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�Z�D�V���V�O�X�J�J�L�V�K���D�Q�G�����W�K�H�U�H�I�R�U�H���������P�R�O�����Z�D�V���U�H�T�X�L�U�H�G���I�R�U���W�K�H���W�K�L�U�G���V�W�H�S���L�Q�F�R�U�S�R�U�D�W�L�R�Q���� 

�: �H���W�K�H�Q���U�H�Y�L�V�L�W�H�G���R�X�U���S�U�H�Y�L�R�X�V�O�\���U�H�S�R�U�W�H�G���R�Q�H���S�R�W�����W�Z�R���V�W�H�S���P�H�W�K�R�G�R�O�R�J�\���D�J�D�L�Q�����Z�L�W�K���D��

�Y�L�H�Z���W�R�Z�D�U�G���R�E�Y�L�D�W�L�Q�J���W�K�H���Q�H�H�G���I�R�U���1���P�H�W�K�\�O�S�\�U�U�R�O�L�G�R�Q�H�����1�0�3�����D�V���V�R�O�Y�H�Q�W���>���F�������@���:�H���E�H�J�D�Q��

�R�X�U���R�S�W�L�P�L�V�D�W�L�R�Q���H�I�I�R�U�W�V���Z�L�W�K���D���Q�X�P�E�H�U���R�I���P�R�U�H���G�H�V�L�U�D�E�O�H���V�R�O�Y�H�Q�W�V�����7�D�E�O�H�������D�Q�G���V�X�S�S�R�U�W�L�Q�J��



�T�P 
 

�L�Q�I�R�U�P�D�W�L�R�Q�� �I�R�U�� �I�X�U�W�K�H�U�� �L�Q�I�R�U�P�D�W�L�R�Q�����>�����@���,�Q�L�W�L�D�O�O�\���� �Z�H�� �I�R�X�Q�G�� �W�K�D�W�� ���������G�L�R�[�D�Q�H�� �J�D�Y�H�� �U�L�V�H�� �W�R��

�P�R�G�H�U�D�W�H�� �F�R�Q�Y�H�U�V�L�R�Q�� ���7�D�E�O�H�� ������ �H�Q�W�U�\�� �������� �Z�K�L�F�K�� �Z�D�V�� �L�P�S�U�R�Y�H�G�� �V�O�L�J�K�W�O�\�� �W�K�U�R�X�J�K�� �W�K�H��

�D�G�G�L�W�L�R�Q���R�I�� �������F�U�R�Z�Q������ �D�V���D�Q���D�G�G�L�W�L�Y�H�����7�D�E�O�H�������� �H�Q�W�U�\���������� �-�H�I�I�H�U�\���D�Q�G���F�R���Z�R�U�N�H�U�V���K�D�Y�H��

�S�U�H�Y�L�R�X�V�O�\�� �V�K�R�Z�Q�� �W�K�D�W�� �W�K�H�� �X�V�H�� �R�I�� �T�X�D�W�H�U�Q�D�U�\�� �D�P�P�R�Q�L�X�P�� �V�D�O�W�V�� �D�V�� �D�G�G�L�W�L�Y�H�V�� �L�Q�� �3�G��

�F�D�W�D�O�\�V�H�G���R�O�H�I�L�Q�D�W�L�R�Q���U�H�D�F�W�L�R�Q�V���O�H�G���W�R���V�X�S�H�U�L�R�U���U�H�D�F�W�L�R�Q���S�H�U�I�R�U�P�D�Q�F�H���>�����@�� 

�7�D�E�O�H���������2�S�W�L�P�L�V�D�W�L�R�Q���R�I���+�H�F�N���R�O�H�I�L�Q�D�W�L�R�Q���U�H�D�F�W�L�R�Q�� 

 

Entry  Solvent  Additive  Base Conversion a  

1 1,4-Dioxane -- K2CO3 65% 

2 1,4-Dioxane 18-crown-6 K2CO3 73% 

3 1,4-Dioxane TBACl K2CO3 100% (80%) 

4 1,4-Dioxane TBACl -- 15% 

5 1,4-Dioxane TBACl NaOAc 77% 

6 1,4-Dioxane TBAOAc K2CO3 98% (79%) 

7 1,4-Dioxane TBAOAc -- 84% 

8b 1,4-Dioxane TBAOAc -- 98% (77%) 

9b EtOAc TBAOAc -- 100%  

10b CPME TBAOAc -- 98% (78%) 

11b Cyrene TBAOAc -- 98% 

12b H2O TBAOAc -- 88% 

13 DMA -- K2CO3 92% 

14 Sulfolane -- K2CO3 80% 

15 DMF -- K2CO3 87% 

16 Cyrene -- K2CO3 60% 

17 2-Me THF -- K2CO3 64% 

18 Isopropyl acetate -- K2CO3 64% 

19 N-Butyl-pyrrolidone -- K2CO3 93% 

20 CPME -- K2CO3 56% 
�D�&�R�Q�Y�H�U�V�L�R�Q���W�R�� �S�U�R�G�X�F�W�����D���G�H�W�H�U�P�L�Q�H�G�� �E�\�����+�� �1�0�5�� �D�Q�D�O�\�V�L�V���� �L�V�R�O�D�W�H�G�� �\�L�H�O�G�V�� �I�R�O�O�R�Z�L�Q�J�� �F�K�U�R�P�D�W�R�J�U�D�S�K�L�F��

�S�X�U�L�I�L�F�D�W�L�R�Q���L�Q���S�D�U�H�Q�W�K�H�V�H�V�����E�����������H�T�����7�%�$�2�$�F���X�V�H�G�� 

�*�U�D�W�L�I�\�L�Q�J�O�\�����W�K�H���X�V�H���R�I���W�H�W�U�D�E�X�W�\�O�D�P�P�R�Q�L�X�P���F�K�O�R�U�L�G�H�����7�%�$�&�O�����L�Q�������������H�T�X�L�Y�D�O�H�Q�W�V���L�Q���S�O�D�F�H��

�R�I�� �������F�U�R�Z�Q������ �U�H�V�X�O�W�H�G�� �L�Q�� �Q�H�D�U�� �T�X�D�Q�W�L�W�D�W�L�Y�H�� �I�R�U�P�D�W�L�R�Q�� �R�I�� �R�O�H�I�L�Q�����D�����7�D�E�O�H�� ������ �H�Q�W�U�\�� ��������



�T�Q 
 

�&�R�Q�G�X�F�W�L�Q�J���W�K�H���U�H�D�F�W�L�R�Q���L�Q���W�K�H���D�E�V�H�Q�F�H���R�I���E�D�V�H���R�U���X�V�L�Q�J���1�D�2�$�F���L�Q���S�O�D�F�H���R�I���.���&�2�����J�D�Y�H��

�O�R�Z�H�U���F�R�Q�Y�H�U�V�L�R�Q�����7�D�E�O�H���������H�Q�W�U�\�����² ���������:�H���D�O�V�R���H�[�S�O�R�U�H�G���W�K�H���X�V�H���R�I���W�H�W�U�D�E�X�W�\�O�D�P�P�R�Q�L�X�P��

�D�F�H�W�D�W�H�� ���7�%�$�2�$�F�����>�����@���(�[�F�K�D�Q�J�L�Q�J�� �7�%�$�2�$�F�� �I�R�U�� �7�%�$�&�O�� �U�H�V�X�O�W�H�G�� �L�Q�� �V�L�P�L�O�D�U�O�\�� �H�[�F�H�O�O�H�Q�W��

�U�H�V�X�O�W�V�� ���7�D�E�O�H�� ������ �H�Q�W�U�\�� �����F�I�����7�D�E�O�H�� ������ �H�Q�W�U�\�� �������� �(�Q�F�R�X�U�D�J�H�G�� �E�\�� �W�K�L�V���L�Q�L�W�L�D�O�� �U�H�V�X�O�W���� �Z�H��

�Z�R�Q�G�H�U�H�G�� �Z�K�H�W�K�H�U�� �7�%�$�2�$�F�� �F�R�X�O�G�� �D�O�V�R�� �D�F�W�� �D�V�� �W�K�H�� �E�D�V�H�� �I�R�U�� �W�K�H�� �U�H�D�F�W�L�R�Q�� �D�Q�G�� �U�H�S�O�D�F�H��

�. ���&�2�������:�H���N�Q�H�Z���W�K�H���D�F�H�W�D�W�H���L�R�Q���F�R�X�O�G���D�F�W���D�V���E�D�V�H���I�U�R�P���S�U�H�Y�L�R�X�V�O�\���W�U�L�H�G���1�D�2�$�F�����Z�K�L�F�K��

�J�D�Y�H�����������F�R�Q�Y�H�U�V�L�R�Q���W�R���W�K�H���W�D�U�J�H�W���F�R�P�S�R�X�Q�G�����7�D�E�O�H���������H�Q�W�U�\�����������8�V�L�Q�J���7�%�$�2�$�F���L�Q���W�K�H��

�D�E�V�H�Q�F�H���R�I���.���&�2�������W�K�H�V�H���F�R�Q�G�L�W�L�R�Q�V���J�D�Y�H���U�L�V�H���W�R�����D���L�Q���J�R�R�G���F�R�Q�Y�H�U�V�L�R�Q�����7�D�E�O�H���������H�Q�W�U�\��

���������Z�K�L�F�K���Z�D�V���W�K�H�Q���U�H�Q�G�H�U�H�G���T�X�D�Q�W�L�W�D�W�L�Y�H���R�Q���L�Q�F�U�H�D�V�L�Q�J���W�K�H���H�T�X�L�Y�D�O�H�Q�W�V���R�I���7�%�$�2�$�F���I�U�R�P��

�����������W�R���������������7�D�E�O�H���������H�Q�W�U�\���������� 

�$�O�W�K�R�X�J�K�� �S�U�H�I�H�U�D�E�O�H�� �W�R�� �1�0�3���� ���������G�L�R�[�D�Q�H�� �L�V�� �V�W�L�O�O�� �Q�R�W�� �D�Q�� �L�G�H�D�O�� �V�R�O�Y�H�Q�W�� �I�R�U�� �W�K�L�V��

�W�U�D�Q�V�I�R�U�P�D�W�L�R�Q���I�U�R�P���D���J�U�H�H�Q���F�K�H�P�L�V�W�U�\���S�H�U�V�S�H�F�W�L�Y�H�����7�R���R�X�U���G�H�O�L�J�K�W�����W�K�H���X�V�H���R�I���7�%�$�2�$�F��

�H�Q�D�E�O�H�G���W�K�L�V���F�K�H�P�L�V�W�U�\���W�R���S�U�R�F�H�H�G���L�Q���V�H�Y�H�U�D�O���P�R�U�H���G�H�V�L�U�D�E�O�H���V�R�O�Y�H�Q�W�V�����L�Q�F�O�X�G�L�Q�J���(�W�2�$�F����

�&�3�0�(�����&�\�U�H�Q�H���D�Q�G���Z�D�W�H�U���Z�L�W�K������������ �H�T�X�L�Y�D�O�H�Q�W�V�����7�D�E�O�H�������� �H�Q�W�U�\�� ���² ���� ���D�Q�G���V�X�S�S�R�U�W�L�Q�J��

�L�Q�I�R�U�P�D�W�L�R�Q���I�R�U���I�X�U�W�K�H�U���L�Q�I�R�U�P�D�W�L�R�Q�������2�W�K�H�U���V�R�O�Y�H�Q�W�V���X�V�H�G���D�U�H���G�H�V�F�U�L�E�H�G���L�Q���H�Q�W�U�L�H�V�������²

���� �� 

�:�L�W�K���R�S�W�L�P�L�V�H�G���F�R�Q�G�L�W�L�R�Q�V���I�R�U���W�K�H���I�L�U�V�W���W�Z�R���V�W�H�S�V���L�Q���K�D�Q�G�����Z�H���Q�H�[�W���W�X�U�Q�H�G���R�X�U���D�W�W�H�Q�W�L�R�Q���W�R��

�I�L�Q�G�L�Q�J�� �F�R�P�S�D�W�L�E�O�H�� �F�R�Q�G�L�W�L�R�Q�V�� �I�R�U���W�K�H�� �V�X�E�V�H�T�X�H�Q�W�� �U�H�G�X�F�W�L�R�Q�� �V�W�H�S�� ���7�D�E�O�H�� �������� �$�O�N�H�Q�H��

�U�H�G�X�F�W�L�R�Q���Z�L�W�K���P�R�O�H�F�X�O�D�U���K�\�G�U�R�J�H�Q���L�V���L�G�H�D�O���I�U�R�P���D���J�U�H�H�Q���F�K�H�P�L�V�W�U�\���S�H�U�V�S�H�F�W�L�Y�H���>�����@�� 

�$�O�W�K�R�X�J�K���F�R�Q�G�X�F�W�L�Q�J���W�K�H���U�H�D�F�W�L�R�Q���L�Q���&�3�0�(�����&�\�U�H�Q�H�����(�W�2�$�F���D�Q�G�������0�H�7�+�)���W�\�S�L�F�D�O�O�\���O�H�G���W�R��

�H�[�F�H�O�O�H�Q�W�� �F�R�Q�Y�H�U�V�L�R�Q�V�� �W�R�� �R�O�H�I�L�Q�����D���� �H�O�H�Y�D�W�H�G�� �W�H�P�S�H�U�D�W�X�U�H�V�� �Z�H�U�H�� �J�H�Q�H�U�D�O�O�\�� �U�H�T�X�L�U�H�G�� �W�R��

�D�F�K�L�H�Y�H�� �T�X�D�Q�W�L�W�D�W�L�Y�H�� �K�\�G�U�R�J�H�Q�D�W�L�R�Q�� ���7�D�E�O�H�� ������ �H�Q�W�U�\�� ���² �������� �)�X�U�W�K�H�U�P�R�U�H���� �&�\�U�H�Q�H��

�D�S�S�H�D�U�H�G���W�R���S�R�O�\�P�H�U�L�V�H���G�X�U�L�Q�J���W�K�H���F�R�X�U�V�H���R�I�� �W�K�H���U�H�D�F�W�L�R�Q�����W�K�X�V���S�U�R�Y�L�Q�J���S�U�R�E�O�H�P�D�W�L�F���>�����@��

�$�V���7�%�$�2�$�F���P�H�O�W�V���D�W���D�S�S�U�R�[�L�P�D�W�H�O�\�����������ƒ�&�����Z�H���Z�R�Q�G�H�U�H�G���Z�K�H�W�K�H�U���P�R�O�W�H�Q���7�%�$�2�$�F���F�R�X�O�G��

�D�F�W���D�V���E�R�W�K���E�D�V�H���I�R�U���W�K�H���I�L�U�V�W���W�Z�R���U�H�D�F�W�L�R�Q�V���D�Q�G���D���U�H�D�F�W�L�R�Q���P�H�G�L�X�P���I�R�U���W�K�H���K�\�G�U�R�J�H�Q�D�W�L�R�Q��

�V�W�H�S�����,�Q�G�H�H�G�����T�X�D�Q�W�L�W�D�W�L�Y�H���I�R�U�P�D�W�L�R�Q���R�I���U�H�G�X�F�H�G���S�U�R�G�X�F�W�����D���Z�D�V���U�H�F�R�U�G�H�G���X�V�L�Q�J���7�%�$�2�$�F��

�D�W���E�R�W�K�����������ƒ�&���D�Q�G�����������ƒ�&�����7�D�E�O�H���������H�Q�W�U�\�����² ���� ����  



�T�R 
 

�7�D�E�O�H���������2�S�W�L�P�L�V�D�W�L�R�Q���R�I���W�K�U�H�H���V�W�H�S���R�Q�H���S�R�W���V�H�T�X�H�Q�F�H�� 

 

Entry  Solvent  Temperature  Conversion to 
2aa 

Conversion to 
3aa 

1 CPME 90 °C 28% n.d. 

2 CPME 110 °C 98% 100% 

3 Cyrene 100 °C 74% n.d. 

4 Cyrene 135 °C 98% 100% 

5 EtOAc 60 °C n.d. n.d. 

6b EtOAc 90 °C 100% n.a. 

7 2-MeTHF 70 °C 14% n.d. 

8 2-MeTHF 90 °C 100% 50% 

9c -- 135 °C 100% 100% 

10c -- 100 °C 100% 100% 
�D�&�R�Q�Y�H�U�V�L�R�Q���W�R���S�U�R�G�X�F�W�V�����D���D�Q�G�����D���G�H�W�H�U�P�L�Q�H�G���E�\�����+���1�0�5���D�Q�D�O�\�V�L�V���I�U�R�P���V�W�D�U�W�L�Q�J���P�D�W�H�U�L�D�O�����D�����E�Q���D���� � �� �Q�R�W��

�D�S�S�O�L�F�D�E�O�H�����(�W�2�$�F���G�L�G���Q�R�W���V�X�S�S�R�U�W���W�K�H���K�\�G�U�R�J�H�Q�D�W�L�R�Q���V�W�H�S���F�����������H�T�����7�%�$�2�$�F���X�V�H�G���D�V���U�H�D�F�W�L�R�Q���P�H�G�L�X�P�����Q���G����

� ���Q�R�W���G�H�W�H�U�P�L�Q�H�G���� 

�6�X�E�V�W�U�D�W�H���6�F�R�S�H 

�:�H�� �W�K�H�Q�� �H�[�W�H�Q�G�H�G�� �W�K�H�� �V�F�R�S�H�� �R�I�� �R�X�U�� �R�S�W�L�P�L�V�H�G�� �F�R�Q�G�L�W�L�R�Q�V�� �W�R�� �L�Q�F�O�X�G�H�� �V�H�Y�H�U�D�O��

�S�K�H�Q�R�[�\�T�X�L�Q�R�O�L�Q�H�� �V�X�E�V�W�U�D�W�H�V�� ���6�F�K�H�P�H�� �������� �7�K�H�� �S�U�R�G�X�F�W�V���� �S�U�H�S�D�U�H�G�� �W�K�U�R�X�J�K�� �R�X�U�� �W�K�U�H�H��

�V�W�H�S�����R�Q�H���S�R�W���S�U�R�F�H�V�V���Z�H�U�H���L�V�R�O�D�W�H�G���L�Q���H�[�F�H�O�O�H�Q�W���\�L�H�O�G�V���I�R�O�O�R�Z�L�Q�J���S�X�U�L�I�L�F�D�W�L�R�Q���E�\���F�R�O�X�P�Q��

�F�K�U�R�P�D�W�R�J�U�D�S�K�\���� �7�K�H�� �V�F�R�S�H�� �Z�D�V�� �H�V�W�D�E�O�L�V�K�H�G�� �E�\�� �Y�D�U�\�L�Q�J�� �W�K�H�� �S�U�H�F�X�U�V�R�U�V�� �I�R�U�� �W�K�H�� �+�H�F�N��

�U�H�D�F�W�L�R�Q�����7�K�H���U�H�D�F�W�L�R�Q���Z�R�U�N�H�G���Z�H�O�O���L�U�U�H�V�S�H�F�W�L�Y�H���R�I���Z�K�H�W�K�H�U���W�K�H���D�U�\�O���E�U�R�P�L�G�H���+�H�F�N���S�D�U�W�Q�H�U��



�T�S 
 

�Z�D�V���R�Q���W�K�H���S�H�Q�G�D�Q�W���S�K�H�Q�R�[�\�����U�L�Q�J���R�U���W�K�H���T�X�L�Q�R�O�L�Q�H���F�R�U�H�����%�R�W�K���H�O�H�F�W�U�R�Q���U�L�F�K���D�Q�G���H�O�H�F�W�U�R�Q��
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Unpublished Work and Further Discussion for Chapter 2 

In addition to the work undertaken in the main manuscript and the supplementary 

information, non-published experiments were undertaken during the course of this 

project. The additional experiments that were undertaken are briefly outlined below. 

Solvent Scope 

In addition to the published conditions to find a replacement for NMP as solvent, several 

additional reaction conditions were attempted using various solvents outlined in Table 

UW1. Literature president prompted the use of N-methyl morpholine[1] and Cyrene[2] in 

addition to the already mentioned solvents in the main manuscript and the SI.  

Table UW1. Additional solvents for the one-pot reaction. 

 

Entry  Solvent(s)  Pd(OAc) 2 

(mol%)  Base % 
conversion [a] 

1 NMP 1 K2CO3 85 
2 NMP 2 K2CO3 88 
3 NMP 5 K2CO3 100 
4 H2O 5 K2CO3 0 
5 H2O:NMP (1:1) 5 K2CO3 2 
6 1,4-Dioxane 1 K2CO3 0 
7 1,4-Dioxane 2 K2CO3 51 

8 NMP:1,4-Dioxane 
(1:10) 5 K2CO3 35 

9 NMP:1,4-Dioxane 
(1:1) 5 K2CO3 79 

10 Dioxane: 18-C-6 5 K2CO3 73 
11 Dioxane: PVP  5 K2CO3 52 
12 1,4-Dioxane:DA 5 K2CO3 60 
13 DMF (anhydrous) 5 K2CO3 90 
14 Cyrene 5 TEA 26 
15 Cyrene 5 DABCO 18 
16 Cyrene 5 DBU 33 
17 2-Methyl THF:DA 5 K2CO3 69 
18 Isopropyl acetate 5 K2CO3 64 
19 Isopropyl acetate: DA 5 K2CO3 70 
20 pyridine 5 K2CO3 60 
21 pyrrolidine 5 K2CO3 0 
22 N-methyl morpholine 5 K2CO3 71 

[a] All conversions to 2a were determined using 1H NMR analysis. DA: dodecylamine; PVP: 

polyvinylpyrrolidone  
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Due to the propensity of Cyrene to undergo a self-Aldol reaction in the presence of base, 

a few different bases were tried (entries 14  �± 16) to see if any were compatible with the 

solvent under these conditions.[2a, 3] From Chapter 4 it is known that adding 

dodecylamine to a palladium nanoparticle reaction mixture that it aided the catalytic 

turnover. It was speculated that if dodecylamine was added to the reaction, it could 

possibly ac as a palladium ligand and keep the catalyst active for longer (entries 12 , 17 

and 19). Unfortunately adding the ligand made no marked effect. Adding in additional 

ligands such as dodecylamine (DA) or polyvinyl pyrrolidone (PVP) to various solvents 

was also tried (both in 0.01 mmol), rationalising that they might stabilise any palladium 

nanoparticles that are formed in situ. 

Additional Deuteration Experiments:  

We also utilised the COware apparatus for the deuteration of two additional substrates 

4a-d5 and 4j-d4. The procedure followed is as described in the Chapter 2 SI - general 

procedure 3 (Scheme UW1). 

Scheme UW1 : Additional deuteration experiments using the COware apparatus. 

 

 

Isolated yields shown. Deuterium incorporation was determined by 1H and 2H NMR.  
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It is clear that there is C�±H activation across more than one site in these type of 

substrates with multiple sites of deuteration. There is additional C�±H activation in the 

C13 position for 4a-d5 structure. This may be due to more steric freedom as compared 

to the C14 substituted 4j-d4 and 4h-d4. It is possible that the additional deuteration is 

�R�E�V�H�U�Y�H�G�� �R�Q�� �W�K�H�� �µ�Q�L�W�U�R�J�H�Q�� �V�L�G�H�¶�� �R�I�� �W�K�H��benzofuroquinoline scaffold due to the 

perpendicular binding of the quinoline nitrogen on the surface of the catalyst.[4] It is 

possible that there is hydrogen-deuterium exchange at the C2 and C8 sites due to the 

close proximity of those hydrogens to the catalytic surface. As for the C13 site, which is 

further away from the surface, it is possible that palladium ring walking is occurring.  

Ring-walking (chain-walking) has been defined as a process in which discrete alkyl�±

metal species undergo an iterative sequence of 1,2- or 1,3-hydride shifts along a single 

hydrocarbon chain. Palladium ring-walking occurs when the palladium catalyst stays 

bound to the �S-system, then moves to another electrophilic position, and undertakes an 

additional transformation rather than leaving the �S-system[5] This phenomenon makes it 

possible for reactions to occur at other sites on conjugated systems, and allows for the 

development of remote functionalisation. It is known that ring-walking can occur for 

cross-coupling reactions,[5a, 6] and is also very important in polymer synthesis.[7] It is 

possible that this process is responsible for the additional C�±D incorporation in our 

benzofuroquinolines (particularly the more remote C13). 

The Minisci reaction allows for the direct functionalisation of electron deficient 

heteroaromatic rings with radicals.[8] In the case of the benzofuroquinoline scaffold, the 

electrophilic site, C2, could be susceptible to radical attach at this position due to the 

electronegative adjacent nitrogen atom. Although no reports of a Minisci-type reaction 

using hydrogen or deuterium gas have been reported, it may be possible that a 

generated deuterium (or hydrogen) radical could attack the C2 site which would cause 

additional deuteration. 

Interestingly, over-deuteration is observed in compound 4a-d5 at C18 and under-

deuteration is observed at C17. This indicates that the deuteration/hydrogenation 

mechanism is reversible and this is described by the Horiuti-Polanyi mechanism (Figure 

UW1).[9] When the reverse reaction takes place (in which an atom, hydrogen or 

deuterium, is placed back on the surface), there is a good chance that a hydrogen atom 

will transfer to palladium, rather than a deuterium. In fact, the forward and reverse motion 

must occur multiple times to explain the various structures and percentage 

incorporations observed. Eventually the alkane undergoes an irreversible reductive 

elimination with varying quantities of deuterium and/or hydrogen atoms attached, 

resulting in over- and/or under-deuteration. 
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Figure UW1 . Reversible hydrogen-deuterium exchange mechanism. 

 

 

Probing the Catalytic Species in the Hydrogenation Reaction 

As Pd(OAc)2 is the pre-catalytic source that enables each of these transformations, we 

were interested in gleaning an insight into the Pd catalyst speciation and first looked at 

the hydrogenation step. The first test involved carrying out a Mizoroki-Heck reaction 

(only) and then determining if the hydrogenation step would work (Scheme UW2). After 

the Mizoroki-Heck reaction of U1, the substrate 2b was added and it did get reduced to 

product 4a. This indicates that an active hydrogenation catalytic species is formed after 

the Mizoroki-Heck step. Additionally, a similar experiment was carried out using a direct 

arylation reaction (only) using U2. Again, the Pd species after the direct arylation step 

was effective in catalysing the hydrogenation of 2b to 4a.  

Scheme UW2 . Insight into hydrogenation catalytic species. 
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A) Heck only reaction followed by input of 2a. B) Direct arylation only reaction followed by input of 2a.  

We then wished to discern if the Pd(OAc)2 could facilitate the hydrogenation step. Thus, 

following these reactions, our inquiry turned to Pd(OAc)2 as a potential hydrogenation 

mediator. Both Pd(OAc)2  and substrate 2b were added at the beginning of the reaction 

under hydrogenation conditions with a H2 balloon (Scheme UW3 , A). In parallel, a 

second reaction was set-up in which pre-treated Pd(OAc)2  (heated at 100 °C for 24 

hours) was present and then substrate 2b was added (Scheme UW3 , B). 

Scheme UW3 . Suitability of heat-treated vs untreated Pd(OAc)2 in facilitating the hydrogenation reaction. 

 

A) Pd(OAc)2 not heated before substrate 2b was added B) Pd(OAc)2 heated at 100 °C for 24 hours before 

substrate 2b was added. 

�,�W���Z�D�V���I�R�X�Q�G���W�K�D�W���µ�S�U�H-�W�U�H�D�W�P�H�Q�W�¶���R�I�� �W�K�H���3�G���2�$�F��2 �L�Q���U�H�D�F�W�L�R�Q���µB�¶���Z�D�V���Q�R�W���Q�H�F�H�V�V�D�U�\���I�R�U��

the complete hydrogenation of intermediate 2b. It appeared that sufficient degradation 

of Pd(OAc)2 �Z�D�V���R�F�F�X�U�U�L�Q�J���L�Q���U�H�D�F�W�L�R�Q���µA�¶���W�R���D�O�O�R�Z���I�R�U���K�\�G�U�R�J�H�Q�D�W�L�R�Q���R�I���W�K�H���V�X�E�V�W�U�D�W�H������ 

Finally, we were curious to know whether a soluble Pd species, independently 

generated, could perform a Mizoroki-Heck/direct arylation reaction. Thus, a mixture of 

Pd(OAc)2 and TBAOAc was heated for 24 hours at 100 °C. The mixture was then filtered 

through a 2µm PTFE syringe filter (with CPME) and placed into a clean reaction vial 

(Scheme UW4). To the palladium mixture was added phenoxyquinoline 1a and styrene 

and was let stir at 100 °C for 24 hours. No product 3a was observed, with just starting 

materials remaining suggesting that the catalytic species that is not captured by the 
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filtration system is not catalytically active for the Mizoroki-Heck or direct arylation reaction 

sequence. This uncaptured catalyst is active, however, for the hydrogenation, as 

mentioned in the main manuscript. 

Scheme UW4.  Filtered palladium species after heating and filtering for the Mizoroki-Heck/direct arylation. 

 

Scheme UW5 . Palladium reactivity after hydrogenation step for Mizoroki-Heck/direct arylation. 

 

A) Palladium reactivity after hydrogenation of 2b and B) palladium reactivity after hydrogenation of stilbene. 
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We then investigated if a soluble Pd species, after performing a hydrogenation, could 

facilitate the Mizoroki-Heck/direct arylation steps. Thus, we performed hydrogenation on 

both phenoxyquinoline 2b and stilbene (Scheme UW 5 ). This was to determine whether 

the catalytic species after hydrogenation in our system using our substrates behaved 

differently to a generic hydrogenation.  

Both stilbene and 2b were subjected to our hydrogenation conditions and after 24 hours, 

it was found that for both conditions A and B, full hydrogenation of initial 2a and stilbene 

was observed. Phenoxyquinoline 1c was loaded into each reaction mixture in addition to 

styrene to initiate the one-pot sequence. However, analysis after a further 24 hours found 

that only ~14% of the Mizoroki-Heck product was observed for both systems with no 

direct arylation observed. This suggests that the nature of the catalyst after the 

hydrogenation step, independent of substrate, is not compatible with the one-pot 

Mizoroki-Heck/direct arylation transformation. 

In summary, these findings indicate that Pd(OAc)2, heated Pd(OAc)2, and  the catalytic 

species after a Mizoroki-Heck (only) and a direct arylation (only) facilitate the 

hydrogenation step given 24 hours at 100 °C. This indicates that the hydrogenation 

catalyst is not necessarily a catalytic by-product of the initial Mizoroki-Heck/ direct 

arylation steps. Additionally, the Mizoroki-Heck/ direct arylation steps are not supported 

by heated, and then filtered Pd(OAc)2, nor post-hydrogenation catalytic species given 24 

hours at 100 °C. 

Transfer Hydrogenation 

We investigated a number of conditions which are synonymous with palladium catalysed 

transfer hydrogenations using the following reagents; 1) ammonium formate, 2) sodium 

formate, 3) formic acid and 4) sodium borohydride.[10] 

Initially we investigated transfer hydrogenation on the Heck intermediate S2 to test the 

viability of this approach on a 100 mg scale (0.26 mmol) and had the most success with 

sodium formate (2 eq, 100% conv.) followed by ammonium formate (10 eq, 35% conv.) 

(Scheme  UW6). We then undertook our one-pot procedure using sodium formate at 

gram scale and unfortunately only trace formation of the reduced product 3c was 

detected. Even though we managed to demonstrate the viability of the transfer 

hydrogenation going from Heck intermediate S2 to product 3c, these conditions were 

incompatible with the three step, one-pot procedure.   
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Scheme UW6 . Transfer Hydrogenation reaction conditions. 

 

All conversions are based upon 1H NMR analysis. 

Unpublished Compound Characterisation  

6-Bromo -4-phenoxyquinoline  U1 

Synthesis of substrate U1 as per Chapter 2 - general procedure 1 using 6-bromo-4-

chloroquinoline (0.500 g, 2.07 mmol), phenol (0.682 g, 7.24 mmol) and NaOH (0.124 g, 

3.11 mmol). 

Off-white solid; 80% yield (0.498 g); m.p. 85 �± 87 °C (lit: 84 �± 

86 °C)[11]�����,�5����max/cm-1: 3398 (C-H stretch), 1569 (aromatic C=C 

stretch), 1488 (aromatic C=C stretch), 1354 (C=N stretch), 

1214 (ether C-O stretch), 660 (C-Br stretch); 1H NMR 

(300 MHz, CDCl3�����/��� ���������������G�������+����J 5.2 Hz, H-2), 8.54 (d, 1H, 

J 2.3 Hz, H-5), 7.95 (d, 1H, J 9.0 Hz, H-8), 7.81 (dd, 1H, J 9.0, 

2.3 Hz, H-7), 7.43 �± 7.52 (m, 2H, H-13, H-15), 7.7 �± 7.35 (m, 1H, H-14), 7.15 �± 7.22 (m, 

2H, H-12, H-16), 6.55 (d, 1H, J 5.2 Hz, H-3) ppm; 13C NMR (75.5 MHz, CDCl3�����/��� ��������������

(qC-4), 154.0 (qC-11), 151.5 (CH-2), 148.3 (qC-10), 133.6 (CH-7), 130.9 (CH-8), 130.4 

(2 × CH-13, CH-15), 125.9 (CH-14), 124.3 (CH-5), 122.6 (qC-9), 121.1 (CH-12, CH-16), 
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120.2 (qC-6), 104.7 (CH-3) ppm; HRMS (ESI-TOF) m/z: [M+H+]: C15H11BrNO: 300.0024; 

found: 300.0014. 

4-(2-Bromophenoxy) quinoline U2 

Synthesis of substrate U2 as per Chapter 2 - general procedure 1 in SI using 4-

chloroquinoline (1.0 g, 6.12 mmol), 2-bromophenol (3.71 g, 21.4 mmol) and NaOH (0.367 

g, 9.2 mmol). Characterised as per compound S11 in Chapter 2 . 

Yellow solid; 85% yield (1.72 g); m.p. 63 �± 65 °C (lit: 62 �± 64 °C)[12]; 

�,�5����max/cm-1: 3433 (C-H stretch), 1592 (aromatic C=C stretch), 1307 

(C=N stretch), 1230 (C-O stretch), 659 (C-Br stretch); 1H NMR 

(300 MHz, CDCl3�����/��� ���������������G�������+����J 5.2 Hz, H-2), 8.42 (dd, 1H, J 

8.3, 0.9 Hz, H-5), 8.12 (d, 1H, J 8.3 Hz, H-8), 7.68 �± 7.80 (m, 2H, 

H-7, H-13), 7.60 (ddd, 1H, J 8.2, 6.9, 1.1 Hz, H-6), 7.36 �± 7.44 (m, 

1H, H-15), 7.15 �± 7.25 (m, 2H, H-16, H-14), 6.41 (d, 1H, J 5.2 Hz, H-3) ppm; 13C NMR 

(75.5 MHz, CDCl3�����/��� �����������������TC-4), 151.2 (qC-11), 151.0 (CH-2), 149.8 (qC-10), 134.3 

(CH-13), 130.2 (CH-7), 129.2 (CH-15), 129.1 (CH-8), 127.3 (CH-14), 126.3 (CH-6), 123.2 

(CH-16), 121.9 (CH-5), 121.1 (qC-9), 116.3 (qC-12), 103.7 (CH-3) ppm; HRMS 

(ESI-TOF) m/z: [M+H+]: C15H11BrNO: 300.0024; found: 300.0017.  
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Figure 1 . (a) Fused quinoline (green) and benzofuran (black) rings to form the benzofuroquinoline scaffold; 

(b) carbocyclic reduced tetrahydroquinoline; (c) selected examples of reduced carbocyclic quinolines in 

bioactive compounds and natural products. 
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�>�D�@��The composition of the reaction mixture was determined by 1H NMR analysis. 
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�>�D�@��The composition of the reaction mixture was determined by 1H NMR analysis.  
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Entry  
Dodecylamine  

(0.01 mmol)  

Total 

Duration (h)  

Composition (%) [a] 

1 Z-2 E-2 3 

1 Yes 1.5 0 50 15 35 

2 No 1.5 0 89 6 5 

3 Yes 6 0 9 12 79 

4 No 6 0 88 6 6 
�>�D�@��The composition of the reaction mixture was determined by 1H NMR analysis. 
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