"HESVo&!(H)*!!
I
I
I
"+ &H, %NS &(Y-H%S$).) &) &-(*#/1$' &0/ 08&%6+1&) 1%8& 2)(*"]

$'80/'08%+896(/'# #21&%3(#)*$4#1S!

I
I
$567899:;16<!!

$=>:1$?@A;B><B!$BA9=BABCBDDE=78!,;FB<D577B>!

":GB>97:A9I?H!/=:78E9><!!

#A!GB>988C!H5C-I.-|8CC7:A9!?H!9::!>:I58>:7:A9E!!
2>19=:1"13>117H1"?K9?>1?7HI1=8C?E?G=<!!
[?C?>B;?!$9B9:10A8L:>E89<!!
.7>9!/?CC8AEM!/?C?>B;?!!

.BCGIONP!
1
1
!
I
!
I
"?K9?>BC!/?77899::Q!!

(;LBE?>Q!&?6:>911B9?Al
I (E=?D!1>BEB;!

$:?AB=IR87!
! (B>?A*8:CE:All



I
12G<>8J=916<!$=>::1$?@A;B><B!$S! SINONP!!

(CCI&8JI=9E!&:E:>L:;



(TS&(
I
I
I
"+ &H, %NS &(Yo-H%S$!.) &) &-(*#/1$' &0/ 0&%6+1&) 1%8& 2)(*"]

$'&0/'0&%+&%(/'#,#'2!&%3(#)*$4#1$!
N
N

'=:11G>:;8K98?AI?H! 7?C:K5CB>!G>7G:>98:EIGCB<E!B!G8L?9BC!>?C:!18AILB>8?5E!;?7B8AE
;BEK?L:><! 9?71 7B9:>8BCE! EK8:AK:S! U89=! 9=:1 B;L:A9! ?H! 7BK=8A:! C:BKAB&IB:EM\3X! 9
GB>98K5CB>C<! 8A! 9=:1 H8:C;! ?H! K=:78AH?>7B98KEM! 9=:! G>:;8K98?A! 2HI>GBABKII8:E! H?>
7?C:K5C:E! =BE! @89A:EE:;! EBJASHBKBA9! B;LBAK:7:A9ES! '=8E! ;?K?A9E; I CRLE B!
7BK=8A:+C:B>A8AJ! E9>B9:J8:E! :7GC?<:;! H?>! 9=:1 BKK5>B9:! G>:;8K98?A! ?Hl! Gi#2G:>98:E! K
5A;:>E9BA;8AJI7?C:K5CB>!6:=BL8?>S!#A!/=BG9:>!YM!#!?HH:>I8AE8J=9E!8A9PIS8L I APC598?A!?}
7?;:C8AJI9=>?5]J=1Z5BA989B98L:!$9>5K95>:+1>7G:>9<!&:CB98?AE=8GE!VZ$1&XM!=8J=C8J=98;
B;LBAK:7:A9E! 8A! 598C8[8AJ! K=:78KBC! H:B95>:E! 9?! K?AE9>5K9! GH28KYBCIKBELEE
G>?G:>98:ESI#Al/=BG9:>INM!#!;:CL:!18A9?!19=:1G>87B><!E9BJ:!?H!77?;: C8BAIM! HKHBHEEAJ! ?A!;BOE
H?>! G>:;8K98L:! 9BEDES! #! 8CC5E9>B9:! =?@! 9=:! 8A9:J>B98?A! ?H! B59?ABA3 DRPBAN K?7G5¢
B;LBAK:7:A9! KBA! K?AE9>5K9! 7?;5CB>! @?>DHC?@E! H?>! .(#&! V.8A;B6C:M! (KK:EEB6C:M! #A9:
BA;! &5EBG6C: X! K=:78E9><S!'=8E! BGG>7BK=! B87E! 9?! :A=BAK:! 9=:! 5SEB68G8CEBAI G>7;5K¢
EK8:A98H8K!;BOBS!#A!/=BG9:>!|M!#!:7G=BES§[:!C:L:>BJ8AJ'K?7 G5 $BOB EAERIOCCHTYHBB!
H?>1E7BCC! ?>JBA8K! 7?C:K5C:ES! #! E=?@KBE:! 9=:! K>:B98?A! ?H! EEEHESAJ'>8K3ABI! B
>B;8KBC! E9B68C89<M! 598C8[8AJ! B! K?7G>:=:AES8L:! K=:78KBCBERS5BBE!78A K BKE!
:7GC?<8AJ! E9>B8J=9H?>@B>;! G=<E8KBC! ?>JBAS8K! ;:EK>8G9?>EM! AB7:C<! H>BK98?ABC! E
L?C57:M! K?7G59:;! 9=>75J=! E<E9:7B98K! K?7G59B98?ABC! @?>DHC?@ES! #A! /=BG9:>! PM! #!

G>?J>.EE8?AI?HIJ>BG=+6BE:;! 7?;:CE!;:E8JA:;!19?1H?>:KBE9! 7?C:K5CB>! G>TUSIFPAEM! EG:K8H?¢

88



"8EE?K8B98?A! %A:>J<S! (;;898?ABCC<M! #! K?A;5K9! B! 9=7>?5J=! "B78AB98?A! ?H! 9@7?!
BGGC8KB98?AE!G:>98A:A9!9?!G=B>7BK:598KBC!BA;!B97?EG=:>8KIRS: BB SGBE S [BNEB)!
78A87BCIA576:>1?HI7?C:K5C:EIH>?719=:1>:C:LBA9!K=:78KBC! EGBKAHHIW ACBEKBC:!
7BK=8A:+C:B>A8AJ!7?,:CES!I.8ABCC<MI8A!/=BG9:>! _M!#!K?768A:19=:1;:L.C?G:19RHCE!H>?7!/=E
BA;IPM!9?1G:>H?>71J?BC+;8>:K9:;!17?C:K5CB>!?G9878[B98?A!8A!8;:AO8H<8/RBIAPREKT! >B;8KBCE
>;?MHC?@!6B99:>8:EI SE8AJ! I>BG=! A:5>BC! A:9@?>DE! V>B,;8KBC! E9BOBEFY LML 7N G?9:AC
;8EE?K8B98?A! :A:>J<X!BA;! >:8AH?>K:7:A9! C:B¥ASSCEW2E8EK5CB>! ?G9878[B98?A! E9>B9:J<!
=BE! ESKK:EEH5CC<!8;:A98H8:;! IN! A:@! >B;8KBC! KBA;8;B9:ES! T<! B¥HC HBTHIFAIFEAES
E95;8:EM! 9=8E! ;8EE:>9B98?A! :A;:BL?>E! 9?! ?HH:>! Bl K?7G>:=:AE8L:! J>BE&.:BHASA@!! 7BK=8A
E9>B9:J8:E!B>:19>BAEH?>78AJ!I9=:19:>>B8AI?H!7?C:K5CB>!G>7G:>9<IG>:;8K98?AS!

8¢



(/R*)U3%"-W%*'$!
I
I
I

(E#!HC<!19?!137E!(AJ:C:E!@89=!877:AE:!F?<|DA? @8AJ!9=B9!#!KBA! HBEBOCEINIADHBO:!
7<IBKDA?@C:;J7:A9E!#!>:BC8[:!9=B9! 75C98GC:! G:?GC:! =BLONCBGHGHI:1J>?@! 6?79=!
G>?H:EE8?ABCC<!BA;! G:>E?ABCC<! 8A! 7<I F?5>A:<! E?! HB>S!1 U89=! B! CZAIRISERI?H! G:?GC:

9=BADM!9=:1H8>E9!BA;!H?>:7?E9!J?:E!9?!7<IB;L8E?>M!7:A9?7>M!BA;!J58;:M! 1>HEH K. 76:>9! 1B9

=BE! ?HH:>:;! 877:AE:! ESGG?>9! ?L:>! 9=:1 CBE9! H8L:! <:B>ES! ! &76! =BE! EB2A8A8KBAIC<! 87(
;:KBE8?AE! ESAK:! 7<! H8>EQ! 7::98AJ! @89=! =87S! U=8C:! C??D8AJ! BAIAXBLAEG>K9I8L:! ;?K9
G>?J>B7EMI# ! @BE!H?>95AB9:19?17::9!1=87!B9!9=:10A8L:>E89<!?H)"H?>, MBIrBEMEKA7GC:9:
J>USI#IH?AC<!I>:7:76:>17<IK=B9!@89=!=87M! @=:>:!@:!9BCD:;!B6?59! GOEB8HOBCAERF:K
BA;!=?@!/?C?>B;?'@:B9=:>IKBA!6:!K?C;!BA;!;><TRA?@8AJ!9=B9!#!@?5C;!6:!B67591K?A98A:A9E
H>?71=?7:M!;?8AJ!BIC?AJ+;:7BA;8AJ! 1=S"SM!9=:1BA"8:9<!B6?59! @=?'#! @?5C;! @?>D! @89=!C:
BH9:>! 9=:1 9BCD! @89=! =87S! )L:>! 9=:! <:B>E! =8E! 7:A9?>E=8GM! J58;BAK:MMI7?98?ABC!
:AK?5>BJ:7:A9M!BA;!=8E!K?AHS8;:AK:18A!7:!1=BL:1987:!BA;|BJB8A!G>7L:;!9=BBIRKIO?8K:!
[?C?>B;?!@BE!?A:1?H!9=:16:E9!;:K8E8?AE!?H!7<!C8H:!BA;!|G>?H:EE8?ABC!KB>::>S!

! #!=BL:!BCE?!=B;!9=:1G>8L8C:J:!9?! @?>D! @89=!79=:>!;8E98AISSEL} EHEEISEOE! BA;!
:5>8AJ!7<1987:1B9!/?C?>B;?!$9B9:!AB7:C<!">S!1:9:>1$9S!a?=AlBA;! 1>?HSHSDABC ! KBIS!
9?19BD:19=8E!BE!BA!?GG?>95A89<!9?!19=BAD!1:9:>IH?>!19BD8AJ! 9{88359F?GBKB9 ZB;!
E::AlH?>19=:1H8>E9!987:S!48E!GB98:AK:!BA;!J58;BAK:19=>75J=759!(@x I8 FE3UBB¢H & /BHET!
8AIE=BG8AJ! 7<!>:E:B>K=IKB>::>S!#!@7?5C;!C8D:!19?!9=BAD!$:?AB=IH?>!:L:><92851'E=:!=BE!;?/
BE!B!7:A9?7>1BA;!H?>16:8AJIE?7:? A 1#IKBAI95>A19?IH?>IBIE:K?A; 1 7G8A8?AS 1 #! KBBBIKP AHS;:A9C

$:?AB=!B>?5A;M!9=:19=:?><IE589:! @?5C;! A:L:>! CBKD! GB>98:EM! J>?5G! ?598AJENM! BA;! >:9>:B

al



=BL:!BCC!6::AIE8JABHBKBA9IBA!K>:BI98AJ!B!E:AE:!?H!6:C?AJ8AJIH?ASEACSIABAZBABC!E95;:
J>B;5B9:!E95;:AOMI#!@?>D:;!8A!19=:1G=B>7BK:598KBC!8A;5E9><!B9!(66,8 . P& HEHNBIFB! #! @
9=BAD!7<!7:A9?>!1>89=BM!H?>!9=:1?GG?>95A89<!9?! JBSA! S AHBI-CEHIBA?OBLGA; SEO><!
9=B9! @BE!;:9:>78A8E98K!8A!7<!;:K8E8?A!9?! G5>ES5:!B!KB>::>8/HCEPSAGCEQA=BK=8AJ!
9=8E!78C:E9?A:! @?5C;!=BL:!6::AI8AK?7GC:9:! @89=759! 7<!5A;:>J>B;5BE¥E! BA;SEFEE th!
1>?HS!&BJ=BLBA!T!$5A?F!BA;! 1>?HS!.:>ABA;B!"5B>9:S!U=8C:!#! @BE! B! <?5AJ! >:E:B>K=:>19>
H8A;!7<!8A9:>:E9EM!9=:<!=BL:!E=?@A!7:19=:1GB9=!6<!G>?L8;8AJ! BAE8J=9 KB} ABK=<1@=:>:!#!
B7S!

! (E!#!'E56789!9=8E!;8EE:>9B98?AM!#! @?5C;!C8D:!19?!19=BAD! 7<! KEVI8R S {E-62D!
1>BEB;M!1>?HS!":CG=8A:.B>7:>M!1>?HS!(CBA! BA!)>;:AM!BA;!1>?HS!(B>?AB87CBAM!H?>!9=:8>
>:B;8AJ! 7<!9=:E8E!BA;!G>?L8;8AJ!H::;6BKD!BA;!E5JJ:E98?AES!)L:>!9=:1<:B>E!9=BAD!<?5! H?>!(
9=:1987:19?!:LBC5B9:!17<!KBA;8;BK<!BA;!6:8AJ!BIK>898KBC!F5;J:!?H!7<!@?>DS!

#! @?5C;! C8D:19?19=BAD! 9=:1 7?E9! 87G?>9BA9! G:?GC:! ?H! 7<I F?5>A:<! @=?! =BL:! 7B;:! &
5AH?>J:99B6C:!:"G:>8:AK:!b! 7<!G>:E:A9!BA;!H?>7:>IK?CC:BJ5:E! @89=8ABA IBBSPAI BA;!R
B7!BC@B<E!J?8AJ!9?!>:7:76:>! ?5>1987:197J:9=:>1679=I 8AES;:! BA;! ?59E&!MR+8RAGEK:
EK8:A98H8K!;8EK5EE8?AEM!?>1?5>1CB[<!.>8;B<IBHI:>A??AIK?AL:>EB9892ABIPAG?@! @:! @BA!
BC>:B;<M!#!9=8AD! @:!=BL:!J>?@A!8A9?!B7B[8AJ! EK8:A98E9E ! | #! @>5CIERIB3H2DAEAD!
4:8;8! RC:7M! 38C8BAB! -BCC:J?EM! ">S! 28AJ[8! 38M! BA;! ">S! aSBA! (G1P>! 8=5.QB>7!
@:CK?7:18A9?19=:1J>?5GS!'=:<!6:KB7:!7<!BKB;:78K!HB78C<! @="7!=BL:! 9RAC = BD=PT#!B7!
BA;!=BL:!! @89A:EE:;! 7<!J>?@9=! BE! B! J>B;5B9:! E95;:A9S! #! B7! 9=BADH5C! 9716:BM! BA?9=:>!7
3758E!;:13:EK5>:MIBAI7<IK?=?>9SI'=BAD!<?5!H?>IBAE@:>8AJ!7<!?>JBA8SK!K=:78E9><!I5:E98?AE
9=:1E5GG?>9!?7L:>19=:IF?6+=5A98AJ! G>?K:EE!BE!#! 75E9! EB<!89! @ BH'EA§?LES)02BHI: > ?7H!:
K5>>:A90!7:76:>E!?H!I679=11B9?A!BA;!R87!3B6!b!">S!W8=B8!1?GE:K5M!">S!">8kB-BUBHIM!

CAIMI">S1&BeCl1f>:[+$7971(C:M1CB99MI*8D:9!WBA?FM! (6=8F::9!$8ABDTHHBAIMEEB6B>8!

L



R57B>M!/=>8E!$9566EM!/?CC8A!4BAE:AM!4?F8A!a5AJ! H?>!KB>:H5CC<! GEHBKASBIDHEBCC! 7<
BA;!>:C5K9BA9C<!BJ>::8AJ!9?!1J?19?I TB@B>K=8!T8><BA8!H?>! C5AK=I?A! >8R 1 #! @?5C;! I
9=BAD!?9=:>IGBE9!7:76:>E!?H!9=:11B9?A!BA;!R87!CB6!b!">S!2BAH:8! -5BAMRBIBI2:28F
$BA9:>8! (BD?A:AM!">S! $>::A89=<B! (LB;BDDB7M!35DBE! $8J75A;M! U?F9:D! >:<; K BMEBAB! 17>
'5>D8!(C95>B8H8M!&8KD<!1:ABM!T>BA;?Al1?7>9:CBM!BA;!aB:=@BA!387!H?>!BETAESIEK8:A98H¢
)L:>!19=:1<:B>E!8A!/?C?>B;?M!C8LBAJIE?!HB>!B@B<!H>?7!=?7:M!7<!>??77B9:EM!BA;!H>8
38D89=BM!1BL89=>BM!1>BAFBC8M!$8;;=8M!(AE=8DBM!1??AB7M!$BAFBABRIHBAI$@:9B7M!BC
9=:1H::C8AJ!?H!=?7:S!(CC!9=:IK??D8AJE:EE8?AEM!7?L8:!1A8J=9EM!BA;!=5A98BIKE@A! ;8HH:>: A
[?C?>B;?!B>:17:7?>8:E!#! @8CC!K=:>8E=S!'=BAD! <?5!H?>! C8L8AJ8ERA3! I2BAI>BASE!
B6759!;B&#;B<IBK98L898:ES!
! *NOMI#! @7?5C;! C8D:19?19=BAD! 7<!H>8:A;E!H>?7!5A;:>J>B;5B9:! bl $7>598M! $=8LBA8M! *{
W89BC8M!1487BA8SM!-B5>8M!'>BE=BCBM!BA;!(;898!H?>16:8AJ!9=| EHE® B=<HEIH - PE3IHB
)L:>K?78AJ!19=:1987:1[?A:1;8HH:>:AK:E!9?!=BL:!_I=?5>IC?AJIKBCCE!?L:>! 921198 D8 &P59!
C8H:!@BE!E?7:9=8AJ!I#!C??D:;|H?>@B>;!9?!?L:>19=:IGBE9!<:B>ES!W<!H38*BEBH=BRMVBE9:>E!
$=8L?=57!9! (;89<BM!#! 9=BAD!<?5!BCC!H?>!19=:1K?AL:>EB98?AE! BA;! 9=:1JB7:E1@:! GCB<:;! 7L
C5AK=987:1;5>8AJ!9=:1:>B!?H!/),#"'+YhS!I#!=BL:!16::AlH?>95AB9:19?!7::91C8D:+78&~=?G:?GC:!
=BL:19>5C<!6:K?7:!HB78C<"!
! $=>:<B7M!#!B7!BOIB!C?EE!'H?>!@?>;E!9?! @>89:!B6759! @=B9!>?C:ISNLIGGB«!8A! 7<!C8F
GBE9!A8A:I<:B>E!9=B9!#!=BL:!DA?@A!<?5!BA;!6::Al@89=!<?5M!#!>:BCERIIEB-TBAIOSKDS:
@7?>C;SIU:!1=BL:IE95KD!9=>?5J=19=8KD!BA;!9=8AM!?L:>K?7:1G>?6C:7E!9?J:9=:>NBIBD:A!l;B>8A.
J?!B6>7B;!97J:9=:>I H?>! =8J=:>! E95;8:EM! BA;! 9>BL:C:;! 97J:9=:>! b! BCC! 7<! KM381:AK:! E9: 7E!
DA?@8AJ!9=B9!A?!7B99:>!@=B9!<?5cCC!BC@B<E!6:!9=:>:1H?>!7: &3 8 589! F&RB>KIB!

=BL:!6::Al9=:19?5J=E91J8L:A!9=:;8E9BAK:!6:9@::AISES!T59!8>>: EGKIBEBPHEOABOSE9!

Lk



BIKBCCIB@B<!9?!?HH:>!:7?98?ABCIE5GG?>9!BA;!K:C:6>B9:! 7T A BLCIBKAGETA:S! #!
9=BAD!<?5!@89=IBCC!7<!=:B>9IH?>IK?78AJ!I8A9?!7<IC8H:!BA;!E98KD8AJ!6<!7:IH?>I9=8E!C?AJS
! .BABCC<MI#!@7?5C;!C8D:19?I1K8>KC:!6BKD!9?!7<!?>8J8AE!BA;! 9=BABMAHBIBIC<M! W ?7I
BA;!17<!J>BA;GB>:A9E!H?>IBC@B<E!6:C8:L8AJI8A!7:!1H?>19=:1CBE9!NIi!<:B>EMKEE&XA?>98AJ!:L:
#!=BL:!19BD:AM!BA;!C:998AJ!7:!16>BAK=1?5919?IH?CC?@!7<!GBEE8?A! 9 A?BIEREIAISAI=BAD!
9=>:1 @=:Al#! @BE! G=<ES8KBCC<!8CC!BA;! 7BD8AJ! BCC! 9=: :HH?BE! 83bKGEBK B!
'L:><9=8AJI9=BO!#!;?I18E!9?! 7BD:!<?5!G>?5;SI#!=?G:19?17BD:! G>?J>:EE!8A! 9=B9!;8>:K98?A! B/

<?51877:AE:IF?<!

LB



(T3%!).1/)*%*'$!
I
I
I

(T &(/'ISSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSHBESSSSSSSE
(/R*)U3%"-Wo%* $!ISSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS8BSSSSSSSS!
14(1'%&IYQI#*&)"0/#)*ISSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSISSSSSSSSS
YSY#A9>?;5K987A19?!;BOB+;>8L:AIK?7G59B98?ABC!77;:C8AJESSSSSSSSSSSSESSSSSSSS!
YSN!Z5BA989B98L:IE9>5K95>:+G>?G:>9<!>:CB98?AE=8GE!8A!ICB>J:!;B9B!>:J87:ESISSSSSSS
YSNSY!&:G>:E:A9B98?AE!?H!7?C:K5C:EIH?>IK?7G59B98?ABC!7?;:C8AJISSSSISSSSSSSSE
YSNSN!W:9=?;2C?J8:EIH?>!7?;:C8AJ!I7?C:K5CB>!G>7G:>98:EISSSSSSSSSSSSESSSSSSSS
YSNS|'W3!7?;:CEIH?>I,?@AE9>:B71J?BC+;8>:K9:;17?C:K5CB>!?G9878[B98?ASISSSSSSSSSE
YSI"?K57:A91?L:>L8:@!ISSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSISSSSSSSSE
YS]SY!1<9=?A19??CD89E!H?>IB5977B98?AESSSSSSSSSSSSSSSSSSSSSSSBESSSSSSSS
YS]SN!WBK=8A:!IC:B>A8AJI?H!7?C:K5CB>!G>?G:>98:E!H?>IE7BCC!?>JBA8K!77C:K5C:EISSS

YS]SY! Z5BA989B98L:! BGG>?BK=:E! 9?! K=:78KBC! G>?G:>98:E! H?>! J?BC+,;8>:K9:;!
?2G9878[B98?AISSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSISSSSSSSSS

8%.%8%*/%$BSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSISSSSSSSSS

J4(1'%&INQI"%$H-*#+-1/)W10/(#)*(3!')3$.)&1(0)W(#)*'SSSSSSSSSSSSSSSSSSSSSING
NSY!/=BG9:>17L:>L8:@!SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSISSSSSSSSS
NSNI#A9>?;5K982AISSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSESSSSSSSS
NS]#AE9BCCBO8?AIBA;!"K=A8KBC!":9B8CE!SSSSSSSSSSSSSSSSSSSSSSSSSISSSSSSSSS
NSPIW?;5C:EI?H(ZW%!SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSISSSSSSSSS

NSPSY! /?AH?>7:>! -1 A:>B98?A! BA;! -:?7:9><! &H8A:7:A9Q! '=:! /$%(&/4! BA;! WH#*!
W72, 5CESSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSISSSSSSSSS

NSPSNIZW!#AG59!.8C:11>:GB>B98?AQ!'=:1Z1&%1!W?;5C:ISSSSSSSSSSSSSSSESSSSSSSS!
NSPS]!'1?E9+G>?K:EE8AJ!?H!)59G59!.8C:EQ!'=:1Z/)&&!W?;5C:5SSSSSSSSSSS3SSSSSSSSS

NSPSP!-:A:>B98?AI?HIT?C9[7BAA!IU:8J=9:;!1>?G:>98:E!BA;!":EK>8G9?>EQ!'=:1Z"%$/11W?;5C
SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS3SSSSSSSSS

NS_1%AR%A;!@?>DHC?@EISSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSE

NS_SY!'=:1/2AH?>7B98?ABC!"8E9>865882LBIC! $=8HIE! ?H!$9><K=A8A:IH>?7!$W#3%$!
#AG59ISSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS3ISSSSSSSSE

NS _SN!/?7GB>8AJ!"8:CE+(C;:>|(K98LB98?A!TB>>8:>E!H>?7!W5C98GC:!$W#3%$!#AG59E!SS
NS_S]!-:A:>B98AJIZW!?>1$ZW!IW?C:K5CB>I":EK>8G9?>E!H?>IB!3B>J:!"BI9BE:9!ISSSSSSSSSS

L8¢



NSk!/?AKC5E8?AISSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS3SSSSSSSSE
&%.%&%*/%$ESSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSISSSSSSSSS

14(1'%&1 1Q! (| ZO(*'#(#,%! W' &H/1 )&! )&-(*#! &("#/(3 $(TH3H#'2! (*"1
1%&$HS'%o*/%610$H*-'A%&W)" 2% (WH/I(*"IR#*%#/!. %(0&%$!ISSSSSSSSSSSSSSSSSSSESSSSSSSIF

ISY!/=BGO:>I7L:>L8:@!SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSESSSSSSSS!
ISNI#AO>?;5K987AISSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS
|S]'&:E5COE!BA;!"8EKSEE8?ABSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS$SSSSSSSSS
I]SNSY!"?@B>;E!B!Z5BA989B98L:!W:9>8KIH?>!&B;8KBC!$9B68C89<!SSSSSSSSESSSSSSSS!
ISNSN!/?7GB>8E?A!9?!>B;8KBC!E9B68C8[B98?A!:A:>J8:EISSSSSSSSSSSSSSSSSSSSSSSS
J]SNS]!098C89<!8AIE95;8:E!?H!>B;8KBC!KBEKB;:!>:BK98?AEISSSSSSSSSSSSS3SSSSSSSSS
IS]//?AKC5E8?AlISSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS3SSSSSSSSS
&%.%&%*/%$ESSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSISSSSSSSSS

14(1'%&! PQ! %I1(*$#)*1 ).] T)*"I "#$$)/H(#)*! 1&Y%"#/'#)*) U#'4! W(/4#%!
3%6(&*#*-1 )1 WOL"#/#*(332) (*"! %o* #&)*WY%*/(332! &%3% (*'! /A%WH/(3!
$1(/%!SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSESSSSSSSS!

PSY!/=BGO:>I?L:>L8:@!SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSE
PSN!I#A9>?;5K987?AISSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSESSSSSSSS
PS]I&:E5COE!BA;I"8EKS5EE8?ABSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSISSSSSSSSS
PS]SY!/?7G59B98?ABCIT"%!"BIBE:9!/5>B987?AISSSSSSSSSSSSSSSSSSSSSSISSSSSSSSS
PS]SN!(GGCB8KB98?A!9?!1B><C!=BCS8;:1658C;8AJ!I6C?KD!K?7G?5A;EISSSSSSSSESSSSSSSS
PS]S]I(GGC8KB98?AI9?1:AL8>?A7:A9BCC<!>:C:LBA9IK?7G?5A,EISSSSSSSSSSESSSSSSSS
PS]SP!/=:78KBCIEGBK:!BA;!A:8J=67>IBABC<ESESSSSSSSSSSSSSSSSSSSSSESSSSSSSS!

PS]S_!/?7GB>8E?A! ?H! K5>>:A9! -**1 7?;:CE! @89=! 9>B,;8987?ABC! K=:78AH?>7B98KE! H:B95:
ZWIH:B95> EISSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSISSSSSSSSS

PS]Sk! BC8;B987?AI BJBSBAES! K?7G59:;! BA;! :"G:>87:A9BC! T"%! LBC5:E! H?>!;8L:>E: =BC?J:/
K?27G?5A;EISSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSESSSSSSSS!

PSPI/2AKC5EB?AISSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSESSSSSSSS!
&%.%&%*/%$ESSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSISSSSSSSSS

JA(1'%&! Q! WOSH+)Ta%/'#,%! -)(3+"#&Y%/'%" YL HWHA(#)* ).! "%! *))!
$(T3%N&-(#/1&("#/(3$!.)&1(Z0%)0$1&%")1.3) U T('%&#%$SSSSSSSSSSSSSSSSSSImk

_SY!/=BGO:>I?L:>L8:@!ISSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS
_SN!#A9>?;5K987?AISSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSESSSSSSSS!
_S]l&:E5C9OEIBA;!"8EKSEE8?ABSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSESSSSSSSS



_S|SY!/?27G59B98?ABCIEK>::A8AJI?H!>:158>::1H:B95>:EIH?>12>JBASK!BKI8L: IEG:K8:EBSSS:
_S|SN!":L:C?G7:A91?H!BIHBE9!E5>>?JB9:!75C98+26F:K98L:IH5AK98?ABSSSSSESSSSSSSS
_S]S]/BA:8:B9:1?G9878[BI8?AI9=>75]=I>:8AH?>K:7:A9!C:B>A8AJISSSSSSSSSISSSSSSSSS
_S|SP!/?2AH8>7BI8?AI?H!I&3+?GO878[:;IKBA;8;B9:E!@89=""'5SSSSSSSSSSSSSSSSSSSSSS
_S|S_19%LBC5B98?AI?H!9=:IE<A9=:E8[B68C89<!I?H!J:A:>B9:;17?C:K5C:E/SSSSSISSSSSSSSS
_S]Sk1%>>7>IBABC<ESE!?H!9=:IE5>>?JB9:1?6F:K98L:H5AK98?AISSSSSSSSSSISSSSSSSSS
_SPI/?2AKC5E8?AISSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSISSSSSSSSS
8%.%8%*/%$BSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSISSSSSSSSS
1)*/30"#*-18 %W (&R$ISSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSISSSSSSSSS
3#$'1).1 10T 3#/(#)*$5SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSISSSSSSSSS
(11%*"#1(Q!$0113%W%*(8&2IW(%&H#(3$!.)&/4(1'%&INISSSSSSSSSSSSSSSSSSSSSISSSSSSSSS
(11%*"#I TQ!$0113%W%*(&2IW (%6&#(3$!.)&!/4(1'%&!]ISSSSSSSSSSSSSSSSSSSSSISSSSSSSSS
(11%*"#1/QI$0113%W%*(&2IW(%&H#(3$!.)&1/4(1'%&IPISSSSSSSSSSSSSSSSSSSSSISSSSSSSSS
(11%*"#1"QI$0113%WY%*(&2IW(%&H#(3$!.)&!/4(1'%&!_ISSSSSSSSSSSSSSSSSSSSSISSSSSSSSS

g



JA(1'%&Y QU &)"0/ #)*!!
I
I
I
"HSY& ()&, (%61&(1)-&=.)' /0% I+(12*&-&, (%-3!1()03,%4!!

[=:7T8E9><! >:C8:E! ?A! B! H5A;B7:A9BC! G>8AK8GC:Q! E878CB>! 7?C.Kb68%E EBAZCH2! :A=8
G>?G:>98:ES!'=8E!G>8AK8GC:!87GC8:E!9=B9!6<!BC9:>8AJ! 7? C:KEUEBHEOBKIBHIE | EBA!
H8A:+95A:1?>17G9878[:! EG:K8H8K!K=:78KBC! G>?G:>98:ES! U=8C:IKG! B8HOHF2 S ¥953>B
G>?G:>9<!>:CB98?AE=8GE!8A95898L:C<M!9>BAECB98AJ!9=:7!8AS8HEBBORIBRBLC.PGEE! >
BA;!E?7:987:E! 7B9=:7B98KBC!;:EK>8G98?A! ?H!9=:1LB>8B98?ABKIZCEICBHI@B<! ?H!
8CC5E9>B98?AM! K?AES;:>! 9=:1>:BC7! ?H! ?>JBA8K! K=:78E9><S! %L:AITYBA? K58BEKBO8?AE!
E9>5K95>:EM! ESK=! BE! 9=:1 8A9>7;5K98?A! ?>! E56E989598?A! ?H! H5AK987?ABC! J>?5GEM! KB,
:HH:K9E! ?A! G>?G:>98:E! C8D:! E?C568C89<M! >:BK98L89<M! EA;-683C2BKBE7BRORL89<
B;F5E97:A9EM!K=:78E9E!KBA!E9>B9:J8KBCC<!K>BH9! 7 208HC B2 TEB&FGBAIEM! @=:9=:>!
8918AL?CL:E!"A=BAK8AJ! 9=:1G?9:AK<!?H! B! G=B>7BK:598KBC! K?7G?5A;M! <HBANBAJ! 9=:! :HH8|
KB9BC<E9M!?>!?7G9878[8AJ!9=:!G:>H?>7BAK:? ! BEAEBISBECHA;:>E9BA;!BA;! 7TBASG5CB9:!
E9>5K95>:+G>7G:>9<!>:CB987?AE=8GE!A?9!?AC<!HBK8C89B9:E!9= KxBF7ABANELA9=EBE!?
659! BCE?! ;::G:AE! ?5>! K?7G>:=:AE87A! ?H! 9=:! 5A,;:>C<8AJ! 7:K=BASE7E! J?L:>A8AJ! K=:78K
6:=BL8?%%
'=:1G5>E589!?H!I5BA989B98L:!E9>5K95>:+G>?G:>9<!>:CB98?AE=8GE!VZ$1&EX!8AIK=:78
?A! 9=:I H?>75CB987?A! ?H! I5BA989B98L:! 7?C:K5CB K IEKEAGEKIBE9?>E! :AKBGE5CBO:!
;8HH:>:AK:E! 8A! :C:K9>?A8KEM! K?AA:K98L89<M! E=BG:M! BA;! ?9=NHO>%I8253>BE! B99>8659:E
K?>A:>E9?A:! H?>! BABC<[8AJ! BA;! G>:;8K98AJ! 9=:! K?>>:CB98?AE! 6:9@::A! T"BRAK5CB>! E9>5}
G>?G:>98:ES!#,:BCC<M! 9=:E:! ;.EK>8G9?>E! KBA! 6:! . BESC<! J:A:>BIHH K BAE B5889ABLLI<!

7?C:K5CB>! E9>5K057%$1&! 7?;:CE! =BL:! 9>B;898?ABCC<! >:C8:;! 5G?A! 9=:! 5E:! ?H! :BE8C<

Y



8A9:>G>:9B6C:!;:EK>8G9?7>E!BA;! ES7GC:!E9BI9SE9SKBC! 9:K:Bx8 5. ENVE EBRAHBE BTB0=75]=!
@89=19=:1>8E:1?H!W3!7:9=?;EM!8AK>:BESAJC<!K?7GC:NK?7G59B98?ABQ2GKERABBIS?AE
B>:177>:1 K?77?A! BC?AJ! @89=! 9= BGGC8KB98?A! ?H! 7?>:1:CB6?>B9:! >:J>5KEBBR! 7?;:CEM! E
A:5>BCIA:9@?3BDES!
n'>B;898?ABC0!K?7G59B98?ABC!7?C:K5CB>!7?;:C8AJ!7:9=?;E!=BL:!6:: BKSEBM!;!9?!BA9
7?C:K5CB>!G>?G:>98:EM! :EG:K8BCC<!8A! EK:AB>8?E! @=:>:! BKaEXSEFIBCCRH=H 9!
G>?K:EEM!BA;!9=:1G:>98A:A9! E9O>5K95>:E! B>:! K?A;5K8L:!1 9?! K?7G59BIBPABREPHABC<ESES! '=
:AK?7GBEE!B!EG:K9>571?H!9:K=A8I5:E!J>?5A;:;!8AIH5A;B7:A9BC!G>8AK8GC:E!AHEBA9S7!7:K=
7?C:K5CB>! 7:K=BASKEM! BA;! E9B98E98KBC! 7:K=BASKES! #A! 9=:IBBASKE+bBE957!
7:9=?;EM! BGG>?BK=:E! E5K=! BE! ;:AE89<! H5AK98?ABC! BA?B&!'\BAS98?! 7:9=7;E! ?HH:>!
G>:K8E:!8AE8J=9E!8A9?!9=:!:C:K9>?A8K!E9>5K95>:1?H!7?C:K5C:ESPISAG 2 1I1BBIBPANIK
9=:E:17:9=?;E!<8:C;|BKK5>B9:!;:EK>8G98?AE!?H!7?C:K5CB>!?>639RCRPRA! R8BS ! 8=:!

?9=>1=BA;M!7?C:K5CB>!7:K=BA8KE!7:9=7;E!G>?L8;:!B!K?7G59B98? ABAEIY?HMBK8AD! 7:B

«(0)0)]8,
DO

9=:1E9>5K95>BC!BA;!:A:>J:98K!BEG:K9E!?H!7?C:K5CB>! EXE&BE!

&B8AJIES7GC8HS:;!
H?>K:! H8:C;EM! 7?C:K5CB>! 7:K=BASKE! E875CB98?AE! KBA! :C5K8;BS-BKIANI>BRIZ?ABC!
8A9:>77C:K5CB>! 8A9:>HHOFIAKECB>! :AE:76C:ES! .5>9=:>7?>:M! EOB98E98KBC! 7:K=BASKE+6I
BGG>?BK=:EM!SBAKC5;8AJ!7?C:K5CB>!;<AB78KEHZENBCBOSBMC?! 7:9=FMB6C:!19=:!
8AL:E98JB98?AI?H! 7?C:K5CB>!6:=BL87>!?L:>1987:!BA;!5A;:>ILB>8?5E!:AL8>?A7:A9BC!K?A;898
8A9:J>B98AJ!I *: @9?A\E! :I5B98?AE! ?H! 7?98?A! ?>1:7GC?<8AJ! E9?K=BE98K!EHRVGCIBAJ! 9:K=A8I
7:9=?7;E!G>?L8;:!;,<AB78K!SAE8J=9E!8A97?!19=:>7?7;,<AB78K!G>?G:>98:E!8A!7?C:K5CB>!E<E9.7ES!
U=8C:!19>B;898?ABC!K?7G59B98?ABC! 7?C:K5CB>!7?;:C8AJ! 7:9=?,EPEKA 8AI EK:AB>8
@:CCE9B6C8E=:;!G>8AK8GC:E!BA;!E9>5K95>BC!8AH?>7B98?A!B>:! BLIBEBBGAMEISAI BCE?!HE

;:BC8AJ!@89=1987:!EKBC:E!>:158>:;!9?!G:>H?>7!K?7G59B987?ABC! EGBIBAISTAEHBAK:

N



8A=:>:A9C<!I nC?@! 9=>75J=G590! BGG>?BK=S! #A! K?A9>BE9M! ;B9B+;>8L:A! G>?G:>9<! G>:;8K
=BL:!:7:>J:;19=B9!B>:!?>;:>E! ?H! 7BJA895;:! HBE9:>! 9=BA! 9>B;898 VARG RIBEHT @=:>:!
B7GC:M! =8J=+I5BC89<! ;B9B! 8E! BLB8CB6C:M! ;B9B+;>8L:A! BGG>?BK=:E! =BlL:! E=?@A! C
?59G:>H?>78AJIK?7GC:NK?7G59B98?AE!8A!9:>7E 4 B REBXBKAEEK=E!=B>A:EE!W3!BA;!
E9B98E98KBC!7?;:C8AJ!9:K=A8I5:E!9?!:"9>BK9!GB99:>AE!;8-8BST>9>CXBBIBW! @G C8K89!
7B9=:7B98KBC!7?;:CE!?>!;:9B8C:;!E875CB98?AES!"BI9B+;>8L: ABAISAIRNKEAIIK?7GC:M!
>:CB98?AE=8GE! 6:9@::A! 8AG59! H:B95>:E! BA;! ?59G59! LB>8B6C:EM! GEAIBKSEB>C<! 8A! E
5A;:>C<8AJ!7:K=BABE7E!B>:!A?9!H5CC<!5A;:>E9?7?;!?>!;:8HH8K5C9! 9A 7 P=Gi ?"BEHBKB9C<S
EKBCB68C89<!B;LBA9BJ.EM!6:8AJ!B6C:!19?!G>?K:EE! CB>HSHEKBIIRABBEAHO=7! @:CC+
E589:;! H?>! H8:C;E! E5K=! BE! ;>5J! ;8EK?L:><S! W?>:?L:>M! ;B9B+;>8L:A! BGGS2BK=:E! HBK8
8A9:J>B98?A! ?H! =:9:>2J:A:?5E! ;BIB! E?5>K:E! BA;! ;?7B8A! DA?@C:;J:M! G>7L8;8AJ! K?7G>:=:A
8AE8J=9E!BA;!G>:;8K98?AES!'=:<!>:G>:E:A9!B!E=8H9!8A!EK8:A98HBR @ EB5EEVIPTHIHHBAJ!
;>8L8AJISBAA?LBI8?AIBA;!BKK:C:>B98AJ!;8EK?L:>8:E!?HIA:@!7?C:K5CB>IE<E9:7ES!

[
"#516*-%&,&-&,/0!7&*+&*'0.2'(20'&8!'03-&,(%79,27!,%!3-'40!)-&-"04,107#!
#A!19=:1 E<E9:7B98K! ;:L:C?G7:A9! ?H! ;B9B+;>8L:A! Z$1&! 7?;:C8AIM! 9=:! G>?KBISAH?C;E! 9
E:L:>BC! D:<! E¥'GES:CB6?7>B9:! YX! #;:A98H8KB98?A! ?H! 7?C:K5C:E! H>?7! :"8E98AJ! ?G:A+E"
7?C:K5CB>! C86>B>8:E! ES5K=! BE! 156/=:7M!/=:7T3M! BA;! /($S! NX!/BCK5CB98?A! ?H! 9=:1 G>?G::

8A9:>:E9!:89=:>I5E8AJ!I'"G:>87:A9BC! ?>IK?7G59B987?ABC!9:K=A8I8RA! PXI 'S BASB2d

>:G>:E:A9B98?AE! ?H! 7?7C:K5CB>! E9>5K95>:E! 9=B9! KBG95>:! 87G7>9BA9! BRH7EKBIO8?A! B6’
6?A;EMIH5AK98?ABC!J>?5GEM!:9KSM!IG>:E:A9! @89=8A!9=:17?C:K5C:SIPXI'EHSEBNI! G>:;8K98
E87GC:!7:9=?;E! ES5K=!BE! C8A:B>!>:J>:EE8?A! ?>1 7?7>:1 K?7GC:MN 9??CEESE2HEEAIS S8 C

BABCC<M!:7GC?<8AJ!I 9=:1::L:C?G:;1 7?::C1 9?1 :E987B9:! K=:78KBCtBS'KBAI8:EHE ;! 8A!

I



?@AE9>:B7! BGGC8KB98?AE! V.8JS! YSYXS! U=8C:! 9=:E:! E9:GE! B>:! ;?BCI9BECA98BCC<I
K?AES8;:>B98?AE!:"SERPABRSH=9:G!@=:>:1:8HH:>:A9!7:9=2;?C?J8:EIKBA!6:I5E:;S!!

Workflow for QSPR modeling

Identifying Property Molecular Model Model
molecules collection description development application
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Increasing complexity of the machine learning models

= = o Supervised Learning
Increasing prediction accuracy

Unsupervised Learning
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Systematic learning of molecular representations to predict bond dissociation
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'H NMR spectra
Experim. vs calcul. MAE = 0.14 ppm o )
Automated tasks in this workflow Conformer ratio
Experim. 97:3 vs calcul. 99:1
= Conformational search with RDKit ‘
= Gaussian input generation & submission ;
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= Error fixing of QM outputs ' \ —_— \ z« ll—
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C1=CC=CC1 | Diene = Gaussian input generation & submission 20
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e o = Error fixing of QM outputs T 10
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5 ; Automated tasks in this workflow 5 B
SMILES X ub.
R—— = Conformational search with RDKit Dipole moment ~ HOMO 8 4
cicesct mol_5 -1.33 _ 005 0.0 8 § B
ccce=C mol_13 | -2.68 = Molecular featurization using xTB s /3 10:0:-0:8.0.0 ’ i ) R?=0.9
ceect mol16 | -1.41 ! ; T N f MAE =07
= = Boltzmann averaging of descriptors Mol 5 Polarizability LUMO
cic(=C)CI mol_34 | -1.64 ) Ol 65.1 _66 8 6 4 2 0
Units: log(M-L ) at 25 °C SUSCRCRIEON TATpEBASERRERIN mgds] Measured solubility |

I"H$%0&' *)-F RSII8"S1H /9%60123%/# %ot 0" *"# Sl ;)"# +%3".;3,04 I").0-6*%0)# -$# ,# VDD# +%!"3#
)* O*-$4#20%+#,#1 * F,)"#%62# BTIR #)*0-$4)8

|

5#1=(%+3*7, (%!

(ZW%! 8E! BA! ?G:A+E?5>K:! 1<9=?A!l GBKDBJ:! H?>! 658C;8AJ! K?7G59B98?ABC! @?>DHC?@E!
75C98+E9:G! G>?97K?CE! :HH8K8:A9C<! 9=B9! K?768A:! ;8HH:>:A9! GBKIHERESH/S! 72t:C! K=:
BGG>7BK=! 8E! @:CC+E589:;! 9?! J:A:>BC! 9BEDE! 8AK?>G?>B98AJ! K?AH?>7B88PABC! BAB(
>:H8A:7:A9M! ZW! ?G9878[B98?AEM! BA;! :AE:76C:+BL:>BJ:;! G>?G:>9<! G>:;8K982AES! &:G>:E:
AB7GC:E! ?H! K=:78KBC! E=8H9! G>:;8K98?AM! >:BK98?A! :A:>J<! G>?HE8CBIHCHSCBOS?AN
H:B95>8[B98?A! B>:! E=?@A! =:>:M! 8A! :BK=! KBE:! ?G:>B98AJ! BE! B! H5CGZ#*!/BB3P7B9:;! Vz:A
@?>DHC?@! H>?7! 9=:! ESGGCS8:;! BAG59E! 9?! ;:E8>:;! T?C9[7BAA+BL:>BJ:;! ?59G59ES! #AG59
E5GGCS:;! 8A!l $W#3%$! 7> E:L:>BC! |"l E9>5K95>:! H?>7B9ES! '=8E! BGG>?BK=MKHEE95>:E! BA;!
G>?9?K?CE! 5E:;! B9! :L:><! E9BJ:! ?H! 9=:! >:E:B>K=! G>?K:EEQ! 9=:>:! B>:! AB;ES>BRA!?5E! $G>:
8AL?CL:;IBA;IBCCIE9:GE!KBA!G:!>:G>7?;5K:;16<1?9=:>I>:E:B>K=:>ESI!

'=IE?H9@B>:! K?AEBE9E! ?H! 8A;:G:A;:A9! 7?;5C:E! 9=B9! KBA! 6:! K?768A:;! SAIBA<! 7>;:>S!"
1$%(&/4!17?;5C:! G:>H?>7TE!K?AH?>7B98?ABC! EB7GC8AJ! ?>!8A9:>HBK:E!9?!:"9:>ABC! K?AH?>7
BABC<ES8E!9??CE!5E8AJI WW!'V&"R8IX! ?2>1 $ZW!' VATM! /&%$' X! C:L:CE! ?H! 9=:B+3SI/W#*I BCC?
>:H8A:7:A9! ?H! K?AH?>7:>1:AE: 76 C:E! @89=!NT!?2>! (*#! 7:9=?;ES!"'=:121&%1! 7?;5C:!K?AL:>9E
H8C:E!@89=!;8HH:>:A9!|"1I8AG59!H?>7B9E!8A9?!8AG59!H8C EIH?>! "GKABE!/BBEEEBABIEM!E

)&/(MIBA;!1<$/.S!'=:1Z/)&&!772:5C:IBABC<[.E!ZW!?59G59!:BOB!6<!E<E9: 7BI8KBCEESRIPK

! P!



?59G59!H8C:ES!.8CO:>E!IH?>!:SISM!K?AL:>J:AK:1:>>?>EM!87BJSAB><IH>:15: AKGSERITBA; | 5A; E8
8E?7:>8[B98?AM! KBA! 6:!87GC:7:A9:;! 9?1 K>:B9:! A:@! BAG59E! B592TBRIBK BZ,6ES!

G>?;5K:EIT?C9[7BAA+@:8J=9:;!;:EK>8G9?>E!BA;! G>?G:>98:ES!'=:17?;5CB>! E9xBKA5>:! 7:BAE!(.
KBAI!G:I5E:;!8A1a5G<9:>I1A?9:677DI:AL8>?A7:A9E!?>1>:5E:;IBA;!187G?>9:;16<!1?9=:>11<9=?AlIG>?F:K



&%.%&%*/%$!

"# Q=A1&HTUAL)A=+H#3"-H#H#T (/2% +#5"-#H T &>=prits3 HHDIM CFHIP3(&/2)) &24+H#P " +XA(H#T2)*/ (<#
I(HZ2>A0/(<#'&IO#1=/(; L2 TH#A(<=/1/&(>1%# (4*MY% (VM (4H#ALEZ DI 12) & @>H#&>H#1)C;;: 2/ A&A#MIH)YC) &) #
3HH#OM"% 9+ #HFHa R

I"#  $1>A0002>@2%8&>@+# Q'-HRE)REME L"+# V>B24)2# ;(%2A=%14# 72)&@># =)&> Q- &HADEH2# %21
25>241/&B2#:(72%)H#M(4#: 1/24#2> @ LD DRG0 . = +#DRINH

D LO>+HS$"-#H#K(>@+H#3"-#H#$=>T14141R1>+#3"-#106) B UKL HIQUBE>#1> THY </&;&\L/&(>#(M#:1/1%C) /)#
Q1)27# (>#32A01>&)/&AH V>)&@O0/)# 2248 B27# MA(;# |= RATHHR2 LA/ & (># 3(7 BASF@# I"HYot==6+#
NHCHN®"

EY  2=41>T+#7"H5"-#X2CHIP +#:(;<=/1/&(>1%#98& @ 1> TMPRY ARSI H22) REV6YH ) * I"H' YotH==6+#
NHNINHGE"

HE  XA22\2+# 5"# "-# # 2%%C+# K'# S"-# QLI&)/1+# W'# $"+# $214A04 BRARA MO ZTANMMEALLY#
V>/2%%8&@2>A2+#3(=>/18>H#:%8&Z24) +#1>FHRAPAO T &Y= 6 #N HIBIN '

NE  WILL))&24# 829%Z(4>+# WIHARRER U'+# :(;<=/1/&(>1%# 72)&@># (M# $C>/02/ & ABBIT: 2) 3
I"#'%6t=6+#NNEIND®"

N B1@>24+H5 HS - HHO22+#: HU - HHP= A4 1>+ H B PR S HERLWHX 2024+ # W HL"-#L: 14(+#S "H6" +#6,24@ &> @#
(;<=/1/&(>1%#32/0(7)#M(4#/02#S 1/& (> 1%#?8&) A(B DADARIMHDIO®) %)+, ) * I"#(Ye== . +#N DRGCE

al  (Yl>HE[HE"# $>=A4+# S"H ] HOMR@D<=/# A(<=/1/&(>1%# )Ad22> &> QHAIBH 28 MA1;2'(4%)"#
3" %) 4'&)*+, )" HSUE 2+ #HABHNE G

Gt 2\ F(Z142%%&+# S"-# # LEP<RAAD@=8A42+# 5"-# # K&I2Yo+# U'H 2"-# # 2=B2>1=7+# ?"-# # 31A%1=:
QUO((BX(4)CIO2+#3 L - ##:012+#K " #$"H#HBE>\&> @ 24+#3"-HH K L HHPBR A (U EEL " HH52 (>+HS - ##. 1>@+#
K"-## 38 CI\L*&+H#K - HH#P=; 1/ 1 +#3"-## & +H$S"-HHK=1 >@ IS HFKEH QLY T (+#3"-#H#L T 1)+ SHENGMY<=4=

L"+# 22)&@># (M# 2MMEA&2>/# :(%2A=% 1R4EN@ACEARYBLIB ACH EOOE@0<=/# B&AI=1%# )A422>&>@# 1>T#
26<248&:2>/1%#1 <<A(HADHHH S #(VE A G

0% ?2=>)/1>+#3"HU - #H#51&>+HL"-#HI&=+#8 - HHY > @ +HBOTDHBOSHTRA)) (>+#. "HL - HHSA(/+HS HL"-H#H# 22>>&) +
5UHS"-#, 42CHE "HT+#914@ 24#)AL% 24 A(;<=/1/&(>1%#) ABRE: R O EYAIBACH(M# > (B2%##; 1/24&1%)#M (4#0&(
12;<241/=424:Y HAL</=ADH$8<*LD-9$ D) *4&:B[¥a6+# DENDNCY

W' # O1*A1Z(AICHHS -H# I&2+HE'-## 31/02') +# P"-## $024BHARRRBEH S"-## L)/ 1+# 3"-# 3018) 1%+ 14+# $"# ,"+#
S1/&(>1%#72)&@>_#BIB&@D0<=/#:(;<=/1/&(>1%#$A422>8>@# 1> TH#6{<2 ARSI NUHKBR/0(7 (%6(@ CHM(4#
921 TXA22#1>T#6:24@2>/#KCZA&THT 2A@IEIIYB8<*Q, HH' B %+ HaDRE HY

" #  KLC2)#S(Z24/+#5"-#H#Q2>N\&2>+H5" 1L ACH314& 2+ HE HHHETLHEBIR >/ (#5 (> 1/0 WERS6: BH2 A+ #
5"t =>T=+#L"-#210&CLHQL)) &Y+ "+ (;Z&> &> @HA(<=/2B(IHVHUIPAR > &> @HM (AHA1 <& TH(</&: 8\LI&(>#
(ME<4(/28>#<A(<2ASDY1HH () * @ &H#;) *48.9)*Y ) 1) @96 6+ #IHG BRHG D%

D' $((%6(B+# L"# P"-# # L/TBBA2>*+# $'-# # 3(>T1%+# S"-# # L¥24;1>+# K'# Q" RIASDANODS # $'-##
A1S17()PX(A&Yo+# $'-# # SAQAR24+# 5"-# # 31>5)M2067+# $'# -"-# # C(([Z2VeHA LA BNEMGLCHHOA (#
AG<=/1/&(>1%# T&)A(B2ACH I(# 2{<24&;2>/1%# AOLA1AI248\1/&(># (M# 1# 0&@O0# 0(%2# ;(ZBMARICH (4@1>&A
3'%%0D)F HH Y-+ HE D"

IE"%  V>@;1>+#W'H# 3"-## SA012M24+# L"# 5"-# # L>T42(% 1+ HE " # BORSS6 2= >/=;# A02;&)/ACH
1=/(LI&(SHL> TH)IA=AI=42#;1>&<=IBI(RHEIH3 Y FOH)*/' () * A QDW=+ #21HI @"

! k!



IH'Y  [(=>@+#UHL -#H#S8YA(A+H#5"H5" -#H# $/24%&IS @IS HTB=# 1 =/(; 1/27#:1%A=%1/&(># (M# S2 1 AI&(>#
6>24@CH# TA(NMRURYEALI&(># |(# Y 4@ 1>&AH 15T# YA@1>(;2/ 1% @18 SRR GD)* Ut G+#
EINNEINE#

IN'GE 1>+ -HHV>@; 1>+HW'H3 -## S () H Q" #5"- #8022 R SV HBS#L=/(; 1/2THS 2L A/&(>HY </8:;8\24#
M(4#P2'#:1/1%C)BY1B" %)*:", ' $<)*3' VY FOH ) #-+U4E5+#H  EFBINI'%

N (AZ28%+HHS HU S - #HSAO 1AN2>/4=7 24+ H5) #DA-HHTBIEIR))* 3" %) * CDHYF-+945 2+ #INDH

IN'#

A"t TR\&+HH "-## :2<206%(//&+# L"-## $1Z1/8&>&+# S"-# # 314\14&+# P&EANSHFEHA QT &>/241AI&B2#
&>MAL)/A=AI=42#1>THT /17 1) 2#M(AHA( <=/ 1/&(S PR AR BHA AR V== #|| HD O

IG"  p=41q)*&+HL"#3"-#H#BL> @ +H5"H] - #HH#$082% 7 ) +ACHIFTHE(QURH 1>#1=/(;1/2TH# (A*MY%b(‘#M(4#
102#@2>2411&(>H#1>TH)/(A1@2#(M#?XUHAL%A=%1/&(>)#M(A#(AGH)> 8 A4 S DEYEIPHH | NI aE" #

10 S()1%2)+#L"#S"-##810%24)+#5"-HHO8&: k+#6"-## 32 1T V) HER HB" B -1 $1 B&>+# S -## Q2% +HEX"-##K1>)2
6"-# # K2% =&)/+# T'-# # 3=>T1C+# S"# K"-# # 882)/+# W #P QUITHHTRAI=1%# )A422>&>@# (M# 2>1>/8&()2%2A/:
AL/1%C)/)#=)8>@+: HNBIHHA(JH Yot-+ HEEHE

" #  :02;8)/421;"#0//<)_bbA02:&)/421:H8&(

" #  B2N\HH S -##.1)[>24+#5"-HH# S((Yo+# L"# L"-## . 210BOBANETSH T'+#:02,$0296%4 ;(7=%14# ) (M/"142#
<1A*1@2#M(4#]3b33#)&;=%1/8E) 1 1*3'%FOH)*/ () *4&BFSE+# I OBO" #

ID'  S1&>+HL"-##Y>@+HS H T'-##:02>+# 8'-## 3271)1>&+# QORAHBHIHIALM; 1>+# 3"-H# T2/A2//(+# ,"-##
S&@>1>2) 2R HHK L=/&24+# " =>[24+#7"-HT 24)) (>+# " HAYHKBEDB> 1, 8AH (A*MY%(‘#)C)/2;#72)&@>2T#

M (4# OSHB(=@0<=/# 1<<%&ABDEPES, D&<* #D;* 3%FOH#HI' DO* I$#&HO& * #D;* L IR SBDR:H HOPN

HOHB"

IE"  V(L>>&7&)+HE"HV"-##, 1>&+#U"HC"-#.=% & +HK"#5" +1; (% $&; <M EDH T QA BNOMEL #&> (4@ 1>&AH
A02;&)/ACBY*3'%FOH)*3" 98Y# (Va0 2+ #IIORN" #

IH'#  SLA(Z+H"#S"-#HQ2CO1>+H#$S #3" - HHQ=6(+#S"H#6"-HF. (2SN HIS HE - ##. 82 &) AO+#."-HH$&**2; 1 +#5"-#
W&))A024+#9"+#T OHDRYAL&L</&>@HMAL: 2'(4*#M(4#;=%/8)A1%2# =1 ACBIABLENIH)* 3" YAy HHUD>+#
IDla ADDa

IN'E  CL<L/1+#X"-HHS&TT24+#9"HH#K&TTE&> @ +H#5"-HABLABHAHBNENXO24+#9"+#]3M%(")_#LHU((Yott . &IHM (44
V>/24(<241Z%2#T141%%2%H#8(4*M%()H&>H]=1>/-BPBR %) GDE)*/";, ()*# Y#A6+#DIGDI G

N WLSHS()=;+#, "2 +HEX HEH B 2+ E,$, D&, */#DO#MN 21/2$<1A2+#SA(/)#WL%942 C+#:L"

la"# L]36"# 0//<) bb@&/0=2"A(;bRB1%2&#42b1";2

IG%  0//<) bb"'C(=/=Z2"A(;bA01>>2%bd:KS VaPN!Z[fSWGQRZdJVEH#

DQ¥  S?.&/_#Y<2B(=4A2#A02;&>M(4;1/8M) H0D " A7*&)" (4 EH

D't A&:2+# $'+# 6<V0(4L/&(># (M# :02;8A1%# :(;<(=>T+# :(>M(@:24+ S21A/&(># $<1A2# '&/OF 32/1
2C>1; &AM $&;=%1/&(>)# Q1)27# (>RURDRL @# |=1>/=:# :02;&A1%¢# : 1% A=B)H /B J#:" '$<* 3'%FOH)*
"6 AHH aERaNI"#


https://github.com/jvalegre/aqme
https://www.youtube.com/channel/UCHRqI8N61bYxWV9BjbUI4Xw
http://www.rdkit.org/

DI'tt A& 2+#S"-#H#QL>>"14/0+#:"-#$0=)0*(B+HT'+#LH#S (Z=) IALATIHASORF 78> @H]=1>/=#:02;:8A1%#
32/0(7# M(4# $I14=AI=42)+# \WEZAL/&(>1%# X42 -REAGBIABASAN >/241AI&(>)# (M# 914@ 2# 3(%2A=%14# $C)/2;)4
T141;2/48\27#M (4L YQBHAT#6%2; 2> ) HcHalvBY*3",%)*:", ' $<*3'%FOH M #& U= 2+ #IG D OGH

DD $:&/0+#5"#$"-## V) 1C2B+# Y"-# S(&/Z24@F B 16! PHDPNLZ Y024 >2=41%tt >2/'(4*# <(/2>/8&1%# '&/0# 2XU#
1AA=A1ACHLHM(AA2HME2% THA(; <=/ BIQ(Y 16DXGRUP+#D!GDIOD

DE#  XA&)AO+HH3"#5"-##UA=AY)+ "#8'-## SA0%2@ 2% +# K"# Q"-1S{ BEEYBIG L 14 BB &, 1 >+# 5"# S"-##}

SALY; 1>8+H, "-HHQLA(>2+HW'-HHT 2/24)) (>+#,"HL"-#H#P 1*1/) HRIEHBA IR 31 42> & A0+ L "HW'-HH QY6 (&> (+#5"-
S1S2)*(+HQ"#,"-##, (<24 +H#S"-##32>>=AAGHHQ"-## KA LHNDBALEARKBIAW'-HHV\; 1CY(BHHL HX HHS (>>2>Z24 @+
O"-# # 8RY0V&L;)-# # 28> @+ X'-# # 9&<<148>&+HY K> @ SDRAGHT2E @ H Q"-# # T2IA(>2+# L"-# # K2>724)(>+# U'
S1>1)&>@O02+# ?"-## CL*A\2 ) &+# W' "-##  1(+# 5"-# # S2 @A D HHID1 > @ +# 8'-# # K171+ 3"-# # 60141 +# 3"-#
U(C(/1+#."-#HX=*=T 1+#S"##K 1) 2@ 1' 1 +#5"-HHNPPRIIREG A # U K (> 7 L+ -##. &/ L (Y "-HHP DB OHCH
U"-##U04() 2%%+#."-##3(>/ @ (;24CHE A" +# 5" $#1 5 B T2400@D0& 1 4 (+#X"-## Q2 14< 1 4*+ HB" #EP YA IOXDT +# 5"

6" P # =T8>+ "# P -# # $/14(B24(B+# W'H# P"-# # .28/ BHATYOR S (# # P(4;1>7+# 5"-# # SL@01B1A014&+# ."-#
S2>72% Yo+ #L " HT'-#HQ=A1>[+#5"#:"-##V C2> QAA#BSHE YR #3800 1, +#5"#3"-# Yo 2> 24 HIIHHILT L, (+
1158+ S - # YAOI24)*&+# 5"# 8'-# # 314/8>+# S"# O"-# HI(MHENIA* 1)+ Y -# # X(42); 1>+# 5"# Q"-# X (f+# ?"# 5"#
[#0119#D*=*+,)*3) GHB1%%&>@M(47+#+#IOIN"

DHY  P22)2+#X'+HUO2#Y S:L#<4(@41;:#) BN 1A *3'%FOH)*/' () * A8 Yet-+#NDa't

DNE  $=>+#]"-##Q24*2%Z1A0+# U'H:"-## QUo=>/+#P"#$"-## Q((/O+HOGHE cHt # QRIS MBI ## BA Yo 1 &>+ 5" # 2"-##t
$1CM=/CLA(BL+# 6"# S"-# # $014;1+# $"-# # 8(=/24) +# $"-FOOM FESK " # 102# TARD27# ) &;=%1I&(>)# (M#
A02;8)/4CHMAL;2' (ANKE+L1*3'%FOH)*/'()*4&9§+ VP+#2| DED"

DAY YjQ(C%2+# P'# 3"-# # U2>7240(%/+# L"# 9"-# 91>@>24+# L' BREAAATRE (A4 RIEXDK@T 2>/#
A(<=/1/&(>1%#A02;8)/4CH1% @ @REIPEOH)*3" 98"+ Vb 6+ HalRaE HY

Dat  8l//)+#."#$"-##21% 1% +# T'-##3=4<0C+# S"# Q BHHBBA& Dy>A+# S"# L"-# S02%%2C+#5"# "+#:(>M,2>_#1
AGCM(4;1/&(>1%#)214A0#:; 2/0(THM(4#2MMEA&E2>I#@2>2411&(>#(M# Z BB AB 2B DENMAPH) WA G #

HDEEN#

DGE  KL*&>)+# T'# "# 2"-# # $* &Y%, 1>+# L"# "-# # 81442>+# "H(O"+# DOMI&S@0%+# 3"# U'+# :(>M(4;24#
25241/&(>#&I0HY36,L_#L%@ (4&/0#1>THWLY&T LI&(>#d) &2 BEIRHBIBHI =42 #MA(HI024T A(/2&>#?1/1Z1>*#
1>7#:1;74&7 @2#$/4=AI=41%#? BYZ R} 28 CDE'$%)*/";, *#"VeAG #HHa

EOQ#  3&/2BL+#3"#L"-##,=C(>+#X"-#U=MMKACH T'+ 24 (O # AGMIPBI&.(>12>) 2: 7% 24 @ 2> 241/ (AHM(4#); 1% Yot
A(G<(=>7)"HI0&(,98*@&9; 1 B VP P+ #BN |2t

El'#  L%2@R2 =2>1+#5"#W'HS HW' +H#S " #S"-#T 1/ (>+#S"-+#L| 364X DB A4S, * 7THHAL Mt "#

EI"t ((7;:1>+#5"#3"-#$/&%%+H}8'# "+ L>H=>Z(=>T27# ) GUANGAMH# A(>M(4; 1/&(>1Y6/B): BRAFDH)*
3" Qb)*#"HOGESHHICRIN" #

EDE  01>@+#,"-## ,=&T1+# 8'# "-# $/&%Yo+# 8'# "+ HIATBISUSITB(>/2# : 1A% (# ;2/0(7# M(4#)214A08>@#
AGM(4;1/&(>1%#)< BAREI)*3",%)*4' &Y Ye==+#EDFEDaM"

EE  S(Z24/4#$"#T1/GHK) _bb@&/0=Z2"A(;bZ(ZZC<1/(>bX=%/3(>/2

EHE  [(=>@+# 2"+# :(;<=/1/&(>1%%# :02;&)/AC_# L# TA1A/&RAMHHRI<YCE>@# U2A0>& =2)# |(# S21%# 8(4%TH
TA(Z%2;)MO(,<t"# +#lla%


https://github.com/bobbypaton/FullMonte

ENE  Q42/0(k+# L"# W'-# # X%2IA024+# $"# T'-# TL(>+# SHESEINM2ANH (># TECA@URAH
22)A4&</(4)_#UO2#: 1) 2#(MHS/248&; (Yot $I24& AHTIZA  JAMHIW Yo#6+#|DIBDID'#

ENt P251> FBI(>2ZA1%24+#$ HK - #H#S$, &IOS HS - HHQ(A()*&+H5"H#6"-## T LRI BIHH(QS)(>-+HK " #:"-H#
$&@;1>+# 3"# $"-# 2(CY2+# L"# "+# d>&B14&1/2# A%1)) &M&AL/&(># (M# <0() <043 2AMBGITIREFAUDY 1>T#
A(=<%8&>@H#AL/ KRG )BIMHYHD 25+ #D @O

Ealt  O(72'CH#3"#8'H#S +H#3"#S - #UL>/8&Y0Yo(+H#7?"#5 " H+H BBV SB1" #1Y6H==>+H H a DN " #

EG  Q(>R(AO+#5"-#$(Yok+#2"+#$C>/02)&)#(MBSMPAQYEL29#=G GHDERMEal%

HQE  $AO&T7/+#3"-#H#S28>)A02& T+HHX -HHS=>+HK"-HHLZA(; 28/ +HK - HHBISEE B RANE) B HBX H 2" - HH#5(0>+#3"-#
S28>)A028&7+#d"#3 " +H#K&TT2>#X%2&Z &% &I CHYS H AUBB* &S DS G=5#IIEFIHOY

HI't  9=A0&>&# +ER"H 5"# W' +# -# RATIR\+# \V"-# TLI(># S"$"-+# ,(TWEZ2)_# 1=/(;1/27# DR/ 0ATH M (44
02/24(@2>2(=)#A(<=/1/&(>1%#A02;&)/ ACHETAAH, 1 HS&I" Yo 16+ #IG#

HI't  $7Q$82Z# tPL/I&(>1%# V>)I&I=12# (M# L7B1>A27# V>7=)/4&1%# $A&2>A2# 1>7# U2A0>(Y%(@C+# 71/2#
(G<(=>T# >12_# SIACA0>&>2+# )(%B2>/_# :?2:%D# $?QBHAN™B//<) bb)77)'77"1&)/"@("R<bZ)bA@&
Z2&>b%1>7&>@<1@29)7Z}¥Hu"HGN

HD#  O&=+# X"-#H#TL(>+#S"#$"-## & +#$"-##081>@ +# [ HACRIPM TR RIS 21 AI&B&I&2)H (MH# $/418>2T# 1>T#
d>)/418>27# :CAY%(1%*2>2)# '&I0# P(4:1%# 1>TRMNSRMG;1>7H# 282>2) # LAI&BLI&(># Q144824)# 1>T#
28)/(41&(>bV>1241A/&(>HL> IBHDRFW3" %)*4 BF) Y= A-#IHNEHNE G

HE#  1%%2@()+#9"#:"-##9=A0&>&+# ,"-HH# $/"# 5(0>+1 T THHHBSIHS +# V;<(4/ 1>A2# (M#6>@8&>2242T# 1> T#
9214>27# 3(%2A=%14# S2<42)2>/1/&(>)# &># T427 QMK DHBKANES 2% 2 A/&B&ICHE 1>T# :02;&A1%¢# TA(<24/8
@8&&)*3" %)%+, IIHYGASHHalFaDNE

HHE  $/=CB24+#U"#:(%2C+# "# 8+ |=1>/=# ACR=ED BS /2 T# >2=41%3# >2/' (4%)# M(4# 421 AI&B&ICH <427 &AI&(>_
T24AM(4;1>A2+#@2>241%&\1Z&Y%&/C+#1> TRPINARH 1T KM A +#OaE | E"

HNE  22061>2C+#5"#$"+# 6$Y9 WH 6)/&; 1/&>@# L =2(=)# $(AATEIBUCHSSLILN-Y1 44 S/ BIAB ARYH
CDE'$)*3'%F)*4B%%¢55+# OGO OH!

HAE  $/"H5(0>+#T'#8'+#8 - #S "HWHHS #$"-#+#P S69b>M<_ #<1/B0HWUZHEHIQBAS 1" "#

! I


https://sdbs.db.aist.go.jp/sdbs/cgi-bin/landingpage?sdbsno=7596
https://sdbs.db.aist.go.jp/sdbs/cgi-bin/landingpage?sdbsno=7596

14(1'%&1 QI ZO(*#/(#, Y% !W%' /1) &) &-(“#/1&("#/ (IS (THIH 21(*"!
1%&S$HS Vo /% 0$H*-'A%E&\W)" 25 (WH/I(*"IR#*%'#/1. % (0&%$!!
i!
I
#"1=9-2&0'1(/0'/,0<!
#Al 9=8E! K=BG9:>M! @:! ;:L:C?G! B! A:@! 7:9>8K! 97! I5BA98H<! ?>JBAGKISEBFIFO! E9BESCS9
9=:>77;<AB78K! BA;! D8A:98K! H:B95>:E! ?H! B! >B;8KBCS! U:! B87:;! 97! SAKTIG2IBABKI=<ESKB
- EK>8G9?>E!9?!15BA98H<!>B:8KBC!E9B68C89<!6BE::1?AIH>BKI8?ABCHEGBA!BR;85EBE!;|L?C57
B9?7S!'?1;?1 E?! @:!K5>B9:! B ;BI9B6BE:! ?H! {mOMOOO! ?>JBA8K! >B;8KBCE HB/BKIEDEBS]:;! 9=
EG8AIBA;165>8:;IL?C57:1?H!19=:1>B;8KBC!B9?7S!'=:E:IH:B95>:E!B>:19=:Al KSB/EAL B BBC!
$9B68CBI<ISK?>:IVESSXS!!'=:1;:L:C?G:;17:9>8KIKBA!6:1598C8[:; | BB11:B::98>?A9! ?HIE9B6C:!
2>JBA8K!>B:8KBCES!'=8E!K?CCB6?>B98L:!>:E:B>K=! @BE! G56C8E 95! 8AI8=T8P9BCIEPKS:
|=:78KBCI$K8:AK:! @89=IK?A9>86598?AE!H>?7!7<E:CHM!">S!1:9:>!$9S | a BAIVEBBAASISE 26:>9!
9=8E! E95;<M!#! K?A9>8659::197! ;:H8A8AJ! 9=:1>B;8KBC! E9B68C89<! EB2:+:; BRBSBEMPGHSC;8AJ!
H>BK98?ABC! EG8A! BA;! 65>8:;! L?C57:M! BABC<ESE! ?H! 9=:! 1B>:9?! H>?A9M! K?7GB>8E?
E9B68C8[B9I8?Al:A:>J<M!BA;!BGGC8KBI8?A!9?!KBEKB;:!>:BK98 8AE'IBEGEAR BIEs PATD
B;L8E?>E! ">S! 1:9:>1 $9S! a?=A! BA;! ">S! &?6:>9! 1B9?A! @=?! BCE?! =:CG:;! @59t 19221 7BASEK>
G56C8KBI8?AS!
I
&:G>8A9:;! @89=!G:>78EES?M(HD7Q ! >#! 2#! >#{@IS!a?=AM! 1Sj! 1BO?AM! &S! $S! (| Z5BAISIBISL:
W:9>8K! H?>! )>JBASK! &B;8KBC! $9B68C89<! BA:! 1:>ES8EQ:AK:! OESAJ! A:bRBAABKSK! B
:B95>:B8M5"+8# ' SBA5"STI<HEM! Y]Y_mbY]Y@®89=! G:>78EE8?A! H>?7! 9=:! &?<BC! $?K8:9<! ?H!

[=:78E9><SI



#51$%&'()*+&,(%!!
>?2719=:18A898BC! ;8EK?L:><! ?H! H>::1 >B;8KBCE! 9?! 9=:8>! 6:K?78AJ! 9:MIEB? BBt G°889><
:7G=BES8][:;!9=B9!B! 7?C:K5C:!K?A9B8A8AJ! BA! 5AGB8>:;! :.C:K9>?A! VESSGSE RTBD:CxH;8KB
>:BKO8L)IS>!19=:I<:B>EM!=?@:L:>M!?>JBA8K!K=:78E9E!=BL:!B;;>:EE:;!9=:187G?>9RAK:! ?H!E95;<
?>JBASK!>B;8KBCE\! EEHSIC8276:>J\E! ;8EK?L:><!9=B9!9=:19>8G=:A<C7:9=<C!>B;8KBC!;?:E!A"
:87:>8[:19?1H?>7!1="BG=:A<C:9=<C:A:M!9=:E:B>K=IH?>!E9B6C:!>B; $3¥BSEABEBEAIAEI/!
9=:19:>7ISE9B6C:!>B;8KBCs!8E!G>?G?E:;!9?!>:H:>19?IB!K?7G?5AL 19 BBBH [SA9-HRON80=":!
G5>:1>B;8KBC!KBA!6:!=BA;C:;!BA;!E9?>:;18A!9=:ICB6! @89=!A?!7?>:1G>:KB3683EE! 9=BA! @?5C
H?>19=:17BF?>89<!?H!K?77:>K8BCC<!BLB8CBG6C:! ?>JBASKING; EBBIBTKEBEESHS:;! >B;8KBCE!
BKK?>;8AJ!9?19=:8>IC8H:987:j! 9>BAES8:A9! >B;8KBCE! B>:! BI?EC @B9S+B At BCHBETSE:K?A;M!
@=8C:!G:>E8E9:A9!>B;8KBCE!B>:!19="?E:! @89=!B!GfAAI=8EBCIASCEIMB!E9B6C:!>B;8KBC!B6C:!9
6:1E97>:;18AIB8>IKBA!G:IE::AIBE!IBAI:"B7GC:I?H!:"9>:7:1G:>EBE9:AK:S!
W?E9!>B;8KBCE!B>:!=8J=C<!>:BK98L:!BA;!9>BAES8:A9S!#A!K? ABCBERHM! EIB&EEB;8KBC
5A8I5:! :C:K9>?A8K! BA;! >:;5K98?A+7"8;B98?A! V>:;?2"X! G>7?G:>98:E! 9=B9! =BL:! EG5>>:;! 8A9.
G?9:A98BC!7B9:>8BCE!8A!:A:>J<!E9?>BJ:!BA;!:A:>J<!K?ALSBES?A K BKESK! BA;!E9:>8K!
H:B95>:E! BAHC5:AK8AJ! >B;8KBC! E9B68C89<! =BL:! 6::A! @:CC! E95;8FAIPEY £B:8K BSNEBK
C8H:987:1>:7BS8AE!K=BCC:AJ8AIM!BA;!?AC<!B!=BA;H5C!?H!""G:>87: ASHE;BKBEYUBE K 3EIBASK
=BL:!6::Al>:G?>9:;!V.8JS!|$VX58C:!89! 7B<!6:! G?EE86C:!9?!:"9:A;!9=:C8H:987:! ?H! BA!BC>:B;<
G:>EBE9:A9! >B;8KBC! 9=>75J=! E9>5K95>BC! H8A:+95A8AIJM! 9=:! ;8EK?L:><! PH! A:@! EC
H5AK98?ABC898:E!=BE!6::A!>:E9>8K09:;!6<!9=:IB6E:AK:!?H! B! SB38YBBLB ; BB E9B68C89<!

9=B9I'"O:AE!6:<?A;IEB7GC:19=:>77;<AB78K!K?AES8;:>B98?AEM!BA;!9=B9!KBAIG:!SE:;!G>:;8K98L.:(



Stable Neutral Radicals

Y
Bu_ _Ph N7SN A—F =
N. N /N N\ * N Nem N N
\lof o-NN-o N

(0)

o (e} o)
Stable Anionic Radicals -
O- o o
N !
Oor X OT0 O .
=N
o (0]
Stable Cationic Radicals
/~Ph
o
4 | H N o HN/<
/ o N N
— Q0 A0 a0
N+ /) o S S
<N O HN

I"H$%& +)PRGE"0-+"$*,33(#.96$2-0+"1#)* F3"#9%604,$-.#0,!-.,3)8#
[

[?7GB>B98L:! E95;8:E! ?H! >B;8KBC! E9B68C89<! =BL:! H?K5E:;! 7B8AC<! ?A! BEG!I
9=:>7?;<AB78KIE9B68C8[B98?AS!.?>:"B7GC:M!9=:E:!:HH:K9E!8RI2B1BASK! 5B ABEAS:;!
6<!;:H8A8AJ!B!>B;8KBC!E9B68C8[BI8?A!:A:>J+H/ §$YXSEHIBT>B ' KB>BRA9:>:;!>B;8KBC!
&HKB8E!;:HBA:;!6<!9=:1'8HH:>:AK:!6:9@::A!/b4!6?A;!:8EE?K8BB98?A!:A:>J8:E! VDXBENBA! 7
&b4! VBA! 8E?;:E78K! 4+B9?7! 9>BAEH:>! >:BKBERAMD4! 67A;E! J8L:! >8E:! 9?! BAK>:BESBAJC<!
G?EB898L:! &$%! LBC5:E! 9=B9! >:HC:K9! 8AK>:BE8AJ! 9=:>77;<AB78KPBEIBBBIBBIBCA! ?H!
(C9:>AB98L:!&$%!EK=:7:E!=BL:!16::AIG>?G?E:;!9?! 78A878[:!9=:!;BHPASAHHIRBHAE! 4H!/b
6?A;!G?CB>89<!8A!9=E:!K?7GB>8E?AEM! ES5K=!BE!6<!K?7GB>8AJ! 9=:bk¥! T' %S 'H! /4
&S&'%1(;;:898?ABCC<M!H?>!>B;8KBCE!K:A9:>:;I ?A! 2°<J:AM! A89>?J:AM! ?>! E5CH5>!B9?7EM! 7?C
BE!4)M!*4 JBA;!4-$!;:H8A:IE:GB>B9:!&$%!'ERBCLES

&$%! EK=:7:E! =BL:! 6::A! BAE9>57:A9BC! 8A! :AB6C8AJ! I5BA989B98L:! K?7BBIE?AE! ?H!
E9B68C8[B98?AI9=B9!KBA!6:!G:>H?>7:;!K?7G59B98?ABCC<MhEE3A8 827 GPESTP@ >+
K?E9!;:AE89<IH5AK98?ABC!9=:7><IV"'XIKBCK5CB98?AES!'4?@:L:>M!BEEHFI CEHARBBDADBC
5E:H5CA:EE! ?H! &$%! LBC5:E! H?>! ;8EK?L:>8AJ! A:@! E9B6C:! >B;8KBXIESEB BEDSANBRI>ESE9

G=:A?7:A?A!>:CB98AJ!9?!>B9:E!?H!>:BK98L89<!BA;!8AHC5:AK:;! 6 QAN B K EOBERGEIBSE



9=:>7?,<AB78K! 8A!l 7?>8J8AS! .?>! AB7GC:M! BC9=?5J=! :C:K9>?A! ;:C?KBC8[B98?A! G:
9=:>77;<AB78K!E9B68C8[B98?A!BA;!BA!&$%!LBC5:!?H!'YPSkIDKBCq7?CBERB%BAEI AP BKBC
EG:K8:E!@89=!B!C8H:987:!?H!C:EE!9=BA!BIH3CTZGEHPR;:S!>:H:>: AK8AJ! ?H!&$%!LBC5:E! @89=!
B!EG:K8H8K!67A;+9<G:1V:SISM!/b4X!;?:EIA?9!BCC?@!H?>!B!5A8L:>EBC!K?7(BBBEE?A! ?H! ;8H
9<G:EM! E5K=! BE! KB>6?A+K:A9:>:;! LES! 2°<J:A+K:A9X9! 9B;BRBTEIB7:M! I5BA989B98L:!
7:9>8KE!9?!;:EK>86:! D8A:98K! G:>E8E9:AK:! B>:! E98CC! 8A! OA7831/8ABBAKSM? BSE! <:9!
BLB8CBG6C:S! ?! B;;>:EE! 9=:E:! C8789B98?AEM! @:! G>?G?E:! B! A:@! ALSRK! +HZ8KIBBA98
G:>E8E9:AK:M! B6C:! 97! 8;:A98H<! BA;! G>:;8K9! E9B6C:! ?7>JBA8K! :HBKBCCEGFKDS>ES!
8AK?>G7?>B9:E!D8A:98K!BA;!9=:>77;<AB78KIK?AES;:>B98?AEM!BA;! 9=<IIBG£3K8BBAAXISBLCC
KB>6?A+! ?>! =:9:>?B9?7! V*M! )M! $X! K:A9:>:;! >B;8KBCES! U:! BEE: 76K ?BEE8RBSTABC!
;BOB6BE:! ?H! ?>JBA8K! >B;8KBCE! BA;! =BL:! 8;:A98H8:;! 9@?! ".'+;:>8L:;! H;BA52EO=>BL.:
ISBA957! 7:K=BABKBC!EG8A!;:AE89<!;8E9>865987A! BA;! 9=:17?C:K5CB>AI@ TS B+ B! KB
K=B>9!9=:>77,<AB78K! BA;! D8BA:98K! LB>8B68C89<S! U89=! 9=8E! BGG>PHK 8KBQE! EBAPKC5E9
;8E98AKOI! >:J8?AE! BA;! 8;:A98H<! 9=:1>:J8?A! ?H! 9=8E! H:B95>:! EGBK:! @=<!}BCg;B87tA9BC
E9B6C:!>B;8KBCE!>Eq>8E5C98AJ! I5BA989B98L:! 7:9>8K!H?>!E9B6C:! >B;8KBCE! G>?L8;:E! B! >"
=8J=+9=>75J=G59!E:B>K=:E!BA;!J:A:>B98L:!;:E8JAI'HH?>9E!H?>!E9B6C:!?EIBABIIAB;8KBCE!G>
H?>1:7:>J8AJ!:A:>J<!7B9:>8BC!BGGC8KB98?AES!

!

#:1L07*3&71-9%)!:, 7++77,(%!!

U:'HB8>E9! K?AES;:>! =?@! >B;8KBC! E9>5K95>:E! ;8HH:>! 8A! 9=:! 9@ > E=IBXEBBRT* KSK=BK9:
B6?L:M!D8A:98K!C8H:987:1BA;!9=:>7?;<AB78K!E9B68C8[B987AS%:! K BIABCBBSBCAE! ?A! B!

7BG! ?H! >:CB98L:! >B;8KBC! E9B68C89<M! @=8K=! 8E! ;8L8;:;! 8A9?! H?5>! ISE3XBA9E! V.8

9=:>77?,<AB78KBCC<!;:E9B68CS8[:;M! D8A:98KBCC<!9>BAES8:A9! > BKBEESH KB BHEAQ]!



V88X!19=:>7?;<AB78KBCC<!E9B68CS[:;M!D8A:98KBCC<!9>BAERAMEAPEH 9B:8KECISABE:!

$U! 15B;>BA9j! V888X! 9=:>7?;<AB78KBCC<! ;:E9B68CS[:;M! D8A: 98K BEKBCH: EL8E9ZD! BB
E9:>8KBCC<!G>?79:K9:;! YM_+;8E56E98959:;!G=:A<C!>B;8KBC!8A!9=:1>¥x S BB>BAXBMBKX! 9=:
E9B68CS8[:;M!D8A:98KBCC<!G:>E8E9:A9!>B;8KBCE!8A!9=BaCI5H:HMARCH CBERN8AI9=8EIH8ABC
I5B:>BA9S!

NW quadrant NE quadrant

Kinetically Persistent Kinetically Persistent
Thermodynamically Stabilized Thermodynamically Destabilized

B () NTSN
N N
o. N e \n/ ~
& !
-NN-g & .

) R
o

----» Kinetic Persistance

¥
=
________________________________ iRy ) .
------ w k== ---» Thermodynamic Stability
8

SW quadrant SE quadrant
Kinetically Transient ' Kinetically Transient
Thermodynamically Stabilized : Thermodynamically Destabilized

© éHs =
’ |

"4 SO68H) W B,66-34% %04,$-# 0,1~ 3)# |..%601-$4# Ot *0%H 0-"'0-_# 1-$" # 6"0))"$."# S
*5"0+061($, +-.#)*, F-3-@,*-%$SHX5"#+00) *#)*, F3"T#%604,$-.#0,1-., 3)#0")-"#-$#*5 " #D SHQ;, 10, S* St

!

'=:19=:>7?;,<AB78K!E9B68C8[B98?A! ?H!>B;8KBCE!KBA!B>8E:!H>?3[BE’XBMNKSKSB63C
BE! L8B! K?AF5JB98?A! @89=! BA!! BEHKIAQ! ?>! C?A:+GB8>M! ?>! =<G:>K?AF5JB98?A! @89-=
A:8J=67>8AH67A;5" 1% 9:A;:;;| K?AF5IB98?A! BAL?CLBAJIE:62BEIBCC?@E! :"9:AESL:!EG8A!
;:C?KBC8[B98?AS!.?>!:"B7GC:M!9=:19>8G=:A<C7:9=<C!>B;8KBC!=BE! BA12F% 519N PSi! DKBC!
N9:A;; ' K?AF5JB98?AM!I8AIK?A9>BE9!9?!6:A[<C!>B;8KBCM! @=8KZSBE(AYPSk! EBRBGPZPC
8AHC5:AK8AJ!I>B;8KBCIE9B68C89<!8E!9=:I:C:7:AQVEX!?A! @ =8 E'BKB & B A= XHBOS (B M!
*+M!)+! BA;! $+K:A9:>:;1 >B;8KBCE! B>:!;8EG>?G?>987?AB9:C<!>:G>:E:A9:;! B7?AJBBBTHA! E9B6C
E9>5K9531ESBE! ?6E:>LB98?A! 7B<! BGG:B>! K?5A9:>8A95898L:! H>?7! B! 9=:>7?;<AB78K! E9BA;!
EBAK:! 9=:IT"%! LBC5:E! ?H! Ib4! 6?A;E! B>:! J:A:>BCC<! CB>J:>! 9=BA! /b4! 6?A,ESHP?@:L:>M! 9

:C:7:A9E! G?EE:EE! C?A:! GB8>E! BA;! B>:! =8J=C<! :C:K9>?A:JB98L:M! BKRP[P8AFEEKBBA:9

! PF



;87:>8[B98?A! BA;! >:BK98?A! @89=! 7?C:KBCHSG )K98L ICBEHE9895:A9! :HH:K9E! BCE?! =:CG!
E9B68CS[:! >B;8KBCEM! @=:>:! 9= G>:E:AK:! ?H! G?CB>! J>?5GE! G>7L8;:E! KMFEEIEIBL :q8A;5K
@=8K=!=:CG! 8A! K=B>J:! ;8E9>865987A! BA;! EG8A! ;:C?KBC8[B98?AS! ! '=:! G>:EBAK:! ?7H! 679=! ;
BKK:G9?>! E56E9895:A9E! >:E5C9E! 8A! BGG>:K8B6C:! >:E?ABAK:M! DAZ@KAHBEI®=:! KBGI?;|
(C?AJES;: I8A9>8AE8K!IE9>5K95>BC!:HH:K9EM!:"9>8 AE8K!HB KOG BAK= BT K -ERAIESKBC!
E9B68C8[B98?A!;5:19?1K=BAJ:E!8A!?>689BC!K?AH8J5>B98?A! 9=BEKKEGEII BATHKIEBAIC<!
?>689BC!VS)W)XIA?IC?AT:>16:8A1I1=8]=E9!BAI:A:>]<S

[

U=8C:19=:>7?;<AB78K!E9B68C8[B98?A! 8E! E?C.C<!:C:K9>?A8K! 83K E+-BHiB AR BKBITISA:9
>:BK98?AE! KBA! 6:! G>?H?5A,;C<! 8AHC5:AK:;! 6<! E9:>8K! :HH:KOES! (! E87 8AK>BE GEA!I?H! BA!
E9:>8K!65CD!>:E5C98AJIBAIC?@:>!>:BKI8L8I<!BAL?CL:E!>:GCHK8AI QI BORIE! EBBS=BE!

ICS I'=:18AK?>G?>B98?A!?H!6>BAK=:;|ES56E9895: ABLEEKIBEGE!KC?E:19?19=:1>B;8KBC!K:A9:>!
=BL:! BA! :L:A! 7?7>:! EBJASBH8KBAY! IHHEB®IS5=:A?7:A?A! 8E! H5>9=:>! :":7GC8H8:;! 6<! E9B6C:!
>B;8KBCE! E5K=! BE! NMNMKMk+9:9>B7:9=<CG8G:>8;8A+Y+<CX?"<C! V'%W1)XM! @=:>:! 9@7?
J>?5GE! G>7L8;:! E9:>8K! G>79:K98?A!I H?>19=:1 C?AJ+C8L:;! A89>?"<C!>B;8KBCS! $8J7BA! BA;! $
8CC5E9>B9:;!9=:1:HH:K9E!?H!*+BCD<C!J>?5G!C:AJ9=I8A!:"9:A;8AJ! 9=:5BEBIBEBEEFHH! G<>8;8A
T5CD<! E56E9895:A9E! B>?5A;! B! >B;8KBC! K:A9:>! >:E5C9! 8A! E9:>8K! =8RCEBAKBS?@B>;E!
>:BK98?AEM!:SISM!@89=!79=:>!>B;8KBCEM!E?CL:A9!7?C:K581:EM!BA;!7?C:K5CB>!)

!

H8987#X%/,0)#,#0;,$*-* *-&"#B"*0-. #2%0#:,1-.,3#"* F-3-*(##

U:l E?5J=9! 97! ::L:C?G! A57:>8KBC! ;:EK>8G9?>E! H?>! 9=:1 9@7?! 8A;:G:A;:A9! :87:AEK8?AE! ?H! >E
E9B68C89<Q!V8X!9=:>7?;,<AB78K!E9B68C8[B98?A! L8B! :C:KF=ISKBBHTSIBIG?AHBEI: AK:!

;5:19?21E9:>8K! =8A;>BAKAK?A9>BE9! 9?1 &$%! EKBC:EM! @:! @:>:!D::Al9?! BL?8;! BAIB9?7!?>167



EG:K8H8K!EK=:7:1BA;!8AE9:B;!H?K5E!?A!;:EK>868AJ! 9=:1:"9:A9! 7HIBERAS> BRKBSBHBE!
C:;;15EI9?1K?AES;:>19=:1CB>J:E9! B9?78K! VW5CCS8D:AX! EG8A! ; BEBOKH B! B EHERE 9! ?7H!
9=:>77;<AB78K!E9B68C8[B98?AS!$9:>8K!:HH:K9E!?A!G<>8;8 AR/ 36 B FNK 88598
G>:L8?5EC<!5E8AJ!75C98;87:AE8?ABC!$9:>87 7/ AB2BEBAIBH<! 9=415G CBA:!;8E9BAK:!
?H!*+BCD<C! ES56E9895:A9E! KC?E:! 97! 9=:1 >B;8KBC! K:A9:>S! RPAK:SBO8P+9=BEBKBCE! ?H!
B>689>B><!]"+J:?7:9><M!@:!H?K5E:;! ?Al;:EK>868AJ!9=:1:"9:A9!9?! @=8K=!B;ERK2AHHHEHAKO8?AE
?KK5G<!9=:EGBK:!B>?5A;! B!>B;8KBC!K:A9:>S!#A! ?5>! @?>DM! 9=8E! S8E! |28A88+HB;!! 6<!9=:1G::
L?C57:M!;:H8A:;! BE!9=:1?KK5GS8:;! G:>K:A9! ?H!9=:19?9BC! L?C57:! ?H! B! EIG8A>1 ¥B3RGER! ;-
K:A9:>:;;1 B>?5A;! 9=:1 >B;8KBCS! /BLBCC?! BA;! *?CBA! ;:L:C?G:;! 9=:1 65>8:;! L?C57:PIGB>B7:9:>! ¢
KBG95>:!B!K??>;8AB9:;!C8JBA;\E!E9:>8K!;:7BA;E!B>?5A;! BH¢ASBEITTIBBC:;J:M!9=8E!

=BE! A?9! 6::Al 5E:;! G>:L8?5EC<! 97! ;:EK>86:! >B;8KBCE\! D8A:98K! G:>E8SE9:IKRCSI/HA! ?5>! 65>8:
KBCK5CB98?AEM! @:!;:H8A:19=:1>B;8KBC!K:A9:>!BE!9=:! BT @ 8BK I8AXBCBEGSAM! @=8K=!
@:1:"G:K9!19?1:M:>9IBIE9>?AJIBAHCS:AK:1?AI>B;8KBC!>:BK98L89<S!

[

W?E9!>B;8KBCE!J:A:>B9:;!8A! ?>JBA8KIK=:78E9><!B>:1E=?>9+C8L:;| BAZSMEIBBEC:S!'=:>:
K?7GB>8AJ!9=:IEG8AIBA;!65>8:;!L?C57:E!EK?>.E!?H!>B;8KBCE!DA?@A!'"RBSLCAIBBC<!9?!6:!E
CB>J:!EB7GC:!?H!7?>:19<G8KBC!?>JBA8K!>B;8KBCEM! @:'KBA:BKIEBAIIOERR 3B++B;8KBC!
E9B68C89<!6<! E:GB>B98AJ! DA?@A+E9B6C:!H>?7! C8D:C<! 5AEIBSK:IABBKRA! HRRKIB.ES! (
:BOB6BE:!?HINOOMOOOQ!I5BA957!K=:78KBC!KBCK5CB98?AE!G:>H?>7:;!8Q!9="1B/Oix!NIq;:HN+
H?>! E7TBCCM! ?>JBA8K! ?G:A+E=:CC! 7?C:K5C:E! J:A:>B9:;! 6<! 6>:BD8AJ! ESAJCEA! A?A+K<KC
7?C:K5C:E!9BD:AlH>?719=:1156/=:7!/?7G?5A;! ;BO9B6BE:! G>?L8;:E! E5K=!BIEB7GC!! ?H! :*G:K9:
?>JBA8K!>B;8KBC!K?AH8J5>BOERAHE8KBCE! @:>:!?69B8A:;!BHI:>IK?AH?>7:>HEBAGIC8AJ!

9=:'WW..hPIH?>K:!H8:C;! @89=8A!Z*RBIRCC?@8AJ! @=8K=!9=:!C?@:E9+:A:>J<!K?AH?>7:>! @E



598C8[:;!H?>!1"."1?G9878[B98?AES!W?C:K5C:E! @89=!YO!=:BL<!B9?7HBASM! GASK AADR!
SMYMIBA;!4!B9?7E!@:>:!>:+?G9878[:;|5ES8AJ! @B9:>!BE!BA!87GESKSOHESEHSBRINKE !
KBCK5CB98?AE!>:G?>9:;!18A!9=:17B8A!9:"9! @:>:1?G9878[:;!SA!| @BIEHRHBABIAI7 ?SCM
@=8C:!JBE+G=BE:!LBC5:E!B>:!>:G?>9:;!8A!9=:1(11%*"#|! V.8JS! TS$Y Yoz JER |- 9 EHIE!
>:C:LBAK:!18A!9=:1G:>H?>7BAK:I?H!>:;?"16B99:>8:ES!.?>!BCC!9=:|BBEHK B BAGCTEREA EG8A!
AEB98:E! @:>:1?69B8A:;!H?>1:BK=IB9?7M!BA;!9=:1K?>>:EG?A;8AJ!65>8:;|L?C572B>75A;! :BK=!E
@BE!K?7G59:;IH>?719=:1?7G9878[:;! 7?C:K5CB>!J:?7:9><S!.?>!:BK=! 7?CRECI EGA!
;"AEB9<!LBCS5:E! @:>:! A?>7BC8|[:;Q! 9=:! BEE?C59:! 7TBJA895;:E! ?H! =:BL<!'BOEB/FGHAE! @
A:JC:K98AJ!I9=!E7BCC!EGS8AI!LBCS5:E!?A!41B9?7EMIBA;!9=:AlK? AL: 3G 8N H=-HOB3ABC!
?A:S!I'=11KIA9:>! @89=!9=:1 =8J=:E9! H>BK98?ABC! EG8A! @BE! BIER8PA! PBE 981 bB8BKBC!
K:A9:>S! *:JC8J86C:! 6BESE! E:9! ;:G:A;:AK:! ?H! EG8A! ;:AE898:E! @ BEKR7SBS8AN GxB9=!
:HNZd,1'H?>!BIE7BCC! E:9! ?H! >B;8KBCE! V(11%*"#I!'B6C:! TS$Y XS! (! 1<9="R$'GRKIDBJ:M!

@BE! ;:L:C?G:;! 9?1 B8;! 9=:! =8J=+9=>75J=G59! :LBC5B98?A! ?H! 65>8:;! L?C57:E! H?>! BC7?E9! |
K?7G?5A;EM! 5E8AJ! A57:>8KBC! 8A9:J>B987A! ?A! B! /B>9:E8BA! J>8;! @89=! B EGBK8AJ! ?H! OS
?KK5GBAKS:E!@:>:1;:9:>78A:;16BE:;! ?Al9=15AEKBC:;!B9?78K!T?A;8! >B3BHIEBEC!B9
>B;85E!?H!]S_H@BE!5E:;19=>?5J=?59!V .8¥8{IFABC!6>:BD;?@A!?H!?>IBASK!>B;8KBCE!8A!9=:
;BOBE:9!6BE:;! ?A!9=:8>1 C?KB98?A! ?H! 7B"8757! EG8A! ;:AE89<! B>:! BE! HRXGCA@EMQMIOMO! K

?7<J:AM!hMKh]!A89>?J:AM!BA;!'YMPPI'ESCH5>!V(11%*"#IM!.8JSITS$NXS!

! Pi!



Steric Effects Quantitative metric depicting stability of radicals
Kinetically Persistent
Descriptor - Buried Volume

Electron declocalization
Thermodynamically Stabilized
Descriptor - Maximum fractional spin

Buried Volume at
max. fractional spin
Increasing density of radicals

02 0.4 06 0.8 10

& A
Max. fractional spin density C.)H;,
( A Experi lly Stable Radical
4 % Experimentally Unstable Radical

Max. Fractional Spin

CH3 CHZOMe CHZCHCHZ
1.00 0.90 0.42

g

Buried Volume

2,6-dimethyl phenyl proxyl radical
47.30 64.12
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Known Stable Radical
@ Pareto Optimal Radicals
Max. fractional spin atom

— Halogenated precursors

O’ C[:::s-—

Buried Volume at
max. fractional spin
Increasing density of radicals

Max. fractional spin density

C (0]

CH,
C X
NH.

o N
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HN{1 r\rN
NN =N .
\ =
NH,
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