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7KH�,QIOXHQFH�RI�%UDQFKHG�$ON\O�6LGH�&KDLQV�LQ�$�'�$�2OLJRWKLRSKHQHV�RQ�WKH�3KRWR�
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�
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-DFTXHV� 6LPRQ�H� 7RPR\XNL� .RJDQH]DZD�I� 1RUL\XNL� <RVKLPRWR�J� &KULVWLQH� 9LGHORW�

$FNHUPDQQ�E�2OLYLHU�0DUJHDW�E�-|UJ�$FNHUPDQQ�E�3HWHU�%lXHUOHD�
�

D��'U��,��$WD��3URI��3��%lXHUOH�

,QVWLWXWH�RI�2UJDQLF�&KHPLVWU\�,,�DQG�$GYDQFHG�0DWHULDOV���

8QLYHUVLW\�RI�8OP��$OEHUW�(LQVWHLQ�$OOHH����

������8OP��*HUPDQ\�

(�PDLO��SHWHU�EDHXHUOH#XQL�XOP�GH��
�

E��'U��-��$FNHUPDQQ��6��%HQ�'NKLO��&KULVWLQH�9LGHORW�$FNHUPDQQ��2OLYLHU�0DUJHDW��

&HQWUH�,QWHUGLVFLSOLQDLUH�GH�1DQRVFLHQFH�GH�0DUVHLOOH��

&,1$0�805�&156������

&DPSXV�GH�/XPLQ\�

������0DUVHLOOH�&HGH[�����)UDQFH�
�

F��'U��0��3IDQQP|OOHU���

&HQWUH�IRU�$GYDQFHG�0DWHULDOV�

+HLGHOEHUJ�8QLYHUVLW\�

,P�1HXHQKHLPHU�)HOG�����

������+HLGHOEHUJ��*HUPDQ\�
�

G��3URI��6DUD�%DOV�

(OHFWURQ�0LFURVFRS\�IRU�0DWHULDOV�5HVHDUFK��(0$7��

8QLYHUVLW\�RI�$QWZHUS�

*URHQHQERUJHUODDQ�����

�����$QWZHUSHQ��%HOJLXP�
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7RXORQ�,0�13�805��������������0DUVHLOOH��)UDQFH�
�

I��'U��7RPR\XNL�.RJDQH]DZD�
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�

J��3URI��1RUL\XNL�<RVKLPRWR�
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�

.H\ZRUGV�� DON\O� FKDLQ�PRGLILFDWLRQ��PRUSKRORJ\�� ROLJRWKLRSKHQH�� EXON�KHWHURMXQFWLRQ� VRODU�

FHOOV��VROYHQW�YDSRU�DQQHDOLQJ��WUDQVPLVVLRQ�HOHFWURQ�PLFURVFRS\��
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$EVWUDFW�

%HVLGHV�SURYLGLQJ�VXIILFLHQW�VROXELOLW\��EUDQFKHG�DON\�FKDLQV�DOVR�DIIHFW�WKH�ILOP�IRUPLQJ�DQG�

SDFNLQJ�SURSHUWLHV�RI�RUJDQLF�VHPLFRQGXFWRUV��,Q�RUGHU�WR�DYRLG�VWHULF�KLQGUDQFH�DV�LW�LV�SUH�

VHQW� LQ�ZLGH�VSUHDG�DON\O�FKDLQV�FRPSULVLQJ�WKH�EUDQFKLQJ�SRLQW�SRVLWLRQ�DW� WKH�&��SRVLWLRQ��

L�H�����HWK\OKH[\O��WKH�EUDQFKLQJ�SRLQW�FDQ�EH�PRYHG�DZD\�IURP�WKH���FRQMXJDWHG�EDFNERQH��,Q�

WKLV�UHSRUW��ZH�VWXG\�WKH�LQIOXHQFH�RI�WKH�PRGLILFDWLRQ�RI�WKH�EUDQFKLQJ�SRLQW�SRVLWLRQ�IURP�WKH�

&��SRVLWLRQ�LQ���KH[\OGHF\ODPLQH�����WR�WKH�&��SRVLWLRQ�LQ���KH[\OGHF\ODPLQH�����FRQQHFWHG�

WR� WKH� FHQWUDO� GLHWKLHQR>����E��¶��¶�G@S\UUROH� �'73��PRLHW\� LQ� D�ZHOO�VWXGLHG�$�'�$� ROLJR�

WKLRSKHQH�RQWR�WKH�RSWRHOHFWURQLF�SURSHUWLHV�DQG�SKRWRYROWDLF�SHUIRUPDQFH�LQ�VROXWLRQ�SURFHV�

VHG�EXON�KHWHURMXQFWLRQ�VRODU�FHOOV��%+-6&��ZLWK�>���@�SKHQ\O�&���EXW\ULF�DFLG�PHWK\O�HVWHU�

�3&��%0��DV�DFFHSWRU�PDWHULDO��3RVW�WUHDWPHQW�RI�WKH�SKRWRDFWLYH�OD\HUV�LV�SHUIRUPHG�YLD�VRO�

YHQW�YDSRU�DQQHDOLQJ��69$�� LQ�RUGHU� WR� LPSURYH� WKH�ILOP�PLFURVWUXFWXUH�RI� WKH�EXON�KHWHUR�

MXQFWLRQ��7KH�WLPH�HYROXWLRQ�RI�QDQRVFDOH�PRUSKRORJLFDO�FKDQJHV�LV�DFFRPSDQLHG�E\�FRPEL�

QLQJ�VFDQQLQJ�WUDQVPLVVLRQ�HOHFWURQ�PLFURVFRS\�ZLWK�ORZ�HQHUJ\�ORVV�VSHFWURVFRS\��67(0�

6,��� VROLG�VWDWH� DEVRUSWLRQ� VSHFWURVFRS\�� DQG� WZR�GLPHQVLRQDO� JUD]LQJ� LQFLGHQFH� ;�UD\� GLI�

IUDFWLRQ���'�*,;5'���2XU�UHVXOWV�VKRZ�DQ�LPSURYHPHQW�RI�WKH�SKRWRYROWDLF�SHUIRUPDQFH�GH�

SHQGHQW�RQ�WKH�EUDQFKLQJ�SRLQW�SRVLWLRQ�LQ�WKH�GRQRU�ROLJRPHU��2SWLFDO�VSDFHUV�DUH�XWLOL]HG�WR�

LQFUHDVH�OLJKW�DEVRUSWLRQ�LQVLGH�WKH�FR�ROLJRPHU���EDVHG�%+-6&V�OHDGLQJ�WR�LQFUHDVHG�SRZHU�

FRQYHUVLRQ�HIILFLHQFLHV��3&(��RI������ZKHQ�FRPSDUHG�WR�FRUUHVSRQGLQJ�FR�ROLJRPHU���EDVHG�

GHYLFHV��67(0�6,� DQDO\VLV�RI� UHVSHFWLYH�GHYLFH� FURVV�VHFWLRQV�RI� DFWLYH� OD\HUV� FRQWDLQLQJ���

DQG���DV�GRQRU�PDWHULDOV�LQGHHG�UHYHDO�VLJQLILFDQW�GLIIHUHQFHV�LQ�WKHLU�UHVSHFWLYH�DFWLYH�OD\HU�

PRUSKRORJ\���

�

���,QWURGXFWLRQ�

,Q�UHFHQW�\HDUV��EXON�KHWHURMXQFWLRQ�VRODU�FHOOV��%+-6&��FRQVLVWLQJ�RI�D�SKRWRDFWLYH�OD\HU��LQ�

ZKLFK�WKH�GRQRU�DQG�DFFHSWRU�FRPSRQHQWV�IRUP�LQWHUGLJLWDWLQJ�QHWZRUNV��KDYH�SURYHQ�WKHP�
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VHOYHV�DV�D�SURPLVLQJ�GHYLFH�VWUXFWXUH�IRU�KLJK�SHUIRUPDQFH�VRODU�FHOOV�>�@�/DWHO\��KXJH�DGYDQ�

FHV�ZHUH�DFFRPSOLVKHG�LQ�WHUPV�RI�GHYHORSLQJ�ROLJRPHULF�GRQRU�PDWHULDOV��RIWHQ�UHIHUUHG�WR�DV�

VPDOO�PROHFXOHV��ZLWK�WDLORUHG�RSWRHOHFWURQLF�SURSHUWLHV�DV�ZHOO�DV�DOWHUQDWLYH�GHYLFH�DUFKLWHF�

WXUHV�DQG�RSWLPL]DWLRQ�PHWKRGV�UHVXOWLQJ�LQ�HIILFLHQFLHV��3&(��DERYH�����LQ�VLQJOH�MXQFWLRQ�

GHYLFHV�>�±�@�7KH�NH\� WR� VXFK�KLJKO\�HIILFLHQW� VRODU�FHOOV�DOVR� OLHV� LQ� WKH�FRQWURO�RI� WKH�DFWLYH�

OD\HU�PRUSKRORJ\��PRUH�SUHFLVHO\�� LQ� WKH� VSDWLDO� GLVWULEXWLRQ� DQG� WKH�GRPDLQ� VL]H�RI�GRQRU��

DQG�DFFHSWRU�ULFK�SKDVHV��7KH�EOHQG�OD\HU�PRUSKRORJ\�LV�D�GHOLFDWH�HTXLOLEULXP��ZKLFK�FDQ�EH�

DGMXVWHG�E\� WKH�XVH�RI�DGGLWLYHV�� WKHUPDO�DQQHDOLQJ��RU�VROYHQW�YDSRU�DQQHDOLQJ� �69$���7KH�

ODWWHU�SRVW�WUHDWPHQW�PHWKRG��LQ�ZKLFK�WKH�FDVWHG�EOHQG�OD\HUV�DUH�H[SRVHG�WR�VROYHQW�YDSRU�IRU�

DQ�H[DFW�SHULRG�RI�WLPH�ZDV�IRXQG�WR�EH�WKH�PRVW�HIIHFWLYH�DOWHUQDWLYH�IRU�KLJKO\�VROXEOH�$�'�

$�W\SH�ROLJRWKLRSKHQHV��DV�SUHYLRXVO\�UHSRUWHG�>�±�@�

7KH�GHVLJQ�RI�SKRWRDFWLYH�PDWHULDOV�W\SLFDOO\�IRFXVHV�RQ�WKH�GHYHORSPHQW�RI�QRYHO���FRQ�

MXJDWHG�EDFNERQHV�RU�WKH�PRGLILFDWLRQ�WKHUHRI��,Q�FRQWUDVW��OHVV�HIIRUW�ZDV�LQYHVWHG�LQ�WKH�GH�

YHORSPHQW�RI�IOH[LEOH�VLGH�FKDLQV�VLQFH�WKH\�ZHUH�PHUHO\�LQWURGXFHG�DV�VROXELOL]LQJ�JURXSV�WR�

HQDEOH�SXULILFDWLRQ� DQG� WR� IDFLOLWDWH� VDWLVIDFWRU\�SURFHVVLQJ� FRQGLWLRQV��*HQHUDOO\�� DON\O� VLGH�

FKDLQV�DUH�UHJDUGHG�DV�LQVXODWLQJ�SDUWV�RI�WKH�PDWHULDO�ZLWK�QHJOLJLEOH�LQIOXHQFH�RQ�RSWRHOHF�

WURQLF�SURSHUWLHV�RI���FRQMXJDWHG�V\VWHPV��7KHLU�VLJQLILFDQW�LPSDFW�RQ�PROHFXODU�SDFNLQJ��WKLQ�

ILOP�PRUSKRORJ\��DQG�KHQFH�GHYLFH�SHUIRUPDQFH�LV�VRPHWLPHV�XQGHUHVWLPDWHG�DQG�WKH�REWDL�

QHG�UHVXOWV�IRU�PDWHULDOV�ZLWK�GLIIHUHQW�DON\O�VLGH�FKDLQV�ZHUH�SDUWLFXODUO\�UHODWHG�WR�GLIIHUHQW�

VROXELOLW\��%HVLGHV�SURYLGLQJ�VXIILFLHQW�VROXELOLW\��EUDQFKHG�DON\O�FKDLQV�DWWDFKHG�WR�WKH���FRQ�

MXJDWHG�EDFNERQH�DOVR�DIIHFW�SDFNLQJ�SURSHUWLHV�RI�RUJDQLF�VHPLFRQGXFWRUV��,QWHUHVWLQJO\��WKH�

PRVW�FRPPRQO\� XVHG� EUDQFKHG� DON\O� FKDLQV� KDYH� WKHLU� EUDQFKLQJ� SRLQW� DW� WKH� &��SRVLWLRQ��

H�J��� ��HWK\OKH[\O� RU� ��KH[\OGHF\O�� PRVW� SUREDEO\� RZHG� WR� D� JRRG� DYDLODELOLW\� RI� FRUUHV�

SRQGLQJ�EXLOGLQJ�EORFNV�DQG�UHDJHQWV�>�@�+RZHYHU��D�EUDQFKLQJ�SRLQW�DW�WKH�&��SRVLWLRQ�PD\�

FDXVH�D�VWHULF�UHSXOVLRQ�EHWZHHQ�WKH���V\VWHP�DQG�WKH�DON\O�VLGH�FKDLQ�>�@��

Page 3 of 30 Organic Chemistry Frontiers

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

O
rg

an
ic

C
he

m
is

tr
y

Fr
on

tie
rs

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 0
2 

M
ay

 2
01

7.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

ol
or

ad
o 

at
 B

ou
ld

er
 o

n 
02

/0
5/

20
17

 1
3:

52
:5

6.
 

View Article Online
DOI: 10.1039/C7QO00222J

http://dx.doi.org/10.1039/c7qo00222j


7KH�JURXS�RI�3DUN�LQYHVWLJDWHG�WKH�HIIHFW�RI�VLGH�FKDLQ�FKDUDFWHULVWLFV�RQ�WKH�SKRWRYROWDLF�

SHUIRUPDQFH�IRU�FR�ROLJRPHUV�GHFRUDWHG�ZLWK�EUDQFKHG���HWK\OKH[\O� LQ�FRPSDULVRQ�WR�OLQHDU�

RFW\O�VLGH�FKDLQV�DW�WKH�FHQWUDO�EHQ]RGLWKLRSKHQH��%'7��PRLHWLHV�>��@�2SWRHOHFWURQLF�FKDUDFWH�

UL]DWLRQ�SRLQWHG�WR�VOLJKWO\�KLJKHU�DEVRUSWLRQ��D�VPDOOHU�EDQG�JDS��DQG�D�PRUH�SODQDU�VWUXFWXUH�

IRU�WKH�ROLJRPHU�FRPSULVLQJ�WKH�EUDQFKHG�VLGH�FKDLQV��7KLV�UDWKHU�XQH[SHFWHG�UHVXOW�ZDV�DOVR�

UHIOHFWHG�LQ�D�VXSHULRU�KROH�PRELOLW\�DQG�SKRWRYROWDLF�SURSHUWLHV�FRPSDUHG�WR�WKH�RFW\O�VXEVWL�

WXWHG�FR�ROLJRPHU�������YV������HIILFLHQF\���7KLV�HIIHFW�ZDV�DVFULEHG�WR�WKH�WLJKWHU�SDFNLQJ�

RI�WKH���HWK\OKH[\O�VXEVWLWXWHG�FR�ROLJRPHU�DV�HYLGHQFHG�IURP�;5'�DQDO\VLV��

,Q�WKLV�UHVSHFW��WKH�JURXS�RI�3HL�LQYHVWLJDWHG�KRZ�WKH�SRVLWRQ�RI�WKH�EUDQFKLQJ�SRLQW�LQ�DO�

N\O� VLGH� FKDLQV� LQIOXHQFHG� WKH� FKDUJH� FDUULHU� WUDQVSRUW� SURSHUWLHV� RI� LVRLQGLJR�EDVHG� SRO\�

PHUV�>��@�$OWKRXJK�LW�PD\�VHHP�WKDW�SRO\PHULF�ILHOG�HIIHFW�WUDQVLVWRUV�DUH�RII�WKH�WRSLF�RI�ROLJR�

PHU�EDVHG�%+-6&V�� WKH�REWDLQHG� UHODWLRQVKLS�EHWZHHQ�VLGH�FKDLQ�PRGLILFDWLRQ�DQG�PRELOLW\�

LQ�WKLQ�ILOPV�VKRXOG�EH�DV�ZHOO�DSSOLFDEOH�WR���FRQMXJDWHG�ROLJRPHULF�GRQRU�PDWHULDOV�DQG�PD\�

KHOS�WR�GHGXFH�LPSRUWDQW�GHVLJQ�UXOHV��,W�WXUQHG�RXW�WKDW�SRO\PHUV�ZLWK�DQ�DON\O�FKDLQ�EUDQFK�

LQJ�SRLQW�DW�WKH�&��FDUERQ�DWRP�JDYH�WKH�KLJKHVW�KROH�PRELOLWLHV�PDQLIHVWLQJ�LWVHOI�DV�DQ�HPSL�

ULFDO�RSWLPXP��7KLV�UHODWLRQVKLS�ZDV�DOVR�REVHUYHG�E\�RWKHU�UHVHDUFKHV�DQG�REYLRXVO\�FRQVWL�

WXWHV�D�UHFXUULQJ�SKHQRPHQRQ�>��@��

,QVSLUHG�E\�WKHVH�VWXGLHV��WKH�VWUDWHJ\�WR�VWUXFWXUDOO\�RSWLPL]H�KLJKO\�HIILFLHQW�$�'�$�ROL�

JRWKLRSKHQH����ZKLFK�FRPSULVHV�D���KH[\OGHF\O�FKDLQ�DW�WKH�FHQWUDO�QLWURJHQ�RI�WKH�GLWKLHQR�

S\UUROH��'73��XQLW��)LJXUH����WRS��DQG�JLYHV�H[FHOOHQW�UHVXOWV�LQ�VROXWLRQ�SURFHVVHG�EXON�KHWH�

URMXQFWLRQ�VRODU�FHOOV��%+-6&��>�±�@�ZDV�WKH�PRYHPHQW�RI�WKH�EUDQFKLQJ�SRLQW�RI�WKH���KH[\O�

GHF\O�FKDLQ�LQ���WR�WKH�&��SRVLWLRQ�UHVXOWLQJ�LQ�D���KH[\OGHF\O�VLGH�FKDLQ�LQ����)LJXUH����ERW�

WRP���%\� WKLV� UHODWLYHO\� VXEWOH� VWUXFWXUDO�PRGLILFDWLRQ� UHDOL]HG� LQ�GHULYDWLYH����ZKLFK� UHSUH�

VHQWV�DQ�LVRPHU�RI���� WKH�RSWRHOHFWURQLF�SURSHUWLHV�VKRXOG�UHPDLQ�UDWKHU�XQFKDQJHG��ZKHUHDV�

WKH�PROHFXODU�SDFNLQJ�DQG�WKH�PRUSKRORJ\�RI�WKH�SKRWRDFWLYH�OD\HU�LQ�WKH�%+-�PLJKW�EH�LQIOX�
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IRU�WKH�SUHSDUDWLRQ�RI�WKH�FHQWUDO�1����KH[\OGHF\O��GLWKLHQR>����E��¶��¶�G@S\UUROH�XQLW�����¶�GL�

EURPR����¶�ELWKLRSKHQH�����ZKLFK� LV�REWDLQHG�DFFRUGLQJ� WR�D� OLWHUDWXUH�SURFHGXUH�>��@� VKRXOG�

EH� UHDFWHG�ZLWK� ��KH[\OGHFDQ���DPLQH���� YLD� 3G�FDWDO\]HG� GRXEOH� %XFKZDOG�+DUWZLJ� DPL�

QDWLRQ��$PLQH����LV�QHLWKHU�FRPPHUFLDOO\�DYDLODEOH�QRU�UHSRUWHG�LQ�OLWHUDWXUH��7KH�V\QWKHVLV�RI�

SULPDU\� DPLQHV� FRPSULVLQJ� ORQJHU� DON\O� FKDLQV� EUDQFKHG� DW� &��� IRU� H[DPSOH� ��GHF\OWHWUD�

GHFDQ���DPLQH��ZDV�GHVFULEHG�LQ�D�SDWHQW��ZKLFK�ZDV�XVHG�DV�D�JXLGHOLQH�IRU�RXU�V\QWKHVLV�RI�

��KH[\OGHFDQ���DPLQH����>��@�7KH�V\QWKHVLV�RI�SUHFXUVRU���ZDV�SHUIRUPHG�DFFRUGLQJ�WR�WKH�SD�

WHQW��ZKHUHDV� WKH�VXEVHTXHQW�V\QWKHWLF�VWHSV�ZHUH�QRW�DOZD\V�DSSOLFDEOH� IRU� WKH�V\QWKHVLV�RI�

DPLQH����DQG�ZHUH�FKDQJHG�RU�RSWLPL]HG��7KHUHIRUH��ZH�KHUH�GHVFULEH�WKLV�V\QWKHVLV�LQ�GHWDLO�

DQG�WKH�ILQDO�HODERUDWHG�V\QWKHWLF�URXWH�LV�GHSLFWHG�LQ�6FKHPH����

� $V�WKH�ILUVW�VWHS��FRPPHUFLDOO\�DYDLODEOH�����EXWDQHGLROH���ZDV�SURWHFWHG�DW�RQH�K\GUR[\O�

PRLHW\�E\�D�EHQ]\O�JURXS�WR�\LHOG���LQ�����\LHOG�>��@�7KH�QH[W�VWHS�ZDV�WKH�-RQHV�R[LGDWLRQ�RI�

WKH�IUHH�K\GUR[\O�JURXS�WR�D�FDUER[\OLF�DFLG�DQG�VXEVHTXHQW�HVWHULILFDWLRQ�WR�JLYH�LQWHUPHGLDWH�

��LQ�����\LHOG��(VWHU���ZDV�UHDFWHG�ZLWK�WKH�*ULJQDUG�UHDJHQW�RI���EURPRKH[DQH�WR�WHUWLDU\�DO�

FRKRO����ZKLFK�ZDV�LVRODWHG�DV�D�FRORUOHVV�OLTXLG�LQ�����\LHOG��7KH�IRUPDO�HOLPLQDWLRQ�RI�ZD�

WHU�IURP���ZDV�SHUIRUPHG�XVLQJ�(W�6L+�DQG�DQ�H[FHVV�RI�WULIOXRUR�DFHWLF�DFLG��7)$��DQG�����

RI�ROHILQ���ZHUH�REWDLQHG��7KH�VXEVHTXHQW�FDWDO\WLF�K\GURJHQDWLRQ�RI�WKH�ROHILQLF�GRXEOH�ERQG�

LQ���WR�DOFRKRO���ZDV�DFKLHYHG�LQ�����\LHOG�E\�LQWURGXFLQJ�K\GURJHQ�JDV�LQ�D�FRQWLQXRXV�IORZ�

WKURXJK� WKH� UHDFWLRQ�PL[WXUH�� 7KH� UHVXOWLQJ� EUDQFKHG� DOFRKRO��� ZDV� LRGLQDWHG� XQGHU�$SSHO�

FRQGLWLRQV�ZLWK�33K�� DV� OLJDQG�DQG� LPLGD]ROH�DV�EDVH� UHVXOWLQJ� LQ���KH[\O���LRGRGHFDQ��� LQ�

����\LHOG��,Q�D�QXFOHRSKLOLF�VXEVWLWXWLRQ�UHDFWLRQ�RI�LRGLGH���ZLWK�VRGLXP�D]LGH�LQ�'0)��WKH�

FRUUHVSRQGLQJ�D]LGH����ZDV�REWDLQHG�LQ�����\LHOG�ZKLFK�ZDV�IXUWKHU�FRQYHUWHG�WR�WDUJHW���

KH[\OGHFDQ���DPLQH����LQ�����\LHOG�E\�UHGXFWLRQ�ZLWK�/L$O+���

� ,Q� WKH� QH[W� VWHS� WR�'73�ROLJRWKLRSKHQH���� ���¶�GLEURPR����¶�ELWKLRSKHQH����ZDV� UHDFWHG�

ZLWK�DPLQH����LQ�D�3G�FDWDO\]HG�%XFKZDOG�+DUWZLJ�DPLQDWLRQ�WR�JLYH���KH[\OGHF\O�VXEVWLWX�

WHG�'73����LQ�����\LHOG��)XOO�FRQYHUVLRQ�RI�'73����WR�GLVWDQQ\O����ZDV�DFKLHYHG�ZLWK�����
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���2SWLFDO�DQG�HOHFWURFKHPLFDO�SURSHUWLHV�

7KH�RSWLFDO�SURSHUWLHV�RI�ROLJRPHU���ZHUH�LQYHVWLJDWHG�E\�89�YLV�VSHFWURVFRS\�LQ�GLFKORUR�

PHWKDQH��'&0��VROXWLRQ�DQG�ZHUH�FRPSDUHG�WR�WKRVH�RI����7KH�RSWLFDO�GDWD�LV�VXPPDUL]HG�LQ�

7DEOH����7KH�DEVRUSWLRQ�VSHFWUXP�RI���H[KLELWHG�WZR�PDLQ�DEVRUSWLRQ�EDQGV�ZLWK�PD[LPD�DW�

����QP�DQG�����QP��UHVSHFWLYHO\��DORQJ�ZLWK�D�JRRG�VSHFWUDO�FRYHUDJH�EHWZHHQ���������QP�

DV�GHSLFWHG�LQ�)LJXUH��D��7KH�KLJK�HQHUJ\�DEVRUSWLRQ�EDQG�LV�DVVLJQHG�WR�����WUDQVLWLRQV�RI�

WKH�ROLJRWKLRSKHQH�EDFNERQH��ZKHUHDV�WKH�ORZ�HQHUJ\�WUDQVLWLRQ�EDQG�GLVSOD\V�D�KLJK�GHJUHH�

RI�LQWHUQDO�FKDUJH�WUDQVIHU��,&7��FKDUDFWHU��7KLQ�ILOPV�IRU�VROLG�VWDWH�DEVRUSWLRQ�VSHFWUD�RI�ROL�

JRPHU���ZHUH�SUHSDUHG�E\�VSLQ�FRDWLQJ�D�FRUUHVSRQGLQJ�VROXWLRQ��F� ���PJ�P/��� LQ�FKORUR�

IRUP�� RQ� JODVV� VXEVWUDWHV� DQG� WKH� 89�YLV� VSHFWUXP� LV� DV� ZHOO� GHSLFWHG� LQ� )LJXUH� �D�� 7KH�

DEVRUSWLRQ�EDQGV�DQG�WKH�RQVHW�RI���ZHUH�UHG�VKLIWHG�E\�DSSUR[LPDWHO\�����QP�FRPSDUHG�WR�

WKH�VROXWLRQ�VSHFWUXP�OHDGLQJ�WR�D�GHFUHDVHG�RSWLFDO�JDS�RI�����H9�LQ�WKH�QHDW�ILOP��7DEOH�����

7KLV� W\SLFDO� HIIHFW�ZH�DGGUHVV� WR� LQFUHDVHG� SODQDUL]DWLRQ� DQG����� VWDFNLQJ� RI� WKH� ROLJRPHUV�

XSRQ�VROLGLILFDWLRQ��

���� ���� ���� ���� ��� ��� ������ ��� ��� ��� ���

�

�

�

1
R
UP
��
D
E
V
R
UE
D
Q
F
H
�>
D
�X
�@

:DYHOHQJWK�>QP@

,�
>P
$
@

(�>9@�YV��)F�)F
�

���$

�

)LJXUH����D��$EVRUSWLRQ�VSHFWUXP�RI�ROLJRPHU���LQ�'&0�VROXWLRQ��EROG�OLQH��DQG�DV�WKLQ�ILOP�RQ�D�JODVV�VXEVWUDWH�

�GRWWHG�OLQH���E��&\FOLF�YROWDPPRJUDP�RI���PHDVXUHG�LQ�'&0�XVLQJ��Q�%X��13)�������0��DV�VXSSRUWLQJ�HOHFWUR�

O\WH�DW�����P9�V����F� ������0�DW�URRP�WHPSHUDWXUH��

�

7KH�UHGR[�SURSHUWLHV�RI�ROLJRWKLRSKHQHV���ZHUH�GHWHUPLQHG�E\�F\FOLF�YROWDPPHWU\�LQ�'&0�

DQG� WHWUDEXW\ODPPRQLXP� KH[DIOXRURSKRVSKDWH� ��Q�%X��13)��� DV� VXSSRUWLQJ� HOHFWURO\WH� DQG�
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ZHUH�FRPSDUHG�WR�WKRVH�RI����)LJXUH��E���5HGR[�SRWHQWLDOV��WKH�HOHFWURFKHPLFDO�JDSV��DV�ZHOO�

DV�+202��KLJKHVW�RFFXSLHG�PROHFXODU�RUELWDO��DQG�/802��ORZHVW�XQRFFXSLHG�PROHFXODU�RU�

ELWDO��HQHUJ\�OHYHOV�DUH�VXPPDUL]HG�LQ�7DEOH����7ZR�UHYHUVLEOH�RQH�HOHFWURQ�R[LGDWLRQ���[�Hí��

SURFHVVHV��(R[��§������9��(R[��§������9��ZHUH�REVHUYHG�IRU�WKH�WZR�ROLJRPHUV���DQG���DW�QHDU�

O\�WKH�VDPH�SRWHQWLDOV��ZKLFK�DUH�DVVLJQHG�WR�WKH�IRUPDWLRQ�RI�VWDEOH�UDGLFDO�FDWLRQV�DQG�GLFDW�

LRQV�� UHVSHFWLYHO\�� ORFDWHG� RQ� WKH� FHQWUDO� ROLJRWKLRSKHQH� EORFN�� ,Q� WKH� QHJDWLYH� SRWHQWLDO�

UHJLPH�� DQ� LUUHYHUVLEOH� UHGXFWLRQ�ZDYH� IRU� WKH� VLPXOWDQHRXV� UHGXFWLRQ�RI� WKH�'&9�DFFHSWRU�

XQLWV��(UHG��§�������9��KDV�EHHQ�REVHUYHG��7KH�+202��§�������H9��DQG�/802�HQHUJ\�OHYHOV�

�§�������H9��RI� WKH�WZR�ROLJRPHUV�ZHUH�FDOFXODWHG�IURP� WKH�RQVHW�RI� WKH� ILUVW�R[LGDWLRQ�DQG�

UHGXFWLRQ� ZDYH�� 7KH� UHVXOWLQJ� HOHFWURFKHPLFDO� JDSV� ZHUH� DURXQG� ����� H9�� 7KH� YHU\� VPDOO�

YDULDWLRQ�RI� WKH�DEVRUSWLRQ�DQG� UHGR[�SRWHQWLDO�GDWD� IRU� WKH� WZR� LVRPHULF�ROLJRPHUV��� DQG���

ZHOO�UHIOHFWV�WKDW�DV�H[SHFWHG�WKH�GLIIHUHQW�VLGH�FKDLQV�DQG�EUDQFKLQJ�SRVLWLRQ�DW�WKH�'73�XQLW�

RQO\�PDUJLQDOO\� LQIOXHQFHV� WKH� HOHFWURQLF� SURSHUWLHV� RI� WKH� FRQMXJDWHG� EDFNERQH� LQ� VROXWLRQ�

DQG�LQ�WKLQ�ILOPV��

���

7DEOH����2SWLFDO�DQG�HOHFWURFKHPLFDO�GDWD�RI�ROLJRPHU���FRPSDUHG�WR��>�@���
�

2OLJR�

PHU�
ODEV

VRO�

>QP@D�

H�

>0���FP��@�

(J
RSW�VRO�

>H9@D�

ODEV�ILOP�

>QP@E�

(J
RSW�ILOP�

>H9@E�

�

�

(R[��

>9@F�

(R[��

>9@F�

(UHG�
�

>9@F�

+202�

>H9@G�

/802�

>H9@G�

(J
&9�

>H9@H�

�� ��������� ������ ���� ��������I� ���� � ����� ����� ������ ������ ������ �����

�� ��������� ������ ���� ��������I� ���� � ����� ����� ������ ������ ������ �����

D�$EVRUSWLRQ�PHDVXUHG�LQ�'&0�VROXWLRQ��F� ������0����PD[�LV�XQGHUOLQHG��
E�)LOP�VSLQ�FRDWHG�IURP�&+&O��VROXWLRQ��

F�&9�PHDVXUHG�LQ�'&0��Q�

%X��13)������0��DV�VXSSRUWLQJ�HOHFWURO\WH��SRWHQWLDOV�YV��)F�)F��DW�����P9�V����G�(+202�DQG�(/802�FDOFXODWHG�IURP�WKH�RQVHW�RI�(R[��DQG�(UHG���

UHVSHFWLYHO\��UHODWLYH�WR�WKH�)F�)F��FRXSOH�ZLWK�D�FDOFXODWHG�DEVROXWH�HQHUJ\�RI������H9�YV�YDFXXP��H�%DQG�JDS�FDOFXODWHG�ZLWK�û(&9� �(+202�

��(/802��
I�6KRXOGHU��

�

���3KRWRYROWDLF�SHUIRUPDQFH�

,Q�RUGHU�WR�HYDOXDWH�WKH�SKRWRYROWDLF�SURSHUWLHV�RI�ROLJRPHU���FRPSDUHG�WR�WKH�IRUPHU�GR�

QRU����ZH�VROXWLRQ�SURFHVVHG�%+-6&V�XVLQJ�D�UHJXODU�GHYLFH�VWUXFWXUH�FRQVLVWLQJ�RI�D�JODVV��

,72�3('27�366�ROLJRPHU���3&��%0�=Q2�$O� VWDFN� DV� VKRZQ� LQ�)LJXUH� ��� ,PSRUWDQWO\�� WKH�

GHYLFH�VWUXFWXUH�DV�ZHOO�DV� WKH�69$�VHWXS�ZHUH� LGHQWLFDO� WR�RXU� UHFHQW�VWXG\�XVLQJ��� DV�GR�
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)LUVW�RSWLPL]DWLRQ�H[SHULPHQWV�VKRZHG�D�FOHDU�WUHQG�WKDW�EOHQG�VROXWLRQV�ZLWK�D�'�$�UDWLR�

RI�����DIIRUGHG�WKH�EHVW�UHVXOWV�LQ�WHUPV�RI�-6&�DQG�3&(��)XUWKHUPRUH��ZH�REVHUYHG�WKDW�D�GR�

QRU�FRQFHQWUDWLRQ�RI���PJ�PO�OHG�WR�EHWWHU�GHYLFH�SHUIRUPDQFH�DQG�WR�DQ�DFWLYH�OD\HU�WKLFNQHVV�

RI�DSSUR[LPDWHO\����QP�ZKLFK�ZDV�GHWHUPLQHG�DV�RSWLPDO��VLQFH�WKH�EHVW�SKRWRYROWDLF�SDUD�

PHWHUV� IRU� XQWUHDWHG� DQG� SRVW�WUHDWHG� GHYLFHV� ZHUH� REWDLQHG� IRU� WKLV� OD\HU� WKLFNQHVV�� 7KH�

RSWLPL]DWLRQ� RI� WKH� RSWLFDO� VSDFHU� OD\HU� FRQVLVWLQJ� RI� =Q2� UHVXOWHG� LQ� DQ� RSWLPDO� OD\HU�

WKLFNQHVV�RI����QP��$V�FDVW�GHYLFHV�JDYH�D�UDWKHU�ORZ�SHUIRUPDQFH�ZLWK�-6&�RI������P$�FP
���

FRPELQHG�ZLWK�92&�RI������9�DQG�))�RI������UHVXOWLQJ�LQ�D�GHYLFH�HIILFLHQF\�RI��������,Q�

DFFRUGDQFH� WR� RXU� UHFHQW� ZRUN�>�@� WKH� 3&(� ZDV� GUDVWLFDOO\� LQFUHDVHG� WR� ������� ZKHQ� WKH�

SKRWRDFWLYH�OD\HU�ZDV�SRVW�WUHDWHG�ZLWK�FKORURIRUP�YDSRU��69$��IRU�RQO\����V�DIWHU�FRDWLQJ��

69$�PDLQO\�LQIOXHQFHG�WKH�SKRWRFXUUHQW�GHQVLW\�DQG�WKH�ILOO�IDFWRU��$Q�LQFUHDVH�RI�WKH�69$�

WLPH�WR����V�JDYH�DQ�H[FHOOHQW�GHYLFH�SHUIRUPDQFH�ZLWK�D�3&(�RI��������D�-6&�RI�������P$�

FP����D�92&�RI������9��DQG�))�RI������)LJXUH��D���7KHVH�FRQGLWLRQV�ZHUH�REYLRXVO\�FORVH�WR�

RSWLPXP� VLQFH� ORQJHU� 69$� WLPHV� ���� V�� UHVXOWHG� LQ� GHWHULRUDWLRQ� RI� WKH� SKRWRYROWDLF�

SDUDPHWHUV� �7DEOH� ���� &RPSDULQJ� RSWLPL]HG� SKRWRYROWDLF� GDWD� REWDLQHG� IRU� WKH� QRYHO� ���

KH[\OGHF\O��'73� ROLJRWKLRSKHQH� �� ZLWK� GDWD� RI� LVRPHULF� �� ���KH[\OGHF\O�� SUHSDUHG� XQGHU�

LGHQWLFDO�69$�FRQGLWLRQV�RI����V��DOVR�\LHOGHG�WKH�EHVW�SHUIRUPDQFH�RI�-6&� �������P$�FP
����

92&� ������9��DQG�))� �����OHDGLQJ�WR�D�3&(�RI�������
>�@�,W�LV�ZRUWK�WR�HPSKDVL]H�WKDW�FRP�

SDUHG� WR� VRODU� FHOOV� ZLWK� ROLJRPHU� �� WKH� SKRWRFXUUHQW� ZDV� LQFUHDVHG� E\� DERXW� �� P$�FP���

)XUWKHUPRUH��WKH�LQFUHDVH�RI�WKH�ILOO�IDFWRU�WR�����REWDLQHG�IRU�D�GHYLFH�RI�DQ�DFWLYH�DUHD�RI�

����FP��LQGLFDWHV�KLJKO\�HIILFLHQW�FKDUJH�FDUULHU�H[WUDFWLRQ�DQG�ORZ�UHFRPELQDWLRQ�LQVLGH�GHYL�

FHV�EDVHG�RQ�ROLJRPHU����+RZHYHU��FRPSDULQJ�WKH�92&�LQ�RSWLPL]HG�GHYLFHV��ZH�VHH�WKDW�DIWHU�

RSWLPL]DWLRQ� GHYLFHV� EDVHG� RQ��� VKRZHG� D� FOHDU� ORVV� RI� DURXQG� ���P9� FRPSDUHG� WR� ��� DO�

WKRXJK�WKH�HQHUJ\�OHYHO�RI�ERWK�PROHFXOHV�DUH�LGHQWLFDO��7KH�GLIIHUHQFH�PD\�EH�UHODWHG�WR�WKH�

QDQRVFDOH�PRUSKRORJ\�RI�WKH�SKRWRDFWLYH�OD\HU��ZKLFK�ZLOO�EH�GLVFXVVHG�ODWHU��

�

Page 11 of 30 Organic Chemistry Frontiers

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

O
rg

an
ic

C
he

m
is

tr
y

Fr
on

tie
rs

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 0
2 

M
ay

 2
01

7.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

ol
or

ad
o 

at
 B

ou
ld

er
 o

n 
02

/0
5/

20
17

 1
3:

52
:5

6.
 

View Article Online
DOI: 10.1039/C7QO00222J

http://dx.doi.org/10.1039/c7qo00222j


7DEOH����3KRWRYROWDLF�SDUDPHWHUV�RI�%+-6&V�FRQWDLQLQJ�ROLJRPHU���DV�GRQRU�DQG�3&��%0�DV�DFFHSWRU�LQ�D�EOHQG�

UDWLR�RI�����LQ�GHSHQGHQFH�RI�WKH�VROYHQW�YDSRU�DQQHDOLQJ��69$��WLPH��FKORURIRUP���7KH�GDWD�LV�FRPSDUHG�WR�WKLV�

RI�ROLJRPHU����ZKLFK�ZDV�LQYHVWLJDWHG�XVLQJ�LGHQWLFDO�GHYLFH�VHWXSV�DQG�LQWHUIDFLDO�OD\HUV�DV�SXEOLVKHG�UHFHQWO\�>�@�

�

�

�

�

�

�

)LJXUH� ��� D�� -�9�FXUYHV�� E�� (4(� VSHFWUD�� F�� VROLG�VWDWH� DEVRUSWLRQ� VSHFWUD�� DQG� G�� ,4(� VSHFWUD� RI� %+-�6&V�

FRQWDLQLQJ�ROLJRPHU���DV�GRQRU�DQG�3&��%0�DV�DFFHSWRU�������EHIRUH�DQG�DIWHU����V�RI�69$�ZLWK�FKORURIRUP��

�

7KH�HIIHFW�RI�69$�LV�DV�ZHOO�YHU\�FOHDUO\�VHHQ�LQ�WKH�(4(�DQG�,4(�VSHFWUD�EHIRUH�DQG�DIWHU�

WKH�WUHDWPHQW��2YHU�WKH�ZKROH�DEVRUSWLRQ�UHJLPH����������QP��WKH�TXDQWXP�HIILFLHQFLHV�DUH�

LPSURYHG�E\�D�IDFWRU�RI�����UHDFKLQJ�����(4(�#�����QP�DQG�����,4(�#���������QP��UHV�

SHFWLYHO\��)LJXUH��E���G���7KH�YDVW�HQKDQFHPHQW�LQ�VRODU�FHOO�SHUIRUPDQFH�DIWHU����VHFRQGV�RI�

69$�VXJJHVWV�FKDQJHV�LQ�WKH�DFWLYH�OD\HU�PRUSKRORJ\��7KH�WKLQ�ILOP�DEVRUSWLRQ�RI�WKH�DV�FDVW�

DFWLYH�OD\HU�GLVSOD\HG�D�SURPLQHQW�DEVRUSWLRQ�EDQG�LQ�WKH�KLJK�HQHUJ\�UHJLRQ�GXH�WR�3&��%0��

ZKHUHDV�WKH�ROLJRPHU�DEVRUSWLRQ�DW�ZDYHOHQJWKV�DERYH�����QP�VKRZHG�VLJQLILFDQWO\�ORZHU�LQ�

2OLJRPHU� 69$��

>V@�
-6&��

>P$�FP��@�
92&��

>9@�
))��

>�@�
3&(PD[�

>�@�

�� �� ����� ����� ��� �����

�� ��� ������ ����� ��� �����

�� ��� ������ ����� ��� �����

�� ��� ������ ����� ��� �����

�� ��� ������ ����� ��� �����

D�� E��

F���� G��
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WHQVLW\��)LJXUH��F���7KHVH�ILQGLQJV�FRUUHVSRQG�WR�WKH�ORZ�SKRWRYROWDLF�SHUIRUPDQFH�RI�WKH�FRU�

UHVSRQGLQJ�GHYLFH�GXH�WR�ORZ�-VF�FDXVHG�E\�ORZ�DEVRUSWLYLW\�RI�WKH�ROLJRPHU�ZKLFK�LV�FDXVHG�

E\�XQIDYRUDEOH�RULHQWDWLRQ�RI�WKH�GRQRU�PROHFXOHV��$IWHU����V�RI�69$��WKH�DEVRUSWLRQ�LQWHQVLW\�

IRU�WKH�ROLJRPHU�VWURQJO\� LQFUHDVHG�LQGLFDWLQJ�WKDW� WKH�69$�WUHDWPHQW� OHG�WR�KLJKHU�RUGHU�RI�

WKH�GRQRU�PDWHULDO�>���@�:KLOH�FKDQJHV�LQ�WKH�DEVRUSWLRQ�VSHFWUXP�DUH�VLPLODU�IRU�WKH�WZR�PROH�

FXOHV���DQG����WKH�(4(�VSHFWUD�RI���VKRZHG�KLJKHU�(4(�YDOXHV�LQ�WKH�DEVRUSWLRQ�UDQJH�RI�WKH�

ROLJRPHU����������QP��LQGLFDWLQJ�WKDW�WKH�SKRWRFXUUHQW�JHQHUDWLRQ�LQVLGH�WKH�GRQRU�SKDVH�LV�

LPSURYHG�FRPSDUHG�WR�GHYLFHV�XVLQJ�ROLJRPHU����,Q�WKH�IROORZLQJ��ZH�VWXGLHG�WKH�TXHVWLRQ��LQ�

KRZ�IDU�WKH�PRYHPHQW�RI�WKH�EUDQFKLQJ�SRLQW�IURP�&��RI�WKH�VLGH�FKDLQ�RI���WR�&��RI���PD\�

OHDG� WR� DQ� LQFUHDVHG� SKRWRFXUUHQW� DQG��PRUH� LPSRUWDQWO\�� WR� YHU\� KLJK� ILOO� IDFWRUV� RI� XS� WR�

�����7KHUPDO�VWDELOLW\�RI�RSWLPL]HG�VRODU�FHOOV�XVLQJ�ROLJRPHU���ZLWK�D�EOHQG�UDWLR�RI�����DQG�

69$�WLPH�RI����VHF�ZDV�VWXGLHG�XQGHU�WKHUPDO�VWUHVV�RI�WZR�GLIIHUHQW�WHPSHUDWXUHV��L�H������&�

DQG�����&��&RPSOHWH�GHYLFHV�ZHUH�H[SRVHG�WR�WKH�DQQHDOLQJ�VWHS�IRU����PLQ��:H�IRXQG�WKDW�

WKH�VRODU�FHOO�SHUIRUPDQFH�RI� LQLWLDOO\��������GHFUHDVHG�UDSLGO\� WR��������DQG��������DIWHU�

WKHUPDO�VWUHVV�RI�����&�DQG�����&��UHVSHFWLYHO\��DV�VKRZQ�LQ�)LJXUHV�6��DQG�7DEOH�6���6XS�

SRUWLQJ�LQIRUPDWLRQ��6,���,PSRUWDQWO\��WKH�GHYLFH�VWUXFWXUH�LWVHOI�LQFOXGLQJ�FRUUHVSRQGLQJ�LQWHU�

IDFLDO�OD\HUV�RI�3('27�366�DQG�=Q2�LV�WKHUPDOO\�VWDEOH�XQGHU�VXFK�WHPSHUDWXUHV�DV�GHPRQ�

VWUDWHG�UHFHQWO\�>��@�7KLV�LQGLFDWHV�WKDW�WKH�WKHUPDO�VWDELOLW\�RI�WKH�SKRWRDFWLYH�OD\HU�DW�HOHYDWHG�

WHPSHUDWXUH�LV� OLPLWHG�GHPDQGLQJ�IRU� IXUWKHU� LPSURYHPHQWV�YLD�FKHPLFDO�HQJLQHHULQJ�RI� WKH�

GRQRU�VWUXFWXUH�RU�FRPELQDWLRQ�ZLWK�QRQ�IXOOHUHQH�DFFHSWRUV��

�

���(OHFWURQLF�DQG�PRUSKRORJLFDO� LQYHVWLJDWLRQV�RI���3&��%0�EOHQGV�GXULQJ�

VROYHQW�YDSRU�DQQHDOLQJ��69$��

2QH�RI�WKH�UHDVRQV�IRU�DQ�LPSURYHPHQW�LQ�ILOO�IDFWRU�LV�D�EHWWHU�EDODQFH�LQ�FKDUJH�WUDQVSRUW�

LQVLGH�WKH�EOHQG��WKHUHIRUH��ZH�ILUVW�SURFHVVHG�ILHOG�HIIHFW�WUDQVLVWRUV�ZLWK�ERWK�ROLJRPHULF�GR�
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QRUV���DQG���WR�GHWHUPLQH�WKH�KROH�PRELOLW\�DV�D�IXQFWLRQ�RI�69$�DQQHDOLQJ�WLPH��$V�LW�FDQ�EH�

VHHQ�LQ�7DEOH�6���WKH�PRYHPHQW�RI�WKH�EUDQFKLQJ�SRLQW�IURP�&��RI�WKH�VLGH�FKDLQ�RI���WR�&��RI�

��UHGXFHV�WKH�PRELOLW\�E\�DERXW�RQH�RUGHU�RI�PDJQLWXGH�IURP�a��[������FP�9��V���IRU���WR�a��[�

�����FP�9��V���IRU���LQ�WKH�FDVH�RI�DV�FDVW�OD\HUV��$IWHU�69$�RI����V��ZH�REVHUYH�DQ�LQFUHDVH�LQ�

PRELOLW\�E\�DERXW�RQH�RUGHU�RI�PDJQLWXGH�IRU�ERWK�PROHFXOHV�����a��[������FP�9��V�������a��[�

�������EXW�WKH�PRELOLW\�RI���LV�VWLOO�VPDOOHU�WKDQ�WKLV�RI����7KHVH�DQDO\VHV�VKRZHG�WKDW�FKDQJLQJ�

WKH�EUDQFKLQJ�SRLQW� LPSDFWV� WKH�HOHFWURQLF�SURSHUWLHV�RI�WKH�ROLJRPHU�WKLQ�ILOPV�E\�UHGXFLQJ�

KROH�PRELOLW\�LQ�WKH�FDVH�RI����7KLV�LV�LQ�FRQWUDVW�WR�UHFHQW�VWXGLHV��DV�WKHUH�DQ�LPSURYHPHQW�LQ�

KROH� PRELOLW\� ZDV� IRXQG�>�±�@� 'XH� WR� WKH� IDFW� WKDW� WKH� HOHFWURQ� PRELOLW\� LQ� 3&��%0�EDVHG�

SRO\PHU� EOHQGV� LV� XVXDOO\� LQ� WKH� UDQJH� RI� ����� FP��9V� WR� ����� FP��9V� DV� D� IXQFWLRQ� RI� WKH�

GRQRU�>�����@�ZH�FDQ�FRQFOXGH�WKDW� WKH�KROH�WUDQVSRUW�SURSHUWLHV�RI�ERWK�FR�ROLJRPHUV���DQG���

FDQ�OHDG�WR�VXIILFLHQWO\�EDODQFHG�KROH�DQG�HOHFWURQ�WUDQVSRUW�LQVLGH�WKH�EXON�KHWHURMXQFWLRQ��$V�

WKH� ODWWHU�GHSHQGV� VWURQJO\�RQ� WKH�QDQRVFDOH�PRUSKRORJ\�RI� WKH�GRQRU� DQG� IXOOHUHQH�SKDVHV�

LQVLGH�WKH�EOHQG��D�GHWDLOHG�PRUSKRORJLFDO�VWXG\�RI�WKH���3&��%0�EOHQG�LV�HVVHQWLDO�IRU�EHWWHU�

XQGHUVWDQGLQJ� RI� WKH�))� LQFUHDVH� LQ� VRODU� FHOOV� EDVHG� RQ� ROLJRPHU���� 7R� HVWDEOLVK� D� GHHSHU�

XQGHUVWDQGLQJ�RI�WKH�LPSDFW�RI�WKH�EUDQFKLQJ�SRVLWLRQ�RQ�WKH�GRQRU�FU\VWDOOLQLW\�DORQH�DQG�LQ�

WKH�SUHVHQFH�RI�3&��%0��WZR�GLPHQVLRQDO�JUD]LQJ�LQFLGHQFH�;�UD\�GLIIUDFWLRQ���'�*,;5'��

PHDVXUHPHQWV�ZHUH�SHUIRUPHG�RQ�SXUH��� OD\HUV� DV�ZHOO� DV�RQ���3&��%0�EOHQGV�EHIRUH� DQG�

DIWHU����V�69$��)LJXUH��D���)RU�WKHVH�SXUH�OD\HUV�RI�ROLJRPHU����WKH�SDWWHUQV�VKRZHG�FOHDU�RXW�

RI�SODQH�GLIIUDFWLRQ�SHDNV�IRU���������������DQG��������FRUUHVSRQGLQJ�WR�D�ODPHOODU�VWDFNLQJ�RI�

GRQRU�PROHFXOHV�DQG�DQ�LQ�SODQH�����VWDFNLQJ�GLIIUDFWLRQ�SHDN��7KLV�LPSOLHV�WKDW�PROHFXOHV���

SUHIHUHQWLDOO\�DGRSW�DQ�HGJH�RQ�RULHQWDWLRQ��3URILOHV�DORQJ�WKH�������SHDN�EHIRUH�DQG�DIWHU�WKH�

���V�69$�WUHDWPHQW��)LJXUH��E��VKRZHG�WKH�HQKDQFHPHQW�RI�WKH�������SHDN�LQWHQVLW\�LPSO\LQJ�

DQ�LQFUHDVHG�FU\VWDOOLQLW\�RI���XSRQ�69$��%\�DGGLQJ�3&��%0��D�EURDG�QRQ�RULHQWHG�KDOR�FRU�

UHVSRQGLQJ� WR� WKH� IXOOHUHQH� FRPSRQHQW� DSSHDUV� LQ� WKH� SDWWHUQV�� 1HYHUWKHOHVV�� E\� WKH�

REVHUYDWLRQ�RI�WKH�VDPH�FKDUDFWHULVWLFV�DVVLJQHG�WR����EOHQGLQJ�ZLWK�3&��%0�GRHV�QRW�GUDPD�
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WLFDOO\�FKDQJH�WKH�RULHQWDWLRQ�RU�VSDFLQJ�RI�WKH�ODPHOODH��6LPLODU�WR�DQG�DV�REVHUYHG�SUHYLRXVO\�

IRU�ROLJRPHU����WKH�FU\VWDOOLQLW\�RI�GRQRU�PROHFXOHV�EOHQGHG�ZLWK�IXOOHUHQHV�LQFUHDVHG�E\�DSSO�

\LQJ�D�VKRUW�69$�WLPH�>�@��

�

�

�

)LJXUH����D��7ZR�GLPHQVLRQDO�GLIIUDFWLRQ�SDWWHUQV�RI�SXUH�ROLJRPHU���OD\HUV�EHIRUH��EODFN��DQG�DIWHU�D����V�69$�

WUHDWPHQW� �UHG��� E�� 3URILOHV� DORQJ� WKH� ������ SHDN� EHIRUH� �EODFN�� DQG� DIWHU� WKH� ��� V� 69$� WUHDWPHQW� �UHG�� RI�

��3&��%0�EOHQG�OD\HUV��

�
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&RPSDUHG�WR�SXUH�OD\HUV�RI����)LJXUH�6����D�VOLJKW�VKLIW�RI�WKH�������SHDN�WR�VPDOOHU�VFDW�

WHULQJ�YHFWRUV��ORZ�T]��LQGLFDWHV�D�WKLFNHU�ODPHOODU�VWUXFWXUH�IRU���LQ�SXUH�OD\HUV��+RZHYHU��WKLV�

GLIIHUHQFH�WHQGV�WR�GLVDSSHDU�IRU�EOHQG�OD\HUV�ZLWK�VLPLODU�ODPHOODU�VWUXFWXUHV�DIWHU�D����V�69$�

�)LJXUH� 6���� 7KH����� VWDFNLQJ� GLVWDQFH� EHWZHHQ� WKH� EDFNERQHV� LV� QRW� LPSDFWHG� E\� WKH�PR�

YHPHQW�RI�WKH�EUDQFKLQJ�SRLQW�RI�WKH���KH[\OGHF\O�FKDLQ�LQ���WR�WKH�&��SRVLWLRQ�UHVXOWLQJ�LQ�D�

��KH[\OGHF\O�VLGH�FKDLQ�LQ���ZKHWKHU�LQ�SXUH�RU�LQ�EOHQG�OD\HUV��

,Q� RUGHU� WR� JDLQ� GHHSHU� LQVLJKW� LQWR� WKH� QDQRVFDOH�PRUSKRORJ\� RI� WKH� SKRWRDFWLYH� OD\HU��

VSHFWURVFRSLF�LPDJLQJ�XVLQJ�D�FRPELQDWLRQ�RI�VFDQQLQJ�WUDQVPLVVLRQ�HOHFWURQ�PLFURVFRS\�DQG�

ORZ�HQHUJ\�ORVV� VSHFWURVFRSLF� LPDJLQJ� �67(0�6,��ZDV� DSSOLHG� WR�YLVXDOL]H� WKH� WLPH�HYROX�

WLRQ�RI�QDQRVFDOH�PRUSKRORJLFDO�FKDQJHV�RI���3&��%0�EOHQGV�DV�D�IXQFWLRQ�RI�69$�WLPH�>��@�

,QGHHG�67(0�6,�KDV�EHHQ�SURYHQ�WR�EH�D�UHOLDEOH�WHFKQLTXH�LQ�RUGHU�WR�GLVWLQJXLVK�EHWZHHQ�

GRQRU� DQG� DFFHSWRU� SKDVHV�ZLWK� WKH�KLJK� VSDWLDO� UHVROXWLRQ� RI� WKH� HOHFWURQ�PLFURVFRSH�>�����@�

7KH�DQDO\]HG�EOHQG�OD\HUV�ZHUH�IDEULFDWHG�DFFRUGLQJ�WR�WKH�SDUDPHWHUV�XVHG�IRU�WKH�IDEULFDWLRQ�

RI� WKH� VRODU� FHOOV� �7DEOH����DQG� WUDQVIHUUHG� WR� DQ� HOHFWURQ�PLFURVFRS\�JULG��7KHUHE\�� LW�ZDV�

SRVVLEOH�WR�YLVXDOL]H�VSDWLDO�GLIIHUHQFHV�DQG�GLVWLQJXLVK�'��DQG�$�ULFK�GRPDLQV�LQ�WKH�EXON�KH�

WHURMXQFWLRQ� E\�PDSSLQJ� WKH�SHDNV� RI� WKH� VSDWLDOO\� UHVROYHG� YROXPH�SODVPRQV��5HG� UHJLRQV�

ZHUH�DVVLJQHG�WR�3&��%0�DQG�WKH�JUHHQ�RQHV�WR�ROLJRPHU���HQULFKHG�SKDVHV���

7KH�SODVPRQ�SHDN�PDS�IRU�WKH�DV�FDVW�EOHQG�LV�GHSLFWHG�LQ�)LJXUH��D��7KH�LPDJH�LQGLFDWHV�

VWURQJO\�PL[HG�SKDVHV�RI�ROLJRPHU���DQG�3&��%0�HQULFKHG�SKDVHV�ODFNLQJ�SKDVH�VHSDUDWLRQ�

RQ�D�VFDOH�ODUJHU�WKDQ�D�IHZ�QDQRPHWHUV��7KH�SODVPRQ�SHDN�PDS�LQGLFDWHV�VWURQJHU�DFFXPXOD�

WLRQ� RI� D� 3&��%0�ULFK� SKDVH� WKURXJKRXW� WKH� HQWLUH� EOHQG� FRPSDUHG� WR� GLVFRQWLQXRXV� GRQRU�

SKDVHV��7KHVH�ILQGLQJV�FRUUHVSRQG�WR�WKH�ORZ�SKRWRYROWDLF�SHUIRUPDQFH�RI�WKH�FRUUHVSRQGLQJ�

GHYLFH�ZLWK�ORZ�))�FDXVHG�E\�KLJK�EL�PROHFXODU�UHFRPELQDWLRQ�UDWHV��7KH�FRUUHVSRQGLQJ�PDS�

IRU�WKH�EOHQG�OD\HU�WUHDWHG�E\����V�69$�VKRZV�D�VORZO\�HYROYLQJ�DQG�ILQH�SKDVH�VHSDUDWLRQ�RI�

WKH�WZR�PDWHULDOV�DQG�DSSDUHQWO\�GRQRU�ULFK�GRPDLQV�VWDUW�WR�JURZ�DQG�WR�IRUP�D�QHWZRUN��)L�

JXUH��E���7KLV� UHODWLYHO\�VPDOO�FKDQJH�LQ�PRUSKRORJ\�DOUHDG\�FDXVHG�D�VXEVWDQWLDO� LPSURYH�
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PHQW�RI�WKH�SDUDPHWHUV��L�H���D�VWURQJ�LQFUHDVH�RI�-6&�IURP������WR�������P$�FP
���DQG�))�IURP�

���WR�����UHVXOWLQJ�LQ�DQ�LPSURYHPHQW�LQ�3&(�IURP������WR��������7DEOH�����7KH�LQFUHDVH�RI�

WKH�69$�WLPH�WR����VHFRQGV�UHVXOWV�LQ�D�WUDQVIRUPDWLRQ�RI�WKH�EOHQG�LQWR�D�QDQRVWUXFWXUHG�OD�

\HU�RI�ZHOO�GHILQHG��HQODUJHG�ELFRQWLQXRXV�GRQRU��DQG�DFFHSWRU�ULFK�SKDVHV�ZKHUH���HQULFKHG�

GRPDLQV�DUH�HPEHGGHG�LQ�KLJKO\�FRQQHFWHG�3&��%0�HQULFKHG�GRPDLQV��)LJXUH��F���$V�D�FRQ�

VHTXHQFH��WKH�SKRWRYROWDLF�SDUDPHWHUV�ZHUH�IXUWKHU�LPSURYHG��LQ�SDUWLFXODU�WR�D�FRQVLGHUDEOH�

-6&�RI�������P$�FP
����))�RI������DQG�3&(�RI��������/RQJHU�H[SRVLWLRQ�WLPHV�WR�FKORURIRUP�

YDSRU�UHVXOWHG�LQ�IXUWKHU�HQKDQFHG�SKDVH�VHSDUDWLRQ�DV�LOOXVWUDWHG�LQ�)LJXUH��G��$IWHU����V�RI�

69$�� WKH�SODVPRQ�SHDN�PDS�RI� WKH�EOHQG�UHYHDOHG�D�FRDUVHQLQJ�RI� WKH�EOHQG� OD\HU�PRUSKR�

ORJ\�FDXVHG�E\� IXUWKHU�JURZWK�RI� WKH�GRQRU�DQG�DFFHSWRU�SKDVHV� DQG�PHUJLQJ�RI�GRQRU�ULFK�

GRPDLQV�� ,QFUHDVLQJ�GRPDLQ�VL]HV�RI�ERWK�FRPSRQHQWV�VLJQLILHV�GHFUHDVHG�LQWHUIDFLDO�DUHD�LQ�

WKH�%+-�DQG�LV�UHIOHFWHG�E\�D�GHFOLQH�RI�WKH�SKRWRYROWDLF�SDUDPHWHUV�RI�WKH�FRUUHVSRQGLQJ�VR�

ODU�FHOOV�� ,Q�SDUWLFXODU��-6&�GHFUHDVHG� WR�������P$�FP
��� UHVXOWLQJ� LQ�DQ�HIILFLHQF\�RI��������

6LQFH�ORQJHU�H[SRVXUH�WLPHV�WR�FKORURIRUP�YDSRU�ZRXOG�FOHDUO\�IXUWKHU�HQKDQFH�WKH�SKDVH�VH�

SDUDWLRQ�DQG�FRQFRPLWDQW�GRPDLQ�JURZWK��D�SURJUHVVLYH�GHFUHDVH�RI� WKH�SKRWRYROWDLF�SHUIRU�

PDQFH�ZDV�H[SHFWHG�DQG�FRUUHVSRQGLQJ�H[SHULPHQWV�ZHUH�QRW�DQ\�PRUH�XQGHUWDNHQ��

,Q�RUGHU� WR� JHW� DQ� HVWLPDWLRQ�RI� WKH�QDQRSKDVH� GLPHQVLRQV� DW� YDULRXV�69$� WLPHV�� SRZHU�

VSHFWUDO�GHQVLWLHV��36'��ZHUH�FDOFXODWHG�IRU�WKH�ODWHUDOO\�UHVROYHG�LPDJHV�LQ�)LJXUH��D�G��)L�

JXUH�6����36'V�DUH�URWDWLRQDOO\�DYHUDJHG�SURILOHV�RI�WKH�SRZHU�VSHFWUXP�DQG�WKHUHE\�RIIHU�GH�

WHUPLQDWLRQ�RI�SUHGRPLQDQW�VSDWLDO�IHDWXUHV�LQ�WKH�IUHTXHQF\�GRPDLQ��)RU�WKH�DV�FDVW�OD\HU�QR�

SHDN�FRXOG�EH�LGHQWLILHG��)RU����V�69$�VWLOO�QR�GLVWLQFW�SHDN�FDQ�EH�REVHUYHG��EXW�D�VKRXOGHU�

EHWZHHQ����������� ��QP�ZKLFK� FRUUHVSRQGV� WR� GRPDLQ� VL]HV� RI������� QP��)RU� ��� V� 69$�D�

EURDGHU�SHDN�DW��������QP�ZKLFK�FRUUHVSRQGV�WR����QP�GRPDLQ�VL]H�DQG�DW����V�69$�D�SHDN�DW�

��������QP�FRUUHVSRQGLQJ�WR����QP�DUH�FOHDUO\�YLVLEOH���

�

Page 17 of 30 Organic Chemistry Frontiers

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

O
rg

an
ic

C
he

m
is

tr
y

Fr
on

tie
rs

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 0
2 

M
ay

 2
01

7.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

ol
or

ad
o 

at
 B

ou
ld

er
 o

n 
02

/0
5/

20
17

 1
3:

52
:5

6.
 

View Article Online
DOI: 10.1039/C7QO00222J

http://dx.doi.org/10.1039/c7qo00222j


�

�

)LJXUH����3ODVPRQ�SHDN�PDSV� IRU� WKH�ROLJRPHU���3&��%0�EOHQG�� D�� DV�FDVW��E�� DIWHU���� V�69$�� F�� DIWHU���� V�

69$��G��DIWHU����V�69$��'DUN�ILHOG�LPDJH�DQG�SODVPRQ�SHDN�PDS�RI�WKH�FRUUHVSRQGLQJ�GHYLFH�FURVV�VHFWLRQV�H��

DV�FDVW�DQG�I��DIWHU����V�69$��J��3ODVPRQ�SHDN�PDS�IRU�WKH�ROLJRPHU���3&��%0�EOHQG��OHIW��DIWHU����V�RI�69$�LQ�

FRPSDULVRQ�WR�EOHQG�RI���3&��%0�EOHQG��ULJKW��DIWHU����V�RI�69$�>�@�

�

67(0�6,�DQDO\VHV�ZHUH�SHUIRUPHG�RQ�GHYLFH�FURVV�VHFWLRQV�HOXFLGDWLQJ�WKH�YHUWLFDO�GLVWUL�

EXWLRQ�RI�GRQRU�DQG�DFFHSWRU��&RQYHQWLRQDO�GDUN�ILHOG�DQG�SODVPRQ�SHDN�PDSV�ZHUH�WDNHQ�IRU�

WKH�WZR�H[WUHPHV��DV�FDVW�GHYLFHV�ZLWK�ORZHVW�DQG�GHYLFHV�DIWHU����V�RI�69$�ZLWK�EHVW�SHUIRU�

PDQFHV�� ,Q�DFFRUGDQFH�ZLWK� WKH� ODWHUDO�PDSV�� WKH�YHUWLFDO�SODVPRQ�SHDN�PDS� IRU� WKH�DV�FDVW�

GHYLFH�VKRZHG�LQWLPDWHO\�PL[HG�GRQRU�DQG�DFFHSWRU�SKDVHV��)LJXUH��H���)RU�WKH�EHVW�SHUIRU�

PLQJ�GHYLFHV��WKH�EOHQG�OD\HU�PRVWO\�UHVHPEOHV�D�KRPRJHQRXVO\�SKDVH�VHSDUDWHG�EXON�KHWHUR�

MXQFWLRQ�FRQFXUULQJ�ZLWK� WKH�ODWHUDO�SODVPRQ�SHDN�PDS��+RZHYHU��RQ� WRS�RI� WKH�SKRWRDFWLYH�

OD\HU�ZH�QRWH�DQ�DFFXPXODWLRQ�RI�DFFHSWRU�GRPDLQV�WRZDUGV�WKH�=Q2�LQWHUIDFH��ZKHUHDV�DW�WKH�
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ERWWRP� D� VPDOO� ROLJRPHU���ULFK� OD\HU� DW� WKH� 3('27�366�LQWHUIDFH� LV� LGHQWLILHG� �)LJXUH� �I���

7KLV�FRPSRVLWLRQ�JUDGLHQW�RI�WKH�SKRWRDFWLYH�OD\HU�REYLRXVO\�JXDUDQWHHV�HIILFLHQW�FKDUJH�FDU�

ULHU�JHQHUDWLRQ�LQ�WKH�PLGGOH�SDUW�RI�WKH�EOHQG�FRPELQHG�ZLWK�RSWLPL]HG�FKDUJH�H[WUDFWLRQ�DW�

WKH�LQWHUIDFHV�WRZDUGV�WKH�UHVSHFWLYH�HOHFWURGHV��7KHVH�WLPH�UHVROYHG�DQDO\VHV�RI�69$�WUHDWHG�

��3&��%0�EOHQGV�ILQDOO\�DOORZ�LGHQWLILFDWLRQ�RI�WKH�PDMRU�LPSDFW�RI�WKH�DOWHUDWLRQ�LQ�WKH�EUDQ�

FKLQJ�SRLQW�IURP�&��RI�WKH�VLGH�FKDLQ�RI���WR�&��RI����,QGHHG��FRPSDUHG�WR�WKH�WLPH�HYROXWLRQ�

RI���3&��%0�EOHQGV�XQGHU�69$��WKH�PRGLILFDWLRQ�RI�GRQRU���DOORZV�IRU�VORZLQJ�GRZQ�GRQRU�

DQG�DFFHSWRU�GLIIXVLRQ�LQVLGH�WKH�EOHQG��:KLOH�WKH�EOHQG�PRUSKRORJ\�EHIRUH�69$�FDQ�EH�FRQ�

VLGHUHG�DV�LGHQWLFDO�IRU�ERWK�PROHFXOHV��SODVPRQ�SHDN�PDSV�DOUHDG\�DIWHU����V�VKRZ�GLIIHUHQW�

PRUSKRORJLHV�� ,QGHHG��SKDVH� VHSDUDWLRQ� LQ� WKH� FDVH�RI���3&��%0�EOHQGV� LV� OHVV�SURQRXQFHG�

WKDQ�LQ�WKH�FDVH�RI���3&��%0�EOHQGV��$IWHU����V�69$��ZKLFK�FRUUHVSRQGV�WR�RSWLPDO�SURFHVV�

VLQJ�WLPH�IRU�ERWK�PROHFXOHV��VPDOOHU�GRQRU�DQG�DFFHSWRU�HQULFKHG�GRPDLQ�VL]HV�DUH�IRUPHG�LQ�

WKH�FDVH�RI�ROLJRPHU���EDVHG�EOHQGV�FRPSDUHG�WR�WKRVH�XVLQJ����)XUWKHUPRUH��WKH�FURVV�VHFWLRQ�

UHYHDOV� D� WKLQQHU� 3&��%0�HQULFKHG� WRS� OD\HU� DW� WKH� =Q2�LQWHUIDFH� DV� ZHOO� DV� D� ��HQULFKHG�

OD\HU�DW�WKH�3('27��366�LQWHUIDFH��7KH�YHUWLFDO�FURVV�VHFWLRQ�RI�WKH���3&��%0�EOHQG�UDWKHU�

UHVHPEOHV� D� QDQRVWUXFWXUHG� EXON� KHWHURMXQFWLRQ� ZLWK� H[WHUQDO� HQULFKHG� OD\HUV� WKDQ� D� QDQR�

VWUXFWXUHG�ELOD\HU�DV�REVHUYHG�EHIRUH�IRU����7KLV�PD\�EH�RQH�RI�WKH�UHDVRQV�RI�WKH�GURS�LQ�92&�

REVHUYHG�IRU���EDVHG�GHYLFHV��7KH�TXDVL�RSWLPDO�PRUSKRORJ\�RI���EDVHG�%+-6&V� LV�UHVSRQ�

VLEOH�IRU�WKH�YHU\�KLJK�))�LQ�FRPELQDWLRQ�ZLWK�WKH�LPSURYHG�-6&�FRPSDUHG�WR���DV�VKRZQ�LQ�

7DEOH����,W�LV�LPSRUWDQW�WR�KLJKOLJKW�WKDW�WKH���3&��%0�EOHQG�WUHDWHG�IRU�RQO\����VHFRQGV�FRQ�

VLVWV�RI�H[WUHPHO\�VPDOO�HQULFKHG�GRPDLQV��EHORZ���QP�DQG�WKXV�WRZDUGV�WKH�GHWHFWLRQ�OLPLW�

JLYHQ�E\�WKH�67(0�6,�VHWWLQJV��EXW�VWLOO�SURGXFH��������HIILFLHQW�VRODU�FHOOV�ZLWK�))�RI������

%\�WKH�IDFW�WKDW�EOHQGV�XVLQJ�ROLJRPHU���VKRZHG�ORZHU�SHUIRUPDQFH�DOWKRXJK�WKH�VL]H�RI�WKH�

GRQRU�DQG�DFFHSWRU�GRPDLQV��UHVSHFWLYHO\��LV�ODUJHU�DQG�WKXV�PRUH�VXLWDEOH�WR�SURGXFH�HIILFLHQW�

SKRWRFXUUHQW�JHQHUDWLRQ��ZH�GHGXFH�WKDW�ROLJRPHU���LV�DEOH�WR�IRUP�GRQRU�GRPDLQV�RI�LQFUHD�

VHG�SXULW\�DOUHDG\�DW�VPDOO�VL]HV��7KLV� LQWHUSUHWDWLRQ�LV�VXSSRUWHG�QRW�RQO\�E\�WKH�KLJKHU�))��
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EXW� DOVR� E\� WKH� REVHUYDWLRQ� WKDW� VROXELOLW\� RI��� LQ� D� FRPPRQ� VROYHQW� VXFK�DV� FKORURIRUP� LV�

VPDOOHU�WKDQ�IRU���LQGLFDWLQJ�WKDW�LQWHUPROHFXODU�LQWHUDFWLRQ�LV�LQFUHDVHG�DQG�WKXV�WKH�WHQGHQF\�

WR�IRUP�SXUH�GRPDLQV��

�

���&RQFOXVLRQ�

,Q�FRQFOXVLRQ�� VXEWOH� VWUXFWXUDO�PRGLILFDWLRQ�� L�H��� VKLIWLQJ� WKH�EUDQFKLQJ�SRLQW� LQ� WKH� VLGH�

FKDLQV� DZD\� IURP� WKH� FRQMXJDWHG�EDFNERQH�� LQ� D�ZHOO�VWXGLHG�GLWKLHQRS\UUROH�EDVHG�$�'�$�

ROLJRWKLRSKHQH� KDV� EHHQ� DSSOLHG� WR� LPSURYH� SRZHU� FRQYHUVLRQ� HIILFLHQF\� RI� 69$�WUHDWHG�

EXON�KHWHURMXQFWLRQ� VRODU� FHOOV�� :KLOH� RSWRHOHFWURQLF� SURSHUWLHV� ZHUH� IRXQG� QRW� WR� EH�

LQIOXHQFHG� E\� WKH� FKHPLFDO�PRGLILFDWLRQ� RI� WKH� DON\O� VXEVWLWXWLRQ� SDWWHUQ�� HIILFLHQF\� RI� WKH�

VROXWLRQ�SURFHVVHG�VRODU�FHOOV�FRXOG�EH�LQFUHDVHG� WR�������7LPH�GHSHQGHQW�HYROXWLRQ�VWXGLHV�

RI�WKH�PLFUR��DQG�QDQRVFDOH�PRUSKRORJ\�RI�EOHQGV�GXULQJ�VROYHQW�YDSRU�DQQHDOLQJ�UHYHDO�WKDW�

GRPDLQ�VL]H�DQG�GRPDLQ�SXULW\�FRXOG�EH�LPSURYHG�LQVLGH�WKH�EOHQG�FRQVLVWLQJ�RI�ROLJRPHU���

DQG�3&��%0��7KH� ODWWHU� LV� DGGUHVVHG� WR� VORZLQJ� GRZQ�GRQRU� DQG� DFFHSWRU� GLIIXVLRQ� GXULQJ�

69$� WKURXJK� UHGXFWLRQ� LQ� VROXELOLW\� DQG� FRPSDWLELOLW\� RI� WKH� GRQRU� ZLWK� WKH� IXOOHUHQH�

GHULYDWH���

�

���([SHULPHQWDO�6HFWLRQ�

,QVWUXPHQWV�DQG�PHDVXUHPHQWV���+�105�VSHFWUD�ZHUH�UHFRUGHG�LQ�GHXWHUDWHG�VROYHQWV�DV�VSH�

FLILHG�LQ�WKH�V\QWKHWLF�SURFHGXUHV�RQ�D�%UXNHU�$0;�����DW�����0+]����&105�VSHFWUD�ZHUH�

UHFRUGHG�RQ�D�%UXNHU�$0;�����DW�����0+]��&KHPLFDO�VKLIWV�DUH�GHQRWHG�E\�D�/�XQLW��SSP��

DQG�DUH�UHIHUHQFHG�WR�FRUUHVSRQGLQJ�UHVLGXDO�VROYHQW�SHDNV�RI�WKH�XWLOL]HG�GHXWHUDWHG�VROYHQW��

7KH�VSOLWWLQJ�SDWWHUQV�DUH�GHVLJQDWHG�DV�IROORZV��V��VLQJOHW���G��GRXEOHW���W��WULSOHW���DQG�P��PXO�

WLSOHW���0DVV�VSHFWUD�ZHUH�UHFRUGHG�ZLWK�D�9DULDQ�6DWXUQ������*&�06�DQG�ZLWK�D�0$/',�

72)�06�%UXNHU�5HIOH[����PDWUL[��WUDQV���>�����WHUW�EXW\OSKHQ\O����PHWK\O���SURSHQ\OLGHQH@�
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PDORQRQLWULOH� �'&7%���+LJK� UHVROXWLRQ�0$/',�06�ZDV�PHDVXUHG� RQ� D�)RXULHU�7UDQVIRUP�

,RQ�&\FORWURQ�5HVRQDQFH��)7�,&5��PDVV�VSHFWURPHWHU�VRODUL;�IURP�%UXNHU�'DOWRQLFV�HTXLS�

SHG�ZLWK� D�����7� VXSHUFRQGXFWLQJ�PDJQHW� DQG� LQWHUIDFHG� WR� DQ�$SROOR� ,,�'XDO�(6,�0$/',�

VRXUFH��&,�06�PHDVXUHPHQWV�ZHUH�UHFRUGHG�RQ�D�)LQQLJDQ�0$7��664�������0HOWLQJ�SRLQWV�

RI�WKH�LQWHUPHGLDWHV�ZHUH�GHWHUPLQHG�ZLWK�D�%�FKL�%�����PHOWLQJ�SRLQW�DSSDUDWXV�DQG�DUH�QRW�

FRUUHFWHG��0HOWLQJ�SRLQWV�RI�WDUJHW�FRPSRXQGV�ZHUH�PHDVXUHG�YLD�GLIIHUHQWLDO�VFDQQLQJ�FDORUL�

PHWULF�PHDVXUHPHQWV��'6&��RQ�D�0HWWOHU�7ROHGR�'6&���H�XQGHU�DUJRQ�DWPRVSKHUH�DW�D�KHD�

WLQJ�UDWH�RI�����&�PLQ��7KLQ�OD\HU�FKURPDWRJUDSK\�ZDV�FDUULHG�RXW�RQ�6LOLFD�*HO����)����DOX�

PLQXP�SODWHV��0HUFN���6ROYHQWV�DQG�UHDJHQWV�ZHUH�SXULILHG�DQG�GULHG�E\�XVXDO�PHWKRGV�SULRU�

WR�XVH�DQG�XVHG�XQGHU� LQHUW�JDV�DWPRVSKHUH��89�YLV� VSHFWUD� LQ�'&0�VROXWLRQ�DQG� WKLQ� ILOP�

ZHUH� WDNHQ� RQ� D� 3HUNLQ�(OPHU� /DPEGD� ��� VSHFWURPHWHU�� &\FOLF� YROWDPPHWU\� H[SHULPHQWV�

ZHUH�SHUIRUPHG�ZLWK�D�FRPSXWHU�FRQWUROOHG�$XWRODE�3*67$7���SRWHQWLRVWDW�LQ�D�WKUHH�HOHF�

WURGH�VLQJOH�FRPSDUWPHQW�FHOO� ���P/���7KH�SODWLQXP�ZRUNLQJ�HOHFWURGH�FRQVLVWHG�RI�D�SODWL�

QXP�ZLUH�VHDOHG�LQ�D�VRIW�JODVV� WXEH�ZLWK�D�VXUIDFH�RI�$� �������PP���ZKLFK�ZDV�SROLVKHG�

GRZQ�WR�������P�ZLWK�%XHKOHU�SROLVKLQJ�SDVWH�SULRU�WR�XVH�WR�JXDUDQWHH�UHSURGXFLEOH�VXUIDFHV��

7KH� FRXQWHU� HOHFWURGH� FRQVLVWHG�RI�D�SODWLQXP�ZLUH� DQG� WKH� UHIHUHQFH� HOHFWURGH�ZDV� DQ�$J��

$J&O�UHIHUHQFH�HOHFWURGH��$OO�SRWHQWLDOV�ZHUH� LQWHUQDOO\� UHIHUHQFHG�WR� WKH�IHUURFHQH�� IHUULFH�

QLXP� FRXSOH�� )RU� WKH�PHDVXUHPHQWV�� FRQFHQWUDWLRQV� RI� �����0� RI� WKH� HOHFWURDFWLYH� VSHFLHV�

ZHUH�XVHG�LQ�IUHVKO\�GLVWLOOHG�DQG�GHDHUDWHG�'&0��/LFKURVROY��0HUFN��SXULILHG�ZLWK�DQ�%UDXQ�

0%�636�����DQG�����0��Q�%X��13)���)OXND��UHFU\VWDOOL]HG�WZLFH�IURP�HWKDQRO���

'HYLFH�IDEULFDWLRQ�DQG�SKRWRYROWDLF�FKDUDFWHUL]DWLRQ��3KRWRYROWDLF�GHYLFHV�ZHUH�PDGH�E\�

VSLQ�FRDWLQJ�3('27�366��&OHYLRV�3��93�$O������RQWR�SUH�FOHDQHG��SDWWHUQHG�LQGLXP�WLQ�R[L�

GH��,72��VXEVWUDWHV�������FP����.LQWHF���7KH�SKRWRDFWLYH�OD\HU�ZDV�GHSRVLWHG�E\�VSLQ�FRDWLQJ�

GRQRU���DQG�3&��%0��>���@�SKHQ\O�&���EXW\ULF�DFLG�PHWK\O�HVWHU������SXULW\�SXUFKDVHG�IURP�

1DQR�&�� IURP� FKORURIRUP� VROXWLRQV� �WRWDO� FRQFHQWUDWLRQ�  � ��� PJ�P/�� ZLWKRXW� DGGLWLYHV�

OHDGLQJ� WR� OD\HU� WKLFNQHVVHV�RI�a�������QP��7KH�GHYLFHV� IRU�ROLJRPHU���ZHUH� IDEULFDWHG�E\�
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VSLQ�FRDWLQJ�DW� URRP�WHPSHUDWXUH��7KH�FRXQWHU�HOHFWURGH�DOXPLQXP������QP��ZDV�GHSRVLWHG�

E\� YDFXXP� HYDSRUDWLRQ� DW� �� [� ����� WRUU�� 7KH� DFWLYH� DUHDV� RI� WKH� FHOOV�ZHUH� ����� FP��� )LOP�

WKLFNQHVVHV�ZHUH�PHDVXUHG�XVLQJ�D�'HNWDN�SURILORPHWHU��

7KH� FXUUHQW� GHQVLW\�YROWDJH� �-�9�� FKDUDFWHULVWLFV� RI� WKH� GHYLFHV� ZHUH� PHDVXUHG� XVLQJ� D�

.HLWKOH\� ����6RXUFH�0HDVXUH�8QLW� LQVLGH� WKH� JORYHER[�XVLQJ�/XPWHF� VXEVWUDWHV�� 6RODU� FHOO�

SHUIRUPDQFH�ZDV�PHDVXUHG�E\�XVLQJ�D�1HZSRUW�FODVV�$$$�����*OREDO�VRODU�VLPXODWRU��2ULHO�

6RO�� $70� PRGHO� Q�� �����$�� ZLWK� DQ� LUUDGLDWLRQ� LQWHQVLW\� RI� ���� P:� FPí��� 7KH� OLJKW�

LQWHQVLW\� ZDV� GHWHUPLQHG� ZLWK� D� 6L� UHIHUHQFH� FHOO� �1HZSRUW� &RPSDQ\�� 2ULHO� Q������$��

FDOLEUDWHG�E\�1DWLRQDO�5HQHZDEOH�(QHUJ\�/DERUDWRU\��15(/���6KDGRZ�PDVNV�ZHUH�XVHG� WR�

ZHOO�GHILQH�WKH�LOOXPLQDWHG�DUHD�WR������î�����FP���&RPSDULVRQ�RI�PDVNHG�DQG�XQPDVNHG�VRODU�

FHOOV�JDYH�FRQVLVWHQW�UHVXOWV�ZLWK�SKRWRFXUUHQW�LQFUHDVH�E\�OHVV�����IRU�XQPDVNHG�GHYLFHV��:H�

SUHVHQW� SHUIRUPDQFH� RI� WKH� EHVW� GHYLFHV��ZKLOH� DYHUDJH� 3&(V�ZHUH� REWDLQHG�ZLWK� VWDQGDUG�

GHYLDWLRQ�DQDO\VLV�FDOFXODWHG�XVLQJ�QLQH�GHYLFHV��([WHUQDO�TXDQWXP�HIILFLHQF\�PHDVXUHPHQWV�

ZHUH�SHUIRUPHG�LQ�DLU�XVLQJ�D�KRPHPDGH�VHWXS�FRQVLVWLQJ�RI�D�.HLWKOH\�����6RXUFH�0HDVXUH�

8QLW�DQG�1HZSRUW�PRQRFKURPDWRU��/LJKW� LQWHQVLW\�ZDV�PHDVXUHG�ZLWK�D�FDOLEUDWHG�6L�GLRGH�

IURP�1HZSRUW�&RPSDQ\��

7UDQVPLVVLRQ� (OHFWURQ�0LFURVFRS\�� 67(0�6,�PHDVXUHPHQWV� ZHUH� SHUIRUPHG� DW� ���� N9�

XVLQJ�D�7LWDQ��������PLFURVFRSH��)(,��DQG�DQ�(QILQLXP�VSHFWURPHWHU��*DWDQ���3ODQDU�VSHFL�

PHQV�ZHUH�SUHSDUHG�E\�IORDWLQJ�WKH�SKRWRDFWLYH�OD\HU�RII�WKH�VXEVWUDWH�WKURXJK�GLVVROYLQJ�RI�

WKH�3('27�366�OD\HU�IROORZHG�E\�FDSWXULQJ�ZLWK�DQ�HOHFWURQ�PLFURVFRS\�JULG�FRYHUHG�ZLWK�D�

KROH\�FDUERQ�ILOP��48$17,)2,/����&URVV�VHFWLRQV�ZHUH�SUHSDUHG�RQ�VRODU�FHOO�GHYLFHV�ZLWK�

D�+HOLRV�1DQRODE������)(,���6FDQQLQJ�VWHS�VL]HV�IRU�67(0�6,�LPDJLQJ�ZHUH�VHW�WR���QP�IRU�

SODQDU�DQDO\VHV��DQG�WR�����QP�IRU�FURVV�VHFWLRQDO�DQDO\VHV��6SDWLDOO\� UHVROYHG�VSHFWURVFRSLF�

GDWD�VHWV�ZHUH�SURFHVVHG�DQG�ILWWHG�XVLQJ�+\SHU6S\�DV�H[SODLQHG�SUHYLRXVO\�>��@�3RZHU�VSHFWUDO�

GHQVLWLHV�ZHUH�FDOFXODWHG�XVLQJ�WKH�VRIWZDUH�SDFNDJH�63,'(5��6\VWHP�IRU�3URFHVVLQJ�,PDJH�

'DWD�IURP�(OHFWURQ�PLFURVFRS\�DQG�5HODWHG�ILHOGV��:DGVZRUWK�&HQWHU���
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0DWHULDOV��7KH�IROORZLQJ�VWDUWLQJ�PDWHULDOV�ZHUH�SXUFKDVHG�DQG�XVHG�ZLWKRXW�IXUWKHU�SXUL�

ILFDWLRQ��PDORQRQLWULOH� �$OGULFK��� Q�EXW\O� OLWKLXP� �$&526��� WULPHWK\OWLQ� FKORULGH� �$OGULFK���

����%,1$3� �$OGULFK��� WULV�GLEHQ]\OLGHQHDFHWRQH�GLSDOODGLXP���� �$OGULFK��� EHQ]\O� EURPLGH�

�0HUFN�������EXWDQHGLROH��)OXND���VRGLXP�K\GULGH��0HUFN���FKURPLXP�9,��R[LGH��WULHWK\O�VLOD�

QH� �0HUFN��� WULSKHQ\OSKRVSKLQH� �0HUFN��� LPLGD]ROH� �$OGULFK��� VRGLXP�D]LGH� �$OGULFK��� OLWKL�

XPDOXPLQXP�K\GULGH��0HUFN�������F\FORKH[DQGLRQH��$OGULFK��� LURQ�,,,�� WRV\ODWH� �0HUFN�����

LVRSURSR[\���������WHWUDPHWK\O�������GLR[DERURODQH��0HUFN���SKRVSKRUR[\�FKORULGH��0HUFN���

WHWUDNLV�WULSKHQ\OSKRVSKLQH�SDOODGLXP����� ���¶�GLEURPR����¶�ELWKLRSKHQH�� DQG� ��>��¶�EURPR�

����¶�GLKH[\O>���¶�ELWKLHQ���\O@�PHWKDQH���\O���\OLGLQH@PDORQRQLWULOH�ZHUH�V\QWKHVL]HG�DFFRU�

GLQJ�WR�OLWHUDWXUH�>����@��

6\QWKHVLV�����%HQ]\OR[\�EXWDQH���RO����������%XWDQHGLROH�����������P/�������PRO����HT��ZDV�

GLVVROYHG� LQ� ����P/� GU\� 7+)� DQG�ZDV� FRROHG� WR� ��&�� 6RGLXP� K\GULGH� ������ J�� �����PRO��

�������HT��ZDV�DGGHG�WR�WKH�VROXWLRQ�LQ�EDWFKHV�RYHU����PLQ��7KHQ��WKH�LFH�EDWK�ZDV�UHPRYHG�

DQG�WKH�UHDFWLRQ�ZDV�VWLUUHG�IRU����K�XQWLO�WKH�IRUPDWLRQ�RI�K\GURJHQ�VWRSSHG��$IWHU�FRROLQJ�WR�

��&�DJDLQ��EHQ]\O�EURPLGH�������P/�������PRO����HT��GLVVROYHG�LQ����P/�GU\�7+)�ZDV�DGGHG�

GURSZLVH� WR� WKH� UHDFWLRQ�PL[WXUH�� 7KH� VROXWLRQ� UHIOX[HG� RYHU� QLJKW� EHIRUH� LW�ZDV� TXHQFKHG�

ZLWK�FROG�ZDWHU������P/���7KH�RUJDQLF�SKDVH�ZDV�H[WUDFWHG�ZLWK�GLHWK\O�HWKHU����[�����P/��

DQG�WKH�FRPELQHG�RUJDQLF�OD\HUV�ZHUH�GULHG�RYHU�DQK\GURXV�1D62��EHIRUH�WKH�VROYHQW�ZDV�UH�

PRYHG�XQGHU�UHGXFHG�SUHVVXUH��$OFRKRO���ZDV�GLVWLOOHG�DW�SUHVVXUH�RI�����[������PEDU�DW�����&�

DV�D�FRORUOHVV�OLTXLG�������J�������PRO�����������+�105������0+]��&'�&O����/�>SSP@� ������

������P���+��3K���������V���+��3K�&+����������W��-� �����+]���+��%Q�2�&+����������W��-� �����

+]���+��+2�&+���������±������P���+��&+����
��&�105������0+]��&'&O����/�>SSP@� ���������

�������� �������� �������� ������� ������� ������� ������� ������� 7KH� DQDO\WLFDO� GDWD� DUH� LQ�

DFFRUGDQFH�ZLWK�WKH�OLWHUDWXUH�GDWD�>��@�

(WK\O����EHQ]\OR[\�EXWDQRDWH������&KURPLXP�9,�R[LGH�������J������PPRO������HT��ZDV�DG�

GHG�WR����P/�RI�FRQFHQWUDWHG�VXOIXULF�DFLG�DQG�WKH�VXVSHQVLRQ�ZDV�GLOXWHG�WR�����P/�ZLWK�GH�
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LRQL]HG�ZDWHU��7KH�VXVSHQVLRQ�ZDV�DGGHG�GURSZLVH�WR�VROXWLRQ�RI���������J�������PPRO����HT��

LQ�����P/�DFHWRQH�DW���&��$IWHU�VWLUULQJ�IRU���K�DW�UW��WKH�UHVXOWLQJ�PL[WXUH�ZDV�YDFXXP�ILOWH�

UHG�WKURXJK�D�VLOLFD�FROXPQ��HOXWHG�ZLWK�DFHWRQH��7KH�VROYHQW�ZDV�HYDSRUDWHG�DQG�WKH�UHVLGXH�

ZDV�H[WUDFWHG�ZLWK�($����[�����P/���7KH�FRPELQHG�RUJDQLF�OD\HUV�ZHUH�ZDVKHG�ZLWK�EULQH����

[�����P/��DQG�GULHG�RYHU�DQK\GURXV�0J62���$IWHU� WKH� VROYHQW�ZDV� UHPRYHG�� WKH�FUXGH�RLO�

ZDV�GLVVROYHG�LQ�����P/�HWKDQRO�DQG���P/�RI�FRQFHQWUDWHG�VXOIXULF�DFLG�ZHUH�DGGHG�EHIRUH�

UHIOX[LQJ�IRU����K��7KH�UHDFWLRQ�PL[WXUH�ZDV�H[WUDFWHG�ZLWK�HWK\O�DFHWDWH����[�����P/��DQG�WKH�

RUJDQLF�OD\HUV�ZHUH�FRPELQHG��7KH�RUJDQLF�SKDVH�ZDV�VXEVHTXHQWO\�ZDVKHG�ZLWK�D�1D+&2��

VROXWLRQ������P/���GHLRQL]HG�ZDWHU� �����P/���DQG�EULQH� �����P/��EHIRUH� LW�ZDV�GULHG�RYHU�

DQK\GURXV�0J62���7KH�VROYHQW�ZDV�UHPRYHG�ZLWK�WKH�URWDU\�HYDSRUDWRU�EHIRUH�SURGXFW���ZDV�

GLVWLOOHG� DW� ����&� DQG� ���� [� ����� PEDU� ������ J�� ����� PPRO�� �������� �+�105� �����0+]��

&'&O����/�>SSP@� �����±������P���+���������V���+���������T��-� �����+]���+���������W��-� �����

+]���+���������W��-� �����+]���+�������±������P���+���������W��-� �����+]���+�����&�105������

0+]��&'&O����/�>SSP@� ���������������������������������������������������������������������

��������������7KH�DQDO\WLFDO�GDWD�DUH�LQ�DFFRUGDQFH�ZLWK�WKH�OLWHUDWXUH�GDWD�>��@�

������%HQ]\OR[\�SURS\�WULGHFDQ���RO� �����+H[\OPDJQHVLXP� EURPLGH� ������ J�� ���� PPRO��

����HT���ZDV�V\QWKHVL]HG�E\�FDUHIXOO\�DGGLQJ���EURPRKH[DQH�������P/��������PPRO������HT��

WR�PDJQHVLXP�IODNHV�������J������PPRO������HT��VXEPHUJHG�LQ����P/�GU\�GLHWK\O�HWKHU�DQG�UH�

IOX[HG� IRU� �� K� XQGHU� DUJRQ��7KH� UHDFWLRQ�PL[WXUH�ZDV� FRROHG� WR� ��&�EHIRUH��� ������ J�� ����

PPRO������HT��ZDV�DGGHG�GURSZLVH��$IWHU�VWLUULQJ�IRU����PLQ�DW�UW�� WKH�UHDFWLRQ�PL[WXUH�ZDV�

UHIOX[HG�IRU����K��7KHQ��WKH�PL[WXUH�ZDV�FRROHG�WR���&�DQG�ZDWHU�����P/��DQG�GLHWK\O�HWKHU�

����P/��ZHUH�DGGHG�FDUHIXOO\��7KH�VROXWLRQ�ZDV�WKHQ�QHXWUDOL]HG�ZLWK��0�K\GURFKORULF�DFLG��

7KH� OD\HUV�ZHUH�VHSDUDWHG�DQG� WKH�DTXHRXV�SKDVH�ZDV�H[WUDFWHG�ZLWK�GLHWK\O�HWKHU� ���[�����

P/���7KH�FRPELQHG�RUJDQLF�OD\HUV�ZHUH�ZDVKHG�ZLWK�EULQH����[�����P/��EHIRUH�GU\LQJ�RYHU�

DQK\GURXV�0J62���7KH�VROYHQW�ZDV�UHPRYHG�XQGHU�UHGXFHG�SUHVVXUH�DQG�WKH�UHVXOWLQJ�FUXGH�

SURGXFW� ZDV� SXULILHG� YLD� IODVK� FKURPDWRJUDSK\� �6L2��� GLFKORURPHWKDQH�HWK\O� DFHWDWH� �������
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7KH�GHVLUHG�DOFRKRO���FRXOG�EH�LVRODWHG�DV�D�FRORUOHVV�OLTXLG�������J�������PPRO�����������+�

105������0+]��&'&O����/�>SSP@� ������������P���+���������V���+���������W��-� �����+]���+���

���������� �P�� �+��� ���������� �P�� ��+��� ����� �W�� -�  � ���� +]�� �+��� ��&�105� ����� 0+]��

&'&O����/�>SSP@� ���������������������������������������������������������������������������

�����������������������������������06��&,���P�]�>0��+@� ������>0��3K�&+��2@� ������

^>���+H[\OGHF���HQ���\O�R[\@PHWK\O`EHQ]HQH� �����7HUWLDU\� DOFRKRO� �� ������ J�� �����PPRO��

����HT��ZDV�GLVVROYHG�LQ�����P/�GU\�GLFKORURPHWKDQH��WR�ZKLFK�WULHWK\OVLODQH�������P/�������

PPRO������HT��DQG�WULIOXRURDFHWLF�DFLG�������P/������PPRO������HT��ZHUH�DGGHG��$IWHU�VWLUULQJ�

IRU���K�DW�UW��WKH�UHDFWLRQ�ZDV�TXHQFKHG�E\�DGGLQJ�1D�&2��XQWLO�QR�JDV�ZDV�IRUPHG�DQ\PRUH��

7KH�VXVSHQVLRQ�ZDV�ORDGHG�RQWR�D�VKRUW�VLOLFD�JHO�FROXPQ��HOXWHG�ZLWK�GLFKORURPHWKDQH��7KHQ��

WKH� VROYHQW� ZDV� UHPRYHG� XQGHU� UHGXFHG� SUHVVXUH� DQG� WKH� FUXGH� RLO� ZDV� SXULILHG� YLD� IODVK�

FKURPDWRJUDSK\��6L2�������SHWURO�HWKHU�GLFKORURPHWKDQH��DIIRUGLQJ�WKH�GHVLUHG�SURGXFW���DV�D�

FRORUOHVV�OLTXLG�������J�������PPRO�����������+�105������0+]��&'�&O����/�>SSP@� ������

������P���+��3K���������V���+��3K�&+����������W��-� �����+]���+��%Q2�&+���������������P���+��

%Q2�&+��&+���� ���������� �P�� ��+��&+���� ����� �W�� -�  � ����+]�� �+�� �&+����
��&�105� �����

0+]��&'&O����/�>SSP@� ���������������������������������������������������������������������

�������������������������������������������������06��&,���P�]�>0���+@� ������>0��3K�&+��

2@� ������

��+H[\OGHFDQ���RO������0ROHFXOH���������J�������PPRO��ZDV�GLVVROYHG�LQ����P/�HWK\O�DFH�

WDWH�� WR�ZKLFK�����3G�&������PJ��ZDV�FDUHIXOO\�DGGHG��7KH�VXVSHQVLRQ�ZDV�SXUJHG�VORZO\�

ZLWK�K\GURJHQ� IRU����K� DW� UW��$IWHUZDUGV�� WKH� VXVSHQVLRQ�ZDV� ILOWHUHG� WKURXJK� D� IODVK� VLOLFD�

FROXPQ��HOXWHG�ZLWK�HWK\O�DFHWDWH��7KH�VROYHQW�ZDV�HYDSRUDWHG�XQGHU�UHGXFHG�SUHVVXUH�DQG�WKH�

UHVXOWLQJ� FUXGH� OLTXLG� ZDV� SXULILHG� YLD� IODVK� FKURPDWRJUDSK\� �6L2��� GLFKORURPHWKDQH�� WR�

DIIRUG�WKH�GHVLUHG�DOFRKRO���DV�D�FRORUOHVV�OLTXLG�������J�������PPRO�����������+�105������

0+]��&'&O����/� >SSP@� ������ �W�� -� �����+]���+������������� �P���+������������� �P����+���

Page 25 of 30 Organic Chemistry Frontiers

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

O
rg

an
ic

C
he

m
is

tr
y

Fr
on

tie
rs

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 0
2 

M
ay

 2
01

7.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

ol
or

ad
o 

at
 B

ou
ld

er
 o

n 
02

/0
5/

20
17

 1
3:

52
:5

6.
 

View Article Online
DOI: 10.1039/C7QO00222J

http://dx.doi.org/10.1039/c7qo00222j


������W��-� �����+]���+�����&�105������0+]��&'&O����/�>SSP@� �����������������������������

�������������������������������������������������06��&,���P�]�>0��+@� ������>0��2+@� ������

��+H[\OGHF\O���LRGLGH� �����$OFRKRO��� �����PJ�� �����PPRO�� ���� HT��� LPLGD]ROH� �����PJ��

�����PPRO������HT���DQG�WULSKHQ\OSKRVSKLQH�������J�������PPRO������HT��ZHUH�GLVVROYHG�LQ�����

P/�'&0�DW�UW��7KH�VROXWLRQ�ZDV�FRROHG�WR���&�DQG�LRGLQH�������J�������PPRO������HT��ZDV�

DGGHG�VORZO\��7KH�LFH�EDWK�ZDV�UHPRYHG�DQG�WKH�UHDFWLRQ�PL[WXUH�VWLUUHG�DW�UW�IRU����K��7KH�

UHDFWLRQ�ZDV� WHUPLQDWHG� E\� WKH� DGGLWLRQ� RI� D� VDWXUDWHG� WKLRVXOSKDWH� VROXWLRQ� DQG� WKH� SKDVHV�

ZHUH�VHSDUDWHG��7KH�DTXHRXV�SKDVH�ZDV�H[WUDFWHG�ZLWK�'&0����[�����P/��EHIRUH�WKH�FRPEL�

QHG�RUJDQLF�OD\HUV�ZHUH�VXEVHTXHQWO\�ZDVKHG�ZLWK�GHLRQL]HG�ZDWHU����[�����P/��DQG�EULQH����

[�����P/���$IWHU�UHPRYLQJ�WKH�VROYHQW�XQGHU�UHGXFHG�SUHVVXUH��WKH�FUXGH�SURGXFW�ZDV�SXULILHG�

YLD�IODVK�FKURPDWRJUDSK\��6L2���SHWURO�HWKHU���7DUJHW�PROHFXOH���ZDV�REWDLQHG�DV�D�FRORUOHVV�

OLTXLG�������J�������PPRO�����������+�105������0+]��&'&O����/�>SSP@� �������W��-� �����

+]�� �+��� ���������� �P�� �+��� ���������� �P�� ��+��� ����� �W�� -�  � ����+]�� �+��� ��&�105� �����

0+]��&'&O����/�>SSP@� �����������������������������������������������������������������������

�������������������������������������������������������06��(,���P�]�>0�@� ������

��+H[\OGHF\O���D]LGH�������,RGLGH���������J�������PPRO������HT��ZDV�GLVVROYHG�LQ�GU\�'0)�LQ�

DQ�DUJRQ�DWPRVSKHUH�DQG�VRGLXP�D]LGH�������J������PPRO������HT��ZDV�DGGHG�LQ�EDWFKHV��7KH�

VXVSHQVLRQ�VWLUUHG�DW����&�IRU���K��'0)�ZDV�UHPRYHG�E\�YDFXXP�GLVWLOODWLRQ�DQG�WKH�UDZ�SUR�

GXFW�ZDV�H[WUDFWHG�ZLWK�SHWURO�HWKHU����[�����P/���7KH�FRPELQHG�RUJDQLF�OD\HUV�ZHUH�ZDVKHG�

ZLWK�EULQH����[�����P/��DQG�GULHG�RYHU�DQK\GURXV�1D�62���7KH�VROYHQW�ZDV�UHPRYHG�XQGHU�

UHGXFHG�SUHVVXUH�WR�JLYH�WKH�SXUH�D]LGH����DV�D�FRORUOHVV�OLTXLG�������J�������PPRO����������

�+�105������0+]��&'&O����/�>SSP@� �������W��-� �����+]���+��������������P���+�������������

�P�� ��+��� ����� �W�� -�  � ����+]�� �+��� ��&�105� �����0+]��&'&O���/� >SSP@� �������� �������

��������������������������������������������������������06��&,���P�]�>0��1�@� ������

��+H[\OGHF\O���DPLQH� ������/LWKLXP� DOXPLQXP�K\GULGH� ������ J�� �����PPRO�� ���� HT��ZDV�

DGGHG�WR�D�VROXWLRQ�RI�D]LGH����������J�������PPRO������HT��LQ�����P/�GU\�GLHWK\O�HWKHU��$IWHU�

Page 26 of 30Organic Chemistry Frontiers

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

O
rg

an
ic

C
he

m
is

tr
y

Fr
on

tie
rs

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 0
2 

M
ay

 2
01

7.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

ol
or

ad
o 

at
 B

ou
ld

er
 o

n 
02

/0
5/

20
17

 1
3:

52
:5

6.
 

View Article Online
DOI: 10.1039/C7QO00222J

http://dx.doi.org/10.1039/c7qo00222j


UHIOX[LQJ�IRU���K��PRLVW�GLHWK\O�HWKHU�����P/��ZDV�DGGHG��IROORZHG�E\�WKH�DGGLWLRQ�RI�D�����
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6XSSRUWLQJ�,QIRUPDWLRQ�

6XSSRUWLQJ�,QIRUPDWLRQ�LV�DYDLODEOH�IURP�56&��
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