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RCOCl (2 equiv),
CH2Cl2


Cl R1NH2 (0.7 equiv),
CH2Cl2


RSO2Cl (2 equiv),
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1. COCl2, CH2Cl2
2. R1NH2, CH2Cl2
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R2R3NH, 
toluene, ∆
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ROH (10 equiv),
CH2Cl2, py


1. R1R2NH (2 equiv),
    DIEA (6 equiv), CH3CN


2.                        , THF
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R1R2NH   +  R3CHO


R4MgHal  or  R4ZnHal
or NaBH4 (R4= H)


L   = various linkers
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SOCl2, (CH2Cl)2,
          60°C


82%, 94% GC purity


1.  nBuMgCl,
     THF, 0°C
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�����
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�
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TFA / 5N HCl


R


R


R


8 examples,
55 - 86% yield,
 79 - >99% purity


10


, KOtBu


1����� F� *�	������������
 ��������� �� %��������������+���	���


6������(� ��
 ������(��� 
�����
 � ���� �	����� ��	�����
�������
 ,���	������� - �	������. �������� ����� ������ ����
���������	���
 ��	���� /5� 8� �		��� ��� ��������� �� �������	�
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 �� � ���
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 �������
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O
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11 examples; 52 - 85% yield, 72 to >99% LC-purity


                       


EtOH, NaOEt


19 20
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1����� B� *�	������������
 ����������� �� ����	�+ �����	��


 ����	�-������ ����-������	���� �������	� 4 "������ �+���	�
�� ��� ,������������� - ��	����. ������ �� ����� ����	
 ���
��
������
 ���	�������� �� ��� ������ �� ��� ��	��������
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���
 ���������	������� �� ������� �������
�� *�	���������
�����
 ��	������
�����
 ���������!F ��� ���� �������	� ���
����� � ���� ��������� �����
 ��� ���������	����� ���
 ���
���� �����	����
 �� ��	����� ��
 ��� 
������	���� ������� ����
��� �
�� ��
 ��� ��+����� �� 	�����	���	�� ��	����� ����
����
� ��� �� ����
�
� ����# ������� */ 0O�:	2 ��� �����
�������
 �� �����	�# 6���# ��
 &�����!B ��
 ��� ���	���
 ��
��������� ���� �������	 �������
�� ���� ��������� ���	
�

��	���������
 ����	��� �������
����� ����� ���� ��� ����
���( ���� ��	����� �� ������ ���� ��
����� ����+�
� ��
���

�	���������� ������	�# ��� ��	����������
 ���������	���
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 �� ��������� �����
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SeX
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OH
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H2O2


78%
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nBu3SnH


AIBN (cat.)


92%


22 X=


21 X= Br


1. H2O, CSA


2. nBu3SnH


AIBN (cat.)


82%
and  regioisomer
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              7 examples
31 - 67% yield, 92 - 98% purity


1. 


2. R1MgX, THF
3.  3N aq. HCl, THF
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NaOH/ MeOH
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H2N
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1.


    PPh3, DEAD, THF


2. N2H4, EtOH, CH2Cl2


> 96%


27


1����� �!� " ��	���������
 �������������������


@����
���� ���� �������
 �� ��������� �� ��	���������

������������ ��������
 �������� *6 ���� ������� ��
 ������

��� ��������%) �������� *6 ���	
 �� �������
 ���� ���
�������	���
���	� ����� *5 0���� 7��� �����2 ����� ��������
��		���
 �� ������� �� ���������	���������� "� ����� ��
1����� �% ��	�	���������
 
������ ��� 	��
�
 ���� ��	����
*6 �� ������� ��	���������
 �����
��� 1+� 5���	�	����� ��

���	����� ����
 ��� ��� ��� �	������ �� ��	���� ��� ���������
�	���
 �����
��� ���� ��	������
'���� ��������� ���	�������� �� ���� ������ �� ��� ���


������	������� �� ����	��������� �� ����� �� � 1���(��
����	���� ��	���� ���� ��� ����� �� � �����
 ��������������
�����
�
 ����������
 �������� ���	�
��� ����+���� ��
 ����







&����
 ������ �� )))$-))$=


����� ���� 	� *+++# 
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H


O
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NTBDPS
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N C(O)R
NH


NH


H2N


Et3N, NMP


1. NaH, C(S)(NH2)2
2. (Boc)2O, THF


28


30


29


1. (HF)3•NEt3
2. RCOCl, NMM
3. TFA, iPr3SiH


>85%
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 ���������# � 
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��������� �� �������� 
����
��� ������ ���������%$ 8� �
��	���
 ����	� ��� ������������ 
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 �� *C@���������
 
��	(�	��������%F *����������� ��
��� ������ ��	���	�� ��� �������
 ����� �������������# �������
��
 ��	���� ��
�� ��	
	� ���
�� ���
�������
8� ���� �����+�# �� ����������� ��� �	��� �� ���������	���



��	����� ��� ���� �����
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 ����	� ��	���� ���� �� 1/��%B


���� ��� ����	� �� ��������
 ���� ��	���������
 ��	�	 ����	���
1*# ��	�	 �����
� 11#�)= �� ��	�	
���
� 12��)= A��������	���
 ��	��
���� 1* ��
 12 ��� ��	� �� ����
�������� �������� ���� ��	��
������)� A�� �+���	�# ������ ���
�������
 �� ��	�	 ����	��� 1*#�%B ��
���� �	����������� ��	�����
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����� ��		���
 �� ������
���� ���� ������ �� ����	���������� ���
 �� ����	� �� ���	��
��+������)! 7� ��	���� ���� ���� ���� �+���	�� ���� �������
��	�
������ ��������� ���� ��	������������
 ��	�����������
��������� ��		 �� 
���	���
 ����� ��� ����
 �� ��� ��� ��
���������	���
 ��	����� ���� �� 1/ - 12�
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&���# �� ���� � ����� 
���������� �� � �����
 ������ �� �� ���
���	� �� ��	������������
 ��������� �����
�	����� �����
������ ��������� �������	� ���� ��	�
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�����	�� �������� �� ���� �� � ����
�� 
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�
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��
# ��� ���� ��������	 �� ��	����� �� ������� ��������� ��		
��		� �� �+�	����
 �� ��� ���	� ��������� �� ������ ��� ��
�������
��)% &����
 ������ ��� ��		 �	�� �� ����������	�
��������� ��	� ���� ������� ���� ��	�
 ����� ������� ����
������ ��		���
 �� 
������������� �� ���������	 ������ ����
��	�������������
 �������� ����� ��	���� ��
 �	������ �� ���
��������� ���� ��� ��	���� �� ���� ������ ����� 
���	�������
��		 �	�� ������� ��� ���	��� �� ��	��	� ��	����� �� ��������

����		�	 ���������� ����# ��	��	� ��	����� ��� �� 	��
�
 ����


���������� ����� ��� ��������
 �� ��	������������
 ��������
�� ����	�����
8� �������# ��� ,������������� - ��	����. �����
 �����
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�	��� ��		 ������ ��� ��������� ���������� �� ���� ���������
�� ������ ����


�� �� �� ��������	
# 	� �� ����� ���� /641# ��# !�)B - !�$)�
�! �2 A� G� 5P���	
# ������� ��������� �� ����� �����# 7�	�� J:&#


7�������# *+++ Q �2 3� 6� �������# ������������� ���������# '+���

;��������� *����# /665 Q �2 5� '������# R� �� J�		�	���
�# ������
��������� ������������� ��� �������� ��������� � ����������������
!����� �������� ���������# *�������# C	������ 1������# '+���
# /665 Q

2 1� �� 7�	���# "� 7� :�����(# ������������� ���������# ���������#
����������# 7�	��# 3�� I��(# /663�


�% ������ ������� �� ��	�������������
 ��������4 �2 5� &� 5�����#
5� �� :��# 1� *���# "��� #��� #�$� /666# %&# B? - �)FQ �2 1� R�
1����	������# 1� �� "		��# *� 6� 1�����# ��������� /663# �!�? - �!%BQ
�2 :� ;� *������# R��# ������ ��!� /665# '(# )�> - )�FQ 
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 �2 ��
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!)?> - !$�)Q �2 C� E��
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R = CH3 / PhCH2
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12. Y, Z = H; W, X= OMe


14. W,Y = H; X, Z = OMe


13. X, Z = H; W, Y = OMe


15. Y, Z = H; W, X = OMe


17. W,Y = H; X, Z = OMe


16. X, Z = H; W, Y = OMe


2. Y, Z = H; W, X = OH


6. W,Y = H; X, Z = OH


4. X, Z = H; W, Y = OH
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����� #��� ���$� �����������*
�@< �422 �/� & ��(0�) ��� �$������ �
 �������������� ��A/ �
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�
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�����&����������
�� �+�� 	
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�����
�
�����&��������
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�� �-�� ��� 	
	��������
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�
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6�����%���� ���
���	�
� �
��	��	� = 1$���������� ����� �
������� ��������� �"��� '�/� �42���� O/� �42���� @�/�&
�42���� ��� /�/�& �-���� �� 3!2 ��� && �/�(,) #��� ����
����� � � 0&� ����������� &D-��� �� ������	��� ��������
� ����42 � ��������� �+$������$� ���	����� 	�������
���� �� ��
������ ( 8 3 � ����� ,��� ������� ����� �<���
$��� - 8 3�! "�� ���	� ����� �� ��� ������ ������� ( ��� 	
	� )
��� �$�� �� �$�������� 	�	��������� �� ��� ���� ����= -��
� ." /"��0��-��� .  /"��0��-��� . "/"��0� �"���� 4�!
������� * ��� 	
	� +� 	�������� 	����$$� ��*�
 ������
���� ��� ,��� ����� �"���� 4� #��� �# � ����� ����� �
������$�� �#�� �������
 ��� �� ��� ����= -��� .  /"��0�
����	���-��� ."�/"��0� �������	���-��� .�"/"��0�
�������	��� #���� ������	� ���� ����� ��� ���! ������� ,
��� 	
	� -� #��� � -��������� � �� ������ �������������
 ����
����� ���	� ����� #��� ������ ���������� �������� � ��
������ *
��� +� ��� ��� ����� �� ��� ���#��� ����= -��� ." /"��0�


����	���-��� .� /"��0� �������	���-��� .��/"��0�
��$��� ������	�� �"���� 4�! ������� 2 ��� 	
	� 3� #��� �
0��������� � �� ������ ����� -��� . "/"��0� ����	��� -��
� .� /"��0� �������	�� ��� -��� .��/"��0� ��$���
������	�� ����� �"���� 4� #��� �#�� ������ �������
 ���� ���
-���������� �$� 	
	� 3 ��� ������� 2� ����������� ��������	�


�� ��� 	����� ���	� ���� -��
� . "/"��0� �
 � ��	�� �
�#!


�0�������	� 
�  0�� ������ =
/������� � ��� ������� ���
�������� ������� ��� ����	�� �����
�$	��� � �$������ ��*�
 �����
��� � ��+$��	� ���	���	��
 �"��
��� &�! 5� ��� ����� � ��� �����
��� �$��� �� ��
����� ��	��
����� � �� 	�������� ���
-��� .  /"��0�� -��� .�
" /"��0�� ��� -��� . "/"��
0� ��� 9���	�: ����� �� ��
�
������ ( ��� )! <� ��
������
* 8 3� �� � ��� ����� �������
����� ���������� � ���	� #����
��� ���� �# ����� ��� ������ �
�$��� ���� ���� ������	���
#��� ������ � ��� ��*�
 �����
����!  ��� ��� ����� 9���	�:
������� ����� �� ������� (� -��
� ." /"��0� #�� �$�� #���
�#� � ������� ���	���	��
 ���
��� ���� �# �����! ��������	�


<��$�� -! ������� ��+$��	� � ��� �
��������� ������ ��� ��� ����42 ���	� ��� ������	� ������ �����!
�� ���$������� � ��� ���;�*��	�� ������	��� �������� 	�������� ��� ����� ��� ������ ������! "�� ��+$��	��
�� ��� #��� ��� ��
 ����� ����
��� �
 +$���������� ����� � ������� ���������! �� 8 �� B	������	 ������� �����
� 	
	��������
�
�
�����&����������
�� �+� 	
	����������
�
�����&��������
�
�� �-�� ��� 	
	�����
���
���
�����&������
���
�� �3� #��� ����� �$������ ���	� ��� ������	� �����! �� ��� �
 ����� ���
����������� �� ������ ��� $������� �������� �����	�����
� #���� �� ����� ��� �������� #��� �� 9�: �� ��� 	�����
� �� $������� ������! ���	� ����� ��� ����� ��� ������	� ���� ����� ��� ���%�� #��� � ������ ��	������!


"���� 4! �+$��������� ���	����� 	������� (��4) �� ��
������!(�8	)


��
����� -��� .  /"��0� -��� ." /"��0� -��� . "/"��0�


( (�1� (1(1 71�38 )�(� (1(1 71�*8 +�1� (15 71�*8


) +�1� (1(1 71�-8 2�1� (1(1 71�+8 ,�1� (15 71�*8


* +�+� (1- 71�*8 4!'� 42, �2!-� � 4� 42,


+ 2�,� (12 7(�)8 4!'� 423 �2!0� �� 42,


, &!,� 423 �2!-� 2�1� (13 7(�)8 � 4� 423


- 0!-� 42D �2!,� *�)� (15 7(�(8 � 4� 423


2 &!2� 423 �2!-� -!'� 423 �4!4� )�2� (12 71�58


3 0!-� 423 �4!4� 4!'� 423 �2!-� -�)� (12 7(�28


(�) H��$�� ������� ��� ��� ���� ���$�� ������� ��� ����� ����� � ��������
�����������! (�) "�� ����
� #��� 	������ $� �� && �/ �� �� 3 �� ��� ������	� � "����
�/� �42���� O/� �42���� @�/�& �42���� ��� /�/�& �-���! (	) @��	� ����
�+$������$� ���	����� 	������� ��� ��#� �� ��� �
��!
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�� ���� ���	� ���� #�� �����	�� #��� ��� 	
	�� ����� 	
	�� )�
#��	� ��������� D� � 4'���� ���	���	��
 �� ������	�� �����! "���
��������	� �� 	�������� #��� �����$� ������(0�� 6) ��� ��
 ��
�$� � ��� ��������� ��	����$	�$�� � -��. �0� ����� ��������
� -��."�0� �����! "�� 	����$$� ��*�
 �������� � 	
	�� +
������ � 4,���� �����	�� ������� � ��� -��� .  /"��0�
���	� ���� ���� 3!-� 423��4�� �������� � ������� *� ��� �����
� 3-���� ���	���	��
 ����$� ��� ���� �# ������ ���� ����
������	� �����! /
	�� - #��� -����������� ��*�
 ����� �������
�$�������� ������� � ��� 	����� -��� ." /"��0� ���	�
���� ���� 0!&� 426��4� #��� ���� ��� 0&2���� ���	���	��

�#��� ��� ������ ���� ���� ������	� ���� -��� .� /"��0�
��� �$��� ���� ���� ������	� -��� .��/"��0�� �����	�����
!
�� �� �$�������� � ��� ���� � 0��������� � ��*�
 ����� ��
������� 2 ����	�����
 ����� ��� �$��� ���� ���� ������	� -��
� .��/"�0� ���� #��� � �#��� ��������	� ��� ��� ��������
-��� . "/"��0� ���	� ����! ������� ������������ ���������
� ��*�
 ����� #����� ������� ��
������ � �� ��	��
���$	�$�� �������� �������� ������� '�� ������	���� �� ���
���	� ����! �#����� ��� 	
	��	 �����$� 3 �������� ����
������	� ��������	�� ��� ����	�����
 ���	��������� -��� �
. "/"�0� ��� -��� .��/"�0� �
 �����	��� �������
 � ���
���	� ��+$��	� �#���� ��� �������� �$���� ���	���	��

����$� ��� �$��� ���� ���� ������	� ����! "���� ���$���
���$������ ���� �$�����$��� � �
*�
 #��� ��*�
 ����� �� � 	
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<��$�� ,! <��������� ����������� � ��� 0��0&��������� &D-��� �� ������	��� �������� ������� ��� ��� ������� ����42! 1$���������� ����� �
������� �������� ���������� #��� �� ���
�
�
�����&������
�
�
�/0�5� �(�= ���� 4= ����	�K ���� &=  ���	���K ���� 0= ����� � ��������K ����� ' 8 46=
4��� &��� -��� 42��� &2��� -2��� 422��� &22��� -22��� 4��� &��� -��� 42��� &2��� -2��� ��� 422��� �� 	
	��������
�
�
�����&������
�
�
�� �)�
���� 4= ����	�K ���� &=  ���	���K ���� 0= ����� � ��������K ����� ' 8 46= 4��� &��� -��� 42��� &2��� -2��� 422��� &22��� -22��� 4��� &��� -��� 42���
&2��� -2��� ��� 422���  �� ���	���� 	����� 02 %	�� ������	��� ��������� 42�� "��� '�/� ��� 3!2�� O/� �42���� @�/�& �42��� ��� /�/�& �-���! -��
� .  /"��0�� -��� ." /"��0�� ��� -��� ." /"��0� ������� ����� ��� ��#� � ��� ����� ���� � ��� �$����������!
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- 0- *)1 4


2 4 &!3 (�+


3 &!- 4 +�+


(�) "�� ��� ���� ���� ������� ����� ��� �������� �� 	������ ������� �$	� ����
���  � " � �  "! (�) ;������� ���	���	����� � ��	� 	��$�� ��
������ ��+$��	�� ��� 	��	$����� �� �� ������	���� �����*�� �#��%��� �����!
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<��$�� 3! <��������� ����������� � ��� 0��0&��������� &D-��� �� ������	��� �������� ������� ��� ��� ������� ����42! 1$���������� ����� �
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���� 4= ����	�K ���� &=  ���	���K ���� 0= ����� � ��������K ����� ' 8 46= 4��� &��� -��� 42��� &2��� -2��� 422��� &22��� -22��� 4��� &��� -��� 42���
&2��� -2��� ��� 422��� 	� �����
�
�����&��������
�
�/0�5� �,�= ���� &=  ���	���K ���� 0= ����� � ��������K ����� ' 8 46= 42��� &2��� -2���
422��� &22��� -22��� 4��� &��� -��� 42��� &2��� -2��� 422��� &22��� -22��� ��� 4��� �� 	
	����������
�
�����&��������
�
�� �-� ���� 4= ����	�K
���� &=  ���	���K ���� 0= ����� � ��������K ����� ' 8 46= 4��� &��� -��� 42��� &2��� -2��� 422��� &22��� -22��� 4��� &��� -��� 42��� &2��� -2���
��� 422��!  �� ���	���� 	����� 02 %	�� ������	��� ��������� "��� '�/� �42��� �� 3!2�� O/� �42���� @�/�& �42��� ��� /�/�& �-���! -��� .  /"��0��
-��� ." /"��0�� ��� -��� . "/"��0� ������� ����� ��� ��#� � ��� ����� ���� � ��� �$����������!
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 �� �� ����	���� �������
 �� ���	��������
��� �$������  '"*" ' ���� ����� #��� �����	�� ���������� �$�
���� -�� ����$� 0��������� � �� ����� ��� +$��� ���������
��������	���
!


�
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�� ����� ���� ���� ����	��� ���� ��	������� ��� ������ ��
������ ������ 8�� ������	��� �
 �����$	��� � �$������
�� ����� #$�� ���� ���� ����������� � ��� ������� �������

��� ���	���	��
 ��������� � ��� ����� 	
	��	 ��
����� ����
�� 	������� � ����� �����	���� ������� 	$���������! ��
	������� #� ���� ����������� �� ���� 	��� ���� �����$	���
� �$������ ��*�
 ����� �� � 	
	��	 ��
����� ���� �����	��
�� ������� ��������� � D����� ��
������ �
 ��	�������
�������
 �������� � ��� �������� #���� �������� ���	���	��

�#��� -���".  /"��0� ��� -���". "/"��0� �����!  ���$��
����� ���$��� ����	��� ���� ����
��� � 	
	��	 ��
����� ����
	�������� ��*�
 ����� � ���	��������  *" ��+$��	��
���$�� ���� ���� ��	������ �� ������� �$�$�� ��$����
#��� �� ��+$���� � ���� ��� ������� �����	������
 � ����
�����	� ��� #��� �� ������� �� �$� 	$���!


690������	�� ���	�
�


������� = ��	
	����
�	���������� ��//�� �
���
�����������
��5?��� &��4��������������4�
���4�4�0�0����������
�$���$� ������$��
�������� ��?"C�� ?	����
����� �?	&5�� ��� 2!&- �����4 ?	���
���������'�	������������
������
� ����� 	���
���
����������
�����
����� ����� �?	���� @�;����� #�� �$�	����� ��� �������� ��������
������ CB ! ����&�<�	�'�?	��������$�
��	 �	�� ��� �������$�
��	
�	�� ��� #��� �$�	����� ��� ?�	���! �����������
����
������
���� � ��� ����������
��������� ��@<� #��� �$�	����� ���
 ������ ?��
�����! ��	���������� ��/@� #�� ������� ����� ���
�@K �������� ���B��� ������
��������
������ ����� ������
�����
���
� ����� ���� �� ����������� �������$� �	������ ������$� 	��������
��� �����$� ������ #��� ���  ����	�! "����$��	���	 �	�� �"< �
?������ #�� ��� ���	���� ��� �������
��
	����
��
� �$		�����
�/���5B$� #�� ��� <�$%�!  �� �������� #��� $��� #���$� �$�����
�$����	����!


1$�%�B�� ��
���
���� ��������� ������� #��� �$�	����� ��� ����� ��	!
 ���%�� �� ���$�� ���������� �
������� #�� ������� ��� B�! P��
 ��	������ ��	! B	��#�	�� ����� ������� �
������� ���	��� ������� �- �A
��� &2 �A� #��� � �! & �������� ����� ���� #��� ���� �� ���	����� �

O���!(42) CH ���	��� #��� ����$��� �� #���� � � ��#���� 8 ��	%���D'-& 
���� ����
 ���	����������! @��������������� ����� ��������*������
��� ������������� ���� ���	������
 �@ A���"5<� #�� �������� �� ���
������ ��� ������� @�	�����
��	�� <�	����
 �� ��� /�������� ������$�� �
"�	����
! ��A/ ����
��� #�� �������� � � ?�	%��� .�� �
����
$���� � ; ���� /4D� @�	���� @H� - ��� 022� '!, �� ��������������
	�$�� �� 2!4N ��*�� "< #��� �	��������� �� ��$��� ��� � ��# ���� �
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������ ������������# ���������� �������� ��� ������������ ��
����)������� �� ���� �� ��������� ������� &�� ������������� ���
�������� ���������� ������# ��� 3������ ��������4 ���� �������0�
����������� �� '��� �� ���� ������� ��� 3������ ����������4


N N N


N N N


N N N


N N N


N N N


N


N


N


N


N


N


N


N


N


N


N


N


N


N


N


N


N


N


N


N


N N N N


N N N N


N N N N


N N N N


N N N N


N


N


N


N


N


N


N


N


N


N


N


N


N


N


N


N


N


N


N


N


N N


N N


N N


N N


N N


N


N


N


N


N


N


N


N


N


N


N


N


N


N


N


N N N


N N N


N N N


N


N


N


N


N


N


N


N


N


N


N N


N N


N N


N


N


N


N


N


N


N


N


N N N


Me Me


Me Me


Me


Me


Me


Me


Me


1


Me


Me


Me


Me


Me


Me


9 +


Me


25 +


Me


Me


Me


2


Me


Me


Me


Me


Me


Me


Me


Me


Me


Me


Me


Me Me


2�
��� &! 2�
������ ��������������� �	 �
� �3� 3����8 ����  �5�� ��� � 
����
������ ������ ��� �����%� ��������
� ) ���� ��
����� ��� ��*�+ ����!







���� ����� :!;! <�
� �� ��!


H =�<?IJ�1 J����� D��1� -58��& =���
���� %''' '8�65�38K''K'5%���&% L &6!�'M!�'K' 	
�� ��� � ����� �� (�! %�����


�������� �$��������� �������� �� ����� ����! � &1 (;@
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���	��� ���	����� �� �������� ��������� �	
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������ ����� ����� 	��� &�% �� &�� �� ����� �� ������ � ��������
������� �	 �
� ������������ ��
� ���� �	 2 ������� ��� ����!
�� � 2K��� ����� �	 &�%� �  ��� ������$ �������� ��� ��������
�������� � �	 �
� �������� �	 ���� ������ �$�
������ �������
�� ��������! ���������� �
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� ���4� ����������� 	�� �
� �������� ������$���
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� ����� ���������� �������! �� � 2K
��� ����� �	 &�%!�� �
�� ��� �
� ����� �������� �� �������� �
�
��� �� ���� *�+� �
� �������� ��������� �	 � ������ �	 ���4� ��
�����$������� %�%�& ����� �
�� ����� �� ����������� �� ������ 2
�� �
��� ��		����� �������� �� ���������! "
� �N2I ����
���� 	���
�� ����	����� �
�� ����������! B�� �$������ �
�
�
��� ������ �	 ���4� *���
 ��� �������� �	 ��� �������� ���
� �������+ ������������� �� �
� ������� 13� 1� ��� 1� �	 �
�
�������� ����� �	 2 ���� �
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� ������/��� ������ ����������
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� ���
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���
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�������� ���! B���
�� ����������� ��������� �� �
� 2K��� �����
�� &�� ������ ���� ����� �
����� �� �
������ �
�	� ���������
��� �� 	���
�� �������� ���������� �� �
� ������� ������������!


1��� ��� �� �
� (N?2I �������� �	 �
� &�%!� 2K���


�������� �������� �������� �� %� �� ��� �&6!� ��� �
� 13
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�
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�
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� 13� 1� ��� 1�
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��� � ����������� �������� ��
��������� �	 �
� ��������� ��$
���������� �
�� ���������� ��
�
� 13� 1� ��� 1� ������� �	
�
� ��� �� ������������ ��
���� ����� ������� �	 2 �� � &�&
����������� �����! "
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�� %� �� �� �
���	��� � �����
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� ��� ���
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� &�%!� 2K��� �������� �������� �������� �	 �� �����$
������� %�& ��$���� �	 ��� ������� �
�� ��� �� ���� �$�
����
�� �
� (;@ ��������� � �� �
� ����������� ����� �� ��
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����� ��� �� ������ �$����� ��� ������� �� 6' ��! ��� �������� ��
�
�� �	 ������ 2 �� � ������ �
������ ��� �������� �� ��������
��� ����������� �� � 
��
�� ��������� ������� �� �� �� ����
�������� ���������� ����� ������ �$�
����!
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�� �&6!� ��! ��� �������� ��������� ������ 2 �� ��� ��		�����
�� ��������� �� � &�& ����� ��� �
��� �������� ������ �������
�
�� ��� ���4���� �
�	��� ��	���� ���
 ������� �� �
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�� �
�� �
� ������ ������� ���� �	 ���
 �� ���������������!
"
��� ��������� ��������� ��� ����������� �� ��� ����� �	


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

������! "
� ������ ������ ��� �� �������� �	 	��� ����� �	 2�
�
��� ��������� ��� ��� 	���� ����������� ��� �� � ������
���	�������� ������ �
� ������� ��� ����! "
��� ������� ���
�������� ���� ��� �������� ������ �
��
 ��� �� �������� ����� �	
�
� ����� ��� ��� � ��� ��� ����� �
� ���� ����� �
����
 �
�
������ ��� ����! "
� ������� ���
�� � ���� ��� ���� 0��� ���
��
 �� ��� =���� �������! "
� ��� ���� ��� �������� ���� ���
����������� �%� �� �������� �������� �
��
 ��� �� ��������
����� �	 �
� ����� �	 	� � �������� �������! "
� � ����� ����� �	
��� ���� ��� �
�� �� ��������� �� � �%� *%� �+����%' ���� �'
�����! "
� 	��� ����� ������ ��� ���� �������� � ���������
�
����� ���
 �� .�� ����������� �	 &5!588 Q ��� �����
������ �	 6'� *�����+ ��� &'8� *������+! =��
�� ���
 �������
�
� � ����� �� .�� ���������� �� 3!63' Q ����� ���
 ������!
"
� � ����� �� .�� �������� ������� �
� ����� ��� �	 ���

%� � ������ �� 3!8%7 Q! "
� � ����� ����������� (��(


B����� %! ������� ��������� �	 �
� ������������ ��� �����%' �������� ���
��������  � � 	����  ��� *���+� ���� ��� ����� *������+ ��� ������������� ��
*������+ �
� ����� �	 	� � �������� �������) ����4 *��	�+ ��� �����	������ ��������������� *���
�+) 
������� ����� ��� ������� 	�� �������!







;����������� ��������� ������ ��&'.��&6


	
�� ��� � ����� �� (�! %� H =�<?IJ�1 J����� D��1� -58��& =���
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���� ������ ��� 6&!�� 	��
(*��+��(*�/+ ��� 58!7� 	��
(*�/+��(*�/+ ��� ��� ���$
���������! "
� 	���� ���������
�� ������� ��� ���� ���� A�
��
�� ���	��������� ���
 �
� ���
�� � ���	��� ����� �� �
� ���� �	
�
� ��������� *B����� %� ������+!
"
�� ������� 	��� �
� 	��� �
��
�
� ������/��� ����� ��� ���
���	��� 
�$����� ����� �� �
�
�
����� (�( �����! 2��
 �
��� ����� 
�� ���� ���� ��
��� �� �� ����� ����������
�3� 3� ��� �%� 3���� �����!�5����


"
� ������� �	 �
� ��� �	 	� �
�������� ����� �	 2 
� � � 	���
����� 2 �
��� *B����� %� ���
���+!


"
� ������ �
� �
� ��� ��
���� � �� ���������� ��� �
�
���� ������ ������ �� �������� ��� �
�� �
� ��� �� ����  �
���	���������� 	���� ��� ������������ ��� �� ���� ���������
	��� � ���������� �� ������� � ��������� �
�� �+ 
�� ��� �
�
������� 2 �� �
� ���� ������ ������ ���	�������� ������ �
�
������� ��� ����� ��+ 
�� � ����� ������4� �
��� �� ���
������������� ���������� *��� �� �
� 	��� �
����� (�( �����+
��� ���+ ��������� � ������� ��� ��� ����������� �� 	���
������/��� ���������� �
��
 ��� ���� ������ �����! "
�
� ������ ���( ���� �����
� �	  �� ��9�%9�/% *%!3% Q+�
��9�9�/3 *%!3% Q+ ��� ��9�/� *%!�' Q+� ������� �
�� �
�
������� ��� �� � ����� ������� ������������ ���� �����! ,��

�		���� ��� ������ �� � �����	����� ��������������� �	 � ������ �
��  �! "
� ��������� ������� �� ��������� �	  � ��� �
���	���
��������� �
� ���� ���������� ������� ��$������� �
�
������ �	 ���( ������������ ������������ �
��� � ������
	� � �������� ������ ���	���������� �
� ���� ����� ��9�/�
������������ ��� ��� ���
 �	 �
� ������� �		���!


"
� �%� *%� �+� �������� ������  � ���������� �� �������� �
����� �	 ��� �� ����� � ��� �	 ��� ���� �	 ������	���� �������
����� ��� �� ���������� �� ��� ���� �� ���	�������� ���

	�������� �	 7' ( .��� ���������� � �����! N�� ��� �����
�
�� �
� ����  � �������� � �� ���� ����������� 	������� �
�� �
	���� 	����� ��� �� ������ ���� �� ����� �� ��������� ��� �%� ��
����������� ��������� �
��
� ����� ������� �� �������� ����� �	
�
� ���� ������ ��� �� ��������� ���������� ����������! 2��

����������� ���������� �� �	 ���
 ���������  ���� 	��
��	�������� 
������� ��� �����
��� �� ����!


% ����������� %�&+, ��������� 
������� � �� #��� ����������
������������� ��� ���� ���	����� �� �
� ������ ����4� �
��

�������������� ���
  �*�B32N3+%'! �� �� ����� �
�� �� �
��
��������� �
� ������$ ������� ���� �
���� ���� � ����
�����
������ ���
��������   �������� �	 ��� ��� ���� ���
	��� 2 ������� *B����� 3+!�&5� "
� ��� ���� ��� �������� ���� ��
�����$������� ������ ����� ���������� ��� �������� ���
������ ������ ���� ���
 �	 	��� ����� ������ ��� ��� ������
�� �
� ��������� ���������� �
��
 ��� ��������� �� &7!&&3 Q!
�� ���
 ��� �
� 	��� ��� ���� ��� 
��� �� �������� �� ���


������� ���
 �
�� �
� 	�	�
 ������� ���� �	 ���
 ������ 2 ���� ��
�������� ����� �	 �
� ����*2+%��� ����! "
� ������   ���
�
���	��� �� ��������� �� � ����� �	 ��� ����*2+%��� ����� �
��
��� ��������� �����
�� �� �
� ��� ������� ��� ���� �
����

�
� ��������� 	�	�
 ������� ���� �� ���
 ������! "
� ��� ����
�$��� �� �
��� ��		����� 
��
�� ��������� ������������ ����
������! "
� ����� ���� ������� ��� ���� ������� ��*����/+%
����� ���� �
�� ������ �� ������ 	�������� �����
����� ��� �
�
����� 	��� ��� ���� ��� 	� ����������� ���
 ���������
������������������� ��*����/+*�/��/+ ������������ �� ����
�����! "
� 	��� ��������� ���������� ��� ���� �$
����
��������� 	� ����������� ����������� ��������� ��� 	���
����� �����
����� ������������ ����
���� ���
  ������� ����
�����! "
� 	�	�
 ���� �	 ���
 �	 �
� 	� ����������� ��� ���� ��
������� �� � ����� ��������! ?��
 ����� ���� �	 ��� ���� �	 �
�
��� ����*2+%��� ����� ��� ��������� �� �� � ����� �	 3!385 Q�
�
��
 �� ������� �
�� �
� ��� �	 �
���  �� ��� =���� �����
*%!�% Q 	�� ���+!�&6� "
� ��������� ������ �� �������� �	 ���
�������� ��� ����� �	 ������� ������� ������ �
� �$�� �	 �
�

���$! "
� � ����� ��������� �	   ��� �
���	��� �� ���������
�� � �1�R%� *2+%S���&'� 
������� *B����� 3+! ?��
 ������ 2 
��
��� ��		����� 
�� ��) �� �� 
��
�� ��������� ��� ������� ���� �
������������������ ���	�������� ����� ��� ���� �$��! "��	����
������� ��������
��� ��� ����� ��� ��� ��������� 	��� �
�
����������� ������� �
� ������$ �������   !


;���������


�� ����������� �
� �������	�� ����������� ��������� ��� �
��
������������ �	 ��� 
��
 ���������� �������� � ��� �����%'
��� �� ����  � �	 ��������� ��/� ��� � ��������� ���&'

�������   � 
�� ���� ��
�� �� ���� �������� �	 ���B32N3


���
 �
� ���������� ������ 2! "
� 	�������� �	  � ������� ��
�
� ��������
���� �	 7' ��� .( ������������ ������������T
"
� �������� ��� �� �������� 	��� �� ������������� ��$���� �	
������$�� �� ��������� �
��� ���������� ���	���  ����� ���

�����������! �� ����� �	 ���������� ���	����������3�� �
�


B����� 3! ������� ��������� �	 �
� ����������������� 
�������   � ������������� �� *��	�� ������+ ��� ����� *���
�+
�
� �$�� �	 �
� 
���$) ����4 *��	�+ ��� �����	������ *������� ���
�+ ���������������) 
������� ����� ��� ������� 	��
�������!







���� ����� :!;! <�
� �� ��!
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	�������� �	 �
� ��� �� ����  � ���
�� �
�� �	 �
� ��� �� ���� �
���������� �
� �� ���� 	��� �
��� ������� �
� �������
 �	 �
�
������������ ������������K������������ ��� �	 �
� ���������
����� ������� ��$���� ���� ����������� ��
�� 	������� ���
 ��
���������� ������� ����4���� �� ���������� �		���� ��� �� ��
��� �����	��� ��� ��	������ �
� ������ �	 �
� �
����������
����� *�� ���� 4����������+ 	� ����� ������ ������! ��� �
���
������������� ���� � ���� ��� �
� ���������� �	 � �� ��
��������� ���� ������� �� �
� ������� ������� �
��!


"
� � ����� ��������� �	 ���
 �������  � ���   ��� ��
��������� �� ����� �������� �	 ��� �������������� � ��� ��
���� �	 ��� �%� �� ������ �%� *%� �+����%'� 	��  � ��� �
��������� ������ �	 ��� ������ �������� �1�R%� *2+%S���&'��
	��   ! "
� 	�������� �	  � ���   � �
���	���� ������� �� �
�
���	�������� �	 ����������� ������� ���
�� � ������ ���
����
����!


"
� ������������ 	�������� ��� �������� ������ �	  � ���
  �� �������� ���� � 	�� ��� �	 ������� �� ������� �
��
 �� �	
�������� ���
�� �
� 	�������4 �	 ������� �������������
�
�������!�&8�


"
� ������� ������� ����������� �
� 	���������� �	 �������
��� 
��
����������� ���������� ����������� ��������� ������
������ �	 ���������� ��/�� �� ����� ���������������� ���	
��������� ��� ����� �
� ��� �� �
� �������� �	 � ����  ������
�	 �������� ���
 ����������	���� ����������! "
��� ������
�������� �� ����������� ���������� ���������
��� �� ����������
���������� ������&7� � �$������� ���
 �� ���� ���� �
� �����
��� ������ ���
 ���	���������� �������� �
��� ��������� �
�
�������� �� ���
��������� ��� ��������� ����	����������
���
������! B���
�� ������� ��� ��������� �������� ������� �
�
������� �$���������� ��� �� �������� �	 ������/�� ���������
�������������� ���
��������� ����� �� ����������� ���
���������� ���	�������� ���������!


=)"��������� �������


������� � &1 *�'' ;1/+ ��� &3� *&%�!7 ;1/+ (;@ ������� ���� ��������
�� � ,��4�� �@#�'' ������������ ��� ���� ��	������� �� �
� ��������
���������� ��� ��� �� �
� ���������� ��� ���! "
� (;@ ������� �	 2 ����
��	������� �� ����� ;��2�! "
� &1 (;@ �	 2 ��� ������������� ��������
�� �
� ����� �	 �N2I ��� @N?2I ������������! "
� �������� ���������
���� �� �
� &1 (;@ ��������� �$��������� ���� ���
 �������� �� �
�
	�������� ���� �
� �����������  ����� �	 � 3!%3� &'�% ������3 ����4
�������� �	 ���B32N3 �� �-3�;�(N% ��� ����� �� 2 *%!' ��+ �� �� (;@
���� �� ������������ ��� �
� ��$���� ���� �� �� � & �<  ����� ���

�-3�;�(N%! "
� ��������� ���� �
�� ����	�� �������������� �� �������� �
�
����� ��� ��������� �� 6' �� 	�� �7 
 �� �� � ����� ������ ��������� �
�� ����
���� ������������ 	�� (;@������������! "
� ��������� ���� ������������
��������� � �� ���
� ��� ����� �� ������ 	�� ���� ����
� ���
���
�������������!


7�>7����-
�"
�������
�?�7���-�����2*2��	�"
���@��� >:?� "������ *37 �<+
��� ����� �� ������� �� 8�&��� *'!%68 �� &!%3� &'�3 ���+� 9�%'� *'!3&� �� &!%3�
&'�3 ���+ ��� �9�*99
3+�� *'!'�5 �� �!7�� &'�� ���+ ����� �� �����
������
���� ��� �
� ������� �������� 
����� �� �� ��� ���
 �� &3� �� 	��
35 
! ��� ��� ��� ��� �
�� ��������� �		 ����� ������� ��������� ��� �
�
������� ��� ����	��� �� �
����������
� �� � ������ �	 ������� *;���4�
�������� ���� ��� ��K���+� ������� 	���� ���
 �1%��% �� ���� �� ��������� 8
*'!'�% �+� ��� �
�� ���
 3O;��(K�1%��% �� ������ �
� ������� �������!
�	��� ���� �� �	 ��� ��� �� � ����� ���
� �
� ��������� ����� ���
��������� �� ?�%N *� �<+ ����	�� �������� 	������� �����  ������ ���
��
���
 ?�%N *� �<+ ��� �������� �� �� � : *'!&5� �� 3� . ��O ����� ����
������� 8+ �� ���� ������ �������! &1 (;@ *�-��3� �'' ;1/� %� ��+� ��


7!7�7 *�� ����� 7!8 1/� &1) ����� ������/��� 1�+� 7!7�5 *�� ������� 7!8 1/�
&1) �
����������/��� 1��+� 7!677 *�� ����� 7!8 1/� &1) ����� ������/���
1�+� 7!�%& *�� �3��� 6!7 1/� &1) �������� 13+� 6!683 *�� ���3)���� 6!6 1/� &1)
�������� 1�+� 6!6&3 *�� ������� 7!8 1/� &1) �
����������/��� 1��+� 6!%68 *��
����� 6!6 1/� &1) �������� 1�+� %!5�� *�� 31) ;�+) &3� (;@ *�-��3�
&%�!7 ;1/� %� ��+� �� &�8!5� &�7!5� &�6!7� &��!7� &��!'� &�%!%� &36!�� &%8!'�
&%6!'� &%�!5� &%�!3� &%�!6� &&7!7� %�!5 *;�+) ?�;2��K5 *O+� %73 *&''+ �6�� �
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���	�� � /,4 ��" %�	 ��� �	�	���	 ������ �	 �� ��	��� �
�	 	����� �������� �����" ��	 �� ��	���� �� �	 ����	

���	� *�,�����	 �� 	������	�� 	������ � �	����	 ���� ���
�	 ���� ���� 	��	�� ��������� �� �����	 ���	��
���	��	 �� �� �������#���	 ���	���� �� �	 ����	��	 ��
�	�	 �	�����" %� �	 ��	� ����� �� -�. �����	 ��
	������	�� 	������ � ������	 ���� ��� �	 ���� ���� 	��	��
��������� �� �	� ��	 ���	�	� �� � ����#���	 ���	����"
(���� � ��� �������	� �� �	 ���������� �� ���	��
��������� �C�� ��	��� � �	 ��	 �� ��	��� �� �	�������	"
��	�	 �� ��	���� ��� ������ �	 ��	� �� �	 ����	��	�
����	� ���� *�, ��� -�. ��	 ����	����	�� ������K	� ���
�	 ����	��	� ��� �	�
 ��� ����
����	� �	����� ������	��
�	��	���	��"
��	 ���� ����	� ��� /�, �,2, �L� ��� +�. �,2, �L�


�����	� �� �	 	����� �������	� ���	� ����	� � ����	�
���	�	��� �,?7 ���� ��� �	 �� ��	��� �� �	 ����	�
���	�	��� �	���� �	���	 ���	�����	" $� �	 ����	�
���	�	��� �	����� �	 /�, ��� +�. �����	� ���	
����	� �� ���7� ,>F"7 �� ��� ����� ,>?"/ �� ����,",@�
,7�4 �	���/�����,� ��� ���7� ,>F"E �� ��� ����� ,?/"E ��
��� 1"E7� ,7�4 �	���/�����,�� �	��	���	��" 9�����	� ��
�	�	 ����	� ���	�	��� ������	�� ��	 ���������	 � ��	
���	 �� � ���� �� 	�����
�������� ����� ��"	" � �	 ���� ����
	��	��� � ������� �� �	 ����	��	� ����	� ���� /�, ���
+�. ��	 ���� ������K	� ��� �	 ����	��	� ��� �	�
 ��� ����

����	� �	����� ������	�� �	��	���	��" !���	 ������� �	�����
, �� . ��	� �� ������ ��
����	 ����	��	� �� �	��	��	��
�	�	 �� ����� ������ �	 �	�	��	� �� �	 �����	��	 �� ��	�

���	� �	����� / �� +"


��8������	����� �� �������� � ����
�� �� �9: �����;���
 2
�� ���# ��� ���� �	����� ������������� ������	� �� ������

�	��� �	 �	���	�� �����	� �� � ��		K���
���
������� �	�

��+,,- ���� �	 �	�
����	 ��	������	 �������� �	��� �	 ���

�	� ����	 �������� 	��	����	 �+*�, �� -�.-� 7",/ �L
�,2, �L�� �	�	 ���	��	� �� �������� 	�	���� ����������
�!� 2 5����	� /� ��� /��" $ �� ��	���� �		� ���� �	�	


5����	 /" !� �����	� �� �	���	�� �� �� *�, �,2, �L�� �� -�.
�,2, �L�� �� /�, �,2, �L�� ��� �� +�. �,2, �L� �����	� ����
��	������	 �� 	����� ����� /77 ���"


�����	� �� �	 ����	��	� ��	 ������	� �� �	����� ���	��
��� /7 � @7 �� ����" ��	 �	����� �� �	 ���	�� ��� ������
�	�
����	� ��� �	 �����	 *�, �� 	������	�� ��� ������
����
����	� ��� �	 �����	 -�. �� 	������	��" ��	�	
�	���� ������	� ��	�	� ��� �	 �� ��	���� ��� ��
5����	 ,� �� �	 	�����
�������� ���� �������	� ���� �	
������ ���	����� �� �	�	 �	����� �� �	 ������� ������	"
$� �	 ���	� ���	�� �� ��	�
 ��� ����	
���	� �������	���


�	 �	���	� �����	� �	�	 ��	���	� �� 	�����" $� �	 !� 
�����	� �� ��	�
 ��� ����	
���	� �������	��� /�, ��
	������	�� 5����	 /�� ��� ����	������2 7"/E �L�
,2, �L� ��� � ����
����	� �	����� ������	� ��	�	�� +�.
�� 	������	�� 5����	 /�� ��� ����	������2 7"/E �L�
,2, �L� ��� � �	�
����	� �	����� ������	" (������ �	
���	�� ���	 ����� �� �� ����	 �����	�� 	��� ������	� ��� �
���	� ����		� �� E7 � ,77 ��" ��	 �	����� �� �	�	 �������	�
���	�� ��� �� �����	� �� � �����	 �� �	 ���� �� �������
�	����� / �� + �	���� �	���� �	���� , �� ." ��	�	 �	����
������	 �� �	 �	����� ������	 �������	� �� �	 ������

�	�� �� �� �	��	� � �	 ������� �������	� ������	� ��
������	� �� �	 �	����� ������	 �� �	���� ��	�
���	�
�	�����"
��	 ���	����� �������� ���� �� �� �	 ���	�� *�, ���


-�. �� ��� �� �	��	���	��� �	 �� ���� �� ������	� ��� �	
���	� �	������ ��	�	�� �� /�, ��� +�. �� ��� �� �	��	���	���
�	 �� ���� �� ������� � �	 ���	� �	����� �� ��� ��
�	��	���	���" (�������� � � ��	������ �� �	 �	����� ����

��	� �	 ���	� ����� �� �� �	 ���	� �� ���	�� �����
������ ���	� ����	 ��� �	 ����
����	� �	����� ��� �	
�	�
����	� �	����� ��	 �	����	� ��	���	�� ���	�������� �	
�������	 ���	� �� �	�� ������" '	 �	�	���	 ������	�	� �� �	
������� �	�		� �	 �� ���� ��� �	 ���	� �	����� ��	�	�
�� /�, ��� +�. ���	�� ���� �	 ��	 � ��� ��	���������
�����	�" 6	��	� �	 �����	� �	 ����	������ �� ���	�
�	����� �7",/� 7"/E� ��� /"E �L� ��� ���	����� ���	��	� �	
�	���� ���	�� �	����� �	 ����	�	� ����		�� �� �����������
	�	���� ���������� ��� �" '	 �	�������	�� ���	�	�� ��
�	 ���	� /�, �� 	������	�� ������ ��� �	 ����
����	�
���	� ������	� ��	�	�� �	 ���	� +�. �� 	������	��
������ 	������ �	 �	�
����	� ���	� ������	" ��	�	 �	����
������ �	 ��	� �� �	 �	����� ���	���� �� �	 �������	�
���	�� �� �� �	�	������� ���<	�	� � �	 ��	������ �� �	
�	����� ������	"


������� 8���	�
��
����
 �� �������������
� 6<9��7 ���
��
�	��8���
 2 ��	 ���
�	� ��������	������ �� ��%! ���
�����	� �� �� �	 �	�
����	 �������� �� *�,� -�.� /�,� ���
+�." ( ������ �����	 ������� �� ��	������	 �� 	������
��%!� ��	�� ��� �	�K������	 �� � ������ ���� �	 ����	�
�	���� �		 ���	���	��� !	�����" ��	 ������� ��� �	��	� �
��� ���	" ��	 �����	 ��� �	� � ���� 	��	����	 ��� 1 �
F ����" !���	3�	���� �	� �	�	 �	�	� � /77 �� ��� / � ���
�	� � E77 �� ��� / � ���	� � �����	� ������	�	� ��� �������
� E77 �� ��� 4 � ���	� �	����� ���������"
(� ����� �� 5����	 1� ��	� �	���� �,��/��
* ��� ���	�


��� ������� �,��/��
, +*G�*�,�� ,7 � >EL ��	��� �����

�-� �	 �������	� �	���	� �� � �	�
����	� �	����� ������
������	� ����� ��� �� ��	� ����		� �� ,77 � ,E7 ��
�5����	 1��" ( 
� ,7L� �	 �	����� ������ ����� � ����	�








6	����� %������	� 5��	�� 4EE/�4EEF
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5����	 1" !� �����	� �� �	 ������ �����	� ���� �� *�, �,2, �L��
�� *�, �?2, �L�� ��� �� -�. �,2, �L� ��	� ���������� ����� /77 ���"


����� �������� ������	 �5����	 1��" (� ����� �� ����	 /� �	
������� ��� �� �	��	� � 
� >EL� ��� �	 �	����� ������
����� ����	� �	 ����	������ �������� ������	" ��	 ������


�����	� ���� �	 �����	 -�. �� 	������	�� � ,7L� 
�
>EL ������ ����	� � ����
����	� ������	 �5����	 1��"
'�	� ��	�
���	�� �	���� �,��/��
/ ��� ���	� ���


����	
���	� ������� �,��/��
, +/G�/�,�� /7 � >7L �
�-�
�	 �������	� �	���	� �� � ��	��	� ����
����	� �	����� ������
������	 �5����	 4�� ��� �� ���	��	� ��� *�, ��� -�.
���	��" ��	 ��	� ����		� �� ��� ���	 �	����� ������	 �� ��
?7 � ,/7 ��" '�	� ��	�
���	� �	���� �,��/��
+ ��� ���	�
��� ����	
���	� ������� �,��/��
. ++G�+�.�� /7 � >7L
���-� �	 �������	� �	���	� �� � ��	�� �	�
����	� �	�����
������ ������	" ��	 ������	��� �	�		� �	 �������	� ���	�
�	����� ��� �	 ������ ���	� �	����� ������	� �� �	 ������ ��
��	�	� ���	� �	 	����	 	��	� �� �	 �������	� ���	��"
��	�	 �	���� ��	���� ������ �	 ��	� �� �� �	 ��	�	��	 ��
�	 ��	3��	 ����� �� �	 ������� �����	 �� ������	�����	 �
����������� �� �	 �������	� ������	 ��� �	 ������
������	� ��� �	 �	����� �� �	 ������ ��� �	 ������	�������
��������	� ���� �� �� �	 �������	� ���	�� ��� ���� ���
�	��� ���� �	 ���������	 ��� �	 	�����	� ����������� ��
������� ���	����	����� ������	� ��� ��������� ��	�����
������ �	 �������	� ����	"
�� ����	� ���������	 ��	�	� �	 �������	� ���	�� �	����


��	� �� � 	����	 ��� �	 ����� �� �	 �	����� ������� �� 
�����	� �	�	 �#	� ��	� �	����� �� ������� �	����� ��
����������"+,/� ,1- &	�� ��	�	������� �	 ����� �� �� �	 ����

����	� ������ �����	� ���� �	 -�. �������	�� �	 ����

����	� ���	� ������ ������	 ��� �� ���	� ����		� �� /7 �
@7 �� �� ��	���� �	�����K	� �5����	 E��" ���	��� 	���������
�� �	 �� �����	 �� �	 �	�
����	� ������ �����	� ���� �	


����	 /" 0	���� ��� ��������� ��� �	 ���
�	� ��������	������"


��� *�, ������ -� . ������ /�, ������ +�. ������
+�L-+�- ������	 +�L-+�- ������	 +�L-+�- ������	 +�L-+�- ������	


, ?7G,7 �������� ?7G,7 �������� ?7G,7 �������� ?7G,7 ��������
/ F7G17 �	�
����	� F7G17 ����
����	� F7G17 ����
����	� F7G17 �	�
����	�
1 E7GE7 �	�
����	� E7GE7 ����
����	� E7GE7 ����
����	� E7GE7 �	�
����	�
4 47G@7 �	�
����	� 47G@7 ����
����	� 47G@7 ����
����	� 47G @7 �	�
����	�
E 17GF7 �	�
����	� 17GF7 ����
����	� 17G F7 ����
����	� 17GF7 �	�
����	�
@ ,EG>E �	�
����	� ,EG>E ����
����	� /7G>7 ����
����	� /7G>7 �	�
����	�
F 7G,77 �������� 7G,77 �������� � � � �


+�- ��	 ��� ����� �� �	 �	����� ��	� ���	� ��������� ��� �	 ���
�	� ����	�� �� ��%! ��� 1 � 4 ��"


5����	 4" !� �����	� �� �	 ������ �����	� ���� �� /�, �,2, �L� ��� �� +�. �,2, �L� ��	� ���������� ����� /77 ���"
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*�, �������	� �	�	��� �� �	 ���	��	� ���	� ������
������	 ��� �� ���	� ����		� �� /7 � @7 �� �� ���� �	�

����	� �5����	 E��" $� �������� 	��������� �� �	 ������
���	�� �����	� ���� �	 �������	�� �� /�, ��� +�. �����	�
�	�	��� �� �	 ���	��	� ���	� ������ ������	� ��� ���	�
����		�� �� E7 � F7 �� ���� ���	 �	�
 ��� ����
����	�
�	����� ������	�� �	��	���	��" ��	 �	���� ��	���� ������ �	
��	� �� ������� ������	��� �������	� ��	 ������	� ��� �	
������� �	����� �������	� ���	�� ��� �������� �� �	 ������ ���
����� �	��	�� �	 �� ��	�	� �� �	 �������� ���	��"


5����	 E" �� �����	� �� �	 ������ �����	� ���� �� *�, �,2, �L��
�� -�. �,2, �L�� �� /�, �,2, �L�� ��� �� +�. �,2, �L� ��	�
���������� ����� E7 ���"


��
	�����



��	 ��	�	� ���	� ��� �	������	� ��� �	 ���� ��	 ��
��� )����
 ��� �	�
����	� ��������	�* �� ��	 ������	�����
�� ������ ������� ��������� ��� ���	����	� ��� ���� �	
��	�	� �� ��������� ���������" 5�� 	�����	� �	 *�, ���
-�. �����	� �	��� �� �	 �	�
 ��� ����
����	� �	�����
������	� �� �	 ������� �	��	���	��" ��	 #	� ���� �� �
��������	 �	 �������� �� �������	� ���	�� ��� ������ ���	��
����K��� �	 	�	������� ��	������" ��	 �	���� ������	 �	
�	������� �� �	 	����	 �	��� �� �	 ��	���� �� �������
������ ������	�"
$� �	�	���� ������� ��	�����


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

��	� �� �	��	� �	�� ���
���	����� ����	� ��	�	�� ����
)����	 �	����* �� �	�� ��������
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Coordination Polymerization in Water Affording Amorphous Polyethylenes


Anke Held and Stefan Mecking*[a]


Abstract: The coordination polymeri-
zation of ethylene in water as a reaction
medium was studied. Rubbery amor-
phous branched polyethylene was ob-
tained when a known cationic diimine-
substituted methyl complex was em-
ployed as a catalyst precursor. High
rates of up to 900 TOhÿ1 (turnover
frequency) were observed. In contrast
to solution polymerization in an organic
solvent, the rate of suspension polymer-
ization in water increases greatly with
ethylene pressure in the range up to
20 bar; this indicates control of the
polymerization rate by the concentra-
tion of the olefin monomer at the
catalytically active site. The effect and


mode of mass transfer phenomena were
studied. A high catalyst stability in the
aqueous coordination polymerization
was observed. It was found to be due
to an ªencapsulationº of the water-
insoluble catalyst precursor in the hy-
drophobic amorphous polymer during
the polymerization reaction, and this
resulted in strongly restricted accessibil-
ity for the aqueous phase. Surprisingly,
exposure of the water-stable catalyst
precursor to ethylene monomer in so-


lution in the presence of water resulted
in immediate decomposition. Polymer
microstructure, and thermal and me-
chanical properties were investigated.
The different degree of branching, mo-
lecular weight, and corresponding mac-
roscopic properties of the polymers
obtained in water as a reaction medium
versus solution polymerization in meth-
ylene chloride under the same condi-
tions are due to the different phase
behavior during polymerization (sus-
pension vs. solution), as opposed to an
effect of water on the catalytically active
centers.


Keywords: branched polyethylene ´
ethylene ´ palladium ´ polymeriza-
tions ´ water chemistry


Introduction


Water possesses unique properties as a reaction medium. It is
highly polar and immiscible with most organic compounds,
has a high heat capacity, and also has a strong propensity for
micelle formation. In addition, water is an ideal medium from
an environmental and safety perspective. Thus, emulsion and
suspension polymerization of olefinic monomers are em-
ployed on a vast scale, for example, for the direct production
of water-based latices, used for coatings and paints.[1] In
contrast to these free-radical polymerizations, transition metal
catalyzed coordination polymerization reactions in water have
received less attention, as the early transition metal catalysts[2]


used for commercial polyolefin production are extremely
sensitive to moisture. Running such polymerizations in aque-
ous emulsion or suspension is a highly attractive goal however,
as many polymer microstructures are not available by other
means than coordination polymerization.


Late transition metal complexes are generally less sensitive
to polar media as a result of their less oxophilic nature. With
late transition metal catalyzed CÿC linkage of ethylene in
general (i.e. in organic reaction media), dimers or oligomers
are obtained usually due to the propensity of late transition
metal alkyl complexes for b-hydride elimination.[3] Only a
limited number of catalysts for the polymerization to high
molecular weight products are known. Most of them are based
either on neutral nickel(ii) complexes (exemplified by struc-
tures 1 and 2, Figure 1)[4] of formally monoanionic bidentate
ligands or on cationic iron, cobalt, nickel, or palladium
complexes (3, 4)[5] of neutral multidentate ligands with bulky
substituted nitrogen donor atoms.[6]


The recent discovery of catalysts based on structures 2, 3,
and 4 has spurred an intense search for late transition metal
olefin polymerization catalysts based on other ligand struc-
tures, and high-throughput screening techniques have been
employed.[7] For our investigation of polymerization reactions
in water, we have utilized complexes based on the aforemen-
tioned known structures, and we varied the ligands to adjust
their water solubility.[12a]


Transition metal catalysis in aqueous media[8] has been
investigated intensely in the context of two-phase catalysis for
the preparation of low molecular weight compounds. Due to
the low miscibility of most organic substrates and products
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Institut für Makromolekulare Chemie
und Freiburger Materialforschungszentrum
der Albert-Ludwigs-Universität Freiburg
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Fax: (�49) 761-203-6319
E-mail : mecking@uni-freiburg.de
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Figure 1. Precursors to late transition metal catalysts for ethylene poly-
merization.


with water, the local concentrations of substrates at the
catalytically active metal centers can differ markedly from
reaction in organic solvents; this can result in strongly altered
kinetics. Ethylene, employed as a substrate in our investiga-
tion, represents a somewhat particular case, as it does not
form a separate bulk liquid phase under usual reaction
conditions. With regard to the effect of water on the reactivity
of the metal center, undesired side reactions of metal
complexes with water can occur. Hydrolysis of metalÿalkyl
species, attack of water on coordinated substrates or on
selectivity-controlling ligands, or coordination of water to the
metal center as a ligand can be disadvantageous.[9] For vinyl-
type aqueous coordination polymerization of olefins, the basic
effects of reaction conditions on polymerization rate, catalyst
stability, and the properties of the polymers obtained have
thus far been given little attention.


A very slow (ca. one turnover/day) coordination polymer-
ization of ethylene in water catalyzed by a rhodium complex
has previously been investigated.[10, 11] Recently, homopoly-
merization of ethylene by cationic palladium(ii) or neutral


nickel(ii) catalysts in water as a reaction medium has been
reported.[12] Highly branched or linear polyethylenes can be
obtained at high rates. We now give a first full account of such
a coordination polymerization of ethylene in water and the
properties of the resulting branched, amorphous polymers.


Results and Discussion


Polymerization reaction : If an aqueous suspension of com-
plex 3 a[5a, 5d] is employed to polymerize ethylene, high molec-
ular weight rubbery polyethylene is obtained. At higher
ethylene pressures, polymerization rates of up to 900 TOhÿ1


are observed, similar to reaction in methylene chloride (vide
infra). This is remarkable, as the solubility of ethylene in
water (ca. 0.1 mol Lÿ1 at 40 bar) is two orders of magnitude
lower than the solubility in organic solvents such as toluene or
methylene chloride.[13] The low solubility of the olefinic
monomer specific to polymerization reactions in water has
received little systematic consideration in the few previous
reports on other aqueous polymerization reactions by tran-
sition metal catalysts that employ ethylene as a monomer. An
investigation of the effect of ethylene pressure on the aqueous
polymerization revealed a large increase in activity with
increasing ethylene pressure up to 20 bar (Table 1, Figure 2).
Under these conditions, monomer concentration at the active
metal centers must be controlling the rate of chain growth.
Increasing the ethylene pressure from 20 to 40 bar has no
strong effect, and this indicates that in this range the effective
monomer concentration is no longer rate limiting. Thus, an
effective polymerization is achieved at the rather moderate
pressure of 20 bar. In contrast to this observed behavior in
water, conventional polymerization in organic solvents is
known to be approximately zero-order in ethylene with
cationic diimine complexes,[5a] and also for the particular case
of complex 3 a, no strong effect on activity is observed upon
increasing the ethylene pressure from 2 to 50 bar for polymer-
ization in solution in methylene chloride (Table 1, runs 4 to 6;
Figure 2. In detail, some decrease in activity is observed at
higher pressures; this effect has been observed previously[5d]).
In terms of the basic steps of chain growth (Scheme 1), this
known kinetic behavior translates to a predominant control of
the overall chain growth rate by the rate of migratory
insertion in the alkyl olefin intermediate (step a). In contrast,
the observed behavior in aqueous polymerization can be
rationalized by the fact that monomer coordination (step b)
also strongly affects the rate of chain growth, due to low
monomer concentrations at the metal site at pressures of less
than approximately 20 bar. Based on these findings, it can be
generalized that a high propensity of a complex coordination
catalyst for binding of a monomer (step b) is advantageous for
ethylene polymerization in water. By comparison, nickel(ii)
polymerization catalysts with a strong positive dependence of
activity on ethylene concentration in polymerization in
organic solvents also had a significantly lower activity for
ethylene polymerization in water, compared with that for
the reaction in toluene under the same conditions (50 bar
ethylene pressure).[12a, 14] Addition of surfactant under typical
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Figure 2. Polymerization activity versus ethylene pressure in water.
Reaction conditions: catalyst precursor: 3 a ; reaction temperature: room
temperature; reaction time: 15 h. Data points are interconnected by lines
for the sake of clarity.


Scheme 1. Chain growth in ethylene polymerization (R,R'� growing
polymer chain).


polymerization conditions does not result in a dramatic
increase in the amount of ethylene present in the liquid
phase.[14] Accordingly, addition of Triton X-100 nonionic
surfactant (0.01 mol Lÿ1, forty-fold critical micelle concentra-
tion) did not have a large effect on the polymerization rate.


The total amount of branching (as observed by NMR
spectroscopy) as well as polymer molecular weights were
found to be largely independent of ethylene pressure in
aqueous polymerization reactions (Table 1).


As previously mentioned, the polymerization reaction
mixture is heterogeneous and consists of water, suspended
polymer, and initially suspended 3 a. With respect to the
above considerations on ethylene solubility in water, the
question arose whether polymerization might occur by direct
transfer of ethylene to growing polymer particles at the gas ±
water interphase. Such a reaction would resemble a ªwater-
cooledº gas-phase polymerization rather than a suspension-
type polymerization in the aqueous phase.[15] To gain insight
into this question, polymerization reactions were carried out
that avoided any contact of 3 a or the polymer with the gas
phase. In a typical experiment, 3 a was charged into a dialysis
tube along with approximately 10 mL water, and the tube was
then immersed completely in water in the glass reactor. The
reactor was pressurized with ethylene, and the water phase
was gently stirred with a stir bar to achieve some mass transfer
and to avoid any generation of ethylene bubbles. Rubbery
polyethylene confined in the dialysis tube was obtained
(Table 1, entry 7). In experiments with different reaction
times up to 67 h, a steady activity of 10 TOhÿ1 was observed.
These results clearly demonstrate that polymerization also
occurs without any direct contact of polymer or 3 a with the
gas phase. As expected, a lower productivity is observed in
comparison with standard polymerization runs (vigorous
mechanical stirring) due to slow diffusion through the dialysis
tube and restricted transfer of ethylene from the gas phase to
the aqueous phase (gentle stirring). Whilst it would be
difficult to positively exclude the possibility of some degree
of direct mass transfer of ethylene from the gas phase to the
growing polymer particles in a simple practically useful
polymerization setup, the above results unambiguously show
that polymerization can occur by intermediate dissolution of
ethylene in the water phase exclusively.


The reaction system consists of multiple phases: the gas
phase, an aqueous phase that contains dissolved ethylene,
suspended insoluble polymer swollen with monomer to some
extent, and in the initial stages of the reaction solid
undissolved complex 3 a. With regard to the ethylene concen-
tration at the active metal sites in the polymer (vide supra), a
consideration of ethylene solubility in the polymer is of


Table 1. Polymerization results. Reaction conditions: 3a (61 mmol); room temperature; total volume of water or organic solvent: 100 mL
( ± �not determined).


reaction conditions results
ethylene
pressure
[bar]


reaction
medium


reaction
time
[h]


polymer
yield
[g]


productivity
[(mol(ethylene) mol(cat.)ÿ1)]


average activity
[(mol(ethylene) mol(cat.)ÿ1 hÿ1)]


Mw
[a]


[gmolÿ1] (Mw/Mn)
branches
per 1000 C[b]


1 2 H2O 16 3.5 2020 130 4.8� 105 (3.5) 71
2 20 H2O 15 23.0 13400 900 4.1� 105 (3.9) 68
3 40 H2O 3 2.3 1340 450 1.8� 105 (2.8) 64
4 2 CH2Cl2 16 29.2 17000 1100 3.8� 104 (2.3) 106
5 7 CH2Cl2 16 29.4 17200 1100 ± ±
6 50 CH2Cl2 14 14.4 8400 600 3.2� 104 (2.2) 109
7[c] 7 H2O (dial. tube) 40 0.7 390 10 2.2� 105 (3.0) 77
8[d] 7 gas phase 4 0.8 470 120 1.1� 105 (1.8) 68
9 40 acetone 14 11.7 6800 490 3.1� 104 (2.4) 94


[a] Determined versus polystyrene standards. The molecular weights given can therefore differ substantially from the true molecular weight of these
branched materials. However they allow for a comparison of the different samples, and represent the order of magnitude of the molecular weight.
[b] Number of methyl groups per 1000 carbon atoms, determined by 1H NMR in CDCl3 at room temperature. [c] Polymerization performed in dialysis tube.
[d] Polymerization performed in gas phase.
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interest. Data on ethylene ± propylene random copolymers as
amorphous saturated hydrocarbon polymers appear well-
suited for a comparison. For these polymers, ethylene
solubility has been found to be insensitive to the ratio of
incorporated ethylene/propylene, and thus the degree of
branching over a wide range of compositions.[16] The extrap-
olation of literature data to 20 bar yields a solubility on the
order of 28 g ethylene/kg in the solid copolymer (approx-
imately 1 mol Lÿ1). By comparison, for polymerization in
solution in methylene chloride (vide supra; Table 1, en-
tries 4 ± 6), a high rate of polymerization insensitive to ethyl-
ene concentration was observed at �2 bar; this corresponds
to �0.3 molLÿ1. This order of magnitude estimate shows that
ethylene solubility in amorphous polymers can be sufficient to
attain monomer concentrations at which solution polymer-
izations with 3 a are independent of monomer concentration,
and this is in accordance with the aforementioned exper-
imental observations. In heterogeneous aqueous polymer-
ization, mass transfer of monomer across phase boundaries
and within the polymer phase must obviously be considered in
addition to thermodynamic equilibrium concentrations.[17]


The previously mentioned insensitivity of the aqueous
polymerization reaction to ethylene pressure at >20 bar does
not indicate mass transfer limitations. Reduction of the
stirring rate from the standard 1000 rpm to 400 rpm resulted
in a much less vigorous mixing of the reaction mixture. At a
low ethylene pressure of 7 bar, a corresponding moderate
decrease in activity of 20 % was observed. This observation
points to some limited influence of mass transfer in this
regime.


To investigate the accessibility of the palladium complex for
the aqueous phase during polymerization, a water-soluble,
strongly coordinating deactivating reagent was added. To
obtain meaningful results, a compound of high hydrophilicity
that avoids any significant partial dissolution in the growing
polymer must be employed. The addition of tris(sodium-m-
sulfonatophenyl)phosphane (NaTPPTS)[18] (ten equivalents)
to an aqueous suspension of 3 a in the polymerization reactor
prior to pressurization with ethylene resulted in formation of
a catalytically inactive solution. In contrast, the addition of
NaTPPTS (ten equivalents) after one hour to an ongoing
polymerization did not have a disadvantageous effect; when
the reaction was continued for another 15 h, 15.8 g of polymer
were obtained under the conditions of entry 3 (40 bar). This
yield is only slightly lower than the amount of polymer
obtained in the absence of phosphine (18.6 g). In comparison,
upon addition of ten equivalents of triphenylphosphine to an
ongoing solution polymerization in methylene chloride after
one hour, complete catalyst deactivation was observed. These
simple experiments reveal a strongly restricted accessibility of
the palladium complex for the aqueous phase during the
polymerization reaction. The catalytically active metal centers
are confined, or ªencapsulatedº in the growing hydrophobic
polymer.


Catalyst stability in water : To study catalyst stability, polymer-
ization experiments with different reaction times were
performed; a suspension of the catalyst precursor in water
was employed (Figure 3). The polymer yields obtained at an


Figure 3. Productivity versus reaction time in aqueous ethylene polymer-
ization. Reaction conditions: catalyst precursor: 3 a ; reaction temperature:
room temperature.


ethylene pressure of 40 or 7 bar correspond to an approx-
imately steady activity over 16 h. Thus, no catalyst deactiva-
tion is observed even for the long reaction times in this
aqueous polymerization.


An investigation of the polymerization in acetone/water
mixtures yielded unexpected results: addition of 5 % water
(v/v) to an acetone reaction medium resulted in a large
decrease in polymer yield (Figure 4). Upon increase of the
water content, productivity ceased completely: no polymer or


Figure 4. Polymerization productivity versus composition of acetone/
water reaction medium. Reaction conditions: catalyst precursor: 3 a ;
reaction temperature: room temperature; ethylene pressure: 40 bar;
reaction time: 15 h.


oligomers were obtained. This was somewhat surprising, as in
polymerization in neat acetone (Table 1, entry 9) or water,
similar high catalyst activities were observed. Only at high
water contents of >80 % was catalytic productivity observed
again. Whereas the catalyst precursor complex 3 a is soluble in
neat acetone or a 50:50 (v/v) acetone/water mixture, it is
insoluble in water or water that contains a small amount of
organic solvent. Thus, the above experiments implied a rapid
deactivation of the cationic palladium complex by water in
solution. A water-soluble analogue 5 of complex 3 a was
prepared with the ligand ArN�C(Me)ÿC{(CH2)4SO3Li}�NAr
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(Ar� 2,6-C6H3Me2).[19] In accordance with the above conclu-
sions, 5 did not display significant catalytic activity towards
ethylene in aqueous solution (in comparison, a solution of 5 in
methylene chloride displays a catalytic activity similar to 3 a).


For further investigation of the reactivity of the catalyst
towards water, polymerizations were monitored by NMR
spectroscopy. A 1H NMR spectrum of a solution of catalyst
precursor 3 a in a [D6]acetone/D2O 3:1 (v/v) mixture was
recorded, and the solution was stored at room temperature.
Remarkably, a spectrum recorded after three days showed no
changes; this demonstrated that the diimine-substituted
palladiumÿmethyl complex was stable under these condi-
tions.[20] However, upon addition of ethylene to the NMR
tube, immediate formation of palladium black was observed,
along with some chain growth. By comparison, upon addition
of ethylene to a solution of 3 a in neat [D6]acetone under
identical conditions, no formation of elemental metal was
observed. A Wacker-type attack of water on coordinated
ethylene or decomposition of metal hydrides, which occur as
intermediates in polymerization, could provide a reasonable
explanation for these findings. Further studies of this deac-
tivation reaction are in progress.


In summary, the high activity and catalyst stability in pure
water or in water that contains only a small amount of organic
solvent can be related to a low susceptibility for attack by
water in the initial stages of polymerization due to the
insolubility of 3 a. Polymerization occurs on catalyst particles,
accompanied by a rapid encapsulation (vide supra) of the
catalytically active palladium complex in the hydrophobic
polymer.[21]


Polymer properties : The polyethylenes obtained in water
resemble polymers obtained in methylene chloride as an
aprotic solvent under otherwise identical conditions in that
both are highly branched. However, the former have much
higher molecular weights and are less branched,[22] as deter-
mined by 1H NMR spectroscopy (Table 1). These differences
result in a markedly different macroscopic appearance of the
polymers: whereas the materials obtained with 3 a in meth-
ylene chloride are highly viscous liquids, polyethylenes
obtained in water are rubbery solids. The question arose,
whether the observed effect is due to an interaction of water
with the metal center. The polymer microstructure was
analyzed by high-temperature 13C NMR spectroscopy (Ta-
ble 2). Like the polyethylenes obtained in methylene chlor-
ide[23] (Table 2, entry 2), the polymers obtained in water
(Table 2, entry 1) contain methyl, ethyl, propyl, butyl, and
higher branches. The occurrence of the same types of
branches implies that basically the same mechanisms of chain


growth, chain transfer, and chain walking are active. The
overall polymer structure and the degree of branching will
depend on the delicate balance of the reactivity of the various
different intermediates involved in the last three reactions. It
can be speculated that an increased steric constraint imposed
on the catalyst confined in the solid polymer results in a
lowering of chain transfer and chain walking, and this
accounts for the lower degree of branching and higher
molecular weight in comparison with polymerization in an
organic solvent.[24] A comparison with polymers obtained with
this palladium catalyst in other, clearly heterogeneous reac-
tions in the absence of water appeared interesting. Solid,
finely dispersed 3 a was exposed to 7 bar of ethylene in the
absence of a liquid reaction medium. Although polymer yield
was low in comparison with reactions in liquid dispersant, an
amount of polymer sufficient for characterization was ob-
tained (Table 1, entry 8; Table 2, entry 3). The overall branch-
ing of 68/1000 carbon atoms is similar to the material obtained
in water as a reaction medium. Along the same lines, a
polymerization was carried out in a fluorocarbon solvent
(perfluorohexane), immiscible with the hydrocarbon polymer.
Again, an overall degree of branching of 69/1000 carbon
atoms was observed. These results imply that the formation of
different polyethylenes in water and in conventional organic
media is not related to an interaction of water with the
catalytically active species, but rather to the different physical
state of the reaction mixture during polymerization (hetero-
geneous suspension of catalyst-confining hydrophobic poly-
mer vs. homogenous solution).


The thermal properties of the rubbery polymers were
investigated by means of dynamic mechanical analysis
(DMA). Tgs of approximately ÿ45 8C were observed. These
glass transitions occur at markedly higher temperatures than
those of polymers obtained in methylene chloride (ÿ69 to
ÿ73 8C obtained by DSC analysis (differential scanning
calorimetry). DMA of these polymers is hampered by their
liquid nature). DSC traces of polymers obtained in water
reveal glass transition temperatures consistent with DMA
results. In addition, in contrast to the polymers obtained in
methylene chloride, broad thermal transitions in the range of
�20 to �60 8C are observed. These transitions that indicate a
very low degree of crystallinity were too weak for reliable
quantitative assessment. Accordingly, by wide-angle X-ray
scattering (WAXS), no significant reflections indicative of
crystalline fractions were observed (limit of determination for
polyethylene: 5 ± 10 % crystallinity).


The stress-strain behavior was investigated by cycle tests.
The materials display good recovery, accompanied by some
yield. Their behavior is qualitatively reminiscent of non-cross-
linked thermoplastic polyolefin elastomers.[25]


Table 2. Branching structure of polymers determined by 13C NMR spectroscopy. Polymers obtained at 40 bar (respectively, entry 3: 7 bar) at
ambient temperature.


reaction
medium


methyl
per 1000 C atoms


ethyl
per 1000 C atoms


propyl
per 1000 C atoms


butyl
per 1000 C atoms


pentyl
per 1000 C atoms


hexyl and longer
per 1000 C atoms


sum of branches
per 1000 C atoms


1 H2O 29 10 3 5 4 14 65
2 CH2Cl2 34 28 4 8 4 27 105
3 gas phase 27 10 4 5 5 15 66
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Conclusion


In the aqueous coordination polymerization of ethylene
investigated, the rate of chain growth is controlled by the
monomer concentration at the active site in the regime of
ethylene pressures up to 20 bar. At higher pressures, the
polymerization rate is not influenced significantly by the
solubility of ethylene in the amorphous polyethylene or by
mass transfer phenomena, but rather by the intrinsic kinetics
of migratory insertion in alkylÿolefin complexes. As a
generalization, a high propensity of a coordination catalyst
for monomer binding is advantageous for polymerization of
gaseous olefins in water as a reaction medium. Under
appropriate conditions, mass transfer can occur exclusively
by intermediate dissolution of ethylene in water, as opposed
to conceivable direct mass transfer of ethylene from the gas
phase to growing polymer particles.


Catalyst stability to water depends markedly on the
physical state of the polymerization active metal complex in
the initial stages of the reaction. An aqueous suspension of the
precursor complex displays a high activity and stability; in
contrast, solutions in acetone/water mixtures are inactive
towards ethylene. The well-defined catalyst precursor com-
plex is stable in solution, deactivation occurs only upon
addition of ethylene monomer. During bulk polymerization,
the catalytically active species is confined in the hydrophobic
polymer, and this results in a strongly restricted accessibility
for the aqueous phase.


The amorphous rubbery polyethylenes obtained differ from
the viscous oils obtained in organic solvents under otherwise
identical conditions by their much higher molecular weight
and lower degree of branching. However, this effect is related
to the different phase behavior during polymerization (sus-
pension of nonsolvent swollen polymer vs. homogeneous
solution) rather than an interaction of water with the
polymerization active metal centers.


These findings represent the first extensive investigation
and rationalization of a vinyl-type aqueous coordination
polymerization reaction of a simple monoolefin.


Experimental Section


Materials and general considerations : Palladium complexes were manip-
ulated by standard Schlenk techniques under argon. Ethylene (99.8 %)
supplied by Gerling and Holz was used without further purification.
Organic solvents were distilled from drying agents (acetone: P2O5,
methylene chloride: CaH2) under argon. MilliQ grade water was briefly
degassed prior to use. Palladium complex 3 a was prepared according to
literature procedures.[5d]


1H and 13C NMR spectra were recorded on a BrukerARX 300 at 300 MHz
and 75 MHz, respectively. 13C NMR spectra of polyethylenes were
obtained in [D2]1,1,2,2-tetrachloroethane at 127 8C. Branching was deter-
mined according to ref. [26]. 1H NMR spectra of the polymers were
obtained in [D1]chloroform at ambient temperature.


Dynamic mechanical analyses (DMA) were carried out on a Rheometrics
Solids AnalyzerRSA II at 1 Hz and a heating rate of 2 K minÿ1 using a dual
cantilever geometry (50� 6� 2 mm). Differential scanning calorimetry
(DSC) was performed on a Perkin Elmer DSC 7 at a heating rate of
10 Kminÿ1. DSC data reported are second heats. High-temperature gel
permeation chromatography was performed in 1,2,4-trichlorobenzene at
140 8C using a PL-220 instrument equipped with MixedBed PL-columns.


Data reported were determined versus polystyrene standards. Wide-angle
X-ray scattering (WAXS) was performed on a Siemens D 500 with a 2V


distance of 0.1 and a measurement time of 6 s per point. Cycle tests were
obtained on an Instron 4204 at ambient temperature with a velocity of
10 mm minÿ1. Specimens of dimension according to DIN 53 504-85 S3 were
prepared from melt-pressed sheets.


Polymerization procedure : Polymerization was carried out in a mechan-
ically stirred pressure reactor (250 mL). Depending on the reaction
pressure, a steel or glass vessel was utilized. The total volume of the added
liquid phase (water and/or organic solvent) amounted to 100 mL. For
polymerization in water, complex 3a was injected as a solution in acetone
(1.5 mL) to achieve a fine suspension of the water-insoluble catalyst
precursor. The reactor was flushed with ethylene, and a constant ethylene
pressure was applied, while the reaction mixture was stirred (1000 rpm).
After the specified reaction time, the reaction was stopped by releasing the
ethylene pressure. The precipitated polymers were isolated, washed with
water and methanol, and dried in vacuum.


NMR data of complex 3a in acetone/water mixtures : 1H NMR (300 MHz,
[D6]acetone, room temperature, TMS): d� 0.25 (s, 3 H; PdCH3), 2.07 (s,
3H; NCCH3), 2.27 (s, broad, 6H; N�C(CH3)ÿC'(CH3)�N), 2.34 (s, 6H;
ArÿCH3), 2.38 (s, 6 H; ArÿCH3), 7.18 ± 7.29 (m, 6H; ArÿH); 1H NMR
(300 MHz, [D6]acetone/D2O 3:1 (v/v), room temperature, TMS): d� 0.24
(s, 3H; PdCH3), 2.06 (s, broad, 3H; NCCH3), 2.27 (s, 6H; ArÿCH3), 2.32 (s,
broad, 6H; N�C(CH3)ÿC'(CH3)�N), 2.34 (s, 6H; ArÿCH3), 7.20 ± 7.30 (m,
6H; ArÿH).
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