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1. Overview of the reactivity of metal alkylidenes 
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�D�V�� �L�Q�� �P�R�G�H�U�Q�� �R�U�J�D�Q�R�P�H�W�D�O�O�L�F�� �F�K�H�P�L�V�W�U�\���� �7�K�H�� �I�R�O�O�R�Z�L�Q�J�� �V�F�K�H�P�H�� �L�V�� �D�Q�� �R�Y�H�U�Y�L�H�Z�� �R�I�� �Y�D�U�L�R�X�V��

�U�H�D�F�W�L�Y�L�W�L�H�V���R�I���P�H�W�D�O���D�O�N�\�O�L�G�H�Q�H�V�����,���F�D�U�E�R�Q�\�O���R�O�H�I�L�Q�D�W�L�R�Q�����,�,���V�H�O�I���P�H�W�D�W�K�H�V�L�V�����,�,�,���F�U�R�V�V���P�H�W�D�W�K�H�V�L�V��

�D�Q�G���,�9���U�L�Q�J���R�S�H�Q�L�Q�J���D�Q�G���F�O�R�V�L�Q�J���P�H�W�D�W�K�H�V�L�V�� 
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2. Carbonyl olefination 

�,�I���Z�H���O�R�R�N�� �D�W���D�S�S�U�R�D�F�K���,���R�I���6�F�K�H�P�H���������� �D���F�D�U�E�R�Q�\�O���R�O�H�I�L�Q�D�W�L�R�Q���L�V���X�Q�G�H�U�V�W�R�R�G���D�V���D�� �U�H�D�F�W�L�R�Q���W�R��

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

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

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

�R�U�L�J�L�Q�� �J�R�H�V�� �E�D�F�N�� �W�R�� �W�K�H�� �:�L�W�W�L�J�� �U�H�D�F�W�L�R�Q���� �,�Q�� �W�K�H�� �O�D�W�W�H�U�� �U�H�D�F�W�L�R�Q�� �F�D�U�E�R�Q�\�O�� �F�R�P�S�R�X�Q�G�V�� ���H���J����

�D�O�G�H�K�\�G�H�V���D�Q�G���N�H�W�R�Q�H�V�����F�D�Q���E�H���F�R�Q�Y�H�U�W�H�G���Y�L�D���S�K�R�V�S�K�R�U�\�O�L�G�H�V���L�Q�W�R���R�O�H�I�L�Q�V���>�����@���*�H�R�U�J���:�L�W�W�L�J���Z�D�V��

�D�Z�D�U�G�H�G�� �W�K�H�� �1�R�E�H�O�� �3�U�L�]�H�� �L�Q�� ���������� �I�R�U���K�L�V�� �G�L�V�F�R�Y�H�U�L�H�V���� �,�Q�� �����������6�&�+�5�2�&�.���X�V�H�G�� �7�D�� �D�Q�G�� �1�E��

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

�F�D�U�E�R�[�\�O�L�F���D�F�L�G���G�H�U�L�Y�D�W�L�Y�H�V�����>�����@�� 

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

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

�W�K�H���\�H�D�U�V���>�������������@���)�X�U�W�K�H�U�P�R�U�H�����W�K�H���D�F�W�L�Y�H���V�S�H�F�L�H�V���R�I���W�K�H���7�H�E�E�H���U�H�D�J�H�Q�W�����6�F�K�H�P�H�����������>�&�S���7�L� �&�+���@��

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

�W�R���W�K�H���3�H�W�D�V�L�V���U�H�D�J�H�Q�W���>�&�S���7�L���&�+�������@���>���� �@�� 

 

�6�F�K�H�P�H�����������6�\�Q�W�K�H�V�L�V���R�I���7�H�E�E�H�¶�V���U�H�D�J�H�Q�W���D�F�W�L�Y�H���V�S�H�F�L�H�V 

�$�V���D���/ �(�:�,�6���E�D�V�H���R�U�L�J�L�Q�D�O�O�\���S�\�U�L�G�L�Q�H�����3�\�����R�U�������G�L�P�H�W�K�\�O�D�P�L�Q�R�S�\�U�L�G�L�Q�H�����'�0�$�3�����K�D�Y�H���E�H�H�Q���X�V�H�G��

�D�V�� �D���/ �(�:�,�6���E�D�V�H���� �&�R�P�S�O�H�[���������F�R�X�O�G�� �Q�R�W�� �E�H�� �L�V�R�O�D�W�H�G�� �D�Q�G�� �V�W�U�X�F�W�X�U�D�O�O�\�� �F�K�D�U�D�F�W�H�U�L�]�H�G���� �7�K�H��

�S�K�R�V�S�K�L�Q�H���F�R�Q�J�H�Q�H�U�V���>�&�S���7�L�&�+�����3�0�H���@�����>�&�S���7�L�&�+�����3�0�H���3�K�@�����D�Q�G���>�&�S���7�L�&�+�����3�(�W���@���K�D�Y�H���E�H�H�Q��

�V�\�Q�W�K�H�V�L�]�H�G���>�����@���* �5�8�%�%�6���D�Q�G�� �F�R���Z�R�U�N�H�U�� �V�K�R�Z�H�G�� �W�K�D�W�� �7�H�E�E�H�¶�V�� �U�H�D�J�H�Q�W������ ���F�R�Q�Y�H�U�W�V�� �F�D�U�E�R�Q�\�O��

�F�R�P�S�R�X�Q�G�V���D�Q�G���F�D�U�E�R�[�\�O�L�F���D�F�L�G���G�H�U�L�Y�D�W�L�Y�H�V���L�Q�W�R���W�H�U�P�L�Q�D�O���R�O�H�I�L�Q�V�����6�F�K�H�P�H�����������D�S�S�U�R�D�F�K���,�������>������

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

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

�V�L�J�Q�L�I�L�F�D�Q�W�O�\�� �K�L�J�K�H�U�� �W�K�D�Q�� �L�Q�� �W�K�H�� �:�L�W�W�L�J�� �U�H�D�F�W�L�R�Q���� �7�K�H�� �X�V�H�� �R�I�� �H�V�W�H�U�V�� �D�Q�G�� �D�P�L�G�H�V�� �D�O�V�R�� �F�O�H�D�U�O�\��

�G�H�P�R�Q�V�W�U�D�W�H�V���W�K�H���D�G�Y�D�Q�W�D�J�H���R�I���7�H�E�E�H�¶�V���U�H�D�J�H�Q�W�� 
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�)�R�U���W�K�H���P�H�W�K�\�O�H�Q�D�W�L�R�Q���R�I���N�H�W�R�Q�H�V�����W�K�H���X�V�H�I�X�O���D�S�S�O�L�F�D�W�L�R�Q���R�U�� �D�G�Y�D�Q�W�D�J�H���R�I������ ���R�Y�H�U���W�K�H���: �,�7�7�,�*��

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

�������H�Q�W�U�L�H�V�������D�Q�G�����������3�O�H�D�V�H���Q�R�W�H���W�K�D�W���7�D�E�O�H�������F�R�P�S�L�O�H�V���V�H�O�H�F�W�H�G���H�[�D�P�S�O�H�V�����)�R�U���I�X�U�W�K�H�U���U�H�D�G�L�Q�J�����W�K�H��

�D�U�W�L�F�O�H�� �E�\���7�$�.�(�'�$ ���L�V�� �U�H�F�R�P�P�H�Q�G�H�G���>�����@���,�Q�� �F�R�P�S�D�U�L�V�R�Q���� �W�K�H�U�H�� �D�U�H�� �R�Q�O�\�� �D�� �I�H�Z�� �U�H�S�R�U�W�V�� �R�I��

�P�H�W�K�\�O�H�Q�D�W�L�R�Q�� �R�I�� �D�O�G�H�K�\�G�H�V�����7�D�E�O�H�� ������ �H�Q�W�U�\�� �������>�����@���'�X�U�L�Q�J�� �W�K�H�� �P�H�W�K�\�O�H�Q�D�W�L�R�Q�� �R�I�� �F�D�U�E�R�[�\�O�L�F��

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

�Z�K�H�U�H�E�\���U�H�D�J�H�Q�W������ ���F�D�Q���E�H���X�V�H�G���V�X�F�F�H�V�V�I�X�O�O�\�����6�L�P�L�O�D�U���U�H�D�F�W�L�R�Q���E�H�K�D�Y�L�R�U���F�D�Q���D�O�V�R���E�H���R�E�V�H�U�Y�H�G��

�Z�L�W�K�� �D�P�L�G�H�V�� �D�Q�G�� �L�P�L�G�H�V�� ���7�D�E�O�H�� ������ �H�Q�W�U�L�H�V�� ���� �D�Q�G�� �������� �'�H�V�S�L�W�H�� �W�K�H�� �J�U�H�D�W�� �L�P�S�R�U�W�D�Q�F�H�� �R�I���7�(�%�%�(�¶�V��

�U�H�D�J�H�Q�W���� �V�H�Y�H�U�D�O�� �D�Q�D�O�R�J�X�H�V�� �D�U�H�� �N�Q�R�Z�Q�� �W�K�D�W�� �D�U�H�� �T�X�L�W�H�� �V�L�P�L�O�D�U�����=�L�Q�F�� �D�Q�G�� �P�D�J�Q�H�V�L�X�P�� �D�Q�D�O�R�J�X�H�V��

�K�D�Y�H���E�H�H�Q���L�Q�Y�H�V�W�L�J�D�W�H�G���I�R�U���R�O�H�I�L�Q�D�W�L�R�Q���U�H�D�F�W�L�R�Q�V���R�I���F�D�U�E�R�Q�\�O���F�R�P�S�R�X�Q�G�V�����>�&�S���7�L�&�+�����
���=�Q�;���@��

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

�>�&�S���7�L���;���&�+���0�J�;�� �
�� �0�J�;���@�� ���������� �;�� � �� �K�D�O�L�G�H�V���� �F�R�Q�Y�H�U�W�� �E�H�Q�]�R�S�K�H�Q�R�Q�H�� �L�Q�W�R�� ��������

�G�L�S�K�H�Q�\�O�H�W�K�\�O�H�Q�H���>�����@���2�Y�H�U���W�K�H���\�H�D�U�V�����R�W�K�H�U���U�H�D�J�H�Q�W�V���K�D�Y�H���H�P�H�U�J�H�G�����L�Q�F�O�X�G�L�Q�J���Z�H�O�O���N�Q�R�Z�Q���R�Q�H�V��

�V�X�F�K�� �D�V�� �W�K�H�� �3�H�W�D�V�L�V�� �U�H�D�J�H�Q�W�� �&�S���7�L���&�+�������� ���������>���� �@�� �R�U�� �W�K�H�� �7�D�N�H�G�D�� �R�O�H�I�L�Q�D�W�L�R�Q�� �U�H�D�J�H�Q�W��

�>�&�S���7�L�^�3���2�(�W����� �̀��@�������������L�Q���W�K�H���D�U�H�D���R�I���W�L�W�D�Q�L�X�P���E�D�V�H�G���F�R�P�S�R�X�Q�G�V���>������������ �@���0�D�Q�\���R�W�K�H�U���W�U�D�Q�V�L�W�L�R�Q��

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

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

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

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

�R�O�H�I�L�Q�D�W�L�R�Q�� �U�H�D�F�W�L�R�Q�V���� �)�X�U�W�K�H�U�P�R�U�H���� �W�K�H�V�H�� �F�R�P�S�O�H�[�H�V�� �D�U�H�� �D�P�R�Q�J�� �W�K�H�� �I�L�U�V�W���6�&�+�5�2�&�.���W�\�S�H��

�D�O�N�\�O�L�G�H�Q�H�V���>�����@���,�Q���W�K�H���I�R�O�O�R�Z�L�Q�J���R�Y�H�U�Y�L�H�Z�����6�F�K�H�P�H�������������D�O�O���U�H�D�F�W�L�R�Q�V���K�D�Y�H���E�H�H�Q���F�D�U�U�L�H�G���R�X�W���D�W��

�������ƒ�&���L�Q���G�L�H�W�K�\�O���H�W�K�H�U�����S�H�Q�W�D�Q�H���R�U���K�H�[�D�Q�H�����,�W���V�K�R�X�O�G���E�H���Q�R�W�H�G���W�K�D�W���W�K�H�V�H���U�H�D�J�H�Q�W�V���D�U�H���D�O�V�R���V�X�L�W�D�E�O�H��

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

�L�Q�F�U�H�D�V�H�G���V�W�H�U�L�F���G�H�P�D�Q�G���>�����@���7�K�H���U�H�D�F�W�L�R�Q�V���V�K�R�Z�Q���L�Q���6�F�K�H�P�H���������D�U�H���D�O�V�R���D�P�H�Q�D�E�O�H���I�R�U���Q�L�R�E�L�X�P��

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

�F�D�U�E�R�Q�\�O���R�O�H�I�L�Q�D�W�L�R�Q���D�U�H���D�O�V�R���V�F�D�U�F�H�����5�H�D�F�W�L�R�Q���R�I���K�R�P�R�O�H�S�W�L�F���J�D�O�O�L�X�P���P�H�W�K�\�O�L�G�H�Q�H���������Z�L�W�K������

�I�O�X�R�U�H�Q�H���V�K�R�Z�V���D���F�R�Q�Y�H�U�V�L�R�Q���W�R�������P�H�W�K�\�O�H�Q�H���I�O�X�R�U�H�Q�H���� 
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�6�F�K�H�P�H�����������'�L�I�I�H�U�H�Q�W���F�D�U�E�R�Q�\�O���R�O�H�I�L�Q�D�W�L�R�Q���F�R�P�S�R�X�Q�G�V���X�V�L�Q�J���W�D�Q�W�D�O�X�P���Q�H�R�S�H�Q�W�\�O�L�G�H�Q�H���F�R�P�S�O�H�[������ 
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3. Olefin Metathesis  

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

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

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

�E�H�W�Z�H�H�Q���G�L�I�I�H�U�H�Q�W���P�H�W�D�W�K�H�V�L�V���U�H�D�F�W�L�R�Q�V�����6�F�K�H�P�H�����������S�D�W�K���,�,���,�9�������,�W���L�V���D�O�V�R���F�O�H�D�U���W�K�D�W���P�H�W�D�W�K�H�V�H�V��

�D�U�H���U�H�O�D�W�L�Y�H�O�\���W�K�H�U�P�R�Q�H�X�W�U�D�O���H�T�X�L�O�L�E�U�L�X�P���U�H�D�F�W�L�R�Q�V���>�������@���)�X�U�W�K�H�U�P�R�U�H�����Y�D�U�L�R�X�V���F�D�O�F�X�O�D�W�L�R�Q�V���Z�H�U�H��

�P�D�G�H���R�Q���W�K�L�V���V�X�E�M�H�F�W���E�\���Q�R�E�H�O���O�D�X�U�H�D�W�H���5�R�E�H�U�W���*�U�X�E�E�V�>�������������� �@���D�Q�G���<�Y�H�V���&�K�D�X�Y�L�Q�>�������@���W�R���F�O�D�U�L�I�\��

�W�K�H�� �S�R�V�V�L�E�O�H�� �U�H�D�F�W�L�R�Q�� �P�H�F�K�D�Q�L�V�P�����1�H�U�Y�H�U�W�K�H�O�H�V�V�����&�+�$�8�9�,�1���Z�D�V�� �W�K�H�� �I�L�U�V�W�� �Z�K�R�� �S�U�H�G�L�F�W�H�G�� �W�K�H��

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

�+�H�U�H�����W�K�H���D�O�N�\�O�L�G�H�Q�H���X�Q�L�W���>�0� �&�+���@���D�F�W�V���D�V���W�K�H�����D�F�W�L�Y�H���F�H�Q�W�H�U�������2�Y�H�U���W�K�H���\�H�D�U�V�����:�����0�R�����5�H���D�Q�G��

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

 

�6�F�K�H�P�H�����������6�L�P�S�O�L�I�L�H�G���U�H�D�F�W�L�R�Q���P�H�F�K�D�Q�L�V�P���D�F�F�R�U�G�L�Q�J���W�R���<�Y�H�V���&�K�D�X�Y�L�Q���>�������@�� 

�6�&�+�5�2�&�.�� �V�X�F�F�H�V�V�I�X�O�O�\�� �V�\�Q�W�K�H�V�L�]�H�G�� �D�Q�G�� �F�K�D�U�D�F�W�H�U�L�]�H�G�� �W�K�H�� �P�H�W�D�O�O�D�F�\�F�O�R�E�X�W�D�Q�H���: �>�&�+���W��

�%�X���&�+���&�+���&�2���0�H���@���1�$�U���>�2�&�0�H�����&�)�����@���� �:�� ������������ �D�Q�G�� �0�R�>�&�+���W��

�%�X���&�+���&�+���&�2���0�H���@���1�$�U���>�2�&�0�H�����&�)�����@���������������L�Q�W�H�U�P�H�G�L�D�W�H�V���L�Q���������������F�R�Q�I�L�U�P�L�Q�J���W�K�H���Y�D�O�L�G�L�W�\��

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

�* �5�8�%�%�6���D�Q�G���6�&�+�5�2�&�.�����7�K�H���P�R�V�W���I�D�P�R�X�V���F�D�W�D�O�\�V�W�V���D�U�H���0�R���F�R�P�S�O�H�[�����������6�F�K�U�R�F�N���F�D�W�����>�������@���D�Q�G��

�5�X���F�R�P�S�O�H�[�����������*�U�X�E�E�V���F�D�W�����>�������@���Z�L�W�K���G�L�V�W�L�Q�F�W���U�H�D�F�W�L�Y�L�W�\�����)�L�J�X�U�H�������� 
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�)�L�J�X�U�H���������6�F�K�U�R�F�N���P�H�W�D�O�O�D�F�\�F�O�R�E�X�W�D�Q�H�V�����������D�Q�G�������������6�F�K�U�R�F�N�������������D�Q�G���*�U�X�E�E�V���P�H�W�D�O���D�O�N�\�O�L�G�H�Q�H���F�D�W�D�O�\�V�W�V������������ 

�,�W���W�X�U�Q�H�G���R�X�W���W�K�D�W���W�K�H���P�R�U�H���H�O�H�F�W�U�R�Q���Z�L�W�K�G�U�D�Z�L�Q�J���J�U�R�X�S���R�Q���W�K�H���D�O�N�R�[�L�G�H�����H���J�����&�0�H���&�)�������������W�K�H��

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

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

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

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

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

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

�P�H�W�D�W�K�H�V�L�V���U�H�D�F�W�L�R�Q�V�� 
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4. Cross Metathesis 

�&�U�R�V�V���P�H�W�D�W�K�H�V�L�V���F�R�Y�H�U�V���D�O�V�R���W�K�H���Z�H�O�O���N�Q�R�Z�Q���6�K�H�O�O���+�L�J�K�H�U���2�O�H�I�L�Q���3�U�R�F�H�V�V�����6�+�2�3�����W�K�D�W���L�V���X�V�H�G��

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

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

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

�&���������&���������9�D�U�L�R�X�V�� �W�U�D�Q�V�L�W�L�R�Q�� �P�H�W�D�O�� �F�R�P�S�O�H�[�H�V�� �D�U�H�� �X�V�H�G�� �D�V�� �F�D�W�D�O�\�V�W�V�����5�H�S�U�H�V�H�Q�W�D�W�L�Y�H�� �F�U�R�V�V��

�P�H�W�D�W�K�H�V�L�V�� �F�D�W�D�O�\�V�W�V�� �D�U�H���0�R�����D�Q�G�� �1�L���E�D�V�H�G�� �F�R�P�S�R�X�Q�G�V�����,�Q�� �W�K�H�� �S�U�R�F�H�V�V���W�U�D�Q�V�L�W�L�R�Q�� �P�H�W�D�O��

�D�O�N�\�O�L�G�H�Q�H�V���D�U�H���I�R�U�P�H�G�� �Z�K�L�F�K���W�K�H�Q���D�F�W���D�V���D���F�D�W�D�O�\�V�W�����6�F�K�H�P�H�����������>�������������������������@���,�W���L�V���L�P�S�R�U�W�D�Q�W���W�R��

�H�P�S�K�D�V�L�]�H���W�K�D�W���W�K�L�V���S�U�R�F�H�V�V���L�V���D���K�H�W�H�U�R�J�H�Q�H�R�X�V���F�D�W�D�O�\�V�L�V�����(�W�K�\�O�H�Q�H���L�V���L�Q�W�U�R�G�X�F�H�G���K�H�U�H���D�V���D���J�D�V��

�R�Q�W�R���W�K�H���V�R�O�L�G���F�D�W�D�O�\�V�W�� 

 

�6�F�K�H�P�H�����������3�R�V�V�L�E�O�H���I�R�U�P�D�W�L�R�Q���R�I���P�R�O�\�E�G�H�Q�X�P���D�O�N�\�O�L�G�H�Q�H���D�V���D�F�W�L�Y�H���F�D�W�D�O�\�V�W���I�R�U���F�U�R�V�V���P�H�W�D�W�K�H�V�L�V���U�H�D�F�W�L�R�Q�V�� 
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5. Ring opening- and ring closing metathesis (ROM / RCM)  
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�S�D�U�H�Q�W�� �P�D�W�H�U�L�D�O�V�� �D�W�� ���������� �F�P������ �G�L�V�D�S�S�H�D�U�H�G�� �D�O�P�R�V�W�� �F�R�P�S�O�H�W�H�O�\�� ���)�L�J�X�U�H���������� �,�&�3���2�(�6��

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

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

�G�H�F�U�H�D�V�H���R�I���W�K�H���S�R�U�H���G�L�D�P�H�W�H�U�V���D�Q�G���Y�R�O�X�P�H�������������W�R�������Q�P���I�R�U���6�%�$���������������K�\�E�U�L�G���P�D�W�H�U�L�D�O�V���D�Q�G����������

�W�R�����������Q�P���I�R�U���0�&�0������������������ 
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�)�L�J�X�U�H���������'�5�,�)�7���V�S�H�F�W�U�D���R�I���S�D�U�H�Q�W���P�D�W�H�U�L�D�O���6�%�$�����������E�O�X�H�������D�Q�G���K�\�E�U�L�G���P�D�W�H�U�L�D�O�V���$�+�������R�U�D�Q�J�H�������$�+�������U�H�G�������D�Q�G��

�$�+�������E�O�D�F�N�������0�D�Q�X�V�F�U�L�S�W���� 

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

�X�V�L�Q�J���W�K�H���W�U�L�V���W�H�U�W���E�X�W�R�[�\���V�L�O�R�[�\���O�L�J�D�Q�G�����7�K�H���U�H�D�F�W�L�R�Q���R�I���>�*�D�����&�+���������@���$�����Z�L�W�K���>�+�2�6�L���2�W�%�X�����@��

�D�I�I�R�U�G�H�G���E�L�P�H�W�D�O�O�L�F���J�D�O�O�L�X�P���F�R�P�S�R�X�Q�G���>�*�D�0�H���^�2�6�L���2�W�%�X�����`�@�����Z�K�L�F�K���Z�D�V���S�U�H�Y�L�R�X�V�O�\���L�V�R�O�D�W�H�G��

�I�U�R�P���W�K�H���U�H�D�F�W�L�R�Q���R�I���>�*�D�0�H���@���D�Q�G���>�+�2�6�L���2�W�%�X�����@�����>���������������� �@���7�K�L�V���*�D���2�����I�R�X�U���P�H�P�E�H�U�H�G���U�L�Q�J���L�V���D��

�F�R�P�P�R�Q���V�W�U�X�F�W�X�U�D�O���P�R�W�L�I���� 

�7�K�H���O�D�V�W���T�X�H�V�W�L�R�Q���Z�D�V���Z�K�H�W�K�H�U���P�H�W�K�\�O�L�G�H�Q�H���X�Q�L�W�V���D�U�H���V�W�L�O�O���S�U�H�V�H�Q�W�����)�R�U���W�K�L�V���S�X�U�S�R�V�H�����W�K�H���K�\�E�U�L�G��

�P�D�W�H�U�L�D�O�V���$�+�����$�+�����Z�H�U�H�� �X�V�H�G�� �D�Q�G�� �U�H�D�F�W�H�G�� �Z�L�W�K�� �E�H�Q�]�R�S�K�H�Q�R�Q�H���L�Q�� �R�U�G�H�U�� �W�R�� �J�H�Q�H�U�D�W�H�� �W�K�H��

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

�F�R�Q�Y�H�U�V�L�R�Q�� �E�H�F�D�P�H���Y�L�V�L�E�O�H�� �E�\�� �K�H�D�W�L�Q�J�� �W�R�� ������ �ƒ�&�����W�U�D�F�N�H�G�� �E�\�����+�� �1�0�5�� �V�S�H�F�W�U�R�V�F�R�S�\������ �,�Q��

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

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

�W�K�D�W���W�K�H���K�\�E�U�L�G���P�D�W�H�U�L�D�O�V���$�+���D�Q�G���$�+�����K�D�Y�H���L�Q�W�D�F�W���P�H�W�K�\�O�L�G�H�Q�H���X�Q�L�W�V���R�Q���W�K�H���V�X�U�I�D�F�H�����6�F�K�H�P�H���������� 
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C. �8�Q�S�X�E�O�L�V�K�H�G���5�H�V�X�O�W�V 
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�5�H�D�F�W�L�R�Q���R�I���*�D�O�O�L�X�P���0�H�W�K�\�O�H�Q�H���W�R�Z�D�U�G���&�2�� 

1.2 Introduction  

�$�V���V�K�R�Z�Q���E�H�I�R�U�H�����S�U�R�W�R�Q�R�O�\�V�L�V���R�I���J�D�O�O�L�X�P���P�H�W�K�\�O�L�G�H�Q�H���>�*�D�����&�+���������@�����$�������Z�L�W�K���G�L�I�I�H�U�H�Q�W���S�K�H�Q�R�O�V��

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

�P�H�W�K�\�O�L�G�H�Q�H���X�Q�L�W�V�����7�K�H�U�H�I�R�U�H�����L�W���Z�D�V���R�I���L�Q�W�H�U�H�V�W���W�R���H�O�X�F�L�G�D�W�H���W�K�H���U�H�D�F�W�L�Y�L�W�\���R�I���>�*�D�����&�+���������@�����$������

�W�R�Z�D�U�G���&�2���� 

1.3 Results and Discussion 

�7�K�H���U�H�D�F�W�L�R�Q���R�I�� �J�D�O�O�L�X�P�� �P�H�W�K�\�O�H�Q�H�� �Z�L�W�K���&�2�����Z�D�V���S�H�U�I�R�U�P�H�G�� �L�Q�� �D�� �-�����<�R�X�Q�J�� �1�0�5�� �Y�D�O�Y�H�� �W�X�E�H��

�Z�K�H�U�H�� �W�K�H�� �D�U�J�R�Q�� �D�W�P�R�V�S�K�H�U�H�� �Z�D�V�� �U�H�S�O�D�F�H�G�� �E�\�� �&�2�����������D�W�P�������$�� �F�R�O�R�U�O�H�V�V�� �S�U�H�F�L�S�L�W�D�W�H�� �I�R�U�P�H�G��

�L�P�P�H�G�L�D�W�H�O�\�����6�F�K�H�P�H�������������,�Q���W�K�H�����+���1�0�5���V�S�H�F�W�U�X�P�����D���V�L�J�Q�D�O���R�F�F�X�U�U�H�G���D�W�������������S�S�P�����Z�K�L�F�K���F�D�Q��

�E�H���D�V�V�L�J�Q�H�G���W�R���&���+�������7�K�H���F�R�O�R�U�O�H�V�V���S�U�H�F�L�S�L�W�D�W�H���L�V���V�W�D�E�O�H���L�Q���D�L�U���D�Q�G���G�R�H�V���Q�R�W���G�L�V�V�R�O�Y�H���L�Q���Z�D�W�H�U����

�7�K�H�� �U�H�D�F�W�L�R�Q�� �R�I�� �W�K�H�� �S�U�H�F�L�S�L�W�D�W�H�� �Z�L�W�K�� �.�+�6�2�����J�D�Y�H�� �D�F�H�W�L�F�� �D�F�L�G���� �&�U�\�V�W�D�O�O�L�]�D�W�L�R�Q�� �D�Q�G�� �V�W�U�X�F�W�X�U�D�O��

�H�O�X�F�L�G�D�W�L�R�Q�� �R�I�� �W�K�H�� �&�2�����L�Q�V�H�U�W�H�G�� �S�U�R�G�X�F�W�� �Z�D�V�� �Q�R�W�� �V�X�F�F�H�V�V�I�X�O�����)�X�U�W�K�H�U�� �U�H�D�F�W�L�R�Q�V�� �Z�L�W�K�� �Y�D�U�L�R�X�V��

�G�R�Q�R�U�V�����W�H�W�U�D�K�\�G�U�R�S�\�U�D�Q�������������E�L�S�\�U�L�G�L�Q���D�Q�G���������F�U�R�Z�Q���������D�Q�G���S�U�L�P�D�U�\���D�O�F�R�K�R�O�V�����L�3�U�2�+�������V�L�O�D�Q�R�O�V��

�����(�W�����6�L�2�+�������L�3�U�����6�L�2�+���D�Q�G�� ���3�K�����6�L�2�+�����D�Q�G���G�L�I�I�H�U�H�Q�W���D�Q�L�O�L�Q�H�V�������������E�L�V���W�U�L�I�O�X�R�U�R�P�H�W�K�\�O�D�Q�L�O�L�Q����

�Z�H�U�H���F�D�U�U�L�H�G���R�X�W�����8�Q�I�R�U�W�X�Q�D�W�H�O�\�����Q�R���V�S�H�F�L�I�L�F���V�W�U�X�F�W�X�U�H�V���F�R�X�O�G���E�H���R�E�W�D�L�Q�H�G�� 

 

�6�F�K�H�P�H�����������&�R�Q�Y�H�U�V�L�R�Q���R�I���J�D�O�O�L�X�P���P�H�W�K�\�O�H�Q�H���$�����Z�L�W�K���&�2������ 

 

 



 

 

1.3 Experimental Section 

General Procedures.  All manipulations were performed under an inert atmosphere (Ar) using a 

glovebox (MBraun 200B; <0.1 ppm O2, <0.1 ppm H2O), or according to standard Schlenk techniques in 

oven-dried glassware. The solvents were purified with Grubbs type columns (MBraun SPS, solvent 

purification system) and stored in a glovebox. Ga8(CH2)12 was synthesized according to literature 

procedures.[54] THF-d8 was purchased from Euriso-top and pre-dried over NaK alloy and filtered prior to 

use. Additionally, THF-d8 was recondensed. NMR spectra were recorded at 26 °C with a Bruker 

AVII+400 (1H: 400.13 MHz, 13C, 100.61 MHz) using J. Young valve NMR tubes. 1H NMR resonances 

are referenced to solvent residual signals and reported in parts per million (ppm) relative to 

tetramethylsilane. Analyses of NMR spectra were performed with Bruker TopSpin 3.6.0. CO2 reactions 

were performed at a Schlenk line with a CO2 lecture bottle (Westfalen). The pressure was set to 1 bar 

by a regulator. 

Reaction of Ga 8(CH2)12 with CO 2 : In a J. Young NMR valve tube, a solution of Ga8(CH2)12 (23 mg, 

0.032 mmol) in thf-d8 was treated with CO2 (1 atm) at room temperature (J. Young NMR valve tube was 

evacuated before). After 5 min a colorless precipitate is forming. 1H NMR (thf-d6, 400.13 MHz, 26 °C): �/ 

= 5.35 (s, 4 H, C2H4), 0.19 (s, 24 H, Ga�±CH2), 0.12 (d, 2JHH = 9.1 Hz, 6 H, Ga�±CH2), �±0.10 (s, 6 H, Ga�±

CH2), �±0.49 (d, 2JHH = 8.8 Hz, 6 H, Ga�±CH2). The yield and subsequent analytics could not be 

determined more precisely 
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�$�O�W�H�U�Q�D�W�L�Y�H���D�S�S�U�R�D�F�K���W�R���*�D�O�O�L�X�P���0�H�W�K�\�O�H�Q�H 

2.1 Introduction  

�:�K�L�O�H�� �W�K�H�� �F�K�H�P�L�V�W�U�\�� �D�Q�G�� �H�V�S�H�F�L�D�O�O�\�� �W�K�H�� �V�\�Q�W�K�H�V�L�V�� �R�I���>�*�D�����&�+���������@�����$�������K�D�V�� �E�H�H�Q�� �Z�H�O�O��

�L�Q�Y�H�V�W�L�J�D�W�H�G�� �Z�L�W�K�� �W�K�H�� �S�U�H�F�X�U�V�R�U���>�&�S�
���/�X���*�D�0�H�����@���� �Z�H�� �Z�R�Q�G�H�U�H�G���Z�K�H�W�K�H�U���W�K�H�U�H�� �L�V�� �D�Q�R�W�K�H�U��

�S�R�V�V�L�E�L�O�L�W�\���W�R���V�\�Q�W�K�H�V�L�]�H���W�K�H���K�R�P�R�O�H�S�W�L�F���J�D�O�O�L�X�P���P�H�W�K�\�O�H�Q�H�����7�K�H�U�H�I�R�U�H�����W�K�H���D�Q�V�D���&�S���S�U�H�F�X�U�V�R�U��

�>�0�H���6�L���&�S�0�H���+�����@�>�������������� �@���Z�D�V���V�\�Q�W�K�H�V�L�]�H�G���W�R���D�W�W�H�P�S�W���D���V�L�P�L�O�D�U���U�R�X�W�H���D�V���I�R�U���>�&�S�
���/�X���*�D�0�H�����@����

�D�L�P�L�Q�J���D�W���>�0�H���6�L���&�S�0�H�������/�X���*�D�0�H�����@���D�Q�G���L�W�V���U�H�D�F�W�L�R�Q���Z�L�W�K���D�Q���H�[�F�H�V�V���R�I���*�D�0�H�������$���������� 

2.2 Results and Discussion  

�)�R�U�� �W�K�H�� �V�\�Q�W�K�H�V�L�V�� �R�I�� �J�D�O�O�L�X�P�� �P�H�W�K�\�O�H�Q�H���� �W�K�H�� �S�U�H�F�X�U�V�R�U���>�&�S�
���/�X���*�D�0�H�����@���L�V�� �U�H�D�F�W�H�G�� �Z�L�W�K�� �D�Q��

�H�[�F�H�V�V���R�I���W�U�L�P�H�W�K�\�O�J�D�O�O�L�X�P���W�R���J�H�Q�H�U�D�W�H���>�*�D�����&�+���������@�����$�������D�V���D���S�D�O�H���\�H�O�O�R�Z���S�U�H�F�L�S�L�W�D�W�H���>�����@���:�K�L�O�H��

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

�F�R�X�O�G���E�H���P�R�G�L�I�L�H�G���L�Q���R�U�G�H�U���W�R���J�H�Q�H�U�D�W�H���>�*�D�����&�+���������@�����$���������:�H���G�H�F�L�G�H�G���W�R���X�V�H���D�Q���D�Q�V�D���&�S�0�H����

�O�L�J�D�Q�G���>�0�H���6�L���&�S�0�H���+�����@���W�K�D�W�� �L�V�� �D�O�U�H�D�G�\���H�V�W�D�E�O�L�V�K�H�G�� �L�Q�� �G�����D�Q�G�� �I���H�O�H�P�H�Q�W�� �F�K�H�P�L�V�W�U�\���I�R�U�� �V�R�P�H��
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Experimental Section 

General Procedures.  All manipulations were performed under an inert atmosphere (Ar) using a 

glovebox (MBraun 200B; <0.1 ppm O2, <0.1 ppm H2O), or according to standard Schlenk techniques in 

oven-dried glassware. The solvents were purified with Grubbs type columns (MBraun SPS, solvent 

purification system) and stored in a glovebox. Me2Si(CpMe4H)2,[136] Lu(AlMe4)3
[140] and (Ind)2LuAlMe4

[139] 

were synthesized according to literature procedures. C6D6 were purchased from Euriso-top and pre-

dried over NaK alloy and filtered prior use. NMR spectra were recorded at 26 °C with a Bruker AVII+400 

(1H, 400.13 MHz; 13C, 100.61 MHz) and Bruker AVII+500 (1H, 500.13 MHz; 13C, 125.76 MHz) using J. 

Young valve NMR tubes. 1H NMR resonances are referenced to the solvent residual signal and reported 

in parts per million (ppm) relative to tetramethylsilane. Analyses of NMR spectra were performed with 

Bruker TopSpin 3.6.0. Infrared spectra were measured with a Bruker Vertex 70 using as Nujol mull 

sample with CsI plates. The IR data were converted using the Kubelka-Munk refinement (�å
ä= 4000 �± 400 

cm-1). Elemental analyses (C, H) were performed on an Elementar vario MICRO cube.  

Me2Si(CpMe4)2LuAlMe 4 (C4). In a pressure tube, a mixture of 0.5 equivalents Lu(AlMe4)3 (145 mg, 0.33 

mmol) and 1 equivalent of Me2Si(CpMe4H)2 (200 mg, 0.66 mmol) in toluene were heated to 130 °C. After 

stirring for 16 h all volatile parts were removed under reduced pressure and the resulting colorless solid 

was redissolved in 2 mL toluene to yield colorless crystals of Me2Si(CpMe4)2LuAlMe4 (C6) (135 mg, 0.229 

mmol, 73 %). 1H NMR (C6D6, 400.13 MHz, 26 °C): �/ = 1.83 (s, 12 H, o�±C(CH3)), 1.82 (s, 12 H, m-

C(CH3)), 0.83 (s, 6 H, Si�±CH3), �±0.38 (s, 6 H, Al�íCH3), �±0.43 (s, 6 H, Al�±CH3) ppm. 13C{1H} NMR (100.6 

MHz, C6D6, 26 °C): �/ = 127.2 (Cp�±C), 120.4 (Cp�±C), 102.1(Cp�±C), 14.4 (Cp�±C(Me)), 11.7 (Cp�±C(Me)), 

11.4 (Al�±C(Me)), 4.1 (Al�±C(Me)) ppm; elemental analysis (%) calcd. for C26H48LuAlSi (590.27): C 52.87, 

H 8.19; found: C 52.55, H 8.91. Due to the insufficient resolution, the carbon atoms cannot be assigned. 

Me2Si(CpMe4)2LuMe(THF)  (C5). In a glovebox, Me2Si(CpMe4)2Lu(AlMe4) (61 mg, 0.11 mmol) was 

dissolved in 1.5 mL of THF and layered with 4 mL n-hexane. The mixture was stored at �±40 °C for 2 d 

to afford colorless needles of Me2Si(CpMe4)2LuMe(THF) (C5) (40 mg, 0.071 mmol, 66 %). 1H NMR (C6D6, 

400.13 MHz, 26 °C): �/ = 3.13 (m, 4 H, O�±CH2CH2), 2.23 (s, 6 H, Cp�±CH3),��2.20 (s, 6 H, Cp�íCH3), 2.18 

(s, 6 H, Cp�±CH3), 1.63 (s, 6 H, Cp�±CH3), 1.07 (s, 3 H, Si�±CH3), 1.02 (m, 4 H, OCH2CH2), 0.96 (s, 3 H, 

Si�±CH3), 0.76 (s, 3 H, Lu�±CH3) ppm. 13C{1H} NMR (100.6 MHz, C6D6, 26 °C): �/ = 124.3 (Cp�±C), 122.8 

(Cp�±C), 117.6 (Cp�±C), 102.1 (Cp�±C), 70.5 (OCH2CH2), 25.2 (OCH2CH2), 21.8, 14.9, 14.8, 12.3, 11.1, 

4.8, 4.5 ppm; elemental analysis (%) calcd. for C25H41LuO (560.23): C 53.56, H 7.37; found: C 53.94, H 

8.18. Due to the insufficient resolution, the carbon atoms cannot be assigned. 

Me2Si(CpMe4)2LuGaMe 4 (C6). In a glovebox, a solution of Me2Si(CpMe4)2LuMe(THF) (C7) (81 mg, 

0.14 mmol) was dissolved in 4 mL of toluene, treated with GaMe3 (49.8 mg, 0.43 mmol) and stirred for 

2 h at ambient temperature. After stirring for 2 h all volatiles were removed under reduced pressure and 

the resulting colorless solid was redissolved in 2 mL toluene and stored 16 h at �±40 °C to yield colorless 

crystals of Me2Si(CpMe4)2Lu(GaMe4) (C8) (79 mg, 0,131 mmol, 94 %). 1H NMR (C6D6, 400.13 MHz, 

26 °C): �/ = 1.88 (s, 12 H, o-C(CH3), 1.84 (s, 12 H, m-C(CH3)), 0.85 (s, 6 H, Si�±(CH3)), �±0.14 (s, 6 H, 

Ga�±(µ2�±CH3)), �±0.33 (s, 6 H, Ga�±(CH3)) ppm. 13C{1H} NMR (100.6 MHz, C6D6, 26 °C): �/ = 126.6 (Cp�±



 

 

C), 119.8 (Cp�±C), 14.1 (Cp�±C(Me)), 11.3 (Cp�±C(Me)), 3.7 (Al�±C(Me)) ppm ; elemental analysis (%) 

calcd. for C24H42LuGa (602.17): C 47.78, H 7.02; found: C 47.89, H 7.33.  

(Ind) 2LuMe(THF)  (C7). In a glovebox a solution of Lu(AlMe4)3 (100 mg, 0.23 mmol) in toluene (2 mL) 

was added to a suspension of lithium indenyl (56 mg, 0.46 mmol) in toluene (2 mL). After 16 h at ambient 

temperature, the mixture was centrifuged, washed with toluene (3 x 3 mL) and reduced under vacuo. 

Storage of this solution at �±40 °C gave C7 as colorless crystals. Due to impurities in the crude product, 

no yield was determined. 1H NMR (C6D6, 400,13 MHz, 26 °C): = 7.53-7.35 (m, 4H, 5/8 IndH), 6.92 (s, 

4H, 6/7 IndH), 6.29 (m, 2 H, 2 IndH), 6.06-5.97 (m, 4 H, 1/3 IndH), 2.73 (s, 4 H, OCH2CH2), 0.91 (s, 4 

H, OCH2CH2), �±0.90 (s, 3 H, Lu�±(CH3) ppm.  
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 C4 C5 C6 C7 

formula  C24H42AlLuSi C25H41LuOSi C24H42GaLuSi C23H25LuO 

M [g·mol -1] 560.61 560.64 603.35 492.40 

�����>�c�@ 0.71073 0.71073 0.71073 0.71073 

color colorless colorless colorless colorless 

crystal dimensions 
[mm]  

0.259 x 0.198 x 

0.163 
0.203 x 0.154 x 

0.149 
0.203 x 0.154 x 

0.149 
0.189 x 0.151 x 

0.109 

crystal system orthorombic Triclinic orthorombic orthorombic 

space group P2�s
$2�s
$2�s
$ P�s
$ P2�s
$2�s
$2�s
$ P2�s
$2�s
$2�s
$ 

a [Å] 10.0792(8) 10.0487(3) 10.0873(7) 8.509(2) 

b [Å]  15.3891(12) 10.1377(3) 15.3714(11) 12.521(3) 

c [Å]  15.7638(2) 13.7149(4) 15.7460(11) 17.759(4) 

�.���>�ƒ�@ 90 70.3 90 90 

�����>�ƒ�@ 90 71.6 90 90 

�����>�ƒ�@ 90 65.9 90 90 

V [Å³]  2445.1(3) 1174.96(6) 2441.5(3) 1892.0(8) 

Z 4 2 4 4 

F(000) 1136 568 1208 968 

T [K]  100(2) 173(2) 100(2) 100(2) 

�!calcd [g·cm-³] 1.523 1.585 1.641 1.729 

���>�P�P-1] 4.129 4.265 5.179 5.225 
Data / restraints / 

parameters 
7462 / 0 / 280 7190 / 0 / 264 7448 / 0 / 280 5765 / 0 / 231 

Goodness of fit 1.003 1.108 0.999 1.036 

R1 ���,���!�����1�����,����[a] 0.0190 0.0157 0.0191 0.0230 

�&R2 (all data)[b] 0.0413 0.0397 0.0422 0.0460 
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Surface Organometallic Chemistry of Gallium Methylene 
Ga8(CH2)12 on Mesoporous Silica 
Georgios Spiridopoulos,a Yucang Lianga and Reiner Anwander *a 

Gallium methylene Ga8(CH2)12 was immobilized onto large-pore and small-pore mesoporous silica 
materials SBA-15500 and MCM-41500, thermally pretreated at 500 °C. For comparability reasons, 
trimethylgallium was employed as a grafting reagent. The hybrid materials Ga8(CH2)12@SBA-15500, 
GaMe3@SBA-15500, Ga8(CH2)12@MCM-41500 and GaMe3@MCM-41500 were characterized by ICP-OES, 
N2 physisorption, elemental analysis, solid-state 1H/13C/29Si NMR spectroscopy and diffuse reflectance 
infrared Fourier transform (DRIFT) spectroscopy. To gain further insight into potential surface species, 
the molecular compound Ga8(CH2)12 was treated with excess (8 equivalents) of HOSi(OtBu)3, which 
gave the dimeric species [GaMe2{OSi(OtBu)3}]2, being isolable also from the reaction of GaMe3 with 1 
equivalent of silanol. The hybrid materials revealed high metal contents and surface species with intact 
Ga�tCH2�tGa linkages as proposed by 1H NMR spectroscopy the reactivity toward benzophenone. 

  

Introduction 
Since the discovery of the first transition-metal alkylidenes,1 the 
interest in metal compounds with multiple bonded hydrocarbyl 
ligands has increased tremendously. The application of such 
alkylidene entailed unique chemistry of relevance both in 
natural product synthesis and industrial catalytic processes, 
such as, Fischer Tropsch2 and olefination synthesis.3-5 Given the 
plethora of transition-metal alkylidenes, it is noteworthy that 
there is only a limited number of main group metal derivatives. 
Not until the 1950s, Ziegler reported on the synthesis of [LiCH2]n 
and [MgCH2]n as pyrophoric powders.7 Only recently, our group 
succeeded in the synthesis and full characterization of 
Ga8(CH2)12 featuring the first molecular homoleptic main 
alkylidene complex.8 
In parallel with alkylidene chemistry, surface organometallic 
chemistry (SOMC) developed into an important branch in field 
of organometallics.9 Accordingly, the grafting of highly reactive 
(toward hydroxy functional groups) has generated novel 
heterogeneous catalysts with molecularly defined surface 
species, giving access to new catalytic transformations, such as 
Ziegler Natta depolymerization or alkane metathesis.10 
Especially, the immobilization of molecular complexes on 
periodic mesoporous silica11, 12 allowed for the synthesis of 
nanostructured catalysts with a high loading of well-defined 
surface species. Potential advantages of organometallics 

grafted onto solid surfaces are the absence of extensive 
aggregation (clustering), relative stabilization of highly reactive 
surface species, and enhanced reactivity.13-16 In terms of surface 
organogallium chemistry, GaR3 (R = Me, iBu, CH2SiMe3) were 
immobilized on (meso)zeolites17-23 or amorphous silica24-26 
generating gallium(III) surface species via release of alkane. 
When silica was used as a support material, the formation of 
silicon-methyl species was detected as well.24 In addition, the 
grafting of gallium siloxides such as Ga[OSi(OtBu)3]3(thf) 
complexes on zeolite??? or silica was also investigated 
comprehensively.27 Very recently, we investigated on the 
protonolysis of homoleptic gallium methylene Ga8(CH2)12 with a 
series of phenols and anilines, resulting in cage-like structural 
motifs with bridging methylene groups (µ-CH2) of the type 
[Ga4(µ2-CH2)2(CH3)4(µ2-XR)4] (X = O, HN; R = aryl).28 Herein, the 
immobilization of gallium complexes Ga8(CH2)12  and GaMe3 on 
periodic mesoporous silica SBA-15500 (large mesopores) and 
MCM-41500 (small mesopores) in different solvents is reported 
leading to the proposal of new gallium surface species. In 
addition, the reactivity of gallium-modified hybrid materials 
toward benzophenone is investigated. Finally, the isolation of a 
potential model complex corroborates the uniqueness of the 
SOMC approach.  

Results and Discussion 
A large-pore mesoporous silica SBA-1529,30 and a small-pore 
mesoporous silica MCM-4112 were selected as support 
materials, to assess the occurrence of any pore blocking effects. 
The silanol populations of the silicas activated at 500 °C and 10-

3 mbar (labelled as SBA-15500 and MCM-41500) were determined 

a. Institut für Anorganische Chemie, Eberhard Karls Universität Tübingen, Auf der 
Morgenstelle 18, 72076 Tübingen, Germany. Email: reiner.anwander@uni-
tuebingen.de 

Electronic Supplementary Information (ESI) available: [details of any supplementary 
information available should be included here]. See DOI: 10.1039/x0xx00000x 



ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

by the corresponding carbon content of silylated materials.31 
For MCM-41500, a monodisperse spherical shape and hexagonal 
structure were confirmed by scanning electron microscopy 
(SEM) images and X-ray diffraction analysis (Figure S1 and S2, 
Supporting Information). Homoleptic Ga8(CH2)12 (1)8 and GaMe3 
(2) grafted onto SBA-15500 and MCM-41500 in different solvents 
(THF, n-hexane) to form hybrid materials (H1-H5, Scheme 1). 

The parent and hybrid materials were characterized by DRIFT 
spectroscopy, 1H NMR spectroscopy and N2 physisorption. In 
addition, the Ga8(CH2)12 was reacted with tris(tert-
butoxy)silanol [HOSi(OtBu)3] as a model for terminal surface 
silanol groups. Finally, the reactivity of the gallium hybrid 
materials towards a carbonylic substrate was investigated. 
 

 

Scheme 1. Grafting of gallium complexes Ga8(CH2)12 (1) and GaMe3 (2) onto SBA-15500 and MCM-41500 parent materials and proposed surface 
species  

DRIFT spectroscopy 

The IR spectra of the parent materials SBA-15500 and MCM-41500 
show the characteristic -O-H band (about 3742 cm-1) from the 
isolated silanol group and Si-O-Si vibrations (1000~1200, 810, 
~670-400 cm-1) from the silica framework (Figure 1).32 Upon 
grafting of compounds 1 or 2 and formation of hybrid materials 
H1-H5, the sharp band at about 3742 cm�t1 almost completely 
disappeared, whereas a very weak absorption band assigned to 
inaccessible silanol groups is still observed (Figures 1 and S3). 
Moreover, a relatively broad and new band in the region of 
3000 to 2850 cm�t1 appeared. This corresponds to the 
asymmet�Œ�]�������v�����•�Ç�u�u���š�Œ�]�����•�š�Œ���š���Z�]�v�P���u�}�����•���†�~���tH) of methyl 
and methylene groups bonded to the gallium centers, mainly 
species of type �/ SiO-GaMex . The IR spectra of Ga8(CH2)12 (1) 
and GaMe3 (2) derived grafted materials are difficult to 
distinguish, but the results are in good agreement with that of 
previously reported GaMe3 immobilization on nonporous silica 
via gas-phase transfer.24 Striking for hybrid materials H1 and H4 
are the metal contents (ca. 15 wt.%) determined by the ICP-OES, 
which are much higher than the respective amount of carbon 
obtained by elemental analyses (Table 1). This can be explained 
by the existence of bi- and/or multimetallic surface species with 
bridged CH2 group. Assuming the formation of surface species 
�/ SiO-GaMe2 (monopodal) or �/ SiO-Ga(Me)-OSi�/  (bipodal) 
the molar ratio of C/Ga would correspond to 2 or 1, respectively, 
in the absence of donor solvent (Scheme 1 does not show any 
bipodally bound surface species). In line with the presence of 
multimetallic surface species for Ga8(CH2)12-grafted materials 
are the comparatively low metal content of hybrid materials H2 
and H5 derived from GaMe3 ( �18-9 wt.%). The high metal 

content in material H3 ( �116%), obtained in n-hexane as a 
solvent might point to the formation of formation of digallium 
sites in a non-coordinating solvent, while the relatively low 
metal content in H2 and H5 suggest monometallic surface 
species.  

 

Figure 1. DRIFT spectra of support material SBA-15500 (blue), 
Ga8(CH2)12@SBA-15500 (H1) (orange), GaMe3@SBA-15500 (H2) (red) 
and GaMe3@SBA-15500 (n-hexane, H3) (black) from bottom to top.  

1H-NMR Spectroscopy 

Of primary interest was whether the reaction of Ga8(CH2)12 (1) 
on the mesoporous silica materials would release methane 
during the grafting process. Acoordingly and as a comparison, 
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the reaction of Ga8(CH2)12 or GaMe3 with SBA-15500 was 
performed in THF-d8 using molar ratios OH/Ga-CH2 or OH/Ga-
CH3 of 1. As anticipated the 1H NMR spectrum of the reaction of 
GaMe3 with SBA-15500 shows the evolution of methane (Figure 
S4). This is in agreement with the reactions of GaMe3 with silica 
or Ga(i-Bu)3 with zeolite, respectively, which led to alkane 
elimination.23,24 Crucially the reaction of Ga8(CH2)12 (1) with 
SBA-15500 under identical condition did not form methane even 
when the reaction continued for 4 days at ambient  
temperature (Figure S5). This reaction behavior is in good 
accordance with that of the protonolysis of 1 with phenols and 
anilines forming tetranuclear Ga4 complexes with two intact 
bridging methylene groups in the core.28 Therfore it could be 
hypothesized about the existence of bridging methylene groups 
on Ga8(CH2)12-grafted SBA-15500.  

 

Figure 2. 13C CP/MAS NMR spectra of Ga8(CH2)12@SBA-15500 (H1) 
(blue), GaMe3@SBA-15500 (H2) (red) and GaMe3@SBA-15500 (H3) 
(green) from bottom to top. 

 

Figure 3. 13C CP/MAS NMR spectra of Ga8(CH2)12@MCM-41500 (H4) 
(blue) and GaMe3@MCM-41500 (H5) (red) from bottom to top.  

Solid-State NMR Spectroscopy 

To verify the existence of methylene and methyl group in hybrid 
materials H1-H5, the 1H MAS NMR spectra were measured. As 

shown in Figures S6-10, 1H signals for hybrid materials H1 and 
H4 appeared at 0.7 and 1.78 ppm, respectively, corresponding 
to Ga�tCHx group. For hybrid materials H2 and H5, a sharp 
resonance at �t0.5 ppm can be assigned to Ga�tCH3 groups, while 
H3 shows a sharp signal at 0.9 ppm. The chemical shifts of 
molecular complexes (?) appeared in a similar range of �t0.03 to 
�t0.5 ppm.33-35 The 13C CP/MAS NMR spectra of H1 and H4 show 
broad peaks at �t11.0 and �t9.4 ppm, distinct from those of the 
GaMe3-grafted materials with sharp peaks of the Ga�tCH3 units 
at �t10.2 ppm (H2) and �t11.0 ppm (H5) (Figures 2 and 3). The 13C 
CP/MAS NMR spectrum of hybrid material H3 shows a chemical 
shift at �t4.7 ppm similar to other GaMe3-grafted silica 
material.24 For all hybrid materials H1-H5, two carbon signals 
attributed to THF were observed at 26 and 66 ppm, implying the 
coordination of THF with Ga center In addition, -OCH3 groups 
could be detected, which originate from surfactant 
removal/extraction with HCl-acidified methanol. Moreover, the 
signal at �t55 ppm in the 29Si CP/MAS NMR spectrum of the hybrid 
material H3 �]�v���]�����š���� �š�Z���� �(�}�Œ�u���š�]�}�v�� �}�(�� 
Y�^�]�tMe groups. For 
comparison, a similar chemical shift of �t62 ppm was reported for 
silica materials that were treated with different methylating 
agents.36  

N2 Physisorption 

The specific surface areas of all materials were characterized 
using the Brunauer-Emmett-Teller (BET) method37 and the pore 
diameters were determined using the Barrett-Joyner-Halenda 
(BJH) method.38 The N2-physisorption isotherms indicated the 
characteristic mesoporous structures for both activated parent 
materials SBA-15500 and MCM-41500. The type IV isotherm of the 
SBA-15500 silica revealed a typical H1 hysteresis loop, while that 
of the MCM-41500 sample features a reversible capillary loop 
(Figure 4, Figure 5). The specific BET surface area, pore volume 
and pore diameter are 887 m2 g-1, 0.96 cm3 g-1 and 6.8 nm for 
SBA-15500, 1228 m2g-1, 1.17 cm3 g-1 and 2.5 nm for MCM-41500, 
respectively (Table 1). 

 

Figure 4. N2 adsorption-desorption isotherms of parent material SBA-
15500 (black), Ga8(CH2)12@SBA-15500 (H1) (red), GaMe3@SBA-15500 
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(H2) (blue) and GaMe3@SBA-15500 (n-hexane) (H3) (green). Inset is 
the corresponding pore size distributions.  
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Table 1. Important Data of the Parent Silica Supports and Hybrid Materials H1-H5 

material aBET
a(m2g�t1) Vpore

b(cm3 g�t1) dpore
c (nm) csurfaceSiOH

d(mmol g�t1) wt % metal 
SBA-15500 887 0.96 6.8 3.01 - 
Ga8(CH2)12@SBA-15500 (H1) 501 0.39 5.0 - 14.86 
GaMe3@SBA-15500 (H2) 455 0.27 5.7 - 9.15 
GaMe3@SBA-15500(H3, n-hexane) 482 0.32 6.0 - 15.83 
MCM-41500 1228 1.17 2.5 2.05 - 
Ga8(CH2)12@MCM-41500 (H4) 1010 0.26 1.9 - 14.99 
GaMe3@MCM-41500 (H5) 899 0.28 2.1 - 7.88 
a BET surface are calculated between p/p0 0.07 and 0.15. b BJH desorption cumulative pore volume between 4.0 and 10.0 nm 
for SBA-15500 and 1.5 to 3.5 nm for MCM-41500. c Maximum pore diameter from the BJH desorption branch. d Calculated 
according to published procedures.20 e Metal content determined by ICP-OES.  

 
 

 

Figure 5. N2 adsorption-desorption isotherms of the parent material 
MCM-41500 (black), Ga8(CH2)12@MCM-41500 (H4) (red) and 
GaMe3@MCM-41500 (H5) (green). Inset is the corresponding pore 
size distributions.  

For the hybrid materials H1-H5, prior to measurement, every 
sample was degassed for 12 h at 30 °C. The grafted materials 
H1-H5 are stable until 80 °C. Performing the grafting reaction of 
1 in THF (involving an Ga8(µ-CH2)12/Ga6(µ-CH2)9 oligomer 
switch), affording H1, implied a drastic decrease of the specific 
BET surface area, pore size and pore volume what 
percentage???(Table 1), in agreement with the high gallium 
content found by ICP-OES analysis. For GaMe3-grafted SBA-
15500 (H2), the specific BET surface area and pore volume were 
even significantly lower than those of H1, most likely due to the 
presence of larger amounts of donor ligand THF inside the pores. 
Note that pore size is bigger (h). When the reaction of GaMe3 
wth SBA-15500 was conducted in hexane, the obtained H3 shows 
a slightly increased specific BET surface area, pore volume and 
pore size as well as high Ga content compared to H2, due to the 
absence of THF. Similarly, when MCM-41500 was used as the 
support for the grafting of 1 and 2 in THF, the hybrid materials 
H4 and H5 indicate a similar trend on surface area and pore 
volume as those of H1 and H2 (Table 1). However, the similar 

pore diameter of material H4 and H5 point considerable pore 
blockage in material H4. Overall, the distinct changes of surface 
area, pore volume and pore size as well as the different gallium 
contents dependent on the molecular size of the precursor, 
picture to some extent the surface Ga species. To further 
corroborate the formation of gallium surface species on silica, 
the preparation of molecular model complex has been pursued.  

Molecular model of grafted gallium catalysts 

The tris(tert-butoxy)siloxy ligand is routinely employed as a 
molecular model for silica surfaces by mimicking the grafting 
reaction on a molecular scale.33,34,39-42 Accordingly, the 
treatment of homoleptic Ga8(CH2)12 (1) with 8 equivalents of 
tris(tert-butoxy)silanol HOSi(OtBu)3 led to the isolation of 
[GaMe2{OSi(OtBu)3}]2 (3) (Scheme 2). Interestingly, the 
equimolar reaction of GaMe3 (2) with tris(tert-butoxy)silanol 
also afforded the dimeric complex 3.33,34 The structural motif of 
3 with the typical four-membered Ga2O2 ring was also observed 
in reactions of gallium complexes with aliphatic alcohols, 
phenols and amines.43,44 Furthermore, the reactivity of 
molecular complexes 1 and 2 with silanols of the surface of silica 
indicates the formation of dimeric species in the hybrid material. 
The latter reaction was previously examined by Scott and co-
workers.24 Additionally, the formation of bridging methylene (�t
CH2) units during the grafting reaction of 1 with SBA-15500 and 
MCM-41500 is suggested in this work by 1H NMR spectroscopy, 
due to the evolution of no methane monitored  
 

 

Scheme 2. Illustration of the reaction of molecular complex 1 with 
HOSi(OtBu)3. 
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Reaction of the Hybrid Materials with Benzophenone 

For hybrid materials H1 and H4, the existence of surface 
methylene groups was further verified by their reactivity 
towards benzophenone in THF. As shown in Scheme 3, when 
the hybrid materials were exposed to benzophenone an 
methylenation reaction took place forming the corresponding 
1,1-diphenylethylene. The reaction process in THF-d8 was 
monitored by 1H NMR spectroscopy. As can be seen in Figure 
S11 and S12, the 1H NMR spectrum of the reaction at ambient 
temperature for 6 h shows only the presence of the starting 
materials. Changing the conditions to 80 °C for 16 h, the 
formation of 1,1-diphenylethylene could be clearly observed, 
confirming the occurrence of a methylene transfer for H1 and 
H4. For comparison, the molecular complex Ga8(CH2)12 (1) also 
reacted slowly with benzophenone at room temperature for 16 
h to form 1,1-diphenylethylene (Figure S13). However, the 
amount of 1,1-diphenylethylene increased significantly at 60 °C 
for 2 h (Figure S14). Interestingly, the reaction of benzophenone 
with hybrid materials H2 and H5 at 80 °C for 21 h only resulted 
in the formation of methane (Figure S15 and S16), clearly 
corroborating the absence of a methylene transfer reaction.  

 

Scheme 3. Reactivity of hybrid materials H1 and H4 toward 
benzophenone. 

Conclusions 
Mesoporous silicas MCM-41500 (pore diameter ca. 2.5 nm) and 
SBA-15500 (pore diameter ca. 7 nm) are both suitable for the 
synthesis of gallium(III) hybrid materials via direct grafting 
reactions of homoleptic Ga8(CH2)12. The resulting hybrid 
materials (pore diameter of 5 nm for SBA-15500 and 1.9 nm for 
MCM-41500) display metal contents of approximately 15%. The 
capability of these hybrid materials to engage in ketone 
olefination along with negative control reactions employing 
respective trimethylgallium-grafted silicas give clear evidence 
for intact methylene groups. Nevertheless, the methylenation 
efficiency of the hybrid materials is somewhat decreased 
compared to the molecular congener in the homogenous 
reaction. The analyses of the gallium-methylene grafted hybrid 
materials suggest that the surface species might involve 
digallium of the type �€
Y�^�]�K�'��(CH3)(thf)(µ-
CH2)Ga(CH3�•�~�š�Z�(�•�~�K�^�]
Y]. 

Experimental Section 
All operations regarding the organometallic precursors and the 
hybrid materials were performed under rigorous exclusion of air 

and water by using standard Schlenk, high-vacuum, and 
glovebox techniques (MBraun 200B; <0.1 ppm O2, <0.1 ppm 
H2O). Solvents were purified by using Grubbs-type columns 
(MBraun SPS, solvent purification system) and stored inside a 
glovebox. THF-d8 was obtained from Sigma-Aldrich, stirred over 
NaK alloy for at least 24 h, and distilled before use. GaMe3 was 
purchased from Dockweiler Chemicals and used as received. 
Ga8(CH2)12 (1) was synthesized according to literature 
procedures. The NMR spectra were recorded by using J. Young 
valve NMR tubes on a Bruker AVII+400 spectrometer (1H, 
400.13 MHz; 13C, 100.61 MHz). NMR chemical shifts are 
referenced to internal solvent resonances and reported in parts 
per million relative to tetramethylsilane (TMS). The solid-state 
NMR spectra were recorded on a Bruker Avance III HD 300 with 
MAS (magic angle spinning) technique at ambient temperature 
with samples packed in 3 mm ZrO2 rotors at a rotation 
frequency of 5 or 8 kHz (1H, 300.13 MHz; 13C, 75.47 MHz; 29Si, 
59.62 MHz). Elemental analyses were performed on an 
Elementar Vario Micro Cube. IR spectra were recorded on a 
Thermo Fisher Scientific NICOLET 6700 FTIR spectrometer using 
a DRIFT chamber with dry KBr/sample mixture and KBr windows. 
The IR data were converted using the Kubelka-Munk refinement. 
The N2-physisorption measurements were performed on a 
ASAP2020 volumetric adsorption apparatus from Micromeritics 
�/�v�•�š�Œ�µ�u���v�š�����}�Œ�‰�X�����š���ó�ó���<���~�rm (N2, 77K) = 0.162 nm²). All samples 
were degassed prior to analysis. In the case of the pure silica 
materials at 523 K for 4 h and for the hybrid materials at 313 K 
for 12 h to avoid degradation of the grafted gallium complexes. 
The Brunauer�tEmmett�tTeller (BET) specific surface area was 
calculated from nitrogen adsorption branch of the isotherm in 
the relative pressure range of 0.07�t0.15 for the pure SiO2 
materials and the hybrid materials. The pore size distributions 
(dV/dD) were calculated from the nitrogen desorption branch 
using the Barrett�tJoyner�tHalenda (BJH) method. 

Parent Material 

SBA-15500. The parent material was synthesized and activated 
according to literature procedure.11 �r�����d���ô�ô�ó���u2g�>1, Vpore 0.96 
cm3g�>1, and dpore 6.8 nm. DRIFTS: �†�� = 3743 (�Á�U���^�]�>�K�,�•�U���ï�í�ì�ï���~�À�Á�•�U��
1098 (vs), 1060 (vs), 818 (m), 467 (m), 446 (s), 426 (s) cm�>1. 
 
MCM-41500. Monodisperse mesoporous silica nanoparticles 
with MCM-41-like structure (MMSN-MCM-41) was prepared 
according to a slightly modified procedure described in the 
literature.12 A typical process is as follows: 
cetyltrimethylammonium bromide (CTAB, 2.014 g) was 
dissolved in water (960 g) and a NaOH aqueous solution (2M, 8 
mL) was added under stirring. The resulting solution was stirred 
at 65 °C for 1 h. Tetraethyl orthosilicate (TEOS, 10.017 g) was 
then added dropwise over 4 min and vigorously stirred at 65 °C 
for 2 h. After being cooled down to ambient temperature, the 
solid was collected by centrifugation at 2�h 104 rotations per 
minute for 5 min, and dried at 60 °C in the oven overnight to 
obtain as-synthesized MSN-MCM-41. Surfactant template CTAB 
was removed by stirring as-synthesized MSN-MCM-41 in a HCl-
acidified methanol solution under reflux. The surfactant-free 
MSN-MCM-41 was dried at 60 °C in the oven, and then activated 
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at 500 °C for 4 h under high vacuum and stored in the glovebox 
under argon atmosphere as MCM-41500 for further use.  
Grafting Reactions 

Ga8(CH2)12@SBA-15500 (H1): SBA-15500 (200 mg, 0.617 mmol of 
SiOH) was suspended in 3 mL of THF, Ga8(CH2)12 (448 mg, 0.617 
mmol) dissolved in 3 mL of THF was then added under stirring. 
The suspension was stirred for 18 h at ambient temperature and 
then the hybrid material was separated via centrifugation and 
washed with THF (4 x 5 mL). The residual solvent was removed 
under reduced pressure for at least 48 h to yield 320 mg of 
Ga8(CH2)12@SBA-15500 (H1) as a colourless powder. The 
supernatant was filtered and dried under reduced pressure. 
From the THF extracts 366 mg of Ga8(CH2)12 could be recovered. 
Elemental analysis found (%): Ga 14.86 (ICP-OES); C 11.94, H 
1.99. �rBET 501 m2g�t1, Vpore 0.38 cm3g�t1, dpore 5.1 nm. DRIFTS: �Ç
å = 
2959 (vw), 2901 (vw), 1460 (vw), 1367 (vw), 1346 (vw), 1219 (s), 
1003 (s), 917 (vw), 825 (w) cm�t1. 
GaMe3@SBA-15500 (H2): SBA-15500 (200 mg, 0.617 mmol of 
SiOH) was suspended in 4 mL of THF, GaMe3 (80 mg, 0.618 
mmol) dissolved in 2 mL of THF was then added under stirring. 
The suspension was stirred for 18 h at ambient temperature and 
then the hybrid material was separated via centrifugation and 
washed with THF (3 x 5 mL). The residual solvent was removed 
under reduced pressure for at least 48 h to yield 274 mg of 
GaMe3@SBA-15500 (H2) as a colourless powder. Elemental 
analysis found (%): Ga 9.15 (ICP-OES); C 11.08, H 2.44. �rBET 455 
m2g�t1, Vpore 0.25 cm3g�t1, dpore 5.7 nm. DRIFTS: �Ç
å = 2964 (vw), 
2903 (s), 1461 (vw), 1100 (vs), 800 (w), 728 (w), 678 (vw), 589 
(w) cm�t1. 
GaMe3@SBA-15500 (H3): SBA-15500 (200 mg, 0.617 mmol of 
SiOH) was suspended in 4mL of n-hexane, GaMe3 (80 mg, 0.618 
mmol) dissolved in 2 mL of n-hexane was added under stirring. 
The suspension was stirred for 18 h at ambient temperature and 
then the hybrid material was separated via centrifugation and 
washed with n-hexane (3 x 5 mL). The residual solvent was 
removed under reduced pressure for at least 48 h to yield 230 
mg of GaMe3@SBA-15500 (H3) as a colourless powder. 
Elemental analysis found (%): Ga 15.83 (ICP-OES); C 7.39, H 1.80. 
�rBET 482 m2g�t1, Vpore 0.30 cm3g�t1, dpore 6.0 nm. DRIFTS: �Ç
å = 2964 
(vw), 2900 (s), 1178 (s), 1018 (s), 801 (w), 744 (w), 602 (vw) cm�t

1. 
Ga8(CH2)12@MCM-41500 (H4): MCM-41500 (230 mg, 0.472 mmol of 
SiOH) was suspended in 5 mL of THF. Ga8(CH2)12 (342 mg, 0.472 
mmol) dissolved in 4 mL of THF was then added under stirring. 
The suspension was stirred for 18 h at ambient temperature and 
then the hybrid material was separated via centrifugation and 
washed with THF (3 x 5 mL). The residual solvent was removed 
under reduced pressure for at least 48 h to yield 280 mg of 
Ga8(CH2)12@MCM-41500 (H4) as a colourless powder. Elemental 
analysis found (%): Ga 14.99 (ICP-OES); C 11.38, H 2.13. �rBET 
1010 m2g�t1, Vpore 0.44 cm3g�t1, dpore 1.9 nm. DRIFTS: �Ç
å = 2954 
(vw), 2900 (vw), 1234 (s), 1137 (s), 1012 (s), 830 (s), 1003 (s), 
617 (s) cm�t1. 

GaMe3@MCM-41500 (H5): MCM-41500 (231 mg, 0.474 mmol of 
SiOH) was suspended in 5 mL of THF, GaMe3 (54.4 mg, 0.474 
mmol) was dissolved in 2 mL of THF was then added under 
stirring. After being stirred at ambient temperature for 18 h, the 
hybrid material was separated via centrifugation and washed 
with THF (3 x 5 mL). The residual solvent was removed under 
reduced pressure for at least 48 h to yield 278 mg of 
GaMe3@MCM-41500 (H5) as a colourless powder. Elemental 
analysis found (%): Ga 7.88 (ICP-OES); C 9.28, H 1.93. �rBET 899 
m2g�t1, Vpore 0.62 cm3g�t1, dpore 2.1 nm. DRIFTS: �Ç
å = 2958 (vw), 
2904 (vw), 1461 (s), 1181 (s), 1002 (s), 919 (w), 817 (s), 729 (w), 
669 (w) cm�t1. 
[GaMe2{OSi(OtBu)3}]2 (3): Ga8(CH2)12 (26.2 mg, 0.036 mmol) was 
dissolved in 0.3 mL of THF-d8. (tBuO)3SiOH (76.3 mg 0.289 
mmol) was also dissolved in 0.3 mL of THF-d8. After 1 d, the 
solution was filtered into a small vial. Colourless crystals could 
be obtained at �t40 °C (60 % crystalline yield). The 1H NMR 
spectrum and the XRD cell check is in accordance with the 
already published literature.24 
Reactions with Benzophenone 
a) Ga8(CH2)12@SBA-15500 (H1) (20 mg, 0.043 mmol of Ga) was 
suspended in 0.4 mL of THF-d8 in a J. Young-valved tube, 
benzophenone (7.77 mg, 0.043 mmol) dissolved in 0.3 mL of 
THF-d8 was then added. After being heated at 80 °C for 16 h, the 
1H NMR spectrum was recorded to monitor the formation of 
1,1-diphenylethylene. 1H NMR (THF-d8, 400.16 MHz, 26 °C) �w 
7.29 (10H, (H5C6)2C=CH2), 5.43 (2H, (H5C6)2C=CH2) ppm.  
b) Ga8(CH2)12@MCM-41500 (H4) (20 mg, 0.043 mmol of Ga) was 
suspended in 0.4 mL of THF-d8 in a J. Young-valved tube, 
benzophenone (7.77 mg, 0.043 mmol) dissolved in 0.3 mL of 
THF-d8 was then added. After being heated at 80 °C for 16 h, the 
1H NMR spectrum was recorded to monitor the formation of 
1,1-diphenylethylene. 1H NMR (THF-d8, 400.16 MHz, 26 °C) �w 
7.29 (10H, (H5C6)2C=CH2), 5.43 (2H, (H5C6)2C=CH2) ppm. 
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SEM images and PXRD patterns  of the parent material MSN -MCM-41500 

 

 

 

Figure S1. SEM images of MSN-MCM-41500. 

 

 

 

Figure S2. Low-angle PXRD pattern of MSN-MCM-41500. 
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IR data 

 

 

Figure S3. DRIFT spectra of support material MCM-415000 (blue), Ga8(CH2)12@MCM-41500 
(H4) (red) and GaMe3@MCM-41500 (H5) (black) from bottom to top.  



5 
 

NMR Spectra  

 

Figure S4. 1H NMR spectrum of the grafting reaction of GaMe3 (2) onto mesoporous SBA-
15500. (A). 

 

 

Figure S5. 1H NMR grafting of Ga8(CH2)12 onto mesoporous SBA-15500 (B) 
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Figure S6. 1H MAS NMR of hybrid material H1. 

 

Figure S7. 1H MAS NMR of hybrid material H2. 
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Figure S8. 1H MAS NMR of hybrid material H3. 

 

Figure S9. 1H MAS NMR of hybrid material H4. 
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Figure S10. 1H MAS NMR of hybrid material H5. 

 

Figure S11. 1H NMR of hybrid material H1 towards benzophenone. 
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Figure S12. 1H NMR spectra of hybrid material H4 towards benzophenone 

 

Figure S13. 1H NMR of molecular Ga8(CH2)12 with benzophenone (after 16 h at room temperature). 
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Figure S14. 1H NMR of molecular Ga8(CH2)12 with benzophenone (after 2 h at 60 °C). 

 

Figure S15. 1H NMR of hybrid material H2 with benzophenone (21h at 80 °C) 
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Figure S16. 1H NMR of hybrid material H5 with benzophenone (21h at 80 °C) 
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Figure S17. 29Si NMR of hybrid material H1. 
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Figure S18. 29Si NMR of hybrid material H2.

 

Figure S19. 29Si NMR of hybrid material H3. 
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Figure S20. 29Si NMR of hybrid material H4. 

 

Figure S21. 29Si NMR of hybrid material H5. 



 

 

  



 

 

  


