IDQWKDQLGH 7THWUDLVREXW\ODOXPLQI
6WUXFWXUHY 6LQJOH &RPSRQHQW &DWL
SRO\PHUL]DWLRQ

' 66(57%$7,21
GHU ODWKHPDWLVFK 1DWXUZLVVHQVFKDIWOLFKHQ
GHU (EHUKDUG .DUOV 8QLYHUVLWIW 7<ELQJHQ
]XU (UODQJXQJ GHV *UDGHV HLQHYV
'RNWRUV GHU 1DWXUZLVVHQVFKDIWHQ
'U UHU QDW

YRUJHOHJIJW YRQ
0O 6F (ULF & ORLQHW
DXV J)UHXGHQVWDGW

7 ELQJHQ



*HGUXFNW PLW *HQHKPLJXQJ GHU 0DW KW ® DMKLH/@ K DINDXNDXNJI ZAL B
(EHUKDUG .DUOV 8QLYHUVLWIW 7<ELQJHQ

7DJ GHU P QGOLFKHQ 4XDOLILNDWLRQ

'"HNDQ 3URI 'U 7KLOR 6WHKOH
%YHULFKWHUVWDWWHU 3URI 'U 5HL
%YHULFKWHUVWDWWHU 3URI 'U /DU

%YHULFKWHUVWDWWHU 3URI 'U O0DU



IDQWKDQLGH 7THWUDLRVEXW\ODOXPLQD
6LQJOH &RPSRQHQW &DWDO\VWV DQG

(ULF & ORLQHW

ﬁ

%%ﬁ;\/{\ e & ’ %g
oo



SBUHIDFH

7KLV 3K' WKHVLV FRQVLVWYVY RI D JB@HGD G LHQW URBSX WM IUR QL
SRO\PHUV IRFXVLQJ RQ SRO\LVRSUHQH WBE®& GU B DFR"'WMH/ID WR KRV M
PHWDO FRPSOH[HV WRZDUGYV KLJKHU RWURDRRODWK BDLIDQXIM W MOKIO
DQRG HYROYLQJ FRPSOH[HV FKDUDFWHU L HG GQ IWKHWRRQG D/!
WKH PDLQ UHVXOWY DQG RULJLQDO VFLHQWLILF SDSHUV

7KLV ZRUN KDV EHHQ SHUIRUPHG DW RKH (&MWKBWXG.DUG\Q BC
7 ELQJHQ *HUPDQ)\ LQ WKH SHULRG IURP HDYLVLRQRR-IXQUWRI
S5HLQHU $QZDQGHU :H DUH JUDWHIXO IRU-VEBIQJHQHURXV VX

3DUWV RI WKLV WKHVLV KDYH @HPQ G U WHUMDIDEG DRAQ E B WIR @
SUHVHQWDWLRQV



&RQWHQWV

/ILVW RI $SEEUHYLDWLRQV
6 XPPDU\

XVDPPHQIDVVXQJ

SXEOLFDWLRQV

3
2
$

%

HUVRQDO &RQWULEXWLRQV

EMHFWLYHV RI WKLV 7KHVLV
,QWURGXFWLRQ

1IDWXUDO 5XEEHU 21 3URSHUWLHY DQG &KDOOHQJIHV
(QYLURQPHQWDO DQG (FRQRPLFDOEEKDN®OHQJHY DVVRFLDYV
6\QWKHWLF 3RO\GLHQH 5XEEHU

OHFKDQLVWLF $VSHFWV RI ,VRSUHQH 3RO\PHUL]DWLRQ
7DXEHV $00\0 &RPSOH[HV (YLGHBI®FKDIRWWKH $00\0 LQVF
3XWDWLYH $FWLYH 6SHFLHY DQG 6LQJOH &RPSRQHQW &DW
5HDFWLRQ &RQGLWLRQV ,QIOXHQFLQJ 3RO\PHU OLFURVWU X

+LJKHU $OXPLQDWHYV RI $ONDOL 0OHM\WRYVW$ & [ DIHVQIHON UDMXG
IDQWKDQLGHV

+LJKHU $OXPLQDWHV RI $ONDOL OHWDOV
+LJKHU $OXPLQDWHV RI $ONDOLQH (DUWK OHWDOV
+LJKHU $OXPLQDWHV RI 7UDQVLWLRQ OHWDOV
+LJKHU $OXPLQDWHYV RI 'LYDOHQW 5DUH (DUWK OHWDOV
7ULYDOHQW /DQWKDQLGH (WK\O BBORGQOMMHVHLKDUDFWHUL
IDQWKDQLGH ,VREXW\ODOXPLQDWHY &KDUDFWHUL]JHG LQ W
$LPV RI WKLV :RUN
6XPPDU\ Rl WKH ODLQ 5HVXOWYV
'LYDOHQW +RPROHSWLF /DQWKDQLGH 7THWUDLVREXW\ODO X
SHDFWLYLWH%RI /RQ BZDUG 2[LGL]LQJ $JHQWYV
SHDFWLYLWHRI /AQ BRZDUG %RUDQHV DQG &URZQ
,VRSUHQH 3RO\PHUL]DWLRQ (PSORDMMIOLWWOHQW /DQWKDQ
7ULYDOHQW +HWHUROHSWLF /DQWKDQLGH ,VREXW\ODOXPL

7TULYDOHQW +HWHUROHSWLF /DQWKDBRIOGHU,FRPXWNVFO®D O XPL
/s



OL[HG +HWHUROHSWLF ,VREXW\ODOXPLQMURHBEDBHYHLOGRWERP
OHWDOV

6\QWKHVLY DQG VWUXFWXUHV
SRO\PHUL]DWLRQ ZLWE&P#rX G-&D 6@0H
SRWDVVLXP ,VREXW\ODOXPLQDWH 6LGH 3URGXFW

& 8QSXEOLVKHG 5HVXOWYV

(

)

6\QWKHVLV Rl 7TULYDOHQW /DQWKDQLGH ,VREXW\O &RPSOH[F
7ULV LVREXW\O \WWHUELXP 7THWUDK\GURIXUDQ 6ROYDWH
$SSURDFKHV WR $ONDOLQH (DUWK 7THWUDLVREXW\ODOXPLQI
'LLVREXW\OPDJQHVLXP 'LR[DQDWH DQG 7,%$ 'LR[DQH $GGX
$ONDOLQH (DUWK OHWDO 7HWUDLVREXW\ODOXPLQDWH &RP
5HGR[ & KHPLVWU\ ,QYROYLQJ 6DPDULXPP65ODOBRMAHY DQG
SHDFWLRQ RI 6@ZLWKOHULDON\O $OXPLQXP &RPSRXQGYV
6DPDULXP 2[LGH DV 3UHFXUVRUV IRU ,VREXW\O $OXPLQDW!
([SHULPHQWDO 'DWD IRU 8QSXEOLVKHG 5HVXOWYV
*HQHUDO &RQVLGHUDWLRQV
3URFHGXUHV
&U\WWDOORJUDSKLF 'DWD
%LEOLRJUDSK\
3XEOLFDWLRQV
$SSHQGL]
OROHFXOHV LQ 3DSHU ,
OROHFXOHV LQ 3DSHU ,,
OROHFXOHV LQ 3DSHU ,,,
OROHFXOHV LQ ODQXVFULSW ,9
BWUXFWXUHV IURP XQSXEOLVKHG UHVXOWYV
BWUXFWXUHV IURP XQSXEOLVKHG UHVXOWYV
&RPSOH[HV QHLWKHU LQFOXGHG LQ WKH PDQXVFULSWV RU L



ILVW RI $SEEUHYLDWLRQV

f& '"HJUHH &HOVLXYV

C cQIJVWU |

$ 7TULW\O 7THWUDNLYVY SHQWO@OOXKRURBRSKHQ\O ERUDWH >3K
$U $U\O

% 11'LPHWK\ODQLOLQLXP 7HWUDNLV+SHEWD YW RRRSKHQ\O
% Q %HQJ\O

E S %RLOLQJ 3RLQW

& 7ULV SHQWDIOXRURSKHQ\O ERURQ >% &

&DWUB\&BY ELV PHVLW\OLPLGD]RO \OLGHQH S\ULGLQH
&1 &RRUGLQDWLRQ 1XPEHU

&2 &\FORRFWDGLHQH

&26< &RUUHODWHG 6SHFWURVFRS\

&S &\FORSHQWDGLHQ\O

&S 3HQWDPHWK\OF\FORSHQWDGLHQ\O

' 'LPHWK\ODOXPLQX®O&OI@R ULGH >0H

GHJ 'HJUHH

') % 'LIOXRUREHQ]HQH

' %$+ 'LLVREXW\ODOXPAR®RP@\GULGH >
'LJO\PH OHWKR]J\ PHWKR[\HWKR[\ HWKDQH
"0 ( 'LPHWKR[\HWKDQH

'R 'RQRU

'5,)76 'LIIXVH 5HIOHFWDQFH ,QIUDUHG )RXULHU 7UDQVIRUP 6¢
'6& 'LIIHUHQWLDO 6FDQQLQJ &DORULPHWU\

( 'LHWK\ODOXPLQXFO&R@RULGH >(W

(3 (OHPHQWDO $QDO\VLV

HTXLY (TXLYDOHQW
s/



(W (WK\O

) 'LLVREXW\ODOXPIOQHKPELOKD RULGH >

)O X JOXRUHQLGH )OXRUHQ\O

*3& *HO 3HUPHDWLRQ &KURPDWRJUDSK\

K +R XU

+0%& +tHWHURQXFOHDU OXOWLSOH %RQG &RUUHODWLRQ
+64& +HWHURQXFOHDU 6LQJOH 4XDQWXP &RKHUHQFH

+] +HUW]

1% X ,VREXW\O

, 3 ,ZVRSUHQH

BU ,VRSURS\O

;5 ,QIUDUHG

/ 6SHFWDWRU /LIJDQG

/1Q 5DUH HDUWK OHWDOV 6F < /D /X
/ ELV>2 Wb XG& &+@>& 1&#1 @

0$2 OHWK\ODOXPLQRI[DQH

OH OHWK\O

00$ OHWK\O OHWKDFU\ODWH

(0} 1XPEHU $YHUDJH ORODU 0DVV

0z ObVV $YHUDJH ORODU 0DVV

0:'" OROHFXODU :HLJKW 'LVWULEXWLRQ
11 BW+1 &+ WX&1

105 1XFOHDU ODJQHWLF 5HVRQDQFH
15 I1DWXUDO 5XEEHU

R RUWKR
3% SRO\EXWDGLHQH
3, BRO\GLVSHUVLW\ ,QGH]

3K 3KHQ\O

3KHQ 3KHQDQWKUROLQH
s//



3,3 3RO\LVRSUHQH

S\ 3\ULGLQH

u w 5RRP 7HPSHUDWXUH

6,5 G6WHULFDOO\ ,QGXFHG 5HGXFWLRQ

Wo X W HEJXWV \ O

78&\7$& 7ULF\FORKHI[\O WULD]DF\FORKH[DQ
7+) 7HWUDK\GURIXUDQ

7,%% 7ULLVREXW\ODOXPLQXP

70('$ 7THWUDPHWK\OHWK\OHQHGLDPLQH

72) 7XUQRYHU IUHTXHQF\

& 2L ATIRY, GLPHWK\O S\UD]JRO\O ERUDWR
7ULJO\PH 7ULHWK\OHQH JO\FRO GLPHWK\O HWKHU
9 9ROW

97 O9DULDEOH 7HPSHUDWXUH

/ &KHPLFDO 6KLIW
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6 XPPDU\

1RZDGD\V V\QWKHWLF KLJK SHUIRUPDIQFH JXEEGXRW LIRWH 1L YRS
EDVHG FDWDO\VWV SURYLGH WKH/ \PRWRNVVWHK LWVF NHQW RD \P VW HU
GHVLUHG SK\WWLFDO SURSHUWLHYV D ®@& FKROQ\IP\HRN VLHO/HRFON IHYA. W
FDWDO\VW IRUPDWLRQ DUH IDU IR®RFR RRQ®HUNVWRERGN\BDDDKPLLE
LQ LQKHUHQWO\ FRPSOLFDWHG FDWRDV® \PKPDMWHINW UXE & XU
LOQOWR ODQWKDQLGH LVREXW\O LOQWHUDFWLRQV

7KH SUHVHQW ZRUN UHSRUWY RQ WKH [|LLLODWW KEAROBSWLF /Q
6P (X <E &KDUDFWHUL]DWLRQ XQ SWKH N® B E® RVG\GEDD W HR ¢!
ERWK WHWUDLVREXW\ODOXPLQ®WR/Q QLEFPQ\(X5HKEDWNXEMG /R
VLQJOH FRPSRQHQW FDWDO\WWYV IRU LYRBEHQ R IS B 6 \PLHWDLYD
SURGXFW\WWeRI /@ $BP <E GLG QRW OHDG WR VOHBEM\ DIFW/ILR (
RI /IQI%® /Q 6P (X <E ZLWK ERUDW® FR FSOWDHG VWR>S R D0 Al
ZLWK YHU\ QDUURZ PROHFXODU ZHLJ®W GLBKWHREINEGR QV L
PLIWXUH D OLYLQJ SRO\PHUL]DWLRQFZUW XREWWVYHBEBH IHBLG:
VSHFLHV LQYROYHG

JRU WKH VIAQWKHVLV RI /Q ,,, WH®YRIH PEX WRQ B & XHQ QMLVOHDWY
VWDUWLQJ IURP WULYD@HQWDQG /Q>1IWWIDHVREXW\ODO
/Q>1 6LOB® +$6X $I®BX FRXOG EH FU\WWDOOL]HG IRU WKH UDUH
SUDVHRG\PLXP QHRG\PLXP DQG JDGRWKBLXRORGGVWHODNUID F
IRUPDWLRQ E\ + HOLPLQDWLRQ IURP LV REXWWQW WRHDSW Z B 1V
KLIKOLJKWHG E\ GHULY DW L}IDOW RGDSUIR GHEHW @ VERRFOIMLRQ R
1G>1 6L@M +I$6X $IHX ZLWK >3KIOW 8@ OHG WR WKH IRUPDW
>1G"1 6LOBK10H®@>% & ZKLFK ZDV DFWLYH LQ LVRSUHQH SR
DGGLWLRQDO FRFDWDO\WW DQG SKRVFHEOGID WHDF B DQ@IRZM IGF W
LVRSUHQH SRO\PHUL]DWLRQ WK i@ FHBMKDEIONKWS Y\@ BMOH RL HE>G HEL
KLJK PROHEXODU ZHLJKW SRO\LVR S UWQGIHEMNLK IDW\ [RASIUHV VL

7R REWDLQ PL[HG FKORULGR LVREXMD®@BGXFIQ® D \VEROSW KF @W D
/1Q /ID 1G ZLWK WULLVREXW\ODOXPLQX$® %$FRRUBLYJIO\

ly



REWDLQHG DV D VLQJOH FRPSRQHQRS BB QYD G\R®ARR U LY IWH URIE
UHDFWLRQ RI > /D106 WO KI BLW K WULPHWK\ODOXPLQXP
>/D"1 6LOMSOOH6LOH &0 @KLJKOLJKWLQJ WKH WUHPHQGRX
RUJDQRDOXPLQXP UHDJHQW



=XVDPPHQIDVVXQJ

6\QWKHWLVFKHU +RFKOHLVWXQJVNDXWYFHXYN ERWEDU GLH 5H
EDVLHUWH 3RO\PHULVDWLRQ NRVQ® ML HUWH b QMHQ/MV N @ HXO I
ODWHULDO GDU XQG HUP|JOLFKW GLHW6\®MKHWE - YREOKVER E
BWHUHRVHOHNWLYLWIW 'LH ]XJUXQGHMLIAKI HQRE K QL P P A K D H. IV
XQYHUVWDQGHQ ZDV LQVEHVRQGH UMY LYUP GLLOH . HRVCDACH WIRVQR TUPL
JLOW =XGHP JHZIKUHQ QXU ZHQLJH )HVIQWKIHILGN,WRNEW )
'HFKVHOZLUNXQJHQ

P 5DKPHQ GHU YRUOLHJHQGHQ $UEHLW ZXUGHQ GLH

7HWUDLVREXW\ODBEOXARQDWH /X $RGE VWUXNWXUHOO FKDUD!
JHVWN|USHURRUGHQDWLRQ GHU EHLGHQ 7HWUDLVREXW\ODO X
%HPHUNHQVZHUWHUZHIWMH HQ ZLBHPV (W FKE/D OV (LQNRPSRQHQV
leU GLH ,VRSUHQSRO\PHULVDWLRQ SURGIXNW HKA%NWRQ Q& ULO DW
6P <E HUZLHVHQ VLFK DOV QLFKWUDWIWLYRQQ 'GH U$ NWR YW
/Q WX /Q 6P <E PLW GHP %RUDW &RNDMWEEO\IYRUWRKE P3K
3RO\PHUHQ PLW VHKU HQJHQ OROHNXODUJHGLHKWVY
<E $BX >3K16KD>% & OLVFKXQJ ZXUGH HLQH OHEHQGH 3RO\
105 VSHNWURVNRSLVFKH 6WXGLHQ HUP|JBSHKWINGQ 5:FNVFKO-

'LH 6\QWKHVH YRQ /Q ,,, 7THWUDLVREXW\® DOXP bQ@®MWHE® JHO]
7ULLVREXW\ODOXPLQLXP @ZR¥EMN $I9F>DBYOBURGXNW HUKDOW
'LHVHVY NRQQWH l«U GLH 6HOWHQH U GH OIHHRREQ W/ P K@/® O D 8 R/ kX
NULVWDOOLVLHUW XQG LP YHVW N\EIH G EKOGRDQYWE KUY KH UW(Q
YRQ ,VREXWHQ DXV GHQ ,VREXW\OOLY DW B Q GN-RQ/QLW H] IDHAIMVZZ
SHOHYDQ] ZLUG GXUFK 'HULY DWHEMDHRIUHQMES UHRIBXNVH  Z L |
YHUGHXWOLFKW 'LH 5HDN@ L+#BQX $EQX PGWL 5BR@C) &@

e KUWH ]XU %LOGXQJ YRIX1ISHB2YWG@H HVHYV VWHOOWH VL
(LONRPSRQHQWHQNDWDO\WDWRU |0V G GH H VIR NWHRY S\RIDAR W X U
3RO\PHUH OLH%HQ DXI| HLQ P|JOLFKHIW% PIQFKDQLVWLVFKHV 6]t

y/



=XGHP NRQQWH GD\W@ *B6X1$%hHi$0&0 .DWDO\VDWRUV\VWHF
3RO\PHULVDWLRQ YRQ ,VRSUHQ HQMKRAKMNRI®NMNXEDGHQ 3RO MF
EHHLQGUXF RHBHOKRIKH.Y LW W !

8P &KORULGR XQG ,VREXW\ODOXPLQDWRHL®PKNHWHROHDHVE )
ZLU >/Q"1 6LO&O WK/IQ@ /D 1G PLW 7ULLVREXW\ODOXPLQLX
>/QM"1 6LOH®X &O @HUZLH% VLFK DOV (LQNRPSRQHQWHQTU
VWHUHRVHOHNWLYH ,VRSUHQSRO\PBINWVBWLRRQ '"B/IHIHEL 0HU
&0 WKP@V 7ULPHWK\ODOXPLQL$POIHGDOH 6&EOH@ DV GLH

KHUDXVUDJHQGH 5ROOH GHV 2UJDQRDOXPLQLXPUHDJHQV XQV

yll



SXEOLFDWLRQV

3DSHU , 'LYDOHQW /DQWKDQLGH 7HWUDLVREXMAD D\ORXPU QDN H
SRO\PHUL]DWLRQ

=ZHLZHUWLJH /DQWKDQRLG 7HW U XIQGR BX\E HWOBMHX P L Q L
,VRSUHQSRO\PHULVDWLRQ

(ULF & ORLQHW %HQMDPLQ 0 :ROI 20LWRHWU TDQUGLI
5HLQHU $QZDQGHU

$QIJHZ &KHP ,QW (G H
$QJIJHZ &KHP H

KWWSV GRL RUJ DQLH
KWWSV GRL RUJ DQJH

3DSHU ,, 7TULLVREXW\ODOXPLQLXP SURPRWHG IRUPDWLRQ RI C
(ULF & ORLQHW 2OLYLHU 7DUGLI &HIWOEQZODQAEGHKHOH
&KHP &RPPXQ

KWWSV GRL RUJ G FF K

3DSHU ,,,LVFUHWH 7ULYDOHQW /DQWKDQLGHR OAREXW)\DWOR® LC
(OXFLGDWLRQ RI &DWLRQL]JHG $FWLYH 6SHFLHV

(ULF & ORLQHW 2OLYLHU 7DUGLI /HBGIRBK L& FIRAWLPE
ODLFKOH O|VVPHU DQG 5HLQHU $QZDQGHU

$&6 &DWDO

y/11



ODQXVFUBSW XFWXUDOO\ '"HILQHG &KORULGH ,VRBEXWQODOXPL(
,VRSUHQH 3RO\PHULVDWLRQ

(ULF & ORLQHW 3KLOLSS :HW]JHO 2QVVYPHW 7DQGLI &
5HLQHU $QZDQGHU

3RVWHU 3UHVHQWDWLRQV

3RVWHU 5DUH (DUWK OHWDO 7THWUDLVREXW\ODOXPLQDWHYV

(ULF & ORLQHW %HQMDPLQ 0O :ROI &IFLOLD ODLFKO'F
$QZDQGHU

;57 7TDJH GHU 6HOWHQHQ (UGHQ 7HUUDH 5DUDH

SRVWHU &KORULGR EULGJHG HDUO\ ODQWKD QL AV WXXRMNDOLHN\R
DQRG SHUIRUPDQFH LQ LVRSUHQH SRO\PHUL]DWLRQ

(ULF & ORLQHW &IFLOLD ODLFKOH O|VVPHU DQG 5HL

;7:, 7DJH GHU 6HOWHQHQ (UGHQ 7HUUDH 5DUDH

yls



2EMHFWLYHV RI WKLV 7KHVLYV

7KH PDLQ REMHFWLYH RI WKLV ZRUN 2DAUWW HGC HYUHOWR & VOQ QY K
PHWDO LVREXW\ODOXPLQDWHY DQGWHHOQ@MWMGU ARRIS FRRQGIX J\
SRO\PHUL]DWLRQ FDWDO\VWYV D QWKW R LH] B OV RH XWK\ID Y B XIPLQ|
JXUWKHUPRUH GLVFUHWH ERWK /QWHV ZQGH (H[D,PLYRE XWR
SRO\PHUL]DWLRQ RI LVRSUHQH 7KH SRKROHFDWWD O WDLAF\VILWVW U W
VHOHFWLYLW\ RI YDULRXV ODQWKDQGGIHQGYREWWQG BAGXFLEO
VFHQDULRYV

&KDSWHUL®WURGXFHV ERWK SRO\LVRSUH @ IJHFEODWRG WRSLF
FRQMXJDWHG GLHQH SRO\PHUL]DWLKRQHPHSW D@ WGV E \
DV LW GRHV JLYH D VXUYH\ RQ WWWIXE& WPXLIIDONMOH W ED W
KLIJKHU DON\O UHVLGXHV DFURVV WKH SHULRGLF WD

&KDSWHUF®BQVLVWY RI WKH VXPPDU\ RI WKH 2PIDQI WKIYKXID WD Ut

X &KHPLVWU\ RI GLYDOHQW KRPROHSWLRDVWOBDW WK
GHULYDWL]DWLRQ SURGXFWV DQG WRQDIOOWLFRO\P}
X 6LO\ODPLGR HOLPLQDWLRQ SDWKZDPQAYD O VQULW DD HDQ
K\GULGHVY FRYHULQJ VIQWKHVLVY VWURWXUHYV DQG
X &KORULGR EULGJHG PL[HG WHWUDLVRERXRPGODOGXHPVYLQD

&KDSWHUFRQWDLQV UHVXOWYV RI WKLV ZRUN WKDW DUH QRW

X 6\QWKHVLV RI LVREXW\O FRPSOH[HV
X 6\QWKHVLV RI DONDOLQH HDUWK WHWUDLVREXW\ODO

&KDSWHUFRQVLVWY RI D FRPSLODWLRQ RI SXEOLFDWLRQYV

ys/l
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3RO\LVRSUHQH
DQOG +LJKHU 7HWUDDO!
SOXPLQDWHYV




$ QWURGXFWLRQ

1DWXUDO 5XEEHU 21 3URSHUWLHY DQG &KDOOHQJH\

$PRQJ QDWXUHVY PRVW LPSRUWDQW ELBPROHEXDHOH IRDD
7KRXJK 3RQO\" FRQVLGHUHG VHFRQGDWYD PHWHBEBRDQWMHWRI LXK
PROHFXOHV LQFOXGLQJ PHPEUDQH ORSEEV WRIWSRIQHW R
FRPSRXQGV 0DQ\ RI WKHVH FKHPLFDOV IRERPRP®HN SEHUWYRG |
HYHU\ GD\fV OLYH ZKHUHDV RWKHUW KDYHDLGON'® L LRAUG HID O S O
DV VIQWKHWLF HTXLYDOHQW IRU SR ®HW RBQ H G D ODHADX B D\DW
SDUWLDOO\ XQVROYHG WRGD\ +RESRX® GAK IE W/ \IAKK HY H\G R § @
VIQWKHVLV RI VPDOO PROHFXOHVDW SRIM\Q VRS ORQ H & W3R\ FSt
DQG \HW FDQQRW EH V\QWKH V D) GRZLQNK L\@ KBIDWDXFU-H VHO H F W L

7KH PRVW UHOHYDQW H[DPSOH LV QDW X WKROKDX EVEMHFU B U H TuX

SRO\LVRSUHQH ZKLFK LV DQ L QG LS/SHLADDAELCRHD ¥ RED WHIUEW R
FXOWXUHV LQ OHVRDPHULFD ORQJ EHIR 8 8 RWK AHIUAL LY IDHOV R B R
DSSOLFDWLRQV UHPDLQHG YHU\ OBRIRSHG@MGBHZ MWR RWKHJ \S RR |
YXOFDQL]DWLRQ SURFHVV E\ &KDUOHVWRRGHDLQOQ G PR KB ZH
%HIRUH FDRXWFKRXF KEEGIEQIHQ EUDWWWB HPBIXWHULDO ZKHQ |
DW KLJKHU W HPSH UDHDXWHWRQ ZLWK HOHPHQWDO VXDOXU LW
HODVWLF UHVLOLHQW PDWHULBIOPREQ HRXRO/HNVO ZENER J BRH B3R O
SURSHUWLHY $ORQJVLGH ZLWK WK HQMGQE\ GWKR-D B BHLUQY IMOKI HE
LQGXVWU\ DQG WHFKQRORJLFDO DSFDQRH/Q® DRXUDOD LIXEEY
TXLFNO\ JDLQLQJ LQGXYMUHD\O. QHCHPDQBHDQG H[RUELWDQYV
JURZLQJ VWUDWHJILF UHOHYDQFH QRWRRYONRO HGX BRH W KAHU FU
HDVW $VLD EXW DOVR WR LQFUHWY R GH FXLRDWW QWRY J HHVHSLLE
DWWHPSWV PHUHO\ ROLJRPHULF EWRGYOWYJ ZRiU W KRE W IVIKQ F
IHDWXULQJ YHU\ SRRU PDWHULDO SURBS® URVLBY P HVQIS\ OVE KM |
EXWDGLHQH DQG LVRSUHQH E\ HPX®GGLEQ +RR PDRHU RIQG\L R Q

>@KH UDSLG LQFUHDVH LQ NQRZOHGJW RD\8 K@ FAHH B DWSH
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not only due to synthetical advances, such as the introduction of styrene-butadiene rubber, but
especially because of Hermann Staudinger's groundbreaking macromolecular hypothesis, that
replaced the misconception of rubber being composed of "di- or trimers of isoprene" that were
thought to be "aggregated to an immeasurable molecular weight".[>) However, synthetic polymers
at that time were far from competitive, due to inferior polymer properties compared to natural
rubber, and uneconomic monomer preparation.l’! One of the major challenges, to achieve a
stereoselectivity similar to natural rubber, that consists of cis-1,4-polyisoprene (cf. Scheme 1),
could not be achieved until the discovery of Ziegler-type mixed catalysts.[®l Synthetic cis-1,4-
polyisoprene was produced from 1956 using Ziegler catalysts based on titanium tetrachloride, and
aluminum alkyls or n-butyllithium, leading to 92% cis-stereoselectivity for the latter, which later
could be improved up to 98% stereoselectivities for other transition metal catalyst systems,!°] [19]
and first catalyst systems could be established that yielded polyisoprene resembling natural rubber
in its properties.!'!l Considering polymer characteristics, and selectivities, the rare-earth metal-
based catalysis discovered shortly after, accounts for the highest quality polydienes to the present
day, clearly excelling transition metal catalysis in terms of cis-selectivity (> 98%).1’l These

technological advances finally made synthetic rubber competitive with natural rubber since the

1970s.1%1
=z
Ao = P4 A
n n n

n
cis-1,4- trans-1,4- (at, it, st) 3,4- (at, it, st) 1,2-
Polyisoprene
=z
— A
n n n
cis-1,4- trans-1,4- (at, it, st) 1,2-
Polybutadiene

Scheme 1. Possible stereoisomers of polyisoprene, and (synthetic) polybutadiene. Examples of rubbers naturally
occurring in plants are cis-1,4-polyisoprene (as found in H. brasiliensis), or trans-1,4-polyisoprene (which can be

obtained from Palaquium gutta).

Nonetheless, still to date, some properties of NR are unmatched.[*! In contrast, natural rubber
features excellent properties. Although more than 2500 different plant species, and some fungi are

known to produce polyisoprenes, only Hevea brasiliensis is used for large-scale commercial



DSSOLPPWE QMW XUDO UXEEHVUKREBDUQAXR WKH IROORZLQJ T
FRQVL¥UW RLQNHG SRO\LVRSUHQH 'XH WR WKHOE QRIHCH R QED
SHU SRO\PHRRFKEIL@RQJVLGH ZLWK DQ & WHUPLQD @ BLEBI® K\O
IDWW\ DFLG DQG SKRVSKROLSLSG ®XUWAKH DDRIRIUSID QWD VRX WDKCH LS
D EURDG DQG XQFRQWUROODEO H; PRS0 H FPXD®D 8 @ HPL SR\E ECHLW W U L
REWDLQHG EURF LIHIDHOXYUNY YHU\ KLJK RRIOHFXPROR, WHLYKW
FRPPRQO\ DFFHSWHG WKDW D KLIKRBOEBRI0BH RH;GSROVPRIUL

LV UHTXLUHG IRU D> KD BKE KXQIOAMO SMEEHUWLHV RI QDW
VXSHULRU WR V\QWKHWLF SRO\LVEBEBBEHW LKV WERWK RQ YXK
YXOFDQKIG/ LV SULPDUL®LFDXWHEFENXWKH WKDW DOORZV FI
SRO\PHU FKDLQV XSR@® ARMUWHWAKLQYPDOO FRQWHQWV RI
VIQWKHWLF SRO\LVRSUHQH PD\ LQRKHQU X SAVRUNW\YMDIO @ H]bk
SURSHWMKIHHBURSHUWLHY RI QDWXUDO UXEERSIRDQUIQ WD VR XLQX
+HYWXEEHU ZKLFK FRQWDLQV DSSUR[LPDRMAIDLQ VR I RAMWKH D FAI
OLSLGVY JO\FROLSLGYV SKRVSKROLBKIGARK BDVRRKQGUDOMMAH E
SURSHUWYLIHB/QKD GFHPHQW RI FU\WWDOOL]DWHRQHQELFWSDRSRL
RKHY HXEPEH U

(QYLURQPHQWDO DQG (FRQRPLFDO &KDOOHQJHV DV\

7KH ODUJH VFDOH SURGXFWLRQ RI QDW X:WB & KIDXE EAKIR ZPI\Q P DK
WR VHTXHVWHU+ EUNWHBMRWEKH $PD]JRQ UDLQIRUHVW LQ

SODQWV JURZQ LQ ERWDQLFDO JDXMEK QINVZH S W LOD \W B U Q Q WKA
IRU PRGHUQ GD\ UXESHHKD\8 O/DMLVDDWLRRYQMW WKH QDWXWDO UXEE
ORZ JHQHWLF+GEVDWVY DWRIAYILWY) SODQWDWLRQV MHRSDUGL]HV
WR VXVFHSWLELO%\W ¥ MWD G/L VAHIDWHIYQ SODQWDWLRQV FRQVLYV
\LHOGHYHDREHRZHWHEUDVLDY HIVANPLF LQ FHQWUDO $PHUL
$PDJRQ UHJLRQ ZKHUH ODUJH VFDOIXSDMRNVSBPM RRYHDVH H;
OLFURF\FOMWNKDXWHIDXVHY WKH 6RXWK $PHUWRD Q XEDBH W & UKW
VSUHDGLQJ RI SDWKRJHQV *UBMVILGH WD FRCGH WD WRQ HRD V8 O
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WUHHV KDV HFRORJLFDOO\ GHY DV WQ VWLHYHPRGY B T XFHRXFHN U I( \
IRUHVW LV FOHDUHG WR JHQHUDW HQ DEFLLRHIDLMNE) UILBK\HRIP ® R Bt
SODQWDW ERQV LHFODR KDWY \PRQRW H U HQH HH PHLW LRR@ ¥ OLPDWH L
XQGHUVWRRG ,VRSUHQH IRU H[DPSOH GRHYJKD YD FDNR Wi I IHF
RYHUORRNKLG LV HVSHFLDOO\ UHOHY D QMW FZEKRIH EMD G RPRY \
DVVXPHG FRQVLVW LQ WURSRVSKH U RQ GRMPDRULIFO®M RF R HRURH F
DUH FDXVHGE® LVRSUHQH

7KH UHOLDQFH RQ RQH VLQJOH UXEEHWHFRBRGFH RQVRQWH KW
FRPPRGLW\ DFFRPSDQLHG E\ WK HQIFQBIBLMQ QW \GHR YOG/ LIVO\OW K \
IRU V\QWKHW L>F@WQMWMHALICDWRFHWWDVLQJ GHPDQG FDURRW EH
+ EUDVLBLRHIQMWILW HO\ ZKLFK PD\ OHDG WR DL®Y HNGEHWH ORQ R P
LW QHHGV WR EH QRWHG WKDW QDWGADQW® W X E EGIRIWR ¥ MPBLA H\!
HYHQ LI LW |HDFRLXYWHW WRKBHURPB ULW\ GXH WR @ VLEU R HBWR
SODQWV FRIOAWBHUHRIIHIXODU S B O DLU/IRISIEWIDVA ¥\P& EX DEBW D QW D J
ODUJH UHVLQ FRQWHQWY ZKLFK UHFKDOWHQDER UR R XGH WHRR
SURSHUWLHV Rl FXUH® DUNEEHUWSEROXEWOHYDQW IRU KLJK Y
HJ ZKHQ QDWXUD EUBREEPMEIQRMWEH DSSOLHG IRU H[DPSOH
DOOHUJHQLF +SHYRWHHEEHU LGKH JOREDO SURGXFWLRQ RI QD\
LQFUHDVLQJ $OUHDG\ IURP WR DV HGXE\ER YHBRGY MFBMKHRY
LQFUHDVHG IURP DSSUR] PLOOLRQ WAQY @ @ 1DWRXUDOPL
UXEEHU DFFRXQWYVY IRU DSSUR[LPDWHO\ DG RV VKMV WERWHDI
PDWHULDO IRU PRUH WRIDMRU DSSAGKFWIRQV LQFOXGH KLJK
DQG WUXFN WLUHV DORQJVLGH ZLWHKORWHY Z RPHIGH RDIODNGE M D
LV LQGLVSHQVDEOH DQG QRW IXO0O% @ IS 8)XRMDKE-OU FEV HV\ Q
SUREOHPDWLF WKDW WLUH PDWH UG DPM LUGMW & L Q HIMY DS R YHP
LQVWDQFH R[LGDWLRQ RI SRO\G L HQH R DGHHRWLHDOV H/WGE ¥ X B EIL@
ZKLFK LV UHGXFHG E\ DGGLWLRQ RI \WQDWL R H-RDLAW Q J ARHQ/RIP
FRQWDLQHG LQ WKH SRO\PHU PD\ BH DPEOH RIPW ORDOGDW KD
ZHUH SURYHQ WR FDXVH PDVV GLH RIINVWRKZ&ERKR VDOPRQ LQ V



$QRWKHU FKDOOHQJH LQ WKH ILH® G @ IUH®G DAVONRB HRJI  FJRKHE FE MY
%RWK ELRORJLFDO DQG FKHPLFDO>G3 XXOE R WIK]BW Y RQ AL E
GHSRO\PHUL]DWLRQ RU UHF\FOL QHQR L BKHFH \S RRO\GURI\DW U X &\
GRHV QRW RQO\ GHWHUPLQH PHFKDQQMD® SSHBH.WWIHOF HE X\
UXEEHU DQG WR VRPH H[WHQW V\QRMLKH 8RO WVREHUH ORQ ¥ DQW
ELRGHJUDGDWLRQ E\ VHYHUDO EDFWHQI[]\DP DRV FX ®JL G DKMLFYKH C
RI GRXEOH ERQGV LQ SRO\LVRSUHQH WR RIHQ HWRS H HMRZ ZR R\
NHWRQH DOGHK\GH HQG JURXSV IROO%WZRGRBL AROWKHIW EG
HVSHFLDOO\ LPSRUWDQW VLQFBLURRX B BHRR IUXIEFEWHRIS O D V W\
EHVLGH VI\QWKHWLF WH[WLOHV GHGERYER VR YR RIQF B3O REGX-DNNG
UXEEHU\ PDWHULDOV KRZHYHU GRHV QRKMV DESYOHRRDOPR VYR
FRSRO\PHUV DQG PRGLILHG SRO\PHUM % R MRIY HF & R 8 ®OHH@W HR
GHYXOFDQL]DWLRQ WHFKQLTXHV EXWRDOUVRF\FOQ\@PH WD \F KIH.
HQYLURQPHQWDO SURWHFWLRQ

6\QWKHWLF 3RO\GLHQH 5XEEHU

,Q FRQWUDVW WR QDWXUDO UXEEWR NGHW KWW BR ODNPKIH UK
&KDUDFWHULVWLFV VXFK DV JODVV \EHDIKW W IPR@HFNKESHU
GLVWULEXWLRQ/WHUHRVYEHFODOOW)\ DUH GHF L VL WHK HDFX\CROLW
RI DQ\ DSSOLFDWLRQ ,Q D ZL G\ KHDAVLIFH S REWG VHQHY WDQLBHN N
FRQGLWLRQV DQG WKH FRPSRQHQWSHFRDY®\L WXWIIDDI \BRE
HQYLURQ®HOW. GHV WKH FKRLFH Rl WKH PRQR® 8 UL VIRBIHIFLID
FRSRO\PHUL]DWLRQ RI GLIITHUHQW PRQ®PH R ®RIPHW ISKWRN\SKHIIA
LQVWDQFH EORFN FRSRO\PHUV FR@®WDHQHQRRIRIGAEKW D G HHR)
FRPPHUFLDO YDOXH VXFK DV VW @b HGEHWPBGRWOML ORE RO \P!
FDOOHG FXULQJ RU YXOFDQL]DW LARSD R \ZKLIF K XODUSH XERERYUH Q W/U
PRGLILFDWLRQ RI SRO\PHUV PD\ DOVR KHBY WR DFKLHYH GH)\

7KH SRO\PHUL]DWLRQ RI FRQMXJDWMGIIGHAWHYHGED SOD\WRBP M
LQYROYLQJ UDUH HDUWEY HWHRE QRMWDOV HVSHFLD@O\ FREL

0



LQYHVWLIDWHG SULRU WR ©DXQW KBPIQLEHLE PXHAK &R RWDHUY VRDW
LQ WHUPV RI VWHUHRVHOHFWLY\LW]DBD@HGERR WX H H)\W D & VH Pl
RI DONDOLQH HDUWK FDWDO\VLV FRARSMUHLVEROPIXGEDDWLRR)
ELV DOO\O DOFLXP

7R GDWH LQGXVWULDO SURFHGXUHV IRUQHG \¥BRMADLFLDW SR PN
@7KHVH =LHJOHU 1DWWD W\SH FDWIFRFS\RX @R P $RY HRR IQB RG-
FDUER[\ODWHY DONR[LGHV RU KDOLGNW VXFE BVJMNMQURBIOWK
WULLVREXW\ODOXPLQXP 7,%% D KQ®RPGFKORNUGH RW HGIKH
VHVTXLFKORULGH LQ VRPH FDVHV MRDOOBRDXKE® LE) XK UHDWPE B
DGGLWLYHV DQG VRPH FRPSRXQG\VeH\DS LEWH XRIHGHEQ GH ¥ HR/IV
UHVHDUFK DQG ODUJH VFDOH DSSOIGHDWMRIRAYV MKW D 6 RAWOW HD ¢
XQGHUVW®BRG FDWDO\WW V\VWHPV DU HHQWW G& WRDQGL B © SDLFW
DUH GHVFULEHG WKDW FRPSULRUY D\GOIOG HD PRRS OBl OHW O B DAXH
FKORULGR OLJDQGV ZKLFK DUH FRQVLKRUWEHHWRNEGOHBW |
8QGHUVWDQGLQJ WKH VKHHU FRPSUH[VWYRQWRPSDUF FWW®
WKDW HYHQ ZKHQ WKH VDPH FRP SRQHN \F R BDSD MWHHI@\DE L | PH
PD\ EH REVHUYHG ZKHQ WKH RUGHRW RI[ PR SIOW MEEKVFKID G HH W K |
PL[LQJ WKH VDPH FDWDO\VW SUHFXUVYRUV G DI IGIU HQWH 6 BWRDLLX
\LHOGLQJ HLWKHU WUDFHV RI SRO\PHUY QU TXDQWLWDWLYH \

BWLOO FKDOOHQJHV UHPDLQ WR EKHDBBWHYN NG HEFLMLG H)\V UH
UXEEHU SURGXFWLRQ GRHV UHOD® RW XQURQDIDHOHIDEW HY BN VHR]S!
UHQHZDEOH GLHQHV RFFXUULQJ QHDQ\HX UDQG R XFEK QCHY P KUHR/HHQ
KDYH JDLQHG DWWHQWLRQ RQO\ UHPKQW ®\I DYE.E6REGE BROA
$OEHLW SRO\GLHQHV KDYH EHHQ@ &HIW KHW L F DL VIWYUDLIOWD E O €
H[SORUHG DQG FKDOOHQJHV VW E®Q RHUHXE QVR HEHY MDRFQIRHHGBW |
VXFK DV UHF\FOLQJ DQG ELRGHJUDG MER QLMAK @ KFIV®! QHITZXE K
KLJK SHUIRUPDQFH SRO\GLHQHYV

$QRWKHU SUREOHP DVVRFLDWHG ZVWKSWVRGWKENL E W\R Q (P HPU
FDWDO\WWV RQO\ D VPDOO SH BRI RD PH\WDFOVERHAS QW |
WKH VKDUH LQ QHRG\PLXP EDVHBQG ¥V VAHE\O O IQGHIVWEKDMZ 1B HAD U .

RI SUHFDWDO\VW LV ZDVWHG 2Q W KGIHRW QMY KDQRO XPAIQQ.D O H
6



UHVXOWV LQ YDVW HQYLURQPHQRQWDFPRQOXWHICR D\ UQBQRBEY
KHDY\ PHWDOV HVSHFLDOO\ WKR WK MR UHQGRW RQIOAPS UW/R YLFGH
ODQWKDQLGHV EXW BOKMRI HRRUBIF WIHEDGFEY WKH DPRXQWYV |
SRO\PHUL]DWLRQ SURFHGXUHV RU FDWBRLQW WR FPRWIH) DED
HOHPHQWYV VXFK DV WUDQVLWILWBGPEWW&M SRRH HVUL WD\QD B R
6LPLODUO\ FRFDWDO\VW SURGXFSIRYWW Q WVWKIXD &0 W DIO Q\RM
FDWDO\VW HFRQRPLFV *ESWHLWYLRQLHF DQWRUHGXFWLRQ RI
S\URSKRULF RUJDQRDOXPLQXP HTXLYD®BQWEH QRMWWR QEXWL
HFRQRPLFDO DGYDQWDJH ZKLFK PRX®WUEMW DOV IQEIORI ZIQN R q
BWLOO LPSURYHPHQWYV LQ WKHVHPSWRIFEHEV MAK D LOHD BN \RLI UXDQEC
RI PHFKDQLVWLF GHWDLOV RI WKH SRO\PHUL]DWLRQ SURFHV\

OHFKDQLVWLF $VSHFWV RI ,VRSUHQH 3RO\PHUL]DWLF

7R DGGUHVV WKH DERYH PHQWLRQHG FKN®®GI WK HL @ DI
SRO\PHUL]DWLRQ PHFKDQLVPV LQ GWWDWH W&R&B RHYDIWRR PR QN
SHUIRUPD®WFFANQW ZRUNV VWDWH WKDW F DQMRG\WPW X PDERIPSR®If
ZLWK WKH SRO\PHU FKDLQ FRRUGLQD®WE 3 WRQWE KRIO® HRIE LRLWX
,Q WKLV FRQWH[W LW LV QR W DEOWW WDWLNMREXXWM\@DDOXBD 5Q X E
WR DFKLHYH FDWLRQL]DWLRQ RI FKDRUA%O BRPBIIAPHW IE\ IR
VSHFLHV JHQHUDWHG LQ =LHJOH G LIHD@HVDR OO HUOL\MWAL RROUPBR
DV DQ LQ VLWX JHQHUDWLRQ RI OO KD Q/HGH ED OMR O M F X OR
GLVWULEXWLRQV Rl SRO\PHUV REW D ISQHGDEMNK H) X P W R XR/ UF L
ZLWK YDU\LQJ FDWDO\WLF B WGAMLIHRQD WK HRWBBGVIHU RI W
WKH DEFWLYH VLWH WR RUJM.FRDDXPYRIKPLERHHWLHY DQG

OHFKDQLVWLFDOO\ OLNH SRO\PHUUIOWWR K R R | PFRRELRV R OIHWMHXG
DV EXWDGLHQH RU LVRSUHQH FDQ SURFHWHRG ERAMKH U& RE IVH
SRO\PHUL]DWLRQ LV E\ IDU PRUH FRPEQRBLWWW WHRK\DHU H R BKiH
LQYROYHG ZLWK SRO\PHUV IRUPHG IURPRURH G X IIDWXGWG L&HF
QXPEHU RI QHXWUDO ODQWKDQLGHYXBKO RQG &FUHH ¥ B OR B IR QH YR
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7TDXEHV $00\O &RPSOH[HV (YLGHQFH IRU WKH $00\

%HIRUH RUJDQRODQWKDQLGH FDWDOOYWWYV ZHRWH FRQOMX JD\DF
SRO\PHUL]DWLRQ 5XGROI 7DXEH DQGHBPREBR URNHWDWRBQD B HE O
FRPSOH[HV SXEOLVKHG LQ 7KH RRPS@H[HV 3R23IKKRI IRUP >
7RO 33K  &2' : %3) ZHUH IRXQG WR EH VLQJOH FRPSRQHQW
SRO\PHUL]®BMWRQ VWXGLHY RQ QHRG\PLXP DDQN® ER RS\OHT HNY
7DXEN DPRIIJHVW WKDW SRO\PHUL]DWLRQ WK HEXRRGGHQB W VR
PRQRPHU WR WKH FDWDO\WLF 1G ,)\0 PHQWE U DLQG SHRQ EMLVEG\H
SRO\PHUL]DWLRQ DELOLW\ UHOLH VIRQP WK H RIPELOH W V RZIL O K RV
ZKLFK PD\ RFFXBEURRRQGELODWICRD OLQH ZLWK WKLV PHFKDQL
7DXEH UHSRUWY WRRW WKHKE RRQRU+ D GG RFMWQ HG ZH B&H ERWK I
SRO\PHUL]H EXWDGLHQH LQ WROXH®N DRW FRPREXNEMEKR X | X U
QRWDEOH WKDW WKH GLR[DQH DG GXFWVILHYD.W/X UHR/L B KGZFV HHID S
E\ WKH UHGXFHG VSDFH DYDLODEOH |RWXWKWDGLWQHVFR®O
FRPSOH[HV DOVR GLVSOD\ WKH ILUW ODH{WROQH & HR F B IMDID\M VF
WUDQWHOHFWLYH SRO\PHUL]DWLRQ

7KH FDWLRQLF FRPSR&Q WEK+IWGRE@ &KRZHYHU ZDV QRW D
SRO\PHUL]DWLRQ DQG FRXOG QRWPFPEHQRROQNHUHY HEH@WRIDQ F
JHZLV DFLGLF FRFDWDO\VWYV VXFK HWHPX WU K BHIEX P Y BRI IHW D
VXFK DV&HG &0 WKI JDYH H[WUHPHO\ UHDFWL Y FBWDLOND @/ QAN
RI 0$2 ZIFWXHOHFWLYLWLPH® QX$FRQRVUDVW FDWLRQLF DOO\O
&+ | @>% &@ /Q /D 1G [/ 7+) GLR[DQH ZHUH Q@WWLYH
SRO\PHUL]DWLRQ RI EXWDGLHQH DWDG @&FWW LW QHRWDDCEID\HJ By
WXUQRYHU IUHTXHQFLHV ZKLFK PD\ EH) BRI @ H @ +7 LAARK S\IKU
GLR[DQH DQG UHVXOWLQJ EORFNDJH BDWHG WRH W KF-R FODGL
FRQJHQHUV WKH QHRG\PLXP FRP¥BEHFWLNDWX UHR DHK HIK HE
VXJIJHVW WKDW LQ FDVH RI WKH OPKDAQNQXHPUF @ b © Q/HK WX RV E |
ZKHUHDV RQO\ RQH FKDLQ LV IRUPHG ZLWKWXHR GRP L XR) GLIFOE
IRUPDWLRQ RI D GLFDWLRQLF PRQRDWIOD® TR W & DDL\GH H[BPSE



FLVHOHFWLYLW\ 1R®WKQM DAY RXWXIN HVWYHWWLDWH SRO\PHUL]DW
RI FDWDO\VLV FDUULHG RXW E\ D>’PRGRDOO\O QHRG\PLXP FRP

SXWDWLYH $FWLYH 6SHFLHVY DQG 6LQJOH

'"HVSLWH RI GHFDGHV RI LQWHQVLY HHDHMHID B FHKV DADK FIDQIDVOX \J \A
1DWWD W\SH FDWDO\VWV B HP BILHY BURDIMHI H YV VR | LGVL I 8 XMHAIQ H U |
/Q DON\O RU /Q + VSHFLHV DUH LQM R Q¥IiQG6 MEDKHAGH D \F IO R R®
WUDQVIHU DUH DOVR SRVVLEOH@®RBD @LGND\WEWLRGQ RFWILKYHH P\
=LHJOHU 1DWD W\SH FDWDO\VWROBIDQY/R LYHFDHE /@ ROEEIDA DO N
>O0H/Q@DUH SRVWXODWHG DV>S& QD W LY PISIAWS Y RIS\REZFRN EW & X L
EDVLV Rl 105 V#WXQRPWRXOS SDUWO\ WUDQVERUPHOBWRLGJ
LVREXWSH@MW K FRPSRXQGYV PD\ EH FDWLRQIRU DQGBREXEWO\ |
) 105 VSHFWURVFRS\ LQGLFDWHV W K IEVR WDKMH I? R IVKER/R FER R8U C
WKH ODQWKDQLGH FHQWHU L Q&HFBRVLIMW HD D/GIDRAQL DIOR P H/S DR [B
FHQW®&UQXPEHU RI RWKHU SXWDWLYH DXWH YM VER ERQHVQSHFRKS
$ SURSRVHG PHFKDQLVWLF VFHQDULR IRUH @KBALWKWLR
>3K10H@>% & LV VKRZQ DV UHSUHVHQWD®LYH H[DPSOH LQ 6F






6R IDU RQO\ YHU\ IHZ DFWLYH FRP SIRXW B WIS bi PFHIBWZDLAN K WY DL
FKDUDFWHUL]HG DQG LQLWLDWLQXRVSHEDBW LOUE JVIVL\DIOY B Py
WHUQDU\ FDWDO\VW PL[WXUHV P BAKWHHWWF IDXSFSADRSHN. D Y M RDR HH
LV DOPRVW LPSRVVLEOH GXH WRWWRN ORZGWHQUG HIOLAHOR WRKL
DFWLYH VSHFLHV LQYROYHG 7R G D®IH FW KMUWHH FIL VRADEDA ARIQ H G
D WHUQDU\ PLIWXUH WR RXU NQRZQKGJIJH EWKBWQZDQ G ¥FROLK!
&U\WWDOOLQH PDWHULDO FRXOG ERPRE WD LKQH K& OD | S/RHQ\ R/HHLY H| T
WHUQDU\ PL[WXUH FIBP SO(WBERDORLQAD?2 > CAKHWERPSOLFDW!
SRO\QXFOHDU S$GR®OFWEO>$OMW?23U @ WKDW FRQVLVWYV R
QHRG\PLXP FHQWHUYV OLQNHG E\ EVLGH LZLWKKD @ X (AROVER PRE
IHDWXUHV WKH ILUVW FU\VWD G®RUELSILW B G OW HW D D B K HQL
WKRXJK UHJUHWWDEO\ WKH FU\VW D0 ORIN FRPLIR GQ GV 05 LDUH
HQJDJHV LQ SRO®PE G LWKWMLRIQILFXOW FU\WWDOOL]DWLRQ SUR
H[SODLQ ZK\ VR PDQ\ DFWLYH RRW DI0QGWAK BIY B B H UFIU]\ DAWLORIQO

6LQJOH FRPSRQHQW FDWDO\VW VXGNYKIFW PDN KIS HKKRHHG/ L PDR U GE
GDWH D OLPLWHG QXPEHU RI VLQSRE\FR B &FQW@ERQ RD VFBQ WX\
KDV EHHQ BHESRWHWPHG 7KHVH VWUXFW XUD O O WL/ BYHF PRALF
DOO\O FRPE@HIIPV® @ @ QG FDWLRQLF PL[HG DOXPLQDWH ERUD
UHSRUWHG B\ RRPUGIURROWUDVW WR WKH WULYDOKQYK®@DQW k
DFWLYH LQ FRQMXJDWHG GLHQHKIRORPBY V]LIAWDIORQ GAR/MSIHHY !
VDPDULXP HXURSLXP DQG \WWHUELXM®BWIHY BHIQHM SROOR HARLQ
FRQMXJDWHG GLHQHV RIWHQ JLYL QGEL OREHQWOBR/P SIDHG I\H &
FRQVLGHUHG D SXWDWLYH LQDFW MWDV &RI@ P F K\ QLW P X R 8 UW
(YDQV UHSRUWHG RQ VLQJOH/PRP SR Q6IR) W\ F D W DWDNYBRYQ/,Q,

6P 7P @RZHYHU QR PRUH ZRUN RQ GLYDOH Q WV® B GWHKIFHG H






FKORUBGWWOH VXUSULVLQJO\ WKH VROMHQW PRV K 6WPXDU |
DQG 729ZKLFK PD\ EH DVFULEHG RQ WKH VIXRH HOVR @ RW KH PIH[F!
FDWDO\WWV FRPSULVHG RI QHRG\®KR PK YGIWMNBEKMNG F&JIOLR/URLEG
ZHUH SHUIRUPHG E\ &RXWLQKR ZKR FRXOGHW K RD WKD B/DHDHON |
WKRXJK ZLWKRXW FKDQJLQJ LWV VHZHPWIUPLMVR | RW IS B B RRHHWD |
UHVXOWV DUH XVXDOO\ REWDLQHG ZLWKJDBHRD 0 XFPL @R P FIRPK
' %$+ DQG 7,%$ \LFAIOWGHB®HFKHWLWLHY DQG KLJKHU PR®DHFXOD
WR WULKH[\O DQG>WAURRHWHODWXPLQRERWXUH Rl WKH DON\O VX
FKDQJH WKH SRO\PHUL]DWLRQ PHFKBIQUK® m®IOSRKRWPIKU W HRHE W
VWURQJO\ GHWHUPLQHG E\ WKH\I® N DIQBE0 OMLUIXP P\RROXHFKHD Bil
HVSHFLDOO\ JHQHUDWHG ZLWK EXON\\WRUWID QRDOXIPEGQW R DFAR |
SPRQRPHULF" QDWKUWKRLBO/PDLG WR FRUUHVSRQG ZWOX D KL
WKXV KLJKHU DFWLYLW\ +RZHYHG 2N KK/ ADXDW R BH QMY R R WK
LV GHVSLWH LWV VWHULFDOQR \WHWPDQHERQ P RIOAPBUEK D &R\
WULPHWK\ODOXPLQXP ZKLFK LV DRPRMYW HIR Q&Y UWLHRM\VG [7PH §
HTXLOLEULXP ZLWK LWV GLPHU KRZHYHR HWREWYV ODUJHO\ .

,Q JHQHUDO WKH UHDFWLRQ RI IDWOX RMLQDOPO RO E @ K\ FRRBMXE VUZHD/
WR WKH QXFOHRSKLOLF DWW DB ERROMDKH DBIDECRR ZWIEV E G X M ER/GH
DWWDFN RQ WKH NHWRQH 551&2 IRUPHG WU B VX OWMRKIR Q DMK-H
> @RZHYHU WKH DERYH PHQWLRQHG BHBEMMLYDWWKD @LROM FFE
FRPSOH[HV 7KHVH IHDWXUH GLVWA @KW KH ZRW NYL R/IL HW FIK\E [
UHDFWLRQ ZLWK WULPHWK\ODOXPLQ XPK\GHWKPL DXWR K DUE @ K\
PRLHWLHV DB VRPPGIBU EHKDYLRU ZDV UHSRUWHGVEK\R@Z DQV F
WKDW XSRQ H[FHVV RUJDQRDOXPLRWPFYVUBDMHHQRUPWG W ZI
VWRLFKLRPHWULF DPRXQWVY OHDG WR RHODWRDFQGIBEQRGN
WULLVREXW\ODOXPLQXP 5HPDUNDERRS BWUD/ENTHO/ M WLLVX B WIXGLH/
DQG $0O ,,, DV LQGLFDWHG E\ ELQGLQJODHKIPLIQRWP R D WER\ !
DG GXPW



+LJKHU $OXPLQDWHYV RI $ONDOL OHWINQ R Q $CH/DDQ Q H
IDQWKDQLGHYV

7KH GLVFRYHU\ Rl =LHJOHU 1DMGVR UN DSHR BDWBIOQ X W \F KIDR/L V B/
WHWUDRUJDQRDOXPLQDWR FRPSOH[HV KBRKWE&Y BGNVHUWR KWK
RI =LHJOHU W\SH FDWDO\VWV 1XPHHRXKD®HVEUHWHHPSOXR
SRO\PHUL]DWLRQ SUHFDWDO\WVWV DO R VARSHD WD &K WRW JD\D
VIVWHPV WR VWXG\ VWUXFWXUH UHDAHWLYWWSH UFDW DO RV
SRO\PHUL]®WRPQVLQJ FDQGLGDWHY WKDW ZHUGLFDWIGR O GF
ODQWKDQLGH DOO\O V\VWHPV UHMWHP EXMQ W E HRIS RARPGS OBl FMAL
DGGLWLRQDO RUJDQRDOXPLQXP FRPSRXQGW@WRY DF KWH Y M

DON\ODOXPLQDWHY DUH NH\ FRPSRXQGV WR FH} ORUWWWQ G X Q

,Q WKH FRQWH[W RI DERYH PHQWLRQHGVXLE JIDH® [PLRHE G V¥ \OIDVDI
FRPSRXQGV H[FHOV PHWK\ODOXPLQXPLERWDVKLOKWWVDOMN\PD
FRPSRXQGYV FDQ EH REWDLQHG IURP DOXFUHQXROKIGQRIMQ DY
IRUZDUG DQG FRVW HIBHREWHFRQ®\QWKKHWHLY RUJDQRDOXPL
FRPSRXQGYV SURYLGH KLJKHU VROXELOLWDWZLRICF B FRAMMAQIQND O V
VR WKH LQYHVWLJDWLRQ RI HWK\OS ROV LKRME R W \PKIDX®PH Q X
GLIILEXOWLHVY LQ FKDUDFWHUL]DW LRIQWRI HK H DKIHOU VO © RLVQ DWA |
UDUH HDUWK PHWDOV HQJD JFHe\DS BHUDMG\D WIL\R QR X WD ¥ W DEQ
OLJDQGVY SRVVLEOH GHFRPSRVLWLRHQSDEWKZDDFWQRQXOMW ZHI
WUDQVIKBWIDQG UHGLVWULEXWLRQ LV D FRPPRQ SUREOHF
DON\ODOXPLQDWH SUHFXUVRUV LRW WK K\&UQEH GWERERHIMG I/ \W
PHWK\ODOXPLQDWHY DUH ZHOO H[SORHREQWRUVMUKH VZKR [F
SURPHWKLXP HVSHFLDOO\ WKHLU LRIIPFHLYLW\ LQ LVRSUHQ}

) XUWKHUPRUH WKH QDWXUH RI HAPKSH R\GING\ GHOK-PU DIXPH K RE DRV
SURGXFWV IRUPHG )RU H@IRE® H 6P @DMOHHDWXULQJ D SR
VWUXFWXUH EXW WKH PHWK\O FRRQEBQHUWREPD W QN R/AGROEYGHHD W@
HWK\ODOXPLQDWH FRPSO®WILY LUBNGERQ\ RIRGXIEBHHQW DON\O
RIWHQ UHVXOWY LQ GLYHUVH VWUXE® ¥RDDORBRWUW U HBR WY W

io



VDPDURFHQH SUHFXUVRUV XQGHUJR R[L 6 FEKLEQ DIHDIG W WLFD O
OHDVW LQ WKH VROLG VWD —PRORWH ULF RFESGWUIBDW W& S K H C
EXONLHU WULPHWK\ODOXPLQXP LV HPSDWRM &S MBEHRVE 3ERGIL C
OH $O0HOH BP&S@ LV REWDL®HG

7HWUDPHWK\ODOXPLQDWHYV GHWSL VDK HV KRR W D\O\ZBUYV WYXOLOCDLE
FDWDO\VLV VLQFH WKH\ ODFN U®IVMHI UADAW B O RSW W VP DN \H VKK B
DELOLW\ WR IRUP K\GULGH FRPSOH[HEWHD +\IKHG D GIND\OFLA
FRPSRXQGV IHDWXUH GLIIHUHQW SURSHUWEBW DLQ@)\ VS\R M\P\W U*
FRPSDUHG WR WUBPH2MK\GWBEXRMWXHPU KDQG 3KLJKHU ™ DO
WHWUDDON\ODOXPLQDWHY ZLWR @ E HKD WIKRRZ RDGF R B S/OMHMOH0
VWDWH DQDO\VLV 7KHVH GRIIERXOKHUH VDION FOD @ W P OO \MHV L 7
DQG WHWUDLVREXW\ODOXPLQDW HR/I DMKH/ B OMR® WHAML GOOH[L R |
LVRODWLRQ DQG SXULILFPMLEROWERGDOONDERONIWHWR\O R
JUHDWO\ HQKDQFH VROXELOLW)\ YOI GRWK7E B USIKRWH. FSRIQ& WD @
UHPRYLQJ HTXLPRODUO\ IRUPHG H[F HDO®MHOWWO L FFRRNK\ETEHD IV L
EXON\ KLJKHU DON\O JURXSV LQKDQXFLEADWHHRREB®OM D NXVI i&
JURXSV )RU H[DPSOH DONDOLQH HIO V& K$W HWADD KW K V&M O YU
H[FKDQJH HWK\O JURXSV IRU PHWK\O DUIRXSKL&XRQ UHDFWLR!

%HVLGHV HWK\O DQG WHWUDLYVRBEXWKHNO XORAND\DW B XHRRER/XIE
VIQWKHVL]HG 7KH IROORZLQJ OLVW RHVFFRIRWQGWRSUDBI
FKDUDFWHUL]HG FRPSOH[HV IHDWXWIHBRIMWWWHDVW RQH WHW






+LJKHU $OXPLQDWHYV RI $ONDOLQH (DUWK OHWDOV

(YHQ WKRXJK D ILUVW ZRUN RQ HWK\O DOKIPQ QX P @ B PHS\R K DG VR
LQ D VHDOHG JODVV DPSRXOH KDV>E @RI BYEDOXRHQXPVFRPS
ILQDOO\ ZHUH H[KDXVWLYHO\ H[DRKH ARBQMEHRXWR | . DHDUYLE DU
ZRUNV RQ PL[HG FDWDO\VW IR ®DFE® R P.SD GIROG P BU L=]IDHA DRIQV!
WULDON\ODOXPLQXP FRPSRXQGV LQFOXRFIHN RGHILGHY DQG
+ROJNDPS DOVR UHSRUWHG W& H ® UHWIGH \LIQV R BORPSG UMW K\O
HWK\OPDJQHVLXP FKORULGH DGORODUVHEK\GDRBXPHQXP ZRU
JHKPNXKO KDV EHHQ D SLRQHHU ERWK LODWRB OKXIROGDRNH VIQ'
HVSHFLDOO\ LQ WHUPV RI DOND ®IOXPLDQ & H\ORNW K LLGHV 8 B EW K
WKLV D QXPEHU RI GLIITHUHQW V\Q WHKHNWHVH WU ODOXPQ QO MW
SXEOLVKHG E\ /HKPNXKO DQG FR ZRURKHFH Q WBREW P W WDMKF
PHWDO FKORULGH® BURK >GBVS@WKH FRUUHVSRQGLQULWEWUD
ZLWK EHQ]HQH IURP WKHe4 QXBWKEHOHSBMVLEBXBILW\ WR SXUL
GLVWLOODWLRQ /HKPNXK®@ QIR W DMKD WREOMWM BBYWV WR FDC
KRPRORJXHV IHDWXUHV PRUH VINOW FOIL N-H@F BDEHF6EH HQ QW L F
HDVLO\ EH GLVWLOOHG DQG GR R®Q@RWQK R K HU MY CHRADR HBNF
UHVHPEOH @D QGQW\V SUWRIYHGWYHMD OW PHWDWKHVLY DQ DON
ZDV HVWDEOLVKHG IROORZHG E\ GLVWDQODWL RROURE DV ) S
FRQWUDVW PDJQHVLXP WHQGV WR IRUP(W K% H&H BRIFS RWVK M/ L
VIQWKHVLVY VWDUWLQJ IURP DQNDXDLQ B HD WMWK HAVHIND O O SR HE\
WKH DONDOLQH HDUWK WHW U D H WK\ OHDKPXAPUQD WG FQGZZDN|
VHYHUDO KXQGU®@& JUDP VFDOH









+LJKHU $OXPLQDWHYV RI 7UDQVLWLRQ OHWDOYV

,Q FRQWUDVW WR V DQG | EORFN H\CHP DOQW\ERPBRRGGWR EH
XQVWDEIKHY HVSHFLDOO\ DSSOLHV W RZ R DRKHW HDWED @ RL &/H RRF
+ HOLPLQDWLRBRREEBIWHDNIBDWXUH OHVV NLQHWDRVIBMELOL
ZKLFK LV FUXFLDO IRU WKH LPSRUWRD & F6 HRJ+H D WA DWW D54V § R/C
FDWDO®MWWKH VROLG VWDWH WKHUH D WKH JXGIRR W DRVQ WWR
WHWUDODON\ODOXPLQDWHY GHPWR QR BB W 5D BNRH QN W BB U
H[DPSOHV RI KLJKHU WUDQ VLW LIRQ EPHHDD \DVWDHE W O D]BIGNZ D\N & XK
ZHDNO\ FRRUGLQDWL®@ JDDRIRY LG RLWK F\FORSHQWDGLHQ\O
WKH FRPSOK[BS ON %U>®0)& @ &S +& )OX IOXRE@HQ\O
>&SH@>H0 @ ©9DQG PERIKHOHS$0)&@>$D & ©@7KH RQO\ VWUXFW)
FKDUDFWHUL]HG H[DPSOH RI H[FPHQD@IO X VWKBE®RQWR H WS
>&R ELSOHE@IB{\VW KH WHQGHQF\ RI WUDQVLWLRQDPHWDO |
+ HOLPLQDWLRQ LV LPSUHVVLYHOAXG K PIRVDES WLDIOH @ B\ FRPS:
ZKLFK PD\ EH VHHQ DV D GHFRPSRVLWLR® OSURGPHEG RH OX\5
WHWUDHWK\ODOXPLQDWH



+LJKHU $OXPLQDWHYV RI 'LYDOHQW 5DUH (DUWK OHWI

%RWK GL DQG WULYDOHQW UDUH HBQ WK $RUWDKDGH W KD B OKKHPR
SFODVVLFDOO\ GLYDOHQW  ODQWRBQLE HDIWGH PH\@MWWE L BP D KR
LVRPRUSKRXV WHWUDHW K0 B X PLAERWID ) G 657 B @OED Y H

EHHQ VWUXFWXUDOO\ FKDUDFWH U E R HEWH WAK HWRRHU B R © SIRHE
HWK\ODOXPLQDWHY DUH DFFHVVLEIORQ IBORWRIFRD DX} DFADG
/Q>1 6LO@WKEZLWK H[FHVV, @ FROWUDVW WR WKH FRUUHVSRQ
KRPROHSWLF PHW\ODOXPLQDWHY (XQ SOO0MKH SRO\PHULF HV
>/Q $SO@MHDWXUH H[FHOOHQW VROXE?QLWK H Q/ POILG K\DMOL\W HV
>6P $O@FRPSULVHV RI DQ DQLRQLF PRLHW\ D@XLIRRQDFFD
>6P $O@VUDJPHQW IHPRRWGEHLMDWLRQ FRRIMGULIO® WIRQ LQ WK
>6P $O0@V IUDJPHQW $ORQJVLGH ZLWK VOKH LKQFDRRKO\H SWEKF LG
DGGXFWV KDYH EHHQ UHSRUWHG 7KH WHIZNDWYD R EGWIRIQG H 6 Q ROC
VDPDULXP DQG ®WRWHK PIUWHPLVRVWUXFWXUDO ZDWXKUW®B B WK
FRRUGLQDWLRQ PRGH 7KH VDPH SXEWLEDWLRQSPOMR UHSRU
6P <E DQG /QSKBIQNV /Q 6P <E \HW WKHVH FRRS$IOG [IHY & KH
VROLG VAMMDHNVGRQRU DGGLWLRQ VWURQU®D G R QW LIDOXPY. GADKVIAHY
WR XQGHUJR GRQRU LQGXFHG DOXPLQDWH VOHDYDJH LQVWHI

'HULYDWL]DWLRQRLWKE $O{WXLYDOHQWYV RI BEKHRH[GQWLRQ
\LHOGHG D PL[WXUH RI SURGXFWV [UR M OZKPLRXD \RK OF RWK(
&S <E $O(WRXOG EH’L @KOW LWIKHHGVDPH UHDFWLRQ ZDV SHUIRUF
HWKHU PL[WXUH WKH GLYDCOHQW DR GREWD+QFHGEDORQJIVLGH
OHD®7KH SURWRQRO\OVAV/RI >6@ $OFEWHPSOR\LQJ GL LVR!
+2%% OHG W®R 2§ <E (WSO (WW @QG D VHULHV Rl UHODWHG ¢
WULHWK\ODOXPLEQ®A ARBSWKHHY\QWKHVLYV Rl KRPRDGIBWHF GL
>/Q $O@WKH VLO\ODPLGH HOLPLQLQDWKIR @ \QWRVHRERCR S K R WH
FRPSOH®X O%SE $O(WZKLFK ZDV V\QWKMYPOKEG116REH DG !

HTXLYDOHQWYV RI W ELHWKW VE@RPGQXWDWH WKH WWHW S\UD]F

FRRUGLQDWHG Z@HOHIDGE RN GISCOW HG
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,Q VROXWLRQ ORZ WHPSHIFMDWRAMAR S\ UHYHOHG WKDW DJRVW
PHWK\OHQH JURXSV RI WKH WHWUDWWR@DIDB®RXQB WRR FFROLLHA
VWUXFWXUH DV VKRZQ E\ RQO\ RRMH RQDQ DOV WHMBEWE D& WK H
WHWUDHWK\ODOXPLQDWR PREH\W& D8D BHPISOIG B QWO N VDR W R E
HWK\ODOXPLQDWH FRQJHQHU KDV EHHG VWS BAHGOHZKLFK
>11@ >BW+1 &+ WX&1@ ZLWK HTXLYDOHQWYV RI WULHWK
WR WKH IRUPDWLRQ RI WKH W6 P YOI MG WL FHV  \0OD QXREDGFHVE |
SRWDVVLXP LQ WROXHQH WR \LHOG QMKH DVOH QHRWPSOS
>A116P $O(WWROXH@EH @

7KH UHDFWLRQ RI ZHOO GHILQHG WKLYDOHGW 2% RP DA RFHQH
&0H 6P WKIRUOK 6P ZLWK GLDON\ODOXRBD@OP FKORBKOMYV 5
\LHOGHG FRPSOH[HWHRI/ QVKHBIRTDP RWRH &Q>&0O—5 $05 DV
VWDEOH SURGXFWV DQG WKH GEBFXQ RUHGRHW FIUFR B S B D UHR@V (
DON\O UHVLGXHV LW LV QRWHSEREWHK\RW DI RRKEQ QUIHWLEB@ H'
GRHV KDYH GLUHFW LPSOLFDWLRQV IRUVERIQWM R JIHW N GV HH R\
WR UHYHUVLEO\ SURWHFW DDRRWRDBN QRO WL RRQRPWMH SSUKURLD W
%HVLGHY WKH LPSRUWDQFH RI DJRVAWLR Q@ WHUDFWR R QV UR
VWDELOL]LQJ UHDFWLYH LQW H U P HRGLHD WAHK/H LY HSRGOH P I U LRWUH
WKDQ PHWK\O WR IRUP DON\O E UL ®IH® KDW HAURH LK LG K F U H/DWH
PD\ GHFUHDVH WKH WHQGHQF\ WR G RVKUHL BrR VAVQLAEW @& HW \ FRJIXHF W/
JURXSV WR IRUP K\GULGH VSHFLHV IR@OREHQD WL R HR\WP LN
PHWK\O FRQJHQHUYV

7TULYDOHQW /DQWKDQLGH (WK\ODO&PAVPDWHIV & KD UD

7R GDWH RQO\ RQH W\SH Rl KRPROHSWILB L XD OKIQW DIOXPW & D
IRUP >/Q DDV EHHQ UHSRUWHG6WRHPXU NQREPSIRBN@G >/D $
KDV EHHQ LQLWLDOO\ V\QWK H W K&GD QU®R RV & LD KSIOE®ORL Q X P
VIQWKHVLV ZDV SXEOLVKHG ODW HXD WALPRS® RS URW FORR OD PLVG B
>/D 10H/L&O@ @7KH VDPH SURWRFRO KDV ODWHU EHHQ DSS
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VROLG VWDWHPRRUGEWRWH R RI WKH WHWUDLVREXWW\R DO X
PRUH W\SHV RI ODQWKDQLGH FRPSRXQGV FRAWD LUHSRUDV WE L
DOO DUH VWDELOL]JHG E\ SHQWDRHWR FORORSHQWDGL
&+&+0H$O &&+0H @ /Q 6P < DOGIG/ Q >& & 3 K—
&+&+0H$O &#+0H @ FKH ODWWHU LV IRUPHG OHQ6®KH UHDF
2 &3K @LWK I%¥O ,W LV UHPDUNDEOH WKD@W>2RRBKSOH[ &
&+&+0H$O &#+0H @ GLVSOD\V WZR GLIITHUHQW F D UFBRJ\IDMW HQR |
D VLQJOH FU\WWDO LQGLF D WELRQNKWEPY BHOW K H P B X [E\H DFFHR.G LWAL\P ILF
$SSDUHQWO\ DOO FRPSOH[HV UHSRUWHGGE B&Y DAX\L F K DKYHXOLSHY
FU\WWWDOOL]LQJ WKH FRPSOH[HW BR\W VWIOD/@RL & B RFFRWH D MAHRAV
FRRUGLQDWLRQ WR WKH PHWDOWKDQWBRB S ROLFHUK XIVWAIRQWIT
UHSRUWHG IRU DQ\ Rl WKHVH FRPSRXQGV
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6FKHPH ,VREXW\ODOXPLQXP FRP FXD[WVFRIHWL YUHHGHIDQY WIKCHH URPHGQ WV

%HVLGHV KRPROHSWLF WHWUDHW®\IKQ KR LIQDWENH Q@ XHKW B \»
LQ LVRSUHQH SRO\PHUL]DWLRQ LQ RXUKBUWX®HPWDGHQJ
SRO\PHUL]OMLIKMHU DOXPLQDWHV RI UDUH HDUWKPRGHPHQW
FRPSOH[HV IRU DFWLYH VSHFLHV LQRBRWWH{UGLHFWRPRBRYV LW
>/D $SO@WNKRZLQJ WKH IRUPDWLRQ RI GLIBHKMHWV WRJPHG/ B R






+RZHYHU LW LV REYLRXV WKDW RVHWQDDQNWKIHO RBRGBWHEG
LPSOLHVY VROHO\ DUHQH LV DYDLODNWH EROLFIR RUIGH FRWERE
ZRUN RI 2NXGD SRO\QXFOHDU \WWWIKg $R\&GHLB@&@ ZPR/P SR X Q
REWDYQBE\&GURJIJHQRO\VENVNORIWKD &$306&®H@ ZKLFK KDV VXEVHT
EHHQ XVHG WR AOUDQ PRW IKMHJLIJO\PH WERLM@>@$0 QG

VXEVHTXHQWBURZG $O0@&+t0H@ % KH DXWKRUV VWDWH WKDW V
RI \WWULXP K\GULGH FRPSOH[HV PD\L @ B VRF HDEBANMRRD X \DL Q JQ B\XKK
FKDOOHQJH LV WKH LQYDULDEO\ IRURREH ERVPSRNVY VRIL F@ \@ HFS
WKH FKRLFH RI WKH UHVSHFWLYH SUHPXY\SRW HKDGOD G HHV@ XE
VWUXFWXUDOO\ FKDUDFWHUL]HG FDWRRY¥LEJOBUHRRPDRY K W
FRPSULVLQJ RI D GL FDWLRQLF FRPSOH[ K@M EAKIOF K HYRLEVH

DFKLHYH FRQMXJDWHG GLHQH SRO\PRQD|® WRR §Wa FRRKXKW WK
> @



$LPV RI WKLV :RUN

7KH PDLQ HPSKDVLV RI WKLV ZRUN IDWWW@& OV QMW KBWIH HH DX
LVREXW\ODOXPLQDWHY DQG UHODWH®IFRPSRMXQ B VS R/GR\ -H-OUXH
FDWDO\WWV DQG WR H[SORUH WKHLGR LIVREDRW CZIHIMXOP HY BAD E
+RZHYHU WKH EUDQFKHG LVREXW\OI|B®DWXQYGEQJISUGFHQDW FG
FRPSDUHG WR WKH PXFK HDVLHU FHM V OIDLAO E KIDQOIOW B \WHD P B W/|

X KLJK PRELOLW\ RI LVREXW\O UHVLGXHMWLBHVROXWLRQ OR

X KLIJK ERLOLQJ SRLQW RI’7®%$f& f&PPRPP QDFFRUGLQJ WR W
OHUFN .*D$

X YHU\ KLJK VROXELOLW\ RI LVREXW\ODFOXRDOD®PBWYWY LQ DOL

X HTXLPRODUO\ IRUPHG DOPRVWC@LQVHSDUDEOH VLGH SURC

*LYHQ WKH FKDOOHQJHV LQY RO YWRE X WD PX\WIVDIMWH. V. §H FE |
VSHFWDWRU OLJDQGV VX@KZBVHASRWUEBAHSEDH)GLGDWHYV WR
HOXVLYH LVREXW\ODOXPLQDWH FRRQ 5 @QHUHYVL QWW VD QR RIUHNIRE.
FKDUDFWHUL]HG WULYDOHQW LVREXWWHO@HXPW & B W R CFORRZIIHI]
HOLPLQDWLRQ SURWRFRO ZKLFK LV D W DWHWUD/PKHKY KON
WHWUDHWK\ODOXPLQDWHYV @WK FRDW XIWLMD L ]S> WAL 0OHH Q H U D \
><E $00@ ><E $@WQG EX$O @RZHYHU WKH ODWWHU FRXOG
FKDUDFWHUL]JHG LQ WKH VRO GGQRMD B/HR &/XOH HD VB K H U BB W MR
FU\WWWDO DQDO\VLV ,Q JHQBUDIIDWRHKEXORXODG &106H VSUHD
FKHPLVWU\ GXH WR LWV VWH U HDOWEHPHD\WEBO VQ G \Q@PEEG BV
VWDQG RXW GXH WR WKH HDV\ GRFRRQDEDBEL MFWR RS WK.H & LK
DFLGLW\ DQG H[FHOOHQW VROXEL®DWL ILRD B UNOHRA EFTRA RV
JRU LQVWDQFH K\GURDPLQDWLE®Q VIHSROUDWHR Q,Q EFRRUD WM B [
YDULHW\ Rl PRQRPHUV LQFOXGLQJ FHYGKYOF P B WK BEBWRQ\HH
UHSRUWWGHFLDOO\ LQ EXWDGLHQH D Q GDIUWRK B HQ/H G R/Q\P\HDL
KDYH IRXQG DSSOLFDWLRQ LQ FRPEL (PD W L RO @ L IVMKH WXLELWHRFE
VHYHUDO WKHRUBW® FE8ORWHKXGHBNMFWLYLW\ DQG @FWBYLW\ F
VIVWHPV ZHUH IRXQG WR EH VXSHWKRHVRW DO\ DKHDY \W DAVRP S D



RQ ODQWKDQLGH S BRERHUDRLVWHVLRQ RILWEGWID GL@ED H

>& 10H+@>% & DQ6X$® UHSRUWHGWEE®R GRIKOLIKWY WKH |
VWHUHRVHOHFWLYLW\ GHSAD\GLIQY RIS BAR OLYOH W W BX H Q H
+RZHYHU SUHYLRXV ZRUNV |DOMHIPLGFHOPR PS\W K DHW & UQ/YID 6L
SGR QRW HYHQ VKRZ UHDFWLYLW\ WRZVU®$ RULIDRHR V& K PO DQ ¥
FHQWHU LV VWHULFDOO\ FRPSOHW® G LV R QHWGHIEQ MRME EK N
WKH VWHULFDO EXON>R% QVRR QWPUBGWWO LWEEGDOPEDURWWD JUF
RQ WKH UHDFWLR @RIV R > 1HEDOH D OBIQGVV RG ISEHMOHQVOSKHQRO |
7KH GDUNHQLQJ Rl WKH UHDFWLRQPP,L [ WSUIHF LLHQ/G LIFQ &/ VK K I5E
LGHQWLILHG DB ¥PSKHQ\CGSRHQKRDOBEE\ ; UD\ DQDO\VLY 7UHDW
FRPSRXQG ZLWK RQH PWSKH&EH OHG WRWRWKMERD GH §0 @ |1
IRUPLQJ >6PELV SKHQ\CSSKXHQR[DFHWDWR ELV SKHQ\OS
OH" GLPHWKR[\HWKDQHW @ PHWK6@MWHEXELNO PHWK\OSKHQR
OH$O0OH@ZDV REWDLQHG IROORZLQJ WKH BERGHVRBQMWLRRDOE C
DV VLQJOH FRPSRQHQW HWK\OMXKR 3 WONKHUQ HHGELRQ IR DWE B W
FRFDWD®AKW VDPH SURWRFRO ZDV DOVR DS&GIODE WR JHQ
1&0H "@ IURP 7P>1@ 500D QG WHW UD P#)\R K\YSLWURDBIVR C
UHDFWLYLW\ Rl ODQWKDQLGH VLORE XMW\ G B GHRAPLSIOHP] HZ\D W R ZIDR
VFRSH RI WKLV ZRUN



% 6XPPDU\ RI
WKH ODLQ S5HVX

%

OWYV




% 6XPPDU\ RI WKH ODLQ 5HVXOWYV

'LYDOHQW +RPROHSWLF /I DQWKDQLGH 7THWUDLVREXW

7ZHQW\ \HDUV SULRU WRXWKEVZRDRUW\QWEKHUL]HG IROORZLQ
HOLPLQDWLRQ SURWRFRO EXW WKHWHRRSOAM ERQYZFD\S DR W R G LW
KLIJKHU DON\ODOXPLQDWHY DUH DWYWWVKDUBHWRWRUWKHWD G RE ]+
DON\O UHVLGXHV RI FRRUGLQDWHG DOXPURIDW RLGIHIBQEBE XBWQ
DUH DOPRVW LPSRVVLEOH WR UHPRYHERBWHK WEBRBMHOWHDQ
SURGXBRWORZLQJ WKH SURWRFRO DS®@OXHE |RAHQY KB PL\Q WK
DOPRVW WZR GHFDGHV ODWH W Q/XFHF HF i GNHVAZHGD/ RRE Y6 BPLSZ. Q J 1L L
EXW GLG QRW SXUVXH WKLV IXUWKHU

,Q WKH FRQWH[W RPAWKER ZRUN 6P $0

ZDV VI\QWKHVL]HG IlU@WKIP>1 6LOH

DQG 10 5HSHDWHG UHFU\WWWDOOL]DWLRQ
DIIRUGHOBY FU\VWDOLQH SXUSOH UHG VROLG

\LHOG 6LPLODUO\ WKH VI\QWKHVLV RI
(X X X ZDV WDFNOHG IROORZLQJ WKH
VDPH DPLGH HOLPLQDWLRQ SURWRFRO

DFFRPSOLVKLQJ H[FHOOHOW FU\WWDOOIOH \M[HOGV
JLIXUH &U\WWDO VWUXFWDXMWH RI (X $OL%

7TKH SUHYLRXVO\ PHC, L5y HvHQWDWLYH H[HPSOH IRU WKH LVRV
Rl <EI® <F ZDV UHYLVL VHUURMV(OOLSVRLGY DUH VKRZQ DW WKH
FRQWH[W DQG ZH PDQDJOHYHO +\GURJHQ DWRPV DUH RPLWWHG IF

FU\WWWDOV RI WKH VR IDu muaviim \wwnucLAar
DOXPLODWHKLFK ZHUH RI VXIILFLHQW T WAL\ WEBXBWXKHBIO S
FRPSRXQGW6% PO (X 86X (X DQG #EX$OGE DUH LVRVWUXFWXI
UHYHDOHG DQ X FRRUFGIGHDQWIR® RI WKH WHWUDVR®E®W\WD®
FI )LIXUH 7KH VWHULF L QOGO 1D RH W IKIK O RIEW W GO EV HAD L
& GLVWDQFHV RI DYHUDIX 67 cFRPS®RIEG WRVSRBBIO(MK
IHDWXUHNWRBQGLQDWL\WRR\RD OXRPHQDWR OLJDQG DQG DQ DYH
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¢ ©Q FRQWUDVW WR WKH SRO\PHULF H@\KROXGE®PL QMHA
>/Q $0® /Q 6P (X <E 5 OH (W BRPSOH[HDWRUID H[FHOC
VROXELOLW\ DQG D PRQRPHULF RWRWMPI W R HWIK K VAR Gilf B P\SVDBIW I
GLYDOHQW ODQWKDQLGH WHWUDLWRE XMG A.MOW R HQ\DRACH\G MW

SHDFWLYLWHRI/RQ74R¥ZDUG 2[LGL]LQJ $IJHQWYV

7KH UHDFWL YI%W\ RA ®R) G Od% X$OE WRZDUG FKORULQDWLQJ DJH
LQ RUGHU WR H[DPLQH WKH DFFKPVQDLVOH WAS R F MWHWL Y\B 0 BIY W
SXWDWLYH LVRSUHQH SRO\PHUL]DWIRR\CD EDW DAOK BW W UQ QWKW
6P ,,, LV DFFRPSDQLHG E\ D FRORU F KID®RZ | KR FIKHHE BIX DSk
WR LQGLFDWH R[LGDWLRQ

5HPDUNDEO\ UHDFWXRQPREZLMWPKSKXH[DFKORURHWKDQH SURF
FKDUDFWHULVWLF FRORU FKDQJHLYKRIFJMWHKG@ RUHLNFWDICRQ Z-HL M
ZHUH LGHQWLILHG D&/OBDIN G YH BiF Q WP &P E\ ;5" DQDO\VLV 7]
SURGXFW ZDV REWDLQHG XBRQR[ZGWK MRWDLWRI\CBFIKORULGH D
;5" DQDO\WHV WKRXJK FROQWDPLQ@EWHGTY LWRHRRFU\VWDOOL]H

$QDORJRXVO\ WKH 194D FWLRIQVR | KHB3PKORURHWKDQH ZDV S
GLIIUDFWLRQ UHYHDOHG WKH IRQSH® W LR QF R | FLUR V, W DFGDXLV| W 68 WZ
SUHFXUVRUX <EESO%RWK FOZXOBMHNEY 6PDQG&OEDsX GLG

XQGHUJR GHFRPSRVLWLRQ L&O¥®OKXW LRWK LMW ZEDN B FEIREBD QL
UDSLG FRORU FKDQJH IURP GDUN JUHHQ FVRRBYROW YK DQ G IR
SHULRG RI VHYHUDO KRXUV LQ LD/OLFS® DSVIRG ¥ R\GY HIQEW\D W HIFf
VSHFWURVFRS\ IMXFPRGMWBPLYREXW\ODOXPLQXPSOBR G LVREXW
GRHV VKRZ VLPLODU GHFRPSRVLWLRQ IRAM YLHQU DAHRUPLOQOA L\F KHE
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$GGLWLRQ RI GLHWK\O"H®W KHU@W RO HEP \B RDH6+6 (W ~ @
'RQRU DGGXFW¥HXRI'YQFRXOG QRW EH FU\WWDOOL]HG DQG
SXULILFDWLRQ H J IRU GRQRUV VXPK $ VRWKSL BOVRIE L ORIZ HoMI
<E $WX <E DQG FURZQ OHG DIIRUGEAE @<E7KH WRWZHULF$GH P
RI WKH WHWUDLVREXW\ODOXPLQDW RRRRIGLVQIDHWL R @ HRY WKRH |
IHDWXULQJ DQ f & <E & 9§ DQJOHGLMM\YQHRH KV SHLOR/Q QD
c LBRPSDUHG WR 1% X c<EQ <E $0






<EZDV H[DPLOQHGS5EASHFWURVFRS\ UHYHDOLQJ QR SDQWIADJQH
LQ DFFRUGDQFH ZLWK WKH QRQ RFBEWDIOQF®WS K@PEGPIWLRQ ¢
7DEOH HQWULHV+ 10H+@ DR @%&FI HQWULHV /R DFWL
HTXLPRODU GHOLYHULQJ KLJK \LHOGV I®IXS RO YALISWKD &SR Q D FW
YHU\ QDUURZ PROHFXODU ZHLJKW G L WKL ¥ RAMMERFPAK DHIUGH. WE R
RI WKH PRQRPHU LQ VHYHUDO SRUWLRQ@WQVKRRHG WKDWDW®(
PROHFXODU ZHLJKW DQG PRQRPHU FRQNIXPI \FRR® RIUF DHEIEHY

7TDEOH HQWULHYV J)LIXUH W K XPH S UIDYALICRIQ S IHRWI HVIF KVHC
FDWDO\VVW%\VWHRQWYDWKW/QoB&®X '° PLIWXUHV ZHUH DOPRVV
LQ LVRSUHQH SRRE\PBHOHMOWLR@G 7DEOH HQWULHYV

>6P 3KOH% & @ DQG <P+ % @ ZHUH LGHQWLILHG DV FRI
DFWLYH LQ SRO\PHUL]DWLRQ WKHVRWRBWLRQNV ROLWKBV H [E
6LPLODUO\ UDMWKLEBRPRWK\O DQG GLHWK\ODOXPLQXP FKOR
,Q WKLV FDVH LW LV OLNHO\ WKIDMKDQ DHF WIQYD WX RWHA KFHXQUWW &
DPRUSKRXV GLYDOHQW ODQWKDQLGH FKORULGH
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7DEOHVRSUHQH SRO\PHULT™OWQAR@MHPXORHB QIV SUHFDWDO\VWYV

HQW SUH FR UHDF\ >,3@ : \LHO FLV>F€@ WUDQ >F@ (Qgce@ 3'>6 7>H@
FDWI FDWIDF@\ WLPH > @ > @ >F@ (> @ > J PRG >f&@
6F QRQH K +
6P $ ! +
6F % ! +
6P & +
6F ' RU
C QRQH ! N
(X QRQH +
% $ ! +
(X % ! +
0 &' RU
< QRQH +
<E $ +
<l % ! +
>D@ &RQGLWLRQV —PRO RI SWDHORVWDO\PWRO RIPIRMRRUH@HAD P/YHORRDWHQHE @ $ UG ¥MAK FIRFDWDO\V
WHPSHUDWXUS$ IRBK@>Fh@% >3K16@>% &@& % & ' OHKO&O (WO&0 HTXLYDOHQW +>R@ OBWHUPLQHG E\

VSHFWURVFRS3GA®@ SH®WHUPLQHG E\ 6(& >H@ 'HWHUPLQHG E\ '6&

o1



7DEOHVRSUHQH SRO\PHULT™OWQAR@MHPXORHB QIV SUHFDWDO\VWYV

HQ¥W SUH FR UHDF\ >,3@ ' \LHC FLV>*FCwWUDQKk >F@ ogce 3'>¢ 7.>HO
FDWL FDWIDF WLPH >@ > @ > @ > @ > J PR® >f&@
>le <l % ! +
>l@  <E % ! +
>le <l % ! +
>l@  <E % ! +
<! & ' F
(
>1e QRQH
>3@ $ Q G QG QG
>J@ & Q G
>le % ' R
(
QRQH
>D@ &RQGLWLRQV ~ —PRO Rl SUDHORFWDO\PWRO RIPIRMRRUHRAD P/YHIORROWHQH @ $ UG XMNK FRFDWDO\V
WHPSHUDWXUS$! IRBKO PR @@% >3K10@>% && % & ' OHO&O (WO&0O HTXLYDOHQW +>R@LOBWHUPLQHG E\
VSHFWURVFRS*G@ EBH&UPLQHG E\ 6(& >H@ 'HR/OIRRLSUHF BEW BAAVHNE®10-@PMO&R! P/ WROXHQH DJHG DW

DPELHQW WHPSHUDWXUH IRU PLQ DGGLWPR®Q RDIWRBR{DRK KRXIUHQH SP \PW ISWHIFPINVDKORW LW\ —PIR@D R
FRFDWDO\WQ@KH[PQRI PPRO RI LVRSUHQH Q G QRW GHWHUPLQHG

ol



JLIXUH OROHFXODU ZHLJKW YV HTXREDNH@WM G FZAFDKRE B HQWH PR UNVSRGI\P H
VKRZLQJ OLQHDWLMA® PDHWDRZQI',V DIWHU VHYHUDO PRQRPHU DGGLWLRQ)\

7KH UHDFWLRI®X RIE <EL$WK RQH T RBIDD BHNWHUDWHG EHQ]
PRQLWRUHGLEY MSHFWURVFRS\ )LJXUH DQG )UI®XUHE $FWL
ZLWK @83% &@% OHDGV WR WKH IRUPDWLRQ RI WULSKHQ\OPHYV
DEVHQFH RI SDUDPDJQHWLF EURDGHQL @WK SAARRLR @ XUHV R Q
LQGLFDWHYV WKDW H[FOXVLYHO\ <EREXWSBFYHM DOHPRUPH GV
SXWDWLYH DFWLY HOKSHE IBHV@3>"<EWOH 6FKHPH $FWLYD
<E $9BX <F ZLWK BBH+@>% &% OHG WR WKH IRUPDWLRQ RI L\
7,%% GLPHWK\ODQLOLQH DGGXFW V7RLR QB GLH\D WHIM W K KW\ D\
ZLWKRXW IXUWKHVYLDB KFRPISKRY LMOLLRFPQ QDWLRQ RI WKH DFWLYI
LVREXWHQH UHVRQDQFHV 7KH IRUPDIMMLR @ RV HL \HZ MVKRIEW
35












7ULYDOHQW +HWHUROHSWLF /IDQWKDQLGH ,VREXW\O

7R GDWH RQO\ RQH WULYDOHQWDWE QB#HSH® X G HK DWH BHIDQ V |
FKDUDFWHUL]JHG LQ ®WKZH YROLGHQWDWPHWK\OF\FORSHQWDGL
LPSHGH DFWLYLW\ LQ FRQMXJDWHG GLHQ®DPDRIQWRH ULV DRADLLR
UHSUHVHQWDWLYH IRU WKH HD U CADMDDONKWY PLLGWX DS\EOLHG L

,Q RUGHU WR LVRODWH GLVFUHMAMH RN UIHDYDO\HQVQWHI/QDEMRE .
QXPEHU RI GLITHUHQW DPLGH SHHIWUMRGBH 0 IRZHYHU H[FHV
WULLVREXW\ODOXPLQXP DORQJVLGH ZLWK UHDREX\W \KIDRCSXRJ
FU\WWDOOL]DWLRQ DQG SURGXMMN\H\G IGGH QRW H BV WD OKQ YWH |
VROYHQWY GXH WR WKH YHU\ KLJR&GP RERIDQ O/HN QRW DMMREXBA\DL \
VROYHQWYV

+RZHYHU WKH UHDFWIEGRZQ VRK /D>HTBXI0WM WULLVREXW\ODOXPL!
YLVFRXV RLO IURP ZKLFK ZH FRXCG RIEGHDHSEX VI XO HP FU\V WD (
)LIXUH 6FKHPH DQG WKH IRUPDWLHR® I VID RXGULBEX B
HYROXWLRQ DV+ YILOWLESHFMWU WK H)LJXUH 7KH VDPH SURGXFV
ZLWK HTXLY 7,%$ ZKLFK LPSURYHG WRKEHR G ¥WRIXOBDEH PG SX
JHQHUDWH LVRVWUXFWXUDO HDWOYQO D @ UEK-DIRIXGHM X VR E X W\
R /Q /D 3U 1G *G ZKHUBDV GRCQGHIDIR UH®KXWLRQ W
6P W LV QRWDEOH WKDW WKH JD&ROOOQ QXKD QKB HQDWXP ZQ &
VWLOO EH LVRODWHG KRZHYHU EW\\SWRDIOG]MW RVEBQPRRH UG
ODQWKDQLGH FRQJHQHUV ZLWK D OR® JHWXPHQMDWHFERQW R E WL
ORZHU \LHOG ,Q FRQWUDVW @R,G H[DPBOMLRR>P HMOXUHY G
FU\WWWDOOLQH SURGXFWV LQGLFDWNVEDSWKBW\VWPIDMQHIW
FKDUDFWHUL)BWISRHEWUD RI WKH GLDPDJQ HAV LIOF BIBDXHQHU /D
/> SURYLGHG HYLGHQFH WKDW HYHQ ®M QNHPGE WHUPWLOD @
UHVLGXHV DUH VWLOO H[FKDQJLQJ\ RKLFREKXWKO LUKWNVG WHW F
WR WKH ODQWKDQXP FHQWHU LQ VROXWLRQ
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HOLPLQDWLRQ SURWRFRO

JLIXUH &U\WWDO VWUXFWXUHFRDUMRWHUWIUWE WWUXBUYKQWOODQWKD
/ID>1 6LO0®@ +$X $@HX P (OOLSVRLGVY DUH VKRZQ DW D S UR[EBHEMD MK\HO H
K\GULGH DQG WKH GLVRUGHU LQFODREXW\O JURXSY DUH RPLWWHG IRU









6FKHPH B\QWKHVLV >1G +$B X ®L% & H DQG—IGXR UMQRO
+ +3BX @> 10XRDHQE00HD

JLIXUH &U\WWWDO VWUXFWXUHV ®RH FREBORI@SHAERE XD QB WXIH6K H
PRLHWW“VROXR UMD} ® +3BX @> 10 XRDHQEO0OHD +\GURJHQ DWRPV
K\GULGRV DV ZHOO DV WKH GLVRWHHU IRQ EFODEXWWNO JURXSYV DUH RPL

7ULYDOHQW +HWHUROHSWLF /DQWK D3IRA\H U Y REXW\R!

&RPSOH[HV /Qxd 6#O0OHS$HX '°@ /Q /D 3U 1G *G ZHUH WHVWE
SRO\PHUL]DWLRQ PDNLQJ WKHP DVXWK DIQINGMH G NVREXNWGEID @& X R’
HPSOR\HG DV SUHFDWDO\VW $ GRQGKPBWH® IRQ) BERKAHYDADRIG XHH\
XVLQJ 1G>10p +@X $HX ' DV SUHFDWDO\VW 7KH QHRG\PLXP
VLQFH QHRG\PLXP XVXBLEROGHOLYW DG KMKDSSOLHG IRU ODU
VIQWKHVLY DORQJVLGH ZLWK LQGXVIWWH FRED WIHDONWWQPW DO N

6XUSULVLQJIO\ @GHHO6 $@X ¢ GLG DOUHDG\ H[KLELW D PLQR!
DFWLYLW\ ZLWKRXW FGGLRLEARQDHQMRRAD W BEGWRMK O DWULNYRD\ W
FROQWHQW PD\ EH DVFULEHG WR WKB\® O XWIHFLHN IRUQBMW ZRQ N
HW DORZHG WKDW WULV DOO\O QHRGHMNRLX PF D,W DLON VMAJ\DILEM] O i C
SRO\PHUL]DWLRQ RI EXWDGLHQH DV PH@MLRERIEESRERIGRL

At



1G>1 6L@H +I$6X $@®X 16 PD\ IRUP DQ DOO\OLF FRPSOH[ E\ LVR
WKH 1G++ ERQG

9HU\ DFWLYH FDWDO\VW V\VWHPV ZR@H RUJHGHUBWWDBO
1G>1 6L@M +I$6X $HX 16 ZLWK ERUDWH FRFDWD @¥%/ @ (PSOR!
$ >&10H+@>% &% RU % & \LHOGHG SRO\LVRSUHQH TXDQW
7DEOH HQWU\ 7KH SRO\PHUNLVHDW R WH & L WQ HYK WD RK
LPSURYHG \LHOGV FRPSDUHG WR WKHHWRRPROMS WHERP S\DHM
FRQGLPWARQY 6L@H+$6X $X 6 DFWLYDWHG ZLWKOBRFDWDO\\
RU $®@W&O FI 7DEOH HQWU\ DQG  \LHOGRHERPHROHBWILLFL D E
WHWUDPHWK\ODOXPLQDWHY 3UREQUVG ZIDN UHOMH B PR K QW W R
FDWDO\VWV DUH REWDLGH G IZHOWK WARWUIXLYDOHKQLEK LV LQ .
ZLWK OLWHUDWXUH IRU  >FFEP SDRM\POIM L]DWVRQHWPY HPS
1G>1 6L@H +$6X $X ¢ DV SUHFOIWHBPDQW LQHUDOGLYLHOGH
VHOHFWLYLW\ DQG GHFUHD\FH G DSEROOH\ P H 7 DJBPAOW. R Q HIDRAMLLY L W \
SRO\PHUL]DWLRQ DFWLYLW\ ZDV VOPRJKWOR UKLIGIH HRR A R W DFOU!
FRPSDEFREBEHFWLYLW\ DV IRXQG ZLWK K FORORXPPHLR\® WAH @ D Q W K D

7KH LQIOXHQFH Rl WKH ODQWKDQLSERRHQW HURXBWI XX W K B C
/Q>1 6LOB® +$X $WX '@ ZLWK HDFK RQH RU WZR HTXLYDOHQ
FKORUYL®W FRFIFW DDEDOM HQWU\ BHYHUDO WUHQGV Z
FRPSOH[HV H[KLELWHG KLJKMH & FOFFSADLUYH GV YWHRG HZALRNRKGY MVTKXHL D F W
RI ERWK DQ® ) ZDV IRXQG WR LQFUHDVH LQ WKH RMDHWOAD 3|
DOVR WKH VWHUHRVHOHFWLYLW\ ADWLPRRQG WHT K& BDEHDNDH3 L
OL[WXUBHVEXW HVSHFZDEOH HQWULHV DQG SURG X
ZHLJKW SRO\LVRSUHQH $ORQJVLGH ZQ®\KNKNH R HPRROHYFVD\DLLY ZF
IRU D KLJK SHUIRUPDQFH UX®@EHdX XK *E>1IFOMIBO\VW PL[WX
DOPRVW FAWWHBWRVHOHFWENEZBY REVHUYHG ZLWK QR WUDQ)
UHVRQDQFHV &@HWHBWNSHRWURVFRS\ VHH )LIJXUH






JLIXUH &U\WVWDO VWUXFWKUMHR % 1881 6 LOBLSVRLGY DUH VKRZQ DW WK
SUREDELOLW\ OHYHO +\GURJHQ DWRPV DUH RPLWWHG IRU FODULW\

,Q LVRSUHQH SRO\PHUL]DBK M >UG&A@ 6LEWRYHG WR EH D VI
FRPSRQHQW IFDIMEIDGH V WH Q W U \ \ MHUD@INH) SRV HQRSDBQM |
\LHOGV ZLWK KLJK PROHEFXODU ZHLJKIVRW LW KR X JKD W KEHH R W H
GLIOXRUREHQ]JHQH WKDQ LQ WROWHM & HS$S®X\HK RIRI K IR i FPKRDGH /DA
KDYH HVFDSHG FKDUDFWHUL]DWLRQ WHRQ\Y H U [EQ ND\ O W& R\QU B Q
SHQWDIOXRURSKHQ\O JURXS DPLGH DWVYRQWRRWQ E R UF FEQWLL

(PSOR\LQJ >1G"13&LOH® >% &@ DQG WZR HTXLYDOHQ
WULLVREXW\ODOXPLQXP IRU LVRS UHQHK V8 RQFPHULY BIWRL RIF R'Q §
WR SXUH >1G"3KCLOH® >% &@ YV \EHBOGQGWULHYV DQG

WKXV VKRZLQJ OLWWOH LQIOXHQFGOILR® ONK B RD FXAULW KHWS B © INH (
WKDW ZRXOG KDYH IXUWKHU L QCFAUJGILDW HREQFR MWW WL WAL R EDXFVY O DIO
OHG WR D GHFUHDVH LQ PROHFXOPRODGEHHIWWR WKHYRKDLQ [WUD
RI WULLVREXW\ODOXPLQXP
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OLFURVWUXFWXUHV Rl SRO\LVRSUH@HMSXEMEDA Q HG 2AWLIQJI 1G
WZR HTXLYDOHIQWN@>%E&&@ % DV  FDWDO\WW  PL[WXUt
>1G"1 6LOBK10H® >% &@ KRZHYHU GLIIHUHG VXJIHV
>1G 1 6LOBKIOH@>% & LV QRW WKH PDLQ VS HFRIHW XRIWRH G
HQWULHV 3RVVLEO\ FRPERNGG>Y G@1 6LVHIRUPHG DV I
GHFRPSRVLWLRQ SURGXFW IURP WK HUBWW® WL\Y H DRCOLR QR DO
1G>1 6L@M +I$6X $IX 16 ZLWK DRH+@>% &% 6FKHPH 7KLV
VFHQDULR LV EPUES WSHFWUD RI WKH UHDFWLRQ
/D>1 6LO@ +I$6X $@X /© ZLWK RQH HTX+ Y DIDHADV) R@% &L Q
GHXWHUDWHG EHQ]JHQH ZKLFK UHYHD OH @ WYX IHGHRMLRDOV § B B VR
LQ WKH PL[WXUH LVREXWHQH WULLVREKWWHLDD RENGIXF HIG\G|
FDVH D SXWDWLYH FDWLRD IBE OB HOB® ¥% /8 3KPLDHEH SUHVHQ\
%DVHG RQ GHFRPSRVLWLRQ SURGXFW IFIMDMWYILR ZD\S S\KR B W X
GHSLFWHG LQ 6FKHPH ,Q FDVH RI WKH@ BRGOPI P @RQJIHQ
WKH VDPH FDWLRQLF DFWLYH VSHFLHMQJRXOG
1G>1 6L@M +86X $@®X 16 DQG >1G T BKAWHE >% &@
\LHOGLQJ VDPH SRO\PH @V +H3¥XD$ 6> 118 0ORML [WXUH ,Q IDFW VW
VLPLODU PLFURWWDRMEZXWHYREVHUYHG IRU SRO\PHUL]DWLR

PLIWXU¥% ZLWK 7DEOH HQWU ¢ ERWEDUHC
7DEOH HQWU\ OROHFXODU ZBEXXWYV ROER BT

7DEOH DUH LQ DFFRUGDQFH ZLW KQVHKBIF\K FE\D VD O PR @ M \R

J PRO PPRO!A & MW J PRO PPRO 16QRUPROHFXOL

ZHLIJKW GLVWULEXWLRQV DUH DOP®RYW YLGH@WHFIRQA WKHYBUL
DFWLYH VSHFLHNVL>Q0BKEOH >% &






7TDEOH BHUIRUPDQRHDNI FRIPESODWDHO\VW LQ LVRSUHQH SRO\PHUL]DWLRQ
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7TDEOH SHUIRUPDQFR RQ FRBSOG[BW *G DV SUHFDWDDONVWQLQ LVRSUHQH SRO\PHUL]
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J)LIXUH &U\WWDO VWUXFWXUHV RIEGRRKIHIHIWQ G/D /D ELO HAH

1 6L $O0H &0 @ +\GURJHQ DWRPV DUH RPLWWHHGP HHUNFIOOO L 8
SUREDELOLW\

(YHQ WKRXJK WKH VIQWKHVEWY RW KIR@KIDVLEMHQ NQRZQ IRU G
WKHVH ZRUNV LQLWLDOO\ LQYRO Y$-OGNKRXO IO MUK 1B DDDWD K\KDLGEXF
GLDPDJQHWLF LW ZDV QRW SXEORDKMXN RBUIDDFWAMZLWKOH H
7, %% WR IRUP >/D/$IO{L0BO @P° :LWK°SDQG 7,%$ WKH LVRVW!
FRPSOH[ >1G"1 ®H®XH &0 @'¢ 6FKHPH )LIXUH LV REWD
FRPSOH[HV GLVSOPBRR UGLLMWRMLVRIQGRI WKH WHWUDLVREXW\OD (

J)LIXUH &U\VWDO VWBoXXEVXUVERl @FD P@Q G >1G>{0608—-&0 @
¢ +\GURJHQ DWRPV DUH RPLWWHG |IRO FALlCSD/RULVGY EWBRLVFHB/LDBBODFHEBF
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GLVWDQFH /Q+*& VLJQLILFDQWO\ HORQIBWEHRQ ERPIDHUHG WI

DQG ' IR FRQWUDVW WKH UHDF&Q RWKRAI@ /D 1 6
ZLWK HTXLY WULPHWK\ODOXPL®KP HQLWG RIRW KE HWDICO VO RV IGH
REVHUYHG ZLWK WULLVREXW\ODOXPLQXMRODWWW D U H B DW/WNIXC
>/D"1 6LOM &+ 1 6LOH$OOH &0 @ )LJIXUH IHDWXBD4QJ W ZF
1 6LOHPRLHWLHY ,Q FRQWUDVW WR 7,%$ WOLRPHWKNODOXPL
&0 WKIP@LQ WKH IRUPDWLRQ RI DQ /HZLV D F LIGWEKH M LIDG G X F M\
OLJDQG 7KH PHWK\O KRPRORBDKX WR @D ARK®DE QRW EH REW
&RPSRXQG >/D”D 6&6H 1 6LOH$O0OH &0 @ IHDWXUHV D VLJIQLI
HORQJDWLRQ RI WKH WZR /D+1 GLWUDOEER PALFDMAH RI WK
LQGLFDWLQJ ZHDNHU LQWHUDPWGR @\ IXHGW RQ DF R @ W\ EDW L FA
1 GLVWDQFHVY DUH PXFK VKRUWHU ZIOMG . FDWH B VAKU A K JVREKHD
ERQG )RU VHOHFWHG EQWHUDWRPLF GLVWDQFHYV

7TDEOH

6LPLODU VLO\ODPLGR WULPHWKGO B & XBLQKSRLGEXF W R K Bl YBIPE
DQG %RQFHOOD UHSRUWHG WKH $IRUHP DUWRIPR @ RRY RYE MU HEH. O/ W
ELV WULPHWK\OVLO\O DPLGH ©@IZXEGE UMD VP MW K POHDNOKX B ID@XXP L Q 3
0Q"1 6LOH WKI W R IRUP WK H PHWK\O EULG3HG FF
OH "1 6LOSHDOHE@® @

7TDEOH 6HOHFWHG LQWHUDWRPLF GEVWDQFHVYQRU VQKWH B R WRPLEGA/LVWD
>1G"1 6L0OH &0 WKI°@DUH DGD3SWHG IURP

/D 16> @ /D 16
>1 6L@H
/Q+1 >1 6LOH
$0C(
/Q+2
/Qx&
/I Q&0

IQ ¢



+ 105 VSHFWURVFRS\ RISOX 1&0. @ DW f& UHYHDOHG WKDYV
RI SURGXFWYV ZDV 'S SH\RNOI\® VDR EMLSXUH E\ HOHPHQWDO DQD
GHFRPSRVLWLRQ LQ GHXWHUDWHG EHQ]FRMSROHWGRQJ SWRC
LGHQWLILHG D@ /D$X GIBK '© /D>1 6L@HDQG LVREXWAEBEQH E\

UHVRQDQFHV VHH )LIXUH 7KLV G HFRPBIRY MWKLHR QR VPO R
6LQFH QR SUHFL ZIDVDREV RUYB&O WKLV PH1 & QE& FLDWIHR WKV
ZKLFK LV D SRVVLEOH H[SODQDW L RRE VRW WHICH DWL. O\0O DPEB R ¢
HTXLOLEULXP SKHQRPHQD DUH NQRZQ IRU QHRDAPLXP/ RQRW
REVHUYHG+ EO5 VSHFWURVFRESYKH REVHUYHG GHFRPSRVI
>/D BEOX"1 6LOH—&O0 @° LV OLWWOH VXUSULVLQJ JLYHD WKH W
HDUWK PHWDO FRPSOH[HV WR XQGHUJRRPR®HGSWIIFQERBHEGHY
FRQWYDOV® VSHFWURVFRBX RI6LIH$RO @° LQ GHXWHUDWHG V
DW + f& UHYHDOHG 'WKDWWWDKED ARREURDXWERPL DM BRZ WH
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DFWLYLW\ WR DOPRVW ]JHUR HQWUKHYDOHQIKEHEB®@V>DG@L I
WULPHWK\OVLO\O FKORULGH GLGLQRWDEOMFWQWKN RYHUD®/A
DGGLWLRQ RI RQH HTXLYDOHQW >80@ FKOR®ULGMWKBHABHDWHG&
W R HQWU\ FRPSDUHG WR ZLWRRQYXNP FK®IRVILRBG R Q G
7KHVH ILQGLQJV DUH FRQVLVWHQW ZBWoK WHBX @H B RO WYD RIH
ZLWK GLDON\ODOXPLQXP FKORULGHMANWH®VZLWKR Z L QX R @ Kt
ILQGLQJV KDYH EHHQ UHSRUWHG IR WQR® @\PW X PAWRKIAWLDO0D [ € B 1|
>1G"1 6LD@® [ $W&O I[%XOKRZLQJ D PD[LPXP DFWLYLWY IRU [
$OWKRXJK WKLV SRO\PHUL]DWLR @ RWD FRH) BXIOMHWE® QW [ &
PLFURVWUXFWXUH ZDV REVHUYHG LQ WRQ@XHQHDV |
>1G"1 6LDIB®X —&0O @'¢ GHOLYHUV VHWVIBKAY ISRWOLVRSUHQH *F
DGGLWLRQ RI WZR HTXLYDOHQWV WULPMREMOWDRQ@ XPEWKP |
>1G"1 6LDIB@X —& O @° WR YV ZLWKRXW W B L H\DRAEXIW\D C
DQG 7KH DGGLWLRQ RI WZR HTRDWIROHQMIM DWHGE VR E N
>1G"1 6LDIBOX —&O0 @C HTXBYO&O HTXLY >&0@ >1G@ IUF
FIHQWULHVY DQG 7KLV PD\ VXJJHVUHRKDQL QX UMW ION O DIPH. &
VWLOO HQKDQFHV WKH RYHUDOO SRO\PHUL]DWLRQ DFWLYLW\
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7TDEOH , VRSUHQH SRO\PHUL]DWERXQ-XULE@3I PMGSUBEDMWDO\VW

HQW®\SUH FR \LHOGFLV>F@ wuDQkWe >F@  pgce 3'>ce 7.>He
FDWDORDWIFG\V W >@ > @ > @ > @ > J PR® >f&@
1G QRQH
1G $0&0 —PRO>&0@ >1G@
16 $0&0 —PRO >&0@ >1G@
16 HT XL Y6LRD
1G )
16 7,%%
16 Y 7.%$
>D@ &RQGLWLRQV —PRO RI UHNWWDORPWRO RHPRREBHGRFDW/ ROWRIOXHGHE @ $IHSP MWIKJ BREDWBO\VW

WHPSHUDWXUH IRMO&PLMTXLYDOHQWY DUH JLYHQ WUPHRO@ @ 1 8 @ H& RIBGKRXB' & B@F WVHVRHUPLQHG E\ 6(&
>H@ 'HWHUPLQHG E\ '6&

o
o



W}S eejuu /¢} pusCo opul]v s ] WE} p §

,Q FDVHV RI FRQWDPLQDWLRQ RI| XLODREBROWSR RSUD\WKUFRPS
.>1 6LOM® ZH QRWLFHG WKDW DIWHU WKHVVYHDHFMWGERBVZE W\ W
SULRU WR WKH PDLQ SUR® XF\VE O /@2 1XER® FRROLQJ WR + [&
SURGXFW ZDV LGHQWLILHG DV S RAMDO/ VLM X/ RERW )\ QDO X P LC
GLIIUDFWLRQ DQDO\VLV VHH )LUXUFDOF D&QG HOMPHQWRBVD @

+ 1 ,Q WKH VROLG VWDWH WHUHLFRWPEBXBW XKIHLEL
PRLHWLHV RI WKH LVREXW\O JURXSY0OBEWSHEW U RWH BBR\WDHNH
K\GULGH UHVRQDQFH DW SSP DORQJV¥HEH ZLWK RQH VHW

JLIXUH &RQQHFWLYLWXRI+SKRBXHULF\SURIJHQ DWRPV DUH RPLWWHG IR
GLVSODFHPHQW HOOLSVRLGYV ZHUH VHW DW SUREDELOLW\
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YLIXUH BHIPHQW RI WKH SRO\FRRIUGLBWD\W WD BB RFEBSHH@D QG F
$WRPLF GLVSODFHPHQW SDUDPHWH0/ B UGHURH WQDDW R P UIRUEHD BRLPQ MW HOGH | R

$ONDOLQH (DUWK OHWDO 7THWUDLVREXW\ODOXPLQDW

7R H[DPLQH ZKHWKHU WKH VL]H RFHWKW KH CRRDGLPIDWD 8 QL R
VL[ IROG FRRUGLQDWLRQ LV PDLQWRWQW® BIUWERDUPD OOND CLIF
LVREXW\ODOXPLQDWHY ,W QHHGV MW K RFBERRWGNG RV K6PW (& L \DI
IHDWXUH PDQ\ VLPLODULWLH R JZXHWK DW KIHQ B O RID\® H G HL 8 DADVE IO H
WKH SDLUV &D ,, <E ,, DQG 6WQ EGPH[SOOLQHBKEFRHIOLILE
RUELWDO LQWHUDFWLRQV DO®PRVIQGDPBHLQDGE IR @D @AM X\ D/

7DEOH ,RQLF UDGLL IRU VHOHFWHGHGH ¥ D &K QVR @\D QRUK PRREG &L @ \E L RQNC
7DEOH DGDSVPHG IURP

OHWD|O LRQLF UDGLXV >c@ &1
0J
&D
6U
% D
6P
(X
<E
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IHLWKHUW %D $® QRU BAX$O0Y ZHUH IRXQG WR EH Rl FRPSDUDE
ODQWKDQLGH FRQJHQHUV LQ LVRSUHQHRBRWKMH UQFCPMLLR'Q W$
XQFOHDU DQG QR REYLRXV FRUUHODVWLVRICR @ | DIFFMAR[L W/R \VZ B Q V
LQ WKH FDVH RI WKH FRUUHVSRQGR®LR® RWRRQHGHVPEQHIRE
FRXOG SUHYHQW SRO\PHUL]DWLR QHIR U$DSORWD/QIEQHH HHI § QVIXQ R\
WKH LQYWRQWLRRMOLF FRPSRXQG WKDW ©BAKBIQ LFRH F RXVQINED
PDNLQJ LW D WKHUPRG\QDPLF VLQN BONORLRXVEDUWKN
WHWUDLVREXW\ODOXPLQDWHYV ZHWKRZQQHY DMIKE HRRQ WSOLO/ AR
VKDUH WRKRIUGLQDWLRQ PRGH REVE (RY D® @ LGLK/ SOQ\$BRQG OH
VKRZQ LQ 7DEOH

00



YLIXUH &U\WWDO VVAUX®WXUHWKIBE @EP $O<ES0@ ' >&DwHKa@ &
S6UIBR @ ‘Y DQG B80@$H° )RU >BAX @O RQO\ D FRQQHFWLYLW'
GLVSODFHPHQW SDUDPHWHUV D Y MGWHRWHIWD W>R PSU R E B ER.RLLWW 96 YRO FOD U

7DEOH 6HOHFWHG LQWHUDWRPL¥ GV WPDQ FFK VDIRGLW KH FRPSRXQG\

&D 6U % D 6P (X <E

>&DI%B @ *° FRQQHFWLYLW\ RQO\

o
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5HGR[ &KHPLVWU\ ,QYROYLQJ 6DPDUIP{REPO\ODPLGH
SHDJHQW YV

6LQFH GLYDOHQW®WVWRBURYBIG D YDOXDEOH SUHFXUBRU IRU WK
6P ZH ZHUH FXULRXV ZKHWKHU WK} ®R UV HVRRINGS HPK L\E DWW
UHDFWLYLW\ 6LQFH DQ DWWHPSW \W R OHHRLHUDDNHH FIR AKDADH [ VED\G
RI 6PI1%& ZLWK3&ESOHG WR $@BX ZH HPSOR\HG &S @FZKILBEKOH
ZDV VI\QWKHVL]HG DFPR\®PGKHIQ U WRF YLWE UDLWXUHAH, %$ \LHOGHG
KHWHUROHSWLF FRPSOH$&® 6P1HBWOXULQJ IF BR Y B/IRUDWHLGR Q
W KHI%¥8D /LIJDQG DV GHSLFWHG LQ )LJXRBH VRGBWHYFRIPCEOG D
GXH WR WKH FKDOOHQJLQJ SXULILER® LRHY SE\F LWDHIH D WHQ
LVREXW\ODOXPLQXP VLGHSURGXFW PIL[DWXIURIQ J U B B WIDQ WKID®P S
FRQILUPHG WKDW WKH GHVLUHG SURGRFWQZDNQERWOR EKWMBL
ODQWKDQLGH FRPSOH[HV DUH FKDUBGHRBEQL WRVREWDUQR G X
WKH IRUPDWLRQ RI KHWHWDROHS®ILFD WRP /EBW WKH VWHUI
SHQWDPHWK\OF\FORSHQWDGLHQPQGRQGL WKHG F LN UWMUR R H AW LC
RI WKH UHDFWLRQ +RZHYHU LWPIL\GRINHOQ® KW E\HK i HE-PD
SRVVLEO\ H[SODLQLQJ ZK\ $#S@P"ZBYOBRW REWDLQHG LQ
DFFRUGLQJ WR HOHPHQWDO DQDO\VHV

OHG6L OHG6L
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6P &S

JLIXUH 6\QWKHVLYVY DQG FU\VWDO WWBIOG W XIWHRR L B &&SL & BQID BPHHRMH Q W
DW x SUREDELOLW\ OHYHO +REGURIBQLIW R BY ®HFHWRIFEL WMHKEBUDW RPLF G
6Px& 6P*& DQG 6Px&









YLIXUH

&U\WVWDO VWUX@WPOIOH R+ BFPUGRIHPHWRPY DUH RPLWWHG

IR

GLVSODFHPHQW HOOLSVRLGV66AHHHOHFWHW DQWHUPWRRELOLEFELOGLWWDQFHYV =
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&KHPLFDO 6KLIW SSP

&KHPLFDO 6KLIW SSP

JLIXUH+ 105 VSHFWUXP

0+¥f& RI WKH UHDFWLRRLWIK6P>HBXOMDOHQW

WULLVREXW\ODOXPLQXP DIWHU WKRH WARVX®TSOLPH SURYLQJ UHGXF
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JLIXURU\WWWDO VWUXFWXUHBERX >6R) @6 H0BURJHQ DWRPV DUH RPLWWHG IR
GLVSODFHPHQW HOOLSVRLGY ZHUH VHW DW SUREDELOLW\

JLIXUH &RORUOHVYV FU\WWDOWNU RNVKP @ QOH6WOH DQG PL[WXUH RI \t
>6P"1 6LOH@X %U @ DQG UHG FU\WWWDOV FRQMAXWWEQJ RI GLYDOHQW 6P $

o
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([SHULPHQWDO 'DWD IRU 8QSXEOLVKHG 5HVXOWYV

*HQHUDO &RQVLGHUDWLRQV

$00 PDQLSXODWLRQV ZHUH SHUIRUP HD® & P&RHVWX.URU XXV QHI |
6FKOHQN KLJK YDFXXP DQG JORYHER[ WHFKQLTX3P2+ 0% UD X
DUJRQ DWPRVSKHUH 6ROYHQWYV ZHUH VASSODHESE\V RO FN
SXULILFDWLRQ V\WWHP 0%UDXQ DQG VWRDBGZDYVGGHHD K
PROHFXODU VLHYHV DQG WRMHHUGHREWDLQHG IURP OHUFN .*I
RYHU 1D . DOOR\ SULRU WR XVH ,VRBBNQHDEBD\G BXHUG KDL
WULRFW\ODOXPLQXP DQG GLVWLOOHG L¥Q @&H B Q HGKXHRWE \SDIDWX
FKORULGH GLHWK\ODOXPLQXP FKORULG H LKHWKR® ?RW\ROHR
WULLVREXW\ODOXPLQXP 7Q% X W W OLLRFWNYPD MXPGE QWPLW\O FKO
IURP OHUFN .*D$ DQG XVHG DV UHFHQNHGSLHOWN\WDRPOEM
GLIOXRUREHQ]JHQH GLLVRSURS\ODPLQHSRW®®GHRHWWKVONUBDLRE L
WHOOXULXP WHWUDFKORULGH FURB®UFKDRBBW UWR P ROELFGHL
ZLWKRXW IXUWKHU SXULILEFDWLRQ 'U LRG & HYHKEDQWWDIDO R]
GLHWK\O HWKHU SULRU WR XVH 5DW&DE R G WEKOFGHGDRS OKOR U L
DQG <&ZMUH REWDLQHG IURP DEFU DQG XNK6 BVRFPLEHL YRO X WI
REWDLQHG IURP OHUFN .*D$ $ONDOLQGH DDGWEDE HWDEON B L QR
IURP DEFU DQG XVHG @¥%W &F H+ ¥ 0Il6+ @>8&3B@ DQG) >@ ZHUH
SXUFKDVHG IURP %RXOGHU 6FLHQWLILF DQG BV HX®DYOUHBHE
‘HVWIDOHQ $* 3UMAXNUYRWBY /QX <E ZHUH SUHSDUHG IURP HC

GLLRGRHWKDQH IROORZLED "D ILLQHWRBIDRFAEB XWUH <E DQG
&S 6P"1 6LOHZHUH SUHSDUHG DFFRUGLQJ> VWR @JLWKWUDRVXU
GLHWK\ODPLGH DQG *GLLVRSURS\ODPLGH RAMR® R 8 UHSD BHR
&RPSOH[HV /Qx@ 6Q0H /D 3U 1G *G ZHUH SUHSDUHG IR
SURFHGXUHYV

&KHPLFDOV ZHUH VWRUHG DW i W&QIVDAHMIZHD G IDHES SSIRAR\WP MW
KRXUV DW f& RU f& UHVSHFWLYHO\ BOWSHFWUD/ ,BHU



VSHEWURPHWHU 7KHUPR )LVKHU 6F LHIQWKL | U SIRZE WD SYEH B
LQ D '5,)7 FHOO HTXLSSHG ZLWK .%WH \Z ZGIGRZVH Y ORIPHHOA R Q D (
YDULR 0,&52 FXEH 105 VSHFWUD RI| DSRXMGE ZRIVHWXHIFHR VIG®I
<RXQJ YDOYH 105 WXEHV RQ D %UXMHU $9,0+]&WSHFWURPHWH
0+] + DQ@&"+ 105 FKHPLFDO VKLIWV DUH UHIHUBQFHE I/@®GV R
UHSRUWHG LQ SDUWYV SHU PLO O L8RX SIOH QD \¥ RYQH/ WV IR QWVIWOULDHP |
7KH PLFURVWUXFWXUHV RI SRO\L*VBOQ&RMQ HN Z NS H FAHWRH/UFRLSQ
& &ORQ D %UXNHU $9%,, +VSHFWORPHWHDPELHQW WHPSHU|
WHPSHUDWXUH 105 VSHFWUD ZHUH UHERPIBWBURQ %BWWXNHU $
6L]H HIFOXVLRQ FKURPDWRJUDSK\ 6(& ZOFMDBEWUIRUBHELRB |
HTXLSSHG ZLWK D 7'$ GHWHFWRU HLM¥R@GINU® LOLQYVW D fS
D IORZ UDWH RI P/ PLQ 6DPSOH VROXWLRBVH |IL®W ISRIOGPW K

P VIULQJH ILOWHUO0S DIBUZWBHL.GMWHWPRQHG E\ PHDQV R
2PQL6HF VRIWZDUH *ODVV WUWIHU\H \G HRVH WPHRSHU EW G HIVH U H
FDORULPHWU\ '6& XQGHU QLWURJHQ DY FSRSWHSKEUWKRD &/16 & f
3HUNLQ(OPHU FDOLEUDWHG ZLWK F\POFRKHIDQH IDRB QG &P

f& ZLWK KHDWLQJ UDWHV RIRI . PLPLRQGKAFRRRQAP HID \WR @
ZDV GHWHUPLQHG JUDYLPHWULFDOO\

&DXWLRQ 1RWH WKDW RUJDQRDOXPLMAPXBERBSRRQWDFWHIZEW
PRLVWXUH DQG PD\ HI[SORGH ZLWK ZDWHU



SURFHGXUHYV

S<E & $OOX@>% &@ ><BE &% & @ %

7R D PL[WXUBoRI £E $0 PJ PPRO HTXLY% DQGRFIRFDWD

PPRO P/ RI EHQJHQH ZHUH DGGHG VMAKIHI UHGE XDW LORIE
WHPSHUDWXUH IRU PLQXWHY FRQFHQWVID/\RHBGWIRRWD S S U\RI|
DW f& 6LQFH QR FU\WWDOV ZHUH RBEM(BLQRGXXIRQ@ Z\WU R UL
DPELHQW WHPSHUDWXUH $@UX\a¥ O RKE<EWRE @ %
VXLWDEOH IRU ; UD\ DQDO\VLV IRUPMKP BHVBW XMKH H\H HZGHE INY/J
FU\WWWDOOLQH SURGXFW

<EL X WKI

7KH SURFHGXUH ZDV DGDSWHG IURP WRRBHOBW B/HRIEH &R U H V Rl

PPRO HTXLY LQ P/ RI 7+) DQG LVRRERKQW\OHRG&GL®H LQ
P/ RI 7+) ZHUH FRROHG WR +# f& 7KH LD/MREX®G/N\IOQ RSRUOML R K
\WWHUELXP PHWDO XQGHU VWLUULQWR7NMW IUHDFW LR BDIWWXL
UHPRYDO RI WKH VROYHQW WKH UHG QKWKDEIUR 3 Q HFHRWRLAEHKGH X E
ILOWHUHG DQG DOORZHG WR FUWHNEOG ODWXUW ¥ H Q&L WLLHGHG L
RI' DV LGHQWLILHG E\ ; UD\ DQDO\VLYV PJ

>0 XGLR[RQH @

$ VROXWARQIRU LQ GLHWK\O HWKHU 0 P L HIMKW OG H@MKW H G
P/ 8QGHU VWLUULQJ GLR[DQH P/SHERVLRE®GHIBY FKID W H N IXXC
VXSHUQDWDQW ILOWHLUWH & D B&06 RARGHFHQ WU\VWIB®V IRUPHG R
5SHFU\WWDOOL]DWLRQ IURP GLHWK\O HWKHUDDIVRWGHED EOH JF
FU\WWDOORJUDSK\ ZHUH JURZQ |URPIX G RR[RHVE DOV HHGV K RO
HWKHU DW %05f& 0+]' & f& |/ V  ++GLR[DQH &+

&+ G ++ & G + LWREORPEO+& 105 0+]" &
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f& | GIBR[DQH&+ &+ & SSP '5,)76 .%U FP

YZ YV P YV Z P YZ P
P P \% \% Z Z Z P P Z
P Z P + VJ2& J PRO FDOFG & + I

>&D IBHX @ &P

7ULLVREXW\ODOXPLQXP J PPQOHQW HIK LD V LIG
GURSZLVH WR D VROX\@MRQ RI &D>1 6L ORP RXS HIQW DQH P/

XQGHU VWLUULQJ $IWHU VWLUULQJ MRWDWZRG KROX Y B F XWKFH Y RE
ZDV FRROHG WR * & KL @ UANIMDUCH/ RREWSRIDQ$IG DQG SX
UHSHDWHG UHFU\VWDOOL]DWLRQ \LHABGEQJ 0+]' & PPRO

f& |/ P++ & G +H & G + &SP&"" 105 0+]

&' f& | &+ &+ & SSP '5,)76 .%U FP YV

YV YV Vv Z z YV vV Z \Y
\Y Vv YV P \Y, P z \Y

YV YY $@&D J PRO FDOFG & + IRXQG &

>6U %3 @ °Y

7R D VXVSHQVLRQ @WEU>1 6LOH PPR&HLDRQH P/ 7.,%%$

J PPRO ZDV DGGHG GURSZLVH X @®HWROWIMLRIQQZ D Y K\HWLULI
DPELHQW WHPSHUDWXQHY DRYIRVFWQPNQWXUBMPEGH IRU ; UD\ FK
REWDLQHG DIWHU VHYHUDO GD\WDRWQ D | | R&J GBHHGE H D W B &/ FH FWW

SXUH 3% X @CPY DV ZKLWH VRAIWG 0+]' & f& |/ P +

&+ G + & G + S&SP&™" 105 0+]" & f& |/

&+ &+ & SSP '5,)76 .%U FP YV Y \Y P
P z YZ P z P ZYZ YZ

P P YZ z YZ z vV V P V



P P P YV + $C®RU & J PRO FDOFG & +

>% DR @ %P

7ULLVREXW\ODOXPLQXP J PRR[® QHHIXYYDGGR G ®U
WR D VROXWLRQ@WRID>1 6LOH PPR®HLDQH P/ XQGHU VW
$IWHU VWLUULQJ IRU WKUHH KRXUV WK ¥& OPRRIOHEG 2R £R
\LHOGLQJ J ZKLWH VROLG DIWH W QHFRHQWWDEDO D QDY R L
VKRZHG WKDW WKH SURGXFW ZDV QRW SKQH INDRE® RMRKGMAD\ Q@K
%D>1 6LOMWKIURP %DQG HTXLY RI@.>1WLRBY EHHQ UHSRL
S DWH FRPSOH[ IRUPDWLRQ LV D FRPPR®@URWRERROPV LIQUVEC
KH[DPHWK\OVLOD]L&GH FKHPLVWU\

>6P*"1 6LOHWK+%U @

7KH SURWRFRO IROORZV D VOLJKWO\ PRGUIDHE $DRW K GPXHM D
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Discrete lanthanide( m) isobutylaluminates Ln[N(SiMe 3),](HAIiBu3)
(AliBug) (Ln = La, Pr, Nd) are obtained from Ln[N(SiMe 3),]s and triiso-
butylaluminium (TIBA). Nd[N(SiMe 3),](HAliBu3)(AliBus) reacts with
crown ether to give the ion pair [Nd(18-c-6{N(SiMe  3),}(HAIliBu3)]
[AliBuy,), featuring a strong Nd...H interaction in the solid state. The
equimolar reaction of La[N(SiMe 3)](HAlBu3)(AliBus) with fluorene
resulted in the concomitant formation of [( | -fluorenyl) sLax(l -H)-
(HAIBug),] and (fluorenyl) La[N(SiMes),]. [(I -Fluorenyl) sLax(l -H)(HAIBU 3),]
features fluorenyl ligands with a | -g®:g° coordination around the hydrido-
bridged dilanthanum core motif. The reported complexes are the first
crystallographically characterized , ancillary ligand-free lanthanide( ) tetra-
isobutylaluminates, and display potential model systems for Ziegler-type
polymerization catalysis.

Ziegler mixed catalysts play a major role in the large-scale
production of synthetic rubber. 2 Of the early lanthanide
metals, neodymium-based catalysts excel in 1,3-diene polymer-
ization, in particular due to redox-stability (relative to cerium or
samarium) and natural abundance/cost e ciency (relative to
praseodymium), fabricating rubbers with the highest cis1,4
contents.>-®State-of-the-art ternary catalysts consist of a neody-
mium compound (chloride, alkoxi de, or carboxylate), a cocatalyst
(diethyl- or diisopropylaluminium chloride), and triisobutylalumi-
nium (AliBu 3 = TIBA), or diisobutylaluminium hydride (HAIiBu , =
DIBAH).2-®Academic research has also dealt with commercially
available lanthanide silylamides Ln[N(SiMe3),]s as catalyst
precursors.”°In contrast to industrially applied catalyst precur-
sors, homoleptic Ln[N(SiMej3),]s form discrete, monomeric spe-
cies in aliphatic solvents, ideally suited for studying precatalyst/
cocatalyst interactions and, hence, for elucidating the active
species. Complexes Ln[N(SiMg),]; are favourably activated by

2Institut flir Anorganische Chemie, Eberhard Karls Univerdifeiibingen, Auf der
Morgenstelle 18, D-72076 “Thingen, Germany. E-mail: reiner.anwander@uni-
tuebingen.de

P Bridgestone Corporation, Ogawahigashi-cho, Kodaira-shi, Tokyo, 187-8531, Japan
T Electronic supplementary information (ESI) available. CCDC 2249265...2249269.

For ESI and crystallographic data in CIF or other electronic format see DOI:

This journal is € The Royal Society of Chemistry 20 23

‘ » ROYAL SOCIETY
-~ OF CHEMISTRY

View Article Online
View Journal | View Issue

Triisobutylaluminium-promoted formation of
lanthanide hydrides t

Eric C. Moinet,? Olivier Tardif,” Cacilia Maichle-Mo ssmer® and

TIBA, upon addition of a fluorinated borate cocatalyst **%r silica
grafting. °-1%Both selectivity and activity of Ln[N(SiMe3),]s/TIBA-
derived ternary mixtures are found to be superior or at least
comparable with established catalyst systems based on lanthanide
carboxylates’ Moreover, ternary system (2-Ph-indenyGd-
[N(SiMe),)[PhsCl[B(GsFs)4/ TIBA bearing a silylamido ligand was
described as a highly efficient catalyst for cis-1,4-selective polymeriza-
tion of butadiene (4 99%)® However, structural details of the
species formed in Ln(m)...[N(SiMg,J/TIBA mixtures have remained
elusive. This also applies to similar Ziegler...Natta catalysts derived
from group 4 metals.** NMR-spectroscopic investigations of metal
halide/TIBA-derived catalysts suggest the formation of metal hydride
species {ia b-H elimination) for both lanthanide and group 4
metals.***®> Only recently, the first structural proof of hydride
formation has been revealed via treatment of divalent Ln(AliBu 4),
(Ln = Sm, Yb) with B(GFs)s affording discrete hydroborates
Ln[HB(CgFs)alo(arene)® For comparison  Ln(in)...[N(SiHMg,]-
Ln(m)...H as well as Ln...benzoatd n...H and Ln...GH Ln...H trans-
formations are readily promoted by alkylaluminium hydrides like
DIBAH or HAIMe,.'"® Furthermore, (CsMes),Sm[MmiBu),AliBu,] is
the only trivalent lanthanide complex containing a tetraisobutylalu-
minato moiety which has been crystallographically authenticated. *°
Two more types of trivalent lanth anide compounds containing a
triisobutylaluminium moiety were reported to our knowledge, com-
prising (CsMes)Ln[(mClh(miBu)AliBu,] (Ln = Sm, Y), and
(CsMeg),SmM[(MO,CPh)miBu)AliBus], both stabilized by pentamethyl-
cyclopentadieny! ligands.2%

Here, we present the synthesis, isolation and reactivity of the
first ancillary ligand-free trivalent lanthanide isobutylalumi-
nates. Unambiguous structural evidence for a TIBA-promoted
Ln(im)-amido- Ln(m)-hydrido transformation is provided.

Aiming at putative homoleptic [La(AliBu 4)3], silylamide
La[N(SiMes),]3 was treated with 6.5 equiv. TIBA (95%) at ambient
temperature in n-pentane. Repeated re-crystallization of the
concentrated reaction solution at 40 1C a orded single crystals
of La[N(SiMes),](HAlBu 3)(AliBus) (13 (Scheme 1 and Fig. 1).

However, since excess TIBA and isobutylaluminium side
products greatly hampered crystallization, the amount of added
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Scheme 1 Synthesis of 1'", and reactivity towards 18-crown-6 and
fluorene with products [Nd(18-c-6){N(SiMe 3).}(HAIBu3)][AliBu,] (2), and
[(mfluorenyl) sLax(mH) (HAIBus))/(fluorenyl) ,La[N(SiM&),] (3/4).

TIBA was reduced to 4.1 equiv., thus facilitating crystallization/

recrystallization processes (26% yield). Both 6.5 and 4.1 equiv.

TIBA generated the same product 1“* (Scheme 1). Following
similar procedures, isotypic compounds Ln[N(SiMe 3),](HAIliBu 3)-
(AliBuy) of praseodymium (17", 28%) and neodymium (1N¢, 33%)
(Ln = La, Nd, Pr) were obtained under optimized conditions. The
heteroleptic complexes 1-" feature one unreacted silylamido
ligand along with homo- and heteroaluminato moieties [AliBu 4]
and [HAliBu 3], respectively (Fig. 1).

A closer look at the solid-state structures revealed distinct
tetraisobutylaluminato coordination. The largest rare-earth-
metal centre exhibits a distorted Z3-coordination, with two

Fig. 1 Crystal structure of La[N(SiMes),](HAIiBug)(AliBw) (1-%). Ellipsoids
are shown at a 50% probability level. Hydrogen atoms except the hydrido
ligand, and the disorder of the isobutyl groups are omitted for clarity. For
detailed metrics, see the ESI.t The praseodymium and neodymium com-
plexes 17" and 1N are isotypic (see ESH).

5262 | Chem. Commun. , 2023, 59, 52615264
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similar and one La...C[AliBy] distance elongated (.e. La(1)...
C(1) 2.782(4) A, La(1)...C(5) 2.755(4) A, La(1)...C(9) 3.155(1) A in
1"%). For praseodymium and neodymium, one relatively short
Ln...C1 distance (2.566(8) and 2.543(2) A), a considerably longer
(2.716(4) and 2.708(5) A), and overlong distance are noticed
(3.228(1) and 3.237(1) A). The Ln...C[HAIBuand Ln...N dis-
tances decrease with decreasing Ln{) radii (La 2.823(4)/
2.276(3), Pr 2.808(4)/2.246(9), Nd 2.763(7)/2.208(5) A). Despite
significant disorder in the crystal structure of the 1" and 1N¢
(see ESY), the structural data indicate that the distorted Z3-
coordination of the [AliBu 4] moiety detected in 1-2 gives way to

a Ln...SiMe(silylamido) intramolecular interaction for the smal-
ler rare-earth metals.*

The structural identification of an alkyl/hydrido heteroalu-
minato Z2-coordination in 1" is unprecedented. It can be
hypothesized that the hydrido moiety is formed by sterically
enforced b-hydride elimination from an isobutyl moiety of
putative [La{N(SiMes)-}(AliBuy),]. Alternatively or additionally,
hydride formation might result from the presence of DIBAH.
However, exclusive DIBAH-promoted formation of hydride species
seems unlikely since commercial TIBA samples contain less than
5% DIBAH. Considering that TIBA and DIBAH are both used as
cocatalysts for conjugated diene polymerization,*--3the hydride
formation in 1" may provide valuable insights on their activating
nature. Hydride species are discussed as potential active sites in
1,3-diene polymerization,?? generating allyl moieties with 1,3-
dienes®® as widely proposed intermediates in 1,3-diene
polymerization. *~¥or example, Cui et al. proposed the formation
of transient moieties [Y(miBu),AliBu,], [Y(mH)(miBu)AliBu,] and
[Y(mH),AliBu,] as active sites of the ternary mixture (PBNHC)-
YBr(THF)/TIBA/[PhC][B(GsFs)4] (1:20:1; PBNHC = CCC pincer),
by NMR spectroscopic analysis™® Similarly, [Zr(mH)AliBug] and
[Zr(mH),AliBu;] moieties could be identified in mixtures of
(CsH4nBuU),ZrCl/TIBA (1:12) by means of NMR spectroscopy
only. 1%

The H NMR spectrum of diamagnetic La[N(SiMes)]-
(HAIBug)(AliBuy) (1% revealed two nicely resolved isobutyl
signal sets for the [AliBuy] and [HAIiBu 3] moieties. The La...H...
Al-bridging hydrido resonance was detected at 6.46 ppm in CgDg
(cf. Fig. S2, ESt), which corresponds well to the *H chemical
shift of a terminal Sc...H proton (6.39 ppm at 60 1C in toluene-
dg) reported recently by Chenet al.>* For further comparison, the
Ln...H...Al hydrido resonances of complexes FFMeLn[(m
H)AIMe3], (Ln =Y, 5.05 ppm, toluene-ds; Lu, 7.82 ppm, CgDg)
and Tp™®*MeLn[mN(CsHsMe,-2,6)](mH)AIMe,] (Ln =Y, 6.57 ppm,
CsDe; Lu, 8.67 ppm; CsDe) are in a similar range.?®> Complex
[La{(mH)[(mMNGCsH3iPr-2,6) rH)AIMe;](thf) 3}]» features a La...H...
Al linkage, but NMR spectroscopic data were not provided.?®
Variable temperature *H-NMR spectra performed on 1" revealed
highly fluxional isobutyl groups, i.e. the resonances of bridging
and terminal isobutyl groups do not exhibit decoalescence even
at 193 K (cf. Fig. S7, ESt), and sharpening of the La...H...Al
resonance.

The excellent solubility of 1'" in aliphatic and aromatic
solvents may explain why lanthanide tetraisobutylaluminates
are di cult to crystallize. During the crystallization process of
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1" from the reaction mixture, enrichment of the highly soluble
co-product, presumably diisobutylaluminium hexamethyldisi-
lazide, hampered further isolation of product and limited the
yield to approximately 30%. Species other than1-" could not be
unequivocally identified, even though monitoring the reaction
of 1" with additional TIBA by H-NMR spectroscopy showed that
the silylamido methyl resonance is shifted. This indicates
further exchange of [N(SiMe),] for another [AliBu 4] or [HAliBu 3]
moiety (cf. Fig. S5 and S6, ESll), as corroborated by the for-
mation of additional isobutene. However, exchange products
could not be isolated, most likely due to the very high mobility of
the isobutylaluminato ligand impeding crystallization.

The ability of DIBAH to promote the formation of discrete
rare-earth-metal hydride complexes has already been
demonstrated.’” The present work revealed that TIBA does
engage in lanthanide hydride formation as well. Entities like
[Ln(mH)(miBu)AliBu,] featured by complexes1-" lend support
to Cuiss mechanistic proposal (vide suprd**®® and make com-
plexes 1'" cogent models for poorly defined Ziegler mixed
catalysts used in 1,3-diene polymerization. It is noteworthy that
previous investigations into the active species, which are
formed in mixtures of neodymium carboxylate Nd(vers)s (vers =
neodecanoato), TIBA, and diisolutylaluminium chloride, using
MALDITOF and XAFS techniques do not consider the formation
of hydride species but very well alkylation.?”?® Theoretical optimi-

View Article Online

Fig. 2 Crystal structure of [Nd(18-c-6){N(SiMe 3),}(HAIiBu3)][AliBus] (2).
Ellipsoids are shown at a 50% probability level. Hydrogen atoms expect
the bridging hydrido ligand, as well as the disorder in isobutyl groups are
omitted for clarity. For detailed metrics, see the ESI. T

(cf., (fluorenyl) ,La(AIMey),),%° the connectivity of tetrametallic
3 is rather unusual. The two lanthanum centres in 3 are
encapsulated by three fluorenyl ligands in a mz%z° fashion.
The central cavity is occupied by a bridging hydrido anion,

zation of the EXAFS data assumes the presence of approx. 3...4 alkyWhile the La..H...La axis is extended on both sides tonj(

ligands at the neodymium centre, with a Nd...C distance of 2.58 A,
whereas addition of extra diisobutylaluminium chloride led to
detection of two Al eneighbourses at a distance of 3.14 A8
Compared to our work, this may suggest that two aluminato units
may be involved. Further, the comparison of interatomic distances
clearly shows similarities of 1N with the calculated parameters
reported by Guo et al.>*?® They describe substitution of the Nd...O

H)AliBu] ligands. The [HAIiBu 3] unit of precursor 1% remains
coordinated while 3 is formed, which seems plausible consid-
ering the strong hydrido binding observed in complex 2. The
presence of hydrido ligands in 3 was confirmed by monitoring

the protonolysis of compound 3 with isopropanol by *H-NMR
spectroscopy, showing dihydrogen evolution. Referenced to the
signal of hexamethyldisilazane (18 protons) co-formed in

for Nd...C bonds, which are in the range of 2.57...2.58 A. We observedhe mixture, the integral ratios of 6 hydrogen protons (or 3 of

strikingly similar Nd...C interatomic distances in the range of 2.542...
2.763 A for 1N Additionally, the Nd---Al distances in 1N are
2.999(2) and 3.243(2) A, which is comparable to the metrics for two
aluminium neighbours given with average 3.14 A.%8

To probe the bonding and reactivity of the isobutylalumi-
nates 1", an equimolar amount of 18-crown-6 was added to
1N which rapidly led to the precipitation of compound [Nd(18-
c-6){N(SiMe)}(HAIBu 3)][AliBug4] (2) (cf. Fig. 2). Compound 2
demonstrates the strong binding of the hydrido to the lantha-
nide centre, albeit the Nd...H bond is elongated with 2.39(3) A,
compared to 2.17(5) A in 1NY. The [AliBu,] moiety is separated
from the central ion, implying rather weak interactions with the
Nd(m) centre. Given the 8-coordinate neodymium centre in 2,
the Nd(1)...N(1) distance of 2.329(2) A is markedly increased to
those in 1N (2.208(5) A) or Nd[N(SiMe).]; and (2.29 (2) A)?°

Aiming at a half-sandwich complex, the equimolar reaction
of 1“2 with fluorene at ambient temperature in benzene surpris-
ingly led to the concurrent precipitation of orange-red com-
plexes [[Mmfluorenyl)sLa(mH)(HAIBu3);] (3) (Scheme 1 and
Fig. 3) and (fluorenyl),La[N(SiMe&s),] (4) (Fig. S17, ESI).

While the crystal structure of complex 4 shows the common
metallocene motif with Z®-coordinated fluorenyl ligands

This journal is € The Royal Society of Chemistry 20 23

the non-binomial triplet observed when instead iPrOD- dg was
used) corroborate the presence of three hydridos in 3 (cf.
Fig. S11 and S12, ES).

Z5-Coordinated fluorenyl ligands as observed in 3 are very
uncommon in rare-earth-metal chemistry. A similar structural
motif was reported for orange-red lithium fluorenide, showing
a dimer comprised of two lithium ions sandwiched by fluor-
enyls in mz®z® fashion.®* The latter are nearly planar, as

Fig. 3 Crystal structure of 3. Ellipsoids are shown at a 50% probability
level. Hydrogen atoms expect the bridging hydridos, as well as the disorder
in the isobutyl and fluorenyl groups, and co-crystallized 4 are omitted for
clarity. For detailed metrics, see the ESI.t

Chem. Commun. , 2023, 59, 52615264 | 5263
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observed for the fluorenyl anions in 3. Quantum chemical cal-
culations for lithium fluorenide revealed that Z®-coordination
is favoured over putative Z°-coordinated species since no donor
molecules are available to complete the coordination sphere of
lithium cations tentativley Z°-coordinated.®'*2For lanthanides,
Z8-fluorenyl coordination has so far only be reported for the
divalent complexes Z8-bis(Me;Si-fluorene-AlR;)Sm (R = Me ),
Et).3® Remarkably, Z%-bis(Me;Si-fluorene-AlR;)Sm can be con-
verted into Z°-(Me;Si-fluorenyl),Sm(THF), by addition of THF,
and the reaction can be reversed by addition of AIR3.*3 A similar
mz%:z® bonding motif has been observed in [(CsMes)Lals(m
Cl)5(thf)(mz22°%:28-C6H10) (B) featuring a trianionic pyrenyl
ligand.®* The La...centroid?®) distances in 4 range from 2.629 to
2.680 A and, hence, are signifiantly longer than in complex B.

In summary, treatment of Ln[N(SiMe 3),]s with triisobutyl-
aluminium (TIBA) aords crystalline heteroleptic lanthanide
isobutylaluminates Ln[N(SiMe 3),](HAliBu3)(AliBuy) (Ln = La, Pr,
Nd). Their isolation provides credible evidence that AliBu 3 is
both an alkylating agent and a potent hydride source for the
generation of Ln-hydride complexes via b-hydride elimination
from isobutyl moieties. The [HAIiBu 3] moiety interacts stronger
with the lanthanide( 1) centre than [AliBu,4] as indicated by the
formation of ion pair [Nd(18-c-6){N(SiMe 3),}(HAIiBuU 3)][AliBuy].
Separation of AliBuz from the [HAIBuU 3] ligand is evidenced by
the barrel-shaped complex [(mfluorenyl)sla(mH)(HAIBu3),]
featuring a rare mz®:2% bonding motif of the fluorenyl ligands.
Studies covering the use of1"" in 1,3-diene polymerization will
be published soon.
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