr)3-C6H2

O

O
P

OH

O

R2

R2

R2 = 9-anthracenyl
   30 examples
up to 87 % yield
   up to 99:1 er

Yu (2016):

(2.0 equiv)

n N

SR1

n Ar

L19
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V !̂

;)+&! :&*:&9&,-0-"# &! +&-%)19! .):! 0??&99", A! ! 50+ ",)! :0 1"?0(9! ", ?(21&! 9",A (&5&(&?-:),!

)S"10-") ,G!1&?0:4)S6(0-") , G!0,1 !1&9"(6(0-"),!).! ! 59"(6(0+",& 9F!!

>,! MNTXG! R2! 0,1! 80? 8"((0,! :&*):-&1! - %&!.":9-! &,0,-" )?),#&: A&,- ! 3g9* VUa3g9* MU!

?:)995?)2*( ",A! :&0?-"), !29", A!*%)-):&1 ) S!0, 1! , "?=&(!?0-0(69"9!g;?%&+&!TXUFTV_!$%:)2A%!

-%"9!+&-%)1G!?%":0(!4&,76("?!0+",&9G!Q%"?%!0:&!#0(204(&!*%0:+0?)*%):&9G!0:&!)4-0",&1!

-%:)2A%!?)2*(",A !) .! 042, 10,- !! 50+",)!0?"19! 0,1 !?)++&:?"0((6! 0#0"(04(&!0:6(!%0("1&9F!

$%&!:&0?-") ,!&+* ()6 9!0!* %)-) ?0-0(69-!Q%"?%!+&1"0-&9!) S"10-"),!0,1!1&?0:4)S 6(0-"), !) .!

0, !! 50+",)!0?"1! -)!A&,&:0-&!0!* :)? %":0(!! 50+", ) !:01"?0(F!<?-"#0-"),! ). !-%&!0:6(!%0("1&!via 

)S"10-"#&!",9&:-"),!Q)2( 1!(&01!-)!0!]"g>>Ua0:6(!?)+*(& S!Q%"?%!?)2(1!2,1&:A)! ?)2*(",A!

Q"-%!-%&! 0.):& + &,- "),&1 ! :01"?0(! -)! A&,&:0-&! -%&! 1&9":&1! *:)12?- ! 2*),! :&12?-"#&!

&("+",0-"), F!$%&!:&0?-") ,!"9!:)4 29-G!1&("#&:",A !-%&!&,0,-") &, : "?%&1!0+",&9!",!%"A%!6"&(19!

0,1 !&,0,-")9&(&?-"#"-"&9F!80:- ", !0,1!8) ,-A)+&: 6!%0#&!0(9)!+01&!d)",-!?),-:"42-"),9!",!

-%"9!0:&0!46!1&#&() * ",A !120(!*%)-):&1) S!0,1!,"? =&(5?0-0(67&1!&,0,-")9&(&?-"#&!3 g9* VUa[!

0:6(0-"),! :&0?-"), 9FTV\ ! $%&! A&,&:0-"),! ).! :0 1"?0(! ",-&:+&1"0-&9! .):! 0(=6( a0(=6(! ?:)99!

?)2*(",A ! 29",A! 0(=6(! %0("1&9! ):! N5%61:)S6*%-%0("+"1&! g][/>U! &9-&:9! %09! 0(9)! 4&&,!

&S*():&1F!$%&9&!9249-:0-&9!&"-%&:!2,1&:A) !%0("1&!049-:0?-"), TV !̀ ):!1&?0:4) S6(0-"), T^N!-) !

.) :+!0?-"#&!:01"?0(9!-%0-!?0,!*:)*0A0-&! -%&9&!:&0?-"),9F!w&:6!:&?&,-(6G!R2!0,1!?)Q) :=&:9!

:&*):-&1! - Q) ! +&-%) 19! .):! -%&!] "5?0-0(67&1! &,0,-")?),#&:A& , -! 96,-%&9"9!).! *:)-&?-&1!

0+",&9! 29",A !0,!0(=6(7", ?!:&0A&,-!0,1 !0, !! 5*%-%0("+"1)!0(= 6(!?%():"1&!):!0,! ][/>! &9-&:!

).! 0! *:)-&?-&1 ! ! 50+",)! 0?"1 ! g;?%&+&! T_<UFT^T! $%&! :&0?-"), 9! 0:&! A&,&:0(! 0,1! #&:90-"(&G!
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VW!

0(()Q",A !.):! 0!4:)0 1!9?)*&!0,1!A))1!.2,?-"),0( 5A:)2*!-)(&:0 ,? &F!$%&!][/ >!&9-&:9!?0,!4&!

A&,&:0-&1!in situ! .: )+! ?)+ +&:?"0((6! 0#0"(04(&!! 50+",)! 0?"1! 1&:"# 0-"#&9! 0,1 ! -%&,!

?)2*(&1!1": &?-(6G!:&92(-",A!", !0!),& 5*)-!?0-0(6-"?!&,0,- ") 9&(&?-"#&!96,- %&9"9!).!0!# 0:"&-6!).!

?)+ *)2,1 9F!!

!!!!!!!!!! !

D93(1() *U+)O&:/)=3020'( ?0Z@_ $9K(/)G:2:/ 4<$<)̀ 4)#&):6?)7 : 97$//:6 )

Z,0,- ")9&(&?-"#&! 120(! *%)-) :&1)Sc?)** &:! ?0-0(69"9! %09! 4&&,! 29&1! .):! -%&!

A&,&:0-"),! ).!?%":0( !#"?",0(!1"0+" ,&9! .:) + !-%& ! 50+",)0(=6(0-"),! ).! )S07)("1",& 5M5), &5

1&:"#&1!"+",&9!Q"-%!! 59"(6(0:6(0+", &9!46!L),A!0,1!?)Q ) :=&:9!g;?%&+&!T_OUFT^M!>,! -%"9!

Q):=G! -%&6! &(2?"10-&! -%&!"+*):-0,?&! ).! -%&!#&:90-"(&!?)**&: g>>U!?0-0(69-!09! "-!9&:#&9! -)!

*&:.):+ ! 9",A (&! &(&?-:) , ! )S"10-"),! ).! -%&!! 59"(6(0:6(0+",&! 9249-:0-&!-)! A&,&:0-&!-%&!! 5

0+",) 0(=6(! :01"?0(G! (&Q"950?"1! 0?-"#0-"),! ).! -%&! "+",&G! 0,1! 9249&K2&,-! ?), -:)(! ) .! -%&!

,&Q(6!A&,&:0-&1!9-&:&)A&,"?!?&,-&:F!

R
CO2H

NHBoc
+

Y
X

Br

       2 mol % photocatalyst
        2 mol % NiCl2¥glyme
             2.2 mol % L20

TBAI, Cs2CO3, blue LEDs
     DME/toluene, 22 ¼C

R

NHBoc

Y
X

  24 examples
up to 84% yield
  up to 96:4 er

CN

O

NH N

O

Ar Ar

Ar = 4-t-BuPh

N

Ir

N

N

N

CF3

F

F

F

F
CF3

t-Bu

t-Bu PF6

(1.5 equiv)

Fu and MacMillan (2016):

L20

photocatalyst
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)))))))))))))D93(1() *Q+)D2':2(%$(<)&<$6%)! ,5 1 $60)M:? $9:/)D>(9$(<))

$%&!29&!). ! ! 50+ ",) ! :01"?0(9!",! -%:&&5?)+*),&,-! ?)2*(", A!.):! -%&!A&, &:0-") , !).!

&,0,-")&,:"?%&1!0+", &9!%0#&!4&&,!1"9?()9&1!46!] &#01)!0, 1!?)Q):=&:9 !g;?%&+&!T\UFT^V!

>,! -%"9! Q):=G!N-0?6(! &, 0+ ",&9! 0:&! 29&1!",! -%&! &,0,-")9&(&?-"#&! :01"?0(! :&(06! :&12?-"#&!

?)2*(", A!Q"-%!0!-&:-"0:6!0(=6(!")1 "1&!0,1!0 ,!0(= &,6(c0:6(!%0("1&F!$%&9&!&(&?-:) *%"(&9!0:&!

0?-"#0-&1!-%:)2A%!) S"10-"#&!",9&:-") , !46!-%&!]" !?0-0(69-G!-%&, !9249&K2&,- !-:0**",A !) .!-%&!

3g9*MUa]"! ",-&:+&1"0-& !46! -%&!N-0?6(!&, 0+ ",&! .) :+ 9!0!,&Q! 0(=6(a]" g>>>U!9*&?"&9G! -%29!

&,04(", A! 0! 9&?),1! 3 a3! 4),1! .):+0-"),F! >,! -%"9! ",-&:+)(&?2(0:! :&12?-"#&!

1"?0:4).2,?-"), 0("70-"),! ).! 0! *&,10,-! 0?-"#0-&1!0(=&,&G! 0! #0:"&-6! ).! :&01"(6! 0#0"(04(&!

3 g9*MU!0,1!3 g9*VU5%0("1&9!0:&!011&1!?),9&?2-"#&(6!0?:)99!-%&!)(&.",!",!0!%"A%(6!:&A")5!0,1!

&,0, -")9&(&?-"#&!+0,,&:F! <1 1"-"),0((6G! -%"9! +&-%)1! 0#)"19! -%&! 29&! ).! 9&,9"-"#&!

R1

ZnI
+

NPhth

Cl
R2

10 mol % NiCl2¥glyme
       12 mol % L21

THF, 0 ¼C

NPhth

R2R1

R1

ZnI

+
NHPI

5 mol % NiCl2¥glyme
       6 mol % L22

LiCl, DMAP, TMSCl
        THF, 0 ¼C

NHR3

R2R1

NHR3

R2

O

   35 examples
up to 96% yield
up to 97.5:2.5 er

 37 examples
up to 88% yield
up to 96.5:3.5 er

N
O

N N

O
Ph Ph

TBDPSO OTBDPS NHMeMeHN
EtEt

N

Ar

N

O

+ TMS N

R

ArÕ

Ar
N

ArÕ

RHN
N

OO O

B. Gong (2019):

N

OO

N

ArAr

PhPh L23

   24 examples
up to 82% yield
  up to 99:1 er

10 mol % Cu(OTf)2

    11 mol % L23

       THF, Ð40 ¼C
         blue LEDs
       THF, Ð40 ¼C
         blue LEDs

A. Fu (2021):

L21

L22
Ar = 2,4,6-Me3C6H2
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):A0,)+&- 0(("?! :&0A&,-9G!:&(6",A! ), ! 0,! ): A0, "?! :&12?-0, -F! $%:&&5?)+* ), &,-! 32 5

?0-0(67&1! :&0?-"),9 ! &,04(&1! 46! ! 50+",)! :01"?0(9! ", #)(#",A! -%&! ?60,0-"),! ) :!

&-%&:"."?0-"), !).!&, 0+"1&9!%09!0(9)!4&&,!:&*):-&1FT^^!

!!!!!!!!! !

D93(1() *T+)_$,G:2:/4H(?) B6:6 2$0<(/(92$;()O$9:'` 0.&692$06:/$H:2$06)0.)N,594/)
B6: 1 $6( <)

*A! A! AF)I1$6()R1>0/&6%)M(:92$06<)$6)G3$':/)51$6( )D4623(<$<)

$%&!29&! ).!2+*)(2,A! :&0?-"#"-6!).! "+",& 9! .):! -%&!96,-%&9"9!).!0(=6(!0+ ",&9!%09!

0(9)! 4&&,! &S*():&1 F! /" ),&&:",A! Q):= ! Q09!*&: .):+&1 ! 46! -%&! O2?%Q0(1! A:)2*! " ,! MNT^!

Q%&:&!-%&6!1&+),9-:0-&1! /1 5?0-0(67&1!&,0,- ")9&(&?-"#&!0:6(0-"),!). !N5.(2):&,6(! "+",&9!

.) : ! -%&!A&,&:0-"),! ).!4&,76("?!0+ ",&9FT^W!@Q",A! -)! -%&!0?"1"-6!).! -%&!3a[! 4), 1! ).! -%&!

.(2): &,6(! A: )2*G! 409&5+&1"0-&1! 1&*: )-) ,0 -"),! 29 ",A ! 9)1"2+ ! tert-42-)S"1&! "9! .0?"(&!

(&01", A!-)!-%&!.):+0- "),! ).!0,!0700((6( !0,"), !g):!! 50+",)!0," ) ,!&K2"#0(&,-UF!$%&!:&0?-"),!

"9! A&,&:0(G!-) (&:0-",A !0!Q"1&! 9?)*&! ).! 0:6(!%0("1&9! 0,1! 0(=6(!0+ ",&9!",! %"A%!6"&(1!0, 1!

&,0,-") 9&(&?-"#"-6F! e%0,AG! f0,AG! 0,1! I0(9%! %0#&! 0(9)! #&:6! :&?&,-(6! 1"9?()9&1! 0!

#",6( 0-"),! :&0?-"), ! ",#)(#",A! M 50700((6(!0,"),9F T^X! <! ?%":0(! 4"9*%)9*%",&! 0(()Q9! -%&!

9-&:&)9&(&?-"#&!?)2 *(",A! ).!0(= &,6(!4:)+"1& 9! -)! N5.(2):&,6(! "+" ,&9!0(() Q",A! -%&!1":&?-!

*:&*0:0-"), !) .!-%&!&,0,-" ) &,:"?%&1!0((6("?!0+", &F!;24 9&K2&,-!:&12?-") ,!) .!-%&!0((6("?!3a

NMe2

NMe2

Me2N

Me2N

TDAE

H
N

O

R1

+ R4

R2

I
R3 R5

H
N

O

R1

R2

R4R3

7.5 mol % NiBr2¥dme
       9 mol % L24

       TDAE, THF
       22 ¼C, 13 h

  24 examples
up to 97% yield
  up to 98:2 er

R1 = aryl, alkyl

R5ÐX

R5 = aryl, alkenyl

R2, R3, R4  = alkyl

Nevado (2020):

N

OO

N

Et Me

EtMe

L24
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3! 4) ,1!46!/1 c3 !2, 1&:![ M!?)2(1!. 2:,"9 %!-%&!1&9":&1!! 50(=6(!0+",&!",!_Nx!6 "&(1!0,1!`_ CV!

&:F!!!

!

))))))))))))D93(1() *V+)_$):6?)=?,G:2:/4H(?) I1$6() R1>0/&6%)5>> ' 0:93( <))

>:"1"2+ 5?0-0(67&1!2+* )(2,A!0 ((6("?!0(=6(0-"), 9!%0#&!0(9)!4&&,!1&#&()*&1!29",A!

N5.(2) :&,6(! "+",&9 FT^_! <! +"(1! 409&! g'OBUG! Q%"?%!.0?"("-0-&9! -%&! 1&*:)-) ,0-" ), ! ).! -%&!

9-0:-",A! "+",& ! Q%"(&! 0(9)! 0#)"1",A! :0?&+"70-"),! ).! -%&! A&,&:0-&1!%) +)0((6 ("?! 0+", &!

*:)12?- G!"9!?:2?"0(!-)!-%&!92??&99!).!-%&!:&0?-"),F!@-%&:!9"+"(0:!&..):-9!29",A! >:!%0#&!0(9)!

4&&,!:&*):- &1!g9&&!9&?-"),!VFMUF!!

3%:2+0! 0,1! ?)Q):=&: 9!%0#&! 0(9)!1"9?()9&1! 0,! &,0 ,- ")9&(&?-"#&! /1 5?0-0(67&1!

1&?0:4)S6(0-"#&! 0((6(0-"), ! ).! "+" ,&9FT^\ ! N5+ &-0(0-&1! 07)+&-%",&! 6("1&9!%0#&!*:)#"1& 1!

?%&+"9-9! Q"-%! 0(-&:,0-"#&! :&0A&,-9! .):! 1&9"A,",A! 96 ,-%&9&9! ).! ,"-:)A&,5?),-0", ", A!

Ar Br

N

alkyl

2.5 mol % [(allyl)PdCl]2
     6.25 mol % L25

               NaOtBu
cyclohexane, 22 ¼C, 3Ð4 h
            then, NaBH4

A. Buchwald (2014):

   20 examples
up to 90% yield
   up to 98:2 er

P(c-C7H13)2

SiMe3(1.15 equiv)

Ar alkyl

NH
Flu

N

Ar R2

R1 Br   5 mol % Ni(COD)2

10 mol % Chiraphos

        NaHMDS
  THF, 22 ¼C, 12 h

Flu

R2

R1
Ar

N
Flu

+

Me

N
Flu

Pd/C, H2

EtOH, 18 h Me

Me

NH2

  25 examples
up to 96% yield
   up to 99:1 er

97.5:2.5 er 97:3 er

OO

B. Zhang, Yang, Walsh (2021):

Ph2P
PPh2

Me

Me

Chiraphos

C. Product Derivatization:

L25
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%&-&:)?6?(&9!-%:)2A%!hVnMi51"*)(0: !?6?()011"-"), !0, 1!?),d2A0-&!011"-"), !:&0?-"), 9FT^`5TWM!

O2-! :&?&, -! 9-21"&9! %0#&! &S*0,1&1! ),! -%&! 2-"("-6! ).!N5+&-0(0-&1! 07)+&-%",&! 6("1&9! -)!

0(=6(0-"), ! +&-%)19F!e%0,A! 0,1! I 0,A! %0#&! + 01&! ?),9"1&:04(&! ?), -: "42-"),9! -)! -%&!

0(=6(0-"), ! ) .! 0(1"+",&! &9-&:9! Q"-%! 0((6("?! 0?&-0-&9! (&01",A! -)! -%&! .):+0-"), ! ) .!

,), *:) -&",)A&, "?!! 50+ ",) !0?"19FTWV5TW!̀e"!0,1! ?)Q):=& :9!%0#&!0(9)!1&+),9-:0-&1!0!/1c32!

120(! ?0-0(69"9! 9-:0-&A6! .):! -%&!9-&:&)1"#&:A&,-! ?)2 * (", A!) .! 0(1"+",&! &9-&:9! -)! -&:+",0(!

0,1! ",-&: ,0 (! TGV51"&,&9FTXN! 3)2*(", A9! ) .! &,0+ ",&9cM50701"&,&9! +&1"0-&1! 46! +&-0(!

%61:"1&! ",9&:-"),! %0#&! 0(9)! 4&&,! 29&1!.) :! -%&! A&,&:0-"), ! ) .! ! 50+", ) ! -:0,9"- ") , 5+ &-0(!

9*&?"&9!.):!-%&!&,0, -") 9&(&?-"#&!96, -%&9"9!).!?%":0(!0(=6(!0+",&9!g9&&!9&?-"),!^FMUFTXT5TX !̂

!!!!!!!! !

D93( 1 ()!" +)I' ,G:2:/4H( ?)B6:62$0<(/(92$;()R1>0/ &6%)5//4/:2$06)0.)I1$6(<) )

O

O

P N

Ar

Ar

Me

Me

L26 Ar = Ph

N

OBoc

+
DBU, THF 

 25Ð50 ¼C, 12Ð24 h
then workup

(1.1 equiv)

R2

NH3Cl

R1

R2

3 mol % [Ir(COD)Cl]2
6 mol % L26

  47 examples
up to 95% yield 
  up to >99:1 er

R1

R1 = aryl, alkyl

Niu (2016):
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2. Palladium-Catalyzed Synthesis of ! -Trifluoromethyl 
Benzylic Amines :2-#Fluoroarylation of 9&( -Difluoro-2-
azadienes 
/): -"),9 !).! -%"9!?%0*-&:!%0#&!4&&, !* 24("9%&1!0,1! 010*-&1!Q"-%!* &:+ "99"),!. : )+C!!

'0 ,"&(G!/F! ZFp! @,6&0A29"G! 3F! >Fp!H"4&":)G!<F! <Fp!J"G!PFp! 80(?)(+9),G! ;F! EF!/ 0((01"2+ 5
30-0(67&1! ; 6,-%&9"9! ). ! ! 5$:".(2):)+&-%6( !O&,76("?!<+",&9! via!R(2) :)0 :6(0-"), ! ).! gem5
'". (2):) 5M50701"&,&9!Z, 04(&1!46!/%)9*%",&53 0-0(67&1!R):+0- "),!).! 0, !< 700((6(a;"(# &:!
>,-&:+&1"0-&F!ACS Catal.!!"*V G!9G!MNWaMTNF!!
!
$%"9!Q):=!Q09!1),&!" ,!? )((04):0- ") ,! Q"-%!/0 "A&!'0 ," &(F!
!

="! #'.,+* @4/,2*. #

$%&! :)(&! ).! .(2):",&! ",! ",.(2&,?", A! -%&!*P 0! ). ! ):A 0, "?! ?)+* )2,19 G! 0(-&:", A!

("*)* %"("?"-6!).! 1: 2A! +) (&?2(&9GM! 09!Q&((!09! ?%0,A",A ! ?),.):+ 0-"), 0(! 4"09T! ).! 1:2A!

9?0..)( 19!0:&!9)+ &!?)+*&(( ", A!:&09),9! Q%6!"-! :&+0",9!0,! " +* ):-0,-!0-)+! ",!4")0?-"#&!

0, 1!+&1"?",0(!?)+*) 2,19FVG!TXW!@,&!).!92?%!.(2):",0 -&1!+)"& -"&9!"9!-%&!! 5-: ".(2):)+&-%6( !

g! 53RVU! 0+ ",&! + )-".F! $%&! 9"A, "."?0,? &! 0, 1! *:&#0(&,?&!).! ! 5-:".(2):)+ &-%6(! 0+",&9 ! ",!

4") ()A"?0((6! 0?-"#&! +)( &?2(&9G!", ?(21",A! @10,0?0-"4X! g0! ?0-%&*9",! P ! ", %"4"-):! ",!

)9-&) *):)9"9 !-:&0-+&,- UG!:&+0",!0!1: "#",A!.):?&!. ): !-%&!1&#&()* +&,- !) .!, &Q!0,1! &.."?"&,-!

+&-%)19!-)!0??&99!-%"9!0+",&!9?0..)(1! gR"A2:&!^UFM!$)!- %"9!&,1 G!Q&!9)2A%-!-)!1 &#&()* !, &Q!

+&-%)19! .) : ! *:&*0: ",A! 3RV5?), -0", ",A ! 0+",&! 42"( 1",A! 4()?=9F! >,! *0:-"?2(0:G! ! 5

-:".(2) : )+& -%6(!4&,76("?! 0+",&9! 0:&!0! %&0#"(6! 9)2A%-50.-&:! ?(099!). ! 0+",&9! ",! ):A 0, "?!

96, -%&9"9!09!-%&6!0:&!0,!"+*):- 0,-!*%0: +0?) *%):&F!3),9&K2&,-(6G!0!, 2+4 &:!) .!:&9&0:?%!

(049!%0#&!+01&!A:&0-!&..):-9!-)!1 &#&() * !: ) 2-&9!.):!-%&":!96,- %&9"9F!
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)))))))))#$%&'()N+)! ,- '$./&0'0 1( 234/)8(6 H4/$9)51 $6( <)$6)8$0/0%$9://4)592$;()70 /(9&/(< )

2.1.1 Methods for Preparing ! -Trifluoromethyl Benzylic Amines 

8)9- ! ).! - %&9&! 96,-%&9&9!%0#&! :&("&1! ) ,! ) ,&! ).! -%:&&! +0",! 9-:0-&A"&9C!"U!

,2? (&)*%"("?!0--0?=!2*),!0 !3 RV59249-"-2-&1!"+",&G!""U!=&-"+",&! :&12?-"),!).! 0!3RV5"+" ,&G!

):!"""U!-:0* *",A!0 ,!&(&?-:)*%"(&!46!0!3 RV!"+",&!-%:)2A%!0,!0700((6(!",-&:+ &1"0-&!g;?%&+&!

MTU!09!1"9?299&1!",! 3 %0*-&:!TF!!

$%&!011"-") ,! ) .!0:6(!,2?(&)*%"(&9!-)!3 RV59249-"-2-&1!"+",&9 !"9!0!?)++ ), !Q06!.) :!

0??&99",A!-%"9!?(099!). !! 5-: ".(2): )+& -%6(!4&, 76("?!0+",&9!g9&&!9&?-"),!TFTFMFTUF!>,!MNTVG!-%&!

J02-&,9! A:)2 *! 1&#&()*&1!0!+ &-%)1!.): !0??&99",A!&,0,-" )&,:"?%&1!4&,76("?!0+",&9!via!

0,! &,0,- ") 9&(&?-"#&! 011"-"),! ).! 4): )S",&9! -)! 0,"(",& 51&:"#&1! N,O50?&-0(9! ). !

-:".(2):)0?&-0 (1&%61&!29", A! 0! ,&2-:0(! /1g>>U! ?0-0(69-! 4&0:",A! 0! / 6@S! ("A0,1! g;?%&+&!

MM<UFTXX! $%&! :&0?-"), ! Q):= 9! &.."?"&,-(6! .):! &(&?-:), 5:"?%! 0:6(! 4):) S",&9p! %)Q&#&:G!

&(&?-:) , 5*)) :! ,2? (&)*%"(&9! 1)! ,) -! *0:-"?"*0-&! Q&((F! >-! "9! * :) * )9&1! -%0-! -%&! 9()Q&:!

MeO2S

N
H

CF3
CFMe2

H
N CN

odanacatib
cathepsin K inhibitor

NC
N
H

O Me
Me

HN

F3C

Ar

cathepsin cysteine
 protease inhibitor

N
H

NH

O

F3C

X

DPC 961 (X = 6-Cl)
DPC 963 (X = 5,6-F2)

N
H

O

Me

Me
O

H
N Ph

CF3Me

H

potent inhibitor of testosterone
5α-reductase

NMe2

O

Cl
N

CF3

O

O

NH2Ph

agonist for LXR β
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-:0, 9+&-0(0-"),! :0-&9! Q"-%! &(&?-:), 51&."?"&,-! ,2? (&)*%"(&9!0,1! -%&! :&12?-"),! ). ! -%&! /1 !

?0-0(69-! .:)+ ! / 1g>>U! -)! /1gNU!2, 1&:! -%&! :&0?-"),! ?) ,1"-") ,9! 0:&! -%&! :&09) , 9! .):! ()Q !

:&0?-"#"-6F!

!!!!!!!!!!!!!!!!!!!! !

D93(1 ()!* +)O$..( '(62)D2':2(%$(<).0')D4623(<$<)0.)! ,-'$./&0'01(234/)51$6 (<)

>,! -%&":! (0-&:! Q) :=! ",! MNTXG!+)1"."?0- ") , ! ).! -%&! ?0-0(69-! 969-&+! 0,1 ! -%&!

",-:)12 ?-"),!). !0!9"(#&:!011"-"#&!0(() Q&1!.):!0 !Q"1&:!9249-:0-&!9?)*&!", #)(#" ,A! &(&?-: ) , 5

1&."?"&,-!0:6(4):) S",&9!g;?%&+&!MMOUFTX_!$%&!,&Q(65", -:)12? &1!3(M/1g/6@SU!?)+*(&SG!",!

?), d2, ?-"),! Q"-%! 0! <AOR̂! 011"-"#&G! :&,1&:9! -%&! /1g>>U!9*&?"&9! ?0-") ,"?! 0, 1! .0?"("-0-&9!

-:0,9+&-0(0 -"), ! ). ! -%&! 0:6(4):)S",&F! R)(()Q",A! -%0-!Q): =G! $0,A ! 0, 1! ?) Q):=&:9! %0#&!

1&#&()*&1!0!H%5?0-0(67&1!011"-"),! ). !0:6(4):)S" ,&9!-) ! ] a[ ! -: ".(2) :)+ &-%6(!=&-"+", &9!

.) :! &096! 0??&99! -)! -&-:09249-"-2-&1! ! 53RV5! ,! 51"0:6(! 0+",&9! ",! %"A%! 6"&(19! 0,1!

&,0,-")9&(&?-"#"-6! g;?%&+&! MM3UFTX\! $%&!29&! ).! -%&! 2,* :)-&?-&1! ] a[! "+ ",&! 0(()Q9! -%&!

Ar CF3

N
R

H
Ar

NH
R

CF3

H

Ar CF3

N

Ar

N

A. Nucleophilic Attack upon a CF 3 Imine:

C. Trapping of an Electrophile by an CF 3 Imine through an Azaallyl Anion Intermediate:

CF3

E

Ar CF3

N
R

Nuc
Ar

NH

CF3

Nuc

R

B. Ketimine Reduction by a Hydrogen Source:

Ar CF3

NBase, PTC
E+ = Michael acceptor 
                or H+

ArÕ = p-C6H4-NO2

! -CF3 amine

! -CF3 amine

azaallyl anion

ArÕArÕArÕ

! -CF3 amine

+

+
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* : "+0:6! 0 + ",&! -)! 4 &! 1&("#&:&1! 1":&?-(6!Q"-%)2 -! 0,6 ! 1&*:)-& ?-"), ! Q):=2* ! 0,1! 0(9)!

.0?"("-0-&9!-%&!.):+0-"),!).!-%& !9-&:"?0((65?),A &9-&1!9-&:&)A&,"?!?&,-&: F!!

!!!!!!!!!! !

D93(1( )!! +)5??$2$06)0. )5' 4/)%'0&><)20)-'$./ &0'01 (234/)I1$6( <)&<$6%)M3):6?)=?)
G:2:/ 4<$<)

O&9"1&9!-%&!011"-"),!).!0 :6(5A: )2*9 !-)! "+",&9 !-)!A&,&:0-&!! 53 RV!4&,76("?!0+" ,&9G!

-%&!011"-"), !) .!-%&!-: ".(2):)+& -%6(!A:)2*!- )!0 :6(59249-"-2-&1!"+" ,&9!%09!4&&, !29&1!",!),&!

",9 -0,?&F!<(-%)2A%!0!(&99!?)++) , !0#&,2 &G!,2? (&) * %"("?!-:".(2) :)+&-%6(0-"),! ?0,!9&:#&!

09!0!*) Q&:.2(!9-:0-&A6F!$%"9!0(()Q9 !-%&!A&,&:0-"),!).! -%&!90+&!*:)12 ?-9!42-!)4#"0-&9!-%&!

?%0((&, A&9! 099)?"0-&1! Q"-%!*:& * 0:",A ! 3RV! "+",&9F! [)Q&# &:G!-%"9! :)2- &! .0?&9! 9)+&!

?%0((&,A&9G!*:&1)+" ,0, -(6!-%&!()Q! ,2?( &)*%"("?"-6!) .!-%&!-: ".(2):)+&-%6( !0,"), F!>,!MNNG̀!

HN

MeO CF3

   10 mol % Pd(OAc)2 
        12 mol % L27

DCE, 60 ¼C, 8 h, air

HN

Ar2 CF3

N

N

O

t-Bu

A. Lautens (2013):

N

HF3C

10 mol % L28
  30 mol % AgBF4 HN

Ar CF3

PMP

DCE, 65 ¼C, 20 h
      4 • MS, air

(1.0 equiv)

(Ar2BO)3

+

Ar1

Ar1

PMP
N

N

O

t-Bu

Pd

Cl
Cl

(0.5 equiv)

(ArBO)3

+
L28

L27

B. Lautens (2016):

   17 examples
 up to 91% yield 
up to 98.5:1.5 er

   34 examples
up to 91% yield 
up to 98.5:1.5 er

C. Tang (2019):

Ar1 CF3

N
1.5 mol %

[Rh(C2H4)2Cl]2
3.6 mol % L29

2.0 equiv CsF
toluene, 70 ¼C, 10 h

Ar1 Ar2

P

O

P

OH

H
t-Bu t-Bu RR

R = 9-anthryl L29

(0.5 equiv)

(Ar2BO)3

+

F3C NH2

H

   41 examples
up to 93% yield 
 up to >99:1 er
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-%&! ; %"40-0! A:)2* ! :&* ):-&1 ! -%&! .":9-!0,1! -%29! .0:! ),(6! 011"-"),! ). !3RV! ,2?(&)*%"(&9! -)!

*:&*0:&! ! 53RV! 0+",&9! -%:)2 A%!$8;3R V! 011"-"),! -) ! 07)+& -%",&!"+" , &9!2,1&:! *%09&!

-:0,9 .&: ! ?0-0(69"9! g;?%&+&!MV< UFTX !̀ <7) +&-%",&! "+",&9 G!Q%"?%!0:&! ?)+ +),(6 ! 29&1! ",!

&, 0, -")9&(&?-"#&!TGV5?6?()011-"),! :&0?-"), 9G!Q&:&!?:2?"0(!.) :!92?%!0!?%0((&,A", A!0**: )0?%!

12&! -)! 9)+&! ).! "-9! 2,"K 2&! *:)*&: -"&9F!R":9-G! -%&! ",? :&09&1! &(&?-:)*%"("?"-6!).! -%&!

07)+&-%",&! "+",& ! ",! ? )+* 0:"9),! Q" -%! 0,!N5-)96(! "+",& G! *: )+) -&9! &.."?"&,-! ?)2* (",A!

Q"-%! -%&! -:". (2):)+ &-%6(! 0,"), ! gQ%"?%! %09! ()Q! ,2? (&)*%"("?"-6UF!>,! 011"-"),G! -%&!

?),9-:0", &1! ?),.):+0-"), ! ).! - %&!?6?("?! 0?-"#0-", A! A:)2* ! 0(() Q9! A:&0-&:! (&#&(9! ).!

:&0?-"#"-6! 0,1! &,0,-") 9&(&?-"#"-6F! >-! "9! 0(9) ! *:)*)9&1! -%0-!-%&! ?0:4), 6(! )S6A&,! ).! -%&!

07)+&-%", &!"+ ",&! 0?-"#0-",A! A:)2*! 0"19! ", ! :&0?-") ,! -2: ,) #&:F! >, ! MNTMG! ;%"40-0! 0(9)!

:&*) :-&1! 0, )-%&:! &S0+*(&! ).! 0! ,2?(&)* %"("?! -:".(2):) + &-%6(0-"), ! 42-! Q"-%! 0,!

&,#":),+& ,-0((6!4&,"A,! ;@JP< ]Zy!VXW!+ .?!9)(#&,-! :0-%&:!-%0,!0!+"S-2:&!).! -)( 2&,&!

0, 1! 1"?%():)+&-%0,&!29&1!",! - %&":! 0.):&+ &,-"),&1 !Q): =FT_N!8 ) 1"."?0-"),! ).! - %&! *%09&!

-:0, 9.&:!?0-0(69-!Q09! , &&1&1!.):! - %"9!-:0,9.):+ 0-"),F! ]2?(&)*%"("?!-:".(2):)+&-%6(0-"), !

:&+0",9! 0,!0:&0!.) :!1&#&()* +&,- !09!),( 6!0!.&Q!&S0+*(&9!). !+&-%)19!-0=",A!01#0,-0A&!

).!-%"9!9-:0-&A6!&S"9-F!Z(&?-:)*%"("?!.(2):",0- ") ,! %09!0(9)!4&&,!29&1!.):!96 ,- %&9"7", A!! 53RV!

4&,76("?!0+",&9F!H&?&,- (6G!-%&!J"!0,1! I0,A !(049!%0#&!&(04):0-&1!0!, )#&(!9-:0-&A6!.):!-%&!

?),9-: 2?-"),! ).! ! 53RV!4&,76("?!0+ ", &9!via!0, !0+",).( 2):",0 -"), !).! gem51".(2):)0(= &,&9!

g;?%&+ &!MVOUFT_T!; ",A(&5&(&?-:), !)S"10-") ,! 0, 1!0!9249&K2&,-!R50-)+ !049-:0?-"),! 0"1&1!46!
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^W!

;&(&?-R(2): y! 0(() Q9!-%&!.):+0-"),! ).!0! 4&,76( "?!?0-"), !-%0-!"9!-:0**&1!46!0?&-),"- :"(&!",! 0!

H"--&:5-6*&!0+" , 0-"),! *0 -%Q06F!

!!!!!!!!!!!!! !

))))))))))))D93( 1() !F+)_ &9/(0>3$/$9)-'$./&0'01(234/: 2$06):6?)B/( 92'0>3$/$9)#/&0' $6:2$06)
D2':2(%$(<)

="=#8 -/?9+* 4.@##

I %"(&! 0:6(! ?:)995?)2 * (", A9! Q"-%! 0700((6(! 0,"), 9! -%0-! 1) ! ,)-! 4&0:! -%&!3RV!

9249-"-2&,-! %09! 4&&,! *&:.):+ &1! 46! 9&#&:0(! A:)2 *9T_M5T_^G! ",?(21",A! 0,! &,0,-" )9&(&?-"#&!

#0: "0,-! 4 6! -%&!O2?%Q0(1! A:)2* T^WG! 2+ * ) (2,A! 9-:0-&A"&9! .):! -%&!1&#&() * + &,-! ) .! ! 53 RV!

4&,76("?! 0+",&9 ! %01! 4&&,! 0 ,! 2,&S*():&1! 0 :&0F!$%&9&! +&-%)19! 29&1! 46! I0( 9%T_M! 0, 1!

O2?%Q0(1T^W!%01! -6*"?0((6!4&&,!0??)+*("9 %&1! -%:) 2A%! -%&! ","-"0(! 1&*:) -) , 0-"), ! ).! -%&!

"+",&!0-! - %&!! 5*)9"-"),G! 0(()Q",A! -%&!A&, &:0-"),! ) .!0,!07 00((6(!0," ) ,! Q%"?%!2,1&:A)&9!

?:)995?)2 * (", A!Q"-%!0:6(!%0("1&9F!>,!011"-"),G!4&6), 1!-%&!&0:(6!9-:"1&9!", !96, -%&9"9!).! ! 5

3 RV!0+ ", &9!29",A!hTGVi5*: )-)-:)*"? !9%".-9__G!T_WG!),(6!8"?%0&(!0??&*-):9!%01!4&&,!"1&,-"." &1!

Me3SiÐCF3

10 mol % L30 or L31
6.0 equiv KOH

2:1 toluene:CH2Cl2
Ð50 ¼C, 3Ð20 h

N

N

OH

Br

R2

R2

R2 = CF3

(4.0 equiv)

HN
N

CF3R1

O

Me

Me

L30

R2 = t-BuL31

+N
N

R1

O

Me

Me

A. Shibata (2009):

   17 examples
up to 94% yield 
  up to 99:1 er

R1 = aryl or Cy

R1

Ar
F

F

Selectfluor+
2.0 equiv Tf2NH

MeCN, 60 ¼C Ar1 NHAc

R1 CF3

R1 = aryl, methyl, H

B. Wang (2018):

   18 examples
up to 81% yield

N
N

Cl

F 2BF4

Selectfluor
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09!?0:4), 5409&1!&(&?-:)*%"(&9!.):!-%&!0700((6(!9-:0-&A6F\T5\^ !$%&!?) , ?&*-! ).!2-"("7",A!0!3 RV5

9249-"-2-&1!0700((6(!0,"),! -) !* :&*0:&!! 53RV!0+" ,&9G!%)Q&#&:G!%09!A:&0-!0**&0(F!

$%&:&.):&G!0!,&Q!9-:0-&A6!-) !0??&99!! 53 RV!4&,76("?!0+",&9!0,1!*:) #"1&!:&0?-"#"-6!

4&6),1! ? ),d 2A0-&! 011"-"), ! Q)2(1! 4&! "+*):- 0,-! 0,1! 4 :) 01(6! 29&.2(F! [&, ?&G! Q&!.":9-!

1&?"1&1! -)! 1&#&()* ! 0! +&-%)1! -)! &,04 (&! 0:6(! ?:) 995?)2*( ",A! 29",A! 0! 3 RV59249-"-2-&1!

0700((6(!0,"), !-)!0..):1 !! 53RV!4&,76("?!0+",&9F!!

="A#B&743,7#- .@#C27/ 4772*. #

$)! 4&A",! )2:! 2+*)(2,A ! 9-21"&9G! Q&! &S0+",&1 ! -%&! 011"-"),! ) .! -:".(2): )+ &-%6(!

"+", &!!A*!0,1! ")1 )4&,7 &,&!",! -%&!* :&9&,?&!) .!0! /1 !?0-0(69-!0,1!0, !0** : )* :"0-&!("A0,1!

g;?%&+&!MW< UF!$%&9&!?),1 "-"),9 !Q&:&!?%)9&,!"," -"0((6!-) !4&!+)1&(&1!0.-&:!O2?%Q0(1!0,1!

I 0(9%Y9!:&*) :-9!.):!-%&!0:6(0-"),!). !0(1"+ ", &9!29",A!0700((6(!0,"),9!09!",-&: + &1"0-&9FT^WG!

T_M! [)Q&#&:G! 2,("= &! -%&":! .",1 ",A9G! Q%&,! -%"9! 3RV59249-"-2-&1!"+" ,&! Q09! 924d&?-&1! -)!

9-:),A(6 !409"?!?),1"-"),9!g"F&F!J"[8 ' ; UG!"-! :0*"1 (6!2,1&: Q&,- !&("+",0- "),! ).! 0! .(2) : "1&!

") , !-)!.): +! -%&!?)::&9*),1", A!1".(2):)07 01"&,&!g; ?%&+&!M̂ OUF!$%&9&!1".(2):)0701"&, &9!

%01!), (6!4&&,! 1&9?:"4&1!) , ?&!4&.):&!",! -%&!("-&:0-2: &!46![2 0, A!0, 1!?)Q) :=&:9!.):! -%&!

96, -%&9"9!).!.(2):)# ",6 (!07)(&!1&:"#0-"#&9!-%0-!Q&:&!.2:," 9%&1!-%:)2A%!-%&!",-&:+&1" 0?6!

) .! 0,! 0700((6(! 0,"), ! g; ?%&+&! M̂ 3 UFT_X! ] &#&:-%&(&99G! -%&! .): +0 -"),! ).! -%"9!

1".(2) :) 0701"&,&! 2, 1&:! 409"?!:&0?-") ,! ? ),1"-"),9! " ,1" ?0-&1! -%0-! -%&! 1&*: )-), 0-"),!

9-:0-&A6!Q)2(1!,)-!4&!. &09"4(&!.): !-%"9!*0:-"?2(0:!9249-:0-&G!0,1 !-%0-!-%&!.):+ 0-"),!).! -%&!

0700((6(!0,"),!+"A%-! ,&&1!-)! *:)? &&1!-%:) 2A%!0,)-% &: !9-:0-&A6F!! !
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D93(1() !N+) 599(<<) 20) O$./&0'0: H:?$(6(<) :< ) D&̀ <2': 2(<) .0') M(: 92$06)
O( ;(/0> 1( 62)

I &!%)*&1! -%0-! -%&! :&92(-9! .:)+ ! 9)+&! ) .! )2:! *:&#")2 9! Q): =TXM5TXV! Q)2(1! 4&!

4&,&."?"0(!.) : !.", 1",A!0,!&,04(",A!9-:0 -&A6!.): !0??&99",A!-%&!4&,76("?!0+",&!*:)12?- F!>,!

-%&9&!9-21"&9G!Q&!%01!&S*() :&1!-%&!A&,&:0-"),! ) .!! 50+ ",)0 (=6(!32 !,2 ?(&)*%"(&9!.:)+ !0!

32 a[!+"A:0- ):6!",9&:- ") , !", -) !M50701"&,&9!?0-0(6-"?0((6G!0(()Q ", A!.):!-%&!.):+ 0-") ,! ).! 0,!

0700((6(a32! ",- &:+&1"0-&!-%0-!?)2(1!2,1&:A) !011"-"),!-)!&(&?-:)*%"("?!=&-),&9!) :!"+",& 9!

-)! .2:, "9%! #"?", 0(!0+",) ! 0(?) %)(9! 0,1! 1 "0+",&9 ! g;?%&+&!MW< UF!I &! &,#"9"),&1! -%0-! 0!

:&(0-&1!",9&:-"), !* :) ?&99!", -) !0!1".(2): )0701"&, &!+"A%-!4&!0!:)2-&! .):!)4 -0",", A!:&0?-"),F!

R2:-%&:+ ): &G! J)%! 0,1! ?) Q):=&:9! :&*) :-&1! 0! /1 5?0-0(67&1! .(2) :)0:6(0-") , ! ) .! gem5

1".(2): ) 9-6:&,&9!Q"-%! 0:6(c0((6("?! &(&?-:)*%"(&9! g;?%&+&!MWOUFT__5T_\! >,! -%&":! 9-216G!"-! "9!

* :)* )9&1!-%0-!0,! ! 53RV!4&,76("?!9"(#&:!",- &:+&1"0-&G!Q%"?%!"9!1&:"#&1!.: )+!-%&!011"-"), !

Ph

N Ph

F3C

LiHMDS, THF

Ph

N Ph

F3C

Ph

N Ph

F3C
Ð78 ¼C, 1.5 h

Ph

N Ph

F3C

LiHMDS, THF

Ph

N Ph

F3C

Ph

N Ph

F

FÐ78 ¼C, 1.5 h

elimination

CF3 azaallyl anion

Pd, ArÐI

Ar

A. Failed Coupling using Walsh and Buchwald Conditions:

B. Deprotonation and Subsequent Elimination of Fluoride Ion

Ph

N Ph

F

F
+

N

H
N K3PO4

Ph

N Ph

F

F
N N

up to 81% yield

C. Huang’s Synthesis of Azole Derivatives from Difluoroazadienes

2.1

2.1 2.2
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).!0! ,2? (&)*%"("?!.(2):"1&!"), G!2,1&:A ) &9!?)2* (",A !Q"-%!0:6(!")1" 1&9c4:)+" 1&9!) :! 0((6("?!

?0:4),0- &9F! $%"9!0(()Q&1! -%&! 1&("#&:6! ).! -%&! .(2): )0 :6(0-") , ! * :) 12?-! 0, 1! *:)#" 1&1! 0!

+"(1! 0,1! A &,&:0(! 9-:0-&A6! .):! 0??&99! -)! ?%":0(! -:".(2):)&-%0,&! 1&:"#0-"#&9F![ 2! 0,1!

?)Q) :=&:9! %0#&! 0(9)! 29&1! -%&9&!gem51".(2):)0( =&,&9! 0,1 ! 1".(2): )9-6:&, &9! .):! )- %&:!

-:0,9. ):+ 0-"),9FT_`5T\N! 8) :&! :&?&,-(6G!.(2) :) 0:6(0-"),! &..):-9! %0#&!0(9)! 4&&,! +01&! 46!

P)40609%"T\T!0,1! -%&!-&0+!).!f0, A!0,1!e %0,A!(04):0-) :"&9FT\M!!

!!! !

)))))))D93(1 ( )!J +)D2':2(%$(<).0 ')23()G:2:/42$9)W(6(':2$ 06)0.)5/K4/)_&9/(0> 3$/( <).0' )
G0&>/$6%)M(:92$06<)

$)! A&,&:0-&!-%&9&!! 53RV!4&,76("?!0+ ", &9G!Q&!1&?"1&1! -)!&S*():&!-%&!*)99"4"("-6!

-%0-!1".(2):) 0701"&,&9!+"A%-!4&!29&1!09!*:&?2:9):9!.):!3R V59249-"-2-&1!0700((6(!0,"),9F!

I &! %6*)-%&9"7&1! -%0-! 9"+ "(0:(6! -)! J)% Y9! Q):= G! 0! :&0?-"),! +"A%-! *:) ?&&1! -%:) 2A%!-%&!

A&,&:0-") , ! ).! 0 ,! 0700((6(a<A! ",- &:+&1 "0-&G!.) :+ &1! .:)+! 011"-"),! ).! <AR! -)! -%&!

Ph

N Ph
L, Cu–H

Ph

N Ph

Me Cu(L)

E

 = ketone or imine

F

F

Ag–F
CF3

Ag
Pd,

CF3

Ar

azaallylÐCu

benzylic Ag

A. Malcolmson (2018):

B. Loh (2016, 2017):

L, Ag–F Pd, Ar–I

azaallylÐAg

C. Proposed Work:

Ph

N Ph

Me E
E

 = aryl/allyl halideE

E

Ph

N R

F

F

Ph

N Ph

F3C Ag(L)

Ph

N Ph

F3C Ar
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1".(2):)0701"&,&G! Q%"?%! ?)2(1! .2: -%&:! 2,1&:A) ! -:0, 9+&-0(0-"),! Q "-%! *0((01"2+ !

.)(( )Q &1!46!:&12?-"#&!&("+" ,0-" ), !-)!. 2: ," 9%!-%&!.(2): )0:6( 0-"), !* : )12?- !g; ?%&+&!MW3 UF!

2.3.1 Reaction Optimization 

I &! 4&A0,! 4 6! 96,-%&9"7",A! 0! gem51".(2):)07 01"&,&! -%0-! Q)2(1! 2, 1&:A)!

.(2): ) 0:6(0-") ,! - )! 0--0", ! -%&! 1&9":&1! 4&, 76("?! ! 53RV! 0+ ", &9F! O&,7)*%&,), &51&:"#&1!

1".(2): )0 701"&,&!!A! !Q09!?%)9&, !09!-%&!9249-:0-&!-)! &9-04("9%!)*-"+0(!:&0?-"),! ?),1"-"),9!

4&?029&! ). ! "-9! :&(0-"#&! &09&! ).! *:&* 0:0-"), F! I &! &S0+",&1! -%&! ?)2*(", A! ).!

1".(2):)0701 "&,&!! A! !0,1 !^5")1)0,"9) (&!29", A!0!9-)"?%")+ &-:"?!K20, -"-6!). !<ARG!MFW!+ )(x!

hg0((6(U/ 13( iMG!0,1! TN! +)( x! b /%)9! ", ! ?6?()%&S0,&! gNFT! 8U!Q%"?%! +"::):! J)%Y9!

&9-04("9%&1!?), 1"-"),9 !g;?%&+&!MXUF!B,1 &:!-%&!0.):&+&,- "),&1! :&0?-"),!?) , 1"-"),9G!Q&!

Q&:&!04(&!-)!)4-0 ", !0!VWx!6"&(1!).! -%&!1&9":&1! .(2): ) 0:6(0-"),! * : )1 2?-!! AF!09!+&092:&1!

46!T`R!] 8HF!@Q",A! -)! -%&!("A%-59&,9"-"#&!,0-2:&!). !<ARG!Q&!1&?"1&1!-)!&S?(21&!("A%-!46!

?) #&:",A! )2:! :&0?-") ,! #&99&(! Q"-%! 0(2+" , 2+! .)"(! 0,1! -%"9!(&1! -)! -%&! .):+0- "),! ). ! ) 2: !

1&9":&1! *: )1 2?-! ",! 0! %"A%&:! WTx! 6"&(1F!B*) , ! ) 4-0", ", A! -%&9&! *:)+"9 ", A! :&92(-9G! Q&!

9)2A%-!-) !.2:- %&: !)* -"+"7&!-%&!:&0?-"),!?),1"-") ,9F!!

!

)))))D93(1() !U+)='(/$1$6: ' 4)#$6?$6%<).0')#/&0 '0: '4/:2$06)0.)5 H:?$(6 ( <)

I &! .":9-! 1&-&:+",&1! -%0-! Q&! )4-0",&1! 0! %"A%&:! 6"&(1!).! -%&! *:) 12?-! 0-!NFV! 8 !

g&,-:6! TU!0,1! -%&,!1&?"1&1! -) !1&-&:+",&! -%&!"+ *):-0 ,?&! ) .! -%&! .(2):"1&! 9)2:?&! ",! -%"9!

1.2 equiv AgF, cyclohexane (0.1 M)
                     80 oC, 15 h

N Ph

Ph

F3C

N Ph

Ph

F

F

I
      2.5 mol % [(allyl)PdCl]2
         10 mol % XPhos

(2.0 equiv)

OMe

OMe

35% NMR yield 
51% NMR yield (in the dark)

2.2 2.3
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:&0?-"),C! 9Q"-?%",A ! -)! ) -%&: ! ", ) :A0,"?! 9)2: ?&9! 92?%! 09! 39RG! PRG!):! 32RM! (&1! -)! ,)!

)49&:#04(&! *: )1 2?-! 0,1! &(2?"10-&1! -%0-! <AR! Q09!?:2?"0(! .):! .(2):" 1&!011"-") ,! - )! -%&!

0701"&,&!g$04(&!TG!&,- :"&9!Ma^UF!R2:-%&:+ ) :&G!29",A!0!?)+4",0 -"),! ) .!39R! ):!PR!0,1!0 !

9"(#&:! 90(-! g"F&F! <A]@ V! ) : ! < AM3@VU!0(9)! .0"(&1! -)! .):+! *:) 12?-! ! AF! g&,-: "&9! `! 0,1! TNUF!

$&+* &:0-2:&!%01!0!+0 :=&1!&..&?-!),! :&0?-"#"-6C!: )) + !-&+*&:0-2: &!0, 1!9("A%-(6!&(&#0-&1!

-&+*&:0-2 :&9!) .!^N!t3 !0,1! XN!t3 !Q&:&!1&-:"+& ,- 0(G!*:)#"1", A!0!+0 S"+2+!6"&(1! ).! ` x !

g&,-:"&9! _! 0,1! \UF! $%&:&.):&G!*&:.) :+",A! -% &! .(2):) 0:6(0-"), ! :&0?-"), ! 0-! \N! t3! Q09!

&99&,-"0(F!I& !0(9)!9?:&&, &1!1"..&:&,- !0:6(!%0("1&9!.) :!-%"9!:&0?-"), G!Q"-%!-%&!0:6(!")1 "1&9!

g 5̂") 1) 0, "9)(&U! * :)#" 1",A ! -%&! 4&9-! 6"&(19! )#&:! -%&! ?%():)! 0,1! 4:)+)! ?)+*)2,1 9F!

O:)+"1&9!?)2( 1!0..):1!-%&!1&9":&1!*:)12?-9G!0(4&"-!",!()Q&:!6 "&(19G!Q%"(&!?%():"1&9!.0"(&1!

-)! .2:, "9%!-%&!4&,76("?!0+", &9!g&,-:"&9!W!0,1!XUF!!

!

!

!

!

!

!

!

!

!
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WT!

- :`/( )*+)[ >2$1$H:2$06)0.)#/&0'$?( )D0&'9( L)- ( 1>( ':2&'( L):6?)5'4/)C:/$?( a 

!

)))))))))))))))))))) )

I&!0( 9)!1"9?)#&:&1!-%0-!-%"9!:&0?-"),!*:) ?&&19!Q&((!",!,) ,*)(0 :! ):A0,"?!9 )(#&,- 9G!

Q"-%!?6?()%&S0,&!*:)#"1",A !)*- "+0(! :&92(-9!g$04(&!MG!&,-:"&9!Ta^UF![)Q&#&:G!&#&,!Q"-%!

) 2:! )*-" +0(!9) (#&,-G!0--&+*-9! -) !9%):-&, !-%&!:&0?-"),!-"+& !.:)+!TW!%!-)!T!%!): !X!%!(&1!-)!

()Q &:! (&#&(9! ).! ?),#&:9"), !g&,-:" &9!WaXUF! ; Q"-?%",A! -%&! /1 !9)2:?&! ",! -%&! :&0?-") , ! .:)+ !

hg0((6(U/13(iM!-) !hg?", ,0 + 6(U/13(i M!(&1!-)!0!9("A%-!",? :&09&!).!6"&(1!g_\x! -)!\Nx U!2,1& :!-%&!

90+&!:&0?-"), !?),1 "-"),9 !g&,-:"& 9!_!0,1! \UF!R2:-%&:!",? :&09", A!-%&!-&+* &:0-2:&!.: )+! \N!

t3! -)!TNN!t3!0(9)!", ?:&09&1!6"&(1!-)!\^x !g&,-:6!`UF!

))))))))))

1.2 equiv fluoride source, (± additive)
   cyclohexane (0.3 M), 80 oC, 15 h

N Ph

Ph

F3C

N Ph

Ph

F

F

I
2.5 mol % [(allyl)PdCl]2
     10 mol % XPhos

(2.0 equiv)

OMe

OMe
2.2 2.3

entry fluoride source yield of 2.3 (%)

1b AgF 78

2 <2

3 CsF <2

4c CuF2 <2

KF

aReaction concentration of 0.15 M under N2 atmosphere. bReaction run at 0.3 M.
cReaction was performed using [(cinnamyl)PdCl]2 at 100 ºC. d4-bromoanisole used. 
e4-chloroanisole used. fReaction run at 22 ºC or 40 ºC. gReaction run at 60 ºC

additive

-

-

-

-

5b,d AgF - 39

6b,e AgF - <2

9 CsF Ag2CO3 <2

10 CsF AgNO3 <2

7f AgF - <2

8g AgF - 9
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)))))))- :`/() ! +)[ >2$1 $H:2$06)0.)D0/;(6 2):6?)- $1( a)
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I& !Q&:&!0(9)!04(&!-) !*&:.):+ !&S?(29"),!&S*&:"+&,-9! -) !09?&:-0", !-%0-!/1G!<AG!0,1!

* %)9*%",&! ("A0,1! 0:&! ?:2?"0(! .) :! -%&!:&0?-"), F! ZS?(21",A ! &"-%&:! hg0((6(U/1 3(i MG! <ARG! ):!

b /%) 9!", !-%"9!:&0?-"), !?)+*(&- &(6!(&1!-)! , )! )49&:#04(&!*:)12?-F!>,!011"-"), G!b/%)9!Q09!

0(9)! 2, "K2&! ",! -%"9! :&0?-"), ! 09!+)9- ! +),)*%)9*%",&! ):! 4"9*%) 9*%",&! ("A0,19! Q&:&!

(0:A&(6!2,92??&99.2(!",!-%"9!:&0?-"), !g$04(&!VUF!!

!

       1.2 equiv AgF, cyclohexane (0.15 M)
                        80 oC, 15 h

N Ph

Ph

F3C

N Ph

Ph

F

F

I
2.5 mol % [(allyl)PdCl]2
      10 mol % XPhos

(2.0 equiv)

OMe

OMe
2.2 2.3

entry solvent yield of 2.3 (%)

1 CH2Cl2 15

2 37

3 1,4-dioxane 40

4 toluene 43

THF

aReaction concentration of 0.15 M. under N2 atmosphere. bReaction was performed using 
[(cinnamyl)PdCl]2.  

cReaction was performed at 100 ¼C.

time (h)

15

15

15

15

5 cyclohexane 1 17

6 cyclohexane 6 68

7 cyclohexane 15 78

8b cyclohexane 15 80

cyclohexane 15 849b,c
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2.3.2 Substrate Scope 

B*),!& 9-04("9%+&,-!).!)2 :!)*-"+ 0(!:&0?-"), !?), 1"-") , 9G!Q&!1&?"1&1!-)!",#&9-"A0-&!

-%&!9249-:0-&!9?)*& !). !0:6(!") 1"1&9!.):!*:&*0:",A!0!#0:"&-6!) .!4&,76("?!! 53RV!0+", &9F!!

)

       1.2 equiv AgF, cyclohexane (0.3 M)
                        80 oC, 15 h

N Ph

Ph

F3C

N Ph

Ph

F

F

I
2.5 mol % [(allyl)PdCl]2
  10 mol % phosphine

(2.0 equiv)

OMe

OMe
2.2 2.3

entry phosphine yield of 2.3 (%)

aReaction performed at 0.3 M. bReaction performed using [(cinnamyl)PdCl]2 at 100 ¼C. 
cReaction performed at 0.15 M. dReaction performed without [(allyl)PdCl]2; PEPPSI-iPr is
an isolated Pd catalyst, and not a phosphine.

1

2

3

4

5

6

7

8

9b

10c

11

12

13

14

15

16

17d

           RuPhos

        TrixiePhos

         BrettPhos

         XantPhos

            XPhos

            SPhos

              PCy3

              PPh3

             PCy2Ph

          (R)-BINAP

     (R)-SEGPHOS

(R)-(+)-MeO-BiPHEP

      (R,R)-QuinoxP

   (R,R)-Me-DuPhos

(R)-DTBM-SEGPHOS

     (R)-SYNPHOS

        PEPPSI-iPr

4

<2

<2

<2

80

7

<2

<2

17

<2

<2

<2

<2

<2

<2

<2

<2
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-:`/ ( )N+)D&`<2':2()D90>().0' )8(6 H0>3(6 06( ,O('$;(? )D&`<2':2(<)

!

3&:-0",! -:&, 19!Q&:&! )4 9&:#&1!",! -%&! 9?:&&,",A! ).! -%&! 9249-:0-&9F! >,! A&,&:0(G!

9-&:"?0((6! 0??&99"4(&! para5! 0, 1! meta59249-"-2-&1!&(&?-:), 51),0-" , A!0:6(5%0("1&9!*:)#"1 &!

4&--&:! ?)2*(",A !&.."?"&,?6!09!)49&:#&1!", !!A*U!0,1! ! A!N!g?0F!\Nx! 6"&(1UF!Z(&?-:), 5,&2-:0(!

9249-:0-&9!0:&!-)( &:0-&1!Q&((C!,0*%- %6(5!!A!" G!* %&,6( 5!! A!*G!0,1! 4"*%&,6( 5?),-0"," ,A !!A!U!

*:)12?-9 ! 0:&! 1&("#&:&1!&.."?"&,-(6!2,1&: ! -%&! .(2) :) 0:6(0-"), ! ?) ,1" -"),9 G!0..):1 ",A! -%&!

1&9":&1! 4&,76("?! 0+ ",&! ",! ?0F! \ Nx G!6"&(1! .) :! &0?%! 9249-:0-&F! ; 249-:0-&9! 4&0:",A!

+ ) 1&:0-&(6!&(&?-:),5Q"-%1:0Q",A! A:)2* 9!92?%!09!para53RV!!A!J!):! para5?%():) !! A!Q!Q&:&!

0+&,04( &!-)!-%&!:&0?-") ,!?), 1"-"),9G!0(4&"-!", !0!9("A%-(6!()Q &:!6"&(1!gX\x! 6"&(1! .):!4)-%!

F

F

N

Ph

Ph I

R1

2.2 2.4Ð2.15

2.5Ð7.5 mol % [(cinnamyl)PdCl]2
10Ð30 mol % XPhos

1.2 equiv AgF
cyclohexane, 80Ð100 ¡C

15 h

F3C

N Ph

Ph

R1

2.16Ð2.27

F3C

N Ph

Ph

2.28

NCPh2

F3C

NCPh2

F3C

NCPh2

F3C

NCPh2

F3C

NCPh2

F3C

NCPh2

F3C

OMe

O

N

O

CO2Me

C(O)Ph

2.16a: 80% yield

2.23b: 67% yield2.22b: 72% yield

2.18c: 45% yield2.17b: 75% yield

2.20a: 87% yield

NCPh2

F3C

NCPh2

F3C

NCPh2

F3C

NCPh2

F3C

ClPh

2.19b: 65% yield

2.26c: 82% yield

2.21: 78% yield

2.27d: 68% yield

Et

NCPh2

F3C

NCPh2

F3C
CF3OMe

2.25d: 68% yield2.24a: 88% yield

a2.5 mol% Pd salt, 10 mol% XPhos, 100 ¼C. b2.5 mol% Pd salt, 10 mol% XPhos, 80 ¼C. 
c5.0 mol% Pd salt, 20 mol% XPhos, 100 ¼C. d5.0 mol% Pd salt, 20 mol% XPhos, 80 ¼C



!

WW!

9249-:0-&9UF! >-!"9! Q):-%6! -)! ,)-&! -%0-! 0:6(! ") 1"1&9! 4&0:", A! 0,! 0?"1"?! *:) -),! 92?%! 09!

0,"(",&9G!?0:4)S6("?!0?"19G!0, 1!&, )("704(&!=&-),&9!.0"(!-)!1&("#&:!0,6 !1&9":&1!*: ) 12?-!09!

-%&9&!&,04(&!* : )-),0 -"), ! ). ! -%&! 0700((6(a<A! 9*&?"&9!.):+& 1! ",! -%&! :&0?-"),G! (&01",A!

&S?(29"#&(6!-)! -%&!2,1 &9":&1!%61:).(2):" ,0 -"),! *:)12 ?-!! A!TF!3 ) ,#&:9&(6G!,), 5&, )("704(&!

=&-), &9!Q&:&!0+&,0 4(&G!Q"-%!*%&,6(!=&-),&!*:)12?- !! A*Q!1&("#&:&1!",!_Mx!6"&(1F!!

>,-&:&9-",A(6G!Q&!)49&:#&1!0!-:&,1 !4&-Q&&,!- %&!6"&(1!) 4-0",&1!0,1!-%&!&(&?-:),"?!

,0 -2:&!).!-%&!0:6(!")1 "1&9F!<:6( !")1"1 &9!Q"-%!&(&?-:) , 51),0-",A!9249-" -2&,-9! ),!- %&!0:6(!

") 1"1&! *: )12?&1! .0#) :04(&!:&0?-"#"-6! g?0F! \Nx! 6"&(1U! Q%"(&! 0:6(! ")1"1&9! Q"-%! 9-:),A(6!

&(&?-: ) , 5Q"-%1:0Q ",A !A:)2*9G!92?%!09!, "-:)!A: )2*9G!A0#&!()Q!6 "&(19!g?0F!^Nx! 6"&(1UF!>,!

011"-"),! -) ! () Q! ?),#&:9"),! )4-0", &1! Q"-%!-%&9&! &(&?-:), 5Q"-%1:0Q",A! 9249-:0-&9G! Q&!

0(9) !) 49&:#&1!-%&!.) :+0 -") ,!). !%61: ).(2):", 0-"),!*:) 12?-!! A!T!", !0**:& ?"04(&!0+)2,-9 F!

<9! 0,! 0--&+*-! -)! :&? -".6! -%"9! * :)4(&+G! Q&! ",? :&09&1! -%&! / 1! ?0-0(69-! ()01",A! ),! ()Q 5

6"&(1",A!9249-:0-&9!.:)+!W!- ) !TN!+)( x !42-!-%0-!9-"((!1"1!,)-!*:)#"1& !0??&*-04(&!6"&(19F!I&!

-%&,! %6* )- %&9"7&1! -%0-! 9Q"-?%",A! - %&!9-&:"?0((6! &,?2+ 4&:&1! 4&,7)*%&,),& 51&:"#&1!

z1"* %&,6({ !1".(2):) 0701"&,&!-) !0!+ ) :&!0??&99"4(&!9249-:0-&!+ "A%-!011:&99!-%&9&!"992&9F!

B(-"+0-&(6G! 29",A! 0! (&995%",1&:&1! 4&,70(1&%61&51&:"#&1! z+),)*%&,6( { !

1".(2):)0701"&,&!:&+&1"&1!+) 9-!).!- %&!"992&9!Q&!%01!Q"-%!?%0((&,A",A!9249-:0-&9F!!

)

)

)

)
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-: `/() J+)D&`<2':2()D90>().0' )8( 6H0>3(6 06( ,):6 ?)8(6 H:/?( 34?( ,O('$; (?)D&`<2':2(<)

!

$%"9!+):&! :&0?-"#&! +),)* %&,6(! 1".(2):)0 701"&,&! 0(()Q &1! 29! -) ! )4-0", ! A))1!

6"&(19! Q"-%! ?%0((&,A", A! ?)2* (", A9!).! 9-&:"?0((6! %",1&:&1! 0,1! &(&?-:), 51&."?"&,-! 0:6(!

") 1"1&9G! 09! Q&((! 09!92**:&99! -%&! .):+0-"),! ) .! -%&! %61:) .(2): ",0-" ),! 46 *:) 12?-F! R):!

&S0+*(&G! *:)12?-! ! ANU! )4 -0",&1! .:) + ! &(&?-: ), 5*)): ! para5,"-: ) ! *%&,6(! ")1"1&! 0,1 !

4&, 7)*%&,) , &!1&:"#&1!1".(2) :)0701"&,&! ! A!)Q09!"9)(0-&1! ",! ), (6!V_x! 6"&(1F! [)Q&#&:G!

Q&!Q&:&!*(&09&1!-)!1"9?)#&:!-%0-!) , !9Q"-?%", A!-)! -%&!(&9959-&:"?0((6!%",1&:&1!0701"&,&G!

Q&!Q&:&!04(&!-)!0--0",!0,!"9)( 0-&1!6"&(1!). !! ANQ!", !\ Mx!Q"-%!&99&, -"0((6!,)!9"1&!*:)1 2?-F!

R):!9-&:"?0((6!%",1&:&1!0:6(!")1"1&9!92?%!09!ortho5+&-%)S6!9249-:0-&G!Q&!90Q!0,!", ?:&09&!

NC(R)Ph

F3C

NC(R)Ph

F3C

NC(R)Ph

F3C

NC(R)Ph

F3C

R = Ph

R= H

NO2 MeO

CN

N
Ts

2.46d: 37% yield

2.47a: 82% yield

2.48c: 40% yield

2.49a: 90% yield

2.44b: 54% yield

2.45a: 87% yield

2.52b: 17% yield

2.53b: 45% yield

NC(R)Ph

F3C

2.40b: 63% yield

2.41a: 87% yield

N

NC(R)Ph

F3C

NC(R)Ph

F3C

NC(R)Ph

F3C

R = Ph

R= H

SMe

Me

2.42c: 85% yield

2.43c: 87% yield

2.50c: 56% yield

2.51a: 81% yield

2.38a: 81% yield

2.39a: 77% yield

Me

F

F

N

Ph

R I
R1

 R = Ph    2.2
 R = H     2.29

2.30Ð2.37

2.5–7.5 mol % [(cinnamyl)PdCl]2
10–30 mol % XPhos

1.2 equiv AgF
cyclohexane, 80–100 °C

15 h

F3C

N R

Ph

R1

2.38Ð2.53

a2.5 mol% Pd salt, 10 mol% XPhos, 100 ºC. b7.5 mol% Pd salt, 30 mol% XPhos, 100 ºC. 
c5.0 mol% Pd salt, 20 mol% XPhos, 100 ºC. d5.0 mol% Pd salt, 20 mol% XPhos, 80 ºC
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",!6"&(1!.:)+! ^Nx !-)! `Nx! 2*),! 9Q"-?%",A !-) !-%&!+),)*%&, 6(!1".(2): )0701"&,&!9249-:0-&!

g?)+*0:& !! ANT!0,1! !ANVUF!!

$%"9!+ ) 1"."?0-"), !).!)2:!0 701"&,&!0?-"#0-",A!A:) 2* !0(9) !0(()Q&1!4&--&:!-)( &:0, ?&!

). !9)+&!%&-&:)?6?(&9F!R):!&S0+*(&G!N5-)96(!",1)(&!924 9-:0-&!",?:&09&1!.:)+!T _x !6"&(1!",!

!AJ! !-)! ^ Wx!6"&(1!",! !AJFF!>,!011"-"),! -) !) 4-0", ",A! "+*:)# &1!6"&(19!Q"-%! -%"9!+ ) 1"."&1!

9249-:0-&G!-%&!"+",&!*:)12?-9! ?)2 (1!4&!"9)(0-&1!+ 2?%!+ ):&!?(&0, (6!12&!-)!( )Q !0+ )2,-9!

). ! -%&! %61:).(2):",0-" ),! *:)12?-! 1&:" #&1! .:)+! !A!VF!I& ! 0--&+* -&1! -)! 4:) 01&,! -%&!

1".(2) : ) 0701"&,&! 9?)*&! ).! -%&! :&0?-") , ! .2:-%&:p! %)Q&#&:G! 9&#&:0(! 0701"&,&!?)2*( ",A!

*0 :-, &:9!Q&:&!,)-! 0+ &,04( &!Q"-%!-%&!+&-%)1!gR"A2:&!WUF!O&,7 0(1&%61&51&:"#&1!0701"&,&!

!AJN! :&92(-&1! ",! -%&!0:6(0-") , ! 0-! -%&!T5*)9"-"),! :0-%&:!-%0,! -%&! 1&9":&1! .(2):) 0:6(0-") , !

*: )12 ?-!g0:6(0-"),! 0-! -%&! V5*)9"-" ),UF!$) !1"9?: "+",0-&! 0--0?=!0-!-%&! "+",&!?0:4),6( G! Q&!

9Q"-?%&1! -)! - %&! 4&,7)*%&,), &51&:"#&1! 9249-:0-&! !AJJp! %)Q&#&:G! -%&! 9249-:0-&! *:)#&1!

?)+*(&- &(6! 2,: &0?-"#&! 2,1& :! -%&! 9-0,10:1! :&0?-"), ! ?), 1"-") ,9 F! ;"+"(0:(6G!

+ ),).( 2):)0701"&,&! !AJU! 1"1! ,)-! 2,1& :A)! 0,6! :&0 ?-"),! ("=&(6! 12&! -)! 1&?:&09&1!

&(&?-:) *%"("?"-6F!

!

))))))))#$%&'()J+)I6901> : 2$̀ /( )5 H:?$(6()D&`<2':2(<).0') #/&0' 0:'4/: 2$06)

Ph

N H

F

F

Ph

N Ph

F

F

Ph

N Ph

F

Ph

2.54 2.55 2.56

Ph
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2.3.3 Hydrolysis of Product Imines to Deliver Primary Ammonium 
Salts 

$%&! 1":&?-! *:) 12?-9!1&:"#&1! .: )+! -%&! .(2): ) 0:6(0-"), ! :&0?-"), ! 0:&!* :&9&, -! 09!

*:)- &?-&1!0+",&9!",!-%&!.):+!) .!"+" ,&9!4&0:",A! &"-%&: !0!4&,70(1&%61&!):!4&,7)* %&, ), &!

A:)2*F! I%"(&!-%&!4&,7)*%& ,),& 51&:"#&1!"+",&9 !0:&!+):&!:)429 -!0,1 !?0, !4&!+0", -0",&1!

12:",A! .2:-%&:! -:0,9. ):+0 -"),9 G! -%&6! 0:&! :&01"(6! %61:)(67&1! 2,1&:! +"(1 (6! 0?"1"?!

?),1"-"), 9! ",! 0 ! 9"+"( 0:! .09%"),! 09! -%&!+ ) :&! (04"(&! 4&,70(1 &%61&5* :) -&?-&1! "+",&9F!

<+ +), "2+! 90(-9!!AJQ!0,1! !AJT!Q&:&!)4 -0", &1!.:) +! ! AJ* !0, 1!! A! ! G!:&9*&?-"#&(6G!Q"-%!TFN!

8! 0K![3( !0-!:))+ !-&+*&:0-2:& !",!M!%)2:9!g;?%&+&!M_UF!!

!!!!!!!!!!!!!!!!!! !

D93(1() !Q+)I1$6( )C4?'0/ 4<$<)$6)=' 0?&92<)

2.3.4 Reaction Scale Up and Synthesis of Reported HDAC6 Inhibitor 

I&! &S*():&1! -%&! 9?0(04"("-6! ).! -%"9! +&-%)1! 29",A! 0! ),& 5* )- ! *:)-)?)(F !

R(2):) 0:6(0-"),! 0, 1!9249&K2&,-!1&*:)-&?-"), !).!- %&!"+ ",&!*:)12? -!), !0!^FN!+ +)( !9?0(&!

1&("#&:&1!-%&!*:"+0:6!0+ + ),"2+!90(- !! AJT)Q"-%)2-!1"+ ","9%&1!6"&(1!g; ?%&+&!M\ UF!!

N

Ph

H

F3C

NH3

F3C

Me
Me

79% yield

NH3

F3C

N

F3C

Ph

Ph 1.0 M aq HCl

THF, 22 °C, 2 h

82% yield

CO2Me CO2Me

Cl

Cl

2.51

2.22

2.57

2.58

1.0 M aq HCl

THF, 22 °C, 2 h
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D93(1( )!T+)M( :92$06)D9:/()R> @[6 ( ,=02)#/&0' 0:'4/:2$0 6):6?)C4?'0/4<$<)
G0&>/$6%))

I &!-%&, ! 9)2A %-! -)!.2,?-" ),0("7&! -%&!0+",& ! .2:-%&:! .): ! "-9!2-"("-6! ",! 0??&99",A!

4") 0?-"#&! 9+0((!+)(&?2(&9F! $%"9! *:)?&99! 0(() Q&1! 29! -)! *:&*0:& ! 0! :&* ) :-&1! [ '<3X !

",%"4"-): ! ! AJV! ",! -%:&&! 9"+*(&! 9-&*9C! 0+ +) ,"2 +! 90(-! !AJT! A&,&:0-&1! 2*), ! ), &5*)-!

.(2): ) 0:6(0-"),!0,1! %61:)(69"9!?0,!4&!0?6(0-&1!", !-%&!* :&9&,?&!).!Z-V] !0,1 !para5* %&,6(!

4&,7)6 (! ?%() : "1&G! 0,1! -%&,! 0! 9249&K2&,-! ?),#&:9 "),! ).! - %&! +&-%6(! &9-&:! -)! -%&!

%61: ) S0+" ?!0?"1!(&1!-) !-%&!1&9":&1!4")0?-"#&!?)+ *)2,1 !) .!",-&:&9-!g;?%&+&!M̀ UF!!

!

D93(1 ()!V+)_0;(/) M0&2()20)23()D4623(<$<)0.): )M(> 0' 2(?)CO5G U)I63 $`$20')

N

Ph

H

CO2Me

NH3

F3C
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i.) 2.5 mol % [(cinnamyl)PdCl]2
               10 mol % XPhos

           1.2 equiv AgF
cyclohexane, 100 ¼C, 18 h

ii.) 1.0 M aq HCl, THF, 22 ¼C, 2 h(4.0 mmol)
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6 steps
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2) aq. H2NOH, 1.0 M aq NaOH
      MeOH, H2O, CH2Cl2
           0Ð23 ¼C, 3.5 h

   requires multiple column
chromatography purifications
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    2.58 2.59

prepared via fluoroarylation conditions
           followed by HCl hydrolysis

A. Our Method:

B. Previous Method:
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     3.0 equiv Et3N
CH2Cl2, 22 ¼C, 12 h
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       1.2 equiv AgF, cyclohexane (0.15 M)
                        100 oC, 15 h
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2.5 mol % [(cinnamyl)PdCl]2
10 mol % (S,S)-iPr-BI-DIME

(2.0 equiv)
2.29 64% NMR yield
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Preliminary Results for Enantioselective Fluoroarylation:
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+! j!+2(-"*(&-UG!?)2*(",A !?),9-0,-g9U!g[7UF!TV3 5]8H!9*&?-:0!Q&:&!:&?):1&1!),!0!w0:"0, !
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:&*):-&1!09!.)(()Q9C!?%&+"?0(!9%".-G!",-&A:0-"),G!+2(-"*("?"-6!g9!j!9",A(&-G!1!j!1)24(&-G!-!j!

-:"*(&-G! K! j! K20:-&-G! 4:! j! 4:)01G! +! j! +2(-"*(&-UG! ?)2*(",A! ?),9-0,-g9U! g[7UF!VT/ 5]8H !

9*&?-:0! Q&:&! :&?):1&1! ),! 0! w0:"0,c<A"(&,-! w]8H;! gWNN! 8 [7U! 9*&?-:)+&-&:F! ]8H !
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<A"(&,-! '":&?-! ':"#&! WNN! 8[7! ]8H! 9*&?-:)+&-&: ! &K2"**&1! Q"-%! -Q)! %"A%! 40,1! HR!

?%0,,&(9F!<!W!++![R3]!*:)4&!Q"-%!%"A%540,1!?)"( !1)24(&5-2,&1!.): !WNN!8[7!0,1!^_N!

8[7!Q09 !29&1!.):! T[G!T`RG!T`R51&?)2*(&1!T[!0,1! T[1&?)2*(&1! T`R!]8H!&S*&:"+&,-9F!$%&!

T[!`Nt!*2(9&!Q09!•`FM!µ9!0-!W\!14!0,1!-%&!T`R!`Nt!*2(9&!Q09!•T^!µ9!0-!W\!14*)Q&:F!<!W!
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2.6.2 Preparation of Azadiene Substrates 
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N5gMGM51".(2):)#",6(U 5TGT51"*%&,6(+&-%0,"+",&! g!A! UF! <! .(0+&51:"&1! MWN5+J!
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-&+*&:0-2:&G! -%&! +"S-2:&! Q09! ."(-&:&1G! 0,1! -%&! ."(-:0-&! Q09! Q09%&1! Q"-%! ),&! &K20(!

CH2Cl2

reflux, 12Ð18 hPh Ph

NH

H3N CF3Cl
LiHMDS, THF

Ð78 ¡C, 1.5 hN

Ph

F3C

Ph N

Ph

Ph

F

F
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MFTG!_F_![7UG!VF\W!gT[G!KG!J!j!`F^![7UF!;*&?-:0(!10-0!+0-?%&1!-%)9&!*:&#")29(6!:&*):-&1FT\\ !

<!*):-"),!).!-%&!9)("1!gVF`N!AG!TWFN!++)( G!TFNN!&K2"#U!Q09!1"99)(#&1!",!$[R!g^W!+JU!0,1!
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NEt3, CH2Cl2

reflux, 15 hPh H

O
H3N CF3Cl

LiHMDS, THF

–78 °C, 1.5 h
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?),?&,-:0-&1!0,1!*2:"."&1!46 !#0?22+!1"9-"((0-"),G!0..):1",A! MFM`!09!0!6&(()Q!)"(!g_VX!+AG!

^F^N!++)(G!^ F̂Nx!6"&(1UF!IM)g-%",! ."(+U!VNXX!gQUG!M``\!gQUG!M\_X!gQUG!T_MN!g9UG!TXN`!gQUG!
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CM7D ! gZ;>nU! h8n[i n! ?0(?Y1! .):! 3 ` [ _RM]C! TX\FNXT`G! .)2,1C! TX\FNXMMF! ;*&?-:0(! 10-0!
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2.6.3 Preparation of Aryl Iodide Substrates 

!

W5")1) 5T5-)96(5T[ 5",1)(&! g!AFQUF! <! .(0+&51:"&1! TNN5+J! :)2,1 54)--)+! .(09=G!

&K2"**&1!Q"-%!9-":!40:G!Q09!?%0:A&1!Q"-%!W5")1)",1)(&!g`_M!+AG!^FNN!++)(G!TFNN!&K2"#U!

0,1 ! '8R! gTNFM! +JUF! ]0[! gXNx! ",! +",&:0(! )"(U! gM^N! +AG! XFNN! ++) (G! TFWN! &K2"#U! Q09!
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:&0?-"),!Q09!K2&,?%&1!Q"-%!W!+J!).!1&"),"7&1!Q0-&:!0,1!1"(2-&1!Q"-%!&-%6(!0?&-0-&!gTN!

+JUF!$%&! ):A0,"?! (06&:!Q09!Q09%&1!Q"-%! ."#&! *):-"),9! ).! 1&"),"7&1!Q0-&:G!1:"&1! )#&:!

8A;@ ^G!."(-&:&1!0,1!?),?&,-:0-&1!-)!0..):1! MFV_!09!0,!):0,A&!9)("1!gX`W!+AG!TF_W!++)(G!

^VF_x!6"&(1UF!*C)_7M !g^NN!8[7G!3'3( VU!• !_F\^!gT[G!9UG!_F_M!gV[G!-G!J!j!\FN![7UG!_FW^!gT[G!

1G!J!j!\F_![7UG!_FWN!gT[G!1G!J!j!VF^![7UG!_FMN!gM[G!1G!J!j!_F`![7UG!XFWW!gT[G!1G!J!j!_F`![7UG!MFVM!
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2.6.4 Fluoroarylation of Difluoroazadienes 

!

L&,&:0(!8&-%) 1!<F!>,!0,! ] M5."((&1!A()#&4)SG!0,!)#&,51:"&1!gTMN!t3U!+"?:)Q0#&!

#"0(G! &K2"**&1! Q"-%! 9-":! 40:G! Q09! ?%0:A&1! Q"-%! hg?",,0+6(U/13(i MG! b/%)9G! 0,1!

N
H

I

N
Ts

I
TsCl, NaH, DMF

23 ¡C, 43.5 h

F

F

N

Ph

R I

R1

2.5Ð7.5 mol % [(cinnamyl)PdCl]2
10Ð30 mol % XPhos

1.2 equiv AgF
cyclohexane, 80Ð100 ¡C

15 h
F3C

N R

Ph

R1
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x! hg?",,0+6(U/13(i MG! MN! +)(! x! b/%)9G! ?)+4".(09%! ?)(2+,! ?%:)+0-)A:0*%6C! TNNx!

%&S0,&9U!0,1!"9)(0-&1!09!0,!)..5Q%"-&!9)("1!gMWFN!+AG!NFNXNN!++)(G!^NFTx!6"&(1UF!IM!g-%",!

."(+U!VNXN!gQUG!M`VW!gQUG!TXMW!gQU!?+5Tp!*C)_7 M!ĝ NN!8[7G!3'3( VU!δ!_F_â_FX`!gV[G!+UG!

_F^Ta_FVN!g_[G!+UG!XF`XaXF\_!gV[G!+UG!XF_W!gT[G!1G!E!j!\F^UG!WF^_!gT[G!1G!E!j!_FX![7UG!VFWN!gV[G!

9Up!*FG)_7M !gT_X!8[7G!3'3( VU!δ!T_MFTG!TWXFXG!TV`FTG!TVXFVG!TVNF_G!TVNFVG!TM`F^G!TM\F`G!TM\FWG!

TM\FMG!TM\FTG!TM_FWG!TMWFW!gKG!J3R!j!M\NFX![7UG!TM^FXG!TMNF_G!TTNF^G!W`F^!gKG!J3R!j!M`FV![7UG!WWFVp!

*V#)_7M !gV_X!8[7G!3'3( VU!δ!a_^FN\!gVRG!1G!J[ R!j!_FX![7Up!CM7D !gZ;>nU!h8n[i n!?0(?Y1!.):!

3 MM[ T\RV]@C!V_NFT^TVG!.)2,1C!V_NFT^M^F!

!

Ph N

CF3

MeO

Ph



!

\_ !

!

gEU5T5*%&,6(5N5gMGMGM5-:".(2):) 5T5gM5+&-%)S6*%&,6(U&-%6(U+&-%0,"+",&! g! ANVUF! $"-(&!

?)+*)2,1! !ANV!*:&*0:&1!0??):1",A!-)!A&,&:0(!+&-%)1!<!g:&0?-"),!0-!TNN!t3!Q"-%!MFW!+)(!

x!hg?",,0+6(U/13(i MG!TN!+)(!x!b/%)9G!.(09%!?)(2+,!?%:)+0-)A:0*%6!Q"-%!1&0?-"#0-&1!

9"("?0! A&(C! TNNx! %&S0,&9U! 0,1! "9)(0-&1! 09! 0! 6&(()Q! 9)("1! gV`FW! +AG! NFTVW! ++)(G! \ F̀\x!

6"&(1UF!IM!g-%",!."(+U!M`V\!gQUG!MTXN!g4:UG!MNM\!g4:UG!T`_W!g4:UG!TX^W!g+UG!TXNM!g9UG!TW\W!g9U!

?+ 5Tp!*C)_7M !g^NN!8[7G!3'3( VU!δ!\FVN!gT[G!9UG!_F_V!gM[G!11G!J!j!_F\G!TF\UG!_FXX!gT[G!1G!J 

j_F_![7UG!_FV_a_FVN!gV[G!+UG!_FM^!gT[G!111G!J!j!\F\G!_FXG!TF\![7UG!XF`M!gT[G!-G!J j!_FT![7UG!XF\^!

gT[G!1G!J! j! \FV! [7UG!WF^^!gT[G!KG!J! j!_F_! [7UG!VF_`!gV[G!9Up!*FG)_7M !gTMX!8[7G!3'3( VU!δ!

TXWF_G!TW_FNG!TVWFXG!TVTF^G!TVNFNG!TM`F_G!TM\F_G!TM\FXG!TMVF^G!TMWFT!gKG!J3R!j!M\TFN![7UG!TMNF`G!

TTNF_G!XXFV!gKG!J3R!j!M\FW![7UG!WWF_p!*V#)_7M !gV_X!8[7G!3'3( VU!δ!a_VFXV!gVRG!1G!J[ R! j!_F_!

[7Up!CM7D !gZ;>nU!h8n[i n!?0(?Y1!.):!3MM[ T\RV]C!M`^FTTNNG!.)2,1C!M`^FTN`WF!

!

TGT51"*%&,6(5N5gMGMGM5-:".(2):) 5T5g)5-)(6 (U&-%6(U+&-%0,"+",&!g!AJ"UF!$"-(&!?)+*)2,1! !AJ"!

*:&*0:&1! 0??):1",A! -)! A&,&:0(! +&-%)1! <! g:&0?-"),! 0-! TNN! t3! Q"-%! W! +)(! x!

hg?",,0+6(U/13(i MG!MN!+)(!x!b/%)9G!?)+4".(09%!?)(2+,!?%:)+0-)A:0*%6C!TNNx!%&S0,&9U!

0,1!"9)(0-&1!09!0!6&(()Q!)"(!gVTFN!+AG!NFN\VN!++)(G!WWFWx!6"&(1UF!IM!g-%",!."(+U!V_V^!gQUG!

VNXT!gQUG!M`VT!gQUG!MTW`!gQUG!MNMW!gQUG!TXMW!gQU!?+5Tp!*C)_7M !g^NN!8[7G!3'3( VU δ!_F_à

_FX`!gV[G!+UG!_F^^a_FVT!gX[G!+UG!_FMVa_FT^!gV[G!+UG!_FN_a_FNT!gT[G!+UG!XF`N!gT[G!1G!J!j!_FT!

Ph N

CF3

MeO

Ph N

Ph CF3 Me



!

\\ !

[7UG!WFN\!gT[G!KG!J!j!_F^![7UG!TF_X!gV[G!9Up!*FG)_7M !gT_X!8[7G!3'3( VU!δ!T_TF`G!TV\F\G!TVXFVG!

TVXFVG!TV^FWG!TVNF\G!TVNFTG!TM`F_G!TM\F`G!TM\F\G!TM\F_G!TM\FMG!TM\FTG!TM_FVG!TMXFMG!TMWFX!g1G!J3R!j!

M\NF_! [7UG!XVFM!gKG!J3R! j!M\F`! [7UG!T\F`p!*V#)_7M !gV_X!8[7G!3'3( VU!δ!a_VF_\G!J[ R! j! _FVUp!

CM7D !gZ;>nU!h8n[i n!?0(?Y1!.):!3MM[ T\RV]C!VW^FT^X^G!.)2,1C!VW^FT^_MF!!!

!

gEU5T5*%&,6(5N5gMGMGM5-:".(2):) 5T5g)5-)(6(U&-%6(U+&-%0,"+",&!g!AJ*UF!$"-(&!?)+*)2,1! !AJ*!

*:&*0:&1! 0??):1",A! -)! A&,& :0(! +&-%)1! <! g:&0?-"),! 0-! TNN! t3! Q"-%! MFW! +)(! x!

hg?",,0+6(U/13(i MG! TN! +)(! x! b/%)9G! 1&0?-"#0-&1! 9"("?0! A&(! ?)(2+,! ?%:)+0-)A:0*%6C!

TNNx!%&S0,&9U!0,1!"9)(0-&1!09!0!Q%"-&!9)("1!gVVFX!+AG!NFTMT!++)(G!\NF_x!6"&(1UF!IM!g-%",!

."(+U!V\W^!gQUG!V_WN!gQUG!M\_M!gQUGUG!MN^`!g9UG!TX^X!g+UG!TTM`!g9U!?+5Tp!*C)_7M !g^NN!8[7G!

3'3( VU!δ!\FVW!gT[G!9UG!_F\T!gM[G!11G!J!!j!_FWG!TFV![7UG!_F_W!gT[G!+UG!_F^Wa_FV`!gV[G!+UG!_FM^a

_FMT!gV[G!+U!WFTV!gT[G!KG!J! j!_FW![7UG!MF^W!gV[G!9Up!*FG)_7M !gTMX!8[7G!3'3( VU!δ!TXWFWG!

TVXF^G!TVWF^G!TVVFWG!TVTFXG!TVNFXG!TM`FWG!TM\F_G!TM\FXG!TM\FWG!TMXFVG!TMWFT!gKG!J3 R!j!M\NF`![7UG!

_NFX!gKG!J3R! j!M\FM! [7UG!T`F`p!*V#)_7M !gV_X!8[7G!3'3( VU!δ!a_VF^X!gVRG!1G!J[R ! j! _F^! [7Up!

CM7D !gZ;>nU!h8n[i n!?0(?Y1!.):!3MM[ T\RV]C!M_\FTTWTG!.)2,1C!M_\FTT^VF!!!

!

TGT51"*%&,6(5N5gMGMGM5-:".(2):) 5T5gT5-)96(5T[ 5",1)( 5W56(U&-%6(U+&-%0,"+",&! g!AJ!UF! $"-(&!

?)+*)2,1! !AJ!!*:&*0:&1!0??):1",A!-)!A&,&:0(!+&-%)1!<!g:&0?-"),!0-!TNN!t3!Q"-%!_FW!+)(!

Ph N

CF3 Me

Ph N

CF3

N
Ts

Ph



!

\` !

x! hg?",,0+6(U/13(i MG! VN! +)(! x! b/%)9U! 0,1! ,)-! "9)(0-&1! gT_x! ?),#&:9"),! 46! ",-&:,0(!

9-0,10:1UF!

!

gEU5T5*%&,6(5N5gMGMGM5-:".(2):) 5T5gT5-)96(5T[ 5",1)( 5W56(U&-%6(U+&-%0,"+ ",&! g!AJFUF! $"-(&!

?)+*)2,1! !AJF!*:&*0:&1!0??):1",A!-)!A&,&:0(!+&-%)1!<!g:&0?-"),!0-!TNN!t3!Q"-%!_FW!+)(!

x! hg?",,0+6(U/13(i MG!VN!+)(! x! b/%)9G!1&0?-"#0-&1!9"("?0!A&(!?)(2+,! ?%:)+0-)A:0*%6C!

TNNx!%&S0,&9U!0,1!"9)(0-&1!09!0!?)():(&99!."(+!gVTFN!+AG!NFNX_`!++)(G!^WFVx!6"&(1UF!IM!

g-%",! ."(+U!M`M^!g4:UG!MVXM!g4:UG!TX^X!g+UG!TW`_!gQUG!TW\T!gQU!?+5Tp!*C)_7M !g^NN!8[7G!

3'3( VU!δ!\FVX!g9G!T[UG!_F`_!gT[G!1G!J!j!\FX![7UG!_F\M!gM[G!11G!J!j!_F\G!TFW![7UG!_F_Xa_F_^!gV[G!

+UG!_FW_!gT[G!1G!J!j!VF_![7UG!_FWNa_FV\!g^[G!+UG!_FMT!gM[G!1G!J!j!\FM![7UG!XFXW!gT[G!1G!J!j!VFX!

[7UG!^F\^!gT[G!KG!J!j!_FW![7UG!MFVM!gV[G!9Up!*FG)_7M !gTMX!8[7G!3'3( VU!δ!TXWF\G!T^WFTG!TVWFVG!

TVWFMG!TV^F`G!TVTF_G!TVNF\G!TVNFTG!TVNFNG!TM\F\G!TM\F_G!TM_FNG!TMXF\G!TMWFTG!TM^F_!gKG!J3R!j!M\NF`!

[7UG!TMTF`G!TTVFWG!TN\F`G!_WFN!gKG!J3R!j!M\F_![7UG!XWF\_G!MTFWXp!*V#)_7M !gV_X!8[7G!3'3( VU!δ!a

_VF`M!gVRG!1G!J[ R!j!_F^![7Up!CM7D !gZ;>nU!h8n[i n!?0(?Y1!.):!3M [̂ T`RV] M@M;C!^W_FTT`MG!.)2,1C!

^W_FTT`TF!

 

 

!

Ph N

CF3

N
Ts



!

`N!

2.6.5 Hydrolysis of Imines in Products 

!

MGMGM5-:".(2):) 5T5gm5-)(6(U&-%0,5T50+" ,"2 +!?%(): "1&!g!AJQUF!<!M51:0+!#"0(G!&K2"**&1!Q"-%!

9-":!40:G!Q09!?%0:A&1!Q"-%!"+",&!gVVFT!+AG!NFTT`!++)(G!TFNN!&K2"#UG!$[R!gNF_WN!+JUG!0,1!

TFN!8!0K![3(!gNF_WN!+JUF!$%&!+"S-2:&!Q09!0(()Q&1!-)!9-":!.):!M!%!0-!MM!t3!Q%&:&2*),!"-!

Q09!1"(2-&1!Q"-%!0,!011"-"),0(!NF_WN!+J!).!TFN!8!0K![3(F!$%&!9)(2-"),!Q09!1"(2-&1!Q"-%!

1"&-%6(! &-%&:! gM! +JU! 0,1! -%&! (06&:9! *0:-"-"),&1F! $%&! 0K2&)29! (06&:! Q09! Q09%&1! Q"-%!

011"-"),0(!1"&-%6(!&-%&:!gM!S!M!+JUF!$%&!0K2&)29!(06&:!Q09!?)((&?-&1!0,1!?),?&,-:0-&1!-)!

0..):1! !AJQ!09!0!Q%"-&!9)("1!gMTFV!+AG!NFN`^^!++)(G!_`FVx!6"&(1UF!IM!g9)("1U!M`XW!gQUG!MTN_!

g4:UG!T^`\!gQU!?+ 5Tp!*C)_7M !g^NN!8[7G!3' V@'U!δ!_FW_!gT[G!1G!J!!j!_FT![7UG!_FV\a_F^X!gV[G!

+UG!WFWW!gT[G!KG!J j!_FV![7UG!MF^\!gV[G!9Up!*FG)_7M !gTMX!8[7G!3' V@'U!δ!TV\FTG!TVTFVG!TVNFWG!

TMXF\G! TMXFXG!TMXFWG! TMVF_! gKG!J3R! j! M\TF^! [7U! WTF^! gKG!J3R! j! VMF^! [7UG! T\FMp!*V#) _7M !gV_X!

8[7G!3' V@'U!δ!a_XFMX!gVRG!1G!J[ R! j!_F^! [7 Up!CM7D !gZ;>nU!h8n[i n!?0(?Y1! .):! 3̀ [ TTRV]C!

T`NFN\V\G!.)2,1C!T`NFN\V^F!

!

MGMGM5-:".(2):) 5T5g 5̂g+&-%)S6?0:4),6(U*%&,6(U&-%0, 5T50+","2+!? %():"1&!g!AJTUF!<!M51:0+!

#"0(G!&K2"**&1!Q"-%!9-":!40:G!Q09!?%0:A&1!Q"-%!"+",&!gW`FX!+AG!NFTWN!++)(G!TFNN!&K2"#UG!

$[R!gNF_W!+JUG!0,1!TFN!8!0K![3(!gNF_WN!+JUF!$%&!+"S-2:&!Q09!0(()Q&1!-)!9-":!.):!M!%!0-!

ClH3N

CF3

N

CF3

Ph

H
1.0 M aq HCl

THF, 22 ¡C, 2 h

Me Me

ClH3N

CF3

N

CF3

Ph

Ph
1.0 M aq HCl

THF, 22 ¡C, 2 hO

OMe

O

OMe



!

`T!

MM! t3! Q%&:&2*),! "-! Q09! 1"(2-&1! Q"-%! 0,! 011"-"),0(! NF_WN!+J! ).! TFN! 8! 0K! [3(F! $%&!

9)(2-"),!Q09!1"(2-&1!Q"-%!1"&-%6(!&-%&:!gM!+JU!0,1!-%&!(06&:9!*0:-"-"),&1F!$%&!0K2&)29!

(06&:! Q09! Q09%&1! Q"-%! 011"-"),0(! 1"&-%6(! &-%&:! gM! S! M! +JUF! $%&! 0K2&)29! (06&:! Q09!

?)((&?-&1!0,1!?),?&,-:0-&1!-)!0..):1! !AJT!09!0!Q%"-&!9)("1!gVVFN!+A G!NFTMM!++)(G! \TFXx!

6"&(1UF!IM! g9)("1U! M_`\! g4:UG! T_MX! g+UG! TW_V! gQUG! TWT`! g+U! ?+ 5Tp!*C) _7M ! g^NN! 8[7G!

3' V@'U!δ!\FTX!gM[G!1G!J!j! \F^![7UG!_F_T!gM[G!1G!J!j! \FT![7UG!WFWM!gT[G!KG!J!j!_F^![7UG!VF`M!

gV[G! 9Up!*FG) _7M !gTMX! 8[7G! 3' V@'U!δ!TXWF`G! TVMF\G!TVMF^G! TVNFNG! TM\FXG! TMVFM! gKG!J3R! j!

M\NFX![7UG!W^F`!gKG!J3R!j!VVFN![7UG!WTFXp!*V#)_7M !gV_X!8[7G!3'3( VU!δ!a_^FXT!gVRG!1G!J[ R!j!_F^!

[7Up!CM7D !gZ;>nU!h8n[i n!?0(?Y1!.):!3TN[ TTRV]@ MC!MV^FN_VXG!.)2,1C!MV^FN_VWF!

2.6.6 Synthesis of HDAC6 Inhibitor 

!!!!!!!!!! !

MGMGM5-:".(2):) 5T5g 5̂g+&-%)S6?0:4),6(U*%&,6 (U&-%0,5T50+","2+!?%():"1&!g !AJTUF!>,!0,!]M5

."((&1! A()#&4)SG! 0,! )#&,51:"&1! gTMN! t3U! +"?:)Q0#&! #"0(G! &K2"**&1! Q"-%! 9-":! 40:G! Q09!

?%0:A&1! Q"-%! hg?",,0+6(U/13(iM! gWTF\! +AG! NFTNN! ++)(G! NFNMWN! &K2"#UG! b/%)9! gT`T! +AG!

NF^NN!++)(G!NFTNN!&K2"#UG!0,1!?6?()%&S0,&!gXFX_!+JUF!$%&!+"S-2:&!Q09!0(()Q&1!-)!9-":!TW!

+",!0-!0+4"&,-!-&+*&:0-2:&F!<701"&,&! !A!V!gXX`!+AG!^FNN!++)(G!TFNN!&K2"#UG!+&-%6(!^5

")1)4&,7)0-&! gTFNW! AG! ^FNN! ++)(G! TFNN! &K2"#UG! 0,1! 9"(#&:! .(2):"1&! gXN`! +AG! ^F\N! ++)(G!

TFMN! &K2"#U!Q&:&! 011&1! 9&K2&,-"0((6G! .)(()Q&1! 46! ?6?()%&S0,&! gXFX_! +JU! -)! :",9&! -%&!

9"1&9!).!-%&!#"0(F!$%&!#"0(!Q09!9&0(&1G!:&+)#&1!.:)+!-%&!A()#&4)S!0,1!%&0-&1!0-!TNN!t3!

ClH3N

CF3

O

OMe

F

F

N

Ph

H

1. 2.5 mol % [(cinnamyl)PdCl]2, 10 mol % XPhos
methyl 4-iodobenzoate, 1.2 equiv AgF

cyclohexane, 100 ¡C, 15 h

2. 1.0 M aq HCl, THF, 22 ¡C, 2 h



!

`M!

.):!TW!%!Q%"(&!?)#&:&1!",!0(2+",2+!.)"(F!$%&!:&0?-"),!Q09!-%&,!0(()Q&1!-)!?))(G!."(-&:&1!

-%:)2A%!0!?&("-&!*(2AG!0,1! :",9&1!Q"-%!-%:&&!*):-"),9!gV!S!TN!+JU!).!&-%6(!0?&-0-&F!$%&!

9)(2-"),!Q09!?),?&,-:0-&1 G!0,1!-%&!:&9"12&!Q09!1"99)(#&1!",!$[R!gTNFN!+JU!0,1!TFN!8!0K!

[3(!gTNFN!+JUF!$%&!+"S-2:&!Q09!0(()Q&1!-)!9-":!.):!M!%!0-!MM!t3!Q%&:&2*),!"-!Q09!1"(2-&1!

Q"-%!0,!011"-"),0(!TNFN!+J!).!TFN!8! 0K![3(F!$%&!9)(2-"),!Q09!1"(2-&1!Q"-%!1"&-%6(!&-%&:!

gTN! +JU! 0,1! -%&! (06&:9! *0:-"-"),&1F! $%&! 0K2&)29! (06&:! Q09! Q09%&1! Q"-%! 011"-"),0(!

1"&-%6(!&-%&:!gM!S!MN!+JUF!$%&!0K2&)29! (06&:!Q09!?)((&?-&1!0,1!?),?&,-:0-&1! -)!0..):1!

MFW\!09!0!6&(()Q!9)("1!g`TM!+AG!VFV\!++)(G!\^FXx!6"&(1UF!

!!!!! !

+&-%6(! ^5gT5ghTGTm54"*%&,6(i5̂ 5?0:4)S0+"1)U5MGMGM5-:".(2):)&-%6(U4&,7)0-&F! <,! )#&, 5

1:"&1!gTMN!t3U!+"?:)Q0#&!#"0(G!&K2"**&1!Q"-%!9-":!40:G!Q09!?%0:A&1!Q"-%!0++),"2+!90(-!

MFW\!g`TM!+AG!VFV\!++)(G!TFNN!&K2"#UG!]Z-V!gTF̂N!+JG!TNFM!++)(G!VFNN!&K2"#UG!0,1!3[M3(M!

gTTFV!+JUF!$)!-%"9!9)(2-"),!Q09!011&1!-%&!0?"1!?%():"1&!g_VM!+AG!VFV\!++)(G!TFNN!&K2"#U!

0,1! 3[ M3(M!gTTFV!+JUF!B*),!?)+*(&-"),G!-%&!+"S-2:&!Q09!1"99)(#&1!",!Q0-&:!gTNFN!+JU!

0,1!1"?%():)+&-%0,&! gTNFN!+JUF!$%&!):A0,"?!(06&:!Q09!Q09%&1!Q"-%!90-2:0-&1!0K2&)29!

0++ ),"2+!?%():"1&!gM!S!TNFN!+JUG!Q0-&:!gM!S!TNFN!+JUG!0,1!4:",&!gTNFN!+JUF!$%&!):A0,"?!

(06&:!Q09!1:"&1!)#&:!8A;@^G!."(-&:&1G!0,1!?),?&,-:0-&1!-)!0..):1!-%&!-"-(&!?)+*) 2,1 !09!

0,!).. 5Q%"-&!9)("1!gTFN`!AG!MFXV!++)(G!__F\xUF!IM!g-%",!."(+U!MVXN!g+UG!TWVV!gQUG!?+5Tp!*C)

_7M !g^NN!8[ 7G!3'3( V!n!T!1:)*!).!3' V@'!.):!9)(24"("-6U! δ!\FN\!gM[G!1G!J!j!\FM![7UG!_F\_!

N
H

O CF3

OMe

O

ClH3N

CF3

O

OMe

O

Cl
3.0 equiv NEt3

CH2Cl2
 22 ¡C, 12 h



!

`V!

gM[G!1G!J j!\FM![7UG!_FX`!gM[G!1G!J!j!\FV![7UG!_FW`!gM[G!1G!J!j!_FM![7UG!_FWW!gM[G!1G!J!j!\FT![7UG!

_F^X!g-G!M[G!J!j!_F^![7UG!_FV`!gT[G!-G!J!j!_FV![7UG!XF_M!gT[G!1G!J!j!`FW![7UG!XFN\ aWF`X!gT[G!+Up!

*FG)_7M !gT_X!8[7G!3'3( V!n!T!1:)*!).!3' V@'!.):!9)(24"("-6U! δ!TX_F_G!TXXF_G!T^WFNG!TV`F_G!

TV_F`G!TVTF_G!TVNF_G!TVNFNG!TM\F`G!TM\FMG!TM\FTG!TM\FNG!TM_FTG!TM_FTG!TM̂F^!gKG!J[R !j!M\TFN![7UG!

W^FX!gKG!J[R !j!VTFX![7UG!WMFVp!*V#)_7M !gV_X!8[7G!3'3( V!n!T!1:)*!).!3' V@'!.):!9)(24"("-6U!

δ! a_VFTX! gVRG! 1G! E[R! j! \FN! [7Up!CM7D !gZ;>nU!h8n[i n! ?0(?Y1! .):! 3MV[ T\RV]@ VC! ^T^FTVTMG!

.)2,1C!^T^FTVTTF!

!!!! !

N5gMGMGM5-:".(2):) 5T5g 5̂g%61:)S6?0:40+)6(U*%&,6(U&-%6(U5hTGTm54"*%&,6(i5̂ 5?0:4)S0+"1&!

g!AJVUF!<! .(0+&51:"&1!TNN5+J! :)2,1 54)--)+! .(09=G!&K2"**&1!Q"-%!9-":!40:G!Q09!?%0:A&1!

Q"-%!&9-&:!gMN_!+AG!NFWNN!++)(G!TFNN!&K2"#UG!1"?%():)+&-%0,&!gWFN!+JUG!0,1!+&-%0,)(!

gXFW! +JUF! $%&! +"S-2:&! Q09! 0(()Q&1! -)! ?))(! -)! N! t3! 0,1! %61:)S6(0+",&! g MFN! +JG! NFNVN!

+)(G!XNF!&K2"#U!0,1!9)1"2+!%61:)S"1&!gTNN!+AG!MFW!++)(G!WFN!&K2"#U!Q&:&!011&1F!$%&!

+"S-2:&! Q09! 0(()Q&1! -)! 9-":! TW! +",! 0-! N! t3! 0,1! -%&,! 0(()Q&1! -)! Q0:+! -)! :))+!

-&+*&:0-2:&F! <.-&:! TFW! %G! -%&! +"S-2:&! Q09! ?),?&,- :0-&1G! 0,1! -%&! :&92(-",A! :&9"12&!

* 0:-"0((6!1"99)(#&1!",!&-%6(!0?&-0-&!gTNFN!+JU!0,1!1"(2-&1!Q"-%!TFN!8!0K![3(!gTNFN!+JUF!

$%&! (06&:9! Q&:&! 9&*0:0-&1F! $%&! ):A0,"?! (06&:! Q09! Q09%&1! Q"-%! 4:",&! 0,1! -%&,!

?),?&,-:0-&1F! $%&! 9)("1! Q09! :",9&1! Q"-%! 1"?%():)+&-%0,&!0,1 ! !AJV!Q09! ?)((&?-&1! 09! 0!

*0(&! *",=!9) ("1!g`WFW!+AG!NFMM`!++)(G! ^WF`xUF!IM!g9)("1U!VM\T!g4:UG!M^X\!gQUG!TX^T!g+UG!

N
H

O CF3

H
N

O

OH

N
H

O CF3

OMe

O

   aq NH2OH, 1.0 M aq NaOH

   MeOH, H2O, CH2Cl2
  0 ¡C to 23 ¼C, 3.5 h
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TXTN!g+UG!TW_V!g+UG!TWVX!g+UG!TWTT!gQU!?+5Tp!*C)_7M !g^NN!8[7G!'8;@ 51XU!δ!TTFMV!gT[G!

9UG!`FWX!gT[G!1G!E!j!\F`![7UG!`FN\!gT[G!9UG!_F`\!gM[G!1G!J!j!\F^![7UG!_F\Ma_F_^!gX[G!+UG!_F_Va

_FX\!gV[G!+UG!_F^_!gM[G!11G!J! j!XFX![7UG!_FV`!gT[G!11G!J j! \FX! [7UG!XFMXaWF`\!gT[G!+Up!*FG)

_7M ! gTMX! 8[7G! '8;@ 51XG!T[! 0,1! T`R! 1&?)2*(&1U!δ! TXXF_G! TXVF_G! T^VFWG! TV`FNG! TVXFTG!

TVVFWG!TVMFNG!TM`FTG!TM\F\G!TM\F_G!TM\FMG!TM_FMG!TM_FNG!TMXFXG!TM^F\G!WVF_G!^NFNG!V`F`G!V`F_G!V`FWG!

V`F^G!V`FMG!V`FNp!*V#)_7M !gV_X!8[7G!'8;@ 51XU!δ!a_TF_W!gVRG!1G!J[R !j!\F`![7 Up!CM7D !gZ;>nU!

h8n[i n!?0(?Y1!.):!3MM[ T_RV] M@VC!^TWFTMX^G!.)2,1C!^TWFTMXNF!

2.6.7 NMR Studies: Characterization of Azaallyl–Silver Intermediate 

!

/:)?&12:&! .):! A&,&:0-"),! ).! ;"(#&:! R(2):"1&! 8),)*%)9*%",&! 3)+*(&S! !AU!F! >,! 0,! ] M5

."((&1! A()#&4)SG! 0,! )#&,51:"&1! gTMN! t3U! +"?:)Q0#&! #"0(G! &K2"**&1! Q"-%! 9-":! 40:G! Q09!

?%0:A&1!Q"-%!<AR!gXFV!+AG!NFNWN!++)(G!TFN!&K2"#UG!b/%)9!gMVF\!+AG!NFNWNN!++)(G!TFNN!

&K2"#U!0,1!-)(2&,&51\ !gWNN!µJUF!$%&!#"0(!Q09!9&0(&1!0,1!?)#&:&1!",!0(2+",2+!.)"(F!$%&!

+"S-2:&!Q09!-%&,!%&0-&1!-)!\N!t3!.):!^W!+",F!$%&!:&0?-"),!Q09!-%&,!0(()Q&1!-)!?))(!0,1!

-:0, 9.&::&1!-)!0,!]8H!-24&G!Q%"?%!Q09!9&0(&1!.):!0,0(69"9!0-!MW!t3F!

!

/:)?&12:&! .):!A&,&:0-"),! ).!<700((6( 5;"(#&:!>,-&:+&1"0-&!!AU"!>,!0,! ] M5."((&1!A()#&4)SG!

0,!)#&, 51:"&1!gTMN!t3U!+"?:)Q0#&!#"0(G!&K2"**&1!Q"-%!9-":!40:G!Q09!?%0:A&1!Q"-%!<AR!

gXFV!+AG!NFNWN!++)(G!TFN!&K2"#UG!b/%)9!gMVF\!+AG!NFNWNN!++)(G!TFNN!&K2"#U!0,1!-)(2&,&51\ !

 

toluene-d8, 80 ¡C, 45 min
AgF      +      PCy2Ar F Ag PCy2Ar

Ph N CF3

Ag

XPhos

PhPh N

Ph

F

F

AgF, XPhos 

toluene-d8, 80 ¡C, 45 min
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gMWN!µJUF!$%&!+"S-2:&!Q09!0(()Q&1!-)!9-":!TW!+",!0-!0+4"&,-!-&+*&:0-2:&F!<701"&,&!MFM!

gTMFV! +AG! NFNWN! ++)(G! TFNN! &K2"#U! 0,1! -)(2&,&51\ ! gMWN!µJU! Q&:&! 011&1F! $%&! #"0(! Q09!

9&0(&1!0,1!?)#&:&1!",!0(2+",2+!.)"(F!$%&!+"S-2:&!Q09!-%&,!%&0-&1!-)!\N!t3!.):!^W!+",F!

$%&! :&0?-"),! Q09! -%&,! 0(()Q&1! -)! ?))(! 0,1! -:0,9.&::&1! -)! 0,! ]8H! -24&G! Q%"?%! Q09!

9&0(&1!.):!0,0(69"9!0-!MW!t3F!

!

/:)?&12:&!.):! in situ!]8H!+),"-):",A!).!:&0?-"),!*:)A:&99 F!>,!0,!] M5."((&1!A() #&4)SG!0,!

)#&, 51:"&1! gTMN! t3U! +"?:)Q0#&! #"0(G! &K2"**&1! Q"-%! 9-":! 40:G! Q09! ?%0:A&1! Q"-%!

hg?",,0+6(U/13(i M!gTF`!+AG!NFNN^N!++)(G!NFNMW!&K2"#UG!b/%)9!g_FM!+AG!NFNTW!++)(G!NFTN!

&K2"#U! 0,1! -)(2&,&51\ ! gMWN!µJUF! $%&! +"S-2:&! Q09! 0(()Q&1! -)! 9-":! TW! +",! 0-! 0+4"&,- !

-&+*&:0-2:&F! <701"&,&!!A!! gVXFW! +AG! NFTWN! ++)(G! TFNN! &K2"#UG! V5")1)0,"9)(&! gVWFT! +AG!

NFTWN! ++)(G! TFNN! &K2"#UG! 0,1! 9"(#&:! .(2):"1&! gMMF\! +AG! NFT\N! ++)(G! TFMN! &K2"#U! Q&:&!

011&1!9&K2&,-"0((6G! .)(()Q&1!46! -)(2&,&51\ !gMWN!µJU! -)! :",9&! -%&!9"1&9! ).! -%&!#"0(F!$%&!

#"0(!Q09!9&0(&1!0,1!?)#&:&1!",!0(2+",2+!.)"(F!$%&!+"S-2:&!Q09!-%&,!%&0-&1!-)!TNN!t3!.):!

T!%F!$%&!:&0?-"),!Q09!-%&,!0(()Q&1!-)!?))(!0,1!-:0,9.&::&1!-)!0,!]8H!-24&G!Q%"?%!Q09!

9&0(&1!.):!0,0(69"9!0-!MW!t3F!>,-&:+&1"0-&!!AU" !Q09!,)-!)49&:#&1 !",!0!1 &-&?-04(&!K20, -"-6G!

0,1!0! ,2+4&: !).!2,"1&,-"."04(&!*:)12?-9!Q&:&!.):+&1!", !-%"9!:&0?-"),F!

!

!

F

F

N

Ph

Ph I
2.5 mol % [(cinnamyl)PdCl]2

10 mol % XPhos

1.2 equiv AgF
toluene-d8, 100 ¡C, 1 h

F3C

N R

Ph

OMe

OMe
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3. Enantio- and Diastereoselective Synthesis of ! -
Trifluoromethyl Homoallylic Amines by Catalytic 
Hydroalkylation of Dienes  
/):-"),9!).! -%"9!?%0*-&:!%0#&!4&&,!*24("9%&1!0,1! 010*-&1!Q"-%!*&:+"99"),!.:)+C! !

@,6&0A29"G!3F!>Fp!;%0)G!bFp!80(?)(+9),G!;F!EF!Z,0,-") 5!0,1!'"09-&:&)9&(&?-"#&!;6,- %&9"9!).!
! 5$:". (2):) +&-%6(! [)+)0((6("?! <+",&9! 46! 30-0(6 -"?! [61:)0(=6(0-"),! ).! '"&,&9 F! Org 
Lett.!!" !" G!22G!TX\TaTX\WF!!
!
$%"9!Q):=!Q09!1),&!", !?)((04):0- "),!Q"-%!b",S",!; %0)F!

A"!#'.,+*@4/,2*. #

3%":0(!%)+)0((6("?!0+",&9!0:&!#0(204(&!42"(1",A!4()?=9!.):!4")()A"?0((6!:&(&#0,-!

?)+*)2,19 FT`M5T`V! $%&6! 0:&! 96,-%&-"?0((6! 29&.2(! 09! *:&?2:9):9! .):!! 50+",)! 0?"19 GT`^!

%&-&:)?6?(&9GT`W!09! Q&((! 09! ",-&:+&1"0-&9! ",! -%&! 96,-%&9"9! ).! ?)+*(&S! ,0-2:0(! *:)12?-9F!

I% "(&!0**:)0?%&9! .): ! *:&*0 :",A! ?%":0(! %)+)0((6("?! 0+",&9! 0:&! 042,10,-G! +&-%)19! ).!

0??&99",A!-%&!.(2):",0-&1!#&:9"),9!).! -%"9!+)"&-6!:&*:&9&,- !0,!2, 1&:&S*():&1!0:&0F!$%&!

,&&1! -)! 4:" 1A&! -%"9! A0*! ",! 96,-%&-"?!):A0,"?! ?%&+"9-:6! "9!4)(9-&:&1! 4&?029&! -%&!

"+*):-0 ,? &!).!):A0,) .(2):",&!?)+* )2,19 !%09!4&&,!&9-04("9%&1!",!+&1"?",0(!?%&+"9-:6FM5

VG!TXW!R):!", 9-0,?&G!-%&!",?):*):0-"),!).!-%&!-:".(2):)+&-%6(!A:)2*!",.(2&,?&9!-%&!?%&+"?0(!

0,1!4")()A"?0(!*:)*&:-"&9!).!?)+*)2,19 !g9&&!9&?-"),! *A*UFT5V!<9!0!:&92(-G!-:".(2) : )+ &-%6(5

?),-0",",A! 9?0..)(19! 4 &?)+&! %&0#"(6! 9)2A%-! 0.-&:! .): ! 29&! ",! +&1"?",0(! 0**("?0-"),9F!

$%&:&.):&G!Q&!0"+!-)!1&#&()*! ,&Q!+&-%)1)()A"&9!.):! *:&*0:",A !0!9249&-!).! -%"9!0+",&!

?(099C!! 5-:".(2):)+&-%6( !%)+)0((6("?!0+",&9 F!)
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A"=#8-/?9+*4.@ #

3 %":0(! %)+)0((6 ("?! 0+",&9! 0:&! 0,! "+* ):-0,- ! 9?0..)(1 ! -%0-!"9! %&0#"(6! 9)2A%-!",!

+ &1"?",0(!?%&+"9-:6!0,1!%&,?&G!0! ,2+4&:! ).!9-:0-&A"&9!%0#&!4&&,!1&#&()*&1! -)!0??&99!

-%&+FT_G! V^G! T`X5T`\ !<!#0(204(&!9249&-! ).! -%&9&!?)+*)2,19!"9!! 5-:".(2):)+&-%6(!%)+)0((6(" ?!

0+" , &9!4&?029&!).! -%&!?%&+"?0(! *:)*&:-"&9!).! -%&! .(2):",&! A:)2* F!$%&9&!0+",&9!4&0:!0!

*&,10,-! 0( (6("?! A:)2*! Q %"?%! ?0,! 4&! 2-"("7&1! 09! 0! %0,1(&! .):! 1)Q,9-:&0+ !

.2,?-"),0( "70-"),FT`` !H&?&,-(6G!0!,2+4&:!). !:&9&0:?%!A:)2*9!%0#&!"," -"0-&1!&..):-9!-)Q0:19!

-%&!96,-%&9"9!).!1"..&:&,-! ! 5-:".(2):)+&-%6(!%)+) 0((6("?!0+",&9F!8)9 -!).!-%&9&!9-:0-&A"&9!

%0#&! :&("&1! ),! 0((6(0-"),! 4&-Q&&,! 0((6("?! ?0:4),0-&9! 0,1! "+",&9! -%:)2A%! 0((6("?!

9249-"-2-"),!2 9",A!) :A0, ) ?0-0(69-9!09!Q&((!09!-:0,9"-"), !+&-0(!?0-0(69-9F!>,!MNTXG!-%&!f0,!

0,1! I0,A ! (04):0-): "&9! 9%)Q&1! -%&! ?)2*(",A! ). ! %"A%(6! &(&?-:)*%"("?! 0((6("?! ?0:4),0-&9!

-%0-!4&0:!0,!&9-&:!+)"&-6!g"F&F!8):"-0 aO06("9a["((+0 ,! 8O [ !?0:4),0- &9G!;?%&+&!VM< UFMNN!

$%&9&! ?0:4),0-&9!2,1 &:A)! ?)2*(",A! Q"-%! 3RV59249-"-2-&1! "+",&9! -)! A&,&:0-&! ! 5

9&?),10:6 !0+",& 59249-"-2-&1!9-&:&)A&,"?!?&,-&:9F!$%"9!:&0?-"),!"9!0"1&1!46!0!?%":0(!0+ ",&!

?0-0(69-p! %)Q&#&:G! -%&! &(&?-:)*%"(&! 9?)*&! "9! ("+"-&1! -)! -%&9&! 8O[! ?0: 4),0-&9F! $%&9&!

?0:4),0-&9 !?)2*(& !Q"-%!-%&!0701"&,)(0-&!A&,&:0-&1!.:)+! -%&!1&*:)-),0-"),!).!-%&!"+",& !

4&0:",A!0!?%():)59249-"-2-&1!"90-",5409&1!0?-"#0-",A!A:)2*F!$%&!"90-",!A:)2*!"9!?0:&.2((6!

?%)9&,!09!-%&!0701"&,)(0-&!A&,&:0-&1!in situ!4&,&."-9!.:)+ !?),d 2A0-") ,! Q"-%!-%&!?0:4),6(!

A:)2* F! $%"9! 0701"&,)(0-&! )..&:9! -Q)! +)1&9 ! ).! ,2? (&)*%"("?! 0--0?=C!! 5011"-"),! 0,1! %5

011"-"),! g011"-"),! .: )+! -%&! 3RV59249-"-2-&1! ?0:4),UG! %)Q&#&:! ),(6! -%&!%5011"-"),!
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*:)12?-! "9! )49&:#&1F! $%&! :&0?-"),! "9! &.."?"&,-! 0,1 ! A&,&:0-&9! %) +) 0((6("?! 0+",&9!

?),- 0",", A! #"?",0(! -:"9249-"-2-&1! 9-&:&)A&, "?! ?&, -&:9! 4&0:", A! 0!syn! :&(0-"),9%"*! 09! -%&!

+0d):!*:)12?-F !R)(()Q",A!-%0-!Q):=G!e%0,A!0,1!?)Q):=&:9!9%)Q&1!-%&!?)2*(",A!).!3RV5

9249-"-2-&1! =&-"+",&9! 4&0:",A! 0! para5,"-:)4&,76(! 0?-"#0 -",A! A:)2 *! Q"-%! 0,! 0 ((6("?!

?0:4),0-&! 1&:"#&1! .:)+! 0! *:"+ 0:6! 0(?)%) (! -)! 1 &("#&:! -%&!1&9":&1!! 5-:".(2):)+&-%6(!

%)+)0((6("?! 0+",&9! ",! &S?&((&,-! 6"&(19! 0,1! &,0,-")9&(&?-"#"-"&9! g;?%&+&! VMOUFMNT!

[)Q&#&:G! 0--&+*-9! -)! &+*()6 !9&?),10:6 !0(?)%)(51&:"#&1! ?0:4),0-&9! (&01! -)! &S?(29"#&!

0700((6(!0,"), !011"-") ,! . :)+! -%&!0?-"#0-",A!A:)2* !9"1&! ).! -%&!0+4"1&,-0-&! ,2?(&)*%"(&!

g! ƒ5011"-"),UF!$%&!*:)12?-9!",!-%"9!:&0?-"),!),(6!4&0:!0!9",A(&!9-&:&)A&,"?!?&,-&:F!$%&!;%"!

A:)2*!%09!0(9)!*2:92&1!0!9"+"(0:!0* *:)0?%!.):!%)+)0((6("?!0 +",&9FMNM!!

!!!!!!!!!!! !

D93(1() F!+)['%:609:2:/42$9)7(230?<).0')D4623(<$<)0.) ! ,-'$./&0'01(234/)C 010:// 4/$9)
51$6(< )

R1 CF3

N

Ar

+

10 mol % L33

toluene, 22 ¼C, 8 h
Ar = 4-(O2N)C6H4

N
H

Ph2P

CF3

CF3

O

Ar = 9-anthracenyl

Ar

(1.5 equiv)

CO2t-Bu

BocO
L33

R1

CO2t-BuNF3C

Ar

N

F3C

NMe

O

O

MeN
N

F3C10 mol % L32

R

OBocO

Ar

R O

N

O

N

OH

MeCN, 22 ¡C, 3Ð28 h

(1.1 equiv)

L32

Me
ArCl Cl

!

"

!

"

   24 examples
up to 93% yield 
   up to 99:1 er

   25 examples
up to 91% yield 
   up to 99:1 er

B. Zhang (2016):

A. Yan and Wang (2016):

"

!
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! >,! 011"-"),! -)! ):A0,)?0-0(67&1! +&-%)1 9! .):! 0??&99",A! ! 5-:".(2):)+&-%6(!

%)+)0((6("?!0+",&9G! -:0,9"-"), 5+ &-0(!0** :)0?%&9!%0#&!4&&,!&+*()6&1!46!0! ,2 +4&:! ).!

A:)2*9F! $%&! [)#&610! A:)2*! %09! 9%)Q,! -%&!?),9-:2?-"),! ).! g ZU59249-"-2-&1!! 5

-:".(2):)+ &-%6(!0+",&9!-%:)2A%!-%&!?)2*(",A!).!3R V59249-"-2-&1!]a[ !=&-"+",&9!0, 1!gZ)5

1"9249-"-2-&1! 0((6(4):),! :&0A&,-9!29",A! 0, ! 0+", ) * %&,)(! ? 0-0(69-! g; ?%&+&!VVUFMNV! $%&!

:&0?-"),! "9!9-&:&):&-&,-"#&G!1&("#&:",A!*:&1)+",0,-(6! -%&!gZU50(=&,&!0.-&:!! 50(=6(0-"),!46!

-%&!0((6(!4):),0-& F!!

!!!!!!!!!!! !

D93(1() FF+)C0;(4?: X<)D4623(<$<)0. )bZc,D&`<2$2&2(?)C010://4/$9)51$6(< )

H&?&,-(6G! -%&! I0,A! A:)2*! 011& 1! 0,)-%&:! ?),-:"42-"),! -)! -%"9! 0:&0! 46!

?),9-:2?-",A ! K20-&:,0:6! ! G! 51"9249-"-2-&1! 0+",)! 0?"19! -%:)2A%! 0,! &,0,-")9&(&?-"#&!

0((6(0-"),! ) .! ! 5-:".(2):)+&-%6(! 0(1"+",&! &9-&:9! .)(()Q&1! 46!0,! 2,*:&?&1&,-&1! =",&-"?!

:&9)(2-"),FMN!̂ R2:-%&:+):& G! I0,A! 0 ,1! ?) Q):=&:9! %0#&!0(9)! 1"9?()9&1! 0,! ":"1"2+ 5

?0-0(67&1! 0((6(0-"),! ).! "90-", 51&:"#&1! 0701"&,)(0-&9! Q"-%! 0((6("?! ?0:4),0-&9! g;?%&+&!

V̂ < UFMNW!>,!-%"9!:&0?-"),G!-%&!0701"&,)(0-&!2,1&:A)&9! ! 5011"-"), !-)!-%&!>:a#50((6(G!.) :+",A!

0! 4:0,?%&1! ! 5*:)12? -! =",&-"?0((6F! [ )Q&#&:G! -%"9! 4:0,?%&1! *:)12?-! "9!

-%&:+)16,0+"?0((6!*)"9&1! -)!2,1&:A)!0!9-&:&)9&(&?-"#&!07053)* &!:&0::0,A&+&,- !-)!.):+!

(pin)B

R2

(1.3 equiv)

R1 CF3

N
SiMe3

+

5 mol % L34

3.5 equiv MeOH
toluene, 22 ¡C, 3 h

R2
R1

F3C NH2

R1

F3C NH2

R2

+
R1 CF3

N
H

(! 19:1 Z:E)

"

#
"

#

Hoveyda (2019):

OH

t-Bu

N
H

N

O

Me OMe

L34

      10 mol % Zn(OMe)2

5 mol % (n-Bu)4N(Ph3SiF2)

up to 91% yield
  up to 99:1 er 
up to >98:2 Z:E 
up to >98:2 " :#
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-%&!(",&0:!, &-!%50((6(0-"),!*: ) 12?-F!$%"9!*%&,)+&,) ,! "9!12&!-)!-%&!?),A&9-"),!).!-%&!-:" 5!

0,1!-&-:09249-"-2-&1!?&,-&:9!0,1 !:&%64:"1"70-"),!).! "+ ",&!?0:4),!.:)+!9* M!-)!9* VG!Q%"(&!

.):+", A!0,! )(&.",! -%0-!"9!?),d2A0-&1!Q"-%! -%&!0:&,&F!<11 "-"),0((6G!-%&!"+",&! .):+&1! "9!

0(9)!?),d2A0-&1!Q"-%!-%&!?0:4),6(!0A0",F!

!!!!!!!!!!! !

D93(1 ()FN+)I' ,G:2:/4H(? )7 (230?<).0')D4623(<$<)0.)bEc,D&̀ <2$2&2(?)C010:// 4/$9)
51$6(< )

@-%&:!&..):-9!2 9",A! ":"1"2+!?0-0(69-9!%0#&!4&&,!&S*():&1!46 !-%&! I0,A!A:)2* MNX!

0,1!-%&!-&0+!).!e%0,A!0,1!]"2 MN_!Q%)!29&1!"+" ,&9!Q"-%!0!.(2):&,6( 50?-"#0-",A!A:)2*! .):!

?)2*(",A! Q "-%! 0((6("?! ?0:4),0-&9 ! g;?%&+&!V̂ OUF! I "-%! -%&! 0"1! ).! 0! *%)9*%):0+ "1"-&!

("A0,1G!-%&!! 5011"-"),! *:)12?-9 ! g,) -! 9%)Q, U! 0:&! .):+&1! ",! -%&! :&0?-"),! .":9-! 42-!

N

F3C

NMe

O

α

γ

OCO2Me

+ N

F3C

MeN

O

Ar

γ

α
N

N
Me

CF3Ar

O
α γ

O

O

P N

Ar

Ar

Me

Me

2.5 mol %
[Ir(cod)Cl]2

5 mol % L26

α- and branch-selective
allylation

CH2Cl2, 25 ¼C

2-aza-Cope

L26 Ar = Ph

L35 Ar = 2-(MeO)C6H4

(1.1 equiv)

Ar

Wang: 5 mol % Ir/L26, DBU, toluene; NH2OH¥AcOH workup

Zhang & Niu: 3 mol % [Ir(cod)Cl]2, 6 mol % L35, DABCO, THF; 2.0 M aq HCl workup

   18 examples
up to 99% yield 
  up to >99:1 er

A. Wang (2019):

N

F3C

α
OCO2R2

+
1.0 equiv base, solvent

50 ¼C, 12Ð24 h;
then ± workup

(1.1 equiv)
R2

R1

NH2

R1

R2

F3C5Ð6 mol %
IrÐphosphoramidite

        Wang
  39 examples
up to 97% yield 
  up to 99:1 er

  Zhang & Niu
  33 examples
up to 98% yield 
  up to 99:1 er

B. Zhang & Niu (2019):
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9249&K2&,-!9-&:&)9&(&?-"#&!07053)*&!:&0::0,A& +&,-!0-! &(&#0-&1!-&+*&:0-2:&9!1&("#&:! -%&!

,&-!%50((6(0-"),! *:) 12?-9!0-!-%&!&,1!).!-%&!:&0?-"),F!$%&!1&9":&1!%)+)0((6 ("?!0+", &9!4&0:!

),& !9-&:&)A&,"?!?&, -&:!0, 1!0,!gEU5TGM51"9249-"-2-&1!0(=&,&F!!

@2:!A:)2*!%09!+01&!?),9"1&:04(&!&..) :-9!",!"+",&!2+*)(2,A TXTG!TX^G!MN\5MN!̀0, 1!1"&,&!

%61:).2,?-"),0("70-"),! 9- :0-&A"&9MTN5MTĜ! 0,1! Q&! &,#"9") , &1! -%&! + &:A",A ! ).! -%&9&! -Q)!

+&-%)19! .):! -%&! &,0,-") 5G! 1"09-&:&)5G! 0, 1! :&A")9&(&?-"#&! ?),9-:2?-"),! ).! ! 53RV!

%)+)0((6("?!0+",&9! -%0-!4&0:!-Q)!#"?",0(!9-&:&)A&,"?!?&,-&:9!0,1!0, !gEU50(=&,&!g;?%&+&!

VWUF!>,!011"-"),G !A"#&,! -%0-! -%&9&!! 53 RV!%)+)0((6 ("?!0+",&9!%0#&!4&&,! *:&#")29(6 !),(6!

*: &*0:&1! Q"-%! -%&!syn! 9&(&?-"#"-6! g9&&!; ?%&+ &! VM< UGMNN! Q&! %)*&1! -%0-! Q&! ?)2(1!

*) -&,-"0((6!1&#&()*!0!:)2-&!-)!-%&!anti51"09-&:&)+&:F!)

!!!!!! !

D93(1() FJ+)B6:`/$6%)D2':2(%4).0 ' )D4623(<$<)0.)! ,-' $./&0'01 (234/)C010://4/$9)
5 1 $6( <)

A"A#B&743,7#- .@#C27/4772*. #

I& !4&A0,!46!&S0+" ,",A! -%&!?)2*(",A!4&-Q&&,! N54&,76(!-:".(2): )&-%6("90-",!FA*!

0,1! *%&,6(42-01"&,& ! FA! ! g$04(&!XUF!B9",A! )2:! *:&#")29(6! 1"9?()9&1!.(2): ) 0:6(0-"),!

:&0?-"),! ?) ,1"-"), 9MTWG! Q&!","-"0((6!29&1! MFW! +)(x! hg?",,0+ 6(U/1 3(i M! 09! -%&! *0((01"2+!

9)2:?&!0,1! TN!+)( x! b/ %)9!09!-%&!("A0,1 F!$: "&-%6(0+ ", &!gM!&K2"#0(&,-9U!Q09!9&(&?-&1!09!

-%&!409&G!TN!+)(x!).! 32g@$.UM!09!0!J&Q"9!0?"1!?)5?0-0(69-G!0,1!1"?%():)+&-%0,&!09!-%&!

N

F3C

NMe

O

!

"

[Pd(L)]
R1

O

MeN
N

F3C

Me

R

!

"
   direct "-coupling 
& anti-diastereomer

+
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TNM!

9)(#&,-! gNFV! 8U! B,1&: ! -%"9! ?),1"-"), G! Q&! )49&:#&1! T^x! ?),#&:9"),! ).! -%&! 9-0:-",A!

+0-&:"0(9!-)!?)2*( &1!*:)12 ?-!0-!:))+! -&+*&:0 -2:&!g&, -:6 !TUF![ )Q&#&:G!Q&!)4- 0",&1!-%&!

2,1&9":&1! ! 50(=6(0-"), ! "9)+&:! FAF! :0-%&:! -%0,! -%&! %50(=6(0-"), ! *:)12?- ! FANF! I&!

%6*)-%&9"7&1!-%0-!0!1"..&:&,-!("A0,1!+"A%-!4&!04(&!-)!.0#):!-%&!%50(=6(0-"), !* :)12?- F!!

)))))-: `/( )U+)I6$2$:/)M(: 92$06)[> 2$1$H:2$06a 

!!!!!!!!!! !

>,9*": &1! 46!)2:! *:") :! %61:).2,? -"),0 ("70-"),! -&?%,)()A6GMT!̂ Q&! &S* ():&1 ! )2:!

/ [@b!( "A0,1!969-&+!-) !*:)+)-&! .0#):04(&!?)2* (",A F![)Q&#&:G!/[@b!("A 0,19!09!Q&((!09!

'/Z/%)9 ! 0,1! / %5O/Z ! (&01! -)! ",&.."?"&,-! ?0-0(69-9! -%0-!9-"((! 1&("#&:! -%&!! 50(=6(0-"),!

Ph

    2.5 mol % [(cinnamyl)PdCl]2
           10 mol % ligand
         10 mol % Cu(OTf)2

          2.0 equiv Et3N 
      CH2Cl2, 22 ¼C, 16 h

3.1

3.2 3.3 3.4

(1.2 equiv)

entry ligand yield of 3.3/3.4 (%)

1

2 4/23

3 4/9

4 <2/8

5 57/<2

XPhos

DPEPhos

(S,S)-Ph-BPE

PHOX

(S)-(+)-DTBM-SEGPHOS

<2/14

aReaction concentration of 0.15 M under N2 atmosphere.
bYield was determined by 376 MHz 19F NMR spectroscopy
with 2,2,2-trifluoro-N,N-dimethyl acetamide as an internal
standard.

PAr2

O

N

t-Bu

Ar = 3,5-(CF3)2C6H3

PHOX

O

O

O

O

PAr2

PAr2

Ar = -3,5-di-tert-butyl-4-methoxyphenyl
(S)-(+)-DTBM-SEGPHOS

N

F3C

NBn

O

O

MeN
N

F3C

Me

Ph!

MeN

O

N

Me R

CF3

+

+

O

PPh2 PPh2

DPEPhos

P
P

Ph

Ph
Ph

Ph

(S,S)-Ph-BPE

PCy2

i-Pri-Pr

i-Pr

XPhos
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"9)+&: ! ",! -%"9! :&0?-"), ! g&,-:"&9! Ma^UF!@Q",A! -)! -%&!?),A&9-&1! K20-&:,0:6 ! 9-&:&)A&,"?!

?&,-&:!A&, &:0-&1!12: ",A!-%&!.): + 0-"),!). !-%&!! 50(=6(0-"),!*:)12?-G !Q&!%6*)-%&9"7&1!-%0-!

9Q"-?%",A! -)! 0! 42(=6! 4"95*%)9*%",&! ?)+*:"9&1! ). ! VGW51"5tert542-6(5̂ 5+&-%)S6! g'$O8U!

A:)2*9 !?)2(1 !%",1&:!-%&!.):+0-"),!).!-%"9 !*:)12?- !0,1!(&01!-)! %59&(&?-"#&!0(=6(0-"), F!$)!

) 2:! 1&("A%-G! gSU5' $O8 5; &A/ %)9!* :) #"1&1! -%&!&S?(29"#&! .):+0 -"), ! ).! -%&! 1&9":&1!%5

0(=6(0-"),!"9)+& : !",! W_x!6"&(1G!_CT!1:G!0,1!`MC\!&: !g$04(&!_G!&,-:6! TUF!!!

))))))))-:`/( )Q+)D0/;(62 @5??$2$;():6?)D&`<2$2&(62)B..(9 2<)06)C4?'0 : /K4/:2$06)S$23)
O-8 7 ^D( %=30<a)

!!!!!! !

Ph

      2.5 mol % [(cinnamyl)PdCl]2
10 mol % (S)-(+)-DTBM-SEGPHOS         
          ± additive (10 mol %)

      2.0 equiv Et3N
   solvent, 22 ¼C, 16 h

3.1 or 3.5

3.2
3.3 or 3.6

N

F3C

NR

O

O

RN
N

F3C

Me

Ph!+

entry R solvent additive yield (%)b drc erd

1e,f Bn - 57 7.1:1 92:8

2f Bn - 81 8:1 92.5:7.5

3e Bn - 71 6:1 89:11

4 Bn NaBArF
4 73 7:1 93.5:6.5

5 Bn NaBArF
4 86 11:1 92.5:7.5

6 Bn Et2O NaBF4 69 7.6:1 85:15

7g Bn Et2O - <2 n.a. n.a.

aReaction run at 0.3 M unless otherwise noted with 1.5 equiv isatin and 1.0 equiv 
diene. bYield determined by 376 MHz 19F NMR spectroscopy in comparison to an 
internal standard. cEnantiomeric ratios determined using an authenthic racemic 
standard.dDiastereomeric ratios determined from 376 MHz 19F NMR spectroscopy of 
the unpurified mixture. e1.0 equiv isatin and 1.2 equiv diene. f10 mol % Cu(OTf)2 used. 
gNo NEt3 used. hReaction run at 0 ¼C. iReaction run at 0.75 M. jReaction run for 2 h.

Et2O

8e,h Bn - 34 7.5:1 90:10

9i Bn CH2Cl2 - 71 6:1 88:12

10 Me Et2O NaBArF
4 96 11:1 94.5:5.5

11j Me Et2O NaBArF
4 <2 n.a. n.a.

CH2Cl2

CH2Cl2

CH2Cl2

CH2Cl2

CH2Cl2
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I&! .)? 29&1!)2:!&.. ):-9!29",A!'$O8 5;&A/%)9!09!0!("A0,1!g$04(&!_UF!;249&K2&,-(6G!

Q&! 1"9?)#&:&1! -%0-!Q"-%)2-! -%&! 32! ?)5?0-0(69-G! -%&! :&0?-"),! *:)?&&19! Q"-%!,&A("A"4(&!

"+*0?-! -)! 6"&(1! ): ! 9-&:&)9&(&?-"#"-6! g&,-:"& 9!TaVUF! R2: -%&:+ ) :&G! Q&!) 49&:#&1! -%0-!-%&!

",?(29"),! ). ! ]0 O<: R̂ ! 09! 0,! 011"-"#&! "+*:)# &1! -%&!&:! g&,-:6! ^UF!;Q" -?%",A! .:)+ !

1"?%():)+&-%0,&! -)! &-%&:&0(! 9)(#&,-! Q09! "+*):-0,- ! .):! "+*:)#",A! *:)12?- ! 6"&(1G!

Q"-%)2 -!9"A,"."?0,-(6!&:) 1",A !&,0,-") 5!): !1"09-&:&)9&(&?-"#"-6!g&,-:6!WUF!$%&!29&!).!409&!

.):!-%"9!:&0?-"),!"9!0(9)!?:2?"0(!09!,)! *:)1 2?-!"9!)49&:#&1!Q"-%)2-!-:"&-%6(0+",& !g&,-:6!_UF!

I &! 1"9?)#&:&1! -%0-! 9Q"-?%",A! .:)+ ! -%&!N54&,76(! 1&:"#&1! "90-",! FA*! -)! -%&!N5+&-%6(!

0,0()A2&! FAJ! &,%0,?&1! ]8H! 6"&(1! .:)+! \X x! -)! `Xx ! 6"&(1! 0,1! &:! .:)+! `MFWC_FW! &:! -)!

`^FWCWFW!&:! g&,-:6! TNUF!I&! -%&,!0--&+*-&1! -) ! 9%):-&,! :&0?-") ,! -"+& ! 0,1! ) 49&:#&1! -%0-!

29",A!hg?",,0 +6(U/1 3(i M!0,1 !'$O 8 5;&A/%)9!-) !A&, &:0-&!?0-0(69-!in situ!(&1!-)!0!(),A &:!

",12?-"),!*&: ")1 C!0.-&:!M!%)2:9G!Q&!)49&:#&1!,)!*:)12?- !g&,-:6!TTUF!!

I&! -%&,! %6*)-%&9"7&1!-%0-!29",A!0,!"9)(0-&1!/1! ?)+*(&S !.) :!-%&!:&0?-"),! + "A%-!

(&01! -)! .0 9-&:! 0?-"#0-"), ! ).! ?0-0(69-G!(&01",A ! -)! 4&--&:! 6"&(19! 0-! 9%): -&: ! -"+&9!g$04(&! \UF!

;Q "-?%",A! -)! -%&!"9)(0-&1! /1! ? )+*(&S !g/1 5'$O8 5;&A/%)9U!.) :! -%&! :&0?-"), ! 0-!NF_W!8G!

0(()Q&1!-%&!.):+0-"),!).! ^Mx!*:) 12?-!",!M!%)2:9!g&,-:6!TUG!?)+* 0:&1!-) !)2:!"," -"0(!:&92(-!

Q"-%!-%&!in!situ .):+&1!?0-0(69-F!I& !0(9)!&S0+",&1 !-%&!&..&?-!).!1"..&:&,- !011"-"#&9!g92?%!

09!J"OR̂G!<AOR̂G!e,g@$.UMG!):!Z-V][O< : R̂ U!",!-%&!%61:)0(=6(0-"),!:&0?-" ) , !g,)-!9%)Q,! ", !

-%&!-04(&UC!+)9-!011"-"#&9!%0#&!0!,&A("A"4(&!"+*0?- !) , !-%&!:&0?-"),!0 ,1! 1)!,)- !*)9 "-"#&(6!

0..&?-!?),#&:9"),!:0-&9!):! (&#&(9!).!&:!0,1!1: F![)Q &#&:G!-%&!29&!).!]0 O<: R̂ !0(()Q9!.):!.2 ((!
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?) ,#&: 9"), !).!9-0:- ",A!+0-&:"0(!-)!*:)12?- !0,1 !0,! ",?:&09&!",!&:! .:)+!` TFWC\FW!&:!-)!` WCW!&:!

Q"-%!TG5̂1") S0,&!09!-%&!9)(#&,-F!!<(- %)2A%!]0O< : R̂ !"9!4&,&. "?"0(!.):! %"A%&:!(&#&(9!).!&:!",!

-%"9!?09&G!"-!1:09-"?0((6!:&-0:19!:&0?-"), !:0-&!gWXx!?),#&:9 "),!)49& :#&1!",! X!%!?)+*0:&1!-)!

.2((!?),#&:9"),!Q "-%)2- !-%&!29&!).!] 0O< : R̂ UF!]&#& :-%&(&99G!Q&!1&?"1&1!-)!29&!]0O<: R̂ !09!

.2((!?),#& :9"),!?0,! 9-"((!4&!0--0",&1! ",!TM!%!g&,-:"&9!MaXUF!$%&!:&0?-"),!* :) ?&&19!9+))-%(6 !

0-! :))+! -&+*&:0-2: &G! %)Q&#&:G! 1&?:&09",A! -%&! :&0?-"),! -&+* &:0-2:&!",! 0,! 0--&+*-! -)!

&, %0,?&!&,0, -") 9&(&?-"#"-6!*: ) #&1!2,.:2"-.2( !g&,-:6!_UF!!

- :`/() T+)M(:92$06)[> 2$1$H:2$06a)

!!!!!!!!!!!! !

I&! 1&? "1&1!-)! ",#&9-"A0-&! )-%&:!/1 ! *:&5?0-0(69-9! 92**): -",A! 0(-&:,0-"#&! ("A0,1!

0:?%"-&?-2:&9p!%)Q&#&:G!-%&6! *: ) #"1&!0! +" S-2: &!.0#):",A ! -%&!.):+ 0-"), ! ).! ! 50(=6(0-"),!

Ph

     5 mol % Pd-DTBM-SEGPHOS       
              10 mol % NaBArF

4

2.0 equiv Et3N, 1,4-dioxane (0.75 M)
                    22 ¼C, time

3.5

3.6

N

F3C

NMe

O

O

MeN
N

F3C

Me

Ph!+

entry time (h) conv to 3.6 (%)b drc

1e 2 h 42 8:1

2 6 h 56 8:1

3f 6 h >98 9:1

4 12 h >98 8:1

5 16 h >98 8:1

erd

n.d

95:5

91.5:8.5

95:5

95:5

aReaction run at 0.75 M under N2 atmosphere  with 1.5 equiv isatin and 1.0 
equiv diene. bConversion was determined by 376 MHz 19FNMR spectroscopy 
with 2,2,2-trifluoro-N,N-dimethylacetamide as internal standard. cDetermined 
by 376 MHz 19F NMR spectroscopy of the unpurified mixture. dDetermined by 
HPLC analysis of purified 3a. eEt2O used as solvent. fNo NaBArF

4 used. 
gReaction run at 4 ¼C. n.d. = not determined. n.a. = not applicable.

6f 16 h >98 8:1 94:6

7e,g 16 h 93 8:1 94:6

3.2

O

O

O

O

P
Ar

P

Ar = 3,5-(t-Bu)2-4-(MeO)(C6H2)

Pd

2

Ar2

BArF
4

Ph

Pd-DTBM-SEGPHOS
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*:)12?- F!])-04(6G! -%&! 1"09-&:&)+ &:"?!:0-")! )4-0 ",&1! .): ! -%&! *:)12?-! "9! ?),9"1&:04(6!

()Q&:!Q"-%!-%&9&!,),59&(&?-"#&!?0-0(69-9F!B(-"+0-&(6G!29",A!W!+)(!x !/1 5' $O8 5;&A/%)9!

0, 1!TN!+)(x! ] 0O<: R̂ !",! TG5̂1")S0, &!gNF_W!8U!0(()Q&1!-%&!.2((!?),#&:9") ,! ).! FAJ!-) !FAU!",!

`WCW! &:! 0,1! \CT! 1:! g&,-:6! ^UF! $%"9!*:) 12?-! "9! 0(9)! .2:,"9%&1! Q"-%! -%&! -Q)! 9-&:&)A&,"?!

?&,-&:9!4&0:",A!0,!anti!:&(0-"),9%"*!0,1!0, !",-&:,0( !gEU50(=&,&F!!

3.3.1 Substrate Scope 

B* ) ,! 1&-&:+",0-"),!).!)2 : !)*-"+0(! :&0?-"),! ?) ,1"-") ,9 !.):!-%"9!+&-%)1)()A6 G!Q&!

&S*():&1!0!9249-:0-&!9?)*&!).!4)-%!0:6(5!0,1!0( =6(59249-"-2-&1!-&:+",0 (!1"&,&9!-) !0??&99!0!

,&Q! %)+)0((6("?! 0+",&! 9?0..)(1 F! >,!-%&! ?09&!).! 0:6 (! 1"&,&9G! -%&! %)+)0((6("?! 0+",&!

*:) 12?-9!FA*UaFA!N!0:&!.2:,"9%&1!",!2* !-) !\Xx! 6"&(1G!TNCT!1:G!0,1!`WCW!&:F!O)-%!&(&?-:), 5

1),0-",A !g.): !*:)12?-9 !FA*UG!FA!* G!0,1!FA!!U!0,1! &(&?-:), 5Q"-%1:0Q",A! g.) : !* :)12? -9!FA*Q!

0,1 ! FA*TU! 0:6(! 1"&,&9! 2,1&: A) ! 92??&99.2(! ?)2*(",A! Q"-%! -%&! 0701"&,)(0-&9! 0-! :))+!

-&+*&:0-2:&!Q"-%!+)1&:0-&!-)!A))1!&,0,-") 9&(&?-"#"-6F![&-&:)?6?(&9!0:&!0(9)!-)(&:0-&1!",!

-%&! :&0?-"),! aa! 4) -%!.2:6( 5! 0,1! *6:"16( 59249-"-2-&1! 1"&,&9! FA!F! 0, 1! FA!N! 1&("#&:! -%&!

1&9":&1!* :)12 ?-9!Q"-%!A) ) 1!6"&(1!0,1!9-&:&)9&(&?-"#"-6F!<(-%)2A%!+)9-!1"&,&9!.0#): !-%&!

%50(=6(0-"),! *:)12?- !&S?(29"#&(6G!0,! ortho!9249-"-2&,-! ),! -%&! 0:&,&! (&019! -) ! ,)-! ),( 6! 0!

9()Q&:! :&0?-"),! g^^x! ?),#&:9"),! ",! TM! %U! 42-! 0(9)! -%&! .):+ 0-"),! ) .! -%&!! 50(=6(0-"), !

*: ) 12?-! g?0F! TNxUF! $) ! "+*:) #&! :&0?-"),! &.."?"&,?6G! ]0O< : R̂ ! Q09! &S?(21&1! .:)+! -% &!

:&0?-"), F!$%&! :&+)#0(! ).!011"-"#&! ()Q&:&1! -%&!1"09-&:&)9&(&?-"#"-6!42-!9-"((!0(()Q&1! .):!

:&09), 04(&!&,0,-")9&(&?-"#"-6!", !FA!"!g`MFWC_FW!&:UF!



!

TN_!

- :`/ ()V+)D&`<2':2()D90>().0' )5'4 /,D&`<2$2&2(?)*LF,O$(6(<a))

!

8) :&! ?%0((&,A",A ! 0(=6(59249-"-2-&1! 1"&, &9! 0:&!0+&,04(&! 9249-:0-&9! ",! -%"9!

:&0?-"), F!8)1&:0-&!-)!A))1!6 "&(19!).!-%&!?)::&9*),1",A!*:)12?-9!0:&! )4-0", &1!46!:0"9",A!

-%&! :&0?-"), ! -&+*&:0-2 :&! gWN!t3U! 0,1! &S?(21",A! ]0O< : R̂ F! O)-%! (",&0:! 0,1! ! 54:0,?%&1!

         3.16
    68% yield
94:6 er, 10:1 dr

N

F3C

Me

            3.22
        86% yield
91.5:8.5 er, 10:1 dr

N

F3C

Me

OMe

O

O

         3.18
     74% yield
90:10 er, 8:1 dr

N

F3C

Me

CF3

N

F3C

Me

           3.20d,e

      59% yield
92.5:7.5 er, 2:1 dr

Me

N

F3C

Me

Cl

          3.17
     75% yield
90:10 er, 8:1 dr

         3.21
    62% yield
94:6 er, 8:1 dr

N

F3C

Me

N

F3C

Me

N

3.24
82% yield

94:6 er, 7:1 dr

          3.23
      59% yield
  93:7 er, 8:1 dr

N

F3C

Me

O

         3.19
    72% yield
93:7 er, 6:1 dr

N

F3C

Me

Me

R

     5 mol % Pd-DTBM-SEGPHOS       
              10 mol % NaBArF

4

2.0 equiv Et3N, 1,4-dioxane (0.75 M)
                    22 ¼C, 12 h

3.1

3.16Ð3.24

N

F3C

NMe

O

O

MeN
N

F3C

Me

R!+

3.7Ð3.15

aReaction run under N2 with 0.15 mmol of diene (0.75 M). bDiastereomeric ratio determined by 
376 MHz 19F NMR or 400 MHz 1H NMR spectroscopy of the unpurified mixture. cEnantiomeric 
ratios (er) determined by HPLC in comparison with an authentic racemic standard. dReaction run
without NaBArF

4. eIsolated yield is a mixture of regioisomers.



!

TN\!

0(=6(59249-"-2-&1!1"&,&9!*0 :-"?"*0-&!",!-%&!:&0?-"),9G!0..):1",A!%)+)0((6("?!0+",&9! FA!Ua

FAF"!",!^Va\^x!6"&(1!", !2*!-) !^CT!1:!0,1!`TC`!&:F!!

)))))))))))-:`/() *" +)D&`<2':2()D90>().0 ' )5 /K4/,D&`<2$2&2(?)*LF,O$(6(<a))

!!!!!!! !

H&0?-"),9! Q"-%! 0(=6(59249-"-2-&1! 1"&,&9! (&01!&S?(29"#&(6!-)! -%&! 1&9":&1! „5

0(=6(0-"), ! *:)12?-! 0(-%)2A%! -%&!*%&,&-%6(51&:"#&1! 1"&,&! 0..):1 &1! 0! :&A")"9)+&:"?!

+"S-2:&! ). ! *:)12?-9 !FAF"CFAF"{ !g$04(&! TTUF! /:)12?-! FAF"{ !4&0:9! 0!1"..&:&,-! ?),,&?-"#"-6 !

Q"-%! :&9*&?-! -)! -%&! 1"&,&51&:"#&1! .:0A+&,-G! 0,1! Q&!Q&:&!04(&! -)! 09?&:-0",! -%:)2A%!

N

F3C

3.34e

83% yield
86.5:13.5 er, 3:1 dr

Me

NBn

N

F3C

Me

EtO2C

3.32
83% yield

91:9 er, 3:1 dr

N

F3C

Me

Ph

3.30e

69% yield
88:12 er, 4:1 dr

N

F3C

Me

n-Bu

3.31
60% yield

81.5:18.5 er, 4:1 dr

N

F3C

Me

3.33
43% yield

90:10 er, 3:1 dr

R

     5 mol % Pd-DTBM-SEGPHOS

2.0 equiv Et3N, 1,4-dioxane (0.75 M)
                    22 ¼C, 12 h

3.5

3.30Ð3.34

N

F3C

NMe

O

O

MeN
N

F3C

Me

R!+

3.25Ð3.29

aReaction run under N2 with 0.15 mmol of diene (0.75 M). bDiastereomeric ratio determined by 
376 MHz 19F NMR or 400 MHz 1H NMR spectroscopy of the unpurified mixture. cEnantiomeric 
ratios (er) determined by HPLC in comparison with an authentic racemic standard. eIsolated 
yield is a mixture of regioisomers.



!

TN !̀

011"-"),0( ! &S*&:"+&,- 0-"), ! g$04(&! TTU! -%0-!FAF"{ ! "9! .): + &1! .:)+! -%&! 07053)*&!

:&0::0,A&+&,-!).! FAF"YG!",!0A:&&+&,-!Q"-%!&0:("&:!9-21"&9!46!I0, AFMNX!!

-:`/() ** +)7 (93:6$<2$9)D2&?$(<)06)M(%$0$<01('<)W(6(':2(?).'01)C4?'0:/K4/:2$06)S$23)
G( '2:$6)5/K4/)O$(6(< a 

!!!!!! !!

< 11"-"),0((6G! *"*&:"1",&59249-"-2-&1! 1"&,&! (&019! -)! -%&! .) :+0-"),! ).! 0,! TTCT !

+"S-2:&!). !%50(=6(0-"),!- )! ! 50(=6(0-"),!*:)1 2?-9!FAFNCFAFNYF!I& !%0#&!9%)Q, !-%0-!",!-%&9&!

?09&9!Q%&:&!0!+"S-2:&!).! :&A")"9)+& :9!"9!.):+&1G!FAF"!0,1 !FAF"Y!0:&! .):+&1!","-"0((6! ",!

3.25

N

F3C

NMe

O

3.5
(1.5 equiv)

+

Ph

N

F3C

Me

Ph

MeN

O
N

Me
CF3

Ph

N

F3C
Me

Ph

entry temp (¼C) conv to 3.30:3.30Õ:3.30ÕÕ (%)b

1 50 82:<2:8

2 35 52:14:4
aReaction run at [0.75 M] under N2 atmosphere. bConversion 
was determined by 376 MHz 19F NMR spectroscopy with 
2,2,2-trifluoro-N,N-dimethyl acetamide as internal standard.

O

MeN
N

F3C

Me

NBn
MeN

O

N

Me

CF3

NBn

O

MeN
N

F3C
Me

N
Bn

3.34 3.34Õ 3.34Ó

11:1 mixture of 3.34:3.34Õ
1,4-dioxane, 70 ¼C

12 h
11:1 mixture of 3.34:3.34ÕÕ

3.30 3.30Õ 3.30Ó

+ +
Table 10 conditions



!

TTN!

-%&!:&0?-"),!+"S-2:&G!0,1 !-%&,!0!9249&K2&,-!07053)*&! :&0::0,A&+&,-!).! FAF"Y!A"#&9!:"9&!

-)! FAF"{ F!I%&,!0 ,! TTCT!+"S-2:&!).! FAFNCFAFNY!"9!%&0-&1!",!TG^51")S0,&!0-!_N!t3G!Q&!)4 9&:#&!

-%&!1"90**& 0:0,?&!).! FAFNY!",!-%&!+"S-2:&!0,1!?),?)+"-0,-!.):+0-"),!).! FAFN{ !0.-&: !TM!%F!!!

! /:)12?-9!1&:"#&1!. :)+!"9)+&:"70-"),!).! -%&!1"&,&!g"F&F!z?%0",!Q0(=",A{! 0(),A!-%&!

0(=6(!?%0",U!*:"):!-)!&,)(0-&!0 11"-"),! Q&:&!,)- !1&-&?-&1!Q"-%!0,6!9249-:0-&F!3),#&:9&( 6G!

Q&! )49&:#&1!-%0-! %&S01"&,) 0-&!FAFU! 2,1& :A)&9! 1"&,&! "9)+ &:"70-"),! ",-)! ?), d2A0-"),!

Q"-%! -%&! &9-&:! .2,?-"),0(" -6! *:") :! -)! ?)2*( ",A! Q"-%!FAJG! 0..):1",A! 0,! &-%6(59249-"-2-&1!

9-&:&)A&,"?! ?&,-&:! ",!FAFU! ",! ^\ x! 6"&(1G! TMCT! 1:G! 0,1! `_FWCMFW! &:F! 3)+* 0:0-"#&(6G! "-9!

",-&:,0(! 1"&, &!0,0()A2&! FAFQ!?0, !2,1 &:A)! -%&! 90+&! ?)2*(",A! Q"-%!FA*!42-! .2: , "9%&9!0!

()Q&: !6"&(1!).!FAFU!Q"-%)2-!0..&?-",A!9-&:&)9&(&?-"#"-6!g;?%&+&!VXUF!

!

D93(1() FU+)I<01('$ H:2$06@5/K4/:2$06)0.)FLJ,C(Z:?$(60:2():6?)G 01> :'$ <06)20)$2<)
I62('6 :/)O $(6()I<01(' ))

I &! &+40:=&1! ),! 96,-%&9"7",A! 0+",&! 9?0..)(19! - %0-! 0:&! ?2::&,-(6! ?":?2"-)29! -)!

0??&99!#"0!&S"9-",A!-&?%,)()A6F!I&!&#0(20-&1!?) 2*( ",A! * 0:-,&:9!FAFT!0,1! FAFV!gR"A2:&!\ UG!

     5 mol % Pd-DTBM-SEGPHOS

2.0 equiv Et3N, 1,4-dioxane (0.75 M)
                    22 ¼C, 12 h

3.35

N

F3C

Et

CO2Me

Me
same condtions

3.37

N

F3C

Et

CO2Me

N

F3C

NMe

O

      3.5
(1.5 equiv)

N

F3C

NMe

O

      3.5
(1.5 equiv)

+

+ MeO2C

MeO2C

3.36

3.36

48% conv, 48% yield
  12:1 dr, 97.5:2.5 er

18% conv, 18% yield
  12:1 dr, 97:3 er



!

TTT!

Q%"?%! Q)2(1! .2: , "9%! ! 51".(2):)+&-%6(! 0+",&9! 0,1! 0+ ",&9! 4&0:",A! -&-:09249-"-2-&1!

9-&:&)A&,"?! ?&,-&:9G! :&9*&?-"#&(6G! 2*),! :&0?-"),! Q"-%! -&:+", 0(! 1"&,&9F! B,.): -2,0-&(6G!

-%&9&!9249-:0-&9!?)2(1!,) -!*0:-"?"*0-&!",!-%&!:&0?-"),9 !09!FAFT!2, 1&:A)&9!1&?)+* )9"-"), !

Q%"(&!FAFV! "9!?)+*(&-&(6! 2, :&0?-"#&! Q"-%! -%&! 1"&,&! &(&?-:)*%"(&F!I&! -%&,! &S0+",&1!

&(&?-:)*%"(&9! -%0-! ?)2(1! &,04(&! -%&! .):+0-"),! ).! .(2):",0-&1 ! 0+" ,)! 0(?)%)(! *:)12?-9F!

[)Q&#&:G! 0(?)%)(! 0,1! $O; 5&-%&:!?),-0",",A! 0("*%0-" ?! 1"&,&9! FAN"! 0,1! FAN*! Q&:&! 0(9)!

2, *:) 12?-"#&!(&01",A! -)!0 !+6:"01 !).!*:)12?-9!0:"9 ", A!.:)+!-% &!1&9":&1!%50(=6(0-"),G!-%&!

2,1& 9":&1! ! 50(=6(0-"),G! 09! Q&((! 09! -%&! 07053)*&! : &0::0,A&+&, -! *:)12 ?-G! 0((!", !

1"09-&:&)+&:"?!+"S-2:&9F!;2:*:"9" ,A (6G! ,)! ?%0",!Q0(=",A! * :)12?-9 !Q&:&! )49&:#&1!Q"-%!

-%&9&!?)2*( ",A9F!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !

#$%&'() T+)I6901>:2$`/()D&`<2':2(<)$6)C4?'0:/K4 /:2$06)7(230?0/0%4)

3.3.2 Hydrolysis of Product Imines to Deliver Primary Amines 

$%&!1":&?-! *:) 12?-9!)4 -0", &1! .:)+! -%&!%61:)0(=6(0-"), ! :&0?-"), ! 0:&! *:&9&,-!09!

"90-",5*: )- &?-&1!.):+9!).!*:"+0:6 !0+",& 9F!$%&!"90-",!A:)2*!"9 !:&01"(6!?(&0#&1!2, 1&:!+"(1 !

?),1"-"),9 !gTFN!8!0K![3(!0-!:))+!-&+*&:0 -2:&!",!M!%)2:9G!-%&,!&S?&99!Z-V]U !-)! ("4&:0-&!

*:"+0: 6!0+ ",&!FAN!!",!__x!6"&(1 !Q"-%)2-!9"A,"."?0,-! &:)9"), !).!&:! ): !1: !g;?%&+&!V_UF!!

N

F3C

NMe

O
N

HF2C

NMe

O
Ph

TBSO HO

3.38 3.39

3.40 3.41



!

TTM!

!!!!!!!!!!!!!!! !

D93(1() FQ+)I1$6() C4? '0/4<$<)$6)='0?&92<))

A"D#>*./3472*. 7#-.@#J4,3**? #

I&! 1&#&()*&1!0!+&-%)1!.):!- %&!1"09-&:&) 5!0, 1!&,0,-")9&(&?-"#&!%61:)0(=6(0-"),!

).! 0?6?("?! -&:+",0(! TGV51"&,&9F! >90-",51&:"#&1! N5-:". (2):) &-%6(! "+",&9! 2,1&:A)!

1&*:)-),0-"),! 46! - :"&-%6(0+",&! -)! .):+! 070 1"&,)(0- &9F! $%&9&! 0701"&,)(0-&9! -%&,!-0=&!

*0:-!", !9&(&?-"#&!%50(=6(0-"), !Q"-%!0:6(5!0,1!0 (=6(59249-"-2-&1!1"&,&9!-)!.):+!%)+)0((6("?!

…5-:".(2):)+&-%6 (! 0+",&9! 4&0:",A! #"?",0(! 9-&:&)A&,"?!?&,-&:9!", ! 0,! anti5:&(0-"),9%"*F!

3:2 ?"0(!-)!-%&!92??&99!).!-%"9!:&0?-"),!"9!-%&!42(=6!("A0,1 !'$O8 5;&A/%)9G!09!"-!&.."?"&,-(6!

?),-:)( 9! -%&! :&A")9&(&?-"#"-6! Q"-%! :&9*&?-! -)!4) -%! -%&! "90-",! 0,1! 1"&,&! ?)+*),&,-9G!

1&("#&:",A!%50(=6(0-"),!*:)12?-9 !&S?(29"#&(6!",!%"A%!&,0, -")9&(&?-"#"-6F!

>-!9%)2(1!4&!,)-&1!-%0-!-%&:&!0:&!),(6!0!%0,1.2(!).!&S0+*( &9!Q%&:&!-%&!:&(0-"#&!

0,1! 049)(2-&! ?),."A2:0-"), ! ).! #"?",0(! 9-&:&)A&,"?! ?&,-&:9! ?0,! 4&!?),-:)((&1! ", !0!9",A(&!

?0-0(6-"?! 9-&*! #"0! 0,! )(&.",! %61:).2,?-"),0("70-"), ! 0**:)0?% FTXNG! MTX5MMN!<1 1"-"),0( (6G!-%"9!

-:0,9 .): +0- "), ! "9! -%&!.":9-! ",9-0,?&! ).! 0, ! &,0,-")9&(&?-"#&!%61:)0 (=6(0-"),! 29",A! 0,!

2+*)(2,A ! ?0:4) ,! ,2?(&)*%"(&F!<??&99",A! ! 53RM[ ! 0+",&9! ) :! ! 53RV! 0+",&9! 4&0:",A!

-&-:09249-"-2-&1! 9-&:&)A&,"?! ?&,-&:9!29",A! -%"9! -&?%,)()A6! *:)#&1!&(29"#&F!I"-%! -%"9!

O

MeN
N

F3C

Me

NH2

F3C

Me

i.) 1.0 M aq. HCl

THF, 22 ¼C, 2 h
ii.) Et3N

8:1 dr, 95:5 er      77% yield
8:1 dr, 94.5:5.5 er

3.6 3.42



!

TTV!

?%0((&,A&! ",! +",1G! Q&! 0,-"?"*0-&! -%0-! -%&! +)1"."?0-"),! ).! -%&! ?0-0(69-! 969-&+! +"A%-!

011:&99!-%&9&!"992&9F!

A"I #LM)&+2(&.,-3 #C&,-237##

< 11"-") , 0(!92**):- ",A !",.): +0 -"),G!",?(21",A!]8H!9*&?- :0!.):!,&Q! ?)+*) 2,19!

?0,!4&!.)2,1!",!-%&!92**):-",A! ",.):+0-"), !* 24("9%&1!),(",&!.):C! !

@,6&0A29"G!3F!>Fp!;%0)G!bFp!80(?)(+9),G!;F!EF!Z,0,-") 5!0, 1!' "09-&:&)9&(&?-"#&!;6,-%&9"9!).!
! 5$:" .(2): ) +&-%6(! [)+)0((6("?! <+",&9! 46! 30 -0(6-"?! [ 61:)0(=6(0-"), ! ).! '"&,&9 F! Org 
Lett.!!" !" G!22G!TX\TaTX\WF!!
!

3.5.1 General Information 

L &,&:0(! /:)?&12:&9F!<((! :&0?-"), 9! Q&:&! ?0::"&1! )2-! ", ! ) #&,5!gTMN! t3U! ):!.(0+&5

1:"&1!A(099Q0:&!2,1&:!0,! ",&:-!0-+)9 *%&:&!). !1: 6! ] M!2,(&99! )-%&:Q"9&! ,)-&1F!@:A0,"?!

9)(2-"),9 !Q&:&!?),?&,-: 0-&1!2,1&:!:&12?&1!*:&992:&!29",A!0!:)-0:6!&#0*):0-):!gOu?%"UF!

R(09%! ?)(2+,! ?%:)+0-)A:0*%6! Q09! *&:.):+& 1! 29",A! 0! $&(&16,&! >9?)! 3)+4".(09%!

02-)?)(2+,!):!46!%0 , 1!29",A!;"("36?(&!;"("0R(09%y!/X N!;"("?0!L&(F!

!

H&0A&,-9F!$:"&-%6(0+",&! g;"A+0! <(1:"? %U!Q09! 1"9-"((&1! .:)+ !30[ M! *:") :! -)! 29&F!

;) 1"2+! -&-:0="9hVGW54"9g-:".(2):)+&-%6(U*%&,6(i4):0-&! g]0O<: R̂ U! Q09! *:&*0:&1!

0??):1",A! -)! 0!*:&#")2 9(6!:&*):-&1!*:)? &12:&FMMT!!

$%&!.)(()Q",A!?%&+"?0(9!Q&:&!29&1!09! :&?&"#&1C!hg0((6(U/13(iM!g;-:&+Up!4&,76(!4:)+"1&!

g<(.0! <&90:Up! gRU5gnU5MGMk54"9g1"*%&,6(*%)9*%",)U5TGTk54",0*%-%0(&,&! g<(.0! <&90:U! ggRU5

O>]</U! g; -:&+Up! gRU5gnU5MGMk54"9g1"*%&,6(*%)9*%",)U5XGXk51"+&-%)S65TGTk54"*%&,6(G! ggRU5



!

TT !̂

8&@5O>/[Z/U!g;-:&+Up!gRU5gnU5WGWk54"9g1"*%&,6(*%)9*%",)U5̂ G^k54"5TGV54&,7)1")S)(&!ggRU5

;ZL/[@;U ! g;-:&+Up! gSU5gnU5WGWk54"9h1"gVGW51"5-&:-542-6(5̂ 5+&-%)S6*%&,6(U*%)9*%",)i5

^G^k54"5TGV54&,7)1")S)(&! gSU5gnU5'$O8 5;ZL/[@;! g;-:&+Up! g RU5grU5WGWk54"9h1"gVGW51"5-&:-5

42-6(5̂ 5+&-%)S6*%&,6(U*%)9*%",)i5̂ G^k54"5TGV54&,7)1")S)(&! ggRU5'8 5;ZL/[@;U !

g;-:&+Up! 4"9hgM51"* %&,6(*%)9*%",)U* %&,6(i! &-%&:! g'/Z/%)9U! g;-:&+Up! gnU5gWGWk51"?%():)5

XGXk51"+&-%)S65TGTk54"*%&,6(U5MGMk51"6(54"9g1"*%&,6(*%)9*%",&U! ggRU53(58&@5O>/[Z/U!

g;-:&+Up! gRU5hXGXk51"+&-%)S6gTGTk54"*%&,6(U5MGMk51"6(i4"9g4"9hVGW54"9gTGT51"+&-%6(&-%6(U5̂ 5

+&-%)S6*%&,6(i* %)9*%",&U! ggRU5' $O8 5@8&5O>/[ Z/U! g;-:&+Up! hg?",,0+6(U/13(iM!

g;"A+0! <(1:"?%Up!")1)+&- %0,&! g;"A+0! <(1:"?%Up! "90-",! g<(.0! <&90:Up! ("-%"2+!

-&-:0.(2:)4):0-&!gR"9%&:Up!+):*%)(",&!g;"A+0!<(1:"?%Up!*0((01"2+!0?&-0-&!g;-:&+Up!9"(#&:!

-&-:0.(2:)4):0-&! g;-:&+Up! 9)1"2+! %61:"1&! g;-:&+Up! -&-:0="9g0?&-),"-:"(&U*0((01"2+g>>U!

-&-:0.(2):)4):0-&!g;-:& +Up!-:"9g*&,-0.(2):)*%&,6(U4):0,&!g$3>Up!MGMGM5-:".(2):)&-%6(0+",&!

%61:)?%():"1&!g80-:"SUp!7",?!-:".(2):)+&-%0,&92(.),0-&!g;"A+0!<(1:"?%UF!

!

;)(#&,-9F! ;)(#&,-9! Q&:&! 9*0:A&1! Q"-%! 1:6! ] M! 0, 1! *2: "."&1! 2,1&:! 0! *)9 "-"#&!

*:&992:&!).!1:6!] M!46!0,!>,,)#0-"#&!$&?%,) ()A"&9!/2:&;)(#&!9)(#&,-!*2:"."?0-"),!969-&+C!

-&-:0%61:).2:0,! g;"A+0 5<(1:"?%UG! 1"?%():)+&-%0,&! g;"A+05<(1:"?%UG! 1"&-%6(! &-%&:!

g;"A+05<(1:"?%UG!TG^51")S0,&!g;"A+0 5<(1:"?%UG!0,1!-)(2&,&!g;"A+05< (1:"?%U!Q&:&!*099&1!

-%:)2A%! -Q)! ?),9&?2-"#&! 0(2+",0! ?)(2+,9F! 8&- %0,)(! g;"A+05<(1:"?%U! 0,1! N,N5

1"+&-%6(.):+0+"1&! g;"A+0 5<(1:"?%U! Q&:&! 29&1! 09! :&?&"#&1F! [/J35A:01&! %&S0,&9!



!

TTW!

g;"A+05<(1:"?%U! 0,1! +&-%0,)(! g;"A+05<(1:"?%U! .):! :&0?-"),9! Q&:&! 1"9-"((&1!)#&:! 3 0[ M!

* : "):! -)! 29&F! [&S0,&9! gR"9%&:U! 0,1! &-%6(! 0?&-0-&! gR"9%&:U! Q&:&! 29&1! .):! .( 09%! ?)(2+,!

?%:)+0-)A:0*%6! 09! :&?&"#&1F! [/J3 5A:01&! %&S0,&9! g;"A+05<(1:"?%U! 0,1! "9)*:)*0,)(!

g;"A+05<(1:"?%U!.):!?%:)+0-)A:0*%6!Q&:&!29&1!09!:&?&"#&1F!

!

>,9-:2+&,-0-"),F !T[!]8H !9*&?-:0!Q&:&!:&?):1&1!),!0! w0:"0,!>]@w<!g^NN!8[7U!

):! O:2=&:! gWNN! 8[7U! 9*&?-:)+&-&:F! 3%&+"?0(! 9%".-9! 0:&! :&*):-&1! ",! **+! .:)+!

-&-:0+&-%6(9"(0,&! Q"-%! -%&! 9)(#&,-! :&9),0,?&! :&92(-",A! .:)+! ",?)+*(&-&! 1&2-&:0-"),!

g3'3(VC!δ!_FMXU!09! -%&!",-&:,0(! :&.&:&,?&F! ! '0-0!0:&!:&*):-&1!09! .)(()Q9C!?%&+"?0(!9%".-G!

",-&A:0-"),G!+2(-"*("?"-6!g9!j!9",A(&-G!1!j!1)24(&-G!-!j!-:"*(&-G!K!j!K20:-&-G!4:!j!4:)01G!+!j!

+2(-"*(&-UG! ?)2*(",A! ?),9-0,-g9U! g[7UF! TV3! ]8H! 9*&?-:0! Q&:&! :&?):1&1! ),! 0!

w0:"0,c<A"(&,-! w]8H;! gWNN! 8[7U! ):! O:2=&:! g WNN! 8[7U! 9*&?-:)+&-&:! Q"-%! ?)+*(&-&!

*:)-),!1&?)2*(",A!42-!Q"-%! .(2):",&!?)2*(",A!&S?& *-!Q%&:&! ",1"?0-&1F!3%&+"?0(!9%".-9!

0:&! :&*):-&1! ",! **+! .:)+! -&-:0+&-%6(9"(0,&!Q"-%!-%&!9)(#&,-! :&9),0,?&! :&92(-",A! .:)+!

?%():).):+! 0 9! -%&! ",-&:,0(! :&.&:&,?&! g3'3( VC!δ! __FTXUF! '0-0! 0:&! :&*):-&1! 09! .)(()Q9C!

?%&+"?0(!9%".-G!",-&A:0-"),G!+2(-"*("?"-6!g9!j!9",A(&-G!1!j!1)24(&-G!-!j!-:"*(&-G!K!j!K20:-&-G!4:!

j!4:)01G!+!j!+2(-"*(&-UG!?)2*(",A!?),9-0,-g9U!g[7UF!T`R!]8H!9*&?-:0!Q&:&!:&?):1&1!),!0!

w0:"0,! >]@w<! g^NN! 8[7U! ):! O:2=& :! gWNN! 8[7U! 9*&?-:)+&-&:F! 3%&+"?0(! 9%".-9! 0:&!

:&*):-&1!",!**+!29",A!gMGMGM5-:".(2):) 5N,N51"+&-%6(0?&-0+"1&C!δ!aX`FWXU!09!-%&!",-&:,0(!

:&.&:&,?&! '0-0! 0:&! :&*):-&1! 09! .)(()Q9C! ?%&+"?0(! 9%".-G! ",-&A:0-"),G! +2(-"*("?"-6! g9! j!



!

TTX!

9",A(&-G! 1! j! 1)24(&-G! -! j! -:"*(&-G!K! j! K20:-&-G! 4:! j! 4:)01G! +! j! +2(-"*(&-UG! ?)2*(",A!

?),9-0,-g9U!g[7UF!VT/! ]8H!9*&?-:0!Q&:&! :&?):1&1!),!0!O:2=&:!gWNN!8[7U!9*&?-:)+&-&:!

Q"-%! ?)+*(&-&! *:)-),! 1&?)2*(",AF! 3),#&:9"),9! Q&:&! 1&-&:+",&1! 46! T`R! ]8H! 46!

*:)12?-! :0-")! -)! 0,! ",-&:,0(! 9-0,10:1! gMGMGM5-:".(2):) 5N,N51"+&-%6(0?&-0+"1&UF!

Z,0,-")+&:! :0-")9! g&:U! Q&:&! 1&-&:+",&1! 46! [/J3! g/%&,)+&,&S $8! J2Sy! 3&((2()9&! >G!

3&((2()9&!>>G!3&((2()9&!>>>G!<+6()9&!>G!):!3%":0(*0=$8 !!T<5V!?)(2+,9U!",!?)+*0:"9),!Q"-%!

02-%&,-"?! :0?&+"?! +0-&:"0(9! ),! 0! ;%"+0172! /:)+",&,?&! 8)12 (0:! [/J3F! ["A% 5

:&9)(2-"),! +099! 9*&?-:)+&-:6! Q09! *&:.):+&1! ),! 0,! <A"(&,-! gTMNN! ;&:"&9U! J38 ; 5$@R5

'<H$!0-!-%&!'2=&!B,"#&:9"-6!8099!;*&?-:)+&-:6!R0?"("-6!g[H8;!10-0!#0(2&9!:&*):-&1!

09!0,!0#&:0A&!).!.)2:!:2,9UF!>,.:0:&1!g>HU!9*&?-:0!Q&:&!?)((&?-&1!),!0!]"?)(&-!X_NN!R$5>H!

9*&?-:)+&-&:G!€+0S!",!?+ 5Tp!40,19!0:&!?%0:0?-&:"7&1!09!4:)01!g4:UG!9-:),A!g9UG!+&1"2+!g+UG!

):! Q&0=! gQUF! <((! b5:06! ?:69-0(()A:0*%6! +&092:&+&,-9! Q&:&! +01&! ",! -%&! 8)(&?2(0:!

Z12?0-"),G! $&?%,)()A6G! 0,1! H&9&0:?%! >,,)#0-"),! 3&,-&:! g8Z$H>3U! 0-! ]3! ;-0-&!

B,"#&:9"-6F!b5:06!?:69-0(()A:0*%6!10-0!?0,!4&!.)2,1!),!-%&!30+4:"1A&!3:69-0(()A:0*%"?!

'0- 0!3&,-:&!g:&.C!33'3!T`_\_MNUF!

3.5.2 Preparation of H-Trifluoroethyl Imine Substrate 

!

T54&,76(",1)(",& 5MGV51"),& F! <! .(0+&51:"&1!MWN5+J! :)2,1 54)--)+! .(09=G! &K2"**&1! Q"- %!

9-":! 40:G! Q09! ?%0:A&1! Q"-%! "90-",! g^F^T! AG! VNFN! ++)(G! TFNN! &K2"#U! 0,1!N,N5

i) 1.1 equiv NaH, DMF, 22 ¼C

ii) 1.1 equiv BnBr, 15 minO
NH

O
O

NBn

O



!

TT_!

1"+&-%6(.):+0+"1&!gWN!+JUF! ]0[!gXNx!",!+",&:0(! )"(U !gTFVM!AG!VVFN!++)(G!TFTN!&K2"#U!

Q09!011&1!",!),&!*):-"),!-)!-%&!.(09=!0,1!-%&!:&92(-",A!+ "S-2:&!Q09!0(()Q&1!-)!9-":!.):!

TN!+",2- &9F!O&,76(!4:)+"1&!gVF`V!+JG!VVFN!++)(G!TFTN!&K2"#U!Q09!9()Q(6!011&1!-)!-%&!

.(09=!0,1!-%&!:&0?-"),!+"S-2:&!Q09!0(()Q&1!-)!9-":!0-!:))+!-&+*&:0-2:&!.):!0,!011"-"),0(!

TW!+",2-&9F!$%&!+"S-2:&!Q09!*)2:&1!",-)!"?&!?)(1!9Q":(",A!90-2:0-&1!4:",&!gMNN!+JUF!$%&!

):0 ,A&!*:&?"*"-0-&!Q09! -%&,! ."(-&:&1!46!#0?22+! ."(-:0-"),!0,1!Q09%&1!Q"-%!Q0-&:!gTNN!

+JU!0,1!%&S0,&9!gTWN!+JU!-)!0..):1!-%&!-"-(&!?)+*)2,1!09!0,!):0,A&!9)("1!gWFVT!AG!MTFT!

++)(G!_NF^x!6"&(1UF!*C)_7M !g^NN!8[7G!3'3( VU!δ!_FXN!gT[G!1G!J!j!_F^![7UG!_F^X!gT[G!-G!J!j!

_F\! [7UG!_FVXa_FM_!gW[G!+UG!_FN_!gT[G!-G!J!j!_FW![7UG!XF_X!gT[G!1G!J!j!_F`! [7UG!^F`M!gM[G!9UF!

;*&?-:0(!10-0!+0-?%&1!-%)9&!*:&#")29(6!:&*):-&1FMMM!!

!

gZU5T54&,76(5V5ggMGMGM5-:".(2):)&-%6(U"+",)U",1)(", 5M5),&!gFA*UF!<!.(0+&51:"&1!MWN5

+J!:)2,1 54)--)+!.(0 9=G!&K2"**&1!Q"-%!9-":!40:G!Q09!?%0:A&1!Q"-%!T54&,76(",1)(",& 5MGV5

1"),& !gTFMXAG! WFNN! ++)(G! TFNN! &K2"#UG! MGMGM5-:".(2):)&-%6(0+ ",&! %61:)?%():"1&! g\TV! +AG!

XFNN!++)(G!TFMN!&K2"#UG!0,1!Vq!+)(&?2(0:!9"&#&9F!8&-%0,)(!gWN!+JU!Q09!011&1! -)! -%&!

:&0?-"),!.(09=!0,1!-%&!:&92(-",A!+"S-2:&!Q09!0(()Q&1!-)!9-":!0-!:))+!-&+*&:0-2:&!.):!T\ a

M^! %F! $%&! +"S-2:&! Q09! ."(-&:&1! -%:)2A%! ?&("-&! g:",9&1! Q"-%! 1"&-%6(! &-%&:U! 0,1!

?),?&,-:0-&1F! $%&! 6&(()Q! :&9"12&! Q09! *2:"."&1! 46! .(09%! ?)(2+,! ?%:)+0-)A:0*%6! g^CT!

%&S0,&9C&-%6(!0?&-0-&U!-)!0..):1!-%&!-"-(&!?)+*)2,1!09!0!6&(()Q!9)("1!gTFNM!AG!VFNX!++)(G!

+ H3N CF3Cl
MeOH, 3• MS

22 ¼C, 18Ð24 h N

F3C

NBn

OO
NBn

O (1.2 equiv)



!

TT\!

XTFVx!6"&(1UF!*C)_7M !g^NN!8[7G!3'3( VU!δ!_F_M!gT[G!1G!J!j!_FX![7UG!_FVXa_FM\!gX[G!+UG!_FN\!

gT[G!-G!J!j!_FX![7UG!XF_V!gT[G!1G!J!j!_F`![7UG!^F`Ta^F\V!g^[G!+Up!T`R!]8H !gV_X!8[7G!3'3( VU!δ!

a_TF`T!gVRG!-G!J[R !j!`F_![7UF!;*&?-:0(!10-0!+0-?%&1!-%)9&!*:&#")29(6!:&*):-&1FMMV!

!

T5+&-%6(",1) (",&5MGV51"),& F! <! .(0+&51:"&1! TNN5+J! :)2,1 54)--)+! .(09=G! &K2"**&1! Q"-%!

9-":! 40:G! Q09! ?%0:A&1! Q"-%! "90-",! gWFNN! AG! V^FN! ++)(G! TFNN! &K2"#U! 0,1!N,N5

1"+&-%6(.):+0+"1&!gVW!+JU!0,1!-%&,!?))(&1!-)!N!t3F! ]0[!gXNx!",!+",&:0(! )"(G!TFX_!AG!

^NF_! ++)(G! TFMN! &K2"#U! Q09!011&1! ",! -%:&&! *):-"),9G! 0,1! -%&! :&92(-",A! +"S-2:&! Q09!

0(()Q&1!-)!9-":!.):!VN!+",F!8&-%6(!")1"1&!gMFWV!+JG!^NF_!++)(G!TFMN!&K2"#U!Q09!011&1!-)!

-%&!:&0?-"),!.(09=!0-!N!t3G!0,1!-%&!:&0?-"),!+"S-2:&!Q09!0(()Q&1!-)!9-":!.):!M!%!0-!N!t3!0,1!

.): !0,!011"-"),0(!T! %!0-!:))+!-&+*&:0-2:&F!$%&!:&0?-"),!Q09!K2&,?%&1!Q"-%!90-2:0-&1!0KF!

0++),"2+!?%():"1&!gTNN!+JU!0,1!1"(2-&1!Q"-%!&-%6(!0?&-0-&!gTNN!+JUF!$%&!):A0,"?!(06&:!

Q09!Q09%&1!Q"-%!-%:&&!*):-"),9!).!1&"),"7&1!Q0-&:!gWN!+JUG!1:"&1!)#&:!]0M;@^G!."(-&:&1G!

0,1! ?),?&,-:0- &1F! $%&! ):0,A&! :&9"12&! Q09! *2:"."&1! 46! .(09%! ?)(2+,! ?%:)+0-)A:0*%6!

gVCT!%&S0,&9C&-%6(!0?&-0-&U!-)!0..):1!-%&!-"-(&!?)+*)2,1!09!0,!):0,A&!9)("1!g^F`V!AG!VNFX!

++)(G!`NFMx!6"&(1Up!*C)_7M !g^NN!8[7G!3'3( VU!δ!_FXTa_FW_!gM[G!+UG!_FTT!gT[G!-G!J!j!_FW!

[7UG! XF\\! gT[G! 1G!J! j! \FN! [7UG! VFM^! gV[G! 9UF! ;*&?-:0(! 10-0! +0-?%&1! -%)9&! *:&#")29(6!

:&*):-&1 FMMM!

!

i) 1.2 equiv NaH, DMF, 0 ¼C

ii) 1.2 equiv MeI, 0 ¼C to 22 ¼CO
NH

O
O

NMe

O



!

TT !̀

!

gZU5T5+&-%6(5V5ggMGMGM5-:".(2):)&-%6(U"+",)U",1)(", 5M5),&! gFAJUF! <! .(0+&51:"&1! MWN5+J!

:)2,1 54)--)+! .(09=G! &K2"**&1! Q"-%! 9-":! 40:G! Q09! ?%0:A&1! Q"-%!T5+&-%6(",1)(",& 5MGV5

1"),& ! gTFMTAG! _FWN! ++)(G! TFNN! &K2"#UG! MGMGM5-:".(2):)&-%6(0+",&! %61:)?%():"1&! gTFMM! AG!

`FNN!++)(G!TFMN!&K2"#UG!0,1!Vq!+)(&?2(0:!9"&#&9F!8&-%0,)(!gWN!+JU!Q09!011&1! -)! -%&!

:&0?-"),!.(09=!0,1!-%&!:&92(-",A!+"S-2:&!Q09!0(()Q&1!-)!9-":!0-!:))+!-&+*&:0-2:&!.):!T\ a

M^! %F! $%&! +"S-2:&! Q09! ."(-&:&1! -%:)2A%! ?&("-&! g:",9&1! Q"-%! 1"&-%6(! &-%&:U! 0,1!

?),?&,- :0-&1F! $%&! 6&(()Q! :&9"12&! Q09! *2:"."&1! 46! .(09%! ?)(2+,! ?%:)+0-)A:0*%6! g^CT!

%&S0,&9C&-%6(!0?&-0-&U!-)!0..):1!-%&!-"-(&!?)+*)2,1!09!0!6&(()Q!9)("1!gTFTT!AG!^FW\!++)(G!

XTFTx!6"&(1UF!*C)_7M !g^NN!8[7G!3'3( VU!δ!_F_N!gT[G!1G!J!j!_FW![7UG!_F^W!gT[G!-G!J j!_F`![7UG!

_FTT!gT[G!-G!J!j!_FX![7UG!XF\M!gT[G!1G!J!j!_F\![7UG!^F\M!gM[G!KG!J!j! `F_![7UG!VFMT!gV[G!9Up!T`R!

]8H! gV_X! 8[7G! 3'3( VU δ! a_TF`V! gVRG! -G!J[R ! j! `F\! [7UF! ;*&?-:0(! 10-0! +0-?%&1! -%)9&!

*:&#")29(6!:&*):-&1 FMMV!!

3.5.3 Preparation of Diene Substrates 

$%&!.)(()Q",A!TGV51"&,&9!9249-:0-&9!Q&:&!*:&*0:&1!09!*:&#")29(6!1&9?:"4&1MTV5MT^G!

MM5̂MM_C! gEU542-05TGV51"&,5! T56(4&,7&,&! gFA!UG! gEU5T5g42-05TGV51"&,5T56(U5̂ 5+&-%)S64&,7&,&!

gFAQUG! gEU5T5g42-05TGV51"&,5T56(U5̂ 5?%():)4&, 7&,&! gFATUG! gEU5T5g42-05TGV51"&,5T56(U5̂ 5

g-:".(2):)+&-%6(U4&,7&,&! gFAVUG! gEU5T5g42-05TGV51"&,5T56(U5V5+&-%6(4&,7&,&! gFA*"UG! gEU5T5

g42-05TGV51"&,5T56(U5M5+&-%6(4&,7&,&!gFA**UG!gEU5M5g42-05TGV51"&,5T56(U,0*%-%0(&,&!gFA*!UG!

+ H3N CF3Cl
MeOH, 3• MS

22 ¼C, 18Ð24 h N

F3C

NMe

OO
NMe

O (1.2 equiv)



!

TMN!

gEU5W5g42-05TGV51"&,5T56(U4&,7) h1ihTGVi1")S)(&! gFA*FUG! gEU5M5! g42-05TGV51"&,5T56(U.2:0,!

gFA*NUG!gEU5V5g42-05TGV51"&,5T56(U*6:"1",&!gFA*JUG!gEU5%&S05VGW51"&,5T56(4&,7&,&!gFA!JUG!gEU5

1&?05TGV51"&,&! gFA!UUG! &-%6(! gEU5%&*-05̂ GX51"&,)0-&! gFA!QUG! gEU542-05TGV51"&,5T5

6(?6?()%&S0,&! gFA!TUG! gEU5T54&,76(5̂ 5g42-05TGV51"&,5T56(U*"*&:"1",&! gFA!VUG! +&-%6(! gEU5

%&S05VGW51"&,)0-&!gFAFJUG!+&-%6(!gMEGÊU5%&S05MG5̂1"&,)0-&!gFAFQUG!gEU5-&:-542-6(g%&S05VGW5

1"&,5T56()S6U1"+&-%6(9"(0,&!gFAN"UG!0,1 !gEU5%&S05VGW51"&,5T5)(!gFAN*UF!

3.5.4 Preparation of Pd–DTBM–SEGPHOS Catalyst 

!

h=?^O-87 ,DBW=C[D iF!$)!0,!)#&, 51:"&1!MW5+J!:)2,1 54)--)+!. (09=G!&K2"**&1!Q"-%!0!

+0A,&-"?!9-"::",A!:)1G!",9"1&!0,!] M5."((&1!A()#&4)S!Q09!011&1!/1g?",,0+6(U3(iM!gTN^!+AG!

NFMNN! ++)(G! NFWNN! &K2"#UG! gSU5gnU5'$O8 5;ZL/[@;! g^_M! +AG! NF^NN! ++)(G! TFNN!&K2"#UG!

0,1! 3[ M3(M! g !̂ +JUF! $%&! :&92(-",A! 6&(()Q! 9)(2-"),! Q09! 0(()Q&1! -)! 9 -":! 0-! 0+4"&,-!

-&+*&:0-2:&!.):!?0F!VN!+",!4&.):&!]0O<: R̂ !gV_M!+AG!NF^MN!++)(G!TFNW!&K2"#U!Q09!011&1!

0,1! -%&! .(09=! Q09! :&+)#&1! .:)+! -%&! A()#&4)SF! $%&! :&0?-"),! Q09! 0(()Q&1! -)! 9-":!

#"A): ) 29(6! .):!T\!%F!$%&! :&0?-"),!+"S-2:&!Q09! ."(-&:&1! -%:)2A%!0! *01! ).!?&("-&!g:",9",A!

Q"-%! V! b! W! +J! 3[ M3(MUG! ?),?&,-:0-&1! ",! #0?2)! 0,1! *2:"."&1! 46! .(09%! ?)(2+,!

?%:)+0-)A:0*%6!gTNNx!3[ M3(MU!-)!0..):1!-%&!-"-(&!?)+*)2,1!09!0!6&(()Q!9)("1!g\__!+AG!

NFV\^!++)(G!`WF̀x!6"&(1UF!$%&!?)+*(&S!Q09!"9)(0-&1!09!0!?0F!^CT!1"09-&:&)+&:"?!+"S-2:&F!

O

O

O

O

PAr2

PAr2

i) 0.5 equiv [Pd(cinnamyl)Cl]2 
       CH2Cl2, 22 ¼C, 30 min

ii) 1.05 equiv NaBArF
4, 18 h

O

O

O

O

P
Ar

P

Ar = 3,5-(t-Bu)2-4-(MeO)(C6H2)

Pd

2

Ar2

BArF
4

Ph

Ar = 3,5-(t-Bu)2-4-(MeO)(C6H2)



!

TMT!

IM)g-%",!."(+U!M`XW!g4:UG!TXTN!gQUG!T^^N!gQUG!TVWV!g9UG!TTXM!g+UG!TTMT!g9U!?+5Tp!*C)_7M !g^NN!

8[7G!3'3( VU!δ!_FXM!gTN![G!9G!+0d):!n!+",):UG!_F^M!gW![G!9G!+0d):!n!+",):UG!_FTTa_FNX!gV[G!

+G!!+0d):!n!+",):UG!_FNNaXF\\!gV[G!+G!!+0d):!n!+",):UG!XF\MaXF_`!gV[G!+G!!+0d):!n!+",):U!G!

XFW`aXFW_!g^[G!+G!!+0d):!n!+",):UG!XF^\aXFV`!gM[G!+G!!+0d):!n!+",):UG!WF`X!gT[G!1-, J! !j!

TVF^G!XF_![7G!+0d):!n!+",):UG!WFW_!gT[G!9G!+0d):!n!+",):UG!!WF^`!gM[G!1G!J!!j!TF\![7G!+0d):!n!

+" ,):UG!WF^V!gT[G!9G!+0d):!n!+",):UG!^FT`!gT[G!-G!J!!j!TTF`![7G!+0d):!n!+",):UG!VF_^!gV[G!9G!

+0d):UG!VFX\!gV[G!9G!+0d):UG!!VFXM!gV[G!9G!+0d):UG!VFW^!gV[G!9G!+0d):UG!VFVM!gT[G!-G!J!!j!XFV![7G!

+0d):!n!+",):UG!TFVM!gVX[G!9G!+0d):UG!TFM\!gVX[G!9G!+0d):Up!*FG)_7M !!gTMX!8[7G!3'3( VU!δ!

TXVFWG!TXVF^G!TXMF^G!TXMFNG!TXTF`G!TXTF`G!TXTFXG!TXTFMG!TWNFTG!TWNFTG!T^`FXG!T^`FXG!T^_F\G!T^_F_G!

T^_FXG!T^WFVG!T^WFMG!T^WFTG!T^WFTG!T^^FVG!T^^FVG!TV^F`G!TVMFVG!TVTF\G!TVTF_G!TVTF^G!TVTFVG!TM`F^G!

TM`FVG!TM`FTG!TM\F\G!TM\FXG!TM\FWG!TM_F`G!TM_FVG!TMXF\G!TMXF\G!TMXFXG!TMXFWG!TMXF^G!TMXFTG!TMXFNG!

TMWF_G!TM^F_G!TM^FVG!TMVFWG!TMVFNG!TMMFXG!TMMF^G!TMMFNG!TMTF^G!TMTFMG!TMNF\G!TMNFNG!TT`FVG!TT\FNG!

TT_F^G!TN\FVG!TN\FMG!TN\FNG!TN_F`G!TNTFTG!TNTFTG!`VFTG!`VFNG!`MF\G!`MF_G!__FVG!__FNG!_XF\G!X^FXG!X^FWG!

X^FVG!VXFMG!VXFTG!VXFNG!VWF`G!VWF\G!VTF`G!VTF\G!VTF_!g,)-&C!9*&?-:2+!"9!?)+*(&S!12&!-)!+"S-2:&!

).! 1"09-&:&)+&:"?! 9*&?"&9! 0,1!VT/! 9*("--",A! 0,1! 0??):1",A(6! 0((! )49&:#04(&! *&0=9! 0:&!

9"+*(6!("9-&1!09!".!-%&6!Q&:&!9",A(&-9Up!*V#)_7M !gV_X!8[7G!3'3( VU!δ!aXMF̂_!gM^RG!9G!+0d):!

n!+",):U p!F*=)_7M !gTXM!8[7G!3'3( VU!δ!MMF_X!g1G!J// !j!W`FW![7G!+",):UG!MTF`W!g1G!J// !j!XTFM!

[7G!+0d):UG!T`FMN!g1G!J// ! j!XTFW![7G!+0d):UG!TXF\M!g1G!J// ! j!XNFN![7G!+",):Up!CM7D !gZ;>nU!

h8in!?0(?Y1!.):!3\V[ TN`@\ / M/1C!T^NTFXXM_G!.)2,1C!T^NTFXX^_F!



!

TMM!

3.5.5 Hydroalkylation of Dienes  

!!!!!! !

L&,&:0(! 8&-%)1! <F! >,! 0,! ] M5."((&1! A()#&4)SG! 0,! )#&,51:"&1! gTMN! t3U! +"?:)Q0#&! #"0(G!

&K2"**&1! Q"-%! 9-":! 40:G! Q09! ?%0:A&1! Q"-%! h=?i! gT_FT! +AG! _FWN!µ+)(G! NFNWNN! &K2"#UG!N5

-:".(2):)&-%6(!"+",&!T!gW^FW!+AG!NFMMW!++)(G!TFWN!&K2"#UG!g†U!]0O<:R̂ !gTVFV!+AG!TWFN!µ+)( G!

NFTNN! &K2"#UG! 0,1! 1")S0,&! gMNN!µJUF! '"&,&!gNFTWN! ++)(G! TFNN! &K2"#U! 0,1! -:"&-%6(0+",&!

g^TF\!µJG!NFVNN!++)(G!MFNN!&K2"#U!Q&:&!011&1!-)! -%&!:&0?-"),!#"0(F!$%&!#"0(!Q09!9&0(&1G!

:&+)#&1!.:)+!-%&!A()#&4)S!0, 1!0(()Q&1!-)!9-":!0-!MM!t3!):!WN!t3!",!0!%&0-",A!4()?=!.):!TM!

%F! $%&! :&0?-"),! +"S-2:&! Q09! -%&,! ."(-&:&1! -%:)2A%! 0! ?&("-&! *(2A! 0,1! :",9&1! Q"-%! &-%6(!

0?&-0-&!gV!b!TN!+JUF!$%&!9)(2-"),!Q09!?),?&,-:0-&1G!0,1! -%&! :&9"12&! *2:"."&1!46! .(09%!

?)(2+,! ?%:)+0-)A:0*%6! Q"-%! 9"("?0! A&(! ):! 46! ?)+4".(09%! 02-)+0-&1! ?)(2+,!

?%:)+0-)A:0*%6F!

_02(+! >9)(0-&1! 6"&(19! :&*):-&1! 0:&! 0,! 0#&:0A&! ).! M! :2,9F! @,(6! *&0=9! .):! -%&! +0d):!

*:)12?-!1"09-&:&)+&:!0:&!:&*):-&1!.):!?(0:"-6F!R):!9)+&!*:)12?-9G!-%&!:&A")"9)+&:9!?)2(1!

,)-!4&!9&*0:0-&1F!f"&(19!.):!0((!*:)12?-9!:&*:&9&,-!"9)(0-&1!6"&(19!).!0!9",A(&!:&A")"9)+&:!

2,(&99!)-%&:Q"9&!,)-&1F!;)+&!90+*(&9!?),-0",!‡Wx!).!0!46*:)12?-!).!?0-0(69-!","-"0-"),!

2.0 equiv Et3N
(±) 10 mol % NaBArF4

1,4-dioxane, 22 ¡C or 50 ¡C
12 h

N

F3C

NMe

O

N

F3C

Me

R1

(1.5 equiv)

R1

O

O

O

O

P
Ar

P

Ar = 3,5-(t-Bu)2-4-(MeO)(C6H2)

Pd

2

Ar2

BArF
4

Ph

5 mol %

+

[Pd]



!

TMV!

-%0-!?)2(1! ,)-!4&!9&*0:0-&1F!>,!&,-:"&9!Q"-%!(0:A&!1"9?:&*0,?6!",!?),#&:9"),! -)!1&9":&1!

*:)12?-! 0,1 !"9)(0-&1!6"&(1!g09!9&&,!",!+0,29?:"*-UG!-%"9!"9!12&!-)!1".."?2(-6!",!9&*0:0-"),!

).! 1&9":&1! *:)12?-! 0,1! 2,:&0?-&1 ! 9-0:-",A! +0-&:"0(! "+",& ! 46! 9"("?0! A&(! .(09%! ?)(2+,!

?%:)+0-)A:0*%6F!<2-%&,-"?!:0?&+"?!9-0,10:19!Q&:&!*:&*0:&1!29",A!0!TCT!+"S-2:&!).!HC;!

&,0,-" )+&:9 !).!-%&!"9)(0-&1!/ 1!?0-0(69-!

!

!

gZU5T5+&-%6(5V5gggEU5TGTGT5-:".(2):) 5V5+&-%6(5W5*%&,6(*&,- 5̂ 5&,5M56(U"+",)U",1)(", 5M5),&!

gFAUUF! $"-(&! ?)+*)2,1! FAU!Q09! *:&*0:&1! 0??):1",A! -)! A&,&:0(! +&-%)1! <! 0-! MM!t3F! $%&!

+0-&:"0(! Q09! *2:"."&1! 46! .(09%! ?)(2+,! ?%:)+0-) A:0*%6! gTNNx ! %&S0,&9! -)! MWCT!

%&S0,&9CZ-@<?U!-)!)4-0",! FAU!09!0!6&(()Q!9)("1!g^^FW!+AG!NFTT`!++)(G!_`FXx!6"&(1UF!])-&C!

?),-0",9!Mx!?0-0(69-!","-"0-"),!46*:)12?-F! IM)g-%",!."(+U!M`V\!gQUG!T_TM!g9UG!TXXT!gQUG!TXTT!

g9UG!T^`T!gQUG!T^_T!g9UG!TVV^!g+UG!TMXV!g9UG!TT^_!g9U!?+5Tp!*C)_7M !g^NN!8[7G!3'3( VU!δ!_FX!̀

gT[G!1G!J!j!_FM![7UG!_F^N!gT[G!-G!J!j!\FV![7UG!_FM_a_FTX!gW[G!+UG!_FN\!gT[G!-G!J!j!_F^![7UG!XFX`!

gT[G!1G!J!j!_F_![7UG!XFVVaXFTW!gM[G!+UG!XFTMaXFNW!gT[G!+UG!VFN^!gV[G!9UG!VFNTaMF`N!gT[G!+UG!

TFM\!gV[G!1G!J! j!XFV![7Up!*V#)_7M !gV_X!8[7G!3'3( VU!δ!a_NFNV!gVRG!1G!J[R ! j! _FM! [7Up!*FG)

Òcatalyst initiation 
      byproductÓ

O

MeN
N

F3C
Ph

O

MeN
N

F3C

Me



!

TM!̂

_7M !gTMX!8[7G!3'3( VU!δ!TW`FNG!TWXFMG!T^WF_G!TV_FVG!TVVFXG!TVTF^G!TVTFTG!TM\F^G!TM_FMG!TMXFTG!

TMWFV!gKG!J3R!j!M\MFN![7UG!TMVFVG!TMMF\G!TMNF`G!TN\FWG!XVF\!gKG!J3R!j!MXFV![7UG!V`F`G!MWFXG!T_FVp!

CM7D) gZ;>nU!h8n[i n!?0(?Y1!.):!3MT[ MNRV] M@C!V_VFTWMMG!.)2,1C!V_VFTWM`F!

!

C=EGC! 3)(2+,C! 3&((2()9&5T! gV!µ+G! ^FX! ++! b! MWN! ++UF! 8)4"(&! *%09&C! ``CT! %&S0,&9C"5

/:@[G!!TFN!+Jc+",F!'&-&?-"),!Q0#&(&,A-%C!MW^!,+F!Z:!j!`WCWF!

!

!

gZU5T5+&-%6(5V5gggEU5TGTGT5-:".(2):) 5W5g 5̂+&-%)S6*%&,6 (U5V5+&-%6(*&,-5̂ 5&,5M5

6(U"+",)U",1 )(", 5M5),&! gFA*UUF! $"-(&! ?)+*)2,1! FA*U!Q09! *:&*0:&1! 0??):1",A! -)! A&,&:0(!

+&-%)1!<!0-!MM!t3F!$%&!+0-&:"0(!Q09!*2:"."&1!46!.(09%!?)(2+,!?%:)+0-)A:0*%6!gTNNx!

%&S0,&9! -)! MWCT! %&S0,&9CZ-@<?U! -)! )4-0",!FA*U! 09! 0!6&(()Q! )"(! g^TFN! +AG! NFTNM! ++)(G!

X_F`x! 6"&(1UF!IM!g-%",!."(+U! M`V^! gQUG! T_T_! g+UG! TXTV! g+UG! TMWT! g9U! ?+5Tp!*C) _7M !g^NN!

O

MeN
N

F3C

Me

OMe



!

TMW!

8[7G!3'3( VU!δ!_FX_!gT[G!1G!J!j!XF`![7UG!_F^N!gT[G!-1G!J!j!_F\G!TFV![7UG!_FT\a_FTT!gM[G!1G!J!j!

\F_![7UG!_FN_!gT[G!-G!J j!_F^![7UG!XF_X!gM[G!1G!J!j!\F_![7 UG!XF_N!gT[G!1G!J!j!_F\![7UG!XFT\!gT[G!1G!

J!j!TWF`![7UG!XFNXaWF`V!gM[G!+UG!VF_X!gV[G!9UG!VFNW!gV[G!9UG!MF`WaMF\T!gT[G!+UG!TFMW!gV[G!1G!J!j!

_FN![7Up!*V#)_7M !gV_X!8[7G!3'3( VU!δ!a_NFNM!gVRG!1G!J[R !j!_F`![7Up!*FG)_7M !gTMX!8[7G!

3'3( VU!δ!TW`FNG!TW\F`G!TWXFNG!T^WF_G!TVVFWG!TVNFWG!TVNFTG!TM`FMG!TM_FMG!TMWFV!gKG!J3R!j!M\TFW![7UG!

TMVFVG!TMMF\G!TMNF`G!TTVF\G!TN\FWG!XVF`!gKG!J3R!j!MXF_![7UG!WWFVG!V`F`G!MWFXG!T_F^p!CM7D !gZ;>nU!

h8n[i n!?0(?Y1!.):!3MM[ MMRV] M@MC!^NVFTXM\G!.)2,1C!^NVFTXMNF!!

!

C=EGC! 3)(2+,C! 3&((2()9&5T! gV!µ+ G!F̂X! ++! b! MWN! ++UF! 8)4"(&! *%09&C! ``CT! %&S0,&9C"5

/:@[G!TFN!+Jc+",F!'&-&?-"),!Q0#&(&,A-%C!MW^!,+F!Z:!j!`^CXF!

!

!

gZU5V5gggEU5W5g 5̂?%():)*%&,6(U5TGTGT5-:".(2):) 5V5+&-%6(*&,-5̂ 5&,5M56(U"+",)U5T5

+&-%6(",1)(", 5M5),&! gFA*QUF! $"-(&! ?)+*)2,1! FA*Q! Q09! *:&*0:&1! 0??): 1",A! -) ! A&,&:0(!

O

MeN
N

F3C

Me

Cl



!

TMX!

+&-%)1!<!0- !MM!t3F!$%&!+0-&:"0(!Q09!*2:"."&1!46!.(09%!?)(2+,!?%:)+0-)A:0*%6!gTNNx!

%&S0,&9! -)!MWCT!%&S0,&9CZ-@<?U!-)! )4-0",!FA*Q!09!0!6&(()Q!9)("1!g^WFW!+AG!NFTTM!++)(G!

_^FXx!6"&(1UF!IM!g-%",!."(+U!M`M`!gQUG!T_TW!g9UG!TXXV!gQUG!TXTV!g9UG!T^`T!gQUG!T^_M!g9UG!TM_N!

g+UG!TTWT!gQU!?+ 5Tp!*C)_7M !g^NN!8[7G!3'3( VU!δ!_FX_!gT[G!1G!J!j!_F^![7UG!_F^T!gT[G!-G!J!j!

_F\![7UG!_FMVa_FTT!g^[G!+UG!_FN\!gT[G!-G!J!j!_FX![7UG!XF_M!gT[G!1G!J!j!_F\![7UG!XFM^aXFTW!gM[G!

+UG!XFTTaXFNT!gT[G!+UG!VFN_!gV[G!9UG!MF`\aMF\`!gT[G!+UG!TFMW!gV[G!1G!J!j!XF`![7Up!*V#)_7M !

gV_X!8[7G!3'3( VU!δ!a_NFTV!gVRG!1G!J[R ! j! _FX! [7Up! !*FG)_7M !gTMX!8[7G!3'3( VU!δ!TW\F`G!

TWXFMG!T^WF_G!TVWF\G!TVVF_G!TVMF_G!TVMFNG!TM`F\G!TM\FWG!TM_FVG!TMWFM!gKG!J3R!j!M\TF_M![7UG!TMVF^G!

TMMF\G!TMNF`G!TN\FXG!XVF_!gKG!J3R!j!M_FN![7UG!V`F\G!MWFXG!T_FVp!CM7D !gZ;>nU!h8n[i n!?0(?Y1!.):!

3 MM[ T`3(RV] M@C! ^N_FTTVVG! .)2,1C! ^N_FTT^NF! ;&&!9&?-"),! VFWF\! .):! b 5:06! ?:69-0(()A:0*%6!

10-0!.): !FA*QF!

!

C=EGC! 3)(2+,C! 3&((2()9&5T! gV!µ+G! ^FX! ++! b! MWN! ++UF! 8)4"(&! *%09&C! ``CT! %&S0,&9C"5

/:@[G!TFN!+Jc+",F!'&-&?-"),!Q0#&(&,A-%C!MW^!,+F!Z:j!`NFWC`FWF!

!



!

TM_!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !

gZU5T5+&-%6(5V5gggEU5TGTGT5-:".(2):) 5V5+&-%6(5W5g 5̂g-:".(2):)+&-%6(U*%&,6(U*&,-5̂ 5&,5M5

6(U"+",)U",1)(", 5M5),&! gFA*TUF! $"-(&! ?)+*)2,1! FA*T!Q09! *:&*0:&1! 0??):1",A! -)! A&,&:0(!

+&-%)1!<!0-!MM!t3F!$%&!+0-&:"0(!Q09!*2:"."&1!46!.(09%!?)(2+,! ?%:)+0-)A:0*%6!gTNNx!

%&S0,&9! -)!MWCT!%&S0,&9CZ-@<?U!-)! )4-0",!FA*T!09!0!6&(()Q!9)("1!g^\FM!+AG!NFTTN!++)(G!

_VFXx!6"&(1UF!IM!g-%",! ."(+U!M`^N!gQUG!T_TX!g+UG!TXT^!g+UG!T^`N!gQUG!T^_M!gQUG!TV_N!gQUG!

TVM^!g9UG!TTXW!g+UG!TTMV!g9U!?+5Tp!*C)_ 7M !g^NN!8[7G!3' 3 (VU!δ!_FX\!gT[G!1G!J!j!_FW![7UG!_F^\!

gM[G!1G!J!j!\FN![7UG!_F^M!gT[G!-G!J!j!_F\![7UG!_FVT!gM[G!1G!J!j!\FT![7UG!_FN`!gT[G!-G!J!j!_FX![7UG!

XF_M!gT[G!1G!J!j!_F\![7UG!XFVVaXFVT!gM[G!+UG!XFTWaXFNV!gT[G!+UG!VFN_!gT[G!9UG!VFNMaMF`W!gT[G!

+UG!TFMX!gV[G!1G!J!j!XF`![7Up!*V#)_7M !gV_X!8[7G!3'3(VU!δ!aXMFWN!gVRG!9UG!a_NFMM!gVRG!1G!J[R !

j!_F_![7Up!*FGd*V#e)_7M !gTMX!8[7G!3'3( VU!δ TW\F`G!TWXFVG!T^WF_G!T^NF_G!TV^FNG!TVVF\G!TM`F_G!

TM`FNG! TMXFMG! TMWFVG! TMWFMG!TMWFTG! TMVF^G! TMMF\G!TMNF\G! TN\FXG! XVFXG! V`F_G! MWFXG! T_FMp! CM7D !

gZ;>nU!h8n[ i n!?0(?Y1!.):!3MM[ T`RX] M@C!^^TFTV`XG!.)2,1C!^^TFT^N_F!!

!

C=EGC! 3)(2+,C! 3&((2()9&5M!gV!µ+G! ^FX! ++! b! MWN! ++UF! 8)4"(&! *%09&C! ``CT! %&S0,&9C"5

/:@[G!TFN!+Jc+",F!'&-&?-"),!Q0#&(&,A-%C!MW^!,+F!Z:!j!` NCTNF!

O

MeN
N

F3C

Me

CF3



!

TM\!

!

!!! !

gZU5T5+&-%6(5V5gggEU5TGTGT5-:".(2):) 5V5+&-%6(5W5g+5-)(6(U*&,-5̂ 5&,5M56(U"+",)U",1)(", 5M5

),&!gFA*VUF!$"-(&!?)+*)2,1! FA*V!Q09!*:&*0:&1!0??):1",A!-)!A&,&:0(!+&-%)1!<!0-!MM!t3F!

$%&! +0-&:"0(! Q09! *2:"."&1! 46! .(09%! ?)(2+,! ?%:)+0-)A: 0*%6! gTNNx! %&S0,&9! -)! MWCT!

%&S0,&9CZ-@<?U!-)!)4-0",!FA*V!09!0!6&(()Q!)"(!g^MFT!+AG!NFTN`!++)(G!_MF^x!6"&(1UF!])-&C!

?),-0",9! Vx!?0-0(69-!","-"0-"),!46*:)12?-F! IM!g-%",!."(+U!M`V^!g4:UG!T_TX!g9UG!T^`N!g9UG!TTW_!

g9U!?+5Tp!*C)_7M !g^NN!8[7G!3 '3( VU!δ!_FX`!gT[G!1G!J! j!_F^! [7UG!_F^N!gT[G!-G!J! j! \FW! [7UG!

_FTVa_FNX!gV[G!+UG!XF``!gV[G!+UG!XFX`!gT[G!1G!J j!_F\![7UG!XFMVaXFT`!gT[G!+UG!XFT_aXFTV!gT[G!

+UG!XFN`aXFNM!g+G!T[UG!VFN^!g9G!V[UG!MF`WaMF`N!gT[G!+UG!MFM_!g9G!V[UG!TFM_!g1G!J!j!XF`![7G!V[Up!

*V#)_7M !gV_X!8[7G!3'3( VU!δ!a_NFNM!gVRG!1G!J[R !j!_F\![7Up!*FG)_7M !gTMX!8[7G!3'3( VU!δ!

TW`FNG!TWXFTG!T^WF_G!TV_F`G!TV_FMG!TVVFWXG!TVTFVG!TVTFMG!TM\FVG!TM_F`G!TMXF`G!TMWFV!gKG!J3 R!j!M\NFX!
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++)(G!\VFMx!6"&(1UF!IM!g-%",! ."(+U!M`_`!gQUG!M\\M!gQUG!T_V^!g9UG!T_T_!g9UG!T^`T!g+UG!T^_M!

gQUG!TV_T!g+UG!TTW`!g+U!?+5Tp!*C)_7M !g^NN!8[7G!3'3( VU!δ!_FXX!gT[G!1G!J!j!_FW![7UG!_F^V!

gT[G!-, J!j!_F\![7UG!_FN`!gT[G!-G!J!j!_FX![7UG!XF_`!gT[G!1, J!j!_F\![7UG!!XFNVaWF`W!gT[G!+UG!WFWMa

WF^X!gT[G!+U!WF^VaWFVX!gT[G!+UG!^FN^!gM[G!KG!J! j!_F\! [7UG!VFT`!gV[G!9UG!MF\MaMF_W!gT[G!+UG!

MFMT!g^[G!9UG!TFMN!gV[G!-G!J!j!_FM![7UG!TFTT!gV[G!1G!J!j!XF`![7Up!*V#)_7M !gV_X!8[7G!3'3( VU!δ!

a_NFT`!g1G!VRG!!J[R !j!_F\![7Up!*FG)_7M !gTMX!8[7G!3'3( VU!δ!T_VFNG!TW\F`G!TWWF`G!T^WF\G!TVVFXG!

TVMFNG!TM`F_G!TMWFM!gKG!J3R!j!M\TFN![7UG!TMVF^G!TMMF\G!TMNF`G!TN\FXG!XVFX!gKG!J3R!j!MXF`![7UG!XNFMG!

V`FMG!V^FNG!M_F_G!MWF\G!T_FXG!T^FMp!CM7D !gZ;>nU!h8n[i n!?0(?Y1! .):! 3MN[ M̂RV] M@VC!V`_FT_V^G!

.)2,1 C!V`_FT_^NF!

!

C=EGC!3)(2+,C!3&((2()9&5T!gV!µ+G!^FX!++!b!MWN!++UF!8)4"(&!*%09&C!``F`CNFT!%&S0,&9C"5

/:@[G!TFN!+Jc+",F!'&-&?-"),!Q0#&(&,A-%C!MW^!,+F!Z:!j!`NFWC`FWF!

O

MeN
N

F3C

Me

CO2Et



!

TV !̀

!

!

gZU5V5gggMRGVRGEU5W5?6?()%&S6(5TGTGT5-:".(2):) 5V5+&-%6(*&,-5̂ 5&,5M56(U"+",)U5T5

+&-%6(",1)(" , 5M5),&! gFAFFUF! $"-(&! ?)+*)2,1! FAFF! Q09! *:&*0 :&1! 0??):1",A! -)! A&,&:0( !

+&-%)1!<!0- !WN!t3F!$%&!+0-&:"0(!Q09!*2:"."&1!46!?)+4".(09%!?)(2+,!?%:)+0-)A:0*%6!

gTNNx! %&S0,&9!-)! MWCT! %&S0,&9CZ-@<?U! -)! )4-0",!FAFF!09! 0! 6&(()Q! )"(! gM^F_! +AG! NFNXWT!

++ )(G!^VFWx!6"&(1UF!IM!g-%",!."(+U!M`M^!g+UG!M\WT!g+UG!T_TX!g9UG!TXTM!g9UG!T^`T!g9UG!TTWW!g9UG!

TTMV!g9U!?+5Tp!*C)_7M !g^NN!8[7G!3'3( VU!δ _FXW!gT[G!1G!J!j!_FW![7G!T[UG!_F^M!gT[G!-G!J!j!_F\!

[7UG!_FN\!gT[G!-G!J!j!_FX![7UG!XF_\!gT[G!J!j!_F_![7UG!WF`\aWF`T!gT[G!+UG!WFM\aWFMX!gM[G!+UG!

VFT\!gV[G!9UG!TF_VaTFX`!gT[G!+U!TFW`aTF^!̂gX[G!+U!G!TFMXaTFMM!gT[G!+UG!TFTW!gV[G!1G!J!j!XF\!

[7UG!NF`_aNF__!g^[G!+Up!*V#)_7M !gV_X!8[7G!3'3( VU!δ!a_NFNT!g1G!VRG! !J[R ! j! _F\! [7Up!*FG)

_7M !gTMX!8[7G!3'3( VU!δ!TW`FNG!TWWFWG!T^WF_G!TV\FTG!TVVFWG!TM\F^G!TMWF^!gKG!J3R!j! M\TFV![7UG!

TMVFVG!TMMF\G!TMTFNG!TN\F^G!XVF`!gKG!J3R!j!MXF_![7UG!^NFMG!V`FWG!VMF`G!VMFXG!MXFMG!MWF`G!MWF`G!MWF_G!

O

MeN
N

F3C

Me



!

T^N!

T_FX! g@,&! 9*V! ?0:4),! &S-:0! 12&! -)! 1"..&:&,-! ?),.):+0-"),9! ).! ?6?()%&S6(! 9249-"-2&,-Up!

CM7D !gZ;>nU!h8n[i n!?0(?Y1!.):!3MT[ MXRV] M@C!V_F̀T``MG!.)2,1C!V_`FT``WF!

!

C=EGC!3)(2+,C!3&((2()9&5T!gV!µ+G!^FX!++!b!MWN!++UF!8)4"(&!*%09&C!``F`CNFT!%&S0,&9C"5

/:@[G!TFN!+Jc+",F!'&-&?-"),!Q0#&(&,A-%C!MW^!,+F!Z:!j!`NCTNF!

!

!

gZU5V5gggMRGVRGEU5W5gT54&,76(*"*&:"1", 5̂ 56(U5TGTGT5-:".(2):) 5V5+&-%6(*&,- 5̂ 5&,5M5

6(U"+",)U5T5+&-%6(",1)(", 5M5),&!gFAFNUF!$"-(&!?)+*)2,1! FAFN!Q09!*:&*0:&1!0??):1",A!-)!

A&,&:0(!+&-%)1!<!0-!WN!t3F!$%&!+0-&:"0(!Q09!*2:"."&1!46!.(09%!?)(2+,!?%:)+0-)A:0*%6!

gTNNx! %&S0,&9! -)! `NCTNCT! %&S0,&9CZ-@<?C-:"&-%6(0+",&U! -)! )4-0",! FAFN! 09! 0! 6&(()Q! )"(!

gW\FV! +AG! NFTM^! ++)(G! \MF_x! 6"&(1UF! ])-&C! ?),-0",9! TTCT! +"S-2:&! ).! :&A")"9)+&:9!FAFNC!

FAFNY!Q"-%!VFV̂!",!_WF\x!6"&(1!0,1!FAFNY!",!XF\`x!6"&(1F!IM!g-%",!."(+U!VNM\!gQUG!M`V^!g+UG!

M\NN!gQUG!M_WX!gQUG!T_TX!g9UG!TXTV!g9UG!T^`M!gQUG!T^_T!g9UG!TVX`!gQUG!TT^^!g9U!?+5Tp!*C)_7M !

O

MeN
N

F3C

Me

NBn



!

T^T!

g^NN!8[7G!3'3( VU!•!_FW`!gT[G!1G!J!j!_FN![7UG!_FVW!gT[G!-G!J!j!\FV![7UG!_FMVa_FTX!gW[G!+UG!_FNM!

gT[G!-G!J!j!_FW![7UG!XF_T!gT[G!1G!J!j!_F`![7UG!WF`VaWF\_!gT[G!+UG!WFM`aWFMT!gM[G!+UG!VFVW!gM[G!

9UG!VFTM!gV[G!9UG!MFX`aMFXW!gV[G!+UG!TF\^aTF_X!gV[G!+UG!TF̂VaTFVT!gM[G!+UG!TFT`aTFTM!gM[G!+UG!

TFN`!gV[G!1G!J! j!XF`! [7Up!*V#)_7M !gV_X!8[7G!3'3( VU!δ!a_NFNT!g1G!VRG!J[R ! j! _F\! [7Up!*FG)

_7M !gTMX!8[7G!3'3( VU!δ!TW`FNG!TWWFXG!T^WF_G!TV\F_G!TVXF_G!TVVFWG!TM`FMG!TM`FTG!TM\FTG!TMXF`G!

TMWFV!gKG!J3 R!j!M\TFV![7UG!TMVF^G!TMMF\G!TMTFNG!TN\FWG!XVF\!gKG!J3 R!j!MXF_![7UG!WVFWG!V`F^G!V\F^G!

VMFNG! VTF\G! MWF\G! T_FXp!CM7D ! gZ;>nU! h8n[i n! ?0(?Y1! .):! 3M_[ VTRV] V@C! ^_NFM^T^G! .)2,1C!

^_NFM^M^F!

!

C=EGC!3)(2+,C!3%":0(*0=!T5<V!gV!µ+G!^FX!++!b!TWN!++UF!8)4"(&!*%09&C!\NCMN!"5/:@[!

gQ"-%! NFTx! Z-M][U C8&@[! gQ"-%! NFTx! Z-M][UG! NFV! +Jc+",F! '&-&?-"),! Q0#&(&,A-%C! MW^!

,+F!Z:!j!\XFWCTVFWF!

!

!



!

T^M!

!

8 &-%6(! g R̂GWRGEU5̂ 5&-%6(5XGXGX5-:".(2):) 5W5gggZU5T5+&-%6(5M5)S)",1)(", 5V5

6("1&,&U0+",)U%&S5M5&,)0-&! gFAFUUF! $"-(&! ?)+*)2,1! FAFU! Q09! *:&*0:&1! .:)+! FAFU!

0??):1",A! -)! A&,&:0 (! +&-%)1! <! 0-! WN!t3F! $%&! +0-&:"0(! Q09! *2:"."&1! 46! .(09%! ?)(2+,!

?%:)+0-)A:0*%6!gTNNx!%&S0,&9! -)! `NCTNCT!%&S0,&9CZ-@<?C-:"&-%6(0+",&U! -)! )4-0",!FAFU!

09!0!6&(()Q! )"(!gMXFW!+AG!NFN_T\!++)(G!^_F`x!6"&(1UF! ;"+"(0:(6G!FAFU!Q09!0(9)! *:&*0:&1!

.:)+! FAFQ!0??):1",A!-) !A&,&:0(!+&-%)1!< !0-!WN!t3 !-)!)4- 0",! FAFU!09!0!6&(()Q!)"(!g`F\!+AG!

NFNM_!++)(G!T_F_x!6"&(1UF!IM!g-%",!."(+U!M`WM!gQUG!T_T\!g9UG!TXXN!gQUG!TXTV!g9UG!T^`T!gQUG!

T^_M!g9UG!TM_N!g+UG!TTX`!g9U!?+5Tp!*C)_7M !g^NN!8[7G!3'3( VU!δ!_FXV!gT[G!1G!J!j!_FT![7UG!_FV`!

gT[G!-G!J!j!_F\![7UG!_FNXaXF``!gM[G!+UG!XF_^!gT[G!1G!J!j!_F\![7UG!XFM\aXFM^!gT[G!+UG!WF\^!gT[G!

1G!J!j!TWF_![7UG!VFXX!gV[G!9UG!VFT^!gV[G!9UG!MF_MaMFXX!gT[G!+UG!TFXTaTFWV!gT[G!+UG!TFVTaTFMV!

gT[G!+UG!NF_`!gV[G!-G!J!j!_F^![7Up!*V#)_7M !gV_X!8[7G!3'3( VU!δ!a_NF\V!g1G!VRG!J[R !j!_FX![7Up!

*FGf*V#g)_7M ! gTMX! 8[7G!3'3( VU!δ! TXXFXG! TW\F_G! TW_FVG! T^_FTG! T^WF`G! TV^FNG! TM^FXG! TMVFWG!

TMVFTG!TMVFTG!TMNF\G!TN\FXG!XMFTG!WTF^G!^WF\G!MWF\G!M^FTG!TTF_p!CM7D !gZ;>nU!h8n[i n!?0(?Y1!.):!

3 T\[ MNRV] M@VC!VXF̀T^MTG!.)2,1C!VX`FT^MXF!!

!

C=EGC!3)(2+,C!3&((2()9& 5T!gV!µ+G!^FX!++!b!MWN!++UF!8)4"(&!*%09&C!``F`CNFT!%&S0,&9C"5

/:@[G!TFN!+Jc+",F!'&-&?-"),!Q0#&(&,A-%C!MW^!,+F!Z:!j!`_FWCMFWF!

O

MeN
N

F3C

Et

OMe

O



!

T^V!

!

! !!!!!!

!!!!!R:)+! *:)12?-! FAFJ!

!

!

!

!

!!!!!R:)+!*:)12?-! FAFQ!!

!

 

  

3.5.7 Reaction Scale Up  

!

gZU5T5+&-%6(5V5gggEU5TGTGT5-:".(2):) 5V5+&-%6(5W5*%&,6(*&,- 5̂ 5&,5M56(U"+",)U",1)(", 5M5),&!

gFAUUF!>,!0,!]M5."((&1!A()#&4)SG!0!MW5+J!:)2,1 54)--)+!.(09=G!&K2"**&1!Q"-%!9-":!40:G!Q09!

?%0:A&1!Q"-%!f=?g!gTT^!+AG!NFNWN!++)(UG!N5-:".(2):)&-%6(!"+",&! FAJ!gVTW!+AG!TFVN!++)(G!

TFVN! &K2"#UG! ]0O<:R̂ ! g\\FX! +AG! NFTNN! ++)(G! NFTNN! &K2"#UG! 0,1! 1")S0,&! gTFVV! +JUF! gEU5

2.0 equiv Et3N
10 mol % NaBArF

4

1,4-dioxane, 22 ¡C,12 h

N

F3C

NMe

O

(1.3 equiv)

Ph

O

O

O

O

P
Ar

P
Pd

2

Ar2

BArF
4

Ph

5 mol %

+
O

MeN
N

F3C

Me



!

T^ !̂

42-05TGV51"&,5T56(4&,7&,&!FA!! gNFTW! ++)(G! TFNN! &K2"#U! 0,1! -:"&-%6(0+",&! gM_`!µJG! MFNN!

++)(G!MFNN!&K2"#U!Q&:&!011&1! -)! -%&! .(09=F!$%&! .(09=!Q09!:&+)#&1! .:)+! -%&!A()#&4)S!

0,1!0(()Q&1!-)!9-":!0-!MM!t3!.):!TM!%F!$%&!:&0?-"),!+"S-2:&!Q09!."(-&:&1!-%:)2A%!0!?&("-&!

*(2A!0,1!:",9&1!Q"-%!&-%6(!0?&-0-&!gV!b!WN!+JUF!$%&!9)(2-"),!Q09!?),?&,-:0-&1G!0,1!-%&!

:&9"12&! *2:"."&1! 46! .(09%! ?)(2+,! ?%:)+0-)A:0*%6! -)! 0. .):1! FAU!09! 0! 6&(()Q! 9)("1! gVN^!

+AG!NF\TX!++)(G!\TFXx!6"&(1UF!!

3.5.8 Hydrolysis of Imines in Product   

!

gEU5TGTGT5-:".(2):) 5V5+&-%6(5W5*%&,6(*&,- 5̂ 5&,5M50+",&! gFAN!UF! <! M51:0+! #"0(G! &K2"**&1!

Q"-%!9-":!40:G!Q09!?%0:A&1!Q"-%!"+",&!FAU!g^XFN!+AG!NFTMV!++)(G!TFNN!&K2"#UG!$[R!gT!+JUG!

0,1! TFN! 8! 0K! [3(! gNFWNN! +JUF! $%&! +"S-2:&! Q09! 0(()Q&1! -)! 9-":! .):! M!%! 0-! MM! t3!

Q%&:&2*),! "-! Q09! 1"(2-&1! Q"-%! -:"&-%6(0+",&! gT! +JG! _FT_! ++)(G! W\FV! ++)(UF! $%&!

9)(2-"),!Q09!?),?&,-:0-&1!0,1!*2:"."&1!46!.(09%!?)(2+,!?%:)+0-)A:0*%6!Q"-%! 9"("?0!A&(!

gWNCT! %&S0,&9CZ-@<?! -)! MWCT! %&S0,&9C! Z-@<?U! -)! 0..):1! -%&! -"-(&! ?)+*)2,1! 09! 0! .0" ,-!

6&(()Q!)"(!gMTF\!+AG!NFN`^_!++)(G!__FNx!6"&(1UF!IM!g-%",! ."(+U!V^N\!g4:UG!VNM_!gQUG!M`_T!

gQUG!TW``!gQUG!TMXV!g9UG!TTMN!g9U!?+5Tp!*C)_7M !g^NN!8[7G!3'3( VU!δ!_FM`!gM[G!1G!J!j!_ FV![7UG!

_FM^!gM[G!-G!J!j!_FX![7UG!_FTX!gT[G!-G!J!j!_FV![7UG!XF^T!gT[G!1G!J!j!TWF̀![7UG!XFN`!gT[G!11G!J!j!

TWF`G!\FN![7UG!VFTNaVFN`!gT[G!+UG!MF_WaMFX_!gT[G!+UG!TFMN!gV[G!1G!J!j!XF`![7Up!*V#)_7M !gV_X!

i) 1.0 M aq HCl, THF
         22 ¼C, 2 h

ii) Et3NO

MeN
N

F3C

Me

NH2

F3C

Me



!

T^W!

8[7G!3'3( VU!δ!a_^F_\!gVRG!1G!J[R ! j!_F\! [7Up!*FG)_7M !gTMX!8[ 7G!3'3( VU!δ!TV_FNG!TVMFTG!

TM`FTG!TM\FXG!TM_FWG!TMXFX!gKG!J3R!j!M\VFN![7UG!TMXFVG!W_F_!gKG!J3R!j!M_FM![7UG!V_FNG!T_F`p!CM7D !

gZ;>nU!h8n[i n!?0(?Y1!.):!3TM[ TWRV]C!MVNFTTWTG!.)2,1C!MVNFTTXWF!!

!

C=EGC!3)(2+,C!<+6()9& 5T!gV!µ+G!^FX!++!b!MWN!++UF!8)4"(&!*%09&C!` `CT!%&S0,&9C"5

/:@[G!!!TFN!+Jc+",F!'&-&?-"),!Q0#&(&,A-%C!MW^!,+F !Z:!j!`^FWCWFWF!

!

 

3.5.9 X-ray crystallographic data for 3.17 
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!
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T^X!

)))))))))))))))))))))))D:1>/():6?)9'4<2:/)?:2:). 0') '?<VNFh)

!
I?( 62$.$9:2$06)90?() :19`^Vw!

G3(1$9:/).0'1&/: ) 3 MT[ T\3(RV] M@!

#0'1&/:)S($%32 ) ^NXF\M!Ac+)( !

-(1>(':2&'( ) TNNgMU!P!

i:;(/(6%23 ) TFW^T_\!q!

G'4<2:/)<$H() NFNW\!S!NFTMW!S!NFT`\!++!

G'4<2:/)3:`$2) 6&(()Q!:)1 !

G'4<2:/)<4<2(1) ):-%):%)+4"? !

D>:9()%'0&>) /! MT!MT!MT!

R6$2)9(//)?$1(6<$06<) 0!j!_FWTMWgMU!q! …!j!`Nt!
! 4!j!TTF`XTWgVU!q! ˆ!j!`Nt !
! ?!j!MTFNMVVgXU!q! „!j!`Nt !

h0/&1( ) T\\`FT_g`U!qV! !

\ ) ^!

O(6<$24)b9:/9&/:2(?c) TF^VN!Ac?+ V!

5`<0'>2$06)90(..$9$(62) MFT__!++5T!

#b"""c) \^N!

DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD!

)

)

)

)

)

)

)



!

T^_!

O:2:)90//(92$06):6?)<2'&92&'()'(.$6(1(62).0' )'?<VNFh!

O$..':9201(2(' ) O:2=&:!'\!wZ]$BHZ !

M:?$: 2$06)<0&'9()
>,?)0-&?!>‚;!VFN!+"?:).)?29!9&0(&1!-24&!
g32!P…G!‰!j!TFW^T_\!qU!

-3(2:)':6%().0')?:2:)90//(92$06 ) ^FMT!-)!_`F\Xt!

I6?(Z)':6%(< ) 5̀‡j%‡j`G!5TW‡j=‡jTWG!5MX‡j(‡jMW!

M(./( 92$06<)90//(92(?) V^VN!̀

I6?(>(6?(62)'(./(92$06< ) V``N!hHg",-U!j!NFNMV_i!

G0;(':%( )0.)$6?(>(6? (62)'(./(92$06<) ``FMx!

5`<0'>2$06)90''(92$06) ]2+&:"?0(!82!30(?2(0-&1 !

7:ZA):6?)1$6A)2':6<1$<<$06) NF\\^N!0,1!NFX_MN!

D2'&92&'()<0/&2$06)2(936$j&() 1":&?-!+&-%)19!

D2'&92&'()<0/&2$06)>'0%':1) b$G!wZH;>@]!MNT^cW!g;%&(1:"?=G!MNTWU!

M(.$6(1(62)1(230? ) R2((5+0-:"S!(&09-59K20:&9!),!RM!

M(.$6(1(62)>'0%':1 ) ;[ZJbJ 5MNT\cV!g;%&(1:"?=G!MNTWU!

#&692$06)1$6$1$H(?) Š!QgR) M!5!R?MUM!

O:2:)@)'(<2':$62<)@)>:':1(2('<) V``N!c!N!c!MWW!

W00?6(<<,0. ,.$2)06)#! ) TFNX^!

k@l1:Z ) NFNNT!

#$6:/)M)$6?$9(<) V`W^!10-0p!>sM‹g>U!
HT!j!NFNMT^G!QHM!j!
NFNW_V!

! 0((!10-0!
HT!j!NFNMTWG!QHM!j!
NFNW_W!

i($%32$6%)<93(1()
QjTch‹MgR) MUngNFNM_\/UMnNFV`^N/i!
Q%&:&!/jgR) MnMR?MUcV!

5`<0/&2()<2'&92&'()>:':1(2(' ) NFNVWgMU!

E:'%(<2)?$..A)>(:K):6?)30/( ) NFMT^!0,1!5NFTXN!&q5V!

MA7ADA)?(;$:2$06).'01)1(:6 ) NFNVV!&q5V!

)

)



!

T^\ !

5201$9)900'?$6:2(<):6?)(j&$;:/(62)$<02'0>$9):201$9)?$<>/:9(1(62)>:':1(2('<)bm!c).0') )))))

'?<VNFh)

!!!!!!!!!!!!!!Bg&KU!"9!1&.",&1!09!),&!-%":1!).!-%&!-:0?&!).!-%&!):-%)A),0("7&1!B"d!-&,9):F!

! !!!!!Sc0!!!!!!!!!!!!!!!!!!!!!6c4!!!!!!!!!!!!!!!!!!!!7c?! !!!!!!!!!!!!!!!!!Bg&KU!
3(T! NFW`T\`gXU! NF\NMX\gVU! NFVVXXVgMU! NFNMXV^gTNU!
RT! NFT``TXgTVU! NFT\VN`g\U! NF^V\VVgWU! NFNMXXgMU!
RM! NFMTT`TgT^U! NFNXNV^gTNU! NFVXVTXg^U! NFNM`_gMU!
RV! NFTVWM_gTVU! NFNTTX`g\U! NF^W\T^gWU! NFNMWNgMU!
@T! NF^XXXgMU! NF\MMTNg`U! NF^`XTMgWU! NFNVNTgVU!
]T ! NFWWTMVgT`U! NF\V`^VgTTU! NFXNN\^gXU! NFNMN_gVU!
]M ! NF^XWTMgT\U! NFN\MW^gTNU! NFWN__\gXU! NFNT_NgVU!
3T! NF^`\_gMU! NF\_\_^gTVU! NFW^MXWg_U! NFNMNWgVU!
3M! NF^\``gMU! NFNN_M\gTMU! NFW^`W_g_U! NFNTXWgVU!
3V! NFWM\_gMU! NFNM\_^gTVU! NFXTX\Mg_U! NFNTX^gVU!
3^ ! NFWVXTgMU! NFTMX`NgTVU! NFXWTTVg_U! NFNT\XgVU!
3W! NFW\^\gMU! NFTMTMXgT^U! NF_TWN`g_U! NFNMVMgVU!
3X! NFXM^TgMU! NFNT\\VgTWU! NF_^VNNg_U! NFNMWWg^U!
3_! NFXTXTgMU! NF`T`NMgT^U! NF_N\`Vg_U! NFNMM^gVU!!
3\ ! NFWX\NgMU! NF`MXTMgTVU! NFX^WWTg_U! NFNT_\gVU!
3` ! NF^V\VgMU! NFNWTNMgTMU! NF^^TN\g_U! NFNTX^gVU!
3TN! NFW_MWgMU! NFTTVTMgTMU! NFV`_`Tg_U! NFNT_WgVU!
3TT! NFWW\TgMU! NFMV\X_gTMU! NFV``TXg_U! NFNT\VgVU!
3TM! NFWW`XgMU! NFVNT̀ MgTVU! NFV^_N\g_U! NFNT\_gVU!
3TV! NFWXTNXgT`U! NF^M^`\gTMU! NFV^WM_g_U! NFNT__gVU!
3T^! NFXT`NgMU! NF^_`X`gTVU! NFM`NTMg_U! NFNT`NgVU!
3TW! NFXM`\gMU! NFW`WVVgTVU! NFM\_MVg_U! NFNT`WgVU!
3TX! NFW\N`gMU! NFXWX\XgTMU! NFV^NV\g_U! NFNT\\gVU!
3T_! NFWMT\gMU! NFXNXN_gTVU! NFV`W_\g_U! NFNMNWgVU!
3T\ ! NFWTTWgMU! NF^`NM\gTVU! NFV`_^Ng_U! NFNT`NgVU!
3T` ! NFW\^NgVU! NF_MT\VgTVU! NFXTVV\g\U! NFNM\Vg^U!
3MN! NFM^_NgMU! NFN_\MNgT^U! NF^MWMTg_U! NFNT``gVU!
3MT! NF_XTNgMU! NFN_\NMgTWU! NF^T__Vg\U! NFNMVWgVU!
!

)

)))))))))))))))))))))))))))))))))))))))))))) ) )
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))))))))))))))))))))))))))))))))))))))))))))))806?)/(6%23<)bmc).0')'?<VNFh)

Cl1-C16 1.7479(15) F1-C20 1.3338(19) 
F2-C20 1.3480(18) F3-C20 1.3478(18) 
O1-C1 1.214(2) N1-C1 1.369(2) 
N1-C8 1.405(2) N1-C19 1.4522(19) 
N2-C2 1.271(2) N2-C9 1.4661(18) 
C1-C2 1.546(2) C2-C3 1.466(2) 
C3-C4 1.379(2) C3-C8 1.399(2) 
C4-C5 1.395(2) C4-H4 0.95 
C5-C6 1.390(2) C5-H5 0.95 
C6-C7 1.394(2) C6-H6 0.95 
C7-C8 1.384(2) C7-H7 0.95 
C9-C20 1.511(2) C9-C10 1.546(2) 
C9-H9 1.0 C10-C11 1.506(2) 
C10-C21 1.535(2) C10-H10 1.0 
C11-C12 1.331(2) C11-H11 0.95 
C12-C13 1.473(2) C12-H12 0.95 
C13-C18 1.396(2) C13-C14 1.401(2) 
C14-C15 1.387(2) C14-H14 0.95 
C15-C16 1.387(2) C15-H15 0.95 
C16-C17 1.387(2) C17-C18 1.388(2) 
C17-H17 0.95 C18-H18 0.95 
C19-H19A 0.98 C19-H19B 0.98 
C19-H19C 0.98 C21-H21A 0.98 
C21-H21B 0.98 C21-H21C 0.98 

!

)

)

)))))))))))))))))))))))))))))))))))

)
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)))))))))))))))))))))))))))))))))))))))))806?):6%/(<)bnc).0')'?<VNFh!

3T5]T 53\ ! TTTF_TgTVU! 3T5]T 53T` ! TMMF`WgTVU!

3\ 5]T 53T` ! TMWFVWgTVU! 3M5]M 53` ! TT`F`VgTMU!

@T53T5]T ! TMWF\WgT^U! @T53T53M! TM\F^`gT^U!

]T 53T53M! TNWFXXgTVU! ]M 53M53V! TM^F\^gTVU!

]M 53M53T! TVNFMNgT^U! 3V53M53T! TN^F\WgTMU!

3^ 53V53\ ! TMNF\XgTVU! 3^ 53V53M! TVTF^NgT^U!

3\ 53V53M! TN_F_NgTVU! 3V53 ^53W! TT\FMWgT^U!

3V53^ 5[^ ! TMNF`! 3W53^ 5[^ ! TMNF`!

3X53W53^ ! TMNFV^gTWU! 3X53W5[W! TT`F\!

3^ 53W5[ W! TT`F\! 3W53X53_! TMTF`^gT^U!

3W53X5[X ! TT`FN! 3_53X5[X ! TT`FN!

3\ 53_53X! TTXF`\gTWU! 3\ 53_5[_ ! TMTFW!

3X53_5[_ ! TMTFW! 3_53\ 53V! TMTFXMgT^U!

3_53\ 5]T ! TM\F^\gT^U! 3V53\ 5]T ! TN`F̀TgTVU!

]M 53` 53MN! TNXFX^gTMU! ]M 53` 53TN! TTNFV`gTMU!

3MN53` 53TN! TTMF_\gTMU! ]M 53` 5[` ! TN`FN!

3MN53` 5[` ! TN`FN! 3TN53` 5[` ! TN`FN!

3TT53TN53MT! TN`FW^gTVU! 3TT53TN53` ! TT^F`XgTVU!

3MT53TN53` ! TN\FTNgTMU! 3TT53TN5[TN ! TN\FN!

3MT53TN5[TN ! TN\FN! 3` 53TN5[TN ! TN\FN!

3TM53TT53TN! TMVFWNgT^U! 3TM53TT5[TT ! TT\FM!

3TN53TT5[TT ! TT\FM! 3TT53TM53TV! TMXFTVgT^U!

3TT53TM5[TM! TTXF`! 3TV53TM5[TM! TTXF`!

3T\ 53TV53T^! TT\FTTgT^U! 3T\ 53TV53TM! TMMF^_gTVU!

3T^53TV53TM! TT`FV`gTVU! 3TW53T^53TV! TMTFV^gT^U!

3TW53T^5[T^ ! TT`FV! 3TV53T^5[T^ ! TT`FV!

3T^53TW53TX! TT\FW`gT^U! 3T^53TW5[TW! TMNF_!

3TX53TW5[TW! TMNF_! 3T_53TX53TW! TMTF`MgT^U!

3T_53TX53(T! TT`FVWgTMU! 3TW53TX53(T! TT\F_MgTMU!

3TX53T_53T\ ! TT\F^NgTWU! 3TX53T_5[T_ ! TMNF\!

3T\ 53T_5[T_ ! TMNF\! 3T_53T\ 53TV! TMTFXVgT^U!



!

TWT!

3T_53T\ 5[T\ ! TT`FM! 3TV53T\ 5[T\ ! TT`FM!

]T 53T` 5[T`< ! TN`FW! ] T53T` 5[T`O ! TN`FW!

[T`< 53T` 5[T`O ! TN`FW! ]T 53T` 5[T`3 ! TN`FW!

[T`< 53T` 5[T`3 ! TN`FW! [T`O 53T` 5[T`3 ! TN`FW!

RT53MN5RV! TNXFV^gTMU! RT53MN5RM! TN_FMWgTVU!

RV53MN5RM! TNXFV_gTVU! RT53MN53` ! TT^FV`gTVU!

RV53MN53` ! TTNFXTgTVU! RM53MN53` ! TTTF^VgTVU!

3TN53MT5[MT< ! TN`FW! 3TN53MT5[M TO! TN`FW!

[MT< 53MT5[MTO! TN`FW! 3TN53MT5[MT3 ! TN`FW!

[MT< 53MT5[MT3 ! TN`FW! [MTO53MT5[MT3 ! TN`FW!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
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)))))))))))))))))))))))))))))))))))))))-0'<$06):6%/(<)bnc).0')'?<VNFh!

3\ 5]T 53T5@T! 5T_XFX`gT_U! 3T` 5]T 53T5@T! VFTgVU!

3\ 5]T 53T53M! VFM_gT\U! 3T` 5]T 53T53M! 5T_XF`^gTWU!

3` 5]M 53M53V! T_XFT^gT^U! 3` 5]M 53M53T! NF^gVU!

@T53T53M5]M ! 5_F\gVU! ]T 53T53M5]M ! T_MFMTgTXU!

@T53T53M53V! T_WF_`gT_U! ]T 53T53M53V! 5̂ FT_gT_U!

]M 53M53V53^ ! ^F\gVU! 3T53M53V53^ ! 5T_\FW_gTXU!

]M 53M53V53\ ! 5T_VFN^gTWU! 3T53M53V53\ ! VFW`gTXU!

3\ 53V53^ 53W! NF^gMU! 3M53V53^ 53W! 5T__FMMgTXU!

3V53^ 53W53X! 5NFMgMU! 3^ 53W53X53_! 5NFTgVU!

3W53X53_53\ ! NFVgVU! 3X53_53 \ 53V! 5NFTgMU!

3 X53_53\ 5]T ! T_`FWTgTXU! 3^ 53V53\ 53_! 5NFMgMU!

3M53V53\ 53_! T__F\\gT^U! 3^ 53V53\ 5]T ! 5T_`F`TgT^U!

3M53V53\ 5]T ! 5TF\NgT_U! 3T5]T 53\ 53_! T_`FM`gTXU!

3T` 5]T 53\ 53_! 5NFWgVU! 3T5]T 53\ 53V! 5TFNXgT`U!

3T` 5]T 53\ 53V! T_`FTWgTXU! 3M5]M 53` 53MN! TTTFMWgTXU!

3M5]M 53` 53TN! 5TMWF`MgTWU! ] M53` 53TN53TT! 5XTFT^gTXU!

3MN53` 53TN53TT! W\FNVgT_U! ]M 53` 53TN53MT! XTFWXgTWU!

3MN53` 53TN53MT! 5T_`FM_gTVU! 3MT53TN53TT53TM! TNVF_VgT\U!

3` 53TN53TT53TM! 5TV^FVWgTXU! 3TN53TT53TM53TV! 5T_^FW^gT^U!

3TT53 TM53TV53T\ ! 5T\F^gVU! 3TT53TM53TV53T^! TW`FXVgTXU!

3T\ 53TV53T^53TW! NF g̀MU! 3TM53TV53T^53TW! 5T__FMWgT^U!

3TV53T^53TW53TX! 5NFVgMU! 3T^53TW53TX53T_! 5NFTgMU!

3T^53TW53TX53(T! 5T_`FVTgTMU! 3TW53TX53T_53T\ ! 5NFTgMU!

3(T53TX53T_53T\ ! T_`FN^gTVU! 3TX53T_53T\ 53TV! NF\gVU!

3T^53TV53T\ 53T_! 5TFMgMU! 3TM53TV53T\ 53T_! T_XF`MgT^U!

] M53` 53MN5RT! WVFV ĝTXU! 3TN53` 53MN5RT! 5X_F`\gTXU!

]M 53` 53MN5RV! 5XXFX`gTWU! 3TN53` 53MN5RV! T_TF`\gTMU!

]M 53` 53MN5RM! T_WFMNgTMU! 3TN53` 53MN5RM! WVF\\gT_U!

!

)
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!!!!!!!!!!$%&!0,"9)-:)*"?!0-)+"?! 1"9*(0?&+&,-!.0?-):!&S*),&,-! -0=&9!-%&!.):+C!
!!!!!!!!!!!!!!!5MŒMh!%M!0oM!BTT!n!FFF!n!M!%!=!0o!4o!BTM!i !

! R** ) R!! ) RFF) R!F) R*F) R*! )

3(T! NFNVX\gMU! NFNTX``gT_U!NFNMWT`gT\U!NFNNNXXgTVU!NFNN_MNgTXU!NFNNV^XgTWU!

RT! NFNMV\gWU! NFNMM`gWU! NFNVVTgWU! NFNNVNg^U! 5NFNNN`g^U! NFNNX^g^U!

RM! NFNMWMgWU! NFN^\^gXU! NFNTWXg^U! 5NFNNNXg^U! 5NFNN^Mg^U! 5NFNNMNgWU!

RV! NFNMM_gWU! NFNM\TgWU! NFNM^^gWU! NFNNT_g^U! NFNNV_g^U! 5NFNN^`g^U!

@T! NFNW^^g\U! NFNT__gWU! NFNT\VgWU! 5NFNNM\g^U! 5NFNNN`gWU! NFNNN^gXU!

]T ! NFNM_\g_U! NFNTW^gXU! NFNT\`gXU! NFNNT_gWU! NFNNNXgWU! NFNNMXgWU!

]M ! NFNT`_gXU! NFNTX^gXU! NFNTWNgXU! NFNNNTgWU! 5NFNNN^gWU! NFNNNWgWU!

3T! NFNM_Mg\U! NFNTXVg_U! NFNT_`g_U! NFNNT`gXU! NFNNV^gXU! NFNNT_gXU!

3M! NFNT_Tg_U! NFNTXVg_U! NFNTXTg_U! 5NFNNTVgWU! NFNNN`gXU! 5NFNNNTgWU!

3V! NFNTXTgXU! NFNT\Vg_U! NFNTWNg_U! NFNNMNgWU! NFNNN\gWU! NFNNNTgXU!

3^ ! NFNMNNg_U! NFNT\Xg_U! NFNT_Vg_U! NFNNNTgXU! NFNNNWgXU! 5NFNNN`gXU!

3W! NFNMX\g\U! NFNMVMg_U! NFNT`Wg_U! 5NFNNM\gXU! 5NFNNTWgXU! 5NFNN^^g_U!

3X! NFNM\\g`U! NFNVTVg`U! NFNTXXg_U! NFNNMMgXU! 5NFNN^^gXU! 5NFNN^`g_U!

3_! NFNM^Vg\U! NFNMVVg_U! NFNT`Xg_U! NFNNXVgXU! 5NFNNVTgXU! 5NFNNTMgXU!

3\ ! NFNT_Ng_U! NFNT\Vg_U! NFNT\Vg_U! NFNNTWgWU! NFNNTMgXU! 5NFNNNVgXU!

3` ! NFNMTWg_U! NFNT^\gXU! NFNTVNgXU! NFNNN^gWU! 5NFNNTTgXU! NFNNTVgXU!

3TN!NFNT`Vg_U! NFNT__g_U! NFNTW^gXU! 5NFNNNTgWU! 5NFNNNMgXU! NFNNN`gXU!

3TT!NFNMNXg_U! NFNT__g_U! NFNTXXgXU! 5NFNNTMgWU! 5NFNNNVgXU! 5NFNNN\gXU!

3 TM!NFNMN\g_U! NFNT\Xg_U! NFNTX_g_U! 5NFNNM^gXU! 5NFNNN^gXU! 5NFNNTVgXU!

3TV!NFNT__g_U! NFNT_\g_U! NFNT_Xg_U! NFNNTNgWU! 5NFNNM_gXU! 5NFNNTTgWU!

3T^!NFNMNMg_U! NFNMMVg_U! NFNT^XgXU! 5NFNNN`gWU! 5NFNNN^gXU! NFNNNTgXU!

3TW!NFNMNXg_U! NFNMMVg_U! NFNTW_g_U! NFNNMXgXU! NFNNNXgXU! 5NFNNMXgXU!

3TX!NFNT\Wg_U! NFNTX`g_U! NFNMTTg_U! NFNNN^gXU! 5NFNNTTgXU! 5NFNNMNgWU!

3T_!NFNMVVg\U! NFNMTVg_U! NFNTX\g_U! 5NFNNT_gXU! NFNNN\gXU! 5NFNNTNgXU!

3T\ !NFNMTVg_U! NFNMNXg_U! NFNTWNg_U! NFNNVNgWU! NFNNN\gXU! 5NFNNMTgXU!

3T` !NFN^VTgTNU!NFNTWXg_U! NFNMXVg\U! NFNNV_gXU! NFNNN^g\U! NFNN^Xg_U!

3MN!NFNMMTg\U! NFNMMNg_U! NFNTW_g_U! NFNNNXgXU! NFNNN^gXU! 5NFNNN_gXU!

3MT!NFNT`^g\U! NFNMWNg\U! NFNMXNg\U! 5NFNNNMg_U! NFNNNTgXU! NFNNT^gXU!

!
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! Z@:) 4@)̀ H@9) Rb(jc )

[^ ! NFWN\_! NFT`XW! NFXVT_! NFNMM!

[W! NFW`TM! NFT\_\! NF_V`_! NFNM\!

[X ! NFXW_M! NFNTX\! NF_\XX! NFNVT!

[_ ! NFX^MX! 5NFTWN_! NF_M\V! NFNM_!

[` ! NF^W_T! 5NFNVT^! NF^VXW! NFNM!

[TN ! NFWWM_! NFN\__! NFVWVM! NFNMT!

[TT ! NFW^_V! NFM_^X! NF^V`V! NFNMM!

[TM! NFWW`_! NFMX^T! NFVN_V! NFNMM!

[T^ ! NFXWT_! NF^VX_! NFMW^N! NFNMV!

[TW! NFXX`\! NFXVTX! NFM^`_! NFNMV!

[T_ ! NF^\`T! NFX^`W! NF^VT\! NFNMW!

[T\ ! NF^X`\! NF^W^W! NF^V^!̀ NFNMV!

[T`< ! NFW_V^! 5NFVMNX! NFW_V_! NFN^M!

[T`O ! NF^`X̂! 5NFVNW\! NFX^^M! NFN^M!

[T`3 ! NF_N̂T! 5NFM\_W! NFXVN\! NFN^M!

[MT< ! NF_X\_ ! 5NFNNV_! NF^T\\! NFNVW!

[MTO! NF_\_W! NFTN\T! NF^XNN! NFNVW!

[MT3 ! NF\^_V! NFTN_V! NFV\_N! NFNVW!

!

 
!

 
!
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4. Enantioselective Synthesis of Amines with Remote 
Stereogenic Centers through Co-Catalyzed 
Hydroalkynylation of 2-Azatrienes  

/):-"),9!) .!-%"9!?%0*-&:!Q"((!4&!924+"--&1!.) :!*24("?0-"),F! !

D"!#'.,+*@4 /,2*. #

3%":0(! 0(=6(! 0+",&9!0:&! "+*):-0,-! 9?0..)(19! ",! +& 1"?",0(! ?)+*)2,19 F!$%&!

0("*%0-"?! 9249-"-2&,-9! *:&9&,-! ",! -%&! 0+",&! 9-:2?-2:&! *(06! 0! 9"A,"."?0,-! :)(&! ",!

1&-&:+",",A! *%69"?0(! *:)*&:-"&9! ).! -%&! 0+",&! ",! 4")()A"?0(! 969-&+9MM\! (&01",A! -)! -%&":!

*:&9&,?&!0+),A9-!*%0:+0?&2-"?0(!?0,1"10-&9!gR"A2:&!` UF!

!

))))))))))#$%&'()V+)G3$':/)5 1$6(<)S$23)M(102()D2('(0%(6$9)G(62('<)

R2:-%&:+):&G!-%&!(&#&(!).!90-2:0-"),!):!9* V!%64:"1"7&1!?0:4),9!-%&6!*)99&99!0(()Q!

-%&+!-)!%0#&!A:&0-&:!-%:&&51"+&,9"),0("-6!?)+*0:&1!-)!-%&":!2,90-2:0-&1!?)2,-&:*0:-9F `\ !

$%&":!04"("-6! -)! 01)*-! + 2(-"*(&! ?),.):+0-") , 9! 0(()Q9! .):! ",?:&09&1! :&?&*-):c("A0,1!

N
H

N

EtH

H

            aspidospermidine
(common motif in natural products)

O

NHMe

S

    duloxetine
(antidepressant)

N(i-Pr)2

     tolterodine
(urinary disorders)

Me

HO

! 2" -ligand

thrombin-activatable
fibrinolysis inhibitor

NH2

CO2HN

N

Me

NH2

Me

Me

CO2H

H
N

MeHO

NHCbz

O
Ph

OH
H
N

NMe

Me

Ph

HIV-1 protease inhibitor
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9-&:&)A&,"?! ?&,-&:9! Q"-%!1"..&:&,-"0-&1! 0(=6(! 9249-"-2&,-9! ?)2(1! 4&! *:&*0:&1! ", ! %"A%!

6"&(19!", !0!9",A(&!9-&*F!ZS?&((&,-!&,0,-") 5G!:&A")5G!0,1!?%&+)9&(&?-"#"-6!Q09!)49&:#&1!.):!

0!4:)01!:0,A&!) .!9249-:0-&9!Q"-%!%"A%!.2,?-") , 0(!A:)2*!-)(&:0,?&F!$%&!A&,&:0-"), !).!,&Q !

).!3 a3!4),19! .):! -%&!0??&99",A!,"-:)A&, 5?),-0",", A!+) (&?2(&9!Q"-%!:&+) -&!9-&:&)A&,"?!

?&,-&:9! "9! 0,)-%&:! *)Q&:. 2(! 9-:0-&A6F! ;2?%! 0,! 0**:)0?% ! %09!4&&,! &S*():&1! 46! J"! 0,1!

?)Q ):=&:9FMVN!>,!-%&":!%61:)0(=6,6 (0-") , !&..): -!Q"-%!! ,$52,90-2:0-&1!0+ "1&9G!-%&!,&Q!3a

3! 4),1! "9! . ) :+&1! &S?(29"#&(6! 0-!-%&! %5*)9"-"),! -)! 1&("#&:!-%&! &,0,-")&,:"?%&1! 0+"1&9!

g;?%&+&!V\ OUF! e%0,A! 0,1! ] 0A"4! %0#&!:&?&,-(6! 1&+),9- :0-&1! -%&!?),9-:2?-"),! ).!



!

TW_!

&,0,-")&,:"?%&1!0(=6(!0+",&9! ?),-0", ",A!&59-&:&)A&,"?!?&,-&:9!-%:)2A%!:01"?0(5+&1"0-&1!

3 a[! ?60,0-"), ! g;?%&+&! V\ 3UFMVT! $%&! A&,&:0-"),! ).! 0+",&9! Q"-%! %59-&:&)A&,"?! ?&,-&:9!

%0#&!0(9)!4&&,!&9-04("9%&1!29",A!%61:)4):0-"), MVM5MV!̂) :!:&12?-"#&!0+",0-") , !9-:0-&A"&9FMVW5

MVX!<(-%)2A%!,)-! A&,&:0-", A!0+",&9!1":&?-(6G!) -%&:!:&9&0:?%!&..):-9!%0#&!.)?29&1!),! -%&!

A&,&:0-"),!).!0( 1&%61&9!0,1! =&-),&9!Q"-%!1"9-0(!9-&:&)A&,"?!?&,-&:9FMV_5MV!̀!

!!!!!!! !

))))))))))))))))D93(1() FT+)#0'1:2 $06)0.)M(102( )D2('(0%(6$9)G(62('<)

]&#&:-%&(&99G!-%&!1&#&()*+&,-!).! +&-%)19!Q"-%!0+",&9!9-"((!:&+0",9!9*0: 9&F!$%"9!

"9!0!*0:-"?2(0:(6 ! "+*):- 0,-! *:)4(& +! -)! 9)( #&! 09!?%":0(! 0+",&9! Q"-%! :&+)-&! 9-&:&)A&,"?!

?&,-&:9! g-%)9&! -%0-!0:&! -%:&&! ):! +):&! 4),19! 0Q06! . :)+! -% &!3 a]! 4),1U! 0 :&! "+*):-0,-!

+)-".9! ",! *%0: +0?&2-"?0(! 0**("?0-"),9F![& ,?&G!Q&! .)?29&1! )2:!&..):-9! ), !1&#&()*",A!0!

9"+*(&!6&-!&.."?"&,-!+ &-%)1!.):!-%&!?),9-:2?-"),!).! -%"9!?(099!).!0+",&9 F!!

R1 LG

R2
+ N

OBz

R3 R4 R1 NR3R4

R2

(1.2 equiv)

          2.0 mol % Cu(OAc)2

2.2 mol % (R)-DTBM-SEGPHOS

3.5Ð5.0 equiv Me(EtO)2SiH
 THF, 40Ð50 ¼C, up to 36 h

  35 examples
up to 99% yield
   up to 99:1 er

A. Buchwald (2016):

R1 = aryl, alkyl
R2 = alkyl R3, R4 = alkyl

N

O

R2R1
+ Si(iPr)3

(3.0 equiv)

          5.0 mol % Ir(COD)2OTf
      6 mol % (R)-DM-SEGPHOS

   THF, 40 ¼C, 12 h

N
H

O

R2R1

Si(iPr)3

R3

B. Li (2016):

     31 examples
  up to 94% yield
 up to 97.5:2.5 er

Ts
N

R

F          3 mol % Cu(OTf)2

7.5 mol % bisoxazoline ligand
Ts

N
R

H CN      17 examples
   up to 95% yield
  up to 97.5:2.5 er+ TMSCN

C. Zhang and Nagib (2019):

(1.8 equiv) MeCN:DMAC, 23 ¼C, 16Ð20 h



!

TW\!

D"=#8- /?9+*4.@ #

! >,! MNT\G! Q&! 1&9?:"4&1! &,0,-")9&(&?-"#&! :&12?-"#&! ?)2*( ",A9! ).! 9249-"-2-&1! M5

0701"&,&9! Q"-%! =&-),&9! 0,1! "+",&9! 29",A! 32 a[! ?0-0(67&1! :&0?-"),9FTXM5TXV! >,! -%&9&!

9-21"&9G!M50701"&,&9!0:&! 04(&! -)! 2,1&:A)! 0,! &,0,-")9 &(&?-"#&! +"A:0-):6! ",9&:-"),! ", -)!

32 a[!0(( )Q",A!-%&!.): + 0-") ,!). !0,! ! 50+",)0(=6( a32!,2?(&)*%"(&F!$%"9!in situ!A&,&:0-&1!

0(=6(!32! 9*&?"&9! "9! *)"9&1! .):! 0--0?=! ).! -%&! &(&?-:)*%"("?! =&-),&! ):! "+" ,&G! .2:,"9%",A!

0+",&! *:)1 2?-9! 4&0:",A! ! 59-&:&)A&,"?!?&,-&:9!g;?%&+&!V̀ <UF!R)(()Q",A ! -%"9! Q):=G!Q&!

1&?"1&1!-)!&S*0,1!) 2:!9-21"&9!",! ?%":0(!0+",& !96,-%&9"9!29", A!0!, )#&(!?(099!).!:&0A&,-9C!

M5070-:"&,&9F!$)!-%"9!&,1G!)2:!(04!%09!1&#&()*&1!0!%"A%(6!?%&+)5G!:&A")5G!1"09-&:&) 5G!0,1!

&,0,-") 9&(&?-"#&! :&12?-"#&! ?)2*(",A ! ).! M5070-:"&,&9! Q"-%!N5*%)9*%",)6("+",& 9! .):! -%&!

96,-%&9"9!).!TGM51"0+",&9FM^N!3:2?"0(!-)!-%&!92??&99!).!-%&9&!:&0?-"),9!"9!-%&!"1&,-"-6!).!-%&!

("A0,1! 09!3 2a/%5O/ZG!Q%"?%! %09! 4&&,! &99&,-"0(! .):! )2:! )-%&:! :&12?-"#&!?)2*(" ,A9G!

*:)+) -&9!-%&!.):+0-"),!).! anti51"0+ ", &F![ )Q &#&:G!-%&!29&!).!t5O25O'//G!0,!2,?)++),!

("A0,1!",! 32 a[! ?0-0(69"9G!0..):19!-%&!syn51"0+",& !g;?%&+&!V̀ OUF!!

] &#&:-%&(&99G! -%&! 29&! ).! M5070-:"&,&9! ",! 32 a[! ?%&+"9-:6! *: &9&,-9! 0! ,&Q!

:&A")9&(&?-"#"-6!?%0((&,A&C!-%&!0(=6(532!A&,&:0-&1!0.-&:!32a[!",9&:-"),!?)2(1!(&01!-)!-Q)!

1"..&:&,- ! -6*&9! ).! :&A")"9)+&:9! gXGV5! #9! XGW5011"-"), U! 0.-&:! ?)2*(",AF! [)Q&#&:G! ",! - %"9!

9-216G!Q&!)49&:#&1!-%&!*:&1)+",0,- !.):+0-" ),!).! -%&!XGV5011"-"), !"9)+&: F!I%"(&!-%&!XGV5

011"-"), !*:)12?-! "9!#0(204(&!0,1!*:)#"1&9!0??&99!-)!0((6("?!0+" ,&9G!&9-04("9%",A!0!+&-%)1!

Q%&:&!XGW5011"-"),! "9!1&("#&:&1!&S?(29"#&(6!4&0:9! 2-"("-6! 09! Q&((C! -%&! XGW5* : ) 12?-! "9!0,!



!

TW!̀

&,0,-")& ,:"? %&1!0701"&,&G!0!.2,?-"),0( !%0,1(&!.):! 1)Q, 9-:&0+!96,- %&9"9G!Q%"?%!?0,!4&!

?),#&:-&1 ! -)! 0,! 0(=6(!0+",&! 4&0:",A! 0! :&+) -&! 9-&:&)A&,"?! ?&,-&:! -%:)2A%! 0! :&12?-"),!

*: )-)?) (F! $%&:&.):&G! -%&! 1&#&()*+&,-! ).! 0! ,)# &(! +&-%)1! .):! -%&! .):+0-"),! ).! -%&!

0701"&,&!*:)1 2?-!Q)2(1!4&!4&,&."?"0(F!!

!! !

D93(1() FV+)[&') ='(; $0&<)i0 'K)S$23)! ,5H:?$(6(<):6?)! ,5H:2'$(6(<)

[0609%"! 0,1! ?)Q): =&:9! %0#&!1"9?()9&1! 0,! &,0,-")9&(&?-"#&! 011"-"),! ).!

-:""9)*:)* 6(9"(6(0?&-6(&,&! -)! ! ,$,%,&52,90-2:0-&1! &9-&:9! 0,1! 0+"1&9! g;?%&+&!̂ NUFM^T! <!

?) 40(-a'2 / %)9!?0-0(69-!969-&+!1&("#&:9!TGX5011"-"),!*:) 12?-9!Q"-%!0!9-&:&)A&,"?!?&,-&:!

0-! -%&!&5*)9"-"),! ",! &S?&((&,-!6"&(19G!%"A%! :&A")5G!0, 1!&,0,-" )9&(&?-"#"-6F!>-!"9!Q):-%6! -)!

,)-&!-%0-!",!-%"9!Q):=G!-%&:&!"9!),(6!),& !&S0+*(&!9%)Q",A!-%&!?)2*(",A!).!0, !2,0?-"#0-&1!

1"&,&!Q"-%!-: ""9)*:)*6(9"(6( 0?&-6(&,&F!O&9"1&9!-%"9!:&0?-"),!Q"-%!?) 40(-!09!-%&!-:0,9"-"),!

+&-0(!?0-0(69-G!)-%&:!%61:)0(=6,6(0-"),!:&0?-"), !%0#&!4&&,!1&#&()*&1!29",A! :%)1"2+ M^M5

M^VG!,"?=&(M^ 5̂M^WG!0,1!":"1"2+ M X̂5M^\!?0-0(69-9F!!

5Ð10 mol % Cu(OAc)2
  6Ð10 mol % Ligand

     Me(MeO)2SiH

          t-BuOHR2

N
PPh2

O

+

NCPh2

R2

NHP(O)Ph2

or

NCPh2

R2

NHP(O)Ph2

NCPh2

B. Our Coupling with Azatrienes (2021):

R1

R1 R1

anti -diamine (with Ph-BPE) syn -diamine (with t-Bu-BDPP)

           up to 91% yield 
>20:1 rr,  >20:1 dr and >99:1 er

           up to 76% yield 
>20:1 rr,  1:>20 dr and 97:3 er

2

3

56

4
3

6
3

6

(6,3-Addition)

NCPh2

R

+
NCPh2

R R2

HO R1

O

R2R1

   5 mol % Cu(OAc)2

6 mol % (S,S)-Ph-BPE

Me(MeO)2SiH
    ± t-BuOH 
then workup

NCPh2

R R2

Ph2P(O)HN R1

A. Our Coupling with Azadienes (2018):

         up to 96% yield 
    >99:1 er and >20:1 dr

          up to 87% yield 
   >99:1 er and >20:1 dr

R1

N
PPh2

O

R2

oror



!
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!

)))))))))D93(1() N"+)B6:62$0<(/(92$;()C4?'0:/ K464/:2$06)`4)C:4:<3$ )

I&! -% &, ! &,#"9"),&1 ! 0! 9-:0-&A6! Q%&:&46! M5070-:"&,&9! ?)2(1! 2,1& :A)! 0,!

&,0,-") 9&(&?-"#&!WGX5%61:)0(=6,6(0-"),!-)!.2:,"9%!&,0,-") &,:"?%&1!0701"&,&9!4&0:",A!0, !

0(=6, &59249-"-2-&1!9-&:&)A&,"?!?&,-&:F!8&?%0,"9-"?0((6G!Q&!&,#"9"),&1! -%0-! -%&!:&0?-"),!

Q) 2(1!*:)?&&1!", !0!9"+"(0:!.0 9%"),!09!&(2?"10-&1!46![0 609%"!gR"A2:&!TNUF!>,!-%&!*:&9&,?&!

).! 7", ?!09! 0!:&12?",A! 0A&,-G!?)40(-g>>U0?&-0-&G!"9! :&12?&1! -)!?)40(-g>U!4&0:",A ! -%&!?%":0(!

4"9a*%)9* %",&!("A0,1! -)! A&,&:0-&! -%&! 0?-"#&!?)40(-!?0-0(69-F!$%&! 0?&-0-&! ("A0, 1! ) ,! -%&!

?)40(-! ?)2(1! *0:-"?"*0-&! ",! ("A0,1 5099"9-&1! 1&*:) -),0-"),! ).! -%&! 0(= 6,&! -) ! .2:,"9%! -%&!

0(=6,6(! ?)4 0(-! ):! 3) a0?&-6("1&G! Q%"?%! 9&:#&9! 09!-%&! 0?-"#&!,2? (&)*%"("?!9*&?"&9F! $%&!

070-:"&,&G!Q%"?%!?0,!01)*- !0,! s5?"9!?),."A2:0-"),G! 4",19!-%:)2 A%!' 4#?)):1",0-" ), !-) !-%&!

3) a0?&-6("1&F!>,9&:-"),!).! -%&!3)a0?&-6("1&!",-) !-%&!070-:"&,&!(&019!-)!-%&!.):+0-"),! ).!

-%&! 9-&:&)A&,"?! ?&,-&:! 0,1! 0! *&,10,-! 3) a#50((6(! 969-&+G! Q%"?%! 2,1&:A) &9!

* : ) -) 1&+ &-0(0-"),! g*:&92+04( 6! Q"-%!<?@[! A& ,&:0-&1! in situ) -)! .2:,"9%! -%&! 1&9":&1!

*:)12?- !0,1 !:&A&,&:0-&!-%&!0?-"#&!?)40(-!9*&?"&9F!

X R

O
X

O

Si(i-Pr)3

R5 mol % Co(OAc)2¥4H2O
 5 mol % (S,S)-DuPhos

X = ORÓ, NRÕ2

(i-Pr)3Si+

  10 examples
up to 99% yield
up to >99:1 er

Hayashi (2012):

(2.0 equiv)

         10 mol % Zn
DMSO : t-amyl alcohol
         80 ¼C, 20 h
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!

#$%&'()*" +)='0>0<(?)7(93 :6$<1).0') C4? '0:/ K464/:2$06)0.)!,5H:2'$(6 (<)

>-!9%)2(1!4&!,)- &1!-%0-!",!-%&!+&?%0,"9+!)2-(",& 1!04)#&G!Q%"?%!"9!92**):-&1!46!

-%&! :&A")"9)+&:! .):+ &1! 12:",A! -%&! %61:)0(=6,6(0-"), ! &#&,-G!?0:4)+&-0( 0-"), ! ).! -%&!

070-:"&,&!46!-%&!3)a0?&-6("1&!)??2: 9!.":9-!Q"-%!9249&K2&,-!*:)-)1&+ &-0(0-"), !-)! .2:,"9%!

-%&!*:)12?-F!$%"9!"9!",!?), -:09-!-)! :&0?-"),9 !:&*):-&1!46 !;2A",)+& Y9!A:)2*! ",!-%&":!,"?=&(!

9-21"&99M^ 5̂M^W!0,1 !0(9)!46!J"!0,1!?) Q):=&:9!",!-%&":!:%)1"2+ M^V!0,1! +):&!:&?&, -!":"1"2+ M^X!

9-21"&9F!>,!-%&9&!:&0?-"), 9G!%61:)+&-0((0-"), !).!-%&!)(&.",!)??2:9!.":9-G!.)( () Q&1!46!3 a3!

:&12?-"#&! &("+",0-"),! -)! 1&("#&:! -%&! )**)9"-&! : &A")"9)+&: G! ?),9"9-&, -! Q"-%! 0! 3%0(=a

[0::) 1!+&?%0,"9+F!

D"A#B&743,7#-.@#C27/ 4772*. #

I&! .":9-! &S0+",&1! -%&! ?)2*(",A! ) .! *%&,&-%6(59249-"-2-&1! 070-:"&,&! NA*! 0,1!

-:""9)*:)*6(9"(6(0?&-6(&,& F!I &!&+40:=&1! ), ! -%"9!:&0?-"), !1&#&()*+&, -!29", A!0!?) 40(-a

'2 / %)9!?0-0(69-!969-&+!9"+"(0:!-)![060 9%"Y9!?),1"-"),9! g$04(&!TMUF!Z+*()6",A! 0!W!+ )(x!

()01",A! ). ! 3 )g@<?UM•̂ [ M@! 0,1! gR,RU58& 5'2/ %)9! Q"-%!TN! +)(x! 7", ?! *)Q1&: G! Q&!

R2

R2

HOAc

H[L*CoI]ÐOAc

ligand-assisted 
  deprotonation

[CoI*L]

coordination of alkynyl
   cobalt to azatriene

R

Ph2CN

[CoI]

R2
*L

R

Ph2CN

R2

[*LCoI]

HOAc

insertion of alkynyl
           cobalt

product

protodemetallation



!

TXM!

)4-0",&1 ! 0! :&0?-"), ! -%0-! A"#&9! &S?(29"#&(6! -%&! WGX5%61:)0(=6,6(0-"),! *:)12?-! ", ! ^Wx!

6"&(1!0,1!``CT!&:!g&,-:6! MUF!O6!",?:&09",A!-%&!?0-0(69-!()01",A!-)!TN!+)( x!0,1! MN!+)(x!

7", ?G!Q&!)49&:#&1!NA*)",! X\x!6"&(1!Q"-%!-%&!90+&!(&#&(!).!&:F!I&!0--&+*-&1! -)! :&12?&!-%&!

?),?&,-:0-"),! ).! -% &!:&0?-"),!-)!NFVV!8G!%)Q&#&:!Q&!)49&:#&1!.):+0-"), !). !NA! !", !),(6!

V\x!6 "&(1!g&,-:6!^UF!$%&!011"-"),!).!+):&!7" ,?! -)! &,04(&!.09-&:!:&12?-"), !).!-%&!3)g>>U!90(-!

-)! -%&! 0?-"#&! 3)g>U! 9*&?"&9G! 0,1 ! %&,?&! 0! +):&! &.."?"&,-! :&0?-"),G! 1"1! ,)-! 9"A,"."?0,-(6!

"+*:)#&! - %&! 6"&(1! g?0F! Mx! 6"&(1! ",?:&09&G!&,-:6! WUF! 3%0,A",A! -%&! 12:0-"),! ).! -%&!

%61:)0(=6,6(0-"), !:&0?-"),!-)!TM!%!):!^\!%!0..):1&1!-%&!1&9":&1!*:)12?-!",!^Xx!6"&( 1!0,1!

WNx!6"&(1G!:&9*&?-"#&(6!g&,-:"&9!X!0,1!_UF!R2:-%&:+):&G!?%0,A",A!-%&!9-)"?%")+&-:6!). !-%&!

0(=6,&! 1"1! ,)- ! %0#&! 0!*)9"-"#&! "+*0?-! ) , ! 6"&(1! g&,-:"&9! \! 0,1! ` UF!>,?:&09",A! -%&!

-&+*&:0- 2:&!) .!-%&!:&0?-"),!-)!TNN!t3 !0(9)!1"1!,)- !(&01!-) !%"A%&:!?),#&:9"),!-) !*:)12?- !

g&,-:6!TNUF!!!



!
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-:`/() *! +)C4?'0:/K4 64/:2$06)M(:92$06)[ >2$1$H:2$06)S$23)-'$$<0>'0>4/<$/4/:9(24/(6( a)

!!!!! ! !!

@*-"+"9-"?! 04)2-! -%&9&! ","-"0(! :&92(-9G!Q&!-%)2A%-!-%0-!?%0,A",A!-%&! "1&,-"-6! ).!

9)(#&, -!", !-%&!:&0?-"),!+ "A%-!*:)+)- &!?)2*(",A F!I&!%)* &1!-%0-!*)(0:! ):A0,"?!9)(#&,-9 !

92?%!09!]8/!0,1!'8/!?) 2(1!(&01!-)!%"A%&:!?),#&:9"),9G!42-!,)!1&9":&1!*:) 12?-!NA! !Q09!

.):+&1!2,1&:!92?%! ?),1"-"),9!g $04(&!TVG!&, -:"&9!T!0,1!MUF!I &!Q&:&!04(&!-)!1&-&:+",&!-%0-!

0!MCT! :0-")! ) .! '8;@ Ct50+6(!0(?)%)(!Q09!)*-" +0( G!09!0(-&:",A !-%&! :0-")! ).! -%&9&! -Q)!?)5

9)(#&, -9!(&1!-)!:&12?&1!6"&(19!).!*:)12?- !g&,- : "&9!VaXUF!$%&!&S?(29"),!):!: &*(0?&+&,-!).! t5

0+6(!0(?)%)(!Q"-%!)-%&:!0(?)%)(! 9)(#&,-9!Q09!0(9)!1&(&-&:")29!-)!-%&!:&0?-"), !09!?)2* (",A !

NCPh2
10 mol % Co(OAc)2¥4H2O

10 mol % (R,R)-Me-DuPhos
  20 mol % Zn

DMSO:t-amyl alcohol (2:1)
temp, 20 h

+ Si(iPr)3

NCPh2

(iPr)3Si

(2.0 equiv)

4.1

Ph Ph

4.2

entry unreacted azatriene 
             (%)yield(%)b ertemperature ( ¼C)

1c

2c

3

4d

5e

6f

7g

8h

9i

10

             60

             80

             80

             80

             80

             80

             80

             80

             80

           100

<2

45

68

38

70

46

50

44

60

42

90

27

32

62

30

22

22

32

38

22

n.a. 

99:1

99:1

99:1

99:1

99:1

99:1

99:1

n.d.

n.d.

aReaction run under N2 with 0.15 mmol azatriene 0.67 M. bYield of 4.2
determined by 1H NMR using dibromomethane as an internal standard. 
cReaction run with 5 mol % catalyst and 10 mol % Zn. dReaction run at 
[0.33 M]. eReaction run with 50 mol % Zn. fReaction for 12 h. gReaction 
for 48 h. hReaction with 1 equiv. of alkyne. iReaction with 3 equiv. of 
alkyne. n.a = not applicable. n.d. = not determined.



!

TX !̂

*:)?& &1&1!-)!A"#&!()Q&:! 6"&(19!).! *: )12?- !g&,-:"&9!_a`UF!>,!011"-"),G!,),*)(0 :! ):A0,"?!

9)(#&,-9!92?%!09!1"?%():)+&-%0,&!(&1!-)!,)! )49&:#04(&!*:)12?- !g&,-:6!TNUF!

))))))))-:`/() *F+)B;:/&:2$0 6)0.)D0/;(62)B..(9 2<)06)C4?'0:/K46 4/:2$06a)
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4.3.1 Substrate Scope 

B* ) ,! 1&-&:+",0-"),!).!)2 : !)*-"+0(! :&0?-"),! ?) ,1"-"),9 G!Q&!&S*():&1!-%&!9?)*&!).!

+),) 59249-"-2-&1! ",-&:,0(! 070-:"&,&9! -)! .2:,"9%! &,0,-")&,:"?%&1! 0701"&,&9! g$04(&! T̂ UF!

$%&!1&9":&1!%61: ) 0(=6, 6(0-"),! *:)12?-9!?0 ,!4&!A&,&:0-&1!", !2*!-) !X\ x !6"&(1!0,1!``CT!&:F!

8&-%6(! 0,1! n5%&S6(! 9249-"-2-&1! 070-:"&,&9! 2,1&:A)! -%&! %61:)0(=6,6(0-"), ! 9+))-%(6G!

.2:,"9%",A!-%&!&,0,-")&,: "?%&1!0701"&,&9!NA*!!0,1! NA*F!",!X_x!0,1!WXx!6 "&(1!Q"-%!`\CM!

entry azatriene left
       (%)yield(%)b ersolvent

1

2

3c

4d

5e

6f

7f

8f

9

10

             NMP 

             DMF

DMSO:t-amyl alcohol

DMSO:t-amyl alcohol

DMSO:t-amyl alcohol

DMSO:t-amyl alcohol

     DMSO:t-BuOH 

       DMSO:HFIP 

            DMSO

            CH2Cl2

 <2

 <5

 58

 34

 52

 68

 52

 16

<2

<2

>95

>95

22

59

24

32

20

72

>95

>95

n.a. 

n.a.

99:1

99:1

99:1

99:1

n.d.

n.d.

n.a.

n.a.

aReaction run under N2 with 0.15 mmol azatriene 0.66 M. bYield 
determined by 1H NMR using dibromomethane as an internal standard. 
cReaction run with a 1:1 mixture of DMSO:t-amyl alcohol at 1.33 M. 
dReaction run with a 1:20 mixture. eReaction run with a 1:1 mixture.
fReaction run with a 2:1 mixture. n.a = not applicable. 
n.d. = not determined.

NCPh2
10 mol % Co(OAc)2¥4H2O

10 mol % (R,R)-Me-DuPhos
  20 mol % Zn

solvent
temp, 20 h

+ Si(iPr)3

NCPh2

(iPr)3Si

(2.0 equiv)
Ph Ph

4.1 4.2
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&:!0,1! ``CT! &:G!:&9*&?-"#&(6!g&,-:"&9!M!0,1!VUF!30:40+0- &!NA*N!0,1 !*%-%0("+"1&51&:"#&1!

NA*J!0:&!)4-0", &1!",!()Q&:!6"&(19!g^Vx!0,1!W_x!6"&(1U!42-!",!&S?&((&,-!&,0,-") 9&(&?-"#"-6G!

Q"-%!``CT!0, 1!`_FWCMFW!&:G!:&9*&?-"#&(6!g&,-:"&9!^!0,1!WUF!!

Z-%&:59249-"-2-&1!0701"&,&9!̂ F*U!0, 1! NA*Q!0:&!1&("#&:&1! ",! X\x! 0,1! WXx!6"&(1G!

:&9*&?-"#&(6G! Q"-%! %"A%!(&#&(9! ).! &,0,-")9&(&?-"#"-6F! O&,76(59249-"-2-&1! 0701"&,&!NA*T!

?)2(1! 09! 4&! )4-0",&1! ",! WWx! 6"&(1! 0,1! `WFWC^FW! &:F! ! Z(&?-:),! 1), 0-",A! 0,1! &(&?-:),!

Q"-%1:0Q",A!9249-"-2&,-9!0-!-%&!5̂*)9"-"),! ),!-% &!4&,76(!:",A!0(-&:!-%&!:&0?-"),!9 ("A%-(6C!

&(&?-:), 5:"?%!para-+ &-%)S659249-"-2-&1!4&,76(!*:)12?- !NA*V!"9!1&("#&:&1!",!WWx!6"&(1!0,1 !

`\CM!&:!Q%"(&!&(&?-:), 51&."?"&,-!para5.(2):) 59249-"-2-&1!4&,76(! 1&:"#0-"#&!NA!"!"9!)4-0",&1!

",! ),(6!^Wx !6"&(1!0,1!`^FWĈFW!&:F!$%"9!:&0?-"),!?0,!),( 6!4&!29&1!.):!-%&!?)2*(",A! ).!-%&!

070-:"&,&9! -) ! -:""9)*:)*6(9"(6(0?&-6(&,&! 09! )-%&:! 0(=6,&9G! 92?%! 09! *%&,6(0?&-6(&,&G!

-:"+&-%6(9"(6(0?&-6(&,&G! 0,1! tert542-6(1"+&-%6(9"(6(! 0?&-6(&,&! .0"(! -)! *:)12?& ! 0,6!

)49&:#04(&!* :)12?- !Q%&,!&+*() 6&1!2,1&:!-%&!90+&!:&0?-"), !?),1"-") ,9 F!$%"9!"9!+)9-(6!

12&! -)! 1"+ &:"70-"),c*)(6+&:"70-"), ! ).! -%&! 0(=6,&9! 2,1&:! :&0?-"),! ?),1" -"),9 G!09!

&(2?"10-&1! 46! [0609%"! 09! Q&((FM^T! I &! 0(9)! 0--:"42-&! -%&! 92??&99!). !

-:""9)* :)*6(9"(6(0?&-6(&,&! -)! "-9! 2,"K2&! 9-&: "?! *: )*&:-" &9F!>,! 01 1"-"),G! Q&! 0--&+*-&1! -)!

&S*():&!"-9!?)2*(", A!Q"-%!070-:"&,&9!) .!#0:6",A!9249-"-2-"),!*0--& :,9 !-) !.2:," 9%!0!1"#&:9&!

:0,A&!) .!*:)12? -9F![)Q&#&:G!-%&9&!?)2*(",A9!Q&:&!2,92??&99.2(F!!
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-:`/() *N+)D&`<2':2()D90>().0') B6:62$0<(/(92$;()C4?'0:/ K464/: 2$06a!

!!!!!!!!! !

<70-:"&,&9!NA!* !0,1! NA!!!4&0:",A! +), ) 59249-"-2-&1!4:0,?%&1!9249-"-2&,-9!0-!-%&!

X5*)9"-"),! .0"(!-)!1&("#&:!0,! )49&:#04(&!0+)2,-! ).! * :)12?-F!>,!011"-"), G!WGX5!09!Q&((!09!

XGX51"9249-"-2-&1!070-:"&, &9!NA!F!0,1 !NA!N!0:&!,)-!-)(&:0-&1 !gR"A2:&!TTUF!

  10 mol % Co(OAc)2¥4H2O
10 mol % (R,R)-Me-DuPhos
            20 mol % Zn

DMSO:t-amyl alcohol (2:1)
             80 ¼C, 20 h

(i-Pr)3Si+

NCPh2

R

(i-Pr)3Si

NCPh2

R
(2.0 equiv)

NCPh2

Me

(i-Pr)3Si

NCPh2

(i-Pr)3Si

n-Bu

NCPh2

(i-Pr)3Si

OBn

NCPh2

(i-Pr)3Si

Ph

    4.12
67% yield
   98:2 er

    4.13  
56% yield
   99:1 er

      4.17
  68% yield
 98.5:1.5 er

      4.18
  55% yield
 94.5:5.5 er

NCPh2

(i-Pr)3Si

NHBoc

NCPh2

(i-Pr)3Si

NCPh2

(i-Pr)3Si

N

O

O

OTBS

NCPh2

(i-Pr)3Si

OMe

     4.14
43% yield
   99:1 er

      4.15
  57% yield
 97.5:2.5 er

    4.16 
 55% yield
98.5:1.5 er

aReaction run under N2 with 0.15 mmol of azatriene [0.67 M]. bEnantiomeric ratios (er) determined by 
HPLC in comparison with an authentic racemic standard.

4.3Ð4.11 4.12Ð20

NCPh2

(i-Pr)3Si

F
    4.19 
 55% yield
   98:2 er

    4.20 
 55% yield
94.5:5.5 er
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))#$%&'()** +)I6901>:2$`/()5H:2 '$(6()D&`< 2':2(<) .0' )C4?'0: /K464/:2$06)

4.3.2 Reaction Scale Up and Product Functionalization 

$%&!:&0?-"), !9?0(&!?0,!4&!",?:&09&1!2*!-)! TFN!++)( !Q"-%)2-!9"A,"."?0,-!1&?:&09&!

",! 6"&(1! gXTx! 6"&(1! ),! NFTW! ++)(! 9?0(&! #9! WXx! 6"&(1! ),! T FN! ++)(! 9?0(& U! 0,1 !

&,0,-")?),-:)(! 12:",A !-%&!%61:)0(=6,6(0-"),!&#&,- !g;?%&+&! T̂<UF!$%&!1":&?-!* :) 12?-9!

1&:"#&1! .: )+ ! -%&!?0-0(6-"?!&,0,-")9&(&?-"#&! :&0?-"), ! ?), -0", ! 0,! 0 701"&,&! .2,?- "),0(!

A:)2* F!$%&9&!0701"&,&9!?0, !4&!:&01"(6!%61:)(67 &1!2,1&:!+"(1!0?"1"?!?), 1"-") ,9 !-)!.):+!

-%&! 1&9":&1! 0(1&%61&! Q"-%! 0!%59-&:&)A&,"?! ?&,-&:G! 0,1!-%&,! .2 : -%&:!:&12?&1! -)! .):+!

0(?) %)(!NA!J!Q"-%!0!&59-&:&)A&, "?!?&,-&: !", !WWx!6"&(1! )#&:!-Q)!9-&*9! Q"-%)2-!9"A,"."?0,-!

()99! ).! &,0,-" )*2:"-6 ! g;?%&+&! T̂OUF! R2:-%&:+):&G! Q&! &S*():&1! :&12?-"),! ).! -%&! 3 a3!

1)24(&! 4), 1! ). ! -%&! 0701"&,&! -)! .):+! -%&! 0(=6(! 0+", &! *:)12?- ! 4&0:",A! 0! :&+ ) -&!

9-&:&)A&,"?!?&,-&:F!B,1&: !H%!?),1 "-"),9 !Q"-%!0,!0- + )9*%&:&! ).!%61:)A&,G!-%&!1&9":&1!

*:)-&?-&1!0+",&!*:) 12?-!"9!)4-0",&1!",!_ ` x!6"&(1!0, 1!`XC^!&:!g;?%&+&! T̂3 UF!

!

NCPh2

Cy

NCPh2

Ph

NCPh2

Ph

NCPh2

Ph

Me
Me

4.21 4.22 4.23 4.24
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D93(1() N*+)#&692$06:/$H:2$06)0.)=' 0?&92<)

D"D#>* . /3472*.7#-.@#J4,3**? #

>,!?),?(29"),G!Q&!%0#&!1&#&()*&1!0!+&-%)1!.):!-%&!?),9-:2 ?-"),! ) .!0(=6(!0+ ",&9!

4&0:",A!1"9-0(!9-&:&)A&,"?!?&,-&:9G!&,04(&1!46!-%&!&,0,-")9&(&?-"#&!WGX5%61:)0(=6,6(0 -"),!

).! 924 9-"-2-&1! M5070-: "&,&9F!/: "):! -)! -%"9! 9-:0-&A6G! ),(6! ?%":0(! 0+" ,&9! Q"-%! ! ! ):! $5

9-&:&)A&,"?!?&,-&:9!%0#&!4&&,!A&,&:0-&1!29",A!M50701"&,&9!0,1!M5070-:"&,&9F!I "-%! -%"9!

Q) :=G!Q&!%0#&!4&&,!04(&!-)! 1&+), 9-:0-&!-%&!?)2*(" ,A!).! 9249-"-2-&1!M5070-:"&,&9!29",A!

-:""9) *:)*6(9 "(6(0?&-6(&,&! Q"-%! 0! 3) a'2 / %) 9! ?0-0(69-! .):! -%&! .):+0-"), ! ).! *:) -&?-&1!

0+",&9!Q"-%!:&+)-&!9-&:&) A&,"?!?&,-&:9F!$%"9!:&0?-"),! 0119!-)!)2 :!?2::&,-!",#& 9-"A0-"),9!

NCPh2

(i-Pr)3Si

Ph

       4.2
  98.5:1.5 er

10 mol % Rh(COD)2BF4

        10 mol % PCy3

        H2 (1 atm)
MeOH, 60 ¼C, 19 h

NCPh2

(i-Pr)3Si

Ph

           4.26
79% yield, 96:4 er

C. Rh-Catalyzed Reduction:

i.  1.0 M aq. HCl
   THF, 22 ¼C, 2 h

NCPh2

(i-Pr)3Si

Ph

OH

(i-Pr)3Si

Ph

ii.  2.0 equiv NaBH4

    EtOH, 22 ¼C, 2 h

B. Hydrolysis of Enantioenriched Azadiene Product:

              4.25
55% yield, 97.5:2.5 er

     4.2
98.5:1.5 er

NCPh2
10 mol % Co(OAc)2¥4H2O

10 mol % (R,R)-Me-DuPhos
  20 mol % Zn

DMSO: t-amyl alcohol (2:1)
80 ¼C, 20 h

+ Si(iPr)3

NCPh2

(iPr)3Si

(2.0 equiv)

Ph Ph

   4.1
1 mmol

               4.2
56% yield, 98.5:1.5 er

A. Reaction Scale Up:
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", -) !070-:"&,&9!42-! Q"-%! 0!1"..&:&,- !+&-0(! ?0-0(69-F!<! 9249-:0-&!9?)*&! ).! 9-&:"?0((6!0,1!

&(&?-:) ,"?0((6! 1"..&:&,- ! +),) 9249-"-2-&1! M5070-:"&,&9! 0:&! -)(&:0-&1G!* :)#"1" ,A! -%&!

&,0,-") &,:"?%&1! 0701"&,&9! ", ! A))1! 6"&(19! 0,1! &S?&((&,-! &,0,-")9&(&?-"#"-6F!'" :&?-!

%61: )(69"9! ).! -%&!*:)12?- ! 1&("#&:9!-%&! 1&9":&1!0(1&%61&G! Q%"?%! ?0,! 4&! 9249&K2&,-( 6!

:&12?&1!-)! -%&!0(?)%)(G! Q"-%!-%&!*:)1 2?-9!4&0:",A! 0!:&+) -&!%5!):! &!9-&:&) A&,"?!?&, -&:G!

:&9*&?-"#&(6F!$%:)2A%!9&K2&,-"0(!?0-0(69"9G!Q&!%0#&!0(9)!9%)Q,!0!H%5?0-0(67&1!:&12?-"),!

). !-%&!",-&:, 0(!3a3!1)24(&!4),1 !). !-%&!0701"&,&!-)!.2:,"9%!-%&!*: )-&?-&1!0(=6(!0+",& 9!

4&0:", A!&59-&:&)A&,"?!?&,-&:9!",! %"A%!6"&(19!0,1! &:F!<(- %)2A%!-%&!0(=6,&!9?)*&!"9!("+"-&1!

-)! -:""9)*:)*6( 9"(6(0?&-6(&,&! 0,1! + ),) 9249-"-2-&1! 070-:"&,&9! Q"-%! -%"9!969-&+G!"-! "9!

*)99"4(&!-%0-!+)1"."?0-") , !).!-%&!?%":0(!("A0,1!),! ?)40(-!?)2(1!0(()Q!.):!0!4:)01&:! :0,A&!

).!0(=6,& !0,1!070-:"&,&! 9249-:0-&9!-) !0??&99!1"#&:9&!?%":0(!0+",&!9?0..)(19!Q"-%!:&+)-&!

9-&:&)A&,"?!?&,-&:9F!!

D"I #LM)&+2(&.,-3#C& ,-237#

L &,&:0(! /:)?&12: &9F!<((! :&0?-"),9! Q &:&! ?0::"&1! )2-! ",! )#&, 5!gTMN! t3U! ) : ! .(0+&5

1:"&1!A(099Q0:&!2,1 &:!0,! ",&: -!0-+ )9*%&:&!).!1:6! ] M!2,(&99! )-%&:Q"9&! ,)-&1F!@:A0,"?!

9)(2-"),9!Q&:&!?),?&,-: 0-&1!2,1&:!:&12?&1!*:&992:&!29", A!0!:)-0:6!&#0*):0-):!gOu?%"UF!

R(09%! ?)(2+,! ?%:)+0-)A:0 *%6! Q09! *&:.):+&1! 2 9",A! 0! $&(&16,&! >9?)! 3)+4".(09%!

02-) ?)(2+,!):! 46!%0,1!2 9",A!;" ("36?(&!;"("0R(09%y!/XN!;"("?0!L&(F!

!!
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H&0A&,-9F!$:"&-%6(0+",&! g;"A+0! <(1:"?%U! Q09!1"9-"((&1! .:)+! 30[ M! *:"):! -)! 29&F!

$%&!.)(()Q",A!?%&+"?0(9!Q&:&!29&1!09!:&?&"#&1C!!

gnU5TGM5O"9ggMSGWSU5MGW51"*%&,6(*%)9*%)(0,)U&-%0,&! ggS,SU5/%5O/ ZU! g;-:&+Up!

gTRGTkRGMSGMkSU5MGMk5'" 5-&:-542-6(5MGVGMkGVk5-&-:0%61:)5T[GTk[5gTGTkU4""9)*%)9*%", 1)(6(!

ggR,R,S,SU5'20,/%)9U ! g;"A+ 0! <(1:"?%Up! gnU5TGM5O"9hgMSGWSU5MGW5

1"&-%6(*%)9*%)(0,)i4&,7&,&! gS,SU5Z-5'2/%)9 ! g;-:&+Up! ! 4"9hgM5

1"*%&,6(*%)9*%",)U*%&,6(i! &-%&:! g'/Z/%)9U! g;-:&+Up! gnU5TGM5O"9hgMSGWSU5MGW5

1"+&-%6(*%)9*%)(0,)i4&,7&,&! gS,SU58& 5'2/%)9 ! g;-:&+Up! grU5TGM5O"9hgMRGWRU5MGW5

1"+&-%6(*%)9*%)(0,)i4&,7&,&! gR,RU58& 5'2/%)9! g;-:&+Up ! gTRU5T5hO"9g5̂+&-%)S65VGW5

1"+&-%6(*%&,6(U*%)9*%",)i5M5hgTRU5T5g1"?6?()%&S6(*%)9*%",)U&-%6(i.&::)?&,&! gE)9"*%)9!

;J 5ENN_5TU! g;-:&+Up! gMRU5T5hgTRU5T5hO"9gTGT51"+&-%6(&-%6(U*%)9*%",)i&-%6(i5M5

g1"?6?()%&S6(*%)9*%",)U.&::)?&,&! gE)9"*%)9!; J5ENN5̀TU! g;-:&+Up!gMRU5T5hgTRU5T5hO"9gTGT5

1"+&-%6(&-%6(U*%)9*%",)i&-%6(i5M5g1"*%&,6(*%)9*%",)U.&::)?&,&! gE)9"*%)9! ;J5ENNM5TU!

g;-:&+Up! (RU5gnU5MGMk54"9g1"*%&,6(*%)9*%",)U5TGTk54",0*%-%0(&,&!g<(.0! <&90:U! ggRU5

O>]</ U!g;-:&+Up!gSU5gnU5WGWk54"9h1"gVGW51"5tert542-6(5̂ 5+&-%)S6*%&,6(U*%)9*%",)i5̂ G^k54"5

TGV54&,7)1")S)(& ! gSU5gnU5'$O8 5;ZL/[@; ! g;-:&+Up! gtert542-6(1"+&-%6(9"(6(U0?&-6(&,&!

g$3>! 3%&+"?0(9Up! TGM54"9g1"?6?()%&S6(*%)9*%",)U&-%0,&! g1?6*&U! g;"A+0! <(1:"?%Up!gTGM5

4"9g1"*%&,6(*%)9*%",)U&-%0,&!g1**&U!g;"A+0!<(1:"?%Up!^GW54"9g1"*%&,6(*%)9*%",)U5̀G 5̀

1"+&-%6(S0,-%&,&! gb0,-/%)9U! g;-:&+Up! gR,RU5gaU5MGV5

4"9g-&:-42-6(+&-%6(*%)9*%",)UK2",)S0(",&! ggR,RU5l2",)S/oU! g; -:&+Up! 4&,7)*%&,),&!



!

T_T!

"+",&!g3%&+!>+*&SUp!4"9hgM51"*%&,6(*%)9*%",)U*%&,6(i!&-%&:!g'/Z/%)9U!g;-:&+Up!?)40(-!

g>>U! 0?&-0-&! -&-:0%61:0-&! g<(.0! <&90:Up!?),?&,-:0-&1! %61:)?%():"?! 0?"1! gwIHUp!

?%():)-:"9g-:"*%&,6(*%)9*%",&U?)40(-g>U! g;-:&+Up![3(! gMFN! 8! ",! 1"&-%6(! &-%&:U! g;"A+0!

<(1:"?%Up!%61:07",&! +),)% 61:0-&! g$3>! 3%&+"?0(9Up! n542-6(("-%"2+! gMFW! 8! ",! %&S0,&9U!

g;"A+0! <(1:"?%Up!N5%61:)S6+&-%6(*-%0("+"1&! gO&0,-)Q,! 3%&+"?0(9Up! *%&,6(0?&-6(&,&!

g<(.0!<&90:Up!* %)9*%):29!-:"4:)+"1&!g<?:)9Up!*)-099"2+!0?&-0-&!g80((",?=:)1-Up!9)1"2+!

4):)%61:"1&!g$3>!3%&+"?0(9Up!-: "&-%6(!*%)9*%"-&!g<?:)9Up!-:""9)*:)*6(9"(6(0?&-6(&,&!g<(.0!

<&90:Up!-:"+&-%6(9"(6(0?&-6(&,&!g3%&+!>+*&SUp!7",?!g<(.0!<&90:Up!!

!

;)(#&,-9F! ;)(#&,-9! Q&:&! 9*0:A&1! Q"-%! 1:6! ] M! 0,1! *2:"."&1! 2,1&:! 0! *)9"-"#&!

*:&992:&!).!1:6! ] M!46!0,!>,,)#0-"#&!$&?%,)()A"&9!/2:&;)( #&!9)(#&,-!*2:"."?0-"),!969-&+C!

-&-:0%61:).2:0,! g;"A+0 5<(1:"?%UG! 1"?%():)+&-%0,&! g;"A+05<(1:"?%UG! 1"&-%6(! &-%&:!

g;"A+05<( 1:"?%UG!TG^51")S0,&!g;"A+0 5<(1:"?%UG!0,1!-)(2&,&!g;"A+05<(1:"?%U!Q&:&!*099&1!

-%:)2A%! -Q)! ?),9&?2-"#&! 0(2+",0! ?)(2+,9F! 8&-%0,)(! g;"A+05< (1:"?%U! 0,1! N,N5

1"+&-%6(.):+0+"1&!g;"A+0 5<(1:"?%U!Q&:&!29&1!09!:&?&"#&1F!'"+&-%6(!92(.)S"1&!g;"A+05

<(1:"?%UG!tert50+6(!0(?)%)(!g;"A+05<(1:"?%UG!tert542-6(!0(?)%)(!g<(.0!<&90:UG!%&S0.(2):)5M5

*:)*0,)(! g@0=Q))1UG! 0,1! N5+&-%6(5M5*6::)("1),&! g;"A+0! <(1: "?%U! .):! :&0?-"),9!Q&:&!

1"9-"((&1! )#&:! 30[ M! *:"):! -)! 29&F! [/J3 5A:01&! 0?&-),"-:"(&! g;"A+0 5<(1:"?%UG! %&S0,&9!

gR"9%&:UG! 0,1! &-%6(! 0?&-0-&! gR"9%&:U! Q&:&! 29&1! .):! .(09%! ?)(2+,! ?%:)+0-)A:0*%6! 09!

:&?&"#&1F! [/J3 5A:01&! %&S0,&9! g;"A+05<( 1:"?%U! 0,1! "9)*:)*0,)(! g;"A+0 5<(1:"?%U! .):!



!

T_M!

[/J3 ! ?%:)+0-)A:0*%6! Q&:&! 29&1! 09! :&?&"#&1F! Z-%0,)(! g;"A+05<(1:"?%U! Q09! 29&1! 09!

:&?&"#&1F!

!

>,9-:2+&,-0-"), F!T[ 5]8H!9 *&?-:0!Q&:&!:&?):1&1!),!0!w0:"0,!>]@w<!g^NN!8[7UG!

w0:"0,!B,"-6!gWNN!8[7U!):!w0:"0,c<A"(&,-!w]8H ;!gWNN!8[7U!9*&?-:)+&-&:F!3%&+"?0(!

9%".-9!0:&!:&*):-&1!",!**+! .:)+!-&-:0+&-%6(9"(0,&!Q"-%!-%&!9)(#&,-! :&9),0,?&!:&92(-",A!

.:)+! ",?)+*(& -&! 1&2-&:0-"),! g3'3( VC! •! _FMXUF! '0-0! 0:&! :&*):-&1! 09! .)(()Q9C! ?%&+"?0(!

9%".-G!",-&A:0-"),G!+2(-"*("?"-6!g9!j!9",A(&-G!1!j!1) 24(&-G!-!j!-:"*(&-G!K!j!K20:-&-G!4:!j!4:)01G!

+! j!+2(-"*(&-UG!?)2*(",A!?),9-0,-g9U!g[7UF!TV3 5]8H!9*&?- :0!Q&:&!:&?):1&1!),!0!w0:"0,!

B, "-6!g^NN!8[7UG!w0:"0,c<A"(&,-!w]8H;!gWNN!8[7UG!):!O:2=&:!<#0,?&!>>>!g_NN!8[7U!

9*&?-:)+&-&:!Q"-%!?)+*(&-&!*:)-),!1&?)2*(", A!42-!Q"-%!.(2):",&!?)2*(",A!&S?&*-!Q%&:&!

",1"?0-&1F!3%&+"?0(!9%".-9!0:&!:&*):-&1!",!**+!.:)+!-&-:0+&-%6(9"(0,&!Q"-%!-%&!9)(#&,-!

:&9),0 ,?&!:&92(-",A!.:)+!?%():). ):+!09!-%&!",-&:,0(!:&.&:&,?&!g3'3( VC!δ!__FTXUF!'0-0!0:&!

:&*):-&1!09!.)(()Q9C!?%&+"?0(!9%".-G!",-&A:0-"),G!+2(-"*("?"-6!g9!j!9",A(&-G!1!j!1)24(&-G!-!j!

-:"*(&-G! K! j! K20:-&-G! 4:! j! 4:)01G! +! j! +2(-"*(&-UG! ?)2*(",A! ?),9-0,-g9U! g[7UF! TR̀5]8H!

9*&?-:0!Q&:&! :&?):1&1! ),!0!w0:"0,c<A"(&,-!w]8H;!gV_X!8[7 U!9*&?-:)+&-&:F! '0-0!0:&!

:&*):-&1!09!.)(()Q9C!?%&+"?0(!9%".-G!",-&A:0-"),G!+2(-"*("?"-6!g9!j!9",A(&-G!1!j!1)24(&-G!-!j!

-:"*(&-G! K! j! K20:-&-G! 4:! j! 4:)01G! +! j! +2(-"*(&-UG! ?)2*(",A! ?),9-0,-g9U! g[7UF! VT/5]8H!

9*&?-:0! Q&:&! :&?):1&1! ),! 0! w0:"0,c<A"(&,-! w]8H;! gWNN ! 8 [7U! 9*&?-:)+&-&:F! ]8H!

6"&(19! Q&:&! 1&-&:+",&1! 46! ",-&:,0(! 9-0,10:1! gTGM51"4:)+)+&-%0,& UF!["A%5:&9)(2-"),!



!

T_V!

+099!9*&?-:)+&-:6!Q09!*&:.):+&1!),!0,!<A"(&,-!gTMNN!;&:"&9U!J38; 5$@R5'<H$!0-!-%&!

'2=&!B, "#&:9"-6!8099!;*&?-:)+&-:6 !R0?"("-6!g[H8;!10-0!#0(2&9!:&*):-&1 !09!0,!0#&:0A&!

).!.)2:!:2,9UF! >,.:0:&1!g>HU!9*&?-:0!Q&:&!?)((&?-&1!),!0!]"?)(&-!X_NN!R$5>H!9*&?-:)+&-&:G!

€+0S!",!?+ 5Tp!40,19!0:&!?%0:0?-&:"7&1!09!4:)01!g4:UG!9-:),A!g9UG!+&1"2+!g+UG!):!Q&0=!gQUF!

$&(&16,&!>9?)G!]&S-A&,!VNNn!969-&+!Q09!29&1!.):!02-)+0-&1!?)( 2+ ,!?%:)+0-)A:0*%6F!

Z,0,-")+&:! :0-")9! g&:U! Q&:&! 1&-&:+",&1! 46! [/J3! g/%&,)+&,&S $8! J2Sy! 3&((2()9&! >G!

3&((2()9&!>>G!3&((2()9&!>>>G!<+6()9&!>G!):!3%":0(*0=$8 !!T<5V!?)(2+,9U!",!?)+*0:"9),!Q"-%!

02-%&,-"?!:0?&+"?!+0-&:"0(9!),!0!;%"+0172!/:)+",&,?&!8)12 (0:![/J3F! !

4.5.1 Preparation of Azatriene Substrates 

!!!!! !

L&,&:0(! 8&-%)1! <F! <! .(0+&! 1:"&1! TNN5+J! :)2,1 54)--)+! .(09=! Q09! ?%0:A&1! Q"-%!

1"&-%6(ggg1"*%&,6(+&-%6(&,&U0+",)U+&-%6(U*%)9*%),0-&! g``^FN! +AG! VFNN!++)(G! TFNN!

&K2"#U!0,1!$[R!g̀ !+JU!0,1!-%&,!?))(&1!-)! a_\! t3F!n5O2J "!gMFW!8!",!%&S0,&9G!TFMN!+JG!

VFNN!++)(G!TFNN!&K2"#U!Q09!011&1!9()Q(6!-)!-%&!#&99&(F!$%&!+"S-2:&!Q09!0(()Q&1!-)!9-":!

0-!a_\! t3!.):!TW!+",2-&9G!0.-&:!Q%"?%!! ,$52,90-2:0-&1!0(1&%61&!gVFNN!++)(G!TFNN!&K2"#U!

Q09!011&1!-)!.(09=F!$%&!:&0?-"),!+"S-2:&!Q09!-%&,!0(()Q&1!-)!Q0:+!2*!9()Q(6!-)!:))+!

-&+*&:0-2:&!0, 1!9-"::&1!.):!T\!%F!$%&!:&0?-"),!Q09!K2&,?%&1!Q"-%!1&"),"7&1!Q0-&:!gTWFN!

+JU!0,1!1"(2-&1!Q"-%!1"&-%6(!&-%&:!gTNFN!+JUF!$%&!):A0,"?!(06&:!Q09!9&*0:0-&1G!0,1!-%&!

0K2&)29! (06&:!Q09! -%&,!Q09%&1!Q"-%! -Q)! *):-"),9!). !1"&-%6(!&-%&:!gTWFN!+J!S!VUF!$%&!

NCPh2

(EtO)2(O)P
+ R O

1.0 equiv nBuLi

THF, Ð78Ð22 ¼C, 18 h
1.0 equiv

NCPh2

R
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T_ !̂

?)+4",&1! ):A 0,"?! &S-:0?-9! Q&:&! Q09%&1! Q"-%! 4:",&! gTWFN! +JUG! 1:"&1! )#&:! ]0M;@^G!

."(-&:&1G!0,1!?),?&,-:0-&1F!$%&!:&9"12&!Q09!-%&,!*2:"."&1!46!.(09%!?)(2+,!):!02-)+0-&1!

?)(2+,!?%:)+0-)A: 0*%6F!

$%&!.)(()Q",A!M5070-:"&,&9!Q&:&!* :&*0:&1!09!*:&#")29(6!1&9?:"4&1C!NA*G!NAFG!NAJG!0,1! NATF!!

!!!! !!!

N5ggTEGVEU51&?05TGV51"&,5T56(U5TGT51"*%&,6(+&-%0,"+",& ! gNANUF)$"-(&! ?)+*)2,1 ! NAN! Q09!

*:&*0:&1!0??):1",A!-)!A&,&:0(!+&-%)1!<!), !TFWN!++)(! 9?0(&F!$%&!+0-&:"0(!Q09!*2:"."&1!

46! 9"("?0! A&(! ?)(2+, ! ?%:)+0-)A:0*%6! gTNNx!%&S0,&9! -)! \̀CM! %&S0,&9C&-%6(! 0?&-0-&U! -)!

)4-0", !NAN!09!0!6&(()Q!)"(!g^VMFN!+AG!TFVX!++)(G! `NF\x!6"&(1UF!IM!g-%",!."(+U!VNW` !gQUG!VNT!̀

gQUG!M`WW!g+ UG!M`M!̂g9UG!M\W!̂g+ UG!TXV !̀gQUG!TWV_!gQU!?+ 5Tp!*C)_7M !gWNN!8[7G!3'3(VU!δ!

_FXN!gM[G!1G!J!j!XF`![7UG!_F^Ma_FVX!gV[G!+UG!_FVTa_FMX!gV[G!+UG!_FT^a_FTV!gM[G!+UG!XF\N!gT[G!

1G!J!j!TMF\![7UG!XFXM!gT[G!11G!J!j!TMF\G!TTFN![7UG!!XFNNaWF`W!gT[G!+UG!WF__!gT[G!1-G!J!j!T^F_G!XF`!

[7UG!MFNT!gM[G!KG!J!j!_F`G!_FV![7UG!TFM`!gM[G!KG!J!j!_F^![7UG!TFMVaTFT\!gX[G!+UG!NF\MaNF_\!gV[G!

+Up! *FG) _7M !gTMX! 8[7G! 3'3( VU!δ! !TXWFVG! TV`F_G! TV\F^G! TV_FVG! TVXF^G! TVVFTG! TVNFTG! TM\F` G!

TM\F_G! TM\F_G! TM\FXG! TM\FWG! TM\FTG! VVFTG! VTF_G! M`FMG! M\F`G! MMFXG! T^FTF! CM7D ! gZ;>nU! h8 n[i n!

?0(?Y1!.):!3MV[ M_]C!VT\FMMTXG!.)2,1C!VT\FMMMVF!

!

M5ggVEGWEU5X5gg1"*%&,6(+&-%6(&,&U0+",)U%&S05VGW51"&,5T56(U"9)",1)(",& 5TGV51"),& ! gNAUUF)

$"-(&!?)+*)2,1 !NAU!Q09!*:&*0:&1!0??):1",A! -)!A&,&:0(!+&-%)1! <! ),!MFMW!++)(!9?0(&F!

Ph2CN
n-Bu

Ph2CN
N

O

O



!

T_W!

$%&! +0-&:"0(! Q09! *2:"."&1! 46! 02-)+0-&1! ?)(2+,! ?%:)+0-)A:0*%6! gTNNx! %&S0,&9! -)!

\WCTW! %&S0,&9C&-%6(! 0?&-0-&U! -)! )4-0",! NAU)09! 0! 6&(()Q! )"(!gM_N! +A G!NFXX! ++)(G! M`FWx!

6"&(1UF! IM)g-%",! ."(+U!VNMM!gQUG!T__M!gQUG! T_TT!g9UG!TWV_! gQU!?+ 5Tp! *C) _7M !gWNN! 8[7G!

3'3( VU!_F\Xa_F\ !̂gM[G!+UG!_F_Va_F_M!gM[G!+UG!_FX`!g1G!J!j!_FV![7G!T[UG!_F^\a_F^_!gV[G!+UG!

_F^Ma_FV^!gV[G!+UG!_FMNa_FT\!gM[G!+UG!XF\W!g1G!J! j!TMF\! [7G!T[ UG!XFX\ !g-G!J! j!TTF^! [7G!T[UG!

XFTM!g11G!J!j!TWFTG!TTFT![7G!T[UG!WF\T!g1-G!J!j!T^F`G!_FV![7G!T[UG!VF_\!g-G!J!j!_FM![7G!M[UG!MFWT!

gKG!J! j! _FM! [7G!M[U p!*FG)_7M !gTMX!8[7G!3'3( VU!δTX\FM^G!TXXFTTG!TV`F^XG!TVXFMTG!TVVF\\G!

TVMFN`G!TVMFNWG!TVTF^_G!TVTFM\G!TVNFMXG!TVNFN_G!TM\F\NG!TM\F__G!TM\F^`G!TM\FM`G!TM\FT^G!TMVFM^G!

V_F^\G!VMFTXF!CM7D !gZ;>nU!h8n[i n!?0(?Y1!.):!3M_[ MM] M@MC!̂N_FT_ŴG!.)2,1C!̂N_FT_XVF!

!!!! !

N5ggTEGVEU5W5ggtert542-6(1"+&-%6(9"(6(U)S6U*&,-05TGV51"&,5T56(U5TGT51"*%&,6(+&-%0,"+",& !

gNAQUF!$"-(&!?)+*)2,1 !NAQ!Q09! *:&*0:&1!0??):1",A! -)!A&,&:0(!+&-%)1!<! ),!TF WN!++)(!

9?0(&F!$%&!+0-&:"0(!Q09!*2:"."&1!46!9"("?0!A&(!?)(2+,!?%:)+0-)A:0*%6!gTNNx!%&S0, &9!-)!

` _CV!%&S0,&9C&-%6(!0?&-0-&U! -)! )4-0",!NAQ!09! 0! 6&(()Q! )"( !gT``FN!+AG! NFWM_!++)(G! VWFTx!

6"&(1UF!IM!g-%",!."(+U!VNẀ!gQUG!M`WV!g+ UG!M`M\!g+ UG!M\WX!g+ UG!MT\X!gQUG!MNVT!g+ UG!TXXN!g9UG!

TM_\!g9U!?+ 5Tp!*C)_7M !gWNN!8[7G!3'3( VU!δ!_FXM!gM[G!1G!J! j!XF`! [7UG!_F^^a_F^N!gV[G!+UG!

_FVâ_FMX!gV[G!+UG!!_FTX!gM[G!11G!J!j!_ FWG!MFN![7U!XF\_!gT[G!1G!J!j!TMF\![7UG!XF_^!a!XFW`!gT[G!

+UG!XFMNaXFTW!gT[G!+UG!WF\^!gT[G!1-G!J!j!TWFMG!WFM![7G!T[UG!^FT_!gM[G!1G!J!j!^FW![7UG!NF\^!g`[G!

9UG!NFNN!gX[G!9Up!*FG)_7M !gTMX!8[7G!3'3( VU!δ!TXWFXG!TV`FXG!TV\F`G!TV_FXG!TVXF^G!TV^FXG!TVMF` G!

Ph2CN OTBS



!

T_X!

TVMF_G! TVMF^G! TVNFWG! TVNFMG! TVNFTG! TM\F` G! TM\F\ G! TM\F_G! TM\FWG! TM\FVG! TM\FTG! TM\FTG! XMF\G! VXF_G!

MXFNG!T\F̂G!5WFMp!CM7D !gZ;>nU!h8n[i n!?0(?Y1!.):!3M [̂ VT]@;"C!V_\FMM^\G!.)2,1C!V_\FMMW^F!

!

TGT51"*%&,6(5N5ggTEGVEU5W5*%&,6(*&,-0 5TGV51"&,5T56(U+&-%0,"+",&!gNAVUF!$"-(&!?)+ *)2,1 !

NAV!Q09!*:&*0:&1!0??):1",A!-)!A&,&:0(!+&-%)1!<!),!TF WN!+ +) (!9?0(&F!$%&!+0-&:"0(!Q09!

*2:"."&1! 46! 9"("?0! A&(! ?)(2+,! ?%:)+0-)A:0*%6! gTNNx! %&S0,&9! -)! `_CV! %&S0,&9C&-%6(!

0?&-0-&U!-)!)4-0",!NAV!09!0!6&(()Q!)"( !gT``FN!+AG!NFWM_!++)(G!VWFTx!6"&(1UF!IM!g-%",!."(+U!

VNWX! gQUG! VNM^! gQUG! MWTT! gQUG! TXNT! gQUG! TWVX! gQUG! T^`V! gQU! ?+ 5Tp!*C) _7M ! gWNN! 8[7G!

3'3( VU!_F_N!gM[G!1G!J!j!XF`![7UG!_FWWa_F^_!gV[G!+UG!_F^Va_FVW!gV[G!+UG!_FVVa_FM_!gM[G!+UG!

_FM^!gM[G!11G!J j!_FXG!TF`![7UG!_FMTa_FT_!gM[G!+UG!XF`V!gT[G!1G!J!j!TMF\![7UG!XF_W!gT[G!11G!J!j!

TMF\G!TNF`![7UG!XFT\aXFTN!gT[G!+UG!XFNM!gT[G!1-G!J!j!T^F_G!XF`![7UG!VF^_!gM[G!1G!J!j!XF\![7 co)*FG)

_7M !gTMX! 8[7G! 3'3( VU!δ TXWF\VG! T^NFNMG! TV`FXMG! TV`FMVG!TVXFV_G! TV^F\NG! TVMFWNG! TVNFMMG!

TVNFTNG!TM`F`MG!TM\F`VG!TM\F\\G!TM\F\TG!TM\F_WG!TM\FX_G!TM\FWVG!TM\F^`G!TM\FVTG!TM\FMMG!TM\FTXG!

TMXF^VG!TMXFT_G!V`FV^p!CM7D !gZ;>nU!h8n[i n!?0(?Y1!.):!3M [̂ MT]C!VM^FT_^_G!.)2,1C!VM^FT_WXF!!

!

N5ggTEGVEU5W5g 5̂+&-%)S6*%&,6(U*&,-05TGV51"&,5T56(U5TGT51"*%&,6(+&-%0,"+",&! gNA*"UF!

$"-(&!?)+*)2,1 !NA*"!Q09!*:&*0:&1!0??):1",A!-)!A&,&:0(!+&-%)1!<!),!TF_ N!++)(!9?0(&F!

$%&!+0-&:"0(!Q09!*2:"."&1!46!02-)+0-&1!?)(2+,!?%:)+0-)A:0*%6!gTNNx! %&S0,&9!-)!`\CM!

%&S0,&9C&-%6(!0?&-0-&U!-)!)4-0", !NA*"!09!0!6&(()Q!)"(!gMMTFN!+AG!NFXMW!++)(G! VXF_x !6"&(1UF!

IM)g-%",!."(+U!VNW\!gQUG!VNMT!gQUG!M\VV!gQUG!TXXN!gQUG!TXV_!gQUG!TXN`!g+UG!TWTT!g9U!?+5Tp!*C)

Ph2CN Ph

Ph2CN

OMe



!

T__!

_7M !gWNN!8[7G!3'3(VU!_F_N!gM[G!1G!J! j!XF`! [7UG!_FWMa_F^\!gV[G!+UG!_F^Ma_FVW!gV[G!+UG!

_FMV!gM[G!11G!J!j!_FXG!TF\![7UG!_FTN!gM[G!1G!J!j!\FW![7UG!XF`T!gT[G!1G!J j!TMF\![7UG!XF\W!gM[G!1G!

J!j!\FW![7UG!XF_^!gT[G!11G!J!j!TMF_G!TNF`![7U!XFTVaXFN\!gT[G!+UG!XFNMaWF`XgT[G!+UG!VF\T!gV[G!

9UG!VF^N!gM[G!1G!J!j!XF\![7Up!*FG)_7M !gTMX!8[7G!3'3( VU!δ!TXWFXG!TW_F`G!TV`FWG!TV̀FNG!TVXFMG!

TVWFMG!TVMF^G!TVTF` G!TVNFNG!TM`F^G!TM\F_G!TM\FXG!TM\FXG!TM\F^G!TM\FNG!TTVF\ G!WWFTG!V\FVp!CM7D !

gZ;>nU!h8n[i n!?0(?Y1!.):!3MW[ MV] @C!VWF̂T\WMG!.)2,1C!VW^FT\XTF!

!

N5ggTEGVEU5W5g 5̂.(2):)*%&,6(U*&,-0 5TGV51"&,5T56(U5TGT51"*%&, 6(+&-%0,"+",& ! gNA**UF! $"-(&!

?)+* )2,1 !NA**!Q09!*:&* 0:&1!0??):1",A!-)!A&,&:0(!+&-%)1 !<!),!MFMW!++)(!9?0(&F!$%&!

+0-&:"0(! Q09! *2:"."&1! 46! 02-)+0-&1! ?)(2+,! ?%:)+0-)A:0*%6! gTNNx! %&S0,&9! -)! `\CM!

%&S0,&9C&-%6(!0?&-0-&U!-)!)4-0", !NA**!09!0!6&(()Q!)"(!gV_N!+AG!TFN\!++)(G !^\FMx!6"&(1UF!IM!

g-%",! ."(+U!VNW\!gQUG!VNMM!gQUG!TXXN!gQUG!TXV\!gQUG!TW``!g+UG!TWV_!gQUG!TWN\!g9U!?+ 5Tp!*C)

_7M !gWNN!8[7G!3'3(VU!_F_N!gM[G!1G!J! j!_FN! [7UG!_FWVa_F^\!gV[G!+UG!_F^Ma_FVW!gV[G!+UG!

_FMV!gM[G!11G!J j!_FWG!TF`![7UG!_FT^!gM[G!11G!J!j!\FWG!WFW![7UG!XF``!gM[G!-G!J!j!\F_![7UG!XF`M!gT[G!

1G!J j!TMF\![7UG!XF_^!gT[G!11G!J!j!TMF_G!TTFN![7UG!XFTVaXFN\!gT[G!+UG!XFNNaWF`^!gT[G!+UG!VF^M!

gT[G!1G!J! j!XF\! [7Up!*FG)_7M !gTMX!8[7G!3'3( VU!δ!TXXFNG!TXTFW!g1G!J! j!M^^FN![7 UG!TV`FXG!

TV`F̂G!TVXFVG!TVWFXG!TV^FWG!TVMFVG!TVNFVG!TVNFTG!TVNFNG!TM`F`G!TM\F`G!TM\F` G!TM\F\!gM3G!1G!J!j! WF`!

[7 UG!TM\F\ G!TM\FWG!TM\FVG!TM\FMG!TM\FMG!TTWFM!gM3G!1G!J!j! MTFT![7 UG!V\F^F!CM7D !gZ;>nU!h8n[i n!

?0(?Y1!.):!3M [̂ MNR] C!V M̂FTXWVG!.)2,1C!V^MFTXWXF!

Ph2CN

F



!

T_\!

4.5.2 Hydroalkynylation of Azatrienes 

!!!!!! !

L&,& :0(!8&-%)1!OF!>,!0,! ] M5."((&1!A()#&4)SG!0,! )#&, 51:"&1!gTMN!t3U!+"?:)Q0#&!

#"0(!&K2"**&1!Q"-%!+0A,&-"?!9-":!40:!Q09!?%0:A&1!Q"-%!?)40(-g>>U0?&-0-&!-&-:0%61:0-&!gTF`!

+AG!_FW!‚+)(G!NFNWNN!&K2"#UG!gR,RU58& 5'2/%)9!gMFV!+AG!_FW!‚+)(G!NFNWNN!&K2"#UG!7",?!gTFN!

+AG!TNFN!‚+)(G!NFTNN!&K2"#UG!'8;@!gTWN!‚JUG!0,1!tert50+6(!0(?)%)(!g_W!‚JUF!$%&!+"S-2:&!

Q09!0(()Q&1!-)!9-":!0-!0+4"&,-!-&+*&: 0-2:&!.):!TW!+",2-&9F!$)!-%&!#"0(!Q09!-%&,!011&1!

070-:"&,&!gNFTWN!++)(G!TFNN!&K2"#U!0,1!-:""9)*:)*6(9"(6(0?&-6(&,&!gX_FM!‚JG!NFVNN!++)(G!

MFNN!&K2"#U!Q%&:&2*),! -%&! :&0?-"),!#"0(9!Q&:&!?0**&1G!-0=&,! )2-! ).! -%&!A()#&4)SG!0,1!

9-"::&1! 0-! \N!t3! .):! MN! %F! $%&! :&0?-"),! +"S-2:&! Q09! -%&,! ?))( &1! -)! :))+! -&+*&:0-2:&!

K2&,?%&1!Q"-%!Q0-&:!gT!+JU!0,1!&-%6(!0?&-0-&!gV!+ JUF!$%&!):A0,"?!0,1!0K2&)29!(06&:9!

Q&:&!9&*0:0-&1G! 0,1! -%&! 0K2&)29! (06&:! Q09! &S-:0?-&1! Q"-%! &-%6(! 0?&-0-&! gV!+JUF! $%&!

?)+4",& 1! ):A0,"?! &S-:0?-9! Q&:&! 1:"&1! )#&:! ]0 M;@^G! ."(-&:&1G! 0,1! ?),?&,-:0-&1! 2,1&:!

:&12?&1! *:&992:&F!$%&! :&9"12&!Q09! -%&,! *2:"."&1!46!02-) +0-&1! :&#&:9&! *%09&!?)(2+,!

?%:)+0-)A: 0*%6!Q"-%!9"("?0!A&(!gTNNx!0?&-), "-:"(&UF!

_02( C! >9)(0-&1! 6"&(19! :&*):-&1!0:&! 0,! 0#&:0A&!).! M! :2,9F! <2-%&,-"?! :0?&+"?! 9-0,10:19!

Q&:&!*:&*0:&1!29",A!0!TCT!+"S-2:&!).!4)-%!&,0,-")+&:9 !).!8& 5'2/%)9F !

NCPh2

R

10 mol % Co(OAc)2¥4H2O
10 mol % (R,R)-Me-DuPhos

  20 mol % Zn

DMSO: t-amyl alcohol (2:1)
80 ¼C, 20 h

+ Si(iPr)3

NCPh2

R

(iPr)3Si

(2.0 equiv)(0.67 M)



!

T_`!

!

gSGEU5N5g 5̂*%&,&-%6(5X5g-:""9)*:)*6(9"(6(U%&S5T5&,5W56, 5T56(U5TGT51"*%&,6(+&-%0,"+",&!

gNA!UF!$"-(&!?)+*)2,1 !NA!!Q09!*:&*0:&1!0??):1" ,A!-)!A&,&:0(!+& -%)1!bF!$%&!+0-&:"0(!Q09!

*2:"."&1! 46! :&#&:9&! *%09&! 02-)+0-&1! ?)(2+,! ?%:)+0-)A:0*%6! gTNNx! 0? &-),"-:"(& U! -)!

)4-0", !NA!)09!0!6&(()Q!) "(!ĝ _F!̂+AG!NFNM̀!++)(G!XNF\ x!6"&(1UF!IM!g-%",!."(+U!VNXT!gQUG!VNMW!

g+UG!M`^T!g9UG!M\`N!g+UG!M\XV!g9UG!MTX^!g+UG!TXNV!gQUG!TWW^!gQU!T^`W!gQU!?+5Tp!*C)_7M !gWNN!

8[7G!3'3( VU δ!_FW\!gM[G!1G!J j! \FV! [7UG!_FV_a_FVW!gV[G!+UG!_FVMa_FM^!gV[G!+UG!_FMTa_FT\!

gM[G!+UG!_FTMa_FN`!gW[G!+UG!XFX\!gT[G!1G!J j!TVFN![7UG!XFT_!gT[G!1-G!J j!TMF`G!_F_![7UG!MF\N!

gT[G!111G!J j!T^FVG!`F\G!WFN![7UG!MFXV!gT[G!111G!J j!TVFWG!`F`G!_FT![7UG!MF^N!gT[G!1-1G!J j!`FWG!

XF_G! ^FW! [7UG! MFM`!a!MFTM! gM[G! +UG! TF_VaTFW`! gM[G! +UG! TFNVaTFNT! gMT[G! +Up!*FG) _7M !gTMX!

8[7G! 3'3( VU!δ TXWF^G! T^MFMG! TV`F_G! TV`FWG! TVXF^G! TVNF` G! TVNFTG! TM\F\ G! TM\FXG! TM\FXG! TM\F^G!

TM\F̂G!TM\FTG!TMWF\G!TTTFVG!\MFMG!VXFXG!VXFWG!VVFXG!VMFXG!T\F_G!TTFVp!CM7D !gZ;>nU!h8n[i n!?0(?Y1!

.):!3 VX[ ^W];" C!WMNFVV`^G! .)2,1C!WMNFV^N^F!h! i ' MV! j!n^FVM!gc j!TFNG!3[3(VU! .):!0!90+*(&! ).!

``CT!&:F!!

!

C=EG+)3)(2+,C!3&((2()9& 5T!gV!µ+G!^FX!++!b!MWN!++UF!8)4"(&!*%09&C!`` CT!%&S0,&9Ci5

/ :@[ G!!TFN!+Jc+",F!'&-&?-"),!Q0#&(&,A-%C!MW^!, +F!Z:!j! ``CTF!!

!

!

NCPh2

(iPr)3Si

Ph



!

T\N!

!

!

gSGEU5N5g 5̂+&-%6(5X5g-:""9)*:)*6(9"(6(U%&S5T5&,5W56, 5T56(U5TGT51"*%&,6(+&-%0,"+",& !

gNA*!UF!$"-(&!?)+*)2,1 !NA*!!Q09!*:&*0:&1!0??):1",A!-)!A&,&:0(!+&-%)1! OF!$%&!+0-&:"0(!

Q09!*2:"." &1!46!:&#&:9&!*%09&!02-)+0-&1!?)(2+,!?%:)+0-)A:0 *%6!gTNNx! 0?&-),"-:"(&U!-)!

)4-0", !NA*!)09!0!6&(()Q!)"(!ĝ VFN!+AG!NFTNN!++)(G! XXF_x!6"&(1UF!IM)g-%",! ."(+U!VNXN!gQUG!

VNMW!gQUG!M`^M!g9UG!M\`T!g+UG!M\X^!g9UG!MTXM!gQUG!TW``!gQU!?+5Tp!*C)_7M !g^NN!8[7G!3'3( VU 

δ!_FŴ!gM[G!1G!J! j! _FN! [7UG!_FVWa_FVT!gV[G!+UG!_FMWa_FT`!gV[G!+ UG!_FN\a_FNX!gM[G!+UG!XFXW!

gT[G!1G!J!j!TMF`![7UG!XFTV!gT[G!1-G!J!j!TMF`G!_F_![7UG!MF^XaMFV`!gT[G!+UG!MFMNaMFT^!gT[G!+UG!

MFTTaMFNW! gT[G! +UG! TFNW! gV[G!J! j! XF`! [7UG! NF`M! gMT[G! +Up!*FG) _7M !gTMX! 8[7G! 3'3 (VU!δ 

TXWFVG!TV`F_G!TV`F_G!TV\FVG!TVXF^G!TVNFWG!TVNFTG!TM\ F\ G!TM\F\ G!TM\FXG!TM\FWG!TM\F^G!TM\FTG!TM_FXG!

TN\F_G! \MFXG!_VFMG! _MF^G! VVF_G! VVFNG! T\F_G! TTFVp! CM7D) gZ;>nU! h8n[i n! ?0(?Y1! .):!3 M [̀ V`];" C!

^VNFM`MWG!.)2,1C!̂VNFM`MXF!f! gO!F!j! aMNFWX!gc j!TFNG!3[3(VU!.):!0!90+*(&!).! `\ CM!&:F!!

!

NCPh2

Me

(i-Pr)3Si



!

T\T!

C=EG+)3)(2+,C!3&((2()9& 5M!gV!µ+G!^FX!++!b!MWN!++UF!8)4"(&!*%09&C!``F`CNFT!%&S0,&9Ci5

/:@[G! NFVW!+Jc+",F!'&-&?-"),!Q0#&(&,A-%C!MW^!,+F!Z:!j!̀\CMF!!

!

!!! !

gSGEU5TGT51"*%&,6(5N5g 5̂gg-:""9)*:)*6(9"(6(U&-%6,6(U1&?5T5&,5T56(U+&-%0,"+",& ! gNA*FUF!

$"-(&!?)+*)2,1 !NA*F!Q09! *:&*0:&1! 0??):1 ",A! -) !A&,&:0(! +&-%)1!OF! $%&! +0-&:"0(! Q09!

*2:"."&1! 46! :&#&:9&! *%09&! 02-)+0-&1! ?)(2+,! ?%:)+0-)A:0*%6! gTNNx! 0?&-),"-:"(&U! -)!

)4-0", !NA*F!09!0!6&(()Q!)"(!ĝ MFN!+AG!NFN\^N!++)(G! WXFNx!6"&(1UF!IM)g-%",!."(+U!VNXN!gQUG!

VNM !̂gQUG!M`M !̀g9UG!M\XV!g9UG!MTX^!g+UG!TWWW!gQU!?+ 5Tp!*C)_7M !g^NN!8[7G!3'3( VU δ!_FW`!

gM[G!1G!J!j!_FT![7UG!_F^Na_FVX!gV[G!+UG!_FVTa_FM^!gV[G!+UG!_FTM!gM[G!11G!J!j!_FWG!TF_![7UG!XFX`!

gT[G!1G!J!j!TMF`![7UG!XFT`!gT[G!1-G!J!j!TVFNG!_F_![7UG!MF^NaMFVW!gT[G!+U!MFT\!gM[G!K-G!J!j!T^FNG!

_FM![7UGTF^MaTF^N!gM[G!+UG!TFV^aTFM\!gM[G!+UG!TFM^aTFT!̀gX[G!+UG!NF`\aNF`\!gMT[G!+UG!NF\N!

gV[G!-G!J!j!XF`! [7Up!*FG)_7M !gTMX!8[7G!3'3( VU!δ TXWFMG!TV`F_G!TV`FVG!TVXFWG!TVTFVG!TVNFTG!

TM\F\G!TM\F\ G!TM\FXG!TM\F^G!TM\FTG!TTMFNG!\TFVG!VXFWG!V^FWG!VVFNG!VTF\G!M`FTG!M_FTG!MMFXG!T\F_G!T̂FTG!

NCPh2

(i-Pr)3Si

n-Bu



!

T\M!

TTFVp!CM7D) gZ;>nU!h8n[i n!?0(?Y1!.):!3 V [̂ ^` ];" C!WNNFV_N_G!.)2,1C!WNNFV_T_F!f! gO!F!j! aT_F^X!

gc j!TFNG!3[3(VU!.):!0!90+*(&!).! `` CT!&:F!!

!

C=EG+)3)(2+,C!3&((2()9& 5M!gV!µ+G!^FX!++!b!MWN!++UF!8)4"(&!*%09&C!``F`CNFT!%&S0,&9Ci5

/: @[G!NFVW!+Jc+",F!'&-&?-"),!Q0#&( &,A-%C!MW^!,+F!Z:j! ``CTF!

!

!

!

!

!

!

tert542-6(! gRGEU5gX5gg1"*%&,6(+&-%6(&,&U0+",)U5V5gg-:""9)*:)*6(9"(6(U&-%6,6(U%&S5W5&,5T5

6(U?0:40+0-&!gNA*NUF!$"-(&!?)+*)2,1 !NA*N!Q09!*:&*0:&1!0??):1",A!-)!A&,&:0(!+&-%)1! OF!

$%&!+0-&:"0(!Q09!*2:"."&1!46!:&#&:9&!*%09&!02-)+0-&1!?)(2+,!?%:)+0-)A:0* %6!gTNNx!

0?&-),"- :"(&U!-)!)4-0 ", !NA*N!09!0!6&(()Q!)"(!gVWF`!+AG!NFNX^M!++)(G! ^MF\x!6"&(1UF!IM)g-%",!

."(+U!VVWV!g4:UG!VNW`!gQUG!M`^T! `9UG!M\X^!g9UG!MTXW!g+UG!T_T^!g9UG!TWNX!g+U!?+5Tp!*C)_7M !

g^NN!8[7 G!3'3( VU δ!_FW^!gM[G!1G!J!j!_FT![7UG!_FVXa_FVM!gV[G!+UG!_FM_a_FMN!gV[G!+UG!_FN\a

_FNX!gM[G!+UG!XFXW!gT[G!1G!J!j!TMF`![7UG!XFTT!gT[G!1-G!J!j!TVFNG!_F_![7UG!^F_M!gT[G!9UG!VFT_!gM[G!

+ UG!MF^^aMFV\!gT[G!+UG!MFT\aMFT^!gM[G!+UG!TF^WaTFV`!gM[G!+U!TFVT!g`[G!+UG!NF`V!gMT[G!+Up!

NCPh2

(i-Pr)3Si

NHBoc



!

T\V!

*FG)_7M !gTMX!8[7G!3'3( VU!δ TXWF^G!T^MFMG!TV`F_G!TV`FWG!TVXF^G!TVNF̀G!TVNFMG!TM\F\G!TM\F_G!

TM\FXG!TM\F^G!TM\F^G!TM\FTG!TMWF\G!TTTFVG!\MFMG!VXFXG!VXFWG!VVF_G!VMFXG!T\F\ G!TTFVp!CM7D) gZ;>nU!

h8n[i n!?0(?Y1!.):!3VW[ WN] M@M;" C!WW`FV_T^G!.)2,1C!WW`FV_T`F!f! gO!F!j! aWFTM!gc j!TFNG!3[3(VU!

.):!0!90+*(&!).! `\FWCTFW!&:F!!

!

C=EG+)3)(2 + ,C!<+ 6()9&5T!gV!µ+G!^FX!++!b!MWN!++UF!8)4"(&!*%09&C!``F`CNFT!%&S0,&9Ci5

/:@[G!TFN!+Jc+",F!'&-&?-"),!Q0#&(&,A-%C!MMN!,+F!Z:!j!` \FWCTFWF!!

!

!

gRGEU5M5gX5gg1"*%&,6(+&-%6(&,&U0+",)U5V5gg-:""9)*:)*6(9"( 6(U&-%6,6(U%&S5W5&,5T5

6(U"9)",1)(",&5TGV51"),& !!gNA*JUF!$"-(&!?)+*)2 ,1 !NA*J!Q09!*:&*0 :&1!0??):1",A!-)!A&,&:0(!

+&-%)1! OF! $%&! +0-&:"0(! Q09! *2:"."&1! 46! :&#&:9&! *%09&! 02-)+0-&1! ?)(2+,!

?%:)+0-)A:0*%6!gTNNx!0?&-),"-:"(&U!-)!)4-0",!NA*J)09!0!6&(()Q!)"(!gWNFX!+AG!NFN\Ẁ!++)(G!

NCPh2

(i-Pr)3Si

N

O

O



!

T\^ !

W_FVx!6"&(1UF!IM)g-%",!."(+U!M̀^M!g+UG!M\X^!g+UG!MTX^!gQUG!T__V!gQU!T_TW!g9UG!TWW^!gQU!?+5Tp!

*C)_7M !g^NN!8[7G!3'3( VU δ!_FW`!gM[G!1G!J!j!_FT![7UG!_F^Na_FVX!gV[G!+UG!_FVTa_FM^!gV[G!

+UG!_FTM!gV[G!11G!J!j!_FWG!TF_![7UG!XFX`!gT[G!1G!J!j! TMF`![7UG!XFT`!gT[G!1-G!J!j!TVFNG!_F_![7UG!

MF^NaMFVW!gT[G!+U!MFT\!gM[G!K-G!J!j!T^FNG!_FM![7UGTF^MaTF^N!gM[G!+UG!TFV^aTFM\!gM[G!+UG!TFM^a

TFT!̀g_[G!+UG!NF`\aNF`\!gMT[G!+UG!NF\N!gV[G!-G!J!j!XF`![7Up!*FG)_7M !gTMX!8[7G!3'3( VU!δ 

TX\FMG!TXWFXG!TV`F_G!TV`F_G!TVXF^G!TVVF\G!TVMFMG!TVNFMG!TVNFTG!TM\F\G!TM\F\ G!TM\F_G!TM\F^G!TM\FTG!

TMVFMG!TTNFNG!\MF\ G!VXFWG!VVFMG!VTFTG!T\F_G!TTFVp!CM7D) gZ;>nU!h8n[i n!?0(?Y1!.):!3 V\[ ^^] M@M;" C!

W\`FVM^WG!.)2,1C!W\`FVM^F̂!f! gO!F!j! aM^FX^!gc j!TFNG!3[3(VU!.):!0!90+*(&!).! `_FWCMFW!&:F!!

!

C=EG+)3)(2+,C! <+6 ()9&5T!gV!µ+G!^FX!++!b!MWN!++UF!8)4"(&!*%09&C!`̀F`CNFT!%&S0,&9Ci5

/:@[G!TFN!+Jc+",F!'&-&?-"),!Q0#&(&,A-%C!MMN!,+F!Z:!j!` _FWCMFWF!

!

!

!

!

!

!

gSGEU5N5g 5̂gggtert542-6(1"+&-%6(9"(6(U)S6U+&-%6(U5X5g-:""9)*:)*6(9"(6(U%&S5T5&,5W56, 5T56(U5

TGT51"*%&,6(+&-%0,"+",& ! gNA*UUF! $"-(&! ?)+*)2,1 ! NA*U! Q09! *:&*0 :&1! 0??):1 ",A! -)!

NCPh2

(i-Pr)3Si

OTBS



!

T\W!

A&,&:0(! +&-%)1! OF! $%&! +0-&:"0(! Q09! *2:"."&1! 46! :&#&:9&! *%09&! 02-)+0-&1! ?)(2+,!

?%:)+ 0-)A:0*%6!gTNNx!0?&-),"-:"(&U!-)!)4-0",!NA*U)09!0!6&(()Q!)"(!ĝ _FT!+AG!NFN\^T!++)(G!

WXFNx!6"&(1UF!IM)g-%",!."(+U!M`^T!g9UG!M\`T!g+UG!M\XV!g9UG!MTXV!gQUG!TXXV!gQUG!TW``!gQUG!TWWX!

gQU!?+ 5Tp!*C)_7M !g^NN!8[7G!3'3( VU δ!_FX^!gM[G!1G!J j!_FN![7UG!_F^Xa_F^M!gV[G!+UG!_FV_a

_FVN!gV[G!+UG!_FT_!gM[G!11G!J j!_F^G!TF\![7U!XF_\!gT[G!1G!J j!TMF`![7UG!XFM_!gT[G!1-G!J!j!TMF`G!

_F\! [7UG!VFXW!gT[G!11G!J! j! `FXG!WFV! [7UG!VFWM!gT[G!11G!J j! `FWG!_FX! [7UG!MFX^aMFW`!gT[G!+UG!

MF^VaMFV\!gT[G!+UG!MFMXaMFMN!gT[G!+UG!TFNM!gMT[G!9UG!NF\ Vg!`[G!9UG!NFNN!gX[G!1G!J!j!MFX![7Up!*FG)

_7M !gTMX!8[7G!3'3( VU!δ TXWFVG!TV`F_G!TV`F^G!TVXFWG!TVTFTG!TVNFTG!TM\F\ G!TM\F\ G!TM\FXG!TM\F^G!

TM\FTG! TTTFMG! \TFXG! XTFNG! V_F_G! VXFXG! M`FWG! MXFNG! T\F_G! T\F̂G! TTFVG!5WFVp!CM7D) gZ;>nU!h8n[i n!

?0(?Y1! .):! 3VX[ WW]@;" MC!W_^FV\`WG! .)2,1C!W_^FV`NWF!f! gO!F! j! aVTFM^! gc j! TFNG! 3[3(VU! .):! 0!

90+*(&!).! `\FWCTFW!&:F!!

!

C=EG+)3)(2+,C! 3&((2()9&5T!gV!µ+G!^FX!++!b!MWN!++UF!8)4"(&!*%09&C!``F`CNFT!%&S0,&9Ci5

/:@[ G!TFN!+Jc+",F!'&-&?-"),!Q0#&(&,A-%C!MMN!,+F!Z:!j! `\FWCTFWF!

!

!

!

!

!

!



!

T\X!

!!

gSGEU5N5g 5̂gg4&,76()S6U+&-%6(U5X5g-:""9)*:)*6(9"(6(U%&S5T5&,5W56, 5T56(U5TGT5

1"*%&,6(+&-%0,"+",& ! gNA*QUF! $"-(&! ?)+*)2,1 ! NA*Q! Q09! *:&*0:&1! 0??):1",A! -)! A&,& :0(!

+&-%)1! OF! $%&! +0-&:"0(! Q09! *2:"."&1! 46! :&#&:9&! *%09&! 02-)+0-&1! ?)(2+,!

?%:)+0-)A:0*%6!gTNNx!0?&-),"-:"(&U!-)!)4-0", !NA*Q)09!0!6&(()Q!)"(!gW^FX!+AG!NFTNM!++)(G!

X_Fx̀!6"&(1UF!IM)g-%",!."(+U!VNXT!gQUG!VNM`!gQUG!M`^T!g9UG!M\`T!g+UG!M\X^!g9UG!MTX`!gQUG!TWW^!

gQU!?+5Tp!*C)_7M !g^NN!8[7G!3'3( VU δ!_FW^!gM[G!1G!J j!_FT![7UG!_FVMa_FVN!gV[G!+UG!_FMWa

_FT^!g_[G!+UG!_FN_a_FNW!gM[G!+UG!XFX`!gT[G!1G!J!j!TMF`![7UG!XFT_!gT[G!1-G!J!j!TVFNG!_F_![7UG!

^FV\!gM[G!1G!J j!MFV![7UG!VF^X!gT[G!11G!J!j!`FMG!WFX![7UG!VFVW!gT[G!-G!J j!_F̀ ![7UG!MFX`!gT[G!111G!

J!j!TVFTG!_FWG!WFX![7UG!MFVXaMFVT!gM[G!+UG!MFMTaMFTW!gT[G!+UG!NF`VaNF`N!gMT[G!+Up!*FG)_7M !

gTMX!8[7G!3'3( VU!δ TXWFVG!TV`F_G!TV`F_G!TV\FVG!TVXF^G!TVNFWG!TVNFTG!TM\F\ G!TM\F\ G!TM\FXG!TM\FWG!

TM\F̂G! TM\FTG! TM_FXG! TN\F_G! \MFXG! _VFMG! _MF^G! VVF_G! VVFNTG! T\F_G! TTFVp! CM7D )gZ;>nU! h8n[i n!

?0(?Y1! .):! 3VX[ ^W]@;" C!WVXFVV^VG! .)2,1C!WVXFVV^WF! f! gO!F! j! aT\F_T! gc j! TFNG! 3[3(VU! .):!0!

90+*(&!).! ` \ FWCTFW!&:F!!

!

C=EG+)3)(2+,C! 3&( (2()9&5T! gV!µ+G! ^FX! ++! b! MWN! ++UF! 8)4"(&! *%09&C! ``CT! %&S0,&9CI!

/: @[G!TFN!+Jc+",F!'&-&?-"),!Q0#&(&,A-%C!MMN, +F!Z:!j! ` \ FWCTFWF!!

!

NCPh2

(i-Pr)3Si

OBn
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!
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ggRGEU5N5g 5̂4&,76(5X5g-:""9)*:)*6(9"(6(U%&S5T5&,5W56, 5T56(U5TGT51"*%&,6(+&-%0,"+",& !

gNA*TUF!$"-(&!?)+*)2,1 !NA*T!Q09!*:&*0 :&1!0??):1" ,A!-)!A&,&:0(!+&-%)1! OF!$%&!+0-&:"0(!

Q09!*2:"."&1!46!:&#&:9&!*%09&!02-)+0-&1!?)(2+,!?%:)+0-)A:0*%6! gTNNx!0?&-),"-:"( &U!-)!

)4-0", !NA*T)09!0!6&(()Q!)"(! ĝ TFX!+AG!NFN\MT!++)(G! W^F\x!6"&(1UF!IM)g-%",!."(+U!VNM_!gQUG!

M`^T!g+UG!M\XV!g+UG!MTX_!gQUG!TXXM!gQUG!TXNN!gQU!?+5Tp!*C)_7M !g^NN!8[7G!3'3( VU δ!_FW`!

gM[G!1G!J j! _FN![7UG!_FVà_FVX!gV[G!+UG!_FVNa_FM^!gV[G!+UG!_FTXa_FN!̀g_[G!+UG!XF_T!gT[G!1G!J j!

TMF`![7UG!XFMXaXFMT!gT[G!1-G!J j! TVFNG!_F_![7UG!MF_âMFXV!gV[G!+UG!MFMMaMFT`!gM[G!+UG!NF`^!

gMT[G! +Up!*FG) _7M ! gTMX! 8[7G! 3'3( VU! δ TXWF^G! TV`F_G! TV`F^G! TVXFWG! TVNF\G! TVNFMG! TM`F^G!

TM\F\G!TM\F\ G!TM\F_G!TM\FWG!TM\FTG!TM\FTG!TMXFMG!TTNF̀G!\MFXG!^NFXG!VWF` G!V^F`G!T\F_G!TTFVp!CM7D)

gZ;>nU! h8n[i n! ?0(?Y1! .):! 3VW[ ^V];" C!WNXFVMV\G! .)2,1C!WNXFVM^XF! f! gO!F! j! aTTFT`! gc j! TFNG!

3[3( VU!.):!0!90+*(&!).! `WFWĈFW!&:F!!

!

NCPh2

(i-Pr)3Si

Ph
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C=EG+)3) (2+,C! 3&((2()9&5M!gV!µ+G! ^FX!++! b! MWN! ++UF! 8)4"(&! *%09&C! ``F`CNFT!

%&S0,&9Ci5/:@[G! TFN!+Jc+",F!'&-&?-"),!Q0#&(&,A-%C!MMN!,+F!Z:!j! `WFWĈFW!

!

!

gRGEU5N5g 5̂g 5̂+&-%)S64&,76(U5X5g-:""9)*:)*6(9"(6( U%&S5T5&,5W56, 5T56(U5TGT5

1"*%&,6(+&-%0,"+",& ! gNA*VUF! $"-(&! ?)+*)2 ,1 ! NA*V! Q09! *:&*0 :&1! 0??):1",A! -)! A&,&:0(!

+&-%)1! OF! $%&! +0-&:"0(! Q09! *2:"."&1! 46! :&#&:9&! *%09&! 02-)+0-&1! ?)(2+,!

?%:)+0-)A:0*%6!gTNNx!0?&-),"-:"(&U!-)!)4- 0", !NA*V)09!0!6&(()Q!)"(!ĝ ^FV!+AG!NFN\M_!+ +)(G!

WWFTx!6"&(1UF!IM)g-%",!."(+U!M`^T!g9UG!M\XV!g9UG!MTXV!`QUG!TXXM!gQUG!TXTM!g+UG!TW\^!gQU!?+5Tp!

*C)_7M !g^NN!8[7G!3'3( VU δ!_FX^!gM[G!1G!J!j! \FW![7UG!_F^^a_F^M!gV[G!+UG!_FVWa_FM`!gV[G!

+UG!_FT\a_FT_!gM[G!+UG!_FTN!gM[G!1G!J!j!\FW![7UG!XF__aXF_^!gM[G!+UG!XFM\!gT[G!1-G!J!j!TVFNG!_F_!

[7UG!VF_^!gV[G!+UG!MF_VaMFXV!gV[G!+UG!MFMWaMFMM!gM[G!+UG!TFNNaNF̀\!gMT[G!+Up!*FG)_7M !gTMX!

8[7G! 3 ' 3(VU!δ TXWF^G!TW\FTG! TV`F_G! TVXFWG! TVTFWG! TVTFNG! TVNFVG! TVNFMG! TM\F\ G! TM\F\ G! TM\FXG!

NCPh2

(i-Pr)3Si

OMe
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TM\FWG!TM\FTG!TTVFWG!TTTFTG!\MFWG!WWFVG!V`F_G!VWF_G!VWFTG!T\F_G!TTFVp!CM7D) gZ;>nU!h8n[i n!?0(?Y1!

.):!3 VX[ ^W]@;" C!WVXFVV^VG!.)2,1C!WVXFVVV_F!f! gO!F!j! aTTFVW!gc j!TFNG!3[3(VU!.):!0!90+*(&!). !

``CT!&:F!!

!

C=EG+)3)(2+,C! 3&((2()9& 5T! gV!µ+G! ^FX! ++! b! MWN! ++UF! 8)4"(&! *%09&C! ``CT! %&S0,&9Ci5

/:@[G!TFN!+Jc+",F!'&-&?-"),!Q0#&(&,A-%C!MMN!,+F!Z:!j! `` CTF!

!

!

gRGEU5N5g 5̂g 5̂.(2):)4&,76(U 5X5g-:""9)*:)*6(9"(6( U%&S5T5&,5W56, 5T56(U5TGT5

1"*%&,6(+&-%0," +",& ! gNA! " UF)$"-(&! ?)+*)2,1 ! NA!" ! Q09! *:&*0:&1! 0??):1",A! -)! A&,&:0(!

+&-%)1! OF! $%&! +0-&:"0(! Q09! *2:"."&1! 46! :&#&:9&! *%09&! 02-)+0-&1! ?)(2+,!

?%:)+0-)A:0*%6!gTNNx!0?&-),"-:"(&U!-)!)4-0", !NA!" )09!0!6&(()Q!)"(!gVWFW!+AG!NFNX_^!+ +)(G!

^^F x̀!6"&(1UF!IM)g-%",!."(+ U!M`^T!g9UG!M\`N!g+UG!M\X^!g9UG!MTXX!gQUG!TXXM!gQUG!TXNN!gQUG!TWW^!

NCPh2

(i-Pr)3Si

F
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gQU!?+5Tp!*C)_ 7M !g^NN!8[7G!3'3( VU δ!_FWW!gM[G!1G!J j!\FV![7UG!_FVWa_FV^!!gV[G!+UG!_FMXa

_FMN!gV[G!+UG!_FN\!gM[G!11G!J j!_FVG!TF`![7UG!_FN^!gM[G!11G!J j!\F^G!WFX![7UG!!XF_`!gM[G!-G!J j!\ F_!

[ 7UG!XFXX!gT[G!1G!J j!TMF`![7UG!XFT_!gT[G!1-G!J!j!TVFNG!_F_![7UG!MFXN!gV[G!+UG!MFTX!gM[G!-G!J!j!XF`!

[7UG! NF\àNF\\! gMT[G! +Up!*FG) _7M ! gTMX! 8[7G! 3'3( VU! δ TXWFXG! TXTFX! g1G!J! j! M^VF`! [7UG!

TV`F\ G!TV`FXG!TVXFWG!TVWFNG!TVNF_!gM3G!1G!J!j! _F_U![7 G!TVNFXG!TVNFMG!TM\F_!gM3G!1G!J!j! XF_![7 UG!

TM\F_G!TM\FWG!TM\FTG!TT^F\!gM3G!1G!J!j!MTFT![7 UG!TTNFWG!\MF`G!V`F_G!VWF` G!VWFNG!T\FXG!TTFVp!CM7D )

gZ;>nU! h8n[i n! ?0(?Y1! .):! 3VW[ ^MR];" C!WM^FVT^VG! .)2,1C!WM^FVT^`F! f! gO!F! j! a_FTX! gc j! TFNG!

3[3( VU!.):!0!90+*(&!).! `^FWCWFW!&:F!!

!

C=EG+)3) (2+,C!3&((2()9&5M!gV!µ+G!^FX!++!b!MWN!++UF!8)4"(&!*%09&C!`` F C̀NFT!%&S0,&9Ci5

/:@[G!TFN!+Jc+",F!'&-&?-"),!Q0#&(&,A-%C!MMN!,+F!Z:!j!`^ FWCWFWF!

 

4.5.3 Reaction Scale Up and Product Functionalization 

!!!!! !

NCPh2
10 mol % Co(OAc)2¥4H2O

10 mol % (R,R)-Me-DuPhos
  20 mol % Zn

DMSO: t-amyl alcohol (2:1)
80 ¼C, 20 h

+ Si(iPr)3

NCPh2

(iPr)3Si

(2.0 equiv)

Ph Ph
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gSGEU5N5g 5̂*%&,&-%6(5X5g-:""9)*:)*6(9"(6(U%&S5T5&,5W56, 5T56(U5TGT51"*%&,6(+&-%0,"+",&!

gNA!UF!>,!0,! ] M5."((&1! A()#&4)SG! 0,! )#&,51:"&1! gTMN! t3U! +"?:)Q0#&! #"0(! &K2"**&1! Q"-%!

+0A,&-"?!9-":!40:!Q09!?%0:A&1!Q"-%!?)40(-g>>U0?&-0-&!-&-:0%61:0-&!gM^F!̀+AG!NFTNN!++)(G!

NFTNN! &K2"#UG! gR,RU58& 5'2/%)9! g VNFX! + +)( G!NFTNN! ++)(G! NFTNN! &K2"#UG! 7",?! gTVFT! +AG!

NFMNN!++)(G!NFMNN!&K2"#UG! '8;@!gTFNN!+J UG!0,1! t50+6(!0(?)%)(! gWNN!‚J UF!$%&!+"S-2:&!

Q09!0(()Q&1!-)!9-":!0-!0+4"&,-!-&+*&:0-2:&!.):!TW!+",2-&9F!$)!-%&!#"0(!Q09!-%&,!011&1!

070-:"&,&!^FT!gVV_!+AG!TFNN!++)(G!TFNN!&K2"#U!0,1!-:""9)*:)*6(9"(6(0?&-6(&,&!ĝ ^` !‚JG!MFNN!

++)(G!MFNN!&K2"#U!Q%&:&2*),!-%&!:&0?-"),!#"0( !Q09!?0**&1G!-0=&, !)2-!).!-%&!A()#&4)SG!

0,1!9-"::&1!0-!\N!t3!.):!MN!%F!$%&!:&0?-"),!+"S-2:&!Q09!-%&,!?))(&1!-)!:))+!-&+*&:0-2:&!

K2&,?%&1!Q"-%!Q0-&:!gTW!+JU!0,1!&-%6(!0?&-0-&!gTN!+JUF!$%&!):A0,"?!0,1!0K2&)29!(06&:9!

Q&:&!9&*0:0-&1G!0,1!-%&!0K2&)29!(06&:!Q09!&S-:0?-&1!Q"-%!&-%6(!0?&-0-&!gTN!+J !S!VUF!$%&!

?)+4",&1!):A 0,"?!&S-:0?-9!Q&:&!1:"&1!)#&:!]0M;@^G!."(-&:&1G!0,1!?),?&,-:0-&1G!0,1!-%&,!

-%&!:&9"12&!*2:"."&1!46!:&#&:9&5*%09&!02-)+0-&1!?)(2+,!?%:)+0-)A:0*%6 !-)!0..):1 !-%&!

1&9":&1!*:)1 2?-!09!0!6&(()Q!) "(!gM`T!+AG!NFWXT!++) (G!WXFTx!6"&(1UF!!

!

bSU5̂ 5*%&,&-%6(5X5g-:""9)*:)*6(9"(6(U%&S5W56,0( F)<! M51:0+! #"0(G! &K2"**&1! Q"-%! 9-":! 40:G!

Q09!?%0:A&1!Q"-%!0701"&,&!NA!)gWMFN!+AG!NFTNN!++)(G!TFNN!&K2"#UG!$[R!gNF_NN!+JUG!0,1!

TFN!8!0K![3(!gNF_NN!+JUF!$%&!+"S-2:&!Q09!0(()Q&1!-)!9-":!.):!M!%!0-!MM!t3F!$%&!+"S-2:&!

Q09! 1"(2-&1! Q"-%! 1"&-%6(! &-%&:! gVFNN! +JU! 0,1! -%&! 0K2&)29! 0,1! ):A0,"?! (06&:9! Q&:&!

    1.0 M aq. HCl

NCPh2

(i-Pr)3Si

Ph

O

(i-Pr)3Si

Ph

THF, 22 ¼C, 2 h
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9&*0:0-&1F! $%&! 0K2&)29! (0-&:! Q09! -%&,! Q09%&1! Q"-%! 1"&-%6(! &-%&:! gWFNN! +J! S! VUF!$%&!

?)+4",&1!):A0," ?!&S-:0?-9!Q&:&!-%&,!1:"&1!)#&:!]0 M;@^G!."(-&:&1G!0,1!-%&, !?),?&,-:0-& 1!

in vacuoF! $%&! :&9"12&! Q09! -%&,! *2:"."&1!46! :&#&:9&! *%09&! 02-)+0-&1! ?%:)+0-)A:0*%6!

gTNNx! 0?&-),"-:"(&U! -)! 0..):1! -%&! -"-(&! ?)+*)2,1! 09! 0! .0",-! 6&(()Q! )"(! gT`FV! +AG! NFW^T!

++)(G!W^FTx!6"&(1UF!IM)g-%",!."(+U!VNM_!gQUG!M`^T!g9UG!M\XV!g9UG!MTXV!g+UG!T_TT!g9UG!TXNV!gQUG!

T^`X!gQU!?+ 5Tp!*C)_7M !g^NN!8[7G!3'3( VU δ!`FX`!gT[G!9UG!_FT\a_FTV!gM[G!+UG!_FN\a_FNW!gV[G!

+UG!MF\NaMF_W!gT[G!+UG!MFXXaMF^\!gV[G!+UG!MFVXaMFVN!gT[G!+UGTF__aTF_T!gT[G!+UG!TF_NaTFWW!

gV[G! +UG! NF`_!gMT[G! +Up! *FG) _7M !gTMX! 8[7G! 3'3( VU!δ MNMFTG! T^TF`G! T^TF̀G! TM\FWG! TM\F^G!

TMWF`G!^MFNG!V_FVG!V_FMG!VVF_G!VTF\ G!VTF_G!M`F`G!M_F^G!T\F_G!TTFVp!CM7D !gZ;>nU!h8n[i n!?0(?Y1!.):!

3 MV[ VX@;"C!VW_FMXN\G! .)2,1C!VW_FMXTT! f! gO!F! j! nMVF\^ ! gc j! TFNG! 3[3(VU! .):! 0! 90+*(&! ).!

` _FWCMFW!&:F!

!

gSU5̂ 5*%&,&-%6(5X5g-:""9)*:)*6(9"(6(U%&S5W56, 5T5)(!gNA!JUF!<!M51:0+!#"0(!Q09!?%0:A&1!Q"-%!

?:21&!0(1&%61&G!]0O[ ^!g_FWX!+AG!NFMNN!++)(G!MFNN!&K2"#UG!&-%0,)(!gXNN!µJUF!$%&!:&0?-"),!

+"S-2:&! Q09! -%&,! 0(()Q&1! -)! 9-":! 0-! :))+! -&+*&:0-2:&! .): !M! %)2:9! 0.-&:! Q%"?%! "-! Q09!

K2&,?%&1!Q"-%!TNx!0K2&)29!]0@[!gTFNN!+JU!0,1!.2:-%&:!9-"::&1!0-!:))+!-&+*&:0-2:&!

.) :!TN!+",2-&9F!$%&!+"S-2:&!Q09!1"99)(#&1!",!Q0-&:!gMFNN!+JU!0,1!1"?%():)+&-%0,&!gWFNN!

+JUF! $%&! 0K2&)29! 0,1! ):A0,"?! (06&:9! Q&:&!9&*0:0-&1F!$%&! 0K2&)29! (0-&:! Q09! -%&,!

Q09%&1!Q"-%!1"?%():)+&-%0,&!gWFNN!+J!S!VUF!$%&!?)+4",&1!):A0,"?!&S-:0?-9!Q&:&!-%&,!

O

(i-Pr)3Si

Ph

OH

(i-Pr)3Si

Ph

    2.0 equiv NaBH4

EtOH, 22 ¼C, 2 h
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1:"&1! )# &:! ]0 M;@^G! ."(-&:&1G! 0,1! -%&,! ?),?&,-:0-&1!in vacuoF! $%&! :&9"12&! Q09! -%&,!

*2:"."&1!46! :&#&:9&!*%09&!02-)+0-&1!?%:)+0-)A:0*%6!gTNNx!0?&-),"-:"(&U!-)!0..):1! -%&!

-"-(&!?)+*)2 , 1!09!0!?)():(&99!)"(!gT`F_!+AG!NFW^`!++)(G!W^F`x!6"&(1!0.-&:!-Q)!9-&*9UF!IM)

g-%",! ."(+U!VVVV!g4:UG!VNMX!gQUG!M`^N!g9UG!M\`N!g+UG!M\XV!g9UG!MTXT!g+UG!TXN_!gQUG!T^`X!gQU!

?+ 5Tp!*C)_7M !gWNN!8[7G!3'3( VU δ!_FTWa!_FTT!gM[G!+UG!_FN_a_FNV!gV[G!+UG!VFWM!gM[G!-G!J j !

XF^![7UG!MF_W!gT[G!111 G!J!j!T^FMG!\FVG!XFX![7UG!MFXN!gT[G!1-G!J!j!TVFXG!\FT![7UG!MFM_!gT[G!--G!J!j!

\F\G!WF^![7G!T[UG!TFXàTFWT!g^[G!+UG!TF^_aTFVW!gM[G!+UG!TFMN!gT[G!9UG!NF`XaNF`V!gMT[G!+Up!*FG)

_7M !gTMX!8[7G!3'3( VU!δ T^MFMG!TM\FWG!TM\F̂G!TMWF\G!TTTF\ G!\MFTG!XMF\ G!V_F^G!VVF_G!VMFMG!VTFWG!

VNFXG! T\F_G! TTFVp! CM7D ! gZ;>nU! h8n[i n! ?0(?Y1! .):! 3MV[ V\ @;"C!VẀFM_XWG! .)2,1C!VW`FM_XNF!

f! gO!F!j! nVTFX^!gc j!TFNG!3[3(VU!.):!0!90+*(&!).! `_FWCMFW!&:F!

!

C=EG+)3)(2+,C! 0+6 ()9&5T!gV!µ+G! F̂X!++!b!MWN!++UF!8)4"(&!*%09&C!``F`CNFT!%&S0, &9Ci5

/:@[G!TFN!+Jc+",F!'&-&?-"),!Q0#&(&,A-%C!MNN!,+F!Z:!j!` _FWCMFW!

!

!

!
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gRU5N5g 5̂*%&,&-%6(5X5g-:""9)*:)*6(9"(6(U%&S5W56, 5T56(U5TGT51"*%&,6(+&-%0,"+",& ! gNA!UUF)

>,! 0,! ] M5."((&1! A()#&4)SG! 0! M51:0+! #"0(! &K2"**&1! Q"-%! 0! 9-":40:!Q09! ?%0:A&1! Q"-%!

H%g3@'UMOR̂!gMFN!+AG!NFNNW!++)(G!NFNWN!&K2"#UG!-:"?6?()%&S6(*%)9*%",&!gTF^!+AG!NFNNW!

++)(G! NFNWN!&K2"#UG!0,1!+&-%0,)(!gMNN!+ JUF!$%&!:&0?-"),!+"S-2:&!Q09!0(()Q&1!-)!9-":!0-!

0+4"&,-!-&+*&:0-2:&! .):!VN!+",2-&9!0.-&:!Q%"?%!0701"&,&!F:)gMXFN!+AG!NFNWN!++)(G!TFNN!

&K2"#U! 0,1! +&-%0,)(!gMNN!+ JU! Q09! 011&1! -)! -%&! #"0(F! $%&! #"0(! Q09! -0=&,! )2-! ).! -%&!

A()#&4)SF! $%&! #"0(! Q09! &#0?20-&1! 0,1! 40?=."((&1! Q"-%! %61:)A&,! A09! g.:)+! %61:)A&,!
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8[7G! 3'3( VU!δ TX_F\G! T^MF^G! T^NFNG! TV_FNG! TM`F\ G! TM\F\ G! TM\FWG! TM\FWG! TM\FVG! TM\FVG! TM\FNG!

NCPh2

(i-Pr)3Si

Ph

10 mol % Rh(COD)2BF4

        10 mol % PCy3

        H2 (1 atm)
MeOH, 60 ¼C, 19 h
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4.5.4 X-ray crystallographic data for 4.2 
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h0/&1( ! TXMMF_gVU!qV!

\ ! M!
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5`<0'>2$06)90(..$9$(62! NFN`W!++5T!

#b"""c! WX!̂

!

O:2:)90//(92$06)

O$..':9201(2(' ! O:2=&:!P0**0! <*&S>>G!O:2=&:!

-3(2:)':6%().0')?:2:)90//(92$06 ! MFTNN!-)!MXFV_WtF!

I6?(Z)':6%(< ! 5TN‡j%‡j TMG!5TT‡j=‡jTTG!5MM‡j(‡jMM!

M(./(92$06<)90//(92(?! ^_^T_!

I6?(>(6?(62)'(./(92$06< ! VWMX!hHg",-U!j!NFNX^i!

[`<(';(?)M(./(92$06< ! M`WT!

G01>/(2(6(<<)20)23(2:)p)!UAFQJn! ``F_!x! !

!

D0/&2$06):6?)M(.$6(1(62 )

5`<0'>2$06)90''(92$06! ]2+&:"?0( !

7:ZA):6?)1$6A)2':6<1$<<$06! NF`!̀0,1!NF`\!

D0/&2$06! >,-:",9"?!*%09",A!+&-%)19!

M(.$6(1(62) 1(230? ! R2((5+0-:"S!(&09-59K20:&9!),!RM!

i($%32$6%)<93(1(! Q!j!h( MR)Mn!</ Mn!O/i 5TG!Q"-%!!

! /!j!gR) Mn!M!R?MUcVG!<!j!NFNVMG!O!j!NFVVW!

O:2:)@)'(<2':$62<)@)>:':1(2('<! VWTX!c!^!c!^_`!

Ph2CN

Si(iPr)3

Ph
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W00?6(<<,0. ,.$2)06)#! ! TFNMV̀ !

#$6:/)M)$6?$9(<)fIq!<$%1:bIcg! HT!j!NFNV_NG!QHM!j!NFNX``!

M)$6?$9(<)b://)?:2:c! HT!j!NFNWTMG!QHM!j!NFN_X`!

5`<0/&2()<2'&92&'()>:':1(2(' ! NFNgVU!

E:'%(<2)?$..A)>(:K):6?)30/( ! NFVT!0,1!5NFM_!&Fq5V!
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5201$9)900'?$6:2(<)b)Z)*"Nc):6?)(j&$;:/(62))$<02'0>$9)?$<>/:9(1( 62)>:':1 ( 2('<)bm! Z)*"Fc).0' )NA! A))

Rb(jc)$<)?(.$6(?):<)06()23$'?)0.)23()2':9()0.)23()0'230%06:/$H(?)R$Y)2(6<0'A)

DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD!!

! S! 6! 7! Bg&KU!

DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD!!!
;"T! ^__XgTU! ^``WgMU! \MVVgTU! M_!

]T ! TN\NgMU! __^VgMU! XT\NgTU! MV!

3T! M`^`gVU! ^WMVgVU! \NTVgTU! M\!

3M! T_^VgMU! ^MV`gVU! _`NXgTU! M !̂

3V! MXVgMU! V\`\gVU! __\`gTU! MW!

3^ ! 5M`\gVU! ^V^^gVU! _NNXgMU! MX!

3W! 5TTgMU! W\`MgVU! X\V^gMU! MW!

3X! __^gMU! XM\_gVU! XM`XgTU! MV!

3_! WNMTgVU! X``Xg^U! \N^MgMU! ^^!

3\ ! ^TMVg^U! _W_Vg^U! _V\TgMU! XN!

3` ! XWM`g^U! _V`NgWU! _`WTgVU! X\!

3TN! W\XMgVU! V\MVg^U! _XW^gMU! ^^!

3TT! WXMXg^U! MMTVg^U! _\N^gVU! XV!

3TM! WXWTg^U! ^TWVgWU! X\MWgMU! XT!

3TV! WTWNgVU! ^W^Ng^U! `M^MgMU! V`!

3T^! XX_Wg^U! ^W\MgXU! `^`WgVU! _^!

3TW! ^MX`gWU! WV̂_gXU! `_^NgMU! _\ !

3TX! MgVU! MM\WgVU! _`VWgTU! M_!

3T_! ^X^gVU! T\^TgVU! \_MVgMU! VX!

3T\ ! MXTgVU! MW^gVU! \\_XgTU! V !̂

3T` ! 5\N`gVU! 5T`Xg^U! `M`VgMU! ^M!

3MN! 5̀`\g^U! 5TX^Wg^U! `^^\gMU! WX!

3MT! 5TV^gWU! 5MXXMg^U! `T\\gMU! W!̀

3MM! `MMg^U! 5MM^Wg^U! \__NgMU! W!̀

3MV! TTMMgVU! 5_\Nĝ U! \XTTgMU! ^W!

3M !̂ T_XMgMU! \TTXgVU! WXMTgTU! MT!

3MW! MTT\gMU! `X_`gVU! WWW_gTU! T`!

3MX! MVTMgMU! TNVNMgVU! ^\_WgTU! MM!

3M_! MWW_gMU! TT__MgVU! ^\TTgTU! MX!

3M\! MXV_gMU! TMXV\gVU! W^VXgMU! M\!

3M`! M^_^gMU! TMNM`gVU! XTMVgMU! MX!

3VN! MMN_gMU! TNWXMgVU! XT\XgTU! MV!

3VT! MT\\gMU! _TTMgVU! WNVTgTU! MN!

3VM! TMTVgMU! X^TTgVU! ^WXWgTU! MW!

3VV! TXNTgVU! W^_^gVU! ^NT\gMU! M !̀
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3V^! M`\^gVU! WMM^gVU! V`V_gTU! M !̀

3VW! V`_MgVU! W`NMgVU! ^V`_gMU! VM!

3VX! VW\VgVU! X\W^gVU! ^`V`gMU! M_!
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)))))))))))))))))))))))))))))))))))))))))))))))))806?)/(6%23<)fmg):6?):6%/(<)fng).0')NA!A)

DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD!!

;"T53T! TF\^XgVU!! ;"T53_! TF\`\g^U!! !

;"T53TN! TF\\NgVU!! ;"T53TV! TF\\_gVU!! !

]T 53X! TFV`XgVU!! ]T 53M !̂ TFM`VgVU!! !

3T53M! TFMNWgVU!! 3M53V! TF^_WgVU!! !

3V53^ ! TFWN̂g^U!! 3V53TX! TFWV\g^U!! !

3V5[VT ! TFNXgVU!! 3^ 53W! TF^`^g^U!! !

3^ 5[^T ! NF̀_gVU!! 3^ 5[^M ! NF``gVU!! !

3W53X! TFVM\gVU!! 3W5[WT! NF`XgVU!!

3X5[XT ! NF`\gVU!! 3_53\ ! TFWVNg^U!! !

3_53` ! TFWVNgWU! 3_5[_T ! TFTWgVU!! !

3\ 5[\T ! NF`_g^U!! 3\ 5[\M ! TFNNg^U!! !

3\ 5[\V ! TFTTgVU!! 3` 5[`T ! TFNNg^U!!

3` 5[ `M! TFTNg^U!! 3` 5[`V ! TFNWgVU!! !

3TN53TT! TFWVMgWU!! 3TN53TM! TFWVMgWU!! !

3TN5[TNT! TFNVgVU!! 3TT5[TTT ! NF`_g^U!! !

3TT5[TTM! TFN_g^U!! 3TT5[TTV ! NF`Vg^U!! !

3TM5[TMT! NF``g^U!! 3TM5[TMM! TFNTg^U!!

3TM5[TMV! TFNNg^U!! 3TV53T^! TFWMVgWU!! !

3TV53TW! TFWM\gWU!! 3TV5[TVT ! TFNVgVU!! !

3T^5[ T̂ T! TFNMg^U!! 3T^5[T^M! TFN_gVU!!

3T^5[T^V ! NF`Mg^U!! 3TW5[TWT! TFNNg^U!! !

3TW5[TWM! TFNVgWU!! 3TW5[TWV! NF`Xg^U!! !

3TX53T_! TFWMVg^U!! 3TX5[TXT ! NF``gVU!!

3TX5[TXM! NF`XgVU!! 3T_53T\ ! TFWN_g^U!! !

3T_5[T_T ! NF`\gVU!! 3T_5[T_M! TFNNgVU!! !

3T\ 53T` ! TFV\`g^U!! 3T\ 53MV! TFV__g^U!! !

3T` 53 MN! TFV\MgWU!! 3T` 5[T`T ! TFNTgVU!! !

3 MN53MT! TFVXWgXU!! 3MN5[MNT! NF`XgÛ!! !

3MT53MM! TFV_TgXU!! 3MT5[MTT! NF``g^U!! !

3MM53MV! TF^NNgWU!! 3MM5[MMT! NF\Vg^U!! !

3MV5[MVT! NF``gVU!! 3M 5̂3MW! TF^`TgVU!! !

3M 5̂3VT! TF^`WgVU!! 3MW53MX! TFV\_gVU!! !

3MW53VN! TFV``gVU!! 3MX53M_! TFV\WgVU!! !

3MX5[MXT! NF`MgVU!! 3M_53M\! TFV\^g^U!! !

3M_5[M_T! TFNVgVU!! 3M\53M`! TFV\̂g^U!! !

3M\5[M\T ! NF`_gVU!! 3M`53VN! TFV\Xg^U!! !

3M`5[M`T ! TFNNgVU!! 3VN5[VNT! NF`\gMU!! !

3VT53VM! TFV\XgVU!! 3VT53VX! TFV`\gVU!! !



!

MNT!

3VM53VV! TFV\_g^U!! 3VM5[VMT! NF`WgMU!!

3VV53V^! TFV\Mg^U!! 3VV5[ VVT! NF`MgVU!! !

3V^53VW! TFV_`g^U!! 3V^5[V^T ! TFNNgVU!! !

3VW53VX! TFV\\g^U!! 3VW5[VWT! NF̀WgVU!! !

3VX5[VXT! NF`^gVU!!

!

!

!

3T5;"T53_! TN\F_^gTVU!! 3T5;"T53TN! TN\FT_gT^U!! !

3_5;"T53TN! TTMFT^gTXU!! 3T5;"T53TV! TNXFNWgTVU!! !

3_5;"T53TV! TTMFNVgTWU!! 3TN5;"T53TV! TN`F^WgTXU!! !

3X5]T 53M !̂ TMNFNgMU!! ;"T53T53M! T_XFXgMU!! !

3T53M53V! T_̀ FNgVU!! 3M53V53^ ! TTTFNgMU!! !

3M53V53TX! TTNFXgMU!! 3^ 53V53TX! TTTF^gMU!! !

3M53V5[VT ! TNWFMgTVU!! 3^ 53V5[VT ! TN\FTgTVU!! !

3TX53V5[VT ! TTNFVgTVU!! 3V53^ 53W! TTMF`gMU!! !

3V53^ 5[^T ! TN_FMgTWU!! 3W53^ 5[^T ! TTNF\gTXU!! !

3V53^ 5[^M ! TN F̀`gTWU!! 3W53^ 5[^M ! TTNFNgTXU!! !

[ ^T53^ 5[^M ! TNXgMU!! 3^ 53W53X! TMMF\gVU!! !

3^ 53W5[WT! TT`FVgTXU!! 3X53W5[WT! TT_FVgTXU!! !

]T 53X53W! TMNF`gMU!! ]T 53X5[XT ! TMNFVgTWU!! !

3W53X5[XT ! TT\F_gTWU!! ;"T53_53\ ! TT^FMgMU!! !

;"T53_53` ! TTMFXgMU!! 3\ 53_53` ! TN`FWgVU!! !

;"T53_5[_T ! TNWFTgTXU!! 3\ 53_5[_T ! TN F̀`gTWU!! !

3` 53_5[_T ! TNWFNgTWU!! 3_53\ 5[\T ! TN\gMU!! !

3_53\ 5[\M ! TT^gMU!! [\T 53\ 5[\M ! TTNgVU!! !

3_53\ 5[\V ! TTTF_gT`U!! [\T 53\ 5[\V ! TNWgVU!! !

[\M 53\ 5[\V ! TN_gVU!! 3_53` 5[`T ! TTMgMU!! !

3_53` 5[`M ! TTVFTgT`U!! [`T 53` 5[`M ! `\gVU!! !

3_53` 5[`V ! TN`gMU!! [`T 53` 5[`V ! TMNgVU!! !

[`M 53` 5[`V ! TN^gVU!! ;"T53TN53TT! TTTFVgMU!! !

;" T53TN53TM! TTMF`gVU!! 3TT53TN53TM! TTNF\gVU!! !

;"T53TN5[TNT! TNVF\gT_U!! 3TT53TN5[TNT! TTTF\gT\U!! !

3TM53TN5[TNT! TNXFNgTXU!! 3TN53TT5[TTT ! TN_gMU!! !

3TN53TT5[TTM! TNXgMU!! [TTT 53TT5[TTM! TT^gVU!! !

3TN53TT5[TTV ! TTMgVU!! [TTT 53TT5[TTV ! TT`gVU!! !

[TTM53TT5[TTV ! `\gVU!! 3TN53TM5[ TMT! TT^gMU!! !

3TN53TM5[TMM! TTTgMU!! [TMT53TM5[TMM! TN\gVU!! !

3TN53TM5[TMV! TTWFVgMNU!! [TMT53TM5[TMV! TN_gVU!! !

[TMM53TM5[TMV! TNNgVU!! ;"T53TV53T^! TT^FNgMU!! !



!
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;"T53TV53TW! TTTF\gMU!! 3T^53TV53TW! TTMF^gVU!! !

;"T53TV5[TVT ! TNVF_gT_U!! 3T^53TV5[TVT ! TNXFXgT_U!! !

3TW53TV5[TVT ! TN_FXgT_U!! 3TV53T^5[T^T ! TN`gMU!! !

3 TV53T^5[T^M! TNWgMU!! [T^T 53T^5[T^M! TNXgVU!! !

3TV53T^5[T^V ! TTWgVU!! [T^T 53T^5[T^V ! TT_g^U!! !

[T^M53T^5[T^V ! TNVg^U!! 3TV53TW5[TWT! TTNgVU!! !

3TV53TW5[TWM! TNVgVU!! [TWT53TW5[TWM! TN\g^U!! !

3 TV53TW5[TWV! TTMgVU!! [TWT53TW5[TWV! TNMgVU!! !

[TWM53TW5[TWV! TMTĝU!! 3V53TX53T_! TTMF̂gMU!! !

3V53TX5[TXT ! TTNFTgT_U!! 3T_53TX5[TXT ! TN`F^gTWU!! !

3V53TX5[TXM! TTTF_gTXU!! 3T_53TX5[TXM! TN_F^gTXU!! !

[TXT 53TX5[TXM! TNXgMU!! 3TX53T_53T\ ! TTVFXgMU!! !

3TX53T_5[T_T ! TN\FWgT_U!! 3T\ 53T_5[T_T ! TTMF_gT\U!! !

3TX53T_5[T_M! TN\FXgTXU!! 3 T\ 53T_5[T_M! TN`F_gT\U!! !

[T_T 53T_5[ T_M! TNVgMU!! 3T_53T\ 53T` ! TMNFMgVU!! !

3T_53T\ 53MV! TMTFVgVU!! 3T` 53T\ 53MV! TT\FWgVU!! !

3T\ 53T` 53MN! TMNF`g^U!! 3T\ 53T` 5[T`T ! TT\F^gT_U!!

3MN53T` 5[T`T ! TMNFVgT\U!! 3T` 53MN53MT! TMNFVg^U!! !

3T` 53MN5[MNT! TT\gMU!! 3MT53MN5[MNT! TMMgMU!! !

3MN53MT53MM! TT`F\gVU!! 3MN53MT5[ MTT! TT\gMU!! !

3MM53MT5[MTT! TMMgMU!! 3MT53MM53MV! TMNFVg^U!! !

3MT53MM5[MMT! TMXgVU!! 3MV53MM5[MMT! TT^gVU!! !

3MM53MV53T\ ! TMNFMgVU!! 3MM53MV5[MVT! TMMFNgT`U!! !

3T\ 53MV5[MVT! TT_F\gT`U!! ]T 53M 5̂3MW! TT_FNgMU!! !

]T 53M 5̂3VT! TMWFTgMU!! 3MW53M 5̂3VT! TT_Fg̀MU!! !

3M 5̂3MW53MX! TMTFMgMU!! 3M 5̂3 MW53VN! TMNFMgMU!! !

3MX53MW53VN! TT\FXgMU!! 3MW53MX53M_! TMTFNgMU!! !

3MW53MX5[MXT! TMVFVgTXU!! 3M_53MX5[MXT! TTWF_gTXU!! !

3MX53M_53M\! TT`F`gMU!! 3MX53M_5[M_T! TMMFMgTWU!! !

3M\53M_5[M_T! TT_F\gTWU!! 3M_53M\53M`! TT`F\gMU!! !

3M_53M\5[M\T ! TT\F̂gTXU!! 3M`53M\5[M\T ! TMTF\gTXU!!

3M\ 53 M 5̀3VN! TMNF^gVU!! 3M\53M`5[M`T ! TT`F\gTWU!!

3VN53M`5[M`T ! TT`F\gTWU!! 3MW53VN53M`! TMNFVgMU!! !

3MW53VN5[VNT! TT`FNgTXU!! 3M`53VN5[VNT! TMNF_gTXU!! !

3M 5̂3VT53VM! TMTFNgMU!! 3M 5̂3VT53VX! TMNFWgMU!! !

3VM53VT53VX! TT\FWgMU!! 3VT53VM53VV! TMTFVgMU!! !

3VT53VM5[VMT! TMNFTgTWU!! 3VV53VM5[ VMT! TT\FWgTWU!! !

3VM53VV53V^! TT`FWgMU!! 3VM53VV5[VVT! TT\F_gTXU!! !

3V^53VV5[VVT! TMTF\gTXU!! 3VV53V^53VW! TMNFMgMU!! !

3VV53V^5[V^T ! TMNF`gTWU!! 3VW53V^5[V^T ! TT\F\gTWU!! !
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3V^53VW53VX! TMNFMgMU!! 3V^53VW5[VWT! TT`FMgT_U!! !

3VX53VW5[V WT! TMNFXgT_U!! 3VT53VX53VW! TMNFVgMU!! !

3VT53VX5[ VXT! TMNFMgTXU!! 3VW53VX5[VXT! TT`FXgTWU!!

DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD!!

;6++&-:6!-:0,9.):+0-"),9!29&1!-)!A&,&:0-&!&K2"# 0(&,-!0-)+9C!!

!!
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56$<02'0>$9)?$<>/:9(1(62)>:': 1 (2('< )bm! Z)*"Fc).0')NA!A))-3():6$<02'0>$9)?$<>/:9(1(62).:920')

(Z>06(62)2:K(<)23().0'1+)),! � ! f)3! ):r ! R** )s)AAA))s)!)3)K):r)`r)R*! g)

DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD!!

! BTT! BMM!! BVV! BMV! BTV! BTM!

DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD!!

;"T!MNgTU!! VMgTU! M\gTU!! NgTU! NgTU!! 5VgTU!

]T MTgTU!! MVgTU! MXgTU!! ^gTU! VgTU!! TgTU!

3T!MXgTU!! M`gTU! M\gTU!! MgTU! MgTU!! 5TgTU!

3M!M_gTU!! MTgTU! MWgTU!! ^gTU! ^gTU!! NgTU!

3V!MMgTU!! MWgTU! M_gTU!! ^gTU! VgTU!! 5̂ gTU!

3^ !T\gTU!! VMgTU! VNgTU!! ^gTU! MgTU!! 5̂ gTU!

3W!MTgTU!! M`gTU! M_gTU!! VgTU! MgTU!! TgTU!

3X!MNgTU!! MMgTU! M_gTU!! VgTU! VgTU!! TgTU!

3_!̂ TgMU!! V\gMU! WMgMU!! `gMU! 5\gTU!! 5TMgMU!

3\ !̂ XgMU!! WMgMU! _`gVU!! VMgMU! 5TMgMU!! 5TVgMU!

3` !W^gMU!! XTgVU! \VgVU!! M_gMU! 5MXgMU!! 5VTgMU!

3TNMWgMU!! W`gMU! WNgMU!! 5TTgMU! `gTU!! 5_gTU!

3TTWTgMU!! WTgMU! \\gVU!! 5MMgMU! T_gMU!! WgMU!

3TMWNgMU!! `MgVU! ^MgMU!! 5T`gMU! TVgMU!! 5MMgMU!

3TV̂ NgMU!! ^MgMU! VWgMU!! _gTU! 5MgTU!! 5XgTU!

3T^WWgMU!! TN\g^U! WWgMU!! MXgVU! 5M_gMU!! 5MTgMU!

3TẀ`gVU!! TNWg^U! VMgMU!! 5_gMU! TNgMU!! TVgVU!

3TXMXgTU!! M\gTU! M_gTU!! ^gTU! MgTU!! 5XgTU!

3T_WTgMU!! M`gMU! M_gMU!! VgTU! VgTU!! 5XgTU!

3T\ ^^gMU!! VTgMU! M^gTU!! XgTU! 5XgTU!! 5XgTU!

3T` WVgMU!! ^TgMU! VVgMU!! VgMU! TgTU!! 5TVgMU!

3MN__gVU!! W^gMU! V_gMU!! TTgMU! 5̂ gMU!! 5V^gMU!

3MT\\gVU!! VWgMU! ^`gMU!! T^gMU! 5M_gMU!! 5MTgMU!

3MMX`gVU!! V_gMU! XXgMU!! 5WgMU! 5MTgMU!! T^gMU!

3MVWNgMU!! V\gMU! ^XgMU!! TgMU! 5WgMU!! 5TgMU!

3M T̂VgTU!! M^gTU! M^gTU!! ^gTU! 5VgTU!! MgTU!

3MWT^gTU!! T`gTU! MWgTU!! TgTU! MgTU!! TgTU!

3MXMTgTU!! MMgTU! MWgTU!! NgTU! MgTU!! NgTU!

3 M_M^gTU!! MXgTU! M\gTU!! ^gTU! WgTU!! 5VgTU!

3M\MTgTU!! MNgTU! ^VgMU!! MgTU! MgTU!! 5TgTU!

3M`MNgTU!! MWgTU! VMgTU!! 5WgTU! MgTU!! TgTU!

3VNTXgTU!! M\gTU! MWgTU!! MgTU! MgTU!! VgTU!

3VTT`gTU!! T_gTU! MVgTU!! XgTU! ^gTU!! 5TgTU!

3VMT\gTU!! MXgTU! VNgTU!! VgTU! MgTU!! 5TgTU!

3VVVVgTU!! MVgTU! M`gTU!! TgTU! NgTU!! 5WgTU!
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3V^VXgTU!! MNgTU! VVgTU!! 5MgTU! TWgTU!! 5VgTU!

3VWMWgTU!! M_gTU! ^^gMU!! NgTU! TVgTU!! TgTU!

3VXT`gTU!! MXgTU! V_gMU!! 5TgTU! MgTU!! 5̂ gTU!
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!!
[VT ! 5MVNgMNU! ^WWNgVNU! \T__gT^U! VN!

[^T ! 5TM\NgVNU! ^TXNgVNU! X`_VgTVU! VM!

[^M ! `NgVNU! V_NNgVNU! XXVVgTWU! VM!

[WT! 5M`NgVNU! XXVNgVNU! _TXVgT^U! VT!

[XT ! TT\NgVNU! WWVNgVNU! W```gT^U! M\!

[_T ! ^_^NgVNU! _W\Ng^NU! \W_XgT_U! WV!

[\T ! ^M\Ng^NU! \XTNg^NU! _V^NgMNU! _M!

[\M ! VTMNg^NU! _V_Ng^NU! _^NVgT`U! _M!

[\V ! ^^^NgVNU! _TVNg^NU! X\WTgT_U! _M!

[` T! X_TNg^NU! \^WNgWNU! \NVNgMNU! \M!

[`M ! _MVNg^NU! X``NgWNU! \^TNgMNU! \M!

[`V ! X\XNg^NU! X\XNg^NU! _^\NgMNU! \M!

[TNT! X\XNgVNU! ^T^Ng^NU! _\TTgTXU! WV!

[TTT ! XM\Ng^NU! TX_Ng^NU! _WMNgMNU! _X!

[TTM! W_\Ng^NU! MN_Ng^NU! \V`NgMNU! _X!

[TTV ! ^_NNg^NU! T`_NĝNU! __XNgMNU! _X!

[TMT! XTWNg^NU! V^̀ Ng^NU! XWTNgMNU! _V!

[TMM! W`WNg^NU! WT\NgWNU! X_TVgT`U! _V!

[TMV! ^X_Ng^NU! ^T`Ng^NU! XXMVgT`U! _V!

[TVT ! ^\^NgVNU! V^\Ng^NU! `M_\gTXU! ^_!

[T^T ! X\NNg^NU! ^MTNgWNU! TNNVNgMNU! \` !

[T^M! X`^Ng^NU! W_NNg^NU! `WMNgMNU! \` !

[T^V ! _MXNg^NU! ^MMNgWNU! `TXNgMNU! \` !

[TWT! ^V^Ng^NU! WNMNgWNU! TNMWNgMNU! `W!

[TWM! ^_XNgWNU! X^VNgWNU! `_WNgMNU! `W!

[TWV! VVNNgWNU! WVWNgWNU! `XNNgMNU! `W!

[TXT ! 5̀`NgVNU! MNXNgVNU! _\V\gT^U! VV!

[TXM! ^\NgVNU! TX\NgVNU! _XN_gTWU! VV!

[T_T ! TNgVNU! M^_NgVNU! `NXXgTXU! ^V!

[T_M! T^XNgVNU! MTNNgVNU! \\T\gT WU! ^V!

[ T`T! 5TWTNgVNU! WWNgVNU! `^VMgTXU! WT!

[MNT! 5T_^Ng^NU! 5T`TNg^NU! `_^\gT`U! X\!

[MTT! 5VVNgVNU! 5V_NNg^NU! `M\WgT`U! _N!

[MMT! T^`Ng^NU! 5M\NNgWNU! \W`NgMNU! _N!

[MVT! T\_NgVNU! 5̂ WNgVNU! \VN\gT_U! W!̂
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[MXT! MM_NgMNU! `_`NgVNU! ^^V\gT^U! M_!

[M_T! MX^NgMNU! TMMXNgVNU! ^VN\gT^U! VT!

[M\T ! M\VNgVNU! TVXXNgVNU! WV_\gT^U! V !̂

[M`T ! MWXNgMNU! TMXWNgVNU! XW_\gT^U! VT!

[VNT! MN\NgMNU! TNTVNgVNU! XXX\gT^U! M_!

[VMT! MWNgVNU! XW^NgVNU! ^XVNgTVU! VN!

[VVT! `MNgVNU! WNWNgVNU! V_N\gT^U! V !̂

[V^T ! VM`NgVNU! ^WTNgVNU! VWXXgTWU! VW!

[VWT! ^`TNgVNU! WX`NgVNU! ^V^\gT^U! V\!

[VXT! ^M_NgVNU! _VMNgVNU! WM^XgT^U! VM!

)))))))))))))t ttttttt tttt tttttttttt ttt ttttttttt t ttttttttttttttttttttttttttt ttttt
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3T5;"T53_53\ ! 5V^F`gVU!!!!!!!!!!!!!!!!3T5;"T53_53` ! !!!!!!!!!!!!!!!!!!!!!!!!!!!5TXNFXgVU!! !

3TN5;"T53_53\ ! \^F_gVU!!!!!!!!!!!!!!!!3TN5;"T53_53` ! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!5̂ TFNgVU!! !

3TV5;"T53_53\ ! 5TWTF_gMU!!!!!!!!!!!!!!!!3TV5;"T53_53` ! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!\MFWgVU!! !

3T5;"T53TN53TT! 5W\F`gVU!!!!!!!!!!!!!!!!3T5;"T53TN53TM! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!XXFWgVU!! !

3_5;"T53TN53TT! 5T_\F\gMU!!!!!!!!!!!!!!!!3_5;"T53TN53TM! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!5WVF^gVU!! !

3TV5;"T53TN53TT! WXFVgVU!!!!!!!!!!!!!!!!3TV5;"T53TN53TM! !!!!!!!!!!!!!!!!!!!!!!!!!!!5T_\F^gMU!! !

3T5;" T53TV53T^! TX`FNgVU!!!!!!!!!!!!!!!!3 T5;"T53TV53TW! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!5XMFMgVU!! !

3_5;"T53TV53T^! 5_MFXgVU!!!!!!!!!!!!!!!!3_5;"T53TV53TW! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!WXFVgVU!! !

3TN5;"T53TV53T^! WMFWgVU!!!!!!!!!!!!!!!!3TN5;"T53TV53TW! !!!!!!!!!!!!!!!!!!!!!!!!!!!5T_\F_gVU!! !

3M 5̂]T 53X53W! 5T_WFTgMU!!!!!!!!!!!!!!!!3X5]T 53M 5̂3MW! !!!!!!!!!!!!!!!!!!!!!!!5T_XFXWgT`U!! !

3X5]T 53M 5̂3VT! ^F`gVU!!!!!!!!!!!!!!!!3M53V53^ 53W! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!5WVF`gVU!! !

3TX53V53^ 53W! 5T__F_gMU!!!!!!!!!!!!!!!!3M53V53TX53T_! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!W`F\gVU!! !

3 ^53V53TX53T_! 5T_XFVgMU!!!!!!!!!!!!!!!!3V53^ 53W53X! !!!!!!!!!!!!!!!!!!!!!!!!!!!!TT_FTgVU!! !

3^ 53W53X5]T ! 5T_XF^gMU!!!!!!!!!!!!!!!!3V53TX53T_53T\ ! !!!!!!!!!!!!!!!!!!!!!!!!!!!5T_\FMgMU!! !

3TX53T_53T\ 53T` ! 5TN^F`gVU!!!!!!!!!!!!!!!!3TX53T_53T\ 53MV!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!_WFMgVU!! !

3T_53T\ 53T` 53MN! 5T_`FTgVU!!!!!!!!!!!!!!!!3MV53T\ 53T` 53MN!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!NF\g^U!! !

3T_53T\ 53MV53MM! T_`FMgVU!!!!!!!!!!!!!!!!3 T`53T\ 53MV53MM!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!5NF\g^U!! !

3T\ 53 T`53MN53MT! 5NFVgWU!!!!!!!!!!!!!!!!3 T̀ 53MN53MT53MM!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!5NFVgXU!! !

3MN53MT53MM53MV! NFVgXU!!!!!!!!!!!!!!!!3MT53MM53MV53T\ !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!NFMgWU!! !

]T 53M 5̂3MW53MX! 5TWVFTgMU!!!!!!!!!!!!!!!!]T 53M 5̂3MW53VN! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!M^FVgVU!! !

3VT53M 5̂3 MW53MX! MWFWgVU!!!!!!!!!!!!!!!!3VT53M 5̂3MW53VN!!!!!!!!!!!!!!!!!!!!!!!!!5TW_FTWgT`U!! !

]T 53M 5̂3VT53VM! XVF\gVU!!!!!!!!!!!!!!!!]T 53M 5̂3VT53VX! !!!!!!!!!!!!!!!!!!!!!!!!!!!!5TTWF`gVU!! !

3MW53M 5̂3VT53VM! 5TT^F_gVU!!!!!!!!!!!!!!!!3MW53M 5̂3VT53VX!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!XWFXgVU!! !

3M 5̂3MW53MX53M_! T_WF`NgT`U!!!!!!!!!!!!3VN53MW53MX53M_!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!5TFWgVU!! !

3M 5̂3MW53VN53M`! 5T_XF`_gT\U!!!!!!!!!!!!3MX53MW53VN53M̀ !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!NFWgVU!! !

3MW53MX53 M_53M\! TFMgVU!!!!!!!!!!!!!!!!3MX53 M_53M\53M`!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!NFTgVU!! !

3M_53M\53M`53VN! 5TFTgVU!!!!!!!!!!!!!!!!3M\53M`53VN53MW!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!NF`gVU!! !

3M 5̂3VT53VM53VV! 5T_`F_gMU!!!!!!!!!!!!!!!!3VX53VT53VM53VV!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!5NFTg^U!! !

3M̂ 53 VT53VX53VW! T_\F`gMU!!!!!!!!!!!!!!!!3VM53VT53VX53VW!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!5NF_g^U!! !

3VT53VM53VV53V^! NFWg^U!!!!!!!!!!!!!!!!3VM53VV53V^53VW!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!5NFTg^U!! !

3VV53V^53VW53VX! 5NF\g^U!!!!!!!!!!!!!!!!3V^53VW53VX53VT!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!TFMg^U!!
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5. Conclusion  
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`_F! [20,AG! JF! OFp! <:,1-G! 8Fp! L))$&,G! PFp! [&61-G! [Fp! L)) $&,G! JF! EF! J0-&! $:0,9"-"),!
8&-0 (530-0(67&1! [61:)0+",0-"),! 0,1! [61:)0+"10-"),F! Chem. Rev. MNTWG! 115G! MW`Xa
MX`_F!
!
` \ F! $:)Q4:"1A&G! <Fp! I0(-),G! ;F! 8Fp! L02,-G! 8F! EF! ]&Q! ;-:0-&A"&9! .):! -%&! $:0,9"-"), 5
8&-0(!30-0(67&1!;6,-%&9"9!).!<("*%0-"?!<+",&9F!Chem. Rev. MNMNG!120G!MXTVaMX`MF!
!
``F! [),AG!;F p!80:=9G!$F!EF!@:A0,)(0,-%0,"1&53 0-0(67&1![ 61:)0+",0-"),F! Acc. Chem. 
Res. MNN^G!37G!X_V5X\XF!
!
TNNF! H&7,"?%&,=)G!<F!JFp!]A26&,G![F!]Fp![2(-79?%G!PF!3F!<96++&-:"?!>,-&:+)(&?2(0:!
[61:)0+",0-"),! ).! B,0?-"#0-&1! <(=&,&9! Q"-%! ;"+* (&! <+",&9F!Angew. Chem., Int. Ed.  
MNTNG!49G!\`\^a\`\_F !
!
TNTF! 3:"++",G! 8F! HFp! 309&(6G! >F! EFp! ["((G! 8F! ;F! 30(?"2+58 &1"0-&1!>,-:0+)(&?2 (0:!
[ 61:)0+",0-"),! 3 0-0(69"9F!J. Am. Chem. Soc. MNNWG!127G!MNM̂aMN^VF!
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!
TNMF! '0--0G! ;Fp!H)&9=6G! /F! IFp!O(&?%&:-G! ;F!<+",)-:)*),0-&!0,1! < +",)-:)*),"+",0-&!
3 0(?"2+! < +"1&9! 09! 3 0-0(69-9! .):! -%&! [ 61:)0+",0-"),c 3 6?("70-"),! 3 0-0(69"9F!
Organometallics MNN_G!26G!^V`Ma^V`^F!
!
TNVF! O6-9?%=)#G!>Fp!')6&G!;F!L:)2*5>w!8 &-0(!3 )+*(&S&9!09![ 61:)0+",0-"),! 3 0-0(69-9F!
Eur. J. Org. Chem. MNNVG!`VWa`^ XF!
!
TN F̂! [0:-Q"AG!EF!RF!Organotransition metal chemistry: from bonding to catalysisF!B,"#&:9"-6!
;?"&,?&!O))=9C!;0290("-)G!30(".FG!MNTNp!*!TTXNG!TTM_!*F!
!
TNWF! <+42%(G!EFp!/:&A)9",G!/F!;Fp!w&,0,7"G!JF!8Fp!BA%&--)G!LFp!e0+4),&(("G!JF!/(0-",2+5
/:)+)-&1!36?("70 -"),!).!^ 5/&,-&,6(0+",&F! Angew. Chem., Int. Ed. T`_WG!14G!VXàVX`F!
!
TNXF! O&,1&:G! 3F! RFp! I"1&,%)&.&:G! HF! <F! /(0-",2+ 53 0-0(67&1! >,-:0+)(&?2(0:!
[ 61:)0+",0-"),!).! B,0?-"#0-&1!@(&.",9!Q"-%!; &?),10:6! < (=6(0+",&9F!J. Am. Chem. Soc. 
MNNWG!127G!TN_NaTN_TF!
!
TN_F! J"2G!eFp![0:-Q"AG!EF!RF!8"(1G!H%)1"2+ 53 0-0(67&1!>,-:0+)(&?2(0:! [ 61:)0+",0-"),!
).! B,0?-"#0-&1!$&:+",0(!0,1! >,-&:,0(!<(=&,&9!Q"-%!/ :"+0:6!0,1! ; &?),10:6! < +",&9F!J. 
Am. Chem. Soc. MNN\G!130G!TW_NF!
!
TN\ F! ;%&,G! bF! lFp! O2?%Q0(1G! ;F! JF! H%)1"2+530-0(67&1! <96++&-:"?! >, -:0+)(&?2(0:!
[61:)0+",0-"),!).!B, 0?-"#0-&1!<(=&,&9F!Angew. Chem., Int. Ed. MNTNG!49G!WX^aWX_F!
!
TǸ F! 8"?%),G! 3Fp! <401"&G! 8F! <Fp! 8&1",0G! RFp! <A4)99)25]"&1&:?):,G! RF! 8),),2?(&0:!
L )(1! 3 0-0(69-9! .):! -%&!< 96++&-:"?! >,-:0+)(&?2(0:! [ 61:)0+",0-"),! ).! < (=&,&9F!Catal. 
Today MNT^G!235G!MaTVF!
!
TTNF! P) d"+0G! 8Fp! 8"=0+"G! PF! Z,0,-")9&(&?-"#&! >,-:0+)(&?2(0:! [61:)0+",0-"),! ).  N5
<(=&,6(!B:&09!30-0(67&1!46!-:)*)9!O>/[Z/ 5L)(1g>U!3)+*(&S&9!Q"-%!<2a<2!>,-&:0?-"),F!
Synlett MNTMG!23G!W_aXTF!
!
TTTF! ;?%29-&:G! [F! RFp! 3)**)(0G! LF! 8FG!Allenes in organic synthesisF! I"(&6C! ]&Q! f):=G!
T`\^p!*!S#"G!VW\!*F!
!
TTMF! e%0,AG! eF! OFp! O&,1&:G! 3F! RFp! I"1&,%)&.&:G! HF! <F! L)(1g>U53 0-0(67&1!
Z,0,-")9&(&?-"#&![ 61:)0+",0-"),!).! N5< ((&,6(!3 0:40+0-&9F!Org. Lett. MNN_G!9G!M\\_aM\\`F!
!
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TTVF! J0J),1&G! HF! JFp! ;%&::6G! OF! 'Fp! P0,AG! ZF! EFp! $)9-&G! RF! 'F! L)(1g>U53 0-0(67&1!
Z,0,-")9&(&?-"#&!>,-:0+)(&?2(0:! [ 61:)0+",0-"),!).! < ((&,&9F!J. Am. Chem. Soc. MNN_G!129G!
M^WMF!
!
TT^F! J2-&-&G! JF! 8Fp! P01)-0G! >Fp! f0+0+ )-)G! fF! /0((01"2+ 53 0-0(67&1!>,-:0+)(&?2(0:!
< 96++&-:"?! [ 61:)0+",0-"),!).! < (=6,&9F!J. Am. Chem. Soc. MNN^G!126G!TXMMaTXMVF!
!
TTWF! O&((&:G!8Fp!$:02-%Q&",G![Fp!Z"?%4&:A&:G!8Fp!O:&",1(G!3Fp![&:Q"AG!EFp!82((&:G!$F!ZFp!
$%"&(G!@F!HF!<,-"580:=)#,"=)#! R2,?-"),0("70- "),9!).! B,90-2: 0-&1!3 )+*)2,19G!/0:-!W! 5!
$%&! R":9-! H%)1"2+ 53 0-0(67&1! 0,-"580: =)#,"=)#! [ 61:)0+",0-"),C! ;-21"&9! ), !
[ 61:)0+",0-"),! 0,1! @S"10-"#&!< +",0-"),! ).! < :)+0-"?! @(&.",9F!Chem.- Eur. J. T```G!5G!
TVNXaTVT`F!
!
TTXF! B-92,)+"60G!8Fp!P2Q0,)G!HFp!P0Q0-92:0G!8Fp![0:-Q"AG!EF!RF!H%)1"2+ 53 0-0(67&1!
0,-" 580 :=)# ,"=)#! %61:)0+",0-"),! ).! #",6(0:& ,&9F!J. Am. Chem. Soc. MNNVG! 125G! WXN\a
WXN`F!
!
TT_F! @-92=0G! 8Fp! f)=)60+0G! [Fp! Z,1)G! PFp! ;%"40-0G! $F! H253 0-0(67&1!$5; &(&?-"#&! 0,1!
Z,0,-")9&(&?-"#&!< 11"-"),! ).! < +",&9! -)! ; -6:&,&9!>,"- "0-&1! 46!' ":&?-! < :&,&5< S?%0,A&F!
Org. Biomol. Chem. MNTMG!10G!V\TWaV\T\F!
!
TT\ F! e%)2G!EF!HFp![0:-Q"AG!EF!RF!>,-&:+)(&?2(0:G!3 0-0(6-"?!< 96++&-:"?! [ 61:)0+",0-"),!
).! O"?6?("?!< (=&,&9!0,1! ' "&,&9! ",![ "A%!f "&(1!0,1!Z,0,-")9&(&?-"#"-6F!J. Am. Chem. Soc. 
MNN\G!130G!TMMMNF!
!
TT`F! 3090(,2)#)G!<F!JFp!30(04:&9&G!EF!3Fp!8"(9-&",G!'F!H0-"),0(!'&9" A,!",![)+)A&,&)29!
30-0(69"9!5!>:g>U530-0(67&1!<11"-"),!).!<,"(",&!-)!]):4):,6(&,&! via!] 5[!<?-"#0-"),F! J. 
Am. Chem. Soc. T`\\G!110G!X_V\aX_^^F!
!
TMNF! b"G!fF!8Fp!80G!;F!EFp![0:-Q"AG!EF!RF!30-0(6-"?!< 96++&-:"?! < 11"-"),!).!0,! < +",&!] 5
[! O),1! 0?:)99!>,-&:,0(! < (=&,&9F!Nature MNMNG!588F!
!
TMTF! O:), ,&:G! ;F! 8Fp! L:2449G! HF! [F! R):+0(! 0,-"580:=)#,"=)#! [ 61:)0+",0-"),! ).!
$&:+",0(! @(&.",9F!Chem. Sci. MNT^G!5G!TNTaTNXF!
!
TMMF! P0Q0-92:0G! 8Fp! [0:-Q"AG! EF! RF! /0((01"2+53 0-0(67&1! >,-&:+)(&?2(0:!
[ 61:)0+",0-"),! ).! w",6( 0:&,&9! 29",A!< :6(0+",&9F!J. Am. Chem. Soc. MNNNG! 122G! `W^Xa
`W^_F!
!
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TMVF! B-92,)+"60G!8Fp![0:-Q"AG!EF!RF!>,-&:+)(&?2(0:G!80:=)#,"=)#![ 61:)0+",0-"),!).!
w",6(0:&,&9!Q"-%!< (=6(0+",&9F!J. Am. Chem. Soc. MNNVG!125G!TM̂\XaT^M\_F!
!
TM̂ F! 8"="G! fFp! [":0,)G! PFp! ;0-)%G! $Fp! 8"2:0G! 8F! 3)**&: 530-0(67&1! >,-&:+)(&?2(0:!
H&A")9&(&?-"#&! [61:)0+",0-"),! ).! ;-6:&,&9! Q"-%! /)(6+&-%6(%61:)9"()S0,&! 0,1!
[61:)S6(0+",&9F! Angew. Chem., Int. Ed. MNTVG!52G!TN\VNaTN\V^F!
!
TMWF! e%2G! ;F! JFp! ]"(d"0,9=2(G! ]Fp! O2?%Q0(1G! ;F! JF! Z,0,-") 5! 0,1! H&A")9&(&?-"#&! 32[ 5
30-0(67&1![61:)0+",0-"),!).!<(=&,&9F! J. Am. Chem. Soc. MNTVG!135G!TW_^XaTW_^`F!
!
TMXF! /":,)-G! 8F! $Fp! I0,AG! fF! 8Fp! O2?%Q0(1G! ;F! JF! 3)**&:! [61:"1&! 30-0(67&1!
[61:)0+",0-"),!).!<(=&,&9!0,1!< (=6,&9F!Angew. Chem., Int. Ed. MNTXG!55G!^\aW_F!
!
TM_F! e%2G! ;F!JFp! ]"(d"0,9=2(G! ]Fp!O2?%Q0(1G! ;F!JF!<!' ":&?-!< **:)0?%! -)! < +",&9!Q"-%!
H&+)-&! ; -&:&)?&,-:&9! 46! Z,0,-")9&(&?-"#&! 32[ 53 0-0(69&1! H&12?-"#&! H&(06!
[ 61:)0+",0-"),F! Nat. Chem. MNTXG!8G!T^âTWNF!
!
TM\ F! 30+*)9G! PF! HFp! P(0*0:9G! <Fp! I0(1+0,G! EF! [Fp! '):+&:G! /F! LFp! 3%&,G! 3F! fF!
Z,0,-") 9&(&?-"#&G!/ 0((01"2+53 0-0(67&1! ! 5< :6(0-"),! ).! N5O)?5/ 6::)("1",&F! J. Am. Chem. 
Soc. MNNXG!128G!VWV\aVWV`F!
!
TM̀ F! O&,AG!$F!PFp!L0Q(&6G!HF!ZF!<**("?0-"),!).!30-0(6-"?!'6,0+"?!H&9)(2-"),!).! N5O)?5
M5("-%")*"*&:"1",&! -)! -%&!<96++&-:"?! ;6,-%&9"9! ).!M5<:6(!0,1!M 5w",6(! /"*&:"1",&9F! Org. 
Lett. MNTTG!13G!V`âV`_F!
!
TVNF! O&,AG! $F! PFp! $6:&&G! IF! ;Fp! /0:=&:G! $Fp! ;2G! 3F! 3Fp! I"(("0:1G! /F! LFp! L0Q(&6G! HF! ZF!
'6,0+"?9! ).! 30-0(6-"?! H&9)(2-"),! ).! M 5J"-%")5N5O)?5*"*&:"1",& !46! J"A0,1! ZS?%0,A&F!J. 
Am. Chem. Soc. MNTMG!134G!TX\^WaTX\WWF!
!
TVTF! 3):1"&:G!3F!EFp!J2,1A:&,G!HF!EFp!R2G!LF!3F!Z,0,-")?),#&:A&,-!3:)9953)2*(",A9! ).!
H0?&+"?!<(=6(+&-0(!H&0A&,-9!Q"-%!B,0?-"#0-&1!;&?),10:6!<(=6(!Z(&?-:)*%"(&9C!30-0(6-"?!
<96++& -:"?! ]&A"9%"!! 5<(=6(0-"),9! ).! N5O)?5*6::)("1",&F! J. Am. Chem. Soc. MNTVG! 135G!
TN`^XaTN`^`F!
!
TVMF! E0",G! /Fp! w&:+0G! /Fp! b"0G! LF! lFp! f2G! EF! lF! Z,0,-")9&(&?-"#&! < +",&! ! 5
R2,?-"),0("70-"),! via / 0((01"2+53 0-0(69&1! 35[! <: 6(0-"),! ).! $%")0+"1&9F!Nat. Chem. 
MNT_G!9G!T^NaT^^F!
!
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TVVF! E"0,AG![F!EFp!e%),AG!bF!8Fp!f2G!EFp!e%0,AG!fFp!e%0,AG!bF![Fp!I2G!fF!'Fp!L),AG!JF!eF!
<99&+4(",A !0![64:"1!/1!30-0(69-!.:)+!0!3%":0(!<,"),"?!3) 5>>>!3)+*(&S!0,1!J"A0,1!.):!
<96++&-:"?!3g9* VU5[!R2,?-"),0("70-"),F! Angew. Chem., Int. Ed. MNT`G!58G!T\NVaT\N_F!
!
TV̂ F! $0%0:0G!fF!PFp!8"?%",)G!8Fp!>-)G!8Fp!P0,6"#0G!PF!;Fp!;%"40-0G!$F!Z,0,-")9&(&?-"#&!9*V!
3 5[! < (=6(0-"),! ).! %542-6:)(0?-0+! 46! 0! 3 %":0(! >:g>U!3 0-0(69-! .):! -%&!; 6,-%&9"9! ).! 5̂
; 249-"-2-&1!%5< +",)! < ?"19F!Chem. Commun. MNTWG!51G!TXXXNaTXXXVF!
!
TVWF! / 0,G! ;F! LFp! 80-92)G! fFp! Z,1)G! PFp! ;%"40-0G! $F! 30-"),"?!>:"1"2+ 53 0-0(67&1!
Z,0, -")9&(&?-"#&!< ?-"#0-"),! ).! ; &?),1 0:6! 9* V! 3 5[! O),1! < 1d0?&,-! -)!] "-:)A&,! < -)+F!
Tetrahedron MNTMG!68G!`NNà`NTWF!
!
TVXF! /0,G!;F!LFp!Z,1)G!PFp!;%"40-0G!$F!>:g>U530-0(67&1!Z,0,-")9&(&?-"#&!;&?),10:6!9* V!3 5
[!O),1!<?-"#0-"),! ).!M 5g<(=6(0+",)U*6:"1",& 9!Q"-%!<(=&,&9F!Org. Lett. MNTTG!13G!^X`Ma
^X`WF!
!
TV_F! e2)G! eF! IFp! L),AG! [Fp! J"G! IFp! 3%)"G! EFp! R2G! LF! 3Fp! 80?8"((0,G! 'F! IF! 3F!
Z,0,-")9&(&?-"#&! '&?0:4)S6(0-"#&! <:6(0-"),! ).! 0(*%0 5<+",)! <?"19! via! -%&! 8&:A&:! ).!
/%)-):&1)S!0,1!]"?=&(!30-0(69"9F!J. Am. Chem. Soc. MNTXG!138G!T\VMaT\VWF!
!
TV\ F! H0,1G!<F! IFp! f",G![F!RFp!b2G!JFp!L"0?)4),"G!EFp!80:-",58),-&:)G!HFp!H)+0,)G!3Fp!
8),-A)+&:6G!EFp!80:-",G!HF!'20(!30-0(6-"?!/(0-.):+!.):!Z,04(",A!9* V!0(*%0!35[!<:6(0- "),!
0,1!<(=6(0- "),!).!O&,70+"1&9F!ACS Catal. MNMNG!10G!^X_Ta^X_XF!
!
TV̀ F! 3%)"G! EFp! R2G! LF! 3F! $:0,9"-"),!8 &-0(53 0-0(67&1! < (=6(5< (=6(! O),1! R):+0-"),C!
<,)-%&:! ' "+&,9"),!",! 3 :)9953 )2*(",A! 3 %&+"9-:6F!Science MNT_G!356F!
!
T̂ NF! /0:"10G! ;F! PFp! 80,10G! $Fp! '09G! ;Fp! [)-0G! ;F! PFp! '&! ;0:=0:G! ;Fp! 82:0:=0G! ;F! ;",A(&!
Z(&?-:),! $:0,9.&: 5>,12?&1! H&1)S! /:)?&99&9! >,#)(#",A! N5g<?6()S6U*%-%0("+"1&9F!ACS 
Catal. MNMTG!11G!TX^NaTX\VF!
!
T̂ TF! f0,AG! eF! /Fp! R:&09G! 'F! EFp! R2G! LF! 3F! $%&! <96++&-:"?! ;6,-%&9"9! ).! <+",&9! #"0!
]"?=&(530-0(67&1!Z,0,-")?),#&:A&,-! ;249-"-2-"),!H&0?-"),9F! J. Am. Chem. Soc. MNMTG!143G!
M`VNaM`V_F!
!
T̂ MF! [0,G! OF! IFp! J"G! fF! EFp! f2G! fFp! L),AG! JF! /%)-)?0-0(6-"?! Z,0,-")9&(&?-"#&! ! 5
< +",)0(=6(0-"),! ).! < ?6?("?!>+",&! ' &:"#0-"#&9! 46! 0!3 %":0(!3 )* *&:! 3 0-0(69-F!Nat. 
Commun. MNT`G!10F!
!
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T̂ VF! I&"G!bF!RFp!;%2G!IFp!L0:?"05')+",A2&7G!<Fp!8&:",)G!ZFp!]&#01)G!3F!<96++&-:"?!
]" 530-0(67&1!H01"?0(!H&(06&1!H&12?-"#&!3)2*(",AF!J. Am. Chem. Soc. MNMNG!142G!TVWTWa
TVWMMF!
!
T̂ ^F! e%0,AG! LF! fFp! e%)2G! ;Fp! R2G! JFp! 3%&,G! /F! [Fp! J"G! fF! OFp! e)2G! EF! /Fp! J"2G! LF!;F!
<96++&-:"?! 3 )2*(",A! ).! 30:4), 53&,-&:&1! H01"?0(9! <1d0?&,-! -)! ]"-:)A&,C! 3)* *&: 5
30-0(67&1! 360,0-"),! 0,1! Z-%&: "."?0-"),! ).! Z,0+"1&9F! Angew. Chem., Int. Ed. MNMNG! 59G!
MN^VàMN^^^F!
!
T̂ WF! e%2G! fFp!O2?%Q0(1G! ;F!JF!J"A0,153 ),-:)((&1! < 96++&-:"?! < :6(0-"),! ).! < ("*%0-"?!
! 5< +",)! < , "),! ZK2"#0(&,-9F!J. Am. Chem. Soc.  MNT^G!136G!̂WNNa^WNVF!
!
T^XF! '20,G!;F!eFp!'&,AG!LF!LFp!e"G!fF!EFp!I2G!bF!8Fp!$"0,G!bFp!J"2G!eF!RFp!J"G!8F!fFp!e%0,AG!
[F!OFp!f0,AG!bF! 'Fp!I0(9%G!/F!EF!]"?=&(53 0-0(67&1!Z,0,-")9&(&?-"#&!w",6(0-"),! ).! < :6(!M5
< 700((6(!< ,"),9F !Chem. Sci. MNMTG!12G!X^NXaX^TMF!
!
T̂ _F! J"2G! EFp! 30)G! 3F! LFp! ;2,G! [F! OFp! e%0,AG! bFp! ]"2G! 'F! IF!30-0(6-"?! <96++&-:"?!
B+*)(2,A!<((6(0-"),!).!>+",&9F! J. Am. Chem. Soc. MNTXG!138G!TVTNVaTVTNXF!
!
T̂ \ F! l"0,G!bF!fFp!E"G!/F!RFp![&G!3Fp!e":"+Q040A04)G!EF!@Fp!<:?%"40(1G!8F!8Fp!f&0A(&6G!<F!
<Fp! 3%:2+0G! EF! EF! /0((01"2+ 530-0(67&1! ' &?0:4)S6(0-"#&! L&,&:0-"),! 0,1! <96 ++&-:"?!
<((6(0-"),!).!0(*%0 5>+",)!<,"),9F! Org. Lett. MNT^G!16G!WMM\aWMVTF!
!
T̂ ` F! <1:")G! EFp! 30::&-&:)G! EF! 3F! H&?&,-!< 1#0,?&9! ",! -%&!3 0-0(6-"?!< 96++& -:"?! TGV5
' "*)(0 :!3 6?()011"-"),!).! < 7)+&-%",&!f ("1&9F!Chem. Commun. MNT^G!50G!TM^VâTM^^XF!
!
TWNF! ]0:060,G!HFp!/)-)Q9="G!8Fp!E"0G!eF!EFp!<,-),?%"?=G!<F! /Fp! I01+0,,G! [F!30-0(6-"?!
Z,0,-")9&(&?-"#&!TGV5'"*)(0:!36?()011"-"),9!).!<7)+&-%",&!f("1&9!.):!O")()A6 5@:"&,-&1!
;6,-%&9"9F!Acc. Chem. Res. MNT^G!47G!TM`XaTVTNF!
!
TWTF! [0 9%"+)-)G! $Fp! 80:2)=0G! PF! H&?&,-! <1#0,?&9! ).! 30-0(6-"?! <96++&-:"?! TGV5
'"*)(0:!36?()011"-"),9 F!Chem. Rev. MNTWG!115G!`XWVa`XWVF!
!
TWMF! I&"G! JFp! 3%0,AG! bFp! I0,AG! 3F! EF! 30-0(6-"?! <96++&-:"?! H&0?-"),9! Q"-%!N5
8&-0((0-&1!<7)+&-%",&!f("1&9F!Acc. Chem. Res. MNMNG!53G!TN\âTTNNF!
!
TWVF! [2)G! bF! [Fp! [&G! HFp! R2G! EF! PFp! e%0,AG! EF! 3Fp! f0,AG! LF! lFp! e%0,AG! IF! OF!
;-&:&)9&(&?-"#&!0,1! ;"-&5;*&?"."?!<((6("?!<(=6(0-"),! ).!<+",)!<?"19!0,1! ;+0((! /&*-"1&9!
via!0!/1c32!'20(! 30-0(69"9F!J. Am. Chem. Soc. MNT_G!139G!`\T à`\MMF!
!



!
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TŴF! [2)G! bF! [Fp! e%0,AG!EF! 3Fp! R2G! EF! PFp! [&G! HFp! e%0,AG!IF! OF! >:c32! '20(! 30-0(69"9C!
Z,0,-") 5! 0,1! '"09-&:&)1"#&:A&,-! <??&99! -)! !,! 5'"9249-"-2-&1! ! 5<+",)! <?"19! O&0:",A!
w"?",0(!;-&:&)?&,-&:9F!J. Am. Chem. Soc. MNT\G!140G!MN\NaMN\^F!
!
TWWF! [2)G! bF! [Fp! R2G! EF! PFp! [&G! bF!OFp! 3%&,G! EF! eFp! b"&G! RFp! e%0,AG! IF! OF! /1c32!' 20(!
3 0-0(69"9C![ "A%(6!Z,0,-")9&(&?-"#&!< ??&99!-)!! 5; 249-"-2-&1!! 5< +",)! < ?"19!0,1!! 5< +",)!
< +"1&9F!Chem. Commun. MNT\G!54G!W`àXNMF!
!
TWXF! I&"G! JFp! b"0)G! JFp! I0,AG! 3F! EF! ;6,&:A"9-"?! 32c/1! 30-0(69"9! .):! Z,0,-")9&(&?-"#&!
<((6(0-"),!).!P&-"+",&!Z9-&:9C!$%&!'":&?-!;6,-%&9"9!).!! 5;249-"-2-&1!0(*%05<+",)!<?"19!
0,1!M[ 5/6::)( &9F!Adv. Synth. Catal. MNT\G!360G!^_TWa^_T`F!
!
TW_F! I&"G!JFp!b2G!;F!8Fp!e%2G!lFp!3%&G!3Fp!I0,AG!3F!EF!;6,&:A"9-"?!32c/1!30-0(69"9!.):!
Z,0,-")9&(&?-"#&!<((6("?! <(=6(0-"),! ).! <(1"+",&! Z9-&:9C! <??&99! -)! ! ,! 5'"9249-"-2-&1! 5
<+",)!<?"19F! Angew. Chem., Int. Ed.  MNT_G!56G!TMVTMaTMVTXF!
!
TW\ F! I&"G!JFp!e%2G!lFp!b2G!;F!8Fp!3%0,AG!bFp!I0,AG!3F!EF!;-&:&)1" #&:A&,-! ;6,-%&9"9!).!
! ,! 5'"9249-"-2-&1! ! 5<+",)!<?"19! via!;6,&: A"9-"?!32c>:!30-0(69"9F!J. Am. Chem. Soc. MNT\G!
140G!TWN\aTWTVF!
!
TẀF! I&"G! JFp! e%2G! lFp! b"0)G! JFp! $0)G! [F! fFp! I0,AG! 3F! EF! ;6,&:A"9-"?!3 0-0(69"9! .):!
3 09?01&!< ((6(0-"),! 0,1! M 5< 7053 )*&! H&0::0,A&+&, -! ).! < 7)+&-%",&! f ("1&9F!Nat. 
Commun. MNT`G!10F!
!
TXNF! e%0,AG!lF!JFp!f2G![F!8Fp!;%&,G!JF!JFp!$0,AG!$F![Fp!'),AG!'F!RFp!3%0"G!IF!IFp!e"G!IF!
IF!;-&:&)1"#&:A&,-!3)2*(",A!).!TGV 5'"&,&9!Q"-%!<(1"+",&!Z9-&:9!Z,04(&1!46!;6,&:A"9-"?!
/1!0,1!32!30-0(69"9F!J. Am. Chem. Soc. MNT`G!141G!T^WW^aT^WW`F!
!
TXTF! 80(?)(+9),G! ;F! EFp! J"G! PF!]Fp! ;%0)G! bF! M5<701"&,&9! 09! Z,0+",&! B+*)(2,A!
;6 ,-%),9!.):!-%&!/:&*0:0-"),!).!3%":0(!<+",&9F! Synlett MNT`G!30G!TMWVaTMX\F!
!
TXMF! J"G! PFp! ;%0)G! bFp! $9&,AG! JFp! 80(?)(+9),G! ;F! EF! M5<701"&,&9! 09! H&0A&,-9! .):!
/:&*0:" ,A! 3%":0(! <+",&9C! ;6,-%&9"9! ).! TGM5<+" ,)! $&:-"0 :6! <(?)%)(9! 46! 32 530-0(67&1!
Z,0,-")9&(&?-"#&!H&12?-"#&!3)2*(",A9!Q"-%!P&-),&9F!J. Am. Chem. Soc.  MNT\G!140G!W`\a
XNTF!
!
TXVF! ;%0)G!bFp!J"G!PFp!80(?)(+9),G!;F!EF!Z,0,-")9&(&?-"#&!;6,-%&9"9!).!anti5TGM5'"0+",&9!
46!32 530-0(67&1!H&12?-"#&!3)2*(",A9! ).! <701"&,&9!Q"-%!<(1"+",& 9!0,1!P&-"+",&9F!J. 
Am. Chem. Soc. MNT\G!140G!_N\Va_N\_F!
!
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TX̂ F! ;%0)G! bFp! 80(?)(+9),G! ;F! EF! 30-0(6-"?! Z,0,-")5! 0,1! '"09-&:&)9&(&?-"#&!
36?()*:)*0,0-"),! ).! M 5<701"&,&9! .):! -%&! ;6,-%&9"9! ).! <+",)?6?( )*:)*0,&9! O&0:",A!
l20-&:,0:6!30:4),!;-&:&)A&,"? !3&,-&:9F!Org. Lett. MNT`G!21G!_V\Na_V\WF!
!
TXWF! L"(("9G! ZF! /Fp! Z09-+0,G! PF! EFp! ["((G! 8F! 'Fp! '),,&((6G! 'F! EFp! 8&0,Q&((G! ]F! <F!
<**("?0-"),9!).!R(2):",&!",!8&1"?",0(!3%&+"9-:6F! J. Med. Chem. MNTWG!58G!\VTWa\VW`F!
!
TXXF! E)%,9),G! $Fp! J02-&,9G! 8F! /0((01"2+g>>U530-0(67&1! Z,0,-" )9&(&?-"#&! ;6,-%&9"9! ).!
0(*%05g$:".(2):)+&-%6(U0:6(+&-%6(0+",&9F!Org. Lett. MNTVG!15G!^N^Va^N^WF!
!
TX_F! E)%,9),G! $Fp! J2)G! OFp! J02-&,9G! 8F! /0((01"2+g>>U530-0(67&1! Z,0,-")9&(&?-"#&!
;6 ,-%&9"9!).!! 5g$:".(2):)+&-%6(U0:6(+&-%6(0+",&9F!J. Org. Chem. MNTXG!81G!^`MVa^`VNF!
!
TX\ F! e%2G!EF!OFp![20,AG!JF!IFp!'),AG!IFp!J"G!]F!PFp!f2G!bF!bFp!'&,AG!IF!/Fp!$0,AG!IF!EF!
Z,0,-")9&(&?-"#&! H%)1"2+530-0(67&1! <11"-"),! ).! <:6(4):)S",&9! -)! N5B,*:)-&?-&1!
P&-"+",&9C! Z.."?"&,-!;6,-%&9"9! ).! 3"*0:A0+",F! Angew. Chem., Int. Ed. MNT`G! 58G! TXTT`a
TXTMVF!
!
TX̀ F! P0Q0"G! [Fp! P29210G! <Fp! ]0=0+2:0G! ;Fp! ;%":)G! 8Fp! ;%"40-0G! ]F! 30-0(6-"?!
Z,0,-")9&(&?-"#&! $:".(2):)+&-%6(0-"),! ).! <7)+&-%",&! >+",&9! Q"-%!
$:"+&-%6(g-:".(2):)+&-%6(U9"(0,&F!Angew. Chem., Int. Ed. MNN`G!48G!XVM^aXVM_F!
!
T_NF! @=292G! ;Fp! P0Q0"G! [Fp!b2G! bF! [Fp! $)=2,0A0G! ZFp! ;%"40-0G! ]F! ] 5M5
()1)4&,76(?",?%),","2+! O:)+"1&! "9! Z..&?-"#&! .):! 3 0-0(6-"?! Z,0,-")9&(&?-"#&!
$:".(2):)+&-%6(0-"),!).! < 7)+&-%",&!>+",&9!",!;)(=0,& y !VXW+.?F!J. Fluorine Chem. MNTMG!
143G!MTXaMT`F!
!
T_TF! f0,AG!JFp!R0,G!IF!bFp!J",G!ZFp!$0,G!'F![Fp!J"G!lF!EFp!I0,AG![F!LF!;6,-%&9"9!).!! 53RV!
0,1! ! 53RM[! < +",&9! via!-%&!< +",).(2):",0-"),!).! R(2):",0-&1! < (=&,&9F!Chem. Commun. 
MNT\G!54G!W`N_aW`TNF!
!
T_MF! J"G!8Fp!f2?&(G!OFp!E"+&,&7G!EFp!H)-&((0G!8Fp!R2G!fFp!I0(9%G!/F!EF!B+*)(2,A!;6,-%&9"9!
).! '"0:6(+& -%6(0+",&9!#"0!/0((01"2+ 530-0(67&1!<:6(0-"),!).! N5O&,76(!<(1"+",&9F!Adv 
Synth Catal MNTXG!358G!T`TNaT`TWF!
!
T_VF! ]"Q0G!$Fp! f):"+"-92G![Fp!@9%"+0G!PF!/0((01"2+53 0-0(67&1!O&,76("?!< :6(0-"),! ).!
N5O&,76(S0,-%),&!>+",&F!Org. Lett. MNN\G!10G!^X\à^X̀ TF!
!
T_^F! $0,A G!;Fp!e%0,AG!bFp!;2,G!EFp!]"2G!'Fp!3%:2+0G!EF!EF!M5<700((6(!<,"),9G!M5<700((6(!
30-"),9G!M5<700((6(!H01"?0(9G!0,1!<7)+&-%",&!f("1&9F!Chem. Rev. MNT\G!118G!TNV`VaTN^W_F!
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!
T_WF! ;)()9%) ,)=G! wF! <Fp! @,)G! $F! $%&!Z..&?-! ).! ; 249-"-2&,-9! ),! -%&!R&09"4"("-6! ).!
< 7)+&-%",&5< 7)+&-%",&! >9)+&:"70-"),C! ]&Q ! ; 6,-%&-"?!@**):-2,"-"&9! .):! O")+"+&-"?!
$:0,90+",0-"),F! Tetrahedron T``XG!52G!T^_NTaT^_TMF!
!
T_XF! e%0,AG! 'F! [Fp! J"2G! [F! [Fp! e%2G! /F! 3Fp! 8&,AG! IF! 'Fp! [20,AG! fF! LF! @,&5/ )-!
; 6,-%&9&9! ).!N5g! 5R(2):)#",6(U < 7)(&! ' &:"#0-"#&9! .:)+! N5g' "*%&,6(+&-%6(&,&U5MGMGM5
$:".(2):)&-%0,0+",&F! RSC Advances MNTXG!6G!_VX\Va_VX`TF!
!
T__F! $0,AG![F!EFp!J",G!JF!eFp!R&,AG!3Fp!J)%G!$F!/F!/0((01"2+530-0(67&1!R(2):)0:6(0-"),!).!
gem5'" .(2):)0(=&,&9F!Angew. Chem., Int. Ed. MNT_G!56G!`\_Ma`\_XF!
!
T_\ F! $"0,G! /Fp! I0,AG! 3F! lFp! 30"G! ;F! [Fp! ;),AG! ;Fp! f&G! JFp! R&,AG! 3Fp! J)%G! $F! /F! Rg5U!
]2?(&)*%"("?5<11"-"), 5>,12?&1!<((6("?!<(=6(0-"),F!J. Am. Chem. Soc.  MNTXG!138G!TW\X`a
TW\_MF!
!
T_` F! L0)G! OFp! e%0)G! fFp! [2G! EF! <AR58 &1"0-&1!R(2):",0-"#&! 3 :)9953 )2*(",A! ).! $Q)!
@(&.",9C!R0?"(&!< ??&99!-)!! 53RV!< (=&,&9!0,1!$53RV!=&-),&9F!Angew. Chem., Int. Ed. MNTWG!
54G!XV\aX^MF!
!
T\ NF! L0)G! OFp! e%0)G! fFp! ]"G! 3Fp! [2G! EF! <AR58 &1"0-&1!R(2):",0-"#&! [ )+)?)2*(",A! ).!
gem5' ".(2):) 0(=&,&9F!Org. Lett. MNT^G!16G!TNMaTNWF!
!
T\TF! f))G !IF!EFp!P),1)G!EFp!H)1:"A2&75;0,-0+0:"0G!EF!<Fp!]A26&,G!$F!wF!lFp!P)40609%"G!
;F! Z.."?"&,-! ;6,-%&9"9! ).! 5$:".(2):)+&-%6(! 30:4)S6("?! <?"19! 0,1! Z9-&:9! -%:)2A%!
R(2):)?0:4)S6(0-"),!).!A&+ 5'".(2):)0(=&,&9F! Angew. Chem., Int. Ed. MNT`G!58G!X__MaX__WF!
!
T\MF! l"G! ;F! $Fp! L0)G! ;F! lFp! b"&G! bF! bFp! f0,AG! EF! RFp! e%0,AG! EF! JF! /0((01"2+ 530-0(67&1!
R(2):)0:6(0-"),! ).! A&+ 5'".(2):)&, 6,&9! -)! <??&99! $:"9249-"-2-&1! $:".(2):)+&-%6(!
<((&,&9F!Org. Lett. MNMNG!22G!WMM`aWMV^F!
!
T\VF! ]0)1)# "?G!8Fp!f0+0+)- )G![F!<96++&-:"?! ; "(#&:53 0-0(67&1!H&0?-"),9F!Chem. Rev. 
MNN\G!108G!VTVMaVT^\F!
!
T\^ F! /&(("99"&:G![F!Z,0,-")9&(&?-"#&!;"(#&:530-0(67&1!$:0,9.):+0-"),9F! Chem. Rev. MNTXG!
116G!T^\X\aT^`T_F!
!
T\WF! 3)(1%0+G! >Fp! [2.-),G! HF! >,-:0+)(&?2(0:!' "*)(0:! 3 6?()011"-"),! H&0?-"),9! ).!
< 7)+&-%",&!f ("1&9F!Chem. Rev. MNNWG!105G!M_XWaM\N`F!
!



!
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T\XF! L)&(G!HF!LFp!/"(),G!/F!$:"5tert5O2-6(*%)9*%",&!3)+*(&S&9!).!;"(#&:g>U5!/:&*0:0-"),G!
3%0:0?-&:"70-"),G!0,1!;*&?-:0(!;-21"&9F!Inorg. Chem. T`_\G!17G!M\_XaM\_`F!
!
T\_ F! J",G!$F!fFp!/0,G!eF!EFp!$2G!fF!;Fp!e%2G!;Fp!I2G![F![Fp!J"2G!fFp!J"G!eF!8Fp!e%0,AG!EF!JF!
'&9"A,! 0,1! ;6,-%&9"9! ).! $f 5/%)9! 0,1! <**("?0-"),! ",! /0((01"2+ 530-0(67&1!
Z,0,-")9&(&?-"#&!R(2):)0:6(0-"),!). !gem5'".(2):)0(=&,&9F! Angew. Chem., Int. Ed. MNMNG!59G!
MM`W_aMM`XMF!
!
T\\ F! O"((0:1G! $Fp!J0,A()"9G! OF! HFG! H&0?-"#"-6! ).!; -04(&! $:".(2):)0?&-0(1&%61&!
[ &+"0+",0(9F!MF!L&,&:0-"),!0,1!; 6, -%&-"?!/ )-&,-"0("-"&9!).!R(2):",0-&1! >+","2+9F! J. Org. 
Chem. MNNMG!67G!``_aTNNNF!
!
T\` F! I2G!fF!8Fp!;2,G!lF!HFp!'&,AG!EFp!$"0,G!IF!;F!;6,-%&9"9!).!R(2) :",0-&1! >+",& 9!0,1!
3 0:4)1""+"1&9!.:)+! < 7"1&9!#"0!< 705I"--"A! H&0?-"),F!J. Fluorine. Chem. MNNXG!127G!TTWMa
TTW_F!
!
T̀ NF! @,)G! $Fp! P2=%0:G! wF! /Fp! ;)()9%),)=G! wF! <F! O")+"+&-"?!H&12?-"#&!< +",0-"),! ).!
R(2):)0(1&%61&9!0,1!P&-),&9!#"0!hTGVi5/ :)-),! ; %".-!H&0?-"),F!;?)*&!0,1! J"+"- 0-"),9F!J. 
Org. Chem. T``XG!61G!XWXVaXWX`F!
!
T̀ TF! P0*)):G! 8Fp! J"2G! 'Fp! f)2,AG! 8F! 3F! 30:4),! '")S "1&58&1"0-&1! 3g9*gVUU5[!
<:6(0-"),!).!<+",&!;249-:0-&9F! J. Am. Chem. Soc. MNT\G!140G!X\T\aX\MMF!
!
T̀ MF! '",AG![Fp!R:"&9-01G!LF!PF!<96++&-:"?!< 11"-"),! ). !< ((6("?!] 2?(&)*%"(&9!-)!>+",)!
3 )+*)2,19F! Synthesis MNNWG!M\TWaM\M`F!
!
T̀ VF! R:"&9-01G! LF! PFp! 80-%"&9G! <F! PF!H&?&,-!' &#&()*+&,-9! ",! < 96++&-:"?! 3 0-0(6-"?!
< 11"-"),!-)!3 a]! O),19F!Tetrahedron MNN_G!63G!MW^TaMWX`F!
!
T̀ ^ F! J09?%0-G! ;Fp! P2,7G! [F! 30:4)%61:0-&9! 09! 3%":0(! $&+*( 0-&9!5! '"09-&:&)9&(&?-"#&!
;6,-%&9"9! ).!N5L(6?)96(5N5[)+)0((6(0+",& 9! 0,1! $5<+",)! <?"19! .:)+! >+",&9F! J. Org. 
Chem. T``TG!56G!W\\VaW\\`F!
!
T̀ WF! J&&G! 3F! JF! PFp! J",AG! [F! fFp! J)%G! $F! /F! <96++&-:"?!; 6,-%&9"9! ).!3 5< ("*%0-"?!
[ )+)0((6("?! < +",&9!0,1! O")()A"?0((6!>+*): -0,-! 3 6?()%&S&,6(0+",&!< ,0()A2&9F!J. Org. 
Chem. MNN^G!69G!__\_a__\`F!
!
T̀ XF! L:&((&*)"9G! RFp! O&,! E0+00G! <Fp! ;0:0"#0! H)90G! ]F!! 5$:".(2):)+&-%6(0-&1! $&:-"0:6!
[ )+)0((6("?! < +",&9C!' "09-&:&)9&(&?-"#&!; 6,-%&9"9!0,1!3 ),#&:9") ,! ",-)! $5< +",)&9-&:9G!
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%5!0,1! &5< +",)0(?) %)(9G!< 7&-"1",&9!0,1!/ 6::)("1",&9F!Org. Biomol. Chem. MNT_G!15G!`X̀Xa
`_N`F!
!
T̀ _F! L:&((&*)"9G! RFp! O&,! E0+00G! <Fp! L0990+0G! <F! '"09-&:&)9&(&?-"#&! <11"-"),! ).!
@:A0,)+0A,&9"2+! 0,1! @:A0,)("-%"2+! H&0A&,-9! -)! 3%":0(! $:".(2):)+&-%6(! N5tert5
O2-0,&92(.",6(![&+"0+",0( 9F!Eur. J. Org. Chem. MNTVG!XX` âX_NTF!
!
T̀ \ F! L2)G!$Fp!;),AG!HFp!f20,G!OF![Fp!3%&,G!bF!fFp!;2,G!bF!IFp!J",G!LF!lF!["A%(6!Z.."?"&,-!
< 96++&-:"?! 3 ),9-:2?-"),! ).! l 20-&:,0:6! 3 0:4), 53 ),-0",",A! [ )+)0((6("?! 0,1!
[ )+)*:)*0:A6("?! < +",&9F!Chem. Commun. MNTVG!49G!W^NMaŴN^F!
!
T̀ ` F! ;=)10G!ZF!8Fp!'0#"9G!LF!3Fp!I"*.G!/F!<((6("?!<+",&9!09!P&6!O2"(1",A!O()?=9!",!-%&!
;6,-%&9"9!).!gEU5<(=&,&!/&*-"1&!>9)9-&:&9F!Org. Process Res. Dev. MNTMG!16G!MXaV^F!
!
MNNF! J"G!bFp!;2G!EFp!J"2G!eFp!e%2G!fFp!'),AG!eFp!l"2G!;Fp!I0,AG!EFp!J",G!JFp!;%&,G!eFp!f0,G!IFp!
I0,AG! PFp! I0,AG! HF! ;6,-%&9"9! ).! 3%":0(! 0(*%05$:". (2):)+&-%6(0+",&9! Q"-%! MGMGM5
$:". (2):)&-%6(0+",&!09!0!•O2"(1",A!O()?=•F!Org. Lett. MNTXG!18G!`WXa`W`F!
!
MNTF! 3%&,G! /Fp! f2&G! eF! $Fp! e%0,AG! EF! fFp! J#G! bFp! I0,AG! JFp! e%0,AG! EF! JF! /%)9*%",&5
30-0(67&1!<96++&-:"?! B+*)(2,A! <11"-"),! ).! $:".(2):)+&-%6(! P&-"+",&9! -)! 8):"-0 5
O06("95["((+0,!30:4),0-&9F !Angew. Chem., Int. Ed. MNTXG!55G!TVVTXaTVVMNF!
!
MNMF! L0)G! fF! ]Fp! ;%"G! 8F! Z,0,-")9&(&?-"#&! ;6,-%&9"9! ).! >90-",5'&:"#&1! ! 5
g$:".(2):)+&-%6(U"+",&! '&:" #0-"#&9C! /%)9*%",&530-0(67&1! %5<11"-"),! ).! ! 5
g$:".(2):)+&-%6(U"+",&9!0,1!<(( &,)0-&9F!Eur. J. Org. Chem. MNT_G!TWWMaTWXNF!
!
MNVF! R0A&:G! 'F! 3Fp! 8)::"9),G! HF! EFp! [)#&610G! <F! [F! H&A")5! 0,1! Z,0,-")9&(&?-"#&!
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