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HISTORICAL SKETCHES—A NEW FEATURE

UNFORTUNATELY, few chemists seem to have more than a passing interest in the history of
chemistry. In contrast to the situation in the humanities, where the average student is expected
to steep himself in the classics, the average chemistry graduate has little knowledge of the
history of his chosen discipline. We take this situation for granted today, yet this has not always
been the case.

The German poet and dramatist, Johann Wolfgang von Goethe, himself an amateur scientist,
declared “Die Geschichte der Wissenschaft ist die Wissenschaft selbst™ (This history of science
is science itself). Many of the founders of chemistry were well acquainted with its history. The
first history of chemistry in the English language was written in 1830-1831 by the Scottish
chemist, Thomas Thomson, an active practicing scientist, and August Kekulé spent much time
reading the classics of chemistry before making any original discoveries of his own.

Such a lack of historical perspective can result in a distorted view of chemistry. Science is
more than its usual dictionary definition as “organised or classified knowledge”. In addition to
its cognitive, factual aspects, science is a process—the search for knowledge carried out by
struggling and committed practitioners, both successful and unsuccessful, working in the
context of their scientific, social, and political milieu, i.e. an exciting human activity. In the
words of Professor John C. Bailar, Jr., “One cannot really understand or appreciate the present
position of science unless he knows something of the slow and tortuous steps through which it
developed. The scientist’s ability to help it move forward will be greatly enhanced by an
understanding of the thinking of the chemists who built the theories which we use today”.’

Yet a knowledge and appreciation of history is not limited to its cultural and inspirational
value. It can also be directly applicable to contemporary research efforts. As a case in point,
when Lord Rayleigh encountered discrepancies between the density of atmospheric nitrogen
and that of nitrogen prepared from compounds, he sought suggestions from the readers of the
journal Nature? William Ramsay® suggested that Rayleigh read Henry Cavendish’s paper* of
1785 on nitrogen, which more than a century earlier had predicted the presence of an unknown gas
in the atmosphere. Together Ramsay and Rayleigh went on to discover the first of the inert gases,
argon, in 1894 and thereby to uncover the existence of a completely unsuspected periodic group
of elements.

“Historical Sketches’ is a new feature that will consist of occasional articles concerned with
historical aspects of inorganic and organometallic chemistry, including biographies, developments
of concepts and theories, and the role of inorganic and organometallic chemistry in human affairs.

Persons wishing to contribute an article to ‘“Historical Sketches” should contact: Professor
George B. Kauffman, Department of Chemistry, California State University at Fresno, Fresno,
CA 82740, U.S.A.

D. C. BRADLEY
G. WILKINSON

REFERENCES
1. J. C. Bailar, Jr., in G. B. Kaufiman, Alfred Werner: Founder of Coordination Chemistry, p. VII. Springer-Verlag, Berlin
(1966).
2. Lord Rayleigh, Nature 1892, 46, 512.
3. W. A. Tilden, Sir William Ramsay, K.C.B., F.R.S., Memorials of His Life and Work, p. 125. Macmillan, London (1918).
4. H. Cavendish, Phil. Trans. Roy. Soc. London 1785, 75, 372.

iii



Polyhedron Vol. 2, No. 7, p. iii, 1983. Pergamon Press Ltd. Printed in Great Britain.

ANNOUNCEMENT

Executive Editor, North America

The publisher, Robert Maxwell, and the Editors, are delighted to announce that Professor
Malcolm Chisholm has agreed to become Executive Editor with responsibility for the
United States and Canada. Contributions for POLYHEDRON from North American
authors should be sent to:

Professor Malcolm Chisholm
Department of Chemistry
Indiana University
Bloomington
IN 47405
US.A.

We trust that this new arrangement will reduce delays in mailing of manuscripts and proofs
and so assist in more rapid publishing.

iii



Abboud, W.
Abdou, Z. J.
Abel, E. W.
Abram, U.
Acampora, M.
Adams, C. J.
Adams, H.
Addison, C. C.
Adimado, A. A.
Ahmed, M.
Aime, S.
Airoldi, C.
Alarcon, E.
Albanese, M.
Alberti, G.
Alexander, K. A.
Amble, Eilif
Amble, Erik
Anderson, J. E.
Andrews, G. T.
Ansell, C. W. G.
Appa Rao, G. V. N,
Aravamudan, G.
Argay, G.
Arrizabalaga, P.
Atwood, I. L.
Ayoko, G. A.
Aznar, M. A.
Azuma, N.

Bachias, B. P.
Biachmann, K.
Bagreev, V. V.
Bai, K. S.
Bailey, J. W.
Bailey, N. A,
Baird, D. M.
Bajue, S. A.
Banister, A. 1.
Barrera, H.
Bartocci, C.
Basheer, K. M.
Bashilov, V. V.
Basset, J.-M.
Basson, S. S.
Bastos, M. N. de O.
Basu, B.

Basu Baul, T. S.
Battistuzzi, R.
Beattie, W. H.
Beck, M. T.
Beg, M. A A,
Bellachioma, G.
Bellomo, A.
Belluco, U.
Belyaeva, V. K.
Bembi, R.
Bereman, R. D.
Berg, R. W,
Bernal, 1.
Beylerian, N. M.
Bhattacharjee, G. P.
Bhattacharyya, R. G.
Bhoon, Y. K.
Biddau, M.
Bignozzi, C. A.
Bilinski, H,
Bitterwolf, T. E.
Bjerrum, N. 1.
Black, D. St. C,

539

1067
1117, 1363
1205
1189

673

465

651

1059

87

77, 1235
125

AL
2

1131
157
1389
1063
1063
547
783
83, 489
1025
1025
1307
823
185
577
163
63

907

727

917, 1141
513

651

465

25, 59
431

149

745, 1165
97, 791
839

141

119, 539
1357

1243

983

635

471

1371

387

881

967

735

1189

1205

369

25, 59, 1013
179

323

953

543, 1221
543, 1221
365

1261

97

353

675

179

409

AUTHOR INDEX

Blankenship, R. D. 379
Blazso, M. 257, 455
Boca, R. 921
Bordner, J. 25
Bodk, T. 1395
Bould, 1. 1401
Bowmaker, G. A. 1031
Bradley, D. C. 87, 843, 849
Brar, A. S. 421
Brar, S. 421
Breet, E. L. J. 1181
Bressan, M. 523
Bret, J.-M. 501
Breunig, H. 1. 291
Breza, M. 921
Brittain, H. G. 261
Brock, W. H. 1
Bronzan-Planini¢, P. 69
Bruce, S. H. 651
Buddhudu, 5. 403
Bukietyfiska, K. 1297
Buic, N. 1201
Butler, A, R. 1045, 1399
Cabeza, J. A. 163
Calligaro, L. 1189
Cameron, T. §. 1117
Capitan-Vallvey, L. F. 1147
Carassiti, V. 97
Cardaci, G. 967
Carmona, E. 185, 797
Cartwright, M. 811
Casabo, J. 529
Casalino, C. 13
Castan, P. 823, 901
Castiglioni, M. 225
Ceccon, A. 183
Chacko, J. 293
Charalambous, J. 587
Chattopadhyay, T. K. 493, 635
Chauhan, H. P. S. 359
Chen, F.-T. 1301
Chierice, G. O. 31
Chin, C. S. 1225
Chisholm, M. H. 681
Chiu, K. W. 803
Choplin, A. 119
Chung, C.-S. 1301
Ciabrini, J. P. 1229
Ciavatta, L. 769
Clark, G. R. 1031
Clark, 1. E. 673
Clarysse, M. 1107
Cole-Hamilton, D. J. 1241
Colquhoun, L. J. 783
Commenges, G. 901
Constable, E. C. 301, 551
Contant, R. 1229
Corcuera, L. J. 106
Costantino, U. 157
Cox, B. G. 343
Creswell, C. 1. 517
Cunningham, D. 587
Dabed, R. G. 106
Dance, 1. G. 1031
Dasgupta, T. P. 431
Davankov, V. A. 37
Davidson, J. L. 305
Davies, A. G. 1105

xvii

Deacon, G. B.
Decinti, A.
Deljac, A.

de Marco, D.
Dennis, C. R.
de Robertis, A.
De Sa, G. F.
Deshpande, S. V.
Devaud, M.
DeVore, T, C.
Devoto, G.
Diaz, C.

Nianctharh I
AFICIDIUANAL, X .

Dietzsch, W.
Dillen, J.
Dilion, K. B.
Dines, M. Bk
Divjakovié, V.
Doadrio, A.
Doadrio, A. L.
D’Olieslager, W.
Domrachev, G. A.
Dorfman, J. R.
D’Ornelas, 1.
Dove, M. F. A.
Drake, A. F.
Drane, A. S.
Drevenkar, V.
Drew, M. G. B.
Drtil, A.

El-Asmy, A. A.
El-Ezaby, M. S.
Emri, J.
Emsley, J.
Errington, R. J.
Espinosa, P.
Ezeani, C. E.

Fabretti, A, C.
Farrell, N.
Farrugia, L. J.
Finocchiaro, P.
Firman, P,
Fischer, C.
Fisher, K. J.
Flint, C. D.
Ford, P. D.
Friant, P.
Fruchart, J. M.
Fujiwara, Y.
Fukagawa, T.
Fuller, D. 1.
Furlani, C.

Gajapathy, D.

Gal, E.

Gallaher, T. N.
Galvez, J.
Gambaro, A.
Garcia, G.

Garcia Alonso, F. J.
Garcia-Vazquez, J. A.
Gargallo, M. F.
Gaspar, V.
Gatchell, C. L.
Gazo, J.

Gennaro, M. C.
Gessner, W.

Ghosh, N.

409, 969
1075
47
735
1357
735
1057
761
1087
619
1261
529

727

4]

1201, 1205
195

641, 1393
607

1307

435

435

1107

895

25, 1013
19

651

537

53, 465
447

269, 1053
479

591

245, 775
1273

19, 375
843
1147

393

475
1243

171

995

343

917, 1141
275, 393
623
1317
417
1229
1101
1101
749

523

865
455
619
1353
183
1353
1103
1081
397
387
1345
921
13
1195
543



xviii Author Index

Gilje, J. W. 603 Kanno, H. 104 Maire, J.-C. 907
Gill, J. B. 153 Kantam, M. L. 1199 Majee, B. 493, 635
Gimeno, J. 163 Kapila, B. 973  Makarova, N. N. 257, 455
Giri, V. 573 Kapila, V. P. 973 Maldotti, A. 97, 791
Giusti, A. 475 Kapoor, R. N. 317 Malik, W. U. 369
Glidewell, C. 1045, 1399  Katada, M. 104  Manohar, H. 865
Gobetto, R. 1235 Kauffman, G. B. 1, 855 Mantovani, A. 1189
Golig, L. 1201  Kaur, J. 1287 Marafie, H. M. 775
Gonzalez-Vilchez, F. 397 Kaushik, N. K. 108, 1177  Marchaj, A. 485, 1281
Goodall, D. C. 153 Kawato, T. 339 Margrave, J. L. 167
Gopalan, M. 839  Keijsper, J. 1111 Marin, J. M. 185
Gould, J. M. 537 Keller, P. C. 595 Marks, R. L. 595
Goulon, J. 417 Kelly, M. J. 1313 Marletta, G. 157, 995
Govindarajan, S. 865 Kelm, H. 1181  Marov, I. N. 1205
Graziani, M. 657 Kennedy, J. D. 1401 Martinez, A. 977
Gr?enwood, N. N. 1401  Kepert, D. L. 749 Martinez, J. 977
Griffith, P. C.- 607 Khan, M. A, 459  Martinez, M. 1009
Griffiths, D. C. 1095 Khan, M. M. T. 1247  Masaguer, J. R. 1081
Grigorian, G. G. 953  Khatitab, M. A, 583  Mason, S. F. 537
Grishin, Yu. K. 895 Khera, B. 108, 1177  Massacesi, M. 1261
Guilard, R. 417 Ki, M. 1213 Masuda, L. 125
Gutierrez, A. M. 987 Kikkawa, S. 741  Matsui, H. 631
Gybri, B. 1273 Kilner, M. 1379  Matsumoto, A. 63
Haasnoot, J. G 195 Kim, G. . 663 Matsumoto, N. 137
Haendler ,H‘ M 131 K!m, Y.L 663 Matsushita, T. y 613
Haines l: I' B . 537 K!ng, G D. 1117, 1363 McCleverty, J. A. 53, 465
Half, ;ln . J . 149 K!noshlta, S. 125 McFarlane, H. C. E. 303
Ham;;essw)arl,la. R A e K!rmse, R. 935, 1205 McFe.lrla.ne, Ww. 303, 783
Harrison W, D' . 153 Klt.agawa, S. 43  McGinnis, J. 1045, 1399
Hauee. B. H. 167 Knight, J. A. 1345 McGuchan, R. 587
Hawiés G E 1235 Kochi, J. K. 929  McPartlin, M. 83
Heaton ’B .T . 657 Kodama, G. 413 McPhail, A. T. 1345
Hedden. D. B 1389 Koizumi, M. 741  Mednikov, E. G. 141
Heerma;m L . 1107 Kolinski, R. A. 1217 Mehrotra, R. C. 359
Hefner J’ G 797 Koridze, A. A. 941 Meider, H. 69
Horos ,J .V . 1009 Korp, I. D. 323  Meullemeestre, J. 459
b - Ve Koshimura, H. 645 Meux, J. 479
H;rshberger, JW. 929 Krishna, Km. 669 Meux, J. W. 479
Hlibbert, R. C 651 K rishnan, V. 505 Miller, I. M. 1287
podorowice, ‘SE f- }g;i Kumar, A. 907  Milone, L. 77
Horst H. W3 Kurachi, Y. 1211  Mirti, P. 13
2 Kurganov, A. A. 37 Miwa, M. 955
gﬁifnf (;‘-w lggg Kwan, T. 1019  Miyokawa, K. 125
Hubert-Pfalzgrat, L. G. 203 ﬁwcen, T. 1225 Mohiuddin, R. 1247
yrs, M. 331 Moore, K. 1. 279
Hurst.house, M. B. 803, 843, 849, 1241 Morais, P. C. 875
Husain, §. A. 881 akshman, S. V. J. 403 Moreland, C. G. 59, 1345
Hyde, A. R. 1045, 1399 Lalor, G. C. 431 Monshlma, L ’ 43
. Larkworthy, L. F. 1317 Morse, K. W. 1345
{i’{lﬁl,‘;msl( M. 25 Larrazibal, G. 1075  Mostafa, M. M. 583, 591
Tkeda, S. 1005 Laurent, J.-P. 901  Moussa, N. M. 245
Imaizumi, M. 137 Lecat, J. L. 1087  Mrozinski, J. 1217
Indrasenan, P. 573 Lee, C-S. 1301  Mukherjee, D. 47
Inoue, Y. ’ 627 Leipoldt, I. G. 1357  Miiller, D. 1195
Ito, T. 123 Lenarda, M. 657 Murata, K. 1005
Iza,wa, H. 741 [Lenstra, A. T. H. 195 Murphy, B. P. 269
Izquierdo, M. 529 LeoYac, V.M. 1307 Mutin, R. 539
Lewis, J. 301, 489
Jackson, G. E. 1313  Libertini, E. 995 .

Jakab, E. 257 Lincoln, J. 1393 Nair, B. U. 103
Jarvis, W. 1067 Liptrot, M. C. 301 Namt?lsan, P. N. K. 293
Jelfs, A. N. de M. 849 Lira, J. M. M. de M. 1125 Nandi, S. 983
Jensen, K. A. 1 Logan, N. 651 Nelson, S. M. 269
Tha, S. K. 669 Lopez, A. D. 977 gelo, 1% SA lgzg

Johnson, D. A. 1323 Lbpez, G. 1353 eves, A A.
Jones, R. A. 797 Lopez-Becerra, M. 1081  Neves, E. A 31
Jorgensen, C. K. 1 Lorenz, B. 935  Niaz, S. 375
Lozano, R. 435,977  Nicolini, C. 424
Kafafi, Z. A. 167 Lucas, J. 19  Nielson, A. J. 843
Kajiwara, M. 1211 Lyons, D. 803  Niemeyer, H. M. 106
Kalkku, L. 1395 Nieto, J. L. 987
Kalman, A. 1307 Mackinnon, P. 1. 217 Niimi, T. 1213
Kameda, M. 443 Mahajan, R. K. 973 Nomiya, K. 955

Kanig, W. 291 Maier, W. B, II 1371 Noskova, D. 349



Author Index xix

O’Brien, P, 233 Riera, V. 1103 Stein, P. 1389
Ogorodnikova, N. A. 941  Rizkalla, E. N. 1155  Stone, F. G. A. 171
Ohman, L.-O. 1329 Roberts, A. 1. 1317 Struchkov, Yu. T. 141
Ohtaki, M. 631  Robinson, 8. D. 517 Subrahmanyan, T. 1025
Ohwada, K. 423 Rogers, J. W. 379, 479 Sulfab, Y. 679
Ohyoshi, A. 137 Rogers, R. D. 185  Sundberg, M. R. 1395
Okafor, E. C. 309 Rosenberg, B. 175 Suzuki, T. M. 127
Okubo, T. 645 Rosini, C. 537
Olatunji, M. A. 577 Roos-Venekamp, I. C. 1337  Tachiyashiki, S. g
Onak, T. 1067 Roundhill, D. M. 959, 1389  Tajmir-Riahi, H. A. 723
O'Neill, M. E. 963 Roznyatovsky, V. A, 895  Tandon, J. P. 443
Oro, L. A. 163 Rund, L V. 595  Taniguchi, H. 1101
Orpen, A. G. 171 Ryan, J. L 947  Tanner, P AL 623
Orrell, K. G. 1117, 1363  Rybak, W. K. 541  Tarasconi, P. 145
Osella, D. 77, 1235 Tasker, P. A, 83
Overill, R. E. 19 Saha, N. 47  Taulelle, F. 889
Ozawa, T. 1019  Sahajpal, A. 517 Tayim, H. A. 829, 1091
Sahni, S. K. 317 Taylor, F. B. 587
Palazén, J. 1353  Salameh, A. S. 829, 1091 Taylor, J. C. 211, 217
Parker, R. 1. 19 Sanchez, L. 797  Teixidor, F. 745, 1165
Paolucci, D. 183  Sandhu, S. S. 421 Thambythurai, A. LX)
Patil, K. C. 865 Sano, H. 104 Thanabal, V. 505
Pearson, T. R. 269  Sarkar, K. K. 493  Theolier, A. 119
Pelikén, P. 921 Sarma, K. P. 672 Thomas, N. C, 409
Pelizzi, C. 145  Saxena, A. 443  Thompson, B. T. 619
Pelizzi, G. 145 Scheler, G. 1195  Thoraton-Pett, M. 803, 1241
Pellizer, G. 657  Schmidt, K. 935  Tiripicchio, A. 77
Petersen, J. I 279  Schmutzler, R. 603 Titova, S. N. 895
Petrovi¢, D. 1307  Schneider, H. 343  Tochiyama, O. 627
Peyronel, G. 471, 475 Schroder, M. 301, 489 Toral, M. L 106
Pietrzykowski, A. 1379  Schwing, M. 1. 459  Toriumi, K. 123
Pignataro, S. 157 Seada, M. H. 1155  Traverso, O. 97, 791
Pinilla, E. 1009  Seadon, J. K. 1031 -Tsubomura, T. 123
Piroumian, G. P. 953  Seibl, J. 447 Tsunoda, M. 203
Pirozz, A. 769  Seignette, P. F. A, B. 1111 Tuong, T. D. 969
Platt, A. W. G. 641  Sengupta, K. K. 983
Poddar, R. K. 672 Sengupta, S. 983 Uemasu, I 115
Podlahova, J. 349  Sengupta, S. K. 317  Uggla, R. 1395
Podzimek, 1. 331 Seshasayee, M. 1025  Umapathy, P. 129
Polm, L. H. 1111 Seymour, J. E. 1045 Urch, D. S. 1403
Polzonetti, G. 523  Sharma, A. K. 108, 1177  Uson, R. 163
Poncet, J.-L. 417  Sharma, S. K. 973  Ustynyuk, Yu. A. 895
Ponticelli, G. 1261  Sharma, V. 1287
Popov, A. L 889  Sharrock, P. 111, 823  van Beijnen, A. J. M. 1337
Poveda, M. L. 185, 797 Shawali, A. S. 775 van der Kerk, G. J. M. 1337
Povey, D. C. 1317  Shearer, H. M. M. 149  van der Kerk, S. M. 509, 1337
Powell, P. 971 Sheldrick, W. S. 603  van der Poel, H. 1111
Pring, G. M. 1117 Shimizu, K. 1213 van Eldik, R. 1181
Puerta, M. C. 397  Shiokawa, J. 63 van Koten, G. 1111
Puglisi, O. 157  Shono, T. 613 van Uitert, L. G. 285
Puri, J. K. 1287 Short, R. L. 843, 849  Vanura, P. 331
Shutie, W. M. 587  Varenhorst, R. 1111
Radomska, B. 1297  Sik, V. 1117, 1363 Vasapollo, G. 305
Rai, D. 947  Singh, R. 369 Venzo, A. 183
Rais, J. 331 Singh, S. 1209 Verma, R. D. 1209
Raithby, P. R. 301 Silong, S. B. 1053  Vierling, F. 459
Ramadan, A. A. T. 1155 Silver, G. L. 835 Vince, D. G. 969
Ramakrishna, J. 427  Sinou, D. 539 Volpe, P. 225
Ramasami, T. 103 Sjoberg, S. 1329 Volpe, P. L. O. 1125
Ramaswamy, D. 103 Slovokhotov, Yu. L. 141 Vrieze, K. 1111
Ramsden, J. N. 489  Smith, G. 1241
Randall, E. W. 1235  Sokolov, V. 1. 141  Wade, K. 963
Rashad, M. 245  Soltani-Neshan, A. 291  Wagner, H. 917, 1141
Rasheed, K. K. A. 293 Sourisseau, C. 119 Wakita, H. 125
Rasmussen, P. G. 547  Spahis, M. 379 Waugh, A. B. 211, 1323
Razuvaev, G. A. 895  Spielvogel, B. F. 1345  West, D. X. 999
Recca, A. 995  Sridharan, K. R. 427  Whitehead, G. 149
Reddy, M. H. 1171  Srivastava, G. 359  Wild, C. L. 379
Reddy, P. R. 1171 Srivastava, T. S. 761  Wilkinson, G. 803
Reedijk, J. 195  Stach, J. 1205 Williams, R. J. 379, 479
Rehorek, D. 1281 Stam, C. 1111 Woo, 1. C. 1225
Reiff, W. M. 424  Stasicka, Z. 485, 1281 Woodley, F. J. 537
Ribas, J. 529  Stefanac, Z. 447 Woolf, A. A. 811

Rice, D. A. 1053 Steidl, G. 727  Woollins, A. 175



XX

Woollins, J. D.

Worrell, J. H.
Wray, V.

Yamada, M.

Yamaguchi, O.

Yamatera, H.
Yang, D.

175
323
603

499
1213

1267

Author Index

Yano, S.
Yatirajam, V.
Yokoo, K.
Yokoyama, T.
Yoshikawa, K.
Yoshikawa, S.
Young, G. B.
Yusuff, K. K. M.
Yun, S. S.

123
1199
1101

127

123
1095
839
663

Zakharova, 1. A.
Zanazz, P.
Zanderighi, G.
Zanello, P.
Zanoli, A. F.
Zidlkowski, J. J.

Zhuchkova, L. Ya.

1261
967
119
791
475
541

37



Poiyhedron Vol. 2, No. 1, pp. 1-7, 1983
Printed in Great Britain

0277-5387/83/010001-07$03.00/0
Pergamon Press Ltd.

THE ORIGIN AND DISSEMINATION OF THE
TERM “LIGAND” IN CHEMISTRY

WILLIAM H. BROCK
Victorian Studies Centre, The University, Leicester, LE1 7RH, England

K. A. JENSEN

Department of General and Organic Chemistry, University of Copenhagen, The H.C. @rsted Institute,
DK-2100 Copenhagen, Denmark

CHRISTIAN KLIXBULL JBRGENSEN

Département de Chimie Minérale Analytique et Appliquée de I'Université,
Section Chimie-Sciences II, 1211 Genéve 4, Switzerland

and

GEORGE B. KAUFFMAN
Department of Chemistry, California State University, Fresno, CA 93740, U.S.A.

Language has always been a central feature of chemical
development. As Lavoisier noted in the Méthode de
Nomenclature Chimique (1787):

There are . . . three things to distinguish in all phy-
sical science: the series of facts which form the
science; the ideas which recall the facts; and the
words which express them. The word must suggest
the idea; the idea must depict the fact: these are three
marks of the same stamp.'

Savory has discussed the fortunate way in which
scientists can invent words merely by defining them so
that others may know how and when to use them, the
only criterion being that of intelligibility.” However, it
need not necessarily follow that a neologism will be
automatically adopted by the scientific community, even
if it does satisfy Lavoisier’s criterion that it should
suggest the idea of a definite chemical phenomenon.
Force of habit alone will insure that a system of rev-
olutionary character will not be accepted. The refor-
mation of a nomenclature has to proceed step by step.
For example, Auguste Laurent was responsible for a
large chemical vocabulary, little of which was sub-
sequently adopted; similarly, Charles Mansfield’s strange
language in his Theory of Salts was completely ignored.’
Are there, therefore, perhaps criteria for the adoption
and acceptance of scientific words? What makes a suc-
cessful neologism?

An examination of the origins, dissemination, and
eventual adoption of the term ligand, which is used by
chemists to refer to atoms or groups attached to a central
atom in the formation of coordination compounds or
organometallic compounds,* throws some light on these
questions. It will be suggested that it is essential that a
successful conceptual term should possess an inter-
national form, i.e. that it is derived from Latin or Greek
(with Roman transliteration).” Furthermore, in the twen-
tieth century it has become necessary for a new term to
be used in influential papers (i.e. ones which attract

tReprinted (with corrections by G. B. K.) with permission from
Ambix, Vol. 28, Part 3, November 1981 by courtesy of the Editor,
Dr. W. H. Brock and the authors.

multiple citation), and for the term to be endorsed by
Chemical Abstracts and leading journals. Since the
Second World War this process has been assisted by the
nomenclature commissions of the International Union of
Pure and Applied Chemistry (IUPAC). In principle, a
term can be introduced in an English, German, French,
Scandinavian, or any other language, but the acceptance
of a new chemical term may be seriously delayed until it
is adopted in English-language publications.

While engaged in pioneering experimental work on the
hydrides of boron during his First World War sojourn at
the Kaiser-Wilhelm-Institut fiir Chemie in Berlin, Alfred
Stock (1876-1946) directed his attention to the analogous
hydrides of silicon. Their highly reactive and volatile
character, it was thought, might have military ap-
plications. At a meeting of the Kaiser-Wilhelm-Institut
on 27 November 1916 Stock discussed the similarities
between carbon and silicon chemistry first noticed by
Wahler.® For Stock, these analogies were made more
evident and interesting by the deeper knowledge of
atomic structure that was then becoming available to
chemists:

The surprisingly rapid development of our know-
ledge of the nature of atoms promises that in the not
too distant future, it will be possible to develop an
atomic-structural chemistry in which fundamental
chemical properties of atoms, such as their affinities
and valencies, will be explicable from their atomic
structure.”

In the published version of the paper in 1917, the phrase
“affinities and valencies” was accompanied by a foot-
note:

To prevent misunderstandings the meaning of several
words used here must be explained. Affinity is the
expression for the firmness with which one element
binds other elements or radicals (generally:
“Ligands” (ligare[Latin], to bind); the introduction of
a word hitherto lacking simplifies the manner of
expression for this immediately clear concept).—
Valence (Valenz) means the unit of force which can
bind a univalent ligand; positive valencies bind nega-
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tive ligands, negative valencies bind positive
ligands.—Atomicity (Wertigkeit) is the number of
valencies which an atom manifests; the highest

atomicity is the highest number of valencies observed
for an element.®

Thus Stock first coined “ligand” (Latin gerundive ligan-
dum, “that should be bound™) to fill the gap caused by
the absence of a general term for the immediately clear
concept of elements and radicals bound to another ele-
ment.

Having made this clarification in the context of silicon
chemistry—not, it should be stressed, in the context of
Werner’s coordination theory or in a discussion of in-
organic complexes, Stock made no further use of the
term ligand in the paper. Nor did he use it frequently in
later experimental papers.” Although Stock’s paper of
1917 was reviewed for the British Chemical Society in
1919, the reviewer, E. C. C. Baly, drew no attention to
the footnote; perhaps rightly, he was far more interested
in Stock’s preparation of, and proposed nomenclature
for, the silanes.

Indeed, the word ligand seems to have been totally
ignored by English-language chemists until the 1940s. It
does not occur, for example, in either the first (1917) or
second (1924) editions of the German-English Dictionary
for Chemists by the American chemist and abstractor,
Austin M. Patterson."’ Furthermore, its adoption by
coordination chemists in the 1950s evidently suggested to
some of them that it was a term of recent vintage. In a
monograph on chelating agents published in 1964, the
Australian chemist D. P. Mellor dated “its introduction
about 20 years ago,” i.e. to about 1944.'% As we shall see,
Mellor was partly nght Slmnla:ly, although it does not
purporl io I'Clef tot me Ilfs[ feCoraea use OI WOI'(IS, me
Oxford English Dictionary cites a paper by Leslie E.
Orgel published in 1952 as containing the word ligand."
Recent textbook writers are either content to define
ligands as molecules coordinated to a central metal
atom™ or to use the term without any explanation.

How then did the word ligand come to be introduced
into the English language? And how did it become a
term particularly associated with Werner’s chemistry of
coordination compounds?

The classical textbooks of coordination chemistry by
Werner, Urbain and Sénéchal, and Weinland"® had no
term corresponding to ligand (although Werner
occasionally used ‘“Addend”), probably because Wer-
ner’s distinction between primary and secondary valen-
cies made it difficult to consider all coordinated atoms or
groups as equivalent. The widespread dissatisfaction
with Werner’s Hauptvalenz and Nebenvalenz acted as a
strong deterrent to his entire theory for a number of
years. A clear distinction between the two types of
valence was not always possible, and a number of chem-
ists considered the notion of primary and secondary
valence bonds vague and unfounded.'® Stock’s proposal
was not followed in the second edition of Weinland’s
book (1924) or in the fifth and final edition of Werner’s
Neuere Anschauungen edited by Paul Pfeiffer (1923).

However, during the 1920s the distinction between
primary and secondary valencies disappeared—in Ger-
many, through the elaboration of Walther Kossel’s
theory of electronic shells'” by A. Magnus," and in
America and England through the atomic theories of G.
N. Lewis” and N. V. Sidgwick.” In Germany a com-
mission of the Deutsche Chemische Gesellschaft com-

posed of R. Lorenz, R. J. Meyer, S. Meyer, P. Pfeiffer,
A. Rosenheim and A. Stock was appointed to deal with

the nomenclature of inorganic chemistry which had

become confusing and troublesome. Its published rules”*
recommended that use of a Roman numeral (the Stock
number>?) to designate the “valence” (oxidation state) of
an element. The complete German proposal, which was
not published in German but is known from a French
translation,”® probably contained the term ligand to
designate atoms, groups or molecules attached to a cen-
tral atom—although it is absent in the preliminary ver-
sion.* The proposal was submitted by Stock at the
Hauptversammlung des Vereins deutscher Chemiker at
Niirnberg in 1925, and one can deduce from the ap-
pearance of ligand in German literature since 1927 that
the term was included in his report. The fourth edition of
Ephraim’s distinguished textbook, Anorganische Chemie
(1929), adopted the word when introducing the elements
of Periodic Group IV and referred to Stock explicitly as
its originator.* According to Ephraim, echoing Stock,
“Organic chemistry owes its diversity principally to the
equal binding forces of the carbon atom towards the
most dissimilar ligands”. By 1930, therefore, the word
ligand had become widely used in German publications,”
including the monographs on stereochemlstry by Stefan
Goldschmidt and Freudenberg,” and was even adopted
by the Japanese coordination chemist, Ryiitard Tsuchida,
when writing in Enghsh on spectrochemical series in a
Japanese journal.*® Due to the demonstration by Wer-
ner's former student and colleague, Paul Pfeiffer (1875~
195 l), that there was a close relationship between Wer-
ner’s coordination theory and the structure of crystals as
revealed by the then new experimental technique of
X-ray dlﬁractlon, one might have expected that geo-
chemists and crystallographers would have used ligand at
an early date. However, to take one example, the crys-
tallographer, V. M. Goldschmidt, used instead the
phrase “néchste Nachbarn” (nearest neighbours).>

Meanwhile, however, the international chemical
community had moved along a different path. After the
First World War the Union Internationale de Chimie
Pure et Appliquée (UIC) was established, without Ger-
many as a member, and with French as its official lan-
guage. In 1921 the UIC appointed a Commission (with
the Dutch chemist, W. P. Jorissen, as chairman) to deal
with the nomenclature of inorganic chemistry.’! At a
meeting in 1926 the Commission discussed Werner’s
proposal®” to use the endings -a, -0, -i, -¢, -an, -on, -in,
-en, to designate eight different valencies. Although this
proposal had already been adopted officially by the pre-
vious international union (Association Internationale des
Sociétés Chimiques) at a congress in 1913, it was rejec-
ted because grammatical and phonetic difficuities made
it unacceptable in several languages, including English.
Instead the Commission adopted the use of Stock num-
bers.” Following a further conference at Washington in
1926, a definite proposal was drawn up by Marcel Delép-
ine and published by Jorissen in a Dutch journal.> The
proposal contained detailed rules for naming coordina-
tion compounds by the use of Stock numbers; the term
ligand was, however, not used.

After 1930, when Germany had been re-admitted to the
UIC, a collaboration between the International and
German Commissions on nomenclature was initiated,
and a French translation (by Delépine) of the German
proposal was published by R. J. Meyer. * In this there
occurs the expression “ordre des constituants liés a
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I'atome central®® as a rendering of the original “Rei-
henfolge der Liganden” Clearly, ligand was not accept-
able as a French term.

At a further meeting in 1936, the International Com-
mission, which now comprised H. Remy from Hamburg
as the German representative, Jorissen, Delépine and
Fichter (the English member, Clarence Smith, was ab-
sent), drafted a proposal which was finalised at a meeting
in Berlin in 1938 and adopted at the Tenth Congress of
the UIC at Rome in the same year. (Here A. Damiens
and H. Bassett had replaced Delépine and Smith.) The
German version was published in 1940 by Remy, who
mentioned that Stock had been active in the German
chemists’ deliberations.”” However, in translating this
German report, Bassett, of the University of Reading,
who perhaps showed a lack of linguistic instinct, ren-
dered ligands as “attached atoms or groups”,*® just as
the French had done in 1937. Although Bassett was not a
coordination chemist, it is astonishing that he did not
adopt ligand, the derivation of which from Latin ligare
seems obvious.® No doubt he was affected by the out-
break of the Second World War, and the absence of the
word in English textbooks,* Patterson’s German-Engl-
ish Dictionary for Chemists,*' and Chemical Abstracts.”
Since Bassett’s translation was used in the American
version® with only minor amendments of spelling and
footnotes, not surprisingly the word was omitted in
Janet Scott’s review of inorganic nomenclature pub-
lished in 1943.* Similarly, the French version of the 1938
Rules avoided the term by rendering ligands as “radi-
caux”.** The reluctance of English chemists to employ
ligand is underlined by the use of the word groups in the
English translation of Walter Hiickel's important text,
Anorgamsche Strukturchemie.*

On the other hand, there seems to have been less
reluctance to take ligand into other languages either
directly from German usage or from the German version
of the 1938 Rules. For example, around 1935 K. A.
Jensen introduced ligand into Danish, having learned the
term from Pfeiffer’s chapter on coordination chemistry
in Freudenberg's Stereochemie.*” After first using it in a
paper on platinum complexes,* which he published m
German, Jensen subsequently used it in Danish papers.*’
On Jensen’s suggestion, Jannik Bjerrum (who became
Jensen’s colleague at the University of Copenhagen in
1936) adopted the word in 1941 in the context of dis-
cussions of stepwise equilibria, e.g. a “step system con-
sisting of a central group M and n ligands A” and “ligand
effect”.*® Although the two chemists used ligand freely
in Danish and German conversations on coordination
chemistry, Bjerrum was initially in doubt whether he
could use ligand in English. However, Jensen assured
him that because Stock’s term was of Latin origin it
could be used in any language. In this way, together with
Tsuchida, Bjerrum became the first to use ligand in an
English publication. His use of the term was also im-
mediately accepted by some Swedish chemists®® who
were working in the same field.

Although in Brazil the German chemist Heinrich
Rheinboldt, who was a Professor of Chemistry in Sao
Paulo, introduced ligante into Portugese as a translation
of ligand,” there seems to be no other language into
which ligand has been taken from the German. The
German version of the 1938 Rules was not translated into
Russian. The word addend, which was in use in Russian
chemistry around 1950, was obviously derived from
Werner's Neuere Anschauungen. A little later the

expression “addends or ligands” was used, for example
in a book on coordination chemistry by Golovnya and
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Fedorov.” The Russian term “teoriya pelya ligandov”

has been used for “ligand field theory” since at least
1962.* Similarly, ligand did not appear in the huge Czech
and Polish 6-language dictionaries published in the
1950s.% The former cites the German version of the 1938
Rules but uses the term “koordinované molekuly” for
ligands. However, after 1960 ligand is used in Czech,
Polish and Croatian. Clearly, its introduction into Slavic
languages was due to the impact of the huge quantity of
papers on coordination chemistry which were published
in English during the early post-war years.

How then did ligand suddenly become so widespread
in English? A decisive factor was undoubtedly the first
post-war meeting in London in 1947 of the revived
International Union, which was retitled the International
Union of Pure and Applied Chemistry (IUPAC). Once
again, nomenclature discussions were reopened by a
Commission on the Nomenclature of Inorganic Chem-
istry, using the 1938 Rules as a starting point.* Although
Bassett (who had replaced Jorissen as chairman) was not
very happy with the proposal to adopt the continental
nomenclature for coordination compounds, Niels Bjer-

" and K. A. Jensen, seconded by Bassett’s secretary,
R. V. G. Ewens, argued vigorously that the primary work
of the Commission had to be an expansion of, and a
more precise formulation of, the 1938 Rules. It followed
that ligand should be used instead of expressions such as
“attached groups and molecules”. On the basis of this
discussion Bassett and Ewens published a review paper™®
in 1949 in which ligand was used and which also con-
tained the proposal (due to Ewens) to use the charge of
the entire ion (later known as the Ewens-Bassett number)
in cases where the centrai atom had no weli-defined
oxidation state.

Following further meetings of the Commission, a con-
siderably extended set of rules for the nomenclature of
inorganic chemistry was prepared and presented as
“Tentative Rules” at a conference in Stockholm™ in
1953. The contents of the new Rules were therefore
known four years before they were finally adopted by
the Council of the IUPAC at the conference in Paris in
1957 and published as ‘“Nomenclature of Inorganic
Chemistry 1957”.%°

The adoption of ligand into English by the IUPAC
commission became immediately known to many chem-
ists from the review paper by Ewens and Bassett®' and
by verbal information. However, the word ligand was
already familiar to some English chemists—to those who
worked with equilibria in solution from Bjerrum’s
thesis® and to those who worked with the preparation of
coordination compounds of platinum and other transition
metals from the German literature.*® The effect of the
TUPAC decision was primarily to reassure chemists that
ligand would be an acceptable word in an English text.
This is clearly demonstrated by the following fact: Bjer-
rum’s English thesis exerted a great influence on coor-
dination chemists working with the determination of
stability constants. As has already been mentioned, the
thesis induced Swedish chemists to use ligand, but
chemists using Englsh as their mother tongue accepted it
only around 1949.

The explosive dissemination of ligand during the 1950s
can be explained.as the result of a sort of branched chain
reaction, the traces of which it is impossible to map out.
It is reasonable to assume that the initiators were those
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to whom the term was already familiar and who used
ligand in their lectures and discussions. The foci for the
dissemination of ligand in English were apparently Uni-
versity College, London, The Butterwick Research
Laboratories, Welwyn, and the laboratory for inorganic
chemistry at the University of Oxford. By com-
munication between supervisor and student and between
authors, referees and editors, the term became employed
in a great number of English and American papers, in
what Nyholm described as “The Renaissance of In-
organic Chemistry”,** and from these it spread into other
languages. The first two coordination chemistry con-
ferences, at Welwyn in September 1950% and Copen-
hagen in August 1953,”” undoubtedly did much to make
the term familiar. In a lecture for the American Chemical
Society in 1951 Fernelius stated “The coordinated ions
or molecules have been referred to as ligands or ligates,
addenda, and adducts”, but his preference is evident
from the text that follows where he employs ligand
(together with “coordinated group”).*® Thus the term
ligand was in widespread use even before the Stockholm
conference in 1953.

At this time, too, ligand became frequently used in the
context of “ligand field theory”—an expression first ap-
pearing in print in 1954 in the published version of the
paper delivered by L. E Orgel and L. E. Sutton at the
Copenhagen meeting.”® At the Solvay meeting in Brus-
sels in May 1956, J. Bjerrum, C. K. Jgrgensen, R. S.
Nyholm and L. E. Orgel discussed the advantages of
using “ligand field theory”, and under what conditions.”

After Jannik Bjerrum had been appointed a full Pro-
fessor in Copenhagen in 1948, he had a great number of
American and Danish chemists working very intensely
ons coordination chemistry, and several important pub-
lications in DiighSh" combined to make the term ngana
known, and his American students brought it to the
U.S.A. R. S. Nyholm, who attended the Welwyn Con-
ference as an ICI Fellow, probably brought the term
ligand to Australia on his return there the same year. At
a meeting on coordination chemistry in Sydney’ in 1953,
Nyholm read a paper entitled “Nature of the Metal-
Ligand Bond in Complex Compounds”, leading his
countryman, D. P. Mellor, to comment that “The use of
the anything but euphonious term ‘ligand’ to designate
the atom, group of atoms, or molecule attached to the
central metal atom has now become so widespread that it
is not likely to be abandoned.”

dn manlea tha bacoe 1annd

CONCLUSIONS

As Crosland has noted in connection with organic
nomenclature, “The establishment of any system of
nomenclature presupposes the authority of an individual
or group to impose such a system.”” Partly because the
phenomenon of isomerism forced attention on the prob-
lems of indexing compounds very early, organic chemists
seem to have found international co-operation com-
paratively straightforward. (The Geneva Rules of 1892
were revised at Liége in 1930.) Conversely, as Fernelius
has noted, since inorganic chemistry lacked “the barrier
to mutual understanding” which the large numbers of
compounds raised for organic chemistry, the inorganic
nomenclature commission set up in 1919 “had to pioneer
for such co-operative effort”,” its communications and
authority being hampered by the aftermath of the First
World War and the disruption caused by the Second
World War, when agreement might otherwise have been
reached.”

By expressing in a non-committal way that something
is “bound” to a central atom, ligand could be used in

abstract papers without m-mlmng adherence tn miclead.

ing metaphoncal images. Its strength lay in its ready
extension into combinations such as “ligand field”,
“ligand effect”, or transformations such as “ligancy”.
Moreover, as we have seen, the term’s Latin origin
meant that it could be used in most Indo-European
languages with no, or only minor, changes (see Ap-
pendix). Hence its adoption in influential post-war papers
and its acceptance by the [IUPAC Nomenclature Com-
mission in 1947 were probably momentous for its ac-
ceptance by languages other than German.
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“Rapport du Comité de travail de réforme de la nomenclature de
chimie minérale, Paris (1926). English translation in Chem.
Weekbl 1926, 23, 86-93.
4Commission de réforme de Ja nomenclature de chimie minérale.
Rapport de M. Marcel Delépine, Recl. Trav. Chim. Pays-Bas

29, 48, 652-663.

. I. Meyer, Rapport sur la nomenclature des combinations
morgamques Helv. Chim. Acta 1937, 20, 159-175:"English
version Chem. Weekbl. 1936, 33, 722-729.

3$Hely. Chim. Acta, 1937, 20, 171. “Reihenfolge der Liganden” is
added in parenthesis after “ordre des constituants liés & I'atome

entral”.

¥LU.C. Kommission fiir die Reform der Nomenclature der
anorganischen Chemie: Richtsitze fiir die Benennung anor-
ganischer Verbindungen. Ber. dtsch. Chem. Ges. 1940, T3A,
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53-70. Remy also published an historical account of the 1938
Rules in 1942, See his “Die Richtsitze fiir die Benennung
anorganischer Verbindungen. Die Chemie 1942, 55, 267.

¥W. P. Jorissen, H. Bassett, A. Damiens, F. Fichter and H.

Remy, Rules for naming inorganic compounds: report of the

committee for the reform of inorganic chemical nomenclature,

1940. J. Chem. Soc. 1940, 1404-1415. Because of the publication
te, these are often called the 1940 Rules.
her, later, derivations were ligancy (see Linus Pauling, The

Nature of the Chemical Bond, 3rd Edn, p. 2. Cornell University

Press (1960) and R. S. Cahn, Sir Christopher K. Ingold and V.
Prelog, Specification of molecular chirality. Angew. Chem.
Intern. Ed. 1966, 5, 386); Snd ligate (Cahn, Ingolb and Prelog, p.
386).

“In H. J. Emeléus and J. S. Anderson, Modern Aspects of
Inorganic Chemistry, which was first published in 1938 and
which in its several later unrevised impressions exerted a
tremendous influence on post-World War II British chemistry
students, the term ligand was not used until the 1960 edition.
This refers (p. 115) to “so-called ligands”. We owe this in-
formation to Professor J. Chatt, who adds: It seems that the
name ligand was not familiar to main group chemists even
then”. Ligand was also notably absent in the work of American
coordination chemists, e.g. John C. Bailar, Jr., The stereo-
chemistry of complex inorganic compounds. Chem. Rev. 1936,
19, 67-87, and Symposium on complex inorganic compounds:
introduction to the symposium, Ibid. 1937, 21, 1-2; M. J.
Copley, L. S. Foster and J. C. Bailar, Jr., The stabilization of
valences by coordination. ibid. 1942, 30, 227-238; N. F. Hali,
The acid-base properties of complex ions. ibid. 1936, 19, 89-99;
H. Diehl, The chelate rings. ibid. 1937, 21, 39-111. Diehl writes
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“See note 11.
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peared in the Sixth Collective Index (1957-61). See, however,
note 62 below.

‘“J Am. Chem. Soc. 1941, 63, 889-897.

“J. D. Scott, Notes on the nomenclature of inorganic com-
pounds Inorganic Syntheses 1946, 2, 257-267 (“Attached
groups”, p. 262). Her earlier, lengthier report, The need for
reform in inorganic chemical nomenclature. Chem. Rev. 1943,
32, 73-97 also avoids the term (“coordinating groups”, p. 88),
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improved and internationally standized nomenclature”. Both
reports arose from an interest in nomenclature at Ohio State
University where Chemical Abstracts were produced and
where Fernelius was editing Inorganic Syntheses, Vol. 2 (letter
W. Conrad Fernelius, 9 February 1981). See W. C. Fernelius et
al., Chem. Eng. News 1948, 26, 520-523.
“Bull, Soc. Chim. Fr., 1941, 814-830.
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College, used the terminology of groups in Structural Chemistry
of Inorganic Compounds, I-II, New York, Amsterdam, London
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Hein, Chemische Koordinationslehre, Ziirich, 1950, p. 11. The
latter was known to R. G. Wilkins (see note 66).

“"Pfeiffer (note 27).
K. A. Jensen, Dipolmessungen an isomeren platokomplexen. Z.
Anorg Allg. Chem. 1935, 225, 97-141 (p. 97).
“Eg. K. A. Jensen, Om de. Koordinativt firegyldige Metallers
Stereokemi (Stereochemistry of coordinatively 4-valent metals),
Copenhagen (1937).

%J. Bjerrum, Metal Ammine Formation in Aqueous Solution:

Theory of Reversible Step Reactions, Copenhagen (1941); 2nd
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L. G. Sillén and B. Liljequist, Sven. Kem. Tidskr. 1944, 56,
85-95 (p. 85); 1. Leden, ibid. 1946, 58, 129-144 (p. 132).

24. Rheinboldt and H. Vieira de Campos, Nomenclatura e

Notacdo de Quimica Inorganica, Sio Paulo, 1954, However, in:

the translation of the IUPAC Rules of 1957 into European
Portuguese, ligand was rendered as ligando. See Rev. Port.
Qulm 1965, 7, 32-63.

V. A Golovnya and 1. A. Fedorov, Osnovnye Ponyatiya Khimii
Kompleksnykh Soedinenii. Moscow (1961).

1. B. Bersuker and A. V. Ablov, Khimicheskaya Svyaz v Kom-
pleksnykh Soedineniyakh, Kishinev (1962). (Teoriya polya
llgandov pp. 58-85.)

E Votolek, Chemicky Slouvnik. Prague (1952), Z. Sobecka, W.
Chomskl and P. Majorek, Dictionary of Chemistry and Chem-
ical Technology. Oxford (1966).CHowever, in an English~-Polish
Chemical Dictionary, edited by D. Kryt (Warsaw, 1964), the
Polish word for ligand is given as “ligand, addent”.

%At the meeting in 1947 the only member present from the old
commission was Bassett. Some new members had been ap-
pointed by national delegations, but only A. Silverman and A.
Olander continued as members. The young British chemist, R.
V. G. Ewens (who was killed in a railway accident in 1948),
served as secretary. Niels Bjerrum and K. A. Jensen, who were
present only as observers, were elected titular members at the
following meeting (Amsterdam, 1949), together with J. Bénard,
E. H. Buchner and G. H. Cheesman. At subsequent meetings
between 1951 and 1955, W. Feitknecht, L. Malatesta and H.
Remy became members of the commission which was finally
responsible for the 1957 Rules.

'G. B. Kauffman, Niels Bjerrum (1879-1958): a centennial
evaluation. J. Chem. Educ. 1980, §7, 779-782, 863-867.

*R. V. G. Ewens and H. Bassett, Inorganic chemical nomen-
clature. Chemistry and Industry 1949, 131-139.

®Comptes Rendus de la Dix-Septieme Conférence, Stockholm,
1953 (English text, pp. 98-119, with ligand, pp. 108-109). The
Dutch member, E. H. Buchner, published a Dutch translation in
Chem. Weekbl. 1955, 51, 295-310. Ligand also appears in the
“Editorial Report on Nomenclature, 1953”, J. Chem. Soc. 1953,
Part IV, p. 42014205, without comment, although it had not
been used in earlier reports.

“This is often called “The Red Book”. International Union of
Pure and Applied Chemistry. Nomenclature of Inorganic
Chemlstry, 1957, London (1959); 2nd ed. (1970 Rules), 1971.
'Ewens and Bassett, op. cit. (58).

’Bjerrum’s thesis was abstracted for Chemical Abstracts 1941,
35, 6527-6534, by J. P. McReynolds at Ohio State University,
where it attracted much interest (letter from W. Conrad Fer-
nelius, 9 February 1981). The term ligand is used repeatedly in
the abstract.

$E.g. R. S. Nyholm, Studies in coordination chemistry, Parts
I-IV, J. Chem. Soc. 1950, 843-859.

$E.g. from the Inorganic Chemistry Laboratory at Oxford, H.
Irving and R. J. P. Williams, On the order of stability of metal
complexes. Nature 1948, 162, 746, which is the first use of ligand
in a British paper known to us. According to Prof. R. J. P.
Williams, Prof. Irving adopted the term from Bjerrum’s thesis.

R. S. Nyholm, The Renaissance of Inorganic Chemistry, an
inaugural lecture, University College, London (1956). Reprinted
in Aaron J. Ihde and W. F. Kieffer (Eds.), Selected Readings in
the History of Chemistry, pp. 181-184, Easton, Pa. (1965), from
J. Chem. Educ. 1957, 34, 166-169.

“Imperial Chemical Industries, A Discussion on Coordination
Chemistry. Butterwick Research Laboratories Report No.
BRL/146, The Frythe, Welwyn, Herts., 1951 (typescript pre-
pared by J. Chatt and R. G. Wilkins). Ligand was used in six of
the eleven lectures as well as in discussion. The participants
included N. V. Sidgwick, H. Irving, G. Schwarzenbach, A. F.
Wells, R. S. Nyholm, J. Chatt, R. G. Wilkins, K. A. Jensen, L.
E. Orgel and L. E. Sutton. Sidgwick’s remarks in discussion, in
which ligand is used, were probably the subject of editing. See
note 20. ]

" Proceedings of the Symposium on Co-ordination Chemistry,
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Copenhagen, 1953. Danish Chemical Society, 1954. The word
ligand was used in 17 of the 34 papers presented at this
meeting: Danish: J. Bjerrum (pp. 35 and 51), J. Koefoed (p. 41),
and K. A. Jensen (p. 119); German: O. Schmitz-Du Mont (p.
55), W. Klemm (p. 97), and K. Gleu (p. 126); Swedish: Sture
Fronaeus (p. 63), I. Leden (p. 79), and D. Dyrssen (p. 133);
Dutch: van Panthaleon van Eck (p. 67); Austrian: Nelly Kono-
pik (p. 108); English: L. E. Orgel and L. E. Sutton (p. 21), P.
George (p. 56), R. J. P. Williams (p. 68), N. N. Greenwood (p.
101), and J. Chatt (p. 115); American: A. W. Adamson (p. 49).

®W. Conrad Fernelius, Nomenclature of coordination com-
pounds and its relation to general inorganic nomenclature.
Chemical Nomenclature, p. 9. Advances in Chemistry Series,
American Chemical Society (1953). The term ‘“aducts” was
Werner's. Despite Fernelius’s support for ligand in his review
it was not adopted in the influential college text, T. Moeller,
Inorganic Chemistry. New York and London (1952). Pauling
did not use the terms ligand or ligancy in print before 1945. J. C.
Bailar, Jr. used terms like ‘““donor molecule” (e.g. J. Am. Chem.
Soc. 1953, 75, 4574-4575) and “coordinating agent” (e.g. ibid.
1952, 74, 3131-3134, 3535-3538), adopting ligand only in
1954 (ibid. 1954, 76, 4051-4052).

L. E. Orgel and L. E. Sutton, Factors determining the stability
of complexes. Proceedings (note 67), pp. 17-24. As the report
of the “Discussion” (p. 24) makes clear, the paper was revised
for publication by Sutton, and papers published by Orgel during
1955 continued to use the term “crystal field”. (See Spectra of
transition-metal complexes. J. Chem. Phys. (June 1955), 23,
1004-1014 which was submitted 11 October 1954; and Elec-
tronic structures of transition-metal complexes. ibid. (Oct.
1955), 23, 819-823 which was submitted 28 December 1954). In
an important paper entitled Ligand field theory, J. S. Griffith
and L. E. Orgel stated: “We regard them both {i.. crystal field
and molecular orbital theory] as expressing certain aspects of a
more complete theory which we call ligand field theory. Quart.
Rev. 1957, 11, 381-393.

"Quelque Problémes de Chimie Minérale, 10. Conseil de Chimie
Solvay, Bruxelles, 1956, p. 233, Nyholm’s recommendation
citing Orgel and Sutton’s Copenhagen paper (note 67). Ap-
proval of the term came from Orgel himself (p. 314), J. Bjerrum
(p. 339) and C. K. Jorgensen (p. 348). According to C. K.
Jgrgensen, Comparative ligand field studies. Acta Chem. Scand
1957, 11, 53-72 submitted August 1956, “Orgel, Nyholm, J.
Bjerrum and the present author proposed at the Xth Solvay
Conference, Bruxelles, May 1956, to use the word ‘ligand field
theory’ to denote the crystal field theory extended with the
molecular orbital theory for partly intermixing with the orbitals
of the ligands, when applied especially to the action of the first
coordination sphere on the partly filled d-shell in a transition
group complex” (p. 53, note). Hence it was at the Solvay
meeting that the use of the term was defined.

"I, Bjerrum, Tendency of the metal ions towards complex for-
mation. Chem. Rev. 1950, 46, 381—401; J. Bjerrum and C. G.
Lamm, Metal ammine formation in solution. VIII. Cupric pen-
tammine formation with n-butylamine. Acta Chem. Scand.
1950, 4, 997-1004; C. K. Jgrgensen, Comparative crystal field
studies of some ligands and the lowest singlet state of
paramagnetic nickel (IT) complexes. Acta Chem. Scand 1955, 9,
1362-1377. Bjerrum’s American visitors included F. A. Cotton,
G. Wilkinson, A. W. Adamson and F. Basolo.

”A Conference on coordination chemistry, Sydney, May 1953.
Rev. Pure Appl. Chem. 1954, 4, 1-110. (R. S. Nyholm, pp.
15-40; D. P. Mellor, p. 47). For Nyholm (1917-71), see Chem.
Brit., August 1972, p. 341.

M. P. Crosland, Historical Studies in the Language of Chem-
istry. London, Melbourne, Toronto (1962), p. 338; reprinted,
Dover Books (1978).

™Fernelius (ref. 5), pp. 150-151.

"Jensen (ref. 5), p. 38.

Chem. List§, 1972, 66, 1049-1089; 1973, 67, 44-85, 197-208.

" Dansk Kemi, 1966, 47, 97-109.

" Mededel. Viaam. Chem. Ver. 1962, 24, 107-166.

™Bull. Soc. Chim. Fr., February 1975, numéro spécial.

® Richtsiitze fiir die Nomenklatur der anorganischen Chemie.
Verlag Chemie, Weinheim (1970).
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1972, Vol. 1, pp. 17-109.

8 Annali di Chimica 1959, 49, 663-701; Gazz. chim. ital. 1959, 89,
1243.
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¥Norwegian Chemical Society, Retningslinjer for norganiskk-
jemisk nomenklatur (1966).

8See Ref. 52.
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Uniane Internationalé de Chimie Purd si Aplicatd, Bucharest
(1977).
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*Personal communication from Professor Kazuo Yamasaki. See
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Adakémia Vied, Bratislava (1956).
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APPENDIX

The adoption of ligand in other languages

The 1957 Nomenclature Rules and/or the revised 1970 Rules
were translated into several languages: Czech,® Danish,”
Dutch,”® French,” German,®® Hungarian,” Italian,” Japanese,”
Norwegian,* Portugese,® Romanian,* Spanish,” Swedish,” and
Russian.” The respective national committes had, therefore, to
make a decision which word they would use for ligand in their
languages. In most cases ligand was used with only small changes
(often only of the plural form). In Japanese the word *hai-i shi”
(coordinating entity or body) was retained for ligand. Yuji Shi-
bata (1882-1980), who had studied under Werner at Ziirich in
1911-1912, introduced the term “hai-i ki” (coordinating radical)
in 1929. This was altered to “hai-i shi” by Shibata’s student,
Tsuchida, in 1938.%° Examples are:

ligand (ligands) English, French

ligand (liganden) Dutch, German

ligand (ligander) Danish, Norwegian, Swedish
ligand (ligandy) Czech, Polish, Russian
ligando (ligandos) Portuguese, Spanish
ligandum (ligandumok)  Hungarian

ligante (ligantes) Spanish, Brazilian Portuguese
legante (leganti) Italian

ligand (liganzi) Romanian

Most languages (including Japanese) have also adopted Stock
numbers, the only exceptions being Czech and Slovak,” where a
very old system devised by J. S. Presl in 1828 has been
retained.” In this system various valences are expressed by
suffixes (manganity, manganisty, manganovy, etc.).
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Abstract—The kinetics of dissociation and racemization of [Fe(phen)sJ** have been studied in aqueous methanol
solutions containing perchlorate, chloride, and thiocyanate ions. The racemization rate was decreased by Cl0% and
increased by SCN™, while the. dissociation rate was decreased by ClO; and increased slightly by CI” and
remarkably by SCN™. The effect of anions on the reaction rates became remarkable with the increase in methanol
content of the solutions. The results were reasonably explained in terms of ion association. The dissociation rate of
the complex ion in the ion-pair increased in the order, Cl0; < CI" < SCN, of associated anions, suggesting the
ion-pair interchange mechanism for the dissociation. The ion-association constants were determined to be 11+ 4,
18+ 4, and 25 + 15 (I = 0.1, 25°C) for ClOg, CI", and SCN™, respectively, in 0.64 mole-fraction (0.8 volume-fraction)

aqueous methanol.

INTRODUCTION

The kinetics of dissociation of [Fe(phen),}>* and
[Fe(bpy)s}>* have been studied extensively, and the
effect of added salts on the reaction rates has been
discussed in terms of ion-pair formation in aqueous' and
non-aqueous>* solutions. Blandamer et al.* studied the
kinetics of the reactions of [Fe(bpy)s)** with cyanide and
hydroxide ions in binary aqueous solvent mixtures. On
the standpoint of associative mechanism they have con-
cluded that the chemical potential changes of anions with
the change in solvent composition were dominant in
determining reactivities in their reaction with
[Fe(bpy)s]**.

We previously studied the effect of various inorganic
anions on the rates of dissociation and racemization of
[Fe(phen)s)** in aqueous solutions.' We analyzed the
experimental results considering the ion-pair formation
of the complex ion with an anion, and found the follow-
ing trends. (1) The dissociation rate constant of the
complex existing in the ion-pair increases with the in-
crease in proton affinity (basicity) of the anion: I” < Br~
<ClI"<NO;<OCN < N3<F <OH =CN~. (2
The intramolecular racemization rate constant, given by
apparent racemization rate constant minus dissociation
rate constant, increases with the increase in polarizability
(softness) of the anion: OH™ =CN™=F =CI” < Br =
NOs < OCN™ < I" < N3. We thought it desirable to
extend the study to include the systems containing
perchlorate, which is one of the hardest, least basic
anions, and thiocyanate, which is a very soft anion.
However, the effects of these anions were difficult to
measure in aqueous solution because of the low solu-
bility of [Fe(phen)s]** in the presence of these anions;

*Author to whom correspondence should be addressed.

only the effect of the thiocyanate ions on the racemiza-
tion rate were measured in supersaturated solutions.

In the present study, the effects of perchlorate and
thiocyanate ions on the dissociation and racemization of
[Fe(phen);]** were investigated in aqueous methanol
solutions. It was also our object to study the solvent
effect on the rates of dissociation and to see whether or
not the reactions in aqueous methanol solutions can be
explained by the same mechanism as in aqueous solu-
tions.

EXPERIMENTAL

The dissociation and racemization rates were obtained respec-
tively from the changes in absorbance (510nm) and optical
rotation (546 nm) of the solution containing 5 X 10~ mol dm™
[Fe(phen);] (ClOg); in a thermostated (+0.1°C) quartz cell. In
measuring the dissociation rate of the complex, 3.1x 10~ mol
dm™ nickel(I) perchlorate was added to the sample solution
except for the cases where the concentration of the nickel(Il) salt
or perchloric acid is explicitly described; nickel(II) and hydrogen
ions are effective as scavengers of liberated phenanthroline
molecules.' The absorbances at 510 nm of the complex-salt solu-
tions containing nickel(Il) or hydrogen ions became negligible
after a sufficient time, indicating that the complex ions com-
pletely dissociated to give solvated iron(IT) ions. All the reactions
were followed for four half-lives, and were found to be first
order in the metal complex concentration in the time range
studied. The dissociation and racemization rates obtained were
reproducible within +2 and +5%, respectively. Methanol, a
guaranteed reagent of Wako Pure Chemical Indistries, Ltd., was
purified by fractional distillation. Mixed solvents were prepared
by mixing appropriate volumes of the methanol and water; 0.6
and 0.8 volume fractions of methanol corresponds to 0.40 and
0.64 mole fractions (m.f.), respectively. The racemization and
dissociation experiments were carried out mainly in 0.40 and 0.64
mJf. aqueous methanol solutions, respectively. Solutions of
higher methanol concentrations are not suited for investigating
the effect of SCN™ ions on the rates because the reactions
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proceed too fast. Other reagents and techniques were the same
as those described in our previous paper.’

RESULTS AND DISCUSSION

As shown in Table 1, both the dissociation and in-
tramolecular racemization rates increased in the
presence of SCN™, and they are decreased by ClO; in
0.40 m.f. aqueous methanol solutions. The results extend
the previous findings in aqueous solutions that the in-
tramolecular racemization rate increased with the in-
crease in the polarizability of the anion, while the dis-
sociation rate increased with increasing basicity of the
anion.' The same order of the effect of the added anions
was also observed in 0.64 m.f. aqueous methanol and in
pure methanol (Tables 2 and 3). The retarding effect of
ClO; on the racemization rate were also reported in
several solvent systems by Van Meter and Neumann.’

For the analysis of the experimental results, the fol-
lowing reaction processes were assumed:

Ip
K

(Fe(phen);]** + X~ = [Fe(phen)s]""- X~ )

S. TACHIYASHIKI and H. YAMATERA

kd

[Fe(phen);J** —[Fe(phen),}** + phen

fast
- Fe** + 3phen 0))

ka)
[Fe(phen)]** - X~ - [Fe(phen),]** - X~ + phen

fast
- Fe** +3phen+X". 3)

Then the thermodynamic ion-association constant for
reaction (1), K&, and the dissociation rate constant,
k>, are given by:

_ [Fe(phen3*-X7] 1

P 2
Ko = Fetphem 1K 175 @
kﬁ‘”d = kd + kg:X)K :;)fZ[x“] (5)

1+ KGoflX7]

Table 1. Dissociation and racemization rate constants of [Fe(phen);]** in 0.40 m.f. aqueous methanol at 20.0°C

obsd obsd i*
Added salts kg ky ky
mol dm™> 1073 s7t 1073 g7t 1073 st
None 0.0797 2.75 2.67
NaClO4 0.51 0.0482 1.95 1.90
KSCN 0.51 0.608 5.32 4.71

* Intramolecular racemization rate constant (k

obsd obsd
r “kg )

Table 2. Dissociation rate constants of [Fe(phen);]** in 0.64 m.f. aqueous methanol at 25.0°C

Added Salts/mol dm > kngd/10-3 s1 kgalca*/10_3 st
Ni(Clo,), 0.00019 0.243 0.246
9.00032 0.243 0.245
0.00039 0.243 0.244
0.00075 0.245 0.242
0.00226 0.236 0.235
0.00298 0.236 0.232
0.00353 0.232 0.231
0.0119 0.214 0.214
HC10, 0.0160 0.212 0.214
0.160 0.166 0.166
Nicl, 0.00075 0.263 0.261
0.0050 0.288 0.292
0.101 0.385 0.380
0.496 0.428 0.431
KSCN 0.0005 0.335 0.393
0.0042 1.30 1.04
0.0693 2.82 2.79
0.804 3.98 4.06

* Calculated

with the values given in Table 4.
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Table 3. Dissociation rate constants of [Fe(phen)s)** in absolute
methanol at 25.0°C.

Added Salts/mol am™> kngd -3 571

/10

Ni(clo,), 0.0005 0.036
0.0021 0.036
0.0111 0.038

KSCN 0.0081 8.00
0.072 13.0

where k; and k3, are the rate constants for reactions
(2) and (3), respectively. The activity coeflicient, f, of an
ion with a charge of +z was estimated by using the
extended Debye-Hiickel equation:

A2VI
logf,= 1+Ba\/I+ bI (6)
where A =0.2174 (¢*/ekT)\/(87N €*/1000ekT) and B =
/(87N €°/1000ekT) with usual meanings of the nota-
tions.® The values of a =(7—-10)x 10"*cm and b = 0.1z>
were assumed in the calculation, together with € =78.5
for water and € = 44.0 for 0.64 m.f. aqueous methanol.
We first examine the effect of ion association on the
concentration of free anion([X"]) and the ionic strength
(I). The concentration of the complex salt was much
lower than those of the added salt, and therefore it
suffice to consider the effect of ion association only
between added ions:

MY +XT=2 M- XT Y

where M™* (n =1 or 2) and X~ represent the cation and
anion of the added salt. The association constant, K, is
given by:

[Mn+ . X—] _fn_—_l - X f,.-] (8)
IM™IXTT fafi (¢ —x)(nc —x) fufs

where ¢ is the total concentration of the added salt, and
x the concentration of the ion-pair at equilibrium. With
the knowledge of the values of K and f,, the net con-
centration of the free anion, nc — x, can be obtained from
eqn (8). In the absence of the experimental ion-asso-
ciation constants for such systems, K values for diposi-
tive and mononegative ions and for monopositive and
mononegative ions were calculated theoretically’ using
various values ((3—6)x 10~ cm) of the closest distance
of approach between ions. The approximate f. values
were obtained from eqn (6) by assuming the value of a to
be (3—6)x 10~ cm, and with the first approximation of
I = n(n + 1)c/2. Then, the value of x was calculated from
eqn (8). The f, were recalculated with I=
n(n+1)c/2—- nx to give a better x value as the second
step of approximation. Further repetition of the pro-
cedure reproduced the x value within the limits of
experimental error. The net concentration of the free
anion and the ionic strength of the medium were cal-
culated by the use of the x value thus obtained.

With the [X7] and I values obtained, the K, and
k 3o values were determined to give the best fit between
the observed kinetic data and the calculated curve ac-
cording to eqn (5). In obtaining the K &, and k x, values
for X=CI" and SCN~, we disregarded the effect of

K=

perchlorate ions, contained in a low concentration (7.2 X
10"*moldm™) as counter ions of the complex cations
and the added nickel(Il) ions. The K%, values were
transformed to the concentration ion-association con-
stant, K &, at I = 0.1 by means of eqn (6).

The rate constant for the dissociation of the complex
ion in the ion-pair (eqn (3)) increased in the order, ClO, <
CI” <SCN-, of the associated anion in 0.64 m.f. aqueous
methanol (Table 4). The sequence is consistent with
those obtained in aqueous solutions;' i.e. the rate con-
stant for the ion-pair increased with the increase in the
pKa of the conjugate acid of the anion. This suggests
that the mechanism of dissociation in this case is the
same as that in aqueous solutions (ion-pair interchange
mechanism").

The dissociation rate constants of the complex in the
presence of SCN™ and of CI” increased with the increase
in methanol content, as can be seen from a comparison
of the results given in Tables 1-3. Similar results were
obtained for the dissociation of [Fe(bpy)s]*" by Seiden et
al” The increase in rate with the increase in methanol
content is caused by the increase in the reactivity of the
ion-pair as well as the increase in the association con-
stant (see Table 4). The larger reactivity of the ion-pair in
the solution of higher methanol content can be well
understood by considering the influence of the dielectric
constant of the medium. The free-energy difference be-
tween the polar ion-pair and the less polar activated
complex is larger in a medium with a higher dielectric
constant.® Thus, the activation energy becomes smaller
with the decrease in the dielectric constant of a medium,
or with the increase in methanol content. In this con-
nection, it is interesting to note the fact that
[Fe(phen)s]Cl, and [Fe(pbm)sJ(SCN), are converted to
[Fe(phen),CL,> and [Fe(pbm)ASCN),]** in di-
chloromethane and chloroform, respectively, at rates
much faster than the dissociation rates of the tris-com-
plexes in aqueous solutions.

The dissociation rate of the free complex cation in 0.64
m.f. aqueous methanol was found to be considerably
smaller than that in dimethyl sulfoxide (Table 4) reported
by Farrington et al., in spite of the fact that the dielec-
tric constants of the two solvents are almost the same.
Similar but more pronounced tendencies were observed,
when the complex cation was ion-paired with ClOZ and
with CI”. This shows that the coordinating ability, in
addition to the dielectric constant, of solvent molecules
makes a significant contribution to the dissociation rate
of the complex ion.

As shown in Table 4, the ion-association constants
increased in the order of ClO3 <CI” < SCN™ in 0.64 m.f.
aqueous methanol; a consistent order was previously
found in aqueous solution.’ The K &, values for CI™ and
SCN™ were greater in 0.64 m.f. aqueous methanol than in
water. This trend is consistent with the theoretical pre-
diction (Table 4). Table 4 also lists the K&, values
reported for CIO and ClI™ in dimethyl sulfoxide;® the
values are much greater than those obtained in 0.64 m.f.
aqueous methanol in the present study. However, the
literature values cannot directly be compared with the
present resuits, since the former were derived without
allowance for the ion association of the added salt and
for the change in ionic strength.

The effect of added salts on the rate of dissociation of
[Fe(phen).]** in aqueous methanol solutions can
reasonably be understood in terms of ion association of
the complex with anions.
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Table 4. Ion-association constants of [Fe(phen),]** with anions and dissociation rate constants of the complex in
ion-pairs at 25.0°C and I =0.1

k;ix)/lo_Bs-l Ké?x)/mol am™3

Counter

Ion wateré) 0.61 m.f. dmsog) water 0.61 m.£. dmsob)

MeOH MeOH

free ion| 0.073 0.249+0,002 0.77 _— _— _
C104- —_— 0.086%0,033 1.5 —_ 10.6* 3,6 39110
c1” —— 0.452+0,022 580. 1.5%0 89) 18.4+ 4,1 5327
SCN~ -_ 4,69 *1,34 _— 2.611.12) 25,1+14.9 —_—
Theoryg)

a= 54 — — — | 2.6 13.0 13.0

a=10A | — — — | 1.3 5.2 5.2

3

a) Data in 0.1 mol dm ~ HCl.

The XK values were obtained without considering the

0m) represents the closest

b) Ref. 3.

effect of ionic strength.
¢) Ref. 1. The K values at 32.0°C.
d) Ref. 6a. The symbol a (A=10"

distance of approach between ions,
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Abstract—The kinetics of the intramolecular acetate scramblings occurring in thirteen ethylenediaminetetraacetate
(EDTA) complexes has been studied by analyzing the modification observed in the NMR spectra of their D,0
solutions, when temperature is changed. The experimental results indicate that the A, A conversion is a fast process
on the NMR time scale for each of the complexes considered, whereas the nitrogen inversion occurs at an
observable rate in the case of the Cd(IT), In(IIT), Sc(IIT), Y(III) and Lu(III) chelates and is too rapid in the other
complexes. Computer analysis of the experimental NMR spectra has been performed in order to obtain enthalpy,
entropy and free energy of activation concerning the N inversion of the cited chelates. Twist and bond breaking
mechanisms are discussed with reference to both scrambling processes.

INTRODUCTION

Proton magnetic resonance has proved to be a powerful
technique in studying the intramolecular processes
occurring in organic molecules.'! Among the various
fields of application of this technique, a particular inter-
est can be found in the study of the labilities of the
coordination bonds in metal complexes, because of the
wide use of such compounds in many branches of
modern chemistry. Particularly, polyaminepolycarboxy-
lic acids are widely used as chelating agents, and among
them, ethylenediaminetetraacetic acid (EDTA) is by far
the most employed. The study of the intramolecular
rearrangements occurring in EDTA complexes may
therefore be considered worth being done. However,
such an investigation should require a detailed know-
ledge of the structure of the solution forms of the metal
chelates; unfortunately, literature data do not agree when
dealing with the number of the coordination sites actu-
ally utilized by the ligand.>® In this paper the generally
accepted octahedral hexacoordinate structure will be
referred to; the possible presence of differently coor-
dinated species in solution would not affect the sense of
the considerations given, because a rapid averaging among
the various forms is very likely to occur in the working
experimental conditions.

An hexacoordinate complex in solution can be present
in two different configurations, which are normally
referred to as A or A, respectively.'® The two configura-
tions show the same NMR spectrum, which is mainly
characterized by the presence in the molecule of eight
methylene protons in the four acetate groups. These
protons can experience different magnetic environments
owing to their different steric arrangement in the com-
plex. Particularly, an acetate group can be referred to as
in plane or out of plane, depending on its position in
relation to the plane formed by the metal ion and the two
nitrogen atoms. If the complex has a symmetrical struc-
ture, as in the case of EDTA chelates, the two out of
plane positions are equivalent and so are the two in plane
ones. Besides, each methylene proton in an acetate group
can occupy an axial or equatorial position, in relation to
the fact that the hydrogen to carbon bond is parallel or
not to the symmetry axis passing through the centre of

* Author to whom correspondence should be addressed.

Poly Vol 2. Ne. 1-B

the corresponding five-membered ring. In conclusion, the
NMR spectrum of the methylene protons of a A or A
configuration of an EDTA complex will show, in the
absence of any intramolecular exchange, resonances
corresponding to four magnetically non-equivalent pro-
tons, which can be named as out-of-plane axial and
equatorial, and in-plane axial and equatorial, and will be
referred to in this paper as H,’, H', H, and H,,
respectively. Particularly, these protons give rise to two
AB quartets in the NMR spectrum, because of the
geminal coupling between the hydrogen nuclei belonging
to the same acetate group.

A sufficient lability of the coordination bonds can
cause, if not prevented by an excessive rigidity of the
ligand backbone, an interchange between the A and A
configurations (A, A conversion), or provoke the lone
pair inversion of the nitrogen atoms (nitrogen inversion).
The two processes are not necessarily interdependent,
and give rise to different patterns in the NMR resonances
of the methylene protons. In fact, both cause the two AB
quartets to coalesce into only one AB pattern, but the
spectral parameters are different in the two cases,
because of the different exchange mechanism. Parti-
cularly, the A, A conversion makes the H® and H,’
protons average their magnetic environments with the
H,' and H,' nuclei, respectively, whereas the nitrogen
inversion causes an exchange of the type H s H,' and
HlsHY' (Fig. 1). When the processes occur simul-
taneously, a single methylene proton is bound to
experience and average all the magnetic environments
related to the axial and equatorial protons, in-plane and
out-of-plane, and the NMR spectrum shows the collapse
of the AB quartet into a single peak.

The possibility of observing the described
modifications in the NMR spectrum of an EDTA chelate,
depends on the fact that the considered intramolecular
scramblings occur at a rate of the order of the extent of
the NMR spectrum itself; therefore, only in this case is it
possible to study the kinetics of these exchange pro-
cesses.

The situations which may be encountered when deal-
ing with an octahedral complex are summarized in Table
1. It must be noted that in the given scheme the pos-
sibility of a breaking of the metal-to-nitrogen bonds
without previous rupture of the metal-to-oxygen bonds
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Table 1. Summary of situations arising in the NMR spectrum of an octahedral symmetric complex, depending on
the labilities, on the NMR time scale, of the metal to ligand bonds

Bonds' lability
on the NMR time scale

Acetate scrambling
occwrring by

AA nitrogen

Number of methylenic protons
with different

env ts of the NMR spectrum

M-0 M-N conversion inversion
i i
rot labile not labile no ) 4(HZ,HZ,He,Ha) two AB patterns
o o} i i
no no 4(He,Ha,He,Ha) two AB patterns
labile not labile
o] o] i
yes %] 2(HegH;,Ha=:He) one AB pattern
i
no yes Z(Hozﬂ ,Ho.—zﬂ ) one AB pattern
€ e a
labile labile
yes yes 1 H:x Hi.—: H:?-Hi ) one single peak
has not been taken into account, because it is incon- RESULTS AND DISCUSSION

sistent with the considered structure of the complexes.
On the same grounds, it follows that the nitrogen in-
version (which requires the rupture of the M-N link to
occur) can only take place in conditions in which also the
A, A conversion occurs, unless this is hindered by steric
factors. Because the EDTA backbone is flexible enough
to allow the configurational exchange, it follows that the
resonances of the methylene protons in the NMR spec-
trum of an EDTA chelate can be expected to change
with the labilities of the coordination bonds by giving the
coalescence of the two AB quartets into one AB pattern
and then into a single peak.

EXPERIMENTAL

Weighed amounts of dried ethylenediaminetetraacetic acid and
metal nitrates (C. Erba, Merck, K and K reagents) were dis-
solved in deuterium oxide in order to prepare solutions with
concentrations of the metal complex ranging from 0.05 to 0.10 M
Potassium deuteroxide was used to adjust the pD of the solutions
to a value ensuring the complete formation of the complex in the
investigated range of temperature, excluding any hydroxo- or
protonated form."

NMR spectra were recorded by means of a Varian T-60
spectrometer, equipped with a T-6057 lock-decoupler and a T-6080
temperature controller. The calibration of the probe temperature
meter was obtained by measuring the chemical shift of the
hydroxyl protons of both methanol and ethylene glycol.'* The
homogeneity of the magnetic field was checked before each run
with the magnetic field locked on the HOD line.

Intramolecular rate constants (k) were obtained by complete
line shape analysis of the experimental spectra; a slightly
modified version of the DNMR program' was used, which
performed calculation and plots of theoretical spectra by the
input data of chemical shifts, coupling constants and transverse
relaxation times of the exchanging sites; these were obtained
from the spectra recorded in absence of the studied exchange
process. The most reliable value of k was chosen for each
spectrum by searching for the best fitting with the theoretical
ones, computed by progressive adjustments of the imposed rate
constant.

Mg(Il), Ca(ll), Sr(I), Ba(Il), Zn(Il), Cd(lI), Pb(I),
Sc(lII), Y(ID), La(lIl), Lu(Ill), AI(III) and In(III) com-
plexes of EDTA have been studied. In all cases the NMR
spectra recorded at the lowest working temperature (the
solutions’ freezing points) revealed that the configura-
tional exchange between the A and A forms was fast on
the NMR time scale. Particularly, all spectra, except those
recorded on Cd-, In-, Sc-, Y- and Lu-EDTA solutions,
consisted of a single peak in all the investigated range of
temperature  (273-373K), denoting the magnetic
equivalence of all the methylene protons. This allows us
to state that in these cases also the nitrogen inversion is a
fast process on the NMR time scale. As a consequence,
it was not possible to give a quantitative treatment of the
kinetics of the intramolecular processes occurring in the
corresponding complexes.

Things were different when examining the spectra
recorded on Cd-, In-, Sc-, Y- and Lu-EDTA solutions. In
these cases the resonances of the methylene protons
consist of an AB pattern at the lowest working tem-
perature; this means that two sets of protons interchang-
ing their magnetic environments are present in the com-
plexes in these conditions and supports the hypothesis of a
rapid configurational exchange, but a slow nitrogen in-
version on the NMR time scale. The failure to obtain the
splitting of the AB quartet into two patterns prevented
the possibility of studying the A, A conversion, but the N
inversion was succesfully investigated by analyzing the
progressive collapse of the AB quartet with the increase
of temperature. At such purpose the AB pattern was
dealt with as the “frozen” spectrum with respect to the
studied process and provided the spectral parameters
required as input data in the computer program. It must
be noted that only in the case of the indium complex was
the complete collapse of the quartet into a single line
observed, whereas this was not achieved for the other
chelates up to their solutions’ boiling point. However, the
spectral modifications observed were sufficient to allow a
reliable treatment of the exchange process also in these
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cases. Furthermore, as regards the Cd-EDTA spectra,
satellite peaks were observed, arising from the coupling
of the proton with the '*'Cd and '*Cd nuclei; these peaks
were not taken into account in the computer analysis of
the spectra owing to their relatively low intensity.

Figures 2 and 3 show the NMR spectra recorded at
different temperatures on In- and Sc-EDTA solutions,
together with their best fitting computed ones; for sim-
plicity reasons, only the most characteristic inner peaks
of the AB quartets are reported. The spectra of Cd-, Y-
and Lu-EDTA complexes showed a behaviour rather
similar to that of SCEDTA.

The intramolecular rate constants (k) obtained by the
computer analysis of the spectra were plotted as In k vs

k:38 s’
T:3200 K
k:=32s"'
T:307.5K
k:23s"’
T: 296.5K

Fig. 2. NMR spectra of In-EDTA solutions at different tem-
peratures (T) and corresponding best fitting computed ones. Only
the inner peaks of the AB quartet are shown.

the reciprocal of the absolute temperature (T) (Fig. 4)
and allowed to obtain frequency factors and activation
energies of the studied processes, and therefore enthal-
pies, entropies and free energies of activation (see Table
2). By doing that, a transmission coefficient has to be
taken into account, which gives the probability of the
exchange process to occur actually after having reached
the activated state; in the present case, its value has been
set equal to 1/2 because of the identity of the energy
levels of the exchanging sites and the consequent equal
probability of reforming the nitrogen coordination having
or not undergone the lone pair inversion.

The search for a likely pathway of intramolecular
rearrangements in metal complexes is a much discussed
problem and has been the object of several studies.'"™"'
These include both dissociative and twist mechanisms,
requiring or not the rupture of the coordination bonds,
respectively. In the particular case of the processes
studied in the present work, it must be noted that the
twist mechanism, which may be suitable to account for
the rapid A, A conversion of the investigated complexes,
cannot explain a nitrogen inversion. In fact, this process
can only occur if the metal to nitrogen bond is broken.
However, the negative values obtained for the entropies
of activation are more easily associated with twist rather
than dissociative pathways®’ and are consistent with the
increased state of order intrinsic in the trigonal prism
representing the activated state of the twist process.”® All
that could be accounted for if a “twist with rupture”
sequence is accepted, as proposed by Eaton ef al.,”” who
supposed the possibility of a bond breaking in the inter-
mediate state of the twist pathway.

Examination of literature data allows a comparison
between the results of the present work with several
others concerning EDTA complexes, even though these
are mostly limited to qualitative deductions drawn from
the presence or not of multiplet patterns in the NMR
spectra. So Kula ef al."” have shown the labilities of the
metal-to-oxygen bonds in alkaline earth, Zn, Pb, Hg and

k:49s"'
T:-369.5K

K:33s’
:3460 K

K:2

1

2s”’

T:3275K

Fig. 3. NMR spectra of Sc-EDTA solutions at different temperatures (T) and corresponding best fitting computed
ones. Only the inner peaks of the AB quartet are shown.
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in K

] |

30 35
10%T
Fig. 4. Arrhenius plot referring to the nitrogen inversion of the Cd- (@), In- (&), S¢- (4), Y- (O) and Lu-EDTA @)
complexes.

“Table 2. Summary of activation parameters

metal ion activation enthalpy activation entxopy free energy of activation
(Kcal/mol) at 298 K {e. u.}) at 298 X {Keal frol) at 298 K
Sc(I11) 4.1 +0.2 - 38.5 + 0.7 15.6 + 0.4
In(IIT) 3.1 +0.2 - 40.4 + 0.8 15.1 + 0.5
Y{IID) 2.4 + 0.3 - 44.4 +0.8 15.7 + 0.5
La(1In 2.1 + 0.4 -45+1 35.5 + 0.8
ca(11) 2.0 + 0.4 -45+1 15.4 + 0.7

Al complexes and Day and Reilley'® have given evidence
of the lifetimes of both oxygen and nitrogen coordination
in the Pb, Cd and Co(III) complexes. Chan et al.”* have
studied the Mo(VI) binuclear complex, Ryh®® the lan-
thanum and lutetium complexes and Baisden and
coworkers® the alkaline earth, Bi, Y, La, Lu and In
chelates. Everhart and Evilia,>' at fast, have investigated
the Ni and Co(Il) systems. The results given in these
papers are in agreement with those of this work, when
referring to comparable situations. Particularly, Baisden
and coworkers have put forward the hypothesis of a
correlation between the z°/r ratio (where z is the charge
and r the radius of the cation) and lifetime of the
intramolecular bonds, and proposed the value z%/r =9 as
the limit beyond which an AB quartet is to be expected
in the NMR spectrum of an EDTA chelate. This is in
agreement with the whole of the data available on EDTA
chelates, with the exceptions of the Cd (slow nitrogen
inversion with z*/r=4) and Al complexes (fast inter-
conversion despite its z2/r=18).

Another attempt to interpret the results obtained can
be made by admitting that the lifetime of a coordination
bond is mainly due to steric effects rather than to
changes in the bond character itself;’ this leads to con-
sidering the size of the metal ion as an important factor
in determining the lability of the metal-to-ligand links.

The results concerning ten out of the thirteen complexes
investigated are consistent with the hypothesis of setting
a radius of 1A as the value over which the metal-to-
nitrogen bond is labile enough to give a fast N inversion
on the NMR time scale. The disagreement is given, in
this case, by the fast N inversion observed for the
complexes formed with the small Mg, Zn and Al ions.
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Abstract—Ab initio calculations including the effects of solvation on the hydrogen bonding interactions between F~

1

and phosphorous acid, HPO3;H;, have been performed, resulting in a value of 61 kI mol™ for the hydrogen bond
energy of [HPO;H,F]™. Attempts to show that this species exists in aqueous solution have been made using "0,
F and *'P NMR spectroscopy and pH and conductance studies, but these indicate that the principal reaction is an
acid-base neutralization. Crystals of KF.HPO;H, grow from aqueous solution but these are not the same as those
from methanol solution which are known to be strongly hydrogen bonded.

INTRODUCTION

The bifluoride ion still ranks as the species which pos-
sesses the strongest hydrogen bond' but several other
examples of strong or short bonds involving the fluoride
ion are known.”? In KF.(CH,CO,H), and KF.(CH,CO.D),
the F~ acts as the acceptor to two hydrogen bonds
formed with the carboxylic acid groups of different suc-
cinic acid molecules and r(O- -F) is 244 pm.?

In crystals of Te(OH)6.2KF the fluoride ions each form
three OHF hydrogen bonds and r(O--F) is 258.% A
similar situation is present in Te(OH)s.NaF.® The shor-
test OHF bonds are those in crystals of (KHPO, HF),
whose structure is based on cyclic dimers of the anion.
The value of r(O--F) is 238 pm with the proton lying
nearer the fluoride so that the hydrogen bond is essen-
tially between a hydrogen phosphite group and HF, (I).*
The OHO bonds holding the dimers together are also
quite short, {O- -O) = 256 pm.

H 0...H-0 O ...H-—-F
\p/ \p/
/N 7'\

F—H...70 O0—H...0 H D

Somewhat surprisingly there has been no further in-
vestigation of (KHPO,H.HF), since its discovery’ and
structural detetermination.*® In view of the rarity of the
OHF hydrogen bonds we have calculated the hydrogen
bond energy of this bond and studied mixed solutions of
KF and HPO;H, with a view to observing (I) in an
aqueous environment, following our discovery that crys-
tals of the same empirical composition KF.HPO,H, will
grow from a saturated aqueous solution of KF and
HPO;H;. The original method for producing the adduct
used methanol as the solvent or alternatively an aqueous
solution of HF and KHPO:H.?

* Author to whom correspondence should be addressed.

THEORETICAL PROCEDURE

Ab initio LCAO-MO-SCF calculations were perfor-
med on HPO:,Hz, HP03H“, HPOgHzeZA, HPO;Z—,
HPO,H,F~ and HPO,HF*™ using a version of the pro-
gram GAUSSIAN 76.° This program has been modified
to perform level-shifting of the Hartree-Fock Hamil-
tonian'® directly in the atomic orbital basis to guarantee
the convergence of the iterative SCF calculations.
Geometry optimizations (bond lengths to within =1pm,
bond angles to within +0.1°) were performed with the
split-valence 4-31G and 44-31G basis sets,”” using stan-
dard univariate quadratic interpolation procedures.

(a) Phosphite ion, HPO,>~

Starting with a tetrahedral geometry about phosphorus
the following optimized parameters were obtained:
r(PH) = 150.8 pm, r(PO) = 159.8 pm, HPO = 102.9°.

(b) Hydrogen phosphite ion, HPOsH™

To the optimized HPO,"™ arrangement a proton was
added with r(OH) =90.0pm and POH = 109.5°, and the
structure was reoptimized to produce the values of (II).
The dihedral angle HOPH was assumed to be zero.

H
I 146:0

105 s°/P\m°’ss

A PN 119-4°
0 0/58-6\)’6\ H

960

{(n

(c) Phosphorous acid, HPO,H,

The addition of another proton to (II) followed by
reoptimization produced only marginal changes: r(OH) =
96.2 pm; POH = 119.6°.
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(d) Hydrogen phosphite fluoride, [HPO;HF]*~

Adding a fluoride ion to (I) with r(HF) = 120.0 pm, the
structure of the ion was optimized at the hydrogen bond
centre to give r(OH) = 105.1 pm, (HF) = 137.4pm OHF =
180° (assumed) and POH = 121.6°, assuming the hydrogen
bond to be linear.

(e) Phosphorous acid fluoride, [HPO;H,F]™

Starting from the optimized structure of (c), structure
(II) was calculated by optimizing the parameters shown
under the assumptions of a linear hydrogen bond and
zero HOPH dihedral angles.

p—

T

-"\°'°
Olzg / OFs H |oz~3E’
H—55%-0

e pu—

()

(f) Phosphorous acid difluoride, [HPO,;H,F,)*~

Starting with the optimized structure of (IIT) a second
fluoride was added to the remaining acidic hydrogen such
that r(OH), r(HF) and POH are equal to those in (III).

The hydrogen bond energy of [HPO;H,F]™ was then
computed using the extended [6s4p/4s2p/2s1p] concen-
trated Gaussian basis set of Dunning"® with an s-orbital
scaling factor of V/(2) and a p-orbital exponent of 0.7 for
the protons. The effect of the addition of a set of single
3d Gaussian polarization functions (a, = 0.43)"*
phosphorus was studied. This basis set has been shown
to be sufficiently complete to yield hydrogen bend ener-
gies which are stable against further basis extensions and
against “ghost orbital” corrections.” Single determinant
SCF wavefunctions are generally adequate for the cal-
culations of the energies of strong hydrogen bonds be-
tween closed shell molecules since the molecular extra
correlation energy and the zero- gomt vibrational cor-
rections are both small (ca. 5%)." Finally, the effect of
solvation on the hydrogen bonding interaction was stu-
died using the non-specific solvation method."” The
results of the calculations are presented in Table 1.

EXPERIMENTAL

Instruments

Perkin Elmer 457 IR spectrometer (KBr discs, nujol mulls),
Beckman pH electrode; Bruker HFX90 NMR spectrometer (°F,
84,66 MHz, referenced to CFCl;; >'P, 36.43 MHz, referenced to
85% H:PO;) and Bruker WM250 NMR spectrometer ("o,
39.909 MHz, referenced to H,0). Materials: KF, KHF,, KHPO;H
and HPO:;H; were analytical grade, HF was a 40% solution in
water.

Table 1. Total energies (hartrees)® and solvation energies (kJ mol™") of the molecules and ions studied

Molecular E,
species 4=31C
RPOS” -564, 95787
HPOH -565. 70723
HPO 352 =566, 23910
[xpo5m]2‘ -664. 92480
[HP05H2F I~ -665, 62467
Fo ~y9, 24762°
HF -99, 88729°
(eo 1,7, 1 -764.98384
g -199. 23504

2

b c
EO AE;sol ro
[684p/4s2p/281p]
-565, 62599 -899 5.0
565, 807552
~566, 39816 283 3.0
-566. 54487°
-566. 93035 54 51
567, 062672
-665, 74233 870 51
-665. 92279°
-666. 46169
A -331 5.2
666, 60155
-99. 41406° 481 1.4
-100, 038477 .35 L7
76583338 248 56
-765. 98370
«199, 53533 269 2.5

8} hartree = 4, 35981 x 1073%5; P

£« 33.0 (methanol); °

radii of A.Bondi, J, Phys. Chem., 1964, £8, 441;
® ¥ J.Bousa & L.Radom, Chem. Phys. Letts, 1979, §4, 2164

phosphorusj
f see ref, 17,

calculated with a dielectric constant
cavity radius (x) derived from the van der Waals

4 yith 3d orbitals on
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Preparation of KF.HPO:H,

HPO:H, (5 g, 0.06 mol) and KF (3.5 g, 0.06 mol) were dissolved in
water (10 cm?). Evaporation under vacuum at room temperature
produced crystals of the adduct KF.HPO;H; m.p. 170°. Found: P,
22.0; H,2.1;F, 13.6; K, 27.4%. Calculated for H;FKO:P: P, 22.1; H,
2.1; F, 13.5; K, 27.8%. The same compound was also grown from a
solution of KHPO;H in aqueous HF. The crystals are stable in air
and can be recrystallized from water. Their solubility is
24000 gkg™', the actual solubility being difficult to determine
exactly because of the high viscosity of such solutions; the
solubility of HPO;H, in water at 0°C is 3090 gkg™".'® When
saturated solutions of KF and HPO3H, were mixed a temperature
rise of 12°C was recorded.

Crystals grown from an aqueous solution containing a 1:2 mole
ratio of HPO;H; : KF were identified as KHF- by their IR spectrum
and analysis. Found: P, <1; H, 1.4; F, 48.0; K, 49.2%. Calculated
for FRHK: H, 1.3; F, 48.7; K, 50.1%. Crystals grown from an
aqueous solution of HPO;H, and KHF, were also identified as
KHF..

DISCUSSION

The original discoverers of (KHPO;H.HF); prepared it
by anhydrous methods such as grinding together KF and
phosphorous acid and extracting the syrup which formed
with hot methanol®® Crystals of adduct were also
obtained by complete dehydration of an aqueous solution
of K7HP03H in 40% HF followed by methanol extrac-
tion.

Crystals of composition KF.HPO:H, grow from a
saturated solution of KF and HPO;H,. The melting point
of these is 170°, compared to the 96° reported for
(KHPO,H.HF),. Alternative hydrogen bonded structures
for the higher melting crystals can still involve OHF
bonds, such as (IV), which is a polymeric rather than a
dimeric form of (I}, or (V), which has the HF molecules
participating in two strong hydrogen bonds.

..Hl—=0 0..H—0 O...H—0 O...
) . 4
o Ny Wy

HF HF HF
av)

..Hi—=0 O ...H—F...H—0 O~...H—F.
\p/ \p/

1’ Yo 1 Yo
\%)

A structure similar to (V) has been discovered in the adduct
of KF and malonic acid, KF.CH,(CO,H).." Yet a third
possibility is a polymeric anion involving F~ ions forming
two hydrogen bonds to acidic groups as is found in
KF.(CH,CO,H),.” In this last example the pK , of succinic
acid at 4.16% is sufficiently less than that of HF (3.45) to
prevent proton transfer to form HF as occurs with malonic
acid (2.83) and HPO;H. (2.00).

So far crystals of the new KF.HPO;H, have not been
produced which can be investigated by X-ray diffraction
methods. It is even possible for them to be a mixed salt.
The crystal structure of (KHPO.H.HF),, however,
shows short hydrogen bonds® and we now report on the
calculated energies of such bonds between HPO,H, and
F~, this being the first time that the hydrogen bonding of
an acid of a second row element has been computed.

Structure optimization of the hydrogen bonded com-

plex between F~ and HPO;H, gave the parameters of
(II) and showed the hydrogen bonding proton to reside
near the fluorine nucleus at about the bond distance of
hydrogen fluoride. In this respect the system is like the
arrangement in the crystal dimers, (I). Using the double-
zeta basis set the energy of the hydrogen bond of
[HPO,H,F]™ is calculated to be 66kJ mol ' relative to
the lower energy isolated pair HPO,H + HF.

Defined with respect to the components used in our
synthesis of the complex, ie. HPOsH,+F", the inter-
action energy is 308 kJ mol™’. Again this is in accord with
the exothermicity observed when solutions of HPO;H,
and KF are mixed.

Taking phosphorus 3d orbitals into account in our
calculations changed these energies to 48kJ mol™’ (with
respect to HPO,H™ + HF) and 328 kJ mol ' (HPOH, +
F7). Taking solvation effects of methanol into account
altered these values to 61 and 124 kJ mol ™’ respectively.
The former is thus the hydrogen bond energy of the
complex, according to the agreed definition for systems
of this kind.” Solvation effects in water are found to be
virtually identical. This value is rather smaller than might
have been predicted from the shortness of the hydrogen
bond, r(O- -F) =238 pm (observed), 234 pm (calculated).

As a result of a referee’s comments about the ion
[HPO,H.F,]*" and its relative stability with respect to
other species, including HF;, we have computed the
relative energies of all possible combinations of
HPO;H,+2F in both the free and solvated states.
These are shown in Fig. 5. The double OHF hydrogen
bond of [HPO,H,F.J*~ is stable with respect to
HPOH,+2F" by 244kImol™ (122kImol * per
hydrogen bond) in the free state, but unstable by
24kI mol ™" (12kJ mol™* per bond) in the solvated state.
These are the defined hydrogen bond energies.” It does
not mean that the hydrogen bonds in this complex ion
are stronger than that of [HPO,H,F], in the free state;
it is merely a consequence of changing the base from
which the hydrogen bond energy is defined.

Figure 5 also shows that in the free state HF3 is the
favoured hydrogen bonded species, but in solution
[HPO,H,F]™ should be the preferred species.

How do the hydrogen bond energies of phosphorous
acid—fluoride bonds compare with other strong
hydrogen bonds’ energies? The calculated hydrogen
bond energy of HF; (free state) is 214kJmol™* and
r(F- -‘F)=226 pm." The calculated energy of each of the
hydrogen bonds between a single fluoride ion and two
formic acid molecules, [HCO.H--F--HO,CHI", is
179kYmol™" and the measured distance r(Q- F) is
244 pm.” Other O- -H- -F strong hydrogen bond energies
are 149kImol™* for [H,BO.FI",”* 149kImol™ for
[RCONH.F]™* 127kImol™" for [RCOHF]",® and
101 kI mol™" for [H,0.F1™.* Other evidence and especi-
ally IR data supports these as being strong hydrogen
bonds. Thus the value of 48kImol™ for [HPO,H,FI~
(gas phase) appears rather too low. The calculated values
for [HPO;H,F,]™, on the other hand, appear to be of
comparable strength, and are probably more represen-
tative of the energy of the PO--H--F bond in these
ions.

The calculated Mulliken populations lend no support
to the hypothesis of pw-dm back-donation on to the
phosphorus atom; most of the negative charge is. local-
ized within the hydrogen bond itself.

Calculations have also been carried out on the species
[HPO,HF)*", which show it to be unstable with respect
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to HPO,H™ and F~ by 184kJmol™" (95kJ mol™" if 3d
orbitals are included) but is stable with respect to
HPO;*~ and HF by 204kJImol™" (202kJmol™" if 3d
orbitals are included). Again by the agreed definition of
strong hydrogen bonds this doubly charged ion is thus
unstable by 95kJmol™. However the [HPO,HFJ*
complex may be postulated as a hydrogen bonded in-
termediate in the reaction sequence:

HPO,> + HF - (HPO,HF]* »HPO;H™ +F".

In solution the [HPO,HF]*~ complex is calculated to be
stable with respect to both HPOsH ™ + F~ (by 201 kJ mol™")
and HPO,>~ + HF (by 138 kJ mol™").

The addition of KF to a solution of HPO;H, should
result in an acid-base neutralization reaction which is
conventionally expressed as (1)

HPO;H, + KF- HF + KHPO;H (1)

but is better expressed as (2), bearing in mind the nature
of the species involved in solution. That a strongly

H,0" + F~ - [H,0HF] )

. -
hydrogen bonded complex [H,O-H-F], is present as the
chief species in hydrofluoric acid has recently been
determined by Giguere.”®

The resulting solution from the reaction of KF and
HPOsH, can however be seen as involving an equili-
brium between the two possible acceptors and the donor
HF (3).

(H,O-“HF] + HPO:H™ = H,0 + [HPO,H- -HF]".
)

Only in concentrated solutions will [HPO,H.F]™ be
favoured but it may be possible to detect the presence of
this ion under normal conditions, thus showing its rela-
tive hydrogen bond strength.

Excess fluoride over that required to neutralize
HPO:H, will not lead to the neutralization of HPO,H™.
Instead the excess F~ would also compete as an acceptor
for HF (4) in an equilibrium that lies very much to the

H,O0:- ‘-HF+F = H,0+HF;” 0]

bifluoride side.

Evidence for the ion [HPO,H,F]~ existing in aqueous
solution was sought with the aid of "0, F, and *'P
NMR spectroscopy. No unambiguous confirmation of its
presence under these conditions was found. The spectra
did nevertheless reveal some information.

The O chemical shift of the phosphite oxygens is
shown in Fig. 1 which reveals a sharp discontinuity at
112.5ppm corresponding to the end-point of (1). The
value of 5(*’0, HPO,H") is the same as that reported by
Christ et al.”” For HPO,H, and HPO,H™ the half-height
line-width was 205 Hz, much less than the 600 Hz repor-
ted,” and the doublet structure easily observed as Jop =
91.6 Hz, which is of the same order as the 98 Hz of
Jop[HPO(OMe),] and similar compounds.”®

In this system the change in ('O, HPO,H,) can be
explained as simply due to the neutralization of the
strongest acid proton by the base F~. There is no in-

nar—
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Fig. 1. 8’0, HPO;H,) vs mole ratio of added KF; [HPO:H, =
1.0 m).

dication of any very strong hydrogen bonding between
the conjugate base HPO;H™ and HF or F~ even when the
latter is in an excess beyond that necessary for the
formation of HF,™.

The **F NMR signal from these solutions varies during
the addition of KF to HPO;H; solution in the manner
shown in Fig. 2. The changes in 5(**F) can be explained
in terms of (1) and (4). In solutions of composition up to
half neutralization there is an upfield shift from §(F") =
118 ppm towards 8(HF aq) = —196 ppm as expected. No
indication exists as to whether the HF is hydrogen
bonding to HPO;H™ or H;0.

At half neutralization the signal begins to move
downfield and almost linearly; back extrapolation to the

170 r'
\\
\
N\
160}—
50—
J o]

140 1 ] | ] | J

0] | 2 3

Fig. 2. 8(°F, KF aq) vs mole ratio of added HPO3H,; [HPO;H, =
1.0M].
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vertical axis gives a 8(°F) of ~165ppm, exactly the
value quoted for aqueous HF,~.*® Thus above a ratio of
0.5:1 of KF:HPO;H, the predominant fluoride
environment would appear to be HF,™, which exchanges
with F~ as the ratio of F :HF,™ increases, thus causing
the further downfield shift.

In methanol solution KF.HPO,H, has moderate solu-
bility and 5(F) = —184.8 ppm, which is about that of HF
and in the region expected for a strong hydrogen bond as
in (I). Extra KF can be dissolved in such solutions up to
a maximum ratio of 1.75KF:1 HPO;H, {at 0.1 M con-
centration), and the signal moves downfield to
—174.8 ppm. This is not likely to be due to the formation
of HF, ", which is insoluble in this solvent but rather to
the hydrogen bonded complex [HPOH,F.F~ with both
protons of the acid engaged in such bonds.

The effect on 5(*'P, HPO;H,) of adding KF to its
solution is shown in Fig. 3. There is also a sharp dis-
continuity at equimolar concentrations. Excess fluoride
has little effect on 5C'P, HPO,H™) showing that no
strong hydrogen bonding is occurring between them.

The addition of KF to HPO;H, however results in a
broadening of the *'P signal which reaches a maximum
of 20Hz (Wy2) at half neutralization, and then disap-
pears at the equimolar concentrations of the end point.
This broadening would seem to support the formation of
HPOH,F~.

The effect of hydrogen bonding on Jey of hypophos-
phorous acid has been noted.* The principal influences
on Jpy was the immediate acid proton environment of
the molecule: thus Jeu(H.POH, ) > Jpu(H.POH) >
Jou(H2PO, 7). The effect on Jou(HPOsH,) of added F is
to change it from 674 Hz to 668 Hz (0.25 KF:HPO,H,),
to 659 Hz (0.5:1), to 651 Hz (0.75:1) to 643 Hz (1: 1), to
630Hz (2:1), to 621 Hz {3:1) to 612 Hz (4:1). The value
for K"HPO,H™ in solution is 563 Hz. These values sug-
gest that the acid protons of phosphorous acid are not
being effectively removed by F~ to give HPO;H™, even
when the base F~ is in excess. A close association of the

5 —
4}—
k|
2 | { ! { | |
0 ] 2 3
Fig. 3. 5C'P, HPO3H,) vs mole ratio of added KF: {HPO:Hy =

1.0M]}

conjugate base with the HF in the formation of
[HPO;H.HF]™ would explain the Jpy values observed.
Equilibrium (3) may not be entirely upset in favour of (4)
under these conditions.

Conductance and pH changes as a solution of 0.1M
HPO,H, is titrated with 0.7 M KF are shown in Fig. 4.
The results are consistent with (2) followed by (4). In the
original study of KF.HPO:H; crystals were first
obtained by dehydrating KHPO:H solution in agueous
HF and these were then extracted with methanol to
obtain the desired product. We were interested to see if
the original crystals from aqueous solution contained
KHF,, as might be expected. When a solution of KF in
glacial acetic acid is evaporated to dryness the resulting
crystals are a mixture of the various strongly hydrogen
bonded salts KHF,, KH(CH,CO,), and KF.CH,CO,H."
KHF, is particularly easily characterized by a strong
sharp peak at ca 1200cm™,

The i.r. spectrum of our crystals consists of very broad
bands as expected for a strongly hydrogen bonded com-
plex. The region 3500-1500cm™ shows a continuum
with three broad maxima at ca 2750, 2250 and 1700 cm ™.
Below this there are sharper bands at 1255s, 1195 (sh),
1155s, 1078s, 1050s, 10155, 910m, 835mw, 540s, 480s, and
445w cm™" (KBr disc). The shoulder at 1195 cm™ could
arise from KHF; but in any event this cannot be a major
component of these crystals.

In conclusion it can be said that an aqueous solution of
HPO,H, and KF behaves as if it were HPO,H ™ and HF,
and that there is some evidence for an association be-
tween them in terms of a hydrogen bond. Addition of
excess KF produces HF,™. Ab initio calculations suggest
that the hydrogen bond in [HPO,H,F]™ is not as strong
as other hydrogen bonds formed between the fluoride ion
and molecules containing first row atoms, yet the struc-
ture of (I) shows short, and therefore strong, hydrogen

| | L 1 ] ] ho
0 20 40 &0

Fig. 4. pH and conductance {(mmhos) plots for HPO:H, (0.1 M)
titrated with KF (0.7 M).
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HPOS + 2HF
514
HPO3H; + 2F
497

2-

HPOzHF2 4 HF HPOZ 4 2HF
312 \ . 187
2 HPO3H, F/

253
HPOsH™ + HF + F~

217
HPO3H,F ™+ F~

_ 148
HPOy H, + 2F
124
HPOLH™+ HF 7
9
170l HPOSH + HF + F
HPOzH™ + HF; 6l
HPOyHFZ+ HF
624 50
HPOH,F + F~

Fig. 5. Relative energy diagram for all combinations of HPOsH, + 2F~, not to scale. ([654p 1 d/4s2p/2s1p] basis set.)

bonds. Crystals of composition KF.HPO,H, grown from
aqueous solutions are not the same as those from
methanol i.e. (I), and they may even be a mixed phos-
phite bifluoride salt reflecting the species that are present
in solution.
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Abstract—The syntheses of two new monothiocarbamate ligands and selected transition element complexes of
each are reported. The complexes of indoline-N-carbothioate (intc) prepared are: NiL,-1.5H,0, ZnL,, NiL,-2py,
ZnL,-2py. The complexes of indole-N-carbothioate (iltc) are: NiL5, ZnL;, Cul'. IR spectral results support a
bidentate ligand behavior for both new monothiocarbamates except in ZnL, 2py. Comparison of the IR spectral
features of bis(indolylcarbamoyl)-disulfide with that of coordinated indole-N-carbothioate allowed an assignment
of the C-S and C-O vibrational frequencies. Evidence for differences in major resonance contributions to the
electronic structures of each new ligand are presented. The crystal structure of the bis(indolylcarbamoyl)disulphide
is also presented and a comparison is made to pyrrole-N-carbothioate, another aromatic amine monothiocarbamate.
The disulphide crystallizes in the centrosymmetric monoclinic space group P2,/c with a= 15.645@)A, b=
S8(DA, c= 19.271(7)A, B=91.20(2°, V= 1564(1),3.3, d(obsd)(calcd) = (1.50)(1.52) for a molecular weight = 356.1
and Z = 4. Diffraction data were collected with a Syntex P1 diffractiometer with CuKa radiation. Least squares

0277-5387/83/010025-06$03.00/0
Pergamon Press Ltd.

refinement resulted in R, = 7.0% for all 1213 non zero reflections have (I) > 3o(I).

INTRODUCTION
In contrast to the large amount of work which has
centered on the coordination chemistry of dithiocar-
bamate (dtc) complexes in recent years,” much less
attention has been drawn to possibly more interesting
monothiocarbamate ligands (mtc).” A comparison of
potential resonance contributions to the ground state
electronic structures of dithiocarbamates (Scheme I)
with that of monothiocarbamates (Scheme II) suggests
that a wider variety of chemistry might be expected to
result from these latter systems. These seem to be sup-
ported from the limited structural results available for
monothiocarbamate complexes. It is also apparent that
the sulphur atom in dialkyl-monothiocarbamates has
considerable “mercaptide” character and polymeric
complexes often result.**® To date, the primary

*Author to whom correspondence should be addressed.

concern in monothiocarbamate chemistry has been to
determine if differences between similar monothio- and
dithiocarbamates exist. In an effort to alter the reactivity
within the monothiocarbamate class, we have attempted
to affect the bonding properties of the -COS moiety by
altering the peripheral ligand structure. We have shown
that the coordination chemistry of dithiocarbamate and
dithiolate ligands can be dramatically altered by choosing
R groups which favour one of the various possible
resonance structures.”® In particular, we have employed
aromatic amines in dithiocarbamate complexes which
virtually eliminate resonance form IB (Scheme I) and
new coordination complexes and structures resulted.” In
addition, we have recently shown that pyrrole-N-car-
bothioate(ptc) does yield coordination compounds of
different stoichiometry (Niy(ptc), THF)® or electronic
structure  (Ni(ptc).py,)* than dialkylmonothiocarba-
mates.

R S R s
“w-c” -— M=ol

N x” \s_

1A 1B
Scheme 1.

R 0 R 0- R o~
\N—C/ > \N— 4 -« \ﬁ=c/
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R s- R s R S

1A HA us

Scheme 2.
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To establish more firmly the chemistry observed to
date, we have prepared the aromatic amine monothio-
carbamate derived from indole and the nonaromatic
analogue derived from indoline. These ligands, iltc and
intc, respectively, and representative transition element
complexes have been prepared. Particular attention has
been given to the assignment of the IR vibrational features
due to the ligands and the interpretation of differences
observed. In order to facilitate this IR study, the di-
sulphide (iltc-iltc) derived from the indole ligand was
prepared. The crystal and molecular structure of this
molecule is also reported and a comparison of the
significant bond distances is made with those reported®
in Ni(ptc).py, in order to further establish the nature of
the resonance contributions in these new monothiocar-
bamates.

EXPERIMENTAL

Syntheses

Potassium indole-N-carbothioate (Kiltc). Indole (0.05 mole)
was dissolved in 100 ml of dry THF (distilled from Na/ben-
zophenone) under Ar. Potassium metal (0.05 mole) was added to
the stirred solution and H, evolution began immediately. This
reaction was allowed to continue for 24 hr during which a fine
white precipitate formed. The reaction mixture was cooled to 0°
and COS was bubbled into the solution until the solid dissolved
(5 min.). This was followed by passing Ar into the solution to
remove excess COS. Dry, chilled pentane was then added until a
slightly turbid solution was produced. Refrigeration of this mix-
ture for several hours produced a white, extremely air sensitive
powder. The product was collected by filtration and used without
further purification (yield ~ 80%).

Potassium indoline-N-carbothiolate (Kintc). Kintc was pre-
pared as with Kiltc above. However, once formed, Kintc is air
and moisture stable and can be handled in the atmosphere
(yield ~ 95%).

Ni(intc),1.5H,0. Kintc (1.0 g) was dissolved in 50 ml of 95%
ethanol to which was added a solution of 0.71 g of NiBr,-6H,0 in
50ml of 95% ethanol. A green precipitate formed immediately
and the reaction mixture was stirred for 1hr. The product was
collected by filtration, washed with ethanol and ether, and dried
under vacuum (yield ~70%). IR data indicated that H,0 was
present in the product. Found: C, 48.87; H, 4.36; S, 14.49; N,
6.34; Calc. for C;H3N,O;SNi,: C, 48.88; H, 4.56; S, 14.50; N,
6.33%.

tSupplementary material available. A listing of observed and
calculated structure factor amplitudes (8 pages), atom coor-
dinates (2 pages), and nonhydrogen anisotropic temperature fac-
tors (1 page) have been deposited with the Editor from whom
copies are available on request. Atomic coordinates have also
been deposited with the Cambridge Crystallographic Data Base.

Zn(intc),. This white compound was prepared in an identical
manner to Ni(intc),'1.5H,0 using ZnBr, (vield ~ 85%). Found:
C, 51.00; H, 3.%; S, 15.60; N, 6.60. Calc. for C]3H12N20282Zn: H,
3.82; 8, 15.20, N, 6.64%.

Ni(intc),2py. This compound was prepared by the recrystal-
lization of Ni(infc),'1.5 H,0 from pyridine. Found: C, 58.57; H.
4.63; S, 11.09. Calc. for CxHp,N,0,S,Ni: C, 58.65; H, 4.57; S,
11.19%.

Zn(intc),-2py. This compound was prepared by recrystalliza-
tion of Zn(intc), from pyridine. Spectroscopic analysis for pyri-
dine confirmed the stoichiometry.

Cu(iltc). Two equivalents of Kiltc in anhydrous THF were

added to a solution of one equivalent of CuBr, in anhydrous
THF. The intense colour characteristic of Cu(I) dlsappeared
rapidly and an orange precipitate formed (yield ~ 70%). Found:
C, 45.30; H, 3.25. Calc. for C;H,NOSCu: C, 45.58; H, 3.40%.

Ni(iltc),. K(iltc), (1.0 g) in 50 mi of anhydrous THF was added
very slowly to 0.50g of NiBr, in 50 ml of anhydrous THF. A
yellow solution and a white precipitate formed. The solid KBr
was removed by filtration, the volume of the solution was
reduced and anhydrous hexane was added. Refrigeration of this
solution resulted in the formation of an air sensitive yellow
powder. The product was collected by filtration and dried under
vacuum for several hours. An IR spectrum showed that no THF
was present in the dry product (yield ~ 80%).

Zn(iltc),. This white product was prepared employing the
same procedure as that for Ni(iltc), (yield ~ 70%).

Bis(indolylcarbamoyl)disulphide (iltc-iltc). The solution
obtained after the isolation of Cu(iltc) above, when cooled yiel-
ded the disulphide of indole-N-carbothioate. Found: C, 61.23; H,
3.50: S, 18.32. Calc. for CigH;3N,0,5,: C, 61.34; H, 343; S,
18.20%.

Analyses. Elemental analyses were carried out at Atlantic
Microlabs, Atlanta, Georgia.

Spectroscopic methods. IR spectra were recorded on a Per-
kin-Elmer 512 spectrophotometer using mull prepared in an inert
atmosphere. Electronic spectra were recorded either on a Cary
14 or Hitachi 110 spectrophotometer.

CRYSTAL DATA COLLECTION AND STRUCTURE
DETERMINATION

A nearly cubic crystal (0.14 mm x 0.16 mm x 0.20 mm)
of bis(indolylcarbamoyl)disulphide was obtained from a
slow evaporation of a saturated THF solution.

The crystal survey, unit cell dimension determination
and data collection were accomplished on a Syntex P1
diffractometer using copper radiation (A = 1.5418 &) at
room temperature employing procedures common to
these laboratories.'® Details of the crystal survey and
data collection parameters are summarized in Table 1.

The diffractometer output and all subsequent crystal-
lographic calculations were processed using subprograms
of the CRYM crystallographic computer system.'' Data
processing procedures were as before.'®

The refined coordinates were plotted using the ORTEP
computer program of Johnson'> (Fig. 1). Thermal
parameters are available as part of the supplementary
materials. Tables 2 and 3 contain final significant bond
distances and angles. All other data pertaining to the
structure have been deposited.

RESULTS AND DISCUSSION

Potassium indole-N-carbothioate is a white, extremely
air and moisture sensitive solid. All manipulations in-
volving this ligand were done under inert atmosphere
conditions. We were primarily interested in neutral
complexes of divalent metals and Ni(II) and Zn(II) com-
plexes were studied in detail. However, Cr(IIl) and
Fe(IIl) complexes were also prepared as well as
[Mo(ID], compounds and these will be reported later.
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Table 1. Physical data and data collection parameters

_Molecular Formula
Molecular Weight
Crystal size, mm
Cell Dimensions

2. R

b, R

c, R

B, deg.

v, 82
Space Group
Molecules/unit cell
d caled, gicm3
d obsda. g/cm3
Scan Technique
Scan Speed
Scan Width

Background Count Time

No. of reflections

No. of nonzero reflections

Cygth %0252
356.1
0.14 x 0.16 x 0.20

15.645(4)
5.228(1)
19.271(7)
97.20(2)
1564(1)

P2 /¢

]

1.52

1.50

8/28

2%/min in 28
1.2° below Ka,, to 1.2° above Ko,

0.6 x scan time on each side of
peak

1613
1213

aaensity was measurad by the flotation technique using Hexane/1,3 Dibromo-

ethane

bA]] intensities with values less than 3 x standard deviation were set

equal to zero with zero weight.

Fig. 1. Sterescopic ORTEP drawing 50% probability ellipsoids.
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Table 2. Bond distances (Angstroms) in Iltc-Iitc

N(1)-C(2) 1.391(10) N(1*)-C(2') 1.409(10)
N(1)-C(7A) 1.425(10) N(i*)-C(7A') 1.400{11)
N(1)-C(8) 1.397(10) N(1')-C(8') 1,391(11)
c(2)-c(3) 1.352(12) N(2')-C(3') 1.336(13)
C(3)-C(3A) 1.452(11) N(3')-C(3A') 1.430(12)
C{3A)}-C(4) 1.397(12) C{3A')-C(4') 1.381(12)
C{3A)-C(7A) 1.402(12) C(3A')-C(7A') 1.382(12)
c{4)-C(5) 1.369{12) c(4')-C(5') 1.368(14)
c(5)-C(6) 1.403(12) c(5')-C(6') 1.381(13)
c(6)-C(7) 1.388(12) c(6')-C(6') 1.390(13)
c{7)-C(7A) 1.372(11) C(7')-C(7A") 1.384(12)
c(8)-0(9) 1.183(10) c(8')-0(9') 1.204(10)
¢(8)-5(10) 1.826( 8) ¢{8'}-g{10") 1.801( 9}
${10)-5(10") 2.014( 3)

Table 3. Bond angles (degrees) in Iitc-Iitc
C(7A)-N(1)-C(2)  108.9( 6)  C(7A')-N(1')-C(2') 107.4( 7)
c(8) -N(1)-c(2) 127.8( 7)  C(8' )-N{1')-C(2') 126.4( 7)
c{8) -N{(1)-C(7A) 123.2( 6)  C(7' )-N{1')-C(7A’) 126.1{ 7)
€(3) -c(23-N(1) 109.5( 7)  C(3' )-C(2')-N(1') 109.4( 7)
C{3A)-C(3)-c{2)  107.8( 7)  C(3A')-C(3')-C(2') 107.9( 8)
c{a) -C(38)-C(3) 132.7{ 7)  C(4' )-C(3A")-C(3') 132.2( 8)
C(7A)-C(3A)-C(3) 107.7( 7}  C(7A*)-C(3A*)-C(3') 107.7( 8)
CE7A)-C 3A)-CE4) 119.55 7 C(7A')-C(3A’)-C(4') 119.9( 8)
¢(5) -C(a) -C(3A) NM7.8( 7 C(5' )-C(4') -C(3A') 119.2( 8)
c(6) -c(5) -c(4) 121.6( 8)  C(6' )-C(5') -C(4") 120.2( 8)
c{7) -C(6) -¢(5) 121.3( 7) (7' )-C(6') -C(5') 122.1( 8)
c(7A)-C(7) -c(6) 116.4{ 7)  C(7A')-C(7') -C{6') 116.3( 8)
C{3a)-C{7A)-C(1) 106.1( 6)  C(3A')-C(7A')-C(1') 107.5( 7)
¢(7) -C(7A)-N{1) 130.7( 7)  cC(7' )}-C(7A')-N(1') 130.3( 8)
c(7) -C(7A)-C(3A) 123.2{ 7)  C{(7' )-C(7A')-C(3A") 122.1( 8)
0(s) -c(8) -N{(1} 125.8( 7)  0{9' )-C(3') -N{i*) 123.2( 8)
$(10)-C(8)-N(1)" 111.0( 6)  S(10’')-C(8') -N(1') 112.4( 6)
$(10)-c(8)-0(9)  123.2( 6)  S(10')-C(8') -0(3') 124.4( 6)
5{10')-5(10)-C(8) 99.4( 3)  C(8' }-5{10')-C(10) 101.5( 3)

Indoline, unlike indole is not an aromatic amine and
we expected that intc would behave as a normal dialkyl
monothiocarbamate. If intc does indeed behave as a
normal monothiocarbamate, then any difference between
the properties of intc and the aromatic analogue ilfc
could be attributed to a decrease in the importance of the
resonance form which concentrates charge on the amine
nitrogen. (Clearly, both of these ligand systems have
very similar steric properties, and the ligand ‘“bite”
should be nearly the same for each.) Intc was syn-
thesized using the same procedure used to produce iltc.
However, Kintc is air and moisture stable. Once isolated
it can be stored under ambient conditions for long
periods. The transition metal complexes of intc could be
formed in aqueous ethanolic solution in open vessels.
The Ni(Il) and Zn(II) complexes were synthesized as
well as bis-pyridine adducts of the Ni(Il) and Zn(II)
compounds. The reaction between intc and Mox(Ac),
was studied but will be reported later.

We were interested in two aspects of these ligands.
First, what were the resonance properties of intc and
iltc relative to those of dialkyl monothiocarbamates?
Second, if the aromatic amine ligand does have peculiar
resonance properties, how would the reactivity patterns
of the ligand be affected?

With respect to the first point, an IR analyses of a
series of metal complexes of these ligands could provide
the information on the resonance properties. A great deal
of work has centred on the positions of the »(C-—-0) and
v(C==N) as well as »(C—S) frequencies in the IR spec-
tra of dialkyl monothiocarbamate complexes. It has been
generally felt that dialkyl monothiocarbamates favoured
resonance form IIB with some contribution from form
IIA (Scheme II). Thus, IR spectra of R,mtc should have
resonances corresponding to a partial carbon-to-nitrogen
double bond as well as a partial carbon-to-oxygen double
bond. The carbon-to-sulphur bond vibration, on the other
hand, should be found in a region corresponding to a
single bond. Early reports by Krankovits et al.”® and

McCormick et al.'* assigned a broad, strong band be-
tween 1500cm™ and 1600cm™ to #{C-——O) and
¥(C———N). The position of this band will be indicative of
the electronic properties of the various monothiocar-
bamates and therefore a study of the position of this
band in the aromatic monothiocarbamate complexes
should prove useful. .

(C=--S) bands have been reported in most cases to
occur in the 650-700cm™" region. This corresponds to
the single carbon to sulphur bond region. Fay, on the
other hand, reported »(C-S) in the 950~1000 cm™' region
for dithiocarbamates."

The »(C=—0) band in the potassium salt iltc appears
at 1525cm™". The same band for Memtc is reported at
1519cm™" while Et,mtc is at 1520cm™"."> The higher
frequency found in the new ligand reported here is taken
as indicative of increased multiple band character in the
carbon to oxygen bond. The equivalent band in the Ni(II)
complex appears at 1560 cm™'. The question of bonding
mode in these complexes arises here since previously
values of #»(C=-—Q) above 1550 cm™" have been assumed
to indicate monodentate coordination through sulfur
only. However, since the frequency #(C:—S) and
¥(C:==N), {(C-=++0) in the ligand itself is higher than
previously found, it is likely that the ligand is bonded in a
bidentate fashion.'®

A very strong broad band at around 1250-1300cm™"
appeared in all the complexes iltc. We suggest that this
band is »(C-N) since it is well within the region normally
associated with carbon-to-nitrogen single bond vibrations
(1250-1350cm™')."” We suggest this assignment with
some confidence, based on three observations. First, the
»(C-——0) bands in all the iltc complexes are fairly sharp
as opposed to the often very broad bands exhibited in
this region in the dialkyl compound. The broadness of
the band in R,mtc complexes is apparently due to the
presence of both the »(C:=-:0) and »(C:+:N) bands in a
highly coupled vibrational state.'®® The sharpness of
this band in the spectra of our complexes suggests that
¥»(C—=+0) and »(C—=N) vibrations are not highly cou-
pled in iltc complexes. Therefore, we might expect to find
¥(C+=:N) at some other frequency. Secondly, a band
corresponding to »(C-N) single bond vibration was
detected as a strong band at 1250-1300cm™" in the
aromatic dithiocarbamates.”® The results of an X-ray
diffraction study on Fe(pdtc), showed a C-N bond dis-
tance which approximated a single bond distance of
[1.364(A)).2!

Finally, we felt that if we could move the »(C---0)
band out of the 1500-1600 cm™" region which the strong
band at 1250 cm™' remained we could conclude that the
¥(C-N) band was not coincident with (C-0). Toward this
end bis(indolylcarbamoyl)disulphide was synthesized.
Since »(C-—--0) had been assigned at 1680 cm™" in pre-
vious carbamoyldisulphides we felt that iltc-iltc would
behave similarly.”>** The IR spectrum of this molecule
does exhibit a band at 1680 cm™', which no bands ap-
pear between 1500cm~’ and 1600cm™'. The strong
band at 1250cm™' remains, however. Thus, based on
these three pieces of evidence, it seems clear that we
could assign this band to the carbon to nitrogen single
bond vibration.

The IR band corresponding to the »(C-+-S) vibration
proved difficult to assign. »(C-—--S) band positions in
dithiocarbamates have been reported to occur in the
960-1000 cm™" region. These bonds have been shown
crystallographically to possess considerable double bond
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character.** If the resonance properties of the aromatic
monothiocarbamate were predominated by a form which
imparted some multiple bond character to the C-S bond,
we would expect to find a band in the 950-1000 cm™'
region. Indeed this was the case. However, most pre-
vious reports concerning the IR-spectra of monothio-
carbamates assigned a medium intensity band in the
650-700 cm™ region to »{C-S). A band of this sort also
appeared in the spectra of our complexes. It was not
until the results of a three dimensional X-ray diffraction
study on Ni(ptc),-2py were obtained that we could make
the assignment.*’ This compound has by far the shortest
C-S bond distance reported for a monothiocarbamate.
Therefore we assign the band in the 950-1000cm™
region to »(C8).

It seems clear then that the aromatic nature of the
indole ring does predominate the resonance properties of
the monothiocarbamates derived from this amine. Since
forms IIA and IIA', but not IIB (Scheme II) completely
describe the electronic structure of these ligands, we
might expect the structural properties of iffc to mimic
those of thiobenzoate rather than other monothiocar-
bamates.

An IR analysis was also carried out on Kintc and the
complexes of this ligand. These spectra had two im-
portant features. First, the y(C+++0), »(C——N) band in
the 1500-1600 cm ™' region is very strong and very broad.
This band in the spectra of intc complexes appears to be
identical with the analogous band in the spectra of the
dialkyl monothiocarbamate complexes. Second, no band
assignable to »(C=—-S) could be found in the 950-
1000 cm™' region. However, as is true for dialkyl species,
a weak to medium band assignable to »{C-S) is observed
in the 650-700 cm™’ region. The broadness of the 1500~
1600 cm™' band is apparently due to the presence of both
the »(C+++0) and »(C=-+N) bands, as has been proposed
by previous workers for dialkyl monothiocarbamate
complexes.””!* As suggested above, the difference in the
v(C-==N) resonance frequency is due to a shift in
resonance properties brought on by the aromatic nature

of indole as compared to indoline. IR spectra of the intc

complexes indicate a predominance of IIB in Scheme II.
The low »{(C-S) frequency along with the rather high
»(C==:N) frequency are indicative of a C-S bond of
essentially single bond character and a C-N bond with
considerable multiple bond character. Comparison of the
»(C-0) frequency of Kintc (1520em™") with that of
Kiltc (1535 cm™) show much less multiple bond charac-
ter in the C-0 bond of the non-aromatic infc system.
Since resonance form IIB (Scheme II) is much more
important in the description of the properties of intc, we

would expect the sulphur atom to have considerable
“mercaptide” character. This mercaptide character has
been implicated as the predominant feature in the struc-
tural properties of the dialkyl monothiocarbamates.*”
The complexes formed in our studies with intc are, in
every case, identical to the analogous compounds formed
with dialkyl monothiocarbamates as ligands (R = Me, Et,
Pr, pip, pyr).*>'® Ni(intc), is a green, insoluble solid.
This insolubility precluded any molecular weight
measurements. However, this same property indicates
some degree of polymerization. The electronic spectrum
of this compound indicates octahedral coordination for
the Ni(Il) atom. This fact also indicates some type of
polymerization, undoubtedly involving sulphur atoms
bridging adjacent Ni atoms, since elemental analysis
shows no solvent molecules which might complete the
octahedral coordination. In each of these properties
Ni(intc), mimics Ni(R,mtc), (R = Me, Et, etc.)." On the
other hand, Ni(iltc), is a red, soluble compound which
appears to have a structure identical to Nix(ptc), 3THF.

Zn(intc), is also polymeric in nature as are the dialkyl
complexes of Zn."® »(C---0) for Zn{intc), is located at
1530 cm ™' while the same band in Zn(pipmtc), appears at
1525 cm™'. It is known that reaction of Zn(pipmtc), with
amine bases such as pyridine or piperidine result in
tetrahedral bis-amine adducts in which the monothiocar-
bamate is not coordinated. The X-ray structure of
Zn(pipmtc),-2pip*’ has been reported. The »(C---0) band
in this compound appears at a much higher frequency since
the oxygen of the ligand is not bound to Zn. Zn(intc), also
reacts with pyridine to form Zn(intc), 2py. v(C::-0) is
shifted fo a frequency of 1590 cm™ and therefore likely
has a structure identical to that of the piperidine derivative.

Molecular structure of iltc-iltc

The crystal structure of bis(indolylcarbamoyl)di-
sulphide was obtained to investigate the structural
characteristics associated with resonance contributions
of coordinated aromatic monothiocarbamates to non-
delocalized systems. Table 4 summarizes the important
bond lengths for this disulphide and also lists those same
values found in Ni(ptc),2py for comparison.” These
data are remarkable in that clearly, little C-N double
bond character exists in the coordinated ptc. The elon-
gated C-O bond and shortened C-S bond in the coor-
dinated ptc are as expected from the IR analyses.
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Table 4,
~ —S
N—C
o~ ~o0
Ni{ptc}2~2py f1tc-ilte

N-C 1.409 (12) 1.392 (18} 1.397 (10) 1.391 (1)
c-0 1.2%4 (12) 1.231 (1) 1.183 (10) 1.204 (10)
c-$ 1.675 (10} 1.713 (10} 1.825 (8) 1.801 (9}
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Abstract—The use of an indirect potentiometric method with the glass electrode in a N3 /HN/UO.** solution leads
to ligand number 1, at several azide concentrations, at 2.0 M ionic strength (NaClO,), aqueous medium and
25.0%0.1°C. The analysis of data under conditions where hydrolysis is avoided leads to the six overall stepwise
constants: 81=139x10°M"; B, =8.26X 10°M % B3 =49X 10°M>; B,=T.1X 1°M™*; Bs=23x 10°M>; B¢ =

12x10"M %

INTRODUCTION

The reaction of uranyl cations with azide ion gives rise to
strongly yellow coloured complexes as has been deduced
by Feinstein' from spectrophotometric data, and who
suggested analytical applications. Equilibrium studies
have followed concerning the formation of the monoaz-
ide species with the resulting evidence of the existence
of three species.” No mention of azide complexes was
found in a review.®

tical potentialities alone of the reaction suggest a more
detailed study of the complex formation equilibria. These
are presented in this paper from measurements in
aqueous solutions of ionic strength 2.0M held with
NaClO4 and at 25°C. This has been conveniently per-
formed by an indirect potentiometric method, by analogy
to the one succesfully applied to a similar cobalt II/azide
system.’

EXPERIMENTAL

Reagents and solutions

All reagents were chemically pure or of analytical grade
(Merck, Fisher, K and Lab., Eastman, Carlo Erba). Sodium
perchlorate and sodium azide were recrystallized twice from
ethanol. Standardization of sodium perchlorate was performed
gravimetrically by drying an aliquot of 5M stock solution (for
ionic strength adjustments) to constant weight at 110°C. Recrys-
tallized sodium azide was washed with ethanol, dried in a desic-
cator over calcium chloride for several hours, followed by one hour
inan oven at 110°C. This treatment produces a non-hygroscopic salt
which can be used as a primary standard.” Uranyl perchlorate
was prepared from uranyl acetate by treatment with a controlled
excess of diluted perchloric acid and concentrated in a water
bath. The uranyl content of the stock solution (1 M, with 0.1 M
free perchloric acid), was gravimetrically determined as Us0s.}
The excess of free strong acid (0.1 M) was calculated by pH
measurements of 0.1 M uranyl solution at ionic strength 2.0 M
held with NaClO, (see below).

Apparatus and procedures
A digital potentiometer, Orion 801A, was used in all pH
measurements with a glass electrode combined with a calomel

*Author to whom correspondance should be addressed.
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reference electrode filled with saturated sodium chloride solu-
tion. All measurements were carried out at 25.0%0.1°C, The
conditional pH data measured at 2.0 M ionic strength (referring
to hydrogen ion concentration instead of activity) require the use
of a 2.00 standard pH solution, which is a 0.0100 M perchioric
acid solution in 1.99 M NaClO.. A 5 ml, Methrom piston burette
Model EA. 734-5 was used for the reagents.

To 20.00 m! of a working azide solution of ionic strength 2.0 M
a volume (0.5-1.5ml) of 2.000 M perchloric acid was added, to
obtain an azide/hydrazoic acid buffer of conditional pH;. Then
one small volume of standard uranyl 1 M solution was added (up
to 1.5ml) and a pH; was measured in a few seconds, due to
“normal” complex equilibria, readily attained. After that a slow
hydrolytic process takes places and a lower pHs, is measured
after its stabilization within ten minutes. The treatments of data
with mass balances and all corrections due to dilution by reagent
additions, was performed with a program for the Hewlet Packard
HP-97 calculator, as described.” The pH; plus pH, data lead to
conventional 7 data vs free ligand concentration. The pH; data
lead to false conventional /i data in average ligand numbers
referred to hydrolyzed complexes if the adequate correction in
the program is not introduced (see Results and Discussion).
Program for HP-97 (Hewlet Packard Calculator) were used in the
integration of A vs log (N57) data and in other steps of the whole
calculation process.’

RESULTS AND DISCUSSION

(1) General pattern of the uranyl azide reaction

The procedure adopted to obtain the equilibrium con-
stants, is a competitive method based on measurement of
the change of the conditional pH (referring to hydrogen
jon concentration instead of its activity) of an
azide/hydrazoic acid buffer, by the presence of uranyl
cation. The mass balance applied to the system based on
its pH change leads to final values of the ligand and
average ligand number (A1) as has been fully discussed.”

It should be pointed out that the merit of this ap-
proach is to use a conditional pK of the weak acid (HN,)
of each particular working solution, instead of an
average value, in order to compensate for some factors
which could be a source of error, such as drifts in
junction potential or reference electrode potential.

Figure 1 presents a series of selected 7 vs (N;7) data
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referring to uranyl concentrations from 107°M to
107" M. The pH changed from 3.3 to 5.1 from the lower to

the moyimum azids concentration and an avaraoe nK of
the maximum azide concentration and an average pX of

4.46 = 0.06 was calculated for hydrazoic acid from the set
of the working solutions. No evidence of polynuclear
specics was found as /7 does not seem too dependent on
the uranyl concentration. However, special care was
taken in order to avoid hydrolysis of uranyl cation or its
compiexes, which has been found possible at higher pH
and lower azide concentration. The data of Fig. 1 are
confidently free from hydrolysis phenomenon (see also
Experimental).

The 7 data arrived at for higher ligand concentrations
are surprisingly high, evidencing a system with six
sucessive complexes. This is not usually found in such a
system, possibly because of difficulties inherent in the
use of the indirect method, instead of the direct poten-
tiometric one, which is widely accepted as being the
most reliable. The uranyl cation is bulky enough to

coordinate six monocoordinative ligands esneciallv if the
coordmaite siXx monocoorainalive lgands especiany o he

affinity is high enough to exchange some of the several
coordinated water molecules and if the ligand is not
abnormally Jarge. In {act, recent measurements” confirm
the existence of more than four thiocyanate ligands in
uranyl complexes.

Another series of measurements was taken in con-
ditions which favours hydrolysis, which is a slow
process. The first initial equilibrium position is reached a
few seconds after uranyl addition. Then a second equili-
brium position is achieved after some minutes of pH
drift toward lower values. Under such conditions a huge
positive error in i data resulis because a false mass
balance is considered in the normal calculation program’
which does not distinguish between the causes of the pH
lowering, whether due to complexation of the ligand, or
due to hydrogen ions released by hydrolysis The

hvdrolvsis of uranvl cation was considered in the clagsi-
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cal work of Ahrland'® and that of Sutton."* A number of
hydrolyms products are formed between the mono-
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fully hydrolysed UO,(OH),.

Figure 2 shows an attempt to calculate # values from
the hydrolyzed solutions based om a quantative for-
mation of complexes with UO,(OH)". This was done
by including in the mass balances a release of (H*) from
hydrolysis, equivaient to the uranyl concentration. The
results in Fig. 2 are highly dispersive and do mnot fit
entirely the model of monohydrolysis. This could be
acceptable for ligand concentrations lower than 0.5M
but not for higher ones, because a decreasing A is
obtained which reveals a high hydrogen ion correction
due to hydrolysis. It was inferred that at azide ion
concentration higher than 0.50M and hydrazoic acid
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Fig, 2. Tentative fi data calculation on basis of monohydrolysis
of uranyl cation, UQ,0H", vs free ligand concention.
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(2 Calculation of the equilibrium constanis

This system is complicated by the presence of several
stepwise complexes. Direct treatment of the # function
data to obtain formation constants is well known to be
inadequate in such cases. The Froneaus function Fy is a
commendable means if it can be obtained by integration
from 17 vs log(L) data as fully discussed formerly.'*"

The integration should start from a lower value of 7
than 0.5 and its corresponding ligand concentration. In
order to provide short increments in (N.7) and #, con-
veniently distributed, we have normalized the available
data by an appropriate procedure in short ranges by
enlarged plot adjustment In some ranges the # and (N5~ )
data were fitted to power, logaritmic or linear curves

with tha haln af 2 pcalenlatar Tha narmalizad data aeas
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presented in Table 1 as well as F, which is a well known
polynomial, >

Fo=1+ $ Bn(L)" (1

being B the overall formation constant of the species
VOxL), of ligand (L). All those normalized data are in
Table 1.

The equilibrium constants were determined through a
combination of strategies by using the classical graphic
method”® with some refinements, as will be described
below.

The F, subsidiary function®

F

F'=_(—£T1=ﬁl+ﬁz(L)+---3,(L G- @

was plotted vs (N37) and presented a virtually linear
relationship at low ligand concentration. A linear regres-
sion with the first five point of Fy vs (N5}, by a least
squares fit, prov:ded Bion mtersecuon and - as a slope.
These preliminary data are 139 M™' for 8, and 9300 M~
for B.. The F, and F; subsidiary functions were then
calculated™ and the plot F; vs (N57) was found to be a
non-linear curve easily extrapolable to obtain B, as
usual.

The F, function was calculated and provided data
reliable only for azide concentrations higher than 0.2 M.
This has been found to provide a steep non-linear curve
when plotted vs (N5}, which is

Fa=Ba+ Bs(N3 )+ Bs(N; 7). @



33

Complexes in the uranyl/azide system in aqueous medium
Table 1. Experimental normalised data
[N; LM it Fo Fi F, F3

6.250.10" " 0,08  1,0903 1,4448.10

1,280.10° 0,16 1,1883 1,5067.10

1,953.10" 0,26 1,3064 1,5687.10°

2,500.16° 0,33 1,4051 1,6204.10°

3,906.10° 0,52 1,698l 1,7872.10°

5,000,107 0,66  1,9644 1,9288.10°

6,250.10° 0,83 2,3198 2,1118.10°

7,813,107 1,03 2.8561 2,3757.10°

8.500.10° 1,13 3,1284 2,5040.10°

1,000.10 1,28 3,8051 2.8051.10  1,4151.10"

1,250,107 1.48  5,1825 3,3460.10° 1,5648.10°

1,563.107 1,69  7,3868 4,0863.100  1,7250.10°

1,700,100 1,76 8,5366 4,4333,10  1,7901.10°

2,000.10° 1,00  1,1486.10  5,2432.10°  1,9206.10°

2,500.10° 2,09 1,7922.10 6,7688.100  2,1515.10"

3,150,100 2,20 2,8935.100  8,9392.100  2,4157.10

4,000.10° 2,39 5,040 1,2503.10°  2,7782.10°  4,8806.10
5,000,100 2,53 8,8810.100  1,7562.10°  3,2344.10  4,8168.10
6,250.10° 2,85  1,6264.10°,  2,5863.10°  3,9157.10°  4,9435.10
8,000.10°° 2,90  3,3462.100  4,1703.10°  5,0391.10°  §,2266.10
1,000,107 3,14 6,6807.100  6,6307.10°  6,4917.10  5,6657.10
1,250.00 330 1,3624.100 1,0891.10°  8,6016.10  6,2204.10
1,600.10°° 3,51 3,1557.10°  1,9716.10°  1,22%.10°  7,1310.10°
2,000.200° 3,76  7,0085.10°  3,5487.10°  1,7674.10  §.4240.10
2,500.10"" 4,08 1,6936.100  6.7741.10°  2,7041.10°  1,0486.10°
3,200.10°° 4,37 4,7793.10°  1,4935.10°  4,6628.10°  1,4313.10°
4,000.10°" 4,70  1,3146.10°  3,2866.10°  8,2130.10°  2,0326.10
5,000.100° 4,09 3.8773.100  7,7546.10°  1,5506.10°  3,0847.10°
6,500.10°" 5,24 1.4851.100  2,2847.10°  3.5147.100  5,3945.10
8,000.10" 5,60  4,5762.10°  5,7205.10°  7,1502.10°0  8,9274.10
9,000.10°" 5,76  8,0357.10°  0,9286.10°  1,1032.10.  1,2166.10
9,600.10°" 5,86  1,3004.10  1,3857.10°  1,4121.10.  1,4701.10
1,000 5,92 1,6539.10°  1,6539.10)  1,6538.10  1,6531.10

The usual extrapolation procedure does not provide a
reliable result for this 84, not only because the curve is Fi=8+B(L). (4b)

steep, but because the extrapolation is performed from
high ligand concentration. This is a problem very com-
mon in systems with more than four ligands. In order to
obtain more reliable data a matrix solution for the three
unknown B4, Bs and Bs constants was done based on a
weighting factor previously proposed'* for the F, data

. Fomax
Wi=—p— &)

On this basis the F, data from 0.2M to 1.0 M [azide]
were used to build a system of three equations with six
unknowns. As 8,, B, and B; were known, then a system
of three unknowns was obtained, as shown is Table 2.

A refining of the constants started with the use of
another auxiliary function, F{, where the formation con-
stant terms with higher than two ligands were subtracted
out from the F, data

F}
Fo~ (1 +4.88 X 10°(N3)* + 7.59 X 10°(N3)* + 2.70 x 10°(N,)")
(Ns)

(4a)

These F; data are now much closer to a linear equation
than F, vs (N57) data. Thus more reliable 8, and 8, data
were now obtained from linear regression of F vs (N;7).
Figure 3 shows this typical plot.

The B3 values were reestructured from these F; data
in Table 1.

With these new 8., . and 85 data a 6 X6 system of
linear equations was converted in a 3 X 3 one as shown in
Table 2.

The solution of this matrix lead to new values of .,
Bs, Bs, which were considered final.

An attempt to solve the entire system by a 6 X 6 matrix
did not provide a real value for Bs: It shows that the
solution of this system in parts is sometimes more reli-
able because there is a lack of F, data at higher ligand
concentration, where the 1 data becomes less and less
accurate. The final values are:

= [UOAN3T"

—2 -
B 00,7 1N~ 1.39x 10 K,=139
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Table 2. Conversion of a 6X6 matrix to 3%3 by introducing ;=139 1°M™', B, =826 1°M %;
By=S5.1x10°M">; of the 3x 3 matrix: B4=6.1x 10° M™; Bs=3.1X 10°M™>; Be= 12X 10 M*

49615x 10' =820.89  Bi+189.67  B+45239 B+ 11172 Ba+2.8605  Bs+07912 B,
49618 107=78.892  Bi+35.499 B, +16.443 By +7.8749  B.+39136  Bs+20218 B,
6.6158X107=6.7783  B+5.3251  Br+53251  By+4T7S1  By+43M43 Bs439267 B
2.5660X 107 = 11172 B+2.8605 Bs+0.75912 B
4.1253x107=78749  B.+39136  Bs+20218 B
63503 107 =4.7741  B.+43143  Bs+39267 B
2.2 3
sol /
X 24—
| 8 o
o ]
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L ] | l 1 Fig. S. Th f h ligand in th
10 ig. 5. The average free energy change per ligand in the
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Fig. 3. Plot of Fi data vs (N3") in order to obtain a more reliable
Bi and 8, {eqn 4).
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Fig. 4. The tendency toward stepwise attachment of azide
ligands to uranyl! cation.

o

= _[UOANs)] _ It = B2
B2 U0 IN; 826X 10°M K> s, 59.4

~ UGN} s k.=Bao
B = T ey = S XM Ka=E2=61

NG . sre o B
B4 W 6.1X10°M™ K, 8, 1.2

= UO(N, P .
Bs= G0N, = 1} 1M Ks= =50

= [UO,N:)*~ - 70— 1 —Bs.
Bs (U0, (NS 1.2x10°'M™° K 8 3.8

The uncertainty of the constants is not easily esti-
mated. However the calculated F, data by eqn (1) differ
by *0.14% from the integrated value. This gives good
support for the calculation procedure. The calculated @
is consistent with the experimental A within +2.8%
which is a final test for both experimental data aquisition
and calculation procedure. The B, and B, constants can
be expresed in three significant figures and the others g,
by two.

Figure 4 shows the tendency of ligand attachment to
uranyl cations. A marked decrease is observed at the
entrance of the fourth ligand which could well be related
to a change in configuration of the coordination centre.

Figure 5 shows that the average free energy changes
non-linearly with the ligand and also presents a break at
the third ligand. The literature does not refer to the
attachment of six ligands to one uranyl cation. However
in a review'® the existence of several uranyl complexes
with three bicoordinative ligands such as carbonate and
oxalate was mentioned. The distribution of the ligands
was in a hexagonal bipyramid (symmetry Dg,) with the
two oxo ions placed in the vertical axis."” The same
structure as for these octacoordinated complexes can be
similarly attributed to the present system, where up to
six small linear ligands can be attached to uranyl cations.

Acknowledgment—The authors are greatly indebted to Dr. Boh-
dan Matvienko for English correction and to CNPq (Brazil) for
support.
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Abstract—The circular dichroism spectra of copper(Il) complexes with hydroxymethylene camphor, hydroxy-
methylene menthone, and trifluoroacetyl camphor as well as of mixed-ligand complexes with acetylacetone have
been studied in different solvents at different temperatures. The changes observed in the spectra are attributed to a
strong coordination of the solvent molecules in axial positions of square-planar complexes. It has been shown that
the contributions of two ligands to the net spectrum of circular dichroism are additive and that the absorption
spectra of the complexes do not depend on the optical configuration of the ligands. The conclusion has been drawn
that no noticeable inter-ligand interactions exist in the complexes and no enantioselective effects are exhibited.

INTRODUCTION

Enantioselective effects in labile coordination com-
pounds attract attention of many researchers due to an
important role which they play in a number of biological
systems’ and in connection with the development of the
method of ligand-exchange chromatographic resolution
of racemic compounds.™ The most part of investigations
in this field involves amino acid ligands** whereas in-
formation on ligands of other types is much more
limited. In previous papers we have considered the
reasons for enantioselectivity in copper(Il) complexes
with N - alkyl - o - amino acids® and 1,2-diamines.’ In
this report we present the results of studying enan-
tioselectivity in copper(Il) complexes with 3-hydroxy-
methylene camphor (HMC), 3-trifluoroacetyl camphor
(TFC), and 2-hydroxymethyl menthone (HMM).

CHO COCFy
E :0 :(:f ©  cny—tH
: !

CH,
1R-HMM

CHO

t

1R-HMC  1R-TFC

Complexes of transition metals with 1,3-dicarbonyl
ligands were the object of numercus studies and are
covered in several reviews.®” These papers, however,
give only minimum attention to chiroptical properties of
Cu(Il) complexes with HMC, TFC and HMM which, in
our opinion, deserve thorough investigation.

RESULTS AND DISCUSSION

1. CD spectra of complexes

As is seen from Fig. 1, the spectra of circular di-
chroism (CD) of copper complexes with HMC, TFC, and
HMM are characterized by 1-2 bands in the region of d-d
transitions of Cu(II} atom and by a number of bands in a
shorter wavelength region. Such a shape of the CD

*Author to whom correspondence should be addressed.
+The data obtained mainly, for different nitrogen-containigg
axial ligands.
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spectrum, as is now well known, is related to the for-
mation of a pseudoaromatic chelate ring in the com-
plexes of 1,3-diketones and is caused by considerable
delocalization of w-electron system of ligands.

We considered it interesting to study the effect of
solvent and temperature on the shape of the CD spec-
trum. In aprotic non-polar solvents (hexane, toluene) the
bands at ~ 560 and ~ 700 nm have a maximum intensity.
The intensity decreases in solvents capable of coor-
dination in axial positions of square-planar complexes
(methanol, acetone, dioxane, acetonitrile). In the UV
region the solvent effects weakly the shape of the CD
spectra of Cu(HMC), and Cu(TFC), whereas in the case
of Cu(HMM), this effect is strongly pronounced and the
transition from acetonitrile to hexane results in an almost
complete disappearance of the band at ~ 340 nm and in a
sign change of the band at ~400nm. It should be,
however, noted that correlation with the type of the
solvent for Cu(HMM), is less pronounced than for
Cu(HMC), and Cu(TFC),. Temperature practically does
not affect the shape of the CD spectra: the most sensitive
to a temperature change proves to be the band at
~ 400 nm whose intensity (in the case of Cu(HMC(),)
decreases by about 20% with a temperature rise from 25
to 55° (in methanol). The intensity of other bands
changes by only 5-10%.

The fact that there is no correlation between the
dependence of the CD spectra on the type of the solvent
and temperature in a readily coordinating solvent may be
explained if the equilibrium between a square-planar
complex and its adduct with the solvent is almost com-
pletely shifted towards adduct and does not depend on
temperature. This conclusion is supported by data in the
literature,™ showing that the formation constant of such
adducts with a composition 1: 11 is ~10? for Cu(HMC),
and Cu(HMM), and ~10%)/mol for Cu(TFC),. Since the
solvent concentration is high, these values correspond to
almost quantitative formation of the adduct in solution.

Thus, the changes observed in CD spectra of
Cu(HMC), and Cu(TFC),, when passing from non-coor-
dinating solvents to coordinating ones, are probably due
to the formation of adducts with the solvents and refer,
mainly, to the region of d-d transitions. As regards
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Cu(HMM), whose ligands are conformationally more
labile than the ligands of camphor derivatives, the for-
mation of adducts, is most likely accompanied by con-
formational changes and the effect of the solvent
manifests itself in the whole region of wave lengths from
200 to 700 nm.

2. Enantioselectivity in complexes Cu(HMC),, Cu(TFC),
and Cu(HMM),

Enantioselectivity in complexes of the ML type arises
when there is a mutual effect between two ligands enter-
ing into the complex. This mutual effect appears in
different forms. Thus, for instance, in the case of com-
plexes of N - alkyl - & - amino acids'® it manifests itself
in the different ability of the complexes containing two
ligands of identical or opposite configuration, to the
addition of a solvent molecule in the axial position of
Cu**. In the CD spectra the mutual effect of the ligands
appears as a deviation from additivity of the contribu-
tions of both ligands into the net CD spectrum.

To detect the deviations from the additivity of con-
tributions, we have studied CD spectra of mixed com-
plexes in which HMC, HMM, or TFC was one of the
ligands and the acetylacetone (AA) molecule was the
second ligand. Acetylacetone is one of the smallest
ligands of the 1,3-dicarbonyl type and one may expect
that no noticeable steric interactions with the second
ligand will take place. Only in the case of Cu(HMC),
small deviations in the region ~620nm were detected

T oo IO TTRAAT FAN AL FAEQY AT /MY A TAT TTR AN

X€3 LuiioF-nMu e (4A), LU{Idp-1FL] (B), LU[{IK}-AMM]> (L) in different
e; 2, methanol; 3, dioxane; 4, acetone; 5, toluene; 6, acetonitrile.

aé
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+0.2 o

0.4

500 700 nm

Fig. 2. CD spectra of mixed complexes Cu{[(1S)}-HMCI(AA)},
1,3-initial complexes, 2-mixed complex. Chloroform as a solvent.

(Fig. 2). The formation constant of mixed complex is also
close to 4 which means that distribution of the ligands in
the system Cu(HMC)~Cu(AA)~-Cu(HMCKAA) is al-
most statistical in nature.

The absorption spectra of Cu[(1R)}-(HMC)),, Cu[(1S)}-
(HMC)], and Cu{(1R,1S)(HMC)}), as well as of Cu[(1R)-
TFC],, Cu[(1S)-TFC], and Cu[(1R,1S)-(TFC)], are
completely identical; the differences between them are
within the limits of accuracy of the measurements.

All the results obtained indicate that in complexes
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Fig. 3. CD spectra of mixed complexes HMC and TFC in methanol (A) and hexane (B). (1) Cu[(1R}-HMC],, (2)
Cuf(1S-HMC],, (3) Cul(1S)-TFC],, (4) Cu{[(1IR}-HMC][(1S)-TFCJ}, (5) Cu{[(1S)}-HMC][(1S)-TFC]}.

Cu(HMC);, Cu(TFC), and Cu(HMM), there are no
noticeable inter-ligand interactions which could have
caused great enantioselective effects. Axial positions of
thesé complexes are easily accessible for the solvent
molecules and the strength of the adducts formed does
not depend on the optical configuration of the ligands
comprising the complex. This situation is similar to that
observed for the complexes of unsubstituted a-amino a
acids and contrasts with the properties of the complexes
of N - alkyl - o - amino acids.*

No enantioselectivity was observed in studying the
majority of the systems containing complexes
Cu(HMC),~Cu(TFC), (Fig. 3) or Cu(HMC)~Cu(HMM),
(Fig. 4). In these cases a complete additivity of con-
tributions of two ligands was observed, as a rule, which
enter into the complex composition and the CD spectrum
of the mixed complex is almost an average of the CD

at

+1.04

+0.5

=05

-1.01

(a)

spectra of the initial compounds. The noticeable devia-
tions are observed only in the system Cu(1S)}-(HMC)~
Cu(1S)<(TFC), in hexane (Fig. 4b). The constant of
formation of the mixed complex (log k = 1.1) points that
the mixed structure is more preferred than the initial
ones. At the same time the CD spectrum of the cor-
responding  diastereoisomeric  structure  Cu(IR)-
HMC(1S)«(TFC) is intermediate between the CD spectra
of the initial complexes and therefore, we cannot find the
constnat of its formation. Thus, no quantitative in-
formation can be obtained about the possible difference
in stability of these mixed-ligand diastereoisomeric
structures.

EXPERIMENTAL

(1) Preparation of (1R); (1S) and (1R,1S)-hydroxy-
methylene camphor, (1S)-trifluoroacetyl camphor and

a€

+100.4
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()

Fig. 4. CD spectra of mixed complexes of HMC and HMM in methanol (A) and hexane (B). (1) Cul(1IR)}-HMC]>,
(2) Cuf(1S)-HMCI,, (3) Cul(IRYHMML, (4) Cu{{(1IR)-HMC][(1R)-HMMT}, (5) Cu{[(1S)-HMCJ[(IR)-HMMI}.
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Table 1. Elemental analyses of synthesized complexes found (calculated)

41

Complex C H Cu F
1. Cu[(1R)-HMC], 62.5(62.6) 7.0(7.1) 15.5(15.1) —
2. Cu[(1S)-HMC), 62.4(62.6) 6.9(7.1) 15.3(15.1) —
3. Cuf(iR,18)-HMC], 62.1(626) ©69(7.1) 14.5(05.1) —
4. Cu[(1R)-TFC}, SL5 (5.7 49(5.0) 11.2(11.3)  20.2(20.4)
5. Cu[(1S)~TFC), 51.2(51.7) 48(5.0) 1L5(11.3)  20.0(20.4)
6. Cul(IR,18)-TFC], 51.4(51.7) 5.2(5.0) 1L.7(11.3)  20.7(20.4)
7. Cu[(IR)}-HMM], 62.0(62.0) 8.2(7.9) 15.2(14.9) —_
8. Cul(AA)); 46.0(45.5) 5.5(5.3) 24.4(24.3) —

(1R)-hydroxymethylene menthone was performed as REFERENCES

described in Refs. 10-12. The products obtained were
purified by either steam distillation (hydroxymethylene
camphor) or vacuum distillation.

(2) Copper complexes with the synthesized ligands
were prepared as described in Ref. 13 and purified by
recrystallization from dioxane (for HMC) or by sublima-
tion in vacuo (for HMM and TFC). The data of the
elemental analyses are given in Table 1.

Acetylacetonate complex of copper was synthesized
as described in Ref. 14 and purified by recrystallization
from a mixture of methanol with chloroform. The data of
the elemental analyses are given in Table 1.

(3) CD spectra of the complexes were recorded on the
automatic spectropolanmeter “J-20 JASCO” (Japan) at a
concentration of 5x 107> mol/l (in the visible region) or
5% 107* mol/l (in the UV region). The absorption spectra
were recorded on the automatic spectrophotometer
(GDR) at the same concentrations.

(4) Mixed complexes were prepared in solution by
mixing the solutions of two different individual com-
plexes. The constants of the formation of mixed com-
plexes and their spectra were calculated by following the
procedure described in Ref. 4.

'L. D. Pettit and R. J. W. Wofford. In Metal Ions in Biological
Systems (Edited by H. Sigel), Vol. 9. Marcel Dekker, New
York (1979).

%Y. A. Davankov, S. V. Rogozhin and A. A. Kurganov, Russ.
Chem. Rev. 1974 43, 764.

V. A. Davankov, Adv. in Chromatography (Edited by I. C.
Giddings, E. Grushka, J. Cazes and P. R. Brown), Vol. 18, p.
139. Marcel Dekker, New York, 1890.

‘V A Davankov S. V. Rogozhm A A Kurganov and L. Ya.
Zhuchkova, J. Inorg. Nucl. Chem. 1975, 37, 369.

’A. A. Kurganov, T. M. Ponomaryova, V. A, Davankov, Inorg.
Chim. Acta 1980 45, L.23.
€3, J. Fortman and R. E. Sievers, Coord. Chem. Rev. 1971 6, 331.
’K. C. Koshi, V. V. Pathoik, Coord. Chem. Rev. 1977 22, 371.
%), Sasaki, M. Seikurada, M. Matsui and T. Shiymoitsu, Bul.
Chem. Soc. Japan 1974 52, 245.

*D. P. Graddon and E. C. Wotton, J. Inorg. Nucl. Chem. 1961 21,
49,

"’Betlstems Handbuch der Organishen Chemie, V11, 592 (1925).
Bellstems Handbuch der Organischen Chemie, VII, 568 (1925).
A, L. Henne, M. S. Newman, L. L. Quill and R. A. Staniforth,
J. Am. Chem. Soc. 1947, 69, 1819.
3Bellsrems Handbuch der Organischen Chemie 1, 781 (1928).
“A. A. Kurganov, L. Ya. Zhuchkova and V. A. Davankov, J.
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Abstract—The He(I) photoelectron spectra of acetylacetone (HAA) and its metallo complexes, M(I[{AA),
(M(IT) = Mn, Co, Ni, Cu and Zn), have been measured. These spectra show characteristic metal-dependence,
from which the assignment is made. The order of the orbital energy level, d = m3> n_> n., holds for all the
complexes reported here. The splitting of these orbitals is found to depend on the central metal ion specifically.

INTRODUCTION

Considerable efforts have been made to understand the
electronic structure of metal complexes. Although the
UV-VIS absorption spectroscopy has been the most
useful experimental method for this purpose, it is avail-
able only for the energy differences between a ground
and an excited state, and therefore, the energies of the
occupied orbitals (i.e. ionization potential, IP) cannot be
obtained. In the case decades, photoelectron (PE) snec-
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troscopy has been proved to be useful to study the
electronic structure of various organic compounds.
However, PE study concerning the metallo complexes is
quite limited due to the difficulty of the measurement of
the IP in the vapour phase. In this manuscript, we
succeeded in obtaining the PE spectra of a series of
divalent metallo complexes with acetylacetone. Despite
numerous reports on the electronic structure of the
transition metallo complexes, M(IIT)(AA)s, little attention
has been paid to those of the divalent ones, M(I}(AA),.
In order to gain an insight into the electronic structure of
the divalent metallo acetylacetonates, especially partly
filled d-shell, of which theoretical investigation is still
lacking, we discuss here the electronic structure on the
basis of UV PE spectra of acetylacetone and its divalent
metal complexes.such as Mn, Co, Ni, Cu and Zn(AA),.

EXPERIMENTAL

Acetylacetone and its metallo derivatives were all com-
mercially available. These complexes for PES measurements were
purified by a vacuum sublimation.

Photoelectron spectra, with He(I) resonance line at 21.21eV,
were recorded on a Perkin-Elmer PS 18 spectrometer using a
heated inlet probe. The spectra were calibrated by the simul-
taneous admission of Xe and Ar gases mixture into the heated
target chamber containing the sample vapour. The sample was
heated gradually until the desired temperature was reached: the
setting temperature was 91°C for Zn(AA),, 115°C for Co(AA),,
142°C for Cu(AA),, 174°C for Ni(AA), and 200°C for Mn(AA),.
The instrumental resolution was 20-30 mV for Ar P]/z 32 peaks.

*Author to whom correspondence should be addressed.
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RESULTS AND DISCUSSION

He(I) PE spectra of the acetylacetonate complexes of
divalent metals are illustrated in Figs. 1 and 2. The IPs
for these complexes are listed in Table 1 together with
some literature data.' As Figs. 1 and 2 show, the PE
bands between 7 and 12 eV for the compounds are well
resolved, while the bands at the higher ionization energy
(IE) region which arise from ionization of C~-H and C-C

- i ne ara avarlannad and hava na fina
G*bendlﬂg elect}leuo, are OvEnappea and nave no nne

structure. Thus, we are concerned with the bands be-
tween 7 and 12eV.

The PE spectrum of HAA shows two well resolved
bands at 9.0 and 9.6 eV, which have been assigned” to
the ionization due to the m, electron of the enol ring and
the n_ electron of the oxygen lone pair, respectively. The
third band has been assigned to the ionization from the
symmetric combination (n..) of the two oxygen lone pair
orbitals by use of trifluoroacetylacetone.’

Figure 1 reveals that Zn(AA), provides two intense
bands at 8.34(A) and 9.29(B) eV. The low IE bands’ of
Be(AA); has been assigned to w5 and n_ electron ion-
ization, respectively. The C and C’' bands in Fig. 1 are
well resolved and the gap of these two bands is 0.83 eV,
which is in strong contrast to the overlapping of the
corresponding bands of Be(AA), (0.27eV gap). These
bands are attributable to the ionization of n. orbitals.
The splitting of the n.. orbital can be accounted for by a
simple molecular orbital interaction model. In the gas
phase, the divalent metal compounds is expected to exist
as a monomer.’ The electron diffraction studies** have
shown that the structure of Ni and Cu(AA), are almost
square planar. Planar symmetry (D, point group) allows
the n. orbitals to show B,, and A, transformation. The
interaction of the metal ns(a,) and np(b,,) valence AOs
provides two n. orbitals having energy gap, which
depends on the extent of mixing of these two AOs. On
the basis of PE spectra of Zn(AA), and Be(AA),, this
orbital mixing of Zn(AA), is more enhanced than that of
Be(AA),.

As Fig. 2 shows, Ni(AA), gives well-resolved bands at
low IE region. The d-electron ionizations appear as the
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Fig. 1. He(I) photoelectron spectrum of Zn(AA),.

first three bands, which has been confirmed by use of
mono and dithio analogues of Ni(AA),.° In contrast to
this, d ionization peaks were not separately observed for
Mn, Co and Cu(AA),, because these bands are masked
under the broad envelope of the bands between 8 and
9eV. It is to be noted in Fig. 2 that Cu(AA), shows the
first band (d) as a shoulder of the second broad and
intense band (A) at 8.18 eV, and Co(AA), also exhibits a
shoulder peak at 7.93 eV. The corresponding bands were
not observed in the spectrum of Zn(AA), (Fig. 1). This
finding makes us assign these shoulder bands to metal d
orbitals. It is emphasized that the band ascribed to the
ionization of the metal d orbital has lower intensity than
that of oxygen .and carbon p orbitals due to its small
cross section.”® In Fig. 2, the bands denoted as d have
relatively small intensity, indicative of the validity of the
above assignment. Under D, symmetry, the crystal field
theory provides us with the order in the d orbital energy
dyy>dy; ~ dy; > dy2> dez-yo. On the basis, the first
band of Ni(AA), has been assigned to the ionization
from nearly degenerate d,.,. orbitals,® since the upper
d,, orbital is empty. In the case of nearly quadratic

chromophere of Cu(AA),* with d® configuration, the first
band at 7.66 eV is analogously considered as the elec-
tron-ejection from the singly occupied d,, orbital. Ac-
cording to the above energy order of d orbitals in the
case of quadratic chromophere and on the basis of the
observed PE spectra of Cu(AA), and Ni(AA),, it is
worth noting that the d-orbital level of Ni(AA), is higher
than that of Cu(AA).. This trend about d orbital energy
has also been found in the case of diethyldithiocar-
bamate® and diffuorodithiophosphate'® complexes of Ni
and Cu. In the AA complexes of Cu and Ni, the Ni-O
bond distance is shorter than the Cu-O distance.** This
fact leads to the expectation that Ni ion interacts with
the ligand more strongly than Cu ion, eventually in-
dicative of the destabilization of the d orbitals of the Ni
complex. The experimental observation on the relative
d-orbital levels for Ni and Cu(AA). should be theoretic-
ally reproduced. For our SCF UHF calculation, we used
two Slater-type functions of different effective nuclear
charges for 3d atomic orbitals."' The MO energies show
that d levels of Ni complex lie higher by ca. 0.5 eV than
those of the Cu complex.

Table 1. Vertical ionization potentials (peak maxima) from the photoelectron spectra of acetylacetone (HAA) and

M(IXAA),

Compound Bands

a A B c ev
Haa? 9.00 9.60
Mn(AA)2 b b 9.20 9.98 10.32 11.29
Co(AA)2 7.93 g8.11 8.36 8.62 8.78 9,70 10.35 10.80 11.58
Ni(AA)2 7.62 8.05 8.21 8.59 8.78 9.02 9.39 10:24 11.02 11.59
Cu(AA)2 7.66 8.18 8.43 9.02 9,70 10.18 11.42 11.85
Zn(AA), 8.34 9.29 10.38 10.72 11.55
a) Ref.l b) The overlapping bands between 7 and 8 eV are too complicated to

separate each band, corresponding to the ionization of 4 and s orbitals.



UV photoelectron spectra of some transition metal(I) acetylacetonates 45

Mn{AA),
2
2
oy
3
3
3
(5
A i i '
)
ColAA),
£ A
5 A .
= Bg' C
. B C
€
3
3
o
l S | 1 L ] ) | 1

Count rate

CulAA),

Count rate

TRV B

15

Fig. 2. He(I) photoelectron spectra of Mn(I[)(AA),, Co(I)(AA),,
Ni(I)(AA); and Cu(II)(AA)..

The higher IE bands

As shown in Figs. 1 and 2, the PE bands (A) in the
next higher IE region of Co, Ni and Cu(AA), reveal the
similarity close to the band A of Zn(AA),, characteristic
of 5 ionization. The unresolved broad band between 7.5
and 8.3eV, however, appears in the spectrum of
Mn(AA),. This band results from d and 3 ionization
which lie close in energy to those of Ni, Co and
Cu(AA),. Figure 3 shows the energy level diagram of
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Fig. 3. Correlation diagram of ionization energy in the PE spec-

tra of M(ID(AA),. All the ionization energies except for Be(AA),"

were obtained in the present experiment. The shaded portion

shows a region with possible ionization energies obtained from
the broad PE band.

photoionized states constructed from the present results
of PE measurements. It is emphasized in Fig. 3 that the
w3 level of Ni(AA), is lower than those of other com-
plexes. A simple analysis of the valence orbital inter-
action explains as follows: the stabilization of the m,
orbital energy for Ni(AA), results from an increase of
the mixing among metal 3d(b,), 4p(b1.), and mi(Bs, and
B,,) orbitals due to the relatively shorter Ni-O bond
length in the square planar structure (Day).

The B-labeled bands at 8.5eV are significantly asso-
ciated with ionization from oxygen lone pair combination
(n). The splitting (B and B') shows the metal-depen-
dence, which is ascribed to the extent of the mixing
between n_(B;, and B,,), metal 3d(b,;) and 4p(bs,)
orbitals. Figure 3 also shows that the n.. band splitting (C
and C') of Co(AA), is greater than that for other metal
complexes. This implies an unusual structure of Co(AA),
in the vapour phase. It has been found' that unlike
Ni(AA),, Co(AA), encounters a tetrahedral form in the
highly diluted solution. Hence, the greater splitting is
associated with the structure such as tetrahedral form.
PE spectra are, thus, available for the structural analysis,
which should be developed together with the analysis of
the electronic structure of metallo complexes.

The C-labeled peaks around 10eV are assigned to
ionizations of the n. electrons, which correspond to the
peaks at 10.38 and 10.72 eV in the spectrum of Zn(AA),.
The positions of these bands are not sensitive to the
metal ions, while the splitting of bands C show the
metal-dependence. By analogy with the splitting of n_,
this is explained in terms of the interaction between n.,
4s and 4p orbitals. The former interaction is less sen-
sitive to the structural deviation from the planarity of the
complex than the latter, because of the spherical sym-
metry of the 4s orbital.

The weak bands about 11eV in Fig. 2 are associated
with the ionization from m, orbital, an anti-symmetric
combination of the localized C-O 7-bonding orbitals. As
the electronegativity of the metal ion increases from Mn
to Cu, these bands appear to shift to higher IE region
except for the Co complex (Fig. 3). This unusual feature
for Co(AA), is also due to the structural deformation
from the square planar to tetrahedral form.

Acknowledgement—We are grateful to the Instrument Center,
the Institute for Molecular Science, for assistance in -obtaining
the UV PE spectra.
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Abstract——Tns-complexes of Co(II), Nl(II), Cu(II) fluoroborates, perchlorates and |od1des with the title hgand
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conform to the composition M(DPymPz),X;, nH,0 [m Co{I), Ni{Il), Cu{Il); X=ClO,, BF, and I, n=0,2}.
Physico-chemical characterisations of the complex species have been made from electronic and vibrational spectra,
magnetic susceptibility measurements in the solid state and conductivity measurements in solution. Electronic
spectral features together with the corresponding ligand field parameters suggest an overall octahedral environment
for all the metallic complexes. For [CuN] environment a D; symmetry is thought to be highly probable. Ir data point
out the pyrazolyl nitrogen (tertiary) and one of the pyrimidyl nitrogens as bonding sites in forming these complexes
while the anion (X) retains its identity (as in free form) in the said species.

INTRODUCTION
The significant role played by the pyrimidine derivatives
(the ring system being an integral part of several nucleic
acids, vitamins etc.) in many biological systems, has
currently stimulated research into the coordination
modes of pyrimidine-based ligands in order to gain
detailed knowledge of the role of metal ions in such
systems. Moreover, certain pyrimidino-pyrazoles are
recently being studied in the fight against cancer.! As a
part of our programme?” to investigate the interaction of

a
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ligands with metal ions, the present communication in-
tends to report the coordination aspect of a pyrimidyl-
pyrazole viz. the title ligand (hereinafter abbreviated as
DPymPz) with isolation and physico-chemical charac-
terisation of a few tris-complexes with [MN¢] environ-
ment.

EXPERIMENTAL

Preparation of the ligand. The ligand was prepared by a
condensation reaction of one mole 2 - hydrazino - 4,6 - dimethyl
pyrimidine***® (prepared in our laboratory) with 1.1 moles of
freshly distilled acetylacetone following the method of Giutiano
et al.* The product yielded white flakes on recrystallisation from
water. It melted with decomposition at 65°C (lit. m.p. 65°C)
(Found: C, 65.07; H, 6.69; N, 27.98. Calc. for C,;H,\N,: C, 65.34;
H, 6.69; N, 27.98%). The ligand has been further characterised by
its PMR spectral data recorded in DMSO-d;; (not reported in the
literature). The 80 MHz PMR spectrum of DPymPz shows two
sharp one proton singlets at 57,18 and §6.12 which correspond to
C-5' proton of the pyrimidine ring and C-4 proton of the pyrazole
ring respectively; one 6-proton singlet at 52.47 may be ascribed
to the methyl groups at the C-6' and C-4' of the pyrimidine ring.’
On the other hand two 3-proton singlets appearing at 62.45 and
52.21 in all probability correspond to two methyl groups at the
C-3 and C-5 positions of the pyrazole ring;’ the difference of
these & values is attributed to the greater shielding experienced
by the C-5 methyl group of the pyrazole ring as these protons lie
in approximate to the shielding region of the pyrimidine ring
which is disposed in a perpendicular fashion with the pyrazole
ring.

*Author to whom correspondence should be addressed.
tFor Part II: N. Saha and S. K. Kar, J. Inorg. Nucl. Chem.
1979, 41, 1233.
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Preparation of the metal complexes. All the tris-complexes
excluding the iodide one of Cu(ll) were prepared by addition of
hot ethanolic solution of the ligand (0.015 mole) to a solution of
the hydrated metal(TI) salt (0.005 mole) in the same solvent. The
resultant solution, so formed, was heated at water-bath tem-
perature for 5-10min and then left at room temperature in a
desiccator over concentrated H,SO,. The desired compound, in
each case, separated within 24 hr, The compound was filtered,
washed with ethanol and dried over silica gel. The compound of
the composition Cu(DPymPz),1,, 2H,0 was prepared by digest-
ing the corresponding perchlorate complex (Table 1) with a

saturated aogueouns solution of KI at water_bath teamnarature for

saturated agueous solution of KI at water-bath temperature for
15 min. The compound was filtered, washed repeatedly with
ice-cold water and then with ethanol and collected as before.

Elemental analysis. Metal contents (viz. cobalt, nickel and
copper) in the respective metal complexes were determined
gravimetrically as anhydrous CoSO,, nickel dimethyl glyoximate
and [Cu(en),Hgl,] (en = ethylene diamine) respectively. Nitrogen
and carbon were estimated by micro-analytical laboratory of the
Department. Chlorine and iodide were estimated gravimetrically
as silver halides.

Physico-chemical measurements like molar conductance and
magnetic susceptibility, electronic (both reflectance and solution)
and vil;rational spectral measurements were done as described
earlier.

RESULTS AND DISCUSSION
The analytical data for the complexes along with their
colours, effective magnetic moment values and molar
conductances are given in Table 1. The complexes are
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soluble in water and common non-donor organic
solvents. The aqueous solutions of complex species
suffer appreciable change in colour with time indicating
extensive solvolysis.

All the tris-complexes are magnetically normal high-
spin 6-coordinate complexes (Table 1). The magnetic
moments of the cobalt(II) complexes are above the spin
only value of 3.89 B.M. for high spin octahedral com-
plexes due to high orbital contribution.® Molar conduc-
tance data (in ohm™' cm® mole™") in acetonitrile solution
of the complexes indicate their ionic nature (1:2) at least
in the said solvent.”

Co(ll) complexes. The diffuse reflectance spectra of
the Co(II) complexes are characterised by two main
bands appearing around ~9.8kK and ~20.7kK which
may be ascribed to »[4T,(F)-*T;,] and »[* T\ (F)>
‘T, (P)] transitions respectively in an idealised octa-
hedral environment.® The position of »; band in the d.r.s.
of the corresponding iodide complex could not be
located in the expected position; alternatively, a broad
band appeared at 22.42 kK which is believed to be mixed
up with intense charge transfer absorption. The relevant
ligand field parameters® viz. Dq (1096 and 1120cm™"), B
(804 and 808 cm™') and B (0.82 and 0.83) for the fluoro-
borate and perchlorate complexes confirm the proposed
pseudo-octahedral configuration. Electronic spectra
(Table 2) of these complexes in methanol are charac-
terised by a main band around 20.00kK which indicate
that there is no remarkable change in stereochemistry on
dissolution in the said solvent.

Ni(I) complexes. The complexes have mostly identical
spectral bands both in solid and in solution. Each is
characterised by two main bands around ~10.4 and
~17.0kK which may be attributed to »{*A,, > To,(F)]
and »[>A,, T\, (F)] transitions respectively in an O,
symmetry. The calculated'®'" ligand field parameters viz.
Dq (1030 and 1040cm™"), B (972 and 1048 cm™') and B8
(0.93-1.01) closely correspond to those having (NiNg]
environment.'” The »,/»; ratio of 1.63-1.65 (Table 2)
characterises all the Ni(I[) complexes as essentially
pseudo-octahedral species suggesting strong Ty, term
interactions." In the present study absence of »; band
PA,, ~>Ti,(P)] may be either due to intense internal
a-x* transitions of the ligand or due to intense CT
absorption, arising from metal to ligand via the s anti-
bonding level of the heterocyclic ligand.'* The strong
band at 25.97 kK with high molar extinction coefficient
(e ~ 1.52 cm™" mole™") in the spectrum of Ni(DPymPz),l,,
2H,0 in methanol may be of charge-transfer origin.

Cu(Il) complexes. The tris-pyrimidyl-pyrazole Cu(II)
ions as perchlorate, fluoroborate and iodide salts furnish
interesting spectral features having well-defined absorp-
tion bands near 10.12kK which persist more or less in
the same region both in the solid state and in nitrome-
thane solution; additional bands around 6.00kK (d.r.s.)
and near 14.28kK (in solution of nitromethane) are
also discernible. The spectral data remind us of the well
known Cu(bipy)s>* and Cu(o-phen),”* ** and our earlier
reported Cu(DPyPz),>* '** [where DPyPz represents a
molecule of 3,5 - dimethyl - 1 - (2' - pyridyl)pyrazole, having
structural resemblance to our present ligand]. The point
symmetry in these tris-Cu(Il) species may, therefore, be
regarded as essentially D; in which the 2T, level (in O,) is
split into 2E +2A, while the ’E, level is unaffected. The
two transitions corresponding to A, «*E and ’E «’E
are expected in order of increasing energy.'® The main
spectral bands in the present Cu(Il) complexes are con-

sistent with this expectation. Although in absence of
polarised data it is a conjecture, but it seems reasonable to
consider Cu(DPymPz),*" as being essentially a trigonally
distorted octahedral complex both in the solid state and in
solution.

IR spectra

The i.r. spectrum of the uncomplexed ligand furnishes
recognisable bands in the region 1600-1400 and at 1000
and 750 cm ™' which may be assigned to the vc_..c + ve.. .
and out-of-plane deformation vibrations respectively of
both (1,2)-d (1,3)-diazine (pyri-
midine) systems. On complexation these bands are found
to experience shifts in the higher energy side (Av ~ 15-
30cm™") indicating, thereby, the expected participation
of both pyrazolyl and pyrimidyl ring nitrogens (one of the
pyrimidyl nitrogens at a time as verified through con-
struction of molecular model); contemplation of forming
a stable 5-membered ring with the metal ion is thus
supported. In the far i.r. spectra of a few compounds, the
appearance of bands at 300-315cm '(w) and around
245 cm™'(ms) attributable to M-N (pyrazole ring)'’™'™
and M-N (pyrimidine ring)'® respectively further support
the proposition.

{1,2)-diazole (pyrazoie) and zine {p

Mode of linkage of the counterion (X)

Perchlorate complexes. The appearance of broad
strong band at ca. 1110-1070cm™" (»,) along with an-
other strong one at 625 cm ™" (v.) indicate the presence of
jonic perchlorate species (7,) in the compounds.'®

Fluoroborate complexes. The strong broad bands at ca.
1120-1040 cm™" (vs) indicate the presence of ionic
fluoroborate species in the compounds.’**'

Therefore, the ligand (DPymPz) exhibits a neutral
bidentate (N-N) function through the tertiary nitrogen
atom of the pyrazole and one of the pyrimidine ring
nitrogen atoms in complexation with a metal ion giving
tris-complexes of [MN] environment with a relatively
heavy counterion.

Further studies with the title ligand using different
metal ions [like Fe(lI), Pd(II), Pt(I)] are in progress and
will be published in due course.

Acknowledgement—The authors are thankful to Prof. S. E.
Livingstone of the University of New South Wales, Australia for
kindly providing them with reflectance spectra of the com-
pounds.
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Abstract—The complexes Mo{HB(Me,pyz);}(NO)XY {HB(Me,pyz), = HB(3, 5-Me,C;HN.,); X=Y=F, CI or Br;

X=F, Y=OEt, NHMe or SBu"; X=Cl, Y=NHR

(R=Me Et, Bu", Ph, p-MeC¢H,), NMe, and SR (R=Bu", C¢H,,,

CH;Ph, Ph); X=Br, Y=NHMe, NMe, and SBu"} have been prepared and characterised spectroscopically. Their
properties are generally similar to those of their iodo-analogues.

In a series of papers we have described the reactions
of Mo{HB(Me,pyz);{NO)L, (1; X=Y=I) [HB(Me.pyz),
=HB(3, 5-Me,C;HN,)q=tris(3, 5-dimethyl-
pyrazolyDborate] with alcohols,"”” amines®* and
thiols,’ affording alkoxy, amido and thiolato complexes
of the type (1; X =1, Y=OR, NHR or SR). Our use of the
dilodide precursor (1, X=Y=I) was dictated partly by its
ease of preparation from (1, X=Y=C0),"® and partly
because the iodide ligand is bulky and therefore likely to
be a good leaving group in potential substitution reac-
tions. However, we felt that the preparation of the other
halide derivatives should be attempted in order to
explore the effects of the changes in electronegativity
and ligand size in the properties of this unusual series of
complexes.

SYNTHETIC STUDIES

In earlier attempts to prepare chloro- and bromo-
complexes of the type (1; X=Y=CO) with chlorine and
bromine we noted that partial halogenation of the
pyrazolyl rings, especially at C-4, occurred very readily.'
This caused great difficulties, and we were frequently
unable to reproduce our results. Thus alternative routes
to (1; X=Y=Cl and Br) were sought.

We have employed two methods for making the
chloride and bromide precursors. Trofimenko had
shown’ that (1; X=Y=CO) reacted with NOClI to give (1;
X=Y=Cl), and we found this the easiest and quickest way
to prepare the chloride. The product so obtained was not
usually very pure, but was entirely satisfactory for fur-
ther reactions. The bromide was obtained similarly, using
NOBr, and was isolated as a pure orange powder. The
other method of synthesis involved reaction of (1;
X=Y=0R; R usually Et) with HCI or HBr. The chloride
was obtained as a yellow solid and this method is the
best way of isolating the pure material. While the con-
version of bis-alkoxide to dichloride is 70%, however, the
overall yield from (1; X=Y=CO) is only 30%, requiring
conversion of the dicarbonyl to (1; X=I; Y=OEt) and of
this to (1, X=Y=0OEt). The bromide obtained from HBr
addition to (1; X=Y=OR) was not obtained sufficiently
pure to justify exploration of this route, traces of water
frequently interfering with the purification of the com-
pound.

The difluoride, (1; X=Y=F) has not been previously

*Author to whom correspondence should be addressed.
1tPresent address: Department of Chemistry, University of
Birmingham, P.0. Box 363, Birmingham B15 2TT, England.
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described but was made by reaction of (1; X=Y=OEt)
with aqueous HF. It was isolated as a virtually insoluble
pale green solid (it is very slightly soluble in CHCl,)
which was substantially less stable towards air and moisture
than its chloro-, bromo- and iodo-analogues.

The alkoxides (i; X=Ci, Br or I, Y=OR) have been
previously described,’ and are prepared by refluxing the
appropriate dihalide in an alcohol. However, the fluoro
ethoxide, (1, X=F, Y=OEt), despite the insolubility of the
parent difluoride, is formed rapidly in ethanol without
heating. The mono-amido species (1, X=F, Y=NHMe),
(1; X=Cl, Y=NHMe, NHPh and NHC;H Me-p) and (1;
X=Br, Y=NHMe) were prepared in the same way as their
iodo analogues,’ namely by reaction of the dihalide with
two mole equivalents of the amine in solution at room
temperature. Similarly, the thiolato species (1, X=F,
Y=SBu"), 1, X=Cl, Y=SBu", SC¢H,,, SCH,Ph and SPh)
and (1, X=Br, Y=SBu") were obtained by refluxing the
dihalide in hydrocarbon solvents containing the ap-
propriate thiol.

Of some interest was our ability to synthesise rela-
tively stable dimethylamido complexes, (1; X=Cl or Br,
Y=NMe,). These compounds were obtained in the same
way as their mono-alkylamido analogues, and are
significantly more stable towards air, moisture and other
hydroxylic solvents than the corresponding iodo complex
(1; X=I, Y=NMe,).’ Indeed, the iodo species has been
used as a convenient precursor for making alkoxides and
monoalkylamides under mild conditions. We presume the
lower chemical reactivity of the related chloro- and
bromo-complexes is related to the relief of steric strain
following the replacement of the iodide group by the less
bulky CI and Br.

Spectral studies

The IR spectra of the new complexes (Table 2) exhibit
bands typical of the HB(Me,pyz), ligand, and a strong
absorption due to »(NO). The dichloride and dibromide
exhibit »(NO) at values very similar to those of the
diiodide, whereas the frequency in the difluoride was
lower. On electronegativity grounds alone, we would have
expected an increase in »(NO) in the difluoride if any
change occurred. It is possible, however, that (1; X=Y=F)
is di- or poly-meric, with Mo-F-Mo bridges, which
would be consistent with its insolubility. The coordina-
tion sphere of the metal would then increase from 6 to 7
by virtue of F atom bridging, leading to more electron
donation to Mo, and hence a lowering of »(NO) relative
to the other dihalides. There is very little evidence for a
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Table 1. Analytical and molecular weight data obtained from [Mo{HB(Me,pyz):{NO)XY]

x oy Elm:ga%cgrl\:;))r;cs b F:ﬁrl\d'("é;icd)
¢ H N Hal

F F 39.3(39.1)  4.9(4.8) 20.8(21.3)  8.2(8.3)

aa cl 36.6(36.5)  4.5(4.5) 19.4(19.9)  14.0(14.4) | S24(494)

Br  Br 30.7(30.9)  3.9(3.8) 16.5(16.8)  27.0(27.8) | 620(583)

F OEt 42.4(41.9)  5.97(5.61)  19.8(20.1)  3.6(3.9)

F NiMe 40.4(40.7)  5.81(5.51)  23.9(23.7)  4.2(4.0)

€1 NHMe 39.5(39.3)  5.5(5.4) 23.3(22.9)  7.6(7.3)

C1 Mt 40.3(40.6)  5.9(5.6) 22.0(22.3)  7.3(7.1) 521(503)

c1 nHBu" 43.4(43,0) 6.0(6.1) 21.3(21.1) 6.4(6.7)

€1 WPh 46.0(45.8)  5.2(5.1) 20.4(20.4)  6.3(6.4)

c1 mcHMe | 46.4(86.8)  5.2(5.4) 19.7(19.8)  6.5(6.3) SLO(565)

e e, 40.2(40.5)  5.6(5.8) 22.5(22.3)  7.1(7.0)

Br M 36.6(36.1)  4.7(s.9) 21.2(21.0)  15.2(15.0) | 562(533)

Br  NMe 37.0(37.3)  4.9(5.2) 20.2(20.5)  14.3(14.6)

F sauh € 42.7(43.0)  5.7(5.8) 18.1(18.5)  3.9(3.6)

. sm"d 41.8(41,7)  5.7(5.7) 17.6(17.9)  6.4(6.5) 575(548)

cL sPh € 4. 7(66.8)  4.6(4.8) 17.5(17.3)  6.1(6.2) 591(568)

et osehy, | 3608800 5.5(5.8) 16.8(17.1)  5.8(6.2)

a1 schpn 9| ss3s) 5.365.0 16.7(16.9)  5.8(6.1)

e seh b 38.8(38.5) 5.0(5.3) 16.8(16.6) 13.3(13.5)

Determined

a
9 5: 6.0(5.9)%; €5: 5.84(5.7)%;
b os:os.005.00%.

Ts: 5.2(5.6)%; 2s: 5.6(5

osmometrically in CHC13; b F, C1 or Br; €s. 5.8(6.1)%;

5)%;

Table 2. IR and NMR spectral data from Mo{HB(Me,pyz);{INO)XY

-1
X Y K;ino)(cmcﬂéla s(RAY2 Assignments
F F 1688 b 6.03(2)€ s
5.31(1) s CatMeN,
2.56 s
2.41 s
530 (8 JS C3H(CH,) N,
2.28 s
c1 cl 1702 1720 5.98(2) s
5.80(1) s CattesN,
2.40(18) 35 C3H(CH,) N,
Br Br 1702 1720 6.00(2) s
5.95(1) s CatMe,
2.60 s
2.51 s
z.as} (18) s} cau(cl—ua)zu2
2.41 s
F Ot 1666 b b
F NiMe 1640 b b
F sBy" 1655 b b
c1 NiMe 1643 1664 12.32(1) 85 NeMe
5.83(1) s
5.82(1) s} C HMe N
5.80(1) ) z;
4,45(3) d;  NHCH, “(HH)8.OHz
2.58 s
’ 2.44 s
2.38) (18) sb C_H(CH,).N
2.3 sf 3 22
2.33 s
2.31 s
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Table 2 (Contd.)
.1
X Y V(NO)(Cn™") s(RAYZ Assignments
KBr cHely
cl NHE 1649 1662 12.29(1) s; MHEL
5.86(1) s
5.82(1) s} C.HMe N
5.80(1) s ¥ 22
4.89(2) AB pair, 8(A}5.21, 5(B)&.57;
3(AB)S.OHz, >J(HH)8Hz; NHCH,Me
2.58 s =
2.48 s
239r (18 Sl CgH(eHI) N,
2.35 s
2.3 s 3
1.36(3) t5 NHCH,CHy 3(HH)7.OHz.
QL Me, 1665 1612 | s.eamd s
5.88(1) s} C IﬂezN2
5.83(1) s
4,35(3) s
3.26(3) 2} My,
ca.2.4(18) m; CBH(CE_ )ZNZ
€1 MPh 1656 1666 | 12.63(1) s; NHPh
ca.7.25(5) m; 'ﬂcaﬁs
5.87(1) s
5.85(1) s} C,HMe N
5.78(1) o T 22
2.68 s
2.40 s
2.3 1 (18) s} CLH(CH,)N
2.33 s| > 322
1.98 s
€L MCHMe | 1653 1662 12.72(1) 55 NHC H M
7.30(s) A8 muit 7.39, §(8)7.21,
a8)8. 0Hz; HMe
5.89(1) s
5.87(1) s}
5.79(1)
2.67(3)
2.38(12) } CH(CH) N,
2.01(3)
2.36(3) s NHCH, CH
Br  NMe 166 1667  |12.57(1) s; NMe
5.88(1) s
5.83(2) sf Ctel,
4.32(3) d;  NH(CH;) “3(HH)8.0Hz
2.61 s
2.50 s
2.40 s
2370 (18 oF CHH(CHN,
2.36 s
2.35 s
Br e, 1650 1659 5.92(1) s
5.86(1) s} C e N,
5.80(1) s
4.32(3) s
3,22(3) s} N(CH3),
ca.2.4(18) m; C3H(Ct|_ YN
c1 sBy" 1662 1680 5.91(1) s
5.80(2) 33 CHH(CH N,
5.18(2) m; SCHPe", 23(HH)7.0Hz
2.56(3) s
2.45(3) s
2.42(3) s CH(CH), N,
2.33(6) s
2.22(3) s
2.06(2) quint; SCH,CH.Ft, Jsmn.ouz
1.57(2) sext; sanH‘e Wie, J3(HH)7.0Hz
1.01(3) t; S(CH ) CH (HH)8,0Hz.
1 SCH 16711 1678 5.90(1) s
6711 5.80(2) s} cpmeN,
2.55 s
2.46 s
2.42( (18) s} CyH(CH3)N
2.33 s —3'272
2.22 3
1.75  (10) m; SCGHu; SC!!_(CNZ)s not observed
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Table 2 (Contd.)
v(No) (em™ ) a
X Y KBr CHC13 S§(RAY= Assignments
C1 SCHZPh 1671 1684 ca.7.4(5) m; SCHZC H
6.32(2) AB pair? §(A)6.48, §(B)&.15,
J(AB)}13.2Hz; SCHZPh
5.90(1) s
5.86(1) s} CHMe_N
5.84(1) s ¥
2.50 s
2.45 s
542 (18) s (33H(Cﬂ3)2N2
2.37 s
2.30 s
Cl SPh 1684 1691 7.89(2) d; o-H, SC HS’ ;3(HH)7.0HZ
7.55(2) t; m-H, scsﬁs, J3(HH)7.OHz
7.37(1) t; p-H, scggs, I(HH)7.0Hz
5.92(1) s
5.83(1) s} C_HMe N
5.78(1) o ¥ 22
2.53 s
2.50 s
2.45 (18) s CH(CH,),N
2.36 s ¥z
2.02 s
Br spu” 1665 1682 5.96(1) s
5.82(1) s} C_HMe N
5.80(1) s Tz
5.07(2) m;  SCH,Pr"s “J(HH)7.0Hz
2.60(3) s
2.47(6) s
2.36(6) s} C3H(CH3) N,
2.20(3) s 3
2.15(2) quint; SCH,CH,Et; JI(HH)8.OHz
1.57(2) sext; SCH,EH,BH Me: I(HH)S.OHz
1.03(3) t; S(CH,5,CA233(HH)8. 0z
2 Recorded in CDCl3 at 220 MHz, 37° using SiMe“ as internal standard (rel. area);
b not recorded because of insolubility;
€ Recorded in CDCl3 at 400 MHz (Brucker FT instrument);
d

at 220 MHz.

Recorded in CDZCI2

halide or N- or S- ligand substituent effect on »(NO) of
the other monohalide complexes. In general »(NO) in the
amido and thiolato species averages 1664 and 1683 cm ™,
which is consistent with our observations elsewhere.’
The '"H NMR spectra (Table 2) of the new complexes are
generally unremarkable, and are consistent with the
formulation of the new species. A group of signals in the
region § 2.7-1.9.is associated with the methyl groups of
the pyrazolyl ring. The shape of these signals varies from
compound to compound but in one complex (1; X=Y=Cl)
it appears as a singlet. We have no explanation for this
effect, but it is very useful for characterisation purposes.
The group of signals occurring in the region § 6.1-5.3 is
due to the protons attached to C-4. In those complexes
of the type (1; X=Y), the signals appear as a doublet of
relative intensity 2:1. In the species where X #Y, we
would expect three singlets, since there is no plane of
symmetry in the complexes, and this is usually observed.
In two cases viz. (1; X=Cl, Y=SBu" or SCcH,,) only two
resonances, of relative intensity 1:2, are observed and
we assume this is due to accidental degeneracy; this
effect has been noted before. In these complexes, as in
all others reported previously, protons attached to the C

atom o to the donor atom at Mo resonate at lower fields
than expected, and we reiterate that this is probably due
to the strong electron-withdrawing properties of the
metal. The NH signals in the mono-alkyl and aryl-amides
also resonate at low fields (6 12.7-12.3) for the same
reason. The signals due to the dimethylamido group in (1;
X=Cl or Br, Y=NMe,) appear as two singlets, because of
the asymmetry of the complexes, and the lack of facile
inversion at the amido N atom in these complexes.

Conclusion

The properties of the new complexes are generally
very similar to those of their iodo-analogues. We have
noted in a qualitative way that the apparent rates at
which the monosubstituted fluoro-, chloro- and bromo-
complexes were generally faster than those of the related
iodo-complexes. While we believe that the mechanism of
formation of the species (1; X=I, Y=OR, Y=OR, NHR or
SR) from (1; X=Y=I)® involves prior one-electron trans-
fer, we are not yet in a position to determine whether
this occurs with the other dihalides. This possibility is
being studied.
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EXPERIMENTAL

The complex Mo{HB(Me,pyz);}(NOXCO), was prepared as
described elsewhere.'® All reactions were carried out under
nitrogen and in N,-degassed solvents. All yields are quoted
relative to the molybdenum-containing precursor. IR and 'H
NMR spectral data were obtained using PE 297 and PE 180
spectrophotometers, and PE R34 instruments, respectively.
Molecular weights were determined osmometrically in chloro-
form.

Mo{HB(Me,pyz);}{NO)Cl, (1; X=Y=Cl)—Method 1. Nitrosyl
chloride was generated in sifu, and was bubbled through a
dichloromethane solution of Mo{HB(Me,pyz);}{NO)CO),. The
yellow-brown solution which formed was then evaporated to
dryness in vacuo, and ethanol added in the cold. The slurry
which formed was filtered, the complex being collected as a
yellow powder. This could be recrystallised from toluene to give
orange-red crystals (containing variable amounts of toluene of
crystallisation) which, after repeated washing with n-pentane,
changed to a yellow powder.

Method 2. Mo{HB(Me,pyz);}(NO)OEt), was prepared as
previously described, and dissolved in toluene. HCI gas was then
bubbled through the stirred solution for 30 min during which time
the colour of the solution became orange-red and some orange
solid precipitated. The mixture was then refluxed for 3045 min,
filtered and allowed to cool slowly to room temperature. During
this time, orange crystals separated which were collected by
filtration, thoroughly washed with n-pentane, to afford the com-
plex as a yellow powder (yield quantitative).

Mo{HB(Me,pyz);}(NO)Br, (1; X=Y=Br). Nitrosyl bromide was
generated in the same way as NOCL’ The red-brown gas was
purified by passing through CaCl, and KCI, and was bubbled
through a solution of Mo{HB(Me,pyz);}(NOXCO), in di-
chloromethane. An orange solution quickly formed, and this was
reduced in volume in vacuo. Ethanol was then added in the cold,
causing precipitation of an orange powder. This was collected by
filtration, recrystallised from toluene affording orange-red crys-
tals of the toluene-solvated species. On repeated washing with
n-pentane, the complex was obtained as an orange powder.

Mo{HB(Me;pyz);}(NO)Fa, (1; X=Y=F). Mo{HB(Me,pyz),}(NO)
(OE), (0.3g) was dissolved in dichloromethane (25cm’) and
conc. HF (40% in water, 0.2 cm®, PTFE beaker) was added. The
mixture was stirred for 1hr, and the solvent then removed in
vacuo leaving the complex as a pale green powder (0.26 g, 90%).

Mo{HB(Me,pyz);}(NO)F(OEt); Q; X=Y, Y=OEt).
Mo{HB(Me,pyz);}(NO)F, was suspended in ethanol and stirred
at room temperature for 1 hr. The solvent was reduced in volume
in vacuo, and the purple complex filtered off and dried in vacuo.

Mo{HB(Me,pyz);INO)F(NHMe); (1. X=F, Y=NHMe).
Mo{HB(Me,pyz);}(NO)F, was suspended in methylamine and
stirred at —10°C for 2hr. The amine was then allowed to
evaporate at room temperature, leaving the complex as a pale
orange powder.

Mo{HB(Me,pyz);{(NO)F(SBu"); (1; X=F, Y=SBu").
Mo{HB(Me,pyz);NO)F, was suspended in n-heptane, and n-
butanethiol (slight excess) added. The mixture was refluxed
overnight and cooled, the brown complex being collected by
filtration and dried in vacuo.

Mo{HB(Me,pyz):}NO)NHMe; (1; X=Cl, Y=NHMe).
Mo{HB(Me,pyz):{NO)Cl, (0.3 g), dissolved in dichloromethane
(30 cm?), was treated with methylamine (33% ethanolic solution,
0.2 cm®). The mixture was stirred at room temperature for 30 min
during which time the solution became orange. The volume of
solvent was reduced in vacuo to ca. Scm’ and, after addition of
diethylether, the precipitated [NH;Me]Cl filtered off. The filtrate
was reduced in vacuo to ca. Scm® whereupon the complex
formed orange crystals (0.25 g, 83%).

The corresponding ethyl- and n-butyl-amides were obtained
similarly as orange crystals (85 and 76% vyields, respectively).

Mo{HB(Me,pyz);}(NO)CI(NMe,) (1; X=Cl, Y=NMe,). To
Mo{HB(Me,pyz);NO)Cl, (0.3g) dissolved in dichloromethane
(20 cm®) was added dimethylamine (0.1 cm®). The colour of the
solution immediately became orange and the mixture was stirred
for 30 min. The volume of the solution was reduced in vacuo to
ca. 5 cm’, treated with diethylether which caused precipitation of
[NH,Me,ICl which was filtered off. The filtrate was slowly

evaporated, effecting crystallisation of the orange complex
0.19 g, 61%).

Mo{HB(Me,pyz);}(NO)CI(NHPh); (1; X=Cl, Y=NHPh). A
mixture of Mo{HB(Me,pyz);}(NO)Cl, (0.3g) and freshly redis-
tilled aniline (0.1m!) in dichloromethane (30cm®) was stirred
overnight at room temperature. The solution had became yellow-
brown, and the solvent was removed in vacuo. The residue was
extracted with diethylether, the extract being filtered and allowed
to cool at —5° until the complex had precipitated as a brown
powder (0.26 g, 78%).

The  related  p-toluidide, ~ Mo{HB(Me,pyz);}(NO)CI-
(NHC{H,Me), (1; X=Cl, Y=p-MeC(H,NH), was prepared
similarly using p-toluidine (0.1g) and was isolated as a brown
powder (0.27 g, 79%).

Mo{HB(Me,pyz):}NO)CKSBu"); (1; X=Cl, Y=SBu"). A mix-
ture of Mo{HB(Me,pyz):}(NO)Cl, (0.3g) and n-butanethiol
(0.2cm?) in n-heptane (20 cm®) was refluxed overnight. The yel-
low-black solution which had formed was reduced in vacuo to
ca. 10cm® and the complex allowed to form as black crystals
which were collected by filtration (0.23 g, 74%).

The related complexes Mo{HB(Me,pyz),}(NO)CI(SR)
R=C¢H,;;,, CH,Ph and Ph) were prepared similarly, using
C.H,;SH (0.2¢cm®), PhCH,SH (0.1g) and PhSH (0.2 cm’) and
were isolated as black (R=Ph) or dark green (R=C¢H,;, CH,Ph)
crystals. The yields were 0.26g (75%), 0.25g (72%) and 0.27¢g
(80%) respectively, and the toluene-a-thiolate could be recrys-
tallised from dichloromethane/n-hexane mixtures; giving black
microcrystals.

Mo{HB(Me,pyz);}(NO)Br(NHMe); (1; X=Br, Y=NHMe). To
Mo{HB(Me,pyz)s}(NO)-Br, (0.3 g) dissolved in dichloromethane
(20cm®) was added methylamine (33% solution in ethanol,
0.2cm?). The solution immediately became orange, and was
stirred at room temperature for 30 min. The volume of the
solvent was then reduced to ca. Scm’, and diethylether was
added causing precipitation of [NH;Me]Br which was filtered off.
The volume of the filtrate was slowly reduced in vacuo until
crystallisation began, and the complex formed as orange crystals
at —5°(0.20 g, 73%).

Mo{HB(Me,pyz);}{NO)Br(NMe,); (1; X=Br, Y=NMe,). A mix-
ture of Mo{HB(Me,pyz),}NO)Br, (0.3g) and dimethylamine
(0.2cm’) in dichloromethane (20 cm®) was stirred for 10 min,
during which time an orange solution rapidly formed. The
volume of the solvent was reduced in vacuo to ca. 5cm’, and
diethylether added causing precipitation of [NH,Me,)Br, which
was filtered off. The filtrate was partially evaporated in vacuo
and allowed to stand at —5° until the complex had formed as
orange crystals (0.16 g, 57%).

Mo{HB(Me,pyz);}(NO)Br(SBu™); (1; X=Br, Y=SBu"). A mix-
ture of Mo{HB(Me,pyz);}(NO)Br, (0.25g) and n-butanethiol
(0.2cm’) in n-heptane (20cm®) was refluxed overnight during
which time a yellow-black solution had formed. The solvent was
evaporated in vacuo to ca. 10cm?, and the complex precipitated
as an olive-green powder (0.22 g, 71%).
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Abstract—The reactions between Mo,(C,H,0,), and several new dithio- and monothiocarbamates have been
studied. The first example of a dimolybdenum compound of a dithiocarbamate with the “molybdenum acetate”
structure is reported (Mo,L2THF; L = pyrrole dithiocarbamate). In addition, the synthesis of Mo,Li-2THF

=

pyrrole monothiocarbamate, indole monothiocarbamate, indole dithiocarbamate) and Mo,L; (L"=

indoline

monothiocarbamate) are reported. A discussion of the unique stabalization of the dithiocarbamate bridge by
“aromatic™ dithio- and monothiocarbamates is presented.

INTRODUCTION

The chemistry of compounds containing -metal-metal
bonds constitutes one of the major topics of inorganic
chemistry currently attracting vigorous and diverse
research efforts.” This realm of metal-metal bonds was
largely unknown prior to 1970 and is an exciting area of
study. A large array of ligands have been coordinated to
the dimolybdenum unit (Mo%*) including halides, amines
and carboxylates.”® Perhaps the most well studied of
these systems are the carboxylates which have the
structural features indicated below as shown by an X-ray
diffraction study performed by Cotton.®

ool
|71/

=Mo

>°<°(

One of the most glaring absences in this array of
ligands is the lack of dithiocarbamate (dtc) and mono-
thiocarbamate (mtc) complexes of the dimolybdenum

unit. The paucity of dithiocarbamate compounds is
because of the unusual metal insertion into the C-S bond

of the dithiocarbamate, resulting in a thiocarbene linkage
and a Mo=Mo double bond (Scheme 1).’

We choose to view this reaction as a “nucleophilic™
attack of one of the Mo~Mo bonds on the CS, carbon
{Scheme 2). If indeed this model were valid, we felt that

Mo =Mo Mo = Mo
| Yl Ne/ [ Ns
S /A4S c”
Ne”

|

Scheme Il

we could exploit the unique resonance properties of new
aromatic mono- and dithiocarbamates recently prepared
in these laboratories to synthesize the first examples of
mono- or dithiocarbamate dimolybdenum complexes that
adopted the dimolybdenum acetate structure. That is, we
have recently show that “aromatic” dithiocarbamates
such as those derived from pyrrole have only a minor
contribution from the resonance form IIIB often used to
describe dithiocarbamates® and it is this resonance form
which would favor the “nucleophilic™ attack for one of
the Mo-Mo bonds on the CS, carbon.

EXPERIMENTAL
Syntheses of ligands
Potassium salts of pyrroie-N-carbodithioate (pdc), pyrrole-N-
carbothioate (ptc)” indole-N-carbodithioate (ildc),’ indole-N-

Et /Et
R
Moo(Ac)s + 4{Etdic)N \\/ \J
O20AC)s + C)Na -——
|\s/\\s
N—Et
N \Et
Et~" NEt
Scheme |

*Author to whom correspondence should be addressed.
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carbothioate (iltc),! and indoline-N-carbothioate (intc)' were
prepared as reported previously.

Mo,(pdc)s-2THF

Excess (1.7eq.) of potassium pyrrole-N-carbodithioate dis-
solved in 50 ml dry THF was added slowly to a mixture of I g
Mo, (OAc), (OAc = acetate) in dry THF. The yellow color of the
Moy (OAc), was immediately replaced by a deep purple color.
After all the Kpdc was added, the solution was filtered to remove
any insoluble materials. The volume of the solution was reduced
to about 50 ml, and 10 ml hexane was added. Refrigeration for
several days produced purple crystals of Mo,(pdc), 2THF. This
compound was recrystallized by dissolution in THF and addition
of an equal volume of hexane. Several elemental analyses were
attempted; however, in each case some THF was lost so that
analyses usually indicated somewhere between one and two THF
molecules per Mo, unit. NMR spectra of freshly prepared sam-
ples integrated in such a way as to indicate two THF molecules
per four pyrrole groups. NMR(d,-DMSO) & 2.0 (4H, m), 3.82
(4H, m), 6.57 (4H, m), 8.03 (4H, m). Found: C, 35.67; H, 3.31; §,
28.75; Calc. for C,sH3N40,5:Mo,: C, 37.14; H, 3.56; S, 28.35.
This corresponds to the loss of approx. 20% of the THF.

Mos(iltc),- 2THF

This compound was prepared by the same method as that
above used for Mo,(ptc), 2THF. This compound is dark purple
and can be recrystallized from THF and hexane. Elemental
analyses corresponded to approx. Mo(ildc),1.6 THF. NMR
again however integrated to give 2THF/4 indole groups.

Moy(ptc)2THF and Moy(ptc), )

A solution of 1.5g Kptc in 50ml THF was added slowly
through a Schlenk frit to a mixture of 0.97 g Mo,(OAc), in 100 ml
dry THF. During this period an orange solution formed and
KOAc precipitated from solution. After an additional 1hr of
stirring the solution was filtered. The volume of solution was
reduced by half by vacuum evaporation and an equal volume of
hexane was added. Refrigeration for several days afforded an
orange powder which was shown to be Mo,(ptc),-2THF by
NMR. However, when recrystallized from CH,Cl,, the THF
molecules were lost. Found: C, 34.35; H, 2.39; S, 18.33; Calc. for
C10H¢N«OS:Moy: C, 34.50; H, 2.32; S, 18.41.

Mox(iltc),2THF

A solution of 2 g Kiltc in 100 ml dry THF was added through a
Schlenk frit to mixture of 0.98 g Mo,(Ac), in 50ml dry THF.
During this period an orange solution and a colorless precipitate
formed (KAc). The solution was filtered to remove KAc. The
volume of the solution was reduced to half and an equal volume
of hexane was added. Refrigeration produced an orange powder
which was collected by filtration.

Mo,(Intc),

Since Kintc shows only very limited solubility in dry THF, this
reaction was attempted in very dry ethanol. 1 g Kintc was added
directly to 0.5 g Moy(Ac), in 100 ml ethanol. After stirring for 2 hr
an orange-red precipitate formed. This precipitate was collected
on a Schlenk frit and dried under vacuum. This compound is
extremely air sensitive. Exposure to air for even the briefest
period transforms the compound to a brown and then black
powder.

Spectral data collection
IR spectra were determined as before.' Optical data were
obtained on either a Cary 14 or a Hitachi 110 spectrophotometer.

NMR

The 'H and '*C NMR spectra were obtained on a Bruker
WM-250 spectrometer operating in the pulsed-FT mode. The 'H
NMR spectra were run at 250 MHz and the *C NMR spectra at
62.5 MHz.

RESULTS AND DISCUSSION

The reaction of the aromatic dithiocarbamates, pyr-
role-N-carbodithioate and indole-N-carbodithioate, with
Mo,(0Ac), in dry THF, leads to dark purple compounds

which we formulate as Mo,L,-2THF based on spectral
analyses. IR and electronic spectra and 'H and "C
spectral results suggest that a slow decomposition occurs
wherein THF is lost with the possible concomitant for-
mation of a thiocarbene linkage. All aromatic dithio- and
monothio- ligands behaved in an identical fashion.
Therefore, only data for Mo,(pdc)e:2THF and
Mo(ptc),-2THF are presented.

IR studies

A report by Steele and Stephenson'® of the attempted
synthesis of a diethyldithiocarbamate complex of
dimolybdenum suggested that in the presence of air the
green reaction product immediately formed the violet
Mo,0;(Et,dtc), compound. These Mo(V) dimers have
been studied extensively by Newton'' and the »(Mo=0)
vibration frequencies for Mo,0;(R,dtc), occur close to
938cm™' as a strong band in the IR spectra. Since the
molybdenum pyrroledithiocarbamate compound was also
violet, the IR spectrum was recorded in order to rule out
the presence of the Mo,O; core. The spectrum of this
compound exhibited bands at 1250 cm™', »(C-——-N), as
well as bands at 1100 and 850 cm ™' that are characteristic
of the presence of pdc. However, no bands appeared
between 900 and 1000 cm™' that were strong enough to
be assigned to v(Mo=0). The only band in this region
was a medium intensity band at 980 cm™' which also
appears in the IR spectra of all pdc complexes as well as
in the spectrum of the ligand itself.*® Therefore, this
band is assumed to arise from the ligand, not from a
Mo-0 bond.

The IR spectrum of the analogous monothiocarbamate
complex was also recorded. No Mo=0 bands occured in
this spectrum either. The »(C-——0) frequency was
located near 1580 cm™' in Mo,(ptc), which is fairly high;
however, we feel that the oxygen is indeed coordinated
to Mo in this orange compound.'

ELECTRONIC SPECTRA

The electronic spectra of both the dithiocarbamate and
monothiocarbamate were recorded in CH,Cl, solution
between 900 and 350 nm. The lowest energy band was
found at 510 nm for the dithiocarbamate and at 405 nm
for the monothiocarbamate. This band is believed to
correspond to the &— 6* transition, if indeed, the
molybdenum acetate structure is preserved in these
compounds. While the 6 - 6* band occurs between 500
and 700 nm (e =200-3000) for most Mo3" species,'? it
occurs at a much higher energy (340 nm) for tetrakiscar-
boxylates.'> However, San Filippo and Sniadoch'* have
found that values for the 8- &8* transition in aryl-
carboxylates appear as a broad intense band centered
between 350 and 480 nm. If our argument which eli-
minates resonance form IIIB (Scheme 3) were correct,
we could then describe the aromatic mono- and dithio-
carbamate as a COS or CS, group attached to an aroma-
tic ring similar to monothio- or dithiobenzoate. As a
result we can suggest that the position of the band in the
spectra of our complexes agrees nicely with position and

Scheme Il
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shape of the same band in arylcarboxylates of dimolyb-
denum. In other words, the spectra can be interpreted as
indicating the presence of a Mo-Mo quadruple bond in
these compounds. The spectra of both the monothio- and
dithio-derivatives are very similar. Thus we believe, on
the basis of this and the NMR data (see below), that the
structures of the compounds are similar. Finally, the
shift of the 6> 8* band in the monothiocarbamate to
higher energy is as expected for replacing a sulfur donor
with an oxygen donor.

'H NMR

The proton NMR spectrum of both the pdc complex
and the ptc complex of Mo3" exhibit resonance lines
characteristic of the pyrrole ring; a pair of multiplets
suggestive of an A A'B B’ system. The pyrrole
resonances are centered about & 8.03 and & 6.56 for the
dithiocarbamate complex and & 7.57 and & 6.56 for the
monothiocarbamate. Both spectra also  exhibit
resonances characteristic of THF. Integration of the
spectra give pyrrole/THF as 2:1 as would be expected
for a molybdenum acetate structure with two axially
coordinated THF molecules. It is very important to note
that THF molecules would not be expected to be asso-
ciated with the thiocarbene complexes as the reported
examples do not have solvent molecules associated.'”'¢
On the other hand, Mo#%* does not have a strong affinity
to bond donor molecules on the ax1al position except
when the ligand is a dithio ligand."”

In order to be sure that the THF was coordinated,
additional THF was added to the NMR sample of the
monothiocarbamate complex. Exchange between coor-
dinated and uncoordinated THF molecules is apparently
slow on the NMR time scale since two sets of
resonances were observed. Resonances at § 3.72 and 8
1.86 associated with uncoordinated THF and resonances
at & 3.12 and & 1.24 associated with coordinated THF
were observed. The assignments were made based on the
integration for ptc/THF using the upfield resonances,
while the positions of the downfield resonances correlate
closely with the reported value for uncoordinated THF

(8 1.79 and & 3.60)."

3C NMR

A recent study by van der Linden et al. reported the
position of the CS, carbon in the '>C spectra of 71
dithiocarbamates.”® The carbon of the CS, group was
found between 185 and 220 p.p.m. for every example. We
felt that the "*C spectrum of the dithiocarbamate com-
plex here could help distinguish whether the molyb-
denum acetate structure of the thiocarbene structure was
present in this compound. The spectrum of a dithiocar-
bamate with the acetate structure should exhibit only a
single resonance line in the CS, region, while a dithio-
carbamate with the thiocarbene structure should exhibit
a pair of resonances in this region corresponding to the
thiocarbene carbon and the normal dithiocarbamate car-
bon respectively. Unfortunately, the intensity of this
resonance is very weak since there are no hydrogens

attached to the carbon. The lack of hydrogens coupled
with limited solubility of the complex in available NMR

- . . p
solvents made detection of the desired signal very

difficuit. However, a spectrum of the complex (dissolved
in dg-THF) obtained by scanning 32000 times at
63.5 MHz did display resonance lines in the CS, carbon
region. Unfortunately, there were three lines which were
barely detectable and might correspond to the CS, car-
bon. The time frame of the experiment was sufficiently
long that it appeared that a decomposition was occurring
during the experiment. The most intense resonance line
was at 209.8p.p.m. and is suggested to result from
Moa(pdc),-2THF which has the molybdenum acetate
structure. This suggested assignment is made based on
the proximity of this line to the CS, resonance in Kpdc
which was found at 217 p.p.m.

In summary, it appears that the products of the reac-
tion between Mo,(Ac), and Kpdc or Kptc have the
molybdenum acetate structure, based on '"H NMR and
electronic spectra, at least for the length of time it takes
to perform those measurements. However, the °C spec-
tra as well as the loss of THF during mailing time for
elemental analysis point to slow decomposition to thio-
carbene or a dithiocarbamate-thiocarbene equilibrium.

Acknowledgment—The Bruker WM-250 spectrometer was pur-
chased from funds provided by the National Science Foundation.

REFERENCES
'This paper is number 24 in the series, Coordination Chemistry
of New Sulfur Containing Ligands. Paper number 23: R.D.
Bereman, D. M. Baird, J. Bordner and J. R. Dorfman, Poly-
hedron, in press.

2], L. Templeton, Prog. Inorg. Chem. 1970, 26, 211.
3[ V. Brancic and F, A, Cotton ’nnng Chem, 107" 9 151

¥. DivHUIC anl 17, £ LOROL Vy 7y 201,

‘A R. Bowen and H. Taube, Inorg Chem. 1974, 13, 2245,

SA. B. Brignole and F. A. Cotton, Inorg. Synth. 1973, 13, 81.

SF. A. Cotton, Z. C. Mester and T. R. Webb, Acta Crystallogr.
1974, B30, 5698.

L. Ricard, J. Estienne and R. Weiss, Inorg. Chem. 1973, 9, 2182.

!R. D. Bereman, M. R. Churchill and D. Nalewajek, Inorg.
Chem. 1979, 18, 3112.

°R. D. Bereman and D. Nalewajek, Inorg. Chem. 1978, 17, 1085.

D, F. Steele and T. A. Stephenson, Inorg. Nucl. Chem. Lett.
1973, 9, 777.

"W, E. Newton, J. L. Corbin, D. C. Bravard, J. E. Searles and J.
W. McDonald, Inorg. Chem. 1974, 13, 1100.

12F, A. Cotton, Chem. Soc. Rev. 1975, 4, 27.

L. Dubicki and R. L. Martin, Aust. J. Chem. 1969, 22, 1571.

"], San Fillipo and H. J. Sniadoch, Inorg. Chem. 1975, 15, 2209.

L. R. Ricard, J. Estienn and R. Weiss, Inorg. Chem. 1973, 12,
2182.

D, F. Steele and T. A. Stephenson, Inorg. Nucl. Chem. Lett.
1973, 9, 771.

Y'E. A. Cotton, P. E. Fanwick, R. H. Niswander and J. L.
Sekutowski, Acta Chem. Scand., Ser A. 1978, A32, 663.

81, R. Ricard, K. Karagiannidis and R. Weiss, Inorg. Chem.
1973, 12, 2179.

19“N.M.R. of Common Solvents”, Sadler Research Laboratories,
In. p. 10.

H, L. M. Van Goal, J. W. Diesveld, F. W. Pijpers and J. G. W.
van der Linden, Inorg. Chem. 1979, 18, 3251.



Polyhedron Vol. 2, No. 1, pp. 63-66, 1983
Printed in Great Britain.

0277-5387/83/010063-04503.00/0
{©) 1983 Pergamon Press Lid.

ESR STUDY ON PHOTOREACTION OF FORMATO

COMPLEX OF EUROPIUM(III) IN
HCOOH-HCOONa BUFFER SOLUTION

NAGAO AZUMA?®* and AKIRA MATSUMOTO
Laboratory of Chemistry, Faculty of General Education, Ehime University, Matsuyama 790, Japan

and

JIRO SHIOKAWA
Department of Applied Chemistry, Faculty of Engineering, Osaka University, Suita 565, Japan

{Received 27 July 1982)

Abstract—Matrix isolation ESR study showed that the ligated HCOO™ ion was decomposed into H* and -CO0™
radical anion through CTTM process at A =254 nm, by contrast, CH, radical and CO, were produced from
CH,COO" ligand. In order to explain the photo- and related reactions in the liquid solution, a proposal is made for
a cyclic scheme conjugated with the photo-decomposition of the complex. The cycle consists of three steps;
photo-reduction of H* by Eu”", radical alternation from ‘H to -COO", and oxidation of -COO~ by Eu**.

INTRODUCTION
Photochemistry of aqueous solutions of Eu’* was stud-
ied extensively by Stein ef al’' They observed the
evolution of molecular hydrogen from the solutions con-
taining H-atom scavengers, which was due to the follow-
ing reactions:

Euv** -H,0 —> -OH + H* + Ev™, m
H'+Ev®* —% H+Eo* Q)

and
H+HR —> R +H,. )

The reduction of Eu** by ‘R radical was proposed by
them and was supported by means of pulse radiolysis of
Eu’* aqueous solution in the presence of formic acid,
HR = HCOOH.? Previously we have studied the photo-
reaction of Eu(CH,CO0); in CH,COOH-CH,COONa
buffer solutions in which the organic species were used
as H-atom scavenger and as ligand.’ The acetato com-
plexes were subjected to CTTM breakdown at A =
254 nm, giving both CO, and -CH; radical.

On the other hand, the two types of the breakdown are
possible for M™*~-HCOO™ complexes, that is,

hv
U**-HCO0™—>-CO0™ +H* + U™ @
and
Ce**-HCOO™ =% H+C0,+Ce™. (5

In order to clarify the primary step of the photoreaction
of europium(Ill} formate system, an ESR study has
been carried out for UV-irradiated Eu(HCOO); in frozen
HCOOH-HCOONa buffer solutions by means of the

*Author to whom correspondence should be addressed.
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matrix isolation method. Based on the ESR study and
result from room-temperature experiment,® a model of
the reaction scheme will be proposed for the liquid
solution of this system.

EXPERIMENTAL

Eu(HCOO), was prepared by the method in literature.” The
compositions of the samples were as follows:

Sample A; 0.0IN-Eu(HCOO); + 0.IN-HCOOH,
B; 0.0IN-Eu(HCOO); +0.05SN-HCOOH
+0.05N-HCOONa,
C; 0.0IN-Eu(HCOO), +0.IN-HCOONa.

Samples F (0.IN-HCOOH) and § (0.IN-HCOONa) were
employed in order to be compared with the above samples.

The samples filled in quartz tubes for ESR measurement were
deaerated and irradiated at 77K with A =254 nm from a 120W
low-pressure mercury lamp. The first derivative ESR spectra
were recorded on an X-band spectrometer at 77K and elevated
temperatures.

RESULTS AND DISCUSSION

The ESR spectra recorded at 77K are presented in
Fig. 1. Each sample showed a singlet and two kinds of
doublet absorptions. The singlet can be assigned to car-
boxyl radical anion, -COO™, or its conjugate acid,
‘COOH, with an anisotropic g-factor; g, =2.003, g, =
1.997, and g, = 2.001 which are very close to the values
published.® One of the doublets is due to atomic
hydrogen with a splitting of 50.4 mT (not being shown in
Fig. 1). The anisotropic ESR parameters of the other are
approximated as axial symmetry; g, =1.997, g, = 2.003,
A=145, A, =127, and A;,, =133 mT. This doublet is
assigned to formyl radical, -CHO, by comparing these
parameters with those for that radical in CO matrix.’

Unresolved structure on the low-field portion of the
central singlet appeared more evidently with increasing
acidity of the sample. On warming to 100K, the H-
resonances were not observed any longer. The signals
from -CHO survived till 150-170K. In this temperature
region, the line shapes of the central singlets were
deformed strongly and, ultimately, anisotropic doublet
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t t

Fig. 1. ESR spectra of samples F, A, B, C and S recorded at

77K with increasing field from left to right. The samples were

UV-irradiated at 77K for 150-180 min. The arrows show signal
from Mn** in MgO (a =8.65 mT).

spectra emerged at 200-230 K. These doublets were too
weak to be characterized completely and disappeared
at almost the same temperature region as just above. Al-
though we cannot conclude at present whether these
doublets are identical with the unresolved structures
observed at 77K, radical(s) of X-CH-Y type, such as
HO-CH-O"(H),'” “00C-0-CH-0"(H),"" and O =CH-
O-CH-O"(H), may be responsible in view of the
presumptive ESR parameters. These radicals are regard-
ed as the spin adducts of -H, -COO™ and -CHO with
HCOO™ or HCOOH.

Ratios for the peak-to-peak height of the CHO-signals
to those of the COO (H)-ones vs the irradiation time
examined at 77 K are shown in Fig. 2, where the arrow
indicates the time for the first detection of the H-
resonance from each sample. All the ratios increase
rapidly until the H-atoms are trapped in the matrices and,
thereafter, do so gradually with increasing irradiation
time. The value of the ratio and its slope are dependent
on the acidity, and so is the ratio, R,, extrapolated to
zero time.

At the outset let us consider samples F and S. Taking

@)
F
5.?’
10 ,/1
el
o 0/0 8
4 /Sy _o—9 % —os
osf & _o——o—° °
o /O 0/0'/C_
05.(8{% ¥
4
o ° i " 1 A
0 50 100 150 200

Irradiation Time/min

Fig. 2. The ratio of peak-to-peak height of the low-field com-

ponent of the CHO-signal to that of the COO~(H)-signal vs the

irradiation time examined at 77 K. The meaning of the arrows is
presented in the text.

into account the direct proportion between the peak-
height and radical-concentration ratios, the acidity
dependent R, suggests a greater vg/vc ratio for F than
for S. Here vr and vc are the rates for the CHO- and
COO™(H)-formations, respectively. The positive slope
would be expected if the rate for the decay of -COO~(H)
were faster than that of -CHO or if there were some
process, such as

‘COO"(H)+X-»>-CHO+Y. (6)

Formic acid in frozen 4M-HClO, aqueous solution con-
taining Ce** was decomposed into -H, -CHO and
‘COOH upon irradiation with A =300-360 nm.> These
processes must take place also in the present case. It
should be noted that HCOOH + hv—»-CHO + -OH was
more difficult than HCOOH + hy - -H +-COOH in view
of the bond dissociation energies.'> The mobile radicals,
‘H and -OH, are scavenged by the solutes and the
radicals. Some of the scavenging modes give -COO~(H)
and -CHO as follows;

‘H+HCOO~(H)~-COO~(H) + H,, (7a)

‘OH+HCOO™(H)- -CO0(H) + H0, (7b)

and
-H+HCOO~(H)- -CHO + OH(H0). ®)

The long induction period for the H-atom trapping sup-
ports the presence of the scavenging processes. On the
other hand, both -COO~(H) and -CHO radicals exhibit
UV-absorption around 254nm with €= 1800" and
€250 = 800,"* respectively. The UV-photo-decomposition
of formyl radical has been noted by Adrian et al’

.CHO > -H +CO. ©

The following decays of -COO (H) in matrix are pro-
posed;

.COOH =5 -H + CO, (10)
and
.CO0™ +H" — \H+CO,. (11)

The value AH = 1kcal® for (10) and the photobleaching
of \COO~ in a matrix with A <425nm'® likely support
this proposal. A certain fraction of these H-atoms gives
-CHO via (8), which is equivalent to the process (6).

The concentration ratio [-CHOJ/[-COO~(H)] for sam-
ple C is significantly lower than that.for the parent
sample, i.e. sample S, as can be seen from Fig. 2. This
decrease can be attributed to the increase in [-COO7} in
view of the same [HCOO™] in both the samples. There-
fore, the primary step of the photoreaction of the com-
plexes is likely as follows;

Ev**-HCOO™ —> -COO™ +H* +Eu?*.  (12)

The quantum yield for (2) has been measured at 77 K."”
Some of Fu®* ions with ;5o = 2000™ will reduce H* ions
also in the present case.
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It may be expected from the stability constants'® that
about 95 and 1% of Ev’* ions are complexed in samples
C and A, respectively. An apparent €5, of the formato
complexes in C was estimated as to 50-150. Then, the
complexes in C absorb the light effectively but those in A
do little. In the early stage of the irradiation, the
behaviour of A will consequently be similar to that of
sample F. After the exclusive decrease in {HCOOH]},
sample A finds itself in the situation

e(HCOOH)-[HCOOH] =
€(Eu*"-HCOO")-[Ev**-HC00],

so the complexes in A become the light absorber in the
later stage of the irradiation. Here the €'s denote the
absorption coeficients of the indicated species. Thus, the
downward deviation of the peak-height ratio of A from
that of F in the later stage can be explained also based on
the reaction (12).

On the other hand, we have proposed the following
reaction for acetate system;’

Eu™*-CH,C00™ —> -CH, +CO, +Eu®*. (13

In order to conclude whether -COQO~(H) radicals are
present in the acetate system or not, the similar
examination has been carried out by using C-enriched
samples. There has not appeared the *-COO~(H) radical
featured by an anisotropic *C-doublet splitting of about
15 mT.*>'*!® Therefore, Eu** and H-atom reduced from
H* by Ev** do not or scarcely reduce CO, into -COO~
and -COOH, respectively, in the frozen acetate system
and, accordingly, also in the frozen formate system. The
process (12) is thus supported.

The results of the room-temperature experiment for
samples F and A are summarized as follows.® (i) There
appeared Eu®* ions in A upon irradiation. (ii) The yields
of CO,, CO, and H, from HCOOH were respectively: F;
0.47, 0.21, 0.32, and A; 0.95, 0.04, 0.74. (iii) The material
balance for F was approximately matched by assuming
the yield 0.32 of HCHO which was detected qualita-
tively, (iv) and so was the balance for A by employing
the decomposition ratio, HCOOH : HCOO™ = 0.76 : 0.24,
(v) There was detected no acid other than formic acid in
both F and A after the irradiation. In order to realize
these results, the qualitative model for the reaction
scheme is proposed in Schemes 1 and 2.

The Scheme 1 for the decomposition of the aqueous
formic acid solution consists of three sub-cycles, I-III.

HCOOH H. HCOOH

The cycles I and II hold the hydrogen atom in common
and the steps in them have been discussed in the preced-
ing sections. Owing to the mobility of -COO~(H), -CHO,
and HCOO™(H) in the liquid phase, our photosteps to
evolve CO, and CO probably include certain dark-reac-
tions.2™*' Smithies and Hart”’ have shown the following
propagation steps in the chain reaction for y-irradiated
aqueous formic acid solution:

‘COOH+HCOOH — CO,+:CHO+H,0 (14
and

‘CHO+HCOOH — HCHO+-COOH.  (15)
These steps also connect the two sub-cycles and form
cycle IIL. The evolution of CO,, CO, H, and HCHO can
be qualitatively realized by means of this scheme.
Scheme 2 shows how the europium redox couple
prevents the cycle III in sample A. Because of pK, =
1.4-3.87 for -COOH vs pH=26 for A, -COO™ is
exclusively used for simplicity in the same scheme. The

Hr H*

HCOO™  HCOO(H)

Scheme 2. Catalized decomposition of HCOOH.

rate for the following step (16) is so greater than that for
the step (14) that -CHO is scarcely produced vig cycle
I

-CO0~(H)+ Ev**— CO, (+ H}+ Euv**,  (16)
The ESR result indicates the faster rate for the produc-

tion of the -COO (H) radical than for the formation of
the -CHO radical. Therefore, the rates for the steps (7’s)

CO:+HO co

CO- HCHO

HCOOH H.0 HCOOH

Scheme 1. Decomposition of HCOOH. *-COOH = -CO0™ +H* should be noted. **-OH radical will be reduced to
H,0 via (7b), although the ESR evidence for this reaction could not be given.
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are faster than that for (8), and the CO gas is hence
scarcely evolved no longer. The ratio for the presump-
tive yield of HCHO to the observed yield of CO in
sample A is much smaller than that in F, which may
suggest the oxidation of the -CHO radical:
-CHO + Ev** — CO+H" + Fu**, an
The material balance shown in (iv) indicates that HCOO™
is decomposed faster than HCOOH, at least, by 30 times
in consideration of their initial concentrations. This
minimum ratio estimated roughly for the rate constants
is about 1/10 of the ku+ncoo-/ku+ucoon ratio esti-
mated in solutions containing ferricyanide.” Here k's
are the rate constants for the indicated H-abstraction
reactions. This result is also consistent with the proposed
scheme which includes the radical alternation step from
-H to -COO™(H) via H-abstraction. The easily detectable
amount of Eu®" in the irradiated solution indicates the
greater rate for the step (16) than for the step (2).
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Abstract—The synthesis and characterization of cobalt(ID), nickel(ll) and copper(Il) perchlorate complexes con-
taining bis {(diphenylphosphinyl)methyl] phenylphosphine oxide (RPPh), bis [(diphenylphosphmyl)meth_yl] ethyl
phosphinate (RPOEY), and bis [(diphenylphosphinyl)methyl] phosphinic acid (RPOH) have been studied. The
substituent at the central phosphorus atom of the ligand is responsible for the types of complexes formed. The new
complexes [M(RPPh),}CIO).nH,0, [M(RPPh)J(CIO),.4H,0, [M(RPOE1),}(C10,),.2H,0, and [M(RPOH)]
{Cl0Y2.nH,0 are characterized as high spin and most of them have an octahedral or distorte‘d octahedral geometry
[M = Co(Il}, Ni(1I), or Cu(il}; n=2-5]. The coordination of two P =0 groups from one ligand to the metal has
been proposed for most of the complexes formed. The coordination of all three P = O groups has been assumed for
complexes M(RPPh),J(C10),.nH,0 and {M(RPOE),(C10,),.2H;0.

INTRODUCTION

Many diphosphine oxides have been extensively studied
as ligands in the formation of complexes with transition
metals.”* However, trisphosphine oxides and related
compounds have received little attention. In fact, only a
few data have been reported on the formation of com-
plexes with the tridentate organophosphorus compound
bis-methylimido-triphosphoric-acid-pentakis-dimethylam-
ide (TRIPA). In this ligand, three phosphoryl groups
are bridged by nitrogen atoms. The coordination of all
P = O groups to the metal has been proposed.®

Organophosphorus compounds with three phosphoryl
groups bridged by methylene groups, although already
known for ten years,*” have not been used in complex
formation studies. These ligands were probably con-
sidered to be unsuitable for the preparation of complexes
regarding the fact that the three P =0 groups, bridged
only by methylene groups, could sterically hinder the
formation of stable chelate rings with metal ions.

Therefore, we have decided to study the formation of
metal complexes with a group of ligands corresponding
to the general formula [(C¢Hs).P(O)CH,],P(O)R. We
have chosen ligands which differ only by the substituent
(R) at the central phosphorus atom. The substituent is
either a phenyl, an ethoxy, or a hydroxy group. Depend-
ing on the nature of the substituent R, the ligands:
bis[(diphenylphosphinyl)methyl] phenylphosphine oxide
(RPPh), bis[(diphenyl-phosphinyl)methyllethyl phos-
phinate {RPOEY), and bis|(diphenyl-phosphinyl)methyl]-
phosphinic acid (RPOH) are characterized as a phosphine
oxide (R=CgHs), a phosphinate (R=0C,H,), and a
phosphinic acid (R = OH), respectively.

The aim of this investigation was to establish the
coordination properties of these ligands and define the
influence of the substituent at the central phosphorus
atom (R) on their capability for complex formation. It

* Author to whom correspondence should be addressed.
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was also important to establish the conditions under
which the ligands act as bidentate or tridentate complex-
ing agents. Another question is the ability of the ligands
to form binuclear complexes. The ligands RPPh, RPOEt,
and RPOH have a structure similar to that of
triketonates which are known for their ability to form
binuclear copper(Il), nickelIl) and cobalt(I) com-
plexes.® Therefore, the formation of binuclear complexes
by these organophosphorus compounds cannot be
excluded.

Our previous investigations of the formation of zir-
conium(IV) and hafnium(IV) complexes with RPPh,
RPOE!, and RPOH in solution and in the solid state’
showed that the coordination of all phosphoryl groups
might be proposed. However, the formation of polymeric
species could not be excluded and, therefore, the coor-
dination of all three P = O groups to the same metal ion
in the above complexes is still an open question.

This paper describes the preparation and properties of
cobalt (II), nickel(I), and copper(Il} perchlorate com-
plexes with the ligands RPPh, RPOEt, and RPOH. The
results obtained show clearly the influence of the sub-
stituent (R) on the ability of the ligands to form com-
plexes. Physico-chemical measurements indicate that the
coordination of all three P = O groups to one metal ion is
possible only in a few complexes formed.

RESULTS AND DISCUSSION

Complex formation

Perchlorate complexes isolated had different com-
position depending on the ligand-to-metal ratios in the
reaction mixtures. The reaction of cobalt(IT), nickel(I),
and copper({l) perchlorates with solutions of the ligands
yielded crystalline complexes listed in Table 1.

Complexes formed with RPPh. Two types of metal(Il)
perchlorate complexes were formed with this ligand.
Compounds corresponding to the formula [M(RPPh),)
(C10,)..nH,0 (M = Co(II), Ni(IT) or Cu(ID); n varies from
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2 to 5) were isolated by dissolving metal(Il) salts and
ligands in absolute ethanol in the ratio of 1:2. Complexes
having the composition [M(RPPh),;}(C10.,),.4H,0 were
obtained by mixing metal(Il) perchlorates in ethanol
solutions with a large excess of the ligand (ligand/metal
=13).

Complexes formed with RPOEt. Regardless of the
reaction ratio used, only one type of metal complex was
formed with this ligand. Unstable complexes containing
coordinated ethanol were precipitated. After all the
amount of ethanol had been released, complexes
corresponding to the formula [M(RPOE),]
(C10,),.2H,0M = Co(Il), Ni(II) or Cu(II)) were formed.

Complexes formed with RPOH. Nickel(Il) and
cobalt(Il) complexes formed with RPOH contained
quantities of the reagents in a stoichiometric ratio of 1:3.
The isolated cobalt(I) and nickel(I) complexes cor-
responded to the formulae [Co(RPOH),}(C104),.3H,0
and [Ni(RPOH),}(C10.,),.2H,0, respectively. No cop-
per(I) complexes could be isolated.

Infrared spectral studies

The most significant absorption bands in the spectra of
the ligands and their complexes are those of P=0
stretching vibrations. The spectra of the ligands exhibit
three strong bands in the range from 1250 to 1150 cm™'

which correspond to the P =0 stretching vibration. In
the spectra of the complexes these bands are shifted by
20-80 cm™" towards lower wave numbers, thus indicating
that the ligands are coordinated to the metals through
oxygen atoms (Table 2 and Fig. 1).

The spectra of the complexes with RPPh exhibit only
one absorption band corresponding to the P = O stretch-
ing vibration, with a maximum at 1170 cm™". The shape
of this band is different for complexes with different
ligand-to-metal ratios. The band appearing in the spectra
of [M(RPPh),](CIO,),.nH,0 (M=Co(Il), Ni(Il) or
Cu(Il), n = 2-5) is narrow, while the band in the spectra
of [M(RPPh);](C10.,),.4H,0 is rather broad.

The RPOEt spectrum exhibits a maximum at
1245 cm™" which can be assigned to the P = O vibration
of the central phosphoryl group.'® As the spectra of the
complexes do not show this maximum, this indicates that
the central P =0 group from the ligand is coordinated.
Bands assigned to P-OC,Hs vibrations appear in both
the RPOEt spectrum and the spectra of the complexes at
1035 and 965cm™'. However, the bands in the latter
spectra are of much lower intensity.

The RPOH spectrum is characterized by three broad
bands at 2600 cm ™', 2200 cm™*, and 1620 cm™, which can
be assigned to P(O)OH vibrations perturbed by strong
hydrogen bonding. These bands are absent in the spectra

Vel
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Fig. 1. IR spectra of (a) [Co(RPPh)s] (C104):.4H,0; (b) [Co{RPOE),1(Cl04),.2H,0; {c) [Co(RPOH)3)(CIO.),.3H,0
in the region of 1700-625 cm™'.
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of the complexes [M(RPOH),}(C1O4)..nH,0. OH vibra-
tions of the monomer'®™'' coordinated to the metal,
which appear at 3500-3600 cm™', are overlapped by the
absorptlon of OH vibrations of water molecules present
in the complexes. A sharp band appears at 980 cm™". The
intensity of the band decreases from cobalt(Il) through
nickel(II) to copper(I) complexes. This absorptxon band
probably corresponds to the P-O(H) vibration'® appear-
ing in the spectrum of the ligand at 955 cm ™.

Absorptlon bands appearing in the spectra of the
ligands in the range 785—815 cm™' are assigned to the

P-C-P linkage vibrations;'> in some of the spectra of the
complexes these bands are shifted towards lower wave
numbers,

As can be seen from the spectral data, the perchlorate
ion does not seem to be coordinated to the metal ion.
The perchlorate ion retains its Td symmetry as shown by
its unsplit bands at 1090cm™ (v35), 935cm™" (»,) and
625cm™" (vy).

All the spectra exhibit two bands with maxima at
~3400cm™" and ~1630cm™'. The first maximum is
assigned to O-H stretching and the second one to H-O-H
bending modes from lattice or coordinated water mole-
cules. In the region 785-805cm™, in which absorption
bands corresponding to coordinated water molecules are
expected'®, the P-C-P vibrational bands are always
present and they can overlap the wagging and rocking
mode of the coordinated water. Band assignments for the
ligands and complexes are listed in Table 2.

Conductivity measurements

Conductivity measurements of metal perchlorate
complexes were carried out at room temperature from
10~°M nitrobenzene solutions. All complexes which were
isolated had molar conductance values close to those
expected for 2: 1 electrolytes'® (Table 2).

Magnetic properties

All perchlorate complexes prepared are high-spin
paramagnetic substances. The effective magnetic
moments (p..q) for the cobalt(I) complexes isolated were
estimated to be between 4.74 and 5.15 B.M. The magnetic
moments of the [Co(RPPh);)(CIO,),4H,0 and
[Co(RPOH),)(C1O,),.3H,0 complexes were estimated to
be 5.10 and 5.15 B.M., respectively. These values are due
to the regular octahedral surrounding. The magnetic
moments of the [Co(RPPh).J(CIO,),.3H,0 and
[Co(RPOE),}(C10,),.2H,0 complexes were evaluated to
be 4.86 and 4.74 B.M., respectively. These values in-
dicate a loss in orbital degeneracy of the ground state,
caused by any lower symmetry component. Hence, a
departure from the regular octahedral surrounding of the
cobalt(I) ion may be assumed in these complexes. The
effective magnetic moments of nickel(I) perchlorate
complexes range from 3.18 to 3.30B.M. and are in-
dicative of spin-free octahedral complexes with a
significant orbital contribution. The copper(II) perchlorate
complexes have effective magnetic moments in the range
from 1.92 to 2.07 B.M. These values are characteristic of
one unpaired d° electron and are more or less independent
of the stereochemistry of the complexes. Table 2, shows
the effective magnetic moments obtained for the com-
plexes studied.

Electronic spectral data
For most of the perchlorate complexes studied there
were recorded both, solid-state and solution electronic

spectra (Table 3). The solution spectra were sufficiently
similar to the solid-state mull spectra to preclude any
significant solvent interaction. All the complexes are
very poorly coloured, and the visible absorption bands
are of low intensity. The intensity, position and shape of
the bands are typlcal of octahedral cobalt(Il) and
nickel(IT) complexes."

Whilst cobalt and nickel are expected to form more or
less regular six coordinate complexes copper rarely does.
The  complexes [Cu(RPPh).J(C10,),.2H,0  and
[Cu(RPOEY),J(Cl10,),.2H,0 are characterized by a broad,
asymmetric band in the near IR region with maxima at
11700 and 11400 cm™', respectively. The bands can be
compared with the spectra of known tetragonal distored
copper(II) complexes. This distorsion is characteristic of
Cu(Il) compounds, and it appears as a consequence of
the Jahn-Teller effect.’® The complex [Cu(RPPh);)
(C10,),.4H,0 is white in colour and gives a single peak
with maximum shifted to 10400 cm™". According to the
low intensity of this band the possibility that this com-
plex might be ftrigonal or tetrahedral has to be
excluded.'®

Spectral data of the nickel(II) complexes were used to
calculate ligand field parameters, D, and B (Table 3).
In the spectra of these complexes only two bands (», and
v,) were assigned, and therefore the method given by
Underhill and Billing was used."” Values of the
parameters obtained for the ligands RPPh, RPOEt and
RPOH are of the same order of magnitude as values of
parar&eters for similar ligands having a weak ligand
field.

EXPERIMENTAL
Materials
Analytical-grade solvents and cobalt(II) perchlorate (Fluka)
were used throughout the preparation. Nickel(I) perchlorate and
copper(Il) perchlorate wer; prepared by fuming their nitrates

with  perchloric acid." Bis[(diphenylphosphinyl)methyl}-
phenylphosphine oxide (RPPh), bis[(diphenyl-
phosphinyl)methyl]ethyl phosphinate (RPOEY), and

bls[(dlphenylphosphmyl)methy]] phosphinic acld (RPOH) were
prepared using the method of Kabachnik et al.®

For conductivity measurements, mtrobenzene was purified
using the method of Taylor and Kraus.”

Physical measurements

IR spectra were recorded on KBr pellets and nujol mulls in the
region 4000-625cm™' using a Perkin-Elmer Model 257 spec-
trophotometer. Electronic spectra were recorded by means of a
Carry Model 17 spectrophotometer. Magnetic susceptibilities
were determined at 295K using the Gouy method with
CuS0,.5H,0 as calibrant.

Electrolytic-conductance measurements were performed at
295K on a Tacussel conductivity bridge, type Cd7.

Elemental analyses were performed in the Microanalytical
Laboratory of the Rudjer BoSkovi¢ Institute.

The amount of water was determined using the Karl-Fischer
method.

Preparation of complexes

General method of preparatlon Metal(IT) perchlorates as well
as ligands were dissolved in hot absolute ethanol. Adequate
amounts of these solutions were mixed together. After a few
days (1-5) the crystalline precipitates were filtered off and
washed with absolute ethanol and diethylether. The complexes
isolated were dried at room temperature.

[M(RPPh),)(ClO4),.nH,0. 0.75 mmol of the metal(Il) perch-
lorate (0.274g Co(ClOs)2.6H,0 or Ni(ClO4)2.6H,0; 0.224g
Cu(C10,),.2H,0) dissolved in 3ml of hot absolute ethanol was
mixed with 1.5mmol (0.831g) of RPPh dissolved in 7ml of
ethanol. After S days the crystalline precipitates were filtered off
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Table 3. Electronic spectral data and ligand-field parameters of the complexes

Compound Y max’ (&) Da B Medium
-1 -1, -
{cm x103) (em 1) {cm 1)
[CQ(RPPh)z](c104)2.3H20 20.8 sh, 18.7 (14.5) acetone
21.3sh, 18.9 nujol™
?
[Co(RPPh)sj(ClO‘;)zAHzO 20.6sh, 18.5(23) acetone

[Co(RPOEt)zj(CIO4)2.2HZO

[Co(m’m—l)3 ](C104)2.3H20

20.8sh, 18.6 (17}

20.4sh, 18.4 (27)

abs. ethanol

abs. ethanol

[Ni(RPPR), (CIO, ) ,.5H,0 24.2{12.5), 14.7 sh, 773 929 abs. ethanol
13.0 {5)
[Ni(RPPR) ](CIO, ), .4H,0 24.0 (11.5), 12,9 (5.6) 766 924 abs. ethanol
23.8, 12.5, 8.3, 6.9 nujol™
[Ni(RPOEL), }(C10,) ,.2H,0 24.0(12), 14.7 sh, 772 918 acetone
12.9(5),7.1(7.5)
24.2 (23.5),12.9(7.5) dichioro-
ethane
24.2, 13.2 sh, 12.8, 758 950 nujor™®
8.2, 7.0
[Ni(RPOH) , (€10,),,.2H,0 24.2(32), 14.7 sh, 760 943 acetone
12.8 {(6.5)
23.9, 14.6sh, 12.8, 758 928 nujol™
8.3,7.0
[Cu(RPPh)z}(C104)2.2H20 11.7 (19} acetone
{Cu(RPPh)s](CXO4)2.4H20 10.4 {21} acetone
{Cu(RPOEt)z]{ClO4)2.2H20 11.4 (17.5) acetone

= nujol mull.

and washed, Yields of 89.9%, 83.1% and 78.8% were obtained for
CofIl), Ni(ID), and Cu(Il} complexes, respectively.

[M(RPPh):(Cl0),.4H,0. 0.5mmol of metal(Il} perchlorate
©0.183g  Co(ClO)6H,0 or NiCl0,),6H,0; 0.149g
Cu(Cl0,),.2H,0) dissolved in 2 ml of hot absolute ethanol was
added dropwise to a solution of 1.5mmol of RPPh (0.831g in
7 mi of absolute ethanol). An immediate precipitate was formed.
After the mixture was allowed to stand for a short time, the
crystalline precipitates were filtered off and washed, Yields of
44.7%, 40.3% and 46.3% were obtained for CofID, Ni(Il), and
Cu(Il) complexes, respectively.

[M{RPOEDXClO),.2H,0. 0.75 mmol of the metal(ll) perch-
lorate (0.274g Co(ClO).6H,0 or Ni(ClO),.6H,0; 0.224g
Cu(Cl0,);.2H,0) dissolved in 3m! of hot absolute ethanol was
added to a warm solution of 1.5 mmol (0.784 g) of RPOEt in 10ml
of absolute ethanol. The crystalline precipitates were filtered off,
washed, and allowed to stand for a few weeks to stabilize

{replacement of ethanol by water molecules). Yields of 84.7%,
78.1% and 86.5% were obtained for Co(Il), Ni(l}, and Cu(l)
complexes, respectively.

{Co{RPOH N CI0),.3H,0 and [Ni(RPOH)s)
{Cl0),2H,0. 0.5 mmol {0.183g) of metal(Il} perchlorate dis-
solved in 2 m! of hot absolute ethanol was added to a solution of
1.5 mmol (0.741 g) of RPOH dissolved in 30 ml of hot absolute
ethanol. After 5 days the crystalline precipitates were filtered off
and washed. Yields of 36.5 and 63.2% were obtained for Co(Il)
and Ni(Il) complexes, respectively.
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Abstract—The title compounds have been prepared from reactions of Co(CO)6{u-HOR,CC,R') or Coy(CON{(1i-
HOR,CC,CR,0H) complexes with Fe(CO); in acetone. In the latter set of reactions the homobimetallic butatriene
compounds, Fe,(CO)s-(-R,C=C=C=CR,), are aiso obtained. The striking feature of these reactions is the ability of
Fe(CO)s to dehydroxylate the organic moiety and to replace a Co(CO); unit forming mixed iron-cobalt derivatives.
A direct interaction between the iron and the carbon atom, originally bearing the lost -OH group, is evident from
the bulk of the spectroscopic data; thus the organic chain acts as an overall 5 electron donor, according to the
E.AN. formalism. The heterobimetallic compounds have been characterized by elemental analysis, mass spec-
trometry, IR spectroscopy and NMR studies. For the phosphine derivative FeCo{CO)s(PPh;)(H,CC,CH.OH) a
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crudely refined X-ray analysis has been performed.

INTRODUCTION

Mixed metal compounds containing metal-metal bonds
are receiving increasing attention since it has been sug-
gested that the presence of different metallic centres on
the same molecule can be important in the activation of
organic substrates in stoichiometric and catalytic reac-
tions.! Furthermore, they might represent a source for
the preparation of highly dispersed metals on inorganic
supports.” The development of new syntheses designed
to produce stable heterometallic compounds is therefore
worthwhile.

Actually, in the case of the synthesis of heterobi-
metallic complexes, all the possible combinations of
metallic fragments bearing carbonyl andjor cyclopen-
tadienyl ligands have been explored. Consequentely, a
plethora of 34 electron heterobimetallic compounds has
been obtained, mainly by Vahrenkamp® in the case of
neutral complexes and by Ruff* in the case of ionic ones.
Considering only first row Group VIII metals the follow-
ing heterobimetallic complexes have been characterized:
FeCo(CO)(7-CsHs),” FeNi(CO)s(n-CsHs),,* CoNi(CO)s-
(9-CsHs)* and [FeCo(CO)s"1.*

So far, however, there have been few reports which have
dealt with their reactivity toward unsaturated hydrocar-
bons. In principle an acetylenic moiety should be able to re-
place two CO groups in each of these complexes leading to
the tetrahedral M,C, structural framework, schematically
represented below, already found in the corresponding

*Author to whom correspondence should be addressed.
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homobimetallic compounds: Fe,(CO)s(1-C,Bu,’) (which
formally has an Fe-Fe double bond)’, Coxy{CO)e(u-
Czkz)B and Niz(7?'Csl'[s)z(l-l-’Csz)-9

N o
2\
MM

The heterobimetallic acetylenic complex [(CO,Co-Ni(%-
CsHi)l(1-C,R,) has been recently isolated from both the
reaction of Ni(5-CsHs).(u-C,R;) with Co,(CO)s and the
reaction of Coy(CO)s(u-C:R;) with [Ni(CO)(%-
CsHJ)L """ Tts solid state structure confirmed the
expected pseudo-tetrahedral M,C, framework.'"® On the
contrary in 1963 Bassett,' in an attempt to prepare an
acetylenic iron-nickel complex, observed only dis-
proportionation:

2 .FeNi(CO)z(TI‘CsHs)Z + RC=CR-[Fe(CO),(n-CsH));
Nix(n-CsHs)a(u-C2R2).

A quite different synthetic route was employed by
Yasufuku ef al'® who carried out the reaction of an
ethynyltriphenylphosphonium salt with (3-CsHs),Ni and
Fe,(CO)s obtaining the complex [(CO);Fe-Ni(n-CsHs)}-
(p-PhsPC,H), formulated as an internal salt, in which the
functionalized alkyne formally acts as a Se-donor.
During our previous studies of the reactions of alkynes
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with cobalt and iron carbonyls,'* we found that the
homobimetallic complex, CoxXCO)s(EtC,CHOHMe) (Ia)
(formed in situ by oxygen incorporation from water
present in the solvent) reacted further with excess
Fe(CO)s to give the heterobimetallic compound
FeCo(CO)s(MeHCC,Et) (IIa). This reaction offers fur-
ther evidence of the dehydroxylation ability of iron
carbonyls toward unsaturated alcohols. With the aim of
testing the validity of this method in synthesizing novel
mixed iron-cobalt derivatives, we have carried out the
reactions of Fe(CO)s with Co,(CO)s(u-acetylene) com-

trinla
plexes, bearing one or two hydroxyl group a to the triple

bond. In this way several FeCo(CO)s(u-alkynyl) com-
plexes have been obtained and spectroscopic analysis
has unambiguously established their structure.

EXPERIMENTAL
Reactants and physical measurements
All reactions were carried out under nitrogen. Co,(CQ); and
Fe(CO)s were purchased from Fluorochem Ltd., 2-butyn-1-ol,
2-butyn-1, 4-diol and 2, 5-dimethyl-3-hexyn-2, 5-diol were from

Farchan Division. Co,(CO)s(MeC,CH,0H) (Ib),
Co,(CO)(HOCH,C,CH,0H) (Ic) and Co,(CO)s-
(HOMe,CC,CMe,0H) (Id) complexes were synthesized

using Co,(CO); and the correspondmg alkyne according to pre-
viously reported procedures.'® The purity of these compounds
was checked by IR and MS spectroscopy, “CO (94. 3%) was
obtained from Monsanto Res. Corp. The heterobimetallic com-
plexes were analyzed by use of a F & M 185 C, H, N analyzer
and a Perkin-Elmer 303 Atomic Absorption Spectrophotometer.
The IR spectra were recorded on a Perkin-Elmer 580 B instru-
ment using 0.5 mm NaCl cells. The mass spectra were measured
on a Hitachi Perkin-Elmer RMU-6H spectrometer. 'H and '>C
NMR spectra were recorded on a Jeol C60-HL and a Jeol-PS-
100-FT instruments respectively. Chemical shifts were reported
downfield positive with respect to SiMe,. Cr(acac)(=10>M)
was added as a shiftless relaxation agent for the '*C NMR
measurements. The temperature was monitored by a Jeol-JNM-
BT-P-5-H-100E temperature control unit. The physical proper-
ties, analytical data, IR spectra for the complexes are listed in
Table 1; 'H and *C NMR data in Table 2.

Preparation of FeCo(CO)¢(H,CC,CH,) (IIb}

In a typical run 1.0g (2.7 mmol) of Cox(CO)s(HOH,CC,CHs)
(Ib) and 2.0 ml (14.4 mmol) of Fe(CO)s were refluxed in 200 cm® of
acetone for 10hr. After cooling and filtration the excess of
Fe(CO)s and the solvent were removed in vacuo and the residue
dissolved in dichloromethane and chromatographed on tlc pre-
parative plates (Kieselgel P. F. Merck, eluant light petroleum and
10% diethyl ether). Besides unreacted Ia (=20%) and a small
amount of Fe;(CO),,, FeCo(CO)s(H,CC,CH;) (TIb), (= 40%) was
eluted. Mass spectrum mje 336 [M*], followed by loss of six
carbonyl groups.

Preparation of FeCo(CO)s(H,CC,CH,0H) (Ilc)

Ic and Fe(CO); in the above ratio were refluxed in acetone for
10hr. The same separation procedure afforded unreacted Ic
(=25%), small amount of Fe;(CO),,, Fe,(CO)s(H,CC,CH,) (Illc)
(=5%) and FeCo(CO)y(H,CC,CH,0H) (IIc), (=25%). Mass
spectrum mjfe 352 [M*] followed by loss of six carbonyl groups
and concomitant loss of H,0.

Preparation of FeCo(CO){(HMeCC,CMe,0OH) (11d)

Id and Fe(CO); reacted in the same conditions to afford
unreacted Id (=15%), small amount of Fe;(CO);,,
Fez(CO)G(Mez(:CzCMez) (md) ( = 35%) . and
FeCo(CO)¢(Me,CC,CMe,OH) (IId) ( =25%). Mass spectrum mj/e
408 [M*] followed by loss of six carbony} groups and con-
comitant loss of H,0.

Isotopic enrichment of He and TId
0.2g of complex (Ilc or Md) were dissolved in 100cm® of

cyclohexane and stirred for 4 days at +40°C in the presence of
<1 Atmosphere of *CO. Further purification on a Si0, column
using light petroleum with 20% CHCl, as eluant was carried out
before running the spectra.

Preparation of FeCo(CO)s(PPh,)(H,CC,CH,OH) (IVc)

1.0 g (2.8 mmol) of Ic was dissolved in 100 cm® of acetone and
added with 0.73 g (2.8 mmol) of PPh;. The mixture was refluxed
for 20hr. After cooling and filtration, the solvent was removed
under vacuum and the residue dissolved in CH,Cl, and chroma-
tographed on tlc (eluant light petroleum and 20% CHCl,). Un-
reacted IIc (=25%) and FeCo(CO)s(PPh;)(H,CC,CH,OH) (IVc)
(=40%) have been eluted.

Crystallographic data collection of IV¢

Red-orange crystals of IVe were grown by slow cooling of a
saturated solution of IVc in n-heptane, chloroform 2:1 mixture
under N, atmosphere. A very thin crystal was used for the X-ray
analysis. Crystal data are as follows: C27H20FeC00 P, M=
586.21, a=10.5058), b= 12.787(]2), =10. 477(9)3 a=
111.13(6), B =105.25(6), y = 84.60(7)°, U = 1266 AL zZ=2D.=
1.54 g/cm®, space group Pl.

The intensities of 1949 reflections with 4 in the range 3-22°
were measured on a Siemens AED diffractometer (using the
Nb-filtered Mo-K « radiation), but only 519, having 1=2 o)
were considered observed and used in the analysis. The structure
was solved by Patterson and Fourier methods, but the limited
number of the observed reflections and the poor quality of them
prevented a satisfactory refinement of the structure,

RESULTS AND DISCUSSION

Although all the reactions were performed in identical
conditions, higher yields of the heterobimetallic com-
plexes (II) were obtained from the alkyneol reactants (Ia,
Ib) than from the alkynediols (Ic, Id). This is due to
successive dehydroxylation and ligand transfer to Fe,
which lead to the well known butatriene derivatives (Ille,
IIId) as shown in the following scheme:

Co,(CO)s(HOR,C-C=C-R)) [Ia, Ib]
+ Fe(CO)s -OH
FeCo(CO)s(R,C-C=C-R") [a, ITb]
Co{CO)s(HOR,C-C=C-CR,0H) (Ic, Id)
+Fe(CO)s J -OH
FeCo(CO)s(R,C-C=C-CR,0OH) [IIc, IId}
+Fe(CO)s | —OH
Fe,(CO)(R,C=C=C=CR,) [, ITd)

The heterobimetallic compounds are quite stable in the
solid state under N, atmosphere, but they smoothly
decompose in solution. They all have similar IR spectra
(see Table 1), the slight shifts observed for the CO
stretching frequencies can be related to the different
electronic properties of the sustituents (H, Me, Et, OH).
In the complexes Ic and IId the presence of the -OH
group is confirmed by weak absorptions near 3600 cm™',
which can be observed in concentrated CCl, solution.
Also their MS characteristics are very similar and
strongly resemble those of the Co,(CO)s(u-alkyne)
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C Ta : R=CHOHMe ; R'=Et
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Fig. 1. Structures of the homometallic complexes (I) and (III)
and proposed structure of the heterobimetallic complex (II).

compounds.'’ It is interesting to note the relatively high
abundance of the fragment corresponding to the
[FeCoC;H,]" ion. Analogous [Co,C;H,]" fragments have
not been observed in the MS spectra of the Co;(CO)s(u-
C,R;) complexes. This supports the view that the
heterobimetallic moiety is bonded to three carbon atoms
of the organic chain. The high stability of the Fe-Co
bond is suggested from the presence of 50-80% [FeCo}*
ions in all the spectra. For Ilc and IId the presence of the
-OH group is further corroborated by the observation of
a fragment ion which constitutes loss of H,O from [M*].

The assignment of the 'H NMR signals of
FeCo(CO)¢(H,CC,CH,) (IIb) is straightforward: the
methylene group appears as two broad singlets of relative
intensity 1 at & 3.98 and 3.93 respectively, the methyl
group as a singlet of intensity 3 at § 2.69. This pattern
remains unchanged as the temperature is increased up to
+ 80°C; above this temperature decomposition of sample
is observed. The room temperature 'H NMR spectrum of

FeCo(CO)s(MeCC,CMe,OH) (IId) shows four methyl
resonances (see Table 2); as the temperature is increased
the two lowfield signals broaden and merge into a new
resonance at +45°C (AG* = 74.4 kJ/mol) and on this basis
we assign the two lowfield peaks to the ~-CMe,OH group.
This dynamic process has to be related to a partially
hindered rotation around the =C-CMe,0H bond.
Similar arguments were used to assign the resonances in
the other compounds prepared here. The “C NMR
spectra of the title compounds are quite similar: of the
two quaternary acetylenic carbon resonances one is

found in the spectral region typical of the Co{CO){u-

alkyne) complexes' and one in a lower field region
(117.6-123.7 ppm) of the spectrum, which is assigned to
the acetylenic carbon bonded to the carbon ¢ interacting
with the iron atom. This low field shift is indicative of a
change from sp to sp® hybridisation and suggests a
delocalized bonding framework for the u,—%° system.
In Fig. 1 are shown the structures of Co,(CO)e(u-
alkyne)® (I) and Fe,(CO)¢(u-butatriene)'® (III) co-
plexes together with the proposed structure of the title
compounds (II). Complexes I, IT and III are isoelectronic:
two, three and four carbon atoms are engaged in the
bonding scheme with the bimetallic fragment and the
organic chain acts as a four-, five- and six-electron
donor.

Although the chemical and spectroscopic evidence
strongly support the proposed structure (II), several
attempts were made to confirm it by X-ray analyses.
However all were unsuccessful. In order to overcome
crystallization  problems  the  FeCo(CO)s(PPh)-
(R,CC,CR’) derivatives were synthesized. The best
result was achieved for R=H, R'=CH,0H (IV¢), though
also in this case the quality of the crystals was poor and
the crystals were twinned. An accurate structure deter-
mination was thus impossible, but the most significant
features of the molecular structure could be extrac-
ted. The proposed structure, shown in Fig. 2, is in
agreement with that proposed on the basis of the spec-
troscopic data (II). The organic ligand is o-bonded to the
Fe atom through the terminal C(6) carbon and 7’-inter-
acts with both the metal atoms (Fe-Co distance: 2.55 A)
via the C(7)-C(8) bond. The triphenylphosphine group
has substituted one carbonyl in an apical position on the
cobalt atom. Similar regiospecific substitution of the
phosphine for CO group in Co,(CO)s(PR;)(u-alkyne)

Fig. 2. Proposed molecular shape of the compound FeCo(CO)s(PPhs) (H,CC,CH,OH) (IVc).
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derivatives has been reported on the basis of IR* and
BC NMR' data. The poor accuracy of the structural
parameters hampers a detailed discussion of the molecu-
lar structure. The Jcy values in the *C NMR spectrum
of FeCo(CO)s(H,CC.,CH,0H) (Ilc) also supports this
picture. In the proton-coupled spectrum two triplets are
observed at & 62.8 and 69.2. The first shows Jeu =
142 Hz consistent with an sp> carbon bearing an electron
withdrawing substituent (HO-CH,), while the second
shows Jou= 161 Hz, suggesting a partial rehybridation
towards an sp’ character (Fe-CH.). Similar features are

ohserved for the corresnonding mononhosphine deriva-
QOSCIVEQ 10T DC COITESPOnaIng monopaospaine ey

tive (IVe) (see Table 2).

In conclusion, we feel that the structure of the title
compounds (I) can be envisaged as the result of building
up two halves obtained by dividing along the organic
chain and the metal-metal bond the two homometallic
compounds (I} and (THI).

Dynamic behaviour

All the *C NMR spectra of the title complexes show
two sets of CO absorptions at room temperature: the
sharp Fe-CO resonances lie in the range 211.5-209.0 ppm,
the very broad Co-CO resonances in the 207.6-
201.0ppm region. This assignment is consistent with
previous observations of mixed iron-cobalt clusters,
showing that the COs bonded to Fe resonate at lower
field than the Co bonded ones' In the VT *C NMR
studies of *CO enriched samples of Ilc and Id, lowering
of temperature to —80°C results in a progressive shar-
pening of the Co-CO resonances. It then follows that the
broadening observed in room temperature spectra is only
due to the moderately rapid quadrupolar relaxation in-
duced by the Co nuclei (I=7/2). On the other hand, in
the same temperature range the Fe-CO resonance splits
into three peaks of relative intensity ratio 1:1: 1, whose
weighted average chemical shifts are in good accord with
the room temperature value (Ile, ~50°C, FeCO: 2124,
210.3, 205.6; IId, — 60°C, Fe(CO: 211.9, 209.4, 206.7).

At room temperature the carbonyls are locally
exchanging at each “M{CO),” unit, but only the scram-
bling at Fe(CO); can be frozen in the low temperature
limiting spectrum. On the contrary the room temperature
3C NMR spectrum of IVc shows three CO absorptions,
one sharp at § =211.5 and two very broad at §=207.6
and 205.5 of relative intensity ratio 3:1:1. It follows
that the presence of the bulky triphenylphosphine group

quenches, even at room temperature, the localized
exchanged process at the Co(CO), unit. Owing to the
broadening of these two resonances, no Jep could be
extracted.
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Abstract—Convenient syntheses of the tetramines 2, 3:10, 11-dibenzo-1, 5, 8, 12-tetraazadodecane, (L1), and 3, 4:9,
10-dibenzo-1, 5, 8, 12-tetraazadodecane, (L2), are described. Both ligands form complexes with Ni(Il), Zn(II} and
Cd(Il). The X-ray structure of {Cd(LDL,), confirms a five coordinate geometry for the Cd atom, where the two
iodines are bonded to the metal and (L1) acts as a tridentate ligand, The complex crystallises in the monoclinic
space group P2/ with a = 19.741(4) A, b=8.72603) A, c=12221(4) A, and B =104.55(3)". The structure was

refined to R =0.062 for 1051 reflections.

INTRODUCTION
Recently’, macrocyclic species of the type (1) below
have been extensively studied in this laboratory with a
view to establishing the electrochemical properties of
their divalent metal complexes and the coordinative
selectivity of the ligand system towards a range of metal
ions.

H—R-( H

1
R = "'(CHz)a“. "(GHz)a"a ‘(Cﬁz)d"‘

As an extension to this work, we here report con-
venient synthetic routes to the known? tetramine 2, 3: 10,
{1-dibenzo-1, 5, 8, 12-tetraazadodecane, (L1), and to the
related ligand 3, 4:9, 10-dibenzo-1, 5, 8, 12-
tetraazadodecane, (L2). Both species may be regarded as
open chain analogues of the systems (1). The preliminary
results of complexation reactions of the ligands are also
presented, together with the X-ray structure of
[CA(LDL,).

RESULTS AND DISCUSSION

Scheme 1 outlines the synthetic route to the tetramines
(L1) and (L2). Refluxing methyl anthranilate and ethy-
lenediamine together for 3 days yields the diamide (2) as
white plates after recrystallisation. Reduction with
LiAlH, in diethyl ether gives (L1) in 75% yield.
Mixing 2:1 quantities of anthranilonitrile with oxalyl
chioride in diethyl ether gives an immediate white pre-
cipitate of (3) in 93% yield. Reduction of all four func-

*Author to whom correspondence should be addressed.
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tional groups by LiAlH, to give (L2) is accomplished
readily and in 85% vield. Both (L1) and {L2) are pale
yellow oils which, as has been observed in their aliphatic
analogues®, from solid hydrated species in moist air.
Both readily form crystalline salts of stoichiometry
L2HX and L4HX, where X=CI" or CiO,. In
confirmation of the reported” instability of L14HX in
aqueous media, it was found that both L1.2HX and
L2.2HX could be readily isolated from agueous solutions
of the tetra-acid salt.

(L1) and (L2) both from complexes with Ni(ID), Za(I)
and Cd(ID), (see Table 1). Reaction of a 1:1 mixture of
Ni(C10.),.6H,0 and either (L1) or (L2) in methanol gives
a blue-green solution which, upon treatment with excess
NH,NCS deposits mauve precipitates of [Ni(L1 or
L2INCS,;]. »NCS occurs as a single sharp band at
2100 cm™' in their infrared spectra, which is consistent?
with N-bonded thiocyanate in a single environment. This
observation, taken with the magnetic moments of 3.22
and 3.23 BM for the Ni{Il) complexes of (L1) and (L2}
respectively, the similarity of the ligands and the analy-

Table 1. Analytical data

Found Required
C H N C H N
Diamide (2) 644 63 186 644 61 183
(L1)4HC1 561 68 160 3560 70 163
(L1).4HCIO, 283 40 80 286 1319 83
(L1).2HCI0, 408 50 120 408 51 119
Dinitrile (3) 661 33 190 662 34 193
{L2).4HCH 564 71 167 S60 70 163
(L2)4HCIO, 287 41 87 286 39 83
(L2).2HCIO, 409 50 122 408 5.1 119
[Ni(L1XNCS).] 488 52 190 489 50 190
[Ni(L2YNCS),]. H,0 472 52 183 470 52 183
[CdLDL] 301 36 87 302 35 88
[CdLDL,) 306 36 86 302 35 88
[ZaLDL] 329 38 99 N6 37 95
[Zn(L2)L;) 326 38 95 326 37 93




84 C. W. G. ANSELL et al.

=\ /S \
wo HN N,

Scheme 1. The preparative routes to (L1} and (L2).

tically confirmed stiochiometries points to a trans-octa-
hedral geometry for the nickel atom in both complexes,
with the tetramine occupying the equatorial donor sites.

Reaction of Znl, and Cdl, in methanol with (L1) and
(L2) gave good yields of the corresponding metal com-
plexes [M(L1 or L2)I,). Crystals of the complex
[CA(L1)I,] could be obtained from methanol and the
X-ray structure of this species was undertaken. Figure 1
is a diagram of the complex, showing the numbering
scheme. Hydrogen atoms have been omitted for clarity.
The five coordinate geometry of the cadmium atom is
immediately apparent. (L1) acts as a tridentate ligand via
the anilino-nitrogen donor N(2a) and both aliphatic
nitrogens N(1a) and N(1b). The two bonded iodines
occupy the remaining sites. Severe disorder was ap-
parent for the phenyl ring incorporating the uncomplexed
-NH; group, but the essentials of the stereochemistry
around the metal ion are nonetheless established. The
geometry of the donors around the cadmium is best de-
scribed as a distorted square based pyramid, with N(la),
N{2a), N(1b) and I(1) defining the base and I(2) in the
apical position. The constituent atoms of the base are
coplanar to within 0.24 A, and the Cd atom is located
0.68 A above their least squares plane towards the iodine
1(2). The bond lengths between the Cd atom and the
nitrogen donors are all close to 2.4 A and are similar to
those reported® in other five coordinate cadmium diiodide
species containing tridentate polyamines. The bond
lengths between Cd and I(1), and Cd and I(2) (2.795(3) A
and 2.791(3) A) are in the range previously reported® for
Cd-1 bonds. More details of the environment of the
metal ion are given in the caption to Fig. 1.

EXPERIMENTAL

Precursors were purchased from the Aldrich Chemical Co. and
used without further purification. All reductions were done under
an atmosphere of nitrogen.

2,3:10, 11-Dibenzo-1, 5, 8, 12-tetraazadodecane-4, 9-dione, (2)

Ethylenediamine (7cm’®, 105 mmol) and methyl anthranilate
(50 cm®, 387 mmol) were refluxed together for three days. The
mixture solidified on cooling and was washed with portions of
ethanol. The white residue was recrystallised from a 1:1 mixture
of methanol and chloroform (500 cm”) to give the title diamide (2)
(8.0g, 25%) as white plates, m.p. 246-8°. Mass spectrum: 298
(M+) expected: 298. Principal IR bands (KBr disc) 3480(s),
3375(s), 3300(s, b), 1630(s, b), 1582(s).

2,3:10, 11-dibenzo-1, 5, 8, 12-tetraazadodecane, (L1)

Lithium aluminium hydride (2.9 g, 77 mmol) was added to dry
ether contained in a 2dm® 3-necked flask fitted with a sealed
mechanical stirrer and a Soxhlet extractor and condenser. (2)
(3.7g, 12.4 mmol) was placed in a thimble in the Soxhlet extrac-
tor. The ether was refluxed gently in a heating mantle, and after
16 hr. all the solid had been introduced to the flask. The mixture
was treated sequentially with water (3cm’), 15% sodium
hydroxide solution (3 cm®), and water (8.5 cm®). The mixture was
filtered and the residue washed with ether. The combined filtrates
were dried over magnesium sulphate and evaporated to give the
product as a pale yellow oil (2.5g, 75%). NMR(CDCl;):2.68 o
(methylene, singlet) 3.0-3.7 o (NH, broad, complex) 3.28 ¢ (NH,
singlet) 3.71 & (benzyl methylene, singlet) 6.4-7.3 5 (aromatics,
complex). Addition of D,0 causes collapse of the signals at 3.28
and 3.0-3.7 8. Mass spectrum: 270(M+); expected:270.

2, V(oxalyldiimino)bis(o-benzonitrile), (3)
Anthranilonitrile (12.5g, 0.1 mol) was dissolved in dry ether
(150cm®). Oxalyl chloride (6.2g, 0.05mol) was added slowly
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C(3a)

Clsa)

C(3b)
Fig. 1. The molecular structure of [Cd(L1)I,}. Principal bond
lengths and angles are: Cd-I(1) 2.795(3), Cd-1(2) 2.791(3), Cd-N(2a)
2.398(21), Cd-N(1a) 2.366(21), Cd-N(1b) 2.384(23)A. I(2)-Cd-I(1)
106.5(1), N(2a)}-Cd-I(1) 94.8(6), N(2a)-Cd-1(2) 112.6(6), N(1a)-Cd~
I(1) 158.1(6), N(1a}-Cd-I(2) 95.2(6), N(1a)-Cd-N(2a) 79.1(8),
N(1b)-Cd-I(1) 95.1(6). N(1b)-Cd-I(2) 108.3(6), N(ib)-Cd-N(2a)
132.9(8), N(1b)}-Cd-N(1a) 74.8(8).

dropwise with vigorous stirring. The white precipitate of (3) was
filtered, washed copiously with methanol and ether and dried in
vacuo. Yield 14.3 g, 93%. The nmr spectrum of this compound
could not be obtained due to its extreme insolubility. Principal IR
bands(Nujol): 3320(s), 2250(s), 1700(s), 1620(m), 1600(m). Mass
spectrum: 266(M+). Expected 266.

3, 4:9, 10-dibenzo-1, 5, 8, 12-tetraazadodecane (L2)

To a suspension of LiAlH, (5.2 g) in dry ether (500cm’) in a
1 dm? flask fitted with a reflux condenser was added in portions
over twenty minutes (3) (10.0 g, 0.035 mol). The reaction mixture
became yellow/green. After 12hr under reflux the colour had
faded, and the mixture was treated carefully and sequentially
with water (5 cm?®), 15% sodium hydroxide solution (5cm®) and
water (15cm®). The basic hydroxides left after filtration were
extracted three times with dichloromethane (200cm®) and the
combined extracts and filtrate evaporated after drying over
MgSO, to give (L2) (8.9g, 85%) as a pale yellow oil. Principal
IR(Nujol): 3350(m), 3250(m), 1620(s), 1600(s). NMR: (CDCl,):
3.43 & (methylene, singlet) 3.84 § (methylene, singlet) 2.0-3.0 §
(broad, NH) 6.4-7.3 8 (aromatics, complex). Addition of D,0

tAtomic coordinates have also been deposited with the Cam-
bridge Crystallographic Data Centre.

causes collapse of the signal 2.0-3.0 5. Mass spectrum: 270(M+)
expected: 270.

Salts of the tetramines

To a solution of the ligand (L1 or L2) in 1:1 dichloromethane:
methanol was added an excess of either conc; HCI or HCIO4. The
tetraacid salts precipitated on standing. The corresponding diacid
salt could be obtained by treatment of an aqueous solution of the
tetraacid salt with NEt; until precipitation was complete. The
yields for both procedures are quantitative.

[Ni(L1 or L2) (NCS),}

Nickel(II) perchiorate hexahydrate (1.11 g, 3 mmol) was added
to a hot solution of (L1) or (L2) (0.81g, 3 mmol) in methanol and
the blue-green solution stirred for 5 min. Ammonium thiocyanate
(1.0g, excess) was then added to precipitate the di(thiocyanato)
complexes as mauve microcrystalline powders, yield 1.09 g, 82%.

[M(L1 or L)LIM =Zn, Cd

0.15 Millimolar quantities of Metal(ll) iodide and tetramine
were mixed in warm methanol (30 cm®). On standing and cooling,
analytically pure samples of the complexes were deposited. For
the complexes of (L1), crystals of X-ray quality could be grown
from methanol. The yields in the syntheses were greater than
65% in each case.

X-ray crystal structure

Crystal data: [C,¢H,N,Cdl;). M =636.2, monoclinic, space
group P2, a = 19.7414) A, b=8.72603) A, c = 2.214) A, B=
104.55(3)°, U=2037.7 A, Z=4. F(000)=1200, u(mo-Ka)=
3823cm™'. Cc=2.07gecm™>. R=0.062, Rw=0.065 for 1051
unique intensity data, F > 6(c)F.

The X-ray data were collected as previously described.” The
cadmium and both iodine atoms were located from a Patterson
map and all remaining non-hydrogen atoms from subsequent
difference maps. Anisotropic thermal parameters were assigned
to the cadmium and both iodines. Hydrogen atoms were not
located directly but constrained to fie 0.95A from the parent
carbon atom. A severe disorder was apparent for the phenyl ring
containing the uncoordinated amino group. This disorder could
not be satisfactorily resolved. N(2b) and C(7b) were fixed at the
positions found in the difference map and the disordered phenyl
ring refined as a regular hexagon of C-C bond distance 1.395 A.
Hydrogen atoms were not included on the disordered ring, N(2b)
or C(7b). Neutral atom scattering factors were taken from
reference 8. All crystallographic calculations were performed
using SHELX. Final atomic coordinates, bond lengths and
angles together with tables of Fo/Fc have been deposited as
supplementary material with the editor, from whom copies are
available on request.t
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Abstract—The electrochemical reductions of (2) CriN(SiMes),)s, Cr{NPr3);, Cr{NO)[N(SiMes).)s, Cr(NO)NPr3); and
Cr(NOYOBu'};(NPr3) in acetonitrile, and (b) Yb[N(SiMe;).]; in dimethylsulphoxide, have been studied using cyclic
voltammetry (platinum bead electrode) and controlled potential coulometry {mercury pool electrode). The results are
interpreted in terms of quasi-reversible or irreversible one-electron reduction and possible side-reactions. A number of
similar complexes of titanium, vanadium, manganese, iron and cobalt were investigated but electrochemical studies
were precluded due to reactions with solvent and/or supporting electrolyte.

INTRODUCTION

The synthesis of the metal dialkylamides M(NR), and
bis-trimethylsilyamides (R =Me,Si) and their charac-
terization by spectroscopic and X-ray crystallographic
studies have revealed considerable details concerning their
structure and chemical reactivity'>. In particular it has
been shown that by using particularly bulky ligands, the
transition metals, lanthanides and actinides may be con-
strained to abnormally low coordination numbers and
some unusual chemical reactivity. To gain further insight
into the chemical behaviour of some of these compounds,
we have explored their electrochemical behaviour in
non-aqueous solvents. It was hoped that these studies
would reveal reversible electrochemical processes from
which useful data on the relative stability of different
oxidation states could be deduced. It was further hoped
that the results might point the way to novel methods of
synthesis of new complexes which are not amenable to
isolation using conventional procedures.

Since derivatives of titanjum(IV and III), chromium(I1f
and II) and cobalt(Il and I) were known exhibiting two
consecutive valence states, some of their compounds were
selected for study. In addition it was considered worth-
while to investigate the tris-silylamides of iron and ytter-
bium.

RESULTS AND DISCUSSION

Although extensive studies were carried out in various
non-agqueous solvents on a large number of compounds,
meaningful results were obtained only on some chromium
compounds in acetonitrile and ytterbium tris-silylamide in
dimethylsulphoxide. Attempts were made to establish the
electrochemical behaviour of these metal dialkylamides by
studying Cyclic Voltammetry at a platinum bead electrode
and by Controlled Potential Electrolysis at a mercury pool
electrode.

(@) Cyclic voltammetry
The experiments were carried out at various voltage
scan rates on dilute solutions of the metal dialkylamide

* Author to whom correspondence should be addressed.
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(0.2-1.0 millimolar) in acetonitrile with tetraethylam-
monium tetrafluoroborate (0.1M) as supporting elec-
trolyte. In Fig. 1 are shown the cyclic voltammograms of
Cr[N(SiMes),}s and Cr(NPr3); with the behaviour of the
supporting electrolyte alone for comparison. The
chromium compounds each showed a main reduction wave
which was quasi-reversible or irreversible. At very slow
scan rates a small peak at +0.10V appeared after the
anodic peak of the main reduction wave and this suggested
that a product of the quasi-reversible or irreversible
electron transfer processes was being oxidized. Bearing in
mind the chemical reactivity of these metal complexes it
was considered necessary to demonstrate their stability
under these electrochemical conditions. Thus the peak
current for Cr[N(SiMes),); was found to be unchanged
over a five day period giving confidence to the reliability of
the results. Some comparative data on peak potentials (Ep)
at the same voltage scan rate are listed in Table 1 for
CrIN(SiMe;)ls,  Cr(NO)[N(SiMes),ls,  Cr(NPra)s,
Cr(NO)NPr5); and Cr(NOYOBu'),(NPr3). Unfortunately
the lack of true reversibility limits the scope for discussion
of these data, but it is clear that the di-isopropylamido-
complexes have slightly lower reduction potentials than
the bis-trimethylsilylamido~complexes whilst the addition
of nitric oxide appears to make only a small change in the
peak potentials.

Data obtained for each compound over a 40-fold range in
voltage scan rate (0.0125-0.5 V/sec) are presented in
Tables 2-6 and give some indication of the electrochemical
behaviour of each complex. Thus it appears that the peak
current (ip.) was approximately proportional to the square
root of the voltage scan rate. The “best-behaved” com-
pounds were Cr(NPri)s;, and Cr(NOXNPrd); which
showed peak potentials almost invariant with voltage scan
rate in contrast with the behaviour of the chromium
silylamide complexes.

The ytterbium tris-silylamide Yb{N(SiMe;),]s gave
reproducible and reliable cyclic voltammograms in
dimethylsulphoxide solution (Fig. 2) using sodium perch-
lorate as supporting electrolyte. One main reduction peak
was obtained and the peak potentials were almost in-
dependent of voltage scan rate (Table 7). The stability of
the ytterbium complex in dimethylsulphoxide solution was
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Fig. 1. Electrochemical cell. (A) Electrode configuration. (B) Reference electrode.

Table 1. Cyclic voltammetry of chromium dialkylamides

Compound c:.mce(nttation Epc Epa ABpf
o
dmt) (Volts) _ (volts) __ (volts)
c:{n{smea)2]3 0.4 -0.816 -0.570 0.246
Cr (NO) [n(sme3)2}3 0.2 -0. 770 -0.440 0.330
i
Criver’ ), 1.0 -0.520 ~0.430 0,090
i
Cr (NO) (NPr 23 0.4 -0.560 -0,430 ©.130
crovo) tosu®y, ot )
e, 0.4 -0.820 -0.560 0.260

a

" In acetonitrile at 25% with 0.1M (NEt:#)BFd supporting electrolyte at a

voltage scan rate of 0.1 volts/sec., vs. Ag/AqC104.

confirmed by finding that the peak current remained
constant over a S-day period.

(b) Controlled potential electrolysis

Using a mercury-pool electrode, constant potential
coulometry was carried out at — 1.00V (vs Ag/AgClO,
electrode) on solutions of CrIN(SiMe,).]s, Cr{(NPr3)s, and
Cr(NO)OBu")(NPrb) in acetonitrile. The results (Table 8)
showed that only Cr(NPrb). gave quantitative reduction
whilst the electrolysis of the other compounds was ac-
companied by other reactions. Moreover it was noted in
the electrolysis of Cr(NPr4), under controlled potential
that the current rapidly declined to zero and the colour of
the solution was discharged. Similarly the controlled
potential electrolysis of Yb[N(SiMes):}s in dimethyl-
sulphoxide at ~1.20V {vs Ag/AgClO, electrode) gave
quantitative reduction (Table 8) with the current rapidly
declining to zero with rapid discharge of the colour of the
solution.

The above results suggest that one-electron reductions

Potentials :O 004 v.

have occurred but that only in Cr{NPr3)s, YB[N(SiMe.).khs
and probably Cr(NO)NPr5), is there quasi-reversibility.

Before discussing this interesting electrochemical
behaviour of these low coordination complexes of
chromium it is useful to review some of their chemistry.
Both Cr{N(SiMe,).]s and Cr{NPr); were shown to be
monometic 3-coordinated paramagnetic Cr(III) complexes
with interesting X-ray structures™ and electronic
configurations as deduced from spectroscopic studies.*™
They do not form addition compounds with neutral ligands
such as THF but react more or less readily with water,
oxygen, nitric oxide, carbon dioxide and carbon-di-
sulphide, The tris-di-isopropylamide is extremely sensitive
to dioxygen and it is difficult to prepare a dilute solution
free from the blue coloured initial product of oxygenation
which gives an intense characteristic ESR signal.” The
reaction with nitric oxide gave the considerably more
stable diamagnetic mono-nitrosyls Cr(NO)}NR,); (R=
SiMes or Pr) in which the chromium is tetrahedrally
coordinated.’”® The linear CrNO systems and diamag-
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Table 2. Cyclic voltammetry of Cr{N(SiMe),]}

3

SCEL?;E%(R) Ef-g—k— 3 19./19 [ P, BPy sep

(Volts/sec.} (pAv. ‘sec.”} {Volts) {volts) {volts}
0.0125 26.8 0.80 -0.730 ~0,579 0.160
0.025 26.6 1.19 -0.750 -0.570 0.180
.05 27.7 1.16 -0.780 ~0.560 0.220
0.10 36.0 1.00 ~0.816 -0.570 0.246
0.15 3.5 0.94 -0.845 0,540 0.30%
Q.20 33.5 0.93 -0.850 -0.580 0.270
0.25 28.0 0.79 -0.860 ~0.540 0.320
©.30 26.5 o.80 -0.8%0 -0.520 0.370
0.35 28.5 0.80 -0.910 -0.510 0.400
0.40 31.0 .71 -0.920 -0.520 0.400
0.50 L.l 0.64 -1.000 -0.520 0.480

&

- 0.4 mM in CH

3

and Pt bead electrode.

Table 3. Cyclic voltammetry of Cr{NO)[N(SiMe;).}3

cN at 25°C using O.1M (NE(:")BF‘l supporting electrolyte

L]

(Volts/sec.) (UAv. ‘sec.’) {Volts) (Volts) (Volts)
0.0125 107 ©.875 -0.725 ~-0.460 0.265
0.025 109 0,780 -0.745 ~0.460 0.285
0.05 7 0.694 -0.800 -0.540 0.260
0.10 10l 0.640 -0.770 -0.440 0.330
0.15 110 0.741 -0.860 ~0.510 ©0.350
0.20 112 0,720 ~0.890 ~-0.507 0.383
0.25 132 0,697 -0.920 ~0.500 ©.420
©.30 117 0.641 -0.940 -0.500 0.440
0,35 122 ©.555 -0.960 -0, 520 0.440
0.40 120 0,579 ~0,960 ~0.500 0.460
0.50 133 ©.489 -0.980 -0.520 0.460

&

C.2mM in CH

3

and Pt bead electrode.

on at 25°%C using O0.1M (NEtd)BF4 supporting electrolyte

89
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Table 4. Cyclic voltammetry of Cr(NPr)3

veltage ipc/R! i /ip EPC Epa aEp
{Volits/sec.} _LLBV-“’SGC.") & ¢© {Volts} {Volts} {volts}
0.0125 268 0.867 ~0.51 ~0.43 ©.08
0.025 285 0.889 -0.51 -0.43 0.08
0.05 295 0.90% -0.51 -0.43 .08
0.10 304 0.948 -0.52 -0.43 0.09
0.15 315 ©0.951 -0.52 ~0,43 0.09
0.20 331 0.960 ~0.52 ~0.42 0.10
0.25 318 0.976 ~0.52 -0.42 c.1l0
0.30 338 0.962 -0.52 -0,41 0.11
0.35 326 0.959 -0.52 ~0,41 0.11
.40 311 0.964 -0, 52 -0, 41 ©.13
0.45 298 0.950 -0.53 -0. 40 0.13
0.50 283 0.950 -0.53 -0.41 0.12

2 j.0m in CB3CN at 25°c using O.1M (NEt‘)x% supporting electrolyte

and Pt bead electrode.

Table 5. Cyclic voltammetry of Cr(NOXNPri)

ke

i&:;% ipf,/f . ip,/ip, P Py hep

(Volts/sec.) {uAv. “sec.”) {volts) {Volts) {Volts)
0.0125 107 1.042 -0.55 -0,42 0.13
©.025 88 1.036 -0.55 -0.42 0.13
0.05 87 1.026 -0.56 -0.45 0.11
0.10 82 1.077 -0.56 ~0.43 0.13
0.15 o 1e] ©.971 -0.56 -0.43 0.13
0.20 34 1.024 ~0.55 ~0.42 ©.13
0.25 lo4 1.039 ~0.56 -0.43 0.13
0.30 99 1.241 -0,56 -0.43 0.13
©.35 122 1.028 -0.57 -0.42 0.15
0.40 130 1.024 -0.56 -0, 42 L 0.14
0.50 164 1.164 ~-0.57 -0.42 0.15

2 0.4 mM in CB3CN at 25% using O.1M (Nth)BFé supporting electrolyte

and Pt bead electrode.
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Table 6. Cyclic voltammetry of Cr(NOXOBu'),(NPr})?

L

SC%:%% (R) ipfik y ip /ip_ Ep, Ep, AEP

(Volts/sec.) {(WAv. “sec.®) (Volts) (Volts) (Volts)
0.0125 128 0.536 -0.73 ~0.58 0.15
0.025 2 0.345 -0.78 -0.60 0.18
0.05 98 0.340 -0.80 ~0.57 0.23
0.10 114 0.333 -0.82 -0.56 0.26
0.15 73 0.643 -0.86 -0.54 0.32
0.20 107 0.417 -0.88 -0.58 0.30
0.25 104 0.385 -0.88 -0.54 0.34

o

0.4 oM in CE3CN at 25% using 0.1M (N'Et4YBF4 supporting electrolyte

and Pt bead electrode.

<

2

—

z
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= 10-00uA
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Fig. 2. Cyclic voltammograms in acetonitrile (25°C). (A) (NEt)BF, (0.1 M), voltage scan rate 0.3Vsec.”" (B)
Cr[N(SiMes),); (0.4 mM), (NEt)BF, (0.1 M), voitage scan rate 0.3 V sec™". (C) Cr(NPr3):(0.4 M), (NEL)BF, (0.1 M),

voltage scan rate 0.3 V sec.” .
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Table 7. Cyclic voltammetry of Yb[N(SiMes),]3

s N |
Voltage ip /R
Scan Rate(R) +1— 3 ip a/ 1P, Epg EPy 4ep
(Volts/sec.) (UAv. “sec.’) (Volts) (Volts) (Volts)
0.01 20.6 0.523 -1.04 -0.80 0.24
0.02 14.7 0.519 ~1.04 ~0.60 0.24
0.03 17.5 0.362 -1.05 -0.80 0.25
0.04 15.3 0.663 -1.06 -0.80 0.26
0.05 17.9 0.512 -1.04 -0.76 0.28
0.06 16.7 0.735 -1.04 -0.78 0.26
0.07 21.2 0.571 -1.08 -0.76 0.32
0.08 21.9 0.645 -1.08 -0.76 0.32
0.10 21.5 0.603 -1.10 -0.74 0.36
2 0.4 mM in DMSO at 25% using O.4M Naclo‘1 supporting electrolyte
and Pt bead electrode.
Table 8. Coulometric results
Mol. Electrolysed Charge a
Compound (x10°) (Coulombs) n
cein(sive,) 1,2 2.19 0.410 0.19
2.44 0.155 0.49
3.41 0.810 0.25
2.44 1.045 0.44
i.b
Cr (NPx 2)3- 4.31 4,595 1.10
3.97 3.805 0.99
5.16 5.450 1.09
4.85 5.045 1.08
t 1B
Cr (NO) (OBu ) 2 (NPY 2) 4.63 1.550 0.35
4.32 1.400 0.33
4.87 2.250 0.48
Yo[N(SiMe,) ] S 4.28 3.940 0.95
3273
2.90 2.840 1.01
2.75 2.750 l.04
3.82 3.540 0.96
3.4 3.250 0.98

-3

n = Ratio of Faradays pexr Mol electrolysed.

Electrolysis at -1.00 volts (Ag/AgC104) in CH

(NEt4) (BF4) supporting electrolyte.

Electrolysis at -1.20 volts (Aq/AgClO4) in Me

N,
aClo 4

supporting electrolyte.

3

2

cN at 25°C using 0.1M

S0 at 25°C using 0.4M
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netism suggested that the low-spin electronic structure
corresponded to a pseudo-Cr(IT) 3d* complex due to the
NO acting as a 3-electron donor. By contrast the truly
bivalent complex Cr{N(SiMes).)(THF), was isolated as an
extraordinarily oxygen-sensitive paramagnetlc square
planar (trans) compound with the high spin 3d* configura-
tion.!

It seemed reasonable to expect that the electrochemical
reduction of Cr(NR,); (R = SiMe; or Pr') might give rise to
a reversible 1-electron transfer involving the formation of
an unstable 3-coordinate Cr(II) anion [Cr(NR,)s] ™.

Cr(NR2)s + e = [Cr(NRo)s] . Y

Since the solvent CH5CN is potentially a donor ligand the
unstable anion might then react by forming either a neutral
high spin square planar complex Cr(NR;),(CH5CN), or a
diamagnetic tetrahedral anion [Cr(NR)s(CH,CN)]".

[Cr(NR2)s]” + 2CH5CN = Cr(NR,)(CH5CN), + NR7
@

[Cr(NR2);]” + CHi:CN = [Cr(NR,):(CH;CN)I™.  (3)

In the first case, the dialkylamide anion NR; released (eq.
2) might react with the solvent leading to irreversible
reactions. Metal dialkylamides are known to react with
acetonitrile.'” Additional experiments confirmed that
lithium dialkylamides did react with solutions of the
supporting electrolyte in acetonitrile. In the anodic phase
of the cyclic voltammetry the dialkylamide anion could be
oxidized to the radical which could also lead to irreversible
reactions.

NR; —€e—> NRz (4)
2NR,-> R,NNR, 8]
2NR; - R,NH + imine. ®)

The feasibility of the alternative reaction of [Cr(NR,);]™
with one molecule of CH,CN (eqn 3) should depend on the
ability of one acetonitrile ligand and three dialkylamido
groups to promote sufficient splitting of the d-orbital
energy levels to produce a stable tetrahedral diamagnetic
Cr(I) species.

Dealing first with the electrochemistry of
Cr{N(SiMe,).]; the data in Tables 2 and 8 suggest that the
electron-transfer reduction is not wholly reversible but it is
not clear what chemical reactions are subsequently in-
volved. The formation of Cr[N(SiMe).].(CH;CN), (eqn 2)
analogous to the THF complex would be accompanied by
the release of [N(SiMes),]~ which in the form of its lithium
derivative reacts rapidly with the supporting electrolyte in
acetonitrile. In assessing the possxbnhty of forming a stable
diamagnetic tetrahedral species Cl'[N(SlMe;)zls(CH:;CN)
it must be noted that the 3d° complex Fe[N(SiMe).]; is
high-spin.**> Unfortunately we found that Fe[N(SiMe,)a],
reacted immediately with acetonitrile with decomposition
and we could not determine whether it would form a
low-spin complex with one molecule of CH,CN of ad-
dition. Although the strong m-acceptor NO* does cause
spin pairing by coordination with Cr[N(SiMes).)s™, it
seems that CH;CN (which is not a good w-acceptor is not
capable of producing a stable diamagnetic adduct and thus
eqn (2) appears to be favoured relative to (3) for the
silylamide complex.

The data in Tables 4 and 8 show that the electrochemical
reduction of Cr(NPri); is quasi-reversible and its cyclic
voltammogram (C) in Fig. 1 looks much more reversible
than that of Cr[N(SiMes).]s (B). It also appears that
Cr(NP%; has a less negative reduction potentxal than the
silylamide. Therefore the reduced species from the di-
isopropylamide is more readily formed and is more stable
than the corresponding disilylamide complex. Thus if
[Cr(NPr%):(CH5sCN)]™ (eqn 3) is relatively stable, a more
reversible system is expected tooccur. Itis relevant to note
here that in Cr(NO)(NPrz)g the NO stretching frequency

(1643cm™") is lower than that in Cr(NO)YN(SiMes)}s

(1698 cm")'°, which implies greater delocalisation of the
two pairs of d-electrons into the #* antibonding (NO")
orbitals in the di-isopropylamide complex and presumably
greater stability. Therefore it is reasonable to suggest that
although CH,CN is not a strong m-acceptor it would in fact
form a more stable adduct with [Cr(NPr3);]” than with
Cr[N(SiMe,).]5.

Turning now to the electrochemical behaviour of the
nitrosyl complexes Cr(NO){N(SiMe;).ls, Cr(NO)(NPr3);
and Cr(NO)(OBu*),(NPr2), the data in Tables 3, 5 and 6
show that the peak potential of the silylamido complex
varied most with the voltage scan rate whereas the
potentials for the tris-di-isopropylamido complex were
practically independent of the scan rate. Somewhat sur-
prisingly the data for Cr(NO)(NR,)s(R = SiMe; and Pr')
are very close to the values for the parent 3-coordinated
species Cr(NR,);. Assuming that a one-electron reduction
gives the anionic species [Cr(NO)}NR,)]™ the additional
electron must be accommodated in a higher energy 3d-
orbital unless there is an electronic rearrangement.

Cr(NO)(NRy); + e = [Cr(NO)(NR,);] ™. )]

The NO could change into a 2-electron donor or it might
dissociate or be replaced by acetonitrile (viz. eqns 8 and 9)
depending on whether R = SiMe; or Pr'.

2CH;CN + [Cr(NO)(NRy)sJ
- Cr(NR2),(CH;,CN); +NRz +NO  (8)
CH5CN +[Cr(NO)(NR2)s]” = [Cr(NR2);(CH5CN)] "+ NO.
©

Thus the dissociation (eqn 8) might be expected for the
silylamide but the di-isopropylamide derivative may retain
its nitric oxide as a 2-electron donor in preference to
acetonitrile (eqn 9). The electrochemical behaviour of the
mixed ligand complex Cr(NO)OBu'* )2(NP1' }is interesting
in view of the value of its »o 1684 cm™" which is nearer to
that of Cr(NO)[N(SiMe),}; than to Cr(NO)YNPr5),.'® In
factits cyclic voltammetric (Table 6) behaviour was indeed
more akin to that of the tris-silylamido complex and its
coulometric behaviour (Table 8) showed that the electron
transfer reduction process was accompanied by other
reactions.

Finally we note that the electrochemical behaviour of
Yb[N(SiMe,).}s in DMSO showed a quasi-reversible 1-
electron reduction. A cyclic voltammogram is shown in
Fig. 2 and the data in Table 7 show that the peak potentials
are almost independent of voltage scan rate. The cou-
lometric data in Table 8 also show that a simple reduction
takes place implying considerable stability for the Yb(II)
species formed. This is not surprising since the anion
Yb[N(SiMes).]; (eqn 1) would be isoelectronic with the
stable neutral lutecium complex Lu[N(SiMe,).]s.'*"* In
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fact the solvent would probably coordinate to give
{YBb[N(SiMe;).}s(DMSO0)}” since it has been shown that
the lanthanide tris-silylamides form stable complexes with
phosphine oxides Ln[N(SiMe,),]Js(RsPO).'*"

EXPERIMENTAL
All of the compounds studied, especially the 3-coordinated
complexes, are air-sensitive and it was found to be essential to take
extremely rigorous precautions in manipulating the dilute solutions
used in the electrochemical measurements,

Preparations

The compounds were prepared by using essentially the
original methods reported " and purity was checked by an
appropriate physical measurement (i.e. m.p., IR-, NMR- or
mass-spectra) and elemental analyses. The following
compounds were prepared: Ti(NEt,)4, TiCI[N(SiMe;).]s,
Ti[N(SiMe,).}s, VIN(SiMe;)2)s, Cr[N(SiMes).}s,
Cr(NPr3);,  Cr(NO)IN(SiMes),]s,  Cr(NO)(NPr2)s,
Cr(NO)(OBu"),(NPr3), Mn[N(SiMes).],, Fe[N(SiMe,),]5,
Co[N(SiMe;).], and Yb[N(SiMe;).].

Careful preliminary work was carried out to determine
whether stable solutions in a suitable non-aqueous solvent
could be made in the presence of an excess of a supporting
electrolyte. Unfortunately some of the above compounds
proved to be too reactive towards either the solvent or the
electrolyte. Solvents tried were acetonitrile, dimethyl-
sulphoxide, dimethylformamide, methylene chloride and
propylene carbonate and the electrolytes were tetraalkyl-
ammonium salts of chloride, iodide, perchlorate,
tetrafluoroborate and tetraphenylborate.

ELECTROCHEMICAL STUDIES
Acetonitrile was very rigorously purified by the method

of Walter and Ramaley'® and finally collected by fractional
dlstlllatlon Dimethylsulphoxide was purlﬁed as described
by Mann'® and stored over molecular sieve (type 5A).

For Cyclic Voltammetry a standard three-electrode,
IR-compensated system was used (Fig. 3) with an Elec-
trochemical Instrument. Calibration was made using
aqueous [Fe(oxalate);] solution and also bis-cyclo-
pentadienyliron(II) in acetonitrile with 0.2 M NaClO, as
supporting electrolyte.

Platinum wire was used for both the auxiliary and the
working electrodes. The reference electrode was
Ag/AgCl040.02 M{(NEt,)BF,, (0.2M)} in acetonitrile®
and was separated from the test solution by a salt-bridge
containing the same solution of supporting electrolyte in
acetonitrile as used in the test solution. The platinum bead
working electrode was cleaned in nitric acid (1 M), washed
with water and rinsed with the acetonitrile/supporting
electrolyte solution. The current-voltage data were dis-
played on a Tektronix D13 storage-oscilloscope and/or an
X-Y recorder. Measurements were performed using posi-
tive feedback circuitry to minimize the IR drop in potential.

All measurements were made at 25.0+ 0.2°C under an
atmosphere of purified argon.

Coulometric measurements were made on 50 ml solu-
tions using a mercury-pool electrode (dia. 4.6cm) at a
constant potential on the plateau of the reduction wave.
The very small contribution from the background current
due to the supporting electrolyte was subtracted.
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Fig. 3. Cyclic voltammograms in dimethylsulphoxide (25°). Yb[N(SlMe3)1]3 (0.4 mM), NaCl10, (0.4 M) voltage scanrate
0.05 V sec.
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Abstract—Chlorohemin (Fe(IIPPCI) undergoes photoreduction when irradiated in pure pyridine solution with
400-450 nm light. A thermal reduction is observed to occur simultaneously with the photochemical one, but after a
one hour irradiation about 75% of the reduction product is formed in a photochemical way. Both five- and
six-coordinated species are observed to be present in solution; however, only the Fe(III)PPpy* five coordinated
complex is photoreducible. A mechanism is proposed whereby the primary photochemical act is an axial
pyridine - iron electron transfer process yielding Fe(IDPP and py* species. The Fe(I)PP moiety gives rise to the
formation of the spectrophotometrically detectable Fe(I)PP(py), complex. ESR spin trapping results are consistent
with the formation of 2-pyridyl radicals from py* cation by fast transfer of a proton to a pyridine molecule.

INTRODUCTION

The study of porphyrin iron complexes under conditions
approaching the physiological state appears very useful
for a thorough understanding of the vital functions these
compounds play in biological systems. Thus, redox pro-
cesses involving the central iron as well as the porphyrin
ring are a matter of particular interest due to the role that
the cytochromes, heme-containing proteins, play in the
transfer of electrons in the respiratory chain.

The use of photochemical methods appears quite well
suited to the study of electron transfer processes in
complex molecular systems such as iron porphyrins,
since irradiation, at guitably selected wavelengths, allows
one to avoid the difficulties arising from simultaneous
reactions that often occur when more usual chemical
methods are used. Recently, Bartocci et al.' reported a
study on the photochemical reduction of Fe(Ill) proto-
porphyrin IX chloride (chlorohemin) in pyridine-contain-
ing aqueous alcoholic solutions. In that paper it was
observed that, under irradiation, Fe(III) was reduced to
Fe(Il) and that a bis-pyridine Fe(II) protoporphyrin
complex was formed. However, the use of aqueous
mixed solvents presented some problems in establishing
the photoreduction mechanism since, under those con-
ditions, complex coordination equilibria impeded a clear
identification of the photoreactive species.”> For this
reason, although an alcoholate—»iron electron transfer
was indicated as the most likely means of photoreduc-
tion, other mechanisms involving pyridine or OH™ could
not be ruled out.

In a recent paper’ on the photoreduction of fer-
rideuteroporphyrin in benzene, water, or micelle solu-
tions containing primary or secondary alcohols, Bizet et
al. indicated that an alcoholate —» Fe(IIl) intramolecular
electron transfer was responsible for the primary pho-
toreduction.

However, the results reported in this paper cannot be
correlated with those obtained by Bartocci et al.' due to
the different natures of both the solvents and the sub-
strate used. Therefore, in order to provide a clearer

*Author to whom correspondence should be addressed.
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understanding of the possible mechanism in the pho-
toreduction of hemin, the photochemical behavior of
chlorohemin in pure pyridine is reported here. The use of
pure pyridine produces two advantages with respect to
mixed aqueous solvents: (i) it allows one to study the
photochemical behavior of chlorochemin under conditions
which approach the aprotic environment of the heme-
containing protein sheath. (ii) a better understanding of
the nature of the axial ligands can be obtained.

EXPERIMENTAL

Materials

Commercial chlorohemin (Fluka) was recrystallized following
the reported* glacial acetic acid method.

Spectroscopic grade pyridine (Merck) was dried with calcium
hydride, twice distilled and used within 24 hr after the
purification. Phenyl-tert-butylnitrone (PBN) (Aldrich) was used
without further purification. All the other chemicals were reagent
grade commercial products.

Apparatus and methods

UV-VIS spectra were recorded in the 350-700-nm range with a
Varian Cary 219 Spectrophotometer. X-band electron spin
resonance spectra were recorded with a Bruker 220 SE spec-
trometer and calibrated using a,a’-diphenylpicrylhydrazyl
(DPPH). Irradiations were carried out with a 150 W xenon lamp,
equipped with a glass filter which cut off light with wavelengths
shorter than 400 nm. The irradiation light was focussed on the
reaction vessel through quartz lenses. In order to identify radical
intermediates, solutions contained in 2-mm tubes were irradiated
in the presence of PBN as spin trap® in the ESR cavity.

All other experiments were carried out using spectropho-
tometric cells as reaction vessels. The solutions were degassed
before irradiation to less than 1075 Torr by means of at least
three vacuum line freeze/thaw pump cycles. Before running the
experiments in oxygenated solutions, oxygen was allowed to flow
into the previously degassed solutions until a pressure of 1
atmosphere was reached.

RESULTS
Irradiation of 1x 10™*M deaerated pyridine solutions
of Fe(II)PPCI by light with A > 400 nm resulted in the
spectral variations shown in Fig. 1. The new bands at
480, 524 and 556 nm are typical of Fe(IPP(py), (bis-
pyridine hemochrome) formed in the photoreduction



98 C. BARTOCCI et al.

absorbance

1 i

500 550

600 650 nm

Fig. 1. Spectral variations observed upon A > 400 nm irradiation of a 1% 107* M deaerated solution of Fe(III)PPCI in
pure pyridine at 25°C, O, initial spectrum; irradiation periods, 10 min.

process.! The net isosbestic points observed at 535, 544
and 578 nm indicate that the photoreaction did not in-
volve the porphyrin ring.'

In Fig. 2 the spectral variations observed when an
identical solution was kept in the dark during the above
photochemical run are reported. It can be observed that
spectral variations are qualitatively the same as those
observed under irradiation (Fig. 1). This suggests that
both thermal and photochemical reduction of
Fe(IINPPCI occur simultaneously to yield Fe(I)PP(py)..
Polarographic measurements® showed that the Fe(Il)
concentration immediately after the dissolution of the
chlorohemin in pyridine was quite negligible. This per-
mits the calculation of the Fe(IPP{py), fraction formed
by the thermal reaction. Using absorbance variations
reported in Figs. 1 and 2, it was seen that 24% of the
reduction product was thermalily formed after 1 hr.

No appreciable photoreduction was observed to occur
under the following conditions:

(1) By irradiation with light of A > 450 nm.

(2) In an oxygen atmosphere (see Experimental).
When oxygen was allowed to bubble into the previously
irradiated solutions, spectral variations were observed
indicating that the expected re-oxidation of the Fe(I)
complex was occurring very slowly.

(3} In the presence of an excess of chloride (i.e. the
pyridinium salt). In this case there is a wide difference
between the absorption spectra of chlorohemin in pyri-

dine solutions with or without an excess of chloride (Fig.
3).

At 100K, 2% 10* M pyridine solutions of chlorohemin
exhibit a typical’ high-spin ESR spectrum with g, =6
and gy =2 (Fig. 4). The addition of excess CI™ or oxy-
genation did not modify the ESR spectrum.

ESR experiments were carried out at room tem-
perature during the irradiation of carefully deaerated
pyridine solutions of chlorohemin containing SX 107° M
phenyl-fert-butylnitrone (PBN) as a spin trap. An intense
spectrum increasing with irradiation time was revealed
(Fig. 4), suggesting the involvement of radical inter-
mediates in the photoreduction process. It consists of
1:1:1 doublets with 4, =145G and a5y =22G. An
identical solution kept in the dark did not exhibit any
ESR signals. Since the use of a nitroso spin trap yields
direct information on radical species structure,® it is
often utilized. However, when irradiated with A > 400 nm
light the pyridine solutions of nitroso compounds usually
used as spin traps (e.g. 2,4,6-tri-fert-butylnitrosobenzene,
TBN), exhibit ESR signals which clearly indicate the
photoinstability of these compounds.

DISCUSSION

The apparent thermal reduction of Fe(II)PPCl in pure
pyridine is a very striking phenomenon. In fact, some
noticeable reduction of this compound in pyridine was
observed several years ago,” although the presence of
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Fig. 2. Spectral variations observed when a 1 x 10~* M pyridine solution of Fe(II)PPCI was kept 1 br in the dark. O;
initial spectrum.

Fe(I) under these conditions was afterwards ruled out
by other authors.'®'' To date, the nature of this self-
reduction is not clear. One cannot rule out the possibility
that, even after a careful purification of all chemicals
used, some impurities remain in solution, and are res-
ponsible for the observed reduction.

Comparison of the spectral variations reported in Figs.
1 and 2 indicates that formation of the reduced species
Fe(IPP(py), is strongly accelerated under irradiation
and that more than 75% of the reduction products are
formed by photochemical means.

When chlorohemin is dissolved in pure pyridine, axial
complexes are formed.'®'? Several structures consisting
of bis-pyridine and chloro-pyridine six-coordinated as
well as chloro and pyridine five-coordinated complexes
could be proposed. Our ESR results, however, indicate
that only high-spin species are present, ruling out the
presence of appreciable amounts of Fe(II)PP(py),
which is known'® to exhibit an ESR spectrum typical of
low spin or, at most, mixed high-spin/low-spin species.
Thus the only possible Fe(IIl) protoporphyrin complexes
present in pyridine solutions of chlorohemin are
Fe(IPPC], Fe(Il)PPpy” and Fe(IN)PPpyCl. The
presence of iron porphyrin complexes containing undis-
sociated chloride ligand in pure pyridine is not un-
expected. In fact, the replacement of CI~ by pyridine is
not likely due to the low coordinating ability of pyridine
on Fe(Ill) porphirin axial positions as well as its low

POLY 2/2-C

solvating power with respect to CI”™ ions. On the other
hand, the clear change in the absorption spectrum
observed when an excess of pyridinium chloride is
present (Fig. 3) suggests that appreciable amounts of
pyridine-containing complexes are in equilibrium with
chloro-containing complexes. Therefore, the situation in
a pyridine solution of chlorohemin can be accurately
described by Scheme 1.

Cl Py

<“\ lm /N> N lm/ N
Fe ——— . ( Fe )
N/ N /7 N\

:N\ c, /N?N
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Scheme 1.
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Fig. 3. Absorption spectra of Fe(II[)PPCI in pure pyridine: -—- immediately after the dissolution, —— after the
addition of an excess of pyridinium chloride.
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Fig. 4. ESR spectrum of a 2 x 10~ M pyridine solution of Fe(IIN)PPCl at 100 K.
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Fe(IPPpy* - *Fe(llHPPpy” )

Fe(IlHPPpy* - Fe(IDPP...py" )

Fe(IDPP...py" - Fe(ll)PPpy* 3

Fe(IDPP...py" - Fe(I)PP +py” )]

Fe(IDPP +2py - Fe(IDPP(py). )

py* - products (3]
Scheme 2.

In the presence of excess CI™, the equilibria reported
in Scheme 1 predominantly favour species I and/or III.
The absence of appreciable photoreduction in these
conditions clearly indicates that Fe(III)PPpy" is the only
photoreducible species. On these grounds three
mechanisms can be proposed for the photoreduction
process.

(1) Intermolecular electron transfer from the pyridine
solvent to the excited Fe(IIPPpy* complex.

(2) Intramolecular electron transfer from coordinated
pyridine to central Fe(III).

(3) Intramolecular electron transfer from the por-
phyrin ring to central Fe(IIl).

Due to the short lifetime of the excited species,”
bimolecular processes involving excited states are known
to be quite unusual and hence mechanism 1 can be ruled
out. Mechanism 3 implies that a porphyrin— Fe(lII)
charge transfer transition is responsible for the pho-
toreduction. However, unless pyridine leads to a drastic
change in the excited state energy of the complex it is
very likely that a fast deactivation to low-energy d-d
states occurs before any photoreduction can occur.
Therefore, an electron transfer from the coordinated
pyridine to central Fe(IlI) (Mechanism 2) appears to be
the most probable process. On this bases, Scheme 2
summarizes the photoreduction mechanism.

Due to the probable dissociative character of the
pyridine - Fe(IIT) charge transfer excited state, the exci-
tation (eqn 1) is followed by an instantaneous charge
separation (eqn 2). The diffusion away of Fe(I)PP and
py” moieties (eqn 4) occurs in competition with the
solvent-cage back electron transfer (eqn 3). The coor-
dination of two pyridine molecules in the axial positions
of Fe(I)PP (eqn 5) gives the spectrophotometrically-
detected Fe(I)PP(py), complex.

The ESR trapping results (Fig. 5) show that radical
species are formed as photoredox products. The signal
observed, consisting of a triplet of doublets, and the

hyperfine splitting values are consistent with the 2-pyri-
dyl radical" trapped by PBN:

CH

I
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This suggests that the pyridine radical cation formed in
the primary photoreduction (eqn 4) gives rise to very fast
proton transfer to a pyridine molecule yielding a 2-
pyridyl radical (eqn 7).
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\

— [0] +[0

N N+
H

There seems to be a discrepancy between the observed
photoinactivity of the Fe(II)PPpyCl complex and the
primary photoreduction which occurs through an elec-
tron transfer from coordinated pyridine to Fe(Ill).
However, this discrepancy can be justified by taking the
electron donor character of the chlorine ligand into con-
sideration. In fact, coordination of CI™ in the axial posi-
tion trans to pyridine increases the central metal electron
density, making inner-sphere Fe(II) reduction more
difficult in the pyridine chloro complex than in the pyri-
dine complex. As a consequence, the pyridine - Fe(III)
CT absorption band is expected to be shifted towards
wavelengths lower than those of the irradiating light.

The re-oxidation of Fe(IPP(py),, observed when
previously-irradiated hemin solutions are kept in an
oxygen atmosphere, is very slow in accordance with the
known'® stability of this complex towards oxidation by

5G

_—t

Fig. 5. ESR spectrum obtained at 298 K after 1 hr irradiation with A > 400 nm light of Fe(II)PC! in pyridine solution
containing § X 102 M PBN.
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oxygen. For this reason, when irradiation is carried out
in an oxygen atmosphere the absence of any appreciable
photoreduction can be ascribed to fast re-oxidation of
intermediate Fe(INPP before pyridine axial coordination
(eqn 5), rather than to oxidation of the final product.

The irradiation wavelength range (see results) within
which the photoredox process has been observed, sug-
gests that a charge transfer pyridine » Fe(III) absorption
band should be present in this spectral region, although
the very intense m—«* band centered at 400 nm (Soret
Band) hides it completely.

These results point to the strong possibility that a
mechanism involving an electron transfer from pyridine
to Fe(ITl) is involved in hemin photoreduction in pyri-
dine-containing mixed solvents, although other
mechanisms, e.g. alcoholate - Fe(IIl) electron transfer,
may be more likely in these cases.
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NOTES

Metal template synthesis of chromium(III) complexes

(Received 24 February 1982)

Abstract—Chromium(ITT) complexes of Schiff bases resulting from the condensation of one mole of diacetyl with two
moles of ethylene-diamine or 1,3 diaminopropane has been isolated by metal template reaction. The isolated

complexes have been assigned cis configurations.

A large number of metal template reactions, particularly for the
synthesis of macrocyclic complexes, have been reported. But all
these reactions have been carried out in the presence of divalent
metal ions like Cu(Il), Ni(Il), Co(Il), Zn(I[) and Mn(ID)."> A
trivalent metal ion due to its higher nuclear charge should be

>C=0 bond and hence should be

efficient for metal template reactions. Unfortunately there are not
many reports on the metal template reactions of trivalent metal
ions.* Hence we attempted the metal template reactions of
chromium(IIT) for the condensation of diacetyl and ethylenedi-
amine or 1,3-diaminopropane and we were able to isolate com-
plexes of the ligands A and B in appreciable yield.

X

equally efficient in polarising the

N NH,

N NH,
/

EXPERIMENTAL

Elemental analysis. Carbon and hydrogen was analysed by the
courtesy of the microanalyst of the University of Madras. Nitrogen
content was evaluated using micro-Kjeldahl technique and
chromium was analysed as chromate after oxidising an aqueous
solution of the complex with alkaline peroxide.

Conductivity measurements. Conductivity measurements were
performed using a Mullard conductivity bridge. Molar conductance
were determined at 25°C in acetonitrile solution (107> M).

Spectral measurements. The electronic spectrum of the aqueous
solution of the complexes were measured using a Pye-Unicam SP
1800 spectrophotometer. IR spectra of the complexes were
obtained with a Perkin-Elmer 337 model grating spectropho-
tometer and KBr mull sampling technique.

Preparation of [Cr A(H20))(ClO4);. Chromium(II) acetate
hexahydrate (3.4g) in S0ml of acetonitrile was refluxed with
diacetyl (0.86 g) for 15 min. Then ethylenediamine (1.2 g) was added
to the reaction mixture and again refluxed for another 4 hr. Volume
of the solution was reduced to 25 ml by rotary evaporation. To this
solution NaClQ, (3.4 g) was added, filtered and cooled. The red
orange crystals which formed were removed by filtration, washed
with cold methanol and ether. Found: C, 17.41; H, 3.81;N,9.92; Cr,
9.12. Calc. for Cr(CsH2N402(ClOg)s: C, 17.25; H, 3.95; N, 10.06;
Cr, 9.34%.

Preparation of [Cr B(H;0)2)(Cl04)s. This complex was prepared
in a similar way as the above one by taking 1,3 diaminopropane in
the place of ethylenediamine. Found: C,20.32; H, 4.49; N, 9.44; Cr,
8.81. Calc. for Cr(C1oH26N+02)(ClO4)s: C, 20.53; H, 4.45; N, 9.58;
Cr, 8.89%.

Preparation of [Cr A(H,0)NCS))(NCS),. The diaquo complex
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[Cr A(H;0):)(C104); (1.1g) was refluxed with KSCN (0.58 g) in
30 ml of acetonitrile for 30 min. The precipitated KClO, was filtered
off. On cooling the solution the desired product was obtained.
Found: C, 31.72; H, 4.89; N, 23.52; Cr, 12.48. Calc. for
Cr(CsH20N0)(NCS)s: C, 31.88; H, 4.83; N, 23.67; Cr, 12.56%.

Preparation of [Cr B(H0)(NCS)I(NCS),. It was prepared in a
similar way as the above complex by treating the diaquo complex
[Cr B(H,0).](C104); with KSCN. Found: C, 35.12; H, 5.48; N,
22.03; Cr, 11.62. Calc. for Cr(CioH24NOXNCS)s: C, 35.29; H, 5.42;
N, 22.17; Cr, 11.76%.

RESULTS AND DISCUSSION

The elemental analyses show that 2 molecules of diamine have
condensed with 1 molecule of diacetyl. Even when the reaction was
carried out with the molar ratio of diamine and diketone as 1:1, the
same products were obtained, showing that the Schiff’'s base
formed does not react further with another molecule of diketone to
form a macrocycle. The charge characteristics of the complexes
have been determined by conductivity measurements. Molar
conductance of the complexes {Cr A(H,0))(ClO4)s,
[Cr B(H,02):)(C104)s, {Cr A(H,O)NCS)INCS); and [Cr B(H,0)
(NCS)INCS), were found to be 399, 372, 224 and 2190 cm’
respectively. It is evident therefore, that in the absence of added
thiocyanate, the compounds crystallize as diaquo complexes and in
the presence of added thiocyanate as aquothiocyanato complexes.”

The electronic spectral data for the complexes are shown in
Table 1. All the comPIexes show two absorption bands in the visible
region due to the *Az(F) > *Tso(F) and *Aso(F)—*T1,(F) tran-
sitions. The thiocyanato derivatives show the high energy charge-
transfer bands in addition to the d-d transitions. If the complexes
were to have trans configuration, one would expect splitting of the
d-d bands,’ but in the present case no splitting has been observed.
The spectra are typical of cis configuration.

The IR spectra of all the complexes show bands in the region of
1630-1600cm™" (C=N stretch) and no band which could be
assigned to carbonyl stretching frequency is observed. All the
complexes show strong bands in the region of 3300-3200 cm™
(N—H stretch). The wagging mode of coordinated water shows up
in the region 820-790 cm ™. The thiocyanato complexes show an
additional band at 2060 cm™" whereas the diaquo complexes have
additional bands in the region of 1150-1100 cm™ for ‘perchlorate.
Absorptions in the CH, rocking region (940-860 cm™') have been
used by previous workers for assigning configuration of cobalt and
chromium complexes.® The complexes isolated show three medium
intensity bands in this region, which is typical of the cis-configura-
tion. Trans-complexes are known to show 4-5 bands in this region.

The fact that ring closure to give a macrocycle does not take
place, is again indicative of a cis-configuration for the isolated
complexes. In a folded cis-configuration the macrocycle with four
imine linkages will be highly strained. In a planar trans-configura-
tion ring closure would have been much easier. The template
synthesis of macrocyclic complexes of chromium(IIf) would also
have been possible if the precursor complexes were in a trans-
configuration.
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Table 1. Electronic spectral data

Compound Amex/tM  €madM ' €M™ Apax/nm  €max/M 7 M Amax/nm  €max/M ' cm™!
[Cr A(H0)>* 521 56 398 52 - -
[Cr B(H0),]** 519 54 398 51 - -
[CrA(HzO)(NCS)]:* 511 52 397 7 294 364
[CrBLONCSI* 509 49 39 76 295 m
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Hexahalogenotin(IV) complexes in aqueous mixed hydrogen halide solutions in the glassy
state

(Received 27 July 1982)

Abstract—The configurations of hexahalogenotin(IV) complex ions in glassy aqueous mixed hydrogen halide
solutions were determined by Mossbauer and Raman spectroscopies. Trans-(SnF,Cl,)*", (SnCl;Br)*~ and trans-
(SoF,Br,)*" ions are the main tin complex ions in the aqueous Sn(IV)-HF-HCI, Sn(IV)-HCI-HBr and Sn(IV)-HF-

HBr solutions in the glassy state, respectively.

INTRODUCTION

It is well known that Sn(IV) ions in aqueous solution containing
excess HX (X=F, Cl and Br) exist as hexahalogenotin(IV)
complex ions (SnX,2")."* In considering the differences of the
complex formation abilities and sizes of halide ions (F~, CI” and
Br), it seemed interesting to investigate what configurations
among various mixed-halide tin(IV) complex ions are stabilized
in a binary mixture of aqueous HX solutions at low tem-
peratures.

As Mossbauer and Raman spectroscopies are both powerful
tools for elucidating a local configuration around a complex ion
in the solid, we used both methods in this study to characterize
the mixed-halide tinIV) complex ions in binary hydrogen halide
solutions in the glassy state. It is shown that employment of both
spectroscopic methods enabled us to determine the configura-
tions of mixed-halide tin(IV) complex ions more easily than the
case where only one method would have been employed.

EXPERIMENTAL

Aqueous sample solutions were prepared from anhydrous
SnF,, SnCl, and SnBr, by dissolving them in aqueous HX solu-
tions and subsequent diluting and mixing resultant aqueous
solutions: 3SnF, - 100HF - 300H,0, 6SnCl, - 100HCI - 600H,0,
6SnBr,-100HBr-600H,0, and three solutions of the composition
3SnX,-3SnY,-SOHX-50HY-600H,O (X and Y denote different
halide ions: F~CI~ and Br"). Glass formation was attained by
quenching each solution in liquid nitrogen.

The Mossbauer spectra of the glassy solutions (0.6 cm’®, cor-
responding to the absorber thickness of 6mgSn/cm?) were

measured at 77K against a Ca '"""Sn0, source with a constant
acceleration type spectrometer. All isomer shift data are reported
with respect to BaSnO, resonance at room temperature. The
Raman spectra were taken with a JASCO R-800 spectrometer
using 500-600 mW of the 514.5 nm line of a CR-8 argon-ion laser
as an exciting source. The details of the Mossbauer and Raman
measurements were essentially the same as those previously
reported.>*

RESULTS AND DISCUSSION

The Méssbauer spectra for all the glassy solutions are shown
in Fig. 1 together with the obtained Mossbauer parameters
(isomer shift: & and line width: T) for each spectrum. The
Mossbauer parameters obtained for the monohalide solutions are
in good agreement with the reported values™® for the [SnXcJ*~
complex ions, confirming that Sn(IV) ions exist as [SnX¢)*™ in
these mono-halide solutions in the glassy state. From the results
for the mono-halide solutions, it is expected that Sn(IV) ions in
the mixed-halide solutions also have the six coordination as the
total concentration of halide ions is the same as that in the
mono-halide solutions.

As compared with the mono-halide complexes, line broadening
was observed in all mixed-halide solutions. There are two pos-
sible causes for the observed line broadening: one is due to the
result of unresolved quadrupole splitting and the other the exis-
tence of several different mixed-halide tin complexes in the
mixed-halide solutions. However, the line broadening is almost
the same magnitude as that for the mixed-halide complexes of
the type [(C,H;),N},-[SnX,Y,),” indicating that one or two com-
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Hexahalogenotin(IV) complexes in aqueous mixed hydrogen halide solutions in the glassy
state

(Received 27 July 1982)

Abstract—The configurations of hexahalogenotin(IV) complex ions in glassy aqueous mixed hydrogen halide
solutions were determined by Mossbauer and Raman spectroscopies. Trans-(SnF,Cl,)*", (SnCl;Br)*~ and trans-
(SoF,Br,)*" ions are the main tin complex ions in the aqueous Sn(IV)-HF-HCI, Sn(IV)-HCI-HBr and Sn(IV)-HF-

HBr solutions in the glassy state, respectively.
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It is well known that Sn(IV) ions in aqueous solution containing
excess HX (X=F, Cl and Br) exist as hexahalogenotin(IV)
complex ions (SnX,2")."* In considering the differences of the
complex formation abilities and sizes of halide ions (F~, CI” and
Br), it seemed interesting to investigate what configurations
among various mixed-halide tin(IV) complex ions are stabilized
in a binary mixture of aqueous HX solutions at low tem-
peratures.

As Mossbauer and Raman spectroscopies are both powerful
tools for elucidating a local configuration around a complex ion
in the solid, we used both methods in this study to characterize
the mixed-halide tinIV) complex ions in binary hydrogen halide
solutions in the glassy state. It is shown that employment of both
spectroscopic methods enabled us to determine the configura-
tions of mixed-halide tin(IV) complex ions more easily than the
case where only one method would have been employed.

EXPERIMENTAL

Aqueous sample solutions were prepared from anhydrous
SnF,, SnCl, and SnBr, by dissolving them in aqueous HX solu-
tions and subsequent diluting and mixing resultant aqueous
solutions: 3SnF, - 100HF - 300H,0, 6SnCl, - 100HCI - 600H,0,
6SnBr,-100HBr-600H,0, and three solutions of the composition
3SnX,-3SnY,-SOHX-50HY-600H,O (X and Y denote different
halide ions: F~CI~ and Br"). Glass formation was attained by
quenching each solution in liquid nitrogen.
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measured at 77K against a Ca '"""Sn0, source with a constant
acceleration type spectrometer. All isomer shift data are reported
with respect to BaSnO, resonance at room temperature. The
Raman spectra were taken with a JASCO R-800 spectrometer
using 500-600 mW of the 514.5 nm line of a CR-8 argon-ion laser
as an exciting source. The details of the Mossbauer and Raman
measurements were essentially the same as those previously
reported.>*
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The Méssbauer spectra for all the glassy solutions are shown
in Fig. 1 together with the obtained Mossbauer parameters
(isomer shift: & and line width: T) for each spectrum. The
Mossbauer parameters obtained for the monohalide solutions are
in good agreement with the reported values™® for the [SnXcJ*~
complex ions, confirming that Sn(IV) ions exist as [SnX¢)*™ in
these mono-halide solutions in the glassy state. From the results
for the mono-halide solutions, it is expected that Sn(IV) ions in
the mixed-halide solutions also have the six coordination as the
total concentration of halide ions is the same as that in the
mono-halide solutions.

As compared with the mono-halide complexes, line broadening
was observed in all mixed-halide solutions. There are two pos-
sible causes for the observed line broadening: one is due to the
result of unresolved quadrupole splitting and the other the exis-
tence of several different mixed-halide tin complexes in the
mixed-halide solutions. However, the line broadening is almost
the same magnitude as that for the mixed-halide complexes of
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Fig. 1. Mossbauer spectra of the Sn(IV)-HX or Sn(IV}-HX-HY solutions in the glassy state. The unit for both
isomer shift (5) and line width () is in mm/s.
plexes predominate in the mixed-halide solutions in the glassy 15 F T ]

state. We conclude, therefore, that the line broadening in the
mixed-halide solution is mainly the result of unresolved quadru-
pole splitting.

1t is difficult to determine what type of the [SnX,Y I~ ion
{p+q=6) is stabilized in the glassy mixed-halide solution only
from the Mossbauer parameters. In these solutions, the equili-
brium reactions among various tin(IV) complex ions must be
displaced to one side in the glassy state, resulting in the trapping
of most stable tin complex ions.

It is well established®” that there is a linear relation between
isomer shift and the average electronegativity of the halides in
the coordination sphere of the tin atom for the complexes of the
types (SnX)?™ and (SnX,Y,)?" ions. Our results for the (SnF)*",
(SnCl)y*~ and (SnBry)* ions, shown in Fig. 2, also fall on a
straight line with a slope of —0.40, which is very close to the
value of —0.41 for the complexes of the (SnXJ*™ ions (X=F,
Cl, Br and I) reported by Clausen and Good.” Assuming that the
isomer shifts of these mixed-halide solutions are also on the
same straight line, we can get the possible halide configurations
for the stabilized tin complex ions: [SnF;CLP~ and [SaF,CLP
ions for the Sn(IV)}-HF-HC! solution, [SnF,Br;F~ and
{SnF,Br,>~ ions for the Sn(IV)}-HF-HBr solution, and
[SnClyBr;]*~, [SnCl,Br,)*~ and [SnClBr]*~ ions for the Sn(IV)-
HCI-HBr solution. We cannot at the moment preclude the pos-
sibility that two or more tin complex ions are equally stabilized at
low temperatures. However, as noted before, the line width
broadening validates to a first approximation the assumption that
a single tin complex species predominates in the mixed-halide
solutions in the glassy state.

From Raman spectra shown in Fig. 3, we can immediately
confirm that [SnX}*~ ion is the predominant tin complex ions in
the mono-halide solutions. In the glassy Sn(IV)-HCI-HBr solu-
tion, the Sn~Cl stretching Raman band is observed at 310cm™,
only a few wavenumbers away from the value (314 cm™") for the
[SnClP*~ ions, while the Sn-Br stretching band at 204cm™' is
distant from the value (186cm™) for the [SnBr,J* ions. This
suggests that the number of chloride ions coordinating to a
Sn(IV) ion is close to six. Therefore, we conclude that
[SnCIBr]*~ ions are the predominant species in the glassy
Sa{IV)}-HCI-HBr solution. This conclusion is supported by the
observation that there are four polarized Raman bands because
the MX,Y configuration (M is a central atom) is expected to give
four polarized Raman bands.® The & value (+0.57 mm/s) is a

ISOMER  SHIFT (MM/S)

1
7.0 8.0 9.0 10.0

AVERAGE ELECTRONEGATIVITY

Fig. 2. Relation between isomer shift and the average elec-

tronegativity. [SnF;Br;}*~ is represented by F;Br; in the figure. The

straight line is based on the data of the SnX" ions ((J). The open

circle (O) indicates the most probable configuration stabilized in
each mixed halide solution.

little smaller than that (+0.67 mm/s) for the [SnCI,Br,}*~ ions’ is
also consistent with our conclusion. The half-band width for the
Sn-Cl stretching Raman band is almost the same as that for the
[SnCL}~ ions, indicating that a single tin complex ion, ie.
[SnClBr}~, predominates in the glassy solution.

The Raman spectra for the glassy Sn(IV)-HF-HC! and
Sn(IV)-HF-HBr solutions are shown in Fig. 4. In these solutions,
there are only two (one is a Sn-F stretching and the other a
Sn=Cl or Sn-Br stretching Raman band) polarized Raman bands
ascribable to the tin complex ions. Accordingly among the pos-
sible configurations expected from the Mossbauer data, we con-
sider that trans-{SnF,CLP~ and trans-[SnF,Br,)*~ ions are the
dominant tin complex ions in these solutions, respectively. In the
case of the latter solution, the So-Br stretching band at 225 cm™!
is a little diffuse toward a lower frequency region, suggesting that
there exist a small amount of other complex ions such as
(SnF3Br;]*~ ions.

1.0
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Fig. 4. Raman spectra of the Sn(IV)-HF-HCI and Sn(IV)-HF- HBr solutions in the glassy state.
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Complexes of bivalent cations with a hydroxamic acid from maize extracts

(Received 11 August 1982)

Cyclic hydroxamic acids may constitute up to 2% of the dry
weight of Gramineae such as wheat, maize and rye.' The chelat-
ing properties of hydroxamic acids® suggest that those present in

Gramineae may play a role in the plant mineral nitrition.> We
report here the stability constants of complexes between bivalent
cations and 24-dihydroxy-7-methoxy-1,4-benzoxazin-3-one
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Complexes of bivalent cations with a hydroxamic acid from maize extracts

(Received 11 August 1982)

Cyclic hydroxamic acids may constitute up to 2% of the dry
weight of Gramineae such as wheat, maize and rye.' The chelat-
ing properties of hydroxamic acids® suggest that those present in

Gramineae may play a role in the plant mineral nitrition.> We
report here the stability constants of complexes between bivalent
cations and 24-dihydroxy-7-methoxy-1,4-benzoxazin-3-one
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(DIMBOA), the main hydroxamic acid isolated from maize
extracts.!

EXPERIMENTAL

Stability constants of the complexes were determined by
potentiometric titration of a 3.4 mM solution of the cation (as
chlonde) in 0.66 mM HCIO, with a 10mM solution of the anion
of DIMBOA (pH 8.5), under constant ionic strength (0.1 M with
NaClO,). Titrations were carried out at 3+0.5°. Under these
conditions the decomposition of DIMBOA® was negligible (half-
life=32.7hr) compared with the time needed for titration
(20 min). The pK, of DIMBOA at this temperature and jonic
strength was 6 96. The data obtained was analyzed by the method
of Bjerrum.S Distribution diagrams were calculated with a
modified version of the program COMICS.

RESULTS AND DISCUSSION

The formation curves (Fig. 1) allow the estimation of the
logarithms of the stability constants of the 1: 1 complexes of Cu
(5.4), Ni (4.5), Zn (4.2), Mn (3.4) and Ca (3.0) and of the 2:1
complexes of Ni (3.6) and Zn (3.5). The low stability of the Mg
complex and the insolubility of the Fe complex precluded the
estimation of their stability constants. A precipitate appeared

during the titration of the Cu when an 7 value of 0.5 was

reached.
T
120+
IC 0651 \\ .
Ca C
Mg M v
010} " Fe zn .
1 il
3 1. 5 6
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Fig. 1. Formation curves for complexes between DIMBOA and
bivalent cations. pA = —log [DIMBOA].

*Author to whom correspondence should be addressed.

The formation constant of the 1: 1 complex between DIMBOA
and Cu has been determined by the method of Irving-Rosotti at
10, 20 and 30°. Extrapolation of these data to 3° gives a value of
log K;=5.7, comparable to that reported in this paper. The
formation constants of the 1:1 complexes follow the Irving—
Williams order, i.e. Mn(Ni(Cu)Zn, as shown for other ligands.®
The complexes of DIMBOA were less stable than those of
hydroxamic acids of the type Ar-NOH-CO-Ar,' probably a
reflection of the greater pK, values of these latter acids.

The distribution of species in a solution containing DIMBOA,
citric acid and malic acid, and Cu(Il), Zn(II), Ca(II), Mn(II) and
Fe(lIl) cations was calculated at pH 5.5, the pH of the plant
extract. Citric and malic acids are two of the most abundant
complexing agents found in maize exudates. The concentrations
used in the calculations were those determined in whole
plants.“!"'> Formation constants were obtained from the lit-
erature.>'? Under these conditions, 57% of the DIMBOA
remained uncomplexed, while the complexes CaL, FeL, + FeL;,
CuL, ZnL + ZnL, and MnL with L = DIMBOA anion were 35, 7,
0.1, 0.5 and 0.3% of the total DIMBOA, respectively. In all cases,
these complexes accounted for a substantial proportion of the
total cation (Table 1). More of each cation was complexed by
DIMBOA than by citric and malic acids together. Thus, it is
possible that DIMBOA and other related hydroxamic acids in
Gramineae may partlcnpate in the plant mineral nutntlon as
chelating agents. To further establish the participation of
hydroxamic acids in mineral nutrition it would be necessary to
determine their concentration as well as that of organic acids,
cations and hydrogen ions in the different plant compartments at
the tissular and cellular levels.
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Ca (21).



108 Notes

‘M. D. Woodward, L. J. Corcuera, J. P. Helgeson, A. Kelman
and C. D. Upper, Plant Physiol. 1979, 63, 14.

*H. M. Niemeyer, H. R, Bravo, G. F. Pefia and L. J. Corcuera
in: Biology and Chemistry of Hydroxamic Acids (Edited by H.
Kehl), pp. 22-28. Karger, New York (1982).

®R. . Angelici, Synthesis and Technique in Inorganic Chemistry,
pp. 105-116. W. B. Saunders, Philadelphia (1969).

’D. Perrin and 1. Sayce, Talanta 1967, 14, 833.

8V. Hiriart, L. Corcuera, 1. Crivelli and C. Andrade, XIII Con-
greso Latinoamericano de Quimica, pp. 87-88. Lima, Peni
(1978).

°R. J. Angelici and G. L. Eichhorn, (Editors). Inorganic Bio-

chemistry, pp. 63-101. Elsevier, Amsterdam (1973).

Y. K. Agrawal and V. P. Khare, J. Inorg. Nucl. Chem. 1976, 38,
1663.

''R. B. Clark, Crop Sci. 1968, 8, 165.

1R, B. Clark, Crop Sci. 1969, 9, 341.

BL. E. Sillén and A. E. Martell Stability Constants of Metal-ion
Complexes, 2nd edn., Special Publication No. 17, The Chemical
Society, London (1964); L. E. Sillén and A. E. Martell, Stability
Constants of Metal-Ion Complexes, Special Publication No. 25,
The Chemical Society, London (1971); A. E. Martell and R. M.
Sr;i;h, Critical Stability Constants. Plenum Press, New York
1977).

Polyhedron Vol. 2, No. 2, pp. 108-110, 1983
Printed in Great Britain.

0277-5387/83/020108-03$03.00/0
Pergamon Press Ltd.

Isolation of dithiocarbamate anions as salts of biscyclopentadienyl
titanium(IV) chelates

(Received 23 August 1982)

Abstract—A series of [Cp,TiL] [RR'NCS,]” complexes, where L is the conjugate base of acetylacetone, benzoyl-

acetone or 8- hydroxyqumolme and R=CH;, R'=

C¢HsCH;; R=C:Hs, R'=C¢HsCH3; R=H, R'= C5H9 RR' =

CeH 2, have been synthesised in aqueous medium by the reaction of [Cp,TiL]*CI™ with RR'NCS;Na*. Conduc-
tivity measurements in nitrobenzene solution indicate that these complexes are electrolytes. Both the IR and NMR
studies demonstrate that the ligand L is chelating in all these complexes. Consequently, tetrahedral coordination
about the titanium atom is proposed. In addition to these studies, elemental analyses and magnetic susceptibility

have been carried out for these complexes.

INTRODUCTION
During the course of our recent investigations,'> we elucidated

that coordination of four oxygen or iwo oxygen and two nitrogen
atoms by strong covalent bonds to the RRM**(IV) moiety (R=

C5H5, R= C5H5 R'= C4H4N R= CsHs, R'= C9H7 and M=
T1 or Zr) would lead to weakening of the metal-ring bonds. In this
communication we report-an extension of these studies to the
dithiocarbamate derivatives of biscyclopentadienyl titanium(IV)
chelates, with the aim that behaviour of free dithiocarbamate
anion would provide additional information on the nature of
bonding. A number of complexes of the type
[Cp:TiL]'[RR'NCS;]", where L is the conjugate base of acetyl-
acetone, benzoylacetone or 8-hydroxyquinoline and R=CHj,,
R'= C6H5CH2; R= Csz, R'= C6H4CH3, R= H, R'= C5H9;
RR’ = C¢H); have been synthesised. These compounds possess a
low solvation energy, as evident from the ease of their pre-
paration.

EXPERIMENTAL

Reagents and general techniques

All the chemicals and reagents used were of analytlcal grade.
Biscyclopentadienyl titanium(IV) dichloride was obtained from
Fluka AG Switzerland and used as such without further
purification. Nitrobenzene for conductance measurements was
purified by the method described by Fay et al.* Sodium dithio-
carbamates were prepared by the method of Gilman and Blatt.®

Microanalyses of carbon and hydrogen contents were carried
out in our Departmental Microanalytical laboratory. Titanium,
nitrogen and sulphur were estimated by the standard methods as
described by Vogel.®

Conductance measurements were made in nitrobenzene at
30.00 + 0.05°C using an Elico Conductivity Bridge Model CM82.
Solid state IR spectra were recorded in “KBr pellets” in the
region 4000-200cm™' with a Perkin-Elmer 621 grating spec-
trophotometer. Magnetic measurements were carried out by
Gouy's method using mercury tetrathiocyanatocobaltate(I) as
calibrant. Proton NMR spectra were recorded in CDCl; on a
Perkin-Elmer R-32 spectrophotometer at a sweep width of

900 Hz. The magnetic field was calibrated with a standard sample
of CHCl; and TMS (1% by volume).

Preparation of complexes

An aqueous solution of [Cp,TiL]*CI~ where L is the conjugate
base of acetylacetone, benzoylacetone or 8-hydroxyquinoline
was obtained by stirring an aqueous solution of Cp,TiCl, with
slight excess of acetylacetone, benzoylacetone or 8-
hydroxyquinoline for 2 hr. Any resulting precipitate was removed
by filtration. The filtrate was then added slowly with shaking, to a
concentrated hot aqueous solution of appropriate sodium dithio-
carbamate. The precipitate so obtained was digested on water
bath at 60-70° for 1hr. It was then filtered, washed with hot
water, diethyl ether (40-60°) and finally dried under vacuum. In
order to remove any acetylacetone impurity, the precipitates
were dissolved in dichloromethane and reprecipitated by adding
petroleum ether (60-80°).

RESULTS AND DISCUSSION

Table 1 lists the analytical data and physical characteristics of
the complexes. The complexes are quite stable in the solid state
and in solution. They are moderately soluble in dichloromethane,
chloroform, carbon tetrachloride and nitrobenzene. All the com-
plexes are thermally stable but decompose slowly at higher
temperatures without melting. Conductivity measurements reveal
that the chelates are 1:1 electrolytes in nitrobenzene. Magnetic
susceptibility values at room temperature indicate that all these
complexes are diamagnetic in nature.

The assignments of IR bands have been made on the basis of
published work. The IR spectra of the compounds show usual
peaks for CsHs group,” viz, the C-H stretching frequency at
~3000cm”', the perpendicular hydrogen wagging mode at
~860 cm 1, the parallel hydrogen wagging vibration at
~1030cm™". The band owing to C-C stretching mode and rmg
breathing mode of m-bond occur at ~1430 and ~1170cm
respectively. Apart from this, an additional band near 440 cm”™
can be assigned to Ti-CsHs vibrations.®
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Isolation of dithiocarbamate anions as salts of biscyclopentadienyl
titanium(IV) chelates

(Received 23 August 1982)

Abstract—A series of [Cp,TiL] [RR'NCS,]” complexes, where L is the conjugate base of acetylacetone, benzoyl-

acetone or 8- hydroxyqumolme and R=CH;, R'=

C¢HsCH;; R=C:Hs, R'=C¢HsCH3; R=H, R'= C5H9 RR' =

CeH 2, have been synthesised in aqueous medium by the reaction of [Cp,TiL]*CI™ with RR'NCS;Na*. Conduc-
tivity measurements in nitrobenzene solution indicate that these complexes are electrolytes. Both the IR and NMR
studies demonstrate that the ligand L is chelating in all these complexes. Consequently, tetrahedral coordination
about the titanium atom is proposed. In addition to these studies, elemental analyses and magnetic susceptibility

have been carried out for these complexes.

INTRODUCTION
During the course of our recent investigations,'> we elucidated

that coordination of four oxygen or iwo oxygen and two nitrogen
atoms by strong covalent bonds to the RRM**(IV) moiety (R=

C5H5, R= C5H5 R'= C4H4N R= CsHs, R'= C9H7 and M=
T1 or Zr) would lead to weakening of the metal-ring bonds. In this
communication we report-an extension of these studies to the
dithiocarbamate derivatives of biscyclopentadienyl titanium(IV)
chelates, with the aim that behaviour of free dithiocarbamate
anion would provide additional information on the nature of
bonding. A number of complexes of the type
[Cp:TiL]'[RR'NCS;]", where L is the conjugate base of acetyl-
acetone, benzoylacetone or 8-hydroxyquinoline and R=CHj,,
R'= C6H5CH2; R= Csz, R'= C6H4CH3, R= H, R'= C5H9;
RR’ = C¢H); have been synthesised. These compounds possess a
low solvation energy, as evident from the ease of their pre-
paration.

EXPERIMENTAL

Reagents and general techniques

All the chemicals and reagents used were of analytlcal grade.
Biscyclopentadienyl titanium(IV) dichloride was obtained from
Fluka AG Switzerland and used as such without further
purification. Nitrobenzene for conductance measurements was
purified by the method described by Fay et al.* Sodium dithio-
carbamates were prepared by the method of Gilman and Blatt.®

Microanalyses of carbon and hydrogen contents were carried
out in our Departmental Microanalytical laboratory. Titanium,
nitrogen and sulphur were estimated by the standard methods as
described by Vogel.®

Conductance measurements were made in nitrobenzene at
30.00 + 0.05°C using an Elico Conductivity Bridge Model CM82.
Solid state IR spectra were recorded in “KBr pellets” in the
region 4000-200cm™' with a Perkin-Elmer 621 grating spec-
trophotometer. Magnetic measurements were carried out by
Gouy's method using mercury tetrathiocyanatocobaltate(I) as
calibrant. Proton NMR spectra were recorded in CDCl; on a
Perkin-Elmer R-32 spectrophotometer at a sweep width of

900 Hz. The magnetic field was calibrated with a standard sample
of CHCl; and TMS (1% by volume).

Preparation of complexes

An aqueous solution of [Cp,TiL]*CI~ where L is the conjugate
base of acetylacetone, benzoylacetone or 8-hydroxyquinoline
was obtained by stirring an aqueous solution of Cp,TiCl, with
slight excess of acetylacetone, benzoylacetone or 8-
hydroxyquinoline for 2 hr. Any resulting precipitate was removed
by filtration. The filtrate was then added slowly with shaking, to a
concentrated hot aqueous solution of appropriate sodium dithio-
carbamate. The precipitate so obtained was digested on water
bath at 60-70° for 1hr. It was then filtered, washed with hot
water, diethyl ether (40-60°) and finally dried under vacuum. In
order to remove any acetylacetone impurity, the precipitates
were dissolved in dichloromethane and reprecipitated by adding
petroleum ether (60-80°).

RESULTS AND DISCUSSION

Table 1 lists the analytical data and physical characteristics of
the complexes. The complexes are quite stable in the solid state
and in solution. They are moderately soluble in dichloromethane,
chloroform, carbon tetrachloride and nitrobenzene. All the com-
plexes are thermally stable but decompose slowly at higher
temperatures without melting. Conductivity measurements reveal
that the chelates are 1:1 electrolytes in nitrobenzene. Magnetic
susceptibility values at room temperature indicate that all these
complexes are diamagnetic in nature.

The assignments of IR bands have been made on the basis of
published work. The IR spectra of the compounds show usual
peaks for CsHs group,” viz, the C-H stretching frequency at
~3000cm”', the perpendicular hydrogen wagging mode at
~860 cm 1, the parallel hydrogen wagging vibration at
~1030cm™". The band owing to C-C stretching mode and rmg
breathing mode of m-bond occur at ~1430 and ~1170cm
respectively. Apart from this, an additional band near 440 cm”™
can be assigned to Ti-CsHs vibrations.®
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Table 1. Analytical data and physical characteristics
Comnound Yield Colour Decomp. £ Yound (Calc)
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The bands occurring around 1560cm™, 1520cm™ and
475cm™ in the [Cp,Tiacac’[RR'NCS,]~ and [Cp,Tib-
zac] [RR'NCS;]” complexes may be assigned to »(C--:0),
#C == C) and #(Ti~O) vibrations.” Further, the pheny! group of
benzoylacetonato group is indicated by addmonal peaks at
~1640cm’ ~' (C-C stretching), ~1340cm™ (C-H stretching),
~760cm™ (C-H out of plane bending) and ~700cm™" (methy-
lene rocking vxbratmn)

The IR spectra of [Cp;Tiox]"] [RR’NCSﬂ complexes show an
intense absorptlon at ~1340cm™" due to the vibration of the
C---N bond in the 8-hydroxyquinolinato group. The free 8-
hydroxyquinoline shows this absorption in the 1450-1500 cm™’
range. This indicates considerably less double bond character of
the (C-N) bond in the 8-hydroxyquinolinate group. It may be
assumed that the lone pair on nitrogen is involved in the for-
mation of a coordinate bond with the titanium{IV}) ion, thus
reducing double bond formation of the C.-: N bond as com-
pared to free 8-hydroxyquinoline and indicating that the 8-
hydroxyquinolinato group is chelating in all the 8
hydroxyqumolme complexes. “ Apart from this, the bands
occurrmg around 750, 1100, 530 and 505 cm™' may be assigned to
in plane ring deformation, C—O stretching, ¥(M-0) and »(C-0) in
plane bendmg frequencies.

The 'H NMR spectra of these complexes have been recorded
in deuterated chloroform. The resonance signal due to cyclo-
pentadieny] groups were observed as a singlet near § 6.60 ppm.
The existence of a single sharp CsHs resonance is attributed to
rapid rotation of the ring about the metal ring axis.

The y-protons (~CH=) resonance of the acetylacetonato and
benzoylacetonato group in the chelates occur at a lower field (8
6.1-6.0 ppm). This is probably due to at least, in part to the net
positive charge on the complex ion. The 5 values of methyl
protons (8 2.5ppm) in acetylacetonato and benzoylacetonato
moiety in the complexes is also lower than the values reported
for other acetylacetonato and benzoylacetonato complexes. It
may also be due 1o the cationic charge on the complex ion.'"* The

*Author to whom correspondence should be addressed.

® where R = Collg, R = GgflyCly

© vhere R « H, B! w Cghy and ¢ where FR? = Cg¥yp

'H NMR spectra of 8-hydroxyquinolinato chelates show that the
protons at C; absorb at a lower field (5 9.05,q, J=4.0Hz, 1.8 H2)
than observed for free 8-hydroxyquinoline (5 8.78). This supports
the conclusion that 8-hydroxyquinolinato ligand is chelating.

The resonance signals of different alkyl, cyclopentyl and hex-
amethylene groups in the dithiocarbamate moiety occur at almost
the same frequency as for the free dithiocarbamate ligand. The
intensities of all the resonance lines were determined by plani-
metric integration. The integrated proton ratios correspond to the
formula assigned for these complexes.

Both the IR and '"H NMR studies carried out for the present
complexes indicate that ligand L is chelating and CpsTi** moiety
possess a wedge like sandwich structure with essentially tetra-
hedral coordination about the metal atom similar to that of
dichlorides.” Typical vibrational frequencies assigned to the
dithiocarbamate moiety in all the chelates fully support the view
that dithiocarbamate anion is free anion.

The possibility of ligand L bondmg by simple hardsphere
coulombic interactions to Cp,Ti** mmety is ruled out because in
such cases a bischelate complex in contrast with the present
observations, with four oxygen or two oxygen and two nitrogen
atoms in the xy plane and paralle] cyclopentadienyl rings could
be isolated. Such a structure would maximise the coordination
number of the metal ion and simultaneously maximise the total
metal ring overlap. Since, the 7-clouds are used in the formation
of metal-ring bonds and would exert a less steric effect on the
equatorial ligands, this configuration cannot be described as
unstable on the basis of steric grounds.
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MIXED ALDEHYDE CONDENSATIONS ON COPPER GLYCINATE

Patrick Sharrock, Département de chimie
Université de Sherbrooke, SHERBROOKE, Québec Canada JIK 2R1

(Received 19 April 1982)

Abstract. Glycine coordinated to cupric ions reacts in basic solution with a stoichiometric
quantity of aldehydes to give B-hydroxyaminoacids. When the reaction contains a mixture of
aldehydes, one of them being acetaldehyde, threonine is produced in the solution together with
a variable amount of the bulkier substituted serine. An intermediate complex may be isolated
which affords a larger proportion of substituted serines with predominance of the threo iso-

mers. Acetaldehyde and benzaldehyde give a 667 yield of threo B-phenylserine.

Introduction. Condensation of aldehydes on amino acids complexed to metal ions1 leads to va-
rious products. Such reactions provide a route for the synthesis of B—hydroxyaminoacidsz, but
even under mild reaction conditions, serine for example undergoes a complex degradation pat-
tern3. Schiff base formation has been used to protect amino groups, but yields are only fair4.
This prompts us to report that mixed aldehyde condensation reactions can give specific 8-hy-

droxyaminoacids in good yields.

Results. When 20 mmoles of acetaldehyde or acetone are added together with 20 mmoles of an
aliphatic or aromatic aldehyde to 10 mmoles of ¢is big-glycinato copper (II) monohydrate (%),

a variety of condensation products is observed. Concentrated solutions precipitate blue to
green complexes at room temperature after a few hours, The solids and the mother liquors
treated as previously described5 give different aminoacids in total recovery yields of 60 to
847 after recrystallisation from water/EtOH. The final products, analysed by lH NMR, are
listed in the table. The yields are not statistically distributed and reflect stereoelectronic

effects.

Acetaldehyde is the most reactive aldehyde and threonine in the threo to erythro ratio
of 6/4 can be produced (run 8) in 96% yield. When acetaldehyde is mixed with other aldehydes,
as in runs 9, 15, 17 and 18, threonine is the major product isolated from the mother liquors.
However, these same reactions also give solid precipitates which rarely contain unreacted gly-
cine, and yield less threonine than the other possible R-hydroxyamino acid. Comparing runs 10
and 11, the proportion of threonine increases when the stoichiometric ratio acetaldehyde/(%) is
greater than 2. Strongly basic conditions or long reaction periods often result in the partial
decomposition of the amino acids. The runs with acetone typically develop a gray color and brown
to black copper precipitate. Operating under a nitrogen atmosphere (run 2) only slightly increases

the recovery of amino acids.

Of special interest is the high threo to erythro ratio of substituted serines (%X) obtained
from the solid intermediate complexes (%%%), as evidenced in runs, 9, 12, 13 and 15 to 18. We
improved the results of run 13 with a larger scale reaction and obtained a 66% yield of the pure
threo isomer (see experimental part). This clearly makes a mixed aldehyde method as attractive as
the Schiff base one. Indeed, we only obtained a 21.5% yield of phenylserine as a mixture of isomers

from a modification of the previously used procedure on N-pyruvilideneglycinatoaquo copper6.

Discussion. Erlenmeyer synthesized phenylserine in 1893 by condensing two moles of benzaldehyde

on one mole of glycine, with no other metal than sodium. Aliphatic aldehydes, however, require
cupric ions to promote the reactions, the only reported exception to our knowledge being isobuty-
raldehyde7. The small yields of threo and erythro phenylserines obtained (run 14) and reported8
when benzaldehyde is used alone could reflect condensation on uncomplexed glycine (copper hydroxide
precipitates quantitatively from (%) at pH 12) . Phenolic aldehydes do not react to give the desired
products. Salicylaldehyde for example prefers to chelate the cupric ions in a Schiff base type
complex. 4-methyl-benzaldehyde, on the other hand, mixed with equirplar acetaldehyle produces t:c»lylserine9
in 397 yield.

1
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Another feature of the mixed aldehyde method is that excess aldehydes are not needed.
We also note that a stoichiometric quantity of 4 moles acetaldehyde for one mole ({), run in

D,0 and NaOD, gives a 94% yield of threonine after 5 hours, with no indication of deuterium in-

2
corporation at the a-carbon. Acetaldehyde reacts rapidly at the coordinated nitrogen to form a
N-hydroxyethyl derivative (L&), as evidenced by the rapid colour change from blue to violet,
Subsequently or simultaneously, che seond aldehyde reacts with the a-carbanion formed under basic

. 10
conditions and cyclises to give the big-oxazolidine copper (II) complex (%%%) .

R—?HO
RCHO _~NH
CU(NHZCH2C02)2‘HZO OH_ 'CH Cl.l/2
0 \od
|
()
[o]
\\ ‘/,,—o H0
o RCHO /2 dec. NHzCH-COOH
I —_— c »
-~ OH™ R/’ \/‘ R'—CHOH
It \~
v
" (V)

It has been suggested that steric interactions in intermediate complexes are responsi-

11 and reactions on similar amino

ble for the enantioselectivity in related aldol condensations
acid12 and peptidel3 Schiff base complexes. A recent report states stereoselectivity may be
ascribed to steric inter-cycle int:eractions8 in analogy withconclusions drawn from reactions on
octahedral cobalt (III) complexesll'. This is unlikely to hold true for labile square-planar
copper (II) complexes. The exclusive formation of threo phenylserine from (%%%) and of the

threo isomer of threonine by electrodecomposition5 arises from intra-cycle steric interactions
between substituents on the oxazolidine ring. Analysis of the solids in runs 15 to 18 shows
threonine is present in threo/ertho ratios of 75/25 and the other substituted serines in cor-
responding ratios near 90/10, except for t-butylserine with a 40/60 ratiols. When the bulky
substituents R and R'in (E&%) occupy pseudo equatorial positions in the oxazolidine ring then

the threo isomer results. An erythro product requires R' in'a pseudo axial position. A
threo/erythro ratio near unity is observed for all amino acids isolated from the mother liquors,
reflecting epimerisation at the a-carbon in basic solutions. Oxazolidines are known to be formed

with very high stereoretentionlé.

Conclusion. In previcuswork formaldehyde coupled with acetaldehyde gave inconclusive results17
Our findings show mixed aldehyde condensation without formaldehyde give B~hydroxyaminoacids

readily and provide insight into the mechanism of this reaction.

Experimental. (Zs-b7s glycinato-copper (EE) monohydrate was prepared by mixing aqueous solutions
of two moles of glycine with one mole of copper sulphate and adjusting the pH to 7. The
precipitate was recyrstallized once from water. The aldehydes used were of commercial origin.
n-Butyraldehyde, isobutyraldehyde and pivalaldehyde were of technical grade.
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The condensation reactions were carried out with magnetic stirring in tightly closed
Erlenmeyer flasks, to avold loss of acetaldehyde by evaporation. Because the reactions are
exothermic, a Stirr-Kool model SK-12 from Thermoelectrics was used to maintain the temperature
below 28° in the initial stages. In several runs, the solid precipitates were separated from
the mother liquors by filtration. Both fractions were decompcsed with concentrated ammonia
and the aminoacids were recovered from a Dowex 50W-8X resin by elution with 1 M NH,OH, followed
to concentrated aqueous solutions. The weight of the fractions was determined and the mole % of
amino-acids determined by integration of the corresponding NMR peaks in D20 solution. In some
cases, the threo to erythro isomers gave distinct absorptions. Paper chromatography was used for
semi-quantitative separation of threc and erythro isomers with a solvent composed of 40 ml
n-butanocl, 5 ml acetone, 30 ml H20 and 5 ml concentrated NHAOH, followed by revelation with

ninhydrin.

Threo phenylserine in 667 yields was obtained by condensing 5.7 ml acetaldehyde and 10;2 ml
benzaldehyde on 11 g of (E) in 10 ml HZO + 20 ml NaOH 1 M in a 50 ml closed Schlenk Tube. An
85 hours reaction period gave a blue complex (%%%) which was washed with cold ethanol (yield
16.5 g). This compound was insoluble in water (with or without acetic acid) and could not be

electrolysed. It was decomposed with concentrated ammonia and gave 11.96 g of phenyiserine.
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Evaluation of the interaction energy by clathration in Hofmann's benzene clathrate

using the INDO method.

Isamu Uemasu

(Received 27 September 1982)
Department of Chemistry, College of General Education,
The University of Tokyo, Komaba, Meguro, Tokyo 153

Abstract - The INDO method was applied to estimate the interaction energy attributable to
clathration in Hofmann's benzene clathrate using a model. Host-guest and guest-guest
interactions were clarified and a stabilization energy fairly consistent with that obtained

by differential scanning calorimetry was calculated.

INTRODUCTION

In previous work} the enthalpy changes associated with guest liberation of the Hofmann's
clathrates Ni(NHa)zNi(CN)A.ZG (G= C6H6’ C4HAS, C4H5N, and CGHSOH) were determined by differ-
ential scanning calorimetry(DSC). The enthalpy changes for the pyrrole and phenol clathrates
were greater than those for the benzene and thiophene clathrates by ca.l0 kJ mol_l respective-
ly. The difference seemed too great to be explained in terms of dipole-dipole interaction
among the guests and it was mainly ascribed to the T hydrogen bond between the CN group of the
host lattice and the hydrogen atom (-NH or -OH) of the guest molecule. The presence of such
bonding in the aniline clathrate and its contribution to the stability were pointed out earli-
er in connection with its study by infrared spectroscopy? In that paper, the presence of a
hydrogen bond between ammine ligand and aromatic guest was also suggested. It stimulated the
author to evaluate the host-guest interaction by the molecular orbital method and relate it
to the enthalpy change. Methods ranging from the extended Hiickel MO to ab initio SCF MO have
been used to investigate the T hydrogen bond for various systems? To the author's knowledge,
such an estimate of the stabilization energy by MO calculations has not been made for Hofmann's
clathrate. However, a single crystal of Hofmann's pyrrole or phenol clathrate has not yet been
obtained4 and only data from powder X-ray diffractometry are available. Therefore the author
first carried out MO calculations for the benzene clathrate, whose crystal structure was ana-
lyzed first by Rayner and Powell?

METHOD

Since the d orbital cannot be treated in the version of the CNDO/2 and INDO programs used
here? the calculations were performed on the model illustrated in Figures 1 and 2. In the
model, both the octahedral and the square planar nickel atoms were ignored and HCN was used
instead of the CN group. The carbon and nitrogen atoms of HCN were located at the same posi-
tions as those in the original crystal structur:? The interatomic distance and bond angle of
NH3 were assumed to be identical with those of the equilibrium structure in the gas phase.

The intermolecular energy was calculated as the difference between the total energy of the

PQLY 2/2~D 1 15
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coupled molecule and the sum of the total energy of the separate molecules. Although the
calculations were performed using both CNDO/2 and INDO, the author describes here only the
result by the latter method, noting that no significant difference was found between the re-
sults using both methods.

A v, y

RESULTS AND DISCUSSION

The results of the MO calculations proved that NH3-C6H6, CN-C6H6 and C6H6—C6H6 interac-
tions contribute to the stabilization arising from clathration.

The interaction between NH3 and C6H6 was calculated by rotating NH3 about its C3 axis :
the rotation of the ammine ligand with little hindrance was known from proton magnetic reso-
nance spectra? The dependence of the intermolecular energy( AE) on the rotation angle(0) of
NH3 is shown in Figure 3. From least-squares fitting using the program of SALS? equation(l)
was obtained.

LE = =0.001410 - 0.000788 sin(3(0 + 18.40)) (@H)

It indicates that the mean value of the energy for interaction between NH3 and C6H6 is
0.001410 a.u.. There being four NH3 molecules around a C6H6 molecule, the mean value of the
total interaction enmergy is 0.005640 a.u., which was ascertained by performing the MO calcu-
lation on the combination of a C6H6 molecule and four NH3 molecules. In this case, the
intermolecular energy is due to the T hydrogen bond forming between NH3 as the proton donor
and C6H6
sponded to that of the charge transfer from C6H6 to NH3.

As to the interaction between CN and C6H6’ the bond order matrix indicated that the in-

as the T electron donor. The variation of the energy with the rotaion angle corre-

teraction between ls orbitals of the hydrogen atoms of C6H6 and 2p orbitals of the carbon

Table 1. Intermolecular energy( AE) calculated by INDO for the model.

M LE(a.u.) n
NH3 -0.001410 4
HON(1) -0.000580 4
HCN(2) -0.000267 4
C6H6 -0.001174 2

M ! Molecule interacting with a C6H6 molecule.

n : Number of M.

See text as to HCN(1) and (2).
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atom of HCN contributed to the stabilization. The effect was greater for HCN almost perpen-
dicular to the ring of C6H6 ( HCN(1) in Table 1 ) than for HCN almost parallel to the ring of
CGH6 ( HCN(2) in Table 1. See Figure 2.). In this case, it may as well be distinguished from

the T hydrogen bond because the hydrogen atoms of CGH are unlike those of NH3, which are par-

6
_______ 14 th e ) - '

PRI N PR S S T
tidlly positively

harged. When C6H6 rotated about t k.

cyanide network, the minimum point of the interaction energy was found in the vicinity of the
angle actually found in the crystal structure? Therefore the orientation of C6H6 seemed to be
determined by the interaction between the guest molecule and the CN group of the host lattice.

The guest-guest interaction energy was calculated between a C6H6 molecule and others ly-
ing vertical to it, while no appreciable interaction was found between a guest and others ly-
ing parallel to it(See Figure 2). The bond order matrix showed that the interaction between
2p orbitals of the carbon atoms of a C61-I6 molecule and 1ls orbitals of the hydrogen atoms of
another C6H6 molecule contributed to the stabilization just as in the case of C6H6 and HCN.

The results of the INDO calculations are listed in Table 1, The stabilization energy
from clathration amounted to ca.30 kJ mol_} consistent with the result obtained by DSC%

It is impossible to perform a similar calculation on Hofmann's phenol clathrate because
single crystal structure data have not yet been obtained. However, the interaction emergy for
the T hydrogen bond between the hydrogen atom of the OH group and the CN group of the host
lattice was calculated, assuming (a) that CGHSOH was situated in the middle of the adjacent
nickel cyanide networks whose separation was known from X-ray powder data and (b) that the
orientation of the guest molecule was identical with that of the benzene clathrate. The inter-
molecular energy was ca.2l kJ mol_} It is greater by ca.20 kJ mol-'l than that of the benzene
clathrate. The value is thought to correspond to the difference between the enthalpy changes
of the respective clathrates}

The model for Hofmann's clathrate adopted here poses considerable problems in some respects.
For example, the electron density of each atom in the model is not identical with that in the
original clathrate. The structure of NH3 assumed here must be a little different from that in
the actual clathrate. The interaction between the guest molecule and the hydrogen atom of HCH
was not negligible in the MO calculation. However, the result obtained here seems to be reason-
able and may well hold also for the actual clathrate.

Acknowledgment-The author thanks Prof. T. Iwamoto for his advice.
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COMMUNICATIONS

The characterization and thermal stability of a cluster
HRu,(CO)m(O—Si-<) grafted on silica surface

(Received 28 June 1982)

Abstract—Ru3(CO),2, supported on silica in the absence of oxygen, reacts with silanol groups of the surface to

produce a grafted cluster HRu;(CO).o(OSi<), which has been characterized by IR and Raman spectroscopy; the

molecular formula of this cluster is in agreement with the stoichiometric balance of CO evolved during its formation
from Ruy(CO).2. The grafted cluster is an intermediate step to produce by thermal decomposition small metallic
ruthenium particles of 14 A together with some Ru(Il) carbony! species encapsulated in the silica surface.

Recent interest has been devoted to the chemical behaviour
and the catalytic activity of mononuclear or cluster carbonyl
complexes supported on inorganic oxides.'

Some attention has been paid to the chemistry of Ru3(CO),2 on
silica’™ since it was reported that Rus(CO)y; on silica is active in
various cataloytic reactions, such as a-olefin hydrogenation or
isomeration™® or CO reduction to hydrocarbons.

However, in the previous works, ™ which were mainly sup-
ported by surface IR studies, it was difficult to understand the
real surface chemistry, because the experiments were not carried
out in the absence of surface adsorbed water and of dioxygen,
since the samples were always prepared in the air. On the
contrary under our standard experimental conditions,® we could
investigate the adsorption of Rus{CO)). on silica surfaces, treated
under high vacuum at 500°C for 16-20 hr, and follow the trans-
formation of the supported cluster under different experimental
conditions, including progressive heating in high vacuum.

In this way, we have found that the first “species” obtained by
thermal decomposition of Ruy(CO),; physisorbed on partially
dehydrated silica is a grafted molecular cluster

HRug(CO)m(OSié) resulting from the oxidative addition of a

surface silanol group into the metal-metal bond of the original
cluster. Such grafted cluster thermally decomposes only above
ca. 373K to produce, upon aggregation, ruthenium metal parti-
cles covered with CO and some oxidized Ru(II) carbonyl surface
species.

When Ruy(CO);s, dissolved in pentane solution, is adsorbed
under vacuum onto a silica disc which was previously treated at
773K under vacuum (107° torr) for 16 hr, the resulting IR spec-
trum exhibits bands at 2063 (s), 2032 (m), 2018 (m, sh) which are
identical in frequency and intensity to those of Rui(CO). By
treatment under vacuum at ca. 353 K for a few hours a progres-
sive modification of the spectrum is observed with new carbonyl
bands appearing at 2111 (w), 2077 (m), 2066 (m), 2033 (s, br) and
1995 (sh) cm™".

The new IR spectrum is quite similar in intensity and frequen-
cies to that of the well characterized osmium cluster

(H)Os;(CO)m(OSi—<—) grafted on a silica Surface®; in addition

similar IR spectra are reported for molecular clusters of the type
(H)Rux(CO)10X (X = SCHs)® (Table 1).

The Raman spectrum of the supported cluster after decar-
bonylation at 318 K has been recorded using low power (<
30mW) of the 647.1nm laser line and sample spinning cell
techniques in order to avoid any decomposition. In the low
frequency region this spectrum exhibits several bands of the
starting Rus(CO)12 cluster' and two additional new bands at 201
and 162c¢m ™' which can be tentatively assigned to metal-metal

119

stretching vibrations of a grafted cluster. The stoichiometry of
the surface reaction:

Ru;(CO)ix + HOSi<—> (H)Ru;(CO)m(OSi{) +2CO

is confirmed by the following experiment. A pentane solution of
Ru3(CO);2 (30 mg; 0:05 m.mole) was adsorbed onto a silica sam-
ple (about 1 g) previously treated at 773 K under vacuum for 16 hr.
After removal of the solvent under vacuum at room temperature,
thermal decomposition of the supported cluster at increasing
temperature, resulted in the evolution of 1.7x0.2moles of
CO/mole of cluster in the temperature range of 343-393K. No
significant evolution of H; nor CO, was observed in this tem-

naraturs ranos which

perature range which is in agreement with the propos

is in agreement with the proposed structure

Suutuit

HRu;(CO)m(OSi<).

The thermal stability of the grafted ruthenium cluster has been
followed by analysis of the gas phase during thermal decom-
position by infrared spectroscopy and electron microscopy

Upon heating the grafted cluster (H)Ru;(CO)m(OSié) above

393K, a progressive evolution of about 10 moles of CO per mole
of cluster was observed when the temperature was increased up
to 523 K. Meanwhile a certain amount of H, was evolved, which
may be ascribed to a partial oxidation of zerovalent ruthenium by
surface OH groups with formation of surface oxidised Ru(Il)
(CO), species.” After thermal decarbonylation of HRu3(C0)o(0-

Si{) above 393K or at 393K for 16h under high vacuum

(10~ mm Hg), the IR spectrum presented a broad peak centered
at 2037cm™, typical of CO coordinated to metallic ruthenium,
and some peaks of smaller intensity at 2122, 2081 and 1957 cm™!
probably corresponding to Ru(IT) (CO). (n =2, 3) species formed
in low concentration.

As it is well known for CO coordinated to metallic ruthenium'’
a progressive decarbonylation occurs with increasing tem-
perature, corresponding to a shift of »(CO) frequency from
2037cm ™’ at 8=1 to 1985cm™" at §=0.1. Such decarbonyl-
ation is reversible as determined by the frequency and intensity
of the »(CO) band obtained after recarbonylation at 25°C. The
presence of small particles of ruthenium metal was confirmed by
electron microscopy. Such particles exhibit a very narrow dis-
tribution of particle size around 14A. Similar sizes have been
obtained in another laboratory.'

The assignment of the other IR bands to a mixture of Ru(Il)
carbonyl species is substantiated by the easy formation of sur-
face species characterised by similar IR absorptions, by thermal
encapsulation of Ru(INCO,Cl, into silica (Table 1). These oxi-
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Table 1.
Compound wCO) cm.™ M-Mycm.™' Ref.
Ru3(CO)r2 2060 vs, 20305, 2011 m* This work
2059 s, 2054 sh, 2039 m 2025 s, This work
20165, 1998 s, 1986m*4
2063 vs, 2032 m, 2018 sh® This work
HO$:(CO)(0Si) 2114w, 20795, 2068 5, 2032 vs, 159, 118 8,10
N 2012sh, 1995 m
HRu3z(CO)10(SC:Hs) 2105 m, 2064 s, 2056 s, 2025 vs, 9
2012 m, 2008 s, 1994 m“
HRu;(CO).o(OSl/) 2111w, 2077 s, 2066 s, 2033 s, br. 200, 155 This work
1995 sh
Ru(CO).Cl, 2182w, 21325, 2113 ms, 2080 5" 15
Ru(CO)CLPy 2136 s, 2075 s, 2051 s° 15
RU(CO)2C12P)’2 2070 s, 2006 s 15 -
[Ru(CO)CLl 2143 s, 2082 s° 15
2140 s, 2092 s, 2066 s, 2045 w, 15
2026 w*
[RU(CO)ZCIZ]m 2076 Vs, 2018 VQ 16
[Ru(CO)(0SiPh;)2]x 2062 s, 19955' This work
[Ru(CONOS)zln 2138 m, 2073, 2014° This work
\ 2150s, 2092 vs, 2035 m" This work
[Rll(CO)z(OSl\)zln 2072 s, 2002 s* This work
2085 s, 2027 s* This work
CO/Rumetar 6 =1 2037 br This work
8=0.1 1985 br This work

“hexane; nujol mull; “on silica heated in vacuum at 500°C; “CH,Bry; “CH,Cly; {CH,Cls; *from Ruy(CO);; on
silica heated in vacuum at 500°C; "from [Ru(CO);CL]: on silica heated in vacuum at 500°C.

Ru3(00)12 /Pentane

Rus(co)12(adsorbad)

OH
wrSin
Tx353-373 K
2C0

co O\O?BCO

co / \ co
CO:Ru/_\Ru/—CO

CO/ \ol/ \CO
oH w77 Slpmr
|
7z Simy,
T> 373K
L co
cQ, Cco co co co
K [
Ru= Ru=Ru
I l
w Si-mSim T=523K |-CO
co u/CO co -
o” Y% Ru— Ry —Ru

| |
s72 Sim =Sisp
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dised species are in thermal equilibrium of decarbonylation (and
carbonylation) (Table 1):

[Ru(COOSIL)z). = [RUCOROS ), + n CO.
N\ co AN

Similar species are obtained by treatment of Ruy(CO),» adsorbed
on silica or the grafted cluster (H)Ru;(CO)w(OSié) with oxygen,

confirming that an oxidation of the ruthenium atoms occurs.
Finally a molecular species with similar IR absorption bands at
2062 (s), 1995 (s)cm ™" is obtained by treatment of [Ru(CO):ClLL
with TIOSiPh; (Table 1).

The various steps leading to surface grafting and then to the
formation of metallic particles and Ru(II) carbonyl species (see
Scheme) require well defined and narrow conditions, so that all
these species may coexist if the experiments are not carried out
under the appropriate conditions, which explains some of the
previous results.” It is worth mentioning that Rus(CO),» reacts
much like Osy(CO)i» with the silanol groups of silica, whereas
Fe3(CO),; exhibits a different behaviour."?

However in conirast with the corresponding osmium species,
the ruthenium grafted cluster is not stable at room temperature in
the presence of oxygen or adsorbed water.

It is probably for this reason that this particular surface
species was not detected by previous workers,>® whilst the
corresponding surface osmium species (H)Osi(CO)eX (X=

./ /
OSI\, OAl\,
samples were prepared in the air."”

In addition, in contrast to osmium, the ruthenium grafted
cluster decomposes above ca 393K to metal particles covered
with CO and to oxidised Ru(Il) surface carbonyl species, whilst
with osmium the metallic state is reached under more drastic
conditions.?

OZn, 0Ti<), were observed even if the original
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TRUCTURE O
2-DEOXY-L-SORBOSE)NICKEL(II) DICHLORIDE HEMI METHANOL -
[Ni(en)(L-sor—en)]Clz-%CH3OH
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Department of Synthetic Chemistry, Faculty of Engineering,
The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113, Japan
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We have previously reported the synthesis and characterization of new nickel(II)
complexes containing N-glycoside which were derived from the reaction of tris(ethylene-

diamine)nickel(II) dichloride dihydrate with D-glucose, D-mannose, or D-fructose,

including the X-ray structure determination of the complex derived from D-fructose
. 1
(Figure 1). (10
o ] N
The bindings of carbohydrates to metal ions are : [o¢:H]

. . . : 3
interesting matters as coordination phenomena, and

0w () N(1)  C(7)

as bioinorganic systems. As a part of study to
elucidate interactions between metals and carbo- s Y ; [ @ N2
hydrates, we present both the synthesis and the
crystal structure of a nickel complex containing
an N-glycoside (L-sor-en) formed by the reaction

between ethylenediamine and L-sorbose, where L-

Figure 1. A perspective drawing
of [Ni(en)(D-fru—en)]2+.

sor-en is 2-[(2-aminoethyl)amino]-2-deoxy-L-sorbose

(Figure 2). L-sorbose, which is C5

epimer of D-fructose, is considerably N~ NH
2
important as an intermediate in the HO CHOH L NHLCH.CHNH——H CHOH
p L Lon HCHCHAH; o
H
chemical synthesis of L-ascorbic acid. L-sorbose en L-sor-en

The complex was synthesized as Figure 2. Reaction scheme.
follows. L-Sorbose (17.6 mmol) was
added to the solution containing [Ni(en) 3]C1, 2H,0 (8.8 mmol) in 80 mL of methanol. As
a catalyst NH,Cl (8.8 mmol) was added. The violet solution was refluxed for lh., then
it became blue. It was evapolated to 40 mL and loaded on a Sephadex LH-20 gel permea-
tion column, and eluted with methanol. The reaction materials seperated into violet,
blue, yellow, and orange bands. The blue fractions were collected and concentrated to
about 15 mL, then it was kept at 5°C. Blue crystals were obtained and were recrystal-
lized from a minimum amount of hot methanol.

Elemental analysis indicates that this complex has one ethylenediamine ligand (en),
and one N-glycoside ligand (L-sor-en). Calculated for [Ni(en)(L—sor-en)]C12~%CH3OH
(Cyg.5HogN,05.5C1,N1): C, 29.46; H, 6.61; N, 13.09; C1, 16.56 Found: C, 29.19; H, 6.86;
N, 13.36; C1, 16.50. The near infrared and visible spectrum of methanolic solution
shows three bands with comparatively low intensities, which are characteristic of octa-
hedral Ni(II) complex (Figure 4). The magne“-ic moment at room temperature is 3-16UB,
which falls within the range of reported octahedral nickel(II) complexes. The structure
of this complex was determined by as X-ray crystallographic study. This compound crys-

tallizes in the monoclinic space group C2 with a = 17.862 (2) A, b = 8.212 (1) A,
123
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c = 12.644 (2) A, B = 90.89°, and z = 4. After absorption correction, the structure was
solved by heavy atom methods, and structure parameters including almost all hydrogen atoms
were refined by least-square methods to R = 0.032 (Rw = 0.042)5 for 2680 independent ref-

lections with Fo>3¢(Fo). All calculations were performed with universal program system
UNICS III.6
A perspective drawing of the complex cation

showing thermal motion is given in Figure 3. It o

reveals that nickel is octahedrally coordinated
with a bidentate ethylenediamine ligand and a cis

tetradentate N-glycoside ligand of L-sor-en. The 0(4)

pyranose ring is in the usual a-205 chair form.7

The conformation of bidentate ligand en is §.

The absolute configuration of the secondary Figure 3. A perspective drawing
nitrogen atom is S. The nickel-nitrogen bond of [Ni(en)(L—sor—en)]2+
distances fall within the expected range

{Table 1). Each of the interior angles of Table 1. Selected bond length and angles.

five-membered chelate rings subtended at bond length (R) angles (degree)
nickel atom is smaller than ninety degrees. Ni-0(1) 2.137(3) 0(1)~-Ni-N(1) 76.1(1)
They are normal for five-membered chelate Ni-0(3) 2.118(2) 0(3)-Ni-N(1) 78.2(1)

rings. Ni-N(1l) 2.109(3) 0(3)-Ni-N(2) 162.8(1)
The CD spectra of [Ni(en)(L—sor—en)]2+ Ni-N(2) 2.068(3) N(1)-Ni-N(2) 84.6(1)
and [Ni(en)(D-fru-en)]?¥ in methanol are NA-N(3) 2.059(3) | N(3)-Ni-N(4) 83.9(1)
shown in Figure 4. They have opposite Ni-N(4) 2.078(3)
sign of CD curves in the first absorption region. s¢
It is generally accepted that the contribution of vicinal 005
effect to optical activity, which is the effect of asy- 0.04
mmetric groups on the ligand, is small. The structure 002
of [Ni(en)(L—sor-en)]2+ ion is similar to that of
[Ni(en)(D-fru—en)]2+ ion except for the absolute con- . oo
figurations around the C(5) atom and the gauche confor- 0oL
mation of bidentate ethylenediamine chelate, which o0

usually makes a rapid interconversion between § and ) in
solution. Therefore, it is a very interesting fact that 20

the CD spectra of both complexes are quite different 10

from each other as stated above.

10 15 20 25 0 B
—— Nifen}(L-sor-en)?* ch

The result of two crystal structures suggest the
- INifen)D-fru-en)i®

usual coordination patterns of the N-glycoside ligands Figure 4. Absorption and €D
: . 2+
derived from ketoses spectra of [Ni(en)(L-sor-en)]

Ref and [Ni(en)(D—fru—en)]2+.
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THERMAL INTRAMOLECULAR ELECTRON TRANSFER REACTIONS OF [N,N‘-ETHYLENE-
BIS(SALICYLIDENEAMINATO)](2,4-PENTANED!0NATO)COBALT(IH) COMPLEXES
IN THE SOLID STATE

Setsuko KINOSHITA*, Kikuo MIYOKAWA, Hisanobu WAKITA, and Isao MASUDA

Department of Chemistry, Faculty of Science, Fukuoka University,
Nanakuma, Jonan-ku, Fukuoka 814-01, Japan
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ABSTRACT—The title complexes with the formula Co{salen)L where L is a series
of 2,4-pentanedionates underwent thermally induced one-electron transfer
reactions from L to Co(II). The reaction left behind a stoichiometric amount
of the crystalline CoII(salen) complex which took up oxygen in a molar ratio
of Co:O2 = 2:1. The kinetic analyses showed that the electron transfer
reaction rate was -apparently dominated by activation entropy rather than by
activation enthalpy.

Thermally induced intramolecular electron transfer reactions occurring in solid
transition metal complexes are of significance in connection with the catalytic behavior
of metal complexes. However, there have so far been only a few investigations on such
redox reactions.]’2 Present paper communicates that upon heating, the solid Com(sa1en)L3
undergo one-electron transfer reaction from the L to the Co(II) ion and leave behind a
stoichiometric amount of CoII(salen) in the crystalline form which is active toward oxygen
uptake in the solid phase.

TG and DTA curves recorded in a flowing nitrogen atmosphere showed that Co(sé]en)L
were endothermally decomposed in the 440-490K temperature range. The weight-loss in the
TG curves corresponded to the following decomposition scheme: CoIﬂ(sa]en)L-———?CoII(sa1en).
The analytical data and Bogs = 2.51 uB(300K) of the solid pyrolysis product also supported
the above scheme. Moreover, the IR spectra and X-ray powder diffraction patterns of the
pyrolysis products were in fair adreement with those of the authentic CoII(sa1en) complex
prepared by the literature method.4 The pyrolysis gas chromatographic measurements]
carried out under the conditions: Column packing, DEGA; pyrolysis temperature, 490K,
confirmed that the gaseous products evolved by the pyrolysis included 1/2 mol of the
corresponding free HL per mole of the pyrolyzed Co(salen)L complex. For Co(salen)(acac),
gaseous products were found to include, besides HL, non-stoichiometric amount of acetone,
methanol, and ethanol.

Under non-isothermal conditions,5 the reactions were found to proceed following the
contracting-disc equation: 1-(1—0L)]/2 = kt, where o is the molar fraction of the Co(II)
complex produced from the Co(II) complex; k, the rate constant; and t, the reaction time.
The kinetic results are given in Table 1. As Table 1 shows, the rate constants at
460K increase in the following order of the mixed ligand L: acetylacetonato < propionyl-
acetonato < n-butyrylacetonato < n-caproylacetonato. Therefore, from the increase in the
rate constants the activation enthalpy A may generally be expected to decrease in the
above order. However, contrary to this expectation the AH¥ values actually increase in
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Table 1. Kinetic data of the thermal electron transfer reactions of Colﬂ(salen)L

1 1 1

L AHT(860K) /kd mol”

Tog(Ass™!)  AST(460K) /3K Tmo1™! k(460K)/s”
acetylacetonato 193+3 18.7+0.5 10149 (2.0010.72)x10'4
propionylacetonato 22746 23.4+0.6 190411 (1.3810.27)><10'3
n-butyrylacetonato 25219 26.6+0.9 252+17 (3.09J_r0.92)><10'3
n~caproylacetonato 298+11 32.2+1.4 359+26 (7.75:2.45)><10'3

MHT, Activation enthalpy; A, pre-exponential factor; k, rate constant. The values of
activation entropy ST, were calculated from the relation, AS¥= R(]n%% - 1), where R is
gas constant, % Boltzman constant, h Plank constant, and T absolute temperature.

The kinetic analysis was carried out on the basis of the fact that all reactions followed
the contracting-disc equation.

this order. This fact led us to take the entropy term into consideration. The ASfFva1ues,
activation entropy, calculated by assuming x{transmission coefficient) = 1 are shown in
Table 1. It is seen from Table 1 that the AS¥ value for L = n-caproylacetonato complex is
ea. 3.5 times larger than that for L = acetylacetonato complex. Thus, it is clear that
the activation entropy plays an important role in the present solid state reactions. The
positive and rather large As¥ values are considered to suggest that the reaction rate is
determined by the dissociation process of Ls, which occurs with the concomitant electron
transfer process.

It is noticed that the pyrolysis of the complexes gave rise to the CoII(sa1en) complex
in a crystalline form. On standing this CoII(sa1en) complex in dry air or oxygen atmos-
phere at room temperature, it took up oxygen in a few hours and turned the color from
brown to black. The Oz—adduct liberated oxygen endothermally at ca. 340K with a weight-
Toss 4.8%, corresponding to the composition of the 0,-adduct, [Co(sa]en)]zoz. The 0,-
adduct showed Vo = 1.06 Vg at 300K.
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Preparation and Chelation Properties of the Polystyrene Resins
Containing Pendant Multidentate Ligands
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Government Industrial Research Institute, Tohoku
Haranomachi, Sendai, Japan 983

{Received 13 Sentenber 1982)

Chelating polymer resins have been widely applied to metal ion collector
in the fields of environmental chemistry and chemical industry.1 Since the
stability of a metal complex increases with the number of chelate rings, it is
desirable ta immobilize multidentate ligand into polymer matrix. Blasius
prepared chelating resins by the reaction of alkylpolyamines with chloromethylated
styrene-divinylbenzene copolymer.2 But the intra- and interstrand bridging
reactions are inevitable by the N-~alkylation of the primary and the secondary
amino groups of polyamine. These bridging reactions bring about the decrease
in ligand content introduced in the polymer and steric restrictions for the
chelate formation. Improved methods have been reported to avoid such bridging
reactions,3'4 but they require relatively long reaction steps.

In this communication we report a simple method to introduce multidentate
ligands based on diethylenetriamine into polystyrene beads without causing the
undesirable bridging reactions. The preparative scheme is given in Fig. 1.

- ( H—CH ) -

CH Cl

no reaction

A

L d
N(CH2C02H)2
2 CHEN
N(CH,CO,H)
~ (’\\N 1) HC1 f,/\\ ’Z\W 2 2
ii) NH,OH H_C/,S
Va5
3 CH,-N SNa
~ 2</ s ~/
. NH-
Fig. 1 Reaction scheme SNa
Preparation of the chelating resins. Reaction of bis(salicylidene-

imlnate)diethylenetriamine (93.3 g) with resin 15 {26.0 g) in refluxed dioxane
{400 cm ) for 48 h gave vellow resin 2 Yield: 50.4 g. Hydrolysis of 2 (49.1 g)
with 6M HC1 (600 cm ) at 60 °C for 12 h yielded 3, in hydrochloride form.

The resin in the free amine form was obtained by treatment with 2 M aqueous
ammonia. Yield: 30.5 g. A mixture of sodium monochloroacetate (117.5 g in 200
cm3 of water) and,3, (30.0 g) was heated at 70 °C for 12 h. Aqueous sodium
carbonate solution was added to maintain the reaction solution basic (pH 9-10).
The resin was washed with 2M HCl, water and acetone and vacuum dried. Yield:
49.9 g. Resin 3 was obtained by stirring resin 3 (5 q) w1th carbon disulfide
{15.2 ¢g) and sodium ethoxide (13.4 g) in ethancl (100 cm ) at 50 °C for 12 h.
Yield: 7.9 g. The analytical data of the resins are summerized in Table 1

along with the concentration of ligating groups and the reaction conversion.
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Table 1. Analytical data and concentration of ligating groups of the resins

. Analytical data (%) Concentration of

R X .

esin ligating group a) Conversion (%)b)

Ccl N .
( mmole/g-resin )

'y 20.5 - 5.78 -

2 1.09 8.81 2.10 94

3 0 12.70 3.02 72

4 0 7.74 1.84 87

2, 0 7.58 1.80 78

a) Calculated from actual chlorine content (ﬁl’) , and nitrogen content (,%., 3, 4
andé) .6 Concentration of ligating group = t N X 10, where n=number of
14 n

nitrogen atom.
b) Based on the ratio of the actual ligand content to the theoretical value
calculated from total displacement of chlorine by ligand.6
Characterization and evaluation of the resins. The Schiff base bound

resin 2 is presumed to have a structure as depicted in Fig. 1 in which direct
N-alkyIation has occurred. It is noted that bis(salicylideneiminate)ethylene-
diamine did not react with ’]\.', indicating that O-alkylation of the hydroxide

groups in the ligand did not take place. Hence ‘%’does not contain bridgi.rllg

structures in the ligand moiety. Resin‘% gave IR band at around 1630 cm due
to (C=N) stretching vibration of the pendant ligand. Acid hydrolysis of,z, gave
_\3/, where v (C=N} band disappeared. Strong band of v{(C=0) was observed at around
1730 cm-l for the resin ’:ll indicating that the desired reaction had took place.

All the chelating resins form complexes

§3.0— Cu2+ with various transition metal ions, i.e. Cu2+,
E Ni2+, C02+ and Zn2+ and most of the reactions
‘E - are accompanied by an obvious change in color of
-"5 ;Ni the polymer beads. The chelation capacities
8_2.0— °2+ (maximum uptake of metal ion by 1 g of dry resin)
8 of the present resins are in the range 1.2 to

g n/Zn2+ 3.0 mmole/g-resin at the optimum pH region.

= Resin _4, can retain metal ions at wide pH range
g 1.0~ (Fig. 2) and the chelation .capacities are much
g \ | , | higher than those of commercially available

1 1

resins containing iminodiacetic acid. This is

1 2 3 4 5 6pH
Fig. 2 Chelation capacity vs. pH
curves for the resin 4

because the ligand moiety of 4, consists of two

sets of iminodiacetic acid and can react with

metal ions in 1 : 1 or 1 : 2 (ligand : metal ion)
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SYNTHESIS AND SPECTRAL STUDIES ON PLATINUM
COMPLEXES WITH MONO- AND BIDENTATE N-DONOR
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Abstract—Platinum(II) complexes of types PtLX,, PtL,X;, P(LX' and the PYIV) complexes PILXY (where
L = mono- or bidentate organic ligand containing nitrogen donor atoms; X = Cl or Br; X' = oxalate or malonate and
Y =Br) have been synthesized and characterized from their elemental analysis, IR and X-ray photoelectron
spectral data: The Pt 4f,;, binding energies inditate that 1,8-naphthalene-diamine ligand is a better donor of electron
density to the metal than other ligands studied here. The Cl 2p,;, binding energies in the square planar Pt(II)
complexes are observed in the range 198.8 0.8 ¢eV. The » (Pt-Cl} vibrations (ca 335 and 320 ¢cm™"} corresponding
to two ¢is-Cl ligands were observed in the IR spectra.

The extent of the interaction between cis-dichloro-bis-(theophylline)platinum(Il) with calf thymus DNA has
beenstudied. The UV difference spectra resulting from aquated Pt"(theoph),-DNA interaction exhibit bands at 282
and 292 nm attributable to the change in the electron distribution of the base moieties induced by binding with
platinum and due to the loss of base stacking. Melting profiles for the DNA samples treated with Pt-complex
showed decrease in the meiting temperature. Binding of the guanine residues of the DNA, involving probably

0277--5387/83/030129-08%03.00/0
Pergamon Press Ltd.

(N7)-0(6) positions to the metal is implied.

INTRODUCTION

The encouraging and rapid progress in clinical develop-
ment of anti-tumour platinum drugs has been the main
impetus behind studies of the mechanism of action.
Currently' the most convincing mechanism for the cyto-
toxic action of these agents on cells in culture is that
reactions with DNA impair its function as a template for
further DNA replication. The anti-cancer action of cis-
dichlorodiammine platinum(Il) cis-PtCL{NH,), (cis-pla-
tin), which is currently used in many hospitals in the
treatment of ovarian, testicular and other forms of
cancer, is thought to involve coordination to a guanosine
residue in DNA. Little is presently known about the
specific covalent attachment sites of cis-PtCL{NH,), and
platinum uracil blues on DNA. However, various studies
have implicated N-7 and possibly O-6 of guanine.””
Although high overall response rates for cis-platin in the
treatment, particularly ovarian and testicular forms of
cancer, were reported®’ when the drug was used in
combination with vinblastine and bleomycin or dox-
orubicin, efforts increasingly are being made to syn-
thesize new platinum compounds with decreased toxicity
and greater therapeutic properties. We have, in con-
tinuation of our work® on Pt(Il) and Pd(i) chelates,
synthesised several new Pt(II) complexes of the type,
PtLX,, PtL,X;, PtLX and P{(IV) complexes PtLXY
where L =mono- or bidentate ligand, such as, 8-
aminoquinoline, 1,8-naphthalenediamine or a derivative of
1,10-phenanthroline,  theophylline,  5-nitro-2-amino-
pyridine, etc. X=Cl or Br; X'=oxalate or malonate;
Y =Br.

Some of these compounds were screened for their
activity at Imperial Cancer Research Fund Laboratories,
London, and the preliminary in vitro tests indicate ap-
preciable antitumour activity, especially for the com-
pounds dichloro(8-aminoquinoline)Pt(II) and oxalato(8-
aminoquinoline)-Pt(II). Furthermore, we have also stu-
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died in solution the reaction of dichloro-bis-(theophyl-
line)Pt(I) with calf thymus DNA by recording the UV
difference spectra at various pH’s and temperatures.
Solubility problems precluded the study of other Pt-
complexes.

EXPERIMENTAL

K,PtCl, and K,PtBr, were prepared by the reported
methods.>"® The ligands, 5-notro- and 5,7 - dibromo - 1,10 -
phenanthroline, 5 - nitro - 2 - aminopyridine, 1 - isenicotinyl -
2D - glucosylhydrazine, theophylline, 7 - methyltheophyline, 6 -
amino - § - nitroso - 1,3 - dimethyl uracil were synthesized by the
known procedures.''™'* Their purity was checked by elemental
analysis, m.ps and spectral data. Calf thymus DNA (Type I),
thymine hydrochloride, 8 - amino - quinoline and 1,8-naph-
thalenediamine were purchased, (Sigma Chemical Co., Fluka AG,
Buchs SG, Switzerland and Aldrich Chemical Company, Inc.,
U.S.A.) All other chemicals used were of reagent grade. Solvents
were purified and dried prior to use. IR spectra were recorded on
a Perkin-Elmer model 599B infrared spectrophotometer.

X-ray photoelectron spectra were recorded using a VG
Scientific ESCA-3MK-2 electron spectrometer. Powered samples
were mounted on a nickel sample holder. Magnesium K, radia-
tion (1253 - 6) was used as a source. Nitrogen 1s, Pt 4f, Cl 2p, Br
3p binding energies were referred to C 1s line of impurity carbon
at 283 eV. An attempt was also made to reference the spectra to
the Au 4, line at 83 eV by vacuum deposition of gold onto the
sample. The final values of the binding energies for each sample
were determined from measurements in triplicate on several
sample preparations and their accuracy is within +0.20eV.
Visual examination of the samples after measurement revealed
no evidence of radiation damage.

DNA stock solutions were prepared by dissolving DNA in
0.01 M phosphate buffers pHs 6.8, 8.04 and 9.95 containing
001 M NaCl by gentle stirring in a refrigerator. The concen-
tration of DNA was estimated by absorbance measurement at
260 nm using the coefficient € (P)=6650." The platinum com-
plexes were dissolved before use in 0.01 M phosphate buffer, pH
6.8 containing 0.01 M NaCl. The aquated cis-Pt(theoph);* was
prepared by stirring solutions of stoichiometric amounts of
AgNO; and cis-Pt(theoph),Cl; overnight at room temperature in
dark. The AgCl that precipitated was removed by filtration and
the clear filtrate was diluted with buffer to the final stock con-
centration [1.0X107“M aq cis(theoph),Pt™*]. The pH adjust-
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ment of all solutions to 6.8 was made by the addition of standard
NaOH solution. All the pH measurements were made on a
Adritn] mTT cnnbon —andal DITNILY M A e Moo L\
Ulgiial pi1 meler, Muusl riiiNugg (RadlViietier, Lopeilliagen).
Reactions were carried out at different concentrations of DNA,
concentration of aq. cis-(theoph),Pt**, temperature and pH. The

difference snectra were obtained ucing four 1 cm nath lenath
cuterence spectra were oofamec using Iour :cm path iengih

cells. The sample compartment contained two cells, one contain-
ing the reaction solution (cis-(theophy),Pt**/DNA) and the other
containing the buffer solution, whereas the reference compart-
ment contained individual cells of DNA and the aquated cis-
(theoph),Pt** solutions respectively at the same conditions
(0.01 M phosphate buffer, pH, temperature and initial concen-
tration). The difference spectra reported at 30°C were obtained
on a (.500 expanded absorbance scale on a Pye Unicam Model
SP8-100 spectrophotometer. The melting temperature, Tm, is
defined as the temperature at half denaturation."” Melting profiles
were recorded manually (rate of heating 5°/min. initially and
1°/min. in the steep part of the curve at 260 nm.

Pt(II) complexes of the type Pt(IDLX;, Pt(II)L,X, were syn-
thesized by following the general procedure given below:

Clear (filtered if necessary) solutions of K,PtCl, or K,PtBr, in
water (10 mi) and the appropriate organic ligand in excess of hot
water (80ml) in 1:1 or 1:2 mole ratios were mixed together and
heated on a water-bath for about 8-12 hr. (In case of 5 - nitro -
and 5,7 - dibromo - 1,10 - phenthrolme solvent DMF was used
and the mixture was refluxed; in the preparation of 1-isonicotinyl
- 2D - glucosyl hydrazine complex, the reaction mixture was

stirred at room temperature for 24 hr) The solid products that
stirre¢ at room (emperature 1or Z44r.) 1he solid progucts (nal

separated out were collected on a filtered under suction, washed
with hot water repeatedly (Sml portions) and dried under
vacuum. Yield ~ 80%.

(1) Dichloro(8- ammoqumolme)platmum(H ), Pt(8-NH,Q)Cl,:
m.p. decomp 335°C (330°C)." Found: C, 27.2; H, 2.10; N, 7.2; Cl,
16.9; Pt,47.41. Calc. for CaHgN,CL,Pt: C,26.35; H, 1.96; N, 6.83; Cl,
17.28; Pt, 47.56%.

(2) Dibromo(8 - aminoquinoline)platinum(II), Pt(8-NH,Q)Br,:
decomp. ~ 190°C. Found: C, 22.71; H, 1.93; N, 6.19; Br, 31.4; Pt,
39.44. Calc. for C;HgN,Br,Pt: C, 21.63; H, 1.6; N, 5.61; Br, 32.00;
Pt, 39.09%.

(3) Dichloro(1,10 - phenanthroline)platinum(II), Pt(1,10 -
phen)Cl,: was preparcd by the reported method™ and also by the
general procedure using DMF solvent. Found: C, 31.9; H, 1.95;
Pt, 43.2, Calc. for C,;HN,CL,Pt: C, 32.29; H, 1.81; Pt, 43.73%.

(4) Dichioro(5 - nitro - 1,10 - phenanthroline)piatinum(II), Pt(5
- NO; - 1,10 - phen)Cl;: decomp. 315°C. Found: C, 30.4; H, 1.94;
N, 7.9; Cl, 14.61; Pt, 39.52. Calc. for C,H,N,0,C,Pt: C, 29.3; H,

1 44. A1 O ££. 71 14 42. e 0TI
1.44; IN, 0.00, UI, 14.43; rt, 537.7/170.

®) Drchloro(57 - dibromo - 1,10 - phenanthroline)

platinum(Il), Pt(5,7 - Br, - 1,10 - phen)Cly: decomp. ~
’)0{0{‘ l?mnul (‘ ‘)Aﬂ"l I-l 1 W% N Am DO ki Q‘) Fuln far

1,50, 1Ny 5 201

C,ZHGNZBrZClth C, 2384 H 1.0; N, 464 Pt, 32 3%

(6) Dichloro(18 - naphthalenediamine)platinum(II), Pt(1,8 -
NH,; - Naphth)Cl,: decomp. > 250°C. Found: C,28.90; H, 2.6; N,
6.0; Cl, 16.74; Pt, 45.52. Calc. for CmHmNzClth C, 28. 29; H,
2.36; N, 6.6; Cl, 16.71; Pt, 45.99%.

(7) thloro(l - 1somcotmy1 - 2D - glucosylhydrazine)
platinum(il):  dihydrate, Pt(ISNGH)CI,.2H,0:  decomp.
~240°C. Found: C, 23.84; H, 3.27; Cl, 12.01; Pt, 33.46. Calc. for
C,Hy;N;05CLPt: C, 23.95; H, 3.52; Cl, 11.79, Pt, 32.44%.

(8) Dichlorobis(methyltheophylline)platinum(Il), P1(7-CH;-
theoph),Cl, decomp. 310°C, found: C, 29.80; H, 3.3; N, 16.87; Cl,
10.2; Pt, 29.35. Calc. for C;gHyoNyO,ChPt: C, 29.35; H, 3.08; N,
17.12; Ci, 10.83; l’t“‘H 82%.

) Drchlorobu’(theophyllme)platinam(II), Pt(theoph),C,:
decomp. ~340°C Found C 27 54 H, 34; N, 16.36; Cl, 11.78;

T A0 02 f‘ A7 Q4. 1T £71. W 17 00
Pt, 30.93. Calc. for C,4HsNsOLPt: C, 26.84; H, 2.57; N, 17.89;

Cl, 11.31; Pt, 31.11%.

(10) chhlorobts(2-ammopyndme)platmum(II) Pt(2-

NHlpy)‘('l- dnnnmn 28¢0°C (7ﬂ§°f‘\20 Found: C, 2628; H, 32;

Pt, 43.05. Calc. for C,(,H,zN.,Clth C 2642; H, 264 Pt, 4296%

(11) Dichlorobis(5 - nitro - 2 - aminopyridine)platinum(II):
Pt(5 - NO, - 2 - NH;, - py),Cly: decomp. >300°C. Found: C,
21.11; H, 2.5; N, 14.83; Pt, 36.18. Calc. for C,,H,(N:O,Cl,Pt: C,
22.05; H, 1.84; N, 15.44; Pt, 35.86%.

(12) Dichloro bis(6 - amino - 5 - nitroso - 1,3 - dimethy! uracil)-:
platinum(Il), Pt(6 - NH, - § - NO, 1,3-CH; Urac),Cl,: decomp.
~216°C Found: C, 22.63; H, 2.92; N, 16.82; Cl, 11.0; Pt, 30.38.
Calc. for C,H;(N;O,CLPt: C, 22.72; H, 2.53; N, 17.67; Cl, 11.18;
Pt, 30.76%.

(13) Dichloro bis{thymi nn\n'nﬁ'-nm(")

a
R&F] Laliadre ulo(" J7

280°C. Found: C, 22.20; s N
for C10H12N4C12Pt C, 2. 17, H,
37.65%.

(14) Tetrachloro(8 - aminoquinoline)platinum(IV); P8
NH,Q)Cl,: Chlorine was bubbled into a well stirred suspension
of Pt(8-NH,Q)Cl, (0.41g; 0.001 mole) in dry chloroform (~
120 ml) for 2025 min. After an additional 20 min. of stirring, the
yellow product was filtered out, washed twice with CHCl; (5 ml
portions) and vacuum dried. Yield of the greenish yellow product
0.32 g (66%). decomp 300°C. Found: C, 21.36; H, 1.87; N, 6.24;
Pt, 39.71. Calc. for CoHgN,CLPt: C, 22.51; H, 1.68; N, 5.83; Pt,
40.64%.

(15) Dibromodichloro(8 - aminoquinoline)platinum(IV): Pt(8-
NH,Q)ClL,Br,: To a suspension of Pt(8-NH,Q)Cl, (0.41 g; 0.001
mole) in chloroform (~ 50 ml) bromine (2g) in chloform (50 ml)
was added dropwise with stirring ai room iemperature. The
stirring was continued for 4hr. The greenish brown solid
obtained was collected on a filter, washed wnh chloroform (20-

A o) nund Aulad P WiAld N 4o (TIOIY A ALnoN
&J Ul) alld uLicu lll vacuum. 1 UL, US g /1 /0} \IC\:UUIP AL,

Found: C, 1994; H, 2.02; N, 4.76; Pt, 33.6. Calc. for
CoHgN,CLBr,Pt: C, 19.09; H, 1.41; N, 4.92; Pt, 34.23%.

(18) Oxaloto(8 - aminpauinoline)platinum(IN. Py _NH.O)

(16) Oxalato(® - aminoquinoline)platinum(ID), P{8-NH,Q)
(Oxal): Clear (filtered if necessary) solutions of potassium bis-
oxalatoplatinate(I) dihydrate* in water (10ml) (0.39g; 0.001
mole) and 8-aminoquinoline in hot water 25 ml) (0.14g; 0.001
mole) were mixed together and heated on a water bath for 4 hr.
The deeply coloured violetish-black solid that separated was
collected on a filter, washed with hot water and dried under
vacuum. Yield 0.3 g (69%); decomp ~290°C. Found: C, 30.52; H,
249; N, 5.96; Pt, 44.78. Calc. for C,;HgN,O,Pt: C, 30.82; H, 1.89;
N, 6.56; Pt, 45.66%.

(17) Malonato(8-aminoquinoline)platinum(II), Pt(8-NH,.Q)
(Malon): was prepared by following the above procedure starting
with potassium bis-malonatoplatinate(Il) dihydrate and 8-
aminoquinoline: Yield ~65%. decomp. ~310°C. Found: C,
31.64; H, 2.66; N, 6.72; Pt, 43.78, Calc. for C;,H;(N,OPt: C,
32.64; H, 2.28; N, 6.35; Pt, 44.21%.

. dasomme
u;z\,lz aeiainp.

1, 12.84; Pt, 38.03. Calc.
33; N, 10.81; Cl, 13.68; Pt,

RESULTS AND DISCUSSION

The interaction of platinum complex, dichloro-bis-
(theophylline)platinum(Il) with calf thymus DNA in
buffer solutions was followed by UV difference spectral
and melting techniques. The UV difference spectrum for
the DNA solution mixed with cis-Pt-(theoph),Cl, did not
change indicating no reaction with DNA bases. However
when the aguated Pt-complex was mixed with DNA, the
spectrum exhibited large hyperchromism with a

wavelength shift of the peak absorption from 259 to
282-290nm (Figs. 1 and 2), It was nnetlllatndzz 23 that

;ev;ct;oo;of compou;a; such as cis- i’;a;(l‘}il;)z Wl{h
the DNA bases and even DNA itself in vivo go through

ad nawmncadly DN ) (H_N) 12+
ail aquauuu pluuuut, auypuacu] [0 1\1‘113}2\112\;,2] .

Rosenberg et al>**" recently have shown that aqueous
solutlons of the aquatlon product are very complex and
in addition to such SpéClt‘:b as the above contain sub-
stantial amounts of hydroxide-bridged species containing
two, three and four platinum atoms. The aquated cis-
Pt(theoph),Ci, soiution may contain presumabiy cis-
[(theoph);Pt(H,0),)**, cis-[(theoph),Pt(H,0)(OH)]"
species along with hydroxide bridged species containing
two or three platinum atoms. The extent of the reaction
depends on pH, time, temperature and the mole ratio of
Pt/DNA system. The time required to reach the end of
the reaction under optimum conditions (pH 8-9, time
24 hr; mole ratio 1:2) is of the order of 24-30 hr at 30°C.
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Fig. 1. UV difference spectra resulting from aquated cis-(theoph); Pt-DNA interaction pH, 6.8; T 30 and 60°C
[DNA} 0-5 mg/ml of buffer, [Pt]=1x107*M.

It seems well established**® now that the interaction
between Pt compounds and DNA takes place through
the complex aquated charged species of platinum and
that a high concentration of chloride ions (> 0.01 M)
inhibits the reaction to an appreciable extent. The aquo
complexes bind more readily to cellular targets such as
DNA since water is relatively a good leaving group.
Furthermore, the formation of charge aquo complexes
equally may raise the affinity of the complexes to phos-
phates.” The UV difference spectrum in the reactions
with aquated species of the Pt-complex with DNA at pH
6.8 and at pH 8.04 exhibit A.,.. at 282 nm and at 292 nm
respectively while A,;, was observed in both at 250 nm.
AA at 282nm and at 292 nm increased with increasing
concentration of DNA as well as Pt-concentration,
Similar changes were noticed when DNA was treated
with another Pt-complex namely potassium bis-malona-
toplatinum(Il)dihydrate. The reaction with DNA was
however, rapid compared with [(theoph),Pt(OH)(H,0)]".

Melting profiles of DNA samples treated with platinum
complexes were examined and the results show increase
in melting temperatures, Tm. (Tm for (theoph),Pt(II), 65°
and for K,PtC,H,0,, 61°C). Binding of the Pt-complex
to DNA distorts the secondary structure of neighbouring
base pairs in DNA and helps to destroy the secondary
structure of DNA on heating.”” The results suggest that
the increment of AA at 282 nm may be attributed to the
loss of base stacking. The increment of AA at 292 nm
may be due to the change in electron distribution of base
moieties induced by binding with platinum.

The interaction of the aquated species cis-
[(theo),Pt(OH)-(H,0)]*  conceivably  liberates a
hydroxide from the coordination sphere on complexation
which would yield a net increase in pH. It was in fact,
observed that at pH ~9.00 the shift of the 259 nm band
(of DNA) was quite large. It is also possible that the
aquated species binds to guanine residue at N-7 position
with the resulting liberation of proton at N-1 position as
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Fig. 2. UV difference spectra resulting from aq cis-(theoph), Pt-DNA interaction pH 9-95 T 30°C; 68 hr.

has been postulated®® in the cis-(NH,),Pt(I)-inosine
reaction. Scobell and O’Connor®' observed in their stu-
dies of aquated cis-(NH,),Pt(I) with nucleic acid con-
stituents that deprotonation of the guanosine does not
occur and that in the complexation reaction monodentate
coordination occurs with displacement of water. The
interaction of the aquated species [(cis-
(theoph),Pt(H,0),]** with DNA may be predominant at
pH 6.8. Millard et al** have suggested that in the cis-
(NH,),Pt" interaction with DNA, guanosine acts as a
chelate, binding through the N-7 and O-6 positions. The
binding mode of cis-(NH),Pt(I) to DNA as an inter-
base crosslink which corresponds to the intrastrand
crosslink has also been suggested.*>** The large shift of
the 259 nm band of DNA to 292 nm at pH ~ 9.00 obser-
ved in the UV difference spectrum of aquated cis-
(theop),Pt(II)-DNA interaction, is indicative of chelation
possible involving N-7-0-6 positions of the guanine
residues, rather than Pt-intrastrand crosslinking. In the
UV difference spectra resulting from aquated cis-

(NH.,),Pt(I)-guanosine interaction the peak was obser-
ved® at ~ 290 nm.

The XPS data for the platinum complexes investigated
are given in Table 1. The Pt4f;, binding energies of
compounds Nos. 1-5 imply a marked decrease of elec-
tron density on the metal relative to 1,8-naphthalenedi-
amine complex. All the complexes are formally square
planar Pt(Il) compounds presumably containing cis-
PtCl, fragment. Variations in relaxation effect should be
minimized in this series and the differences in metal
binding energies should primarily be due to differences in
the electron donating ability of the coordinated ligands.*
The data indicate that 1,8-naphthalenediamine is a better
complexing agent, i.e. better donors of electron density
compared to 5,6 - dibro - 1,10 - phenanthroline or 7-
methyl theophylline. The substantial shift in the binding
energy of N(1s) clearly confirms a net electron transfer
from nitrogen to platinum in these complexes. The N(1s)
photoelectron spectra of these complexes consist of
doublets or broad bands indicative of unresolved peaks.
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Fig. 2(a). Concentrations same as Fig. 2 after 140 hr.

The directly coordinated nitrogen has presumably the
greater positive charge.

The change in the Pt 4f,;, binding energies shows both
the effect of oxidation state and of ligand character. The
higher the formal oxidation state of platinum the higher
the binding energy. All the platinum(II) complexes of the
general formula Pt"X,L, or PtX,L investigated here
have 4f,, binding energies ranging from 74.4 to 73.4 eV,
which is in agreement with the range reported by Riggs®
for Pt(I) complexes.

The CI(2ps2.1/2) binding energies for all the complexes
studied studied are in the range 198.8+0.8eV. In
general, within the closely related series of complexes,
the chlorine binding energy gives a good indication of the
effect of changes in overall electron density on the Pt-Cl
bond. The Cl(2p) binding energies of these complexes of
the type PtL,Cl, or PtLCl, are lower than that of
K,(PtCl,) indicating partial ionic character of the Pt-Cl
bond. In complexes, where L =a bidentate ligand, the
square planar geometry presumably implies cis-Cl
configuration. The IR spectral date confirm this. The
other complexes may also have cis-chlorines in view of
the observed narrow range of CK2p) binding energies.
X-ray crystallographic data show quite clearly that there

is a considerable increase in metal-halogen bond length
in going from trans- to cis-isomer in square planar
Pt(II) and Pd(IT) complexes of the type (PR;),MX,. For
X =Cl, n.q.r. data® suggest that the bond lengthening is
accompanied by a considerable electron drift to chlorine.
Clark and Adams® observed that in a given cis-trans
pair, the binding energy of the metal is the same but that
of the halogen is considerably lower in the cis-isomer.
The **Cl resonance signals in the three trans-L,PtCl,
complexes are found at higher frequencies than in the
corresponding cis-complex and this difference is related
to the charges on the ligands. The tentative conclusion is
that the trans- influence in the **Cl quadrupole
resonance of the complexes of the type L,MCl, [M=
Pt(I) or Pd(I), Ni(I)} manifests itself in a general
lowering of the frequencies on going from trans- to the
cis-complex and the difference A being related to the
position of the ligand L in the frans-series. There is
evidence,” however, that relative to PtCL>", the binding
energy of the cis-chlorines is raised (decrease in negative
charge) and that of the trans-chlorine is lowered. This is
in agreement with the other ground state phenomena
which relate to the trans- effect; increase in Pt-Cl bond
length is accompanied by electron drift to chlorine.
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Fig. 2(b). Concentrations same as Fig. 2 after 4 hr, T 55°C.

The infrared spectra of Pt(II) complexes with organic
ligands, 8-aminoquinoline, S-nitro- or 5,7-dibromo-1,10-
phenanthroline, 1l-isonicotinyl-2D-glucosyl hydrazine,
theophylline and its methyl derivative, etc. show ab-
sorptions in the region 600-200 cm™', assignable to Pt-
halogen stretching vibrations which are absent in the
spectra of the corresponding ligands. The spectrum of
the complex Pt(8-NH,Q)Cl, shows two medium intense
absorption at ca. 335 and at ca. 320cm™" ascribable to
v(Pt-Cl) vibrations corresponding to two Cl ligands in
cis-arrangement. The »(Pt-Cl) absorptions in the spectra
of the complexes, Pt(5-NO,-1,10 phen)Cl,, Pt(5,7-Br,-
1,10-phen)Cl, and PtASNGH)CI, are observed at 340 and
335cm™"; 345 and 335, 330 and 300 cm™" respectively. In
the IR spectra of Pt(Il) complexes with nitrogen donor
ligands (mono- or bidentate) bands observed at ca. 330
and 320cm™ have been assigned to asymmetric and
symmetric »(Pt-Cl) vibrations corresponding to two Cl
ligands in cis-arrangement.'®*® The medium intense band
observed at ca. 270 cm™" with a shoulder at ca. 275cm™"
in the spectrum of Pt(8-aminoQ)Br, may arise due to
(Pt-Br)-vibrations. In view of the bidentate nature of the
ligand and the square planar geometry presumed for
these complexes, these bands may tentatively be assig-

ned to cis-»(Pt-Br) vibrations. »(Pt-Br) vibrations in
Pt(Il) complexes with N-methy! imidazole*' and in Pt(II)
complex anions** were reported to occur at ca. 220 ¢cm™'
and at ca. 205 cm™' respectively.

In the spectra of Pt(IV) complexes, Pt(8-NH,Q)Cl,
and Pt(8-NH.Q)ClL,Br, (isolated by the reactions of
Pt(8-NH,Q)Cl, with halogens), absorption bands at
350(sh), 345 and 320 cm™ were observed. It is, however,
difficult to locate precisely the trans- »(Pt-Cl) vibrations
since this region is obscured by the strong absorptions
caused by the equatorial chlorides. However, the ab-
sorption observed at ca. 255cm™" in (Pt(8-NH,Q)CL,Br,
may arise due to trans-v(Pt-Br) vibrations. In Pt(Il)
complexes with 1,10-phenanthroline and its derivatives,
axial bromides are reported’® to absorb at 251-253cm™".
All platinum complexes containing the bidentate ligand,
8-aminoquinoline show »(N-H) at ca. 3120cm™"' in their
IR spectra indicating a coordinated NH,'***,

The Pt(Il) complex with methyl theophylline shows
bands at 350(s), 345(s) assignable to asymmetric and
symmetric cis-v(Pt-Cl) vibrations. The Pt(II) complex
with theophylline shows medium to strong intense band
at 330cm ™' with a shoulder at 325cm™'. The shoulder
could be due to symmetric Pt-Cl vibration and indicates
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Table 1. N(1s), Pt(4f), Cl(2p) and Br(3p) X-p.e. binding energies (eV) for platinum complexes

Compound Pt4f7/z N ISl 12 C|2p3/2 BrSp, 12302
1. K,PtCl, 734 199.4°
198.0
(73.9),74.46 (200.3)
(200.7)
2. K,PtBr, 73.9¢ 183.8
3. PtISNHG)C, 74.44 397.8,401.88 199.08
4. Pt(7-CH,-theoph),Cl, 74.44 398.88, 402.52 199.84
5. Pt(theoph),Cl, 744 398.2,402.4 200.0
200.08
6. Pt(5,6-Br-1,10- 74.32 397.8,402.0 200.08
phen)Cl,
7. Pt8-NH,-Q)XCl, 74.32 397.68,401.4 199.9
2009
8. Pt(phen)Cl, 742 198.4, 401.64 199.6
9. Pt(5-NO,-2-NH,-py),Cl, 74.08 400.04 198.88
397.92 20092
10. Pt(thym),Cl, 74.08 397.68, 400.92 199.84
11. Pt(2-NH,py),Cl, 74.08 400.8 199.24
12, Pt(5-NO,-1,10-phen)Cl, 73.72 398.28,402.4 199.6
13. Pt(8-NH,Q)oxal) .12 397.67,400.2 -
14. Pt(8-NH,Q)Br, 735 397.2, 400.68 - 189.2
182.8
15. Pt(1,8-NH,Naph)Cl, T73.44 398.76,402.24 199.2

“Binding energies are in electron volts.

b<Data from electron spectroscopy, D. A. Shirley (Editor), pp. 713,725 and from reference, Anal.

Chem., 1972, 44, 830.

the cis-complex. The IR spectrum of Pt(II)-theophylline
complex shows strong bands at 1500-1700 cm ™' and 1200~
1250cm™' attributed to theophylline coordination.**
Theophylline anion is bound to metal through N-7 in most

: . 4546
of the reported metal-ion theophylline complexes,”* and

various other ligands are attached to the central metal. In
fact the anion does not seem to act as a chelate in many
complexes whose structures have been determined.’
Recently a new mode of theophylline anion metal bond-
ing—a trimeric complex with trimethyl platinum(IV) which
contains Pt-N(7)-N(9)-Pt bridges and a weak direct (C-6)
0-Pt bond has been however, reported by Hall ef al.** In
methyl theophylline (caffeine) anion formation through
loss of a proton on nitrogen (N-7) is not possible and N-9
lone pair is the only nitrogen site available for bonding. The
crystal and molecular structure of aquadichloro caffeine
copper(Il), [CuCl(CgHoN4O2)H,O], has been deter-
mined.” The caffeine ligand acts as a unidentate and N-9is
involved in bonding with copper.
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Abstract—The crystal and molecular structure of [N,N'<(3,3-dipropylamine)bis(salicyclideneaminato)-
monoacetate]cobalt(IIT) complex has been determined by a three-dimensional X-ray diffraction study. In the complex,
the cobalt ion has an octahedral coordination environment with cis-geometry for the two salicyclideneaminato
moieties. An oxygen atom of the acetate ion is coordinated to cobalt ion and another oxygen atom is hydrogen-bonded
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to the secondary amine nitrogen atom.

INTRODUCTION

It is well known that the complex [N,N'-(3,3"-dipropyl-
amine)bis(salicyclideneaminato)jcobalt(I) (1) reacts
reversibly with molecular oxygen to form the 1:1 O,
adduct complex.' Recently, a single-crystal X-ray
diffraction study has confirmed that the coordination
geometries of the precursor complex (1) and its 1:1 O,
adduct complex (2) are a trigonal bipyramid and an
octahedron, respectively, with trans-geometry for the
two salicyclideneaminato moieties as shown in Fig, 1.
This result implies that the conformational rearrange-
ment of the ligand has occurred during the formation of
the O, adduct.

In this study, the crystal structure of the title com-
pound containing the same ligand, has been determined
by the single-crystal X-ray diffraction technique. Since
the electronic structure of the 1:1 O, adduct was
assumed to be Co™-0, based on the ESR spectral
investigation,” it is of interest to compare the coor-
dination geometry of the present complex with that of
the 1:1 O, adduct. In addition, this structural result can
be expected to propose a clearer idea for the con-
formational rearrangement during the formation of the
0, adduct (2) from the precursor complex (1).

*Copies are available, on request, from the Editor at Queen
Mary College.

RESULTS AND DISCUSSION

The structure of the title compound with the atom
numbering scheme is shown in Fig. 2. As shown in Fig. 2,
the cobalt atom assumes an octahedral coordination
array with cis-geometry for the two salicyclideneaminato
moieties and the dihedral angle between the two benzene
rings is 82.8°. The average Co-O(phenolic) bond length
of 1.888(7)A is shorter than the Co~O(3)(acetate) bond
length of 1.924(7) A. The average Co-N(imine) bond
length of 1.933(8) A is shorter than the Co-N(secondary
amine) bond length of 1.983(9) A. An oxygen atom of the
acetate is coordinated to the cobalt atom. It is note-
worthy that another oxygen atom is hydrogen-bonded to
the secondary amine nitrogen atom and the distance
(04) - - - N(4)) is 2.825 A.

The saturated six-membered chelate ring defined by
Co, N(1), C(8), C(9), C(10) and N(2) takes a boat con-
formation and the other six-membered chelate ring
defined by Co, N(2), C(11), C(12), C(13) and N(3) takes a
chair conformation.

The coordination geometry of the present complex is
apparently different from both the trigonal bipyramid of
the precursor (1) and the octahedron with trans-
geometry of the O, adduct (2). The coordination geo-
metry containing this type of ligand system seems to be
affected by both the sixth ligand, i.e. O, and CH,COO,
and the hydrogen bond. In the present complex, a

cHs
N~
)\ /N__
Co
02

2

Fig. 1. Structures of the precursor complex and the 1:1 O, adduct.
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Fig. 2. Perspective drawing of the molecule. The thermal ellipsoids are drawn at 20% probability level and
hydrogen atoms are omitted for clarity.

hydrogen bond between an oxygen atom of the acetate
and the secondary amine nitrogen atom might be one of
the important factors in the adoption of a cis-geometry.
The observed cis-geometry of the Schiff base ligand is
similar to those of the binuclear w-peroxo-cobalt(IIT)
complex [4] and the 1:1:1 peroxyquinolato-cobalt(III)
complex obtained from 2,4,6-tri-t-butylphenol, molecular
oxygen and the cobalt(Il) complex.” However, the con-
formation of the two saturated six-membered chelate
rings assumes chair-envelope and skew-chair forms for
the former and the latter complexes, respectively. These
structural results indicate that the ligand system is
flexible.

EXPERIMENTAL
The title complex was prepared according to the literature.'
Brown rhombic crystals suitable for the X-ray diffraction work
were obtained from the ethylether solution. A crystal was

examined with a Rigaku Denki AFC-5 four-circle automated
diffractometer. The unit cell dimensions and their estimated
standard deviations were obtained from a least-squares fit to
setting angles of 15 reflections using Mo Ka graphite monoch-
romatized radiation at room temperature. The crystal data are as
follows: CoO N3sCHz, F.W. = 455.4; Found; C, 57.79; H, 5.84:
N, 9.18. Calc. C, 58.02; H, 5.75; N, 9.23%. Monoclinic, space
group = P2i/n, a = 16.846(d), b =9.417Q), ¢ = 14.0324) A, B =
111.2(1°, V=2074.109) A, D, = 1.44 (by flotation method in
aqueous KI solution), D, =1458g-cm™>, Z=4, u(Mo Ka)=
10.3cm™.

Intensity data were collected by the 6 —26 scan technique with
a scan rate 8° min”". For the weak reflections the peak scan was
repeated up to four times depending on their intensities. The
intensities of three standard reflections were monitored every 100
reflections and showed a good stability. A total of 3628
reflections with 2.5° < 20 < 48° were collected and of which 2381
independent reflections with |Fo|> o(|Fo]) were used for the
structure determination. The intensity data were corrected for
Lorentz and polarization effects, but not for absorption.

The structure was solved by the conventional heavy-atom

Table 1(a). Bond distance (A) with their estimated standard deviations

(a) Coordination Sphere

Co-0(1) 1.885(7) Co-N(1) 1.918(8)

Co-0(2) 1.891(7) Co-N{(2) 1.983(9)

Co-0(3) 1.924(7) Co-N(3) 1.947(8)

(b} Ligand

0(1)-Cc(1) 1.312(13) C(12)-C(13) 1.538(1ly)
C(1l)-C(2) 1.407(16) C(13)-N(3) 1,462 (15)
C(2)-C(3) 1.378(16) N(3)-C(14) 1.288(13)
Cc(3)-C(4) 1.377(18) C(14)-C(15) 1.444(14)
c{4)-C(5) 1.352(48) C(15)-C(16) 1.409(15)
C(5)~C(6) 1.428(16) C(16)-C(17) 1.345(17)
c(e)-C(1) 1.393(15) C(17)-Cc(18) 1.388(17)
C(6)-C(7) 1.417(16) C(18)~C(19) 1.361(16)
C(7)-N(1) 1.298(14) c({19)-Cc(20) 1.414(15)
N(1)-C(8) 1.463(15) C(20)-c(15) 1.426(14)
C(8)-C(9) 1.526(18) C(20)-0(2) 1.300¢12)
c(9)-C(1v) 1.532(19) 0(3)-C(21) 1.274(12)
Cc(lu)~N{2) 1.478(16) C(21)-Cc(22) 1.508(18)
N(2)-C(L1) 1.494(15) c(21)-0(4) 1.256(14)
Cc(11)-C(12) 1.498(18)
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Table 1(b). Bond angles (°) with their estimated standard deviations

(a} Metal Coord:
0(1)~Co-0(2) 90.8(2)
0(1)-Co-0(3) 176.6(3)
0(1)-Co-N(1} 90.3(3)
0(1)-Co-N{(2) 91.3(3)
O(l}-Co-N(3) 87.8(3)
0(2)-Co-01(3) 85.7(2)
0(2)-Co~N(1) 87.1(3)
0(2)-Co=-N(2) 176.7(3)
(b) Ligand
Co-0{1)-C{1) 121.2 (o)
Co-0(2)-C(20) 120.9(6)
Co-0(3)-C(21) 132.1(b)
Co-N(1)~C(7) 121.8(7)
Co-N(1)-C(8) 120.3(6}
C(7)-N(1)-C(18) 117.8(9)
Co-N(2)-C(10) 114.44(7)
Co-N(2)-C(11) 115.16)
C{10)=N{2)=C{1l) 111.3(8)
CO-N{3)-C(13) 120.1(6)
Co-N(3)-C{(14) 122.6(b)
C(13)-N(3}-C(14) 116.9(8)
0(1)-C(1)-C(2) 118.0¢9)
0(1)-C(1)~-C(6) 123.519)
C(2)-C(1)-C(6) 118.3(9)
C(L)-C(2)-C(3) 120.5(10)
C(2)-C(3)-C(4) 121.7(11)
C(3)-C14)-C(») 118.5(11)
C(4)-C(5)~C(6) 122.0(11)
C(5)-C(6)-C(1) 118.7(10)
C(5)-C(6)-C(7) 120.0(10)
C(1)-C(6)-C(7) 120.8(10)

iatio phere

0(2)-Co-N{3) 89.7(3)

0(3)-Co-N(1) 89.4(3)

0(3)-Co=-N(2) 92.0(3)

0(3)~Co-N{(3) 92.1(3)

N(1)-Co~N(2) 90.4(3)

N(l1 -Co-N(3) 176.4(3)

N(2 Co-N(3) 92.7(3)

C(6)-C(7)-N(1) 125.2(10)
N(1)-C{(8)-C(9) 110.3(9)

C(8)-C{9)-C{10} 114.0(10)
C(9)-C(10)=-N2) 112.3(10)
N(2)-C(11)-C(12) 112.1(9)

C(11)-C(12)-C(13) 114.1(10)
C(12)-C(13)-N(3) 113.2(9)

N(3)-C(14)-C{15) 124.3(9)

C{14)-C({15)-C{1le) 120.9(9)

C(14)-C(15)-C(20) 119.7(8)

C(16)-C(15)-C(20} 118.7(9)

C(15)-C(16)-C(17) 123.5(1lv)
C(1l6)-C(17)-C(18) 117.8(11)
c(17)-C(18)-C(19) 121.3(10)
C(18)-C(19)-C(20) 122.2(10)
c(ly)-Cc(2v)-C(15) 116.1(9)

C(ly)~C(20)-0(2) 119.4(8)

C(15)=-C(20)-012) 124.1(8)

0(3)-C(21)-C(22) 113.2(9)

0(3)-C121)-0(4) 126.4(10)
c(22)-Cc(21)-0(4) 120.3(10)

method, and refined by block-diagonal least-squares in which the
function minimized was 3 w(|Fo| - k|Fc])*, where k is scale factor
and w =1 is adopted. The atomic scattering factors were taken
from the International Tables for X-ray Crystallography Vol. IV.®
Anomalous dispersion corrections for Co were also taken from
the literature.” All the calculations were carried out on a FACOM
M-200 computer at the Computer Center of Kyushu Umversny
by the use of a local version of the UNICS II system.”

Final refinement including hydrogen atoms which were
experimentally determined yielded the final values of 8.69 and
9.60% for R = EIIFol [Fel|/Z|Fo| and R;=
[Sw(Fo| - |Fc)*/Zw|Fof]"", respectively. The final shifts in the
atomic parameters of the nonhydrogen atoms were less than
0.250. A final difference Fourier synthesis showed no peaks
higher than 0.7 eA™

Final positional and thermal parameters with their estimated
standard deviations and a list of observed and calculated struc-

*Values of atomic positional parameters have also been
deposited with the Cambridge Crystallographic Data Centre.

ture factors have been deposited as supplementary data.* Bond
lengths and angles are given in Table 1(a, b), respectively.
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Abstract—Interaction of the tetra-nuclear phosphinecarbonyl complex of zero-valent palladium, Pd,(CO)s(PEt;),
(D), with a four-fold excess of 8-(a-bromomercuryethyl)quinoline gives a new neutral heteronuclear cluster
Pd Hg,Bry(CO),(PEt;), (IV). The structure of (IV) was determined by an X-ray analysis. The molecule of (IV)
contains a “butterfly” Pd,(x,-CO),(PEt;), moiety, whose triangular “wings” are capped by Hg atoms bonded also
to bromo-ligands. The metal Hg,Pd, polyhedron consists of two heteroatomic Pd,Hg tetrahedra with a common
Pd-Pd edge. The IR- and *'P-NMR spectra of (IV) were also studied.

INTRODUCTION

As has been found recently, the mononuclear carbonyl
derivatives of zero-valent palladium tend to form poly-
hedral cluster complexes under mild conditions.'* A high
reactivity of the compounds thus obtained, their diver-
sity and interconversions of clusters with differently
sized and shaped Pd, polyhedra, observed in organic
media, give rise to a growing interest to this area of
coordination chemistry.” To date structural studies
have been made of a number of cluster complexes of Pd
with carbonyl ligands, including tetra-nuclear derivatives
wherein the Pd; moiety has a configuration of a planar
tetragon,” “butterfly”,* distorted® and symmetrical®
tetrahedron. The recently synthesized complex
Pd(CO)s(PR;); (I, R=Et, Bu"), probably having a
“butterfly” structure, by analogy with the earlier studied
cluster Pd,(CO)s(PMe,Ph), (II),* may serve as a starting
compound in the synthesis of more complex homo- and
heternuclear Pd clusters. The transformation of (I) into
the symmetrical tetrahedral complex Pd,(CO)s(PRa),
(IID), found in solution, and the ability of (I) to further
condensation with coordination of phosphine to give
decanuclear Pd clusters® suggested rich synthetic poten-
tialities of reactions involving (I). Until recently,
however, the only chemical interactions of homo- and
heteronuclear Pd clusters studied have been limited by
their interconversions under variation of ligand concen-
tration,®’ whereas the action of “modifying” reagents on
complexes of the Pd,(CO),(PR;), type has resulted in
the complete decomposition of the polynuclear structure.

In the present study we have found a method of
modifying (I) by treatment with the organomercury
compound, 8-(a-bromomercuryethyl)quinoline,* and
determined the structure of the resulting heteronuclear
cluster. A peculiarity of this reaction, in contrast to the
earlier cases studied,®’ consists in retaining a metal-
loligand framework existing in the starting complex and
in its “enlargement” by two HgBr fragments to form a

*Author to whom correspondence should be addressed.

fReactions of phosphine-carbonyl Pd clusters with other
organomercury compounds will be described elsewhere.

tAtomic co-ordinates have also been deposited with the Cam-
bridge Crystallographic Data Centre.

§Program modification was carried out in our laboratory by A.
1. Yanovsky and R. G. Gerr.

141

heteroatomic Hg,Pd, metallopolyhedron, wherein the Hg
atom increases its coordination from a linear one in the
starting compound to tetrahedral in the reaction product.

EXPERIMENTAL

All the operations involved in the synthesis, isolation and
investigation of Pd Hg,Br,(CO)(PEt;), (IV) were carried out
under CO. The IR spectrum was measured with an IR-10 in-
strument in KBr pellets. The *'P-NMR spectrum was studied at
—=70°C in toluene with a Bruker-HX-90 spectrometer. Chemical
shifts were measured relative to H,PO, (85% concentration).

Synthesis of (IV)

To a suspension of 8-(bromomercuryethyl)quinoline® (1.22 g) in
benzene (28 ml) was added Pd,(CO)s(PEt;), (0.73 g), obtained as
described elsewhere,? and the mixture was stirred under CO at
20°C for 30 min. CO was evolved and a black precipitate (Pd, Hg)
formed. The reaction mixture was left for 15 hr at 5°C, then the
solution was filtered off from the precipitate, and pentane
(200 ml) was added to the orange filtrate, The orange-red crystal-
line precipitate of (IV) was filtered off, washed with pentane and
dried in vacuo. 0.26 g (23.5%) of (IV) was obtained; dec. temp.
86°C. Found: C, 21.81; H, 3.91; Br, 10.45; Hg, 25.79; Pd, 26.90.
Calcd. for CxH¢0,P Br,Hg,Pd,, C, 21.41; H, 3.85; Br, 10.18;
Hg, 25.55; Pd, 27.09%. IR (v, cm™'): CO 1855 (s), 1897 (m); C-H
2880 (s), 2908 (s), 2930 (s). >'P-{'"H}-NMR, & (ppm): 8.7 triplet,
2P; 209 triplet, 2P; °J (*'P, 3'P) 23.1 Hz.

For an X-ray structural analysis the ruby-coloured crystals of
(IV) were obtained in a similar manner with the only difference
that the filtrate, after separation of the black metal precipitate,
was diluted with pentane (100 ml).

X-Ray structural study of (IV)

The crystals of (IV) are monoclinic, a=20.205(5), b=
16.815(6), ¢ = 13.183(4) A, B =97.17(2), space group C2/c, Z =4.
Unit cell parameters and intensities of 4273 independent
reflections (of which 3933 with I > 20 were used in calculations)
were measured at — 120°C with an automatic four-circle Syntex
P2, diffractometer (AMoK,, graphite monochromator, 420 scan,
20<50°). Absorption corrections were made according to the
method described in Ref. [9]. The structure was solved by direct
methods using the MULTAN program and refined by full-matrix
least-squares in an anisotropic approximation. Finally R = 0.050,
R, =0.066 for 3426 reflections with I > 50(J) and sin A > 0.10.
Atomic coordinates of the independent part of the molecule of
(IV), which occupies a special position on the two-fold axis, and their
anisotropic thermal parameters have been deposited as sup-
plementary material with the Editor, from whom copies are
available.} All the calculations were performed with an Eclipse
S$/200 computer by the modified EXTL programs.§
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RESULTS AND DISCUSSION

Initially we expected to attain modification of the
zero-valent Pd cluster derivatives by treatment with
organo-mercury compounds with insertion of an organic
or organo-mercury fragment. 8-(a-Bromo-
mercuryethyl)quinoline was chosen as a potential source
of a chelating N,C-ligand due to the presence of two
active centres (N and Hg atoms) in its molecule. In fact,
however, the reaction proceeded along an unexpected
route with elimination of the organic part R of the
RHgBr molecule and insertion of the HgBr residue into
the polyhedron of the new heteroatomic cluster:

Pd,(CO)s(PEt;), + CgHsNCH(Me)HgBr—;)
Pd.Hg,Br,(CO)4(PEt;),. )]

The formation of a neutral cluster molecule implies a
homolytical cleavage of the C~-Hg bond. Formally reac-
tion (1) represents a substitution of the CO ligand for two
HgBr residues. However the Hg atoms are coordinated
with the Pd,(CO),(PEt;), moiety of the resulting cluster
(IV) in a most unusual fashion.

A similar reaction of phenylmercury(I) bromide with
a trinuclear carbonyl hydride ruthenium complex has
been studied recently:'®

THF

(C6H9)RU3(CO)9H + CsHngBl' —_—
(C6H9)R113 (CO);HgBr (2)
V)

This interaction proceeding essentially as replacement of
the hydride ligand in the starting complex resulted in the
formation of the heteronuclear cluster (V) with a “but-
terfly” configuration, which underwent dimerization due
to the formation of halide bridges. In the molecule of (V)
the Hg atom is bonded to two Ru atoms (2.733 and
2.739 A), the dihedral angle between the Ru,Hg and Ru,
planes in the butterfly-shaped (V) being 127°.

Bond lengths in (IV) are given in Table 1, and bond
angles in Table 2. In the crystal the molecule of (IV) (see
Fig. 1) occupies a special position on the two-fold sym-

Pd,(CO).(PEt;), fragment whose triangular wings are
capped asymmetrically by the Hg atoms [the Hg-Pd(1)
distance, 2.993(1) A, is substantially greater than two
others, Hg-Pd(2), 2.717(1) &, and Hg-Pd(2"), 2.704(1) A].
Tetrahedral coordination of the Hg atom is completed by
the Br ligand (Hg-Br 2.544(1) A). A dihedral angle of
100.2° between the Pd; planes in the Pd,(CO),(PEt;),
fragment exceeds the corresponding value in the
butterfly (II) (93°), being accompanied by in-
creasi the nonbonded Pd(1)...Pd(l") distance
(3365A in (II) and 3.428(1)A in (IV)). However
both the last two values are close to the lengths of the
“elongated” edges, 3.3-3.4 A, in the Pd,, polyhedron of
the cluster Pd;o(CO),2(PBu;")s (VI)."* The peripheral
Pd-Pd bonds of the Pd, butterfly in (IV) are tightened by
the bridging CO ligands. The lengths of these bonds,
2.687(1) and 2.702(1) A, are close to those of the “short”
Pd-Pd edies in (V), also reinforced by u,-CO bridges
{av. 2.056 A®). The absence of a bridging CO ligand at the
Pd(2)-Pd(2) bond is accompanied by its lengthening to
3.015(1)A. In the molecule of (IV) only an average
Pd-Pd bond length of 2.750(2) A is reported.* Coor-
dination of the u,-CO ligands in (IV) reveals a small, but
distinct asymmetry (Tables 1 and 2), viz., though a
difference in the lengths of the C-Pd bonds to the
“peripheral”, Pd(1), and “central”, Pd(2), metal atoms,
2.01(1) and 2.09(1) for C(1), and 2.03(1) and 2.08(1) for
C(2), respectively, is close to the experimental error, the
corresponding bond angles Pd(1)CO and Pd(2)CO,
144.3(9) and 133.2(9)° for C(1), 143.7(9) and 134.5(9)° for
C(2), are, in fact, significantly unequal, suggesting a
stronger bonding of the bridging CO to the “‘peripheral”
Pd atoms. Both C and O atoms of the u,-CO ligands are
close to the plane of the corresponding Pd(1)Pd(2)Pd(2)
triangle, the out-of-plane deviations in the direction from
the Hg atom being 0.10(1) for C(1), 0.23(2) A for o),
0.05(1) for C(2), and 0.11(1) A for 0(2). The P(1) atom
bonded to the Pd(1) atom is displaced from this plane by
only 0.081(3) A, and thus, despite involvement of the
peripheral Pd(1) and Pd(1") in the metallopolyhedron,
they retain a predominantly planar trigonal ligand
environment, the sum of the bond angles P(1)Pd(1)C(1),
P(1)PA(1)C(2) and C(1)Pd(1)C(2’) being 359.1°. On the

metry axis and involves the butterfly-shaped contrary, coordination of the Hg atom is close to sym-
Table 1. Bond lengths d (A) for compound (IV)

Bond d Bond ]
Hg~ Pa(I) 2.993(1) C(I)-0(I) 1.16(I)
Hg- Pa(2) 2,717(1) C(2)-0(2) I.14(1)
Hg~- Pa(2) 2.704(1) P(I)-C(3) 1.8I(I)
Hg... g 3.261(I) P(I(-C(5) 1.80(1)
Hg-Br 2.544(1) P(I)-C(7) 1.82(I)
Pd(I)-Pd(2) 2.687(I) P(2)=C(9) 1.82(1)
Pda(I)-Pa(2) 2.702(1) P(2)-C(II) 1.82(I)
Pd(2)-Pa(2) 3.0I5(1) P(2)-C(I3) 1.83(1)
Pa(I)... Pa(1) 3.428(1) C(3)~C(4) 1.53(2)
Pa(I)-P(I) 2.295(3) C(5)-C(6) 1.55(2)
Pa (2)-P(2) 2.333(3) C(7)=C(8) 1.49(2)
Pa(1)-C(I) 2.0I(I) €(9)=C(10) 1.52(2)
Pa(I)-C(2) 2.03(1) C(I1)-C(12) 1.50(2)
Pa(2)-C(I} 2.09(1) C(I3)~C(I4) I.51(2)
Pa(2)-C(2) 2.08(1)
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Table 2. Bond angles @ () for compound (IV)

Angle w Angle w
Pd(I)HgBr T41.76(3) Pa(I)C(I)O(I) 144,3(9)
Pa(2)HgBr 150.62(3) Pa(2)C(1)0(I) 133.2(9)
Pa(2)HgBr 139.19(3) Pa(I)C(I)Pa(d) 82.4(4)
Pa (I)HgPa(2) 55.90(2) Pa(I)C(2)0(2) 143.7(9)
Pd (I)HgPa(2) 56.35(2) Pa(2)C(2)0(2) 134.5(9)
Pa (2)HgPd(2) 67.58(2) Pa(I)C(2)P (2) 8I.8(4)
Pa(2)Pa(I)Hg 56,85(2) Pa(I)P(I)C(3) I115.5(4)
Pa(2)Pd (1)Hg 56,42(2) Pa(I)P(1)C(5) 117.1(4)
Pa(2)Pa(I)Pa(2) 68.04(3) Pa(I)P(I)C(7) II1.7(4)
Pa(2)Pa(I)P(I) 143.48(7) C(3)P(1)C(5) 106.0(6)
Pa(2)Pa(I)P(I) 148.37(7) C(3)P(I)C(7) 102.5(5)
P(I)Pa(I)C(I) 98,3(3) C(8)P(I)C(7) 102.4(8)
P(I)Pa(I)C(2) 93,6(3) Pa(2)P(2)C(9) 110.9(4)
C(I)Pa(I)C(2) 167.2(4) Pa (2)P(2)C(II) 116.3(4)
HgPa (2)Pa (1) 67.26(2) Pa (2)P(2)C(13) 117.4(4)
HePa (2)Hg 73.69(2) C(9IP(2)C(II) 105.1(6)
Pa(I)Pa(2)Pa(1) 78.99(3) C(9)P(2)C(I3) 104.2(5)
Pa(I)Pa(2)Pa(2) 56.21(2) C(IT)P(2)C(I3) 10I.5(5)
HgPa(2)Pa (D 56.4I(2) P(I)C(3)C(4) 115.8(8)
HgPa (2)P(2) 98.35(7) P(I)C(5)C(6) 114.9(9)
Pa(I)Pa(2)P(2) 141.65(7) P(I)C(?)C(B) 114.6)9)
Pa(2HPa(2)P(2) 144.59(7) P(2)C(9)C(I0) 115.7(8)
P(2)Pa (2)C(I) 99.8(3) P(2)C(IT)C(IR) 114.7(9)
P(2)Pa(2)C(2) 100.9(3) P(2)C(I3)C(I4) 113.3(8)
C(I)Pa(2)C(2) 92.4(4)

Fig. 1. Molecule (IV) (ethy! substituents of the phosphine ligands omitted for clarity).

metrical tetrahedral, and the Br atom deviates from the
HgPd(2)Pd(2’) plane by 0.438(1) A. The Hg-Hg distance,
3.251(1) A, is close to the values found in various poly-
nuclear mercury compounds, both in the tetramercurated
methane derivatives, C(HgX), where, probably, there is
no Hg...Hg bonding interaction (X=CN, 3.280-
3398 A;" X=0Ac, 3.251-3.436A,'>) and in the
heteronuclear cluster RH,Hg,(PMe;),, with a Hg, octa-
hedron (3.131-3.149 A) wherein four noncontiguous faces
have us;-Rh(PMe,); bridges.'’ To conclude unequivocally

POLY 2/3-B

if there is any Hg...Hg bonding in (IV), one has to
compare the geometrical parameters of the Pd, “but-
terfly” in (IV) and (I), a structural study of the latter
being our immediate purpose.
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Abstract—The synthesis, the X-ray analysis and the IR spectrum of the complex SnBu,CL{AIP) [AIP =22
pyridyl)-3-(N-2-picolylimino)-4-0x0-1,2,3,4 - tetrahydroquinazoline] are reported. The coordination polyhedron can
be described as a distorted pentagonal bipyramid. The AIP molecule behaves as a terdentate ONN donor ligand,
with the N atoms involved in two equational weaker interactions with respect to the O atom.

INTRODUCTION

We have shown previously the structural flexibility of
N,O-containing ligands in metal complexes, in con-
nection with the nature of the metal and of the inorganic
anion.'? Among these ligands, 2 - (2’ - pyridy) - 3-(N- 2
- picolylimino) - 4 - oxo - 1,2,3,4 - tetrahydroquinazoline
(AIP), obtained by condensation of 2-aminobenzoyl-
hydrazine and pyridine-2-carbaldehyde, is able to act as a
ONN?® or NNN* terdentate ligand when coordinating to
metals.

As part of a continuing interest in the organotin(IV)
complexes with ligands obtained by condensation of
acylhydrazines with aldehydes or ketones,”” we now
report the synthesis, the X-ray analysis and the infrared
spectrum of SnBu,CL(AIP).

EXPERIMENTAL

Synthesis. Bu,SnCl, was commercially available (Merck) and
used as received. AIP was prepared as described previously?
The complex SnBu,CL,(AIP) was obtained by adding a chloro-
form solution of Bu,SnCl, to an acetone solution of the organic
ligand. After refluxing for ca. }hr the solution was allowed to
crystallize. Analytical (C, H, N, Sn) data agree with the formula
Cz‘;Han and NSOSH.

X-ray data collection. All X-ray measurements were per-
formed using a computer-controlled Siemens AED three-circle
diffractometer employing CuK, radiation (A = 1.54178 A). The
compound crystallizes in the monoclinic space group C2/c with a
unit-cell of dimensions: a=14.701(5), B=16T274), c=
22.963(6) A, B=100.38(4)°, and Z=8. Intensity data were col-
lected with a small (0.13 x 0.16 X 0.24 mm) prismatic crystal to a
maximum 28 of 128° for hki with / = 0-3, and of 110° for hk! with
1=4-23, a total of 3012 reflections being measured from profile
analysis following the method of Lehmann and Larsen?® After
symmetry-equivalent reflections were averaged and reflections
which had I<20(I) were excluded, 1801 unique data were
obtained and used in the refinement. No crystal decomposition
occurred during data collection. Corrections were applied for
Lg;c)antz and polarization effects, but not for absorption (uf =
0.69).

*Author to whom correspondence should be addressed.

tAtomic coordinates have also been deposited with the Cam-
bridge Crystallographic Data Centre for inclusion in their Data
Base.
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Structure solution and refinement. The structure was solved by
heavy-atom method except for hydrogen atom locations.
Refinement was by full-matrix least-squares calculations with
anisotropic thermal parameters for the Sn, CI, O, N and for all C
atoms except those of the butyl groups, since for these last
anisotropic refinement resulted in physically meaningless
parameters. The hydrogen atoms from the AIP molecule were
inserted at calculated positions, even though some were visible
on the Fourier difference map, and they were isotropically
refined as “riding” atoms. The hydrogen atoms from the butyl
chains were neglected. A final conventional residual index of
0.0538 resulted. The function minimized was Sw(F, - F.),
where the weight for eac