
��UI�&VSPQFBO�$SZTUBMMPHSBQIJD�.FFUJOH
���SE���UI�"VHVTU�����
�3PWJOK
�$SPBUJB

Acta Cryst.�	����
��" 
�T����``````````````````�``````````````````�``````````````````�``````````````````�```````````�

MS17-P12�/FVUSPO�EJGGSBDUJPO�TUVEZ�PG
QJF[PFMFDUSJD�NBUFSJBM�VOEFS�FMFDUSJD�GJFME
5BLVSP�,BXBTBLJ�
�5BLBZPTIJ�*UP�
�:BTVIJSP�*OBNVSB�
�5BLFTIJ

/BLBUBOJ�
�4UFGBOVT�)BSKP�
�8V�(POH�
�,B[VZB�"J[BXB�
�5BLBBLJ
*XBIBTIJ�

���+�1"3$�$FOUFS
�+BQBO�"UPNJD�&OFSHZ�"HFODZ
���5FDIOJDBM�4VQQPSU�(SPVQ
�$3044�5PLBJ

FNBJM��UBLVSP�LBXBTBLJ!K�QBSD�KQ
1JF[PFMFDUSJD�NBUFSJBM�JT�XJEFMZ�VTFE�BT�BO�BDUVBUPS�BOE

PUIFS�WBSJPVT�EFWJDFT�CFDBVTF�UIF�TJ[F�PG�UIF�NBUFSJBM�DBO
CF�DPOUSPMMFE�CZ� UIF� BQQMJFE� FMFDUSJD� GJFME��5XP� UZQFT�PG
NJDSPTDPQJD� EFGPSNBUJPO
� MBUUJDF� TUSBJO� BOE� EPNBJO
TXJUDIJOH
� QSPEVDFT� UIJT� NBDSPTDPQJD� EFGPSNBUJPO�� 0O
UIF� PUIFS� IBOE
� UJNF�SFTPMWFE� NFBTVSFNFOU� JT� BUUSBDUJOH
HSFBU�JOUFSFTU� JO�PSEFS�UP�PCTFSWF�USBOTJFOU�QIFOPNFOB�PG
NBUFSJBMT� VOEFS� FYUFSOBM� GJFMET�� 5IF� CFIBWJPST� PG� UIF
MBUUJDF�BOE� UIF�EPNBJO�VOEFS� UIF�DZDMJD�FMFDUSJD� GJFME�DBO
CF� TUVEJFE� CZ� UJNF�SFTPMWFE� JO�TJUV� EJGGSBDUJPO
FYQFSJNFOU�*O�UIJT�TUVEZ
�UIF�MBUUJDF�TUSBJO�BOE�UIF�EPNBJO
DIBSBDUFSJTUJD� PG� QJF[PFMFDUSJD� NBUFSJBM� VOEFS� TUBUJD� BOE
DZDMJD� FMFDUSJD� GJFMET� XFSF� TUVEJFE� CZ� UJNF�PG�GMJHIU
OFVUSPO� EJGGSBDUJPO�� 5IF� EJGGSBDUJPO� JOUFOTJUJFT� GSPN
1;5�CBTFE� DFSBNJDT� XFSF� NFBTVSFE� BU� &OHJOFFSJOH
.BUFSJBMT� %JGGSBDUPNFUFS� 5",6.*� JO� +�1"3$�� 5IF
JOUFOTJUJFT� JO� UIF� QBSBMMFM� EJSFDUJPO� BOE� UIF� WFSUJDBM
EJSFDUJPO� UP� UIF� GJFME� XFSF� NFBTVSFE� TJNVMUBOFPVTMZ� CZ
t���� EFUFDUPS� CBOLT�� 5IF� DPMMFDUFE� EBUB� XFSF� EJWJEFE
CBTFE�PO�UIF�WPMUBHF�BOE�UIF�QIBTF�DPOEJUJPOT�PG�BQQMJFE
FMFDUSJD� GJFME� BOE� XFSF� DPOWFSUFE� UP� EJGGSBDUJPO� QBUUFSOT
VTJOH� UIF�EBUB� SFEVDUJPO� TPGUXBSF�EFWFMPQFE� JO� +�1"3$�
5IF� WBSJBUJPO� PG� UIF� QPTJUJPO� BOE� UIF� JOUFOTJUZ� PG� UIF
EJGGSBDUJPO� QFBLT� BDDPSEJOH� UP� UIF� BQQMJFE� GJFME� XFSF
GPVOE�JO�UIF�QBUUFSOT��5IF�SFTQPOTFT�PG�UIF�MBUUJDF�BOE�UIF
EPNBJO�UP�UIF�GJFME�XFSF�TVDDFTTGVMMZ�PCTFSWFE�

�OFVUSPO�EJGGSBDUJPO
�QJF[PFMFDUSJD�NBUFSJBM
�MBUUJDF�TUSBJO

MS17-P13�)JHI�QSFTTVSF�TUVEZ�PG
.O	#)�
���B�OFX�QPMZNPSQIT�XJUI�IJHI

IZESPHFO�EFOTJUZ
/JLPMBZ�5VNBOPW�
�&MTB�3PFEFSO�
�%PSSJU�#��/JFMTFO�
�5PSCFO�3�

+FOTFO�
�"MFYBOEFS�7��5BMZ[JO�
�3BEPWBO��FSO��
�%NJUSZ
$IFSOZTIPW�
�7MBEJNJS�%NJUSJFW�
�;CJHOJFX��PE[JBOB�
�:BSPTMBW

'JMJODIVL�

��� *OTUJUVUF� PG� $POEFOTFE� .BUUFS� BOE� /BOPTDJFODFT
� 6OJWFSTJUw
DBUIPMJRVF�EF�-PVWBJO
�QMBDF�-��1BTUFVS��
������-PVWBJO�MB�/FVWF

#FMHJVN
��� $FOUFS� GPS� .BUFSJBMT� $SZTUBMMPHSBQIZ
� *OUFSEJTDJQMJOBSZ
/BOPTDJFODF� $FOUFS� 	J/"/0
� BOE� %FQBSUNFOU� PG� $IFNJTUSZ

6OJWFSTJUZ� PG� "BSIVT
� -BOHFMBOETHBEF� ���
� %,������ "BSIVT� $

%FONBSL
��� %FQBSUNFOU� PG� 1IZTJDT
� -JOOBFVT� WaH� ��
� 6NFÌ� 6OJWFSTJUZ

6NFÌ�4������
�4XFEFO
��� -BCPSBUPSZ� PG� $SZTUBMMPHSBQIZ
� %1.$�.B/&1
� 6OJWFSTJUZ� PG
(FOFWB
�RVBJ�&SOFTU�"OTFSNFU���
������(FOFWB
�4XJU[FSMBOE
��� 4XJTT� /PSXFHJBO� #FBN� -JOFT� 	4/#-
� BU� UIF� &VSPQFBO
4ZODISPUSPO�3BEJBUJPO�'BDJMJUZ�	&43'

�SVF�+VMFT�)PSPXJU[
������
(SFOPCMF
�'SBODF
��� */1� 1PMJTI� "DBEFNZ� PG� 4DJFODFT
� %FQBSUNFOU� PG� 4USVDUVSBM
3FTFBSDI
�VM��3BE[JLPXTLJFHP����
��������,SBLoX
�1PMBOE

FNBJM��OJLPMBZ�UVNBOPW!VDMPVWBJO�CF
)ZESPHFO�FDPOPNZ� JT� POF�PG� UIF�QFSTQFDUJWF� USFOET� JO

UIF� GVUVSF� PG� SFOFXBCMF� FOFSHZ
� CVU� IZESPHFO� TUPSBHF� JT
TUJMM� B� MJNJUJOH� GBDUPS�� "� QPTTJCMF� XBZ� JT� UP� DIFNJDBMMZ
CPVOE� IZESPHFO� JO� MJHIU�XFJHIU� DPNQPVOET�� *O� UIJT
DPOUFYU
�NFUBM�CPSPIZESJEFT�IBWF�CFFO�TUVEJFE�JOUFOTJWFMZ
JO� SFDFOU� ZFBST�� 0OF� PG� UIF� QSPCMFNT� JO� UIF� QSBDUJDBM
BQQMJDBUJPO�PG�CPSPIZESJEFT�BT�IZESPHFO�TUPSBHF�NBUFSJBMT
JT� PGUFO� B� UPP� IJHI� PS� B� UPP� MPX� EFDPNQPTJUJPO
UFNQFSBUVSF
� CVU� NBOHBOFTF� CPSPIZESJEF� JT� POF� PG� UIF
CPSPIZESJEFT� XJUI� NPEFSBUF� UFNQFSBUVSF� PG
EFDPNQPTJUJPO� 	���� �$
��5IF� TUSVDUVSF� BOE�QSPQFSUJFT�PG
NFUBM� CPSPIZESJEFT� BSF� VTVBMMZ� TUVEJFE� BU� BNCJFOU
DPOEJUJPOT
�CVU� BQQMZJOH�IJHI�IZESPTUBUJD�QSFTTVSF� UP� UIF
DPNQPVOET�OPU�POMZ�BEET�BO�BEEJUJPOBM�EJNFOTJPO�UP�UIF
QIBTF�EJBHSBN
� SFWFBMJOH�OFX�IJHI�QSFTTVSF� QPMZNPSQIT
PG� CPSPIZESJEFT
� CVU� NBZ� BMTP� BMMPX� UP� EJTDPWFS� OFX
IJHI�QSFTTVSF�QIBTFT�UIBU�BSF�TUBCMF�VQPO�EFDPNQSFTTJPO�
4VDI�DPNQPVOET�BSF�OPU�POMZ�EFOTFS�UIBO�UIPTF�LOPXO�UP
GPSN�BU�BNCJFOU�DPOEJUJPOT
�CVU�NBZ�BMTP�QSPWJEF�OFX�PS
JNQSPWFE�QSPQFSUJFT�UP�B�TZTUFN
�e.g.�SFHBSEJOH
�TUBCJMJUZ

EFDPNQPTJUJPO� BOE� NFMUJOH� UFNQFSBUVSFT
� FUD�� 'PS
JOTUBODF
� g�.H	#)�
�
� PCUBJOFE� CZ� DPNQSFTTJPO� PG
.H	#)�
�� UP� _��(1B
� JT�NPSF� TUBCMF� JO� BJS� <�>
� UIBO� JUT
BNCJFOU�QSFTTVSF�QIBTFT�
5IF� IJHI�QSFTTVSF� CFIBWJPS� PG� .O	#)�
�� XBT� TUVEJFE�

VQ�UP����(1B�VTJOH�EJBNPOE�BOWJM�DFMMT�BOE�QPXEFS�9�SBZ�
EJGGSBDUJPO� BOE� 3BNBO� TQFDUSPTDPQZ� BOE� UXP� OFX�
QPMZNPSQIT� XBT� EJTDPWFSFE� VTJOH� DPNCJOBUJPO� PG�
EJGGSBDUJPO� BOE� %'5� DBMDVMBUJPOT�� 5IF� GJSTU� QPMZNPSQI
�
g�.O	#)�
�
� GPSNT� OFBS� ��(1B� BOE� JT� JTPTUSVDUVSBM� UP� B�
NBHOFTJVN� BOBMPH
� g�.H	#)�
��� 5IJT� QPMZNPSQI� JT�
TUBCMF� VQPO� EFDPNQSFTTJPO� UP� BNCJFOU� DPOEJUJPOT�� 5IF�
TBNF� QPMZNPSQI� XBT� PCUBJOFE� CZ� DPNQSFTTJPO� PG�
h�.O	#)�
�� JO�B� MBSHF�WPMVNF�TUFFM�QSFTT
�BT�XFMM�BT�CZ�
IJHI�FOFSHZ� CBMM� NJMMJOH�� 5IF� UIFSNBM� TUBCJMJUZ� XBT�
TUVEJFE� CZ� in situ� QPXEFS�9�SBZ� EJGGSBDUJPO� BOE� UIFSNBM�
BOBMZTJT� DPVQMFE� XJUI� NBTT�TQFDUSPTDPQZ�� g�.O	#)�
��USBOTGPSNT�CBDL�UP�h�.O	#)�
��VQPO�IFBUJOH�	��������$
�
BOE� EFDPNQPTJUJPO� JT� JOJUJBUFE� BU� ���� �$
� SFMFBTJOH�
IZESPHFO� BOE� TPNF� EJCPSBOF�� 5IF� IJHI�QSFTTVSF�
QPMZNPSQI
� g�.O	#)�
�
� USBOTGPSNT� JOUP� B� TFDPOE
�
gm�.O	#)�
�
�JO�UIF�QSFTTVSF�SBOHF�PG����������(1B
�XJUI



��UI�&VSPQFBO�$SZTUBMMPHSBQIJD�.FFUJOH
���SE���UI�"VHVTU�����
�3PWJOK
�$SPBUJB

T����``````````````````�``````````````````�``````````````````�``````````````````�```````````�Acta Cryst.�	����
��"��
�T���

#)�
��HSPVQT�PSEFSFE� JO�B�TVQFSTUSVDUVSF��gm�.O	#)�
�� JTOPU� JTPTUSVDUVSBM� UP� UIF� TFDPOE� IJHI�QSFTTVSF� QIBTF� PG

.H	#)�
���&RVBUJPOT�PG�TUBUF�XFSF�EFUFSNJOFE�GPS�h��BOE
g�.O	#)�
�
:��'JMJODIVL
�#��3JDIUFS
�5��3��+FOTFO
�7��%NJUSJFW
�%�

$IFSOZTIPW
� BOE�)��)BHFNBOO
�Angew. Chem. Int. Ed.

����
���
�������
,FZXPSET��IZESPHFO�TUPSBHF
�CPSPIZESJEFT

MS17-P14�*O�TJUV�9�SBZ�DSZTUBMMPHSBQIZ�PG
DPMMPJEBM�DSZTUBMT�VOEFS�TJOUFSJOH�DPOEJUJPOT
"MFYFZ�7��;P[VMZB�
�&MFOB�"��4VMZBOPWB�
�"OBUPMZ�4IBCBMJO��

+BOOF�.JFLF�.FJKFS��
�%NJUSZ�%[IJHBFW��
�
�0MFH�(PSPCUTPW�
�

3VTMBO�1��,VSUB��
�4FSHFZ�-B[BSFW��
�*WBO�;BMV[IOZZ�
�
�6MG

-PSFO[��
�"OESFK�4JOHFS��
�0MFLTBOES�:FGBOPW��
�*MZB�#FTFEJO�
�

.JDIBFM�4QSVOH�
�"OESFJ�7��1FUVLIPW�
�*WBO�"��7BSUBOZBOUT�

���%FVUTDIFT�&MFLUSPOFO�4ZODISPUSPO�%&4:�)BNCVSH
��� 4IVCOJLPW� *OTUJUVUF� PG� $SZTUBMMPHSBQIZ�3"4
� -FOJOTLJJ� QS�� ��

�������.PTDPX
�3VTTJB
��� WBO� mU� )PGG� MBCPSBUPSZ� GPS� 1IZTJDBM� BOE� $PMMPJE� $IFNJTUSZ

%FCZF� *OTUJUVUF� GPS�/BOPNBUFSJBMT�4DJFODF
�6OJWFSTJUZ� PG�6USFDIU

1BEVBMBBO��
������5#�6USFDIU
�5IF�/FUIFSMBOET
��� /BUJPOBM� 3FTFBSDI� /VDMFBS� 6OJWFSTJUZ� .&1I*� 	.PTDPX
&OHJOFFSJOH� 1IZTJDT� *OTUJUVUF

� ,BTIJSTLPZF� DI�� ��
� ������
.PTDPX
�3VTTJB
���/3$�,VSDIBUPW�*OTUJUVUF
�"LBEFNJLB�,VSDIBUPWB�QM���
�������
.PTDPX
�3VTTJB
��� &VSPQFBO� 9'&-� (NC)
� /PULFTUSBxF� ��
� %������� )BNCVSH

(FSNBOZ
��� %FQBSUNFOU� PG� $IFNJTUSZ
� 6OJWFSTJUZ� PG� 1PUTEBN
� %������
1PUTEBN
�(FSNBOZ
���6OJWFSTJUZ�PG�$BMJGPSOJB
������(JMNBO�%S�
�-B�+PMMB
�4BO�%JFHP

$BMJGPSOJB������
�64"
���$FOUFS�GPS�'SFF�&MFDUSPO�-BTFS�4DJFODF
�%&4:
�/PULFTUSBxF���

%�������)BNCVSH
�(FSNBOZ
FNBJM��BMFYFZ�[P[VMZB!EFTZ�EF
1FSJPEJD� QIPUPOJD� OBOPTUSVDUVSFT� FOBCMF� UP� NBOJQVMBUF

BOE� DPOUSPM� MJHIU� FNJTTJPO� BOE� QSPQBHBUJPO� EVF� UP
FYJTUFODF�PG�CBOE�HBQT�<�
��>��1IPUPOJD�DSZTUBMT�SFQSFTFOU
B�OFX�DMBTT�PG�OBOPNBUFSJBMT�XJUI�QSPNJTJOH�BQQMJDBUJPOT
JO� PQUJDBM� DPNNVOJDBUJPO� MJOFT
� TFOTPS� UFDIOPMPHZ� BOE
EBUB� TUPSBHF��$PMMPJEBM� DSZTUBMT� GPSNFE� CZ� TFMG�BTTFNCMZ
PG� TVC�NJDSPNFUFS� DPMMPJEBM� TQIFSJDBM� QBSUJDMFT� <�>� BSF
FTQFDJBMMZ� BUUSBDUJWF� EVF� UP� UIFJS� MBSHF� BSFB
� MPX
GBCSJDBUJPO� DPTUT� BOE� B� XJEF� SBOHF� PG� QBSUJDMF� TJ[F� BOE
TIBQF��*OWFTUJHBUJPO�PG�B�SFBM�TUSVDUVSF�PG� UIFTF�NBUFSJBMT
BOE� JUT� UFNQFSBUVSF� EFQFOEFODF� JT� PG� VUNPTU� JNQPSUBODF
GPS�UIF�GVUVSF�EFWFMPQNFOU�PG�QIPUPOJD�EFWJDFT�
#BOE�HBQ�QSPQFSUJFT�PG�DPMMPJEBM�DSZTUBMT�DBO�CF�BMUFSFE

CZ� UIFSNBM� USFBUNFOU� 	ESZ� TJOUFSJOH
� <�>�� 5IF� QIZTJDBM
SFBTPO� GPS� UIJT� QIFOPNFOPO� JT� OPU�XFMM� VOEFSTUPPE��5IF
CFIBWJPS� PG� MPX�PSEFS� TQJO�DPBUFE� QPMZTUZSFOF� 	14

DPMMPJEBM� GJMNT� VOEFS� BOOFBMJOH� USFBUNFOU� QSPWJEFT� POMZ
SPVHI� QJDUVSF� PG� TUSVDUVSBM� FWPMVUJPO� <�>�� 0VS� SFDFOU
TUVEJFT� PG� IJHI�RVBMJUZ� 14� DPMMPJEBM� DSZTUBMT� VQPO
JODSFNFOUBM� IFBUJOH� DPOEJUJPOT� IBWF� SFWFBMFE� EFUBJMFE
TDFOBSJP� PG� DPMMPJEBM� DSZTUBM� NFMUJOH� <�
� �>�� 9�SBZ
EJGGSBDUJPO� TUVEJFT� PG� 14� DPMMPJEBM� DSZTUBMT� IBWF� CFFO
DBSSJFE� PVU� JO� USBOTNJTTJPO� BOE� SFGMFDUJPO� HFPNFUSJFT
VTJOH� IJHI� SFTPMVUJPO� 9�SBZ� TDBUUFSJOH� TFUVQ� BU� UIF
$PIFSFODF�#FBNMJOF�1���PG�UIF�1&53"�***� MJHIU�TPVSDF�
%JGGSBDUJPO�QFBL�QBSBNFUFST
�TVDI�BT�R�WBMVFT
� JOUFHSBUFE
QFBL� JOUFOTJUJFT
� UIF� SBEJBM� BOE� B[JNVUIBM� XJEUIT
� XFSF
BOBMZ[FE� BT� B� GVODUJPO� PG� UFNQFSBUVSF� <�>�� 5FNQFSBUVSF
EFQFOEFODJFT� PG� MBUUJDF� EJTUPSUJPOT
�NPTBJD� TQSFBE� BOE� B
TJ[F� PG� DPIFSFOUMZ� TDBUUFSJOH� EPNBJO� XFSF� FWBMVBUFE� CZ
8JMMJBNTPO�)BMM� NFUIPE�� "T� B� SFTVMU� XF� JEFOUJGJFE� GPVS
TUBHFT� PG� TUSVDUVSBM� FWPMVUJPO� JO� 14� DSZTUBMT� VQPO
TJOUFSJOH�� TUFBEZ�TUBUF
�QSF�NFMUJOH
� TIBQF� USBOTGPSNBUJPO
BOE�DSZTUBM�NFMUJOH��5IF�PCTFSWFE�QFDVMJBSJUJFT�PG� MBUUJDF
EJTUPSUJPOT� JOEJDBUF� UIBU� UIF� FWPMVUJPO� PG� JO�QMBOF� BOE
PVU�PG�QMBOF� PSEFS� QMBZT� B� DFOUSBM� SPMF� JO� UIF� QSPDFTT� PG
DPMMPJEBM�DSZTUBM�NFMUJOH��`
3FGFSFODFT


