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'LHVH $UEHLW HQWVWDQG LP =HLWUDXP ]ZLVFKHQ 2NWREHU ���� XQG 0lU]
����� 'DV XUVSU�QJOLFKH 7KHPD GLHVHU $UEHLW ZDU GLH 8QWHUVXFKXQJ
GHV 5HDNWLRQVPHFKDQLVPXV GHU +HFN�5HDNWLRQ PLW +LOIH YRQ ')7�
5HFKQXQJHQ� 'D MHGRFK ZlKUHQG GLHVHU =HLW QRFK ZHLWHUH 3URMHNWH
EHDUEHLWHW ZXUGHQ� GHUHQ 8PIDQJ LQVJHVDPW QRFK HLQPDO GHP GHV
HLJHQWOLFKHQ 3URPRWLRQVSURMHNWHV HQWVSULFKW� VLQG GLHVH HEHQIDOOV LQ
GLH $UEHLW HLQJHIORVVHQ� $XV GLHVHP *UXQG LVW GLH $UEHLW LP ZHVHQWOL�
FKHQ LQ YLHU 7HLOH DXIJHWHLOW� =XQlFKVW HUIROJW HLQH NXU]H =XVDPPHQ�
IDVVXQJ GHU YHUZHQGHWHQ 0HWKRGHQ �YJO� ��� PLW GHQHQ GLH (UJHE�
QLVVH HUDUEHLWHW ZXUGHQ� 'HU (UJHEQLVWHLO EHLQKDOWHW GLH GUHL 3UR�
MHNWH� GLH LP 5DKPHQ GLHVHU $UEHLW DEJHVFKORVVHQ ZXUGHQ� GLH (SR[L�
GLHUXQJ YRQ 2OHILQHQ PLW :DVVHUVWRIISHUR[LG XQWHU 0HWK\OWULR[RUKH�
QLXP�.DWDO\VH �YJO� ����� GLH 6WUXNWXU YRQ :ROIUDP� XQG 0RO\EGlQ�
3KRVSKLGRNRPSOH[HQ �YJO� ���� XQG VFKOLH�OLFK ')7�8QWHUVXFKXQJHQ
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]XP 0HFKDQLVPXV GHU +HFN�5HDNWLRQ �YJO� ����� $XIJUXQG GHU (LQ�
WHLOXQJ HUVFKLHQ HV VLQQYROO� GLH IDFKOLFKH (LQI�KUXQJ MHGHP .DSLWHO
YRUDQ]XVWHOOHQ� (EHQVR HUIROJW GLH =XVDPPHQIDVVXQJ GHU (UJHEQLVVH
DP (QGH GHV HQWVSUHFKHQGHQ $EVFKQLWWV� (LQH $XVQDKPH ELOGHW KLHU
OHGLJOLFK GHU 7HLO �EHU GLH +HFN�5HDNWLRQ� GHU ]XU EHVVHUHQ hEHU�
VLFKWOLFKNHLW LQ GLHVHU +LQVLFKW ]ZHLJHWHLOW ZXUGH� 'LH EHUHFKQHWHQ
hEHUJDQJVPHWDOONRPSOH[H VLQG DOOH LP 'DWHQKDQJ �YJO� �� LQNOXVLYH
GHU (QHUJLH DXIJHI�KUW� ,P 7H[W ZLUG DXI GLH 6WUXNWXUHQ PLW IHWW
JHGUXFNWHQ�=DKOHQ�YHUZLHVHQ��
'LH DEVFKOLH�HQGH =XVDPPHQIDVVXQJ �YJO� �� VSDQQW LP ZHVHQWOLFKHQ
QXU QRFK HLQPDO HLQHQ %RJHQ �EHU DOOH GXUFKJHI�KUWHQ 3URMHNWH XQG
OLHIHUW HLQHQ $XVEOLFN DXI GLH 0|JOLFKNHLWHQ QHXHUHU PHWKRGLVFKHU
(QWZLFNOXQJHQ��GLH�LQ�GLHVHU�$UEHLW�QRFK�NHLQH�$QZHQGXQJ�IDQGHQ�
'LH (QWVWHKXQJ GLHVHU $UEHLW ZlUH RKQH GLH 0LWKLOIH YLHOHU 3HUVRQHQ
QLFKW P|JOLFK JHZHVHQ� =XYRUGHUVW P|FKWH LFK PHLQHP 'RNWRUYDWHU
3URI� 'U� )UHQNLQJ I�U GLH LQWHUHVVDQWH XQG KHUDXVIRUGHUQGH 7KHPHQ�
VWHOOXQJ� VHLQH KLOIUHLFKHQ 5DWVFKOlJH XQG +LQZHLVH LQ GHU 'LVNXVVLRQ
XQG VHLQH VWlQGLJH 8QWHUVW�W]XQJVEHUHLWVFKDIW GDQNHQ� 'HVZHLWHUHQ
EHGDQNH LFK PLFK EHL GHU JHVDPWHQ $UEHLWVJUXSSH I�U GLH IUHXQGOLFKH
$UEHLWVDWPRVSKlUH� 0HLQ EHVRQGHUHU 'DQN JLOW KLHU +HUUQ 'U� 6WHIDQ
'DSSULFK I�U YLHOH WHFKQLVFKH +LQZHLVH XQG 7LSV� +HUUQ 'U� 5DOI
6WHJPDQQ� GHU PHLQ ,QWHUHVVH DQ 7KHPHQ DX�HUKDOE GHU &RPSXWHU�
FKHPLH DX�HURUGHQWOLFK EHIO�JHOW KDW� XQG VFKOLH�OLFK +HUUQ 'LSO�
&KHP� 0LFKDHO 'LHGHQKRIHQ I�U GLH JHGXOGLJH .RUUHNWXU JUR�HU 7HLOH
GHV�0DQXVNULSWV�
3URI� 5RGQH\ -� %DUWOHWW XQG 'U� $QDWROL .RUNLQ VFKXOGH LFK SHUV|QOL�
FKHQ 'DQN I�U GHQ VHKU OHKUUHLFKHQ $XIHQWKDOW LQ *DLQHVYLOOH� )OR�
ULGD�
'HP *UDGXLHUWHQNROOHJ Ä0HWDOORUJDQLVFKH &KHPLH³ ELQ LFK I�U GLH
JUR�]�JLJH ILQDQ]LHOOH 8QWHUVW�W]XQJ ZlKUHQG GHU HUVWHQ ]ZHL -DKUH
PHLQHU�3URPRWLRQ�GDQNEDU�
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FKH 5HVVRXUFHQ DQ &RPSXWHU�5HFKHQ]HLW QLFKW P|JOLFK JHZHVHQ�
'HVZHJHQ P|FKWH LFK PLFK EHL GHQ +RFKVFKXOUHFKHQ]HQWUHQ GHU
3KLOLSSV�8QLYHUVLWlW 0DUEXUJ� GHU 7HFKQLVFKHQ 8QLYHUVLWlW 'DUP�
VWDGW� GHU Ä-RKDQQ :ROIJDQJ Y� *RHWKH³�8QLYHUVLWlW )UDQNIXUW� GHU
*HVDPWKRFKVFKXOH .DVVHO XQG GHP %XQGHVUHFKHQ]HQWUXP LQ 6WXWW�
JDUW I�U GLH JUR�]�JLJH %HUHLWVWHOOXQJ GHUVHOEHQ EHGDQNHQ� +HUYRUJH�
KREHQ VHLHQ KLHU LQVEHVRQGHUH +HUU 6FKU|GHU XQG +HUU 'U� *HEKDUGW
YRP +RFKVFKXOUHFKHQ]HQWUXP 0DUEXUJ I�U GLH IUHXQGOLFKH XQG NRO�
OHJLDOH�=XVDPPHQDUEHLW�
1LFKW DXV]XGU�FNHQ LVW GHU 'DQN DQ PHLQH /HEHQVJHIlKUWLQ )UDX
0RQLFD�:HOOPDQQ�0��$�
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���� (QHUJLH�HLQHV�0ROHN�OV
'LH (UJHEQLVVH GLHVHU $UEHLW ZXUGHQ PLW GHQ 0HWKRGHQ GHU 4XDQWHQ�
FKHPLH � HUDUEHLWHW� GLH DXI GHU 7KHRULH GHU 4XDQWHQPHFKDQLN � EHUX�
KHQ� 'LH (QWGHFNXQJ GHU PRGHUQHQ 4XDQWHQPHFKDQLN JHKW LP
ZHVHQWOLFKHQ DXI GLH $UEHLWHQ YRQ 6FKU|GLQJHU XQG +HLVHQEHUJ
]XU�FN� $OV IXQGDPHQWDOH *U|�H GHU 4XDQWHQPHFKDQLN JLOW GLH :HO�
OHQIXQNWLRQ ´�U�W�� GLH GHQ =XVWDQG GHV 6\VWHPV EHVFKUHLEW� 6LH LVW
VHOEVW NHLQH 2EVHUYDEOH� EHREDFKWEDU LVW OHGLJOLFK GLH :DKUVFKHLQ�
OLFKNHLWVGLFKWHYHUWHLOXQJ �´�U�W�*,´�U�W��� � 'LH :HOOHQIXQNWLRQ GHV
6\VWHPV�Ol�W�VLFK�PLW�+LOIH�GHU�6FKU|GLQJHU�*OHLFKXQJ � �EHUHFKQHQ�

�*O��������

´�U�W��Ol�W�VLFK�LQ�HLQHQ�RUWV��XQG�HLQHQ�]HLWDEKlQJLJHQ�7HLO�WUHQQHQ�
�*O��������

+DQGHOW HV VLFK XP HLQ VWDWLRQlUHV 6\VWHP� HQWKlOW GHU +DPLOWRQ�
2SHUDWRU + NHLQH ]HLWDEKlQJLJHQ $QWHLOH� 'DPLW NDQQ GHU ]HLWDEKlQ�
JLJH 7HLO GHU :HOOHQIXQNWLRQ JHN�U]W ZHUGHQ XQG HQWIlOOW� 'LH UHVXO�
WLHUHQGH ]HLWXQDEKlQJLJH 6FKU|GLQJHU�*OHLFKXQJ LVW QXU QRFK YRQ
´�U��DEKlQJLJ�

�*O���������
:HLO GLH $WRPNHUQH GHXWOLFK VFKZHUHU XQG GDPLW WUlJHU VLQG DOV
(OHNWURQHQ� N|QQHQ VLH JHJHQ�EHU GHQ (OHNWURQHQ DOV UXKHQG DQJH�
QRPPHQ ZHUGHQ �ÄFODPSHG QXFOHXV³�1lKHUXQJ�� ,P 5DKPHQ GHU
%RUQ�2SSHQKHLPHU�1lKHUXQJ � NDQQ GLH :HOOHQIXQNWLRQ GHU $WRP�
NHUQH YROOVWlQGLJ YRQ GHU GHU (OHNWURQHQ DEJHWUHQQW ZHUGHQ� VR GD�
GLH UHVXOWLHUHQGH HOHNWURQLVFKH :HOOHQIXQNWLRQ ´�U� QXU QRFK SDUD�
PHWULVFK�YRQ�GHQ�.RRUGLQDWHQ�GHU�.HUQH�DEKlQJW��
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�0HWKRGHQ

8QWHU 9HUQDFKOlVVLJXQJ YRQ UHODWLYLVWLVFKHQ (IIHNWHQ XQG lX�HUHQ
)HOGHUQ JHODQJW PDQ VFKOLH�OLFK ]XU ]HLWXQDEKlQJLJHQ HOHNWURQL�
VFKHQ 6FKU|GLQJHU�*OHLFKXQJ PLW GHP HOHNWURQLVFKHQ +DPLOWRQ�2SH�
UDWRU�+�

��*O��������

L��M��,QGL]HV�GHU�(OHNWURQHQ$��%��,QGL]HV�GHU�$WRPNHUQH=� ��/DGXQJ�$WRPNHUQ�$U��� ��$EVWDQG�YRQ�7HLOFKHQ�[�]X�\
���,PSXOVRSHUDWRU

'HU RELJH 2SHUDWRU VHW]W VLFK DXV YLHU .RPSRQHQWHQ ]XVDPPHQ� GHU
NLQHWLVFKHQ (QHUJLH GHU (OHNWURQHQ� GHU (OHNWURQ�(OHNWURQ�$E�
VWR�XQJ� GHU .HUQ�(OHNWURQ�$Q]LHKXQJ XQG GHU .HUQ�.HUQ�$EVWR�
�XQJ� /HW]WHUH KlQJW QLFKW YRQ GHQ (OHNWURQHQ DE� VRQGHUQ
EHVFKUHLEW OHGLJOLFK GLH NODVVLVFKH &RXORPE�$EVWR�XQJ GHU $WRP�
NHUQH� 6WUHQJ JHVHKHQ JHK|UW GLHVHU 7HUP QLFKW ]XP HOHNWURQLVFKHQ
+DPLOWRQ�2SHUDWRU� WUDGLWLRQHOO ZLUG GLHVHU 7HUP DOOHUGLQJV RIW ]XU
9ROOVWlQGLJNHLW�LQ�GHQ�2SHUDWRU�DXIJHQRPPHQ�
'DV IXQGDPHQWDOH 3UREOHP GHU 4XDQWHQPHFKDQLN LVW� GD� GLH HOHN�
WURQLVFKH 6FKU|GLQJHU�*OHLFKXQJ QXU I�U PD[LPDO =ZHLWHLOFKHQV\�
VWHPH H[DNW O|VEDU LVW� )�U JU|�HUH 6\VWHPH LVW PDQ GDKHU DXI 1lKH�
UXQJVO|VXQJHQ�DQJHZLHVHQ�
,Q GHQ IROJHQGHQ $EVFKQLWWHQ VROOHQ HLQLJH GLHVHU /|VXQJVDQVlW]H ]XU
(QHUJLHEHUHFKQXQJ YRQ 0HKUHOHNWURQHQV\VWHPHQ NXU] VNL]]LHUW ZHU�
GHQ� GLH LQ GLHVHU $UEHLW YHUZHQGHW ZXUGHQ� 'HU HUVWH $EVFKQLWW VHW]W
VLFK PLW GHP +DUWUHH�)RFN�$QVDW] �+)� DXVHLQDQGHU� LP $QVFKOX�
VROO GDV HQJ GDPLW YHUNQ�SIWH 3UREOHP GHU %DVLVVlW]H NXU] DQJHULVVHQ
ZHUGHQ� GHU GDUDXIIROJHQGH $EVFKQLWW VWHOOW 0HWKRGHQ ]XU %HUHFK�
QXQJ GHU .RUUHODWLRQVHQHUJLH YRU� ZREHL VLFK GLH 'DUVWHOOXQJ LP
ZHVHQWOLFKHQ DXI GLH 0¡OOHU�3OHVVHW�6W|UXQJVWKHRULH �03� DOV 6SH]L�
DOIDOO GHU ÄPXOWL ERG\ SHUWXUEDWLRQ WKHRU\³ �0%37� XQG GLH ÄFRXSOHG
FOXVWHU³�0HWKRGH EHVFKUlQNW� ,P DQVFKOLH�HQGHQ 7HLO GHV .DSLWHOV
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VROO GLH 'LFKWHIXQNWLRQDOWKHRULH �')7� NXU] DQJHULVVHQ ZHUGHQ� 'HQ
$EVFKOX� ELOGHW HLQH %HWUDFKWXQJ ]X HIIHNWLYHQ .HUQSRWHQWLDOHQ
�(&3��
������ +DUWUHH�)RFN
'HU +DUWUHH�)RFN�$QVDW] ��� � �+)� VSH]LIL]LHUW GLH (LJHQIXQNWLRQ GHV
+DPLOWRQRSHUDWRUV� $OV 7HVWIXQNWLRQ ³ GHV HOHNWURQLVFKHQ *HVDPWV\�
VWHPV ZLUG GDV � JHPl� GHP 3DXOL�3ULQ]LS � � � � DQWLV\PPHWULVLHUWH�
QRUPLHUWH 3URGXNW YRQ (LQHOHNWURQHQ�:HOOHQIXQNWLRQHQ Ê DQJHVHW]W�
'HQ VSLQEHKDIWHWHQ )XQNWLRQHQ Ê NRPPW GLH %HGHXWXQJ YRQ 0ROH�
N�ORUELWDOHQ �02� ]X� (LQH VROFKH 7HVWIXQNWLRQ ZLUG DOV 6ODWHU�'HWHU�
PLQDQWH��6'��EH]HLFKQHW� � �'LH�7HVWIXQNWLRQ�³�LVW�GDPLW�

�*O��������

Q��$Q]DKO�GHU�(OHNWURQHQ�
'XUFK 0LQLPLHUXQJ GHV (QHUJLHHUZDUWXQJVZHUWHV PLW +LOIH GHV
$QVDW]HV GHU /DJUDQJHVFKHQ 0XOWLSOLNDWRUHQ QDFK GHP 9DULDWLRQV�
SULQ]LS � XQG HLQHU DQVFKOLH�HQGHQ 8QLWlUWUDQVIRUPDWLRQ GHU (LJHQ�
IXQNWLRQHQ�HUKlOW�PDQ�GLH�*OHLFKXQJ�]XU�%HVWLPPXQJ�GHU�02V�

�*O��������
)��)RFN�2SHUDWRU
º��02�(QHUJLHHLJHQZHUW�YRQ�02��Ê �

D 9JO��]��%��>�D@�$QKDQJ�$�

6HLWH��

³=
1
!n

Ó
1

1� � Ó
2

1� � w Ó
n

1� �
Ó

1
2� � Ó

2
2� � x

x z

Ó
1

n� � Ó
2

n� � w Ó
n

n� �s s

F
i
Ó

i
1� �=º

i
Ó

i
1� �



�0HWKRGHQ

'LH (QHUJLHHLJHQZHUWH º ODVVHQ VLFK KLHUEHL EHUHFKQHQ� LQGHP PDQ
PLW Ê �

� PXOWLSOL]LHUW XQG �EHU GHQ 5DXP LQWHJULHUW� 'DV 3UREOHP EHL
GLHVHU 9RUJHKHQVZHLVH LVW GHU )RFN�2SHUDWRU� GHU IROJHQGH )RUP DXI�
ZHLVW�

�*O��������

-� ��&RXORPE�2SHUDWRU�GHU�NODVVLVFKHQ�(OHNWURQHQ�$EVWR�XQJ.� ��$XVWDXVFK�2SHUDWRU��NHLQH�NODVVLVFKH�(QWVSUHFKXQJ�3��� ��9HUWDXVFKXQJVRSHUDWRUHQ�GHU�(OHNWURQHQNRRUGLQDWHQ���XQG��
:LH PDQ VLHKW� P�VVHQ ]XU %HUHFKQXQJ GHV (QHUJLHHLJHQZHUWHV DOOH
02V EHNDQQW VHLQ� $XV GLHVHP *UXQG NDQQ GLH /|VXQJ QLFKW DQDO\�
WLVFK� VRQGHUQ QXU LWHUDWLY HUIROJHQ� 'LH %HUHFKQXQJ VWDUWHW PLW JHQH�
ULVFK HU]HXJWHQ 02V� 'XUFK GLH %HUHFKQXQJ GHU (LJHQIXQNWLRQHQ GHV
VR DXIJHVWHOOWHQ )RFN�2SHUDWRUV ZLUG HLQ QHXHU 6DW] YRQ 02V
HU]HXJW� DXV GHP ZLHGHUXP GHU QHXH )RFN�2SHUDWRU HUPLWWHOW ZLUG�
'LHVH 9RUJHKHQVZHLVH ZLUG VR ODQJH ZLHGHUKROW� ELV VLFK GLH (QHUJLH
XQG GLH 02V � LP 5DKPHQ HLQHV QXPHULVFKHQ $EEUXFKNULWHULXPV �
QLFKW�PHKU�YHUlQGHUQ��0DQ�VSULFKW�KLHU�YRQ�6HOEVWNRQVLVWHQ]�
'DEHL LVW ]X EHDFKWHQ� GD� GLH *HVDPWHQHUJLH QLFKW GLH 6XPPH GHU
02�(QHUJLHHLJHQZHUWH LVW� ZHLO GXUFK HLQIDFKHV 6XPPLHUHQ GLH (OHN�
WURQHQDEVWR�XQJ GRSSHOW EHUHFKQHW Z�UGH� 9RQ GHU 6XPPH GHU 02�
(QHUJLHQ�PX��OHW]WHUH�DOVR�HLQPDO�DEJH]RJHQ�ZHUGHQ�

�*O��������

�9 ��� !��(UZDUWXQJVZHUW�GHU�(OHNWURQHQDEVWR�XQJ
'HU +)�$QVDW] VWHOOW HLQH 1lKHUXQJ GDU� GLH HLQLJH .RQVHTXHQ]HQ
KDW� :LH PDQ DXV GHU RELJHQ *OHLFKXQJ VLHKW� HQWVSULFKW GHU 7HUP
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GHU (OHNWURQHQDEVWR�XQJ GHP HLQHV (UZDUWXQJVZHUWV� � (LQ (OHNWURQ
EHZHJW VLFK LP JHPLWWHOWHQ )HOG DOOHU DQGHUHQ (OHNWURQHQ� $XV GLH�
VHP *UXQG EH]HLFKQHW PDQ GLH +)�0HWKRGH DXFK DOV ÄVHOI�FRQVLVWHQW
ILHOG³��6&)���
'LH %HZHJXQJ GHU (OHNWURQHQ HUIROJW LQ UHDOHQ 6\VWHPHQ DOOHUGLQJV
NRUUHOLHUW� G� K� GLH %HZHJXQJ HLQHV (OHNWURQV YHUOlXIW LQ $EKlQJLJ�
NHLW YRP $XIHQWKDOWVRUW DOOHU DQGHUHQ (OHNWURQHQ� 'LH $XIHQWKDOWV�
ZDKUVFKHLQOLFKNHLW HLQHV (OHNWURQV DP $XIHQWKDOWVRUW HLQHV DQGHUHQ
(OHNWURQV PX� DXIJUXQG JOHLFKHU /DGXQJ XQG DXIJUXQG JOHLFKHQ
6SLQV JOHLFK 1XOO VHLQ �&RXORPE� XQG )HUPL�/RFK�� 'LH 9HUQDFKOlVVL�
JXQJ GHU NRUUHOLHUWHQ %HZHJXQJ GHU (OHNWURQHQ HUK|KW LQVJHVDPW GLH
(QHUJLH GHV 6\VWHPV� 8P HLQH EHVVHUH (QHUJLH I�U GDV 0ROHN�O ]X
HUKDOWHQ� PX� DOVR GLH .RUUHODWLRQVHQHUJLH ( ���������  ( �	� ��
 � ( ��
 �*O� ������
EHUHFKQHW ZHUGHQ� 0LW VROFKHQ 0HWKRGHQ EHVFKlIWLJW VLFK GHU �EHU�
QlFKVWH�$EVFKQLWW��
)�U 0ROHN�OH� GLH DXVVFKOLH�OLFK JHSDDUWH (OHNWURQHQ EHVLW]HQ �ÄFOR�
VHG VKHOO³�)DOO�� ZLUG L� G� 5� QRFK GLH 1lKHUXQJ HLQJHI�KUW� GD� GDV
VSLQIUHLH 2UWV�02 ]ZHLHU (OHNWURQHQ JOHLFK VHLQ PX�� 'DGXUFK Ol�W
VLFK HIIHNWLY GLH $Q]DKO GHU ]X EHU�FNVLFKWLJHQGHQ (OHNWURQHQ KDOELH�
UHQ� 'LHVH $QVDW] ZLUG DOV ÄUHVWULFWHG³�+DUWUHH�)RFN �5+)� LP
*HJHQVDW] ]XP ÄXQUHVWULFWHG³�+DUWUHH�)RFN � �8+)� EH]HLFKQHW� )�U
(QHUJLHPLQLPD LVW GHU )HKOHU� GHU GXUFK GLH 5+)�1lKHUXQJ YHUXU�
VDFKW ZLUG� ]X YHUQDFKOlVVLJHQ� 'LH 5+)�0HWKRGH OLHIHUW MHGRFK
PHWKRGLVFK�IDOVFKH�KRPRO\WLVFKH�%LQGXQJVGLVVR]LDWLRQVHQHUJLHQ�
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�0HWKRGHQ

������ �%DVLVVlW]H
%LV ]X GLHVHP 3XQNW ZXUGH �EHU GLH *HVWDOW GHU 0ROHN�ORUELWDOH
NHLQH $XVVDJH JHWURIIHQ� ,P *UHQ]IDOO HLQHU XQHQGOLFKHQ %DVLV ZLUG
LP +)�$QVDW] DX�HU GHU 9HUQDFKOlVVLJXQJ GHU .RUUHODWLRQVHQHUJLH
DXFK NHLQH ]XVlW]OLFKH 1lKHUXQJ HLQJHI�KUW� ,Q 6&)�%HUHFKQXQJHQ
NDQQ KLQJHJHQ QXU HLQH HQGOLFKH %DVLV YHUZHQGHW ZHUGHQ� 1RUPDOHU�
ZHLVH ZHUGHQ KLHU /LQHDUNRPELQDWLRQHQ YRQ $WRPRUELWDOHQ YHUZHQ�
GHW� 'HU $QVDW] GHU ÄOLQHDU FRPELQDWLRQ RI DWRPLF RUELWDOV³ �/&$2�
ZXUGH HUVWPDOV YRQ 5RRWKDDQ � XQG +DOO � YRUJHVWHOOW� 'LH 02V ZHU�
GHQ�JHQlKHUW�DOV�

�*O���������
F� � ��([SDQVLRQVNRHIIL]LHQWHQ
Ë � ��$WRPRUELWDO

=XU %HVFKUHLEXQJ GHU $WRPRUELWDOH ZHUGHQ KHXWH IDVW DXVVFKOLH�OLFK
*DX��)XQNWLRQHQ ��� �Ä*DX� W\SH RUELWDOV³� *72� RGHU /LQHDUNRPELQD�
WLRQHQ GHUVHOEHQ �ÄFRQWUDFWHG *DX� W\SH RUELWDOV³� &*72� YHUZHQGHW�
GLH DV\PSWRWLVFK SURSRUWLRQDO ]X H ��� �	� YHUODXIHQ� REZRKO GLH $WRPRU�
ELWDOH GHV :DVVHUVWRIIV SURSRUWLRQDO ]X H � � � DEIDOOHQ� 6ODWHU�7\S�
2UELWDOH � � �672� ZHLVHQ ]ZDU GDV ULFKWLJH DV\PSWRWLVFKH 9HUKDOWHQ
DXI� KDEHQ MHGRFK GHQ 1DFKWHLO� GD� GLH %HUHFKQXQJ GHU =ZHLHOHNWUR�
QHQWHUPH�LP�)RFN�2SHUDWRU�GHXWOLFK�DXIZHQGLJHU�LVW�
%DVLVVlW]H ZHUGHQ L� G� 5� I�U HLQ]HOQH $WRPW\SHQ RSWLPLHUW� 'LH
6XPPH DOOHU %DVLVVlW]H ELOGHW GLH %DVLV ^Ë 
 `� $XIJUXQG GHV XQNRUUHN�
WHQ 9HUKDOWHQV YRQ *DX��)XQNWLRQHQ LP DV\PSWRWLVFKHQ $EIDOO XQG
DP $WRPNHUQ �U �� LVW HV ZLFKWLJ� PHKUHUH *DX��)XQNWLRQHQ ]XU
%HVFKUHLEXQJ�HLQHV�$WRPRUELWDOV�]X�YHUZHQGHQ��
0LW +LOIH YRQ P %DVLVIXQNWLRQHQ ODVVHQ VLFK P 0ROHN�ORUELWDOH ELO�
GHQ� 'D GLH =DKO GHU JHELOGHWHQ 02V QRUPDOHUZHLVH JU|�HU LVW DOV GLH
$Q]DKO GHU (OHNWURQHQ� EOHLEW HLQ 7HLO GHU 02V XQEHVHW]W� 6ROFKH
2UELWDOH EH]HLFKQHW PDQ DOV YLUWXHOOH 2UELWDOH �92�� 'HU )HKOHU� GHU
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

GXUFK GLH HQGOLFKH %DVLV YHUXUVDFKW ZLUG� ZLUG DOV ÄEDVLV VHW WUXQFD�
WLRQ�HUURU³��%67(��RGHU�ÄEDVLV�VHW�LQFRPSOHWHQHVV�HUURU³�EH]HLFKQHW�
������ .RUUHODWLRQVHQHUJLH
:LH EHUHLWV LP YRUDQJHJDQJHQHQ $EVFKQLWW HUZlKQW� YHUQDFKOlVVLJW
GHU +)�$QVDW] GLH .RUUHODWLRQVHQHUJLH� 'LHVH LVW DOV 'LIIHUHQ] GHU
UHDOHQ (QHUJLH GHV 0ROHN�OV XQG GHU +)�(QHUJLH GHILQLHUW� 'D GLH
+)�:HOOHQIXQNWLRQ EHL JHJHEHQHU %DVLV GLH EHVWP|JOLFKH :HOOHQ�
IXQNWLRQ LVW� GLH DXV HLQHU 6' EHVWHKW� OLHJW GHU $QVDW] QDK� PHKUHUH
6'V ]XP $XIEDX GHU :HOOHQIXQNWLRQ ]X YHUZHQGHQ� (V H[LVWLHUHQ
XQWHUVFKLHGOLFKH 9HUIDKUHQ� GLH 6'V ]X JHQHULHUHQ� ,Q GHQ ZHLWDXV
PHLVWHQ 0HWKRGHQ ZLUG MHGRFK DXI GLH XQEHVHW]WHQ 02V GHU +)�
5HFKQXQJ ]XU�FNJHJULIIHQ� 'DEHL ZHUGHQ VXN]HVVLY EHVHW]WH 2UELWDOH
GHU +)�:HOOHQIXQNWLRQ GXUFK YLUWXHOOH 2UELWDOH HUVHW]W� 'LH $Q]DKO
GHU�HUVHW]WHQ�2UELWDOH�ZLUG�RIW�DOV�*UDG�GHU�$QUHJXQJ�LQWHUSUHWLHUW�
'LH 0HWKRGH� HLQH E]Z� PHKUHUH $QUHJXQJVJUDGH NRPSOHWW ]X
EHU�FNVLFKWLJHQ XQG GLH ([SDQVLRQVNRHIIL]LHQWHQ D � YDULDWLRQHOO ]X
EHVWLPPHQ��ZLUG�DOV�ÄFRQILJXUDWLRQ�LQWHUDFWLRQ³��&,��EH]HLFKQHW��

�*O���������
D � ��([SDQVLRQVNRHIIL]LHQWHQ

'LH %HUHFKQXQJ DOOHU $QUHJXQJHQ ZLUG ÄIXOO &,³ �)&,� JHQDQQW XQG
OLHIHUW I�U GLH YHUZHQGHWH %DVLV GLH YROOH .RUUHODWLRQVHQHUJLH� 'D GLH
$Q]DKO GHU ]X EHUHFKQHQGHQ 6'V MHGRFK IDNXOWDWLY DQVWHLJW� VLQG VRO�
FKH %HUHFKQXQJHQ QXU PLW VHKU NOHLQHQ 0ROHN�OHQ � E]Z� ZHQLJHQ
%DVLVIXQNWLRQHQ � P|JOLFK� $XFK %HUHFKQXQJHQ� LQ GHQHQ QXU (LQ�
XQG =ZHLIDFKDQUHJXQJHQ EHU�FNVLFKWLJW ZHUGHQ � VRJ� &, ÄVLQJOHV
GRXEOHV³ �&,�6'� �� VLQG EHUHLWV VHKU DXIZHQGLJ� $X�HUGHP ELUJW GHU
$QVDW] GDV 3UREOHP� GD� � DX�HU )&, � GLH 0HWKRGH QLFKW JU|�HQNRQ�
VLVWHQW LVW� G� K� GLH (QHUJLH HLQHV 6\VWHPV ]ZHLHU 0ROHN�OIUDJPHQWH
LVW�QLFKW�JOHLFK�GHU�6XPPH�GHU�(LQ]HOHQHUJLHQ�
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�0HWKRGHQ

$XV GHQ JHQDQQWHQ *U�QGHQ ILQGHW GLHVH 0HWKRGH EHL GHU %HUHFK�
QXQJ YRQ *UXQG]XVWDQGVHQHUJLHQ NDXP QRFK $QZHQGXQJ� 6WDWWGHV�
VHQ ZHUGHQ KHXWH QLFKW�YDULDWLRQHOOH 0HWKRGHQ � G� K� GLH EHUHFKQHWH
(QHUJLH NDQQ QLHGULJHU VHLQ DOV GLH UHDOH (QHUJLH � YHUZHQGHW� GLH JU|�
�HQNRQVLVWHQW VLQG� 'LH ZLFKWLJVWHQ 0HWKRGHQ VLQG KHXW]XWDJH GLH
0¡OOHU�3OHVVHW�6W|UXQJVWKHRULH � � XQG GHU ÄFRXSOHG FOXVWHU³�$QVDW]� � �

GLH�LP�IROJHQGHQ�NXU]�YRUJHVWHOOW�ZHUGHQ�VROOHQ�
'LH 0¡OOHU�3OHVVHW�6W|UXQJVWKHRULH � � �03� LVW HLQH ÄPXOWL ERG\ SHU�
WXUEDWLRQ WKHRU\³�0HWKRGH� GLH GLH 5D\OHLJK�6FKU|GLQJHU�6W|UXQJV�
WKHRULH � DXI GDV 3UREOHP GHU .RUUHODWLRQVHQHUJLH DQZHQGHW� 'LH 6W|�
UXQJ GHV 6\VWHPV ZLUG �EHU HLQHQ 6W|URSHUDWRU +
 DXVJHGU�FNW� 'LH�
VHU ZLUNW ]XVlW]OLFK ]XP 2SHUDWRU + � � GHVVHQ (LJHQIXQNWLRQHQ XQG
±ZHUWH EHNDQQW VLQG� DXI GDV 6\VWHP HLQ� ,VW GLH 6W|UXQJ NOHLQ� G� K�
GLH�/|VXQJ�GHV�JHVW|UWHQ�6\VWHPV�OLHJW�GLFKW�EHL�GHU�/|VXQJ�GHV�XQJH�
VW|UWHQ 6\VWHPV� GDQQ ODVVHQ VLFK GLH (LJHQIXQNWLRQHQ XQG ±ZHUWH
GXUFK HLQH 7D\ORU�(QWZLFNOXQJ GHU (LJHQZHUWH XQG ±IXQNWLRQHQ GHV
XQJHVW|UWHQ�6\VWHPV�DXVGU�FNHQ�
,P )DOO GHU 03�6W|UXQJVWKHRULH ZLUG IROJHQGHU $QVDW] I�U + �

JHZlKOW�
�*O���������

'HU�6W|URSHUDWRU�+
�ZLUG�IROJHQGHUPD�HQ�JHZlKOW�
�*O���������

�9 ��� !��+)�(OHNWURQHQDEVWR�XQJ
'HU HUVWH 7HUP HQWVSULFKW GHU UHDOHQ (OHNWURQHQDEVWR�XQJ� ZlKUHQG
GHU ]ZHLWH 7HUP GHU +)�(OHNWURQHQDEVWR�XQJ HQWVSULFKW� )�U GLH
6W|UXQJ HUVWHU 2UGQXQJ HUJLEW VLFK GLH +)�(QHUJLH� VR GD� ]XU
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

%HUHFKQXQJ YRQ .RUUHODWLRQVHQHUJLH PLQGHVWHQV GLH 6W|UXQJ ]ZHLWHU
2UGQXQJ��03���EHU�FNVLFKWLJW�ZHUGHQ�PX��
'LH (QHUJLHNRUUHNWXU ]ZHLWHU 2UGQXQJ Ol�W VLFK IROJHQGHUPD�HQ
EHUHFKQHQ�

��*O���������

'LH ,QGL]HV L XQG M ODXIHQ �EHU GLH EHVHW]WHQ� GLH ,QGL]HV U XQG V �EHU
GLH XQEHVHW]WHQ 2UELWDOH� 'LH ,QWHJUDOH LP =lKOHU GHV %UXFKV ODVVHQ
VLFK QDFK GHQ &RQGRQ�6ODWHU�5HJHOQ � DXIO|VHQ� 'HU 1HQQHU Ol�W VLFK
DXIJUXQG GHU :DKO I�U + � HLQIDFK GXUFK GLH 'LIIHUHQ] GHU 2UELWDO�
HQHUJLHQ�EHUHFKQHQ�

�*O��������

:LH PDQ VLHKW� ZHUGHQ ]XU %HUHFKQXQJ GHU 6W|UXQJVHQHUJLH ]ZHLWHU
2UGQXQJ QXU 'RSSHOWDQUHJXQJHQ EHU�FNVLFKWLJW� 0DQ VSULFKW EHL GHU
.RUUHODWLRQ� GLH 03� HUID�W� YRQ (OHNWURQHQSDDUNRUUHODWLRQ� 'LHVH
%HUHFKQXQJ GHU .RUUHODWLRQVHQHUJLH GXUFK :HFKVHOZLUNXQJ YRQ
(OHNWURQHQSDDUHQ��EHUVFKlW]W�MHGRFK�RIWPDOV�GHQ�%HWUDJ�GHU�.RUUHOD�
WLRQVHQHUJLH� (LQIDFKDQUHJXQJHQ XQG $QUHJXQJHQ GULWWHU 2UGQXQJ�
GLH GLH :HFKVHOZLUNXQJ HLQHV (OHNWURQV PLW (OHNWURQHQSDDUHQ
EHVFKUHLEHQ� ZHUGHQ HUVW DE GHU 6W|UXQJ �� 2UGQXQJ EHU�FNVLFKWLJW�
7DWVlFKOLFK ILQGHW PDQ RIW� GD� GLH 03��(QHUJLH �EHU GHU 03��(QHU�
JLH OLHJW� 'LH 03��6W|UXQJVWKHRULH HQWKlOW YLHUIDFK DQJHUHJWH
=XVWlQGH ]XU %HVFKUHLEXQJ GHU :HFKVHOZLUNXQJ YRQ (OHNWURQHQSDD�
UHQ XQWHUHLQDQGHU� 'LHVH (QHUJLH OLHJW KlXILJ ]ZLVFKHQ GHU 03�� XQG
GHU 03��(QHUJLH� ,Q GHU 3UD[LV ZHUGHQ GLH 6W|UXQJHQ K|KHUHU 2UG�
QXQJ NDXP EHUHFKQHW� GD HIIHNWLYHUH 0HWKRGHQ H[LVWLHUHQ� $QUHJXQ�
JHQ K|KHUHU 2UGQXQJHQ ]X EHU�FNVLFKWLJHQ� � � 03� ZLUG MHGRFK RIW DOV
ÄSUHLVZHUWHVWH³ 0HWKRGH ]XU %HUHFKQXQJ GHU .RUUHODWLRQVHQHUJLH
JHQXW]W�
D 9JO��]��%��>�G@��
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�0HWKRGHQ

'DV HIIHNWLYVWH 6FKHPD ]XU %HUHFKQXQJ GHU .RUUHODWLRQVHQHUJLH
LQQHUKDOE GHV KLHU YRUJHVWHOOWHQ )RUPDOLVPXV LVW GHU ÄFRXSOHG FOX�
VWHU³�$QVDW]��&&�� � � �GHU�IROJHQGH�:HOOHQIXQNWLRQ�DQVHW]W�

�*O���������
H � ��&OXVWHURSHUDWRU

'HU�&OXVWHURSHUDWRU�H � �ZLUG�DOV�([SRQHQWLDOUHLKH�HQWZLFNHOW�
�*O���������

'HU $QUHJXQJVRSHUDWRU 7 LVW GLH 6XPPH DOOHU $QUHJXQJVRSHUDWRUHQ
7 � � GLH DXV GHU +)�:HOOHQIXQNWLRQ DOOH L�IDFK DQJHUHJWHQ :HOOHQIXQN�
WLRQHQ�HU]HXJHQ��]��%�

�*O���������

W��([SDQVLRQVNRHIL]LHQWHQ��VRJ��$PSOLWXGHQ
3ULQ]LSLHOO ZHUGHQ GDPLW DOOH P|JOLFKHQ $QUHJXQJHQ HUID�W� � � 'HU
$QUHJXQJVRSHUDWRU ZLUG ]XU %HUHFKQXQJ GHU &&�(QHUJLH QXU ELV ]X
HLQHU JHZLVVHQ 2UGQXQJ � L� G� 5� ELV 7 � � EHU�FNVLFKWLJW� 'LH 0HWKRGH
ZLUNW DXI GHQ HUVWHQ %OLFN LGHQWLVFK ]XP &,�$QVDW]� (V ZHUGHQ MHGRFK
GHXWOLFK PHKU $QUHJXQJHQ EHU�FNVLFKWLJW� ZLH GDV IROJHQGH %HLVSLHO
LOOXVWULHUHQ�VROO�
'HU HLQIDFKVWH &&�$QVDW] LVW &&�'� GD GLH HLQIDFK DQUHJWHQ 6'V
JHPl� GHP %ULOORXLQ�7KHRUHP � � QLFKW PLW GHU +)�:HOOHQIXQNWLRQ
NRSSHOQ� 6HW]W PDQ GHQ $QUHJXQJVRSHUDWRU LQ GLH ([SRQHQWLDOUHL�
KHQHQWZLFNOXQJ�HLQ��GDQQ�HUKlOW�PDQ�I�U�7�

�*O���������

$OOHLQ PLW GHP 'RSSHOWDQUHJXQJVRSHUDWRU ZHUGHQ EHUHLWV YLHUIDFK
DQJHUHJWH 6'V HU]HXJW� 8QWHU ]XVlW]OLFKHU %HU�FNVLFKWLJXQJ YRQ 7 �
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

ZHUGHQ ]XVlW]OLFK GLH 'UHLIDFKDQUHJXQJHQ EHUHFKQHW� GLH GXUFK GDV
3URGXNW�7 � 7 � �JHQHULHUW�ZHUGHQ�
'LH HLJHQWOLFKH (QHUJLHEHUHFKQXQJ HUIROJW �EHU GLH 2SWLPLHUXQJ GHU
([SDQVLRQVNRHIIL]LHQWHQ W� GLH �EHU HLQ QLFKW OLQHDUHV *OHLFKXQJV�
V\VWHP�]XJlQJOLFK�VLQG��GDV�LWHUDWLY�JHO|VW�ZHUGHQ�PX��
,Q GHU 3UD[LV ZHUGHQ KHXWH GLH (LQ� XQG =ZHLIDFKDQUHJXQJHQ LQ GHQ
$QUHJXQJVRSHUDWRU DXIJHQRPPHQ XQG GLH GLUHNWHQ 'UHLIDFKDQ�
UHJXQJHQ� GLH GXUFK 7 � JHQHULHUW Z�UGHQ� VW|UXQJVWKHRUHWLVFK JHQl�
KHUW �&&�6'>7@�� 'LH 5HFKHQ]HLW� GLH I�U HLQH &&�6'�5HFKQXQJ DXI�
JHZHQGHW ZHUGHQ PX�� HQWVSULFKW HWZD GHU HLQHU 03�� GLH .RVWHQ
HLQHU�&&�6'>7@�GHU�HLQHU�03��5HFKQXQJ��
'LH *OHLFKXQJHQ I�U &&�6'7 � � XQG &&�6'74 VLQG EHNDQQW� GHU
5HFKHQDXIZDQG LVW DOOHUGLQJV VR JUR�� GD� GLH 0HWKRGHQ QXU DXI
NOHLQVWH�6\VWHPH�DQZHQGEDU�VLQG�
������ 'LFKWHIXQNWLRQDOWKHRULH
'LH 'LFKWHIXQNWLRQDOWKHRULH � � ')7 EHUXKW DXI GHP +RKHQEHUJ�.RKQ�
7KHRUHP� � � JHPl� GHP DXV GHU (OHNWURQHQGLFKWH DOOH 0ROHN�O�
HLJHQVFKDIWHQ�GHV�*UXQG]XVWDQGHV�EHUHFKQHW�ZHUGHQ�N|QQHQ�
.HUQSUREOHP GHU ')7 LVW� GD� GDV )XQNWLRQDO ]XU %HUHFKQXQJ GHU
(QHUJLH (>Æ@ QLFKW EHNDQQW LVW� 'DV (QHUJLHIXQNWLRQDO Ol�W VLFK LQ
$QOHKQXQJ DQ GHQ +)�$XVGUXFN IROJHQGHUPD�HQ DXIWHLOHQ �.RKQ�
6KDP�$QVDW] � � ��

�*O���������
7��)XQNWLRQDO�I�U�GLH�NLQHWLVFKH�(QHUJLH�HLQHV�QLFKW�ZHFKVHOZLUNHQGHQ(OHNWURQHQJDVHV( � � ��)XQNWLRQDO�I�U�GLH�(QHUJLH�GHU�:HFKVHOZLUNXQJ�GHU�(OHNWURQHQ�PLWGHQ�$WRPNHUQHQ��(OHNWURQHQ�.HUQ�$Q]LHKXQJ�( ��� ��)XQNWLRQDO�I�U�GLH�(OHNWURQHQDEVWR�XQJ(��� ��$XVWDXVFKNRUUHODWLRQVSRWHQWLDO

)�U GHQ *UHQ]IDOO HLQHV QLFKW LQWHUDJLHUHQGHQ (OHNWURQHQJDVHV
�( � �  �� (���  �� N|QQHQ GHU NLQHWLVFKH 7HUP 7 XQG GHU HOHNWURVWDWLVFKH
7HUP ( � � H[DNW EHUHFKQHW ZHUGHQ �7KRPDV�)HUPL�'LUDF�0RGHOO�� 'D
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�0HWKRGHQ

GLHVH 1lKHUXQJ LQ HLQHP 0ROHN�O QLFKW PHKU KDOWEDU LVW� P�VVHQ GLH
R� J� 7HUPH NRUULJLHUW ZHUGHQ� 'LH .RUUHNWXU GHV NLQHWLVFKHQ 7HUPV
ZLUG DOV .RUUHODWLRQVIXQNWLRQDO ( � >Æ@ HLQJHI�KUW� ZlKUHQG GLH NRP�
SOHWWH $XVWDXVFKHQHUJLH DXV GHP HOHNWURVWDWLVFKHQ )XQNWLRQDO KHU�
DXVJH]RJHQ�XQG�DOV�$XVWDXVFKIXQNWLRQDO�(� >Æ@�VHSDULHUW�ZLUG�
6HW]W PDQ GLH :HOOHQIXQNWLRQ DOV HLQH 6' ³ PLW RUWKRJRQDOHQ (LJHQ�
YHNWRUHQ�Ê � �DQ��YJO��+)���GDQQ�HUKlOW�PDQ�IROJHQGH�*U|�HQ�

�*O���������

7� ��NLQHWLVFKH�(QHUJLH�GHV�IUHLHQ�(OHNWURQHQJDVHV-��&RXORPE�(QHUJLH
0DQ EHDFKWH� GD� GLH .RUUHODWLRQVHQHUJLH LQ GHU ')7 IXQGDPHQWDO
DQGHUV GHILQLHUW ZLUG� DOV LQ GHQ ÄNODVVLVFKHQ³ :HOOHQIXQNWLRQ�EDVLHU�
WHQ 0HWKRGHQ� 'DV $XVWDXVFKNRUUHODWLRQVIXQNWLRQDO Ol�W VLFK DOOJH�
PHLQ DQDO\WLVFK QLFKW KHUOHLWHQ� +LHU P�VVHQ 1lKHUXQJHQ YHUZHQGHW
ZHUGHQ� DXI GHUHQ 1DWXU QLFKW HLQPDO HLQGHXWLJ JHVFKORVVHQ ZHUGHQ
NDQQ�
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

'LH .RKQ�6KDP�2UELWDOH Ê � P�VVHQ HEHQVR ZLH GLH +)�2UELWDOH LWH�
UDWLY EHUHFKQHW ZHUGHQ� ZHLO GLH 'LFKWH I�U GDV &RXORPE� XQG GDV
$XVWDXVFKNRUUHODWLRQVSRWHQWLDO EHNDQQW VHLQ P�VVHQ� $QDORJ ]XU
+)�0HWKRGH ZLUG HLQ $QVDW] GHU /DJUDQJHVFKHQ 0XOWLSOLNDWRUHQ
GXUFKJHI�KUW��GHU�]X�GHU�.6�(LJHQZHUWJOHLFKXQJ�I�KUW�

�*O���������
K ��� ��.6�2SHUDWRU

)�U GDV $XVWDXVFKNRUUHODWLRQVSRWHQWLDO H[LVWLHUHQ HLQH 9LHO]DKO YRQ
1lKHUXQJHQ��GLH�VLFK�LQVJHVDPW�LQ�GUHL�.DWHJRULHQ�HLQWHLOHQ�ODVVHQ�
ù ORNDOH 3RWHQWLDOH� GLH QXU YRQ GHU 'LFKWH DEKlQJLJ VLQG� +HXW]X�
WDJH ZLUG GLHVEH]�JOLFK IDVW DXVVFKOLH�OLFK GLH /RNDOH�6SLQGLFKWH�
1lKHUXQJ � ÄORFDO VSLQ GHQVLW\ DSSUR[LPDWLRQ³� /6'$� YRQ 9RVNR�
:LON XQG 1XVDLU � � �9:1� YHUZHQGHW� 'HU ; � �1lKHUXQJ YRQ 6OD�
WHU � � NRPPW DOOHQIDOOV QRFK KLVWRULVFKH %HGHXWXQJ ]X� 'LH PLW GHU
/6'$ EHUHFKQHWHQ 6WUXNWXUHQ KDEHQ L� G� 5� GLHVVHOEH 4XDOLWlW ZLH
+)�6WUXNWXUHQ� %LQGXQJVGLVVR]LDWLRQVHQHUJLHQ ZHUGHQ GHXWOLFK ]X
KRFK�EHUHFKQHW�

ù JUDGLHQWHQNRUULJLHUWH 9HUIDKUHQ �ÄJHQHUDOL]HG JUDGLHQW DSSUR[L�
PDWLRQ³� **$�� GLH QHEHQ GHU 'LFKWH DXFK YRQ GHU HUVWHQ $EOHL�
WXQJ GHU 'LFKWH �Æ DEKlQJLJ VLQG� 'LHVH $QVlW]H VWHOOHQ HLQH
GHXWOLFKH 9HUEHVVHUXQJ GHU /6'$ GDU� LQVEHVRQGHUH LQ +LQVLFKW
DXI GLH %LQGXQJVHQHUJLHQ� $OV $XVWDXVFKIXQNWLRQDO ZLUG LQ GHU
�EHUZLHJHQGHQ $Q]DKO GHU )lOOH GDV )XQNWLRQDO YRQ %HFNH � � �%
RGHU %��� YHUZHQGHW� $OV .RUUHODWLRQVSRWHQWLDOH VLQG LP ZHVHQWOL�
FKHQ GUHL 1lKHUXQJHQ JHEUlXFKOLFK� ]ZHL YRQ 3HUGHZ XQG :DQJ
�3:�� RGHU 3�� � � XQG 3:�� � � � XQG HLQH YRQ /HH� <DQJ XQG 3DUU � �

�/<3��
ù +\EULG�0HWKRGHQ� +LHU ZLUG HLQ 7HLO GHU $XVWDXVFKHQHUJLH GXUFK
GHQ +)�7HUP EHUHFKQHW� GHU LP )DOO HLQHU QLFKW�NRUUHOLHUWHQ :HO�
OHQIXQNWLRQ DXV HLQHU 6' H[DNW LVW� XQG PLW HLQHP JUDGLHQWHQNRUUL�
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�0HWKRGHQ

JLHUWHQ 9HUIDKUHQ JHPLVFKW� 'DV Ä0LVFKXQJVYHUKlOWQLV³ NDQQ DOV
ZHLWHUHU )UHLKHLWVJUDG EHL GHU QXPHULVFKHQ 1lKHUXQJ YHUZHQGHW
ZHUGHQ� $P JHEUlXFKOLFKVWHQ YRQ GLHVHQ 9HUIDKUHQ LVW KHXWH GLH
'UHL�3DUDPHWHU�1lKHUXQJ�YRQ�%HFNH��%��� � �

'D NHLQH DOOJHPHLQH )RUP GHV $XVWDXVFKNRUUHODWLRQVSRWHQWLDOV
EHNDQQW LVW� NDQQ �EHU GLH 4XDOLWlW GHU R� J� 1lKHUXQJHQ DXFK NHLQH
NODUH $XVVDJH JHWURIIHQ ZHUGHQ� (EHQVRZHQLJ EHVWHKW GLH 0|JOLFK�
NHLW� HLQH EHVWLPPWH 1lKHUXQJ V\VWHPDWLVFK ]X YHUEHVVHUQ� (LQH
Ä+LHUDUFKLH³ ZLH EHL GHQ 02�WKHRUHWLVFKHQ 9HUIDKUHQ� GHUHQ 4XDOLWlW
VLFK UHFKW HLQGHXWLJ DQ GHU 0HQJH GHU EHUHFKQHWHQ .RUUHODWLRQVHQHU�
JLH PHVVHQ Ol�W� NDQQ EHL GHQ ')7�0HWKRGHQ QLFKW DXIJHVWHOOW ZHU�
GHQ� XQG GLH %HZHUWXQJ GHU =XYHUOlVVLJNHLW HLQHU 1lKHUXQJ PX� LP
3ULQ]LS�I�U�MHGHV�3UREOHP�HUQHXW��EHUSU�IW�ZHUGHQ�
'HPJHJHQ�EHU VWHKW GHU 5HFKHQ]HLWYHUEUDXFK YRQ ')7�5HFKQXQJHQ�
**$�')7�5HFKQXQJHQ VNDOLHUHQ � ZLH +) � IRUPDO PLW 1 � EH]RJHQ
DXI GLH 6\VWHPJU|�H� 'LH HU]LHOWHQ (UJHEQLVVH VLQG L� G� 5� MHGRFK
�EHUOHJHQ� ,Q HLQLJHQ )lOOHQ ODVVHQ VLFK PLW +LOIH GHU ')7�0HWKRGH
6\VWHPH EHUHFKQHQ� GLH VHOEVW GXUFK KRFKNRUUHOLHUWH 0HWKRGHQ QXU
XQ]XUHLFKHQG�EHVFKULHEHQ�ZHUGHQ�
������ (IIHNWLYH�.HUQSRWHQWLDOH
%HL GHU %HUHFKQXQJ YRQ VFKZHUHQ (OHPHQWHQ VWHOOHQ VLFK PLW ]XQHK�
PHQGHU�2UGQXQJV]DKO�]ZHL�3UREOHPH�
�� 'LH�$Q]DKO�GHU�(OHNWURQHQ�ZLUG�VHKU�JUR��
�� 0LW ]XQHKPHQGHU 2UGQXQJV]DKO GHV $WRPV ZHUGHQ UHODWLYLVWLVFKH
.RUUHNWXUHQ�]XU�EHIULHGLJHQGHQ�%HVFKUHLEXQJ�GHU�LQQHUHQ�(OHNWUR�
QHQ LPPHU ZLFKWLJHU� � � $XIJUXQG GHU 2UWKRJRQDOLWlW GHU $2V XQG
GHU HQGOLFKHQ $XIHQWKDOWVZDKUVFKHLQOLFKNHLW GHU 9DOHQ]�$2V DP
.HUQ KDW GLH UHODWLYLVWLVFKH .RUUHNWXU ]� 7� HUKHEOLFKH $XVZLUNXQ�
JHQ�DXI�GLH�)RUP�GHU�9DOHQ]RUELWDOH�

6HLWH���



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

'LH 9HUZHQGXQJ YRQ 3VHXGRSRWHQWLDOHQ �ÄHIIHFWLYH FRUH SRWHQWLDO³�
(&3� LVW JUXQGVlW]OLFK ÄFKHPLVFKHU³ 1DWXU� ZHLO PDQ YHUVXFKW� GLH
.HUQHOHNWURQHQ� GLH I�U GLH FKHPLVFKH 5HDNWLYLWlW RKQH %HGHXWXQJ
VLQG� GXUFK 3DUDPHWHU ]X HUVHW]HQ� ,Q GLHVHU +LQVLFKW NDQQ PDQ GLH
0HWKRGH�DXFK�DOV�VHPLHPSLULVFK�EH]HLFKQHQ�
=XQlFKVW ZHUGHQ GLH (LJHQIXQNWLRQHQ GHV )RFN�2SHUDWRUV LQ 9DOHQ]�
^Ê� ` XQG .HUQIXQNWLRQHQ ^Ê � ` DXIJHWHLOW� $XV GLHVHQ 2UELWDOHQ ZLUG
GXUFK 8QLWlUWUDQVIRUPDWLRQ HLQ QHXHU 6DW] YRQ 9DOHQ]RUELWDOHQ ^Ë� `
JHQHULHUW� GHVVHQ HQHUJHWLVFK QLHGULJVWH 2UELWDOH NHLQH .QRWHQIOlFKHQ
PHKU EHVLW]HQ� 'XUFK HLQ 8PVWHOOHQ GHU )RFN�*OHLFKXQJHQ Ol�W VLFK
IROJHQGH�(LJHQZHUWJOHLFKXQJ�I�U�GLH�9DOHQ]RUELWDOH�^Ë� `�DXIWHLOHQ�

�*O���������
Ë � ��9DOHQ]RUELWDO
) � ��)RFN�2SHUDWRU�GHU�9DOHQ]RUELWDOH9��� ��3KLOOLSV�.OHLQPDQ�2SHUDWRU

'DV 3KLOOLSV�.OHLQPDQ�3RWHQWLDO � � LVW I�U GHQ ÄFORVHG VKHOO³�)DOO
JOHLFK�

�*O���������

��1 ����� ��$Q]DKO�GHQ�.HUQ��9DOHQ]HOHNWURQHQ
(IIHNWLY YHUVFKLHEW GHU 3KLOOLSV�.OHLQPDQ�2SHUDWRU GLH (LJHQZHUWH
GHU 5XPSIRUELWDOH� VR GD� VLH PLW GHQ HQHUJHWLVFK QLHGULJVWHQ
9DOHQ]RUELWDOHQ HQWDUWHW VLQG� 'HU 3KLOOLSV�.OHLQPDQ�$QVDW] VWHOOW ELV
]X GLHVHP 3XQNW NHLQH 1lKHUXQJ ]X +) GDU XQG I�KUW DXFK ]X NHLQHU
5HFKHQ]HLWHUVSDUQLV� (UVW GDV (UVHW]HQ YRQ HLQHP RGHU PHKUHUHQ
7HUPHQ LP 3KLOOLSV�.OHLQPDQ�2SHUDWRU GXUFK SDUDPHWULVFK DSSUR[L�
PLHUWH *U|�HQ LVW HLQH 1lKHUXQJ� :LUG QXU GHU ]ZHLWH 7HUP GHV 3KLO�
OLSV�.OHLQPDQ�2SHUDWRUV GXUFK HLQ QXPHULVFKHV 3RWHQWLDO HUVHW]W�
VSULFKW PDQ YRQ DE LQLWLR 0RGHOOSRWHQWLDOHQ� � � ZLUG ]XVlW]OLFK QRFK
GHU GULWWH 7HLO GHU *OHLFKXQJ QXPHULVFK JHQlKHUW� EH]HLFKQHW PDQ
GDV�3RWHQWLDO�DOV�HIIHNWLYHV�.HUQSRWHQWLDO� � � � � � � � �
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�0HWKRGHQ

,Q GHU 5HJHO ZHUGHQ PHKUHUH *DX��)XQNWLRQHQ ]XP $QSDVVHQ GHV
(&3 YHUZHQGHW� GLH DEKlQJLJ YRQ GHU 1HEHQTXDQWHQ]DKO DXI GLH
9DOHQ]HOHNWURQHQ ZLUNHQ� 'HU 2SHUDWRU 9 ��� KDW IROJHQGH DOOJHPHLQH
)RUP�

�*O���������

< � � ��.XJHOIOlFKHQIXQNWLRQ �
(V H[LVWLHUHQ YHUVFKLHGHQH 3UR]HGXUHQ� GDV 3RWHQWLDO GHU .HUQHOHN�
WURQHQ �EHU $QSDVVHQ GHU 3DUDPHWHU $ 
 � � % 
 � XQG Q 
 � ]X QlKHUQ� +D\
XQG :DGW QHKPHQ DOV .ULWHULXP GLH )RUP GHU 9DOHQ]RUELWDOH � �

�ÄVKDSH FRQVLVWHQF\³�� ZlKUHQG GLH 6WXWWJDUWHU *UXSSH GDV 3RWHQWLDO
DXI GLH 2UELWDOHQHUJLHQ GHU 9DOHQ]HOHNWURQHQ MXVWLHUW� � � 'XUFK UHODWL�
YLVWLVFKH $WRPUHFKQXQJHQ LVW HV P|JOLFK� GLH VNDODUHQ (IIHNWH SDUD�
PHWULVLHUW LQ GDV 3VHXGRSRWHQWLDO DXI]XQHKPHQ� $XV GLHVHP *UXQG
OLHIHUQ (&3V I�U 0ROHN�OH PLW VFKZHUHQ (OHPHQWHQ RIW EHVVHUH
(UJHEQLVVH�DOV�QLFKW�UHODWLYLVWLVFKH�$OOHOHNWURQHQUHFKQXQJHQ�
)�U hEHUJDQJVPHWDOOH KDW HV VLFK DOV ZLFKWLJ HUZLHVHQ� QLFKW QXU GLH
lX�HUVWHQ 9DOHQ]HOHNWURQHQ ]X EHU�FNVLFKWLJHQ� VRQGHUQ DXFK GLH
GDUXQWHUOLHJHQGH 6FKDOH� � � 3VHXGRSRWHQWLDOH YHUVDJHQ GRUW� ZR QLFKW�
VNDODUH UHODWLYLVWLVFKH (IIHNWH � ]� %� 6SLQ�%DKQ�.RSSOXQJ � ZLFKWLJ
ZHUGHQ� E]Z� ZR HLQH H[DNWH %HVFKUHLEXQJ GHU :HOOHQIXQNWLRQ LP
.HUQEHUHLFK�EHQ|WLJW�ZLUG�

D 9JO��]��%��>�H@��.DS�������6����II�
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

���� *HRPHWULHRSWLPLHUXQJHQ
1HEHQ GHU JHQDXHQ %HUHFKQXQJ YRQ 5HDNWLRQVHQHUJLHQ LVW GLH &KD�
UDNWHULVLHUXQJ YRQ VWDWLRQlUHQ 3XQNWHQ LQ GHU 4XDQWHQFKHPLH HVVHQ�
WLHOO� XP $XVVDJHQ �EHU GLH 6WUXNWXU XQG GDV 5HDNWLRQVSURILO YRQ
FKHPLVFKHQ 3UR]HVVHQ WUHIIHQ ]X N|QQHQ� 'D LP 5DKPHQ GHU %RUQ�
2SSHQKHLPHU�1lKHUXQJ NHLQH .RSSOXQJ ]ZLVFKHQ GHU HOHNWURQL�
VFKHQ XQG GHU .HUQZHOOHQIXQNWLRQ DXIWULWW� KlQJW GLH HOHNWURQLVFKH
:HOOHQIXQNWLRQ QXU QRFK SDUDPHWULVFK YRQ GHU 3RVLWLRQ GHU $WRP�
NHUQH DE� 'LH LQQHUH (QHUJLH HLQHV 0ROHN�OV PLW 1 $WRPNHUQHQ LVW
DOVR QDFK GHP +HUDXVSURMH]LHUHQ GHU WUDQVODWRULVFKHQ XQG URWDWRUL�
VFKHQ )UHLKHLWVJUDGH HLQH )XQNWLRQ YRQ �1�� .HUQNRRUGLQDWHQ� 'LH
)XQNWLRQ (�1� EH]HLFKQHW PDQ DOV 3RWHQWLDOK\SHUIOlFKH �ÄSRWHQWLDO
HQHUJ\�VXUIDFH³��3(6��
6WDWLRQlUH 3XQNWH DXI GHU 3(6 VLQG GDGXUFK FKDUDNWHULVLHUW� GD� GLH
*UDGLHQWHQ�

��*O���������

DOOH JOHLFK 1XOO VLQG� 'LH (LJHQVFKDIW GHV VWDWLRQlUHQ 3XQNWV ZLUG
GXUFK GLH ]ZHLWHQ $EOHLWXQJHQ GHU (QHUJLH QDFK GHQ .HUQNRRUGLQD�
WHQ�[ �

�*O���������

EHVWLPPW� ,Q GHU &KHPLH VLQG L� G� 5� QXU HFKWH (QHUJLHPLQLPD � DOOH
+ � � VLQG SRVLWLY � RGHU hEHUJDQJV]XVWlQGH HUVWHU 2UGQXQJ � HLQ + � � LVW
QHJDWLY � YRQ ,QWHUHVVH� 'LH GLDJRQDOLVLHUWH +HVVH�0DWUL[ + HQWKlOW
GLH�.UDIWNRQVWDQWHQ�GHU�KDUPRQLVFKHQ�0ROHN�OVFKZLQJXQJHQ�
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�0HWKRGHQ

'LH KHXWH YHUZHQGHWHQ 9HUIDKUHQ ]XU %HVWLPPXQJ YRQ *UXQG]XVWlQ�
GHQ EDVLHUHQ DOOH DXI GHU 1HZWRQ�5DSKVRQ�0HWKRGH �15�� 'LH (QHU�
JLH XQG GHU *UDGLHQW XP HLQHQ 3XQNW ; � ODVVHQ VLFK DOV 7D\ORU�5HLKH
HQWZLFNHOQ�

�*O��������

)�U�;� �; � �LVW�I�;� ���GDUDXV�IROJW�
�*O��������

'D GLH %HUHFKQXQJ GHU +HVVH�0DWUL[ GHXWOLFK DXIZHQGLJHU LVW DOV GLH
(QHUJLHEHUHFKQXQJ XQG GLH %HUHFKQXQJ GHU *UDGLHQWHQ� ZLUG GDV
RELJH 9HUIDKUHQ I�U *HRPHWULHRSWLPLHUXQJHQ GDKLQJHKHQG PRGLIL�
]LHUW� GD� HLQH JHQlKHUWH +HVVH�0DWUL[ YHUZHQGHW ZLUG� 1RUPDOHU�
ZHLVH ZLUG HLQH +HVVH�0DWUL[ ]X %HJLQQ GHU 5HFKQXQJ DXI GHU %DVLV
KHXULVWLVFKHU :HUWH HUVWHOOW XQG ZLUG GDQQ LQ GHQ IROJHQGHQ 6FKULWWHQ
LQNUHPHQWHOO DNWXDOLVLHUW� 0DQ VSULFKW KLHU YRQ VRJHQDQQWHQ 3VHXGR�
1HZWRQ�5DSKVRQ�9HUIDKUHQ� � � � � � � � � 'LH 0HWKRGHQ XQWHUVFKHLGHQ VLFK
OHGLJOLFK GDULQ� ZLH GLH 6WDUW�+HVVH�0DWUL[ JHZlKOW ZLUG XQG ZLH GLH
%HUHFKQXQJ GHU QHXHQ +HVVH�0DWUL[ DXI GHU *UXQGODJH GHU DOWHQ
+HVVH�0DWUL]HQ HUIROJW� 9RQ GLHVHQ 3DUDPHWHUQ XQG GHU :DKO GHV
YHUZHQGHWHQ .RRUGLQDWHQV\VWHPV KlQJW GLH *HVFKZLQGLJNHLW� PLW GHU
GLH�5HFKQXQJ�NRQYHUJLHUW��HQWVFKHLGHQG�DE� � �

'LH 9HUIDKUHQ ]XU %HUHFKQXQJ YRQ hEHUJDQJV]XVWlQGHQ VLQG ZHVHQW�
OLFK M�QJHU� XQG HV LVW QRFK NHLQ 9HUIDKUHQ � ZLH I�U GLH 6XFKH YRQ
(QHUJLHPLQLPD � EHNDQQW� GDV LQ MHGHP )DOO ]XP (UIROJ I�KUW� 'LHV
I�KUW JOHLFK]HLWLJ ]X GHP 3UREOHP� GD� HV NHLQH SUDNWLNDEOH 0HWKRGH
JLEW��VWUHQJ�]X�EHZHLVHQ��GD��HLQ�hEHUJDQJV]XVWDQG�QLFKW�H[LVWLHUW�
=XGHP LVW GLH (UVWHOOXQJ HLQHU DQIlQJOLFKHQ +HVVH�0DWUL[ NULWLVFK�
ZHLO GLH HPSLULVFKHQ :HUWH I�U GLH 6WDUWPDWUL[ EHL GHU *UXQG]X�
VWDQGVVXFKH I�U hEHUJDQJV]XVWlQGH QLFKW JUHLIHQ� (V H[LVWLHUHQ DOOHU�
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

GLQJV LQ]ZLVFKHQ PRGLIL]LHUWH $OJRULWKPHQ ]XU +HVVH�0DWUL[�$NWXD�
OLVLHUXQJ YRQ hEHUJDQJV]XVWDQGVVWUXNWXUHQ� � � � 2IW LVW HV MHGRFK QRW�
ZHQGLJ��PLW�HLQHU�EHUHFKQHWHQ�+HVVH�0DWUL[�]X�VWDUWHQ�
*UXQGVlW]OLFK JLEW HV I�U GLH 6XFKH YRQ hEHUJDQJV]XVWlQGHQ ]ZHL
9HIDKUHQVDQVlW]H�
�� 15� XQG 3VHXGR�15�9HUIDKUHQ� 'LHVH HUIRUGHUQ HLQH 6WDUWVWUXN�
WXU� GLH LP TXDGUDWLVFKHQ 9HUWUDXHQVEHUHLFK GHU 0HWKRGH OLHJW�
0DQ NDQQ GDV 2SWLPLHUXQJVYHUKDOWHQ YHUEHVVHUQ� LQGHP PDQ LP
2SWLPLHUXQJVDOJRULWKPXV ,QIRUPDWLRQHQ �EHU GHQ 5HDNWLRQVSIDG
YHUZHQGHW� 'HU ÄHLJHQYHFWRU IROORZLQJ³�$OJRULWKPXV � � OlXIW ]� %�
HLQH JHZlKOWH .RRUGLQDWH DE� GLH LP hEHUJDQJV]XVWDQG EHVRQGHUV
GRPLQDQW�LVW��

�� 0HWKRGHQ� GLH ]ZLVFKHQ (GXNWHQ XQG 3URGXNWHQ LQWHUSROLHUHQ�
$OOH GLHVH 0HWKRGHQ EDVLHUHQ DXI GHU .RRUGLQDWHQYHUlQGHUXQJ
]ZLVFKHQ (GXNW XQG 3URGXNW� 'LH HLQIDFKVWH 1lKHUXQJ LVW GLH
ÄOLQHDU V\QFKURQRXV WUDQVLW³�0HWKRGH �/67�� � � GLH YRQ HLQHU OLQHD�
UHQ bQGHUXQJ GHU .RRUGLQDWHQ DXVJHKW� (LQH GDUDXI EDVLHUHQGH�
QHXHUH (QWZLFNOXQJ LVW GHU ÄTXDGUDWLF V\QFKURQRXV WUDQVLW³�$QVDW]
�467�� � � GHU DQVWHOOH HLQHU OLQHDUHQ 9HUVFKLHEXQJ GHU .RRUGLQDWHQ
HLQH .UHLVEDKQ GXUFK GLH (GXNWH XQG 3URGXNWH �467�� RGHU GXUFK
(GXNWH� 3URGXNWH XQG HLQHQ DEJHVFKlW]WHQ hEHUJDQJV]XVWDQG
�467�� OHJW� XQG GLH 6WUXNWXUYHUlQGHUXQJ PLW +LOIH GHV 7DQJHQ�
WHQYHNWRUV HUUHFKQHW� =X GLHVHQ 9HUIDKUHQ LVW DQ]XPHUNHQ� GD� VLH
6WUXNWXUHQ OLHIHUQ� GLH GLFKW DP hEHUJDQJV]XVWDQG OLHJHQ� DEHU
QLFKW�H[DNW�GHQ�hEHUJDQJV]XVWDQG�VHOEVW�

8P ]X �EHUSU�IHQ� RE HLQ hEHUJDQJV]XVWDQG WDWVlFKOLFK GLH ]ZHL
JHZ�QVFKWHQ 0LQLPD PLWHLQDQGHU YHUELQGHW� PX� DXVJHKHQG YRP
hEHUJDQJV]XVWDQG GHU :HJ GHU JHULQJVWHQ (QHUJLH EHVFKULWWHQ ZHU�
GHQ� 'LH /RNDOLVLHUXQJ GLHVHV :HJHV PLW +LOIH PDVVHJHZLFKWHWHU
.RRUGLQDWHQ EH]HLFKQHW PDQ DOV LQWULQVLVFKH 5HDNWLRQVNRRUGLQDWH
�ÄLQWULQVLF�UHDFWLRQ�FRRUGLQDWH³��,5&�� � �
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�0HWKRGHQ

���� %HUHFKQXQJ�YRQ�0ROHN�OHLJHQ�
VFKDIWHQ�XQG�$QDO\VH�GHU�:HO�
OHQIXQNWLRQ

'LH %HVFKUHLEXQJ GHU 0LQLPD XQG hEHUJDQJV]XVWlQGH OLHIHUW GLH
5RKGDWHQ� GLH I�U GLH $QDO\VH XQG 2SWLPLHUXQJ YRQ FKHPLVFKHQ 3UR�
]HVVHQ QRWZHQGLJ VLQG� 2IW VWHKW GHQ HUUHFKQHWHQ 'DWHQ NHLQH DXVUHL�
FKHQGH 0HQJH DQ H[SHULPHQWHOOHQ 6WUXNWXUGDWHQ JHJHQ�EHU� VR GD�
HLQH %HZHUWXQJ GHU 5HFKQXQJVTXDOLWlW QLFKW P|JOLFK LVW� 2EZRKO
DXIJUXQG GHU (UIDKUXQJHQ PLW GHQ KLHU DQJHZHQGHWHQ 0HWKRGHQ
GDYRQ DXVJHJDQJHQ ZHUGHQ NDQQ� GD� GLH %HUHFKQXQJHQ � LQQHUKDOE
GHU *UHQ]HQ GHV YHUZHQGHWHQ 0RGHOOV � ]XYHUOlVVLJH (UJHEQLVVH OLH�
IHUQ� HUK|KW GHU 9HUJOHLFK PLW H[SHULPHQWHOOHQ 'DWHQ GHQQRFK GDV
9HUWUDXHQ XQG GLH $N]HSWDQ] GHU EHUHFKQHWHQ 6WUXNWXUHQ� 6WHKHQ
NHLQH JHVLFKHUWHQ 6WUXNWXUGDWHQ ]XU 9HUI�JXQJ� Ol�W VLFK RIW DXI
DQGHUH�VSHNWURVNRSLVFKH�:HUWH�]XU�FNJUHLIHQ�
:LH VFKRQ LP YRUDQJHJDQJHQHQ $EVFKQLWW HUZlKQW� ODVVHQ VLFK GLH
.UDIWNRQVWDQWHQ GHU KDUPRQLVFKHQ 0ROHN�OVFKZLQJXQJHQ GXUFK
'LDJRQDOLVLHUHQ GHU +HVVH�0DWUL[ EHVWLPPHQ �YJO� ����� ,Q GLHVHP
$EVFKQLWW VROO ]XQlFKVW NXU] DXI GLH %HUHFKQXQJ YRQ 105�FKHPL�
VFKHQ 9HUVFKLHEXQJHQ DOV 0HWKRGH ]XU %HZHUWXQJ YRQ EHUHFKQHWHQ
6UXNWXUHQ DXI GHU HLQHQ XQG ]XU $QDO\VH GHU HOHNWURQLVFKHQ :HOOHQ�
IXQNWLRQ�DXI�GHU�DQGHUHQ�6HLWH�HLQJHJDQJHQ�ZHUGHQ�
(LQ ZHLWHUHV 3UREOHP DXV GHU 6LFKW GHV &KHPLNHUV LVW GLH $EELOGXQJ
GHU :HOOHQIXQNWLRQ DXI FKHPLVFKH .RQ]HSWH� 'DV .RQ]HSW YRQ ORNDOL�
VLHUWHQ %LQGXQJHQ� ZLH HV VLFK LP 5DKPHQ GHV /HZLV�6WULFKIRUPHO�
PRGHOOV GDUVWHOOW� HLQHUVHLWV XQG GDV YRQ GHORNDOLVLHUWHQ 02V DQGH�
UHUVHLWV N|QQWHQ XQWHUVFKLHGOLFKHU QLFKW VHLQ� $X�HUGHP LVW HLQ .RQ�
]HSW YRQ HLQHP DXV $WRPHQ ]XVDPPHQJHVHW]WHQ 0ROHN�O � ZLH HV
]XP %HLVSLHO LP .RQ]HSW GHU 2[LGDWLRQVVWXIHQ YHUZHQGHW ZLUG � LQ

6HLWH���
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GHU 4XDQWHQPHFKDQLN VWUHQJ JHVHKHQ QLFKW PHKU KDOWEDU� $XV GLH�
VHP *UXQG P�VVHQ 0RGHOOH ]XU $QDO\VH GHU :HOOHQIXQNWLRQ DQJH�
ZHQGHW ZHUGHQ� ,P ]ZHLWHQ $EVFKQLWW ZLUG PLW GHQ QDW�UOLFKHQ %LQ�
GXQJVRUELWDOHQ�HLQ�VROFKHV�0RGHOO�YRUJHVWHOOW�
������ %HUHFKQXQJ�105�FKHPLVFKHU�9HUVFKLH�

EXQJHQ
'LH 0HVVXQJ FKHPLVFKHU 9HUVFKLHEXQJHQ VLQG KHXWH LQ GHU H[SHUL�
PHQWHOOHQ &KHPLH HLQ EHOLHEWHV :HUN]HXJ ]XU &KDUDNWHULVLHUXQJ YRQ
QHXHQ 9HUELQGXQJHQ XQG ]XU %HVWLPPXQJ YRQ 5HDNWLRQVNLQHWLNHQ�
,Q GHQ PHLVWHQ )lOOHQ� LQ GHQHQ NHLQH ]XYHUOlVVLJH 5|QWJHQVWUXNWXU
HUKDOWHQ ZHUGHQ NDQQ� VWHKHQ ]XPLQGHVW 105�'DWHQ ]XU 9HUI�JXQJ�
$XV GLHVHP *UXQG VLQG DXFK LQ GHU WKHRUHWLVFKHQ &KHPLH LPPHU
$QVWUHQJXQJHQ XQWHUQRPPHQ ZRUGHQ� 105�FKHPLVFKH 9HUVFKLH�
EXQJHQ�P|JOLFKVW�JHQDX�]X�EHUHFKQHQ�
'LH FKHPLVFKH $EVFKLUPXQJVNRQVWDQWH Ç LVW GHU 8QWHUVFKLHG ]ZL�
VFKHQ GHP lX�HUHQ 0DJQHWIHOG + XQG GHP 0DJQHWIHOG� GDV GHU
$WRPNHUQ HUIlKUW� 'HP HQWVSUHFKHQG LVW Ç HLQ 0D� I�U GDV 0DJQHW�
IHOG� GDV GXUFK GHQ (OHNWURQHQIOX� LQGX]LHUW ZLUG� GHU GXUFK GLH 6W|�
UXQJ GHV lX�HUHQ 0DJQHWIHOGV DXI GHU HLQHQ 6HLWH XQG GLH $XIKHEXQJ
GHU (QWDUWXQJ GHV PDJQHWLVFKHQ .HUQPRPHQWV DXI GHU DQGHUHQ KHU�
YRUJHUXIHQ ZLUG� 'LH 105�FKHPLVFKH 9HUVFKLHEXQJ LVW DOVR HLQH
HOHNWURQLVFKH�(LJHQVFKDIW�
'LH $EVFKLUPXQJVNRQVWDQWH LVW NHLQH VNDODUH *U|�H� VRQGHUQ HLQ
�[��7HQVRU��GHVVHQ�(OHPHQWH�JHJHEHQ�VLQG�GXUFK�

�*O��������

Á��PDJQHWLVFKHV�.HUQPRPHQW
+��0DJQHWIHOGL��M��NDUWHVLVFKH�5DXPNRRUGLQDWHQ
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�0HWKRGHQ

$X�HU EHL )HVWN|USHU�105�0HVVXQJHQ ZLUG LQ GHU 5HJHO QXU GHU LVR�
WURSH :HUW GHU $EVFKLUPXQJVNRQVWDQWH EH]RJHQ DXI HLQHQ 6WDQGDUG
HUID�W� 'LH LVRWURSH $EVFKLUPXQJVNRQVWDQWH HQWVSULFKW GHU 6SXU GHV
$EVFKLUPXQJVWHQVRUV� 'HU JHPHVVHQH ¹�:HUW VWHKW PLW GHQ $EVFKLU�
PXQJVNRQVWDQWHQ YRQ 6WDQGDUG XQG 9HUELQGXQJ LQ IROJHQGHP
=XVDPPHQKDQJ�

�*O��������
7KHRUHWLVFK VLQG GLH $EVFKLUPXQJVNRQVWDQWHQ HLQIDFK PLW +LOIH GHU
5D\OHLJK�6FKU|GLQJHU�6W|UXQJVWKHRULH �YJO� ������ ]X EHUHFKQHQ�
ZREHL GDV lX�HUH 0DJQHWIHOG XQG GDV PDJQHWLVFKH .HUQPRPHQW DOV
6W|UXQJ DXIJHID�W ZHUGHQ� 3UDNWLVFK VWHOOW VLFK MHGRFK I�U GLHVH 5HFK�
QXQJHQ�GDV�3UREOHP�GHU�(LFKXUVSUXQJVLQYDULDQ]�
$XIJUXQG�GHV�lX�HUHQ�)HOGHV�LVW�GDV�9HNWRUSRWHQWLDO�$�GHV�+DPLOWRQ�
2SHUDWRUV QLFKW PHKU JOHLFK 1XOO� 'LH :DKO GHV (LFKXUVSUXQJV GHV
9HNWRUSRWHQWLDOV GDUI GLH (LJHQZHUWH GHV +DPLOWRQ�2SHUDWRUV QLFKW
YHUlQGHUQ� ,P )DOO GHU +)�:HOOHQIXQNWLRQ ]HLJHQ GLH $EVFKLUPXQJV�
NRQVWDQWHQ EHL GHU :DKO HLQHV JOREDOHQ (LFKXUVSUXQJV MHGRFK HLQH
OLQHDUH $EKlQJLJNHLW EH]�JOLFK GHV 8UVSUXQJVDEVWDQGV ]XP EHWUDFK�
WHWHQ�.HUQ�
,P ZHVHQWOLFKHQ H[LVWLHUHQ ]ZHL $QVlW]H� XP GLH (LFKXUVSUXQJV�
LQYDULDQ] ]X PLQLPLHUHQ� GLH MHGRFK EHLGH GHPVHOEHQ 3ULQ]LS IROJHQ�
LQGHP VLH LQGLYLGXHOOH (LFKXUVSU�QJH I�U XQWHUVFKLHGOLFKH )XQNWLR�
QHQ DQVHW]HQ� 'HU $QVDW] GHU ÄJDXJH LQFOXGLQJ DWRPLF RUELWDOV³
�*,$2�� ����� ����� ��� GHU DXI HLQHU ,GHH YRQ /RQGRQ EHUXKW� ��� I�KUW GLH
(LFKXUVSU�QJH DXI GHU %DVLV GHU $2 HLQ� PLW HLQHP (LFKXUVSUXQJ DP
$WRPNHUQ� 'LH 0HWKRGH GHV ÄLQGLYLGXDO JDXJH IRU ORFDOL]HG RUEL�
WDOV³ �,*/2� ��	 YRQ .XW]HOQLJJ XQG 0LWDUEHLWHUQ KLQJHJHQ I�KUW GLH
)XQNWLRQHQ DXI GHU %DVLV GHU 02 PLW HLQHP (LFKXUVSUXQJ LP
/DGXQJVVFKZHUSXQNW�GHV�02�HLQ�

6HLWH���
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2EZRKO EHLGH 0HWKRGHQ KHXWH QRFK JlQJLJ VLQG� KDW VLFK LQ GHU 3UD�
[LV HKHU GLH *,$2�0HWKRGH GXUFKJHVHW]W� ZHLO VLH JHJHQ�EHU GHU
,*/2�0HWKRGH HLQLJH 9RUWHLOH KDW� (UVWHQV KDW VLFK JH]HLJW� GD� I�U
VWDWLRQlUH /|VXQJHQ GLH *,$2�0HWKRGH WDWVlFKOLFK LQ EH]XJ DXI GLH
(LJHQZHUWH LQYDULDQW LVW� =ZHLWHQV NDQQ GLH 0HWKRGH HLQIDFKHU DXI
NRUUHOLHUWH� QLFKW VWDWLRQlUH $QVlW]H ELV KLQ ]X && �EHUWUDJHQ ZHU�
GHQ� ��� ZDV DXIJUXQG GHU ORNDOLVLHUWHQ 2UELWDOH GHV ,*/2�$QVDW]HV
VHKU VFKZLHULJ LVW� )�U OHW]WHUH H[LVWLHUW OHGLJOLFK HLQH 0&6&)�9DUL�
DQWH� ��� GLH MHGRFK I�U JU|�HUH 0ROHN�OH YLHO ]X DXIZHQGLJ LVW� 6FKOLH��
OLFK KDW VLFK JH]HLJW� GD� *,$2�5HFKQXQJHQ PLW PLWWHOJUR�HQ %DVLV�
VlW]HQ�EHIULHGLJHQGH�(UJHEQLVVH�OLHIHUQ�
)UDJOLFK RGHU ]XPLQGHVW NULWLVFK LVW GHU (LQVDW] GHU 0HWKRGHQ PLW
')7�$QVlW]HQ RGHU (&3� ')7�$QVlW]H VLQG SUREOHPDWLVFK� ZHLO NHLQ
)XQNWLRQDO H[LVWLHUW� GDV GDV 0DJQHWIHOG E]Z� GLH (OHNWURQHQIOX��
GLFKWH EHU�FNVLFKWLJW� 'DKHU EHVWHKW NHLQH .RSSOXQJ ]ZLVFKHQ GHQ
PDJQHWLVFKHQ *U|�HQ XQG GHP $XVWDXVFKNRUUHODWLRQVIXQNWLRQDO�
6RZRKO GHU ,*/2� ��� DOV DXFK GHU *,$2�$QVDW] ��� OLHIHUQ MHGRFK L� G� 5�
JXWH :HUWH I�U FKHPLVFKH 9HUVFKLHEXQJHQ� %�KO NRQQWH ]HLJHQ� GD�
VLFK ')7�(UJHEQLVVH GXUFK GLH 9HUZHQGXQJ YRQ +\EULGIXQNWLRQDOHQ
YHUEHVVHUQ�ODVVHQ� ���
'HU (LQVDW] YRQ (&3V LVW VWUHQJJHQRPPHQ HEHQIDOOV QLFKW ]XOlVVLJ�
GD HEHQIDOOV GLH 6W|UXQJ GHV .HUQSRWHQWLDOV GXUFK GDV 0DJQHWIHOG
XQEHU�FNVLFKWLJW EOHLEW� (V ]HLJW VLFK MHGRFK� GD� GLH LQQHUHQ (OHNWUR�
QHQ GHV 1DFKEDUDWRPV DXI GLH FKHPLVFKH 9HUVFKLHEXQJ QXU HLQHQ
YHUQDFKOlVVLJEDU�NOHLQHQ�(LQIOX��KDEHQ�

6HLWH���



�0HWKRGHQ

������ 1DW�UOLFKH�%LQGXQJVRUELWDOH
'HU $QVDW] GHU QDW�UOLFKHQ %LQGXQJVRUELWDOH YRQ :HLQKROG XQG 0LW�
DUEHLWHUQ � � EDVLHUW DXI GHU (OHNWURQHQGLFKWH XQG LVW GHPHQWVSUHFKHQG
PHWKRGHQXQDEKlQJLJ� ,P 5DKPHQ GHU 0HWKRGH ZHUGHQ ]XQlFKVW GLH
%O|FNH GHU 'LFKWHPDWUL[ '��� � GLH DOOHLQH YRQ GHQ $2 HLQHV $WRP�
NHUQV DXIJHVSDQQW ZHUGHQ� GLDJRQDOLVLHUW� $XV GHU 'LDJRQDOLVLHUXQJ
HUKlOW�PDQ�I�U�MHGHQ�%ORFN�'��� �]ZHL�$UWHQ�YRQ�2UELWDOHQ�
�� 2UELWDOH PLW HLQHU KRKHQ %HVHW]XQJV]DKO� 'LHVH HQWVSUHFKHQ ZHL�
WHVWJHKHQG�GHQ�LQQHUHQ�$WRPRUELWDOHQ�

�� 2UELWDOH�PLW�JHULQJHU�%HVHW]XQJ��5\GEHUJ�2UELWDOH��
8P P|JOLFKVW GLH $WRPRUELWDOH PLW KRKHU %HVHW]XQJV]DKO ]X HUKDO�
WHQ� ZHUGHQ GLH VWDUN EHVHW]WHQ 2UELWDOH XQWHUHLQDQGHU VR RUWKRJRQD�
OLVLHUW� GD� GLH 2UELWDOH PLW GHQ K|FKVWHQ %HVHW]XQJV]DKOHQ ZHLWHVW�
JHKHQG HUKDOWHQ EOHLEHQ �EHVHW]XQJVJHZLFKWHWH 2UWKRJRQDOLVLHUXQJ��
'HUVHOEH 9RUJDQJ ZLUG PLW GHQ VFKZDFK EHVHW]WHQ 2UELWDOHQ ZLHGHU�
KROW� QDFKGHP GLHVH YRUKHU ]X GHQ VWDUN EHVHW]WHQ 2UELWDOHQ RUWKRJR�
QDOLVLHUW ZXUGHQ� 'LH VR JHZRQQHQHQ RUWKRJRQDOLVLHUWHQ 2UELWDOH
ZHUGHQ�DOV�QDW�UOLFKH�$WRPRUELWDOH��1$2��EH]HLFKQHW�
=X GHQ QDW�UOLFKHQ %LQGXQJVRUELWDOHQ �1%2� JHODQJW PDQ LQ PHKUH�
UHQ�6FKULWWHQ�
�� 1$2 PLW %HVHW]XQJV]DKOHQ YRQ DQQlKHUQG � �!������ XQG 1$2
HLQHV�%ORFNV�PLW�KRKHQ�%HVHW]XQJV]DKOHQ��!������ZHUGHQ�DOV�.HUQ�
RUELWDOH�E]Z��IUHLH�(OHNWURQHQSDDUH�DXV�GHU�'LFKWHPDWUL[�HQWIHUQW�

�� )�U MHGHV $WRPSDDU ZLUG GHU 'LFKWHPDWUL[EORFN '��� GLDJRQDOL�
VLHUW� 1%2 ZHUGHQ GXUFK KRKH %HVHW]XQJV]DKOHQ LGHQWLIL]LHUW�
6ROOWH GLH $Q]DKO GHU (OHNWURQHQ LQ GHQ 1%2 ]X QLHGULJ VHLQ� GDQQ
NDQQ HQWZHGHU GHU 6FKZHOOZHUW I�U GLH %HVHW]XQJV]DKO KHUDEJH�
VHW]W RGHU HLQH 6XFKH QDFK 'UHL]HQWUHQELQGXQJHQ GXUFKJHI�KUW
ZHUGHQ�

�� 'LH�1%2�ZHUGHQ�DOV�/LQHDUNRPELQDWLRQ�YRQ�1$2�DXVJHGU�FNW�
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'HU 9RUWHLO GHU 1%2�$QDO\VH LVW� GD� PDQ VLFK DXVJHKHQG YRQ GHU
(OHNWURQHQGLFKWH ZHLWJHKHQG DQ HLQ 9DOHQ]RUELWDOELOG DQQlKHUW� GDV
GHQ JHZRKQWHQ /HZLV�6WUXNWXUHQ HQWVSULFKW� 'DV %HVWUHEHQ� GLH GRS�
SHOW EHVHW]WHQ .HUQRUELWDOH ]X ORNDOLVLHUHQ XQG EHL GHU %HVWLPPXQJ
GHU %LQGXQJVRUELWDOH KHUDXV]XSURMH]LHUHQ� I�KUW ]X HLQHU ZHLWJHKHQ�
GHQ 8QDEKlQJLJNHLW GHU 0HWKRGH YRP %DVLVVDW]� VRIHUQ GLHVHU LQ GHU
/DJH�LVW��GLH�(OHNWURQHQGLFKWH�DGlTXDW�]X�EHVFKUHLEHQ�
'LH 0HWKRGH KDW MHGRFK DXFK HLQLJH 6FKZlFKHQ� =XP HLQHQ JLEW HV
DXIJUXQG GHV $QVDW]HV� 2UELWDOH ]X ORNDOLVLHUHQ� SULQ]LSLHOO 3UREOHPH
EHL GHU %HVFKUHLEXQJ YRQ GHORNDOLVLHUWHQ (OHNWURQHQVWUXNWXUHQ � ]� %�
EHL DURPDWLVFKHQ 6\VWHPHQ� � � =XP DQGHUHQ LVW GLH 0HWKRGH HLQLJHQ
:LOON�UOLFKNHLWHQ XQWHUZRUIHQ� 'DV /RNDOLVLHUXQJVFKHPD GHU 1$2
YHUVXFKW HLQHQ .RPSURPL� ]ZLVFKHQ GHU /RNDOLVLHUXQJ XQG GHP
%HVWUHEHQ� HLQHQ RUWKRJRQDOHQ 6DW] DQ 1$2 ]X HUKDOWHQ� ]X ILQGHQ�
'DV 2UWKRJRQDOLVLHUXQJVVFKHPD LVW DOOHUGLQJV QXU HLQH 0|JOLFKNHLW�
:HLWHUKLQ LVW GHU 6FKZHOOZHUW ]ZLVFKHQ VWDUN EHVHW]WHP $2 XQG 5\G�
EHUJ�$2�HEHQIDOOV�ZLOON�UOLFK�
*UXQGVlW]OLFK YHUIROJHQ GLH $XWRUHQ GLH 6WUDWHJLH� P|JOLFKVW YLHO
(OHNWURQHQGLFKWH LQ GLH .HUQ�1$2 ]X OHJHQ� XP VR QXU QRFK HLQHQ
PLQLPDOHQ 5HVW DQ (OHNWURQHQGLFKWH �EHU GLH 1%2 YHUWHLOHQ ]X P�V�
VHQ� (V NRQQWH MHGRFK JH]HLJW ZHUGHQ� GD� GLH 9HUlQGHUXQJ GHU
6FKZHOOZHUWH�]X�HLQHU�GHXWOLFKHQ�bQGHUXQJ�LQ�GHQ�1%2�I�KUW� � �
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���� 9HUZHQGHWH�+DUGZDUH
'LH %HUHFKQXQJHQ GLHVHU $UEHLW ZXUGHQ DXI IROJHQGHQ 5HFKHQDQOD�
JHQ GXUFKJHI�KUW� ,%0 56�����63� GHV +5= GHU 3KLOLSS�8QLYHUVL�
WlW 0DUEXUJ� 6*, 3RZHU &KDOOHQJH 5���� GHU +5= .DVVHO� 6*,
3RZHU &KDOOHQJH 5����� GHV +5= )UDQNIXUW� )XMLWVX 93��� GHV
+5=�'DUPVWDGW�XQG�1(&�GHV�%XQGHVUHFKHQ]HQWUXPV�6WXWWJDUW�
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����2[LGDWLRQ�YRQ�(WK\OHQ�PLW�7UL�
R[RUKHQLXPYHUELQGXQJHQ

������ 3UREOHPVWHOOXQJ
7ULR[RUKHQLXPYHUELQGXQJHQ KDEHQ VLFK ZlKUHQG GHU OHW]WHQ -DKUH
DOV HLQH VHKU YLHOVHLWLJH 9HUELQGXQJVNODVVH HUZLHVHQ� ,QVEHVRQGHUH
0HWK\O�7ULR[RUKHQLXP �072� � � � NRQQWH HUIROJUHLFK DOV .DWDO\VDWRU
I�U YHUVFKLHGHQVWH 2[LGDWLRQVUHDNWLRQHQ YHUZHQGHW ZHUGHQ� 072
ILQGHW YRU DOOHP EHL GHU 2[LGDWLRQ YRQ $ONHQHQ � 	 � � ��� � � 9HUZHQGXQJ�
'LH 5HDNWLRQ LVW MHGRFK DXI $ONLQH � � � DURPDWLVFKH 9HUELQGXQJHQ � � �
6FKZHIHOYHUELQGXQJHQ ��� � 3KRVSKDQH ��� � $UVHQ� � � XQG 6WLOEHQYHUELQ�
GXQJHQ ��� HUZHLWHUEDU� (LQH hEHUVLFKW �EHU 5KHQLXP�9,,��.RPSOH[H
ZXUGH�YRU�NXU]HP�SXEOL]LHUW� ���
072 LVW VRZRKO WKHUPLVFK DOV DXFK JHJHQ�EHU 6DXHUVWRII VHKU VWDELO
XQG OHLFKW LQ :DVVHU O|VOLFK� %HVRQGHUV EHPHUNHQVZHUW LVW GLH 6WDELOL�
WlW GHU 5KHQLXP�.RKOHQVWRII�%LQGXQJ LQ GLHVHU KRKHQ 2[LGDWLRQV�
VWXIH GHV 0HWDOOV� 'HU 0HWK\OOLJDQG LVW VRJDU JHJHQ VWDUNH 2[LGD�
WLRQVPLWWHO ZLH :DVVHUVWRIISHUR[LG LQHUW� ��	 /HGLJOLFK LP EDVLVFKHQ
0LOLHX ILQGHW HLQH =HUVHW]XQJ ]XP 3HUUKHQDW�$QLRQ XQG 0HWKDQ
VWDWW� ��� ,P *HJHQVDW] ]X &\FORSHQWDGLHQ\O�7ULR[RUKHQLXP ODVVHQ VLFK
OHLFKW (OHNWURQHQGRQRUHQ DQ 072 DGGLHUHQ� 'LH 6WUXNWXU YRQ 072
ZXUGH�GXUFK�(OHNWURQHQEHXJXQJ�LQ�GHU�*DVSKDVH�HUPLWWHOW� � �
$OV NDWDO\WLVFK DNWLYH 6SH]LHV LQ GHU (SR[LGLHUXQJ YRQ 2OHILQHQ
ZXUGH GHU %LVSHUR[R�0RQRDTXR�2[RUKHQLXPNRPSOH[
>5H�&+ � ��2��2 � � � �+ � 2�@ � VSHNWURVNRSLVFK GXUFK 5|QWJHQGLIIUDNWLRQ
EHVWLPPW� ��	 ,Q GHU *DVSKDVH YHUOLHUW GHU .RPSOH[ GDV :DVVHUPROH�
N�O� 'HU H[SORVLYH %LVSHUR[R�2[RUKHQLXPNRPSOH[ >5H�&+ � ��2��2 � � � @
� NRQQWH GXUFK (OHNWURQHQEHXJXQJ LQ GHU *DVSKDVH QDFKJHZLHVHQ
XQG YHUPHVVHQ ZHUGHQ� 	 � 'LH NDWDO\WLVFKH $NWLYLWlW GHV 0RQRSHUR[R�
.RPSOH[HV >5H�&+ � ��2 � ��2� � @ � E]Z� >5H�&+ � ��2 � ��2� � �+ � 2�@ � OLHJW
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XP *U|�HQRUGQXQJHQ XQWHU GHU GHV %LVSHUR[RNRPSOH[HV� ��	 (LQH
]XYHUOlVVLJH�5|QWJHQVWUXNWXU�GLHVHU�9HUELQGXQJ�OLHJW�QLFKW�YRU�
'LH NDWDO\WLVFKH (SR[LGLHUXQJ YRQ 2OHILQHQ �EHU 3HUR[RNRPSOH[H LVW
HLQ]LJDUWLJ I�U 5KHQLXP� 'LH NDWDO\WLVFKH 2OHILQR[LGDWLRQ PLW .RP�
SOH[HQ GHU EHQDFKEDUWHQ (OHPHQWH 0RO\EGlQ XQG :ROIUDP YHUOlXIW
�EHU +\GURSHUR[RVSH]LHV� ZlKUHQG EHL 2VPLXP XQG 5XWKHQLXP GLH
2[RNRPSOH[H GHV 7\SV 02 � DOV .DWDO\VDWRUHQ ZLUNHQ� 	 � 6RZRKO +HUU�
PDQQ ��	 DOV DXFK (VSHQVRQ � ��� � � KDEHQ 5HDNWLRQVPHFKDQLVPHQ I�U GLH
3HUR[RNRPSOH[H SRVWXOLHUW� 1HXHUH 8QWHUVXFKXQJHQ ]HLJHQ� GD�
DXFK 2[LGDWLRQVUHDNWLRQHQ PLW 5H2 ���

	 � VRZLH XQWHU 0LWZLUNXQJ YRQ
+\GURSHUR[R�5KHQLXPNRPSOH[HQ 	 � P|JOLFK VLQG� 'LH HQWVWHKHQGHQ
(SR[LGH ODVVHQ VLFK OHLFKW GXUFK %DVHQNDWDO\VH ]X GHQ YLFLQDOHQ $ONR�
KROHQ�|IIQHQ�
,P 5DKPHQ GLHVHU $UEHLW VWDQG GLH )UDJH QDFK GHQ 6WUXNWXUHQ XQG
(LJHQVFKDIWHQ GHU DQ GHU 2OHILQR[LGDWLRQ PLW :DVVHUVWRIISHUR[LG

6HLWH���

Abbildung 1 Katalysezyklus der Oxidation von Olefinen mit MTO
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

EHWHLOLJWHQ 5KHQLXP�9,,��.RPSOH[H DXVJHKHQG YRQ 072 LP 9RUGHU�
JUXQG �$EELOGXQJ ��� (LQH 6WXGLH �EHU GHQ 0HFKDQLVPXV GHU 2OH�
ILQR[LGDWLRQ DXI %DVLV YRQ ')7�5HFKQXQJHQ � �

�
��� XQWHU 9HUZHQGXQJ

GHV $XVWDXVFKSRWHQWLDOV YRQ %HFNH � � XQG GHV .RUUHODWLRQVSRWHQWLDOV
YRQ 3HUGHZ � � �%3��� ZXUGH N�U]OLFK SXEOL]LHUW� 	 � )U�KHUH $UEHLWHQ
VHW]WHQ VLFK KDXSWVlFKOLFK PLW GHU 6WUXNWXU YRQ 072 	 � XQG GHU 5KH�
QLXP�.RKOHQVWRII�%LQGXQJ�DXVHLQDQGHU� 	 �
1HEHQ GHU )UDJH QDFK GHU NDWDO\WLVFKHQ $NWLYLWlW ODJ GHU 6FKZHU�
SXQNW GLHVHU 8QWHUVXFKXQJ DXI GHU HOHNWURQLVFKHQ 6WUXNWXU GHU 7UL�
R[RUKHQLXPNRPSOH[H� 8P $XIVFKOX� �EHU GHQ 0HKUIDFKELQGXQJV�
FKDUDNWHU GHU 5KHQLXP�6DXHUVWRII�%LQGXQJ ]X HUKDOWHQ� ZXUGHQ
QRFK GHU $OO\O� �� 0HWK\ODOO\O �� (WK\ODFHW\O� 	 	 � XQG GHU 9LQ\O�
$PLQR�7ULR[RUKHQLXPNRPSOH[ 	 	 � 	 � ����XQWHUVXFKW�
������ 9HUZHQGHWH�0HWKRGHQ�XQG�%DVLVVlW]H
$OOH *HRPHWULHRSWLPLHUXQJHQ ZXUGHQ PLW *$866,$1�� 	 � XQG
*$866,$1�� ��� DXI 03��1LYHDX �YJO� ������ GXUFKJHI�KUW� )�U GDV
5KHQLXPDWRP ZXUGH HLQ VPDOO�FRUH (&3 �YJO� ������ YRQ +D\ XQG
:DGW HLQJHVHW]W� ��� XP GLH $Q]DKO GHU (OHNWURQHQ ]X UHGX]LHUHQ� $OV
%DVLVVDW] I�U 5KHQLXP ZXUGH GHU %DVLVVDW] ,, GHU $UEHLWVJUXSSH
)UHQNLQJ YHUZHQGHW� � � )�U DOOH DQGHUHQ $WRPH ZXUGH GHU ����*

%DVLVVDW] YRQ 3RSOH XQG 0LWDUEHLWHUQ � � HLQJHVHW]W� 'LH RSWLPLHUWHQ
*HRPHWULHQ ZXUGHQ HLQHU )UHTXHQ]DQDO\VH XQWHU]RJHQ� XP ]X
JHZlKUOHLVWHQ��GD��HV�VLFK�XP�HFKWH�0LQLPD�DXI�GHU�3(6�KDQGHOW�
0LW GHQ RSWLPLHUWHQ *HRPHWULHQ ZXUGHQ ÄFRXSOHG FOXVWHU³�(QHUJLH�
EHUHFKQXQJHQ GXUFKJHI�KUW� +LHUEHL ZXUGHQ GLH (LQIDFK� XQG =ZHL�
IDFKDQUHJXQJHQ EHU�FNVLFKWLJW VRZLH GLH 'UHLIDFKDQUHJXQJHQ VW|�
UXQJVWKHRUHWLVFK�JHQlKHUW��&&�6'>7@��YJO���������
'LH $QDO\VH GHU HOHNWURQLVFKHQ 6WUXNWXU ZXUGH PLW GHU 1%2�$QDO\VH
YRQ�:HLQKROG�HW�DO��GXUFKJHI�KUW��YJO���������

6HLWH���
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=XU %HUHFKQXQJ GHU FKHPLVFKHQ $EVFKLUPXQJVNRQVWDQWHQ ZXUGH GLH
,*/2�0HWKRGH YRQ .XW]HOQLJJ YHUZHQGHW �YJO� ������� 'LH %HUHFK�
QXQJHQ ZXUGHQ ]XP HLQHQ PLW GHU +)�:HOOHQIXQNWLRQ� GLH PLW GHP
785%202/(�3URJUDPPSDNHW ��� EHUHFKQHW ZXUGH� ]XP DQGHUHQ PLW
GHU I�U ')7�:HOOHQIXQNWLRQHQ DQJHSD�WHQ 0HWKRGH YRQ 0DONLQ HW
DO� �626�')37�,*/2� ��� GXUFKJHI�KUW� $OV %DVLVVDW] ZXUGH I�U 5KH�
QLXP HLQ (&3 GHU 6WXWWJDUWHU *UXSSH PLW HLQHP 6WDQGDUGEDVLVVDW]
PLW 7ULSOH�ζ�4XDOLWlW HLQJHVHW]W� ��� )�U GLH UHVWOLFKHQ $WRPH ZXUGH I�U
GLH +)�5HFKQXQJ GHU %DVLVVDW] ,, YRQ .XW]HOQLJJ ��	�� YHUZHQGHW� GHU
XP HLQH GLIIXVH V� XQG S�)XQNWLRQ HUZHLWHUW ZXUGH� 'LH ')7�5HFK�
QXQJHQ � �

�
��� ZXUGHQ PLW GHP 'H0RQ�3URJUDPP ��� XQWHU 9HUZHQGXQJ

GHV HQWVSUHFKHQGHQ %DVLVVDW]HV ,,, YRQ .XW]HOQLJJ GXUFKJHI�KUW� $OV
$XVWDXVFKIXQNWLRQDO ZXUGH GDV )XQNWLRQDO YRQ %HFNH � � YHUZHQGHW�
$OV .RUUHODWLRQVIXQNWLRQDO GLHQWH GDV )XQNWLRQDO YRQ 3HUGHZ XQG
:DQJ� � � �'LH�)XQNWLRQDOH�ZXUGHQ�QLFKW�DXI�6W|UXQJHQ�GXUFK�HLQ�H[WHU�
QHV�0DJQHWIHOG�DQJHSD�W�
������ (UJHEQLVVH
'LH LP IROJHQGHQ SUlVHQWLHUWHQ (UJHEQLVVH VLQG LQ YLHU $EVFKQLWWH
XQWHUWHLOW� =XQlFKVW VROOHQ GLH LQ GLHVHP 3URMHNW EHUHFKQHWHQ 6WUXN�
WXUHQ PLW GHQ H[SHULPHQWHOO HUPLWWHOWHQ XQG GHQ YRQ *LVGDNLV HW DO� 	 �
EHUHFKQHWHQ YHUJOLFKHQ ZHUGHQ� ,P QlFKVWHQ $EVFKQLWW ZLUG DQKDQG
GHU 5HDNWLRQVHQHUJLHQ GHU NDWDO\WLVFKH 3UR]H� GLVNXWLHUW� 'LH GDUDXI�
IROJHQGHQ $EVFKQLWWH VHW]HQ VLFK PLW GHU $QDO\VH GHU HOHNWURQLVFKHQ
6WUXNWXU DQKDQG GHU EHUHFKQHWHQ /DGXQJHQ� GHU +\EULGLVLHUXQJ GHU
%LQGXQJVRUELWDOH XQG GHUHQ .RUUHODWLRQ PLW GHQ )UHTXHQ]HQ XQG
FKHPLVFKHQ $EVFKLUPXQJVNRQVWDQWHQ GHU EHUHFKQHWHQ 0ROHN�OH DXV�
HLQDQGHU�

6HLWH���



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

�������� 6WUXNWXUHQ
'LH EHUHFKQHWHQ 6WUXNWXUHQ GHU .RPSOH[YHUELQGXQJHQ VLQG LQ $EELO�
GXQJ � ELV $EELOGXQJ � ]XVDPPHQJHID�W� /HLGHU VLQG LQ >��@ QXU GLH
5KHQLXP�6DXHUVWRII� XQG 6DXHUVWRII�6DXHUVWRII�%LQGXQJVOlQJHQ I�U
GLH *UXQG]XVWlQGH DQJHJHEHQ� 'LHVH :HUWH VLQG LQ .ODPPHUQ DQJH�
JHEHQ� 'LH H[SHULPHQWHOO EHVWLPPWHQ 6WUXNWXUHQ YRQ >5H2 � �&+ � �@ � �
� XQG >5H2�2 � � � �&+ � �@ 	 � � ZXUGHQ GXUFK (OHNWURQHQEHXJXQJ LQ GHU
*DVSKDVH EHVWLPPW� ZlKUHQG HV VLFK EHL GHU DQJHJHEHQHQ H[SHUL�
PHQWHOOHQ 6WUXNWXU GHV .RPSOH[HV >5H2�2 � � � �&+ � ��+ � 2�@ ��	 � XP
HLQH (LQNULVWDOODXIQDKPH GHV 'LHWK\OHQJO\FROGLPHWK\OHWKHU�$GGXNW�
NRPSOH[HV �'LJO\PH�$GGXNW� KDQGHOW� 'LH I�U >5H2 � �&+ � �@ � DQJHJH�
EHQHQ�+)�:HUWH��YJO���������VWDPPHQ�DXV�>��D@�
)�U 072 � �$EELOGXQJ �� VWHOOW PDQ LP 9HUJOHLFK GHU +)� ]X GHQ
03��:HUWHQ IHVW� GD� VLFK GLH 5KHQLXP�.RKOHQVWRII�%LQGXQJVOlQJH
EHL GHU %HU�FNVLFKWLJXQJ GHU 6W|UXQJVHQHUJLH ]ZHLWHU 2UGQXQJ XP
FD� ���� c YHUN�U]W� 'LH %LQGXQJVOlQJH ZLUG LP 9HUJOHLFK ]XP ([SH�
ULPHQW ���� c ]X ODQJ EHUHFKQHW� ,P *HJHQVDW] GD]X OLHJW GLH H[SHUL�
PHQWHOO JHPHVVHQH 5KHQLXP�6DXHUVWRII�%LQGXQJVOlQJH YRQ ����� c
]ZLVFKHQ GHP +)� XQG GHP 03��:HUW YRQ ����� c E]Z� ����� c�
'DPLW HUJLEW VLFK HLQH $EZHLFKXQJ YRQ ���� c I�U EHLGH :HUWH� 'HU
:HUW GHU ')7�5HFKQXQJ OLHJW LQ QDKH]X LGHDOHU hEHUHLQVWLPPXQJ
EHL������c�
)�U � �$EELOGXQJ �� VWLFKW LQV $XJH� GD� GLH 5KHQLXP�.RKOHQVWRII�
%LQGXQJ XP FD� ���� c YRQ GHU JHPHVVHQHQ %LQGXQJVOlQJH DEZHLFKW�
'LHVH $EZHLFKXQJ HUVFKHLQW LP 9HUJOHLFK ]X GHQ DQGHUHQ $EZHL�
FKXQJHQ I�U GLH .RPSOH[H� ]X GHQHQ H[SHULPHQWHOOH 'DWHQ YRUOLHJHQ
� ���� c I�U 072 � XQG ���� c I�U >5H2�2 � � � �&+ � ��+ � 2�@ � �� DOV ]X
KRFK� (V HUVFKHLQW GHVZHJHQ QRWZHQGLJ� GLHVHQ :HUW HUQHXW ]X
EHVWLPPHQ� $QKDQG GHU V\VWHPDWLVFKHQ $EZHLFKXQJHQ GHU 03��
:HUWH�LVW�HLQH�%LQGXQJVOlQJH�YRQ�FD�������c�]X�HUZDUWHQ�

6HLWH���
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'LH %LQGXQJVOlQJH ]ZLVFKHQ GHP =HQWUDODWRP XQG GHP 2[ROLJDQGHQ
ZLUG DXI 03��1LYHDX � LQ (LQNODQJ PLW GHQ (UJHEQLVVHQ I�U � � XP
���� c ]X ODQJ EHUHFKQHW� +LHU VFKHLQW NODU HLQ V\VWHPDWLVFKHU )HKOHU
GHU 0HWKRGH YRU]XOLHJHQ� (LQ HEHQVROFKHU )HKOHU VFKHLQW ]XGHP EHL
GHQ EHUHFKQHWHQ 6DXHUVWRII�6DXHUVWRII�$EVWlQGHQ YRU]XOLHJHQ� +LHU
]HLJHQ GLH H[SHULPHQWHOOHQ :HUWH LQ hEHUHLQVWLPPXQJ PLW GHQ ')7�
5HFKQXQJHQ�HLQHQ�XP�FD�������c�N�U]HUHQ�%LQGXQJVDEVWDQG�

6HLWH���

Abbildung 2 HF- (Wert in Klammern), MP2-, BP86- (Wert in Klammern kursiv) und exp.

Geometrien der Methyl-Rhenium-Oxo- und -Peroxokomplexe [ReO3-n(O2)n(CH3)] 1, 3, 5.
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

'LH %LQGXQJVOlQJHQ ]ZLVFKHQ GHP 5KHQLXPDWRP XQG GHQ 6DXHU�
VWRIIDWRPHQ GHU 3HUR[ROLJDQGHQ ZHUGHQ HEHQIDOOV XP FD� ��������� c
]X ODQJ EHUHFKQHW� 'LHVH :HUWH VWLPPHQ MHGRFK PLW GHQ :HUWHQ GHU
')7�5HFKQXQJ VHKU JXW �EHUHLQ� VR GD� HLQ :HUW YRQ �EHU ���� c I�U
GLH�%LQGXQJVOlQJH�ZDKUVFKHLQOLFKHU�LVW�
)�U GHQ $GGXNWNRPSOH[ GHU %LVSHUR[R�6SH]LHV � �$EELOGXQJ ��
HUJLEW VLFK SULQ]LSLHOO GDVVHOEH %LOG� QXU GD� HUVWDXQOLFKHUZHLVH GLH
5KHQLXP�.RKOHQVWRII�%LQGXQJ ���� c ]X NXU] EHUHFKQHW ZLUG� 'LH
5KHQLXP�2[ROLJDQG�%LQGXQJ ZLUG ���� c ]X ODQJ EHUHFKQHW� HEHQVR
ZLH GLH 5KHQLXP�3HUR[RVDXHUVWRII�%LQGXQJ� ZDV DEHU ZLHGHUXP LQ
(LQNODQJ PLW GHQ ')7�:HUWHQ VWHKW� 'LH $EZHLFKXQJ GHU 'RQRU�
$N]HSWRU�%LQGXQJVOlQJH YRQ ���� c �03�� E]Z� ���� c �')7� ]ZL�
VFKHQ GHP 5KHQLXPDWRP XQG GHQ 6DXHUVWRIIDWRP GHV :DVVHUPROH�
N�OV HUVFKHLQW DXI GHQ HUVWHQ %OLFN LQGLVNXWDEHO KRFK� 0DQ PX�
MHGRFK EHU�FNVLFKWLJHQ� GD� ]ZHL QLFKW ]X YHUQDFKOlVVLJHQGH 8QWHU�
VFKLHGH ]ZLVFKHQ GHQ H[SHULPHQWHOO EHVWLPPWHQ XQG GHQ EHUHFKQH�
WHQ *HRPHWULHQ H[LVWLHUHQ� (UVWHQV KDQGHOW HV VLFK EHL GHU H[SHULPHQ�
WHOOHQ *HRPHWULH QLFKW XP GHQ :DVVHU�� VRQGHUQ XP GHQ 'LJO\PH�
$GGXNWNRPSOH[� =ZHLWHQV ZXUGH GLH 5|QWJHQVWUXNWXU DP (LQNULVWDOO
HUPLWWHOW� ZlKUHQG GLH EHUHFKQHWHQ :HUWH HKHU HLQHU *DVSKDVHQ�
VWUXNWXU HQWVSUHFKHQ� -RQDV HW� DO� KDEHQ JH]HLJW� GD� *DVSKDVHQ�
ZHUWH YRQ 'RQRU�$N]HSWRU�%LQGXQJVOlQJHQ LQ JXWHU hEHUHLQVWLP�
PXQJ�PLW�03��:HUWHQ�OLHJHQ� ���
0LW ]XQHKPHQGHP $XVWDXVFK YRQ 2[R� GXUFK 3HUR[ROLJDQGHQ LVW
HLQH NRQWLQXLHUOLFKH 9HUOlQJHUXQJ GHU EHUHFKQHWHQ 5KHQLXP�.RK�
OHQVWRII�%LQGXQJ ]X EHREDFKWHQ� 'LH %LQGXQJVOlQJH QLPPW YRQ
����� c LQ 072 DXI ����� c LP %LVSHUR[RNRPSOH[ ]X� *OHLFK]HLWLJ
QLPPW GLH %LQGXQJVOlQJH ]ZLVFKHQ GHP =HQWUDODWRP XQG GHP 2[ROL�
JDQGHQ NRQWLQXLHUOLFK PLW GHP (LQI�JHQ YRQ 3HUR[ROLJDQGHQ YRQ
����� c DXI ����� c DE� 'LHVHU 7UHQG ZLUG GXUFK GLH H[SHULPHQWHOOHQ
:HUWH MHGRFK QLFKW EHVWlWLJW� +LHU EOHLEW GLH 5KHQLXP�.RKOHQVWRII�
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6HLWH���

Abbildung 3 HF- (Wert in Klammern), MP2-, BP86- (Wert in Klammern kursiv) und exp.

Geometrien der Wasseradduktkomplexe von Methyl-Rhenium-Oxo- und -Peroxokomplexe

[ReO3-n(O2)n(CH3)(H2O)] 2, 4, 6.
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

%LQGXQJVOlQJH�PLW������c�NRQVWDQW��/HLGHU�IHKOW�LQ�>��@�GHU�')7�:HUW
I�U GLH 5KHQLXP�2[ROLJDQG�%LQGXQJVOlQJH� -HGRFK LVW DXFK KLHU YRQ
072 � ]XP 0RQRSHUR[RNRPSOH[ � HLQH OHLFKWH 9HUN�U]XQJ GHU 5KH�
QLXP�6DXHUVWRII�%LQGXQJ�YRQ������c�]X�EHREDFKWHQ�
'LH EHPHUNHQVZHUWHVWHQ bQGHUXQJHQ ILQGHQ MHGRFK LQ GHU %LQGXQJ
]X GHQ 3HUR[ROLJDQGHQ VWDWW� ,P 0RQRSHUR[RNRPSOH[ VLQG GLH EHLGHQ
6DXHUVWRIIDWRPH GHXWOLFK DV\PPHWULVFK � PLW HLQHP 8QWHUVFKLHG LQ
GHU %LQGXQJVOlQJH YRQ ���� c � DQ GDV ]HQWUDOH 5KHQLXPDWRP
JHEXQGHQ� ZlKUHQG LP %LVSHUR[RNRPSOH[ � GLH %LQGXQJVOlQJHQ
DQQlKHUQG JOHLFK VLQG� 'LH %LQGXQJVOlQJH GHV VFKZlFKHU JHEXQGH�
QHQ 6DXHUVWRIIDWRPV GHV 3HUR[ROLJDQGHQ ZLUG EHLP hEHUJDQJ YRP
0RQR� ]XP %LVSHUR[RNRPSOH[ XP ���� c YHUN�U]W� ZlKUHQG VLFK GLH
%LQGXQJVOlQJH ]ZLVFKHQ GHP ]ZHLWHQ 6DXHUVWRIIDWRP XQG GHP ]HQ�
WUDOHP�0HWDOODWRP�OHLFKW�XP������c�DXIZHLWHW�
'LH $GGLWLRQ HLQHV :DVVHUPROHN�OV KDW LQVJHVDPW ZHQLJ (LQIOX� DXI
GLH EHUHFKQHWH *HRPHWULH� 'LH WHLOZHLVH GUDPDWLVFKHQ bQGHUXQJHQ LQ
GHQ JHPHVVHQHQ *HRPHWULHQ N|QQHQ UHODWLY VLFKHU DXI GLH 8Q]XYHU�
OlVVLJNHLW GHU *DVSKDVHQPHVVXQJ GHV %LVSHUR[R�0HWK\O�2[R�
UKHQLXPNRPSOH[HV����]XU�FNJHI�KUW�ZHUGHQ��:LH�PDQ�OHLFKW�VLHKW��LVW
GLH hEHUHLQVWLPPXQJ ]ZLVFKHQ GHQ H[SHULPHQWHOOHQ XQG GHQ EHUHFK�
QHWHQ :HUWHQ LP $TXR�%LVSHUR[RNRPSOH[ � GHXWOLFK EHVVHU �$EELO�
GXQJ ��� $XIIlOOLJ LVW DXI GHQ HUVWHQ %OLFN� GD� LP $TXRNRPSOH[ GHV
072 � GDV /|VXQJVPLWWHOPROHN�O WUDQV ]XU 0HWK\OJUXSSH DGGLHUW
ZLUG� ZlKUHQG GLH 3HUR[RNRPSOH[H GDV :DVVHUPROHN�O FLV ]XU
0HWK\OJUXSSH HLQI�JHQ� 'HU FLV�VWlQGLJH 072�$GGXNWNRPSOH[
NRQQWH QLFKW RSWLPLHUW ZHUGHQ� ZHLO GDV :DVVHUPROHN�O DEGLIIXQ�
GLHUWH� ,P *HJHQVDW] GD]X HUKDOWHQ *LVGDNLV HW� DO� GHQ FLV�VWlQGLJHQ
072�$GGXNWNRPSOH[�DOV�HUQHUJLHJ�QVWLJHUHV�0LQLPXP� 	 �
'LH *HRPHWULHlQGHUXQJHQ� GLH GXUFK GHQ (OHNWURQHQGRQRU KHUYRUJH�
UXIHQ ZHUGHQ� EHZHJHQ VLFK LP +LQEOLFN DXI GLH 5KHQLXP�2[R� XQG
GLH 5KHQLXP�.RKOHQVWRII�%LQGXQJVOlQJH I�U DOOH .RPSOH[H LQ HLQHU
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*U|�HQRUGQXQJ YRQ FD� ���� c� /HGLJOLFK GLH $XVZLUNXQJHQ DXI GLH
3HUR[ROLJDQGHQ LVW GHXWOLFKHU� $XFK KLHU VWLFKW ZLHGHU EHVRQGHUV GHU
0RQRSHUR[RNRPSOH[ � LQV $XJH� :lKUHQG GLH $GGLWLRQ GHV :DVVHU�
PROHN�OV LP DOOJHPHLQHQ HLQH 9HUOlQJHUXQJ GHU �EHUHFKQHWHQ� 5KH�
QLXP�3HUR[RVDXHUVWRII�%LQGXQJVOlQJH YRQ ��������� c ]XU )ROJH
KDW� ZLUG GLH %LQGXQJVOlQJH ]ZLVFKHQ GHP RKQHKLQ VFKRQ VFKZlFKHU

6HLWH���

Abbildung 4 MP2-Geometrien des Allyl- 7, Methylallyl- 8 und Ethylacetyl-Trioxorhenium-

komplexes 9.
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

JHEXQGHQHQ 3HUR[RVDXHUVWRII LP 0RQRSHUR[RNRPSOH[ GHXWOLFK XP
���� c DXIJHZHLWHW� +LQ]X NRPPW� GD� VLFK GLH %LQGXQJVOlQJH ]XP
]ZHLWHQ 6DXHUVWRIIDWRP QLFKW RGHU QXU ZHQLJ YHUlQGHUW� VR GD� LP
0RQRSHUR[R�$TXRNRPSOH[ HLQ 8QWHUVFKLHG YRQ ��������� c LQ GHQ
5KHQLXP�3HUR[R�%LQGXQJVOlQJHQ�EHVWHKW�
,Q GHQ $GGXNWNRPSOH[HQ VHOEVW WULWW HLQH 9HUN�U]XQJ GHU 'RQRU�
$N]HSWRU�%LQGXQJ ]ZLVFKHQ GHP 0HWDOODWRP XQG GHP 6DXHUVWRII�
DWRP GHV :DVVHUPROHN�OV PLW ]XQHKPHQGHU $Q]DKO GHU 3HUR[ROLJDQ�
GHQ HLQ� 'LH bQGHUXQJ LVW MHGRFK YRP $TXRNRPSOH[ GHV 072 ]XP
0RQRSHUR[R�$TXRNRPSOH[ PLW ���� c QXU JHULQJ� 'LH bQGHUXQJ
YRP 0RQR� ]XP %LVSHUR[R�$TXRNRPSOH[ LVW PLW ���� c VHKU YLHO DXV�
JHSUlJWHU��
'LH $OO\O� �� 0HWK\ODOO\O� �� (WK\ODFHW\O� � XQG 9LQ\O�$PLQR�7ULR[RU�
KHQLXPNRPSOH[H����EHYRU]XJHQ�DOOH�GLH�η � �.RRUGLQDWLRQ�GHV�.RKOHQ�
VWRIIOLJDQGHQ �$EELOGXQJ ��� 'LH $EVWlQGH ]X HLQHU SRWHQWLHOOHQ ]ZHL�
WHQ .RRUGLQDWLRQVVWHOOH EHWUDJHQ ��������� c� VR GD� YRQ HLQHU .RRU�
GLQDWLRQVELQGXQJ NHLQH 5HGH PHKU VHLQ NDQQ� 'LHVHU 8PVWDQG OHJW
QDKH� GD� GLH I�U HLQH η

� �.RRUGLQDWLRQ QRWZHQGLJH IUHLH .RRUGLQDWL�
RQVVWHOOH QLFKW YHUI�JEDU E]Z� HQHUJHWLVFK ]X XQJ�QVWLJ LVW� ZHLO GLH
2[ROLJDQGHQ QHEHQ GHU 'RSSHOELQGXQJ ]XP =HQWUDODWRP �EHU GDV
ZHLWHUH IUHLH (OHNWURQHQSDDU QRFK ]XVlW]OLFKH (OHNWURQHQGLFKWH DQ
GDV�=HQWUDODWRP�DEJHEHQ��VR�GD��]XPLQGHVW�GLH�(OHNWURQHQDEVWR�XQJ
]ZLVFKHQ GHQ Gπ�2UELWDOHQ GHV 5KHQLXPDWRPV XQG GHP π�2UELWDO GHV
/LJDQGHQ�]X�KRFK�ZLUG�
'LH 5KHQLXP�.RKOHQVWRII�%LQGXQJVOlQJH ZLUG GXUFK GLH 9HUlQGH�
UXQJ GHV /LJDQGHQ QXU ZHQLJ EHHLQIOX�W� 'LH /lQJH GHU %LQGXQJ OLHJW
I�U GLH $OO\O�.RPSOH[H XQG GHQ (WK\ODFHW\O�.RPSOH[ ]ZLVFKHQ �����
c�XQG�������c�
'LH $XVZLUNXQJ DXI GLH 2[RVDXHUVWRII�5KHQLXP�%LQGXQJ LVW QRFK
VFKZlFKHU� 'LH %LQGXQJVOlQJHQ OLHJHQ ]ZDU �EHU GHU %LQGXQJVOlQJH

6HLWH���



�(UJHEQLVVH

LQ 072� DEHU GLH 9HUlQGHUXQJHQ
EHWUDJHQ ZHQLJHU DOV ���� c� 0DQ
VROOWH DOOHUGLQJV EHU�FNVLFKWLJHQ� GD�
GLH HOHNWURQLVFKHQ 9HUlQGHUXQJHQ
DXI DOOH GUHL %LQGXQJHQ YHUWHLOW ZHU�
GHQ� ZRGXUFK GHU (IIHNW DXI MHGH HLQ�
]HOQH�%LQGXQJ�KHUDEJHVHW]W�ZLUG�
'HU 9LQ\O�$PLQR�7ULR[RUKHQLXP�
NRPSOH[ �$EELOGXQJ �� KDW JHJHQ�
�EHU >5H�2� � �&+ � ��+ � 2�@ HLQH XP
IDVW ���� c N�U]HUH 'RQRU�$N]HSWRU�
%LQGXQJ� ZDV DXI GLH EHVVHUHQ
'RQRUHLJHQVFKDIWHQ GHV $PPRQLDNV
]XU�FN]XI�KUHQ LVW� :HLWHUKLQ VLQG
GLH 5KHQLXP�6DXHUVWRII�%LQGXQJHQ
JHJHQ�EHU GHP :DVVHU�$GGXNWNRP�
SOH[ YRQ 072 XP ���� c YHUOlQJHUW� 'DJHJHQ LVW GLH 5KHQLXP�.RK�
OHQVWRIIELQGXQJ OHLFKW XP FD� ���� c YHUN�U]W� 'LH 9HUlQGHUXQJHQ
LQVJHVDPW VLQG DOOHUGLQJV QLFKW DXVJHSUlJW JHQXJ� XP HLQHQ NODUHQ
(IIHNW�GHV�(OHNWURQHQGRQRUV�DXV]XPDFKHQ�
��������5HDNWLRQVHQHUJLHQ
,Q 7DEHOOH � VLQG GLH EHUHFKQHWHQ 5HDNWLRQVHQHUJLHQ DXI 03�� XQG
&&�6'>7@�1LYHDX VRZLH GLH EHUHFKQHWHQ ')7�:HUWH YRQ *LVGDNLV HW�
DO� 	 � �I�U�GLH�HLQ]HOQHQ�5HDNWLRQHQ�GHU�2OHILQR[LGDWLRQ�GDUJHVWHOOW�
(V LVW NODU ]X HUNHQQHQ� GD� I�U DOOH YHUZHQGHWHQ 0HWKRGHQ GLH 5HDN�
WLRQVHQHUJLHQ I�U GLH %LOGXQJ GHU $GGXNWNRPSOH[H �� � XQG � GHXW�
OLFK �EHU GHQHQ I�U GLH 2[LGDWLRQVUHDNWLRQHQ OLHJHQ� 0DQ VROOWH
MHGRFK EHGHQNHQ� GD� GHP (QHUJLHJHZLQQ GXUFK $GGXNWELOGXQJ HLQH
(QWURSLHHUQLHGULJXQJ HQWJHJHQ VWHKW� GLH LQ GHQ EHUHFKQHWHQ :HUWHQ
QLFKW EHU�FNVLFKWLJW ZLUG� 'LH ')7�(QHUJLHQ I�U GLH $GGLWLRQVUHDN�

6HLWH���

Abbildung 5 MP2-Geometrie von Vinyl-

Amino-Trioxorhenium 10
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

WLRQ OLHJHQ I�U 0HWK\O�7ULR[RUKHQLXP �5HDNWLRQ �� XQG 0RQRSHUR[R�
0HWK\O�'LR[RUKHQLXP �5HDNWLRQ �� XQWHU GHQ 03�� XQG &&�6'>7@�
:HUWHQ� 'LH 03��(QHUJLHQ VWLPPHQ GDJHJHQ VHKU JXW PLW GHQ &&�
6'>7@�(QHUJLHZHUWHQ �EHUHLQ� ,QWHUHVVDQWHUZHLVH VDJHQ VRZRKO GLH
')7� XQG GLH &&�6'>7@�5HFKQXQJ YRUDXV� GD� GDV :DVVHUPROHN�O
LP 0RQRSHUR[R�0HWK\O�'LR[RUKHQLXPNRPSOH[ � HWZDV VFKZlFKHU
JHEXQGHQ�LVW�DOV�LP�0HWK\O�7ULR[RUKHQLXP����
(LQ DQGHUHV %LOG HUJLEW VLFK I�U GLH $GGXNWELOGXQJ LP %LVSHUR[R�
0HWK\O�2[RUKHQLXP �5HDNWLRQ ��� +LHU VLQG GHU ')7� XQG GHU 03��

6HLWH���
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Tabelle 1 Reaktionsenergien für trioxorheniumkatalysierte Olefinoxidation [ kcal mol-1]. ZPE(MP2)-

korrigierte Werte in Klammern.
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�(UJHEQLVVH

:HUW DQQlKHUQG JOHLFK� 'HU &&�6'>7@�:HUW OLHJW KLHU XP �EHU �
NFDO�PRO K|KHU� 2IIHQVLFKWOLFK XQWHUVFKlW]HQ VRZRKO GLH 03��
0HWKRGH DOV DXFK GLH ')7�5HFKQXQJ GHQ (QHUJLHEHWUDJ� XP GHQ GDV
:DVVHUPROHN�O LQ GLHVHP .RPSOH[ IHVWHU JHEXQGHQ LVW DOV LQ 072
XQG GHP 0RQRSHUR[RNRPSOH[� 03� VDJW KLHU QXU HLQH bQGHUXQJ
YRQ HWZDV PHKU DOV � NFDO�PRO YRUDXV� 'HU ')7�:HUW OLHJW ]ZDU PLW
IDVW � NFDO�PRO GHXWOLFK K|KHU XQG QlKHU DQ GHU EHUHFKQHWHQ bQGH�
UXQJ DXI &&�6'>7@�1LYHDX YRQ ��� NFDO�PRO� XQWHUVFKlW]W DEHU
QLFKWVGHVWRWURW]�GHQ�(IIHNW�
'LH 5HDNWLRQVHQHUJLHQ GHU 2[LGDWLRQVUHDNWLRQHQ �5HDNWLRQHQ �� �� �
XQG �� ZHUGHQ MH QDFK 0HWKRGH VHKU XQWHUVFKLHGOLFK EHUHFKQHW� $XI
03��1LYHDX VLQG GLH 5HDNWLRQHQ � XQG � OHLFKW HQGRWKHUP� ZlKUHQG
GLH 5HDNWLRQ GHU 0RQRSHUR[R�.RPSOH[H �5HDNWLRQHQ � XQG �� PLW
:DVVHUVWRIISHUR[LG GHXWOLFK H[RWKHUP LVW� 'LH ')7�5HFKQXQJHQ
VDJHQ I�U DOOH 2[LGDWLRQVUHDNWLRQHQ ELV DXI 5HDNWLRQ � HLQH HQGR�
WKHUPH 5HDNWLRQ YRUDXV� ,P *HJHQVDW] GD]X ZHUGHQ DXI &&�6'>7@�
1LYHDX DOOH 5HDNWLRQVHQHUJLHQ ELV DXI 5HDNWLRQ � H[RWKHUP EHUHFK�
QHW� ,P UHODWLYHQ 9HUJOHLFK VLQG GLH ')7�:HUWH GHQ &&�6'>7@�(QHU�
JLHQ lKQOLFKHU� ZHLO EHLGH 0HWKRGHQ GHQ 7UHQG LQ GHQ UHODWLYHQ 9HU�
lQGHUXQJHQ�JOHLFK�YRUDXVVDJHQ�
(QWJHJHQ GHQ (UZDUWXQJHQ� GLH VLFK DXV GHQ H[SHULPHQWHOOHQ 5HVXO�
WDWHQ HUJHEHQ� LVW GLH 5HDNWLRQVHQHUJLH I�U GLH (WK\OHQR[LGDWLRQ PLW
>5H2 � �2 � ��&+ � ��+ � 2�@ � DXI &&�6'>7@�1LYHDX XP ��� NFDO�PRO
JHJHQ�EHU GHU 2[LGDWLRQ PLW GHP HQWVSUHFKHQGHQ %LVSHUR[RNRPSOH[
� EHJ�QVWLJW� 'LH HQWVSUHFKHQGHQ 03��:HUWH OLHJHQ ]ZDU DEVROXW ���
E]Z� ��� NFDO�PRO �EHU GHQ &&�6'>7@�:HUWHQ� ]HLJHQ DEHU HEHQIDOOV
HLQH XP ��� NFDO�PRO K|KHUH 5HDNWLRQVHQHUJLH I�U GLH 2[LGDWLRQ PLW
+LOIH GHV 0RQRSHUR[R�$GGXNWNRPSOH[HV� 'LHVHU 8PVWDQG Z�UGH
HLQH NLQHWLVFKH +HPPXQJ GHU 2[LGDWLRQ PLW +LOIH GHV 0RQRSHUR[R�
NRPSOH[HV QDKHOHJHQ� 'LH LQ GHU $UEHLW YRQ *LVGDNLV HW DO� 	 � EHVWLPP�
WHQ�hEHUJDQJV]XVWlQGH�EHVWlWLJHQ�GLHVH�7KHVH�DOOHUGLQJV�QLFKW�

6HLWH���



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

hEHU GHQ JHVDPWHQ .DWDO\VH]\NOXV HUJLEW VLFK DXI &&�6'>7@�1LYHDX
HLQH DQQlKHUQG JOHLFKH (QHUJLHELODQ] I�U GLH 2[LGDWLRQ �EHU GHQ %LV�
SHUR[RNRPSOH[ >5H�2��2 � � � �&+ � ��+ � 2�@ � XQG �EHU GHQ 0RQRSHUR�
[RNRPSOH[ >5H�2� � �2 � ��&+ � ��+ � 2�@ �� ZHLO GLH 2[LGDWLRQVUHDNWLRQ
YRQ GHU 0RQR� ]XU %LVSHUR[RVSH]LHV VWDUN H[RWKHUP LVW� 'HU 5HDNWL�
RQVDEODXI �EHU GHQ 0RQRSHUR[RNRPSOH[ KDW LQVJHVDPW HLQH (QHUJLH�
ELODQ] YRQ ±���� NFDO�PRO� ZlKUHQG GLH 5HDNWLRQVIROJH �EHU GHQ %LV�
SHUR[RNRPSOH[�HLQH�*HVDPWHQHUJLHELODQ]�YRQ�±�����NFDO�PRO�KDW�
'LHV ZHLVW GDUDXI KLQ� GD� GHU 5HDNWLRQVDEODXI �EHU
>5H�2� � �2 � ��&+ � ��+ � 2�@ NLQHWLVFK JHKHPPW VHLQ PX� XQG VWDWWGHV�
VHQ GLH 5HDNWLRQ �EHU GHQ H[SHULPHQWHOO DOV NDWDO\WLVFK DNWLY
EHVWLPPWHQ .RPSOH[ >5H�2��2 � � � �&+ � ��+ � 2�@ YHUOlXIW� ,Q GHU $UEHLW
YRQ *LVGDNLV ZHUGHQ MHGRFK QDKH]X JOHLFKH $NWLYLHUXQJVEDUULHUHQ I�U
EHLGH 2[LGDWLRQVUHDNWLRQHQ EHVWLPPW� /HLGHU HQWKlOW GLH $UEHLW NHLQH
$QJDEHQ��EHU�GLH�*HVDPWHQHUJLHELODQ]�
=XU QlKHUHQ 8QWHUVXFKXQJ GHU 5HDNWLYLWlWHQ ZXUGH LP IROJHQGHQ GLH
HOHNWURQLVFKH�6WUXNWXU�GHU�5KHQLXPNRPSOH[H�XQWHUVXFKW�
�������� /DGXQJHQ�XQG�+\EULGLVLHUXQJHQ
'LH EHUHFKQHWHQ 1%2� XQG 0XOOLNHQ�/DGXQJHQ VLQG LQ $EELOGXQJ �
ELV $EELOGXQJ � GDUJHVWHOOW� 'LH /DGXQJ GHV ]HQWUDOHQ 5KHQLXPDWRPV
QLPPW PLW ]XQHKPHQGHU 6XEVWLWXWLRQ YRQ 2[R� GXUFK 3HUR[ROLJDQ�
GHQ ]X �$EELOGXQJ � XQG $EELOGXQJ ��� 'LHVHU 7UHQG ZLUG VRZRKO
GXUFK GLH 0XOOLNHQ� DOV DXFK GXUFK GLH 1%2�/DGXQJHQ ZLHGHUJHJH�
EHQ� 'LH DEVROXWHQ :HUWH GLIIHULHUHQ MHGRFK GHXWOLFK YRQHLQDQGHU� VR
VWHLJW GLH 1%2�/DGXQJ YRQ 072 � ]XP %LVSHUR[R�0HWK\O�2[RUKH�
QLXP � XP ����H� ZlKUHQG GLH 0XOOLNHQ /DGXQJHQ VLFK XP ����H
YHUlQGHUQ� *HJHQOlXILJ ]X GLHVHP 7UHQG YHUULQJHUW VLFK GLH /DGXQJ
GHU 2[ROLJDQGHQ YRP 7ULR[R� ]XP %LVSHUR[R�2[RNRPSOH[� ,P
*HJHQVDW] ]X GHU /DGXQJ GHV 5KHQLXPV ]HLJHQ GLH 1%2�/DGXQJHQ
KLHU HLQH VWlUNHUH 9HUlQGHUXQJ YRQ ����H JHJHQ�EHU GHQ 0XOOLNHQ�

6HLWH���
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/DGXQJHQ �����H�� $QKDQG GHU :HUWH Ol�W VLFK KHUOHLWHQ� GD� GXUFK
GDV (UVHW]HQ HLQHV 2[ROLJDQGHQ GXUFK HLQHQ 3HUR[ROLJDQGHQ GLH YHU�
EOHLEHQGHQ 2[ROLJDQGHQ VWlUNHU (OHNWURQHQ �EHU GLH π�2UELWDOH DQ
GDV 0HWDOO]HQWUXP DEJHEHQ� ZDV VLFK HEHQIDOOV LQ HLQHU 9HUN�U]XQJ

6HLWH���

Abbildung 6 NBO- und Mulliken-Ladungen (kursiv), IGLO- und DFT-IGLO-Abschirmungs-

konstanten (Werte in Klammern, DFT-IGLO-Werte kursiv)  der Methyl-Rhenium-Oxo- und

Peroxokomplexe [ReO3-n(O2)n(CH3)] 1, 3, 5.
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

GHU�%LQGXQJVOlQJH�QLHGHUVFKOlJW��V��R���
6RZRKO GLH /DGXQJ GHU 0HWK\OJUXSSH DOV DXFK GLH /DGXQJHQ GHU 3HU�
R[ROLJDQGHQ ]HLJHQ NHLQHQ HLQKHLWOLFKHQ 9HUODXI �$EELOGXQJ � XQG
$EELOGXQJ ��� 'LH 1%2�/DGXQJ GHU 0HWK\OJUXSSH QLPPW YRP 072
� ]XP 0RQRSHUR[R�0HWK\O�'LR[RUKHQLXP � ]ZDU XP ����H DE� EOHLEW

6HLWH���

Abbildung 7 NBO- und Mulliken-Ladungen (kursiv), IGLO- und DFT-IGLO-Abschirmungs-

konstanten (Werte in Klammern, DFT-IGLO-Werte kursiv)  der Aquo-Addukte der Methyl-

Rhenium-Oxo- und Peroxokomplexe  [ReO3-n(O2)n(H2O)] 2, 4, 6.

��� ����� ���
	��

� ��� ��
����
���
���

� ��� �������
�������
� � ����� �����!	�����"

� ��� �������
���$#�%
� � � &��������!	�	�% "

� ��� 
���� �
���
��'

��� ��(��)���
���

� ��� ����� �
���
���

� ��� 
���� �
���
���

� ��� ��
����!���$#��
� � � ��(���� � ��#���"

� ��� ����� �
���
#��

� ��� ����� �!���$#��

� ��� ��(����!���$#�%
� � ��*�(�(����+��#��,"

��� ��(�� ���$%��

� ��� ����� �!���$���

� ��� 
���� �
���$���

� ��� ����� �
��� �-�

� ��� ����� �
���
#��

� ��� *�&����
��� �-�
� � ��*�*������
#�%�%�"



�(UJHEQLVVH

DEHU LP %LVSHUR[RNRPSOH[ � JOHLFK� ,P *HJHQVDW] GD]X ]HLJHQ GLH
0XOOLNHQ�/DGXQJHQ HLQH NRQWLQXLHUOLFKH $EQDKPH YRQ ±����H LQ
072 �EHU ±����H LP 0RQRSHUR[RNRPSOH[ KLQ ]X ±����H LP %LVSHU�
R[R�0HWK\O�2[RUKHQLXP� 0DQ VROOWH DXFK KLHU IHVWKDOWHQ� GD� VLFK
GLH /DGXQJ GXUFK (LQI�JHQ GHV ]ZHLWHQ 3HUR[ROLJDQGHQ QXU JHULQJ
lQGHUW��
'LH 1%2�/DGXQJ GHU 6DXHUVWRIIDWRPH LP 3HUR[ROLJDQGHQ QLPPW
YRP 0RQR� ]XP %LVSHUR[RNRPSOH[ JHULQJI�JLJ DE� 'LH 0XOOLNHQ�
/DGXQJHQ ]HLJHQ GLHVH /DGXQJVDEQDKPH KLQJHJHQ QXU EHL GHP 6DX�
HUVWRIIDWRP PLW GHU JHULQJHUHQ %LQGXQJVOlQJH ]XP 5KHQLXPDWRP�
'DV 6DXHUVWRIIDWRP � E]Z� EHLGH $WRPH LP %LVSHUR[RNRPSOH[ � PLW
GHP JU|�HUHQ %LQGXQJVDEVWDQG ]XP 0HWDOODWRP KDEHQ LQ EHLGHQ
3HUR[RNRPSOH[HQ HLQH 1%2�/DGXQJ� GLH XP �����H K|KHU OLHJW DOV
GLH GHV DQGHUHQ 6DXHUVWRIIDWRPV GHV /LJDQGHQ� 'LHV HQWVSULFKW GHP
%LOG� GDV GLH 0XOOLNHQ�/DGXQJHQ I�U GHQ %LVSHUR[R�.RPSOH[ OLHIHUQ�
'HP JHJHQ�EHU VDJHQ MHGRFK GLH 0XOOLNHQ�/DGXQJHQ HLQH DQQlKHUQG
JOHLFKH /DGXQJ I�U EHLGH 6DXHUVWRIIDWRPH LP 3HUR[ROLJDQGHQ GHV
0RQRSHUR[R�0HWK\O�'LR[RUKHQLXPNRPSOH[HV�YRUDXV�
,P *HJHQVDW] ]XP 0RQRSHUR[RNRPSOH[ OLHJHQ LP %LVSHUR[RNRPSOH[
GLH 1%2�/DGXQJHQ GHU 6DXHUVWRIIDWRPH GHV 3HUR[ROLJDQGHQ XP
±����H�ELV�±����H��EHU�GHQHQ�GHV�2[ROLJDQGHQ�
'LH 1%2�+\EULGLVLHUXQJ GHU 5KHQLXP�.RKOHQVWRII� XQG 5KHQLXP�
6DXHUVWRII�%LQGXQJHQ I�U �� � XQG � LVW LQ 7DEHOOH � ELV 7DEHOOH � ZLH�
GHUJHJHEHQ� 'DV KHUYRUVWHFKHQGVWH 0HUNPDO LVW� GD� LP %LVSHUR[R�
NRPSOH[ I�U GLH 5KHQLXP�6DXHUVWRII�%LQGXQJ 'UHLIDFKELQGXQJVDQ�
WHLOH EHUHFKQHW ZHUGHQ� 'LH +\EULGLVLHUXQJVDQDO\VH GHU QDW�UOLFKHQ
%LQGXQJVRUELWDOH�]HLJW�NODU�HLQH�σ��XQG�]ZHL�π�%LQGXQJHQ�

6HLWH���



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

%HLP hEHUJDQJ YRQ 072 � ]XP 0RQRSHUR[RNRPSOH[ � ZLUG GLH
3RODULVLHUXQJ GHU 5KHQLXP�2[ROLJDQG�%LQGXQJHQ LQ 5LFKWXQJ GHV
5KHQLXPV YHUVFKREHQ� 'LHV WULWW EHVRQGHUV EHL GHU π�%LQGXQJ ]XWDJH�
ZR GHU 5KHQLXPDQWHLO YRQ ����� LQ 072 DXI ����� LP 3HUR[RNRP�
SOH[ VWHLJW� 2IIHQVLFKWOLFK VFKHLQHQ DOVR GLH YHUEOHLEHQGHQ 2[R�
OLJDQGHQ GXUFK HLQH HUK|KWH 5�FNGRQLHUXQJ GLH XQJ�QVWLJHUHQ %LQ�
GXQJHQ ]X GHP 3HUR[ROLJDQGHQ ]X NRPSHQVLHUHQ� (LQH (UK|KXQJ GHV

6HLWH���

Tabelle 2 NBO-Hybridisierungen von [ReO3(CH3)] 1

>5H2 � �&+ � �@
%LQGXQJ �5H �V �S �G �/ �V �S �G
5H�& ���� ���� ���� ���� ���� ���� ���� ���
5H�2 ���� ���� ��� ���� ���� ���� ���� ���
5H�2 ���� ��� ���� ���� ���� ��� ���� ���

Tabelle 3 NBO-Hybridisierungen von [ReO2(O2)(CH3)] 3

>5H2 � �2 � ��&+ � �@
%LQGXQJ �5H �V �S �G �/ �V �S �G
5H�& ���� ���� ���� ���� ���� ���� ���� ���
5H�2 ���� ���� ��� ���� ���� ���� ���� ���
5H�2 ���� ��� ���� ���� ���� ��� ���� ���
5H�2� ���� ��� ���� ���� ���� ���� ���� ���
5H�2� ���� ���� ���� ���� ���� ���� ���� ���

Tabelle 4 NBO-Hybridisierungen von [ReO(O2)2(CH3)] 5

>5H2 � �2 � � � �&+ � �@
%LQGXQJ �5H �V �S �G �/ �V �S �G
5H�& ���� ���� ���� ���� ���� ���� ���� ���
5H�2 ���� ���� ��� ���� ���� ���� ���� ���
5H�2 ���� ��� ���� ���� ���� ��� ���� ���
5H�2 ���� ��� ���� ���� ���� ��� ���� ���
5H�2� ���� ���� ���� ���� ���� ���� ���� ���
5H�2� ���� ���� ���� ���� ���� ���� ���� ���



�(UJHEQLVVH

5KHQLXPDQWHLOV DQ GHU 5KHQLXP�.RKOHQVWRIIELQGXQJ LVW HEHQIDOOV ]X
EHREDFKWHQ� -HGRFK LVW KLHU NHLQ HLQKHLWOLFKHU 7UHQG HUNHQQEDU� GLH
3RODULVLHUXQJ JHKW VRJDU YRP 0RQRSHUR[RNRPSOH[ � ]XP %LVSHUR[R�
0HWK\O�2[RUKHQLXP � ]XU�FN� ZREHL VLFK DP 5KHQLXP HEHQIDOOV GLH
+\EULGLVLHUXQJ GHU %LQGXQJ KLQ ]X HLQHP K|KHUHQ S�$QWHLO YHU�
VFKLHEW�
'LH σ�%LQGXQJHQ ]X GHQ 3HUR[ROLJDQGHQ VLQG KRFKJUDGLJ LQ 5LFKWXQJ
GHU 6DXHUVWRIIDWRPH SRODULVLHUW� 'LH 3RODULVLHUXQJ QLPPW LP %LVSHU�
R[RNRPSOH[ � HWZDV JHJHQ�EHU GHP 0RQRSHUR[RNRPSOH[ � DE� ZDV
VLFK ZDKUVFKHLQOLFK HLQIDFK GDUDXI ]XU�FNI�KUHQ Ol�W� GD� GLH 3RODUL�
VLHUEDUNHLW�GHV�5KHQLXPV�DXIJUXQG�GHU�HUK|KWHQ�/DGXQJ�DEQLPPW�
'XUFK +LQ]XI�JHQ HLQHV :DVVHUPROHN�OV ZLUG GLH /DGXQJ GHV 5KH�
QLXPDWRPV YHUPLQGHUW� 'LH 9HUlQGHUXQJ LVW MHGRFK LQ GHQ YHUVFKLH�
GHQHQ .RPSOH[HQ XQWHUVFKLHGOLFK DXVJHSUlJW� *HPl� GHQ 1%2�
/DGXQJHQ ZLUG GLH /DGXQJ LQ 072 XQG LP 0RQRSHUR[R�0HWK\O�
'LR[RUKHQLXP GXUFK (LQI�KUHQ GHV (OHWURQHQGRQRUV QXU JHULQJI�JLJ
XP ����H KHUDEJHVHW]W� ZlKUHQG GLH 9HUlQGHUXQJ YRP %LVSHUR[R�
0HWK\O�2[RUKHQLXP � ]XP HQWVSUHFKHQGHQ $TXRNRPSOH[ � VFKRQ
����H EHWUlJW� ZDV VLFK LQ HLQHU GHXWOLFK YHUN�U]WHQ %LQGXQJ XQG
HLQHU HUK|KWHQ %LQGXQJVHQHUJLH QLHGHUVFKOlJW� 'LH 0XOOLNHQ�/DGXQ�
JHQ VDJHQ HLQH lKQOLFKH 9HUlQGHUXQJ GHU /DGXQJ GHV =HQWUDODWRPV
YRUDXV� MHGRFK LVW KLHU GLH /DGXQJVYHUlQGHUXQJ LP %LVSHUR[RNRP�
SOH[�GHXWOLFK�ZHQLJHU�DXVJHSUlJW�
'LH /DGXQJHQ GHU 2[ROLJDQGHQ ]HLJHQ GXUFK GLH $GGLWLRQ HLQHV :DV�
VHUPROHN�OV HLQ XQHLQKHLWOLFKHV 9HUKDOWHQ� 'LH 9HUlQGHUXQJ YRQ
072 ]XP HQWVSUHFKHQGHQ $TXRNRPSOH[ � LVW HLQH (UK|KXQJ GHU
1%2�/DGXQJ GHU 6DXHUVWRIIDWRPH� GLH ]X GHQ %LQGXQJHQ GHV :DV�
VHUV HNOLSWLVFK VWHKHQ� XP ����H� ZlKUHQG GLH /DGXQJ GHV GULWWHQ
2[ROLJDQGHQ QDKH]X JOHLFK EOHLEW� 'LH 0XOOLNHQ�/DGXQJHQ ]HLJHQ HLQ
DQDORJHV�9HUKDOWHQ�

6HLWH���
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,P 0RQRSHUR[RNRPSOH[ � ZLUG GLH 1%2�/DGXQJ GHV ]XP :DVVHU�
PROHN�O FLV�VWlQGLJHQ 6DXHUVWRIIDWRPV XP ����H HUK|KW� ZlKUHQG
GLH /DGXQJ GHV WUDQV�VWlQGLJHQ 6DXHUVWRIIDWRPV GHXWOLFK XP ����H
YHUULQJHUW ZLUG� 'LHVH 9HUlQGHUXQJ LVW DXFK I�U GHQ QRFK YHUEOHLEHQ�
GHQ� WUDQV�VWlQGLJHQ 2[ROLJDQGHQ LP %LVSHUR[RNRPSOH[ ]X EHREDFK�
WHQ� ,P *HJHQVDW] GD]X EOHLEHQ GLH 0XOOLNHQ�/DGXQJHQ EHLGHU 6DXHU�
VWRIIDWRPH JOHLFK XQG YHUlQGHUQ VLFK QXU VHKU ZHQLJ JHJHQ�EHU GHP

6HLWH���

Tabelle 5 NBO-Hybridisierungen von [ReO3(CH3)(H2O)] 2

>5H2 � �&+ � ��+ � 2�@
%LQGXQJ �5H �V �S �G �/ �V �S �G

5H�& ���� ���� ���� ���� ���� ���� ���� ���
5H�2 ����� ���� ���� ��� ���� ���� ���� ���� ���
5H�2 ����� ���� ��� ���� ���� ���� ��� ���� ���

Tabelle 6 NBO-Hybridisierungen von [ReO2(O2)(CH3)(H2O)] 4

>5H2 � �2 � ��&+ � ��+ � 2�@
%LQGXQJ �5H �V �S �G �/ �V �S �G

5H�& ���� ���� ���� ���� ���� ���� ���� ���
5H�2 ���� ���� ��� ���� ���� ���� ���� ���
5H�2 ���� ��� ���� ���� ���� ��� ���� ���

5H�2� ���� ���� ���� ���� ���� ���� ���� ���
Tabelle 7 NBO-Hybridisierungen von [ReO(O2)2(CH3)(H2O)] 6

>5H2�2 � � � �&+ � ��+ � 2�@
%LQGXQJ �5H �V �S �G �/ �V �S �G

5H�& ���� ���� ���� ���� ���� ���� ���� ���
5H�2 ���� ���� ��� ���� ���� ���� ���� ���
5H�2 ���� ��� ���� ���� ���� ��� ���� ���
5H�2 ���� ��� ���� ���� ���� ��� ���� ���

5H�2� ���� ���� ���� ���� ���� ���� ���� ���
5H�2� ���� ���� ���� ���� ���� ���� ���� ���



�(UJHEQLVVH

.RPSOH[ RKQH (OHNWURQHQGRQRU� $XFK GLH 9HUlQGHUXQJ LQ GHU
/DGXQJ GHV 2[ROLJDQGHQ LP %LVSHUR[R�0HWK\O�2[RUKHQLXP GXUFK
GDV�+LQ]XI�JHQ�GHV�'RQRUOLJDQGHQ�LVW�PDUJLQDO�

6HLWH���

Abbildung 8 NBO- und Mulliken-Ladungen (kursiv), IGLO- und DFT-IGLO-Abschirmungs-

konstanten (Werte in Klammern, DFT-IGLO-Werte kursiv) des Allyl- 7, Methylallyl- 8 und

Ethylacetyl-Trioxorheniumkomplexes 9
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'HU (LQIOX� GHV
:DVVHUPROHN�OV DXI
GLH /DGXQJ GHU
0HWK\OJUXSSH LVW LP
$GGXNWNRPSOH[ GHV
072 �� LQ GHP GHU
(OHNWURQHQGRQRU
WUDQV ]XP .RKOHQ�
VWRIIOLJDQGHQ VWHKW�
PLW HLQHU 9HUULQJH�
UXQJ GHU /DGXQJ XP
����H DP JU|�WHQ� ,Q
GHQ 3HUR[RNRPSOH�
[HQ � XQG � LVW GHU
(LQIOX� ]X YHUQDFK�
OlVVLJHQ�
$P LQWHUHVVDQWHVWHQ
LVW GHU (IIHNW DXI GLH

6DXHUVWRIIODGXQJHQ GHU 3HUR[ROLJDQGHQ� GHU GXUFK GDV /|VXQJVPLW�
WHOPROHN�O KHUYRUJHUXIHQ ZLUG� 'HU (LQIOX� GHV 'RQRUOLJDQGHQ DXI
GLH 3HUR[RJUXSSH LVW QLFKW VR VHKU YRQ GHQ DEVROXWHQ =DKOHQ KHU
LQWHUHVVDQW � GLH /DGXQJ HUK|KW VLFK XP ±����H ELV ±����H �� VRQGHUQ
LQ +LQEOLFN DXI GLH UHODWLYH bQGHUXQJ LQ EH]XJ DXI GLH 2[ROLJDQGHQ�
:lKUHQG LQ GHQ .RPSOH[HQ RKQH :DVVHUPROHN�O � XQG � GLH
/DGXQJ GHU 6DXHUVWRIIDWRPH GHV 3HUR[ROLJDQGHQ QXU LP %LVSHUR[R�
NRPSOH[ JHULQJI�JLJ �EHU GHQHQ GHV WHUPLQDOHQ 6DXHUVWRIIV OLHJW�
ZLUG GHU 8QWHUVFKLHG ]ZLVFKHQ GHQ 6DXHUVWRIIDWRPHQ 2� XQG 2� LQ �
DXI�����H�YHUJU|�HUW�
'HU (IIHNW DXI GLH +\EULGLVLHUXQJHQ GHU QDW�UOLFKHQ %LQGXQJVRUEL�
WDOH �7DEHOOH � ELV 7DEHOOH �� LVW DXI GHQ HUVWHQ %OLFN VHKU JHULQJ� $OOHV
LQ DOOHP WUHWHQ QXU OHLFKWH 9HUlQGHUXQJHQ LQ GHU 3RODULVLHUXQJ XQG

6HLWH���

Abbildung 9 NBO- und Mulliken-Ladungen (kursiv), IGLO- und

DFT-IGLO-Abschirmungskonstanten (Werte in Klammern,

DFT-IGLO-Werte kursiv) des Vinyl-Amino-Trioxorheniumkom-

plexes 10.
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�(UJHEQLVVH

+\EULGLVLHUXQJ GHU 1%2 DXI� %HPHUNHQVZHUW LVW DOOHUGLQJV� GD� I�U �
QXU QRFK HLQH %LQGXQJ ]ZLVFKHQ GHP 0HWDOODWRP XQG GHP 3HUR[ROL�
JDQGHQ DXVJHZLHVHQ ZLUG� 'LHV Ol�W GDUDXI VFKOLH�HQ� GD� GLH 6DXHU�
VWRIIDWRPH GHV 3HUR[ROLJDQGHQ HLQH GHXWOLFK XQWHUVFKLHGOLFKH 5HDNWL�
YLWlW DXIZHLVHQ VROOWHQ� $OV *UHQ]VWUXNWXU NDQQ GHU 3HUR[ROLJDQG
SULQ]LSLHOO�DOV�ÄHQG�RQ³�JHEXQGHQ�IRUPXOLHUW�ZHUGHQ�
'LH 9HUlQGHUXQJ GHU /DGXQJHQ� GLH GXUFK GLH 9DULDWLRQ GHV .RKOHQ�
VWRIIOLJDQGHQ KHUYRUJHUXIHQ ZLUG� LVW DX�HURUGHQWOLFK JHULQJ� $XI�
JUXQG GHU JHULQJHQ bQGHUXQJHQ ZXUGH DXI HLQH DXVI�KUOLFKH $QDO\VH
GHU�+\EULGLVLHUXQJHQ�YHU]LFKWHW�
�������� )UHTXHQ]HQ�XQG�FKHPLVFKH�9HUVFKLHEXQJHQ
$OV HLQIDFKHV 0D� I�U GLH 6WlUNH GHU 5KHQLXP�6DXHUVWRII�'RSSHOELQ�
GXQJ ODVVHQ VLFK GLH :HOOHQ]DKOHQ I�U GLH V\PPHWULVFKH 5KHQLXP�
6DXHUVWRII�6WUHFNVFKZLQJXQJ KHUDQ]LHKHQ� ,Q 7DEHOOH � VLQG GLH
EHUHFKQHWHQ XQG JHPHVVHQHQ )UHTXHQ]HQ � GHU 5KHQLXP�2[R�
6FKZLQJXQJ DXIJHWUDJHQ� ,P 9HUJOHLFK ]X GHQ H[SHULPHQWHOOHQ :HU�
WHQ VLQG GLH EHUHFKQHWHQ 6FKZLQJXQJVIUHTXHQ]HQ XP IDVW ��� FP ��� ]X
QLHGULJ� (V LVW MHGRFK NODU ]X HUNHQQHQ� GD� GLH UHODWLYHQ bQGHUXQJHQ
UHFKW JXW HUID�W ZHUGHQ� 1HEHQ GHP V\VWHPDWLVFKHQ )HKOHU GHU
5HFKHQPHWKRGH ZHUGHQ GLH EHREDFKWHWHQ $EZHLFKXQJHQ ]XP HLQHQ
GXUFK $QKDUPRQL]LWlWHQ� ]XP DQGHUHQ GXUFK /|VXQJVPLWWHOZHFKVHO�
ZLUNXQJHQ E]Z� .ULVWDOOJLWWHUHIIHNWH KHUYRUJHUXIHQ �YJO� XQWHUVFKLHG�
OLFKH�:HUWH�I�U�>5H2 � �&+ � �@��
$XV GHQ bQGHUXQJHQ GHU :HOOHQ]DKOHQ ∆ν LVW NODU HUVLFKWOLFK� GD� GLH
:HOOHQ]DKO I�U GLH 6FKZLQJXQJ PLW ]XQHKPHQGHU 6XEVWLWXWLRQ YRQ
2[R�GXUFK 3HUR[ROLJDQGHQ ]XQLPPW� 'LH =XQDKPH EHWUlJW XQJHIlKU
���FP ��� �SUR�3HUR[RJUXSSH�

D %HL�GHQ�EHUHFKQHWHQ�:HUWH�KDQGHOW�HV�VLFK�XP�GLH�)UHTXHQ]HQ�GHU�KDUPRQL�VFKHQ�6WUHFNVFKZLQJXQJ�

6HLWH���
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Tabelle 8 Berechnete harmonische und experimentelle Re=O-Streckschwingung in [cm-1]

9HUELQGXQJ ν�5H�2� ∆ν ν
Exp.

�5H�2� ∆ν
Exp.

>5H2 � �&+ � �@ ��� � ��� � ����� � �
>5H2 � �2 � ��&+ � �@ ��� �� � �
>5H2�2 � � � �&+ � �@ ��� �� � �
>5H2 � �&+ � ��+ � 2�@ ��� ��� � �
>5H2 � �2 � ��&+ � ��+ � 2�@ ��� �� � �
>5H2�2 � � � �&+ � ��+ � 2�@ ��� �� ���� � ��
>5H2 � �& � + � �@ ��� �� � �
>5H2 � �& � + � �@ ��� �� � �
>5H2 � �&+ � &22&+ � &+ � �@ ��� �� � �
>5H2 � �& � + � ��1+ � �@ ��� �� ��� �

���
,P *HJHQVDW] GD]X YHUlQGHUW VLFK GLH )UHTXHQ] GHU 6WUHFNVFKZLQ�
JXQJ LQ GHQ $TXRNRPSOH[HQ QXU ZHQLJ� 'LH :HUWH OLHJHQ DOOHVDPW
DQQlKHUQG EHL GHU :HOOHQ]DKO YRQ 072� 'DUDXV Ol�W VLFK VFKOLH�HQ�
GD� LQ GHQ .RPSOH[HQ RKQH /|VXQJVPLWWHOPROHN�O GLH YHUEOHLEHQGHQ
2[ROLJDQGHQ GXUFK ]XVlW]OLFKH 'RQLHUXQJ YRQ (OHNWURQHQGLFKWH GLH
HUK|KWH /DGXQJ DP 5KHQLXPDWRP NRPSHQVLHUHQ� ZlKUHQG LQ GHQ
$GGXNWNRPSOH[HQ GLH 5KHQLXP�6DXHUVWRII�'RSSHOELQGXQJ ZHLWJH�
KHQG XQYHUlQGHUW EOHLEW� REZRKO GLH 1%2�+\EULGLVLHUXQJHQ VRZRKO
I�U GHQ %LVSHUR[RNRPSOH[ PLW DOV DXFK RKQH /|VXQJVPLWWHOPROHN�O
HLQH�0HWDOO�6DXHUVWRII�'UHLIDFKELQGXQJ�YRUDXVVDJHQ�
'LH .RPSOH[H PLW GHQ XQJHVlWWLJWHQ .RKOHQVWRIIOLJDQGHQ ���� ]HLJHQ
ZLHGHUXP HLQ VHKU XQHLQKHLWOLFKHV 9HUKDOWHQ� )HVW]XVWHOOHQ LVW OHGLJ�
OLFK� GD� VLFK GLH 9DULDWLRQ GHV /LJDQGHQ GHXWOLFK VWlUNHU DXI GLH
EHUHFKQHWHQ 5KHQLXP�6DXHUVWRII�6WUHFNVFKZLQJXQJHQ DXVZLUNW� DOV
DXI GLH 1%2�/DGXQJHQ� :HLWHUKLQ LVW NODU ]X HUNHQQHQ� GD� GLH $OO\O�
NRPSOH[H � XQG � GHXWOLFK QLHGULJHUH :HOOHQ]DKOHQ I�U GLH 6WUHFN�
D 9JO��>��@�E 9JO��>��@��6SHNWUXP�YRP�.%U�3UH�OLQJ�F 9JO��>��@��DXIJHQRPPHQ�LQ�&+ � &O � �G 9JO��>��@��6SHNWUXP�YRQ�.%U�3UH�OLQJ�

6HLWH���



�(UJHEQLVVH

VFKZLQJXQJVIUHTXHQ] DXIZHLVHQ� 'HU ZHQLJHU EDVLVFKH (WK\ODFHW\O� �
XQG GHU $PLQR�9LQ\O�.RPSOH[ �� KDEHQ OHLFKW K|KHUH :HOOHQ]DKOHQ
I�U�GLH�6WUHFNVFKZLQJXQJ�DOV�072��
'LH PLW +LOIH GHU ')37�,*/2�0HWKRGH EHUHFKQHWHQ � � & FKHPLVFKHQ
9HUVFKLHEXQJHQ GHU .RKOHQVWRIIDWRPH �7DEHOOH �� GHU JHPLVFKWHQ
2[R�3HUR[R�.RPSOH[H ]HLJHQ LP 3ULQ]LS GDVVHOEH %LOG� GDV VFKRQ DXV
GHQ 1%2�/DGXQJHQ HUVLFKWOLFK ZDU� 9RQ � ]X � ILQGHW HLQH (QWVFKLU�
PXQJ GHV .RKOHQVWRIIDWRPV XP FD� �� SSP VWDWW� 'LH 9HUlQGHUXQJ
]XP %LVSHUR[R�.RPSOH[ � KLQ EHWUlJW MHGRFK QXU QRFK XQJHIlKU �
SSP� 'LH +)�,*/2�:HUWH ]HLJHQ GDJHJHQ HLQHQ OLQHDUHQ $QVWLHJ XP
FD��������SSP�SUR�3HUR[ROLJDQG��GHU�LQ�GHQ�.RPSOH[�HLQJHI�JW�ZLUG�
'DVVHOEH %LOG HUJLEW VLFK I�U GLH $GGXNWNRPSOH[H GHV :DVVHUV� 'LH
')7�0HWKRGH VDJW HLQH GHXWOLFK JHULQJHUH 9HUlQGHUXQJ GHU FKHPL�
VFKHQ 9HUVFKLHEXQJ GHV 0HWK\ONRKOHQVWRIIDWRPV YRUDXV DOV GLH +)�
0HWKRGH� +LQ]X NRPPW� GD� GLH 9HUlQGHUXQJ GHU � � & FKHPLVFKHQ
9HUVFKLHEXQJ JHPl� GHP ')37�,*/2 YRP 0RQR� ]XP %LVSHUR[R�
NRPSOH[ � ZHQLJHU DOV � SSP EHWUlJW� ZlKUHQG GLH +)�0HWKRGH HLQH
9HUlQGHUXQJ�XP�FD�����SSP�YRUDXVVDJW�
,P 9HUJOHLFK ]X GHQ H[SHULPHQWHOOHQ :HUWHQ LVW IHVW]XVWHOOHQ� GD�
LQVEHVRQGHUH GHU ')7�:HUW I�U GDV :DVVHUDGGXNW GHV %LVSHUR[R�
NRPSOH[HV GHXWOLFK EHVVHU PLW GHP H[SHULPHQWHOOHQ :HUW �EHUHLQ�
VWLPPW�DOV�GHU�+)�:HUW�
/HLGHU NRQQWH I�U GLH UHVWOLFKHQ 7ULR[RUKHQLXPNRPSOH[H PLW GHQ
XQJHVlWWLJWHQ /LJDQGHQ NHLQH .RQYHUJHQ] I�U GLH ')7�:HOOHQIXQN�
WLRQ HUUHLFKW ZHUGHQ� 'HVZHJHQ OLHJHQ I�U GLHVH .RPSOH[H QXU GLH
+)�:HUWH YRU� *UXQGVlW]OLFK LVW I�U GLH 9HUVFKLHEXQJHQ ]X EHRE�
DFKWHQ� GD� GLH LSVR�.RKOHQVWRIIDWRPH LQ JXWHU hEHUHLQVWLPPXQJ
PLW GHP ([SHULPHQW EHUHFKQHW ZHUGHQ� )�U GLH $OO\ONRPSOH[H � XQG
� ZLUG HEHQIDOOV GHU & � �.RKOHQVWRII �&� LQ 7DEHOOH �� LQ JXWHU hEHU�
HLQVWLPPXQJ EHUHFKQHW� /HGLJOLFK GHU & � �.RKOHQVWRII �&� E]Z� &�� LQ
7DEHOOH �� KDW HLQH V\VWHPDWLVFK ]X KRKH 9HUVFKLHEXQJ� ,P $OO\O�

6HLWH���
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.RPSOH[ � ZLUG GDGXUFK VRJDU HLQH IDOVFKH =XRUGQXQJ GHU 105�
6LJQDOH YRUDXVJHVDJW� 2E HV VLFK KLHUEHL XP HLQHQ PHWKRGLVFKHQ )HK�
OHU KDQGHOW� GHU GXUFK GLH 9HUQDFKOlVVLJXQJ GHU .RUUHODWLRQVHQHUJLH
]XVWDQGH NRPPW� RGHU RE HLQH ,QWHUDNWLRQ PLW GHP /|VXQJVPLWWHO
YRUOLHJW� Ol�W VLFK DXIJUXQG GHU IHKOHQGHQ ')7�:HUWH QLFKW EHDQW�
ZRUWHQ�
,P (WK\ODFHW\O�7ULR[RUKHQLXPNRPSOH[ � ZLUG I�U GHQ &DUERQ\ONRK�
OHQVWRII HEHQIDOOV HLQH XP FD� �� SSP ]X KRKH 9HUVFKLHEXQJ EHUHFK�
QHW� +LHU PX� DOOHU :DKUVFKHLQOLFKNHLW QDFK YRQ HLQHP V\VWHPDWL�

6HLWH���

Tabelle 9 Berechnete und experimentelle 13C-chemische Verschiebungen in [ppm]

9HUELQGXQJ δ13C
HF

δ13C
DFT

δ13C
Exp.

77

>5H2 � �&+ � �@ ���� ���� ����
>5H2 � �2 � ��&+ � �@ ���� ���� �
>5H2�2 � � � �&+ � �@ ���� ���� �
>5H2 � �&+ � ��+ � 2�@ ���� ���� �
>5H2 � �2 � ��&+ � ��+ � 2�@ ���� ���� �
>5H2�2 � � � �&+ � ��+ � 2�@ ���� ���� ����
>5H2 � �& � + � �@ &� ���� � ����

&� ����� � �����
&�� ����� � �����

>5H2 � �& � + � �@ &� ���� � ����
&� ����� � �����
&� ����� � �����
&�� ���� � ����

>5H2 � �&+ � &22&+ � &+ � �@ &� ���� � ����
&� ����� � �����
&� ���� � ����
&�� ���� � ����

>5H2 � �& � + � ��1+ � �@ &� ����� � �����
&� ����� � �����
&� ���� � ����



�(UJHEQLVVH

VFKHQ )HKOHU DXVJHJDQJHQ ZHUGHQ� GHU DXI GLH 9HUQDFKOlVVLJXQJ GHU
.RUUHODWLRQVHQHUJLH ]XU�FN]XI�KUHQ LVW� 'LHV JLOW HEHQVR I�U GLH � � &
FKHPLVFKHQ 9HUVFKLHEXQJHQ YRQ &� XQG &� LP $PLQR�9LQ\ONRPSOH[
����GLH�V\VWHPDWLVFK�XP�DQQlKHUQG����SSP�]X�KRFK�OLHJHQ�

6HLWH���

Tabelle 10 Berechnete chemische Abschirmungskonstanten in [ppm]

9HUELQGXQJ σ��� � ∆σ� σ � � � � ∆σ�
>5H2 � �&+ � �@ 2 ����� � ���� �
>5H2 � �2 � ��&+ � �@ 2� ����� ��� ���� ��

2� ����� ��� ���� ���
>5H2�2 � � � �&+ � �@ 2 ����� ��� ���� ���
>5H2 � �&+ � ��+ � 2�@ 2� ����� ���� ���� ���

2��� ����� ���� ���� ���
>5H2 � �2 � ��&+ � ��+ � 2�@ 2� ����� �� ���� ��

2� ����� �� ���� ��
>5H2�2 � � � �&+ � ��+ � 2�@ 2 ����� ��� ���� ��
>5H2 � �& � + � �@ 2� -1433 -29 � �

2� ����� ��� � �
2� ����� �� � �

>5H2 � �& � + � �@ 2� ����� �� � �
2� ����� ��� � �
2� ����� �� � �

>5H2 � �&+ � &22&+ � &+ � �@ 2� ����� ��� � �
2� ����� ��� � �
2� ����� ��� � �

>5H2 � �& � + � ��1+ � �@ 2�� ����� ���� � �
2�� ����� ���� � �
2�� ����� ���� � �
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'LH EHUHFKQHWHQ ��� 2 $EVFKLUPXQJVNRQVWDQWHQ GHU 5KHQLXPNRPSOH[H
VLQG LQ 7DEHOOH �� GDUJHVWHOOW� :HLO ��� 2 FKHPLVFKH 9HUVFKLHEXQJHQ
VWDUN PLW GHU 7HPSHUDWXU YDULLHUHQ XQG DXIJUXQG GHU KRKHQ 3RODULWlW
GHV 6DXHUVWRIIV RIW :HFKVHOZLUNXQJHQ PLW GHU 8PJHEXQJ DXIWUHWHQ�
ZXUGH DXI GLH 8PUHFKQXQJ DXI GLH δ�6NDOD YHU]LFKWHW� 'LH VR JHZRQ�
QHQHQ :HUWH ZlUHQ ZHQLJ DXVVDJHNUlIWLJ� 'DU�EHU KLQDXV LVW LP 5DK�
PHQ GLHVHU 8QWHUVXFKXQJ GHU 7UHQG YRQ YLHO JU|�HUHU %HGHXWXQJ�
'LH :HUWH ¬Ç ZXUGHQ EHUHFKQHW DOV ¬Ç  Ç� � Ç ����� � GDPLW HQWVSUH�
FKHQ GLH :HUWH GLUHNW HLQHU +RFK� E]Z� 7LHIIHOGYHUVFKLHEXQJ JHJHQ�
�EHU�072�
'HU 9HUODXI GHU 9HUVFKLHEXQJHQ LVW PHWKRGHQXQDEKlQJLJ� %HLGH 9HU�
IDKUHQ ]HLJHQ HLQH ]XQHKPHQGH 7LHIIHOGYHUVFKLHEXQJ GHU YHUEOHLEHQ�
GHQ 2[R�6DXHUVWRIIDWRPH PLW GHU 6XEVWLWXWLRQ YRQ 2[R� GXUFK 3HU�
R[ROLJDQGHQ� 'LH *U|�HQRUGQXQJ� LQ GHU GLHVHU 7UHQG EHUHFKQHW
ZLUG� LVW MHGRFK ZLHGHUXP LQ EHLGHQ 0HWKRGHQ GHXWOLFK XQWHUVFKLHG�
OLFK� :lKUHQG GLH ')37�,*/2�0HWKRGH HLQH 9HUlQGHUXQJ YRQ FD�
��� SSP I�U GLH HUVWH XQG ZHLWHUH �� SSP I�U GLH ]ZHLWH 6XEVWLWXWLRQ
EHUHFKQHW� OLHJHQ GLH :HUWH PLW GHU +)�,*/2�0HWKRGH PLW HLQHU
UHODWLYHQ 9HUVFKLHEXQJ YRQ ��� SSP XQG ZHLWHUHQ ��� SSP GHXWOLFK
K|KHU�
'HUVHOEH 7UHQG LVW I�U GLH $GGXNWNRPSOH[H �� � XQG � HUNHQQEDU�
DOOHUGLQJV HUIROJW ]XQlFKVW HLQ +RFKIHOGVKLIW GXUFK GHQ 'RQRUOLJDQ�
GHQ� 'HU (IIHNW DXI GLH FKHPLVFKHQ 9HUVFKLHEXQJHQ GHU 6DXHUVWRII�
DWRPH LVW VWDUN DQLVRWURS� 6R ZLUG PLW GHU ')7�,*/2�0HWKRGH LQ
$TXR�0HWK\O�7ULR[RUKHQLXP � HLQH +RFKIHOGYHUVFKLHEXQJ I�U 2�
YRQ ��� SSP XQG HLQH IDVW GRSSHOW VR KRKH 9HUVFKLHEXQJ YRQ ±��
SSP I�U 2� XQG 2� EHUHFKQHW� 0LW GHU +)�,*/2�0HWKRGH ZLUG GHU�
VHOEH 7UHQG YRUDXVJHVDJW� MHGRFK OLHJHQ GLH $EVROXWZHUWH KLHU ZLH�
GHUXP�GHXWOLFK�K|KHU�
'LH 9HUlQGHUXQJ GHU $EVFKLUPXQJVNRQVWDQWH KLQ ]XP
>5H�2� � �2 � ��&+ � ��+ � 2�@ � Ol�W VLFK GHVZHJHQ QLFKW HLQGHXWLJ EHVWLP�

6HLWH���
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PHQ� 9HUJOHLFKW PDQ 2� LQ >5H�2� � �&+ � ��+ � 2�@ PLW 2� LQ
>5H�2� � �2 � ��&+ � ��+ � 2�@ �EHLGH $WRPH FLV�VWlQGLJ ]XP :DVVHUPROH�
N�O� QLFKW HNOLSWLVFK PLW HLQHP :DVVHUVWRIIDWRP� HUKlOW PDQ PLW GHU
')7�0HWKRGH HLQH bQGHUXQJ YRQ FD� ��� SSP XQG PLW GHU +)�
0HWKRGH YRQ FD� ���� SSP� ,Q EHLGHQ )lOOHQ OLHJW GLH UHODWLYH 9HU�
VFKLHEXQJ MHGRFK GHXWOLFK XQWHU GHU GHV 0RQRSHUR[RNRPSOH[HV RKQH
'RQRUOLJDQGHQ � �')7� �� SSP� +)� �� SSP�� 'LH 9HUlQGHUXQJHQ
GXUFK GHQ ]ZHLWHQ 3HUR[ROLJDQGHQ VLQG ODXW GHU ')37�,*/2�
0HWKRGH LP 9HUJOHLFK PLW GHQ .RPSOH[HQ RKQH 'RQRU�0ROHN�O
GHXWOLFK VFKZlFKHU DXVJHSUlJW� 'LH 7LHIIHOGYHUVFKLHEXQJ GHU WUDQV�
VWlQGLJHQ 2[R�/LJDQGHQ EHWUlJW QXU ±�� SSP� ZlKUHQG GLH +)�
0HWKRGH HKHU HLQHQ OLQHDUHQ 9HUODXI YRUDXVVDJW� XQG GLH 9HUlQGH�
UXQJ LQ GHU 9HUVFKLHEXQJ PLW ±��� SSP EHUHFKQHW� 'LH ')7�:HUWH
VLQG KLHU ZLHGHUXP NRQIRUP PLW GHQ EHUHFKQHWHQ 1%2�/DGXQJHQ�
GLH DXFK HLQH 9HUULQJHUXQJ GHU /DGXQJVYHUPLQGHUXQJ LP 2[ROLJDQ�
GHQ�GXUFK�GDV�9RUKDQGHQVHLQ�GHV�:DVVHUPROHN�OV�YRUDXVVDJHQ�
'LH 9DULDWLRQ GHV .RKOHQVWRIIOLJDQGHQ DXI GLH $EVFKLUPXQJVNRQVWDQ�
WHQ GHU 6DXHUVWRIIDWRPH LVW LP )DOO GHU $OO\O�.RPSOH[H QLFKW EHVRQ�
GHUV DXVJHSUlJW� $XIIlOOLJ LVW OHGLJOLFK� GD� GDV WUDQV�VWlQGLJH 6DXHU�
VWRIIDWRP LP *HJHQVDW] ]X GHQ DQGHUHQ 2[ROLJDQGHQ HLQH +RFKIHOG�
YHUVFKLHEXQJ HUIlKUW� ZlKUHQG GLH DQGHUHQ 2[ROLJDQGHQ OHLFKW WLHI�
IHOGYHUVFKREHQ�VLQG�
'LH (IIHNWH LP (WK\ODFHW\O�7ULR[RUKHQLXPNRPSOH[ � VLQG VWlUNHU
DXVJHSUlJW� ZDV DXI GHQ HOHNWURQHQ]LHKHQGHQ (LQIOX� GHU (VWHUIXQN�
WLRQ ]XU�FN]XI�KUHQ LVW� ,P $PLQR�9LQ\ONRPSOH[ �� VFKHLQW HLQH
VWDUNH 9HUlQGHUXQJ DXIJUXQG GHU EHVVHUHQ 'RQRUIlKLJNHLWHQ GHV
$PPRQLDNPROHN�OV VWDWWJHIXQGHQ ]X KDEHQ� $OOHUGLQJV NDQQ KLHU
DXIJUXQG GHU 8Q]XYHUOlVVLJNHLW GHU +)�:HUWH NHLQH HLQGHXWLJH $XV�
VDJH�JHWURIIHQ�ZHUGHQ�

6HLWH���
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������ =XVDPPHQIDVVXQJ
0LW +LOIH GHU DQJHZHQGHWHQ 0HWKRGHQ NRQQWHQ GLH (LJHQVFKDIWHQ
GHU DQ GHU 2OHILQR[LGDWLRQ EHWHLOLJWHQ *UXQG]XVWlQGH GHU 5KHQLXP�
6DXHUVWRII�.RPSOH[H EHVWLPPW ZHUGHQ� 'LH EHUHFKQHWHQ *HRPHWULHQ
]HLJHQ HLQH JXWH hEHUHLQVWLPPXQJ PLW GHQ H[SHULPHQWHOOHQ :HUWHQ�
6\VWHPDWLVFKH $EZHLFKXQJHQ N|QQHQ ]ZDU LP 9HUJOHLFK PLW DQGHUHQ
%HUHFKQXQJHQ ��� IHVWJHVWHOOW ZHUGHQ� MHGRFK ZHUGHQ GLH DOOJHPHLQHQ
7UHQGV�QLFKW�YHUIlOVFKW��
(V ZXUGH HLQ HQHUJHWLVFKHV 5HDNWLRQVSURILO HUVWHOOW� GDV JUXQGVlW]OLFK
]ZHL JOHLFKZHUWLJH 5HDNWLRQVSIDGH DXIZHLVW� )�U GLH NRQNUHW EHWUDFK�
WHWH 5HDNWLRQ GHU 2[LGDWLRQ YRQ (WK\OHQ NDQQ MHGRFK QXU GHU 5HDN�
WLRQYHUODXI �EHU GHQ %LVSHUR[RNRPSOH[ H[SHULPHQWHOO QDFKJHZLHVHQ
ZHUGHQ� � � $OOHUGLQJV KDW VLFK GLH 0RQRSHUR[R�0HWK\O�'LR[RUKHQL�
XPVSH]LHV � XQG � EHL DQGHUHQ 6XEVWUDWHQ DOV GXUFKDXV NDWDO\WLVFK
DNWLY HUZLHVHQ� ��� *LVGDNLV HW� DO� KDEHQ PLW XQDEKlQJLJ YRQ GLHVHP
3URMHNW GXUFKJHI�KUWHQ %HUHFKQXQJHQ HEHQIDOOV GHQ 5HDNWLRQVSIDG
�EHU GHQ .RPSOH[ >5H�2��2 � � � �&+ � ��+ � 2�@ � DOV GHQ ZDKUVFKHLQOL�
FKHUHQ :HJ HUPLWWHOW� ��� 'LHVH 8QWHUVXFKXQJHQ N|QQHQ DXFK HLQH
NLQHWLVFKH +HPPXQJ GHU 2[LGDWLRQ PLW +LOIH GHV 0RQRSHUR[RNRP�
SOH[HV DXVVFKOLH�HQ� (LQH JUXQGVlW]OLFKH 'LIIHUHQ]LHUXQJ ]ZLVFKHQ
EHLGHQ 5HDNWLRQVSIDGHQ LVW PLW +LOIH GHU KLHU DQJHZHQGHWHQ 0HWKR�
GHQ�RIIHQVLFKWOLFK�QLFKW�P|JOLFK�
1HEHQ GHU 5HSURGXNWLRQ GHU ÄURKHQ³ 0H�GDWHQ ZXUGH HLQH VRUJIlO�
WLJH $QDO\VH GHU HOHNWURQLVFKHQ 6WUXNWXU PLW +LOIH GHU 1%2�$QDO\VH
GXUFKJHI�KUW� (V ]HLJW VLFK� GD� GHU XQJHVlWWLJWH &KDUDNWHU GHU
JHPLVFKWHQ 5KHQLXP�2[R�3HUR[R�.RPSOH[H GXUFK GLH ÄORQH SDLU³�
2UELWDOH GHU YRUKDQGHQHQ 2[ROLJDQGHQ ]ZDU DEVFKZlFKW� DEHU QLFKW
DXIJHKREHQ ZLUG� 'LH 3HUR[ROLJDQGHQ ZLUNHQ KLHU GHXWOLFK ZHQLJHU
VWDELOLVLHUHQG� *HPl� GHU 1%2�$QDO\VH NDQQ PDQ LQ GHQ %LVSHUR[R�

6HLWH���
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5KHQLXPNRPSOH[HQ YRQ HLQHU 'UHLIDFKELQGXQJ ]ZLVFKHQ GHP WHUPL�
QDOHQ�6DXHUVWRIIOLJDQGHQ�XQG�GHP�]HQWUDOHQ�0HWDOODWRP�VSUHFKHQ�
,Q GHQ 0RQRSHUR[RNRPSOH[HQ � XQG � LVW GLH %LQGXQJ ]ZLVFKHQ GHP
5KHQLXPDWRP XQG HLQHP GHU 3HUR[R�6DXHUVWRIIDWRPH GHXWOLFK
JHJHQ�EHU GHP DQGHUHQ JHVFKZlFKW� ZDV DXI UHSXOVLYH :HFKVHOZLU�
NXQJHQ ]ZLVFKHQ GHP 3HUR[ROLJDQGHQ XQG GHP WUDQV�VWlQGLJHQ 6DX�
HUVWRIIDWRP KLQZHLVW� ,P $GGXNWNRPSOH[ >5H�2� � �2 � ��&+ � ��+ � 2�@ �
LVW GHU 1%2�$QDO\VH ]XIROJH GHU 3HUR[ROLJDQG VRJDU QXU HLQIDFK ÄHQG
RQ³�JHEXQGHQ� 'LHVHU 8PVWDQG XQWHUPDXHUW GLH KRKH 5HDNWLYLWlW
GLHVHU�6SH]LHV�
'DV (LQI�JHQ HLQHV XQJHVlWWLJWHQ .RKOHQVWRIIOLJDQGHQ I�KUW HQWJHJHQ
GHQ (UZDUWXQJHQ I�U HLQ 0HWDOODWRP LQ HLQHU KRKHQ 2[LGDWLRQVVWXIH
QLFKW ]X K|KHU NRRUGLQLHUWHQ %LQGXQJHQ� 6DWWGHVVHQ ZHUGHQ GLH
/LJDQGHQ ZLH H[SHULPHQWHOO HUPLWWHOW QXU η � �NRRUGLQLHUW JHEXQGHQ�
'LH η � �JHEXQGHQHQ ,VRPHUH VLQG NHLQH 0LQLPD DXI GHU 3(6� 'LHVHU
8PVWDQG YHUZHLVW ZLHGHUXP DXI GHQ (OHNWURQHQGLFKWHWUDQVIHU YRQ
GHQ IUHLHQ (OHNWURQHQSDDUHQ GHU 2[ROLJDQGHQ ]X GHQ OHHUHQ G�2UEL�
WDOHQ�GHV�0HWDOODWRPV�
'LH DXV GHU (OHNWURQHQVWUXNWXUDQDO\VH JHZRQQHQHQ 'DWHQ N|QQHQ
PLW PROHNXODUHQ (LJHQVFKDIWHQ ZLH GHU 5KHQLXP�6DXHUVWRII�6WUHFN�
IUHTXHQ] RGHU GHU FKHPLVFKHQ 9HUVFKLHEXQJ VRZRKO GHU 2[ROLJDQGHQ
DOV DXFK GHU LSVR�.RKOHQVWRIIDWRPH NRUUHOLHUW ZHUGHQ� ,Q EH]XJ DXI
GLH V\PPHWULVFKHQ KDUPRQLVFKHQ 5KHQLXP�6DXHUVWRII�6WUHFN�
VFKZLQJXQJHQ LVW HLQH NODUH 9HUVFKLHEXQJ ]X K|KHUHQ :HOOHQ]DKOHQ
]X HUNHQQHQ� 'DUDXV Ol�W VLFK VFKOLH�HQ� GD� PLW ]XQHKPHQGHU
$Q]DKO GHU 3HUR[ROLJDQGHQ GLH YHUEOHLEHQGHQ 2[ROLJDQGHQ IHVWHU DQ
GDV =HQWUDODWRP JHEXQGHQ ZHUGHQ� 'LHVHU (IIHNW ZLUG GXUFK GLH
$GGLWLRQ HLQHV (OHNWURQHQGRQRUV GHXWOLFK DEJHPLOGHUW� 6WDWWGHVVHQ
ZLUG�GDV�'RQRUPROHN�O�GHXWOLFK�IHVWHU�JHEXQGHQ��ZDV�VLFK�LQ�GHU�VHKU
KRKHQ %LQGXQJVHQHUJLH GHV :DVVHUPROHN�OV LQ � QLHGHUVFKOlJW� 'LH
FKHPLVFKHQ 9HUVFKLHEXQJHQ ]HLJHQ JUXQGVlW]OLFK GHQVHOEHQ 7UHQG�

6HLWH���
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0LW ]XQHKPHQGHU $Q]DKO GHU 3HUR[ROLJDQGHQ ZHUGHQ GLH LVRWURSHQ
$EVFKLUPXQJVNRQVWDQWHQ ]X WLHIHP )HOG KLQ YHUVFKREHQ� 'LHVHU
(IIHNW ZLUG HEHQIDOOV GXUFK $GGLWLRQ HLQHV :DVVHUPROHN�OV DEJHPLO�
GHUW�

6HLWH���
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����:ROIUDP��XQG�0RO\EGlQ�3KRV�
SKLGRNRPSOH[H

������ 3UREOHPVWHOOXQJ
���� JHODQJ HV GHQ $UEHLWVJUXSSHQ YRQ &XPPLQV � � XQG 6FKURFN � �
XQDEKlQJLJ YRQHLQDQGHU� 0RO\EGlQ� E]Z� :ROIUDPNRPSOH[H PLW WHU�
PLQDOHU 0HWDOO�3KRVSKRU�'UHLIDFKELQGXQJ ]X V\QWKHWLVLHUHQ XQG
105�VSHNWURVNRSLVFK� GXUFK 5|QWJHQVWUXNWXUDQDO\VHQ XQG %LOGXQJ
YRQ 'HULYDWHQ QDFK]XZHLVHQ� 3KRVSKLGRNRPSOH[H VLQG LQVEHVRQGHUH
LP 9HUJOHLFK PLW GHQ ZRKOEHNDQQWHQ YDOHQ]�LVRHOHNWURQLVFKHQ 1LWUL�
GRNRPSOH[HQ�YRQ�,QWHUHVVH�
'DUDQ DQNQ�SIHQG NRQQWHQ VRZRKO YRQ GHU $UEHLWVJUXSSH 6FKHHU ���
XQG YRQ 6FKURFN HW� DO� ����� VRJDU .RPSOH[H PLW HLQHP WHUPLQDOHQ
$UVHQOLJDQGHQ V\QWKHWLVLHUW XQG FKDUDNWHULVLHUW ZHUGHQ� /HW]WHUHU
ZDU MHGRFK QXU LQ GHU /DJH� GHQ .RPSOH[ DQKDQG GHV 6FKZLQJXQJV�
VSHNWUXPV�]X�LGHQWLIL]LHUHQ� ��� �
'LH 0HWDOO�3KRVSKRU�'UHLIDFKELQGXQJ EHVLW]W HLQLJH EHPHUNHQVZHUWH
(LJHQVFKDIWHQ� 'LH � � 3�105�9HUVFKLHEXQJHQ ]HLJHQ HLQH VWDUNH (QW�
VFKLUPXQJ GHV 3KRVSKRUNHUQV PLW HLQHU FKHPLVFKHQ 9HUVFKLHEXQJ
YRQ ���� SSP LQ >0R�3��1 � 1�@ �1 � 1 >�0H � 6L1&+ � &+ � � � 1@ � � � XQG
���� SSP LQ >:�3��1 � 1�@� � ����� � �	��
 )HVWN|USHU�105�6SHNWURVNRSLH�
H[SHULPHQWH KDEHQ DX�HUGHP JH]HLJW� GD� GLH $QLVRWURSLH GHU � � 3�
FKHPLVFKHQ 9HUVFKLHEXQJ LQ >:�3��1 � 1�@ EHL ���� SSP OLHJW� 'XUFK
%HUHFKQXQJHQ OLH� VLFK ]HLJHQ� GD� GLHVHU :HUW GXUFK 'LVNUHSDQ]HQ
GHV $EVFKLUPXQJVWHQVRUV SDUDOOHO XQG VHQNUHFKW ]XU 0HWDOO�3KRV�
SKRU�%LQGXQJVDFKVH KHUYRUJHUXIHQ ZLUG� ZREHL GDV SDUDOOHOH 'LDJR�
QDOHOHPHQW DEVFKLUPHQG XQG GLH VHQNUHFKWHQ 'LDJRQDOHOHPHQWH GHV
7HQVRUV VWDUN HQWVFKLUPHQG VLQG� ��
 'HUDUWLJ KRKH 9HUVFKLHEXQJHQ
XQG $QLVRWURSLHQ ZXUGHQ QRFK QLH ]XYRU I�U GHQ � � 3�.HUQ EHREDFK�
WHW�

6HLWH���



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

(LQ ZHLWHUHV DXIIlOOLJHV 0HUNPDO LVW GLH JHULQJH .RSSOXQJVNRQVWDQWH
GHU :ROIUDP�3KRVSKRU�%LQGXQJ LQ >:�3��1 � 1�@� 'HU JHPHVVHQH
:HUW YRQ ��+] ZLUG GXUFK HLQHQ VHKU JHULQJHQ V�$QWHLO GHV 3KRV�
SKRUV DQ GHU %LQGXQJ HUNOlUW� � � � ��� 'LHVH $QQDKPH ZXUGH DXFK GXUFK
%HUHFKQXQJHQ�XQWHUPDXHUW� ��� �
'D OHGLJOLFK YRQ GHQ .RPSOH[HQ >0R�3��15 � 5 � � � @ �5 �  &�&' � � � &+ � �
5 �  ����& � + � �&+ � � � � XQG >:�3��1 � 1�@ 5|QWJHQVWUXNWXUDQDO\VHQ YRU�
OLHJHQ� ZXUGHQ GLH GHU 6WUXNWXUHQ GHU 0RGHOOV\VWHPH >0�3��1+ � � � @
������ >0�3��1+ � � � �1+ � �@ ����� XQG >0�3��Q � Q�@ ����� VRZLH GHU
'HULYDWH >0�36��1+ � � � @ ������ >0�36��1+ � � � �1+ � �@ ����� �0 0R�
:� Q � Q >�1+&+ � &+ � � � 1@ � � � EHUHFKQHW� 'HU 6FKZHUSXQNW GHU 8QWHU�
VXFKXQJ ODJ MHGRFK DXI GHU %HUHFKQXQJ GHU $EVFKLUPXQJVWHQVRUHQ
GHU 3KRVSKRUDWRPH XQG GHUHQ .RUUHODWLRQ PLW GHU HOHNWURQLVFKHQ
6WUXNWXU� � �

������ 9HUZHQGHWH�0HWKRGHQ�XQG�%DVLVVlW]H
'LH *HRPHWULHQ DOOHU .RPSOH[H DX�HU >0�3��Q � Q�@ ZXUGHQ DXI +)
�YJO� ������� 03� �YJO� ������ XQG ')7�1LYHDX �YJO� ������ RSWLPLHUW� �
)�U GLH .RPSOH[H >0�3��Q � Q�@ ZXUGH DXI GLH 03��2SWLPLHUXQJ YHU�
]LFKWHW� XP GHQ &38�=HLWYHUEUDXFK GHV 3URMHNWV DXI HLQ HUWUlJOLFKHV
0D� ]X UHGX]LHUHQ� $OV %DVLVVDW] ZXUGHQ GLH %DVLV ,, GHU $UEHLWV�
JUXSSH )UHQNLQJ YHUZHQGHW� � � $OV $XVWDXVFKNRUUHODWLRQVSRWHQWLDO
ZXUGH GDV 'UHL�3DUDPHWHU�+\EULGIXQNWLRQDO YRQ %HFNH PLW GHP .RU�
UHODWLRQVIXQNWLRQDO YRQ /HH� <DQJ XQG 3DUU YHUZHQGHW �%�/<3�� � � 'LH
*HRPHWULHQ ZXUGHQ GXUFK %HUHFKQXQJHQ GHU KDUPRQLVFKHQ 6FKZLQ�
JXQJVIUHTXHQ]HQ DOV HFKWH 0LQLPD DXI GHU 3(6 FKDUDNWHULVLHUW� )�U
GLHVH %HUHFKQXQJHQ ZXUGH GDV 3URJUDPP *$866,$1�� ��
 HLQJH�
VHW]W�

D 'LH�6WUXNWXUHQ�VLQG�LP�'DWHQDQKDQJ�PLW�D� �+)��E� �03��XQG�F� �')7�JHNHQQ�]HLFKQHW�

6HLWH���



�(UJHEQLVVH

'LH %LQGXQJVHQHUJLHQ ZXUGHQ PLW &&�6'>7@�5HFKQXQJHQ �YJO� ������
XQWHU 9HUZHQGXQJ GHU RSWLPLHUWHQ ')7�6WUXNWXUHQ EHUHFKQHW� 'LH
5HFKQXQJHQ�ZXUGHQ�PLW�GHP�3URJUDPP�02/352�GXUFKJHI�KUW� � �

=XU %HUHFKQXQJ GHU $EVFKLUPXQJVWHQVRUHQ ZXUGHQ GLH 626�')37�
,*/2�0HWKRGH YRQ 0DONLQ HW� DO� � � VRZLH GLH *,$2�0HWKRGH �YJO�
������ LQ 9HUELQGXQJ PLW HLQHU .RKQ�6KDP�:HOOHQIXQNWLRQ YHUZHQ�
GHW� )�U GLH 626�')37�,*/2�5HFKQXQJHQ ZXUGH GDV 3URJUDPP
'H0RQ � � PLW GHU .XW]HOQLJJ�%DVLV ,,, � ��� YHUZHQGHW� ZlKUHQG GLH
*,$2�5HFKQXQJHQ PLW *$866,$1�� GXUFKJHI�KUW ZXUGHQ� )�U OHW]�
WHUH 5HFKQXQJHQ ZXUGHQ HLQ 6WXWWJDUWHU (&3 PLW HLQHU 7=9�%DVLV � �
I�U GDV 0HWDOO XQG GLH '���%DVLV YRQ 'XQQLQJ XQG +X]LQDJD � � ��� � PLW
]ZHL 6lW]HQ DQ 3RODULVDWLRQVIXQNWLRQHQ YHUZHQGHW� %H]�JOLFK GHU
6W|UXQJ GXUFK HLQ lX�HUHV 0DJQHWIHOG RGHU GHU 9HUZHQGXQJ YRQ
(&3V ZXUGHQ NHLQH .RUUHNWXUHQ I�U GDV $XVWDXVFKNRUUHODWLRQVSRWHQ�
WLDO�HLQJHI�KUW�
������ (UJHEQLVVH
,Q GHQ IROJHQGHQ $EVFKQLWWHQ VROOHQ ]XQlFKVW GLH EHUHFKQHWHQ 6WUXN�
WXUHQ GHU 0RGHOONRPSOH[H EHVSURFKHQ XQG PLW GHQ H[SHULPHQWHOOHQ
:HUWHQ YHUJOLFKHQ ZHUGHQ� 'DUDXIIROJHQG ZHUGHQ GLH %LQGXQJVHQHU�
JLHQ GHU 3KRVSKRU�6FKZHIHO� XQG GHU 0HWDOO�6WLFNVWRII�'RQRU�$N]HS�
WRU�%LQGXQJHQ GLVNXWLHUW� ,P DEVFKOLH�HQGHQ 7HLO ZHUGHQ GLH (UJHE�
QLVVH GHU 1%2�$QDO\VH XQG GHU FKHPLVFKHQ 9HUVFKLHEXQJHQ SUlVHQ�
WLHUW�

6HLWH���



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

�������� 6WUXNWXUHQ
,Q $EELOGXQJ �� ELV $EELOGXQJ �� VLQG GLH EHUHFKQHWHQ XQG H[SHUL�
PHQWHOOHQ *HRPHWULHQ GHU 0RO\EGlQ� XQG :ROIUDP�3KRVSKLGR�
.RPSOH[H�GDUJHVWHOOW�
,P 9HUJOHLFK ]ZLVFKHQ GHQ YHUZHQGHWHQ 0HWKRGHQ XQG GHQ H[SHUL�
PHQWHOOHQ *HRPHWULHQ VWHFKHQ PHKUHUH (LJHQVFKDIWHQ VRIRUW LQV
$XJH� 'HU 0HWDOO�3KRVSKRU�%LQGXQJVDEVWDQG ZLUG LQ GHQ .RPSOH�
[HQ�PLW�WHUPLQDOHP�3KRVSKLGROLJDQGHQ��$EELOGXQJ����$EELOGXQJ����
DXI +)�1LYHDX GHXWOLFK ]X NXU] XQG XQWHU (LQEH]LHKXQJ GHU 6W|�
UXQJVHQHUJLH ]ZHLWHU 2UGQXQJ GHXWOLFK ]X ODQJ EHUHFKQHW� 'HPJH�
JHQ�EHU OLHJHQ GLH PLW GHU ')7�0HWKRGH RSWLPLHUWHQ 0HWDOO�3KRV�
SKRU�%LQGXQJVDEVWlQGH LQ QDKH]X LGHDOHU hEHUHLQVWLPPXQJ PLW GHQ
H[SHULPHQWHOOHQ (UJHEQLVVHQ� (V IlOOW DXI� GD� GLH 'LVNUHSDQ]HQ I�U
GLH 0RO\EGlQNRPSOH[H HWZDV K|KHU OLHJHQ DOV I�U GLH DQDORJHQ :ROI�
UDPNRPSOH[H� 6R ZLUG LP )DOO GHV >0R�3��1+ � � � @ �� �$EELOGXQJ ���
GLH 0HWDOO�3KRVSKRU�%LQGXQJ PLW GHU +)�0HWKRGH �EHU ���� c ]X
NXU] XQG DXI 03��1LYHDX VRJDU IDVW ���� c ]X ODQJ EHUHFKQHW� ZRKLQ�
JHJHQ GLH %�/<3�%LQGXQJVOlQJH QXU ZHQLJ �EHU ���� c YRP H[SHUL�
PHQWHOO EHVWLPPWHQ :HUW DEZHLFKW� 2EZRKO I�U GHQ DQDORJHQ :ROI�
UDPNRPSOH[ �� NHLQH H[SHULPHQWHOOHQ 'DWHQ YRUOLHJHQ� Ol�W VLFK LP
9HUJOHLFK GHU WKHRUHWLVFKHQ 0HWKRGHQ VDJHQ� GD� GLH :HUWH I�U GLH
0HWDOO�3KRVSKRU�%LQGXQJVOlQJH DXI 03��1LYHDX XQG GHU JHZlKOWHQ
')7�0HWKRGH QlKHU EHLHLQDQGHU OLHJHQ� 8QWHU GHU 9RUDXVVHW]XQJ�
GD� DXFK LQ GLHVHP )DOO GLH ')7�%LQGXQJVOlQJH DQQlKHUQG GHP
:HUW GHU (OHNWURQHQEHXJXQJ HQWVSULFKW �V� X��� LVW ]X HUNHQQHQ� GD�
GHU +)�:HUW KLHU QXU QRFK ZHQLJ �EHU ���� c ]X NXU] LVW� XQG GLH
$EZHLFKXQJ GHU 03��%LQGXQJVOlQJH DXI ���� c � JHJHQ�EHU ���� c
LP�0RO\EGlQ�.RPSOH[���DEQLPPW�
'LH OHLFKWH $EQDKPH LQ GHU 8QJHQDXLJNHLW GHU +)�0HWKRGH LVW DXFK
LP >:�3��Q � Q�@ �� �$EELOGXQJ ��� ]X EHREDFKWHQ� +LHU OLHJW GLH

6HLWH���



�(UJHEQLVVH

$EZHLFKXQJ LQ GHU %LQGXQJVOlQJH EHL ZHQLJHU DOV ���� c� 'LH REHQ
DQJHI�KUWH 9HUPXWXQJ� GD� GLH ')7�%LQGXQJVOlQJH I�U GLH 0HWDOO�
3KRVSKRU�%LQGXQJ HLQH JXWH 1lKHUXQJ I�U GHQ H[SHULPHQWHOOHQ :HUW
LVW� ZLUG HLQGUXFNVYROO GXUFK HLQH $EZHLFKXQJ YRQ ZHQLJHU DOV ���� c
EHVWlWLJW�
9HUJOHLFKW PDQ GLH 0HWDOO�3KRVSKRU�%LQGXQJVOlQJHQ GHU 0RO\EGlQ�
XQG :ROIUDPNRPSOH[H� VWHOOW PDQ NHLQH JUR�HQ 8QWHUVFKLHGH LQ GHQ
%LQGXQJVOlQJHQ IHVW� 'LH 0RO\EGlQ�3KRVSKRU�%LQGXQJHQ VLQG
MHZHLOV�FD�������c�N�U]HU�

6HLWH���

Abbildung 10 B3LYP-, MP2- (Werte in Klammern), HF (Werte kursiv in Klammern) und

experimentelle Geometrien der Komplexe [M(P)(NH2)3]  11/ 12 und [M(P)(NH2)3(NH3)]

13/14. Bindungslängen in [ Å] Winkel in [°].
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

'LH %LQGXQJVOlQJHQ GHU 0HWDOO�$PLGR�%LQGXQJHQ �$EELOGXQJ �� ELV
$EELOGXQJ ��� ZHUGHQ PLW DOOHQ 0HWKRGHQ LQ JXWHU hEHUHLQVWLPPXQJ
PLW GHP ([SHULPHQW HUID�W� 'LH $EZHLFKXQJHQ GHU EHUHFKQHWHQ
:HUWH VRZRKO ]XP ([SHULPHQW DOV DXFK XQWHUHLQDQGHU OLHJHQ LQ GHU
*U|�HQRUGQXQJ YRQ FD� ���� c� 'LH :HUWH I�U GLH 3KRVSKRU�0HWDOO�
6WLFNVWRII�%LQGXQJVZLQNHO�OLHJHQ�HEHQIDOOV�VHKU�GLFKW�EHLHLQDQGHU�

6HLWH���

$EELOGXQJ����%�/<3���03����:HUWH�LQ�.ODPPHUQ��XQG�+)�*HRPHWULHQ��:HUWH
NXUVLY�LQ�.ODPPHUQ��GHU�.RPSOH[H�>0�36��1+ � �� @�������XQG
>0�36��1+� �� �1+ � �@��������%LQGXQJVOlQJHQ�LQ�>c@�:LQNHO�LQ�>�@�
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�(UJHEQLVVH

'HXWOLFKH 'LIIHUHQ]HQ JLEW HV KLQJHJHQ EHL GHQ %LQGXQJVOlQJHQ ]X
GHQ WHUPLQDOHQ 'RQRU�6WLFNVWRIIDWRPHQ LQ GHQ .RPSOH[HQ
>0�3��1+ � � � �1+ � �@ ����� �$EELOGXQJ ���� >0�36��1+ � � � �1+ � �@
����� �$EELOGXQJ ��� XQG >0�3��Q � Q�@ ����� �$EELOGXQJ ���� 'LH
')7�:HUWH I�U GLH %LQGXQJVOlQJHQ VLQG KLHU JU|�HU DOV GLH +)� XQG
03��:HUWH� 'HU 9HUJOHLFK PLW GHP HLQ]LJ YHUI�JEDUHQ H[SHULPHQWHO�
OHQ :HUW LP >:�3��1 � 1�@�.RPSOH[ �� ]HLJW� GD� VRZRKO GHU ')7� DOV
DXFK GHU +)�:HUW GHXWOLFK ]X ODQJ VLQG� 'LH ')7�%LQGXQJVOlQJH
OLHJW�VRJDU�QRFK�PHKU�DOV������c��EHU�GHP�+)�:HUW�
'LH (LQEH]LHKXQJ GHU 6W|UXQJVHQHUJLH ]ZHLWHU 2UGQXQJ KDW LQ GHQ
.RPSOH[HQ >0�3��1+ � � � �1+ � �@ ����� HLQH 9HUN�U]XQJ GHU %LQ�
GXQJVOlQJH YRQ ELV ]X ���� c JHJHQ�EHU GHP +)�:HUW ]XU )ROJH�
6HW]W PDQ HLQH lKQOLFKH 9HUlQGHUXQJ DXFK I�U GHQ .RPSOH[
>:�3��Q � Q�@ �� YRUDXV� GDQQ ZlUH DXFK GLHVHU :HUW QRFK GHXWOLFK
]X ODQJ� -RQDV HW� DO� KDEHQ JH]HLJW� GD� GLH 03��:HUWH I�U 'RQRU�
$N]HSWRU�%LQGXQJHQ JXW PLW H[SHULPHQWHOOHQ :HUWHQ �EHUHLQVWLP�
PHQ� GLH LQ GHU *DVSKDVH HUPLWWHOW ZXUGHQ� � � 'LH NXU]H %LQGXQJV�
OlQJH�YRQ������c�LVW�DXI�VWDUNH�)HVWN|USHUHIIHNWH�]XU�FN]XI�KUHQ�
$XIIlOOLJ LVW� GD� GLH 0HWDOO�3KRVSKRU�%LQGXQJVOlQJH DX�HURUGHQW�
OLFK XQHPSILQGOLFK JHJHQ�EHU WUDQV�VWlQGLJHQ 'RQRU�/LJDQGHQ LVW�
'LH %LQGXQJ ZLUG GXUFK GDV (LQI�JHQ HLQHV WUDQV�VWlQGLJHQ $PLGROL�
JDQGHQ XP ZHQLJHU DOV ���� c YHUOlQJHUW� :LUG GLHVHU GXUFK
.lILJVSDQQXQJ QlKHU DQ GDV 0HWDOODWRP KHUDQJHI�KUW � ZLH LQ GHQ
.RPSOH[HQ ����� �� I�KUW GLHV OHGLJOLFK ]X HLQHU 9HUOlQJHUXQJ YRQ
FD� ���� c LP 9HUJOHLFK ]X >0�3��1+ � � � @ ������ REZRKO VLFK GLH %LQ�
GXQJVOlQJH ]ZLVFKHQ GHP 'RQRUPROHN�O XQG GHP 0HWDOODWRP
HUKHEOLFK lQGHUW� 6R EHWUlJW GLH 9HUN�U]XQJ GHU 'RQRU�$N]HSWRU�
%LQGXQJ YRQ >0R�3��1+ � � � �1+ � �@ �� QDFK >0R�3��Q � Q�@ �� IDVW ����
c DXI ')7�1LYHDX XQG �EHU ���� c PLW +)� ,P )DOO GHU DQDORJHQ
:ROIUDP�.RPSOH[H �� XQG �� EHWUlJW GLH 9HUN�U]XQJ ���� c PLW
')7 XQG FD� ���� c PLW +)� 1HEHQ GHU .lILJVSDQQXQJ� GLH LP Q � Q�

6HLWH���



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

/LJDQGHQ DXIWULWW� PX� DOV ZHLWHUHU (IIHNW I�U GLH 9HUN�U]XQJ EHU�FN�
VLFKWLJW ZHUGHQ� GD� HV VLFK LP WULSRGDOHQ /LJDQGHQ XP HLQ 7ULDON\O�
DPLQ�KDQGHOW��GDV�GHXWOLFK�EDVLVFKHU�LVW�DOV�$PPRQLDN�
'XUFK GLH 2[LGDWLRQ GHV WHUPLQDOHQ 3KRVSKRUOLJDQGHQ PLW 6FKZH�
IHO �$EELOGXQJ ��� YHUlQGHUW VLFK GLH 0HWDOO�3KRVSKRU�%LQGXQJV�
OlQJH LP 9HUJOHLFK ]X GHQ 3KRVSKLGRNRPSOH[HQ HEHQIDOOV QXU ZHQLJ�
,QVJHVDPW LVW PLW GHU ')7� XQG GHU +)�0HWKRGH HLQH 9HUOlQJHUXQJ
GHU %LQGXQJ XP FD� ��������� c JHJHQ�EHU GHQ 3KRVSKLGRNRPSOH�
[HQ ]X EHREDFKWHQ� ,QWHUHVVDQWHUZHLVH WULWW DXI 03��1LYHDX HLQ
XPJHNHKUWHU 7UHQG DXI� 'LH 0HWDOO�3KRVSKRU�%LQGXQJ LQ GHQ 6FKZH�
IHO�3KRVSKRU�.RPSOH[HQ YHUN�U]W VLFK XP WHLOZHLVH ELV ]X ���� c
JHJHQ�EHU GHQ 3KRVSKLGRNRPSOH[HQ� 'LH (UIDKUXQJ PLW 2SWLPLHUXQ�
JHQ DXI 03��1LYHDX ]HLJW� GD� GXUFK GLH %HU�FNVLFKWLJXQJ GHU 6W|�
UXQJVHQHUJLH GLH (QHUJLHGLIIHUHQ] ]ZLVFKHQ π� XQG π� �2UELWDOHQ
JHJHQ�EHU +) YHUULQJHUW ZLUG� 'XUFK GLHVHQ (IIHNW ZHUGHQ GLH π�

�2UELWDOH HQHUJHWLVFK DEJHVHQNW XQG OLHIHUQ VR GHVWDELOLVLHUHQGH %HL�
WUlJH ]X GHU (QHUJLH� ,P DOOJHPHLQHQ ZLUG GLHVHU (IIHNW PLW GHU 03��
0HWKRGH �EHUVFKlW]W� XQG PDQ HUKlOW 'RSSHOELQGXQJVOlQJHQ� GLH ]X
ODQJ VLQG� � � 'LH DXIIlOOLJH $EZHLFKXQJ GHU 03��%LQGXQJVOlQJH I�U
GLH 3KRVSKLGR�.RPSOH[H YRQ GHP ')7�:HUW ZHLVW GDUDXI KLQ� GD�
KLHU GHU (IIHNW GXUFK GLH 'UHLIDFKELQGXQJ GRSSHOW ]X %XFKH VFKOlJW�
XQG VR HLQH GHXWOLFK ]X ODQJH %LQGXQJ UHVXOWLHUW� 'LH 6FKZHIHO�3KRV�
SKRU�.RPSOH[H ODVVHQ VLFK PLW NODVVLVFKHQ %LQGXQJVVWULFKIRUPHOQ
QLFKW PHKU EHVFKUHLEHQ� MHGRFK JHELHWHW GLH FKHPLVFKH (UIDKUXQJ
DXIJUXQG GHU LPPHU QRFK JHULQJHQ %LQGXQJVOlQJH GHU 0HWDOO�3KRV�
SKRU�%LQGXQJ XQG GHU /LQHDULWlW GHU 0HWDOO�3KRVSKRU�6FKZHIHO�
*UXSSH� VRZRKO GHU 0HWDOO�3KRVSKRU� DOV DXFK GHU 3KRVSKRU�6FKZH�
IHO�%LQGXQJ 'RSSHOELQGXQJVFKDUDNWHU ]X]XVFKUHLEHQ� 'DGXUFK WUH�
WHQ DXI 03��1LYHDX ]ZHL JHJHQOlXILJH (IIHNWH DXI� GLH LQVJHVDPW DXI
HLQH 9HUN�U]XQJ GHU %LQGXQJVOlQJH KLQDXVODXIHQ� LP 9HUJOHLFK ]XP
([SHULPHQW�DEHU�LPPHU�QRFK�]X�HLQHU�]X�ODQJHQ�%LQGXQJ�I�KUHQ�
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Abbildung 12 B3LYP-, HF (Werte kursiv in Klammern) und experi-

mentelle Geometrien der Komplexe [M(P)(n3n)] 19/20 Bindungslän-

gen in [ Å] Winkel in [°].
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

'LH 3KRVSKRU�6FKZHIHO�%LQGXQJVOlQJH EHWUlJW ��������� c DXI ')7�
1LYHDX ���F���F� XQG LVW PLW 03� EHUHFKQHW LQ GHQ 0RO\EGlQNRP�
SOH[HQ ���E� ��E� HWZDV OlQJHU XQG LQ GHQ :ROIUDPNRPSOH[HQ ���E�
��E� VRJDU HWZDV N�U]HU� 'LH $EZHLFKXQJ GHU EHLGHQ EHUHFKQHWHQ
:HUWH EHWUlJW LP )DOO GHU 0RO\EGlQNRPSOH[H FD� ���� c XQG EHL GHU
DQDORJHQ�:ROIUDPYHUELQGXQJHQ�ZHQLJHU�DOV������c�
*HJHQ�EHU GHQ 3KRVSKLGRNRPSOH[HQ VLQG GLH 0HWDOO�$PLQR�%LQGXQ�
JHQ HWZDV YHUOlQJHUW� 'LH 9HUlQGHUXQJ EHWUlJW MHGRFK OHGLJOLFK FD�
����������c�
'LH 'RQRU�$N]HSWRU�%LQGXQJHQ ]X GHQ $PLGROLJDQGHQ VLQG MHGRFK
HUKHEOLFK N�U]HU DOV LQ GHQ HQWVSUHFKHQGHQ 3KRVSKLGRNRPSOH[HQ� ,P
>0R�36��1+ � � � �1+ � �@ �� LVW GLH %LQGXQJ ]XP D[LDOHQ 6WLFNVWRIIDWRP
JHJHQ�EHU >0R�3��1+ � � � �1+ � �@ �� DXI ')7�1LYHDX XP FD� ���� c
YHUN�U]W� ,Q GHQ HQWVSUHFKHQGHQ :ROIUDPNRPSOH[HQ LVW GLH 9HUN�U�
]XQJ PLW FD� ���� c HWZDV JHULQJHU� 'LHVHU 8PVWDQG VSULFKW NODU I�U
HLQH 9HUULQJHUXQJ GHU %LQGXQJVRUGQXQJ YRQ HLQHU 'UHLIDFK� ]X HLQHU
0HWDOO�3KRVSKRU�'RSSHOELQGXQJ� GLH HLQH .RRUGLQDWLRQVVWHOOH WUDQV
]XP 3KRVSKRUOLJDQGHQ IUHLJLEW� XQG VR GDV $PPRQLDNPROHN�O IHVWHU
ELQGHW�
�������� %LQGXQJVHQHUJLHQ
'LH EHUHFKQHWHQ %LQGXQJVHQHUJLHQ I�U GLH 0HWDOO�$PPRQLDN�'RQRU�
$N]HSWRU�%LQGXQJ VLQG LQ 7DEHOOH �� GDUJHVWHOOW� GLH I�U GLH 3KRVSKRU
6FKZHIHO�%LQGXQJ�LQ�7DEHOOH����
,P PHWKRGLVFKHQ 9HUJOHLFK LVW HUVLFKWOLFK� GD� GLH PLW GHU &&�6'>7@�
0HWKRGH EHUHFKQHWHQ 'LVVR]LDWLRQVHQHUJLHQ� GLH KLHU DOV 5HIHUHQ]
GLHQHQ N|QQHQ� �EHU GHQ PLW GHQ DQGHUHQ 0HWKRGHQ EHUHFKQHWHQ
:HUWHQ OLHJHQ� 'LH +)� XQG %�/<3�(QHUJLHQ OLHJHQ GHXWOLFK� GLH
03��(QHUJLHQ�QXU�ZHQLJ�XQWHU�GHQ�&&�6'>7@�EHUHFKQHWHQ�:HUWHQ�
2EZRKO GLH 03��:HUWH DXI GHQ HUVWHQ %OLFN GLH EHVVHUH hEHUHLQVWLP�
PXQJ PLW GHQ &&�6'>7@�:HUWHQ VXJJHULHUHQ� ]HLJW GHU 9HUJOHLFK GHU
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UHODWLYHQ (QHUJLHQ LQ 7DEHOOH ��� GD� GLH 9HUlQGHUXQJHQ LQ GHQ 'LV�
VR]LDWLRQVHQHUJLHQ YRQ GHU %�/<3�0HWKRGH LQ QDKH]X LGHDOHU hEHU�
HLQVWLPPXQJ PLW GHQ &&�6'>7@�:HUWHQ EHUHFKQHW ZHUGHQ� 'LH DXI
03��1LYHDX EHUHFKQHWHQ %LQGXQJVHQHUJLHQ VLQG GHXWOLFK ]X KRFK�
ZlKUHQG GLH +)�(QHUJLHQ NODU ]X QLHGULJ VLQG� ,QVJHVDPW LVW DOVR
IHVW]XKDOWHQ� GD� GLH UHODWLYHQ %LQGXQJVHQHUJLHQ PLW GHU %�/<3�
0HWKRGH JXW EHUHFKQHW ZHUGHQ� ZlKUHQG GLH $EVROXWZHUWH JHJHQ�EHU
GHQ�&&�6'>7@�(QHUJLHQ�QDFK�XQWHQ�YHUVFKREHQ�VLQG�

Tabelle 11 Berechnete Dissoziationsenergien De und D0 [kcal mol-1] der M-NH3-Bindung

(M = Mo,W).

' � �1+ � � �

9HUELQGXQJ +) 03� %�/<3 &&�6'>7@ �

>0R�3��1+ � � � �1+ � �@ ��� ���� ��� ����
����� ����� ����� ������

>:�3��1+ � � � �1+ � �@ ���� ���� ��� ����
����� ������ ����� ������

>0R�36��1+ � � � �1+ � �@ ���� ���� ���� ����
������ ������ ������ ������

>:�36��1+ � � � �1+ � �@ ���� ���� ���� ����
������ ������ ������ ������

Tabelle 12 Relative Dissoziationsenergien De [ kcal mol-1] der M-NH3-Bindung (M =

Mo,W) bezogen auf [Mo(P)(NH2)3(NH3)].

∆' � �1+ � � �

9HUELQGXQJ +) 03� %�/<3 &&�6'>7@ �

>:�3��1+ � � � �1+ � �@ ��� ��� ��� ���
>0R�36��1+ � � � �1+ � �@ ���� ���� ���� ����
>:�36��1+ � � � �1+ � �@ ���� ���� ���� ����

D :HUWH�LQ�.ODPPHUQ�VLQG�=3(�03���NRUULJLHUW�E 8QWHU�9HUZHQGXQJ�GHU�%�/<3�RSWLPLHUWHQ�*HRPHWULHQ�F :HUWH�LQ�.ODPPHUQ�VLQG�=3(�03���NRUULJLHUW�G 8QWHU�9HUZHQGXQJ�GHU�%�/<3�RSWLPLHUWHQ�*HRPHWULHQ�
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

)�U GLH %LQGXQJVHQHUJLHQ GHU 'RQRU�$N]HSWRU�%LQGXQJ LVW NODU
HUVLFKWOLFK� GD� GLH 2[LGDWLRQ GHV 3KRVSKLGROLJDQGHQ HLQH GHXWOLFKH
(UK|KXQJ GHU %LQGXQJVVWlUNH ]XU )ROJH KDW� :lKUHQG GLH %LQGXQJV�
HQHUJLHQ I�U GLH 3KRVSKLGRNRPSOH[H EHL ����� NFDO�PRO DXI &&�
6'>7@�1LYHDX OLHJHQ� VLQG GLH 'LVVR]LDWLRQVHQHUJLHQ GHU 2[LGDWLRQV�
SURGXNWH PLW ����� NFDO�PRO IDVW GRSSHOW VR KRFK� 2IIHQVLFKWOLFK
ZLUG GXUFK GLH 2[LGDWLRQ GHV WHUPLQDOHQ 3KRVSKRUDWRPV GHU WUDQV�
(IIHNW GHV /LJDQGHQ VLJQLILNDQW YHUULQJHUW� VR GD� GLH /HZLV�%DVH
VWlUNHU DP 0HWDOO]HQWUXP NRRUGLQLHUHQ NDQQ� REZRKO VLFK GLH
0HWDOO�3KRVSKRU�%LQGXQJVOlQJH�QLFKW�QHQQHQVZHUW�YHUOlQJHUW�
,P XPJHNHKUWHQ )DOO WUlJW DXFK GDV (LQI�JHQ GHV $PLGROLJDQGHQ ]XU
6WDELOLVLHUXQJ GHU 3KRVSKRU�6FKZHIHO�%LQGXQJ EHL �7DEHOOH ���� 9HU�
JOHLFKW PDQ GLH :HUWH ]XQlFKVW ZLHGHU PHWKRGLVFK� VWHOOW PDQ IHVW�
GD� LQ GLHVHP )DOO GLH ')7�:HUWH NODU �EHU GHQ &&�6'>7@�(QHUJLHQ
OLHJHQ� ZlKUHQG GLH DXI +)� XQG 03��1LYHDX EHUHFKQHWHQ :HUWH
QLHGULJHU DOV GLH &&�6'>7@�%LQGXQJVHQHUJLHQ VLQG� ,P UHODWLYHQ 9HU�
JOHLFK HUKlOW PDQ MHGRFK HLQ lKQOLFKHV %LOG ZLH I�U GLH 'LVVR]LDWLRQV�
HQHUJLHQ GHU 0HWDOO�$PLGR�%LQGXQJ� 'LH $EZHLFKXQJHQ GHU %�/<3�
:HUWH VLQG MHGRFK LQVJHVDPW HWZDV K|KHU� :lKUHQG LP REHQ DQJH�
I�KUWHQ )DOO GLH $EZHLFKXQJHQ XQWHU � NFDO�PRO OLHJHQ� ZHUGHQ GLH
'LVVR]LDWLRQVHQHUJLHQ PLW GHP %�/<3�)XQNWLRQDO NRQVWDQW XP FD� �
NFDO�PRO�]X�QLHGULJ�EHUHFKQHW�
$XV GLHVHP 6DFKYHUKDOW Ol�W VLFK VFKOLH�HQ� GD� GDV 3KRVSKRUDWRP LQ
GHQ .RPSOH[HQ >0�3��1+ � � � @ ����� DQVFKHLQHQG QDFK EHLGHQ 6HLWHQ
VWDUN SRODULVLHUW ZLUG� 'HU (OHNWURQHQGRQRU YHUPLQGHUW GLHVH 3RODUL�
VDWLRQ YRQ GHU 6HLWH GHV 0HWDOODWRPV� LQGHP HU (OHNWURQHQGLFKWH DQ
GLHVHV DEJLEW� 2IIHQVLFKWOLFK ZLUG GXUFK GHQ WUDQV�(IIHNW GHV $PLGR�
OLJDQGHQ GLH 0HWDOO�3KRVSKRU�%LQGXQJ JHVFKZlFKW� ZlKUHQG GLH
3KRVSKRU�6FKZHIHO�%LQGXQJ�JHVWlUNW�ZLUG�
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Tabelle 13 Berechnete Dissoziationsenergien De und D0 [ kcal mol-1] der P-S-Bindung.

' � �6� ��� �

9HUELQGXQJ +) 03� %�/<3 &&�6'>7@ �

>0R�36��1+ � � � @ ���� ���� ���� ����
������ ������ ������ ������

>:�36��1+ � � � @ ���� ���� ���� ����
������ ������ ������ ������

>0R�36��1+ � � � �1+ � �@ ���� ���� ���� ����
������ ������ ������ ������

>:�36��1+ � � � �1+ � �@ ���� ���� ���� ����
������ ������ ������ ������

*HPl� GHQ &&�6'>7@�(QHUJLHQ LVW GDV 6FKZHIHODWRP LQ GHQ :ROI�
UDPNRPSOH[HQ FD� � NFDO�PRO VFKZlFKHU JHEXQGHQ DOV LQ GHQ DQDOR�
JHQ 0RO\EGlQNRPSOH[HQ� ,P 8QWHUVFKLHG ]X DOOHQ DQGHUHQ 0HWKR�
GHQ�VDJHQ�GLH�03��(QHUJLHQ�KLHU�HLQHQ�IDOVFKHQ�7UHQG�YRUDXV�
'XUFK GDV (LQI�KUHQ GHV (OHNWURQHQGRQRUV WUDQV ]XP 3KRVSKRU�
DWRP HUK|KW VLFK GLH 3KRVSKRU�6FKZHIHO�%LQGXQJVGLVVR]LDWLRQVHQHU�
JLH VRZRKO LP 0RO\EGlQ� DOV DXFK LP :ROIUDPNRPSOH[ XP �����
NFDO�PRO�
��������1%2�$QDO\VH�XQG�FKHPLVFKH�9HUVFKLHEXQ�

JHQ
(LQH GHU KHUDXVUDJHQGHQ (LJHQVFKDIWHQ GHU LQ GLHVHP 3URMHNW XQWHU�
VXFKWHQ 9HUELQGXQJVNODVVH LVW GLH XQJHZ|KQOLFK KRKH � � 3�105�9HU�
VFKLHEXQJ GHV WHUPLQDOHQ 3KRVSKRUDWRPV� 'HU 3KRVSKRUNHUQ LQ GHP
YRQ &XPPLQV HW� DO� V\QWKHWLVLHUWHQ .RPSOH[ >0R�3��15 � 5 � � � @ �5� 
&�&' � � � &+ � � 5 �  ����& � + � 0H � � KDW HLQH � � 3�FKHPLVFKH 9HUVFKLHEXQJ
YRQ ���� SSP� GHU YRQ 6FKURFN 105�VSHNWURVNRSLVFK QDFKJHZLH�
VHQH .RPSOH[ >0R�3��Q � Q�@ �� YRQ ���� SSP� 'HU HLQ]LJH ELVKHU
D :HUWH�LQ�.ODPPHUQ�VLQG�=3(�03���NRUULJLHUW�E %LQGXQJVHQHUJLHQ�LQ�%H]XJ�DXI�GHQ� � 3�*UXQG]XVWDQG�YRQ�6FKZHIHO�F 8QWHU�9HUZHQGXQJ�GHU�%�/<3�RSWLPLHUWHQ�*HRPHWULHQ�
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FKDUDNWHULVLHUWH :ROIUDPNRPSOH[ >:�3��Q � Q�@ �� ZHLVW HLQH HWZDV
QLHGULJHUH FKHPLVFKH 9HUVFKLHEXQJ YRQ ���� SSP DXI� 'LH 105�
FKHPLVFKHQ 9HUVFKLHEXQJHQ OLHJHQ GDPLW GHXWOLFK �EHU GHP �EOLFKHQ
%HUHLFK GHU � � 3 FKHPLVFKHQ 9HUVFKLHEXQJHQ YRQ FD� ���� SSP ELV
����SSP��
'XUFK 0$6�105�0HVVXQJHQ NRQQWH IHVWJHVWHOOW ZHUGHQ� GD� GLH � � 3�
FKHPLVFKH 9HUVFKLHEXQJ DX�HUGHP HLQH DX�HUJHZ|KQOLFK KRKH $Q�
LVRWURSLH DXIZHLVW� ZREHL GLH 'LDJRQDOHOHPHQWH GHV $EVFKLUPXQJV�
WHQVRUV VHQNUHFKW ]X GHU 0HWDOO�3KRVSKRU�%LQGXQJ VWDUN HQWVFKLUPW
VLQG� ZlKUHQG GLH .RPSRQHQWH SDUDOOHO ]XU %LQGXQJVDFKVH DEJH�
VFKLUPW�LVW� ��
 �
,Q 7DEHOOH �� VLQG EHUHFKQHWH XQG H[SHULPHQWHOOH � � 3 105�FKHPL�
VFKH 9HUVFKLHEXQJHQ DXIJHWUDJHQ� ,Q >��@ ZXUGHQ PLW GHU *,$2�
0HWKRGH EHUHFKQHWH 105�FKHPLVFKH 9HUVFKLHEXQJHQ SUlVHQWLHUW�
/HLGHU ZHUGHQ QXU :HUWH I�U GLH 0RGHOOYHUELQGXQJHQ DQJHJHEHQ� I�U
GLH DXFK H[SHULPHQWHOOH :HUWH EHNDQQW VLQG� ,QVJHVDPW XQWHUVFKHL�
GHQ VLFK GLH :HUWH TXDOLWDWLY QLFKW YRQ GHQ LQ GLHVHP 3URMHNW HUDUEHL�
WHWHQ��VR�GD��DXI�GLH�2ULJLQDOOLWHUDWXU�YHUZLHVHQ�ZLUG�
'LH EHUHFKQHWHQ :HUWH VWLPPHQ JXW PLW GHQ H[SHULPHQWHOOHQ 'DWHQ
�EHUHLQ� 'LH $EZHLFKXQJHQ YRQ ]� 7� �EHU ��� SSP P|JHQ ]XQlFKVW
DOV LQDN]HSWDEHO KRFK HUVFKHLQHQ� XQWHU GHU %HU�FNVLFKWLJXQJ GHU HLQ�
JHVFKUlQNWHQ 9HUJOHLFKEDUNHLW YRQ EHUHFKQHWHQ PLW H[SHULPHQWHOOHQ
105�FKHPLVFKHQ 9HUVFKLHEXQJHQ � � KDEHQ GLH :HUWH HLQH $EZHL�
FKXQJ�YRQ�XQWHU�����GHV�HUZHLWHUWHQ�9HUVFKLHEXQJVEHUHLFKV�
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Tabelle 14 Experimentelle und berechnete 31P-chemische Verschiebungen [ppm]

,*/2 *,$2�'�� *,$2�397= ([S�
9HUELQGXQJ δ� ��� 3� δ� ��� 3� δ� ��� 3� δ� ��� 3�
>0R�3��1+ � � � @ ������ ������ ������ ���� �
>:�3��1+ � � � @ ����� ����� ����� �
>0R�36��1+ � � � @ ����� ����� ����� ��� �
>:�36��1+ � � � @ ����� ����� ����� �
>0R�3��1+ � � � �1+ � �@ ������ ������ ������ �
>:�3��1+ � � � �1+ � �@ ������ ������ ������ �
>0R�3��Q � Q�@ Q��N� � ������ ������ ���� �
>:�3��Q � Q�@ Q��N� ����� ������ ���� �
>0R�36��1+ � � � �1+ � �@ Q��N� ����� ����� �
>:�36��1+ � � � 1+ � @ Q��N� ����� ����� �

Tabelle 15 Anisotropien der 31P-chemischen Verschiebungen [ppm].

9HUELQGXQJ ,*/2 *,$2�'�� *,$2�397= ([S�
>0R�3��1+ � � � @ ������� ������� ������� ���� �

>:�3��1+ � � � @ ������� ������� ������� �
>0R�36��1+ � � � @ ������� ������ ������� �
>:�36��1+ � � � @ ������ ������ ������ �
>0R�3��1+ � � � �1+ � �@ ������� ������� ������� �
>:�3��1+ � � � �1+ � �@ ������� ������� ������� �
>0R�3��Q � Q�@ Q��N� � ������� ������� ���� �

>:�3��Q � Q�@ Q��N� ������� ������� ���� �
>0R�36��1+ � � � �1+ � �@ Q��N� ������� ������� �
>:�36��1+ � � � �1+ � �@ Q��N� ������ ������� �

D &KHP��9HUVFKLHEXQJ�YRQ�>0R�3��1�&�&' � � � &+ � ������& 	 + � 0H � �� � @��YJO��>��@�E 1LFKW�NRQYHUJLHUW��(V�NRQQWH�NHLQH�6&)�.RQYHUJHQ]�HUUHLFKW�ZHUGHQ�F &KHP��9HUVFKLHEXQJ�YRQ�>0�3��1�&+ � &+ � 1�6L0H � �� � �@��0 0R��:���YJO��>��@�G &KHP��9HUVFKLHEXQJ�YRQ�>0R�3��1�&�&' � � � &+ � ������& 	 + � 0H � �� � @��YJO��>��@�H 1LFKW�NRQYHUJLHUW�I &KHP��9HUVFKLHEXQJ�YRQ�>0�3��1�&+ � &+ � 1�6L0H � �� � �@��0 0R��:���YJO��>��@�
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*HQHUHOO LVW ]X EHREDFKWHQ� GD� IDVW DOOH EHUHFKQHWHQ 9HUVFKLHEXQJHQ
QLHGULJHU VLQG DOV GLH JHPHVVHQHQ :HUWH� 'LHVHV 9HUKDOWHQ LVW ]X
HUZDUWHQ� ZHLO GHU SDUDPDJQHWLVFKH $QWHLO GHU $EVFKLUPXQJVNRQ�
VWDQWH QRUPDOHUZHLVH ]X QLHGULJ EHUHFKQHW ZLUG� /HGLJOLFK I�U GLH
JUR�H WULSOH�ζ %DVLV IDOOHQ GLH FKHPLVFKHQ 9HUVFKLHEXQJHQ ELV DXI
>0R�3��1+ � � � @ K|KHU DXV DOV GLH H[SHULPHQWHOOHQ :HUWH� 'LHVH 7DWVD�
FKH Ol�W VLFK ]XP HLQHQ DXI GDV )HKOHQ YRQ /|VXQJVPLWWHOHLQIO�VVHQ�
]XP DQGHUHQ DXI GLH 8QWHUVFKLHGH ]ZLVFKHQ GHQ 0RGHOO� XQG GHQ
H[SHULPHQWHOO�YHUPHVVHQHQ�6\VWHPHQ�]XU�FNI�KUHQ�
,P 9HUJOHLFK GHU FKHPLVFKHQ 9HUVFKLHEXQJHQ XQWHUHLQDQGHU VWHOOW
PDQ�IHVW��GD��GLH�2[LGDWLRQVSURGXNWH�PLW�6FKZHIHO���������HLQH�ZHLW�
DXV JHULQJHUH (QWVFKLUPXQJ GHV 3KRVSKRUNHUQV DXIZHLVHQ DOV GLH
3KRVSKLGRNRPSOH[H ������� ������� ([SHULPHQWHOO YHUULQJHUW VLFK
GLH � � 3�105�FKHPLVFKH 9HUVFKLHEXQJ YRQ ���� SSP LQ
>0R�3��15 � 5 � � � @ DXI ��� SSP LP 2[LGDWLRQVSURGXNW� 'DUDXV Ol�W
VLFK VFKOLH�HQ� GD� GLH DQ GHU 0HWDOO�3KRVSKRU�'UHLIDFKELQGXQJ
EHWHLOLJWHQ 2UELWDOH I�U GLH KRKH (QWVFKLUPXQJ GHV 3KRVSKRUDWRPV
YHUDQWZRUWOLFK VLQG� 'XUFK GHQ :HJIDOO HLQHU π�%LQGXQJ ]XP 0HWDO�
ODWRP�ZLUG�GHU�3KRVSKRUNHUQ�GHXWOLFK�DEJHVFKLUPW�
)�U GLH $PPRQLDN�$GGXNWNRPSOH[H OLHJHQ GLH FKHPLVFKHQ 9HUVFKLH�
EXQJHQ GHU 3KRVSKRUNHUQH LQ GHQ 3KRVSKLGRNRPSOH[HQ �EHU GHQHQ
GHU .RPSOH[H RKQH 'RQRU�$N]HSWRU�%LQGXQJ� ZlKUHQG GLH FKHPL�
VFKHQ 9HUVFKLHEXQJHQ LQ GHQ 6FKZHIHO�2[LGDWLRQVSURGXNWHQ GDUXQ�
WHU OLHJHQ� 'DV (LQI�JHQ HLQHV (OHNWURQHQGRQRUV ZLUNW DOVR LP )DOO
GHU 6FKZHIHO�3KRVSKRU�.RPSOH[H EHVRQGHUV DEVFKLUPHQG DXI GLH
105�FKHPLVFKH�9HUVFKLHEXQJ�GHV�3KRVSKRUDWRPV��
$XIIlOOLJ LVW HEHQIDOOV� GD� GHU 3KRVSKRUNHUQ GXUFK GHQ WULSRGDOHQ
Q � Q�/LJDQGHQ LQ �� XQG �� VWlUNHU HQWVFKLUPW ZLUG DOV GXUFK GLH
$GGLWLRQ HLQHV HLQIDFKHQ $PPRQLDNPROHN�OV� 'LHV Ol�W VLFK HLQHU�
VHLWV DXI GLH HUK|KWH /HZLV�%DVL]LWlW GHV 7ULDON\ODPLQV ]XU�FNI�KUHQ�

6HLWH���
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DQGHUHUVHLWV DXI GLH .lILJVSDQQXQJ GHV /LJDQGHQ� GHU GHQ (OHNWUR�
QHQGRQRU�QlKHU�DQ�GDV�0HWDOO]HQWUXP�KHUDQGUlQJW�
'LH $QLVRWURSLHQ GHU � � 3�105�FKHPLVFKHQ 9HUVFKLHEXQJHQ VLQG LQ
7DEHOOH �� DXIJHWUDJHQ� 'LH :HUWH ZXUGHQ DOV 'LIIHUHQ] GHU JHPLWWHO�
WHQ VHQNUHFKWHQ .RPSRQHQWHQ GHV $EVFKLUPXQJVWHQVRUV σ � � XQG σ � �

XQG GHU .RPSRQHQWH SDUDOOHO ]XU 0HWDOO�3KRVSKRU�%LQGXQJ σ �

EHUHFKQHW� 'DPLW HUJLEW VLFK IROJHQGH *OHLFKXQJ I�U GLH $QLVRWURSLH
∆σ�

�*O��������

'LHV HQWVSULFKW QLFKW GHU �EOLFKHQ .RQYHQWLRQ� VRQGHUQ GHP ,QYHU�
VHQ GHVVHQ� ZDV QRUPDOHUZHLVH XQWHU GHU $QLVRWURSLH YHUVWDQGHQ
ZLUG� 'HU 9RUWHLO GLHVHU $XIWUDJXQJ OLHJW GDULQ� GD� VLH GHQ GLUHNWHQ
9HUJOHLFK PLW GHU LQ >��@ DQJHJHEHQHQ $QLVRWURSLH GHU δ�:HUWH
HUP|JOLFKW�
,Q 7DEHOOH �� VLQG GLH 'LDJRQDOHOHPHQWH GHV H[SHULPHQWHOOHQ UHODWL�
YHQ $EVFKLUPXQJVWHQVRUV LP 9HUJOHLFK ]X GHQ EHUHFKQHWHQ :HUWHQ
DXIJHWUDJHQ� 'LH EHUHFKQHWHQ :HUWH VLQG DXV GHQ EHUHLWV REHQ GLVNX�
WLHUWHQ *U�QGHQ ]X QLHGULJ� ,QVJHVDPW ZLUG GHU 7UHQG DOOHUGLQJV ULFK�
WLJ ZLHGHUJHJHEHQ� (V LVW ]X HUNHQQHQ� GD� GLH KRKH LVRWURSH 9HU�
VFKLHEXQJ GXUFK GLH .RPSRQHQWHQ GHV $EVFKLUPXQJVWHQVRUV� GLH
VHQNUHFKW ]XU %LQGXQJVDFKVH GHU 0HWDOO�3KRVSKRU�%LQGXQJ VWHKHQ�
KHUYRUJHUXIHQ ZLUG� (V Ol�W VLFK DOVR HLQGHXWLJ HLQH %H]LHKXQJ ]ZL�
VFKHQ GHQ 0HWDOO�3KRVSKRU π�%LQGXQJHQ XQG GHU FKHPLVFKHQ 9HU�
VFKLHEXQJ�KHUVWHOOHQ�
8P JHQDXHUHQ $XIVFKOX� �EHU GLH 0HWDOO�3KRVSKRU�%LQGXQJ ]X
HUKDOWHQ� ZXUGHQ 1%2�$QDO\VHQ GHU 0RGHOOYHUELQGXQJHQ DQJHIHU�
WLJW� 'LH 1%2�/DGXQJHQ VLQG LQ 7DEHOOH ��� GLH :LEHUJ�%LQGXQJVLQGL�
]HV LQ 7DEHOOH �� XQG GLH 1%2�+\EULGLVLHUXQJ LQ 7DEHOOH �� GDUJH�
VWHOOW�

6HLWH���
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

%H]�JOLFK GHU 1%2�/DGXQJHQ LVW DXIIlOOLJ� GD� I�U DOOH .RPSOH[H GLH
/DGXQJHQ DP 0HWDOODWRP ZHLWJHKHQG JOHLFKEOHLEHQ� ,Q DQDORJHQ
0RGHOONRPSOH[HQ OLHJW GLH /DGXQJ GHV :ROIUDPDWRPV ���������H
�EHU GHU GHV 0RO\EGlQDWRPV� %H]�JOLFK GHV 7UHQGV EHL GHQ /DGXQJV�
YHUlQGHUXQJHQ�EHVWHKW�MHGRFK�NHLQ�JHQHUHOOHU�8QWHUVFKLHG�

Tabelle 16 Komponenten des Abschirmungstensors der 31P-chemischen Verschiebungen

[ppm] im Vergleich.

*,$2 H[S�
9HUELQGXQJ δ � δ �

�
δ � -δ � δ � δ �

�
δ � -δ �

>0R�3��1+ � � � @ ������ ������ ������� ���� ���� ����� �

>0R�3��Q � Q�@ ����� ������ ������� ���� ���� ����� �
>:�3��Q � Q�@ ������ ������ ������� ���� ���� ����� �

Tabelle 17 Berechnete NBO-Ladungen q.

T
9HUELQGXQJ 0 3 1 ��� 1 ��� 6

>0R�3��1+ � � � @ ���� ���� ����� � �
>:�3��1+ � � � @ ���� ����� ����� � �
>0R�36��1+ � � � @ ���� ���� ����� � �����
>:�36��1+ � � � @ ���� ���� ����� � �����
>0R�3��1+ � � � �1+ � �@ ���� ���� ����� ����� �
>:�3��1+ � � � �1+ � �@ ���� ���� ����� ����� �
>0R�3��Q � Q�@ ���� ���� ����� ����� �
>:�3��Q � Q�@ ���� ����� ����� ����� �
>0R�36��1+ � � � �1+ � �@ ���� ���� ����� ����� �����
>:�36��1+ � � � �1+ � �@ ���� ���� ����� ����� �����

D hEHU�SHUSHQGLNXODUH�$QWHLOH�JHPLWWHOW�E &KHP��9HUVFKLHEXQJ�YRQ�>0R�3��1�&�&' � � � &+ � ������& 	 + � 0H � �� � @��YJO��>��@�F &KHP��9HUVFKLHEXQJ�YRQ�>0�3��1�&+ � &+ � 1�6L0H � �� � �@��0 0R��:���YJO��>��@�
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'DV 3KRVSKRUDWRP KDW LQ DOOHQ .RPSOH[HQ ELV DXI GLH 6WDPPYHUELQ�
GXQJHQ >:�3��1+ � � � @ �� XQG >:�3��Q � Q�@ �� HLQH SRVLWLYH /DGXQJ�
,Q GHQ :ROIUDPVWDPPYHUELQGXQJHQ LVW GLH /DGXQJ GHV 3KRVSKLGR�
OLJDQGHQ DQQlKHUQG QHXWUDO� $XI GHQ HUVWHQ %OLFN LVW GLHV �EHUUD�
VFKHQG� ZHLO GLH /DGXQJ LP VWDUNHQ *HJHQVDW] ]X GHU IRUPDOHQ 2[L�
GDWLRQVVWXIH YRQ �,,, VWHKW� 8QWHU %HU�FNVLFKWLJXQJ GHU DQJHZHQGH�
WHQ 0HWKRGH JLEW HV MHGRFK PHKUHUH (UNOlUXQJVDQVlW]H I�U GLH SRVLWL�
YHQ�3KRVSKRUODGXQJHQ��=XP�HLQHQ�NDQQ�GLH�EHUHFKQHWH�/DGXQJ�QLFKW
GLUHNW PLW GHU IRUPDOHQ 2[LGDWLRQVVWXIH NRUUHOLHUW ZHUGHQ� ZHLO
JHPl� GHV 1HXWUDOLWlWVSULQ]LSV YRQ 3DXOLQJ � � GLH WDWVlFKOLFKH /DGXQJ
GHU $WRPH GHXWOLFK QLHGULJHU OLHJW� 0DQ YHUJOHLFKH KLHU]X GLH GDUJH�
VWHOOWHQ 6WLFNVWRIIODGXQJHQ� GLH HEHQIDOOV GHXWOLFK YRQ GHU IRUPDOHQ
2[LGDWLRQVVWXIH�DEZHLFKHQ�
=ZHLWHQV LVW MHGHU 0HWKRGH ]XU %HUHFKQXQJ YRQ /DGXQJHQ GDV 3UR�
EOHP LPPDQHQW� GD� HLQ ZLOON�UOLFKHV (QWVFKHLGXQJVNULWHULXP DQJH�
ZHQGHW ZHUGHQ PX�� XP (OHNWURQHQGLFKWH DXI]XWHLOHQ� ,Q GLHVHP
6LQQH LVW GLH EHUHFKQHWH /DGXQJ LPPHU DXFK HLQ 0D� I�U GLH 3RODUL�
VLHUXQJ GHU %LQGXQJ� GXUFK HLQH KRKH 3RODULVLHUXQJ IlOOW PHKU (OHN�
WURQHQGLFKWH LQ GDV GHP $WRP ]XJHVWDQGHQH 9ROXPHQ� ,P )DOO GHU
KLHU GLVNXWLHUWHQ 0HKUIDFKELQGXQJHQ GHV 3KRVSKRUV ]XP 0HWDOO�
E]Z� 6FKZHIHODWRP ZHUGHQ GLHVH %LQGXQJHQ GHXWOLFK GLIIXVHU VHLQ�
DOV PDQ HV ]� %� YRQ GHU 0HWDOO�6WLFNVWRIIELQGXQJ HUZDUWHW� %HWUDFKWHW
PDQ GLHVEH]�JOLFK 7DEHOOH ��� VSULQJW VRIRUW LQV $XJH� GD� GLH 0HWDOO�
3KRVSKRU�%LQGXQJ NDXP SRODULVLHUW LVW� ZlKUHQG GLH 0HWDOO�6WLFN�
VWRII�%LQGXQJ�GHXWOLFK�]XJXQVWHQ�GHV�6WLFNVWRIIV�SRODULVLHUW�LVW�
6FKOLH�OLFK LVW GLH /DGXQJ GHV 3KRVSKRUDWRPV LQ GHQ 3KRVSKLGRNRP�
SOH[HQ JHULQJ� G� K� HLQH 9HUlQGHUXQJ YRQ �������H NDQQ VLFK VFKRQ
HQWVFKHLGHQG DXI GDV 9RU]HLFKHQ DXVZLUNHQ� (V PX� GHVZHJHQ GHXW�
OLFK KHUYRUJHKREHQ ZHUGHQ� GD� QLFKW GLH $EVROXWZHUWH YRQ %HGHX�
WXQJ VLQG� VRQGHUQ GHUHQ 9HUlQGHUXQJHQ� DXI GLH VLFK DXFK LP ZHLWH�
UHQ�9HUODXI�GLH�'LVNXVVLRQ�NRQ]HQWULHUW��

6HLWH���



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

'LH /DGXQJHQ GHU 6WLFNVWRIIDWRPH YHUlQGHUQ VLFK QXU JHULQJI�JLJ�
/HGLJOLFK LQ GHQ .RPSOH[HQ PLW GHP WULSRGDOHQ /LJDQGHQ VLQG VLH
HWZDV JHULQJHU� ZDV GDUDXI ]XU�FN]XI�KUHQ LVW� GD� HV VLFK XP VHNXQ�
GlUH�E]Z��WHUWLlUH�$PLQH�KDQGHOW�
'LH 2[LGDWLRQ GHV WHUPLQDOHQ 3KRVSKRUDWRPV PLW 6FKZHIHO KDW DXI
GLH /DGXQJ GHV 0HWDOODWRPV LP *HJHQVDW] ]X GHU /DGXQJ GHV 3KRV�
SKRUDWRPV QXU JHULQJH $XVZLUNXQJHQ� )�U GLH .RPSOH[H
>0�36��1+ � � � @ ����� LVW NODU ]X HUNHQQHQ� GD� GLH /DGXQJ GHV
6FKZHIHODWRPV� GLH LP 0RO\EGlQNRPSOH[ K|KHU LVW DOV LP DQDORJHQ
:ROIUDPNRPSOH[� IDVW DXVVFKOLH�OLFK GXUFK GLH /DQGXQJVHUK|KXQJ
DP�3KRVSKRUDWRP�DXVJHJOLFKHQ�ZLUG�
'LH :LEHUJ�%LQGXQJVLQGL]HV ��� �7DEHOOH ��� VDJHQ HEHQIDOOV HLQH 9HU�
lQGHUXQJ GHU %LQGXQJVRUGQXQJ GHU 0HWDOO�3KRVSKRU�%LQGXQJ YRQ
HLQHU 'UHLIDFK� ]X HLQHU 'RSSHOELQGXQJ YRUDXV� � ZlKUHQG GHU %LQ�
GXQJVLQGH[ GHU 3KRVSKRU�6FKZHIHO�%LQGXQJ HLQHU 'RSSHOELQGXQJ
HQWVSULFKW�
'DV +LQ]XI�JHQ HLQHV (OHNWURQHQGRQRUV KDW LQ GHQ 3KRVSKLGRNRP�
SOH[HQ QXU JHULQJI�JLJH $XVZLUNXQJHQ� XQG ]ZDU VRZRKO DXI GLH
/DGXQJ DOV DXFK DXI GLH %LQGXQJVRUGQXQJHQ� 'DUDXV Ol�W VLFK LP
(LQNODQJ PLW GHQ JHULQJHQ %LQGXQJVGLVVR]LDWLRQVHQHUJLHQ VFKOLH�HQ�
GD� GDV $PPRQLDNPROHN�O QLFKW EHVRQGHUV VWDUN DQ GHQ .RPSOH[
JHEXQGHQ ZLUG� 'LH $GGLWLRQ GHV (OHNWURQHQGRQRUV I�KUW LQ EH]XJ
DXI GLH %LQGXQJVLQGL]HV LQ GHPVHOEHQ $XVPD� ]X HLQHU 9HUULQJHUXQJ
GHU 0HWDOO�3KRVSKRU�%LQGXQJVRUGQXQJ� LQ GHP HLQH %LQGXQJ ]X GHP
D[LDOHQ�6WLFNVWRIIDWRP�DXVJHELOGHW�ZLUG�
(LQ HWZDV DQGHUHV %LOG HUJLEW VLFK I�U GLH .RPSOH[H >0�36��1+ � � � @
������ +LHU ZLUG GLH /DGXQJ GHV =HQWUDODWRPV GXUFK +LQ]XI�JHQ GHV
$PPRQLDNPROHN�OV PHUNOLFK YHUULQJHUW� ZlKUHQG GLH /DGXQJ GHV
3KRVSKRUDWRPV VLFK QRFK HLQPDO XP ����H LP )DOO GHU 0RO\EGlQ�
D 0DQ�EHDFKWH��GD��GLH�:LEHUJ�%LQGXQJVRUGQXQJ�HLQ�0D��I�U�GLH�NRYDOHQWH�%LQ�GXQJVRUGQXQJ�LVW��,RQLVFKH�$QWHLOH�ZHUGHQ�QLFKW�EHU�FNVLFKWLJW�

6HLWH���
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NRPSOH[HV XQG VRJDU XP ����H LP )DOO GHV :ROIUDPNRPSOH[HV
HUK|KW� 'LH /DGXQJ GHV HQGVWlQGLJHQ 6FKZHIHODWRPV HUK|KW VLFK
EHWUDJVPl�LJ HEHQIDOOV OHLFKW� ,P (LQNODQJ PLW GHQ :LEHUJ�%LQ�
GXQJVLQGL]HV ZHLVW GLHV DXI HLQH 9HUULQJHUXQJ GHU 0HWDOO�3KRVSKRU�
%LQGXQJVRUGQXQJ XQG HLQH (UK|KXQJ GHU 3KRVSKRU�6FKZHIHO�%LQ�
GXQJVRUGQXQJ KLQ� 'DGXUFK ZLUG GLH DXV GHQ %LQGXQJVGLVVR]LDWLRQV�
HQHUJLHQ KHUJHOHLWHWH 9HUPXWXQJ EHVWlWLJW� GD� GDV 0HWDOODWRP LQ
GHQ .RPSOH[HQ >0�36��1+ � � � @ JHQHUHOO HLQH IUHLH .RRUGLQDWLRQV�
VWHOOH�KDW�
%HWUDFKWHW PDQ GLH 3RODULVDWLRQ XQG +\EULGLVLHUXQJ GHU 1%2�$QD�
O\VH �7DEHOOH ��� IlOOW DOV HUVWHV DXI� GD� HV VLFK EHL GHU 0HWDOO�3KRV�
SKRU�%LQGXQJ WDWVlFKOLFK XP HLQH HFKWH 'UHLIDFKELQGXQJ KDQGHOW�
'LH $QDO\VH ]HLJW NODU HLQH σ� XQG ]ZHL π�%LQGXQJHQ� GLH DOOH GUHL QXU
ZHQLJ LQ 5LFKWXQJ GHV 3KRVSKRUDWRPV SRODULVLHUW VLQG� *HQHUHOO LVW
GLH 3RODULVLHUXQJ GHU %LQGXQJVRUELWDOH LQ GHQ :ROIUDPNRPSOH[HQ
HWZDV�VWlUNHU�DXVJHSUlJW�

Tabelle 18 Wiberg-Bindungsindizes BAB.
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9HUELQGXQJ 0�3 0�1 ����� 0�1 ��� � 3�6
>0R�3��1+ � � � @ ���� ���� � �
>:�3��1+ � � � @ ���� ���� � �
>0R�36��1+ � � � @ ���� ���� � ����
>:�36��1+ � � � @ ���� ���� � ����
>0R�3��1+ � � � �1+ � �@ ���� ���� ���� �
>:�3��1+ � � � �1+ � �@ ���� ���� ���� �
>0R�3��Q � Q�@ ���� ���� ���� �
>:�3��Q � Q�@ ���� ���� ���� �
>0R�36��1+ � � � �1+ � �@ ���� ���� ���� ����
>:�36��1+ � � � �1+ � �@ ���� ���� ���� ����
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'LH σ�%LQGXQJ LQ GHQ .RPSOH[HQ >0�3��1+ � � � @ ����� LVW DXI VHLWHQ
GHV 0HWDOOV XQJHIlKU VG � �K\EULGLVLHUW� ZlKUHQG GLH π�%LQGXQJHQ
HLQHQ�GHXWOLFK�K|KHUHQ�G��DOV�S�$QWHLO�EHVLW]HQ�
%HLP 3KRVSKRUDWRP LVW DXIIlOOLJ� GD� GLH σ�%LQGXQJ QXU HLQHQ VHKU
JHULQJHQ V�$QWHLO YRQ ������ EHVLW]W� 'DPLW OLHJW GLH +\EULGLVLHUXQJ
GHXWOLFK XQWHU VS � � 'DUDXV Ol�W VLFK VFKOLH�HQ� GD� GDV IUHLH (OHNWUR�
QHQSDDU DP 3KRVSKRU HLQHQ VWlUNHUHQ V� DOV S�&KDUDNWHU KDW� ZDV
HEHQIDOOV ]XU $EVFKLUPXQJ GHV .HUQV LQ 5LFKWXQJ GHU 0HWDOO�3KRV�
SKRU�%LQGXQJVDFKVH EHLWUDJHQ VROOWH� 'LH ,QWHUSUHWDWLRQ� GD� GLH
JHULQJH :ROIUDP�3KRVSKRU�.RSSOXQJVNRQVWDQWH YRQ ���+] LQ
>:�3��1 � 1�@ DXI HLQHQ JHULQJHQ V�$QWHLO GHU %LQGXQJ ]XU�FN]XI�K�
UHQ LVW� � � � ��� � ZLUG QLFKW EHVWlWLJW� ZHLO GHU V�$QWHLO GHV :ROIUDPV DQ
GHU :ROIUDP�3KRVSKRU�σ�%LQGXQJ LP .RPSOH[ >:�3��Q � Q�@ �� PLW
������GXUFKDXV�HUKHEOLFK�LVW�
'LH $PPRQLDN�$GGXNWNRPSOH[H XQWHUVFKHLGHQ VLFK EH]�JOLFK GHU
1%2�+\EULGLVLHUXQJ QXU JHULQJI�JLJ YRQ GHQ 6WDPPYHUELQGXQJHQ�
=XQlFKVW IlOOW DXI� GD� I�U GLH $GGXNWNRPSOH[H NHLQ %LQGXQJVRUELWDO
I�U GLH 0HWDOO�$PPRQLDN�%LQGXQJ JHIXQGHQ ZLUG� (V KDQGHOW VLFK
KLHUEHL HLQGHXWLJ XP HLQ PHWKRGLVFKHV 3UREOHP� GDV GDGXUFK KHUYRU�
JHUXIHQ ZLUG� GD� GLH (QWVFKHLGXQJ� RE HV VLFK EHL HLQHP 1%2 XP HLQ
%LQGXQJVRUELWDO RGHU HLQ IUHLHV (OHNWURQHQSDDU KDQGHOW� ZLHGHUXP
HLQHP ZLOON�UOLFKHQ 6FKZHOOHQZHUW XQWHUZRUIHQ LVW� 'HU WUDQV�(IIHNW
GHV $PPRQLDNPROHN�OV PDFKW VLFK MHGRFK VRZRKO LQ GHU 3RODULVLH�
UXQJ DOV DXFK LQ GHU +\EULGLVLHUXQJ GHU 0HWDOO�3KRVSKRU�%LQGXQJV�
RUELWDOH�EHPHUNEDU��
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�(UJHEQLVVH

6HLWH���

Tabelle 19 NBO-Polarisation und -Hybridisierung der Metall-Ligand und P-S Bindungen auf  B3LYP/II-Niveau.

9HUELQGXQJ 0�/ �0 �V�0� �S�0� �G�0� �/ �V�/� �S�/� �G�/�
>0R�3��1+ � � � @ 0R�3��σ� ���� ���� ��� ���� ���� ���� ���� ���

0R�3��π� ���� ��� ���� ���� ���� ��� ���� ���
0R�3��π� ���� ��� ���� ���� ���� ��� ���� ���
0R�1 ��� ���� ���� ���� ���� ���� ���� ���� ���

>:�3��1+ � � � @ :�3��σ� ���� ���� ��� ���� ���� ���� ���� ���
:�3��π� ���� ��� ���� ���� ���� ��� ���� ���
:�3��π� ���� ��� ���� ���� ���� ��� ���� ���
:�1 ��� ���� ���� ���� ���� ���� ���� ���� ���

>0R�36��1+ � � � @ 0R�3��σ� ���� ���� ��� ���� ���� ���� ���� ���
0R�3��π� ���� ��� ��� ���� ���� ��� ���� ���
0R�3��π� ���� ��� ��� ���� ���� ��� ���� ���
0R�1 ��� ���� ���� ��� ���� ���� ���� ���� ���

3�6 ���� ���� ���� ��� ���� ���� ���� ���
>:�36��1+ � � � @ :�3��σ� ���� ���� ��� ���� ���� ���� ���� ���

:�3��π� ���� ��� ��� ���� ���� ��� ���� ���
:�3��π� ���� ��� ��� ���� ���� ��� ���� ���
:�1 ��� ���� ���� ��� ���� ���� ���� ���� ���

3�6 ���� ���� ���� ��� ���� ���� ���� ���
>0R�3��1+ � � � �1+ � �@ 0R�3��σ� ���� ���� ��� ���� ���� ���� ���� ���

0R�3��π� ���� ��� ���� ���� ���� ��� ���� ���
0R�3��π� ���� ��� ���� ���� ���� ��� ���� ���
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

'LH 3RODULVLHUXQJ GHU %LQGXQJ YHUVFKLHEW VLFK LQ ]ZHLHUOHL +LQVLFKW�
'LH σ�%LQGXQJ ZLUG LQ 5LFKWXQJ GHV 3KRVSKRUDWRPV YHUVFKREHQ�
ZlKUHQG GLH π�%LQGXQJHQ LQ GLH XPJHNHKUWH 5LFKWXQJ SRODULVLHUW
ZHUGHQ� 'DUDXV Ol�W VLFK IROJHUQ� GD� GXUFK GHQ WUDQV�(IIHNW GHV
$PPRQLDNPROHN�OV HLQH 5HSXOVLRQ ]ZLVFKHQ GHU 'RQRU�$N]HSWRU�
%LQGXQJ�DXI�GHU�HLQHQ�XQG�GHU�σ�%LQGXQJ�DXI�GHU�DQGHUHQ�6HLWH�VWDWW�
ILQGHW� GLH HLQH VFKZDFKH 'RQRU�$N]HSWRU�%LQGXQJ XQG HLQH 3RODUL�
VDWLRQ GHU 0HWDOO�3KRVSKRU�σ�%LQGXQJ LQ 5LFKWXQJ GHV WHUPLQDOHQ
$WRPV YHUXUVDFKW� 'LH 3RODULVDWLRQ GHU σ�%LQGXQJ ZLUG GXUFK GLH
(UK|KXQJ GHU $XVULFKWXQJ GHU π�%LQGXQJ LQ 5LFKWXQJ GHV 0HWDOO�
DWRPV DXVJHJOLFKHQ� VR GD� GLH /DGXQJ GHV 0HWDOODWRPV VLFK LQVJH�
VDPW�QXU�JHULQJI�JLJ�lQGHUW�

6HLWH���
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'LH +\EULGLVLHUXQJ GHU σ�%LQGXQJ GHU 0HWDOO�3KRVSKRU�'UHLIDFKELQ�
GXQJ�lQGHUW�VLFK�I�U�GDV�0HWDOODWRP�GDKLQJHKHQG��GD��GDV�%LQGXQJV�
RUELWDO HLQHQ K|KHUHQ V�$QWHLO EHVLW]W DOV LQ GHQ 6WDPPYHUELQGXQJHQ�
'HU V�$QWHLO HUK|KW VLFK YRQ ��� DXI ���� (LQH =XQDKPH GHV V�
$QWHLOV LVW HEHQIDOOV DXI GHU 6HLWH GHV 3KRVSKRUV ]X EHREDFKWHQ� ,P
*HJHQVDW] GD]X QLPPW GHU S�$QWHLO GHU π�%LQGXQJVRUELWDOH DXI GHU
6HLWH�GHV�0HWDOODWRPV�DE�
(LQ DEZHLFKHQGHV %LOG HUKlOW PDQ EHL GHU %HWUDFKWXQJ GHV .RPSOH�
[HV >0R�3��Q � Q�@ ��� 'DV 3UREOHP� GD� NHLQH 0HWDOO�6WLFNVWRII�
'RQRU�$N]HSWRU�%LQGXQJ JHIXQGHQ ZLUG� EHVWHKW HEHQIDOOV� XQG
VRZRKO GLH 3RODULVLHUXQJ DOV DXFK GLH +\EULGLVLHUXQJ GHU σ�%LQGXQJ
LVW lKQOLFK� 0LW ����� OLHJW GHU V�$QWHLO HWZDV QLHGULJHU DOV LQ GHU 9HU�
ELQGXQJ >0R�3��1+ � � � �1+ � �@ ��� (LQ GHXWOLFKHU 8QWHUVFKLHG EHVWHKW
DOOHUGLQJV LQ GHQ π�%LQGXQJHQ� I�U GLH DXI VHLWHQ GHV 0HWDOOV IDVW DXV�
VFKOLH�OLFK GLH G�2UELWDOH YHUZHQGHW ZHUGHQ� ,P *HJHQVDW] GD]X ZLUG
I�U GLH %LQGXQJ ]X GHQ lTXDWRULDOHQ 6WLFNVWRIIDWRPHQ HLQH GHXWOLFK
YHUULQJHUWH 3RODULVDWLRQ GHU %LQGXQJ LQ 5LFKWXQJ GHV 6WLFNVWRIIDWRPV
XQG HLQ HUK|KWHU V�$QWHLO JHJHQ�EHU >0R�3��1+ � � � �1+ � �@ �� EHRE�
DFKWHW� 2IIHQVLFKWOLFK ZLUG KLHU HLQ $XVJOHLFK I�U GLH 'HVWDELOLVLHUXQJ
GHU 0RO\EGlQ�3KRVSKRU�%LQGXQJ GXUFK GLH 9HUVWlUNXQJ GHU
0RO\EGlQ�6WLFNVWRII�%LQGXQJ HUUHLFKW� GLH VLFK DXFK DXI GLH JHJHQ�
�EHU >0R�3��1+ � � � �1+ � �@ HUK|KWH %DVL]LWlW GHV $PLQROLJDQGHQ
]XU�FNI�KUHQ Ol�W� 'HU >:�3��Q � Q�@�.RPSOH[ �� YHUKlOW VLFK GHP
JHJHQ�EHU�lKQOLFK�ZLH�>:�3��1+ � � � �1+ � �@����
$XV GHQ 'DWHQ LQ 7DEHOOH �� LVW HUVLFKWOLFK� GD� GLH GXUFK GLH 2[LGD�
WLRQ GHV 3KRVSKLGROLJDQGHQ PLW 6FKZHIHO UHVXOWLHUHQGHQ .RPSOH[H
>0�36��1+ � � � @ ����� LPPHU QRFK GUHL 0HWDOO�3KRVSKRU�%LQGXQJV�
RUELWDOH XQG QXU HLQH 3KRVSKRU�6FKZHIHO�%LQGXQJ DXIZHLVHQ� 'LHV
VWHKW LP *HJHQVDW] ]X GHU 3URJQRVH� GLH VLFK DXV GHQ :LEHUJ�%LQ�
GXQJVLQGL]HV HUJLEW� GLH HLQH 0HWDOO�3KRVSKRU� XQG HLQH 3KRVSKRU�
6FKZHIHO�'RSSHOELQGXQJHQ YRUDXVVDJHQ� $OOHUGLQJV ODVVHQ VLFK GLH

6HLWH���



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

%LQGXQJHQ LQ GHU 0HWDOO�3KRVSKRU�6FKZHIHO�(LQKHLW DOV *UHQ]VWUXN�
WXU LQ HEHQ GLHVHU .RQVWHOODWLRQ EHVFKUHLEHQ �V� X� $EVFKQLWW 'LVNXV�
VLRQ���
'LH 2[LGDWLRQ KDW HUKHEOLFKH $XVZLUNXQJHQ DXI GLH 3RODULVLHUXQJ XQG
+\EULGLVLHUXQJ GHU 0HWDOO�3KRVSKRU�%LQGXQJVRUELWDOH� bKQOLFK ]X
GHQ %LQGXQJVRUELWDOHQ LQ GHQ .RPSOH[HQ >0�3��1+ � � � �1+ � �@ ���
MHGRFK LQ YLHO JU|�HUHP $XVPD�� ZLUG GLH σ�%LQGXQJ LQ 5LFKWXQJ GHV
3KRVSKRUDWRPV SRODULVLHUW� ZlKUHQG GLH (OHNWURQHQGLFKWH GHU π�%LQ�
GXQJHQ LQ 5LFKWXQJ GHU 0HWDOODWRPH ZDQGHUW� 'LH 3RODULVLHUXQJ GHU
σ�%LQGXQJ EHWUlJW ������ LQ 5LFKWXQJ GHV 3KRVSKRUDWRPV� ZlKUHQG
GLH π�%LQGXQJHQ ������ LQ 5LFKWXQJ GHV 0HWDOODWRPV SRODULVLHUW
VLQG� 'LH σ�%LQGXQJ ZHLVW JHJHQ�EHU GHQ .RPSOH[HQ
>0�3��1+ � � � �1+ � �@ HLQHQ QRFKPDOV HUK|KWHQ V�$QWHLO DXI� 'LH π�2U�
ELWDOH�VLQG�UHLQH�Gπ�Sπ�%LQGXQJHQ�
'LH 3KRVSKRU�6FKZHIHO�%LQGXQJ LVW FD� ��� LQ 5LFKWXQJ GHV 6FKZH�
IHOV SRODULVLHUW� $XI GHU 6HLWH GHV 3KRVSKRUV VHW]W VLFK GDV %LQGXQJV�
RUELWDO ]X FD� ��� DXV V�2UELWDOHQ XQG ��� S�$QWHLOHQ ]XVDPPHQ�
ZlKUHQG�GHU�6FKZHIHO�]X��EHU�����S�$QWHLOH�]X�GHP�1%2�EHLVWHXHUW�
'LH $GGLWLRQ HLQHV $PPRQLDNPROHN�OV KDW � LP *HJHQVDW] ]X GHQ
(UZDUWXQJHQ � NHLQHQ EHVRQGHUV JUR�HQ (LQIOX� DXI GLH 3RODULVLHUXQJ
XQG +\EULGLVLHUXQJ GHU %LQGXQJHQ� $XIIlOOLJ LVW ZLHGHUXP� GD� VLFK
GHU�V�$QWHLO�GHU�0HWDOO�3KRVSKRU�σ�%LQGXQJ�LQVJHVDPW�HUK|KW�

6HLWH���
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������ =XVDPPHQIDVVXQJ
,Q GLHVHP 3URMHNW ZXUGHQ 6WUXNWXUHQ� %LQGXQJVGLVVR]LDWLRQVHQHU�
JLHQ XQG 105�FKHPLVFKH 9HUVFKLHEXQJHQ YRQ 0RO\EGlQ XQG :ROI�
UDP�0RGHOONRPSOH[HQ PLW WHUPLQDOHP 3KRVSKLGROLJDQGHQ XQG
GHUHQ 2[LGDWLRQVSURGXNWH PLW 6FKZHIHO PLW YHUVFKLHGHQHQ 0HWKRGHQ
EHUHFKQHW�
'DEHL VWHOOW VLFK KHUDXV� GD� GLH 'LFKWHIXQNWLRQDOPHWKRGH PLW GHP
%�/<3�$XVWDXFKNRUUHODWLRQVIXQNWLRQDO LP 9HUJOHLFK ]XP ([SHUL�
PHQW E]Z� ]X GHQ KRFKNRUUHOLHUWHQ &&�6'>7@�5HFKQXQJHQ VRZRKO
VHKU JXWH *HRPHWULHQ DOV DXFK UHODWLYH %LQGXQJVGLVVR]LDWLRQVHQHU�
JLHQ OLHIHUW� 'LH YHUZHQGHWH ')7�0HWKRGH LVW GLH HLQ]LJH� GLH GLH
H[SHULPHQWHOOHQ 0HWDOO�3KRVSKRU�%LQGXQJVOlQJHQ JXW UHSURGX]LHUW�
'HP JHJHQ�EHU ZHUGHQ GLH 'RQRU�$N]HSWRU�%LQGXQJHQ PLW GHU
')7�0HWKRGH GHXWOLFK ]X ODQJ EHUHFKQHW� $XIJUXQG GHU HLQJH�
VFKUlQNWHQ 9HUJOHLFKEDUNHLW YRQ )HVWN|USHUPHVVXQJHQ XQG EHUHFK�
QHWHQ 'RQRU�$N]HSWRU�%LQGXQJHQ NDQQ KLHU DOOHUGLQJV NHLQH ZLUNOLFK
]XYHUOlVVLJH $XVVDJH JHWURIIHQ ZHUGHQ� 1LPPW PDQ MHGRFK GLH
EHUHFKQHWHQ 03��:HUWH DOV 5LFKWVFKQXU� GLH QRUPDOHUZHLVH EHIULHGL�
JHQG PLW *DVSKDVHQPHVVXQJHQ �EHUHLQVWLPPHQ� GDQQ VLQG GLH ')7�
:HUWH�VLFKHUOLFK�GHXWOLFK�]X�ODQJ�
,Q EH]XJ DXI GLH DEVROXWHQ (QHUJLHQ VWUHXHQ DOOH 0HWKRGHQ JHJHQ�
�EHU GHQ &&�6'>7@�:HUWHQ ]� 7� HUKHEOLFK� :lKUHQG MHGRFK VRZRKO
+) DOV DXFK 03� NRQVLVWHQW ]X QLHGULJH UHVS� ]X KRKH (QHUJLHQ OLH�
IHUQ� OLHJHQ GLH ')7�:HUWH EH]�JOLFK GHU 3KRVSKRU�6FKZHIHO�%LQ�
GXQJVGLVVR]LDWLRQ GHXWOLFK ]X KRFK� 'HPJHJHQ�EHU OLHJHQ GLH (QHU�
JLHQ GHU $PPRQLDN�0HWDOO�%LQGXQJ GHXWOLFK ]X QLHGULJ� ZDV DEHU
HEHQIDOOV PLW GHQ VFKOHFKWHQ 'RQRU�$N]HSWRU�%LQGXQJVOlQJHQ
]XVDPPHQKlQJHQ�N|QQWH�
'LH $PPRQLDN�0HWDOO�'RQRU�$N]HSWRU�%LQGXQJ LVW LQ GHQ 3KRVSKL�
GRNRPSOH[HQ QLFKW EHVRQGHUV VWDUN� 'XUFK GLH 0HWDOO�3KRVSKRU�

6HLWH���
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'UHLIDFKELQGXQJ ZLUG GLH .RRUGLQDWLRQVVWHOOH WUDQV ]XP 3KRVSKLGR�
OLJDQGHQ HOHNWURQLVFK JHKHPPW� VR GD� KLHU ZRKO HKHU GLH (OHNWURVWD�
WLN DOV WUHLEHQGH .UDIW JHOWHQ G�UIWH� %HVRQGHUV GHXWOLFK ZLUG GLHV
GXUFK GLH 9HUGRSSOXQJ GHU 'RQRU�$N]HSWRU�%LQGXQJVHQHUJLH� VREDOG
HLQH 2[LGDWLRQ DP 3KRVSKRUDWRP VWDWWILQGHW� ,Q GHQ 6FKZHIHO�3KRV�
SKRU�.RPSOH[HQ ZLUG GLH 0HWDOO�3KRVSKRU�'UHLIDFK� ]X HLQHU 'RS�
SHOELQGXQJ UHGX]LHUW� VR GD� WUDQV�VWlQGLJ HLQH .RRUGLQDWLRQVVWHOOH
JH|IIQHW�ZLUG�
'LH %LQGXQJVYHUKlOWQLVVH LQ GHU 0HWDOO�3KRVSKRU�6FKZHIHO�*UXSSH
VLQG PLW GHQ QRUPDOHQ /HZLV�6WULFKIRUPHOQ QLFKW PHKU EHVFKUHLEEDU�
'D DOOH 0HWKRGHQ HLQHQ 0HWDOO�3KRVSKRU�6FKZHIHO�%LQGXQJVZLQNHO
YRQ FD� ���� EHUHFKQHQ� N|QQHQ *UHQ]VWUXNWXUHQ PLW HLQHP IUHLHQ
(OHNWURQHQSDDU DP 3KRVSKRU DXVJHVFKORVVHQ ZHUGHQ� $P EHVWHQ ODV�
VHQ VLFK GLH %LQGXQJHQ GHVKDOE PLW GHQ LQ $EELOGXQJ �� GDUJHVWHOOWHQ
5HVRQDQ]VWUXNWXUHQ�EHVFKUHLEHQ�

'LHVH 6WUXNWXUHQ VWHKHQ LQ (LQNODQJ PLW GHQ DXI GHQ HUVWHQ %OLFN
DPELYDOHQWHQ (UJHEQLVVHQ GHU 1%2�$QDO\VH� 'LH :LEHUJ�%LQGXQJV�
RUGQXQJHQ VDJHQ HLQH 'RSSHOELQGXQJ GHV 3KRVSKRUV VRZRKO ]XP
0HWDOODWRP DOV DXFK ]XP 6FKZHIHODWRP YRUDXV� ZlKUHQG GLH +\EULGL�
VLHUXQJ GHU %LQGXQJVRUELWDOH HLQH 'UHLIDFKELQGXQJ ]ZLVFKHQ 0HWDOO�
XQG 3KRVSKRUDWRP XQG HLQH (LQIDFKELQGXQJ ]XP 6FKZHIHODWRP GLD�
JQRVWL]LHUW�
'LH EHUHFKQHWHQ � � 3�105�FKHPLVFKHQ 9HUVFKLHEXQJHQ VWLPPHQ LQ
�EHUUDVFKHQG JXWHU :HLVH PLW GHQ H[SHULPHQWHOOHQ :HUWHQ �EHUHLQ�
'LH VHKU KRKHQ 105�FKHPLVFKHQ 9HUVFKLHEXQJHQ GHU 3KRVSKLGR�

6HLWH���

Abbildung 13 Resonanzstrukturen für die M-P-S-Bindung
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NRPSOH[H ZHUGHQ HWZDV ]X QLHGULJ EHUHFKQHW� ZDV DXI GLH 6FKZLHULJ�
NHLWHQ�EHL�GHU�%HUHFKQXQJ�GHV�SDUDPDJQHWLVFKHQ�$QWHLOV�GHV�$EVFKLU�
PXQJVWHQVRUV ]XU�FN]XI�KUHQ LVW� 'HU *,$2�$QVDW] OLHIHUW GLH HWZDV
]XYHUOlVVLJHUHQ (UJHEQLVVH� GLH DXFK VFKRQ PLW HLQHP NOHLQHUHQ
%DVLVVDW]�ZHLWHVWJHKHQG�NRQVWDQW�VLQG�
'LH KRKH $QLVRWURSLH GHU 3KRVSKRU�FKHPLVFKHQ 9HUVFKLHEXQJHQ
NRQQWH LQ (LQNODQJ PLW 0$6�105�([SHULPHQWHQ XQG 5HFKQXQJHQ
DQGHUHU $UEHLWVJUXSSHQ DXI GLH %HLWUlJH GHU ]XU 0HWDOO�3KRVSKRU�
%LQGXQJVDFKVH VHQNUHFKW VWHKHQGHQ .RPSRQHQWHQ GHV $EVFKLU�
PXQJVWHQVRUV ]XU�FNJHI�KUW ZHUGHQ� 'DUDXV Ol�W VLFK VFKOLH�HQ� GD�
GLH π�%LQGXQJVRUELWDOH ]X GHU KRKHQ FKHPLVFKHQ 9HUVFKLHEXQJ HQW�
VFKHLGHQG EHLWUDJHQ� :HLWHUKLQ JHKW DXV GHU 1%2�$QDO\VH GHU
6WDPPYHUELQGXQJHQ KHUYRU� GD� GDV IUHLH (OHNWURQHQSDDU GHV 3KRV�
SKRUV HLQHQ KRKHQ V�$QWHLO EHVLW]HQ PX�� ZDV GLH VWDUNH +RFKIHOG�
YHUVFKLHEXQJ GHV 3KRVSKRUNHUQV LQ 5LFKWXQJ GHU 0HWDOO�3KRVSKRU�
%LQGXQJ�HUNOlUHQ�N|QQWH�
,Q MHGHP )DOO VLQG GLH YRUOLHJHQGHQ (UJHEQLVVH HLQ KHUYRUUDJHQGHV
%HLVSLHO GDI�U� GD� GLH FKHPLVFKH 9HUVFKLHEXQJ HLQHV $WRPNHUQV
ZHGHU PLW GHU /DGXQJ GHVVHOEHQ QRFK PLW GHVVHQ .RRUGLQDWLRQV]DKO
NRUUHOLHUW��ZHUGHQ�NDQQ�

6HLWH���



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

���� 8QWHUVXFKXQJHQ�]XP�0HFKDQLV�
PXV�GHU�+HFN�5HDNWLRQ

������ 3UREOHPVWHOOXQJ

,Q GHU KRPRJHQHQ PHWDOORUJDQLVFKHQ .DWDO\VH VSLHOHQ 3DOODGLXP�
NRPSOH[H � � HLQH ZLFKWLJH 5ROOH� � 
 
 ,QVEHVRQGHUH GLH +HFN�5HDNWLRQ
� 
 � � � 
 �

� � 
 � LVW HLQ ZLFKWLJHV :HUN]HXJ I�U GLH 9LQ\OLGLHUXQJ XQG $U\OLH�
UXQJ YRQ 2OHILQNRPSRQHQWHQ �$EELOGXQJ ��� XQG KHWHURVXEVWLWXLHU�
WHQ�9HUELQGXQJHQ� � 
 �
'HU DOOJHPHLQ DQHUNDQQWH 5HDNWLRQVPHFKDQLVPXV �$EELOGXQJ ���
GHU�+HFN�5HDNWLRQ�Ol�W�VLFK�JHQHUHOO�LQ�GUHL�$EVFKQLWWH�HLQWHLOHQ�
�� 2[LGDWLYH $GGLWLRQ HLQHV $U\O� RGHU 9LQ\OUHDJHQ] DQ HLQHQ 3DOOD�
GLXP����.DWDO\VDWRU�

�� 6XEVWLWXWLRQ HLQHV /LJDQGHQ GXUFK GLH 2OHILQNRPSRQHQWH XQG
DQVFKOLH�HQGHU�&�&�9HUNQ�SIXQJVVFKULWW�

�� β�+\GULGHOLPLQLHUXQJ�XQG�$EVSDOWXQJ�GHV�3URGXNWHV�
'HU LP 5HDNWLRQVVFKHPD QLFKW QlKHU VSH]LIL]LHUWH 3G����.DWDO\VDWRU
LVW HLQ 7ULDON\O� E]Z� 7ULDU\OSKRVSKDQSDOODGLXPNRPSOH[� GHU HQWZH�
GHU GLUHNW YHUZHQGHW RGHU LQ VLWX DXV 3DOODGLXP�,,��6DO]HQ GXUFK HLQ
5HGXNWLRQVPLWWHO � 
 � � � 
 � � � 
 � � � 
 � � RGHU HOHNWURFKHPLVFK � 
�� HU]HXJW ZLUG� $OV
NDWDO\WLVFK DNWLYH 6SH]LHV ZLUG HLQ ]ZHLIDFK�NRRUGLQLHUWHU ���(OHNWUR�
QHQ�3DOODGLXP����.RPSOH[ DQJHQRPPHQ� � 
 � 'LH ([LVWHQ] HLQHV
SRVWXOLHUWHQ .RPSOH[HV >3G�33K � � � @ NRQQWH MHGRFK QXU 105�VSHN�
WURVNRSLVFK HUKlUWHW ZHUGHQ� � 
 � 'HU 1DFKZHLV EOHLEW DOOHUGLQJV LQVR�
IHUQ ]ZHLIHOKDIW� DOV GD� HV $PDWRUH HW DO� LQ NLQHWLVFKHQ 8QWHUVX�

6HLWH���

Abbildung 14 Heck-Reaktion
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FKXQJHQ QLFKW JHODQJ� GHQ ]ZHLIDFK�NRRUGLQLHUWHQ .RPSOH[ DOV VRO�
FKHQ GLUHNW QDFK]XZHLVHQ� � � 
 6WDWWGHVVHQ JHOLQJW QXU GHU LQGLUHNWH
1DFKZHLV �EHU GDV *HVFKZLQGLJNHLWVJHVHW] GHU 5HDNWLRQ� *HJHQ�EHU
1HJLVKL HW DO�� � 
 � GLH GHP .RPSOH[ HLQH PHKUVW�QGLJH 6WDELOLWlW LQ
/|VXQJ DWWHVWLHUHQ� NDP $PDWRUH ]X GHP 6FKOX�� GD� GHU .RPSOH[
JHJHQ�EHU GHU GUHLIDFK�NRRUGLQLHUWHQ ���(OHNWURQHQ�6SH]LHV
>3G�33K � � � @ QXU LQ VHKU JHULQJHU � VSHNWURVNRSLVFK QLFKW QDFKZHLVED�
UHU � .RQ]HQWUDWLRQ YRUOLHJW� GD HQWZHGHU HLQH VRIRUWLJH 5HDNWLRQ
E]Z� 5HNRPELQDWLRQ VWDWWILQGHW� :HLWHUKLQ NRQQWH $PDWRUH PLW +LOIH
NLQHWLVFKHU 0HVVXQJHQ QDFKZHLVHQ� GD� VLFK GLH 3DOODGLXP����.RP�
SOH[H EHUHLWZLOOLJ PLW /|VXQJVPLWWHOPROHN�OHQ � � 
 RGHU +DORJHQLGLR�
QHQ � 
�� � DEVlWWLJHQ� ,QVJHVDPW ZLUG GLH R[LGDWLYH $GGLWLRQ GXUFK GLH
=XJDEH YRQ HLQHP hEHUVFKX� YRQ +DORJHQLGLRQHQ DEHU EHVFKOHXQLJW�
ZDV ]XQlFKVW LP :LGHUVSUXFK ]X GHU EHREDFKWHWHQ $EVlWWLJXQJ VWHKW�
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Abbildung 15 Postulierter Heck-Katalysezyklus
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

'LH $XWRUHQ I�KUHQ GLH %HVFKOHXQLJXQJ GHU 5HDNWLRQ DXI HLQHQ LQWHU�
PROHNXODUHQ /LJDQGHQDXVWDXFK ]ZHLHU >3G�&O��33K � � � @ � �.RPSOH[H ]X
>3G�&O��33K � � � @ � � �XQG�>3G�33K � � � @�]XU�FN� �����	�
$OV $U\OLHUXQJV� E]Z� 9LQ\OLGLHUXQJVUHDJHQ] GLHQHQ HQWZHGHU +DOR�
JHQ� �; &O� %U� ,� RGHU 7ULIOXRUPHWK\O�6XOIRQVlXUHYHUELQGXQJHQ
�; &) � 62 � � Ä7ULIODW³�� GLH R[LGDWLY DQ GHQ 3DOODGLXPNDWDO\VDWRU
DGGLHUHQ �$EELOGXQJ ���� (OHNWURQHQ]LHKHQGH 6XEVWLWXHQWHQ DP $U\O�
E]Z� 9LQ\OUHVW EHJ�QVWLJHQ GLH 5HDNWLRQ� ���
���

 ����� 'LH 5HDNWLRQ LVW
JHJHQ�EHU IXQNWLRQHOOHQ *UXSSHQ DQ GHU 2OHILQNRPSRQHQWH VHKU
WROHUDQW�XQG�ZHLVW�HLQH�KRKH�5HJLRVHOHNWLYLWlW�DXI� �������
'D� GLH 5HDNWLRQ LQ GHU LQGXVWULHOOHQ 3URGXNWLRQ ELV MHW]W NHLQH QHQ�
QHQVZHUWH $QZHQGXQJ ILQGHW� OLHJW YRU DOOHP GDUDQ� GD� YRQ GHQ
+DORJHQYHUELQGXQJHQ DOV $U\OLHUXQJV� E]Z� 9LQ\OLGLHUXQJVUHDJHQ]
QXU GLH %URPLGH E]Z� ,RGLGH UHDNWLY JHQXJ VLQG� XP EHL %HGLQJXQJHQ
]X UHDJLHUHQ� GLH PLOG JHQXJ VLQG� GLH 5HJLRVHOHNWLYLWlW GHU 5HDNWLRQ
XQG GHQ .DWDO\VDWRU ]X HUKDOWHQ� 'LH SUHLVZHUWHUHQ &KORULGH ZHLVHQ
LQ�GHU�5HJHO�NHLQH�DXVUHLFKHQGH�5HDNWLYLWlW�DXI�
+HUUPDQQ HW� DO� NRQQWHQ ]HLJHQ� GD� EHL K|KHUHQ 7HPSHUDWXUHQ PLW
7ULSKHQ\OSKRVSKDQSDOODGLXPNRPSOH[HQ DOV .DWDO\VDWRUHQ 6FUDP�
EOLQJSURGXNWH GXUFK GHQ $XVWDXVFK GHU $U\OUHVWH GHU 3KRVSKDQOLJDQ�
GHQ PLW GHP $U\OLHUXQJVUHDJHQ] DXIWUHWHQ� ��� � :HLWHUKLQ NRQQWH
JHNOlUW ZHUGHQ� GD� EHL 9HUZHQGXQJ YRQ 7UL�RUWKR�7RO\O��3KRVSKDQ
GLHVH 1HEHQUHDNWLRQ QLFKW DXIWULWW� 'HU *UXQG I�U GLH hEHUOHJHQKHLW
GHV 7UL�RUWKR�7RO\O��3KRVSKDQV OLHJW MHGRFK QLFKW� ZLH YRQ +HFN YHU�
PXWHW� LP JU|�HUHQ VWHULVFKHQ $QVSUXFK GHV /LJDQGHQ� ����� VRQGHUQ LQ
GHU %LOGXQJ YRQ SDOODGDF\FOLVFKHQ 9HUELQGXQJHQ� GLH GXUFK GLH 3DOOD�
GLXPDNWLYLHUXQJ GHU &�+�%LQGXQJ GHU 0HWK\OJUXSSH GHV 7ROXROV
HQWVWHKHQ� $OOHUGLQJV VFKHLQW GHU 5HDNWLRQVYHUODXI YRQ GHP GHU NODV�
VLVFKHQ�+HFN�5HDNWLRQ��V��X���DE]XZHLFKHQ� �����
5HHW] HW� DO� VWHOOWHQ YRU NXU]HP HLQH QHXH 6\QWKHVHVWUDWHJLH YRU� GLH
DQVWHOOH YRQ 3KRVSKDQHQ $U\O�3KRVSKRQLXPVDO]H YHUZHQGHW XQG VLFK
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JHUDGH�GLH�(LJQXQJ�GHU�3KRVSKRQLXPOLJDQGHQ�DOV�$U\OLHUXQJVUHDJHQ]
]XQXW]H PDFKW� ����� 'LHVH 5HDNWLRQVI�KUXQJ HUP|JOLFKW HV� 9LQ\O� RGHU
$U\OFKORULGH�]X�YHUZHQGHQ�
+DQGHOW HV VLFK EHL GHU NDWDO\WLVFK DNWLYHQ 6SH]LHV XP HLQHQ .RPSOH[
PLW ]ZHL]lKQLJHP RGHU ]ZHL VWHULVFK VHKU DQVSUXFKVYROOHQ /LJDQGHQ�
ELOGHW VLFK EHL GHU R[LGDWLYHQ $GGLWLRQ GDV FLV�$GGLWLRQVSURGXNW� ����� 

�����
ZlKUHQG�QRUPDOHUZHLVH�OHGLJOLFK�GDV�WUDQV�3URGXNW�LVROLHUEDU�
LVW� ������
 �����
(V ZLUG GHVZHJHQ DOOJHPHLQ DQJHQRPPHQ� GD� GLH R[LGDWLYH $GGL�
WLRQ ]XQlFKVW ]XP FLV�3URGXNW I�KUW� GDV VLFK DQVFKOLH�HQG ]XP WKHU�
PRG\QDPLVFK VWDELOHQ WUDQV�3URGXNW XPODJHUW� ������� 
 ������
 ����� � *HPl� HLQHU
WKHRUHWLVFKHQ $UEHLW YRQ %LFNHOKDXSW HW DO� ]XU &�&O�%LQGXQJVDNWLYLH�
UXQJ GXUFK 3DOODGLXP LVW GLH IDFLDOH R[LGDWLYH $GGLWLRQ DXIJUXQG GHU
*HVWDOW�GHU�0ROHN�ORUELWDOH�GHXWOLFK�EHYRU]XJW� �����
%HL GHU $QZHVHQKHLW YRQ +DORJHQLGLRQHQ VlWWLJHQ VLFK GLH $GGLWLRQV�
SURGXNWH ]X I�QIIDFK NRRUGLQLHUWHQ ���(OHNWURQHQ�.RPSOH[HQ DE�
ZLH $PDWRUH HW� DO� DXIJUXQG YRQ 105� XQG F\FORYROWDPHWULVFKHQ
0HVVXQJHQ QDFKZHLVHQ NRQQWHQ� � � � $XV GLHVHP *UXQG VFKODJHQ GLH
$XWRUHQ HLQHQ 0HFKDQLVPXV GHU FLV�WUDQV�8PODJHUXQJ YRU� GHU �EHU
HLQH�I�QIIDFK�NRRUGLQLHUWH����(OHNWURQHQ�6SH]LHV�YHUOlXIW� � � �
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Abbildung 16 Neutraler und kationischer Ligandenaustausch
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

'HU DQVFKOLH�HQGH $XVWDXVFK HLQHV /LJDQGHQ �$EELOGXQJ ��� GXUFK
GLH 2OHILQNRPSRQHQWH PX� FLV�VWlQGLJ HUIROJHQ� XP GLH IROJHQGH &�
&�9HUNQ�SIXQJ ]X HUP|JOLFKHQ� � � � %HL GHU 9HUZHQGXQJ YRQ FKHODWL�
VLHUHQGHQ &RNDWDO\VDWRUHQ � ]� %� ]ZHL]lKQLJH 3KRVSKDQ� RGHU $PL�
QROLJDQGHQ �� GLH HLQH WUDQV�8PODJHUXQJ GHV 3URGXNWV GHU R[LGDWLYHQ
$GGLWLRQ YHUKLQGHUQ� HUJHEHQ VLFK JUXQGVlW]OLFK ]ZHL 0|JOLFKNHLWHQ
HLQHV�/LJDQGHQDXVWDXVFKV��$EELOGXQJ����� ����� �
,P )DOO GHU $U\O� XQG 9LQ\OKDORJHQLGH� GLH LQ GHU NODVVLVFKHQ +HFN�
5HDNWLRQ 9HUZHQGXQJ ILQGHQ� ZLUG HLQH VWDUNH 3DOODGLXP�+DORJHQ�
ELQGXQJ HU]HXJW� � � � 'LHVH %LQGXQJ LVW GHXWOLFK VWlUNHU DOV GLH 'RQRU�
$N]HSWRU�%LQGXQJHQ ]X GHQ /LJDQGHQ / �3KRVSKDQ�� $PLQR� RGHU
HYWO� /|VXQJVPLWWHOOLJDQGHQ�� $XV GLHVHP *UXQG YHUOlXIW GHU /LJDQ�
GHQDXVWDXVFK DXI QHXWUDOHP :HJ �EHU GLH 'LVVR]LDWLRQ HLQHV 'RQRU�
OLJDQGHQ� � � � 'LHV GHFNW VLFK PLW GHU (UNHQQWQLV IU�KHUHU $UEHLWHQ� GD�
FKHODWLVLHUHQGH 3KRVSKDQOLJDQGHQ VFKOHFKWH +HFN�.DWDO\VDWRUHQ
HU]HXJHQ� ����� �
'XUFK GLH 9HUZHQGXQJ YRQ 7ULIOXRUPHWK\O�6XOIRQVlXUH�$U\O� XQG
9LQ\OYHUELQGXQJHQ HUJLEW VLFK MHGRFK DXIJUXQG GHU HUZLHVHQHQ /DEL�
OLWlW GHU 3DOODGLXP�7ULIODW�%LQGXQJ � � � HLQ DQGHUHV %LOG� 9HUVFKLHGHQH
$UEHLWVJUXSSHQ KDEHQ YRUJHVFKODJHQ� GD� LP )DOO GHU 7ULIODWYHUELQ�
GXQJHQ GLH 5HDNWLRQ �EHU HLQ NDWLRQLVFKHV =ZLVFKHQSURGXNW YHU�
OlXIW� � � � 'HU 9RUWHLO HLQHU 5HDNWLRQVI�KUXQJ �EHU HLQHQ NDWLRQLVFKHQ
.RPSOH[ LVW GLH KRKH DV\PPHWULVFKH ,QGXNWLRQ� GLH GXUFK HLQHQ FKL�
UDOHQ FKHODWLVLHUHQGHQ 'RQRUOLJDQGHQ HU]LHOW ZHUGHQ NDQQ� � � � � 9HU�
JOHLFKHQGH ([SHULPHQWH KDEHQ JH]HLJW� GD� GLH QHXWUDOHQ .RPSOH[H
VFKQHOOHU PLW HOHNWURQHQDUPHQ 2OHILQHQ UHDJLHUHQ� ZlKUHQG EHL GHU
9HUZHQGXQJ GHU NDWLRQLVFKHQ .RPSOH[H GLH 5HDNWLRQ PLW HOHNWUR�
QHQUHLFKHQ�2OHILQHQ�VFKQHOOHU�YHUOlXIW� � � �
$XIJUXQG WKHRUHWLVFKHU 8QWHUVXFKXQJHQ YRQ 7KRUQ XQG +RIIPDQQ
]XU ,QVHUWLRQ YRQ (WK\OHQ LQ HLQH 3W�+�%LQGXQJ HUIRUGHUW GLH 5HDN�
WLRQ HLQH NRSODQDUH $QRUGQXQJ GHU 5HDNWLRQVSDUWQHU� XQG GLH ,QVHU�
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WLRQ HUIROJW V\QSHULSODQDU� � � � 'LHVHV 5HVXOWDW GHFNW VLFK PLW GHQ H[SH�
ULPHQWHOOHQ %HREDFKWXQJHQ +HFNV� � � � $X�HUGHP LVW GHU (QHUJLHXQWHU�
VFKLHG GHU UHDNWLYHQ YLHUIDFK NRRUGLQLHUWHQ JHJHQ�EHU GHU I�QIIDFK
NRRUGLQLHUWHQ 6SH]LHV JHULQJ� VR GD� GDYRQ DXVJHJDQJHQ ZLUG� GD�
OHW]WHUH�NHLQH�5ROOH�LP�NDWDO\WLVFKHQ�3UR]H��VSLHOW� � � � 
 � � �
'LH DEVFKOLH�HQGH β�+\GULGHOLPLQLHUXQJ �$EELOGXQJ ��� I�KUW
VFKOLH�OLFK ]XU %LOGXQJ GHV $U\OLHUXQJV� E]Z� 9LQ\OLHUXQJVSURGXNWHV�
'LH (OLPLQLHUXQJ HUIROJW V\Q�VWlQGLJ� G� K� GDV :DVVHUVWRIIDWRP PX�
LQ HLQH (EHQH PLW GHP 3DOODGLXPDWRP JHEUDFKW ZHUGHQ� � � � 
 � � ��
 ����� � 'D
HV VLFK EHL GHU β�+\GULGHOLPLQLHUXQJ XP HLQHQ UHYHUVLEOHQ 3UR]H�
KDQGHOW� NDQQ HV ]X HLQHU ,VRPHULVLHUXQJ GHU 'RSSHOELQGXQJ NRP�
PHQ� ZHQQ GLH 'LVVR]LDWLRQ GHV 3URGXNWV ODQJVDP YHUOlXIW� ��� � 'XUFK
105�VSHNWURVNRSLVFKH 0HVVXQJHQ NRQQWH GLH 'RSSHOELQGXQJVLVR�
PHULVLHUXQJ�HLQGHXWLJ�QDFKJHZLHVHQ�ZHUGHQ� �����
%HL GHU 9HUZHQGXQJ YRQ $ONLQHQ DOV 2OHILQNRPSRQHQWH HQWVWHKW HLQH
9LQ\OYHUELQGXQJ� EHL GHU HLQH β�+\GULGHOLPLQLHUXQJ QLFKW P|JOLFK
LVW� 6ROFKH 5HDNWLRQHQ VLQG LQ GHU 3RO\PHUFKHPLH YRQ ,QWHUHVVH�'LH
:LHGHUJHZLQQXQJ GHV .DWDO\VDWRUV HUIROJW �EHU %DVHQ]XJDEH�
ZRGXUFK +; �;  +DORJHQ� DXV GHP .RPSOH[ XQWHU UHGXNWLYHU (OL�
PLQLHUXQJ�HQWIHUQW�ZLUG��$EELOGXQJ������
$XFK DXV WKHRUHWLVFKHU 6LFKW VLQG HLQJH $UEHLWHQ LP %HUHLFK GHU 3DO�
ODGLXPNDWDO\VH JHOHLVWHW ZRUGHQ� ,QVEHVRQGHUH DXI GHP *HELHW GHU &�
+�%LQGXQJVDNWLYLHUXQJ GXUFK ���(OHNWURQHQ�3DOODGLXPNRPSOH[H
H[LVWLHUW HLQH 9LHO]DKO IU�KHUHU ���	� ZLH DXFK VHKU DNWXHOOHU 3XEOLNDWLR�
QHQ� ��� � =XP 0HFKDQLVPXV GHU R[LGDWLYHQ $GGLWLRQ YRQ &KORUPHWKDQ
DQ�HLQ�3DOODGLXPDWRP�OLHJW�HLQH�DXVI�KUOLFKH�')7�6WXGLH�YRU� �����
=XU�UHGXNWLYHQ�.RKOHQVWRII��XQG�:DVVHUVWRIIHOLPLQLHUXQJ� ��� � �]XU�β�
+\GULGHOLPLQLHUXQJ ��� � �VRZLH�]XU�QXFOHRSKLOHQ�$GGLWLRQ ��� � �DQ�3DOODGL�
XPNRPSOH[HQ�ILQGHQ�VLFK�HLQLJH�IU�KH�$UEHLWHQ�
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

:HLWHUKLQ ZXUGHQ N�U]OLFK DXVI�KUOLFKH 3XEOLNDWLRQHQ ]X YHUZDQG�
WHQ .DWDO\VHUHDNWLRQHQ YHU|IIHQWOLFKW� 6HKU DXVI�KUOLFKH $UEHLWHQ
PHKUHUHU *UXSSHQ H[LVWLHUHQ ]XU QLFNHO� ��� � XQG SDOODGLXPGLLPLQ�
NDWDO\VLHUWHQ ��� � (WK\OHQSRO\PHULVDWLRQ� $XV GHU $UEHLWVJUXSSH YRQ
0RURNXPD VWDPPW HLQH YRU NXU]HP YHU|IIHQWOLFKWH� YHUJOHLFKHQGH
6WXGLH ]XU 3ODWLQ� XQG 3DOODGLXPNDWDO\VLHUWHQ %RULHUXQJ YRQ $ONL�
QHQ� ��� �
(LQH XPIDVVHQGH $UEHLW ]XP 7KHPD GHU +HFN�5HDNWLRQ ZXUGH N�U]�
OLFK YRQ $OEHUW HW� DO� 9HU|IIHQWOLFKW� ��� � %HL GHP XQWHUVXFKWHQ .DWDO\�
VDWRUV\VWHP KDQGHOW HV VLFK XP %LV�'LDPLQRFDUEHQ�3DOODGLXPNRP�
SOH[H DOV 0RGHOOV\VWHP GHU %LV������'LPHWK\O�,PLGD]RO��3DOODGLXP�
YHUELQGXQJHQ� GLH YRQ +HUUPDQQ HW� DO� PLW JUR�HP (UIROJ HLQJHVHW]W
ZXUGHQ� ��� �
6FKZHUSXQNW GHU KLHU YRUOLHJHQGHQ 8QWHUVXFKXQJ ZDU HV� HLQ (QHU�
JLHSURILO GHV .DWDO\VH]\NOXV ]X HUVWHOOHQ� ,QVEHVRQGHUH GLH R[LGDWLYH
$GGLWLRQ XQG GLH DQVFKOLH�HQGH &�&�9HUNQ�SIXQJ ZDUHQ GDEHL YRQ
,QWHUHVVH� 'LHVH $UEHLW VROO DOV *UXQGODJH I�U ZHLWHUH 6WXGLHQ GLHQHQ�
GLH VLFK PLW GHU 9DULDWLRQ GHU 5HDNWLRQVSDUDPHWHU ZLH .RNDWDO\VDWRU�
$U\O� E]Z� 9LQ\ONRPSRQHQWH XQG HYWO� /|VXQJVPLWWHOHLQIO�VVHQ DXV�
HLQDQGHUVHW]HQ�
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������ 9HUZHQGHWH�0HWKRGHQ��%DVLVVlW]H�XQG
0RGHOOV\VWHPH

$OOH 2SWLPLHUXQJHQ ZXUGHQ PLW +LOIH GHU ')7�0HWKRGH ��� � � � GXUFKJH�
I�KUW� $OV $XVWDXVFKNRUUHODWLRQVIXQNWLRQDO GLHQWH GDV QLFKW�ORNDOH
GUHL�3DUDPHWHU $XVWDXVFKIXQNWLRQDO YRQ %HFNH XQG GDV .RUUHODWL�
RQVIXQNWLRQDO�YRQ�/HH��<DQJ�XQG�3DUU��%�/<3�� � �
'LH RSWLPLHUWHQ 6WUXNWXUHQ ZXUGHQ GXUFK %HUHFKQXQJ GHU KDUPRQL�
VFKHQ 6FKZLQJXQJVIUHTXHQ]HQ DOV 0LQLPD DXI GHU 3RWHQWLDOK\SHU�
IOlFKH�EHVWlWLJW�
)�U DOOH %HUHFKQXQJHQ ZXUGHQ GLH 3URJUDPPSDNHWH *$866,$1�� ���

XQG *$866,$1�� ���
� YHUZHQGHW� $OV %DVLVVlW]H ZXUGHQ GLH ÄVSOLW
YDOHQFH³�%DVLVVlW]H PLW HLQHU 3RODULVDWLRQVIXQNWLRQ �693� YRQ $KO�
ULFKV XQG 0LWDUEHLWHUQ I�U DOOH (OHPHQWH YHUZHQGHW� ��� � 'DEHL NDP I�U
3DOODGLXP�HLQ�6WXWWJDUWHU�(&3 � � �]XP�(LQVDW]�
'LH SUlVHQWLHUWHQ (QHUJLHZHUWH EH]LHKHQ VLFK HEHQIDOOV DXI GDV
JHQDQQWH 1LYHDX� $Q HLQH %HUHFKQXQJ DXI HLQHU TXDOLWDWLY HLQGHXWLJ
EHVVHUHQ 0HWKRGH � ]� %� GHP ÄFRXSOHG FOXVWHU³�$QVDW] � � ZDU EHL
HLQHU 6\VWHPJU|�H YRQ ELV ]X ��� NRQWUDKLHUWHQ *DX��%DVLVIXQNWLR�
QHQ E]Z� ��� SULPLWLYHQ *DX�IXQNWLRQHQ PLW GHQ YHUI�JEDUHQ WHFKQL�
VFKHQ�0|JOLFKNHLWHQ�QLFKW�]X�GHQNHQ�
$OV 0RGHOOV\VWHP I�U GHQ 3DOODGLXP����.DWDO\VDWRU ZXUGHQ GLH HQW�
VSUHFKHQGHQ 3KRVSKDQ� DQVWHOOH GHU 7ULSKHQ\OSKRVSKDQ�3DOODGLXP�
NRPSOH[H YHUZHQGHW� 'LHV VWHOOW LP *UXQGH HLQH XQ]XOlVVLJH 1lKH�
UXQJ GD� ZHLO ]XP HLQHQ GLH HOHNWURQLVFKHQ (IIHNWH GHU 3KHQ\OJUXS�
SHQ GLH %LQGXQJ GHU 3KRVSKDQJUXSSHQ ]XP =HQWUDODWRP GHXWOLFK
YHUlQGHUQ� XQG ]XP DQGHUHQ GLH VWHULVFKH $EVFKLUPXQJ GHV 3DOOD�
GLXPDWRPV YHUORUHQ JHKW� $OV .RPSURPL� ]ZLVFKHQ GHQ JHQDQQWHQ
(IIHNWHQ XQG GHU 6\VWHPJU|�H ZLUG LQ TXDQWHQFKHPLVFKHQ 5HFKQXQ�
JHQ RIW 7ULPHWK\OSKRVSKDQ DOV 0RGHOO I�U GLH 7ULSKHQ\OYHUELQGXQJ
YHUZHQGHW� ���	� 
 ���	� 'D MHGRFK VFKRQ PLW GHQ HLQIDFKHQ 3KRVSKDQJUXS�
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SHQ RIW PDVVLYH .RQYHUJHQ]SUREOHPH �V� X�� DXIWUDWHQ XQG GLH *U|�H
GHU .RPSOH[H PLW ELV ]X �� V\PPHWULHXQDEKlQJLJHQ $WRPHQ � GDYRQ
DFKW 6FKZHUDWRPH � DQ GHU *UHQ]H GHU ]XU 9HUI�JXQJ VWHKHQGHQ
5HFKHQ]HLWUHVVRXUFHQ�ODJ��ZXUGH�DXI�GLHVHQ�6FKULWW�YHU]LFKWHW�
$OV 9LQ\ONRPSRQHQWH ZXUGH 9LQ\OEURPLG HLQJHVHW]W� $OV 2OHILQNRP�
SRQHQWH�ZXUGH�(WK\OHQ�XQG�LQ�HLQLJHQ�)lOOHQ�3URSHQ�YHUZHQGHW�
$XIJUXQG GHU VHKU IODFKHQ 3(6 ZDU GLH 'XUFKI�KUXQJ HLQLJHU 2SWL�
PLHUXQJHQ VHKU VFKZLHULJ XQG ]HLWUDXEHQG� GD RIW NHLQH HLQGHXWLJH
$XVULFKWXQJ GHU 3KRVSKDQJUXSSHQ HU]LHOW ZHUGHQ NRQQWH� 'HVZHJHQ
ZXUGH GDV Ä'LVSODFHPHQW³�.ULWHULXP GHU 2SWLPLHUXQJHQ PLW GHP
*$866,$1�3URJUDPP LQ HLQHP JUR�HQ 7HLO GHU GXUFKJHI�KUWHQ
5HFKQXQJHQ GDGXUFK KHUDEJHVHW]W� GD� GLH .RQYHUJHQ]NULWHULHQ GHU
*HRPHWULHRSWLPLHUXQJ LQVJHVDPW YHUPLQGHUW ZXUGHQ �*$866,$1�
6FKO�VVHOZRUW� RSW ORRVH�� 'LH DXIWUHWHQGHQ .UlIWH ODJHQ LQ DOOHQ )lO�
OHQ MHGRFK VR QLHGULJ� GD� VLH DXFK GHQ VWUHQJHUHQ QRUPDOHQ .RQYHU�
JHQ]NULWHULHQ JHQ�JWHQ XQG PHLVWHQV VRJDU XQWHU GHP 6FKZHOOZHUW
I�U VWUHQJH .RQYHUJHQ]NULWHULHQ ODJHQ �*$866,$1�6FKO�VVHOZRUW�
RSW WLJKW�� (EHQVR ZXUGH GDV Ä'LVSODFHPHQW³�.ULWHULXP LJQRULHUW�
IDOOV GLHVHV DP (QGH HLQHU )UHTXHQ]DQDO\VH QLFKW NRQYHUJLHUW ZDU�
6WDWWGHVVHQ ZXUGH GLH .RQYHUJHQ] GHU (QHUJLH �EHUSU�IW� (LQH
1DFKRSWLPLHUXQJ ZXUGH GDQQ GXUFKJHI�KUW� ZHQQ GDV .ULWHULXP
ÄSUHGLFWHG FKDQJH LQ HQHUJ\³ JU|�HU DOV �
�� � � +DUWUHH � FD� �����
NFDO�PRO���DXVILHO�
'DU�EHUKLQDXV ZDU DXIIlOOLJ� GD� DOOH 9HUELQGXQJHQ� GLH HLQH K|KHUH
6\PPHWULH DXIZHLVHQ N|QQWHQ� GLHVH EUHFKHQ� 'HU 6\PPHWULHEUXFK
JLOW VRZRKO I�U GLH HOHNWURQLVFKH :HOOHQIXQNWLRQ� IDOOV GDV *HU�VW GHU
$WRPNHUQH LQ GHU K|KHUHQ 6\PPHWULH IHVWJHKDOWHQ ZLUG� DOV DXFK I�U
GDV�.HUQJHU�VW�VHOEVW��

6HLWH����



�(UJHEQLVVH

(LQ 6\PPHWULHEUXFK GHU HOHNWURQLVFKHQ :HOOHQIXQNWLRQ ����� Ol�W VLFK L�
G� 5� DXI HLQH QLFKW DXVUHLFKHQGH %HVFKUHLEXQJ GHV 3UREOHPV � ]� %�
GXUFK HLQH XQJHQ�JHQGH %DVLV RGHU HLQ ]X NOHLQHV *LWWHU I�U GLH
QXPHULVFKH ,QWHJUDWLRQ � ]XU�FNI�KUHQ� � 'HVZHJHQ ZXUGHQ HLQLJH
GLHVHU 2SWLPLHUXQJHQ PLW HLQHU WULSOH�ζ�9DOHQ]EDVLV SOXV 3RODULVDWL�
RQVIXQNWLRQ �7=93� ��� � XQG HLQHP YHUJU|�HUWHQ QXPHULVFKHQ *LWWHU
ZLHGHUKROW� 'LH 9HUELQGXQJHQ ZLHVHQ DXFK DXI GLHVHP 1LYHDX NHLQH
6\PPHWULH DXI� 'LHVHV 3UREOHP ZXUGH EHUHLWV EHL HLQLJHQ 5KRGLXP�
NRPSOH[HQ EHREDFKWHW� GLH DXI 03�� HLQH K|KHUH 6\PPHWULH� ��� � DXI
')7�1LYHDX PLW GHP JOHLFKHQ %DVLVVDW] MHGRFK NHLQH 6\PPHWULH DXI�
ZHLVHQ� ��� � (V PX� GHVZHJHQ GDYRQ DXVJHJDQJHQ ZHUGHQ� GD� HV VLFK
KLHU�XP�HLQ�QXPHULVFKHV�3UREOHP�KDQGHOW�
������ (UJHEQLVVH
,P IROJHQGHQ ZHUGHQ GLH (UJHEQLVVH GHU GXUFKJHI�KUWHQ 5HFKQXQJHQ
SUlVHQWLHUW� =XQlFKVW IROJW HLQH NXU]H %HWUDFKWXQJ �EHU GLH NDWDO\�
WLVFK DNWLYH 6SH]LHV� $QVFKOLH�HQG ZHUGHQ GLH (UJHEQLVVH ]XP
0HFKDQLVPXV GHU R[LGDWLYHQ $GGLWLRQ GDUJHVWHOOW� 'LHVHU 5HDNWLRQV�
VFKULWW LVW LQ ]ZHL $EVFKQLWWH DXIJHWHLOW� =XQlFKVW ZLUG GLH R[LGDWLYH
$GGLWLRQ VHOEVW EHOHXFKWHW� ,P $QVFKOX� GDUDQ ZLUG GLH QRWZHQGLJH
FLV�WUDQV�8PODJHUXQJ XQWHUVXFKW� 'D KLHU GHU HLQGHXWLJH 6FKZHU�
SXQNW GHV 3URMHNWV OLHJW� ZHUGHQ DP (QGH GHV $EVFKQLWWV GLH (UJHE�
QLVVH�NXU]�]XVDPPHQJHID�W�
'DUDXIIROJHQG ZHUGHQ GLH (UJHEQLVVH ]XP /LJDQGHQDXVWDXVFK XQG
GHU DQVFKOLH�HQGHQ .RKOHQVWRII�.RKOHQVWRII�9HUNQ�SIXQJ SUlVHQ�
WLHUW� 'LH β�+\GULGHOLPLQLHUXQJ ZXUGH QXU GHU 9ROOVWlQGLJNHLW KDOEHU
PLW DXIJHQRPPHQ� $XV GLHVHP *UXQG ZLUG GLHVHU 5HDNWLRQVVFKULWW
KLHU�QLFKW�LP�'HWDLO�GLVNXWLHUW��
$EVFKOLH�HQG�ZHUGHQ�GLH�(UJHEQLVVH�]XVDPPHQJHID�W�

D 9JO��>�D@��6�����
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

�������� �.DWDO\WLVFK�DNWLYH�6SH]LHV

'LH *HRPHWULHQ I�U GLH 3KRVSKDQ�3DOODGLXP�0RGHOONRPSOH[H VLQG LQ
$EELOGXQJ �� GDUJHVWHOOW� )�U GHQ 7HWUDNLVSKRVSKDQNRPSOH[ �� LVW
DQ]XPHUNHQ� GD� NHLQ YROOVWlQGLJHV 0LQLPXP RSWLPLHUW ZHUGHQ
NRQQWH� ZHLO GLH 3RWHQWLDOK\SHUIOlFKH GHV 0ROHN�OV ]X IODFK LVW �YJO�
������� 'D GLH *HRPHWULHRSWLPLHUXQJ GHV >3G�3+ � � � @ �� LQ & � �6\PPH�
WULH QLFKW NRQYHUJLHUWH� LVW KLHU GDV 0ROHN�O LQ 7 � �6\PPHWULH IHVWJH�
KDOWHQ ZRUGHQ� 'LH 7ULVSKRVSKDQSDOODGLXPYHUELQGXQJ �� KDW HEHQ�
IDOOV QXU & � �6\PPHWULH� ZHLO GLH 3KRVSKDQJUXSSHQ OHLFKW JHJHQHLQDQ�
GHU YHUGUHKW VLQG XQG GDGXUFK DXV GHU & ��� �6\PPHWULH XQG GHQ
3XQNWJUXSSHQ QLHGULJHUHU 6\PPHWULH IDOOHQ� 'HU %LVSKRVSKDQNRP�
SOH[ �� LVW GDJHJHQ HLQGHXWLJ ' ��� �V\PPHWULVFK� 'XUFK GHQ 9HUOXVW
GHU 3KRVSKDQJUXSSHQ WULWW HLQH VXN]HVVLYH 9HUN�U]XQJ GHU 3DOOD�
GLXP�3KRVSKRU�%LQGXQJ HLQ� 'HU (IIHNW LVW YRP 7HWUDNLV� ]XP
7ULVSKRVSKDQSDOODGLXP PLW ����� c JHULQJHU DOV YRP 7ULV� ]XP
%LVSKRVSKDQSDOODGLXP�PLW�������c��$EELOGXQJ������6HKU�ZDKUVFKHLQ�
OLFK KDQGHOW HV VLFK KLHUEHL VRZRKO XP HLQHQ VWHULVFKHQ DOV DXFK HLQHQ
HOHNWURQLVFKHQ (IIHNW� 'LH %LQGXQJVOlQJHQ LQ GHQ 7ULSKHQ\OSKRV�
SKDQSDOODGLXP�.RPSOH[HQ EHWUDJHQ ���� c I�U GDV 7HWUDNLV�WULSKH�
Q\OSKRVSKDQ�SDOODGLXP ���	� XQG ���� c I�U GHQ 7ULV�WULSKHQ\OSKRV�
SKDQ��.RPSOH[� ��� � 'DPLW LVW GLH %LQGXQJVYHUN�U]XQJ LQ GHQ 7ULSKH�
Q\OSKRVSKDQNRPSOH[HQ PLW ���� c GHXWOLFK VWlUNHU DXVJHSUlJW�
,QWHUHVVDQWHUZHLVH LVW GLH 3DOODGLXP�3KRVSKRU�%LQGXQJVOlQJH LP

6HLWH����

Abbildung 17 Dissoziation von Phosphanliganden
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Abbildung 18 B3LYP-Geometrien von Tetrakis- [Pd(PH3)4] 21, Tris- [Pd(PH3)3] 22 und

Bisphosphanpalladium [Pd(PH3)2] 23
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

VWHULVFK DQVSUXFKVYROOHUHQ 7ULV�WULSKHQ\OSKRVSKDQ�SDOODGLXP N�U]HU
DOV�LP�EHUHFKQHWHQ�3KRVSKDQ�0RGHOONRPSOH[����
,Q $EELOGXQJ �� VLQG GLH (QHUJLHQ DXIJHWUDJHQ� GLH I�U GLH 'LVVR]LD�
WLRQ HLQHV 3KRVSDQOLJDQGHQ YRP 7HWUDNLV� E]Z� 7ULVSKRVSKDQSDOOD�
GLXP DXIJHZHQGHW ZHUGHQ P�VVHQ� :LH ]X VHKHQ LVW� VLQG EHLGH
5HDNWLRQHQ H[RWKHUP� ZREHL MHGRFK GLH ]ZHLWH 'LVVR]LDWLRQVVWXIH
HQHUJHWLVFK GHXWOLFK DQVSUXFKVYROOHU LVW� (V PX� DOOHUGLQJV EHU�FN�
VLFKWLJW ZHUGHQ� GD� PLW EHLGHQ 5HDNWLRQHQ HLQ (QWURSLHJHZLQQ YHU�
EXQGHQ LVW� GHU GLH 'LVVR]LDWLRQVHQHUJLH YHUULQJHUW� 8QWHU %HU�FN�
VLFKWLJXQJ GHV (QWURSLHJHZLQQV VROOWHQ EHLGH 5HDNWLRQHQ EHL 5DXP�
WHPSHUDWXU JHQHUHOO P|JOLFK VHLQ� $OOHUGLQJV ZLUG LQ /|VXQJ GHU
%LVSKRVSKDQSDOODGLXP�.RPSOH[ � ZLH YRQ $PDWRUH YHUPXWHW ����� � QXU
LQ�lX�HUVW�JHULQJHU�.RQ]HQWUDWLRQ�IUHL�YRUOLHJHQ�
'LH 3KRVSKDQOLJDQGHQ ODVVHQ VLFK EHUHLWZLOOLJ GXUFK +DORJHQDQLRQHQ
E]Z��NRRUGLQLHUHQGH�/|VXQJPLWWHOPROHN�OH�HUVHW]HQ� �����	�

�������� �2[LGDWLYH�$GGLWLRQ

*HPl� %LFNHOKDXSW HW� DO� ILQGHW GLH R[LGDWLYH $GGLWLRQ DQ 3DOODGLXP
NRQ]HUWLHUW V\Q�VWlQGLJ DP 0HWDOODWRP VWDWW� ����� 7DWVlFKOLFK NRQQWH
HLQ V\Q�hEHUJDQJV]XVWDQG EHVWLPPW ZHUGHQ ����� GHU GLH (GXNWH
%LVSKRVSKDQSDOODGLXP XQG 9LQ\OEURPLG PLW GHP 3URGXNW FLV�
%URPR�9LQ\O�%LVSKRVSKDQSDOODGLXP�,,� �� YHUELQGHW �$EELOGXQJ
���� 'LH $NWLYLHUXQJVEDUULHUH OLHJW EHL ���� NFDO�PRO XQG GLH *HVDP�
WHQHUJLH EHL ±���� NFDO�PRO �$EELOGXQJ ���� 'LHVHU :HUW OLHJW GHXWOLFK
XQWHU GHU YRQ $OEUHFKW HW DO� EHUHFKQHWHQ 5HDNWLRQVHQHUJLH YRQ ±����

6HLWH����

Abbildung 19 Oxidative Addition von Vinylbromid an Bisphosphanpalladium
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Abbildung 20 B3LYP-Geometrien von  cis-[Pd(Br)(C2H3)(PH3)2] 24 (oben) und dessen

Übergangszustand cis-[Pd(Br)(C2H3)(PH3)2]
�

 25
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

NFDO�PRO I�U GLH R[LGDWLYH $GGLWLRQ YRQ %URPEHQ]RO DQ GDV EHWUDFK�
WHWH�'LFDUEHQSDOODGLXP�0RGHOOV\VWHP� ��� �
'DV FLV�3URGXNW �� LVW YHU]HUUW TXDGUDWLVFK SODQDU� 'HU .RKOHQVWRII�
3DOODGLXP�3KRVSKRU�:LQNHO EHWUlJW ������� GHU %URP�3DOODGLXP�
3KRVSKRU�:LQNHO ������� 'HU 3DOODGLXP�.RKOHQVWRII�$EVWDQG YRQ
����� c OLHJW LP 5DKPHQ HLQHU 3DOODGLXP�.RKOHQVWRII�(LQIDFKELQ�
GXQJ� ����� $XIIlOOLJ LVW GHU VWDUNH 8QWHUVFKLHG LQ GHQ 3DOODGLXP�3KRV�
SKRU�%LQGXQJVOlQJHQ� 'LH %LQGXQJ GHV ]XP %URPDWRP WUDQV�VWlQGL�
JHQ 3KRVSKRUV ]XP ]HQWUDOHQ 0HWDOODWRP LVW PLW ����� c HWZDV N�U�
]HU DOV LP %LVSKRVSKDQSDOODGLXP� 'HP JHJHQ�EHU LVW GLH ]XP (WK\�
OHQOLJDQGHQ WUDQV�VWlQGLJH 3KRVSKRU�3DOODGLXP�%LQGXQJVOlQGH HU�
KHEOLFK JHGHKQW XQG OLHJW PLW �EHU ���� c GHXWOLFK �EHU GHP :HUW I�U
GLH�%LQGXQJVOlQJHQ�LQ�GHQ�3KRVSKDQ�3DOODGLXP����.RPSOH[HQ�
,P hEHUJDQJV]XVWDQG �� LVW GLH .RKOHQVWRII�%URP�%LQGXQJ PLW
����� c JHJHQ�EHU 9LQ\OEURPLG �U�&�%U� ���� c� VWDUN YHUOlQJHUW�
'HPJHJHQ�EHU LVW DOOHUGLQJV GLH 3DOODGLXP�%URP�%LQGXQJ QRFK
����� c OlQJHU DOV LP 3URGXNW� 'HU hEHUJDQJV]XVWDQG ZHLVW LQVJH�
VDPW HLQH GHXWOLFKH $EZHLFKXQJ YRQ GHU 3ODQDULWlW DXI� 'HU %URP�
3DOODGLXP�3KRVSKRU�:LQNHO EHWUlJW OHGLJOLFK ������� 'HU .RKOHQ�
VWRII�3DOODGLXP�3KRVSKRU�:LQNHO LVW PLW ������ ]ZDU HWZDV JU|�HU�
ZHLFKW�DEHU�WURW]GHP�QRFK�HUKHEOLFK�YRQ������DE�
$XIJUXQG GHU VWDUNHQ )DOWXQJ GHV hEHUJDQJV]XVWDQGV ZXUGH YHU�
VXFKW� HLQHQ GLUHNWHQ :HJ ]ZLVFKHQ GHQ (GXNWHQ 9LQ\OEURPLG XQG
%LVSKRVSKDQSDOODGLXP XQG GHP QRUPDOHUZHLVH LVROLHUEDUHQ WUDQV�
$GGLWLRQVSURGXNW �EHU HLQHQ WHWUDHGULVFKHQ hEHUJDQJV]XVWDQG ]X
ILQGHQ��'LH�6XFKH�EOLHE�DOOHUGLQJV�HUJHEQLVORV��GD�HQWZHGHU�HLQ�=HUIDOO
LQ GLH (GXNWH RGHU HLQ +LQHLQODXIHQ GHU 2SWLPLHUXQJ LQ GDV 3URGXNW
HU]LHOW�ZXUGH�
$OV (UJHEQLV NRQQWH OHGLJOLFK GHU LQ $EELOGXQJ �� GDUJHVWHOOWH 9LQ\O�
$GGXNWNRPSOH[ �� DOV 0LQLPXP FKDUDNWHULVLHUW ZHUGHQ� =XU
6WDPPYHUELQGXQJ GLHVHV .RPSOH[HV >3G�3+ � � � �& � + � �@ H[LVWLHUW HLQH

6HLWH����



�(UJHEQLVVH

8QWHUVXFKXQJ�YRQ�/L�HW�DO� ��� ��� �'LH�*HRPHWULH�GHV�.RPSOH[HV�LVW�UHODWLY
lKQOLFK� 'LH YRQ /L EHUHFKQHWH &�&�%LQGXQJVOlQJH OLHJW ]ZLVFKHQ
����� c �QLFKW UHODWLYLVWLVFK� XQG ����� c �UHODWLYLVWLVFK�� 'HU 0HWDOO�
.RKOHQVWRII�$EVWDQG ZLUG PLW ����������� c EHUHFKQHW� 'LH 'LVVR]LD�
WLRQVHQHUJLH GHV (WK\OHQV ZLUG MHGRFK PLW ���� NFDO�PRO �QLFKW UHODWL�
YLVWLVFK� ELV ���� NFDO�PRO �UHODWLYLVWLVFK� JHJHQ�EHU GHP LQ GHU YRU�
OLHJHQGHQ $UEHLW EHUHFKQHWHQ :HUW YRQ ��� NFDO�PRO GHXWOLFK K|KHU
YRUKHUJHVDJW�
'DV (UJHEQLV LVW LQVRIHUQ �EHUUDVFKHQG� DOV GD� GLH IUHLHQ (OHNWUR�
QHQSDDUH GHV %URPDWRPV HLJHQWOLFK ]X HLQHU (UK|KXQJ GHV π� XQG
GDPLW ]X HLQHU $EVHQNXQJ GHV π

� �2UELWDOV GHV (WK\OHQV I�KUHQ VROO�
WHQ� 'DGXUFK VROOWH GLH 3DOODGLXP�.RKOHQVWRII�%LQGXQJ JHJHQ�EHU
(WK\OHQ LQVJHVDPW YHUVWlUNW ZHUGHQ� 2IIHQVLFKWOLFK �EHUZLHJW MHGRFK
GLH $EVWR�XQJ ]ZLVFKHQ GHP 3DOODGLXP XQG GHP +DORJHQDWRP�

6HLWH����

Abbildung 21 Adduktkomplex von Ethylenbromid an Bisphosphanpalladium 

[Pd(PH3)2(η2-C2H3Br)] 26
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

1LFKWVGHVWRWURW] LVW GLH %LOGXQJ GHV .RPSOH[HV JHJHQ�EHU >3G�3+ � � � @
���HQHUJHWLVFK�XP������NFDO�PRO�EHJ�QVWLJW�
(V ZXUGH DOOHUGLQJV NHLQ GLUHNWHU 5HDNWLRQVSIDG ]ZLVFKHQ GHP
$GGXNWNRPSOH[ XQG HLQHP GHU $GGLWLRQVSURGXNWH JHIXQGHQ� (LQH
8PODJHUXQJ GHV (WK\OHQOLJDQGHQ VROOWH MHGRFK PLW NHLQHP KRKHQ
(QHUJLHDXIZDQG�YHUEXQGHQ�VHLQ�
'D NHLQH GLUHNWH 9HUELQGXQJ ]ZLVFKHQ GHQ (GXNWHQ XQG GHP LVROLHU�
EDUHQ WUDQV�3URGXNW GHU 5HDNWLRQ FKDUDNWHULVLHUW ZHUGHQ NRQQWH�
ZXUGHQ VWDWWGHVVHQ 0HFKDQLVPHQ ]XU FLV�WUDQV�8PODJHUXQJ XQWHU�
VXFKW��$EELOGXQJ�����
�������� FLV�WUDQV�8PODJHUXQJ

'DV WUDQV�3URGXNW �� LVW HQHUJHWLVFK XP ±��� NFDO�PRO VWDELOHU DOV
GDV FLV�2[LGDWLRQVSURGXNW ��� *HJHQ�EHU GHP FLV�.RPSOH[ LVW GDV
WUDQV�>3G�%U��& � + � ��3+ � � � @ �$EELOGXQJ ��� DQQlKHUQG LGHDO TXDGUD�
WLVFK SODQDU� 'HU .RKOHQVWRII�3DOODGLXP�%URP�:LQNHO EHWUlJW �������
GHU 3KRVSKRU�3DOODGLXP�3KRVSKRU�:LQNHO OLHJW EHL ������� 'LH 3DOOD�
GLXP�.RKOHQVWRII�%LQGXQJ YHUlQGHUW VLFK LP 9HUJOHLFK ]XP FLV�
.RPSOH[ QXU PDUJLQDO XP ����� c� ,P *HJHQVDW] GD]X ZLUG GLH 3DO�
ODGLXP�%URP�%LQGXQJ GHXWOLFK XP ����� c DXIJHZHLWHW� 2IIHQVLFKW�
OLFK LVW GHU WUDQV�(LQIOX� GHV +DORJHQDWRPV JHULQJHU DOV LQ GHU FLV�
9HUELQGXQJ� 'LH 3DOODGLXP�3KRVSKRU�%LQGXQJHQ VLQG LP WUDQV�
.RPSOH[���ZLH�HUZDUWHW���DQQlKHUQG�LGHQWLVFK�XQG�XQWHUVFKHLGHQ�VLFK
QXU�XP�������c��'LH�%LQGXQJVOlQJH�EHWUlJW�GXUFKVFKQLWWOLFK������c�

6HLWH����

Abbildung 22 cis-trans-Umlagerung
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*UXQGVlW]OLFK VLQG GUHL 5HDNWLRQVSIDGH I�U GLH FLV�WUDQV�8PODJHUXQJ
GHQNEDU�
ù 8PODJHUXQJ GHV .RPSOH[HV �EHU HLQHQ WHWUDHGULVFKHQ hEHUJDQJV�
]XVWDQG�E]Z��HLQ�=ZLVFKHQSURGXNW�

ù 'LVVR]LDWLRQ HLQHV /LJDQGHQ DXV GHP FLV�.RPSOH[ XQG :LHGHUHLQ�
WULWW�]XP�WUDQV�.RPSOH[�

ù $VVR]LDWLRQ HLQHV ZHLWHUHQ /LJDQGHQ ]X HLQHP I�QIIDFK NRRUGLQLHU�
WHQ ���(OHNWURQHQ�.RPSOH[ XQG DQVFKOLH�HQGH 'LVVR]LDWLRQ HLQHV
DQGHUHQ�/LJDQGHQ�]XU�%LOGXQJ�GHV�WUDQV�3URGXNWHV�

(LQ WHWUDHGULVFKHV =ZLVFKHQSURGXNW E]Z� HLQ hEHUJDQJV]XVWDQG I�U
GLH GLUHNWH 8PODJHUXQJ NRQQWH QLFKW JHIXQGHQ ZHUGHQ� 'LHV LVW NHLQ
%HZHLV GDI�U� GD� HLQ VROFKHU hEHUJDQJV]XVWDQG QLFKW H[LVWLHUW� DEHU
HLQ NODUHV ,QGL]� (V HUJLEW VLFK MHGRFK HLQ 3UREOHP EHL GHU hEHUJDQJV�
]XVWDQGVVXFKH� *HPl� GHU NODVVLVFKHQ .ULVWDOOIHOGWKHRULH VROOWH HLQ
WHWUDHGULVFKHU .RPSOH[ HLQ 7ULSOHWW VHLQ� ��� � (LQH bQGHUXQJ GHU 0XOWL�

6HLWH����

Abbildung 23 trans-Produkt der oxidativen Addition: trans-[Pd(Br)(C2H3)(PH3)2] 27
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6HLWH����

Abbildung 24 Dissoziative Zwischenprodukte [Pd(Br)(C2H3)(PH3)] 28 und

[Pd(C2H3)(PH3)2]+ 29
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SOL]LWlW NDQQ DEHU YRQ GHQ KLHU YHUZHQGHWHQ 0HWKRGHQ ]XU hEHU�
JDQJV]XVWDQGVVXFKH QLFKW HUID�W ZHUGHQ� 6WDWWGHVVHQ ZXUGH YHU�
VXFKW� HLQ WHWUDHGULVFKHV =ZLVFKHQSURGXNW DOV 7ULSOHWW ]X RSWLPLHUHQ�
'HU WUDQV�lKQOLFKH .RPSOH[ ODJ MHGRFK HQHUJHWLVFK FD� �� NFDO�PRO
�EHU�GHP�6LQJXOHWW�=XVWDQG�
'LH 'LVVR]LDWLRQ HLQHV /LJDQGHQ NDQQ DXI ]ZHL $UWHQ HUIROJHQ� HQWZH�
GHU DXI QHXWUDOHP :HJH GXUFK GHQ %LQGXQJVEUXFK ]ZLVFKHQ GHP
3DOODGLXPDWRP XQG HLQHP 3KRVSKDQOLJDQGHQ RGHU LRQLVFK GXUFK GDV
(QWIHUQHQ HLQHV %URPLGLRQV� 'LH EHLGHQ 'LVVR]LDWLRQVSURGXNWH VLQG
LQ $EELOGXQJ �� GDUJHVWHOOW� %HLGH .RPSOH[H KDEHQ HLQH 7�I|UPLJH
6WUXNWXU� 'LH %LQGXQJHQ ]X GHP .RKOHQVWRIIOLJDQGHQ YHUN�U]HQ VLFK
XP FD� ��������� c� ,P QHXWUDOHQ .RPSOH[ LVW GLH 3DOODGLXP�%URP�
%LQGXQJ�XP�FD�������c�YHUN�U]W�
:LH PDQ DXV $EELOGXQJ �� VLHKW� VLQG EHLGH 5HDNWLRQHQ VWDUN HQGR�
WKHUP� =X EHDFKWHQ LVW MHGRFK� GD� I�U EHLGH 5HDNWLRQHQ GLH /|VXQJV�
PLWWHOHIIHNWH XQG GHU (QWURSLHJHZLQQ YHUQDFKOlVVLJW ZHUGHQ� ,QVEH�
VRQGHUH I�U GLH LRQLVFKH 5HDNWLRQ VROOWH GHU %HLWUDJ GHU 6ROYDWDWLRQ�

6HLWH����

Abbildung 25 Dissoziation eines Liganden
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

VHQHUJLHQ I�U GLH JHODGHQHQ 7HLOFKHQ LQ HLQHP SRODUHQ /|VXQJVPLWWHO
HUKHEOLFK�VHLQ�
*HPl� HLQHU $EVFKlW]XQJ GHU 6ROYDWDWLRQVHQHUJLH QDFK GHP %RUQ�
0RGHOO ��� � LQ GHU $UEHLW YRQ $OEHUW HW� DO� ��� � EHWUlJW GLH 6WDELOLVLHUXQJ
GHU LRQLVFKHQ 3URGXNWH LP )DOO GHV SXEOL]LHUWHQ 0RGHOOV\VWHPV FD�
��� NFDO�PRO� ZRGXUFK GHU 5HDNWLRQVSIDG �EHU GLH LRQLVFKHQ =ZL�
VFKHQSURGXNWH GXUFKDXV NRQNXUUHQ]IlKLJ ZlUH� ,P )DOO GHU 9HUZHQ�
GXQJ YRQ 7ULIORXUPHWK\O�6XOIRQVlXUHGHULYDWHQ DOV 9LQ\ONRPSRQHQWH
ZLUG LP DOOJHPHLQHQ DQJHQRPPHQ� GD� GLH 5HDNWLRQ LRQLVFK YHU�
OlXIW� � � � �ZHLO�GLH�3DOODGLXP�7ULIODW�%LQGXQJ�GHXWOLFK�VFKZlFKHU�LVW� � � � �
/DXW $PDWRUH HW� DO� LVW HV ZDKUVFKHLQOLFK� GD� VLFK EHL $QZHVHQKHLW
YRQ +DORJHQLGLRQHQ GLH $GGLWLRQVSURGXNWH NRRUGLQDWLY DEVlWWLJHQ � � �

XQG �EHU HLQHQ I�QIIDFK NRRUGLQLHUWHQ .RPSOH[ XPODJHUQ� � � � $XV GLH�
VHP *UXQG ZXUGH DOV $OWHUQDWLYH ]X GHP HQHUJHWLVFK VHKU DXIZHQGL�
JHQ GLVVR]LDWLYHQ :HJ DXFK QRFK HLQH 5HDNWLRQVI�KUXQJ �EHU I�QI�
IDFK�NRRUGLQLHUWH�6SH]LHV�XQWHUVXFKW��$EELOGXQJ�����

6HLWH����

Abbildung 26 Assoziative Umlagerung
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�(UJHEQLVVH

'LH *HRPHWULH GHV RSWLPLHUWHQ =ZLVFKHQSURGXNWV �� XQG hEHU�
JDQJV]XVWDQGV I�U GLH 'LVVR]LDWLRQ GHV 3KRVSKDQOLJDQGHQ ]XP (QG�
SURGXNW �� VLQG LQ $EELOGXQJ �� GDUJHVWHOOW� (LQ hEHUJDQJV]XVWDQG
I�U GLH $GGLWLRQ HLQHV 3KRVSKDQOLJDQGHQ NRQQWH DXIJUXQG GHU IOD�
FKHQ 3(6 QLFKW RSWLPLHUW ZHUGHQ� 'LH $NWLYLHUXQJVEDUULHUH NDQQ
MHGHQIDOOV�DOV�JHULQJ�DQJHQRPPHQ�ZHUGHQ�
'LH *HRPHWULH GHV =ZLVFKHQSURGXNWV >3G�%U��& � + � ��3+ � � � @ �� LVW
YHU]HUUW WULJRQDO�ELS\UDPLGDO� 'HU .RKOHQVWRII�3DOODGLXP�3KRVSKDQ�
:LQNHO EHWUlJW ������� 'HU :LQNHO ]ZLVFKHQ GHQ EHLGHQ lTXDWRULDO
VWHKHQGHQ 3KRVSKDQHQ LVW PLW ������ GHXWOLFK DXIJHZHLWHW� 'LH .RK�
OHQVWRII�3DOODGLXP�%LQGXQJ LVW JHJHQ�EHU GHP YLHUIDFK NRRUGLQLHU�
WHQ�FLV�$GGLWLRQVSURGXNW����QXU�ZHQLJ�DXIJHZHLWHW��ZlKUHQG�GLH�%LQ�
GXQJ ]ZLVFKHQ GHP 3DOODGLXPDWRP XQG GHP D[LDO VWlQGLJHQ 3KRV�
SKRUDWRP JHJHQ�EHU GHP FLV�.RPSOH[ VRJDU XP ���� c YHUN�U]W LVW�
$XI GHU lTXDWRULDOHQ (EHQH LVW GLH %LQGXQJ ]ZLVFKHQ ]HQWUDOHP
0HWDOO� XQG +DORJHQDWRP JHJHQ�EHU GHQ YLHUIDFK NRRUGLQLHUWHQ
(GXNW� XQG 3URGXNWNRPSOH[HQ GHXWOLFK DXIJHZHLWHW� 0LW HLQHU %LQ�
GXQJVOlQJH YRQ ����� c LVW GLH 3DOODGLXP�%URP�%LQGXQJ ����� c
JHJHQ�EHU GHP FLV�.RPSOH[ �� XQG ����� c JHJHQ�EHU GHP WUDQV�
3URGXNW �� YHUOlQJHUW� 'HU %URPROLJDQG LVW DOVR GHXWOLFK VFKZlFKHU
NRRUGLQLHUW DOV LQ GHQ YLHUIDFK NRRUGLQLHUWHQ ���(OHNWURQHQ�.RPSOH�
[HQ �� XQG ��� 'LH %LQGXQJVOlQJH GHU lTXDWRULDO�VWlQGLJHQ 3KRV�
SKRUDWRPH�LVW�PLW�������c�FD�������c�OlQJHU�DOV�LP�3URGXNW�

6HLWH����



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

6HLWH����

Abbildung 27 Umlagerung über eine fünffach koordinierte Zwischenstufe. Zwischenprodukt

[Pd(Br)(C2H3)(PH3)3] 30 (oben) und Übergangszustand der Dissoziation

[Pd(Br)(C2H3)(PH3)3]
� ���(unten).
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�(UJHEQLVVH

,P hEHUJDQJV]XVWDQG �� �$EELOGXQJ ��� LVW HLQH GHXWOLFKH 9HUOlQJH�
UXQJ GHU %LQGXQJVOlQJH ]ZLVFKHQ GHP D[LDOHQ 3KRVSKRUDWRP XQG
GHP =HQWUDODWRP DXI ����� c ]X EHREDFKWHQ� ZREHL VLFK JOHLFK]HLWLJ
GHU %URPROLJDQG LQ 5LFKWXQJ GHU (EHQH GHV TXDGUDWLVFK�SODQDUHQ
.RPSOH[HV EHZHJW� hEHUUDVFKHQGHUZHLVH ZLUG GHU 9HUOXVW GHV 3KRV�
SKDQOLJDQGHQ LQ GLHVHP hEHUJDQJV]XVWDQG QLFKW GXUFK HLQH VWlUNHUH
.RRUGLQDWLRQ GHV %URPROLJDQGHQ DXVJHJOLFKHQ� 'LH %URP�3DOODGLXP�
%LQGXQJ LVW LP *HJHQWHLO JHJHQ�EHU GHP *UXQG]XVWDQG QRFK HLQPDO
XP ����� c YHUOlQJHUW� 6WDWWGHVVHQ YHUN�U]W VLFK GLH %LQGXQJ ]X GHQ
lTXDWRULDOHQ�3KRVSKDQOLJDQGHQ�XP�������c�
,P 9HUJOHLFK ]XP 'LVVR]LDWLRQV�$VVR]LDWLRQV�0HFKDQLVPXV LVW GLH
8PODJHUXQJ��EHU�GDV�I�QIIDFK�NRRUGLQLHUWH�=ZLVFKHQSURGXNW�HQHUJH�
WLVFK GHXWOLFK J�QVWLJHU� 'LH $GGLWLRQ GHV GULWWHQ 3KRVSKDQOLJDQGHQ
NRVWHW LQVJHVDPW ��� NFDO�PRO XQG LVW GDPLW ��� NFDO�PRO JHJHQ�EHU
GHU $EVSDOWXQJ HLQHV 3KRVSKDQOLJDQGHQ DXV GHP FLV�$GGLWLRQVSUR�
GXNW EHJ�QVWLJW� 'LH $NWLYLHUXQJVEDUULHUH I�U GLHVHQ 5HDNWLRQVSIDG
LVW PLW ��� NFDO�PRO JHULQJ� 'HU hEHUJDQJV]XVWDQG I�U GLH $GGLWLRQ
GHV�GULWWHQ�3KRVSKDQOLJDQGHQ�NRQQWH�QLFKW�EHVWLPPW�ZHUGHQ�
6FKOLH�OLFK HUJLEW VLFK GDV LQ $EELOGXQJ �� GDUJHVWHOOWH (QHUJLHSURILO
I�U GLH R[LGDWLYH $GGLWLRQ YRQ 9LQ\OEURPLG DQ %LVSKRVSKDQSDOOD�
GLXP� 'LH 5HDNWLRQ LQVJHVDPW LVW ��� NFDO�PRO H[RWKHUP� 'HU DP
VWlUNVWHQ HQGRWKHUPH 6FKULWW GHV 3URILOV LVW GHU hEHUJDQJV]XVWDQG
GHU R[LGDWLYHQ $GGLWLRQ� 'DEHL WUlJW GLH $GGLWLRQVUHDNWLRQ QXU XQJH�
IlKU ]XU +lOIWH GHU $NWLYLHUXQJVEDUULHUH EHL� 'LH DQGHUH +lOIWH ZLUG
GXUFK GHQ (QHUJLHDXIZDQG YHUXUVDFKW� GHU GXUFK GHQ 9HUOXVW GHU
3KRVSKDQOLJDQGHQ HQWVWHKW� 'DV $GGLWLRQVSURGXNW FLV�
>3G�%U��& � + � ��3+ � � � @ OLHJW HQHUJHWLVFK ��� NFDO�PRO XQWHU GHQ (GXN�
WHQ�7HWUDNLVSKRVSKDQSDOODGLXP����XQG�9LQ\OEURPLG�
'LH DQVFKOLH�HQGH 8PODJHUXQJ NDQQ SULQ]LSLHOO DXI GUHL 5HDNWLRQV�
ZHJHQ HUIROJHQ� (V JLEW ]ZHL GHQNEDUH :HJH GHU 'LVVR]LDWLRQ XQG
HLQHQ :HJ �EHU GLH $GGLWLRQ HLQHV /LJDQGHQ� ,P )DOO GHV EHWUDFKWH�

6HLWH����



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

WHQ 0RGHOOV\VWHPV LVW GHU DVVR]LDWLYH :HJ NODU EHYRU]XJW� 'LH 'LVVR�
]LDWLRQ HLQHV QHXWUDOHQ 3KRVSKDQOLJDQGHQ LVW PLQGHVWHQV � HV ZXUGHQ
NHLQH $NWLYLHUXQJVEDUULHUHQ EHUHFKQHW � ��� NFDO�PRO XQJ�QVWLJHU DOV
GLH $GGLWLRQ HLQHV GULWWHQ 3KRVSKDQOLJDQGHQ DQ GHQ FLV�.RPSOH[� 'LH
'LVVR]LDWLRQ LQ JHODGHQH 7HLOFKHQ LVW QRFKPDO XP FD� ��� NFDO�PRO
DXIZHQGLJHU�
'DV EHWUDFKWHWH 0RGHOO NDQQ DOOHUGLQJV QXU GLH P|JOLFKHQ 5HDN�
WLRQVSIDGH DXI]HLJHQ� GD PHKUHUH (IIHNWH YHUQDFKOlVVLJW ZHUGHQ� GLH
LQVJHVDPW ]XU .RQNXUUHQ] GHU GUHL 5HDNWLRQVSIDGH I�KUHQ� =XP
HLQHQ QlKHUQ VLFK GHU DVVR]LDWLYH XQG GLVVR]LDWLYH 5HDNWLRQVYHUODXI
DQ� ZHLO VLH PLW HLQHP (QWURSLHYHUOXVW E]Z� (QWURSLHJHZLQQ YHUEXQ�
GHQ VLQG� :HLWHUKLQ PX� LQ %HWUDFKW JH]RJHQ ZHUGHQ� GD� EHL GHU
6XEVWLWXWLRQ GHU :DVVHUVWRIIDWRPH DP 3KRVSKDQOLJDQGHQ GXUFK JU|�

6HLWH����

Abbildung 28 Energieprofil der oxidativen Addition mit anschließender cis-trans-Umlagerung [kcal/mol]. (Normiert auf

Tetrakisphosphanpalladium)
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�(UJHEQLVVH

�HUH 5HVWJUXSSHQ GLH VWHULVFKH 6SDQQXQJ DP =HQWUDODWRP VWHLJW� (V
LVW IUDJOLFK� RE EHL 9HUZHQGXQJ YRQ 7ULSKHQ\OSKRVSKDQ GLH $GGLWLRQ
HLQHV ZHLWHUHQ /LJDQGHQ P|JOLFK LVW� $OOHUGLQJV PX� HV VLFK EHL GHP
]X DGGLHUHQGHQ /LJDQGHQ DXFK QLFKW ]ZLQJHQG XP HLQ 3KRVSKDQPR�
OHN�O KDQGHOQ� (LQ GHXWOLFK NOHLQHUHU (OHNWURQHQGRQRU � ]� %� HLQ
&KORULGLRQ�RGHU�HLQ�/|VXQJVPLWWHOPROHN�O���ZlUH�HEHQIDOOV�GHQNEDU�
)�U GLH 'LVVR]LDWLRQ LQ JHODGHQH 7HLOFKHQ LVW GLH %HU�FNVLFKWLJXQJ
GHU 6ROYDWDWLRQVHQHUJLH XQHUOl�OLFK� 'LH $EVFKlW]XQJ YRQ $OEHUW HW
DO� � ��� ]HLJW� GD� GLH %HU�FNVLFKWLJXQJ GHV /|VXQJVPLWWHOV GLH 5HDNWL�
RQVHQHUJLH I�U GLH 'LVVR]LDWLRQ HLQHV +DORJHQOLJDQGHQ LQ GLH *U|�HQ�
RUGQXQJ GHU DQGHUHQ 5HDNWLRQVZHJH EULQJW� $X�HUGHP OHJHQ H[SHUL�
PHQWHOOH (UJHEQLVVH PLW SDOODGDF\FOLVFKHQ 9HUELQGXQJHQ QDKH� GD�
GLH�5HDNWLRQ��EHU�HLQH�LRQLVFKH�=ZLVFKHQVWXIH�DEOlXIW� �����

�������� /LJDQGHQDXVWDXVFK

'DPLW HLQH 9HUNQ�SIXQJ GHV 2OHILQV PLW GHU 9LQ\ONRPSRQHQWH P|J�
OLFK LVW� PX� GLH 2OHILQNRPSRQHQWH HLQHQ ]XP 9LQ\O FLV�VWlQGLJHQ
/LJDQGHQ YHUGUlQJHQ� 8P VWHULVFKH (LQIO�VVH XQG HYWO� 9RU]XJVNRQ�
IRUPDWLRQHQ EHL GHP ]X ELOGHQGHQ 3URGXNW ]X EHVWLPPHQ� ZXUGH GHU
/LJDQGHQDXVWDXVFK XQG GLH DQVFKOLH�HQGH %LQGXQJVNQ�SIXQJVUHDN�
WLRQ VRZRKO PLW (WK\OHQ DOV DXFK PLW 3URSHQ DOV 2OHILQNRPSRQHQWH
XQWHUVXFKW�
)�U GHQ /LJDQGHQDXVWDXVFK VLQG HEHQIDOOV ZLHGHU SULQ]LSLHOO ]ZHL
5HDNWLRQVZHJH�GHQNEDU�

6HLWH����

Abbildung 29 Ligandenaustausch mit Ethylen
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

ù 'LVVR]LDWLRQ HLQHV 3KRVSKDQOLJDQGHQ XQG DQVFKOLH�HQGH $GGLWLRQ
GHV�2OHILQV�

ù $VVR]LDWLRQ GHV 2OHILQV XQG DQVFKOLH�HQGH 'LVVR]LDWLRQ HLQHV
3KRVSKDQV�

'LH 'LVVR]LDWLRQ HLQHV 3KRVSKDQOLJDQGHQ LVW VFKRQ LP YRUDQJHJDQJH�
QHQ $EVFKQLWW ZHLWHVWJHKHQG GLVNXWLHUW ZRUGHQ� 'HU %LQGXQJVEUXFK
GHU 'RQRU�$N]HSWRU�%LQGXQJ HUIRUGHUW PLW ���� NFDO�PRO HLQHQ
HUKHEOLFKHQ�(QHUJLHDXIZDQG�
(V NRQQWH QHEHQ HLQLJHQ WUDQV�VWlQGLJHQ DXFK HLQ FLV�VWlQGLJHU�
I�QIIDFK NRRUGLQLHUWHU .RPSOH[ �� RSWLPLHUW ZHUGHQ� LQ GHP GDV
2OHILQ η � � JHEXQGHQ DQ GDV 3DOODGLXPDWRP NRRUGLQLHUW �$EELOGXQJ
���� 'HU .RPSOH[ LVW ZLH VFKRQ GDV $GGXNW I�U GLH FLV�WUDQV�8PODJH�
UXQJ WULJRQDO�ELS\UDPLGDO� :LH PDQ VLHKW� VLQG GLH 3KRVSKDQ�3DOOD�

6HLWH����

Abbildung 30 Fünffach koordinierter Olefin-Adduktkomplex  34
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�(UJHEQLVVH

GLXP XQG GLH %URP�3DOODGLXP�%LQGXQJVOlQJH VRZRKO JHJHQ�EHU
GHP (GXNW �� �$EELOGXQJ ��� DOV DXFK JHJHQ�EHU GHP 3URGXNW ��
�$EELOGXQJ ��� GHXWOLFK DXIJHZHLWHW� ZlKUHQG GLH 3DOODGLXP�%LQ�
GXQJ ]XP 9LQ\O�.RKOHQVWRII PDUJLQDO YHUN�U]W LVW� 'HU $EVWDQG ]ZL�
VFKHQ GHP =HQWUDODWRP XQG GHQ .RKOHQVWRIIDWRPHQ GHV 2OHILQV LVW
PLW ����� c E]Z� ����� c JHJHQ�EHU GHP 3URGXNW OHLFKW YHUN�U]W� 'LH
.RKOHQVWRII�'RSSHOELQGXQJ LP π�/LJDQGHQ LVW PLW ����� c OHLFKW DXI�
JHZHLWHW�
'DV (WK\OHQ�3URGXNW �� LVW LQ $EELOGXQJ �� ZLHGHUJHJHEHQ� GLH ,VR�
PHUH GHV 3URS\OHQSURGXNWHV �� VLQG LQ $EELOGXQJ �� XQG $EELOGXQJ
�� GDUJHVWHOOW� :LH PDQ DXV GHP (WK\OHQNRPSOH[ �� VFKOLH�HQ NDQQ�
GHU PLW ����� c E]Z� ����� c DQQlKHUQG JOHLFKH 3DOODGLXP�.RKOHQ�
VWRII�%LQGXQJVOlQJHQ GHV 2OHILQV DXIZHLVW� Ol�W VLFK GHU GHXWOLFKH
8QWHUVFKLHG LQ GHQ EHWUHIIHQGHQ %LQGXQJVOlQJHQ LQ GHQ 3URSHQNRP�

6HLWH����

Abbildung 31 Ethylen-Adduktkomplex  32
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

SOH[HQ DXI GHQ VWHULVFKHQ $QVSUXFK GHU 0HWK\OJUXSSH ]XU�FNI�KUHQ�
,Q GHQ 3URSHQNRPSOH[HQ LVW GLH %LQGXQJ ]ZLVFKHQ GHP 0HWDOODWRP
XQG GHP &��.RKOHQVWRIIDWRP GHV 3URSHQOLJDQGHQ MHZHLOV XP FD�
��������� c OlQJHU DOV ]XP HQGVWlQGLJHQ .RKOHQVWRIIDWRP GHU 'RS�
SHOELQGXQJ� $XIIlOOLJ LVW� GD� LP ,VRPHU ��F �$EELOGXQJ �� REHQ� GLH
3DOODGLXP�2OHILQ�%LQGXQJVOlQJHQ FD� ��������� c N�U]HU VLQG DOV LQ
GHQ UHVWOLFKHQ ,VRPHUHQ� 'LHV PDFKW VLFK HEHQIDOOV LQ HLQHU OHLFKWHQ
'HKQXQJ GHU .RKOHQVWRII 'RSSHOELQGXQJ EHPHUNEDU� GLH JHJHQ�EHU
GHQ DQGHUHQ 3URSHQLVRPHUHQ PLW ����� c XP FD� ���� c YHUOlQJHUW
LVW��
(QHUJHWLVFK VFKHLQW GLH /DJH GHU 0HWK\OJUXSSH MHGRFK NHLQH $XVZLU�
NXQJHQ ]X KDEHQ� ,Q $EELOGXQJ �� XQG $EELOGXQJ �� VLQG GLH UHODWL�
YHQ /DJHQ GHU YLHU ,VRPHUH �� DQJHJHEHQ� (QWJHJHQ GHU VRQVWLJHQ
.RQYHQWLRQ LQ GLHVHU $UEHLW VLQG GLH UHODWLYHQ (QHUJLHQ PLW ]ZHL
1DFKNRPPDVWHOOHQ DQJHJHEHQ� XP �EHUKDXSW HLQH HLQGHXWLJH 5HL�
KXQJ GHU ,VRPHUH ]X HU]LHOHQ� (V PX� MHGRFK QDFKGU�FNOLFK GDUDXI
KLQJHZLHVHQ ZHUGHQ� GD� GLH (QHUJLHGLIIHUHQ]HQ NODU XQWHUKDOE GHU
0HWKRGHQJHQDXLJNHLW OLHJHQ� 'DV J�QVWLJVWH ,VRPHU LVW � ZLH ]X
HUZDUWHQ � GLH 9HUELQGXQJ ��D� LQ GHU GLH 0HWK\OJUXSSH DP ZHLWH�
VWHQ YRQ GHP (WK\OHQ HQWIHUQW LVW �$EELOGXQJ �� REHQ�� 'HU (QHUJLH�
XQWHUVFKLHG ]XP HQHUJHWLVFK ÄXQJ�QVWLJVWHQ³ ,VRPHU EHWUlJW MHGRFK
ZHQLJHU DOV ��� NFDO�PRO� 'LH YHUN�U]WHQ 0HWDOO�.RKOHQVWRII�%LQ�
GXQJVOlQJHQ LP ,VRPHU LQ $EELOGXQJ �� REHQ VFKODJHQ VLFK QLFKW LQ
HLQHU�HUK|KWHQ�%LQGXQJVHQHUJLH�QLHGHU�

6HLWH����



�(UJHEQLVVH

6HLWH����

Abbildung 32 Propen-Adduktkomplexe [Pd(Br)(C2H3)(C3H6)(PH3)] 33a und 33b.
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

6HLWH����

Abbildung 33 Propen-Adduktkomplexe [Pd(Br)(C2H3)(C3H6)(PH3)] 33c und 33d.
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�(UJHEQLVVH

'LH (QHUJLHELODQ] GHU 5HDNWLRQHQ �$EELOGXQJ �� XQG $EELOGXQJ ���
LVW�PLW�����NFDO�PRO�I�U�GLH�$GGLWLRQ�YRQ�(WK\OHQ�XQG�����NFDO�PRO�I�U
3URSHQ � EH]RJHQ DXI GDV J�QVWLJVWH ,VRPHU ��D � GHXWOLFK HQGR�
WKHUP� 'HU HOHNWURQLVFKH (IIHNW GHU 0HWK\OJUXSSH LVW RIIHQVLFKWOLFK
]X�YHUQDFKOlVVLJHQ�
'LH %LQGXQJVHQHUJLH GHV 2OHILQV OLHJW GDPLW � EH]RJHQ DXI GHQ QHX�
WUDOHQ� GUHLIDFK NRRUGLQLHUWHQ .RPSOH[ �� �$EELOGXQJ ��� � EHL �����
NFDO�PRO� 'HU :HUW OLHJW LQ GHUVHOEHQ *U|�HQRUGQXQJ ZLH GLH YRQ
$OEHUW EHUHFKQHWHQ ����� NFDO�PRO I�U GLH $GGLWLRQ GHV (WK\OHQV DQ
GDV EHWUDFKWHWH NDWLRQLVFKH .DWDO\VDWRUV\VWHP� � � � 'LH YRQ $OEHUW HW DO�
EHUHFKQHWH *HVDPWHQHUJLH I�U GHQ /LJDQGHQDXVWDXVFK �EHU HLQHQ

QHXWUDOHQ 5HDNWLRQVSIDG OLHJW PLW � NFDO�PRO � ��� DOOHUGLQJV GHXWOLFK
XQWHU�GHQ�LQ�GLHVHU�$UEHLW�EHUHFKQHWHQ�����NFDO�PRO��
'LH YRQ 0XVDHY HW DO� EHUHFKQHWHQ ����� NFDO�PRO I�U GLH %LQGXQJV�
HQHUJLH DQ HLQ HEHQIDOOV NDWLRQLVFKHV 3DOODGLXP�'LLPLQ�6\VWHP VLQG
PHKU DOV GRSSHOW VR KRFK ZLH GLH KLHU EHUHFKQHWH (QHUJLH� ��� � 'LH
8QWHUVFKLHGH LQ GHQ %LQGXQJVHQHUJLHQ P�VVHQ DXI IXQGDPHQWDOH
8QWHUVFKLHGH�LQ�GHQ�.DWDO\VDWRUV\VWHPHQ�]XU�FN]XI�KUHQ�VHLQ�
(LQ hEHUJDQJV]XVWDQG I�U GLH $GGLWLRQ GHV 2OHILQV ZXUGH QLFKW
JHVXFKW� 'DV I�QIIDFK NRRUGLQLHUWH =ZLVFKHQSURGXNW OLHJW HQHUJHWLVFK
DOOHUGLQJV QXU ��� NFDO�PRO �EHU GHP $XVWDXVFKSURGXNW� VR GD� GLH
$NWLYLHUXQJVEDUULHUHQ QLFKW EHVRQGHUV KRFK DXVIDOOHQ VROOWHQ� $OOJH�
PHLQ JHOWHQ I�U GHQ 9HUJOHLFK GHU EHLGHQ P|JOLFKHQ 5HDNWLRQVSIDGH

6HLWH����

Abbildung 34 Ligandenaustausch mit Propen
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

GLHVHOEHQ (LQVFKUlQNXQJHQ I�U GDV 0RGHOOV\VWHP� GLH DXFK VFKRQ I�U
GLH�8PODJHUXQJ�EHL�GHU�R[LGDWLYHQ�$GGLWLRQ�GLVNXWLHUW�ZXUGHQ�
�������� .RKOHQVWRII�.RKOHQVWRII�9HUNQ�SIXQJ

'LH HQHUJHWLVFKH /DJH GHU SUlVHQWLHUWHQ .RPSOH[H ZLUIW GLH )UDJH
DXI� RE GLH DQVFKOLH�HQGH &�&�9HUNQ�SIXQJVUHDNWLRQ QLFKW GLUHNW
�EHU HLQHQ I�QIIDFK NRRUGLQLHUWHQ .RPSOH[ � DQDORJ ]X �� �$EELO�
GXQJ ��� � YHUODXIHQ NDQQ� *HPl� GHQ $UEHLWHQ YRQ +RIIPDQQ XQG
7KRUQ NDQQ GLH .RKOHQVWRII�9HUNQ�SIXQJ QXU GDQQ VWDWWILQGHQ� ZHQQ
EHLGH�/LJDQGHQ�NRSODQDU�DQJHRUGQHW�VLQG� � � �

:LH PDQ GHQ KLHU ZLHGHUJHJHEHQHQ 6WUXNWXUHQ HQWQHKPHQ NDQQ� LVW
GDV 2OHILQ LQ GHQ 0LQLPD �� XQG �� VHQNUHFKW ]XP (WK\OHQOLJDQGHQ
DQJHRUGQHW� $XV )URQWRUELWDOEHWUDFKWXQJHQ PLW +LOIH YRQ ÄH[WHQGHG
+�FNHO³�5HFKQXQJHQ ����� IROJW� GD� GLHVH $QRUGQXQJ I�U TXDGUDWLVFK
SODQDUH .RPSOH[H ZHLWHVWJHKHQG VWHULVFK EHGLQJW LVW� ZlKUHQG I�QI�
IDFK NRRUGLQLHUWH� WULJRQDO�ELS\UDPLGDOH .RPSOH[H DXIJUXQG GHU
2UELWDOV\PPHWULH HLQH HLQGHXWLJH HOHNWURQLVFKH 3UlIHUHQ] I�U GLHVH
$QRUGQXQJ DXIZHLVHQ� ��� � $XV GHQ 2UELWDOEHWUDFKWXQJHQ HUJLEW VLFK
GHPQDFK� GD� GLH 8PODJHUXQJ ]X HLQHU NRSODQDUHQ $QRUGQXQJ LP
YLHUIDFK NRRUGLQLHUWHQ .RPSOH[ HLQIDFK HUIROJHQ VROOWH� ZlKUHQG VLH
LP�I�QIIDFK�NRRUGLQLHUWHQ�.RPSOH[��HQHUJHWLVFK�GHXWOLFK�DXIZHQGLJHU
LVW� � � ��� ����� 7DWVlFKOLFK ILQGHQ VLFK %HLVSLHOH I�U 5|QWJHQVWUXNWXUHQ YRQ
3ODWLQ�,,��.RPSOH[HQ� GHUHQ 2OHILQOLJDQGHQ ÄLQ SODQH³ NRRUGLQLHUW
VLQG� %HL GLHVHQ .RPSOH[HQ ZLUG GDV 2OHILQ HQWZHGHU GXUFK VWHUL�

6HLWH����

Abbildung 35 Kohlenstoff-Kohlenstoff-Verknüpfungsreaktion
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�(UJHEQLVVH

VFKHQ =ZDQJ DP 2OHILQ ����� RGHU GXUFK VWHULVFKH (QWODVWXQJ DP =HQ�
WUDODWRP ����� �LQ�GLH�EHREDFKWHWH�.RRUGLQDWLRQ�JHEUDFKW�
6RZRKO 0XVDHY ��� � I�U GLH SDOODGLXPNDWDO\VLHUWH (WK\OHQSRO\PHULVD�
WLRQ DOV DXFK $OEHUW � ��� I�U GLH +HFN�5HDNWLRQ ILQGHQ I�U GHQ ,QVHU�
WLRQVVFKULWW HLQH 8PODJHUXQJ GHV 2OHILQOLJDQGHQ YRQ HLQHU SHUSHQGL�
NXODUHQ�]X�HLQHU�NRSODQDUHQ�$QRUGQXQJ�
7DWVlFKOLFK NRQQWH HEHQIDOOV GDV (WK\OHQLVRPHU �� RSWLPLHUW ZHU�
GHQ� EHL GHP GHU (WK\OHQOLJDQG ÄLQ SODQH³ OLHJW �$EELOGXQJ ���� 'DV
,VRPHU OLHJW OHGLJOLFK ��� NFDO�PRO �EHU GHP JOREDOHQ ÄRXW RI SODQH³�
0LQLPXP� 'LH bQGHUXQJHQ LQ GHQ %LQGXQJVOlQJHQ VLQG DXI GHQ

6HLWH����

Abbildung 36 in-plane Ethylen-Addukt 35 und 36.
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

HUVWHQ %OLFN JHULQJ� DOOHUGLQJV YHUlQGHUQ VLFK HLQLJH $WRPDEVWlQGH
NODU�LQ�5LFKWXQJ�GHV�9HUNQ�SIXQJVSURGXNWV��
$P GHXWOLFKVWHQ ZLUG GLHV DQKDQG GHU %LQGXQJVDEVWlQGH ]ZLVFKHQ
GHQ .RKOHQVWRIIDWRPHQ GHV π�JHEXQGHQHQ (WK\OHQOLJDQGHQ XQG GHP
3DOODGLXPDWRP� ,QVJHVDPW ZHLWHQ VLFK EHLGH %LQGXQJVOlQJHQ JHJHQ�
�EHU GHP RXW�RI�SODQH�,VRPHU �� ]ZDU DXI� GHU (IIHNW LVW DOOHUGLQJV
I�U EHLGH .RKOHQVWRIIDWRPH XQWHUVFKLHGOLFK� :lKUHQG GLH %LQGXQJV�
OlQJH GHV ]XP %URPDWRP FLV�VWlQGLJHQ .RKOHQVWRIIDWRPV ]XP
0HWDOODWRP XP FD� ���� c ]XQLPPW� YHUOlQJHUW VLFK GLH %LQGXQJV�
OlQJH ]XP DQGHUHQ .RKOHQVWRIIDWRP XP IDVW ���� c� 'DGXUFK ZLUG
GLH %LQGXQJ GHV .RKOHQVWRIIDWRPV� GHVVHQ %LQGXQJ ]XP =HQWUDODWRP
LQ GHU DQVFKOLH�HQGHQ 9HUNQ�SIXQJVUHDNWLRQ JHEURFKHQ ZLUG� JHJHQ�
�EHU�GHP�DQGHUHQ�.RKOHQVWRIIDWRP�VFKRQ�EHWUlFKWOLFK�JHVFKZlFKW�
(V ZXUGH ]ZDU GHU hEHUJDQVJ]XVWDQG �� PLW HLQHU LPDJLQlUHQ )UH�
TXHQ] YRQ ����L FP �

� FKDUDNWHULVLHUW� GLHVHU LVW DOOHUGLQJV VR SURGXNW�
lKQOLFK� GD� GLH $NWLYLHUXQJVEDUULHUH OHGLJOLFK EHL ���� NFDO�PRO
OLHJW� ZHVZHJHQ GLH (QHUJLHQ LQ $EELOGXQJ �� DXVQDKPVZHLVH PLW
]ZHL 1DFKNRPPDVWHOOHQ DQJHJHEHQ ZHUGHQ� 'LH QLHGULJH $NWLYLH�
UXQJVHQHUJLH GHFNW VLFK DOOHUGLQJV PLW GHQ (UNHQQWQLVVHQ YRQ
0XVDHY� GHU I�U HLQHQ lKQOLFKHQ hEHUJDQJV]XVWDQG GHU 8PODJHUXQJ
HLQHV (WK\OHQV HLQH $NWLYLHUXQJVEDUULHUH YRQ ��� NFDO�PRO EHUHFK�
QHW� ��� �

,QVJHVDPW LVW GLH 5HDNWLRQVHQHUJLH GHU .RKOHQVWRII�.RKOHQVWRIIUHDN�
WLRQ LP )DOO YRQ (WK\OHQ DOV 2OHILQNRPSRQHQWH XP ±���� NFDO�PRO
H[RWKHUP��$EELOGXQJ������

6HLWH����



�(UJHEQLVVH

'LH 6WUXNWXUHQ YRQ ]ZHL %XWHQ\O�,VRPHUHQ �� VLQG LQ $EELOGXQJ ��
ZLHGHUJHJHEHQ� $XIIlOOLJ DQ EHLGHQ 6WUXNWXUHQ LVW� GD� GLH .RRUGLQD�
WLRQVO�FNH LQ EHLGHQ .RPSOH[HQ ]ZLVFKHQ GHP %URPR� XQG GHP
3KRVSKDQOLJDQGHQ OLHJW� VR GD� YRP VWHULVFKHQ 6WDQGSXQNW DXV HLQ
HLQWUHWHQGHU /LJDQG WUDQV�VWlQGLJ ]XP .RKOHQVWRIIOLJDQGHQ NRRUGL�
QLHUHQ VROOWH� XQG GDPLW ZLHGHUXP HLQH FLV�.RQILJXUDWLRQ ]ZLVFKHQ
GHP +DORJHQDWRP XQG GHP .RKOHQVWRIIOLJDQGHQ DXIWULWW� (V NRQQWH
MHGRFK NHLQ GUHLIDFK NRRUGLQLHUWHU .RPSOH[ DOV 0LQLPXP RSWLPLHUW
ZHUGHQ� EHL GHP GHU .RKOHQVWRIIOLJDQG XQG GDV %URPDWRP WUDQV�
3RVLWLRQHQ ]XHLQDQGHU HLQQHKPHQ� 6WDUWVWUXNWXUHQ GLHVHU $QRUGQXQJ
UHOD[LHUWHQ�MHZHLOV�]X�GHQ�LQ�$EELOGXQJ����GDUJHVWHOOWHQ�0LQLPD��

6HLWH����

Abbildung 37 Butenyl-Komplexe[Pd(Br)(C4H7)(PH3)] 37a (links) und 37b.
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

(V ZXUGHQ PHKUHUH .RQIRUPHUH EHUHFKQHW� XP ]X �EHUSU�IHQ� RE
I�U GLH IROJHQGH β�+\GULGHOLPLQLHUXQJ HLQH 9RU]XJVNRQIRUPDWLRQ
H[LVWLHUW� :LH PDQ VLHKW� LVW ��E LQ $EELOGXQJ �� HQHUJHWLVFK OHGLJOLFK
��� NFDO�PRO J�QVWLJHU DOV ��D� ZHVKDOE DXIJUXQG GHU PDQJHOQGHQ
0HWKRGHQJHQDXLJNHLW NHLQH $XVVDJH �EHU GLH EHYRU]XJWH .RQIRUPD�
WLRQ�JHWURIIHQ�ZHUGHQ�NDQQ��
'HU hEHUJDQJV]XVWDQG GHU HLJHQWOLFKHQ .RKOHQVWRII�.RKOHQVWRII�9HU�
NQ�SIXQJ �� LVW LQ $EELOGXQJ �� GDUJHVWHOOW� 'HU hEHUJDQJV]XVWDQG
LVW QlKHUXQJVZHLVH TXDGUDWLVFK SODQDU� 'LH 'LHGHUZLQNHO XP GDV
=HQWUDODWRP EHWUDJHQ FD� ��������� 'LH ZHVHQWOLFKH bQGHUXQJ LQ
EH]XJ DXI GHQ LQ�SODQH�*UXQG]XVWDQG �� �$EELOGXQJ ��� LVW GHU

6HLWH����

Abbildung 38 Übergangszustand der C-C-Verknüpfung  38

∆(�Á� ������NFDO�PRO
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�(UJHEQLVVH

$EVWDQG ]ZLVFKHQ GHQ .RKOHQVWRIIDWRPHQ &�� XQG &�� GHU VLFK XP
����� c DXI ����� c YHUULQJHUW� *HJHQ�EHU GHP 3URGXNW LVW GLH %LQ�
GXQJ DOOHUGLQJV QRFK ����� c OlQJHU� $X�HUGHP ZHUGHQ GLH 3DOOD�
GLXP�.RKOHQVWRII�%LQGXQJHQ ]ZLVFKHQ GHP 0HWDOODWRP XQG &� E]Z�
&���HUKHEOLFK�JHGHKQW�E]Z��JHVWDXFKW�
'HU $EVWDQG ]ZLVFKHQ GHP 3DOODGLXPDWRP XQG &�� YHUULQJHUW VLFK
JHJHQ�EHU GHP LQ�SODQH�*UXQG]XVWDQG XP ����� c DXI ����� c XQG
OLHJW GDPLW QXU ZHQLJ �EHU GHP :HUW� GHQ PDQ I�U HLQH 3DOODGLXP�
.RKOHQVWRII�%LQGXQJ HUZDUWHW� 'LH .RKOHQVWRII�'RSSHOELQGXQJ ]ZL�
VFKHQ &�� XQG &�� ZLUG JOHLFK]HLWLJ XP ����� c YHUOlQJHUW XQG
EHILQGHW VLFK GDPLW ]LHPOLFK JHQDX ]ZLVFKHQ HLQHU .RKOHQVWRII�.RK�
OHQVWRII�(LQIDFK� XQG HLQHU 'RSSHOELQGXQJ� 'HU &���3DOODGLXP�
$EVWDQG ZLUG GDEHL DOOHUGLQJV QXU JHULQJI�JLJ XP ����� c DXIJHZHL�
WHW�
,P *HJHQVDW] GD]X ZLUG GLH 3G�&��%LQGXQJ XP ����� c HUNHQQEDU
DXIJHZHLWHW XQG LVW PLW ����� c HWZDV OlQJHU DOV HLQH .RKOHQVWRII�3DO�
ODGLXP�(LQIDFKELQGXQJ� *OHLFK]HLWLJ ILQGHW HLQH $XVULFKWXQJ GHV LP
(GXNW VS��K\EULGLVLHUWHQ .RKOHQVWRIIDWRPV LQ 5LFKWXQJ GHU QHXHQ
%LQGXQJ�VWDWW��
'LH $NWLYLHUXQJVHQHUJLH GHU 5HDNWLRQ EHWUlJW ���� NFDO�PRO� 'LHV HQW�
VSULFKW GHUVHOEHQ *U|�HQRUGQXQJ ZLH GLH $NWLYLHUXQJVEDUULHUH GHU
R[LGDWLYHQ $GGLWLRQ� 'DUDXV IROJW� GD� VLFK VHOEVW EHL HLQHU JHULQJHQ
9HUlQGHUXQJ GHV 6\VWHPV GHU JHVFKZLQGLJNHLWVEHVWLPPHQGH 6FKULWW
YRQ HLQHU 7HLOUHDNWLRQ ]XU DQGHUHQ YHUVFKLHEHQ NDQQ� 'HU HUUHFKQHWH
:HUW I�U GLH .RKOHQVWRII�.RKOHQVWRII�9HUNQ�SIXQJ VWLPPW JXW PLW
GHQ YRQ $OEUHFKW � � � XQG 0XVDHY ��� � HUUHFKQHWHQ :HUWHQ �EHUHLQ�
$OEUHFKW EHUHFKQHW HLQH $NWLYLHUXQJVEDUULHUH YRQ ���� NFDO�PRO I�U
GLH QHXWUDOH 5HDNWLRQVI�KUXQJ XQG YRQ ��� NFDO�PRO I�U GHQ NDWLRQL�
VFKHQ .RPSOH[� 0XVDHY HUKlOW IDVW LGHQWLVFKH :HUWH� DOOHUGLQJV KDQ�
GHOW HV VLFK EHL GHU EHWUDFKWHWHQ 5HDNWLRQ XP GLH ,QVHUWLRQ GHV 2OH�
ILQV LQ HLQH 3DOODGLXP�0HWK\OELQGXQJ� GDV .RKOHQVWRIIDWRP LVW DOVR

6HLWH����



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

VS��K\EULGLVLHUW� 'LH $NWLYLHUXQJVHQHUJLH I�U GLH .RKOHQVWRII�.RKOHQ�
VWRII�9HUNQ�SIXQJ GHU 5HDNWLRQ ZLUG PLW ��������� NFDO�PRO YRUDXV�
JHVDJW�
'LH ]XVlW]OLFKH 0HWK\OJUXSSH LP 3URSHQ YHUULQJHUW GLH 5HDNWLRQV�
HQHUJLH XP ������� NFDO�PRO �$EELOGXQJ ���� :LH PDQ VLHKW� LVW GLH
%LOGXQJ GHV YHU]ZHLJWHQ 3URGXNWV XP ��� NFDO�PRO EHJ�QVWLJW� ZDV
GHQ H[SHULPHQWHOOHQ %HIXQGHQ ZLGHUVSULFKW� GD LQ GHU ÄNODVVLVFKHQ³
+HFN�5HDNWLRQ � LP *HJHQVDW] ]X GHU LRQLVFKHQ 5HDNWLRQVI�KUXQJ �
GDV OLQHDUH 3URGXNW EHYRU]XJW JHELOGHW ZLUG� ��� ��� $XIJUXQG GHV JHULQ�
JHQ�(QHUJLHXQWHUVFKLHGHV�LVW�DEHU�DXFK�KLHU�ZLHGHU�NHLQH�JHQDXH�$XV�
VDJH P|JOLFK� (V EOHLEW DOOHUGLQJV IHVW]XKDOWHQ� GD� GLH %LOGXQJ GHV
YHU]ZHLJWHQ 3URGXNWHV DXFK DXI GLHVHP 5HDNWLRQVZHJ WKHUPRG\QD�
PLVFK QLFKW EHQDFKWHLOLJW LVW� (LQH 3UlIHUHQ] GHU 6WHUHRVHOHNWLYLWLlW
PX� DOVR GXUFK GLH HQHUJHWLVFKH /DJH GHV hEHUJDQJV]XVWDQGV HQW�
VFKLHGHQ�ZHUGHQ�
,Q $EELOGXQJ �� XQG $EELOGXQJ �� VLQG GLH *HRPHWULHQ HLQLJHU GHU
GHQNEDUHQ 3HQWHQ\ONRPSOH[H �� GDUJHVWHOOW� 'LH UHODWLYHQ (QHUJLHQ
EH]LHKHQ VLFK DXI GDV J�QVWLJVWH YHU]ZHLJWH ,VRPHU ��F �$EELOGXQJ
�� XQWHQ�� 'LH OLQHDUHQ .RPSOH[H LQ $EELOGXQJ �� ZXUGHQ GHVZHJHQ

6HLWH����

Abbildung 39 Kohlenstoff-Kohlenstoff-Verknüpfungsreaktion zu den Pentenylkomplexen
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�(UJHEQLVVH

DXVJHZlKOW� ZHLO GXUFK HLQH E�+\GULGHOLPLQLHUXQJ DXV GHP REHUHQ
.RPSOH[ GDV FLV�VWlQGLJH 3HQWDGLHQ HQWVWHKW� ZlKUHQG DXV GHP XQWH�
UHQ GDV WUDQV�VWlQGLJH 3URGXNW DEJHVSDOWHQ ZLUG� $XIIlOOLJ LQ GHP
JHJHQ�EHU ��E XP ��� NFDO�PRO J�QVWLJHUHQ ,VRPHU ��D LVW� GD�
HLQH NODUH :HFKVHOZLUNXQJ ]ZLVFKHQ GHU &�+�%LQGXQJ GHU 0HWK\O�
JUXSSH XQG GHP 3DOODGLXPDWRP ]X EHREDFKWHQ LVW� 'LH &�+�%LQGXQJ
LVW�PLW������c�GHXWOLFK�DXIJHZHLWHW��

6HLWH����

Abbildung 40 Lineare Pentenylkomplexe[Pd(Br)(C5H9)(PH3)2] 40a (unten) und 40b.
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

'LH .RRUGLQDWLRQ GHU 0HWK\OJUXSSH KDW ]ZHL JHJHQOlXILJH (IIHNWH ]XU
)ROJH�
�� 'XUFK GLH )L[LHUXQJ GHU 0HWK\OJUXSSH LVW GLH WUDQVRLGH .RQIRUPD�
WLRQ GLH HLQ]LJ P|JOLFKH� 'LH (OLPLQLHUXQJ HLQHV EHOLHELJHQ :DV�
VHUVWRIIDWRPV�DQ�&��I�KUW�]XP�WUDQV�3URGXNW�

�� $OV .RQNXUUHQ]UHDNWLRQ LVW GLH (OLPLQLHUXQJ YRQ +�� GHQNEDU� GLH
HQWZHGHU ]X GHP QLFKW NRQMXJLHUWHQ 3HQWD�����GLHQ RGHU ]X HLQHU
'RSSHOELQGXQJVLVRPHULVLHUXQJ�I�KUHQ�Z�UGH�

0XVDHY HW DO� EHUHFKQHQ I�U GLH E�+\GULGHOLPLQLHUXQJ LQ HLQHP lKQ�
OLFKHQ .RPSOH[ OHGLJOLFK HLQH $NWLYLHUXQJVEDUULHUH YRQ �������

6HLWH����

Abbildung 41 Verzweigte Pentenylkomplexe [Pd(Br)(C5H9)(PH3)2] 40c (unten) und 40d.
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�(UJHEQLVVH

NFDO�PRO XQG HLQH *HVDPWHQHUJLH GHU 5HDNWLRQ YRQ ��� NFDO�PRO� 'LH
$EVSDOWXQJ GHV 3URGXNWV DXV GHP EHWUDFKWHWHQ .RPSOH[ HUIRUGHUW
MHGRFK PLW ��������� NFDO�PRO HLQHQ VHKU KRKHQ (QHUJLHDXIZDQG�
ZHVZHJHQ GLH $XWRUHQ GHQ 6FKULWW DOV XQZHVHQWOLFK HUDFKWHQ XQG
VWDWWGHVVHQ HLQH 'RSSHOELQGXQJVLVRPHULVLHUXQJ I�U ZDKUVFKHLQOLFKHU
KDOWHQ� ����� 'D GLH %LQGXQJVHQHUJLH I�U HLQ S�JHEXQGHQHV 2OHILQ LQ GHP
KLHU EHWUDFKWHWHQ 6\VWHP GHXWOLFK JHULQJHU LVW �YJO� �������� XQG HLQH
'RSSHOELQGXQJVLVRPHULVLHUXQJ HLQH 6HFKVULQJ�$QRUGQXQJ HUIRUGHUQ
Z�UGH� LVW GLH %LOGXQJ HLQHV 1HEHQSURGXNWHV GXUFKDXV LQ (UZlJXQJ
]X�]LHKHQ�
9RQ GHQ YHU]ZHLJWHQ 3HQWHQ\ONRPSOH[HQ �$EELOGXQJ ��� ELHWHW QXU
GDV XQWHUH .RQIRUPHU GLH 0|JOLFKNHLW HLQHU β�+\GULGHOLPLQLHUXQJ�
'LH %LOGXQJ GHV REHUHQ ,VRPHU N|QQWH PDQ GHPHQWVSUHFKHQG DOV
,QDNWLYLHUXQJ GHV .DWDO\VDWRUV DXIIDVVHQ� 9RQ GHQ KLHU XQWHUVXFKWHQ
,VRPHUHQ LVW GDV EHWUHIIHQGH DOOHUGLQJV PLW ��� NFDO�PRO GDV HQHUJLH�
UHLFKVWH� VR GD� GLH %LOGXQJ JHJHQ�EHU GHP J�QVWLJHUHQ YHU]ZHLJWHQ
.RQIRUPHU�GHXWOLFK�EHQDFKWHLOLJW�VHLQ�VROOWH�
'LH $QRUGQXQJ GHU 3KRVSKDQJUXSSH XQG GHV %URPDWRPV LVW EHL GHQ
,VRPHUHQ ��E XQG ��F �$EELOGXQJ �� XQG $EELOGXQJ ��� DQDORJ ]X
GHQ %XWHQ\ONRPSOH[HQ LQ $EELOGXQJ ��� 'LH IUHLH .RRUGLQDWLRQVVWHOOH
OLHJW DXFK KLHU WUDQV�VWlQGLJ ]XP .RKOHQVWRIIOLJDQGHQ� 'HPJHJHQ�
�EHU�KDW�GDV�,VRPHU���G�GLH�.RRUGLQDWLRQVWHOOH�FLV�VWlQGLJ�]XP�.RK�
OHQVWRIIUHVW� (LQH 6RQGHUVWHOOXQJ QLPPW GDV ,VRPHU ��D HLQ� ZHLO
KLHU�GHU�.RKOHQVWRIIOLJDQG�]ZHL�.RRUGLQDWLRQVVWHOOHQ�EHVHW]W�
)�U GLH 5HDNWLRQ PLW 3URSHQ NRQQWH LP *HJHQVDW] ]X GHQ (WK\OHQLVR�
PHUHQ NHLQ ÄLQ SODQH³�.RPSOH[ DOV VWDELOHU *UXQG]XVWDQG RSWLPLHUW
ZHUGHQ� 'LHV LVW MHGRFK NHLQ %HZHLV GDI�U� GD� HLQ VROFKHU .RPSOH[
QLFKW H[LVWLHUW� ,P *HJHQVDW] ]X GHU (WK\OHQYHUELQGXQJ ZDU HV MHGRFK
P|JOLFK� HLQHQ GLUHNWHQ hEHUJDQJV]XVWDQG ]ZLVFKHQ GHP (GXNW XQG
GHP 3URGXNW �� ]X RSWLPLHUHQ� 'LH $NWLYLHUXQJVEDUULHUH LVW PLW ����
NFDO�PRO MHGRFK ��� NFDO�PRO K|KHU DOV LQ GHU REHQ GDUJHVWHOOWHQ

6HLWH����



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

5HDNWLRQVI�KUXQJ� =LHKW PDQ DOOHUGLQJV ]XVlW]OLFK LQ %HWUDFKW� GD�
GLH 'UHKXQJ GHU (WK\OHQOLJDQGHQ DXFK QRFK ��� NFDO�PRO EHDQ�
VSUXFKW� GDQQ EHWUlJW GLH 'LIIHUHQ] ]ZLVFKHQ GHP ]ZHLVWXILJHQ
0HFKDQLVPXV �V� R�� XQG GHP GLUHNWHQ hEHUJDQJV]XVWDQG QXU QRFK
����NFDO�PRO�
%HVRQGHUV LQWHUHVVDQW LVW GLH DQQlKHUQG WHWUDHGULVFKH .RQIRUPDWLRQ
GHV .RPSOH[HV �$EELOGXQJ ���� 'HU :LQNHO ]ZLVFKHQ GHQ (EHQHQ &��
3G��3� XQG 3G��3��%U� EHWUlJW XQJHIlKU ����� 'HU 3URS\OHQOLJDQG
ULFKWHW VLFK DXI GHQ ]ZHLWHQ .RKOHQVWRIIOLJDQGHQ DXV� XQG GHU
$EVWDQG�]ZLVFKHQ�&���XQG�&��EHWUlJW�QXU�������c�

6HLWH����

Abbildung 42 Direkter Übergangszustand für die Kohlenstoff-Kohlenstoff-Verknüpfung

[Pd(Br)(C2H3)(C3H6)(PH3)]‡ 39
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�(UJHEQLVVH

'LH $EVlWWLJXQJ GHU IUHLHQ .RRUGLQDWLRQVVWHOOH LVW HLQ VWDUN HQGRWKHU�
PHU 6FKULWW� HLQ HLQWUHWHQGHU 3KRVSKDQOLJDQG ZLUG PLW ���� NFDO�PRO
WUDQV�����E]Z��PLW������NFDO�PRO�FLV�VWlQGLJ����JHEXQGHQ��$EELOGXQJ
���� 'DPLW OLHIHUW GLH .RRUGLQDWLRQ GHV ]ZHLWHQ 3KRVSKDQOLJDQGHQ
HLQHQ JHQDXVR JUR�HQ %HLWUDJ ]XU 5HDNWLRQ ZLH GLH HLJHQWOLFKH %LQ�
GXQJVNQ�SIXQJ�
'LH LQ $EELOGXQJ �� GDUJHVWHOOWHQ *HRPHWULHQ ]HLJHQ� GD� GHU :DV�
VHUVWRII�3DOODGLXP�$EVWDQG PLW ����� c LQ �� E]Z� ����� c LQ ��
GXUFKDXV HUKHEOLFK LVW� 8P GLH DQVFKOLH�HQGH β�+\GULGHOLPLQLHUXQJ
GXUFKI�KUHQ ]X N|QQHQ� PX� DOVR QLFKW QXU GDV +��:DVVHUVWRIIDWRP
LQ HLQH (EHQH PLW GHP 3DOODGLXPDWRP JHEUDFKW ZHUGHQ� VRQGHUQ HV
PX��DXFK�HLQH�VWDUNH�6WDXFKXQJ�GHV�.RKOHQVWRIIJHU�VWV�VWDWWILQGHQ��
'D GLH β�+\GULGHOLPLQLHUXQJ LQ GLHVH $UEHLW QXU QRFK ]XU 9HUYROO�
VWlQGLJXQJ GHV .DWDO\VH]\NOXV DXIJHQRPPHQ ZXUGH� VLQG KLHU QXU
GLH *UXQG]XVWlQGH ZLHGHUJHJHEHQ �$EELOGXQJ �� XQG $EELOGXQJ ����
'HU UHVXOWLHUHQGH +\GULGRNRPSOH[ �� LVW TXDGUDWLVFK SODQDU� 'LH
3KRVSKDQ� XQG GLH %URP�3DOODGLXP�%LQGXQJVOlQJHQ ZHLVHQ NHLQHU�

6HLWH����

Abbildung 43 Addition eines Phosphanliganden
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

OHL %HVRQGHUKHLWHQ DXI� 'LH 3DOODGLXP�:DVVHUVWRIIELQGXQJ KDW HLQH
/lQJH�YRQ�������c��
'LH 5HDNWLRQVHQHUJLH LVW ��� NFDO�PRO HQGRWKHUP �$EELOGXQJ ����
'LHVHU :HUW OLHJW DXI GHQ HUVWHQ %OLFN LQ JXWHU hEHUHLQVWLPPXQJ PLW
GHU YRQ $OEHUW EHUHFKQHWHQ 5HDNWLRQVHQHUJLH YRQ ��� NFDO�PRO XQG
HLQHU $NWLYLHUXQJVEDUULHUH YRQ ��� NFDO�PRO� ����� +LHU LVW DOOHUGLQJV ]X
EHU�FNVLFKWLJHQ� GD� GLH YRQ $OEHUW EHUHFKQHWH (QHUJLH QLFKW GLH 'LV�
VR]LDWLRQ GHV 3URGXNWV HQWKlOW� 'D HV VLFK XP HLQHQ NDWLRQLVFKHQ 3DO�
ODGLXP�,,��.RPSOH[ KDQGHOW� NRRUGLQLHUW GDV YHUNQ�SIWH 3URGXNW DP
3DOODGLXPDWRP� 'LH 'LVVR]LDWLRQ GHV 2OHILQV VROOWH JHUDGH LQ HLQHP
NDWLRQLVFKHQ .RPSOH[ HLQHQ HUKHEOLFKHQ (QHUJLHDXIZDQG GDUVWHOOHQ�

6HLWH����

Abbildung 44 Bisphosphan-Butenylpalladium(II)-Komplexe trans-[Pd(Br)(C5H9)(PH3)2] 41

(unten) und cis-[Pd(Br)(C5H9)(PH3)2]  42
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�(UJHEQLVVH

%HLGH (UJHEQLVVH
GHFNHQ VLFK MHGRFK
PLW GHU H[SHULPHQWHO�
OHQ %HREDFKWXQJ� GD�
GLH β�+\GULGHOLPL�
QLHUXQJ ODQJVDP YHU�
OlXIW�
'DPLW HUJLEW VLFK I�U
GHQ XQWHUVXFKWHQ
.DWDO\VH]\NOXV GDV LQ
$EELOGXQJ �� GDUJH�
VWHOOWH (QHUJLHSURILO�
0DQ EHDFKWH� GD� GHU
0D�VWDE LQ GLHVHU
$EELOGXQJ GRSSHOW VR
JUR� LVW ZLH LQ $EELO�
GXQJ ��� 'HU 1XOOSXQNW GHU 'DUVWHOOXQJ LVW ZLHGHUXP DXI GLH (GXNWH
QRUPLHUW�
'LH .RKOHQVWRII�9HUNQ�SIXQJ LVW GHU JHVFKZLQGLJNHLWVEHVWLPPHQGH
6FKULWW� 'HU hEHUJDQJV]XVWDQG OLHJW ]ZDU HQHUJHWLVFK QLFKW GHXWOLFK
�EHU GHP GHU R[LGDWLYHQ $GGLWLRQ� GLH $NWLYLHUXQJVEDUULHUH LVW DEHU
DXIJUXQG GHU HQHUJHWLVFK WLHIHUHQ /DJH GHV WUDQV�
>3G�%U��& � + � ��3+ � � � @ �� HWZDV K|KHU� 'HU (QHUJLHXQWHUVFKLHG ]ZL�
VFKHQ GHQ EHLGHQ hEHUJDQJV]XVWlQGHQ LVW DOOHUGLQJV VR JHULQJ� GD�
VLFK GHU JHVFKZLQGLJNHLWVEHVWLPPHQGH 6FKULWW EHL DQGHUHQ 5HDNWDQ�
GHQ ]XU R[LGDWLYHQ $GGLWLRQ KLQ YHUODJHUQ N|QQWH� 'LHVHV (UJHEQLV
N|QQWH HUNOlUHQ� GD� GLH $XVVDJHQ DXIJUXQG GHU H[SHULPHQWHOOHQ
(UJHEQLVVH�]X�GLHVHP�7KHPD�GLYHUJLHUHQ� �����
'LH *HVDPWHQHUJLHELODQ] GHU KLHU GDUJHVWHOOWHQ 5HDNWLRQHQ EHWUlJW
±���� NFDO�PRO� 9HUQDFKOlVVLJW PDQ GLH 'LVVR]LDWLRQVHQHUJLHQ GHU
3KRVSKDQOLJDQGHQ� XP HLQHQ ]X GHU $UEHLW YRQ $OEHUW HW DO� ��� � YHU�

6HLWH����

Abbildung 45 Bromo-Hydrido-Bisphosphan-Palladium(II) 43.
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

JOHLFKEDUHQ :HUW ]X HUKDOWHQ� EHWUlJW GLH 6XPPH GHU 5HDNWLRQVHQHU�
JLHQ ±���� NFDO�PRO� 'LHV LVW GHXWOLFK QLHGULJHU DOV GLH YRQ $OEHUW
EHUHFKQHWHQ�±�����NFDO�PRO���ZDV�]XP�HLQHQ�DXI�GDV�XQWHUVFKLHGOLFKH
5HFKHQQLYHDX ]XU�FN]XI�KUHQ LVW� ]XP JU|�WHQ 7HLO MHGRFK PLW GHQ
XQWHUVFKLHGOLFKHQ�0RGHOOV\VWHPHQ�]XVDPPHQKlQJW��,P�*HJHQVDW]�]X
GHP KLHU DOV 9LQ\ONRPSRQHQWH YHUZHQGHWHQ 9LQ\OEURPLG LVW GDV YRQ
$OEHUW YHUZHQGHWH %URPEHQ]RO GHXWOLFK UHDNWLYHU� +LHU VLQG DXFK GLH
JU|�WHQ 'LIIHUHQ]HQ LQ GHQ 5HDNWLRQVHQHUJLHQ ]X EHREDFKWHQ� :lK�
UHQG YRQ $OEHUW HLQH 5HDNWLRQVHQHUJLH YRQ ±���� NFDO�PRO I�U GLH
R[LGDWLYH $GGLWLRQ EHUHFKQHW ZLUG� EHWUlJW GLH *HVDPWHQHUJLH I�U GLH
R[LGDWLYH $GGLWLRQ KLHU QXU ±���� NFDO�PRO� 'LH 5HDNWLRQVHQHUJLHQ
I�U GLH .RKOHQVWRII�9HUNQ�SIXQJVUHDNWLRQ VLQG PLW ±���� NFDO�PRO
�$OEHUW��XQG�±������NFDO�PRO�IDVW�JOHLFK��
)�U HLQ NDWLRQLVFKHV 6\VWHP ZLUG MHGRFK HLQH GHXWOLFK H[RWKHUPHUH
5HDNWLRQ YRUDXVJHVDJW� ZDV PLW GHQ JUR�HQ (QHUJLHXQWHUVFKLHGHQ I�U
GLH .RRUGLQDWLRQ GHV 2OHILQV ]XVDPPHQKlQJW� 0XVDHY EHUHFKQHW
HLQH %LQGXQJVHQHUJLH YRQ ±���� NFDO�PRO ELV ����� NFDO�PRO� ����� 0LW
����� NFDO�PRO LVW GHU YRQ $OEHUW YRUDXVJHVDJWH :HUW ]ZDU ZHVHQWOLFK
NOHLQHU� OLHJW DEHU GHQQRFK GHXWOLFK �EHU GHQ KLHU EHUHFKQHWHQ ���
NFDO�PRO��
)�U HLQH QHXWUDOH 5HDNWLRQVI�KUXQJ EHUHFKQHW $OEHUW HEHQIDOOV HLQH
GHXWOLFK QLHGULJHUH %LQGXQJVHQHUJLH� ZREHL GLHVH VWDUN YRQ GHQ ZHL�
WHUHQ /LJDQGHQ DP 3DOODGLXPDWRP DEKlQJLJ LVW� )�U GLH GHXWOLFK

6HLWH����

Abbildung 46 β-Hydrideliminierung
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�(UJHEQLVVH

EDVLVFKHUHQ 6WLFNVWRII�.RNDWDO\VDWRUHQ LVW GLH %LQGXQJVHQHUJLH GHV
2OHILQV�QRFK�QHJDWLY��I�U�3KRVSKDQOLJDQGHQ�MHGRFK�SRVLWLY� �����

������ =XVDPPHQIDVVXQJ
'DV DQKDQG GHV KLHU YHUZHQGHWHQ 0RGHOOV\VWHPV HUDUEHLWHWH (QHU�
JLHSURILO GHU +HFN�5HDNWLRQ OLHIHUW HLQLJH ZHUWYROOH (UJHEQLVVH ]XP
0HFKDQLVPXV�GHU�+HFN�5HDNWLRQ�
(UVWHQV ZLUG GHU SRVWXOLHUWH 0HFKDQLVPXV GHU R[LGDWLYHQ $GGLWLRQ
XQWHUVW�W]W� (V NRQQWH NHLQ GLUHNWHU 5HDNWLRQVZHJ YRQ GHQ (GXNWHQ
%LVSKRVSKDQSDOODGLXP ]XP WKHUPRG\QDPLVFK VWDELOHQ WUDQV�3UR�
GXNW JHIXQGHQ ZHUGHQ� 'LHV LVW ]ZDU NHLQ %HZHLV I�U GLH 1LFKWH[L�
VWHQ] HLQHV VROFKHQ 5HDNWLRQVSIDGHV� DEHU DXIJUXQG GHU KLHU GXUFKJH�

6HLWH����

Abbildung 47 Energieprofil der Kohlenstoff-Kohlenstoff-Verknüpfung und der anschließenden β-Hydrideliminie-

rung
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$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

I�KUWHQ 8QWHUVXFKXQJHQ N|QQHQ HLQLJH 0|JOLFKNHLWHQ DXVJHVFKORV�
VHQ�ZHUGHQ��
)�U GLH FLV�WUDQV�8PODJHUXQJ LP $QVFKOX� DQ GLH HLJHQWOLFKH R[LGD�
WLYH $GGLWLRQ NRQQWH JH]HLJW ZHUGHQ� GD� JHQHUHOO ]ZHL XQWHUVFKLHGOL�
FKH�0HFKDQLVPHQ�P|JOLFK�VLQG��
ù HLQ 'LVVR]LDWLRQV�$VVR]LDWLRQV�0HFKDQLVPXV �EHU HLQ GUHLIDFK
NRRUGLQLHUWHV�7�I|UPLJHV�=ZLVFKHQSURGXNW��

ù HLQ $VVR]LDWLRQV�'LVVR]LDWLRQV�0HFKDQLVPXV �EHU HLQ I�QIIDFK
NRRUGLQLHUWHV� WULJRQDO�ELS\UDPLGDOHV ���(OHNWURQHQ�=ZLVFKHQSUR�
GXNW��

%HLGH 5HDNWLRQVZHJH VLQG HQHUJHWLVFK NRQNXUUHQ]IlKLJ� ZHQQ DXFK
GHU�OHW]WHUH�:HJ�HQHUJHWLVFK�HWZDV�EHYRU]XJW�LVW�
)�U GHQ HUVWHQ 0HFKDQLVPXV H[LVWLHUW HLQH QHXWUDOH XQG HLQH LRQLVFKH
9DULDQWH� $XIJUXQG GHU YHUZHQGHWHQ 0HWKRGLN XQG GHV 0RGHOOV\�
VWHPV�LVW�GLH�LRQLVFKH�9DULDQWH�QLFKW�NRQNXUUHQ]IlKLJ��V��X���
'HU /LJDQGHQDXVWDXVFK HLQHV 3KRVSKDQOLJDQGHQ JHJHQ GDV 2OHILQ LVW
PLW GHP KLHU YHUZHQGHWHQ 0RGHOOV\VWHP GHXWOLFK HQGRWKHUP� $QGHUH
8QWHUVXFKXQJHQ ������� ����� ]HLJHQ DOOHUGLQJV� GD� EHL GHU 9HUZHQGXQJ YRQ
UHDNWLYHUHQ 6\VWHPHQ � LQVEHVRQGHUH VWHULVFK JHVSDQQWH E]Z� NRRUGL�
QDWLY XQJHVlWWLJWH .DWDO\VDWRUHQ � GLH 5HDNWLRQ H[RWKHUP YHUOlXIW�
$XFK KLHU HUZHLVHQ VLFK GLH I�QIIDFK NRRUGLQLHUWHQ =ZLVFKHQSURGXNWH
DOV�HQHUJHWLVFK�EHJ�QVWLJW�
'LH .RKOHQVWRII�.RKOHQVWRII�9HUNQ�SIXQJ YHUOlXIW �EHU HLQHQ YLHU�
IDFK NRRUGLQLHUWHQ hEHUJDQJV]XVWDQG� ZHLO DXIJUXQG GHU 2UELWDOV\P�
PHWULH HLQH 8PODJHUXQJ GHV 2OHILQUHVWHV DQ I�QIIDFK NRRUGLQLHUWHQ
.RPSOH[HQ HQHUJHWLVFK GHXWOLFK DXIZHQGLJHU LVW� ����� 1LFKWVGHVWRWURW]
VSLHOHQ GLH I�QIIDFK NRRUGLQLHUWHQ 6SH]LHV EHL GHQ 8PODJHUXQJVUHDN�
WLRQHQ DQVFKHLQHQG HLQH ZLFKWLJH 5ROOH XQG VLQG JHPl� GHV YHUZHQ�
GHWHQ 0RGHOOV\VWHPV GLH HQHUJHWLVFK J�QVWLJVWH 9DULDQWH� 'LHV XQWHU�
VW�W]W GLH (UJHEQLVVH YRQ $UPDWRUH� GHU DXIJUXQG YRQ F\FORYROWDPH�

6HLWH����



�(UJHEQLVVH

WULVFKHQ XQG 105�VSHNWURVNRSLVFKHQ 8QWHUVXFKXQJHQ ]X GHU
(UNHQQWQLV JHODQJW� GD� I�QIIDFK NRRUGLQLHUWH 3DOODGLXPNRPSOH[H
HLQH�ZLFKWLJH�5ROOH�EHL�GHU�R[LGDWLYHQ�$GGLWLRQ�VSLHOHQ� ��� ��� � � � � �
)�U GLH .RKOHQVWRII�.RKOHQVWRII�9HUNQ�SIXQJ NRQQWHQ HEHQIDOOV ]ZHL
DOWHUQDWLYH 5HDNWLRQVZHJH EHVWLPPW ZHUGHQ� GLH VLFK HQHUJHWLVFK
QLFKW�ZHVHQWOLFK�XQWHUVFKHLGHQ�
ù HLQH ]ZHLVWXILJH 5HDNWLRQ� GLH �EHU GLH 5RWDWLRQ GHV 2OHILQV YHU�
OlXIW� 'XUFK GLH NRSODQDUH $QRUGQXQJ GHU ]X YHUNQ�SIHQGHQ .RK�
OHQVWRIIDWRPH ZLUG GLH $NWLYLHUXQJVEDUULHUH GHU 9HUNQ�SIXQJVUH�
DNWLRQ GHXWOLFK KHUDEJHVHW]W� 'LHVHU 5HDNWLRQVSIDG ZXUGH DXFK
VFKRQ YRQ $OEHUW ��� � XQG 0XVDHY ����� I�U lKQOLFKH 5HDNWLRQHQ FKDUDN�
WHULVLHUW XQG YRQ 7KRUQ HW DO� � � � EHUHLWV YRU ]ZDQ]LJ -DKUHQ SRVWX�
OLHUW�

ù HLQH GLUHNWH 5HDNWLRQ �EHU HLQHQ WHWUDHGULVFKHQ hEHUJDQJV]X�
VWDQG� (LQ VROFKHU 5HDNWLRQVZHJ ZXUGH I�U GLH +HFN�5HDNWLRQ
QRFK QLFKW LQ GHU /LWHUDWXU EHVFKULHEHQ� :HLWHUH 8QWHUVXFKXQJHQ
]X GLHVHP 5HDNWLRQVZHJ VLQG MHGRFK YRQQ|WHQ� 7KRUQ XQG +RII�
PDQQ VFKOLH�HQ GLHVHQ 5HDNWLRQVZHJ DOV HQHUJHWLVFK ]X DXIZHQGLJ
DXV� � ��� 'LH (UNHQQWQLVVH GHU $XWRUHQ VW�W]W VLFK MHGRFK DXI ÄH[WHQ�
GHG�+�FNHO³�5HFKQXQJHQ� ��� � GLH L� G� 5� NHLQH ]XYHUOlVVLJHQ (QHU�
JLHQ OLHIHUQ� 2IIHQVLFKWOLFK OLHJW GHU WHWUDHGULVFKH hEHUJDQJV]X�
VWDQG�QLHGULJHU�DOV�YRUKHUJHVDJW�

$XV GHQ *HVDPWUHDNWLRQVHQHUJLHQ LVW HUVLFKWOLFK� GD� GLH 9HUNQ�S�
IXQJVUHDNWLRQ�LQVJHVDPW�ZHQLJHU�H[RWKHUP�LVW�DOV�GLH�$EVlWWLJXQJ�GHV
JHELOGHWHQ .RPSOH[HV PLW HLQHP ]XVlW]OLFKHQ 3KRVSKDQOLJDQGHQ�
*OHLFK]HLWLJ ZLUG GHU YHUEOHLEHQGH .RKOHQVWRIIOLJDQG GHXWOLFK IHVWHU
DQ GHQ .RPSOH[ JHEXQGHQ XQG NRRUGLQLHUW DXFK QDFK HLQHU β�+\�
GULGHOLPLQLHUXQJ QRFK DP 0HWDOO� 0XVDHY ��� � EHUHFKQHW GLH (QHUJLH�
GLH I�U GLH 'LVVR]LDWLRQ GHV π�JHEXQGHQHQ /LJDQGHQ DXIJHZHQGHW
ZHUGHQ PX�� PLW FD� �� NFDO�PRO� ,Q GHU XQWHUVXFKWHQ 3RO\PHULVDWL�

6HLWH����



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

RQVUHDNWLRQ LVW GLHVHV 9HUKDOWHQ ZLFKWLJ I�U GLH 5HDNWLRQVZHLWHUI�K�
UXQJ� ,Q GHU YRQ $OEHUW HW DO� XQWHUVXFKWHQ 9DULDQWH GHU +HFN�5HDN�
WLRQ PX� GLH 'LVVR]LDWLRQ QDFK GHU β�+\GULGHOLPLQLHUXQJ HUIROJHQ�
'LHV LVW MHGRFK DXIJUXQG GHU KRKHQ %LQGXQJVHQHUJLH VHKU XQZDKU�
VFKHLQOLFK� 'LH $XWRUHQ YHUQDFKOlVVLJHQ GLHVH 7DWVDFKH MHGRFK Y|O�
OLJ� ��� �
'LH�β�+\GULGHOLPLQLHUXQJ�LVW�HQGRWKHUP�XQG�VROOWH�GHPHQWVSUHFKHQG
ODQJVDP YHUODXIHQ� 'LHVHV (UJHEQLV VWLPPW PLW GHQ H[SHULPHQWHOOHQ
(UJHEQLVVHQ � � � �XQG�GHQ�DQGHUHQ�5HFKQXQJHQ ��� � ��EHUHLQ�
(LQ ZHLWHUHV ZLFKWLJHV (UJHEQLV LVW� GD� GLH $NWLYLHUXQJVEDUULHUHQ I�U
GLH R[LGDWLYH $GGLWLRQ XQG GLH .RKOHQVWRII�.RKOHQVWRII�9HUNQ�SIXQJ
DQQlKHUQG JOHLFK KRFK VLQG� 'DPLW ZLUG GHU JHVFKZLQGLJNHLWVEHVWLP�
PHQGH 6FKULWW GHU 5HDNWLRQ YRP .DWDO\VDWRU XQG GHQ YHUZHQGHWHQ
5HDNWDQGHQ�DEKlQJLJ�
8P ZHLWHUH (UNHQQWQLVVH ]XP 0HFKDQLVPXV GHU +HFN�5HDNWLRQ ]X
HUKDOWHQ� P�VVHQ GHU .DWDO\VDWRU HLQHUVHLWV XQG GLH YHUZHQGHWH
9LQ\O� E]Z� $U\ONRPSRQHQWH DQGHUHUVHLWV YDULLHUW ZHUGHQ� 'DV GDUJH�
VWHOOWH 0RGHOOV\VWHP NDQQ HLJHQWOLFK QXU QRFK SXQNWXHOO YHUEHVVHUW
ZHUGHQ� 9RU DOOHP HLQH hEHUSU�IXQJ GHU 5HDNWLRQVHQHUJLHQ DXI
HLQHP K|KHUHQ 1LYHDX VWHKW QRFK DXV� :HLWHUKLQ ZlUH HLQH 8QWHUVX�
FKXQJ GHV YRQ +HUUPDQQ HW DO� YRUJHVFKODJHQHQ SDOODGD]\NOLVFKHQ
.DWDO\VDWRUV\VWHPV � ��� XQG GHU YRQ 5HHW] XQG 0LWDUEHLWHUQ GXUFKJH�
I�KUWHQ�DOWHUQDWLYHQ�5HDNWLRQVI�KUXQJ � ��� �YRQ�JUR�HP�,QWHUHVVH�
%HL GHU 9DULDWLRQ GHU 5HDNWLRQVSDUWQHU HUJHEHQ VLFK PHKUHUH 6FKZLH�
ULJNHLWHQ� 8P HLQHQ NDWLRQLVFKHQ 0HFKDQLVPXV ��� � � ��� � ]X GLVNXWLHUHQ�
P�VVHQ JHQDXH (QHUJLHQ I�U GLH 3DOODGLXP�+DORJHQ�%LQGXQJVGLVVR�
]LDWLRQ EHUHFKQHW ZHUGHQ� 'LHV LVW DOOHUGLQJV PLW GHQ KLHU YHUZHQGH�
WHQ 0HWKRGHQ QLFKW RKQH ZHLWHUHV P|JOLFK� 'LH 9HUZHQGXQJ HLQHV
JHHLJQHWHQ /|VXQJVPLWWHOPRGHOOV ��� ��� ��� � � ��� � � ��� � N|QQWH ZDKUVFKHLQOLFK
HLQHQ JUR�HQ 7HLO GHU 6ROYDWDWLRQVHQHUJLH ZLHGHUJHEHQ� %HL GHU 6RO�
YDWDWLRQ YRQ ,RQHQ WULWW DOOHUGLQJV RIW HLQH GLUHNWH .RRUGLQDWLRQ GHV

6HLWH����



�(UJHEQLVVH

/|VXQJVPLWWHOV DXI� VR GD� I�U HLQH HLQGHXWLJH %HUHFKQXQJ H[SOL]LW
/|VXQJVPLWWHOPROHN�OH LQ GLH 2SWLPLHUXQJ PLW DXIJHQRPPHQ ZHU�
GHQ P��WHQ� (LQ VROFKHV 9HUIDKUHQ Z�UGH GLH 6\VWHPJU|�H DOOHUGLQJV
GHXWOLFK�HUK|KHQ�
8P GLH 5ROOH YRQ I�QIIDFK NRRUGLQLHUWHQ .RPSOH[HQ LP +HFN�.DWDO\�
VH]\NOXV ZHLWHUJHKHQG ]X XQWHUVXFKHQ� ZlUH GLH 9HUZHQGXQJ YRQ
ÄUHDOLVWLVFKHQ³ &RNDWDO\VDWRUHQ QRWZHQGLJ� 'LHVH VLQG DOOHUGLQJV
GHXWOLFK ]X JUR�� XP DXI GHP KLHU SUlVHQWLHUWHQ 1LYHDX GXUFKJlQJLJ
EHKDQGHOW ]X ZHUGHQ� 1HXHUH (QWZLFNOXQJHQ �V� $EVFKQLWW =XVDP�
PHQIDVVXQJ XQG $XVEOLFN� U�FNHQ DOOHUGLQJV GLH %HUHFKHQEDUNHLW VRO�
FKHU�6\VWHPH�LQ�HUUHLFKEDUH�1lKH�
$OV OHW]WHU 3XQNW EOHLEHQ QRFK GLH (QWURSLHEHLWUlJH RIIHQ� GLH EHL GHQ
EHWUDFKWHWHQ 5HDNWLRQHQ LQ GHU 5HJHO QXU ZHQLJH NFDO�PRO DXVPD�
FKHQ� $OOHUGLQJV LVW GDV EHUHFKQHWH 5HDNWLRQVSURILO UHFKW IODFK XQG
JHUDGH LP 3XQNW GHU FLV�WUDQV�8PODJHUXQJ N|QQHQ ZHQLJH NFDO�PRO
GDU�EHU�HQWVFKHLGHQ��ZHOFKHU�5HDNWLRQVSIDG�HLQJHVFKODJHQ�ZLUG�

6HLWH����



�=XVDPPHQIDVVXQJ�XQG�$XVEOLFN

�� =XVDPPHQIDVVXQJ�XQG
$XVEOLFN

'LH HUDUEHLWHWHQ (UJHEQLVVH ]HLJHQ� GD� GLH WKHRUHWLVFKH &KHPLH
ZLFKWLJH %HLWUlJH ]XP 9HUVWlQGQLV VRZRKO YRQ 0ROHN�O� XQG (OHNWUR�
QHQVWUXNWXUHQ DOV DXFK YRQ 5HDNWLRQVDEOlXIHQ OLHIHUQ NDQQ� 'LH
%HUHFKQXQJ YRQ 0ROHN�OHLJHQVFKDIWHQ LVW KLHUEHL HLQ ZLFKWLJHV +LOIV�
PLWWHO� 6WHKHQ NHLQH ]XYHUOlVVLJHQ 5|QWJHQVWUXNWXUDQDO\VHQ ]XU 9HU�
I�JXQJ� VLQG 105�FKHPLVFKH 9HUVFKLHEXQJHQ RGHU 6FKZLQJXQJV�
VSHNWUHQ RIW GLH HLQ]LJHQ YHUI�JEDUHQ H[SHULPHQWHOOHQ 'DWHQ� GLH
HLQHQ 5�FNVFKOX� DXI GLH 6WUXNWXU ]XODVVHQ� XQG GDPLW GLH HLQ]LJHQ
:HUWH� GLH HLQHQ $EJOHLFK PLW GHP ([SHULPHQW HUODXEHQ� )�U GLH
$QDO\VH GHU HOHNWURQLVFKHQ 6WUXNWXU LVW GLH %HUHFKQXQJ YRQ HOHNWUR�
QLVFKHQ (LJHQVFKDIWHQ ZLFKWLJ� ZHLO VLH GLH XQSK\VLNDOLVFKH %HWUDFK�
WXQJ YRQ 0ROHN�ORUELWDOHQ� GLH VR ZLFKWLJ I�U GDV 9HUVWlQGQLV YRQ
FKHPLVFKHQ (LJHQVFKDIWHQ XQG 0RGHOOHQ LVW� PLW 2EVHUYDEOHQ YHU�
NQ�SIW�

6HLWH����



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

'DV 3URMHNW ]X GHQ 0RO\EGlQ� XQG :ROIUDP�3KRVSKLGRNRPSOH[HQ
]HLJW HLQGUXFNVYROO GLH *HQDXLJNHLW� GLH EHL GHU %HUHFKQXQJ YRQ
105�FKHPLVFKHQ�9HUVFKLHEXQJHQ�YRQ�VFKZHUHQ�.HUQHQ�HU]LHOW�ZLUG�
'LH %HUHFKQXQJ YRQ 5HDNWLRQVSURILOHQ LVW HLQH ZLFKWLJH (UJlQ]XQJ
]X H[SHULPHQWHOOHQ 8QWHUVXFKXQJHQ� ZHLO JHUDGH GLH ]XYHUOlVVLJH
%HVWLPPXQJ YRQ WKHUPRG\QDPLVFKHQ 'DWHQ RIW HLQHQ HUKHEOLFK JU|�
�HUHQ $XIZDQG GDUVWHOOW DOV GLH 6LPXODWLRQ DP &RPSXWHU� =XGHP
KDEHQ 6LPXODWLRQHQ GHQ 9RUWHLO� GD� GLH hEHUJDQJV]XVWlQGH GHV
5HDNWLRQVSURILOV VLFKWEDU ZHUGHQ� XQG VR HLQ JHQDXHUHV 6WXGLXP GHV
5HDNWLRQVDEODXIV�HUP|JOLFKW�ZLUG�
'DV 3UREOHP GHU FKHPLVFKHQ *HQDXLJNHLW � GLH %HUHFKQXQJ YRQ %LQ�
GXQJVHQHUJLHQ PLW HLQHU =XYHUOlVVLJNHLW YRQ ZHQLJHQ NFDO�PRO � LVW
LQ GLHVHU %H]LHKXQJ RIW QXU YRQ VHNXQGlUHP ,QWHUHVVH� ZHLO EHL GHU
9HUZHQGXQJ YRQ 0RGHOOV\VWHPHQ HLQH JHQDXH 5HSURGXNWLRQ GHU
H[SHULPHQWHOOHQ 'DWHQ HKHU XQZLFKWLJ LVW XQG VWDWWGHVVHQ HLQH ]XYHU�
OlVVLJH %HUHFKQXQJ GHU UHODWLYHQ (QHUJLHQ LP 9RUGHUJUXQG VWHKW�
'LHVH VLQG RIW VFKRQ PLW UHFKQHULVFK GHXWOLFK JHULQJHUHP $XIZDQG
]XJlQJOLFK DOV JHQDXH %HUHFKQXQJHQ YRQ %LQGXQJVHQHUJLHQ� GLH
KRFKNRUUHOLHUWH�0HWKRGHQ�PLW�JUR�HQ�%DVLVVlW]HQ�HUIRUGHUQ�
$QKDQG GHU 8QWHUVXFKXQJHQ ]XP 0HFKDQLVPXV GHU +HFN�5HDNWLRQ
ZHUGHQ DXFK GLH 3UREOHPH YRQ TXDQWHQFKHPLVFKHQ %HUHFKQXQJHQ
VROFKHU 5HDNWLRQVPHFKDQLVPHQ GHXWOLFK� =XP HLQHQ EHVWHKW EHL GHQ
KLHU HLQJHVHW]WHQ 0HWKRGHQ LPPHU GDV 3UREOHP� GD� GLH 5HFKQXQJ
HLQ XQHQGOLFK YHUG�QQWHV *DV DP DEVROXWHQ 1XOOSXQNW VLPXOLHUW�
ZlKUHQG GLH 5HDNWLRQ EHL HQGOLFKHU 7HPSHUDWXU L� G� 5� LQ HLQHP
/|VXQJVPLWWHO GXUFKJHI�KUW ZLUG� %HLGH (IIHNWH VLQG PLW +LOIH YRQ
TXDQWHQFKHPLVFKHQ 9HUIDKUHQ VFKZHU HUID�EDU� (LQH %HUHFKQXQJ
YRQ /|VXQJVPLWWHO� XQG (QWURSLHHIIHNWHQ LVW HLJHQWOLFK QXU PLW +LOIH
GHU 0ROHN�OG\QDPLN HLQHV DXVUHLFKHQG JUR�HQ (QVHPEOHV P|JOLFK�
'LHVHU $QVDW] LVW MHGRFK PLW +LOIH GHU KLHU HLQJHVHW]WHQ 0HWKRGHQ
WHFKQLVFK�QLFKW�UHDOLVLHUEDU�

6HLWH����



�=XVDPPHQIDVVXQJ�XQG�$XVEOLFN

=XP DQGHUHQ I�KUW GLH 5HGX]LHUXQJ GHU UHDOHQ 9HELQGXQJHQ ÄDXI GDV
:HVHQWOLFKH³ RIW ]X HUKHEOLFKHQ 1lKHUXQJHQ� $OV %HLVSLHO KLHUI�U VHL
GLH 9HUZHQGXQJ YRQ 3+ � � DQVWHOOH YRQ 3�& � + � � � �*UXSSHQ EHL GHU
8QWHUVXFKXQJ�GHV�+HFN�5HDNWLRQVPHFKDQLVPXV�DQJHI�KUW��
1HXHUH (QWZLFNOXQJHQ DXI GHP *HELHW GHU &RPSXWHUFKHPLH VRZLH
GHU UDVDQWH )RUWVFKULWW LQ GHU /HLVWXQJVIlKLJNHLW YRQ PRGHUQHQ &RP�
SXWHUQ HUP|JOLFKHQ DOOHUGLQJV GLH %HWUDFKWXQJ GHXWOLFK JU|�HUHU
6\VWHPH� (LQH (QWZLFNOXQJ� GLH DXFK DQKDQG GLHVHU $UEHLW QDFKYROO�
]LHKEDU LVW� LVW GLH 9HUZHQGXQJ YRQ ')7�0HWKRGHQ� 2EZRKO GHU
$QVDW] VFKRQ YRU PHKU DOV GUHL�LJ -DKUHQ YRUJHVWHOOW ZXUGH� KDW GLH
'LFKWHIXQNWLRQDOWKHRULH ELV ]XP %HJLQQ GLHVHV -DKU]HKQWV LQ GHU
NODVVLVFKHQ 4XDQWHQFKHPLH � LP *HJHQVDW] ]X GHU )HVWN|USHUSK\VLN �
HKHU HLQ 6FKDWWHQGDVHLQ JHI�KUW� :LH PDQ VLHKW� ZXUGHQ GLH HUVWHQ
EHLGHQ 3URMHNWH QRFK LP ZHVHQWOLFKHQ PLW +LOIH GHU 03��6W|UXQJV�
WKHRULH EHUHFKQHW� ,P ]ZHLWHQ 3URMHNW VWHKW GLH ')7�0HWKRGH VFKRQ
JOHLFKEHUHFKWLJW QHEHQ GHQ 02�$QVlW]HQ� ZlKUHQG GDV +DXSWSURMHNW
GLHVHU $UEHLW DXVVFKOLH�OLFK PLW +LOIH GHU 'LFKWHIXQNWLRQDOWKHRULH
EHDUEHLWHW�ZXUGH��
'HU *UXQG� GD� KHXW]XWDJH HLQ JUR�HU 7HLO GHU SXEOL]LHUWHQ FRPSX�
WHUFKHPLVFKHQ $UEHLWHQ DXI ')7�%DVLV HQWVWHKW� LVW GLH HUKHEOLFKH
/HLVWXQJVIlKLJNHLW EHL JHULQJHUHQ .RVWHQ DOV ]� %� I�U GHQ VW|UXQJV�
WKHRUHWLVFKHQ $QVDW]� ,Q]ZLVFKHQ KDW VLFK KHUDXVJHVWHOOW� GD� GLH PLW
GHU ')7�0HWKRGH EHUHFKQHWHQ *HRPHWULHQ GHQ 03��*HRPHWULHQ
]XPLQGHVW HEHQE�UWLJ XQG RIW VRJDU �EHUOHJHQ VLQG �YJO� ����� (V
NRQQWH HEHQIDOOV JH]HLJW ZHUGHQ� GD� GLH EHUHFKQHWHQ UHODWLYHQ ')7�
(QHUJLHQ GXUFKDXV PLW KRFKNRUUHOLHUWHQ 0HWKRGHQ NRQNXUULHUHQ
N|QQHQ� 'LH =XYHUOlVVLJNHLW LVW KLHU DOOHUGLQJV QLFKW VR KRFK ZLH I�U
RSWLPLHUWH�6WUXNWXUHQ�
+LHU RIIHQEDUW VLFK DXFK GLH JU|�WH 6FKZlFKH GHV ')7�$QVDW]HV� DXI�
JUXQG GHU QXPHULVFKHQ 1lKHUXQJ GHV $XVWDXVFKNRUUHODWLRQVSRWHQWL�
DOV LVW HLQH V\VWHPDWLVFKH 9HUEHVVHUXQJ GHU (UJHEQLVVH QLFKW P|JOLFK�

6HLWH����



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

$XV GLHVHP *UXQG KDEHQ ÄNODVVLVFKH³ DE�LQLWLR�0HWKRGHQ GXUFKDXV
QLFKWV DQ %HGHXWXQJ HLQJHE��W� VRQGHUQ ELHWHQ KLHU PLW LKUHU 6\VWH�
PDWLN�HLQH�GHXWOLFK�]XYHUOlVVLJHUH�9RUJHKHQVZHLVH�
:lKUHQG GLH NODVVLVFKHQ ')7�0HWKRGHQ QRFK PLW HLQHP $XIZDQG
YRQ 1 � EH]�JOLFK GHU 6\VWHPJU|�H VNDOLHUHQ� VLQG LQ GHQ OHW]WHQ -DK�
UHQ 9HUIDKUHQ SXEOL]LHUW ZRUGHQ� GLH EHL DQQlKHUQG JOHLFKHU *HQDX�
LJNHLW IRUPDO PLW 1 � E]Z� 1 � ��� � VNDOLHUHQ� 'XUFK ,QWHJUDO�6FUHHQLQJ�
0HWKRGHQ ��� � Ol�W VLFK GHU $XIZDQG VRJDU DXI HLQ OLQHDUHV 9HUKDOWHQ
UHGX]LHUHQ� ��� �
$QGHUH (QWZLFNOXQJHQ ]LHOHQ DXI GLH .RPELQDWLRQ YHUVFKLHGHQHU
0HWKRGHQ ��� � � ����� � LQVEHVRQGHUH YRQ 0ROHN�OPHFKDQLN XQG DE�LQLWLR
0HWKRGHQ � KLQ� 'DPLW ILQGHW ]ZDU DXFK HLQH (LQWHLOXQJ GHV 0ROHN�OV
LQ ÄZLFKWLJH³ XQG ÄXQZLFKWLJH³ 7HLOH VWDWW� GHU VWHULVFKH $QVSUXFK
YROXPLQ|VHU /LJDQGHQ Ol�W VLFK PLW +LOIH GLHVHU 0HWKRGH DOOHUGLQJV
JXW VLPXOLHUHQ� 6FKOLH�OLFK KDW HV LQQHUKDOE GHU OHW]WHQ -DKUH DXFK
:HLWHUHQWZLFNOXQJHQ DXI GHP %HUHLFK GHU VHPL�HPSLULVFKHQ 0HWKR�
GHQ JHJHEHQ� GLH HV HUP|JOLFKHQ� DXFK hEHUJDQJVPHWDOONRPSOH[H ]X
EHUHFKQHQ� ��� � � ����� 'LH *HQDXLJNHLW GLHVHU 9HUIDKUHQ LVW DOOHUGLQJV
EHJUHQ]W XQG GLH )UDJH� RE GLHVH 0HWKRGHQ GD]X YHUZHQGHW ZHUGHQ
N|QQHQ� XP 5HDNWLRQVSURILOH ]X EHUHFKQHQ� LVW QRFK ZHLWHVWJHKHQG
XQEHDQWZRUWHW�
1LFKWVGHVWRWURW] ZLUG LQ QDKHU =XNXQIW GLH %HUHFKQXQJ YRQ HUKHEOLFK
JU|�HUHQ�Ä0RGHOOV\VWHPHQ³�P|JOLFK�VHLQ�

6HLWH����



�'DWHQDQKDQJ

�� 'DWHQDQKDQJ

1:[ReO3(CH3)]

$WRP [ \ ]
Re 0.000000 0.000000 0.064308

C 0.000000 0.000000 -2.027926

O 0.000000 1.664154 0.606355

O -1.441200 -0.832077 0.606355

O 1.441200 -0.832077 0.606355

H 0.891583 0.514755 -2.402699

H 0.000000 -1.029511 -2.402699

H -0.891583 0.514755 -2.402699

E(MP2) = -343.604071 Hartree

6HLWH����



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

2:[ReO3(CH3)(H2O)]

$WRP [ \ ]
Re .000000 .127831 .000000

O 1.748137 -.011614 .000000

C -.262738 2.205057 .000000

O .244915 -2.438638 .000000

O -.805423 -.344317 1.493163

O -.805423 -.344317 -1.493163

H -1.330949 2.448804 .000000

H .200760 2.642117 -.891306

H .200760 2.642117 .891306

H -.275894 -2.719800 .775434

H -.275894 -2.719800 -.775434

E(MP2) = -419.815640 Hartree

3:[ReO2(O2)(CH3)]

$WRP [ \ ]
Re .054274 -.123188 .000001

O .731513 -.830277 -1.437155

C 1.133350 1.686908 -.000272

H 2.205833 1.465143 .000145

H .869545 2.261139 -.892976

H .868915 2.261443 .892072

O -1.469412 1.131687 -.000248

O -1.845385 -.330737 .000100

O .731414 -.829429 1.437595

E(MP2) = -418.53027 Hartree

6HLWH����



�'DWHQDQKDQJ

4:[ReO2(O2)(CH3)(H2O)]

$WRP [ \ ]
Re 0.238809 0.012554 -0.090287

O 1.884962 0.518841 0.118010

O 0.169056 -1.307858 1.551309

O 0.341889 -0.750255 2.476343

H -0.810701 -1.789787 1.578309

H 0.952256 -2.064912 1.427532

H -0.965069 1.185424 1.043729

O -0.745417 1.631210 -0.381408

O 0.225451 -1.063502 -1.470204

O -2.197244 -0.758538 -0.213543

H -2.494417 0.006206 0.322618

H -2.535498 -0.603157 -1.113782

E(MP2) = -494.74426 Hartree

5:[ReO(O2)2(CH3)]

$WRP [ \ ]
Re 0.000001 -0.023098 0.078686

O 0.000014 0.145349 1.784028

C -0.000026 2.032976 -0.442929

H 0.898646 2.517425 -0.049450

H -0.001585 2.104790 -1.535482

H -0.897136 2.518335 -0.047324

O 1.798846 0.134971 -0.599304

O 1.373116 -1.307992 -0.393462

O -1.798860 0.134932 -0.599272

O -1.373095 -1.308022 -0.393438

E(MP2) = -493.466324 Hartree

6HLWH����



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

6:[ReO(O2)2(CH3)(H2O)]

$WRP [ \ ]
Re 0.000644 -0.200701 -0.073966

O 0.005854 -1.849925 -0.569433

C 0.000330 -0.542317 2.019650

H 0.899706 -1.099534 2.302096

H -0.003699 0.428520 2.520895

H -0.892887 -1.108508 2.303525

O 1.876092 0.207812 0.241874

O 1.423333 0.612315 -1.143393

O -1.877595 0.196670 0.239493

O -1.425488 0.603859 -1.145201

O -0.004669 2.123558 0.627783

H 0.763196 2.472205 0.131848

H -0.796806 2.459484 0.162170

E(MP2) = -569.685750 Hartree

7:[ReO3(C3H5)]

$WRP [ \ ]
Re .424725 .022407 .010571

O .465948 -.367369 1.719577

O .225084 1.740480 -.270038

O 1.874868 -.556194 -.782202

C -1.243263 -.953441 -.810918

H -1.406922 -.580679 -1.830841

H -1.064953 -2.034598 -.857691

C -2.372582 -.597894 .110337

H -2.537408 -1.271416 .950792

C -3.129667 .506093 -.010957

H -2.974511 1.217511 -.818748

H -3.924707 .724785 .694165

E(MP2) = -420.731651 Hartree

6HLWH����



�'DWHQDQKDQJ

8:[ReO3(C4H7)]

$WRP [ \ ]
Re -.600615 -.010587 -.020549

O -.259770 -1.126071 -1.331504

O -.832232 1.633176 -.583416

O -2.008127 -.543718 .875873

C 1.071862 -.023902 1.245900

H .990077 .811948 1.953328

H 1.120659 -.960606 1.815882

C 2.236848 .132984 .300769

C 2.605583 1.346964 -.154164

H 3.434408 1.462963 -.846178

H 2.089111 2.252748 .154306

C 2.913123 -1.135863 -.138806

H 2.192713 -1.814556 -.610518

H 3.709874 -.929644 -.857727

H 3.345828 -1.657043 .722247

E(MP2) = -459.904526 Hartree

6HLWH����



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

9:[ReO3(CH2COOCH2CH3)]

$WRP [ \ ]
Re -.881254 -.073399 .013369

O -.761254 -1.237480 -1.292016

O -2.555183 .426184 .143902

O -.395241 -.774599 1.547163

C .181594 1.727499 -.396727

H -.149605 2.599001 .175437

H .056425 1.943567 -1.467644

C 1.624219 1.413465 -.113201

O 2.506342 2.137788 .301610

O 1.783207 .070692 -.368284

C 3.058552 -.531046 -.013408

H 3.785773 -.256857 -.782483

H 3.383141 -.106871 .939617

C 2.820196 -2.021977 .061160

H 2.453180 -2.401291 -.895314

H 3.753891 -2.535690 .307626

H 2.080930 -2.245277 .834128

E(MP2) = -610.013886 Hartree

6HLWH����



�'DWHQDQKDQJ

10:[ReO3(C3H5)(NH3)]

$WRP [ \ ]
Re .222298 .012065 .000001

C -1.853421 .115986 .000004

C -2.496731 1.304031 .000001

H -1.959937 2.248972 -.000020

C -2.608060 -1.188928 -.000001

H -2.343892 -1.785172 -.881689

H -3.692035 -1.026085 .000069

H -2.343794 -1.785249 .881606

H -3.586389 1.359880 .000006

O .554287 1.750301 -.000041

O .423333 -.898782 1.505503

O .423317 -.898856 -1.505459

N 2.671686 -.088028 -.000006

H 3.011728 -.580130 .826814

H 3.070192 .851546 -.000078

H 3.011728  -.580256 -.826751

E(MP2) = -477.117899 Hartree

11a:[Mo(P)(NH2)3]

$WRP [ \ ]
Mo 0.000000 0.000000 -0.217362

P   0.000000 0.000000 1.833191

N   1.375168 -1.311266 -0.723321

N 0.448005 1.846565 -0.723321

N -1.823174 -0.535300 -0.723321

H 1.961290 -1.868511 -0.139697

H 0.637533 2.632783 -0.139697

H -2.598824 -0.764272 -0.139697

H 1.5645300 -1.499575 -1.690108

H -2.080935 -0.605135 -1.690108

H 0.516405 2.104710 -1.690108

E(HF) = -240.032102 Hartree

6HLWH����



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

11b:[Mo(P)(NH2)3]

$WRP [ \ ]
Mo 0.000000 0.000000 -0.257827

P   0.000000 0.000000 1.954045

N   1.371533 -1.329431 -0.725991

N 0.465555 1.852498 -0.725991

N -1.837087 -0.523067 -0.725991

H 1.888437 -1.907761 -0.069751

H 0.707951 2.589315 -0.069751

H -2.596388 -0.681556 -0.069751

H 1.715492 -1.454714 -1.677007

H -2.117565 -0.758302 -1.677007

H 0.402073 2.213016 -1.677007

E(MP2) = -241.026692 Hartree

11c:[Mo(P)(NH2)3]

$WRP [ \ ]
Mo 0.000000 0.000000 0.196989

P 0.000000 0.000000 -1.909780

N 0.000000 1.900650 0.713101

H 0.000000 2.712703 0.107990

H 0.000000 2.181059 1.691353

N -1.646011 -0.950325 0.713101

H -2.349270 -1.356352 0.107990

H -1.888853 -1.090530 1.691353

N 1.646011 -0.950325 0.713101

H 2.349270 -1.356352 0.107990

H 1.888853 -1.090530 1.691353

E(B3LYP) = -241.994122 Hartree

6HLWH����



�'DWHQDQKDQJ

12a:[W(P)(NH2)3]

$WRP [ \ ]
W 0.000000 0.132845 0.000000

P -0.000002 -1.950752 0.000000

N -1.881536 0.677183 0.000000

H -2.689897 0.092309 0.000000

H -2.147998 1.644349 0.000000

N 0.940769 0.677181 1.629458

H 1.344954 0.092305 2.329515

H 1.074003 1.644346 1.860221

N 0.940769 0.677181 -1.629458

H 1.344954 0.092305 -2.329515

H 1.074003 1.644346 -1.860221

E(HF) = -240.3741644 Hartree

12b:[W(P)(NH2)3]

$WRP [ \ ]
W 0.000000 0.000000 0.169206

P 0.000000 0.000000 -2.026914

N 0.000000 1.909256 0.626652

H 0.000000 2.692901 -0.018093

H 0.000000 2.234851 1.592344

N -1.653464 -0.954628 0.626652

H -2.332121 -1.346451 -0.018093

H -1.935438 -1.117426 1.592344

N 1.653464 -0.954628 0.626652

H 2.332121 -1.346451 -0.018093

H 1.935438 -1.117426 1.592344

E(MP2) = -241.292158 Hartree

6HLWH����



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

12c:[W(P)(NH2)3]

$WRP [ \ ]
W 0.000000 0.000000 0.143790

P 0.000000 0.000000 -1.982221

N 0.000000 1.890216 0.665994

H 0.000000 2.700561 0.058981

H 0.000000 2.174840 1.643338

N -1.636976 -0.945108 0.665994

H -2.338754 -1.350281 0.058981

H -1.883467 -1.087420 1.643338

N 1.636976 -0.945108 0.665994

H 2.338754 -1.350281 0.058981

H 1.883467 -1.087420 1.643338

E(B3LYP) = -242.314464 Hartree

13a:[(Mo)(P)(NH2)3(NH3)]

$WRP [ \ ]
Mo .000000 .000000 .084375

P .000000 .000000 2.152663

N .000000 1.945789 -.294368

N -1.685103 -.972895 -.294368

N 1.685103 -.972895 -.294368

H .000005 2.703547 .353106

H -2.341343 -1.351769 .353106

H 2.341338 -1.351778 .353106

H .000036 2.290697 -1.233230

H -1.983820 -1.145317 -1.233230

H 1.983784 -1.145380 -1.233230

N .000000 .000000 -2.591113

H .809227 .467194 -2.957930

H -.809216 .467214 -2.957930

H -.000012 -.934408 -2.957930

E(HF) = -296.2301463 Hartree

6HLWH����



�'DWHQDQKDQJ

13b:[(Mo)(P)(NH2)3(NH3)]

$WRP [ \ ]
Mo .000000 .000000 .051028

P .000000 .000000 2.264914

N .000000 1.945147 -.296045

N -1.684547 -.972574 -.296045

N 1.684547 -.972574 -.296045

H -.000477 2.674899 .409118

H -2.316292 -1.337863 .409118

H 2.316769 -1.337036 .409118

H -.004439 2.335856 -1.235339

H -2.020691 -1.171772 -1.235339

H 2.025130 -1.164084 -1.235339

N .000000 .000000 -2.628957

H .811505 .488544 -3.006189

H -.828844 .458512 -3.006189

H .017339 -.947056 -3.006189

E(MP2) = -297.392341 Hartree

13c:[(Mo)(P)(NH2)3(NH3)]

$WRP [ \ ]
Mo .000000 .000000 .082524

P .000000 .000000 2.203904

N -.005434 1.944142 -.309291

N -1.680960 -.976778 -.309291

N 1.686394 -.967365 -.309291

H -.010960 2.707963 .354468

H -2.339685 -1.363473 .354468

H 2.350644 -1.344490 .355468

H -.015203 2.297436 -1.261507

H -1.982036 -1.161884 -1.261507

H 1.997240 -1.135552 -1.261507

N .000000 .000000 -2.617110

H .803254 .500114 -2.996190

H -.834738 .445582 -2.996190

H .031484 -.945695 -2.996190

E(B3LYP) = -298.553568 Hartree

6HLWH����



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

14a:[W(P)(NH2)3(NH3)]

$WRP [ \ ]
W -0.061591 0.001519 -0.000823

P -2.160304 -0.012107 0.005511

N 0.357043 -0.077722 1.928989

H -0.298221 -0.111415 2.679020

H 1.292095 -0.083061 2.283227

N 0.336859 1.717922 -0.895756

H -0.326207 2.376355 -1.241968

H 1.268206 2.038987 -1.067064

N 0.358152 -1.627683 -1.037752

H -0.296654 -2.265260 -1.434966

H 1.293456 -1.925228 -1.228828

N 2.558628 -0.000219 -0.000375

H 2.868402 -0.846301 0.442074

H 2.943104 0.024100 -0.927286

H 2.943357 0.774909 0.508286

E(HF) = -296.575304 Hartree

14b:[W(P)(NH2)3(NH3)]

$WRP [ \ ]
W 0.031262 0.002178 -0.000279

P 2.244967 -0.015298 0.001936

N -0.330175 -1.167882 -1.551932

H 0.369767 -1.615568 -2.132992

H -1.266934 -1.405286 -1.868693

N -0.306991 1.934816 -0.240701

H 0.401674 2.654140 -0.332018

H -1.238954 2.338095 -0.295715

N -0.330235 -0.751998 1.790767

H 0.369709 -1.040274 2.465265

H -1.266941 -0.895720 2.159742

N -2.548397 -0.001262 0.000149

H -2.860146 -0.963884 0.123392

H -2.942733 0.554947 0.757875

H -2.942725 0.346112 -0.873267

E(MP2) = - 297.671501 Hartree

6HLWH����



�'DWHQDQKDQJ

14c:[W(P)(NH2)3(NH3)]

$WRP [ \ ]
W -0.056375 -0.000283 0.000624

P -2.196889 0.002595 -0.002712

N 0.343447 -0.883373 1.722776

H -0.330209 -1.226799 2.394780

H 1.290195 -1.051264 2.049923

N 0.348630 1.932218 -0.096523

H -0.324605 2.686274 -0.133651

H 1.295611 2.298794 -0.113589

N 0.344809 -1.051850 -1.624072

H -0.327330 -1.460511 -2.259951

H 1.292759 -1.250254 -1.930224

N 2.583823 0.000237 -0.002019

H 2.965008 -0.944920 0.023841

H 2.953334 0.450524 -0.838647

H 2.965326 0.499578 0.800907

E(B3LYP) = -298.876518 Hartree

15a:[Mo(PS)(NH2)3]

$WRP [ \ ]
Mo 0.000000 0.000000 -0.827424

P 0.000000 0.000000 1.259979

N 1.933485 0.028758 -1.234993

N -0.991648 1.660068 -1.234993

N -0.941837 -1.688826 -1.234993

H 2.724141 0.045837 -0.626630

H  -1.401766 2.336257 -0.626630

H -1.322375 -2.382094 -0.626630

H 2.243571 0.013027 -2.189906

H -1.110504 -1.949503 -2.189906

H   -1.133067 1.936476 -2.189906

S 0.000000 0.000000 3.142721

E(HF) = -250.032387 Hartree

6HLWH����



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

15b:[Mo(PS)(NH2)3]

$WRP [ \ ]
Mo .843960 .000101 .000083

P -1.313511 .000045 -.001242

N 1.332568 -1.115166 -1.532098

H 2.166219 -.868797 -2.069217

H .722704 -1.721578 -2.074846

N 1.331079 1.885145 -.198561

H 2.164544 2.228133 .282900

H .720407 2.657546 -.452908

N 1.330453 -.770153 1.732128

H 2.163436 -1.359335 1.788140

H .719526 -.936457 2.527969

S -3.272451 -.000202 .000176

E(MP2) = -251.112559 Hartree

15c:[Mo(PS)(NH2)3]

$WRP [ \ ]
Mo .835273 .000131 -.000118

P -1.289780 -.000094 -.000738

N 1.301344 -1.561799 -1.112634

H 2.171839 -1.546448 -1.642933

H .694116 -2.292629 -1.467393

N 1.302153 1.744976 -.794671

H 2.179668 2.188942 -.526132

H .692677 2.425564 -1.235202

N 1.301583 -.183862 1.908343

H 2.175796 -.644485 2.158890

H .693071 -.134971 2.718301

S -3.229843 .000295 .000202

E(B3LYP)=252.201107 Hartree

6HLWH����



�'DWHQDQKDQJ

16a:[W(PS)(NH2)3]

$WRP [ \ ]
W -0.611743 0.000000 0.000000

P 1.477787 0.000006 0.000008

N -1.109042 -0.733765 1.753784

H -0.519842 -1.038974 2.499024

H -2.072418 -0.854779 2.010466

N -1.109043 1.885704 -0.241440

H -0.519844 2.683711 -0.349703

H -2.072421 2.168497 -0.265027

N -1.109026 -1.151946 -1.512353

H -0.519817 -1.644722 -2.149296

H -2.072400 -1.313765 -1.745482

S 3.385544 -0.000001 -0.000002

E(HF) = -250.360978 Hartree

16b:[W(PS)(NH2)3]

$WRP [ \ ]
W -.634420 .000014 -.000021

P 1.531765 .000216 .000112

N -1.143318 -1.353889 -1.320429

H -.558785 -2.077508 -1.729639

H -2.018088 -1.265417 -1.839394

N -1.143012 -.466675 1.832701

H -.558139 -.460062 2.663748

H -2.017348 -.961187 2.015403

N -1.143240 1.820505 -.512039

H -.558536 2.536756 -.933782

H -2.018047 2.225569 -.175855

S 3.481657 -.000126 -.000140

E(MP2) = -251.382386 Hartree

6HLWH����



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

16c:[W(PS)(NH2)3]

$WRP [ \ ]
W .623502 .000132 -.000098

P -1.506698 -.000806 .000095

N 1.141988 -.438336 1.842456

H .562580 -.804613 2.589784

H 2.039361 -.130964 2.214859

N 1.141872 -1.376950 -1.300634

H .562327 -1.840983 -1.991380

H 2.038314 -1.854613 -1.219013

N 1.141575 1.815135 -.541676

H .561650 2.645014 -.599161

H 2.039821 1.984540 -.992075

S -3.457550 .000314 .000113

E(B3LYP)= -252.512249 Hartree

17a:[Mo(PS)(NH2)3(NH3)]

$WRP [ \ ]
Mo 0.000000 0.000000 0.565109

P 0.000000 0.000000 -1.540461

S 0.000000 0.000000 -3.427502

N 0.011218 1.974568 0.856083

N 1.704417 -0.996999 0.856083

N -1.715635 -0.977569 0.856083

H 0.016195 2.701390 0.172838

H 2.331375 -1.364720 0.172838

H -2.347569 -1.336670 0.172838

H 0.013778 2.381399 1.770706

H 2.055463 -1.202632 1.770706

H -2.069241 -1.178767 1.770706

N 0.000000 0.000000 2.931560

H -0.807671 0.474014 3.294354

H 0.814344 0.462456 3.294354

H -0.006673 -0.936471 3.294354

E(HF)= -306.251188 Hartree

6HLWH����



�'DWHQDQKDQJ

17b:[Mo(PS)(NH2)3(NH3)]

$WRP [ \ ]
Mo 0.000000 0.000000 0.608006

P 0.000000 0.000000 -1.596251

S 0.000000 0.000000 -3.553391

N 0.009936 1.953692 0.903837

N 1.686979 -0.985451 0.903837

N -1.696915 -0.968241 0.903837

H 0.013365 2.655193 0.170978

H 2.292782 -1.339171 0.170978

H -2.306147 -1.316022 0.170978

H 0.016554 2.392461 1.822807

H 2.063655 -1.210567 1.822807

H -2.080209 -1.181894 1.822807

N 0.000000 0.000000 2.919970

H -0.819218 0.486171 3.286682

H 0.830645 0.466378 3.286682

H -0.011427 -0.952549 3.286682

E(MP2)= -307.5170931 Hartree

6HLWH����



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

17c:[Mo(PS)(NH2)3(NH3)]

$WRP [ \ ]
Mo 0.000000 0.000000 0.587917

P 0.000000 0.000000 -1.565688

S 0.000000 0.000000 -3.505515

N 1.970287 -0.005551 0.883698

N -0.989951 -1.703543 0.883698

N -0.980336 1.709094 0.883698

H 2.694959 -0.009512 0.176379

H -1.355718 -2.329147 0.176379

H -1.339242 2.338660 0.176379

H 2.395945 -0.014405 1.807566

H -1.210447 -2.067746 1.807566

H -1.185497 2.082151 1.807566

N 0.000000 0.000000 2.927214

H 0.507663 0.805309 3.293689

H 0.443587 -0.842304 3.293689

H -0.951250 0.036995 3.293689

E(B3LYP)= -308.785228 Hartree

6HLWH����



�'DWHQDQKDQJ

18a:[W(PS)(NH2)3(NH3)]

$WRP [ \ ]
W 0.000000 0.000000 0.431314

P 0.000000 0.000000 -1.675033

S 0.000000 0.000000 -3.584780

N 0.011102 1.957478 0.773571

N 1.689675 -0.988354 0.773571

N -1.700777 -0.969125 0.773571

H 0.016732 2.683419 0.090137

H 2.315543 -1.356200 0.090137

H -2.332275 -1.327219 0.090137

H 0.013541 2.362162 1.688958

H 2.038922 -1.192807 1.688958

H -2.052463 -1.169355 1.688958

N 0.000000 0.000000 2.788898

H -0.808149 0.472984 3.153389

H 0.813690 0.463385 3.153389

H -0.005542 -0.936369 3.153389

E(HF)= -306.583584 Hartree

6HLWH����



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

18b:[W(PS)(NH2)3(NH3)]

$WRP [ \ ]
W 0.000000 0.000000 0.467087

P 0.000000 0.000000 -1.737286

S 0.000000 0.000000 -3.684664

N 0.011353 1.956377 0.779600

N 1.688596 -0.988021 0.779600

N -1.699949 -0.968356 0.779600

H 0.014746 2.666930 0.055765

H 2.302256 -1.346236 0.055765

H -2.317002 -1.320695 0.055765

H 0.015008 2.394773 1.698661

H 2.066430 -1.210384 1.698661

H -2.081438 -1.184389 1.698661

N 0.000000 0.000000 2.771071

H -0.820527 0.483622 3.139024

H 0.829092 0.468786 3.139024

H -0.008566 -0.952408 3.139024

E(MP2)= -307.791463 Hartree

6HLWH����



�'DWHQDQKDQJ

18c:[W(PS)(NH2)3(NH3)]

$WRP [ \ ]
W 0.000000 0.000000 0.000000

P 0.000000 0.000000 2.154909

S 0.003521 0.000000 4.103990

N 1.960277 0.068735 -0.321256

N -1.042072 1.660672 -0.323695

N -0.922374 -1.730003 -0.323819

H 2.684266 0.093831 0.385792

H -1.426282 2.276067 0.382253

H -1.262583 -2.370940 0.381987

H 2.387716 0.083578 -1.244426

H -1.266093 2.023002 -1.247659

H -1.121138 -2.106645 -1.247843

N 0.007420 0.000077 -2.331894

H 0.513764 -0.806723 -2.696947

H 0.457656 0.839259 -2.697460

H -0.939838 -0.032342 -2.709039

E(B3LYP)= -309.099749 Hartree

6HLWH����



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

19a:[Mo(P)(n3n)]

$WRP [ \ ]
Mo .000000 .821266 .000000

P -.049017 2.906490 .000000

N 1.947604 .437442 .000000

H 2.626322 1.168643 .000000

C 2.602546 -.851870 .000000

H 3.252260 -.940370 .870085

H 3.252260 -.940370 -.870085

C 1.616166 -2.044198 .000000

H 1.810255 -2.667372 -.862411

H 1.810255 -2.667372 .862411

N -1.054948 .303070 1.593408

H -1.553124 .941943 2.174707

C -1.559498 -1.053872 1.698031

H -2.477868 -1.189520 1.130024

H -1.803904 -1.293319 2.731255

C -.489156 -2.042084 1.246968

H .261109 -2.058938 2.023796

H -.903048 -3.046390 1.160833

N -1.054948 .303070 -1.593408

H -1.553124 .941943 -2.174707

C -1.559498 -1.053872 -1.698031

H -1.803904 -1.293319 -2.731255

H -2.477868 -1.189520 -1.130024

C -.489156 -2.042084 -1.246968

H -.903048 -3.046390 -1.160833

H .261109 -2.058938 -2.023796

N .192170 -1.646917 .000000

E(HF) = -526.904389 Hartree

6HLWH����



�'DWHQDQKDQJ

19c:[Mo(P)(n3n)]

$WRP [ \ ]
Mo .000000 .837947 .000000

P -.028791 2.973784 .000000

N 1.943094 .412054 .000000

H 2.625422 1.162107 .000000

C 2.610196 -.879520 .000000

H 3.269572 -.964413 .879669

H 3.269572 -.964413 -.879669

C 1.624053 -2.083842 .000000

H 1.822356 -2.712739 -.873131

H 1.822356 -2.712739 .873131

N -1.056023 .300438 1.591771

H -1.552031 .955384 2.184841

C -1.566218 -1.063540 1.705339

H -2.493953 -1.196626 1.127397

H -1.820693 -1.301027 2.749523

C -.502778 -2.072538 1.254748

H .258287 -2.105073 2.037828

H -.944626 -3.079417 1.170476

N -1.056023 .300438 -1.591771

H -1.552031 .955384 -2.184841

C -1.566218 -1.063540 -1.705339

H -1.820693 -1.301027 -2.749523

H -2.493953 -1.196626 -1.127397

C -.502778 -2.072538 -1.254748

H -.944626 -3.079417 -1.170476

H .258287 -2.105073 -2.037828

N .190534 -1.690320 .000000

E(B3LYP) = -530.777669 Hartree

6HLWH����



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

20a:[W(P)(n3n)]

$WRP [ \ ]
W .000000 .669418 .000000

P -.065925 2.781312 .000000

N 1.938111 .270372 .000000

H 2.606382 1.010874 .000000

C 2.604630 -1.012663 .000000

H 3.253269 -1.095724 .870298

H 3.253269 -1.095724 -.870298

C 1.619437 -2.203328 .000000

H 1.809491 -2.826764 -.862433

H 1.809491 -2.826764 .862433

N -1.051346 .128486 1.581648

H -1.532199 .773888 2.169621

C -1.555129 -1.227848 1.702838

H -2.477315 -1.366111 1.142630

H -1.789493 -1.458773 2.739346

C -.483094 -2.209622 1.247498

H .268849 -2.225976 2.022372

H -.887701 -3.215818 1.151874

N -1.051346 .128486 -1.581648

H -1.532199 .773888 -2.169621

C -1.555129 -1.227848 -1.702838

H -1.789493 -1.458773 -2.739346

H -2.477315 -1.366111 -1.142630

C -.483094 -2.209622 -1.247498

H -.887701 -3.215818 -1.151874

H .268849 -2.225976 -2.022372

N .194147 -1.797537   .000000

E(HF) = -527.251227 Hartree

6HLWH����



�'DWHQDQKDQJ

20c:[W(P)(n3n)]

$WRP [ \ ]
W .000000 .674279 .000000

P -.043489 2.826831 .000000

N 1.937736 .256124 .000000

H 2.615252 1.009873 .000000

C 2.612767 -1.033390 .000000

H 3.271104 -1.115257 .879587

H 3.271104 -1.115257 -.879587

C 1.627400 -2.236371 .000000

H 1.822308 -2.865482 -.873111

H 1.822308 -2.865482 .873111

N -1.052258 .136863 1.584611

H -1.534648 .795382 2.183727

C -1.563277 -1.228216 1.710654

H -2.494518 -1.363134 1.139837

H -1.808776 -1.459184 2.757520

C -.499255 -2.232237 1.256458

H .264048 -2.264936 2.037075

H -.932681 -3.240801 1.163107

N -1.052258 .136863 -1.584611

H -1.534648 .795382 -2.183727

C -1.563277 -1.228216 -1.710654

H -1.808776 -1.459184 -2.757520

H -2.494518 -1.363134 -1.139837

C -.499255 -2.232237 -1.256458

H -.932681 -3.240801 -1.163107

H .264048 -2.264936 -2.037075

N .191463 -1.835296 .000000  

E(B3LYP) = -531.099484 Hartree

6HLWH����



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

21:[Pd(PH3)4]

$WRP [ \ ]
Pd 0.000000 0.000000 0.000000

P -1.378053 -1.378053 1.378053

P 1.378053 1.378053 1.378053

P -1.378053 1.378053 -1.378053

P 1.378053 -1.378053 -1.378053

H -0.843749 -2.315784 2.315784

H 0.843749 2.315784 2.315784

H -0.843749 2.315784 -2.315784

H 0.843749 -2.315784 -2.315784

H -2.315784 -0.843749 2.315784

H -2.315784 0.843749 -2.315784

H 2.315784 -0.843749 -2.315784

H 2.315784 0.843749 2.315784

H 2.315784 2.315784 0.843749

H 2.315784 -2.315784 -0.843749

H -2.315784 -2.315784 0.843749

H -2.315784 2.315784 -0.843749

E(B3LYP) = -1500.226427 Hartree

ZPE=65.82

22:[Pd(PH3)3]

$WRP [ \ ]
Pd .000000 .016309 .000000

P -2.348367 -.130669 .000000

H -3.183491 .369358 1.046284

H -2.932702 -1.432596 .000000

H -3.183491 .369358 -1.046284

P 1.173841 .059295 2.038959

P 1.173841 .059295 -2.038959

H 2.463370 .650543 2.211656

H .648822 .601520 -3.252360

H 2.463370 .650543 -2.211656

H .648822 .601520 3.252360

H 1.542789 -1.189651 2.622449

H 1.542789 -1.189651 -2.622449

E(B3LYP) = -1157.164747 Hartree

6HLWH����



�'DWHQDQKDQJ

23:[Pd(PH2)2]

$WRP [ \ ]
Pd .000000 .000000 -.002150

P .000000 2.292359 .002303

H .000000 3.020198 1.226248

H 1.057740 3.026899 -.605674

H -1.057740 3.026899 -.605674

P .000000 -2.292359 .002303

H .000000 -3.020198 1.226248

H -1.057740 -3.026899 -.605674

H 1.057740 -3.026899 -.605674

E(B3LYP) = -814.095399 Hartree

24:cis-[Pd(Br)(C2H3)(PH3)2]

$WRP [ \ ]
Pd -.344866 .110274 -.055392

Br 2.021954 -.687544 -.044971

P .666045 2.309649 .202802

H 1.584254 2.690957 -.805990

H -.028755 3.552810 .311380

H 1.510061 2.461834 1.329840

P -2.586487 .547737 -.133630

H -3.294686 .127113  -1.286732

H -3.397603 -.065950 .853182

H -3.101160 1.872339 -.047682

C -.940561 -1.819692 -.283055

H -.631313 -2.234415 -1.251391

C -1.572860 -2.582371 .612311

H -1.876562 -2.221170 1.601576

H -1.781634 -3.640478 .404714

E(B3LYP) = -3465.920151 Hartree

6HLWH����



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

25:cis-[Pd(Br)(C2H3)(PH3)2]‡

$WRP [ \ ]
Pd -.466942 .001977 .104132

C 1.079939 -1.315878 .611259

P -2.006724 -1.681351 -.622881

P -1.602427 2.124266 .291701

Br 2.032814 .342710 -.537551

H 1.198051 -2.216508 .002951

C 1.233585 -1.289207 1.951420

H 1.323954 -2.228526 2.509257

H 1.281233 -.356924 2.519609

H -2.945980 -2.240292 .292520

H -2.952299 -1.465789 -1.668158

H -1.539126 -2.937967 -1.111884

H -2.029171 2.611710 1.561007

H -.927805 3.313095 -.106400

H -2.821903 2.422188 -.383109

E(B3LYP) = -3465.879664 Hartree

26:[Pd(PH3)2(C2H3Br)]

$WRP [ \ ]
Pd .766167 -.083595 .196179

P .866263 2.284098 .092583

P 2.837858 -.954480 -.541418

H -.139199 3.098398 .689315

H 1.969881 3.034147 .596033

H .830716 2.928572 -1.177528

H 4.080033 -.254337 -.482643

H 3.353174 -2.175410 -.017606

H 2.960222 -1.328221 -1.911014

C -1.208125 -.572109 .880348

C -.506531 -1.772426 .722946

Br -2.610483 -.071694 -.369896

H -1.414720 -.141466 1.862685

H -.689914 -2.420317 -.138511

H -.100866 -2.263740 1.614171

E(B3LYP) = -3465.9134625 Hartree

6HLWH����



�'DWHQDQKDQJ

27:trans-[Pd(Br)(C2H3)(PH3)2]

$WRP [ \ ]
Pd .369925 .055414 -.109945

Br -2.138127 -.295636 .127754

P -.063202 2.344207 -.060020

H -.564696 2.840083 1.167553

H .951843 3.310357 -.294604

H -1.063102 2.833416 -.933789

P .830861 -2.214254 -.088458

H 1.590762 -2.702119 1.004762

H -.248779 -3.130748 -.068359

H 1.600338 -2.766186 -1.144309

C 2.371492 .363076 -.301528

H 2.696400 .580753  -1.331360

C 3.287675 .339237 .672914

H 3.037246 .130933 1.719809

H 4.348002 .538537 .465204

E(B3LYP) = -3465.926749 Hartree

28:[Pd(Br)(C2H3)(PH3)]

$WRP [ \ ]
Pd -0.363249 -0.433771 0.006951

Br 2.039144 -0.182349 -0.028931

P -2.627134 -0.861425 -0.026413

C -0.802319 1.427109 0.510006

H -3.380423 -0.637494 1.154253

H -3.428484 -0.117619 -0.929517

H -3.098501 -2.166454 -0.334491

H -0.611594 1.584306 1.578822

C -1.220184 2.378469 -0.319555

H -1.377980 2.222031 -1.390663

H -1.392547 3.393250 0.062550

E(B3LYP) = -3122.8390654 Hartree

6HLWH����



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

29:[Pd(C2H3)(PH3)2]+

$WRP [ \ ]
Pd 0.109376 -0.440282 -0.181526

P 2.563462 -0.307510 0.099128

P -0.830336 1.604993 0.035968

C -1.810626 -0.894569 -0.480695

H -2.038263 -0.976141 -1.554126

C -2.608537 -1.311801 0.502071

H -3.509416 -1.895376 0.267488

H -2.410300 -1.133440 1.564768

H 3.372184 -0.746706 -0.978372

H 3.167604 0.950774 0.340383

H 3.151302 -1.049776 1.153210

H -1.584879 2.113555 -1.044352

H -1.709907 1.795719 1.124433

H 0.110989 2.642428 0.239327

E(B3LYP) = -891.767674 Hartree

6HLWH����



�'DWHQDQKDQJ

30:[Pd(Br)(C2H3)(PH3)3]

$WRP [ \ ]
Pd -.378475 -.000772 .237618

P 1.276523 -.009277 1.995864

C -1.529240 .006417 -1.445906

Br 1.951229 .002083 -1.173416

P -1.115878 -2.254168 .442664

P -1.107045 2.254684 .457267

H 2.194971 1.066663 2.007480

C -2.861180 .009399 -1.541749

H -.882775 .007897 -2.332404

H -.903239 -3.064439 -.701235

H -.592712 -3.156247 1.413367

H -2.491128 -2.558772 .636136

H .968081 -.014533 3.393743

H 2.193292 -1.086682 1.998968

H -.891934 3.071146 -.681739

H -2.480826 2.564078 .653808

H -.579281 3.148510 1.433113

H -3.525697 .008042 -.669628

H -3.353393 .013470 -2.523453

E(B3LYP) = -3808.968498 Hartree

6HLWH����



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

31:[Pd(Br)(C2H3)(PH3)3]‡

$WRP [ \ ]
Pd 0.669730 -0.000130 0.183684

Br -1.915797 0.000952 -0.952629

P -0.961738 -0.008973 2.226100

H -0.697886 -0.013147 3.637357

H -1.901175 1.053007 2.240608

H -1.897834 -1.073978 2.233772

C 2.487234 0.006281 -0.759663

H 2.414789 0.008213 -1.857396

C 3.691026 0.008181 -0.179877

H 4.608708 0.011666 -0.784934

H 3.829598 0.006438 0.906724

P 0.728489 -2.297244 -0.098313

H 1.764653 -3.101302 0.449797

H -0.397496 -3.047079 0.321818

H 0.809740 -2.725183 -1.444536

P 0.717352 2.298543 -0.087666

H 1.750842 3.105010 0.462074

H 0.794074 2.732664 -1.432138

H -0.411364 3.041040 0.338005

E(B3LYP) = -3808.962576 Hartree

6HLWH����



�'DWHQDQKDQJ

32:[Pd(Br)(C2H3)(C2H4)(PH3)]

$WRP [ \ ]
Pd -.408188 -.068389 -.105349

Br 2.142127 -.129074 .132336

C -.549872 -2.267979 -.771337

C -.590022 -2.250252 .596108

C -2.412764 .114928 -.307666

C -3.313792 .139613 .678800

H -2.752754 .179783 -1.353639

H -4.389456 .210482 .466994

H -3.038159 .089305 1.738763

P -.159641 2.231781 -.085196

H .735924 2.776659 -1.033758

H -1.264803 3.107115 -.255647

H .386520 2.766636 1.104542

H -1.466988 -2.335576 -1.362425

H .399991 -2.383391 -1.300026

H -1.542331 -2.290598 1.131230

H .327581 -2.351498 1.180761

E(B3LYP) = -3201.391632 Hartree

6HLWH����



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

33a:[Pd(Br)(C2H3)(C3H6)(PH3)]

$WRP [ \ ]
Pd -.429508 -.071352 .011823

Br 2.121781 -.186346 -.286751

P -.242793 -2.314878 .516925

H .711910 -2.679436 1.493718

H -1.357872 -3.073737 .963501

H .179158 -3.132020 -.557702

C -2.439165 -.182030 .223235

H -2.801972 -.125724 1.261686

C -3.321731 -.305078 -.773184

H -3.024908 -.379711 -1.825973

H -4.402346 -.338027 -.577676

C -.488980 1.948294 -1.049267

H -1.342217 1.796133 -1.715224

H .503305 2.016628 -1.501643

C -.689765 2.279640 .266756

H -1.725008 2.347335 .619772

C .361887 2.800065 1.202576

H 1.376525 2.582084 .843063

H .240315 3.894350 1.302693

H .246525 2.374267 2.211647

E(B3LYP) = -3240.682596 Hartree

6HLWH����



�'DWHQDQKDQJ

33b:[Pd(Br)(C2H3)(C3H6)(PH3)]

$WRP [ \ ]
Pd -.278904 .186698 .014884

Br 2.150627 -.636805 .120622

P .648649 2.245271 -.446769

H 1.576194 2.304306 -1.512362

H -.155210 3.374921 -.753658

H 1.435609 2.791708 .593838

C -2.136128 .976914 -.115976

H -2.568137 .924783 -1.128098

C -2.851017 1.520822 .873711

H -2.474719 1.610473 1.899558

H -3.867132 1.901685 .701773

C -1.096648 -1.656022 1.108368

H -.232745 -1.802871 1.761102

H -2.043457 -1.364660 1.571102

C -1.046244 -2.057326 -.201466

H -.097912 -2.466826 -.567593

C -2.228684 -2.197727 -1.113507

H -3.127644 -1.710198 -.711323

H -2.017026 -1.790378 -2.114840

H -2.447582 -3.271907 -1.251171

E(B3LYP) = -3240.682329 Hartree

6HLWH����



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

33c:[Pd(Br)(C2H3)(C3H6)(PH3)]

$WRP [ \ ]
Pd .413223 -.067967 -.197433

Br -2.147029 -.208907 -.003669

P .343465 -2.311334 .308849

H -.302406 -3.133078 -.644435

H 1.533278 -3.060525 .507383

H -.375624 -2.673264 1.470963

C 2.420606 -.144862 -.437392

H 2.720667 -.034945 -1.492363

C 3.367519 -.272035 .497467

H 3.140896 -.386874 1.564014

H 4.434034 -.257775 .234461

C .244648 2.009707 -1.164805

H .956345 1.915536 -1.989403

H -.815957 2.070254 -1.421842

C .680189 2.286501 .105689

H 1.760705 2.349579 .273267

C -.190274 2.738349 1.241155

H -1.250339 2.514009 1.062400

H .115060 2.269955 2.189843

H -.067036 3.829407 1.370638

E(B3LYP) = -3240.682230 Hartree

6HLWH����



�'DWHQDQKDQJ

33d:[Pd(Br)(C2H3)(C3H6)(PH3)]

$WRP [ \ ]
Pd .263807 .192157 .203587

Br -2.149937 -.620806 -.137699

P -.601624 2.281987 -.207136

H -1.580013 2.733207 .709301

H .229824 3.431253 -.262673

H -1.312948 2.434968 -1.419564

C 2.100459 .986161 .496514

H 2.371599 1.079636 1.560424

C 2.978332 1.370873 -.434898

H 2.770951 1.313932 -1.510022

H 3.969458 1.757238 -.160017

C  .997487 -1.757742 1.184219

H .095774 -1.929871 1.777611

H 1.925308 -1.546753 1.723269

C 1.012030 -2.053827 -.153631

H .074031 -2.399326 -.602069

C 2.236636 -2.150166 -1.011295

H 3.122553 -1.716114 -.528823

H 2.435508 -3.215420 -1.227617

H 2.085334 -1.655354 -1.983769

E(B3LYP) = -3240.682183 Hartree

6HLWH����



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

34:[Pd(Br)(C2H3)(C3H6)(PH3)2]

$WRP [ \ ]
Pd -.444994 .047825 .044093

Br 2.097617 -.431190 -.409366

P .254851 -.049853 2.413474

H 1.274950 .845861 2.827277

H -.611371 .134622 3.534653

H .874092 -1.244410 2.864686

C -2.410710 .286034 .468237

H -2.594945 .715104 1.463088

C -3.449538 .006869 -.322364

H -3.344068 -.415412 -1.327784

H -4.478200 .192047 .014516

C -.438483 2.270124 -.639569

H -1.351085 2.668034 -.181026

H -.598949 1.430671 -1.731104

C .253706 1.183681 -2.369600

H -1.595159 1.236549 -2.133324

C .835341 2.991263 -.290600

H 1.722588 2.451776 -.649784

H .821041 3.997246 -.749424

H .934711 3.138664 .796310

P -.680124 -2.286591 -.680455

H -1.932218 -2.962676 -.776901

H -.182181 -2.625394 -1.965281

H .014388 -3.287106 .049218  

E(B3LYP) = -3583.736893 Hartree

6HLWH����



�'DWHQDQKDQJ

35:[Pd(Br)(C2H3)(C2H4)(PH3)]

$WRP� [� \� ]�
Pd 0.518026 0.171016 -0.130748 

Br -2.046185 0.067764 0.11256 

P 0.25997 -2.10088 -0.160041 

H 1.369083 -2.958431 -0.387437 

H -0.237866 -2.662653 1.038415 

H -0.664501 -2.622526 -1.09281 

C 2.526241 -0.160962 -0.318353 

H 2.879837 -0.154499 -1.360755 

C 3.391567 -0.406004 0.669246 

H 3.100005 -0.427273 1.725729 

H 4.45415 -0.5908 0.460637 

C 0.073295 2.463302 -0.018134 

C 1.422583 2.355847 -0.19176 

H -0.369276 2.563217 0.975587 

H -0.606543 2.60228 -0.861402 

H 1.874645 2.423458 -1.184551 

H 2.110811 2.377312 0.655059 

E(B3LYP) = -3201.386257 Hartree

36:[Pd(Br)(C2H3)(C2H4)(PH3)]‡

$WRP� [� \� ]�
Pd 0.514362 0.175649 -0.12592 

Br -2.050551 0.058125 0.106189 

P 0.26897 -2.098488 -0.121953 

H 1.394117 -2.952951 -0.264915 

H -0.309134 -2.645204 1.047 

H -0.587651 -2.639878 -1.107993 

C 2.518601 -0.123688 -0.376147 

H 2.83335 -0.0259 -1.426861 

C 3.42406 -0.432521 0.555743 

H 3.173518 -0.545198 1.616797 

H 4.480264 -0.581358 0.293533 

C 0.076086 2.477031 -0.205829 

C 1.400695 2.358349 0.097394 

H -0.685442 2.576468 0.569154 

H -0.262288 2.622586 -1.235414 

H 2.171032 2.436175 -0.671606 

H 1.751802 2.361472 1.132559 

E(B3LYP) = -3201.386157 Hartree

6HLWH����



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

37a:[Pd(Br)(C4H7)(PH3)]

$WRP [ \ ]
Pd 0.632490 0.894552 0.005302

Br 2.162880 -0.988161 -0.039619

P -0.622813 2.818805 -0.039533

H -1.831689 2.848038 -0.785170

H -1.134482 3.347797 1.175578

H -0.041657 4.010425 -0.549404

C -0.972140 -0.195028 0.684635

H -1.635588 0.479914 1.246763

H -0.492828 -0.897297 1.379855

C -1.698699 -0.901297 -0.455751

H -0.982738 -1.536187 -1.002414

C -2.817007 -1.753038 0.096814

C -4.120667 -1.544864 -0.112396

H -2.505151 -2.593072 0.730709

H -4.881574 -2.199922 0.321353

H -2.109311 -0.173943 -1.175368

H -4.477334 -0.718752 -0.737490

E(B3LYP) = -3201.411430 Hartree

6HLWH����



�'DWHQDQKDQJ

37b:[Pd(Br)(C4H7)(PH3)]

$WRP [ \ ]
Pd 0.246144 0.759236 0.023080

Br 2.451962 -0.229434 -0.201716

P -1.727677 1.946433 0.005055

H -2.588402 1.857555 -1.118893

H -2.702813 1.774132 1.022091

H -1.622335 3.363284 0.066759

C -0.499281 -0.678359 1.286263

H -1.110594 -0.157441 2.039389

H 0.417086 -1.060185 1.751882

C -1.259816 -1.770578 0.547473

H -0.657823 -2.160896 -0.287846

C -2.641186 -1.402353 0.081850

C -3.340700 -1.088562 0.869952

H -3.074992 -1.448894 -1.181994

H -4.103704 -1.185472 -1.444999

H -2.418000 -1.762904 -2.000114

H -1.355160 -2.610975 1.269008

E(B3LYP) = -3201.411855 Hartree

38:[Pd(Br)(C2H3)(C2H4)(PH3)]‡

$WRP� [� \� ]�
Pd 0.398326 -0.109524 -0.098427 

Br -2.088863 -0.352062 0.090395 

P -0.017459 2.234746 -0.107264 

H 1.012736 3.215173 -0.209527 

H -0.681829 2.752332 1.03215 

H -0.888864 2.740801 -1.103619 

C 2.506288 0.075107 -0.350904 

H 2.724536 0.255991 -1.411777 

C 3.347922 0.552511 0.57956 

H 3.214252 0.351784 1.648169 

H 4.215223 1.164072 0.302995 

C 0.639143 -2.199969 -0.09091 

H 0.168849 -2.549621 -1.014829 

H 0.175554 -2.554603 0.833492 

C 2.020284 -1.851925 -0.089916 

H 2.60489 -2.074239 -0.98827 

H 2.575063 -1.983612 0.841071 

E(B3LYP) = -3201.367696 Hartree

6HLWH����



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

39:[Pd(Br)(C2H3)(C3H6)(PH3)]‡

$WRP� [� \� ]�
Pd -0.262786 -0.024082 0.027698 

Br 2.24995 -0.013197 -0.461791 

P -0.444775 2.277031 0.928504 

H 0.581052 2.639196 1.839984 

H -0.330163 3.422362 0.091026 

H -1.545859 2.757478 1.699327 

C -0.840904 -1.575511 1.246886 

H -1.458264 -1.081883 2.008314 

C -0.181581 -2.715763 1.451222 

H -0.170637 -3.164537 2.452021 

H 0.386716 -3.223277 0.667418 

C -1.837195 -1.560528 -0.711276 

H -2.62378 -2.006314 -0.098419 

H -1.30686 -2.252575 -1.369568 

C -2.011646 -0.22611 -1.169972 

H -1.469959 -7.5E-4 -2.10073 

C -3.242622 0.607906 -0.942337 

H -3.72254 0.388168 0.02478 

H -3.98202 0.397521 -1.736989 

H -3.020483 1.684539 -0.987757 

E(B3LYP) = -3240.652679 Hartree

6HLWH����



�'DWHQDQKDQJ

40a:[Pd(Br)(C5H9)(PH3)]

$WRP� [� \� ]�
Pd -0.367118 0.696143 0.046583 

Br -2.630091 -0.135928 -0.304482 

P 1.560757 1.962219 0.22118 

H 2.319625 2.258584 -0.939303 

H 1.315134 3.300702 0.638233 

H 2.641802 1.684932 1.096693 

C 0.425452 -1.119518 0.663584 

C 0.910312 -1.034089 2.097183 

H 0.123112 -0.65131 2.762863 

H 1.167011 -2.05303 2.44997 

H 1.807623 -0.411288 2.229174 

H -0.502506 -1.701915 0.618403 

C 1.39963 -1.681191 -0.371834 

H 1.494952 -2.760461 -0.118923 

C 2.787334 -1.105774 -0.427595 

H 0.934422 -1.653046 -1.369513 

C 3.367977 -0.605865 -1.524166 

H 3.36964 -1.14429 0.502108 

H 4.397797 -0.236862 -1.51072 

H 2.837134 -0.559788 -2.481336 

E(B3LYP) = -3240.696847 Hartree

6HLWH����



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

40b:[Pd(Br)(C5H9)(PH3)]

$WRP� [� \� ]�
Pd -0.230418 0.389854 -0.261571 

Br -2.635768 -0.02532 0.339505 

P 0.214484 -1.771328 -0.705142 

H 0.436989 -2.610674 0.413126 

H -0.831836 -2.483601 -1.33786 

H 1.306461 -2.187738 -1.51018 

C 1.594091 1.301855 -0.581322 

C 0.796641 2.548813 -0.335365 

C 2.705705 0.9797 0.411728 

H 3.467826 1.784972 0.338012 

C 3.392637 -0.334771 0.167652 

H 2.320413 1.019783 1.444816 

C 3.522702 -1.319907 1.061776 

H 3.826358 -0.466315 -0.833394 

H 4.053912 -2.245246 0.820701 

H 3.113368 -1.232749 2.074058 

H 1.137614 3.141143 0.527954 

H 0.66847 3.189738 -1.218897 

H -0.300273 2.303749 -0.036396 

H 1.912178 1.171565 -1.626033 

E(B3LYP) = -3240.694511 Hartree

6HLWH����



�'DWHQDQKDQJ

40c:[Pd(Br)(C5H9)(PH3)]

$WRP� [� \� ]�
Pd 0.485783 0.917395 -0.105514 

Br 2.532642 -0.344051 0.241455 

P -1.274217 2.388149 -0.312131 

H -2.31235 2.154294 -1.25109 

H -0.957511 3.722209 -0.689679 

H -2.080986 2.684772 0.816342 

C -0.53532 -0.605959 -1.026105 

H -1.11684 -0.164044 -1.850777 

C -1.397465 -1.425732 -0.066022 

C -1.747112 -2.772144 -0.746622 

H -0.804541 -1.650636 0.835319 

C -2.662498 -0.715208 0.348389 

H -3.357563 -0.479127 -0.471166 

C -3.009002 -0.396594 1.59959 

H -3.960925 0.093804 1.823957 

H -2.354524 -0.621636 2.448451 

H 0.291922 -1.199183 -1.43434 

H -2.355586 -3.396436 -0.073797 

H -2.322016 -2.612933 -1.674332 

H -0.834005 -3.330821 -1.003963 

E(B3LYP) = -3240.697037 Hartree

6HLWH����



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

40d:[Pd(Br)(C5H9)(PH3)]

$WRP� [� \� ]�
Pd -0.438618 0.061989 0.503969 

Br -2.74434 -0.343869 -0.277183 

P 0.399386 2.050514 0.037227 

H 1.50954 2.597769 0.728626 

H -0.523384 3.116142 0.185941 

H 0.818223 2.268237 -1.296741 

C 1.322273 -0.459841 1.441594 

H 1.705741 0.321575 2.116637 

C 2.43132 -1.030012 0.5481 

C 1.930103 -2.108745 -0.41809 

C 3.238382 0.070512 -0.103021 

H 3.6949 0.777273 0.603822 

C 3.454601 0.255006 -1.409864 

H 4.069637 1.085891 -1.767531 

H 3.043046 -0.41232 -2.171914 

H 0.853183 -1.25398 2.057282 

H 3.131766 -1.52496 1.256755 

H 2.767211 -2.590996 -0.946411 

H 1.380912 -2.892216 0.127153 

H 1.245381 -1.692032 -1.174372 

E(B3LYP) = -3240.686440 Hartree

6HLWH����



�'DWHQDQKDQJ

41:[P(Br)(C5H9)(PH3)2]

$WRP� [� \� ]�
Pd -.096473 .454376 -.249024

C 1.309484 -.697201 -1.300639

C 2.586177 -1.027938 -.526019

H 1.535878 -.165275 -2.239339

H .747413 -1.607085 -1.543717

H 3.177619 -1.728014 -1.154807

H 3.232402 -.140306 -.395198

C 2.968680 -1.343151 1.951559

C 2.358386 -1.681236 .811289

H 3.700253 -.527743 1.992931

H 2.764402 -1.869634 2.888078

H 1.628958 -2.500619 .818134

P 1.378429 2.197881 -.363968

H 2.351815 2.238432 -1.396886

H 2.246998 2.416012 .739156

H .895863 3.528718 -.489992

P -1.930424 1.532699 .977135

H -1.975087 2.882452 1.446787

H -2.308288 .904402 2.189261

H -3.192337 1.522359 .333207

Br -1.640702 -1.523329 -.187061

E(B3LYP) = -3544.488590 Hartree

6HLWH����



$E�LQLWLR�5HFKQXQJHQ�]XU�6WUXNWXU�YRQ�hEHUJDQJVPHWDOONRPSOH[HQ

42:[P(Br)(C5H9)(PH3)2]

$WRP� [� \� ]�
Pd -.044182 .235724   -.341338

C 1.800604 1.024005 -.948390

C 2.850047 1.043263 .174120

H 1.628003 2.047849 -1.315752

H 2.162921 .437905   -1.809767

H 3.699038 1.674399 -.163090

H 2.449019 1.533676 1.077566

C 3.296422 -.904461 1.730861

C 3.404910 -.305714 .540083

H 2.764282 -.430971 2.563046

H 3.738553 -1.886667 1.922561

H 3.950623 -.823617 -.261680

P -.917166 2.331980 .152954

H -2.072431 2.712331 -.571650

H -1.401893 2.527239 1.468461

H -.166321 3.533883 .010645

Br -2.293262 -.718593 .449961

P .598371 -1.954952 -.773756

H -.301435 -2.713403 -1.561079

H .701282 -2.806720 .350856

H 1.814902 -2.296432 -1.425258

E(B3LYP) = -3544.494248 Hartree

6HLWH����



�'DWHQDQKDQJ

43:[Pd(Br)(H)(PH3)2]

$WRP [ \ ]
Pd -0.000850 -0.970619 -0.000621

Br 0.001352 1.578386 0.000010

P -2.310274 -0.985843 0.000197

H -2.934457 -0.321991 1.083796

H -2.934973 -0.309372 -1.075195

H -3.080975 -2.177120 -0.006231

P 2.308601 -0.988596 0.000037

H 3.078088 -2.180609 -0.013525

H 2.932259 -0.332921 1.088930

H 2.935049 -0.305294 -1.069954

H -0.001924 -2.528472 -0.000484

E(B3LYP) = -3388.596672 Hartree

6HLWH����



�/LWHUDWXUYHU]HLFKQLV

�� /LWHUDWXUYHU]HLFKQLV

6HLWH����
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